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ABSTRACT 

An analysis of variance (mixed model) experimental  design was employed to quantify sources of variation in pri- 
mary battery testing procedures for lithium/fluorinated carbon (CFx) systems. Factors investigated were mix 
repeatability, mix uniformity, electrode fabrication method, and cell assembly and testing. Parameters measured were 
percent utilization and closed-circuit voltage (CCV) at various depths of discharge (DOD). The standard deviations (for a 
random cell from a random blend on a random day) for percent utilization and CCV at 50% DOD were 4.2 percentage 
points (0.49 relative standard deviation) and 16 mV (0.006 relative standard deviation), respectively, indicating that the 
test method was adequate for evaluation of the performance of different CF~ samples. No significant difference due to 
electrode fabrication method in any of the measured parameters was observed. The CCV at 50% DOD was identified as 
the representative quantity of the performance of a CFx sample. Improvements  have been made in the areas of variabil- 
ity identified by this study, leading to more consistent test results. 

Extensive study of nonaqueous lithium batteries 
incorporating fluorinated carbon (CFx) as a cathode has 
resulted in commercialization of lithium/carbon mono- 
fluoride battery (I-6). The system offers a very stable 
high discharge voltage (about 2.6V on 1 ktl load) during 
85% of its discharge life, excellent shelf life, and a wide 
range of operating temperatures. It is used as a backup 
power supply for volatile computer memory and is a pri- 
mary power supply in the disk camera, digital watches, 
and other electronic devices where a portable energy 
source is required. 

We have found large variations in the performance of 
CF, samples from different manufacturers and botches. 
Because no physical or chemical property can reliably 
predict electrical performance, a battery testing proce- 
dure has been developed to evaluate the performance of 
CF~ prepared from different carbon starting materials un- 
der various process conditions. 

Any test procedure will be subject to a number  of varia- 
tions other than the intrinsic characteristics of the mate- 
rial of interest. It is very important  to separate these varia- 
bles f rom the intrinsic properties, so that differences of 
materials can be investigated. To differentiate a good 
sample from a bad one, it is necessary to know the preci- 
sion (standard deviation) of the test method; this allows 
one to assess the difference that the method is able to de- 
tect. We have applied components  of variance analysis to 
our test procedure in order to determine the precision of 
the test and the contribution of each factor to the overall 
variation. We also intend to determine in this study a rep- 
resentative quantity of the battery performance of CFx 
samples for comparison purposes. In this paper, the re- 
sults of the statistical study are presented. 

Statistical Background 
In many scientific test procedures, it is often desirable 

not only to know the major sources of variation in the ex- 
perimental data, but to quantify the effect of each factor. 
The components-of-variance method allows a quantita- 
tive analysis. Having identified the major sources of vari- 
ation, one can improve the test by reducing the contribu- 
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tions of these major sources. This section explains 
briefly how the experimental  design was set up and dis- 
cusses some of the terms used in analysis of variance 
studies. 

Proper planning is very important for a meaningful 
analysis of variance design. Practical experience of the re- 
searcher is very helpful in determining what factors 
should be investigated. Four factors were selected for the 
analysis of variance design in our study: preparation of 
the cathode mixture (blend), electrode fabrication meth- 
ods (method), between-run repeatability (day), and 
within-run repeatability (cell). The interactions between 
method and blend, and between method and day,-were 
also investigated. Six cathode mixtures were prepared 
using one single batch of CF,., and each mixture was used 
on two separate days for a total of 12 days. The experi- 
mental procedures for a given mixture on a given day 
consisted of preparing two electrodes for each of the elec- 
trode fabrication methods and discharging these elec- 
trodes in laboratory test cells with a constant load. A 
schematic diagram of the design is given in Fig. 1. In the 
model below, the cell effect, or within-run repeatability, is 
referred to as either the random experimental  error or the 
noise effect. Although it is true that experimental  error is 
always present in an experiment,  it is considered a se- 
lected factor here because we made the choice to run a 
statistical design in which this experimental  error could 
be separated from the other effects by making repeat 
r u n s .  

Once the factors (potential sources of variation) were 
identified, the following mathematical model was 
postulated 

Xijke = X '  -]- M' i  + B '  i + (MB) ' i j  + D'k(j) + (MD)'ik(j) + E'e(ijk) 

where 

Xuke 

i~/' i 
B ' j  
(MB) 'ij 

D'k(]) 

= an observation on method i, blend j, day k 
= average effect 
= method effect i = 1, 2 (fixed effect) 
= blend effect j = 1, 2, 3, 4, 5, 6 (random effect) 
= method-blend interaction effect (assumed to 

be a random effect) 
= day effect k = 1, 2 (random effect) 
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(MD)'t~<~ = m e t h o d - d a y  i n t e r ac t i on  ef fec t  ( a s s u m e d  to b e  
a r a n d o m  effect)  

E%.jk~ = r a n d o m  error ,  cell effect, noise ,  r epea t  effect, 
e = 1, 2 ( r a n d o m  effect) 

This  model ,  in  ana lys i s  of  va r i ance  t e rmino logy ,  is a 
m i x e d  mode l  due  to the  i n c l u s i o n  of  r a n d o m  a n d  fixed 
effects.  

Af te r  t he  m o d e l  was  e x p r e s s e d  and  the  levels  of all t he  
fac tors  h a d  b e e n  dec ided ,  a n  i m p o r t a n t  m a t h e m a t i c a l  ex- 
p r e s s ion  k n o w n  as the  e x p e c t e d  m e a n  s q u a r e  (EMS) was  
de r ived  for e ach  fac to r  (Tab le  I). The  E MS is t he  m e a n  
s q u a r e  to be  e x p e c t e d  if  t he  m o d e l  is correct .  E a c h  fac- 
tor ' s  va r i ance  c o m p o n e n t  was  d e t e r m i n e d  f rom the  ap- 
p r o p r i a t e  EMS expres s ion ,  u s i n g  a c o m p u t e r  p rog ram.  
The  EMS e x p r e s s i o n s  were  also u sed  to d e t e r m i n e  w h i c h  
m e a n  squa re s  s h o u l d  b e  c o m p a r e d  in o rde r  to t e s t  for  the  
s ta t i s t ica l  s ign i f icance  of effects. For  example ,  in  o rder  to 
d e t e r m i n e  if  t he  va r i ance  c o m p o n e n t  due  to " b l e n d "  is 
s ign i f ican t ly  d i f fe ren t  f rom zero, i t  m u s t  b e  c o m p a r e d  to 
t he  va r i ance  c o m p o n e n t  d u e  to  "days ."  Th i s  c o m p a r i s o n  
of  ra t ios  is k n o w n  as t he  F-test .  The  r e s u l t i n g  F-ra t io  is 
compared with published values in statistical F-tables 
using the proper degrees of freedom associated with the 
numerator and denominator for each F-ratio. If the ob- 
served F-ratio exceeds the tabulated value at some prede- 
termined confidence level, then statistical significance is 
concluded at that level of confidence. A derivation of an 
EMS expression is involved, and a simple algorithm (7) 
has been developed to formulate the EMS expression for 
each factor in an analysis of variance design. The algo- 
rithm makes use of the specified model, whether the fac- 
tors are fixed or random, and of the levels of each factor. 
The EMS expressions can be formulated manually, or 
analysis of variance programs (such as BMDP8V) from 
the BMDP statistical software package (8) can be used. 

There are inseparable subsources of variation contained 
in the factors selected for this study. The results of this 
study will reveal the collective contribution of these 
subfactors to the overall variance. The "blend" factor con- 

t a ins  t he  u n i f o r m i t y  of  CF.,., t h e  va r i a t ion  of  c o m p o s i t i o n  
in o the r  c o m p o n e n t s ,  a n d  t he  r epea t ab i l i t y  of the  m i x i n g  
me thod .  W h e n  a c a t h o d e  m i x  is d iv ided  in to  two por t ions ,  
e ach  r u n  on  sepa ra t e  days,  the  u n i f o r m i t y  of  the  mix  is 
the  p r i m a r y  source  of v a r i a t i o n  in  t he  " d a y "  factor .  Two 
electrode fabr icat ion m e t h o d s  are studied:  fo rming  a large 
pe l le t  u s i n g  all t he  c a t h o d e  m i x  a n d  c u t t i n g  out  e l ec t rode  
p ieces  for t es t s  ( m e t h o d  A); a n d  s a m p l i n g  ma te r i a l  f rom 
the  c a t h o d e  m i x  to fo rm e lec t rodes  a n d  use  as f o r m e d  
( m e t h o d  B). The  sub fac to r s  i n c l u d e d  in " m e t h o d , "  there-  
fore, are the  d i f fe rence  in  s a m p l i n g  f rom b o t h  the  large 
pe l le t  a n d  the  mix,  the  p r e s s u r e s  of f o r m i n g  the  pellets ,  
and  the  geome t r i e  areas.  The  "cel l"  fac tor  is s imi la r  to the  
r epea t ab i l i t y  of  a test ,  c o n s i s t i n g  of  t he  va r i a t ion  in  cell 
a s sembly ,  the  e n v i r o n m e n t a l  fac tors  s u c h  as t e m p e r a t u r e ,  
a n d  the  i n h e r e n t  e r ro r  of  the  tes t  m e t h o d .  Tab le  II  l ists 
t he  s u m m a r y  of t he se  c o m p o n e n t s  in  the  i n v e s t i g a t e d  fac- 
tors.  Resu l t s  will  be  d i s c u s s e d  in t e r m s  of  the  compo-  
n e n t s  w h i c h  are be l i eved  to be  the  m o s t  i m p o r t a n t  (un- 
de r l i ned  in Tab le  II). 

The  s i tua t ion  of  t he  i n t e r a c t i n g  fac tors  is m o r e  compl i -  
ca ted  b e c a u s e  the  n u m b e r s  of  sub fac to r s  a n d  i n t e r ac t i ons  
are increased .  The  two i n t e r ac t i ons  ( m e t h o d  • b l e n d  and  
m e t h o d  • day) c o n s i d e r e d  in  th i s  s t u d y  c o n t a i n  p r imar i l y  
t he  c o m p o u n d i n g  effects  of  d i f fe ren t  f ab r i c a t i on  m e t h o d s  
and the uniformity of cathode mix. For example, different 
pelletizing pressures may have enhanced the difference in 
composition of electrodes, leading to different morphol- 
ogies in the resultant electrode species. Due to their ran- 
dom nature in contributing to the test results, and in or- 
der to evaluate the individual effect of method and 
uniformity of the mix, we have considered these interac- 
tions as a part of the "cell" factor in the discussion of 
results. 

Experimental Section 
Preparation of cathode blends.--Six b l e n d s  con ta in ing ,  

by  weight ,  1 pa r t  CF~ (Ozark Mahon ing ,  Lo t  RT-11-4A), 
0.2 pa r t s  c a r b o n  (E lec t rodag  | 230, o b t a i n e d  f rom A c h e s o n  
Colloids),  a n d  0.2 par t s  P T F E  (F luon  | AD1, o b t a i n e d  f rom 
ICI  Amer icas )  were  p r e p a r e d  in the  same  way. E l ec t rodag  
(1.05g) was  a d d e d  to a b o u t  20 ml  of  i sopropy l  a lcohol  in  a 
150 ml  b e a k e r  a n d  was  d i s p e r s e d  b y  p lac ing  the  b e a k e r  in  
a n  u l t r a son ic  b a t h  for a b o u t  3 rain.  CF~ (1.2g) was  t h e n  
a d d e d  a n d  d i s p e r s e d  in  the  s ame  way. The  p H  of t he  dis- 
p e r s i o n  was ad ju s t ed  to 10 b y  d r o p w i s e  a d d i t i o n  of  7.4N 
NH4OH, a n d  0.29 ml  of  t he  P T F E  d i s p e r s i o n  was  a d d e d  
w i t h  s t i r r ing.  Once  again,  t he  b e a k e r  was  p l aced  in  t he  
u l t r a son ic  b a t h  to a s su re  homogene i t y .  Final ly ,  so lven t  
was  r e m o v e d  by  h e a t i n g  o n  a ho t  plate ,  c a u s i n g  coagula-  
t ion  of  the  d i spers ion .  

Fabrication of electrodes.--Half of each  m i x t u r e  was  
u s e d  to fo rm two 9.5 m m  d i am pel le ts  a t  6.2 • 107 P a  a n d  
one  28.6 m m  d i a m  pe l le t  at  4.8 • 107 Pa.  The  t h r e e  pe l le ts  
were  t h e n  hea t - t r ea ted  at  250~ u n d e r  v a c u u m  for 3h. 
Two 7 • 7 m m  2 e l ec t rode  p ieces  were  cu t  f rom the  28.6 
m m  pellet .  The  two 9.5 m m  pel le ts  (geomet r i c  area  71.3 
m m  2) a n d  the  two cu t  p ieces  (geomet r i c  area  49 m m  2) 
were  t e s t ed  for b a t t e r y  pe r fo rmance .  

Test cell assembly.--The e lec t ro ly te  u s e d  in our  t es t s  
was  1M LiBF4 in  an  equa l  v o l u m e  m i x t u r e  of p r o p y l e n e  
c a r b o n a t e  (PC) a n d  1 ,2 -d ime thoxye thane  (DME). The  lith- 

Table I. Analysis of variance table 

Degrees of 
Source freedom Expected mean square 

1. Method 1 24 ~r, 2 + 4 c~ + 2 ~ + ~,~ 
2. Blend 5 8 ~r~'-' + 4 ~r32 + ~r,~ 
3. Days (blend) 6 4 ~r3'-' + ~r, 2 �9 
4. Method • blend 5 4 o-4'-' + 2 ~52 + ~r~ ~ 
5. Method • day 6 2 ~52 + ~r,;'-' 

(blend) 
6. Runs (method, 24 ~,~=' 

blend, day) 

Table II. Some confounding components in the investigated factors 

Blend: 

Day: 
Method: 

Cell: 

Uniformity of the CF,. sample 
Mix repeatability 

~- Uniformity-of the dispersions 
- -  Variations in the mixing processes 

Cathode mix uniformity 
Uniformity of the divided mix 

- -  Differences in the sampling procedures 
- -  Variations in fabricating the electrodes 

Difference in geometric area of electrodes 
Variations of cell assembly and testing 

- -  Cell assembly 
- -  Enviromental factors 

- -  Noise 
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ium salt was obtained from Ozark-Mahoning and dried at 
100~ under vacuum. The solvents, purchased from 
Burdick and Jackson] and Aldrich, respectively, were 
dried by refluxing with CaH~, followed by distillation un- 
der reduced pressure for PC and under argon atmosphere 
for DME. The dried components  were transferred into a 
Vacuum-Atmosphere dry box, and the salt was dissolved 
in the mixed solvent. The electrolyte was further purified 
by electrolysis at 2.5V between two lithium electrodes, 
filtered, and stored over 3A molecular sieves in the dry 
box. 

Test cells, employing a 12.7 mm diam drilled-through 
PTFE Swagelok | union (Fig. 2), were assembled entirely 
in the dry box. The CF~ cathode and the lithium anode 
were separated by a nonwoven polypropylene absorber 
(Permion | A-1260 supplied by RAI Research Corporation) 
soaked with the electrolyte. The sandwich was placed be- 
tween two 304 stainless steel pistons, through which the 
electrical contact was made. 

Data acquisition and analysis.--The assembled test 
cell was removed from the dry box and discharged across 
a 10 kf~ resistor. The discharge voltage was recorded 
every 2h using a HP-3497 mult iplexor/vol tmeter  (mea- 
surement  precision = 0.3 mV) controlled by a HP-85 com- 
puter. The typical discharge curves for this CF.~ material 
are shown in Fig. 3. Because of the sloping nature of these 
curves, it is not apparent which closed-circuit voltage 
(CCV) is most representative of the discharge characteris- 
tics of the material. Three of the quantities used in this 
study as measures of battery performance are noted on 
this figure: discharge voltage at 50% DOD (V]), 66.7% 
DOD (V..,), and at 2/3 of the t ime to the cutoff voltage (V:~). 
The MINITAB (9) subsystem installed on a Hewlett- 
Packard Model 3000 computer  was used to extract these 
values from the discharge data. The time to a 2V cutoff 
was determined by applying the linear regression 
capabilities of the MINITAB package to the last five ex- 

Stainless 
r-~ [ ~  ~ S t e e l  

r L L V   son 
PTFE 

Fer ru les  I " ~ - ' ] ~ - ~  ~ - " ' [  - - 'r  I 

Li th ium / ! ~CFx E lect rode 
Metal  

Po lye thy lene  
Separator  

Soaked  wi th  
Electrolyte  

Fig. 2. The demountable test cell made from o drilled-through I/2 in. 
PTFE Swagelok union. 
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Fig. 3. Typical discharge performance of CF.,. electrodes. ( 
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perimental data points, including the first one below 2V. 
The discharge voltages at 50 and 66.7% DOD were deter- 
mined by applying the linear regression method to the 
five data points closest to the desired depth of discharge. 
The t ime needed to reach the CCV values differs from cell 
to cell due to the different weight of electrodes. The aver- 
age discharge time of 6 typical cells to V], V2, V:~, and cut 
off voltage is 68, 92, 80, and 119h, respectively. 

The fourth measure of battery performance, percent 
utilization of CF,., is calculated from the theoretical en- 
ergy and the energy actually delivered to a 2V cutoff. The 
theoretical energy is calculated from the weight and 
fluorine content of the CFx in the cathode. The delivered 
energy is determined by integration of the discharge 
curve prior to the 2V cutoff, using the trapezoid method. 
Graphical analysis (10) of the data was performed (Fig. 
4-7) to identify any outliers which would unduly in- 
fluence the analysis. An example of an outlier is seen in 
Fig. 4 for blend 3, method A, day 2. Also, the cell prepared 
from blend 2 using method B and tested on day 1 is an 
obvious outlier, as shown in Fig. 5-7. In Fig. 6, the result 
for blend 4, method B, day 1 also appears to be an outlier. 
These suspected outliers were verified using statistical 
methods (Nair's statistic) (11). For every outlier, a value 
equal to the average of the other values from the mix was 
assigned before the variance components were calcu- 
lated. By doing so, the requirement  of the analysis of vari- 
ance program for an equal number  of observations per 
blend was met. Also, the statistical significance of the 
analysis was not changed any more than that introduced 
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Fig. 4. Graphical anolysis of the experimental data for percent utiliza- 
('k) run 1, (o) run 2, M = method, D - day, B = blend. 
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Fig. 7. Graphical analysis of the experimental data for CCV at 2/3 
time to cutoff voltage. (~ )  run ], (o) run 2; M = method, D = day, B = 
blend. 

by discarding the outliers. The total variance in the mea- 
sured parameters was separated into the components  due 
to the sources investigated using an analysis of variance 
program (BMDP8V) from the BMDP statistical software 
package (8). The computational aspects of analysis of var- 
iance will not be discussed here, but many textbooks (12) 
and journal articles (13) are available which provide the 
necessary details. 

Results and  Discussion 

The results of the statistical analysis are given in Table 
III. The standard deviation, as determined by the square 
root of the total variance of the significant random ef- 
fects, of percent utilization is 4.2 percentage points (0.49 
relative standard deviation). In other words, the precision 
of the percent utilization determined by our test method 
is ~4.2. For the CCV at 50% DOD (V1) and at 2/3 the time 
to the cutoff voltage (V3), the precision is ~16 mV (0.006 
relative standard deviation). For the CCV at 66.7% DOD 
(V.,), the precision is ~38 mV (0.015 relative standard devi- 
ation). The CCV precisions are very meaningful quanti- 
ties when compared to an instrument precision of 0.3 inV. 
These figures are very close to the acceptable range gen- 
erally employed in the battery manufacturing industry. 
This signifies that our test method is adequate for 
evaluating the battery performance of the fluorinated 
carbon material. 

If  a single CCV value had to be chosen as representative 
of the discharge characteristics of a CFx sample, V1 would 
be a suitable choice. It can be determined precisely, as 
the standard deviation suggests. Examination of the dis- 

Table III. Distribution of variance by sources 

CCV at CCV at 2/3 
% CCV at 68.7% U the time to 

Utilization 50% U (V,) (V~) cutoff (V:3 

Standard 4.2 0.016 0.038 0.016 
deviation 

Source % of total variance 

Mix NS 16 3 33 
repeatability 

Mix 44 8 2 NS 
uniformity 

Method NS NS NS NS 
Cell assembly 56 76 95 67 

and testing 

NS = not significant. 

charge curve (Fig. 3) shows that VI is situated at the flat 
region of the curve and is therefore less susceptible to the 
variations in the test. V., is located nearest the vicinity 
where the discharge voltage begins to drop. The value of 
V._, is therefore sensitive to small variations in battery 
testings. The choice of V3 as one of the measured CCV 
values is rather arbitrary, and it is measured at different 
DOD for different cells. It is located in the region just be- 
fore the CCV starts to drop and is therefore a more pre- 
cise value than V=,. 

Examining the contribution of variance by source, no 
significant difference due to electrode fabrication 
method was observed in any of the measured parameters. 
This indicates that the different pressures used in 
forming the pellets and the different sampling procedures 
did not contribute any significant variation to the quanti- 
ties measured in this study. It also indicates that the dif- 
ferent geometric areas of the two types of electrodes in 
the test did not have any significant effect on the battery 
performance. The nominal discharge current density 
(2.6V on 10 k~) is 5.31 • 10 -~ mAJcm'-' for 49 mm ~ elec- 
trodes and is 3.65 • 10 -1 mA/cm=' for 71.3 mm ~ electrodes. 
We did observe a detrimental effect on battery perform- 
ances when the geometric area of the electrode was re- 
duced to 36 ram-' in tests outside of this statistical study. 
These data suggest that the electrodes formulated and fab- 
ricated in the way described can sustain the discharge 
current densities in the range of our study; when a higher 
current density is drawn from the cell , the battery per- 
formance could be more susceptible to small variations in 
the electrode formulation, leading to premature failure. 

The variance in percent utilization is due to the "mix 
uniformity" and the "cell assembly and testing," the latter 
being the more important factor. "Cell assembly and 
testing" is the major component  of variance in CCV 
values. Mix repeatability is also significant, particularly 
for V:~. "Mix uniformity" for CCV values is insignificant 
compared with the effect it has on percent utilization. 

The sample size required to detect a difference in per- 
formance between two cells depends on several criteria. 
The size of the difference to be detected, as well as the de- 
sired significance level, must  be determined. As shown 
in Table III, the estimated standard deviation in V~ for 
one random cell from a random blend on a random day is 
16 mV. Two standard deviations is 32 inV. Therefore, the 
95% confidence interval for V~ would be V~ - 32 inV. The 
largest variance component  for VI is cell assembly and 
testing. Thus, the estimated standard deviation of V~ is 
decreased by running additional cells. If four cells are 
tested for a given blend on a given day, the estimated 
standard deviation of V~ is reduced to 10 mV, and the 95% 
confidence interval for Vt is V~ -+ 20 inV. 

Conc lus ions  
The test method described here is adequate for 

evaluating CF,. samples for nonaqueous lithium battery 
applications. The CCV at 50% DOD (V0 is recommended 
as a representative quantity to measure the performance 
of a CFx sample, due to the high precision of this quan- 



Vol. 132, No. 1 P R I M A R Y  B A T T E R Y  T E S T I N G  

tity. Fabrication and sampling methods have no sig- 
nificant effect on any of the performance parameters 
measured. The geometric area of an electrode also shows 
a null  effect. However, if the area is excessively reduced, 
a detrimental effect will result. Based on our results, mix 
repeatability, mix uniformity, and cell assembly are the 
areas in which improvements can be made for more con- 
sistent test results. Factors like uniformities of CF~., cath- 
ode mix and electrode in both composition and morphol- 
ogy, good electrical contact in the cell, and thorough 
wetting of the electrode would likely yield a significant 
improvement. Indeed, we have made progress along 
these lines and have now been able to reduce the 
standard deviation of V1 to below 10 inV. 
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A General Energy Balance for Battery Systems 
D. Bernardi,** E. Pawlikowski,* and J. Newman* 
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ABSTRACT 

A general energy balance for battery systems has been developed. This equation is useful for estimating cell thermal 
characteristics. Reliable predictions of cell temperature and heat-generation rate are required for the design and thermal 
management  of battery systems. The temperature of a cell changes as a result of electrochemical reactions, phase 
changes, mixing effects, and joule heating. The equation developed incorporates these effects in a complete and general 
manner.  Simplifications and special cases are discussed. The results of applying the energy balance to a mathematical 
model of the LiAYFeS cell discharged through two different reaction mechanisms are given as examples. The examples 
illustrate how the energy equation may be applied to a specific system to examine the relative contributions corre- 
sponding to the terms in the equation. The examples show that lhe processes involved in cell heat generation may be 
complex and thai the application of a sufficiently general energy equation is advantageous. 

Energy balance calculations are required for the design 
and thermal management  of battery systems. A proper 
cell energy balance will give reliable predictions of 
thermal characteristics such as heat generation and 
temperature-time profiles. In this work, we present a 
general energy-balance equation for battery systems. This 
equation includes energy contributions from mixing, 
phase changes, and simultaneous electrochemical reac- 
tions with composition-dependent open-circuit poten- 
tials. Such a thorough treatment has not appeared in the 
literature. 

The problem of determining heat effects with simulta- 
neous electrochemical reactions was first addressed by 
Sherfey and Brenner in 1958 (1). They presented an equa- 
tion for the rate of thermal energy generation in terms of 
the current fraction, the entropy change, and the over- 
potential for each reaction. Later, Gross (2) presented es- 
sentially the same equation, but introduced a quantity 
called the enthalpy voltage for each reaction. The 
enthalpy voltage is the enthalpy of reaction per coulomb 
of charge, and it may be derived from the overpotential 
and the entropy change terms in Sherfey and Brenner 's  
equation. These treatments are restricted in their applica- 
tion to cell reactions in which every reactant is present in 
a single, pure phase. Gibbard (3) discussed the calculation 
of thermodynamic properties of battery systems when 
some of the reactants are dissolved in solution; however, 
his treatment of the energy balance considers the case of 
a single reaction without mixing effects. 

*Electrochemical Society Active Member. 
**Electrochemical Society Student Member. 

Numerous researchers (1, 2, 4-8) have adopted experi- 
mental approaches and used calorimetry to determine 
heat output directly. Dibrov and Bykov (5) used calorime- 
tric data and enthalpy voltages to determine current frac- 
tions of the reactions of cadmium-silver-oxide and zinc- 
silver-oxide cells. 

The formulation of a general energy balance is useful in 
developing a fundamental  understanding of the processes 
involved in cell heat generation. However, in its most rig- 
orous form, the energy balance presented is difficult to 
apply without a detailed mathematical model because in- 
stantaneous composition profiles and current fractions 
are required. For example, Tiedemann and Newman (9) 
have developed such a model for the lead-acid cell. A 
model for the l i thium-aluminum iron-sulfide battery was 
presented by Pollard and Newman. (10, 11) These models 
do provide the necessary information needed to calculate 
the thermal characteristics from an energy balance such 
as the one presented in this work; however, these works 
utilize a relatively simple energy equation in which 
mixing effects are ignored and a single cell reaction oc- 
curs. Pollard's model calculates current fractions of the 
two simultaneously occurring reactions, but  the fractions 
are not utilized in the energy balance. In practice, it is 
difficult to obtain concentration profiles and to predict 
the partitioning of current among possible reactions. 
However, applying an energy equation that includes the 
effects of simultaneous reactions to experimental mea- 
surements will allow the calculation of the current frac- 
tions. In this work, simplifications and special cases of 
the general energy equation are discussed. The results of 
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apply ing  the energy  balance to a ma themat ica l  mode l  of  
the LiA1/LiC1-KC1/FeS cell  are g iven  as examples .  The  rel- 
at ive cont r ibut ions  cor respond ing  to the te rms  in the 
equa t ion  are examined .  

The Energy Balance 
In  tiffs section, the genera l  energy balance for a bat tery 

sys tem will  be derived.  The  t empera tu re  of  the bat tery  is 
a s sumed  to be un i fo rm th roughou t  and changes  wi th  
t ime to be de te rmined  by the  fol lowing processes  

(1) react ions 
(2) changes  in the heat  capaci ty  of the sys tem 
(3) phase  changes  
(4) mix ing  
(5) electr ical  work  
(6) hea t  t ransfer  wi th  the  surroundings  

A bat tery may  be though t  of  as a compos i te  of m a n y  dis- 
crete  phases  that  are chang ing  in energy  content .  It  is as- 
s u m e d  that  these  phases  are in teract ing by way  of  electro- 
chemica l  reactions,  phase  changes,  and m i x i n g  processes.  
The  first law of t h e r m o d y n a m i c s  may  be wr i t ten  as 

dHtot 
- q - I V  [1] 

dt 

where  Htot is the sum of the enthalpies  of the phases  ex- 
pressed  as 

and i and j denote  the  individual  species and phase,  re- 
spectively.  The t e rm q represen ts  the rate of heat  t ransfer  
wi th  the  surroundings ,  and IV is the electr ical  work.  It  is 
conven ien t  to define an average  compos i t ion  for each of  
these phases  and wri te  dHtot/dt as 

dHtot_  d [n.-H ...... (H~,j H~,j~)dvj] [3] 
at a t O l L  ... . .  + fv~ c~'~ - 

The first t e rm on the r ight  side of Eq. [3] represen ts  the 
rate of change  of the en tha lpy  of  the cell w h e n  all species 
are p resen t  at their  average  composi t ion.  The  second 
te rm is a correct ion accoun t ing  for compos i t ion  varia- 
tions. In the d e v e l o p m e n t  that  follows, the  first t e rm in 
Eq. [3] will  be split  into three  s e p a r a t e  terms.  App ly ing  
the  p roduc t  rule for different ia t ion and recal l ing that  

0Hi1 av~ ] _ @ ]la = Cpi'javg [4] 

we obtain  

~ ? V N ' v d  -- ~ In . .  r~ ~vg dT 
dt 

dnLj ] 
_/_ H avg | 

~'J dt J 
[5] 

for the first te rm in Eq. [3]. 
It  is a ssumed that  there  are several  s imul taneous  elec- 

t rode  react ions of the form 

~i si,lMizi = h i e -  [6] 

occur r ing  wi th in  the battery.  The reactmns are wr i t ten  so 
that  species i is always in phase m, hav ing  a cer ta in  sec- 
ondary  reference  state. Fo r  example ,  in a LiC1-KC1 mol ten  
salt cell, all the  e lec t rode  react ions are wr i t ten  so that  the 
ionic l i th ium species  is a lways present  in the mo l t en  elec- 
t rolyte  phase  and so that  any precipi ta t ion of LiC1 is ac- 
coun ted  for separately. 

A species balance may  be wr i t ten  as 

dn~,j dni'm - ~ still E dt [7] 
dt n~F jj ~m 

The first t e rm on the  r ight  side of  Eq.  [7] represen t s  the  
a m o u n t  o f i  that  is p roduced  or c o n s u m e d  by e lec t rode  re- 
actions. The  partial current,  11, is posi t ive  for a ca thodic  

reaction and negative for an anodic reaction. The second 
term accounts for phase changes such as the LiCl precipi- 
tation mentioned above. Integration of Eq. [7] yields 

Si, ,  f t  n,,m = nUi.m - E (Ttid -- Tb~ + E Ildt [8] 
jj era T 

We may express partial molar enthalpies in the form 

-- d ~  avg l~.,m ~ = H ~ RT'-' In (ai, m ) [9] 

The theoret ica l  open-c i rcui t  potent ia l  for react ion 1 at the 
average  composi t ion ,  re lat ive to a reference  e lec t rode  of a 
g iven  kind,  is g iven  by 

RT 
Ui.~v, = Uj" - U%~: + nz~E---F- ~i si.l~ In (ai ~tF~) 

RT 
si,l in (ai,m~9 [10] 

nlF i "  

By uti l izing the Gibbs-Helmhol tz  relat ion for each reac- 
tion, we may  wri te  the s tandard react ion en tha lpy  in 
t e rms  of the s tandard  cell  potent ia l  

. ~qq~gi'l HOlm : "  T2 d ~  ( @  - ~ ) d v  [11] 

Look ing  at Eq. [5] and [7], we can see that  the  contr ibu-  
t ion to the  rate of en tha lpy  change associa ted wi th  the  
e lec t rode  react ions may  be wr i t ten  as 

~m V H avg ~ si'lIl II . i,ln i,l i,m z7,1 n, F ~m ~ n---~-~i H ~"gs [12] 

Us ing  Eq. [9] and [11], we may  wri te  this cont r ibut ion  in 
t e rms  of  the e lec t rode  reac t ion  potent ia ls  

I 1 
: 

It T ~ T RT  2 In (ai.maVg)~i,W e [13] 
j ( : t T  n l F  �9 

Using Eq. [10], we may  wri te  Eq. [13] in te rms  of  the  theo- 
ret ical  open-ci rcui t  potent ia ls  relat ive to a re fe rence  elec- 
t rode  of  a g iven  k ind  as 

i,m i,1 
~ I l ~  n~F ~ I ~  T 2 [14] 

m ~ ~ dT 

The quant i ty  mul t ip ly ing  I~ on the  r ight  and left  sides of  
Eq. [14] is somet imes  t e rmed  the  entha lpy  vol tage of reac- 
t ion I. 

Subs t i tu t ion  of  Eq. [7], [8], and [14] into Eq. [5] and 
p lac ing  this resul t  into Eq.  [3] results  in the final form for 
dHtot/dt. Equa t ing  this to q - IV (Eq. [1]) gives the follow- 
ing  form for t h e  energy-balance  equa t ion  

Table I. Model discharge mechanisms in the FeS electrode 

bl • I0 'sa 
Reaction ap [V] IV/K] 

Mechanism 1 (X-phase intermediate) 
1) 2FeS + 2Li + 2e- ~Li~FeS~ + Fe 1.367 -0.022 

(X-phase) 
2) Li~FeS.. + 2LP + 2e- ~ 2Li2S + Fe 1.454 -0.178 
Mechanism 2 (J-phase intermediate) 
3) 26FeS + LP + C1 + 6K * + 6e- 1.955 -0.680 

LiK~Fe~4S:,~C1 + 2Fe 
(J-phase) 

4) J + 51Li § + 46e- ---> 26Li~S 1.440 -0.024 
+ 24Fe + 6K * + C1- 

~'a, and b, were obtained from Ref. (13). 
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q - I V  = 

d ~ , 0 

E AH%~ m - R T  ~-~ in j,jCm ' ~/ij avg dt J 

I ld t  

d T  n" C ~vg + ~ n lF  ~ - ~ -  E E i,j Pi,J ACpl 
j i 1 

enthalpy-of-reaction 

enthalpy-of-mixing 

phase-change 

heat-capacity 

-[- J~ TME Ei x(epi,j . . . .  Ca.maVg(ni.j - n".,.~.) I [15] 

where 

and 

ACpl ~- E S IN avg [16] i.l~Pi,m 
i 

AH%~m ~ H ~ - -  H .... ~,, [17] 

It should be recognized that all the composition depen- 
dence of Eq. [15] may be expressed in terms of activity 
coefficients (aij = x~.ff~j). This is a reflection of the fact 
that the composition dependence of any thermodynamic 
quantity is completely determined if the activity coeffi- 
cient behavior of the species is known. This analysis does 
not include enthalpy changes associated with nonfaradaic 
reactions. However, reactions such as serf-discharge or 
corrosion may be divided into anodic and cathodic com- 
ponents and included in the enthalpy-of-reaction term 
(other reactions must be accounted for and included as an 
additional term). Also, the heat capacities of the battery 
support materials should be understood to be included in 
Eq. [15]. Actually, in most practical applications, the heat 
capacity of a battery module does not change substan- 
tially during operation. In such cases, the heat-capacity 
term may be replaced by some average value. Also, the 
rate of heat transfer q between the battery and surround- 
ings may be expressed as 

q = - h A ( T -  TA) [18] 

where the heat-transfer coefficient h is based on separa- 
tor area and is estimated from the heat losses for a battery 
module. 

As an example of how Eq. [15] may be used, let us apply 
it to the LiAYLiC1-KC]/FeS battery. We shall assume that 
any number  of reactions may be occurring and that all the 
reacting phases are pure except the electrolyte. The mol- 
ten LiC1-KC1 electrolyte phase is considered to be a solu- 
tion of varying composition throughout the battery. The 
species present are the Li +, K § and C1- in the electrolyte 
and those corresponding to the pure reacting phases. The 
open-circuit-potential data are considered to be given at 
the eutectic composition of the electrolyte as a reference 
condition and to be of the form U~.eut = al + biT. All the 
electrode reaction potentials are given relative to the two- 
phase (a, /3) LiAl-alloy reference electrode. It is conven- 
ient that this is also the negative electrode material. We 
may relate Ul.eut to Ul,avg by 

Su+,i 
@ ~ - i  F aLiclaVg ] nt Ul,~vg = Ul,eut - In L ~ J  

--Su+.R ~ S i.+~ 1 
[aLiCl avg ] n.E [aKcP TM ] n, / 
L a ~utj / a ~ t j  3 LiC1 L KCI 

[19] 

The resulting equation will allow for precipitation of pure 
LiC1 and pure KC] solid phases. With the above consider- 
ations, Eq. [15] becomes 

d T  
Mc'm d t  - h A ( T  - TA) -- I V  

i RT 2 d I ( ~/LiclaVg I SLir 
+ ~ I i  a l +  In - -  ~' 

- - d - - T F  \ ~LiCI eut / 

\ /LiCI eut/ \ ~/KCI eut/ J J 

( 7~ci t d v - -  AH~ + 
~:v In \ ~ / K C I  a v g  / d t  C~Cl 

d in "~LiC] avg 1 dnKcls + RT"- 
d T  J d t  

I hH%clf + R T  "2 d i n  y_~_KciaVg 1 [20] 
d T  J 

where d n u c l l d t  and dnKcls/dt are the crystallization rates 
of solid LiC1 and KC1 phases, respectively. There is a con- 
siderable amount of simplification involved in going 
from Eq. [15] to Eq. [20]. For example, the ionic activity 
coefficients, ionic concentrations, and ionic partial molar 
enthalpies have been combined into neutral combina- 
tions that refer to undissociated LiC1 and KC1. If the elec- 
trolytes were considered to be completely dissociated, 
then Eq. [15] could be rearranged to contain mean ionic 
activity coefficients (neutral combinations of individual 
ionic activity coefficients). 

In the next section, each of the terms in Eq. [15] will be 
discussed. Afterwards, Eq. [20] will be applied more spe- 
cifically to the LiA1/FeS cell. 

Discussion of Terms 
E n t h a l p y - o f - r e a c t i o n . - - I f  we use an average heat capac- 

ity and do not consider enthalpy-of-mixing and phase- 
change terms, then Eq. [15] may be written as 

I Ui i .... T d T  [21] 
q = I V +  I1 T~d d ~ T -  +MCpm d--t- 

During discharge, the chemical energy of the cell is di- 
rectly converted into work in the form of electricity. The 
work that the cell delivers is maximum when the cell op-  
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crates reversibly. This reversible work, expressed as a 
rate, can be written as 

I V ~  = ~ I~ [U,.~j [22] 
l 

and is tucked into the enthalpy-of-reaction term. The dif- 
ference between V~  and V is the cell overpotential. The 
overpotential is indicative of irreversibilities such as 
ohmic losses, charge-transfer overpotentials, and mass- 
transfer limitations. The overpotential multiplied by the 
current is termed the polarization heat and is composed 
of the joule heating within the battery, as well as the en- 
ergy dissipated in electrode overpotentials. 

Also housed in this enthalpy-of-reaction term is the en- 
tropic-heat 

[ d(Ul.~v~) ] [23] 
q~ov:-EI~ T ~T J 

1 

Equations [22] and [23] represent the power and the heat 
generation that accompany reversible isothermal cell op- 
eration, respectively. The reversible work is related to the 
change in Gibbs function of the cell's contents. The 
entropic-heat is related to the entropy change. We may 
write Eq. [21] in terms of these contributions as 

+ ~ I~Td ~ + MCo m dT [24] 
dt 

Equations [22] and [23] have allowed the enthalpy-of- 
reaction and electrical work terms in Eq. [21] to be com- 
bined and restated as irreversible and reversible heat ef- 
fects. This form is most convenient when dealing with 
reversible conditions because the polarization heat, 
IV -- E I i [Ui ,avg ] is zero ir~ that case. Furthermore, Eq. [24] 

l 
is the form of the energy balance that is most commonly 
encountered in the literature. The composition depen- 
dence of the open-circuit potential is contained in U~.~g 
(see Eq. [10]). The original form (Eq. [21]) has an advan- 
tage in that a strong composition dependence of the two 
terms separately may partially cancel in the enthalpy volt- 
age. Also, if the open-circuit potentials U,,~vg are indepen- 
dent of composition and linearly related to temperature, 
then the enthalpy-of-reaction term becomes 

can be shown that the integral in the mixing term may be 
minimized if the average concentration is defined as 

f v cldv f ~ cxidv 
cl . . . .  or xl avg [26] 

f dv fvCdV 
where 

C ~ C 1 -~ C 2 

This will be shown as follows. For a binary system, the in- 
tegral in the mixing term in Eq. [15] may be written as 

f c [H - + x . , ~ 9 ]  dv 
v 

where the molar enthalpy is defined as 

H = x~H~ + x:H.z 

[27] 

and Hi ~v~ is the partial molar enthalpy of species i at the 
average composition. It should be recognized that in this 
development  it is assumed that the spatial variation of 
composition is fixed and that Eq. [27] is only a function 
of x~ ~ .  By writing the mixing integral in this form, we 
may obtain a clearer interpretation of the mixing term. 
The sum subtracted from H is the tangent line to the 
enthalpy-vs.-composition (H - x,) plot at the average 
composition. The integral may be considered to be a mea- 
sure of the ability to approximate the H curve with a tan- 
gent, in the range of composition variation throughout 
the cell. Therefore, if the enthalpy curve is linear in this 
range, then H~ and H~ are independent of composition, 
and the integral is zero regardless of the value of x~ ~g. 
Also, if  the activity coefficients are independent  of tem- 
perature (see Eq. [9]), then mixing effects can be ignored. 
Different choices of the tangent, corresponding to differ- 
ent values of the average composition may give better or 
worse approximations of the enthalpy curve. Equation 
[27] may be minimized with respect to the average com- 
position by solving the following equation for x? ~'~ 

d [ fv C(X~,~ + x~avg) dvJ = O [28] 
d X l  a~u 

In formulating Eq. [28], it was recognized that the com- 
position profiles and enthalpy curve are independent  of 
the choice of x~ a~. We may further simplify Eq. [28] and 
write 

- ~ Ijaj [25] 
1 

Notice that the temperature coefficients, b~, are not 
needed and that the enthalpy voltage of reaction 1 is -a~. 

Enthalpy-of-mixing.--The enthalpy-of-mixing term rep- 
resents the heat effects associated with generation or re- 
laxation of concentration profiles. For example, if we do 
not consider phase-change terms, then this term repre- 
sents the rate of heat generation after current interruption 
of cell operation. First, the definition of the average com- 
position will be discussed. Later, an estimate of the adia- 
batic temperature rise due to relaxation of concentration 
profiles in a lead-acid cell after full discharge will be 
made. 

The enthalpy-of-mixing term is the only term in Eq. [15] 
that is dependent on the spatial variation of composition. 
This term may be thought of as a correction because the 
other terms depend only on the average composition. The 
term is difficult to treat because it involves integrations 
of concentration profiles. Consequently, it is instructive 
to discuss the conditions under which it may be ne- 
glected. The definition of the average composition of 
species i is arbitrary. Therefore, if mixing effects are to be 
neglected, then the average composition should be 
chosen such that the value of this neglected term is mini- 
mized. For a binary phase, with components 1 and 2, it 

f v  - -  f v  dI-~"avg 
cldv dH~avg + c.~dv - - 0  [29] 

dxlavg dx~avg 

The Gibbs-Duhem equation 

x, ~ + x~ . . . . .  0 [30] 
dx~ av~ dx~ ~v~ 

may be applied, and Eq. [29] may be solved for x? 'v~ as 
given in Eq. [26]. The corresponding development  for 
mult icomponent  mixtures is given in Appendix A. Equa- 
tion [26] is guaranteed to be the choice of the average 
composition that will minimize Eq. [27] only if the inte- 
gral has simple behavior. The behavior is said to be sim- 
ple if the second derivative of the integral is nonzero for 
all possible values of x?/v~ (in range of concentration varia- 
tion throughout the cell). For example, if the integral has 
a point of inflection such that its value may be either pos- 
itive or negative depending upon x? 'v~, then x~ ~'~ may be 
chosen so that the integral is zero. In this case, the best 
choice of the x? 'v~ is not necessarily defined by Eq. [26]. 
Regardless of the behavior of the integral, Eq. [26] is the 
most convenient definition of the average composition. It 
has physical significance, and it is usually a simple func- 
tion of state-of-charge. It is the final uniform composition 
of a concentration profile that is allowed to relax, and the 
energy effect associated with this process, in this case, is 
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proportional to the value of the integral for the initial pro- 
file. 

It is useful to examine further the sign of the integral. 
The sign of Eq. [27] will indicate such things as whether 
mixing effects will tend to heat or cool a cell during oper- 
ation. It is convenient now to look at Eq. [27] as a function 
of the mixing behavior and assume that the average com- 
position in it is fixed. Equation [27] will be positive if 

- -  - -  a v g  H > (xlH1 avg + x.2H.,. ) [31] 

The right side of Eq. [31] is linear in x ,  If Eq. [31] is differ- 
entiated twice with respect to x ,  we obtain 

d'-'H 
- -  > 0 [ 3 2 ]  
dXl 2 

In other words, if in the range of concentration variation 
throughout  the cell the enthalpy curve is always concave 
upward, then the integral will be positive. Conversely, the 
integral will be negative if the enthalpy curve is every- 
where concave downward. For example, in the lead-acid 
cell, the sulfuric acid-water system has an enthalpy curve 
that is always concave upward. Consequently, the tem- 
perature of a well-insulated lead-acid cell will always in- 
crease after current interruption during operation due to 
relaxation of concentration profiles. To illustrate this, in 
Appendix A, Eq. [15] is used to estimate this temperature 
rise. The temperature rise, after full discharge, is approxi- 
mately 1.6 K. It is also important to investigate the  con- 
sequence of neglecting mixing effects in thermal calcula- 
tions. F o r  the lead-acid cell, the temperature during 
operation (generation of concentration profiles) is overes- 
t imated if calculations are made by neglecting the mixing 
term. The situation is reversed for a high-temperature cell 
employing LiC1-KC1 electrolyte. In the range of concen- 
tration variation throughout  this cell, the enthalpy curve 
is always concave downward and the cell temperature 
will decrease due to mixing effects after current interrup- 
tion. Calculations that neglect mixing will give underesti- 
na t ions  of temperature when concentration profiles are 
being generated (during cell operation). This will be in- 
vestigated in greater detail later. 

If  the enthalpy curve, in the range of composition varia- 
tion, may be concave upward or concave downward, then 
the sign of the integral depends on the choice of the aver- 
age composition. Certain associated systems, such as eth- 
anol and water, exhibit  inflection points in their enthalpy 
c u r v e s .  

Phase-change terms.--In the enthalpy-of-reaction term 
of Eq. [15], all the reactions have species i in the same 
phase m. For example, in Eq. [20], LiC1 is always Present 
as a molten LiC1-KC1 solution phase in all reactions. How- 
ever, one of the phases present in the cell during opera- 
tion may be pure solid LiC1. The purpose of the phase- 
change terms is to account for the enthalpy change due to 
crystallization of this solid phase. For example, ice crys- 
tals form during low temperature operation of aqueous 
batteries, and an energy balance such as Eq. [23] would 
not correctly predict cell temperatures. If the m phase 
types in the enthalpy-of-reaction contribution (Eq. [15]) 
are the only phases present in the cell during operation, 
then the phase-change terms are zero. 

Heat-capacity.--The quantities to the right of dT/dt in 
the heat-capacity term of Eq. [15] represent the heat ca- 
pacity of the cell. This heat capacity changes with time 
because the composition of the cell changes due to elec- 
trochemical reactions and phase changes. The first part 
of this heat capacity represents the initial heat capacity of 
the cell's reactive material. The heat capacity of the cell's 
inert supporting material should be included in this part. 
The second and third parts account for changes in the ini- 
tial heat capacity as a result of electrochemical reactions 
and phase changes, respectively. 

As mentioned earlier, the total heat capacity of a typical 
cell (including supporting material) is approximately con- 
stant so that this term usually reduces to a simple expres- 
sion. 

Description of Examples 
The results of applying Eq. [15] to the existing model of 

the LiA1/LiC1, KCl/FeS cell will be given. The purpose of 
these examples is to illustrate how the energy-balance 
equation may be applied to a specific system and to ex- 
amine the relative contributions corresponding to the 
terms in this equation. The use of Eq. [15] is best illus- 
trated by application to a mathematical model of a battery 
in which concentration profiles can be used to calculate 
energy contributions from mixing, and current fractions 
can be used to calculate energy contributions from simul- 
taneous reactions. This model was originally developed 
by Pollard and Newman in 1981, and the details of the 
theoretical analysis are given in their publications (10, 11). 
The model gives the galvanostatic discharge behavior of a 
one-dimensional cell sandwich consisting of a-porous 
LiA1 negative electrode, porous FeS positive electrode, 
electrolyte reservoir, and separator. The mode l  simulates 
the discharge processes in the positive by the two simul- 
taneously occurring reactions given as mechanism 1 in 
Table I. Pawlikowski (12) in 1982 developed a mode] of 
the cell with mechanism 2 as the positive electrode dis- 
charge reactions. Mechanisms 1 and 2 yield the same 
overall reaction and differ mainly in the intermediate 
phase (X-phase or J-phase). 

The electrochemistry of the FeS electrode is reasonably 
well understood. The actual discharge processes are com- 
plicated and are more like a mixture of the two proposed 
mechanisms along with simultaneously occurring chemi- 
cal reactions. There is evidence, however, for the simple 
2-reaction mechanisms under certain operating condi- 
tions (13). In practice, batteries are operated between 400 ~ 
and 500~ Higher operating temperatures and LiC1 con- 
centrations tend to favor mechanism 1. Lower tempera- 
tures and LiC1 concentrations favor mechanism 2. Dis- 
charge through the X-phase intermediate is preferred 
because of the poor reversibility of the J-phase reactions. 
For purposes of comparison, the simulations of the two 
mechanisms will use the same initial temperature and 
electrolyte composition. 

The model discharges are meant to simulate a well- 
insulated (but not adiabatic) battery operating in an ambi- 
ent temperature environment  with no external heating. 
The relevant input data and energy equation specific to 
each mechanism are given in Appendix B. 

Results 
Figure 1 gives the cell temperature as a function of utili- 

zation for both mechanisms. The dashed lines show the 
temperature profile for adiabatic and reversible dis- 
charge. Under these conditions the two mechanisms yield 
the same temperature at 100% depth of discharge because 
the overall reaction is the same. In both cases, the reac- 
tions are exothermic, so that the cell temperature in- 
creases throughout discharge. Though the adiabatic- 
reversible profile of mechanism 1 appears linear, there is 
actually a slight amount  of curvature, due to the logarith- 
mic dependence of the cell temperature. The composition 
dependencies associated with the J-phase reactions result 
in the more discernible curvature of each portion of the 
adiabatic-reversible profile of mechanism 2. The crite- 
rion of reversibility allows the stoichiometry of the reac- 
tions to yield the discontinuities in slope located at 50% 
and 12% for mechanism 1 and mechanism 2, respectively. 
For example, with mechanism 1 up to 50% utilization, 
only reaction 1 occurs, and after this point reaction 2 oc- 
curs. The dashed curve in Fig. 2 is the heat generation 
rate for reaction 1. It is approximately constant because 
the temperature is not changing substantially, and this is 
responsible for the apparent linearity in Fig. 1. With the 
J-phase reactions, the stoichiometry dictates that the 
transition from reaction 3 to reaction 4 occurs at 12% utili- 
zation. 

It is interesting to compare these results to the results 
of the more realistic simulations. The solid lines in Fig. 1 
are the results of the mathematical_ models. The relevant 
input data and energy equation specific to each mecha- 
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Fig 1. Cell temperature as a function of utilization for mechanisms 1 
and 2. The dashed lines are for adiabatic-reversible discharge. The solid 
lines are the results of the mathematical model simulations. Cutoff volt- 
ages of 1.2 and 1.0V were used for mechanisms 1 and 2, respectively. 

nism are given in Appendix B. In these simulations, the 
irreversibilities associated with ohmic losses, migration 
effects, mass-transfer, and charge-transfer overpotentials 
cause electrode polarization. The onset of the second re- 
action of each mechanism may occur before the predic- 
tion based on reversibility, because of the resulting poten- 
tial distribution in the porous, p o s i t i v e  electrode. 
Compared to the values of 50% and 12% utilization, the 
second reaction begins at 30% and 11% utilization for 
mechanisms 1 and 2, respectively. At these operating con- 
ditions, the reaction potential difference U3,avg - U4,avg for 
the J-phase mechanism is always about four times larger 
than the difference Ul.avg - U._,,,.~ for the X-phase mecha- 
nism. We see that the onset of the second reaction occurs 
closer to the reversible prediction in the case of the 
J-phase mechanism because a larger positive electrode 
polarization is required to promote the onset of the sec- 
ond reaction as compared with the X-phase mechanism. 

The solid lines in Fig. 2 are plots of the terms in Eq. 
[B-l] as functions of utilization for the X-phase mecha- 
nism up to 30% utilization. The dashed line in Fig. 2 is 
called the entropic-heat and has the value of -ilb~T. It 
would be the only term on the right side of Eq. [B-l] if the 
equation were written for the adiabatic-reversible case. 
The polarization heat, i~(U,,~ - V), and the entropic heat 
add up to the enthalpy-of-reaction and electrical-work 
term. The heat-loss contribution does not change mark- 
edly because the cell is well insulated and the overall cell 
temperature does not change substantially. The profile 
for the X-phase mechanism in Fig. 1 follows the adiaba- 
tic-reversible profile up to about 5% utilization because 
the heat-loss contribution tends to cancel the polarization 
heat. The polarization heat is mainly responsible for the 
increasing departure of the cell temperature from the re- 
versible case throughout discharge. With increasing utili- 
zation, the polarization heat increases because the open- 
circuit potential (U~,,v,) is approximately constant and the 
cell voltage drops. 

These results can be contrasted to the results with the 
J-phase mechanism from 0% to 11% utilization. The aver- 
age LiC1 concentration increases, and the composit ion de- 
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Fig. 2. Terms comprising the energy balance for a LiAI/FeS cell [Eq. 
B-l] as a function of utilization. 

pendent U3,avg decreases accordingly (Eq. [19]). Actually, 
U3,avg decreases at about the same rate as the cell voltage, 
so that the polarization heat remains relatively constant. 
Up to about 5% utilization, the heat-loss term approxi- 
mately cancels the polarization heat, and the temperature 
profile follows the adiabatic-reversible case. The cell 
temperature increases enough from 5% to 11% utilization 
so that the heat-loss term dominates, and the temperature 
remains below the adiabatic-reversible case. After 12% 
utilization, the heat losses and U4,,v~ stay approximately 
constant, so that the polarization heat dominates; by the 
time of 36% utilization, the profile lies above the adia- 
batic-reversible case. 

Although the mixing term offers a negligible contribu- 
tion to the energy balance, it is interesting to investigate 
the processes that determine its behavior. As we men- 
tioned earlier, for the molten LiC1-KC1 system, the value 
of the integral in Eq. [B-l] is always negative. Therefore, if 
the heat losses are made negligible, the cell temperature 
will decrease after current interruption. Prior to the onset 
of precipitation, this is entirely a mixing effect. At 25% 
utilization in Fig. 2, this temperature decline is only about 
0.2 K. Before precipitation, the concentration of LiCI 
steadily decreases in the positive electrode and increases 
in the negative electrode, and the average composition, 
xucl avg = 0.58 (defined by Eq. [26]), is constant. The 
mixing term (the t ime derivative of the integral) also in- 
creases, and the cell temperature would be slightly under- 
estimated if mixing effects were ignored. The concentra- 
tion throughout the separator and reservoir volumes 
remains close to the average composition, so that their 
contributions to the integral are two orders of magnitude 
smaller than the contributions from integration through 
the electrodes. Figure 2 shows that the integral increases 
in magnitude to the point where the mixing term is zero 
(26.5% utilization). After this point, the mixing term is 
slightly negative, corresponding to a decrease in the mag- 
nitude of the integral with time. The mixing term de- 
creases when KC1 precipitates because, in the region of 
precipitation, the electrolyte composition is approxi- 
mately constant at its saturation value. Following the on- 
set of precipitation, the adiabatic temperature decline 
after current interruption is determined by the more com- 
plex processes of simultaneous melting of KC1 and elec- 
trolyte mixing. We present the breakdown of contribu- 
tions only up to 30% utilization, because when the second 
reaction begins simultaneously, reaction heat  effects and 
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precipitation effects cause oscillatory behavior. The de- 
scription and discussion of this phenomenon will be 
treated in a subsequent publication. 

Conclusions 
The examples presented help to illustrate that the pro- 

cesses involved in cell heat generation may be complex 
and that the application of a sufficiently general energy 
equation is advantageous. Equation [23], written for a 
single cell reaction, is the energy equation most com- 
monly used in battery applications. The use of this form 
of an energy balance is justified only if phase-change ef- 
fects, mixing effects, and simultaneous reactions are not 
important. An energy equation including the effects men- 
tioned above is, of course, most easily applied to model- 
ing studies. However, applying an energy equation that 
includes the effects of simultaneous reactions to experi- 
mental measurements may help elucidate reaction mech- 
anisms. For example, if heat generation rates and cell 
voltage measurements  are made on LiA1/FeS cells under 
isothermal operating conditions, an energy equation may 
be fit to the experimental  data to determine the current 
fractions of simultaneously occurring reactions. The ex- 
periments performed under truly isothermal conditions 
have the advantage that an estimate of the mean cell heat 
capacity is not required. However, if experimental  cells 
are not kept isothermal, then heat capacity effects or the 
effects of nonuniform temperature may obscure the rela- 
tionship of the experimental  results to the energy bal- 
ance. 

The reversible-isothermal mode] is relatively easy to 
construct from knowledge of the stoichiometry of the 
probable cell reactions and the temperature dependence 
of their open-circuit potentials. The comparison of such a 
model  with experimental  results may also aid in the un- 
derstanding of the system, just  as the adiabatic-reversible 
model  was used to aid in the interpretation of the simula- 
tion of the well-insulated cell in the examples. Regardless 
of the application, understanding the fundamental  pro- 
cesses involved in cell heat generation will aid our ability 
to design and develop more efficient and reliable battery 
systems. 
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APPENDIX A 
Choice of the Average Composition 

for a Multicomponent System 
For a mult icomponent  phase, the integral in Eq. [15] 

may be written as 

fv ~ cxi (Hi Hi ~g) [A-l] dv 
i 

In this development,  it will be assumed that Eq. [A-l] is 
only a function of the average composition and that the 
spatial variation of composit ion is fixed. If the molar 
enthalpy is defined as 

H = ~ xiHi [A-2] 
i 

Eq. [A-l] may be writ ten as 

fv C[H - xiHi ~v~] dv E [A-3] 
i 

In certain cases, Eq. [A-1] is minimized with respect to the 
average composition by equating the total differential 

to zero. Recognizing that the enthalpy is independent  of 
the choice of the average composition, we may write 

= ~i (fv cxidv)dHiavg=O [A-4] 

If we multiply and divide each term in Eq. [A-4] by x y  g 

I fv cxldv I 
x~vgd/4iavg = 0 

~i xi av-'--~ 

and compare this to the Gibbs-Duhem equation 

[A-5] 

E xiavgdHiavg = 0 [A-6] 
i 

we see that the bracketed quantity in Eq. [A-5] must be 
equal to a constant. This constant 

f v cxidv 
K - - -  [A-7] 

X i  avg 

must  be independent  of x1 avg in order to satisfy the Gibbs- 
Duhem equation. If we apply a mole fraction balance 

E fvcx, dv 
E x~avg - K - 1 [A-8] 

i 

we may solve for this constant 

K : cdv [A-9] 

Substi tuting this into Eq. [A-7], we obtain the final form 
for the average composition 

fv cxidv 
xi . . . . .  [A-10] 

v cdv 

Equation [A-10] is guaranteed to be the average composi- 
tion that minimizes Eq. [A-l] only if its second'total differ- 
ential is positive for all possible values of xi ~vg. 

Estimate of the Temperature Rise in a 
Lead-Acid Cell Following Current Interruption 

Prior to discharge, the cell is assumed to have a uni- 
form composition of 5 molal sulfuric acid. It is assumed 
that one-third of the electrolyte is contained in the cath- 
ode and anode spaces and that one-third is in the space 
between the electrodes. It is also assumed that during dis- 
charge the concentration of acid in the intermediate space 
remains unchanged and that the acid concentrations 
throughout the electrode compartments are uniform. 
Basing the discharge on two Faradays (1 tool PbO._,) and a 
transference number of 0.74 for hydrogen ion, we may 
calculate that the concentration in the cathode space and 
anode space drops to 1.04 and 2.79 molal, respectively 
(14). If  we regard the cell as well-insulated, and if there 
are no phase changes (such as formation of ice crystals), 
Eq. [15] may be writ ten as 

dT - _ 
1.15 ~-(nphso4C,phso4 + niC, i ~v" + n2C,.2 ~v") = 

d fv c[H - (XlHl avg ~- x.,H.,_av")]dv [A-11] dt 
In writing this equation, it is assumed that the heat ca- 
pacity of the battery support material is 15% of the heat 
capacity of the reactive material. The integral on the right 
side is easy to evaluate in this case because the concentra- 
tion is uniform and the volume is the same in each com- 
partment. The average composition of acid, defined by 
Eq. [26], is 2.95 molal. As mentioned earlier, this is the 
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final un i form concent ra t ion  after relaxation,  and the  tem- 
pera ture  rise is p ropor t iona l  to the va lue  of the integral  
w h e n  the  current  is in te r rup ted  (8630J or 6.5 J /g  of elec- 
trolyte). Us ing  the data avai lable in Ref. (14) (for 298 K), 
we calculate  the  t empera tu re  rise to be about  1.6 K (if we 
al low 1.25 tool of  PbO2 for discharge,  the  concent ra t ions  
in the ca thode  and anode  space drop to 0.05 and 2.23 mo- 
lal, respect ively,  and the  t empera tu re  r ise is 2.9 K). We 
recognize  that  the  a s sumed  concent ra t ion  j u m p s  at the in- 
terfaces are artificial and that, realistically, diffusion 
tends  to equal ize the  concentra t ions .  The es t imated  tem- 
pera ture  rise would  be sl ightly lower  if  the above  effect 
were  t aken  into account .  We mus t  also, however ,  recog- 
nize the effects of  nonun i fo rm  react ion d is t r ibut ion  in po- 
rous e lect rodes  and that  this will  tend  to m a k e  the  con- 
cent ra t ion  dis t r ibut ion nonuni form.  Refe rence  (9) gives 
spatial d is t r ibut ions  of  concent ra t ion  and react ion for a 
one-d imens iona l  mode l  of  a lead-acid cell. 

A P P E N D I X  B 
Energy Equations for Model Studies 

Mechan i sm 1 (the n u m b e r  subscr ipts  refer  to the  reac- 
t ions in Table  I) 

M dT 
A -  Cpm dt = 

- h ( T -  %,) heat-losses 

+ (i,a, + i,,a~) - V(i, + i,~) enthalpy-of-react ion 
and electr ical-work 

d eR cl,iclT In TI.iCl 
+ d~- o ~ \ YLiC] avg / 

m ix ing  + C,<oiT In ~ 7  ] dy 

1 dnKc,3 
A dt [AH%clf + R T  in yKcl ~v~ + - -  

KCl-precipi ta t ion [B-l] 
Mechan i sm 2 

The energy  equa t ion  for m e c h a n i s m  2 differs only in the 
enthalpy-of-react ion and electr ical-work term,  wh ich  may  
be wr i t ten  as 

+ (i:~a3 + i4at) - V(i3 + i4) 

- -  7 1 A C I  

�9 \\YLic, ~ \y~:cp " t /  / 

[B-2] 
_ 7 KCI 

\ \ yew, "ut / \ y~cj "ut / / 

Relevan t  Inpu t  Data 

Quant i ty  Value Quant i ty  Value 

X"LW, 0.58 (eutectic) MC,m/A 1.89 J/cm2-K 
AH%clf 26,530 J /mol  i 0.0416 A/cm=' 

h 8.25"10 -~ W/cm2-K TA 273.15 K 
Capaci ty  835.27 C/cm 2 e"v~ 0.555 

T I n  YLiC, = 723.15 (0.52628XKci -- 1.2738X~cl -- 2.9783X3Kci) 

T I n  Y~cl = 723.15 (--0.52628XLic, -- 5.7413X'-'LiC, 
+ 2.9783X'~uC, -- 0.52628 in xK<.,) 

L I S T  OF S Y M B O L S  

a~a act ivi ty  of  species  i in phase  j 
a~ RE act ivi ty  of species i in the  reference e lec t rode  
A separator  area, c m  2 
a, cons tant  in the  express ion  for the  open-ci rcui t  po- 

tent ial  of react ion 1, V 
b~ t empera tu re  coeff ic ient  in the express ion  for the 

open-ci rcui t  potent ia l  of  react ion 1, V/K 
cL.j concent ra t ion  of  species i in phase j, moYcm ~ 
C_p m m e a n  heat  capaci ty  at cons tant  pressure,  J /g-K 
C,~.j partial  molar  cons tan t  pressure  hea t  capaci ty  of 

species i in phase  j, J /mol -K 
dvj differential  v o l u m e  e lemen t  of phase  j, cm :~ 
e -  symbol  for an e lec t ron 

F Faraday ' s  constant,  96,487 C/eq 
h heat  t ransfer  coefficient,  W/cm~-K 
Hto~ enthalpy,  J 
H molar  enthalpy,  J /mol  
H%m molar  en tha lpy  of  species  i in the secondary  refer- 

ence  state corr~esponding to phase m, J /mol  
H~.j partial  molar  en tha lpy  of  species i in phase  j, J / tool  
i~ part ial  current  densi ty  of  e lect rode react ion l, A/cm 2 
I cell current,  A 
I~ partial  cur ren t  of e lec t rode  react ion 1, A 
K cons tant  in Eq. [A-7], mol  
L leng th  of  cell, cm 
M mass  of  the  cell, g 
Mi symbol  for the chemica l  formula  of species  i 
n~ n u m b e r  of e lect rons  involved  in react ion 1 
n,~E number of electrons involved in the reference elec- 

trode reaction 
n~,j moles of species i in phase j, moles 
q heat- t ransfer  rate, W 
R universa l  gas constant ,  8.3143 J /mol-K 
s~.~ s to ichiometr ic  coeff icient  of  species i in react ion 1 
t t ime, s 
T absolute  tempera ture ,  K 
ULav~ theoret ica l  open-ci rcui t  potent ia l  for react ion 1 at 

the  average compos i t ion  relat ive to a re ference  elec- 
t rode  of  a g iven  kind,  V 

Up s tandard  e lec t rode  potent ia l  for react ion 1, V 
U%E s tandard  e lec t rode  potent ia l  for the re ference  elec- 

t rode  reaction,  V 
vj s e e  dvj 
V cell potential ,  V 
x~.j mole  fract ion of species  i in phase  j 
y d is tance  f rom electrode,  cm  
zl charge n u m b e r  of  species  i 

Greek  

e porosi ty  
y~.j act ivi ty  coeff icient  of  species i in phase  j 

Subscr ip t s  

A ambien t  
f heat  of  fusion 
i refers to a species 
j ,m refer  to phases  
1 refers to a react ion 
rev  revers ible  
RE reference e lec t rode  react ion 
tot  total  

Superscr ip t s  

avg average  
eut  eutect ic  compos i t ion  
m m e a n  
o refers to secondary  reference  state or initial 
RE  reference  e lec t rode  compos i t ion  
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New Electrochemical Process for Making Ni/Ni Hydroxide Battery 
Electrodes 

C. K. Dyer*, 1 

A T & T  Bell Laboratories,  Murray  Hill, New Jersey 07974 

ABSTRACT 

Ni positive electrodes with coulombic capacities suitable for battery electrode use have been made using ac and di- 
lute aqueous solutions of KC1 and KBr. The process is simpler and offers several potential cost and performance 
benefits compared with the conventional electrochemical impregnation process. 

Reported methods to produce thin hydroxide or "ac- 
tive" films directly from Ni, by conversion rather than by 
electrodeposition are: (i) anodize at constant current in 
KOH or neutral borate solutions (1), (ii) periodically re- 
verse the current through a Ni electrode immersed in an 
aqueous KOH solution (2). The mechanism of film 
growth by these techniques has not been widely investi- 
gated or reported. Growth is presumably a result of Ni 
dissolution then immediate  precipitation from the high 
pH solution in both methods rather than by the high 
field ion transport mechanism of film growth on valve 
metals where surface films have, essentially, no elec- 
tronic conductivity. The amount  of active material gener- 
ated in these procedures (1-100 mC/cm 2) is obviously 
insufficient to yield a practical battery electrode. But for 
this serious limitation there could be considerable cost 
and performance advantages compared with existing 
methods of manufacture of Ni electrodes for batteries, 
which involve chemical or cathodic electrochemical dep- 
osition of nickel hydroxide from a solution of a Ni salt 
(e.g., nitrate) into a porous Ni sinter substrate or "plaque." 
The preferred but costly electrochemical method requires 
very careful control of concentrations, pH, and tempera- 
ture of the deposition electrolyte to obtain a "loading" of 
Ni(OH)., with a controlled amount of voidzge, while the 
product  of the chemical impregnation method (precipita- 
tion of hydroxide by alternately dipping, first, into Ni ni- 
trate and, then, into NaOH) suffers from overloading and 
subsequent  plaque expansion during battery cycling. 

It is well known that breakdown of passivity and disso- 
lution of many metals is enhanced in the presence of so- 
called "aggressive" anions, such as chloride. So, addition 
of chloride to the KOH solution during anodic polariza- 
tion of a bare Ni surface might  be expected to increase 
the amount  of Ni oxidation to hydroxide under  the other- 
wise usual constant current or pulsed conditions. Indeed, 
it would not be necessary to operate in alkaline solutions 
at all if the current is reversed, since the dominant hydro- 
gen evolution reaction (HER) might raise the surface pH 
enough (3) to precipitate local Ni cations in the form of 
hydroxide (minimum equil ibrium solubility of Ni(OH)~ is 
10 -s tool/liter at pH 10.2). On subsequent cycles, the hy- 
droxide should still be stable: in neutral solutions the sol- 
ubility rises but to only -10  -~ mo]/liter. However, these 
are equilibrium solubilities and the kinetics of dissolution 
of hydroxides could be very slow. Previous work on an- 
other metal, A1, has shown (3) that a thin stable surface 
hydroxide can form by application of an alternating cur- 
rent even in acid solutions despite the high solubility of 
A1 hydroxides in acid. It is particularly interesting and 
relevant to note that in that work,' incorporation of chlo- 
ride in the hydroxide was absent, an important considera- 
tion in the capacitor industry where thistprocess finds 
application and any corrosion would be castastrophic. So, 
the possibility of using ac to form a pure (chloride-free) 
hydroxide product on Ni in aqueous halide solutions was 
thought t ~ be possible. 

* Electrochemical Society Active Member. 
'Present address: Bell Communications Research, Inc., 

Murray Hill, New Jersey 07974. 

The concept was tested, and the results confirmed that 
indeed uniformly thick, halide-free layers of hydroxide 
can be produced rapidly on Ni in neutral KC1, KBr, and 
other solutions using ac. Considerable cost benefits in 
production as well as improved electrode quality are an- 
ticipated to result from this process. 

Experimental 
Two Ni substrates were used in this work: pure Ni 

sheet, masked with epoxy resin to expose - 1  cm 2, and Ni 
sinter supported on a wire mesh (made by Eagle Picher 
Industries, Incorporated) with an overall thickness of 
0.030 in. and a projected area of 1 cm'-'. A 1 mm Ni wire 
lead was spot-welded to a coined edge of the sinter, to al- 
low immersion in the cell. The average porosity of the 
sinter was 77.5% with mean pore size 12.7 ~m. 

A Model 371 E G & G  potentiostat was programmed to 
give various controlled-current waveforms. Most of the 
work to date has been with square wave shapes. 

After cycling, the electrodes with their transparent film 
deposits were washed in distilled water and charged and 
then discharged in 30% KOH at 2 mA/cm 2 (foil electrodes) 
or 250 mA/cm 2 (sinter); capacities were calculated from 
discharges to -0.0V(NHE). The reference electrode was a 
cathodically charged Pd/PdHx wire or a standard calomel 
electrode. Counterelectrodes were either graphite or a 
large area of Ni foil. 

Results and Interpretations 
Foil . - -Table I shows the results with Ni foil. In pure 1M 

KOH, positive or positive then negative current pulses 
produce small amounts of hydroxide, as indicated by the 
low discharge capacities (D) and as expected from previ- 
ous work (1, 2). The effect of negative pulses only was un- 
expected and indicates that corrosion might  have taken 
place during the zero-current half of each cycle. The last 
column of Table I indicates the coulombic efficiency 
(2D/C+) of conversion of Ni to Ni(OH)~. It is in all cases 
less than 0.5%. The low return on power consumed makes 
it a poor candidate for a manufacturing process! 

Film growth in 1M KC1 solution was, in several cases, 
an order of magnitude greater and was accompanied by a 
similar improvement  in efficiency. In some experiments,  
intermediate capacities were measured for the same spec- 
i m e n  and showed an increasing discharge capacity 
(roughly proportional to "film thickness") with number  
of cycles applied [indicated by (1), (2), (3), etc., in Table I] 
without decline in efficiency. The highest discharge 
capacities resulted from asymmetric current (i) cycling 
such that i§ > i_. There was also an effect of frequency 
(while maintaining similar charge (q) during each half cy- 
cle, i.e., q, = q_). The discharge capacity decreased with 
increase in frequency from 0.5 to 10 Hz, as did the ef- 
ficiency, and, unlike at lower frequencies (0.5 Hz), 
efficiency did not stay nearly constant with cycling, but 
decreased; this can be seen in Table I at 1, 2, and 20 Hz. 
Reduction in KC1 concentration to 0.2M at 10 Hz, how- 
ever, raised D. At lower pH (in 1M HC1) the capacity, as 
expected, was low. 

The efficiency of conversion to useful hydroxide in 
KC1 solutions, although much higher than in KOH alone, 
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Table I. Pure Hi foil, area - 1  cm 2, square wave current 

Total anodic 
Discharge half-cycle 

Freq. capacity (D)* charge (C§ 
Solution (Hz) Peak (mA) Total cycles (C) (C) 

Conversion 
efficiency 

~2D/C§ 
(%) 

1M KOH 0.5 -+ 100 1000 0.230 100 
1M KOH 0.5 _+ 100 1600 0.300 160 
1M KOH 0.5 -+ 100 3100 0.225 310 
1M KOH 0.5 +100 2100 0.340 210 
1M KOH 0.5 - 100 2600 0.340 (-)260 

1M KCI 0.5 -+ 100 1000 1.075 100 

1M KC1 0.5 -+100 (1) 130 0.350 13 
1M KC1 0.5 -+100 (2) 250 0.600 25 
1M KC1 0.5 -+100 (3) 375 1.050 37.5 
IM KC1 0.5 -+ 100 (4) 500 1.550 50 
1M KC1 0.5 -+ 100 (5) 625 1.800 62.5 

1M KC1 1.0 -+200 (1) 350 0.800 35 
1M KC1 1.0 -+200 (2) 700 1.435 70 
1M KC1 1.0 -+200 (3)1050 1.600 105 

+200l 1M KCI 1.0 - 100J 500 3.400 50 

1M KC1 1.0 + 160} 
- 801 500 2.900 40 

+240} 
1M KC1 1.0 - 100J 750 2.600 90 

0.2M KC1 1.0 -+200 1000 1.600 100 

1M KC1 2.0 -+100 (1) 625 0.600 15.6 
(2)1250 0.850 31.2 
(3)1900 1.050 47.5 

1M KC1 10.0 -+ 1000 7500 0.500 375 
0.2M KC1 10.0 -+ 1000 7500 1.200 375 

1M KC1 20.0 -+ 100 6000 0.225 15 
1M KC1 20.0 -+ 100 21000 0.245 52.5 
1M KC1 20.0 -+300 6000 0.240 45 

0.2M KCI 20.0 -+ 1000 7500 0.400 187 

1M HC1 0.5 -+ 100 750 O.100 75 

0.46 
0.38 
0.14 
0.32 
0.26 

2.14 

5.38 
4.80 
5.60 
6.20 
5.76 

4.56 
4.10 
3.04 

13.60 

14.50 

5.78 

3.20 

7.70 
5.44 
4.42 

0.26 
0.64 
3.00 
0.94 
1.06 
0.42 

0.26 

* In 30% KOH at 2.0 mA/cm 2. 

was  cons ide red  to be  una t t rac t ive  for a c o m m e r c i a l  pro- 
cess  to m a k e  ba t t e ry  p la tes  f rom Ni in t he  fo rm of  foil. 
The  low eff iciency was  be l i eved  to be  due  to cons idera-  
b le  loss  of  p rec ip i t a t ed  h y d r o x i d e  to the  electrolyte ,  s ince 
large accumula t ions  were  obse rved  in the  b o t t o m  of  the  
cell du r ing  this  work.  A be t t e r  subs t ra te  f rom this  po in t  of 
v iew was  cons ide red  to be  the  porous  s in ter  in  w h i c h  a 
h ighe r  [Ni 2§ shou ld  be  e n c o u n t e r e d  in ternal ly  w i th  gradi- 
en t s  in concen t r a t ion  of  Ni 2§ and  O H -  f rom the  Ni sur- 

faces  such  tha t  the  solubi l i ty  p ro d u c t  w o u l d  be e x c e e d e d  
c loser  to the  Ni surface  to cause  m o r e  ad h es i o n  and  less 
loss  of  hydrox ide .  

Sinter.--The resu l t s  wi th  s in te red  e lec t rodes  are s h o w n  
in Table  II and  Fig. 1 and  2. As a re fe rence  point ,  1 c m  2 of  
e l ec t rodes  loaded  by  the  conven t iona l  e l ec t rochemica l  
i m p r e g n a t i o n  or depos i t ion  p rocess  (4, 5) ("ED") gave dis- 
cha rge  c a p a c i t i e s  o f  62-78 C/cm 2, m e a s u r e d  u n d e r  the  
same cond i t ions  as e l ec t rodes  in Table  II. 

Table II. Ni sinter, projected area ~ 1 cm 2, square wave current 

Freq. (Hz) Peak (mA) Total cycles 

Total anodic Conversion 
Discharge half-cycle efficiency 

capacity (D)* charge (C§ (2D/C~) 
(C) (C) (%) 

1. Asymmetric 1M KC1 

+ 5001 
1.0 -250] 500 16.5 

1.0 +500~ 
-250J 1000 19.0 

1.0 +500l 
- 175J 500 7.5 

1.o +5~176 -325J 500 24.5 

1.0 + ~ }  500 33 

500 26 1.0 

10 1000 225 

10  500 2 , 0  

1.0 +300} -200 1600 37 

125 26.4 

250 15.2 

125 12.0 

125 39.2 

125 52.8 

125 41.8 

325 13.6 

187 22.4 

250 29.6 

Continued on next page 
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Freq. (Hz) Peak (mA) Total cycles 

Total anodic Convers ion 
Discharge half-cycle efficiency 

capacity (D)* charge (C+) (2D/C+) 
(C) (C) (%) 

2. Symmet r i c  

[0.2M KCI] 

Asymmet r i c  } { 

1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 

[0.5] 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.5 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 
0.25 

0.25 

0.25 

0.5 
0.5 
0.5 
0.5 
0.5 
1.0 
5.0 
5.0 
5.0 
10.0 

0.25 • 
0.25 • 
0.25 • 
0.25 • 
0.25 • 
0.25 • 
0.25 • 
0.5 • 
0.5 • 

1MKC1 
• 1111 31.0 125 49.6 
• 833 34.5 125 55.2 
• 667 33.0 125 52.8 
• 588 33.5 125 53.6 
• 434 29.5 125 47.2 
• 1600 49 250 39.2 
• 2400 64.5 375 34.4 
• 3200 69 500 27.6 
• 4400 68 500 27.2 
• 2500 69 500 27.6 
• 1400 61 280 43.6 
• 1600 61 320 38.2 
• 1000 57 250 45.6 
• 1200 62 300 41.4 
• 1400 63 350 50.4 
• 1200 51~5 180 57.2 
• 1400 58 210 55.2 
• 1600 64 240 53.4 
• 1600 67 240 55.8 
• 1800 75 270 55.6 
• 2000 70.5 300 47.0 
• 2000 76 300 50.6 
• 3200 72.5 480 30.2 

[• [2000 ] [37] [300] [24.6] 
• 2000 54 200 54.0 
• 2500 64 250 51.2 
• 3000 68 300 45.4 
• 800 50 160 62.4 
• 975 55 195 56.4 
• 1000 59 200 59.0 
• 1200 75.5 240 62.8 

•  1400 70 280 50.0 
• 1600 78 320 48.8 
• 700 52 175 59.4 
• 800 60 200 60.0 
• 900 67 225 59.6 
• 1000 71 250 56.8 
• 1000 65 250 52.0 

• 1600 66.5 240 55.4 
• 3200 82.5 680 34.4 

• 1600 83.5 320 52.2 
• 800 62.5 200 62.4 
• 1000 72 250 57.6 
• 1200 81 300 54.0 
• 1600 13 400 6.4 
• 700 62.5 210 59.6 
• 800 72 240 60.0 
• 900 30 270 22.2 
• 600 67 210 63.8 
• 400 51 160 63.8 

+10~}_ 1600 0.5 320 1 . 2 t  

-10~} 1600 0 - -  

1MNiC12 
• 2000 2 300 1.4 
• 1500 48 450 21.4 
• 2000 72.5 600 24.2 
• 2000 34 600 11.4 
• 4000 Corroded 1200 0 
• 2000 27.5 600 9.2 

• 1500 22 450 9.8 
• 3000 19 900 4.2 
• 12000 13 3600 0.8 
• 7800 23 1170 3.8 

1 M K B r  
1000 49 250 39.2 
1400 55 350 31.4 
1200 80 420 38.0 

600 60 270 44.4 
800 78 360 43.4 

1000 76 450 33.8 
600 73 330 44.2 

1600 38 320 23.8 
1000 65 250 52.0 

* In  30% KOH at 250 m A / c m  ~. 

I n i t i a l l y ,  a s y m m e t r i c  w a v e f o r m s  w e r e  u s e d  s i n c e  for  
foi l  t h i s  w a s  m o r e  e f f e c t i v e .  H o w e v e r ,  fo r  t h e  s i n t e r ,  s y m -  
m e t r i c  s h a p e s  g a v e  t h e  h i g h e s t  d i s c h a r g e  c a p a c i t i e s  (pa r t  
2 o f  T a b l e  II). D i s c h a r g e  c a p a c i t i e s  c o m p a r a b l e  o r  h i g h e r  

t h a n  c o n v e n t i o n a l  E D  e l e c t r o d e s  w e r e  o b t a i n e d .  A l so ,  
e f f i c i e n c i e s  w e r e  m u c h  h i g h e r  t h a n  w i t h  foil.  T h e  h i g h e r  
c a p a c i t i e s  w e r e  a c h i e v e d  a t  t h e  l o w e s t  f r e q u e n c i e s  u s e d  
i n  t h i s  w o r k  o f  0.25 H z  a n d  a t  l o w  a p p a r e n t  c u r r e n t  d e n s i -  
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Fig. 1. Discharge capacities of 1 cm ~ (projected) Ni sinter after cycling 
at 0.5 Hz in 1M KCI with the following apparent current densities 
(mA/cm2): -+ 100 (A); _+ 150 (A); -+200 (@); -+250 ([:3); and -+ S00 at 
1.0 Hz (O). 

ties. The  r e q u i r e m e n t  for  a c o m b i n a t i o n  of  b o t h  pos i t ive  
a n d  nega t i ve  ha l f -cyc le  c u r r e n t s  con t r a s t s  w i t h  t h e  pro- 
cess  in  K O H  w h e r e  e i t h e r  a s u c c e s s i o n  of  anod ic  or of  ca- 
t h o d i c  c u r r e n t  pu l se s  were  as ef fec t ive  as a c o m b i n a t i o n .  
Th i s  i nd i ca t e s  a d i f f e ren t  m e c h a n i s m  b u t  s imi la r  to  t h a t  
p r o p o s e d  for  A1 d i s so lu t i on  d u r i n g  anod ic  t h e n  prec ip i ta -  
t ion  d u r i n g  ca thod ic  ha l f  cycles  (3). Overcyc l ing  re su l t s  in  
a capac i ty  p l a t eau  or  a s l igh t  capac i ty  loss  as c a n  b e  s een  
in  Fig. 1 u n d e r  severa l  c o n d i t i o n s  at  0.5 Hz. At  0.25 Hz, 
w h e r e  the  h i g h e s t  d i s c h a r g e  capac i t i es  were  recorded ,  
ove rcyc l ing  led to m o r e  d r a m a t i c  d rops  (at -+ 125 a n d  -+ 150 
m A / c m  2) (Fig. 2). 

U s i n g  1M NiC12, m o r e  cyc l ing  t h a n  1M KC1 was  re- 
q u i r e d  to yie ld  c o m p a r a b l e  d i s cha rge  capaci t ies ,  a n d  so 
eff ic iencies  we re  gene ra l ly  lower  and  s o m e  Ni p l a t i ng  
m a y  h a v e  occur red .  

Af te r  cyc l ing  in  1M KBr ,  e l ec t rodes  y ie lded  s imi la r  
capac i t i e s  to  t hose  f rom 1M KC1 so lu t ions ,  b u t  w i t h  
s l igh t ly  lower  ef f ic iencies  u n d e r  c o m p a r a b l e  cond i t ions .  

Opt ica l  m i c r o g r a p h s  of  cross  sec t ions  of  epoxy-  
m o u n t e d  e l ec t rodes  we re  t a k e n  u s i n g  a n e w  t e c h n i q u e  to 
revea l  t h e  d i s t r i b u t i o n  of  ac t ive  ma te r i a l  (6, 7) a n d  are 
s h o w n  in  Fig. 3 a n d  4 for  a s i n t e r ed  Ni e l ec t rode  w h i c h  

100 

90 

E 80 
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~ zo 
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~ 60 
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~ 50 

o 40 

~ ~o 

CI 

I 0 "  I I I 
o t 0 0 0  2000 3000 4000 
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Fig. 2. Discharge capacities of 1 cm ~ (projected) Ni sinter after cycling 
at 0.25 Hz in 1M KCI with the following apparent current densities 
(mA/cm2): -+75 CA): -+ 125 (A): -+ 150 (@): and as above but in 1M KBr 
with -+225 mA/cm ~ (C)). 

Fig. 3. Cross section of sintered Ni electrode made in 1M KCI at 0.5 
Hz, -+ 150 mA/cm 2, after 1600 cycles. Capacity: 64 C/cm 2. Ni: white. Ni 
hydroxide: dark gray (striated). Epoxy mount: light gray (from center). 
Magnification: 680X. 

gave  64 C/cm 2 (0.5 Hz, -+150 m A J c m  2, 1600 cycles  in  1M 
KC1). T h e  d i s t r i b u t i o n  of ac t ive  ma te r i a l  ove r  Ni  par t ic les  
in  t h e  s in te r  (white)  a p p e a r s  fair ly u n i f o r m  a n d  f r o m  the  
su r face  to t h e  c e n t e r  of t h e  e lec t rode ,  t h e r e  we re  un -  
b l o c k e d  e lec t ro ly te  c h a n n e l s  in  b e t w e e n  p r io r  to fi l l ing 
w i t h  epoxy.  S u c h  a s t r u c t u r e  s h o u l d  h a v e  a n  ope ra t i ona l  
a d v a n t a g e  over  t h a t  p r o d u c e d  b y  t h e  ED process .  F igu re  
5, t a k e n  at  the  s a m e  magni f i ca t ion ,  is a c ross  sec t ion  of  
a c o n v e n t i o n a l  e l e c t r o c h e m i c a l l y  i m p r e g n a t e d  e l ec t rode  
(4, 5) a n d  shows  a r a t h e r  n o n u n i f o r m  d i s t r i b u t i o n  of ac- 
t ive  mater ia l ,  some  on ly  in  p o o r  co n t ac t  ( apparen t ly )  w i t h  
Ni  par t ic les .  Heav ie r  l oad ing  of  vo ids  nea r  the  e l ec t rode  
sur face  a n d  dep l e t i on  of  h y d r o x i d e  in t h e  e l ec t rode  inte-  
r ior  is a c o m m o n  a n d  u n w a n t e d  cha rac te r i s t i c  of  s o m e  
E D  e lec t rodes .  P r e v i o u s  w o r k  (6, 7) s h o w e d  t h a t  large  
pa r t i c les  of  ac t ive  ma te r i a l  s u c h  as t h e  one  in  t h e  c e n t e r  of  
Fig. 5, ox id ized  (or cha rged )  w i t h  dif f icul ty  w h e n  t h e r e  
were  few or no  e l ec t ron  s inks  (Ni) w i t h i n  t h e  par t ic le  [see 
Fig. 2 of  Ref. (6)] a n d  was  m o r e  s u s c e p t i b l e  to e lec t r ica l  
i so la t ion  on  d i s cha rge  [Fig. 3 of  Ref. (6)]. Thus ,  a f r ac t ion  
of  Ni  h y d r o x i d e  d e p o s i t e d  in  t h e  ED p roces s  p r o b a b l y  
does  n o t  pa r t i c ipa t e  in  c h a r g e  s torage  a n d  so leads  to 
l ower  ac tua l  (or usab le )  e l ec t rode  ene rgy  d en s i t y  in  a bat-  
tery.  T h e r e  m a y  b e  o t h e r  ope ra t i ona l  d i s a d v a n t a g e s  asso- 
c ia ted  w i t h  the  h eav i e r  su r face  load ings  of  ED e l ec t rodes  
s u c h  as e lec t ro ly te  b l o c k a g e  a n d  o u t w a r d  m i g r a t i o n  of  
h y d r o x i d e .  

C o m p a r i s o n  of  Fig. 3 a n d  4 w i t h  Fig. 5 shows  t h a t  a con-  
s i de r ab l e  a m o u n t  of Ni  is c o n v e r t e d  b y  t h e  ac process ,  
a n d  th i s  m u s t  be  at  t h e  e x p e n s e  of  the  m e c h a n i c a l  sup-  

Fig. 4. Same as Fig. 3 
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Fig. 5. Cross section of conventional electrochemically impregnated 
sinter electrode. Capacity: 60-70 C/cm 2. Iqi: white. Ni hydroxide: light 
gray. Epoxy mount: dark gray (from lower right). Magnification: 680X. 

port function and so a stronger/thicker sinter will proba- 
bly be required in making practical electrodes. 

Examination by Auger electron spectroscopy did not 
reveal halides in the surface of ac deposited hydroxide 
that had been charged and discharged in KOH. After in 
situ ion milling for several thousand angstroms, no re- 
sponse from halide ions appeared above the detection 
limit of 0.1 atomic percent (a/o). 

Discussion 
The experimental work has demonstrated that the 

capacities of sintered Ni electrodes made by the very sim- 
ple and easily controllable ac process are comparable 
with those of electrodes made by the conventional 
electrochemical-impregnation technique (4, 5) and that 
the uniformity of film thickness produced has opera- 
tional advantages. In addition, the technique could be of 
general application where thick and uniform conversion 
layers of electrochemically active oxides or hydroxides of 
other metals are required, since anodic dissolution of 
manY metals can be activated by the presence of "aggres- 
sive" halide ions and an increase in pH on current rever- 
sal can cause the solubility product of their hydroxides to 
be exceeded. Pourbaix (8) shows that a large number  of 
metal hydroxides have min imum solubility even at low to 
neutral  pH, while the metal can anodically dissolve at 
lower pH. Cycling the pH in this "window" at a suitable 
potential should, therefore, produce films of hydroxide 
in contact with substrate metal. The process could be 
generally accelerated by alternating anodic then cathodic 
potential excursions and by addition of suitable anions to 
break down passivating films. It is likely that anions 
other than chloride and bromide, for instance, iodide, 
oxyanions, etc., could promote conversion of metals to 
their hydroxides by ac. There are probably other 
waveshapes and frequencies and current densities which 
could be equally effective. 

A detailed model of the unusual  kinetics involved in ac 
deposition of A1 hydroxide films on A1 has been pro- 
posed (3) and with some modifications can also explain 
film growth by ac on Ni. In that work, scanning electron 
microscopy (SEM) supported by calculations of ion con- 
centrations near the metal surface showed the formation 
of a thin cathodically deposited A1 hydroxide film on ap- 
plication of ac to A1, in HC1. A cubic etch-pit"formed dur- 
ing the anodic half cycle of applied ac, and then, on cur- 
rent reversal, the walls of the pit became covered and 
partially protected by a thin dense layer of A] hydroxide, 
as they became cathodic, and the local pH rose. Imperfec- 
tions in this dense but  thin layer then led to further local 
attack to form another cubic pit during the subsequent  
anodic half cycle, and so on. Eventually the A1 developed 
a "cellular" structure with walls of A1 covered by thin hy- 

droxide deposits despite the low pH electrolyte, in which 
A1 hydroxide solubility is normally high. In  the ca~e of 
Ni, the transparent hydroxide films formed are much 
thicker and less dense and the mechanism involves, dur- 
ing the anodic half cycle, probably more general dissolu- 
tion activated by the halide ions, since the SEM micro- 
structure does not show a metal/hydroxide cubic 
morphology similar to A1, but  shows strands of Ni within 
low density hydroxide films (9). 

During the cathodic half cycle immediately following 
an anodic half cycle on Ni, the generally high concentra- 
tion of Ni 2§ [Ni2+], within the pores of the Ni sinter would 
be lowered at the surfaces of Ni particles by precipitation 
if the pH was locally sufficiently high. The min imum sol- 
ubility of Ni(OH)2 occurs at pH 10.2 (8), although even at 
pH 8 its solubility is -10  -3 M/liter. So, near-neutral aque- 
ous salt solutions are already close to these precipitation 
conditions. In addition to the high [Ni ~+] present, steep- 
ening of the pH gradient near the metal surface is likely 
as the hydrogen evolution reaction (HER) occurs, this 
would cause precipitation close to and at the metal sur- 
face and so provide good contact between hydroxide and 
metal. While the limited internal electrolyte volume in 
pores may help increase [Ni2+], rapid diffusion of protons 
by mechanisms such as Grotthus hopping towards the 
surface may limit the pH rise (3). However, it is possible 
that, as in the A1 case, protonic diffusion is slow under  
conditions prevailing in the pores and particularly slow 
near the surfaces of the Ni particles because of a high lo- 
cal [Ni 2+] produced there by the end of the anodic half cy- 
cle, which might hinder rotation of water molecules. 
Measurements of the diffusion coefficient of H § ions, DW, 
in aqueous chloride solutions measured polarographically 
(10) show that DH§ decreases with increase in salt concen- 
tration and depends upon the cation. It falls from 9 �9 3 • 
10 -~ to 5 . 3  • 10 -2 cm2/s from 0 to 2M Li + solutions, while 
it only drops to 7 . 5 • 10 -~ cmVs for the equivalent con- 
centration change in K + solutions. It is likely that the 
dependence on the cation is related to its hydration 
number  or the effective number  of water molecules at- 
tached to the ion in its hydration sheath and partially "im- 
mobilized." The inability of these water molecules to 
orient in an electric field causes a decrement in the static 
dielectric constant of water containing metal ions which 
is larger for solutions of small, highly charged cations, 
where the interaction is greater. Hydration numbers  can 
be calculated from the effect on the dielectric constant 
and show that, while K + and Rb * have hydration numbers  
-1 ,  for small ions, such as Li ~, it is -3 ,  while for small but  
highly charged cations, such as A13+, the hydration num- 
ber is as high as 16 (11), which effectively immobilizes 
-30% of the water molecules in 1M AIC13. For a divalent 
ion such as Ni 2~, the hydration number  is less, but  only by 
about one-third, i.e., -11,  from several determinations 
(12, 13) which is sufficient to immobilize a larger number  
of water molecules, particularly near the metal surface, 
where the [Ni ~] gradient turns upward prior to the begin- 
ning of the cathodic half cycle. H + ion transport would 
then be by conventional diffusion with D~§ - 2 • 10 -~ 
cmVs, comparable with DN~-~, so that a fairly steep upward 
gradient in [OH-] could prevail at the metal surface dur- 
ing HER and facilitate precipitation very close to the 
metal surface. 

The physical and other properties of films will largely 
depend on the steepness of the pH gradient  that can be 
developed at the metal/electrolyte interface, since this 
will affect the density of the deposit. The observed 
thick, low density Ni hydroxide films formed on Ni by 
ac (9) could be a consequence of a lower cathodic half- 
cycle pH gradient than at an A1/A1 '~§ interface, owing to 
less water immobilization. Factors other than the pH 
gradient  might also affect the density and thickness of 
deposits. The pH dependence of A1 hydroxide solubility 
is an order of magni tude  greater than for Ni hydroxide 
(8), so that shorter pH excursions could result  in precipi- 
tation. This, together with the lower pH for m i n imum 
solubility (by 5 pH units), could have contr ibuted to- 
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wards the denser film precipitation on A1. However, 
equi l ibr ium solubility data may not be appropriate in 
the discussion of a large ac perturbation! Indeed, it was 
the rate of surface pH adjustment  that was calculated, in 
the case of A1 hydroxide deposition, to be critical, and 
not the time needed for precipitation which was much 
faster. 

The form of the deposit will also be affected by the 
frequency used. The much lower frequencies needed to 
build up thick Ni hydroxide films at high efficiency 
may be related not only to pH effects but  to the need to 
build up a high [Ni 2+] within electrolyte-filled voids in 
the Ni sinter, so that on current  reversal, a precipitation 
front can move from the metal interface for some dis- 
tance into the Ni~-§ electrolyte. The difference in 
conversion efficiency between foil and sinter could be 
explained in this way. This, together with the pH gradi- 
ent at the Ni/Ni 2+ interface, might explain the rather 
good adhesion between the hydroxide and Ni surface 
which is better than that produced by the ED process. 
SEM examinat ion of ac-processed electrodes (9) did not 
reveal Ni particles of the sinter clearly separated from 
hydroxide in specimen fracture zones, as is commonly 
observed in ED electrode fractures. The frequency and 
shape of the cathodic half cycle is also important  in 
determining the pH gradient and hence the film 
density. 

The inefficiency of conversion presumably reflects 
coulombic losses to such processes as Ni hyd rox ide  
shedding, Ni plating, and possibly gaseous oxidation 
products, but  conversion efficiencies as high as 60% for 
the sintered Ni electrodes makes the process highly 
competitive, in terms of power consumption,  with con- 
ventional  dc electrochemical impregnation. A fuller ex- 
planat ion of the general mechanism and unders tanding  
of the dependence on a low ac frequency as well as the 
requirement  for symmetrical  ac (in contrast to the foil 
experiments) requires further experimental  investiga- 
tion. However, it is already clear that, by whatever 
mechanism, a new commercial  process for making Ni 
battery electrodes is feasible. Full  commercialization 
might involve Co +§ additive to the electrolyte if it is 
shown that increased utilization (14) and mechanical  sta- 
bilization of the active material (15) are still required in 
the highly energy-efficient ac formed electrode. Also, a 
stronger sinter support-structure may be needed. 

Several operational advantages in production are 
likely in addition to the low direct costs, anticipated, for 
this simpler process. It exhibits a high effective 
"throwing power" because the process involves local 
generation of Ni 2§ followed by precipitation, so the latter 
is not limited by diffusion of Ni 2§ from the bulk solution 
as in the ED process. Also, chloride ions are not 
consumed, but  are, rather, recycled and hydroxyl  ions 
are made available locally by the reaction: H20 + e-  
1/2 H~ + OH-. This translates into uniform thickness of 
deposited layers throughout  the Ni sinter. Uniformity in 
thickness of the electrochemically active hydroxide will 
reduce electrical isolation (6, 7) and so ensure high utili- 
zation, improve chargeability and dischargeabilty, and 
allow thicker Ni sinter to be uniformly "loaded." Each of 
these will increase the electrode energy-density. Also, 
sinter considered too poor for the ED process because of 
wide void size dis tr ibut ion can be used. So, the feature 
of high throwing power will provide an indirect cost ad- 
vantage commercially. 

Aspects of the process which lead directly to low an- 
ticipated commercial costs are as follows. There is no 
prepassivation necessary as in the electrochemical im- 
pregnation process. The electrolyte cost is low, as are 

operating costs because of the room temperative opera- 
tion, and there is no need for close pH control. Costs will 
also be reduced if the process is made contact-less 
which is easier for an ac process than for dc. Because of 
the high throwing power, sinters with a smaller mean 
pore size than usual for making electrochemically de- 
posited electrodes can be used, which will allow higher 
energy density electrodes to be made and also help in- 
crease electrode strength. Finally, there is no "bath 
aging" phenomenon,  which is characteristic of the ED 
process, where electrode loading decreases with time in 
a very complex manner  (16), requiring eventually costly 
replacement  of the ED solution. 

Conclusions 
Implementation of this ac method should offer the fol- 

lowing advantages over the conventional dc electrochem- 
ical method: (i) cheap chemicals (NaC1, KC1, etc.); (ii) sim- 
pler control (wide operational "windows," for pH, 
temperature, etc.), (iii) a room temperature process, (iv) 
no prepassivation would be required, (v) more uniform 
distribution of active material, (vi) insensitivity to large 
void distribution in the sinter, (vii) the possibility of a 
contact-less process, (viii) thicker sinter of similar poros- 
ity could be deeply loaded, e.g., using higher current 
density or more ac cycles (than in Fig. 1 and 2) to raise 
electrode energy density, (ix) higher inherent energy den- 
sity using less porous Ni sinter (because of conversion of 
Ni to hydroxide rather than addition of hydroxide to Ni), 
(x) better electrode performance (a more uniform distri- 
bution of active material will improve chargeability, re- 
duce internal polarization, and reduce electrical isolation 
on discharge), (xi) high coulombic efficiency of conver- 
sion of Ni to Ni(OH)2, and (xii) no "bath aging" 
phenomenon.  
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Effect of Antimony on Lead-Acid Battery Negative 
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ABSTRACT 

The role of ant imony on the lead-acid battery negative in terms of its effect on charge efficiency, its effect on gas- 
sing overpotential, its interactive influence with l ignin expander in controlling the charge efficiency, and its retentive 
behavior or purging characteristics as SbH.~ in the overcharge gas stream was investigated. Linear potential sweep (LPS) 
cycling of Plant~-type lead electrodes was used to determine the effect of antimony and/or l ignin expander on charge 
efficiency. Pasted-type lead electrodes were used to determine the effect of antimony on gassing overpotential and to 
monitor its concentration either in the active material or the exit gas stream. Results showed a significant contribution 
of ant imony in decreasing charge efficiency and an overwhelming role of lignin expander in suppressing the effect of 
ant imony on charge efficiency. The critical lead-electrode potential for purging antimony from the electrode is close to 
-1275 mV (vs. Hg/Hg2SO4). 

Ant imony in a lead-acid battery negative electrode 
comes primarily from two sources: (i) oxide raw material 
prepared from battery scrap secondary lead, and (ii) the 
antimonial positive grid alloy. During normal battery op- 
eration, the antimonial positive grid corrodes and releases 
ant imony as oxidized species. This ant imony slowly mi- 
grates through the positive active material and the elec- 
trolyte and deposits at the lead electrode, initiating a per- 
formance degradation of the battery. Adverse effects 
include: (i) increased self-discharge, (ii) excessive water 
loss or increased maintenance, (iii) decreased charge 
efficiency, and (iv) formation of toxic stibine (SbHo) envi- 
ronment  around the battery. 

The detrimental influence of ant imony on the lead 
electrode performance is well known (1, 2). The use of ex- 
pander, particularly the l ignin constituent of expander, in 
the lead electrode in improving its overall performance 
has also been common in the state of the art (1-4). How- 
ever, the information related to the effect of anti- 
mony on the lead electrode performance is still qualita- 
tive. There is no reference dealing with the possible inter- 
action of expander and ant imony that may influence the 
lead-acid battery negative electrode performance. The ob- 
jectives of the present investigation have been (i) to esti- 
mate quantitatively the effect of ant imony on the lead 
electrode charge efficiency, (ii) to evaluate the interac- 
tion of ant imony and expander-lignin on the lead elec- 
trode charge efficiency, and (iii) to determine the anti- 
mony retention within or purging out the lead electrode 
during charging. 

Experimental 
Table I shows our experimental plan. For charge 

efficiency, we used linear potential sweep (LPS) cycling 
of Plant~-type lead electrodes between 100 mV anodic 
and 200 mV cathodic to open-circuit potential. We calcu- 
lated the charge efficiency as percent ratio of anodic to 
cathodic charge. For gassing behavior, we used the ca- 
thodic LPS of a pasted lead electrode from -980 mV to 
hydrogen evolution potential. To define the ant imony 
purging behavior from or the retention within the plate, 
we used constant potential charging of pasted and Plant~- 
type electrodes. 

The LPS cycling equipment  has previously been de- 
scribed (4). The test cell had a 2 cm long, 2 mm diam test 
electrode, an oversized counterelectrode, and a reference 
electrode, all immersed in sulfuric acid electrolyte. Both 
test and counterelectrodes were made out of 99.999% pure 
lead (Cominco). The reference electrode was 
Hg/Hg2SOJmH2S04, where m is the acid concentration in 
the reference electrode reservoir. The conversion of the 
electrode to a Plant~-type, moderately high surface area 
electrode was carried out in two stages. In  the first stage, 
the electrode capacity was developed by LPS cycling in 
1.050 sp gr H2SO4 between -860 and -1160 mV (vs. refer- 
ence) for 48h at 0.5 mV/s scan rate. The second stage was 

* Electrochemical Society Active Member. 

the stabilization in 1.250 sp gr H~SO4 by identical cycling 
treatment for an additional 48h. The steady-state elec- 
trode charge efficiencies were monitored during develop- 
ment  and stabilization cycles. This was followed by the 
determination of the effect of 20 ppm Sb, 20 ppm lignin- 
expander, and their combination in the cell electrolyte on 
the lead electrode charge efficiency. The ant imony used 
in this series of experiments was the atomic absorption 
quality reference solution (1 ~g/ml) obtained from 
Anderson Laboratory (Fort Worth, Texas). The lignin- 
expander was Maracell-XC obtained from American Can 
Company (Rothschild, Wisconsin). 

The influence of ant imony on the lead electrode gas- 
sing behavior was determined by the cathodic LPS be- 
tween -980 mV (vs. reference) to free gassing potential at 
0.5 mV/s scan rate. The electrode (type A) was commer- 
cially obtained 4.30 • 5.00 x 0.155 cm dry charge negative 
with 10.5g active material. It was tested against two coun- 
ter positive electrodes having the same dimensions in a 
three-plate-element cell with or without ant imony in the 
electrolyte. The influence of constant potential over- 
charge on the ant imony content in the lead electrode was 
carried out by testing a pasted lead electrode containing 
antimony. This electrode (type B) was 12.0 • 14.0 • 0.155 
cm with reagent-grade Sb203 fines (Fisher Scientific) in 
the paste. It was formed in a three-plate-element cell with 
two counter positives in 1.050 sp gr H2SO4 at -1125 mV 
(vs. reference) constant potential with total amount  of 
charge equivalent to twice the theoretical amount  needed 
to form the plate. The -1125 mV (vs. reference) charging 
potential was used to avoid the "ant imony loss" from the 
plate during formation. The formed electrode was then 
tested for its ant imony retention characteristics under  
potentiostatic overcharge with or without step input. The 
ant imony retention in the plate was analyzed by neutron 
activation at the University of Wisconsin, Madison, facil- 
ity. In one case, the testing was carried out in a sealed 
container in which the overcharged gas was continuously 
purged by 20 cm'Vmin argon gas stream to two stibine gas 
absorbing solution columns in series. The solution used 
for stibine absorption was prepared according to Varma 
et al. (5). The ant imony content in the absorbing solution 
was determined colorimetrically (5). 

Results and Discussion 
Effect of antimony and~or lignin expander on charge 

efficiency.--The steady-state capacity of Plant~-type 
electrodes at the end of development and stabilization cy- 
cles are shown in Table II. Qa, Qc, and E are anodic 
charge, cathodic charge, and charge efficiency, respec- 
tively. The data show that the Plant~-type electrodes pre- 
pared by LPS cycl ing have excellent reproducibility, 
charge efficiency in excess of 98% in 1.050 and 1.250 sp gr 
H2SO4, and a greater anodic charge in 1.050 -sp gr H2SO4 
than in 1.250 sp gr. The four stabilized electrodes given in 
Table II were used to determine the effect of antimony, 
lignin-expander, and their combination on the charge ef- 
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Table I. Experimental scheme 

Objective Electrode type Technique Measurements 

Charge efficiency Plante LPS-cycling, QJQc • 100 
-1160 to -860 mV at 0.5 mV/s 

Hydrogen over-potential Pasted Cathodic LPS from -980 mV EH~ from i-E curve 
Sb in paste 

Antimony purging potential Pasted Constant potential charge Sb in exit gas stream 
Plant~ Constant potential charge EH2 from i-E curve 

Table II. Capacity and charge efficiency of Plant~-type 
lead electrodes after development and 

stabilization cycles 

Charge at the end of Charge at the end of 
development cycles (C) stabilization cycles (C) 

Test 
electrodes Q, Qc E Qa Qc E 

I 1.0640 1.0790 98.6 0.7664 0.7776 98.6 
II 1.0950 1.1040 99.2 0.8263 0.8349 99.0 
III 1.0510 1.0720 98.0 0.7742 0.7868 98.4 
IV 1.1900 1.2040 98.8 0.8996 0.9110 98.8 

Qa = anodic charge; Qr = cathodic charge; E = Qa/Qc x 100. 

ficiency. Electrode 1, which was used as a control, under- 
went continued cycling in 1.250 s g H2SO4; electrode 2 
was cycled in acid with 20 ppm lignin expander; elec- 
trode 3 was cycled in acid with 20 ppm antimony; and 
electrode 4 was cycled with 20 ppm lignin-expander plus 
20 ppm antimony. All four electrodes were cycled for 290 
cycles, i.e., for 4 days. Their steady-state charge/discharge 
characteristics were noted at the end of the test. 

Table III summarizes the steady-state characteristics of 
the control and test electrodes LPS cycled with antimony 
and/or l ignimexpander in the solution. The results indi- 
cate (i) that the charge efficiency of the control electrode 
was maintained close to 100%, (ii) that presence of ex- 
pander did not affect the charge efficiency and helped to 
build up the steady-state capacity close to three times 
that of the control, (iii) that the antimony in the solution 
decreased the charge efficiency to 13.5% and capacity to 
about 75% of the control, and (iv) that inclusion of lignin- 
expander  in antimony containing solution suppressed the 
adverse effect of antimony on charge efficiency and in- 
creased it to 80.6% level. Moreover the lignin-expander in 
antimony .containing solution increased the test electrode 
anodic capacity to almost 3.5 times that of the control. 
These observations suggest the ability of lignin-expander 
in suppressing the effect of antimony on the lead elec- 
trode charge efficiency. These data also show a syner- 
getic influence of l ignin-expander and antimony on the 
lead electrode performance. The efficacy of the electrode 
in developing and maintaining its capacity during cycling 
was better in solution with lignin-expander and antimony 
than with lignin-expander alone. 

The mechanistic understanding of the interaction of an- 
t imony and lignin-expander on the lead electrode per- 
formance is not clear from this series of experiments. 
However, the cyclic vol tammograms (Fig. 1) and SEM mi- 
crographs (Fig. 2) of the electrodes taken at the end of the 

Table III. Effect of lignin-expander and/or antimony on 
Plont~ lead electrode charge efficiency in !.2S0 sp gr H~SO4 

Charge (C) 
Electrolyte additive Qa Qc Efficiency (E) 

No additive (contrOl) 0.9587 0.9619 99.7 
20 ppm lignin expander 2.9230 2.9380 99.5 
20 ppm antimony 0.7200 5.3500 13.5 
20 ppm lignin expander 3.388 4.206 80.6 

and 20 ppm antimony 

Qa = anodic charge; Qr = cathodic charge; E = QJQc x 100. 

test do help, at least qualitatively, to show the interaction 
of these two important components on the lead electrode 
behavior. The vol tammogram in Fig. la  is typical of the 
lead electrode in pure sulfuric acid solution (4). The low 
current acceptance at the end region of anodic and ca- 
thodic LPS indicates completion of the anodic (Pb ~ Pb ~§ 
+ 2e) and cathodic (Pb 2~ + 2e ~ Pb)processes  during cy- 
cling. Figures la- ld  show that a change in the electrolyte 
composit ion does affect the cathodic portion of the elec- 
trode voltammograms more profoundly than their anodic 
counterparts. In presence of lignin-expander in the test 
solution (Fig. lb), the cathodic voltammogram is charac- 
terized by a suppressed peak intensity and broadening of 
peak area, resulting in a significant increase in net ca- 
thodic charge. This increased cathodic charge is subse- 
quently reflected in a greater anodic capacity. The de-  
crease or suppressed cathodic peak intensity is due to 
restricted reaction surface or deposition sites caused by 
the surface adsorption of the lignin-expander. This obser- 
vation agrees well with the previously reported findings 
(4). Figure lc  shows the dramatic influence of antimony 
in solution in changing the lead electrode cathodic 
voltammogram. It causes the onset of gassing at the elec- 
trode at 80 mV cathodic to open-circuit potential, a loss in 
anodic charge, and a significant decrease in charge 
efficiency. The decreased charge efficiency is primarily 
due to loss of its hydrogen overpotential, which, in turn, 
causes excessive gassing and possibly a deficiency in the 
PbSO4 --> Pb conversion process. 

The cathodic vol tammogram (Fig. ld) shows the 
influence of l ignin-expander in modifying the effect of 
antimony on the lead electrode cathodic process given in 
Fig. lc. Figure ld  has two cathodic peaks and a noticea- 
bly high current acceptance at the end region of the ca- 
thodic LPS. We observed very little gassing on the elec- 
trode surface compared to what we observed with 
antimony in the solution (Fig. lc) during the cycling. This 
partially explains the greater capacity development  and 
maintenance of the lead electrode cycled in solution with 
antimony and lignin-expander (Table III). Out of two ca- 
thodic peaks observed in Fig. ld, the first one is similar 
to the influence of l ignin-expander on the lead electrode 
in absence of antimony in the test solution (Fig. lb). The 

5TA 
• 

I .  

Fig. 1. Steady-state lead electrode cyclic voltammograms between 
- 1160 and - 860 mV (vs. Hg/Hg2SO4) in 1.250 s g H2SO4 with (a) no 
additive, (b) 20 ppm lignin expander, (c) 20 ppm antimony, and (d) 20 
ppm antimony plus 20 ppm lignin expander. 
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Fig. 4. Replotted data from Fig. 3 showing the hydrogen overpotential 
behavior of the test electrode as function of antimony content in the test 
system. 

Fig. 2. Plant~-type lead electrode surface morphology at the end of the 
test in 1.250 sp gr H2S04 with (a) no additives, (b) 20 ppm antimony, (c) 
20 ppm lignin expander, and (d) 20 ppm lignin expander plus 20 ppm 
antimony. 

comparison of the cathodic voltammogram in Fig. lb, lc, 
and ld  suggests that the second cathodic peak in Fig. ld  
must  relate the interaction between the ant imony and lig- 
n in  expander on the lead electrode cathodic process. This 
change in the cathodic process may have resulted from 
the opposing effect of ant imony and lignin-expander on 
the lead electrode hydrogen overpotential, preferential 
adsorption of l ignin on freshly deposited antimony, and 
possibly the occurrence of a complexation reaction be- 
tween Sb 3+ and lignosulfonate anion at the reaction inter- 
face. More work is definitely needed to explain the inter- 
active influence of ant imony and lignin expander on the 
lead electrode charging process. 

Another indication ~of the interactive influence of l ignin 
and ant imony on the lead electrode is apparent from the 
comparison of anodic capacities of lead electrodes devel- 
oped in expander containing electrolyte with and without 
antimony. The anodic capacity of the lead electrode in the 
test solution with expander  and antimony is about 16% 
greater than in the test solution with expander only 
(Table III). This suggests that trace ant imony in the sys- 
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Fig. 3. Cathodic LP5 behovior of posted-type lead electrode as func- 

tion of antimony content in the electrolyte. 

tern in the presence of expander may favor the formation 
of high surface area negative active material. The effect of 
expander and/or ant imony on the lead electrode morphol- 
ogy is shown in Fig. 2. The low surface area of the lead 
electrode with or without ant imony in the test solution 
(Fig. 2a and 2b) is apparent. Greater depth of the porous 
matrix, seen in Fig. 2b, may have resulted from the role of 
ant imony in inducing the self-discharge or the lead oxida- 
tion process. A significant fineness in surface texture is 
evident for the electrode in the presence of expander (Fig. 
2c). The very fine structure with interspersed lead sulfate 
is noticeable for the electrode with expander and anti- 
mony in the test system. This extrafine structure at least 
qualitatively explains the greater anodic capacity of this 
electrode compared to the electrode cycled in expander 
containing solution. 

Effect of antimony on hydrogen evolution potential .-  
The effect of ant imony on the hydrogen evolution overpo- 
tential of a pasted-type lead electrode (type A) was carried 
out in a three-plate element test cell with 125 ml 1.265 sp 
gr H~SO4 solution at 76 ~ -+ ~I~ The three-plate-element 
had one test electrode and two counter positives of iden- 
tical dimension with microporous polypropylene separa- 
tor in between. The fully charged test electrode was sub- 
jected to linear potential sweep at 0.5 mV/s from -980 mV 
(vs. Hg/Hg2SO4) to a cathodic potential of profuse hydro- 
gen evolution. The experiment  was repeated with contin- 
ued addition of ant imony to the electrolyte. The maxi- 
mum concentration of ant imony used in this study was 

4 0 ~  
L I f 1.265 S g H, S04 

3 5  F I / (125 m,) J 

2 o  

~ 15 
,, 

5 

0 
4 8 12 16 2 0  

Ant imony content  in test  system,  mg 

Fig. 5. Replotted data from Fig. 3 showing the isopotential cathodic 
current behavior of the test electrode as function of antimony content in 
the test system. 
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Fig. 6. Antimony purging behavior or pasted-type lead electrodes with 
antimony in the formed active material under constant potential 
charging. 

close to 0.18%, based on the weight of negative active 
mass used in the test electrode. 

The cathodic LPS data of the type A electrodes are 
shown in Fig. 3. The figure shows a continuous decrease 
in lead electrode gassing potential with increasing anti- 
mony content in the system. This study suggests that 
continuing accumulation of antimony at the ]ead elec- 
trode could decrease the lead electrode charging potential 
to less than -1100 mV vs. Hg/Hg2SO4, and could lead to a 
situation in which, under constant potential charging, ex- 
cessive gassing, incomplete charging of negative, and 
rampant positive grid corrosion may occur. 

Figures 4 and 5 are replotted from the data given in Fig. 
3 to show the dependence of the lead electrode hydrogen 
overpotential and current acceptance on the antimony 
concentration in the test system. The hydrogen evolution 

potential of  the lead electrode is arbitrarily defined as the 
intersection of the base current of the lead electrode at 
-980 mV (vs. Hg/Hg..,SO4), and the tangent of the LPS 
curve at 0.5A current acceptance. The lead electrode hy- 
drogen overpotential is obtained by subtracting the hy- 
drogen evolution potential from the open-circuit potential 
of the test lead electrode. Figure 4 shows the asymptotic 
decrease of hydrogen overpotential with increasing anti- 
mony content in the test system. The isopotential current 
acceptance characteristics of the lead electrode as func- 
tion of antimony concentration are shown in Fig. 5. These 
isopotential lines show the approximate critical concen- 
tration of antimony for an electrode with 10.5g lead active 
material and the possibility that antimony can be purged 
from the lead electrode at potentials close to -1260 mV 
(vs. Hg/Hg~SO4). 

Critical potential to purge antimony from the lead 
electrode.--Figure 6 shows the antimony retention behav- 
ior of type B electrode with 0.5% Sb in the formed active 
material during constant potential charging at 1175, 1225 
and 1275 mV (vs. reference) for a 10 day duration. We note 
that the steady-state antimony content in the lead matrix 
is overcharge potential dependent; no release of antimony 
at -1175 mV (vs. reference) overcharge and steady-state 
"Sb" concentration of 0.340 and 0.182 weight percent 
(w/o) in lead matrix for overcharge potentials of -1225 
and -1275 mV (vs. reference), respectively. Overcharging 
the test electrode at potentials more cathodic than -1275 
mV (vs. reference) was not possible because of a 10A cur- 
rent limitation in our potentiostat. 

Figure 7 shows the antimony retention characteristics 
of antimony containing type B plates during constant po- 
tential siep charging from -1175 to 1375 mV (vs. refer- 
ence) at 50 mV step using two approaches. In the first ap- 
proach 1, we analyzed the conventionally washed and 
dried plate samples for antimony content after each step 
o f  overcharge. In the second approach, we analyzed the 
stibine absorbing solution after each step of overcharge. 
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Fig. 8. Cathodic LPS of 2 mm diom and 2 cm long lead electrode in 100 
ppm antimony containing 1.250 sp gr H2SO4 as function of - 1270 mV 
vs. Hg/Hg~SO4 constant potential charge duration. Lead electrode ca- 
thodic LPS in 1.250 sp gr is included for comparison. 

The residual ant imony in the plate in the second ap- 
proach was determined by difference. We used test plates 
with two levels of initial ant imony content, one with 0.5% 
and the other with 0.53%, in these two experiments, as ev- 
ident  from Fig. 7. The amount  of overcharge at each po- 
tential step was 4.63 AtY(gram negative paste), equiva- 
lent to 20.5 times the theoretical capacity. The data for an- 
t imony retention in the plate using these two approaches 
are very consistent (Fig. 7). The slightly low value of anti- 
mony content obtained from the plate matrix analysis 
could be considered due to some material loss during 
washing and drying of plate samples. The data presented 
in Fig. 6 and 7 suggest that a significant amount  of anti- 
mony, when present in the negative, may come out of the 
plate at potentials close to -1275 mV (vs. reference) and 
the complete removal of ant imony from the lead elec- 
trode by constant potential charging may not be possible. 
These results further show that antimony, once it has mi- 
grated to the lead electrode, may become electrochemi- 
cally inseparable. This is substantiated by a side experi- 
ment  in which the lead electrode cathodic LPS was moni- 
tored as a function of constant potential overcharge at 
-1270 mV (vs. reference) in presence of 100 ppm anti- 
mony in the test solution. The results are shown in Fig. 8. 
It shows a dramatic decrease in lead electrode hydrogen 
overpotential after addition of ant imony in the test solu- 

tion. Upon continuous charging at -1270 mV vs. 
Hg/Hg2SO4, the gas evolution potential shifted 
cathodically and recovered about 150 mV after 17h 
charge. However, even after extensive charging to the ex- 
tent of an additional 175h, no further cathodic shift in gas- 
sing potential was observed. This, again, indicates that 
the lead electrode experiences an irreversible change in 
the presence of antimony. 

Conclusions 
1. The lead-acid battery negative electrode has a charge 

efficiency in excess of 98% and remains unaffected by 
the presence of lignin-expander. 

2. Ant imony in the negative electrode reduces its 
charge efficiency and hydrogen overpotential. 

3. Lignin-expander suppresses the adverse effect of an- 
t imony on lead electrode charge efficiency. 

4. The critical ant imony purg]ng potential for the nega- 
tive electrode is close to -1275 mV (vs. reference). 

5. Ant imony causes an irreversible anodic shift in the 
lead electrode hydrogen overpotential. 
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An Optical Study of the Iron Electrode in Alkaline Electrolyte 
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ABSTRACT 

Ellipsometric measurements made as an iron electrode is cycled galvanostatically in unstirred 0.05M NaOH show 
that a low density outer layer bu l ldsup  progressively over an inner compact oxide layer. The inner  layer reaches a maxi- 
mum thickness of approximately 38A at oxygen evolution and is removed by cathodic reduction, whereas the outer layer 
thickens by over 100A on each cycle. The outer layer is made up of partially dissolved reaction products which are 
alternately oxidized and reduced on each cycle, but  there is no evidence that the inner layer (of Fe304) undergoes solid- 
phase oxidation or reduction under  galvanostatic cycling. Under anodic conditions, the inner  layer acts as a barrier layer 
for field-limited ionic transport, and when it is reduced on a cathodic cycle it provides the iron which enables the outer 
layer to grow on the subsequent  anodic cycle. 

Much of the recent work on the anodic oxidation of 
iron, particularly work involving ellipsometric measure- 
ments, has been carried out in the deaerated neutral bo- 
rate electrolyte initially selected by Cohen and co- 
workers (1) for cathodic reduction studies. This 
electrolyte has features which make it ideal for studies of 
the passivity of iron, but  boron is involved in the electro- 
chemical processes, and quite different results are ob- 
tained in other electrolytes of the same pH. The feature 
convenient for ellipsometric work is the ability to reduce 
the surface back to its initial optical state without signifi- 
cant surface roughening or buildup of a layer of reaction 
products. In our initial optical study of the passivity of 
iron (2), we used both neutral borate and sulfuric acid 
electrolytes, but  we found that a reaction-product layer 
built  up rapidly in acid electrolyte and made it difficult 
to study the underlying passive layer optically. 

A variety of models for the passive film on iron can be 
found in the literature. These range from single-phase 
films of FeOOH or Fe203 to two-phase films of FeOOH 
on top of Fe203 or Fe~O3 on top of Fe304. Although work 
on the system continues unabated, in our opinion (3, 4), it 
is unlikely that a concensus will emerge as long as work- 
ers in the field hold widely differing views of the funda- 
mental processes involved. Our work on the system (5, 6) 
culminated in a model in which high field ionic transport 
controls the growth of a two-phase film composed of a 
layer of Fe.~O3 adjacent  to the electrolyte and a layer of 
Fe304 adjacent to the iron subs~ate. This model differs 
from the model proposed earlier by Sato and Cohen (7, 8) 
in the kinetics of film growth, but  not in the structure of 
the two-phase film. In  our model, the field in the inner 
Fe804 layer limits film growth, and passivity is conferred 
by the outer Fe.,Oa layer. 

Nonequil ibrium transport-limited models have long 
been used to describe the growth kinetics in valve-metal 
systems where the potentials are too high to have thermo- 
dynamic significance, but  it is not surprising that such 
models encounter considerable resistance when they are 
applied to the iron system, where potential clearly has 
thermodynamic significance in the two-wave cathodic 
reduction process. Our model of the anodic oxidation of 
iron is definitely a nonequi l ibr ium model; the Fe304 film 
continues to grow in the passive region at potentials 
where Fe.~O3 is thermodynamically favored. This feature 
of the model is in accord with our experimental findings; 
we find no evidence of solid-phase oxidation or reduc- 
tion processes converting films of Fe304 to or from films 
of Fe203 in deaerated neutral borate electrolyte. 

In this paper, we report the results of an ellipsometric 
study of the oxidation and reduction processes which oc- 
cur when an iron electrode is cycled galvanostatically in 
air-saturated alkaline electrolyte. The objectives of this 
study are (i) to look for evidence of solid-phase oxidation 
or reduction processes involving films of Fe20, or Fe304, 
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(ii) to see whether eIlipsometry can identify processes 
involving dissolved intermediates, and (iii) to see whether 
ellipsometry is better able to deal with the buildup of by- 
product layers in alkaline electrolyte than it is in acid 
electrolyte. One recent study (9) details a complex series 
of sequential and parallel oxidation and reduction pro- 
cesses many of which involve dissolved phase intermedi- 
ates. This study describes Fe~O4 as a second-stage oxida- 
tion product which is subsequently further oxidized, 
whereas others claim that the subsequent reaction is the 
production of Fe203 by direct oxidation of metallic iron 
(10). Still others regard Fe~O4 as a byproduct layer pro- 
duced after 3-5 reduction cycles in lithiated electrolyte 
(11), or by aging of Fe203 - H~O (12). Recently Dunnwald 
et aI. (13) studied iron in alkaline electrolyte using Raman 
spectroscopy and concluded that a primary passivating 
layer of Fe304 is covered by a nearly nonadhesive low 
density outer layer of alpha-FeOOH. 

Experimental 
Our preliminary measurements in alkaline electrolyte 

were carried out in 1M NaOH, but the results reported 
here were all obtained in air-saturated 0.05M NaOH at 
22~ The cell holds 60 ml of electrolyte, which is free of 
reaction products at the beginning of an experiment. The 
iron electrode is a cylindrical single crystal with a flat on 
one side for optical measurements. It is clamped be- 
tween Teflon washers in  a glass electrode holder which 
exposes a vertical area of 1.145 cm 2 to the electrolyte 
when mounted in the cell. The cell also contained a 
mercury/mercurous sulfate electrode, to which all poten- 
tial measurements are referenced, and a plat inum 
counterelectrode, but  no gas-dispersion tube, and the 
electrolyte was not stirred. 

The self-nulling ellipsometer uses quadrature Faraday 
modulation decoded by a two-phase lock-in amplifier 
and fed back to ministepping drives through voltage-to- 
frequency converters. Under typical operating conditions, 
the instrument  has a response time of a few tenths of a 
second and a resolution of a few thousandths of a degree. 
The angle of incidence is set at 60~ to accommodate the 
equilateral prism used as a cell, and refractive index 
values quoted here are for a wavelength of 6328~, the 
wavelength of the helium-neon laser used as a light 
source. 

A process-control computer operates the circuitry used 
with the cell and records current and potential along with 
the polarizer and analyzer settings at specified time inter- 
vals. Potentials are digitized by a 16-bit analog-to-digital 
converter with a 25 ~s conversion time. The operation of 
the ellipsometer is monitored on a four-trace oscilloscope, 
and progress of the experiment is followed on two storage 
displays and an X-Y plotter which are updated by the 
computer. 

Results 
In situ measurements with a null ellipsometer are best 

performed under  galvanostatic conditions, where the re- 

24 
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quired null-tracking rate can be controlled. Rotating ana- 
lyzer instruments  operate in a somewhat different man- 
her, but  they also require time to achieve accuracy, and 
perform best when the rate of the process being studied is 
controlled directly. Linear potential sweeps are also use- 
ful for ellipsometric studies, but  processes which involve 
significant charge transfer over a narrow potential range 
require slow sweep rates if the tracking speed of the 
ellipsometer is not to be exceeded. Linear sweeps are 
popular because peaks on the current-potential plot iden- 
tify most of the electrochemical processes involved, but  
care must  be taken not to ignore processes such as field- 
limited film growth which only shift the base line. 

We use galvanostatic cycles for all of the measurements 
we report here. Using our recorded data we can compute 
values of d Q / d V  to plot vs.  potential if we wish to generate 
a plot analogous to a linear potential sweep i-V plot. (In a 
linear sweep, V is proportional to t, and, hence, the cur- 
rent, dQ/dt ,  is proportional to dQ/dV.) A variety of tech- 
niques can be used to carry out the numerical differentia- 
tion, but  there is no very satisfactory way of dealing with 
the overshoot which can occur under  galvanostatic 
conditions. 

The first series of figures shows the results of an ex- 
periment in which an iron electrode is cYcled repetitively 
at 87 vA/cm 2 between oxygen and hydrogen evolution in 
0.05M NaOH. Figure 1 shows the results obtained on the 
first cycle after a freshly polished iron electrode is in- 
serted into a cell filled with air-saturated electrolyte 
which is free of reaction products, and Fig. 2 shows the 
results obtained on the n in th  cycle. Corresponding points 
(chosen to identify the fully developed features observed 
on the ~ninth cycle) bear the same labels in the two 
figures. The initial cathodic cycle used to reduce the ox- 
ide film left after chemical polishing is not shown in Fig. 
1. In deaerated borate electrolyte the initial reduction 
leaves the surface free of any film, but  we cannot assume 
that this is true in air-saturated alkaline electrolyte. The 
first anodic cycle shows some structure between A and 
D, but the pronounced arrest between B and C which 
characterizes later cycles does not show up on the first 
cycle. Beyond point D, the potential exhibits the linear in- 
crease with time which we attributed to field-limited 
passive-state film growth in our work in neutral borate 
electrolyte. Oxygen evolution begins at E and continues 
to the beginning of the cathodic cycle at F. The first ca- 
thodic cycle exhibits two major arrests, F-G and H-I, but  
not the arrest between G and H seen on the ninth  cycle. 
Close examination of the arrest between H and I shows 
that it is actually composed of two arrests at closely 

POLARIZER DEGREES 

23 24 25 26 27 

I I I 33 

.3 

_•J 
F E , ~  O CB ^ 

G H 

- . 7 - -  0 E 

8 C 

75 150 225  300 

TIME SECONDS 

Fig. 1. First golvanostatic cycle at 87/~A/cm 2 in 0.05M NoOH 

-- 32 

--31 

-1.7 
O 

POLARIZER OEGREES 

21.1 22.3 23,5 24.7 

I j  

~ 3 E ~ 

L ~ - . 7  0 

B c 

-1 . ' 7  
0 150 

25. g 
36. g 

25 

LIJ 

-- 3 5 . 6  
M 
.J 

34. 3 

Fg 

t:l 

35- -  

F] 

3c I 
1 g 26 33 

POLARIZER DEGREES 
Fig. 3. Optical data from 18 galvanostatic cycles at 87/~A/cm 2 in 

0.OSM NaOH. End points of the first and ninth cycles, points A, F, and J 
in Fig. 1 and 2, have corresponding labels. 

40 

spaced potentials. Hydrogen evolution begins at I and 
continues to the end of the cathodic cycle at J. 

The curves traced out by the null settings of the 
ellipsometer during the first and ninth  galvanostatic cy- 
cles are shown in the upper portions Fig. 1 and 2 in the 
form of plots of polarizer null  setting vs. analyzer null  set- 
ting. The optical data exhibit a complex structure which 
correlates strongly with the structure in the V-t  curves, 
but the ninth cycle appears very different from the first 
cycle, and the reason for the difference is not apparent in 
Fig. 1 and 2. 

The optical data do, however, have a definite pattern, 
and this pattern can be seen in Fig. 3 where we plot the 
data from all 18 cycles.A1-F1-J1 identify the first-cycle 
end points from Fig. 1, and A9-F9-J9 identify the ninth- 
cycle end points from Fig. 2. (The initial cathodic seg- 
ment, omitted from Fig. 1, is shown in Fig. 3.) The domi- 
nant  features of the pattern in Fig. 3 are the "loops" 
traced out by the cycle end points, and it is these loops 
which are the starting point for the optical analysis de- 
scribed in the next section. 

There are two other ways of plotting the data in Fig. 2 
which aid in their interpretation. In Fig. 4, we show the 
derived d Q / d V  vs. potential plot we discussed at the be- 
ginning of this section. Three anodic processes, O1, O2, 
and 03, have peaks associated with them, and 04, passive- 
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state oxidation, shows up as an offset in the base line. Ca- 
thodic processes R1 and R2 have single peaks associated 
with them, but  R3 is really two processes (which we will 
refer to as R3a and R3b) with closely spaced peaks which 
are just  resolved on the scale in Fig. 4. Figure 4 contains 
really no information beyond what appears in Fig. 2, but 
it puts the information in a form which is more closely 
comparable to a linear sweep plot. 

Figure 5, however, contains time-rate-of-change 
information about the optical data which is not present in 
the P-A plot in Fig. 2. The "optical tracking rate" plotted 
vs. time in the figure is the rate at which the null setting 
of the ellipsometer tracks along the P-A locus on the 
ninth galvanostatic cycle. Figure 5 uses the same time 
scale as the potential-time plot in Fig. 2, and correspond- 
ing points bear the same labels. Under galvanostatic con- 
ditions, film growth by substrate oxidation and removal 
by cathodic reduction produce optical changes which 
proceed at a steady controlled rate, whereas a process 
such as dissolution-precipitation produces changes which 
start slowly and then build rapidly to a peak before 
slowing down as the reaction products are consumed. 
Neither hydrogen nor oxygen evolution produces 
significant optical changes. 

Cycles with restricted anodic or cathodic end points 
can help a great deal in the interpretation of both optical 
and electrochemical data. Figure 6 shows the results of  a 
galvanostatic cycling experiment at 87 t~A/cm 2, in which 
the cathodic segment of the eighth cycle is terminated at 
the end of process R2 (point O in the figure). The ca- 
thodic segment of the preceding cycle is shown for 
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Fig. S. Plot of optical tracking rate vs. time for the ninth cycle data. 
The time scale and the labeling are the same as in Fig. 2. 

comparison purposes (points A through F), and the 
anodic segment of the subsequent  cycle is plotted from O 
through T. The experiment was continued by applying 
three additional cycles with the same cathodic end point, 
then a complete cycle to gas evolution at each end, and 
finally a series of cycles with restricted anodic end 
points. The first cycle with a restricted anodic end point 
is shown in Fig. 7, along with the cathodic segment of the 
preceding complete cycle. The anodic cycle is terminated 
at the end of process O2 at point I, and the subsequent  ca- 
thodic segment continues to point L. 

Discussion 
The loops traced out by the cycle end points in Fig. 3 

act as the starting point for the optical analysis. An 
ellipsometer measures the change in polarization result- 
ing from interference between light reflected at the elec- 
trolyte-film and film:substrate interfaces, and loops of 
this type are produced by the growth of a film which 
does not absorb light very strongly. If the refractive index 
of the film is only slightly higher than that of the electro- 
lyte, the amplitude of the light reflected at the film- 
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electrolyte interface is much smaller than the amplitude 
of the light reflected at the film-substrate interface, and 
hence interference does not greatly change the polariza- 
tion of the reflected light, and the null settings of the in- 
s trument trace out a relatively small loop as the film 
grows. Loop closure will occur when the product of the 
film thickness, and the cosine of the angle of refraction is 
equal to half the wavelength of light in the film; hence, 
the lower the film index, the greater the thickness at 
which closure occurs. 

These considerations enable us to deduce a great deal 
from the optical data in Fig. 3 without detailed analysis. 
First, the film grows progressively and is not removed 
from the surface by cathodic reduction. Second, the film 
has a very low index (about 1.4), much lower than that of 
a solid-phase oxide film. Third, the difference in size of 
the end-point loops shows that the oxidized form of the 
film must  have a higher i ndex  than the reduced form. 
Fourth, the film reaches a considerable thickness (well 
over 1000A) after 18 cycles. 

We conclude, therefore, that the film which grows pro- 
gressively on iron in alkaline electrolyte is best thought of 
either as a very porous film containing considerable elec- 
trolyte, or as a film of electrolyte containing partially dis- 
solved reaction products. The cyclic change in  film index 
shows that the the oxidation state of the film is raised 
and lowered each cycle, and the processes by which this 
occurs account for the structure in the V-t curves which is 
enhanced by cycling. We chose to use an unstirred elec- 
trolyte in these experiments so that we could study the 
growth and change in oxidation state of a film which 
does not adhere strongly to the surface, and we chose 18 
cycles to get a thickness range wide enough for unambig- 
uous optical analysis. 

We know that an underlying compact oxide must  also 
be present on the iron electrode at the end of an anodic 
cycle, and we next tu rn  to the problem of how we distin- 
guish its optical effects from those due to the outer layer. 
The problem is relatively easy to solve because the two 
layers have greatly different refractive indexes. The 
scales in Fig. 3 can accommodate only a small segment of 
the growth loop of a compact oxide and, over the thick- 
ness range found in neutral electrolyte, the growth seg- 
ment  appears essentially linear. In Fig. 8, we replot the 
optical data from Fig. 3, showing only the segments asso- 
ciated with processes 02 and R3b. The loops traced out 
by the end points of the segments are still an important 
feature of the figure, but  now it is readily apparent that 
the optical changes associated with process R3b trace out 
a sequence of parallel linear segments of approximately 
the same length, whereas those associated with process 
02 are of variable length and have changes in slope which 
reflect the change in the slope of the loop. From this, we 

conclude that process 02 involves the progressively 
growing outer layer, and process R3b involves the 
underlying oxide layer. The 02 optical data initially paral- 
lel the growth curve for the lower oxidation state of the 
outer layer, then swing rapidly outward toward the curve 
for its higher oxidation state. From this, we conclude that 
02 involves both growth and oxidation of the outer layer. 
R3b, however, appears to involve only the removal of the 
compact inner  layer by cathodic reduction. 

If we use this approach to classify the other processes, 
we conclude that formation of the compact oxide is be- 
gun by process O1 and continued to limiting thickness by 
process 04. O3 is more difficult to classify, because the 
rapid optical changes associated the 02 end just  as 03 is 
reached, and the optical effects which can be identified 
with O3 appear little different from those associated with 
04. R1 and R2 appear to be reduction processes involving 
primarily the outer layer, whereas R3a appears to involve 
reduction of the inner  compact layer as well as continued 
reduction of the outer layer. The inflection point which 
divides R3 into R3a and R3b appears to mark the point at 
which reduction of the outer layer ceases. 

The results of a quantitative analysis of the optical data 
based on the procedure described above for distinguish- 
ing between layers are plotted in Fig. 9. The data used in 
the analysis were taken from a sequence of eight standard 
cycles followed by the short cycle plotted in Fig. 6. The 
end-point data, offset slightly in P from the data in Fig. 3 
because of a difference in surface roughness, are shown 
in Fig. 9 identified by cycle number.  The short cycle 
points labeled A, F, L, and O in Fig. 6 are labeled 07, R8, 
08, and P9, respectively, in Fig. 9. The bare surface point, 
point A, was chosen to provide the most consistent fit to 
the cathodic end-point data. They were found to fit a 
curve for the growth of a transparent film of index 1.381, 
and this curve is shown in the figure for growth to a 
thickness of 1400~. The point  corresponding to an inner  
layer of maximum thickness on a bare iron surface, point 
B, was similarly chosen to give a consistent fit to the 
anodic end-point data. If a value of 2.0 is assumed for N of 
the inner layer, a value of 0.25 is found for K, and the 
maximum thickness reached by the layer at point B is 
38A. The anodic end-point data fit a curve through B rep- 
resenting the growth of a transparent film of index 1.411, 
and this curve is shown in the figure for growth to a 
thickness of 1400~. Also passing through B is a curve for 
growth of the 1.381 index film to a maximum thickness 
of 1400]% this time on top of the 38~ inner  layer. Points, 
such as Pg, which fall on this locus are reached at the end 
of the outer-layer reduction processes R1 and R2. The 
outer layer can be treated as having some optical absorp- 
tion, but  the K values determined in the analysis are com- 
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parable with the estimated error in K; hence, we prefer to 
treat the layer as transparent. 

Figure 9 also shows theoretical curves for models of an 
outer-layer conversion process with end points at 08 and 
P9 (actually on the 1.411 index curve at 1192~ and on the 
1.381 index curve at 1251;~). In model C1, the conversion 
takes place by homogeneous proportionate changes in in- 
dex and thickness, and the corresponding P-A locus is 
roughly a straight line between the end points. In models 
C2 and C8, the conversion sweeps across the film from 
one interface to the other. In model C2, the outer layer 
has index 1.381, and in model C3 it has index 1.411. All 
three models can describe oxidation as well as reduction, 
but the theoretical curves are all drawn for a process 
which takes place on top of a 38~ inner layer, and these 
conditions pertain on an anodic cycle only for the short 
cycle shown in Fig. 6. The phase boundary between the 
components of the low index film is probably not as 
sharply defined as the models require, but the counter- 
clockwise looping of the optical data shows that oxida- 
tion generally follows model C3 and reduction follows 
model C2. This means that both oxidation and reduction 
sweep inward across the layer from the electrolyte inter- 
face. We cannot determine layer composition from our 
optical measurements, but  we see no reason to dispute 
the identification of the oxidized form of the outer layer 
as a-FeOOH (13), which converts to ferrous hydroxide on 
reduction. 

We agree also with the identification of the primary 
passivating layer as Fe~O4 (13) rather than Fe~O3, and we 
regard the evidence in support of this identification to be 
equally as strong as it is in neutral electrolyte. The short 
cycle in Fig. 6 presents this evidence most clearly. Reduc- 
tion is carried to a point where it is universally agreed 
that any Fe203 present will be reduced to Fe~O4. then the 
anodic current is reapplied, and the anodic cycle shows 
no sign of a process which could possibly correspond to 
the oxidation of Fe304 back to Fe20.~. Process 04 is com- 
pletely absent, and the potential rises rapidly between R 
and S, in accordance with the predictions of a model in 
which the current is limited by the electric field in the 
Fe304 film. We do expect the outer surface of the Fe.,O4 to 
be oxidized to Fe~O.~ on an anodic cycle, and this likely 
occurs when the oxidation wave sweeping through the 
outer layer reaches the oxide surface. (This, finally,, is,our 
identification of process O3). 

The short cycles are also useful for studying layer 
growth processes. The short cycle in Fig. 6 shows that 
outer-layer growth does not occur on an anodic cycle un- 
less the inner layer is reduced on the previous cathodic 

cycle, and it shows how process 02 is modified when ox- 
idation takes place without layer growth. The short cycle 
in Fig. 7 shows that the outer-layer growth is complete 
and its oxidation is well advanced by the end of 02, and 
inner-layer growth has the overpotential proportionality 
expected of a field-limited process. If we trace the path 
of the iron which ends up in the outer layer, we see that it 
is removed from the substrate by the field in the inner  
layer on an anodic cycle, then delivered to the outer layer 
as dissolved ferrous ions on the next cathodic cycle; and 
finally incorporated into the outer layer as ferrous hy- 
droxide which is oxidized to FeOOH by the oxidation 
wave sweeping in from the electrolyte interface. 
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Resistance of Titanium to Phosphidation and the Reaction 
Mechanism 
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ABSTRACT 

A study was undertaken concerning the resistance of ti tanium to phosphidation at 650~176 in phosphorus vapor 
at 1 atm by a sealed-tube method. X-ray diffraction patterns and an electron microprobe analysis of the product films 
showed that the phosphide layer structure was TiPI+JTiP/Ti4P#Ti. All the phosphidation reactions obeyed a parabolic 
rate law; hence, the rate-determining step was apparently a diffusion process. The parabolic rate constant was given as a 
function of the absolute temperature by the following expression. 

Kp = 1.34 exp(-34.5 • 103/RT) g~cm-4h -~, (1 atm, 923-1223 K) 

A marker experiment  indicated that the component  which diffused was not phosphorus, but was titanium. Titanium 
metal was appreciably superior to iron, nickel, and chromium, which are the main constitutent metals of stainless steel, 
with respect to phosphidation resistance. 

Metallic materials such as stainless steel, Hastelloy, and 
Monel have been widely utilized because they have a 
corrosion-resistant property. One of the authors has re- 
ported previously on the kinetics and mechanism of the 
phosphidation reactions of iron (1), nickel (2, 3), chro- 
mium (4), and copper (5), which are the main constituents 
of these materials and also of Fe-Ni (6), Ni-Cr (7), and 
Fe-Cr (8) alloys. 

As part of a series of studies on the phosphidation of 
metals, this study has been undertaken to develop a phos- 
phorus resisting metallic material and to synthesize tita- 
nium phosphides; information is provided concerning the 
layer structure of phosphide films, the relationship be- 
tween the products and reaction conditions, kinetics, and 
diffusing species. 

Experimental 
Materials.---A t i tanium sheet 0.5 mm thick with a purity 

of 99.7 mass % was cut into rectangles of approximately 6 
mm • 25 mm. According to an analysis by the manufac- 
turer, the impurity level of this sheet was as follows: O, 
0.12 mass %; Fe, 0.05; C, 0.02; N, 0.02; H, 0.008. These cou- 
pons were abraded through 0/6-0/9 emery papers, then 
washed with refined toluene. They were chemically pol- 
ished for 20s at room temperature in a solution consisting 
of 45 parts by volume 62% HNO~, 10 parts 46% HF, and 45 
parts distilled water. These polished specimens were then 
rinsed in distilled water. Their geometric surface areas 
and weights were measured. 

Red phosphorus was treated with a boiling 10% aque- 
ous solution of sodium hydroxide for 5h, then with dilute 
hydrochloric acid. After being washed with distilled 
water, the refined red phosphorus was preserved in a 
desiccator with phosphorus pentoxide. 

Apparatus and procedures.--The evacuated- and 
sealed-tube method (2, 5) was employed for the phos- 
phidation. A sample sheet and an excess of red phos- 
phorus were each placed at an end of the silica tube; this 
tube was sealed under vacuum. It seems reasonable that 
red phosphorus with various crystal structures will not 
give stable pressures of phosphorus vapor. Therefore, a 
conversion from red to liquid phosphorus is necessary to 
secure the stable pressures of phosphorus vapor in the 
closed system. In this study, the phosphorus vapor that 
evolved by heating the red phosphorus in the sealed tube 
was condensed by water cooling into liquid phosphorus. 

The reaction apparatus consisted of a porcelain tube 
maintained in two temperature zones, the first zone be- 
ing used to heat the sample sheet in a sealed silica tube 
and the second zone being used to control the vapor pres- 
sure of phosphorus in this tube. A vapor pressure of phos- 
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phorus was governed by the minimum temperature in the 
closed system. A temperature of 280~ gave 1 arm for the 
phosphorus vapor pressure (9) and was employed for all 
the phosphidation reactions. The apparatus and experi- 
mental methods employed in this study have been de- 
scribed in detail in previous papers (2, 5). 

Results and Discussion 
Metallic titanium was phosphidized at temperatures of 

650 ~ 750 ~ 800 ~ 850 ~ 900 ~ and 950~ in phosphorus vapor 
at 1 atm. Because the sheet of titanium was used as a 
sample in this study, all the products of the phosphida- 
tion were films. 
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Compositions of phosphide layers.--Figure 1 illustrates 
the x-ray diffraction patterns of the surfaces of the phos- 
phide films formed at 650 ~ 750 ~ 850 ~ and 950~ em- 
ploying nickel-filtered copper radiation. Also shown is 
the x-ray pattern of the reverse side of the film formed at 
900~ The diffraction peaks are identified by compari- 
son with the literature values of diffraction angles of Ti 
(10), TisP3 (10), Ti4P3 (10), :TiP (11), and TiP2 (12). 

Figure 1 shows that the composition of the products 
changes gradually with the reaction temperature. The re- 
action starting temperature seems to be somewhat less 
than 650~ because, in the diffraction patterns at 650~ - 
reaction for 2h, the diffraction angle 20(CuK~) = 37.6 ~ be- 
longs alone to TiP, whereas all the other peaks are due to 
Ti. In the reaction for 48h at the same temperature, the 
diffraction peaks belonging to  both TiP and the higher 
phosphide TiP2 are found, as are those belonging to 
unaltered Ti. At the elevated temperature of 750~ for 2h, 
three new diffraction peaks belonging to TiP are ob- 
served. In the reaction for 48h at the same temperature, 
the peaks of Ti disappear completely. This phosphide 
film was composed of the mixture of mainly TiP and 
small amounts of Ti~P3, Ti4P3, and TiP~. At 850~ - 
reactions for 2 and 48h, the higher phosphide TiP~ was 
not formed, but  almost all the peaks were for TiP. Be- 
cause no data for the equilibrium TiP~(s) ~ TiP(s) + 1/4 
P4(g) are reported, it is impossible to discuss what is ex- 
pected to be formed under  certain fixed reaction condi- 
tions. The pattern of 950~ reveals the product to be 
TiP alone. 

The diffraction pattern of the reverse Side of the phos- 
phide film formed at 900~ is in close agreement with 
that of Ti4P3; this is the same behavior found at other tem- 
peratures. It is worth noting that at the phosphide/ti- 
tanium interface, the formation of Ti4P3 takes place. 
Lower phosphides Ti2P (13) and Ti~P (13) cannot be de- 
tected from x-ray diffraction at each temperature. 

Composition variations through the phosphide film 
formed at an advanced stage of reaction were examined 
by EPMA. The specimens phosphidized at 850~ and 
950~ were embedded in a polyester resin, the cross 
sections were polished with finely divided chromium 
(III) oxide powder, and the concentration distributions of 
phosphorus were then examined. These results are 
shown in Fig. 2. 

It is clear from Fig. 2 that at the surfaces of both of the 
specimens, the concentrations of phosphorus reach about 
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65 atom percent (a/o) and decrease toward the inner scale 
layers. It must  be noted that two plateaus having constant 
phosphorus contents of 50 -+ 2 and 42 • 2 a/o are present 
in the bulk phosphide. The composition of the first pla- 
teau should correspond to TiP, and the second plateau 
adjacent to unchanged t i tanium should correspond to 
Ti4P3 from the x-ray diffraction patterns. The higher con- 
centration of phosphorus observed at the surface is as- 
sumed to represent a dissolution of phosphorus in the 
TiP matrix. If this layer is tentatively termed TiPl+x, the 
layer structure of the phosphide scaling film becomes ap- 
proximately TiP~+x/TiP/Ti~P3/Ti. 

Kinetics and temperature dependence.--Plots of the 
mass gain per unit  area vs. ~/time are shown in Fig. 3. 
The small scatter of the data points is attributed to the 
fact that each point represents phosphidation of separate 
specimens. 
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Table I. Parabolic rate constants for phosphidation 
of titanium in phosphorus vapor at I atm 

Temp, ~ Kp, mg2cm-4h -I 

650 0.0093 • 0.0015 
750 0.0570 • 0.0050 
800 0.1200 • 0.0100 
850 0.2800 • 0.0200 
900 0.4900 • 0.0400 
950 0.9200 • 0.0600 

P H O S P H I D A T I O N  O F  Ti 31 

All the plots yield approximately straight lines, show- 
ing that the phosphidation proceeds according to a para- 
bolic rate law; hence, the rate-determining step is appar- 
ently a diffusion or a transport process of t i tanium or 
phosphorus. Values of the parabolic rate constants, Kp, 
obtained from the slopes of these straight lines, are sum- 
marized in Table I. 

A semilogarithmic plot of K~ vs. trle reciprocal o~ me 
absolute temperature is shown in Fig. 4. This relationship 
gives a straight line, which may be approximately ex- 
pressed as follows 

Kp = 1.34 exp(-34.5 x 103/RT)g2cm-4h-', 

(1 atm, 923-1223 K) 

There is no effect of the conversion of ~-Ti into fl-Ti, 
which occurs at 882~ on these kinetics. For comparison, 
the parabolic rate constants of phosphidation of iron (1, 6, 
8), nickel (2, 6,7), and chromium (4, 7, 8), which are the 
main constituent metals of stainless steel, are included in 
the same figure. As shown, the Kp of t i tanium is consid 
erably smaller. Therefore, t i tanium metal should be supe- 
rior to these metals with respect to phosphidation 
resistance. 

Determination of diffusing species.--A marker experi- 
ment  relating to the diffusion process was carried out for 
the phosphidation of titanium, with the use of alumina 
powder as a marker. Figure 5A shows a cross section of 
the specimen phosphidized at 950~ for 24h and the posi- 
tion of the alumina marker; this is confirmed in  the SEM 
by A1Ka radiation and is shown in Fig. 5B. Since the 
marker is situated at the phosphide/metal interface, the 
reaction is regarded as limited by diffusion of t i tanium 
through the phosphide layer. It has been reported previ- 
ously that metal has diffused in the phosphidation of iron 
(6), chromium (4), nickel (7), and zinc (14) as in this study. 
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Impedance Relaxation Spectrum Analysis of Oxidized Silver 
Electrodes 
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ABSTRACT 

The real and imaginary parts of the impedance of the oxidized silver electrode in 1M KOH solutions have been mea- 
sured in a frequency range of 1-1.3 x 107 Hz. When the electrode is oxidized at a potential when only Ag20 is formed, we 
were able to isolate three passive elements: the high frequency capacitance and the high and low frequency resistances. 
On further oxidation, at a potential in which AgO can be formed, we were able to isolate five passive elements: two ca- 
pacitive and three resistive. Two of these elements were identified as originating from the Ag20 layer. The functional 
dependence of all these elements on the amount  of charge that is used for oxidation reveals that the Ag20 layer can be 
analyzed in terms of a single dielectricum in a parallel-plate capacitor. Parameters such as thickness of the layer, resis- 
tivity of the material, and roughness factor could be evaluated. We have found that at the potential in which AgO is 
formed, a significant fraction of the charge is used for the formation of Ag20. 

The electrochemical behavior of silver-silver oxide elec- 
trode has been extensively studied (1-7) because of the 
importance of electrochemical storage systems such as 
silver-zinc, silver-cadmium, silver-iron, and silver- 
hydrogen batteries. It is known (17) that in  alkaline solu- 
tions, silver is oxidized in two steps. During first stages 
of oxidation, silver undergoes dissolution with formation 
of Ag(OH)2- complexes (18), and Ag~O is formed, which 
can be further oxidized to AgO. Impedance measure- 
ments (3, 19), in addition to more conventional electro- 
chemical methods, were used extensively to characterize 
the chemical and morphological mechanism of the oxida- 
tion process (20). The technique of relaxation spectrum 
analysis, in which the impedance is monitored over a 
wide frequency range and the results are portrayed in 
terms of a set of parallel, frequency independent,  R-C ele- 
ments, was used in the past to describe the potential dis- 
tr ibution at the semiconductor electrolyte interface (21). 
Recently, the technique was extended to characterize the 
interface of metallic single-crystal RuO2 with a~lueous 
electrolytes (22). 

The principal condition under  which one can apply this 
mode of interpretation to the frequency dispersion of the 
impedance of the interface is that the faradaic compo- 
nents will be negligible during the impedance measure- 
ments. Thus, if this condition is satisfied, the impedance 
measurements are used to monitor static characteristics 
of the interface and changes in these characteristics due 
to perturbation of the system prior to the impedance mea- 
surements. The correlation between the changes in the 
static characteristics and the perturbations which give 
rise to them provide the tools for understanding certain 
aspects of the dynamics of the system. The generalized 
equivalent circuit, which is based on a network of parallel 
RC elements and was so useful for the simple interfaces, 
is clearly not appropriate for the study of the oxidation of 
the silver electrode. 

Ag~O is a small bandgap [1.2 eV at 293 K (23)] semicon- 
ductor which is insulating with resistivities of the order at 
10~-10 s ~ cm at room temperature (24). Although its elec- 
tronic properties are not as well characterized as those of 
the better-known semiconductors, and not even as well as 
the properties of its structural analog, Cu20, there is no 
known method of doping this material to reduce its resis- 
tivity to the region in which its semiconducting proper- 
ties will dominate. 

Our knowledge of the solid-state properties of AgO are 
even less complete than that of Ag~O. X-ray and neutron 
diffraction studies (25-27) suggest that AgO has a mono- 
clinic structure, with two different Ag-O distances (2.18 
and 2.03]~, approximately) corresponding to the distances 
Ag(I)-O and Ag(III)-O. AgO was characterized as an n type 
semiconductor, with a bandgap of - 2  eV (28). Unlike 
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Ag~O, its resistivity can be reduced considerably to a level 
of -10  12 cm (29-31). Since these two oxides vary so much 
in their transport properties, it is natural that the interpre- 
tation of the impedance data should assume their sepa- 
rate contributions to the transport properties to be in 
series with each other. This simplified assumption 
should result in two possible RC elements connected in 
series. If, however, AgO is formed not by direct oxidation 
of Ag20 at the oxide electrolyte interface, but is instead 
through nucleation, then a random distribution of the two 
oxides may be expected. Such a random distribution can- 
not be analyzed in terms of well-defined, dielectric mate- 
rials connected in series, but rather as a changing dielec- 
tric constant of a random composite that can be analyzed 
by utilizing effective medium theories (32). These theories 
can calculate the frequency dispersion of the dielectric 
constant of the composite as a function of its changing 
composition. 

In this paper, we present evidence that, under  certain 
experimental conditions, the evolution of the two oxides 
can be separately monitored. We present evidence that at 
least Ag~O behaves as a pure dielectricum with a 
frequency-independent dielectric constant, and we follow 
the growth of Ag~O as it is further oxidized to AgO. 

Experimental 
Apparatus.--The experimental setup for impedance 

measurements was similar to the one described elsewhere 
(11). It consisted of a Hewlett-Packard 3320-B frequency 
synthesizer, 3575-A gain-phase meter, and dc-bias supply. 
The system control and data acquisition were performed 
by a Hewlett-Packard Model 9830A microcomputer. The 
experimental data, relative magnitude M and phase shift 
q~ between the two input  signals (derived from the imped- 
ance of the reference circuit and total impedance), were 
processed and analyzed by a computer interactive pro- 
gram. The electronic equipment  used allowed for mea- 
surements up to a frequency of 13 MHz, a limit unsuitable 
in practice for potentiostatic systems. 

Special precautions concerning the electrochemical cell 
design (as in the case of bridge methods) had to be 
undertaken. Although balancing the reference impedance 
and the cell impedance is not required for the method 
used, a comparable value of the reference impedance was 
always maintained in order to achieve the best accuracy 
of readings. The parasitic inductance of leads has been di- 
agnosed, and all the results presented here are corrected 
for the high frequency inductance effects. 

Electrochemical cell and materials.--The electrochem- 
ical cell used for measurements was a standard two- 
compartment plexiglass cell with a capacity of 100 cm 3. 
The counterelectrode was made from a large graphite cyl- 
inder. A double-junction saturated (KC1) silver/silver chlo- 
ride electrode with 1M KNO3 external solution was used 
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as a reference electrode. A high purity silver rod substrate 
(Johnson:Matthews, 99.99%) with an exposed surface area 
0.385 cm ~ was used as a working electrode. The oxide 
films were prepared on this substrate according to a pro- 
cedure described below. 

All chemicals used were of analytical-grade purity. 
Deionized water (18 Ml2) was obtained using Mili-Q puri- 
fication system. 

P r o c e d u r e . - - T h e  polycrystalline silver substrate elec- 
trodes were polished to a mirror-like surface using 0.05 
/~m alumina. The surface was subsequently degreased in 
acetone and propyl alcohol, etched in dilute HNO~ solu- 
tion, rinsed with deionized water, and dried in air. The 
bilayer electrodes were prepared in two steps. During the 
first step, a Ag~O film was deposited in 1 mol/dm ~ KOH 
solution at constant potential E = + 300 mV (vs. Ag/AgC1 
double-junction reference electrode) using standard elec- 
trochemical equipment  (an EG&G Model 173 potentio- 
stat, equipped with a Model 179 digital coulometer and 
Model 175 universal programmer). The deposition was 
carried out for several hours and was interrupted after a 
given charge had been passed through the cell. Then the 
electrode potential was increased to + 600 mV, which is 
in the region of the AgO formation. The deposition was 
carried out for different times in order to grow oxide 
films of different thicknesses. The anodic charge 
consumed in the second step was from 0.47 to 15.1C. The 
electrodes obtained in this way were then subsequently 
used in the impedance measurements with the network 
analyzer setup described above. 

All the solutions used were deoxygenated by passing 
argon through the cell. During the experiments an argon 
purge was maintained. 

Results and Discussion 
Figure I shows the cyclic voltamogram of the oxidation 

and reduction of the silver/silver oxide electrode with the 
arrows indicating at which potentials the films were oxi- 
dized and the potentials at which the impedance of the 
system was measured. Figure 2 shows the impedance 
spectrum of the system when only Ag.~O is deposited, and 
Fig. 3 shows the impedance spectrum with 0.44C used for 
Ag~O deposition, followed by further oxidation to form 
AgO. Similar data were taken for different amounts of 
deposition charge. Next, a generalized way of analyzing 
these results ~ be presented, followed by a detailed ac-  
c o u n t  of the Ag/Ag.~O and Ag/Ag~O/AgO systems. 
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Fig. 1. The CV characteristic for the polycrystaUine silver electrode 
(geometric areaA = 0 .385 cm ~) in 1 real dm -~ KOH solution at 22~ V 
= 10 mV/s. E~ep' and E~p" are potentials of deposition of Ag~O and 
AgO, respectively (used in further deposition experiments). E / a n d  E~" 
are the rest potentials at which impedance spectra were measured. 
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Fig. 3. Impedance spectrum for a biloyer Ag/Ag20/AgO electrode in 1 
real dm -3 KOH. Total deposition charge: 2.9 C/cm 2. (I) Q = log R, (|1) Q 
= log (27rX). 

R e l a x a t i o n  s p e c t r u m  a n a l y s i s  in  a series presen ta-  
t i o n . - - T h e  generalized equivalent circuit of the system is 
presented as a series of passive R-C elements, as shown in 
Fig. 4(a), where Rs is the series resistance due to the elec. 
trolyte, r, ~ the series resistance of phase i~ and Cp ~ and 
Rp ~ the capacitance and shunt  resistance, respectively, of 
phase i. If phase i behaves like an insulator, then  r~ ~ = 0 
and Cp ~ and Rp ~ will relate, through the geometry of the 
system and the frequency, to the real and imaginary parts 
of the dielectric constant. If, on the other hand, phase i 
behaves like a semiconductor with a space-charge layer 
which is small compared to the thickness of the mateffml, 
then only r, ~ relates to the resistivity of the system and CJ 
and Rp ~ will relate to the charge distribution at the space-  
charge layer and will vary with the potential drop across 
phase i. The impedance of such an equivalent circuit is 
given by 

z = R + jX  = Rs + ~ Z '  [1] 
/ 

where R and X are the real and imaginary components  of 
the impedance. 

Rp i Rp ~ 
Z i =  rs ~+ - -  - rs t+  

1 + jtor ~ 1 + (torg"-' 
toR,~r ~ 

J 1 + (to~")~ [2] 

where to is the angular frequency and ~ = Rp~Cp ~ is the re- 
laxation time characteristic of phase i. Substi tuting Eq. 
[2] into Eq. [1], we will obtain the following expressions 
for the real and imaginary parts of the total impedance 

. 1 + (tot') ~ [3] 
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X = -- OJ Z Rp~Ti 
1 + ( ~ 9  ~ [4] 

Thus, as in the parallel ease, a function can be formu- 
lated, in this ease, simply by the imaginary part of the im- 
pedance, in which one obtains a line shape which is a su- 
perimposition of lorentzian-type peaks. If the various con- 
tributions can be resolved, then the number  of peaks 
will indicate the number  of components i. Each peak will 
be centered at oJ = 1/r~, and X at the maximum will be 
equal to Rp{/2, from which one can readily evaluate C, ~ and 

From the high frequency components of the real part, 
one can evaluate R~ + ~ r/. The individual r / c a n n o t  be 

i 
evaluated by this technique. 

Figure 3 shows the impedance spectra, when both Ag.zO 
and AgO are present. The imaginary part of the imped- 
ance, even in the logarithmic scale, shows clearly two 
main peaks. It remains to be established whether either of 
these peaks is due to a single relaxing, passive, RC ele- 
ment, but clearly the procedure that was established here 
offers the best starting point. 

Figure 2 shows the impedance spectra when only AgeO 
is present; it does not show any resolvable peaks in the 
imaginary part. The behavior here resembles the one ob- 
served with single phase interfaces and was analyzed (11) 
in terms of a network of parallel RC elements as shown in 
Fig. 4b. We will not attempt a full analysis of the network 
here and will concentrate only on the fastest relaxing RC 
element and the shunt  resistance R(O). 

It should be emphasized that the analysis of the data in 
terms of parallel or series networks is not unique and is a 
matter of convenience only. It serves primarily to isolate 
charge accumulation modes according to their relaxation 
times. 

Ag/Ag.zO system.--Under the conditions in which reiax- 
ation spectrum analysis on a parallel network can be per- 
formed, there exists a frequency region in which the 
equivalent circuit can be reduced to a single RC element 
(11). In this frequency range, the impedance is given by 

and log (2=X) should be linear with log f with a slope of 
-1  and an intercept from which C~ can be extracted. The 
real part is frequency independent  and equal to Rs, the 
series resistance of the system which is due to the electro- 
lyte. From Fig. 2, the frequency range of 8,000-800,000 Hz 
satisfies these criteria (curve III in Fig, 2). The exact fre- 
quency domain in which these criteria are met varies 
from experiment to experiment. For each experiment, the 
entire frequency dispersion of the impedance was mea- 
sured, the frequency domain with the fastest relaxing RC 
element identified, and the resistance and capacitance 
values measured. The variations of these parameters with 
the amount  of charge that was passed to oxidize silver to 
Ag~O will be discussed in this section. The oxidation was 
done at a constant  potential of 0.3V vs. Ag/AgC1 with dif- 
ferent oxidation times, and the measurements were taken 
at the rest potential which changed little between the lim- 
its 0.19-0.24V vs. Ag/AgCI with increasing film thickness. 
For each experiment, the electrode was freshly polished. 

Figure 5 shows the results of the dependence of i/Cr on 
the oxidation charge Q. Figure 6 shows the dependence of 
Rs on Q which was taken from the high frequency compo- 
nent  of R. The same figure also shows the dependence on 
Q of R(1), the real part of the  impedance at low frequency. 
The spread in the data is considerable; nevertheless, a 
few qualitative conclusions can be drawn: (i) R, is inde- 
pendent  of Q and can be shown to be dominated by the 
resistance of the electrolyte, and (ii) Cf decreases as Q in- 
creases, while R(1) remains approximately constant within 
the large spread of the data. If we attempt to treat the sys- 
tem as a parallel-plate capacitor in which Ag~O serves as 
the dielectricum and further assume a unit  faradalc effi- 
ciency for formation of Ag20, then 

2Fd~Al 
O - - -  [7] 

M 

where F is the Faraday constant, d is the density, A the 
geometric area, l the thickness of the capacitor, 7 the 
roughness factor, and M the molecular weight of Ag~O. 
The capacitance will be given by 

In  this region 

J 5 
Z H F  = R - - -  [5] 

( tJef  

log (2=X) = - l o g f  - log Cf [6] 
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Fig. 4. Generalized equivalent circuit for series (a) and parallel (b) 

configurations of the passive elements. Roand Cp are the parallel resist- 
ance and capacitance, respectively, for the inner film (prime) and the 
interface (i); %'s stand for the respective time constants; R~ is the ohmic 
resistance mainly due to the electrolyte; R(O) is the low frequency resist- 
ance; Cf is the film capacitance; and CiR~ are the series time constants. 
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Fig. 5. Dependence of the reciprocal of the Ag20 film capacitohce 

] / C f  determined from the impedance relaxation spectra upon the oxide- 
deposition charge Q. Coefficients of the linear fit to the experimental 
points are given. 
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Q for the Ag/Ag20 electrode in 1 mol dm -3 KOH solution. 

eocTA 
c - l [8] 

where e is the dielectric constant and eo is the permittiv- 
ity of free space. The resistance, RT, which is associated 
with this dielectricum is given by 

pI 
R T - [ 9 ]  

TA 

where p is the resistivity of Ag=O. Substi tuting I from Eq. 
[7] into Eq. [8] and [9], one gets 

1 MQ 

CT 2FdeeoA2T 2 
[10] 

6 cannot be analyzed in terms of Eq. [11]. R(1) does not 
represent RT. We will return to the possible characteriza- 
tion of R(1) in the next section. At this stage, since we do 
not possess, as yet, information about the resistive com- 
ponent  across the oxide, we cannot evaluate the relaxa- 
tion time of the material. Hence, we cannot evaluate its 
resistivity. 

Ag/Ag~O/AgO sys tem. - -For  this set of experiments, the 
amount  of charge used for Ag~O formation was kept con- 
stant at 0.44C. Following Ag,~O formation, we increased 
the potential to E = 0.600V vs. Ag/AgC1, where AgO for- 
mation takes place (see Fig. 1). We have measured the im- 
pedance at the rest potential of Ag..,O/AgO, which is 
0.450V vs. Ag/AgC1. We have measured the impedance as 
a function of the amount  of charge that was used for dep- 
osition of AgO. Figure 3 shows a typical result of such a 
measurement. As mentioned above, even on a logarithmic 
scale, two peaks, one at high frequency and the other at 
low frequency, can be seen. The procedure developed 
above will be used as a basis for interpreting the results. 
The first step in this process is to establish whether ei- 
ther of these peaks is due to a single relaxing, passive, RC 
element. Examination of the low frequency peak in Fig. 3 
clearly shows that the peak is too broad for a single 
lorentzian. Figure 7 shows the change of the frequency 
dispersion of the imaginary part of the impedance with 
the amount  of charge that was used to form the oxide. 
The amplitude of the high frequency peak increases in di- 
rect proportion to the deposition charge, while the high 
frequency tail of the low frequency peak is little affected 
by the deposition. Figure 8 shows the numerical fit of the 
high frequency peak to a normalized single lorentzian. 
Except at the tail ends of the peak, where an inductance 
dominates on the high side and low frequency contribu- 
tions affect the low side, the fit is very good; the peak 
will be treated as a single lorentzian. 

As was mentioned before, the low frequency peak is 
much too broad for a single lorentzian. We do not want to 
speculate here about the various processes that might 
contribute to this peak. Figure 7 shows that the high fre- 
quency tail of this peak remains constant with deposition 
charge. It will be useful to determine whether this high 
frequency tail corresponds to a single passive RC ele- 
ment. From Eq. [4], the contributions of a single lorent- 
zian to the imaginary part of the impedance is given by 

pMQ 
RT [11] 

2FdA2T 2 

These equations predict linear behavior of 1/CT and RT 
with respect to Q, and they predict also that r = RTCT = 
peeo is independent  of the geometric factor involved. The 
data from Fig. 5 can be analyzed in terms of Eq. [10] after 
correcting for C~, the capacitive element on the electrolyte 
side of the interface, such that 

1 1 1 
+ [12] 

Cf CT Ce 

Analysis of Fig. 5 in terms of Eq. [10] and [12] yields an 
intercept of 8 x 105 F - ' ,  a slope of 8.5 x 106 C- '  F - ' ,  w i tha  
correlation coefficient of 0.92. 

The dielectric constant of AgzO is not reported in the 
literature, but  the variations in similar solids (oxides and 
nonoxides) are all within the range of 5-10. If we take the 
dielectric constant of Ag~O to be similar to that of Cu20, 
which is its structural analog, then e = 7. Taking d = 7.44 
g/cm ~, M = 232, and A = 0.385 cm 2, one can calculate from 
the slope of Fig. 5 and from Eq. [10] that T = 14. From the 
intercept, we obtain C~ = 3.2 x 10 -6 F/cm 2 (geometric 
area), and if one takes into account the roughness factor, 
Ce = 2.3 x 10 -7 F/cm 2. These values are on the low side of 
the capacitance of the Helmholtz layer, but  the quality of 
the data and the assumptions in the model make further 
speculation unwarranted. 

If, at least qualitatively, the data in Fig. 5 could be ana- 
lyzed in terms of Eq. [10], it is obvious that the data in Fig. 
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Fig. 7. Frequency dispersion of the imaginary part of the impedance of 

the bilayer Ag/Ag~O/AgO electrode in 1 mol dm -3 KOH at various AgO 
deposition charges [C]: (1) 0.91, (2) 1.05, (3) 1.19, (4) 1.48. 
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X ~ ~ [13] 
1 + (~r52 

The high frequency tail of this peak is defined for oJT ~ 
>>  1. Under  these conditions 

X'  = - 1/coCp' [14] 

and the analysis will be similar to that for the high fre- 
quency component  of the parallel case which was used 
above. 

Figure 9 shows the fit between the experimental  points 
on the high frequency tail of the low frequency peak and 
Eq. [14]. The fit is good over nearly two orders of magni- 
tude of frequencies. From the intercept of this curve 

C~ = 4.10 -5 F --- 1.0 • 10 -4 F/cm '~ 

based on the geometric area of the electrode. 
Based on the absolute value of Cp and particularly the 

observation that it is nearly independent  of the amount  of 
AgO deposition or Ag~O growth during the deposition of 
AgO, it is reasonable to associate this capacitive element 
with the junction between AgO and the electrolyte. It can 
be dominated by the capacitance of the Helmholtz layer, 
or by that of the space-charge layer in the conductive ox- 
ide or by combination of  the two. As long as the width of 
the space-charge Iayer is smaller than the thickness of the 
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Fig. 9. Fit of the high frequency toil of the low frequency peak to a 

single lerentzian for the bilayer Ag/Ag20/AgO electrode. 
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1/Cf for the biloyer Ag/Ag20/AgO electrode in 1 mol dm -3 KOH upon the 
oxide deposition charge Q1. 

oxide, the value of the capacitance will be independent  of 
charge. 

Let us now turn our attention to the fastest relaxing RC 
element. Figures 10 and 11 show the variation of 1/Cf and 
Rf with the amount of charge Q, associated with deposi- 
tion at 0.6V on top of 0.44C associated with Ag~O that was 
deposited at 0.3V vs.  Ag/AgC1. Figures 10 and 11 show 
that both Re and 1/C~ increase with Q,, where Q, is the to- 
tal amount of charge deposited at 0.6V vs. Ag/AgC1. They 
then both saturate at Q, > 5C. If we neglect the low cover- 
age (up to 0.5C) where nucleation is known to take place, 
the functional dependence can be represented by 

1 5.6 x 107 Q, 
- -  - [ 1 5 ]  
C~ 1 + 1.1Q, 

187Q, 
Rf - [16] 

1 + 0.67Q, 

The inserts in both figures show the dependence of C~. 
and 1/Rf on 1/Q1, from which the constants in Eq. [15] and 
[16] were evaluated. If we take the saturation in both Rf 
and Cf to indicate saturation in the formation of the di- 
electric material that is responsible for the high frequency 
peak, then, within the parallel-plate approximation 

r = (RfCf),at ~ 5.10-% = peeo [17] 

Taking again, as in Eq. [2] e = 7, we obtain p ~ 8.2 x 10612 
c m .  

The high resistivity can only be due to Ag20. We arrive 
at the conclusion that at the potential at which we form 
AgO, the characteristics of the Ag20 layer changes as 
well. If AgO is being formed by oxidation of Ag20 whose 
thickness does not increase, the expected changes would 
have been the exact opposite to those actually observed. 
One can observe a decrease in the thickness of the Ag~O 
layer when nucleation of AgO proceeds. This case corre- 
sponds to consumed charges for oxidation much less 
than 0.5C. In our experiments,  we were in the region of 
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Fig. 1 I. Plot of the reciprocal of the inner film resistance Rf vs. Q~ for 

the Ag/Ag20/AgO layered electrode in 1 tool dm -3 KOH. 

charges used for oxidation far behind the nucleation pro- 
cess. In this set of experiments, the electrode was oxi- 
dized at E = + 600 mV vs. Ag/AgC1 with charge consump- 
tion up to 15C. The observed results in Fig. 10 and 11 can 
be interpreted that at this potential both oxides Ag20 and 
AgO grow simultaneously. 

Assuming, as a result, that Fig. 10.and 11 indicate con- 
t inuous deposition of Ag.20 while Ag=O is being further 
oxidized to AgO, we will try to analyze the correlation be- 
tween Rf and I/Q with Q in a manner  similar to that in the 
previous section. Let us assume that fraction of the 
charge, Q1, was used for the oxidation of Ag20 to AgO and 
that the remaining charge was used for the oxidation of 
Ag to Ag20. The net amount  of charge used for deposition 
of new Ag20 is given by 

Q,et = (1-2 ~) Q, [18] 

Following the arguments that led to Eq. [10] and [11] in 
the previous sectionl the caPacitance and resistance of the 
newly formed Ag~O layer will be given by 

1 n ( 1 - 2 ~ ) Q , +  1 [19] 
Cf 2 F deeoA 2T 2 Cf ~ 

pM(1 - a)Q1 
Rf - + Rf ~ [20] 

2FdA2T 2 

where CC and RC are the values for Q, = 0. 
Comparing Eq. [15] and [16] with Eq. [19] and [20] prior 

to saturation one can evaluate T/~/1-  2~. This implies 
that, if we can evaluate the roughness factor in an inde- 
pendent  experiment, then the ratio between the two oxi- 
dation reactions can be evaluated. From Eq. [19] and [15], 
one can calculate that T/X/1 - 2a = 15.3. 

Up to now, we have evaluated all the data that we 
could extract from the frequency dispersion of the imagi- 
nary part of the impedance. From Fig. 3, one can observe 
that at both ends of the frequency spectrum, the real part 
of the impedance is frequency independent.  Figure 12 
shows the dependence of the high frequency component,  
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Fig. 12. Dependence of R(~) and R(1) upon the oxide deposition 
charge Q1 for the bilayer Ag/Ag20/AgO electrode in 1 mol dm -3 KOH. 

R(o~) and the low frequency component, R(1), as a function 
of deposition charge. The high frequency component  ex- 
hibits the behavior that was shown in Fig. 6, when only 
Ag~O was present and is consistent with the interpreta- 
tion that R(~) is due to the series resistance, R~, which is 
due to the electrolyte. R(1), on the other hand, increases 
with deposition charge in a manner  which resembles Rf in 
Fig. 11. However, the absolute values are considerably 
smaller than the R~ values. This is in sharp contradiction 
with Eq. [2], which demands that 

R(O)= lim R = R ~ + ~ r ~ + ~ R ,  i [21] 
(~'--> 0 i 

Since Rf is one component  of this sum, Eq. [21] requires 
that R(O) > Rf. Since the low frequency part of the imagi- 
nary part of the impedance was shown to result from mul- 
tiplicity of unresolved processes, we do not feel secure in 
proposing a definite explanation for this fact. More work 
is needed before some conclusion about the low fre- 
quency regime can be reached. 

Conclus ions 
It was shown that impedance measurements can be 

used to gain information about the chemical and topo- 
logical changes that take place during oxidation of the 
silver electrode. The distinction between perturbation 
and detection was the key in enabling us to interpret the 
results using the simplest possible model and to correlate 
the measurements with the perturbation in a straightfor- 
ward way. 

The technique of relaxation spectrum analysis sepa- 
rates the charge accumulation modes at simple interfaces, 
according to their relaxation times, expressed in terms of 
simple, frequency-independent,  RC elements. This tech- 
nique can be extended to systems in which to first ap- 
proximation, the charge accumulation modes are in series 
with each other. Under conditions when only Ag20 is de- 
posited, the impedance spectra behaved similarly to that 
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of a single interface. Three well-behaved, passive ele- 
ments were extracted: the high frequency capacitance, 
the high frequency resistance, and the low frequency re- 
sistance. The physical origin of these elements was iden- 
tified by monitoring their dependence on the amount  of 
charge that was used to oxidize the electrode. The resist- 
ive element was found to be independent  of charge, while 
the reciprocal of the capacitive element increased linearly 
with the amount of charge. The functional dependence of 
the capacitive element on the amount  of charge was con- 
sistent with a simple model of a parallel-plate capacitor in 
which  Ag20 serves as the dielectric material. Based on 
this model, an "average" roughness factor, which is inde- 
pendent  of the thickness of the layer was calculated and 
found to be -14. Based on this model, it was determined 
that, at least for the conditions that were investigated 
here, Ag~O behaves as an insulator in which the electric 
field is distributed across the entire sample and does not 
concentrate at the interface. The high frequency resist- 
ance was associated with the resistivity of the electrolyte, 
while the low frequency resistance was associated with 
kinetic effects. At the potential in which the silver can be 
oxidized to AgO, five well-behaved, passive elements 
were extracted, and their variation with the amount  of de- 
posited charge was monitored. The capacitive and resist- 
ive elements of a single dielectricum were isolated. In 
terms of a parallel-plate model, these two parameters re- 
late to the real and imaginary parts of the dielectric con- 
stant of the material through the geometric factor of the 
capacitor. The relaxation time of this material was found 
to be -5.10-% from which a resistivity of - 8  x 106 12 cm 
was evaluated. The high resistivity clearly demonstrates 
that the material is still Ag._,O. The conclusion was that, at 
the potential where silver can be oxidized to AgO, a 
significant fraction of the charge is used to increase the 
thickness of the Ag20 layer. For an amount  of charge in 
excess of -15 C/cm 2, the capacitive and resistive elements 
which are associated with the Ag20 saturate, and a steady 
state is achieved between formation of Ag~O and oxida- 
tion of Ag~O to AgO. 
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Nucleation of Pb Electrodeposits on Ag and Cu 
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ABSTRACT 

Initial stages in the electrocrystallization of Pb (up to 200~ thick) from 1M NaC104, 0.5 and 5 mM Pb (NO3)~, pH 3, on 
Ag(111) and Cu(111) have been investigated by ellipsometry and light scattering during cyclic voltammetry. Optical con- 
stants, thickness, valence, and free energy of adsorption of the underpotential  deposit have been determined. An optical 
model which agrees with experimental data for fractional coverage by the underpotential  deposit is based on the two- 
dimensional spreading of islands of monolayer thickness. The bulk deposit immediately following ~ of the 
underpotential  monolayer involves three-dimensional growth from nucleation centers, even at the 20A level of deposit 
thickness, and results in a particulate, porous film on top of the underpotential  deposit. 

Two separate steps can often be identified in the early 
stages of the electrocrystallization of a metal on a dissimi- 
lar substrate: the formation of an underpotential  deposit 
(UPD) and that of a bulk deposit (1-3). The properties of 
these layers are expected to be an important factor for 
determining the properties of subsequently formed de- 
posits of practical interest with macroscopic thicknesses. 
This work was undertaken to investigate the transition 
from the underpotential  deposit (the first monolayer) to 
the bulk deposit and the micromorphology of the two de- 
posits by in situ optical techniques. Fast automatic 
ellipsometry and light scattering during cyclic voltam- 
metry made it possible to separate optical changes due to 
formation of the first monolayer from those associated 
with subsequent  formation of the bulk deposit. The sys- 
tem chosen for study was the deposition of Pb on Ag and 
Cu because of the well-known formation of the underpo- 
tential layers (4). There are also significant differences in 
the optical constants of Pb and the substrates, making de- 
tection of small amounts of Pb on the electrode surface 
by ellipsometry possible (5-7). 

Schmidt and Gygax (3) have determined the Gibbs free 
energy of adsorption for Pb  electrosorption on polycrys- 
talline Ag and Cu by integrating the cathodic UPD peak 
in the cyclic voltammogram and deriving coverage as a 
function of potential. Here, adsorption isotherms for the 
Pb underpotential  deposit have been determined simi- 
larly on single-crystal Ag and Cu surfaces. In addition, 
thickness and optical constants of the underpotential  de- 
posit were derived from ellipsometer measurements and 
a knowledge of surface coverage determined electro- 
chemically. Unusual  optical properties of the bulk de- 
posit have been attributed to its morphology. 

Experimental Procedure 
Experiments were conducted potentiodynamically 

while simultaneous ellipsometer and light scattering mea- 
surements of the electrode surface were performed. A 
bipotentiostat (Pine RDE 3) was used to drive the electro- 
chemical cell. The potential was swept from 200 to -800 
mV (vs. Ag/AgC1) at sweep rates varying from 0.1 to 1.5 
V/rain. 

A self-hulling ellipsometer (8) was operated at an angle 
of incidence of 75 ~ with a stabilized 75W xenon short-arc 
light source (Oriel C-72-20) and an interference filter for 
515 nm (bandwidth 9 nm, transmission 43%). An acrylic 
electrolytic cell used in an earlier investigation of anodic 
silver oxidation (9) was employed. The cell had two 
quartz windows for ellipsometry with an angle of inci- 
dence of 75 ~ a volume of approximately 250 ml, and ports 
for introduction and draining of electrolyte, for a nitrogen 
purge stream, and for a reference electrode capillary. A P t  
counterelectrode was used and positioned so as not to in- 
terfere with the observation of the working electrode. 

Ag( l l l )  and Cu( l l l )  working electrodes were used. The 
single-crystal surfaces were approximately 1.20 • 2.85 cm 
(3.42 cm~), and were mounted in epoxy. The electrodes 
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were polished mechanically, ultimately using 0.05 ~m alu- 
minum oxide powder suspended in water. The polishing 
was followed by ultrasonic cleaning, chemical polishing 
for Ag surfaces (9, 10), a period of soaking in the acidic 
electrolyte, and pre-electrolysis. Any oxides formed on 
the electrode surface during transfer to the cell were un- 
stable at the pH and potential used for the experiments 
and removed during pre-electrolysis at a potential anodic 
to that for Pb deposition (11, 12). No significant electro- 
chemical or ellipsometric differences were observed be- 
tween Ag electrodes polished mechanically and chemic- 
ally and those polished only mechanically, although a 
smoother surface, important for light scattering measure- 
ments, was expected to result from chemical polishing. 
The chemical polishing step was omitted after scattering 
measurements were completed. 

The reference electrode used was a double-junction 
Ag/AgC1 electrode (Dow-Corning 476067). The inner  com- 
partment, containing the electrode, was filled with 4M 
KC1 saturated with AgC1, the outer compartment with 1M 
KNO3. 

A second cell was used for light scattering studies, and 
has been described elsewhere (9). This cell used high pu- 
rity, polycrystalline Ag sheets rather than single crystals. 
The electrode was 0.5 • 5.0 • 0.2 cm and was 60% im- 
mersed in electrolyte. It was located in a cylindrical glass 
cell of 4 cm diam and il luminated with the beam from an 
argon laser (515 nm line) at an angle of incidence of 75 ~ 

All experiments used a supporting electrolyte of 1M 
NaC104 at pH 3. Pb ~§ ion was introduced into the electro- 
lyte as a nitrate at concentrations of either 0.5 or 5.0 mM. 
The pH was adjusted to the desired level by adding small 
amounts  of dilute HC104, and measured with a digital pH 
meter (Coming 130). 

Experimental Results 
Potential ramp and cyclic voltammogram data for the 

deposition of Pb on Ag( l l l )  from a 0.5 mM solution at a 
sweep rate of 0.1 V/rain are shown in Fig. 1 and 2. 

Ellipsometer measurements (psi and delta) during two 
potential cycles for deposition on silver are shown in Fig. 
3 and 4 together with the current trace. The separate for- 
mation of underpotential  and bulk deposits is clearly 
shown by the relative amplitude parameter psi (Fig. 3). 
During the anodic part of the potential cycle, the two lay- 
ers are dissolved in reverse order and the process is re- 
peated in the next cycle. Reversibility and reproducibility 
are also seen in the relative phase parameter delta (Fig. 4). 
The response of that measurement  to the underpotential  
deposit is representative of a metal-like layer, while 
dielectric-like properties a re  indicated for the bulk de- 
posit., These unexpected optical results for delta are 
caused by the micromorphology of the deposits: the ca- 
thodic UPD peaks have been interpreted as the formation 
of a complete monolayer of Pb on the substrate; the bulk 
deposit is shown to be of a particulate, porous nature. 
Similar results were obtained for potentiodynamic depo- 
sition of Pb on Cu( l l l )  at concentrations of 0.5 and 5.0 
mM and a sweep rate of 1.5 V/min. 
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Fig. 1. Cyclic voltammogram for Pb deposition on Ag(111) (3.42 cm 2) 
from 1M NaCI04, 0.5 mM Pb(NO3)~,pH 3, first sweep. Potential relative 
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Fig. 2. Potential ramp corresponding to Fig. 1 from + 150 to -  660 mV. 
Sweep rate: 0.15 V/min. 

Light scattering measurements from the electrode sur- 
face during cyclic voltammetry are shown in Fig. 5. An 
argon-ion laser (Lexel 75.2) tuned to 514.5 nm, served as 
light source (30 mW, 75 ~ angle of incidence). Scattered 
light was collected 15 ~ from the specular direction with a 
fiber-optic probe (1 ~ acceptance) and measured with a 
photomultiplier (RCA R136). The lower oscillogram 
traces in Fig. 5 represent the current passed through the 
cell, with cathodic peaks shown negative, anodic peaks 
positive. The poor cathodic peak waveform is due to the 
electrode geometry in the scattering cell, which results in 
nonuniform current distribution. The upper traces repre- 
sent the photomultiplier current. Figure 5a shows the in- 
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Fig. 3. Response of current and ellipsometer parameter psi to potential 
ramp shown in Fig. 2. Wavelength of light $15 nm, angle of incidence 
75 ~ other conditions as in Fig. 1. 

crease in scattered light intensity with the onset of bulk 
deposition and its return to the initial level upon strip- 
ping the deposit. A particle diameter of 16~, derived from 
ellipsometer measurements,  has been associated with a 
significant increase in light scattering. No increase in 
scattering light intensity is observed during formation of 
the underpotential  deposit layer. Light scattering, like the 
ellipsometer measurements,  are reversible and repeatable 
during potential cycling. Increased light scattering is in- 
dicative of the formation of very small three-dimensional 
nuclei appearing on top of the Pb monolayer which com- 
pletely covers the substrate. This interpretation agrees 
with that found for the ellipsometer measurements.  

Opt ica l  Mode l  of the In i t ia l  Stage of Deposi t  Format ion 
The general theory for submonolayer ellipsometry has 

been reviewed by Bootsma (13, 14). Other authors who 
have written on this topic have paid particular attention 
to the anisotropic nature of the adsorbate layer (15-17). 

As discussed elsewhere (18), it has been found that the 
ellipsometer measurements of the formation of the under- 
potential deposit can best be interpreted with a coherent 
superposition (island) model; the Bruggeman model 
failed to explain the data. In this model, it is assumed that 
the surface is partially bare and partially covered with 
patches or islands of a thin film (19). With the islands 
having a smaller diameter than the spacial coherence of 
the incident light, the state of polarization of the 
reflected light is determined by the coherent superposi- 
tion of polarization states resulting from reflection on 
bare and film-covered surface elements. 

Application of this island concept to the underpotential 
deposit implies that (i) metal adatoms adsorbed to the 
surface, as two-dimensional clusters or individually, can 
be treated as equivalent thin film islands of some appar- 
ent thickness and complex refractive index, (ii) the op- 
tical constants and thickness of individual islands are the 
same as those of the complete monolayer, (iii) the overall 
reflectance of the surface is due to a coherent superposi- 
tion of beams reflected from island-covered portions of 
the electrode and bare portions of the electrode, and (iv) 
the optical constants of the individual islands and the 
substrate are potential and coverage independent.  Predic- 
tions derived from this model agree well with experimen- 
tal data for the development of the underpotential  deposit 
monolayer as the potential is ramped (Fig. 6). Assumption 
(i) above requires elaboration. As will be shown in the dis- 
cussion that follows, the Pb UPD obeys a Langmuirian 
adsorption isotherm, which indicates that there is mini- 
mal lateral interaction between adsorbed Pb atoms, while 
clustering would require strong attraction. Based upon 
the isotherm alone, one would expect the Bruggeman op- 
tical model for a layer of randomly distributed atoms to 
fit the data. This dilemma will have to be resolved by fu- 
ture work. 
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Fig. 5. Light scattering data at conditions similar to those of Fig. 1, 

except that the experiments were conducted on polycrystalline Ag in a 
light scattering cell. Top traces, scattered light intensity (increasing in 
the positive direction); bottom traces, current response to the potential 
ramp (cathodic peaks negative). The first cathodic peak is UPD deposi- 
tion; the second is bulk deposition. Light source argon ion laser at 515 
nm. (a) Increase of light scattering with onset of bulk deposition, (b) sta- 
bility of deposit on open circuit, and (c) removal of deposit after open- 
circuit stand. 

An investigation of different optical models to interpret 
the present i n  s i t u  ellipsometer measurements of the bulk 
deposit has been reported elsewhere (20). This layer was 
found to form on top of the first monolayer of Pb ada- 
toms and to be of a granular, porous form. The optical 
properties of this layer are intermediate between those of 
metallic Pb and electrolyte and have been determined by 
use of the Bruggeman theory (21). This approach is analo- 
gous to that used by representing microrough surfaces as 
equivalent films (21-23). 

Other investigators have suggested that three-dimen- 
sional nucleation occurs on a completely formed mono- 
layer, on the basis of ex  s i t u  experiments using Auger 
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Fig. 6. Prediction by optimized coherent superposition model (solid 

line) and measurement of changes in ellipsometer parameters psi and 
delta due to progressive deposition of an underpotential layer of Pb on 
Ag( i 11 ). Properties of the underpotential deposit derived from the opti- 
mized data fit given in Table I. 

spectroscopy (24), x-ray fluorescence (25), and scanning 
electron microscopy (26). 

To model both the UPD monolayer and the bulk de- 
posit collectively, a two-film model is used, analogous to 
the approach of Smith and  Muller (19, 27). First, one cal- 
culates a value of the complex reflection coefficient ratio 
due to the UPD layer on the electrode. Then, using this 
ratio, an apparent refractive index is calculated, which in- 
cludes both the effects of the substrate and the UPD 
monolayer. The optical effect (delta and psi) of the porous 
bulk deposit is then determined on the apparent sub- 
strate. The Bruggeman theory is used to compute the ef- 
fective refractive index of the porous film material. 

By minimizing the sum-of-squares error between the 
model predictions and the measurement of delta and psi, 
one determines opt imum values of the adjustable model 
parameters (28, 29). Parameters to be fitted are (i) com- 
plex refractive index of the UPD, (ii) apparent thickness 
of the UPD, (iii) porosity of the bulk deposit, and (iv) 
thickness of the bulk deposit. Fine tuning of the metal op- 
tical constants is done initially to compensate for uncer- 
tainty in the optical constants found in the literature or 
determined experimentally. Equation [1] defines the 
sum-of-squares error for the model. 

S ~ , , =  ~ (AM,,-hc,i)2 + ~ (0M.i-r ~ [1] 
i = l  i=1  

The parameter variance is then defined by 
0 - 2  

SE(p)  - [2] 
1 O2S~.~ 
2 op 2 

Parameter confidence intervals (Eq. [3]) are calculated 
from this variance and the student-t statistic for 2N-P de- 
grees of freedom, where N is the number  of delta-psi mea- 
surements and P is the number  of adjustable model pa- 
rameters 

8(p) = t(2N - P,  1 - 2a)[SE(p)] lr'- [3] 

Both the parameter variance and the model variance are 
required, and are estimated numerically by use of Eq. [4] 
and [5], respectively 

0"2 ~ SMIN]df  = SMIN](2N -- P )  [ 4 ]  

1 O2S~., S(+) + S(_~ - 2SM~N 
[5] 

2 Op '~ 2(Ap) 2 

Separate optimizations are performed to determine 
UPD and bulk optical properties. This is possible since 
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Table I. Optical properties of the Pb underpotential deposit 
(UPD) at complete coverage (0 = 1). Wavelength: 

514.5 nm. Electrolyte: 0.5 and 5.0 mM Pb ~ ,  
IM NaCIO4, pH 3. Errors given for 95% level 

of confidence 

Substrates Ag(111) Cu(111) Cu(111) 

Pb concen- 0.5 0.5 5 
tration (raM) 

UPD refrac~ nupD 1.285 -+ 0.007 1.225 -+ 0.066 0.952 -+ 0.417 
tive index 

UPD extinc~ kupD 4.080 -+ 0.040 3.520 -+0.041 3.893 -+ 0.021 
tion coef- 
ficient 

UPD thick- dupD 5.149 -+ 0.026 4.030 -+ 0.178 4.777 -+ 1.101 
ness (~) 

Potent ia l  r amping  separates  format ion  of  the  two layers in 
t ime. As the  U P D  was formed,  19 values  of  current ,  delta, 
and psi were  logged by c o m p u t e r  dur ing  fo rmat ion  of  the  
Pb  U P D  on Ag; these  m e a s u r e m e n t s  were  used  collec- 
t ively  to de te rmine  the  three  parameters  needed  for the 
character iza t ion of  the U P D  (complex  refract ive  index  
and thickness).  These  values  can be de t e rmined  f rom 
data for a single ca thodic  sweep  wi th  a h igh  degree  of  ac- 
curacy.  Optical  constants  and th icknesses  de te rmined  
thus  for the  Pb  U P D  layer on A g ( l l l )  and C u ( l l l )  for a 
wave l eng th  of  515 n m  are g iven  in Table  I (18). The  error  
l imits  are g iven  for a 95% level  of  confidence,  based upon  
37 ~ of  f reedom. The th ickness  of the layer of  4-5~ com- 
pares  well  wi th  an a tomic  d iamete r  of  about  3.5~. 

Es t imates  of  the  paramete rs  for the  bu lk  depos i t  are 
more  uncertain.  Conf idence  intervals  for these  parame-  
ters can only be  der ived  by averaging  comparab l e  values  
of  delta and psi f rom repl ica te  expe r imen t s  (or mul t ip le  
sweeps).  Model ing  resul ts  for the  bulk  Pb  deposi t  are pre- 
sen ted  in Table  II for di f ferent  substrates,  electrolytes,  
and potent ia l  cycles. F r o m  these  results,  it was conc luded  
that  the  bulk  depos i t  fo rmed  in the expe r imen t s  con- 
duc ted  wi th  0.5 mM was approx ima te ly  30% porous  and 
about  10A thick;  the  bu lk  depos i t  fo rmed  wi th  5.0 mM 
was approx ima te ly  40% porous  and 200A thick. 

ions (33). I f  one a s sumed  that  the va lence  of  the  electro- 
sorbed Pb  species on A g ( l l l )  and C u ( l l l )  is equ iva len t  to 
that  of  Pb  ~-+, the  t e rm RT/F(1/~/upo - l/z) in a ~  in Eq. [12] 
of  Ref. (33) becomes  zero, and the adsorp t ion  behav ior  is 
therefore  i n d e p e n d e n t  of  the  solut ion act ivi ty  of  Pb2% The 
te rms  ~'UPD, Z, and aM2 + cor respond  to the  te rms  z, Zpb, and 
a, respect ively,  in this paper.  By a s suming  that  bo th  the  
F r u m k i n  and T e m k i n  paramete rs  are zero, and by tak ing  
the  reference  potent ia l  U,~, to be that  g iv ing  0 = 0.5, Eq. 
[12] of  Refi (33) reduces  to the  Langmui r  i so therm,  Eq. [6], 
wh ich  is l inear in potent ia l  

( 0 ) zF  
In ~ = - ~ ( U -  U,,.~) [6] 

The  Gibbs  free energy  of adsorpt ion  is re la ted to the  un- 
derpotent ia l  at ha l f -monolayer  coverage (U,~) t h rough  Eq. 
[7] 

AG~ = -zFU112 [7] 

S ince  Eq. [6] is l inear  in potent ia l  (underpotent ia l  scale), it 
can be appl ied  to expe r imen ta l  data easily by us ing  re- 
gress ion analysis (34). Equa t ion  [8] is used  for data reduc-  
tion; the  slope m and in te rcep t  b are then  related to the  
Gibbs  free energy of adsorp t ion  

(0) 
in ~ = m U +  b [8] 

GADS ~ = - b R T  [9] 

The  underpo ten t i a l  at hal f -coverage and the  apparen t  val- 
ence  are g iven  by Eq. [10] and [11], respec t ive ly  

UII.,. = - b / m  [10] 

z = - m R T / F  [11] 

Rigorous  analysis re la tes  the error  in these  physical  quan-  
ti t ies (Eq. [12]-[14]) to the  uncer ta in t ies  in the  s lope and 
in te rcep t  of the regress ion  l ine (Eq. [15] and [16]), and to 
the  mode l  var iance  (Eq. [17]) 

~(AGAus ~ = F[(U,~ �9 ~Z) 2 + (Z' 6U1~2)~] ~2 [12] 

Adsorption Isotherm 
Conway  et al. presen t  genera l  theories  of  adsorp t ion  at 

l iquid-sol id interfaces  and the p roper  se lect ion of  
s tandard  states (30). Conway  and Kozlowska  also discuss  
the  effects  of  s w e e p  rate, etc., on the  U P D  peak in 
v o l t a m m e t r y  (31). Ross has shown that  the  L a n g m u i r  iso- 
t he rm can be appl ied  to h y d r o g e n  adsorp t ion  on P t  s ingle 
crystals wi th  data  t aken  f rom cyclic v o l t a m m o g r a m s  (32). 
Swath i ra jan  et al. have  p resen ted  a detai led the rmody-  
namic  mode l  for  Ag and Pb  underpo ten t ia l  depos i t ion  on 
polycrysta l l ine  Au, and de t e rmined  that  bo th  of  these 
U P D  layers invo lved  e lec t rosorbed  species  hav ing  val- 
ences  equ iva len t  to those  of their  respec t ive  d issolved 

: �9 

8(z) = - ~ - I ~ m l  (also wr i t ten  as ~z) [14] 

~m = S .  t (N - 2, 1 - 2~) (U~ - ~)2 [15] 

U~ ~ N ~ (Ui g)2 6b = S "  t ( N -  2 , 1 -  2~) 
"= i=1  

[16] 

Table II. Optical properties of bulk Pb deposits from 1M NaCIO~ supporting electrolyte atpH 3. Electrode area: 3.42 cm 2. Underpotential deposit 
indicated by *. 

t (s) E (mV) Q (mC) dq(h) AM ~M Ac 0c d(~) 0pb npb kpb 

Ag(lll),  0.5 mM Pb ++, 0.1 V/min 
219" -443 1.55 3.52 72.06 43.27 72.06 43.27 5.53 1 1.30 4.27 
300 -490 12.93 29 71.90 41.85 71.58 41.97 16 0.75 2.05 4.27 
413 -663 18.35 42 71.62 41.13 71.30 41.18 26 0.75 2.10 4.27 

Cu(lll), 0.5 mM Pb ++, 0.5 V/min 
18" -452 1.58 3.52 60.31 38.44 60.32 38.43 5.05 1 1.35 4.03 
24 -592 2.20 5 60.56 38.22 60.52 38.13 6 0.71 1.95 4.27 
30 -746 3.14 7 60.61 38.11 60.61 38.11 6 0.71 1.95 4.27 
46 -476 60.61 37.90 60.51 38.14 6 0.71 1.95 4.27 
48 -438 4.47 10 60.83 37.84 60.82 37.80 12 0.73 1.98 4.24 

Cu(111), 5.0 mM Pb § 1.5 V/min 
17" -422 2 3.52 59.34 38.04 59.32 37.97 4.79 1 0.95 3.99 
23 -576 28 49 56.59 36.17 56.52 36.09 76 0.56 1.90 4.30 
40 -606 80 141 58.00 33.95 58.01 34.03 170 0.60 1.94 4.26 
45 -478 91 160 58.55 33.56 58.63 33.16 194 0.61 1.99 4.28 
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Table III. Linear regression analysis of adsorption isotherm data 

Quantity Units Ag(lll) Cu(111) Ag(111) + Cu(lll) 

Table IV. Comparison of amount of Pb deposit dq 
based on charge passed with amount Opdd 

derived from ellipsometer measurement 

AGADs ~ kcaYmol  -8.75 -7.75 -7.90 
Ut,.2 mV 151 156 155 
z 2.52 2.15 2.21 
m mV -~ -0.09826 -0.083678 -0.086188 
b 14.783091 13.090754 13.339047 
6(AGADs ~ kcal/mol 1.23 0.87 0.88 
8(Uv2) mV 17 13 15 
8(z) 0.21 0.12 0.12 
6(m) mV-' 0.008001 0.004746 0.004523 
6(b) 1.134927 0.800944 0.706471 
S 0.485484 0.437346 0.572739 
r -0.989448 -0.992104 -0.986668 

Note: N - 2 = 17,1 - a/2 = 0.95, and t(17, 0.95) - 2.11. N - 2 = 36,1 - 
a/2 = 0.95, and t(36, 0.95) - 2.02. 

N ( Ou ,~2 1 ],,2 

Results of the linear regression and error analysis are 
presented in Table III. The data for the Pb UPD on 
Ag( l l l )  and Cu( l l l )  were first analyzed separately, then 
together. The noninteger values of the electrosorption 
valence could imply that Frumkin  and Temkin parame- 
ters should be included in the adsorption isotherm 
model; however, it is believed that these unusual values 
are attributable to integration errors at low coverage and 
have no physical significance. The coverage, which is de- 
termined by integration of the cathodic UPD peak, can- 
not be determined accurately at low values since the cur- 
rent is of the same order as the background noise. 

Inspection of the experimental  data plotted in Fig. 7 
shows that the underpotential  at half-coverage is about 
155 mV for both substrates, which corresponds to a Gibbs 
free energy of adsorption of 7.14 kcal/mol for an assumed 
electrosorption valence of z = 2 (35). Note that a value of 5 
kcal/mol has been reported for polycrystalline substrates 
(3). Theoretical predictions of coverage at different poten- 
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Fig. 7. Electrosorption isotherm for Pb U PD on Ag( 111 ) and Cu(111 ), 

model predictions for a free energy of adsorption of 7 kcal/mol and a val- 
ence of 2 (broken line) and experimental data from cyclic voltammetry. 
Coverage computed from charge. 

0pb " d 
Pb +§ Opb 

Substrate (mM) t(s) d~6~) (vol. fract.) d(70 d~ 

Ag(lll) 0.5 300 29 0.75 16 0.41 
413 42 0.75 26 0.46 

Cu(lll) 0.5 24 5 0.71 6 0.85 
30 7 0.71 6 0.61 
46 9 0.71 6 0.47 
48 10 0.73 12 0.88 

Cu(lll) 5.0 23 49 0.56 76 0.87 
40 141 0.60 170 0.72 
45 160 0.61 194 0.74 

tials can be made by substituting these values into the ad- 
sorption isotherm equation. These predictions are repre- 
sented by the broken line in Fig. 7, which agrees well 
with experimental  data except  at very low coverages. 
Continuous adsorption isotherms have been reported for 
different Ag faces (36). 

Double layer charging currents were subtracted by 
base-line extrapolation across the base of the UPD peak, 
assuming the a p r i o r i  separability of charging currents. 
This method can lead to errors in coverage estimation, 
but the error for the Pb UPD on Ag and Cu may be small 
if the points of zero charge (pzc's) of the two materials are 
nearly equal (37). The concept of partial discharge associ- 
ated with electrosorption bonds (38) in the underpotential  
deposit is not supported by this work. 

C h a r g e  Balance 
Equation [18] was used to calculate the charge passed to 

the working electrode during deposition 

fo Q = i(t) A d t  - (xydOpp---------hb zpbeNavg [18] 
MWp~ 

This charge was used to calculate the coverage of Pb 
adatoms on the electrode surface. The actual charge re- 
quired for a complete UPD agreed with that expected for 
a monolayer with a roughness factor of 1.25. 

The thickness of the bulk deposit and the volume frac- 
tion of Pb in it, determined from ell ipsometer measure- 
ments, were used to compute  the total amount  of Pb on 
the electrode surface. This quantity was then compared 
to the amount expected on the basis of charge passed. 
The ellipsometer measurements  consistently predict less 
Pb on the surface than the charge balance (a discrepancy 
ranging from 10% to 50%, Table IV). This difference 
might be due to uneven current distribution on the elec- 
trode, with more Pb being deposited around the edge of 
the electrode, while the ellipsometer measurement  was 
performed at the center. 

Conclusions 
The initial stages of electrodeposition (0-2004) can be 

elucidated by the simultaneous use of ellipsometry, cyclic 
voltammetry, and light scattering measurements.  The ap- 
plication of a potential ramp allows one to separate un- 
derpotential and bulk deposits in time and thus investi- 
gate them separately. 

An optical model which fits the data very well involves 
the two-dimensional growth of monolayer islands during 
UPD formation and the three-dimensional nucleation and 
growth of a microporous bulk deposit on top of it. Thick- 
ness, optical constants, Gibbs free energy of adsorption, 
and apparent valence for the Pb UPD on A g( l l l )  and 
Cu( l l l )  have been determined. 
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LIST OF SYMBOLS 

A electrode area (cm-") 
A,/~ complex parameters for quadratic equation 
a activity of Pb 2~ in solution 
b linear regression intercept 
C concentration 
d thickness of bulk deposit derived from ellipsom- 

eter measurement  
dvpD thickness of underpotential  deposit 
df degrees of freedom (2N - P) 
dq deposit thickness based on change (A) 
e electronic charge (1.602 x 10 -19 C) 
E electrode potential vs. Ag/AgC1 (V) 
F Faraday's constant (96,487 C/eq) 
g interaction parameter 
~(t) time varying current density during cyclic volt- 

ammetry (A/cm 2) 
k~pD extinction coefficient of underpotential  deposit 
kpb extinction coefficient of bulk Pb 
m slope of linear regression (V-') 
MWeb atomic weight of Pb(207.2 g/tool) 
neb refractive index of bulk Pb 
n~pD refractive index of underpotential  deposit 
N number  of data points defining experimental 

electrosorption isotherm and number  of pairs of h 
and ~ measurements 

Navg Avogadro's number  (6.02 • 10 ~8 at./mol) 
Nj atomic number  density of component i in the ef- 

fective medium 
p arbitrary model parameter to be fitted 
P number  of model parameters to be fitted 
Q total charge passed to working electrode (C) 
r regression coefficient (Table III) 
RT constant (0.592 kcaYmol) 
S variance between experimental data and predic- 

tion of electrosorption model 
S( ) error of quanti ty in parentheses (except for 8A 

and 30) 
SE(p) variance of parameter p 
S~., sum-of-squares error between theoretical ellip- 

someter parameters and those measured experi- 
mentally 

S~,N min imum value of S~,, corresponding to a selec- 
tion of opt imum "p" values 

S~§ value of S~., computed at a parameter value of p + 
hp 

S(_) value of S~,, computed at a parameter value of p - 
Ap 

t time 
t(2N - P, 1 - 2a) the t-statistic for "2N - P" degrees of 

freedom at a "1 - 2a" level of confidence 
U underpotential  relative to Nernst potential E~ 
U~ measured value of U (controlled) at the ith cover- 

age; the ith data point 
U~.2 underpotential corresponding to 0 = 0.5(V) 
[7 mean underpotential  (V) 
V electrode potential (V) 
x electrode dimension (cm) 
y electrode dimension (cm) 
z apparent valence of metal adatom after electro- 

sorption 
zpb valence of lead ion in solution (2) 
a level of confidence (1 - 2a) 
8(p) error in parameter "p" at a "1 - 2a" level of con- 

fidence 
~h change in ellipsometer parameter delta due to 

underpotential  deposit (deg.) 
8~ change in ellipsometer parameter psi due to 

underpotential  deposit (deg.) 
h or delta ellipsometer parameter, phase difference be- 

tween p and s electric field components after re- 
flection, relative to the incident (deg.) 

hc calculated value of h for bulk deposit 
hc.~ calculated value of h corresponding to AM, i 
h~ measured value of delta for bulk deposit (deg.) 

hM.i the ith measured value of h for the UPD at the ith 
coverage; the ith data point 

AGADs ~ Gibbs free energy of adsorption for UPD mono- 
layer (kcal]mol) 

0 fractional coverage of electrode surface by UPD 
monolayer 

Of fraction of surface covered by film of refractive 
index ~f 

0i UPD monolayer coverage measured at underpo- 
tential Ui 

0eb volume fraction of Pb in composite thin film de- 
posit 

t~, monolayer coverage predicted by electrosorption 
model for underpotential  U~ 

PPb density of Pb (11.34 g/cm 3) 
c ~2 variance of the model predictions for 5, and 0 

or psi ellipsometer parameter, amplitude ratio of p and s 
electric field components after reflection (tan 0), 
relative to the incident (deg.) 
calculated value of ~ for bulk deposit 
calculated value of ~ corresponding to O~.i 
measured value of $ for the UPD at the ith cover- 
age; the ith data point 

~M measured value of psi for bulk deposit (deg.) 
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Band-Edge Shift and Surface Charges at Illuminated 
n-GaAs/Aqueous Electrolyte Junctions 

Surface-State Analysis and Simulation of Their Occupation Rate 

P. AIIongue and H. Cachet 
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ABSTRACT 

Mott-Schottky plots for n-GaAs/aqueous electrolyte junctions under  various il luminations show that the semicon- 
ductor bandedges are shifted with respect to their position in the dark, the magnitude of the shift increasing with in- 
creasing light intensity. Correlatively, tl~e surface-state capacitance Cs~(V) presents a sharp peak; its height increases 
with illumination. A model for the electron occupation rate of a surface-state distribution is described in order to inter- 
pret these experimental facts. It is shown that such a kinetic model explains only impedance C~(V) results; chemical 
modifications at the surface have to be invoked to account for the flatband-potential shift at the illuminated electrode. 
The surface-state capture cross sections are pulled from impedance analysis through the relaxation time R~ �9 C~ = %~. 

In  several papers, it has been reported that in semicon- 
ductor liquid junctions,  bandedges are shifted under  illu- 
mination (1-4). For n-type (p-type) semiconductors, the 
shift is positive (negative) of the flatband potential VFB in 
the dark; in our case, this shift is experimental ly evi- 
denced by impedance measurements under  illumination. 
In a recent model for the photoresponse of the n-GaAs/ 
~Se~--/Se2 ~-) junction, we accounted for this shift by tak- 
ing a pseudo flatband potential V~B* as the reference for 
the  band bending Vb = V - V~B*, where V is the external 
applied voltage (3). We pointed out that impedance mea- 
surements under  i l lumination are absolutely necessary to 
avoid wrong interpretations and reach the real charge- 
transfer kinetics. A surface-state capacitance distribution 
on n-GaAs was experimentally determined and surface 
charges were invoked to interpret the band-edge shift. 

In this paper, we intend to specify by using impedance 
measurements the fundamental  role played by the sur- 
face states. Experimental  results show an increase in the 
flatband-potential shift and the peak in surface-state ca- 
pacitance Css(V), when light intensity increases. A ques- 
tion arises: are these evidenced states responsible for the 
band-edge shift? In  order to answer this question, we 
present a kinetic model for the filling process of the sur- 
face states. It is similar to the model presented by Kelly 
and Memming, who developed their model to explain the 
large delay of the photocurrent onset potential with re- 
spect to the flatband potential in the dark, at p-GaAs 
electrodes (1). They performed extensive simulations. A 
similar model was also developed for metal-GaAs 
Schottky barriers, to  reach the real surface-state distribu- 
tion from capacitance measurements in the dark (5). And 
Chazalviel described the impedance and current behav- 
iors of n-Si]acetonitrile junct ions by using a very simple 
model  which assumed that the only current pathway was 
a surface-state distribution over the whole gap (6). 

In  our model, the surface states may exchange charges 
with their three surrounding charge reservoirs, which are 
the conduction and valence bands of the semiconductor 
and the solution. We do not perform simulations. This 

work is based upon experimental data such as surface- 
state capacitance C~(V), surface-charge relaxation time 
%s(V), Mott-Schottky plots, and I-V characteristics. The 
adjustable parameters are found to be very few, com- 
pared to the number  of conditions to be satisfied. The 
aim is to use our theoretical model, for the occupation 
rate of the surface-state distribution, to fit the calculated 
Css(V) and %s(V) curves to the experimental ones for 
various light intensities. It is shown that a narrow, con- 
stant surface-state distribution is sufficient to explain 
our results and that the surface-charge variation associa- 
ted with this distribution cannot account for the differ- 
ence between the Mott-Schottky plots in t h e  dark and 
these under  illumination. The distribution always emp- 
ties, more or less even in the dark. The way the distribu- 
tion empties is photon-flux dependent  through the mi- 
nority carrier (hole) surface concentration. Finally, the 
flatband-potential shift with i l lumination is discussed in 
terms of chemical modifications at the surface. 

Experimental 
Undoped n-type (2.3 • 10 TM cm-3, <lO0> orientation) 

GaAs single crystals are purchased from MCP Limited. 
After polishing, semiconductor electrodes are etched with 
H~SO4:H~O2:H~O, 2:1:1 mixture. All measurements are 
made in a classical three-electrode electrochemical cell. 
All potentials are referred to a saturated calomel refer- 
ence (SCE). Selenide electrolytes 1M KOH § 1M 
Se 2-/Se~ 2- are prepared by electrochemical reduction of se- 
lenium on a mercury cathode (7). A 100W quartz halogen 
lamp is used for illumination, and light intensity is 
changed with neutral filters and measured with a 
MACAM TR 3010 radiometer. Stationary I-V curves and 
impedance measurements are performed under  potentio- 
static conditions. At each potential, impedance Z(~, V) is 
determined in the frequency range of 1 Hz-250 kHz by 
using a 1174 Solartron connected to a data management  
system. Every Z(oJ, V) diagram is analyzed by means of a 
nonlinear least squares method, in accordance with the 
classical electrical equivalent circuit (Fig. la). We want {0 
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Fig. 1. (a) Electrical equivalent circuit of a semiconductor-electrolyte 

junction used in Ref. (3). C~ is the space-charge capacitance in the semi- 
conductor, CH the Helmholtz capacitance, R~ and R~ the farodic and 
series resistances. The series R~C~ circuit accounts for a charge relaxa- 
tion in surface states. At some potential, a second Rs~C~ circuit is neces- 
sary to fit our impedance spectra. (b) and (c) Impedance spectra of the 
n-GaAs/selenide junction under 22 mW/cm 2 illumination at different po- 
tentials (electrode area = 0 .34 cm2). ( �9 experimental data. ( - - - )  cal- 
cu lated spectrum according to the scheme in (a). The ca lcu lated (+)  and 
expe6mental ( 0 )  points correspond ta the same frequency indexation. 
(b) V = - 0.60 V/SCE; C~ = 15.1 nF; Rf = 7020 ~;  R~s = 664 ~;  C~ = 
4.2 nF; R~ = 5.7,0,; C ,  = 1/~F. (c) V = - 1.575 V/SCE; C~ = 36.2 nF;R~ 
= 176~;R~ = 106~ ;C~  = 181 nF;R'~ = 211 ~ ; C ' ~  = 1800 nF;R~ = 
7.9 ~;  CH = 1 /~F. 

emphasize that each component  of this scheme is not 
frequency-dependent.  Because the series resistance is R~ 

2 ~cm 2, the IR drop is negligible (I < 10 mA/cmU and 
cannot account for the flatband-potential shift. It is 
worth pointing out that to obtain a good fit of the imped- 
ance diagrams at some potentials, several time constants, 
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R~,C~, have to be considered. This indicates that a 
surface-state distribution exists in the bandgap, as is fur- 
ther confirmed by calculations. However, to limit the 
number  of parameters in impedance analysis, we take 
only two time constants, R~C~. This is found to be 
sufficient in most cases. In the following, the surface- 
state capacitance C,~(V) at a given potential is defined as 
the sum of the two elementary C~ to account for the 
whole surface-charge variation (8, 9). In the same way, a 
mean relaxation time ~,s(V) is defined as the weighted 
mean of the two t ime constants ~ = R~C~, with respect to 
their associated Css. It appears that the slower r,, always 
corresponds to the greater C~ and then refers to the main 
surface-charge variation. 

Finally, CH has to be estimated. Because this is not pos- 
sible using the impedance analysis alone, we use an indi- 
rect method. It appears, judging by the equivalent 
scheme (Fig. la), that when C~ <<  C~, the fixed value of 
C~ does not influence the analysis (CH > >  C J ,  and that 
when C,~ >> C~ (see Fig. 4), the series combination of CH 
and C~ is measured. Hence, in the latter case, at a given 
potential,  a value of C,~ (or C~s + C'~) corresponds to a 
fixed CH. Consequently, the C~(V) curve is CH-dependent; 
the C~-2(V) is not. Knowing all the capacitances of the cir- 
cuit, the actual band bending Vb(V) can be calculated at 
any bias (10). Introducing it into our model for the 
photoresponse (3), we compare the experimental  and the- 
oretical I-V characteristics, especially in the photocur- 
rent-rise region. In fact, the band bending variations 
deeply influence the calculated slope of the I-V curve at 
these potentials. The best fits lead to C, = 2.8/~F/cm 2 in 
the case of the n-GaAs/selenide junction. It is noted also 
that C.  represents the series combination of Helmholtz 
and oxide capacitances if there is an oxide layer. 

Results 
In the following, the presented results are those of the 

n-GaAs/selenide junction. However, these results seem to 
be characteristic of n-GaAs/aqueous electrolyte interfaces 
because the same behavior has been found for n-GaAs 
dipped in 1M KOH, 1M KOH + 1M S2-/Sn 2-, and 0.1M 
Fe 2§ (citrate) buffered at pH = 9.4 Figure lb and lc show 
two impedance diagrams of the junction in two extreme 
cases (these are Nyquist plots with the convention of elec- 
trochemistry). In the photocurrent plateau region, the 
only required (R~, C~) circuit indicates small (C~s < Cs~) 
surface charge variations. The diagram is almost a semi- 
circular loop (Fig. lb). However, a second loop appears if 
the contribution of the surface states is important (Fig. 
lc). Here, two time constants are required and Css + C'ss 
>>  C~c. The latter happens in the photocurrent-rise re- 
gion. Figure 2 illustrates the I-V characteristics of the 
junction and their corresponding Mott-Schottky plots un- 
der various illuminations. These latter curves are almost 
straight and parallel over more than 1V and are shifted to- 
ward more positive potentials as light intensity is in- 
creased. In the dark, V~ = -2.06 V/SCE. In the potential 
region corresponding to the photocurrent existence (V > 
-1.55 V/SCE), the band bending can be defined with re- 
spect to a pseudo flatband potential VrB*. It is the inter- 
cept of the Csc-2 _ V straight line with the potential axis. 
For potential near V~*, all the curves seem to tend to- 
ward the "dark" curve. Figure 3 illustrates the shift hVr~ 
= VFB* -- V~ of the flatband potential as a function of the 
saturation current density. It appears that this shift pres- 
ents an asymptotic value of ~0.370V for strong 
illumination. 

It is tempting to connect the above result to the change 
in the surface charge revealed by the surface-state capaci- 
tance C~(V) curves under illumination. Figure 4 presents 
the "slow" and the "fast" C~, associated with a long and a 
short relaxation time constant, respectively (Fig. 5). As 
stated above, two time constants are required to fit the 
impedance spectra for potentials close to -1.6 V/SCE. 
This corresponds to the sharp peak region of the "slow" 
C,~ and indicates a great surface-charge variation for these 
potentials. For polarizations cathodic of -1.7 V/SCE, the 
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Fig. 2. (top) I-V curves of the n-GaAs/selenide junction under (a) 1.5 
mW/cm ~, (b) 9 mW/cm ~, (c) 22 mW/cm 2, and (d) 50 mW/cm 2 illumina- 
tion. (@) experimental data and ( ) theoretical curve according to 
the model in Ref. (3) completed with the present model. Parameter/= are: 

= 26,000 cm-~;L = 0.2 p,m;r = 1.45 x 10-~~ = 2.3 x 10 TM 

cm-'~; VF~ = - 2 . 0 6  V/SCE; V~,do~ = - 0 . 9 6  V/SCE; X = 1 eV. The 
surface-state distribution characteristics are those of Fig. 11 at a given 
light intensity. (bottom) Mott-Schottky plots (a), (b), (c), and (d) corre- 
spond to the I-V curves (a), (b), (c), and (d), respectively. In the dark, VF~ 
= - 2 . 0 6  V/SCE. 

high electron current associated with H~ evolution might 
be responsible for the Cs~ rise. Because measurements in 
this region are difficult, they are not yet interpreted, and, 
in the following, the main point we discuss is the peak 
which is reproducible. For anodic potentials, it is not pos- 
sible to distinguish two time constants because their asso- 
ciated C~ are very small compared to Csc (the space- 
charge capacitance) and their determinations become less 
accurate. That is why we have only evidence of the "fast" 
C~.~. Figure 6 shows the evolution under various illumina- 
tions of the C~(V) curves, as defined in the experimental 
section. This recalls the admittance peak recently ob- 
served at n-GaAs and n-GaP electrodes (11). The peak 
height increases with light intensity, but it does not exist 
anymore in the dark. Its location remains almost constant 
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Fig. 3. Variations of •Vrn  = V*FB -- VFB vs. saturation current density 
of an n-GaAs/selenide junction. Light intensity varies from 1.5 to 76 

for the illumination range we use. However, the mean re- 
laxation time rss(V) remains almost independent of the 
photon flux: it always presents the same abrupt varia- 
tions around -1.6 V/SCE in correspondence with t h e  
Css(V) peak (Fig. 7). Finally, Fig. 8 shows the polarization 
resistance of the photocurrent characteristics Rp vs. the 
applied voltage. Rp becomes smaller when illumination is 
increased at a given potential. 

M o d e l  
In a previous paper, we dealt with the direct charge- 

transfer kinetics between the valence band and the 
occupied states in solution. A model was presented for 
the photoresponse of the junction, thanks to the Marcus- 
Gerischer theory (3). In this section, we intend to explain 
the increasing peak in Css(V) and its associated band-edge 
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Fig. 4. Surface-state capacitances C~ of an n-GaAs/selenide junction 
vs. applied voltage. (a) "slow" and (b) "fast" capacitances under 22 
mW/cm 2 illumination. 
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shift AV~, with increasing light intensity. The contribution 
in the flatband-potential shift hV~B of the surface states 
giving rise to a C,~(V) will be discussed in the following. In 
the case of a single surface state, aVe, and C~(V) are 
defined by 

AVis = qN~/~ f/CH [1] 

C~(V) = -qN~d f /dVb  [2] 

where Vb is the band bending of the semiconductor, f the 
electron occupancy of the single surface state with a den- 
sity N~, and hf  the total variation o f f  with potential. 

The occupancy f depends on charge exchanges be- 
tween the surface state, the valence (VB) and the conduc- 
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Fig. 6. Surface-state capacitance Css (V) curves of an n-GaAs/selenide 
junction, under (a) 50 mW/cm 2 illumination, (b) 22 mW/cm 2, (c) 9 
mW/cm 2, (d) 1.S mW/cm 2, and (e) in the dark. 
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Fig. 7. Mean relaxation time %~ (V) curve of an n-GaAs/selenide junc- 
tion under 22 mW/cm ~ illumination. (O)  experimental data according to 
the definition given in the experimental section. ( ) theoretical %~ 
(V) according to the model. Parameters ore V ~  = - 2 . 0 6  V/SCE, CH = 
2.8/.eF/cm 2, and V~e ~ = - 1.79 V/SCE. The surface-state distribution 
extends between Ec - 0.2 eV and Ec - 0.4 eV with a constant density 
N ~  = 1.05 x 10 TM cm -2 e V - ' .  o'~ = 3.10 - '7  cm 2. o-p = 4.10 -16 cm 2. o-s 
= 1 0 - ~  cm 2. 

tion (CB) bands, and charges on the redox species in solu- 
tion. For CB and VB exchanges, the Schockley-Read-Hall 
statistics hold. The conduction (valence) band exchange 
rate Rc(Rv) expresses 

Re = kcn~Nss(1 - J 9  - k~n~NsJ [3] 

Rv = kvpsN~f  - kvP,N~(1 - y ~  [4] 

and a similar equation can be written for the caPture rate 
Rs of a hole, trapped in the surface state, by a reduced 
species in solution 

R~ = ksCredNss(1 - J ~  - k~ - ' coxNJ  [5] 

where the k's are constants as defined in Fig. 9, n~ and p~ 
are the electron and hole surface concentrations, and 
cred(Cox) are the reduced (oxidized) species concentrations. 
n, and p, are given by 

Es~ - Ec 
n, = Nc exp 

k T  

Ev - E~ 
Pi = Nv exp k T  

where E~ is the energy level of the surface state. The cap- 
ture of an electron by an oxidized species is very unlikely 
in our case because of coulombic repulsion, the oxidized 
species being Se~ 2-. Thus, in Eq. [5], the second term is 
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Fig. 8. Polarization resistance Rp vs. potential under various illumina- 
tions of an n-GaAs/selenide junction. (a) 1.5 mW/cm 2, (b) 9 mW/cm 2, (c) 
22 mW/cm 2, and (d) 50 mW/cm ~. 

neglected, dfldt is given by 

df 
- R~ - Rv + R~ [6] 

dt 

From stationary conditions, dfldt = 0, one gets f and its 
derivative df/dVb 

f = k~c~d + kcns + kvPl [7] 
k~c~ + k~(ns + n,) + kv(P~ + P~) 

d f  = -kvf(dpJdVb) + kc(1 - f) (dnJdVb) [8] 
dVb kc(n~ + nl) + kv(P~ + Pl) + ksc~d 

p~(V) and n~(V) are provided by I-V analysis, as pre- 

c,, qv: - 

E 

~kv T ERed~ 

F Doec 

Fig. 9. Energy diagram of an n4ype semiconductor/electrolyte inter- 
face and the various types of charge exchange mechanisms between a 
single state atE~ with the conduction band (kc), the valence band (kv), 
and the solution (ks). The density of the only occupied state in solution is 
represented for clarification. 

I sented elsewhere (3). On the other hand, k~ is supposed to 
follow the Marcus-Gerischer law 

k~ = ~v(kT/~k)  ~'2 exp [ -  (E~ - Er~d)2/4kkT] [9] 

where v is the thermal velocity for holes, and e~ is the cap- 
ture cross section of a hole trapped in the surface state by 
a reduced species. ~r~ will be estimated later. Note that 
k~c~d remains constant with potential only if the band- 
edges of the semiconductor are fixed: otherwise the over- 
lap E~s- Ered varies with potential. This possibility is ac- 
counted for in the following. Equation [6] allows defn ing  
a relaxation time r~ for f 

%~(V) = [kJns + n,) + ksC~d + kv(p~ + p,)]-' [10] 

Equations [7], [8], and [10] show that f, df/dVb, and v~ are 
(i) functions of the state localization through p~ and n~, (ii) 
functions of the applied potential through n~ and p ,  and 
(iii) functions of light intensity through p,. 

Knowing kv = ~pV and k~ = ~ v  (v = 1.7 • 107 cm/s is the 
thermal velocity for holes and electrons), it is possible to 
estimate ~,, ~,, the capture cross sections for holes and 
electrons, and cry, from the measured relaxation time 
r~(V). For small band bending, CB exchanges are predom- 
inant  and v~ gives information about ~,. However, at 
larger band bending, n~ << p~ under i l lumination and k~p~ 
dominates in Eq. (10). 

As a preliminary remark, assuming that i l luminat ion is 
not responsible for the surface state, it is obvious that if 
ksCred > >  both k~n~ and kvP~, f remains equal to 1 at any 
bias (Eq. [7]). For such states, C~(V) = 0. This is the case if 
E~ is taken close to E~, the top of the valence band at the 
surface, because of a better overlap with the occupied 
states in solution. However, if E~ is close to Ec, the bottom 
of the conduction band at the surface, the occupation rate 
f follows a kind of Fermi statistics; consequently, the sur- 
face state empties for sufficiently large bias, leading to a 
flatband-potential shift AVss independent  of light inten- 
sity. Finally, if under  i l lumination k~c~d is of the order of 
magnitude of kvp~, our results can be explained. For large 
enough band bending, f decreases with light intensity be- 
cause p, becomes larger; Af and the associated band-edge 
shift hV~s increase. Equation [8] shows that C,,(V) depends 
on dpJdVb and dnJdVb. By the hole-transfer current ex- 
pression, One gets (3) 

dpJdVb = (dpJdV) (dWdVb) = (1/Rp p) (ps~176 ~ (dV/dVb) 
[ i i ]  

with dV/dVb given by Eq. [10] 

dVIdVb = (CH + C~ + Css)/C~ [12] 

R, p is the polarization resistance associated with the only 
photocurrent; ,To* and p~~ are defined in Ref. (3). In  Eq. 
[12], C~ can be neglected (C~ <<  C,). Using n~ = N, exp 
( - q V J k T ) ,  its differential, and combining Eq. [8]-[10], [12], 
and [2], C,s(V) reads 

[kvf(dp]dlO - ko(1 - f~ (dnJdVb)] 
Css = q N s ~  1 - qN,srsskvf(dpJdVb)/CH [13] 

As a first approximation when C~s <<  CH, dV/dVb = 1 
and Css(V) reduces to the numerator  of Eq. [13], and it 
can be seen that Css(V) is strongly correlated to 1/Rp'. 
Note that if the electron current  may be neglected, Rp p = 
Rp, the polarization resistance of the junct ion.  Moreover, 
if the band bending is sufficient, dnJdVb << d p J d V  and 
C~s(V) is proportional to Rp-' .  This fact partly explains 
the shape of the Cs~(lz) curves and their evolution with 
light intensi ty because it is well known that Rp decreases 
with increasing photon flux (Fig. 8). When C~s and CH 
have the same order of magnitude,  the correlation Rp-' 
- Cs~ is less evident. The denominator  tends approxi- 
mately to enhance the peak of C~s for given parameters .  

As a first conclusion from this model, it appears that 
the behavior of a single surface state, for given capture 
cross sections, depends on its location in the gap. This 
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also shows that only one relation t ime T~s at any bias cor- 
responds to a single state. 

If  a surface-state distr ibution is considered, Eq. [1-5] 
have to be integrated vs. E~, Eq. [6-10] describing the be- 
havior of an e lementary state located at Es~ with a den- 
sity N~(E~)dEs~. Each elementary state gives rise to an el- 
ementary surface-state capacitance dC~(V, E~) that has 
to be integrated to get the whole capacitance C~s(V) asso- 
ciated with the Whole distr ibution (8, 9). Moreover, at a 
given potential, it becomes obvious that each elemen- 
tary state has its own t ime constant r~s(V, E~). This 
shows that in such a case, several t ime constants, R~sC~ 
have to be found by impedance  measurements .  As 
stated in the exper imental  section, the calculated Ts~(V) 
is defined as the weighted mean of e lementary r~s(V, E~), 
with respect  to their  associated dC~(V, E~). 

Discussion 
Surface-state capacitance C~(V) results allow us to cal- 

culate the effective band bending of the semiconductor at 
any potential, for a given CH. It appears that the Cs~(V) 
data only cover the region Ec - 0.1 eV to E~ - 1.3 eV and 
that the surface-charge variation associated with the 
Cs~(V) peak is too small to yield a band-edge shift hV~s of 
the order of hVrB, hV~ being calculated by means of Eq. 
[12]. 

Analysis of the I-V characteristics gives ps(V) (3). Then 
we calculate C~s(V), ~(V), and f(V), thanks to our model, 
and we compare them to the experimental  data. The only 
adjustable parameters are ko, kv, and ~r~; all the others are 
determined through experiments.  These three simultane- 
ous constraints allow one to obtain reasonable values for 
the k constants and (r~. In the case of a single surface 
state, calculations, show that o-~ has a greater effect upon 
hf than upon C~; the opposite is true for k~ and kv. At 
first, relative values of ko, kv, and ks are obtained by 
fitting C~(V) and AV~. Then, to obtain their final values, 
it is sufficient to adjust r~s(V) by multiplying the three pa- 
rameters by the same factor (Eq. [10]). By doing this, f(V) 
and C~(V) are not changed (Eq. [7] and [13]). The follow- 
ing discussion is based upon results concerning the 
n-GaAs/selenide junction, but the same model  would ap- 
ply to other experimental  results with different aqueous 
electrolytes. 

Single surface-state hypothesis.--Simulations based on 
such a simple hypothesis show that it is possible to fit 
our experimental  results, but without obvious physical 
significance. If we try to obtain the best agreement for 
each illumination, it appears that, with increasing light in- 
tensity, (i) the state moves up in the gap from E~ - 0.3 to 
E~ - 0.15 eV, (ii) the state empties completely for even 
large c~(10 -'4 cm-2), and (iii) the density N~ increases 
from 7.10 'o to 2.6 x 10 '2 cm -2, whereas the capture cross 
sections (r~, ~r,, ~ remain unchanged (~5 x 10 -'7 cm2). 

However, these simulations are interesting evidence of 
the influence of some parameters. It is confirmed that 
for given cross sections, a state empties less and less as it 
goes down in the gap, and correlatively, the Cs~(V) peak 
vanishes (Fig. 10a). Moreover, the relaxation time r~ de- 
pends on the electron occupancy. The unusual experi- 
mental peak in T~ VS. V (Fig. 10b) can be explained as fol- 
lows. For potentials cathodic of -1.60 V/SCE, T~ increases 
with the applied potential because of decreasing ns = N, 
exp - qVJkT (n~ >> p~ in Eq. [10] in such a case). Under 
illumination, p~ and n~ have the same order of magnitude 
as soon as V = -1.60 V/SCE, and then ps >>  n~ for more 
positive potentials. Consequently v~ begins to decrease if 
V > -1.60 V/SCE (Eq. [10]). Figure 10b also shows that Ts~ 
is much smaller when f remains constant than when f un- 
dergoes variations. A factor of ~50 exists between the two 
situations. The latter point means physically that the 
smaller the surface-charge variation, the shorter the rear- 
rangement. If the state is sufficiently high in the 
bandgap, it is empty (f = 0) at equilibrium. So, even in the 
dark, when the band bending becomes small enough, the 
state is fully or part ly occupied by electrons. This could 
explain the slight deviation of the Mott-Schottky plot in 
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Fig. 10. (A) Evolution of the calculated Css (V) curve associated with a 

single surface state, when E~ moves down in the gap: AE = E~ - E~s = 
0.3 eV (a), 0.4 eV (b), and 0.5 eV (c). In the insert, the corresponding Af 
is figured (Af is the maximum variation off  for a large potential excur- 
sion). (B) Calculated rss (V) and f (V) associated with the curve (a) of (A). 

the dark for cathodic potentials (Fig. 2b, curve e). Thus, in 
that case, the shift AV~B between illumination and dark 
conditions cannot be accounted for, even partially, by 
such a mechanism. On the other hand, if the surface state 
is close to the valence band, it never empties except  for ~ 
= 0. Only in this case could hVF~ be explained. 

Case of a surface-state distribution.--It seems that a 
single state is too simple an assumption to account for all 
our capacitance results and, particularly, the light inten- 
sity dependence of the peak height. A better description 
is possible if a surface-state distribution is considered. In 
this case, each elementary state [density Nss(Es~)dEss, en- 
ergy EsJ of the distribution behaves as a single state, with 
the same density and energy. This behavior has been dis- 
cussed above. The increase of Nss with light intensity is 
physically understood as a surface-state distribution 
which empties more and more. When the photon flux be- 
comes larger, states located higher in the gap empty 
earlier. This simply means that for a given surface hole 
concentration p~, the required band bending is smaller for 
a greater light intensity. In this way we explain the in- 
crease in the area of the peak in Css capacitance, which 
represents the associated surface-charge variation. In the 
same way, the sharp increase of the surface hole concen- 
tration, for potentials close to -1.6 V/SCE, promotes a 
strong surface-charge variation responsible for the peak 
existence. Moreover, the greater the illumination, the 
greater dpJdVb and, correlatively, the peak height in- 
creases. In the dark, these states also empty for large 
enough band bending. However, the much slower varia- 
tion of p~ in such conditions does not allow observing a 
peak (Fig. 6). At last, although the peak moves in the 
bandgap, it remains at almost the same potential in the 
SCE scale because of the band-edge shift. 

The peak magnitude accounts then for the way the 
surface-state distribution loses its negative charges or 
traps holes. It does not account for the flatband-potential 
shift hVF~ under illumination as it wodld have been  ex- 
pected to. As a final remark about these simulations, it is 
worth noting that the solution is not unique. Quite differ- 
ent constant surface-state distributions (N~s density, bE 
width) may give the same result for a given illumination, 
provided o's is changed. However, the simulations we 
present are performed for a distribution with a constant 
density N~s = 1.05 x 10 '3 cm -~ eV- '  which extends be- 
tween Ec - 0.2 eV and Er - 0.4 eV. This distribution is 
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found to be one of the best choices for keeping ~n, ~p, and 
(r~ almost constant when illumination is changed (Fig. 11). 
Values of ~3.10 -~6 cm and 5.10-" cm 2 are found for ~, and 
~ ,  while ~ can take values in the range of 10 -1~ to 10 -~ 
cm 2 (Fig. 7 and 11). Such values lead to negligible cur- 
rents through this state distribution. The deviation of the 
theoretical %~(V) curve from the experimetal  one for 
anodic potentials may come from a rough C~ determina- 
tion in this region (Fig. 7). C~ is very small compared to 
C~ for potential V > -1.3 V/SCE (C~ < 0.1 C~). 

Flatband potential shift.--As a consequence of our 
model, it appears that the band-edge shift under illumina- 
tion cannot be accounted for by the mechanism we dis- 
cussed above. This shift has to be related to other mecha- 
nisms, such as chemical surface reactions involving 
surface intermediates. It is the case for the dependence of 
the flatband potential on pH (12, 13) and on redox con- 
centration (14, 15). Surface modification may also be the 
result of oxide or hydroxide intermediate formation (2), 
such as As.20:~ on n-GaAs (16, 17). If  we consider a surface 
reaction involving surface agent and holes, our experi- 
mental result concerning AV~B might be explained. In the 
dark, this chemical equilibrium presents stationary condi- 
tions which are fixed by the small surface hole concen- 
tration. As soon as the electrode is illuminated, the large 
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Fig. 11. Calculated C~s (V) curves under various illuminations. The 
surface-state distribution has a density Ns~ = 1 .05 • 1013 cm -2 eV  -1 
between Ec - 0 .2  eV  and Ec - 0 . 4  eV.  ~s = 10 -1~ cm 2. (a) 1.5 mW/cm2; 
~ .  = 1.5 10 -1~ cm2; ~p = 3 . 1 0  -1~ cm 2. (b) 9 mW/cm'~; ~ = 6 . 1 0  -17 
cm~; ~p = 3 . 1 0  -16 cm 2. (c) 2 2  mW/cm2; ~ .  = 3 . 1 0  -17 cm2; c~p = 4. ! 0 -1~ 
cm 2. (d) 50  mW/cm~; cr~ = 3 . 1 0  -17 cm~; o'p = 3 . 1 0  -16 cm 2. 

amount  of photogenerated holes disturbs this "equilib- 
rium," leading to new stationary conditions. One can im- 
agine, for example, a transient modification of the sur- 
face at the very t ime when the electrode is illuminated. At 
the same time, electrical charges may be transferred from 
the surface to solution or be trapped at the surface, lead- 
ing to a light dependent  change of the Helmholtz poten- 
tial drop. In fact, there exists a non-negligible time con- 
stant (a few seconds) for obtaining a stationary 
photocurrent  when illumination is put on. The variations 
of AVFB with t he  photon flux show that this modification 
becomes effective for low light intensities ( -  1-2 mW/cm2). 
Because the band-edge shift is positive, the surface- 
charge variation must  be positive. For example, the sur- 
face may gain holes. Furthermore, as mentioned earlier 
(3), this shift is reversible. This means that the flatband 
potential returns to its initial value in the dark, when light 
is cut off. This fact indicates that the surface reaction is 
reversible and that in situ experiments have to be per- 
formed to identify these surface modifications. Note that 
a shift of 5VF~ = 0.20V is promoted by only trapping 3.5 • 
10 TM cm -2 charges at the surface (CH = 2.8 ~F/cm2). This 
means that one surface atom out of about three hundred 
is involved in such a mechanism. We know that the 
n-GaAs/selenide PEC cell is almost completely stabilized 
(18), but it is not unreasonable to think that the shift AVFB 
is linked to steps of the photocorrosion process as it was 
described by Tsubomura et al. (2). Similar results exist in 
various aqueous electrolytes, especially in 1M KOH (19). 

C o n c l u s i o n  

From simultaneous I-V and impedance experiments 
upon n-GaAs/aqueous electrolyte junctions, we proposed 
a model  for mechanisms that take place at the interface. 
Particularly, impedance measurements showed that two 
types of surface states have to be considered (i) slow sur- 
face states which promote surface-charge variations inde- 
pendent  of the potential and due to chemical transforma- 
tions of the surface because of photogenerated-holes.  
These states are responsible for the flatband-potential 
shift hVr,~. (ii) fast surface states which exchange charges 
with the semiconductor bands and the solution. These 
charge variations account for the differential capacitance 
Css(V) and modify the potential distribution through the 
junction in the photocurrent  rise region. 

According to our analysis, the band-edge shift under il- 
lumination cannot be induced by surface-charge varia- 
tions of the second type. This result differs from the one 
of Kelly and Memming, who attributed the whole shift to 
the charge variation in a single state close to the midgap 
region. We believe that the strong variation of the surface 
charge with potential, according to the mechanism they 
considered, would completely block the band bending for 
potential close to -1.6 V/SCE. In that case, a plateau in 
the photocurrent  rise would appear. This is not experi- 
mentally observed. Finally, the surface-state distribution 
we find reinforces the assumption of a direct hole- 
transfer current to solution via the valence band, as it was 
assumed by others (20). It appears that the working condi- 
tions of the illuminated junction are the consequences of 
one or several surface modification processes via holes. 
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Electrochemical Investigation of Hydrogen Storage in Metal 
Hydrides 

C. M. Luedecke, G. Deublein, and R. A. Huggins 

Department of Materials Science and Engineering, Stanford University, Stanford, California 94305 

ABSTRACT 

A new technique has been developed to study and control hydrogen storage in solid metal hydrides. The formation 
of metal hydrides and their thermodynamic and kinetic properties have been investigated by electrochemical methods 
employing a low temperature molten salt galvanic cell of the type 

(-)  Na/Na§ - in NaA1EtJmetal alloy (hydride) (+) 

The choice of the electrolyte is of great importance in this method. Besides having to be thermodynamically stable when 
in contact with the electrodes, i t  must  conduct charge by transport of hydrogen containing species. For this purpose, the 
low temperature organometallic salt NaA1Et4 (melting point 128~ has been synthesized. It is saturated with Nail, the 
hydride ions of  which act as hydrogen transmitters. This electrolyte has the additional advantage that its oxygen activity 
is extremely low, so that no oxide layers form which could block hydrogen reaction with the alloy and thus reduce its 
apparent capacity. It even cleans the surface of oxide layers which may have been present initially. This technique al- 
lows easier investigation of metal hydrides than the conventional pressure-temperature experiments and, in addition, 
avoids the main problems involved in using aqueous solution electrolytes, i. e., the corrosion of the metal alloys and, es- 
pecially, the formation of oxide or hydroxide layers. With the aid of this cell, charge/discharge experiments have been 
carried out and hydrogen has been added to and deleted from the hydride forming metal alloy systems Mg-Ni, Mg-Cu, 
and Mg:A1 at :142 ~ and 170~ Equilibrium open-circuit voltage measurements provide information about the thermody- 
namic properties as a function of the overall composition of the electrode material. Thermodynamic data for the differ- 
ent metal hydride systems have been determined as a function of hydrogen content and interpreted in terms of the cor- 
responding ternary phase diagrams (Mg-Ni-H, Mg-Cu-H, and Mg-A1-H, respectively). The Gibbs free energies 
corresponding to the various reactions of hydrogen with the binary metal alloys measured in this way have been found 
to be in good agreement with data determined by conventional pressure-temperature experiments. For the Gibbs free 
energy of formation of MgH~, for instance, we find hGf = -4.8 kcaYmol at 142~ whereas the data reported in literature 
range from -4.2 to -5.0 kcaYmol. The results are also in accordance with a model in which these systems are treated as 
ternaries rather than as pseudo-binary reactions. Using this new approach, the relevant three-phase triangles and two- 
phase tie lines of the ternary phase diagrams can be calculated from the Gibbs formation energies of the phases present 
in these systems. The hydrogen capacities in these several metal alloy systems are also readily interpreted in terms of 
the phase boundaries of the corresponding three-phase equilibria. 

Hydrogen is being looked upon as an ideal energy car- 
rier: it is nonpolluting, light weight, relatively inexpens- 
ive, and readily available because it can be produced from 
water. However, there are a number  of problems to be 
solved, one of them being the storage of hydrogen. 

One approach to this is the use of solid metal hydrides, 
in which the density of hydrogen per unit  volume can be 
greater than in either liquid or gaseous hydrogen, even 
under  quite high pressures. Therefore, metal hydrides are 
often discussed as potentially useful hydrogen storage 
media (1-4). They are mostly intermetallic compounds 
which are generally thought to reversibly absorb hydro- 
gen at convenient temperatures and pressures according 
to a reaction of the type 

Me + x/2 H2 ~ MeHx 

Many investigations concerning the formation of metal 
hydrides have been done by absorption experiments in 
which hydrogen from the gas phase reacts with solid al- 
loys (1, 2, 5-7). Pressure and temperature are generally the 
controlling parameters. However, another possible way to 
investigate metal hydrides is by means of electrochemical 
methods. According to the Nernst equation, the hydrogen 
activity or pressure PH2 at the interface between the elec- 
trolyte and the solid hydride electrode can be controlled 
by the electrochemical potential if a suitable electrolyte 
and cell configuration can be found. Thus, control of the 
cell voltage E should cause the metal hydride to either ab- 
sorb or desorb hydrogen, 

hE = RT/zFA in PH2 

(R = gas constant, F = Faraday's constant). Therefore, 
where Me is the metal or alloy and MeH~ is its hydride, measurements can be done under  isothermal conditions 
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by applying an electrical potential, rather than changing 
the pressure and/or the temperature. 

There are several advantages the electrochemical tech- 
nique has over the traditional methods. First, as there is 
no temperature change necessary for adsorption or 
desorption, the hydrogen activity at the surface of the 
metal hydride can be changed very rapidly. Second, large 
variations in hydrogen activity can be attained by rela- 
tively small differences in the cell voltage so that the ef- 
fective pressure can be changed easily over several orders 
of magnitude, a feature that is not normally possible 
using the conventional pressure-temperature methods. 

However, in spite of these potential advantages, only a 
few electrochemical investigations of hydride systems 
have been done thus far (8-10). The reason for this seems 
to be that aqueous electrolytes have been used. These 
electrolytes poison the metal hydrides by forming oxide 
layers on the surface and give rise to a loss of capacity 
and poor cycling properties. This drawback can be 
avoided by using nonaqueous electrolytes. In this work, 
Nai l  dissolved in a low temperature molten salt is used as 
the electrolyte. The hydrogen transmitting species in this 
case are not H + ions, but H -  ions. 

In addition to this new experimental  method, we pro- 
pose a new theoretical approach to the interpretation of 
the formation of hydrides from binary metallic alloys, 
namely, treating them as ternary systems instead of as 
pseudobinary reactions, as is generally done in the litera- 
ture, and describing them by means of ternary thermody- 
namics and phase diagrams. The plateau voltages, or hy- 
drogen pressures, thus correspond to regimes of three- 
phase equilibria, and the widths of these regions corre- 
spond to the lengths of the plateaus and, therefore, the 
hydrogen capacity of different alloys. 

This experimental  method and theoretical approach 
have been applied to three systems: Mg-Ni-H, Mg-Cu-H, 
and' Mg-A1-H. They serve as models to simultaneously 
test the experimental  technique and theoretical interpre- 
tation. They are also possible reversible hydrogen storage 
materials themselves. 

Experiments 

The electrochemical investigations of the ternary Mg- 
based alloys were carried out using galvanic cells of the 
type 

( - )  Na]Na~H - in NaA1EtJmetal alloy (hydride) (+) 

The experiments were performed at 142 ~ and 170~ under 
high purity helium gas in a controlled atmosphere glove 
box. 

An important feature of this cell is the use of a hydride 
ion conducting nonaqueous electrolyte. The low tempera- 
ture organometallic salt NaA1Et4 was used as a solvent 
and saturated with Nail.  The NaA1Et4 was synthesized by 
direct reaction of A1Et3 with Na at 130~176 in a glove 
box. 

Elemental  sodium is stable in NaA1Et4 and can be used 
as the reference/counterelectrode (11). This solvent is also 
stable in the presence of up to 1 atm H2. Nail,  which has a 
dissociation voltage of 246 mV at 142~ (12), is soluble in 
it, and the hydride ions serve as hydrogen carriers. 

The sample to be hydrided was used as the working 
electrode. Several metal alloys were investigated: Mg2:35Ni 
(99.9 weight percent [w/o], Hy-Stor Alloy 301, Ergenics); 
Mg2.0sCu (99.6 w/o, Hy-Stor Alloy 302, Ergenics); and 
Mg-A1 alloys of the nominal concentrations Mg3A1, MgA1, 
and MgA14. The Mg-A1 alloys were prepared by melting 
the metals in the proper amounts in a small molybdenum 
bucket. The hydride forming alloys were crushed and 
ground to fine powder in a porcelain mortar and pestle. 
The powder was then cold pressed into thin pellets. 
These were held and electrically connected by means of 
ribbons of molybdenum which do not show any solubility 
for hydrogen (13, 14). This whole process was done in a 
high purity He atmosphere. 

This type of hydride electrode proved to be very suc- 
cessful. It provided a high surface area, and while ex- 
tensive studies of cycling behavior were not undertaken, 
such electrodes did not show any obvious degradation as 
a result of a number  of hydriding/dehydriding experi- 
ments. The thermodynamic results remained consistent 
during repeated cycling. 

The counter and reference electrodes consis ted of com- 
mercially pure Na. At the temperatures present, it was liq- 
uid and was therefore kept in a U-shaped quartz tube. 
The electrical contact to the Na was provided by a ribbon 
of molybdenum, which shows good compatibility with 
Na under these conditions. 

The electrochemical experiments involved passing con- 
stant currents of about 100 ~A through the cell. By this 
means, hydrogen was added to, as well as deleted from, 
the hydride forming alloys. Potentials, currents, and 
charges were measured and controlled by means of a po- 
tentiostat/galvanostat (PAR, Model 173) and a digital cou- 
lometer (PAR, Model 179). A multimeter and a chart re- 
corder helped with monitoring the data. 

Results 
With the galvanic cell described above, electrochemical 

measurements have been done on Mg~.3~Ni, lV[g2.osCu, and 
three Mg.A1 alloys of nominal concentrations Mg~A1, 
MgA1, and MgA14 at 142 ~ and 170~ According to the bi- 
nary phase diagrams (13-15), these alloys are mixtures of 
the phases Mg and Mg2Ni, Mg and Mg2Cu, Mg and MgsA14, 
Mg~A14 and Mg2A13, and Mg2A13 and A1, respectively. 

Because the potentials are measured with respect to the 
reference electrode, the EMF of which is determined by 
the Na]NaH equilibrium, the dissociation voltage of Nai l  
has to be taken into account to convert the cell voltage to 
the voltage vs.  1 atm H~. This is done using the tabulated 
data (12). 

As mentioned above, the starting alloys consist of two 
phases. By adding hydrogen, a three-phase equilibrium is 
established so that, according to the Gibbs phase rule, the 
hydriding reactions should give constant cell voltages. 
Only if a two-phase tie line is crossed and another triangle 
entered will the voltage change to a new fixed value. The 
electrical potentials which have been measured in three- 
phase equilibria are listed in Table I. They are given vs.  
Na/NaH and vs.  1 arm H~. The hydrogen activities and 
Gibbs free energies of the reactions calculated from these 
data are included in the table as well. The EMF spans 

Table I. Electrochemical data for various three-phase reactions in the ternary magnesium alloy hydride systems Mg-Ni-H, Mg-Cu-H, and Mg-AI-H, as 
measured at 142~ E = equilibrium open-circuit cell voltage; all2 = hydrogen activity = hydrogen pressure (atm); 

AG = Gibbs free energy of the corresponding reaction 

Three-phase E [mV] vs. E [mV] vs. 5G [kcaY 
System equilibrium Na]NaI-I 1 atm H.z a~ rnol H2] 

M g - N i - H  Mg~Ni-Mg-MgH2 140 107 2.4 • 10 _3 -4.9 
Mg2Ni-MgH.,-Mg.~NiH4 168 79 1.1 • 10-'-' -3.7 

M g - C u - H  Mg~Cu-Mg-MgH2 145 102 3.2 • 10 -a -4.7 
Mg2Cu-MgCu2-MgH~ 181 66 2.4 • 10 -2 -3.1 

Mg-A1-H MgsA14-Mg-MgH~ 142 105 2.7 • 10 -3 -4.8 
Mg.~AI~-Mg~A14-MgH2 166 81 1.1 x 10 -2 -3.7 
A1-Mg2A13-MgH2 180 67 2.3 x 10 -'2 -3.1 
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from about 140 to 181 mV vs. NaiNaH or from about 107 
to 67 mV vs. 1 atm H2. Accordingly, the hydrogen activity 
or pressure changed by about one order of magnitude, 
from 2.4 x 10 -3 to 2.3 x 10 -2. The lower values in all three 
cases correspond to the formation of MgH~, which these 
systems have in common. 

These data can be interpreted in terms of Gibbs trian- 
gles. Figures 1-3 show the isothermal sections of the cor- 
responding ternary phase diagrams valid for tempera- 
tures in the range 140 ~ to 170~ The initial compositions 
of the various alloys are marked by arrows, and the paths 
of overall concentrations during the addition or deletion 
of hydrogen are indicated by dotted lines. 

Whereas Mg2Ni forms a stable ternary hydride, namely, 
Mg2NiH4, the phase diagrams of the systems Mg-Cu-H 
and Mg-A1-H do not exhibit any ternary hydride com- 
pounds. Instead, these alloys react during the uptake of 
hydrogen to form MgH2 and an intermetallic compound 
less rich in Mg than the initial alloys. However, in all 
three systems, the addition of hydrogen to the magnesi- 
um-rich two-phase alloy causes MgH~ to be formed until  

1 / 2  H 2 

4' 

N i MsN i 2 Mg2N i M S 

Fig. I. Ternary phase diagram of Mg-Ni-H valid for the temperature 
range 140~176 The arrow shows the initial concentration of the al- 
loy, and the dotted line shows the concentration change during the hy- 
driding experiment. 

1/2 FI 2 

Cw MsCu 2 Mg~,Cu M~ 

Fig. 2. Ternary phase diagram of Mg-Cu-H valid for the temperature 
range 140 ~ 170~C. The arrow shows the initial concentration of the al- 
loy, and the dotted line shows the concentration change during the hy- 
driding experiment. 

i / 2  FI 2 

/i/J/ H2 
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Fig. 3. Ternary phase diagram of Mg-AI-H valid for the temperature 
range i 40~176 The arrows show the initial concentrations of the al- 
loys, and the dotted lines show the concentration changes during the hy- 
driding experiments. 

the boundary of the neighboring three-phase equilibrium 
is reached. 

For Mg2.35Ni and Mg2.08Cu, the voltages of the second 
plateaus neighboring the triangle in. which MgH2 is 
formed have been measured at both 142 ~ and 170~ The 
results are given in Table II, which also includes data 
from the literature (16-18) for comparison. It is seen that 
these values, as well as their small temperature depen- 
dence, are in good agreement. 

Discussion 
The reaction of hydrogen with binary alloys Mg-Ni, 

Mg-Cu, and Mg-A1 has been studied by use of electro- 
chemical techniques. The results of this approach will be 
compared to data (available in the literature) obtained by 
conventional pressure-temperature experiments. They 
will also be related to thermodynamic calculations based 
on the corresponding binary phase diagrams. 

As the ternary phase diagrams (Fig. 1-3) show, the 
magnesium-rich two-phase alloys of all three systems will 
first form MgH2 during hydrogenation. The plateau volt- 
age and Gibbs free energy change of these reactions cor- 
respond to the formation of MgHz from elemental Mg ac- 
cording to Mg + H2 ~ MgH~ [1]. The values obtained are 
-4.9, -4.7, and -4.8 kcaYmol, from measurements on the 
Mg-Ni-H, Mg-Cu-H, and Mg-A1-H systems, respectively, at 
140~ The differences between these values are well 
within experimental error. 

The literature contains a number  of values for the ther- 
modynamic parameters of this reaction, obtained from 
experiments performed by the use of conventional meth- 
ods. These are shown in Table III. It is seen that the 
enthalpy of formation is about -18 kcaYmol H2, and the 
entropy change is about -33 caYK mol H2 (corresponding 
to the disappearance of 1 mol of gas). The values of the 
Gibbs free energy of formation of MgH2 at 140~ range 
from -4.2 to -5.0 kcal/mol, with an average of -4.6 

Table II. Equilibrium potentials in the systems Mg-Ni-H and Mg-Cu-H at 
142 ~ and 170~ The voltages are given vs. the No/Nail reference 

electrode. They are compared to data reported in the literature (16-18) 

Three-phase equilibrium 
Mg2Ni-MgH2-Mg2NiH~ Mg~Cu-MgCu2-MgH2 
Measured Literature Measured Literature 

Temperature (mV) (mV) (mV) (mV) 

142~ 168 177 181 175 
170~ 165 171 176 172 



Vol. 132, No. 1 H Y D R O G E N  S T O R A G E  55 

Table III. Thermodynamic data for the formation of MgH2 obtained by 
the use of conventional methods (T = 142~ 

Table IV. Thermodynamic data for the formation of Mg~NiH4 
measured with conventional methods (T = 142~ 

AH [kcaYmol H~] AS [caYK mol H~] hG [kcal/mol H~] Ref. A/-/[kcaYmol H~] AS [caYK mol H2] AG [kcal/mol H~] Ref. 

- 18.7 -34.9 -4.2 19 
-16.7 -30.1 -4.2 20, 21 
-18.7 --  --  22 
-17.5 --  --  23 
- 1 8 . 4  - -  - -  24 
-18.6 -32.7 -5.0 12 
- 18.5 -33.0 -4.8 16 
- 18.7 -33.4 -4.8 18 
- 17.8 -32.3 -4.4 25 

kcal/mol. We see that the values obtained from the experi- 
ments reported here fall well inside this range. 

Discussion of the results of each of the three ternary 
systems follows. 

Mg-Ni-H.--Interpreting the hydrogenation of binary al- 
loys in terms of ternary phase diagrams makes possible 
calculating the thermodynamic data related to various 
ternary equilibria from data on the corresponding binary 
systems (13-15), in this case Mg-H, Mg-Ni, and Ni-H. Mg 
has a very small solubility for hydrogen [< 0.1 atom oer- 
cent (a/o)] and forms only one binary compound, MgH2, 
the Gibbs free energy of formation of which is about -4.6 
kcal/mol at 140~ (cf. Table III). Ni and Mg have a very 
small solubility for each other as well (< 0.1 a/o) and form 
two intermediate phases, MgNi.~ and Mg2Ni, both having 
narrow ranges of stoichiometry (13-15). Their Gibbs free 
energies of formation at 140~ are about -13 kcaYmol and 
-10 kcal/mol, respectively (12, 26). Ni has only negligible 
solubility for hydrogen ( -  10 -4 a/o) (13), and the binary 
compounds are either not confirmed (NiH4 and NiH2) or 
they decompose (NiH) (15). Mg, Ni, and H form only one 
ternary phase, Mg2NiH4. Its Gibbs free energy of forma- 
tion is -16.6 kcaYmol at 140~ (27). Calculations based on 
these data confirm the ternary phase diagram presented 
in Fig. 1. 

From the phase diagram in Fig. 1, we can see that hy- 
drogenation of an alloy with initial composition Mg~.~Ni 
causes MgH2 to form (the amount  of Mg will decrease) un- 
til the overall concentration crosses the MgH2-Mg2Ni tie 
line. Thereafter, the intermetallic compound Mg2NiH4 
begins to form, and the Mg2Ni gradually disappears. The 
equil ibrium voltage steps from one plateau to another. 
The first plateau represents the Mg-Mg2Ni-MgH2 triangle, 
which has the same thermodynamic properties as the 
equilibria along its edges. One of these is the Mg-MgH~ 
equilibrium, which can be related to the Gibbs free en- 
ergy of formation of MgH2 from Mg and H.2. The second 
plateau corresponds to the Mg2Ni-MgH2-Mg.2NiH4 triangle, 
whose thermodynamic properties correspond to the 
reaction 

Mg2Ni + 2H~ ~ Mg2NiH4 [2] 

because both Mg2Ni and Mg2NiH4 are at its corners. These 
two plateau voltages give the Gibbs free energies of the 
corresponding reactions to be -4.9 and -3.7 kcal/mol H2. 
These results are in good agreement with data gained by 
conventional methods mentioned earlier for Reaction [1], 
as well as those listed in Table IV for Reaction [2]. The ef- 
fect of temperature on the thermodynamic data of Reac- 
tion [2] is very small and is in accordance with the litera- 
ture as well, as is shown in Table II. 

Mg-Cu-H.--The thermodynamic parameters of this sys- 
tem have been determined from the data of the corre- 
sponding binary phase diagrams. 

Mg and Cu have a negligibly small solubility in each 
other. They form two intermetallic compounds, MgCu2 
and Mg~Cu; MgCu,., has compositional ranges of the order 
of 1 a/o, whereas Mg2Cu has a very narrow range of stoi- 
chiometry (13). Their Gibbs free energies of formation are 
either -8.2 and -6.3 kcaYmol (26) or -8.49 and -6.75 
kcal/mol (28). The solubility of hydrogen in Cu is less than 
10 -4 a/o, and no hydride phases are formed (13-15). 

-15.2 --  --  22 
-15.0 --  --  29 
- 15.0 -28.5 -3.2 17 
- 15.4 -29.2 -3.3 16 

From the information on the three binary systems and 
the assumption that no ternary phases exist (the literature 
does not indicate the existence of any, and it will be seen 
later that this assumption is confirmed by measure-  
ments), the ternary phase diagram has been determined. 
It is shown in Fig. 2. The phase diagram shows that dur- 
ing the hydrogenation of an alloy with initial composition 
Mg2.0sCu, two tie triangles are crossed by the overall com- 
position. The first one represents the formation of MgH.., 
according to Reaction [1]; the second one corresponds to 
the reaction of Mg2Cu with hydrogen according to 

2Mg2Cu + 3H2 ~ MgCu2 + 3MgH2 [3] 

The Gibbs free energies of these reactions have been 
found from the electrochemical experiments to be -4.7 
and -3.1 kcal/mol H2, respectively. 

These data are in very good agreement with data mea- 
sured by use of p-T methods, being -4.6 kcal/mol H2 in 
the first case, as mentioned earlier, and -3.3 kcal/mol H2 
(AH = -17.4 kcaYmol H2; AS = -34.0 kcal/mol H2) (18) for 
the second, respectively. The measured change of the 
Gibbs free energy of reaction [3] with temperature is 
again small, in accordance with the literature (Table II). 

For reaction [3], the thermodynamic data of the binary 
compounds available in the literature lead to -3.1 
kcal/mol H2 (26) and -3.9 kcaYmol H2 (28), which are also 
in good agreement with the experiments. 

Mg-Al-H.--The literature does not give precise enough 
data, for the Gibbs free energies of formation of the bi- 
nary Mg-A1 alloys, to allow the accurate calculation of the 
Gibbs free energies of the three-phase reactions in the re- 
sulting ternary diagram. However, the phase diagrams of 
the binary systems are known, so the ternary phase dia- 
gram can be mapped out. Mg and A1 are both soluble up 
to 2 a/o in each other and form two intermetallic com- 
pounds, Mg2A13 (38-40 a/o Mg) and Mg~A14 (53-60 a/o Mg). 
A1 does not form any hydride phase stable at the tempera- 
tures present (12), and it dissolves less than 10 -6 a/o hy- 
drogen (13, 14). The resulting ternary phase diagram is 
shown in Fig. 3. This diagram exhibits three triangles 
which do not contain elemental hydrogen. The thermody- 
namic parameters of the first, whose corners are at 
Mg~A14, Mg, and MgH~, correspond to the formation of 
MgH.~. The second and third involve the reactions 

3MgsA14 + 7H,2 ~ 7MgH2 § 4Mg.,A13 [4] 

and 

Mg2A13 + 2H2 +-> 3A1 + 2MgH2 [5] 

The Gibbs free energy changes resulting from all three re- 
actions have been fourid from the electrochemical mea- 
surements reported here to be 

-4.8 kcalJm0i H2 for Reaction [1] 

-3.7 kcaYmol H2 for Reaction [4] 

-3.1 kcal/mol H2 for Reaction [5] 

The value for Reaction [1], which corresponds to the 
Gibbs free energy of formation of MgH2, is in good ac- 
cordance with values in the literature for this reaction, as 
mentioned earlier. There are no available data for Reac- 
tion [4]. In the case of Reaction [5], AH = -16.4 kcaYmol 
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Table V. Gibbs free energy of various three-phase reactions in the 
ternary magnesium alloy hydride systems Mg-Ni-H, Mg-Cu-H, and 

Mg-AI-H at T = 142~ Comparison between data measured 
electrochemically (this work) and data measured with conventional 

pressure-temperature experiments (taken from literature) 

AG [kcal/mol] H2 
Three-phase Electro- p-T 

System equilibrium chemical methods Ref. 

Mg-Ni-H Mg2Ni-Mg-MgH2 -4.9 -4.6 
Mg2Ni-MgH2-Mg2NiH4 -3.7 -3.3 (16, 17) 

Mg-Cu-H Mg2Cu-Mg~MgH2 -4.7 -4.6 
Mg.~Cu-MgCu2-MgH~ -3.1 -3.3 (18, 27) 

Mg-A1-H Mg~A14-Mg-MgH2 -4.8 -4.6 a 
Mg2AI.~-MghA14-MgH.~ -3.7 - -  --  
A1-Mg2AI:~-MgH~ - 3.1 - 3.1 (2) 

Weighted average of various measurements; discussion in text. 

H2 and AS = -31.9 cal/K tool H~ have been found (2), which 
gives AG 142~ = - 3.1 kcal/mol H2, in excellent agreement 
with our own measurements.  

Conclusions 
An electrochemical technique has been developed to in- 

vestigate metal hydrides. As has been pointed out, the 
choice of the electrolyte is important. In order to avoid 
the formation of oxides and hydroxides, a low melting 
organometallic salt of high ionic conductivity has been 
used, rather than an aqueous solution. In  this case, the 
hydrogen containing species is the hydride anion, H-.  
This method has several advantages over the use of the 
traditional pressure-temperature variables to control the 
formation of the various possible phases in these systems. 
Because the hydrogen activity is established by electro- 
chemical means, it can be controlled with ease and high 
precision over wide ranges. For example, if a solution of 
Nail  is used as the electrolyte, the range can be extended 
from well over 1 atm down to less than 10 -5 atm. This 
span includes several metal alloy systems which are of in- 
terest for application as hydrogen storage materials. 

In addition to this new experimental technique, a theo- 
retical approach has been presented which interprets the 
formation of ternary metal hydrides in terms of ternary 
phase equilibria, rather than as pseudobinary reactions. 
This has been found to be very useful in explaining ob- 
served hydrogenation reactions, as well as in providing a 
framework for prediciting them. In this interpretation, 
plateaus in traditional pressure-temperature experiments 
correspond to regimes of three-phase equilibria. The pres- 
sures of these plateaus can be directly calculated from the 
thermodynamic data of the phases present, by considera- 
tion of the ternary reactions predicted from the phase dia- 
gram. Furthermore, the compositional limits of the ob- 
served plateaus correspond to the compositions at which 
the overall composition crosses a two-phase tie line. 
Thus, the hydrogen capacity of the metal alloy can readily 
be read from the phase diagram, and the reactions taking 
place can readily be seen. 

This experimental technique and this theoretical ap- 
proach have until  now been applied to the hydrogen stor- 
age alloy systems-Mg-Ni, Mg-Cu, a n d  Mg-A1. The mea- 
surements are in good agreement with the calculations 
and with the results of conventional pressure-tempera- 
ture methods (Table V). With ~this concept, experimental 
as well as theoretical, it is possible to investigate several 
families of new potential hydrogenstorage alloys and to 
design materials with appreciable capacities at desirable 
temperatures and hydrogen activities. 
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ABSTRACT 

Electrophoretic deposition has been evaluated as a technique for preparing porous LiA102 matrices suitable for use 
as molten carbonate fuel cell electrolyte structures. Although both the technique and the deposited product initially ap- 
peared to be well suited for the application, structural fracture resulted during impregnation with the alkali carbonate 
electrolyte necessary for fuel cell operation. Data are presented comparing and contrasting the physical properties of 
electrophoretically fabricated and hot-pressed electrolyte structures. 

The electrolyte structure of a molten carbonate fuel cell 
(MCFC) is comprised of a porous ceramic matrix whose 
interstitial volume is filled with alkali carbonates. This 
structure plays a pivotal role in determining overall fuel 
cell performance as it serves both as the carbonate ion 
conduction path required for cell operation and also as a 
barrier to prevent gas-phase mixing of the fuel and oxi- 
dant. Satisfying both criteria requires the electrolyte 
structure to remain essentially carbonate filled during its 
operation, i.e., free of cracks and interconnected voids. 

Conventional electrolyte structure fabrication entails 
hot-pressing an intimate mixture of the ceramic (LiA10~) 
and the electrolyte (typically 62 mole percent [m/o] 
Li2CO3:38 m/o K2CO3) at a temperature just  below the car- 
bonate's 763 K liquidus to yield a brittle structure of 
greater than 95% theoretical density (1). The prepressed 
mixture is obtained by either dry mixing the respective 
components  (2) or preferably from a precursor mixture of 
an aqueous solution/slurry containing all components (3, 
4). Hot-pressed structures suffer from several disadvan- 
tages: first, carbonate agglomerates, formed in the mix- 
lure prior to pressing, drain into the porous electrodes 
during cell operation leaving voids in the structure which 
can act as centers for crack initiation. In addition, owing 
to the  fragile nature of the final compact, structures are 
typically 0.125 cm or more thick. As the specific conduct- 
ance of a 0.18 cm thick hot-pressed electrolyte structure is 
-0.3 (~-cm)-'  at 923 K (5) the electrolyte related voltage 
drop for a fuel cell operating at a current density of 0.16 
A/cm 2 is, therefore, given by 

Edrop (V) ~ 0.533t [1] 

where t is the electrolyte structure thickness in  centime- 
ters. A fuel cell possessing a 0.025 cm thick electrolyte 
structure would operate at a potential 82 mV higher than 
an identical cell possessing a 0.178 cm thick structure, 
owing to the decrease in required carbonate conduction 
length. Therefore, electrolyte structures thinner  than 
those readily prepared by hot-pressing are desired. 
Finally, the economics associated with hot-pressing at 
temperatures approaching 750 K add greatly to the cost of 
the final fuel cell package. 

Various methods have been suggested as alternative 
fabrication techniques including tape casting (6), vacuum 
casting (7), and electrophoretic deposition (ED) (8, 9). Of 
these, tape casting and ED are especially attractive as 
they are commercial processes for fabricating thin struc- 
tures. This communicat ion details our work on ED as a 
technique for preparing porous LiA10~ matrices for use as 
MCFC electrolyte SUpport structures. 

Method 
Particle electrophoresis has been known for over a cen- 

tury and has been utilized as a fabrication technique by 
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the ceramics industry for several years (10, 11, 16-18). The 
technique can be separated into the two stages of suspen- 
sion preparation and electric-field-induced deposition. 

Particles suspended in an "inert" vehicle are categoriz- 
able, in broad terms, as being either stable or flocculat- 
ing. In flocculating suspensions, particle-particle colli- 
sion resulting from Brownian motion leads to permanent  
contact and thus a decrease in the number  and an in- 
crease in the size of suspended particles. Particle concen- 
trations have been shown both theoretically and experi- 
mentally to decrease at a second-order rate which is 
dependent  upon factors such as particle diameter, vehicle 
viscosity, and temperature (12, 13). Conversely, in stable 
suspensions particles exhibit repulsive surface charges 
resulting from one or more of a variety of mechanisms, 
such as site-specific solvent adsorption or selective ion 
dissolution. These repulsive interactions slow particle 
flocculation rates by reducing the degree of attractive in- 
teraction upon collision. 

The preparation of stable suspensions is important in 
electrophoretic fabrication for the following reason. The 
external electric field in an ED process simply serves to 
draw particles together onto the mandrel  surface. 
Flocculating suspensions, which already possess an 
affinity to coalesce, form only a few contact locations 
during deposition, resulting in a very weak structure. 
However, deposits from stable suspensions lead to a more 
idealized, close-packed structure characterized by a 
higher density and improved strength. The deposit's mi- 
crostructure and morphology are therefore stringently de- 
pendent  upon the susPension characteristics. The choice 
of suspension vehicle and the use of binders or defloccul- 
ant i  are known to affect the suspension Stability and 
electrophoretic mobility, which, in turn, affects the de- 
posit quality. 

Experimental 

Powder and suspension preparation.--LiAl02 powders 
were prepared by either a molten-salt-mediated synthesis 
or a high temperature synthetic reaction. The molten salt 
synthesis (14) reacts high surface area A1203 (Alcoa) with 
LiOH in a molten NaCYKC1 solvent. The reaction is 
carried out at 1073-1273 K in air for 4-8h, depending upon 
the particle size of the desired product. Following cool- 
ing, the alkali chloride solvent is dissolved in water and 
the 7-LiA10~ collected by filtration using a Millipore 0.22 
~m filter (Mill]pore Corporation). The synthesis yields a 
uniform particle-sized LiA10~ with a BET surface area be- 
tween 6 and 8 m2/g. Lower surface area powders were pre- 
pared by reacting Al~O3 (Alcoa) with Li.2CO3 at 1473 K ' in  
air for 24h. This reaction yields a highly aggregated 
7-LiA102 which must  be comminuted to the desired sur- 
face area. 

Ten solvents (reagent-grade alcohols and ketones) rang- 
ing in dielectric constant from 13.1 to 25.7, were evaluated 
as deposition vehicles. Of these, 2-propanol yielded the 
best results and was used for the majority of the sample 
preparations reported here. The deposition behavior in 
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other vehicles will be detailed later. Suspensions were 
typically prepared by combining 200g of LiA10.~, 540 ml of 
2-propanol previously dewatered by passing over molecu- 
lar sieves, and 400g of dense ~-AlsO3 grinding media in a 1 
liter plastic bottle. Just  prior to this step the LiAIOs was 
heated to 1275 K in air for lh  to remove adsorbed mois- 
ture. A vibratory milling (Sweco, Incorporated) of 4-24h 
yielded an acceptably stable suspension exhibiting less 
than 5% settling in 10 min. 

Deposition and postdeposition.--Flat LiA102 structures 
were deposited electrophoretically by applying a dc volt- 
age of between 125 and 800V across the suspension. The 
deposit accumulated on a prepared mandrel (charged 
negatively for 2-propanol suspensions), the counter- 
electrode being either the stainless steel container or an 
additional stainless steel insert. A millisecond timer 
(Minarik Electric Company) controlled the duration of the 
applied potential (Sorensen Power Supply, Raytheon 
Company) (Fig. 1). For example, deposit thicknesses of 
0.025 and 0.178 cm were obtained using deposition times 
of 4.0 and 60.0s, respectively, at 400V from a 2-propanol 
suspension. Various materials were evaluated as deposi- 
tion mandrels including graphite, stainless steel, and 
nickel, and various deposition time/voltage conditions 
were evaluated. 

Following deposition, the mandrel containing the de- 
posit was removed from the suspension for drying. Dry- 
ing procedures to yield crack-free deposits ranged from 
air drying for thin (0.013-0.038 cm thick) deposits to con- 
trolled 2-propanol vapor pressure conditions for thicker 
(0.127-0.178 cm thick) structures. 

Electrolyte addition.--Following the fabrication of a 
dried, porous LiA1Os layer, the pore volume must  be 
impregnated with alkali carbonates to yield a MCFC elec- 
trolyte structure. Electrolyte additions (62 m/o Li2CO3:38 
m]o KsCO3) were accomplished by heating the deposit 
containing premelted and ground carbonate on its surface 
above the 763 K carbonate liquidus. As the carbonates 
melted, it was drawn into the porous deposit by capillar- 
ity. Various impregriation conditions were evaluated. 

Sample evaluation .--Following electrolyte filling, 
structures were examined for fractures by optical micros- 
copy (10-70• crack-free structures were stored in a dry 
atmosphere. The sample's hermeticity as a function of 
differential gas pressure (pressure capacity) was mea- 
sured at 923 K and compared with that of hot-pressed 
structures (15). The apparatus employed consists of two 
304 stainless steel canisters, the faces of which contain a 
series of 1/16 or 1/8 in. holes arrayed within a 1 in. diam 
circle (Fig. 2). The sample itself (> 1 in. diam) was held 
between two pieces of perforated gold foil. A piece of 40 
mesh screen was utilized as a bottom support. Alignment 
of the top and bottom canister was aided by locating pins 
and assembly within a cradle; the cradle was then placed 
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Fig. 1. E[ectrophoretic deposition apparatus 
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Fig. 2. Pressure capacity test apparatus. For clarity, the gold foil and 
expanded metal mesh are not shown. 

inside a N2-purged box furnace. A hydraulic ram was 
used to apply sealing pressure, making a gastight seal be- 
tween the sample and canister halves. 

Each canister half contained both a gas inlet and outlet. 
The top canister was coupled to a pressure gauge and mi- 
crometer valve (cf. Fig. 2). This canister was pressurized, 
relative to the bottom half, using a N2 containing gas such 
as 34% Hs, 24% COs, and 42% Ns. The Ns-free gas (75% H2, 
25% COs) used in the bottom canister exited to a Carle 
series S analytical gas chromatograph equipped with two 
thermal conductivity detectors and a Shimadru C-R1A 
chromatopac. The pressure capacity of the sample was 
taken to be the pressure differential at which a Ns level in 
excess of background was first detected in the exit gas 
from the bottom canister. Both the sample's initial pres- 
sure capacity and its capacity following thermal cycling 
below the electrolyte liquidus were measured using this 
equipment. 

In  addition, the thermal expansion behavior of both 
hot-pressed and free standing ED structures was evalu- 
ated using a high sensitivity dilatometer. The samples, 2.0 
• 0.33 • 0.15-0.18 cm, were suspended lengthwise within 
an AlsO~ tube between two gold-foil sheets and held in 
place by a 10g holding force applied horizontally between 
one end of the sample and the tube's end. Specimens 
were heated at 3.3~ from ambient  to 973 K for three 
cycles under  a COs atmosphere. A LVTD continuously 
provided data on the sample's expansion/contraction dur- 
ing each heating and cooling cycle. 

Results and Discussion 
Matrix fabrication.--The importance of vehicle dielec- 

tric constant on suspension preparation and the quality of 
electrophoretically depo ~ited sodium beta-alumina 
samples was shown previously by Powers  (16). Ten sol- 
vents were evaluated here as LiA102 deposition vehicles 
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ranging in dielectric constant from 13.1 to 25.7. Deposi- 
tion occurred from all suspensions following a several- 
hour vibratory milling. The milling step was found to be 
essential to the preparation of stable suspensions. Milling 
fractures larger particles and particle agglomerates to 
yield newly exposed surfaces thereby promoting solvent 
adsorption and stable suspension formation. For the vehi- 
cles examined here, the resulting deposit quality was 
found not to depend upon vehicle dielectric constant, but  
rather to be strongly dependent  upon the solvent type 
(Table I). Suspensions prepared with ketones settled 
significantly more rapidly than those from alcohols indi- 
cating more  flocculating conditions. As a result, deposits 
from ketone vehicles were less dense and, on several oc- 
casions, slid from the mandrel following deposition. 
Those that were retrieved successfully invariably cracked 
upon drying. Alcohols as vehicles gave significantly 
stronger deposits but  the deposits were plagued by exten- 
sive bubble-hole formation, i.e., physical holes in the de- 
posit which result from gases evolved as the solvent heats 
and eventually decomposes at the solvent/electrode inter- 
face. This effect was particularly prevalent for primary al- 
cohols and somewhat less apparent for 2-propanol. 

Deposition occurred on the negatively charged mandrel 
for all vehicles investigated with the exception of 
3-pentanone. The general mechanism responsible for sus- 
pension formation here is believed to be solvent-specific 
adsorption as shown in reactions [2] and [3] below for a 
protonated solvent. The ceramic-solvent association is as- 
sumed to be dipole in nature (19). 

LiAlO2 + H-solvent --* (LiA102-H+-solvent -) [2] 

LiA102 + H-solvent ~ (LiAlO2-solvent--H § [3] 

Reaction [3], which possesses an adsorbed solvent sheath 
with a ceramic-directed negative dipole, is inferred to be 
predominant  in most of the vehicles investigated here 
since deposition occurred on the negatively charged man- 
drel. Deposition from ketone-prepared suspensions also 
occurred on the negatively charged electrode, with the 
exception of 3-pentanone, in which a reversal in charging 
mechanism occurred. This charge reversal also occurred 
in acetone + 1-pentanol mixtures, where deposition ob- 
tained on the negatively charged mandrel for either pure 
solvent, but  on the positively charged mandrel  for solvent 
mixtures from 10-90% acetone. The specifics of the 
mechanism have not been confirmed experimentally. 

The structures reported above were all deposited on 
polished stainless steel mandrels. In addition, mandrels 
of carbon, polished nickel, and porous nickel were evalu- 
ated. Whereas neither deposits on carbon nor polished 
nickel showed any significant differences from those 
made on stainless steel, the porous nickel mandrel  (Gould 
Corporation porous nickel, > 60% porosity, 6 tLm median 
pore size) was found to considerably reduce the occur- 
rence of bubble holes within the deposit. The porous 
mandrel  also aided in reducing the frequency of cracked 
deposits during drying by increasing drying uniformity. 

Table I. Solvents investigated as ED vehicles 

Material Resulting structure 

Ketones 
2-Pentanone (15.4) ~ 
3-Pentanone (17.0) 
2-Butanone (18.5) 
Acetone (20.7) 
2,4-Pentadione (25.7) 

Alcohols 
Benzyl alcohol (13.1) 
1-Pentanol (13.90) 
2-Propanol (18.3) 
1-Propanol (20.1) 
Ethanol (24.3) 

Cracked 
Cracked 
Cracked 
Cracked 
Cracked 

Extensive bubble holes 
Extensive bubble holes 
Some bubble holes 
Extensive bubble holes 
Some bubble holes, cracked 

The number in parenthesis is the solvent dielectric constant. 

All results reported subsequently utilized 2-propanol sus- 
pensions deposited on negatively charged, porous nickel 
mandrels. 

Deposition voltages exceeding ~125V were satisfactory 
for LiA102 deposition, with about 6.0s at 125V or 4.0s at 
400V required to produce a 0.025 cm thick matrix, and 
60.0s at 400V to produce a 0.18 cm thick deposit. In  sus- 
pension, each LiA10.2 particle is surrounded by a solvent 
sheath or double layer. During deposition, this double 
layer is retained, in effect separating the individual ce- 
ramic particles by one or more monolayers of solvent. 
Following deposition, this solvent must  be removed from 
the structure; accompanying solvent removal the struc- 
ture shrinks, owing to a collapse of the solvent occupied 
volume. Structures on the order of 0.025 cm thick were 
readily dried in air for 24h followed by vacuum at ~373 K. 
Thicker structures, e.g., > 0.050 cm thick, however re- 
quired slower drying under  a 2-propanol partial pressure 
to prevent cracking, because the outer surface of the de- 
posit physically contracted prior to the center. This was 
accomplished by drying the deposits in a loosely covered 
container over a 2-propanol soaked towel. The resulting 
structures, in both cases, were extremely fragile, causing 
all deposits to be difficult to remove from the deposition 
mandrel without fracture. Deposits thicker than ~0.05 cm 
were removable, however, by careful horizontal pressure 
applied along one edge following complete deposit dry- 
ing. Examination of density, pore-size distribution, and 
pore morphology showed these properties to be indepen- 
dent of deposit thickness for indentically prepared 
samples. Therefore, thicker structures, removed from the 
deposition mandrel, were used in future evaluation when 
possible to remove influences associated with the porous 
nickel backing. For studies involving thinner  deposits 
which incorporated the porous mandrel, a MCFC porous 
Ni anode was used as the deposition mandrel. Such a 
deposition technique would be necessary for the prepara- 
tion of thin ED layers for MCFC applications. 

Figure 3 displays mercury porosimetry curves for mate- 
rial deposited at 400V for 4s. As the LiA102 surface area 
decreased from 6.8 to 0.3 m-~/g, the median pore size in- 
creased from ~0.3 to 1.8/~m and the pore diameter distri- 
but ion broadened. Interestingly, the porosity showed no 
clear surface area dependence, varying between 55 and 
61%. The deposit's pore-size distribution is important in 
determining its use as a MCFC electrolyte matrix. During 
fuel cell operation, the electrolyte structure is in intimate 
contact with both porous electrodes. Although the car- 
bonate electrolyte is initially present within the electro- 
lyte structure matrix, it will redistribute from the matrix 
to the electrodes, in accordance with the respective pore 
diameters and wetting characteristics of the individual 
components. The median pore diameter of the electrodes 
is between 2 and 6 /~m. Since the electrolyte structure 
must  retain sufficient electrolyte within its matrix during 
cell testing to prevent gas crossover, the electrolyte struc- 
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Fig. 3. Mercury intrusion porosimetry curves of ED LiAIO2 layers de- 
posited from various surface area LiAIO~ powders. 
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ture's median pore diameter must  not overlap excessively 
with that of the electrodes. The degree of opt imum pore 
overlap has not been quantified; however, as the median 
pore diameter obtained on the deposit fabricated using 
0.3 m2/g LiA102 power is approaching 2 ~m, it is assumed 
that this represents a lower limit in surface area for usable 
LiA102 powders. 

Electrolyte addition.--Electrolyte impregnation of de- 
posited matrices was accomplished for both thick (> 0.05 
cm) deposits removed from the deposition mandrel and 
for thinner  deposits (0.025 cm) still retained on the porous 
substrate by spreading the electrolyte, as a powder, over 
the matrix surface and heating above the electrolyte's 
liquidus. Once molten, the electrolyte was drawn into the 
pores by capillarity. The quantity of electrolyte to be 
added was determined prior to impregnation from mer- 
cury intrusion porosimetry results obtained on a separate, 
identically fabricated matrix. The influences of heating 
rates, gas atmospheres, and volume percent electrolyte 
fills on the propensity for matrix fracture during electro- 
lyte addition were evaluated. A variety of gas atmo- 
spheres were chosen, including O~, CO2, H2, N2, their 
combinations, and vacuum, with COs atmosphere-impreg- 
nated structures showing the least propensity towards 
cracking. Although the exact reason for this gas' atmo- 
sphere influence has not been determined, it is possibly 
due to alkali carbonate decomposition in non-CO2 con- 
taining environments (20). The incidence of structure 
fracture during impregnation was also found to decrease 
with decreasing electrolyte-fill fraction, decreasing 
heating/cooling rates, and decreasing LiAlO2 surface area 
with the surface area influence being the most pro- 
nounced of these three (Table II). 

Visual observation of 0.18 cm thick, 4 • 4 cm free stand- 
ing ED matrices during electrolyte impregnation revealed 
at least two different fracture mechanisms to be operat- 
ing. The specimens were placed on an A1203 pedestal 
within a quartz plate covered box furnace under  a 
flowing CO2 atmosphere. Samples were monitored visu- 
ally during heating and cooling cycles. Immediately after 
the carbonate liquidus temperature was exceeded and the 
molten carbonate was absorbed into the LiA102 matrix, 
LiAlO~ particle rearrangement occurred driven by strong 
capillary forces (several hundred psi). This resulted in an 
overall structure shrinkage of approximately 1%. Struc- 
tures which were unable to contract uniformly developed 
cracks at this time. These cracks were primarily manifest 
as peripheral wedge-shaped openings, if matrix edge- 
flaws were present, and otherwise as isolated micro: 
fractures covering the entire structure. A photograph 
showing severe microcracking in a sample impregnated 
with Carbonate under  a CO2 atmosphere is presented in 
Fig. 4. These fractures , only barely detectable without 
magnification, extend completely through the thickness 
of the impregnated matrix imparting a translucency to 
the Otherwise opaque structure. 

Table II. Parameter influence on fracture of 
impregnated ED structures 

Parameter Results 

Gas environment 
(O.~, CO2, H~, N2, vacuum) 

Impregnation temperature 
(773-973 K) 

Structure cooling rate 
(60 ~ to 5~ 

Electrolyte-filled void volume 
(50% to 100%) 

Initial LiA10~ surface area 
(6.8 to 0.3 mZ/g) 

Electrophoretic deposition 
voltage 

(175-800V) 
Deposited LiA10: thickness 

(0.178-0.013 cm) 

Crack-free structure yield slight 
better in CO2, worst in vac- 
uum. 

Little effect. 

Slower cool rate moderately im- 
proved crack-free yield. 

Reducing electrolyte loading 
improved crack-free yield. 

Lower surface area LiA102 
greatly increased crack-free 
yield. 

Little effect. 

Thinner structures increased 
crack-free yield. 

Fig. 4. SEM micrograph showing microcracking of electrolyte- 
impregnated, 6.8 m2/g LiAIO2 ED sample. 

The severity and incidence of microcracks formed dur- 
ing electrolyte addition could be lessened by either 
lightly sintering the LiAlO2 matrix prior to electrolyte ad- 
dition or by decreasing the LiAlO2 surface area. As the 
fractures result from physical particle rearrangement, 
lightly sintering the particle microstructure is obviously 
advantageous. Heat-treatments of at least 1000~ for lh  in 
air were found to be necessary to fuse the LiA102 particle 
bridges sufficiently to produce a factor of 2 or 3 reduc- 
tion in microcrack density. The alternate technique of in- 
creasing fracture resistance by decreasing the LiA102 sur- 
face area was helpful but  less effective. The larger particle 
size LiA102 is not only more difficult to rearrange, owing 
to its increased mass, but also generates larger pores, 
thereby reducing the capillary drawing forces for struc- 
tural rearrangement. Therefore, fractures associated with 
electrolyte addition could be partially eliminated by de- 
positing LiAIO~ powders with a surface area of < 1 mVg. 

No fractures were directly observed in the furnace dur- 
ing cooling through the carbonate solidification region; 
however, a second fracture mechanism was evident upon 
examination of cooled electrolyte filled structure. These 
fractures were concluded to be due to thermal stresses in- 
troduced into the now composite structure (electrolyte + 
LiA102). ED-prepared porous LiA102 structures were mea- 
sured to possess a linear thermal expansion coefficient of 
11.3 • 10 -6 in./in. ~ in this temperature region (see be- 
low). In contrast, the carbonate electrolyte undergoes a 
5% volume contraction upon solidification at 763 K and 
exhibits a 373-673 K linear thermal expansion coefficient 
of 35.7 in./in. ~ (21), more than three times that of the ce- 
ramic matrix. The significant stresses generated by this 
thermal expansion mismatch leads to fractures ranging 
from long major cracks, several centimeters long, to craz- 
ing, similar to glazes placed under tension. Whereas 
lightly sintering the matrix was found to be beneficial in 
eliminating particle rearrangement-related fractures, such 
heat-treatments appear to have little or no impact on ther- 
mal stress related fractures. Instead, the microstructure of 
the porous ceramic layer, as dictated by the LiAlO~ 
particle size and morphology, appeared to be the 
dominating influence. As before, matrices deposited us- 
ing larger particle size LiA102 powders showed a de- 
creased propensity towards fracture. However, even mat- 
rices prepared using 0.3 mVg LiA10~ commonly fractured 
during electrolyte impregnation. The final "optimized" 
impregnation procedure, therefore, involves a multistep 
impregnation whereby approximately 1/2 of the matrix's 
pore volume is electrolyte filled in each of two steps. 
Both steps are carried out under  a COs atmosphere with a 
controlled heating/cooling cycle of -0.75 K/rain to 873 K. 
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3 0  Using this procedure, approximately one4hird of the 3 • 
3 cm samples frabricated using LiA102 powder with a sur- 
face area below 1 m2/g could be successfully impregnated 
to a crack-free status. 

Evaluation and comparison to hot-pressed structures. 
--Electrolyte-impregnated structures were evaluated to 
determine their compatibility with fuel cell requirements.  
One of these requirements is that the structure must re- 
main crack-free in the event that the cell undergoes a 
thermal cycle between the 923 K operating temperature 
and some temperature be low the electrolyte liquidus, for 
example, 573 K. Structures which were electrolyte im- 
pregnated following the "optimized procedure" stated 
above were microscopically examined for fractures at 
70X. Crack-free structures were then evaluated for their 
ability to prevent gas crossover as a function of differen- 
tial pressure. This test is a sensitive technique for 
microcrack detection, and it simulates the fuel cell condi- 
tion where a differential pressure could arise between the 
anode and cathode owing to a pressure malfunction on 
one side of the cell. In the event this occurs, the capillar- 
ity of the electrolyte structure alone prevents reactant gas 
mixing. 

The pressure resistance or pressure capacity arises 
from the capillary force exerted by the electrolyte-filled 
pores, the relationship between capillary pressure capac- 
ity (P) and pore radius (r) is given by Eq. [4] 

p _ 2~1,v cos 0 [4] 
r 

Janz (22) measured a value of 200 dyne/cm for ~l.v for mol- 
ten Li/K carbonate, and contact angle measurements  (23) 
have shown cos 0 for molten carbonates on most oxides 
to be equal to 1. Therefore, the theoretical pressure capac- 
ity of a molten carbonate-filled LiA10~ pore with a radius 
of 1.0/~m would be equal to 58 psi. 

Pressure capacity measurements  on hot-pressed and 
ED electrolyte structures were conducted at 923 K, using 
the apparatus shown in Fig. 2 and described elsewhere 
(15). Prior to sample heating, gas flow at a few inches of 
water was initiated through the canister halves to protect 
the sample. The temperature was increased from ambient 
to -475 K and held constant for -12h;  temperature was 
monitored with a Chromel-Alume] thermocouple located 
adjacent to the apparatus. Following this "drying period" 
the temperature was raised to 793 K. In general, a 1-1.5 
K/min heating rate was maintained from -733 to 793 K so 
that melting of the eutectic occurred uniformly. At -793 
K, the entire "sandwich" was hydraulically sealed from 
the top with 3-6 psi. Seal quality and background N2 con- 
centration were determined by monitoring the bottom 
canister's gas environment  with no differential pressure 
across the sample. The temperature was then elevated to 
-923 K. Throughout each pressure capacity measure- 
ment, the external sealing pressure was maintained 
greater than the pressure differential between the top and 
bottom canister. Background N2 concentration was deter- 
mined and found to be independent  of applied sealing 
pressure. 

Hot-pressed samples (containing 67 volume percent 
[v/o] electrolyte) successfully withstood a hp up to 36 psi, 
the limit of the apparatus employed. This indicates that 
the samples neither cracked during heat-up nor pos- 
sessed sufficient large pores (~ 3.2 /~m diam) to allow 
blow through at these pressures. A hypothetical hot- 
pressed structure median pore diameter of 0.3 ~m calcu- 
lated from the LiA102 powder surface area and carbonate 
vo]ume fraction is predicted to possess a pressure capac- 
ity in excess of 350 psi based on Eq. [4]. Moreover, these 
structures were shown to be fracture resistant following 
thermal cycling below the electrolyte liquidus, as evi- 
denced by a sustained pressure capacity upon reheating. 
In contrast, the majority of ED structures examined, 
whether  removed from the deposition mandrel  or impreg- 
nated as a composite on the porous Ni plaque, fractured 
either prior to or during heat-up in the test apparatus. All 
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Fig. 5. Percent nitrogen crossover as a function of differential pressure 
at 923 K for a 0.18 cm thick hot-pressed, a 0.18 cm thick ED, and a 
0.025 cm thick ED electrolyte structure. The open and filled symbols 
represent the initial and post-thermal cycle data, respectively. 

samples were examined microscopically prior to testing 
to insure they were crack-free; however, microcracks 
were extremely difficult to detect, especially in thinner 
deposits. Therefore, some of the fractures may have been 
present prior to testing. Figure 5 shows the N2 crossover 
recorded at 923 K for three samples prior to and following 
one thermal cycle from 923 K to below 623 K. Both ED 
structures were fully impregnated prior to testing. 
Whereas the hot-pressed structure retained its resiliency 
towards gas crossover following the thermal cycle, both 
ED structures fractured, as evidenced by a substantial N~ 
crossover as 1 psi Ap upon reheating to 923 K. The hot- 
pressed structure continued to survive a second thermal 
cycle and exhibited only a slight crossover following the 
third. 

The difference in fracture propensity between ED and 
hot-pressed structures was further examined by compar- 
ing their thermal expansion behavior under a CO2 atmos- 
phere (Fig. 6-8). The hot-pressed structure, 0118 cm thick 
and containing 67 v/o electrolyte, contracted -1.5% dur- 
ing the initial pass through the electrolyte liquidus (Fig. 
6). This contraction is due both to LiA102 particle 
rearrangement as the structure melts and to the collapse 
of residual voids entrapped during pressing. Subsequent  
thermal cycles showed only two regions of fairly linear 
thermal expansion, the change in slope occurring at -773 
K during heating, owing to electrolyte melting, and at 
-733 K during cooling upon electrolyte solidification. 
The separation of liquidus and solidus temperatures is 
explained by the observation of Janz and Lorenz (24) that 
unless the carbonate is seeded to initiate crystallization, it 
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Fig. 6. Thermal expansion curve for 67 v/o electrolyte, hot-pressed 
structure between 373 and 973 K under a COs atmosphere. 

supercools to a eutectic liquidus of -733 K. Linear ther- 
mal expansion coefficients, derived from these curves at 
temperatures above and below the liquidus (Table III), 
are in good agreement with previously reported data on 
similar systems (21). 

The thermal expansion behavior of a nonimpregnated 
ED structure was linear between 373 and 973 K with a 
thermal expansion coefficient of 11.3 • 10 -6 in./in. ~ 
(Fig. 7 and Table III). This value is less than one-third the 
thermal expansion coefficient of 35.7 • 10 -6 in./in. ~ 
published for the free carbonate electrolyte (21). The 
stresses generated during thermal cycle as a result of the 
significant differences in thermal expansion behavior of 
the two materials is likely responsible for the fracture 
mechanism observed previously during structure cooling 
following impregnation. This was clearly evident when an 
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Fig, 7. Thermal expansion curve for a nonimpregnated LiAIO: layer 

between 373 and 973 K under a COs atmosphere. Prepared using 1.8 
m~/g LiAIO2 powder. 

Fig. 8. Thermal expansion curve for an ED LiAIO2 matrix electrolyte 
filled within the dilatometer during the initial heating cycle between 
373 and 973 K under a COs atmosphere. Prepared using 1.8 m2/g LiAIO2 

ED structure was electrolyte filled within the dilatometer 
(Fig. 8). Upon initially passing through the liquidus (re- 
gion 1 in Fig. 8), approximately 0.5h was required for the 
electrolyte to melt and be absorbed into the porous struc- 
ture. At that time, the structure shrank approximately 
0.4% (region 2) owing to LiA102 rearrangement. This is in 
agreement with the observation of the first fracture 
mechanism (microcracking) discussed previously. Cool- 
ing from 973 K to the electrolyte liquidus gave an initial 
contraction very similar to that observed for the nonim- 
pregnated matrix, indicating that the electrolyte did not 
contribute significantly to the expansion characteristics 
while in the molten state. A small perturbation was seen 
as the electrolyte solidified (region 3), accompanied by a 
change in thermal expansion slope, showing that the elec- 
trolyte now dominated the expansion characteristics. At 
approximately 663 K, an abrupt 0.5% expansion resulted 
from thermally induced stresses (region 4). This is con- 
sistent with the second fracture mechanism identified 
earlier. A second thermal cycle yielded almost identical 
results, with the exception that the fracture which opened 
during the initial cooling cycle closed as the temperature 
exceeded the electrolyte liquidus (region 5). Microscopic 
examination of the sample following testing showed 
branched fractures, similar to those observed previously 
during cooling of electrolyte-filled structures. 

At first glance, hot-pressed and electrolyte-filled ED 
structures appear similar in that both are ceramic/alkali 
carbonate composites of roughly the same volume pro- 
portions. The above comparison of the structure's ther- 
mal behavior, however, clearly illustrates that significant 
differences exist between these two structures; these dif- 

Table III. Linear thermal expansion coefficient of hot-pressed and 
electrophoretically deposited electrolyte structures 

Matrix 

Linear thermal expansion 
coefficient 

(x 10 ~ in./in. ~ 
373-673 K 773-923 K 

Hot-pressed 
62 v/o electrolyte 22.5 16.0 
67 v/o electrolyte 22.0 16.5 

ED 
No electrolyte 11.3 11.3 
65 v/o electrolyte filled 18.5 13.7 
80 v/o electrolyte filled 16.0-25.5 a 12.0 

100 Wo electrolyte filled 16.5-25.0 a 13.3 

a Nonreproducible curves due to structural fracture on coolingled 
to a range of calculated expansion coefficients. 
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ferences are associated with the fundamental  differences 
in their fabrication routes. A hot-pressed structure, fabri- 
cated in an integral step, is analogous to a particle rein- 
forced body in which at temperatures above the electro- 
lyte liquidus, the LiA102 particles are surrounded by 
liquid. In contrast, impregnated ED samples, fabricated 
in a two-step process, are typified as a porous ceramic 
exhibiting particle-particle contact and whose interstitial 
volume is electrolyte filled. As the exact microstructure 
of either sample is unknown,  precise fracture modeling of 
either system is impossible. However, it is well known 
that the thermal properties of a composite structure are a 
complex function of each material's thermal expansion 
characteristics and bulk modulus, as well as the extent 
that each phase is continuous. ED and hot-pressed struc- 
tures differ considerably in this last category, i.e., hot- 
pressed structures are assumed to be continuous only in 
the carbonate phase, whereas ED structures are continu- 
ous i n  both the carbonate and LiA102 phases. It is be- 
lieved that this difference is responsible for the poor 
thermal expansion resiliency found here for carbonate- 
filled ED structures. Following electrolyte filling, high 
tensile stresses develop in the cooling matrix as the lower 
thermal expansion LiA102 framework prevents the elec- 
trolyte from contracting. As was seen in the thermal ex- 
pansion curves, these stresses are apparently sufficient 
to fracture not only the brittle, solidified carbonate but  
the weak ceramic matrix as well. 

Conclusions 
High quality porous LiA102 layers are easily deposited 

electrophoretically from 2-propanol suspensions. The de- 
posited layers are approximately 60% porous exhibiting a 
uniform thickness with a median pore diameter and pore 
size distribution which can be tailored by varying the ini- 
tial powder's surface area. 

Comparison of ED fabrication to hot-pressing for 
MCFC use shows ED to be considerably easier, faster, 
and more economical. In addition, thin ED LiA102 layers 
are easily deposited allowing thinner electrolyte structure 
fabrication and, therefore, lower in-cell ohmic losses asso- 
ciated with the electrolyte. However, the application of 
these layers for use in MCFCs relies on their successful 
impregnation with Li/K carbonate electrolyte. The diffi- 
culties associated with crack-free impregnation of these 
structures has been demonstrated. In addition, the results 
of the pressure capacity and thermal expansion evalua- 
tions reported here clearly show the fragility of impregna- 
ted ED LiA102 layers. This fragility leads one to seriously 
question the utility of this fabrication technique for 
MCFC usage. 

Acknowledgments 
The authors wish to acknowledge the assistance of 

many colleagues, in particular Dr. R. H. Arendt for the 
molten salt synthesized LiA102, Dr. B. R. Karas for collab- 
oration on the pressure capacity measurements,  and Dr. 
R. W. Powers for discussions on this work. The Electric 
Power Research Insti tute is acknowledged for its funding 
of this work under  Contracts RP-1085-1 and RP 1085-8. 
Dr. A. J. Appleby, EPRI Program Manager, is thanked for 
his direction and interest. 

Manuscript submitted Nov. 30, 1983; revised manu- 
script received Aug. 23, 1984. Parts of this work were pre- 

sented as Paper 138 at the Hollywood, Florida, Meeting of 
the Society, Oct. 5-10, 1980, and as Paper 371 at the 
Montreal, Quebec, Canada, Meeting of the Society, May 
9-14, 1984. 

General Electric Company assisted in meeting the publi- 
cation costs of this article. 

REFERENCES 
1. H. A. Liebafsky and E. J. Cairns, "Fuel Cells and Fuel 

Batteries," Chap. 2, John Wiley and Sons, New York 
(1968). 

2. D. M. Mason, et al. U.S. Pat. 3,998,939 (1976). 
3. K. Kinoshita, et al., U.S. Pat. 4,115,632 (1978). 
4. "Fuel Cell Research on Second Generation Molten Car- 

bonate Systems," Technical Progress Report for 1 
April-30 June 1978, Institute of Gas Technology for 
U.S. Department of Energy, SAN-1735-3, July 1978. 

5. P. G. Glugla and V. J. DeCarlo, This Journal, 129, 1745 
(1982). 

6. United Technologies Corp., "Development of Molten 
Carbonate Fuel Cell Power Plant  Tech.," DOE Con- 
tract DE-AC01-79ET15440, Quarterly Report no. 4, 
July-Sept. 1980. 

7. General Electric Co., "Development of Molten Carbon- 
ate Fue l  Cell Power  P lan t , "  DOE Cont rac t  DE: 
AC02-80ET17019, Quarterly Report no. 3, Aug.-Oct. 
1980. 

8. J .J .  Grimaldi, V. J. DeCarlo, and P. G. Glugla, Abstract 
138, p. 375, The Electrochemical Society Extended 
Abstracts, Vol. 80-2, Hollywood, FL, Oct. 5-10, 1980. 

9. H. C. Maru, A. Pigeaud, and L. Paetsch, Abstracts 
133-136, "National Fuel Cell Seminar Abstracts," 
Norfolk, VA, Meeting, June 1981. 

10. Ceram. Ind., 5, 30 (1980). 
11. E. Patai and Z. Tomaschek, Koll. Z., 74, 253 (1936). 
12. G. D. Parfitt and J. Peacock, in "Surface and Colloid 

Science," Vol. 10, E. Matiycvic, Editor, p. 163, P lenum 
Press, New York (1980). 

13. Z. Kruyt, Physik. Chem., 100, 250 (1922). 
14. R. H. Arendt and M. J. Curran, This Journal, 127, 1660 

(1980). 
15. B. R. Karas, C. E. Baumgartner, and C. D. Iacovangelo, 

in "Molten Carbonate Fuel Cells," J. R. Selman, Edi- 
tor, The Electrochemical Society Softbound Pro- 
ceedings Series, Pennington,  NJ (to be published). 

16. R. W. Powers, This Journal, 122, 490 (1975). 
17. J. H. Kennedy and A. A. Foissy, ibid., 122, 482 (1975). 
18. A. A. Foissy and G. Robert, Am. Ceram. Soc. Bull., 61, 

251 (1982). 
19. J. H. Kennedy and A. A. Foissy, J. Am. Ceram. Soc., 60, 

33 (1977). 
20. P. K. Lorenz and G. J. Janz, Electrochim. Acta, 15, 2001 

(1970). 
21. "Fuel Cell Reseach on Second-Generation Molten Car- 

bonate Systems," Technical Progress Report to 
Dept. of Energy under  Contract no. EM-78-C-03-1735, 
Institute of Gas Technology, Oct., 1, 1978-June 30, 
1979. 

22. G.J.  Janz, "Physical Properties Data Compilations Rel- 
evan t  to Energy  Storage,"  NBS P u b l i c a t i o n  no. 
NSRDS-NBS61, Part II, p. 374, NBS, Washington, 
DC (1979). 

23. P. Lessing and M. Johnston, Montana Energy and MHD 
Research and Development Institute, Department of 
Energy Quarterly Progress Report for the Period De- 
cember 1, 1980 to March 31, 1981. DOE Contract DE- 
AC03-77ETl1321 modification no. A004. 

24. G. J. Janz and M. R. Lorenz, J. Chem. Eng. Data, 6, 321 
(1961). 



Improved Nickel Anodes for Industrial Water Electrolyzers 
C. K. Dyer .1 

AT&T Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

A method of increasing the energy efficiency of hydrogen production by alkaline water electrolysis is described. An 
ac activation of sintered Ni anodes leads to reductions in the oxygen evolution overpotential of -230 mV at 100-250 
mA/cm 2. The resulting reduction in cell voltage yields an increased energy efficiency and a significantly lowered cost 
of hydrogen production. Compared with other processes to raise anode efficiency, ac activation provides a fourfold 
improvement.  

Hydrogen production by water electrolysis is already a 
well-established industrial process. To meet increasing 
demands for hydrogen (1-4), it is widely recognized that 
improved energy efficiencies and reduced capital costs 
are necessary. A major goal in developing advanced 
electrolyzer technology for high purity hydrogen is to re- 
duce the cell voltage at a given current density (5). Electri- 
cal energy accounts for 78% of the cost of producing elec- 
trolytic hydrogen (based on 30 mi]/kWh). Nickel and its 
alloys are the preferred anode materials in alkaline elec- 
trolysis owing to their high corrosion resistance at anodic 
potentials in alkaline electrolyte (up to 30 weight percent 
[w/o] KOH) and their low cost. However, the overpotential 
for oxygen evolution on Ni is higher than several expen- 
sive alternatives. There is evidence that a thin initial sur- 
face coating of Ni(OH)2 on a porous Ni electrode lowers 
the oxygen overpotential at 200 mA/cm ~ by 40-60 mV in 30 
w/o KOH at 80~ (6). At high loadings of Ni(OH)2, the 
overpotential increases due to the plugging of pores in 
the porous electrode during the electrochemical impreg- 
nation. 

A new method of producing a very uniform layer of ac- 
tive Ni(OH)~ within a porous Ni structure without pore 
plugging was described recently (7). This method should 
be very suitable for activating oxygen electrodes for the 
hydrogen production industry. A highly uniform film, 
free of blockage of electrolyte channels within the elec- 
trode, was demonstrated in that work (7). 

: Experimental  

Sintered Ni electrodes hav ing  an average porosity of 
77.5% and mean pore size of 12.7 ~m were supported on a 
Ni wire mesh. The projected area was 1 cm 2. The test elec- 
trodes were subject to "activation" pretreatments using -+ 
125 mA (p-p) ac current (square wave) at 0.25 Hz in a 1M 
KC1 aqueous solution. This was one of several ac treat- 
ments which has yielded conversions of Ni to electro- 
chemically active material [Ni(OH)~] with relatively high 
coulombic efficiency ( -  60%). The detai ls  of the tech- 
nique and other ac conditions which are expected to yield 
comparable results are reported elsewhere (7). 

After different amounts of activation, consis t ing of 25, 
50, 100, 200, or 300 ac cycles, electrodes were washed in 
distilled water, then charged and discharged at 250 
mA/cm 2 in 30 w/o KOH to determine their coulombic 
capacity and hence the loading level of active Ni(OH)2. 
Each electrode was recharged to oxygen evolution poten- 
tials in 30 w/o KOH at a given constant current in the 
range of 25-250 mA/cm 2 at 25 ~ or 80~ and the electrode 
potential was measured at its surface by means of a 
Luggin capillary probe with a Hg/HgO reference elec- 
trode [+0.926V (RHE)]. The position of the pI'obe tip on 
the electrode surface was changed, and a new set of read- 
ings was taken in order to average out potential measure- 
ment  errors due to different distances between the probe 
tip and the surface, nonuniformity in current flow espe- 
cially near edges, etc. Counterelectrodes on either side of 
the porous Ni electrode were made of a sintered Teflon | 

* Electrochemical Society Active Member. 
' Present address: Bell Communications Research, Inc., 

Murray Hill, New Jersey 07974. 

64 

and Pt  powder mixture supported on a Ni screen, of area 
-50  cm 2, and similar to electrodes used to generate H~ in 
the Ni]H2 secondary cell. The cell was a closed Pyrex | 
beaker; recombination of evolved oxygen and hydrogen 
occurred within the cell nonexplosively above the electro- 
lyte level, on the exposed portion of the Pt counterelec- 
trodes. Thus, the KOH concentration was maintained 
over long periods (6h) of testings at 200 mA/cm 2. Temper- 
ature was held at 80 ~ -+ I~ using a temperature-controlled 
hot plate. 

Results 

Reduction of the oxygen evolution potential on Ni (at 
25~ discharge capacities in coulombs per square 
centimeter (C/cm 2) are proportional to the number  of cy- 
cles of activation applied to the different electrodes (Fig. 
1) and indicate the amount  of electrochemically active 
Ni(OH)2 produced ("loading level") on the surfaces of the 
sintered Ni particles comprising the electrode. 

During oxygen evolution at a given current density, the 
variation of electrode potential from point to point on the 
exterior surface of a particular electrode is relatively 
small compared with the overall effect of an increase in 
loading level. Table I shows the average electrode poten- 
tial for six probe positions at each current density at 25~ 
after 0, 25, 50, 100, 200, or 300 cycles of the ac square-wave 
current activation. The data are not corrected for the iR 
drop between the probe tip and the electrode surface. 
This is very small [Hall (8) estimates 10-20 mV] and poten- 
tials are generally constant to less than -+ 10 mV (Table I). 
The average electrode potentials for anodic current densi- 
ties of 100, 200, and 250 mA/cm ~ are shown in Fig. 2 as a 
function of the number  of ac cycles applied. Reductions 
of -200 mV were achieved for the oxygen evolution reac- 
tion (OER) after a 200 cycle (800s) pretreatment, while 
even 25 cycles (100s) gave a substantial improvement  of 
-125 mV. 

Stability of the lowered oxygen evolution potentials (at 
25~ cell voltage with time is a problem in 
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Fig. 1. Discharge copocities of ac activoted electrodes in 30 w/o KOH 
at 250 mAJcm 2 offer charging ot 250 m.&Jcrn 2 to oxygen evolution. 
Dependence on octivotion pretreotment is shown as the number of ac 
cycles ot 0.25 Hz, • 125 mA/cm 2 in ]M KCI. 
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Table I. Average electrode potentials and their standard deviations for up to six probe positions (mVvs. Hg/HgO) for oxygen evolution on sintered Ni 
electrodes before and after ac activation (in 30 w/o KOH at 25~ 

Current  dens i ty  (mAJcm'-') 25 50 100 150 200 250 

No ac t rea tment  740 -+ 5 774 -+ 6 8 0 9 -  + 7 832 -+ 9 852 -+ 11 8 6 8 -  + 14 
After  25 cycles 615 -+ 7 642 -+ 7 679 -+ 9 706 -+ 12 729 -+ 14 748 -+ 18 
After  50 cycles 585 -+ 2 612 -+ 2 644 -+ 2 667 -+ 2 685 -+ 2 701 _+ 1 
After  100 cycles 586 607 -+ 1 636 -+ 2 655 -+ 3 669 -+ 5 681 -+ 4 
After  200 cycles - -  585 -+ 3 614 -+ 4 636 -+ 6 653 -+ 8 669 _+ 10 
After  300 cycles 552 -+ 2 575 -+ 1 606 -+ 3 626 -+ 4 644 -+ 6 659 -+ 9 

Table II. Effect of lh of oxygen evolution at 100 mA/cm 2 on Hi electrode potentials a t25~  in 30 w/o KOH 

Electrode potential  [V(Hg/HgO)] at var ious  current  densi t ies  (mA/cm 2) 

Electrode 25 50 100 150 200 250 

Unact iva ted  Ni 0.729 0.765 0.801 0.823 0.842 0.857 
Unact iva ted  Ni after l h  0.769 0,803 0.839 0.860 0,878 0.894 
Change  in potential  +0.040 +0.038 +0.038 +0.037 +0.036 § 
After 20 m i n  O.C.* 0.760 0.794 0.831 0.853 0.872 0.888 

Ni wi th  25 cycles ac 0.623 0.651 0.688 0.717 0.742 0.763 
Ni wi th  25 cycles after l h  0.636 0.670 0.708 0.736 0.757 0.779 
Change  in potential  +0.013 +0.019 +0.020 +0.019 +0.015 +0.016 
After  20 min  O.C.* 0.629 0.657 0.694 0.721 0.745 0.766 

Ni wi th  300 cycles ac 0.552 0.575 0.603 0.622 0.637 0.650 
Ni wi th  300 cycles after lh  0.558 0.582 0.609 0.627 0,642 0,655 
Change  in potential  +0.006 +0.007 +0.006 +0.005 +0.005 +0.005 

* O.C. = Open circuit  in 30 w/o KOH. 

p r e s e n t  h y d r o g e n  p r o d u c t i o n  (1). T a b l e  I I  s h o w s  t h a t  
t h e r e  i s  a t r e n d  t o w a r d s  h i g h e r  e l e c t r o d e  p o t e n t i a l s  a t  al l  
c u r r e n t  d e n s i t i e s  a f t e r  p r o l o n g e d  g a s s i n g ,  b u t  t h a t  t h i s  i s  
a l so  a f u n c t i o n  o f  t h e  e l e c t r o d e  p r e t r e a t m e n t .  A n  
u n a c t i v a t e d  N i  s i n t e r e d  e l e c t r o d e  s h o w e d  as  m u c h  a s  a 40 
m V  i n c r e a s e  a f t e r  l h  o f  g a s s i n g  a t  100 m A J c m  2, a l t h o u g h  
a t  h i g h e r  l o a d i n g  l e v e l s  t h e r e  w a s  a s m a l l e r  i n c r e a s e  w i t h  
t i m e  a n d  so  t h e  e l e c t r o d e  p o t e n t i a l  w a s  m o r e  s t a b l e .  T h i s  
p h e n o m e n o n  w a s  p a r t i a l l y  r e v e r s i b l e  o n  o p e n  c i r c u i t i n g :  
e.g., t h e  25 c y c l e  e l e c t r o d e  s h o w e d  o n l y  - 6  m V  i n c r e a s e  i n  
p o t e n t i a l  a f t e r  20 r a i n  o n  o p e n  c i r cu i t ,  p r e v i o u s  to  w h i c h  
t h e r e  h a d  b e e n  a n  a v e r a g e  17 m V  i n c r e a s e  a t  al l  c u r r e n t  
l eve l s .  T h e  r e c o v e r y  a f t e r  o p e n  c i r c u i t i n g  u n a c t i v a t e d  N i  
w a s  a l so  - 1 0  m V  ( T a b l e  II). 
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Fig. 2. OER potentials (V vs. Hg/HgO) in 30 w/o KOH at 25~ of Ni 
electrodes with different amounts of activation. O: 100 mA/cm 2. ~ :  
200 mAJcm ~. C): 250 mA/cm 2. 

Oxygen evolution potentials at 80~ o r d e r  to  o b t a i n  
a c o m p a r i s o n  w i t h  p r e v i o u s l y  p u b l i s h e d  w o r k  u n d e r  c o m -  
m e r c i a l  e l e c t r o l y z e r  c o n d i t i o n s  (6), r e s u l t s  w e r e  o b t a i n e d  
a t  80~ i n  30% K O H  for  t h e  ac  a c t i v a t e d  e l e c t r o d e s  o v e r  a 
6 h  p e r i o d  o f  g a s s i n g  a t  200 m A / c m  =. 

T h e  d a t a  a f t e r  5h  a t  200 m A / c m  2 a r e  s h o w n  in  F ig .  3 a n d  
4. A s  e x p e c t e d ,  t h e  h i g h e r  t e m p e r a t u r e  i n i t i a l l y  p r o d u c e d  
l o w e r  O E R  p o t e n t i a l s  fo r  al l  e l e c t r o d e s  a t  e a c h  c u r r e n t  
d e n s i t y  ( c o m p a r e  F ig .  3 w i t h  F ig .  2) a n d  t h e  p o t e n t i a l s  o f  
a c t i v a t e d  e l e c t r o d e s  r o s e  b y  n o  m o r e  t h a n  - 5  m V / h  a t  a n y  
c u r r e n t  d e n s i t y  o v e r  t h e  6 h  t e s t  p e r i o d  o f  c o n t i n u o u s  g a s -  
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(6) at 80~ after 6h at 200 mA/cm 2 (electrochemically impregnated 
electrodes). 
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Ni sinter which was unactivated (O), or activated with: 25 (111), 50 
(A), 100 (�9 200 (C]), or 300 (A) ac cycles. 

sing (Table III) and therefore generally rose less than dur- 
ing the first hour at 25~ and 100 mA/cm ~ (Table II). The 
largest reduction in potential, ~230 mV, was again shown 
by the 300 ac cycle electrode and is about 20 mV larger 
than the improvement  at 25~ 

These reductions in electrode potential at 80~ are 
significantly larger than the 40-60 mV reductions previ- 
ously reported (6) for other activation procedures, which 
were by impregnation of Ni(OH)2 using either the chemi- 
cal (9) or electrochemical technique (10) to similar loadin~ 
levels (namely, 1.6-6 mg/cm 2, which would have an equiv- 
alent discharge capacity of -1.6-6 C/cm2). 

Discussion 
Methods of producing the nickel hydroxide catalyst on 

Ni surfaces have either been by prolonged anodic pre- 
treatment in KOH (11) or, more recently, by electrochem- 
ical impregnation (6). Neither of these two methods seems 
to have produced the degree of improvement  demon- 
strated by the ac activation. Hall (6) found that loadings of 
Ni(OH)2 in the range 1.6-6.1 mg/cm 2 (projected area) gave 
the minimum OER potentials for 50% porous Ni elec- 
trodes impregnated electrochemically (10). Higher load- 
ing levels gave higher OER potentials, owing to "pore 
plugging." The loading levels of 1.6-6.1 mg/cm ~ corre- 
spond to discharge capacities of 1.7-6.3 C/cm ~ (based on 
0.289 Ah/g Ni(OH)2). The actual initial surface areas of 
Hall's electrodes were 140-180 cm 2 per cm 2 (projected), 
which were higher than the 120-140 cm 2 per cm 2 elec- 
trodes used in the present work. Note that both estimates 
are based on BET measurements.  For direct comparison 
with ac activation, Hall's data, which were taken after 6h 
of gassing at 200 mA]cm 2 in 30% KOH at 80~ are plotted 
on Fig. 3 at ac cycle numbers corresponding to the 
coulombic capacities of ac activated electrodes from Fig. 
1, with the unactivated data superimposed to compensate 
for the iR corrections in Hall's work. 

A much larger drop in OER potential results from 
equivalent Ni(OH).2 loadings by ac activation. Also, no 
"blockage" effects appear at high loading levels up to 21.4 
mg/cm ~, partly owing to  the higher level of porosity (80%) 
of electrodes used in this work, but mostly to the uniform 
"nonblocking" nature of ac conversion of Ni to Ni(OH)~ 
and the high surface area of the film produced (7). Higher 
sinter porosi ty  does not account for the fourfold greater 
reduction in OER potentials compared with 50% porous 
structures (6). A uniform film thickness produced by ac 

Table III. Maximum rate of electrode potential change (m Wh), after 
the first hour, of activated sintered electrodes during 6h of oxygen 
evolution at 200 mA/cm 2 in 30 w/o KOH at 80~C. Data at different 
current densities were taken every hour with the reference electrode 

probe in the same position 

Electrode treatment Current density (mA]cm 2) 
(ac cycles) 25 50 100 150 200 250 

25 +2 +3 +3 +3 +3 +2 
50 +3 +4 +3 +3 +5 +5 

100 +3 +3 +2 +3 +2 +2 
200 +2 +2 +2 +3 +3 +2 
300 0 0 0 +1 0 +1 

activation should allow most of the surface of the hydrox- 
ide film to participate in the OER. However, Appleby et 
al. (12) demonstrated that there was little difference in 
overpotentials for the OER on smooth, woven, or sintered 
Ni, so that the present results might be due to the smaller 
percentage of the total hydroxide film surface surround- 
ing unblocked passages towards and at the outside of the 
activated sinter. It is these outer regions of the sinter that 
are particularly susceptible to blockage during electro- 
chemical and chemical impregnation but are not blocked 
during the ac process (7). Experimental  Tafel slopes for 
the 80~ data decreased with increase in the amount  of ac 
activation from 100 to 65 mV per decade below 100 
mA]cm 2 and from 135 to 95 mV per decade above 100 
mA/cm 2 (Fig. 4). At 25~ Tafel slopes were higher but also 
decreased with increase in ac activation, from 120 to 90 
mV per decade below 100 mA/cm 2 and from 160 to 105 
mV per decade above 100 mA]cm 2. Exchange current den- 
sity determinations were not made. The OER mechanism 
is thought to involve Ni 4+ in the surface of the 
oxyhydroxide (11, 13), to which Ni(OH)~ has converted be- 
fore the OER starts 

2NiO2 + H20 ~ 2fl-NiOOH + Oa~s [1] 

Oad~ + Oads ~ 02 [2] 
So, in addition to the effect of a larger or more available 

surface area in lowering the true current dbnsity, the ob- 
served lower potentials of the OER on ac activated elec- 
trodes would promote more efficient reduction of Ni 4+ to 
Ni 3~ and hence oxygen evolution. 

The rise of the OER potentials after lh  of gassing at 
25~ (Table II) was greater for unactivated Ni sinter elec- 
trodes at all current densities than for activated elec- 
trodes. This, apparently, is related to the thickness or 
amount  of the active Ni(OH)~ originally deposited, since 
the 21.4 mg/cm 2 electrode (300 ac cycles) only gave a - 5  
mV rise in OER potential after lh, compared with -17 
mV for the 1.4 mg/cm 2 electrode (25 ac cycles). Since the 
rise in potential is partially reversible on open circuiting, 
a surface area decrease of the hydroxide films in these 
electrodes is unlikely. The effect could be due a rising 
Ni4~:Ni 3~ ratio, which would inhibit the OER by converting 
active Ni '~ sites to inactive Ni 4~ sites (11). It seems reason- 
able that a higher ratio of Ni 4~ to Ni :~ would be more rap- 
idly attained in the thinner films since, on average, the 
ions experience a higher field. 

At 80~ the rates of rise of OER potentials during the 
first hour at all current densities and for all electrodes 
was lower than at 25~ For the unactivated electrode the 
rate was +6 to +10 mV/h during the first hour at all c.d.'s, 
while for the activated electrodes the rate was +2 to +6 
mWh. Table III shows the maximum increases in OER 
potentials after the first hour up to 6h of continuous gas- 
sing. The rates of rise were generally lower than during 
the first hour. These rates at 80~ for the activated elec- 
trodes are lower than for commercial electrodes during 5h 
of operation. An unactivated Ni-plated steel anode in 28% 
KOH at 70~ gave initial rates of increase in the OER po- 
tential of ~12 mV/h after 2h at 135 mA]cm=', which fell to 
~2 mV/h after 6h (1). 

The generally lower rates of OER potential rise at 80~ 
even for unactivated Ni may be due to a rapid initial at- 
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ta inment  of a stable and higher surface activity (higher 
Ni3+:Ni 4§ at the higher temperature. 

Finally, a large part of the overall improvement  in per- 
formance compared with electrochemically impregnated 
electrodes is due to the characteristic uniformity of thick- 
ness of films produced by the ac process (7), which en- 
sures uniform film conductance. This uniformity of film 
thickness is due to a high effective " th rowing  power" 
caused also by the local nature of the dissolution/precipi- 
tation process. Dissolution of Ni is enhanced by adsorp- 
tion of C1- ions from solution during the anodic half- 
cycle, causing Ni to dissolve rapidly then reprecipitate as 
hydroxide during the cathodic half-cycle (7) as the. pH of 
the surface rises (14). This process also removes the risk 
of pore blockage endemic with electrochemical deposi- 
tion of Ni hydroxide, where throwing power is much 
lower because deposition is dependent  upon diffusion of 
Ni +§ ions within the highly tortuous pore structure to inter- 
nal deposition sites. 

Chloride ions were not detected in the ac produced 
films at levels above the detection limit of 0.1 atomic per- 
cent using Auger-electron spectroscopy and ion milling 
(7). Backscattered electron images from scanning electron 
microscopy showed a significant change in atomic- 
number  contrast towards the ac produced film surfaces, 
indicating a very low density of Ni. The surfaces of the 
films are therefore probably highly porous with a high 
true surface area, allowing a lower Ni4~:Ni 3§ 

Application of ac activation to other types of Ni anode 
should be a straightforward extension of the technique. 
The high throwing power and small amount  of Ni con- 
verted to catalytic oxyhydroxide would ensure the struc- 
tural integrity of nickel substrates. 

Further improvements in anode efficiency and life 
might be attainable through the presence of other compo- 
nents, such as cobalt ions, in the active Ni(OH)2 film. 
NiCo204 has been shown to be a good catalyst for the OER 
(15) and 1-10% of cobalt hydroxide codeposited with 
Ni(OH)~ has been shown to reduce film stress in battery 
plates (16). Other cations can be introduced into Ni(OH)~ 
films made by ac activation through additions to the 
electrolyte. Deposition, as the pH rises during the ca- 
thodic half-cycle, would include nickel ions dissolved 
during the preceding anodic half-cycle together with cat- 
ions from the bulk solution. 

Practical application of ac activation will probably 
make use of low voltage power-FET technology which, in 
the near future, should be able to provide the low fre- 
quency (< 1 Hz), large alternating currents needed, with 
high efficiency (17). 

Conclusions 
Ac activation is a simple and most effective method of 

raising energy efficiencies of Ni anodes for electrolytic 
hydrogen production. AC activated sintered Ni electrodes 
have demonstrated a 230 mV reduction in OER potential 
at normal operating current densities of a commercial 
water electrolyzer. 

This reduction in cell voltage would translate into a 
considerably lowered cost of electrolytic hydrogen pro- 
duction, where 80% of the cost arises from electrical en- 
ergy consumption within the cell. 

Manuscript submitted March 8, 1984; revised manu- 
script received July 7, 1984. 
AT&T Bell Laboratories assisted in meeting the publica- 

tion costs of this article. 
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ABSTRACT 

Composites consisting of inert fiber substrates coated with metallic silver were shown to be potentially useful as a 
source of silver ions for infection control. Using an in vitro system, the ability of six silver-coated nylon fabrics to sup- 
port an electric current was studied, and the resulting silver levels up to 23h after initiation of the current were mea- 
sured. In four fabrics, 1.7 ~A/cm 2 for 16h produced fabric corrosion that prevented further current flow. Comparable 
changes in two other fabrics did not occur until 16 ~A/cm 2. At fixed current densities, the fabrics produced differing so- 
lution silver concentrations. For one fabric, the measured silver concentrations approached the theoretically predicted 
level. The results indicated that silver-nylon fabrics could produce antimicrobially significant silver levels at relatively 
low currents and voltages, and that the rate of ion production can be predicted on the basis of electrochemical consider- 
ations. 

Silver compounds are used in clinical medicine because 
of their antiseptic properties (1). The prophylaxis of ocu- 
lar infections and prevention and treatment of burn- 
wound sepsis are two examples. Beginning in the late 
19th century, metallic silver in the form of sutures and 
foils was used to produce bacteriostatic effects via the 
passive disassociation of silver from the metallic phase 
into tissue (2). Metallic silver continued to be used clinic- 

a l ly  until the systemic antibiotics were introduced in the 
1930's. 

Interest in the possible use of metallic silver as a topical 
antimicrobial agent developed again in the 1970's, when a 
series of studies showed that electrically generated silver 
ions inhibited the growth of bacteria and fungi (3-8). The 
first attempt at clinical application of this concept in- 
volved the treatment of osteomyelitis (9). To increase the 
area of tissue actually expose d to silver ions, silver-coated 
nylon fabric as well as thin silver wire were used. 

The concept of applying an antiseptic agent by passing 
a current through a metallized fabric has clinical appeal: 
(i) the dose can be regulated by controlling the current; 
(ii) the textile characteristics of the ~ubstrate can be cho- 
sen to produce an occlusive or nonoc~lusi've dressing, as 
needed; (iii) since a typical wound dresSing would con- 
tain only a few milligrams of silver, the cost of the dress- 
ing would be low. 

To pursue this idea, the in vitro electrical properties of 
a commercially available class of silver-coated nylon fab- 
rics were studied. Our aim was to elucidate the electro- 
chemical response of the fabrics under conditions that 
simulated actual clinical use. 

The Paraplast was applied to the tabs at 56~ and allowed 
to harden at room temperature; it did not affect the perti- 
nent physical properties of the fabrics. In some cases, to 
increase the current per unit area of the fabric, part of the 
annular ring was removed (Fig. 1A). The fabrics were op- 
erated as anodes against silver-wire cathodes (23 cm of 0.5 
mm diam silver wire) in the configuration shown in Fig. 
lB. The cathode material and configuration were chosen 
for convenience, and they had no specific effect on 
events within the anodic chambers which did not vary 
when stainless steel, copper, or silver-nylon fabrics (sur- 
face area 0.16-60 cm 2) were used. 

Silver measurements were made by atomic absorption 
spectroscopy using standard methods (10). Briefly, ali- 
quots of the solution under study, after dilution if needed, 
were directly aspirated into an air-acetylene flame. Silver 
concentrations were determined by absorbance measure- 
ments  (Perkin-Elmer 306, with a silver hollow-cathode 
lamp) with the use of standard curves generated by add- 
ing known concentrations of silver to the same medium 
as the test solution. The 328.0 nm resonance line of silver 
was used, and all measurements  were made in triplicate 
and the results averaged. 

Current was applied using a variable power supply 
(EICO 10645) and measured with an electrometer (Keith- 
ley, 610C) or a digital mult imeter  (Beckman 3020) (see Fig. 
1). A second such mult imeter  was used for resistance 

Methods 
Six fabrics (Swift Textile Metalizing Corporation, 

Hartford, Connecticut) were studied. The fabric designa- 
tions and some of their physical properties are listed in 
Table I. The fabrics consisted of woven or knitted nylon 
fibers, 20-50 ~m diam, that had been uniformly coated 
with pure silver to a calculated average thickness of 
0.02-0.4 ~m, depending on the fabric. The coating process 
did not affect the handling characteristics or mechanical 
strength of the fabrics. 

For dc studies, the fabrics were prepared as annular 
electrodes with tabs to permit introduction of the current 
(Fig. 1A). The fabrics were not treated prior to use except 
for a brief rinse in distilled water. In most experiments,  
the tabs were coated with an insulating material (Para- 
plast, Lancer, St. Louis, Missouri) to prevent wick action. 

Fig. 1. The experimental system. (A) Geometry of the annular elec- 
trode. Two additional electrode geometries were used in some measure- 
ments. The semi-annular electrode produced by cutting the fabric at 
X-X~ (and discarding the distal portion); the tab electrode produced by 
cutting the fabric at Y-YI. The surface areas were, respectively, 19, 9.5, 
1 cm :. (B) For passage of current, the portion of the electrode distal to 
the iunction was immersed in 50 ml of medium--either saline or tr/ptic 
soy broth--contained in 400 ml beakers. Electrical connection to the 
cathodal beaker was made via a tryptic-agar bridge. 

68 
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Table I. Properties of silver-nylon fabrics 

Fabric style HRS LRS SN R 4H IT 
Pattern Weave Weave Knit Knit Knit Knit 
Cell shape Square Square Square Diamond Hexagonal Hexagonal 
Cell size (mm) Closed Closed Closed 4.8 2.5 0.76 
Weight (g/m s ) 84.6 37.2 111.7 67.7 13.5 10.2 
Silver content (/zg/cm 2) 2545 783 4364 2371 500 371 

Table II. Electrical resistance of silver-nylon fabrics as a function of immersion time in saline at 20 ~ (upper) and 37~ (lower). Average and one 
standard deviation (n - 1 weighting) of triplicate determinations. NM: not measm'ed 

Resistance (12/[]) 

Fabric style Nonimmersed lh 4h 24h 96h 

HRS 1.0 -+ 0.2 1.4 -+ 0.5 3.5 -+ 2.6 >20 M~ NM 
199.7 -+ 182.2 558.1 -+ 552.6 >20 MII >20 Mil 

LRS 1.6 -+ 0.8 2.1 -+ 0.5 3.0 -+ 0.3 2.0 -+ 0.7 NM 
1.8 -+ 1.8 1.6 -+ 1.1 2.0 -+ 2.0 2.8 -+ 0.5 

SN 1.2 _+ 0.2 1.3 -+ 0.1 1.3 +- 0.1 3.4 -+ 0.7 N M  
1.3 -+ 0.1 1.6 -+ 0.1 >20 MfI >20 MI2 

R 0.6 -+ 0.1 1,1 -+ 0.1 0.9 -+ 0.1 1.0 -+ 0.1 NM 
1.0 -+ 0.1 1.0 -+ 0.1 1.0 -+ 0.1 1.1 -+ 0.1 

4H 2.5 -+ 0.5 3.7 -+ 0.1 3.6 -+ 0.3 6.1 -+ 1.7 NM 
4.9 -+ 1.3 5.2 -+ 0.8 10.3 -+ 3.0 65.1 -+ 60.2 

IT 1.3 -+ 0.1 1.9 -+ 0.1 1.8 -+ 0.1 2.2 -+ 0.2 NM 
2.2 _+ 0.5 2.1 +_ 0.1 5.2 -+ 0.3 1300 -+ 1900 

m e a s u r e m e n t s .  The vol tages  r epo r t ed  were  the  potent ia l  
d i f f e rences  app l ied  b e t w e e n  the  chamber s ;  t hey  were  
m o n i t o r e d  wi th  a h igh  i m p e d a n c e  vo l tme te r  (RCA WV 
510-A). For  s cann ing  e lec t ron  m i c r o s c o p y  (SEM), 1 cm 
squa res  of  fabric were  cut  out  and  adhe red  to a l u m i n u m  
s c a n n i n g  s tubs  w i th  c o p p e r - i m p r e g n a t e d  tape.  The  speci-  
m e n s  were  e x a m i n e d  and p h o t o g r a p h e d  in  an  AMR 1200 
s c a n n i n g  e lec t ron  m i c r o s c o p e  at an acce le ra t ing  vol tage  
of  25 kV. 

The  unme ta l i z ed  fabr ics  d id  no t  u n d e r g o  de tec tab le  
c h a n g e s  in  r es i s t ance  w h e n  sub jec t ed  to t he  cond i t ions  of  
i m m e r s i o n  e m p l o y e d  in th is  s tudy:  The electr ical  changes  
o b s e r v e d  are, therefore ,  a t t r ibu ted  to changes  in  the  silver 
coat ing,  and  no t  the  ny lon  itself. 

Results 
The fabr ics  exh ib i t ed  changes  in surface  : resis tance fol- 

lowing  i m m e r s i o n  in  sal ine (Table II). A typical  cu r ren t  
v s .  t ime  curve  for fabric H R S  is s h o w n  i n  Fig. 2. At  1V 
after  9-10h, the  cu r r en t  d r o p p e d  prec ip i tous ly .  W h e n  the  
average  cu r ren t  dens i ty  was  inc reased  us ing  a semi-- 
annu la r  or tab a n o d e  (the total  cu r ren t  was  unchanged) ,  
t he  cu r r en t  d rop-of f  occu r red  at p ropor t iona te ly  earlier 
t imes  (Table III). 

Fo r  i m m e r s i o n  t imes  grea ter  t h a n  24h, t he  res i s t ance  
b e t w e e n  any  two po in t s  on the  annula r  por t ion  of  the  

24 
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0 ; ~, l e -  

~ 1 2 -  

4 -  

SILVER WIRE 

HRS 

6 8 1() 1'2 24 
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Fig. 2. Total current through HRS and silver-wire anodes: 1 V, 20~ in 
saline. 

H R S  a n o d e  (or b e t w e e n  any  two points ,  one  of  w h i c h  was  
in  the  annula r  por t ion)  w a s e s s e n t i a l l y  inf ini te  regard less  
of w h e t h e r  it had  b e e n  u s e d  to pass  cu r ren t  or not.  But  for 
i m m e r s i o n  t imes  suff ic ient ly  shor t  tha t  the  pass ive  disas- 
socia t ion of  si lver f rom the  fabric did no t  affect  the  total  
s y s t em current ,  the  p a t t e rn  of  res i s tance  m e a s u r e m e n t s  
was  re]a ted to the  cu r r en t  dens i ty  p a s s ed  t h r o u g h  the  fab- 
ric and,  more  part icular ly,  to the  occur rence  of  the  drop-  
off  p h e n o m e n o n .  Before  the  drop-off ,  all r e s i s t ance  mea-  
su remen t s ,  inc lud ing  t h o s e  having  a pa th  across  the  
junc t ion ,  were  on the  Order of  lf}. I m m e d i a t e l y  af ter  the  
drop-off ,  however ,  only  res i s t ance  pa ths  tha t  d id  no t  cross  
the  j u n c t i o n  y ie lded  low values;  all pa ths  t h r o u g h  the  
j u n c t i o n  s h o w e d  essent ia l ly  infini te  res is tance.  

The s e q u e n c e  of  m e a s u r e m e n t s  was  r epea t ed  wi th  IT 
which ,  unl ike  HRS,  u n d e r w e n t  negl igible  ch an g es  in  re- 
s i s tance  due  to i m m e r s i o n  in  saline (Table II), and  again 
the  cu r ren t  d rop-of f  was  o b s e rv ed  (Table III). Before  the  
cu r r en t  d rop-of f  occur red ,  all r es i s tance  m e a s u r e m e n t s  
were  on the  order  of 1~; af ter  the  drop-off ,  essent ia l ly  
infini te  res i s tance  across  the  j u n c t i o n  was  again mea-  
sured.  

The e x t e n t  of the  reg ion  at the  j u n c t i o n  man i f e s t i ng  the  
e lect rolyt ic  effects  on  surface  r e s i s t ance  d e p e n d e d  on 

Table III. Maximum duration of current flow as a function of average 
current density. All measurements were made at 1V, 20~ in saline 

Current Time to 
Fabric Electrode density current 
style geometry (~A/cm ~) drop-off (h) 

HRS Annular 0.85 10 
Semi-annular 1.70 5 

Tab 16 3 

LRS Annular 0.85 24 
Semi-annular 1.70 8-16 

Tab 16 2 

SN Annular 0.85 >24 
Semi-annular 1.70 >24 

Tab 16 17-23 

R Annular 0.85 >24 
Semi-annular 1.70 >24 

Tab 16 10-14 

4H Annular 0.85 21 
Semi-annular 1.70 10-14 

Tab 16 3 

IT Annular 0.85 17 
Semi-annular 1.70 10 

Tab 16 3 
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Fig. 3. Scanning electron micrograph of the junction region of IT. A: 
Control. B: after passage of current for 23h, 1V, 20~ in saline. 

electrode geometry and voltage. Generally, it was 1-3 cm ~, 
which corresponded to 10-100% of the electrode surface 
actually exposed to the solution. 

4H and LRS exhibited behavior qualitatively similar to 
that of IT; they were stable (Table II) and exhibited both 
a current drop-off (Table III) and a corresponding high re- 
sistance in t h e  neighborhood of the junction. R and SN 
were also stable, but were able to support a current for 
24h for all but the highest current density (Table III). 

SEM showed that the formation of surface-adhering 
crystals - -  presumed to be silver chloride - -  accompanied 
the passage of current. Figure 3, which depicts the crystal 
formation in the junct ion region of IT, is typical of the ob- 
served surface corrosion. By SEM, the density of  crystal 
formation appeared to be greater in the junctional region 
compared to that in the opposite portion of the e lec t rode  
(Fig. 4), but actual measurements  were not performed. A1- 

Fig. 4. Scanning electron mlcrograph of SN. A and B: control. C and D: 
after 1 V, 20~ in saline. C: region near the junction. D: region in the 
most distal portion of the electrode. 

Fig. 5. Total current through HRS anodes having the same areas but 
differing in junction geometries. In saline, 20~ 1V. 

though the effect of the passage of current through the 
fabrics could be readily detected by SEM, there were no 
corresponding macroscopic changes in any of the fabrics. 

To explore the role of the geometry of the junction it- 
self when the average current density was held constant, 
we prepared electrodes having the same surface area but 
widely different junction geometries (Fig. 5). The narrow- 
est junction exhibited both the most rapid onset of the 
current drop-off, and lowest base-line current. The 50 mm 
junction exhibited a diffuse current drop-off with the 
longest onset and highest base-line level. The 10 mm 
junction was intermediate with respect to both 
characteristics. 

Knowledge of the electrical characteristics of the silver- 
nylon fabrics is important with regard to their contem- 
plated clinical uses for infection control. Data regarding 
the fabrics' silver-ion releasing properties is also needed, 
because clinical efficacy requires tissue silver levels of 
5-20 ~g/ml (6). We therefore measured the silver concen- 
trations in tryptic soy broth (a standard medium that sup- 
ports microbial growth). 

The fabrics themselves did not undergo significant 
changes in resistance following immersion in the medium 
(Table IV). The silver measurements  were made using an- 
nular anodes. At 1V, the total system current was approx- 
imately 22 ~A (average current density: 1.2 ~A]cm ~ of fab- 
ric). The silver levels released into solution by both 
passive disassociation and electrolysis (1 and  2V) up to 
23h are shown in Table V. 

Discussion 
Previous work showed that HRS can be effective 

against micro-organisms (11); silver dissolved from the 
fabric's surface diffused through the medium and inhib- 
ited growth. This movement  of silver has been confirmed 
indirectly by the present measurements of fabric resist- 
ances, which rise with immersion time, suggesting that 
silver ions are being liberated. It has also been confirmed 
by the direct measurement  of silver in solution. After 23h, 
HRS liberated 2.6 ~g/ml of silver, which is essentially the 
same concentration deduced in the earlier study (11). 

Table IV. Electrical resistance of silver-nylon fabrics after immersion in 
tryptic soy broth for 24h at 37~ Average and one standard deviation 

(n - 1 weighting) of triplicate measurements 

Resistance (~/D) 
Fabric style 24h 

HRS 1.8 • 0.2 
LRS 2.9 • 0.1 
SN 1.7 • 0.1 
R 1.0 -+ 0.! 
4H 5.3 • 0.6 
IT 2.4 • 0.1 
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Table V. Silver levels in tryptic soy broth (50 ml) at 37~ Average and one standard deviation (n - 1 weighting) of triplicate measurements at (from top 
to bottom in each data group) 0 (control), 1, and 2V. NM: not measured 

Silver concentration (~g /ml)  

Fabric style lh  2h 4h 7h 23h 

<0.01 <0.01 <0.01 <0.01 <0.01 
Silver wire 1.1 +- 0.1 2.1 • 0.1 4.4 -+ 0.2 7.0 -+ 0.5 21.3 -+ 0.7 

1.6 -+ 0.3 3.2 -+ 0.4 6.5 -+ 2.0 9.4 • 1.9 26.6 _+ 6.4 

0.8 -+ 0.3 1.0 • 0.3 1.4 -- 0.3 1.8 • 0.3 2.6 -+ 1.0 
HRS 1.4 _+ 0.3 2.2 • 0.5 3.9 -+ 0.7 7.3 • 0.6 14.0 -+ 0.4 

3.1 • 0.1 5.3 • 0.6 10.2 - 0.6 13.2 • 0.1 20.9 • 1.3" 

0.4 • 0.1 0.5 • 0.1 0.7 • 0.1 1.1 • 0.1 1.1 • 0.4 
LRS 1.6 -+ 0.4 2.8 • 0.1 6.0 -+ 0.1 10.2 • 0.4 21.8 -+ 0.6* 

NM NM NM NM NM 

2.3 -+ 0.2 3.0 -+ 0.2 4.4 -+ 0.4 5.8 -+ 0.6 11.5 • 1.2 
SN 3.2 -+ 0.2 4.7 • 0.2 8.3 • 0.2 12.1 • 0.4 21.3 • 1.7 

3 .4 -  + 0.3 6.4 • 0.6 11.2 • 0.7 15.2 -+ 0.9 25.0 • 5.2 

1.4 • 0.2 1.9 -+ 0.2 3.0 • 0.3 4.0 -+ 0.4 8.0 -+ 0.6 
R 2.3 • 0.1 3.5 • 0.2 7.2 --_ 0.2 10.6 • 0.6 23.4 • 1.0 

4.2 -+ 0.2 7.9 -+ 1.6 15.4 _+ 1.2 20.7 • 2.1 29.6 -+ 2.5 
0.7 • 0.1 0.9 • 0.1 1.4 • 0.1 1.9 • 0.2 3.0 • 0.9 

4H 2.5 _+ 0.6 4.3 • 0.6 7.9 • 1.2 11.8 • 1.7 31.6 • 1.7" 
4.6 _+ 0.4 8.6 • 0.2 17.6 • 0.3 23.6 • 0.8* NM 

0.5 • 0.1 0.6 • 0.1 1.0 -+ 0.1 1.4 -+ 0.1 2.6 • 0.6 
1T 2.6 -+ 0.7 4.4 -+ 0.7 7.9 -+ 0.9 12.9 _+ 0.6 33.2 -+ 1.6" 

4.8 • 0.2 9.4 • 0.1 19.3 -+ 0.2 24.5 • 1.3" NM 

* Current drop-off observed. 

All the  fabr ics  p r o d u c e d  si lver w h e n  i m m e r s e d  in the  
m e d i u m ,  and  the  r e su l t ing  si lver levels var ied  by  abou t  a 
factor  o f  6 du r ing  the  first 8h; at 23h, the  range  was  
grea te r  t h a n  a fac tor  of  10 (LRS c o m p a r e d  to SN). Si lver  
levels  p r o d u c e d  by  si lver wire  u n d e r  ident ica l  expe r imen-  
tal cond i t i ons  were  b e l o w  the  level o f  de t ec t ion  (0.01 
~g/ml). The surface area of  the  si lver-wire a n o d e  was  3.6 
c m  2. The geomet r i c  sur face  of  the  fabrics  was  19 c m  2, bu t  
the  actual  surface area  var ied  d e p e n d i n g  on the  par t icu lar  
fabric. Based  on the  fabric  p rope r t i e s  l is ted in Table  I, 
and  a s s u m i n g  a fiber d i ame te r  o f  20 ~ m  (50 ~m for  IT), it  
can  be  s h o w n  the  actual  sur face  area, d e p e n d i n g  on the  
fabric,  was  0.8-22 t imes  as grea t  as the  c o r r e s p o n d i n g  geo- 
met r ic  area. Thus  the  fabric  anodes  h a d  4-116 t imes  the  
sur face  area  of  t he  si lver  anodes .  Cons ide r  SN, w h i c h  is 
t h e  m o s t  e x t r e m e  case. I t  had  a ca lcula ted  actual  surface  
area  22 t imes  tha t  of  its geomet r ic  area. The  area of  the  
SN a n o d e  was,  therefore ,  22 x 19/3.6 m 116 t imes  tha t  of  
the  si lver-wire anode .  A l t h o u g h  the re  was  a d i f fe rence  of  
two orders  of  m a g n i t u d e  in t he  surface areas,  the re  was  a 
d i f fe rence  of  at leas t  t h r ee  orders  of  m a g n i t u d e  in  t he  cor- 
r e s p o n d i n g  si lver levels  p r o d u c e d  by  pass ive  disassocia-  
t ion  (Table V). This  i nd i ca t ed  tha t  the  metal l ic  si lver coat- 
ing  on SN was  s ignif icant ly  m o r e  labile  t h a n  si lver  wire. 
S imi la r  ca lcula t ions  for the  o the r  fabrics  lead to the  same 
conc lus ion .  

The  passage  of  cu r r en t  t h r o u g h  the  fabr ics  r e su l t ed  in 
i nc r ea sed  silver levels.  W h e n  the  silver levels at 1 and  2V 
were  co r rec ted  for t he  base- l ine  levels,  the  mater ia ls  
r anked  as fol lows in  dec rea s ing  order  of  re la t ive  electro-  
lytic eff ic iency w i t h  r ega rd  to l ibera t ing  silver: IT, 4H, 
LRS,  si lver  wire,  R, SN, HRS,  at  1V up  to 7h; IT, 4H, R, 
HRS,  SN, si lver  wire,  at 2V up  to 4h. Fa raday ' s  law gives 
as t he  u p p e r  l imit  for s i lver  p r o d u c t i o n  4 ~g/~A-h. In Fig. 
6, the  range  of m e a s u r e d  si lver  levels p r o d u c e d  by  the  
fabr ics  and  s i lver  wi re  is c o m p a r e d  to t he  theore t ica l  
level. IT was  the  m o s t  faradaic  o f  the  mater ia ls  in  tha t  it  
p r o d u c e d  si lver levels  c lose  to  the  p r ed i c t ed  values .  

It is the  total  s i lver  concen t r a t i on  tha t  d e t e r m i n e s  
w h e t h e r  microbia l  g r o w t h  will  be  inhib i ted .  U n d e r  the  
cond i t i ons  we emp loyed ,  t he  t h r e sho ld  of  such  an effect  
( approx ima te ly  5 ~g/ml) occu r red  af ter  2h at 1V and  after  
l h  at  2V. U n d e r  d i f fe rent  bu t  realist ic e x p e r i m e n t a l  con- 
di t ions,  th is  t h r e s h o l d  could  p robab ly  be  ach ieved  even  
m o r e  quickly.  

IT  was  one  of  the  m o s t  i n t e r e s t i ng  of  the  fabr ics  s tud-  
ied. E v e n  t h o u g h  it was  the  l igh tes t  and  leas t -s i lvered fab- 

ric (Table  I), it p r o d u c e d  h igh  si lver concen t r a t i ons  (Table 
V). I ts  major  d r a w b a c k  was  tha t  it was  a m o n g  the  fabr ics  
m o s t  p r o n e  to exh ib i t  the  cu r r en t  d rop-of f  (Table III). 

The cu r ren t  d rop-of f  p h e n o m e n o n  appa ren t l y  ar ises  
f rom the  preferen t ia l  l ibera t ion  of  si lver ions  at the  junc-  
t ion zone.  We k n o w  of  no  theore t ica l  r eason  to e x p e c t  tha t  
the  cu r r en t  dens i ty  w o u l d  be  grea te r  near  the  junc t ion ,  
bu t  such  an occu r r ence  w o u l d  expla in  b o t h  the  h igh  re- 
s i s tance  region  found  at t he  j u n c t i o n  and  the  SEM obser-  
va t ions  of  inc reased  cor ros ion  at  tha t  location.  

We have  s h o w n  tha t  the  fabr ics  will e lectrolyt ical ly  lib- 
erate  si lver ions  in to  solut ion,  p r o d u c i n g  si lver  levels tha t  
wou ld  be  e x p e c t e d  to inh ib i t  the  g ro w t h  of  micro-organ-  
isms.  S tud ies  to be  p u b l i s h e d  e l sewhere  have  e s t ab l i shed  
th is  act ivi ty agains t  g ram-pos i t ive  and  g ram-nega t ive  bac-  
ter ia  and  fungus  (12). Clinical  appl ica t ion  of  the  silver- 
ny lon  fabr ics  will  r equ i re  a t t en t ion  to  b o t h  the  des ign  of  
t he  e lec t rode  and  its geomet r ic  re la t ionsh ip  to t he  treat-  
m e n t  site. The  cu r r en t  d rop-of f  p h e n o m e n o n  exh ib i t ed  by  
the  fabr ics  will p ro b ab l y  no t  i m p e d e  the i r  d e v e l o p m e n t  
for clinical use.  

12- FARADAY'S J IT 
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Fig. 6. Electrically produced silver concentrations (corrected for base- 
line levels) compared to theoretical maximum concentrations. In tryptic 
soy broth, 1 V, 37~C. 
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ABSTRACT 

The loss of current efficiency in the indirect two-stage electrochemical process using the Mn~-+/Mn 3+ system is due to 
the oxidation of organics present in the recycled electrolyte. There is no evidence of electrode poisoning under  the ex- 
perimental conditions studied (88% H._,SO4; Pt anode, 85~ 

At the present time, there is considerable industrial in- 
terest in the indirect two-stage electrochemical process 
("ex-cell" process) for the synthesis of organic com- 
pounds. In this process, a carrier (M n+) is electrochemi- 
cally oxidized (or reduced) and then allowed to react with 
the organic compound in a separate vessel. When reaction 
is complete, a separation of product takes place and the 
spent liquor is returned back to the electrochemical cell, 
where the carrier is regenerated 

M n+ --> M (n+m)§ § m e -  

M (n+m)+ + reactant --+ M n+ + product 

This method and its advantages have been described in 
a number of publications (i, 2), but its application on an 
industrial scale is limited. One reason why this process 
has not become common is the loss in current efficiency 
observed in working process due to organic matter pres- 
ent in the recycled electrolyte (3, 4). In this paper, the rea- 
son for current efficiency losses in the indirect two-stage 
process using the Mn2+/Mn 3§ system has been studied by 
cyclic voltammetry and by preparative electrolysis. 

Mechanisms of Current Efficiency Losses 
Current efficiency losses observed in the indirect two- 

stage electrochemical process can occur by two main 
mechanisms: oxidation of the organic compound carried 
over with the recycled electrolyte (mechanism I), and 
electrode poisoning (mechanism II). 

Current efficiency losses due to oxidation of the organic 
compound.---In this mechanism, the only reason for cur- 
rent efficiency loss is the oxidation of the organic com- 
pound (mainly to CO~) at the anode and/or with the carrier 
M ('+m)+ formed electrochemically. The loss of coulometric 
charge is defined as the charge of induction period [Qind] 
and can be estimated from the charge needed for com- 
plete combustion of the organic compound [Qcomb] from 
the relation 

[QLnd] = g[Qcomb] [1] 

The constant K in this relation is equal t o 1 if the organic 
compound is completely oxidized to COs and is smaller 
than one if the oxidation is not complete (formation of 
CO, fatty acids, and others). This type of inefficiency can 

be characterized as reversible because after the partial or 
complete oxidation of the organic compound, the electro- 
chemical regeneration of M n+ is carried out as in the ab- 
sence of organics. 

Current efficiency losses due to electrode poisoning.--In 
this mechanism, the organic compound forms a film at 
the anode, modifying its electrochemical properties; it 
may change the standard rate constant (ks) for the couple 
M"§ (n+m)~ and/or influence the overpotential for oxygen 
evolution. For example, if ks for the couple M"+/M (n~"~ is 
strongly decreased and the overpotential for oxygen evo- 
lution is not changed, the oxidation of water competes 
with the oxidation of M "§ producing a large amount  of ox- 
ygen. In this type of inefficiency, it is difficult to estab- 
lish a quantitative relationship to estimate the loss of 
charge due to oxygen generation. This type of 
inefficiency Can be characterized as irreversible if the 
poison is electrochemically inactive and as reversibleif  it 
can be oxidized. 

Both of these mechanisms have already been discussed 
by Kuhn (3), who has studied the electrochemical regen- 
eration of Cr ~ in the oxidation of o-toluene sulfonamide 
to saccharin. He has shown that two main reasons con- 
tribute to current efficiency losses: namely oxidation of 
organics (mechanism I), and oxygen evolution due to the 
formation of a film at the anode (mechanism II). Lin-Cai 
and Pletcher (5) have studied the influence of organics 
(benzyl alcohol) in the electrochemical oxidation of Cr 3~ 
using cyclic voltammetry. They concluded that an or- 
ganic film was formed at the electrode which increases 
the current due to oxygen evolution (mechanism II). 

In preliminary work (6), the volume of gas evolved dur- 
ing the anodic oxidation of Mn ~ in the presence of organ- 
ics (bibenzanthrone) was measured and a partial analysis 
of CO2 was made. We assumed that the remainder was ox- 
ygen. In this paper, the reason for current efficiency 
losses in the indirect two-stage process using Mn'-'+/Mn 3~ 
has been studied using cyclic voltammetry and analyzing 
the gas evolved during electrolysis by gas chromatogra- 
phy. 

Experimental 
Preparative electrolysis was carried out in an electro- 

lytic cell of 150 ml capacity. The anode was made of a 
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Table I. Classification of organic compounds according to their action on 
the selectivity of Mn(ll) oxidation 

Class of compounds Studied compounds Group 

Paraffins Octane A 
Cycloparaffins Cyclohexane A 
Fatty acids ~ Acetic acid A 

Aliphatic diacids Oxalic B 
Malonic 
Tartaric b 

Ketones Acetone B 
Cycloketones Cyclohexanone B 
Aromatic Benzoic acid B 

Benzenesulfonic acid 
Benzaldehyde 
Phenol 
4,4 Bibenzanthrone 

An exception is formic acid, which belongs to group B. 
Tartaric acid is also decomposed in hot concentrated H~SO4. 

p l a t i n u m  shee t  (10 c m  2 area), a n d  the  c a t h o d e  was  a plati-  
n u m  sp i ra l  e n c l o s e d  in  a 10 ml  p o r o u s  po rce l a in  po t  
(ABS);  t he  ano ly te  w as  a s lu r ry  of MnSO4 �9 H20 (0.66 mol  
d m  -~ s u s p e n s i o n )  a n d  Ag2SO4 (6 • 10 -3 m o l  d m  -3) in  88% 
w/w H2SO4; t he  ca tho ly t e  was  H2SO4 88% w/w. The  elec- 
t ro lys i s  was  ca r r ied  ou t  at  c o n s t a n t  c u r r e n t  d e n s i t y  (100 
m A  c m  -2) a n d  t e m p e r a t u r e  (85~ T he  a m o u n t  of M n  3~ 
f o r m e d  in  t he  ano ly te  was  d e t e r m i n e d  b y  p o t e n t i o m e t r i c  
t i t r a t i o n  w i t h  Fe  2~. Gas  e v o l v e d  d u r i n g  e lec t ro lys i s  was  
s t r i p p e d  f rom the  e lec t ro ly te  w i t h  he l i um ,  a n d  ana lyzed  
b y  gas  c h r o m a t o g r a p h y  w i t h  ~ TC de t ec to r  at  r egu la r  in- 
t e rva l s  b y  a u t o m a t i c  i n j ec t i on  in  a c o l u m n  s e p a r a t i n g  03, 
N2, CO2, a n d  CO. 

The  v o l t a m m e t r i c  e x p e r i m e n t s  were  p e r f o r m e d  in  a 
c o n v e n t i o n a l  t h r ee -e l ec t rode  cell. A p l a t i n u m  wire  (0.55 
c m  2 area) was  u s e d  as w o r k i n g  e lec t rode ,  a n d  a p l a t i n u m  
s h e e t  (10 c m  2 area) as coun te r e l ec t rode .  Hg/Hg2SO4 �9 sa t  
K2SO4 [0.656V (NHE) a t  25~ was  u s e d  as r e f e r ence  elec- 
t rode .  All po t en t i a l s  in  th i s  p a p e r  are q u o t e d  aga ins t  th i s  
e lec t rode .  A Tacusse l  p o t e n t i o s t a t  a n d  a P A R  175 s ignal  
g e n e r a t o r  were  u s e d  for t he  e x p e r i m e n t s ,  a n d  vo l t am-  
m o g r a m s  were  r e c o r d e d  e i t h e r  o n  a H o n e y w e l l  X-Y re- 
c o r d e r  or a T e k t r o n i c  X-Y m e m o r y  osc i l loscope.  All  
v o l t a m m e t r i c  e x p e r i m e n t s  h a v e  b e e n  ca r r ied  ou t  in  88% 
w/w H2SO4 at  85~ T he  c o n c e n t r a t i o n  of  MnSO4 was  2 • 
10 -2 mol  d m  -3 w h e n  p r e s e n t  a n d  c o n c e n t r a t i o n s  of  or- 

gan ic  c o m p o u n d s  were  v a r i e d  b e t w e e n  1 • 10 -3 a n d  5 • 
10 --~ tool  d m  -3 w h e n  p resen t .  

Results and Discussion 
Preparative electrolysis. - -  In  o rde r  to  s t u d y  the  

i n f l uence  of  o rgan ics  o n  t he  se lec t iv i ty  of  M n  2+ o x i d a t i o n  
(in p r e s e n c e  of  Ag § as catalyst) ,  t h e  e l e c t r o c h e m i c a l  oxida-  
t i on  of  M n  2~ to M n  3§ was  ca r r i ed  ou t  in  t he  p r e s e n c e  of dif- 
f e r e n t  organic  c o m p o u n d s .  I t  was  f o u n d  t h a t  t he  b e h a v i o r  
of  o rgan ics  t o w a r d  the  se lec t iv i ty  of  M n  2§ o x i d a t i o n  can  
b e  r e l a t ed  to t he  s tab i l i ty  of  t he  organic  t o w a r d  ox ida t ion .  
Thus ,  c o m p o u n d s  w h i c h  are  s t ab l e  t o w a r d  o x i d a t i o n  in  
the  p o t e n t i a l  r a n g e  of  M n  3§ do no t  in f luence  t h e  select iv-  
i ty of  M n  ~§ ox ida t i on  (g roup  A c o m p o u n d s  in  Tab le  I), as 
o p p o s e d  to c o m p o u n d s  w h i c h  are easi ly  ox id ized  a n d  
w h i c h  in f luence  ve ry  s t rong ly  t he  se lec t iv i ty  of  the  reac- 
t ion,  d e c r e a s i n g  t he  c u r r e n t  ef f ic iency of  M n  3~ f o r m a t i o n  
(g roup  B c o m p o u n d s  in  T a b l e  I). In  o rde r  to  s t u d y  t he  
m e c h a n i s m  of  c u r r e n t  ef f ic iency losses,  benzo i c  ac id  was  
c h o s e n  as m o d e l  a roma t i c  c o m p o u n d  (group  B). 

The  e l e c t r o c h e m i c a l  o x i d a t i o n  of  M n  ~+ to M n  3+ in  t he  
p r e s e n c e  of  benzo ic  ac id  ha s  a n  i n d u c t i o n  p e r i o d  (Fig. la), 
w h i c h  m e a n s  t h a t  some  t i m e  is r e q u i r e d  be fo re  t he  maxi -  
m u m  ra te  of M n  3~ f o r m a t i o n  occurs .  The  loss  of cha rge  
o b s e r v e d  in  t he  i n d u c t i o n  pe r iod  [Q~d] is p r o p o r t i o n a l  to 
t he  benzo ic  ac id  c o n c e n t r a t i o n  (Fig. lb )  a n d  i nc r ea se s  t he  
app l i ed  c u r r e n t  dens i t y  (Fig. 2). The  i nc r ea se  of  [Qi~d] w i t h  
t he  app l i ed  c u r r e n t  dens i t y  is due  to o x y g e n  evo lu t ion ,  
w h i c h  is f avored  at  h i g h  c u r r e n t  dens i t y  e v e n  in  t he  ab- 
s ence  of  organics .  The  c o n s t a n t  K in  t h e  r e l a t i on  [1] is 
sma l l e r  t h a n  1, i n d i c a t i n g  a par t ia l  o x i d a t i o n  of  benzo ic  
acid. 

F i g u r e  3 shows  t h e  c o m p o s i t i o n  of  gases  o b t a i n e d  dur-  
ing  t h e  e l e c t r o c h e m i c a l  o x i d a t i o n  of M n  2+ in  t h e  p r e s e n c e  
of  benzo ic  acid. T h r e e  r eg ions  can  b e  d i s t i n g u i s h e d .  

Region/ . - - In  t h i s  region,  t he  cha rge  is m a i n l y  c o n s u m e d  
for  t he  ox ida t i on  of  b e n z o i c  ac id  (to CO a n d  CO2) at  t he  
a n o d e  and /or  w i t h  M n  3+ (and/or  Ag 2§ f o r m e d  
e lec t rochemica l ly .  

Region II .--The ox ida t i on  of  M n  ~-§ to M n  3§ occu r s  w i t h  t he  
s a m e  i n s t a n t a n e o u s  yie ld  as in  t he  a b s e n c e  of  organics .  

Region III.--The c o n v e r s i o n  of  M n  24 to M n  3§ is c o m p l e t e  
a n d  o x y g e n  evo lu t i on  is t he  m a i n  reac t ion .  

The  fact  t h a t  in  r eg ion  I t he  a m o u n t  of  o x y g e n  f o r m e d  
is t h e  s a m e  or less as t h a t  o b t a i n e d  in  a b s e n c e  of  o rgan ics  
a n d  t h a t  t h e r e  is a good  a g r e e m e n t  b e t w e e n  t he  loss  of 
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Fig. 2. Influence of current density an K = [QmJQr for benzoic 
acid 2.43 x 10 -2 mol dm -~, in a solution of MnSO~ 0.66 mol dm -~ in 
88% HsSO~, at 8S~ 

charge and the charges for the oxidation of benzoic acid 
to CO and COs (Table II) indicates that the losses in cur- 
rent efficiency are due to an oxidation mechanism 
(mechanism I). 

Reaction of  organics with Mn~+.--The chemical reaction 
of Mn ~+ in excess with organic compounds has been stud- 
ied by measuring the concentration of Mn ~§ and by 
analyzing the gas evolved during the reaction. It has been 
found that only organics of group B react with Mn 3+, pro- 
ducing mainly COs and CO. Figure 4 shows the rate of ox- 
idation of benzoic acid (taken as model aromatic com- 
pound) by means of disappearance of Mn~% 

Electrochemical measurements.--Figure 5a shows typi- 
cal cyclic voltammograms (at different sweep rates) for 
the MnS§ ~+ couple in presence of organics of group A, 
while Fig. 5b shows reported values of i, vs. the square 
root of sweep rate (v~S). The diffusion coefficient of Mn ~§ 
can be calculated from the linear dependence of i, - v ~/s 
using the relation (Randles-Sevcik equation) 

ip = kn~SD'2cv~S 

where k = 2.45 • 10 ~ for the experimental conditions. 
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Fig. 3. Evolved gases during electrolysis of Mn s§ to Mn 3~ in presence of 
benzoic acid. Volume of electrolyte: 135 ml; T: 85~ MnSO4 0.44 mol 
dm-3; benzoic acid 1 x 10 -a mol; current density: 100 mA cm -s. 
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Fig. 4. Conversion of Mn 3+ in excess with benzbic acid. Volume of so- 
lution: 135 ml; T: 85~ benzoic acid 2.43 • 10 -s mol dm -3. 
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peak current as a function of v ~s. 
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Table II. Comparison of losses (coulometric charge or oxidant charge) 
for electrochemical and chemical reaction 

Q~,~ Qco2 Qco Qo: 
4 Benzoic acid (F . mol- ' )  (F �9 tool -~) (F �9 mol -~) (F �9 mol- ')  

0.5 1.0 1.5 

E (HglHg2S04) [ V] 

Fig. 6. Cyclic voltammogram of Mn2r 3+. 88% H.2S04; T: 85~ 
MnS04 2 x 10 -2 mol dm -3. (1): In absence of benzoic acid. (2): In pres- 
ence of benzoic acid ~ 1 x 10 -3 mol dm -3. 

The  ca l cu l a t ed  v a l u e  (1.4 +- 0.3 • 10 -6 c m  2 s -t)  agrees  
wel l  w i t h  t h a t  g i v e n  f rom M n  2+ in  a b s e n c e  of  o rgan ic s  (7). 

F r o m  the  s e p a r a t i o n  of  anod ic  a n d  c a t h o d i c  p e a k  po ten-  
t ia l  (hEp), t h e  c o n s t a n t  (k~) for  t h e  Mn2~/Mn 3+ c o u p l e  ( in t h e  
p r e s e n c e  o f  o rgan ics  of  g r o u p  A) can  b e  ca l cu l a t ed  u s i n g  
t h e  r e l a t i on  p r o p o s e d  b y  N i c h o l s o n  (8) 

$ = T~k~/~/-~a~!Yoo 

w h e r e  a = n F v / R T ,  a n d  T = (Do/DR) ~ is a p p r o x i m a t e l y  1. 
V o l t a m m o g r a m s  o b t a i n e d  in  Fig. 5a s h o w  a hE ,  = 140 m V  
at  100 m V  s-~; thus ,  t he  v a l u e  for  k~ o b t a i n e d  in  t he  pres-  
e n c e  of  o rgan ics  of  g r o u p  A is 

ks = 1.0 -+ 0.3 x 10 -3 c m  s -~ 

Th i s  v a l u e  of ks for  t h e  Mn2§ 3~ coup le  is a l m o s t  t he  
s a m e  as t h a t  o b t a i n e d  in  a b s e n c e  of  o rgan ics  ( 1.2 - 0.3 • 
I0 -3 c m  s - ' ) .  

Electrochem- 24 -+ 2 18.0 2.3 1 
r-~ istry 

Chemistry 21 -+ 2 15.4 1.8 0 
2 

Organ ic  c o m p o u n d s  of  g r o u p  B are  e l ec t rochemica l l y  
act ive.  F igu re  6 shows  cycl ic  v o l t a m m o g r a m  for t he  oxi- 
d a t i o n  of  M n  2§ in  p r e s e n c e  of  benzo ic  ac id  (curve  2), in  ref- 
e r e n c e  to t he  o x i d a t i o n  of  M n  2§ w i t h o u t  a n  o rgan ic  (curve  
1). The  p e a k  of  r e d u c t i o n  is a f fec ted  b y  t he  p r e s e n c e  of 
benzo i c  acid,  t h a t  b e i n g  t h e  r e su l t  of t he  c h e m i c a l  reac- 
t ion,  a n d  the  v a l u e  of AEp for  Mn2+flVIn 3§ is s l ight ly  in- 
c reased .  The  s t a n d a r d  ra te  c o n s t a n t  for  Mn~+fiVIn 3~ coup le  
is a p p r o x i m a t e l y  iden t i ca l  to  t he  k~ o b t a i n e d  in  p r e s e n c e  
of  an  o rgan ic  of  g r o u p  A. 

Fo r  a la rger  c o n c e n t r a t i o n  of  benzo ic  ac id  (in p r e s e n c e  
of  M n  2§ t he  r e d u c t i o n  p e a k  of  M n  3§ is c o m p l e t e l y  absen t ,  
as s h o w n  in  Fig. 7a, a n d  t he  a n o d i c  p e a k  for  t he  o x i d a t i o n  
of  M n  2§ is no  longe r  vis ible ,  b u t  M n  2+ is still  act ive:  t h e  dif- 
fu s ion  coeff ic ient  for  M n  2+ ca l cu la t ed  f rom the  s lope  of  i ,  
- CM,'.~ h a s  b e e n  f o u n d  to b e  t he  s a m e  as in  t h e  a b s e n c e  of  
benzo ic  acid.  In  Fig. 7b are  r e p o r t e d  va lues  of  ip - v '/2 for 
t he  ox ida t i on  of  benzo i c  ac id  in  p r e s e n c e  of  M n  2+, show-  
ing  t h a t  t he  ox ida t i on  of  o rgan ic  c o m p o u n d  is e f fec ted  in 
a d i f fus ion -con t ro l l ed  process .  Va lues  of  ip - v '~2 for  t he  
o x i d a t i o n  of  M n  2~ are r e p o r t e d  for  c o m p a r i s o n .  

Conclusions 

I t  h a s  b e e n  s h o w n  tha t ,  u n d e r  t he  e x p e r i m e n t a l  condi-  
t ions  s tud ied ,  t he  c u r r e n t  losses  were  d u e  to o x i d a t i o n  of  
t he  o rgan ic  c o m p o u n d  at  t h e  a n o d e  or w i t h  M n  3~. E v o l v e d  
o x y g e n  is n e v e r  g rea t e r  t h a n  t h a t  o b t a i n e d  in  a b s e n c e  of  
o rgan ics  d u r i n g  the  e lec t ro lys is ,  a n d  is n e v e r  p r e s e n t  dur-  
ing  c h e m i c a l  reac t ions .  C o m p o u n d s  w h i c h  are s t ab l e  in  
p r e s e n c e  of M n  3+ are e l ec t rochemica l l y  i nac t ive  at  t he  
s t ud i ed  po t en t i a l s  (g roup  A); c o m p o u n d s  w h i c h  are  un-  
s t ab l e  in  p r e s e n c e  of M n  a+ are  e l ec t rochemica l l y  ac t ive  
(g roup  B). Oxid ized  p r o d u c t s  of  g roup  B, r e s u l t i n g  f rom 
e l e c t r o c h e m i c a l  or c h e m i c a l  reac t ion ,  are a p p r o x i m a t e l y  
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Fig. 7. a(left): Cyclic voltammograms of Mn2+/Mn 3§ in presence of benzoic acid at different sweep rates. 88% H2S04 ; T: 85~ MnS04 2 x 10 -2 mol 
dm-3; benzoic acid 1 x 10 -~ mol dm-3; scan rate 10, 20, 50, 100, and 200 mV s -1 for curves 1-5, respectively, b(right): Reported values of peak 
current as a function ofv 1/2. (1): MnS04 2 x 10 -2 mol dm -a + benzoic acid 1 x 10 -2 mol dm -3. (2): MnS04 2 x 10 -2 mol dm -3. 
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the same. The standard rate constant for the oxidation of 
Mn 2+ (k~) is slightly affected by the presence of the organics 
of both groups A and B, but  there is no poisoning of the 
electrode to permit oxygen evolution. 

Manuscript submitted Feb. 23; 1984; revised manu- 
script received Sept. 3, 1984. 
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LIST OF SYMBOLS 
concentration of electroactive species (mol cm -3) 
current density (A cm -~) 
current density of anodic and cathodic peaks 
Randles and Sevick constant 
standard rate constant (cm s -1) 
number  of electrons exchanged 
potential sweep rate (V s -1) 
weight/weight 
porous porcelain diaphragm 
diffusion coefficient of the oxidized and re- 
duced species (cm 2 s -1) 
potential (V) 
separation between Epa and E,r 
Faraday's constant 
Qind/Qcomb 
charge carrier at the reduced state 
charge carrier at the oxidized state 
normal hydrogen electrode 

Q electrical charge (F) (here reported to 1 mol or 1 
dm-3) 

Qina charge passed to destruct the active organic 
compound 

Qcomb charge for complete combustion of the organic 
compound 

R gas constant (8.31 J tool -1 K -1) 
T temperature (~ 
TC thermal conductivity 

Greek symbols 
a charge transfer coefficient 
"y (Do/DR) ,/2 

charge transfer parameter 
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Some Aspects of Large Frequency Dispersion of Mott-Schottky 
Plots in Ti02 Electrodes 

Gyoichi Nogami 
Department of Electrical Engineering, Kyushu Institute of Technology, Tobata-ku, Kitakyushu 804, Japan 

ABSTRACT 

The origin of large frequency dispersion in Mott-Schottky plots was studied for TiO2 electrodes, the surface struc- 
ture of which was analyzed by x-ray photoelectron spectroscopy (XPS) and impedance measurements. XPS spectra re- 
vealed that the atomic composition at the surface was different from that in the bulk. Impedance measurements showed 
that a Bode plot had a slope of -1/2. The results were analyzed in terms of a thick interfacial layer, in which interface 
states distribute in the forbidden gap. A new model was proposed in order to explain above results: the interface states 
were in quasi-equilibrium with the Fermi levels of the semiconductor and electrolyte. Charging and discharging of the 
interface states by ions in the electrolyte causes a large frequency dispersion in Mott-Schottky plots. 

The primary method to characterize a semiconductor 
electrode is based on capacitance-voltage measurements 
(1-7). A Mott-Schottky relationship gives a theoretical 
background. However, it has not been rigorously con- 
firmed that the Mott-Schottky theory could be applicable 
to an electrolyte-semiconductor contact. Does the electro- 
lyte play the same role as the metal electrode in a metal- 
semiconductor contact? 

With capacitance-voltage characteristics, a large Helm- 
holtz layer capacitance (CH), which is in series with a de- 
pletion layer capacitance (CD), is generally neglected in 
evaluating a total capacitance. The large Helmholtz layer 
capacity is partly owed to a rapid "dielectric" relaxation 
by solvent molecules such as H~O molecules in an aque- 
ous electrolyte. 

With current-voltage characteristics, on the other hand, 
it is generally accepted that the surface state plays a deci- 
sive role in electrode reaction and is a key parameter in 
determining cell performance. The presence of the sur- 
face state enables a rapid charge transfer between the 
semiconductor and electrolyte, mainly because charge 
transfer can take place equienergetically. It is assumed 
that charge exchange between the surface state and the 
electrolyte occurs quite easily. However, one says that the 
surface states are in equilibrium with the Fermi level of 

the semiconductor bulk in the interpretation of the C-V 
characteristics. Nonlinear Mott-Schottky plots have been 
ascribed to the surface state. The Fermi level scans the 
surface state in accordance with an applied bias, which 
gives information about the energy level of the surface 
state. If this is the case, a large energy difference between 
the Fermi level of the electrolyte and the top of the filled 
surface state will result under  a large anodic bias; charge 
transfer from an ion in the electrolyte to the surface state 
might easily occur in an anodic bias. Surface state 
charging will occur, and potential drops across the Helm- 
holtz layer will change. In other words, the surface states 
are pinned to the redox energy level in the electrolyte. In 
this case, a frequency dispersion due to surface states 
could not be observed if the energy level of the surface 
states (EA) is deep because the chargetransfer  process can 
be characterized by the Boltzmann factor of exp (EA/kT). 
The electrolyte plays quite the same role as the metal 
electrode. 

What is the cause of large frequency dispersion fre- 
quently observed in oxide semiconductors such as TiO~ 
and Fe~O3? Dutoit et al. (6, 7) have developed an empirical 
theory to explain a dispersive Mott-Schottky plot, the 
physical origin of which has not been clarified. The dis- 
persive Mott-Schottky plots are not unusual  in a semicon- 
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ductor-electrolyte contact (6-13). Especially in a TiO2 elec- 
trode, it is  an important  problem to obtain the electrode 
which Shows less dispersive C-V characteristics (5). 

The present author has explained a nonlinear Mott- 
Schottky plot in terms of a thick interfacial layer (14-16). 
There must  be a relatively thick interfacial layer of  ~0.1 
~m, which contains the interface states, probably because 
the semiconducting property of the oxide semiconduct- 
ors is obtained by defect doping. The model  does not  in- 
clude the frequency dispersion of the Mott-Schottky 
plots. 

The objective of the present study is to elucidate the or- 
igin of the frequency dispersion of Mott-Schottky plots in 
a semiconductor electrode. 

Two types of experiments were performed: XPS and 
impedance measurements.  XPS study revealed that there 
existed a relatively thick interfacial layer, the atomic com- 
position of which is certainly different from that in the 
bulk. Impedance measurements  showed that the Bode 
plots had the slope of -1/2, the cause of  which could not 
be ascribed to the semiconductor  only. The slope of -1/2 
in Bode plots is characteristics for a Warburg impedance: 
a diffusion impedance of the electrolyte. Combining these 
results, a band model  for the electrolyte-semiconductor 
interface was proposed. 

Experimental 
Sample preparation.--A single crystal of TiO=, was pur- 

chased from Fujititan. C-cut wafers were mechanically 
polished and then etched in NaOH at 500~ for lh. NaOH 
was removed with boiling distilled water and then HC1. 
Two samples as a pair were reduced under the same con- 
ditions: reducing conditions were varied from pair to pair, 
typically 2 ~ 10 x 10 -5 torr, 800 ~ ~ 900~ and 6 ~ 10h; one 
of the pair was for the impedance measurements  and the 
other for the XPS measurements.  Many pairs (more than 
ten pairs) were prepared. 

XPS and impedance measurements.--A Shimazu- 
duPont  Model 650B was used in the XPS measurements.  

Energy in our system was calibrated by setting Cu 2P3~2 at 
932.0 eV and Au 4fro at 84.0 eV. A1 K~ radiation was used. 
The scan rate was 0.05 eV/s. Depth profiles of XPS spec- 
tra were obtained by an Ar ion etching technique. Unfor- 
tunately, the precise ion etching rate is qui te  difficult to 
determine in our system and could not be ascertained. A 
dual phase lock-in amplifier (PAR Model 5204) was used 
in the impedance measurements.  The electrolyte used 
was 1M KOH solution. The quantities measured were the 
equivalent series capacitance C and resistance R, which 
were determined by measuring the out-of- and in-phase 
components  of  the complex impedance. 

Results 
X-ray photoelectron spectroscopy.---Figure la  and lb  

show the XPS spectra for the paired sample reduced un- 
der the same conditions as the sample which gave the 
most favorable data in interpreting t h e  present  result 
unambiguously: namely, the slope of the Bode plot was 
-1/2 (see Fig. 3 and 4). However,  nearly the same XPS 
spectra were observed for another sample; no appreciable 
difference could be found between two measurements.  
The peaks at 465.0 and 459.5 eV are due to 2P1~2 and 2P:~2, 
respectively, while the peak at 531.0 eV is due to O ls. 
The binding energy difference of the O ls  and Ti 2p3~ 
bands is 71.5 eV, the Value of  which agrees with that re- 
ported elsewhere (17, 18). The peak at 459.5 eV suggests 
the formation of TiO2. With increasing ion etching time, a 
shoulder at 457 eV appears. Usually, the peak due  to TiO 
appears, at -455 eV~ Therefore, the shoulder may be a sign 
of Coexistence of Ti3% The peak heights for 2P~/2 (465.0 eV) 
and 2P3~ (459.5 eV) are plotted as a function of ion etching 
time in Fig. 2, where the background intensity is sub- 
stracted: I t  is clearly .seen that  the peak intensity shows a 
gradual increase as a function of ion etching time. This 
fact implies that the a tomiceomposi t ion  a t  the surface'is 
certainly different from that in the bulk: Ti content at the 
surface is smaller than that in the bulk, probably owing to 
the reduction process. Some Ti atoms might  be evapo - 
rated. 
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Fig. 2. Depth profiles of 2P3~2 and 2P1/~. It is clearly seen that the 
atomic composition at the surface is different from that in the bulk. 
Based on this figure, the existence of the thick interfacial layer is 
assumed. 

Impedance measurements.--Impedance measurements 
were made for every pair prepared. All the samples stud- 
ied showed more or less a large frequency dispersion in 
Mott-Schottky plots. A typical example is shown in Fig. 3. 
Nonlinear Mott-Schottky plots like Fig. 3 are not unusual  
in a TiO2 electrode. Nearly the same result has been also 
shown by Wilson et al. (19, 20), although they have not 
shown the frequency dependence. Dutoit et al. (7) have 
obtained a linear Mott-Schottky plot for a TiO.~ electrode. 
However, they have only shown the C-2-V plots under  
large anodic biases, far from the flatband potential [Fig. 1 
and 2 in Ref. (7)]. Nonlinear Mott-Schottky plots are, in 
the author's opinion, to be observed near the flatband po- 
tential (19, 20). In the course of a variety of attempts, we 
observed a linear Mott-Schottky plot for the sample 
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Fig. 3. Mott-Schottky plots for a Ti02 electrode. Large frequency dis- 
persion is observed. 

which was merely mechanically polished and not chemi- 
cally etched by NaOH. In this case, too, a large frequency 
dispersion was observed. These results may suggest, as 
was pointed out by Cooper et al. (5), that a linear Mott- 
Schottky plot without any dispersion might be obtained 
after removing the damaged surface layer. Even in that 
case, some dispersion may be observed if the electrolyte 
concentration is low enough (5). 

A Bode plot, a log-log plot of the impedance IZI vs. fre- 
quency, showed complicated behavior. Some samples 
showed an ideal Bode plot at low frequencies (below - 1  
kHz), where a slope precisely equals -1.  At higher fre- 
quencies, however, the slope deviated from -1,  where the 
Mott-Schottky plot showed a large frequency dispersion, 
such as appears in Fig. 3. Other samples gave more com- 
plicated Bode plots. Under cathodic biases with larger ca- 
pacity, a slope typically approaches -1/2 and deviated 
from -1/2 with increasing anodic biases, as shown in Fig. 
4. The sample shown in Fig. 3 and 4 was reduced in vac- 
uum of 5 x 10 -5 torr at 850~ for 8h. However, the same 
preparation conditions did not fiecessarily give the same 
result. The electrode was quite sensitive to its history. 
Figure 4 shows that each plot can be represented as a 
straight line with a Slope of about -1/2, which is charac- 
teristic for a Warburg impedance. If the rate-determining 
step is a diffusion, the impedance of the system is charac- 
terized by the Warburg impedance. Therefore, some sort 
of a diffusion process might be the cause of large fre- 
quency dispersion in Mott-Schottky plots. The equivalent 
series resistance R is- also plotted against frequency in 
Fig. 4. A slope of log R vs. log f is precisely equal to - 1/2. 
As our total system is regarded as a series connection of R 
and C, a resistance component  of our system can be char- 
acterized by a diffusion resistance of the electrolyte. The 
value of R observed seems to be too large to be regarded 
as the diffusion resistance of 1M KOH solution used. We 
feel, therefore, that electroactive species may penetrate 
into the defective interface layer and their effective con- 
centration may be reduced as a result of charge rearrange- 
ment  when the electrolyte and semiconductor are 
brought into contact. The defective interface layer may 
also serve as a resistive layer for diffusion. Cooper et al. 
(5) have found that even the sample which shows the 
ideal Mott-Schottky relation begins to show a large fre- 
quency dispersion if the electrolyte concentration is re- 
duced below 0.25M. They ascribed this phenomenon to 
dielectric relaxation in a disturbed surface layer. 

Discussion 
One way to realize a dispersive Mott-Schottky relation 

with an equivalent circuit diagram is to consider a relaxa- 
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also plotted. The slope of log R vs. log f plot is equal to - 1/2. 
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tion impedance of a series connection of R~ and C~, which 
is in parallel with the depletion layer capacitance. C~ is so 
called surface-state capacitance. The product of CsRa per- 
forms the relaxation time. This configuration has a cru- 
cial defect because their relaxation time is characterized 
by the Boltzmann factor typically expressed as r = 7o exp 
(EIkT). If we assume that the surface states equilibrate 
with the semiconductor, r increases exponentially and 
then drastically with increasing anodic bias. Frequency 
dispersion could not be observed at large anodic biases 
(21). Experimental results show, however, that the large 
frequency dispersion is observed over the potential range 
examined. 

Another way to explain the large frequency dispersion 
is to consider dielectric relaxation in a disturbed surface 
layer (5). Observed frequency dispersion seems to be too 
large, in the author's opinion, to be ascribed to the dielec- 
tric relaxation of the surface layer. 

We consider here the interaction between the thick in- 
terfacial layer and the electrolyte. 

An equivalent circuit analysis.--We consider here the 
equivalent circuit and the energy band diagram as shown 
in Fig. 5(a) and 5(b), respectively. The basic ideas pro- 
posed here are as follows: (i) The interface states are prin- 
cipally in thermal equilibrium with the Fermi level of the 
semiconductor bulk E~. (ii) With increasing anodic bias, 
electrons which lie above Er must  transfer from the inter- 
face state to the conduction band by thermal excitation. 
This process proceeds quite slowly because the interface 
state is deep. (iii) The interface states which emitted elec- 
trons into the conduction band are rather "quickly" filled 
by the electrons transferred from the electrolyte. The in- 
terface states are always occupied by electrons. (iv) Con- 
sequently, the interface states in the 1 region of Fig. 5(b) 
lie below the quasi-Fermi level Ern which is extended hor- 
izontally from the redox level of the electrolyte ErE across 
the 1 region. (v) Electrons injected from the interface state 
into the conduction band of the semiconductor pass 
through the external circuit and appear at the counter- 

CwRw Rs Cs 
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I 
I 

II I II 
CH Cl 

II-- (ct) 
CL 

EFE 

(b) 

fast  

[ - region 

" - -1  

Vl 

'EF 

" ~  . . . . .  EA 

L 
Fig. 5. (a): An equivalent circuit for an electrolyte-semiconductor con- 

tact with a thick interfacial layer. A series connect of CL and C,, and CH 
represents the dielectric response, while that of Cs, Rs, Cw, andRw repre- 
sents the usual relaxation of charges. (b): Assumed energy band dia- 
gram. The interface state is assumed to lie belowEFE and to be occupied 
by an electron. 

electrode, where cathodic reaction takes place. In this sit- 
uation, reaction products such as H~ and O~ may be pro- 
duced. As a result, charge neutrality condit ion is main- 
tained in the electrolyte: potential drop across the 
Helmholtz double layer remains unchanged. (vi) Even in 
this case, an appreciable reaction current might not be 
observed because a rate-determining step is assumed to 
be the thermal excitation of electrons from the interface 
state to the conduction band, the rate of which is as- 
sumed to be quite slow. (vii) Under a low amplitude ac 
excitation, the interface state exchanges charges with the 
electrolyte. With increasing frequencies, a relaxation phe- 
nomenon takes place. The relaxation phenomenon is 
characterized by the relaxation time r, which is equiva- 
lent to the product CsR~ in an equivalent circuit diagram. 
(viii) At low frequencies, a capacitance in the 1 region C, 
is shunted by the impedance of C~ and R~ in series. Then, 
the total capacitance is given by that in an L region, C~., if 
C~ is sufficiently large. At high frequencies, however, the 
charge transfer (diffusion) cannot respond to an external 
excitation so that C~ contributes to the total capacitance. 
(ix) Pure "dielectric response" is characterized here by 
the series connection of CL, C,, and CH (CH is the Helm- 
holtz layer capacitance). The charge transfer process is 
characterized by the series connection of C~, R,  Cw, and 
Rw, where Cw and Rw are the capacitance and resistance 
components of the Warburg impedance. 

We make here additional assumptions that Cw >> Ca, C~ 
>> C,, and Rw >> R~. The impedance is then expressed as 

1 1 + jwTsw 
Z - + [1] 

jWCL jw(Cs + Cl)(1 + jW~Mw) 

1 1 1 1 + W2rMW%W 
- -  = - -  + - -  [ 2 ]  
C CL C~ + C, 1 + W2T2MW 

R = ram - ~Mw [3] 
(C~ + C1)(1 + w~r~-Mw) 

where Z~w = CsRw and rMw = Clrsw/(C~ + Ca) < r~w. If Wrsw 
>> 1 >> WrMw, then IZI is given by 

~/ 1 [4] 
iZl = Rw ~ + W~CL-------7 

Therefore, a Bode plot will be characterized by the diffu- 
sion resistance Rw in a frequency range where Rw > 
1/wCL, as is exemplified in Fig. 4. CL becomes larger, and 
then 1/wCL becomes smaller with increasing cathodic bi- 
ases, so that above condition Rw > 1/wCL is well satisfied 
under  cathodic biases, as is also exemplified in Fig. 4, 
where IZl approaches R, and the slope to -1/2 with in- 
creasing cathodic bias. If Rw is always small enough to be 
Rw << 1/wCL, then the resultant Bode plot may have a 
slope of -1,  as usually observed. Even in this case, a large 
frequency dispersion in Mott-Schottky plots can be ex- 
plained, as shown later. Moreover, in the potential range 
where Rw - 1/wCL, a slope may range from -1/2 to -1,  
and is Wpieally about -0.7, as shown in Fig. 4: Rw and 
1/wCL depend on w - '2  and w- ' ,  respectively. One may as- 
certain a slope of - -0.7 for two decades if he plots Eq. [4] 
in the frequency range of Rw - 1/wCL. It is noteworthy 
here that a slope of -1/2 in a Bode plot may be observed 
only when Rw >> 1/wCL, while a large frequency disper- 
sion in a Mott-Schottky plot can be observed even when 
Rw <<  1/wCL, if C~ is sufficiently large, in an equivalent 
circuit diagram. C, is shunted by the surface-state capaci- 
tance Ca at low frequencies, while Cs is not effective at 
high frequencies, owing to a relaxation effect. 

Model calcu(ation.--Our system is quite complicated. 
The purpose of the present study is not to explain the ob- 
served C-z-V characteristics in detail but  to elucidate the 
origin of large frequency dispersion in Mott-Schottky 
plots. Therefore, we make here simplified assumptions 
in order to derive analytical expressions for dispersive 
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Mott-Schottky plots. The interface states are assumed to 
distribute rather deep into the semiconductor bulk with 
the concentration of N~, while the shallow impurities dis- 
tribute uniformly throughout  the electrode with the con- 
centration of N. Figure 5(b) shows the energy band dia- 
gram for an electrode anodically biased by V from its 
flatband condition. If  the expressions must be expressed 
in terms of a flatband potential VFB, then V or VD in the 
following expressions must  be replaced by (V - V~ - 
kT/q). Potential drop across the L and l layers, VL and V,, 
are given, respectively, by 

qNc 
VL = ~ L 2 [5] 

V~ = ~ {(F + 21L) - al 2} [6] 

where N~ = N - N~ and a = NJNr Nc denotes the net 
charge density in the depletion layer. These situations are 
quite the same as the preceding result (21). The potential 
drop across the depletion layer V is given by 

V = VL + V~ = ~ {(L +/)5 _ al2} [7] 

Derivation of the admittance of the electrode is now 
straightforward. Hereafter, we denote the dc and ac com- 
ponent  by subscripts D and A, respectively. Applying the 
same procedure as the preceding study, the ac compo- 
nents of/Ao, IA, and L~ are given by 

l E 
IAO = - -  V A  [ 8 ]  

/-~ § (1 - w)lD qN~ 

1 
~n --  - -  IAO [9] 

1 + jw~ 

L,  + (1 - a)l, jurr 
L ~  - -  t~o [10]  

LD + lD l + j w r  

w h e r e  subscript o denotes the quasi-static value. 
Then, the small signal ac admittance YA can be ex- 

pressed by the following relation 

dQ~ 
IA = Y A V A  -- - -  j w q N c ( L A  + /A) [ 1 1 ]  

dt 

Combining Eq. [11] with Eq. [8], [9], and [10] leads to 

j723 
YA [Co + C~jwr] [12] 

1 + jwr  

where 
Co - [13] 

LD + (1 -- ~)lD 

Ca - - -  [14] 
LD + ID 

An equivalent length of the I region reduces by a factor 
of (1 - a). If  the interface state density N~ is large enough 
to be a = 1, then the capacitance at a low frequency limit 
is determined only by the thickness of the L region, Lb. 
The capacitance C and the conductance G are given by 

Co + C~w 2r2 
c - [15 ]  

1 + w2~ "2 

G - w2~(C~ - C~) 
1 + w~r 2 [16] 

where Co and C~ are the capacitance at the low and high 
frequency limit, respectively. In order to obtain a Mott- 
Schottky relation, C must  be expressed as a function of a 
dc bias VD. The dc component  of Eq. [7] is expressed as 

where 

E 
( 1  - a)lD 2 + 21DLD q-~ (VD -- Vo) = 0 [17] 

2e 2e 
LD2 = ~ c  VD = ~ c ( E A  -- 6) [18] 

Combining Eq. [17] and [18] with Eq. [13] and [14] leads 
to 

1 _ 2 ( l - a )  { = ~ _  VD + a Vo} [19] 
Co ~ ~ 1 - 

1 _ 1 1 ~ . F  
V [20]  

Ca 1 - a  Co 1 - a  V qNe .... 

where the relation N = Nc(1 + ~) is used. 
Equations [19] and [20] show that a slope of a Mott- 

Schottky plot at the low and high frequency limit gives 
2(1 - cO/qNe and 2/(1 - a)qNe, respectively. Large fre- 
quency dispersion of a Mott-Schottky plot is character- 
ized by a factor of 1/(1 - a) 2. If a = 0.5, then the slopes dif- 
fer by a factor of 4. The model calculation in this chapter 
indicates that the origin of a large frequency dispersion in 
the Mott-Schottky plots does not necessarily depend on a 
Warburg impedance. The maizl origin of a dispersive 
Mott-Schottky plot is ascribed to the interface or surface 
state, as was conventionally accepted. However ,  the role 
played by the interface state is considered here to be 
somewhat different from that usually accepted: the inter- 
face state is also in equil ibrium with the electrolyte. A lot 
of C-V measurements enabled us to observe some charac- 
teristic Bode plots: a slope of -1/2 could not be ascribed 
to the semiconductor alone. 

Conclusions 
A dispersive Mott-Schottky plot frequently observed in 

an electrolyte-semiconductor contact has been explained 
in terms of the interface states, which distribute rather 
deep into the electrode. The interface states could ex- 
change charges with the electrolyte. The relaxation phe- 
nomenon of charge transfer between the interface state 
and the electrolyte can be characterized by a single relax- 
ation time because charge transfer could take place equi- 
energetically: the relaxation time is independent  of a 
Boltzmann factor. 

In other words, the relaxation time is considered to be 
constant and independent  of an applied dc bias. This is 
one of the most important  conclusions drawn here. The 
assumption that the energy level which lies above the 
Fermi level of the semiconductor bulk is occupied by an 
electron may offer a new concept in the interpretation of 
the Mott-Scottky plot. 

In a usual metal-semiconductor contact, rather "clean," 
well-defined semiconductors and metals are used; the 
thick interfacial layer considered here may be absent. 
However,  in an electrolyte-semiconductor contact, both 
the semiconductor and electrolyte are quite complicated; 
semiconductors used are generally "reduced" oxides 
such as TiO~ and SrTiO3, which are structure sensitive or 
processing dependent.  Large frequency dispersion in 
Mott-Schottky plots frequently observed in these semi- 
conductors could not be explained because the electro- 
lyte has been regarded as playing the same role as the 
metal electrode. The large Helmholtz layer capacitance 
which is in series with the small depletion layer capaci- 
tance can be surely neglected in so far as we consider the 
dielectric response, i.e., dielectric relaxation. However, if 
we are forced to consider the interface state, the energy 
level of which lies below the redox energy level of the 
electrolyte, an additional relaxation effect such as a 
Warburg impedance must  be  taken into consideration be- 
cause charge  exchange be tween  the interface state and 
the electrolyte is possible. Charges are supplied to or 
taken out from the interface states by the bulk of the elec- 
trolyte, where a motion of charge carriers is controlled by 
diffusion. 
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6009, Australia 

ABSTRACT 

The power conversion efficiencies, voltage efficiencies, and current efficiencies of thionine cells containing 
various combinations of thionine coated and uncoated gold and SnO2 electrodes have been determined. Cyclic voltam- 
metry was used to determine coating thicknesses and to ascertain whether the thionine/leucothionine couple or the 
Fe3§ 2§ couple was reversible on the various electrodes. The power conversion efficiency of the thionine cell containing 
two uncoated gold electrodes was (4.1 -+ 0.9) x 10-4%, and contrary to previous predictions, when the photoelectrode 
was coated with thionine, the efficiency did not increase, but  was reduced by a factor of 19. Larger decreases in effi- 
ciency were observed when SnO.2 photoelectrodes were coated with thionine. Previous electrochemical studies have 
suggested that the thionine coating suppresses the Fe3§ 2~ couple and is reversible towards the thionine/leucothionine 
couple in solution, these being the requirements for optimal power output. This study has shown that both solution cou- 
ples are substantially suppressed, the reported reversibility toward the thionine couple arising from facile oxidation and 
reduction of thionine in the dye coating, the latter producing negligible photoelectrochemical activity. 

The thionine photoelectrochemical cell has often been 
suggested as a possible transducer of solar energy to elec- 
tricity (1-4). This cell usually comprises two identical inert 
electrodes which are immersed in a solution containing a 
ferric/ferrous couple and a light-sensitive thionine/leuco- 
thionine couple. In normal use, only one electrode is illu- 
minated; at that electrode, leucothionine is oxidized to 
thionine. At the dark electrode, ferric ion is reduced to 
ferrous ion. The detailed mechanism of the processes 
which occur at the electrodes and in the bulk of the elec- 
trolyte solution has been discussed elsewhere (5). 

The power conversion efficiency, ~p, of a photoelectro- 
chemical cell is the ratio of the photoelectric output 
power to the optical input  power, and it can be expressed 
a s  

~b, = r �9 ~b, �9 f [1] 

where f is the fill factor, ~v is the open-circuit voltage 
conversion efficiency, and ~q is the quantum efficiency 
of current production in the short-circuit condition. The 
voltage conversion efficiency is effectively the ratio of 
the mean energy per photoelectron to the energy per inci- 

dent  photon, and it is given by 

Vo~F / he [2] 

where Vo~ is the open-circuit photovoltage, F is the Fara- 
day constant, Na is Avogadro's number,  h is Planck's  con- 
stant, c is the velocity of light, and ~ is the wavelength of 
the incident light (6). 

The quantum efficiency of current production in the 
short-circuit condition is given by 

dne/dt 
~ " -  dn,/dt [3] 

where dnJdt is the number  of incident photons per uni t  
time and dnJdt  is the number  of electrons fed to the ex- 
ternal circuit per uni t  time by the light-induced cell reac- 
t ion when the cell is short circuited. The fill factor is 
unity in a cell with rectangular photovoltage-photocur- 
rent characteristics (6), but  in Practice it is usually frac- 
tional, due to the various types of overvoltage which lead 
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to dev i a t i on  f rom t he  r e c t a n g u l a r  cell  cha rac t e r i s t i c s  (7). 
The  fill fac tor  c an  b e  e x p r e s s e d  as 

f =  VuI~ [4] 
VocLo 

w h e r e  I~c is the  shor t - c i r cu i t  c u r r e n t  de l ive red  b y  t he  cell, 
a n d  V, a n d  I~ are  t he  cell  vo l tage  a n d  cur ren t ,  respec-  
t ively,  a t  t he  p o i n t  of m a x i m u m  p o w e r  on  t h e  vol tage-  
c u r r e n t  cha rac t e r i s t i c  cu rve  of  the  cell  (6). I f  t he  la t te r  
cu rve  is l inear ,  t h e n f  = 0.25. 

A l t h o u g h  over  45 p a p e r s  h a v e  b e e n  p u b l i s h e d  on  t he  
t h i o n i n e  p h o t o e l e c t r o c h e m i c a l  cell, on ly  six of  t h e s e  pa- 
pers  (2, 4, 8-10, 14) p r e s e n t  exp l ic i t  d e t e r m i n a t i o n s  of  t he  
cel l ' s  p o w e r  c o n v e r s i o n  efficiency. T he  o the r  p a p e r s  l ack  
one  or a n o t h e r  of  the  q u a n t i t i e s  (e. g., i r r ad iance ,  cu r r en t -  
vo l t age  charac te r i s t i cs ,  fill-factor) n e c e s s a r y  for  t h e  deter-  
m i n a t i o n  of  p o w e r  c o n v e r s i o n  efficiency.  Howeve r ,  in  
four  of  t he se  cases  (12, 14, 15, 17) i t  h a s  b e e n  poss ib l e  to 
e s t i m a t e  p o w e r  c o n v e r s i o n  eff ic iencies  f rom t he  pub -  
l i shed  da ta  b y  a s s u m i n g  a fil l-factor of  0.25. T he  va lues  
o b t a i n e d  are i n c l u d e d  w i t h  t he  six d i rec t  d e t e r m i n a t i o n s  
in  Tab le  I. The  fil l-factor of  0.25 is p r o b a b l y  a r e a s o n a b l e  
es t imate .  As i n d i c a t e d  prev ious ly ,  i t  a r i ses  f r o m  l inea r  V-I 
cha rac t e r i s t i c  c u r v e s  a n d  is no t  grea t ly  d i f f e ren t  f rom the  
p rac t i ca l  va lues  of  0.25, 0.22-0.33, a n d  0.33 w h i c h  h a v e  
b e e n  o b s e r v e d  in  va r ious  p h o t o e l e c t r o c h e m i c a l  s y s t e m s  
(6, 9, 10, 16). 

The  p e r f o r m a n c e  da ta  a g g r e g a t e d  in to  Tab le  I p r o v i d e  a 
use fu l  prof i le  of t he  t h i o n i n e  cell. In  par t icu la r ,  t h e  da ta  
p l a c e d  in pe r spec t i ve  some  of the  m o r e  op t imi s t i c  c la ims  
r e g a r d i n g  t he  cell 's  eff iciency.  S u c h  c la ims  p r o b a b l y  
s t e m  f rom the  p r e d i c t i o n  b y  R a b i n o w i t c h  (1) t h a t  t he  cell 
m a y  be  c a p a b l e  of r e a c h i n g  a p o w e r  c o n v e r s i o n  effi- 
c i ency  of  1%. Tab le  I s h o w s  t h a t  no  p rac t i ca l  d e t e r m i n a -  
t ion  for  i n c i d e n t  l igh t  c o m e s  a n y w h e r e  nea r  th i s  va lue:  
m o s t  p o w e r  c o n v e r s i o n  eff ic iencies  l ie w i t h i n  t he  10 -~ - 
10-~% range ,  a n d  t he  o n l y  s y s t e m  r e a c h i n g  in to  t he  10-2% 
reg ion  is t he  n o n a q u e o u s  so lven t  cell  of  Hal l  et al. (9, 10). 
S o m e  worke r s  h a v e  p r e s e n t e d  eff ic iencies  w i t h  r e spec t  
to  a b s o r b e d  l ight,  a n d  t h e s e  are na tu r a l l y  h i g h e r  t h a n  
t h o s e  for  i n c i d e n t  l igh t  b e c a u s e  t he  p h o t o e l e c t r o c h e m i -  
cal ly ac t ive  reg ion  n e a r  t he  p h o t o e l e c t r o d e  is m u c h  th in-  

S C I E N C E  A N D  T E C H N O L O G Y  January  1985 

ne r  t h a n  t he  p a t h  l e n g t h  of  the  a b s o r b e d  l igh t  (18). How- 
ever,  p o w e r  c o n v e r s i o n  eff ic iencies  d e t e r m i n e d  w i t h  re- 
spec t  to  a b s o r b e d  l ight  are of  l i t t le  p rac t i ca l  va lue  b e c a u s e  
t h e y  do no t  r e p r e s e n t  t he  p rac t i ca l  p e r f o r m a n c e  of  t he  de- 
v ice  a n d  b e c a u s e  t hey  can  b e  in f la ted  at  will  b y  r e d u c i n g  
t he  cell  t h i c k n e s s  (because  t he  a b s o r p t i o n  p a t h  l e n g t h  of  
the  e lec t ro ly te  is u sua l ly  g rea t e r  t h a n  t he  t h i c k n e s s  of  the  
reg ion  of  p h o t o e l e c t r o c h e m i c a l  activity).  The  p rac t i ca l  
e f f ic iency of  t he  dev ice  w i t h  r e spec t  to t he  l igh t  i n c i d e n t  
u p o n  it  is, of course ,  u n c h a n g e d  by  s u c h  m a t h e m a t i c a l  
m a n i p u l a t i o n s ,  a n d  t he  a b s o r b e d  eff ic iency has  p rac t i ca l  
s ign i f icance  on ly  if  cells are to  b e  s t acked  opt ica l ly  in  
series,  as d o n e  b y  Hal l  et al. (9). 

S o m e  va r i a t ion  in  ef f ic iency m a y  r e su l t  f r om va r i a t ions  
in  t he  spec t ra l  d i s t r i b u t i o n  of  the  " w h i t e  l i gh t "  u s e d  by  
t he  va r ious  worke r s  in  Tab le  I. Ideally,  t h e  spec t ra l  distr i-  
b u t i o n  s h o u l d  be  def ined;  o therwise ,  m o n o c h r o m a t i c  
l igh t  s h o u l d  be  used.  In  e i t h e r  of  t he se  cases,  eff ic iencies  
w i t h  r e spec t  to s u n l i g h t  c an  be  p rec i se ly  ca l cu la t ed  if 
des i red .  

T h e  p o w e r  c o n v e r s i o n  eff ic iencies  in  Tab le  I h a v e  b e e n  
a c c o m p a n i e d  b y  va lues  for  Chv, t he  open-c i r cu i t  vo l t age  
c o n v e r s i o n  efficiency,  a n d  ~bq, t he  q u a n t u m  eff ic iency of  
p r o d u c t i o n  of t he  shor t - c i r cu i t  c u r r e n t  b y  fo l lowing  the  
p r o c e d u r e  a d o p t e d  by  P o t t e r  a n d  Tha l l e r  (2). T h e s e  quan-  
t i t ies  h a v e  b e e n  de f ined  in  Eq.  [2] a n d  [3]. ~v w o u l d  as- 
s u m e  a va lue  of  u n i t y  i f  all t h e  e n e r g y  of  the  a b s o r b e d  
p h o t o n  were  t r a n s f e r r e d  to t he  r e l e v a n t  pho toe l ec t ron ,  
b u t  in  pract ice ,  e n e r g y  is los t  in  the  va r ious  p h o t o c h e m -  
ical  a n d  e l ec t rochemica l  s teps  t h a t  i n t e r v e n e  b e t w e e n  ab- 
s o r p t i o n  of  l igh t  a n d  e lec t rod ic  e l ec t ron  t ransfer .  The  
va lue  of  ~bv is m e d i a t e d  b y  t he  eff ic iencies  of the  pho to -  
c h e m i c a l  s teps  a n d  by  a c t i v a t i o n  polar iza t ion,  b u t  no t  b y  
o h m i c  c o n s i d e r a t i o n s  or m a s s  t r a n s p o r t  l imi ta t ions .  How- 
ever,  t he  va lue  of  ~b, does  d e p e n d  on  t h e  la t te r  two quan t i -  
ties, a n d  it is n o r m a l l y  d o m i n a t e d  b y  t he  ra te  of  mass  
t r a n s p o r t  b e c a u s e  o h m i c  l imi t a t ions  c a n  usua l ly  b e  mini -  
mized  easi ly  in  a n y  o p t i m a l  cell  des ign .  

Tab le  I shows  t h a t  t he  ~b~ va lues  for  t he  t h i o n i n e  cell  are 
re la t ive ly  h i g h  a n d  are s u r p r i s i n g l y  s imi la r  f rom w o r k e r  
to  worker ,  desp i t e  t he  w i d e  va r i e ty  of cell  des igns .  Thus ,  
i f  t he  va lue  of t he  pho tovo l t a i c - a s s i s t ed  cell f r om M o u n t z  
a n d  T ien  (14) is exc luded ,  all t h e  ~b~ va lues  lie b e t w e e n  4% 

Table I. Published power conversion efficiencies of the thionine photoelectrochemical cell with respect to incident white light 

Electrodes Electrode [Electrolyte]/(10 -3 mol dm-3): Voltage Current Power conv. 
Ref. (photo/dark) separ./mm Thionine Fe 2~ Fe 3~ H ~ Solvent eff., ~v/~162 eff., ~q/% eff., ~bJ% 

(2) Pt/Pt or Au]Au 1 0.015 10 0.05 3.0 H.~O, N~ 8.2 0.0015 b 3 • 10 -~ 
(0.015) a,b (3 • 10-4) ~ 

(4) Pt/Pt large 0.4 10 0.5 10.0 H20, N~ 11.0 0.031 b 8.4 x 10 -4 
(0.11) ~,b (3 x 10-3) ~ 

(8) SnOJPt 0.1 0.01-1.0 10 0.01-1.0 1-100  H.~O 9.7 0.041 b 1.5 x 10 -3 ~ 
(1.5) ~,~ 

(9) SnOJPt 0.08 1.0 10 0.5 10.0 50% H~O/ 6.6 1.0 2.2 • 10 -~ ~ 
CH:3CN 3.0 ~ 6.3 • 10 -~ d.~ 

(10) SnOJPt 0.08 0.2-1.0 10 0.5 10.0 50% H20/ 7.2 1.2 2.9 • 10 -~ 
CH:~CN, N2 

(11) Pt/Pt large 0.05 5 f 0.1-0.5 f 10.0 H20 7.8 0.11 h 2.1 • 10 -3 d 
(12) SnOJPt or 2.0-3.5 0.043 4.3 0.00022 10.0 H20, N2 5.6 0.17 (0.15-2.4) • 10 -4 d.g 

Pt]Pt 
(13) Pt/Pt large 0.05 5 0.1 10.0 H~O 8.2 0.0073 b 1.5 • 10 -4 d 
(14) Pt/Pt or Pt + 0.1 10 0.1 0.032 H.20 8.1 0.12 2.4 • 10 -3 d.~ 

tet?aphenylpor- 18 h 0.15 ~ 6.8 x I0 -3 g 
phyrin/Pt 

SnOJPt  0.2-2.0 0.5 100 0.005 10.0 H20, N~ 6.2 0.046 (2.1-7.2) • 10 -4 d.~ 
+ gels 

(Au+Nb)/Pt 0.05 25 0.1-0.5 H20, N2 4.6 0.021 (1.9-2.1) • 10 -4 d 
Pt/Pt, Pt/SnO2, various 0.05 5 0  10.0 H20, N2 6.7 0.15 (4.8-26) • 10 -4 d.g 

Pt/C, SnOJSnO2, 
polypyrrole on 
some 

(15) 

(16) 
(17) 

a Efficiency calculated with respect to absorbed light. 
I~ was not presented. (bq was calculated from ~hp, assuming a fill-factor of 0.25. 

c 578 nm light was used instead of white light. 
d (b, was not given by the author, but was calculated from data in the paper. 
e Obtained for a multilayer cell. 
f In dark compartment, [Fe ~§ = 0.001 tool dm -3 and [Fe 8§ = 0.1 mol dm -~. 

A fill-factor of 0.25 was assumed. 
h Includes a photovoltaic component. 
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and 11%. On the other hand, the ~q values are much more 
dependent  on cell design, and they vary between 0.0015% 
and 3%, most of the values lying in the 10-2-10-1% range. 
The highest value obtained for ~q in a single thionine cell 
is that of about 1% from the work of Hall et al. (9, 10). The 
high  quantum efficiency may result from the presence of 
acetonitrile (50% by volume) in the aqueous electrolyte 
because this solvent enables the thionine concentration to 
be raised to 10 -3 tool dm -3, thus facilitating the absorp- 
tion of light close to the photoelectrode. Shigehara et al. 
(15) have Suggested that some of the high photocurrents 
observed to be coming from the thionine cell may be 
short-lived transients which have little relevance to long- 
term energy output; the authors suggest that this may ex- 
plain their lack of success in replicating the high currents 
reported by Clark and Eckert (8). It is also possible that 
the semiconductive characteristics of the SnO2 electrodes 
vary considerably from worker to worker and are respon- 
sible for such variations. 

It should be noted that two basic types of thionine cell 
are listed in Table I. The first type (2, 4, 11, 13, 16, 17) em- 
ploys well separated dark and light electrodes. In the 
other type (8-10, 12, 14, 15, 17), both electrodes are illumi- 
nated, but  each electrode is preferentially reversible to a 
different redox couple in the electrolyte solution. In  gen- 
eral, the latter type of cell possesses the higher efficien- 
cies shown in Table I and has been developed from the 
experiments of Clark and Eckert (8) and the theory of 
Albery and Archer (3). 

Albery and Archer (18-20) have discussed extensively 
the  electrochemical processes which occur in the thionine 
cell and have shown that a major electrochemical condi- 
tion for optimal power output is a large difference be- 
tween reversibilities of the light sensitive and non-light 
sensitive redox couples in the cell. Albery et al. (21-23) 
have further argued that the Fe3+/Fe 2+ couple can be rend- 
ered irreversible, without greatly affecting the reversibil- 
ity of the thionine/leucothionine couple, by anodicaliy 
coating the photoelectrode with a layer of thionine. They 
have argued that this should enhance the power conver- 
sion efficiency, but  they have not determined whether 
this is truly the case, though they have confirmed that 
the reversibilities are affected in the required manner  by 
the surface coating. 

The aim of this study is to determine whether as pre- 
dicted by Albery et al. (21-23), the power conversion 
efficiency of the thionine cell is enhanced by anodically 
coating the photoelectrode with thionine. This work fol- 
lows a previous study by Quickenden and Bassett (25) 
w h i c h  s h o w s  that the power conversion efficiency of the 
rhodamine B photoelectrochemical cell is enhanced by as 
much as 14 times following anodic deposition of dye on to 
the gold photoelectrode. 

Experimental 
Chemicals.--All reagents used in the present study were 

of analytical reagent grade, except for SbCI~, which was 
of reagent grade, and thionine, which was of biological 
grade (Gurr). Thionine purity was checked by paper chro- 
matography and by thin layer chromatography on a silica 
substrate. Only one chromatographic spot was observed 
under  both visible and ultraviolet i l lumination after four 
effluents of differing polarities had been used to develop 
the chromatograms. Further purification was thus con- 
sidered unnecessary, apart from filtration to remove in- 
soluble impurities. 

The cell electrolyte used for photoelectrochemical mea- 
surements was prepared by adding to water the calcu- 
lated amounts of solutes required to give 0.0100 mol dm -3 
FeSO4, 0.010 mol dm73 H~SO4, and 2.1 x 10 -4 mol dm-3 
thionine (80% of saturation at 298 K). As is usual Fe 3. ion 
was provided by the~impurity level (about 5 x 10 -4 mol 
dm -3) present in the FeSO4 (9, 10). When necessary, the 
electrolyte was deoxygenated by bubbl ing with high pu- 
rity N,z which had been presaturated with water vapor. 
FeSO4 was always stored as a deoxygenated solution to 
avoid significant oxidation by atmospheric oxygen. All 

solutions used in this study were prepared with water 
which had been redistilled once after distillation from al- 
kaline permanganate. 

Cell construction.--Figure 1 shows the array of photo- 
electrochemical cells designed to facilitate rapid determi- 
nation of the power conversion efficiency and to enable 
extensive reproducibility checks of the latter to be carried 
out. This type of cell construction also permits dye layers 
to be electrochemically deposited on the photoelectrode 
and provides a convenient  arrangement for carrying out 
cyclic voltammetry on the photoelectrode. 

The photoelectrode was either a semitransparent layer 
of gold or transparent SnO.~ glass doped with Sb. In the 
first case, high purity (>99.99%) gold was vacuum depos- 
ited on one face of a sheet of Perspex (8.5 cm x 5.0 cm x 
0.15 cm). The thickness of the gold was kept in the range 
of 25-35 nm to avoid layers which were too thin (< ca. 5 
nm) to ensure electrical continuity but  not so thick as to 
prevent a substantial portion (ca. 40%) of the incident 
light reaching the gold/electrolyte interface (24). The 
Perspex-backed layer of gold acted as a semitransparent 
photoelectrode which was common to all 20 cells in the 
array (Fig. 1) and acted as their base. Five uncoated strips 
of Perspex (5.0 cm x 1.5 cm x 0.2 cm), each bored with 4 
holes of diameter 0.63 cm, were then attached to the gold- 
coated Perspex base with an acrylic resin glue (Acrifix 
92, R6hm). Extensive cyclic voltammetric studies using 
the Fe3§ 2. couple showed that cells manufactured with 
this glue exhibited identical behavior to those con- 
structed without the glue. 

When conducting SnO2 glass was used as the photoelec- 
trode material, the same mode of construction was 
adopted, except that a previously used (6, 25, 26) vinyl- 
acrylic mixed resin glue (Selley's Plastic Glue) replaced 
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Fig. 1. Schematic diagram (not to scale) of the array of 
photoelectrochemical cells and associated optical and electrical 
equipment. 
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the  acrylic resin glue, and the gold-coated Pe r spex  was  
replaced  by a s h e e t  of  SnO2 glass (5.0 cm • 8.0 cm • 0.50 
cm). The  lat ter  was  p repared  by spraying (5) the  surface 
o f  boros i l ica te  glass, hea ted  to a t empera tu re  of  933 K, 
wi th  a solut ion m a d e  by mix ing  10 cm ~ of  SnC14 wi th  0.60 
cm3 of  SbC15 and 20 cm3 of ethyl  acetate. A mois t  atmo- 
sphere  was necessary  for the  p roduc t ion  of  Satisfactory 
SnO2 glass which  had a conduc t iv i ty  of about  70 ~ c m - ' .  

Elect r ica l  connec t ion  was m a d e  to the  SnO2 glass or 
gold pho toe lec t rode  by  a t taching  a wire  to the  surface 
wi th  an electr ical ly conduc t ing  glue (Silver Dag, 
Acheson)  mechan ica l ly  s t reng thened  by a superficial  
layer of  epoxy  resin glue (Araldite). Each  cell  in  t he  array 
of  20 cells conta ined  80 m m  3 of  e lec t ro lyte  solution, wh ich  
was in t roduced  wi th  a m ic rome te r  control led syringe. 
Each cell and its solut ion was the rmos ta ted  at 298 + 0.5 K 
dur ing  m e a s u r e m e n t s  by p lac ing  the  cell array on the  sur- 
face of  a large t ransparen t  tank  th rough  which  
the rmos ta t ing  water  was passed.  When required,  a cell  in 
the  array couId be  main ta ined  in an oxygen-free  atmo- 
sphere  by  cover ing  it w i th  a small  plast ic " ten t"  equ ipped  
wi th  a th in  tube  to pass N2 over  the surface of  the  electro- 
lyte  solution. The  array of  cells and the  associa ted equip-  
m e n t  were  conta ined  in a l ight -proof  enclosure.  

PhotoelectvochemicaI measurements.--The dark  elec- 
t rode  used  in pho toe lec t rochemica l  m e a s u r e m e n t s  com- 
pr ised  a 0.70 m m  d iamete r  wire  of  99.99% pur i ty  gold or  a 
th in  SnO2-coated rod  of  s imilar  d imensions .  The  dark 
e lec t rode  d ipped  ver t ica l ly  into the  e lec t ro lyte  solut ion 
wi th  its lower  end accura te ly  located 1.00 -+ 0.01 m m  from 
the pho toe lec t rode  by means  o f  a precis ion he igh t  gauge 
(Mitutoyo 506-201). It  was shown  that  the  small  amoun t  of  
l ight  t ransmi t ted  by  the  solut ion to the  dark  e lec t rode  
p roduced  a negl ib ib le  photovol tage .  

Dur ing  pho toe lec t rochemica l  work,  an indiv idual  cell  
was i l lumina ted  f rom be low (Fig. 1) by l ight  f rom a 
vol tage-s tabi l ized tungs t en  tamp (Bausch and Lomb,  
33-86-39-01) wh ich  had been  monochrorna ted  by passage 
th rough  a Bausch  and L o m b  High  In tens i ty  Monochro-  
ma to r  equ ipped  wi th  a UV-vis ible  grat ing (33-86-02). The  
inc iden t  l ight  was focused  by a lens sys tem to p rov ide  
un i fo rm i l luminat ion  of  the  base of the  cell. The  abso lu te  
i r radiance of the  l ight  inc ident  on the  base of  the  cell  and 
of  the l ight  inc ident  on the  gold]electrolyte  in terface  was 
measu red  wi th  a cal ibrated p h o t o m e t e r  (Uni ted De tec to r  
Technology ,  181). The  l amp  in tens i ty  was adjus ted  in 
each  case to ensure  a cons tan t  i r radiance of 6.4 x 10 -4 W 
m-2 at the  gold/electrolyte  interface.  

The  vol tages  and currents  deve loped  by the  cells  across 
var ious  resis t ive loads ( Jay-Jay  0.1% prec is ion  res is tance  
box) were  measu red  wi th  a cal ibrated e lec t romete r  
(Kei thley 610C) connec ted  to a char t  recorder .  Photo-  
vol tages  and pho tocur ren t s  w e r e  separated f rom dark 
vol tages  and dark currents  by the  graphica l  p rocedure  de- 
scr ibed  prev ious ly  (26). The  m a x i m u m  ou tpu t  power  
f rom the  pho toe lec t rochemica l  cell  was  obta ined  f rom the 
rec tangle  of  greates t  area (6) unde r  the  vo l tage-cur ren t  
character is t ic  curve.  

Cyclic voltammetry and chronopotentiometry.--Cyctic 
v o l t a m m o g r a m s  were  p r o d u c e d  on an X-Y recorder  
(Houston  2000) us ing  a r amp  genera tor  (H. B. T h o m p s o n  
D R G  16) and a po ten t ios ta t  (H. B. T h o m p s o n  "Ministat") .  
The  cell  a r r angemen t  was the  one used  for the  photoelec-  
t rochemica l  measurement s ,  e x c e p t  that  the cell  was not  
i l lumina ted  and the  s t raight  wire  dark e lec t rode  was re- 
p laced  by a small  Ag/AgC1 reference  e lec t rode  (Microelec- 
t rodes  MI 401) a round  which  was wrapped  the counter-  
e lec t rode  in the  form of a coil  conta in ing  20 cm of 0.25 
m m  d iamete r  gold wire  (puri ty > 99.99%). The  surface 
area of  the coun te re lec t rode  (1.57 cm ~) was about  five 
t imes  greater  than  that  of the work ing  e lec t rode  depos- 
i ted on the  base of the  cell. The  reference  e lec t rode  hous-  
ing  conta ined  a l iquid  junc t ion  separator  compr i sed  of  a 
single fiber asbestos  frit, wh ich  p reven ted  th ionine  dye 
f rom enter ing  the Ag/AgC1 c o m p a r t m e n t .  When neces-  
sary, the  counte re lec t rode  was c leaned separate ly  in boil- 

ing concen t ra ted  nitric acid. The  reference  electrode/  
counte re lec t rode  assembly  was accura te ly  located in the 
e lec t ro lyte  by the  he ight  gauge  descr ibed  in the p rev ious  
section. IR compensa t ion  was  not  necessary  dur ing Cyclic 
v o l t a m m e t r y  m e a s u r e m e n t s  because  of  the s low sweep 
rates, small  e lec t rode  separat ion,  and re la t ively h igh  t t  ~ 
concentra t ion.  

Chronopo ten t iome t ry  was carr ied out  wi th  the  same 
cel ls  and e lec t rodes  used  for cyclic vo l tammet ry ,  bu t  wi th  
the potent ios ta t  opera ted  in the  galvanosta t ic  mode .  The  
potent ia l  was recorded  as a funct ion  of  t ime  on a char t  re- 
corder.  All ch ronopo ten t i ome t ry  and cyclic v o l t a m m e t r y  
was carr ied out wi th  t h e  cell  inside the  da rkened  enclo- 
surer at a t empera tu re  of  298 -+ 0.5 K. 

UV-visible spectrophotometry.--Transmittances of solu- 
t ions and of  gold layers were  de te rmined  wi th  a Hewle t t  
Packa rd  H P  8450 spec t ropho tome te r  at a t empera tu re  of  
298 -+ 0.3 K. 

Results and Discussion 

Dye layer deposition.--Previous workers  (21-23, 25) 
have  depos i ted  dye layers  on meta l  e lect rodes  by main- 
ta in ing  the  e lec t rode  at some  empir ica l ly  se lec ted  poten-  
tial wh i l e  it was i m m e r s e d  in a solut ion of  the dye. This 
m e t h o d  is i nconven ien t  i f  a n u m b e r  of  different  dyes  are 
to be  depos i ted  because  each  mus t  be  separate ly  investi-  
ga ted  in order  to de t e rmine  the  o p t i m u m  depos i t ion  po- 
tential.  The  present  m e t h o d  of  depos i t ing  dye  layers by 
repe t i t ive  cycl ing has  been  deve loped '  in order  to over- 
c o m e  this  difficulty and has been  tes ted on several  differ- 
en t  dyes.  It  possesses  ano the r  advantage  too, in that  the  
th ickness  of  the coa t ing  can be  moni to red  f rom the  pro- 
gress ive  expans ion  of  the  cyc l ic  v o l t a m m o g r a m s  obta ined  
dur ing  the  deposi t ion  process .  

F igures  2 and 3 s h o w  the  cyclic v o l t a m m o g r a m s  (CV's) 
ob ta ined  dur ing  the  depos i t ion  of  th ionine  on Au and 

'Since submitting this work for publication, we have received 
a copy of a recent paper (in Electrochim. Acta, 28, 1515 (1983)) 
which also describes the electrochemical deposition of thionine 
layers by repetitive cycling and speculates that the layers are 
held together by covalent bonds formed in a polymerization 
mechanism. 
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Fig. 2. Cyclic voltammogram of applied potential, E, vs. current, I, 

showing the process of thionine deposition On AU during successive po- 
tential cycles. Oxidative (anodic) currents areshown as positive. Every 
second trace has been recorded. Sweep rate = 100 mV s-' ,  area of 
working electrode = 0.31 cm 2, temperature = 298-+ 0.5 K [thionine] = 
6 x 10 -5 real dm -3, and [H:S04] = 0.050 mol dm -3 in water. The 
leucothionine oxidation peak occurs at 540 mV, and the thionine reduc- 
tion peak occurs at 490 mV (vs. NHE). 
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SnO~ electrodes, together with the CV's obtained from the 
same electrodes after the thionine solutions used for dep- 
ositions are removed and replaced by background elec- 
trolyte after washing 5 times in 0.050 mol dm -3 H~SO~. 
The depositions are carried out in the same cells (Fig. 1) 
used for the power conversion measurements,  but the 
electrolyte comprises 80 mms of aqueous 6 x 10 -s mol 
dm -3 thionine containing 0.050 mol din-3 H2SO4. The volt- 
age limits of 0.05-1.40V (NHE) shown in Fig. 2 and 3 are 
chosen so as to stay between the reductive region of hy- 
drogen production and the region (> 1.6V) where oxida~ 
tive destruction of the thin gold electrodes becomes 
important. 

The heights of the characteristic thionine oxidation and 
reduction peaks in Fig. 2 and 3 increase with the number  
of cycles to asymptotic limits after about 70 cycles, in the 
case of a gold electrode, and after about 500 cycles, in the 
case of SnO2. The areas within the CV's similarly reach 
plateau values. Because the areas (]tdt) are also indepen- 
dent of cycling speed, it can be concluded that complete 
oxidation and reduction of the electroactive species  oc- 
curs during each cycle, thus validating the use of areas 
under  peaks for determining layer thicknesses. 

Determinations of dye layer thickness.--Dye layers de- 
posited on the gold electrodes are not discernible to the 
eye, apart from the appearance of a slight scoring on the 
electrode surface. The measured optical absorption of the 
layers is also negligible, thus indicating that the layer 
thickness is less than 1-2 n m  if the molar decadic absorp- 
tion coefficient of solid ' thionine is 2.6 x 103 m ~ mol-~. -~ 
This thickness corresponds to less than 3-6 monolayers if 
the molecules lie flat on the surface and have a thickness 
of 0.325 nm (27). 

The layers deposited on the SnO2 electrode are visible 
to the eye and give ab road  absorption around 475-640 nm 
(cf. 598 nm for an aqueous thionine solution). The weak 
absorption indicates a layer thickness somewhat greater 
than 6 monolayers. 

The CV's in Fig. 2-4 permit  a more accurate determina- 
tion of thickness to be carried out, via Eq. [5] 

cs = fIdt/(2nFA) [5] 

where c~ is the surface concentration in mol m -2, n is the 
number  of electrons transferred in the redox process [= 2 
in the present case (21)], F is the Faraday constant, and A 
is the electrode area in m 2. fldt is the total charge, in cou- 
lombs, contained under  the relevant oxidation and reduc- 
tion peaks after the background charge (determined with 
the background electrolyte only) has been subtracted. 

Table II shows the layer thicknesses obtained from Eq. 
[5] and from the charge deposited in chronopotentio- 
metric reduction of the layer. It is seen that the thick- 
nesses determined by these two methods agree well and 
are consistent with the thickness limits established by ab- 
sorption spectrophotometry. Table II also shows that the 
thicknesses of the layers deposited by the static potential 
method and the cycling potential method are similar. The 
layer thicknesses determined by CV and chronopotentio- 
metry require that the thionine molecules lie flat on the 
electrode surface and that the cross-sectional area of a 
molecule is 1.08 nm 2 and that its thickness is 0.325 nm 
(27). 

Analysis of voltammogram peaks.--During the cyclic 
deposition process on Au (Fig. 2), the thionine reduction 
and leucothionine oxidation peaks which are originally at 
430 and 490 mV, respectively, shift in turn to 490 and 540 
mV, and a small shoulder appears at about 430 inV. How- 

~The value of 2.6 x 103 m ~ mol- '  for the molar decadic absorp- 
tion coefficient of solid thionine is obtained (21) by halving the 
value measured for an aqueous solution. This approach assumes 
that if the thionine in the deposited layers is polymerized (see 
footnote 1), its absorption coefficient is-not substantially altered 
from that given by the above procedure. Corresponding electro- 
chemical assumptions apply to the thicknesses determined by 
cyclic voltammetry and chronopotentiometry. It is noted that 
the optical and electrochemical methods yield similar values for 
the layer thickness. 
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Fig. 3. Cyclic voltammogram showing thionine deposition on SnO.~. 

Same conditions as in Fig. 2, except that the trace was recorded at 56s 
intervals for 20 min and at S min intervals thereafter. The electrolyte 
solution was replenished twice during this deposition. Leucothionine ox- 
idation: $3S mV. Thionine reduction: 435 mY. 

ever, during the deposition on SnO.~, the thionine reduc- 
tion peak at 435 mV does not shift. But  the oxidation 
peak moves from 535 to 550 mV, and the shoulder on the 
reduction peak appears only temporarily during the mid- 
dle stages of the deposition. 

It is clear from a comparison of the CV's obtained when 
the thionine-coated electrodes are immersed in back- 
ground and thionine containing electrolytes (Fig. 4 and 5) 
that the thionine and leucothionine peaks observed with 
the coated electrodes originate almost entirely from the 
dye coating, rather than from any thionine in solution. 
Furthermore,  the peak current separation observed for 
the thionine-coated Au and SnO~ electrodes in Fig. 4 and 
5 increases linearly with sweep rate, as is expected for 
surface bound species (28). This result means that it is 
difficult to ascertain the reversibility of dissolved thio- 
nine/leucothionine at a thionine-coated electrode because 
of the swamping of the solution couple by the couple in 
the deposited layer. Previous reports (5, 21) of the reversi- 
bility of the solution couple on thionine-coated electrodes 
thus need to be viewed with some caution. This observa- 
tion also has implications in photoelectrochemical stud- 
ies, as photovoltage generation in the thionine system 
arises mainly from the photochemical reactions of dis- 
solved thionine, rather than from adsorbed thionine, be- 
cause of the small amount of light absorbed in the dye 
layer. This matter is discussed further in the section ~ on 
power conversion efficiencies. 

Albery et al. (21) have reported that the Fe:~+/Fe 2~ couple 
is suppressed on thionine-c0ated Pt  and SnO2. Figure 7 
confirms this result for, the thionine-coated SnO~ etec- 



86 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  J a n u a r y  1985 

80 

<C 
:3. 

60 

40 

20 

0 

-20 

-40 

-60 

0 

d 

I I I I I 

2OO 60O IOO0 

E / m V  (vs. NHE ) 
Fig. 4. Cyclic voltammograms of the thionine-coated gold electrode 

from Fig. 2 in aqueous 0.050 tool dm-2 H2SO4 (no thionine). (a), (b), (c), 
and (d) are traces at sweep rates of 25, S0, 100, and 200 mV s-l ,  respec- 
tively. (e) is a trace recorded in 6 • 10 -5 mol dm -3 thionine and 0.050 
mol dm-3 aqueous H2SO4 at 100 mV s - j .  Other conditions are as in Fig. 
2. 

t rode ,  b u t  Fig. 6 s h o w s  t h a t  t he  s i tua t ion  is m o r e  compl i -  
ca ted  on  t he  t h i o n i n e - c o a t e d  gold  e lec t rode .  In  t he  la t te r  
case  (Fig. 6), t h o u g h  t h e  Fe3VFe 2~ p e a k s  are  a b s e n t  f rom 
the i r  u sua l  pos i t ions ,  t he  h e i g h t  of  the  t h i o n i n e  r e d u c t i o n  
p e a k  is s u b s t a n t i a l l y  i n c r e a s e d  b y  t he  p r e s e n c e  of t he  
Fe3§ 2~ coup le  a n d  t he  l e u c o t h i o n i n e  ox ida t i on  p e a k  is 
s u b s t a n t i a l l y  decreased .  Th i s  s u r p r i s i n g  r e su l t  m a y  ar ise  
f rom a sh i f t  ( r a the r  t h a n  s upp r e s s i on )  of  the  Fe  3~ reduc-  
t ion  p e a k  in to  t h e  r eg ion  of  t h i o n i n e  r educ t ion ,  t h u s  aug- 
m e n t i n g  t he  t h i o n i n e  peak.  

Measured power conversion efficiencies.--Table I I I  
shows  t he  p o w e r  c o n v e r s i o n  eff ic iencies  o b t a i n e d  for  t he  
t h i o n i n e  cells u s e d  in  t he  p r e s e n t  i nves t i ga t i on  a n d  l ists  
t he  m e a s u r e d  vo l tage  c o n v e r s i o n  eff ic iencies  a n d  quan -  
t u m  eff ic iencies  of  c u r r e n t  p roduc t ion .  E a c h  va lue  in  
Tab le  I I I  is t he  m e a n  of  a n u m b e r  of  r ep l i ca te  d e t e r m i n a -  
t ions  on  d i f f e ren t  cells, a n d  the  e r ro r  r a n g e s  r e p r e s e n t  
50% c o n f i d e n c e  in t e rva l s  in  t h e s e  means .  
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Fig. 5. Cyclic voltammograms of the thionine-coated Sn02 electrode 

from Fig. 3 carried out in aqueous 0.050 mol dm -'~ H2S04 (no thionine). 
(a), (b), and (c) ore traces run at sweep rates of 25, 50, and 100 mV s-L 
(d) is a trace of the same electrode when 6 • 10 -5 thionine is also pres- 
ent and the sweep rate is 1 O0 mV s -~. Other conditions are as in Fig. 2. 

D e o x y g e n a t i o n  of  the  cell  e lec t ro ly te  r e su l t s  in  a three-  
fold i nc rease  in  t he  p o w e r  c o n v e r s i o n  eff iciency,  due  
m o s t l y  to a n  i nc r ea se  in  t h e  vo l tage  ef f ic iency a n d  p roba-  
b ly  a r i s ing  f rom d e c r e a s e d  o x i d a t i o n  of  l e u c o t h i o n i n e  or 
s e m i t h i o n i n e  in  t he  e lec t ro ly te  solut ion.  All  t he  subse-  

Table II. Measured thicknesses of thionine coatings on gold and SnO~ electrodes 

Method of layer Method of thickness 
Electrode deposition determination 

Surface 
concentration/ Thickness/ Number of 
(10 -e mol m -2) nm monolayers 

Au Static potential Cyclic vol tammetry 
Au Cycled potential Cyclic voltammetry 
Au Cycled potential Chronopotentiometry 
SnO2 CyCled potential Cyclic voltammetry 

9.8 -+ 0.5 2.5 -+ 0.1 7.7 _+ 0.4 
8.6 -+ 0.4 2.2 -+ 0.1 6.7 -+ 0.3 
9.6 -+ 2.6 2.4 -+ 0.6 7.5 _+ 2 

50.1 -+ 0.3 12.7 - 0.1 39.1 -+ 0.2 
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Fig. 6. Cyclic voltommograms of Fe 3~ on gold electrodes in aqueous 

0 .050  mol din-3 H2504 at a sweep rate of 1 O0 mV s -L  (a): 1.00 • 10 -3 
mol dm -3 Fe 3~ on an uncoated gold electrode. (c): 1.00 • 10 -'~ mol 
dm -3 Fe 3§ on a thionine-coated electrode. (b): Thionine-coated elec- 
trode in H2SO~ only. All other conditions are as in Fig. 2. 

q u e n t  m e a s u r e m e n t s  i n  T a b l e  I I I  a r e  p e r f o r m e d  u n d e r  a 
N.~ a t m o s p h e r e � 9  T h e  l i g h t  i n t e n s i t y  t r a n s m i t t e d  to  t h e  d a r k  
e l e c t r o d e  b y  t h e  s o l u t i o n  i s  a b o u t  8% o f  t h a t  i n c i d e n t  o n  
t h e  g o l d - e l e c t r o l y t e  i n t e r f a c e  o f  t h e  p h o t o e l e c t r o d e ,  b u t  i s  
s h o w n  to  h a v e  n e g l i g i b l e  e f f e c t  o n  t h e  ce l l  p h o t o c u r r e n t  
a n d  p h o t o v o l t a g e  b y  a n  e x p e r i m e n t  i n  w h i c h  t h e  d a r k  
e l e c t r o d e  is  l o c a t e d  i n  a s h a d o w e d  c o n f i g u r a t i o n � 9  T h i s  re-  
s u l t  i s  n o t  s u r p r i s i n g  b e c a u s e  o n l y  a b o u t  5% o f  t h e  d a r k  
e l e c t r o d e  ( t he  e n d  o f  t h e  wi re )  r e c e i v e s  e v e n  t h i s  s m a l l  
i l l u m i n a t i o n .  
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Fig. 7. Cyclic voltammograms of Fe 3. on SnO2 electrodes in aqueous 
0 .050  real dm -3 H2504 at a sweep rate of 100 mV s -~. (a): 1.00 x 10 -4 
mol drn -3 Fe ~§ on an uncoated SnO2 electrode. (b): 1.00 • 10 -3 real 
dm -~ Fe 3+ on an uncoated Sn02 electrode. (c): 1.00 • 10 -~ real dm -3 
Fe 3§ on a thionine-coated electrode. (d): Thionine-coated electrode in 
H~S04�9 

T h e  e f f i c i e n c i e s  i n  T a b l e  I I I  a r e  d e t e r m i n e d  w i t h  m o n -  
o c h r o m a t i c  (598 -+ 5 n m )  l i g h t  w h o s e  i r r a d i a n c e  is  m e a -  
s u r e d  a t  t h e  g o l d - e l e c t r o l y t e  i n t e r f a c e  a f t e r  p a s s a g e  
t h r o u g h  t h e  s e m i t r a n s p a r e n t  g o l d  p h o t o e l e c t r o d e .  T h e  
u s e  o f  t h e  i n t e r f a c e  i r r a d i a n c e  i n  t h e  c a l c u l a t i o n  o f  t h e  
p o w e r  c o n v e r s i o n  e f f i c i e n c y  r e p r e s e n t s  a d e p a r t u r e  f r o m  
t h e  p r e v i o u s  p o l i c y  (6, 25) f o l l o w e d  b y  t h i s  l a b o r a t o r y  i n  
c a l c u l a t i n g  e f f i c i e n c i e s  r e l a t i v e  to  i r r a d i a n c e s  i n c i d e n t  o n  
t h e  o u t s i d e  o f  s e m i t r a n s p a r e n t  g o l d  e l e c t r o d e s � 9  T h e  n e w  
p r o c e d u r e  is  m o r e  c o m p a r a b l e  w i t h  t h e  p r o c e d u r e s  u s e d  
i n  t h e  l i t e r a t u r e  d e t e r m i n a t i o n s  r e p o r t e d  i n  T a b l e  I for  t h e  
t h i o n i n e  cell .  

T h e  d a t a  i n  T a b l e  H I  s e r v e s  t h e  p r i m e  p u r p o s e  o f  t h i s  
s t u d y - - t e s t i n g  t h e  p r e d i c t i o n  o f  A l b e r y  et al. (21-23) t h a t  
o n  e l e c t r o c h e m i c a l  g r o u n d s ,  t h e  d e p o s i t i o n  o f  a t h i o n i n e  

Table IlL Measured power conversion efficiencies of various types of thionine cell containing thionine-coated and uncoated photoelectrodes. Each 
value is the mean of several determinations on replicate cells 

Electrodes N u m b e r  Electrode Open-circui t  Short-circuit  Convers ion efficienciesF/o 
(light/dark) of cells t r ea tmen t  Electrolyte ~ vol tage/mV current/(10-gA) Voltage, ~b~ Current ,  ~q Power,  4~p 

Au/Au 8 Uncoated  Thionine/~q2 68�9 -+ 4.5 153 • 24 3.3 • 0.2 (4.9 • 0.8) • 10 -2 (4.1 • 0.g) • 10 -4 
Au/Au 4 Uncoated  Thionine/air  35.2 -+ 3.0 105 • 1I 1.7 -+ O.1 (3�9 • 0.3) • 10 -2 (1.4 • 0.3) • 10 -4 
SnO2/Au 3 Uncoated  Thionine/N~ 6.2 .+ 0.4 56 • 6 0.3 -+ 0.02 (1.8 • 0.2) • 10-'-' (1.4 • 0.2) • 10 -5 
Au/SnO2 3 Uncoa ted  Thionine/N.~ 97 -+ 10 451 -+ 37 4.7 • 0.5 (1.5 • 0:1) x 10- '  (1.7 • 0.3) x 10 -s 
AtYAu 3 Coated N~ 0.4 • 0.2 b 2.6 -+ 1.2 0.019 -+ 0.01 (8.4 .+ 3.9) x 10 -4 (4.1 .+ 3.9) • 10 -8 

by  cycl ing 
Au/Au 3 Coated Thionine/N.~ 23 -+ 3.6 b 24 -+ 1.2 1.1 .+ 0.2 (7.7 • 0.4) x 10 -3 (2.1 • 0.4) • 10 -~ 

by  cycling 
AtYAu 3 Coated at Thionine/N~ 13 -+ 7 b 20 • 2 0.63 .+ 0.3 (6.6 • 0.6) • 10 -3 (1.0 • 0.6) x 10 -5 

fixed ptl. 
S n O J A u  2 Coated Thionine/N2 0.30 -+ 0.05 7.0 -+ 0.7 0.015 -+ 0.002 (2.2 • 0.2) • 10 -s (8.3 • 2.2) x 10 -8 

by  cycling 

a [Thionine] = 2.1 • i0 -4 mol  d m  -3 (when present).  All cell electrolytes also conta in  H20 0.010 mol d m  -3 H2SO4, 0.0100 mol d m  -3 FeSO4, 
and  about  5 x i0 -.4 moi  d m  -'~ Fe3% Cell t empera tu re  = 298 .+ 0.5 K; irradiance = 6.4 • 10 -4 W m-2�9 

b Direction of cell EMF reversed.  
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layer on the photoelectrode of the thionine cell should 
significantly increase the power conversion efficiency of 
the thionine cell. It is clear from Table III that whether 
the photoelectrode is coated with thionine by the fixed 
potential or cycling potential methods, the prediction is 
not supported because the efficiencies fall substantially, 
rather than increase, when the dye layers are deposited. 
In  the case of the Au photoelectrode, the efficiency drops 
by about 19 times, and in the case of the SnO2 photoelec- 
trode, the somewhat thicker thionine layer drops the 
efficiency by about 200 times. 3 

It is important to note that the thionine coating reverses 
the direction of the electron flow, which is originally 
from the photo- to the dark electrode in the external cir- 
cuit of the cell containing gold electrodes. This observa- 
tion suggests that the coated gold electrode is preferen- 
tially selective (18-20) toward the Fe3YFe 24 couple, rather 
than the dye couple, and that the small electron flow ob- 
tained is due to the residual amount of light striking the 
uncoated dark electrode. This order of reversibility is op- 
posite to the condition predicted by the electrochemical 
measurements of Albery and Archer (18-20) and consid- 
ered by them desirable for optimal power output. 

The reason that Albery and Archer's (18-20) electro- 
chemical predictions are not borne out in terms of photo- 
electrochemical performance is that whereas CV or simi- 
lar measurements show facile thionine reactivity in 
thionine-coated electrodes, these redox processes arise 
almost entirely from the thionine in the coating and not 
from thionine in solution, as shown in the previous sec- 
tion. However, the main photoelectrochemical activity 
does not occur within the thionine coating, but occurs 
mainly in the bulk of the solution, as shown by the negli- 
gible power conversion efficiency in Table III for 
thionine-coated gold electrodes immersed in background 
electrolyte containing no thionine. 

Other points of interest also arise from the data in Table 
III. The power conversion efficiency of the thionine cell 
equipped with an uncoated SnO2 photoelectrode and a 
gold dark electrode is about one thirtieth of that for a cell 
containing uncoated gold electrodes. Most of this differ- 
ence arises from the low voltage efficiency of the SnO.J 
Au cell, which suggests that the voltage difference be- 
tween the two redox couples may be less on an SnO~ elec- 
trode than on a gold electrode. When the electrode ar- 
rangement is reversed so that SnO2 becomes the dark 
electrode and gold becomes the photoelectrode (the gold 
wire dark electrode is replaced by a SnO2-coated glass rod 
of similar dimensions), the power conversion effi- 
ciency is increased by about four times. This result pre- 
sumably indicates that the SnO2 electrode is more select- 
ive toward the Fe~/Fe 2~ couple than the gold electrode 
and is thus more suitable for use as a dark electrode. 

Table III also indicates that the power conversion 
efficiencies of thionine cells containing thionine-coated 
SnO~ photoelectrodes are very low indeed, being about 
0.6% of the value for an uncoated SnOJAu cell and an 
AulAu cell with a coated photoelectrode. The dye coating 
on the SnO2 is much thicker than on the gold electrode, 
and Fig. 5 and 7 show that this thick layer effectively sup- 
presses the Fe3~/Fe 2§ and thionine/leucothionine couples 
in solution, thereby decreasing the power conversion 
efficiency, though the thionine/leucothionine couple in 
the dye layer is electrochemically active. 
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3Thinner layers are also briefly examined, but they similarly 
produce an efficiency decrease. 
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ABSTRACT 

Water-vapor absorption and conductivity in spin-cast poly(ethylene oxide)-lithium tetrafluoroborate films were in- 
vestigated near 21~ by in situ near-infrared spectroscopy and ac conductance measurements. The film conductivity was 
- 2 • 10 -5 ~-1 cm-~ until the water content exceeded that corresponding to LiBF4 �9 3H20. It increased with additional 
water, reaching 3 x 10 -3 ~2-, c m - '  at the composit ion equivalent to LiBF4 �9 20 H20. Most of the water above the trihy- 
drate level was unstably absorbed, however, and began to escape from the film withi~ a few minutes. This syneresis 
was attributed to spontaneous restructuring or crystallization of the polymer. The conductivity data were interpreted on 
the basis of a two-phase model, in which one portion of the salt remained in a nonconductive solid region, while the 
other portion dissolved in a more fluid conductive polymer-water region. 

Complexes of salts with aliphatic poly-ethers are a rela- 
tively new class of solid electrolytes (1, 2). Some of these 
materials can attain conductivities of the order of 10 -s ~-1 
cm -1 at room temperature, and the conduction is known 
to increase greatly on absorption of water. Because of 
their potential importance for lithium battery electrolytes, 
most research on such complexes has been done with 
carefully dried preparations. For other types of batteries 
and electrochemical devices, however, some water is ac- 
ceptable, or even required, and the higher conductivity is 
advantageous. The influence of water on these solids is, 
in any case, a point of scientific interest which has re- 
ceived only cursory treatment in previous studies. 

This paper describes results of conductance measure- 
ments near 21~ on thin solid films of poly(ethylene ox- 
ide) (PEO) eomplexed with lithium tetrafluoroborate, 
and containing various amounts of water. The water con- 
tent of the films was monitored in situ by near-infrared 
absorption spectroscopy, while the ac conductance at 
1000 Hz was determined on an impedance bridge. This 
thin film technique permitted much faster acquisition of 
data than conventional bulk methods for investigation of 
polymers. Both the water  content and the conductance 
showed a peculiar but  repeatable time dependence, 
which probably was caused by spontaneous restructuring 
of the polymer. 

Experimental 
The PEO preparation, with an average molecular 

weight of 4,000,000, was from Polysciences, Incorporated. 
The LiBF4 was from Ozark-Mahoning. Electrolyte films 
of the order of 1 ~m thick were prepared on single-crystal 
sapphire plates by spin casting from a viscous aqueous 
solution containing 4.5 polymer repeating units per mole- 
cule of LiBF~. These plates had, near one edge, a pair of 
narrow-line electrodes formed from conductive silver 
paste, with an interelectrode spacing of 0.4 ram. Margins 
around the film were defined by masking tape, which 
was removed after the casting process. 

The films were dried under  vacuum at room tempera- 
ture for 24h and transferred, without air exposure, to a 
helium-atmosphere glove box, where they were mounted 
in the double cell shown in Fig. 1. For the measurements  
of conductance and water absorption, the cell was placed 
in a Beckman DK-2A spectrophotometer,  with the electri- 
cal leads connected to a Fluke Model 710B impedance 
bridge. Nitrogen containing known partial pressures of 
water was passed into the optical reference compartment  
of the cell and out through the sample compartment.  The 
water pressure was controlled at known levels by passing 
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the nitrogen through water in a cooled, thermostated gas 
washing bottle. The moist nitrogen then traveled through 
a long copper tube to reach room temperature, near 21~ 
before entering the cell. 

Resistances and near-infrared (IR) spectra of the films 
were determined at various times up to 2h and, in some 
instances, the transmittance at the characteristic wave- 
length of the OH stretching band near 2.9 ~m was re- 
corded continuously as a function of time. The amount  of 
water present per unit film area during an experiment  
was found by comparing the IR absorbance of the film 
with that of a known thickness of liquid water retained 
between two glass slides. Following a systematic run, the 
cell could be placed, open, in the vacuum chamber to 
redry the film in preparation for the next  set of 
measurements.  

Two methods were used to determine the original 
thickness of the PEO-LiBF4 film after completion of the 
conductance measurements.  The polymer electrolyte was 
too soft for measurement  with a profilometer. For a 
rough thickness estimate ( -  40%), the used film was re- 
dried, then dissolved in water, and the resulting weight 
loss noted. For a more accurate evaluation, the li thium 
content  of the dissolved film was determined by atomic 
absorption. The density of the anhydrous PEO-LiBF4 
preparation was found to be 1.23 g/cm 3 by weighing a 
known volume of the bulk solid packed into a glass tube. 

Results and Discussion 
The system PEO-LiBF4-H.20.--The PEO-LiBF4 system at 

the 4.5:1 mole ratio was selected for investigation primar- 
ily because the anhydrous complex of this composition 
was known to have the comparatively high conductivity 

TO IMPEDANCE ~ RIDGE ~ ' ~ . , . ~ = .  

HUMIDITY 
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CONTAINER 

I I ~ r l - - f - - - - - 7 1 ~ l f  ." II/SAPPHIRE 
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Fig. 1. Experimental cell 
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Fig. 2. Infrared spectra of PEO-LiBF4-H20 film recorded 30 min after 
changes of ambient water vapor pressure. 

of 10 -5 ~-~ cm -~ at 20~ (1). This suggests a tendency to- 
ward amorphous behavior which could be conducive to 
the incorporation of water in the organic phase. 

The PEO-LiBF4-H20 films were colorless and highly 
transparent. As expected, water was readily absorbed 
from the vapor phase with an immediate increase in 
conductivity. Figure 2 shows a typical set of near-infrared 
spectra recorded after 30 min exposures to each of  the in- 
dicated partial pressures of water.The max imum absorp- 
tion due to OH stretching occurred at 2.90 t~m in pure liq- 
uid water. This band acquired a doublet character in the 
PEO-LiBF4-H20 films, with increased absorption near 
2.85 ~m, which was more evident at the lowe~ water lev- 
els. The shift to the shorter wavelength apparently was 
due to binding of water with the lithium ion, since it did 
not occur with PEO in the absence of the salt. 

Conductances (l/R) of two PEO-LiBF4 films are plotted 
as functions of the water absorbance in Fig. 3 and 4. The 
symbol R represents the measured resistance of the film 
specimen. The anhydrous film thickness was roughly 1.8 
tLm for film 1 and, more accurately, 0.88 t~m for film 2. 
The circles and other symbols represent different runs 
which covered a wide range of water pressures and stand- 
ing times, as well as different predrying conditions. It is 
noteworthy that the data for each film can be adequately 
represented by a single line, even though many non- 
equil ibrium points are included. The significance of the 
slopes of these lines is discussed later. The absorbance in- 
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ABSORBANCE AT 2.90 #rn 
Fig. 4. Dependence of measured conductance on IR absorbance due to 

water in film 2. Inset shows the extrapolation in detail. 

tercept for film 2 in Fig. 4 corresponds to the com- 
position LiBF4 �9 2.9H.~O. The approximate composition 
LiBF4 �9 2.5H~O was found in a similar way for film 1 in 
Fig. 3. Two hydrates of LiBF4 have been characterized in 
the literature (3, 4). LiBF~ �9 H20 is stable above 23~ in the 
presence of an aqueous solution of the salt, while LiBF4 �9 
3H~O crystallizes below 23~ In the present study, near 
21~ the measured film conductances dropped abruptly 
to < 10-7 ~2 -~ as the water content fell below the trihy- 
drate composition. It is thus apparent that the initial 
portion of the absorbed water was utilized primarily in 
hydration of the salt. The "free" water above the trihy- 
drate level was responsible for the higher magnitude of 
conductivity discussed in this paper. 

The absorption of water by the PEO-LiBF4 films dis- 
played an unusual t ime dependence. Figure 5 illustrates 
this behavior in the IR absorbance recorded under a con- 
stant water vapor pressure of 18.7 torr. After 24h of pre- 
drying under vacuum, the film added water rapidly at 
first. The absorbance then reached a maximum in 7-10 
min, after which it gradually decayed toward the level 
corresponding to LiBF4.3H~O. This behavior was repeat- 
able with thorough drying between runs. Less extensive 
drying produced a related, but distinctly different, result 
shown by the lower curve in Fig. 5. With a vacuum drying 
t ime of 0.Sh the initial absorbance again was essentially 
zero. The water uptake also was quite rapid at first, but 
the loss set in after only 1 rain, and the IR absorbance ap- 
proached the asymptotic value much earlier than it did 
with 24h of drying. 

The change of conductance with time closely paralleled 
that of the water content, as one can infer from Fig. 3 and 
4. This is shown explicitly by Fig. 6 for the same runs that 
are represented in Fig. 5. 

0 . 5  i i I I I I 

4 [ 1 " I I I I ~  

0 0.1 0.2 0.3 0.4 0.5 0.6 
ABSORBANCE AT 2.90 ~m 

Fig. 3. Dependence of measured conductance on IR absorhance clue to 
water in film 1. 
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Fig. 5. Time dependence of water obsorhance in PEO-LiBF4-H20 film 
recorded continuously under water pressure of 18.7 torr after different 
predrying times. All curves start at zero absorbance. 
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conditions of Fig. 5. All curves start at zero conductance on this scale. 

The system PEO-H.,.O.--It was of great interest to know 
whether  the spontaneous water loss was a property of the 
salt or the polymer. A spin-cast film of PEO without the 
salt was prepared for this purpose and dried under  vac- 
uum 24h. Its infrared absorption under 18.7 torr of water 
vapor was then examined. 

Infrared spectra recorded at various exposure t imes un- 
der constant water pressures are shown in Fig. 7. This 
group of spectra differs in several ways from the PEO- 
LiBF4-H20 spectra of Fig. 2. The salt-free film was visu- 
ally cloudy, and infrared light scattering is evident in the 
lower transmission range of the spectra. Although the 
absorption maximum shifted slightly with water content, 
any doublet character of the OH band is not obvious. 
Finally, the salt-free spectra showed isosbestic points at 
2.76 and 3.21 ~m. Such points are characteristic of a fixed 
stoichiometry between initial and final species in a 
chemical process. They were not observed with the non- 
scattering films containing LiBF,. Figure 8 indicates a 
t ime-dependent  gain and subsequent loss of water by the 
PEO which is very similar to that for PEO-LiBF4 in Fig. 5. 
The final water absorbance was relatively closer to zero, 
however, in the salt-free film. 

Although the scattering effect prevented an absolute 
determination of water in the PEO, it is clear that the ma- 
jor  t ime dependence was associated with the polymer. A 
comparable syneresis, or loss of solvent component,  was 
reported by Weiss and Lenz for water in phosphonate es- 
ters derived from PEO oligomers (5). Those authors deter- 
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Fig. 7. Infrared spectra of PEO-H~O film recorded at different times 
under water pressure of 18.7 torr. 
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corded continuously under water pressure of 18.7 torr after predrying 
24h. 

mined the absorbed water gravimetrically on bulk 
samples in experiments lasting several days. With the 
thin film technique used here, the time dependence could 
be detected in a few minutes and well characterized in 
about an hour. An apparently related heat-induced syner- 
esis in cross-linked PEO-H~O gels was attributed by Gra- 
ham et al. to increased ordering of the polymer, with 
some water still attached (6). 

Further correlations.--Conductivity relationships in the 
PEO-LiBF4-H20 system can be examined in greater detail 
by means of Fig. 9, in which the total thickness of the 
swollen film is considered, and Fig. 10, which treats the 
free water, with its incremental  thickness, as a separate 
region supporting of all the observed conduction. 

For calculating the bulk conductivity ~ plotted in Fig. 9, 
the total film thickness was taken, as a first approxima- 
tion, to be the sum of the dry PEO-LiBF4 thickness, based 
on bulk density, and the liquid water thickness equiva- 
lent to the IR absorbance of the film. This estimated total 
thickness ranged from 0.88 ~m in the dry state to 2.26 ~m 
for the swollen film at a ratio of 21 mol of H20 per mole 
of LiBF4. All of the smoothed data points for film 2 fell 
close to a straight line intersecting the mole-ratio axis at 
3.1. The corresponding plot for film 1 was a slightly 
curved line with a similar intercept; it is not shown be- 
cause of uncertainty in the dry-film thickness. 

The cause of the linear relationship in Fig. 9 is not obvi- 
ous. In a very simple model for the system, it could be en- 
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Fig. 9. Conductivity of swollen PEO-LiBF4-H~O film as a function of 
the male ratio of H~O to LiBF4. Points are smoothed data from Fig. 4. 
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visioned that all of the salt dissolves in a homogeneous 
conductive phase, with water acting only as a diluent. 
The conductivity would then decrease with increasing 
water content. Factors opposing this effect could be the 
dissociation of ion pairs and the lowering of viscosity on 
addition of water. However, those trends, superimposed 
on the dilution, would not account for the straight line in 
Fig. 9. The actual behavior was more consistent with a 
system of two microphases, one a conductive fluid or 
amorphous region containing dissolved salt, and the 
other a nonconductive solid including the remainder of 
the LiBF4 �9 3H~O. The linear relationship could then occur 
if the dissolved-salt concentration in the film as a whole 
were proportional to the free-water content and the 
mobilities of Li + and BF4- remained constant. This model 
treats the conductive microphase as an aqueous region 
saturated with both PEO and LiBF4 and disregards ef- 
fects of porosity or tortuosity created by the solid PEO- 
salt matrix. 

A lower limit for the apparent equivalent conductance 
of LiBF4 can be estimated as follows from the plot in Fig. 
9. At the mole ratio of 20, the concentration c of LiBF4 dis- 
solved in the entire film had to be -< 1.65M. With the cor- 
responding experimental  conductivity ~ of 3.1 • 10 -3 ~-1 
cm -~, the equivalent conductance AUBF4, expressed as 
1000 ~/c, would have been ~ 1.9 ~ - '  cm 2 tool- ' .  It may be 
noted from the work of Radchenko and Ryss that LiBF4 
completely dissolves in pure water at a ratio as low as 5.35 

mo] of water per mole of salt (7). In the presence of PEO, 
however, the salt probably is much less soluble. The 
lower limit of 1.9 f~-~ cm 2 mol -~ for A~.iBF4 is tWO orders of 
magnitude less than typical equivalent conductances of 
salts in water, but it is not inconsistent with their behav- 
ior in viscous polymer-water mixtures. For example, a pa- 
per by Isono et al. indicates an equivalent conductance of 
7.9 12 -1 cm 2 mol -~ for NaC1 in a concentrated poly(ethyl- 
ene glycol)-water mixture at 25~ (8). 

Figure 10 accentuates the contrast between the two 
types of film behavior encountered in this study. An 
incremental  conductivity ~aq was calculated by taking the 
effective film thickness as that equivalent to the free 
water. This incremental thickness was found from the IR 
absorbance term A-A', where A is the measured absorb- 
ance and A' is the intercept from Fig. 3 or 4. These are 
nonequil ibrium data. The pronounced difference be- 
tween the plots in Fig. 10 m a y  reflect a difference in the 
rates of syneresis for the two films: the polymer appar- 
ently rearranged readily in film 1 to an ordered, or crys- 
talline, phase, forming an aqueous region with a constant 
conductivity c~q of 6.2 • 10 -3 ~-~ cm -1. This water was 
subsequently lost by evaporation. With slower crystalliza- 
tion in film 2, the data included some intermediate 
stages, where ~aq was lower due to more polymer in solu- 
tion. The same limiting level was eventually reached by 
film 2, however, and water loss occurred, as represented 
in Fig. 5. 

Further  research is planned to characterize related poly- 
mer-salt-solvent electrolyte systems. 
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The Application of Linear Sweep Voltammetry to a Rotating Disk 
Electrode with a Catalytic Process 
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ABSTRACT 

The current response of a catalytic process to a linear sweep of the potential on a rotating disk electrode is analyzed 
with the aid of a Nernst diffusion model. Special solutions for a fast chemical reaction are obtained for reversible, quasi- 
reversible, and irreversible electrode reactions. Results for the reversible case are compared with experimental data. 

Theoretical and experimentM studies concerning the 
application of linear sweep voltammetry (LSV) to a ro- 
tating disk electrode (RDE) for simple charge-transfer re- 
actions have been reported recently (1-6). Natural convec- 
tion is diminished by using a RDE. By applying a LSV to 
the RDE system, it is expected that both kinetic and 
mechanistic information on the electrode process can be 
attained in a relatively simple and fast experiment. Fur- 
thermore, it permits an extension in the range of rate con- 
stants to be measured. Kinetic and catalytic processes in 
electrochemistry have been studied in stagnant systems 
by a wide variety of electrochemical techniques, such as 
chronopotentiometry and ac polarography. The initial in- 
vestigation of catalytic systems was carried out by Bricka 
and Wiesner (7) in polarography. Reviews on this subject 
are available in several monographs (8-10) and in an arti- 
cle by Nicholson and Shain (11). 

This paper reports our investigation on the application 
of LSV to a RDE for an electron charge-transfer reaction 
coupled to an irreversible and homogeneous chemical re- 
action in which the product of the electrode reaction re- 
acts with an electroinactive species to regenerate the ini- 
tial species. This type of reactive system is often called a 
catalytic process in the electroanalytical literature, and 
the resulting current is called a catalytic current (12). The- 
oretical calculations were conducted by using a Nernst 
diffusion model, in which the concentration change oc- 
curs within a diffusion layer of thickness 8. The same 
model was used by Andricacos and Cheh (3). An experi- 
mental  investigation was carried out for the case of a re- 
versible electrode reaction. A similar problem has been 
studied by Saveant and Vianello (13) in a stagnant system. 

Theoretical 
Consider the following catalytic mechanism 

A + n e -  --* B electrode reaction [1] 

B + Z --* A chemical reaction in the solution [2] 

in which A is reduced to B at the electrode surface and B 
undergoes a catalytic, homogeneous chemical reaction 
with an electroinactive species Z to regenerate A. The 
limiting current density for species A is increased by the 
presence of species Z, and its magnitude depends on the 
kinetics of the chemical reaction and mass transport of all 
the species. In general, t he  chemical reaction is of the sec- 
ond order. However, it is assumed that the amount  of the 
species Z exists in large quantity. The second-order reac- 
tion degenerates to a pseudo-first-order reaction. 

By assuming a Nernst diffusion model in the absence of 
double-layer and adsorption effects, and equal diffusion 
coefficients for A and B, the governing partial differen- 
tial equations and the boundary conditions are as follows 

OVA 02CA 
Ot = D ~ +  kcB [3] 
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with 

i 

nF  

and 

0C B 02CB 
= D - kcB 

Ot Ox 2 

CA=CA ~ ~ ~ 0 a t t =  0, x-->0 

CA=CA ~ =CB ~ ~ 0 a t t > 0 ,  x-->6 

OV A OC B i 

Ox ax  n F D  
- - a t t > O , x = O  

- k~ t)exp[ - ~ n F  (E(t) - Eo) 1 

_ _ n F  E Eo)] cB(0, t )exp [(1 a ) - ~ (  ( t ) -  } 

[4] 

[5] 

[6] 

[7] 

E ( t )  = E~ - v t  [9] 

where CA and cB are the concentrations of species A and B, 
cA ~ and cB ~ are the bulk concentrations, D is the diffusion 
coefficient, k is the rate constant of the catalytic chemical 
reaction, i is the current density, x is the distance from 
the electrode surface, t is the time, k ~ is the standard rate 
constant of the heterogeneous electrode reaction, n is the 
number  of electrons involved in the electrode reaction, v 
is the sweep rate, ~ is the transfer coefficient, E is the 
electrode potential, E~ is the initial potential at which po- 
larization of the electrode begins, and Eo is the standard 
electrode potential. R, T, and F have their usual signifi- 
cance. 

Let us introduce the following dimensionless parame- 
ters 

CA = CA~CA ~ [10] 

CB = CS/CA ~ [11] 

0 = Dt/6 ~ [12] 

x = x / ~  [13] 

z = k62/D [14] 

= i / i ,  [15] 

s = n F v 6 2 / R T D  [16] 

u = (Ei - Eo)nF/RT  [17] 

p = k~ [18] 

where i~ is the limiting current density. According to 
Levich (14), i, and 8 for a RDE system can be calculated 
by 

il = nFDcA~ [19] 

6 = 1.61D'I3v'J6~ -'12 [20] 

where v is the kinematic viscosity and co is the rotation 
speed of the RDE. Equations [3]-[7] can now be rewritten 
as  

[8] 
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OC~ O2C~ 5.0 
- -  - - -  + z C ~  [21] 

00 OX"- 

OC~ O2C~ 
- -  - - -  z C s  

08 o X  2 

Ca = 1, CB= 0 a t 0 = 0 ,  X >-0 

CA= 1, C s = 0 a t O > 0 ,  x>- 1 

[22] 

[23] 

[24] 

r - - -  

OCA OC~ 

OX OX 
- -  a t O > O , X = O  [25] 

The above equations are solved by Laplace transform 
(15), and the solution is 

~(~) 1 

[A exp (~#)][1 + exp ( - 0 ]  1 + exp (-#) 

2f, Vs @(r exp [ -  X(r - ~)] 
- u  

x exp 4s " 

where 

= ~/s 112 [27] 

= sO - u [28] 

A = p / s  ~12 [29] 

X = z / s  [30] 

For sufficiently large values of u ( u  > 10), the lower 
limit of the integral can be replaced by negative infinity. 
The current-potential behavior no longer depends on u. 
This situation can be arrived at in practice by allowing 
the initial potential to be 300 mV more anodic than the 
half-wave potential, E,/~. 

Note that when ~ --> oo 

~ X/z coth X/z [31] 

At ~ > 3, Eq. [31] further reduces to 

--> %/~ [32] 

Therefore, when the potential is highly cathodic, i/i~ is in- 
dependent  of both the potential sweep rate and the elec- 
trode kinetics but  is a function of the catalytic reaction- 
rate constant and the bulk concentrations of species A 
and Z. Equation [32] thus provides a simple method to de- 
termine the rate constant for the catalytic reaction. Unfor- 
tunately, the application is limited due to the interference 
of side reactions at large values of the overpotential. 

For reversible electrode reactions (A --> % or k ~ --* ~o), 
Nernstian behavior is obtained. Equat ion  [26] reduces to 

1 f e  2 
1 + exp (-~) _, s ~b(~) exp [ -  ~.(~ - ~)] 

[ - ( 2 n - 1 ) 2 7 r 2 ( ' -  ~ ) J d ~  [33] 
x exp - 4s 

Alternately, the following expression for the dimen- 
sionless current function can be derived explicitly by 
using the Duhamel theorem (15) 

~b(~) [~ [1 + h +  ~exp(~;)] 

J exp [- ~?)] 
Vs _~ 4 cosh 2 (~/2) 

{ 1 +  2 ~ e x p [ - n 2 s / ( ,  - ~)]} 
x "=~ d~ [34] 

The integral can be calculated by cautious adaPtive 
Romberg extrapolation (16). Figures 1 and 2 illustrate the 
results at s = 100 and s = 1, respectively. At high sweep 
rates (s > 10), current peaks are observed for ~ - 0.3. How- 
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ever, i-E curves resemble polarographic waves at large 
values of the catalytic rate constant and at low sweep 
rates. From the characteristics of the peak current and the 
wave height, it is possible to describe the dependence of 
the peak current on ~,~2. The results are shown in Fig. 3. 
The rate constant of the catalytic reaction can be obtained 
by applying these results to experimental measurements. 
The half-wave potential 2 can also be deduced from the i-E 
curves and be related to the chemical rate constant, as 
shown in Fig. 4. 

In the case of an irreversible electron charge-transfer re- 
action (k ~ --> 0), Eq. [26] reduces to 

1 - $*(~*) exp (-~*) 

fj ~* 20"(~) 
= . ,  v ~  exp[-~,*(~*- v)] 

x ~ e x p  -(2n-1)~Tr~(f * - n )  d~ [35] 
.= t 48* 

2For the case where a current peak exists, the half-wave poten- 
tial is defined to be the potential at which the corresponding 
current density is half the peak current density. 
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w h e r e  

@* = @/a '/~ [36] 

~* = s*0 + In H [37] 

s* = as [38] 

H = p(s*) - ' 2  exp  [-(Ei  - Eo)anF/RT] [39] 

k* = k/a [40] 

The  d imens ion less  cur ren t  is a compl ica ted  func t ion  of  
the  kinet ic  pa ramete rs  for the  i r revers ible  e lec t rode  reac- 
t ion and the  d imens ion less  sweep  rate. The  in tegra l  can 
be  ca lcula ted  numer ica l ly .  F igures  5 and 6 show the  i-E 
character is t ics  at s = 100 and s = 1, respect ively.  

Theore t ica l  inves t iga t ion  of  po la rog raph ic  waves  for 
s imple  charge- t ransfer  p rocesses  in the  absence  of  chemi-  
cal reac t ion  was s tud ied  in detai l  by  Matsuda  and Ayabe  
(17). These  authors  classif ied the e lec t rode  react ions  into 
three  cases: revers ible ,  quas i revers ib le ,  and i r revers ible  
reactions.  The  h o m o g e n e o u s  chemica l  react ion can be  ig- 
nored  w h e n  }, --> 0. The  appl ica t ion  of  L S V  to a R D E  in 
this case has b e e n  repor t ed  in detai l  by  Andr icacos  and 
Cheh  (3-5), and by Quin tana  et al. (6). However ,  w h e n  ~ --* 
~, the  rate of  the  chemica l  reac t ion  is fast re la t ive  to the  
sweep  rate, and the  resul t ing  cur ren t  is cal led the  cata- 
lytic current .  

In  the  case of  a revers ib le  e lec t rode  reaction,  there  is no 
cur ren t  peak  and the  d imens ion less  cur ren t  is de r ived  
f rom Eq. [34] 

Vz  coth  
~(~) - [ 4 1 ]  

1 + exp  [-$]  

The  cur ren t  is i n d e p e n d e n t  of  s, wi th  the  ratio of  the  cat- 
alytic to the  mass  t ranspor t  cur ren t  dens i ty  id (4) (in the  
absence  of  the  chemica l  reaction) g iven  by 

i 
- Vz  coth  ~ [42] 

id 

For  a quas i revers ib le  e lec t rode  reaction,  w i th  5 ~ 
and large values  of  },, Eq.  [26] reduces  to 

1 
~b(~) = t anh  ~ exp  ( -a~)  [43] 

[1 + exp  (-~)] - -  + 
V~ p 

The  d imens ion less  cur ren t  ~b(s and t h e  d imens ion less  
half -wave potent ia l  are bo th  control led  by the  rates of  the  
e lec t rode  and the  chemica l  kinetics,  bu t  no t  by s. At  
h ighly  ca thodic  potent ial ,  Eq.  [43] reduces  to Eq.  [31]. 

I f  the e lec t rode  reac t ion  is an  i r revers ible  one, Eq.  [35] 
s implif ies  to 
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1 
~b(~) = tanh V~ exp (-a~) [44] 

- - +  
P 

To summarize, one may conclude that when ~2  < 0.5, 
the process is controlled by mass transport with ip,Jip.d 
1, where ip.Jip.d is the ratio of the catalytic peak current to 
the mass transport peak current. The effect of the cata- 
lytic reaction is negligible. On the other hand, when ~2 > 
1, the system is dominated by the catalytic reaction with 

i , .J i , .d  ~- z ~l~ at 1 < s -- 5 [45] 

and 

ip.Jip.d ~ 2.2z ~/2 at s -> 7 [46] 

The system is under  mixed reaction and transport control 
at 1.0 > ~,~/2 > 0.5. 

E x p e r i m e n t a l  

Experiments were conducted for the case of a reversi- 
ble electrode reaction with a catalytic and irreversible 
chemical reaction on a Au RDE (area = 0.461 cm2). The 
system Fe§ was chosen to apply the theory for 
the determination of the catalytic rate constant. The ex- 
perimental setup was similar to that reported by Andri- 
cacos and Cheh (3) except  that a function generator 
(Tacussel, GSTP2) connected to a potentiostat (ECO) in- 
stead of the potential scanner (Pine Instrument,  RDE3) 
was used. The electrolyte consisted of 0.75 mM Fe §247 from 
FeC13 in a 0.5M KC1 solution. The pH of the electrolyte 
was adjusted to 2 by adding HC1. Nitrogen gas was passed 
through the electrolyte for at least 15 min prior to the ex- 
periment and was kept above the solution during mea- 
surements. 

Initially, a blank solution of 0.5M KC1 with a pH of 2 
was run at several sweep rates ranging from 1 to 0.005 V/s 
and at rotation speeds ranging from 0 to 2550 rpm. The in- 
itial voltage was set at 600 mV v s .  SCE, and the sweep po- 
tential range was 500 mV. The stock solution with 0.75 
mM Fe *§ in 0.5M KC1 was run at corresponding sweep 
rates and rotation speeds. A small amount  of H202 was 
added to the fresh stock solution, and the measurements 
were repeated. The concentration of H202 in .the Fe +§ 
stock solution was determined by titration with 6 x 10-aN 
KMnO4. 

Before each experiment,  the electrode was polished, 
cleaned, and cycled for a few times using LSV in the Fe § 
solution to assure the reproducibility of the results. 

Resu l ts  a n d  D i s c u s s i o n  

A significant amount  of residual current was observed 
at high sweep rates (v > 10 V/s) in the blank solution. The 
magnitude of the residual current decreased exponen- 
tially as the sweep rate was decreased. The addition of a 
small amount of H.~O2 and the variation of the rotation 
speed did not affect significantly the magnitude of the re- 
sidual current in the voltage range studied in this work. 
All currents reported here are net currents, i .e. ,  the ob- 
served minus the residual current. 

The limiting current density for the reduction of ferric 
ion to ferrous ion was plotted against the square root of 
the rotation speed, and the result obeyed satisfactorily the 
Levich equation, as shown in Fig. 7 for CH2o.~ = 0. The dif- 
fusion coefficient of 4.6 • 10 -6 cm2/s was taken from the 
literature (18), and the kinematic viscosity was calculated 
to be 8.5 • 10 -" cm"/s which is in agreement with litera- 
ture values. 

The reversibility of the system Fe§247 § was tested by 
applying the method of LSV to a RDE. The quantity i~/i, 
was measured at several values of s, where i~ is the limit- 
ing current density corresponding to the s value at which 
i~ was measured for the electrode reduction of Fe +§247 Cur- 
rent-potential curves showed current peaks at s > 3 and 
plateaus at s < 3. The peak current-sweep rate depen- 
dence is shown in Fig. 8, which shows the theoretical line 
with a slope of 0.447 and the experimental  data for the re- 
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Fig. 7. Dependence of limiting current density on rotation speeds at a 
voltage sweep rate of 0.01 V/s and at various concentrations of hydrogen 
peroxide. CH~O2 (M): �9 = 0, �9 = 0 .0167 ,  �9 = 0 .036,  �9 = 0 .052.  
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Fig. 8. Dependence of the dimensionless peak current density on di- 
mensionless sweep rates for Fe+++/Fe § system. � 9  Experimental data. 

versible electrode reaction. One may therefore conclude 
that the Fe+~+/Fe § system satisfies the requirement  of re- 
versibility in the potential scan range examined. 

With the addition of hydrogen peroxide into the solu- 
tion, a catalytic reaction occurs. The peroxide reacts with 
ferrous ion and regenerates ferric ion. The following 
mechanism was proposed by Haber and Weiss (19) 

Fe §247 + H202 --* Fe 4§ + OH-  + *OH [47] 

*OH + H20., -+ H.~O + *O2H [46] 

*O2H + H202 --* O2 + H20 + *OH [49] 

Fe ++ + *OH ~ Fe §247 + O H -  [50] 

The first step is the rate-determining step, and the reac- 
tion rate can be expressed by 

rate = k '  CH2o.~Cre++ [51] 

where k' is the rate constant for reaction [47]. All experi- 
ments were carried out with a relatively large excess of 
H202. The rate constant measured is therefore k'cx~o.,. 

When H~O.~ is present, the catalytic current does not in- 
crease at high sweep rates, and ip.Ji,.d = 1. The result is 
close to that for the case without a coupled chemical reac- 
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r a t e  c o n s t a n t  of  83.6 l i ter /mol-s .  Tab le  I s u m m a r i z e s  t he  
l i t e r a tu re  va lues  of  the  ra te  c o n s t a n t  m e a s u r e d  b y  differ-  
en t  m e t h o d s  a n d  u n d e r  d i f f e ren t  c o n d i t i o n s  for  t h e  sys- 
t e m  Fe§247 

I t  is u n f o r t u n a t e  t h a t  l i t e r a tu re  resu l t s  on  t h e  ra te  of  t he  
f e r rous  i o n - h y d r o g e n  p e r o x i d e  r eac t i on  are  all  b a s e d  o n  
d i f f e r en t  e l ec t rodes  as  wel l  as  e lec t ro ly tes .  Th i s  m a k e s  a 
q u a n t i t a t i v e  c o m p a r i s o n  diff icul t .  Our  r e su l t s  are  c lose  to  
t h o s e  b y  Aoki  et al. (18), a n d  are se l f - cons i s t en t  b e t w e e n  
t r a n s i e n t  a n d  s t eady-s t a t e  m e a s u r e m e n t s .  

Conclusions 
A n  ana lys i s  of  t h e  t r a n s i e n t  L S V - R D E  u s i n g  t h e  N e r n s t  

d i f fus ion  m o d e l  h a s  b e e n  d e v e l o p e d  for  a n  e l ec t rode  reac- 
t i on  fo l lowed  by  a cata lyt ic ,  h o m o g e n e o u s  c h e m i c a l  reac- 
t ion.  A n  e x p e r i m e n t a l  s y s t e m  i n v o l v i n g  Fe§247247247 
was  u s e d  to d e m o n s t r a t e  t h e  app l i cab i l i t y  of  t h e  theore t i -  
cal resul ts .  

M a n u s c r i p t  s u b m i t t e d  M a r c h  5, 1984; r ev i s ed  m a n u -  
s c r ip t  r ece ived  J u l y  9, 1984. 

A T&T TechnoLogies assisted in meeting the publication 
costs of  this article. 

t ion.  W h e n  s is dec reased ,  p o l a r o g r a p h i c  waves  are  
f o r m e d  a n d  ip,Jip,d is i nc reased .  Even tua l ly ,  t he  c u r r e n t  is 
d o m i n a t e d  b y  t he  c h e m i c a l  r eac t i on  k ine t ics .  T h e  half- 
w a v e  p o t e n t i a l  was  o b s e r v e d  to sh i f t  to  a m o r e  pos i t ive  di- 
r ec t ion .  T h i s  c a n  b e  s h o w n  b y  c o n s i d e r i n g  t h e  N e r n s t  
e q u a t i o n  

RT E = g o - ~ l n  cB [52] 
CA 

As B is c o n v e r t e d  to A b y  t h e  ca ta ly t ic  reac t ion ,  CB/CA de- 
c reases ,  l e ad ing  to  a m o r e  pos i t ive  po ten t i a l .  

B y  a p p l y i n g  t h e  t h e o r e t i c a l  r e su l t s  p r e s e n t e d  in  Fig. 3 
to  t h e  e x p e r i m e n t a l  data ,  va lues  of  X a t  d i f f e ren t  exper i -  
m e n t a l  c o n d i t i o n s  are  d e t e r m i n e d .  A p lo t  of  ~ vs. 1/s w i t h  
d i f f e ren t  c o n c e n t r a t i o n s  of  H20~ is p r e s e n t e d  in  Fig. 9. 
Va lues  of  the  d i m e n s i o n l e s s  p a r a m e t e r  z are  t h e n  calcu-  
l a t ed  f r o m  the  slope.  K n o w i n g  t he  r o t a t i o n  s p e e d  a n d  t he  
phys i ca l  p r o p e r t i e s  of  t he  so lu t ion ,  t h e  ra te  c o n s t a n t  c a n  
t h e n  b e  d e t e r m i n e d .  F i g u r e  10 s h o w s  t h e  d e p e n d e n c e  of  
k'CH.,O~ o n  t he  c o n c e n t r a t i o n  of  H202. T h e  s lope  g ives  k '  a 
v a l u e  of  83.2 l i ter /mol-s .  

A t  suf f ic ien t ly  la rge  va lues  of  k or  low s w e e p  ra tes ,  Eq.  
[42] is appl icab le .  Th i s  c o n d i t i o n  imp l i e s  t h a t  a quas i -  
s t e a d y  s ta te  is e s t a b l i s h e d  w i t h i n  the  d i f fus ion  layer.  Th i s  
e q u a t i o n  ha s  b e e n  d e r i v e d  b y  H a b e r l a n d  a n d  L a n d s b e r g  
(20) to  a R D E  a t  a s t eady - s t a t e  cond i t ion .  At  v = 0.01 V/s, 
t h i s  s t e a d y  s t a t e  is e s t ab l i s hed .  T h e  e x p e r i m e n t a l  r e su l t s  
l ead  to a l i nea r  r e l a t i o n s h i p  b e t w e e n  z u~ a n d  r -'j2. F r o m  a 
p lo t  of  k'c,.,oz vs. CH.,0~, s h o w n  in  Fig. 11, t h e  s lope  g ives  a 

Table I. Rate constant for the Fe~+§247 system 

Rate constant 
Method Experimental system liter/mol-s 

LSV-RDE (Au) 7.5 • 10-4M Fe ~++ 83.2 
(this work) 0.5M KC1 83.6 a 

1-5 x 10-2M I-LO2 
Flow with a 7 • IO-4M Fe +§ 

channel electrode 0.5M H2SO4 80 
(Au) (18) 0.02-0.1M H.20~ 

Flow with a 2 x 104M Fe ~+~ 
tubular electrode 0.25M H.~SO4 86 
(Au) (21) 3-8 • 10-3M H20~ 

RDE (Pd) (22) 10-s-10-4M Fe **§ 
in C1-/O4 -2 solution 76.4 a 
0.1N H20~ 91.7 b 

Rotating ring-disk 6.4 • 10-3M Fe *+§ 
electrode (23) 2M HC1 105 
carbon paste 6.4 x 10-3M H~O2 

RDE (Au) (20) 10-SM Fe ~ 
IM KCI 145 a 
1.6-3.4 • 10-2M H202 

Polarography (Hg) (24) 2.5 • 10-4M Fe §247 
0.25M H2804 78 
0.0355M H~O~ 

Polarography (Hg) (25) 4 • 10-4M Fe ~§247 
0.5M KC1 155 
1.27 x 10-2M H~O~ 

z 
a RDE at steady state. 
b Method of moment. 
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LIST OF SYMBOLS 

A, B, Z symbols for chemical species 
cA, cs, Cz concentrations of species A, B, and Z 
cA ~ cB ~ Cz ~ concentrations of species A, B, and Z in the 

bulk solution 
CA, CB dimensionless concentrations of species A and B 
CFe ++, CH~02 concentrations of Fe §247 and H~O2 
D diffusion coefficient 
E electrode potential 
Ei, Eo initial and standard electrode potential 
E1~2 half-wave potential 
F Faraday's constant 
H dimensionless parameter, defined in Eq. [39] 
i current density 
id current density controlled by mass transport 
i~ limiting current density 
i,.d, i,.c peak transport currefit density, and peak catalytic 

current density 
k' rate constant for the catalytic reaction in Eq. [47] 
k pseudo-first-order rate constant for the catalytic re- 

action 
standard rate constant for the electrode reaction 
number  of electrons transferred in an electrode re- 
action 
dimensionless rate constant for the electrode reac- 
tion, defined in Eq. [18] 
universal gas constant 
dimensionless sweep rate, defined in Eq. [16] 
dimensionless sweep rate, defined in Eq. [38] 
time 
temperature 
dimensionless initial potential, defined in Eq. [17] 
voltage sweep rate 
axial distance from the RDE 
dimensionless axial distance, defined in Eq. [13] 
dimensionless catalytic reaction rate constant, de- 
fined in Eq. [14] 

a transfer coefficient of an electrode reaction 
thickness of the Nernst diffusion layer 
a dummy variable 
dimensionless time, defined in Eq. [12] 

~, dimensionless catalytic rate parameter, defined in 
Eq. [30] 
dimensionless catalytic rate parameter, defined in 
Eq. [40] 
dimensionless rate parameter for an electrode reac- 
tion, defined in Eq. [29] 
kinematic viscosity of an electrolyte 
dimensionless time, or potential, defined in Eq. [28] 
dimensionless time, or potential, defined in Eq. [37] 
dimensionless half-wave potential 
dimensionless current density, defined in Eq. [15] 
dimensionless current density, defined in Eq. [27] 

k o 

n 

P 

R 
$ 

S* 
t 
T 
U 
V 
X 
X 
Z 

k* 

A 

r 

$* dimensionless current density, defined in Eq. [36] 
r rotation speed 
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The Application of Linear Sweep Voltammetry to a Rotating Disk 
Electrode with a Kinetic Process 

S. L. Lanny Ng .1 and H. Y. Cheh* 

Department of Chemical Engineering and Applied Chemistry, Columbia University, New York, New York 10027 

ABSTRACT 

The current response of a kinetic process to a linear sweep of the potential on a rotating disk electrode is analyzed 
with the aid of a Nernst diffusion model. An experimental study involving the reaction of oxidized, N,N-dimethyl-p- 
phenylenediamines with hydroxide ion is used to test the applicability of the theoretical results. 

Recently, Ng and Cheh (1) reported a detailed study on 
the application of linear sweep voltammetry (LSV) to a 
rotating disk electrode (RDE) for a catalytic process in 
which the electrode reaction is followed by a homogene- 
ous chemical reaction to regenerate the reacting species. 
The present paper is concerned with a similar study ex- 

*Electrochemical Society Active Member. 
1Present address: AT&T Technologies, Engineering Research 

Center, Princeton, New Jersey 08540. 

cept that the chemical reaction generates a new product. 
The resulting current which is influenced by the chemi- 
cal reaction is known as a kinetic current (2). Nicholson 
and Shain (3) and Saveant and Vianello (4) studied the ap- 
plication of LSV to the same problem in stagnant sys- 
tems. In flow systems, this problem was studied by 
Galus and Adams (5) and by Kir 'yanov and Filinovskii (6), 
based on the concept of a reaction layer. Tong et al. (7) ap- 
plied the Nernst diffusio n layer model to a RDE to study 
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rapid and irreversible reactions of oxidized N,N-dialkyl-p- 
phenylenediamines with hydroxide ion and with pheno- 
lares. In  the present paper, theoretical calculations based 
on the application of linear sweep voltammetry to a 
rotating disk electrode are conducted and an experimen- 
tal investigation is reported for the case of a reversible 
electrode reaction using N,N-dimethyl-p-phenylenedia- 
mines as an example. 

Theoretical 
Consider an electrode reaction which is followed by a 

homogeneous chemical reaction 

A + h e -  ~ B [1] 

B ~ C [2] 

where A is the only electroactive species in the potential 
range of interest. B, which is produced by the electrode 
reaction, is transformed to C by a homogeneous chemical 
reaction. 

When the chemical reaction is slow, the effect of chemi- 
cal polarization is negligible and the current-potential be- 
havior resembles that of a single electrode reaction. How- 
ever, the effect of the chemical reaction is predominant  
when the chemical reaction is fast and irreversible and 
the electrode reaction is reversible. 

By adopting the Nernst diffusion model and by assum- 
ing that the diffusion coefficients of all ions are equal, 
the governing differential equations and the boundary 
conditions are as follows 

~CA 02CA 
- D ,  [3] 

Ot Ox  2 

OCB 
- D ~02c------~-~- kcB  [4] 

Ot OX z 

OCc O2Cc 
- D  +kCB 

Ot O x  

CA=CA ~  

CA=CA ~  

0CA OCs 0Cc 
OX ~X ' ~2C 

- O a t t > O , x = O  

[5] 

[6] 

[7] 

[8], [9] 

with 

n F  - ~ ( E ( t )  - Eo) 

[ .F } - c,(0, t) exp (1 - a) ~ ( E ( t )  - Eo] [10] 

and 

E ( t )  = E~ - v t  [11] 

where CA, Ca, and cc are the concentrations of species A, B 
and C, respectively, CA ~ and cB ~ are bulk concentrations, D 
is the diffusion coefficient, k is the first-order rate con- 
stant of the homogeneous chemical reaction, 8 is the 
thickness of the Nernst diffusion layer, i is the current 
density, x is the distance from the electrode surface, t is 
time, k ~ is the standard rate constant of the electrode reac- 
tion, ~ is the transfer coefficient, v is the sweep rate, E is 
the electrode potential, E~ and Eo are the initial and 
standard electrode potentials, respectively, and R, T, and 
F have their usual significance. 

By introducing the following dimensionless parameters 

CA = CA~CA ~ [12] 

CB = CB/CA ~ [13] 

0 = D t / 6  ~ [14] 

x = x / 8  [15] 

z = k 6 / D  [16] 

and 

9 9  

= i / i ,  [17] 

s = n F v S 2 / R T D  [18] 

u = (Ei  - E o ) n F / R T  [19] 

p = k ~  [20] 

Equations [3]-[11] can be recast into a dimensionless form, 
and the following solution can be obtained by .using La- 
place transform 

I' 
qKO - 1 - qK~) {1 + exp (-~) exp [-X(~: - ~)]} 

A exp (~)  _, 

{ 1 +  2 ~  ( - 1 ) " e x p  [-n2s/( ,  - ~)]} 
x ~=~ d'o [21] 

~ / ~ ( ~ -  v) 

where 

0 = (a/s '12 [22] 

= sO - u [23] 

h = p / s  '1~ [24] 

= z / s  [25] 

and il is the limiting current density. 
For a RDE, iL and 6 can be calculated by (8) 

il = nFDcA~ [26] 

and 

8 = 1.61D'/Sv'J6to -lj2 [27] 

where v is the kinematic viscosity of the solution and oJ is 
the rotation speed of the RDE. 

For a reversible electron transfer reaction (A ~ =), Eq. 
[21] reduces to 

F 1 = 0(~?) {1 + exp (-#) exp [-~(# - ~?)]} 
u 

( 1 +  2 ~  ( - 1 ) " e x p [ - n ~ s l ( ,  - ~)]} 
• "=' d~ [28] 

x/~r(~:- ~) 

The integral equation was solved numerically. Figures 
1-3 are the current-potential curves for various values of X 
and s. Similar to results reported previously (1, 9, 10), cur- 
rent peaks are observed for s -> 3. 

0.5 k=104 102 
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Fig. 1. Current-potential behavior for o reversible electrode reaction 
ats = 100. 
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Fig. 3. Current-potential behavior for a reversible electrode reaction 

at ,x. = 100. 

W h e n  ~ --> 0, Eq.  [28] s impl i f ies  to 

1 + exp  ( -~)  

{l + 2 ~ (-1)"exp [-n'2s/(f- ~)]} .... f~ 
= I d~ [29] ~(v) ~/~(~ ~) u 

w h i c h  is iden t i ca l  to t h e  r e su l t  p r e s e n t e d  b y  A n d r i c a c o s  
a n d  C h e h  (10) for  t he  case  of  a r eve r s ib l e  e l e c t r o d e  reac- 
t ion  w i t h o u t  a fo l lowing  c h e m i c a l  react ion.  

W h e n  X ~ =, Eq. [28] s irhplif ies  to 

1 
r  = t a n h  V~ exp  ( - f )  [30] 

1 +  

w i t h  t he  ha l f -wave  p o t e n t i a l  ~, E,2, g iven  b y  

RT 
E,t2 = Eo + ~ In (V~ co th  V~) [31] 

2For the case where a current peak exists, the half-wave poten- 
tial is defined to be the potential at which the corresponding 
current density is half the peak current density. 

Fo r  large  va lues  of  z, co th  X/z a p p r o a c h e s  u n i t y  (e.g., at  
~Jz = 3, co th  X/z = 1.005), Eq.  [3t] f u r t h e r  r e d u c e s  to  

RT 
E.2 = E o + ~ l n  [32] 

T o n g  (7) o b t a i n e d  a s imi la r  r e su l t  w i t h o u t  a s s u m i n g  
e q u a l  d i f fus ion  coeff ic ients  for spec ies  A a n d  B. The  ex- 
p r e s s i o n  is 

RT DA 
EI~ = Eo + ~ in  -~B  + In (X/z co th  ~/z) [33] 

w h e r e  DA a n d  DB are  t he  d i f fus ion  coeff ic ients  for  spe- 
cies A a n d  B, respec t ive ly .  

F i g u r e  1 s h o w s  t h e  c u r r e n t - p o t e n t i a l  b e h a v i o r  for  a re- 
ve r s ib l e  e l ec t rode  r e a c t i o n  at  va r ious  va lues  of  ~. As  ~ 
0, t he  i-E cha rac te r i s t i c s  a p p r o a c h  t h a t  for  a s imp le  re- 
v e r s i b l e  e l ec t rode  reac t ion .  As ~ increases ,  t he  p e a k  as 
wel l  as t he  ha l f -wave  po t en t i a l s  sh i f t  to m o r e  anod ic  
va lues  w i t h  l i t t le  c h a n g e  in  the  p e a k  c u r r e n t  dens i ty .  A 
p lo t  of f1/2 vs. log ~, a t  va r i ous  s values ,  s h o w n  in  Fig. 4, al- 
lows  one  to d e t e r m i n e  t h e  ra te  c o n s t a n t  for t he  homoge -  
n e o u s  c h e m i c a l  reac t ion .  The  s ame  f igure  c a n  also be  
u s e d  to def ine  severa l  r e g i m e s  of  in teres t .  Fo r  ins t ance ,  i t  
is r e a s o n a b l e  to  c o n s i d e r  t he  p roce s s  to b e  con t ro l l ed  by  
m a s s  t r a n s f e r  for  ~ < 0.1, a n d  the  p roce s s  con t ro l l ed  by  
c h e m i c a l  k ine t i c s  at  ~ > 1. F u r t h e r m o r e ,  a t  X > 3, one  m a y  
de r ive  the  fo l lowing  e q u a t i o n s  

f~2 = - 1.148 log  ~ - 1.088, s > 10 [34] 

f,j~ = - 1.15 log ~ - 1.044, s = 7 [35] 

f,~2 = - 1.15 log  X - 0.859, s = 3 [36] 

f,r2 = - 1.15 log  ~, - 0.160, s = 1 [37] 

Final ly ,  for  s > 10, t he  c u r r e n t - p o t e n t i a l  c u r v e  a p p r o a c h e s  
t h a t  of  a s t a g n a n t  sys tem.  

E x p e r i m e n t a l  
E x p e r i m e n t s  were  c o n d u c t e d  for t he  r ap id  a n d  i r revers-  

ib le  r eac t i on  of  ox id ized  N , N - d i m e t h y - p - p h e n y l e n e d i a -  
m i n e s  (PPD)  w i t h  h y d r o x i d e  ion  at  23~ T h e  e x p e r i m e n -  
tal  s e t u p  a n d  p r o c e d u r e  we re  s imi la r  to  t h o s e  d e s c r i b e d  
ear l ier  (1, 10). A t  P t - R D E  (area = 0.461 c m  2) was  used .  T h e  
e lec t ro ly te  c o n t a i n e d  10-4M P P D  in  a 0.188M d i p o t a s s i u m  
h y d r o g e n  p h o s p h a t e  bu f f e r  so lu t ion  w h i c h  was  a d j u s t e d  
to a p H  of  11.2 b y  a d d i n g  NaOH. The  bu f fe r  so lu t ion  was  
s a t u r a t e d  w i t h  N.2 be fo re  t he  add i t i on  of  P P D .  The  viscos-  
i ty of  t he  so lu t ion  was  d e t e r m i n e d  by  a C a n o n - F e n s k e  vis- 
c o m e t e r  to  b e  0.0103 cm2/s. The  d i f fus ion  coeff ic ient  of  
P P D  a n d  P P D  rad ica l  we re  f o u n d  f rom the  l i t e ra tu re  to 
b e  0.678 • 10 -5 a n d  0.567 • 10 -5 cm2/s, r e spec t ive ly  (7). 

L S V  at  d i f fe ren t  s c a n  ra tes  was  p e r f o r m e d  at  ro t a t i on  
Speeds  r a n g i n g  f rom 0 to 191 rpm.  The  ha l f -wave  po ten-  
t ials  were  d e t e r m i n e d  f rom the  c u r r e n t - p o t e n t i a l  curves .  
The  accu racy  of  m e a s u r e m e n t s  d e c r e a s e d  at  s c a n  ra tes  
g rea t e r  t h a n  0.1 V/s. 

Resul ts  and  Discussion 
The  k ine t i c s  of  d e a m i n a t i o n  of  P P D  h a v e  b e e n  s t ud i ed  

by  T o n g  s p e c t r o m e t r i c a l l y  (11) a n d  b y  T o n g  et al. electro-  
c h e m i c a l l y  on  a R D E  (7). 

The  r eac t ion  m e c h a n i s m  is as  fol lows 

NH 2 Sll + 

+ ON ~ + S2O + 2e 

N 
/ ~  / \  

CHa CH3 CHa CHa 

PPD ppD �9 

[38] 
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In the presence of an excess of OH-, the redox potential 
for the electrode reaction is 

RT { [PPD*] ] 
E = Eo + ~ In [PPD][OH-] 

At o~ = 0, the system is stagnant, the measured current 
decreases, and the half-wave potential is shifted cathod- 
ically as the scan rate decreases. The half-wave potential 

[39] E~2 is plotted against log v, as shown in Fig. 5. A linear re- 
lationship is obtained with a slope of 12.31 mV as com- 
pared to the theoretical value of 14.79 mV. The average 
rate constant obtained by applying Eq. [34] is 70.9 s-L 

By applying LSV to the RDE, the current decreases and 
the half-wave potential is shifted first cathodically and 
then anodically as s is decreased. A plot of the half-wave 
potentials vs. log s is shown in Fig. 6. Since the pH of the 
solution and Eo are known, Fig. 4 can be used to deter- 

[40] mine ~. A plot of k vs.  1/s at different rotation speeds is il- 
lustrated in Fig. 7. The average rate constant is found to 
be 44.9 s-L 

[41] At s < 1 (i.e., at very slow scan rate and fast rotation 
speed), the experimental half-wave potential is shifted 
anodically as the rotation speed is increased. A plot of E,~ 
vs.  log ~,2 is shown in Fig. 8. The slope is 32.8 mV, as 
compared with the theoretical value of 29.6 mV. The aver- 

[42] age rate constant calculated by using Eq. [33] is found to 
be 70.4 s-L 

A quantitative determination of the rate constant re- 
quires a high degree of accuracy in the experimental data. 

[43] A 1 mV error in the half-wave potential leads to an error 
of the rate constant  of about 15%. This is the reason for 

 EPPD*l  
=Eo' + ~ l n [  [PPD] J 

where 

and 

E 
-g 
e -  

t~  

J 

R T  
Eo' = Eo - ~ In [OH-] 

Eo = - 0.063V vs: SCE (7) 

Fig. 5. Experimental results on the dependence of the half-wave po- 
tential vs. SCE on the sweep rate. 

the difference in the measured rate values. 
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Conclusions 
An analysis of the transient LSV-RDE by using the 

Nernst diffusion model was developed for an electrode re- 
action followed by an irreversible and l~omogeneous 
chemical reaction. Mathematical expressions were de- 
rived to relate the kinetic current to system parameters. 
An experimental study of the deamination of N,N-di- 
methyl-p-phenylenediamines was conducted to test the 
applicability of the theoretical results. It was found that 
minor experimental error could lead to a considerable 
variation in the rate constants. Nevertheless, the applica- 
tion of LSV to RDE is useful in estimating the order of 
magnitude of the chemical rate constant and in the analy- 
sis of reaction mechanisms. 

Manuscript submitted March 29, 1984; revised manu- 
script received July 10, 1984. 
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LIST OF SYMBOLS 

A, B, C symbols for chemical species 
CA, CB, CC concentrations of species A, B, and C 
CA ~ CB ~ concentrations of species A and B in the bulk solu- 

tion 
CA, CB dimensionless concentrations of species A and B 
D diffusion coefficient 
DA, DB diffusion coefficients of species A and B 
El, Eo initial and standard electrode potentials 

Eo' potential defined in Eq. [43] 
E,~ half-wave potential 
F Faraday's constant 
i, i, current density and limiting current density 
k pseudo-first-order rate constant for the electrode 

reaction 
k ~ standard rate constant for the electrode reaction 
n number  of electrons transferred in an electrode 

reaction 
p dimensionless rate constant for the electrode reac- 

tion, defined in Eq. [20] 
R universal gas constant 
s dimensionless sweep rate, defined in Eq. [18] 
t time 
T temperature 
u dimensionless initial potential, defined in Eq. [19] 
v voltage sweep rate 
x axial distance from the RDE 
X dimensionless axial distance, defined in Eq. [15] 
z dimensionless kinetic rate constant, defined in Eq. 

[16] 
transfer coefficient of an electrode reaction 

8 thickness of the Nernst diffusion layer 
'l a dummy variable 
t~ dimensionless time, defined in Eq. [141 

dimensionless kinetic rate parameter, defined in 
Eq. [25] 

A dimensionless rate parameter for an electrode reac- 
tion, defined in Eq. [24] 

v kinematic viscosity of an electrolyte 
dimensionless potential, defined in Eq. [23] 

~,r-, dimensionless half-wave potential 
~b dimensionless current density, defined in Eq. [17] 

dimensionless current density, defined in Eq. [22] 
oJ rotation speed 
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Oxygen Evolution and Corrosion on Ruthenium-Iridium Alloys 
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ABSTRACT 

The initial stages of O2 evolution and anodic corrosion on ruthenium-ir idium alloys have been investigated in 1N 
H2SO4 using voltammetry and x-ray photoelectron spectroscopy (XPS). The alloys were prepared by mixed RF sput- 
tering onto glass substrates. Cyclic voltammetry shows that the corrosion of the Ru component  is significantly reduced 
with increasing Ir content. Simultaneously, the activity for 02 evolution decreases as a consequence of increased Tafel 
slope and overpotential. The XPS studies show that the reduced corrosion of Ru is paralleled by an increased tendency 
to oxide formation of the Ir component. The stabilization of RU by admixtures of Ir is assigned to the formation of a pro- 
tective oxide layer with increased Ir content. In addition, a shift of redox potentials for oxide formation is observed. 

The excellent catalytic properties of RuO2 for 02 evolu- 
tion are well known and have initiated a series of studies 
on the electrochemical behavior of metallic oxide elec- 
trodes (1, 2). In acidic electrolytes, however, RuO~ suffers 
from heavy corrosion during anodic polarization. As a 
consequence, many efforts were undertaken to stabilize 
the ru thenium dioxide without losing too much of its 
catalytic performance. 

In  the authors' laboratory, mixed oxides of ruthenium 
and iridium have turned out to be the best catalysts for O5 
evolution in Membrel electrolyzer cells, where a proton 
conducting membrane serves as the electrolyte (3, 4). 
While admixtures of iridium significantly increase the 
stability of the catalyst, only a minor increase in over- 
potential was observed (3-6). Although, for catalytic appli- 
cation, the mixed oxides are of higher interest than the al- 
loys, we believe that, in a first approximation, the 
behavior of the alloys is qualitatively comparable to that 
of the mixed oxides. The stabilizing effect of Ir on Ru has 
been observed for the oxides (3-6) as well as for the metal 
alloys (7, 8). This similarity can be understood as a conse- 
quence of oxide formation on the metals preceding O2ev- 
olution (9-11). 

There are, however, significant differences between 
Ru-Ir alloys and the mixed oxide catalysts. Firstly, the an- 
odic oxides formed on the metals are hydrous and most 
probably amorphous. Secondly, the mixed oxides form a 
solid solution over the entire composition range, while 
the phase diagram of Ru-Ir alloys shows a two-phase re- 
gion, between 43% and 54% Ru and two solid solutions 
with face-centered cubic structure for low Ru content and 
hexagonal structure for low Ir content (12). These differ- 
ences have to be considered before transferring the re- 
sults, obtained on the alloys, to mixed oxides because the 
importance of structural parameters for catalysis is well 
known. 

In order to understand the mechanisms leading to a sta- 
bilization of Ru by Ir, it is inevitable to know the pro- 
cesses governing the anodic 02 evolution and corrosion 
on the single components.  This has been the subject of re- 
cent investigations (10, 11, 13). In the present paper, we 
report on the anodic performance of Ru-Ir alloys in an 
acidic electrolyte. The investigation was limited to the ini- 
tial stages of 02 evolution and corrosion. Within these lim- 
its, significant changes in surface roughness and mor- 
phology can be neglected and the electrode surface 
remains relatively well defined. Long-term stabilities and 
time dependences of 02 evolution and corrosion are be- 
yond the scope of this paper. In view of our results, we 
shall address the question of whether replacement of the 
high cost Ir component  by other low cost metals is advis- 
able. 

Experimental 
The metal electrodes were prepared by RF sputtering 

onto glass substrates in a Balzers Sputron II chamber. In  
order to produce films with different Ru-Ir compositions, 
the disk-shaped sputtering target was divided into two 
half-circles, one made of Ru the other made of Ir. By 
placing a circular stop excentrically in front of the target 

the ratio of effective Ru to Ir target area could be varied 
continuously. The thickness of the films was about 
2000~. In agreement with known phase diagrams for 
Ruflrl_~ alloys (12), the x-ray diffraction patterns exhib- 
ited the hexagonal structure for x = 0.86 and x = 0.45. The 
face-centered cubic structure of Ir was observed for x = 
0.15. 

All electrochemical measurements were performed in 
1N H2SO4 using the standard three-electrode potentiosta- 
tic arrangement, with the saturated calomel electrode 
serving as the reference electrode and a plat inum wire a s  
counterelectrode. The sputtered working electrodes were 
used shortly after preparation without further cleaning 
procedure. All electrochemical measurements were per- 
formed at room temperature. 

XPS measurements were performed in a Kratos ES 300 
photoelectron spectrometer using nonmonochromized 
Mg Ka radiation. Binding energies were calibrated with 
respect to the Au 4f~/2 line at 84.0 eV. 

After electrochemical treatment, the electrodes were 
rinsed with triply distilled water and dried in a nitrogen 
gas stream. Transfer from the electrochemical cell to the 
UHV chamber of the spectrometer was achieved within 1 
min through the fast insertion lock. Experiments per- 
formed with the electrochemical preparation chamber, 
described previously (14), under  controlled argon atmo- 
sphere showed identical XP-spectra of the metal core 
levels. 

Results 

Voltammetry.--In a recent investigation (15), we dem- 
onstrated that the species formed during anodic corrosion 
of Ru is reduced in the cathodic scan of the cyclic voltam- 
mogram. The reduction peak, observable in unstirred 
electrolytes, corresponds to the reduction of RuO4 being 
the only corrosion product (15). Figure 1 shows the cyclic 
voltammogram of pure iridium and the corresponding ca- 
thodic scans for three different alloys RuxIr1_x and pure 
ruthenium. The anodic scan limit was 1.3 VSCE. The curves 
shown in Fig. 1 correspond to the first scans up to 1.3 
VscE after five cycles of the electrodes between -0.25 VscE 
and different anodic scan limits (below 1.3 VscE) during a 
window opening experiment. The pronounced reduction 
peak of 0.75V for the ru thenium electrode (x = 1) is 
strongly diminished with decreasing x. The major de- 
crease of the reduction peak occurs for Ru0.s6Ir0.,4. Further 
increase of the iridium content has only minor influence. 
Taking the height of the reduction peak as a measure for 
the amount  of RuO4 formed, it is obvious that, already, 
small admixtures of iridium to ruthenium inhibit  the cor- 
rosion of ruthenium, i.e., formation of RuO4 in solution, 
significantly. This effect becomes especially pronounced 
if the anodic scan limit is shifted to more anodic values. 

Unfortunately, the reduced corrosion of Ru is coupled 
with a reduced activity of the alloy for O2 evolution. The 
O.~ evolution current drops considerably with the admix- 
ture of iridium to ruthenium. For the alloy Ru0.s6 Ir0.14, the 
current for oxygen evolution at 1.25 VscE is already re- 
duced to one-fifth of the current measured for pure Ru. 
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Fig. 1. Cyclic voltammogrom of an iridium electrode (x = 0.0) and ca- 
thodic scans for different alloys Ruxlh_x. x is given at the respective 
curve. Anodic scan limit: 1.3 VSCE, scan rate: 100 mY/s. No electrolyte 
stirring. The cathodic scans ore displaced by - 0 . 0 5  mA each. 

Again, increasing the amount  of iridium above 50% has 
only negligible influence on the activity for O~ evolution. 

In order to obtain more information about the anodic 02 
evolution on Ru-Ir alloys, we measured the Tafel slope as 
a function of alloy composition. The results are plotted in 
Fig. 2. For the alloys Ruflr,_~ with x < 0.5, the measured 
Tafel slope of ~ 50 mV corresponds to that of pure irid- 
ium. The transition from the Tafel slope of 37 mV for Ru 
to 50 mV occurs for 1 > x > 0.5. 

The catalytic activity of an O2 evolution catalyst is 
mainly determined by the onset potential for the O2 evo- 
lution reaction. This potential can be determined from 

I the measured Tafel curves at low current densities, ll-~e 
02 evolution potential at 0.1 mA cm -~ is shown in  Fig. 3 as 
a function of composition. There appears to be a linear 
correlation between the 02 evolution potential and the al- 
loy composition. Thus, the reduced 02 evolution activity 
is a consequence of an increased potential for the onset of 
the 02 evolution reaction. At higher current densities, the 
increased Tafel slope reduces the activity (O~ evolution 
current at a certain potential) even further. 

The data of Fig. 2 and 3 were taken from the first 
anodic scan for a fresh electrode up to 1.4 VscE (2 mV/s). 
During this procedure, oxide growth is limited and the 
changes in surface composition are relatively small, as 
will be shown below. 

X-ray photoelectron spectroscopy.--Before drawing any 
conclusions from the macroscopic, electrochemical pa- 
rameters, it is important  to know the actual state of the 
electrode surface. For this purpose, we have applied x-ray 
photoelectron spectroscopy (XPS). The spectra of the 
Ru3d and Ir4f levels after O.2 evolution at 1.7 VscE ( i.e., 
current densities of 50-100 m A c m  -2) for 5 min are shown 
in Fig. 4 for different alloy compositions. On pure ruthe- 
nium, the formation of a thick oxide layer gives rise to a 
shift in binding energy of the Ru3ds/., level to 281.0 eV 
(10). This shift is strongly reduced for the alloy with the 
composition Ru0.s~Iro.,4 (EB = 280.2 eV). No shift of the Ru 
level could be observed for Ru0.45Ir0.~ and Ruo.,sIro.85. For 
the latter alloys the position of the Ru3d level corre- 
sponds to that of the metal. Thus, the formation of the 
thick anodic oxide on ru thenium is inhibited by the pres- 
ence of iridium. 

However, oxide formation on Ir is enhanced. While on 
pure iridium only a thin oxide layer is formed during O2 
evolution, which could only be detected by 
deconvolution of the spectra recorded at a low electron 
emission angle (0 -- 20 ~ (11), the presence of Ru leads to a 
distinct shift of the Ir4fTj2 level to higher binding energies. 
For Ru mole fractions x = 0.45 and x = 0.86, the Ir4fT/.z 
binding energies were determined to be 61.5 and 61.9 eV, 
respectively, which have to be compared to a binding en- 
ergy of 60.9 eV for the metal (11, 16). Oxide formation on 
Ru is inhibited at the expense of an increased tendency to 
oxide formation on Ir. 

The actual surface composition of the electrodes c a n  
deviate significantly from that of the bulk, especially at 
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Fig. 2. Anodic Tafel slopes as a function of alloy composition, scan 
rate: 2 mV/s, first scan up to 1.4V. 
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Fig. 4, XP-spectra of the Ru3d and Ir4f level for the pure metals and 

three different alloys after 02 evolution at 1.7V for 5 min. 

potentials where 02 evolution and corrosion occurs. We 
therefore determined the surface composition by use of 
XPS. The surface sensitivity of XPS, which is a conse- 
quence of the limited mean free path of the electrons in 
the solid, can be increased further by lowering the elec- 
tron emission angle 0 (see Fig. 4). In Fig. 5, the surface 
composition of the three alloy electrodes is shown as a 
function of the electrode potential for electron emission 
angles 0 = 90 ~ and 0 = 20 ~ The results in Fig. 5 were inde- 
pendent  of whether a fresh electrode was used for each 
data point or one electrode was used for a sequence of 
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Fig. 5. Surface composition x of Ruflr,_~ alloys after electrochemical 
treatment at various electrode potentials after 5 min. The asterisk indi- 
cates the bulk composition of the alloy. 

measurements with anodically increasing potentials. For 
the three alloys, a change in surface composition in favor 
of a higher Ir content can be observed for potentials 
anodic of 0.9V vs. SCE. While the increase in Ir surface 
concentration is evident for 0 = 90 ~ and 0 = 20 ~ in the 
Ru0.8~Ir0.14 alloy, the change in surface composition for the  
alloys with higher Ir content is detected only with 0 = 20 ~ 
This indicates that the surface layer on the latter samples 
is very thin. 

The thickness of a surface layer on a substrate can be 
calculated from the relative intensities of the photo- 
electron emission from the surface layer and the substrate 
under  certain assumptions using Eq. [3] of Ref. (16). We 
assume that a homogeneous oxide layer covers the metal 
substrate and there is no metallic Ir or Ru within the ox- 
ide layer. The electron mean free path was assumed to be 
20~, and ~the ratio of metal to oxide density was 1.7. In 
Fig. 6, the measured relative intensity of oxidized Ru plus 
Ir over metallic Ru plus Ir is plotted as a function of the 
electrode potential. The data were obtained by 
deconvolution and integration of the metals' 3d and 4f 
levels. Also given is the calculated thickness, which 
should be regarded as qualitative only, owing to the un- 
certainty of the above assumptions. It turns out that the 
thickness of the oxide layer, formed during O~ evolution, 
is strongly dependent  on the alloy composition. For the 
alloy with the highest Ir content, the oxide thickness 
(-4]~) is close to that on pure Ir (11). As the Ir content of 
the bulk material decreases, the oxide thickness in- 
creases. For Ru0.45Ir0.5~, a limiting oxide thickness of -8]~ 
is reached at 1.8V, while for Ru0.86Ir0.14, the oxide thick- 
ness increases with anodic polarization up to 2.2 VscE. 

From Fig. 6, it is also obvious that oxide formation 
starts at electrode potentials cathodic of the O2 evolution 
potential. This is in agreement with the results obtained 
on Ir (9, 11) and compares well with the results of Fig. 5, 
where the initial changes in surface composition occur at 
a potential of about 0.9 VscE, far below the 02 evolution 
potential. 

Discussion 
The results presented above demonstrate clearly that 

the corrosion of ru thenium is considerably inhibited after 
alloying with iridium. The major inhibition effect occurs 
for rather low iridium admixtures. Similar observations 
were made before by Miles et al. (7) and Gottesfeld et al. 
(8). These authors, however, analyzed the alloy's stability 
just  by the coloration of the electrolyte after heavy O2 evo- 
lution. After alloying Ru with Ir, the lack of electrolyte 
coloration due to RuO4 indicated higher stability. The 
method used in the present study allows the detection of 
RuO4 formation at low current densities during the initial 
stages of corrosion (15). 

The decrease in Ru corrosion of the metal electrode is 
achieved, however, at the expense of activity for 02 evolu- 
tion. Apparently both the corrosion rate as well as the 02 
evolution activity drop in the same qualitative manner  
with increasing iridium content. The loss in activity for 02 
evolution is a consequence of increasing Tafel slope and 
increasing overpotential. Taking the Tafel slope as an in- 
dicator for the reaction mechanism, one has to conclude 
(see Fig. 2) that O2 evolution on Ruflr,_~ alloys with x < 
0.5 proceeds via the mechanism assumed for Ir anodes 
and no longer via that for Ru (1). 

The simultaneous inhibit ion of ruthenium corrosion 
and O.2 evolution is not too surprising because it has been 
shown that both processes have a common reaction 
intermediate (5, 17, 18). If the formation of this intermedi- 
a t e i m o s t  probably RuO4 (15)--is inhibited, both the O2 
evolution rate and corrosion rate will be diminished. The 
question, however, remains of how the formation of RuO4 
is suppressed. 

On the basis of our XPS results, we conclude that seg- 
regation and preferential corrosion of ru thenium leads to 
a surface layer with considerably increased iridium con- 
tent. Whether the topmost layer is only iridium oxide or 
still a mixture of ruthenium and iridium oxide cannot be 
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metal contributing to the Ir4f and Ru3d spectra measured for 8 -- 20 ~ as 
a function of the electrode potential. For estimation of the corresponding 
oxide thickness, refer to the text. 

tentials up to 2.0 VscE. The CEF was about 1.5 and too 
small to explain the observed shift with the increased sur- 
face area. 

On the basis of the results obtained by Stucki and 
Mtiller (6) in combination with the present results, we as- 
sume that a general shift of the oxidation potentials of 
iridium, due to the presence Of ruthenium, is responsible 
for the observed shift in O2 evolution potential. These au- 
thors investigated the electrochemical behavior of thick 
anodic oxide films grown on Ru-Ir alloys. They found a 
shift of the highly reversible redox reaction at 0.7 VscE, 
which can be assigned to a change in Ir-valence state 
from III to IV, as well as a shift of the O2 evolution poten- 
tial as a function of alloy composition. As is evident from 
Fig. 3, the results obtained in the previous study (6) are in 
complete agreement with those of the present investiga- 
tion obtained on "thin" oxide layers. Most probably, the 
addition of ruthenium makes the iridium oxide less noble 
and shifts the redox potential of the surface oxides. 

A shift of the redox potential for the initial stages of ox- 
idation [M ~ M~ (OH) --* M~_,(OH) in Ref. (9)], which are 
rather reversible on Ru and Ir, is also observed on the 
metal alloys. In Fig. 7, the cyclic voltammograms of Ru, 
Ir, and Ruo.45Ir0.5~ are compared for anodic scan limits be- 
low 0.8 VscE. The most interesting result is that the alloy 
shows only one reduction feature at a potential between 
those of pure metals. It is clear that the vol tammogram of 
the alloy is not a superposition of the two compounds but 
i t represents a homogeneous phase with a shifted redox 
potential. This result strongly supports the idea of shifted 
redox potentials due to alloying in the case of  Ru and Ir. 
The shift of the 02 evolution onset can be rationalized 
along these lines, if the 02 evolution process is under- 

distinguished on the basis of our results. It is clear, how- 
ever, that the electrochemical performance of the alloys 
shifts towards that of iridium as a consequence of a 
change in surface composition. With respect to the mea- 
sured Tafel slopes, one could assume that for alloys with 
x < 0.5 the topmost layer is pure iridium oxide. 

The growth of this surface layer is rationalized as fol- 
lows. Oxide formation on both metals occurs at potentials 
far below the 02 evolution potential. This is evidenced in 
Fig. 6 where the oxide layer on the alloys has a measura- 
ble thickness already at 0.9V. As can be seen in Fig. 5, the 
oxide formation, preceding the 02 evolution, leads to 
some segregation at the surface in favor of a higher Ir 
content. At more anodic potentials, where O2 evolution 
and corrosion set in, the surface composition changes 
even further, now being a consequence of preferential 
corrosion of the Ru component.  The thickness, as well as 
the surface composition, reaches a limiting value for the 
Ruflrl_~ alloys with x = 0.15 and x = 0.45, indicating that 
film formation and corrosion are equilibrated and that 
Ru no longer corrodes preferentially. This situation is dif- 
ferent for the alloy with x = 0.86, where no limiting film 
thickness is reached within the potential range under 
investigation. In all three cases, the electrochemically 
formed overlayer is enriched in iridium and, therefore, 
the electrochemical performance is much closer to that of 
pure iridium than would be expected on the basis of the 
bulk composition. However, ruthenium is removed from 
the interface, and its contribution to the overall electro- 
chemical reaction becomes negligible. 

Upon inspection of Fig. 2 and 3, it becomes evident that 
the O~ evolution reaction on the alloys with high iridium 
content (x = 0.45, x = 0.15) is not totally identical to the 
reaction on pure iridium with respect to macroscopic 
electrochemical parameters. While the Tafel slope is 
equal to that measured on Ir, the O2 evolution onset po- 
tential is shifted to more cathodic values. In addition, the 
oxides formed on the alloys are thicker than those formed 
on  pure iridium during O2 evolution. In order to be sure 
that the decrease of the onset potential for O2 evolution is 
a real effect and not just  due to an increase in real surface 
area we have measured the charge enhancement  factor 
(CEF) (19) for the Ruo.45Iro.55 alloy after 02 evolution at po- 
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stood as the formation and decomposi t ion of "higher ox- 
ides" (6, 7, 10, 11). Our results are in good agreement  with 
observations made on alloys like Pd-Au or Pt-Rh (20). Dif- 
ferent results have been observed for Pt-Au alloys which, 
however,  do not form solid solutions (21). Most probably,  
the formation of a solid solution is a prerequisi te  for the 
observation of shifted redox potentials in alloys. In the 
case of 02 evolution, it is not clear whether  the metal  sub- 
strate or the oxides, from which 02 is released, or both 
have to form solid solutions in order to show a shifted 02 
evolution potential.  For  the system under  investigation, 
however,  both the metals as well as the oxides do form 
solid solutions. 

The observed shift in redox potentials is assumed to be 
a consequence of charge transfer or band mixing of the 
metal 's  d band (22) as well as the d derived t2g band of the 
surface oxides (23). The correlation between the number  
of valence electrons and the O2 evolution potential  by 
Miles and Thomason (24) might  be fortuitous but  may 
well play an important  role in determining the 02 evolu- 
t ion potent ial  in mixed systems assuming the rigid band 
model  to be appl icable  (20). Another  way of explaining 
the shift in redox potentials  might  be the assumption of 
coadsorpt ion and exchange lateral interaction between 
surface dipoles (25). 

The question whether  the i r idium component  can be re- 
placed by  some other low cost component  is of impor- 
tance for industr ial  applicat ion of 02 evolution catalysts. 
In view of the present  results replacement  of Ir  does not 
appear  to be advisable. The ir idium component  does not 
only stabilize the ru thenium component ,  while 02 evolu- 
tion still proceeds on Ru, but  it becomes also the 02 
evolving component.  The idea of keeping the advanta- 
geous propert ies of both metals, i.e., the catalytic activity 
of Ru and the relative stabili ty of Ir, by alloying did not 
come true. 

In  order to determine the min imum amount  of Ir  in the 
alloy, necessary for a reasonable stabilization effect, more 
data are needed. The present  investigation, however, 
shows that  an i r idium content  of about  30% may be 
sufficient. 

Applicat ion of the results obtained on metal  alloys to 
powder  catalysts made  of mixed Ru-Ir oxides may appear  
premature.  Investigations in our laboratory, however, 
indicate a similar behavior  of metal  alloys and Ru-Ir 
mixed oxides with respect  to 02 evolution potential  in 
practical  cells and Tafel slope as a function of the compo- 
sition. While surface segregation effects during 02 evolu- 
t ion on the mixed oxides seem to be negligible, the shift 
in redox potentials is still observed (23). 

Conclusions 
The catalytic propert ies  of Ru-Ir alloys for anodic O.2 ev- 

olution are determined by two effects (i) surface segrega- 
t ion and (ii) redox potential  shifts. 

Surface segregation in favor of a higher i r idium content 
starts at potentials cathodic of the O., evolution potential.  
The thickness of the oxide layer formed during 02 evolu- 
t ion increases with decreasing Ir  content of the alloy. 

The potentials for O~ evolution and for the initial steps 
in oxide formation on the alloys shift to more cathodic 
values with increasing Ru content  of the alloys. This re- 
sult  is in complete agreement  with previous investiga- 
tions (6) showing a similar shift of the potential  for 02 evo- 
lution and the reversible oxidation state change on thick 
anodic oxide films formed on the alloys by potential  cy- 
cling. 

As a consequence of both effects the corrosion of and 
O.2 evolution on ru thenium is significantly inhibited by 
alloying with iridium. For  alloys with a composi t ion of 
50% and more iridium, anodic O2 evolution proceeds with 

a Tafel slope equal to that  of pure ir idium but  with a re- 
duced overpotential  
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Adsorption at the Solid/Solution Interface 
An FTIR Study of Phosphoric Acid on Platinum and Gold 
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ABSTRACT 

The paper represents an FTIR study of the adsorption from aqueous solutions of phosphoric acid onto Pt and Au 
electrodes at various concentrations and potentials. The experimental method utilizes parallel polarized light; the light 
path through the solution is around 10 -4 cm. The signal-to-noise ratio was made acceptable by subtracting spectra ob- 
tained in regions in which H3PO4 was known from radiotracer measurements not to be adsorbed from the spectra at po- 
tentials at which adsorption occurs. It was found that there is one main  peak at 1074 cm -1 which varies parabolically 
with potential. Values of the electrode coverage, 0, were obtained by calibrating the peak heights against the results of 
parallel radiotracer measurements.  Plots of O against log C are linear. The adsorption maximum on Au was ca. 300 mV 
more positive than that on Pt. The validity of the measurements is supported by the rational trends of the data obtained, 
in particular, the relation to the spectroscopic data Separately obtained for H~PO4 in solution. H3PO4 in solution is 99% 
molecular and 1% ionic. It is shown that the coverage data can be evaluated in such a way (solvation of H3P04) that 0.2 < 
0 < 0.6, so that a Temkin isotherm may be applicable. The difference in results on Au and Pt may not be interpreted 
unambiguously in terms of displacement by oxide: accounting for water bonding appears necessary. The method offers 
an alternative to SERS. 

One of the current approaches to improve fuel cell per- 
formance is the use of phosphoric acid as an electrolyte. 
These cells employ 85%-100% (aqueous) phosphoric acid 
at a temperature of 175~176 (1). The mechanism of the 
cell is not understood. It may be that the main reason for 
the good performance is an e +EtRr effect: the acid makes 
possible the use of elevated temperatures. Cathodic polar- 
ization limits the performance. 

Although the Arrhenius factor contributes to an in- 
crease in efficiency, other factors must be taken into ac- 
count. 

The dissociation constants of H3PO4 at 25 ~ 100 ~ and 
200~ are 10 -2-j5, 10 -2.e, and 10 -3.5, respectively (2). The 
corresponding degrees of ionization for more than 85% 
concentrated H3PO4 (>14.7 tool din-3), are 0.02, 0.01, and 
0.005. Hence, H3PO4 electrolyte under  fuel cell condition 
remains 99% molecular. The occupancy of reaction sites 
by adsorbed acid molecules may be high. If this is the 
case, O~ reduction would, in fact, actually be impeded, 
compared with an electrolyte at the same temperature, 
which is ionic and which would be expected to occupy 
only a small fraction of the electrode surface owing to an- 
ion repulsion. 

If this view is applicable, the high efficiency of fuel 
cells using H3PO4 would indeed be due to the Arrhenius 
factor but  still better results (e.g., higher electrochemical 
rate constants) might be obtained with an acid equally re- 
fractory as H3PO4, but existing predominantly as ions so 
that a greater degree of surface is left unblocked. 

Other factors affecting the oxygen reduction rate may 
be associated with a change of environment.  For exam- 
ple, it may be possible that another acid may increase the 
activity of protons at a given concentration and thereby 
increase the rate of O2 reduction. Alternatively adsorbed 
layers of some species on the electrode surface may give 
rise to improved resonance tunnel ing (3) of electrons at 
the electrode/solution interface. Similarly, the solubility 
of 02 may be increased in certain aqueous solutions, and 
this would give rise to higher exchange current densities 
and limiting currents and, hence, increased performance 
in energy conversion. 

Recently, trifluoromethane sulfonic acid (TFMSA) 
(CF3SO3H), which is completely dissociated in aqueous 
solution (4), and its homologs have been introduced as 
fuel cell electrolytes (5). These acids produce remarkable 
results. The exchange current density for the oxygen re- 
duction reaction at 1 atm pressure and ordinary tempera- 
ture is 3 orders of magnitude greater than that in 85% 
orthophosphoric acid (5); this leads to a reduction of the 
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overvoltage by 0.25V and an increase of fuel cell 
efficiency by 35%. Thus, in the trifluoromethane sul- 
fonic acid fuet cells, fuel ceil efficiencies close to 80% 
would be possible. 

Yeager et al. (6) investigated the effects of additions of 
CF3SO~H and CF3SO:~K to H3PO4. From a comparison of 
l imiting currents, they concluded that, while addition of 
CF.~SO3H increases 02 transport to the electrode, the si- 
multaneous addition of CF:~SO.~K + CF~SO~H results in 
only a small increase. Hence, the 02 reduction kinetics do 
not appear to be dependent  on the proton activity in the 
H:~PO4 electrolyte (6). Ross et al. (7) found a dramatic de- 
crease of 02 reduction rate in TFMSA solution by the ad- 
dition of H:~PO4 and inferred that, in addition to geometric 
blocking, a small increase in activation energy may be re- 
sponsible. Although infrared reflectance spectroscopy 
has been used to detect organic radicals and carbon con- 
taining species as electrochemical reaction products in 
nonaqueous solvents (8-12), because of high IR absorp- 
tion by water, the applicability of this method for the 
study of electrochemical phenomena in aqueous solu- 
tions remains limited (13-18). However, a fast Fourier 
transform infrared (FTIR) spectrometer with higher en- 
ergy throughput, in combination with a highly polished 
electrode surface having a thin film of solution between 
the electrode surface and IR transparent window, brings 
new promise to the field of electrochemical adsorption 
studies (8, 10, 19). We report here the electrochemical ad- 
sorption of phosphoric acid on platinum and gold elec- 
trodes from an aqueous solution, as measured with an 
FTIR spectrometer system. 

Experimental 
The working electrode used was a highly polished Pt or 

Au disk of 0:6 cm diam and 1 mm thick attached to a cop- 
per rod clad with heat shrinkable Teflon tube supplied 
by Small Parts, Incorporated (Miami, Florida). The elec- 
trode surface was polished with 0.05 ~m alumina. Owing 
to the necessity of having an optically flat surface, the 
electrode surface was kept parallel to the polishing sur- 
face by mounting it in a vertical a luminum cylinder of 3.1 
cm od and 1 cm id (see Fig. 1). The a luminum cylinder 
with the mounted electrode was then attached to the 
lever of a Buehler Minimet polisher (Fig. 1), and the elec- 
trode was polished unti l  a mirror finish was obtained. 
The polished electrode was cleaned with conc. HNO~, and 
rinsed thoroughly with tridistilled water. Any traces of 
a luminum from the holder was found to be removed by 
conc. HNO~ cleaning, since the voltammograms of the 
clean Pt  or Au were the same as those previously taken 
with pure Au or Pt  wire electrodes in clean acid solution. 
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The polished electrode was positioned in the cell very 
close to the IR-transparent ZnSe cel l  window, leaving 
only a very thin film of solution in front of it (Fig. 2) (8). 
The ZnSe window, supplied by Foxboro (North Haven, 
Connecticut), was 3 mm thick and of 25 mm diam. The 
cell window was cleaned with toluene, dried thoroughly, 
and rinsed with tridistilled water. A Pt counterelectrode 
and saturated calomel reference electrode were used. All 
potentials mentioned in this paper are referred to the nor- 
mal hydrogen electrode (NHE). 

The phosphoric acid, supplied by MCB, was purified 
by refluxing with 10% v/v of 30% H20~. Excess water was 
removed by distillation. Phosphoric acid electrolyte of 
the desired concentration was then made by addition to a 
1 tool dm -3 solution of HC104 in tridistilled water. The 
electrode was subjected to a fast potentiodynamic cycling 
of 1 V s -1 for 5 min. A voltammogram was taken at 
100 mV s -1 to determine the surface area of the electrode 
from the charge due to hydrogen reduction. The cell was 
then placed in the FTIR spectrometer, so that the elec- 
trode surface was in the optical path of the IR beam (Fig. 
3). Boil-off of liquid nitrogen was used for purging the 
system. N2 gas from a cylinder was used for deaeraEng 
the solution. 

A HI-TEK potentiostat (Model DT2101) and HI-TEK 
waveform generator (Model PPRI) were used for con- 
troling the electrode potential. The electrode surface was 
irradiated with the incident IR beam in the sample com- 

Reference Electrode 

IB Beam 

Teflon Coated Copper Rod Electrode 

Counter Electrode 

Fig. 2. The electrochemical cell 

partment  of a Digilab FTS-20E FTIR spectrometer sys- 
tem equipped with a Data General Nova 4 computer. A 
versatile reflection attachment (Harrick Model VRA S5D) 
with retromirror accessory (RMA-4DG) was used to guide 
the incident IR beam to the electrode surface and the 
reflected beam back to the detector. The angle of inci- 
dence was = 67 ~ The optical configuration is shown in 
Fig. 3. A Molectron IGP228 gold grid polarizer was used 
to plane polarize the beam. 

The stability of the infrared source (glowbar) is ex- 
tremely important for the reproduction of the peak inten- 
sities. The voltage corresponding to the current passing 
through the glowbar during experimentation must  be sta- 
ble within + 1 inV. The power supply for the glowbar 
showed the voltage to be 1.000V. The fluctuation of this 
voltage, which corresponds to the variation of the source 
signal, was monitored by a digital voltmeter and an X-t 
recorder. When the glowbar voltage fluctuation was more 
than 1 mV from its adjusted value of 1.000V, then the vari- 
ations of peak heights for the same experiments were 
more than 5%; in such cases, the results were rejected. 

Constancy of the spectral intensity also depended on 
the constancy of the flow of nitrogen for purging the 
spectromete~system. It was noticed that when the flow 
rate of purgihg N2 was changed, the glowbar voltage also 
changed by about 5 mV and thus affected the spectral in- 
tensity. Therefore, the flow rate of N.., was always kept 
constant during any given experiment. A gas flowmeter, 
Gilmont Model F1500, was used, and a flow rate of 30 
liter/rain was maintained during the experiment. 

The electrode was polarized potentiostatically in the 
range of 0.0 V (NHE) to 1.2V (NHE) for Pt and 0.0 V-1.6V 
(NHE) for AU, at intervals of 200 mV. A total of 1000 scans 
were collected at each potential. All spectra at each poten- 
tial were added together and signal averaged to improve 
the signal-to-noise (S/N) ratio. Synchronization between 
the application of the potential step and the beginning of 
data collection was made by tapping a TTL signal accom- 
panying the: beginning of data collection at the Digilab 
A/D converter and applying the signal to trigger the ap- 
propriate potential step at the potentiostat (HI-TEK 
DT2101). Tl~e spectra reported here represent the differ- 
ence between the spectra at a given anodic potential and 
that at 0.0 ~, where no adsorption of H3PO4 molecule is 
detected by[ FTIR 1 or in the corresponding radiotracer 
measuremeflts (20, 21). 

All spectr~ were measured with parallel polarized IR ra- 
diation, because the perpendicular polarized light is not 
absorbed by the adsorbed layer on a reflecting surface 
and hence does not carry information from the adsorbed 
layer (22, 23). The calculated spectra are thus termed 
p-polarized differential spectra, which give information 
about the adsorbed layer, provided no new species in so- 
lution is formed. 

Results 
Resul ts  before sub t rac t ion  o f  so lu t ion  s p e c t r a . - - I n  Fig. 

4a and 4b, the p-polarized spectra at 800 mV and 0.0 V for 
Pt, before the subtraction of the spectra at 0.0 V, are 
shown. Because these broad bands include information 
from the solution, the two spectra appear to be very much 
the same. However, when the spectrum at 0.0 V is sub- 
tracted from the spectra at 800 mV, the resultant differen- 
tial spectrum of Fig. 5a is obtained. 

In f luence  o f  l ight  p o l a r i z a t i o n . - - W h e n  the IR light was 
polarized parallel to the plane of incidence, the spectra 
were taken at 0.0 V and at 800 mV, and the former was 
subtracted from the latter, the resultant spectrum, as 
shown in Fig. 5a, distinctly shows the peak due to a P-O 

1Since (AR/Rref) << 1, the spectra reported here are in the ab- 
sorbance mode which is equivalent to -(hR/RFef) = - (R  - 
Rref)/Rref, where R is the reflected intensity at a desired potential 
and Rref is that at a reference potential. Absorbance = -log 
(R/Rrer) = -log [(Rref Jr  R - Rref)/Rref] = -log (1 + hR/Rref) = 
-AR/R~ef). 
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Fig. 3. Optical arrangements for the FTIR spectrometer with the re- 
flection attachments for the electrochemical experiments. 

vibration, the area and height of which changes with po- 
tential (Fig. 6). With perpendicular polarization, no such 
peak was observed (Fig. 5b). Hence, when the plane of po- 
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Fig. 4. In situ IR spectra of Pt surface in 1 mol dm-3 HCI04 (aq.) + 6.6 

• 10 -~ mol dm -3 H3PO 4 (aq.) at (b) O.0V and (a) 800 mV, before the 
subtraction of the solution spectrum. 
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Fig. 5. Differential spectra of the electrode surface at 800 mV with (a) 
parallel and (b) perpendicular polarization of the IR beam with respect to 
0.0 V [solution = 1 tool dm -~ HCIO~ + 6.6 • 10 -~ mol dm -3 H3PO 4 
(aq.)] and (c) spectra in the absence of H,~P04. 

larization of the IR light was oriented parallel to the plane 
of  incidence, the spectra recorded were then indeed the 
spectra of tt3PO4 adsorbed on the electrode as a function 
of potential. 

Adsorption as a function of potential.--In Fig. 6, the 
p-polarized differential spectra of the Pt electrode surface 
at 200, 600, 800, 1000, and 1200 mV (NHE) are shown. The 
absorbance peak at 1074 cm -~ is hardly visible at 200 mV, 
but increases with increasing anodic potential, and 
reaches a maximum at 800 inV. With further increase of 
anodic potential, this peak decreases. This peak was not 
detectable when H3PO4 was absent from the solution (Fig. 
5c) and, hence, must originate from H3PO4; the observed 
peaks are in the characteristic group frequency range of 
the P-O stretching vibrations in H3PO4 (24). The adsorp- 
tion peak areas as a function of potential are plotted and 
compared with coverages measured by the radiotracer 
method (21) in Fig. 7. Some smaller peaks seem to appear 
at 1110, 1090, and 1025 cm -~ and seem to vary with poten- 
tial (Fig. 6) but the magnitude of these peaks is really 
comparable to the noise level as discussed in the Discus- 
sion section. 

Adsorption as a function of concentration.--In Fig. 8, 
the absorption peak at 1074 cm -1 as a function of the loga- 
rithm of H3PO~ concentration in solution with the elec- 
trode at 800 mV are shown. The peak heights correspond- 
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Fig. 6. In situ differential IR spectra of H3P04 species adsorbed on Pt 
at different potentials [solution = 1 mol drn -3 HCI04 + 6.6 x 10 -3 mol 
dm -3 H3P04 (oq.)]. 

ing to surface concent ra t ions  are found to vary  l inearly 
wi th  log C. 

Dur ing  the  expe r imen t ,  the  change  of concent ra t ion  
was carr ied out  in the  fo l lowing way: first, the  cell  was 
filled wi th  the  mos t  di lute  concent ra t ion  of  H3PO4 solu- 
t ion (10 -4 mol  dm-3), and the  spectra were  recorded  in the  
way  descr ibed  in the  p rev ious  section. S ince  it is impor-  
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Fig, 7. Surface concentration, F, of H:~P04 on Pt as o function of poten- 
tial. (a): F as normalized area of I R peak at 1074 cm- ' .  The highest peak 
area is assumed to be the highest surface concentration, as obtained 
from (b), the radiotracer measurements. The scoring on the Y-axis is in 
units of 5. Solution as in Fig. 6. 
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Fig. 8. Variation of the surface concentration of H3P04 on Pt with log- 
arithm of the concentration of H3P04 in solution. 

tant  not  to dis turb the  posi t ion of  the e lec t rode  or the  cell, 
so that  compar i son  of  different  spectra  can be made,  the  
solut ion concent ra t ion  was changed  by add ing  a def ined 
a m o u n t  of  a 25% (aq.) solut ion of  H3PO4 to the  exis t ing  so- 
lu t ion in the  cell, wi th  the  help  of  a Hami l ton  microsy-  
ringe. S ince  sufficient  diffusion t ime is needed  2 for the  
ent ire  so lu t ion  to at tain a un i fo rm desi red concentra t ion,  
the  nex t  set of data  col lec t ion  was s tar ted at least  1.5h 
after the  addi t ion of  H3PO4 to the  solution. 

Adsorption on gold.--The p-polar ized different ial  spec- 
tra of adsorbed H3PO4 on Au at var ious  potent ia ls  are 
shown in Fig. 9. The  H3PO4 peak at 1074 c m - ' ,  due  to P-O 
vibrat ions,  is dis t inct ly  vis ib le  (Fig. 9). 

In  Fig. 10, the  H3PO4 adsorp t ion  peaks are shown as a 
func t ion  of  potential .  The  adsorp t ion  increases  up to 1.2V 
and then  decreases  u p o n  fur ther  increase of potential .  

Discussion 
Significance of signal relative to noise.--The ampl i tude  

of the signal of  interes t  f rom the  adsorbed  layer be ing  ex- 
t r emely  small  re la t ive  to the total  l ight ene rgy  h i t t ing  the 
detector ,  there  may  be  a cons iderable  noise  level  associa- 
ted wi th  the  ma in  signal  f rom the  adsorbed  layer. I t  is, 
therefore,  desirable  to de t e rmine  the  noise  level  before  
one may  ascribe any apparen t  peak  to molecu la r  vibra- 
tions. When the  inc ident  IR  b e a m  was polar ized p e r p e n -  
dicularly,  the  main  peak  at 1074 c m - '  was not  observed,  
bu t  there  appeared  to be  several  smal ler  peaks  (Fig. 5b). 
S ince  the  perpendicu la r ly  polar ized l ight  does  not  carry 
in format ion  f rom the  surface layer, the ex ten t  of these  
peaks  is t hen  only to be  associated wi th  the  noise  level. 
The  magn i tude  of the noise  level  is thus  2 • 10-4 (Fig. 5b), 
and, therefore,  any peaks  in hR/R smal ler  t han  or  equal  to 
2 x 10 -4 may  not  be ascr ibed to any molecu la r  bond  vi- 
bration. In Fig. 5 and 6, thus,  only one  peak,  that  at 1074 
c m - ' ,  may  be  safely identified.  S o m e  peaks,  however ,  ap- 
pear  periodical ly,  bu t  these  are smal ler  t han  the  noise  
level  and hence  are a s sumed  to originate  in some  experi-  
men ta l  artifacts. E x p e r i m e n t s  g iv ing rise to these  resul ts  
were  repea ted  at least  twice.  

Spec t ra  such as that  shown in Fig. 6 are obta ined  by 
subt rac t ing  the  intensi t ies  obta ined  at 0.0 V f rom those  
obta ined  at the  potent ia l  shown,  the  l ight  be ing  parallel  
polarized. The  absorbance  peak  he igh t  or area increased  
wi th  anodic  potent ia l  first, reached  a m a x i m u m  at 800 
mV, and then  decreased  wi th  fur ther  increase of poten-  

2The time required for the diffusion of material for the newly 
concentrated H3PO4 into the space between the electrode and 
the window may be obtained by applying the equation (25) 

C, = (~rDt),r---'- ~ exp ~ [1] 

where x is the radius of the electrode, with x = 0.25 em and D = 
10 -~, it is easy to see that CJCt would be 1 in less than lh. 
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Fig. 9. In situ differential IR spectrum of adsorbed H3PO 4 on Au elec- 
trode at various potentials. 

tial, as shown in Fig. 7. This behavior could not be due to 
species in solution, and, hence, what we are looking at is 
the adsorbed layer, as is also supported by the linear vari- 
ation of the peak height with log C (Fig. 8). The 
absorbance peak at 1074 c m - '  is due to the P-O vibration 
in the H3PO4 molecule, as discussed in the "Assignment 
of peaks" section below. 

Intensities of IR light reflected from the electrode sur- 
face are taken here as a measure of the amount  of ad- 
sorbed species on the electrode. From gas-phase measure- 
ments (26, 30), it is known that the intensity is linearly 
proportional to the surface concentration, up to a surface 
coverage of 0.5 for most compounds studied. In the pres- 
ent case of H3PO4 adsorption, independent measurements 
by the radiotracer method in this laboratory (20) show 
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Fig. 10. Areas of IR peaks at 1074 cm-'  on Au normalized to I at 
maximum as a function of the electrode potential. 

that in the concentration range studied, the fraction of the 
surrounding coverage is well below 0.5, and, therefore, 
the spectral intensities here can be assumed to be linearly 
proportional to the surface coverage. 

Spectral intensities may be used for quantitative deter- 
mination (30), provided that the extinction coefficient of 
the IR absorbing species is known. For IR measurements 
in electrochemistry, the extinction coefficients as a func- 
tion of surface coverage are unknown. Owing to the dif- 
ference in refractive indexes in the IR window, in the 
aqueous solution layer, and in the adsorbed layer, the de- 
termination of the extinction coefficient is difficult. 
However, if the maximum intensity is normalized with re- 
spect to the maximum coverage determined independ- 
ently, e.g., by the radiotracer method (20, 21), then the var- 
iation with respect to potential or concentration may be 
obtained (Fig. 7 and 8). 

State of  H3P04 in solution.--The possible states of phos- 
phoric acid in aqueous solution are molecular H3PO4 and 
H2PO4-, HPO42-, and PO43- ions, according to the follow- 
ing dissociation reactions (2) 

H3PO~ ~ H ~ + H3PO4-, K1 = 10 -2.'5 [2] 

H~PO4- ~ H § + HPO42-, K.~ = 10 -7.2 [3] 

HPO42- --> H + + PO43-, K3 = 10 -'2.3 [4] 

where K,, Ks, and K3 are the respective dissociation con- 
stants at room temperature. Since the second and third 
dissociation constants are very low, it may be assumed 
that the presence of HPO42- and PO43- in solution is neg- 
ligible. Owing to the presence of an excess of H + ions in 
solution from the base electrolyte 1M HC104, about 1% of 
the dissolved H3PO~ will dissociate to give H2PO42- ions 
at room temperature. Thus, in solution, there are 99% 
H3PO4 molecules and 1% H2PO4- ions which are to be 
considered for adsorption. 

Assignment of  peaks.--According to spectral data, 
H3PO4 has a spectral band at 900-1100 c m - '  due to the P-O 
stretching vibration (24). The differential spectra of the 
platinum electrode surface at different potentials with 
H3PO4 in solution are shown in Fig. 6. A major peak ap- 
pears at 1074 cm- ' ,  which is in the region of P-O 
stretching frequency. First, confirmation that the peaks 
originate in H3PO4 was obtained by carrying out the same 
set of experiments without H3PO4 in solution. None of the 
peaks in Fig. 6 appeared (Fig. 5c). Lower noise level in 
Fig. 5c than Fig. 5a and 5b may be due to reflected light 
intensity loss due to absorption by H3PO4 in the bulk 
electrolyte. 

The major peak at 1074 c m - '  first increases with in- 
crease of anodic potential, reaches a maximum, and then 
decreases with further increase of potential (Fig. 7), and, 
thus, this peak is assigned to the P-O vibrations in molec- 
ular H~PO4. If it were due to the P-O vibrations in the 
H3PO4- ion, then the decrease of this peak with further 
increase of anodic potential would be difficult to justify. 

Horanyi et al. (27), in their earlier work on the adsorp- 
tion of H3PO4 on Pt by the radiotracer method, mentioned 
H3PO4- as the adsorbed species, while, in their later paper 
(21), the adsorbed species was said to be H~PO~. Since 
during the radiotracer measurements the P atom was 
tagged, the amount of adsorption detected by the counter 
gives the total amount, including both the ionic and mo- 
lecular species containing p32, and no distinction could be 
made. However, measurement  on gold shows that the IR 
peak at 1074 c m - '  starts decreasing at potential higher 
than that on Pt: namely, above about 1.1V (Fig. 10), at 
which oxide formation is significant, and hence the de- 
crease in coverage of the H~PO4 species due to the dis- 
placement by the oxide layer is consistent. Reasonable 
symmetry of the curve is suggestive of displacement by 
the adsorbed water molecules. Although the main spec- 
tral peak on Pt and Au appear at the same frequency, 
namely, at 1074 cm- ' ,  the noise level in spectra on Pt (Fig. 
6) is far higher than on Au (Fig. 10). This may be due to a 
greater degree of adsorption of Hz~PO4 on Au than on Pt. 
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Calibrating radiotracer measurement  was only done on 
Pt, but not on Au, so that this observation remains with- 
out confirmation. 

Precise calculation of the relative displacement of mo- 
lecular and ionic species in any reasonable way is im- 
peded by the absence of dipole moment  data on HaPO~ 
[cf. Ref. (31)]. The necessary dipole moment  to fit the re- 
sult is 2.5 D (cf. t~.Noa = 2.16 D) (31). With respect to the 
ionic model, the same number  of water molecules have to 
be replaced. A rough calculation (neglecting lateral repul- 
sion and imaging) of the electrostatic bond for ions at 
O.8V (i.e., ca. 0.5V positive to the pzc) would be EFt = 

(4~rqeori)/e, where q, Co, % and �9 represent electrode charge, 
charge of an electron, radius of the ion, and dielectric con- 
stant at the interphase, respectively. With e = 6, ri = 3~, q 
= 10 t*C cm -2, the field ion interaction energy is EF~ = 9 x 
1O -la erg. The field dipole interaction is Erd = 4rrt~q/�9 
1.6 x 10 -la erg, i.e., about 6 times less than the ion field 
interaction. Thus, the ions will be preferentially attracted 
to the electrode. But the number  of H2PO4- ions is about 
6.6 x 10 -~ mol/liter, while that of HaPO4 molecules is 6.6 x 
10 -~ mol]liter. From the radiotracer measurement,  the 
coverage at 0.8V is 2 x 10 -10 moYem ~, which corresponds 
to 1.2 x 10 TM phosphorous containing species per centime- 
ter squared. But the ionic I-I~PO4- present in solution at a 
concentration of 6.6 x 10 -5 mol/liter corresponds to 1.13 x 
108 ion/era 2, which seems negligibly small compared to 
the surface concentration. However, ions may diffuse into 
the double layer from the solution, and from Eq. [1], and 
with x = 10A, one may see that I-i2PO4- diffusion will take 
ca. 25 min to diffuse into the diffuse layer to correspond 
to the amount of the observed amount of adsorption. 
While this is plausible, the adsorption of molecular HHaPO4 
which was present at 2 orders of magnitude higher con- 
centration seems favorable, and the experimental  results 
fit reasonably well with the theoretical adsorption model 
(29) based on the molecular nature of the adsorbing spe- 
cies (cf. next section). 

The a d s o r p t i o n  i s o t h e r m . - - A s  shown in Fig. 8, the sur- 
face concentration of HaPO4 varies linearly with the loga- 
ri thm of concentration of HaPO4 i n  solution at constant 
potential. A Temkin isotherm may be applicable. Thus 

riO) = A log K C  

where A is a constant, 0 is the fraction of the surface cov- 
ered, C is the concentration of H~PO4 in solution, and K is 
the adsorption equil ibrium constant. 

At 800 mV, the surface concentration is 20 x 10-" 
moYcm ~, and if the area occupied by a single HHaPO4 mole- 
cule is 12~ ~ based on the molecular dimension of the 
HaPO4 molecule, then the maximum fraction of the sur- 
face covered is only 0.15 and then the validity of the appli- 
cation of the Temkin isotherm becomes questionable. 
But molecular adsorbed species may be laid down on sec- 
ond nearest neighbor platinum sites (28) with water mole- 
cules in between (Fig. 11); then the area occupied by each 
HaPO4 molecule would be closer to 35A ~, so that the sur- 
face coverage would really be ~0.42 in 6.6 x 10 -3 mol 
dm-a HaPO4 solution with the electrode at 800 mV. This is 
within the Temkin-type isotherm range. Surface hetero- 
genity also contributes to the Temkin-type behavior. 

Decrease of surface coverage at potentials higher than 
800 mV may be caused by two factors: (i) displacement by 
the oxide layer on Pt, and (ii) displacement by the water. 

Pt-O starts forming from 800 mV, and, if the oxide layer 
were responsible for the decrease of O, then the near sym- 
metry of the 0-V curve around 0ma~ seems unexpected;  the 
coverage should decrease more rapidly with the increase 
of the oxide layer. 

However, measurement  on gold shows that 0 starts de- 
creasing from a higher potential (Fig. 10) of about 1.1V, 
the potential of gold oxide formation. This is consistent 
with the suggestion that the adsorbed species are being 
displaced by the strongly adsorbed O species. However, 
the symmetry of the 0-V curve still remains and suggests 
that molecular HaPO4 continues to adsorb on the oxide 
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Fig. 11. Schematic model of adsorbed phosphoric acid molecules sepa- 
rated from each other by the adsorbed water molecules. 

layer and that the gradual decrease of 0 occurs by the dis- 
placement of I-IaPO4 by the adsorbed water mo lecu l e s .  
The adsorption isotherm may, thus, be represented by 

0 XHaP04KH3P04 
In rO [5] 

e~-l(1 - 0)" X~2o"Kn.2o n 

where the logarithmic term is the eonfigurational term 
given by Dhar et al. (28) for the process of adsorption by 
water displacement, r is the Temkin factor representing 
lateral interactions between the adsorbed HaPO4 mole: 
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Fig. 12. Fraction of the surface covered, 0 = F/F . . . .  where Fma x is the 
maximum surface concentration obtained on the basis of 35~ 2 area 
occupied by one HaPO4 molecule as a function of potential, o: Experi- 
mental data obtained from the normalized IR peak at 1074 cm -1. b: 0 
obtained from Eq. [5] with adsorption equilibrium constants obtained 
from the water displacement theory of Bockriset al. (29) with En/RT = 2, 
AAGs = 2RT, and r = 1, where E is the lateral interaction energy be- 
tween the adsorbed water molecules and bAG s is the difference in the 
free energies of adsorption for the solvent molecules having different 
orientation at the pzc. 
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cules, n is the number  of water molecules displaced by 
one phosphoric acid molecule, X is the mole fractions, 
and K is the adsorption equil ibrium constant. 

The ratio of the equil ibr ium constants was calculated 
from the "adsorpt ion with competi t ion with water" 
theory of Bockris et al. (29). Equation [5] was used to ob- 
tain the surface coverage, t~, and is represented in Fig. 12. 
The nature of adsorption of H3PO4 regarding its variation 
with potential  is thus explainable  in terms of the molecu- 
lar theory based on water displacement.  

Conclusions 
1. The combinat ion of radiotracer and FTIR measure- 

ments allows quantitative determinat ion of adsorption of 
IR absorbing species in aqueous solution on electrodes. 

2. H3PO4 adsorbs on Pt, giving IR peaks from the P-O 
vibrational  mode. 

3. The potential dependence  of the adsorpt ion depends 
at least part ly on water desorption, although an influence 
from oxide film formation at anodic potentials would be 
consistent with the results. 

4. The concentration dependence  of 0~3eo 4 is temkinian. 
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Electrochemical Behavior of Organic Compounds at the (SN), Paste 
Electrode 

Graham Cheek* and Pamela A. Horine 
Naval Research Laboratory, Surface Chemistry Branch, Chemistry Division, Washington, DC 20375 

ABSTRACT 

The electrochemical characteristics of several types of organic compounds have been investigated at the (SN)~ paste 
electrode in acetonitrile/TEAP solution. The current density for reduction of benzoquinone in the presence of protons, 
formed either by hydroquinone oxidation or by addition of HC104 to benzoquinone, was found to be considerably less 
than that for this process at plat inum or vitreous carbon. A similar effect was observed for proton reduction at (SN)~ 
paste, indicating, as for (SN)x single-crystal electrodes, a high hydrogen overpotentia] for the electrode surface. Compar- 
ative experiments investigating the redox behavior of the benzoquinonefnydroquinone system in aqueous media at 
(SN)x paste indicate that slow protonation kinetics are involved in the voltammetric behavior observed for this system. 
Electrochemical oxidation of representative aromatic amines and hydrocarbons (including phenothiazine, N,N- 
dimethyl-o-phenylenediamine, N,N-dimethylaniline, 2,3-diphenylindole, 2,3-benzanthracene, and perylene) involved be- 
havior similar to that observed at platinum, showing that the oxidized species produced, both stable and unstable, un- 
dergo no specific interaction with the electrode surface. Oxidation of pyrrole occurs at the anodic background limit of 
(SN)~ paste, producing a black film on the electrode surface which has voltammetric properties similar to those of 
polypyrrole films formed at other electrodes. Although the heterocyclic compounds pyridine, quinoline, and acridine 
are not themselves oxidizable in the (SN)x paste potential range, addition of these compounds caused the appearance of 
an oxidation process at a potential approximately 100 mV negative of the (SN)~ anodic background oxidation. The de- 
pendence of the current observed for the process upon heterocycle concentration indicates that the process corresponds 
to a shift of the (SN)~ oxidation caused by a nucleophilic interaction of the heterocycles with the (SN)x as it undergoes 
oxidation. Further negative shifts in the potential for (SN)~ oxidation were observed in the presence of several alkylpyri- 
dines having greater nucleophilicities than that of pyridine itself. Addition of the less nucleophilic compound thiazole 
did not produce this effect. These results indicate that the oxidation of (SN)x itself leads to the formation of rather reac- 
tive products, while the (SN)~ surface behaves essentially as a noninteracting, metallic electrode in the potential region 
between +0.95 and -0.40V vs. SCE, over which (SN)x is electrochemically stable in acetonitrile. 

Polythiazyl, or (SN)x, has been studied extensively over 
the past several years and has been found to possess very 
interesting physical and chemical properties (1, 2). The 
high conductivity of this substance allows its use as an 
electrode material, and several reports have appeared de- 
scribing electrochemical investigations at (SN)x single- 
crystal electrodes (3-5). These studies have involved char- 
acterization of the electrodes in aqueous media by 
establishing potential limits for anodic and cathodic 
background processes (3, 4), studying the effect of alkali 
metal cations on these potentials (4), surface modifica- 
tion by metal cations (5), and observation of the electro- 
chemical behavior of both inorganic (Pb, Ru systems) and 
organic species (hydroquinone) in solution (4). Recently, a 
more convenient electrode system has been devised in 
which the (SN)~ fibrils are thoroughly mixed with 
Apiezon M grease (6). The background potential limits for 
this (SN).~ paste electrode are similar to those of the (SN)x 
single-crystal electrode, although the background cur- 
rents are much lower at the (SN)~ paste electrode (6). Ini- 
tial work on this system has shown that the cathodic 
background process involves the depolymerization of 
(SN)~, while the anodic background process involves the 
oxidation of (SN)~ to as yet undetermined products (6). 

It was decided to study the electrochemical behavior of 
a wicle range of organic compounds at the (SN)~ paste 
electrode in order to compare the results to those ob- 
tained at other electrodes, including the (SNL single- 
crystal electrodes. It is evident from the available poten- 
tial range at (SN)~ paste [+0.95 to -0.40V vs. SCE in 
AN/TEAP (6~] that certain classes of organic compounds 
which are difficult to oxidize or reduce, such as ketones, 
halogen-substituted compounds, conjugated ~r systems, 
etc. (7, 8), cannot be studied at this electrode. However, 
several classes of organic compounds, electrochemical 
studies of which abound, can be investigated, including 
aromatic amines, quinones, and certain heterocyclic sys- 
tems (7, 8). Of particular interest in this study is the possi- 
bility of specific interactions between the (SN)~ paste 
and the organic compounds or their redox products and 
the corresponding effect on their electrochemical behav- 
ior. The results of these investigations are reported 
herein. 
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Experimental 
Cyclic voltammetric experiments were carried out 

using a PAR 173 Potentiostat/Galvanostat with Model 179 
Digital Coulometer (affording iR compensation), a 
Model 175 Universal Programmer, and a Houston 2000 
X-Y recorder. Some experiments utilized a Bioanalytical 
Systems CV-1B electrochemical ins t rument  and pro- 
duced the same results. A PAR Mode] 174A Polaro- 
graphic Analyzer was used for normal pulse and differen- 
tia] pulse voltammetric experiments. Potentials in this 
work are reported with respect to a NaC] SCE reference 
electrode. 

Pyridine (99+%, Gold Label), thiazole, perylene (99+%), 
and 2,3-benzanthracene (tetracene) were used as received 
from Aldrich Chemical Company. Phenothiazine, acrid- 
ine, chloranil, p-benzoquinone, and hydroquinone were 
recrystallized from absolute ethanol or ethanol/petroleum 
ether mixture. N,N-dimethylaniline and quinoline were 
purified by reduced-pressure distillation. 2,3-Diphenylin- 
dole was prepared and purified as described previously 
(9). 

Acetonitrile (Burdick and Jackson) was dried over 4~ 
molecular sieves prior to use. Tetraethylammonium per- 
chlorate (Southwestern Analytical Chemicals) was dried 
under  vacuum at 70~ and stored in a desiccator over cal- 
cium sulfate. 

Polythiazyl, (SNL, was synthesized as described previ- 
ously (10). Owing to the explosion hazard.associated with 
the S4N~ intermediate involved in this preparation (11), 
appropriate safety procedures should be followed (12). 
(SN)~ paste electrodes were prepared by mixing a 2:1 ra- 
tio of (SN)~ to Apiezon M grease, a composition previ- 
ously found to produce optimum results (6). The paste 
was then packed into disposable pipettes, electrical con- 
tact being made with a plat inum wire. 

Results and Discussion 
Quinones.--As seen in Fig. 1, the electrochemical be- 

havior of hydroquinone (H~Q) at the (SN)~ paste electrode 
is in many ways similar to that observed at plat inum (13). 
Both curves show the oxidation of H~Q, followed by a 
process on the return sweep for reduction of BQ in the 
presence of protons liberated upon H~Q oxidation. In  pre- 
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Fig. 1. Cyclic voltammograms of hydraquinone in AN at (a) (SN)x 
paste and (b) platinum. H,zQ = 3.0 mM; scan rate = 100 mV/s. 

vious work at platinum (13), this reduction process was 
described as a "Q/H + wave," indicating that the existence 
of protonated BQ as the predominant species in solution 
is in doubt. Since the same general situation is presuma- 
bly involved at (SN)x paste, this description of the reduc- 
tion process will also be used in this work. As at platinum 
and vitreous carbon, the H,2Q oxidation process was 
found to be diffusion controlled at (SN)~ paste, a plot of ip 
vs. v "2 being linear over the range 10-350 mV/s. In com- 
parison to the behavior seen at platinum, however, the 
current response for the reduction process at (SN)~ paste 
is greatly diminished relative to that for the oxidation 
process. This phenomenon was also observed using re- 
verse normal pulse voltammetry, scanning toward more 
negative potentials from an initial potential correspond- 
ing to Ep for H2Q oxidation. Further experiments were 
carried out in order to determine the cause of the rather 
low current observed for the Q/H + reduction process. 

The proximity of the H2Q oxidation process to the 
anodic background limit suggested the possible interac- 
tion of (SN)x oxidation products with the oxidized qui- 
none, thereby lowering the amount of quinone (oxidized 
form) available for reduction and giving rise to the above 
effect. In order to determine whether  any of  the various 
possible H2Q oxidation products were involved in such an 
interaction, an (SN)x paste electrode was cycled (100 
mV/s) several times in a 2.0 mM H2Q solution between the 
H~Q redox processes. No new peaks appeared during 
these scans, and it was noted that the oxidation peak cur- 
rent on the second and successive sweeps were only 
slightly lower than that seen on the first sweeps. After 
cycling, the electrode was transferred to a fresh 
AN/TEAP solution. A vol tammogram taken in this solu- 
tion, while having a somewhat higher background cur- 
rent than that usually observed at a freshly prepared elec- 
trode, did not reveal any well-defined processes, the 
observation of which would indicate the presence of 
electroactive surface-bound species (14). These results in- 
dicate that a decrease in the amount of quinone at the 
electrode surface, caused by interaction with anodic 
breakdown products, does not seem to be the cause of the 
low current observed for Q/H + reduction. 

This reduction process was further investigated in both 
acetonitrile (AN) and aqueous media, adding 0.1M 
HC104 as a proton source to benzoquinone (BQ) solutions. 
In AN, the effects of HC104 addition were followed at vit- 
reous carbon and platinum electrodes and were similar to 
those found by previous workers (15). After addition of a 
2:1 molar ratio of HC104:BQ, only the Q/H + process was 
observed at vitreous carbon and platinum. At (SN)x paste, 
a very ill-defined reduction wave, corresponding to that 
seen on the return sweep in Fig. 1, was seen, the current 
density of which was smaller by a factor of 7 compared to 
that at vitreous carbon and platinum. In this study, it was 
assumed that the geometrical and electrochemical areas 
of the (SN)x paste electrodes were essentially the same (6); 
addition of hydroquinone (H2Q) to the solution and obser- 
vation of the relative peak currents for H2Q oxidation at 
the various electrodes supported this assumption. Con- 
sidering the results observed at single-crystal (SN)x elec- 
trodes in aqueous solutions, at which well-defined reduc- 
tion processes for the protonated quinone were seen (4), it 
is clear that either the medium involved or the presence 
of the hydrocarbon (Apiezon M) in the (SN)x paste has 
profoundly affected the reduction of the protonated qui- 
none. It was deemed necessary to carry out further exper- 
iments in order to differentiate between these factors. 

Voltammetric experiments of the H2Q/Q system at 
(SN)x paste electrodes were also performed in aqueous 
media, both to allow comparison with results at (SN)x 
single crystals (4) and to more clearly define the effect of 
solvent in reduction of the protonated quinone. In 1.0M 
acetate buffer (pH 5) at (SN)~ paste, the cyclic 
vol tammogram for the H~Q system in Fig. 2 shows that 
the peak current ratio of Q/H + reduction to H~Q oxidation 
is similar to that for the H2Q system at (SN)x single-crystal 
electrodes (pH 5 acetate buffer) (4), and is much greater 
than that observed at (SN)x paste in AN/TEAP. 

Other experiments involved quinone reduction in aque- 
ous 0.1M KC104 solutions with variation of solution acid- 
ity by addition of 0.1M HC104. Cyclic voltammograms of 
BQ reduction at vitreous carbon (Fig. 3a), as well as at 
platinum, revealed a 105 mV peak separation for the re- 
duction and oxidation processes, behavior which has 
been noted at platinum (16) and at carbon paste elec- 
trodes (17, 18). At (SN)x paste, the vol tammogram in Fig. 
3b shows that the quinone reduction process is somewhat 
broader than that seen at vitreous carbon or platinum, 
while the following oxidation process is very poorly de- 
fined. It appears, however, that oxidation back to the 
quinone occurs very gradually during the passage 
through this region, since the height of the quinone re- 
duction peak observed in the second sweep is only 
slightly less than that observed in the first sweep. This 
behavior is thought to be due to slow deprotonation ki- 
netics at the (SN)x paste electrode surface, since the corre- 
sponding results at vitreous carbon and platinum are 
rather uncomplicated (Fig. 3a). 

Addition of 0.1M HC104 to the above solution (1:1 
HC104:BQ) caused a shift of the reduction process at vit- 

I 1 0 0  JJA 
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Fig. 2. Cyclic voltammogram of hydroquinone inpH 5 acetate buffer at 
(SN)x paste. H~Q = 92 raM; scan rate = 20 mV/s. 
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Fig. 3. Cyclic voltammograms of benzoquinone in aqueous 0.1M 
KCI04. Scans taken at: (a) vitreous carbon; (b) (SN)~ paste; (c) vitreous 
carbon, 1 : 1 HCIO4:BQ; (d) (SN)~ paste, 1:1 HCIO4:BQ. BQ = 1.6 mM; 
scan rate = 100 mV/s. 

reous carbon to a more positive potential, as seen in Fig. 
3c. The rather large potential separation for the redox 
processes indicates considerable irreversibility in the as- 
sociated protonation equilibria. Voltammetry at (SN)x 
paste (Fig. 3d) shows a very gradual reduction process, 
the current density for which is much higher than that 
seen for the Q/H + process at (SN)~ paste in AN. The reduc- 
tion process consists of a broad peak, the potential of 
which corresponds to that for Q/H § reduction at vitreous 
carbon. Oxidation of H2Q formed in the reduction occurs 
immediately before the anodic background limit, re- 
sulting in nearly identical behavior in the second cathodic 
sweep to that seen in the first sweep. Further  addition of 
acid (2:1 HC104:BQ) did not improve the resolution or 
change the relative sizes of the redox processes. 

Comparison of  the results found in different media pro- 
vides some insight into the nature of the Q/H + process at 
(SN)~ paste. An important  observation is that Q]H + reduc- 
tion proceeds easily both at platinum in AN and at (SN)~ 
paste in aqueous media. It appears, then, that neither the 
presence of the nonpolar grease (Apiezon) used in the 
(SN)x paste nor the relatively nonpolar AN medium can 
account entirely for the diminished current observed for 
the Q/H + reduction at (SN)~. paste in AN. The most likely 
explanation for this behavior is that the effects of the 
lower dipole moment  of AN and the nonpolar character of 
the Apiezon grease combine to create a situation (i.e., a 
general nonpolar environment) in which the protonation 
kinetics in the QJH ~ system are slow at the electrode sur- 
face. Unfortunately, the amount  of quinone not involved 
in the Q/H + process at (SN)~ paste could not be deter- 
mined since its reduction potential (observed at vitreous 
carbon and platinum) is negative of the (SN)x paste ca- 
thodic background limit. Further investigation in 
AN/NaC104 solutions produced results which are similar 
to those in AN/TEAP, indicating that the nature of the 
supporting electrolyte cation is not critically involved in 
this effect. It is also possible that the electrode kinetics 
for Q/H ~ reduction are slow, as observed at platinum (13). 
The fact that reduction of other positively charged spe- 
cies (e.g., N,N-dimethyl-p-phenylenediamine cation radi- 
cal) at (SN)~ paste occurs readily, however, favors the in- 
volvement  of slow protonation kinetics in the benzo- 
quinone system. 

p-Chloranil was chosen as another example in this 
study, since the reduction of the quinone to its anion radi- 
cal is observable within the (SN)~ paste potential range 
(19). Cyclic voltammetric investigations of chloranil at 
(SN)x paste showed reversible behavior (hE, = 60 mV) for 
the first reduction process of this system. 

A r o m a t i c  amines . - - In  view of the wide variety of aro- 
matic amines which have been studied at other electrodes 
(7, 20), a survey was also undertaken of several of these 
systems at (SN)x paste. These systems were chosen on the 
basis of stability of their cation radicals, examples of both 
stable and unstable species being included. 

Two reversible one-electron systems were observed for 
N,N-dimethyl-p-phenylenediamine at (SN)x paste, the po- 
tentials for which were similar to those observed at Pt 
(Table I) (21). This result indicates that the oxidized spe- 
cies involved do not undergo chemical reaction with the 
(SN)x paste surface in the potential range studied; in 
other words, the surface is acting as a metallic conductor 
with no particular affinity for the radicals produced dur- 
ing oxidation of this compound. 

The electrochemical behavior of N,N-dimethylaniline 
(DMA) at (SN)x paste was found to be very similar to that 
previously observed at platinum (22). The principal as- 
pects of this oxidative pathway involve the initial produc- 
tion of the cation radical by oxidation, followed by a rapid 
coupling reaction to form benzidine, which is itself oxi- 
dized at the potential for N,N-dimethylaniline oxidation. 
At both (SNL. paste and Pt electrodes, this behavior is 
manifested by a large DMA oxidation process, with two 
one-electron reversible systems at slightly l ess  positive 
potentials, corresponding to benzidine redox processes. 
Although the peak currents for the benzidine processes at 
(SN)x paste were slightly lower in relation to that for the 
primary oxidation than is the case at platinum, it is again 
apparent that the (SN)x paste surface itself does not dra- 
matically alter the electrochemical oxidation pathway for 
this system. 

Heterocyclic aromat ic  sys tems.- -For this class of com- 
pounds, it was found that the electrochemical behavior of 
those compounds electroactive within the potential range 
of (SN)x paste was usually similar to that observed at 
other electrodes. Phenothiazine (Table I), for instance, 
was oxidized in two reversible one-electron steps at po- 
tentials close to those found at platinum (23). 2,3-Diphen- 
ylindole, the cation radical of which undergoes a rapid 
coupling reaction at platinum (9), was also found to be ir- 
reversibly oxidized at (SN)x paste, although the product 
oxidation process [+ 1.2V at Pt (9)] could not be observed 
at (SN)x paste. 

Pyrrole oxidation was observed at a potential corre- 
sponding to the anodic potential limit and, while no clear 
oxidation process was seen, led to the formation of a 
black deposit on the (SN)x paste electrode surface. It has 
long been known that electrochemical oxidation of pyr- 
role at other electrodes produces a polymeric film on the 
electrodes (24), and recent work by Diaz et al. (25, 26) has 
demonstrated the formation of a conducting polypyrrole 
film under these conditions. 

Investigation of this system on platinum by cyclic 
vol tammetry has shown fairly well-defined processes for 
the redox behavior of the polypyrrole (26). The cyclic 
voltammetric behavior of the film on (SN)~ paste was 
found to be qualitatively similar to these previous results, 
the redox processes being much broader and less well- 

Table I. Redox potentials for compounds studied 

E(sN)~ E~ 
Compound (V) (V) Ref. 

Hydroquinone + 0.93 + 0.87 
Chloranil a -0.03 -0.03 
Phenothiazine a +0.60, 0.94 +0.60, 0.92 
2,3-Diphenylindole +0.90 +0.97 (9) 
N,N-dimethylaniline +0.73 +0.71 (22) 
N,N-dimethyl-p-phenylenediamine a +0.24,0.81 +0.16,0.74 (21) 
2,3-Benzanthracene +0.82 +0.81 
Perylene h + 0.98 + 0.95 

a Denotes reversible system, for which E = (Ep.a + E,,c)/2. E,I2 
values are given for other systems. Potentials in this work were ob- 
tained at 100 mV/s. 

h Quasireversible system. 
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defined in the present case. Other characteristics of the 
film, such as its physical adherence and stability upon 
exposure to air, were similar to those of the film formed 
at platinum. One interesting possibility in the present 
work is that the concurrent oxidation of (SN)~ and pyrrole 
may have some effect on the nature of the film produced, 
possibly explaining the broader redox processes for the 
polypyrrole film formed on (SN)~ as compared to that at 
platinum. 

Other heterocyclic systems, the electrochemical behav- 
ior of which were not directly observable in the (SN)~. 
paste potential range, were nevertheless found to produce 
an interesting effect on the anodic background process. 
For heterocycles such as pyridine, quinoline, and acrid- 
ine, addition of these compounds to AN/TEAP solution 
caused the appearance of an oxidation process approxi- 
mately 100 mV negative of the usual anodic potential 
limit. Cyclic voltammetric responses for this process were 
poorly resolved from the background oxidation; however, 
better resolution was obtained using differential pulse 
voltammetry (Fig. 4), the peak currents increasing linearly 
with increasing concentration of the heterocycles. Since 
the potentials (Epic) for quinoline and acridine oxidation at 
plat inum occur at +1.97 and +1.58V vs. SCE (27), respec- 
tively, while pyridine gives rise to a very poorly defined 
oxidation process at these potentials (28), it seems likely 
that the observed responses at (SN)x paste are not due to 
the oxidation of the heterocycles themselves, but are due 
to a lowering of the potential necessary for (SN)x oxida- 
tion, caused by some sort of interaction between the 
(SN)~ and the added heterocycles. The most likely form of 
this interaction involves a nucleophilic attack of the 
heterocycle on the oxidized (SN)x species, which would 
be positively charged. This phenomenon is analogous to 
the oxidation of mercury in the presence of various ani- 
ons and chelating agents (29-31). This sort of "complexa- 
tion" should cause the (SN)x to be more easily oxidized, 
the extent of this effect being proportional to the amount 
of the heterocycle at the surface, accounting for the con- 
centration dependence of the current observed for the 
process. This phenomenon was further investigated by 
observing the oxidation processes caused by individual 
pyridines in a series of alkylpyridine derivatives having 
various nucleophilicities. The compounds chosen for 
study are given in Table II, along with differential pulse 
voltammetric peak potentials for (SN)x oxidation in the 
presence of these pyridines. Figure 4 illustrates the effect 
of these pyridines on the (SN)x oxidation process. As in 
the case of pyridine itself, the peak heights for the pro- 
cesses depend linearly on concentration in the range 1-20 
mM. None of these pyridines was found to be itself 
electrochemically act iveat  plat inum or vitreous carbon in 
the potential region of interest. The negative shift in peak 
potential for (SN)~. oxidation in the presence of 4-methyl- 
pyridine compared to that in the presence of pyridine it- 
self is apparently due to the greater nucleophilicity of 
4-methylpyridine with respect to that of pyridine, as has 
been observed in other reactions (32-33). An even larger 
decrease in the potential for (SN)~ oxidation is observed 
in the presence of 2,4,6-trimethylpyridine, which is ex- 
pected if the trend in nucleophilicity follows that in basic- 
ity (32) [pK~ = 5.21 for pyridine and 7.51 for 2,4,6-trimeth- 
ylpyridine in water (34)]. The potential value in the case of 
2,6-dimethylpyridine seems somewhat anomalous in this 

Table II. Differential pulse voltammetric peak potentials for (SN)x 
oxidation. Effect of pyridine addition 

Compound Ep (V vs. SEC) 

Pyridine +0.99 
4-Methylpyridine +0.93 
2,6-Dimethylpyridine +0.93 
2,4,6-Trimethylpyridine + 0.82 

Differential pulse voltammetric conditions are as described for 
Fig. 4. 

t I 1.O.A 

12.5.A 

c] 12.5uA 

d 

i i 1 ~ , ~ I , , i , I I 
* 1 . 0  0 . 5  0 . 0  

E ,  V v s  S C E  

Fig. 4. Electrochemical behavior of (SN)x paste in AN containing 
various pyridines. Differential pulse voltommograms at (SN)x paste con- 
taining (a) no added pyridine (background curve), (b) 0.62 mM pyridine, 
(c) 0.$1 mM 4-methylpyridine, and (d) 0.38 mM 2,4,6-trimethyl- 
pyridine. Scan rate = S mV/s; modulation = 25 mV; drop time = 0.Ss. 

series [PKa = 6.65 in water (34)] and may reflect the pre- 
dominance of steric effects for this molecule (33). The fact 
that addition of thiazole [E,2 = +2.2V at plat inum (35)], a 
weaker nucleophile than those studied above (36), pro- 
duced only a slight negative shift in the anodic potential 
limit (i.e., with no discernible peak) supports the above 
explanation that the observed shifts in potential are due 
to an interaction between the nucleophiles and the oxi- 
dized (SN)x. 

Aromatic hydrocarbons.--The potentials for oxidation 
of aromatic hydrocarbons in nonaqueous media generally 
are greater than +I.0V (vs. SCE) (37), greatly restricting 
those amenable to study at (SN)x electrodes. It was found, 
however, that oxidation of both perylene and 2,3-benzan- 
thracene (tetracene) could be observed at +0.98 and 
+0.82V vs. SCE, respectively, at (SN)x paste, in fairly good 
agreement with results obtained in the same medium at 
plat inum electrodes (38) (Table I). 

The reversible nature of the one-electron oxidation of 
perylene, observed in this work at plat inum and vitreous 
carbon and in nitrobenzene by others (39), was also evi- 
dent at (SN)x paste, although measurements of relative 
anodic and cathodic peak currents could not be made, 
owing to the proximity of the process to the anodic poten- 
tial limit. Under the present conditions, oxidation of 
2,3-benzanthracene was found to be irreversible at (SN)x 
paste as well as at plat inum and vitreous carbon. 

Conclusions 
From the preceding discussion, it is evident that, for the 

(SN)x paste electrode, there is no apparent interaction be- 
tween the (SN)~ in the electrode and the oxidized or re- 
duced solute speCies studied, regardless of the stability of 
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the initially generated species. Specific effects are ob- 
served, however, upon oxidation of the (SN)x itself, as 
seen with the interaction between nitrogen heterocycles 
and the (SN)x oxidat ion product.  The low reduction cur- 
rent for nrotonated benzoquinone at (SN)x paste in 
acetonitri le is thought  to be due primari ly to a medium 
effect, while the high overpotential  observed for proton 
reduct ion seems to be a more general characteristic of 
(SN)x since it is also observed at single-crystal (SN)x elec- 
trodes. 

Manuscript  submit ted Dec. 27, 1982; revised manu- 
script  received July  30, 1984. 
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Characterization of Chloroclosoborane Acids as Electrolytes for 
Acid Fuel Cells 

M. W. Rupich,* J. S. Foos,* and S. B. Brummer* 

EIC Laboratories, Incorporated, Norwood, Massachusetts 02062 

ABSTRACT 

The perchloroclosoborane acids, H2B12Clr., and H~B10CI10, were prepared in high purity and investigated as alterna- 
tive electrolytes to H3PO4 in moderate temperature  acid fuel cells. Procedures  were developed for the purification of the 
acids prepared from commercial ly available salts. The purified acids were characterized by infrared, electronic, NMR, 
and mass spectroscopy. Concentrated aqueous solutions of the acids were found to have low ionic conductivity and a 
moderate  water vapor  pressure. The mono anions, B12C1~- and B,0Cllo-, formed from reactions of concentrated aqueous 
solutions or the solid hydrates  of the acids.  The BI~CI~22- and B~oCl~02- anions were also found to adsorb on 
electrocatalytic P t  surfaces. 

One approach to improving fuel cell performance is to 
find an electrolyte which is superior to H~PO4. In particu- 
lar, it would be advantageous to find an electrolyte which 
would allow for more efficient oxidation of HJdi r ty  H.., 
and more efficient reduction of 02. This would result  in 
superior  fuel cell performance and expand the range of 

* Electrochemical Society Active Member. 

acceptable fuels. In addition, any electrolyte which re- 
places H3PO4 in an acid fuel cell must  meet  the following 
requirements:  good ionic conductivity,  thermal stability 
in solution to ->200~ electrochemical stabili ty between 
0.0 and 1.0V (RHE), low vapor  pressure and high viscos- 
ity, and preferably compatibi l i ty  with existing fuel cell 
components.  
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Two materials we have evaluated as alternative electro- 
lytes are the inorganic acids H._,B,2CI~ and H~B,0CI~0. The 
chloroclosoborane anions, B,.,CI~ ~-- and B~0C1,0 ~-, are two 
examples of a unique class of inorganic compounds char- 
acterized by their exceptional stability. The structure of 
the anions consists of clusters of borons each attached to 
a terminal CI-, as ' shown in Fig. 1. The reported proper- 
ties of the chloroclosoboranes include exceptional thermal 
stability (some alkali metal salts are stable to >600~ 
good chemical and electrochemical stability, and high so- 
lution conductivities (1-7). The acids, H~Br, CI~ and 
H~B~0CI~0, have been characterized as stronger than H~SO4 
(1). The reported properties of these chloroclosoborane 
anions suggested that their acids may be useful as electro- 
lytes in acid fuel cells. In this paper, we report  on the 
preparation, purification, and characterization of 
H~B,~CI~ and H~B,0CI~o. 

Exper imenta l  
Synthesis and purification of H..~r~CIr~.--H~Br~CI~ was 

prepared from Li~B,~Clr~ purchased from Callery Chemi- 
cal Company. Analyses of two lots of as-received 
Li~Br~CI~ found B-to-C1 stoichiometries of B,~Cln~ and 
Bt~C10.4, indicating incomplete chlorination of the B~ 
cage. The samples also contained vmwing amounts of or- 
ganics, which were predominantly decomposition prod- 
ucts of triethylamine used in the synthesis of Li~B,2CI~ 
(8). 

Li.zB~Cl~ was purified and converted to the acid as fol- 
lows: an aqueous solution of Li~B~CI~ was passed over 
neutral alumina resulting in the removal of  the organic 
contaminants. The resulting solution was then converted 
to the acid by passage over an acidic Dowex 50W-X8 
cation exchange resin (<30% of the column capacity was 
utilized) or by electrolysis across a Nation 125 membrane 
(du Pont). Chlorine gas was then passed through the 
aqueous acid solution at 85~176 for 6h, resulting in com- 
plete chlorination of the B,~ cage. Excess CI~ was removed 
by purging the solution with N~ at 85~ The H~O and HC1 
were removed under vacuum at -<80~ leaving a white, 
hygroscopic solid. Elemental  analysis of the white solid 
established a B-to-C1 stoichiometry of 1.0. A potentio- 
metric titration and gravimetric analysis established the 
overall composition of H~B,~.oCI,~.~ �9 8H~O. (Infrared 
(cm-'):  3620(S), 3440(M), 1610(M), 1220(W), 1030(S), 850(M), 
730(W), 650(W), and 540(S). "B NMR (CD,CN): ~ + 12.9.) 

Synthesis and purification of H~oCl,o.---H2BloCl,o was 
prepared from Li~B,0Cll0 (Callery Chemical Company) 
using the same procedure as described for H~B,~CI,~. The 
chlorination step was not necessary with the Li~B10Cl~0. 
The composition of the final product was H~B10.0Cl~0.0 �9 
7.5H~O. (Infrared (cm-'):  3620(S), 3420(M), 1610(M), 
1160(M; sh. at 1190), 1010(S), 855(M), and 535(S). "B NMR 
(CD~CN): ~ + 5.3 and 10.6 with a ratio of 1:4.) 

Vapor pressure and conductance measurements.--The 
water vapor pressure-saturation concentration relation- 
ship and conductance measurements of aqueous solu- 
tions of H~B,~CI,~ were obtained at temperatures between 
110 ~ and 150~ During an experiment, N..,(g) was satura- 
ted with a specified H~O vapor pressure, and then bub- 
bled through a solution of the acid contained in a sealed 
cell thermostated at a set temperature. The N~(g) finally 

BI2CII2 = BIoCIIo = 

Fig. 1. Structures of the BI~C1~2 2- and fl,uCl~o 2- anions 

passed through a trap, where any volatile acidic species 
were trapped. A capillary conductance cell (cell constant 
of 220 cm- ' )  built into the flask allowed in situ measure- 
ment  of the ionic conductivity of the H._,B~Cll~ solution. 
Standardization measurements  with H3PO4 were in excel- 
lent agreement with literature values. 

Instrumental analysis.--Infrared spectra were recorded 
on a Beckman Acculab II spectrophotometer. Solid 
samples were analyzed in KBr disks or Nujol mulls. Mass 
spectral data were obtained with a Nuclide 1290G mass 
spectrophotometer at Biomeasure, Incorporated 
(Hopkinton, Massachusetts). NMR spectra were acquired 
with a Joel FX-90Q spectrophotometer in either D20 or 
CD3CN (also at Biomeasure). Chemical shifts were refer- 
enced to TMS (1H and '3C spectra) or external 'IBF3 �9 
O(C~H5)2 ("B spectra). Conductivity data were recorded on 
a YSI Model 30 conductivity bridge at 1000 Hz. Electronic 
spectra were recorded on a Cary 14 or Shimadzu 210 spec- 
trophotometer in 1 cm matched quartz cells. 

Cyclic voltammetry experiments were performed with 
a PAR Model 173 potentiostat and a PAR Model 175 uni- 
versal programmer. Data were recorded on a Bascom- 
Turner Model 4120 electronic recorder. The electrochem- 
ical cell consisted of a three-neck flask with a volume of 
approximately 15 ml. The working electrode was a Pt 
wire, and the counterelectrode was a Pt loop. The refer- 
ence electrode was a H2 gas electrode. 

Chemical analyses.--The concentration of H~B,~C1,2(aq) 
and H~B~0Cll0(aq) was determined by potentiometric titra- 
tion with standard 0.1N NaOH. The B,2CI~ 2- ion was also 
determined gravimetrically as [(C~Hs)4N]~B~2C1,2. Chloride 
(to -0 .1  ppm) was detected by precipitation as AgC1 in al- 
coholic solution. Elemental  analyses were performed by 
Galbraith Laboratories, Incorporated, Knoxville, 
Tennessee. All water used was doubly distilled from 
Barnstead tin stills, then distilled from alkaline 
permagnate in an all glass system and stored under N~. 

Results and Discussion 
Characterization of H.2B,2Clr~ and H.~B,oClio.--The pu- 

rity of the acids was established by chemical and spectral 
methods. The infrared spectrum of H.,B12C1,2 �9 8H~O is 
shown in Fig. 2. The absence of a B-H absorption in the 
2400 c m - '  region and the sharpness of the absorption at 
540 c m - '  confirm the complete chlorination of the B,2 
cage (1, 5). The '~B NMR spectrum of H~B~CI,~ displays 
only the absorption at 12.9 ppm reported in the literature 
for B~2Cl122- (1, 9). 'H and ~3C NMR spectra of concentra- 
ted solutions of H2B~2C1,2 �9 8H20 in CD3CN indicated the 
level of organics was <0.01%. The electronic spectrum of 
H2B,2CI,~(aq) prepared with the described procedure, has 
a weak absorption at 224 nm (e <200 M- '  cm-I). 

The complete chlorination of the B,0 cage was 
confirmed by the absence of any absorption due to B-H 
in the infrared spectrum of H~B~0CI~0 �9 7.5H~O (1, 5) and by 
the absence of any B-H resonance in its '~B NMR spec- 
trum (1, 9). The electronic spectrum of H~B~0C1,0(aq) has a 
maximum at 224 nm (e 10,900 M -~ cm- ' ) .  

Conductivity and vapor pressure measurements.--Wa- 
ter vapor pressure-saturation-concentration relationships 
and conductivity measurements  were obtained on aque- 
ous solutions of H2B~2CI,~ at temperatures between 110 ~ 
and 150~ and water vapor pressures of 250-600 torr. The 
results are presented in Table I. At 140~ and a water 
vapor pressure of <600 torr, the solution was very vis- 
cous. At temperatures >145~ the solution solidified. 

No volatile, acidic species were detected coming from 
the solution during the measurements below 145~ Dur- 
ing the measurements,  the initially colorless solution 
darkened. The solution, at the end of the measurements,  
had the electronic spectrum shown in Fig. 3. Gel permea- 
tion chromatography (Bio-Beads S-X8 resin) of  the aque- 
ous solution did not indicate multiple components.  
Chemical tests for C1- were negative. The infrared spec- 
t rum of the solid, after removal of the excess H..,O, is virtu- 
ally identical to that of the starting material. 
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After  e x t e n d e d  m e a s u r e m e n t s  at >150~ a water-  
insoluble ,  black mater ia l  fo rmed  along wi th  free C1-. The 
infrared spec t rum of the insoluble,  b lack mater ia l  con- 
tains absorp t ions  at 1030 c m - ' ,  indica t ing  re tent ion  of  the  
B,z cage s t ructure  (1, 3). In  addit ion,  the  infrared spec- 
t r u m  shows  absorp t ions  character is t ic  of  B - - O  bonds  at 
~1450 c m - L  The mater ia l  was  not  character ized further,  
bu t  is p robab ly  a po lymer ic  oxygen  br idged  species such  
as -(-B~2Cll00-)-n (3, 7). 

Chemical and thermal s tabi l i ty . - -The solid hydra tes  
and concen t ra ted  solut ions  of  both  H2B~zC112 and 
H~B~oCllo part ial ly d e c o m p o s e  w h e n  hea ted  above  100~ 
H.~B~CI~2 �9 8H~O, wh ich  is init ial ly colorless,  tu rns  tan  
wi th in  1-2h, then  progress ive ly  darkens  w h e n  hea ted  to 
150~ unde r  vacuum.  No infrared de tec tab le  gases form 
dur ing  this process.  The  resul t ing  brown,  hygroscop ic  
solid analyzes as the  te t rahydra te  H~B~zCI,~ �9 4HzO. The in- 
frared spec t rum of H2B~2Clr., �9 4HzO is vi r tual ly  ident ical  
to that  of  H2Br.,CI~2 �9 8H20, excep t  for the  O---H bands  in 
the  3400-3600 c m - '  region. The  'H  and ~B NMR spectra  of 
the te t rahydra te  are ind is t inguishable  f rom those  of 
H2B,~CI,~ �9 8H20. 

When  H.~B,~CI~2 �9 4H.~O is dissolved in H~O, the  initially 
b rown  solut ion turns  v io le t  over  a 24h period.  The  UV 
spec t rum of  the  te t rahydra te  has a m a x i m u m  at 224 nm, 
wi th  an intensi ty  that  var ies  f rom sample  to sample.  

HzB~oC1,0 7.5H~O behaves  similarly.  Hea t ing  of 
H~B,0C1,0 �9 7.5H~O to b e t w e e n  100 ~ and 160~ resul ts  in a 
v io le t  solid that  analyzes as the  te t rahydrate ,  H2B,oCII0 �9 
4H20. The infrared s p e c t r u m  of the  te t rahydra te  is virtu- 
ally ident ica l  to that  of  HzB,oCl,o �9 7.5HzO. 

The v io le t  color  of  the te t rahydra te  rapidly disappears  
u p o n  dissolut ion in H20 or exposu re  to air. However ,  the 
color  remains  for 5-10 min  in acetonitr i le.  The  v io le t  solu- 
t ion has  m a x i m a  at 596 and 421 nm, in a ratio of 2.1 to 1, 
and at 224 nm. This  is the  same as that  of the  monoanion ,  
B,oCl~o- which  can  be  p repa red  by the l e -  ox ida t ion  of  
Li~B,oC1,0 in acetoni t r i le  (4). 

Table I. Specific conductivity (1/~-cm) of H2B,:CIr2 and H20 vapor 
pressure (mm Hg) over H:B,2CII~ 

110~ 133~ 
Specific Specific 

Vapor w/o conduc- Vapor w/o conduc- 
pressure H.~B,2Clr_, tivity pressure H~B,~CI,~ tivity 

250 51.9 0.160 
500 47.5 0.360 500 52.4 0.206 
600 47.0 0.373 600 51.3 0.239 

We bel ieve the  changes  in H2Br.,CI,~ and H2B10Cllo dur- 
ing hea t ing  resul t  f rom dehydra t ion  of  the  acids. To verify 
this, solut ions of H2B,0Cl~0 - 7.5H20 and H2B~2C1,2.8H20 in 
acetoni t r i le  were  dr ied by passage over  4_i molecu la r  
sieves. The  spectra of  the resul t ing  pale  v io le t  solut ions 
were  that  of the  B~oCllo- and p re sumab ly  the  B~2CI,z- 
monoanions ,  respect ively .  

H2BlzC112 �9 8HzO and H.2BloCI,o �9 7.5H20 can also be  dehy- 
dra ted  to the  te t rahydra tes  at r o o m  t empera tu re  by 
s tor ing t h e m  over  P205 unde r  vacuum.  Over  a 1-2 w e e k  
per iod,  the  solids ob ta in  the  viole t  color  of  the mono-  
anions.  The viole t  color  rapidly  fades u p o n  exposure  to 
the  a tmosphere �9  

In  contrast ,  di lute  (0.2M) aqueous  solut ions of  H2B,2Clr_, 
are indefini te ly stable w h e n  s tored in sealed tubes  at 
110~ 

The  intensi t ies  of the v is ib le  adsorp t ions  of the  
monoan ions  indicate  that  H~B,2CI~2 �9 4H.20 and H2B,0Cll0 
4H20 are not  quant i ta t ive ly  conver ted  to the  monoan ions  
unde r  any of  the  above  condit ions.  The  format ion  of  the 
monoan ions  can be  exp la ined  by the  d i spropor t iona t ion  
react ions  

HzB12C112 - 4H20 ~ HB,2C1,2 �9 4H20 + 1/2 H~ [1] 

H2B10Cllo �9 4H~O ~ HB,0C1,0 - 4H~O + 1/2 H~ [2] 

React ions  that  may  involve  similar  m e c h a n i s m s  have  
been  repor ted  wi th  the  hydrides ,  H~B12H12 and H2B~0H,o 
(10). 

The insoluble  prec ip i ta te  observed  in the  conduct ivi ty-  
vapor  pressure  m e a s u r e m e n t s  of H~Br_,C1,2(aq) l ikely 

60 ~ / / ~  800 
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~ 40 9: 
- - - ~  ] ~00 - 
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WAVELENGTH, NM 
Fig. 3. Electronic spectrum of an aqueous solution of H2BI2CI12 after 

conductivity and water vapor pressure measurements at temperatures 
between 1100 and 140~ 
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formed from reactions of the monoanion such as (6, 10, 
11) 

HBI~Cll~ + H20 ~ HBI..,ClllOH + HC1 [3] 

HB~2C1HOH ~ -(-HB~2CI~00-)-n + nHC1 [4] 

The differences in the reaction of HBI~CI~2 and HB~0Cll0 
with water and the resultant products reflect the differ- 
ences in the electronic properties of the B~2 and B~o struc- 
tures which have been found with the hydrides (1, 10, 11). 
The final products of these reactions, which depend on 
the experimental conditions, were not investigated. 

The formation of the violet color upon dehydration of 
H2BloCll0 �9 7.5H20 to the tetrahydrate has been reported 
previously, but was attributed to unknown impurities in 
the material (12, 13). 

Solid-probe mass spectral analysis of H2B~2Cl~2 �9 8H20 
and H2B10CI~0 �9 7.5H20 shows that both decompose below 
200~ The most intense mass ion peaks in the H~BrzC112 
spectrum correspond to HC1 (m/e of 36) and B8C16 (m/e of 
298). The major mass ion peaks from H2B10CI~o correspond 
to HC1 (m/e of 36), BCI~ (m/e of 81), and B9C17 (m/e of 344). 
Both compounds show other mass peaks which can be 
assigned to various B~CI~ fragments. It should be noted 
that the experimental setup prohibited measurement  of 
m/e values of <20. Thus the formation of H.,, as suggested 
in Eq. [1] and [2], was not verified. 

Electrochemical characterization of H2BI2CI~2 and 
H2B~6CIIo.--A cyclic voltammogram of a solution of 50 mM 
H~B~2CI~2 and 0.5M H~SO, on a Pt electrode is shown in 
Fig. 4, along with a cyclic voltammogram of 0.5M H~SO4. 
The suppression of the formation of the oxide layer on 
the Pt and the shift in the potential of the hydrogen re- 
duction and oxidation peaks is characteristic of anionic 
absorption on the Pt surface. 

The electrochemical behavior of solutions of H2B10Cllo 
is similar to that of H2B12Cll~. The B10Cllo 2- anion can be 
oxidized at very anodic potentials in aqueous media on a 
Pt electrode. The oxidation product is the violet 
monoanion B1oCll0-, which rapidly decomposes in aque- 
ous media. 

Conclusions 
The low decomposition temperature of the acids is in 

contrast to that of the alkali metal salts which are stable 
to >200~ (1) and to previous reports on the thermal 
stability of the acids (7, 13). The greater stability of the al- 
kali metal salts is the result of the cations which are not 
easily reducible (10). Thus the analogous reactions [1] 
and [2] do not occur at <200~ even with the anhydrous 
salts. However, with H + as the cation, these reactions be- 
come favorable as the water of hydration is removed. It 
can also be expected that similar reactions may occur 
with alkali metal salts when used in reducible, 
nonaqueous solvents such as SO..,(1) under  the proper con- 
ditions (14). 

In conclusion, it appears that H2B12Cl12 and H2B~oCI~o are 
not attractive for use as alternative electrolytes to H3PO4 
in acid fuel cells. 
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Techn ca]l Notes 

Electrical Conduction in AgI-ALO Composites 

P. Chowdhary, V. B. Tare, and J. B. Wagner, Jr.* 

Center for Solid State Science, Departments of Chemistry, Mechanical, and Aerospace Engineering and Physics, Arizona 
State University, Tempe, Arizona 85287 

A dispersion of submicron size T-AI~O3 particles in the 
matrix of an ionic solid is known to enhance the electrical 
conductivity of such a matrix by several orders of magni- 
tude (1, 2). Although the importance of surface area of the 
dispersoid has been realized, the precise mechanism of 
enhancement  of conduction has not yet been established. 
Recently, Khandkar and Wagner (3) suggested that the 
enhanced condition in AgCl-Al~O3 composites is possibly 
due to the presence of additional silver ion vacancies at 
the AgC1-Al~O3 interface because of the space-charge 
layer. The effect of the dispersion of ~,-A1._,O3 in AgI on the 
electrical conductivity of the composite has been investi- 
gated by Shahi and Wagner (4). The work reported in the 
present paper is an extension of that work and involves 
measurement  of ac electrical conductivity as a function of 
temperature and concentration of Al~O3 of 0.06 and 0.3 ~m 
diam, with an emphasis on the changes in the transforma- 
tion temperature of fl-AgI to a-AgI during heating and 
cooling cycles for various AgI-Al.,O3 compositions. 

AgI, 99.999% pure, was purchased from Aldrich Chemi- 
cals. Agglomerate-free ~-Al~O3, 0.06 and 0.3 ~m diam and 
99.8% p u r e , w a s  obtained from Adolf Meller Company. 
The surface area of this alumina was determined inde- 
pendently by the BET method and was 80 and 22 m2/g 
for 0.06 and 0.3 ~m diam alumina, respectively. The 
sample preparation technique and the cell assembly used 
for conductivity measurements were the same as reported 
in Ref. (4), except that in  the present study all the Al~O~ 
was used in the as-received condition, i.e., not dried. The 
A1203 contains about 3 weight percent (w/o) moisture. Be- 
fore starting measurements the pellets were annealed un- 
der argon in the cell at 160~ for 24h. For the measure- 
ments, the temperature was varied at random while 
cooling as well as while heating. The conductivity was 
measured at each temperature after allowing at least one 
hour after the previous change in temperature. Measure- 
ments were found to be reproducible with respect to sev- 
eral heating and cooling cycles for the same pellet in the 
temperature range 25~176 Similarly, the conductivity 
was measured on at least two pellets of the same compo- 
sition. 

Figure 1 shows the variation of In (rT (r is the conduc- 
tivity, and T the temperature in K) of pure AgI and AgI 
containing 10 and 20 mole percent (m/o) (0.06 and 0.3 ~m) 
as a function of reciprocal temperature in the temperature 
range 25~176 The arrows indicate the heating and cool- 
ing cycles. Although the conductivity data for a large 
number  of AgI-Al~O3 compositions with concentration of 
AlcOa varying from 0 to 40 m/0 have been obtained, data 
for only two compositions are shown in Fig. 1 for clarity. 
The sudden change in conductivity at -148~ is due to 
the transformation of fi-AgI to ~-AgI. Log (r of (fl-AgI + 
A12Oa) at 25~ as well as (a-AgI + A1203) at 200~ is shown 
in Fig. 2 as a function of mole percent as well as volume 
percent Al~O3 of 0.06 and 0.3 ~m particle sizes. As ex- 
pected, the dispersion of A120~ increases the conductivity 
of the composite at 25~ with a maximum in conductivity 
at 30 m/o AI~O~. For a given amount  of AI~O~ added, en- 
hanced conduction is larger for composites containing 

*Electrochemical Society Active Member. 

0.06 ~m particles than for the 0.3 ~m particles. At 200~ 
where only ~-AgI is stable, the dispersion of A1203 de- 
creases the conductivity. The absolute magnitude of the 
decrease in conductivity is, however, much smaller than 
the corresponding increase in conductivity of/~-AgI at 
25~ under similar conditions. Similarly, this decrease ap- 
pears larger than can be accounted for by the decrease in 
the volume fraction of AgI as a result of dispersion of 
A1203. The conductivities of all the composites are less 
than that of pure ~-AgI. However, the conductivities are 
of the order of 1 12-' c m - '  so small experimental errors 
and resistances of lead wires contribute significantly. 
Consequently, two of the decreases for a-AgI(A1203) are 
not in the same order as the increases for ~-AgI(A120~) 
(see Fig. 1). The temperature of transformation of fi-AgI a s  
noted from the sudden change in conductivity remains 
unchanged at 148~ during the heating cycle for pure AgI 
as well as the AgI-A120~ composites. During cooling, how- 
ever, this temperature is found to be lower than 148~ for 
the composites. The difference in the transformation tem- 
perature obtained from heating and cooling cycles, AT, in- 
creases linearly with increase in mole percent of A1~O3 
(see Fig. 3). For the same concentration of A1203, aT is 
smaller for samples containing 0.3 ~m A120~ than for 
samples containing 0.06 ~m AI~O~. Figure 4 shows the var- 
iation of AT with the surface area of A1203 per gram of AgI 
for samples containing 0.06 um as  well as 0.3 ~m A1203. 
The linear change in i T  indicates that, irrespective of the 
particle size, the AT is same for same surface area of the 
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dispersoid. The role of interfacial area in two-phase mix- 
tures in explaining the enhancement  in conduction h a s  
been realized by earlier investigators. Khandkar and 
Wagner (3) suggested that additional silver ion vacancies 
are generated at the AgCYA1203 interface and these con- 
tribute significantly to the enhancement  in conduction. 
Thermoelectric measurements on AgI-A120~ composites 
reported by Shahi and Wagner (4) also suggest that at 
lower temperatures (-25~ enhancement  in conduction 
is predominantly due to the presence of silver ion vacan- 
cies. 

Rice etal .  (5) suggested that the interaction of the cat- 
ion interstitials with the strain field associated with the 
volume change was the principal factor responsible for 
the phase transition. Consequently, a critical concentra- 
tion of silver ion interstitials is essential to drive the tran- 
sition from a-AgI to fl-AgI, or conversely. 

AgI exhibits a Frenke] disorder. We assume that the 
dispersion of A1203 in AgI is associated with additional 
cation vacancies at the AgI/A120~ interface for both the a- 
and the fl-AgI. At high temperatures, ~-AgI has the s o -  
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called "average structure," in which all the silver ions are 
moving in between relatively immobile iodine ions in a 
bcc arrangement. The silver ion mobility in this phase is 
so high that equilibrium between various defects is read- 
ily attained. Consequently, when Al~O3 is introduced into 
a-AgI, the cation vacancies generated at the interface act 
a s  sinks for some of the mobile silver ions and hence, the 
conductivity decreases. On cooling the composite from 
above 148~ the smaller concentration of interstitials in 
the composite relative to the ~-AgI without A]~O3 results 
in a lowered phase-transformation temperature because 
of the requirement of critical concentration of interstitials 
to drive the transition. However, at lower temperatures 
the increased conductivity in fl-AgI-A1203 composites is 
due to the increased vacancy concentration. These vacan- 
cies are localized at or near the AI~O~ interface and do not 
affect chemical equil ibrium in the bulk matrix. The con- 
centration of vacancies in the bulk matrix is given by the 
square root of the Frenkel constant at each temperature, 
so the bulk phase transformation fl to a occurs at 148~ 
the same as for AgI without A1.203 dispersoids. 

Because the decrease in the number  of  interstitials is 
dependent  on the number  of additional vacancies at the 
AgI/A1203 interface and these in turn depend on the inter- 
facial area or the mole percent A1203 added, the decrease 
in transformation temperature is expected to be propor- 
tional to the concentration of Al~O3 as is observed. 

Electroneutrality must be preserved. At present, we do 
not know what compensates the suggested presence of 
the additional cation vacancies. The mechanism sug- 
gested above is a working hypothesis which is consistent 
with the observed experimental  data, but further study is 
required to test this suggestion. 
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Galvanic Action Between MnO2-Metal Couples and Its Effect on the 
Discharge of Li/MnO2Cells 

Niles A. Fleischer *'~ and Ronald J. Ekern* 

R A Y O V A C  Corporation,  Madison,  Wisconsin 53711 

The Li/MnO2 p r imary  ba t te ry  sys t em del ivers  ene rg y  via 
a reac t ion  w h e r e  l i th ium ions  are inse r t ed  into the  hos t  
MnO~ ca thode  (1). This  inse r t ion  reac t ion  has  b e e n  a rgued  to 
be r e spons ib l e  for t he  vol tage profile du r ing  d ischarge .  
Af te r  a relat ively fast  d rop  f rom the  open-c i rcu i t  value,  the  | 
v o l t a g e  d e c r e a s e s  s l o w l y  b u t  c o n t i n u o u s l y  d u r i n g  a 
s ignif icant  f ract ion o f  the  usefu l  life of t he  bat tery.  At the  
end-of-l ife,  the  cell vol tage  d rops  prec ip i tous ly .  In addi t ion,  
the  conduc t iv i ty  of  the  MnO~ dec reases  so tha t  the  cell im- 
p e d a n c e  slowly bu t  con t inuous ly  increases  du r ing  dis- 
charge,  w i th  a rap id  inc rease  occur r ing  near  the  e n d  of  cell 
life. However ,  we  conc lude  f rom labora tory  e x p e r i m e n t s  
and  t e s t ing  of actual  cells tha t  a corros ive  in te rac t ion  be- 
t w e e n  the  MnO~ ca thode  and  meta l  cell case ex is t s  and  con- 
t r i bu t e s  to t he  dec l in ing  cell vol tage  and  inc reas ing  in ternal  
cell r e s i s t ance  du r ing  d ischarge .  The m a g n i t u d e  of th is  cor- 
ros ive  con t r ibu t ion  is a func t ion  of  the  c o m p o s i t i o n  of  the  
meta l  cell case. 

Galvanic  activity b e t w e e n  be ta  MnO2 and  var ious  meta l  
case  mater ia l s  was  m e a s u r e d  w i t h  a galvanic coup le  cu r r en t  
t e s t  (GCCT) (2). MnO2 c a t h o d e s  (3), 1.48 c m  d iameter ,  w e r e  
init ial ly sa tu ra ted  wi th  an organic  e lec t ro ly te  of LiCIO4- 
p r o p y l e n e  c a r b o n a t e / d i m e t h o x y e t h a n e .  These  ca t h o d es  
were  ins ta l led  in the  f ix ture  of  Fig. 1 a long w i t h  the  meta l  
coupon ,  and  the  f ix ture  was  filled wi th  1.0M LiC104- 
/PC/DME wi th  initial wa te r  con t en t  of less t h a n  50 ppm.  The 
MnO2 and  the  meta l  c o u p o n  were  c o n n e c t e d  ex te rna l ly  
w i th  a 300 k ~  resistor .  

The meta l s  and  alloys s tud ied  are s h o w n  in  Table  I, w h e r e  
the  galvanic cor ros ion  cu r r en t  at t = 0 and  t = 8h were  re- 
co rded  at r o o m  t empera tu r e .  The coupons  were  deg reased  
and  dr ied  bu t  o the rwise  u s e d  as rece ived  in o rde r  to com- 
pare  the  resul ts  w i th  later  cell tests .  

The data  in Table  I ind ica te  tha t  t he  s ta inless  s teels  mos t  
r es i s t an t  to galvanic ac t ion  wi th  MnO~ u n d e r  t h e s e  condi-  
t ions  general ly  have  a c h r o m i u m  con ten t  above  18%, 1-4% 
m o l y b d e n u m ,  and  no nickel.  Cold rol led steel  (CRS) wi th  a 
surpr i s ing ly  low GCC, and  29-4 were  excep t ions  to this  
t rend .  The 29-4 is d i f fe ren t ia ted  f rom the  m o r e  res i s tan t  
29-4-C by  its lack of  a t i t an ium stabilizer.  P e r h a p s ,  t he  
poore r  t han  e x p e c t e d  p e r f o r m a n c e  of  29-4 can  be  e x p l a i n e d  
by  the  a p p a r e n t  i m p r o v e d  p ro tec t ion  p r o v i d e d  by  t i t an ium 

Material 
s tabi l izers  (T-439 vs. 430 and  29-4-C vs. 29-4). M o l y b d e n u m  
was  found  to be neces sa ry  as a m i n o r  c o m p o n e n t ;  its 
c o m p l e t e  ab sence  i nc r ea sed  the  GCC (444 vs. T-439). The SHOMAC 30-2 

CRS 
Ni-Cr alloy i ncone l  600 was  more  res i s t an t  to galvanic ac- Inconel 600 
t ion  t h a n  the  Ni 200. E-Brite 

S o m e  of  the  mater ia l s  in Table  I were  fabr ica ted  into Ni 200 
CR2016 coin  cells. Open-c i rcu i t  vol tage and  i m p e d a n c e  29-4-C 444 
were  m e a s u r e d  after 21-25 days  (Table II). These  cells were  304L 
t h e n  d i scha rged  on 15 k ~  at r o o m  tempera tu re .  The t ime 316L 

T-439 
* Electrochemical Society Active Member. 430 
' P e r m a n e n t  address:  TADIRAN, Lithium Battery Plant,  29-4-2 

Rehovot 76 100, Israel. 29-4 

B B 

1 

Fig. 1. Experimental apparatus for measuring the galvanic couple cur- 
rent with: A, electrolyte reservoir; B, contact pistons; C, MnO: cathode; 
D, coupon of can material; and E, stopper for the electrolyte fill tube of 
the Teflon block. 

r equ i r ed  to reach  a 2.4V cu to f f  vol tage and  a 50~ i m p e d a n c e  
level were  recorded .  

There  was  good corre la t ion  b e t w e e n  galvanic act ivi ty 
and  the  hours  to 2.4V, de l ivered  capaci ty  and  open-c i rcu i t  
i m p e d a n c e .  That  is, case mater ia ls  w i th  h ighe r  galvanic 
cu r r en t s  de l ivered  less  ene rgy  than  mater ia l s  w i th  lower  
galvanic  currents .  Addi t ional ly ,  the  in te rna l  i m p e d a n c e  of 
t hese  cells inc reased  at a m o r e  rapid  rate  t h a n  d id  the  o ther  
cells. Similar  corre la t ion  b e t w e e n  open-c i rcu i t  vol tage  and  
galvanic act ivi ty was  no t  apparen t .  The galvanic  act ivi ty is 

Table I. Galvanic couple currents for various stainless steel and nickel 
alloys vs. MnO2 in LiCIO4-PC/DME electrolyte at room temperature. 

Average values of two measurements. Where appropriate, the remainder 
of the composition is iron 

GCC, 
Composition ~A]cm ~ 

%Cr %Mo %Ni Stabilizer t =0  t = 8 h  

30 2 - -  - -  0.25 0.00 
. . . .  0.28 0.12 

15.5 - -  76 - -  0.37 0.19 
26 1 ~ - -  Nb 1,90 0.00 
- -  - -  99.0min - -  2.10 0.00 
29 4 - -  T i  3,87 0.04 
18 2 - -  Nb, Ti 5.87 0.05 

18-20 - -  8-12 - -  9.45 0.31 
16-18 2~3 10-14 - -  11.10 0.40 

18 - -  - -  Ti 11.97 0.20 
14-18 - -  - -  - -  13.40 2.15 

29 4 2 - -  13.93 0.42 
29 4 - -  - -  15.62 0.38 

Table II. Open-circuit and 1 S k~ discharge data for cell lots built with different can materials ranked according to the MnO2-can galvanic activity. The 
data represent an average of three C R2016 cells/lot. The capacity data consist of the mean _+ the standard deviation. Cells were stored three weeks at 

room temperature prior to the measurements 

Open-circuit 
impedance Hours to Hours to mAh to GCC 

Lot Can material OCV (V) (f~) 50~1 2.4V 2.4V (~A/cm ~) 

006 Shomac 30-2 3.313 15 288 362 67 • 1.0 0.13 
707 E-Brite 3.243 22 204 337 63 • 1.0 0.95 
704 316L 3.22 23 192 323 60 • 2.3 5.75 
706 430 3.254 25 156 333 62 • 1.2 7.78 
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taken as the time averaged GCC using the readings at t = 0 
and t = 8h from Table I. 

Corrosion of the case material seems to be the most likely 
cause of the galvanic activity measured in these experi- 
ments. Changes of the inner surface of the case due to the 
accumulation of corrosion products might interfere with 
contact to the MnO~, which could account for the higher 
predischarge impedance levels for case materials with 
larger GCC. The simplest explanation is that the additional 
impedance contributed to the cell by the corrosion process 
is additive with the increase in impedance due to the lith- 
ium insertion process. Thus, cells built with materials ex- 
hibiting a high GCC reach the 50~t impedance cutoff sooner 
than cells built with corrosion resistant case materials, e.g., 
Shomac 30-2. High cell impedance and the degraded con- 

tact between the MnO2 and the case can also be used to ex- 
plain the lower discharge capacity generally found in cells 
built with materials having high levels of GCC (Table II). 
The lower capacity is due to slope of the discharge curve 
which shortens the discharge time. 

Manuscript submitted July  31, 1984; revised manuscript 
received Aug. 16, 1984. 
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In the course of the development  of ambient temperature 
Li secondary cells, it has been pointed out that the choice of 
an e l ec t ro ly t e  sys tem is of  specia l  i m p o r t a n c e  in the  
efficient cycling characteristics of the Li electrode (1, 2). It 
is generally agreed that suitable solvents for the Li second- 
ary electrode are 1,3-dioxolane (DOL) and 2-methyltetrahy- 
drofuran (2Me-THF) (3). As electrolytic salts, LiC104 and 
LiAsF~ have been used for DOL and 2Me-THF, respectively. 
The Li cycling efficiencies are sufficiently high in these 
solvent-salt systems, but some problems are still left. For 
instance, it has been shown that DOL/LiC104 solutions are 
susceptible to detonation (4), and the solubility of LiAsF~ in 
2Me-THF is at most 1.5M (mol din-3), which leads the rela- 
tively low conductivity ( -  4.0 • 10 -3 S cm -2) of the solution 
(5, 6). Therefore, various solvent-salt combinations are now 
under investigation (3). 

Previously, the authors proposed the use of the mixed 
DOL-THF (1:1 vol)/LiBF4 system as an electrolytic solution 
for Li secondary cells (7). The principal advantages of the 
mixed solution are its high conductance, compared with 
DOL/LiBF4 and THF/LiBF4 (7, 8), and a slight potential 
change of the Li electrode during the charge-discharge cy- 
cle (7). In the present paper, influences of the charge- 
discharge current densities and the electrolyte concentra- 
tion on the Li cycling efficiency were investigated in 
DOL-THF/LiBF4 solutions. Furthermore, 2-substi- 
tuted-l,3- dioxolanes such as 2-methyl-l,3-dioxolane (2Me- 
DOL) and 2,2-dimethyl-l,3-dioxolane (2,2Me2-DOL) were 
examined as a cosolvent with THF instead of DOL, which 
was subject to polymerize at high LiBF4 concentration (3, 
8). 

Experimental 
The purification of DOL (Tokyo Kasei Kogyo) and THF 

(Toyo Soda Manufacturing), and preparation of LiBF~ 
(Morita Chemical Industries) solutions were carried out as 
described previously (7, 8). 2Me-DOL and 2,2Me~-DOL were 
synthesized at the Central Research Laboratory, Ube In- 
dustries, and were purified in a similar manner as DOL. 

Li cycle efficiency was measured by Koch's method (9). 
A beaker-type glass cell (volume = 100 cm 3) was used for the 
measurement. The test substrate was a Ni sheet mounted 
on a Teflon holder. Apparent surface area of the Ni sub- 
s t ra te  e x p o s e d  to the  so lu t ion  was 0.95 cm 2. The 
counterelectrode was a Li sheet with a Ni mesh (2.5 x 3 cm). 
A Li fragment on the tip of Ni wire was used as the reference 
e l ec t rode ,  wh ich  was c o n n e c t e d  to the tes t  e l e c t r o d e  

* Electrochemical Society Active Member. 

through a Luggin capillary. The plating and stripping cur- 
rent densities (i,, is) were normally 2 mA/cm 2, and the plated 
charge (Q,) was 0.2 C/cm 2. The cycle efficiency was evalu- 
ated by Qs/Qp • 100 (%), where Qs is stripped charge. 

The current-potential curves of the Li electrode were also 
measured by using the same apparatus as described above, 
except for the Li test electrode. A L i  foil disk (Kyokuto 
Metal Industries; 1.33 cm 2 • 0.02 cm) was used as the test 
electrode. The disk was mounted on a Teflon holder and 
was kept in contact with a Ni current collector. Current- 
potential curves were potentiostatically measured, where 
the electrode potential was stepwise changed at first from 
the reversible potential to anodic (discharging) ones and 
then changed to cathodic (charging) potentials. These ex- 
periments were carried out in a dry Ar atmosphere at room 
temperature (18~176 The electrolytic conductivity of the 
solution and the relative permittivity and the viscosity of 
the solvent were measured by usual methods (8) at 30~ 

Results and Discussion 
In the previous work (7), it was proved that the Li cycle 

efficiency in mixed DOL-THF (1:1 vol)/LiBF4 was initially 
lower than that in THF/LiBF4 but that the efficiency varia- 
tion with cycle number  in the mixed solution was rather 
small. The efficiency in DOL/LiBF4 was much lower than 
that in THF/LiBF4 or DOL-THF/LiBF4. Figure 1 shows the 
variation of the efficiencies in DOL-THF/LiBF4 (1M) for 
different ip (= i~), where Q, was kept constant at 0.2 C/cm 2. 
Average efficiency during the first ten cycles decreased 
with decreasing the current densities. This was probably 
related to the film formation on deposited Li in the solution 
containing THF (10, 11). The lower ip and is were, the longer 
the deposited Li contacted with the solution, as Qp was kept 
constant. This would lead to the result that the Li deposited 
under low ip is not effectively utilized owing to the inert 
film on Li. Conversely, in fact, decreasing Qp tended to in- 
crease the efficiency, under the conditions of constant i ,  
and is. The efficiency at 4 mA/cm=' was initially the highest, 
but it decreased gradually with increasing the cycle. When 
the plating is made at such high current density, the polari- 
zation of the electrode becomes high ( -  0.5V), and then 
some side reaction (e.g. cathodic reduction of the solvents) 
would occur during the charge (plating) at the Li electrode. 
This results in the efficiency loss with repeating the cycle. 

The efficiency variation with LiBF4 concentration in the 
DOL-THF solution is shown in Fig. 2. The electrolytic con- 
ductivity of the solution increased with an increase in 
LiBF4 concentration (8), and the overvoltage at the Li elec- 
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Fig. 1. Variation of efficiency with cycle number in DOL-THF/LiBF4 
(1M), Qp = 0.2 C/cm 2./~: 4 mA/cm~; O: 2 mA/cm2; �9 mAdcm2; ~:  0.5 
mA/cm 2. 

L i B F J M I X E D  E T H E R  E L E C T R O L Y T E S  

Table I. Electrolytic conductivity (K) of the 
LiBF4 solutions at 30~ 
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Concentration of 
Solvent LiBF~ (M) K • 10 :~ (S cm-') 

DOL 1.0 1.54 
2.0 2.25 

THF 1.0 1.80 
3.0 4.30 

DOL-THF(I:I) 1.0 2.33 
3.0 6.06 

2Me-DOL-THF(I:I) 1.0 1.32 
2,2Me2-DOL-THF(I:I) 1.0 0.96 

Table II. Relative permittivity (er) and viscosity (~) 
of the solvents at 30~ 

Solvent er ~ • l0 :~ (kg-Js -~') 

THF 7.51 0.45 
DOL 6.74 0.57 
2Me-DOL(I:I) 4.39 0.54 
2,2Me~-DOL(I:I) 3.35 0.62 
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Fig. 2. Variation of efficiency with cycle number in DOL-THF/LiBF4, 
Qp= 0.2C/cm2, i p = i s  = 2 mA/cm2. ~: 2M.�9 1.5M. O: 1M. &:0.bM 
LiBF4. 

t rade decreased with LiBF4 concentration at constant cur- 
ren t  dens i ty .  In sp i te  of these  cond i t ions ,  the  cycle  
efficiency tended to decrease with an increase in LiBF4 
concentration. The efficiency in 0.5M LiBF4 was relatively 
high during the initial cycles, but it decreased with repeat- 
ing the cycle, probably owing to high overvoltage in such a 
low LiBF4 c o n c e n t r a t i o n  solu t ion .  Howeve r ,  the  low 
efficiencies in the high concentration solutions were possi- 
bly caused by degradation of the electrolytic solution. Vis- 
cosity of the solutions containing high concentration of 
LiBF4 increased after the cycling experiments. DOL is poly- 
merized by Lewis acid catalysts (12). Since the salt, LiBF4, 
usually contains a small amount  of tlfe Lewis acid, BF3, as 
an impurity, the polymerization would take place at high 
LiBF4 concentration, even in the mixed DOL-THF solution. 
These  resul t s  s u g g e s t e d  that  the  m a x i m u m  cyc l ing  
efficiency in the DOL-based electrolytes would be gained 
only under the restricted conditions and it would be at most 
70%. The cycling characteristics in the DOL-THF system 
might  be improved by minor modifications of the solvents, 
such as the substitution of THF for 2Me-THF. 

Introduction of alkyl groups to DOL at the 2 position gen- 
erally reduces the rate of polymerization (13). Thus, the 
modification of DOL was examined in the present work. 
Table I shows the electrolytic conductivity of the LiBF4 so- 
lutions. The conductivity of the mixed DOL-THF/LiBF4 
was higher than that of each parent solution, DOL/LiBF4 or 

THF/LiBF4 (8). However, the solutions consisting of DOL 
der iva t ives ,  2Me-DOL-THF/LiBF4 and 2,2Me2-DOL- 
THF/LiBF4, had rather lower conductance. This decrease 
in the conductivity with the substitution of DOL for 2Me- 
DOL or 2,2 Me~-DOL is probably due to changes in the rela- 
tive permittivity and the viscosity of the solvent, which are 
listed in Table II. High viscosity or low permittivity o f  the 
solvent generally leads to low conductance of the electro- 
lytic solutions (14, 15). This is also the case for the present 
mixed systems. 

Figure 3 shows the current-potential relations at the Li 
electrode in the mixed ether solutions. Overvoltages at 
given current densities (so-called polarization) in DOL- 
THF were lower than those in DOL or in THF (7). In 2Me- 
DOL-THF and 2,2Me~-DOL-THF, however, relatively high 
overvoltages were observed. The Li electrode reactions in 
those solutions are mostly controlled by mass transfer pro- 
cess, if the potential is somewhat far from the reversible po- 
tential. As the current densities were dependent  on solution 
stirring, the process was mainly controlled by Li § ion diffu- 
sion in the solution (7). The results shown in Fig. 3 suggest 
that the diffusion rates in 2Me-DOL-THF and 2,2Me~-DOL- 
THF are lower than that in DOL-THF. This is consistent 
with the result of the solution conductivity shown in Table 
I, because diffusion rate of ion is related to electrolytic con- 
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Fig. 3. Current-potential curves of the Li electrode in 1M LiBF 4 solu- 
tions. V: DOL. �9 THF. O: DOL-THF. &: 2Me-DOL-THF. 4~: 
2,2Me2-DOL-THF. 
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Fig. 4. Variation of efficiency with cycle number in IM LiBF4 solu: 
tions, Qp = 0.2 C/cm2,1p = is - 2 mA/cm 2. O: DOL-THF. A: 2 Me-DOL- 
THF. , :  2,2Me.~-DOL-THF. 

ductivity through ionic mobility. Consequently, a lowering 
of the solution conductivi ty by introducing 2Me- or 2,2Men- 
D e L  causes not only an increase in the voltage loss in the 
electrolytic solution during the charge-discharge cycles, 
but  also an increase in the overvoltage for the electrode re- 
action itself. 

The Li cycle efficiencies in 2Me-DOL-THF and 2,2-Me2- 
DOL-THF were shown in Fig. 4, compared with that  in 
DOL-THF. Subst i tut ion of DOL to 2Me-DOL reduced the 
efficiency, and the discharge capacity in 2,2-Me~-DOL- 
THF was practically null. The reason for this efficiency re- 
duction was not clear, but the following interpretat ions 
might  be possible. As the overvoltage for the Li electrode 
reaction is considerably higher in 2Me-DOL-THF and 
2,2Me2-DOL-THF, some side reactions such as electro- 
chemical  decomposit ion of the solvents are more l ikely to 
occur during the cycle. However, methyl  subst i tuents  at the 
2-position of DOL contr ibuted to depressing polymeriza- 
tion, but  enhanced the reactivity of DOL with metallic Li. 
These two effects would result  from stabilization of ring- 
opened products  of DOL with methyl  subst i tuents  (13). The 
detail of the r ing-opened products  was not clear, but  some 
examples  for the reactions would be presented as shown 
Scheme I, where Eq. [2] is analogous to that  of THF (11). 
Both the high overvoltage for the electrode reaction and the 
high reactivity of the solvents with Li would reduce the Li 
cycle efficiency in the solutions consisting of the modified 
D O E  That is, the effect of methyl  group introduct ion to 
DOL was a negative one for the cycling characteristics of 
the Li electrode, in spite of the depression of DOL polymer- 
ization in the LiBF4 solutions. 

In conclusion, however, these results suggest a possibil- 
i ty that  high performance electrolytes can be developed by 
appropriate  modification of common solvents. 

H§ Lewis acid ) ~, H 

R R R 

> polymerization(! ) R= H or CH 3 

(Li) > ( ~ ) ! L i ) ) L i ( J / ' - - ' ~ R  
R 

R R 

) decomposition (2) 

Scheme I 
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Electrolytic Corrosion of Gold and the Formation of Au2(SO4)3 in 
Concentrated Sulfuric Acid 
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Because metallic gold is relatively stable in concentra- 
ted and dilute sulfuric acid, the formation of Au~(SO4)3 is 
not simply a matter of dissolution of the metal in the acid. 
Jirsa and Jelinck (1) Prepared auric sulfate by first pre- 
paring Au(OH)3 by anodic oxidation of gold in dilute 
H~SO4 (O.IN) and subsequently dissolving the Au(OH)3 in 
hot concentrated H~SO4 to form Au.~(SO4)3. From the infor- 
mation in  the literature, it appears that Au2(SO4)~ is stable 
only in concentrated H~SO4; no isolation of a solid of this 
composition has been reported (2), 

Although anodic oxidation of gold in dilute sulfuric 
acid (3, 4) has been studied, there are very few similar in- 
vestigations for concentrated H2SO4. Spiller (5), many 
years ago, reported what appears to be the formation of 
Au2(SO4)3 by electrolysis of gold in concentrated H~SO4. 
Although his work concerning the corrosion of gold has 
been amply verified (6), the equations describing the 
mechanism of formation of auric sulfate have not been 
well established. We have examined the direct anodic oxi- 
dation of gold in concentrated H2SO~ to.more fully under- 
stand the chemical reactions. Au~(SO4)3 is unstable and 
cannot be isolated for chemical analysis, but  our experi- 
ments are consistent with the formation of Au2(SO4)~ in 
concentrated H=,SO4, in which it is stable. Equations de- 
scribing chemical reactions which are compatible with 
the experimental data are presented. 

Concentrated H2SO4 (96-98%, AR grade) with a density 
of 1.84 was used for all the experiments, except where  
specifically mentioned otherwise. The electrolysis was 
carried out with two gold wire electrodes (99.99% pure, i.3 
mm diam) either (i) in a U-tube partially filled with glass 
beads to separate the anolyte and catholyte or (it) in a 
beaker fitted with inverted burettes over the electrodes 
to collect the gases evolved. Each electrode was soldered 
to an insulated copper wire and, with the excePtion of 
about 2.5 cm of exposed gold wire, the electrode was en- 
cased in paraffin so that electrolysis took place only 
along the approximately 2.5 cm exposed section. Most of 
the experiments were run either at constant voltage or at 
constant current. A potential of about 15V and a current 
density Close to 0.35 A/dM 2 was used for most of the ex- 
periments. A few experiments were run at voltages as low 
as 4V and as high as 21V, 

In  all the experiments, the results were about the same. 
About a minute after initiating electrolysis, we observed a 
yellow color about the anode, indicating the dissolution 
of gold. Although the anode showed a significant loss of 
weight during the electrolysis, the fact that no change in 
weight of the cathode was observed even after 10-15h of 
electrolysis indicated that no gold was plated out during 
electrolysis. After several minutes of electrolysis, a cloud 
of very fine white powder, subsequently analyzed as ele- 
menta l  sulfur, was observed at the cathode. When the yel- 
low anolyte is allowed to mix with the catholyte con- 
taining the elemental sulfur, a black precipitate, 
presumably a form of gold sulfide, is immediately precip- 
itated. Gas chromatographic analysis of the evolved elec- 
trode gases showed only hydrogen at the cathode and ox- 
ygen at the anode. However, the gas evolved at the anode 
initially had a distinct odor of ozone, and was undoubt-  
edly the precursor of the oxygen formed. It is worthy of 
note that at ambient  temperatures Hoffman (7) also ob- 
served ozone at the plat inum anode and S at the cathode 
in an electrolysis cell using a concentrated H2SO4 electro- 
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lyte. We found no significant (< 10 ppm) SO~ at either 
electrode. 

More than ten electrolysis experiments were made 
using concentrated H2SO4 as an electrolyte to measure the 
hydrogen-to-oxygen volume ratio. In each experiment, 
about 6-12 measurements of the gas volume of each bu- 
rette were  made successively, the current being turned 
off between each measurement  so that bubbles of gas in 
the solution had t ime to rise in the burettes. It should be 
noted that incremental changes in volume rather than to- 
tal change in volume over the time of the experiment was 
measured. In these experiments, the initial ratio of the 
volume of hydrogen to oxygen was close to 3, but  gradu- 
ally dropped on successive readings to a final value of 2. 
At first, this was thought to be experimental error, bu t  by 
using different burettes, checking for leaks, etc,, we con- 
c]uded that the decrease in the ratio was real. The curve 
in Fig. 1 is typical for these experiments. The general pat- 
tern of change in the ratio of hydrogen to oxygen volumes 
evolved is as follows: During stage A, an initial ratio of 
about 3 decreased very slowly for the first 2 min of elec- 
trolysis. The ratio gradually :dropped to and remained 
about 2.5 for about 10 min (stage B), and then dropped to 
2 (stage C), where it remained throughout the balance of 
the run. 

Because the electric potentials used are well above the 
threshold for any electrode reaction, and because essen- 
tlally the same results were obtained in constant-potential 
experiments at different Potentials, one must  conclude 
that the change in gas volume ratio with time of electroly- 
sis is not potential-related. However, it is reasonable to as- 
sume that the observed results are related to a change in 
chemistry with time of electrolysis. After exploring the 
various possible chemical reactions~ only one set of reac- 
tions was found to give results compatible with the obser- 
vations. 

In  the concentrated sulfuric acid prior to electrolysis, 
autoprotolysis produce s the major ions H3804 + and 
HS04-, and a lesser ionic concentration of H~O § and 
HS207- (about 20-10% of the ionization, respectively) (8). 
As gold is relatively inert in concentrated H,2SO4, it is rea- 
sonable to assume that during electrolysis the cause of 
the dissolution of gold is the highly reactive free radicals 
formed by the discharge of the negative ions in the con- 
centrated sulfuric acid. 

The anode reactions are given by Eq. [1]-[4] 

2Au + 3HSO4- ~ [2Au + 3HSO4 
+ 3e-] ~ Au~(SO4)3 + 3H § § 6e- [1] 

3H § + 3H~SO4 ~ 3H3SOJ [2] 

2Au + 3HS207- --+ [2Au + 3HS20~ + 3e-] 
--* Au~(SO4)~ + 3HSO~ + + O3 + 6e- [3] 

03 --> 3/2 O~ [4] 

O~ is the only gas formed at the anode, as was inferred 
from the experiments. 

The three hydrogen ions from reaction [1] protonate the 
undissociated H2SO4 molecules in the acid to form three 
H:~SOJ ions (Eq. [2]). These ions together with three 
H3SO4 § ions initially in equilibrium with the three HSO4- 
ions in Eq. [1] acquire electrons at the cathode to form hy- 
drogen. Thus, at the cathode, the following reaction takes 
place 

6H~SO4 + -~ [6H ~ + 6H2SO4 - 6e-]  
--> 3H~ + 6H,,SO4 - 6e- [5] 
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Fig. I .  Ratio of the incremental change in gas volume at the cathode to 
the gas volume change at the anode as a function of time of electrolysis. 

In addition, the three H30 § ions, initially in equilibrium 
with the three HS~O~- ions shown in Eq. [3], are also neu- 
tralized at the cathode 

3H30 § ~ [3H ~ + 3H~O - 3e-] 
3/2 H2 + 3H~O - 3e- [6] 

and yields 1.5 molecular volume of hydrogen.  The total 
yield of hydrogen at the cathode from Eq. [5] and [6] is 
thus 4.5 mol, the required amount of hydrogen to give the 
initial hydrogen-to-oxygen ratio of 3 that was observed 
experimentally (stage A, Fig. 1). 

To maintain a conservation of charge, an additional re- 
action takes place at the cathode. The HSO~ ~ ions formed 
at the anode (Eq. [3]) migrate to the cathode, gain one 
electron, and for a short t ime exist as free radicals. Thus 

3HSO2 § ~ [3HSO~' - 3e-] [7] 

At the cathode surface, atomic hydrogen is also being 
formed (Eq. [5] and [6]), and is available to react with the 
HSO2 ~ formed at the same site. Thus 

3HSO2' + 3H ~ ~ H2SO4 + 2H20 + 2S [8] 

The consumption of the 3H ~ radicals thus reduces the hy- 
drogen output from 4.5 to 3 mol, and the hydrogen-to- 
oxygen ratio decreases to 2. At the same time, elemental 
sulfur is formed. On initiation of electrolysis the reactions 
[1]-[6] take place immediately because H3SO4 ~ and H~O ~ 
ions exist throughout the bu lk  of the electrolyte. Thus, 
the hydrogen-to-oxygen gas volume ratio is initially about 
3 (stage A). However, the HSO2 § ions form at the anode 
surface and mus t  migrate to the cathode. As the HSO2 ~ 
ions begin to arrive at the cathode, the rate of hydrogen 
production decreases because of reaction [8], causing the 
hydrogen-to-oxygen ratio to decrease to a value of 2. If 
the gas volumes could be measured without interrupting 
the current, the transition of the ratio from 3 to 2 would 
undoubtedly be monotonically decreasing. During stage 
B in Fig. 1, the essentially flat section of the curve proba- 
bly reflects the current shut-off periods during which the 
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volume measurements were made. Because of the bub- 
bles clinging to the sides of the burette, a current shut-off 
period was necessary to obtain good volume measure- 
ments. 

The above reactions take place only in concentrated 
H~SO4. To determine the degree of concentration re- 
quired, a series of experiments was made with increas- 
ingly diluted H~SO4. It was found that the same electrode 
reactions took place until the concentration of H~SO4 was 
reduced to 16.3N. At this concentration, a dark brown pre- 
cipitate was observed at the anode which was probably 
auric oxide, as observed by Jeffery (9), or Au(OH)3, as re- 
ported by Jirsa and Jel inck (1) in dilute sulfuric acid. The 
dark brown precipitate persisted for all dilute sulfuric 
acid electrolytes with concentrations between 16.3 and 
6.3N. Below 6.3N, both gold electrodes were inert, and 
electrolysis was essentially that of water. 

The above experiments and electrode reactions help to 
explain the formation of S at the cathode, and of 
Au~(SO4)3 and 03 at the anode. One can write equations to 
yield other gold compounds or ion complexes, but, invari- 
ably, one or another of the experimental  results is left 
unexplained. For example, one can assume that monova- 
lent rather than trivalent gold is dissolved during electrol- 
ysis, but it is easily shown that the hydrogen-to-oxygen 
ratio obtained is not that which is observed experimen- 
tally. While the above model uniquely fits the experimen- 
tal data, it should be retained as an hypothesis. 

Additional work must  be done to prove all the steps. We 
tentatively conclude that trivalent gold formed by electro- 
lytic corrosion in the concentrated sulfuric acid is in the 
form of Au.2(SO4)3. 
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On Depositing Conductors from Solution with a Laser 

A. Auerbach 
General Electric Company, Corporate Research and Development, Schenectady, New York 12301 

The integration of lasers into a variety of technologies is 
presently occurring. In no area is this more apparent than 
microelectronic processing (1, 2). Among the features mak- 
ing this possible is the ability of the laser to function as a 

highly localized photon and/or heat source, and the fact that 
it can be used in a hands-offmanner to effect processing. To 
date, most work has involved gaseous systems; this is be- 
cause they offer the least interference to the laser radiation. 
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Fig. 1. Silver conductor reduced from solution onto alumina substrate. 
Thin portion was written using 100 mW. Thicker region was written 
using SO0 mW. Scan rate was 300/~m/s. Laser radiation was focused 
through 10• objective. 

A variety of metals have been deposited from the gas phase. 
Deutsch et al. (3) used a UV laser to deposit silicon nitride 
(Si3N4) from gaseous reactants. Refractory metals such as 
iron, chromium, and tungsten have also been deposited 
(4, 5). Recently, Solanki et al. deposited aluminum oxide 
and aluminum thin films from gaseous reactants using a 
UV laser (6). 

Liquid systems have also been investigated, von Gutfeld 
et al. (7) used an argon-ion laser to provide localized heating 
to rapidly electroplate gold onto a nickel-plated beryllium 

substrate without adversely affecting the quality of the de- 
posit. The gold electroplate was crack-free, dense, and had 
excellent adhesion to the substrate material. Karlicek et al. 
(8) used a pulsed dye laser to electrolessly plate gold or plat- 
i n u m  f rom an aqueous  so lu t ion  of  ch lo rop l a t i n i c  or 
chloroauric acid. The focused laser output heats the sub- 
strate material to promote reaction between the substrate 
and dissolved metal salt. 

In this communication, we describe an alternative sys- 
tem which has been used to electrolessly deposit continu- 
ous silver conductors from solution onto an a luminum sub- 
strate.  A laser  is used  to p rov ide  local  hea t i ng  of  the 
substrate. The heat promotes a novel redox reaction be- 
tween the solvent and dissolved salt to deposit silver. Since 
the redox reaction occurs at a moderate temperature 
(< 250~ a relatively low laser power is required to deposit 
silver on the alumina substrate. Substrates having higher 
thermal conductivities require higher laser powers so that 
an adequate average temperature i s maintained during the 
scan. 

The solution is formulated by dissolving 50% by weight 
s i lver  n i t ra te  (Metron,  I nco rpo ra t ed )  in to  N-me thy l  
pyrrolidone (Aldrich). The salt is dissolved with mild heat 
and stirring. The resulting solution is colorless since the 
loose complex formed between the silver ion and amide 
group does not absorb in the visible. 1 This is significant be- 
cause it is desirable that the laser energy be absorbed by the 
substrate .and not the solution. 

The apparatus consists of a quartz cell with liquid input 
and exit ports. The substrate is mounted in the cell with its 
surface 2 mm from the window. The output from an argon- 
ion laser is focused, through a 10• objective, onto the sub- 

' A charge transfer complex to the silver ion results when the am- 
ide group contains an electron-rich side chain (e.g., N-vinyl 
pyrrodidone). The solution is then colored, since the charge transfer 
complex absorbs in the visible. 

Fig. 2. 1OK magnification SEM of conductor region. X-ray analysis also shown. 
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strate. The work area is simultaneously viewed by a video 
camera and displayed. The cell is translated relative to the 
laser using a programmable X-Y translator stage (Anorad, 
Incorporated). 

Figure I shows one such silver conductor deposited onto 
an alumina substrate from the above solution. The wider 
conductor section was written using a laser power of 500 
mW and translation speed of 300 ~m/s. The thinner  section 
was written using only 100 mW of power. The measured re- 
sistance of a 0.5 cm length of thicker conductor was -5~ .  
This is close to the calculated value for pure silver of com- 
parable dimensions (75 t~m • 0.1 ~m • 0.5 cm). Figure 2 
shows an SEM plate at 10,000 • of the conductor region. The 
silver grains (about 1000~ across) are obvious. Similar grain 
structure was previously observed for laser-assisted reduc- 
tion of silver ions in a polymer matrix (9). We suspect, there- 
fore, that the silver is incorporated in a matrix of oxidized 
solvent. In agreement with this, the conductivity of the 
silver deposit decreases with exposure to ambient  atmo- 
sphere and humidity. Also shown in the figure is the x-ray 
spectrum of a grain showing the :predominant silver peak 
and the background  a luminum peak resulting from the 
substrate. Although various translation speeds and laser 
powers were investigated, lowest resistance values were 
achieved using speeds between 200-600 t~m/s and output 
power between 0.1 and lW. 

The advantage of this method for depositing metals is 
that the materials used require no special handling and are 
not toxic. Also, since the metal deposits in the immediate 
vicinity at the localized heat, little waste occurs. Since a 
very high density of silver ions is available in the reduction 
volume, conductors are fo rmed in  a single, relatively fast 
(-500 t~m/s) scan of the focused laser beam. 

An important consideration iscareful  choice of the sol- 
vent. The solvent must  be a good electron donor, but  have a 
high boiling point. This is so that reduct ion can be accom- 
plished without solvent boiling. We have found that amide 

bearing solvents (e.g., N-methylpyrrolidone, N-vinylpyr- 
rolidone, N-N-dimethyl formamide, etc.) work well. 

In summary, we have demonstrated one system which 
was used to write silver conductors directly from solution. 
In the future, we will investigate gold and copper forming 
systems. Such systems are possible since both copper and 
gold ions contained in a polymer matrix have been reduced 
with a laser (10). 

Manuscript submitted May 14, 1984; revised manuscript  
received Sept. 5, 1984. 
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Determination of Electrocatalytic Activity of Nickel Whisker 
Electrodes 

J. D. Hansen,* G. L. Cahen, Jr.,* and G. E. Stoner* 

Applied Electrochemistry Laboratory, Department of Materials Science, University of Virginia, Charlottesville, Virginia 
22901 

An investigation of the effects of extremely small 
grained nickel electrodes on the rate of electrochemical 
hydrogen production was conducted. More specifically, 
the comparative evaluations of the electrocatalytic prop- 
erties of conventional  nickel 200 plate electrodes and 
nickel whisker electrodes for hydrogen evolution in alka- 
line solutions were performed. This work was stimulated 
by previous research performed at the University of 
Virginia which indicated an improvement in the energy 
efficiency of the hydrogen evolution reaction at porous 
nickel whisker electrodes as compared to nickel 200 
screens on an apparent area basis (1, 2). However, it was 
not determined whether the energy gained by the use of 
sintered nickel whisker electrodes was due to their ex- 
tremely high surface area or to some truly innate electro~ 
catalytic property of the metal's composition and micro- 
structure. The surface morphology of these whiskers is 
complex and is the result of their production by the 
chemical vapor deposition of nickel tetracarbonyl gas, 
Ni(CO)4. To separate the effects of this more complex sur- 
face condition from microstructural considerations such 
as grain boundaries, other types of defects, and possible 
impurity associated phases, it was necessary to expose 
the internal metal of these whiskers and use it as an elec- 

* Electrochemical Society Active Member. 

trode. Thus, the fundamental  question of specific electro- 
catalytic behavior of nickel whisker electrodes , indepen- 
dent of their high surface area, was the principal objective 
of this investigation, and no further attempt to identify ef- 
fects caused by the naturally Occurring whisker surface 
other than that previously identified (2) was made. As a 
result, standard quantitative comparative tests for 
electrocatalysis needed to be developed, and some basic 
questions concerning what determines an electrocatalyst 
were considered. 

Scanning electron microscopy of nickel whisker elec- 
trodes reveals their high porosity (-85 volume percent) 
and their high surface to volume ratio (50,000 cm'-'/cm3). 
These characteristics created a very high surface area 
electrode which allows increased electrochemical reac- 
tion rate and, consequently, increased energy efficiency. 
In addition to their high surface area, the .nickel whisker 
electrodes have a unique metallurgical microstructure 
which could result in some interesting electrocatalytic 
properties. The grain size of these whiskers was typically 
200-400~. Thus, each whisker was composed of many 
small grains creating a large grain boundary area. En- 
hanced electrocatalysis could have resulted from nuclea- 
tion sites provided by the grain boundaries or possibly 
from the increased energy associated with these grain 
boundaries. 
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Table I. Experimental data for typical nickel 200 Tafel plot 

Current Voltage 
density Voltage (V) IR (mV) corrected for IR Experimental condition 

10 t~A -1.172 - -  
30 t~A -1.258 - -  

10O tLA - 1.338 - -  
300 t~A - 1.390 - -  

1 mA -1.445 - -  
3 mA -1.503 - -  

10 mA -1.585 7, 6, 7, 6 -1.579 
30 mA -1.668 21, 21, 21, 19 -1.647 

I00 mA -1.797 77, 77, 74, 74 -1.722 
300 mA -2.03 251,250, 249, 254 -1.779 
800 mA -2.51 704, 640, 700, 664 -1.833 

N2 purge, Teflon air- 
tight cell, low [Fe] 
KOH, u equilibrium 
time, 1 Cm 2 electrode 

Linear regression calculations: fit (0-1) = 0.9990; Tafel slope = 132 

Electrocatalytic Activity of Nickel 2 0 0  
Elec t roca ta ly t i c  ac t iv i ty  s h o u l d  be  d e t e r m i n e d  on  a t rue  

e l e c t r o c h e m i c a l l y  ac t ive  sur face  area  bas i s  so t h a t  c u r r e n t  
dens i t i e s  wil l  b e  accu ra t e ly  k n o w n .  Therefore ,  a compar i -  
son  of  the  e lec t roca ta ly t i c  ac t iv i ty  b e t w e e n  d i f f e ren t  elec- 
t r o d e s  r equ i r e s  a r e p r o d u c i b l e  a n d  c o n s i s t e n t  m e t h o d  of  
m e a s u r i n g  ef fec t ive  sur face  area. S u c h  a m e t h o d ,  u s i n g  
low a m p l i t u d e  cycl ic  v o l t a m m e t r y ,  was  ca r r ied  ou t  for 
th i s  e lec t roca ta ly t i c  c o m p a r i s o n  b e t w e e n  n icke l  200 a n d  
n i cke l  w h i s k e r s  (3). T h e r e  was  no  p r o b l e m  in  f ind ing  a 
n o n f a r a d a i c  p o t e n t i a l  r eg ion  for  b o t h  t he  n icke l  200 a n d  
t he  n i cke l  w h i s k e r  mater ia l .  Th i s  p r o v i d e d  b o t h  a confi- 
d e n c e  a n d  r e p r o d u c i b i l i t y  in  t he  area  ca lcu la t ions .  

Wi th  the  ac t ive  e l e c t r o c h e m i c a l  sur face  a rea  of an  elec- 
t r o d e  b e i n g  k n o w n  to a n  a c c e p t a b l e  level  of r ep roduc ib i l -  
i ty  b y  cycl ic  v o l t a m m e t r y ,  t h e  e lec t roca ta ly t i c  ac t iv i ty  
was  d e t e r m i n e d  b y  t he  g e n e r a t i o n  of a Tafel  plot .  The  
Tafel  s lope  a n d  t he  e x c h a n g e  c u r r e n t  dens i t y  we re  t he  pa-  
r a m e t e r s  u s e d  in d e t e r m i n i n g  e lec t roca ta lys is .  Tafel  p lo ts  
o b t a i n e d  for  n i cke l  200, d e t e r m i n e d  ga lvanos ta t i ca l ly  
f rom lower  to h i g h e r  v a l u e s  of  c u r r e n t  dens i ty ,  we re  qu i t e  
r ep roduc ib l e .  Wi th  p r o p e r  IR  (po ten t ia l  c a u s e d  b y  t he  so- 
l u t i on  res i s tance)  c o m p e n s a t i o n ,  t he se  p lo t s  were  l inea r  
ove r  five decades  of  c u r r e n t  dens i ty  as ca l cu la t ed  b y  lin- 
ear  regress ion .  A typ ica l  Tafel  p lo t  w i t h  i ts  e x p e r i m e n t a l  
da ta  is s h o w n  in  Fig. 1 a n d  Tab le  I, respec t ive ly .  Tab le  II  
s h o w s  t h a t  a ser ies  of Tafel  e x p e r i m e n t s  r u n  on  n i cke l  200 
e l ec t rodes  y ie lded  a n  ave rage  Tafel  s lope  of 135 
m V / d e c a d e  and  an  ave rage  e x c h a n g e  c u r r e n t  d e n s i t y  of  
1.2 • 10 -~ A /cm 2. T h e s e  va lues  of  Tafel  s lope  a n d  io agree  
f avo rab ly  w i t h  t h o s e  r e p o r t e d  b y  A p p l e b y  et al. (4), w h o  
p e r f o r m e d  s imi la r  e x p e r i m e n t s  a n d  w i t h  da ta  o b t a i n e d  
f r o m  c u r r e n t  i n d u s t r i a l  e lec t ro lyzers  u sed  b y  T e l e d y n e  
E n e r g y  S y s t e m s  (Bal t imore ,  Mary land)  (5). 

Tafel  e x p e r i m e n t s  we re  c o n d u c t e d  in a n  a i r t igh t  
Tef lon  b e a k e r  cell. Tef lon  was  u s e d  b e c a u s e  of  i ts  h i g h  
res i s t iv i ty  to c h e m i c a l  degrada t ion .  T he  t op  of  the  cell 
p r o v i d e d  th r ee  o p e n i n g s  for  the  work ing ,  coun te r ,  a n d  
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Fig. 1. Tafel plot for H~ evolution on nickel 200 electrode in KOH. 

mV/decade; exchange current density = 1.1 x 10 -~ A/cm 2. 

r e f e r ence  e lec t rodes .  Nicke l  200 p la tes  e m b e d d e d  in  
e p o x y  a n d  po l i shed  to a p l a n a r  mi r ro r  f in i sh  we re  u s e d  
as c o u n t e r e l e c t r o d e s  as wel l  as w o r k i n g  e l ec t rodes  in  
t he se  Tafel  e x p e r i m e n t s .  The  r e fe rence  e l ec t rode  was  a 
s t a n d a r d  ca lomel  e l ec t rode  w i t h  a m i n o r  a d a p t a t i o n  
w h i c h  was  n e c e s s a r y  for  IR  c o m p e n s a t i o n .  The  e l ec t rodes  
were  s u p p o r t e d  b y  Tef lon  dowels ,  w h i c h  e x t e n d e d  
t h r o u g h  t he  o p e n i n g s  a n d  k e p t  the  e l ec t rode  g e o m e t r y  
re la t ive ly  cons tan t .  The  w o r k i n g  e l ec t rode  was  approx i -  
m a t e l y  3 c m  f rom t h e  r e f e r e n c e  e l ec t rode  a n d  4 c m  f rom 
the  coun te r e l ec t rode .  Two add i t i ona l  o p e n i n g s  were  also 
p r o v i d e d  for t h e  n i t r o g e n  p u r g e  gas. All  o p e n i n g s  a n d  
f i t t ings  were  sea led  w i t h  O-rings.  The  cell  was  cyl indr i -  
cal ly s h a p e d  w i t h  a d i a m e t e r  of 7.5 cm a n d  a h e i g h t  of 8 
c m .  

E x p e r i m e n t s  were  p e r f o r m e d  at  r o o m  t e m p e r a t u r e  
(23~ w h i c h  n e v e r  va r i ed  m o r e  t h a n  a few degrees .  The  
Tef lon  cell  was  p u r g e d  p r io r  to  e x p e r i m e n t s  w i t h  ni t ro-  
g e n  gas  for  a b o u t  15 m i n  to r e m o v e  a n y  d i s so lved  gases  in  
t he  e lec t ro ly te  w h i c h  cou ld  r eac t  a t  t he  e lec t rodes .  Purg -  
ing  c o n t i n u e d  t h r o u g h o u t  t he  e x p e r i m e n t s  at  a m o d e r a t e  
rate.  Reac t ive  spec ies  were  also r e m o v e d  by  a t h o r o u g h  
c l ean ing  p r o c e d u r e ,  w h i c h  cons i s t ed  of  w a s h i n g  t h e  cell  
a n d  e l ec t rodes  in  a soap  so lu t ion  a n d  t h e n  r i n s i n g  w i t h  
ace tone ,  e thanol ,  d i s t i l led  water ,  a n d  e lec t ro ly te  succes-  
sively.  The  e lec t ro ly te  was  o b t a i n e d  f rom the  s tock  util- 
ized by  Te l edyne  in  t h e i r  i ndus t r i a l  e lec t ro ly t ic  cells. I t  
was  a 25 w e i g h t  p e r c e n t  p o t a s s i u m  h y d r o x i d e  (KOH) so- 
l u t i on  w i t h  a pH of  14.8. 

Electrocatalytic Activity of Nickel Whiskers 
Once  sur face  area  cou ld  b e  r e p r o d u c i b l y  m e a s u r e d  and  

t he  e lec t roca ta ly t i c  ac t iv i ty  of  c o n v e n t i o n a l  n i cke l  200 
was  d e t e r m i n e d  w i t h  r e a s o n a b l e  p rec i s ion ,  a c o m p a r i s o n  
w i t h  po lycrys ta l l ine  n icke l  w h i s k e r s  was  made .  To elimi- 
na te  gas  m a s k i n g  p r o b l e m s  a n d  the  h i g h  sur face  a r ea  of  
the  p o r o u s  n i cke l  w h i s k e r  e lec t rodes ,  t he  w h i s k e r s  were  
e m b e d d e d  in a n  i ne r t  e p o x y  resin .  The  e p o x y  r e s in  filled 
the  po re s  of the  w h i s k e r  e l ec t rode  a n d  e n a b l e d  the  elec- 
t r o d e  to b e  po l i shed  to a s m o o t h  p l a n a r  surface.  Th i s  al- 
l owed  t he  n icke l  w h i s k e r  e l ec t rode  to be  c o m p a r e d  to a 
p l a n a r  n icke l  200 e l ec t rode  for  e lec t roca ta ly t i c  ac t iv i ty  on  
a t r ue  sur face  area  bas is ;  as d e t e r m i n e d  b y  cyclic vo l t am-  
me t r i c  sur face  a rea  analysis .  Th i s  als0 e n a b l e d  a de te rmi -  
n a t i o n  of  e lec t roca ta ly t ic  b e h a v i o r  b a s e d  on  me ta l lu rg i ca l  
p a r a m e t e r s  s u c h  as m i c r o s t r u c t u r e  a n d  p h a s e  compos i -  

Table II. Nickel 200 Tafel plots 

Tafel Exchange 
slope current 
(mV/ density Linear fit 

Date decade) (A/cm 2) (0 - 1) Experimental conditions 

4/8 150 2.1 • 10 -6 0.9930 
4/9 139 1.4 • 10 -6 0.9974 
4/10 132 1.1 • 10 -6 0.9990 
4/12 135 1.3 • 10 -6 0.9753 
4/13 133 1.0 • 10 -6 0.9940 
5/29 138 1.2 • 10 -6 0.9957 

N2 purge, Teflon 
airtight cell, low 
[Fe] KOH, 1/2h equi- 
librium time, 1 cm 2 
electrode 
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Fig. 2. Tafel plot for H2 evolution on nickel whisker electrode in KOH. 

tion. If such an innate property of the material caused in- 
creased electrochemical activity, it would now be 
identified and noted as an effect in addition to that nor- 
mally attributed solely to the high surface area associated 
with these sintered whisker electrodes. 

To embed the whiskers, both sintered and nonsintered 
assemblies, the atmosphere within the pores was re- 
moved, which allowed the epoxy to enter. T h e  whiskers 
were placed on a copper current collector in a Teflon 
mold and held rigidly in place by a magnet. This assem- 
bly was then placed within a vacuum system. After the 
system was evacuated, a valve to an epoxy reservoir was 
opened, permitting epoxy to flow into the mold and em- 
bed the whiskers. The epoxy was outgased in the vacuum 
for a short-time and then cured in an oven at 80~ until 
completely hard. A slow curing, low viscosity epoxy con- 
sisting of Dow 331 resin, Jeffamine D-230 hardener, and 
Texaco accelerator 399 was used. Once cured, a Teflon- 
insulated wire was attached to the current collector, 
thereby providing electrical connection to the whiskers 
and making a usable electrode. The surface of the 
whisker electrode when polished consists of many small 
metal islands surrounded by an epoxy matrix. 

These nickel whisker electrodes of approximately 1 cm ~ 
true surface area were evaluated for electrocatalytic activ- 
ity under identical experimental  conditions as the con- 
ventional nickel 200 specimens. A typical Tafel plot for 
nickel whiskers is shown in Fig. 2. The Tafel experiments 
resulted in an average exchange current density of 8.2 x 
10 -7 A/cm 2, with an average Tafel slope of 133 mV/decade, 
as seen in Table III. Therefore, no significant difference 
in electrocatalytic activity between the two types of 
nickel was observed. Annealed nickel 200, which has con- 
siderably larger grains and less strain energy than non- 
heat-treated nickel 200, also exhibited essentially the 
same electrocatalytic properties as those already men- 
tioned. It should be noted that none Of the test electrodes 
were run for extended periods of time, and therefore, 
t ime effects were not:observed nor studied. 

Conclusions 
From these evaluations of the electrocatalytic activity 

of extremely different types of microstructure, it must be 
concluded that the added energy of increased grain 
boundary area and/or any other microstructural oddity 
present in these whiskers does little to enhance their hy- 
drogen evolving capabilities in KOH. However, current- 
voltage improvements  in alkaline electrolysis using 
nickel electrodes are noticeably realized by increases in 

Table III. Ni whisker Tafel plots 

Ta~] Exchange 
slope current 
(mV! density Linear fit 

Date decade) (A/cm ~) (0-1) Experimental conditions 

Sintered whiskers 
6/15 125 8.4 x 10 -7 0.9945 N._, purge, Teflon 
6/22 130 9.3 x 10 -7 0 .9963  airtight cell, low 
6/10 135 1.2 x 10 -~ 0.9921 [Fe] KOH, V~h equi- 
6/4 132 1.3 x 10-7 0 .9955 librium time, 1 cm'-' 

electrode 

Free whiskers 
7/1 141 1.2 x I0 -~ 0.9932 
6/29 136 6.7 • 10 -7 0.9954 

electrode surface areas (1, 2). One possible consideration 
would have been to break up the whiskers prior to 
sintering into an electrode. Because the internal material 
of these whiskers does not show improved performance 
over the naturally occurring whisker surface, electrodes 
can be fabricated from the whiskers in their as-formed 
condition. Thus ,  they can be produced as small or as large 
as the condition of use might dictate. Since only a frac- 
tion of the surface area of porous electrodes is active un- 
der gas evolution, owing to gas masking conditions, ef- 
forts should be directed towards maximizing electrode 
flooding and active surface area. This could possibly be 
done by orienting the individual whiskers into some opti- 
mum configuration and/or by taking advantage of the po- 
rosity of whisker mat electrodes by using flow-through 
techniques. 

Although the above conclusion is a negative result in 
this particular case, it should not be extended to imply 
that microstructure has no effect on electrocatalytic activ- 
ity in other electrochemical systems. Under  different con- 
ditions, microstructure may have a pronounced effect on 
electrochemical reaction rate. This is because electro- 
catalysis can be influenced by the solution, the specific 
electrochemical reaction, and the type of electrode mate- 
rial. Thus, it is possible nickel whiskers may have addi- 
tionally enhanced electrocatalytic activity for hydrogen 
evolution over nickel 200 in solutions other than potas- 
sium hydroxide or for the oxygen evolution reaction in 
potassium hydroxide solutions. 

Finally, the data in Tables II and III and in Fig. 1 and 2 
show linearity for five decades of current, indicating a 
well-behaved activation-controlled reaction whose kinet- 
ics are well represented by these measurements.  The line- 
arity of these plots lends support to the argument that 
there is only one Tafel slope for hydrogen evolution on 
nickel 200 in KOH, as opposed to two slopes, resulting 
from a change in reaction mechanism at high values of 
current density. 

Manuscript submitted Jan. 6, 1984; revised manuscript 
received Aug. 6, 1984. 
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ABSTRACT 

The etch-stop phenomenon which occurs in both p- and n-St when the doping density exceeds 10 TM cm -3 has been 
studied in situ with ellipsometry. Biasing the samples both anodically and cathodically from open-circuit potential 
causes layers to grow which can then be observed to etch back when the applied potential is released. We are lead to the 
conclusion that p-St etch stops because of spontaneous passivation which produces a thin oxide-like layer, while n-St 
shows a tendency to etch stop, probably owing to formation of a prepassive layer. 

Aqueous solutions of KOH (1, 2) and ethylenediamine 
pyrocatechol (3) are widely used as orientation-dependent 
etches of St, the etch rate of {100} surface being 1-2 orders 
of magnitude faster than that of the {111} surface. The 
etch rates are generally independent  of free-carrier type 
and concentration (4, 5) up to 10 '9 cm -3. Above this den- 
sity, the etch rates on both surfaces are observed to slow 
down drastically (1-3 orders of magnitude) for both boron 
(p) and phosphorus (n) dopants, although the stopped 
etch rate is still angstroms per minute. This etch stop is 
used in the fabrication of various device configurations 
(6). 

The mechanism for etching of boron-doped Si (B:Si) in 
pyrocatechol etchant (7) has been described as an oxida- 
tion-reduction process in which oxidation produces elec- 
trons in the Si surface (100]~ layer) which, in turn, are 
used in the reduction process at the surface. When the 
hole doping density passes 10 '9 cm -3, the electrons re- 
combine with holes instead, thus stopping the reduction 
step. The etch-rate ratio (ERR) for this model varies as: 
E R R ~  [1 + (p/pc)2] -4, where p is the doping density and 
Pc = 5.5 • 10 '9 cm -3 is a fitting parameter related to 
recombination-theory parameters at high doping levels in 
the range 10'9-1020 cm -3. This model is not applicable to 
n-type St. Another mechanism (5) suggests that B:Si and 
phosphorus-doped Si (P:Si) can spontaneously passivate 
in aqueous KOH to form a thin, protecting oxide layer. It 
is suggested that the tendency to grow an oxide is encour- 
aged by the strain in the Si surface due to the high dopant 
density, and a borate or phosphate glass is formed. 

We have made in situ e]lipsometric studies of the for- 
mation and dissolution of surface layers as a function of 
applied potential bias (both cathodic and anodic) for 
boron- and phosphorus-doped silicon both below and 
above 10 '9 cm -3. These studies indicate that at open- 
circuit potential (OCP) B:Si above 10 TM cm -3 has a layer on 
the surface suggestive of the connect ive  or transition 
layer between crystalline Si (c-St) and amorphous SiO., 
(a-SiO._,). P:Si above 10 '9 cm -3 has a different layer on the 
surface. Similar layers are observed on lightly doped Si 
when the applied potential is made anodic (connective- 
layer formation) and cathodic (cathodic-layer formation), 
respectively. Consequently, we have attempted to under- 
stand the etch-stop layer formation in terms of band 
bending (or equivalently, a shift in OCP) and the numbers 
of holes or electrons needed at the surface to induce the 
appropriate chemical reaction to dominate, thus produc- 
ing the anodic connective layer or the cathodic layer. 

Experimental Approach 
A spectroscopic polarization-modulation ellipsometer 

(8) has been adapted to measure ~ and h for a Si sample 
suspended in 2M KOH in a BK-7 glass (angle of inci- 
dence: 60.2 ~ ) or fused quartz (54.6 ~ ) hollow prism. The 
samples were approximately 1 x 4 x 0.03 cm 3 obtained by 
cleaving standard Si wafers polished on one side. 
Samples were immersed - 2  cm into the etchant. Leads 
were made with InGa eutectic and a pressure contact. Po- 
tential was measured with respect to a standard calomel 
reference electrode (SCE). Measurements were made at 
three wavelengths 800, 435.8, and 319 nm. Ambient  tem- 
perature was -20~ A microcomputer  read and printed 
the pertinent parameters, such as applied potential V," cur- 
rent I, photomultiplier high voltage (proportional to log R, 
where R is the sample reflectance), and ellipsometric pa- 
rameters ~ and h. Further details concerning the optical 
system will be given elsewhere (13). 

We have modeled the surface layers (11) in terms of 
physcial and chemical mixtures (9) of SiO~, anticipating 
that a connective layer will consist of such a material. A 
multilayer model is used to simulate gradation of optical 
constants across the interface. 

Results 

Lightly doped B:Si and P:Si .--Palik et al. (5) and Faust 
and Palik (10)measured the open-circuit potential and 
passivation potential (PP) for a large number  of Si 
samples of different doping densities. Below 10 TM cm -3 the 
OCP was nearly constant. They observed that above 10 '9 
cm -3 the OCP for p-type samples tended to shift in the 
anodic direction by 0.2-0.6V, while the OCP for n-type 
samples shifted in the cathodic direction by about 0.1V. 
They also noted that the PP  tended to approach the OCP 
at high doping levels for both n- and p-type St, this sepa- 
ration being ~0.5V below and nearing -0.1V above 10 '9 
cm -3. Certain samples were erratic, sometimes showing a 
peak in current just prior to passivation and sometimes 
not showing a peak. The data suggested that perhaps 
there is a prepassive layer which forms at a potential 
slightly cathodic of PP  and forces the etch to stop when 
heavy doping shifts PP toward OCP. 

Some of our results for light doping have been reported 
(11-13) along with a mode] to explain them. They are sum- 
marized in Fig. la, for p {111} Si with 1.8 x 10 '5 cm -3, for 
anodic and cathodic directions starting at OCP (solid dot). 
These are composite curves taken from different runs. 

135 
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Fig. 1 .(o): Changes in 0, A, and I starting at the solid circle at OCP 
( -  1.2V) as a function of applied potential V anodic and cathodic for p 
{111} Si boron doped with 1.8 x 10 '5 cm -3. The sweep rate is different 
for anodic and cathodic directions. Angle of incidence 9 = 54.6 ~ (b): 
Once a thin onodic-oxide layer has grown to near point e, the applied 
potential is released and the changes in ~, z$, I ,  and OCP V are followed 
as a function of time. 

Generally, n {111} Si gave similar results. Without going 
into the detail of the modeling, we can assign the various 
features of the curves. The current I shows a peak and a 
shoulder in the anodic direction for the nominal  {111} 
plane. The first peak is due to passivation of the edges 
and back of the sample with their exposed fast etching 
{100}, {110}, etc., surfaces. Coating these surfaces with gly- 
col thylate or arranging a cell in which only the wafer sur- 
face contacts the liquid removes this first peak. The 
shoulder is the true {111} passivation peak. 

The sample is etching at the solid dot at a rate of ~35 
A/min. As etching progresses at OCP, there is a slight 
roughening of the surface, which over several hours re- 
sults in decreases of several tenths of a degree in 0 and A. 
In contrast to the case for GaAs (14), there is no indication 
of a prepassive layer forming before PP (decrease in A, in- 
crease in ~) as the applied potential is slowly swept 
anodic. 

We model the surface at OCP as an equilibrium etching 
layer of 4A of SiO0.2 (essentially disordered Si). At point b, 
another layer begins to form and etching stops. We model 
the region b-c as the sudden appearance of a rudimentary 
connective layer modeled as SiO0.4 which undergoes 
change (gradation) to point d with a-SiO2 also growing on 
top. At point d the connective layer stabilizes and a-SiO2 
grows on top of the connective layer from point d to e. 
The experiment and fitting were done for three wave- 
lengths, although we show experimetal results only for X 
= 435.8 nm. 

In the cathodic direction (starting at OCP) no changes 
in ~ and h occur for about a tenth of a volt; then a layer 
starts growing at point b'  with both ~b and A decreasing. 
We term this a "slush" layer because it is assumed that 
the layer is composed of insoluble silicates, as discussed 
below (13). It has growth and etchback features suggest- 
ing that n and k vary as the layer grows or etches (where fi 
= n-ik is the complex index of refraction). Interestingly, 
this layer continues to grow when the potential sweep is 
halted at a cathodic bias at point c', even for days, al- 

though slowing down. The layer takes on a tan-gray color. 
When the potential is released to OCP conditions, this 
slush layer disappears slowly over several hours with the 
ellipsometric parameters returning very nearly to their 
original OCP values, but not totally along the same path 
in $.h space as was followed during growth. A slight 
anodic potential speeds up this process. Some rough- 
ening of the surface occurs as indicated by the final 
values of $, A, and R. We have used an SiO~ model to ac- 
count for this layer (12) by assuming an equilibrium etch- 
ing layer of 4A of SiO0.2 and then allowing this layer to 
grow at point b'  getting thicker and in the process chang- 
ing to SiO0.7. This amounts  to a substantial decrease in the 
initial large values of n and k for SiO0.> 

As has been observed by Glembocki et al. (15), the etch 
rate is bias dependent. For p-Si, the rate drops very little 
in the cathodic direction, while, for n-Si, the rate de- 
creases drastically at a few tenths of a volt cathodic. This 
has been qualitatively explained in terms of an abun- 
dance of electrons in the surface accumulation layer for 
n-Si, which favors electrolysis rather than etching. With- 
out going into details, we note only that experimentally 
the etching "stops" I for cathodic potential for n-Si and 
continues for p-Si. In both cases ~ some slush layer grows; 
however, it grows much more rapidly on the n-Si surface. 
Presumably,  the decrease in etch rate is due, in part, to in- 
complete etching with accumulation of incomplete sili- 
cates which stick to the surface forming the slush layer. 
The p-Si continues etching at only a slightly reduced rate, 
producing H~ and mostly complete silicates in the form 
(16) of soluble SiO2(OH)~, while only a little incomplete 
etching occurs, giving rise to a more slowly growing slush 
layer. 

When a thin oxide is established at a potential < 5V as 
at point e' and then the applied potential is released, the 
layer begins to etch back at a slow rate of -0.3 ~/min, as 
shown in Fig. lb. Very characteristic of all samples < 10 '9 
cm-3 are small, rapid dips in $, A, V (and R) when the con- 
nective layer is reached at point b. This effect has been 
modeled previously (11) as the SiOx connective layer be- 
coming more dielectric-like (O/Si ratio increasing), so that 
its optical constants decrease drastically, and then dis- 
solving prior to the onset of etching of c-Si. In any event, 
these features (b --) d) are the signature for the onset of Si 
etching. Oxides grown at less than 5V, we term "soft"; 
those grown at higher potentials are referred to as "hard" 
because of the similarity in etch-back behavior to that of 
device-quality thermal oxides. 

For {111} surfaces (10, 11) etch back of soft anodic ox- 
ides produces small dips in ~ and h [-0.3 and - 2  ~ with 
full width at half maximum (FWHM) values of 2-4 min, re- 
spectively] and small dip ir~ R, but etch back of hard an- 
odic oxides produces large dips in ~ and A (--5 ~ and -15  ~ 
with FWHM values of 6-15 rain, respectively) and a large 
dip in R. The connective-layer model (11) explains the 
soft-oxide etch-back effects, while we are presently trying 
to develop a transient-roughness model to explain the 
hard-0xide effect. For the fast etching (lightly doped) 
{100} surface, etch back of a soft anodic oxide produces a 
large dip in 0 and h ( -5  ~ and -15 ~ with FWHM values of 
2-4 min, respectively) and a return of 0 and A nearly to 
their initial values; a large, steady decrease in R occurs. 
Then, ~ and h decrease, while R continues to decrease, in- 
dicating rapid roughening of the surface. Etch back of a 
hard anodic oxide produces large decreases in ~ and A 
(--10 ~ and -35 ~ which do not recover much along with a 
steady decrease in R. This is a permanent  roughening of 
this fast etching surface (13). The roughening effects no 
doubt dominate the small connective-layer effects shown 
in Fig. lb. 

Heavily doped B:Si and P:Si.--For a p {100} Si sample 
with 2 x 102~) cm -.~, the composite results are shown in 
Fig. 2a. The sample is HF cleaned first, washed in deion- 
ized water, and then allowed to remain in 2M KOH for 
several minutes before an anodic potential is applied (at 
the solid dot). No peak in passivation current is seen, as 
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Fig. 2.(a): Changes in 0, A, and I starting at the solid circle at OCP 
( -0 .7V)  as a function of applied potential V anodic and cathodic for p 
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a thin anodic-oxide layer has grown, the applied potential is released 
and the changes in 0, Aft,  and OCPV are followed as a function of time. 
No dips in 0, h, orV occur even for another 3h beyond the right edge of 
the graph, in contrast to results in Fig. l(b). 

though an oxide layer were already on the surface and 
merely thickened as an anodic potential was applied. It 
has previously been shown that a very thin oxide layer is 
sufficient to cause the disappearance of the passivation 
peak (5). 

In the cathodic direction starting again (at the solid 
dot), very interesting dips in 0 and h occur, after which 
both 0 and h decrease in a manner similar to Fig. la, sug- 
gesting growth of a slush layer. The small dips in 0 and 
in Fig. 2a for cathodic potential appear to be muted ver- 
sions of what would be seen at OCP after etch back for 
the lightly doped p {100} surface, i.e., large dips in 0 and h 
occurring over 2-4 min. The concurrent growth of slush 
layer also tends to skew the line shape. This suggests that 
cathodic potential allows the further etch back of the con- 
nective layer and then the start of etching of c-St. Most of 
the results of Fig. 2 were also obtained for a {111} B:Si 
sample with 2.4 • 102o cm -3. In the cathodic direction, 
however, there is little or no dip in @ and h observed since 
these features are obscured by the larger effects of rapid 
slush layer growth. 

After a definite anodic oxide has been grown and the 
applied potential released, the results of Fig. 2b are ob- 
tained. @ and h decrease and increase, respectively, in a 
manner  typical of an SiO2 film getting thinner. Then, no 
dips in 0 and A are observed even after several hours. 
OCP stabilizes at - 0.TV. We conclude that the surface 
has spontaneously grown a connective layer (or maintains 
a portion of the one anodically grown), so that the c-St 
surface is never directly reached by the etchant. 

To check this possibility in more detail, we prepared a 
p-St {111} wafer of free-carrier density N = 1.6 • 1015 cm -3 
half implanted with 5 x 1015 cm -3 boron at 100 keV and 
then annealed at 1000~ for lh. The peak free-carrier den- 
sity was estimated to be -1  • 1020 cm -3, based on an im- 
plantation depth of -0.5 ~m and a four-point probe mea- 
surement of resistivity p = 0.00010 ~ cm. Also, no H2 
bubbles were observed on the surface, indicating that the 
etch stop was in effect. After stripping of any oxides 
which may have formed, the sample was arranged with a 
smooth vertical motion of about 2 cm so that the top (T) 
of the sample (light doping) could be measured ellipso- 
metrically; then the sample could be raised enough to 
il luminate the bottom (B) (heavy doping). The uncertainty 
in @ and A was -+0.1 ~ owing to the mechanical motion of 
the sample plane. 

The differences in the 0 and h parameters for the T and 
B samples at OCP should be due to an additional layer on 
the B sample, a spontaneously grown connective layer. 
This difference was measured three times by anodizing 
both the T and B samples to 0 V and following the etch 
back of sample T at point d in Fig. lb and then moving to 
sample B. The change from T at point d to B was made 
quickly, before many etching bubbles formed on the T 
surface. The scattering effect of macroscopic bubbles is 
to lower 0 and h slightly. The average experimental  
changes in 0 and h are given in Table I. We also measured 
~0 and 8h when both surfaces had anodic oxides grown to 
0 V. The average experimental  changes in 0 and h are also 
given in Table I. 

To fit these two sets of 80 and 8h, we have modeled the 
etching T surface as c-St covered with 4~ of SIO0.2 equilib- 
r ium etching layer and the B surface as c-St covered with 
7X of SiO0.4 connective layer. The equilibirium etching 
layer is included for self-consistency as it improves other 
modeling of the initial anodization process and the 
growth of the cathodic slush layer (12, 13). The anodized 
T and B surfaces are modeled as c-St under 7X of SiOoA 
connective layer under 10X of SiO2 (identical oxides on 
both surface). For the T surface, we used the pure-St op- 
tical constants n = 4.88 and k = 0.14 at 435.8 nm (18). For 
the B surface, we assumed the optical constants n = 4.79 
(1.8% smaller) an k = 0:16 (14% larger) to fit the data. 
Such changes (n smaller, k larger) have been observed for 
heavily doped B:Si (19) and As:St (20, 21). We assumed 
that both halves, T and B, are microscopically smooth 
and isotropic and that sample B is uniformly implanted to 
a depth greater than the penetration depth of light at 
435.8 nm (-0.2 ~m). 

The calculated changes in 0 and h from T to B upon 
etch back are given in Table I along with the calculated 
changes in 0 and h from T and B for identical oxides. We 
give differences because the absolute values of 0 and h 
[which have not been corrected for systematic errors in 
the ellipsometer (8)] are accurate only to few tenths of a 
degree, whereas changes in 0 and h can be measured with 
high precision (-0.01 ~ at a fixed wavelength. Consider- 
ing the mechanical motion involved and the assumption 
of equal oxides on the T and B surfaces, the reasonable 
agreement suggests that there is a connective layer on the 
B etch-stopped surface compared to the etching T sur- 
face. The calculated ~0 and 8h are more sensitive to the 
substrate optical constants than to the exact values of x 
and thickness. However omission of any layer in the 
model can change the signs of 80 and 8h or their magni- 
tudes by a factor of two. 

The results for lightly doped P:Si are similar to those 
for lightly doped B:Si except  that, in the dark, owing to 
lack of holes, no additional oxide grows between points d 
and e in Fig. la. The results for an n {111} Si sample with 5 
x 1020 cm -3 are shown in Fig. 3. In this case, we first start 
with the sample having a soft anodic oxide. Upon release 
of the applied potential, classical etch back of the layer 
begins. The usual dips in 0 and A for an n (111} surface oc- 
cur, but then there is immediately rapid growth of what 
appears to be a slush layer (still at OCP = - 1.3V). This 
slush layer grows indefinitely (we observed its growth 
for 6h without signs of termination and little change in 
OCP). Recall that we have previously identified the rapid 
slush layer growth on cathodically etch-stopped, lightly 
doped n-St with the decrease in etch rate. During subse- 
quent  anodization, the optical effects of the growth of the 

Table I. Experimental and calculated changes in 0 and h, 80(T-B) and 
8A(T-B) for surfaces T and B with anodic oxides and after etch back of 

the anodic oxide 

Anodic oxide Etch back 
Exp. Calc. Exp. Calc. 

~$(T-B) -0.25 -0.32 -0.23 -0.31 
~A(T-B) -0.21 -0.22 -0.53 -0.83 
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phorous doped with 5 • 102~ cm-3, the applied potential is released and 
the changes in ~, A, I, and OCP V are followed. When a steady-state 
OCP = - 1.3V is reached, a potential is applied which causes current to 
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to disappear and masks formation of the connective layer and SiO2 layer. 
Ultimately, the slush layer disappears and growing oxide layer can be 
seen (not shown). Angle of incidence ~ = 54.6 ~ 

connective layer on heavily doped P:Si are obscured by 
the dissolution of the slush layer. However, a PP is clearly 
seen with PP-OCP < 0.1V. Preliminary experiments with 
As:St {111} with 7 • 10 TM cm -3 gave results similar to Fig. 
3. 

Discussion 
We will now proceed to a discussion and interpretation 

of the experimental  results given above. The essential 
finding may be summarized as follows. Using ellipso- 
metry, in conjunction with electrochemical measure- 
ments, we have detected a layer on the surface of etch- 
stopped (heavily B-doped) p-type Si at OCP which is 
similar to that observed on lightly doped material under 
anodic bias (for which the etch rate is drastically re- 
duced). Likewise, for etch-stopped (heavily P-doped) 
n-type Si at OCP, we have observed a layer similar to that 
formed on lightly doped samples under cathodic bias (for 
which the etch rate is also greatly diminished). The impli- 
cation is that the processes which occur for lightly doped 
Si at anodic or cathodic bias occur spontaneously at OCP 
for heavily doped material. What follows is a discussion of 
this idea in terms of both electrode potentials and energy 
levels at the St/electrolyte interface. A detailed micro- 
scopic description of the relationship between changes in 

and h and those in the surface films is deferred until a 

later publication (13). For the present, the ellipsometric 
results are used simply as a basis for the above analogy 
between heavily doped Si at OCP and lightly doped Si 
under bias. 

Electrode-potential considerations.--The applied poten- 
tial divides between the Si space-charge layer and the liq- 
uid Helmholtz layer (electrode potential), the latter 
determining the chemical (or electrochemical) reactions 
that take place at the semiconductor surface. The nature 
of the semiconductor bands at the surface-depleted, accu- 
mulated, or pinned--wil l  play a critical role in the effect 
that the applied bias has on the electrode potential. This, 
in turn, can have a profound influence on how H~O and 
OH-  interact with St-St bonds. In fact, we have suggested 
that etching is the sequential attack of Si bonds by H..,O 
and then OH-  (11, 15). 

For lightly doped n-St at OCP, the conduction band is 
in electron accumulation and for p-St the valence band is 
depleted of holes. In the case of n-St, variations in the ap- 
plied bias around OCP and especially cathodic will have a 
significant effect on the electrode potential and, there- 
fore, on the chemical reactions which can occur. How- 
ever, for p-St changes in applied voltage, at least cathodic- 
ally, do not significantly change the electrode potential. 

It has been suggested that the rate-determining steps 
(RDS) for both etching and connective-layer growth are 
chemical (15). However, the nature of the RDS was shown 
to be a function of electrode potential. For example, at the 
passivation peaks of I-V curves the oxidation of n- or p-St 
(connective-layer growth) dominates over the dissolution 
of the oxidized species and etching stops. With p-St, fur- 
ther anodic shifts increase the hole concentration at the 
surface and induce thick oxide growth. However, the n-St 
becomes depleted and further applied bias has little effect 
on the electrode potential or surface charge and no fur- 
ther oxide grows. We therefore observe that an anodic po- 
tential creates an anodic etch stop, as evidenced by the 
observation of the connective layer. 

An analogous situation holds for n-St under cathodic 
bias. As mentioned, the n-St exhibits metallic behavior at 
the surface, owing to an accumulation of electrons at 
OCP. A cathodic bias changes the electrode potential 
in such a manner as to change the nature of the RDS. 
Current begins to flow, implying that the bias has 
changed the energetically favored reaction at the surface 
from etching, accompanied by hydrogen evolution and 
(possible) oxidation of OH-  ions to electrolysis of water 
accompanied by hydrogen evolution and' production of 
current carrying OH-  ions. This can also be thought  of in 
terms of energy levels, as discussed in the next section. 

The effect of cathodic bias on p-St is straigh_tf~=ward, 
since the surface is already depleted (maybe pinned). In- 
creasing the applied potential cathodically has virtually 
no effect on the electrode potential, and, consequently, 
the current saturates and etching is affected very little. 

Heavy doping of n- and p-St (indicated as n + and p§ can 
also induce metallic-like surface conditions. In the case of 
the p§ a large number  of holes at the surface causes 
spontaneous passivation and is accompanied by an an- 
odic shift of the OCP. The OCP is now determined not by 
etching reactions (involving the conduction band) but by 
oxidation processes (involving the valence band). How- 
ever, cathodic bias (which will change the electrode po- 
tential) begins to shift the surface reactions toward more 
balance between the cathodic and anodic reactions, and 
the oxide can be etched back. From these considerations, 
one might expect a resumption of etching at slight cath- 
odic bias, as Fig. 2a suggests. 

The case of the n§ etch stop is somewhat more diffi- 
cult to understand. The analogy with the cathodic etch 
stop for lightly doped Si is attractive, since in each case 
the surface is metallic-like. But it is hard to imagine elec- 
trolysis dominating etching at OCP with no net current 
flow. We suggest another mechanism. We will make a 
note of important experimental  observations: (i) the pas- 
sivation potential for heavily doped n-St shifts cathodi- 
cally about 0.5V~and approaches the OCP, while OCP 
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runaway. 

shifts only 0.1V compared to lightly doped Si; (ii) Glem- 
bocki et al. (15) found that the etch rates for lightly doped 
n-Si were substantially reduced between the OCP and PP 
well before the PP  was reached. In Ref. (15), the etch stop 
between OCP and PP  was explained by a shift in the 
RDS toward connective-layer growth. For potentials be- 
tween the PP  and OCP, there were competative pro- 
cesses, the oxidation of Si and the dissolution of the oxi- 
dized species, as well as dissolution of the crystalline 
substrate. In this case, as long as some oxidation 
occurred, the etching would be reduced and some thin 
layer of prepassive oxide would form only to be etched 
off and then regrown. In fact, the more rapid the oxida- 
tion, the lower the etch rate, until finally the connective 
layer was established. This suggests that at some narrow 
range of cathodic bias there might be a resumption of 
etching before the usual n-Si cathodic etch stop takes 
over. In the next section, we will consider the role of the 
band edge in this process. 

Energy-level consideration.--We now give a comple- 
mentary discussion of etching and etch stop based on an 
energy level approach. Such a band-energy-level picture 
can be useful, although the details are necessarily 
sketchy. These ideas are illustrated in Fig. 4 and 5 in 
terms of the Si conduction and valence bands, the redox 
couple level of OH-/H20 and the Fermi levels. In Fig. 4, 
we assume a redox couple OH-/H~O supplies the species 
for etching, electrolysis, and oxidation. We illustrate this 
reaction region as a thin layer between c-Si and the elec- 
trolyte. This can be the region where the surface states 
and the decomposition states (23) involved in the reac- 
tions are located, where initial layers begin to grow or 
where the Helmholtz layer forms. The OH-/H.,O couple 
with its Fermi level is shown at OCP, the lower lobe being 
the filled electron states due to OH-  and the upper lobe 
being the empty electron states to be associated with H~O. 
This population distribution is omitted in other panels of 
Fig. 4. We do not include the decomposit ion states of 
SiO.XOH)~ = and SiO., or the surface states, since we do not 
know their locations or distributions in such a variety of 
complicated reactions (24). The SCE Fermi level is also 

indicated, since all measured potentials Vm are between 
the Si bulk Fermi level and the SCE. The positions of the 
various levels are only approximately to scale, the 
OH-/H~O couple being 1.1V above the SCE (24). The hori- 
zontal dimensions are not to scale. We assume that an ap- 
plied potential moves the liquid levels in unison with the 
SCE level. Note, that in Fig. 4 we have chosen to keep the 
bulk Si bands constant from panel to panel rather than 
the SCE Fermi level. 

At OCP (-1.2V), we show the bands bent down, since it 
has been determined that for n-Si flatband occurs near 
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Fig. 5.(a): Schematic diagram of band bending and redox couple for 
lightly and heavily doped n-Si suggesting how OCP shifts cathodic. (b): 
Schematic diagram of band bending and redox couple for lightly and 
heavily doped p-Si suggesting how OCP shifts anodic. 



140 J. Electrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  J a n u a r y  1985 

-1.0V, while for p-St it occurs near -0.2V (22). The etch- 
ing reaction transfers an electron from the OH- into the 
Si surface bond (or the conduction band at the surface) 
and then to the etch products (no net current flow), as 
the semicircular arrow indicates. This sequence of charge 
transfer must  be maintained in order for etching to 
continue. 

If the charge transfer sequence is broken, one expects 
the etching to stop. This may be accomplished in n-St 
through a cathodic bias (15) when strong accumulation of 
electrons occurs in the conduction band. Then, electrons 
can flow from the Si electrode to solution via the 
OH-/H20 couple. Water, which would normally partici- 
pate in etching, is electrolyzed to produce H2 and current 
carrying OH- through the reaction Si + 2H20 + 2e----> Si 
+ H2 + 2 OH-. This cathodic current is shown schemati- 
cally in the I-V curve at the left side of Fig. 4a. Also, OH- 
ions cannot easily discharge electrons into the accumu- 
lated conduction band, owing to the relative positions of 
the redox Fermi level and the conduction-band edge at 
the surface. Both mechanisms would decrease the etch 
rate, as the dashed semicircular arrow indicates. 

Anodic potential applied to n-St raises the OH-/H20 
level with respect to the conduction band, causing elec- 
tron current to flow into the depleted conduction band of 
St, presumably with some etching continuing. Eventu- 
ally, the few thermal holes can fall into the filled redox 
state, causing some oxide to grow, stopping the etching, 
and drastically reducing the nearly saturated current at 
passivation. This is shown as a dotted l i ne  in the I-V 
curve. We observe that only the thin connective layer can 
be grown in the dark. 

An etch stop with similarities to both the cathodic etch 
stop and the anodic etch stop (connective layer) occurs 
for n § doping (Fig. 5). As the doping density is raised, the 
semiconductor Fermi level rises above the OH-/H20 cou- 
ple initially; then, as the Fermi levels equilibrate, elec- 
trons flow from Si to liquid. We note that the upward 
Fermi-energy shift of the semiconductor might produce a 
slight cathodic increase in the OCP as is observed (OCP = 
- 1.3V). The space-charge region is shown narrow with a 
slight upward band bending. As Fig. 3 showS, while etch- 
ing has stopped (slowed down drastically), a slush layer 
continues to grow. The appearance of this layer signals 
that, while water continues to attack St-St bonds, subse- 
quent  OH- attack has been inhibited, so that mostly in- 
complete, nonsoluable silicates are formed which stick to 
the surface. 

At equilibrium, no current flows (Fig. 5a). It is now 
somewhat difficult to understand the etch stop. We can 
only suggest two possibilities: (i) if there is a large up- 
ward band bending (not shown), this would form a barrier 
to electron transfer from OH- to the conduction band, 
thus interrupting the etching charge transfer process, just  
as in the cathodic panel of Fig. 4a electrons are stopped 
from moving from the redox level to the conduction 
band; (it) since the PP has shifted very close to OCP, ox- 
ide attempting to form consumes OH-, thus slowing the 
etch rate. This prepassive layer undergoes etch back and 
growth (perhaps as a monotayer). We have not clearly 
seen its presence by el]ipsometry, since the slush layer 
dominates, and we have not seen it in lightly doped St. 
Note, however, that as soon as an anodic potential is ap- 
plied, the surface passivates within <0.1V in spite of the 
slush layer, implying that OH- can penetrate it. We are 
tempted to compare the right panel of Fig. 5a with the 
right panel of Fig. 4a as regards transfer of electrons from 
OH- to the conduction band, not to produce net current, 
but to form the prepassive connective layer. The few 
thermal holes available would be needed to start the oxi- 
dation of Si and keep the net current zero. 

For lightly doped p-St the Fermi level is much lower 
than the OH-/H~O level before contact. A large band 
bending is induced when the semiconductor is brought 
into contact with the electrolyte at OCP (see Fig. 4b), 
since the OH-/H~O couple discharges electrons into the 

semiconductor surface to equilibrate the Fermi levels. 
The etching charge transfer process continues, however: 

Cathodic bias drives the p-St into depletion (Fig. 4b~, 
and, therefore, the energy separation between the 
conduction band and the OH-/H20 couple becomes al- 
most constant and the current saturates. The little current 
that flows is shown schematically in the I-V curves and is 
due to a small number  of holes in the H~O redox stateS 
flowing into the valence band during electrolysis. The 
etching charge-transfer sequence is not interrupted since 
electrons from redox tail states can still reach the conduc~ 
tion band so etching continues. 

With the application of an anodic potential (Fig. 4b), 
hole current initially flows from p-St to the filled elec- 
tron states of the OH-/H~O couple. This increase in cur- 
rent is shown in the I-V curve of Fig. 4b. With further 
anodic bias, initial oxide (connective-layer) growth is in- 
duced. This stops the etch and produces a drastic drop in 
current, as the dotted portion of the I-V curve shows. A 
thick oxide can be grown since there are plenty of holes 
available. 

Heavy doping of a p-St sample at OCP to produce a 
p+-Si sample moves the bulk Fermi level toward the val- 
ence band (see Fig. 5b). These holes move to the electron- 
filled redox couple state, lowering its Fermi level as equi- 
l ibrium is achieved. The OCP shifts in the anodic 
direction (OCP = -0.7V), a potential which favors initial 
growth of the connective layer, and etching stops. Con- 
versely, note that one could argue that the etching charge 
transfer sequence is interrupted because the electron- 
filled redox states are too far below the conduction band. 
However, the ellipsometric observations of connective 
layer rule this out as the primary etch-stop mechanism. 

Summary 
Ellipsometry has been used to "tag" optically the 

events that occur during anodization and etching and, 
thus, to permit correlation among the various processes. 
The microscopic model relating changes in the different 
interfaces to observed variation in gJ and A is beyond the 
scope of the present work and will be presented else- 
where (13). Specifically, we have shown that etching 
through the connective layer o n a  lightly doped substrate 
is signaled by the appearance of dips (negative peaks) in 
and A. The absence of such dips for a heavily doped B:Si 
substrate indicates that the connective layer is never 
penetrated (or else spontaneously regenerated). The per- 
sistance of the connective layer and the drop in etch rate 
are both related to the shift in OCP. Similarly, cathodic 
bias of a lightly doped n-type sample leads to rapid slush 
layer growth related to a decrease in etch rate (cathodic 
etch stop). For heavily doped P:Si, we observed the op- 
tical signature of rapid slush layer growth immediately 
upon etching through the connective layer at OCP. This 
is taken as an indication that what happens on the surface 
of lightly doped, cathodically etch-stopped n-St may also 
happen spontaneously at (the shifted) OCP for heavily 
doped P:Si; alternately, a prepassive connective layer 
may begin to form with subsequent  slow down of etch 
rate. Heavily doped As.St behaves similarly. We assume 
that other dopants, such as Sb (n) and A1 (p) would also 
etch stop if the doping density could be raised toward 10 '2~ 
cm -3. Of special interest is the fact that the connective 
layer on p~-Si can be removed by slight cathodic bias so 
that the sample may start etching again. Also, there is the 
possibility of cathodically biasing n+-Si and encouraging 
etching. We have not yet measured the stopped and 
unstopped etch rates. 

We assume that since orientation-dependent etching 
and the etch stop are seen for both aqueous KOH and 
ethylenediamine pyrocatechol, the present results would 
also be observed in the pryocatechol etchant. Thus, the 
etch-stop mechanism of Raley et al. (7) for p§ is proba- 
bly not valid; rather, p§ probably spontaneously 
passivates. 
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Deposition and Reflow of Phosphosilicate Glass 
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ABSTRACT 

The chemical vapor deposition (CVD) and reflow of phosphosilicate glass (PSG) have been reviewed. The CVD re- 
action from silane and phosphine has been simulated by SOLGAS thermochemical calculations. This equilibrium calcu- 
lation method predicts stoichiometric conversion of silane and phosphine. In  comparison to experimental determina- 
tions, the calculations underestimate the glass phosphorus content by about 1-3 weight percent. In  addition, recent 
observations that the reflow of PSG is greatly enhanced by the presence of a steam ambient  during heating have been 
examined. A possible mechanism of this reflow enhancement  has been discussed. Experimental  evidence, which sup- 
port this mechanism, by electron microprobe, FTIR, and SIMS studies of PSG films, are presented. 

Phosphosilicate glass (PSG) is widely used throughout 
the semiconductor industry in the fabrication of bipolar 
and metal oxide semiconductor (MOS) devices. Many of 
the properties of PSG make it well suited for use as a 
solid-to-solid diffusion source, as a mask against other do- 
pant diffusion, as a gettering agent for mobile alkali ions, 
as an interlayer dielectric and insulation for multilevel in- 
terconnections, or a passivation layer. The ability of PSG 
to stabilize devices against mobile ions such as sodium 
has been well known for over a decade (1-5). As an 
interlevel layer, the addition of phosphorus pentoxide to 
silica glass to form PSG significantly reduces the tem- 
perature needed to reflow the glass to provide smooth 
steps for metallization interconnection. Higher phospho- 
rus contents give lower reflow temperatures, but  high 
phosphorus concentrations can induce metal corrosion 
by reaction of phosphorus pentoxide with water to form 
phosphoric acid. This is particularly important in the pro- 
duction of low cost plastic-encapsulated devices as com- 

p a r e d  to the more expensive water-protected ceramic 
packages. Devices packaged in ceramic are sealed against 
water so that much higher phosphorus levels are tolera- 

ble. This water-induced corrosion possibility can have a 
dramatically adverse effect on the long-term reliability of 
plastic-packaged devices, particularly since the rate of 
corrosion and thus the time to failure are dependent  upon 
the temperature and humidity conditions of use for the 
device. As a passivation layer, thermally grown silicon di- 
oxide has a limited thickness range over which it can be 
used because of thermal expansion mismatch with the 
substrate and high internal stresses which induce crack- 
ing. Alternatively, PSG is more dense and thus provides 
more contaminant  protection. Its reduced intrinsic stress 
improves the layer's resistance to cracking (6-8). As the 
level of device integration increases, there is an increas- 
ing need for lower process temperatures of reflow in or- 
der to reduce undesired lateral diffusions. Therefore, it is 
imperative to control the phosphorus content of the PSG 
and the reflow conditions so that the opt imum reflow is 
achieved at the lowest possible temperature, yet maintain 
phosphorus levels that do not induce metal corrosion. 
Understanding the processes of PSG formation and 
reflow is, then, of great importance in making decisions 
about present process control and process improvements 
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and about future plans to meet the needs of more highly 
integrated devices. This understanding could also play a 
significant role in the possible development of new 
glasses required for future device processing. 

The phase diagram for the silicon dioxide-phosphorus 
pentoxide system is well characterized (9, 10). Since PSG 
is a glass and not a crystalline solid, it has no phase dia- 
gram, but  some general implications may be taken from 
the phase diagram of the silicon dioxide-phosphorus pen- 
toxide system. It can be seen from the phase diagram that 
a mixture of silicon dioxide and phosphorus pentoxide 
with a composition to the left of the eutectic which is 
cooled from liquid to solid will be composed of crystals of 
silicon dioxide as quartz in a solid of eutectic composi- 
tion. This solid is water insoluble (11) and is inert to water 
attack, so that interaction with water will not occur to 
produce phosphoric acid. Metallization should not cor- 
rode in the presence of moisture when deposited on such 
a solid. Conversely, a mixture with composition to the 
right of the eutectic should form a material composed of 
crystals of 2SIO2 �9 P205 in the solid eutectic composition. 
While the solid matrix is not water soluble, the crystals of 
2SiO.~. P.,O5 are readily soluble. If the phase diagram were 
correct for PSG, glasses formed from compositions 
greater than about 0.2 mole fraction of phosphorus pen- 
toxide or equivalently about 15.7 weight percent (w/o) 
phosphorus will contain water soluble crystals and metal- 
lization will corrode in the presence of moisture. It is not 
correct, and thus the maximum allowable amount  of 
phosphorus before encountering metallization corrosion 
problems may be significantly less than 15.7 w/o. Particu- 
larly in a production situation, the maximum advisable 
phosphorus content is probably on the order of 10-12 w/o. 

Another introductory topic which should be considered 
because of its relevance to phosphoric acid-induced metal 
corrosion and to the PSG reflow mechanism is the ther- 
mochemistry of phosphoric acid (H3PO4) and phosphorus 
pentoxide (P4Olo). Phosphoric acid is the product of hy- 
dration of phosphorus pentoxide. Phosphoric acid under- 
goes a partial loss of water at 213~ and complete dehy- 
dration above -320~ The dehydration reaction can be 
written as follows 

2 o 13 C 300~ -320~ 
H3PO4 ~ H4P~O7 > (HPO3)~ 

-H20 -H~O -H.,O 
> P4Olo 

Thus, phosphoric acid is only stable at fairly low tempera- 
tures. Also, phosphorus pentoxide begins to sublime at 
about 300~ and is completely gaseous above approxi- 
mately 600~ The significance of this property will be- 
come apparent in the discussion section. 

Presently, the most commonly used method for PSG 
deposition is chemical vapor deposition (CVD). The reac- 
tion of silane and phosphine with excess oxygen to form 
a PSG of silicon dioxide and phosphorus pentoxide is 
typically used. This reaction at 300~176 can be written 
a s  

Sill4 + 4PH3 + 7 O5 --* SiO~ + P4Olo + 2H20 + 6H2 

Phosphorus pentoxide is correctly written as P40~0, but, 
in many cases, is referred to as P~Os. They are most often 
used interchangeably to mean the same compound. Mass 
spectrometric evidence by Kern et al. (12, 13) showed that 
both hydrogen and water vapor are present as reaction 
products in the exhaust of a PSG deposition reactor. Ex- 
cess hydrogen is present because phosphine is used as a 
mixture of phosphine, hydrogen, and argon. One major 
concern, with water vapor being present as a reaction 
product, is that water might become incorporated into the 
glass or that water will react with the phosphosilicate 
glass to form phosphoric acid. However, the instability of 
phosphoric acid above 320~ specifically excludes the 
possibility of acid formation during high temperature 
deposition. Infrared spectroscopic results by Kern et al. 
(12, 13) suggest that, even with the addition of excess 
amounts of water vapor into the reactant gas flow, there 

is no evidence of incorporation of water into the glass 
during chemical vapor deposition. Their data further sug- 
gest, however, that water vapor is actually helpful to the 
deposition reaction, since they found empirically that it 
reduces the intrinsic stress of the deposited film. High 
phosphorus content glasses are a problem in the presence 
of moisture only at temperatures lower than about 320~ 
This, however, does not preclude water incorporation 
into the glass at room temperature and thus does not rule 
out corrosion under  normal device operation conditions: 
However, water should not pose any problems during 
deposition or reflow. 

The technical literature contains several studies of the 
conditions of PSG chemical vapor deposition and the de- 
pendence of the glass deposition rate and phosphorus 
content upon various experimental parameters, including 
the reactant gas flow rates, substrate temperature, and 
several others (12-16). From a comparison of the experi- 
mental  results of Kern et al. (12, 13) and Shibata et al. (14, 
15), the PSG always contains more phosphorus than is 
predicted from stoichiometric conversion of silane and 
phosphine because the conversion of silane to silicon di- 
oxide is generally believed to be inhibited by surface ki- 
netics during co-oxidation with phosphine. This devia- 
tion from stoichiometry appears never to be more than 
about 2-4 w/o phosphorus. In most cases, it is on the order 
of 1-2 w/o phosphorus. 

Phosphosilicate glass, as it is chemically vapor depos- 
ited, does not have a density as high as possible for the 
film. The film, however, can be annealed at tempera- 
tures ranging from about 450 ~ to 800~ for periods of time 
ranging from 15 min to over 10h to produce densification 
of the film to a desired level (17). In other instances, the 
densification is achieved simultaneously with the higher 
temperature (950~176 reflow process which is de- 
signed to give a surface with smooth gradual steps on 
which to put metallization interconnections. A larger 
amount  of phosphorus in the glass allows reflow at lower 
temperatures, but, as stated earlier, there is a limit to the 
amount  of phosphorus before one encounters the proba- 
bility of interaction with water to form phosphoric acid 
and the consequential corrosion of the metallization. One 
approach has been to deposit a PSG with a moderate 
level of phosphorus and then carry out the reflow while 
introducing POCI~ gas into the reflow chamber. This in- 
troduces additional phosphorus into the outer layer of the 
PSG, allowing it to be reflowed more completely. The 
reflow is then followed by an anneal to remove the ex- 
cess phosphorus, which was added for the reflow. This 
procedure of reflow with high surface phosphorus and 
then the removal of this excess phosphorus works be- 
cause of the high vapor pressure of phosphorus pentox- 
ide, as explained above, which can volatilize from the sur- 
face of the PSG, owing to the open porous structure of 
the glass. 

Recently, it has also been observed that reflow is also 
greatly enhanced by the presence of a steam ambient  dur- 
ing the reflow process, and that reflow is increased to a 
lesser extent by an oxygen ambient  gas. These results are 
supported by several experimental reports in the chemi- 
cal literature. Nauman and Boyd (18) found that the flow 
of PSG in wet nitrogen is greater than for dry nitrogen. 
Armstrong and Tolliver's SEM investigation (19) of PSG 
reflow showed the greatest flow for steam, and the least 
flow for dry nitrogen. Also, recently, Razouk and Lie (20) 
found that the high pressure-induced flowtime of PSG is 
reduced the most for a pyrogenic steam ambient. Steam- 
enhanced reflow of PSG may then be an important  alter- 
native for avoiding the use of high temperatures and high 
phosphorus contents to achieve t h e  desired surface 
reflow. 

Experimental 
In an attempt to model the PSG system so that predic- 

tions of glass phosphorus content could be made, the re- 
action was simulated using a thermochemical calculation 
program called SOLGAS. It is a computer program for 
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the calculation of equilibrium compositions based upon 
minimization of the free energy of the system being con- 
sidered. The method has been described in some detail 
by Eriksson (21). Calculations were performed for temper- 
atures ranging from 300 ~ to 450~ for SiHJPH3 molar ra- 
tios from 1 to 50, and for OJ(PH~ + Sill4) molar ratios of 1 
to 50. 

All thermodynamic heats of formation used by the pro- 
gram were taken from the JANAF thermochemical  tables 
(22), except  for PSG, which was estimated from the 
values of silicon dioxide and phosphorus pentoxide. The 
results of these calculations are discussed in the section 
on results. 

To evaluate the effects of water vapor on the reflow of 
PSG film produced by the CVD reaction of silane and 
phosphine with oxygen at 430~ films were studied 
using Fourier transform infrared spectroscopy (FTIR), 
secondary ion mass spectrometry (SIMS), electron 
microprobe analysis, and wet chemical colorometric 
analysis. 

For the purpose of these studies, silicon wafers -~ith the 
deposited films of PSG in the 7-12 w/o phosphorus range 
were broken into four parts. One part was left unannealed 
for comparison as the as-deposited film. The other three 
parts were annealed one in each of the following gas am- 
bients: dry nitrogen, dry oxygen, and steam. The steam 
was flowed into the annealing furnace using nitrogen 
and all anneals were carried out at 950~ for 15 min. The 
FTIR analyses were carried out on an IBM IR98-14 FTIR 
instrument. SIMS measurements  were made on an ARL 
ion microprobe basing the quantitative results on phos- 
phorus standards generated from neutron activation anal- 
ysis. The electron microprobe results were obtained on a 
JEOL JSM-35 scanning electron microscope with Kevex 
x-ray detector. Its results were also based on the same 
neutron activation generated phosphorus standards. The 
wet chemical colorimetric determinations of phosphorus 
were based on weighed and dissolved phosphorus salt 
standards. 

Results and Discussions 
All SOLGAS calculations indicate a complete stoichio- 

metric conversion of phosphine and silane to PSG. That 
is, thermodynamically,  all the reactant silane and phos- 
phine go to make a glass with the same silane to phos- 
phine molar ratio as for the reactant gas mixture. This 
was true as long as there was excess oxygen, i.e., 
sufficient oxygen to convert  all silane to silicon dioxide 
and to convert  all the phosphine to phosphorus pentox- 
ide. The other predicted products of the deposition reac- 
tion were hydrogen and water vapor, consistent with the 
experimental  findings of Kern et al. (12, 13). The stoichio- 
metric conversion predicted by SOLGAS, though possi- 
bly a good first approximation of the reaction, does not 
take into account two important  factors. First, CVD is not 
in an equilibrium situation as assumed by the SOLGAS 
program; second, SOLGAS bases its results upon thermo- 
dynamic consideration only, and does not include other 
factors, such as kinetic effects. 

Enhanced reflow of PSG by the addition of steam as an 
ambient gas, although it greatly enhances the PSG 
reflow, should not be used as a process before consider- 
ing its effects on the other aspects of semiconductor de- 
vices. Whether or not reflow in the presence of steam 
causes water to be trapped in the glass is of extreme im- 
portance to the long-term reliability of a semiconductor  
device. Recent FTIR results in this laboratory on samples 
which had been annealed in steam have shown no evi- 
dence of trapped water. In support of this finding, it is 
known that a temperature of about 400~ facilitates the 
removal of OH-  groups and condensed water molecules 
from a silica surface (23). 

Many people in the semiconductor industry talk about 
the concept of steam leaching of phosphorus from the 
glass by phosphoric acid formation. They have noted that 
when the glass is reflowed in the presence of steam the 
final film has a lower phosphorus concentration than the 

as-deposited film, and they are familiar with the reaction 
of phosphorus pentoxide and water to form phosphoric 
acid and the consequential  metal corrosion that occurs at 
low temperatures. The two facts have been incorrectly 
pieced together to indicate that the water reacts with the 
phosphorus to facilitate its removal. What has not been 
considered is that the water may interact with the glass 
structure to allow the phosphorus pentoxide to escape 
from the sample because of its high vapor pressure. An- 
other supporting fact is that phosphoric acid is not stable 
at these high temperatures. To further examine this phos- 
phorus loss during annealing, a discussion of the interac- 
tion of water with silica glass structures is required. This 
is given below. 

It is a very common practice for a ceramicist to add 
steam to any glass to reflow it at a lower temperature or 
reflow it more quickly at a given temperature (23, 24). 
Vitreous silica glass has a very high viscosity. The silica 
glass Si-O bonds are very strong, and the major cation 
(Si 4§ core has a rigid screening demand which requires 
four-fold coordination. Its network of 02- ions in only 
two-fold coordination represents a very open, porous 
structure. The anion-to-major network forming cation ra- 
tio is by far the most important factor which determines 
the screening of the cation and the need of the cation to 
share anions, that is, to "polymerize" and form a glass. 
The addition of 02- ions introduced by oxides such as 
phosphorus pentoxide or sodium oxide improves t h e  
screening of the major cation and decreases the need to 
polymerize, therefore lowering the viscosity of the glass. 
This is the reason that PSG, which contains phosphorus 
pentoxide in silica, has a much lower viscosity than pure 
silica and can consequently be reflowed at a much lower 
temperature than pure silica glass. Silica is also very sen- 
sitive to defects which cause any asymmetry, again be- 
cause of the cation screening demand; a reduction in vis- 
cosity can also occur by this mechanism. Vitreous silica 
glass can contain OH-  groups or electron pairs in the 
place of 02- ions. This fact is very important in ex- 
plaining the reduction of viscosity by addition of water 
vapor or oxygen during reflow. The viscosity of silica can 
be reduced by an order of magnitude by the introduction 
of water because it participates in the structure of the 
glass as OH-  ions, displacing some of the bridging oxy- 
gen bonds, and thus increasing the number  of anions. 
This not only increases the screening of the major cation, 
but also introduces an asymmetry, both of which act to 
reduce the glass viscosity. Oxygen can produce more lim- 
ited viscosity reduction by accepting an electron transfer 
and participating in the structure as an electron pair sub- 
stitution for an 02- ion (24). By similarity, since PSG is 
primarily a silica glass with a relatively small percentage 
of added phosphorus pentoxide, water and oxygen are 
expected to produce similar viscosity reduction in PSG. 

The reflow enhancement  of steam by its participating 
in the glass structure as OH-  ions would give the neces- 
sary structural changes to bring about the observed loss 
of phosphorus during annealing in steam. This phenome- 
non of loss is much more than can be explained by sur- 
face volatilization alone. The glass changes to a less vis- 
cous substance which has a more open porous structure, 
thus allowing more phosphorus pentoxide to evaporate. 
Balk and Eldridge (1) first proposed this type of mecha- 
nism in 1969. The mechanism is also supported by a re- 
cent study of the densification and water absorption of 
PSG films chemical vapor deposited at 640~ using phos- 
phine, tetraethyl orthosilicate, and oxygen (25). The fol- 
lowing experimental  observations were made by the pres- 
ent authors in an at tempt to investigate the feasibility of 
this mechanism. 

In Fig. 1 are shown the FTIR spectrum of an as- 
deposited PSG film and the spectra of the same film an- 
nealed in steam, oxygen, and nitrogen gas ambients. In 
the FTIR spectrum of PSG annealed in steam, the energy 
and shape of the Si-O stretch band most closely resem- 
bles the same band of the as-deposited PSG, thus indicat- 
ing a structure which is more open and less dense as is 
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Fig. 1. FTIR spectra of PSG film annealed in different gas ambients 

characteristic of the as-deposited film. However, the 
same band in the spectrum of PSG annealed in nitrogen 
is shifted to an energy much closer to the corresponding 
band of quartz, a much more closed densely packed 
structure. Oxygen shows an effect intermediate between 
the other two. Further information on FTIR studies of 
PSG films can be found in Ref. (26). Confirmation of the 
loss of phosphorus during annealing, the amount  of 
which depends on the ambient  and its effect on the struc- 
ture, is shown in Fig. 2 and in Table I. Figure 2 shows the 
SIMS profiles of phosphorus in a PSG sample, pieces of 
which have been annealed separately in steam, nitrogen, 
and oxygen. The steam-annealed sample has 
significantly less phosphorus than the other two. Table I 
indicates the phosphorus contents obtained for similar 
samples vs. the as-deposited PSG from electron 
microprobe and wet chemical complexation colorometric 
analysis. Both methods indicate the highest phosphorus 
content for the as-deposited film and the lowest for the 
steam-annealed samples. Nitrogen is closest to the as- 
deposited film in phosphorus content, and oxygen is in- 
termediate, indicative of its more limited reduction of the 
glass viscosity. There is a large discrepancy between the 
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Fig. 2. SIMS profiles of phosphorus in PSG sample annealed in differ- 

ent gas ambients. 

Table I. Annealed PSG phosphorus content as a function of gas ambient 

Reflow 
gas ambient 

Average PSG phosphorus content (w/o P) 
Electron Wet chemical 

microprobe analysis 

As-deposited PSG 7.6 11.4 
Dry nitrogen 7.4 9.9 
Dry oxygen 7.1 9.6 
Steam 6.8 7.6 

absolute magnitudes of the values obtained by the two 
techniques first because the analyses were performed on 
different samples which were only deposited under  simi- 
lar conditions and because of the use of different 
standards for the techniques as described in the experi- 
mental section. The ordering of phosphorus content 
which is the same for both is the more important observa- 
tion. This combination of FTIR results showing most 
dense films for nitrogen anneal, and other results show- 
ing least remaining phosphorus for steam reflow, sup- 
ports the mechanism described above but  does not 
specifically exclude all other explanations. 

In light of all these results, the addition of steam to 
reflow PSG films is feasible and poses no water-related 
problems to the device reliability during reflow. Addition 
of steam to enhance the reflow may then be a viable and 
safe procedure of PSG processing for semiconductor de- 
vice manufacture (27). 

Summary 
The useful properties of PSG as applied to use as a 

semiconductor oxide layer have been discussed along 
with the problems that it can induce if not closely 
controlled. The simulation of the CVD reaction from 
silane and phosphine by SOLGAS thermochemical calcu- 
lations was shown to predict stoichiometric conversion, 
this prediction always being about 1-3 w/o phosphorus 
less than actual experimental observations. The differ- 
ences arise because CVD is not an equilibrium situation, 
as assumed by SOLGAS, and because SOLGAS neglects 
kinetic factors influencing the reaction. It was shown 
that PSG reflow enhancement  by steam has been well 
documented by several authors. A mechanism for this 
reflow enhancement  involving the participation of water 
in the glass structure as OH- ions is described, and sup- 
porting evidence has been given. 
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ABSTRACT 

The current-voltage characterist ics and the bias dependence  of the etch rates of <100>- and < l l l > - o r i e n t e d  n- and 
p-type low doped Si samples  in aqueous KOH have been studied. We find that  voltages cathodic of the open-circuit  po- 
tential  have little effect on the p-type etch rates, while the n-type etching is stopped. Anodic of the open-circuit  poten- 
tial, both  carrier types stop etching, owing to passivation of the surface. These results are used to characterize the rate- 
determining steps of the chemical  or electrochemical  reactions which take place at the semiconductor  surface at various 
biases. A mechanism is proposed in which the rate-determining step shifts between among chemical, electrochemical,  
or diffusion limited. Also, a mechanism involving susceptibil i ty to nucleophilic at tack is proposed to explain the vastly 
different etching rates of <100> and <110> vs. <111> faces. 

The etching of silicon in aqueous KOH is of both 
technological  and fundamental  interest. Its technological  
promise  stems from two properties.  First,  the etching rate 
of the <111> face can be several orders of magni tude  less 
than that  of the <110>, <100>, and any other fast etching 
plane (1). Second, heavy phosphorous or boron doping 
(>101~ cm -~) inhibits  the etching (2). As a result  of these 
phenomena,  it is possible  to fabricate microstructures  
using KOH etching in conjunction with s tandard semi- 
conductor  processing techniques. For  example,  
V-grooves, pyramids,  and high-aspect-ratio s tructures of 
micron dimensions are routinely constructed. For  more 
information about  these types  of applications,  the reader 
is referred to the work of Kendal l  (3) and Angell  et al. (4). 

The fundamental  interest  in the etch-stop and orienta- 
t ion-dependent  etching (ODE) of Si in KOH, as well as 
certain other basic solutions, dates back many years. 
Various studies such as current-voltage (1, 2, 5, 6), capaci- 
tance (6, 7), pH dependence  of the etch rates (3, 8-11), illu- 
minat ion effects (6, 10), etc., have been performed. It is in- 
terest ing to note that  despi te  the volume of work on the 
problem, the mechanism of the corrosion processes that 
take place is still not understood.  This state of events is 
not part icularly surpris ing in view of our incomplete  
knowledge of the mechanism of corrosion reactions in 
s impler  systems such as metals, in which passivation 
competes  with corrosion. It is our objective, in this paper, 
to shed addit ional l ight on some of the most  basic mecha- 
nistic questions concerning the etching of Si. In doing so, 
we hope to present  a coherent  picture of the current  sta- 
tus of the field. 

The most important  question to consider is whether  the 
rate-determining steps in the etching reactions are chemi- 
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cal or electrochemical in nature. The dist inction between 
the two rests on the part icipat ion of free carriers in any 
rate-determining step (RDS). If the RDS is chemical,  one 
might  expect  a s imultaneous oxidat ion-reduction of the 
Si bond through a reaction sequence such as 

? 

Si - -S i  + H20 " ; S i - -H + HO--S i  [1] 

followed by 

? 

Si - -H  + H20 " ~ Si--4:)H + H2 [2] 

The question marks in reactions [1] and [2] indicate the 
unknown nature of the catalysts (if any) that  participate.  
In  basic solutions, for example,  O H -  is a good candidate 
to play this role. The quest ion marks also imply that  re- 
actions [1] and [2] are not elementary steps, but  are, 
rather, stoichiometric manifestat ions of an overall process 
which must  be considered before any a t tempt  at the un- 
ders tanding of the e lementary steps can be contemplated.  
Equations [1] and [2] do not predict  the final form of the 
etch by-products,  as this will be greatly influenced by the 
pH of the solution. Therefore, the species leaving the sur- 
face could be different from those in solution. 

If, however, the reaction is electrochemical in nature, 
then the most useful presentat ion on a level commensu-  
rate with Eq. [1] and [2] is given in terms of a short-circui t  
electrochemical  cell. For  a corrosion reaction to be repre- 
sented as a short-circuit, energy producing cell, the poten- 
tial difference across the interface should be between the 
equi l ibr ium potential  of the reduction reaction of the 
electrode and the equi l ibr ium potential  of the oxidat ion 
reaction of the electrode. Note that  this implies that  both 
reactions occur at the open-circuit  potential  (12). Electro- 
chemical  reactions can be complicated by the fact that  
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the process can take place by short circuiting, physically 
separated reaction sites on the electrode or through the 
Wagner-Traud mechanism which does not require that 
the reaction sites be distinct in space and time; they can 
occur randomly over the surface of the electrode (12). 
Since our cell is energy producing, the presence of corro- 
sion pits ("noise" in the etch profiles: see the experimen- 
tal section) suggests some spatial separation in the oxida- 
tion and reduction sites. When an insoluable oxide forms 
at potentials anodic of the corrosion potential, as in the 
present case, the rate-determining step will change (for 
these biases) from being determined by the interracial ki- 
netics to diffusion through the passivating film. 

The most useful tool to distinguish between the two 
mechanisms is to monitor the etch rate as a function of 
the electrode potential. For an electrochemical RDS, the 
etch rate should be proportional to the concentration of 
free carriers at the surface, which varies exponentially 
with the potential drop across the space-charge layer. If  
the mechanism is chemical, then the only dependence on 
the electric field across the interface is expected if the 
ionic diffusion across the passivating film is electric- 
field assisted. Even this simple criterion should be 
treated with caution. In the case of Fermi-level pinning, 
the concentration of free carriers will be unaffected by 
the electrode potential, and an electrochemical mecha- 
nism may behave like a chemical one. 

In this paper, we present a study of the bias depen- 
dence of the etch rates of n- and p-type, lightly doped Si 
samples of <111> and <100> orientations. Hereafter, the 
notation n(lI1), etc., will be used in referring to n-type 
samples of <111> orientation, etc. We will compare the 
etch rates to linear-sweep voltammograms (I-V curves), 
taken under identical conditions. Waggener and Dalton 
(13) had previously studied the bias dependence of the 
etch rates for voltages anodic of the open-circuit potential 
(OCP), but did not consider potentials cathodic of the 
OCP, and thus their data are not adequate for our pur- 
poses. In the discussion section, we will utilize the rich 
harvest of prior experimental  work, together with our 
own data and try to reach some conclusions as to the rela- 
tive importance of the chemical and electrochemical 
mechanisms in the orientation-dependent etching of Si in 
KOH. 

Experimental  
The samples used in our experiments were commercial  

2 in. diam wafers obtained from General Diode, Incorpo- 
rated. The resistivities were typically 9-10 t~-cm, and the 
orientation was within -+1 ~ of the <111> or <100> planes. 
No special surface treatments were used. Two closely 
spaced contacts were made by first scratching the sur- 
face and then rubbing In-Ga amalgam into the damaged 
area. The two spots were subsequently tested on an I-V 
curve tracer. Finally, pressure contact was made to a cop- 
per wire. 

In Fig. 1, we show a schematic representation of the ex- 
perimental apparatus which was used for both the I-V 
measurements and the etching work. A PAR 173 poten- 
tiostat was used to bias the sample with respect to a 
standard calomel electrode (SCE). The sample cell was a 
beaker filled with KOH and was raised and lowered with 
respect to the electrodes with a scissor jack. Before etch- 
ing, the wafers were masked with thermal oxide 0.6 izm 
thick. Portions of the oxide were r e m o v e d  through 
standard lithographic techniques, leaving a grid pattern 
composed of squares of oxide, 0.8 mm on a side, sepa- 
rated by 0.4 mm wide streets and avenues of clean Si. The 
wafer was then cleaved into strips 3.6 mm wide. Figure 2 
shows a schematic representation of a typical strip and 
the expected etch grooves. A negative oxide pattern was 
also tried, with no observable differences in the results. 

The strip was submerged in 2M KOH at 20~ with the 
contact above solution. After removing the native oxide 
(signaled by bubbling and OCP stabilization), the KOH 
level was lowered by approximately 1 cm, and the sample 
was etched at the OCP. Typically, the level was lowered 
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/ \ ,  

LAB JACK 
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Fig. 1. The experimental arrangement for measuring current-voltage 
(I-V) characteristics and bias-dependent etch rates. The lab jack is used 
to lower the liquid level with respect to the sample. The voltage ramp is 
used only to obtain the I-V curve. All voltages are with respect to a 
standard calomel electrode (SCE). 

several times and each t ime the sample was etched at a 
different bias. The etch times were 30 min for the fast 
etching <100> plane and 60 min for the <111> face. Key 
points as well as several random ones were rechecked 
using only three measurements per sample, i.e., native- 
oxide removal, OCP, and one bias. 

The etch steps were measured by removing the oxide 
mask with HF and running a Dektak mechanical stylus 
down the length of the strip. This technique has a resolu- 
tion of a few percent. In Fig. 3, we display a typical result 
from a stylus measurement  (Dektak trace), which shows 
two nearly flat regions separated by a transition section 
of variable depth. The transition section is caused by 
etching due to a small amount of liquid creeping up the 
strip. The "noise" in the etched grooves is a result of 
nonuniform etching and was substantially reduced by 
stirring. 

Results 
In addition to the bias-dependent etch rates, we have 

also measured the current-voltage (I-V) characteristics of 
our samples. From these curves, we are able to determine 
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Fig. 2. A schematic representation of the oxide pattern used to protect 
portions of the sample during etching. The dashed line shows the direc- 
tion of travel of the Dektak needle. To the right of this is a cross- 
sectional view of the expected etch grooves. 
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Fig. 3. A typical Dektak scan for an n(i 00) sample at the open-circuit 

potential (Voc), which in the text is called the OCP. The trace is taken 
from left to right and corresponds to motion from the top of the sample 
toward the bottom. The unetched regions are 760/~m on a side. 

both the open-circuit potential (OCP) and the passivation 
potential (PP). This information allows us to choose a 
range of voltages in which the sample has no oxide on the 
surface and is under etching conditions. Displayed in Fig. 
4 and 5 are the linear-sweep voltammograms (taken at 
0.02 V/rain) for both n- and p-type Si samples of <100> 
and <111> orientations. The areas of all of the samples 
were approximately 1 cm 2. There are two voltage regions 
of importance to us, and they are separated by the 
passivation potential. Jus t  cathodic of the PP, the sample 
etches, while just  anodic an oxide grows. For oxide-free 
surfaces, the OCP is always at more negative voltages 
than the PP. 

The I-V curves of the <111> oriented samples show 
two peaks for both n- and p-type materials. Faust and 
Palik (1) have suggested that the more cathodic (left) peak 
is due to the passivation of the exposed edges, which cor- 
respond to <100> and <110> faces. Consequently, the 
true I-V curve of the < 111 > surface should be similar in 
shape to that of the <100> curves shown in Fig. 4. The 
major difference between the two orientations is the fact 
that the current densities at the passivation peak are al- 
most  an order of magnitude smaller on the < 111> surface 
than on the <100> surface. 

Anothe r parameter which is very important in electro- 
chemical reactions at semiconductor electrodes is the 
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Fig. 4. The room-temperature (I-V curves) voltammograms for n-type 
(solid line) and p-type (dashed line) samples of < 100> orientation, de- 
noted by n(100) and p(100), respectively. Here PP(n) and PP(p) refer to 
the passivation potentials of the n- and p-type samples, respectively, 
whileV~B is the flatband potential. The areas of the samples were similar 
and approximately equal to 1 cm 2. 

15 

I0 

�9 - '  5 

z 
w 
n- 
o~ 0 

U 

- 5  

- I0  

/ J '  
J 

PP(n)--] 

V ; b ~  r - - -  PP(p) 

/% 
t \ r X,V \,, 

I / 
/ 

/ 
/ 

/ 

I I 
-I.0 -0.5 

APPLIED VOLTAGE 

I 

0.0 
(V vs SCE) 

n ( l l l )  
. . . .  p ( l l i )  

Fig. 5. The room-temperature (I-V curves) voltammograms for n-type 
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4. The areas of the samples were similar and approximately equal to 1 
cm 2. The more negative peaks in both curves are spurious and caused by 
the passivation of exposed edges, which may have < 110> or < 100> 
orientations. 

flatband potential. With previously unpublished electro- 
lyte electroreflectance (14) and capacitance (15) measure- 
ments, the flatband potentials have been determined for 
Si in 2M KOH and are VFB = -1.0V and VFB = -0.2V for n- 
and p-type samples, respectively. From these numbers, 
we find that the p-type sample was in depletion (hole) 
during both etching and oxide growth. However, since 
there is evidence for Fermi-level pinning in p-type Si, its 
value of flatband is somewhat questionable (16). For the 
n-type sample, the situation is different and the data 
clearly show that flatband occurs between the OCP and 
the passivation potential. Therefore, the n-type sample is 
in electron accumulation during etching and in depletion 
at oxide producing potentials. 

A closer examination of the figure reveals that the OCP 
as well as the PP  are not the same for n- and p-type Si; 
the values for the p-type samples are somewhat more ca- 
thodic than for the n-type. This information will be used 
in our discussion of the bias dependence of etching. 

In Fig. 6, we display our results for the etch rates of 
n(111), n(100), p( l l l ) ,  and p(100) Si over the range of -2.0 
to -0.5V. The measurements  were taken at room temper- 
ature, and the resistivities of all of the samples were simi- 
lar. Each point represents an average of several measure- 
ments, with a spread of -+20%. The first thing to note is 
the fact that our OCP results for the <111> face (both car- 
rier types) agree with the etch rates previously measured 
by weight loss (1), whereas our p(100) and n(100) values 
are somewhat larger. This may be attributable to the fact 
that the wafers used in the weight-loss experiments  had 
roughened back surfaces, which probably exposed many 
<111> facets, having reduced etch rates. Under  these 
conditions, the measured etch rate would be an average 
of the etch rates of the front and back faces. Since in our 
case, etch depths were measured, no such problem was 
encountered. 

We also note that the etch rates for the <111> surface 
are about an order of magnitude smaller than for the 
<100> face. For "perfectly" oriented samples, Kendall 
(17) has shown that this factor is 400 and that the etching 
in misoriented materials is due to ledges formed by the 
intersection of the <111> surface with a faster etching 
plane, such as the <110> or <100> faces. Since the n(100) 
and p(100) etch rates are similar at the OCP, the factor of 3 
difference between the n ( l l l )  and p ( l l l )  etch rates in the 
data of Faust and Palik (1) as well as this work may be a 
manifestation of the misorientation effect rather than a 
carrier-type effect. 
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Fig. 6. The bias dependence of the etch rates for (a) p(100) and 
n(100), and (b) p(111) and n(11 I} low-doped Si. The data have an ex- 
perimental spread of approximately +-20%. The open-circuit (OCP) and 
passivation (PP) potentials are marked. Note that the OCP is the same 
for the n(111) and p(111) samples. Also shown are the approximate po- 
tential ranges in which the samples (of both orientations) are in accumu- 
lation and depletion modes. Even though we have depicted the p-type 
samples as in depletion, the experimental evidence strongly supports 
Fermi-level pinning at these biases. 

Next, we see that all of the samples stopped etching at 
anodic biases, owing to passivation of the surface. The 
etch rates are finite near the passivation potential for all 
samples except n( l l l ) ,  because, even though oxidation 
begins to occur, etching of the substrate and newly 
formed oxide continues. For these biases, our results are 
similar to those of Waggener and Dalton (13). 

At cathodic potentials, however, we see a substantial 
difference in the n- and p-type etch rates. The p-type 
samples continue to etch at a rate close to that of the OCP 
value, whereas the n-type Si exhibits etch-stop. We also 
note that for the n(100) sample there is an increase in 
etching for voltages between the OCP and the cathodic 
etch-stop bias. Furthermore,  a point is seemingly out of 
place. However, this point and its immediate neighbors 
were checked several times and found to be reproducible, 
suggesting the possibility of structure in the curve in this 
voltage range. Since we currently have no reason to ex- 
pect structure, we have chosen to draw two curves, which 
fit the data. 

We also notice that not only is the etch rate for the 
<111> face much smaller than for the <100> plane, but 
that under bias the ratio of the <111> etch rate to the 
<100> etch rate is not a constant and, in particular for the 
p-type samples, it can be decreased by an order of magni- 
tude. This fact presents us with the possibility of utilizing 
a bias to control the orientation-dependent effect. The 
fact that even low doped n-type samples stopped etching 
under cathodic bias suggests that p-n junctions could be 
used to make thin (<3 /xm) Si membranes of fairly low 
carrier density. This would be accomplished by a diffu- 
sion or implantation of donor atoms into one side of a 

p-type wafer. The etching would then be performed at a 
bias (cathodic or anodic) which exhibits n-type etch stop. 
A similar idea was suggested by  Waggener (18) for the 
case of anodic potentials at which the n-type material 
passivates and the p-type does not. But, to our knowl- 
edge, the cathodic etch-stop has not been previously ob- 
served. In the next section, we will at tempt to understand 
the origins of the observed bias dependence of the etch 
rates. 

Discussion 
Chemical mechanism.--The most compelling argument 

in favor of a chemical mechanism for etching of Si in 
KOH is based on the results observed by Price (8) and by 
Palik et al. (2) that the etching is independent  of carrier 
density, for both n- and p-type Si, up to a concentration of 
about N ~ 10 ~9 cm -3. For N > 10 '~ cm -~, there is a dra- 
matic decrease in the etch rate, i.e., the etch-stop mecha- 
nism. For fixed flatband and electrode potentials, the 
electric field, and free-carrier density at the surface de- 
pend upon the doping level (linear with N '/~ for conditions 
within the Mott-Schottky approximation) (18). Therefore, 
one expects a strong variation of the concentration of free 
carriers at the surface with the doping level. Here again, if 
the Fermi level is pinned to surface states (even for the 
low doped materials), the conclusions that one draws 
from these experiments might have to be modified. As 
stated in the previous section, there is strong evidence for 
Fermi-level pinning in p-type Si in 2M KOH, and care 
must be taken in dealing with these data. 

Since for n-type materials the OCP is slightly negative 
of the flatband potential, the system will be in an accu- 
mulation mode at the OCP. Glembocki and Palik (14) 
have observed in their electroreflectance work evidence 
for the onset of Fermi-level pinning (in n-type samples) 
for biases cathodic of -2V, but not in the range of volt- 
ages of interest to us. Thus, one is hard pressed to find a 
mechanism that will depend on the free-carrier density at 
the surface and yet be insensitive to five orders of mag- 
nitude variation in doping level for both n- and p-type 
materials. Another strong argument in.favor of a chemical 
mechanism which is independent  of free carriers is the 
observation that under open-circuit conditions there is 
very little difference between the etch rates of n- and 
p-type samples of the same orientation (1-3). These results 
point to a chemical RDS under open-circuit conditions. 

Electrochemical mechanism.--In Fig. 6, we show the 
exper imenta l  etch rates for both orientations and carrier 
types over a broad potential  range. At the OCP, where 
the etching is close to its maximum,  the difference in 
the etch rates is small (at most a factor of 3 for the 
misoriented samples). But  this difference increases sub- 
stantially as one goes anodic and cathodic of the OCP. 

This result  might  be addressed in relation to the dif- 
ferences found in the l inear-sweep vo l tammograms (I-V 
curve) taken under  identical  conditions and strewn in 
Fig. 4 and 5 for the <100> and <111> faces. It is seen 
here, confirming prior observations, that  the current  
densities at the PP  are almost the same for the n- and 
p-type samples. However,  aside from this, very little else 
is identical. The passivation and rest (OCP) potentials 
are different for n- and p-type samples of a given orien- 
tation and cathodic to the PP, the current  of the p-type 
material  saturates (or passivates), while for the n-type 
the cathodic current  (hydrogen evolution) grows. All of 
this seems to suggest that free carriers play a dominant  
role in these reactions. In the next  section, we will try to 
relate the facts ment ioned above to the nature of the 
RDS. 

Characterization of the rate-determining steps.--Here, 
we will concentrate on the ramifications of our experi- 
mental  results to the quest ion of whether  the RDS in- 
volves free carriers or is chemical  in nature. As stated 
above, the evidence is strongly in favor of a chemical  
RDS at the open-circuit  potential. However,  all of our 
data indicate that this may not be th~ case at other ap- 
plied voltages. The vo l tammogram itself  is an electro- 
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chemical experiment  which measures the flow of free 
carriers in some parts of the electrochemical cell. Since 
the contr ibut ions of ionic mobilities within the semicon- 
ductor are negligible, the similar current  densit ies at the 
passivation peaks of the n- and p-samples (for both ori- 
entations) strongly support  the content ion that at least 
at these potentials the RDS is chemical. Faust  and Palik 
(1) also found that the peak currents are independen t  of 
carrier density. Furthermore,  Palik and Bermudez (20) 
have observed a th in  connective layer (-7-10~ thick) be- 
tween the substrate and oxide on both n- and p-type 
samples. The transi t ion region is oxygen deficient and 
can be characterized as Sil-~(SiO2)~, with y -~ 0.1. The 
fact that the connective layer is the same for both carrier 
types favors a chemical RDS for its formation. This is in 
contrast to the growth (at more positive voltages) of an 
anodic oxide (SiO2), which requires the presence of 
holes. 

A chemical mechanism, similar to Eq. [1] and [2], for 
the oxidation of the first Si--Si  bond, followed by faster 
electrochemical processes to oxidize subsequent  bonds 
(of the same atom), offers a qualitative explanat ion for 
the similar current  densit ies of the different carrier-type 
samples at the PP. Here, both the first and subsequent  
bonds lie below the oxidized (or hydrated) surface. It 
should be noted that the chemical reaction is the RDS 
for the connective layer growth (as well as the current  
production). This type of mechanism is similar to one 
proposed for the oxidation of GaAs in the presence of 
bromine (21). 

The growth of the oxide comes as a result  of a compe- 
ti t ion between the oxidation of Si at the interface and 
the dissolution of the oxidized products. If the dissolu- 
t ion of the oxidized species is faster than their forma- 
tion, significant hydrogen evolution should take place. 
At potentials anodic to the PP, the electrochemical  
hydrogen-evolut ion will be quenched and the equilib- 
r ium will shift to the formation of the oxide. Here, the 
RDS will change from being determined by the charge- 
transfer reactions at the Si interface to be ing controlled 
by diffusion across the oxide (1). In the following discus- 
sion, we describe the various reactions as applied to the 
n- and p-type samples. 

p-Type silicon.--We will first consider p-type materi- 
als, for which the majority carriers are holes. Anodic to 
the PP, the surface is in  deple t ion  and enough holes are 
available to oxidize the Si through an electrochemical 
mechanism such as 

OH-  
- - S i - - S i - -  + (h~)v --* --Si '  + +Si . . . . .  

- -S i  + HO--S i - -  -(e-)c OH-  ~ --Si + § HO--Si ......... 

--Si--OH + HO--Si-- [3] 

where v and c denote valence and conduction bands, re- 
spectively. This reaction involves current doubling 
(21, 22) and is similar to one proposed by Turner for Ge 
(23, 24) in F- solutions. In our case, the oxide dissolution 
is much slower than its formation and a film grows. An 
oxide (SiO2) can be formed by removing water from the 
final products in Eq. [3]. The electrons, which are in- 
jected into the conduction band, will either recombine 
with the majority carriers at the surface or reduce the 
electrolyte producing hydrogen. At potentials in which 
such a mechanism can take place, the diffusion of the 
electrolyte through the oxide will be the RD.S. 

If, after oxide growth, we go cathodic and approach 
the PP, the surface starts to be strongly depleted of 
holes and the chemical mechanism takes over. Dissolu- 
tion of the oxidized species will compete with their syn- 
thesis. If the new applied potential is anodic of the P1 a, 
only a portion of the oxide will be removed, whereas for 
biases cathodic of the PP all of the oxide etches. Ca- 
thodic of the OCP, the current saturates, and the etch 
rate remains constant and near its OCP value. The be- 

havior of the current  can be understood from a band 
model of the semiconductor/electrolyte interface (22). In 
our case, depletion condit ions will result  in  current  satu- 
ration. Since in depletion, few free carriers are present, 
the position of the bandedges  with respect to any redox 
couple in the liquid is independen t  of the applied volt- 
age, and, therefore, any electrochemical reactions which 
may occur at the solid surface should be independen t  of 
bias. For p-type samples, the equi l ibr ium between elec- 
trochemical hydrogen evolution due to the electrolysis 
of water (current-producing) and the chemical one re- 
sult ing from Si etching will be independent  of the ap- 
plied bias. The large cathodic voltage range over which 
the current  saturates and the etch rate is nearly constant  
probably results from Fermi-level pinning.  

n-Type silicon.--The flatband potential  of the n-type 
sample occurs at a voltage slightly cathodic of the PP. 
At the PP, the chemical  oxidation process is the RDS 
and a connective layer is formed. In  this sample, how- 
ever, there is a lack of holes and reaction [3] cannot  
readily proceed. Consequently,  even at large anodic bi- 
ases (which result in thick films on the p-type material), 
no appreciable oxide is grown. This is consistent  with 
ellipsometric measurements ,  which indicate that intense 
i l luminat ion is required to produce any substantial  
amount  of oxide on an n-type sample (1). 

Cathodic to the PP, the semiconductor  is in accumula- 
tion and majority carriers become available at the sur- 
face for reducing the solvent. At the OCP, the etching re- 
actions, accompanied by H~ evolution, will dominate. 
However, more negative of the OCP, hydrogen evolution 
will proceed not  through the hydrolysis of Si- -Si  bonds 
(etching) but  rather through the reduction of the solvent 
(electrolysis). Etching will stop, and the hydrogen evolu- 
tion will follow the convent ional  electric-field-mediated 
activation mechanism which is dominant  on most  met- 
als and n-type semiconductors  in an accumulat ion 
mode. 

Illumination effects.--The nature of the RDS can also 
be probed by the introduct ion of free carriers. Even 
though the etching of Si under  i l luminat ion has been 
studied by several workers, a clear picture of the effects 
of light on the OCP etch rates has not been developed. 
The weight-loss measurements  of Repinskii  and 
Pershkova (10) in NaOH showed that under  i l lumina- 
tion, the n-type Si etch rates were reduced, whereas 
Izidinov et al. (6) found that light had no effect on the 
hydrogen evolution of n-Si in KOH. We have performed 
prel iminary weight-loss measurements  which indicate 
that under  i l luminat ion the n-type etch rates are de- 
creased, while the p-type etching is unaffected. These 
results, along with those of the hydrogen-evolution ex- 
per iments  of Izidinov et al. (6), suggest that the intro- 
duct ion of free carriers has a different effect on the two 
carrier types. For the n-type material, the RDS seems to 
shift toward the electrochemical hydrogen-evolution re- 
action, while in the case of the p-type sample a large 
anodic shift in the OCP suggests the possibility that the 
Fermi level is unp inned  without  any change in etching. 
The reason for this phenomenon  is not known. In  gen- 
eral, the effects of light on the etching of Si are not un- 
derstood and require further investigation. 

Orientation dependence . - -The orientation dependence 
of the OCP etch rates is the focus of the technological in- 
terest in this system. From Fig. 4, 5, and 6, one can see 
that qualitatively the <100> and <111> faces behave 
similarly as a funct ion of the electrode potential. The 
mechanist ic arguments  that were explored in the previ- 
ous section will apply equally to both orientations (or 
any other orientation). The only obvious difference that 
can be observed is in the magni tudes  of the etch rates 
and current  densities involved. Since our samples were 
probably misoriented by approximately 1 ~ the differ- 
ences shown here may not  reflect the actual differences 
between the <100> and <111> surfaces. Kendall  (17) has 
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shown that  the etch rate of a misoriented <111> sample 
is that of ledges formed from the intersect ion of the 
<111> plane and <100> or any other fast e tching face. 

Kendall  also noted that the oxidation rates go in re- 
verse order to the etch rates (3). He suggested that since 
the <111> plane oxidizes more rapidly, it is immediate ly  
covered with an oxide layer that slows further etching. 
Such a protective prepassive layer was reported to be 
observed on GaAs (25). However,  the more recent 
el l ipsometric results of Palik and Bermudez (20) found 
no such layer on Si. Epova et al. (9) proposed that the se- 
lectivity correlates with heat of adsorption of water, 
which according to Meyer and Moributo (26) is smaller 
for the <100> surface than for the <111> face. Accord- 
ing to them the reaction requires simultaneous adsorp- 
tion of OH-  and H20, in agreement  with Eq. [1] and [2]. 
They showed that propyl alcohol, &hich can reduce the 
number  of available adsorption sites for water, de- 
creases the pre-exponential  factor in the expression for 
the etch rate by as much as three orders of  magnitude.  
This correlation can account  for the observations and is 
fully consistent with the mechanism proposed in the 
previous section. 

Price (8) has tried to correlate the etch rates to the 
bond densities on the ~two surfaces. However,  these dif- 
fer by no more than a factor of 2. A related argument  
t h a f w a s  advanced by Ligenza (27) to account  for the 
orientation dependence  of oxidation rate of Si by steam, 
is that  bonds which are parallel to the surface are easier 
to oxidize than bonds at an angle with surface. On this 
basis, it was postulated that the activation energies for 
this reaction (oxidation) should increase in the following 
order: hEloo > hEzll > AE311 > hElz0. 

Let  us now introduce some "chemical"  arguments  
into this p ic tu re  and try to correlate them with the 
mechanist ic  considerations that we have previously dis- 
cussed. The etch rate of  a given surface can be writ ten 
as (14) 

R(s) ~- Ro(S)e -AE~/kr [3] 

where s denotes the surface orientation and can be 111, 
110, 100, etc. Here Ro is a pre-exponential  factor which 
may depend upon s, the free-carrier density, etc., hEs is 
the activation energy of the chemical  reaction, and T is 
the temperature.  

If  we neglect relaxation of the surface then on the av- 
erage, the terminat ion of the lattice for the <100> face 
can be represented as 

H H H  H H  H H  H 
O O O  O O  O O  O 

)Si( \Si / \Si / \Si / [4-A] / \ / \ / \ 

and for the <111> surface as 

H H H H H 

/ I  x / I X  / I  x / I X  / I  x 

[4-B] 

where we have assumed that all of the dangling bonds 
are fully oxidized. Based on the electronegativi ty of the 
hydroxyl  group, we expect  the surface OH species to be- 
have as an electron withdrawing group, making the Si 
susceptible to nucleophil ic  attack by O H -  (28). This ef- 
fect should be stronger in the case of the <100> surface, 
which has two OH groups per surface atom. The differ- 
ence in the susceptibil i ty to nucleophil ic attack would 
manifest  i tself through the activation energy and would 
have an exponential  effect on the ratio of  the etch rates 
of the <100> and <111> faces. It is interest ing to note 
that the etch rates increase with the concentrat ion of the 
base to a max imum near 4M and then slowly decrease. 
This effect may be related to the relative concentrat ions 
of  water  and OH-.  

The activation energies of the <100> and <111> faces 
have been measured, and little difference between the 
two was found (8, 29). This result  is not surprising, be- 
cause the samples were of commercial  grade and proba- 
bly oriented only to -+1 ~ Based on Kendall 's  work, we 
conclude that the measured activation energy for the 
<111> surface was actually representat ive of the ledges, 
rather than the true <111> face. 

The <110> face is somewhat  more complex than the 
<100> and <111> surfaces (3). Each surface atom has 
one back bond to the lattice and one oxidized bond. The 
remaining two bonds are in the plane of the surface and 
connect  adjacent surface atoms. This situation is differ- 
ent  from that  of  the other  faces, on which neighboring 
surface atoms do not share common bonds. We postu- 
late that  even though there is only one oxidized surface 
bond per atom, the OH group on its neighbor will also 
contr ibute to electron withdrawing from the common 
Si - -S i  bond. Therefore, the activation energy of the 
<110> face should be comparable  to that  of the <100> 
surface, and the difference in etch rates be tween the two 
attr ibutable to the pre-exponential  factor. 

Until  now, we have neglected the role of the pre- 
exponent ia l  factor, which is characteristic of the 
entropy of the reaction and is related to the crystal ori- 
entation. Since the etch rates depend linearly upon this 
parameter,  it is difficult to imagine that it alone could 
account  for a factor 400 in the etch rates. However,  ow- 
ing to the difference in bond orientations on any two 
faces, one does expect it to contribute. As mentioned 
above, its effect may be important in the difference in 
the etch rates of the <I00> and <ii0> faces. 

From the above discussion, we see that it is vital to ac- 
curately determine the relative contributions to the etch 
rates of Ro and AEs. The activation energy of the <IIi> 
surface must be measured on a perfectly oriented mate- 
rial. This might be accomplished through a technique 
similar to the one used by Kendall to obtain the true 
< 111 >etch rates. 

Conclusions 
We have presented experimental  results for the bias- 

dependent  etch rates and the current-voltage behavior of 
n- arid p-type Si of <111> and <100> orientations. The 
data show that at voltages cathodic of the OCP, the n-type 
materials stops etching, while the p-type etch rate is 
unaffected. In order to account for these observations as 
well a s  the results of the considerable amount  of prior 
work, we proposed a mechanism which involves an RDS 
that shifts between a chemical mechanism, an electro- 
chemical mechanism which involves free carriers, and 
one limited by the diffusion of electrolyte through the ox- 
ide layer. At the OCP, the RDS participates in the chemi- 
cal cleavage of the first S i - -Si  bond and is accompanied 
by hydrogen evolution. Anodic to the PP, the hydrogen- 
evolution reaction is quenched, and the forming oxide 
layer limits diffusion of the electrolyte. Cathodic to OCP, 
and RDS remains the same for the p-type material, while 
for the n-type material the reaction shifts to an electro- 
chemical hydrogen-evolution reaction, resulting from the 
presence of majority carriers (electrons) at the surface. 

We also proposed a mechanism which can account for 
the orientation dependence of the etch rates and is con- 
sistent with the overall scheme. The mechanism involves 
the difference in reactivity to nucleophilic attack of a Si 
sample which has two oxidized surface bonds (the <100> 
surface) compared with one that has only one oxidized 
bond (<111> face). This mechanism also accounts for the 
relative etch rate of the more complicated <110> face. 

Owing to the complexity of the system, we have not 
concentrated upon the details of the reaction, but rather 
have developed an overview from which more detailed 
questions can be more systematically asked. In particular, 
we have attempted to clarify under which conditions the 
experimental  results indicate participation by free-charge 
carriers and under which conditions spontaneous chemi- 
cal reaction accounts for the rate-determining step. 
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Comparison of Thin Thermal Si02Grown Using HCI and 1,1,1 
Trichloroethane (TCA) 

Richard G. Cosway and Schyi-yi (C.-E.) Wu 
Motorola, Incorporated, Process Technology Laboratory, SRDL, Phoenix, Arizona 85008 

ABSTRACT 

HC1 and 1,1,1 trichloroethane (TCA) were used as chlorine sources for the growth of thin (_ 150/0 oxides. The result- 
ant oxides were compared for (bins, breakdown voltage (both ac and dc), tertiary breakdown fractions, C-V shifts, and 
leakage current. The total C-V shift at flatband was more than twice as large for the TCA oxides as for the HC1 oxides 
though ~bms, the average breakdown voltage, tertiary breakdown fractions, and leakage current were comparable for the 
two chlorine sources. The breakdown and C-V shift distributions were tighter for the HC1 oxides. 

Several chlorine sources (HC1, C12, 1,1,2 trichloroethene 
(TCE), 1,1,1 trichloroethane (TCA), and dichloroethane) 
can be used during oxidation to enhance the oxide 
growth rate, reduce defects, and improve the passivating 
ability of the resultant oxide. The role of chlorine in sili- 
con oxidation was reviewed in more detail by Monkowski 
(1, 2). HC1 has been widely used while TCA is emerging as 
an alternate chlorine source. 

At room temperature, HC1 is a gas and so is plumbed 
into a furnace in the same manner  as the other gases ex- 
cept that special attention must  be paid to ensure that the 
HC1 stays as dry as possible. When dry, HC1 is noncorro- 
sive, but  it can readily absorb water and become very cor- 
rosive even to stainless-steel fittings. Therefore, all 
fittings for HC1 use must  be kept tight to keep any air 
and its moisture from entering the lines. 

TCA is a volatile liquid at room temperature with a boil- 
ing point of 74.1~ (3). At room temperature, TCA has a 
high enough vapor pressure to be carried to the tube in 

significant amounts by a carrier gas passing through a 
bubbler  containing the liquid. An inert gas (N2 or Ar) 
must  be used as the carrier because O2 used as a carrier 
can cause the mixture to burn  or explode (4). 

TCA can be dangerous at elevated temperature even 
with small amounts of oxygen present, since it can react 
to form phosgene (COCI~), an extremely poisonous gas (5). 
An excess of oxygen must  be maintained to assure no 
phosgene formation in the lines or the tube. For this rea- 
son, as soon as possible after the TCA leaves the bubbler  
in an inert stream, it is mixed with a great excess of oxy- 
gen before it starts heating up near the tube entrance. 

When in an oxygen excess at temperatures > 300~ 
TCA reacts initially according to the reaction 

C1 H 
! / 

cl-d + 2 3 Cl + 2c0  Eli 
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These primary reaction products can then further react, 
depending on temperature, to compounds such as C1.,, 
H.,O, and, to a lesser extent, CO. 

In this paper, the oxides grown using these two chlo- 
rine sources are compared for ~bm~, dielectric breakdown 
voltage, tertiary breakdown fraction, C-V stability, and 
current leakage. 

Experimental 
The wafers used were 75 mm Czochralski-grown of 

<100> orientation. All were phosphorus doped to 8.0-12.0 
Q-cm except for the p-type samples used in the ~bms study. 
Those were boron doped to 14.0-22.0 fl-cm. All wafers 
were given a standard piranha clean im/nediately prior to 
being run. 

The 160 mm id quartz tube and boat used for all oxida- 
tions were cleaned prior to every run at 1000~ for lh, 
with either 10% HCY90% N.2 for HC1 oxidations or TCA to 
yield after pyrolysis 9.2, 6.1, 76.4, and 8.3% HC1, CO.2, O.,, 
and N.,, respectively, for TCA oxidation. 

The furnace that was used for all oxidations was 
equipped with a microprocessor which controlled the rate 
of the boat pusher/puller, the temperature of the tube, 
ramp temperature, and gases. 

The wafers were pushed into the oxidation tube at low 
temperature, to prevent thermal stress~induced damage, 
and then r amped  to 900~ in N2 containing a small 
amount  of oxygen to grow a thin layer of SiO.2 to protect 
the wafer surface from being thermally etched. Oxidation 
at 900~ consisted of a 20 min dry O2 Cycle followed by 22 
min of O2 + 3 volume percent (v/o) HC1 equivalence. 
Thick enough oxide was grown in the 20 min dry 02 oxi- 
dation to insure no surface etching by HC1 in the subse- 
quent  oxidation cycle. The 3 v/o HC1 equivalence is 3 v/o 
HC1 or the amount  of TCA necessary to yield, after pyrol- 
ysis, the same HC1 flow rate. The concentration of HC1 
during a TCA oxidation was actually somewhat less than 
3 v/o because the CO., and carrier gas present increased 
the total flow. A 60 min 900~ N., anneal followed the oxi- 
dation. 

Following the oxidation, 4000k of a luminum was depos- 
ited (dc magnetron) on the front of the wafers using a 
mask that gave circular dots with nominal  areas of 7.5 x 
10 -a cm 2. The back oxide was then RF sputter etched for 
3 min and 1000k of Al was deposited all over to provide 
good back contact. Following this, the wafers were an- 
nealed at 450~ in forming gas (5 v/o HJ95 v/o N.,) for 30 
rain. This forming gas anneal gave the best C-V stability 
upon bias-temperature stressing among all conditions in- 
vestigated (350~176 for 30 min and 450~ for 10-60 min). 

Oxide thickhesses were measured using an automated 
spectrophotometer after the metal had been deposited 
and annealed, 

C-V measurements were made on a computerized C-V 
plotter with the first trace being taken after unbiased 
(shorted) heating of the sample to 200~ holding it there 
for 1 min, and then cooling it back to 25~ The second 
trace was taken after biasing the sample at 3 MV/cm ox- 
ide while it was heated to 200~ held at 200~ for 1 min, 
and cooled back to 25~ The third trace was taken after 
biasing the sample at - 3  MV/cm of oxide while it was 
heated to 200~ held at 200~ for 1 min, and then cooled 
back to 25~ The only flatband voltage shifts reported 
are the total shifts, i.e., the shift between the leftmost and 
rightmost trace at flatband. 

Dielectric breakdown measurements were taken using 
a curve tracer with the collector output connected to a 
probe on the top of the a luminum dots. The base output 
was connected to the vacuum chuck holding the wafer. 
AC and dc breakdowns were taken in the same manner,  
with the collector voltage ramped manually (at about 5 
V/s in accumulation mode), the only difference being the 
waveform used. In the case of the ac breakdown, it was a 
full-rectified (60 Hz) sine wave. As noted in the text, 
breakdowns are destructive or defined at 26 ~A cm-.,. 
The latter value corresponds to about 10 MV cm -1, below 
which the breakdown field is independent  of ramp rate 
(6). 

Note that the spread in destructive breakdown voltage 
is partly due to variation in voltage ramp rate (6). In addi- 
tion, ac destructive breakdown voltage is about 2V higher 
than the dc destructive breakdown. This is explained be- 
low. 

Two charging processes can occur upon application of 
high enough field: (i) charging of pre-existent traps and 
(ii) creation of traps and trapped electrons. Charging may 
enhance local internal field. When a certain local internal 
field is exceeded, numerous Si-O bonds have been bro- 
ken and the oxide breaks down (6). The charging pro- 
cesses continue uninterrupted in dc measurements since 
applied voltage continues to rise. But, the charging pro- 
cesses are constantly interrupted in ac measurements be- 
cause the applied voltage oscillates up and down. That is, 
the average rate of charging is lower in ac measurements 
than in dc measurements at the same ramp rate. Thus, 
higher applied ac voltage is required to cause oxide 
breakdown than applied dc voltage. 

Leakage current measurements were taken using a 
power supply/amplifier and a picoammeter connected to 
a shielded probe. 

Results and Discussion 
(~ms and total oxide charge.--An oxide related parameter 

that is of particular importance to device characteristics is 
6m~, i.e., the metal-semiconductor work function differ- 
ence. Previous investigations (7) have shown that ~bm~ is 
process related and so, for an accurate value, it must  be 
determined for each set of process conditions. One way to 
determine ~b~,~ from oxide C-V data is from the equation 
(8) 

Qtox 
V~B = ~m~ -- - -  [2] 

eo 

By plotting V~B (the voltage corresponding to the flat- 
band capacitance of the initial unbiased trace) as a func- 
tion of tox (the oxide thickness), a straight line should be 
obtained with a slope of -Q/eo (total charge divided by ox- 
ide permittivity) and an intercept at ~b~. 

Oxides were grown in both HC1 and TCA and on both 
n- and p-type substrates in thicknesses of 100-300•. The 
resultant VFB'S are plotted as a function of tox in Fig. 1. The 
data follows a straight line well with each ambient  and 
substrate. For each substrate type, little or no difference 
is seen between HC1 and TCA oxides. The "total charge" 
is about 1 x 1011 cm-., on n-type substrates and 5 • 10 ~~ 
cm-., on p-type substrates. 

~bm~ is shown to be about +0.1V for the n-type and about 
-0.7V for the p-type substrate. Compare this with -0.3 
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Fig. 1. VFB as a function of tox for TCA and HCI oxides 



Vol.  132, No.  1 T H I N  T H E R M A L  SiO2 153 

and -0.9V, respectively, for thick oxides given in the lit- 
erature (8). 

Also implicit in Fig. 1 is a comparison of the rate of oxi- 
dation in HC1 vs. TCA. Adjacent points, that is each circle 
with the corresponding triangle for HC1 and TCA oxida- 
tions, respectively, were oxidized for the same time. It 
can be seen that, in all cases, TCA runs result in 5-10% 
thinner oxides than the comparable HC1 runs. This is 
likely due to the lower concentration of O~ and HC1 in the 
TCA runs. 

C-V stabi l i ty . - -For each kind of oxide, a total of 12 ca- 
pacitors (6 wafers • 2 capacitors/wafer) were measured 
for total flatband voltage shift. HC1 oxide gave less shift 
than TCA oxide (14 + 12 vs. 37 -+ 20 mV) at the 90% con- 
fidence level. There was no apparent difference in the 
skewedness of the plots for the two chlorine sources, so 
no qualitative or quantitative statement about Dit differ- 
ences can be made. 

Current  conduct ion . - -The  conduction of both HC1 and 
TCA oxides followed the Fowler-Nordheim tunneling 
mechanism (9) in the high field regime, as evidenced by 
the linear relationship between log (J/E.,) vs. lIE. Leakage 
is <1 nA cm-., for voltages up to 7.5V for both kinds of 
oxides. The above conduction measurements were taken 
in dc mode at 1/2V increments with a 1 Vs -t ramp rate 
and a 4s delay between attaining the desired voltage and 
taking the reading. 

Dielectric breakdown. - -DC breakdown voltage 
(defined at 26 /zA cm-.,) histograms are shown in Fig. 2 
for HC1 oxide and Fig. 3 for TCA oxide. Each histogram 
was obtained from three oxidation runs (six wafers from 
one run and two wafers each of the other two runs). Ten 
capacitors per wafer were measured. The yields (those ca- 
pacitors that failed at the highest voltage peak) were 85%, 
85%, and 95% (14.5V) for HC1 oxide and 90%, 100%, and 
75% (14.0) for TCA oxide. Thus, the average yield by this 
definition is the same for both types of ox ides  (88.3%), 
but HC1 oxide showed tighter distribution below the 
highest breakdown voltage peak. 

CO., ef fect . --Since the amount  of COx generated during 
the pyrolysis of TCA is comparable to the amount  of HC1 
formed, an investigation was undertaken to see what ef- 
fect the presence of CO., had on the resultant oxides. Also, 
to give an idea of the process latitude with respect to CO2, 
extreme amounts were used, even though when using 
TCA this concentration is fixed. The same flow se- 
quence used for 150k HC1 oxides was used; however, the 
OJHC1 cycle gas flows were changed. The HC1 flow re- 
mained the same but the rest of the flow was made up of 
various combinations of CO., and O., (Table I). The CO.~ 
flow was about 2% in the standard TCA oxidation. Note 
that, as the CO~ concentration increased, the HC1/O2 ratio 
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Fig. 2. Breakdown voltage (dc, 26/~A/cm.,) histogram for 150k HCI 
oxide. 
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Fig. 3. Breakdown voltage (dc, 26/~A/cm 2) histogram for ! 50k  TCA 
oxide. 

increased and the 02 concentration decreased. The last 
set of flow conditions means an ambient of only CO2 and 
HC1 and no 02. In this case, the oxide is produced in dry 
O., and then "annealed" in a mixture of CO., and HC1 be- 
fore the N., anneal. 

Oxide thickness is shown to monotonically decrease 
with increasing CO,, concentration. This is due to the cor- 
responding decrease in  02 concentration. Previous exper- 
iments showed oxidation by CO., at 900~ for lh  to be 
insignificant. 

No significant effect on tertiary breakdowns (< 1V) is 
seen, at least up to a COx concentration of 72.75%. (Note 
that no tertiary breakdowns were measured for 100k ox- 
ide.) The higher fraction of tertiary breakdowns (10%) for 
the 90k oxide could be due to thinner oxide rather than a 
CO.2 effect, since 100k HC1 oxide sometimes showed >10% 
tertiary breakdowns. 

DC breakdown field (destructive) and the spread are 
not degraded by CO., in the concentration range studied. 
The same Fowler-Nordheim I-V characteristics were ob- 
served for CO2 concentrations - 48.5%. At 72.75%, the I-V 
characteristics deviate only slightly f rom those for lower 
CO., concentration. At 97%, I-V characteristics showed ob- 
vious departure from those for lower concentrations and 
a more gradual increase in current with voltage. This 
could be due to the thickness or HC1 effect, since no O., is 
present at this COx concentration and etching of the sili- 
con and/or the SiO., by HC1 is possible. Nevertheless, it 
appears possible to produce oxides as thin as 100k with 
only a few low field breakdowns. 

Total flatband C-V shift is seen to be small for all con- 
centrations investigated. Even though the data show 
some scatter, because of the small magnitudes, all results 
are considered equivalent. 

From this study then, it can be concluded that CO,2 
present during oxidation using TCA produces insig- 

Table I. CO,, effect 

[CO2] (%) O.O 24.25 48.5 72.75 97.0 
[O2] (%) 97.0 72.75 48.5 24.25 0.0 
[I-IC1] (%) 3.0 3.0 3.0 3.0 3.0 
tox (~) 142 137 b 123 b 110 b 80-90 c 
Tertiary break- 5 0 0 0 10 

downs a (%) 
_ (<  11Z) 
Eb*, (MV cm -1) 11.8 12.2 13.8 12.9 12.1-13.65 

(dc, destruc- 
ti_ve) 

2(r/Eb* (%) 33.6 8.36 14.1 13.8 22.4 
AV~B (mV) 14 22 16 12 11 

a Two wafers from each run, ten capacitors per wafer were 
measured. 

b Estimated from I-V characteristics, (i.e., the same current den- 
sity should be obtained at the same field.) 

c Estimated from oxidation kinetics data. 
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Table II. Lag time effect on ac 

~ a g  ~ 
1 day 

lag time 

1 day HC1 14.0 
TCA 11.9 

1 week HC1 13.5 
TCA 12.8 

2 weeks HC1 15.3 
TCA 13.5 

1 month HC1 14.1 
TCA 14.0 

2 months HC1 14.1 
TCA 14.7 

3 months HC1 14.4 
TCA 15.9 

breakdown field of 15C~ HCI and TCA oxides (MWcm) 

January 1985 

1 week 2 weeks 1 month 2 months 3 months 

13.7 14.3 14.6 13.8 13.4 
14.0 15.3 14.0 15.9 15.4 
14.6 14.1 14.0 13.8 12.7 
13.0 13.7 10.8 12.6 13.1 

- -  1 4 . 7  - -  14.3 14.0 
- -  1 3 . 0  - -  13.8 13.5 

13.2 14.3 --  14.3 15.4 
12.5 14.1 - -  13.6 14.3 
14.8 14.3 14.4 14.6 13.7 
15.0 14.4 15.7 13.9 14.5 

- -  - -  15.3 15.2 14.2 
- -  - -  1 5 . 9  1 6 . 0  1 3 . 8  

nificant effects on tertiary breakdowns (< 1V), dc break- 
down field (destructive), total flatband C-V shift, and ox- 
ide thickness. 

Process lag times.--One concern, especially for thin ox- 
ides, is that the oxides may degrade upon storage. To ex- 
amine this effect we chose two long lag.times and ran a 
matrix with each lag t ime ranging from 1 day to 3 months. 
These two lag times were the premetallization lag time 
between oxidation and metal deposition and the 
postanneal lag time between metal anneal and break- 
down measurement  (ac destructive). Four wafers were 
prepared for each of the six metallization lag times, and 
five capacitors were measured on each wafer to arrive at 
an average breakdown field for each point in the pre- 
metallization and postanneal lag time matrix. 

Results for both HC1 and TCA oxides are s h o w n  in 
Table II, where it is apparent that storing has no effect on 
breakdown voltage in the chosen time span. 

In this experiment,  a total of 598 capacitors on 24 wa- 
fers for each kind of oxide were measured. The fraction of 
tertiary breakdowns (< 1V) is only 0.5% in each case. The 
means and standard deviations are 21.2 and 3.8V for the 
HC1 oxide and 20.9 and 4.5V for the TCA oxide. T- and 
F-tests with a 95% confidence level show that the average 
ac breakdown voltages (destructive) can be considered 

Table III. Electrical characteristics of 150~ oxides 

HC1 TCA 

(bins (V) 0.1 0.1 
~:Q, (10" cm -2) 1.3 1.0 
AV~B (mV) 14 -+ 12 37 -+ 20 
J up to 7.5V (nA cm-'-') <1 <1 
Lag time effect None None 
Tertiary breakdowns (%) 0.5 0.5 
Average breakdown field 14.1 -+ 2.5 13.9 -+ 3.0 

(ac, destructive) 
(MV cm-') 

Yield (%) (de, 26/~A cm -2, 88.3 88.3 
highest breakdown voltage peak) 

Breakdown distribution spread Smaller Larger 

equal, but the HC1 distribution is tighter than the TCA 
distribution. 

Conclusions 
Electrical characteristics of 150~ HC1 and TCA oxides 

are summarized in Table III. Both HC1 and TCA yield ac- 
ceptable 150~ oxides with few tertiary breakdowns (0.5% 
< 1V), average breakdown strength of 14 MV/cm (ac, de- 
structive), and low leakage current. However, HC1 oxides 
have less C-V shift and a tighter breakdown distribution. 
The CO~ present during TCA pyrolysis has been shown to 
have no significant effect on tertiary breakdowns (< 1V), 
average breakdown field and spread, and C-V shift. 
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Films 
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ABSTRACT 

The thermal properties of spin-coated polyimide films and their etching characteristics are evaluated. The physical 
properties of polyimide films are presented, such as density, softening temperature, thickness, and wet etching charac- 
teristics which change with curing temperature. Wet etching characteristics, such as the etch rate and the pattern pro- 
file, are influenced not only by the imidization, but  also by the molecular state of aggregation. When the crystallinity is 
chosen as the physical parameter, the wet etching characteristics closely correspond to the crystallinity. Desirable pat- 
terns of polyimide films can be obtained when the crystallinity is about 10%. 

Polyimide (PI) films are finding wide acceptance in 
electronics industry as an interlayer dielectric material 
and for passivation and other applications. PI films pro- 
vide excellent step coverage and can be coated in very 
thin layers. PI films remain pinhole and crack free, so 
they have excellent quality and good controllable metallic 
ion content. PI films can be precisely etched both by wet 
processes with organic amines and by dry processes with 
an 02 plasma. 

The published studies have discussed the patterning 
techniques, the application methods to devices, and the 
electric properties of PI films (1-4). There have only been 
a few reports published on the effect of the heat- 
t reatment on the molecular structure and on the etching 
characteristics such as etch rate and pattern profile. 

The purpose of this paper is to report the experimental 
results of the thermal and physical properties, the molec- 
ular structures, and the etching characteristics of PI 
films. 

Experiments 
Polyimide f i lm . - -SP  510 (Toray Industries, Japan) was 

used as a polyimide resin. The main solvent of PI materi- 
als was DMAc(N,N-dimethylacetamide). A prepolymer so- 
lution of 15.9% and 12 poise viscositY was spin coated 
onto silicon wafers and thermally cured for lh  in a N2 at- 
mosphere at various temperatures. The film thickness 
was typically 3 ~m. 

Etching.--The masks employed were negative photo- 
resists, such as OMR83 (Tokyo Ohka Kogyo, Japan), 
which were spun onto the cured PI films and photo- 
etched by the conventional technique (1-2). Wet etching 
was carried out 25~ with  hydrazine hydrate containing 
80% ethylene diamine. Dry etching was carried out in a 
parallel-plate plasma etcher. Pure dry oxygen was used as 
the etching gas. 

Evaluation of the PI f i lm properties.--The chemical 
structure and the imidization of the sample films were in- 
vestigated by IR absorption spectra. The mass thermal 
analyses were carried out for characterizing the thermal 
properties, and chromium-polyimide-chromium struc- 
tures were prepared on silicon wafers for measuring the 
dielectric properties. The various mixtures of ortho- 
xylene and carbon tetrachloride were prepared to obtain 
the film density. Samples were cut to 2 • 2 mm and then 
placed in the mixture. The measurement was carried out 
at 25~ with the pycnometer. The crystallinity of the 
films was calculated from the results of the density mea- 
surements (5) 

X - dc(d - da) [1] 
d(dc - d,) 

Where X is the crystallinity of the films, dc is the den- 
sity of the crystalline phase 1.58 (6), d,  is the density of 
the amorphous phase 1.39 (7), and d is the density of the 
sample films. The softening temperature was determined 

from the thermomechanical analysis in a N2 atmosphere. 
The weight of the probe was 7.0g, and the thickness of the 
sample films was about 7 ~m. The surface of the sample 
films was scratched to measure the film thickness with a 
surface roughness analyzer. 

Results 
IR spectral analysis . - -PI  materials used in this work 

were formed by imidization of polypyromellitamic acid 
(PAA) as shown in Fig. 1. The IR spectra of the sample 
films are recorded to evaluate the change of the chemical 
structure with additional heating. Figure 2 shows the IR 
spectra of the films cured at 100~ (broken line) and 
300~ (solid line) for lh. The former film shows the ab- 
sorption bands at 1650, 1540, and 1320 cm -1 belonging to 
the amino groups (--NH--CO--). The latter film does not 
show these absorption bands, but  does show the charac- 
teristic bands at 1785, 1375, and 723 cm -1 corresponding 
to the imide groups (~N--CO--) .  However, two films 

show the unchanged absorpt ion bands at 1495 and 880 
cm -~ for the phenyl groups (C6H~-). When the peak height 
of the absorption bands which changes with heating tem- 
perature is traced, the change of the chemical structure of 
the films can be known. Figure 3 shows the change of the 
chemical structure of the films with additional heating. 
The absorption bands for the phenyl groups are used for 
normalizing the characteristic absorption bands. The ab- 
sorption ratio and the relative imidization were calculated 
from the absorption ratio change with additional heating. 
From the analysis of the IR spectra shown in Fig. 3, it is 
known that the sample films cured below 250~ show the 

i i  i i  
0 0 H E A T  / C y ' ~  C ,~  

F ~  ~ Jn '~ 

PAA P I 
Fig. 1. Imidization reaction of PI materials 
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Fig. 2. IR absorption spectra of PI films cured at 100~ (broken line) 
and 300~ (solid line). 
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Table I. Crystallinity and etch rate of PI films cured for lh 

Temperature of heat-treatment (~ 
150 200 250 300 350 400 

0 

Z 
o_ 

rY o 
m <z 

,6' t 

I 00  200 ~00 
TEMPERATURE(*C ) 

IO0 200 ZOO 400 

TEMPERATURE OF HEAT TREATMENT(~ 
Fig. 3. Imidization of PI films obtained from the tR analysis. PI films 

were cured for lh. 

change of the chemical structure, and that those films 
cured above 250~ show no further detectable change in 
the IR spectra with additional heating. 

Mass thermal analysis.--The sample film cured at 80~ 
for lh  generated H20 and DMAc with additional heating. 
The peak heights of the fragments (H20: m/e = 18, DMAc: 
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Fig. 4. Plats of the fragment peak height of H20 ( m / e  = ] 8) and DMAc 

( m / e  = 44) with additional heating. 

Crystallinity (%) (0) 6.65 11.7 17.2 17.6 22.7 
Wet etch rate a 10.0 2.0 0.65 0.35 0.22 0.20 

(/~m/min) 
Dry etch rate D 0.76 0.65 0.60 0.59 0.59 0.59 

(/~m/min) 

a Etchant is hydrazine hydrate containing 80% ethylene diamine, 
and temperature is 25~ 

b Oxygen flow rate is 20 sccm, power density is 0.49 W/cm 2, and 
pressure is 0.16 torr. 

m/e = 44) were traced with the temperature. Figure 4 
shows the plots of the fragment peak height of H20 and 
DMAc. The generation of H20 continues till 250~ and 
that of DMAc continues till 180~ Other gasses cannot be 
detected and traced above this temperature. 

Dry etch rate and dielectric properties.--The dry etch 
rate varies with the cure temperature and shows the con- 
stant value about 0.59/~m/min above 300~ (Table I) (02 
flow rate is 20 sccm, the power density is 0.49 W/cm 2, and 
the pressure is 0.16 torr). The etch rate shows little depen- 
dence on the O~ flow rate and the power density. Figure 5 
shows the dielectric properties such as the dielectric con- 
stant ~' and the dielectric loss factor tan 8. The dielectric 
properties vary with the cure temperature as well as the 
dry etch rate and reach a constant value (e' is about 3.3, 
and tan 8 is about 0.003). The PI films used in this work 
exhibit  excellent electrical characteristics of an insulator. 

These experimental  results show that it is necessary to 
cure the film above 300~ in order to obtain a stable film. 
When the sample film is stabilized, the dry etch rate and 
the dielectric properties show a constant value. The rea- 
sons why the chemical structure in the IR spectra shows 
no further detectable change above 250~ and the dry 
etch rate and the dielectric properties show constant 
value above 300~ are not yet clear from these 
experiments.  

Physical properties.--Figures 6 and 7 show the physical 
properties of PI films such as the density, the softening 
temperature, and the thickness. It is shown that the phys- 
ical properties vary with the cure temperature even when 
the temperature is above 250~ For example, the soften- 
ing temperature depends on the ' cure temperature and 
shows almost the sample temperature as the cure temper- 
ature. The film thickness decreases with additional heat- 
ing, and these results show no dependence on the initial 
thickness for the sample films. Figure 8 shows the visible 
absorption spectra of PI films. The films become col- 
ored upon additional heating. It is predicted that PI films 
prepared in this work undergo other reactions at a high 

1.2 

1.0 

E ::l, 
0.8 

0.6 

~ 0 . 4  

0 
0 

I I Y I I I 

02 flow rote -1 
o io I 
�9 2 0  SCCM ] 
" 40 SCCM 3 

7 0  SCCM / [] 
/ power deity j 

: Q49(W/cr~) / 

R = o I .II~I..IIII((IZl/II. II~~ 
, I ~ I ~ I I I I 

IO0 200 300 400 500 

HEAT TREATMENT TEMPERATURE(aC) 
Fig. 5. Dielectric properties of PI films 
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Fig. 8. Visible absorption spectra of PI films cured at various tempera- 

tures and cured for lh. 

temperature because the imidizing reaction cannot de- 
scribe clearly this result. 

X-ray diffraction analysis.--Figure 9 shows the x-ray 
diffraction patterns of the sample films. There are differ- 
ences in the diffraction patterns among the sample films 
cured at various temperatures. As the cure temperature 
increases, the diffraction peak becomes narrower and a 
new peak appears. The diffraction pattern of the sample 
films with the higher cure temperature becomes similar 
to that of du Pont  Kapton film, which has been 
identified as crystalline material by the x-ray measure- 
ment  method (8-9). The crystallinity of the sample films 
is calculated by Eq. [1] and is listed in Table I. The 
crystallinity increases with additional heating and goes 
up to about 23%. 
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Fig. 7. Relation between the film thickness and the heat-treatment 

temperature. PI films were cured for lh. 

Wet etching characteristics.--Wet etching characteris- 
tics such as the etch rate and the pattern profile are in- 
fluenced by. the cure temperature. The etch rate of the 
sample films varies from 0.2 to 10.0 ~nVmin, as shown in 
Table I, and the pattern profi]e of the sample films is 
changed with the cure temperature, as shown in Fig. 10. 

I. KAPTON 
2. cured at 4 7 5 %  
3. cured at 3 7 0 ~  
4. cured at 2 0 0 ~  

I 

I I i I I I I 

5 I0 15 20 25 30 35 

DIFFRACTION ANGLE 2e  (~ 
Fig. 9. X-ray diffraction patterns of PI films cured for lh 
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Fig. 10. Patterns of PI films cured at 150~ (A), 250~C (B), and 340~ 
(C). Cured for lb. 

Discussion 
IR spectral analysis indicates that, when the cure tem- 

perature is below 250~ the physical properties of the 
sample films correspond to the change of the primary 
chemical structure of the materials, but that, when the 
cure temperature is above 250~ the physical properties 
of the sample films do not depend on the change of pri- 
mary chemical structure of the materials. The x-ray dif- 
fraction analysis shows that the films prepared for this 
work have the crystalline phase during the cure process. 
So, the reason why the physical properties of the sample 
films cured above 250~ Change as the cure temperature 
increases is predicted by the change of the molecular 
state of aggregation, especially the production of higher- 
ordered region in the sample films. From the result of the 
x-ray diffraction analysis, it is shown that the change of 
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Fig. 11. Wet etching characteristics of PI films 
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physical properties of the sample films cured above 
250~ is consistent with the degree of the molecular state 
of aggregation. The physical properties of the sample 
films change with the crystallinity. However, the rela- 
tionship between the wet etching characteristics and the 
chemical structure was evaluated for PI films. Figure 11 
shows the relationship between the etch rate and the de- 
gree of imidization obtained from the IR analysis and the 
crystallinity obtained from the film density. The imidiza- 
tion reaches the saturated value of 1.0 when the 
crystallinity varies from 0% to 23%. The etch rate does not 
saturate and varies from 0.2 to 2.0 ~m/min. It is clear from 
these results that the etch rate depends not only on the 
degree of imidization but  also on the crystallinity. The 
pattern profile is influenced by the molecular state of ag- 
gregation and the desirable pattern can be obtained when 
the cure temperature is 250~ The crystallinity of the 
sample film cured at 250~ is about 10%. 

Conclusions 
The thermal properties and the etching characteristics 

have been evaluated for spin-coated polyimide films. Ex- 
perimental results show that in order to obtain a stable PI 
film, it must be cured above 300~ When a stable film is 
formed, the dry etch rate and the dielectric properties 
have a constant value. 

The physical properties of PI films, such as density, 
softening temperature, thickness, and wet etching charac- 
teristics, are proportional to the cure temperature. Wet 
etching characteristics, such as the etch rate and the pat- 
tern profile, are influenced not only by the imidization, 
but also by the molecular state of aggregation. When the 
crystallinity is chosen as the physical parameter, the wet 
etching characteristics closely correspond to the crys- 
tallinity. Desirable patterns of polyimide films can be ob- 
tained when the crystallinity is about 10%. 
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In-Source AI-O.S%Cu Metallization for CMOS Devices 
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ABSTRACT 

This study examines the use of radiation-free RF induction-source evaporated (In-Source | A1-0.5%Cu as a viable 
metallization scheme for CMOS devices. The fact that it is radiation free offers ways of optimizing the thermal cycle so 
as to achieve desirable device and electromigration characteristics. Wafers fabricated with 3.5 ~m design rules have 
shown no threshold shifts or changes in the transistor gain at sintering temperatures up to 450~ in either H~ or N2, for 
both N- and P-channel devices, confirming the absence of deposition-induced fixed interface charges. Wafers pro- 
cessed with 2.5 ~m design rules have exhibited low and well-behaved values of contact resistance to N + and P~ diffu- 
sions, at sintering temperatures in the range 300~176 in either H2 or N2, with no evidence of junction penetration. 
Electromigration measurements,  gathered over a wide range of processing conditions, have yielded values of median 
t ime to failure (MTF) that were observed to improve with narrower linewidths, higher sintering temperatures, and in the 
presence of a plasma SiN passivation coating. In typical device operation conditions of 80~ and 1 • 105A/cm ~, the 
extrapolated MTF value of 3.6 • 107h, for 3.0 ~m wide In-Source A1-0.5%Cu lines is found to exceed the value of ~2 • 
10Gh reported for E-Gun A1-0.5%Cu. 

Aluminum and aluminum-silicon-copper alloy films 
are widely used for metallizing devices in IC processing. 
The silicon is generally introduced in concentrations of 
up to - 2  atom percent (a/o) to minimize the A1-Si inter- 
diffusion at contact areas (1), while copper is added at 
concentrations of up to - 4  a/o to enhance the electro- 
migration resistance of the metal (2, 3). The industry 
standard for a luminum deposition has, by far, been elec- 
tron-beam evaporation (E-Gun| although more recently 
high rate sputtering techniques have become more prom- 
inent. The major justification for using E-Gun aluminum 
has been its superior electromigration characteristics (4), 
while one of the major drawbacks in fine-line CMOS pro- 
cessing is the high temperature sintering required to an- 
neal out radiation damage effects. 

In this study, we examine the use of radiation-free RF 
induction-source evaporated (In-Source | A1-0.5%Cu as a 
viable metallization technology for CMOS devices. Our 
primary thrust for investigating the use of In-Source 
A1-0.5%Cu was based on the premise that this deposition 
process induces no radiation damage. That in turn, af- 
fords ways of optimizing the thermal cycle so as to 
achieve low junction leakage currents as well as good 
contact resistance to both P+ and N § areas. Historically, 
the selection of 0.5%Cu dates back to the period where 
the a luminum was patterned by wet chemical etching and 
the additional Cu was observed to improve linewidth 
uniformity. With the advent of dry etching techniques,  
this concentration level was observed not to adversely af- 
fect pattern definition and was consequently maintained 
for traditional reasons. Silicon was purposely excluded as 
an alloying element  in the binary Al-0.5%Cu system in or- 
der to eliminate supersaturated precipitates of Al-doped 
Si at contact areas and minimize the contact resistance to 
the N § source/drain regions. The results of this work will 
establish the viability of In-Source A1 as a metallization 
technology by examining its effect on CMOS device per- 
formance and by evaluating its electromigration 
characteristics. 

CMOS Device Performance 
The effect of In-Source A1-0.5%Cu on device perform- 

ance was evaluated by automatically probing the IGFET 
and contact resistance testers present across device wa- 
fers fabricated in accordance with the 3.5 and 2.5 ~m 
Twin-Tub CMOS process (5, 6). Wafers processed with the 
3.5 ~m design rules (5) were targeted for investigation of 
the transistor characteristics because the thicker gate ox- 
ide used (-600~) enhanced the sensitivity of the MOS 
structure to changes in the density of fixed interface 
charges. Wafers processed with the 2.5 ~m design rules 
(with TaSi~) were selected for examination of contact re- 
sistance and leakage currents due to junction spiking. All 
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device wafers were metallized with In-Source A1-0.5%Cu 
deposited at -220~ patterned using single-level resist, 
dry etched, and sintered isochronally for 30 min in either 
a H2 or N2 ambient at temperatures of 200 ~ 300 ~ 350 ~ 400 ~ 
or 450~ Results pertinent to device performance will 
now be considered. 

Transistor characteristics.--The threshold voltage, VT, 
and beta, ~, were determined as a function of sintering 
temperature and ambient gas from probing various 75 x 
75 ~m transistors. Both parameters were calculated from 
measurements of drain current, ID, vs. gate voltage, VG, at 
a constant drain voltage (VD = 0.1V) using the 
relationship. 

ID = fi(VG-VT)VD [1] 

The test structure consisted of -6500s phosphorus- 
doped (PBr3) polysilicon gate with a sheet resistance of 
-10  ~/[~, a -0.060 ]~m thermally grown gate oxide, and a 
-1  ~m In-Source A1-0.5%Cu metallization. The N ~ and P~ 
source/drain areas were formed by ion implantation of P 
and B with subsequent diffusion during the phosphosili- 
cate glass (P-glass) flow and reflow cycles yielding sheet 
resistance values of -28  and -100 ~1/[], respectively. In 
Fig. 1, the average values of threshold voltage and beta 
are plotted as a function of temperature for N- and 
P-channel devices sintered in H~. For the N-channel de- 
vices, VT is observed to exhibit, for the as-deposited A1 
films, a value of 0.89 +- 0.02V, which remains stable with 
sintering temperatures up to 450~ A similar 
temperature-independent  behavior is observed for the 
threshold voltage of the P-channel devices, which main- 
tain through the various thermal cycles the as-deposited 
value of -0.87 +- 0.04V. This lack of variation in the value 
of VT with sintering temperature is a direct indication of 
the absence of radiation damage in the In-Source deposi- 
tion process. If fixed interface charges were generated 
during deposition, they would expectedly anneal out with 
higher sintering temperatures,  causing observable shifts 
in the threshold voltage of both N- and P-channel devices. 
The values of tip (i.e., the gain for transistors with 75 x 75 
~m square geometries) for both types of devices remain, 
as shown in Fig. 1, temperature independent  but differ in 
magnitude by a factor of -3 ,  reflecting the difference in 
the mobility of electrons and holes. Examination of de- 
vices sintered in N~ were seen to exhibit  similar transistor 
parameters as well as a similar temperature-dependent  
behavior to those sintered in H~. 

Contact resistance.--The contact resistance of alumi- 
num to N + and P+ source/drain areas was measured from 
testers present on device wafers processed in accordance 
with the 2.5 ~m Twin-Tub CMOS process (6). The test 
pattern, shown in Fig. 2A, is comprised of three sections, 
where windows in the P-glass are opened to make contact 
to the gate material and to the N ~ or P§ diffusions. These 
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Fig. 1. Average values of threshold voltage and beta per square as 
a function of sintering temperature for both N- and P-channel square 
devices. Sintering time was 30 min; sintering ambient was H,~. 

were  f o r m e d  b y  ion  i m p l a n t a t i o n  of  P a n d  B a n d  a subse-  
q u e n t  d r ive- in  to yie ld  s h e e t  r e s i s t ance  va lues  of  - 3 0  an d  
- 1 1 5  t2/[3, respec t ive ly ,  a n d  j u n c t i o n  d e p t h s  o f - 0 . 9  t~m. 
P r o v i s i o n s  are  also p r o v i d e d  on  th i s  t e s t e r  to con t ac t  t h e  
N- a n d  P - t u b  for l eakage  c u r r e n t  m e a s u r e m e n t s  b e t w e e n  
sou rce /d ra in  r eg ions  a n d  tubs .  A n  e x p a n d e d  p h o t o g r a p h  
of t he  ac t ive  r eg ion  is s h o w n  in  Fig. 2B. It  is d e s i g n e d  to 
cover  a n  area  of (190 x 5/~m), e n d i n g  w i t h i n  t he  c e n t e r  of  
(20 x 20/~m) p a d s  on  e a c h  side, a n d  to i nc lude  four  varia-  
b le  size con tac t  w i n d o w s  def ined  on  the  m a s k  w i t h  di- 
m e n s i o n s  of (2 x 2 t~m), (2.5 x 2.5 tLm), (3 x 3/~m) a n d  (4 x 
4/~m).  The  m e a s u r e m e n t  is c o n d u c t e d  by  p a s s i n g  a cur- 
r en t  b e t w e e n  two a d j o i n i n g  con t ac t  w i n d o w s  of  d i f f e ren t  
sizes a n d  m e a s u r i n g  t he  vo l t age  d rop  be tvJeen  a c o m m o n  
w i n d o w  si te  a n d  a n o t h e r  ad jo in ing  c o n t a c t  w i n d o w  of  a 
d i f fe ren t  size. Th i s  m e a s u r e m e n t  is b a s e d  on  a four -po in t  
p r o b e  t e c h n i q u e  w i t h  t he  con t ac t  r e s i s t a n c e  ca lcu la ted  
f rom the  ra t io  of  t he  vo l t age  d rop  at t he  " c o n t a c t  e n d "  
(i.e., t h e  c o m m o n  w i n d o w  site) to  t h a t  of  t he  i n p u t  c u r r e n t  
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Fig. 3. Plot of AI/N + contact resistance as a function of reciprocal 
area for as-deposited AI-0.5%Cu and AI-0.5%Cu sintered at 300  ~ 
350 ~ and 400~ for 30 min in H~. 

set  in  th i s  case at  0.5 mA. In  Fig. 3, t h e  A1/N + co n t ac t  re- 
s i s t ance  is p l o t t ed  as a f u n c t i o n  of  r ec ip roca l  area  for  t he  
a s -depos i t ed  A1-0.5%Cu a n d  af ter  s i n t e r i n g  at  300 ~ 350 ~ 
a n d  400~ in H2. T h e  co n t ac t  area  was  a s s u m e d  n o t  to  be  
t h a t  specif ied b y  m a s k  d i m e n s i o n s  b u t  was  m e a s u r e d  for 
e ach  co n t ac t  size d i rec t ly  f rom s c a n n i n g  e l ec t ron  micro-  
g raphs .  The  AYN + c o n t a c t  r e s i s t ance  is seen,  ove r  the  in- 
v e s t i g a t e d  r a n g e  of  c o n t a c t  sizes a n d  s i n t e r i n g  t e m p e r a -  
t u r e s  to scale  l inea r ly  w i t h  rec ip roca l  area. T h e  c o n t a c t  
res is t iv i ty ,  Pc, ca lcu la ted  f rom t h e  s lope of t he se  l inea r  
curves ,  is o b s e r v e d  to d e c r e a s e  s igni f icant ly  w i t h  h i g h e r  
s i n t e r i n g  t e m p e r a t u r e s .  Fo r  the  a s -depos i t ed  AI-0.5%Cu 
cond i t ion ,  Pc = 4.5 x 10 -6 ~ -cm2; for  p rog re s s ive ly  h i g h e r  
s i n t e r i n g  t e m p e r a t u r e s ,  t h e  v a l u e  of  pc d e c r e a s e s  f rom 1.6 
x 10 -6 ~ - c m  2 at  300~ to 0.83 x 10 -6 t~-cm 2 at  350~ a n d  

Fig. 2.  (A) Optical photograph of contact resistance tester. (B) SEM micrograph of active region on contact resistance tester. 
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Fig. 4. SEM replicas of nominal (2 x 2/~m) windows to Si on the contact resistance tester after sintering for 30 min in N~ at temperatures of 
(A) 300~ (B) 350~ (C) 400~ and (D) 450~ 

0.64 x 10 -8 ~-cm 2 at 400~ We postulate that this varia- 
tion in the AYN ~ contact resistance is directly related to 
the degree of interdiffusion occurring through the native 
oxide at the A1-Si interface. In the presence of an imper- 
fect native oxide, the interdiffusion, which is a thermally 
activated process, has been reported to proceed through 
pinholes in the oxide, causing, in the case of (100) silicon, 
preferential spiking along <111> crystallographic planes 
(7). The extent of the interdiffusion, as determined by the 
density and size of those spikes, provides an "effective" 
area, by which A1 contacts N ~ silicon. In order to investi- 
gate the spike formation mechanism as a function of sin- 
tering temperature and contact area, polyimide replicas of 
the silicon surface were prepared and examined with the 
aid of a scanning electron microscope (SEM). Figure 4 
represents a series of SEM replicas of the nominal (2 x 2 
/xm) window on the contact resistance tester at progres- 
sively higher sintering temperatures. At 300~ (Fig. 4A), 
the spikes are observed to be sparsely concentrated at the 
coflduit to the largest A1 supply i.e., at the periphery of 
the contact window, and to extend in height up to -0.20 
/xm. At a sintering temperature of 350~ (Fig. 4B), spikes 
retain their individuality but grow significantly in size 
reaching, in some cases, peaks of -0.75 gin. At 400~ (Fig. 
4C), coalescence among spikes yield an almost continu- 
ous ring with little unreacted space and with a dimen- 
sional height of as much as -0.80 gm. At 450~ (Fig. 4D), 
results of the interdiffusion achieve the extreme case in 
which a single pyramidal pit is now formed extending be- 
yond the original contact area and exhibiting an apex at a 
height of - 2  gm. At the sintering temperature of 400~ 
the extent  of interdiffusion is revealed in Fig. 5 for the 
four available contact sizes. For a specific thermal cycle 
and given window geometry, a given amount  of Si will be 
transported into the A1 to satisfy the solubility limit. The 
smaller the cross-sectional area of that contact window, 

the deeper will be the loss of Si required to achieve this 
transported volume. For the 450~ sinter, the A1/N ~ con- 
tact resistance, as seen in Fig. 6, ceases to scale with re- 
ciprocal area. That is believed to be due to the influence 
of lateral diffusion which, as shown in the series of micro- 
graphs of Fig. 7, is now causing uptake of silicon for alu- 
minum from beyond the original contact boundaries. 
That has the effect of minimizing differences in the "ef- 
fective" contact area of the various windows, which is in 
turn reflected in the lack of variation of the A1]N + contact 
resistance. As observed in the case of the transistor pa- 
rameters, the values and temperature dependent  behavior 

Fig. 5. Top view of SEM replicas of windows to Si on contact resist- 
ance tester after a 400~ sinter. Contact dimensions as de- 
fined on the mask were (A) 2 x 2/~m, (B) 2.S x 2.S/~m, (C) 3 x 3 
/~m, and (D) 4 x 4/~m. 
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of AYN ~ contac t  res is t ivi ty  for devices  s in tered in N2 are 
s imilar  to those  s intered in H2. At 200~ the  contac t  resis- 

t ivi ty is 3.5 • 10 -6 ~2-cm2; at progress ively  h igher  s inter ing 
tempera tures ,  the  va lue  of  Pc decreases  f rom 1.5 x 10 -6 
~ - c m  -~ at 300~ to 0.77 • 10 -6 ~ - c m  2 at 350~ and 0.58 • 
10 -6 ~ - c m  2 at 400~ 

The dependence  of  the  AYP + contac t  res is tance on con- 
tact  d imens ions  and s inter ing t empera tu re  is revea led  in 
Fig. 8. Values of  contac t  res is tance p lo t ted  against  recip- 
rocal  area are observed  to fall, generally,  regardless  of  the 
s inter ing tempera ture ,  on a single l ine wi th  a s lope yield- 
ing  a contact  resis t ivi ty of  0.66 • 10 -612-cm 2. This  temper-  
a ture  i n d e p e n d e n t  behav io r  of  Pc suggests  that  the  mecha-  
n i sm by which  the  A1/P + contac t  is es tabl i shed is different  
than  that  for the  A1/N § contac t  and is based pr imar i ly  on 
barr ier  he ight  considerat ions .  The barr ier  he ight  for 
p- type si l icon (8) is -0 .4  eV, a value  signif icantly lower  
than  that  of -0 .7  eV repor t ed  for n- type si l icon (8). The in- 
crease  in the data scat ter  wi th  decreas ing contac t  d imen-  
sions reflects, in this case, secondary  effects caused by 
the  ex ten t  of the  A1-Si interdiffusion.  

Leakage current.--The contac t  res is tance tes ter  used  to 
genera te  the resul ts  d iscussed  in the prev ious  sect ion had 
also provis ions  for au tomat ic  de te rmina t ion  of  leakage 
cur ren t  at five sites across the wafer.  As a test  of  junc t ion  
pene t ra t ion  due  to A1-Si interdiffusion,  the  N~/P Tub leak- 
age current  was measu red  at a reverse  bias of  1V on de- 
v ices  processed  in accordance  with  the  2.5 ~ m  Twin-Tub  
CMOS process  (6) and s in tered in H2 or N~ at 200 ~ 300 ~ 
350 ~ 400 ~ and 450~ Regard less  of  the s inter ing ambient ,  
the  leakage  current  is obse rved  to exhib i t  a va lue  of  
- 1 0 - ' ~  (low current  l imi t  of  automat ic  test  equ ipment )  
for the  as-deposi ted A1-0.5%Cu condit ion.  That  va lue  is 
obse rved  to remain  i n d e p e n d e n t  of s inter ing t empera tu re  
up to 400~ This falls wi th in  the  range of t empera tu res  in 
wh ich  the  m a x i m u m  observab le  spike he ight  (Fig. 4C) 
was -0 .80 ~m. However ,  that  is still shal lower  than  the  

Fig. 7. Top view of SEM replicas of windows to Si on contact resistance tester after a 450~ sinter. Contact dimensions as defined on 
mask were (A) 2 • 2 /xm, (B) 2.5 • 2.5/~m, (C) 3 x 3 p~m, and (D) 4 x 4/.~m. 
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-0.9 ~m N § junct ion depth characteristic of those devices 
and is therefore consistent with the present data. At the 
450~ sintering temperature, the leakage current is ob- 
served to increase significantly with values as high as 
-10-SA, pointing to serious junct ion penetration. This is 
consistent, specifically, with the SEM replica of Fig. 4D 
which had shown a pyramidal pit, - 2  ~m high, for the 
smallest contact geometry. It is important to note that the 
present contact resistance tester represents a worst-case 
evaluation of the effect of junct ion spiking because the 
contact windows considered are small and are strapped 
individually by wide (-25 ~m) metal runners. Typically in 
device patterns, several contact windows share a common 
narrow (-5  ~m) metal strap, easing considerably the 
spiking situation. 

Having evaluated the effect of In-Source A1-0.5%Cu on 
device properties, we wish now to focus on its electro- 
migration characteristics. 

E l e c t r o m i g r a t i o n  C h a r a c t e r i s t i c s  
Electromigration is a major concern as a failure mode 

associated with the use of A1 or A1 alloys in VLSI devices 
(9-11). It is defined as the transport of matter caused by 
the passage of an electric current and is the result of mo- 
men tum exchange between conduction electrons and 
diffusing metal atoms. Nonvanishing divergences of this 
atomic (or vacancy) flux, generated by structural in- 
homogeneities or temperature gradients, can lead to 
open-circuit failures because of depletion of matter. 

The temperature and current density dependence of 
electromigration is generally expressed by the relation- 
ship (12) 

MTF = C J - "  exp (Q/kT) [2] 

where MTF is the median time to failure, C a constant, J 
the current density, n the current density exponent,  Q the 
activation energy, k Boltzmann's  constant, and T the ab- 
solute temperature. For A1 conductors the reported 
values of Q and n lie in the ranges of 0.3-1.2 eV and 1-7, re- 
spectively (13). The median time to failure has been ob- 
served to improve with increases in grain size, with de- 
creases in grain size distribution, and with a higher 
degree of (111) texture in the A1 film (4). Henceforth, 

optimization of these parameters becomes a prerequisite 
in the present electromigration investigation of In-Source 
A1-0.5%Cu. Using transmission electron microscopy 
(TEM), horizontal cross-sectional micrographs depicting 
the grain size and grain size distribution were examined 
for In-Source A1-0.5%Cu deposited over a wide range of 
temperatures (135~176 and rates (10-140 h/s). A sample 
representation of this data is shown in Fig. 9. At a given 
background pressure of - 2  • 10 -s torr and a deposition 
temperature of -135~ the grain size is seen to increase 
from an average value of -0.3 ~m for A1 films deposited 
at -30  ~/s (Fig. 9A) to -0.7 ~m for A1 film deposited at 
-140/~/s (Fig. 9B); for a higher deposition temperature of 
-245~ the grain size increases from -0.6 ~m for A1 
films deposited at -30  A/s (Fig. 9C) to -1.3 ~m for A1 
films deposited at -140/~/s (Fig. 9D). The distribution of 
grain sizes, characterized by the calculated standard devi- 
ation, was found typically to be of the order of -+ 10%. The 
observed increase in grain size with higher deposition 
temperature and higher deposition rate provides, hence- 
forth, the guideline necessary to optimize the deposition 
parameters and produce films with desirable electro- 
migration characteristics. 

The electromigration test structure used in the present 
investigation consisted of five meander patterns on a 
chip, each 1 cm long and all with nearly identical line- 
widths. An array of 116 chips was layed out for 75 mm 
size wafers so as to provide a wide selection of meanders 
with defined widths of 2, 2.5, 3, 4, and 5 ~m. The combi- 
nation of lines and spaces were designed on the meander 
pattern to add up, in all cases, to 15 ~m. After separation, 
the chips were eutectically bonded, using Au-P preforms, 
onto 40-pin dual-in-line ceramic packages. In order to 
eliminate the possibility of A1-Au interdiffusion on the 
test pattern, Al-l% Mg wires, 25 ~m thick, were wedge 
bonded ultrasonically at room temperature to a luminum 
pads on the chip side and gold pads on the package side. 
The electromigration tests were conducted typically on 24 
packages heated in atmospheric ambient  in an oven capa- 
ble of providing temperatures up to 300~ and controlled 
within +-I~ Constant current sources were designed to 
power up to 96 meanders with adjustable outputs of 
10-250 mA and a stability better than -+1%. Chart record- 
ers were used to monitor the voltage drop across sum- 
ming resistors and to mark the failure time. One meander 
on each of the chips was dedicated to monitor the temper- 
ature through the testing period. The procedure consisted 
of passing a low current of typically 250 ~A through that 
monitor meander at room temperature and measuring the 
voltage drop across it. The furnace was then brought up 
to test temperature and the procedure repeated. From the 
recorded change in temperature and voltage drop, the 
temperature dependent  coefficient of resistivity, a, was 
calculated. One of the other four test meanders is then 
powered and from the known value of a, and from the 
change in voltage drop caused by the additional Joule 
heating, the average temperature of the monitor meander 
was established. A comparison between the temperature 
as measured on the monitor meander to that as measured 
directly on the other four test meanders using the above 
procedure revealed, within the considered range of cur- 
rent densities, insignificant differences. The test temper- 
ature referred to during the course of the present investi- 
gation represents the overall (i.e., ambient  + Joule 
contribution) average of the experimental cell. 

The In-Source A1-0.5%Cu films, typically 1 ~m thick, 
were all deposited at -300~ on thermally oxidized Si 
substrates. They were patterned using tri- or single-level 
resist and defined using reactive ion etching. The cross- 
sectional area, A, was calculated from the product of the 
average thickness and linewidth of the patterned A1 lines 
which were measured using a Dektak s ty lus  and a 
Nanospec interferometer, respectively. 

The data were fitted to a log-normal distribution using 
a computer program which derived values of median time 
to failure and proceeded to produce a graphical display of 
the results. The dependence of median time to failure on 
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Fig. 9. TEM horizontal cross-sectional micrographs illustrating grain size and grain size distribution for In-Source AI-O.5%Cu films deposited at 
a temperature and rate of (A) 135~ - 3 0  A/s, (B) 135~ 140 A/s, (C) 24S~ ~30  A/s, and (D) 24S~ ~ 140 A/s. 

s in ter ing  tempera ture ,  p lasma SiN capping,  l inewidth,  
and cur ren t  dens i ty  accelera t ion  will  n o w  be considered.  

Effect of sintering temperature.--In order  to inves t igate  
the  effect  of s inter ing t empera tu re  on the  m e d i a n  t ime  to 
failure, In -Source  A1-0.5%Cu films were  evapora ted  on 
the rmal ly  oxidized Si wafers  under  op t imized  condi t ions  
for depos i t ion  t empe ra tu r e  (-300~ and depos i t ion  rate 
(~140 A/s). The films were  then  s intered for 30 min  in H2 
at e i ther  300 ~ or 450~ Meander  lines wi th  a 3.0 t~m line- 
wid th  v-ere selected for test ing.  For  samples  s in tered at 
300~ rain/H2, the  e lec t romigra t ion  m e a s u r e m e n t s  were  
carr ied out at test  t empera tu re s  of  209 ~ and 264~ and at a 
cur ren t  dens i ty  of  2.1 x 106 A/cm 2. The  samples  s intered 
at450~ min/H.2 were  tested,  unde r  accelera ted  condi-  
t ions,  at t empera tu res  set at 232 ~ 258 ~ 289 ~ and 304~ and 
a current  dens i ty  set at 1.62 x 106 AJcm 2. In Fig. 10, va lues  
of  the med ian  t ime  to failure, normal ized  wi th  the  use of  
Eq. [2] and a va lue  of  n = 2 to J = 1 z 10 .~ A / c m  2, are 
p lo t ted  on an exponen t i a l  scale as a func t ion  of  reciprocal  
t empera tu re  for the  samples  s intered at 300 ~ and 450~ A 
compar i son  be tween  these  two curves  indicate,  in the 
case o f  the  h igher  s in ter ing  tempera ture ,  a factor  of  - 3  
i m p r o v e m e n t  in l i fe t ime as wel l  as an enhanced  va lue  of  
the  ac t iva t ion  energy  (0.84 vs. 0.73 eV). These  observa- 
t ions reflect the  di f ferences  in the  mic ros t ruc tu re  of  the 
A1-0.5%Cu films. T E M  cross-sect ional  micrographs ,  
t aken  at a pad area on the  e lec t romigra t ion  tester,  are 
seen to exhib i t  an average gra in  size of  2.9 tLm for samples  
s in tered at 450~ (Fig. 11C) as compared  to 1.8 t~m for 
samples  s intered at 300~ (Fig. 11A). An increase in the  ra- 
t io of  grain size to strip width ,  as in the case of  the  h igher  
s in ter ing  tempera ture ,  has  been  repor ted  (14) to enhance  
the l i fe t ime because  of possible  format ion  of  single- 
crystal  grains, across  parts  of  the  meander ,  b lock ing  the  
mass t ransport .  The  larger  grains are also expec t ed  (9) to 

cause a reduc t ion  in the  n u m b e r  of  grain boundar ies ,  wi th  
thei r  associated low energy  diffusion paths,  account ing  
for the  observed  increase  in act ivat ion energy.  SEM ex- 
amina t ion  of  e lec t romigra t ion- induced  defects  reveals,  as 
shown  in the  series of  mic r0graphs  of  Fig. 12, the  pres- 
ence  of voids,  cracks,  and hi l locks r andomly  d is t r ibuted  
along the  length  of  the  s t ressed meanders .  The deple ted  
areas a s sumed  a var ie ty  of sizes and shapes  wi th  the  fatal 
openings  general ly  observed  to cross the  m e a n d e r  wid th  
in a direct ion pe rpend icu la  r to current  flow. Ev idence  for 
the  accumula t ion  of mater ia ls  was found in the v ic in i ty  of 
large voids  or cracks always in the  d i rec t ion  of posi t ive  
bias (electron flow). Us ing  the  measu red  va lues  of  Q and 
the convent iona l  va lue  of n = 2, the  m e d i a n  t imes  to fail- 
ure  ex t rapola ted  to 80~ and 1 x 10 '~ A/cm 2 were  deter- 
m i n e d  to be  equal  to 3.7 x 106h and 3.6 x 107h for samples  
s in tered at 300 ~ and 450~ respect ively.  The va lue  of  3.6 x 
107h is more  than  an order  of  magn i tude  h igher  than  that  
of  12 x 106h repor ted  for E-Gun  Al:0.5%Cu depos i ted  and 
s intered under  s imilar  condi t ions  (4). That  demons t ra t e s  
that  In -Source  A1-0.5%Cu processed  unde r  o p t i m u m  con- 
di t ions can, indeed,  p rov ide  exce l len t  res is tance to 
e lec t romigra t ion  failure. 

Effect of plasma SiN capping.--In the  final s tages of  IC 
process ing,  a scra tch-res is tant  p lasma SiN pass ivat ion 
coat ing is general ly  depos i ted  to protec t  devices  f rom 
mechan ica l  damage.  In order  to inves t igate  the  effect  of  
p lasma SiN capping  on med ian  t ime  to failure, one of the  
pa t t e rned  wafers  meta l l ized  wi th  In -Source  A1-0.5%Cu de- 
pos i ted  at 300~ at a rate of  140 Ms, was s in tered at 300~ 
for 30 rain in H2 and then  capped  wi th  a 1.4 tern p lasma 
SiN coating. The p lasma S iN cap was depos i t ed  at 330~ 
for 105 rain in a p lasma-ass is ted  CVD reactor  k n o w n  to 
p roduce  tensi le  films. The  wafer  was pa t t e rned  and 
p lasma e tched  in a barrel  reac tor  to expose  the  a l u m i n u m  
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pads for wire bonding. Groups of typically 24 meanders 
with a 3.0 t~m linewidth were tested, under accelerated 
conditions, at temperatures of 205 ~ 231 ~ 263 ~ and 283~ 
and at a current density of 1.82 • 106 A/cm 2. A plot of nor- 
malized median t ime to failure vs. reciprocal temperature 
is shown in Fig. 10 for samples sintered at 300~ with 
plasma SiN caps and for those with no caps sintered iso- 
chronally at 300 ~ and 450~ It is evident from a compari- 
son of the data that the presence of the passivation coat- 
ing enhances the median time to failure by almost an 
order of magnitude, when compared to uncoated samples 
sintered at 450~ and by a factor -22  when compared to 
uncoated samples sintered at 300~ SEM examination of 
the stressed meanders revealed significant reduction in 
the occurrence of macroscopic voids and in the degree of 
material accumulation below the plasma SiN layer. This 
is an indication that the electrotransport rate has, indeed, 
been slowed down, presumably by a consequence of re- 
duced vacancy density. Vacancies are generally generated 
by inward diffusion from the surface or through forma- 
tion of Schottky defects. In both cases, as reported by 
Learn and Shepherd (15), the addition of a strongly 
bonded impervious coating can reduce vacancy genera- 
tion and movement.  From the slope of the MTF vs. lIT 
curve a value of Q = 0.68 eV was calculated for the 
samples capped with plasma SiN. This value for the acti- 
vation energy is quite comparable to that of 0.73 eV, for 
samples similarly sintered at 300~ but with no 
plasma SiN. Examination of TEM micrographs of 
samples with (Fig. l lB)  and without (Fig. l lA)  plasma 
SiN also reveal quite comparable dimensions in grain 
size, establishing the fact that the thermal cycle associa- 
ted with the present plasma SiN deposition process has 
an insignificant effect on both grain growth and activa- 
tion energy. Using the value of Q = 0.68 eV and the con- 
ventional value of n = 2, the extrapolated median time to 
failure (80~ 1 • 105 A/cm 2) for In-Source A1-0.5%Cu 
sintered at 300~ with plasma SiN was calculated to be 

Fig. 11. TEM horizontal cross-sectional micrographs illustrating 
grain size and grain size distribution of In-Source AI-O.S%Cu depos- 
ited at 300~ at a rate of - 1 4 0  ~-/s and sintered at (A) 300~ 
min/H~, (B) 300~ min/He with additional 1.4 p,m plasma SiN cap, 
and (C) 450~ rain/H2. 

equal to 5.0 • 107h. The closing of the gap between the ex- 
trapolated MTF values of samples with the additional 
plasma SiN cap and those sintered at 300 ~ and 450~ with 
no plasma SiN is a result of differences in the activation 
energy which owing to the exponential dependence, 
strongly affect the extrapolation procedure. 

In order to evaluate the effect of lower deposition rates 
on the electromigration characteristics, In-Source 
A1-0.5%Cu was evaporated at -300~ at a rate of -63  ~/s 
onto thermally oxidized Si monitors. Following pat- 
terning with single-level resist and a 300~ 
sintering cycle, a 1 tLm thick plasma SiN cap was depos- 
ited at 330~ for 145 rain in a plasma-assisted CVD reactor 
known to produce compressive films. Packaged testers 
with 2.0 ~m lines were selected for the present study. The 
testing proceeded at temperatures of 194 ~ 221 ~ 250 ~ and 
274~ and at a current density of 1.9 • 106 A/cm 2. From 
the slope of a plot of normalized median t ime to failure as 
a function of reciprocal temperature, an activation energy 
of Q = 0.68 eV was calculated. This value is identical to 
that calculated for In-Source A1-0.5%Cu at the higher rate 
of 140 ~/s pointing to heat-treatment, i.e., sintering and 
plasma SiN deposition as the determining factor in the es- 
tablishment of the final microstructure. Using the value 
of Q = 0.68 and the conventional value of n = 2, the 
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Fig. 12. SEM microgrophs showing electromigration-induced defects 
such as voids, cracks, and hillocks for samples with In-Source AI-0.5% 
Cu deposited at 300~ at ~ 140 ~/s and sintered at 4SO~ 

extrapolated median time to failure (80~ 1 x 105 A]cm 2) 
was calculated to be equal to 2.7 • 107h. With the excep- 
tion of using a thicker plasma SiN cap (1.4 vs. 1.0 ~m), a 
repeat of these measurements on lines with the identical 
2.0 t~m linewidth patterned from samples deposited under 
identical conditions (300~ -63 ~/s) and also sintered at 
300~ for 30 min in H2, yielded an extrapolated median 
t ime to failure (80~ 1 z 105 A]cm ~) equal to 3.5 • 108h. 
The difference in these values of MTF is believed to be di- 
rectly related to the plasma SiN cap thickness and not, as 
to be discussed in the following paragraphs, to the in- 
duced stress. With the thinner films, there is the distinct 
possibility of encountering a higher density of pinholes or 
microcracks which would form the source of vacancies 
and Schottky defects necessary to enhance the 
electrotransport mechanism. Similar results on the effect 
of a passivation coating on median time to failure have re- 
cently been reported by Lloyd and Smith (16) who ob- 
served that E-Gun A1-4%Cu stripes covered with 1.5 tLm 
of g]ass lasted as much as 18 times longer than those 
which were not covered. Furthermore, an increase in 
passivation film thickness from 1.5 to 4.0 and 8 tLm was 
reported to monotonically enhance the lifetime of the un- 
derlying thin film conductors from 636 to 909 and 1083h, 
respectively. Electromigration-induced compressive 
stresses were believed to be responsible for these 
observations, 

A comparison of samples with similar l inewidth (~3.0 
tLm) deposited at different rates (~63 vs. ~140 A/s) but 
otherwise identical in terms of deposition temperature 
(~300~ sintering cycle (300~ and plasma 
SiN thickness (1.4 ~m) revealed, as shown in Fig. 13, simi- 
lar values of median t ime to failure (4.5 • 10 ~ vs. 5.0 • 
107h). That provides additional correlation and support 
for the reproducibility of our results. It is, however, 
interesting to note that in the case of A1 films deposited 
at -63  ~/s the plasma SiN process used was known to 
produce compressive films (~ -10  TM dyne/cm2); in the case 
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of A1 films deposited at -140 ~/s, the plasma SiN process 
used was different and known to produce tensile films ( -  
+ 109 dyne/cm2). Thus, the noted similarity in the electro- 
migration results over such extreme stress conditions 
tends to undermine the role of stress in accounting for the 
lifetime enhancement  observed in the presence of a 
passivation coating. 

Effect of linewidth.--In order to determine the depen- 
dence of median time to failure on linewidth, films met- 
allized with In-Source A1-0.5%Cu (300~ -63 ~/s), sintered 
at 300~ for 30 min in H2, and capped with 1.4 ~m plasma 
SiN (330~ 145 rain) were tested. The linewidth was 
varied to cover a range in values extending from 1.6 to 4.0 
tLm. The electromigration measurements were carried out 
for all samples at test temperatures around 275~ and at a 
current density of 2.0 • 106/cm 2. Using values for Q = 0.68 
eV and n = 2, the extrapolated median t ime to failure 
(80~ 1 • 105/Ucm ~) is plotted as a function of linewidth 
in Fig. 13. The results point to an exponential  increase 
with narrower linewidth with values ranging from 1.1 • 
107h at 4.0 tLm to 3.9 • 108h at 1.6 tLm. As previously dis- 
cussed, a narrowing of l inewidth enhances the likelihood 
that the meander cross section will be blocked at some 
points by single-crystal grains. That develops a 
configuration consisting of polycrystalline segments 
blocked at both ends by a single-crystal grain. Since 
electromigration is known to proceed primarily through 
grain boundary diffusion, mass transport from the cath- 
ode to anode end within a polycrystalline segment is ex- 
pected to develop concentration gradients and compres- 
sive stresses at these ends which can create a reverse 
mass flow to that produced by electromigration. At pro- 
gressively narrower linewidths the display of single- 
crystal grains across the stripe ought to become more 
prominent  favoring, in the extreme case, formation of the 
"bamboo structure" (4). This model, first proposed by 
Blech (17), appears to be consistent with our experimen- 
tal observations. 
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Effect of current density acceleration.--There is consid- 
erable disagreement over the value of the current density 
exponent,  n in the J - "  dependence. Values of n in the 
published literature (18) range from 1 to 7. Early work 
predicted that n was a constant, with a value of 1 for fail- 
ures at structural sites (19) and a value of 3 where temper- 
ature gradients were dominant  (20). The work of Venables 
and Lye (21) and also of Sigsbee (22) has predicted that n 
is a function of current density and varies from a value of 
1 at current densities below 1 • 105 A]cm ~ to greater than 
3 at current densities exceeding 2 x 106 A/cm 2. The results 
of Blair et al. (23) yielded a value of n = 5 for current den- 
sities between 1 x 106 and 2 x 100 A/cm ~. In order to deter- 
mine the value of n within our range of testing conditions, 
electromigration measurements  were carried out at differ- 
ent current densities for the In-Source A1 samples depos- 
ited at -140 A/s as well as those deposited at -63  A/s. A 
log-log plot of current density vs. normalized median time 
to failure is Shown in Fig. 14 for the 3.0 t~m wide In- 
Source A1-0.5%Cu samples deposited at a rate of 140 ~/s 
and sintered at 300 ~ and 450~ From the slope of these 
curves values of n equal to 3.2 and 3.8 were calculated, in 
the range o f - 5  x 105 to - 2  x 106 A]cm 2, for samples 
sintered at 300 ~ and 450~ respectively. A similar plot is 
shown in Fig. 15 for In-Source A1-0.5%Cu samples with 
3.2 and 4.0 t~m linewidths deposited at a rate of ~63 A/s, 
sintered at 300~ for 30 rain in H~, and capped with a 1.4 
~m film of plasma SiN. The results reveal over the inves- 
tigated range of current densities (1 x 106 - 2 • 106 A/cm 2) 
a value of n, also, close to 4.0 for both linewidths 
precluding the influence of sintering or plasma SiN addi- 
tion. This calculated value of n is significantly higher 
than that of n = 2 used, throughout the present investiga- 
tion, to extrapolate the median t ime to failure, showing 
the extrapolation procedures in this study to be quite 
conservative. 

Effect of thermal annealing.--The possibility that the 
electromigration samples underwent  thermal annealing 
during accelerated testing was addressed by searching for 
changes in the failure distribution, the failure mechanism, 
the temperature dependent  behavior of MTF, and the 
metal structure. A likely occurrence for such an effect 
would expectedly be in the case of samples stressed at 
temperatures relatively high compared to the sintering 
temperature, and for long periods of time. Sim (18) has 
observed for as-deposited E-Gun A1 samples, with an av- 
erage grain size of 2 tLm, a change in failure distribution 
for meanders tested at 220~ between 100 and 5000h at 
current densities in the range of 2 x 104 A/cm 2, which was 
attributed to thermal annealing. Furthermore,  these 
samples showed evidence of very local failure indicating 
that some potential failure sites (i.e., dislocations) had 
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been annealed out. However, no obvious physical change 
in the metal structure, such as a change in grain size, 
could be found. The author remarks that other contribut- 
ing factors, such as a redistribution of impurities in the 
aluminum, could have also accounted for those observa- 
tions. Examination of our results on sintered In-Source 
A1-0.5%Cu revealed over the range of testing conditions, a 
unique failure distribution in all cases and, as shown, for 
instance, in Fig. 12, a random occurrence of voids along 
the meander length. Reproducibility measurements  on 
sintered samples (300~ with no passivation 
coating, stressed at 215~ after a prior 47h thermal expo- 
sure yielded a comparable value of median t ime to failure 
(13.40 -+ 0.97 vs. 13.44 -+ 0.63h) to that of the earlier test. In 
the course of  determining the activation energy, a well- 
behaved linear fit of MTF to 1/T has been exhibited with 
no evidence of anomalous deviations in lifetime. Measure- 
ments of grain size before and after accelerated testing, 
on samples with no passivation coating, revealed no de- 
tectable differences. All these observations are consistent 
with the absence of significant thermal annealing effects 
in the course of present testing procedures. 

Conclus ions 
Our results have established that In-Source A1-0.5%Cu 

is a viable metallization technology compatible with fine- 
line CMOS processing. The fact that it is radiation free 
has offered ways of optimizing the thermal cycle so as to 
achieve desirable device and electromigration character- 
istics. CMOS device wafers fabricated in accordance with 
the 3.5 tLm Twin-Tub CMOS process have shown no 
threshold shifts or changes in the transistor grain at sin- 
tering temperatures up to 450~ in either H~ or N=,, for 
both N- and P-channel devices, confirming the absence 
of deposition-induced fixed interface charges. CMOS de- 
vice wafers fabricated in accordance with the 2.5 t~m 
Twin-Tub CMOS process have exhibited low and well-be- 
haved values of contact resistance to N ~ and P~ diffusions, 
at sintering temperatures in the range of 300~176 in ei- 
ther H~ or N~, with no evidence of junction penetration. 
Electromigration measurements,  gathered over a wide 
range of processing conditions, have yielded values of 
median time to failure which were observed to improve 
with narrower linewidths, higher sintering temperatures, 
and in the presence of a plasma SiN passivation coating. 
In typical device operation conditions of 80~ and 1 x 105 
A]cm 2, the calculated lifetime of -10Sh for the 2.5 tLm wide 
passivated In-Source A1-0.5%Cu lines epitomizes the su- 
perior reliability of this metallization process. 
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Approximating Spun-On, Thin Film Planarization Properties on 
Complex Topography 

L. K. White 

RCA Laboratories, David Sarnoff Research Center, Princeton, New Jersey 08540 

ABSTRACT 

A method for characterizing and estimating spun-on, thin film planarization properties is proposed. The spun-on 
film is considered to be a low pass frequency filter. Two adjustable parameters are used to weight the frequencies to 
experimental planarization data for isolated line features. Using these parameters, the planarization properties on more 
complex topographies having a nominal uni ty of step height can be accurately estimated. One fitting parameter, a, 
gives an indication of the planarization (flow) properties of the spun-on solution. The other fitting parameter, Pmi,, rep- 
resents the min imum period (maximum frequency) with a weighting factor equal to one. Planarization properties of two 
distinctly different spun-on solutions are simulated on complex topography to verify the approximation procedure. The 
stencil pattern used to obtain the experimental planarization data for isolated line features can also be used to obtain an 
unambiguous determination of the planarization properties independent  of step height and the spun-on film thickness. 

Detailed descriptions of the spun-on planarization prop- 
erties of thin films are becoming increasingly important 
for integrated circuit processing. Resist dimensional con- 
trol issues on topographical features are strongly influ- 
enced by resist thickness changes (1, 2). Dual-etch-back 
techniques for the planarization of passivation and isola- 
tion layers (3-5) also depend on the spun-on, thin film 
planarization properties. Our previous work (6, 7) and the 
work of others (5, 8-11) have provided insights into the 
planarization phenomena that occurs for spun-on films. 
All of these workers point out the complexity of these 
phenomena. One of the most complex aspects is the ef- 
fect that the surrounding topography has on planariza- 
tion. Changes in the position and size of topographical 
features can change the polymer film thickness on adja- 
cent features. In this work, a method of characterizing 
and estimating the magnitude of these effects is pro- 
posed. Film shrinkage, thermal flow of films, and radial 
flow anomalies over different topography orientations 
can further complicate this situation. This work confines 
itself to situations where these effects do not play a prom- 
inent role. 

To calculate polymer planarization properties from 
first principles is a difficult rheological problem. Poly- 

mer solution viscous-elastic properties during the turbu- 
lent spun-on planarization process are not completely un- 
derstood. Film deformations are frequently the same 
order of magnitude as the film thickness. Deformations 
of this magnitude do not follow the analytical procedures 
frequently used to model relatively small deformations. 
On complex topography even with a well-defined ap- 
proach, the problem becomes exceedingly complex. In 
light of these considerations, we have chosen a semi-em- 
pirical approach to simulate spun-on film planarization 
properties. The spun-on film is considered to be a low- 
pass frequency filter for the topography. The data from 
isolated line features are fitted to a mathematical model 
with two adjustable parameters. These parameters can 
then be used to approximate the spun-on planarization 
properties for any complex topography having a 
unification of step heights. 

Experimental 
Substrates for the planarization characterization studies 

were prepared by growing thermal oxide on 3 in. silicon 
wafers to a thickness eqfiivalent to the desired step 
height. The thermal oxide was patterned with positive re- 
sist and an anisotropic plasma etching procedure. These 
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topographical features were then coated with a LPCVD 
polysilicon film 0.5 /~m thick. The patterned substrates 
contain isolated line features of various widths and 
lengths in excess of 500 /~m. Typically, isolated line fea- 
tures with widths of 40, 30, 20, 15, 10, 5, 3, 2, 1.5, and 1.0 
/~m were used. The spacing between the isolated line fea- 
tures was 100 /~m. Linewidths were determined with a 
filar eyepiece and step heights measured with a Tencor 
Alpha-Step Profilometer. 

Two different spun-on solutions are analyzed here: 
OFPR 800 (30 Hz) positive resist and KTI polymethyl- 
methacrylate, PMMA, at 9% solids. These two solutions 
were selected because of their substantially different 
planarization properties and their resistance to thermal 
flow during cures to harden the films for profilometric 
analysis. A static dispense, maximum acceleration to a 
spin speed of 6000 rpm and a spin time of 30s were used 
to coat the substrates. The OFPR 800 coating was cured 
at 110~ and the PMMA coating at 140~ Thicknesses of 
the spun-on coating were measured with an instrument 
similar to a Rudolph Thin-Film Thickness Monitor at a 
refractive index setting of 1.60 on bare silicon substrates. 
Spun-on, thin film planarization properties were also de- 
termined with the Tencor Alpha-Step Profilometer 
operating at a 15 mg tracking force. A stylus radius of 3 
/~m was used to minimize the effects of the stylus 
tracking on the recorded profilometer trace. The accu- 
racy of this step-height determination is nominally -+ i00~ 
on the 10 k~ scale. All the profilometer traces were taken 
on grating and isolated lines that had the ends of the fea- 
tures oriented toward the wafer center. 

C a l c u l a t i o n  Procedure 
A number  of investigators (5-11) have observed the 

strong dependence feature size (dimension) has on 
planarization phenomena. Figure 1 shows this depen- 
dence on the isolated line features for two different poly- 
mer films. The initial step heights were all 0.5 /~m and 
both spun-on film thicknesses were nominally 0.9/~m. At 
feature sizes greater than 20 /~m, the PMMA coating re- 
duces the step height (planarizes better) than the OFPR 
coating. Below the 20 /~m feature size, the OFPR coating 
shows significantly better planarization properties. Over 
a wide range of feature sizes, there is a linear correlation 
between the logarithm of the feature size and the step- 
height reduction. This type of planarization property de- 
pendence on feature size suggested to us that the periods 
or frequency components  of  the topography may contrib- 
ute to the observed planarization phenomena. 

If  the topography can be described by a piecewise con- 
tinuous function, the same topography can be described 
with a series of sine and cosine functions (12): for exam- 
ple, when a one dimensional function, T(y), is represented 
by an even number  of and a sequence of evenly spaced 

points, N. Then T(y) can be expressed as 

2~rny 2~ny 
T(y) = ~ a, cos ~ + b, sin 

where j = N/2. The cosine and sine coefficients, a,  and b,, 
can be obtained from the fast Fourier transform (13) of 
T(y). 

When a spun-on coating is applied to the topography, 
T(y), a deformed or smoothed topography results, Ts(y). 
An approximation of the smoothed topography is ob- 
tained by weighting the a,, and b,, coefficients. Thus 

2vny 27my 
Ts(y) ~ ~ anw. cos ~ + b,,w,, sin 

IL=rJ 

where 1.0 > w, > 0.0 and w,+, ->- w,,. 
Several weighting schemes are possible, but Fig. 1 sug- 

gests a form that has worked reasonably well for us. The 
w,,'s are selected below a certain min imum period, as 
shown in Fig. 2, and are proportional to the logarithm of 
the period associated with the corresponding cosine and 
sine coefficient. The change in w, with respect to the log- 
arithm of the period is specified by the adjustable param- 
eters, Pmi, and a. Pmin is the minimum per iod with a w, 
equal to one. a is the slope of the w, curve or the change 
in the w, value divided by the change in the logarithm of 
the period. This weighting procedure dampens high fre- 
quency or small period components on the surface topog- 
raphy. It results in approximating planarization proper- 
ties as function of feature size, smooths sharp corners ,  
and broadens the bottom of steps. Although the curves in 
Fig. 1 suggest the form of the weighting factors, the fac- 
tors themselves cannot be obtained directly from Fig. 1. 
Isolated square-wave features are themselves an ensem- 
ble of sine and cosine functions. Nonetheless, a frequency 
weighting scheme can be obtained from a series of iso- 
lated square-wave features with various dimensions. Gen- 
erally, the Pmin value is approximately 3-4 times the fea- 
ture size denoted by the intercept of the planarization 
curve with original step height. The a parameter is usu- 
ally 1.0-1.5 times the slope of planarization curve where 
the Y-axis units are expressed as the fraction of the origi- 
nal step height. The values of the adjustable parameters 
to fit the experimental  data in Fig. 1 are 165/Lm and 0.60 
for the OFPR 800 coating and 300 /~m and 0.28 for the 
PMMA coating. Figure 3 shows simulated computer  
traces of the OFPR 800 and HPR 204 materials on isolated 
line features ranging from 40-5 /~m wide. Table I shows 
the comparison between the experimental  and simulated 
step heights. 

The selection of the proper interval between points and 
the number  of points, N, are important to obtain the best 
simulation results. N should span a range at least twice 
the Pm~, distance. The interval between points depends on 
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the feature size dimension that needs to be simulated. 
Generally, the interval between points should be one- 
tenth that of the min imum feature size. For small defor- 
mations, (i. e., little planarization), this requirement  can 
be relaxed to some degree. Our simulations typically span 
a distance of 1260 /~m and use a i /~m interval between 
points. The filtering o f  the high frequency components  
produces ripple effects in the simulated planarization 
curves. These effects are usually much smaller than the 
experimental  error. Smoothing routines for the high fre- 
quency ripple can be used, if further refinements are re- 
quired. The simulations presented here are set up for a 
minimum feature size of 10/~m. 

Figure 1 shows that the step-height vs. logarithm of fea- 
ture size curve is no longer linear in the small feature size 
range. Weighting the sine and cosine coefficients accord- 
ing to logarithm of the period over the 10-40 /~m feature 
size range does produce simulated planarization curves 
that exhibit  a similar nonlinear behavior at small feature 
sizes. The simulated nonlinear behavior in the small fea- 
ture size range resembles that shown in the PMMA exper- 
imental curve of Fig. 1. In general, the simulated curves at 
small feature sizes predict a step height that is slightly 
lower than that observed experimentally.  If a spun-on 
coating does not show this characteristic nonlinear be- 
havior at small feature sizes, errors in simulated planari- 
zation properties are possible. These high frequency com- 
ponents not only influence small feature sizes, but also 
the wall profiles on relatively large feature sizes. More so- 
phisticated frequency weighting procedures may be re- 
quired to simulate the planarization properties of small 
feature sizes accurately. Thus far, we are pleased with the 
simulation results at the top and bottom of steps for large 
feature sizes (> 10/~m). 

These weighting factors only apply to a specific spun- 
on coating thickness and step height. Figure 4 shows how 
the planarization properties change with the step height 
and the spun-on film thickness. Note that all the curves 

Table I. Measured and simulated step heights 
for isolated lines (/~m) 
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follow the same slope over the 5-40/~m feature size range. 
The intercept with the original step height and the behav- 
ior in the high frequency (small period) region changes; 
For an increased spun-on thickness, the intercept with 
original step height becomes larger, and for an increased 
step height the same intercept becomes smaller. Our fre- 
quency weighting parameters, a and Pm~n show the same 
behavior. Evidently, our a fitting parameter represents a 
characteristic planarization property of a specific spun- 
on polymer solution. Pmm changes with film thickness 
and the step-height variations. Since Prom represents the 
first frequency component  of the topography that is 
changed by the spun-on film, an estimation of the range 
of the feature-feature interaction is also implied. If this 
frequency weighting scheme is correct, the Pmin values 
suggest that thicker spun-on coatings influence planari- 
zation properties over a wider range, while taller step 
heights appear to reduce the range of feature-feature 
interactions. 

Simulat ion Results 
After obtaining the frequency weighting parameters for 

the two spun-on coatings, planarization properties were 
simulated for other topographies. Figure 5 shows experi- 
mental profilometer traces for the two spun-on films on 
10 x 10 /~m gratings. A schematic of the relevant step 

c 

A) SAMPLE TENCOR TRACE 

B) PMMA 0,87/~rn on 0,50/~m high lOX10/~m GRATINGS 
A=0,42 B=O.07 C=0,43 D=O,08 

PMMA OFPR 800 
Feature experi- experi- 

size mental Prom = 300/~m mental Pmin = 165/~m 
(/~m) results a = 0.28 results a = 0.60 

40 0.47 0.465 0.48 0.478 
30 0.45 0.450 0.45 0.455 
20 0.43 0.431 0.42 0.417 
15 0.42 0.416 0.38 0.386 
10 0.40 0.393 0.35 0.343 
5 0.37 0.364 0.30 0.294 

C) OFPR800 0.93p.m on O.50/~m high IOxlO/~m GRATINGS 
A=038 B=O.I2 C=0.40 D=015 

Fig. 5. Experimental profilometer traces for OFPR 800 and PMMA on 
10 • 10/~m line-space gratings. 
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heights is also displayed. The grating is assumed to run 
infinitely to the right and flat expanse infinitely to the 
left. Planarization data obtained for an isolated 10 t~m fea- 
ture cannot be used to predict the step height, A, at the 
edge 10 • 10 grating or the step heights within the 10 • 10 
t~m grating, B, C, and D. Simulated planarization curves 
are shown in Fig. 6, and a comparison of measured and 
simulated step heights in Table II. 

The simulated step heights match the experimental 
step heights for both coatings. Even shapes of the simu- 
lated traces resemble those of the experimental traces. We 
have simulated the planarization properties of these poly- 
mer films on more complex topography with good suc- 
cess. The step heights were predicted accurately, and the 
general shapes of the computed traces were consistent 
with the experimental profilometer traces. 

Limitations of Approximation Techniques 
This  a p p r o x i m a t i o n  techn ique  does no t  address some 

important aspects o f  spun-on, thin film planarization 
phenomena. Many topographies of interest do not exhibit 
an uniform step height. However, for some of these cases, 
this technique can give reasonable results. We have 
shown experimentally that the wall profile does not af- 
fect measured planarization properties at the top and bot- 
tom of steps (7). Narrow shelves at the edge of larger steps 
and tapered-wail features should not introduce major er- 
rors. The most difficult cases are those involving small 
features on top of the larger ones. Here, the prevailing 
step height should be used in the approximation proce- 
dure, although significant errors may be introduced in 
the vicinity of the smaller feature. 

Planarization properties are not necessarily constant 
with respect to feature position relative to the center of 
the wafer. Different spun-on, planarization properties 
have been reported for PMMA-coated E-beam alignment 
marks (14). We have detected changes in the measured 
step height as a function of orientation with respect to the 
wafer center for several polymer films. These effects also 
produce asymmetries in the step profile for large feature 
sizes and higher step heights. Orientation effects become 
less prominent  at the smaller features sizes. This simula- 
tion technique does not correct for these deviations, ow- 
ing to radial flow anomalies during spinning. Care 
should be taken that the isolated line data are oriented so 
that the end of the lines are oriented toward the substrate 
center. 

Shrinkage during the cures of the spun-on film in- 
creases the measured step heights. Films that shrink con- 
siderably (i. e., greater than 20% of original thickness) and 
topography configurations that show the more reduced 
step heights are expected to show the most significant 

E 
=L 2 

- r  

,-n 
"I" 

a .  

PMMA 

400 600 

OFPR 800 

NO COATING 

0 , I I , 
0 200 800 1000 

SUBSTRATE DIMENSIONS, /~m 
Fig. 6. Simulated planarization properties for 10 • I0/~m line-space 

gratings. Original step height is 0.5/~m. Top: PMMA (0.87 ~m thick). 
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Table II. Measured and simulated step heights 
for 10 • 10 line space grating 

PMMA OFPR 800 
experimental Pm~ = 300 ~m experimental Pmin  = 165 ~m 
results (t~m) a = 0.28 results (~m) a = 0.60 

A 0.42 0.418 0.38 0.374 
B 0.07 0.072 0.13 0.132 
C 0.43 0.435 0.40 0.397 
D 0.08 0.083 0.14 0.137 

discrepancies. Thermal flow of the film, however, tends 
to reduce the measured step heights. 

The simulated and experimental results have thus far 
only considered single-dimensional feature sizes (i.e., 
finite width and infinite length). On most device sur- 
faces, both the width and length of a feature influence 
the planarization properties. For example, the data for 
isolated 10 ~m line features here only represent maxi- 
mum possible step height for that feature size on a device 
structure. Features with lengths less than the range of 
feature-feature interaction can produce reduced step 
heights (i. e., a more planar, less conformal coating). We 
believe that the same planarization frequency weighting 
(filtering) parameters for the single-dimensional feature 
sizes can be applied to features that have both finite 
width and length. 

Concluding Remarks 
In spite of the apparent limitations of this technique, 

the spun-on planarization properties of spun-on films can 
be estimated with reasonable accuracy under  some condi- 
tions that are encountered in device processing. The ex- 
perimentally determined fitting parameters appear to 
represent meaningful physical constants related to the na- 
ture of the spun-on, thin film planarization phenomena. 
It involves expressing the topographical features in fre- 
quency domain (i. e, a Fourier transform) and weighting 
the frequency components to simulate the smoothed top- 
ographical features. Two adjustable parameters are used 
to fit experimental planarization data for isolated line 
features. The a fitting parameter gives an unambiguous 
indication of the planarization properties of the spun-on 
solution. The Pmin parameter represents the min imum pe- 
riod that does not require a weighting factor. 

Although the frequency weighting procedure lacks the- 
oretical and mathematical rigor, reasonable results have 
been obtained using a fairly simple low pass frequency 
filtering scheme. Conceivably, more accurate and 
justifiable filtering schemes may be devised in the fu- 
ture. These results show that useful approximation proce- 
dures are possible by treating topographical features in 
the frequency domain. To .verify this approximation pro- 
cedure, the planarization properties of two distinctly dif- 
ferent spun-on solutions, OFPR 800 (30 Hz) and KTI 496K 
PMMA (9% solids) have been simulated on complex 
topography. 

Acknowledgments 
The author thanks Nancy Miszkowksi and Metodi 

Popov for the technical assistance they provided. 

Manuscript submitted March 6, 1984; revised manu- 
script received Aug. 17, 1984. This was Paper 96 pre- 
sented at the Cincinnati, Ohio, Meeting of the Society, 
May 7-11, 1984. 

RCA Laboratories assisted in meeting the publication 
costs of this article. 

REFERENCES 
1. D. W. Widmann and H. Binder, IEEE Trans. Electron 

Devices, ed-22, 467 (1975). 
2. M. M. O'Toole, E. D. Lin, and M. S. Chang, ibid., ed-28, 

1405 (1981). 
3. A. C. Adams, Solid State Technol., 24, 178 (April, 1981). 
4. H. B. Pogge, G. A. Kaplita, and R. R. Wilbarg, Abstract 

309, p. 805, The Electrochemical Society Extended 
Abstracts, Vol. 80-2, Hollywood, FL, Oct. 5-10, 1980. 



172 J. Electrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  January  1985 

5. A. C. Adams and C. D. Capio, This Journal, 128, 423 
(1981); ibid., 126, 1042 (1979). 

6. L. K. White, ibid., 130, 1543 (1983). 
7. L. K. White, J. Vac. Sci. Technol. B1, 1235 (1983). 
8. L. B. Rothman, This Journal, 127, 2216 (1980). 
9. K. Hirata, Y. Ozaki, M. Oda, and M. Kimizuka, IEEE 

Trans. Electron Devices, ed-28, 1373 (1981). 
10. E. Bassous ,  L. M. Ephraph ,  G. Pepper ,  and D. J.  

Mikalsen, This Journal, 130, 478 (1983). 
11. L. B. Rothman, ibid., 130, 1131 (1983). 
12. E. Kreyszig, "Advanced Engineering Mathematics," 

pp. 434-439, 126-196, 2rid ed., John Wiley and Sons, 
New York (1967). 

13. R. C. Singleton, Commun. ACM, 10, 647 (1967). 
14. Y. C. Lin, A. R. Neureuther, and W. G. Oldham, This 

Journal, 13{}, 939 (1983). 

Investigation of Melt Carry-Over during Liquid Phase Epitaxy 
I. Growth of Indium Phosphide 

R. B. Wilson, 1 P. Besomi, *,2 and R. J. Nelson 1 

AT&T Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Melt carry-over characteristics as a function of melt  height, wafer clearance, push speed, and wafer surface morphol- 
ogy during the liquid phase epitaxy growth of InP are described. It is found that a "critical clearance" exists, below 
which carry-over is minimized and nearly independent  of clearance. For single layers of InP doped with zinc and grown 
on planar [100] oriented substrates, this critical clearance is about 75 ~m. It is shown that deviations from nonplanarity 
of the substrate influence carry-over in this subcritical regime. A theory is developed to explain this behavior in terms 
of a flow model which is dependent  upon the melt pressure head and surface tension effects. A new boat design is pro- 
posed to reduce melt carry-over effects. 

Liquid phase epitaxy (LPE) has played an important 
role in the development  of optoelectronic devices fabri- 
cated from III-V semiconductor materials (1). Although it 
has successfully competed with other growth technol- 
ogies such as molecular beam epitaxy, vapor phase 
epitaxy, and metal-organic chemical vapor deposition, the 
LPE technique suffers from several disadvantages inher- 
ent in using the liquid phase. Because of the high density, 
viscosity, and surface tension of the liquid metal melts 
used for growth, hydrodynamic and surface effects can 
strongly modify local growth conditions, resulting in 
inhomogeneous growth over the surface of the wafer. One 
example of these effects is melt carry-over or dragover, 
which occurs when the substrate is moved from one 
growth melt to another. Because some clearance must be 
maintained between the bottom of the graphite melt 
holder and the top of the substrate to prevent scratching, 
indium can be trapped in this clearance volume above the 
wafer. As the wafer is moved underneath the next growth 
melt, this trapped solution can locally alter the composi- 
tion of the melt, resulting in inhomogeneous and/or 
nonreproducible growth characteristics (2). This is partic- 
ularly true in the case of double heterostructure (DH) 
growth, where very thin (0.2 ~m), uniform active layers 
must be grown to achieve high yields of low threshold 
laser devices (3). For this reason, a detailed understanding 
of the carry-over phenomena is desirable, particularly 
with respect to how carry-over can be influenced by ac- 
cessible growth variables such as clearance and push 
speed. 

In Part I of this work (this paper), we have studied melt 
carry-over during LPE growth of InP as a function of wa- 
fer clearance, push speed, melt height, and wafer surface 
morphology under otherwise identical growth conditions. 
This has led to an improved understanding of the factors 
which govern the carryover phenomena and indicates 
that a region of critical clearance exists below which 
carry-over is minimized and nearly independent  of clear- 
ance. In addition, it is shown that surface morphology can 
strongly influence carry-over in this critical regime. In 
Part II of this study (the following paper) (4), the practical 
implications of melt carry-over is reported for growth of 
InGaAsP double heterostructure wafers. 

*Electrochemical Society Active Member. 
1Present address: Lytel, Incorporated, Bridgewater, New Jersey 
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Experimental 
An automated LPE growth system was used for these 

experiments.  The temperature cycle, as well as the gas 
flows, were computer  controlled in order to improve run- 
to-run repeatability as compared to manual LPE systems 
(5). Moreover, the push mechanism used to translate the 
InP substrate from melt  was also computer  controlled to 
a time accuracy of 50 ms. Single layers of InP doped with 
zinc (p - 10Wcm 3) were grown on [100] InP substrates at 
580~ using step cooling at a supersaturation of 6~ The 
growth melt was prepared from InP and metallic indium 
weighed to an accuracy of +5 ~g. The substrates were 
1.27 cm length x 1.52 cm width x 0.25 mm thickness. 
After measuring the substrate thickness to -+3 ~m, graph- 
ite shims of known thickness were used to obtain the de- 
sired clearance for the growth run. The substrates were 
degreased in successive chloroform, acetone, and metha- 
nol rinses prior to a 10 min etch in 10:1:1 (H~SO4: 
I-I20~:H~O). This latter etch removes about 0.4 ~m of sur- 
face from the wafer and leaves a flat, smooth, reproduci- 
ble surface for growth. After the growth run, the used 
indium melt was weighed to -+5 ~g to determine the 
weight loss of the melt. The maximum weight loss of a 
melt due to P evaporation was determined to be less than 
0.05 rag. The weight loss due to the thickness of the 
grown layer was 0.6-0.8 mg in all cases. 

Theory 
Flow model.--In order to understand the results pre- 

sented in this paper, we first develop a model  for melt 
carry-over based on the expected fluid flow characteris- 
tics. Shown in Fig. 1 is a schematic drawing of the graph- 
ite boat, growth melt, and substrate in an arbitrary posi- 
tion of the slider during the push from one melt  to the 
next. We examine the flow of liquid melt  from the melt 
bin into the narrow channel above the substrate and be- 
low the graphite boat bins block. This problem is similar 
to the flow of the melt  out of the channel as the substrate 
is moved away from the melt. This channel has a height 
equal to the clearance (c) above the substrate and is typi- 
cally 0.5-5 mil. The width of the channel is approximately 
equal to the width of the substrate (W), and the channel 
length, Xo, is determined by the wall thickness between 
adjacent melts. The substrate length (L) is usually larger 
than the wall thickness, X o. 
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Fig. 1. Schematic diagram of indium carry-over in a typical graphite 
boat. 

For a rectangular channel of this sort, the velocity dis- 
tribution in  the y direction is given by well-known ex- 
pressions (6) for Couette flow between two parallel plates 
in which one is moving with speed S 

1 OP Sy 
V (y2 _ cy) + - -  [1] 

2p~ OX c 

In this expression, p and u are the density and kinematic 
viscosity of the melt. By integrating this expression with 
respect to y and dividing it by c, an equation for the aver- 
age fluid velocity into the channel is obtained (6) 

( ~ P )  c 2 S 
<v> = - ~ lUp-----~ + -2- [2] 

It should be pointed out that these expressions are 
steady-state expressions which are valid after a period of 
time on the order of t ->- c'2/,, which for the conditions of 
these experiments is -10-2s. Since the duration of the 
push is 0.1s, this is considered to be an acceptable ap- 
proximation. However, these expressions assume laminar 
flow conditions and do not take account of the possible 
discontinuous motion of the slider, which is driven by a 
stepper motor. Thus at high slider velocities, turbulence 
effects are expected to modify the S/2 dependence in Eq. 
[2]. Likewise, at low slider velocities, the S/2 term will not 
properly take account of the stepwise motion of the 
slider. In addition to these expected problems with the 
S/2 term, it has been found that inclusion of this term in 
the flow model theory results in expressions for melt 
carry-over which disagree significantly with experimen- 
tal results. We therefore anticipate our experimental  re- 
sults in the remaining theoretical development  and disre- 
gard the S/2 term for the reason mentioned above. 
Further  experimental  investigation may be required to as- 
certain why the S/2 term in Eq. [2] may be neglected with- 
out negative consequences on the validity of this model. 

The quantity ( -  aP/OX) in Eq. [2] is the pressure gradi- 
ent across the melt flowing i n t o  the clearance channel 
shown in Fig. 1, Because the push speeds we consider 
here are much less than the velocity of sound and the 
melt  fluid is considered to be incompressible, this gradi- 
ent can be rewritten as 

( 0 ~ )  , 
- X t  [3] 

where AP is the pressure applied to the fluid at the 
mouth of the clearance channel, and Xt is the distance 
f rom the mouth of the channel to the moving meniscus of 
the fluid in the channel. In the next two sections, we con- 
sider the origin of the pressure AP which drives fluid into 
the clearance channel. 

Melt pressure head.--One contribution to the pressure 
which drives melt  carry-over is gravitational force on the 
melt. At the base of the melt, this pressure is given by the 
weight of the melt divided by the wafer area 

pLWhg 
Pg LW pgh [4] 
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where L is the length of the wafer, g is the gravitational 
constant, and h is the melt  height. Because the top sur- 
face of the melt is curved due to surface tension, h is de- 
fined such that 

melt  weight 
h - [5] 

LWp 

In these expressions, the melt  density can be assumed 
to be very nearly equal to that of pure indium. At 580~ 
the density is calculated by extrapolation of known data 
(7) to be 6.69 g/cm. This gravitational contribution to the 
melt  carry-over driving pressure AP, then, is approxi- 
mately equal to 3 x 103 dyrdcm 2 for a 6g melt. From Eq. [4] 
and [5], this pressure should vary linearly with melt 
height  and melt weight. 

Surface tension effects.--An additional contribution to 
Ap comes from surface tension effects inside the clear- 
ance channel. The well-known principles of capillarity (8) 
arise because of a capillary pressure, Pc, which is most 
generally expressed for a rectangular channel by the 
equation (8) 

2~/cos 0 
Pc - - -  [6] 

r 

where r is the radius of curvature of the meniscus, O is 
the contact angle, and y is the fluid surface tension. Pres- 
sure is defined such that a positive pressure causes fluid 
to flow into the channel. It is clear from this equation 
that the wetting properties of the materials forming the 
walls of the rectangular channel will strongly influence 
the magnitude of the capillary pressure P~ because of the 
dependence on contact angle. 

In the case where the surfaces are not wetted by the 
melt, e.g., having two parallel graphite walls, | ~ 180 ~ and 
Po is large and negative. In this case, the capillary pres- 
sure tends to force fluid out of the clearance channel un- 
less the gravitational pressure Pg is greater. Using a value 
of y = 630 dyn/cm (9) and O = 180, the capillary pressure 
Pc is calculated to be approximately -1.3 • 105 dyn/cm for 
a 4 mil clearance. The absolute magnitude of this value is 
considerably larger than the value of Pg estimated in the 
previous section. 

A second case occurs if both surfaces are wetted by the 
melt  where | ~ 0. In this situation, Pe is large and posi- 
tive, and melt will be drawn into the clearance channel 
much in the same way that water is drawn into a glass 
capillary tube, This situation is partially realized in LPE 
growth when a sapphire bins block is used. It has been 
found (11) that the amount  of melt carry-over is larger for 
sapphire boats than for equivalent graphite boats of simi- 
lar clearance in the LPE growth of AIGaAs. 

The third case is the more usual one in LPE growth in 
graphite boats where one surface is nonwetting (upper 
graphite bins block surface) and one is wetting (sub- 
strate). In this case, the meniscus curvature is not well- 
defined, and the resultant capillary pressure can be cal- 
culated only in certain symmetrical cases (11). However, it 
is intuitively clear that the resulting capillary pressure 
should be intermediate between the former two cases and 
be significantly smaller than the previously calculated 
value, and it should easily compare to the pressure which 
arises from gravitational effects, Pg. Furthermore, because 
the surface tension and contact angle are expected (12) to 
be strongly influenced by the composition of the melt 
and grown layer, PC should be composition dependent. 

In accordance w i t h  the foregoing discussion, we can 
write the pressure which drives melt  carry~over, hP, as a 
sum of two terms 

Ap = p g  + Pc = pgh + Pc [7] 

It is next asserted that the mass of melt  carry-over is 
proportional to the total volume of melt  which flows into 
the channel during the t ime elapsed for the push. This is 
given by the time integral 
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f 
M ....... - .... = pcW /_ <v> dt [8] 

where to is equal to L/S.  Combining Eq. [2]-[4], [7], and [8], 
we arrive at the expression 

f f~ s [  c 2 ( p g h + P r  dt [9] 
Mcar~--ow~. = pcW " 12pv Xt 

Because the parameter Xt varies during the push, we re- 
place this variable with an average value, X,rf, which re- 
mains as an adjustable constant to be determined by ex- 
periment. Integration with respect to time then yields the 
expression 

c3W L 
M . . . . .  : . . . .  12vXef  ~ (pgh + Po)--~ [10]  

In the next section, we experimentally establish the 
magnitudes of hP = pgh + P, and of Pc by measuring the 
functional dependence of melt carry-over on melt  height. 
This data, in conjunction with melt carry-over vs. clear- 
ance data, allows comparison with the theoretical model 
just developed. 

Results and Discussion 
Shown in Fig. 2 is a plot of experimentally obtained 

melt carry-over data vs. melt height as defined by Eq. [5]. 
These data were obtained using a constant clearance of 
102 • 8/~m and a push speed of 12.7 cm]s. The linear be- 
havior of these data strongly support the assertion that 
the experimental  conditions are such that Eq. [10] of the 
theoretical model is applicable. Using known indium vis- 
cosity data (13), the slope obtained from a least squares 
fit to the data yields a value of X~, = 0.60 cm. This value 
is reasonable because the spacing between growth bins is 
0.76 cm. From the y-intercept, P~ is calculated to be -1.4 
• 10 ~ dyn/cm 2, again in good agreement with the expecta- 
tions previously discussed. The negative value of P~ indi- 
cates that the meniscus effects tend to keep melt out of 
the clearance space. This effect, however, is overcome by 
pressure head effects for melt heights greater than -0.25 
cm. It is important to point out that the dependence Of 
melt carry-over on melt  height strongly suggests that 
confined melts (14) should significantly reduce melt 
carry-over, provided that a pressure head is not main- 
tained on the confined melt  by weights or other config- 
urations such as a baffled solution holder. It is therefore 
desirable that boat configurations which minimize melt 
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Fig. 2. Plot of melt carry-over vs.  melt height. The solid line is o 

least squares fit to the experimental data, with slope of 146 mg/cm 
and y-intercept of - 3 3 . 8  rag. 

pressure head and, hence, carry-over be utilized in the 
LPE growth of InGaAsP. 

In a second set of experiments,  melt carry-over was 
measured as a function of clearance for a constant melt 
height of 0.47 cm (6g melt). These data are shown in Fig. 
3, along with the theoretical prediction (solid curve) using 
the parameters just  deriized. Although the calculated 
curve is consistently too high by about 20%, the agree- 
ment  is seen to be fair and could be improved using 
somewhat different values of the adjustable parameters 
Xeff and Po. Of great practical importance is the predicted 
and experimentally observed minimization of melt  carry- 
over for clearance values less than -75/~m. 

In order to further verify the cubic dependence of melt 
carry-over on clearance, the data of Fig. 3 was replotted 
on a log-log Scale, shown in Fig. 4. The solid line is a least 
squares fit to the data and yields an exponent  of 3.8. If 
the fit is performed setting the exponent  to 3 and al- 
lowing only the pre-exponential factor to vary, the dashed 
curve is obtained. Although the scatter of the experimen- 
tal points does not allow a clear determination of the ex- 
ponent, the agreement with the theoretical model is fair. 
Furthermore, the value of Po determined from the pre- 
exponential  factor corresponding to the dashed line was 
calculated to be -1.2 • 10 ~ dyn/cm ~, in reasonable agree- 
ment  with the previous determination from melt  height 
data. 

Until now, the theoretical model and results presented 
have been for planar substrates such as those used for 
LPE growth of double heterostructure wafers. However, 
another important application of LPE is the regrowth 
step used in fabrication of buried heterostructure lasers 
(3). In this case, the substrate has nonplanar etched fea- 
tures (mesas) present on the substrate which can in- 
fluence melt carry-over. Shown in Fig. 3 is a plot of melt 
carry-over vs. clearance data for 6 /~m-high etched mesa 
substrates (triangles) compared to the previously pre- 
sented planar substrate results. In addition, points corre- 
sponding to single epilayers which exhibited meniscus 
lines are also presented (squares). These data suggest that 
surface morphology can significantly increase the melt 
carry-over in the clearance region below -75/~m. In' terms 
of the theoretical model, this can be attributed to the ef- 
fects of surface tension and surface wetting. Because 
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nonplanar surface features will in general enhance the 
surface wetting, JPcJ will be reduced, resulting in more 
carry-over. This can also be interpreted as "edge-effects," 
where etched surface features act as excess edges on the 
surface of the wafer. It can also be expected that other 
perturbations of surface morphology, such as roughness 
created during meltback, might significantly enhance 
melt  carry-over (2). 

Because Eq. [10] predicts a variation in melt  carry-over 
with push speed S, the influence of this parameter was 
also investigated experimentally, and the results for pla- 
nar wafers are shown in Fig. 5 for a constant melt height 
of 0.47 cm and clearance of 51 ~m. A least squares fit to 
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Fig. 6. Plot of relative decrease in carry-over left on the substrate 
vs. successive empty bin number for three different growth runs. 

these data gives an exponent  of -0.31. Although this 
value is substantially different than the value of -1.0 pre- 
dicted by Eq. [10], the trend of decreasing carry-over with 
increasing push speed is qualitatively in agreement. This 
discrepancy may be due to wafer edge effects, or possibly 
to dynamic surface wetting effects (13). In any case, the 
push duration time, determined by L/S, is an important 
variable in carry-over phenomena and should be taken 
into consideration when wafer area is "scaled up." 

Another phenomenon, which we describe as a wipe-off 
effect, was noticed during the Course of these experi- 
ments. It was found that for a given a.mount of melt carry- 
over ]eft on the wafer after leaving the melt, this material 
was wiped off the surface as the wafer was pushed 
through empty melt bins at the push velocity. After the 
run, small quantities of residual wiped-off melt  were 
found in these empty bins. These quantities were col- 
lected for each empty bin following the growth melt bin 
and were weighed. It was found that the amount  left in 
each well decreased for successive empty bins away from 
the grown melt. These data are plotted in Fig. 6. The ex- 
planation for this wipe-off effect is that as the wafer 
leaves the growth melt, the carried-over melt, no longer 
constrained by the clearance space, collects into approxi- 
mately hemispherical balls because of surface tension ef- 
fects. As  the wafer continues through the empty bin, 
these balls are sheared off at the opposing bin wall. This 
process is then repeated in successive empty bins. This 
suggests an effective melt  carry-over removal scheme, 
which would be to have a series of slots on the underside 
of the graphite boat adjacent to the wafer, as shown in 
Fig. 7. Provided that the spacing and width of these slots 

/GRO.THMELT ERNS OI  

IDER / D I U M  REMOVAL SLOTS PUSH DIRECTI~'N 

Fig. 7. Schematic diagram of proposed graphite boat designed to re- 
duce melt carry-over. 
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is large enough to allow relaxation of the melt carry-over 
into balls, these slots will trap the residual melt and re- 
move it from the wafer surface. 

Conclusions 
It has been shown that melt carry-over phenomena can 

be successfully modeled by a fluid flow mechanism 
which is driven predominantly by a pressure head 
originating from the growth melt. The degree of melt 
carry-over can be influenced by melt height, clearance, 
melt composition, push speed, and surface morphology. 
Because small values of melt height result in reduced 
carry-over, it is concluded that confined melts that do 
not maintain any additional pressure head should be ef- 
fective in controlling carry-over. In addition, narrow 
clearances, fast push speeds, and smooth surface mor- 
phologies also result in reduced carry-over. Finally, a boat 
design has been proposed which should reduce carry- 
over effects via a geometrical shearing effect. 
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Investigation of Melt Carry-Over during Liquid Phase Epitaxy 
II. Growth of Indium Gallium Arsenic Phosphide Double Heterostructure Material 

Lattice-Matched to Indium Phosphide 

P. Besomi, .2 R. B. Wilson, 1 and R. J. Nelson 1 

AT&T Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

The effects of indium melt.carry-over were investigated during liquid phase epitaxy (LPE) growth of InGaAsP dou- 
ble heterostructure (DH) material lattice-matched to InP substrates. Compositional and thickness variations associated 
with melt carry-over were studied as a function of the clearance between the substrate and the graphite boat. Moreover, 
x-ray lattice-constant measurements, as well as photoluminescence spectrum analysis, showed that meltback of the sub- 
strate prior to growth may lead to enhanced indium melt carry-over. Finally, broad area lasers were fabricated, and it 
was shown that enhanced indium melt carry-over led to nonlasing devices. A study of secondary ion mass spectroscopy 
(SIMS) profiles for the major constituents of DH material showed that indium melt carry-over adversely affects inter- 
face abruptness and subsequent  device performance. 

A major problem encountered in liquid phase epitaxy 
(LPE) is the carrying of melt solution from one growth 
well to the next, induced by the movement of the sub- 
strate. This carry-over phenomenon can affect important 
material parameters such as epitaxial layer thickness, lat- 
tice mismatch, and layer composition. These effects are 
especially deleterious in the case of LPE growth of 
InGaAsP double heterostructure (DH) material closely 
lattice-matched to InP  substrates, because binary InP 
melt carried over into adjacent quaternary or ternary so- 
lutions can modify such critically melt-composition- 
sensitive solutions. If not corrected, melt carry-over can 
potentially reduce LPE yield because of the reduced 
available wafer area having the desired material charac- 
teristics. 

In Part I of this study (1), melt carry-over was investi- 
gated for the LPE growth of InP layers grown on InP 
substrates. For this binary material, a theoretical model 
was developed which adequately describes experimental 
data. The most significant feature of our model is its pre- 
diction of melt carry-over as a function of melt height, 
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melt composition, push speed, arrd clearance. In particu- 
lar, melt carry-over is a cubic function of clearance, giving 
rise to a drastic increase in carry-over for clearances 
greater than -75 ~m. By utilizing this dependence on 
clearance, it is possible to vary melt carry-over in a well- 
defined manner  and systematically investigate the influ- 
ence of melt carry-over on critical DH material character- 
istics such as layer thickness, composition, and lattice 
mismatch. The purpose of this work is therefore to evalu- 
ate effects of clearance control upon DH material and de- 
vice characteristics during LPE growth. It is shown that 
increasing clearance and, hence, increasing melt carry- 
over lead to variations in active layer wavelength, lattice 
mismatch, and increased broad-area threshold current- 
densities, all of which have a negative effect on devices 
fabricated from this type of DH material. In addition, it 
will be shown that interface properties and dopant 
profiles are also adversely affected. Finally, practical so- 
lutions for reducing or eliminating melt carry-over will be 
discussed. 

Experimental 
In the experiments reported here, the LPE growth was 

carried out in a palladium-diffused hydrogen ambient. A 
multiwell graphite boat (see Fig. 1) held the various 
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\2 
Fig. 1. Schematic of on LPE boat assembly. 1 ) indium melt well; 2) InP 

substrate; 3) graphite chambers; 4) graphite slider; 5) Sn-ln-P solution. 

growth solutions, and a graphite slider transported the 
InP substrate from one growth melt to the next. A combi- 
nation of boat assembly clamping by recessed walls and 
graphite plugs, in addition to a tight machining tolerance, 
lead to no more than + 25 ~m clearance variation between 
the graphite slider and the graphite boat. This corre- 
sponded to an improvement  of the boat design, compared 
to the design discussed in another work (2). 

In order to eliminate the decomposition of the InP sub- 
strate before growth due to phosphorus evaporation, a 
graphite chamber (see Fig. 1) external to the LPE boat as- 
sembly and containing a Sn-In-P solution was used (3). 
The near-equilibrium LPE growth method developed by 
Nelson (4) was used: undoped InP, GaAs, and InAs pieces 
were weighed and were added to 99.9999% pure indium 
melts baked for at least 14h at 720~ in hydrogel4. At the 
end of the typical growth procedure, the wafer was 
pushed under the end part of the graphite block until the 
boat was cooled to 300~ to limit thermal degradation of 
the epitaxial layers and then was pushed out of the boat. 

The substrates used were sulfur-doped [100] InP having 
a dislocation etch-pit density less than 103 cm -~. They 
were etched in a solution of H~SO4:H202:H~O (10:1:1 con- 
centration) and thoroughly rinsed in deionized water 
prior to growth. The typical structures consisted of either 
a Sn-doped InP buffer layer (3-4/xm thick, n - 2 x 10 ,s 
cm -3) and an unintentionally doped InGaAsP layer (Eg = 
0.95 eV, 0.5 /xm thick, n - 5 x 10 TM cm -3) or of a p-InP 
buffer layer (2.5/xm thick, p - 1 x 10 ~7 cm -3) and a p+ top- 
layer InGaAs (Eg = 0.75 eV, 0.5 /xm thick, p 1> 3 x 10 TM 

cm-3). The various layer thicknesses were determined 
using a scanning electron microscope (SEM), and the 
doping levels reported here were calculated from the 
atomic fraction of the dopants in the growth solutions (5), 
as well as from Hall measurements.  

The photoluminescence (PL) measurements were per- 
formed using a CW YAG laser or an Argon laser for exci- 
tation and using a grating monochromator  to resolve the 
PL spectrum (6). The mismatch of the epitaxial layers 
was determined by x-raydiffraction measurements  of the 
wafer curvature, with g = <511> or <422> as the 
operating reflection. Secondary ion mass spectroscopy 
(SIMS) analysis was performed to determine the interface 
profile of the major constituents and to detect the possi- 
bility of dopant diffusion (7). 

Results and Discussion 

The most obvious effect related to melt  carry-over is 
certainly the presence of an indium-rich alloy, usually at 
the trailing edge of the wafer, after the run is completed. 
Shown in Fig. 2 is a plot of indium melt carry-over, as de- 
termined by the weight increase of the wafers after 
growth, v s .  clearance. These results were corrected for the 
grown layers' weight contribution. The push speed used 
was approximately 5 cm/s, similar to the one used in Part 
I for the study on InP (1). The observed nonlinear in- 
crease in melt carry-over is similar to that previously de- 
scribed in Part I for InP (1). However, the ternary 
In9.53Ga0.47As alloy exhibits a slightly stronger dependence 
on clearance than the 1.3 /xm wavelength InGaAsP alloy, 
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Fig. 2. Plot of the omount of indium melt carry-over vs. the clearance 
between the substrate and the graphite boot, for ternary (using meltback 
prior to growth) and quarternary (without meltback) epitaxial layers. 
The labeled point corresponds to ternary growth without a meltback. 

as evidenced by the increased indium melt  remaining on 
the wafer (dotted line in Fig. 2). Such composition depen- 
dence of melt carry-over is consistent with the model de- 
veloped in Part I (1). 

Another phenomenon which may affect melt  carry-over 
is surface roughness. In fact, improper melt  composition 
due to melt  carry-over may also lead to surface roughness 
and thus enhance the melt carry-over itself. A common 
manifestation of excessive melt  carry-over is the presence 
on the wafer of cross hatching dislocation patterns (8). 
Eliminating surface roughness is therefore an important 
consideration in LPE reproducibility. It has been ob- 
served that melt carry-over is reduced in the case of the 
ternary growth when meltback of the substrate prior to 
growth of the first layer is avoided (see Fig. 2). These re- 
sults further demonstrate the advantages of eliminating 
substrate thermal degradation prior to growth and, thus, 
the meltback usually associated with improper substrate 
protection schemes (3). Along with the drastic increase in 
melt  carry-over for large clearances, our study suggests 
that clearances of 50/xm or less should be used and that 
the commonly used meltback technique should b e  
avoided. 

Another effect related to melt carry-over is the control 
of epitaxial layer thickness. Layer thickness results are 
listed in Table I for a series of consecutive LPE runs in 
which clearance increased from 30 to 160 ~m. The thick- 
ness of the binary InP layers does not significantly vary. 
Such results are also compared in Table II with expected 
changes of melt  supersaturation. Since the amount  o f  
phosphorus carried over to the next melt  does not sig- 
nificantly modify the supersaturation of the following bi- 
nary melt composition, no effect on layer thickness 
should be expected. Moreover, in the case of the 1.3 /xm 
wavelength quaternary alloy, the thickness variation is 
not significant, although the melt supersaturation in- 
creases a few centigrade degrees because of InP melt 
carry-over (see Table II). Only for very large changes in 
melt composition will the layer thickness increase. 

The effects of melt carry-over are more dramatic for the 
ternary layers. In the case of ternary growth it was ob- 
served that the trailing area of the wafers were covered by 

Table I. Epitaxial layer thickness for increasing substrate clearance 

"Postgrowth" 
InGaAsP InGaAs InGaAs 

Clearance InP layer layer layer layer 
(b~m) (~m) 0xm) (#m) (~m) 

30 1.2 0.5 1.3 None 
100 1.3 0.5 2.4 1.6 
160 1.2 0.5 3.0 2.7 
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Melt 

Table II. Change in LPE melts supersaturation for I 
increasing substrate clearance + I0-1 

Indium Phosphorus Arsenic Gallium F 
mole mole mole mole + IO .2 

fraction fraction fraction fraction i 
(%) (%) (%) (%) 

Binary InP melt, 0.993906 0.006094 0.0 0.0 
without melt 
carry-over 

Binary InP melt 0.993198 0,006236 0.000486 0.000080 
with 60 mg 
InGaAsP melt 
carry-over 

a second epitaxial layer much thicker than the original 
layer present on the whole wafer. This feature can again 
be explained by the presence of an indium melt thinly 
spread over the wafer during the cooling down phase, 
from which a "postgrowth" layer up to 3 ~m thick grows 
after the scheduled run is over (9). By pushing the wafer 
out of the graphite boat, using a long graphite slider, im- 
mediately after completion of the growth, it was noted 
that the postgrowth ternary layer was eliminated, al- 
though In-rich droplets remained on the trailing edge of 
the wafer. Finally, similar questions may arise for the ef- 
fects of melt carry-over from the 1.3 ~m wavelength qua- 
ternary alloy into the InP binary melt. Table II indicates 
that the change of InP binary melt composition due to 
melt carry-over of 60 mg of InGaAsP melt has a negligible 
effect on melt composition. Only the phosphorus content 
increases, by almost 5%, corresponding to an increase of 
0.2~ in the supersaturation of the melt. 

These various layers were also characterized by photo- 
luminescence. As shown in Fig. 3, the composition of 1.3 
~m quaternary layers is not sensitive to the change of 
melt composition because of the indium melt  carry-over 
(less than 1% change in the bandgap for a 160 ~m clear- 
ance related to less than 3 • 10 -4 change in arsenic mole 
fraction of the melt). However, the InGaAs ternary layers 
exhibit  two features. First, the photoluminescence 
wavelength decreases from 1.665 to 1.623 ~m, indicating a 
slow change in the alloy composition containing an in- 
creasingly large amount  of phosphorus. Second, the 
postgrowth ternary layer grown over the original ternary 
layer during the cool-down phase has a much longer 
wavelength, 1.698-1.703 ~m. This indicates that it is an 
InAs-rich ternary layer which grows during cool-down, 
because the bandgap of InAs is only 0.35 eV (9) smaller 
than the one of GaAs. 

Figure 4 shows the plots of the lattice mismatch ha/a 
determined by x-ray diffractometric measurements  for 
the quaternary and ternary layers. It is noted that the lat- 
tice mismatch remains small for the quaternary layer, 
even when the indium melt  carry-over is large. However, 
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Fig. 3. Plot of the photoluminescence spectrum shift vs. substrate 
clearance for ternary and quaternary epitaxial layers. 
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for a clearance larger than 50 ~m, the mismatch ha/a is 
more than -5  • 10 -4, an upper limit for device applica- 
tions (10). For the ternary layers, the mismatch of the orig- 
inal ternary layer increases to very large values (nearly 
-10  -2 , from Fig. 4) because of the addition of phosphorus 
to the melt, as pointed out earlier. Moreover, the trailing 
edge postgrowth layer is heavily mismatched by up to 
+4.2 • 10 -2 with a lattice larger than the one of InP. This 
result again suggests that the postgrowth layer is InAs- 
rich, because the lattice of the InGaAs ternary increases 
when the alloy tends towards the InAs composition. 

Finally, this study of the effects of indium melt carry- 
over during LPE growth was completed by analyzing its 
consequences on InP/InGaAsP DH lasers. The typical  
laser structure was described earlier (11), and the clear- 
ance used during DH growth was varied between 20 and 
160 ~m. The broad-area laser thresholds reported in Table 
III for devices with identical active layer thicknesses of 
0.2 ~m also indicate that large clearance should be 
avoided. The influence of melt carry-over on the active 
layer properties was further investigated in order to ascer- 
tain the sensitivity of the electrical properties of DH 
lasers on growth procedure, possible constituent segrega- 
tion, or dopant diffusion. In Fig. 5a, the SIMS profile of 
phosphorus and arsenic shows a marked decrease in the 
interface abruptness of sample F1664, which did not lase 
and was grown with a wipe-off clearance of 160 ~m, as 
compared to sample F1669 (1.3 kA/cm 2 threshold), grown 
with a wipe-off clearance of 25 ~m. Similar results were 
obtained in Fig. 5b for gallium. Moreover, it is seen from 
Fig. 5b that zinc diffusion into the quaternary active layer 
from the p-InP cladding layer was more pronounced in 
the case of sample F1664. The enhanced zinc diffusion ob- 
served here for the sample grown with the 160 ~m clear- 
ance is probably the result of a high concentration of in- 
terface defects in this poorly lattice-matched layer. 

Table III. Broad-area threshold current density 
for increasing substrate clearance 

Broad-area lasers threshold Clearance 
Sample (kA/cm ~) (~m) 

F1662 2.0 50 
F1663 1.8 50 
F1664 Did not lase 160 
F1667 1.5 20 
F1668 1.4 25 
F1669 1.3 25 
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data. 

Conclusions 
It has been shown that indium melt carry-over during 

LPE growth of InP/InGaAsP DH material is enhanced by 
large clearances between the substrate and the graphite 
boat. Not only is the available wafer area reduced in size 
because of remaining indium melt, but  layer thicknesses, 
compositions, and lattice mismatches are also adversely 
affected by melt carry-over. The results of this study 
therefore indicate that (i) indium melt carry-over usually 
increases as substrate clearance increases and as melt- 
back is used, and (ii) increased indium melt carry-over 
has a deleterious effect on InP/InGaAsP DH material 
lasing properties because important materials characteris- 
tics (such as lattice match, interface abruptness, and 
doping level) deteriorate. 

This study suggests that the use of an improved boat 
design ensures that good control of clearance between 
substrates and graphite block can be maintained during 
LPE growth and that melt carry-over can be eliminated. 
And finally, the broad area threshold of DH lasers in- 
creases because melt carry-over leads to mismatched lay- 
ers, less abrupt interfaces, and enhanced zinc diffusion 
into the active layer. 
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Mechanism of Dry Etching of Silicon Dioxide 
A Case of Direct Reactive Ion Etching 

Ch. Steinbr~chel, H. W. Lehmann,* and K. Frick 
Laboratories RCA Limited,  CH-8048 Z i~rich, Swi tzer land 

ABSTRACT 

Reactive sputter etching of SiO=, with CHF3-O~ plasmas has been investigated in a parallel-plate reactor by 
combining etch-rate measurements with concurrent determination of ion densities (using a Langmuir  probe) and the 
composition of neutral plasma species (using a mass spectrometer), and by examining etched profiles in the SEM. The 
importance of geometrical variables, such as plate separation and plate area, and the electrical parameters appropriate 
for characterizing the discharge are discussed. Etch rates are found to follow the ion density and to be fairly indepen- 
dent of the plasma chemistry under  most experimental conditions. Moreover, a comparison of reactive sputter etching 
and reactive ion beam etching of SiO~ with CHF3 and CF4 shows that etch yields per incoming ion are essentially inde- 
pendent  of the flux of neutral radicals to the substrate. This strongly suggests as the dominant  etch mechanism for SiO~ 
direct reactive ion etching, where ions themselves are the main reactants in the etch reaction. Measured etch yields are 
consistent with this picture. However, the plasma chemistry has a decisive influence on the etch rate of Si, and thus on 
the etch selectivity of SiO~ with respect to Si, and also on the exact shape of profiles etched into SiO2. 

One of the many steps in the production of large-scale 
integrated devices involves delineating fine patterns in 
thin films of various materials by plasma processing. In 
silicon-based technology, two of the main materials of in- 
terest are Si, as the active medium, and SiO2, as a compat- 
ible insulator. Thus, in order to control the manufacturing 
process properly one needs to address two key issues: 
how to etch profiles with a desired shape into the two 
materials, and how to etch them selectively with respect 
to each other. 

As regards etching of SiO2, we showed in our early in- 
vestigations, using SEM micrographs, that it is quite pos- 
sible to etch well-defined square wave profiles with 
submicron dimensions (1, 2). In another publication, it 
was demonstrated that the directionality of the incoming 
ions plays a crucial role in defining the actual etch 
profiles (3). In addition, etch rates were shown to be en- 
hanced significantly by ion impact (4, 5, 30). Heinecke (6) 
and Ephrath (7) pointed out that maximum selectivity for 
SiO2 with respect to Si could be obtained in fluorine- 
deficient plasmas. But it was also realized that, whenever 
the C/F ratio increased beyond a certain critical point (the 
polymer point), deposition of polymers occurred on 
chamber walls and even on SiO~ surfaces (8). Thus one 
must  work in a relatively limited regime in terms of gas 
composition and pressure in order to obtain maximum 
selectivity and a min imum of polymer deposition. 

A large number  of publications has appeared since, de- 
scribing etch processes with a variety of gases (CHF3, CF4 
+ H2, C3F8, etc.), reactors, and processing conditions. 
Whereas in general the reported etch rates are similar, the 
exact gas composition at which polymerization occurs, 
the selectivity, and the shape of etched profiles often dif- 
fer slightly from paper to paper. In addition, a variety of 
contamination effects has been observed. Thus, although 
dry etching of SiO2 is used in almost all IC manufacturing 
lines, its fundamentals are stili rather poorly understood. 
This is quite in contrast to dry etching of Si, for which nu- 
merous studies have revealed many details about the rele- 
vant etch mechanisms [see e.g., Ref. (9, 10)]. 

It is the purpose of this paper to elucidate the mecha- 
nisms giving rise to anisotropic etching of SiO~. To this 
end, we have investigated the relationships between reac- 
tor geometry, gas composition, and ion densities and en- 
ergies in CHF3-O~ plasmas and how they affect etch rates, 
anisotropy, and selectivity. Our investigation is based on 
etch rate measurements with concurrent mass spectrom- 
etry, Langmuir  probe measurements (to determine ion 
densities), and scanning electron microscopy of etched 
profiles. 

Experimental Arrangement 
The reactor used in this study is essentially the same as 

described before (11) but with a few modifications (Fig. 

*Electrochemical Society Active Member. 

1). The vacuum chamber is made of stainless steel, 42 cm 
diam, and 24 cm height. The RF-driven copper cathode is 
of 20 cm diam and, except where noted otherwise, is cov- 
ered with an SiO2 plate. A copper tape around the vertical 
edge of the SiO2 plate provides sufficient electrical con- 
tact between the plasma and the cathode to make possi- 
ble reliable measurements of the RF-induced dc bias volt- 
age. Opposite to the cathode, a movable grounded A1 
plate of equal diameter is mounted so that the reactor 
configuration can be changed continuously between a 
symmetrical parallel-plate and a so-called reactive- 
sputter-etch geometry (with the top plate removed). A dif- 
ferentially pumped mass spectrometer (UTI 100C) is con- 
nected to the side of the chamber. The background 
pressure in the mass sPectrometer is about 1 • 10 -~ torr 
(1.3 • 10 -5 Pa), and during etching a pressure ratio of 
about 103 can be maintained between the plasma chamber 
and the mass spectrometer. Data acquisition is computer 
controlled and allows the rapid recording of either entire 
mass spectra or only selected mass peaks of neutral 
plasma species (12). With the movable Langmuir  probe 
the dc current to the probe vs. the applied voltage is mea- 
sured as a function of the probe position within the 
plasma. From such measurements spatially resolved ion 
densities and electron temperatures can be inferred, as 
described before (13). Etch rates are determined inter- 
ferometrically in situ, using a He-Ne laser. 

Results 
With the results described below, we wish to address 

four issues important for the etching of SiO~ in CHF3, the 
goal being a better understanding of the factors determin- 
ing etch rate, anisotropy, and selectivity. First, we study 
the effect of changing the reactor geometry, especially the 
separation of the parallel plates, on the discharge charac- 
teristics. We then examine etch rates in pure CHF3 and 
CHF3-O2 mixtures, specifically in relationship to plasma 
ion densities and to changes in the composition of neutral 
plasma species. Finally, we show that on this basis one 
can understand slight variations in the shape of etched 
profiles and, in particular, the conditions for perfect ani- 
sotropic etching. 

Geometrical effects.--It  is generally recognized that the 
geometry of a reactor affects a discharge sustained 
therein, and thus the etching by that discharge, in rather 
unpredictable ways. We have investigated systematically 
one aspect of this problem, i.e., the effect of the plate sep- 
aration in a reactive sputter etch system with parallel- 
plate geometry (Fig. 1). Figure 2 shows the RF power P 
dissipated (really the forward power read on the RF 
power supply, with the system tuned well) as a function 
of the peak-to-peak voltage VR~ at various plate separa- 
tions, while gas pressure and flow rate are being held 
constant. Clearly, P is always proportional to VR~, but  the 
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Fig. 1. Schematic diagram of parallel plate reactor. LP: Longmuir 

probe (movable vertically and horizontally. LA: He-Ne laser. PD: 
photo diode. MS: quadrupole mass spectrometer. TMP: turbo molecu- 
lar pump. ODP: all diffusion pump. CM: capacitance manometer. 
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Fig. 3.  I on  density vs.  probe position in the center of a CHF 3 plasma 
for three different plate separations, p = 2 0  mtorr (flow rate = 3 0  

sccm), RF power = 6 0 W .  Hatched symbols at the right end of the 
curves denote position of the upper plate. 

proportionality factor depends on the plate separation. 
Thus it is not obvious whether P or Vat is the relevant pa- 
rameter in establishing equivalent plasma conditions. We 
have found that in general etch rates R~ (and ion densities 
N~) correlate better with P than with VRF if the plate sepa- 
ration is varied. The same applies if the cathode material 
is changed. However, for a mistuned system it is Vat 
which determines R~ (and N~) rather than P or the differ- 
ence between forward and reflected power. 

Figures 3 and 4 show the spatial variation of the ion 
density N, and the electron temperature T e between the 
plates, along a line perpendicular to the plates in the cen- 
ter of the plasma. (We assume, in accord with mass spec- 
trometric results, that the major ion in a CHF:~ plasma is 
CHF~). N~ is very small near the cathode, but rises rapidly 
through the dark space to a maximum, then decreases 
gradually up to the counterelectrode. At 20 mtorr, for 
plate separations smaller than about 5 cm the maximum 
of N~ is reduced and shifted towards the cathode, whereas 
for plate separations larger than about 5 cm the region of 
maximum N~ is unaffected by the plate separation. We 
also note that varying the power P changes the magni- 
tude of N, but not the shape of its spatial distribution. In 
the horizontal direction, at 2 cm within the plate edge N~ 
is reduced by 25% as compared to its value in the center 
of the plasma. 

Etch rates and  ion densities.--First,  we point out that at 
constant RF power and constant pressure of CHF3 the 

etch rate of SiO~ does not depend significantly on the 
plate separation as long as the plates are far enough apart 
to allow for a fully developed dark space (cf. Fig. 3). 
Hence, the results of this and the following sections were 
all obtained with the top plate removed. 

Figure 5 shows etch rates Re of SiO~ vs. total pressure p 
in different CHF3-O=, mixtures. Here, the RF power and 
the flow rate of CHF3 have been held constant. (At con- 
stant power VRp decreases with increasing p.) At low p, Re 
increases with increasing p up to a maximum. The pres- 
sure at which Re reaches its maximum is the higher the 
larger the O~ content. The maximum value of Re becomes 
smaller with larger O~ content. 

The ion density Ni in the plasma also varies with p, as 
shown for pure CHF3 in Fig. 6. The maximum in Nj oc- 
curs closer to the cathode at higher p, which indicates a 
decreasing width of the dark space with increasing p (Fig. 
6). The reason for this is, of course, the smaller mean free 
path for plasma collisions at higher p. The main point to 
note here is that the maximum value of Ni, N~,max, follows 
closely R~ as a function of p (Fig. 7). For a CHF~-O., mix- 
ture, N~.~ax and Re also show qualitatively similar behavior  
vs. p, although the correspondence is not quite as good as 
with pure CHF~ (Fig. 7). 

Ptasma chemistry . - - In  order to correlate the above re- 
sults with changes in the composition of neutral plasma 
species, we tried two different methods of sampling the 
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plasma: spatially resolved (in a direction perpendicular to 
the cathode) through a thin flexible tube, or spatially av- 
eraged through an orifice (Fig. 1), into the differentially 
pumped mass spectrometer chamber. However, in 
sampling with the tube we were unable to detect any spa- 
tial variations in the plasma composition of neutrals that 
would have paralleled those seen for the ions. Thus, the 
following remarks will refer to sampling through the 
orifice. 

Figure 8 illustrates the behavior of some representative 
plasma species observed upon adding O~ to a constant 
partial pressure of CHF3, at constant RF power. First we 
note that SiF34, as the main peak deriving from the reac- 
tion product SiFt, is easily detectable. With increasing O~ 
content, both SiF3 + and the etch rate (cf. Fig. 5) decrease 
similarly, species arising from the parent molecule also 
decrease, whereas larger polymeric species are strongly 
suppressed. At the same time, oxygen bearing species in- 
crease continuously. A point of interest he re  is that the 
oxygen introduced into the plasma by etching the SiO2 
cathode with pure CHF3 is equivalent, in our system, to 
the effect of adding about 1 sccm of O~ in the gas phase: If 
the cathode material is A1, then no increase in the O bear- 
ing peaks results from turning on the plasma with pure 
CHF3, and the qualitative behavior of the various species 
upon addition of 0.2 is the same as in Fig. 8. 

Results for pure CHF3 as a function of pressure (RF 
power constant) are given in Fig. 9, where differences in 
peak heights between the plasma-on and the plasma-off 
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Fig. 8. Mass spectral data for neutral plasma species, ionized in the 
mass spectrometer, with O~ added to CHF 3. 10 units on the ordinate 
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the 2E-7 scale) and COx + (on the 5E-7 scale) show behavior identical 
to that of COF +. Larger polymers decrease more rapidly than C=,F4 + 
upon addition of 02. Partial pressure of CHF3 is 20 mterr. RF power = 
75W. 

condition are plotted. The dissociation of CHF3 is clearly 
visible, amounting to 10% at 10 mtorr, and becomes some- 
what more efficient as the pressure increases. Again, the 
SiF3 § peak height follows the same behavior as the etch 
rate Re (cf. Fig. 5). So do the intensities of the CO ~, CO~ § 
COF + (or SIP),  and COF2 + (or SiF2 ~) peaks. Beyond the 
point of maximum Re (25 mtorr, cf. Fig. 5), a rapid increase 
of polymeric species (e.g., C~FJ, C~HF4 § etc.) is observed. 

In CHF3-O~ mixtures, generally similar results are ob- 
tained vs. total pressure, with the provision that etching 
proceeds to higher pressures as indicated by the SiF3 + 
peak (cf. Fig. 5), and that much larger amounts of such 
species as CO ~, COP,  etc., are seen, presumably because 
of gas phase reactions between O atoms and CHF:~-de- 
rived radicals (14) (see also Fig. 8). 

With the etch rate of SiO=, quite independent  of minor 
variations in the plasma composition, the selectivity in 
etching SiO~ over Si turns out to be largely a function of 
the Si etch rate. This is very sensitive to even minute 
amounts of O or C1 containing gaseous impurities, 
whether they are introduced directly with the etching gas 
or liberated by the plasma from the reactor walls or the 
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cathode. Such impurities invariably cause a significant 
increase in the etch rate of Si and thus a reduction in the 
selectivity. 

Etched profiles.--In Fig. 10, we show a few profiles 
etched into SiO, under different conditions. The mask 
was a square wave grating of 3 ~m periodicity exposed 
and developed in a layer of HPR 206 photoresist about 1 
~m thick. In all experiments,  the flow rate of CHF3 was 
30 sccm and the RF power was 65W, this being the maxi- 
mum power still assuring the integrity of the photoresist 
in our reactor. 

If  one relates the etching conditions of Fig. 10a-10e to 
the results described above, it is apparent that careful 
control of the plasma chemistry is required for perfect 
anisotropic etching. This can be achieved either at low 
pressure in pure CHF3 (Fig. 10a) or at much higher pres- 
sure with the addition of O.., (Fig. 10b). However, O~ in ex- 
cess of the opt imum at a given pressure leads to a slightly 
overetched profile (Fig. 10d). Conditions favoring poly- 
merization give rise to nonvertical sidewalls, which are 
produced by the growth of a thin polymeric film ex- 
tending from the top of the photoresist to the bottom of 
the etched trough (Fig. 10c and" 10e). Everything else be- 
ing the same, polymerization is enhanced at higher pres- 
sure (Fig. 10c) or by an oxygen consuming cathode (Fig. 
10e), and also at lower flow rate or at lower RF power. 

Discussion 
We now wish to discuss our results, putting them in 

context  with previous work, by focusing attention on two 
main themes: the truly important parameters and proper 
characterization of an etching discharge, and the physical 
and chemical mechanisms determining etch rates and 
etch anisotropy. 

Plasma discharge parameters.--In reviewing the litera- 
ture on dry etching, one is struck by the large number  of 
processes (i.e., combinations of reactor configuration, 
etch gas, and discharge operating conditions) in existence 
to etch any one of several materials of interest. The pres- 
ent work, together with previous results (13), allows us to 
give a fairly comprehensive description of the relevant 
discharge parameters for the etching of SiO2 with CHF3 
and CF4. As variables, we have examined in detail plate 
separation (including the case of reactive sputter etching 
[RSE] with only one, RF-driven plate and the reactor  
chamber  as counterelectrode) material of the RF-driven 
plate (or cathode)i a.nd, previously, size of the cathode (13) 

Fig. 10. SEM micrographs of profiles etched into Si02 under differ- 
ent conditions. Photoresist still present. RF power = 65W~ (a): 15 
mtorr CHF 3. (b): 60 mtorr CHF~-4%0.2. (c): 30 mtorr CHF3. (d): 30 
mtorr CHF3-2%0. 2. (e): 30 mtorr of CHF~, graphite cathode. Bars indi- 
cate 2/~m scale. 

in a given reactor. We wish to characterize the conditions 
producing comparable etch discharges, as reflected by 
the etch rate Re. 

If at constant gas pressure the plate separation is 
varied, we find that R e changes in accordance with the 
RF power P, and not with the peak-to-peak voltage VRr or 
the induced dc bias voltage at the cathode, Vde (see also 
Fig. 2). This agrees with behavior found for a rather dif- 
ferent process: etching Si with SF6 (15). If one changes 
the material covering the cathode from SiO, to A1 or 
graphite, everything else being the same, again P corre- 
lates best with Re, rather than VR~ or Vdo. (But note that 
the cathode material has a noticeable effect on the dis- 
charge chemistry.) However, if in the RSE mode the cath- 
ode size is changed, then it is VR~ which best parallels Re 
rather than the power P, or the power density (i.e., P di- 
vided by the cathode area), or Vdo [cf. Ref. (29)]. [In etching 
Si with SF6, Vdo was said to correlate best with Re, but V,~ 
was not looked at (15)]. The same also holds if, with fixed 
geometry, the RF power is not properly matched to the 
reactor. 

We emphasize that if one considers major changes in 
the reactor configuration, then none of the above exter- 
nally accessible electrical variables are useful in a com- 
parison with the parallel-plate geometry. Thus, for exam- 
ple, in a flexible diode reactor (16) it is not true, in 
general (17), that the state of the discharge as indicated by 
the ion density is independent  of the division of power 
between the two driven electrodes as long as the total 
power is constant (16). Also, with a "hollow cathode" (18), 
VRr is vastly different from that with a single cathode of 
the same size at a given power, so that it is not obvious 
why one should compare the two situations at constant 
VRF. 

Taking into account the different reactor config- 
urations as described, we arrive at the remarkable conclu- 
sion that the operating conditions for a given etch rate Re 
of SiO2 all have one feature in common: the same ion den- 
sity at the edge of the dark space. (We define this edge, 
somewhat loosely, as the point of maximum ion density 
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in  a d i r ec t ion  n o r m a l  to t he  ca thode ;  see  Fig. 3.) The  cor- 
re la t ion  b e t w e e n  R~ a n d  Ni,max is exce l l en t  i f  at  a f ixed 
p r e s s u r e  t he  c a t h o d e  size (i3) or the  p la te  s epa ra t i on  are 
changed ,  or i f  w i t h  f ixed g e o m e t r y  t he  p r e s s u r e  is 
c h a n g e d  (Fig. 7). T he  co r re l a t ion  b e t w e e n  Ro a n d  N~ ..... 
also ho lds  w i th  m i n o r  c h a n g e s  in  p l a s m a  c h e m i s t r y  [e.g., 
a d d i t i o n  of smal l  a m o u n t s  of  O2 or H~ to CF4 (13)] b u t  
b r e a k s  d o w n  wi th  m a j o r  c h a n g e s  in p l a s m a  c h e m i s t r y  
(e.g. a d d i t i o n  of O2 to CHF:~ for  p b e y o n d  the  p o l y m e r  
poin t ;  see Fig. 7). This  i n t i m a t e  c o n n e c t i o n  b e t w e e n  Re 
a n d  N~ ..... is of  g rea t  s ign i f i cance  for t he  e t ch  m e c h a n i s m ,  
as we will  s h o w  below.  

Etch  m e c h a n i s m s . - - H a v i n g  r ecogn ized  t he  i m p o r t a n t  
ro le  of  t he  ions,  we n o w  w i s h  to e luc ida te  t he  con t r ibu -  
t ion  of  neu t r a l  spec ies  to t he  e t c h i n g  of  SiO~. Our  goal  is 
to  iden t i fy  the  m a i n  r e a c t a n t s  a n d  p r o d u c t s  a n d  the  pro- 
cesses  re la t ing  t h e m .  In  d o i n g  m a s s  s p e c t r o m e t r y  of 
p l a s m a  species ,  we are aware  of  po t en t i a l  pi tfal ls ,  s u c h  as 
c o m p l i c a t i o n s  d u e  to wal l  reac t ions ,  m e m o r y  effects,  etc. 
Still, we  be l ieve  t h a t  ou r  e x p e r i m e n t a l  se tup ,  w i t h  excel-  
l en t  b a c k g r o u n d  p r e s s u r e  in  t he  d i f fe ren t ia l ly  p u m p e d  
m a s s  s p e c t r o m e t e r  c h a m b e r ,  a l lows us  to m o n i t o r  wi th-  
ou t  di f f icul ty  s t ab le  n e u t r a l  p l a s m a  species.  

In  o rde r  to i den t i fy  s u c h  species ,  we  rely  o n  t h e i r  char-  
ac te r i s t i c  c r a c k i n g  p a t t e r n s  as p r o d u c e d  by  e l ec t ron  im- 
pac t  in  t he  m a s s  s p e c t r o m e t e r  ionizer .  We note ,  in  agree-  
m e n t  w i t h  Ref. (19), t h a t  for  SiF4 the  m a j o r  p e a k  is SiF3 § at  
M / e  = 85 and  t h a t  t he  n e x t  m o s t  i m p o r t a n t  peak ,  S iF  at  
M / e  = 47, is d o w n  by  a l m o s t  two o rde r s  of  m a g n i t u d e .  
Two o t h e r  po t en t i a l  e t ch  p r o d u c t s  are COF~ a n d  SiFt, 
wh ich ,  un fo r tuna t e l y ,  h a v e  t he  s ame  mass .  However ,  t he  
c r a c k i n g  p a t t e r n s  of  the  two  spec ies  are  qu i t e  di f ferent .  
Fo r  COF.,, t he  ra t io  of  p e a k  h e i g h t s  at  M / e  = 66 (COF2~), 47 
(COF*), 44 (CO2§ a n d  28 (CO +) is r o u g h l y  1:2:2:1, w h e r e a s  
for SiF2 t he  ra t io  of  peak  h e i g h t s  at  M / e  = 66 (SiF2 +) a n d  
47 (SiF ~) is a b o u t  2:1 [cf. also Ref. (8, 19)]. 

With  t he se  facts  in  m i n d ,  we conc lude ,  f r om Fig. 9, t h a t  
SiF4 is the  m a i n  Si b e a r i n g  p r o d u c t  in  t he  e t c h i n g  of  SiO~ 
by  a CHF3 p lasma.  Indeed ,  t he  SiF3 ~ p e a k  para l le ls  n ice ly  
R~ vs .  p r e s s u r e  p a n d  also N~ . . . .  vs .  p (cf. Fig. 5 a n d  7). At  
t he  s ame  t ime,  we o b s e r v e  s ubs t an t i a l  a m o u n t s  of  CO, 
CO2, a n d  COF~ as e t ch  p roduc t s ,  all s h o w i n g  t he  s a m e  be- 
hav io r  vs .  p as does  SiF4, w i t h  CO a p p a r e n t l y  t he  m a i n  O 
b e a r i n g  produc t .  F u r t h e r m o r e ,  O2 is on ly  p r e s e n t  in  t he  
b a c k g r o u n d  in smal l  a m o u n t s  a n d  is no t  p r o d u c e d  b y  t he  
e t ch  react ion.  Thus ,  ou r  r e su l t s  are in  a g r e e m e n t  w i t h  
t hose  of  Winters  (19), w h o  u s e d  XeF~ as e t c h a n t  a n d  bom-  
b a r d m e n t  by  AV or  CF~ ~ ions,  as far  as t he  p r o d u c t i o n  of  
SiF4 is conce rned ,  b u t  we  o b s e r v e  far  l a rger  a m o u n t s  of O 
bea r i ng  p r o d u c t s  a n d  n o  O2. C o m p a r i n g  CHF~ § CF~§ �9 a n d  
CF~ § peaks  vs.  p (Fig. 9) we no t e  t h a t  b e y o n d  t he  p o l y m e r  
p o i n t  t h e i r  re la t ive  i n t ens i t i e s  do no t  c o r r e s p o n d  to t hose  
of the  c r a c k i n g  p a t t e r n  of  CHF~ anymore .  At  a b o u t  20 
mtorr ,  a n e w  sou rce  of CF3 § a n d  CF2 ~ b e g i n s  to  appear ,  for  
w h i c h  t he  m o s t  logical  c a n d i d a t e  is p o l y m e r i c  spec ies  
r e s p u t t e r e d  f rom t he  SiO~ surface.  At  m u c h  h i g h e r  p, 
w h e n  e t c h i n g  of  SiO~ has  v i r tua l ly  ceased,  t he  add i t i ona l  
p r o d u c t i o n  of  CF~ § j u s t  a b o u t  c o m p e n s a t e s  for  t he  reduc-  
t ion  of CF~ § f rom t h e  d i s soc ia t ion  of  CHF~ in  t h e  dis- 
charge .  

In  CHF:rO~ mix tu re s ,  qua l i t a t ive ly  s imi la r  r e su l t s  are 
o b t a i n e d  vs .  p. SiF~ is a g a i n  a m a j o r  p r o d u c t  and  fol lows 
R~ vs .  p. However ,  t he  p r o d u c t i o n  of CO, CO~, a n d  COF~ is 
grea t ly  e n h a n c e d ,  p r o b a b l y  b e c a u s e  of eff ic ient  oxida-  
t ion  of  po lymer i c  spec ies  as wel l  as CHF~ in  t he  gas  p h a s e  
(cf. also Fig. 8). U p o n  a d d i n g  O~ to a c o n s t a n t  pa r t i a l  pres-  
sure  of  CHF:~ (Fig. 8), t h e  c o r r e s p o n d e n c  e b e t w e e n  SiF~ 
(i.e., SiF:~ § a n d  Ro is no t  qu i t e  as close, in  t h a t  R~ dec rea se s  
s o m e w h a t  fas te r  t h a n  SiF:l § w i t h  i n c r e a s i n g  O~. 

So far, we h a v e  p o i n t e d  ou t  t he  para l le l  b e h a v i o r  of  the  
e t ch  ra te  Re, t h e  p r o d u c t i o n  of  SiFt, a n d  t he  ion  dens i ty  
N~ . . . .  a t  no t  too la rge  p (i.e., p <~ 20 mtorr) ,  a n d  also the  
r ap id ly  i n c r e a s i n g  d e p o s i t i o n  of  p o l y m e r i c  ma te r i a l  on  
t he  s u b s t r a t e  a b o v e  t h e  p o i n t  of  m a x i m u m  R~. S ince  we  
c a n n o t  de tec t  n e u t r a l  radicals ,  we c a n n o t  i nves t i ga t e  di- 
r ec t ly  po ten t i a l  n e u t r a l  r e a c t a n t s  a l t h o u g h  we can  ru le  ou t  

H F  as one  of  t h e m  (3). The  role  of  the  rad ica l s  is clarified, 
howeve r ,  if  one  c o m p a r e s  e t ch  yields  pe r  ion  in  reac t ive  
s p u t t e r  e t ch ing  (RSE) w i t h  t h o s e  in r eac t ive  ion  b e a m  
e t c h i n g  (RIBE),  as s h o w n  in Tab le  L The  e t ch  y ie lds  in  
R S E  were  e s t i m a t e d  as d e s c r i b e d  before  (13), b a s e d  on  
t he  m e a s u r e d  ion  dens i t i e s  N~.m~ at  t he  d a r k  space  edge.  
Mos t  surpr i s ing ly ,  a t  a f ixed ion energy,  t he  e t ch  yields  
t u r n  ou t  to be  qu i t e  i n d e p e n d e n t  of  the  f lux of  rad ica l s  to 
the  subs t ra t e ,  w i t h  t h e  ra t io  of the  rad ica l  f lux to t he  ion  
f lux v a r y i n g  over  a b o u t  four  o rders  of  m a g n i t u d e .  

All ou r  resu l t s  p o i n t  to t he  c o n c l u s i o n  t h a t  in  t he  e tch-  
ing  of  SiO~ by  CHF.~ or  CF4 p lasmas ,  ions  are  t he  m a i n  
reac tan t s .  The  fo l lowing  reac t ions ,  a m o n g  o thers ,  c an  be  
v i sua l i zed  as b e i n g  i n v o l v e d  [ the first one  was  s u g g e s t e d  
also b y  H a r p e r  et  al .  (20)], w i t h  t he  r e s p e c t i v e  e t c h  yields  
Y in  a t o m s  pe r  ion  (e.g., in  r eac t ion  [1], t h r e e  SiO2 un i t s  
are r e m o v e d  b y  four  CF:, ~ ions,  so t h a t  Y = 3 • 3/4) 

4CF3 ~ + 3SiO~ ~ 2CO + 2CO~ + 3SiF4, Y = 2.25 [i] 

2CF3 + + SiO~ --* COF~ + CO + SiF4, Y = 1.5 [2] 

2CF3 + + 3SiO~ ~ O~ + 2CO2 + 3SiFt,  Y = 4.5 [3] 

2CF3 ~ + 2SiO~ ~ COF~ + CO + O2 + 2SiF2, Y = 3 
[4] 

[5] 

[6] 

2CHF2 + + SiO~ -~ 2CO + H~ + SiF4, Y = 1.5 

2CF2 § + SiO~ ~ 2CO + SiFt, Y = 1.5 

The  f igures  for t h e s e  e t ch  y ie lds  s h o u l d  be  i n t e r p r e t e d  as 
m a x i m u m  yie lds  pos s ib l e  w h i c h  m a y  only  b e  a t t a ined  by  
suf f ic ien t ly  ene rge t i c  ions.  The  yie lds  d e p e n d  on  t he  F/C 
rat io in  t he  r e a c t a n t  ion  (cf. r eac t ions  [1], [5], a n d  [6]) a n d  
on  t h e  e x t e n t  to w h i c h  ava i l ab le  F a t o m s  are u s e d  to 
volat i l ize  Si r a t h e r  t h a n  O (cf. r eac t ions  [1] a n d  [2] or [3] 
a n d  [4]). Of course,  r e ac t i ons  p r o d u c i n g  SiF~ r a t h e r  t h a n  
SiF4 h a v e  a h i g h e r  e t ch  y ie ld  (cf. r eac t ions  [1] a n d  [3]). 
F u r t h e r m o r e ,  t he  p r o d u c t i o n  of  SiF~ s e e m s  to b e  t ied  to 
t he  p r o d u c t i o n  of  O~ (cf. r eac t i ons  [3] a n d  [4]). We no te  
t h a t  t he  idea  of  ions  as r e a c t a n t s  is c o n s i s t e n t  w i t h  t he  
p i c tu r e  a d v a n c e d  ear l ie r  (26) t h a t  ene rge t i c  m o l e c u l a r  ions  
d i s soc ia t e  c o m p l e t e l y  u p o n  i m p a c t  on  t he  subs t ra t e ,  t h u s  
c r ea t ing  h igh ly  r eac t ive  a toms .  

S i n c e  severa l  or all of  t h e s e  r eac t ions  m a y  occu r  s imul-  
t aneous ly ,  the  m e a s u r e d  e t ch  y ie lds  (Tab le  I) are in  good 
a g r e e m e n t  w i th  t h o s e  p red ic ted .  Fo r  example ,  for  CF3 ~ at  

Table I. Etch yields (at./ion) for Si02 

fion 
E~ Jion Y 

Ion (keV) (mA/cm'-') Mode (at./ion) fi~dical Ref. 

CF3 ~ 0.1 0.15 RSE 1 10-=' (13) 
CHF:: § 0.12 0.6 (13) 
CF:( ~ 0.1 RIBE 0.9-1.3 10 ~ (20) 

? 0.53 (21) 
Ar § 0.1 Sputter 0.12 - -  (20) 

? O.09 (21) 

CF3 + 0.5 0.2 RSE 3 10 -~ (13) 
CHF~ § 0.15 2.5 (13) 
CF3 + 0.I RIBE 2.5 10" (20) 

0.15 3 (22) 
0.4 1.5 (23) 
0.003 Sputter 3 102 (24) 

Ar ~ 0.1 Sputter 0.7 - -  (20) 
? 1 (21) 

0.4 0.5 (23) 
0.003 1 (24) 

CF~ ~ 1 0.8 RIBE 2.9 10 ') (25) 
CHF~ + 0.8 3.2 (25) 
Ar + 0.8 1.0 (25) 

E~ is the ion energy,j~o, the ion current density at the substrate, and 
f~on/frad~cal the ratio of particle fluxes at the substrate. 

With a reactive gas in the RIBE mode, the beam contains a mix- 
ture of ions, the one given in the table being the main ion except for 
the work of Ref. (23) and (25), where the main ion was more likely 
CF2* (22, 26). The plasma potential in RSE turns out to be about 30V, 
regardless of the plate separation or the plasma pressure, so that to a 
good approximation E~ in RSE is equal to the induced dc bias volt- 
age Vde, 
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500 eV on SiO2, the physical sputtering yield is estimated 
as 0.7 at.lion (26), so that the part of the total Yield due to 
reactions [1]-[6] is 2.3 at.lion. Table I also indicates that 
etch yields saturate at high ion energies, as is expected 
from reactions [1]-[6]. At low ion energies, yields are con- 
siderably smaller but  still independent  of the neutral 
flux. This may be rationalized as arising from the lower 
dissociation probability of the impinging ions. Moreover, 
relative yields predicted for different ions CF~ + Compare 
favorably with those deduced by Mayer and Barker (22), 
who used an ion beam of well-characterized composition. 

Let us add, however, that there is also evidence show- 
ing the non-negligible contribution of neutrals (radicals) 
to the etching of SiO2. The composition of products de- 
pends on the nature of the neutrals present (compare this 
work with Ref. (19), where the neutrals were F atoms 
from XeF2). Also, the measured etch yields for 500 eV ions 
may be slightly higher than predicted on the basis of reac- 
tions [1]-[6], in light of the fact that high yield reactions 
such as [3] and [4], leading to SiF~ as a product, are evi- 
dently less probable than those leading to SiF4, the main 
product [cf. Ref. (19)]. In addition, changes in the ion 
beam composition in RIBE cannot account for the entire 
change in the etch rate vs. pressure (22). It is clear, 
though, that, in the case of SiO2, the nature of the ions is 
much more important ,  and the flux of radicals much less 
important, than in the case of St. This conclusion receives 
additional support from the fact that loading effects are 
much smaller for SiO2 than for Si (4). 

Anisotropic etching.--We argued above that the overall 
ion-enhanced etch rate of SiO2 is to a large extent due to 
direct etching by reactive ions, in competition at higher 
pressure with deposition (and resputtering) of polymeric 
species. The former mechanism leads naturally to aniso- 
tropic etching because the etch rate is only appreciable 
on surfaces exposed to ion bombardment.  However, the 
shape of etched profiles also depends in a subtle way on 
the latter, surface inhibit ing mechanism (9). 

In order to achieve clean profiles with vertical side- 
walls, one must operate somewhat below the polymer 
point, i.e., somewhat below the point of maximum etch 
rate (cf. Fig. 5 a.nd 10). At the polymer point, growth of a 
thin polymeric film has set in already on vertical sur- 
faces, becoming more pronounced at higher pressure 
(Fig. 10c). This results in profiles with nonvertical 
sidewalls. Addition of O~ in the gas phase counteracts the 
polymerizing tendency of the plasma (Fig. 10b and 10d), 
but  O5 in excess of the opt imum attacks the photoresist 
and, thus, also leads to nonvertical sidewalls. In addition, 
excess 02 degrades the selectivity with respect to St. 

Thus it is the plasma chemistry which determines the 
conditions for optimal anisotropic etching, and minor 
changes in that chemistry may have a major effect on the 
shape of the etched profiles. Given the large number  of 
parameters affecting the plasma chemistry, such as gas 
composition, pressure, flow rate, cathode material, RF 
power applied, etc., it is not surprising that one can ob- 
tain acceptable results with a variety of combinations of 
these parameters. Proven processes for SiO2 have been 
based on CHF3 (1, 2), CF4-H2, (7), C3Fs (6), and CHF3-H2 (27) 
plasmas. We have been able to etch good profiles even 
with a C2F4-O2 mixture, although with pure C2F4 there is 
no etching, only deposition, under  any conditions. 

Let us keep in mind that the plasma chemistry has a de- 
cisive influence not only on the etch anisotropy, but  also 
on the etch selectivity of SiO2 with respect to Si (see the 
"Plasma chemistry" section). In general, one may expect 
the conditions for maximum selectivity to yield slightly 
nonvertical sidewalls in SiO2. Conversely, the best profile 
shape may only be obtainable at less than maximum se- 
lectivity. Thus, in a practical situation an optimal trade- 
off between the two requirements will have to be 
achieved. 

Conclusion 
Winters et al. (10) have discussed ion-enhanced etching 

in terms of three possible mechanisms. One is called 

chemically enhanced physical sputtering, in which the 
role of the ions is to remove physically reaction products 
which are loosely held on the substrate surface. In the 
second mechanism, ion bombardment  is visualized as 
creating a damaged surface with sites particularly suita- 
ble for reaction. The third mechanism, favored by Winters 
et al. (10), is called chemical sputtering and assumes that 
i o n  bombardment  provides the energy required for cer- 
tain exothermic reactions to occur in the near-surface re- 
gion of the substrate which lead to products desorbing 
into the gas phase. 

We contend that the dominant  mechanism in the etch- 
ing of SiO~ is a fourth one, for which we propose the 
name "direct reactive ion etching." By this, we mean that 
energetic reactive ions serve as the main reactants in the 
overall etching reaction. Or, in other words, ions them- 
selves do most of the etching, rather than radicals (9). 
This conclusion is based on the finding that etch yields 
per ion are largely independent  of the flux of radicals to 
the substrate in a wide variety of situations. Only under 
rather polymerizing conditions do the radicals affect the 
etch yield significantly, by way of forming a polymeric 
layer on the substrate. However, small changes in the 
plasma chemistry of neutral species have large effects on 
the etch anisotropy and selectivity. 

Of course, ion-enhanced etching in general may involve 
all four of these mechanisms contributing simultaneously 
to the overall etch rate. Indeed, etching of Si in a 
fluorine-based plasma appears to be due largely to chem- 
ical sputtering (10) and chemically enhanced physical 
sputtering (28), whereas the dominant  mechanism in etch- 
ing Si with a chlorine-based p lasma is still to be deter- 
mined. 

The term "reactive ion etching" is often used to de- 
scribe the general situation of ion-enhanced etching 
whereby the substrate is etched at low pressure on the 
RF-driven cathode and thus is exposed to ion bombard- 
ment  (4, 7, 16). We propose, in light of our results, that the 
term "reactive ion etching" be reserved for the particular 
etch mechanism in which ions themselves react, and that 
the more general mode of etching mentioned above be 
referred to as "reactive sputter etching," i.e., etching in- 
volving ion bombardment  in a reactive environment.  

Manuscript submitted May 15, 1984; revised manuscript  
received Sept. 10, 1984. 
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Beryllium Ion-Implanted Junctions in GaAs with Submicron Lateral 
Diffusion 

P. M. Campbell and B. J. Baliga 
General Electric Company, Corporate Research and Development Center, Schenectady, New York 12345 

ABSTRACT 

Beryllium ion implants in GaAs annealed at 900~ for 30 rain with a Si3N4 encapsulant have been shown to form p-n 
junctions with lateral diffusion between 0.5 and 1.0 ~m, junction depth of 0.7 ~m, and implant activation rate of - 100%. SiO2 
and phosphosilicate glass encapsulants yield similar values of lateral diffusion, junction depth, and activation rate, but are 
shown to induce near-surface degradation effects manifested by a reduced carrier concentration within 1.0 ~m of the surface 
in unimplanted annealed material and to produce anomalously high breakdown voltages and high leakage currents in Be- 
implanted junctions. 

One of the critical requirements for GaAs device technol- 
ogy is a reliable technique for the fabrication of high qu~l- 
ity micron-size planar p-n junctions. For example, such 
junctions are required for the gate region of JFET's in high 
speed GaAs integrated circuits. Planar junctions have pre- 
viously been fabricated using sealed-tube diffusions with 
both vapor and solid sources (i, 2). Although lateral diffu- 
sions equal to the depth were achieved in the sealed-tube 
process, these studies indicated that lateral diffusion of i00 
times the vertical depth can be observed if the diffusion 
conditions are not carefully controlled. The fabrication of 
diffused JFET's with tolerable lateral diffusion using a 
metal-organic Zn source has been reported (3), but for inte- 
grated circuit fabrication, it would be preferable to use ion 
implantation followed by an open tube annealing cycle in 
order to obtain greater control and uniformity, as well as 
simplified processing. However, surface degradation dur- 
ing the high temperature annealing required to activate the 
implant  remains a serious problem, requiring either an en- 
capsulant or an arsenic overpressure to prevent dissocia- 
tion of the GaAs. A comprehensive review of ion implanta- 
tion techniques in GaAs is given in Ref. (4). It has been 
demonstrated that p-n junctions can be fabricated in GaAs 
with beryllium ion implantation (5). However, the lateral 
diffusion during high temperature annealing was mea- 
sured by ' junct ion staining, which may not reveal surface 
diffusion between implant  islands, which, for example, has 
been detected in Zn-diffused GaAsP using high sensitivity 
SEM techniques (6). 

We have investigated the comparative suitability of sili- 
con dioxide, phosphosilicate glass, and plasma-deposited 
silicon nitride as encapsulants for high temperature (900~ 
annealing of Be implants in GaAs. These Be implants were 
performed in high purity (n = 2.5 • 10Wcm 3) liquid-phase 
epitaxial GaAs, which served as a sensitive medium for the 
detection of surface lateral diffusion and other degradation 
effects induced by high temperature annealing. 

Sample Preparation 
The bare GaAs samples were first cleaned in boiling sol- 

vents, then soaked in hot H.,O to form a thin oxide film 
which was then removed in hot HC1. The wafers-were then 
coated front and back with a thin film of either SiO~, 
phosphosilicate glass (PSG), or Si:~N4. 

The SiO, films were formed by the reaction of silane and 
oxygen at atmospheric pressure and a temperature of 
400~ The phosphosilicate glass films were deposited un- 
der the  same conditions~ but with the addition of flowing 
phosphine, yielding films with 8% phosphorous by weight. 
The rate of deposition for the SiO._, and PSG films was 300 
]~/min, with a thickness of 4000• used for each film, as mea- 
sured by ellipsometry. The refractive index of the SiO2 and 
PSG films was 1.45. 

The Si3N4 films were formed by the plasma-enhanced re- 
action of both silane and ammonia in an argon ambient  at a 
pressure of 0.6 torr and a temperature of 450~ The rate of 
deposition for this process was 150 ~/min. All Si3N4 layers 
were 900A thick and had a refractive index between 1.95 and 
1.98. 

Following deposition, a pattern of closely spaced implant 
windows was opened in each film, using standard photo- 
lithographic techniques, with a thick (2/~m) layer of posi- 
tive photoresist, which also served as a selective mask dur- 
ing the implantation. The opened implant windows varied 
in separation from 1~ upwards in steps of 1/~m. 

Next, Be ions of energy 100 keV and fluence 5 • 10':Vcm :~ 
were implanted in the open windows (Fig. 1). The wafers 
were then stripped of the remaining photoresist and coated 
with a second identical layer of either SiO2 (4000~), PSG 
(4000~), or Si:~N4 (900A). Following this, the wafers were an- 
nealed in flowing nitrogen gas at a temperature of 900~ for 
30 rain. Finally, contact windows were opened to each im- 
plant island. If desired, a lift-off metallization was then de- 
posited to improve the ohmic nature of the contacts. 

Lateral Diffusion Measurement Technique 
The lateral diffusion of the implanted and annealed Be 

was measured electrically by detecting the punch4hrough 
of the lateral diffusion between adjacent implant  islands, 
which is clearly observable because the I-V characteristic 
of two P+ islands joined by diffusion (Fig. 2, top) will be 
ohmic, while that of two F islands separated by a thin N re- 
gion (Fig. 2, bottom) will be rectifying. Since the implant  is- 
lands varied in separation from 1/~m upward in steps of 1 
~m, the lateral diffusion can be measured to within half the 
smallest distance, or 0.5 ~m. This electrical measurement  of 
lateral diffusion is of direct relevance to device and circuit 
fabrication because it measures directly the electrical isola- 



Vol. 132, No. 1 B E R Y L L I U M  ION I M P L A N T S  

a) IMPLANT: 

N 

187 

b) ANNEAL 

CAP , p 
I I 

N 

c) OPEN CONTACT WINDOWS 

] P P d "  
\ . . . . . . .  J ~ . . . . . .  2 

N 

Fig. 1. Processing steps for lateral diffusion measurement 

tion of the implanted regions, unlike the commonly used 
angle lapping/staining technique which may not, for exam- 
ple, detect the formation of thin diffused conductive sur- 
face channels under  the encapsulant. This technique has 
the additional advantage of being compatible with nonde- 
structive on-chip testing during processing, whereas the 
staining method in Ref. (5) and the SEM technique in Ref. 
(6) each require cleaving of the sample. 

Lateral  Dif fusion Results 
The lateral diffusion of the implanted Be after a 30 min 

anneal at 900~ was measured to be between 0.5 and 1.0 tLm 
for each of the three encapsulants SigN4, SiO2, and PSG. 
This measurement  technique is demonstrated in Fig. 3 for 
the case of Si3N4; a rectifying characteristic between two 
implant  windows separated by 2 ~m is shown, indicating a 
lateral diffusion of less than half the window separation, or 
1.0 t~m. A 1 tLm window separation gives an ohmic charac- 

~ m  
N 

l p j ,~ p ' . . . . . . . . . . . .  J 
N 

Fig. 2. Two P+ implant islands joined by diffusion (top) yield ohmic I-V 
characteristics, while two islands separated by N region (bottom) yield 
rectifying I-V characteristics. 

Fig. 3. I-V characteristic of two implant islands separated by 2/~m is 
rectifying, indicating a lateral diffusion of less than half the separation, 
or 1 /~m. 

teristic, indicating a lateral diffusion of at least 0.5 t~m. In 
the rectifying case, no current flows until  the two depletion 
regions touch; this occurs in Fig. 3 at a bias of 4V, and the 
characteristic is symmetric, as expected. The depletion 
width of each junct ion varies as W = [2e($ - V)/qN]'~'~, where 
e is the permittivity, ~ = built-in potential of the junction, V 
= external bias across the junction, q = electronic charge, 
and N = doping of the base material. Hence, for greater 
window separation, a greater bias voltage is required for the 
depletion region of the reverse-biased junct ion to penetrate 
the additional distance and reach that of the forward-biased 
junction, causing the onset of conduction. Figure 4 shows a 
graph of this punch-through voltage as a function of im- 
p l an t  w i n d o w  separa t ion ,  wi th  ohmic charac ter i s t ics  
plotted as having a zero punch-through voltage. The data 
points with nonzero punch-through voltage in Fig. 4 follow 
a roughly parabolic form, as expected from the depletion 
width equation, and could in principle be used to solve the 
equation for a precise value of the lateral diffusion ifN were 
accurately known. This is not simple in the case of GaAs be- 
cause there exist near-surface compensation effects re- 
sulting from the high-temperature anneal, which can affect 
the value of N, as shown in a later section. 
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Fig. 4. Punch-through voltage vs. implant window separation for im- 
plant islands annealed with Si3N 4 encapsulant. 
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Electr ical  Charac te r i za t ion  ~ r 
T h e r e  exis t  s ign i f ican t  d i f f e rences  in  t he  e lec t r ica l  char-  2 

ac te r i s t i cs  of d iodes  a n n e a l e d  w i t h  d i f fe ren t  e n c a p s u l a n t s .  ~o,8 
Circu la r  j u n c t i o n  d iodes  ( d i a m e t e r  = 250 ~m),  f ab r i ca t ed  as 168 
a b o v e  on  n = 2.5 • 1015/cm 3 L P E  GaAs  a n d  a n n e a l e d  at  900~ 4 
for  30 m i n  u s ing  Si3N4 as the  e n c a p s u l a n t ,  e x h i b i t  l eakage  .3 
c u r r e n t s  as low as t he  10 -~A r a n g e  for  r eve r se  b ias  as h i g h  as 
200V (Fig. 5), w h e r e a s  t h o s e  f ab r i ca t ed  w i t h  SiO2 or  P S G  
caps  s h o w  leakage  c u r r e n t s  in  t he  10-~A range.  In  addi t ion ,  
the  d iodes  a n n e a l e d  w i t h  a Si:3N4 cap u n d e r g o  a v a l a n c h e  
b r e a k d o w n  at  a r eve r se  b ias  of  - 200V, as p r e d i c t e d  by  Sze 
a n d  G i b b o n s  (7) for GaAs  w i t h n  = 2.5 • 10~5/cm '~. However ,  
i den t i ca l  d iodes  a n n e a l e d  w i t h  SiO2 or  P S G  as t h e  e n c a p s u -  
l an t  show a n o m a l o u s l y  h i g h  b r e a k d o w n  vo l t ages  of u p  to 
450V. Th i s  sugges t s  t he  e x i s t e n c e  of  a nea r - su r face  com- 
p e n s a t i o n  m e c h a n i s m  as soc ia t ed  w i t h  the  SiO2 a n d  P S G  
e n c a p s u l a n t s ,  b u t  no t  w i t h  t he  Si~N4. 

A n n e a l i n g  D a m a g e  Study 
In  o rde r  to i nves t i ga t e  t h e  effect  of h i g h  t e m p e r a t u r e  an- 

nea l i ng  w i th  the  va r ious  e n c a p s u l a n t s  on  t he  nea r - su r face  
ca r r ie r  c o n c e n t r a t i o n  i n d e p e n d e n t l y  of  any  i on  imp lan t a -  
t ion  effects ,  a d j a c e n t  p ieces  f rom t h e  c e n t e r  of  a s ingle  
u n i m p l a n t e d  wafe r  of  b o a t - g r o w n  s i l i con-doped  (n = 1.4 • 
1013/cm3) b u l k  GaAs  were  coa ted  w i t h  e i t he r  SiO~, PSG,  or 
Si.~N4 as a b o v e  a n d  a n n e a l e d  at  900~ for 30 min.  T he  fi lms 
were  t h e n  r e m o v e d  w i t h  HF,  a n d  each  s a m p l e  was  mea-  
su red  w i t h  a P o l a r o n  S e m i c o n d u c t o r  Prof i le  P l o t t e r  (8), 
w h i c h  p e r f o r m s  a ser ies  of d i f fe ren t ia l  c apac i t ance -vo l t age  
m e a s u r e m e n t s  in  s e q u e n c e  w i t h  a ser ies  of  p h o t o c h e m i c a l  
s t ep -e t ches  a n d  g e n e r a t e s  a p lo t  of  car r ie r  c o n c e n t r a t i o n  as 
a f u n c t i o n  of  dep th .  F i g u r e  6 shows  t he  p o s t a n n e a l  car r ie r  
prof i les  of  t he  s a m p l e s  c a p p e d  w i t h  SiO2, PSG,  a n d  Si:,,N4, 
as wel l  as a profi le  of u n a n n e a l e d  mater ia l .  In  c o m p a r i s o n  
w i th  the  u n a n n e a l e d  mater ia l ,  wh ich ,  as expec t ed ,  ha s  a 
flat profile,  t he  SiO~-capped mate r i a l  shows  a m a r k e d  de- 
c rease  in  t he  car r ie r  c o n c e n t r a t i o n  w i t h i n  1 ~ m  of  t he  sur- 
face. The  P S G - c a p p e d  ma te r i a l  shows  a s imi la r  dec rease  
t h a t  is a l m o s t  as severe  as t he  SiO2 case, wh i l e  t he  d a m a g e  in  
t he  Si:~N4-capped ma te r i a l  is con f ined  to a r eg ion  c loser  to 
t he  sur face  t h a n  in  t he  o the r  two  cases. Th i s  p o s t a n n e a l  de- 
c rease  in  t h e  car r ie r  c o n c e n t r a t i o n  cou ld  a c c o u n t  for  t he  
a n o m a l o u s l y  h i g h  b r e a k d o w n  vo l tages  a c h i e v e d  w i t h  im- 
p l a n t e d  j u n c t i o n s  in  ma te r i a l  a n n e a l e d  w i t h  SiO~ a n d  P S G  
caps,  p r o v i d e d  t he  j u n c t i o n  d e p t h  is s h a l l o w e r  t h a n  t he  
d e p t h  of  t he  c o m p e n s a t i o n .  As will be  s een  in  t he  n e x t  sec- 
t ion,  t he  j u n c t i o n  d e p t h s  are  sha l lower  t h a n  t h e  d~mage  
w i t h  SiO2 a n d  P S G  caps,  b u t  no t  sha l lower  t h a n  t h a t  w i t h  
Si3N4. Th i s  c o m p e n s a t i o n  m a y  be  due  to the  ou t -d i f fus ion  of  
Ga  and /o r  As t h r o u g h  t he  films, c rea t ing  v a c a n c i e s  w h i c h  
c o u l d  be  e lec t r ica l ly  ac t ive  or se rve  as s i tes  for t he  migra-  
t i on  of  ac t ive  impur i t i e s .  S u c h  nea r - su r face  d e g r a d a t i o n  

UNANNEALED 

I I I I 
0 2.0 #m 

Fig. 6. Carrier concentration depth profiles of unimplanted boat- 
grown silicon-doped (n = 1.4 • 101S/cm3) bulk GaAs annealed at 900~ 
for 30 min with: a) SiO~ cap; b) PSG cap, c) Si3N4 cap; and d) unannealed 
material. 

cou ld  also be  r e s p o n s i b l e  for  the  h i g h e r  l eakage  c u r r e n t s  
o b s e r v e d  w i th  SiO2 a n d  P S G  a n d  m a y  be  r e l a t ed  to t he  
t h e r m a l  c o n v e r s i o n  effects  o b s e r v e d  in t he  h i g h  t e m p e r a -  
t u r e  a n n e a l i n g  of  s e m i - i n s u l a t i n g  GaAs (9). 

Implanted  Junct ion Depth Profi les 
In  o rde r  to m e a s u r e  t he  d e p t h  prof i les  of  t he  i m p l a n t e d  

j u n c t i o n s ,  u n p a t t e r n e d  L P E  GaAs  was  i m p l a n t e d  w i t h  Be 
(100 keV, 5 • 10~3/cm2), c a p p e d  w i th  e i t he r  SIO2, P S G ,  or 
Si,~N4 as above ,  a n d  a n n e a l e d  for  30 ra in  at  900~ to dup l i ca t e  
t h e  c o n d i t i o n s  of  t he  la tera l  d i f fus ion  e x p e r i m e n t .  Af te r  
r e m o v i n g  t he  e n c a p s u l a n t ,  e ach  s a m p l e  was  ana lyzed  wi th  
t he  P o l a r o n  Profiler .  The  re su l t s  are s h o w n  in  Fig. 7. 

The  SiO2-capped s a m p l e  (Fig. 7a) shows  a p e a k  car r ie r  
c o n c e n t r a t i o n  of 2 • 10~8/cm ~ at a d e p t h  of  0.1 tLm, w i t h  the  
CV charac te r i s t i c  i n d i c a t i n g  p - type  mater ia l .  The  concen-  
t r a t i on  dec reases  to a p l a t eau  va lue  o f -  1.5 • 101S/cm :~ in  the  
r a n g e  of 0.3 to 0.5 tLm, t h e n  d r o p s  rapidly ,  w i t h  the  j u n c t i o n  
o c c u r r i n g  at  a d e p t h  of  0.7 ~m,  as s h o w n  in  Fig. 7a a n d  also 
d e t e r m i n e d  f r o m  a p l o t  o f  t h e  e l e c t r i c a l  p h a s e  of  t h e  
capac i t ance -vo l t age  da ta  r e c o r d e d  a u t o m a t i c a l l y  by  the  
P o l a r o n  Prof i le r  as a f u n c t i o n  of  dep th .  The  to ta l  inte-  
g ra t ed  car r ie r  d e n s i t y  g ives  an  i m p l a n t  ac t i va t i on  ra te  of  
100%. 

T h e  P S G - c a p p e d  s a m p l e  (Fig .  7b)  s h o w s  a s i m i l a r  
profile,  b u t  the  p e a k  va lue  is on ly  1.3 • 1018/em~ a n d  the  pla- 
t eau  is - 7.5 • 10Wcm 3. Th i s  profi le  yields  a n  ac t i va t i on  ra te  
of  - 80%. The  j u n c t i o n  d e p t h  is 0.8 ~m.  

F igu re  7c gives  t he  prof i le  of  a P S G - c a p p e d  s a m p l e  an- 
n e a l e d  at  900~ for  60 rain.  Th i s  l o n g e r  a n n e a l  ra i ses  t he  
p e a k  va lue  to 2.5 • 1018/cm3 a n d  the  p l a t eau  va lue  to - 1.2 • 
10~S/cm 3. This  i nc reases  t he  ac t iva t ion  ra te  to ~ 100%, b u t  
does  no t  c h a n g e  t he  j u n c t i o n  dep th .  

F i g u r e  7d shows  t he  prof i le  of  the  Si:~N4-capped s a m p l e  
a n n e a l e d  at  900~ for  30 rain.  In  c o n t r a s t  to the  t h r e e  p reced-  
ing  cases,  t h e r e  is no  nea r - su r f ace  peak.  The  ca r r ie r  concen-  
t r a t i on  has  a c o n s t a n t  va lue  of 1.7 • 10~"/cm :~ to a d e p t h  of  0.2 
tLm, dec reases  s lowly to 1.4 • 10~8/cm ~ at  0.4 ~m,  a n d  t h e n  
b e g i n s  to  d rop  m o r e  rapid ly ,  w i t h  t he  j u n c t i o n  o c c u r r i n g  at  
a d e p t h  of  0.7 tLm. T h e  i m p l a n t  ac t i va t i on  ra te  is ~ 100%. 
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Fig. 7. Carrier concentration depth profile of implanted junction an- 
nealed at: a) 900~ for 30 rain with SiO~ cap; b) 900~ for 30 min with 
PSG cap; c) 900~ for 60 min with PSG cap; and d) 900~ for 30 min with 
Si:~N~ cap. 

t h e  distinguishing characteristic of the Si:~N4-capped 
profile is the lack of the near-surface peak evident in the 
SiO_, and PSG cases. This peak occurs too near the surface 
(0.1 ~m) to be a remnant  of the preanneal implant profile 
because the LSS theory gives a projected range of 0.32 ~m 
for 100 keV Be in GaAs. One possible explanation is that the 
near surface degradation shown to occur in both SiO~ and 
PSG serves to getter the implanted Be. Because electrically 
active Be atoms would have preferentially occupied Ga 
sites, this suggests that the near-surface degradation may 
be the result of Ga vacancies created during the anneal. An- 

other possibility is that the thermal damage of Fig. 6, acting 
as an acceptor in compensating n-type material, would in 
p-type material increase rather than decrease the carrier 
concentration. If this is the case, then the implant  activation 
rates given above may be overestimated because some of 
the measured hole density may arise from these damage- 
induced acceptors, rather than from the implanted Be 
atoms. 

Conclus ion  
Beryllium ion implants in GaAs annealed at 900~ for 30 

min using either SiO~, phosphosilicate glass (PSG), or Si:~N4 
encapsulants have been shown to form p-n junct ions with 
lateral diffusion between 0.5 and 1.0 ~m, junct ion depths of 
0.7 (SiO~ and Si:,N4) to 0.8 ~m (PSG), and implant activation 
rates of 80 (PSG) to 100% (SiO.: and Si:~N4). However, SiO~ 
and PSG encapsulants induce more severe near-surface 
degradation effects manifested by a reduction carrier con- 
centration within 1 ~m of the surface in unimplantcd an- 
nealed GaAs, and they induce anomalously high break- 
down vol tages and h igher  leakage cu r r en t s  in 
Be-implanted p-n junctions, as compared with similar ma- 
terial annealed with a Si:~N4 encapsulant. 
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ABSTRACT 

An optical method using the diffraction of a lamellar grating is described for continuously measuring the etching of 
a substrate through a masking layer. The finite selectivity of the process is accounted for. Automation and real-time 
measurement  are possible. Some theoretical situations are analyzed, and the method is applied for the experimental  
plasma etching of silicon through a thermally grown silicon dioxide layer. 

Dry etching plays an important role in the manufacture 
of semiconductor devices requiring high resolution li- 
thography. Many times, not only the end point detection 
for the process is desirable but also the measurement  of 
the depth of incompletely etched areas is desirable. This 
is the case with etching silicon substrates for isolation 
purposes, when the etched depth should be carefully con- 
trolled in real t ime if a precise control of thickness is re- 
quired. 

Kleinknecht and Meier (1) first proposed monitoring 
the plasma etching of dielectric films by measuring the 
diffraction of a lamellar grating adequately lithographed 
somewhere on the sample. 

Recently, Sternheim and van Gelder (2) used an 
interferometric system for monitoring the etching of a 
patterned silicon substrate. A laser beam is diffracted by 
the pattern being etched onto the substrate, and the zero- 
order diffracted intensity is monitored. Its principal ad- 
vantage is the fact that it uses the etched pattern itself for 
control purposes. 

Mendes et  al. (3-6) further developed a method using 
lamellar gratings for thickness measurement  and etching 
monitoring which permits one to measure the point-by- 
point evolution of the depth of the layer being etched. In 
this paper, we shall profit from the previous develop- 
ments, extending the method to monitor the etching of 
the substrate, and accounting for the selectivity of  the 
process with respect to the mask layer. We illustrate its 
advantages in continuously measuring the evolution of 
the etched depth of a silicon substrate masked with sili- 
con dioxide. 

Description of the Method 
The optical modulation of a lamellar grating recorded 

in the full depth of a layer may be used to monitor the 
etch rate of the layer by measuring the first-to-zero dif- 
fraction intensity orders ratio IJIo (4, 5). If  a substrate is 
etched through a lamellar grating masking layer, the 
etched depth h may also be determined by measuring the 
I,/Io ratio, of the grating being formed in the process, as 
shown in Fig. 1. The I,/Io ratio may be written as 

]r~ - rbl2(a/ d) 2 
I~/Io = sin c2(a/ d) [1] 

Irb + (r~ - rb) a / d l  ~ 

with sin c(x) =- sin vx/(~rx) and r, and rb being the com- 
plex amplitude reflectivities on bars and grooves of the 
grating, respectively. For normal laser beam incidence, it 
should be written (7) 

_ r,  + r2e ~2~ L 
ra 1 + r~r2e i2~ 

[2] 

rb = r3e ~2~ 

190 

with 

and 

2~ ~- 4~r(T + h)nJX 

r, = (no - n,)/(no + n,) ) 

r2 = (n, - n.~)/(n, + n.,.) 

r3 = (no - n~)/(no + n.2) 

[3] 

where T is the thickness of the masking layer and h rep- 
resents the etched depth of the substrate. In our experi- 
ment, we shall choose a / d  = 0.5 for which value the IJIo 
ratio is less sensitive to a / d  variations (4). In this case, Eq. 
[1] simplifies to 

_ Ir~ - rbl ~ sin c2(a/d) [4] 
IJIo [r~ + rbl ~ 

Substituting Eq. [2] into Eq. [4], we get the following 
terms contained in the latter equation 

cos 2/~ = cos (4~rTn,/)~) 

cos 2~ = cos ([4~rnJX]T + [47rnJ~] h) I [5] 

cos (2fi - 2~/) = cos (41rT[n~ - n0]~ - [4~rnJk] h) 

If we assume the plasma etching to be infinitely selec- 
tive (which means that the film thickness T remains con- 
stant throughout the process), the I,/Io ratio should be pe- 
riodic in h with a spatial period H -- M(2n0). It means that 
two successive extrema appearing in the I,/Io measured 
ratio represent a variation in the substrate etched depth 
(h) of M(4n0). In this way, the measurement  should be 
carried out in exactly the same way as for the reflectivity 
method (8) for thin transparent films. The layer of air lira-. 

no 

I /  / . "  f l I / / D / ,i" . , ' / "  ," / / / 

Fig. 1. A stage of the etching of a lamellar grating into a substrate. 
The substrate has been etched a depthh and a thin mask film of thickness 
T remains on the top of the structure. The period of the grating isd and 
the bar end groove sizes are a and b, respectively. The complex indexes 
of refraction of the mask and substrate are n~ and n2, respectively. 
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Fig. 2. Computed first-to-zero diffraction intensity orders ratio (11/I o) 
as a function of the etched silicon depth (h) for two different thicknesses 
of SiO~ film (T = ,V(2n 1) and T = k / ( 4 n l ) ) ,  n I being the Si02 refractive 
index for the test wavelength ,~ = 6328~.  We assume the process to be 
infinitely selective, which means that T remains constant. Note that pe- 
riod of both curves is X/2, but the amplitudes are widely different. We 
assumed no = 1 (air). 

ited by the upper and lower surfaces of the patterned 
structures plays the role of the transparent film in the 
reflectivity method. This is basically the method de- 
scribed by Sternheim, with the difference that we mea- 
sure I~/Io instead of Ie and use an auxiliary lamellar grat- 
ing instead of the patterned structure itself. 

The method we are proposing in this paper, however, 
presents two important advantages upon the Kleinknecht 
and Sternheim methods. First, during the etching pro- 
cess, we compare the measured temporal variation of the 
I#le ratio with the computed I~IIo vs. h curve, which per- 
mits describing the temporal evolution of h. In this way, 
we are continuously measuring the substrate etched 
depth so that we are not limited to monitoring thick- 
nesses in intervals of quarter wavelength as with the 
methods referred to above. Second, infinitely selective 
processes are an idealized situation, and rather low 
seleetivities are encountered in actual etching processes. 
This finite selectivity may be accounted for in Eq. [I]-[4]. 
These improvements arise from the fact that the well- 

defined grating structure that is used lends itself to accu- 
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Fig. 3. Plotting of the amplitude of the I1/Io vs. h curve as a function of 
the Si02 mask film thickness T (assuming no = 1), showing that T = 
X/(4n~) - 1100~ corresponds to the minimum. This curve is periodic in 
T, with period k/2n~). 
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Fig. 4. Computed I , / I ,  as a function of the etched Si depth (h) for a Si02 
masking film with an initial film thickness T 0 = 4000A,  assuming infinite 
selectivity (continuous line) and a selectivity S = 3 (dashed line). The 
former example shows a periodic function (period of k/2); the latter one 
is not apparently periodic and shows only relative extreme.n0 = 1 in both 
c o s e s ,  

rate description by the mathematical model  represented 
by Eq. [1]-[4]. 

Temporal evolution of h for infinite selectivity pro- 
cesses.--This matter was already described in a recent pa- 
per concerning the real-time measurement  of the etching 
of thin film samples (5). The approach here is similar, ex- 
cept that, in this case, the film thickness T is constant 
and the substrate etched depth h is the variable in Eq. [4]. 
As pointed out above, the I1/Io curve is periodic in h with 
period M(2n0) and M(4n0) between successive extrema (3), 
no matter whether the mask is metallic or dielectric. It 
should be noted that the film thickness T affects the sen- 
sitivity of the method: the period remains unchanged, but  
the amplitude of the I]/Io oscillations is very dependent  on 
the parameter T. Figures 2 and 3 illustrate this effect for a 
SiO2 mask [n] = 1,46 (9)] on a Si substrate [n2 = 3.85 + 
i0.02 (9)] for a wavelength of 6328~, showing that T may 
be adequately chosen for optimizing the sensitivity of the 
I #Io variations. 
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Fig. 5. This figure shows the same case as in Fig. 4, except that there is 
a 4000/~ AI film on the Si instead of the Si02 film. Note that both curves 
corresponding toS = ~ andS = 3 are periodic, but only the former has o 
period of M2. The dashed line (S = 3) has a period of 3 M 4  as computed 
from Eq. [9]. 
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Temporal  evolution of  h for  f ini te  selectivity process- 
es . - -A f inite se lec t iv i ty  p r o c e s s  m e a n s  t ha t  T is some-  
w h a t  modif ied  f rom i ts  in i t ia l  va lue  (%) as h inc reases  
f rom its ini t ia l  zero value,  so t h a t  

h 
T = T , -  ~- [6] 

where S should be defined as the selectivity of the pro- 
cess. The higher this value is, the more selective the pro- 
cess is. 

Substituting Eq. [6] into Eq. [4] and assuming the 
sample in air (n, = I), the terms in Eq. [5] turn into 

cos 2fi = cos (41rn,TJ~ - 4~rn,h/(S~)) ] 

) cos 2~/ = cos (4~rTJh + 4~r(1 - 1/S) h/k) 

cos (2/~ - 2~,) = cos (4~'T.(n~ - 1)/~ + @r(1 - (n~ - l)/S)h/k) 

[7] 

Through Eq. [7], it may be realized that all three cosine 
terms have different periods in h, which are 

k k 2X 
S ~n-~n~ ' S 2(S - 1~" a n d  2(S - nt + 1)_ 

respec t ive ly .  
I f  t he  se lec t iv i ty  S is finite, all t h r ee  cos ino ida l  t e r m s  

s h o u l d  h a v e  d i f fe ren t  pe r iods  so t h a t  the  IJI .  c u r v e  m a y  
no t  e v e n  be  per iodic .  It  m a y  h a v e  re la t ive  e x t r e m a  b u t  in  
general they are not uniformly spaced from M4. 

Figure 4 shows the computed IJl~, vs. h for the case of a 
SiO~ mask on a Si substrate having an initial thickness T,, 
= 4000~, corresponding to a finite selectivity (S = 3) and 
to infinite selectivity for comparative purposes. 

If a metallic mask is used instead of the SiO~, the three 
cosinusoidal terms in Eq. [5] turn into just one 

[ 4 ~ T .  + 41rh ] 
c o s 2 ~ = c o s  k k ( 1 -  1/S) [8] 

w h i c h  is pe r iod ic  in  h e v e n  c o n s i d e r i n g  a f inite select iv-  
i ty S, b e i n g  the  pe r iod  H no longe r  ~/2 b u t  

k 
H - [9] 

2(1 - I /S) 

I n  Fig. 5, we h a v e  p l o t t ed  the  c o m p u t e d  c u r v e s  corre- 
s p o n d i n g  to an  a l u m i n u m  m a s k  (T,, = 4000A) o n a  Si sub-  
s t ra te  s h o w i n g  a p e r i o d  of  ~/2 for inf in i te  se lect ivi ty ,  and  
a p e r i o d  of  3~,/4 (Eq. [9]) for f inite se lec t iv i ty  (S = 3). 

No te  t ha t  for  p rac t i ca l  s i tua t ions ,  t he  in f luence  of the  
f inite se lec t iv i ty  of  t he  p roces s  c a n n o t  be  neg lec ted .  

Experimental  Setup and Results 
The sample was a 2 in. silicon wafer in which a thin 

SiO~ film was thermally grown. A lamellar grating with a 
period of I00 ~m and a/d = 0.5 was ph0tolithographed in 

He-Ne I 
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beam ~I i  

_i~ -I ,/! / 
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L_ 

Fig. 6..Simplified .schema of the plasma etching chamber and associa- 
ted diffraction measurement setup. 
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Fig. 7. The experimentally measured first and zero diffraction inten- 
sity orders as a function of the etching time for a lamellar grating being 
etched on a Si wafer through a thin SiO~ mask, in air. 

t he  SiO=, film. The  p l a s m a  e t c h i n g  of the  s i l icon was 
ca r r ied  ou t  t h r o u g h  the  SiO._, m a s k  in a h o m e - m a d e  p l a n a r  
r eac t i on  c h a m b e r  of  8 in. d i a m  wi th  20 m m  d i s t ance  be- 
t w e e n  t he  e lec t rodes .  The  r eac t ing  gas was CCI~. The  
p l a s m a  was  exc i t ed  b y  a 60W, 13.56 MHz R F  genera to r .  
The pressure in the chamber was kept constant at 0.I torr. 
A 1 mW commercial He-Ne laser (~, = 6328A) was directed 
near normal incidence onto the grating and the first and 
zero diffraction orders on reflection were measured and 
recorded with two photovoltaic silicon detectors D~ and 
D~, as seen in the schematic setup in Fig. 6. 

During the plasma etching process, the I~ and I,, orders 
were recorded as a function of the etching time (Fig. 7) in 
a Hewlett-Packard dual channel strip-chart recorder. 
From the above recorded data, we obtain the I~/I, ratio ev- 
olution as a function of time, as seen in Fig. 8a. Note that 
the plot is not periodic (neither the amplitude nor the in- 
terval between successive extrema is constant), showing 
that the selectivity is not infinite and that it must be ac- 
counted for. 

In Fig. 8b, we show the computed I1/I,~ vs. h curve which 
best fits the experimental data in Fig. 8a. For doing that, 
a value for S was found that provided the best matching 
with the successive experimental I]I,, vs. time extrema. 
For the present experiment, a slightly variable selectivity 
averaging S = 30 was found to suit the best, which value 
agrees in order of magnitude with previous independent 
tests performed on similar samples. Comparing the ex- 
perimental and the fitted curve, a correlation between h 
and the etching time is obtained; it is plotted in Fig. 8c, 
which slope provides the evolution of the etching rate. 
For the present process it appears to be quite constant at 
300 ~/min. 

Two pictures obtained with an interference microscope 
are shown in Fig. 9, where the shape and modulation of 
the sample grating may be appreciated before and after 
completion of the etching process. 

Conclusions 
The method we describe in this paper allows the con- 

tinuous measurement of the etching depth, thus resulting 
in a very fine control over each individual sample. It is 
especially suited for small depths because it does not de- 
pend upon the presence of any singular point, such as the 
extrema in the reflectivity curve. 

Furthermore, this method accounts for the presence of 
finite selectivities for the etching process and can even 
be used to calculate it if it is not known in advance with 
enough precision. 

The method requires the etching of a lamellar grating, 
somewhere on the sample, to be carried out during the 
process that is being monitored. 
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Some optical parameters  of the sample must  be known 
in order to provide the data required by the mathematical  
model of the lamellar grating (Eq. [2]-[3]). 

Automation and real-time measurement  are possible, 
depending upon the degree of complexi ty  of the experi- 
mental  situation and availability ~f computat ional  re- 
sources. 

Fig. 9. Interferential microscope pictures showing the sample (a, top) 
before the Plasma etching of Si and (b, bottom) after the plasma etching 
of Si and with the masking layer remoyed~ ~ = 6000~ is the average 
illumination on wavelength. 
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Dopant Activation and Redistribution in As§ 
Polycrystalline Si by Rapid Thermal Processing 

R. A. Powell and R. Chow 

Varian Associates, Incorporated, Corporate Solid State Laboratory, Palo Alto, California 94303 

ABSTRACT 

Dopant activation and redistribution in 75As+-implanted (100 keV, 1 • 10~5-1 • 1016 cm -2) polysilicon films following 
rapid thermal processing (RTP) are reported. For the annealing conditions used (10-30s exposure to a 1150~ graphite 
heater), significant arsenic redistribution was observed, unlike the case of comparably implanted and annealed single- 
crystal silicon. For uncapped films, surface loss of arsenic during RTP resulted in high sheet resistance; however, a thin 
oxide cap (600~) prevented this arsenic loss. Sheet resistance comparable to furnace-annealed samples (-30 t2/Q for 1 • 
10 ~6 cm -2 dose films) could then be obtained in -15s. The shape of carrier concentration and total dopant depth profiles 
following RTP was found to be dependent  on both implant dose and time of annealing. These results can be qualita- 
tively understood using recently proposed models for arsenic diffusion in furnace-a*nnealed polysilicon films. 

Doped polysilicon is employed for a variety of purposes 
in the fabrication of microelectronic devices, including in- 
terconnect lines and gate electrodes in MOS integrated 
circuits, emitters in bipolar transistors, and high-value 
load resistors in static random access memory circuits (1). 
For the latter two applications, the required doping can 
be accomplished with precise control by use of ion im- 
plantation (2, 3). For the fabrication of polycide structures 
(silicide/n~-polysilicon), it may also be advantageous to 
use ion implantation, since the high conductivity of the 
silicide allows reduced doping levels to be used in the un- 
derlying polysilicon (4). Following implantation, poly- 
silicon films are in general subjected to a variety of high 
temperature cycles, and the effect of dopant redistribu- 
tion must  be considered. For example, unwanted lateral 
diffusion of arsenic in implanted-polysilicon load resis- 
tors can reduce resistor length and alter circuit electrical 
characteristics (3). 

Over the last several years, rapid thermal processing 
(RTP) has been developed as an alternative to conven-  
tional furnace annealing, whereby high temperature steps 
are carried out in times so short that minimal  dopant re- 
distribution occurs (5). Particularly attractive is RTP per- 
formed in an isothermal mode, whereby the whole wafer 
volume is uniformly heated to temperature ~> 800~ in 
times on the order of 1-10s. Isothermal RTP has been suc- 
cessfully used to activate dopants and anneal out implant 
damage in single-crystal Si (6, 7) and, more recently, to 
rapidly sinter silicides (8-9) and Ti-polycides (10). 

In actual device fabrication, such applications of RTP 
are likely to affect polysilicon layers as well. For example, 
when isothermal RTP is used to remove implant  damage 
from the self-aligned source/drain regions of a MOSFET, 
the adjacent polysilicon gate will also be subjected to the 
same rapid high temperature anneal. For this reason, it is 
important to understand the effect of RTP on ion-im- 
planted polysilicon. In cases where annealing of poly- 
silicon is desired, e.g., for the activation of implanted spe- 
cies or for dopant drive-in into an underlying 
single-crystal substrate (11), it may be possible to pre- 
cisely control dopant redistribution profiles by a proper 
choice of rapid annealing conditions. 

In this paper, we report the effect of isothermal RTP on 
75As§ polysilicon films, with particular atten- 
tion to dopant activation and redistribution. 

Experimental 
Polysilicon films of thickness 0.41 -+ 0.10 t~m were de- 

posited by low pressure CVD onto oxidized Si substrates. 
Substrates were Czochralski-grown, 100 mm diam, n-type 
Si (100) wafers on which 800A of thermal oxide was 
grown. The oxide was used to simulate a polysilicon gate 
MOS structure and served to isolate the polysilicon 
overlayer for subsequent  sheet resistance measurements.  
Samples were implanted with either 1 • 1015 cm -:  or 1 • 
101~ cm -2 As* at 100 keV, which is a shallow implant  with 

respect to the polysilicon film thickness [experimentally 
measured range and standard deviation are R, = 500~ and 
AR = 235~, respectively (12)]. To investigate the effective- 
ness of a surface barrier in preventing arsenic outdiffu- 
sion, one-half of each wafer was capped with about 600~ 
of SiO.z, deposited by plasma-enhanced CVD. The low 
temperature (<200~ of the plasma-deposition step pre- 
vented activation or diffusion of the implanted arsenic 
prior to rapid annealing. 

All annealed samples were subsequently characterized 
by four-point probe measurement  of sheet resistance. Se- 
lected samples were analyzed by secondary ion mass 
spectrometry (SIMS) to determine arsenic concentration 
depth profiles 1 and by spreading resistance probe mea- 
surements to determine electrically active dopant pro- 
files. 2 

RTP was carried out using an automated, serial process 
rapid thermal processing system (Varian Model IA-200) 
(13). This same equipment  has been used to successfully 
anneal and activate As§ single-crystal Si with 
minimal  dopant redistribution (7, 14-16). Wafers are ex- 
posed in vacuum of - 2  • 10 -6 torr to the blackbody radia- 
tion of a resistively heated planar graphite heater which is 
continuously on during the annealing process. The time 
which a Mo shutter, located between heater and sample, 
is open determines exposure time and can be regulated to 
-+ 0.15s. Past experience with RTP of As§ 
single-crystal Si (14-16) guided the Choice of annealing 
conditions used in the present study of polysilicon; viz., 
heater temperature was set at 1150~176 in 50~ inter- 
vals and exposure times ranged from 5 to 25s in 5s inter- 
vals. From measurements of the wafer's central area with 
a focused IR pyrometer, sample temperature was esti- 
mated to be >900~ after 10s and within -10~ of the 
heater set-point temperature after 25s. Figure 1 plots the 
measured wafer temperature as a function of exposure 
time to the graphite heater (1150~176 As used in this 
paper, the terms "annealing temperature" and "annealing 
time" refer to heater temperature and total exposure time 
to the heater, respectively. 

Results 
Four-point probe data from As§ polysilicon 

films annealed without an oxide cap is presented in Fig. 
2. Sheet resistance, Rs, is plotted vs. exposure time for im- 
plant doses of 1 • 1015 cm -2 and 1 • 101~ cm ~ and heater 
temperatures of 1150~176 For comparison, data ob- 
tained by Wilson et al. on As§ (100 keV, 1 • 10 I~ 
cm -2) single-crystal Si annealed in an identical RTP sys- 
tem is also shown (14). Arsenic doses in excess of 1 • 10 ~5 
cm -~ are sufficient to amorphize the polysilicon surface 
region and increase its reflectivity. Films exposed to the 

1SIMS performed at Charles Evans & Associates, San Mateo, 
California. 

2Spreading resistance probe measurements performed at Sole- 
con Laboratories, Sunnyvale, California. 
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heater for 5s or less maintained this higher reflectivity 
over their complete surface area. For exposures between 
5 and 10s, incomplete annealing, as evidenced by gross 
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Fig. 2. Sheet resistance v s .  exposure time to the graphite heater 

(1150~176 for As+4mplanted polysilicon films. The films were 
uncapped and had either a 1 • 10 '~ cm -~ (solid line) or a 1 • 10 ~5 
cm -2 (dashed line) implant dose. Results of similarly processed single- 
crystal Si(100) wafers [Ref. (14)] are given for comparison (phantom 
line). 

nonuniformity of both surface reflectivity and sheet re- 
sistance, was observed. 

For exposures above 10s, the sheet resistance increases 
rapidly with time of RTP, this increase being more pro- 
nounced at higher annealing temperatures. For example, 
at 1300~ depending on implant  dose, Rs increases by 3-4 
orders of magnitude as exposure time increases from 
10-25s. The lowest values of Rs, obtained following 1150~ 
10s exposure, were -220 and -1000 12/[3 for 1 x 
10 TM cm -~ and 1 x 10 's cm -2 As* dose, respectively. By 
contrast, comparably implanted (100-keV, As +, 1 x 10 '5 
cm -2) and annealed single-crystal Si has a sheet resist- 
ance which is 10-100 times lower than that of polysilicon 
(Fig. 2) and which is relatively insensitive to exposure 
time. For the single crystal, R~ reaches a min imum value 
of -90  ~/[~ after 15s exposure at 1150~ and then in- 
creases to -110 ~2/Q after 25s. Wilson et al. attribute this 
increase to loss of implanted arsenic from the uncapped 
single-crystal Si surface (14) and, for these RTP condi- 
tions, calculate an arsenic diffusivity of - 9  • 10 -'3 cm2/s. 
It is well known that the diffusion coefficient of As in 
polysilicon is enhanced due to grain boundary diffusion 
and can be much greater than in single-crystal Si: 102-103 
times greater at temperatures -1150~ (2, 12, 17). Assum- 
ing this enhancement  holds under  RTP conditions as 
well, one expects effects observed in single-crystal Si and 
attributed to dopant outdiffusion to be far more pro- 
nounced in the case of polysilicon. This is seen to be the 
case in Fig. 2 for the 1 x 10 '5 cm -2 dose implants annealed 
at 1150~ As exposure time varies from 15-25s, sheet re- 
sistance of the single crystal increases by about 20%, 
while that of the polysilicon film increases by more than 
an order of magni tude .  

In the case of ~'P+-implanted polysilicon (1 x 10 '~ cm -~-, 
40-80 keV), surface loss of dopants during RTP has also 
contributed to high values of sheet resistance (18). Dopant 
depth profiles to be presented later support the conclu- 
sion that significant arsenic migration is occurring in our 
polysilicon films under  RTP conditions which, in single- 
crystal Si, give rise to negligible redistribution. 

One way of avoiding arsenic outdiffusion during fur- 
nace annealing of polysilicon is to employ an oxidizing 
ambient  (2, 12) or Si3N4 cap (12). In the case of isothermal 
RTP, thin oxide capping layers (-500A) have successfully 
prevented arsenic loss from single-crystal samples 
(14, 15), while thick capping layers (-3000~) of 
phosphosilicate glass have prevented phosphorus outcHf- 
fusion (18). In Fig. 3, we present our results for polysilicon 
samples capped with a thin oxide. The implantation and 
the rapid annealing conditions are the same as in Fig. 2; 
the 600~ of plasma-deposited oxide was wet chemically 
stripped in BHF prior to sheet resistance measurement. 

Comparison in Fig. 3 with data of Wilson et al. (15) show 
that the sheet resistance of identically implanted and rap- 
idly annealed (1200~ single and polycrystalline silicon 
samples exhibit qualitatively the same behavior, but  
values of Rs for the single-crystal case are several times 
lower. For example, after a 25s 1200~ anneal, Rs for im- 
planted single-crystal Si (1 x 10 '6 cm -2 dose) is = 11 ~Q/[], 
while the corresponding value of polysilicon is = 35 ~/D. 
This difference is more pronounced at 1 • 10 '~ cm -2 dose  
where values of R~ = 80 and 700 ~2/[:] are obtained for 
single-crystal and polysilicon, respectively. 

Depth profiles of total dopant concentration (i.e., both 
electrically active and inactive arsenic), measured by 
SIMS, and carrier concentration, measured by spreading 
resistance probe, are plotted in Fig. 4-6 for capped poly- 
silicon films. Conditions of RTP were 1150~ and 15-25s. 
The atomic concentration scale is based on previous anal- 
ysis of an As + implant  standard, while the depth scale is 
determined by direct profilometer measurement  of the 
sputtered crater depth following SIMS. In the absence of 
direct mobility profile measurements on these films. 
spreading resistance data were converted to carrier con- 
centration by using mobility values obtained by Wilson 
on similarly implanted and rapidly annealed LPCVD 
polysilicon films (18). 
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Figures 4 and 5 show data obtained from 1 x 101~ cm -2 
dose implants annealed for 15 and 25s, respectively. In 
Fig. 4, the Gaussian as-implanted arsenic profile, take~ 
f r o m  experimental result of Tsukamoto et aI. (12) for 
100-keV 7~As+ into polysilicon, is also shown. After 15s an- 
neal, the atomic arsenic concentration still peaks at the 
range of the as-implanted profile, but at a value which is 
slightly less (about 1.2 x 1020 cm- ' )  than that before RTP 
(about 1.8 x 1027 ~am-, ). The concentration profile then 
gradually tails exponentially off with distance, reaching 
about 2 x 10,s c m - '  at the polysilicon-oxide interface, 
where it decreases abruptly. 

By contrast, As + implants into single-crystal Si (100 
keV, 1 x 1015 cm -2) show only slight dopant redistribution 
after identical rapid annealing conditions (14). Moreover, 
the' polysilicon carrier concentration profile (dashed line) 
is dramatically different than the dopant profile (solid 
line) in that it does not exhibit a gradual tail. Instead, it 
decreases rapidly with depth, closely resembling the tail 
off of the Gaussian as-implanted profile. Comparison of 
carrier and dopant profiles show that at depths >~ 0.2/~m 
arsenic is present in relatively high concentration 
(-10~8-10 TM cm -~) but  is almost completely inactive. 

After 25s anneal (Fig. 5), however, the shape of carrier 
and atomic concentration profiles are seen to be similar. 
Namely, dopant redistribution is so great that relatively 
flat profiles are measured throughout the entire poly- 
silicon film thickness. The sharp peak at the oxide inter- 
face is probably not arsenic pile-up, but an artifact of the 
SIMS technique caused by oxide charging and higher 
secondary ion yield from arsenic in the oxide matrix (20). 
Good agreement of the integrated area under  the SIMS 
profile with the implanted dose shows that loss of arse- 
nic from the capped films is negligible. 

Discussion 
The behavior observed in Fig. 4 and 5 can be qualita- 

tively understood by a model for the thermal diffusion of 
implanted arsenic in polysilicon proposed by Swamina- 
than et aI. (17). In this model, As atoms are electrically ac- 
tive when located within the crystalline grains, but inac- 
tive when located along the grain boundaries. In addition, 
arsenic diffuses much more rapidly along the grain 
boundaries than within the bulk of the grains (about four 
orders of magnitude faster). Before RTP, the implanted 
arsenic is mostly in the interior of the grains and is dis- 
tributed within -R~ + AR ~ 0.1 /zm of the surface. Upon 
rapid heating, implant damage begins to anneal out as As 
atoms begin to activate within the grains and to segregate 
out at the grain boundaries. Diffusion along the grain 
boundaries then rapidly transports electrically inactive 
arsenic deeper into the film, where it much more slowly 
diffuses back into the  grain interiors and becomes elec- 
trically active. In light of this model, the gradual tail of 
the atomic concentration profile seen in Fig. 4 at depth 

0.2 /zm is taken to represent electrically inactive As 
atoms along the grain boundaries. The carrier concentra- 
tion, similar in shape to the as-implanted profile, is taken 
to represent As atoms which have been activated but 
have not diffused far from their original positions within 
the grains. This interpretation is consistent with esti- 
mated diffusion lengths for As in single-crystal and poly- 
silicon. Data of Swaminathan et al. (17) extrapolated to 
1100~ gives a grain boundary diffusion coefficient of D, 

2 x 10 '~ cm~/s. Data of Wilson et al. (14) give a diffusion 
coefficient of D2 ~ 9 x 10 -,~ cm -'2 for single-crystal sili- 
con samples with implant and RTP conditions the same 
as the polycrystalline samples used in the present study. 
Assuming our wafers were close to ll00~ for t -Ss  (Fig. 
1), leads to thermal diffusion of x/2Dit -0.5/zm and ~/2D2t 
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concentration for implanted and capped polysilicon films (As +, 100 
keV, 1 • 10 '5 cm -~) which were exposed to the 1150~ heater for 
25s, 

~0.03 ~m. The former length is comparable to the poly- 
silicon film thickness, while the latter is approximately 
the observed broadening of the carrier profile relative to 
that of the as-implanted dopants. As exposure time in- 
creases to 25s and wafer temperature to ~1150~ one ex- 
pects diffusion lengths within the grains to be compara- 
ble to or greater than the average grain size [~600~ as 
determined from TEM micrographs ~ of these samples] 
and a larger fraction of the implanted arsenic can reach 
the grain boundaries. In addition, As atoms which have 
diffused into the film have had more time to diffuse back 
into deeper lying grains and be activated. The net effect is 
that after 25s exposure (Fig. 5), the shape of electrically 
active and total dopant profiles are brought into closer 
agreement. 

Data for a polysilicon film implanted at 1 • 10 TM cm -2 
dose and annealed for 15s are shown in Fig. 6. Unlike the 
1 x 10 '5 cm -2 dose data in Fig. 4, the carrier and atomic 
concentration curves in tl~is case have a similar, flat 
profile throughout the film, more like the 25s anneals 
shown in Fig. 5. One possible explanation for this dose- 
dependent  behavior is that the wafer with the higher dose 
implant may have more quickly reached thermal equilib- 
rium with the heater, so that the effective t ime for arsenic 
diffusion at 1150~ was longer. Measurements of wafer 
temperature vs. exposure time made with an IR pyrome- 
ter do not support this explanation. Instead, we propose 
that dose-dependent differences in the arsenic profiles 
following RTP are due to the concentration-dependent 
diffusivity of arsenic in single-crystal silicon which is 
known to increase with carrier concentration (21). 

Studies by Swaminathan et al. (17) of concentration 
profiles of As+-implanted polysilicon after furnace an- 
nealing (750~176 indicate that the grain boundary dif- 
fusion coefficient is more or less independent  of arsenic 
concentration or polysilicon grain size (0.2-0.5 ~m grains), 

3TEM analysis performed by Universal Energy Systems, Day- 
ton, Ohio. 
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while the diffusion coefficient within the grains is the 
same as in single-crystal Si. Using the model  presented 
earlier in connection with Fig. 4 and 5, we qualitatively 
explain the difference between Fig. 4 and 6 as follows. 
Upon rapid annealing, As atoms diffuse from the bulk to 
segregate at the grain boundaries. Since the diffusivity of 
As in Si increases with concentration, we expect  a greater 
percentage of implanted arsenic to reach the grain bound- 
aries of the film with the higher, 1 • 10 '6 cm-2, dose. This 
greater source of dopant is then available for diffusion 
deeper into the film. Since diffusion back into the grain 
interiors is also expected to proceed more rapidly in the 
higher dose case, the activation profile can more closely 
track the dopant profile deeper in the film. 

The 1 • 10 '6 cm -2 dose film annealed for 25s at 1150~ 
produced a relatively flat concentration profile averag- 
ing about 2.5 • 102o c m - '  throughout the 0.41 ~m thick 
polysilicon layer (Fig. 6) and exhibited a sheet resistance 
(Fig. 3) of -45  ~/[:] (-1.8 • 10 -3 ~-cm). Murota and Sawai 
(22) have reported the dependence of resistivity for an- 
nealed polysilicon films as a function of carrier concen- 
tration. Following 1150~ furnace anneal (N~, 30 min), 
films with dopant concentrations the same as in Fig. 6 
had resistivity about 1.6 • 10 -3 ~-cm, comparable to that 
measured in this work under RTP conditions. Recently, 
Josquin  et al. (11) reported sheet resistance of furnace- 
annealed 100-keV, 1 • 10 TM cm -2, 75As+-implanted, 0.5 ~m 
polysilicon deposited onto field oxide. Following furnace 
anneal (1000~ 95 rain in N2), a value of 65 ~2/[] was ob- 
tained, which again is similar to our result of -45  ~/[:] for'  
a 1150~ rapid anneal. 

Summary 
In conclusion, we have measured sheet resistance, 

dopant profiles, and carrier concentration profiles for 
As+-implanted polysilicon films. For the RTP conditions 
used, both 1 • 10 '~ cm -2 and 1 • 10 '6 cm -2 dose films ex- 
hibit significant dopant redistribution and, when 
uncapped, surface loss of arsenic after even 15s anneal, 
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unlike the case of comparably implanted and annealed 
single-crystal Si. 

By use of a thin (600A) oxide cap, however, arsenic 
outdiffusion could be completely prevented and stable 
sheet resistance of -30  1"1/O obtained for 1 x 10 TM cm -2 
films (25s, 1250~ This value of sheet resistance is com- 
parable to that of n+-polysilicon films produced by fur- 
nace annealing of identical As + implants. The shape of the 
carrier concentration and total dopant profiles following 
RTP are dependent  both on implant dose and annealing 
time. The behavior of these profiles can be qualitatively 
unders toodin  terms of a model whereby (i) thermal diffu- 
sion of electrically active arsenic within the polysilicon 
grains and electrically inactive arsenic along the grain 
boundaries occur with significantly different rates, and 
(ii) where the former process is concentration dependent  
and the latter is not. 

As a result of the rapid redistribution of dopants, thick 
(-0.4 tLm) polysilicon films could be uniformly doped in 
times on the order of 15s from a relatively shallow, high 
dose As + implant (100 keV, 1 • 10 ~6 cm-2). Under these 
same RTP conditions, comparably implanted and an- 
nealed single-crystal Si shows minimal dopant redistribu- 
tion. It may be possible to use this fact to advantage when 
fabricating NMOS devices with self-aligned gates. In this 
case, a single, high dose As§ step could 
be used to dope source and drain regions as well as the 
surface of the polysilicon gate (capped by a thin oxide or 
Si3N, layer). RTP could then be used to anneal implant  
damage and activate implanted dopants in the single- 
crystal source/drain regions with minimal dopant redistri- 
bution, preserving shallow n~-p junction depths. In the 
polysilicon layer, however, this same rapid anneal would 
produce significant arsenic redistribution resulting in a 
uniformly doped, low sheet resistance gate electrode. A 
second possibility suggested by the present study is to 
use heavily implanted polysilicon as a diffusion source 
and RTP as a means of rapidly driving arsenic from the 
polysilicon surface into a much deeper, underlying, 
single-crystal Si substrate. Fabrication of emitters and 
buried collectors for npn  bipolar devices, for example, 
could then be carried out in the doped, damage-free 
single-crystal regions (11). 

Finally, we note that the behavior of implanted arsenic 
observed under  RTP in this work should not be assumed 
to hold, a priori, for other implanted species. For exam- 
ple, recent work on RTP of ' lB'-implanted polysilicon 
shows that successful activation can be achieved without 
having to cap the film surface (23). 
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ABSTRACT 

Electrical characteristics for metal-tantalum pentoxide-silicon dioxide-silicon structures are described. The interface 
charge density and the surface-state density are measured to determine the interface properties. By optimizing each in- 
sulator thickness, the interface charge density can be reduced to as low as 6-12 • 109 cm -2 at flatband. The surface-state 
density of 3-4 • i0 '~ cm -~ eV-' can be obtained near the midgap by inserting a 25 nm thickness of SiO~. It is indicated 
that the interface charge density variation with each insulator thickness can be explained by the charge compensation 
mechanism between the positive charge at SiO~Si interface and the negative charge at Ta~OJSiO2 interface. It is found 
that the negative charge localized at Ta2OJSiO2 interface gradually decreases and that the dielectric constant for Ta205 
deposited on SiO2 monotonically increases with the underlying SiO2 layer thickness. 

In recent years, tantalum pentoxide (Ta2Os) film has 
been of interest for use as a storage capacitor in large- 
scale integrated-circuit memory cells (1, 2) and as a gate 
insulator for MOS devices (3, 4). The higher dielectric 
constant of Ta~Os, compared with that of SiO~, makes it 
attractive as dielectric material for these devices. In our 
most recent paper, it was reported that a relatively good 
quality TarO5 gate insulator could be fabricated using RF- 
magnetron sputtering and that annealing in the hydrogen 
ambient  had a great effect on removing damage produced 
during the sputtering process (4). Under opt imum anneal- 
ing conditions, the interface charge density could be re- 
duced to as low as -1.4 x 10" cm -2 and the surface-state 
density of 1.5 x i0" cm -2 eV-' could be obtained near the 
midgap. These were the lowest values in the Ta~OJSi in- 
terface to have been reported. However, in order to obtain 
high-quality MOS devices with high transconduetance 
and low threshold voltage, it becomes increasingly impor- 
tant to reduce both the interface charge density and the 
surface-state density to much lower values. 

In this work, the electrical characteristics of MTOS 
(metal-tantalum pentoxide-silicon dioxide-silicon) 
double-dielectric insulator structures have been studied. 
In this structure, a SiO2 layer is inserted between the 
Ta20~ layer and the silicon substrate in order to reduce 
damage induced during the Ta.~O5 sputtering process. The 
interface charge density and the surface-state density are 
calculated from the high-frequency capacitance-voltage 
characteristics to investigate the interface behavior. This 
paper reports the results of these experiments and shows 
the effects of the inserted SiO2 layer on the electrical 
properties of MTOS structures. 

Experimental 
AYTa~OJSiOJSi strucures were used to investigate the 

interface behavior. All of the MTOS structures were fabri- 
cated on p-type, <100>-oriented, 10:20 ll-cm silicon wa- 
fers. SiO2 was thermally grown at ll00~ in dry oxygen at~ 
mosphere. The SiO2 thickness was 86 nm. Immediately 
before being installed into the sputtering chamber, the 
wafer was etched by buffered HF solution to adjust the 
SiO~ thickness. Sputtering was performed using an 
ULVAC SBti-2204 RS RF-magnetron sputtering system. 
Instead of the conventional oil diffusion pump, a cryo- 
genic pump was used to eliminate oil contamination. The 
Ta205 target was 10 cm in diameter and 5 mm thick. The 
target-t~-substrate distance was 5 cm. The sputtering gas 
consist@d of mixtures of argon and oxygen (partial pres- 
sure,ratio of Ar/O2 = 80/20). The sputtering chamber was 
evacuated to less than 1 • 10 -7 torr prior to sputtering 
and was then backfilled with the sputtering gas. The 
sputtering pressure was 5 • 10 -3 torr. Typical deposition 
rate for TarO5 ranged -from 2 to 6 nm/min. Aluminum dot 
electrodes 300 ~ m  in diameter were electron-beam- 
deposited. To minimize the radiation damage, the wafers 

were annealed at 450~ for 30 min in the hydrogen 
ambient. 

After a final H2 anneal, high-frequency capacitance- 
voltage characteristics were measured. In this measure- 
ment, capacitance meters (HP 4274A and HP 4275A) and a 
dc voltage source (HP 4140B) were automatically con- 
trolled by a microcomPuter (APPLE II plus) through the 
General Purpose Interface Bus (GPIB). The interface 
charge density was calculated from the flatband voltage 
measured at 1 MHz, and the surface-state density distri- 
bution was obtained from the C-V characteristics mea- 
sured at 1 mHz, using the Terman method (5). Frequency 
dispersion in the C-V characteristics was studied by vary- 
ing the measurement frequencies in the range of 1 kHz to 
1 MHz. These measurements were performed in the dark 
at room temperature. 

Results and Discussion 
Ta.~O~ thickness dependence.--The interface charge den- 

sity in the AYTa2OJSiOJSi structures has been studied 
for various TarO5 thicknesses. The SiO~ thickness was ad- 
justed to 22 nm by chemical etching, prior to the Ta~O~ 
sputtering deposition. After annealing in the hydrogen 
ambient,  no apparent hysteresis and frequency dispersion 
were observed in their C-V curves. 

Figure 1 shows the interface charge density variation 
with different Ta205 thicknesses. The interface charge 
density changes monotonically from positive to negative 
as the TarO5 thickness increases. The results shown in 
Fig. 1 indicate that the interface charge density can be 
controlled by adjusting the Ta205 thickness. This inter- 
face charge density variation can be explained by the 
charge compensation mechanism between the positive 
charge localized at the SiO_,/Si interface and the negative 
charge in the Ta..,O5 layer. In our most recent paper, it was 
shown that the negative charge in the Ta205 layer was 
fully localized in the transition layer formed in the early 
stage of the TarO5 formation (4). Based upon this result, 
the negative charge in the TarO5 layer deposited on SiOx 
is assumed to be localized at the Ta~OJSiO2 interface. In 
this model, the interface charge density QJq can be given 
by 

Q~s 1 X 
q q ~ p~(x)dx 

.1{ Kdt } 
q ds + Kdt (-Q~) + Q' K eJet [1] 

where ds is the SiO2 thickness, dt is the Ta205 thickness, 
pox(X) is the charge distribution function in the insulator, 
e~ is the dielectric constant for SiO2, and et is the dielectric 
constant for Ta20~. Q,/q is the positive charge density at 
the Si02/Si interface and -QJq is the negative charge den- 
sity at the Ta2OJSiO2 interface. Introducing 
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n = Q2/Q, [2] 

Eq. [1] becomes 

Qss _ Q, (1 - n ) [3] 
q q 1 + dJ(Kdt) 

The interface charge density variations with Ta.,O~ thick- 
ness were calculated for several sets of n and Q,/q. Calcu- 
lated results are given in Fig. 1. It is found that the best 
fit is obtained with n = 4.7 and Q,/q = 1.5 • l0 s' cm -~. 

SiO~ thickness dependence . - -Figure  2 shows the inter- 
face charge density variation with different SiO~ thick- 
nesses. The TarO5 thickness was kept within the range of 
75-80 nm, and the SiO2 thickness was varied within the 
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Fig. 2. The interface charge density variation with different SiO~ 

thickness. The Ta~05 thickness is kept within a range of 75-80 nm. 
Calculated results of the interface charge density variation with Si02 
thickness are shown in the solid and dashed lines. 

range of 10-60 nm by chemical etching. The interface 
charge density changes monotonically from negative to 
positive as the SiO~ thickness increases. Results shown in 
Fig. 2 indicate that the interface charge density can be 
controlled.by adjusting the SiO2 thickness. 

This interface charge density variation is based on the 
charge compensation mechanism described above. If Q, 
and Q2 are assumed to be invariant with different SiO2 
thicknesses, the interface charge density variation can be 
expressed by Eq. [3] with n = 4.7 and Q1/q = 1.5 x 10" 
cm-2. Calculated results based upon these values of n and 
QJq are plotted in Fig. 2 (solid line). The experimental 
values do not coincide with the calculated result. This 
implies that the assumption mentioned above cannot be 
applied to the MTOS structure with different SiO., thick- 
nesses, i.e., charges in the insulator change with the un- 
derlying SiO2 thickness. The positive charge localized at 
the SiOJSi interface is invariant throughout the whole 
SiO2 thickness range studied. Therefore, results shown in 
Fig. 2 indicate that the negative charge at the Ta2OJSiO.2 
interface monotonically changes with the underlying SiO~ 
thickness. 

The variation of the negative charge with the underly- 
ing SiO~ thickness is expressed by the simultaneous vari- 
ation of the parameter n in Eq. [3]. Calculated results for 
the case that the parameter n is variable with the SiO2 
thickness are also shown in Fig. 2 (dashed line). In this 
case, the inversely proportional relationship between the 
parameter n and the SiO~ thickness is considered as one 
example of variation manners  of n; the parameter n is as- 
sumed to decrease linearly from 5.5 to 0.5 as the SiO~ 
thickness increases from 10 to 60 nm. The coincidence of 
the experimental data with calculated values is improved. 
Therefore, it is concluded that the negative charge at the 
Ta~OJSiO2 interface gradually decreases as the underly- 
ing SiO=, thickness increases. 

Based upon the resu l t s  mentioned above, the MTOS 
structure with low interface charge density has been de- 
signed and fabricated. Fighre 3 shows capacitance- 
voltage characteristics for the MTOS capacitor with the 
25 nm-thick SiO2 and the 38 nm-thick Ta20~. Measure- 
ment  frequencies were varied in the range of 1 kHz to 1 
MHz. As shown in Fig. 3, nearly ideal C-V curves were ob- 
tained, and no apparent hysteresis and frequency disper- 
sion were observed. The interface charge density, calcu- 
lated from the flatband voltage measured at 1 MHz, 
ranges from 6-12 • l0 s cm -~. These are the lowest values 
to have been reported. 

Surface-State dens i ty . - -Figure  4 shows the surface-state 
density distributions near the valence band for AYTa20.J 
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SiOJSi structures. The surface-state density distributions 
for two samples with different SiO~ thicknesses are com- 
pared. The SiO2 thicknesses are 10 and 25 nm, respec- 
tively. As shown in Fig. 4, lower surface-state density has 
been obtained for the sample with the thicker SiO~ layer. 
The surface-state density has been able to be reduced to 
as low as 3-4 x 10 '0 cm -2 eV- '  near the midgap. These are 
the lowest values in AYTa~OJSiOJSi structure devices. 
Furthermore, the values obtained in this work are compa- 
rable to those for SiOJSi interface with an a luminum 
gate. Therefore, it is concluded that the SiO2 layer, in- 
serted between TarO5 and Si, has a great effect on the pro- 
tection of the damage produced at the silicon surface dur- 
ing the Ta~O~ sputtering process. 

Dielectric properties.--Dielectric properties of the TarO5 
deposited on the SiO~ layer have been studied. The di- 
electric constant of the Ta..,O5 layer is calculated from the 
capacitance in the accumulated region of the C-V charac- 
teristics measured at 1 MHz, the Ta205 thickness, the SiO2 
thickness, the dielectric constant of SiO2, and the elec- 
trode area. Figure 5 shows the dielectric constant varia- 
tion for the Ta205 layer with changes in the underlying 
SiO2 layer thickness. As shown in Fig. 5, the dielectric 
constant of the Ta205 layer monotonically increases as the 
SiO~ layer thickness increases. The dielectric constant of 
Ta20~ deposited on 10 nm-thick SiO.., is 16.8, which is a 
smaller value than that for the bulk of Ta2Os. On the other 
hand, the dielectric constant of the TarO5 layer deposited 
on the 60 nm-thick SiO~ reaches 23.8, which is very close 
to that for the bulk of Ta~Os. 

It was reported in our most recent paper (4) that TarO5 
deposited on single-crystalline silicon consisted of two re- 
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gions: a low dielectric-constant transition layer at the in- 
terface; and the following homogeneous layer, whose di- 
electric constant was close to that for the bulk of Ta~O~ 
(4). Applying this two-layer model to the Ta205 deposited 
on SiO2, the dielectric constant variation shown in Fig. 5 
can be explained by transition layer thickness changes: 
the low dielectric-constant transition layer thickness de- 
creases as the underlying SiO.., layer thickness increases. 
In this two-layer model, the negative charge is fully local- 
ized in the transition layer and it is assumed to change 
with the transition layer thickness variation. Under these 
assumptions, the dielectric constant variation with the 
underlying SiO2 thickness is in coincidence with the grad- 
ual variation of the negative charge density localized at 
the Ta2OJSiO2 interface mentioned above. 

Conclusions 
Ta2Q films were deposited onto thermally grown SiO~ 

on the silicon substrate, using RF-magnetron sputtering. 
High-frequency capacitance-voltage characteristics were 
measured to determine the interface charge density and 
the surface-state density in the AYTa2OJSiO~Si struc- 
tures. The results indicate that the interface charge den- 
sity can be controlled by adjusting the TarO5 and SiO2 
thickness. By optimizing each thickness, the interface 
charge density ranging from 6-12 • 109 cm -~ can be ob- 
tained. The surface-state density can be reduced to as low 
as 3-4 x 10 ,0 cm -2 eV- '  near the midgap by inserting 25 
rim-thick SiO2. These are the lowest values to have been 
reported. 

It is also indicated that the }nterface charge density var- 
iation with Ta205 or SiO2 thickness can be explained by 
the charge compensation mechanism between the posi- 
tive charge at SiO~/Si interface and the negative charge at 
Ta2OJSiO2 interface. In addition, it is found that the nega- 
tive charge gradually decreases as  the underlying SiO~ 
thickness increases. The dielectric constant of the TarO5 
layer deposited on the SiO., layer gradually increases with 
the underlying SiO2 thickness. The negative charge varia- 
tion and the dielectric constant variation with the under- 
lying SiO2 thickness can be explained by a two-layer 
model. A narrow transition layer exists at the interface, 
where the rest of the film is homogeneous. 
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Surface Potential Profiling of HV Devices Using Scanning Auger 
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ABSTRACT 

The shift in Auger electron energies is used to measure the voltage profile on high voltage semiconductor devices. The 
scanning mode available on present-day Auger microscopes allows two-dimensional quantitative voltage-contrast imaging. 
This technique has been used to measure surface potentials on a high voltage npn  transistor biased up to 1 kV. An accuracy 
of better than 10V and a spatial resolution of 8 ~m are demonstrated. 

Computer modeling is used extensively in the design of 
high voltage semiconductor devices. However, not many 
convenient techniques are available for testing the accu- 
racy of the modeling, and often the breakdown voltage of 
the device is the only measurable parameter for compari- 
son. Fine metal probes can be used for measuring the sur- 
face potential, but they have limited spatial resolution and 
may well be ineffective in the presence of passivation. 

By measuring the energy shift of the secondary electrons, 
the scanning electron microscope (SEM) has been widely 
used as a noncontacting probe of submicron spatial resolu- 
tion to measure voltages on integrated circuits (1-3). How- 
ever, the low energy (5-10 eV) of the secondary electrons 
makes them unsuitable for probing high voltage devices 
where high lateral fields are present (4). For this reason, the 
use of Auger electrons of much higher energies was pro- 
posed over a decade ago for surface potential measurement  
of high voltage devices (5, 6). Surface potentials of • 40V 
were successfully measured in this way. Since that time, 
Auger spectroscopy instrumentat ion has been considera- 
bly refined, and sophisticated signal processing has en- 
hanced the capabilities of the method. Whereas the earlier 
instruments  could only make point-by-point measure- 
ments, newer instruments  provide a scanning mode so that 
two-dimensional potential contour images can be obtained. 
This work demonstrates, using a high voltage npn  transis- 
tor, that surface potentials of up to 1 kV can be measured in 
this way. 

It is known that a high energy beam penetrating an 
insulating film can render it locally conductive (7). This 
feature makes eleCtron beam probing methods particularly 
suited to semiconductor devices having passivation layers, 
as demonstrated by the results of this work. 

450 nm semi-insulating polycrystalline silicon (SIPOS) 
layer. 

All measurements were carried out in a PHI 590 SAM. 
Possible drift in the energies of the Auger lines, caused by 
charging of the insulating nitride layer, were minimized by 
using an accelerating voltage of 8 keV so that the beam eas- 
ily penetrated through the nitride layer, thus rendering it 
conductive (7). During the measurements, the beam cur- 
rent was held constant at - 1  ~A. The Auger spectrometer 
uses a lock-in amplifier (PAR Model 120) for the detection 
of the Auger signal. The modulation voltage of the amplifier 
can be varied from 1 to 20V, with the smaller values re- 

Experimental 
The test devices used in the study were npn  power tran- 

sistors designed to operate up to 1 kV. Figure la is a sche- 
matic diagram of the cross section of the base-collector 
junct ion of such a device, and the surface of the device in 
this same region is shown in the SEM photograph in Fig. lb. 
At the outer edge of the device and concentric with the base 
region are two p~ field spreading rings. The outlines of the 
diffusion windows are clearly visible in the SEM image and 
serve as useful references for beam location. The devices 
were passivated with a 200 nm silicon nitride layer over a 

School of Electronic Engineering Science, University College of 
North Wales, Bangor, Gwynedd, Wales. 

2 General Electric Company, Discrete Semiconductor Device 
Center, Syracuse, New York 13221. 

Fig. 1. (a) Cross-sectional diagram of the base collector junction in the 
test device; (b) a SEM photograph of the same area of the device. 
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sulting in better voltage resolution, but poorer signal-to- 
noise ratio. For the results reported below, a modulat ion of 
10V was used. Voltages for biasing the devices were pro- 
vided by a Fluke Model 412B high voltage power supply. 

Results 
Curve (a) in Fig. 2 shows a typical Auger spectrum ob- 

t a ined  f rom the  tes t  dev i ce  w h e n  all t e rmina l s  are 
grounded. In addition to the silicon and nitrogen lines ex- 
pected from the Si3N4 passivation, lines due to carbon and 
oxygen contamination on the surface are also present. 
These extra lines do not detract from the measurement  
technique. Indeed, in many instances, the oxygen line can 
be used to advantage because of its high intensity, as will be 
demonstrated later. That all the lines in Fig. 2a occur at the 
e x p e c t e d  ene rg ie s  (wi th in  -+5V) conf i rms  tha t  any 
charging effects in the nitride must be small. With the base 
biased to -200V, the spectrum from this same location (be- 
tween the base and first p+ ring) shifts to higher energies as 
shown by curve (b) in Fig. 2. A shift of 165 eV in the energy 
of each line indicates a local surface potential o f -  165V. The 
accuracy of the measurement  can be demonstrated by fol- 
lowing the calibration procedure described below. 

C a l i b r a t i o n . - - N e g a t i v e  voltages of up to - 1 kV are cali- 
brated by locating the beam on the base of the device in an 
area close to the metallization and observing the shifts in 
the silicon (1620 eV) and oxygen (508 eV) lines when known 
voltages are applied to the base. The silicon line cannot be 
followed beyond -600V because of the 2300 eV upper limit 
of the electron energy analyzer. The oxygen line is followed 
over the whole voltage range. 

Calibration of positive voltages is achieved by posi- 
t ioning the beam over the collector region, well away from 
any depletion edges, and using the shift in the silicon line 
which occurs when biasing the collector. For this part of the 
measurement,  the base is grounded and the device is 
mounted on an insulating support  to isolate the silicon sub- 
strate (collector) from the grounded header. Measurements 
above 500V are not possible because of the unexpectedly 
rapid reduction in signal strength as the bias increases. A 
similar effect sets in at much lower voltages for the oxygen 
line. It is believed that this loss of signal is caused by the 
fringing field pattern directing the Auger electrons away 
from the analyzer. However, in the range of - 1 kV to + 500V, 
excellent  correlation is obtained between the applied volt- 
age and the shift in the energy of the peaks, as demon- 
strated in Fig. 3. 

The fringing field from the device bias also causes a 
deflection of the primary beam, as evidenced by a noticea- 
ble shift of the SEM image. Fringing fields far from the de- 
vice surface will result in a uniform deflection of the beam 
over the image area. Provided the beam location is mea- 
sured with respect to a known reference point on the 
s ample  surface,  say, a me ta l l i za t ion  edge,  a u n i f o r m  
deflection will not affect measurement  accuracy. On the 
other hand, fringing fields close to the sample surface can 
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Fig. 2. Auger spectra from a location near the collector-base junction 
when (a) VBc = 0 V and (b) V~c = - 2 0 0 V .  
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Fig. 3. Shifts in the energy of the silicon (X) and oxygen (0) lines for 
known voltages applied to the base or collector. 

result in a nonuniform beam deflection and can lead to er- 
roneous beam location. Visually, a nonuniform beam 
deflection will translate into an expansion or compression 
of the SEM image. The relative shift in beam position can be 
estimated by approximating a lateral field of V~W, where 
W is the width over which the bias voltage Vb is dropped. 
For a high voltage transistor, this corresponds to the 
collector-base depletion width. This lateral field acts upon 
the primary beam over a vertical distance of approximately 
W. From the vertical velocity of the primary electrons 

vv = ~ /2qVJme  

where V, is the primary electron energy and me the electron 
mass, the transit t ime of the electrons through the lateral 
field zone is 

At = W x /mJ2qVp  

In this period, the lateral displacement 8 is approximately 

6 = qVbht2/2meW = VbW/4Vp 

For a typical W of 100 ~m at 1 kV of bias, 8 is about 2 ~m, 
which is of the order of the spatial resolution of the beam. 
Thus, at the voltage levels of this work, the deflection of the 
primary beam is not considered significant. Indeed, while 
uniform image shifts can be detected in the measurements  
described, no significant distortion of the device image is 
apparent. 

R e s o l u t i o n . - - T h e  linearity of Fig. 3 means that voltage 
resolution is in the range of a few volts and is determined by 
the accuracy of the analyzer (-+ 1V) and by the chosen modu- 
lation voltage. To obtain satisfactory signal strength, a 
modulation voltage of 10V was chosen for these experi- 
ments. 

Positional information is currently being obtained from 
photographic records, and spatial resolution is estimated to 
be -8 /~m.  Improvements  are obviously possible, but  ulti- 
mately, resolution will be determined by the primary beam 
size. Again, there is a trade-off between signal strength and 
spatial resolution because a larger beam current results in a 
greater beam diameter. 

Vol tage  pro f i l es . - -To  determine the voltage distribution 
on the device, a spectrum similar to that in Fig. 2 is recorded 
at several locations along the surface. For example, Fig. 4 
shows the energies of the silicon peak as the beam is moved 
from point to point along a line from the outer p+ ring to- 
ward the edge of a device where VBc = - 1 kV is applied. By 
matching the corresponding spatial positions for each spec- 
trum to the secondary electron image taken at the same 
t ime (Fig. 4, inset), plots such as in Fig. 5 are obtained for 
d i f f e r en t  va lues  of  VBc. These  plots  c lea r ly  show the  
isopotential bands formed by the two p~ rings. Obviously, 
the voltage profiles can be better defined if more points 
are taken, but this is a slow process which, under certain cir- 
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Fig. 4. Shifts in the silicon (1620 eV) line at the locations shown by the 
group of 9 dots right of center in the inset photograph. VBc = - 1 kV. 
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Fig. 5- Voltage profiles along the surface of a device when VBc = 
- 1000V (X), VBC = -- 700V (Q), and V B c  = - 500V (O). Solid line is the 
computer result for VBc = - 7 0 0 V .  

cumstances, can be obviated by using the scanning facility 
of the SAM. 

Two-dimensional surface mapping.--By setting the elec- 
tron analyzer to detect electrons of one energy, e.g., setting 
the oxygen line at 508 eV and raster scanning the beam over 
the surface, a two-dimensional image corresponding to the 
oxygen distribution over the surface can be displayed on 
the video monitor. If  the device is not biased, the distribu- 
tion is essentially uniform. If the device is biased and the 
analyzer energy is changed to508 + V (eV), then the only ox- 
ygen Auger electrons detected will be those emitted from 
that part of the device at a voltage of -V. Therefore, the im- 
age displayed will be an is0potential contour correspond- 
ing to - V  volts. 

Using the oxygen line and the procedure outlined above, 
the images of Fig. 6a-6e are obtained for the various analy- 
zer energies indicated. In this sequence of photographs, V~c 
= -200V. By use of multiple exposures, images corre- 
sponding to several analyzer settings can be superimposed 
on one photograph to analyze the data. 

A.n alternative, more rapid method used to obtain the 
same information is to step the analyzer energy by known 
amounts during a scan. This method produces an image 
with a stepped appearance (Fig. 7) from which the potential 
distribution can be obtained. There is no observable differ- 

Fig. 6. SAM images of the oxygen (508) line from a device when the 
electron analyzer is set to (a) 706 eV, (b) 669 eV, (c) 657 eV, (d) 554 
eV, and (e) 514 eV. The voltage corresponding to each isopotential = 
analyzer voltage - 508V. VBc = - 2 0 0 V .  

ence between the voltage profiles obtained by the raster 
scanning or by the point-by-point method. 

Discussion 

After establishing that the SAM can be used to obtain 
voltage profiles on the surface of high voltage devices, the 
technique is used to compare the measured data with data 
obtained from a computer  simulation of the test device, as 
illustrated in Fig. 5. The program used solves Poisson's 
equation in two dimensions using a finite difference for- 
mulation and successive over-relaxation (SOR), and it self- 

Fig. 7. SAM image obtained when the analyzer energy is changed in 
discrete steps while scanning the beam, VBc = - 2 0 0 V .  
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consistently calculates the potential at each point in the de- 
vice (8). Although the solution shown ignores the presence 
of surface charges and the passivation layer, the model pre- 
dicts the avalanche voltage with an accuracy of - -+ 5%. 
Therefore, it is presumed that a high degree of confidence 
can be pu t  in  the theore t ica l  vol tage profiles. It  is 
reassuring to obtain such good agreement between the the- 
oretical and the measured values in Fig. 5. This agreement 
also indicates that for the particular sample tested, the 
pas s iva t ion  has in s ign i f i can t  in f luence  on device 
behavior. 

The Auger profiling technique has also proved particu- 
larly useful in troubleshooting devices and in evaluating 
the effects of various device process steps. For example, 
Fig. 8 shows the voltage profiles corresponding to V~c = 
-300V in devices subjected to three different process condi- 
tions. In (a), the process has resulted in a device which goes 
into avalanche well below the designed voltage of 1 kV. The 
voltage profiles reveal that the p§ rings are not functioning 
correctly, their potentials differing only slightly from the 
base. Changing the process conditions results in a device 
which apparently meets the design performance, but  the 
Auger measurement,  (b), once again reveals incorrect func- 
t ioning of the p+ rings, suggesting possible early failure of 
the device in operation. With further modification of the 
process, the device functions correctly, as shown in (c). 

Limitations of the technique.--The general limitation of 
the technique as currently Used is the time required to ex- 
tract the positional information from photographic records. 
Digital beam positioning now available in new SAM's will 
certainly improve the ease of making point-by-point scans. 

A limitation of the raster scanning mode appears when 
the bias on the device exceeds -500V or so, causing a rapid 
change in the collection efficiency of Auger electrons to oc- 
cur as the beam scans the surface. Between the base and 
outer p+ ring, the carbon, nitrogen, and oxygen peaks are 
large, but when the beam is just  beyond this outer ring, the 
signals decrease rapidly, resulting in a loss of image. This 
shows up clearly in Fig. 9, in which the device is biased to 
-800V and the carbon signal is used to measure the surface 
voltage. No isopotentials can be observed beyond the outer 
p+ ring. Figure 9 also shows the reappearance of signals from 
the base and the inner  p§ ring as the analyzer energy is re- 
duced. This is caused by an increase in the background 
noise in the measurement  window for electron energies 
150 eV. 

In principle, these difficulties can be overcome by de- 
tecting the 1620 eV silicon line whose intensity remains al- 
most unchanged over a wide range of voltage. Unfortu- 
nately, the intensity of this line is insufficient to produce 
good two-dimensional scans. Enhancement  techniques, 
e.g., signal averaging, can conceivably be applied to facili- 
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Fig. 8. Voltage profiles obtained using SAM from nominally identical 
test devices that have undergone different processing. 

Fig. 9. Effect of high bias voltages on the SAM image. Here the carbon 
line has been used and the analyzer energy changed in discrete steps dur- 
ing the scan. Vsc = -800V.  

tate such measurements (at the expense of longer measure- 
ment  tim~). 

The beam energy  of 8 keV chosen  for this  work is 
sufficient to allow energetic electrons to penetrate the 
SIPOS layer and cause ionization in the silicon substrate. 
This can conceivably change the local potentials, and to 
check this possibility, the measurements are repeated with 
a 4 keV beam which cannot penetrate the silicon. The re- 
sults obtained are almost identical, except for an apparent 
stretching out of the distribution near the depletion edge. 
Repeating the experiments with zero bias on the device 
shows that this effect is caused by the beam-induced resist- 
ive drop across the SIPOS film. In  the vicinity of the outer 
p+ ring, this voltage is about - 10V, but  between the ring and 
the edge of the device, it increases to about -60V. After cor- 
recting for this effect, the 4 and 8 keV data are in agreement, 
showing that no adverse effects result from using the 
higher beam energy. 

An interesting effect noticed during this work is the ap- 
pearance of apparently spurious noise peaks in the Auger 
spectrum when the device is biased. These tend to appear 
in groups of three, and their energies always coincide with 
the voltages on the base and the two p~ rings. For example, 
with -500V applied to the base, the p+ rings float at -440 
and -240V, and the extra lines induced in the Auger spec- 
t rum are seen at 505,435, and 250 eV. The peaks are believed 
to arise from the elastic reflections of primary electrons 
from the device to the walls of the vacuum chamber and 
back to the device. Because of the large area of the base and 
field rings, a significant background current of secondary 
electrons will be emitted from these areas, and their ener- 
gies will be within 5 or 10 eV of the voltages on these fea- 
tures, thus giving the extra lines observed. Occasionally, 
the line being used for the voltage measurement  can be 
swamped by :these extra lines in the spectrum. 

The penetration of highly energetic electrons into the sili- 
con can conceivably disturb the local silicon surface poten- 
tial. This is certainly likely if, for example, the passivation is 
oxide and the oxide-trapped charges determine device be- 
havior in some way. Hence, for each application, the effect 
of the beam probing itself on device behavior should be 
carefully assessed. 

Conclusions 
The scanning Auger microscope has been shown to be a 

powerful tool for measuring the voltage distribution on the 
surface of a high voltage transistor. This technique has 
been demonstrated on an npn  transistor with biases of up to 
1 kV. An accuracy of 10V and a spatial resolution of 8/~m or 
better can be readily achieved on commercially available 
instruments.  

The method is suitable for unpassivated devices, as well 
as those having thin (~ 2 /~m) passivation layers. Even 
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highly insulating layers present no surface charging prob- 
lems if the beam energy is high enough for the beam to 
penetrate into the conductive silicon. The method is not 
suitable for devices with thick passivation. 
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The Dependence of Silicon Etching on an Applied DC Potential in 
C F4 -I- 02 Plasmas 
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ABSTRACT 

A copper rod which is biased by a dc potential, Vs, is placed in CF4 + 02 plasmas. The etch rate of a (100) silicon wa- 
fer placed on the rod is measured as a function of Vs at various O2 contents. At the 45% 02 content, there are plenty of F 
and O atoms, and a relatively high value of Vs is necessary to enhance the etch rate. At the 10% 02 content, the density of 
O atoms decreases remarkably, and the etch rate is enhanced with a low value of Vs. This difference can be interpreted 
by reference to the O atom adsorption on a silicon surface. The silicon etching by F atoms is enhanced effectively by in- 
cident ions with low energy, but incident ions with relatively high energy are necessary to remove adsorbed O atoms. At 
oxygen-free content with a silicon load on the anode, the numbers of  F and O atoms are small, and the enhancement  of 
the etch rate by incident ions is not large, even when Vs increases. This means that the physical sputtering rate is much 
lower than the chemical one. The etch rates on the cathode and the anode are discussed, based on these results. 

Because the mobility of electrons is much higher than 
that of ions, an ion sheath is formed in front of any mate- 
rial exposed to a plasma, in order to satisfy the charge 
neutralization. Through this ion sheath, positive ions gain 
some amount of kinetic energy and hit the surface of the 
material (1, 2). The ion incidence with kinetic energy is 
very important in interpreting the etch rate, the etching 
selectivity, and the etching anisotropy. Recently, silicon 
etching has been performed with a reactive ion beam (3) 
and a source of F atoms (4), instead of a plasma environ- 
ment, because it is almost impossible to control only a de- 
sirable plasma parameter. For the etching mechanism, a 
clear explanation has been made by these experiments. 
However, in practical use, the etching is performed under 
a plasma environment because both active and ionic spe- 
cies, which are easily formed in the plasma, seem to be 
necessary to obtain a satisfactory etch rate (5). 

In this work, a copper rod is placed in the plasma pro- 
duced by a parallel-plate-type reactor. The etch rate of sil- 
icon placed on the rod is measured by varying the dc bias 
voltage, Vs, which is applied between the rod and the an- 
ode. A change in Vs seems to have little effect on the 
plasma. The energy of incident ions on the rod must be 
smaller than eVs. Our experiments are mainly performed 
under three conditions: with a large number  of F and O 
atoms at the 45% O~ content; with a small number  of O 
atoms at the 10% O2 content; and with a very small num- 
ber of F and O atoms at the 0% O2 content. It will be 
shown that the dependence of the etch rate on Vs can be 
characterized at each condition. Moreover, the etch rates 
on the cathode and on the anode are also discussed, based 
on the experimental  results of the etch rate on the rod. 

Experimental 
A schematic view of the experimental  apparatus is 

shown in Fig. 1. A copper rod is inserted between the 
cathode and anode electrodes in a conventional parallel- 

plate-type reactor (6). The diameter of the rod is 15 mm, 
and one end of the rod is flattened to make it easy to set a 
sample. The center of the rod is set at distances of 21 and 
14 mm from the cathode and the anode, respectively. The 
rod is cooled by cold water and is biased by applying a dc 
potential, Vs, between the rod and the anode. Because a 
large current can f low to the rod when a large area is ex- 
posed to a plasma, the plasma condition seems to change 
as Vs is varied. In order to suppress this effect, the copper 
rod is covered with a quartz tube, except at its end, where 
a silicon sample is mounted. The area of the rod directly 
exposed to the plasma is estimated to be about 6 cm 2. The 
temperature of the rod is measured by a thermocouple 
and found to be 10 ~ -+ 3~ The thermocouple is set at the 
other end of the rod, outside the chamber, as shown in 
Fig. 1. The temperature of the rod inside the chamber can 
be different from the temperature observed outside the 
chamber. In order to check this difference, both tempera- 
tures are measured simultaneously with two thermocou- 
ples. The temperature of the rod end inside the chamber 
is 23 ~ -+ 3~ after 10 rain discharge, while the temperature 
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Pump +- 
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Water 

Fig. 1. The schematic view of the experimental apparatus 
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outside the chamber remains at 10~ This temperature 3 
rise, however, is almost independent  of discharge condi- 
tion. 

The flow rate of CF4 + O2 gas is maintained at 50 
cm3/min, even when the 02 content is changed from 0% to 
45%. In order to correct the optical emission intensity, Ar 2 
gas is added at a flow rate of 1 cm3/min. The pressure is 
0.3 torr, the RF power of 13.56 MHz is 100W, and the etch- 
ing t ime is 10 min. The sample is a p-type single-crystal 
silicon wafer with (100) orientation. The area of the 
sample is 0.6-0.8 cm 2. It is dipped into a 46% HF solution 
in order to remove a native oxide before mounting on the ,-, 1 
copper rod. The sample weight is measured before and 
after the etching; from the difference, the etch rate is ob- 
tained by dividing by both etching t ime and surface area. ,< 
A silicon sample is also placed on the anode to check, by 
measuring the etch rate, the effect of V~ on the plasma. 0 

At the center between the cathode and the anode, the M~ 
optical emission intensities from F, O, and Ar atoms are 
measured at wavelengths of 703.7, 777.1, and 705.4 nm, re- 
spectively. An optical fiber, which is not shown in Fig. 1, 
is used in order to guide a light beam to a monochroma- u 
tor. The dc potential of the cathode is measured through a ~ -1 

o low-pass filter. Q: 
The etch rates on both the cathode and the anode are • 

measured before the copper rod is introduced. In this I, 
case, the etch rate is measured by an interferometer by 
using a small silicon sample half-covered by an aluminum -2 c~ 
film. The etching t ime is 7 rain. The CO emission inten- 
sity is also measured at 519.8 nm, as are the F, O, and Ar 
emission intensities. V 

In some experiments,  additional silicon wafers are I 
placed on either the anode or the cathode to examine the 0 
loading effect. The word "load" appearing in this paper 
means, unless otherwise specified, that three pieces of 2 
in. Si wafer, whose total area is 60 cm 2, are placed on the 
anode. 

Results 
The dependence of the rod current, Is, on Vs is shown in 

Fig. 2. When net positive charges flow to the rod, Is is 
defined to be positive. Vs is taken positive when the po- 1.5 - 
tential of the rod is negative relative to the anode. At Vs = 
0 V, i.e., when the rod potential is equal to that of the an- 
ode, I~ is about - 2  mA. This means that particles with 
negative charge, mostly electrons, dominantly flow to the 
rod. A floating potential, where Is = 0 mA, is about 30V. 
Because the rod current is the sum of electron and ion 
currents under Vs = 50V, it greatly depends on Vs. From 
Vs = 50V to Vs = 100V, Is is almost independent  of Vs. In 
this region, electrons are repelled completely. Only posi- 
tive ions can reach the rod, and then Is can be regarded as 
the ion-saturated current. When Vs increases further, Is in- 
creases gradually in our experiments.  The result is also 
shown in Fig. 2, when the rod end is covered by an A1 foil ~ 1.(] 
at the 45% O~ content. In this case, the ion-saturated cur- 
rent is not changed, but an increase in Is beyond Vs = ,,~ 
100V is larger than that without the A1 foil. With increas- 
ing Vs, the length of the ion sheath increases, and Is also 
increases, in spite of a constant electrode area, because of 
an increase in a capture area of positive ions. However, 
the increase in Is at large values of Vs seems to be caused u 
by secondary electrons emitted from the surface by inci- ~ v 

o dent ions, along with the effect of the ion sheath length, r e  

considering the dependence of Is on the rod material. The 
energy of incident ions must  be smaller than eVs. How- 
ever, the energy of incident ions will be proportional, 
though maybe not directly proportional, to eVs, consider- 
ing the increase in Is. 0.5 

The rod current and the Ar emission intensity are 
shown in Fig. 3 as a function of the 02 content at Vs = ,~ 
100V. The rod current at Vs = 100V is sufficiently saturated, 0 
as shown in Fig. 2. These values show a different depen- 
dence on the O2 content. The F and O emission intensities 
are shown in Fig. 4 as a function of Vs. They are obtained 
by dividing the measured emission intensities by the Ar 
emission intensity (7). The data at Vs = - 25V, when the 
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There are Si loads on the anode at oxygen-free 02 content, but no Si load 
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rod current is adjusted to - 5  mA, are also shown in this 
figure. They are normalized to unity at the 45% O2 con- 
tent and the rod current of - 5  mA. The F and O emission 
intensities are strong at the 45% O2 content. At the 10% O~ 
content, the F emission intensity decreases to about 55% 
of that at 45% O.~ content, while a decrease in the O emis- 
sion intensity is much faster than that in the F emission 
intensity. At oxygen-free content with the Si load, there 
are only a small number  of F and O atoms. According to 
the changes in these emission intensities, the etching con- 
dition at each O~ content can be characterized as follows. 
Because there are enough F and O atoms in the plasma at 
the 45% O~ content, O atoms adsorbed on a silicon surface 
prevent silicon etching by F atoms (8). Because there are 
plenty of F atoms in the plasma, but not plenty of O 
atoms at the 10% 02 content, the effect of adsorbed O 
atoms is small. The number  of active species for silicon 
etching is few at oxygen-free content. All of the emission 
intensities are almost independent  of Vs. This shows that 
the incident fluxes of F and O atoms are not affected by 
Vs. 

The etch rates on the anode and on the copper rod are 
shown in Fig. 5 and 6, respectively. The etch rate on the 
anode is almost independent  of Vs. This shows that the 
plasma is not affected largely by a change in Vs. Probably, 
the potential of Vs is shielded by the ion sheath formed in 
front of the rod. In all cases in Fig. 6, the silicon etch rate 
on the copper rod increases as Vs increases beyond the 
floating potential. At the 45% 02 content, the etch rate in- 
creases gradually below Vs = 200V, but increases rapidly 
above Vs = 200V. On the other hand, at the 10% O.2 con- 
tent, the etch rate increases rapidly at low Vs and goes to 
saturation at high Vs. At oxygen-free content with the Si 
load, an increase in the etch rate is not remarkable. 
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Fig. 5. The etch rates on the anode as a function of V s in the same 
condition as the one in Fig. 4. 

Figure 7 shows the etch rates on the cathode and on the 
anode without the rod as a function of the O~ content. 
These are obtained from etched depth measurements.  100 
~g/cm 2 rain in Fig. 5 and 6 corresponds to about 430 
rim/rain in Fig. 7, assuming that the etching proceeds uni- 
formly on the sample surface. The etch rate on the anode 
in this figure is somewhat  different from that in Fig. 5. 
Probably, this is because the plasma condition is dis- 
turbed by the rod, and/or the etching uniformity is insuf- 
ficient. There is an 02 content where the etch rate is the 
largest. Obviously, these 02 contents are different be- 
tween the cathode and the anode. 

Discussion 
Optical emission intensity and rod current.--The Ar 

emission intensity, IAr, which is proportional to the Ar 
density at the excited level (9), is expressed as kencnAr, 
where ke is the rate constant, ne the electron density, nAr 
the Ar density. Because the flow rate of Ar gas is con- 
stant through our experiments,  nat is also constant. When 
a Maxwell distri__bution is assumed, IAr is directly propor- 
tional to ne~T~' e x p  (-Et/kTe') (10), where Te' is the 
electron temperature and Et is the excitation energy (Et = 
13.5 eV for the Ar emission line of 750.4 nm (11)). Because 
the electron temperature, To, which is not always equal to 
Te' (as discussed later), for the bulk of  electrons is much 
larger than the ion temperature, Ti (i.e., Tr >> Ti), the ion 
current, I~, is proportional to nix/TJM~, where n~ is 
the ion density and M~ is the ion mass (12). At Vs = 100V, 
electrons are repelled completely, and the rod current in 
Fig. 3 seems to be equal to Ii at each 02 content. I~ in- 
creases monotonically as the 02 content increases, but IAr 
has a maximum value at about 25% O.~ content. When the 
O2 content is varied, the constituent of ions in the plasma 
is also changed. Coburn and Winters (13) have reported 
from the observation of mass spectra of positive ions that 
CFZ is a main component  with the powered electrode of 
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conditions as the one in Fig. 4. Some data are also shown when 51 loads 
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Si, and CF3 ~, COP,  and COF2 + are main components  with 
the one of SiO2. O atoms are liberated from the SiO2 pow- 
ered electrode. From their results, CF3 § is a main compo- 
nent  at oxygen-free content, but  CF{, COF ~, and COF2 § 
must  be mixed when 02 is added. Supposing that all ions 
are converted from CF3 + to COF ~, and that ni and T~ are 
not changed when 02 is added, Ii increases by about 20%. 
Because an increase in Ii is more than 20%, as shown in 
Fig. 3, n~ and/or Te seem to be increasing. This contradicts 
the fact that the Ar emission intensity decreases at the 
high O2 content region. Ar atoms are excited only by elec- 
trons whose energy is greater than Et. Te' has to be the 
electron temperature for such electrons. Kushner  (14) 
measures the electron energy distribution, f(e), by the 
electrostatic probe method and shows that the maximum 
value of f(e) appears in higher electron energies when the 
fraction of CF4 is increased, because there are fewer ine- 
lastic processes to slow the electrons down. When inelas- 
tic collisions occur, the number  of electrons with high en- 
ergy decreases. Then, T/decreases ,  and T j  is not equal to 
T~ (10). Considering this effect, it is possible that T j  de- 
creases while T~ is constant or increases and that IAr de- 
creases while I~ increases when the O~ content is changed. 
Because both Ii and IAr at oxygen-free content are smaller 
than those at the other 02 contents, both the electron tem- 
perature and the plasma density seem to be small at 
oxygen-free content (12). 

Etch rate on the copper rod.--We discuss the etch rate 
on the copper rod, as shown in Fig. 6, at each 02 content. 

0% 02 content.--Because the F atom density is very low at 
oxygen-free content with the Si load, the etch-rate en- 
hancement  by incident ions seems to be caused mainly 
by the physical sputtering. This enhancement  is not large, 
even though we take into consideration that Is is rela- 
tively small at oxygen-free content. 

10% 02 content . iBecause the 0 atom density is low, sili- 
con etching by F atoms is enhanced by incident ions 
without effects of adsorbed O atoms. This enhancement  
is possible with a relatively low energy of incident ions. 
Some data are also shown in Fig. 6 at the 10% O2 content 
with the Si load. If the etch-rate difference between Vs = 
0 V and Vs = 50V is assumed to be the etch-rate enhance- 
ment  by incident ions at Vs = 50V, this enhancement  
without the Si load is about 1.8 times as large as that with 
the Si load. The F emission intensity is about 2.7 times as 
large as that with the Si load. The two rod currents are al- 
most equal with and without the Si load. Though the 
etch-rate enhancement  is not directly proportional to the 
F emission intensity, it seems to depend strongly on the F 
emission intensity in our experimental condition. Tu et 
al. (15) have measured the silicon etch yield when XeF2 
gas and energetic ions are exposed simultaneously. They 
have shown that the yield has a large dependence on 
XeF2 flux, but  only a slight dependence on incident ion 
energy. Their results are in good agreement with ours at 
the 10% O2 content. 

45% 02 content.--The F and O atom densities are high. In 
order to enhance the etch rate, incident ions have to re- 
move O atoms adsorbed on a silicon surface. Probably, 
the energy of incident ions required to sputter the ad- 
sorbed O atoms is larger than that required to enhance sil- 
icon etching by F atoms. If a value of Vs larger than 300V 
is applied in order to remove adsorbed O atoms suffi- 
ciently, the etch rate on the rod at the 45% 02 content 
seems to become larger than that at the 10% O2 content 
because the F atom density is higher than that at the 10% 
02 content. Paraszczak and Hatzakis (16) show that silicon 
can be etched in the vertical direction of the mask even 
when the lateral etch rate is zero at the high O2 content. 
This shows that adsorbed O atoms are removed by inci- 
dent ions in the vertical direction. 
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The following results are obtained: (i) the energy of in- 
cident ions needed to enhance silicon etching by F atoms 
is small; (ii) the physical sputtering is much weaker than 
the chemical sputtering, which indicates etch-rate en- 
hancement  by incident ions with the consumption of ac- 
tive species; and (iii) the etching is prevented by the ad- 
sorbed O atoms at even a relatively high energy of 
incident ions. 

Lee and Chen (17) have shown that the etch-rate en- 
hancement  by incident ions is proportional to Vb? j:, where 
Vbi is a self-bias voltage. We define the etch-rate enhance- 
ment  by incident ions, AE, as the difference between the 
etch rates at Vs and at Vs = 0 V and suppose the AE is pro- 
portional to Vs% An accurate value of a cannot be ob- 
tained, because hE becomes too small at low Vs to obtain 
reliable data. However, a value of 2.7 is obtained when 
data points at Vs = 300V and Vs = 200V are connected lin- 
early at the 45% O~ content. This is close to a value of 5/2. 
But at the 10% 02 content, ~ is smaller than unity, as seen 
from the curve in Fig. 6. It is difficult to compare their re- 
sults with ours due to different experimental  conditions. 
However, when we discuss incident ion effects in a CF4 + 02 
plasma, it is certainly important to take account of the O 
atom adsorption, along with the plasma density, pressure, 
and so on. Tachi et al. (18) show that the chemical sput- 
tering yield is smaller than the physical one when silicon 
is etched by F + ions with the incident energy larger than 
about 200 eV. Because one source of F atoms is only F + 
ions in their.experiment, the F atom density is insuffi- 
cient and the chemical sputtering is suppressed. 
Under the floating potential, the etch rate also in- 

creases. This increase is especially remarkable at the 45% 
Oz content. The enhancement seems to be caused by an 
incidence of electrons or a change in the plasma condi- 
tion. The latter is suspicious because a change in the Ar 
emission intensity at the 10% O~ content is similar to that 
at the 45% O., content when Vs is changed, but the en- 
hancement of the etch rate is hardly observed at the 10% 
O~ content. SiO~ is etched when it is exposed to XeF~ gas 
and electrons simultaneously (19). Incident electrons 
seem to affect the adsorbed O atoms on a silicon surface, 
though we cannot confirm this at present. 

Etch rates on the cathode and on the anode.--The etch 
rates on the cathode and on the anode are discussed, 
based on the experimental  results. Because no copper rod 
is used in this experiment,  the plasma condition seems to 
differ from that obtained above. The dc potential at the 
cathode Without the Si load decreases monotonically 
from 300V at oxygen-free content to 210V at 45% O~ con- 
tent and is about 20V smaller than that with the Si load. 
This potential is considered as the cathode fall potential 
because the plasma potential seems to be small due to a 
smaller cathode area than that of the earthed area (20). 

Let us consider that the O~ contents where the etch 
rates are the largest on the cathode and on the anode are 
not consistent. Because the amount of adsorbed O atoms 
on the cathode is smaller than that on the anode by sput- 
tering of O atoms, the O2 content giving the maximum 
etch rate on the cathode becomes a little larger than that 
without the effects of incident ions. If  the sample on the 
anode is not affected by incident ions, the difference be- 
tween the etch rates on both electrodes shows the etch- 
rate enhancement  by incident ions on the cathode. This 
difference is 120 nm/min at the 10% O~ content and 130 
nm/min at oxygen-free content without the Si load. 
Though this difference at the .10% O~ content  has to be 
larger than that at oxygen-free content according to the 
previous discussions, these two differences are almost 
identical. It is probably not assumed, strictly speaking, 
that the etch rate on the anode is the etch rate without the 
effects of incident ions. Because the etch rate is enhanced 
by incident ions with low energy at the 10% O~ content, 
the etch rate on even the anode seems to be enhanced by 
incident ions with approximately the plasma-potential en- 
ergy. Because the enhancement  by incident ions with low 
energy is possible at the low O._, content, the etch rate on 
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tent'when a 3 in. Si wafer is placed on either the cathode or the anode. 
The solid lines show the F emission intensity, and the broken lines show 
the CO emission intensity. The difference between the F emission inten- 
sities is also shown in this figure. 

the anode can be increased by incident ions at the low 02 
content. These are the reasons why the O_, contents where 
the etch rates are the largest are different. However, this 
enhancement  on the anode seems not to be large because 
the dependence of E/I~, which is the ratio of the etch rate 
to the F emission intensity, on Io/Fr, which is the ratio of 
the O emission intensity to the F emission intensity, be- 
comes linear (8) within an approximate 10% deviation (6). 

The F and CO emission intensities are shown in Fig. 8 
with a 3 in. Si wafer placed on the cathode or on the an- 
ode. The F emission intensity with the Si wafer on the 
cathode is weaker than that with the Si wafer on the an- 
ode. Lee and Chen (17) have measured the F emission in- 
tensities in both a plasma etching mode and a reactive ion 
etching mode when Si loads are etched. They have found 
that the F emission intensity in the reactive ion etching 
mode is weaker than that in the plasma etching mode. 
Our result in Fig. 8 is consistent with theirs. This shows 
that silicon on the cathode consumes more F atoms than 
that on the anode. As the enhancement  of the etch rate by 
incident ions consumes F atoms, the chemical sputtering 
by energetic ions must be induced on the cathode. 

C o n c l u s i o n  

The silicon etch rate on the copper rod is examined by 
changing the potential, Vs, applied to this rod. It is con- 
firmed that a change in Vs hardly affects the plasma. The 
chemical sputtering can be induced by incident ions with 
relatively low energy. This chemical sputtering is reduced 
by adsorbed O atoms, which can be removed by the inci- 
dence of energetic ions. The ion energy needed for sput- 
tering O atoms is higher than that needed to induce the 
chemical sputtering. The physical sputtering is much 
lower than the chemical sputtering. In our experimental  
condition, the etch-rate enhancement  is limited by the F 
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atom density, rather than by the incident ion flux at the 
low O atom density. 

At higher potentials than the floating potential, the 
electron flux is smaller than the ion flux on the rod. 
However, both fluxes are equal to the cathode and at the 
anode. If the electron flux influences the silicon etch 
rate seriously, it will be difficult to discuss the etch ~rates 
on both the electrodes from the results on the rod. Inci- 
dent electrons seem to enhance the etch rate. However, 
this enhancement  is not large, even when the rod current 
is -5  mA, which is about three times as large as the ion 
current. The enhancement  must  mainly be caused by the 
energetic ions. 

Based on these results, the etch rates on the cathode 
and on the anode are investigated. It is important to con- 
sider the effects of adsorbed O atoms and their removal 
by energetic ions. The etch rate is enhanced even on the 
anode at the 10% O5 content. 

Manuscript submitted March 21, 1984; revised manu- 
script received Aug. 6, 1984. 

REFERENCES 
1. J. L. Vossen, This Journal, 126, 319 (1979). 
2. R. H. Bruce, Solid State Technol., 24, 64 (1981). 
3. For example, K. Miyake, S. Tachi, K. Yagi, and T. 

Tokuyama, J. Appl. Phys., 53, 3214 (1982). 

4. For example, H. F. Winters and J. W. Coburn, Appl. 
Phys. Lett., 34, 70 (1979), and M. J. Vasile and F. A. 
Stevie, J. Appl. Phys., 53, 3799 (1982). 

5. J. W. Coburn, in "Proceedings of the Second Sympo- 
sium on Dry Processes," p. 103, Institute of Electrical 
Engineers of Japan, Tokyo, Japan (1980). 

6. H. Kawata, T. Shibano, K. Murata, and K. Nagami, J. 
Appl. Phys., 54, 2720 (1983). 

7. J. W. Coburn and M. Chen, ibid., 51, 3134 (1980). 
8. C. J. Mogab, A. C. Adams, and D. L. Flamm, ibid., 49, 

3796 (1978). 
9. R. d'Agostino, F. Cramarossa, S. De Benedictis, and G. 

Ferraro, ibid., 52, 1259 (1981). 
10. L. Vriens, ibid., 44, 3980 (1973). 
11. A. R. Striganov and N. S. Sventitskii, "Tables of Spec- 

t ral  Lines  of Neut ra l  and  Ion ized  Atoms,"  
IFI /Plenum,  New York-Washington (1968). 

12. Ch. Steinbrfichel, This Journal, 130, 648 (1983). 
13. J.W. Coburn and H. F. Winters, J. Vac. Sci. Technol., 16, 

391 (1979). 
14. M. J. Kushner, J. Appl. Phys., 53, 2939 (1982). 
15. Y.-Yi Tu, T. J. Chuang, and H. F. Winters, Phys. Rev., 

B23, 823 (1981). 
16. J. Paraszczak and M. Hatzakis, J. Vac. Sci. Technol., 19, 

1412 (1981). 
17. Y.H. Lee and M.-M. Chen,J. Appl. Phys., 54, 5966 (1983). 
18. S. Tachi, K. Miyake, and T. Tokuyama, Jpn. J. Appl. 

Phys., 20, L411 (1981). 
19. J.W. Coburn and H. F. Winters, J.Appl. Phys., 50, 3189 

(1979). 
20. C. M. Horwitz, J. Vac. Sci. Technol. A, 1, 60 (1983). 

Dielectrically Isolated Thick Si Films by Lateral Epitaxy from the 
Melt 
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ABSTRACT 

Dielectric isolation (DI) technology has been available for almost 20 years. It was first developed for low capaci- 
tance, high speed circuits, and was later adapted to radiation-hardened devices and for high voltage isolation. The con- 
ventional DI technology is expensive, and device yields are reduced by mechanical instability of the polycrystalline sub- 
strates. We review a novel approach to forming DI structures, based on recrystallization from the melt of thick Si films 
deposited over oxidized Si wafers, with a regular array of seeding windows opened in the isolation oxide. The 
recrystallized films are free of grain boundaries and subboundaries and contain few dislocations. Most important, the 
polycrystalline substrates and the associated wafer bow are eliminated. 

Fabrication of single-crystalline thin Si films on SiO2 
has been attempted only in the last few years (1). In con- 
trast, thick Si films on SiO2 were first demonstrated 
about 20 years ago (2), and have been commercially pro- 
duced for many years. The process of making dielectri- 
cally isolated (DI) wafers consists of several steps. First, 
(100) Si wafers are V-grooved to a depth of -50  ~m by an- 
isotropic etching and oxidized to form a dielectric isola- 
tion layer. A very thick layer of -500 ~m of polysilicon is 
then deposited by a high temperature CVD process over 
the oxide to form a new mechanical support or "handle." 
Once this is accomplished, 80%-90% of the initial crystal- 
line substrate is mechanically removed, as shown sche- 
matically in Fig. 1. Only small, device-size segments of 
the original single-crystalline wafer remain embedded in 
the polysilicon handle, electrically isolated from it and 
from each other. This procedure, developed and per- 
fected over the years, is expensive and includes grinding 

*Electrochemical Society Active Member. 
1Present address: Epsilon Technology, Incorporated, Tempe, 

Arizona 85282. 

and lapping steps that are difficult to control and auto- 
mate. Nevertheless, this is still the only proven technique 
for obtaining dielectrically isolated thick film structures 
and the only commercial process for fabricating crystal- 
line Si films of any thickness on the SIO2. 

We have recently proposed an alternative to conven- 
tional DI technology that is potentially simpler and less 
expensive (3-5). This method of lateral epitaxial growth 
over oxide (LEGO) results in crystalline Si dielectrically 
isolated from a single-crystalline substrate. The process is 
based on controlled melting and recrystallization of 
50-100 ~m thick Si films in a special lamp furnace (6). 
The polysilicon handle is eliminated and with it the prob- 
lem of wafer deformation caused by volume changes in 
polysilicon (7). 

Below, we describe formation of planar crystalline 
films over the SiO~, since this allowed us to prove the 
concept and examine in detail the kinetics of crystalliza- 
tion. Crystallization of Si over nonplanar  structures pro- 
vides simultaneously vertical and sidewall dielectric iso- 
lation necessary for high voltage devices. Formation of 
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For recrystallization of thick Si films, heating with one 
localized source of energy is not acceptable because loss 
by lateral conduction from the heated spot necessitates a 
very high local power density, often leading to surface va- 
porization and always causing large thermal stresses. A 
high temperature thermal bias superimposed over a local- 
ized heat source, such as a laser beam or a scanned graph- 
ite filament, can reduce these problems. 

Our approach has been to melt uniformly the entire 
polysilicon film. A regular array of windows cut in the 
buried oxide provides seeding necessary for epitaxial 
growth, and also imposes temperature gradients that are 
the driving force for lateral crystallization. Undercooling 
of the liquid Si can also play a role in preventing competi- 
tive nucleation, since molten Si is contained within 
amorphous silica walls. 

The lamp furnace for large area melting and controlled 
recrystallization has been described before (6) and is 
shown schematically in Fig. 2. Briefly, it consists of two 
rectangular chambers, each 10 • 12.5 in. in lateral dimen- 
sions, positioned one above the other and separated by a 
quartz window. Air-cooled tungsten halogen lamps are 
suspended under a gold-plated reflector in the upper 
chamber. Wafers are placed on quartz pins -0.5 in. above 
the water-cooled base of the lower chamber. Samples are 
heated uniformly from one side with a broad-band radia- 
tive flux emitted by the lamps. At typical settings re- 
quired for melting, the spectrum is centered at - 1  t~m 
wavelength. Cooling is predominantly by black body ra- 
diation from both front and back side of the samples. The 
presence of the metal base held at a nearly constant tem- 
perature <100~ assures reproducible cooling rates and a 
uniform gradient across the wafer thickness of 

100~ 
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d 

Fig. 1. Conventional DI processing sequence: (a) V-groove etching, 
(b) oxidation, (c) deposition of polysilicon handle, (d) grinding, lap- 
ping, and polishing to form isolated silicon tubs. 

TUNGSTEN HALOGEN LAMPS 
A'R >O0000000000000 
l QUARTZ PLATE I 

Fig. 2. Schematic view of the lamp furnace 

such structures and crystallization results are presented 
in the third section. The isolated crystalline regions have 
the same geometry as the conventional device tubs, as- 
suring compatibility with the standard device designs. 

Crystallization of Planar Films 
Laser (8) and strip heater (9) recrystallization have been 

used by many groups to form device-quality thin Si films 
on oxidized Si wafers. In particular, seeded crystallization 
has been explored in many experimental  configurations. 
In most cases, the molten zone was movedacross  the sur- 
face by the relative motion of the sample and the heat 
source. This way, if epitaxial growth occurred at the seed 
region, it propagated a certain distance with the trailing 
edge of the melt. Tamura et al. demonstrated that, in prin- 
ciple, the beam motion is not necessary since the thermal 
gradients alone can carry lateral recrystallization (10). In 
their experiments,  "bridging epitaxy" was indeed demon- 
strated, but the lateral growth distance for a 0.5 ~m film 
was -3-5 t~m. In an exper iment  with a stationary strip 
heater, crystallization over a distance of -10  t~m was 
achieved by Fan et al. (9). 

,2el 
_~100 

so 

0 
0. 

6O 

4O )' 
2O / 

/ 

0 
o 

~'~-" PM %, %. 

/ /  \ \  
/ %̀ 

/ %̀%̀ / \ 
/ /  N.% ̀

I %, 
\ 

\ 
\ 

%, 

I I I I \~ 
20 40 60 80 IO0 

TI ME (SECONDS) 

MOO 

1200 

1020 

Fig. 3. Electrical power input and wafer temperature vs. time for a 
typical thermal cycle. PM is the power threshold for melting: 
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Fig. 4.  Optical micrograph of surface ripples on solidified Si sur- 
face. In the single-crystalline region A, the ripples are caused by 
freezing that started at regularly spaced solid inclusions floating in 
the liquid. In regions B and C, an oxide film is buried under a thick Si 
layer. In C, the surface protrusions (black features) delineate grain 
boundaries which always are the last to freeze. In region B, large 
grains were formed by recrystallization, and this is reflected in the 
surface pattern. 

To recrystallize a Si layer on an oxidized Si wafer, the 
lamps are ramped linearly over 10-30s to a predetermined 
power setting that exceeds the threshold power for melt- 
ing, PM, held at that value for 10-100s, and shut off by a 
linear reduction of electrical power, as shown in Fig. 3. 
The sample temperature is monitored with an optical py- 
rometer focused on the back side of the wafer. After a few 
seconds lag when the power is first applied, the sample 
temperature increases rapidly unti l  it reaches the melting 
temperature T~. This occurs at -100 W/cm ~. The onset of 
melting is easily determined from the pyrometer output 
even if the absolute temperatures are not known pre- 
cisely because of some uncertainty in the value of emis- 
sivity. The temperature curve has a knee at the melting 
temperature, and its slope is essentially zero for the melt 
duration. All the absorbed power exceeding the threshold 
value is taken by the heat of fusion (for silicon -1800 J/g). 
Since all heating is radiative and the reflectivity of mol- 
ten metallic Si is higher than that of the solid, elongated 
inclusions of superheated solid are present on the surface 
of the liquid. These inclusions have the same origin as 
those observed in laser melting experiments (11), and also 
as inferred from our experiments on melting of single- 
crystalline Si in the lamp furnace (12, 13). During 
solidification, the lamellar pattern of solid and liquid in- 
clusions leaves a very characteristic imprint  on the frozen 
surface, as shown in Fig. 4. The solid inclusions reduce 

Fig. 5. Optical micrograph of as-deposited sample after cross sectioning and 10s Schimmel etching. The vertical line in this and two other fig- 
ures is an edge of a photograph. 

Fig. 6. Schimmel-etched cross section of a recrystollized sample 
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Fig. 7. Calculated isotherm distribution near a seeding window in 
oxide, before melting occurs. The image is symmetrical about the 
right vertical edge. [After Wilson (16).] 

the  surface-averaged reflectivity to a value permitting a 
steady-state heat flow over a wide range of input  powers. 
Because of this, the melt depth is a complicated function 
of time and input  power. 

Samples for crystallization are prepared by oxidation, 
photolithography, and deposition of silicon and SiO2 
films. Silicon (100) starting wafers are cleaned and oxi- 
dized in a steam ambient  to form the dielectric isolation 
barrier. The oxide is patterned by photolithography to ob- 
tain an array of seeding windows. CVD deposition of 
polysilicon is carried out at high temperatures in a con- 
ventional vertical epitaxial reactor (14, 15). To achieve 
epitaxial growth over the windows in oxide, samples are 

Fig. 9. The center part of a recrystallized island similar to that in 
Fig. 8, with edges of etch pits aligned over the entire area. 

etched briefly with HC1 vapor at 1050~ to remove the na- 
tive oxide from the silicon surface. Deposition is often 
done in two steps: (i) nucleation and (ii) rapid growth. 
Uniform nucleation of Si over SiO~ is achieved by decom- 
position of Sill4 at 1050~ After a continuous silicon layer 
has been formed, the temperature is increased to 1150~ 
and Sill4 is replaced with SiHCI~ for a higher, >1 ~m/min, 
growth rate. The 10-100 t~m thick films have columnar 
grain structure with an average grain diameter >1 t~m and 
with a surface roughness of 1-3 ~m. As a final step, the 
surface is capped with a 2 t~m layer of LPCVD oxide that 
is needed to contain molten silicon. A cross section of a 
typical precursor structure is shown in Fig. 5, with the 
grain boundaries delineated by 10s Schimmel etching 
(15). 

Crystallization of the molten Si starts in the seeding 
windows and proceeds laterally over the oxide. Upon 
recrystallization, the entire film is single crystalline, and 
it is free of grain boundaries or subboundaries. A cross 
section of the recrystallized film is shown in Fig. 6. The 
maximum depth of melt penetration is delineated by the 
doping dependent etching rate of the cross-sectional sur- 
face. The trace of the solid-liquid interface is not planar, 
but  dips down in the seeding region. Preliminary results 
from a numerical analysis of heat flow (16) in a similar 

Fig. 8. Top view of lamp recrystallized 30/~m thick Si film over a buried square island of Si02, 1.6 mm on each side 
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configuration agree with this observation. The calculated 
isotherms are shown in Fig. 7, for temperatures T < TM. 
This computation does not fully reflect our experimental 
conditions, where the difference in conductivities of the 
solid and liquid Si and the heat of fusion have to be in- 
cluded. Still, there is no doubt that isotherms should 
crowd within the oxide, the thermal conductivity of 
which is -10 times lower than that of the solid silicon. 

A top view of recrystallized Si over a square region of 
SiO2, 1.6 mm on each side, is shown in Fig. 8. The surface 
was polished before Schimmel etching, since the capping 
layer preserves the roughness of the as-deposited surface 
through melting and recrystallization. There is a clear pat- 
tern of dislocation pits aligned with the diagonals of the 
square, indicating symmetrical solidification from all 
four sides and a collision of the solidification fronts along 
the diagonals. As expected, the highest dislocation den- 
sity is right in the center of the square, where all four 
fronts meet. However, even there, the silicon is single 
crystalline and free of subboundaries.  In Fig. 9, a magni- 
fied view of this center region is shown, with superim- 
posed pattern of square pits formed by the grid-of-etch- 
pits (17) technique. The ridges of all the pits are aligned 
parallel to each other. In Fig. 10, RBS and channeling 
spectrum are shown for a sample similar to the one in Fig. 
9. The He ion beam of -0.6 mm diam probed a region not 
including the most defective spot in the center of the 
epitaxially recrystallized square. Any structural misalign- 
ment  caused by twinning or subboundaries within the 
beam diameter would increase the scattering yield. The 
fact that Xmin value is 3% and identical to the bulk Si, indi- 
cates lack of such extended defects over large areas of our 
films. In contrast, for a typical thin film recrystallized 
with a strip heater, Xn~n varies from 20% to 80% because of 
the subboundaries.  

All crystallization processes are necessarily affected by 
surface tension effects. In order to control the shape of 
crystals grown by Czochralski, float-zone, and, in particu- 
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lar, r ibbon growth methods, the relationship between the 
meniscus angle and the growth direction should be 
known. The configuration in LEGO experiments is simi- 
lar to the conditions examined in detail by Surek and 
Chalmers for the case of a Si wafer melted with an elec- 
tron beam and recrystallized (18). The variables used in 
their analysis are defined in Fig. 11. The angle 6 is mea- 
sured between the crystal growth direction and the 
crystal-vapor interface. ~b is the angle between the growth 
direction and the tangent to the meniscus at the growth 
interface. The relative angle between the free surfaces of 
the liquid and the solid is 8 = ~ - 0. In their experiments, 
0 was initially negative, then crossed zero and became  
progressively more positive, reflecting the initial thin- 
ning of the growing crystal and considerable thickening 
in the last-to-freeze region. The meniscus angle also 
varied with time. After sectioning resolidified samples, 
Surek et al. measured instantaneous values of 0 and de- 
rived corresponding values of ~b from a geometrical analy- 
sis. They established that when the uniform thickness 
growth is momentarily reached in the radially freezing 
molten zone (i.e., 6 = 0), the angle ~b - 11 ~ Since ~b > 0, 
there is a pile-up of silicon ahead of the solidification 
front that leads to reduced crystal thickness at the begin- 
ning of crystallization and accumulation of mass at the 
later stage. 

These observations of t ime-dependent shapes in solidi- 
fying bulk crystals also approximate well the behavior of 
freezing films. Films recrystallized by the LEGO process 
are thinner  near the seeds and considerably thicker in the 
regions that freeze last, as shown in Fig. 12. This thick- 

8 

Ce 

M E N L O "  

Fig. 11. Solid-vapor and liquid-vapor interfaces shown schemati- 
cally for a radially freezing molten zone [After Surek and Chalmers 
( 18).] 

Fig. 12. Angle-lapped sample, showing redistribution of Si towards 
the center of each recrystallized zone. 
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Fig. 13. Patterned thin film recrystallized in the lamp furnace. 
Seeding occurred through narrow openings in the oxide at both ends 
of each stripe (only one end is visible in the photograph). 

hess variation is the main limitation in thin film crystalli- 
zation with extended stationary heaters. Scanning of a 
narrow molten zone produced with a laser or a hot wire 
reduces redistribution effects, but does not eliminate 
them. 

One important difference between our experimental  
configuration and that of Surek is the presence of the 
capping oxide. This cap reduces the meniscus angle ~b 
from 11 ~ to about 1.5 ~ according to Yablonovitch (19). 
Smaller r means less pile-up of Si and a more uniform 
film thickness than would be possible with a free 
surface. 

Redistribution of Si through the snowplowing effect of 
the propagating interface limits the application of LEGO 
to relatively thick films, > 10 ~m. Crystallization of thin- 
net  films with widely spaced seeding windows often 
leads to a discontinuous coverage of oxide with Si. This 
problem can be eliminated by patterning the Si film into 
sections. For example, Fig. 13 shows four stripes of 0.6 
~m thick Si on 1 ~m of oxide successfully recrystallized 
in the lamp furnace. Seeding occurred through narrow 
openings in the oxide at the ends of each stripe. This mi- 
crograph also shows the presence of subboundaries simi- 
lar to those obtained by all the other methods of crystalli- 
zation of thin films. 

During high temperature processing of multiIayer 
structures, there is always a risk of wafer bowing. In our 
configuration, the wafers are supported only at three 
points during the melting process, and the entire sub- 
strate is within a few degrees of melting. Nevertheless, 
the back surface of 3 in. wafers remains flat to within 
10-50 ~m. The amount  of bow is equal or lower than that 
caused by other processing steps such as growth of a 
thick isolation oxide or polysilicon deposition. 

Fig. 15. LEGO processing sequence for complete dielectric isolation 

Fig. 16. Top view of etched tubs in Si substrate after oxidation and 
Fig. 14. Three possible configurations of DI silicon tubs opening of seeding windows but before polysilicon deposition. 
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Fig. 17. Etched vertical section of polysilicon film deposited over oxidized nonplanar substrate 

Strip heaters can also be used to recrystallize seeded 
thick films. In unseeded crystallization of thin films, 
(100) texture and in-plane alignment of the <100> axis 
with the growth direction is achieved and the crystalline 
quality is marred mainly by the presence of the subboun- 
daries. For films thicker than 5 izm, the preferential 
growth direction and texturing are lost (20). However, 
thick films were grown successfully from seeding 
windows (21). They were free of subboundaries just  like 
the films crystallized in the lamp furnace. The main fea- 
tures distinguishing these results from the stationary 
heater experiments were a different mass transport and a 
higher density of dislocations. Since the solidification 
front propagated only in one direction, the film thickness 
increased somewhat along the scan. Dislocations tended 
to be concentrated in the center region of the films, away 
from the upper and lower Si-oxide interfaces. 

Crystal l izat ion of  Nonplanar  Films 
In  the previous section, we showed that high crystalline 

quality films can be obtained by LEGO. This is not suffi- 
cient to obtain device-worthy structures. What is neces- 
sary is the means for achieving sidewall as well as vertical 
isolation. 

In principle, three different approaches to sidewall iso- 
lation are possible, as shown in Fig. 14. Vertical walls can 
be formed by etching, oxidation, and backfilling. 
V-grooves can be formed by anisotropic etching. This 
process is the simplest for planar recrystallized films but  
it would cause loss of surface area for devices and would 

limit the min imum device size. The "wide-side-up" struc- 
ture showed in Fig. 14 is most compatible with device 
fabrication schemes. 

Fig. 19. Magnified view of the etched vertical section of recrystal- 
lized nonplanar film. 

Fig. 18. Etched vertical section of recrystallized nonplanar film 

Fig. 20. Top view of recrystalllzed nonplanar film after isolation 
was completed by polishing. One small isolated Si tub and a part of a 
larger one are seen. 
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Fig. 21. Comparison of device tubs formed by the conventional DI process and by the LEGO process 

To obtain such structures, the crystallization procedure 
was changed. The new sequence is shown in Fig. 15. It 
starts with formation of nonplanar substrates by KOH 
etching of rectangular tub-shaped depressions, followed 
by oxidation and opening of seeding windows in the ox- 
ide. A top view of the tubs and seeding windows in the 
SiO2 is shown in Fig. 16. Notice that the tubs are truly rec- 
tangular with 90 ~ corners, and that their shape is exactly 
that of the pattern in the mask. In contrast, in the conven- 
tional processing sequence the etched pattern is essen- 
tially a negative of that used in the LEGO process, and 
the geometry of etched areas requires corner compensa- 
tion to achieve approximately rectangular device regions. 

Defining seeding windows in the SiO2 requires 
conformal coating of a nonplanar substrate with a photo- 
resist. Conventional photoresist  spinning does not pro- 
vide complete surface coverage, especially at the sharp 
edges. Several approaches are being investigated, and the 
problem of reliably forming windows in oxide should be 
resolved soon. 

A cross section of the structure after polysilicon deposi- 
tion but before crystallization is shown in Fig. 17. Notice 
that epitaxial growth occurred over the window and that 
columnar crystallites are present over the oxide. The in- 
terface between the substrate and the epitaxially grown 
layer in the window area can be seen. This interface is re- 
cessed because of in situ surface etching with HC1 imme- 
diately before the deposition. 

After recrystallization, the film is single crystalline, 
with defect localized outside the potential device area, in 
the regions that froze last. Cross sections of a recrystal- 
lized sample are shown in Fig. 18 and 19. From these mi- 
crographs, it is clear that the density of dislocations in the 
substrate is higher than that in the recrystaUized Si on 
SiO~. Although the defects below the buried oxide have 
no influence on the device performance, we examined 
the processing steps in detail to determine their origin. 
We found that oxidation needed to form the dielectric iso- 
lation layer introduced a high density of stacking faults 
that were transformed into dislocations during subse- 
quent  high temperature steps. The density of these dislo- 
cations was not increased during recrystallization. Any 
conventional method that prevents formation of the oxi- 
dation-induced stacking faults should eliminate most lin- 
ear and planar defects in LEGO processed substrates. 

After crystallization of Si over a nonplanar substrate, 
excess Si is removed by polishing to complete isolation of 
individual device tubs. A top view of a magnified seg- 
ment of a polished wafer is shown in Fig. 20. Buried oxide 

intersecting the surface delineates the boundaries be- 
tween isolated regions and the substrate. 

Summary 
We have demonstrated that, by melting of large areas 

with a stationary heater, single-crystalline thick Si films 
can be formed. Such films are free of grain boundaries 
and subboundaries and have few dislocations. The 
thermal gradients necessary for lateral crystallization are 
defined by a pattern of windows in the buried oxide, and 
seeded growth can proceed from each window over a dis- 
tance > 1 ram. The process works best for films thicker 
than 10 ~m. The continuity of thinner, unpatterned films 
can be disrupted by Si redistribution that is driven by the 
nonzero meniscus angle of the liquid Si during solidifica- 
tion. Patterned, seeded films as thin as 0.5 ~m can be 
recrystallized, but with subboundaries similar to those 
formed by the scanning methods of crystallization. 

Recrystallization of thick films over substrates with 
-50  ~m deep depressions lends itself to formation of crys- 
talline regions with complete dielectric isolation, sidewall 
as well as vertical. This should allow simplified fabrica- 
tion of DI wafers. Moreover, the wafers formed by the 
LEGO process are entirely crystalline, without the poly- 
silicon handle. Figure 21 illustrates the difference be- 
tween the two approaches. 

Much further effort is necessary to assure reproducible 
and Uniform crystallization of Si over complete 4 in. wa- 
fers. The problems related to lithography on nonplanar 
wafers have to be resolved and the control of crystalliza- 
tion improved. Methods for introducing dopants to form 
buried layers inside the device tubs also need develop- 
ment. Assuming that these issues are successfully re- 
solved, DI wafers formed by recrystallization will be less 
expensive to make and will contain fewer yield limiting 
structural defects. 
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Autodoping in Silicon Epitaxy 
Hsueh-Rong Chang 

General Electric Company, Corporate Research and Development Center, Schenectady, New York 12345 

ABSTRACT 

Vertical and lateral autodoping in silicon epitaxy deposited in a vertical pancake-type reactor were examined as a 
function of pre-epitaxial bake cycle, dopant type, source gas, and growth parameters. Boron, phosphorus, arsenic, and 
ant imony were used as dopant elements to form a localized buried layer at the center of substrates. Silane, 
dichlorosilane, and silicon tetrachloride were used as the silicon source for epitaxial growth. The results show that 
higher prebaking temperature produces more lateral autodoping for boron and phosphorus, while the opposite holds for 
arsenic and antimony. Autodoping in both vertical and lateral directions decreases with increasing prebake time. A con- 
tinual decrease in lateral autodoping is found with increasing growth rate for phosphorus; for arsenic, only a slight dif- 
ference is noticed in the growth-rate range studied. Phosphorus and arsenic show a similar trend at the deposition tem- 
perature of lateral autodoping, i.e., autodoping decreases at first, then increases with increasing temperature. For all the 
dopants studied, vertical and lateral autodoping decrease with increasing number  of chlorine atoms in the source gases. 

Silicon epitaxy is widely used in semiconductor de- 
vices, primarily for its ability to grow lightly doped 
epitaxial layers over heavily doped substrates in a 
controlled manner.  A high quality epitaxial layer with an 
abrupt  interface is required for high frequency, high 
efficiency, and high reliability operation of semicon- 
ductor devices. Emphasis has been placed on obtaining 
sharp transition regions between the epitaxial layer and 
the substrate and on minimizing the autodoping. Dopants 
can transfer from the substrate to the epitaxial layer by ei- 
ther solid-state diffusion or redeposition via the gas 
phase, i.e., autodoping. A clear separation of the solid- 
state diffusion and gas-phase transport effects has been 
made possible by using high resistivity substrates with lo- 
calked buried layers (1-6). Such structures are more typi- 
cal of the processing involved in the fabrication of inte- 
grated circuits. 

Numerous studies on autodoping in silicon epitaxy 
have appeared in the literature describing various aspects 
of this phenomenon. In most cases, RF-heated horizontal- 
type reactors have been used for epitaxial growth. In the 
horizontal reactor, the gas flow is straightforward, en- 
tering the reactor tube at one end and flowing along the 
susceptor surface. In  this reactor system, the gas flow is 
typically in the laminar regime (7). Such a flow can be an- 
alyzed by established fluid-flow relationships and has 
been discussed in detail by Eversteijn et al. (8), Ban and 
Gilbert (9), and Berkman et al. (10). There is little pub- 
lished information on autodoping using vertical reactor 
for epitaxial growth (6, 11). The gas-flow pattern in the 
vertical reactor is very complex. The gases are introduced 
through the center of the susceptor; they impinge on the 
hemispherical upper portion of the bell jar and swirl 
down the sides of the bell jar and across the substrates. 
The gases recirculate over the substrates many times be- 

fore they exit through the annulus  between the susceptor 
and the bell jar. Since the gas-flow dynamics in the verti- 
cal reactor are very different from those of the horizontal 
reactor, they can have a significant influence on 
autodoping behavior. Previous studies on the growth-rate 
dependence of autodoping show conflicting results be- 
tween these two reactor systems. Bozler (11) reports an in- 
crease in vertical autodoping with increasing growth rate, 
using a vertical-type reactor for epitaxial deposition; the 
opposite result is obtained by Tabe and Nakamura (12) 
using a horizontal reactor. However, Srinivasan (3, 5) 
finds that lateral autodoping increases with increasing 
growth rate using a horizontal reactor. In an attempt to 
clarify these contradictory results, experiments have been 
conducted to investigate the influence of growth parame- 
ters on vertical and lateral autodoping in a vertical reac- 
tor. The results are compared with previously published 
data. 

Arsenic has been used as dopant in  most of the auto- 
doping studies. Relatively less work has been carried out 
on autodoping with boron, phosphorus, and antimony 
(6, 13-16). Boron and phosphorus have smaller atomic 
sizes and diffuse much faster in silicon than does arsenic 
(17). High temperature CVD epitaxial processes can result 
in different autodoping behavior for different dopants. It 
has been shown that the major portion of autodoping oc- 
curs during the pre-epitaxial bake cycle (5, 12, 13, 18). 
Many models have been proposed to describe autodoping 
phenomena. Joyce et al. (13) claims that autodoping is 
controlled by the out-diffusion from the back of the 
heavily-doped substrates. This model, however, cannot 
explain the occurrence of lateral autodoping with local- 
ized buried layer structures. Bozler (ii) assumes that 
autodoping is dependent on the dopant concentration in 
the turbulent, well-mixed gas phase. Based on this as- 



220 J. Electrochem. Soc.: S O L I D - S T A T E  SCIENCE AND T E C H N O L O G Y  January 1985 

sumption, lateral autodoping should be independent  of 
the distance from the buried layer, which contradicts ex- 
perimental evidence (2, 5, 6). Srinivasan (3, 5), on the other 
hand, assumes that autodoping is directly proportional to 
the dopant concentration at the substrate surface on the 
buried layer region just before epitaxial growth. This 
study gives evidence contrary to this assumption, as will 
be discussed. Tabe and Nakamura (12) postulate that an 
adsorbed dopant layer formed during prebaking acts as a 
dominant reservoir for autodoping. In their derivation, 
t ime is used as the independent  variable, whereas in prac- 
tical applications, the epitaxial film thickness is gener- 
ally used. If time is replaced by film thickness in their 
model, then it predicts that higher growth rate results in 
higher autodoping. This relationship is in fact contra- 
dicted by the accompanying data. In this study, the effect 
of pre-epitaxial bake temperature and time on autodoping 
for boron, phosphorus, arsenic, and antimony is investi: 
gated. The dopant concentration at the surface of the 
buried layer before and after prebake cycles is measured 
in an attempt to correlate autodoping with surface con- 
centration of the buried layer. 

It has been found that different source gases affect 
autodoping differently (5, 6, 19). Suzuki and Endo (19) re- 
port that if arsenic-doped substrate is used under iden- 
tical growth condition, silane epitaxy gives lower 
autodoping than SIC14. They attribute this result to the 
absence of chlorine, which is presumed to be the dopant 
carrier, in the silane system. However, a conflicting re- 
sult is reported by Srinivasan (5), based on the use of 
arsenic-doped buried layer structures. Srinivasan claims 
that an in situ etching by HC1 (or C12) released by the H2 
reduction of SIC14 reduces the dopant incorporation in the 
epitaxial layer. A study of the effect of the source gas 
chlorine on autodoping is included as part of this work. 
New data are presented concerning the autodoping differ- 
ences between epitaxial layers using silane, dichlorosi- 
lane, and silicon tetrachloride as source gases. A correla- 
tion between the number  of chlorine atoms in the source 
gases and autodoping has been obtained. 

Experimental 
All the epitaxial layers examined in this study were 

grown in a vertical-type CVD reactor Model AMV 1200 
made by Applied Materials, Incorporated. The cross sec- 
tion of the reactor chamber is shown in Fig. 1. The sus- 
ceptor had a 30.48 cm diameter and was made of high pu- 
rity graphite coated with a layer of silicon carbide. The 
gases were introduced from a 9.5 mm (od) injection tube 
through the center of the susceptor into the reactor cham- 
ber. During operation, the susceptor rotated continuously 
and a constant hydrogen carrier gas flow of 50 liters/min 
was used. Before loading the wafers for epitaxial growth, 
the susceptor was etched with hydrogen chloride at 
1200~ then coated with a fresh layer of undoped silicon 
having an impurity concentration less than 1 x 10 TM cm -~. 

S u s c e p t o r ~  

E x h a u s t  
R e a c t a n t s  

Fig. i. Vertical silicon epitaxial reactor 
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Only one substrate was used per experiment.  All t h e  
epitaxial deposits were 5 /xm thick, with no external 
doping. The temperature of silicon wafers was measured 
with an optical pyrometer corrected for emissivity and 
wall transmission losses. 

The substrates used in this study were lightly doped 
p-type and n-type silicon wafers having resistivities of 
80-120 ~2-cm and <100> orientation. Boron was implanted 
on n-type substrates, while phosphorus, arsenic, and anti- 
mony were implanted on p-type substrates, to form a 4 
cm 2 buried layer at the center of 3 in. wafers. The surface 
concentrations of boron, phosphorus, arsenic, and anti- 
mony were - 3 x 10 ~s cm -3, 8 x 10 '9 cm -3, 1.5 x 10 TM cm -9, 
and 2 x 10 TM cm -3, with corresponding junction depths of 

3/zm, 2/zm, 1.3/xm, and 1.5/zm, respectively. 
In the pre-epitaxial bake experiments, 1050 ~ and 1150~ 

were the prebake temperatures, and the prebake t ime was 
varied from 10 to 70 min. Depositions were made at 
1050~ with a growth rate of 0.25/zm/min, using silane, 
dichlorosilane, and silicon tetrachloride as the silicon 
source. In the growth-rate and deposition-temperature ex- 
periments, dichlorosilane was used for epitaxial growth. 
The dichlorosilane flow rate was varied from 60 to 250 
cm3/min, with the corresponding growth rate changing 
from 0.25 to 1.1 /~m/min. Deposition temperature ranged 
from 1050 ~ to 1150~ 

The dopant profiles were measured by the spreading 
resistance technique using an instrument made by Solid 
State Measurements, Incorporated. 

Results and Discussion 
Autodoping from a substrate with a buried layer struc- 

ture can be classified into two types. One is vertical 
autodoping, which is in the epitaxial layer over a buried 
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Fig. 3. Variation of lateral autodoping with prebaking temperature 
(2 mm from the edge of the buried layer region). Deposition tempera- 
ture 1050~ growth rote 0.25/~m/min. 

layer region. The other is lateral autodoping, which is ad- 
jacent  to the buried layer. Vertical autodoping contains 
out-diffusion of impuri t ies  from buried layers, in addit ion 
to autodoping from t h e  vapor  phase.  In  order to study 
autodoping (gas-phase), it is desirable to separate the  out- 
diffusion effect by obtaining i m p u r i t y  profiles laterally 
away from the buried layer regions, i.e., lateral 
autodoping.  Laterat autodoping has its max imum value at 
the epi taxy-substrate  interface, as i l lustrated in Fig. 2. It 
is evident  that the max imum dopant  concentrat ion de- 
creases with the inc rease  of the lateral distance from the 
edge of the buried layer. This is true regardless of dopant  
type. Lateral  autodoping can be characterized b y  either 
the max imum dopant  concentration at a c h o s e n  lateral 
posit ion away from the buried layer or the integrated 
quanti ty under  the vertical  profile at that chosen posi- 
tion. The latter is used in the present  study. The results in 
Fig. 2 indicate that  the lateral autodoping is controlled by 
the evaporated dopant  diffusing in a laminar flow regime 
jus t  above the substrate surface, in which the lateral  
autodoping is predic ted  to decrease  with increasing dis- 
tance from the edge of the buried layer (20). The assump- 
tion of a Well-mixed, turbulent  gas flow in the vertical re- 
actor proposed by Bozler (11) does not apply to the region 
very near the substrate surface. Similar behavior  is also 
observed for arsenic autodoping using sllane and SIC14 (2, 
5) in a horizontal epi taxy reactor system where the gas 
flow is typically laminar  (7). 

Pre-epitaxial bake cycle.--Pre-epitaxial bake tempera- 
ture has shown different effects o n  autodoping behavior 
for various dopants. As shown in Fig. 3, for boron and 
phosphorus,  higher prebake temperature  results in more 
autodoping,  while the opposi te  holds for arsenic and anti- 
mony. The measurements  are taken 2 mm away from the 
edge of the buried l ayer .  This is true for all the source 
gases studied. Figure 4 shows the dopant  profiles in the 
epitaxial  layers for phosphorus  and arsenic 2 mm away 
from the edge of the buried layer. Because the growth 
rate (0.25 /~m/min)is much  faster  than the diffusivity at 
the deposit ion temperature  of 1050~ a Gaussian distri- 
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nic. DepoSition temperature 1050~ growth rote 0.25/~m/min. 

but ion centered at the original ir~terface could be ex- 
pected. These curves :suggest that  a continuous but  
slowly decreasing gas-phase source of dopant  exists 
throughout  the deposi t ion cycle. 

Srinivasan (3) reports  that  the lateral autodoping de- 
creases with inc]:easing prebake temperature  and t ime 
when using arsenic as dopant. Based on his findings, 
Srinivasan proposes a model  to describe the lateral 
autodoping a s  controlled by the impuri ty  surface concen- 
trat ion over the buried layer region that  exists jus t  prior 
to epi taxial  deposition. If  this model  were valid for all 
dopants,  then the results of Fig. 3 would suggest  an in- 
creasing surface impuri ty  concentration with an increas- 
ing prebake temperature  for boron and phosphorus.  Ex- 
per iments  were carried out to obtain the surface concen- 
trat ion after  the prebake  cycle for all the dopants  studied. 
I t  was found that higher prebake temperature  produced 
lower surface concentration, as i l lustrated in Fig. 5. The 
impuri ty  profiles of phosphorus-  and arsenic-buried lay- 
ers before and after the prebake cycles :are shown in  Fig. 
6. Therefore,  it is not necesaarily true that  higher surface 
concentrat ion produces  more autodoping. The dopant  re- 
distr ibution during epitaxial  deposit ion cycle is not 
controlled only by the evaporat ion of the dopant  f r o ~  the 
bur ied  layer; the size of dopant  atoms or the adsorp- 
t ion]desorption of dopant  at the growing surface can 
significantly affect autodoping behavior.  

The variation of~autodoping with pre-epitaxial  bake 
time for phosphorus and arsenic is shown in Fig. 7 and 8. 
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Vertical and lateral autodoping decrease with increasing 
prebake time. These results are consistent with previ- 
ously publ ished data on lateral au todop ingus ing  arsenic 
in SIC14 epi taxy with a horizontal reactor (3). As prebake 
t ime increases, dopant  atoms continuously evaporate 
from the substrate and are carried away by the hydrogen 
gas. It is believed that  the depletion of the buried layer re- 
gion results in lower dopant  concentration in the vapor 
phase and thus leads to less autodoping in the epitaxial  
layer. 

Growth rate.--Autodoping in the epitaxial layers is a 
function of the epitaxial  growth rate. Figure 9 shows the 
variation of lateral autodoping with growth rate for phos- 
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Fig. 6. Impurity concentration profiles of buried layers before and 
after preboke cycles: a)phosphorus; b) arsenic. 
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ture ] 050~ growth rote 0.25/~m/min.  

phorus and arsenic. These results indicate that for phos- 
phorus,  autodoping decreases with increasing growth 
rate, while only a slight change is obtained for arsenic .  
Similar results are obtained for the vertical autodoping. 
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with increasing pre-epJtaxial bake time. 
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This difference shows that arsenic autodoping behavior 
cannot be generally attributed to phosphorus. It is not 
clear why the growth rate has different effects on the 
autodoping behavior for  phosphorus and arsenic. The 
adsorption]desorption of dopant at the growing surface 
and the incorporation into the epitaxial layer may play an 
important  role on the growth rate dependence of 
autodoping. Alternatively, because phosphorus atoms are 
smaller and diffuse much faster than arsenic atoms in sili- 
con, a high temperature process could enhance solid- 
phase redistribution of phosphorus and resu l t in  different 
autodoping behavior. Srinivasan (3, 5) reports that in 
SIC14 epitaxy with a horizontal reactor system, lateral 
autodoping of arsenic increases with increasing growth 
rate (0.08-1.0 ~m/min), as shown in Fig. 9. The cause of 
this discrepancy is not clear at present, but  it is presuma- 
bly associated with the use of different reactor types. 

Deposition temperature.--The effect of epitaxial deposi- 
tion temperature on lateral autodoping is shown in Fig. 
10. Both phosphorus and arsenic show similar autodop- 
ing variations with deposition temperature: autodoping 
first decreases with increasing temperature; further in- 
crease in temperature results in higher autodoping. Simi- 
lar results are reported for silane and SIC14 epitaxy using 
arsenic as dopant (see Fig. 10), and a model is proposed 
which predicts the decreasing lateral autodoping with in- 
creasing deposition temperature (5). However, the model 
cannot explain the autodoping behavior for deposition 
temperatures above ll00~ 

Source gas.--Autodoping in the epitaxial layers has 
been found to be a function of the source gases. For all 
the dopants studied, both vertical and lateral autodoping 
decreases with increasing number  of chlorine atoms in 
the source gases. Figure 11 shows the variation of vertical 
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autodoping with different source gases using arsenic as 
dopant. Figure 12 shows the variation of lateral 
autodoping for boron and arsenic. These results are con- 
sistent with those obtained by Srinivasan (5), who reports 
SiCl~ epitaxy giving lower autodoping than silane, but are 
opposite to those reported by Suzuki and Endo (19). The 
HC1 released by the reduction of chlorosilane could etch 
the growing epitaxial film at the impurity lattice sites 
and hence reduce the dopant incorporation, i.e., auto- 
doping. It is likely that more chlorine atoms in the source 
gas will produce more HCI and therefore result in lower 
autodoping in the epitaxial layer. A correlation between 
autodoping and the number of chlorine atoms in the 
source gas has been achieved for the first time. 

Summary 
Intrinsic Silicon epitaxial layers are grown on high re- 

sistivity substrates with heavily doped buried layers 
using boron, phosphorus, arsenic, and antimony as 
dopant elements.~.Impurity concentration profiles are 
measured by spreading resistance technique. The follow- 
ing results are obtained using a vertical epitaxial reactor 
with silane, dichlorosilane, and silicon tetrachloride. 

1. Lateral autodoping decreases with increasing dis- 
tance from the buried layer region. This indicates that the 
lateral autodoping is controlled by the evaporated dopant 
diffusing along the substrate surface in a laminar flow 
layer. The complex gas flow in the vertical reactor plays 
only a secondary role in determining lateral autodoping. 

2. Pre-epitaxial bake temperature affects differently the 
autodoping behavior of the dopants tested. This is the 
first time such effects have been reported. 

3. Vertical and lateral autodoping decrease with increas- 
ing prebake time. 

4. Autodoping decreases with increasing growth rate for 
phosphorus, but onlya slight change in autodoping is ob- 
served in the growth-rate range studied for arsenic. 

5. Phosphorus and arsenic show similar changes in 
autodoping with epitaxial deposition temperature. 

6. Vertical and lateral autodoping decrease with increas- 
ing number of chlorine atoms in the source gases. This 
correlation has been obtained for the first time. 

Work is still being done to obtain better understanding 
of the autodoping mechanisms and to explain the differ- 
ences between this study and previously reported results. 

Manuscript submitted March 14, 1984; revised manu- 
script received Aug. 16, 1984. 
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ABSTRACT 

Dual diffusion of gold (Au) and platinum (Pt) into silicon is examined. When Au and Pt  coexist in silicon, two levels 
of  Au, Ec - 0.54 eV and Ev + 0.35 eV, and two levels of Pt, Ec - 0.22 eV and Ev + 0.30 eV, are observed by deep level 
transient spectroscopy (DLTS), New levels arising from the interaction of Au and Pt are not found, In the case of se- 
quential diffusion (first P t ,  then Au diffusion, or vice versa), replacement of the first diffused atoms in substitutional 
sites by the second ones is found to occur in the lower temperature range of the second diffusion. Replacement does not 
occur below 600~ of the secon d diffusion temperature. With the second diffusion above 800~ replacement is almost 
complete. In the second diffusion temperature range, between 600 ~ and 800~ partial replacement  Occurs, and the sum 
of substitutional Au and Pt  atoms is constant, irrespective of the second diffusion temperature, and is equal to the num- 
ber of substitutional atoms of the first diffusant, From these facts, it is considered that Au and Pt atoms occupy the 
same kinds of substitutional sites in silicon. 

In the manufacturing of diodes, transistors, and thyris- 
tors, deep level impurities such as gold (Au) or platinum 
(Pt) have been widely used to control carrier lifetime to 
improve their switching properties. A large number of 
studies on Au (i, 2) and Pt (3) have been done concerning 
the mechanism of diffusion, energy levels, and gold and 
platinum's electrical properties as lifetime killers. It is 
well known that the diffusion of these impurities is very 
structure sensitive. Lattice defects in silicon, e.g., disloca- 
tion loops, affect the diffusion of these impurities because 
they act as sources of vacancies (4). Reverse.leakage cur- 
rent (IR) of Au-doped diodes is much larger than that of 
Pt-doped diodes for the same value of reverse recovery 
time (t~r). On the other hand, forward voltage drop (FVD) 
of Au-doped diodes is smaller than that of Pt-doped di- 
odes (5). 

Although these impurities have been studied individu- 
ally, interaction of these impurities has not been studied. 
Concerning dual diffusion of lifetime killers, Hayaski 
et al. (6) studied the dual diffusion of iron (Fe) and Au. 
They concluded that by use of Fe and Au dual diffusion, 
the lifetime was reproducibly controlled and weak tem- 
perature dependence of the FVD of the device was ob- 
tained. They referred to the diffusion of Fe and Au as an 
interaction of these atoms. 

This paper discusses dual diffusion of Au and Pt  into 
silicon to reveal the interaction of these lifetime killers. 
We fabricated p+ nn + diodes doped with Au and Pt in sev- 
eral conditions and studied their trap concentrations and 
trap energy levels. 

Experimental 
The silicon wafers used in this study were FZ groom, 

n-type, and <111> oriented, with a resistivity of 35 12cm. 
Phosphorus and boron were diffused into opposite sides 
of the wafers, resulting in p§ nn + diode structure. Experi- 
ments were done for the following three cases 

(a) sequential diffusion (Pt -~ Au) 
(b) sequential diffusion (Au ~ Pt) 
(c) simultaneous diffusion of Au and Pt  

In case (a), Pt  was deposited on the p~ side of alkali and 
HF + HNO~ etched silicon wafers by sputtering and then 
was diffused for 40 rain in nitrogen atmosphere at differ- 
ent temperatures. The velocity of loading and unloading 
to the diffusion furnace was more than 1000 mm/min. 
After Pt diffusion, the wafers were boiled in HCL:HNO~ = 
3:1 to eliminate the residual Pt on the surface. Then Au 
was deposited on the p+ sides of the wafers and diffused 
in the same way. In case (b), all of the procedures were 
the same as those in case (a), except  for the order of Au 
and Pt diffusion. In case (c), Pt and Au were diffused sim- 
ultaneously. As control samples, Au or Pt was diffused in- 
dividually at different temperatures. After the diffusion of 
Au and Pt, A1 was deposited on both sides of the wafers. 
From these wafers 1.4 mm diam diodes were prepared. 

By using these  p+ nn + diodes, trap concentrations and 
trap energy levels of Au and Pt in the n regions of the di- 
odes were measured by DLTS (7, 8). 

Results 
It is well known that Au or Pt  in silicon occupy substi- 

tutional and interstitial lattice sites. Only the atoms in 
substitutional sites are electrically active; therefore, they 
act as lifetime killers. As is well established, Au in substi- 
tutional sites forms two energy levels, a donor level at Ev 
+ 0.35 eV and an acceptor level at Ec - 0.54 eV. A greater 
variety of levels has been published for Pt  trap levels than 
for Au. Among them, two levels, a donor level at Ev + 
0.30 eV and an accepter  level at Ec - 0.22 eV, are con- 
firmed by many authors. Our DLTS measurement  also 
shows the presence of these two trap levels. 

In the case of the samples in which Au and Pt coexist, 
no energy levels other than those mentioned above were 
detected in any diffusion conditions. This result shows 
that new energy levels are not formed by the interaction 
of Au and Pt. 

Trap concentration was estimated from the DLTS sig- 
nal peak height of the majority carrier trap in n-type sili- 
con, i. e. Ec - 0.54 eV (Au) and Ec - 0.22 eV (Pt). 

Sequential diffusion (Pt -~ Au).--Au and Pt trap con- 
centrations of various diffusion conditions in case (a) are 
shown in Fig. 1 and Fig. 2, respectively. In these figures, 
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open circles show control samples (Au or Pt diffused 
singly), and solid circles show Au and Pt double-doped 
samples. In Fig. 1, Au trap concentrations (NA~) are not 
simply related to Au diffusion temperatures. Fol exam- 
ple, NAu of sample A (Pt 850~ --> Au 800~ is higher than 
that of sample B (Pt 830~ ---> Au 800~ and of sample C 
(Pt 820~ --* 850~ Band C in Au is diffused at a higher 
temperature than in sample A. Also, the NA, of sample A 
is 10 times higher than that of control samples in which 
Au is diffused at the same temperature. 
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Fig. 3. Reverse leakage current (I R) vs. reverse recovery time (trr)- 
Solid lines: gold or platinum single doped. Solid circles: gold and plat- 
inum double doped. 

In Fig. 2, Pt trap concentrations (N~) of double-doped 
samples increases with Pt  diffusion temperature, but 
these values are one order of magnitude less than the con- 
trol samples. Figure 2 also shows the relation between the 
sum of NAu and Net and the Pt diffusion temperature. It is 
clear from this figure that the sum of NAu and N~ is 
nearly equal to Pt concentration of the control sample. 
Before Au diffusion, Npt was the same as that of the con- 
trol sample, but after Au diffusion, Npt decreased to less 
than 10% of the initial value, and the values of NA, corre- 
sponded to the decrease in Pt concentration. This phe- 
nomenon obviously shows that Pt, which was diffused 
previously, is replaced by Au, which was diffused later. 

This phenomenon is also confirmed by the measure- 
ment of the electrical properties of p~ nn § diodes. Figure 3 
shows the relation between t= and !R. In this figure, solid 
lines indicate the properties of Au single-doped diodes 
and Pt  single-doped diodes; the solid circles indicate 
those of Au and Pt double-doped diodes. 

It is clear that the properties of Au and Pt  double-doped 
diodes are the same as those  of Au single-doped diodes. 
Figure 4 shows the relation between tr, and FVD. The pro- 
perties of Au and Pt double-doped diodes are the same as 
those of Au single-doped diodes. These electrical mea- 
surements show again that Pt was replaced by Au when 
Pt  and Au were  diffused into silicon sequentially. 

In order to reveal the replacement phenomenon more 
precisely, the effect of Au diffusion temperature on trap 
concentration was studied. Pt diffusion temperature was 
fixed at 850~ and the following Au diffusions were per- 
formed in a temperature range of 600~176 ". In Fig. 5, NAu 
and Npt were plotted against Au diffusion temperature. As 
shown in this figure, NA, increased and, correspondingly, 
Na decreased with the increase of Au diffusion tempera- 
ture. The sum of NA~ and Npt was constant and was equal 
to the initial Pt  concentration before Au diffusion, 
irrespective of Au diffusion temperature. It is clear from 
Fig. 5 that the replacement does not occur at an Au  diffu- 
sion temperature lower than 600~ In the temperature 
range of 600~176 replacement occurs partially, hence 
Au and Pt coexist. When Au was diffused at a tempera- 
ture higher than 770~ Pt  was completely replaced by 
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Au. Figure 6 shows the ratio (R) of NAu to the sum of NAn 
and N~ [R = NAJ(NAu + N~] vs. Au diffusion temperature. 

Sequential diffusion (Au -~ Pt).--In Fig .  7 NAu and Npt 
are plotted against Pt diffusion temperatures in which Au 
diffusion was carried out at 875~ In this case, a replace- 
ment  phenomenon also occurred, but it was somewhat 
more complex than in case (a). Au was not replaced by Pt 
at temperatures lower than 600~ The replacement 
occurred partially at around 650~ but the replacement 
did not occur at around 700~ When Pt was diffused at a 
higher temperature than 750~ replacement occurred 
again. The sum of NAn a n d  N~ was almost constant, 
irrespective of Pt  diffusion temperature and was equal to 
the initial Au concentration before Pt diffusion, as was 
the case for (a). Figure 8 shows R vs. Pt diffusion tempera- 
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ture. From these facts, it is considered that Au and Pt 
atoms occupy the same kinds of substitutional sites in 
silicon. 

Simultaneous diffusion of Au  and Pt . - -Both  Au and Pt  
were detected in case (c), where Au and Pt  were diffused 
simultaneously, as shown in Fig. 9. In this case, NAu and 
Npt were lower than the Au and Pt concentrations of the 
control samples (solid lines). The sum of NAu and Npt was 
an intermediate value between the Au and Pt concentra- 
tions of the respective control samples. 

Discussion 
Experimental  results can be interpreted qualitatively as 

follows: 
Au and Pt occupy substitutional and interstitial lattice 

sites in silicon, with the former acting as lifetime killers. 
Diffusion of interstitial atoms is much larger than that of 
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substitutional atoms. A dissociative diffusion mechanism 
(2, 9) and a kick-out mechanism (10) have been proposed 
for Au and Pt diffusion. In the dissociative diffusion 
mechanism, an interstitial metal atom and a vacancy are 
in thermal equilibrium with a substitutional metal atom. 
On the other hand, according to the kick-out mechanism, 
a substitutional metal atom and an interstitial silicon are 
in thermal equilibrium with an interstitial metal atom. 

In the case Of Au and Pt dual diffusion, we assume the 
following reaction 

Auint + Pts.b ~ Au~.~ + Ptint 

sink, source sink, source 

Sources of Au~,t and Pt~,t are Au and Pt deposited on the 
surface of the silicon. Sinks for Auint and Ptint should be 
dislocations at the surface, or some other kind of defect. 

In addition to these sinks and sources, we should as- 
sume that other kinds of sinks and  sources of Pt~nt exist, 
because an instability in resistivity was detected in Pt- 
doped specimens on low temperature annealing. Figure 
10 shows (a) the spreading resistance of Pt-diffused sili- 
con wafer and (b) that of the wafer annealed at 730~ after 
Pt diffusion. As shown in Fig. 10a, the spreading resist- 
ance was almost constant inside the wafer (>50 /~m 
depth). But when it was annealed at about 730~ the 
spreading resistance increased and the distribution be- 
came irregular. This change of resistance was observed 
only when it was annealed at around 700~ When this wa- 
fer was annealed again at high temperature, e. g., 900~ 
the resistance became constant again, as shown in 10c. 
The change in resistance occurs reversibly and indicates 
that some kind of complex state exists in silicon. This 
state is stable only around 700~ and has a trap level 
showing a compensating effect on the resistivity which 
reSt{lts in the increase of the spreading resistance, This 
state can be assumed to be a complex compound. We des- 
ignate this state as Pt~,,mp,,~ and show the reaction again as 
follows 

Auint + Pts,~ ~ AUsub + Ptint 
Tt 
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platinum annealed again at 900~ after platinum diffusion and 730~ 
annealing. 

In this reaction, Pti,t changes Ptcom,~e~ greatly only around 
700~ 

In case (a), Aui~t diffused into silicon with a large num- 
ber of Ptsub. Then Pt~.b was replaced by Auint. Therefore, 
Aught and Pt~ub decrease, while AUsub and Pt~,t increase by 
the replacement until  they reach thermal equilibrium 
state. The increase in Ausub is equal to the decrease in 
Pts,b. When Au was diffused at a higher temperature, Aui,t 
increased; hence, the replacement of Pts,b by Au~b in- 
creases with Au diffusion temperature. When Au diffu- 
sion is performed at nearly 700~ Pt~.t changes to Ptcomplex, 
and the replacement of P%,b by Au~b increases. At a tem- 
perature higher than 700~ P~nt does not change to 
P%o~p~. However, the replacement is not retarded be- 
cause the number  of Au~,t is larger at these temperatures.  

In case (b), the replacement of Ptsub for Au~,b increases 
with the increase of Pt diffusion temperature. But when 
Pt diffusion is performed at around 700~ Pt~nt changes to 
Ptcomplex, hence the replacement of Ptsub for Ausu b is 
stopped. At higher temperatures than 700~ Ptl,t does not 
change to Ptr hence the replacement of AU~ub to Pt~b 
occurs again. 

Summary 
Dual diffusion of Au and Pt into silicon was examined. 

Measurement of trap energy levels and trap concentra- 
tions was performed by DLTS. Results obtained in this 
paper are summarized here. 

1. When Au and Pt coexist in silicon, two levels of Au, 
Ec - 0.54 eV and Ev + 0.35 eV, and two levels of Pt, 
Ec - 0.22 eV, and Ev + 0.30 eV, are observed. New 
levels arising from the interaction of Au and Pt are 
not found. 

2. In the case of sequential diffusion, replacement of 
the first diffusant atoms in substitutional sites by 
the second ones is found to occur in the lower tem- 
perature range of the second diffusion. (i) Replace- 



Vol. 132, No. 1 D U A L  D I F F U S I O N  229 

ment  does not occur below 600~ of the second diffu- 
sion temperature. (ii) Replacement is almost 
complete above 800~ of the second diffusion tem- 
perature. (iii) In  the second diffusion temperature 
range between 600 ~ and 800~ replacement occurs 
partially, a n d  the sum of substitutional Au and Pt 
atoms is constant, irrespective of the second diffu- 
sion temperatures,, and equals the number  o f  sub- 
stitutional atoms of the first diffusant. 
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Vaporization Chemistry and Thermodynamics of the MnS-In2S3 
System by the Simultaneous Knudsen and Torsion-Effusion Method 

J. P. Botor 1 and J. G. Edwards* 

Department of Chemistry, University of Toledo, Toledo, Ohio 43606 

ABSTRACT 

The MnS-In2S3 system was investigated in the temperature range of 1065-1246 K by measurements of vapor pres- 
sures with the computer-automated simultaneous Knudsen and dynamic torsion-effusion method. This study was the 
first investigation of vaporization chemistry and thermodynamics of the Mn-In-S system. Between compositions corre- 
sponding to In2S3 and MnIn~S4 the vaporization reaction was In2S3(s) = In2S(g) + S2(g). For this vaporization reaction, 
third-law analyses gave hH~ K) = 617.9 -+ 0.9 kJ/mol, in good agreement with the literature. Between compositions 
corresponding to MnIn~S4 and MnS, the vaporization reaction was MnIn~S4(s) = MnS(s) + In~S(g) + S2(g). Third-law anal- 
yses gave hH~ K) = 633.0 -+ 1.0 kJ/mol. Over the first vaporization reaction, the apparent molecular weight of the 
vapor was 184.7 -+ 3.4, and over the second, it was 178.3 - 3.7. The average molecular weight of In2S(g) + S2(g) is 181.5. 
The hH~ K) of combinat ion of 1 tool of MnS(s) with 1 mol of In~S3(s) to give MnIn2S4(s) was - 15.1 -+ 2.0 kJ/mol. This 
value was justified by those for other ternary metal sulfides of the type M~M2~HS4(s). 

The sulfides of transition metals have been the subject 
of extensive investigation, with particular emphasis put 
upon the structures, phase equilibria, and electrical and 
magnetic properties of the solid phases. The compound 
MnIn~S4 was first reported by Hahn and Klingler (1) and 
later by several investigators, including Schlein and Wold 
(2) and Kanomata and Ido (3), who reported preparation, 
crystallographic studies, and electrical and magnetic 
propert ies  of several indium thiospinels. MnIn~S4 has a 
mixed Spinel s t ructurewi th  lattice constant a = 10.69 (1), 
10.72 (2), or 10.71A (3). Electrical resistivity measurements  
at room temperature indicate that MnIn~S4(s) is a semi- 
conductor with resistivity greater than 105 ~ cm 2. It is par- 
amagnetic down to 4.2 K. The magnetic interactions that 
occur in MnIn2S4 are primarily antiferromagnetic with 
negative Weiss constant at -78 K (2, 3). No information is 
available on the thermodynamics of the system MnS- 
In2S:~, except at the binary extremes. 

Considerable information about the thermodynamic 
properties of MnS and In~S3 is available, and much of it 
has been tabulated by Mills (4). The vapor pressure of 
MnS is much lower than that of In2S~; the vapor pressures 
are 1 Pa at 1616 K and 1090 K for MnS (8) and In,,S3 (12), 
resPectively. The vaporization of MnS(s) has been studied 
by several investigators (4), including Wiedemeier and 
Sch~fer (5), who used the Knudsen effusion method, 
Colin et al. (6), who used mass spectrometry, Wiedemeier 
and Gilles (7), who also used mass spectrometry, and 
Viswanadham and Edwards (8), who used simultaneous 

*Electrochemical Society Active Member. 
1Present address: Institute of Non-Ferrous Metals, Gliwice, 

Poland. 

Knudsen and torsion effusion. The vaporization reaction 
was found to be 

MnS(s) = Mn(g) + 1/2 S2(g) [1] 

The vaporization of In~S3(s) has been investigated by 
Colin and Drowart (9) and Miller and Searcy (10, 11), who 
used mass spectrometry, and by Haque et al. (12), who 
used simultaneous Knudsen and torsion effusion. The va- 
porization reaction was congruent by 

In2S3(s) = In~S(g) + S2(g) [2] 

Standard enthalpies of vaporization at 298 K of reaction 
[2] were 602 -+ 13 k J/tool (9), 617 -+ 13 kJ/mol (10), and 
613.4 _+ 3.0 kJ/mol (12), respectively. 

The purposes of this investigation are to learn the va- 
porization reaction of MnIn~S4(s), to use the simultaneous 
Knudsen-effusion and torsion-effusion methods to mea- 
sure the vapor pressures, and to calculate equilibrium 
constants of the vaporization reactions as functions of 
temperature and then calculate the thermodynamic prop- 
erties of the vaporization reactions and the reactants and 
products therein. 

Experimental 
Samples.--Solid samples with compositions ranging 

from MnS to In2S3 in increments of 10 mole percent (m/o) 
on the basis of these formulas were prepared by heating 
the elements in evacuated, sealed, Vycor tubes. T h e  
samples were prepared by directly combining stoichio- 
metric amounts of manganese metal powder (purity 
greater than 99.4%) (Fisher Scientific Company) with in- 
dium wire (Indium Corporation of America) and sulfur 
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( Johnson  Mat they Chemica ls  Limited)  (purit ies greater  
than  99.99%). 

The samples  were  obta ined  as polycrystal l ine,  single- 
phase  products  af ter  three  success ive  48h hea t ing  per iods 
at t empera tu res  of  400 ~ 700 ~ and 1000~ Each  sample  
was q u e n c h e d  in water.  The  products  were  g round  wi th  
an agate mor ta r  and pest le  and s tored in a vial  ins ide  a 
des iccator  over  CaSO4. Each  sample  was analyzed for 
phase  con ten t  by x-ray p o w d e r  diffractometry.  

Preliminary effusion experiments .--To establ ish the  va- 
porizat ion react ion of MnIn2S4(s), two samples  of  compo-  
sit ions 10 and 50 m/o MnS were  heated  unde r  v a c u u m  of 
10 -0 torr  in graphi te  effusion cells. Each  e x p e r i m e n t  con- 
sisted of  several  success ive  heat ings,  wi th  examiha t i on  of  
the sample  res idue after each heating.  

EaCh pre l iminary  e x p e r i m e n t  invo lved  the fo l lowing 
steps, excep t  as no ted  below. The K n u d s e n  cell  con- 
ta ining the  sample  was we ighed  and p laced  in the  vac- 
u u m  system, and the  sys tem was evacuated.  The cell  was 
hea ted  for 10-25h (with one except ion,  w h e n  the  t ime  was 
4h) at 1023 -+ 10 K or 1123 -+ 10 K. At the  end  of  each heat- 
ing, the  power  was swi tched  off  and the  sample  was al- 
lowed to cool by radiation.  After  several  hours,  w h e n  the  
sample  was at room tempera ture ,  the  sys tem was b rought  
to a tmospher ic  pressure  wi th  n i t rogen  gas, and the  cell  
was r e m o v e d  and weighed.  The  cell  l id was r emoved ,  and 
samples  for x-ray analysis were  taken  f rom the  surface 
and f rom the  bulk  of  the  residue.  The details of  the  proce-  
dure  and resul ts  of  these  expe r imen t s  can be found  in 
Table  I. The  table 's  first c o l u m n  gives the  sample  desig- 
nation. The  second th rough  e ighth  co lumns  give, respec- 
tively, n u m b e r  of the  success ive  heating,  initial composi-  
t ion of  the  sample,  mass  of  the  sample,  t ime, tempera ture ,  
rate of  mass-loss,  and phases  present  after heat ing.  

Apparatus . - -The  appara tus  used for vapor-pressure  
measu remen t s  has  been  desc r ibed  (13, 14). It  consis ts  of  a 
dynamica l ly  opera ted  tors ion-effusion p e n d u l u m  sus- 
p e n d e d  f rom one pan of  an au tomat ic  v a c u u m  semimicro-  
ba lance  wi th  paper  s t r ip-chart  output.  Data f rom the  pen- 
d u l u m  and the  strip chart  are acqui red  au tomat ica l ly  by a 
labora tory  computer .  

Two graphi te  tors ion-effusion cells labeled "1" and "2" 
were  used. The des ign of  the  cells has been  descr ibed  
(12). Graphi te  cell  1 had  d iverg ing  r ight-circular-conical  
orifices wi th  semiapex  angles  of  about  30 ~ dri l led wi th  a 
conical  tool. The two orifices in cell 2 were  cylindrical .  
The  cells were  c leaned and then  outgassed unde r  v a c u u m  
in a radio- induct ion  furnace  at 1400 K for about  24h. Mo- 
m e n t  arms of the  orifices and th icknesses  of  the  walls  in 
which  orifices were  dri l led were  measu red  wi th  a travel- 
ing  microscope.  The  t ransmiss ion  probabi l i ty  and recoil  
force factors of  the  orifices were  calcula ted wi th  com- 
puter  p rograms  us ing  equa t ions  f rom F r e e m a n  and Ed- 
wards  (15). 

Tempera tu res  were  measu red  with  a Pt, Pt-10%-Rh 
the rmocoup l e  in a d u m m y  cell  ident ical  in des ign  and 
materials  to the tors ion-effusion cell. The  two cells w e r e  

p laced  symmetr ica l ly ,  the  tors ion cell  above  and the 
d u m m y  c e l l  be low the center  of  the  furnace  and sepa- 
rated by about  2 mm.  The t h e r m o c o u p l e  was  cal ibrated 
by observ ing  the  t empe ra tu r e  of the  d u m m y  cell wi th  the  
t h e r m o c o u p l e  and a cal ibra ted optical  pyrometer .  This 
p rocedure  in t roduced  uncer ta in t ies  of -+ 4 K into the  tem- 
pera ture  measurements .  

The  tors ion constants ,  k, of  the fibers were  cal ibrated 
before  and after each set of vapor  pressure  m e a s u r e m e n t s  
by the  usual  m e t h o d  (12) of  observ ing  the  period,  z, of  a 
cal ibrat ion p e n d u l u m  suspended  f rom the  fiber. 

Data collection and treatment .--On the  basis of  resul ts  
f rom the  pre l iminary  hea t ing  expe r imen t s  (Table I), the  
vapor iza t ion  of  the  te rnary  c o m p o u n d  MnIn~S4(s) was 
taken  to be incongruen t  by  the react ion 

MnIn2S4(s) = MnS(s) + In.2S(g) + S2(g) [3] 

The  vapor iza t ion  react ion of  In~S.~(s) was a s sumed  to be  
congruen t  by react ion [2]. 

Two sets of  expe r imen t s  were  done, each  wi th  a differ- 
en t  sample  and effusion cell. The  set of  expe r imen t s  wi th  
cell  1 will  be  called set Y and that  wi th  cell  2 will  be called 
set  Z. The  compos i t ion  reg ion  in which  the  vapor iza t ion  
react ion is g iven by Eq. [2], where  In~S3(s) and MnIn2S4(s) 
are in equ i l ib r ium wi th  the  vapor,  will  be deno ted  as re- 
gion I. The  compos i t ion  reg ion  in which  the  vapor iza t ion  
react ion is g iven by Eq. [3], where  MnIn~S4(s) and MnS(s) 
are in equ i l ib r ium wi th  the  vapor,  will  be deno ted  as re- 
gion II. 

In set Y and set Z, 380 m g  of sample  were  loaded  into 
the effusion cell. In  set Y, 190.2 mg  of the sample  were  
p laced  in the  first c h a m b e r  of the  cell and 189.2 mg  were  
p laced in the  second.  In  set Z; 190.0 mg  of the sample  
were  p laced in each  c h a m b e r  of  the  cell. In  set Y, the  ini- 
tial sample  compos i t ion  was 40.0 m/o MnS and 60.0 irgo 
In2S.~; in set Z, it was 10.0 m/o MnS and 90.0 m/o In~S:~. Ex- 
pe r imen t s  were  done  in reg ion  I and then, as the  composi-  
t ion of  the  solid sample  changed,  in regio n II. 

Data acqui red  in the  course  of each effusion experi-  
m e n t  was taken f rom three  types  of  measurement s :  (a), 
the  t empera tu re  of  t he  effusion cell; (b), the  mass  of  the 
tors ion-effusion p e n d u l u m  and the t ime;  and (c), the  
t imes  at wh ich  the  tors ion-effusion p e n d u l u m  was at a 
n u m b e r  of  prese t  posi t ions.  

The  torque,  Qe, caused by effusion of  vapor  f rom the  ef- 
fus ion cell was obta ined  f rom the  t ime  Vs. pendu lum-  
posi t ion m e a s u r e m e n t s  by a least  squares  fit of  the  ideal- 
t o r s ion -pendu lum equa t ion  to the  data, as previous ly  
descr ibed  (13, 14, 16). The  tors ion pressure,  PT, was calcu- 
lated (17) wi th  the  equa t ion  

PT = 2QJ(d,F,A1 + d2F2A.2) [4] 

where  the  subscr ipts  1 and 2 ident i fy the  effusion 
orifices, and d is the  m o m e n t  arm of the orifice, A its 
area, and F its recoi l  force correct ion factor  (15). 

The Knudsen  vapor  pressure,  P~, was calcula ted f rom 
the  measu red  tempera tures ,  T, and the rate of  mass  loss, 

Table I. Results of preliminary effusion experiments 

Sample 
Successive 

heating rrgo MnS 
Mass of Time T/K 

sample/rag (min) (-+ 10) 

Rate of 
mass loss 
(mg/min) 

Phases Present 
a~er heating 

0.bMnS 
+0.5 In2S3 

0.1MnS 
+0.9 In2Ss 

1 
2 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 

50.0 
88.7 

10.0 
11.4 
13.0 
15.4 
18.9 
24.6 
35.1 
51.8 
59.0 
70.7 
89.8 

1092.2 1120 1123 61.75 
338.8 248 1123 50.97 

1007.2 1497 1023 8.94 
821.4 1234 1023 8.89 
711.7 1372 " 1023 8.77 
581.4 1418 1023 8.87 
424.0 1273 1023 8.85 
311.3 1286 1023 8.79 
198.3 1242 1023 6.91 
112.5 721 1023 3.09 
70.2 652 1023 3.14 
49.7 729 1023 3.01 
27.8 614 1023 1.35 

• 10 -~ 
• 10 -2 
• 10 -2 
• 10-'~ 
• 10 -~ 
x 10 -2 
• 10 -2 
• 10 --~ 
x 10 -2 
• 10-2 
x 10 -2 
• 10-~ 
x I0 -~- 

MnIn~S4 + MnS 
MnS 

In2S3 + MnIn2S4 

In.,S3 + MnIn2S4 

MnIn2S4 + MnS 

MnS 
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Table II. Gibbs-energy functions, - [G~ - H ~ (298 K)]/T, in J/mol K 

T/K In~S3(s) In2S(g) S2(g) MnS(s) MnIn2S4(s) Reaction[3] 

1000 228.40 343.51 245.73 104.40 332.80 360.84 
1100 237.73 347.27 248.15 108.00 345.73 357.69 
1200 247.02 350.62 250.45 111.40 358.42 254.05 
1300 255.94 354.20 252.62 114.70 370.64 350.88 

dg/dt ,  with the Knudsen equation 

PK = (dg/dt)(27rRT/M*)~2/(WIA~ + W2A.,.) [5] 

in which M* is the assigned molecular weight of the 
effusing vapor and W is the transmission probability of 
the orifice (15). 

Vapor pressures were converted to reaction quotients 
of reactions [2] and [3] with the equation 

Qp = P1n~sPs2 [6] 

= 0.221P 2 [7] 

The apparent molecular weight M of the effusing vapor 
was calculated (17) from 

M = M*(PK/PT) 2 [8] 

The assigned molecular weight can be any positive real 
number,  but in order to produce accurate Knudsen pres- 
sures, M* was set equal to the avera~e molecular weight 

of In2S3 vapor effusing by either reaction [2] or reaction 
[3]. M was calculated (17) from the equation 

~ = m~M~-'~ [9] 

where n is the number  of species effusing, mj is the mass 
fraction, and Mj is the molecuiar weight of species j in the 
effusing vapor. The result for In2S~ vapor was M = 181.5. 

Pressures were observed to vary as functions of orifice 
area in comparing results from sets Y and Z. The vapor 
pressures, P~, in the effusion cell were related (18) to 
vapor pressures, Po, at a given temperature in a hypothet- 
ical cell with orifice area of zero by 

Po = Pi (1 + WA/aA~)i [10] 

where A is the orifice area, W is the transmission proba- 
bility of the orifice, A~ is the vaporizing sample area, and 
a is the condensation coefficient of the vaporizing 
sample. 

In each region, and for each type of measurement,  i.e., 
in four cases in each set, values of Py and Pz were ob- 
tained from least squares fits of log P vs. l IT  at. five 
equally spaced temperatures in the experimental  range. 
Values of Po at a given temperature were obtained by ex- 
trapolation of a straight line through the two points from 
sets Y and Z on a plot of P~ vs.  (PWA)i, with i = Y and Z. 
The uncertainty of Po was calculated from the standard 
deviations of Py and Pz. In each case, average ratios of 
PY/Po and Pz/Po were calculated from both torsion and 
Knudsen results. In each case, the resulting five values of 
P0 were substituted into Eq. [7], and the assumption was 
made that the resulting reaction quotient was the corre- 
sponding equilibrium constant, Kp. 

The equilibrium pressures were calculated from the 
equation 

Peq = 0.942Po [11] 

Least squares, straight-line fits were made to the equa- 
tion 

log Peq = - C / T  + D [12] 

The uncertainty in log Peq was calculated from the 
standard deviations in C and D from a fit of log Pm vs. 1/T 
and from the standard deviations in PJPm in Table VI. 

Third-law values of hHo(298 K) of the vaporization reac- 
tions were calculated from ratios of P/Po, the measured 
vapor pressures and temperatures, and standard Gibbs 
energy functions h(~~ 

~bo(T) = -[Go(T) - Ho(298 K)]/T [13] 

with the equation [Ref. (19)] 

hH~ K) = TAro(T) - R T  in (QJPa 2) 

+ 2RT In (P/Po) + 23.052RT [14] 

In Eq. [14], Q, is the reaction quotient of the vaporization 
reaction from Eq. [7], the third term on the right corrects 
the results to zero orifice area, and the last term accounts 
for the fact that standard pressure is 1 atm (= 101,325 Pa). 

The values of hH~ K) derived from a given type of 
measurement  in each set were averaged. The uncertainty 
in the average AH~ K) was calculated from the 
standard deviation of the values and the standard devia- 
tions in each value resulting from the standard deviation 
of the ratio P/Po in Eq. [14]. 

Second-law values of AH~ K) were obtained by a 
standard sigma treatment (20). Values of Gibbs energy 
functions for MnS(s), In..,S3(s), In~S(s), a n d  S~(g) were  
taken from Mills (4). The  Gibbs energy functions of 
MnIn2S4(s) were estimated to be the sum of those for 
MnS(s) and In~S3(s). Values of Gibbs energy functions are 
given in Table II. The first column gives the tempera- 
tures, and subsequent  columns give the Gibbs energy 
functions of In2S3(s), In2S3(g), S..,(g), MnS(s), MnIn.2S4(s), 
and the vaporization reactions of In2S3(s) and MnIn2S4(s), 
respectively, at the temperatures in the first column. 

Results 
The torsion constant of the fiber used in set Y was 

(3.017 -+ 0.016) • 10 _8 Nxm/rad, before and after set Y, and 
that used in set Z was (3.029 -+ 0.012) • 10 -s Nxn~/rad, be- 
fore and after set Z. The mensural properties of the effu- 
sion cells used in set Y and set Z are given in Table III. 
The first column gives the cell and orifice designation. 
The second through eighth columns give, respectively, 
the minimum orifice radius, the orifice length, the mini- 
mum orifice area, the semiapex angle, the  moment  arm, 
the transmission probability, and the recoil force correc- 
tion factor. 

Debye-Scherrer x-ray diffractograms of samples pre- 
pared at 10 m/o intervals and the results of the prelimi~ 
nary effusion experiments established that the only stable 
ternary compound in the MnS(s)/In~S:~(s) system is 
MnIn~S4(s). In the composition range of 100-50 m/o In~S:~ 
(region I), the solid contained In2S:~(s) and MnIn2S4(s). In 
the range of 50-0 m/o In~S:~ (region II), the solid contained 
MnIn2S4(s) and MnS(s). X-ray diffractograms gave no evi- 
dence of solid solution with concentration greater than 5 
m/o in any of the three compounds. 

Table III. Mensural properties of effusion cells 

Effusion cell 
and orifice (r • 0.0006)/cm (l • 0.001)/cm 10~A/cm ~ (0 -+ 0.5)/deg (d • 0.006)/cm W -+ 0.004 F • 0.005 

1 
1 0.0308 0.208 2.98 29.28 0.827 0.9010 1.1011 
2 0.0328 0.208 3.34 28.78 0.827 0.8972 1.0940 

1 0.0305 0.126 2.92 0.0 0.811 0.3497 0:3950 
2 0.0305 0.128 2.92 0.0 0.811 0.;3446 0.3907 
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Rates  and  a m o u n t s  of  m a s s  loss  b e t w e e n  reg ions  I and 
II and  after  reg ion  II as the  sol id b e c a m e  MnS were  the  
bes t  indica tors  of  the  ex t en t  of  solid solut ions .  They 
s h o w e d  tha t  the  solubi l i t ies  o f  MnS  in In~S.~ and  of  In2S3 
in  MnIn2S4, in reg ion  I, we re  less  t han  1 m/o and  tha t  the  
solubi l i ty  of MnS  in  MnIn2S4 in region II was  less  t h a n  1 
m/o. However ,  the  solubi l i ty  of  InzS~3 in M n S  in  reg ion  II 
was  2.6 -+ 1 m/o or 7.4 -+ 3 equ iva len t  percent .  The lat ter  
n u m b e r s  were  surely  d e p e n d e n t  on t empera tu re ,  bu t  the  
m e t h o d  did no t  yield th is  d e p e n d e n c e .  

F igure  1 shows  the  resu l t s  f rom the  p re l imina ry  effu- 
s ion expe r imen t s .  The upper ,  da shed  l ines r e p r e s e n t  aver- 
age ra tes  of mass  loss f rom the  first e x p e r i m e n t  at 1123 K 
and  wi th  an initial s amp le  compos i t i on  of  50 m/o MnS. 
The  lower,  solid l ines r e p r e s e n t  t he  s ame  f rom the  second  
e x p e r i m e n t  at 1023 K and  wi th  an  initial s a m p l e  compos i -  
t ion of 10 m/o MnS. The dots  r ep re sen t  the  beg inn ings  
and  ends  of  s ingle  hea t ings .  The rate of  mass  loss de- 
c reased  w h e n  the  c o m p o s i t i o n  region  c h a n g e d  and  w h e n  
the  c o m p o s i t i o n  of pu re  MnS  was  reached .  I n t e r m e d i a t e  
dec reases  occur red  w h e n  the  compos i t i on  du r ing  a s ingle  
hea t ing  changed  f rom one region  to another .  

In  se t  Y, the  vapor  p re s su re  was  ~aeasured by  bo th  
K n u d s e n  effus ion and  to rs ion  effus ion at 22 t e m p e r a t u r e s  
in the  range  of  1065-1192 K in region I and  at 56 t empera -  
tu res  in the  range  of  1091-1228 K in region II. In set  Z, the  
vapor  p r e s su re  was  m e a s u r e d  by bo th  m e t h o d s  at 67 tem- 
pe ra tu res  in the  range  of 1115-1233 K in region I and  at 15 
t e m p e r a t u r e s  in the  range  of  1134-1246 K in  reg ion  II. 

Table  IV gives resul ts  f rom region  I, and  Table  V gives 
resul ts  f rom region II. In each  table,  co lumns  1, 2, 3, and 4 
give the  t e m p e r a t u r e  of  the  m e a s u r e m e n t s ,  to r s ion  pres-  
sure, K n u d s e n  pressure ,  and  appa ren t  molecu la r  we igh t  
of the  vapor,  respect ive ly .  Co lumns  5 and  6 give th i rd- law 
hH"(298 K) values  der ived  f rom tors ion  p r e s su re  and  
K n u d s e n  pressure ,  respect ive ly .  Second- l aw resu l t s  are 
g iven  at the  b o t t o m  of  c o l u m n s  5 and  6 in each  table.  The 
second- law resul ts  were  no t  s u b s e q u e n t l y  used.  

Third- law hH~ K) was  p lo t ted  against  t e m p e r a t u r e  
for each  of  the  e ight  cases  es tab l i shed  by  type  of  measure -  
ment ,  set, and  region.  The p lo ts  were  h ighly  scat tered,  
bu t  small  t r ends  were  evident .  S t ra ight  l ines  were  fit ted 
t h r o u g h  the  plots ,  and  var ia t ions  of  hH~ K) over  the  
t e m p e r a t u r e  range  w e r e  t a k e n  f rom the  lines.  Fo r  a g iven 
set  and  region, the  var ia t ions  were  a lways the  same 
wi th in  0.2 kJ /mol  for the  K n u d s e n  and  tors ion  measure -  
men t s .  The variat ions,  hhH~ K)/(kJ/mol), were:  r e g i o n  
I, set  Y, -3 .5  -+ 4.0~ and  set  Z, +1.0 -+ 4.0; reg ion  II, set  Y, 
-9 .0  + 4.0,arid set  Z, -5 .4  + 4.0. 

Table  VI gives ratios of  p re s su re s  at orifice area of  zero 
to m e a s u r e d  p ressures ,  as well  as the  c o n d e n s a t i o n  coef- 
f icients  ob ta ined  f rom the  e s t ima ted  ratio A / A s  = 0.01 
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Fig. 1. Mean rate of mass-loss of In2S:~-MnS vs. the composition of 
MnS at 1023 and 1123 K. Evidence for two regions with two solid 
phases is shown. 

Table IV. Vapor pressures and thermodynamics of reaction [2]: 
In2S3(s) = In2S(g) + S2(g) 

Third law 
AH ~ (298 K)/(kJ/mo!) 

Torsion Knudsen 
T/K PT/Pa PK/Pa M (• 0.4) (• 0.4) 

Set Y 

1117 1.15 1.07 157.8 618,3 619.3 
1128 1.63 1.62 181.3 618.3 617.2 
1139 2.37 2.43 190.8 616.8 615.0 
1103 0.75 0.73 171.0 619.3 619.1 
1136 1.96 1.80 153.3 618.9 619,2 
1188 8.34 8.40 184.1 616,3 614.9 
1152 3.16 3.12 176.7 617.8 616.7 
1120 1.26 1.27 183.7 619.0 617.6 
1160 3.96 3.98 182.6 617.4 616~ 
1136 2.04 2.03 179.2 618.1 617.0 
1089 0.55 0.56 186.8 618.1 616.6 
1180 6.28 6.15 173.9 618.1 617.2 
1140 2.27 2.30 186.3 618.1 616.6 
1084 0.45 0.46 194.7 619.0 617.4 
1111 0.98 0.90 153.8 619.1 619.4 
1192 8.71 8.74 182.8 617.4 616.0 
1132 1.94 2.01 194.6 618.0 616.1 
1146 2.79 2.66 165.6 617.2 616.8 
1163 4.29 4.23 176.6 617.3 616.3 
1170 5.04 5.00 178.6 617.6 616.4 
1065 0.24 0,22 150.9 619.9 620.3 
1101 0.77 0.75 172.6 618.3 617.6 

Average~ 176.5 • 2.7 618.2 • 0.2 617,3 • 0.3 
Second law (642.1 • 4.6) (648.7 • 8.3) 

Torsion Knudsen 
Set Z (• 0.4) (• 0.3) 

1152 3.88 3.73 167.0 618.4 618.5 
1174 6.59 6.91 199.6 618.5 617.0 
1115 1.32 1.40 204.3 617.7 615.6 
1175 7.01 7.38 200.9 618,9 617.4 
1174 6.71 6.67 179.3 619.3 618.9 
1121 1.48 1.51 189.9 618.7 617.4 
1165 5.43 5.59 198.6 617,9 616.8 
1216 19.33 19.41 183.1 618.5 618.0 
1170 6.17 7.31 254.7 619.3 615.6 
1208 15.97 15.94 180.8 618,9 618.5 
1186 9.22 8.66 160.1 618.0 618.7 
1117 1.42 1.44 187.0 618.0 616.7 
1150 3.53 3.92 223.4 619.0 616.3 
1196 11.68 11.74 183.5 618.6 617.9 
1222 22 .29  21.16 163.1 617.7 618.2 
1188 9.64 9.75 185.6 618.6 617.8 
1134 2:27 2.18 167.1 619.5 619.6 
1145 3.13 3.11 179.0 618.1 617.5 
1170 6.00 5.94 178.1 617.9 617.6 
1212 17.58 18.30 196.6 620,6 619.3 
1i30 2.02 2,34 242.6 619.0 615.9 
1158 4.46 4.72 203.5 618,7 617.2 
1121 1.54 1.44 158.5 618.7 619.6 
1158 4.48 4.88 215.5 617.7 615.5 
1136 2.24 2.67 217.1 618.2 616.3 
1209 16.31 17.52 209.3 617.8 615.8 
1194 11.28 11.30 182.1 620.0 619.5 
1147 3.40 3.39 180.1 618,1 617.5 
1220 20.93 22.17 203.7 619.2 617.5 
1121 1.68 1.60 165.5 617.2 618.0 
1186 9.13 9.32 189.1 617.2 616.2 
1230 27.02 25.80 165.5 619.3 618,7 
1233 28.57 30.18 202.5 618.8 617.2 
1211 17.00 17.95 202.3 618.2 616.5 
1201 13.26 13.22 180.3 619.4 619.0 
1180 7,67 7.71 183.5 618.9 618.2 
1177 7.27 7.32 184.1 618.3 617.6 
1204 14.48 14.48 181.6 618.8 618.2 
1161 4.82 4.84 183.0 618.5 617.8 
1156 4.13 4.18 185.7 618.5 618.0 
1188 9.57 9.75 188.4 622.0 621.1 
1171 6.08 6.28 193.4 619.0 617.9 
1135 2.44 2.70 221.6 617.6 615.4 
1148 3.28 3.21 173.6 617.9 618.1 
1204 14.26 13.83 170.7 617.8 618.7 
1232 27.96 28.90 160.1 617.0 617.8 
1157 4.28 4.32 184.7 618.2 617.7 
1193" 10.86 10.56 171.5 619.5 619.5 
1216 19.18 20.47 206.7 619.8 618.0 
1189 9.78 9.91 186.4 618.5 617.7 
1212 17.54 17.55 181.8 618.0 617.4 
1170 6.02 6.06 184.0 619.2 618.5 
1116 1.36 1.32 171.6 617.4 617.7 
1150 3.55 3.60 186.7 618.6 617.8 
1170 5.98 5.86 174.0 617.0 616.9 

c o n t i n u e d  on  nex t  page 
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Third law 
hH ~ (296 K)/(kJ/mol) 

Torsion Knudsen 
T/K Pv/Pa PJPa  M (• 0.4) (• 0.4) 

1184 8.67 8.75 184.7 617.8 617.0 
1156 4.08 4.12 185.1 619.6 618.8 
1205 14.63 14.19 170.8 619.5 619.6 
1222 20.08 21.45 171.4 618.8 618.8 
1233 28.95 25.90 145.3 618.6 620.4 
1223 22.47 22.94 189.3 619.1 618.1 
1152 3.59 3.92 215.9 618.7 616.5 
1184 8.60 8.30 168.9 619.0 619.2 
1145 2.96 3.05 193.1 618.4 617.5 
1208 15.71 15.87 185.2 618.6 617.9 
1127 1.88 1.84 173.2 618.0 618.1 
1144 3.05 3.09 185.8 619.8 619.3 

Average: 187.4 • 2.3 618.4 • 0.2 617.6 • 0.2 
Second law (645.2 • 3.6) (639.5 • 5.0) 

and  s lopes  of  p lo ts  of  Pi vs. (PWA)i (16). The first co l u mn  
gives the  type  of  m e a s u r e m e n t ,  and  the  s e c o n d  co l u mn  
gives t he  region. The th i rd  t h rough  s ix th  c o l u m n s  give 
the  rat ios and  the  c o n d e n s a t i o n  coeff ic ients  in  se ts  Y and  
Z, respect ive ly .  Average  c o n d e n s a t i o n  coeff ic ients  of  (2.8 
+ 0.5) x 10 -~ and  (3.2 -- 0.5) x 10 -~ in reg ion  I and  region 
II, respect ive ly ,  can  be  calculated.  The p r e s su re s  at 
orifice areas  of  zero were  33.5 -+ 19.0% h ighe r  t h a n  pres-  
sures  f rom set  Y, and  11.0 + 15.0% h igher  t h a n  p r e s su re s  
f rom set  Z. 

Af te r  appl ica t ion  of  Eq. [11] to the  to r s ion  resu l t s  f rom 
sets  Y and  Z, equ i l i b r ium p re s su re  in reg ion  I was  repre-  
s e n t e d  by  

log (P~JPa) = [-(1.5518 - 0.00460) • 104 K / T ]  

+ (14.060 +- 0.03957) [15] 
covar iance  (C,D) = - 1.8209 

Af te r  appl ica t ion  of Eq. [11] to the  K n u d s e n  resul ts ,  equi-  
l ib r ium p re s su re  in reg ion  I was  r e p r e s e n t e d  by 

log (PeJPa)  = [-(1.5469 -+ 0.00917) • 104 K/T] 

+ (14.037 - 0.07880) [16] 
covar iance  (C,D) = -7.2208 

The equ i l i b r ium p re s su re  f rom the  tors ion  resul ts  in re- 
g ion  II was  r e p r e s e n t e d  by  

log (PeJPa) = [-(1.6889 - 0.00653) x 104 K / T ]  

+ (14.910 -+ 0.05644) [17] 
covar iance  (C,D) = -3.6826 

and  the  p r e s su re  f rom the  K n u d s e n  resu l t s  was  repre-  
s en t ed  by  

log (PeJPa) = [-(1.7009 -+ 0.01033) • 104 K / T ]  

+ (15.025 - 0.08932) [18] 
covar iance  (C,D) = -9.2246 

The  average  th i rd- law values  of  hH~ K), of  vaporiza- 
t ion reac t ions  [2] of  In.2S3(s), and  of  vapor iza t ion  reac t ions  
[3] o f  MnIn.~S4(s) are t abu la t ed  in Table  VII. For  vaporiza-  
t ion reac t ion  [2], AH~ K) is 618.3 +- 0.6 k J /mo l  f rom tor- 
s ion resu l t s  and  617.5 -+ 0.7 k J/ tool  f rom K n u d s e n  resul ts ,  
respect ive ly .  For  vapor iza t ion  reac t ion  [3], hH~ K) is 
633.2 -+ 0.7 kJ /mol  f rom to r s ion  resul ts  and  632.8 - 0.7 
k J /mo l  f rom K n u d s e n  resul ts ,  respect ive ly .  For  vaporiza-  
t ion reac t ion  [2], hH~ K) = 617.9 -+ 0.9 kJ /mol  is se- 
lected;  for vapor iza t ion  reac t ion  [3], hH~ K) = 633.0 -+ 
1.0 kJ /mol  is se lected.  

F r o m  th i rd- law se lec ted  data, the  en tha lp ie s  of  vapori-  
zat ion by  reac t ions  [2] and  [3] yield the  s t anda rd  entha lpy ,  
hHc~ K), of t he  c o m b i n a t i o n  reac t ion  

MnS(s) + In.2S:~(s) = MnIn2S4(s) 
AHc~ K) = - 15.1 • 2.0 k J /mo l  [19] 

Equa t i on  [8] gives va lues  f rom sets  Y and  Z for t he  appar-  
en t  molecu la r  we igh t  of  the  ef fus ing  vapor  of  184.7 -+ 3.4 
for reg ion  I and  of  178.3 • 3.7 for region II, w h i c h  are in 
good a g r e e m e n t  w i th  the  average  molecu la r  weigh t ,  181.5, 
ca lcula ted  f rom Eq. [9]. 

Table V. Vapor pressures and thermodynamics of reaction [3]: 
Mnln2S4(s) = MnS(s) + In~S(g) + S2(g) 

T/K PT/Pa PJPa M 

Third law 
AH ~ (298 K)/(kJ/mol) 

Torsion Knudsen 
(• 0.4) (• 0.3) 

Set Y 
1114 0.47 0.48 192.0 634.8 633.7 
1096 0.26 0.27 200.0 636.0 634.6 
1098 0.28 0.29 208.9 635.8 634.4 
1134 0.86 0.84 175.6 634.0 633.7 
1164 2.23 2.24 176.3 631.0 630.2 
1179 2.99 3.01 183.7 632.8 631.9 
1186 3.97 4.04 188.0 630.7 629.5 
1181 3.25 3.30 191.6 632.1 631.1 
1136 0.86 0.81 160.7 635.0 635.4 
1088 0.18 0.19 195.9 638.3 636.6 
1104 0.37 0.35 162.5 633.9 634.2 
1109 0.39 0.36 152.4 635.6 636.4 
1124 0.64 0.63 178.7 634.3 633.9 
1150 1.45 1.42 173.3 632.3 631.9 
1164 2.19 2.23 188.4 631.4 630.3 
1172 2.57 2.60 184.6 632.3 631.3 
1102 0.32 0.30 153.4 635.5 636.0 
1121 0.59 0.59 182.7 634.3 633.5 
1147 1.29 1.30 185.2 633.0 632.1 
1160 1.83 1.84 182.9 632.8 632.0 
1170 2.66 2.59 172.9 630.6 630.4 
1085 0.18 0.18 191.8 636.6 636.0 
1106 0.37 0.33 145.8 634.9 636.4 
1124 0.62 0.60 172.3 634.9 634.8 
1142 1.09 1.05 168.4 633.6 633.6 
1155 1.66 1.57 162.2 632.2 632.5 
1165 2.17 2.07 164.9 632.1 632.2 
1167 2.23 2.23 178.7 632.5 631.9 
1179 3.06 3.11 187.5 632.3 631.2 
1201 5.67 5.75 186.9 630.8 629.8 
1105 0.36 0.32 140.3 634.9 636.4 
1115 0.48 0.49 181.5 634.9 633.8 
1128 0.72 0.68 161.0 634.2 634.5 
1145 1.12 1.10 177.6 634.6 634.2 
1153 1.50 1.52 186.9 633.1 632.1 
1161 1.87 1.70 148.7 632.9 634.0 
1165 2.12 2.30 213.4 632.5 630.2 
1178 3.21 3.40 203.2 630.9 629.0 
1183 3.70 3.71 182.4 630.6 629.7 
1196 5.07 4.85 166.4 620.4 630.8 
1190 4.01 3.85 167.4 632.4 633.4 
1105 0.35 0.33 163.4 635.4 635.8 
1108 0.37 0.35 165.2 636.0 636.3 
1117 0.49 0.51 190.4 635.6 634.1 
1129 0.76 0.69 149.6 633.7 634.8 
1135 0.91 0.94 193.2 633.4 632.1 
1143 L07 1.09 189.7 634.5 633.4 
1162 2.05 2.09 188.8 631.7 630.5 
1168 2.29 2.25 174.8 632.5 632.1 
1172 2.65 2.71 189.7 631.7 630.5 
1190 4.01 3.85 167.4 632.4 633.4 
1213 8.07 7.88 173.1 629.6 629.3 
1220 9.94 9.88 179.1 628.7 628.0 
1222 10.14 10.86 208.0 629.2 627.1 
1155 1.75 1.66 163.0 631.2 631.5 
1167 2.16 2.18 184.5 633.1 633.2 

Average: 178.2 • 2.2 633.3 • 0.3 632.8 • 0.3 
Second law (695.1 • 3.4) (701.3 • 4.4) 

Torsion Knudsen 
Set Z (• 0.3) (• 0.4) 

1134 0.99 0.89 146.5 635.1 635.9 
1184 4.37 4.14 162.9 632.5 633.1 
1233 15.82 15.89 183.0 631.7 631.0 
1174 3.34 3.53 191.4 633.3 632.6 
1161 2.19 2.18 180.6 634.7 634.2 
1197 5.97 5.46 151.6 632.4 633.8 
1226 13.24 12.51 162.1 631.8 632.5 
1197 6.34 6.38 183.7 632.0 631.5 
1149 1.70 1.74 190.9 635.2 633.9 
1215 10.17 10.05 177.1 632.0 631.8 
1237 17.78 17.46 176.0 629.6 629.2 
1246 21.83 23.80 215.8 632.4 630.0 
1217 10.78 10.74 180.2 632.6 632.1 
1175 3.51 3.59 189.7 634.1 632.8 
1180 3.75 3.83 189.2 633.8 632.9 

Average: 178.7 • 4.4 632.0 • 0.4 632.5 • 0.4 
Second law (715.1 • 7.2) (719.5 • 7.9) 

Discussion 
The vapor  p r e s s u re  over  the  s y s t em MnS(s) - In2S3(s) 

was  m e a s u r e d  by  b o t h  the  to rs ion-ef fus ion  and  K n u d s e n -  
e f fus ion  m e t h o d s  in each  of  two  separa te  e x p e r i m e n t s  in 
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Table VI. Pressure at orifice area of zero relative to pressures measured and condensation coefficient in set Y and set Z 

Set Y Set Z 

Measurement Region Po/Pm • (std. dev.) [a • (std. dev.)] • 10 ~ Po/Pm • (std. dev.) [a • (std. dev.)] • 102 

Knudsen I 1.41 • 0.21 2.19 • 0.47 1.13 • 0.14 2.67 • 0.39 
Torsion I 1.32 • 0.19 2.80 • 0.40 1.I0 • 0.16 3.47 • 0.51 
Knudsen II 1.33 • 0.17 2.71 -+ 0.46 1.12 -+ 0.15 2.89 • 0.43 
Torsion II 1.28 • 0.I8 3.20 • 0.44 1.09 • 0.14 3.86 • 0.41 

Table VII. Third-law AH ~ (298 K) from pressures extrapolated to zero orifice area 

Average value 
Vaporization reaction Pressure AH ~ (298 K)/(kJ/mol) hH ~ (298 K)/(kJ/mol) 

In~S:~(s) = In lS (g )  + S~(g) 

MnIn2S4(s) = MnS(s) + In~S(g) + S2(g) 

Torsion 618.3 • 0.6 617.9 + 0.9 
Knudsen 617.5 -+ 0.7 

Torsion 632.2 • 0.7 633.0 • 1.0 Knudsen 632.8 • 0.7 

t h e  t e m p e r a t u r e  r a n g e  of 1065-1246 K. M a n g a n e s e  i n d i u m  
sulfide,  MnIn~S4, was  f o u n d  to vapor ize  i n c o n g r u e n t l y  by  
r eac t i on  [3] in  t he  t e m p e r a t u r e  r ange  of 1115-1245 K. The  
c o m p o u n d  MnIn~S4 was  f o u n d  in the  r e s idues  f r o m  all 
sea led  t u b e  e x p e r i m e n t s  a n d  vapor i za t i on  e x p e r i m e n t s  in  
w h i c h  t he  f inal  overa l l  c o m p o s i t i o n s  w e r e  b e t w e e n  10 
m/o a n d  90 m/o MnS,  inc lus ive .  

Tors ion-e f fus ion  e q u i l i b r i u m  v a p o r  p r e s s u r e s  were  
g iven  by  Eq. [15] ove r  In~S:~(s)/MnIn~S4(s) a n d  by  Eq. [17] 
ove r  MnIn~S4(s)/MnS(s). These  va lues  are in  l ine  w i t h  
K n u d s e n - e f f u s i o n  r e su l t s  g iven  by  Eq. [16] a n d  [18]. Pres-  
sures  in  reg ion  I in  th i s  work  were  15% lower  t h a n  t hose  
r e p o r t e d  b y  H a q u e  et al. (12) for  i n d i u m  sul f ide  w h i c h  
was a r e s idue  f rom s u b l i m a t i o n  of P b S  f r o m  PbIn~S4. 
T h e y  are  on ly  50% lower  t h a n  t h o s e  m e a s u r e d  b y  Mil ler  
a n d  S e a r c y  (10) for  pu re  i n d i u m  sulfide. In  r eg ion  I, 
In~S.~(s) was  in e q u i l i b r i u m  w i t h  MnIn~S4(s). I f  t he  la t te r  
sol id we re  s ign i f ican t ly  so lub le  in  In.2S:~(s), t h e  v a p o r  
p r e s s u r e  cou ld  h a v e  b e e n  lowered ;  however ,  t h e  uni-  
v a r i a n c e  of  t he  v a p o r  p r e s s u r e  in  t ha t  r eg ion  was  a s t rong  
c o n t r a d i c t i o n  to any  s ign i f i can t  solid so lu t ion ,  a n d  m a s s  
losses  in  t he  t r a n s i t i o n  f rom reg ion  I to  r eg ion  II s h o w e d  
sol id so lu t ion  to b e  <1 m/o. A n  u n k n o w n  t e r n a r y  com- 
p o u n d  w i t h  a c o m p o s i t i o n  ve ry  nea r  t h a t  of  In2S~ m i g h t  
h a v e  c a u s e d  the  o b s e r v e d  lower  v a p o r  p r e s s u r e s  in  ou r  
e x p e r i m e n t s .  B u t  s u c h  a c o m p o u n d  w o u l d  h a v e  to con-  
t a in  less t h a n  10 m/o M n S  b e c a u s e  t he  in i t ia l  c o m p o s i t i o n  
of  t he  s a m p l e  in se t  Z was  10 m/o MnS,  a n d  it  w o u l d  have  
to ex i s t  on ly  at  h i g h  t e m p e r a t u r e  b e c a u s e  x- ray  e x a m i n a -  
t ion  of  s amp le s  w i t h  10-50 m/o M n S  revea l ed  on ly  In2S~(s) 
a n d  MnIn2S4(s). Th e  d i f f e rences  b e t w e e n  ou r  resu l t s  a n d  
t h o s e  of  Mil ler  a n d  Sea rcy  m u s t  be  a t t r i b u t e d  to u n k n o w n  
factors.  

Good  a g r e e m e n t  was  f o u n d  b e t w e e n  t he  a p p a r e n t  mo-  
l ecu la r  w e i g h t  of  t he  e f fus ing  v a p o r  o f  184.7 _+ 3.4 for  re- 
g ion  I, 178.3 -+ 3.7 for r eg ion  II, a n d  t he  ca l cu la t ed  ave rage  
m o l e c u l a r  w e i g h t  of  181.5. This  r e su l t  con f i rms  t h a t  t he  
v a p o r  c o m p o s i t i o n  was t h a t  of  In~S:3. 

The  second- l aw va lues  of  AH~ K) were  s igni f icant ly  
h i g h e r  t h a n  t h o s e  o b t a i n e d  by  the  th i rd - l aw m e t h o d .  Dif- 
f e r ences  b e t w e e n  second-  and  th i rd - l aw va lues  of  
5Ho(298 K) ar ise  f rom t e m p e r a t u r e - d e p e n d e n t  t r e n d s  in  
t e m p e r a t u r e  or e q u i l i b r i u m - c o n s t a n t  m e a s u r e m e n t s ,  or  
f rom w r o n g  G i b b s - e n e r g y  func t ions .  M i n o r  t r e n d s  can  
p r o d u c e  large  d i f f e rences  b e c a u s e  of  t he  t e m p e r a t u r e  
r a n g e  i nvo lved  in  t h e  s econd- l aw  calcula t ion .  T r e n d s  in  
t e m p e r a t u r e  m e a s u r e m e n t s  in  th i s  s t u d y  were  small ,  as 
i n d i c a t e d  b y  t he  t h e r m o c o u p l e  ca l ib ra t ion  a n d  b y  com- 
pa r i son  b e t w e e n  t o r s i on  a n d  K n u d s e n  resul ts .  T h e r e  is lit- 
t le  r e a s o n  to s u s p e c t  large  t e m p e r a t u r e - d e p e n d e n t  e r rors  
in  the  G i b b s - e n e r g y  f u n c t i o n s  used.  Sma l l  a m o u n t s  of  
sol id  so lu t ion  cou ld  h a v e  i n t r o d u c e d  t e m p e r a t u r e  depen-  
d e n c e  in to  t he  e q u i l i b r i u m  c o n s t a n t  m e a s u r e m e n t s ,  par- 
t icu lar ly  in region II, where up to 7.4 _+ 3 equivalent per- 
cent of In2S3 could have been dissolved in the MnS. A 

c o m b i n a t i o n  of  the  fac tors  a b o v e  p r o b a b l y  c o n t r i b u t e d  to 
t he  d i f fe rences  b e t w e e n  t he  two types  of  /H"(298 K). 
N o n e  of  t he  factors  wou ld  h a v e  a large  effect  o n  t he  th i rd-  
l aw va lues  and,  thus ,  t h e y  were  u sed  in p r e f e r e n c e  to the  
second- l aw values .  Fo r  i n s t ance ,  the  poss ib l e  sol id solu- 
t ion  o f  In~S3 in  M n S  in  r eg ion  II, i f  ideal ,  w o u l d  af fec t  t he  
th i rd - l aw AH~ K) of  r eac t i on  [3] by  less  t h a n  t he  -+ 1 
k J / m o l  g i v e n  for t h a t  reac t ion .  

The  s t a n d a r d  e n t h a l p y  AHo(298 K) of  vapo r i za t i on  of  t he  
t e r n a r y  c o m p o u n d  MnIn~S4(s) by  r eac t ion  [3] was  633.0 -+ 
1.0 k J/ tool,  a n d  t h a t  of In2S~(s) b y  r eac t ion  [2] was  617.9 _+ 
0.9 kJ /mol .  T h e / H ~  K) of  vapo r i za t i on  of  In~S:~(s) f rom 
th i s  w o r k  is in  good  a g r e e m e n t  w i th  t h a t  f r om H a q u e  et 
al. (!2), 613.4 -+ 3.0 kJ /mol ,  a n d  is in  r e a s o n a b l e  a g r e e m e n t  
w i t h  t h e  va lue  617 -+ 13 k J / m o l  ca lcu la ted  f r o m  t h e  da ta  of  
Mil ler  a n d  Sea rcy  (10) a n d  the  G i b b s - e n e r g y  f u n c t i o n s  in  
Tab le  II. I t  is also in  a g r e e m e n t  w i th  t he  v a l u e  f rom Col in  
a n d  D r o w a r t  (9), 602 ~ 13 kJ /mol .  

I n  Tab le  VII I  are  c o m p a r e d  e n t h a l p i e s  of  c o m b i n -  
a t ion  hHco(298 K), of t e r n a r y  me ta l  sulf ides  of  the  t ype  
M"M~II'S4, w h e r e  M" = Mn, Pb ,  Zn,  a n d  Cd, a n d  M m = Ga  
or In. The  e n t h a l p y  of  c o m b i n a t i o n  of  MnIn,,S4(s) f rom its 
c o n s t i t u e n t  b i n a r y  sul f ides  b y  r eac t ion  [19] was  -15 .1  -+ 
2.0 k J/ tool.  This  v a l u e  is a t  t he  smal le r  e n d  of  the  r a n g e  of  
va lues  for  s imi la r  t e r n a r y  su l f ides  a n d  oxides ,  i.e., - 1 5  to 
- 5 0  k J / tool  (16, 21-26), w i t h  the  e x c e p t i o n  of  Cdln~S4(s), 
w h i c h  is a s a t u r a t e d  ideal  solid" so lu t ion  (26) w i t h  a n o r m a l  
sp ine l  s t ruc tu re .  

Tab le  VI I I  shows  t h a t  t he  e n t h a l p i e s  of c o m b i n a t i o n  of  
c o m p o u n d s  w h e r e  M m = Ga  are  h i g h e r  t h a n  t h o s e  of  com- 
p o u n d s  w h e r e  M ''~ = In,  w i t h  the  e x c e p t i o n  of  ZnIn2S4. 
The  la t te r  e x c e p t i o n  m a y  be  re la ted  to t he  fact  t h a t  
ZnIn2S4 ha s  a u n i q u e  s t r u c t u r e  a m o n g  t h e s e  c o m p o u n d s .  
I t  h a s  a r h o m b o h e d r a l  c rys ta l  s t r u c t u r e  in  s p a c e  g r o u p  
Car ~ (R3m) a n d  m a y  b e  t h o u g h t  of  as a ser ies  of  layers  
w i t h  s t r o n g  In-S a n d  Zn-S  b o n d s  in t he  layers  a n d  w e a k  
S-S b o n d s  b e t w e e n  t he  su l fu r  a t o m s  b e l o n g i n g  to differ- 
en t  layers  (27). 

We c a n n o t  exp l a in  o n  t he  bas is  of a s o u n d  t h e o r y  w h y  
t he  e n t h a l p y  of  c o m b i n a t i o n  of  MnIn..,S4(s) is the  lowes t  

Table VIII. Enthalpy of combination of some 
ternary metal suffides, MnM2IHS4 

-AH, ~ (298 K)/(kJ/mol) 
~ MIII 

1V~' ~ Gallium Ref. Indium Ref. 

Manganese 39.0 • 2,0 (2) 15.1 _+ 2.0 a 
Lead 34.4 • 3.0 (22) 23.0 • 4.0 (12) 
Zinc 38.0 -+ 12.0 (15) 49.4 _+ 1.4 (24) 
Cadmium 22.6 -+ 0.9 (23) 1.7 -+ 1.2 (25) 

This work. 
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among the listed ternary sulfide compounds. But we 
have observed that MnIn2S4(s) has a mixed spinel struc- 
ture in which quenched samples have 65% of the Mn 2§ 
ions in tetrahedral sites and have 35% in octahedral ones 
(3, 28). The paramagnetic moment  of MnIn~S4(s) is 5.68 
t~B, which corresponds to 4.7 unpaired electrons on each 
Mn2% MnIn~S4(s) is orange. The stable form of MnS(s) is 
green with the rock salt structure, which places the Mn 2§ 
ions in octahedral coordination (30, 31). The paramagnetic 
moment  of MnS(s) is 5.92 t~B, which corresponds to 5 
unpaired electrons on each Mn 2§ (30, 31). Clearly, the state 
of Mn -~§ in MnS(s) and MnIn~S4(s) is different. Indium 
ions, too, must  accommodate a change from octahedral 
sites in the defect spinel, InjS3(s), to 17-18% tetrahedral 
sites in MnIn2S4(s). The energy promotions necessary to 
transform the states of the positive ions, particularly the 
Mn ~, no  doubt are related to the low combination 
enthalpy. 

It is worth noting here that in MnGa~S4(s), with a combi- 
nation enthalpy of 39 -+ 2 kJ/mol, Mn 2§ appears to be in a 
state much like that in MnS(s), and Ga 3§ appears to be in a 
state much like that in Ga=,S3(s). MnS(s) is green and has a 
paramagnetic moment  corresponding to Mn 2§ in the high 
spin state (32). MnGa2S4(s) below 1258 K is green and has 
a monoclinic structure in which Mn 2§ ions are in octahe- 
dral sites and Ga 3§ ions are in tetrahedral sites (33). 
Ga2S3(s) has a wurtzite-like structure in which Ga 3§ ions 
are in tetrahedral sites (33). The energy promotions neces- 
sary to transform the states of the positive ions in 
MnGa2S4(s) are probably lower than those for MnIn~S4(s). 
However, such qualitative observations, if valid, must 
also take into account the unique monoclinic structure of 
MnGa~S4(s). 

Acknowledgments 
This research was supported by the National Science 

Foundat ion under  Grant no. CPE-8103676. Valuable dis- 
cussions with Dr. H. Bradford Thompson are gratefully 
acknowledged. 

Manuscript submitted Jan. 27, 1984; revised manuscript  
received July 23, 1984. 

The University of Toledo assisted in meeting the publi- 
cation costs of this article. 

REFERENCES 
1. H. Hahn and W. Klingler, Z. Anorg. Allg. Chem., 260, 

97 (1949). 
2. W. Schlein and A. Wold, J. Solid State Chem., 4, 286 

(1972). 
3. T. Kanomata and H. Ido, J. Phys. Soc. Jpn., 34, 554 

(1973). 
4. K. C. Mills, "Thermodynamic Data for Inorganic Sul- 

fides, Selenides, and Tellurides," Butterworths, 
London (1974). 

5. H. Wiedemeier and H. Sch~fer, Z. Anorg. Allg. Chem., 
326, 230 (1964). 

6. R. Colin, P. Goldfinger, and M. Jeunehomme, Nature 
(London), 194, 282 (1962). 

7. W. Wiedemeier and P. W. Gilles, J. Chem. Phys., 42, 
2766 (1965). 

8. P. Viswanadham and J. G. Edwards, ibid., 62, 3875 
(1975). 

9. R. Colin and J. Drowart, Trans. Faraday Soc., 64, 2611 
(1968). 

10. A. R. Miller and A. W. Searcy, J. Phys. Chem., 67, 2400 
(1963). 

11. A. R. Miller and A. W. Searcy, ibid., 69, 3826 (1965). 
12. R. Haque, A. S. Gates, and J. G. Edwards, J. Chem. 

Phys,, 73, 6301 (1980). 
13. J. G. Edwards, in "Characterization of High Tempera- 

ture Vapors and Gases," J. Hastie, Editor, National 
Bureau of Standards, Special Publication 561, Wash- 
ington, DC (1979). 

14. J. G. Edwards, M. K. Heckler, and H. B. Thompson, 
Rev. Sci. Instrum., 50, 274 (1979). 

15. R. D. Freeman and J. G. Edwards, in "Characteriza- 
tion of High Temperature Vapors," J. L. Margrave, 
Editor, Appendix C, Wiley, New York (1967). 

16. A. S. Gates-and J. G. Edwards, J. Phys. Chem., 82 2789 
(1978). 

17. R. D. Freeman, in "Characterization of High Tempera- 
ture Vapors," J. L. Margrave, Editor, Chap. 7, Wiley, 
New York (1967). 

18. E. D. Cater, in "Techniques of Metals Research," R. A. 
Rapp, Editor, Vol. 4, Chap. 2A, Wiley, New York 
(1970). 

19. D. Cubicciotti, J. Phys. Chem., 70, 2410 (1966). 
20. G. N. Lewis, M. Randall, K. S. Pitzer, and L. Brewer, 

"Thermodynamics," 2nd ed., p. 175, McGraw-Hill, 
New York (1961). 

21. T. A. Kessler, Yu. D. Tretyakov, I. V. Goroleyev, and 
V. A. Alferovq J. Chem. Thermodyn., 8, 101 (1976). 

22. A. S. Gates and J. G. Edwards, J. Phys. Chem., 84, 
3263 (1980). 

23. M. Williamson, M. S. Thesis, University of Toledo 
(1984). 

24. J. G. Edwards and S. T. Kshirsagar, Thermochim. 
Acta, 59, 81 (1982). 

25. J. G. Edwards, R. Haque, and A. H. Qusti, ibid., 62, 
197 (1983). 

26. S. T. Kshirsagar, H. B. Thompson, and J. G. Edwards, 
This Journal, 129, 1835 (1982). 

27. U. Giorianni, V. Grasso, G. Moudio, and G. Saitta, 
Phys. Lett. A, 68, 247 (1978). 

28. F. A. Cotton and G. Wilkinson, "Advanced Inorganic 
Chemistry," Wiley, New York (1972). 

29. N. Menyuk, K. Dwight, and A. Wold, J. Appl. Phys., 
36, 1088 (1965). 

30. F. Jellinek, in "Inorganic Sulphur Chemistry," G. 
Nickless, Editor, Elsevier, Amsterdam (1968). 

31. A. F. Wells, Structural Inorganic Chemistry," Claren- 
don Press, Oxford (1975). 

32. P. Viswanadham and J. G. Edwards, Mater. Res. Bull., 
8, 1079 (1973). 

33. M. P. Pardo, P. H. Fourcroy, and J. Flahaut, ibid., 10, 
665 (1975). 



Vaporization Behavior of Chromium Phosphides 
The Solid Two-Phase Regions CrP-Cri2PT, Ch2PT-Cr3P, and Cr3P-Cr 

C. E. Myers,* G. A. Kisacky, and J. K. Klingert 
Department of  Chemistry, State University of  New York at Binghamton, Binghamton, New York 13901 

ABSTRACT 

The vaporization reactions 24/5 CrP(s) = 2/5 Cr,2PT(S) + P2(g) (1194-1479 K), 2/3 Cr,~PT(s) = 8/3 Cr:3P(s) + P~(g) 
(1421-1541 K), and 2Cr:,P(s) = 6Cr(s) + P2(g) (1543-1768 K) have been studied under mass-loss effusion in the temperature 
ranges indicated. The reactions are kinetically inhibited. Enthalpies of formation and atomization, respectively, are 
found to be in kK: for 1/2CrP(s), -5.69 - 0.18 and 49.67 - 0.2; for 1/19 Cr,2PT(s), -4.48 -+ 0.32 and 49.47 -+ 0.3; for 1/4 
CroP(s), -3.18 -+ 0.04 and 49.08 - 0.04. CrP i s  found to follow the trend in atomization enthalpy to valence state atoms es- 
tablished in the series MnP, FeP, CoP, and NiP. 

The atomization enthalpy, AH~ of a solid compound 
may be used as a measure of its stability and of the 
strength of its chemical bonds. It has been shown (1), 
however, that the proper quantity is t h e  atomization 
enthalpy to valence state atoms, • The stability of 
compounds in a series should increase with the number  
of bonding electrons per atom. As shown in Fig. 1, 
AH*at[R (kK) exhibits a regular decrease in the series MnP 
(141.3), FeP (130.0), CoP (119.1), and NiP (104.4) as the 
number  of bonding (unpaired) electrons per metal atom 
decreases from five in MnP to two in NiP for the pre- 
sumed valence state 3d~-'4s ', where n is the total number  
of valence electrons. Because Cr should have six bonding 
electrons in the valence state, one should expect AH*at/R 
for CrP to be proportionately larger; an extrapolation pro- 
duces an estimate of about 150 kK. Trends in the enthal- 
pies of sublimation of the metallic elements to valence 
state atoms, hH*JR, suggest an estimate of 147 kK. A 
mass-loss effusion study of chromium phosphides has 
been done to test the extrapolation. 

The phase relations in the Cr-P system have been re- 
viewed by Hansen (2), Elliott (3), and Shunk (4). Well- 
established compounds are CrzP, CrP, and CrP~, which 
appear to have narrow ranges of homogeneity. Evidence 
for "Cr2P" has been contradictory, but Baurecht and co- 
workers (5) have shown the composition to be Cr,~P~ with 
a slight range of homogeneity. 

It has been established, as shown below, that the vapor- 
ization reactions are 

24/5 CrP(s) = 2/5 Cr12PT(s) + P2(g) [1] 

2/3 Cr12PT(s) = 8/3 Cr3P(s) + P2(g) [2] 

2Cr3P(s) = 6Cr(s) + P.2(g) [3] 

The enthalpy changes for these reactions, when com- 
bined with the enthalpy of formation (6) of P2(g) 

2P(s,red) = P2(g) [4] 

give the enthalpies of formation of the chromium phos- 
phides 

AH5 = AH~ = 1/2 AH~ - 1/2 hH% [5] 

AH6 = AH~ = 3/2 AH% + 4AHo~ - 3/2 AH~ 
[6] 

AH~ = AH~ = 5/24 AH~ + 1/12 AH~ - 5/24 AH ~ 
[7] 

Experimental 
The samples used in this study were prepared in the 

manner described in Ref. (7), by direct combination of 
chromium powder (99.99%) obtained from SPEX Indus- 
tries, Inc., and red phosphorus (99.9%) obtained from 
CERAC/Pure, Inc. The products, as well as residues from 
effusion runs, were characterized by x-ray powder diffrac- 
tion; the observed patterns were compared with com- 

*Electrochemical Society Active Member. 

puter-generated patterns (8) based on data from the litera- 
ture (CrP (9, 10, 11), Cr,~P7 (5), Cr3P (9, 10, 12)). The 
channel-orifice effusion cells were machined from 1.59 
cm graphite rod and were fitted with a tantalum liner to 
prevent the phosphide samples from coming into direct 
contact with the graphite. The effective orifice areas 
were measured with KC1 as a vapor-pressure standard; 
data for KCI(g) and K2C12(g) were taken from Ref. (13). 
The effusion apparatus, with calibration and operation 
procedures, has been described previously (7, 14). It con- 
sists of a vacuum system, an induction heater, and a re- 
cording vacuum balance. For the experiments described 
here, the apparatus was fitted with an eddy current con- 
centrator, and the temperatures were measured with a 
tungsten,  25% rhenium-tungsten, 3% rhenium thermocou: 
ple calibrated as described in Ref. (7). 

Results and Discussion 
The primary data 1 were temperature, corrected for ther- 

mocouple calibration, and the rate of mass loss deter- 
mined from the readout of the recording vacuum balance. 
Individual experiments were of sufficient duration to 
keep the uncertainty in the slope of the mass vs. t ime plot 
less than 5%. Partial pressures of P~(g) were calculated 
from the rate of mass loss (assuming that P2 and P4 were 
in equilibrium in the gas phase) with the modification of 
the effusion equation derived in Ref. (7) 

K ' 112 

__~__ ( _ ~ ) , / ~ ]  - 1 }  [8a] 

2~/2 { I 1 +  ~C'm 1} [8b] 

When P(P2) is obtained in atmospheres from m (the rate 
of mass loss) in mg/min, T in Kelvins, M (the molecular 
weight of P2), and a (the effective orifice area) in cm 2, the 
constant is C' = 2.127 x 10 -~. K is the equilibrium con- 
stant Ibr P4(g) = 2P2(g); this constant was calculated for 
each temperature from data given in Ref. (13). 

Initial heating of two of the samples resulted in appar- 
ent univariant behavior at temperatures near 800 K. Fur- 
ther heating with loss of phosphorus developed uni- 
variant behavior in the range 1194-1479 K, and the 
residues from these latter experiments were shown by 
x-ray powder diffraction to be a mixture of CrP and 
Cr,~PT. Further heating with additional loss of phosphorus 
developed both a third univariant condition (1421-1541 K) 
for which the residues were Cr,~P7 and CraP and a fourth 
univariant condition (1543-1768 K) for which the residues 
were Cr3P and Cr. The first region was presumed to re- 
sult from the decomposit ion of small amounts of CrP2 
from the initial preparation; this region was not studied 
further. The remaining three invariant regions were stud- 
ied in detail, and the resulting data are shown in Fig. 2. 

'Thermochemical data in this paper are given in "rational" 
units; values in other units may be obtained by multiplying by 
the appropriate value of the gas constant, R. 
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Fig. 1. Sublimation enthalpies of metals and atomization entholpies 
(per mole) of some monophosphides to ground-state atoms and to val- 
ence-state atoms. 
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s u b s e q u e n t  t h e r m o d y n a m i c  c a l c u l a t i o n s .  T h e s e  d a t a  a r e  
p r e s e n t e d  in  T a b l e s  I, II, a n d  III ,  a n d  t h e  l i n e s  i n  Fig .  2 re-  
s u l t  f r o m  a l e a s t  s q u a r e s  t r e a t m e n t  o f  e a c h  s e t  o f  da t a .  F o r  
t h e  CrP-Cr ,~P7 a n d  Cr,2PT-Cr3P r e g i o n s ,  p h o s p h o r u s  w a s  
a s s u m e d  to  b e  t h e  o n l y  v o l a t i l e  c o m p o n e n t ,  w h e r e a s  in  
t h e  Cr3P-Cr  r e g i o n ,  t h e  r a t e s  o f  m a s s  l o s s  w e r e  c o r r e c t e d  
fo r  t h e  v a p o r  p r e s s u r e  o f  e l e m e n t a l  c h r o m i u m .  

T h e r e  a r e  n e i t h e r  e n t r o p y  n o r  h i g h - t e m p e r a t u r e  h e a t -  
c a p a c i t y  d a t a  f o r  c h r o m i u m  p h o s p h i d e s  i n  t h e  l i t e r a t u r e ;  
h e n c e ,  t h e s e  w e r e  e s t i m a t e d .  E n t r o p y  e s t i m a t e s  w e r e  
b a s e d  (7) o n  d a t a  fo r  c h r o m i u m  s i l i c i d e s  (15, 16). H e a t  ca-  
p a c i t y  e s t i m a t e s  w e r e  b a s e d  o n  d a t a  fo r  m a n g a n e s e  p h o s -  
p h i d e s  (17). T h e s e  e s t i m a t e d  v a l u e s  a r e  g i v e n  i n  T a b l e  IV. 
S e c o n d - l a w  e n t h a l p i e s ,  AH on, w e r e  c a l c u l a t e d  fo r  t h e  t e m -  
p e r a t u r e  r a n g e s  o f  t h e  m e a s u r e m e n t s  f r o m  t h e  l e a s t  
s q u a r e s  s l o p e s  o f  l og  P(P2) vs.  l IT  a n d  w e r e  c o r r e c t e d  to  
298.15 K b y  m e a n s  o f  A(H% - H%98.~) e v a l u a t e d  f r o m  Cp.  
T h i r d - l a w  e n t h a l p i e s  o f  r e a c t i o n ,  AH ~ w e r e  o b t a i n e d  b y  
m e a n s  o f  f r e e - e n e r g y  f u n c t i o n s ,  ep, ~_ - ( G %  - H % 8 ~ ) / T ,  
c a l c u l a t e d  f r o m  t h e  e n t r o p y  a n d  h e a t - c a p a c i t y  da t a .  
T a b l e s  I, II ,  a n d  I I I  s u m m a r i z e  c a l c u l a t i o n s  fo r  r e a c t i o n s  
[1], [2], a n d  [3], r e s p e c t i v e l y .  T h e  a g r e e m e n t  o f  r e s p e c t i v e  
s e c o n d - l a w  a n d  t h i r d - l a w  e n t h a l p i e s  is  a c c e p t a b l e ,  p a r t i c -  

Table I. Data for reaction 24/5 CrP(s) = 2/5 Cr,2Pv(s) + P~(g) 

m • 103 P • 10 ~ AH .2~8.,5 /R 
T (K) (mg/min) (atm) AGO/RT Aep'/R (kK) 

D a t a  t a k e n  d u r i n g  t h e  e v o l u t i o n  o f  t h e  s a m p l e s  f r o m  o n e  
r e g i o n  to  a n o t h e r  h a v e  b e e n  o m i t t e d .  F o r  t h e s e  t w o - p h a s e  
r e g i o n s ,  e f f e c t i v e  or i f ice  a r e a s  o f  2.39 (-+0.06) > 10 -4 c m  2 
a n d  8.91 (+-0.2) • 10 -5 c m  2 g a v e  t h e  s a m e  r e s u l t s  i n  e a c h  
r e g i o n ,  w i t h i n  e x p e r i m e n t a l  u n c e r t a i n t y ,  a n d  t h e s e  r u n s  
w e r e  p r e s u m e d  to  b e  a t  e q u i l i b r i u m .  L a r g e r  o r i f i c e s  g a v e  
l o w e r  c a l c u l a t e d  p r e s s u r e s ,  p r e s u m a b l y  w i t h o u t  a c h i e v e -  
m e n t  o f  e q u i l i b r i u m .  T h e  c r o s s - s e c t i o n a l  a r e a  o f  t h e  
s a m p l e  w a s  1.76 c m"  i n  al l  e x p e r i m e n t s .  O n l y  t h e  e q u i l i b -  
r i u m  d a t a  f r o m  t h e  t h r e e  t w o - p h a s e  r e g i o n s  w e r e  u s e d  i n  

~176  o ~/5CrP(s}=2/SCr 12P7(s)+P2(g) 

o ' 2t3Cr 12PT(s)=8/3Cr3P{s]+P2(g) + 

E FFECTI~21ORI F :  . . . . . .  (Crn r ) \ 

o 2.39x10 -4 
* 1.21x~0 -~3 ~+ 
�9 8.25x10 -3 

5"05~ 6.0 6,5 7.0 7.5 8,0 

I04/T (KI 

Fig. 2. Phosphorus dissociation pressures for chromium phosphides 

(aeff = 2.39 x 10 -4 c m  2) 

1380 33.1 24.5 8.31 22.27 42.21 
1408 66.1 49.5 7.61 22.26 42.07 
1377 33.2 24.6 8.31 22,27 42.11 
1315 7.91 5.73 9.77 22.29 42.16 
1365 25.0 18.4 8,60 22,28 42.15 
1289 4.37 3.13 10.37 22.30 42.12 

(aeu = 8.91 • 10 -5 cm ~) 
1479 118.0 242 6.02 22.25 41.81 
1437 46.3 93.9 6.97 22.26 42.00 
1398 20.8 41.6 7.79 22.27 42.01 
1485 125.0 257.0 5:96 22.25 41.89 
1355 8.21 16.2 8.73 22.28 42.02 
1329 4.14 8.08 9.42 22.29 42.15 

AH~ = 43 5 -+ 1.4 
AH%s.,sn/R = 44.1 _+ 1.5 

o I l l  - -  Mean AH ,298.~5 /R - 42.06 -+ 2.5 

Table II. Data for reaction 2/3 Cr,~PT(s) = 8/3 Cr:~P(s) + P2(g) 

m • 10 ~ p • 10 ~ AH o m/~ 
T (K) (rag/rain) (atm) AG~ h ~ ' / R  (kK) 

(aeff = 2.39 • 10 -4 cm 2) 
1497 6.68 5.16 9.87 19.70 44.28 
1512 9.29 7.22 9.54 19.70 44.21 
1521 10.9 8.50 9.37 19.70 44.22 
1506 8.75 6.79 9.60 19.70 44.13 
1467 3.72 2.85 10.47 19.71 44.27 
1488 5.66 4.36 10.04 19.71 44.26 
1435 1.84 1.39 11.18 19.72 44.34 
1508 7.90 6.13 9.70 19.70 44.34 
1541 16.9 13.30 8.93 19.70 44.12 
1512 8.33 6.48 9.65 19.70 44.37 
1421 1.28 0.964 11.55 19.72 44.44 

(aef~ = 8.91 x 10 -5 cm 2) 
1513 3.46 7.22 9.54 19.70 44.24 
1499 2.62 5.43 9.82 19.70 44.26 
1516 3.68 7.68 9.48 19.70 44.23 
1465 1.20 2.46 10.61 19.71 44.43 
1530 4.61 9.67 9.25 19.70 44.29 
1508 3.22 6.70 9.61 19.70 44.21 
1539 5.70 12.0 9.03 19.70 44.21 

AH~ = 46.6 -+ 2.7 
AH~ = 46.9 -x-_ 2.8 
Mean AH ~ ,i,/n = 44.29 + 4.0 2 9 8 . 1 5  / ~ 
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Table III. Data for reaction 2Cr3P(s) = 6Cr(s) + P2(g) 

m x 103 P x 10 ~ . ~H~ 
T (K) (mg/min) (atm) AG~ h~P'/R (kK) 

(aeff = 2.39 x 10 -4 cm 2) 
1543 2.32 1.82 10.92 19.10 46.31 
1601 5.70 4.57 9.99 18.95 46.35 
1546 2.55 2.00 10.82 19.09 46.24 
1581 3.18 2.52 10.59 19.00 46.79 
1624 6.76 5.46 9.82 18.89 46.62 
1650 10.45 8.46 9.38 18.82 46.53 
1621 6.28 5,05 9.90 18.90 46.68 
1599 4.48 3.56 10.24 18.96 46.69 
1720 20.60 17.1 8.68 18.65 47.00 
1753 27.10 22.7 8.39 18.59 47.29 

(ae~f = 8.91 x 10 -~ cm'-') 
1690 6.33 14.0 8.88 18.72 46.63 
1716 7.19 17.6 8.65 18.66 46.86 
1744 9.68 21.7 8.44 18.60 47.16 
1669 3.57 7.8 9.46 18.77 47.12 
1738 7.60 17.0 8.68 18.61 47.44 
1720 6.37 14.2 8.86 18.65 47.32 
1697 4.83 10.6 9.15 18.70 47.25 
1726 6.75 15.0 8.81 18.64 47.37 
1768 10.99 24.8 8.30 18.56 47.49 
1626 2.53 5.47 9.82 18.89 46.67 
1651 2.96 6.44 9.65 18.82 47.01 
1668 3.14 6.87 9.59 18.77 47.31 

AH~ = 32.0 -+ 2.7 
AH~ = 38.7 -+ 2.8 
Mean hH~ = 46.9 -+ 0.2 

Table IV. Estimated thermochemical data for chromium phosphides 

S~ A B • 10 ~ C x 10 -s 

CrP 4.78 7.12 -0.06 -1.36 
Cr1~P7 50.33 60.67 12.42 -9.70 
Cr3P 10.57 11.45 5.08 - 1.42 

C,/R = A + BT + CT-'-'. 

Table Y. Stability data for chromium phosphides at 298.15 K 

-AHf/R (from red P) AH~dR 
(kK) (kK) 

I/2 CrP(s) 5.69 -+ 0.18 49.67 _+ 0.2 
1/19 Cr,2PT(s) 4.48 _+ 0.32 49.47 -+ 0.3 
1/4 Cr:,P(s) 3.18 -+ 0.04 49.08 _+ 0.04 
1/3 CrP2(s) 4.8 -+ 0.7 47.5 _+ 0.7 

u lar ly  in  v iew of  t h e  l imi t ed  t e m p e r a t u r e  r a n g e s  i m p o s e d  
by  t he  diff icul ty  of  o b t a i n i n g  equ i l ib r ium.  E n t h a l p i e s  o f  
f o r m a t i o n  ca l cu la t ed  f rom t he  th i rd - l aw e n t h a l p i e s  b y  Eq.  
[5], [6], a n d  [7] are g iven  in  Tab le  V, t o g e t h e r  w i th  
e n t h a l p i e s  of  a tomiza t ion .  U n c e r t a i n t y  l imi t s  were  as- 
s igned  in the  m a n n e r  d e s c r i b e d  in Ref. (1). Also i n c l u d e d  
in  Tab le  V are the  e n t h a l p i e s  of  f o r m a t i o n  a n d  a tomiza-  
t ion  of  CrP2(s); b a s e d  on  t he  s ta t ic  v a p o r - p r e s s u r e  s tud ies  

of Fa l le r  and  Bli tz  (19) a n d  e s t i m a t e d  f r ee -ene rgy  func-  
t ions .  

The  e n t h a l p y  of a t omiza t i on  of  CrP  to v a l e n c e  s ta te  
a t o m s  was  o b t a i n e d  b y  a d d i n g  t he  v a l e n c e  s ta te  p repara -  
t ion  e n e r g y  (18) of c h r o m i u m  (45.9 kK) to t he  g r o u n d - s t a t e  
a t omiza t i on  en tha lpy .  The  r e su l t i ng  value,  145.3 kK, is in  
exce l l en t  a g r e e m e n t  w i t h  t he  es t imate ,  147 kK, b a s e d  on  
t r e n d s  in AH*s/R of t he  meta ls .  As is p o i n t e d  ou t  in  Ref. 
(1), th i s  r e su l t  con f i rms  a s imi la r i ty  in  b o n d  type  in the  
ser ies  CrP,  M n P ,  FeP ,  CoP,  a n d  NiP.  T h e  e x t r a p o l a t i o n  to 
c o m p o u n d s  s u c h  as S c P  w h i c h  h a v e  s ign i f ican t  ionic  
c h a r a c t e r  gives poo r  a g r e e m e n t  w i t h  m e a s u r e d  values .  
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Influence of Growth Temperature on the Physical Properties of Si 
Films on Yttria-Stabilized, Cubic Zirconia Substrates 
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ABSTRACT 

Epitaxial (100) Si films 0.4-0.5 ~m thick were grown by the pyrolysis of silane in a hydrogen atmosphere on (100) 
yttria-stabilized, cubic zirconia (15 mole percent [m/o] Y203) at temperatures in the range 910~176 and deposition 
rates of 0.06-0.58 ~m/min. The heteroepitaxial Si films have been characterized by ultraviolet ~.eflectance. Rutherford 
backscattering/channeling, and Hall effect measurements. It was found that the Si film quality depends strongly on 
substrate temperature. An optimum growth temperature range between 930 ~ and 960~ was obtained and explained by 
two defect formation mechanisms: generation at growth temperature and that during cooling from growth temperature 
to room temperature. The best Quality Si/YSZ films produced in this investigation had a value of surface channeling 
yield, Xo, equal to 0.048, as compared to 0.1 for Si/YSZ films reported previously, and 0.12 for typical commercial SOS 
films, respectively, at 1.5 MeV 4He~ energy. 

Single-crystal silicon films on insulating substrates 
(SOI) offer many advantages over bulk single-crystal sili- 
con for use in fabricating high speed, very large scale in- 
tegrated circuits (VLSI); these advantages include low 
parasitic capacitance, increased radiation hardness, and 
low power dissipation. The current state-of-the-art SOI 
material, available commercially in 3 and 4 in. diam wa- 
fers_, is chemically vapor-deposited (CVD) (100) Si film on 
(0112) sapphire (SOS), first developed at Rockwell Inter- 
national (1). Submicron-thick SOS films are routinely 
used in the electronics industry for fabricating high 
speed, radiation-hard VLSI. 

Yttria-stabilized cubic zirconia, (Y~O~),,,(ZrO~),-m, single 
crystal is potentially a better bulk insulator substrate for 
growing heteroepitaxial Si film, (S.i/YSZ), than sapphire 
substrate, (SOS) (2). The lattice mismatch between Si and 
sapphire is about 10%, whereas between Si and YSZ it 
can be as low as 3.7% by properly adjusting the yttria con- 
tent. Moreover, constituents of YSZ, such as zirconium 
and yttrium, do not form shallow levels in silicon. Zirco- 
nium, as a group IVB element, is electrically inactive in 
silicon (3). Yttrium has been known to create deep levels 
in Si (4). However, the reported concentration of these 
deep levels is very low, on the order of 10 '3 cm -~ (4). Sap- 
phire, however, is well known to act as a source of A1 
shallow acceptors in Si during CVD and subsequent  high 
temperature processing (5), although state-of-the-art, as- 
deposited SOS films contain less than 10 '5 A1/cm ~. 
Epitaxial Si/YSZ films have been achieved in our labora- 
tory (6, 7). Film crystal quality is indeed found to be bet- 
ter than commercial SOS films in the thickness range 
0.4-0.5 ~m (6, 7). 

One possible drawback of using YSZ material as a sub- 
strate for Si film deposition is the high thermal expan- 
sion coefficient of YSZ material. The average value be- 
tween 25 ~ and 1000~ is 11.4 ~x 10-~/~ for YSZ with 9 
mole percent (m/o) of Y203 (8, 9) as compared to 3.8 • 
10-G/~ for Si (10). In order to reduce the strain and the 
lattice defects created in Si film during cooling from 
growth temperature to room temperature, it is desirable 
to grow the Si film at a temperature as low as possible. 
The present work attempts to further improve the Si/YSZ 
film quality by investigating the opt imum growth tem- 
perature. The heteroepitaxial Si films have been charac- 
terized by UV reflectance, Rutherford backscattering/ 
channeling, and Hall effect measurements. We have ob- 
tained an optimum growth temperature ranging between 
930 ~ and 960~ The Si/YSZ films produced in this tem- 
perature range have crystal quality better than that of 
commerical SOS films and Si/YSZ films reported previ- 
ously (6, 7) of similar thickness. 

Experimental Procedures 
Single-crystal (Y203),,~(ZrO~)~_,, boules grown by the 

skull melting technique (i 1) at 2700~ in air were obtained 
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from Ceres Corporation (North Billerica, Massachusetts) 
and Singh Industries, Incorporated (Cedar Knolls, New 
Jersey). Nominal yttria mole fraction, m, in YSZ material 
used in this study was 0.15 and 0.21. The as-received bou- 
les were transparent, with an increasingly yellowish hue 
as the concentration of yttria increased. No gross defects 
were visible to the eye. The boules were oriented parallel 
to the <100> axis to within a few degrees by standard 
x-ray back-reflection Laue technique (12) and then 
mounted on an automatic, diamond-blade saw. An 18 mil 
thick slice was cut off. This was reoriented. The boule 
was realigned on the saw. The procedure was repeated to 
obtain a final orientation within less than 1 ~ of the de- 
sired crystal axis. After the desired orientation had been 
obtained, wafers 18 rail thick were sliced from each boule. 
They were then lapped using mixtures of A1~O3 powders 
of progressively finer particle size in colloidal silica and 
chemically mechanically polished in a mixture of col- 
loidal silica and phosphoric acid, at pH = 3-4, to obtain 
specular surface finish. The size of the wafers was larger 
than 10 cm'-', but their shapes were irregular. After polish- 
ing, wafers were degreased in hot trichloroethane, ace- 
tone, and methanol and  blown dry with nitrogen gas prior 
to being loaded in the CVD reactor. 

The epitaxial reactor was a vertical, cold-wall quartz re- 
actor containing a 57 mm diam, silicon-carbide-coated 
graphite susceptor, which was RF heated. The susceptor 
was rotated continuously during Si growth in order to 
minimize lateral thermal gradients. Silicon films were de- 
posited through pyrolytic decomposition of silane, Sill4 
(5% in He) in Pd-purified H.., at atmospheric pressure. 
Both gases passed through cold traps, acetone (218 K) and 
liquid nitrogen (78 K) for Sill4 and H~, respectively, before 
being admitted into the reactor. Typical gas flow rates 
used were 10-100 cm3/min and 3000 cm~/min for SitL and 

Fig. 1. SEM photographs of a Si/YSZ film (15 m/o Y._,03) 0.53 ~m thick, 
grown at 930~ (a) and a commercial SOS film 0.55/xm thick (b). 
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H2, respectively. Before each growth experiment,  the 
quartz reactor was evacuated to at least 10-3 torr pressure, 
and then filled with purified flowing H~ prior to heating 
the susceptor. Temperature was monitored on the side of 
the susceptor using an optical pyrometer. Values given 
here are uncorrected readings; previous calibrations (13) 
had shown that the actual wafer temperature on the top 
of the susceptor was 33~176 lower at 950~176 respec- 
tively. Before Si deposition at 910~176 substrates 
were annealed in H~ at = 1250~ for 30 min. As reported 
earlier (6, 7), this predeposition, high temperature anneal- 
ing in H.~ resulted in a YSZ substrate with better crystal- 
line perfection and an oxygen-deficient composition. It 
avoided the presence of oxygen near the substrate surface 
during Si deposition, which otherwise might have 
evolved out of the YSZ, reacted with the Sill4 and H.~ to 
generate SiO2 at the surface, and impeded epitaxy. Si 
films grown in this study were in the 0.4-0.5 ~m thick- 
ness range. The growth rate was 0.06-0.58 ~m]min. 

The thickness of the heteroepitaxial Si films was mea- 
sured routinely with the Nanospec spectrophotometric 
reflectometer (Nanometrics, Incorporated), using Ruther- 
ford baekseattering spectroscopy (RBS) for calibration. 

The Si surface quality was examined by optical micros- 
copy with a Nomarski interference attachment and by 
scanning electron microscopy. It was also quantified by 
the value of ultraviolet reflectance (UVR) parameter, AR, 
which was measured by using an RCA UV reflectometer 
(14). This instrument measured the difference in 
reflected intensity from a well-polished, high quality Si 
wafer and from the sample, and normalized to the lamp 
intensity of wavelengths of 280 and 400 nm. The value of 
reflectance parameter, AR, was obtained by subtracting 
the signal level at 280 nm, R~s0, from that at 400, R400. It 
had been found that AR was related not only to the sur- 
face roughness of the Si films, but also to the crystalline 
quality, especially the microtwin density of certain SOS 
films (14). 

Depth profiles of the concentration of crystallographic 
imperfections in the Si/YSZ films were measured by 
Rutherford backscattering and channeling spectrometry 
(RBS/C) using 1.5 MeV 4He+ ions. In particular, the tech- 
nique of grazing-exit detection (15) of the backscattered 
4He+ particles was shown to largely overcome the basic 
difficulties inherent in analyzing a low mass film on a 
heavy mass substrate by RBS. 

Hall coefficient and conductivity were measured using 
six-contact, standard Hall bar by a low noise, high sensi- 
tivity, computer-controlled Hall apparatus. The system 
consisted of four unity-gain high input-impedance ampli- 
fiers for each of the four potential lines from the Hall bar, 
a HP 4140B PA meter/dc voltage source, a HP 3456A digi- 
tal voltmeter, a Digital Equipment  MINC-23 computer/ 
controller, a Varian magnet with Model V2900 regulated 
power supply, and an Air Products displex closed-cycle 
refrigeration system. Prior to electrical measurement,  
samples were degreased, dipped into 10% HF solution for 
10 rain, rinsed in methanol, blown dry with N.2, gas, and 
then soldered with In contacts. 

Growth rate.--The dependence of growth rate on sub- 
strate temperature is shown in Fig. 2 for gas flow rates of 
10 and 3000 cm3/min for Sill4 and H~, respectively. The 
curve shown in Fig. 2 is found to be similar to that re- 
ported for homoepitaxial  Si films grown on silicon sub- 
strate by the pyrolysis of silane (16, 17). Two temperature 
regions can be distinguished; from 930 ~ to 1000~ the 
growth rate is relatively temperature independent.  This 
indicates that gas-phase diffusion of reactants controls 
the growth process (1 "). Below 930~ the growth rate be- 
comes strongly dependent  on temperature, suggesting 
that a thermally activated surface reaction limits the 
growth process (17). The activation energy calculated 
from the line at curve of growth rate vs. the reciprocal 
temperature is -+51 kcal/mol, which is higher than 37 
kcal/mol reported for growing hemoepitaxia] Si film at 
low temperature (16, 17). In growing Si/YSZ films at low 
temperature, it is not clear which surface reaction, such 
as absorption of silane, dehydrogenation of the absorbed 
silane, or surface diffusion and incorporation of Si 
adatoms into the lattice, is the rate-limiting step. 

UV refiectance.--UVR was used routinely as a rapid 
tool for quantifying the Si surface quality. Figure 3 shows 
the growth temperature dependence of relative reflect- 
ance from Si films measured at 280 nm, R~s0. Most of the 
Si films presented here were deposited at a rate of 0.11 -+ 
0.01 ~rrgmin. At 945 ~ and 910~ growth rates of both 0.11 
and 0.58 ~m/min, and of both 0.11 and 0.06 t~m/min, re- 
spectively, were studied. 

It was found that, by varying the growth temperature 
from 910 ~ t o  1000~ the value of R280 started to decrease, 
reaching a minimum at growth temperature in the range 
of 930~176 and then increasing at higher temperature. 
Varying growth rate between 0.06 and 0.58 t~m/min 
showed no effect on surface quality of Si/YSZ films mea- 
sured by UVR technique. At 1000~ R2s0 data were scat- 
tered, which may be caused by the scattering of light 
from those hillocks found on the surface. As mentioned 
earlier, R28o corresponded to the difference in reflected 
intensity from a well-polished, high quality Si wafer and 
from the Si/YSZ films. Lower R~s0 values indicated a sur- 
face quality of Si/YSZ films to be closer to the one of a 
well-polished, high quality Si wafer. Thus, the optimum 
growth temperature, as far as surface quality was con- 
cerned, was in the range of 930~176 Values of R280 for 
the Si/YSZ films grown in this temperature range were 
10-15, as compared to 16-40 for commercial  available SOS 
films of similar thickness, measured by the same UV 
reflectometer. 

Figure 4 shows the dependence of reflectance parame- 
ter AR (R~s0 - R400) on the growth temperature. Again, an 
opt imum growth temperature in the range of 930~176 
was obtained. The best quality Si/YSZ films produced in 

GROWTH RATE VS TEMPERATURE 
.4 

Results and Discussion z 
The thickness of the Si films deposited in this study 

was in the range of 0.4-0.5 t~m, and its uniformity was 
found to be better than -+5%. The surfaces of the hetero- 
epitaxial Si films grown in this study were specular. Un- 
der optical microscopy with a Nomarski interference at- < 

tachment, Si films grown between 930 ~ and 980~ in e r  "r 
general, showed no gross features except  a grainy appear- k- 
ance similar to that observed in SOS films. Figure 1 com- 

the surface morphology of a Si/YSZ film grown at O pares 
930~ to that of a commercial  SOS film of similar thick- t~ 
ness. Si/YSZ films grown at 910 ~ and at 1000~ often 
showed hillocks on the surface. Results presented in this 
paper were mainly those of epitaxial (100) Si films grown 
on (100) YSZ (15 rn/o Y.203) substrates. Similar results 
were also obtained for (100) Si/YSZ (21 frye Y~O3) films 
grown under the same conditions. 
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Fig. 2. Dependence of Si growth rate on substrate temperature for 
Si/YSZ films. 
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Fig. :3. Growth temperature dependence of ultraviolet reflectance (in 

arbitrary units) at k = 280  nm, R2so, measured with an RCA instrument 
on 0 .4-0 .5 /~m thick Si/(Y203)o.,s (ZrO~)o.s5 films. 

this study had values of hR close to -10, as compared to 
0-10 for standard commercial SOS films. 

At growth temperatures from 930 ~ to 1000~ both Fig. 3 
and 4, as well as Fig. 7 and 8 in the following sections, 
show that the surface quality of Si/YSZ films decreases 
with increasing substrate temperature. As discussed in 
the last section, the growth of Si/YSZ films in this tem- 
perature region is limited by the gas-phase diffusion of 
reactants towards the growing surface. It suggests that 
the majority of the defects in Si/YSZ films grown at this 
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Fig. 4. Growth temperature dependence of reflectance parameter ~R 
(=  R28o - R4o,) measured on the same Si/YSZ films as shown in Fig. 1. 

temperature region are generated during cooling from 
growth temperature to room temperature, and are due to 
the differences in thermal expansion coefficients of Si 
and YSZ. In this temperature region, surface reactions, 
such as adsorption and desorption of gas species, surface 
diffusion, and incorporation of Si adatoms into the lattice, 
are relatively fast. The as-deposited Si films at growth 
temperature must  have relatively good quality. As they 
cool from growth temperature to room temperature, those 
films grown at high temperature suffer larger thermal 
compression force, and thus result in larger defect forma- 
tion. 

The surface quality of Si/YSZ films grown below 930~ 
decreases with decreasing temperature. As discussed 
earlier, in this temperature region, growth of Si/YSZ 
films is limited by surface reaction. This suggests that in: 
creasing number  of defects in Si/YSZ films grown in this 
temperature region is formed during deposition. As 
growth temperature is lowered, surface reaction of atoms 
decreases, leading to an increase in defect formation. 

Rutherford backscattering/channeling.--Quantitative 
depth profiles of the crystalline perfection of selected 
Si/YSZ films were measured by RBS/C, using 1.5 MeV 
4He~ ions, with a variable scattering-angle detection sys- 
tem. The Si films were first aligned and measured in the 
glancing exit mode (scattering angle 0 = 95~176 This ge- 
ometry enabled the top half of submicron-thick Si]YSZ 
films to be measured without the high intensity, inter- 
fering background from the heavy elements Y and Zr in 
the substrate, and with high depth resolution (15, 18). Fig- 
ure 5 (curve Si/YSZ) illustrates the result of energy spec- 
tra of 1.5 MeV 4He+ ions, backscattered at 102.5 ~ from a 
0.45/~m thick, epitaxial (100) Si/YSZ films grown at 960~ 
and 0.09/~m/min. After the low scattering angle measure- 
ment, the surface-barrier detector was positioned at a 
larger scattering angle (e = 150~176 and the channeling 
spectra were remeasured without the need to realign the 
sample with the 4He4 analyzing beam. This latter geome- 
try provided useful information on the crystal quality of 
the Si films throughout their thickness, and especially 
near the Si/YSZ interface. Figure 6 illustrates the energy 
spectra of 1.5 MeV 4He§ ions, backscattered at 150 ~ from 
the same Si/YSZ sample shown in Fig. 5. The concentra- 
tion of the dechanneling defects present in the Si/YSZ 
films increased rapidly with depth, and was highest at 
the Si/YSZ interface, similar to the one found in SOS 
films. 

The effect of growth temperature on surface channeling 
yield, Xo, of Si/YSZ films is shown in Fig. 7. Although 
four Si/YSZ samples were selected for characterization by 
the Rutherford backscattering channeling technique, the 
data shown in Fig. 7 confirm the results taken by the 
UVR technique shown in Fig. 3 and 4. The Xo vs. growth 
temperature curve can be characterized into two regions. 
At the lower growth temperature region, the surface qual- 
ity of Si/YSZ films increases with increasing growth tem- 
perature. It then decreases with increasing temperature at 
high growth temperature. The optimum growth tempera- 
ture found in Fig. 7 is roughly in the range of 940~176 
In this investigation, we have obtained Si]YSZ films in 
the 0.4-0.45/Lm thickness range, with a value of Xo equal to 
0.048, as compared to 0.1 and 0.12 for Si/YSZ films re- 
ported previously (6, 7) and for typical commercial SOS 
films, respectively. 

Figure 5 compares the energy spectra of 1.5 MeV 4He4 
ions, backscattered at 102.5 ~ from a 0.45 /~m thick, (100) 
Si/YSZ film grown at 960~ a state-of-the-art, commer- 
cial (100) SOS film of similar thickness, and a (100) bulk 
Si. This particular Si/YSZ film was the highest quality 
(100)-oriented film of this thickness characterized by 
RBS/C under this program. A number  of other (100) 
Si/YSZ films had similar crystal quality. The SOS 
sample selected for comparison was the best in this thick- 
ness range that we have measured out of a large number  
of commercial wafers, grown under  various conditions in 
the last 5 yr. Surface channeling yields, Xo, and average 
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Fig. 5. Energy spectra of 1.5 MeY ~ He + ions, backscattered at 102.5 ~ 
from (top) a 0.45/zm thick, epitaxial (100) Si/(100) (Y~O~)0.~ (ZrO~)0.s~ 
film grown at 960~ and 0.09/~m/min, (middle) a state-of-the-art, com- 
mercial (100 Si/(0112) AI~O~ film of similar thickness, and (bottom) a 
(100),  bulk Si single crystal. The small oxygen signal, marked O, is due 
to the native Si surface oxide; the carbon signal, marked C, is due to o 
slight contamination by the analyzing beam, and neither of these surface 
layers results in any measurable dechanneling. See Table I for Xo and 
dx/dz values. 

d e c h a n n e l i n g  rates ,  dx/dz, ca lcu la ted  for  t h e  s amples  
s h o w n  in Fig. 5 are  s u m m a r i z e d  in  Tab le  I. I t  is c lear  t h a t  
t he  su r face  a n d  nea r - su r f ace  crys ta l  qua l i ty  of  the  (100) 
S i /YSZ f i lms g r o w n  in  ou r  l abora to r i e s  are  far  s u p e r i o r  to 
t h a t  of s ta te-of- the-ar t ,  c o m m e r c i a l  CVD (100) SOS films 
of  s imi la r  t h i cknes s .  In  fact,  i t  is ve ry  c lose  to t h a t  f o u n d  
in defect-free,  (100) b u l k  St, a l t h o u g h  th i s  does  no t  i m p l y  
t h a t  n o  defects ,  s u c h  as d is locat ions ,  are  p r e s e n t  at  t he  
su r face  of  t he  S i /YSZ films. F o r  b o t h  S i /YSZ f i lms a n d  
SOS films, t he  c o n c e n t r a t i o n  of  the  d e c h a n n e l i n g  defec ts  
i n c r e a s e s  r ap id ly  w i t h  dep th ,  a n d  is h i g h e s t  a t  t he  St/in- 
su la to r  in terface .  

Conductivity and Hall mobility.--The u n d o p e d  Si iYSZ 
fi lms g r o w n  in th i s  s t u d y  were  n- type,  h i g h  res i s t iv i ty  

Table I. Surface channeling yields, Xo, and average dechanneling rates, 
dx/dz, for the best quality 0.45 #m thick (100) Si/(100) 

(Y20:~),.2.~(ZrO~)..s5 film, a commercial state-of-the-art CVD (100) 
Si/(011-2) AI.~O:~ film of similar thickness, and bulk, defect-free (100) Si, 

measured with 1.5 MeV ~He § ions 

dxldz (/~m-9 
Sample Xo 0-0.2 ~m 0-0.45 ~m 

Si/YSZ 0.048 0.7 1.1 
SOS 0.12 1.1 1.3 
Bulk Si 0.034 0.062 0.062 
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BACKSCATTERED ENERGY (MeV) 
Fig 6 Energy spectro of 1 5  MeV 4He~ ions, backscattered ot 150 ~ 

from the same (100) Si/(J 00) (Y~O3)~ ,s (ZrO~)o.~ sample as shown in 
Fig. 3. The dashed lines indicate the background, due to Y and Zr in the 
YSZ substrate, which must be subtracted in order to calculate the chan- 
neling yield in the Si film. See Table I for Xo and dx/dz values. 

mater ia l .  The  res i s t iv i ty  of  SiJYSZ fi lms i n c r e a s e d  w i t h  
t i m e  a f te r  b e i n g  e x p o s e d  to a m b i e n t  air. Th i s  i nc r ea se  in  
res i s t iv i ty  f rom air  e x p o s u r e  was  r e d u c e d  af te r  Si fi lms 
were  d i p p e d  in to  10% H F  solut ion.  For  t he  sake  of com- 
p a r i s o n  a m o n g  S i /YSZ fi lms g r o w n  at  d i f f e ren t  t e m p e r a -  
tures ,  a Hall-effect  m e a s u r e m e n t  was  m a d e  on  t he  Hal l  
ba r  s a m p l e  r igh t  a f te r  i t  was  d i p p e d  in to  10% H F  so lu t ion  
for  10 min .  The  Hal l  fac tor  was  a s s u m e d  to be  u n i t y  for 
da ta  r educ t ion .  The  ave rage  free e l ec t ron  c o n c e n t r a t i o n s  
of  SJiYSZ films m e a s u r e d  we re  f o u n d  to be  2 x 10'4-3 z 
10 ]'~ ca r r i e r / cm 3. The  u n i n t e n t i o n a l  b a c k g r o u n d  d o p i n g  
level  in  ou r  r eac to r  was  c lose  to 3 • 10 '~ ca r r i e r / cm ~ 
(n-type).  The  effect  of  g r o w t h  t e m p e r a t u r e  on  e l ec t ron  
Hal l  mob i l i t y  of  S i /YSZ fi lms is s h o w n  in Fig. 8. As 
g r o w t h  t e m p e r a t u r e  i n c r e a s e s  f rom 910 ~ to 1000~ elec- 
t r on  Hal l  mob i l i t y  i nc r ea se s  first  a n d  t h e n  d e c r e a s e s  at  
higher temperature. Again, an optimum growth tempera- 
ture of 930~176 is obtained, which is similar to that 
found either by UVR technique or by RBS/C technique. 

Electron Hall mobility in undoped Si]YSZ films 0.4-0.5 
~m thick grown at optimum temperature of 930~176 
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SURFACE CHANNELING YIELD, X0, AT 
1.5 MeV 4He+, IN SOME OF THE 0.4 - 0.5 ~m 

Si/YSZ FILMS MEASURED BY UVR 

0 .4  

0.3 

>- 
O 
z 

0.2 
z ,,:C 
-i- 
0 
i l l  
0 <C 

m 0.1 

Si/YSZ (15% MOLE Y203) 

0 I I I I I I 
880 900 920 940 960 980 1000 1020 

GROWTH TEMPERATURE, ~ 

Fig. 7. Growth temperature dependence of Si surface channeling 
yield, Xo, measured at 1.5 MeV 4He§ energy on Si/YSZ films. 

were in the range of 200-270 cm2/V-s. These values are 
about 25% lower than those measured in n-type intention- 
ally doped, CVD SOS films of similar thickness and car- 
rier concentration. There are two possible reasons for this 
effect. First, at a doping level of 3 • 1015 cm -3 or lower in 
Si films, considerable surface depletion can occur (19). 
The current, during Hall effect measurement,  is only 
flowing in the lower portion of Si films, which is close to 
the Si/YSZ interface. Results of RBS/C showed that, al- 
though both surface channeling yield, Xo, and average 
dechanneling rate, dx/dz, of Si/YSZ films are lower than 
that of state-of-the-art, commercial, CVD SOS films, op- 
posite results are obtained in the lower portion of Si film 
near the S~]substrate interface. This suggests that the de- 
fect density is probably higher at the interface between Si 
and YSZ than at the interface between Si and A1~O3. This 
could lead to a lower carrier mobility in Si/YSZ films 
when current flows only near Si/YSZ interface. For VLSI 
applications, using enhancement-mode MOSFET, the 
speed of the devices is determined only by the surface 
mobility. The lower mobility found in Si/YSZ films near 
the substrate area should not inhibit the use of Si]YSZ 
films for VLSI applications. 

Another possible explanation for the lower electron mo- 
bility is the high in-plane compressive strain found in 
Si/YSZ films. Results of double-crystal x-ray diffracto- 
metry measurements showed that, at a thickness of =0.4 
/~m, Si/YSZ films had a =32% higher compressive strain 
than SOS films (6, 7, 20). This is due to the difference in 
thermal expansion coefficients between Si film and the 
substrate, which is higher for Si]YSZ than for St/sapphire. 
In SOS films, because of the compressive strain, the elec- 
tron Hall mobility is 30-40% lower than the drift mobility 
(21-23). The higher compressive strain in Si/YSZ films 
could lead to a lower electron Hall mobility, but does not 
necessarily mean that the drift mobility is lower too. 

Conclusion 
Epitaxial (100) Si films 0.4-0.5 tLm thick were grown by 

the pyrolysis of silane in a hydrogen atmosphere on (100) 
YSZ (15% Y~O~) at temperatures in the range of 910 ~ 
1000~ and deposition rate of 0.06-0.58/~m/min. From 930 ~ 
to 1000~ growth rate is found to be limited by gas-phase 

DEPTH - AVERAGED HALL MOBILITY IN SOME 
OF THE 0.4 - 0.5 t~m Si/YSZ FILMS 

MEASURED BY UVR 
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Fig. 8. Effect of growth temperature on electron Hall mobility of 
0.4-0.5 ~m thick, (100) Si/YSZ (15 m/o Y~O3) films. 

diffusion of reactants. Below 930~ the growth rate be- 
comes surface reaction limited. The heteroepitaxial Si 
films have been characterized by UV reflectance, 
Rutherford backscattering/channeling, and Hall effect 
measurements. 

Results of UV reflectance showed that by varying the 
growth temperature from 910 ~ to 1000~ the surface qual- 
ity of Si films starts to improve, reaches the highest de- 
gree at an optimum growth temperature in the range of 
930~176 and then deteriorates at higher temperature. 
The best quality Si/YSZ films produced in our laboratory 
so far have values of AR close to -10. 

Quantitative depth profiles of the crystalline perfection 
of Si]YSZ films were measured by Rutherford backscat- 
tering and channeling using 1.5 MeV 4He% Characteristic 
surface channeling yield, xo, vs. growth temperature 
curves also indicate an opt imum growth temperature 
ranging between 940 ~ and 960~ In this investigation, we 
have obtained Si/YSZ films with value of Xo equal to 
0.048, as compared to 0.1 and 0.12 for Si/YSZ films re- 
ported previously and for typical commercial SOS films, 
respectively. 

Si/YSZ films grown at different temperatures are all 
n-type and have high resistivity as measured by the Hall 
effect technique. Mobility measured on Si/YSZ films 
grown at temperatures between 930 ~ and 960~ is found to 
be higher than those grown at either higher or lower 
temperatures. 

The optimum growth temperature found around 
930~176 is the result of two possible defect generation 
mechanisms: formation of defects (i) at growth tempera- 
ture and (ii) during cooling of Si films after growth, 
which results from the difference in thermal expansion 
coefficient of Si and of YSZ substrates. 
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Oxidation of Nickel Sulfides in Oxygen at 700~ 

G. M. Mehrotra,* V. B. Tare, and J. B. Wagner, Jr.* 

Center for Solid State Science, and Departments of Chemistry, Mechanical, and Aerospace Engineering and Physics, 
Arizona State University, Tempe, Arizona 85287 

ABSTRACT 

The kinetics of oxidation of Ni3_+~S2 containing ~38, 39,.40, 41.4, and 42 atom percent (ego) S and NiS were studied at 
700 ~ -+- 5~ in oxygen at 1 arm. The oxidation of Ni3_+~S2 was strongly dependent  on its composition. All compositions 
showed an initial increase followed by a slow decrease in weight. For compositions with 41.4 and 42 ego S, however, the 
initial increase in weight was extremely small. Oxidation products of all the compositions were identified by x-ray dif- 
fraction as NiO. Oxidation of NiS showed a sharp initial decrease, followed by a slow increase in weight. The oxidation 
products were identified as Ni3S2 and NiO only. The morphology of the oxidized samples was studied using SEM. 
EDAX was used to identify phases. The possible mechanisms of oxidation are discussed. 

Available literature on the phase diagram (1) of the 
nickel-sulfur system indicates that nickel forms three sta- 
ble sulfides at 700~ viz., NiS~ NiS, and Ni.~S~. Whereas 
NiS2 is almost stoichiometric, NiS and Ni:~S2 are known to 
deviate from stoichiometric composition to an apprecia- 
ble extent. The composition of NiS has been reported to 
vary from NiS to NiS,.06, while that of Ni3_+~S2 from Ni2.~4S2 
to Ni3.40S.., in the temperature range 600~176 (1). 

The Ni3S~ phase is often found as an intermediate corro- 
sion product when nickel is oxidized in sulfur containing 
gaseous atmosphere (2). High corrosion rates in such at- 
mospheres have been attributed to the presence of this 
sulfide. Oxidation rates of pure nickel sulfides were, 
however, not reported in the literature until  after comple- 
tion of the present study. Recently, one paper on this sub- 
ject has been published by Asaki et al. (4). In the present 
paper, we report results of our studies on the kinetics of 
oxidation of Ni3_+~S~ in pure oxygen at 700~ as a function 
of its composition. The oxidation of NiS has also been in- 
vestigated under  similar conditions. 

Experimental 
Five compositions of Ni~+~S~ containing ~38, 39, 40, 

41.4, and 42 atom percent (ego) sulfur were prepared from 
mixtures containing appropriate proportions of powders 

* Electrochemical Society Active Member. 

of spectroscopic grade nickel, purchased from Johnson- 
Matthey, and 99.99% pure NiS, purchased from Ventron. 
These mixtures were sealed in evacuated quartz tubes 
and then heated at -700~ for about three days and sub- 
sequently near (-20 ~ below) the melting point of the re- 
sulting composition for about 12-15h. The capsules were 
then air quenched to room temperature. The product was 
ground to a fine powder (-325 mesh) and characterized 
by x-ray diffraction. No phases  other than Ni3_+~S2 were 
detected. The sulfur content of the prepared compounds 
was confirmed, within -+0.2 ego, by hydrogen reduction. 
Cylindrical pellets of -10  mm diam and 5 mm height 
were pressed from these powders in a steel die, sintered 
in evacuated, sealed quartz tubes at -750~ for three 
days, and then air quenched to room temperature. The 
surfaces of these pellets were polished on 4/0 emery pa- 
per. Their apparent densities were determined from their 
dimensions and weights. The total porosity of the 
sintered pellets varied from -15% to 25%. 

NiS pellets were pressed from as-purchased NiS pow- 
der and sintered in evacuated, sealed quartz tubes at 
-900~ for 60h. The porosity of these pellets was 
-25-30%. The sulfur content of NiS as determined by hy- 
drogen reduction indicated the composition of NiS to be 
NiS,.og. 

Oxidation of Ni3• and NiS pellets was carried out in 
a flowing stream of oxygen (linear flow rate ~50 cm]min) 
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at 700 ~ +- 5~ Prior to the beginning of oxidation, the 
Ni3_~S2 pellets were annealed at 700~ for at least lh  in a 
flowing stream of argon (oxygen content -20  ppm) for 
homogenization. A small weight change (fractional 
weight change -0.0005-0.003) was observed during this 
period. The kinetics of oxidation were followed by a 1000 
Cahn electrobalance thermogravimetric setup. A chart re- 
corder, connected to the electrobalance, continuously re- 
corded the weight changes. These were replotted as the 
fractional weight changes calculated from the observed 
changes in weight and the initial weight of the sample. 
The weight changes observed during the annealing pe- 
riod were included in calculations. The t ime at which the 
argon gas flow was terminated and oxygen was started 
was taken as the starting t ime (t = 0). 

Results 
Figure 1 shows typical results from oxidation runs on 

Ni3_+xS~ of five compositions. All the compositions 
showed an initial increase in weight, followed by a de- 
crease in weight.  

For compositions containing 41.4 and 42 a/o S, the ini- 
tial increase was extremely small. For the 40.0 a/o S com- 
position, the weight increased slowly for almost 6h, fol- 
lowed by a slow continuous decrease. The sample with 39 
a/o S increased in weight within first hour after which 
the weight remained constant for several hours (-24h). 
The samples with 38 edo S showed an initial sharp in- 
crease in weight within the first half-hour, followed by an 
almost linear decrease in weight. Significant initial in- 
crease in weight is thus observed for compositions con- 
taining 38, 39, and 40 a]o sulfur. The rate of increase, how- 
ever, decreased with increasing sulfur percentage. The 
rate of oxidation for composition containing 39 a]o S be- 
came negligibly small after lh. 

X-ray powder diffraction patterns of samples after the 
oxidation runs indicated the presence of NiO and Ni3S~ 
phases only. The pellets were also examined under SEM 
and analyzed by EDAX for morphological details and 
phase identification. 

Figure 2(A) shows t h e  surface of an oxidized sample of 
nickel sulfide containing 42 a/o S. The surface appears to 
be very nonuniform. A line scan for Ni and S across the 
surface of the sample shows the presence of discontinu- 
ous layer of NiO along with unoxidized or partially oxi- 
dized porous nickel sulfide. The cross-sectional view of 
an almost completely oxidized sample is shown in Fig. 
2(B). A line scan across this sample shows a sudden drop 

Fig. 2. SEM picture of nickel sulfide containing 42 a/o S. (A): Oxi- 
dized surface. (B): Cross section of the oxidized specimen. 

in nickel concentration and absence of sulfur throughout 
the specimen, suggesting the presence of a cavity almost 
at the center of the pellet. 

Figure 3(A) shows the cross section of an oxidized spec- 
imen containing 40 a/o S. A line scan for Ni and S across 
this is shown in Fig. 3(B). Two distinct regions identified 
as NiO and Ni3S~ are clearly seen in Fig. 3(A). The pres- 
ence of occasional cracks in the NiO layer formed during 
oxidation is seen in Fig. 3(C). 

Two distinct regions with nickel oxide at the surface 
and Ni3S2 underneath are also clearly identifiable in the 
cross-sectional view of the oxidized samp]e containing 39 
a/o S [Fig. 4(A)]. The oxidized surface shown in Fig. 4(B) 
appears to be uniform and free from cracks. 

A large number  of cracks are found in the oxidized sur- 
face of samples with 38 a/o S [Fig. 5(C)]. Highly oxidized 
samples show the presence of isolated particles [Fig. 5(A)] 
identified by the line scan of nickel and sulfur [Fig. 5(B)] 
as nickel sulfide surrounded by nickel oxide. 

Figure 6 shows the change in weight of NiS as a func- 
tion of time during its oxidation in pure oxygen at 700~ 
There is a very rapid, almost linear decrease in weight for 
the first 10 min, after which the weight slowly increases 
at a rate which decreases rapidly with time. The x-ray ex- 
amination of the samples oxidized for 18h showed the 
presence of Ni3S2 and NiO phases only. The composition 
of Ni3S~ formed was not determined. 

Discussion 
The reaction of Ni3§ with oxygen can be represented 

by the following equations 

Ni3+xS~ + ~ O~ = Ni~• + I(Y - x)lNiO 0 ~ x < y 

[1] 
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Fig. 1. Oxidation of Ni3S~ in oxygen at 700~ for various composi- 

tions. 

Fig. 3. SEM picture of nickel sulfide containing 40 a/o S. (A): Cross 
section of an oxidized specimen. (B): Line scan across the specimen. 
(C): Surface of an oxidized specimen. 
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Fig. 4. SEM picture of nickel sulfide containing 39 a/o S. (A); Cross 
section of the oxidized specimen. (B): Surface of the oxidized speci- 
men. 

Fig. 5. SEM picture of nickel sulfide containing 38 a/o S. (A): Un- 
oxidized Ni,~S2 particle in the interior of the specimen. (B): Line scan 
across the above specimen. (C): Surface of the oxidized specimen. 

Ni3+_~S~ + ( - ~ - ~ - ) O ~  = (3---x)NiO + 2SO2 [2] 

[9XX~o Ni:3+~.S., + ~ ]  2 = (3 -+ x)NiO + 2SO3 [3] 

Reaction [1] is characterized by the increase in weight 
of the sample due to oxidation without evolution of SO2, 
whereas reactions [2] and [3] are associated with the de- 
crease in weight because of evolution of SO2 and/or SO3 
as one of the reaction products. The initial weight in- 
crease observed during oxidation of Ni3=~S., is thus sug- 
gested to be due to the formation of NiO and simultane- 
ous change in the stoichiometry of Ni.~_+~S~, in accordance 
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with reaction [1]. This is followed by reaction [2] and/or 
[3], resulting in subsequent  weight loss. 

In the present studies, negligibly small increase in 
weight during the initial stages of oxidation of nickel 
sulfide containing 42 a/o sulfur indicates that this is prob- 
ably close to the limiting composition which favors the 
formation of NiO directly by reaction [2] and/or [3]. Any 
composition of nickel sulfide which contains nickel in 
excess of this l imiting composition would result in a 
weight gain owing to the oxidation of excess nickel to 
NiO. The fractional weight increase calculated assuming 
that all the excess nickel oxidizes to form NiO is shown in 
Table I along with experimentally observed fractional 
weight increase. The agreement between the calculated 
and experimentally observed values, except for the start- 
ing composition of 39 a/o sulfur, is extremely good. 

It is interesting to note that similar results were ob- 
tained by Asaki et al., who studied the oxidation of dense 
pellets of FeS (3) at 750~176 and Po.., - 0.01-0.2 atm, and 
of nickel sulfide (X5 = 0.4-0.44) (4) at 650~176 and Po2 N 
0.2 atm. They analyzed the exit gases formed during oxi- 
dation by infrared gas analysis and found that during oxi- 
dation of stoichiometric FeS, a very small amount  of SO2 
was evolved in the initial 5s, and then it stopped for sev- 
eral hours afterward. The initial weight increase was ex- 
plained by them to be due to the formation of Fe304 with 
the simultaneous change in the stoichiometry of FeS. In  
the case of oxidation of nickel sulfide, their results show 
that there is a weight increase in the initial stages of oxi- 
dation and that the progress of oxidation is dependent  on 
the composition of nickel sulfide ~nd temperature of oxi- 
dation. They found that, in the oxidation runs in which an 
increase in weight occurred, a very small amount  of SO2 
was evolved during the initial 30s, and the evolution was 
even less during the subsequent  period of weight in- 
crease. This shows that during the initial stages of oxida- 
t ion with a weight increase, the rate of oxidation due to 
reaction [2] and/or [3] is negligible. No increase in the 
weight of the sample containing 44 a/o sulfur was ob- 
served by them during its oxidation at 700~ The results 
of Asaki et al. are thus qualitatively in agreement with 
our results. 

During the initial stages, the rate at which nickel oxide 
is formed is expected to be higher on compositions con- 
taining higher concentrations of nickel because of the 
larger concentration gradients. The subsequent  reaction 
rate will, however, depend upon the morphology of the 
nickel oxide formed. It is interesting to note that, except 
for the composition containing 39 a]o S, the rate of weight 
loss after the initial weight gain is approximately the 
same. This is consistent with the view that, irrespective of 
the starting composition, the compositions at the start of 
reaction [2] and/or [3] above are approximately the same. 

Almost complete protection offered by the formation of 
NiO on composition containing 39 a/o S may be attributed 
to the slow formation and hence a compact layer of NiO. 
In the case of nickel sulfide containing 38 a/o S, the rate 
of formation of NiO is relatively high and hence the re- 
sultant NiO layer is full of cracks as observed experimen- 
tally. However, the large number  of cracks observed in 
NiO formed on compositions containing 40, 41.4, and 42 
a/o S are possibly due to the simultaneous occurrence of 
reactions [1], [2], and/or [3] above, leading to the formation 
of SO~. 

Table I, Calculated and experimentally observed fractional weight 
increase during the initial stages of oxidation of various Ni3S 2 

compositions 

Initial a/o S Fractional weight Increase 
in Ni:~S2 calculated experimental 

42 0.000 -0.000 
41.4 0.007 0.005 
40 0.015 0.015 
39 0.023 0.010 
38 0.031 0.030 
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Asaki et al. (3, 4) suggested that, during initial stages of 
oxidation of FeS or Ni3S~, diffusion through sulfide may 
control the overall rate of oxidation. Yagi and Wagner (5) 
studied the chemical diffusivity in Ni3+~S2 as a function of 
composition and showed that, although there is a small 
compositional dependence of diffusivity, the diffusivity 
values for all the compositions are very high. The concen- 
tration gradients in Ni3S~ throughout its oxidation may, 
therefore, be regarded as negligibly small. 

The oxidation reaction leading to the formation of SO2 
and NiO may take place either at NiO/O2 interface or at 
Ni~SJNiO interface. The former requires transport of 
nickel and sulfur through a compact NiO layer. This is ex- 
tremely slow and may be the cause of the observed negli- 
gibly small rates of oxidation of nickel sulfide containing 
39 a/o S. For all the other compositions, because of the 
presence of cracks in the nickel oxide layer formed, oxy- 
gen can migrate through the cracks and react with nickel 
sulfide at the NiO/Ni3S~ interface forming fresh NiO and 
SO2, which is again carried away by the diffusion through 
cracks in NiO. The rate is thus governed by either the dif- 
fusion of O.~ or of SO., through cracks in NiO. It is surpris- 
ing, however that even after 16h of oxidation only 25% of 
the reaction is complete. The rate after this period be- 
comes extremely slow. This suggests that the number  
and/or size of cracks present in NiO are likely to be very 
small. 

Unlike Ni~S~, the oxidation of NiS at 700~ in oxygen 
exhibits a very fast initial weight loss within the first 10 
min, followed by a weight gain, the rate of which be- 
comes so small that the oxide formed offers virtual pro- 
tection against further oxidation. X-ray and EDAX indi- 
cated the presence of NiO and Ni~S.~ phases only. 

The initial oxidation of NiS may be represented by 

(3 - x)NiS + (1 -+ x)O~ = Ni3• + (1 • x)SO.2 [4] 

o r  

(4 -+ x)NiS + (2.5 + x)O2 = Ni3~S2 + NiO + (2 -+ x)SO~ 
[5] 

Once the Ni3• is formed, subsequent  oxidation takes 
place by the mechanisms discussed above. The subse- 
quent  slow rate of oxidation suggests that nickel sulfide 
with either 39 or 40 a/o S is probably formed as the inter- 
mediate oxidation product. However, from the observed 
fractional weight loss in the initial stage, it seems that 
nickel sulfide containing ~42.7 a]o sulfur is formed. 

Acknowledgments 
This research was supported by The Army Research 

Office under  Contract no. DAAG29-81-K-0109 and a grant 
from the Center for Solid State Science. 

Manuscript submitted March 26, 1984; revised manu- 
script received ca. Sept. 11, 1984. This was Paper 463 pre- 
sented at the San Francisco, California, Meeting of the So- 
ciety, May 8-13, 1983. 

Arizona State University assisted in meeting the publi- 
cation costs of this article. 

REFERENCES 
1. R. Y. Lin, D. C. Hu, and Y. A. Chang, Metall. Trans., 

9B, 531 (1978). 
2. K. L. Luthra and W. L. Worrell, ibid., 9A, 1055 (1978). 
3. Z. Asaki, K. Matsumoto, T. Tanabe, and Y. Kondo, 

ibid., 14B, 109 (1983). 
4. Z. Asaki, K. Hajika, T. Tanabe, and Y. Kondo, ibid., 

15B, 127 (1984). 
5. H. Yagi and J. B. Wagner, Jr., Oxid. Met., 18, 42 (1982). 

The Standard Gibbs Energy of Formation of Ni _+xS  

G. M. Mehrotra,* V. B. Tare, and J. B. Wagner, Jr.* 

Center for Solid State Science, Arizona State University, Tempe, Arizona 85287 

ABSTRACT 

The standard Gibbs energy of formation of Ni3.~S~ has been determined in the temperature range -973-1173 K using 
galvanic cells of the configuration. 

Pt, air//yttria-stabilized zirconia//NiO, Ni3• SO2 (1 atm), Pt or Au 

In the temperature range of the investigation, the open-circuit EMF of the cell, at any given temperature, was found to 
be independent  of the starting composition of Ni3• within the experimental error limits. With the composition of 
Ni~• in equilibrium with NiO and SO~ (1 arm) being Ni~.~6~ S~, the results in calories per gram mole are 

hG%.2.6~s. ., (s) = -68,670 + 27.257T (973-1089 K) 

hG%i2.666s2 (l) = -55,035 + 14.734T (1089-1173 K) 

The temperature and enthalpy of fusion of Ni2.6~6S~ are, therefore, 1089 K and 13,635 cal/mol, respectively. For the stoi- 
chiometric Ni:~S2, we obtained 

hG%i:~s.2 (s) = -74,740 + 31.007T (973-1089) 

hG%i:~s2 (1) = -60,420 + 17.855T (1089-1173) 

The enthalpy of fusion of Ni:~S~ is 14,320 caYmol. 

i The thermodynamics of nickel sulfides has been the 
Subject of several investigations. Rosenqvist (1) studied 
the NiSJH2S/H~ equilibria and reported thermodynamic 
data for solid Ni3S~, Ni3S.,• NITS6, NiS,• and NiS~ com- 
pounds. L ine t  al. have also studied the nickel-sulfur sys- 
tem, in the temperature range 823-1023 K, using a gas 
equilibration technique. More recently, Schaefer (3) has 
carried out electrochemical determination of the free en- 
ergy of formation of solid Ni2.~15S.~ phase. Nagamori and 
Ingraham (4) have investigated the nickel-sulfur melts by 

*Electrochemical Society Active Member. 

measuring the equil ibrium weight of the melt in gas 
streams of H~ and H2S and have reported the standard 
Gibbs energy of formation of liquid Ni3S~ and liquid NiS. 
However, there appears to be no thermodynamic investi- 
gation over a wide temperature range covering both solid 
as well as liquid Ni3• Moreover, the data obtained by 
various investigators separately for solid and liquid Ni3S., 
do not yield consistent values for temperature and en- 
thalpy of fusion of Ni3S~. In the present work, the 
thermodynamics of solid and liquid Ni:~S2 have been 
studied using solid electrolyte galvanic cells in the tem- 
perature range -973-1173 K. 
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Experimental Materials and Procedure 
Four compositions of Ni3+~S., containing 38, 40, 42, and 

44 atom percent (a/o) sulfur were prepared from 99.999% 
pure nickel powder (Johnson-Matthey) and 99.99% pm'e 
NiS (Alfa/Ventron) or 99.999% pure sulfur. The mixtures, 
containing appropriate proportions of nickel and NiS 
powders, or of nickel and sulfur powders, were sealed in 
evacuated quartz tubes. The sealed ampuls were held at 
-970 K for -72h  and subsequently at -1020-1070 K for 
24h, after which they were air quenched. The product was 
then g round  to a fine powder. The chemical composi- 
tions of the prepared compounds were verified by reduc- 
ing them completely in hydrogen. These agreed within 
0.3% of the expected sulfur content. Phase identification 
was done by x-ray diffraction. 

Galvanic cells of the scheme 

Pt, air II ZrO~ (+Y2Os) I[ NiO, Nis• SO.., (1 atm), Pt or Au 
[A] 

were used. One-end closed tubes of yttria-stabilized zirco- 
nia, ~7 mmid ,  purchased from Zirconium Corporation of 
America, served as the solid electrolyte�9 Moghadam and 
Stevenson (5) have reported that the conductivity of par- 
tially stabilized YSZ in a SO2 atmosphere is greater than 
its conductivity in air and that its ionic transport number  
is decreased to 0.95-0.67 in the temperature range 
773-1273 K by exposure to SO~. In separate experiments 
in our laboratory, we have measured the ac conductivity 
of 9 mole percent (m/o) yttria-stabllized zirconia in air and 
in flowing SO2 (1 atm). In the temperature range 873-1273 
K, no significant difference in the values of conductivity 
was observed for this composition of YSZ. This indicates 
that the electronic transport number  of 9 rrgo YsOs-ZrO.., is 
negligible under  our experimental conditions. This is in 
contrast to the results of Moghadam and Stevenson for 
yttria-stabilized zirconia containing 4.5 m/o Y~O~. 

In our experiments, SOs, was passed over Drierite and 
P~O~. Since, under  our experimental conditions, the pres- 
sure of SOs in equil ibrium with SO~ and O~ is negligible 
(~8 • 10-7-3 x 10 -~ atm), no correction for SOs has been 
applied and the pressure of SO~ has been taken to be 1 
atm. The open-circuit EMF of cells was measured in the 
temperature range ~973-1173 K using a Keithley high-im- 
pedance multimeter. The temperature of the cell was 
measured using a Pt-10%Rh/Pt thermocouple. 

Results and Discussion 
Figure 1 shows the open-circuit EMF as a function of 

temperature�9 The results shown are for cells with four dif- 
ferent starting compositions of Ni~xS~ and also with NiS. 
For each composition, the results were obtained from at 
least two cells. It can be seen that, irrespective of the 
starting composition of nickel sulfide, the values of EMF 
at any given temperature, in the range ~973-1173 K, are 
identical within the experimental error limits. This sug- 
gests that, at a given temperature, the composition of 
Ni~• in equilibrium with SO~ (1 atm) and NiO is fixed 
and that any other Ni~+~S.., initial composition will convert 
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to this composition. The value of EMF at any temperature 
remained steady for several hours and was reproducible 
within -1  mV during random heating and cooling of the 
cell, the measurements on which were carried out for a 
period of up to ten days, and within -+2 mV between 
independent  runs. However, in any run, when the cell 
was cooled from a temperature above the melting point of 
NisS2 to a temperature of -1000 K or lower, the EMF 
values obtained were lower than the original values. The 
values of EMF at temperatures higher than 1000 K could 
be reproduced any number  of times�9 The values of EMF 
at temperatures less than -1000 K could be reproduced in 
heating and cooling cycles if the cell was not heated to a 
temperature above -1073 K. 

In order to determine the composition of Ns• in equi- 
l ibrium with SO2 (1 atm) and NiO at various temperatures, 
two compositions of Ni3+_xS2 containing 38 and 42 a/o sul- 
fur were equilibrated, without NiO present, at -973, 1073, 
and 1173 K in a flowing stream of SO2. These were subse- 
quently analyzed for sulfur using x-ray fluoroescence 
and gravimetric chemical analysis. The results indicate 
that the average sulfur content of the Ni~_+~SO2 is -42 a/o, 
although it must  be mentioned that the accuracy of these 
methods for sulfur determination, in the presence of oxy- 
gen, was not optimum, the error limitz being -+2% a/o sul- 
fur. However, the fact that the EMF values fall on a 
straight line, in the temperature ranges 973-1089 K and 
1089-1173 K, suggests that the variation in the composi- 
tion of Nis_+~S2 with temperature, if any, is not apprecia- 
ble. This composition is very close to Ni~.666S2 or Ni4Ss 
(i.e., 42.86 a/o sulfur) which has been suggested to be a 
stable phase (B2-Ni4S3), in the temperature range 845- 
1040 K, according to the Ni-S phase diagram reported by 
L i ne t  al. (2) (shown in Fig. 2). Schaefer (3) has, however, 
reported that the composition of Ni~_+~S2 in equilibrium 
with NiO and SO.2 (1 atm) is Ni2.5~5S~ (i. e., 44.3 a/o sulfur). 
Moreover, he has reported no change in the composition 
of Ni~..5,.~S2 with temperature in the temperature range 
(969-1054 K) of his investigation. 

The EMF vs. temperature relationship has been found 
to be linear in the present studies. Linear regression anal- 
ysis of our data in the temperature ranges 973-1053 K and 
1083-1173 K yielded the following relationships 

E = 827.24 - 0.23634T (973-1089 K) [1] 

and 

E = 871.62 - 0.27707T (1089-1173 K) [2] 

where E is the EMF of cell [A] in mV and T is the temper- 
ature in degrees Kelvin. 

The change in the slope of the E vs. T straight line at 
1089 K corresponds to the melting temperature Ni~+xS~. 
This is in good agreement with that (1083 K) reported by 
Rosenqvist and is higher than that (1063 K) reported for 
Ni3S~ by Turkd0gan (6), and by Kubaschewski and 
Alcock (7). However, it must  be pointed out that the tem- 
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perature at which the change in slope occurs is extremely 
sensitive to the terms which correspond to the entropy in 
the above equations, and hence the errors in the melting 
temperature are likely to be large. The EMF values ob- 
tained from Eq. [1] are in good agreement with those ob- 
tained by Schaefer (3) after correcting for the oxygen 
pressures of the reference electrodes. Our EMF data are 
also in agreement within -+2 mV with those reported sub- 
sequently by Chang and Hsieh (8) for solid Ni3§ in the 
temperature range 945-1070 K. 

The virtual cell reaction for cell [A] is 

7_+x 
Ni3_+.~S~ + ~ 02 (0.21 atm) = (3 -+ x) NiO + 2SO~ [3] 

Therefore 

hG~ = 2AG~ + (3 -+ x) AG~ 

_ hGONt,~+~s2 - ( ~ 2 f f - )  R T l n  O.21 [4a] 

o r  

hG~247 2 hG~ + (3 --- x) hG~ + 2F (7 -+ x) 

(E + 0.03362T) [4b] 

where hG~ hG~ and hG~ are the standard Gibbs 
energies of formation of Ni3• and SO2, and NiO, re- 
spectively, and F is Faraday's constant. 

Using the reported data for hG~ and hG~ one 
obtains 

AG~ = 74,740 + 31.007T 

-+x (-18,160 + 11.221T) (973-1089 K) [5] 

and 

hG~177 -60,420 + 17.855T 

-+ x (-16,110 + 9.343T) (1089-1173 K) [6] 

For the composition of the Ni3§ in equil ibrium with 
NiO and SO2 (1 atm) to be Ni..,.6~6S,2 (42.86 ego S), we obtain 

AG~ = -68,670 + 27.257T (973-1089 K) [7] 

and 

AG~ = -55,035 + 14.734T (1089-1173 K) [8] 

From Eq. [7] and [8], the enthalpy of fusion of Ni~.,,~S~ is 
found to be 13,635 CaYmol. 

For the sake of comparison with the data reported in 
the literature, it is also possible to obtain the Gibbs en- 
ergy of formation of stoichiometric Ni~S~ by assuming the 
composition in equil ibrium with NiO and 1 atm SOs to be 
40 ego sulfur. One thus obtains from Eq. [5] and [6] 

AG~ = -74,740 + 31.007T (973-1089 K) [9] 

and 

hG~ = -60,420 ++ 17.855T (1089-1173 K) [10] 

The enthalpy of fusion of Ni~S~, as obtained from Eq. [9] 
and [10], is 14,320 caYmol. This is much higher than the 
estimated value of 5800 caYmol reported by Kubaschew- 
ski and Alcock (7) and is comparable to 11,300 cal/mol re- 
ported by Nagamori and Ingraham(4). 

Figure 3 shows hG~ and AGainst, as obtained from 
Eq. [7]-[10], as functions of temperature.  It also shows 
some of the data reported in the literature. The values of 
Gibbs energy of formation of solid and liquid Ni3S~ ob- 
tained from our Eq. [9] and [10] are in good agreement 
with those reported by Rosenqvist (1) for solid NiaS~ and 
with those reported by Nagamori and Ingraham (4) for 
liquid Ni3S~. The values of Gibbs energy of formation of 
solid Ni~.~S., obtained from our Eq. [7] are also in good 
agreement with those calculated from Rosenqvist 's data 
in the temperature range 918-1083 K. The enthalpy and 
entropy terms in our equations are, however, different 
from those reported by Rosenqvist and by Nagamori and 
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Ingraham. The agreement between our hG~ values 
and those calculated for the same composition from 
Schaefer's EMF data is good. The values reported by Lin 
et al. (2) for fl2-Ni4S3 (or Ni~.666S2) phase are also in good 
agreement with those obtained from our Eq. [7]. However, 
their values for f~l-Ni3S~ (40 ego sulfur) phase are higher 
than those obtained from our Eq. [9]. The values obtained 
from the equation for hG~ (298-1063 K) in Turkdogan's 
(6) and Kubaschewski and Alcock's (7) compilations, 
which are actually Rosenqvist 's data for the temperature 
range 673-808 K, are higher by 3-4 kcaYmol than the 
values obtained in the present work. Because of the very 
good reproducibility of cell EMF's over the entire temper- 
ature range (973-1173 K) and extended durations (4-10 
days) of our experiments, and also because of the accu- 
racy of the EMF method itself, the data obtained in the 
present work may be considered to be more reliable. 

Combining the heat capacity data for nickel, sulfur, and 
Ni3S2 reported in literature (7, 9, 10) with the EMF data 
obtained in this work, one obtains, from the third law 
analysis, for the enthalpy of formation of Ni3S~ from the 
elements, AH~ a value of -47.9 - 2.2 kcaYmol. This is in 
fair agreement with the value of -51.6 -+ 2.5 kcaYmol re- 
ported by Kubaschewski and Alcock (7). The values of 
AH~ calculated from our EMF data for various tempera- 
tures show a random variation and therefore are consid- 
ered to be free from systematic experimental errors. 
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A Study of Lapping and Polishing Damage in Single-Crystal CdTe 
Donald F. Weirauch 

Texas Instruments, Incorporated, Dallas, Texas 75265 

ABSTRACT 

The surfaces of single-crystal CdTe specimens subjected to lapping and polishing operations were studied. Optical 
microscopy was used to establish that lapping with an abrasive creates damage principally in the form of microcracks 
extending below the surface. The depth of damage was similar to that reported for single-crystal Si and was 50 ~m from 
240 grit (47 ~m) SiC and 15 ~m from 600 grit (28 ~m) SiC. Polished surfaces were studied using a dislocation revealing 
etchant. Lapping-induced microcracks could be removed by sufficient polishing with an abrasive, but  the specimen al- 
ways possessed a surface layer of very high dislocation density, with the average depth of the dislocations being a func- 
tion of abrasive particle size. The mammum dislocation depths were found to be 9 ~m from a 5 ~m Al~O3 polishing abra- 
sive and 3 ~m from 0.3 ~m At20~. The correlation of this surface layer of high dislocation density with the frequently 
reported "amorphous" or "Beilby" surface layer was demonstrated. It was shown that during the formation of this layer, 
small microcracks and surface defects could be covered and rendered invisible by a lateral movement  of material along 
the specimen surface. A chemical polishing technique employing a bromine-methanol solution was shown to be capable 
of creating damage-free CdTe surfaces. 

The quality of the polished surface is of critical impor- 
tance to many materials' applications. The growth of an 
epitaxial film on a single-crystal substrate is an example 
where an improperly polished surface can seriously affect 
the quality and properties of the film or even cause it to 
grow with a randomly oriented or polycrystalline charac- 
ter. Ideally, the substrate surface should have the same 
crystallographic perfection as its interior. CdTe is a mate- 
rial which is useful as a substrate in the growth of 
epitaxial (Hg, Cd)Te. It is soft (2.75 on the Moh's hardness 
scale) and brittle, with a strong tendency to cleave along 
(110) planes. The purposes of this study are to investigate 
the nature of lapping and mechanical polishing damage 
associated with CdTe substrate preparation and to evalu- 
ate chemical polishing as a method of creating a damage- 
free surface. 

The lapping and polishing of all brittle materials pos- 
sess similarities which transcend the individual differ- 
ences in the materials' physical properties (1-5). Thus, ma- 
terials such as diamond, one of the hardest of materials, 
glass, an amorphous material of intermediate hardness, 
and gypsum, one of the softest materials, all exhibit the 
same phenomenologicaI events during lapping and pol- 
ishing; only the rates are significantly different. In con- 
trast, though lapping and polishing operations appear to 
be nearly identical processes (as, ibr example, when a 
rotating wheel and an abrasive are employed), the effects 
of the two operations on the specimen surface are drama- 
tically different, as described below. 

The lapping process is a grinding operation in which an 
abrasive, a lapping surface, and suitable pressure are 
combined to create microcracks in the surface of the ma- 
terial being lapped. Microcracks propagating from the 
surface intersect within the material to release chips. The 
grinding action is the formation and removal of these 
chips from the surface. Finer abrasives result in shorter 
microcracks and finer chips. However, under  normal lap- 
ping conditions, the grinding action ceases when the ab- 
rasive size decreases below approximately 4 ~m. After the 
lapping operation, the surface will contain numerous 
microcracks. Associated with the microcracks will be 
strained material and dislocation arrays. 

There are two types of polishing: chemical and mechan~ 
ical. Chemical polishing relies on a chemical to dissolve 
the surface of the specimen so that a smooth polished sur- 
face results. A polishing pad might or might not be used 
in this process. Mechanical polishing bears a resemblance 
to lapping in that an abrasive and polishing surface are 
used in a manner  similar to lapping. However, during pol- 
ishing, microcracks are not created in the surface, as they 
are in lapping. Instead, material is displaced from the 
high spots, either to be transferred to valleys of the sur- 
face or to be removed totally. During the initial polishing 
with coarser polishing agents, fine scratches will be in- 
troduced into the material; associated with these 
scratches will be deformation of the material and disloca- 
tions. As the polishing process continues with finer pol- 
ishing agents, the surface quality will continue to im- 
prove until  no surface defects are visible - -  even under  a 
microscope. This appearance can be misleading because 
x-ray or etching studies will often reveal considerable 
damage in the form of filled-in scratches, microcracks, 
and pits, as well as dislocation arrays concealed by the 
surface flow of the material being polished. The flow or 
smearing of the surface has been observed for several ma- 
terials and has been referred to as the "Beilby layer" (1). 
Figure 1 is a cross-sectional representation of a partially 
polished crystalline specimen in which microcracks cre- 
ated during lapping are still present. At the surface is the 
"amorphous," or "Beilby," layer. This layer can totally 
conceal the underlying damage of pits, scratches, and 
microcracks. The zone of microcracks represents lapping 
damage which has not yet been removed by polishing. 
Dislocations arrays extend below the microcracks; be- 
neath these arrays lie "good" material with a crystallo- 
graphic perfection representative of the interior of the 
specimen. 

Experimental Procedure 
Both lapping and polishing damage were studied using 

<111> oriented CdTe single crystals. Lapping damage 
was investigated by lapping the specimen on a glass plate 
previously conditioned by thoroughly abrading the sur- 
face with the abrasive size under  study. After lapping the 
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CdTe sufficiently to create a representative surface, the 
specimen was cleaved along the (110) plane, which was 
then examined microscopically. The abrasives studied 
were 240 grit (47 t~m) and 600 grit (28 ~m) SiC. 

Both the mechanical and the chemical polishing studies 
were conducted using a Strasbaugh polishing machine 1 
with Rodel 2 600 polishing pads. "Mechanical" polishing 
refers to the polishing of CdTe using only an abrasive 
having no apparent chemical action on the specimens. 
For these studies, 5 t~m and 0.3 tLm polishing suspen- 
sions 3 of A120~ were used. "Chemical" polishing refers to 
the polishing of CdTe using a reagent known to chemi- 
cally react with the specimen. For this Study, the reagent 
was 0.5 volume percent (v/o) bromine dissolved in methyl 
alcohol. During the polishing, the reagent was dripped 
onto the polishing pad at a rate sufficient to keep the pad 
saturated with the chemical. Prior to the chemical polish- 
ing, the specimens were mechanically polished with 5 
t~m, then 0.3 tLm, Al~O3. 

To determine the extent  of damage caused by the pol- 
ishing, the specimens were coated with an organic wax 
which covered all of the specimen except for a small (0.25 
cm'-') region that was to be directly exposed to chemical 
reagents. Two reagents were used in the polishing dam- 
age evaluation. One reagent (6), composed of 10 ml H~O, 5 
ml conc HNO3, and 2g K2Cr2OT, was very effective in 
isotropically removing CdTe from the specimen surface. 
Because this chemical technique did not introduce dislo- 
cations into the specimen, it was possible to "chemically 
mill" into the specimen's  surface and examine the dislo- 
cation etch-pit structure at selected locations. Dislocation 
etch pits were revealed by dipping the specimen for 20s 
in a reagent (7) composed of 29 v/o H20, 29 v/o H~O~, and 
42 v/o conc HF. This process created on the specimen sur- 
face a dark film which was removed by a ls immersion in 
the K..,Cr~O~ reagent described above. When sufficient 
material had been chemically milled from the surface so 
that the dislocation etch-pit structure was characteristic 
of the underlying crystal, the etch mask was removed 
with a chemical solvent, and the step height between the 
chemically milled regions and the protected regions was 
measured microscopically. 

To determine if CdTe could be displaced at the speci- 
men surface during mechanical  polishing to fill in pits 
and low spots, a scratch was made in a specimen surface 
with a diamond point. The specimen was then dipped for 
15s in a saturated AuC13 solution which reacted slightly 
with the CdTe to effectively open up microcracks and 
coat all exposed surfaces with a layer of elemental gold. 
The specimen was lightly polished with 5.0 ~m Al~O3 and, 
after a microscopic examination, was immersed for 2s in 
the K2Cr~O7 solution diluted 4-to-1 with H=,O. The speci- 
men was then examined with an optical microscope and 
an electron microprobe. Because the action of the dia- 
mond point across the CdTe surface was somewhat analo- 
gous to the action of an abrasive particle during the pol- 
ishing operation, the associated surface deformation and 
dislocation generation in the specimen surface were stud- 
ied in greater detail. 

Results and Discussion 
The most pronounced defects created during the lap- 

ping operations were a myriad of microcracks in the sur- 
face; dislocations were undoubtedly present also, but 
they were not examined. The microcrack damage to 
CdTe caused by lapping with 240 grit SiC is shown in Fig. 
2 (top view) and Fig. 3 (cross-sectional view). The cross- 
sectional view revealed microcracks of irregular depth, 
but of an average of 50 tLm depth. The surface lapped 
with 600 grit SiC was similar, but on a finer scale, with 
the average observed microcrack depth being 15 t~m. 
These results were very similar to lapping damage re- 
ported for silicon (4). 

AMORPHOUS (BEILBY) LAYER 

, . , , .  . ,   F,LLEO-,N'P,TS 
! 7 7 /t 

i i ' ! t }  DISLOCATION ARRAYS 

t UNDISTURBED MATERIAL 

Fig. I. Cross-sectional view of lapping and mechanical polishing 
defects. 

Fig. 2. Surface of CdTe after lapping 

The damage created by mechanical polishing was pri- 
marily in the form of dislocations, and these were evalu- 
ated using chemical milling and an etchant. Figure 4 
shows the surface of the specimen polished with 5 t~m 
A1203; fine scratches were evident. Figure 5 shows the 
same area after being exposed to the dislocation revealing 
etchant. Most of the existing polishing scratches were en- 
hanced (although some disappeared), and new ones ap- 
peared. For example, the prominent horizontal line in Fig. 
5 was imperceptible in the original polished specimen. 
When 4 tLm of the surface was chemically removed and 
then etched, the surface had the appearance seen in Fig. 
6. Only the deepest polishing scratches were still visible 
(as dense linear arrays of etch pits), but etch pits 
delineating subgrain boundaries of the crystal were now 
present as a mosaic pattern. After chemically removing 
an additional 9 ~m from the specimen, the etch pits asso- 
ciated with the polishing scratches were gone, although 
remnants of a smooth groove remained, as shown in Fig. 

1Product of R. Howard Strasbough, Incorporated Huntington 
Beach, California. 

aProduct of Rodel Company, Scottsdale, Arizona. 
3Product of Buehler Limited, Evanston, Illinois. Fig. 3. Cross section of lapped CdTe specimen 
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Fig. 4. Mechanically polished CdTe surface Fig. 7. Etch-pit structure 13 ~m below the mechanically polished 
surface. 

Fig. 5. Mechanically polished CdTe surface after chemical etching 

7. The mosaic etch pit pattern was virtually unchanged 
from that observed in Fig. 6. Because the additional 
chemical milling and etching steps had revealed the same 
mosaic structure, it was evident that gross crystallo- 
graphic changes caused by the polishing did not extend 
to even 4 ~m below the surface. The major mechanical 
polishing damage found by this technique consisted of 

linear dislocation arrays created by individual abrasive 
particles. The max imum depths of damage were 9 ~m 
from the 5 ~m A120:~ and 3 ~m from the 0.3 ~m A120~. 

The appearance of new polishing marks after exposure 
to a chemical etchant (Fig. 5) was-strong evidence that  
scratches had been "filled in" during the polishing opera- 
tion. Added support to this conclusion was obtained 
using CdTe specimens scratched with a diamond point. 
Figure 8 shows well-defined grooves created using light 
and moderate pressures. Slip lines (the parallel lines on 
each side of the groove) and microcracks (short, irregular 
lines visible primarily on one side of the groove) ema- 
nated from the deeper groove. When lightly polished, 
many of the microcracks vanished only to reappear when 
exposed to an etchant. To ensure that this was not simply 
a result of having polished to a region of the microcrack 
too thin to be seen optically, a similarly scratched speci- 
men was immersed in a AuCI3 solution to deposit a thin 
gold layer on all exposed surfaces, including the interior 
of microcracks. The specimen was then lightly polished 
with 5 ~m Al203 such that many microeracks were ho 
longer visible (see Fig. 9). Localized regions of smeared 
gold in otherwise featureless areas indicated the presence 
of the gold-coated microcracks, and this presence was 
confirmed using a very light etch which exposed pre- 
viously-invisible microcraeks (see Fig. i0). An examina- 
tion with an electron microprobe revealed that the 
microcracks were coated with gold, which confirmed 
that they were the ones originally present and established 
that they had been of a sufficient size to be easily detect- 

Fig. 6. Etch-pit structure 4 ~m below the mechanically polished 
surface. Fig. 8. Deep and shallow scratch marks in CdTe 
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Fig. 9. Partially polished surface scratch 

Fig. 11. Surface scratch topography 

Fig, 10. Partially polished surface scratch after chemical etching 

able with an optical microscope prior to the chemical 
etch. Therefore it was unambiguously established that 
during polishing, a "Beilby" layer had been created on 
the CdTe specimen surface. 

Using a diamond point, a fresh groove was made in a 
specimen surface, and a thin glass sheet was placed over 
it. When illuminated by a monochromatic  light source 
with a wavelength of 0.589 ~m, a series of interference 
fringes, as shown in Fig. 11, were generated in the air gap 
between the specimen surface and the transparent glass. 
These fringes revealed the topographical profile of the 
specimen surface and showed that the diamond point had 
created a furrow with edges extending above the speci- 
men surface by at least 0.5 ~m. Thus, even though the 
CdTe was extremely brittle, it was possible for substan- 
tial deformation to occur without fracture. This was pos- 
sible because of the generation of dislocations in the vi- 
cinity of the groove. Figure 12 shows dislocation arrays 
associated with a series of four parallel grooves of various 
depths made in CdTe by a single pass with an irregular 
diamond point. Also present were dislocations associated 
with the crystal's mosaic subgrain structure. The width of 
the dislocation bands on each side of a groove were re- 
lated to the depth of the groove. The etch pits associated 
with the two shallowest grooves were indistinct, showing 
that the depth of those dislocations had been less than the 
amount  of CdTe removed by the etchant (less than 1 ~m). 
The pressure of the diamond scribe had not been perpen- 
dicular to the specimen surface, and this is believed re- 
sponsible for the fact that the bands of dislocations were 
not of equal width on each side of the grooves. 

The results of these tests suggest that the origin of the 
amorphous Beilby layer, created during mechanical  pol- 
ishing, was from abrasive particles acting on the speci- 
men in a manner similar to the diamond point to create 
grooves and dislocation arrays and to cause material de- 
formation in the specimen surface. During this process, 
sufficient lateral movement  of material occurred at the 
Specimen surface to fill and seal the surface of 
microcracks and small surface pits (a cold welding type of 
mechanism is assumed). The surface layer, appearing 
completely continuous, then contained an extremely high 
dislocation density which was very similar to the 
"amorphous" or "Bei!by" layer. T h e  depth of this layer 
was dependent upon t h e  abrasive particle size, but also 
was sometimes dependent  upon the hardness of the pol- 
ishing surface. During this process, of course, there also 
occurred the relatively slow removal of surface material 
normally associated with:polishing. 

No evidence of a Beilby layer was found on the speci- 
men chemically polished in the bromine-methanol solu- 
tion. The as-polished surface was featureless, with a very 
slight trace of an "orange peel" texture which could be 

Fig. 12. Dislocation etch pits associated with surface deformation 
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Fig. 13. Chemically polished surface after chemical etching 

seen microscopically only with Nomarski interference 
contrast. When exposed to the dislocation revealing 
etchant which removed less than 1 t~m of CdTe surface, 
only a mosaic pattern of etch pits was produced (see Fig. 
13). No linear dislocation arrays characteristic of the me- 
chanical polishing were seen. Chemically removing addi- 
tional CdTe from this specimen did not appreciably 
change the mosaic etch-pit structure, which indicated 
that any polishing-induced damage did not extend more 
than 1 ~m below the original surface. Thus, within the 
limits of resolution of this technique, the surface of the 
chemically polished specimen possessed a crysta]lo- 
graphic perfection representative of the crystal interior. 
This result was substantially different from that obtained 
from the mechanically polished specimen, and it gave 
added evidence that the amorphous Beilby layer was a 
mechanically induced surface layer of high dislocation 
density. Because of the similarity in polishing behavior of 
most materials, these results are believed to be generally 
applicable and not limited to CdTe. 

Conclusions 
The "amorphous," or "Beilby," layer created during 

mechanical polishing was shown to be a surface layer of 

very high dislocation density created by the abrasive 
particles during polishing. The creation of this layer was 
associated with sufficient material deformation to effec- 
tively cover and conceal microcracks, small surface pits, 
and other defects. The thickness of the surface layer was 
dependent  upon the abrasive particle size used during 
polishing. 

A chemical polishing technique employing a bromine- 
methanol solution was shown to be capable of creating a 
CdTe surface free of polishing damage. The mechanical 
polishing of CdTe with A120~ abrasive created damage in 
the form of shallow surface scratches and dislocation ar- 
rays penetrating into the material. The maximum ob- 
served depth of the dislocations ranged .from 9 t~m from a 
5 ~m A120~ polishing agent to 3 tLm from a 0.3 tLm A1203 
polishing agent. 

The lapping of CdTe with SiC created a surface zone of 
microcracks which averaged 50 t~m depth from 240 grit 
abrasive and 15 t~m depth from 600 grit abrasive. 

Acknowledgments 
The author wishes to acknowledge the capable tech- 

nical assistance of J. G. Hurt in polishing and D.A. 
Schultz in the electron microprobe analysis. 

Manuscript submitted Dec. 27, 1983; revised manu- 
script received Aug. 29, 1984. 

Texas Instruments Incorporated assisted in meeting the 
publication costs of this article. 

REFERENCES 
1. G. Beilby, "Aggregation and Flow of Solids," 

Macmillan and Co. Ltd., London (1921). 
2. F. Twyman, "Prism and Lens Making," Hilger and 

Watts Ltd., London (1957). 
3. L. Motz, "On the Nature of a Polished Surface," J. Opt. 

Soc. Am., 32, 147 (1942). 
4. E. N. Pugh and L. E. Samuels, "Damaged Layers in 

Abraded Silicon Surfaces," This Journal, 111, 1429 
(1964). 

5. P. Rai-Choudhury, "Substrate Surface Preparation and 
Its Effect on Epitaxial Silicon," ibid., 118, 1183 
(1971). 

6. M. Inoue, I. ~eramoto, and S. Takayanagi, "Etch Pits 
and Polarity in CdTe Crystals," J. Appl. Phys., 33, 
2578 (1962). 

7. K. Nakagawa, K. Maeda, and S. Takeuchi, "Observa- 
tion of Dislocations in Cadmium Telluride by Catho- 
doluminescence Microscopy," Appl. Phys. Lett., 34, 
574 (1979). 



J O U R N A L  OF T H E  E L E C T R O C H E M I C A L  S O C I E T Y  

C O M M E N T S  
JANUARY 

1985 

E a c h  i s sue  of  t h e  J o u r n a l  wil l  h a v e  a s e c t i o n  of  " C o m m e n t s . "  I n  t h i s  sec t ion ,  we  p r o v i d e  a m e a n s  via  s h o r t  p ieces ,  
i.e., o n e  c o l u m n  or  less ,  to  a p p l a u d ,  d i s p u t e ,  or  o t h e r w i s e  d i s c u s s  t h e  p a p e r s  p u b l i s h e d  in  t h e  J o u r n a l .  S p a c e  wil l  b e  
p r o v i d e d  for  one  r e s p o n s e  b y  t h e  p a p e r ' s  a u t h o r ( s )  to  e a c h  c o m m e n t .  

S i n c e  space  a v a i l a b l e  in  e a c h  i s sue  for  t h e  " C o m m e n t s "  s e c t i o n  is l im i t ed ;  i t  is i m p o r t a n t  to be  conc i se .  

C o m m e n t s  s h o u l d  be  s e n t  to t he  Ed i to r ,  Dr.  N o r m a n  H a c k e r m a n ,  P r e s i d e n t ' s  Office, R i ce  Un ive r s i t y ,  P.O. B o x  
1892, H o u s t o n ,  T X  77251. 

N o r m a n  H a c k e r m a n  
E d i t o r  

Corrosion Study of a Carbon Steel in Neutral  Chloride 
Solution by Impedance Techniques 

A. Bonnel, F. Dabosi, C. Deslouis, M. Duprat, M. Keddam, and B. 
Tribollet 

(pp. 753-761, Vol. 130, no. 4) 

F. M a n s f e l d :  ~ In  t h e i r  pape r ,  B o n n e l  et al .  i n v e s t i g a t e  
t h e  e ] e c t r o c h e m i c a ]  b e h a v i o r  of  a C-Mn s t ee l  in  3% NaC1, 
u s i n g  a r o t a t i n g  d i sk  e l ec t rode .  We h a v e  b e e n  c a r r y i n g  
ou t  s i m i l a r  s t u d i e s  of  t h e  i m p o r t a n t  s u b j e c t  of  c o r r o s i o n  
i n  a e r a t e d  n e u t r a l  m e d i a  a n d  i ts  i n h i b i t i o n  24 a n d  h a v e  
n o t e d  s o m e  i m p o r t a n t  d i s c r e p a n c i e s  in  t h e  i m p e d a n c e  
s p e c t r a  r e p o r t e d  b y  B o n n e l  et al.  a n d  b y  ou r se lves .  In  
t h e  p a p e r  u n d e r  d i s c u s s i o n ,  two  c a p a c i t i v e  l oops  a re  
s h o w n  in  N y q u i s t  p lo t s  o b t a i n e d  a t  t he  c o r r o s i o n  p o t e n -  
tial.  In  o u r  p r e v i o u s  s t u d i e s  of  s tee l  in  0.5M Na~SO43 a n d  
in  t a p w a t e r  2, o n l y  one  c a p a c i t i v e  s e m i c i r c ] e  was  ob-  
s e r v e d  in  e x p e r i m e n t s  w i t h  r o t a t i n g  i r on  2 or 4340 s t e e p  
c y l i n d e r  e l e c t r o d e s  (RCE).  Our  u n p u b l i s h e d  da t a  for  
s t ee l  R C E ' s  in  0.5N NaC] h a v e  b e e n  r e p e a t e d  to e x t e n d  
t h e  f r e q u e n c y  r a n g e  to  5 mHz.  Fo r  f r e q u e n c i e s  b e t w e e n  
105 Hz a n d  0.1 Hz, a S o l a r t r o n  t r a n s f e r  f u n c t i o n  a n a l y z e r  
(TFA)  (Model  1174) was  used ,  w h i l e  a f a s t  f o u r i e r  t r ans -  
f o r m  t e c h n i q u e  (FFT)  was  u s e d  b e t w e e n  0.5 Hz a n d  5 
mHz.  T h e  s o f t w a r e  p r o g r a m  for  t he  F F T  t e c h n i q u e  was  
p r o v i d e d  b y  P r i n c e t o n  A p p l i e d  R e s e a r c h  C o r p o r a t i o n .  
T h e  r e s u l t s  of  t h i s  s t u d y  s h o w  c lea r ly  t h a t  on ly  one  de-  
p r e s s e d  c a p a c i t i v e  s e m i c i r c l e  o c c u r s  b e t w e e n  105 a n d  5 
× 10 -3 Hz. T h e  B o d e  p lo t s  in  Fig. 1 s h o w  e x c e l l e n t  

~Rockwell International Science Center, Thousand Oaks, 
California 91360. 

2F. Mansfeld, M. W. Kendig, and S. Tsai, Corros. Sci., 22, 455 
(1982). 
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4W. J. Lorenz and F. Mansfeld, in "Proceedings of the Interna- 

tional Congress on Corrosion Inhibition," National Association 
of Corrosion Engineers, Dallas, Texas (1983). 

E 
o 

,E 

N 

N 

I I I 

4340  STEEL RCE/O.SN NaCI  
r : 144  rad/s, t = 1 3 h  ( T F A )  O O O O O E X P T L  DATA I F F T )  

t : 2 3 h  (FFT )  T H E O R  D A T A  E 0  
(EQ.  1)  

• R Q  = 2 .7  ohm • cm 2 

• D+ R p  = 120  ohm ~cm 2 ~ 5  ~m 
• C = 9 S 6  u F / ' c m  ~ 

o ..... ~ 
30 ~ 
1 5  

0 
0 

I I I I / L I 
- 2  1 O 1 2 3 4 5 

L O G  w ( w  in  fad/s) 

Fig. 1. Agreement between experimental data and a fit to a the- 
oretical model of the impedance. 
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a g r e e m e n t  b e t w e e n  e x p e r i m e n t a l  da t a  a n d  a fit to a the-  
o re t i ca l  m o d e l  of  t h e  i m p e d a n c e  as 

Rp 
Z = R~ + [1] 

1 + (jo~CR,) ~ 

w h e r e  Ra is t he  o h m i c  e l ec t ro ly t e  r e s i s t ance ,  t h e  capac i -  
t a n c e  C is c a l c u l a t e d  f r o m  t h e  f r e q u e n c y  o~ m of  t h e  max i -  
m u m  of  t he  i m a g i n a r y  c o m p o n e n t  Z H (C = (~o,,Rp)-'), R,  
is t h e  p o l a r i z a t i o n  r e s i s t ance ,  a n d  a r e l a t e s  to  t h e  dep re s -  
s i on  of  t h e  s e m i c i r c l e  as  d i s c u s s e d  b e f o r e  5. Rp a n d  Rn 
w e r e  c a l c u l a t e d  u s i n g  t h e  C I R F I T  c o m p u t e r  p r o g r a m  s. 
T h e  F F T  da t a  in  Fig. 1 w e r e  t a k e n  2h  a f t e r  t h e  e n d  of  t he  
T F A  data .  Due  to t h e  c o n t i n u o u s  i n c r e a s e  of  c o r r o s i o n  
r a t e s  w i t h  t ime ,  t h e  R,  v a l u e  o b t a i n e d  f r o m  t h e  F F T  da ta  
is l o w e r  t h a n  t h a t  o b t a i n e d  f r o m  the  dc l im i t  of t h e  T F A  
data .  N e v e r t h e l e s s ,  i t  is o b v i o u s  t h a t  a s e c o n d  t i m e  con-  
s t a n t  does  n o t  o c c u r  a t  t h e  l o w e s t  f r e q u e n c i e s .  I t  s h o u l d  
b e  n o t e d  t h a t  an  a c c u r a t e  fit of  t he  f r e q u e n c y  d e p e n -  
d e n c e  of  t h e  i m p e d a n c e  IZ I a n d  t he  p h a s e  a n g l e  8 is a 
m o r e  s e v e r e  t e s t  t h a n  a N y q u i s t  p lo t  of  b o t h  t y p e s  of  
data .  

T h e s e  e x p e r i m e n t s  h a v e  also b e e n  c o n d u c t e d  at  o t h e r  
r o t a t i o n  s p e e d s  r. T a b l e  I s u m m a r i z e s  t h e  r e s u l t s  of  a n  
ana ly s i s  a c c o r d i n g  to Eq.  [1]. As e x p e c t e d ,  Rp d e c r e a s e s  
w i t h  i n c r e a s i n g  r, w h i l e  E ..... b e c o m e s  m o r e  nob le .  Wi th  
i n c r e a s i n g  e x p o s u r e  t ime ,  Rp b e c o m e s  smal le r .  A f t e r  ex-  
p o s u r e  for  m o r e  t h a n  24h, a t h i c k  r u s t  l aye r  h a s  devel -  
oped ,  w h i c h  is r e f l e c t ed  in  t h e  m o r e  t h a n  t en - fo ld  in- 
c r e a s e  of  t h e  c a p a c i t a n c e  C. T h e  v a l u e  of  ~ does  n o t  
c h a n g e  s ign i f i can t ly  w i t h  e x p e r i m e n t a l  c o n d i t i o n s .  T h e  
fo l l owing  a d d i t i o n a l  c o m m e n t s  n e e d  to b e  m a d e .  

1. I t  is no t  c l ea r  w h y  t he  h i g h - f r e q u e n c y  l oop  d e p e n d s  
o n  r o t a t i o n  s p e e d  in  g a l v a n o s t a t i c  c o n d i t i o n s  b u t  n o t  in  
p o t e n t i o s t a t i c  c o n d i t i o n s  (Fig. 9 a n d  10 of  t he  p a p e r  un-  
d e r  d i scuss ion ) .  The  c a p t i o n  for  Fig. 10 s e e m s  to i m p l y  
t h a t  t h e  e x p e r i m e n t s  for  600 a n d  2400 r p m  w e r e  con-  
d u c t e d  at  t h e  s a m e  a p p l i e d  p o t e n t i a l  ( the  Eco~r for  1000 
rpm?) .  

2. A n  e x p e r i m e n t  w i t h  t h e  T F A  t e c h n i q u e  d o w n  to 5 
m H z  t a k e s  m a n y  h o u r s ,  d e p e n d i n g  o n  t h e  i n t e g r a t i o n  

3M. W. Kendig, E. M. Meyer, G. Lindberg, and F. Mansfeld, 
Corros. Sci., 23, 1007 (1983). 

Table I. impedance data for 4340 RCE in O.SN NaCI 

t r E~or,. R~ C 
(h) (rad/s) (mV) (12 . cm 2) (~F/cm 2) a 

1.3 144 -549 120 955 0.79 
3.1 144 -544 96 685 0.77 
4.5 16 -554 251 1,473 0.76 
5.5 16 -627 297 1,337 0.79 
6.0 324 -545 60 846 0.78 

22.5 324 -580 143 11,100 0.71 
24.0 144 -592 170 9,352 0.74 
25.5 16 -615 245 6,490 0.74 
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time. Because Eoo~ and R, vary with time, it is very likely 
that the data in Fig. 12 are strongly affected by this t ime 
dependence,  especially for t ~ 0 and 30 min. What ap- 
pear to be two capacitative loops could be due to these 
t ime effects. 

3. The statement " the product  R~I which remains close 
to 30 mV above 750 ~A/cm 2 indicating a simultaneous 
transfer of the two electrons" is incorrect, because the 
Tafel slope is b, = 2.3 R,I = 69 mV, which is not consist- 
ent with anodic Tafel slopes derived for accepted mech- 
anisms of iron dissolution. According to Bonnel  et al.'s 
Table I, b a increases continuously with applied anodic 
current  from 27 to 79 mV, which suggests that no true 
Tafel slope exists in the current  region studied. 

A. B o n n e l ,  6 F.  D a b o s i ,  6 C. D e s l o u i s ,  7 M. D u p r a t ,  6 M. 
K e d d a m ,  7 a n d  B.  T r i b o l l e t :  7 The introducing remarks of 
t h e  discussion concern some divergences observed be- 
tween the work of Mansfeld et al2 and our w o r k t  This is 
not  so  surprising, because the electrolyte, on one hand, 
and almost the metal, on the other hand, particularly 
concerning the contents of Ni, Cr, and Mn, are different. 

The impedance  diagrams reported by these authors 
displayed only o n e  capacitive loop, rather than two, in 
our case. Nevertheless,  it must  be emphasized that the 
diameter  of this single loop (Re) is decreased with the ro- 
tation speed (~) (see Table I of the comments),  thus indi- 
cating a probable influence of the mass transport  pro- 
cess; in our case, the influence of this last process is 
clearly evidenced by the occurrence of a low frequency 
capacitive loop. The reason for the existence of two t ime 
constants has therefore been clearly explained as 
follows. 

- - T h e  corrosion rate is controlled by the cathodic pro- 
cess~ i.e., oxygen reduction, and the role of mass trans- 
port was quanti tat ively established by plots (Id, ~,~2) and 
by EHD impedance  measurements .  

- -Hence,  the high-frequency (HF) loop corresponds to 
the charge-transfer process, whereas the low-frequency 
(LF) loop corresponds to mass transport. 

The following answers can then be given to points 1-3 
of the comments.  

1. The influence of the rotation speed on the I-IF loop 
only observed in galvanostatic conditions results from 
the mixed nature of the corrosion potential. 

- - In  potentiostatic conditions, the anodic process is 
obviously not modified, and there are no meaningful  
variations of the diameter  of the HF loop. The decrease 
of the LF loop when ~ is increased is consistent  with a 
mass transport process. 

- -When a galvanostatic control is applied, the change 
in 12 modifies t h e  cathodic current Id. Therefore, the 
anodic current  IA evolves so that the overall current  IA + 
I~ remains constant ,  leading to a variation of the diame- 
ter of the HF loop. 

2. We reported (Fig. 12) at t ime zero only one capaci- 
t ive loop (flattened) which is in agreement  with the con- 
clusions of Mansfeld. However,  a second loop is clearly 
evidenced at longer t imea (t I> 2h). Because a layer of 
corrosion products develops, it constitutes, as demon- 
strated in our paper, a hindrance to diffusion. With in- 
creasing elapsed time, the t ime constant due to diffusion 
becomes higher and, therefore, sufficiently different 
from that corresponding to charge transfer, and the two 
loops can be well separated. It is thus likely that these 
two t ime constants are not separated at t ime zero and 
exhibit  only a f requency dispersion, as is probably t h e  
case for the exper iments  reported by Mansfeld. 

6Equipe de Recherche Associ~e au CNRS, no. 263 
"Laboratoire de Metallurgie Physique," Ecole Nationale 
Superieure de Chimie, 31077 Toulouse Cedex, France. 

7Groupe de Recherche du CNRS, no. 4 "Physique des Liq- 
uides at Electrochimie," Associ~ ~ l'Universit~ Pierre et Marie 
Curie, 75230 Paris Cedex 05, France. 

8M. W. Kendig, A. T. Allen, and F. Mansfeld, This Journal, 131, 
935 (1984). 

9A. Bonnel, F. Dabosi, C. Deslouis, M. Duprat, M. Keddam, 
and B. Tribollet, ibid., 13{}, 753 (1983). 

3. Concerning the anodic Tafel slope ba for the iron 
dissolution, Mansfeld asserts that a value of 69 mV for ba 
is incorrect as regards the "accepted mechanisms," but 
he does not mention any reference. In a recent paper of 
his TM, he stated that anodie slopes ba of 60 + 5 mV can be 
clearly observed for the iron dissolution; this is consist- 
ent with our results. Somewhat earlier, a work by a 
member of our group" led to the same conclusion. In ad- 
dition, the RTI values at low anodie currents must be dis- 
regarded, due to the Significant contribution of the ca- 
thodic process in this potential range. 

Formation of Salt Films during Anodic Dissolution in 
the Presence of Fluid Flow 

Richard Alkire and Antonia Cangetlari 
(pp. 1252-1259, Vol. 130, no. 6) 

M. K e d d a m l ~  a n d  R.  O l t r a :  '~ This very interest ing paper, 
particularly its exper imenta l  part, has suggested to us 
the following remarks. 

It is concluded from the data shown in Fig. 8 that re- 
passivation can occur only when the intensity and mass- 
transfer conditions for precipitat ion of an iron sulfate 
layer are fulfilled. 

Exper iments  are said to be performed by stepping the 
potential  to 0.8, 1.0, and 1.2V, whereas exper imental  
points in Fig. 8 are in the range 1.2-1.7V. If the data of 
Fig. 7 are added to Fig. 8, passivation is shown to occur 
well above the theoretical  l ine for f~ = 1.3. What about 
0.SV? 

It is clear that the model  does not intend to account 
for the passivation process, because the surface overpo- 
tential is taken as a Tafel polarization. However,  when 
discussing the exper imenta l  data, it must  be kept in 
mind that even in the simplest  view, the active-to- 
passive transition of a metal  cannot take place when the 
electrode potential, corrected for ohmic drop, is lower 
than a critical passivation potential close to 0.8V/NHE 
for iron in 0.5M H..,/SO4. 

Using the data of Fig, 7 and R~ = 1/4Kro, it is easily 
shown that during the active part of the transient, the 
applied potential is pure ohmic drop in the solution; 
hence, the metal  is not  polarized in the passive range. 
This explains why the active current  density is indepen- 
dent of Re, a rather strange result  for active iron. Also, it 
would be of interest  to consider  the dependence  of the 
active current  in Fig. 7 with respect to the applied poten- 
tial. Therefore, the most important  role of salt precipita- 
tion in passivation phenomenon  must  be related to its 
influence on ohmic drop. 

It is not certain that iron/H2SO4 is the most  convenient  
system for testing s imple views of the onset of passivity. 
It is known as a very complicated system at the active- 
passive transition (see our work and recent  papers by J. 
Newman and co-workers). 

R. A l k i r e  '4 a n d  A.  C a n g e l l a r i :  TM As indicated in the pa- 
per, potentials given in Fig. 7 (denoted Ca) are with re- 
spect to NHE, whereas those in Fig. 8 (~A) are with re- 
spect to the rest potential  of the system as defined by 
Eq. [1] on p. 1253. There is no inconsistency between 
data of which the same set appears in both figures; the 
potential  of 0.8V in Fig. 7 corresponds to approximately 
1.24V in Fig. 8. 

Reference (7) of the publication cited previous work 
by Alkire, Ernsberger,  and Beck on the topic of tran- 
sient behavior during repassivation of iron in sulfuric 
acid. It was reported that, following sudden application 

'~ W. Lorenz, and F. Mansfeld, Corros. Sci., 22, 611 
(1982). 

"M. Keddam, O. Rosa Mattos, and H. Takenouti, This Journal, 
128, 257 (]981). 

'2Groupe de recherche no. 4 du C.N.R.S.,"Physique des Liq- 
uides et Electrochimie" associ~ ~ l'Universit~, P. et M. Curie, 4, 
place Jussieu 75230 Cedex 05, Paris, France. 

,3 L. A. C.N.R.S., Facult~ des Sciences, BP 138, Dijon, France. 
'4Department of Chemical Engineering, and Materials Re- 

search Laboratory, University of Illinois, Urbana, IL 61801. 
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of  an anodic  po ten t i a l  in the  pass ive  r ange  to a bare  
me ta l  surface,  t h e  ensu ing  s e q u e n c e  of  even t s  inc ludes :  
(a) rap id  me ta  I d i s so lu t ion  u n d e r  IR- l imi ted  condi t ions ,  
caus ing  an inc rease  in meta l - sa l t  c o n c e n t r a t i o n  near  the  
surface;  (b) p rec ip i t a t ion  onto  the  surface  of  a meta l - sa l t  
film; (c) fo rma t ion  o n  the  s u r f a c e  of  a pa s s ive -ox ide  
film; and  (d) d i s so lu t ion  of  the  me t a l - s a l t  film, l eav ing  
only  the  pas s ive -ox ide  fi lm on the  surface.  Rap id  meta l  
d i s so lu t ion  u n d e r  IR- l imi ted  cond i t ions  was also re- 
po r t ed  by  Alk i re  and  Perus ich ,  '5 w h o  used  focused  
u l t r a sound  to cause  loca l ized  cavi ta t ion  d a m a g e  to the  
pass ive  film on Fe  in H2SO4. F igu re  6 of  tha t  w o r k  
s h o w e d  tha t  the  IR- l imi t ed  d i s so lu t ion  ra te  va r i ed  l ine- 
arly wi th  app l i ed  po ten t i a l  and tha t  the  s lope was  g iven  
by the  ohmic  res i s tance  of  the  solut ion,  as c o m p u t e d  
f rom the  p r ima ry  cu r r en t  d is t r ibut ion .  

K e d d a m  and Oltra are  cor rec t  in r ecogn iz ing  tha t  the  
data  in Fig. 7 of  the  pape r  u n d e r  d i scuss ion  also corre-  
spond  to IR- l imi ted  condi t ions .  I t  shou ld  not  be  surPris- 
ing  tha t  an IR- l imi t ed  cu r r en t  exh ib i t s  no d e p e n d e n c e  
u p o n  flow rate. The  IR- l imi t ed  cu r ren t  p l a t eau  s h o w n  
in Fig. 7 d e p e n d s  on ly  u p o n  app l ied  potent ia l ,  so lu t ion  
conduc t iv i ty ,  and e l ec t rode  geomet ry .  

It  has  been  our  e x p e r i e n c e  tha t  the  Fe/H..,SO4 sys t em is 
a we l l -behaved  m o d e l  sy s t em for inves t iga t ion  of  h igh-  
rate  me ta l  d i s so lu t ion-p rec ip i t a t ion  p h e n o m e n a .  It  is re- 
p r o d u c i b l e  and c o n v e n i e n t  for s tudy,  and it exh ib i t s  sta- 
ble  behav io r  w h i c h  is f ree of  osci l la t ions  and  w h i c h  can  
be  ana lyzed  by  bas ic  p r inc ip les  of  c o n v e c t i v e  t ranspor t .  
We h a v e  found  essen t ia l ly  iden t ica l  resul t s  for single-  
c rys ta l  iron, for 99.99% polycrys ta l l ine  iron,  and  for com- 
merc i a l  co ld- ro l led  steel.  While o ther  fea tures  of  the  
Fe/H2SO4 pass iva t ion  p h e n o m e n a  are u n d o u b t e d l y  com- 
plex,  the  d i s so lu t ion  and p rec ip i t a t ion  of  meta l -sa l t  
fi lms in tha t  sy s t em appears  to be s t r a igh t fo rward  in 
compar i son .  

Preparation and Open-Circuit Potentials of Silver- 
Intercalated 2H-TaS2 and 1T-TiS2 

G. A. Scholz and R. F. Frindt 
(pp. 1763-1767, Vol. 131, no. 8) 

B. S c r o s a t i 9  ~ The s tudy  of  the  s i lver - in te rca la ted  elec- 
t rodes  r epor t ed  in this  pape r  c losely r e s e m b l e s  tha t  de- 
sc r ibed  in a pape r  tha t  we  p u b l i s h e d  five years  ago '7. 
The  only  d i f fe rence  l ies in the  fact  that  we  used  a sol id 
e lec t ro ly te  cell  in o rde r  to avoid  all p r o b l e m s  of  self- 
in te rca la t ion  and co r ros ion  which  the  au thors  have  
faced  w i t h  the i r  l iqu id  e lec t ro ly te  cell. 

I ndeed ,  Scholz  and  F r i n d t  have  p r e p a r e d  thei r  
Ag~TiS~ samples  in the  s a m e  way  we did, i.e., b o t h  ther-  
mal ly  and  e l ec t rochemica l ly ,  and the  t r end  of  the i r  
Ag~TiS2 E M F - c o m p o s i t i o n  cu rve  is iden t ica l  to ours  '7. 
The  E M F  va lues  r e p o r t e d  by  Scholz  and F r i n d t  are 
s l ight ly  l ower  than  ours  and,  in m y  opin ion ,  th is  is due  
to the  fact  tha t  the  t ime  a l lowed  for the  m e a s u r e m e n t s  
(8h) was  too shor t  to r each  equ i l ib r ium.  

In  fact,  we  '7~9 and  o the r  au thors  s0 have  found  tha t  the  
d i f fus ion  of  s i lver  in Ag~TiS2 and  in Ag~TaS2 is v e r y  
slow, so tha t  long  t imes  are r equ i r ed  for the  equi l ibra-  
t ion of  the  in te rca la t ion  e lec t rodes .  

I t  was  also in t e re s t ing  to read  tha t  the  au thors  were  
su rp r i sed  to " d i s c o v e r "  tha t  the  s i lver  in te rca la t ion  reac- 

'SR. C. Alkire and S. Perusich, Corros. Sci., 23, 1121 (1983). 
'6:Dipartimento di Chimica, University of Rome, Italy. 
'~A. Bottini, M. Lazzari, G. Razzini, B. Rivolta, G. De Felici, M. 

A. Voso, and B. Scrosati, J. Electroanal. Chem., 96, 165 (1979). 
'sM. Patriarca, M. A. Voso, B. Scrosati, F. Bonino, and M. Laz- 

zari, Solid State Ion., 6, 15 (1982). 
'gA. Padula, M. Patriarca, B. Scrosati, and F. Croce, ibid., 9, 10, 

365 (1983). 
~~ Bonino, A. Lazzari, C. A. Vincent, and A. R. Wondless, 

ibid.. 1, 311 (1980). 

t ions  in TaS2 and in TiS2 are  revers ib le ,  s ince  we  clear ly  
d e m o n s t r a t e d  such  r eve r s ib l e  behav io r  s o m e  years  ago 's. 

I t  is n o w w e l l  r ecogn ized  tha t  t he  k ine t i cs  of  the  inter-  
ca la t ion  p rocesses  are genera l ly  con t ro l l ed  by  the  diffu- 
s ion of  the  gues t  species  in the  layer  s t ruc tu re  of  t he  
d icha lcogen ides .  T h e r e f o r e ,  t he  appa ren t  lower  revers i -  
b i l i ty  tha t  t h e  au thors  o b s e r v e d  for the  in te rca la t ion  pro- 
cess  in TiS~ wi th  r e spec t  to tha t  in TaS2, is no t  at all un-  
c lear  and u n e x p e c t e d ,  because  s i lver  d i f fuses  m u c h  
s lower  in the  fo rmer  (D - 10 -1~ + 10 -15 cm ~ s - ' )  '8 t han  in 
the  la t te r  (D - 10 -" + 10 ~9 cm ~ s - ' )  2~ d icha lcogen ide .  

G. A. Scho lz  2~ and  R. F. F r i n d t :  2' The  w o r k  p r e s e n t e d  by  
us 2~ is a de ta i led  d i scuss ion  of  the  t e c h n i q u e s  used  by us 
in p r epa r ing  AgxTaS2 and AgxTiS2 in te rca la t ion  com- 
p o u n d s  w h i c h  we  d id  no t  h a v e  the  space  t o  d i scuss '  in 
ear l ier  publ ica t ions .  

We agree  wi th  B. Scrosa t i  that  our  E M F  vs. degree  of  
in te rca la t ion  (x) cu rve  for  Ag/AgxTiS~ is v e r y  s imi lar  to 
the i r  curve,  2~ and we  s incere ly  regre t  t he  overs igh t  of  not  
r e f e renc ing  the i r  work.  We were  in fact  fami l ia r  wi th  
the i r  w o r k  and had  re fe r red  to it  in an  ear l ier  publ ica-  
t ion  24 in wh ich  we  po in t ed  out  ~ tha t  the  vo l t age  d rops  ob- 
s e rved  for the  Ag/AgxTiS2 cel l  were  due  to s taging.  The  
s l ight ly  lower  E M F  va lues  obse rved  by us m a y  be  re- 
la ted  to equ i l ib ra t ion  t imes  to s o m e  ex ten t ,  bu t  o ther  
factors ,  such  as the  e lec t ro ly tes ,  shou ld  also be  cons id-  
ered,  cons ide r ing  tha t  ne i the r  of  us r epo r t ed  s t andard  
E M F  values .  

We w o u l d  also po in t  out  tha t  we  are aware  of  the  diffu- 
s ion cons tan t s  for Ag  in l ayered  crystals .  In  fact, we  
m e a s u r e d  the  d i f fus ion  cons t an t s  of  Ag for s ingle  crys- 
tals us ing  opt ical  m e t h o d s  and r epo r t ed  the  va lue  of  
- 1 0  -1~ cm 2 s e c - '  for  Ag  in  Ag~TiS2 and - 1 0  -s cm 2 sec -1 
for Ag  in AgxTaS2 at the  Y a m a d a  C o n f e r e n c e  in 198024. 
In  addi t ion ,  we  also r e p o r t e d  at that  t i m e  tha t  t he  inter-  
ca la t ion  rate  is s t rongly  d e p e n d e n t  on the  crys ta l  th ick-  
ness,  so in v i e w  of  this  f inding,  it w o u l d  appear  tha t  
m e a s u r e m e n t s  on d i c h a l c o g e n i d e  p o w d e r s  are ac tua l ly  
s o m e w h a t  i l l -defined.  

With r e spec t  to the  reve r s ib le  in te rca la t ion  of  Ag  in 
AgxTiS2 and AgxTaS2, we  are  s o m e w h a t  puzz led  on 
th ree  coun t s  by B. Scrosa t i ' s  c o m m e n t s .  

1. The  revers ib le  b e h a v i o r  tha t  he  refers  to was for 
s i lver  in the  range  0 < x < 0.06 for AgxTaS225 and  in the  
range  0 < x < 0.03 for AgxTiS2~% In our  s tudy,  2~ the  inter-  
ca la ted  mole  f rac t ions  were  ove r  the  m u c h  la rger  range  
of  0 -< x -< 2/3 for AgxTaS2 and of  0 -< x -< 0.42 for 
Ag'xTiS2. 

2. Cont ra ry  to B. Scrosa t i ' s  c o m m e n t s  tha t  we  found  
the  in te rca la t ion  of  Ag in TiS2 revers ib le ,  we  d id  no t  
f ind this  to be  the  case;  we  found  only  par t ia l ly  revers i -  
ble  behavior .  S tage  1 (1/5 ~< x ~< 2/5) cou ld  be  
de in te rca la ted ,  bu t  s tage  2 (0 ~< x ~< 1/5) cou ld  not.  How-  
ever,  a l t hough  the  u n s u c c e s s f u l  de in te rca la t ion  of  s tage 
2 m a y  be  a c o n s e q u e n c e  of  paras i t ic  reac t ions  caused  by 
the  e lec t ro ly te ,  we  be l i eve  it  is ce r ta in ly  no t  due  to a low 
d i f fus ion  rate.  Of  course ,  i t  m a y  cer ta in ly  be  the  case  
tha t  in the  ve ry  low c o n c e n t r a t i o n  range  (0 < x < 0.03), 
in te rca la t ion  occurs  revers ib ly .  

3. We were  i n d e e d  su rp r i sed  to d i scove r  t he  reve r s ib le  
in te rca la t ion  behav io r  for Ag in Ag~TaS2 in the  range  0 
-< x ->- 2/3, in v i e w  of the  gross  s t ack ing  r e a r r a n g e m e n t s  
that  occur  in the  hos t  layers  for x = 1/6, 1/3, and 2/327. 
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E R R A T U  M 

In the paper "TEM Cross Section Sample Preparation Technique for III-V Compound Semiconductor Device Materials 
by Chemical Thinn ing ,  by S. N. G. Chu and T. T. Sheng [This Journal, 131, 2663 (1984)], the caption to Fig. 8 on page 2665 was 
inadvertently omitted. The figure, with caption, appears below. 

Fig. 8. XTEM of a four-layer InGaAsP/InP laser structure grown by VPE 
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Electrochemical Reduction of Carbon Dioxide to Methane, Methanol, 
and CO on Ru Electrodes 

K. W. Frese, Jr.,* and S. Leach* 

SRI International, Menlo Park, California 94025 

An important goal of research on CO 2 re- 
duction is the synthesis of methane in an 
aqueous electrochemical process. Electro- 
chemical reduction of CO o to CHqOH with high 
faradaic efficiency has glready~been demon- 
strated (1,2). The standard electrode poten- 
tial for the electrochemical half-cell 

co 2 + 8H + + Be- r CH 4 + 2H20(~ ) [i] 

is only +0.17 V (SHE). Under standard condi- 
tions it is expected that reaction [i] should 
occur at potentials close to that for the hy- 
drogen evolution reaction. Ruthenium was 
chosen because it is a known catalyst (3) for 
the gas phase conversion of CO? to CH 4 and is 
also known to be active at rat~er low tempera-- 
tures, (3,4), e.g., ~ 100~ 

EXPERIMENTAL 

Both electroplated and teflon-supported 
Ru electrodes (geometrical area, 1-3 cm 2) were 
used for CO 2 electrolysis. The former were 
formed on spectroscopic pure carbon rods using 
a plating bath consisting of 0.0084 M Ru(NO)CI 3 
and 0.4M reagent H^SO.. The latter type of 
electrode was fabricated by pressing a mixture 
of 4-5 gm of Ru sponge (99.99%, Mattey-Bishop) 
with 5-12 weight % Halon TFE resin, type 6-80 
onto a Cu mesh. The resulting pellets were 
contacted by a Cu wire and sealed in a glass 
tube with epoxy resin (Epoxy Patch). A 5 min. 
dip in conc. HCI was used to clean the Ru sur- 
faces. 

Electrolytes were prepared from reagent 

grade Na2SO 4 or H2SO 4 and purified, distilled 
H20 (Milligard filtered). A Pine RDE-3 poten- 
tlostat was used for controlled potential elec- 
trolysis in a closed system that was described 
before (1,2). Current-time plots were obtained 
and manipulated by a laboratory microcomputer. 
Product analysis by gas chromatography was des- 
cribed earlier (1,2). 

RESULTS 

The faradaic efficiencies for CH., CO, and 
4 

CH~OH are given in Table i. These results were 
obtained with the electroplated electrodes in 

C02-saturated 0.2M Na^SO.z 4 or 0.1M H2SO. elec- 
trolytes. The average current obtalne~ by 
dividing the integral charge (Column 5) by the 
total elapsed time is given in Column 3. The 
apparent increase in CH 4 yield with increasing 
temperature is not surprising in view of_the 
expected kinetic complications for an 8e re- 
duction. The efficiency for CO was always 1 
to 5% with the exception of one datum. Rather 
high yields of CH^OH were also found as shown 
in the last colum~ of Table i. A portion of 
the CO and CH OH may be due to CO_ reduction 

3 2 
by localized cathodic and anodic reactions at 
the Ru electrode (see below). Recent attempts 
of reaction [!] in 0.5M H_SO. at -0.15 to -0 3 

z 
V(sce) (55-60~ gave farada~c efficiencies of 
0.4%. Perhaps too high a coverage with IId 

�9 

is obtained in such strongly acldic solutions. 
It was necessary to show that CH. could 

be produced in the absence of the car~on sub- 
strate because of the potential reactivity of 
carbon atoms adsorbed on the Ru surface (5). 
For this reason, teflon-supported Ru sponge 
electrodes were utilized. The results of two 
trials in 0.1N H~SO_ at 46~ were faradaic 

z 4 
decimal efficiencies of 0.059 and 0.098 for 
CH~. The electrode potential was -0.37 to 
-0739 V(sce) and the average current was 0.3 to 
0.6 mA. Clearly the carbon substrate is not 
essential to the formation of CH.. 

It was also shown that the ~u surface is 
active in CO_ reduction under open circuit con- 

E 
ditions in 0.2M Na2SO4, pH 4-5. The data in 
Table 2 reveal that CO and small amounts of 
CHqOH are produced by a localized cell reaction. 
Th~ time of these open circuit experiments was 
equivalent to the 15-20 coulomb runs in Table i. 
Note the similar pH change accompanying the CO 2 
reduction. Importantly, no CH 4 was detected in 
these trials. 
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Table i 
FARADAIC EFFICIENCIES AS DECIMAL FOR CH4, CO, AND CH30H ON 

ELECTROPLATED RUTHENIUM ELECTRODES IN CO2-SATURATED ELECTROLYTES 

pH T <i> V(sce) Q FCH 4 FCO FCH30 H 
!anse ~ mA coul ,,, 

0.2M Na2SO 4 

4.2-6.8 46 0.300 -0.65 98.5 0.046 0.025 0.029 
4.2-4.8 50 1.6 -0.60 3.9 .086 .042 -- 
4.2-5.5 a 55 0.243 -0.56 15.4 0.045 0.048 0.094 
3.5-5.5 b 60 0.387 -0.54 27.2 0.ii 0.012 0.42 
4.2-6.8 61 0.313 -0.55 19.8 0.30 0.45 0.25 
4.2-5.9 67 0.270 -0.57 19.0 0.24 0.03 0.15 
1.4 c 46 0.500 -0.35 114.0 0.088 0.024 trace 

aAlso contained 0.1M H3BO 3 to slow pH increase. 
bo.iN H2SO 4 added to lower pH range. 
eln 0.1N H2SO 4 

Table 2 
MOLARITY OF CO AND CH30H PRODUCED UNDER OPEN-CIRCUIT CONDITIONS 

WITH TEFLON-SUPPORTED Ru ELECTRODES IN C02-SATURATED 0.2M Na2S04 a 

T Time PHinitia I pHfina I [CH4]g [CO]g [CH3OH] % 

~ hrs. 

21 18 4.2 5.2 ND 6.0 x 10 -6 ND 
21 20 4.2 5.0 ND 6.1 x 10 -6 < 10 -4 
46 16.5 4.2 5.2 ND 1.3 x 10 -6 i x 10 -4 
68 b 18.6 4.2 5.6 ND 2.3 x 10 -6 5 x 10 -4 

~Cell vapor space, 1.3 liter; electrolyte volume, 0.025 i 
bUnknown small concentration of formaldehyde detected 
ND = none detected 
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Studies on Electrochemical Photovoltaic Cells Formed with Bi CdS, 
Film Electrodes 
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CdS and Bi2S 3 are promising semi- 
conductors in the conversion of solar 
energy into electrical energy by means 
of electrochemical photovoltaic proce- 
sses. However, the bandgaps of CdS 
(Bg = 2.4 eV) and Bi2S3(1.4 eV) do not 
lie close to the solar energy spectrum 
maximum. Thus new solar energy materi- 
als need to be considered which satisfy 
desirable technical properties such as 
bandgap matching with the solar spect- 
rum, high mobility and lifetime of the 
charge carriers and low cost (i). In 
this connection, we have reported a 
new material, Bi2CdS 4, with a bandgap 
energy equal to 2 eV (2). The electri- 
cal and optical properties are reported 
in earlier communications (3,4). 

In this communication, we report 
the electrochemical properties of 
Bi2Cd~ 4 film electrodes. The experimen- 
tal procedure for the deposition of 
Bi2CdS 4 films by the spray pyrolysis 
technique is reported elsewhere (4). 
In short, aqueous solutions of Bismuth 
nitrate, cadmium chloride and thiourea 
were mixed in appropriate volumes in 
order to obtain Bi:Gd:S ratio as 2:1:4. 
The concentration of the solutions was 
0.08 M. The substrate temperature was 
optimized as 250~ The solution was 
sprayed at a rate of S cmS/min and 
total quantity sprayed was 200 G.C.~ 
Bi~CdZn films with thicknesses of 
about 0.5 bm were deposited by spray 
pyrolysis technique. X-ray diffraction 
(XRD) pattern showed that the films 
were amorphous in nature. Composition- 
al analysis of film based on e0ergy 
dispersive analysis of x-rays (HDAX) 
showed that the films were deficient 
in cadmium and sulphur. 

Key words: BigQdS a films, spray pyro- 
lysis technique, -electrochemical 
photovoltaic cells 

T h e  electrochemical photovoltaic 
(HCPV) cells of the configuration, 
$nO2:Bi2GdS4/IM NaOH - IM Na2S - 0.2 M 
S/C w e r e  formed. The electrical and 
optical properties of the cell were 
studied with the help of the Aplab 
nanoammeter, TFM 13 and PLA digital 
voltmeter DPM i0. A tungsten filament 
lamp (500 %~at%) was employed for illu- 
minating the cell. A water filter was 
interposed between the lamp and the 
HCPV cell in order to avoid heating of 
the cell. Spectral response of the 
cell was studied with the monochroma- 
for (Carl Zeiss Jena,Germany make) by 
noting variations of short circuit 
photocurrent, Isc, with wavelength, k. 
The capacitance-voltage (C-V) measure- 
ment was carried out with digital 
capacitance meter type VCM.!SA. 

To reveal the nature of the junc- 
tion, current-voltage characteristics 
of the cells in dark were studied. In 
a electrode-electrolyte system the 
nature of the charge transfer reaction 
is given by But!er-Volmer equation 
as (5) 
I = I e(I-~)VF/RT-e-~VF - RT 1 

o 
where I o is equilibrium exchange 
current density, ~ is tile symmetry 
factor, V is the over voltage, R is 
the universal gas constant and P is 
the Faraday constant. 

For voltage greater than I00 mV 
equation (I) reduces %o 

e(1-~)VF/~T I = I ~ 2 

and when ~ # 0.5, the junction shows 
rectifying property. The magnitude of 

was calculated by plotting log I 
versus V. The typical plot for the 
cell is shown in Fig. l. The magnitude 
of ~ was 0.6 which shows that the 
junction is rectifying in nature. 
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Fig. i. Log I versus V plot for the 
ECPV cell formed with Bi2CdS 4 film, 

The films were etched in 50~'~ 
dilute HCI for 5 seconds and heated in 
air at 150~ for 30 minutes before 
employing in the ECPV cells. A typical 
Dhotovo!taic Dower output curve under 
illumination of 10o mW/cm 2 is sho~]~ in 

cm2 and Voc of the or, der of 260 .~V 
were obtained under illumination. Rece- 
ntly, Isc of the order of 0.2 mA/cm 2 
and V,Q c of the order of I00 mV with 
-the ~CPV cells formed with Bi2S 3 films 
and polysulfide electrolyte were repo- 
rted (6). The increased voltage for 
Bi2CdS 4 films may be attributed to the 
increased bandgap of Bi2CdS 4 films. 
The conversion efficiency ~ and fill 
factor, ff, were  estimated as 0.03~'~ 
and 40~6 respectively. 

The spectral response of the cell 
was studied by noting variation of Isc 
with wavelength, k. Fig.3 shows rela- 
tive spectral response of the cell; 
Isc peaks at 520 nm giving bandgap 
equal %o 2.4 eV while the optical abs- 
orption s%udies of Bi2CdS 4 films show- 
ed the cut off at 600 nm giving the 
bandgap equal to 2 eV. Such shifting 
of peak towards high energy side in 
the case of CdS ECPV cell is also 
reported (7). The lower photocurrent 
on the shorter wavelength side may be 
due to the absorption of light in the 
electrolyte and large amount of surfa- 
ce recombination of photogenerated 
minority carriers. Similarly lower 
photocurrent at the longer wavelength 

V(mV) 
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0 . 0 5  

70.1 
E 

H 0.15 

0.2 
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Fig. 2. A typical photovoltaic power 
output for the :CPV cell formed with 
Bi2GdS 4 film; intensity of illumina- 
tion was I00 mV/cm 2. 

side is attributed to the lower absor- 
ption of light at the photoanode 
used (8).  

The flat-band potential, Vfb , of 
Bi2CdSs/Polysulfide redox electrolyte 
was estimated by carrying out C-V 
measurements. In fact, capacitance 
observed in this case corresponds to 
the semiconductor depletion region 
capacitance and hence amount of band 
bending of the semiconductor can be 
estimated from C-V measurements. The 
flat band potential, Vfb , is calcula- 
ted using the relation as (9) 

z_!_ 2 (v_Vfb - kT 
C2 : q~SoND -~ ) 3 

where ~ is dielectric constant; 8 is 
O 

permittivity of vacuum, N is carrier 
D 

concentration and V is applied voltage. 
Fig.4 shows Mott-Schottkey plots for 
Bi2CdS s cell, in which two re,ions 
wi~h different slopes are seen. This 
is attributed to the presence of 
defect and surface states in BloOdS ~ 
films. The V~ was determined a~ 
-1.1 V (SCS)t b 
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The n-(Zn,Cd)S/p-CuInSe 2 heterodiode has 
elicited much interest as a candidate for an 
efficient (1-3) and stable (3) thin film solar 
cell. The cell is fabricated by deposition 
of the n-type window layer onto the CuInSe 2 
substrate. In both the single crystal and 
thin film form, the CuInSe2 has been observed 
to change during the deposition process. The 
net acceptor concentration near the inter- 
face declines in single crystal devices (4). 
For thin films, type conversion from n to p 
has been reported (3). It is therefore 
important to characterize the CuInSe 2 substrate 
before and after the growth of the window 
layer. The characterization technique must not 
alter the substrate. In this note we report 
the use of a temporary semiconductor/electro- 
lyte barrier. We employed this barrier for a 
measurement of the diffusion length L n of the 
photogenerated minority carrier (electron). 
For this measurement we used the constant sur- 
face photovoltage (SPV) technique (5). The 
same technique can be applied to the finished 
(Zn,Cd)S/CuInSe 2 diode, for a determination of 
L in CuInSe 2 after diode fabrication. 

The SPV technique, adapted to semiconduc- 
tor/electrolyte barriers (6) can be applied 
easily to direct gap semiconductors which have 
high optical absorption coefficients (7). The 
conditions for a straightforward application 
of the SPV technique pertain to the optical 
absorption length in the range of measuring 
wavelengths i/~, the sample thickness d, the 
space charge width W of the collecting junction 
and the minority carrier diffusion length L. 
They are 

(i) i/~ << d, 

(2) i/~ >> W, 

(3) d >> L and 

(4) W << L. 

CuInSe 2 is noted for its high optical absorp- 
tion coefficient (8). ~(%) lies in the 
vicinity of 105 cm -I for photon energies above 
its band gap value of 1.0 eV. The SPV 

measurements were carried out near the band 
gap energy with 0.34 ~m< i/~<0.76 ~m. C-V 
measurements on the electrolyte barrier 
showed that the semiconductor/electrolyte 
barrier had a depletion width of ~0.01 ~m. 
Therefore, condition (2) was met. The 
measured diffusion length was 1.08 ~m. All 
four conditions were satisfied in our measure- 
ment. 

Two values of L n have been published 
earlier. One is a value of L n = 0.5 ~m, 
derived from photoelectromagnetic measure- 
ments on a single crystal (9). The other, 
1.43 ~m < L n < 2.5 ~m, was determined from 
the electron beam induced current on a single 
crystal CdS/CuInSe 2 heterodiode (i0). 

The CulnSe 2 crystal studied here had 
been grown from the melt by the gradient 
freeze technique. The Se pressure was kept 
high to obtain a p-type crystal. At room 
temperature the Hall mobility of the holes 
was 16 cm 2 V-is -I and the hole density, 
1.9 x 1017 cm-3. From a Mott-Schottky (I/C 2 
vs. V) plot, we obtained an acceptor density 
in the depletion layer of 3 x 1018 cm -3, a 
value supported by the small width of the 
depletion layer. We tentatively ascribe the 
large difference between the densities of 
free holes in the bulk and of acceptors in 
the space charge to a high degree of compen- 
sation (11,12). Platelets were Cut parallel 
to and including the free selenium (112) 
surface of the crystal. The badk was 
contacted with Ag epoxy and a Cu wire which 
was encased in a glass tube. The package, 
except for the front (electrolyte) face, was 
sealed with epoxy resin resistant to aceto- 
nitrile. After a i0 sec. etch in 2 vol.% 
Br2/MeOH, the semiconductor electrode was 
inserted into the measuring cell. For rou- 
tine measurements, the sample would be 
mounted at an opening in the cell with a 
temporary O-ring seal. APt wire served as 
the counterelectrode. The electrolyte was a 
solution of ~i0 millimole of ferrocene and 
ferricenium (equal amounts by weight) as the 
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redox couple, and a supporting 1 molar con- 
centration of tetrabutylammonium perchlorate 
in acetonitrile. The acetonitrile had been 
dried by distillation and was stored over a 
molecular sieve. The electrolyte was added 
to the N2-purged cell by positive N 2 pressure. 
The cell was sealed from air. Yhe measurement 
equipment includes a white light S0urce, a 
mechanical chopper (22 tO 175 Hz), a mono- 
chromator, and a split optical wave guide. 
Half of the beam was diretted onto the sample, 
the other half onto a liquid-nitrogen Cooled 
InSb detector for meaSurement of the photon 
flux. Both the sample and detector signals 
were processed through 10ck'in amplifiers. 

During the SPV measurement, a value for 
the SPV is set by adjusting the photon flux 
~(%) onto the sample. The wavelength % is 
then varied and ~ is re-adjusted to restore 
the initial SPV. Assuming low-level injection 
and a constant sample reflectance, the follow- 
ing relation holds: 

(5) ~(~) = Const. (L + l/s) 

Extrapolation of the ~ vs. i/~ data to ~ = 0 
therefore results in an intercept at i/~ = -L. 
A typical plot is shown in Fig. i. The aver- 
age L n of a series of measurements was 1.08 ~m. 
This value, reasonable in view of the earlier 
data, again underscores the high current 
collection efficiency of CuInSe2-based solar 
cells. 
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As mentioned above, we also carried out 
a series of C-V measurements to determine the 
net ionized acceptor density and the flatband 
veltage. These measurements equally demon- 
strate that CulnSe2/electrolyte diodes are 
practicable for the electrical characteriza' 
tion of CulnSe 2 crystals. 

This work was supported by the Solar 
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XL-2-02075-01. 
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Figure i. Plot of the intensity of the 
probing beam vs. absorption length. 
Note that the origin of the 
coordinates lies to the lower left, 
outside of the graph. 



A Novel Effect. Changes in the Electrochemical Response of 
Polycrystalline Platinum Promoted by Very Fast Potential 

Perturbations 

R. M. Cervi~o, W. E. Triaca, and A. J. Arvia* 

Instituto de Investigaciones Fisicoqu~micas TeSricas y Aplicadas (INIFTA ), Casilla de Correo 16, 
Sucursal 4, 1900 La Plata, Argentina 

It is well established that the voltammogram 
of polycrystalline platinum in acid electroly- 
te in the potential range corresponding to the 
stability of bulk water depends on the electro- 
de history including the type of perturbation 
applied to the electrode and on the electro- 
lyte composition. Thus, the voltammogram obtain 
ed with polycrystalline platinum in 1 M sulphu-- 
ric acid at 25~ under a repetitive triangula~ 
potential sweep at 0, i V.s -I, exhibits the con 
ventional three regions, namely, the H- and O- 
adatoms electroadsorption/electrodesorption 
and the so-called double layer regions (Fig.l), 
The former region shows a multiplicity of re- 
versible current peaks each pair of conjugated 
current peaks being generally associated with 
the electrochemical response of a determined 
type of single crystal face (1-8). 

U 

-60 j 

0 0.4 0.8 
I 

1.2 

Potentiat/V 
Figure 1 - Stabilized voltammograms (third cy- 

cle) run at 0,i V.s -I in 1M sulphu- 
ric acid at 25~ 6--) after 5 s cy 
cling at 2000 V.s -I between 0,4 and 
1.6 V; ( .... ) polycrystalline pla- 
tinum electrode. 

*Electrochemical Society Active ~emher, 
Key words: platinum, oriented Pt surface, 

potential perturbation 

When such an electrode is perturbed with a 
very fast repetitive triangular potential 
sweep at v = 2000 V,s -I between Es = 0.4 V and 
E u = 1.6 V during 5 s, the voltarmmogram run 
immediately afterwards at 0.i Vos -I is much 
more similar to that of a Pt(lll) single crys- 
tal surface after it has been cycled at a rela 
tively low v (e,g, 0.I V.s -I) a few times -- 
through the anodic oxide region (2,3,5-8) (Fi~ 
I). 

On the other hand, when the potential per- 
turbation conditions are changed to 104 V,s -I 
in the 0.04 V to 1.5 V range during 5 min, the 
following voltammogram run at 0.i V,s -I in the 
H-adatom potential range approaches closely 
the characteristics described in the literatu- 
re for Pt(100) single crystal surface (1,3-5, 
7,8) (Fig, 2), The electrochemical characteris 
tics of the resulting platinum surface remain 
unchanged after 2 h cycling between 0.04 V and 
1,5 V at 0.i V,s -I, except for a small surface 
reconstruction, 

4O 

-~2o 

o 
U 

-20 

-40 

r j 

; I 

0 O,4 68 t~ t6 

Potential/V 

Figure 2 - Stabilized voltammograms (third cy- 
cle) run at 0.I V.s-i in 1M sulphu 
ric acid at 25~ (-~) after 5 min 
cycling at 104 V,s-l; ( .... ) poly- 
crystalline platinum electrode, 

The surface structures achieved after the 
potential perturbation at high v are stable 
for at least four weeks by keeping the electro 
de in contact with distilled water. The poly- 
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crystalline structure is recovered after etch- 
ing the electrode in aqua regia. 

The above described experiments were made 
with a low resistance designed electrochemical 
cell consisting of a polycrystalline platinum 
wire working electrode (ca, 0.15 cm 2 geometric 
area) concentrically surrounded by a large 
area platinum counterelectrode (ca. 50 cm2), 
The potential of the working electrode was 
measured against a hydrogen reference electro- 
de in the same acid electrolyte solution. The 
shape of the triangular potential signal was 
increasingly distorted accordingly to v and 
the shift from linearity at (Es + Eu)/2 was ca. 
i0 percent at 104 V.s -I, 

The voltar~nograms run at 0.I V.s -I imply no 
charge increase above that corresponding to 
the monolayer of adsorbed either H or 0 atoms, 
at least for the platinum surface obtained 
after cycling at 104 V,s -I during 5 min, How- 
ever, for the surface resulting after cycling 
at 2000 V,s -I when the duration of the poten- 
tial perturbation extends to 30 s, then a char,- 
ge increase is noticed which is probably relat- 
ed to surface roughening. 

The type of surface restructuring achieved 
during these experiments depends on Es E u and 
v. The results show that there is a frequency 
threshold for producing definite changes in 
the electrochemical response of polycrystalline 
platinum, which is ca. 0.5 kHz, This figure 
coincides with that of the repetitive square 
wave potential sweep which was able to produce 
a preferential orientation of grains at poly- 
crystalline platinum electrodes (9) and its 
reciprocal was associated with the half life 
time of electroadsorbed OH species on platinum 
Produced in the initial underpotential electro 
oxidation of water. Furthermore, similar chan-~ 
ges in the electrochemical response of polycry~ 
talline platinum as those described in the pre- 
sent communication were also achieved by apply- 
ing to the electrode in acid electrolyte other 
very fast periodic potential perturbations such 
as either a.repetitive square wave or a sinusoi- 
dal signal within the H- and O-adatom electro- 
adsorption/electrodesorption potential range 
(i0). Therefore, the metal surface modification 
promoted by the very fast potential perturba- 
tions should be related to the occurrence of 
the initial reversible underpotential electro- 
oxidation of water. When the probable rate cons- 
tants of the various stages involved in the O- 
electroadsorption are considered (Ii) it is con 
cluded that at frequencies greater than 0,5 kH~, 
either (O)Pt electroformation or ageing effects 
of the O-adsorbed monolayer can be ignored, The 
latter processes are relevant when relatively 
slow repetitive triangular potential sweeps are 
applied to platinum electrodes in acid electro- 

lyte into the region of oxide formation. In 
this case, when single crystal electrodes are 
used, it results in oriented but atomically 
stepped surfaces (12), Further studies on the 
optical and electrocatalytic properties of 
these electrodes as well as the mechanism in- 
volved in the modification of their electro~ 
chemical response are in progress, 
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A B S T R A C T  

Inves t iga t ions  on the  kinet ics  and electrocatalysis  of  the  Cr:~VCr 2+ react ion were  carr ied out. By means  of  cyclic 
vo l t ammet ry ,  it was d i scovered  that  the  addi t ion  of  tha l l ium-I-chlor ide  not  only accelerates  the  Cr~+/Cr ~ react ion in HCt 
e lec t ro ly tes  catalytically,  us ing  graphi te  e lec t rodes  wi th  small  amoun t s  of  Au, bu t  also raises the  hydrogen  overvo l tage  
more  than  lead and b ismuth ,  the  heavy  meta l  catalysts  a l ready tes ted  in the  practical  r edox  cells. Inves t iga t ions  con- 
cern ing  the  react ion rate, the  inf luence of  c h r o m e  ion concentrat ions ,  the  e lect rolyte  s torage t ime, t empera ture ,  and the  
p re sence  of  iron are be ing  conducted .  

It  has been  shown that  the  course  of the  react ion [1] is 
s low 

Cr ~3 �9 aq  + e -  ~-- Cr +2 . aq  [1] 

in both  direct ions  w h e n  carr ied out  on carbon.  This  mate-  
rial is used  in pract ical  r edox  electrodes,  because  it is 
cheap and re la t ively durab le  in acidic  as well  as basic 
e lect rolytes  (1, 2). 

In  addit ion,  the  hyd rogen  l ibera t ing react ion 

2H ~ + 2e-  ~ H~ [2] 

poses  p rob lems  dur ing  the  Cr '~ reduct ion,  because  the  
c o u l o m b i c  eff ic iency d imin i shes  and the  inc reas ing  num-  
ber  of  cycles  throws the  sys tem ou t  o f  electr ical  balance.  
This  react ion makes  it diff icult  to use  the  r edox  coup le  in 
pract ical  r edox  cells (3-6). The  fo l lowing is, therefore,  nec- 
essary: (i) the  accelera t ion  of  the  react ion [t] w i th  cata- 
lysts, and (ii) the  shif t ing of  react ion [2] to a more  nega- 
t ive  potent ia l  va lue  (compared  to the  t h e r m o d y n a m i c  
app roachab le  s tandard  potential)  by  increas ing  in the  hy- 
d rogen  overvol tage.  

The  s tandard  po ten t ia l  for the Cr~'~/Cr ~2 r edox  react ion 
is app rox ima te ly  -0 .401V vs. NHE,  which  cor responds  to 
-0 .645V vs. SCE. The  h y d r o g e n  l iberat ion on ca rbon  be- 
gins at abou t  -0 .600V vs. SCE.  I t  has been  s ta ted in the  
l i tera ture  that  t races  of  lead chlor ide  or  b i smu th  chloride,  
and gold, s i lver  or  copper  are  advan tageous  addi t ions  for 
the  ca thodic  and anodic  react ions,  respec t ive ly  (7-9). 

Bonhoef fe r  (10) d i s cove red  that  the  larger  t he  catalyt ic 
e f fec t iveness  of  the  surface  is, r egard ing  the  gas react ion,  
t he  smal le r  the  overvo l t age  wil l  become.  Cons ider ing  the  
cons tan t  a in the  Tafel  equa t ion  

v = a +  b l o g j  [3] 

(where  ~ = average  potent ial ,  j = cur ren t  densi ty ,  and a, b 
= va lues  character is t ics  of  the electrode),  the  fol lowing 
orders  can be  expec ted  for the hyd rogen  overvol tage  
(11-19) 

(graphite) C < S n  <Bi  < Z n  <T1 < H g  <Cd  < P b  

Inves t iga t ions  carr ied out  regard ing  the  inf luence of  thal- 
l ium on the  kinet ics  of the  Cr3~/Cr 2+ reaction,  and its suit- 
abi l i ty as catalyst  in combina t i on  wi th  gold for pract ical  
e lec t rodes  are descr ibed.  

The  h igh  overvol tage  of  T1 compared  to the  ca thodic  
h y d r o g e n  overvol tage  had a l ready been  noted  by P ie tzsch  
and  J o s e p h y  (20). 

Experimental 
Measuremen t s  were  m a d e  at 25~ (unless indica ted  oth- 

erwise) wi th  a Po ten t ios ta t  POS73 (Bank), an  X-Y re- 
corder  2000 (Houston  Ins t ruments) ,  and an electrolysis  
cell  EA-875-10 (Methrom) wi th  a work ing  electrode,  
countere lec t rode ,  and reference  electrode.  F igure  1 shows 
the  work ing  e lec t rode  wi th  exchangeab le  measu r ing  head  

UH 
PVC 

NS 14)  

E 
E 
O 

-Heat Shrinkable 

Plastic Tubing 

ID 

M2 - Thread 

Graphite 

3mm 
Fig. 1. Working electrode with exchangeable measuring head of high 

pressure graphite. 
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developed at the Fraunhofer-Institut fdr So]are Energie- 
systeme Freiburg. 

The geometric surface area is 0.113 cm ~, and the elec- 
trode material is high pressure graphite. A platinum elec- 
trode was the counterelectrode and a sat. KC1, Hg/Hg~CI._, 
electrode (SCE) was the reference electrode. Before 
measuring, the solution was purged for 10-30 rain with N.,. 
The SEM photos were made with a JEOL/35-LF scanning 
electron microscope. 

All chemicals were analytical grade. Solutions were 
made using doubly distilled water. The following 
standard-(stock-) electrolytes were used when not other- 
wise stated 

1M CrCI.~* 

tM HC1, 4 • 10-4M T1C1, 4.5 • 10-TM HAuCI4 [I] 

1M HC1, 3.6 • 10-4M PbC12, 4.5 • lO-7M HAuC14 [II] 

Results and Discussion 

Electrode pretreatment.--The pretreatment of the 
graphite electrode has a substantial influence on the form of 
catalyst deposition and therefore on the catalytic activity. 
The pretreatment of the electrode surface by polishing 
with corundum paste (particle size: 1 ~m) did not result in 
a completely smooth surface, because, under these condi- 
tions, graphite tends to smear. The roughness was, how- 
ever, reduced. This could be confirmed by our electron 
microscope photographs. From literature results (21-24), it 
was estimated that the roughness factor of polished elec- 
trodes should be smaller than 15. This value has been de- 
rived by double-layer capacitance measurements.  

The measured double-layer capacitance for a smooth 
graphite electrode are 3 ~F cm -~ for a basal plane and for 
an edge plane 60 ~F cm -~ (23, 24). 

It was found that the cathodic thallium deposition on 
the polished surface occurred evenly over the entire sur- 

February 1985 

Fig. 2. SEM photographs after (a) cathodic thallium deposition and (b) 
anodic dissolution. Standard electrolyte I, 25~ 

face. This was established by SEM photographs and also 
by x-ray microprobe analysis (Fig. 2a). 
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Fig. 3. Cyclic voltammogram of various heavy metals (v = 100 mV/s, 25~ 1M HgCI._,, 6.3 • 10-4M salt concentration. Curve 1, HgCI2; curve 2, 
GaCI:~; curve 3, BiCl:~; curve 4, ZnCI.~; curve 5, PbCI.,; curve 6, TICI. 
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In addit ion,  the  tha l l ium dissolves quant i ta t ive ly  w h e n  
anodical ly  loaded (Fig. 2b). U n e v e n  catalyst  depos i t ion  
and dissolut ion were  observed  us ing an unpo l i shed  elec- 
trode. 

Hydrogen overvoItage and catalyt ic  ac t i v i t y . - - In  Fig. 3, 
the  locat ion of  the  depos i t ion  and dissolut ion peaks of  
HgC1._,, GaCI:~, BiC]~, ZnC1._,, and T1C1 in 1N HC1 us ing  a 
po l i shed  e lec t rode  are shown.  The scan rate was 100 
mV/s, and the  concen t ra t ion  was 6.3 x 10-4M. The resul t  
shows that  tha l l ium has a sl ightly h igher  h y d r o g e n  over- 
vo l tage  than  that  of lead chloride,  and, c o m p a r i n g  the  
peak  he ights  of PbCI=, and T1C1, it can be  seen that  the  lat- 
ter  has in addi t ion  a h igher  catalyt ic effect ivi ty  (Fig. 4). 

U n d e r  these  condi t ions ,  the  opt imal  T1C1 concen t ra t ion  
was found to be 6.5 x 10-4M (Fig. 5). A s t ronger  inhibi t ion  
effect, wh ich  was found in the  case of underpo ten t i a l  dep- 
osi t ion of  Pb  on si lver (21), has no t  been  observed  even  at 
h ighe r  T1 ~ ion concent ra t ions .  

The  m e c h a n i s m  of hyd rogen  l ibera t ion has  been  fre- 
quen t ly  inves t iga ted  (11), and there  are n u m e r o u s  mecha-  
n isms discussed in the  l i terature:  for example ,  the Vol- 
me r -Hey rovsky  and Tafel  reactions.  

In the  Tafel  reaction,  the  rate- l imit ing step is the  recom- 
b ina t ion  of  the  h y d r o g e n  a toms 

2Ha(~ ~ H~ [4] 

Unt i l  now, there  has been  no universa l ly  val id react ion 
mechan i sm.  The d e p e n d e n c y  on e lec t rode  material ,  elec- 
t rolyte  solution, cur ren t  density,  and t empe ra tu r e  compli-  
ca ted  matters .  

In  reac t ion  [4], it is expec t ed  that  the  overvol tage  is de- 
penden t  above  all on e lec t rode  mater ial  because  it is ac- 
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Fig. 4. Comparison of the influence of thallium and lead on the 
Cr 2§ redax reaction and the hydrogen overvoltage (scan rate v = 100 
mV/s, polished graphite surface, 25~ Curves 1 and 2: without chro- 
mium ions; curve 3: stock electrolyte [I]; curve 4: stock electrolyte [11]. 
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Fig. 5. Dependence of peak current density on thallium concentration 
(v = 100 mV/s, polished graphite surface, 25~ 1M CrCI:~, 1M HCI, 4.5 
• 10-TM HAuCI4). Curve 1:1 x IO-'~M TICI. Curve 2:1 x 10-4M 
TICI. Curve 3:6.5 x 10-4M TICI. Curve 4:1 x 10-:~M TICI. Curve 5: ! 
x I0 -2M TICI. 

celerated by the catalytic reaction.  The  large shift  of  the 
H~ l ibera t ion to a nega t ive  potent ia l  in the  p resence  of 
tha l l ium chlor ide  is only conce ivable  w h e n  there  is an 
even  T1 deposi t ion  as an inhib i t ion  of  the  act ive  centers  of 
the H~ formation. We found that, as with Pb (3, 6, 7), very 
small amounts are sufficient to cover the deposited gold. 
There is not direct proof, but it can be assumed that there 
is an especially high reaction overvoltage of the reaction 
[4] in the presence of thallium in the temperature and cur- 
rent density regions of our measurements. 

React ion rate, reversibi l i ty . - -Kinet ic  and the rmody-  
namic  data can be  obta ined  with  cyclic vo l t ammet r i c  
m e a s u r e m e n t s  (25-30). It  was observed  that  the  peak  po- 
tent ial  difference,  hE,, for revers ib le  react ions,  that  is, for 
p rocesses  that  fol low the  Nerns t  relation, is approxi-  
mate ly  58 mV. As the  scan rate v = dE/d t  (t = t ime) in- 
creases,  the peak  current  and the peak potent ia l  differ- 
ence  hE,  (E~a-E,r also increase  (25, 27, 31). This  po in ts  to 
the  onset  of the  he te rogeneous  e lec t ron- t ransfer  rate. 
Th rough  the  var ia t ion of v and, therefore,  hE,, the  rate 
cons tan t  k~ of he t e rogeneous  react ions can be  calculated 
wi th  good approx ima t ion  us ing a m e t h o d  deve loped  by 
Matsuda  and Ayabe  (25) and Nicholson  (27) and th rough  
the  use  of  the  kinet ic  pa ramete r  @ in t roduced  by 
Nicho lson  (26-28). This  is por t rayed  in Eq. [5] 

ks = $ ~/qrDa [5] 

where  a = v(nF/RT) ,  v = scan rate, D = diffusion coeffi- 
cient,  @ = kinet ic  pa ramete r  for hE,  (32), and AE~ peak po- 
tent ia l  difference.  

When  k~ -< 10 -s crrYs, the  react ion is i rreversible,  and if 
10 -'~ =< k~ =< 1 cm/s, accord ing  to Matsuda  and Ayabe  (25), 
the  react ion is quasi revers ible .  As shown in Table  I, ks has 
values  of approx imate ly  1.5 • 10 -'~ crrds unde r  the  g iven  
condit ions.  This suggests  that  a quas i revers ib le  react ion 
proceeds.  

Fo r  a Nerns t ian  w a v e  wi th  stable product ,  the  ratio of 
anodic  and cathodic  peak  cur ren t  dens i ty  J,a/J,c is equal  to 
1. 

This  is t rue regardless  of  scan rate, swi tch ing  potent ia l  
E~, and diffusion coeff icients  w h e n  j,~ is measu red  f rom 
the  ex t rapola ted  decaying  cathodic  current.  Because  of 
the inaccuracy  of this basel ine  de terminat ion ,  Nicholson 
(27) suggests  that  the  ratio can be  calculated f rom the  un- 
cor rec ted  anodic  peak  current  densi ty  (jp,),) wi th  respect  
to the zero current  baseline,  the  current  dens i ty  at switch- 
ing  potent ia l  (j~p)., and ca thodic  peak  cur ren t  dens i ty  jp~, 
wi th  respect  to the  zero current  basel ine (Eq. [6]) 

j ~  (j,~). 0.485(j~p). 
- - -  + + 0.086 [6] 

jpr (Jpc) Jp~ 

The ratios are app rox ima te ly  equal  to 1 (see Fig. 6). 

Chromic ion concentra t ion . - -The  peak cur ren t  densi t ies  
of  react ion [1] increase l inear ly  w i t h  the  Cr ,~ ion concen-  
t ra t ion as shown in Fig. 7. The  concent ra t ion  in the  dou- 
ble  layer  is direct ly  p ropor t iona l  to that  in the  solution. 

Cycle numbers  and  electrolyte storage t ime. - - I t  was de- 
t e rmined  that  there  is r~o s t rong decl ine of catalyt ic activ- 
ity after up to 100 cycles  measured  after one another  
(Table II). The  resul ts  are different,  however ,  w h e n  the  
e lec t ro lyte  s torage t ime  increases  (Table III). A clear de- 
cl ine in act ivi ty resul ted  already after  25 days (25~ 

Table I. Heterogeneous rate reaction dependence on scan rate 
(DcF~ = 6 • 10 -~ cm2/s (22), 2M CrCI:~, 2M HCI, 
6.5 x 10-4M TICI, 4.5 x 10-~M HAuCI4, 25~ 

v hE, k~ 
(mV/s) (mV) ~ (crrds) 

20 115 0.394 1.5 x 10 -:' 
30 128 0.323 1.5 x 10 -:~ 
40 135 0.269 1.46 x 10 -:~ 
50 140 0.248 1.51 x I0 -:~ 
60 150 0.212 1.4I x 10 -:~ 
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This decline in activity is comparable to other catalysts 
(33, 34) which were also measured, and is the result of the 
so-called "aging effect" of the chromic-III-chloride 
solution 

[Cr (H20)4C12] C1 �9 2H~O ~ [Cr (H20)hC1] C12 
reactive reactive 

�9 H~,, ~ [Cr(H20).] CI:~ [7] 
aged. 

less reactive 

Table II. Cathodic peak current density (cpcd) dependence on cycle 
number (multisweep, graphite electrode, standard electrolyte I) 

Cycle no. 

cpcd 
(rnA/cm-') 
(-+- 2.5%) 

1 82 
5 82 

10 80 
50 80 
75 79 

100 75 

Table III. Cathodic peak current density (cpcd) dependence on the 
storage time ts (electrolyte I, 25~ scan rate: 100 mV/s) 

cpcd 
t~(d) (mA/crn 2) 

0.1 82 
1 80 
5 68 

25 42 
75 19 

200 10 

It is known that chromium forms complexes very easily 
and, with a few exceptions, has a coordination number  of 
6. According to Eq. [7] chromium forms relatively stable 
hexaquo complexes where ligand substitution reactions 
proceed with half-lives on the order of an hour. We have 
shown that aged chromium-III-hexaquo complexes can 
be reactivated with N-alkylimines (33, 34). 

Temperature.--The influence of the temperature was 
measured between 20 ~ and 60~ using the standard elec- 
trolytes I. 

The cyclic vol tammograms in Fig. 8 show the expected 
peak current density enhancement  with increasing tem- 
perature. The increase of peak current density of 20 
mA/cm 2 between 20 ~ and 60~ corresponds to 40% en- 
hancement. This result was to be expected because the 
transport process inside the Nernst diffusion layers 
(<10 -'~ cm), as well as the charge transfer, is accelerated 
by the rise in temperature. However, since AE, changes 
only minimally, the result is actually due to the former 
effect. 

Noteworthy is the hydrogen gas formation between 0.5 
and 0.6V at 60~ This is probably due to the extreme de- 
cline of the reaction overpotential of the Tafel reaction [4]. 

Conclusions 
1. The use of T1 results in a higher catalytical activity 

for the Cr3~/Cr ~+ reaction and in a slightly higher hydrogen 
overvoltage than Pb. 

2. The reaction rate declines quickly even in the pres- 
ence of thallium as a result of the "aging effect" due to 
the hexaquochrome-(III) complexes. 

3. An observable peak current density can be increased 
through a temperature, but hydrogen formation also in- 
creases because of the decline in reaction overvoltage for 
the Tafel reaction. The increasing of the peak current 
density can be explained by the acceleration of transport 
phenomena. 
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ABSTRACT 

Accelerating rate calorimetry (ARC) has been used to define the thermal and pressure behavior of Li/SO~ cells dur- 
ing overdischarge as a function of cell balance and operating temperature. Lithium-limited cells are shown to be intrin- 
sically safe while cells containing excess li thium at end of life have been shown to be capable of undergoing thermal 
runaway through a series of coupled reactions. The most serious thermal hazards occurred upon overdischarge at low 
temperature. ARC analyses of cell components,  in situ FTIR analyses, and mass spectroscopic analyses of discharged 
catrmdes have been used to investigate the chemistry associated with the thermal behavior of Li/SO~ cells. As expected, 
the lithium/acetonitrile reaction and the thermal decomposition of li thium dithionite contribute to the thermal runaway 
process observed in cells overdischarged at ambient temperature. In addition, however, two other reactions have been 
identified; one initiating at approximately 140~ involving lithium and the electrolyte solution and another initiating at 
approximately 190~ which is believed to involve lithium and the decomposition products of lithium dithionite. Further 
investigations are needed to elucidate the chemistry involved in the low temperature safety problems. 

The high energy battery most widely used for military 
applications employs the Li/SO., electrochemical system. 
However, concern for the safety of personnel has pre- 
cluded its widespread acceptance and full utilization. Al- 
though safety hazards occur from such abuse modes as 
shorting or charging, the problems encountered during 
normal operation are of particular concern. These include 
additional discharge of stored cells that have already been 
partially discharged, resistive overdischarge (when a re- 
sistive load is not removed at the end of cell life) and 
forced overdischarge, which occurs when a weak or pre- 
maturely depleted cell in a series of cells is overdis- 
charged by the remaining cells. This paper focuses on the 
hazards resulting from overdischarge of Li/SO._, cells. 

Previous investigations on overdischarged Li/SO._, cells 
have described cell behavior and some of the chemistry 
involved in the observed safety problems (1-5). In those 
studies, analyses were made on cell reaction products and 
gases recovered from vented cells, and it was shown that 
the materials balance in the cells plays a major role in the 
observed safety characteristics. 

Based on those investigations, thermal runaway pro- 
duced by exothermic chemical reactions is believed to be 
a primary cause of safety problems arising from over- 
discharge of Li/SO~ cells. DTA studies have identified a 
number  of exothermic chemical reactions that could con- 
tribute to a thermal runaway (6, 7). The most important 
are believed to involve the thermal decomposition of lith- 
ium dithionite, the major discharge product of Li/SO~ 
cells, or the reaction of li thium or l i thium/aluminum alloy 
with acetonitrile. 

The objective of the present work, therefore, was to 
quantitatively define the thermal effects of exothermic 
reactions resulting from overdischarge of Li/SO~ cells and 
to determine if thermal runaway was indeed the cause of 
the observed safety problems. Accelerating rate 
calorimetry (ARC) has been employed to study the 
thermal and pressure behavior of observed exothermic 
reactions. Component analyses involving both ARC and 
mass spectroscopy, along with in situ FTIR studies of cell 
electrolysis products, have been employed in an attempt 
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to identify the key reactions involved in cell exothermic- 
ity. 

Experimental 
Mass spectroscopic studies were performed employing 

a Finnigan Model 4000 GC chemical ionization electron 
impact mass spectrometer. 

Infrared spectra of electrolysis products of Li/SO, cells 
were recorded in situ using a Digilab Model 14 FTIR 
spectrometer. Spectroelectrochemical cells were con- 
structed with either AgC1 or KBr windows separated by 
polyethylene spacers to permit insertion of electrodes. 
The cell assembly had a path length of <1.0 mm and was 
sealed with epoxy. The anode consisted of a nickel 
minigrid current collector, with or without lithium, lo- 
cated in the center of the cell in the direct path of the in- 
frared radiation. The cathode collector was Shawinigan 
carbon black with Teflon pressed on an aluminum grid 
and located on the inside periphery of the cell. A lithium 
reference electrode was included. An external jacket was 
built to permit subambient  operation (to -22~ by circu- 
lating nitrogen cooled by dry ice and acetone. The cells 
were filled in a glove box with the electrolyte solution 
cooled to - 10~ to prevent loss of SO._,. 

The accelerating rate calorimeter was manufactured by 
Columbia Scientific Industries. The experimental  1/2 
C-size Li/SO~ cell used in the ARC studies was a spirally 
wound cell employing conventional components and 
housed in a 316L stainless steel case acting as the nega- 
tive terminal. The primary electrolyte consisted of 6.4 
weight percent (w/o) LiBr, 25.6 w/o acetonitrile (AN), and 
68.0 w/o SO.,. One experiment  employed propylene car- 
bonate (PC) electrolyte with 6.4 w/o LiBr, 33.6 w/o PC, 
and 60.0 w/o SO~. The PC was vacuum distilled prior to 
u s e .  

In the ARC experiments,  discharge and overdischarge 
at ambient temperature was carried out in the calorimeter 
but not under adiabatic conditions. Periodically, the 
testing was interrupted and the cells checked for 
exothermicity while on open circuit. Exotherms were 
monitored under adiabatic conditions to completion be- 
fore electrical testing was continued. Force overdischarge 
tests were carried out for a minimum 200%, based on ini- 
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Table I. Summary of Li/SO.~ cell descriptions, test conditions, and performance for ARC test cells 

Discharge to 2V cutoff Overdischarge 

Avg. current Delivered Final Capacity 
Cell LJJSO., ~ Test density capacity Li/SO2 removed Overdischarge 
no. ratio temperature Overdischarge mode (mA/cm z) (Ah) ratio (Ah) (%) 

1 0.52 Ambient Resistive (5~) 4.6 0.77 0.12 0.17 9.93 
2 0.36 Ambient Resistive (5~) 5.0 0.65 0.05 0.16 8.15 
3 0.50 Ambient  Resistive (5~) 4.8 0.93 0.14 0.09 3.92 
4 ~ 0.00 Ambient Forced (1 mA/cm 2) N/A N/A N/A 7.63 375 

5 1 . 4 8  Ambient Forced (1 mAJcm'-') 1.0 1.32 5.26 3.63 244 

6 1.46 Ambient  Resistive (5s 5.5 128 2.32 0.38 22.7 
7 1 . 5 4  Ambient Resistive (5~) 5.8 1.07 2.56 0.39 23.7 
8 1 . 5 4  Ambient Resistive (5~) 5.5 1.03 2.16 0.40 20.8 

9 r 1 . 5 0  Ambient Forced (1 mA/cm ~) 1.0 0.89 1.97 4.28 234 

10 0.98 -35 Forced (3 mA/cm'-') 3.0 0.60 0.98 3.96 220 
11 1.00 -35 Forced (3 mA/cm 2) 3.0 0.61 1.00 Vent Vent 
12 1.00 -35 Forced (3 mAJcm-') 3.0 0.57 1.00 4.46 246 

a Cells 1-4, lithium limited; cells 5-9, excess lithium; cells 10-12, eoulombically balanced (based on theoretical Li/SO, capacities). 
h Cell 4 employed a bare nickel grid as an anode. No lithium was present. The percent overdischarge represents the ctuantity of charge 

passed through the cell in excess of the starting SO= capacity. 
r Cell 9 employed propylene carbonate as solvent in place of acetonitrile. 

t ial  SO~ capaci ty .  Res i s t ive  o v e r d i s c h a r g e  was  c o n t i n u e d  
u n t i l  t h e  cell p o t e n t i a l  d r o p p e d  be low 0.1V. 

Results and Discussion 
The  ARC is a m i c r o p r o c e s s o r - c o n t r o l l e d  ad iaba t i c  calo- 

r i m e t e r  t h a t  au toma t i ca l l y  s e a r c h e s  for  e x o t h e r m i c  reac- 
t ions  b y  e l eva t ing  t h e  t e m p e r a t u r e  of  a s a m p l e  or a com- 
p le te  cell  b y  a f ixed i n c r e m e n t  a n d  t h e n  c h e c k i n g  for a 
se l f -hea t ing  ra te  e x c e e d i n g  a p r e s e l ec t ed  t h r e s h o l d .  Once  
a n  e x o t h e r m  is de t ec t ed ,  t he  i n s t r u m e n t  m a i n t a i n s  t h e  
s a m p l e  in  a n  ad iaba t i c  e n v i r o n m e n t  a n d  c o n t i n u o u s l y  
m o n i t o r s  i ts  t h e r m a l  a n d  p r e s s u r e  behav io r .  In  th i s  way, 
t he  ARC can  p r o v i d e  a c o m p l e t e  h a z a r d  ana lys i s  for e ach  
e x o t h e r m i c  r eac t ion  de t a i l i ng  t he  k ine t i c s  of  t he  reac t ion ,  
t he  ra te  a n d  q u a n t i t y  of h e a t  genera ted ,  a n d  t he  ra te  a n d  
m a g n i t u d e  of  p r e s s u r e  genera ted .  A d d i t i o n a l  de ta i l s  con- 
c e r n i n g  t he  t h e o r y  a n d  ope ra t ion  of t he  A RC  can  b e  
f o u n d  in  the  l i t e ra tu re  (8, 9). 

Haza rds  a s soc ia t ed  w i t h  e x o t h e r m i c  r eac t ions  
o c c u r r i n g  in Li/SO_, cells  d u r i n g  a n d  fo l lowing  overdis-  
c h a r g e  h a v e  b e e n  cha rac t e r i zed  by  six p a r a m e t e r s  relat-  
ing  to cell t h e r m a l  a n d  p r e s s u r e  behav ior .  T h e y  are  (i) ini- 
t i a t ion  t e m p e r a t u r e ,  (it) to ta l  hea t  ou tpu t ,  (iii) to ta l  
p r e s s u r e  rise, (iv) m a x i m u m  ra te  of t e m p e r a t u r e  rise, (v) 
m a x i m u m  ra te  of  p r e s s u r e  gene ra t i on ,  a n d  (vi) m a x i m u m  
o b s e r v e d  p ressure .  T he  A RC  t h e r m a l  da ta  h a v e  b e e n  pre- 
s e n t e d  as a log t e m p e r a t u r e  ra te  vs. t e m p e r a t u r e  plot.  The  
t e m p e r a t u r e  da ta  are p l o t t ed  as 1/T K w h i l e  the  t e m p e r a -  
t u r e  ax is  is l abe l ed  in deg r ee s  c e n t i g r a d e  for  conven i ence .  
Th i s  is essen t ia l ly  a n  A r r h e n i u s  p lo t  of t he  da ta  w h i c h  is 
ve ry  use fu l  for i n t e r p r e t i n g  t he  ARC re su l t s  s ince  each  
e x o t h e r m i c  r eac t ion  o c c u r r i n g  will  s h o w  u p  as a sepa ra te  
peak .  D i s c o n t i n u i t y  in  t h e  A R C t h e r m a l  c u r v e s  r e p r e s e n t s  
a hea t / s ea r ch  m o d e  of  o p e r a t i o n  w h e r e  se l f -hea t ing  was 
no t  o b s e r v e d  in t he  sample .  

A d e s c r i p t i o n  of t he  ARC cells tes ted ,  t he  tes t  condi-  
t ions  a n d  cell p e r f o r m a n c e  are s u m m a r i z e d  in  Tab le  I. 
T h r e e  cell  t ypes  h a v e  b e e n  inves t iga ted ,  e a c h  h a v i n g  a 
d i f f e ren t  c o u l o m b i c  Li/SO2 ratio,  as follows: l i t h i u m  lim- 
i t ed  ~0.5, b a l a n c e d  ~1.0, a n d  excess  l i t h i um  ~1.5. T h e s e  
ra t ios  we re  c h o s e n  so t h a t  t he  l i t h i u m  w o u l d  a lways  be  
c o m p l e t e l y  c o n s u m e d  in l i t h i um - l i m i t ed  cells a t  e n d  of 
l ife wh i l e  l i t h i u m  w o u l d  a lways  r e m a i n  at  e n d  of  l ife in  
e x c e s s - l i t h i u m  cells, r ega rd l e s s  of  o p e r a t i n g  cond i t ions .  
B a l a n c e d  cells are b a l a n c e d  in theo re t i ca l  t e r m s  only  and  
m a y  or  m a y  no t  h a v e  l i t h i u m  r e m a i n i n g  at  e n d  of  life, de- 
p e n d i n g  on  o p e r a t i n g  cond i t ions .  For  e x a m p l e ,  ope ra t i on  
at  low t e m p e r a t u r e s  or  h i g h  ra tes  of  d i s c h a r g e  can  se- 
ve re ly  d e g r a d e  c a t h o d e  u t i l i za t ion  eff iciencies,  c a u s i n g  a 
theore t i ca l ly  b a l a n c e d  cell  to con t a i n  s ign i f ican t  quan t i -  
t ies  of  l i t h i u m  at  e n d  of  life. 

All cells u s e d  in  t h e s e  s tud ies  i n c o r p o r a t e d  a r eve r se  
wrap  con f igu ra t ion  in  w h i c h  t he  c a t h o d e  is on  the  out- 
s ide  of  the  wrap .  In  th i s  conf igura t ion ,  all l i t h i u m  is 
e l ec t rochemica l l y  access ib le ,  m a k i n g  the  l i t h ium- l im i t ed  
cells t ru ly  l i t h i u m  l imi ted .  In  cont ras t ,  m o s t  c o m m e r c i a l  
cel ls  e m p l o y  a c o n v e n t i o n a l  wrap ,  w i t h  t he  l i t h i u m  a n o d e  
on  t h e  ou t s ide  of  t he  wrap .  In  t h e s e  cells, pa r t  of t he  l i th- 
i u m  on  t h e  las t  t u r n  of  t he  w r a p  a s s e m b l y  is no t  e lectro-  
c h e m i c a l l y  access ib le  a n d  will  r e m a i n  at  e n d  of  life re- 
ga rd less  of  t h e  in i t ia l  ma te r i a l s  b a l a n c e  in  t he  cell  or  t h e  
o p e r a t i n g  cond i t i ons  emp loyed .  S u c h  cells  are n e v e r  t ru ly  
l i t h i u m  l imi ted.  

Ambient  temperature tests.--Lithium-limited ce l l s . -  
Tab le  II  s u m m a r i z e s  t h e  h a z a r d  ana lys i s  da ta  for  l i t h ium-  
l im i t ed  cells res i s t ive ly  o v e r d i s c h a r g e d  at  a m b i e n t  
t e m p e r a t u r e .  Typica l  t h e r m a l  b e h a v i o r  is i l l u s t r a t ed  b y  
cel l  no. 3 in  Fig. 1. In i t ia l  e x o t h e r m i c i t y  gene ra l ly  oc- 
c u r r e d  nea r  104~ t he  r e su l t  of  a low ac t iva t i on  e n e r g y  
e x o t h e r m ,  as e v i d e n c e d  by  t he  m i n i m a l  acce le ra t ion  of  
ra te  w i t h  i nc rea s ing  t e m p e r a t u r e .  All t he  cells e x h i b i t e d  a 
s e c o n d  e x o t h e r m  b e t w e e n  210 ~ a n d  260~ Two of  the  

1.000 

Z 

c) 
o 
IJJ 
I-- 
r r  

UJ 
r r  

I- 
r r  

I.U 

u J  
I-- 

.100 

.010 

J 

! - t 

: ! . 

i 
, /  

TEMPERATURE: ~ 
(SCALED AS l /T :  ~ 

Fig. 1. ARC thermal behavior for lithium-limited cell no. 3 resistively 
overdischarged at ambient temperature. 
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cells e x h i b i t e d  a t h i r d  e x o t h e r m  in i t i a t ing  b e t w e e n  280 ~ 
a n d  290~ In  t he  r e m a i n i n g  cell, cell  no. 1, t he  two  h i g h  
t e m p e r a t u r e  e x o t h e r m s  a p p e a r e d  to be  c o m b i n e d  as a 
s ingle  e x o t h e r m .  T he  r e p r o d u c i b l e  i n n o c u o u s  t h e r m a l  
and  p r e s s u r e  da ta  a p p e a r  to con f i rm  t he  in t r in s i c  safety 
of  t he  l i t h ium- l imi t ed  des ign.  

Fo rced  o v e r d i s c h a r g e  of a l i t h i um - l i m i t ed  cell  cou ld  
cause  ox ida t i on  of  t he  e lec t ro ly te  so lu t ion ,  a n o d e  gr id  ma- 
ter ia l  (if a grid is employed), and/or the cell case material, 
generating products that could significantly affect cell 
safety. 

Conventional Li/SO2 employs nickel-plated steel cases 
(I0, Ii), while some cells manufactured for special appli- 
cations incorporate a nickel grid as an anode collector 
(12). Overall, nickel is used in virtually all Li/SOs cells and 
is a key material to consider when investigating the ef- 
fects of overdischarge of lithium-limited cells. For this 
reason, our test cells incorporated nickel anode grids. 
FTIR analysis on electrolyte solutions stored 15 days with 
nickel confirmed the stability of this system. 

In situ FTIR analysis during electrolysis of a lithium- 
limited cell, containing a bare nickel grid as an anode 
(Fig. 2A), showed distinct changes in the solution spectra 
when compared to the spectra of a cell containing a lith- 
ium anode (Fig. 2B). In the cell with the lithium anode, 
the IR spectra remains unchanged from that of the origi- 
nal electrolyte solution when electrolyzed to 23% of its 
SO2 capacity, indicating the absence of any soluble dis- 
charge products. In the cell with the bare nickel grid, 
however, the water bands at 3460 and 1630 cm-' disap- 
pear and a band at 2665 cm -I decreases. Small bands ap- 
pear at 980, 1060, and 1265 cm -I. A 880 cm-' shoulder be- 
comes a peak at 900 cm -~ on continued electrolysis. A 
new band appears at 800 cm -~. 

Interestingly, several of these bands were also observed 
under some cell conditions involving a lithium anode. For 
example, if the partially discharged cell of Fig. 2B is 
stored at 25~ for ii days, some IR bands split, major 
bands appear at 500, 560, 800, 880, 920, and 980 cm -~, and 
some minor bands, indicative of sulfate (13), form at 445, 
615, and II00 cm-' (Fig. 2C). With the exception of the 800 
and 880 cm -~ bands, the other bands have been observed 
in the spectra of solid discharge products (14, 15). Also, 
when a fresh Li/SO2 cell is charged at 25~ major IR 
bands appear at 800, 880, 980, and 1260 cm -~ (Fig. 2D). 

The effects of solvation by SO2 make in situ 
identification difficult. The bands near 1265, 1060, 980, 
and 660 cm-' generally grow or appear upon discharging 
a cell with no lithium or on charging a fresh Li/SO~ cell. 
Similar bands have been identified with metabisulfite, 
SsO~ ~- (16, 17). However, it is plausible these bands arise 
from redox reactions involving SOs to form an indistin- 
guishable solvated sulfite, SO:~ 2- �9 SO2. 

The 800 cm -~ band is strongly IR active (18) and is at- 
tributed to an asymmetric stretching frequency of a 
--SOS-- group (19). This band appears to be influenced 
by kinetic factors. It develops on storage (Fig. 2C), on 
charging, but only at current densities ->-0.5 mA/cm 2 (Fig. 
2D) and upon loss of lithium in cells overdischarged at 
25~ (Fig. 2A) but not at -22~ 

Presumably, this 800 cm-' band involves the interac- 
tion of the highly reactive [SOs_,]- ion with [SOs,]-, SOs, or 
other sulfur oxy-anions. An ion pair, [Li ~ �9 SO~-] (20), and 
a charge transfer complex, S, O4- formed between SO._, 
and SO.,- (21), have been reported. Also, a reactive form 
of dithionite [SO.2 �9 SO.~] ~- with --SOS-- bonding (22) has 
been proposed to be the reactive intermediate in which 
metals, such as nickel, are oxidized by organic-SOs sol- 
vents to disulfates or sulfates (23, 24). 

To determine if these oxidation products affect cell 
safety, a cell containing no lithium at all and employing a 
bare nickel grid as an anode was force discharged at 1 
mA/cm 2 for 7.63 Ah, 3.75 times the initial SOs capacity. 
Occasionally, the discharge was interrupted and the cell 
was checked by ARC for exothermicity. No exotherms 
were detected. Next, the cell was subjected to a heat and 
search operation in the ARC; only one small exotherm 

o c c u r r e d  at  a p p r o x i m a t e l y  225~ The  se l f -hea t ing  ra te  
was  on ly  0.06~ w i t h  a p r e s s u r e  of 100 psig.  A l t h o u g h  
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Fig. 2. In situ infrared spectra of a SO2 cell. A: Cell containing o Hi 

anode, portiolly discharged at 0 .56 mA/crn 2. B: Li/SO2 cell, portiolly dis- 
charged ot 0.56 mA/cm 2 at 25~ C: Li/SO2 cell partially discharged at 
0.2 mA/cm 2 at 25~ and stored | ] doys. D: Fresh Li/SO2 cell charged at 2 
mA/cm 2 at 25~ 
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Table II. Hazard analysis of lithium-limited cells resistively overdischarged at ambient temperature 

Minimum initiation Total heat Maximum temperature Maximum pressure Total ~ pressure Maximum observed 
Cell no. temperature (~ evolved (cal) rate (~ rate (psi]min) rise (psig) pressure (psig) 

1 145 669 0.63 7.1 126 315 
2 148 636 0.30 1.1 121 244 
3 139 1178 0.15 0.8 163 273 

Represents the maximum increases observed from the start of the first exotherm detected to the end of the last exotherm observed. 

Table III. Hazard analysis of excess-lithium cells overdischarged at ambient temperature 

Minimum Total Maximum Maximum Total a Maximum 
Cell Overdischarge initiation heat temperature pressure pressure observed 
no. mode temperature (~  evolved (cal) rate (~ rate (psi/min) rise (psig) pressure (psig) 

5 Forced 40 2987 0.34 1.35 490 524 
(1 mA/cm ~) 

6 Resistive 29 3559 0.54 3.70 258 272 
7 Resistive 36 3275 3.18 3.36 530 544 
8 Resistive 29 3366 0.50 7.19 679 690 

~Represents the maximum increases observed from the start of the first exotherm detected to the end of the last exotherm observed. 

ox ida t ion  p r o d u c t s  in the  a b s e n c e  of  l i th ium at  the  anode  
revea led  no in t r ins ic  safety p rob lems ,  we  have  no t  ru led  
out  haza rds  tha t  m a y  occur  in "anode" - l imi t ed  cells con- 
t a in ing  some  e lec t rochemica l ly  inact ive  l i th ium. This is 
m o r e  l ikely to occur  in cells us ing  a s t anda rd  wrap  ~0.00 
conf igurat ion.  

Excess lithium cells.--ARC analysis  revealed  very  com- 
p lex  t he rma l  behav io r  for Li/SO: cells con ta in ing  excess  
l i th ium. The hazard  analysis  data  for exces s  l i th ium cells _z 
ove rd i s cha rged  at a m b i e n t  t e m p e r a t u r e  are t abu la ted  in 
Table  III. F igure  3 i l lus t ra tes  ARC the rma l  data  for cell o 1.00 

no. 5 force  ove rd i s cha rged  at 1 mA/cm='. B o t h  the  t h e rma l  Cd 
and  p r e s su re  ARC curves  are d i sp layed  in Fig. 4 for a sim- ,~ 
ilar cell, no. 7, w h i c h  has  b e e n  res is t ively ove rd i scha rged  a: 
u s ing  a 5(1 load�9 All excess  l i th ium cells, w h e t h e r  forced  ~: 
ove rd i s cha rged  or res is t ive ly  overd i scharged ,  exh ib i t ed  
initial exo the rm ic i t y  shor t ly  af ter  ove rd i scha rge  began,  <~ 
of ten  wi th  the  cells still nea r  a m b i e n t  t empe ra tu r e s .  In  ad- ,,, J0 
di t ion,  all the  res is t ive ly  ove rd i s cha rged  cells exh ib i t ed  ~; 

LU an e x o t h e r m ,  b e g i n n i n g  at app rox ima te ly  110~ A similar  
peak  was  obse rved  in t he  forced  ove rd i s cha rged  cell at 
a p p r o x i m a t e l y  125~ All the  cells exh ib i t ed  several  addi-  
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Fig. 3. ARC thermal behavior for excess lithium cell no. 5 forced 
overdischarged at 1 mA/cm: at ambient temperature. 

t ional  e x o t h e r m s  in the  t e m p e r a t u r e  range  140~176 and  
d i sp layed  a c o m m o n  h igh  t e m p e r a t u r e  e x o t h e r m  near  
260~ 
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In  genera l ,  o v e r d i s c h a r g e d  excess  l i t h i u m  cells exh ib-  
i ted  one  c o n t i n u o u s  e x o t h e r m ,  r e su l t i ng  in  se l f -hea t ing  to 
t e m p e r a t u r e s  of  300~ or more .  The  ARC da ta  i nd i ca t e  
t h a t  severa l  coup l ed  r eac t i ons  are r e s p o n s i b l e  for  t he  self- 
h e a t i n g  r a t h e r  t h a n  one  s ingle  reac t ion .  A l t h o u g h  t h e r m a l  
r u n a w a y  d id  occur,  t h e  o b s e r v e d  ra tes  of  h e a t  a n d  pres-  
sure  g e n e r a t i o n  were  low, i n d i c a t i n g  t he  a b s e n c e  of  ex-  
p los ion  haza rds  b u t  t h e  m a g n i t u d e  of overa l l  p r e s s u r e  
g e n e r a t i o n  was  suf f ic ien t  to cause  v e n t i n g  in  c o m m e r c i a l  
cells. 

Low temperature tests.--Significant safety haza rd s  
h a v e  b e e n  o b s e r v e d  in  Li/SO~ cells force o v e r d i s c h a r g e d  
at - 3  mAJcm ~ at low t e m p e r a t u r e s  a n d  a l lowed to w a r m  
to r o o m  t e m p e r a t u r e  (25). To s imu la t e  t he se  cond i t ions ,  
cells cou lombica l l y  b a l a n c e d  at a m b i e n t  t e m p e r a t u r e  
were  force o v e r d i s c h a r g e d  at  -35~ u n d e r  a c o n s t a n t  cur- 
r en t  of 3 mA]cm'-'. T h r e e  r ep l i ca te  cells were  tes ted .  One 
cell, cell no. 11, v e n t e d  d u r i n g  t he  overd i scha rge ,  
g e n e r a t i n g  an  i n t e rna l  p r e s s u r e  of  g rea te r  t h a n  t he  2500 
psig r e q u i r e d  to r u p t u r e  the  d i sk  v e n t  i n c o r p o r a t e d  in t he  
ARC ha rdware .  The  two  r e m a i n i n g  cells were  success-  
fully o v e r d i s c h a r g e d  b u t  e x h i b i t e d  d i s t inc t ly  d i f fe ren t  
t h e r m a l  behav io r .  Cell no. 12 b e c a m e  e x o t h e r m i c  at  35~ 
a n d  c o n t i n u e d  se l f -hea t ing  to 182~ Th i s  cell  g e n e r a t e d  
on ly  a m a x i m u m  p r e s s u r e  ra te  of 8.51 ps i / ra in  to a to ta l  of  
160 psig.  The  e x o t h e r m  at  32~ was  s imi la r  to  t h e  reac- 
t ions  o b s e r v e d  in  t he  cells  o v e r d i s c h a r g e d  at  a m b i e n t  
t e m p e r a t u r e ,  a t t r i b u t e d  to r eac t i on  of  l i t h i u m  w i t h  
ace toni t r i le .  A t  61~ a s e c o n d  r eac t ion  o c c u r r e d  exh ib-  
i t ing  a m a x i m u m  t e m p e r a t u r e  ra te  of  on ly  1.84~ 
The  o the r  cell, cell  no. 10, d id  no t  b e c o m e  e x o t h e r m i c  un-  
til  77~ but ,  nea r  l l0~ a ve ry  r ap id  r eac t i on  o c c u r r e d  
p r o d u c i n g  h e a t i n g  ra tes  of  >180~ a n d  p r e s s u r e  gen-  
e r a t ion  ra tes  e x c e e d i n g  1700 ps i /min  (Fig. 5). The  maxi -  
m u m  o b s e r v e d  p r e s s u r e  was  881 psig. 

The  re su l t s  o b t a i n e d  w i t h  cell no. 10 a n d  11 conf i rm 
t h a t  o v e r d i s c h a r g e  of Li/SO._, cells at  low t e m p e r a t u r e  can  
i n d e e d  p r o d u c e  ex p l o s i on - t ype  hazards .  T he  fact  t h a t  cell 
no. 11 v e n t e d  w h i l e  still at  low t e m p e r a t u r e  be fo re  b e i n g  
a l lowed  to w a r m  u p  ra ises  e v e n  more  concern .  

Cell component s tudy . - -The nea r  a m b i e n t  t e m p e r a t u r e  
e x o t h e r m s  o b s e r v e d  in  t he  cells w i th  excess  l i t h i u m  are 
a t t r i b u t e d  to the  r eac t ion  of  l i t h i u m  a n d  ace toni t r i ]e  (AN) 
at t he  e n d  of  cell life. S ince  A N  could  also be  i n v o l v e d  in 
some  of  t he  e l eva ted  t e m p e r a t u r e  reac t ions ,  a n  exper i -  
m e n t  was  c o n d u c t e d  to def ine  the  role  of A N  in the  
t h e r m a l  r u n a w a y  process .  A n  excess  l i t h i u m  cell  was  acti- 
v a t e d  w i th  e lec t ro ly te  so lu t ion  c o n t a i n i n g  p r o p y l e n e  car- 
b o n a t e  (PC) in p lace  of  AN. PC was  se lec ted  b e c a u s e  of 
its good  s tab i l i ty  w i t h  l i t h i u m  (6, 26). T he  cell was  dis- 
c h a r g e d  a n d  force o v e r d i s c h a r g e d  at 1 mAJcm-' b e y o n d  
234% of  its or ig inal  SO~ capaci ty .  No e x o t h e r m i c  b e h a v i o r  
was  de t ec t ed  by  t he  ARC d u r i n g  t he  d i scharge-over -  
d i s cha rge  process �9 Fo l lowing  ove rd i scha rge ,  ARC analy-  
sis revea led  an  e x o t h e r m  occurs  on  w a r m i n g  t he  cell to 
45~ A s e c o n d  e x o t h e r m  occurs  at  80~ a n d  c o n t i n u e s  to 
the  300~ cu tof f  t e m p e r a t u r e .  T he  t h e r m a l  and  p r e s s u r e  
behav io r ,  i l l u s t r a t ed  in Fig. 6, reveals  e x t r e m e l y  h i g h  
ra tes  of  hea t  g e n e r a t i o n  (358~ for PC vs. 3.18~ 
for AN, cell  no. 7, Tab le  III) a n d  p r e s s u r e  g e n e r a t i o n  
(13,000 ps i /min  for  PC vs. 7.19 ps i / ra in  for  AN,  cell 8, Tab le  
III). The  to ta l  p r e s s u r e  g e n e r a t e d  in th i s  P C  s y s t e m  was  
2325 psig,  c o m p a r e d  to a m a x i m u m  690 ps ig  for  an  AN 
sys tem,  (cell no. 8, Tab le  III). 

C o n t r a r y  to expec t a t i ons ,  t he  t h e r m a l  r u n a w a y  t h r e a t  
t h a t  c an  occu r  in  o v e r d i s c h a r g e d  Li/SO2 cells  was  no t  di- 
m i n i s h e d  w h e n  AN was  r ep l aced  w i th  PC. T he  nea r  ambi -  
en t  t e m p e r a t u r e  e x o t h e r m  still  occurs  u s i n g  PC. The  
overa l l  ra te  of  h e a t  a n d  p r e s s u r e  g e n e r a t i o n  was  
s igni f icant ly  e n h a n c e d  as a r e su l t  of s u b s e q u e n t  
e x o t h e r m s  ar i s ing  f rom coup l ed  reac t ions .  In v i ew  of  the  
s tab i l i ty  of  l i t h i u m  in  PC, t h e s e  resu l t s  s u p p o r t  t he  con- 
t e n t i o n  t h a t  e i t he r  a Li-AI al loy (2) or a n  in t e rca l a t ed  
l i t h i u m - c a r b o n  b l a c k  c o m p o u n d  (27) m a y  c o n t r i b u t e  to 
cell safety.  P r o p y l e n e  c a r b o n a t e  is k n o w n  to b e  r e d u c e d  
w i t h  h i g h  eff ic iency by  l i t h i u m  a m a l g a m  a n d  l i th ium-  

c a r b o n  c o m p o u n d s  (27, 28). The  reac t ion  m a y  be  de layed  
by  pa s s iva t i on  f rom res idua l  SO2, s imi la r  to t he  o b s e r v e d  
SO2 pas s iva t i on  of  t he  Li -PC reac t ion  (29). Th i s  m a y  al low 
Li-A1 or Li-C to a c c u m u l a t e  to a g rea te r  degree  t h a n  in 
AN, w h e r e u p o n  t he  reac t ion ,  b e g i n n i n g  n e a r  45~ occurs  
w i t h  i nc r ea sed  in tens i ty .  

On t he  a s s u m p t i o n  t h a t  r eac t ions  o b s e r v e d  in the  
l i t h ium- l im i t ed  cells were  due  to c a t h o d e  r eac t ion  prod-  
ucts ,  ARC ana lyses  were  p e r f o r m e d  on  va r ious  c a t h o d e  
s a m p l e s  f rom c o m m e r c i a l  Li/SO_, 2/3 A a n d  D-size cells 
d i s c h a r g e d  at c o n s t a n t  c u r r e n t  to a 2.0V cutoff�9 

The  D cells were  d i s c h a r g e d  at 10 mAJcm 2 at  a m b i e n t  
t e m p e r a t u r e  a n d  at  71~ The  c a t h o d e s  we re  r e m o v e d  
f rom t h e  cell h a r d w a r e ,  ro l led  u p  w i th  t he  gr id  in tact ,  and  
wh i l e  still  we t  w i t h  e lec t ro ly te  were  i n se r t ed  in to  the  ARC 
b o m b  u n d e r  i ne r t  gas. The  a m b i e n t  t e m p e r a t u r e  c a t h o d e  
d i sp l ayed  two u n c o u p l e d  reg ions  of  exo the rmic i t y ,  one  
nea r  80~ a n d  t he  o the r  at  280~ The  c a t h o d e  f rom the  
71~ d i scha rge  d i sp l ayed  an  e x o t h e r m  p e a k i n g  a t  130~ 
a n d  coup l ed  e x o t h e r m s  in i t i a t ing  at  246 ~ a n d  280~ No 
s ign i f ican t  t h e r m a l  or p r e s s u r e  haza rds  were  o b s e r v e d  by  
ARC ana lys i s  of t h e  c a t h o d e s  f rom e i the r  D cell. 

The  2/3 A cells we re  d i s c h a r g e d  at 1 m A / c m  2 to 2.0V at  
a m b i e n t  t e m p e r a t u r e .  U n d e r  a n  i ne r t  a t m o s p h e r e ,  t he  
c a t h o d e s  were  r e m o v e d ,  s u b j e c t e d  to v a c u u m  for 1/2h to 
r e m o v e  b u l k  SO2, t he  gr id  r emoved ,  a n d  the  p o w d e r e d  
c a t h o d e  p laced  in  t he  ARC b o m b .  L i t h i u m  d i th ion i t e  ha s  
b e e n  r e p o r t e d  to be  t he  sole p r o d u c t  f o r m e d  af ter  ana lys is  
of c a t h o d e s  t a k e n  f r o m  iden t i ca l  cells d i s c h a r g e d  in  a sire- 
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Fig. 6. A: ARC thermal behavior for excess lithium cell no. 9 with pro- 
pylene carbonate electrolyte solution forced overdlscharged at 1 
mAdcm ~ at ambient temperature. B: ARC pressure behavior for cell no. 9. 

ilar m a n n e r  (30)�9 F igure  7 shows rep roduc ib le  ARC 
the rmal  data f rom this ca thode,  p r e sumab ly  represen t ing  
a m ix tu r e  of carbon,  Teflon, Li.,S~O4, wi th  some  res idual  
electrolyte.  The first e x o t h e r m  begins  at 91~ and gives 
rise to a pressure  of  about  150 psig. The  second exo the rm 
beg inn ing  near  116~ and r ising to near  200~ is ve ry  re- 
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Fig. 7. ARC thermal behavior for a carbon cathode from a 2/3 A size 
Li/SO,z cell discharged at 1 mA/cm ~ at 25~ to a 2 .0V cutoff. 

produc ib le  and is charac ter ized  by a rise near  155~ The 
final e x o t h e r m  begins  near  230~ and genera tes  gaseous 
pressure.  

Both  the  2/3 A- and D-size ca thodes  f rom cells dis- 
charged  at ambien t  t empera tu re  d isplayed similar  pres- 
sure and the rmal  behav ior  f rom react ions near  80~176 
These  appear  to be re la t ively low act ivat ion energy  reac- 
t ions,  as ev idenced  by the  absence  of  any signif icant  in- 
crease  in t empera tu re  rate wi th  increas ing  tempera ture .  
However ,  un l ike  the  D-cell  ca thodes  which  exh ib i t ed  
the rmal  and pressure  behav ior  similar  to l i th ium-l imi ted  
cells, the  2/3 A-cell  ca thodes  display an addi t ional  
e x o t h e r m  start ing near  116~ similar  to those  o b s e r v e d  
on all the  resis t ively overd i scharged  excess - l i th ium cells 
(see Fig. 4, part  B of  curve  A). The  reason for this differ- 
ence  in behavior  is not  unde r s tood  at this t ime, bu t  may  
have  to do with  the  a m o u n t  of  e lect rolyte  solut ion p resen t  
w i th  the  ca thode  sample.  Ano the r  factor  may  be  the  
a m o u n t  of  mois ture  conta ined  in the  cathode.  Mass spec- 
t roscopy  revealed that  the  D-cell  ca thodes  conta ined  
signif icantly more  mois tu re  (as m u c h  as 15% of the  vola- 
tiles exc lus ive  of  air) than  the  <1% mois tu re  found  in the 
2/3 A cell cathodes.  

In contras t  to the  the rmal  behav ior  obse rved  in l i thium- 
l imi ted  cells and d ischarged  ca thode  samples ,  the excess  
l i th ium cells exh ib i t ed  dis t inct  peaks  in the 100~176 re- 
gion, indica t ing  that  reac t ions  o ther  than  d i th ioni te  de- 
compos i t ion  may  be occurring.  In overd i scharged  cells, 
l ikely candidates  were  e i ther  a l i th ium/elec t ro ly te  reac- 
t ion or  react ion be tween  l i th ium and l i th ium dithionite.  
Both  possibi l i t ies  were  invest igated.  

The  resul ts  of  an ARC analysis be tween  0.27g of  l i th ium 
meta l  and 3.49g of  commerc i a l  68 w/o SO._, e lec t ro ly te  so- 
lu t ion reveals  a large exo the rmic  react ion occurs  at 140~ 
Sul fur  d ioxide  is comple te ly  inert  toward  l i th ium metal  
up to 320~ (31). Therefore ,  the  observed  l i thium/elec-  
t rolyte  react ion probably  represen ts  the  t i thium/ace-  
toni tr i le  react ion pushed  to h igher  t empera tu res  by the 
inhibi t ing  effects of  SO._,. The  ini t iat ion t empe ra tu r e  of  
this react ion has been  prev ious ly  demons t r a t ed  to be  
sens i t ive  to the  SO= concen t ra t ion  of  the  e lec t ro lyte  (7). 
F igure  8 shows the  l i th ium/elec t ro ly te  ARC data com- 
pared  wi th  the  ARC data obta ined  f rom an excess  l i th ium 
cell  res is t ively overd i scharged  (cell no. 8). The  lithi- 
um/e lec t ro ly te  react ion was found to co inc ide  wi th  one of  
the  cell  exo therms .  

In  order  to e x a m i n e  the  behav ior  of  l i th ium meta l  wi th  
cell  d ischarge  products ,  a ca thode  f rom a D cell  dis- 
charged  to a 2.0V cutoff  at 10 mA/cm-' at ambien t  temper-  
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Fig. 8. Comparison of lithium + SO=, electrolyte solution ARC behavior 
with excess lithium cell no. 8 resistively overdischarged at ambient 
temperature. 
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ature was sandwiched between two layers of lithium foil 
(0.68g) and subjected to ARC analysis. The cathode had 
the aluminum grid intact and contained some residual 
electrolyte solution. A very large exotherm was observed 
initiating at 190~ following the melting of lithium. Pre- 
sumably, this was due to the reaction of li thium with de- 
composition products of lithium dithionite. Figure 9 com- 
pares this exothermic behavior between lithium and a 
discharged D cell cathode with ARC data for a resistively 
overdischarged excess l i thium cell (cell no. 7). As the 
figure illustrates, the exotherm at 190~ coincides with a 
major exothermic reaction found in the cell. 

Included in Fig. 9 is a mass spectroscopic temperature 
profile of the total ion intensity in relative units found on 
warming a carbon cathode from a similarly discharged D 
cell. The spectral profile shows that volatiles begin to ap- 
pear near 100~ and peak at 150~ Examination of the 
component  gases shows the initial evolution is mostly 
due to masses 41 (CH3CN) and 64 (SO~), with the bulk evo- 
lution starting near 125~ The profile for mass 256 (sul- 
fur) exhibits identical behavior. Major evolution begins 
near 130~ and peaks at 152~ This sulfur is attributed to 
the decomposition of dithionite. 

A double peak appears in the 130~176 region of curve 
A, Fig. 9 (lithium and cathode). The first peak agrees well 
with the lithium-electrolyte reaction (Fig. 8), whereas the 
second peak coincides with the decomposition of 
dithionite. 

The initiation temperature and kinetics of each of these 
exothermic reactions may be interdependent and could 
also be affected by the amount  of electrolyte present. De- 
composition of li thium dithionite will generate SO._, 
thereby affecting the lithium/electrolyte reaction, which 
has been shown to be dependent  on SO._, concentration. In 
turn, the thermal stability of lithium dithionite has not 
been fully explored. Its decomposition may be a function 
of its degree of wetness with electrolyte. 

It has been postulated that one of the major causes of 
safety in the Li/SO~ system is the reaction of li thium with 
molten sulfur formed from the thermal decomposition of 
lithium dithionite. Consequently, ARC analysis was per- 
formed to evaluate the role of the lithium/sulfur reaction 
in cell safety. A sample of 0.14g lithium was pressed onto 
the bottom of the sample bomb and an equal mass of sul- 
fur was smeared onto its surface to maintain intimate 
contact. Electrolyte solution, 2.01g 68 w/o SO._,, was added 
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Fig. 9. A: ARC thermal behavior for lithium + cathode from Dcell dis- 
charged at 10 mA/cm ~ to 2.0V at 25~ B: ARC thermal behavior for cell 
no. 7 (excess lithium cell resistively averdischarged at ambient tempera- 
ture). C: Mass spectra showing total ion intensity in arbitrary units from 
D cell carbon cathode. Peak intensity occurs at 150~ Identical curve 
occurs for mass 256 (sulfur), presumably from dithianite decomposition. 

last. ARC analysis revealed no low temperature exotherm 
due to the lithium/sulfur reaction, as previously reported 
to occur near 142~ if the molten sulfur "wets" the lith- 
ium (26). Presumably, the electrolyte inhibits this wetting 
by film formation. Conversely, the sulfur may have af- 
fected the lithium/electrolyte reaction. A much reduced 
lithium/electrolyte reaction was observed in this experi- 
ment. Additional exotherms were observed to start near 
190 ~ and 226~ The 190~ exotherm was observed before, 
and exotherms between 220 ~ and 240~ have been consist- 
ently observed. Depending on conditions, either 
exotherm could be from a lithium/sulfur reaction. The re- 
action at 226~ produced relatively low rate of heat gener- 
ation. However, a substantial quantity of heat is liberated, 
which could propagate a thermal runaway. 

Conclusions 

ARC analysis reveal that resistively overdischarged 
lithium-limited cells exhibited simple thermal behavior. 
The exothermic reactions that occur are attributed to the 
thermal decomposition of dithionite and are character- 
ized by slow self-heating rates and initiation temperatures 
above 100~ and are not coupled, thus eliminating the 
thermal runaway hazard. Forced overdischarging of 
lithium-limited cells produced no additional hazards. 

In contrast, cells containing excess li thium at end of life 
have been found to be capable of undergoing thermal 
runaway when overdischarged at ambient temperature in 
either a resistive or forced mode. The rates of tempera- 
ture rise and pressure generation occurring during 
thermal runaway, however, were found to be low, indicat- 
ing the absence of any explosion hazard. The magnitude 
of overall pressure rise, however, was large enough to 
cause venting in commercial  cells. 

The thermal runaway process was found to be the re- 
sult of a series of coupled, exothermic chemical reactions, 
as illustrated in Fig. 4A. Exotherm (A), which initiates at 
near ambient temperature (30~176 is attributed to the 
low activation energy reaction of lithium and acetonitrile. 
This reaction did not initiate in any of the cells until the 
potential dropped below 2.0V implying that a triggering 
mechanism may be necessary. This could involve deple- 
tion of SO.~, localized heating effects, or perhaps a reac- 
tion with freshly deposited lithium, Li-A1, or Li-C formed 
at the start of overdischarge. 

The reactions occurring in the second temperature re- 
gion (B) are critical to Li/SO._, safety since they provide the 
pathway for the propagation of thermal runaway to the 
melting point of lithium. Exotherms in this region have 
been shown to involve the thermal decomposition of lith- 
ium dithionite and a reaction of lithium with the electro- 
lyte solution. 

The exotherm observed in region C upon the melting of 
li thium is believed to involve lithium with dithionite or a 
decomposition product of dithionite. Causes of exo- 
therms produced in the high temperature regions at ap- 
proximately 230~ and in regions D and E are speculative. 
Possible reactions include lithium with sulfur and li thium 
with the Teflon contained in the carbon cathode (26). 

Replacing acetonitrile in the electrolyte solution with 
propylene carbonate did not eliminate the thermal runa- 
way hazard in excess l i thium cells. In addition, much 
higher rates of heat and pressure generation were ob- 
served indicating that PC-based cells would constitute a 
much more serious safety hazard than the standard AN- 
based cells. 

Cells coulombically balanced at ambient temperature 
and force overdischarged at -35~ have been shown to 
lead to serious safety problems, potentially with 
explosion-type hazards. The results indicate that these 
cells can become hazardous during the overdischarge 
process, even before they are allowed to warm up. 

The in situ IR study revealed kinetic parameters such 
as current density and storage time may be contributing 
factors in the observed low temperature or excess lithium 
cell safety problems. Additional studies are needed to elu- 
cidate this chemical, kinetic, and thermal relationship. 
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ABSTRACT 

The reduction mechanism of the bronze Li,.~V:~O8 in nonaqueous Li cells has been elucidated. Upon Li ~ insertion, a 
solid solution is formed with an upper composition of LL:~V:~Os. Within this composition range, Li ~ progressively fills 
the tetrahedral sites available in the unit  cell. Four such sites are supposed to be filled at the upper composition limit. 
Beyond this, a new phase is nucleated to accommodate excess Li ~, this resulting in a constant cell's OCV. Li § insertions 
not greater than 3.0 eq/mol are reversible, as shown by the cycling behavior and the x-ray patterns. Owing to the out- 
standing structure stability and to the high speed of Li ~ diffusion in Li,.~V:~Os, extended cycling at high rates is achieva- 
ble with cells based on this bronze. 445 cycles at discharge rates variable in the range of 2-10 mA/cm 2 have been ob- 
tained. 

In previous communications (1, 2), we have reported 
data on the features of Li,+.,.V:~O8 as a reversible cathode 
for Li cells. This bronze, a layered compound whose lay- 
ers are held together by LP ions (3), has proven to be able 
to insert Li ~ in its structure with outstanding energy, 
power, and cycling capability. 

Given the difficulties encountered with V~O,:~ (both 
stoichiometric and nonstoichiometric), which had shown 

promise for successful use in rechargeable Li batteries 
(4-6), the search for new materials is even more justified. 
On the other hand, by directly comparing the characteris- 
tics of Li,+.,V:~Os with those of V~O,:~ (S) (2), we obtained 
evidence that the former could be estimated superior to 
the latter in such aspects as energy density, rate capabil- 
ity (power density), cycle life, and resistance to overdis- 
charge. On this basis, this ternary oxide did seem worthy 
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of a further investigation aimed at assessment of the 
mechanism of Li ~ uptake/removal and at evaluation of 
those parameters which are relevant to practical recharge- 
able batteries. 

The first commitment may perhaps be easier to fulfill, 
whereas the second requires a larger number of tests 
eventually oriented to batteries with practical characteris- 
tics. So, we feel that with our previous papers and the 
present one, the mechanistic aspects of the redox reac- 
tions occurring in Li/Li~+~VsOs cells have been 
sufficiently elucidated. On the other hand, as for the 
technological aspects, the contribution presented here is 
still partial and will be followed by a more substantial 
work. 

E x p e r i m e n t a l  

The relevant experimental procedure has already been 
reported (2). The bronze used in the present investigation 
was prepared by melting Li~CO:~ and V~O~ (obtained by 
decomposing NH4VO:~) in quartz vessels at 680~ in the 
air. Although this temperature is higher than that re- 
ported in the phase diagram for the existence of only 
Lii+xV308 (7), we found that the sample so prepared has a 
satisfactory electrochemical behavior. However, a more 
complete evaluation of the influence of the preparation 
procedure on performance is now under way and will be 
reported in a forthcoming paper. 

The composition of the sample so prepared was 
checked by both atomic absorption spectroscopy and 
chemical analysis (7). With the latter, the relative amounts 
of V § and V ~'~ were evaluated, and the former was found 
to be present as 7.45% of total V. From this value, an aver- 
age oxidation number of 4.92 was derived for V, so that 
the composition of the bronze may be represented as 
Lil.2V~Os. Compositions close to this have often been 
found when trying to prepare low-lithium LiI+~.V:~O8 (7-9). 

IM LiCiO4 in PC-DME was used as a solution because 
of its satisfactory chemical and electrochemical stability. 
The latter was checked in this work by galvanostatic and 
sweep voltammetry experiments. 

The electrodes were mostly prepared by pressing at 800 
kg /cm 2 on  an  e x p a n d e d  Ni ne t  a m i x t u r e  (20-30 m g / c m  ~) of 
Lil.,V3Os (70%), ace ty l ene  b l a c k  (20%), and  Tef lon  (10%). 
For  e x t e n d e d  cycle  tests ,  re la t ive ly  t h i n  e l ec t rodes  were  
p r e p a r e d  by  ro l l ing  a n o n e x p a n d e d  Ni ne t  p r io r  to and  
af ter  app ly ing  a b o u t  10 m g / c m  ~ of  the  a b o v e  m i x t u r e  on  
it. 

Fo r  t he  cyclic v o l t a m m e t r y  e x p e r i m e n t s ,  a cell  of  the  
t ype  de sc r ibed  b y  S h a w  (10) was  u s e d  w i t h  Li  as b o t h  ref- 
e r e n c e  and  coun te r e l ec t rode .  T he  w o r k i n g  e l ec t rode  was  
p r e p a r e d  as r epo r t ed  above .  

Resul ts  and  Discussion 
The  m a i n  fea tu res  of the  s t r u c t u r e  of Li,+xV:~O~ h a v e  

b e e n  d e s c r i b e d  by  Wads ley  (3) a n d  s u m m a r i z e d  in  a previ-  
ous  w o r k  of th i s  ser ies  (2). I t  is suff ic ient  to e m p h a s i z e  
he re  t h a t  t he  bas ic  s t ruc tu ra l  e l e m e n t s  of  t he  b ronze ,  i.e., 
o c t a h e d r a  and  t r igona l  b i p y r a m i d s ,  are a r r a n g e d  to fo rm 
p u c k e r e d  layers  w i t h  t he  Li  ~ ions  a r r a n g e d  in  b e t w e e n  by  
o c c u p y i n g  o c t a h e d r a l  s i tes  (Fig. 1). In  t he  u n i t  cell, 
d a s h e d  in t he  figure,  t h e r e  are two such  s i tes  to w h i c h  six 
t e t r a h e d r a l  s i tes  h a v e  to be  a d d e d  (1-6 in  Fig. 1). T he  la t te r  
c an  be  filled by  exces s  Li ~ as s u p p o s e d  by  Wads ley  (3) 
a n d  e x p e r i m e n t a l l y  c h e c k e d  by  us (2) a n d  o the r s  (9) 
t h r o u g h  t he  o b s e r v a t i o n  of a solid so lu t ion  f o r m a t i o n  
upon Li ~ uptake. 

However, based on the evidence presented by the 
coulometric titration curve (Fig. 2), incomplete filling of 
the tetrahedral sites occurs. Indeed, the single-phase be- 
havior typical of solid-solution formation (EMF decreas- 
ing with x) is only visible up to an x value of about 1.7. By 
adding to this figure excess Li ~ with respect to stoichio- 
metric LiV:~O8 (0.2 Li ~ ions per molecule), one obtains 
about 2 Li ~ ions added to each molecule. As the unit cell 
is based on 2 Li,+.~V:~Os, up to 4 Li ~ may be accommodated 

�9 Octahedral Li 
r~ Tetrahedral Li 

Fig. 1. Structure of Lil+~V~O~, projected onto (010),  showing both 
octahedra and trigonal bipyramids. The unit cell is dashed. 
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Fig. 2. ] : Compositional variation of OCV during the first discharge. 2: 
OCV after stopping atx = 2.5 and recharging. 3: OCV after stopping atx 
= 3.0 and recharging. 4: discharge curve at 0.2 mA/cm-'. 

in its tetrahedral sites. On the basis of the interatomic dis- 
tances, they may for instance correspond to the numbers 
I, 3, 4, and 6. Indeed, from the data reported by Wadsley 
(3), one may assign to sites I-2 and 5-6 (close to the octa- 
hedra) a distance of about 1.7~, whereas sites 3-4 (close to 
the bipyramids) have a distance of about 2.2A. The latter 
value is exceeded by the distances between tetrahedral 
and octahedral Li% Therefore, simultaneous.occupation 
of the couples of sites I-2 and 5-6 is less probable, owing 
to the repulsion forces between Lf ions (rl, ~ = 0.7~). 

Beyond a total Lf insertion greater than 2 eq/mol, fur- 
ther Li ' may only be accommodated if a structural rear- 
rangement occurs. The structure has to be partially dis- 
torted by excess Li + until a new phase is nucleated which 
is in equilibrium with that corresponding to the solid so- 
lution. A constant EMF is then observed (Fig. 2), as is 
typical of a two-phase region. Attempts to characterize 
the new phase were thwarted by the low number of its 
peaks. 

In their preliminary investigation on the same phase, 
Lil.eV:~Os, Raistrick and Huggins (9) obtained a similar 
EMF/x curve, although the single-phase region ends 
somewhat earlier in their work (x = 1.5). 

The initially high and rapidly falling EMF's indicate a 
high value of the Li chemical potential and its sharp de- 
crease after occupation of the first sites. We may define 
~ c i ,  i - -  ~ a l ,  i : - F E  as t he  v a r i a t i o n  of t~,.~ in  t he  c a t h o d e  w i t h  
r e spec t  to t ha t  in  t he  anode .  The  la t te r  m a y  b e  a s s u m e d  to 
b e  zero (11). As a c o n s e q u e n c e  of the  r ap id  dec rea se  of ~,.,, 
t h e  overa l l  e n e r g y  of  in t e rca la t ion ,  de f ined  as 5G~ = -Ff ,  f 
E �9 dx, has  a m i n o r  i nc rease  in th i s  region.  Af ter  th i s  
s tage,  E d i m i n i s h e s  less  r ap id ly  w i th  x. T h e  flat final 
pa r t  of  the  E/x c u r v e  at  E = 2.62 and  the  h i g h  x va lue  ob- 
s e r v e d  a l low for a h i g h  free  e n e r g y  of  i n t e r c a l a t i o n  AG~ to 
be  ca lcu la ted  for t he  overal l  process .  Fo r  x = 3.1 (Li,ot --- 
4.3) AG~ is equa l  to - 2 0 0  kcaYmol,  a large  v a l u e  w h i c h  is in  
t u r n  r e l a t ed  to t he  h i g h  e n e r g y  capac i ty  s h o w n  b y  th i s  
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compound .  As a compar i son ,  hG~ for LiTiS2 is -57.4 
kcaYmot (11). 

A va lue  of  815 Wh/kg (ca thode only) m a y  be  calculated 
for x = 3.1 and /~  = 2.83V. By  cons ider ing  the  we igh t  of Li  
c o n s u m e d  in the  react ion,  a va lue  of  758 Wh/kg is ob- 
tained,  wh ich  represen ts  the  m a x i m u m  energy  dens i ty  of  
a Li/Li~.2V3Os cell. Fo r  compar ison ,  the  theore t ica l  speci- 
fic energies  of V60~3 (NS), V60~3 (S), and TiS2 are repor ted  
to be  890, 710, and 490 Wh/kg, respec t ive ly  (5, 12). 

The  c o m p l e x  reduc t ion  m e c h a n i s m  of Li~+xV.~Os is also 
ref lected in the  pa t te rn  of the  l inear  sweep  vol tam-  
marries.  F igure  3 shows that, especial ly  at low scan rates, 
all the  features shown  by the  t i trat ion curve  are present  
and even  more  evident .  In  part icular ,  the  3 smal l  peaks 
above  ~3.15V poin t  to the  inequ iva lence  of  the  sites about  
1 per  uni t  cell; see t i t rat ion curve) init ial ly occupied  by 
Li  § The  large peak  cor respoaAing  to the  sirtgle-phase re- 
g ion with  a lower  s lope is split  to ma tch  the  inf lect ion 
no ted  at E = -2.8.  Finally,  the  last peak  cor responds  to 
the  b iphased  region no ted  at x > ~1.7. 

The  x-ray d i f f rac tograms of  Fig. 4 show the  s t ructure  
evo lu t ion  fo l lowing Ls  insert ion.  At  x = 1.6, the  pa t te rn  is 
ve ry  similar  to the  one  init ial ly observed,  apar t  f rom a 
l imi ted  s t ructure  expans ion  testified by the  shif t ing of  
the peaks  to lower  angles. In part icular ,  the  peak  corre- 
spond ing  to the  in ter layer  distance,  at 2v = ~14.0 ~ is only 
shif ted by about  0.1 ~ i.e., less than  1%. At  x = 2.7, the 
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Fig. 3. Cyclic voltammetry of a LiI..,V:~08 electrode (30% Teflonized 

acetylene black) at a sweep rate of 0.2 mV/s (dashed curve) and 1.0 
mV/s (continuous curve). 
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Fig. 4. X-ray diffractograms of Lil.,,V.~O s electrodes after discharge 

and cycling. 

main  peaks  of  the  original  s t ruc ture  are still present ,  but  
some  n e w  peaks  (especial ly the  one  at 2~ = -14.7 ~ reveal  
the nuc lea t ion  of  a new phase.  

The  x-ray analysis  also shows that  the  s t ructural  integ- 
rity is h ighly  p rese rved  even  after in jec t ing  mass ive  
amount s  of Li  ~, in spite of the  observed  nuc lea t ion  of  a 
new phase  and of  the hysteresis  of  the  EMF/x  curve  
shown in Fig. 2. Indeed,  the  pat tern  after d ischarge  to x = 
2.7 and recharge  to x = 0.15 (Fig. 4) is ve ry  similar  to that  
of the  und i scha rged  mater ia l  (x = 0). It  can be  noted  that  
the  peaks  cor respond ing  to the new phase  have  disap- 
peared.  The l imi ted expans ion  of  the  s t ructure,  poss ibly  
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Fig. 5. Initial cyc ing of Li/LiL.:V.~O~ cells at 1 mA/cm ~. �9 discharge 
limit, 1.0V. O: discharge limit, 1.8V. 
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Fig. 6. Cyclic voltammetry of a LiL2V~O s electrode with a cathodic 
limit of 1.0V. The dashed line refers to a blank electrode (Teflonized 
acetylene black on Ni) in LiCIO4/PC-DME. Sweep rate, 1 mV/s. 

re la ted to the  p inn ing  effect  of Li  * over  the  layers, is be- 
l ieved to be  the main  reason for this s tuctural  stability. 

As for the  hysteres is  of the  EMF/x curve, it was ascer- 
ta ined that  its ex ten t  is a funct ion  of  the  dep th  of  dis- 
charge.  This p h e n o m e n o n  was observed  even  w h e n  the 
d ischarge  was l imi ted  to the  sol id-solut ion range. We ob- 
ta ined  ev idence  that  the  s t ructural  reorganizat ion shown 
by the hysteresis  is ma in ta ined  after the  first cycle. In- 
deed,  the  E's measu red  dur ing  the  second d ischarge  lie 
substant ia l ly  on the  same  curve  obta ined  dur ing  charge.  
However ,  this is val id for x values  not  greater  than  about  
3. 

Ano the r  feature  obse rved  in the E/x curves  (both under  
load and on OCV) is the  absence  of plateaus and steps on 
charging.  The potent ia l  va lues  smooth ly  increase up to 
about  3.0V where  a change  in slope is observed.  S imi lar  
behavior  has been  repor ted  for V20.~ (13). 

This pat tern  is conf i rmed  by the cyclic v o l t a m m e t r y  at 
low rates (Fig. 3). Dur ing  the  anodic  sweep,  the  3 main 
peaks observed  dur ing d ischarge  tend  to merge  into a 
single peak, and only a shoulder  is still d is t inguishable .  I t  
looks l ike the Li* ions leave the  s t ructure  r andomly  in an 
e n v i r o n m e n t  in which  the  site energies  seem to have  lev- 
e led off. 

We have  ascer ta ined the effect  on the  cycle  life of  
d ischarging a cell to a 1.0V cutoff  on the charge  effi- 
c iency  (Fig. 5). At 1.0 m A / c m  ~, 0.24 Ah/g were  obta ined  
dur ing  the  first discharge,  this co r respond ing  to 2.6 eq 
Li*/mol (87% d.o.d, wi th  respec t  to x = 3). The  capaci ty  
decl ine  over  about  30 cycles  (after which  the  cell  was vol- 
untar i ly  s topped)  was comparab le  to that  of a cell  cycled  
wi th  a l imit  of  1.8V. In general,  it was observed  that  cy- 
cl ing Li/Li,+xV:~O8 cells at such regimes  l imits  the  Li* 
up take  to about  3 eq/mol;  repea ted  overd ischarges  had no 
adverse  effects on the  cycle  life. The  s i tuat ion tends  to 
change  at lower  d ischarge  rates when  greater  amoun t s  of 
Li* may  be inserted.  A cell cycled at 0.2 mA/cm-' be tween  
1.0 and 3.5V reached  an x va lue  of 3.1 dur ing  the  first dis- 
charge,  bu t  showed  a more  rapid capaci ty  decline.  This  
behav ior  is also ref lected by the cyclic vo l t ammet ry  
curve  of Fig. 6, where  the  ca thodic  l imit  was set to 1.0V. 
The anodic  peak  is here  h ighly  shifted and merges  wi th  
the  3 small  peaks  observed  above  3V. This  provides  clear 

o = 1.25 ~.r~/cr~ 2 mAh.~'l ~ "~ # 

:10o mA/cm2 ~,,A/cm~ "-"~ t0.100 .~ 

.~ 0 .75  "-~ 

x 0 . 5 0  , i I , I , i , 4 0 . 0 5 0  ~ i D .  

0 100 2 0 0  3 0 0  4 0 0  

C y c l e  n u m b e r  

Fig. 7. Extended cycling at high c.d. of a Li/Lil.~V:~O s cell in 
LiCIOJPC-DME. Charge c.d. = 2 mAJcm'-' for all. Voltage limits: 1.6 and 
3.5V. 

ev idence  of  major  s t ructura l  r ea r rangements  for x > 3, re- 
a r rangements  which  were  indeed  conf i rmed by the x-ray 
analysis (new peaks  were  still p resen t  after recharge).  

Finally,  the abili ty of  the  s t ructure  to sustain a high 
n u m b e r  of cycles at h igh  rates was checked  by us ing a 
relat ively thin ca thode  (10 mg/cm'-') m a d e  with  the roll ing 
technique .  The resul ts  are repor ted  in Fig. 7. The  average 
d.o.d, at 7, 10, 5, and 2 mA/cm'-' were  42, 30, 32, and 33%, re- 
spectively.  Dur ing cycling,  ne i ther  Li  nor  the  solut ion 
were  replaced.  The  pe r fo rmance  shown in Fig. 7 is re- 
markab le  and has  to be related at the same t ime  to the  
high speed of Li  § diffusion (2) (high rate) and to the  rug- 
gedness  of  the  s t ructure  (high cycle number) .  The  lat ter  
was conf i rmed by the  pat tern  of  Fig. 4, showing  a sub- 
s tantial  re tent ion  of  the  s t ructure  after cycling. 

C o n c l u s i o n s  
This fur ther  character iza t ion of  the bronze  Li,+xV:~O8 

has conf i rmed that  it can act as a ca thode  capable  of  h igh  
energy,  h igh rates, and outs tanding  revers ibi l i ty  in non- 
aqueous  Li cells. 

The  Ls  insert ion,  even  though  leading even tua l ly  to the 
nuc lea t ion  of a n e w  phase  and to the onset  of  a perma-  
nen t  hysteresis  in the  E/x curve,  is h ighly  revers ib le  even  
at h igh  Li  + contents  (below about  x = 3.2, be ing  the  initial 
Li* excess  inc luded  in this figure). 

F r o m  now on, this mater ia l  will  be main ly  character ized 
f rom a technologica l  po in t  of  view, which  has to lead to a 
final asessment of its capability of being used in practical 
secondary Li batteries. In this respect, an investigation on 
several aspects of the bronze, cathode, and complete cells' 
preparation is under way, and a progressive scaling up to 
cells of practical characteristics has been planned. 

Manuscript submitted March 27, 1984; revised manu- 
script received Sept. 26, 1984. 
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Ellipsometer Studies of Surface Layers on Lithium 

F. Schwager,' Y. Geronov, 2 and R. H. Mul ler*  

Materials and Molecular Research Division, Lawrence Berkeley Laboratory, University of California, Berkeley, 
California 94720 

ABSTRACT 

The growth of surface layers on lithium in propylene carbonate solutions can be followed by ellipsometry, although 
the refractive indexes of many potential film materials are close to those of the electrolyte. Film thicknesses calculated 
from ellipsometer measurements  increase over periods of several days at open circuit; they are several times larger than 
those derived from galvanostatic pulse measurements.  Films are found to be inhomogeneous with properties continu- 
ously varying as a function of distance from the substrate; compact regions are located adjacent to the metal and porous 
regions are located adjacent to the solution. Electrode capacitance measurements are sensitive to the thin compact re- 
gion, which can also be generated by reaction with water vapor. Ellipsometer measurements are primarily affected by 
the thicker, porous region, which may be formed by the precipitation of decomposition products of the solution. 

Surface layers formed under open-circuit conditions on 
l i thium in propy]ene carbonate (PC) solvent and its solu- 
tions of lithium perchlorate and lithium hexafluoroarsen- 
ate have been investigated by ellipsometry. The present 
study was conducted in conjunction with galvanostatic 
pulse measurements reported earlier (1), and the results 
obtained by the two techniques are compared. 

Experimental 
Ellipsometric and electrochemical measurements  were 

conducted in situ in a hermetically sealed polypropylene 
cell consisting of an electrode compartment  with two 
strain-free quartz windows arranged for 75 ~ angle of inci- 
dence of the light beam, and a solution container located 
above the electrode compartment.  The Fig. 1 configura- 
tion enables one to take measurements very soon after 
the electrode is brought in contact with the solution. The 
ellipsometer used was of the self-compensating type in 
the polarizer-quater wave plate-sample-analyzer configu- 
ration (2). Corrections for component  imperfections were 
derived from four-zone measurements.  A mercury lamp 
(150W with interference filter for the wavelength of 
5461A) and an argon-ion laser (Lexel Model 75 at a wave- 
length of 51454) were used as light sources. The mercury 
lamp could be used only for smooth, well reflecting elec- 
trode surfaces. 

Working and counterelectrodes consisted of high purity 
(Foote) li thium disks, of 25 mm diam and 3 mm thickness. 
The cross section of a freshly extruded lithium wire of 1 
mm diam served as reference electrode. The working 
electrodes were prepared by scraping the li thium with a 
scalpel and pressing it with a polycarbonate sheet in a re- 
circulating purified helium atmosphere (<0.5 ppm 02, 
H20, 5 ppm N~) as described previously (1). No signifi- 
cant difference between the native film of an electrode 
which was only cleaned and one which was also pressed 
was found by depth profiling Auger spectroscopy (PHI 
Model 590). Solutions of LiC104 or LiAsFs with and with- 
out added water were investigated; their preparation has 
also been described before (1). In the purified helium at- 
mosphere, the electrodes were inserted in the electrode 
compartment,  and the solution compartment  was filled 
with electrolyte. The closed cell was then transferred to 
air for conducting the measurements.  A delay of about 1 
rain after contact of the electrodes with solution was re- 
quired to optically align the cell. 

Film growth was followed simultaneously by ellipsome- 
try and electrochemical pulse techniques. After the 
experiment,  the working electrode was washed with pure 
propylene carbonate, then dried and transferred into an 
UHV-chamber for Auger spectroscopy and ellipsometry 
of the dry film. 

*Electrochemical Society Active Member. 
'Present address: Mettler Instruments AG, CH-8606 Greifen- 

see, Switzerland. 
"-'Permanent address: Central Laboratory of Electrochemical 

Power Sources, Bulgarian Academy of Sciences, Sofia, Bulgaria. 

Results 
The ellipsometric results are presented as plots of the 

relative amplitude change $ vs. the relative phase change 
A due to reflection. Figure 2 shows a plot obtained for 
film growth on lithium in propylene carbonate of low 
water content (-10 ppm) without salt and with 1M LiC104. 
The immersion time is indicated on both curves. The 
presence of the electrolyte has a great effect on the rate of 
film formation. Ellipsometer parameters $ and A change 

] 
I I 

5cm 

Fig. 1. Nonaqueous cell for ellipsometry and potential measurements 
on lithium electrodes immediately after contact with electrolyte-- 
vertical and horizontal cross sections. A) reservoir, B) cell, C) working 
electrode, D) counterelectrode, E) reference electrode, F) windows, G) 
liquid valve, H) gas valve. 
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Fig. 2. Effect of the presence of electrolyte on film formation on lith- 

ium in propylene carbonate (PC). Measured ellipsometer parameters 
and A. Pure solvent (PC) and 1M LiCl04 in PC. Period of immersion in 
days given along the curves. 

faster for lithium immersed in pure PC, indicating faster 
film growth. However, both electrochemical measure- 
ments at the end of the experiment (small amounts of salt 
were added to provide conductivity), as well as depth pro- 
filing with Auger spectroscopy, indicate the presence of 
a thin film, which shows a nonporous appearance in mi- 
crographs. Scanning electron micrographs have shown 
that film formation (by corrosion or precipitation) on lith- 
ium in PC with small amounts of added water is faster 
than in PC-LiCIO~ solutions with the same amount of 
added water (I). The difference between electrochemical 
and ellipsometric measurement for pure PC with no 
water added is, at present, difficult to explain. It may in- 
valve the formation of a poorly adhering, highly porous 
film and its loss during the rinsing and drying opera- 
tions: 

Ellipsometer measurements of film growth in solutions 
of 0.5 and 1.0M LiCIO4 in PC did not show much differ- 
ence. Addition of water to LiCiO4 solutions seems to slow 
down the rate of film formation slightly (Fig. 3). This 
finding is in agreement with electrochemical measure- 
ments (I), where it was also found that films formed in 
these solutions are less conductive. 

LiAsF6 solutions form much thicker films in shorter 
time than LiCIO4 solutions (Fig. 4). This result emphasizes 
the importance of the anion for film formation and is in 
agreement with the findings from electrochemical mea- 
surements. 
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Fig. 3. Effect of water content of ]M LiCl04 solution in PC an film 

formation. No water added (10 ppm) and 0.1% water added. Measured 
ellipsometer parameters. 
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Fig. 4. Effect of the nature of electrolyte on film formation. I) 1M 
LiCIO4, II) 0.SM LiAsF, in PC, measured ellipsometer parameters. Pe- 
riod of immersion in days given along the curves. 

Elemental film compositions were determined by Au- 
ger spectroscopy. Typical spectra are given in Fig. 5. The 
prominent peaks are those for carbon and oxygen. Films 
grown in LiC10~ solution show a small chlorine content. 
No arsenic could be detected in films grown in LiAsF(~ 
solution. Depth profiles given in Fig. 6 indicate composi- 
tion varying with depth. A positive secondary ion mass 
spectrum (SIMS) given in Fig. 7 shows a large number  of 
peaks between masses of 2 and 50. 

To investigate the precipitation of solution decomposi- 
tion products as a possible mechanism for the formation 
of porous layers, a polished silver surface was used as an 
inert electrode in IM LiCIO4 in PC. Ellipsometer measure- 
ments on this surface showed only small changes, which 
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Fig. 5. Auger spectra of films formed after (top) 10 days in solutions of 
1M LiCIO4 and (bottom) 7 days in 0.5M LiAsF,. Spectra taken after 30s 
ion etching at 2 keV. 
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could  be in te rpre ted  as the  growth  of a h ighly  porous  
layer. SEM micrographs  of  the  same surface showed  dis- 
creet  hi l locks  wh ich  were  pr incipal ly  composed  of  C, O, 
and C1, accord ing  to the  Auge r  spec t rum.  Pos i t ive  ion 
S IMS showed  three  pr incipal  mass  peaks above  60, 
n a m e l y  63 (H3CO:~ § not  p resen t  in the  film, Fig. 7), 73, and 
81. 

Discussion 

Optical rnodels.--Two features  in the A/r plots  of Fig. 
2-4 are characteris t ic:  the  first one is a loop at the  begin- 
ning of  the  exper iment ,  the  second is an a lmost-s t ra ight  
sect ion wi th  ever  increas ing  # values  at the  later s tages of  
the exper iment .  Calculat ions  have  shown that  the  real 
part  of  the refract ive index  of  the  film is pr imar i ly  re- 
spons ib le  for the  size of  the  loop, the imaginary  part  for 
the  s lope of the  s t raight  par t  (Fig. 8). Ref rac t ive  indexes  
for some  possible  film materials ,  solution,  and substra te  
are l is ted in Table  I. It  was not  possible  to fit the  experi-  
menta l  resul ts  sat isfactori ly wi th  calculated values,  as- 
s u m i n g  a h o m o g e n e o u s  film wi th  refract ive indexes  for 
any of  the  materials  l is ted or their  combina t ion  wi th  solu- 

Table I. Refractive index of potential film materials, 
solution, and substrata. 5461/~ wavelength 

LiOH 1.466 
Li~CO:~ 1.50 
Li~O 1.644 
LiC] 1.662 

PC, 1MLiCIO4 1.429 
Li 0.25-2.3/ 
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44 
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I000~ , " 
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42 400  
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I n(film) -- 1.50 - 002 i  

n(film) = 1.48 - 0.005i 
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40 50 55 60 65 70 
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Fig. 8. Effect of real and imaginary parts of the film refractive index on 
ellipsometer parameters computed for homogeneous films. Film thick- 
ness (~) given along computed curves. 

t ion in a un i formly  porous  film. F i lm th icknesses  indica- 
ted  along the theoret ica l  curves  of  Fig. 8 are also m u c h  
larger than  those  der ived  by capaci tance  measurement s ,  
wh ich  reach values  of  200-400• at the  most.  This  discrep- 
ancy  indicates  a more  c o m p l e x  film structure.  Micro- 
graphs of  a film g rown  in a 1M LiC10#PC solut ion for 
two weeks  indeed  show dense ly  packed  par t ic les  of  ap- 
p rox ima te ly  2000-3000• diam. 

In  an a t t empt  to reconc i le  the  results  obta ined  by elec- 
t rochemica l  t rans ient  t e chn iques  and those  obta ined  by 
e l l ipsometry ,  a dual  film mode]  was inves t iga ted  (Fig. 9, 
inset). In  this model ,  bo th  films are a s sumed  to be  ho- 
mogeneous .  The  bo t tom film (film 2) is a th in  (max  200- 
400A) nonporous  dielectr ic  wh ich  is r espons ib le  for the  
e lec t rode  capaci tance.  The  upper  film (film 1) is th ick  
and porous  and is main ly  respons ib le  for the  e l ] ipsometer  
measuremen t .  

The  dual film mode]  p rov ides  a means  for exp la in ing  
the  d i sc repancy  be tween  e l l ipsometr ic  and e lec t rochem-  
ical resul ts  and gives improved ,  a l though not  satisfactory, 
ag reemen t  be tween  expe r imen ta l  and theore t ica l  h/r 
plots. It  was found that  a ra ther  high real part  of  the re- 
f ract ive index  of  the bo t tom films had to be assumed.  
Li te ra ture  values  for di f ferent  l i th ium c o m p o u n d s  (Table 
I) show that  LiCI or  Li~O would  have  to be  p resen t  in a 
mix tu re  wi th  low refract ive index  c o m p o u n d s  to account  
for va lues  of 1.55 and higher.  Li._,CO3 which  had been  pro- 
posed  as the film mater ial  (3-5) shows too low a refract ive 

48 

46 

C~ 

44 

42 

I ] I I 1 

Interpretation, dual film 

1600 / 
] 

,zoo ~ - ~  ,6oo~I 

8 o o  - - 

Q-',~'~'8,~___,..I.,.. ' ,  Experimental (PC, IM LiCIO 4) 
--Single film, film 2 = O~ 
--- Dual film, film 2 = 200~ 

n(film I) = 1.478 - O01i 
n(film 2) = 155 - OD2i 

I 
60 65 

%:::, :f i I ~;!1 i~i'~:i:.- 
-~= film 2 ~ -  

4050  ~/ / / /~L i~ / / / / -~  1 
55 70 

A (deg) 
Fig. 9. Dual film model. Computed ellipsometer parameters for a dual 

film (broken curve) with compact, thin bottom layer (film 2) and a porous, 
growing top layer (film 1 ). Computation for growing single film shown by 
solid curve. Film thickness (-~) given along curves. Dual film model shown 
in inset. 
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index to be the primary constituent of the bottom (bar- 
rier) film. Polymerization products of the solvent, which 
had also been suggested as film material (6, 7), could 
make up the top film. Depth profiling by Auger 
spectroscopy showed that only small amounts ( -2  atom 
percent [a/o]) of chlorine (for which Auger spectroscopy is 
very sensitive), but large amounts of oxygen (35-50 a/o), 
are present in the film. Lithium oxide is thermodynam- 
ically the favored product of a reaction between Li and 
water (or oxygen), which could be present in sufficient 
amounts in the solution. Keil at. al. (8) found in gas phase 
experiments that oxygen reacts faster than water with Li. 
Auger peaks at 37 and 31 eV found in films are attributed 
(8) to Li in Li20. A dual-film structure of adsorbed oxy- 
gen and porous lithium carbonate has been proposed by 
Leif  and Gilmour (9). 

In order to improve agreement with ellipsometer mea- 
surements in the first stages of film growth, several in- 
homogeneous film models with continuously varying re- 
fractive index (Fig. 10) were investigated. The real and 
imaginary parts of the complex refractive index were as- 
sumed to decrease from the metal/film boundary to the 
film/solution boundary. Such an inhomogeneity could be 
d u e  to variable porosity. It was found that predictions 
based on a linear profile of refractive index were in best 
agreement with the experimental  results. Again, a rather 
high value of the real part of the refractive index had to 
be chosen for the part of the film close to the substrate; 
at the film/solution interface, the refractive index of the 
film was chosen to be equal to that of the solution. 

Figure 11 illustrates the satisfactory agreement between 
experimental  results and calculations based on a linear 
profile of the refractive index. The loop in the curve is 
determined by the high real part at the bottom of the 
film. The small imaginary part i s in t roduced to adjust the 
slope of the curve at the later stages of growth and indi- 
cates a slightly absorbing film. Light  absorption in the 
film Could be due to nonstoichiometry or the presence of 
F- centers. F- centers have been extensively studied for 

(a) (b) (c) 

Fig. 10. Models of film porosity (or refractive index) profiles: (a) ho- 
mogeneous; (b) inhomogeneous with linear profile; (c) inhomogeneous 
with parabolic profile. 

48  i j I ! 
Interpretation, linear profile / 
n(film) = {I.57 - 0,02i} to {I.4293 - Oi} 

4 6  

1700~ 

.~ ,500 J',~i~d%~s 
. . . .1.Jr---" ' f  12 Y 4 4  

51 ~ 10 

400 ~ 0 
42 3 2 ~ �9 Experimental (PC, IM LiCl04) 

- -  Theoretical 

40 f I I t 
55 60 65 70 

A (deg) 
Fig. 11. Interpretation of ellipsometer measurements on Li in 1M 

LiCI04 in PC with an inhomogeneous film of linear refractive index pro- 
file. Thickness of inhomogeneous film (/~) given along computed curve. 
Period of immersion in days given with measured points. 

Table II. Film thickness derived from ellipsometer measurements in 
solution and in vacuum for linear and parabolic refractive index profiles. 
Refractive index at bottom of film 1 .$7-0.02/,  at top 1.4293 in solution, 

1,0 in vacuum. 1M LiCI04 in PC, 1000 ppm H~O added 

Thickness 
Refractive index profile Solution Vacuum 

Linear 1500X 1550X 
Parabolic 1950~ 2350~ 

lithium halides. According to Hunderi  (10), the F-center 
excitation energy for LiOH should be about the same as 
that for LiC1. 

The model of a porous inhornogeneous film with con- 
tinuously variable refractive index (or porosity) has been 
tested in a different way. By changing the refractive in- 
dex of the immersion medium from a value of 1.43 for the 
solution to 1.0 for vacuum, one can change the effective 
refractive index of a film with fluid-filled pores drastic- 
ally, as illustrated for a homogeneous porosity in Fig. 12. 
A realistic physical film model should produce the same 
film thickness for measurements  in solution and in vac- 
uum if the pore structure remains the same in the two 
immersion media. Table II shows a comparison of film 
thicknesses obtained from ellipsometer measurements in 
solution and in vacuum for a linear and a parabolic pro- 
file of the film refractive index with the same values at 
the inner and outer edge. The data support a refractive in- 
dex (or porosity) varying linearly with thickness. 

Film growth.--Film growth derived from ellipsometer 
and ga]vanostatic pulse measurement  are presented in 

Vacuum Electrolyte 

n = 1.0 ..~ ~ ~ ~ : ~ ~ ~" ~ l~ 
= o.5 ~E 

Effective 
optical constants 
of fi lm = 1275 1.49 

Fig. 12. Effect of immersion medium on the effective refractive index 
of a porous film illustrated with a homogeneous film of 50% porosity, 
pores evacuated or filled with electrolyte. 
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Linear refractive index profile 
Bottom n =~so 
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O ~  l I I 
2 4 6 8 I0 12 14 

Time (days) 
Fig. 13. Film growth on Li in 1M LiCl04 in PC derived from 

ellipsometer measurements for a linear refractive index profile and film 
growth derived from galvanostatic pulse measurements (e = 4.9). 
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Fig. ] 4. Rate laws for film formation on Li; (o) capacitance measure- 
ments, ]M LiCI04 in PC, e = 4.9; (b) ellipsometer measurements, ]M 
LiCI04 in PC; (c) ellipsometer measurements, water vapor ] ppm in He, 
thickness based on n = 1.46 (LiOH). 

Fig. 13. An approximately parabolic rate law (exponent 
1.6) holds for film growth derived from capacitance mea- 
surements (curve (a), Fig. 14, based on a dielectric con- 
stant e = 4.9 corresponding to Li.,CO.~). Film growth de- 
rived from ellipsometer measurements (curve (b), Fig. 14) 
follows a near-linear rate law initially (exponent 0.7), but 
approaches the parabolic law later (exponent 1.5). A para- 
bolic rate law (exponent 2.2) has also been found to hold 
for film growth with water vapor [Fig. 14, curve (c)]. Fig- 
ure 15 shows ellipsometer measurements and interpreta- 
tion for the latter case. A homogeneous optical film 
model appeared to be satisfactory over most of the range 
of measurements if apparent optical constants of the sub- 
strate (n = 0.35-2.140, indicative of a surface layer 
formed during electrode preparation in the glove box, 
were used. This simplification is responsible for the dif- 
ferent origins of the computed and measured curves. 

Conc lus ions  

Ellipsometer measurements have shown that surface 
layers on lithium are inhomogeneous, with porosity in- 
creasing approximately linearly from a dense region fac- 
ing the electrode to a highly porous region facing the liq- 
uid. The refractive index of the dense region is higher 
than that of Li2CO3 or LiOH and supports the presence of 
Li20. Ellipsometer measurements qualitatively agree with 
results obtained by electrochemical transient techniques 
(except for film growth in pure PC), because the dense 
region only is detected by electrical measurements.  

Films are formed more rapidly in pure propylene car- 
bonate than in the presence of electrolyte salts. LiC104 so- 
lutions form slower growing (more protective) films than 
LiAsF6 solutions. Perchlorate also reduces the effect of 
water. Reaction with water is the most likely origin of the 
dense region, and its protective properties are confirmed 
by the parabolic rate law. A continuing growth of the po- 
rous region could indicate a different film origin, and 
precipitation of insoluble products resulting from the de- 
composition of the solution may be a contributing factor. 
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A B S T R A C T  

The  concep t s  of  in t e r face  and  i n t e r p h a s e  i n h i b i t i o n  as two d i f fe ren t  types  of  co r ro s ion  i n h i b i t i o n  m e c h a n i s m s  are  
d i s c u s s e d  briefly.  Most  of t he  s tud ies  r e p o r t e d  in t he  l i t e ra tu re  h a v e  dea l t  w i t h  in te r face  i n h i b i t i o n  in  ac id  media .  Exper -  
i m e n t a l  r esu l t s  of i n t e r p h a s e  i n h i b i t i o n  h a v e  b e e n  o b t a i n e d  for a 4340 s tee l  r o t a t i ng  cy l i nde r  e l ec t rode  (RCE) b y  i m p e d -  
ance  m e a s u r e m e n t s  d u r i n g  e x p o s u r e  over  48h in aera ted ,  neu t r a l  0.5M Na~SO4, 0.5M NaC1, t a p w a t e r  and  de ion ized  w a t e r  
c o n t a i n i n g  10 m M  NaNO2, a n d  m i x t u r e s  of  p h o s p h o n i c  ac id/ fa t ty  a m i n e  or po lyacry l ic  ac id / fa t ty  amine .  A n  o p t i m i z e d  
a p p r o a c h  for  co l lec t ing  i m p e d a n c e  da ta  for  h i g h  R,  va lues  a n d  a low f r e q u e n c y  l imi t  b e t w e e n  0.4 mHz  a n d  5 m H z  has  
b e e n  app l i ed  in  th i s  s tudy.  A ve ry  good  fit of t he  e x p e r i m e n t a l  da ta  to  a theore t i ca l  m o d e l  is obse rved .  Fo r  t he  phos -  
phonic acid/fatty mixture, a second time constant occurs at high frequencies in Na._,SO4 and NaCI, from which the poros- 
ity of the inhibitor layer can be calculated. 

Generally, inhibition represents retardation of electrode 
reactions, especially of corrosion processes. Two types of 
inhibition can be distinguished: interface and interphase 
inhibition (1-4). 

Interface inhibition presumes a strong interaction be- 
tween the corroding substrate and the inhibitor (I-I0). In 
this case, the inhibitor is potential-dependently adsorbed. 
The two-dimensional (2-D) adsorbate layer can affect the 
basic corrosion reactions in various ways which may be 
discussed in terms of the inhibition efficiency, E, defined 
by 

i - ilnh 
- [1] 

i 

w h e r e  i a n d  i~,h r e p r e s e n t  t he  c u r r e n t  dens i t i e s  of t he  elec- 
t r ode  r eac t ion  at  c o n s t a n t  p o t e n t i a l  in  t he  a b s e n c e  of  and  
p r e s e n c e  of inh ib i to r ,  respec t ive ly .  The  t h r e e  types  of  in- 
t e r face  i n h i b i t i o n  are 

1. G e o m e t r i c a l  b l o c k i n g  effect  of  t he  e l ec t rode  surface  
by  an  ind i f f e ren t  a d s o r b a t e  at  a re la t ive ly  h i g h  degree  of 
coverage ,  0,nh. 

In  th i s  case, (1 - 0) i = i~nh, a n d  the re fo re  

�9 = o [2] 

w h e r e  0 = F/F~; F d e n o t e s  t he  p o t e n t i a l - d e p e n d e n t  sur face  
c o n c e n t r a t i o n  of inh ib i to r ,  a n d  F~ r e p r e s e n t s  i ts  s a t u r a t i o n  
value.  

2. B l o c k i n g  of  ac t ive  sur face  si tes by  an  i nd i f f e r en t  ad- 
so rba t e  at  a re la t ively  low degree  of coverage .  

In  th i s  case, Eq. [2] h o l d s  again,  if  F~ is r ep l aced  by  a 
surface concentration Fa.~ necessary for a complete block- 
ing of all active surface sites. 

3. The adsorbate is not indifferent, but reactive. 
Two cases may be distinguished. The inhibitor acts as a 

positive or negative electrocatalyst on the corrosion reac- 
tion, or the adsorbate itself undergoes an electrochemical 
redox process. In the latter case, primary and/or second- 
ary inhibition can occur, depending on the retardation ef- 
fects caused by the original adsorbate and its reaction 
product, respectively. 

In  t he  case  of  a reac t ive  coverage ,  �9 will  be  a more  com- 
p lex  f u n c t i o n  of 0 t h a n  Eq. [2] a n d  can  also b e  nega t ive  

I n h i b i t i o n  0 ~< �9 (0) <~ 1 
[3] 

S t i m u l a t i o n  e (0) < 0 

These  t h r ee  types  of  i n t e r f ace  i n h i b i t i o n  are mos t ly  ob- 
s e rved  in co r ros ion  s y s t e m s  invo lv ing  a ba re  m e t a l  sur- 
face in con tac t  w i t h  t he  cor ros ive  m e d i u m .  This  c o n d i t i o n  
is o f ten  real ized for the  ac t ive  me ta l  d i s so lu t i on  in acid 
so lu t ions .  

*Electrochemical Society Active Member. 

Interphase inhibition presumes a three-dimensional 
(3-D) layer between the corroding substrate and the elec- 
trolyte (3, 4, 11-13). Such 3-D layers generally consist of 
weakly soluble compounds of corrosion products and/or 
inhibitors. The inhibition efficiency depends strongly on 
the mechanical, structural, and chemical properties of the 
3-D layers which are formed under the particular experi- 
mental conditions. This type of inhibition is mostly ob- 
served in corroding systems forming porous or nonpor- 
ous protective layers. Porous 3-D layers are built up, for 
example, in neutral media in the absence of or presence 
of oxygen, whereas nonporous 3-D layers are formed in 
the passive metal state. 

Maximum protection of such 3-D layers is obtained in 
passive systems without pitting corrosion. On the other 
hand, the density and distribution of pores will determine 
the inhibition efficiency in the case of porous 3-D layers, 
retarding mainly the transport-controlled corrosion pro- 
cesses. The inhibition efficiency can then be correlated 
with the rate of the mainly transport-controlled cathodic 
corrosion reaction taking place within the pores of the 
3-D layers 

i _ ( t )  - i - , , n h . ( t )  
e(t) = [4] 

i_(t) 

w h e r e  i_(t) and  i_ ~,h.(t) d e n o t e  t he  ca thod ic  c u r r e n t  densi -  
t ies  at  c o n s t a n t  e l ec t rode  po t en t i a l  a n d  def ined  hyd rody -  
n a m i c  c o n d i t i o n s  in  t he  a b s e n c e  of  and  p r e s e n c e  of the  in- 
h ib i to r ,  respect ive ly .  S i n c e  t he  ca thod ic  c u r r e n t  dens i ty  
d e p e n d s  on  b o t h  t he  co r ros ion  t ime  a n d  the  hyd rody -  
n a m i c  cond i t ions ,  the  p r o t e c t i v e  p rope r t i e s  of the  3-D 
layer  are also a f u n c t i o n  of  b o t h  var iables .  

Ef fec t ive  i n t e r p h a s e  i n h i b i t o r s  s h o u l d  no t  on ly  be  ad- 
s o r b e d  at  t he  me ta l / ox ide  a n d  ox ide /e lec t ro ly te  in ter faces ,  
b u t  shou ld  also be  i n c o r p o r a t e d  in the  3-D layers ,  l ead ing  
to more  h o m o g e n e o u s  a n d  more  dense ly  p a c k e d  net-  
w o r k s  of less poros i ty  a n d  h i g h e r  s tabi l i ty .  

Mos t  of  t he  p r ev ious  s tud ie s  h a v e  dea l t  w i t h  in te r face  
i n h i b i t i o n  in  ac id -deae ra t ed  sys tems .  However ,  t he  corro- 
s ion  m e c h a n i s m s  of n o n - n o b l e  t r a n s i t i o n  m e t a l s  in  alka- 
l ine  m e d i a  a n d  in  neu t r a l - ae r a t ed  media ,  e v e n  in  t he  ab- 
s ence  of  cor ros ion  inh ib i to r s ,  are s t rong ly  d e t e r m i n e d  by  
t h e  f o r m a t i o n  of  3-D oxid ic  layers,  w h i c h  are  p o r o u s  in  
t h e  act ive,  t r ans i t ion ,  a n d  p r e p a s s i v e  ranges .  

E x p e r i m e n t a l  r e su l t s  of i n t e r p h a s e  i n h i b i t i o n  in neu-  
t r a l -ae ra ted  m e d i a  h a v e  b e e n  co l lec ted  as pa r t  of a pro- 
g r a m  in  w h i c h  i n t e r p h a s e  i n h i b i t i o n  will  be  e v a l u a t e d  for  
a n u m b e r  of d i f fe ren t  m e t a l ] e n v i r o n m e n t / i n h i b i t o r  sys- 
t ems .  In  th i s  paper ,  t he  r e su l t s  of  t he  co r ros ion  b e h a v i o r  
of  s teel  in  ae ra ted  n e u t r a l  0.5M Na2SO4, 0.5M NaC1, 
t a p w a t e r  a n d  de ion ized  w a t e r  c o n t a i n i n g  NaNO2, and  
m i x t u r e s  of p h o s p h o n i c  ac id / fa t ty  a m i n e  or po lyacry l ic  

290 
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Fig. 1. Frequency dependence of the imaginary component Z". The 

integration method is used to determine Rp, Eq. [5] to determine C. 

acid]fatty amine  will  be  discussed.  The  corros ion behav-  
ior  has  been  s tudied  by de te rmin ing  the  polar izat ion re- 
s is tance Rp f rom ac i m p e d a n c e  m e a s u r e m e n t s  and f rom 
dc m e a s u r e m e n t s  in the  case of  0.5M Na2SO4. Only the ac 
i m p e d a n c e  was measu red  for the  remain ing  systems.  A 
rota t ing cyl inder  e lec t rode  was used  to ensure  constant  
h y d r o d y n a m i c  condi t ions  and adequa te  cur ren t  distr ibu- 
tion. 

Exper imental  Approach 
Rota t ing  cyl inder  e lec t rodes  were  p repared  f rom 4340 

steel, and expe r imen t s  were  carr ied out  w i th  a modif ied  
IBM EC 219 rotat ing disk e lec t rode  sys tem at 144 rad/s in 
solut ions which  were  open to air. A concent r ic  P t  band  or 
m e s h  served  as the  countere lec t rode .  E x p o s u r e  t ime  was 
usual ly  48h. I m p e d a n c e  m e a s u r e m e n t s  were  carr ied out  
as d i scussed  before  (14-17), us ing  a compute r i zed  sys tem 
and a Solar t ron 1174 t ransfer  funct ion  analyzer.  The  high 
i m p e d a n c e  values  of  wel l - inhibi ted  sys tems m a k e  it nec- 
essary to accura te ly  measu re  i m p e d a n c e  data  over  a large 
range of  va lues  b e t w e e n  those  of  the  solut ion res is tance 
Ra and the polar izat ion res is tance R~. Previously ,  this was 
accompl i shed  by manua l ly  adjus t ing  the  gain  of  the  cur- 
ren t -measur ing  amplif ier  several  t imes  dur ing  a run  to be  
wi th in  a factor of  t en  of  the  measu red  impedance .  Addi- 
t ional  expe r imen ta l  p rob lems  arise f rom the  fact that  cor- 
ros ion systems usual ly  have  t ime -dependen t  kinet ics  and 
the  fact that  the  m e a s u r e m e n t s  have  to be  ex tended  to 
very  low f requenc ies  in the  case  of  high inhib i tor  effi- 
ciencies.  These  p rob lems  have  recent ly  been  solved to a 
large ex ten t  (18), us ing  the  au toranging  capabi l i t ies  of  the 
P A R  Model  276 interface  and a low-pass filter. In  this 
manner ,  the  gain of  the  cur ren t  amplif ier  interface is op- 
t imized  and data sampl ing  is r educed  to one cycle  wi th  
fi l tering at each f r equency  be low 1 Hz, the reby  improv-  
ing bo th  speed and signal- to-noise resolut ion for collec- 
t ion of  the  low f r equency  data. I m p e d a n c e  m e a s u r e m e n t s  
have  been  ex t ended  to 0.4 mHz.  

The  solut ions were  p repared  f rom reagent  grade chemi-  
cals and deionized water .  The  inhibi tor  mix tu res  were  
m a d e  f rom polyacryl ic  acid (avg M.W. = 2000), phos- 
phonic  acid (tri-nitri]o-tris me thy lene  phosphon i c  acid), 
and fatty amine  (N-oleyl- l ,3-propane diamine).  

Data Analysis 
Rp va lues  f rom dc m e a s u r e m e n t s  at a scan rate  of  0.2 

mV/s have  been  de t e rmined  as the  s lope of  the current-  
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Fig. 2. Time dependence of R ac, R dc, E~or~, e, C, and a for 4340 steel in 
neutral O.SM Na2S04. 

potent ia l  curve  at the  corrosion potent ia l  Eoo~,. as a func- 
t ion of  t ime  and, in some  instances,  of  rota t ion speed. 
Various me thods  for analysis of the i m p e d a n c e  data, f rom 
which  Ra, Rp, and the  e lec t rode  capaci tance  C can  be  de- 
t e rmined ,  have  been  d iscussed  recent ly  by the  authors  
(14, 15, 17, 19, 20). S ince  in mos t  cases a s imple  i m p e d a n c e  
d iagram in the  form of a depressed  semic i rc le  in a Ny- 
quis t  plot  is obtained,  the  C I R F I T - c o m p u t e r  p rog ram (19) 
or the  in tegra t ion m e t h o d  (20) can be  used  to de te rmine  
Ra, Rp, C, and a, where  a is re la ted to the  devia t ion  f rom 
ideal  capaci t ive  behav ior  (0 ~< a < 1), wh ich  could  be 
caused  by surface i n h o m o g e n e i t y  (21). The  lat ter  m e t h o d  
has  the  advantage  that  the  capaci tance  can be  de te rmined  
more  accurate ly  f rom the  plot  of the imaginary  compon-  
ent  Z" of  the  i m p e d a n c e  t Zr as a funct ion  of log oJ, where  
is the  f r equency  f in rad/s (~o = 2~rJ). C is ca lcula ted as 

1 
C - [5] 

oJ~R, 

where  ~m is the  f r equency  of  the  m a x i m u m  Z" and R~ is 
de t e rmined  by in tegra t ion  of  the Z" log ~o curve  down  to 
oJm (20). The  paramete r  a can  be de te rmined  f rom the  ratio 
2 Zm"/R,. Figure  1 gives  an e x a m p l e  of  this m e t h o d  in the  
case of  0.5M Na~SO4 and polyacry]ic acid/fatty amine.  

These  me thods  of  analysis are sufficient,  since it has 
been  found  for all cases s tud ied  that  the  i m p e d a n c e  spec- 
tra fit ve ry  well  to a theore t ica l  mode l  of  the  i m p e d a n c e  
a s  

[Z[ = R~ + Rv [6] 
1 + (j~CR,) ~ 
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Experimental Results and Discussion 
The  e x p e r i m e n t a l  da ta  for  4340 steel  in  0.5M Na=,SO4 

w i t h  t he  t h r e e  i n h i b i t o r s  h a v e  b e e n  analyzed.  For  NaC], 
t apwate r ,  and  de ion ized  water ,  e x a m p l e s  of the  exper i -  
m e n t a l  da ta  will  be  given.  

Na~O4.--In i nh ib i to r - f r ee  Na2SO4, co r ros ion  ra tes  (qual- 
i ta t ive ly  e x p r e s s e d  as Rp -~) dec rea se  w i t h  t i m e  in  para l le l  
w i t h  a sh i f t  of  E ...... to  m o r e  nega t ive  va lues  (Fig. 2). Th i s  
r e su l t  sugges t s  t h a t  t he  ra te  of  the  ca thod ic  r eac t i on  de- 
c reases  due  to f o r m a t i o n  of  3-D layers  of p o r o u s  oxides .  
E x c e l l e n t  a g r e e m e n t  was  f o u n d  b e t w e e n  Rp ac a n d  R, ~c. A n  
i n h i b i t o r  eff ic iency e = (R, - R,o)/R, c a n  b e  ca lcu la ted ,  
b a s e d  on  Rv ~ at t ~ 0. It  i nc r ea se s  c o n t i n u o u s l y  d u r i n g  the  
50h e x p o s u r e  t ime.  T he  capac i t ance  C h a s  ve ry  h i g h  
values ,  b e t w e e n  2000 a n d  6000 /~F/cm 2, a v e r a g i n g  a b o u t  
4000/~F/cm 2 (Fig. 2) a n d  no t  r e p r e s e n t i n g  t he  d o u b l e  layer  
capac i t ance .  

F igu re  3 c o m p a r e s  t he  i m p e d a n c e  s pec t r a  in  neu t r a l  
0.5M Na._,SO4 c o n t a i n i n g  NaNO~ a n d  m i x t u r e s  of  phos -  
p h o n i c  ac id  and  fa t ty  a m i n e  ( inh ib i to r  A) or po lyacry l ic  
acid a n d  fa t ty  a m i n e  ( i nh ib i t o r  B). The  i m p e d a n c e  spec t ra  
for  t h e  inh ib i to r - f r ee  so lu t ion  a n d  for  t he  p r e s e n c e  of 
NaNO:, or i n h i b i t o r  B c o n f o r m  to t he  m o d e l  in  Eq. [6]. The  
effect  of t he  i n h i b i t o r s  is s een  in  t he  i nc r ea se  of  Rp (low 
f r e q u e n c y  l imi t  of  the  i m p e d a n c e  ]2~) a n d  a l o w e r i n g  of  
the  capac i t ance .  F o r  i n h i b i t o r  A, a n  a d d i t i o n a l  t ime  
c o n s t a n t  occurs  at  h i g h  f r equenc ies ,  w i t h  a m a x i m u m  of 
the  p h a s e  ang le  at  a b o u t  25 kHz. T he  i m p e d a n c e  spec t ra  
are  s imi la r  to t h o s e  for p o l y m e r  coa t ings  s u c h  as po lybu-  
t a d i e n e  on  s teel  (22, 23). F r o m  the  h i g h  f r e q u e n c y  po r t i on  
of t he  i m p e d a n c e ,  t he  po re  r e s i s t ance  Rp,, of  the  i n h i b i t o r  
fi lm a n d  its c h a n g e s  w i t h  e x p o s u r e  t i m e  can  b e  calcu-  
lated.  The  po la r i za t ion  r e s i s t a n c e  Rp "c', w h i c h  is t he  l imi t  
of  t he  i m p e d a n c e  for  oJ --> 0, wil l  be  c o m p a r e d  in t he  fol- 
l o w i n g  w i th  R,d% w h i c h  is d e t e r m i n e d  f r o m  t he  l inear  
sweep  at  Ecorr. 

In  the  p r e s e n c e  of NaNO.2, co r ros ion  ra tes  were  r e d u c e d  
a n d  E .... was  sh i f t ed  to m o r e  n o b l e  va lues  (Fig. 4), w h i c h  
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sugges t s  t h a t  t he  ra te  of the  anod ic  r eac t i on  was  de- 
c reased .  Very  l i t t le  r u s t i n g  was  obse rved .  S ince  t he  corro- 
s ion ra te  d e c r e a s e d  b y  on ly  a b o u t  60%, it  is s u r p r i s i n g  
t h a t  t he  capac i t ance  i n c r e a s e d  b y  a b o u t  a fac tor  of  t e n  in 
50h. The  va lue  of  ~ r e m a i n e d  c lose  to 0.8. 

The  co r ros ion  ra te  in  t he  p r e s e n c e  of  the  p h o s p h o n i c  
ac id / fa t ty  a m i n e  m i x t u r e  ( inh ib i to r  A, Fig. 5) is s imi la r  to 
t ha t  o b s e r v e d  in t he  p r e s e n c e  of  NaNO_, a n d  dec reases  
on ly  s l ight ly  w i th  t ime.  The  po ros i ty  of  the  coat ing,  R,,,- ' ,  
dec reases  as the  i n h i b i t o r  layer  is f o r m e d  and  t h e n  dou- 
b les  to a more  or less c o n s t a n t  va lue  for longer  e x p o s u r e  
t imes ,  w i t h o u t  a c o r r e s p o n d i n g  c h a n g e  of  the  co r ros ion  
rate.  As for t he  case  of NaNO:,  t he  c a p a c i t a n c e  C in- 
c reases  c o n t i n u o u s l y  w i t h  t ime.  The  c a p a c i t a n c e  Cp, 
w h i c h  is a ssoc ia ted  w i t h  the  r eac t ions  in  t he  pores ,  is ve ry  
sma l l  a n d  dec rea se s  w i t h  t i m e  to a b o u t  1 .2/~F/cm 2 b a s e d  
o n  t he  to ta l  geome t r i c a l  su r face  area.  

In  t he  p r e s e n c e  of t he  polyacry l ic  ac id / fa t ty  a m i n e  mix-  
tu re  ( inh ib i to r  B), co r ros ion  ra tes  were  ve ry  low init ial ly,  
b u t  i nc r ea sed  w i t h  t ime  to va lues  s imi la r  to t h o s e  deter -  
m i n e d  at longer  e x p o s u r e  t i m e s  in the  p r e s e n c e  of o the r  
i n h i b i t o r s  (Fig. 6). As for  t he  o the r  i nh ib i to r s ,  t he  capaci-  
t ance  i nc r ea sed  c o n t i n u o u s l y ,  b u t  no t  as sha rp ly  as for 
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NaNO._, (Fig. 4) or i n h i b i t o r  A (Fig. 5). T he  va lue  of  
s t a y e d  m o r e  or less  c o n s t a n t  a t  a b o u t  0.7. 

The  d e p e n d e n c e  of  E ..... a n d  (Rp"C) - '  on  ro t a t i on  speed  
r ''-7 ( t u r b u l e n t  flow) is s h o w n  in Fig. 7. Wi t hou t  an  inh ib i -  
tor,  a p r o n o u n c e d  effect  of  r c an  be  seen.  This  ef fec t  is 
m u c h  sma l l e r  in  the  p r e s e n c e  of  NaNO2 a n d  a b s e n t  in  t he  
p r e s e n c e  of i n h i b i t o r  A, i n d i c a t i n g  t h a t  mass  t r a n s p o r t  
does  no t  af fec t  t he  co r ro s ion  k ine t i c s  in  t h e  p r e s e n c e  of 
t he  p o r o u s  i n h i b i t o r  film. 

NaCl.--Figure 8 g ives  an  e x a m p l e  of  the  i m p e d a n c e  
cha rac t e r i s t i c s  o b s e r v e d  in  0.5M NaC1. Only  one  t i m e  con- 
s t a n t  is o b s e r v e d  b e t w e e n  105 Hz a n d  5 m H z . - E x c e l l e n t  
a g r e e m e n t  is o b s e r v e d  b e t w e e n  t he  e x p e r i m e n t a l  resul ts ,  
as s h o w n  in Fig. 8 for 3.5h a n d  for longer  e x p o s u r e  t imes ,  
a n d  the  m o d e l  in  Eq. [6]. T h e s e  resu l t s  cas t  s o m e  d o u b t  
on  t he  e x p e r i m e n t a l  da ta  a n d  the  m o d e l  p r o p o s e d  by  
B o n n e l  et al. (24) a n d  D u p r a t  et al. (25), w h o  r e p o r t e d  t he  
o c c u r r e n c e  of  a s e c o n d  t ime  c o n s t a n t  a t  low f r e q u e n c i e s  
(<0.1 Hz) for  a c a r b o n  s teel  r o t a t i ng  d i sk  e l ec t rode  in 3% 
NaC1. S ince  the  m e a s u r e m e n t  in  Fig. 8 was  p e r f o r m e d  in  
76 rain,  a n d  s ince  c o r r o s i o n  ra tes  d i d  n o t  c h a n g e  ve ry  
m u c h  in  t he  first  h o u r s  of  exposu re ,  t i m e  ef fec ts  do  no t  
af fec t  t he  ana lys i s  of  t h e  i m p e d a n c e  da ta  a c c o r d i n g  to  Eq.  
[6]. 

The  add i t i on  of  10 m M  NaNO~ inc reases  t he  polariza-  
t ion  r e s i s t a n c e  R,  ~ by  a b o u t  a fac tor  of  10 at  s imi la r  expo-  
sure  t i m e s  (Fig. 9). As in Na~SO4, R,  a n d  C inc rea se  con-  
t i n u o u s l y  w i t h  e x p o s u r e  t ime,  b u t  to a l e s se r  ex ten t .  The  
a g r e e m e n t  b e t w e e n  the  theore t i ca l  m o d e l  and  the  exper i -  
m e n t a l  da ta  in  Fig. 9 is no t  as good  as for  t he  inh ib i to r -  
free so lu t ion  in Fig. 8, w h i c h  can  be  s een  to b e  due  to t he  
lack of  s y m m e t r y  a r o u n d  t he  f r e q u e n c y  of  t h e  m a x i m u m  
p h a s e  ang le  in  Fig. 9. 
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As for Na2SO4 (Fig. 3), a s e c o n d  h i g h  f r e q u e n c y  maxi -  
m u m  o c c u r r e d  at  a b o u t  100 kHz in  the  p r e s e n c e  of  inh ib i -  
to r  A. S imi la r  effects  h a v e  b e e n  o b s e r v e d  b y  D u p r a t  et al. 
(24). To ob ta in  accu ra t e  da ta  w i t h o u t  excess ive  p h a s e  
sh i f t  a t  t h e s e  h i g h  f r equenc i e s ,  a go ld  wi re  c o n n e c t e d  to 
t he  s a t u r a t e d  ca lome l  r e f e r ence  e l ec t rode  t h r o u g h  a 0.1 
/~F capac i to r  is u s e d  as a r e fe rence  e l ec t rode  at  h i g h  
f r equenc ies .  

Tapwater.--Some e x p e r i m e n t a l  da ta  h a v e  b e e n  re- 
p o r t e d  for  t a p w a t e r  c o n t a i n i n g  NaNO=, (16). Da ta  o b t a i n e d  
w i t h  t he  op t imized  t e c h n i q u e  (18) are s h o w n  in Fig. 10 
w i t h  a lower  f r e q u e n c y  l imi t  of 0.4 mHz  at 29h exposu re ,  
as c o m p a r e d  to a lower  f r e q u e n c y  l imit  of 25 m H z  in t he  
ear l ier  m e a s u r e m e n t s .  By  curve- f i t t ing  a c c o r d i n g  to Eq. 
[6], R,  = 4.15 • 10" ~ (2.78 • 10" $2cm'-') was  d e t e r m i n e d  for 
t = 29h. Very  good a g r e e m e n t  b e t w e e n  the  e x p e r i m e n t a l  
da ta  a n d  t h e  c u r v e  a c c o r d i n g  to Eq. [6] w i t h  t he  p a r a m e -  
te rs  s h o w n  in Fig. 10 is f o u n d  in t he  capac i t i ve  pa r t  of  t h e  
B o d e  plot;  howeve r ,  s o m e  dev i a t i on  o c c u r s  a t  t h e  l ower  
f r equenc ie s .  The  c a p a c i t a n c e  c h a n g e d  v e r y  l i t t le  w i t h  
t ime.  The  e x a m p l e  in  Fig. 10 shows  c lear ly  t h a t  in  t he  
case  of  ve ry  h i g h  Rp va lues ,  t he  i m p e d a n c e  m e a s u r e m e n t s  
m u s t  be  e x t e n d e d  to v e r y  low f requenc ies .  The  low- 
f r e q u e n c y  b r e a k p o i n t  fj (14) 

1 
f, - [7] 2rr C (R, + Rn) 

l ies at  1.3 mHz  for  t he  p a r a m e t e r s  ca lcu la ted  for  t = 29h. I t  
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Fig. 8. Bode plot and fit to model in Eq. [6] for 4340 steel RCE in 0.SM 
NaCI. 

s h o u l d  b e  n o t e d  t h a t  a dc m e a s u r e m e n t  of Rp in  th i s  case  
h a d  to be  car r ied  ou t  w i t h  a s can  ra te  of less t h a n  4 • 10 -:~ 
mV/s  or 14 m V / h  (26). M a n y  r e p o r t e d  d i s a g r e e m e n t s  be- 
t w e e n  e l ec t rochem i ca l  and  weigh t - loss  m e a s u r e m e n t s  c an  
b e  t r a c e d  to a cho ice  of  an  excess ive ly  h i g h  s c a n  rate,  
w h i c h  leads  to a Rp va lue  whLch is too  low. 

Fo r  i n h i b i t o r  A, t he  h i g h - f r e q u e n c y  t i m e  c o n s t a n t  indi-  
ca t ing  p r e s e n c e  of  a p o r o u s  i n h i b i t o r  layer  was  no t  ob- 
served.  Over  a 48h e x p o s u r e  per iod,  Rp i n c r e a s e d  s lowly 
f rom a b o u t  1 • 105 to 4 • 105 ~ c m  2, w i t h  l i t t le  c h a n g e  of  
t he  capac i tance �9  S imi la r  r e su l t s  were  o b t a i n e d  for inh ib i -  
to r  B, w h i c h  was  less e f fec t ive  t h a n  i n h i b i t o r  A (Fig. 11)�9 

Deionized water . - -The op t imized  m e t h o d  for o b t a i n i n g  
accu ra t e  i m p e d a n c e  data ,  w h i c h  was d e v e l o p e d  for th i s  
s tudy,  also m a k e s  it pos s ib l e  to ob ta in  i m p e d a n c e  spec t ra  
in  l ow-conduc t iv i t y  m e d i a  s u c h  as de ion ized  water �9  Da ta  

4340 STEEL RCE/O.5N NaCI + lOmM NaNO 2. t = 4h 
i I i i I I I I 90 

" .  45 z~ 

o o 
2 1 0 1 2 3 4 5 6 

LOG co (~ IN RAD/S) 

Fig. 9. Bode plots for 4340 steel RCE in 0.SM NaCI + 10 n ~  NAN02. 

for  sho r t  e x p o s u r e  t i m e s  cou ld  no t  be  ana lyzed ,  s ince  R~ 
> Rp. F i g u r e  12 s h o w s  da ta  for  e x p o s u r e  t i m e s  of 2.5h a n d  
a fit to t he  m o d e l  in  Eq. [6] a n d  for 4.5h. The  a g r e e m e n t  
b e t w e e n  t he  mode l  a n d  the  e x p e r i m e n t a l  da ta  is r emarka -  
ble, cons ide r i ng  t he  diff icul ty  of c o n d u c t i n g  th i s  exper i -  
men t .  

F i g u r e  13 shows  t he  t i m e  d e p e n d e n c e  of  t he  co r ros ion  
ra te  ( exp re s sed  as Rp-1), Eco,, a n d  Ra. The  inc rease  of  the  
co r ros ion  ra te  w i t h  t i m e  is a c c o m p a n i e d  by  a c o n t i n u o u s  
dec rea se  of  the  so lu t ion  r e s i s t ance  Ra and  a sh i f t  of  Ecorr to 
m o r e  nega t i ve  va lues .  

Fo r  de ion ized  w a t e r  c o n t a i n i n g  10 m M  NaNO~ (Fig. 14), 
t w o  t i m e  c o n s t a n t s  c an  b e  resolved.  The  Rp v a l u e  in- 
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Fig. 13. Time dependence of Rp -1, Ra, and Ecorr for 4340 steel RCE 
steel in deionized water. 

creases by more than a factor of 20 during the 48h expo- 
sure test. For the inhibitor B, a continuous decrease of R, 
with time was observed, combined with a decrease of R~, 
a shift to more negative values of Eo .... and an increase of 
the capacitance C (Fig. 15). A very good fit to the theoret- 
ical model (Eq. [6]) was observed for the parameters 
shown in Fig. 15 for t = 7h. 

It  will be noted that the experiments  in deionized water 
allow the study of the effects of inhibiting ions without 
the presence of any other ions (except corrosion pro- 
ducts), which could have synergistic effects. This ques- 
tion will be addressed when all data of this test series 
have been collected and analyzed�9 

Summary 
The concepts of interface and interphase inhibition 

have been discussed briefly. Examples of interphase inhi- 
bition have been given for steel in a variety of neutral, 
aerated solutions containing corrosion inhibitors using ac 
impedance spectroscopy. For Na2SO4 solutions, the polar- 
ization resistance has been determined from the imped- 
ance spectra and from dc measurements,  with good 
agreement between both data. The impedance data fit a 
theoretical model with deviations from ideal capacitive 
behavior which could be due to surface inhomogeneities. 
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Porosity of inhibitor layers can result in an additional 
t ime constant at high frequencies. 
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Recent Developments with High Temperature Stabilized-Zirconia 
p H Sensors 

Mike J. Danielson* and Oscar H. Koski 

Pacific Northwest Laboratory, Richland, Washington 99352 

Jonathan Myers 

Rockwell Hanford Operations, Richland, Washington 99352 

ABSTRACT 

The pH response of 8 weight percent yttria-stabilized zirconia sensors is examined over a temperature range of 
373-573 K. Good pH response was found throughout the temperature range. The internal half-cell was discovered to be 
poised by oxygen, which permits some simplification in the calibration of the sensor. Activation energy measurements 
imply that the primary conduction process involves the oxide ion. An improved electrical]mechanical seal is also dis- 
cussed. 

pH is the most important variable in water chemistry. It 
is often overlooked today, but pH electrodes operating at 
298 K lead to the determination of the thermodynamic 
properties of many aqueous species. The lack of a simp]e 
and reliable pH electrode for environments above 373 K 
has been a great impediment  to assembling the thermo- 
dynamic data base to make aqueous chemistry at eleva- 
ted temperatures a quantitative science. 

Niedrach (1) was the first to publish the high tempera- 
ture (558 K) pH response of yttria-stabilized zirconia 
closed-end tubes, pH response was shown to be indepen- 
dent of the redox state of the solution. This initial design 
used an aqueous internal buffer, but all later designs fea- 
tured a solid-state Cu/Cu~O internal cell. No doubt the 
change to a solid-state design was needed because (i) the 
sensors have an extremely high impedance at lower tem- 
peratures and the complicated electrical]pressure seal 
with an aqueous fill could result in a shunting of the in- 
ternal cell, and (ii) the pH of the internal butter can easily 
degrade with time resulting in a potential drift. Niedrach 
(2) was awarded a patent on pH sensors which are oxide- 
ion conductors. In later papers, (3, 4), his work was ex- 
tended to lower temperatures and to the geothermal 
environment. The senors have nearly perfect Nerstian re- 
sponse at 558 K and do not suffer degradation even after 
weeks at elevated temperature. However, their 368 K re- 
sponse has been less ideal, with reports that the probes 
become sluggish with duration of exposure (at 368 K) and 
that temperature cycling between 558 and 368 K results in 
a loss o f p H  response at the lower temperature. Very little 
work has been carried out at temperatures between 368 

* Electrochemical Society Active Member. 

and 558 K. Niedrach has successfully used both 8 and 17 
weight percent (w/o) yttria-stabilized zirconia sensors in 
his investigations. Until recently, all electrical/pressure 
seals were made at the open end of the tube using Conax 
(Buffalo, New York) fittings. Tube breakage, as well as 
solution leakage into the seal region (especially with tem- 
perature cycling), has been a problem which results in 
shunting out of the pH sensor. Niedrach and Stoddard (5) 
have recently replaced the Conax pressure fitting by 
brazing the sensor directly to a titanium fitting. In this 
latest paper, they show that the pH response at 368 K is 
free of sodium-ion error in alkaline solutions and is 
Nerstian throughout the entire pH range. However, the 
pH response becomes increasingly sluggish with t ime of 
exposure, and they suggest it is due to slow hydrolysis re- 
actions at the grain boundaries where second phase mate- 
rials exist. One recurring problem with Niedrach's pH 
measurements in his lack of success in using a high tem- 
perature reference electrode. Consequently, his potential 
data could not be placed on the Standard Hydrogen Elec- 
trode (SHE) scale. 

Tsuruta and Macdonald (6) examined the pH response 
of one 17 w/o yttria-stabilized zirconia sensor at 373, 423, 
573, 498, 523, and 548 K. Design details are sparse on the 
electrical/mechanical seal. The closed-end sensor tube 
penetrates into the autoclave and is in contact with the 
solution whose pH is to be measured. The inside of the 
sensor tube is filled with an aqueous buffer containing 
KC1. The Ag/AgC1 portion of the electrode sits at ambient 
temperature (resulting in a thermal liquid junction poten- 
tial), though the pressure on the inside of the tube is at 
the saturation pressure fixed by the highest temperature. 
Degradation of the internal buffer was a problem until it 
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was replaced with 0.01M KOH. A hydrogen electrode was 
included within the autoclave so that the pH could be 
measured, and the pH response of the sensor was evalu- 
ated over a Wide range of pH buffers (approximately 3-9). 
In general, they found a good Nerstian pH response at 
temperatures above 473 K, although there was a small de- 
viation on the acid side (pH of 3-5). Large, unexplained 
deviations from Nerstian response were observed at 373 
and 423 K. Niedrach et al. (5) do not observe with this 
brazed sensor any significant deviations from Nerstian 
response at 368 K throughout  the entire pH range. Be- 
cause Tsuruta et al. (6) observe their largest deviations in 
pH response at 373 and 423 K, where the impedance of 
the sensors is greatest, the most likely explanation for 
their results is electrical shunting of the Ag/AgC1 termina- 
tion by some lower impedance path made possible by 
aqueous solutions on both sides of the sensor. 

In this paper, we will discuss some observations and 
improvements  with yttria-stabi]ized zirconia pH sensors 
which will bring them closer to successful and conven- 
ient use in the laboratory and field. 

Experimental 
A total of 62 zirconia tubes of 8 w/o yttria were pur- 

chased from Coors (ZDY-4 composition; Golden, Colo- 
rado) and Corning (Solon, Ohio) in the standard dimen- 
sions of 0.64 cm od (0.25 in.) and 0.48 cm id (0.19 in.). They 
were mounted in standard Conax fittings (Buffalo, New 
York) and installed in a 3.8 liter Hastelloy-C autoclave. 
Four lid penetrations were used for zirconia pH sensors. 
Two other penetrations were used for the Ag/AgC1 exter* 
nal reference electrode (7) (0.100 molal KC1) and a 
platinized-platinum hydrogen electrode. The hydrogen 
electrode was replatinized at the beginning of each exper- 
iment using the standard procedure (8). The hydrogen 
electrode was necessary because the buffers degrade with 
time, and it permitted the determination of the actual pH 
change with which to compare the response of the zirco- 
nia pH sensors. Buffers were stored in 208 liter (55 gal) 
polyethylene barrels in which high-purity hydrogen was 
continuously sparged. The hydrogen was passed through 
a catalyst (Deoxo; Engelhard, Union, New Jersey) to re- 
move the final traces of oxygen before entering the 
tanks. A high-pressure pump recirculated the buffer solu- 
tion through the autoclave at 2.6 Yh with a pressure of 
10.1 MPa (1450 psig). Solution exited the autoclave 
through a cooler, the pressure relief valve, and back to the 
storage tank. Only two buffers were used in this study 
and were chosen to bracket the values expected in natu- 
ral ground water. They were 0.0tM B(OH)3 and 0.01M 
B(OH)3 + 0.01M NaOH. Table I shows the pH values at 
temperatures calculated using the data of Baes and 
Mesmer (9). Dimer formation of boric acid was taken into 
account, as well as activity coefficients, using the Debye- 
Huckel  relation. A separate instrumentation-grade high 
input impedance preamplifier (>10J~tl, Beckman Mode] 
633100; Fullerton, California) was used for each of the 
five pH sensors, and all shared the common external ref- 
erence electrode. Data was stored at 30 min intervals on a 
Model 2240B Fluke Datalogger (Seattle, Washington). pH 
response was studied in 50 K increments over a tempera- 
ture range of 373-573 K. Duration of experiments  varied 
from 5 to 30 days. 

The electronic assembly illustrated in Fig. 1 was used to 
determine the resistive impedance. The sinusoidal fre- 
quency for the ac interrogation was 10 -3 Hz with an am- 

Table I. pH buffer data 

0.01M B(OH):3 0.01M B(OH):~ + 0.01M NaOH 
Temperature pH pH 

298 K 5.57 10.56 
373 K 5.41 9.51 
423 K 5.39 9.14 
473 K 5.42 8.94 
523 K 5.48 8.91 
573 K 5.56 9.04 

BLOCK DIAGRAM 
I ~1 ~ pH AMPLIFIER ~ ISOLATION WAVE MODULE AMPLIFIER GENERATOR L/N G =1.00 

HP3325A #316529 AD279 ~ X-Y RECORDER 1 HOUSTON MODEL 2000 J 

pH AMPLIFIER CIRCUIT CONFIGURATION 

WAVE ! " ~ ~  GENERATOR 

Fig. 1. AC measurement system 

II TO ISOLATION AMPLIFIER 

plitude of 1V peak to peak. The pH/reference electrode 
pair was used either in the input (Zi) or feedback circuit 
(Zr), whichever suited the following criteria: (a) the feed- 
back impedance was lower than 109tl to ensure that the 
bandpass and bias offset currents of the amplifier made 
no contribution to the observed results; (b) the current 
level was insufficient to polarize the reference electrode; 
and (c) the output voltage of the amplifier was substan- 
tially below saturation. The resistive impedance changes 
approximately by a factor of 10 for each 50 K. The tem- 
perature range of the study was 373-573 K; therefore, four 
decades of resistance values were required to optimize 
the amplifier gain. Lissajous plots of the current vs. po- 
tential behavior were recorded on an X-Y recorder. From 
these plots, the impedance of the sensors was deter- 
mined. At low temperatures, the pH response is a low fre- 
quency phenomenon. At 368 K, the ac response is inde- 
pendent  o f p H  at frequencies above 10 -2 Hz. 

Sensor Mounting 
The two major problems with mounting the ceramic pH 

sensors are their fragility and high impedance. Polytetra- 
fluorethylene (PTFE) is used as the pressure sealant in a 
Conax (Model PG2-250-B-T; Buffalo, New York) packing 
gland. This design is shown in Fig. 2. The soft sealant 
applies the compressive load in a uniform manner to min- 
imize tube breakage. Unlike Niedrach's (1-4) early de- 
signs, the electrical termination region of the sensor was 
moved outside the PTFE pressure sealant region to en- 
sure that any traces of moisture leaking out of the seal 
could not shunt the pH signal. A ceramic collar is ce- 
mented to the sensor barrel (Cotronics 940; Brooklyn, 
New York) to prevent the sensor from being extruded out 
of the pressure fitting. Belleville spring washers are used 
to spring load the PTFE sealant to improve the seal relia- 
bility during temperature cycling. 

pH Response Amongst New Tubes 
To understand how frequently natural pH response ap- 

pears in 8 w/o yttria-stabilized zirconia sensor tubes, a to- 
tal of 62 tubes were purchased from Coors and Corning 
and subjected to a rapid pH screening test at 358 K. The 
test protocol was to place the sensors in a National Bu- 
reau of Standards (NBS) pH 4 buffer thermostated at 
358 K. 1M KC1 with an Ag/AgC1 electrode was used inside 
each tube, and the potential was measured against a 4.0M 
KC1, Ag/AgC1 reference electrode at temperature. They 
were exposed to the pH 4 buffer for no more than 30 min 
before they were placed in a NBS thermostated pH 9.8 
buffer, and the potential was recorded after 60 sec. This 
test was only for screening, not for steady-state pH re- 
sponse; however, 60 of the tubes responded with >80% 
Nerstian response. Two tubes had no response and were 
found to be ci'acked. This test demonstrated that pH re- 
sponse is a common phenomenon at least among these 
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b a t c h e s  of  tubes .  U n l i k e  t he  glass  p H  e lec t rode ,  l ong  hy- 
d r a t i o n  t imes  are no t  n e e d e d  to deve lop  p H  re sponse .  

Activation Energy 
The  ac t iva t ion  e n e r g y  of the  p H  senso r s  was  deter-  

m i n e d  over  a t e m p e r a t u r e  r ange  of 373-573K b y  
m e a s u r i n g  t he  ac i m p e d a n c e  a t  10 -:~ Hz. AC m e t h o d s  are  
p r e f e r r e d  b e c a u s e  the  p H  senso r s  polar ize  w h e n  u s i n g  dc 
m e t h o d s .  F o u r  d i f fe ren t  types  of  i n t e rna l  e l ec t rodes  were  
u s e d  

1. A n  Ag coat  app l i ed  by  b r u s h i n g  s i lver  p a i n t  (Aremco  
no. 525; Oss ining,  N e w  York)  on  the  b o t t o m  of  t he  t u b e  to 
a h e i g h t  of  a b o u t  2.5 cm;  o v e n  b a k i n g  at  573 K to r e m o v e  
t he  o rgan ic  b inde r ;  a n d  e lect r ica l  con t ac t  m a d e  w i t h  a 
c o p p e r  wire.  

2. 99.9% s i lver  p o w d e r  p l a c e d  ins ide  t he  t u b e  to a d e p t h  
of a b o u t  2.5 c m  a n d  c o n t a c t  m a d e  w i t h  a c o p p e r  wire.  

3. G r a p h i t e  p o w d e r  p l aced  ins ide  t he  t u b e  to a d e p t h  of  
2.5 c m  w i t h  c o n t a c t  b y  a c o p p e r  wire. 

4. A Cu/Cu20 (A. R. g r a d e  chemica l s )  m a d e  a c c o r d i n g  
to N i e d r a c h ' s  rec ipe  (3) of  l : l : : C u  p o w d e r : C u 2 0  p o w d e r  
(by mass )  to a d e p t h  of  2.5 cm;  con t ac t  m a d e  w i t h  a cop- 
pe r  wire.  
A leas t  squa re s  fit of  t he  i m p e d a n c e  da ta  as a f u n c t i o n  of  
t e m p e r a t u r e  is s h o w n  in  Fig. 3 for s enso r s  in  t he  bas ic  
buffer .  A c t i v a t i o n  ene rg i e s  were  lowes t  for  t he  Cu/Cu~O 
a n d  Ag coat  e l ec t rodes  at  22.9 kcal.  Data  (12) on  t he  h i g h  
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Fig. 3, Arrhenius plots ofpH sensors 

t e m p e r a t u r e  (673-923 K) b e h a v i o r  of 8 w/o y t t r ia - s tab i l i zed  
z i rconia  o x y g e n  p r o b e s  w h e r e  the  c o n d u c t i o n  m e c h a n i s m  
is k n o w n  to be  due  to t h e  ox ide  ion revea l s  a n  ac t i va t i on  
e n e r g y  for  c o n d u c t i o n  of  23 kcal.  S imi la r i ty  in  t he  act iva-  
t i on  ene rg ies  i nd i ca t e s  t h a t  the  c o n d u c t i o n  m e c h a n i s m  
w i t h  t he  p i t  s enso r s  is m o s t  l ike ly  due  to ox ide - ion  con-  
duc t ion .  

The  g r a p h i t e  fill h a d  t he  h i g h e s t  ac t iva t ion  e n e r g y  (33.6 
kcal),  a n d  th i s  d e m o n s t r a t e s  t h a t  t he  i n t e r n a l  e l ec t rode  
can  d o m i n a t e  t he  c o n d u c t i o n  process .  M e a s u r e d  po ten-  
t ials  f rom th i s  e l ec t rode  were  also severa l  h u n d r e d  m V  
m o r e  nega t ive  t h a n  t he  o thers ,  a n d  its p H  r e s p o n s e  was  
poor.  L i t t l e  f u r t h e r  w o r k  was  d o n e  w i t h  it. 

F igu re  3 da ta  i l lus t ra te  t he  i m p e d a n c e  e n c o u n t e r e d  
w i t h  p H  sensors .  Va lues  of  109-10'~ at  373 K are  c o m m o n ,  
t h o u g h  t he  va lues  fall d r ama t i ca l l y  w i t h  i n c r e a s e d  tem-  
pe ra tu re .  I t  is a t  t h e  l o w e s t  t e m p e r a t u r e s  t h a t  o the r  re- 
s ea r che r s  h a v e  h a d  the  m o s t  t r oub l e  w i t h  t he  p H  sensors ,  
a n d  we be l ieve  th i s  is par t ia l ly  due  to s h u n t i n g  of  the  
h i g h - i m p e d a n c e  p H  signal .  S h u n t s  cou ld  easi ly  r e su l t  
f r om t races  of mois tu re .  The  i m p e d a n c e  of  t he  e l ec t rodes  
w h i c h  h a v e  an  Ag coat  as a n  in t e rna l  fill are a l m o s t  a fac- 
to r  of  10 lower  t h a n  e l ec t rodes  w h i c h  use  t he  Cu/Cu~O 
fill, a n d  for  t h a t  r e a s o n  m o s t  of  our  w o r k  ha s  u s e d  Ag. A n  
add i t i ona l  p r o b l e m  w i t h  t he  Cu/Cu~O fill is t h a t  it cont in-  
ues  to oxidize  w i t h  t ime.  The  mo la r  v o l u m e  of  t he  ox ide  
is la rger  t h a n  t h a t  of  t he  meta l ,  and  the  t u b e s  will  ulti- 
m a t e l y  be  p l aced  u n d e r  t ens ion .  One t u b e  w i t h  Cu/Cu~O 
fill fai led by  c r a c k i n g  f rom t h e  ins ide  at  the  fill region.  

The  h i g h  i m p e d a n c e  of the  sensors  i nc r ea se s  the  t ime  
c o n s t a n t  of  t he  sys tem,  w h i c h  also p laces  a low t e m p e r a -  
t u r e  l imi t a t ion  on  t h e i r  p rac t i ca l  use  b e c a u s e  four  t ime  
c o n s t a n t s  m u s t  pass  be fo re  t he  m e a s u r e d  vo l t age  is 99.9% 
of  t he  final value.  Fo r  example ,  t he  B e c k m a n  i n s t r u m e n -  
t a t i on -g rade  p r e a m p l i f i e r s  r equ i r e  a b o u t  60 m i n  to r e a c h  
full  r e s p o n s e  for  a p u r e l y  res i s t ive  10"t~ load.  E i t h e r  p H  
senso r s  m u s t  be  d e v e l o p e d  w i t h  a m u c h  lower  res i s tance ,  
or  e l ec t rome te r s  m u s t  b e  d e v e l o p e d  w h i c h  h a v e  a lower  
i n p u t  c apac i t ance  i f  z i rcon ia  p H  sensors  a re  to h a v e  a 
p r a c t i c a l  u se  be low 373 K. 

pH Response 
The  p H  a n d  po t en t i a l  da ta  for  a 20-day e x p e r i m e n t  is 

s h o w n  in Tab le  II. All s enso r s  were  s u b j e c t e d  to a 573 K 
" s e a s o n i n g "  (48h) be fo re  t he  au toc lave  was  cooled  to 
373 K a n d  t he  p H  r e s p o n s e  was  d e t e r m i n e d  u s i n g  t he  two 
buffers .  The  h y d r o g e n  e l ec t rode  r e s p o n s e  to t he  buf fe r  
was  u s e d  as t he  p r i m a r y  s t anda rd ,  w i t h  the  r e s p o n s e  of 
the  z i rconia  p H  sensors  c o m p a r e d  to it. S t a n d a r d  devia-  
t ions  of  the  da ta  are also shown.  T e m p e r a t u r e s  were  in- 
c r ea sed  in  50 K i n c r e m e n t s  to 573 K, w h e r e u p o n  t h e  auto-  
c lave was  aga in  coo led  to 373 K. The  p H  r e s p o n s e  of  t h r ee  
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Table II. pH response 

373K 423K 

Sensor Description pHresponse  Ez,.- E~(mV) pHresponse  Ez~ - Es2(mV) 

0 H~ 100 • 1% - -  
1 Corning, Cu/Cu~O a 89 • 1% 1123 • 1 

1151 • 3 
2 Corning, Ag h 98 • 1% 1109 • 1 

1113 • 2 
3 Corning, Agc 46 • 2% 1020 • 3 

1154 • 4 
4 Corning, Ag ~ 100 • 1% 1115 • 2 

1116 • 2 

100 • 3% 
92• 7% 1090• 3 

1074 • 14 
103 • 6% 1090• 2 

1097 • 12 
43 • 10% 1111 • 6 

990 • 19 
106• 6% 1088• 1 

1100 • 12 

473K 523K 

Sensor pHresponse  Ezr - EH~ (mV) pHresponse  Ezr - E,~ (mV) 

0 100 • 1% - -  100 • 1% - -  
1 106 • 1047 • 3 100 • 4% 1013• 3 

1033• 7 1014• 9 
2 102 • 1069• 4 97 • 3% 1023 • 2 

1065 • 6 1016 • 8 
3 87 •  1049• 4 98• 3% 1040• 3 

1079• 9 1034 • 8 
4 102 • 3% 1064 • 4 100• 2% 1015 • 1 

1060• 6 1016• 6 

573K 373K 

Sensor pHresponse  Ez~ - E.~(mV) pHresponse  Ez~ - Es~(mV) 

0 190 • 2% - -  100 • 2% - -  
1 100• 964• 10 81• 6% 1166• 1 

963 • 11 1124 • 12 
2 100• 970• 10 102• 6% 1114• 1 

971 • 11 1118 • 12 
3 99•  989• 9 0% 1101 • 4 

992 • 11 854• 9 
4 100• 962 • 7 103 • 6% 1119 • 0 

961• 9 1126• 12 

Sensor previously subjected to 17 days of autoclave testing -> 373 K. 
b New sensor. 

Sensor previously subjected to 40 days of autoclave testing -> 373 K. 

of  the  sensors  is good,  w i th  two  of  t h e m  (no. 2 and  no. 4) 
excep t iona l  t h r o u g h o u t  the  ent i re  t e m p e r a t u r e  range.  
Senso r s  no. 2 and  no. 4 have  s ince b e e n  sub j ec t ed  to over  
45 days  of  au toc lave  t e s t i ng  wi th  con t inued  exce l l en t  re- 
sults. One of  the  sensors  (no. 3) is defec t ive  because  its p H  
r e s p o n s e  at 373 and  423 K is less  t h a n  50% of  theoret ical .  
At  >- 473 K, the  p H  r e s p o n s e  of  th is  s enso r  (no. 3) is 
Nerns t ian ,  t h o u g h  it is comple t e ly  u n r e s p o n s i v e  w h e n  re- 
t u r n e d  to 373 K. All our  tes t s  s h o w  tha t  exce l l en t  p H  re- 
s p o n s e  is c o m m o n  to s enso r s  at t e m p e r a t u r e s  -> 473 K. 
This  genera l  obse rva t i on  has  b e e n  conf i rmed  by  
Nied rach  (3, 4) and  Tsuru ta  et al. (6). The low t e m p e r a t u r e  
failure of  s enso r  no. 3 is no t  u n d e r s t o o d  because  the  im- 
p e d a n c e '  has  no t  d e c r e a s e d  (which  wou ld  ind ica te  micro-  
cracking)  and  a r e p l a c e m e n t  of  the  in te rna l  half-cell  d id  
no t  res to re  the  pe r fo rmance .  A large e n o u g h  popu la t ion  
of  aged  p H  sensors  has  no t  b e e n  e x a m i n e d  as ye t  to un-  
d e r s t a n d  the  failure m o d e s  at low t empera tu re .  It is not  
pos s ib l e  to s ta te  w h e t h e r  the  behav ior  of  s enso r  no. 3 is 
r ep re sen t a t i ve  or anomalous .  

The  poten t ia l s  for " s e a s o n e d "  sensors  in Table  II are 
m e a s u r e d  b e t w e e n  the  z i rconia  pH senso r  and  the  hydro-  
gen  e l ec t rode  in the  autoclave.  They are r ep re sen ta t ive  of 
the  va lues  m e a s u r e d  in o the r  expe r imen t s .  Table  III con- 
ta ins  the  ca lcula ted  s t a n d a r d  po ten t ia l s  (10) for the  
h y d r o g e n - o x y g e n  e lec t rode ,  as well  as the  poten t ia l s  
e x p e c t e d  for the  sy s t em s tud ied  in the  autoclave.  As 
Niedrach  (5) has  po in t ed  out  in a cons ide ra t ion  of  the  
e l ec t rochemica l  equ i l ib r ium at each  interface,  only the  
f u n d a m e n t a l  p H - d e t e r m i n i n g  reac t ions  s h o w  up  in  the  
final pH-po ten t i a l  express ion .  In  th is  case, we  cons ide r  
t h o s e  reac t ions  to be  

1/2 O2(g-inside) + 2e-(metaYZrO2-inside) 
= O2-(ZrO~-inside) [1] 

O2-(ZrO,-inside) = O2-(ZrO2-soln.) [2] 

2H+(1) + O"-(ZrO2-soln.) = H20(1) [3] 

H2(g) = 2H+(1) + 2e-(Pt)  [4] 

H2(g) + 1/2 O2(g-inside) = H~O(1) + 2e-(Pt)  
- 2e-(metal/ZrO2) [5] 

O x y g en  in the  air ~,~ = 0.2) is a s s u m e d  to cont ro l  the  
o x y g en  fugaci ty  on the  ins ide  of  the  z i rconia  sensor ,  and  
d i sso lved  h y d r o g e n  in so lu t ion  is a s s u m e d  to cont ro l  the  
h y d r o g e n  fugaci ty in the  autoclave.  The  data  in  Table  III 
s h o w  the  theore t ica l  po ten t ia l s  for the  h y d r o g e n - o x y g e n  
e lec t rode  u n d e r  s t a n d a r d  cond i t ions  (E ~ and  co r rec ted  for 
h y d r o g e n  fugaci ty  t e m p e r a t u r e  effects  (E*). H y d r o g e n  is 
spa rged  into the  buf fe r  so lu t ions  at 298 K w h e r e  fH2 is 
def ined  as unity.  Therefore ,  a Henry ' s  law cor rec t ion  fac- 
tor  (11) is neces sa ry  to calculate  the  fH2 and  theore t ica l  po- 
tent ia l  (E*) at  e levated  t empe ra tu r e s .  Equa t ion  [5] shou ld  
no t  s h o w  any p H  response .  It is surpr i s ing  to d i scover  the  
good  a g r e e m e n t  b e t w e e n  the  m e a s u r e d  poten t ia l s  of 
Table  II and  the  ca lcula ted  t h e r m o d y n a m i c  poten t ia l s  of 
Table  III. This ind ica tes  tha t  the  in ternal  half-cell  of  the  
z i rconia  sensors  is " p o i s ed "  by  the  o x y g e n  e lec t rode ,  even  

Table Ill. Theoretical potentials for hydrogen-oxygen electrode 

Temperature E ~ (mV) E* (mV) 

298K 1229 - -  
373K 1167 1158 
423K 1127 1112 
473K 1088 1062 
523K 1050 1009 
573K 1013 951 
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at temperatures as low as 373 K. Four different internal 
fills have been used: 1) graphite; 2) Cu/Cu20; 3) Ag; and 
4) Ag/AgC1. Once they have been seasoned at 573 K, fills 
2-4 all act as oxygen electrodes between 373 and 573 K. 
The potential of the graphite fill is several hundred milli- 
volts more reducing. 

A test was performed to determine if the internal fill is 
poised by gas-phase reactions. Hydrogen gas was intro- 
duced into the inside of the Ag fill sensors at 438 and 
573 K. An almost instant change of potential in the 
reducing direction was noticed. Unfortunately, steady- 
state potentials measured during this test do not exactly 
correspond to the potential difference expected for the 
hydrogen fugacity difference between the inside of the 
autoclave and the inside of the sensor. The more negative 
potential seen with the graphite is apparently due to its 
tendency to create a reducing environment resulting in a 
low-oxygen fugacity. Hydrogen is apparently working in 
an analogous manner. 

Between 523 and 573 K, newly made Cu/Cu20 or Ag fill 
sensors suddenly jump several hundred millivolts in the 
oxidizing direction and become poised by oxygen. Once 
poised, they remain poised when returned to 373 K. Tests 
as long as two weeks at 373 K indicate that they are still 
poised. However, if a "seasoned" sensor (Cu/Cu.~O or Ag 
fill) is permitted to stand at ambient temperature for 
more than a couple of days and is retested at 373 K, it will 
no longer be poised to oxygen and suffers a significant 
loss of pH response. These sensors can be restored by 
autoclaving between 523 and 573 K or baking (in air) in a 
623 K oven. An example of this behavior can be seen in 
Table IV, in which the sensors were kept at ambient con- 
ditions for a week before testing at 373 K. The opt imum 
restoration procedure has not been investigated as yet. 
Silver oxide forms below 425 K when in equilibrium with 
the oxygen in air. It was hypothesized that the reforma- 
tion of silver oxide at ambient  conditions resulted in a 
loss o f p H  response. However, tests with hydrogen (which 
would reduce the silver oxide) at 438 K had no effect on 
poising the potential. We currently believe the problem is 
due to the absorption of moisture at the zirconia-metal 
(internal) interface which interferes with the kinetics of 
the electrochemical conversion of oxygen (gaseous) into 
oxide ion. If the reaction rate becomes sufficiently slow, 
even the small current demands of the electrometer can 
polarize the interface and result in an apparent loss o f p H  
response. The result of the high temperature bakeout 
may be to dehydrate the surface. The oxygen electrode is 
so irreversible in aqueous solutions that the thermody- 
namic potential is never observed. Yet it is observed 

Table IV 

373K 

Sensor Description pH response Ez,. - EM 2 (mV) 

1 Corning, Ag 84 • 1% 1061 • 3 
1106 • 2 

3 Corning, Ag 84 • 1% 1068 • 2 
1114 • 1 

573K 

Sensor pH response Ez~ - E, 2 (mV) 

1 103• 966• 1 
972 • 16 

3 102• 6% 959• 2 
964 • 17 

373 K (return) 

Sensor pH response Ez,. - EH.~ (mV) 

1 100 • 2% 1116 • 2 
1117 • 2 

3 98 • 1118 • 0 
1122 • 0 

when a ceramic oxide is used as the electrolyte con- 
necting the aqueous side of the cell with the gaseous 
portion. It may be that water slows down the oxygen- 
oxide kinetics. 

Compositional Differences 
Theoretically, if all the interfaces are at equilibrium, the 

composition of the stabilized zirconia will not affect the 
potential. Two different manufacturers of 8 w/o yttria- 
stabilized zirconia were used in this study. The Coors ma- 
terial (ZDY-4 composition) is white and is found by x-ray 
diffraction to be cubic in structure (13). X-ray spectropho- 
tometric analysis of the grain boundaries with a SEM 
(scanning electron microscope) revealed significant 
amounts of Ca, A1, and Si, implying that some second- 
phase glassy materials are present (possibly added to 
assist the sintering process of manufacture). Re-examin- 
ation of the grain boundaries with a SEM after several 
days of autoclaving at 573 K revealed a significant wid- 
ening, indicating that the second-phase materials were 
dissolving. A higher purity composition (ZDY-8) has not 
been evaluated. 

The Coming material is yellow-colored. X-ray diffrac- 
tion revealed both a cubic and tetragonal structure. SEM 
analysis indicated only small amounts of Ca at the grain 
boundaries, and the grain boundaries did not show signi- 
ficant widening after several days at 573 K. No iron was 
found. 

The data will not be shown, for brevity, but for "sea- 
soned" sensors, there was no significant difference in po- 
tentials between the Coors and Coming zirconia through- 
out the temperature range of study. 

Calibration 
A major deterrent to the use of high-temperature pH 

sensors is problems associated with their calibration at a 
given temperature. Now that we have recognized that 
poised (seasoned) sensors are acting in a thermodynamic 
manner to oxygen, it should be possible to calibrate them 
at a lower temperature and predict their pH-potential be- 
havior at higher temperatures. We have not done this as 
yet, but  in principle the following procedure could be 
carried out 

1. Prepare new sensors and season them in a 623 K 
oven. 

2. Verify their pH response and that the potentials are 
poised by oxygen at 368 K (open beaker) using NBS 
buffers. 
3. Install pH electrodes in the high-temperature pro- 

cess. 
4. pH-potential response can be interpreted by using a 

reference electrode whose potential is known with re- 
spect to the standard hydrogen electrode. The data in 
Table III can be used to convert the potential into pH 
using the Nernst equation. 
The pH accuracy using this method would be estimated 
by considering the difference between the poised poten- 
tial the sensor developed and the calculated thermody- 
namic value. Using the data of Table II for 573 K, if the 
measured potential was within + 30 mV of the calculated 
thermodynamic value, the uncertainty in the measured 
pH would be -+30 mV/(ll4 mV/pH) = +0.3 pH units. If 
greater pH accuracy is needed, then the sensor should be 
calibrated in an autoclave at the process temperature for 
later installation into the process. Another method in 
which the calibration plumbing is combined with installa- 
tion in the high-temperature process has been discussed 
by Niedrach (4) for geothermal applications. 

Discussion 
There is no problem with using zirconia pH sensors 

above 473 K. Once they are poised, they appear to be sta- 
ble with regard to potential and pH response over a pe- 
riod of at least 4-6 weeks. Longer term stability has not 
been pursued at this time. The principal deterrent for use 
above 473 K is difficulty with the calibration. Our discov- 
ery that the sensors are reversible to oxygen will assist in 
their calibration. 
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A more serious problem is their performance below 
473 K. Currently, for a pH sensor to be used below 473 K, 
it must  first be subjected to an autoclaving of 523-573 K 
in order for its potential to become poised. Sensors not 
autoclaved above 523 K will still have pH response, but 
their pH response is superior and their calibration more 
stable when they are poised. Another separate problem is 
the degradation of their response below 473 K due to 
aging effects from extended autoclave exposure. We have 
only seen this behavior with a couple of sensors and have 
not been able to relate it to any other parametric changes. 
Other tubes have performed well at 373-473 K at a similar 
exposure age. It is uncertain whether we are dealing with 
a statistical failure or a general aging phenomena because 
the population of evaluated sensors is too small. How- 
ever, even these degraded sensors perform well -> 523 K.~ 

Presently, the pH sensors have too high an electrical re- 
sistance to have any practical use below 373 K. A fruitful 
study would be to examine other zirconia compositions 
or different ceramic oxide systems for improved pH re- 
sponse. Some guidelines for this study are 

1. The major ceramic conduction process must be 
ionic. Electronic conductivity will result in the sensor re- 
sponding to the redox environment.  

2. The ac impedance  of the ceramic must  be low 
enough that the small current  demands made by an elec- 
t rometer  will not result  in a significant potential  drop 
across it. 

3. The hydrogen ion exchange reaction with the solu- 
tion-ceramic interface must  be kinetically fast enough to 
appear reversible. Judging from how common pH re- 
sponse is with metal-metal oxide systems in a corroding 
environment,  adequate rates of the hydrogen ion reaction 
may be common with ceramic systems as well. 

4. The electrical connection with the ceramic must  be 
reversible so that space charges or other polarization ef- 
fects will not occur when the sensor is interrogated by the 
electrometer. We feel this region will be the major prob- 
lem area with all sensors because an electrochemical 
equil ibrium must exist to interconnect the pure elec- 
tronic conduction of the metal to the ionic conduction of 
the ceramic. 

Conclusions 
1. Good pH response was demonstrated throughout  the 

temperature range of 373-573 K. 
2. The internal half-cell of the pH sensors is reversible 

to oxygen. This behavior suggests that the sensors can be 
easily calibrated and maintain their calibration for useful 
periods of time. 

3. The pH sensors have the same activation energy as 
high temperature oxygen sensors, implying that the con- 
duction mechanism is by the oxide ion. 

4. An improved electrical/mechanical seal is demon- 
strated. 
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The Kinetics of Platinum-Oxygen Local Cells 
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General Motors Research Laboratories, Electrochemistry Department, Warren, Michigan 48090-9055 

ABSTRACT 

A model of the local cell established at bright Pt electrodes immersed in O~-saturated acid solution was constructed 
from which the potential dependence on the partial pressure of O~ and on the pH was determined. The calculated 
coefficients agreed with those experimentally determined so that Em= 1.06-0.048 pH + 0.012 log Pox. The equil ibrium O~ 
potential can be observed by eliminating this local cell action by passivating the Pt surface. 

An inert electrode behaves only as a sink or source of 
electrons and provides a catalytic surface on which the 
electrode process takes place. To construct an electrode 
system for which one of the reactants is a gas, one 
plunges an inert electrode into the proper electrolyte and 

*Electrochemical Society Active Member. 

bubbles the gas over the electrode. An oxygen electrode 
is made by immersing a Pt wire or gauze in a solution of 
H2SO4 or KOH and by bubbling O~ gas over the Pt elec- 
trodes. 

From thermodynamic studies, the standard potential 
for the oxygen electrode in acid solution 
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O=, + 4H ~ + 4e ~ 2H._,O [1] 

is calculated (1-4) to be 1.229V. When Oz is bubb led  
around a Pt  e lec t rode  i m m e r s e d  in 2N H._,SO4 solution,  the 
observed  potent ia l  is no  h igher  than 1.06V measured  
against  a Pt/H._, re ference  e lec t rode  in the same solution. 

A l though  a n u m b e r  of  explanat ions  for this  depressed  
potent ia l  of  the  0.2 e lec t rode  at rest  have  been  put  forth 
(5), it is general ly  agreed (6-10) that  the  potent ia l  is a 
m ixed  potent ia l  even  though  ag reemen t  about  the  nature  
of the oxida t ion  and reduc t ion  processes  respons ib le  for 
the  local  cell  is not  met.  

A Local Cell Model 
It  was conc luded  (11) f rom var ious  rest  potent ia l  s tudies 

that  P t  is not  inert  to O2-saturated acid solutions.  Conse- 
quent ly ,  a local cell  is set up  wi th  the reduc t ion  of O_,, Eq. 
[1], occurr ing  at ca thodic  si tes and the oxida t ion  of Pt, Eq. 
[2], at anodic  sites where  Pt-O represents  

P t + H ~ O m P t -  O + 2 H  ~ + 2 e  [2] 

a hydra ted  layer of  adsorbed  O atoms. S ince  the  overall  
local cell react ion is 2Pt  + 02 --* 2Pt-O, the  P t  surface 
should become  covered  wi th  the  conduc t ing  layer of  
Pt-O, the  local cell  should  not  exist,  the  potent ia l  should 
be de te rmined  only by Eq. [1], and the rest  potent ia l  
should  rise to 1.229V. Because  this behav ior  is not  ob- 
served,  a comple te  layer of  Pt-O mus t  not  be formed.  
Only a partial  layer of Pt-O is formed since the  adsorbed 
oxygen  can be d issolved in the  Pt  th rough  a p lace-change 
m e c h a n i s m  (12, 13) 

P t -  P t -  O ~ P t - O - P t  [3] 

p roduc ing  an u n c o v e r e d  P t  site. When the  rate of forma- 
t ion of  Pt-O by local cell act ion equals  the  rate of oxygen  
dissolut ion by the  p lace-change  mechan ism,  a s teady 
state is set up. U n d e r  these  condit ions,  the P t  surface cov- 
erage with  Pt-O is about  30% (9, 14), the  rest  potent ia l  is 
1.06V (11), and the  local cell  current  is about  10 -7 A/cm'-' 
(15, 16). It  has been  es t imated  that  it wou ld  requi re  
190,000 days to saturate  a 1 cm '~ of  P t  at the  local cell  cor- 
ros ion rate (17). 

At ca thodic  sites, the  dissociat ive  adsorp t ion  of oxygen  
f rom solut ion on the P t  surface is the  first step in the  re- 
duc t ion  of O~ 

kl 
O~ ~- 2 O~d~ [4] 

k_l  

A square  root re la t ionship  be tween  the  part ial  p ressure  
of  oxygen  and the  a m o u n t  of oxygen  adsorbed  has been  
repor ted  (9, 18). The nex t  step is the first e lec t ron dis- 
charge  step 

k., 
Gad s + e ~ O-ad s [5] 

and is cons idered  to be  the  s low or ra te -de te rmin ing  
step. This step is fo l lowed by react ion wi th  a hydrogen  
ion to form an adsorbed  OH radical  

O-~,~ + H ~ ~ OH~,,~ [6] 

Then  two OH,~ can combine  to form an H~O molecu le  
and an adsorbed  O,~, wh ich  can undergo  Eq. [5], [6], and 
[7] 

OH~d~ + OH~0~ --" H~O + O~d~ [7] 

to form another molecule of H~O and complete the overall 
reaction, Eq. [i]. This mechanism requires that the rate- 
determining step, Eq. [5], occur four times for each over- 
all reaction, Eq. [I], to take place. That is, the stoichiomet- 
ric number, v, (19) is 4. 

The rate of the cathodic reaction, v~, is 

vc = k._,(Oaas)e -~(E-E~ ~ [8] 

where  a~ is the  ca thodic  s y m m e t r y  factor and Er is the 
equ i l ib r ium potent ia l  of  Eq.  [1]. Accord ing  to s teady-state  

theory,  the  concent ra t ion  of  all in te rmedia tes  is constant  
wi th  t ime 

O ( O a ~ )  _ 0 = k , ( O 2 )  - k2(O~a~)2e  -2~c(EE~176 RT 
at 

- k _ l ( O a d s )  2 [9 ]  

Note that  Eq. [5] has  to occur  twice  for each occur rence  of 
Eq. [4]. Then  

k,(O.D 
(O~J  ~ = [10] 

k.,e-2ar Eo~ + k _  1 

However ,  k., < <  k_l, so that  

(Oa~) = ( kJk_ l )  v2 (O2) v2 [11] 

With the  subs t i tu t ion  of  Eq.  [11] into Eq. [8], we obtain  

vc = k2(kJk-1)~12( O2)l12e -~~162176 [12] 

At  anodic  sites, "ba re"  P t  surface sites, Pts,n react  wi th  
water  to form adsorbed  oxygen  atoms,  Pt-Os~f 

kl 
Ptsurf + I-I20 ~- Pt-Os~rf + 2H § + 2e [13] 

k_l 

S o m e  Pt-Osun sites can flip over  by the  place change  
mechan i sm,  Eq. [3], to p roduce  de rmasorbed  (20) oxygen,  
Pt-O,~,.~ (oxygen d isso lved  in the  surface layers or skin of  
the metal)  

Pt-O~n ~ P t - Q  .... [14] 

It  is Eq. [14] that  is cons idered  to be the s low or rate- 
de te rmin ing  step. The  de rmasorbed  oxygen  can diffuse 
into the  bulk  meta l  to regenera te  Pt~,~f sites and absorbed 
oxygen,  O,~s 

Pt-O~,~m ---> Pt~urf + Oa~,s [15] 

and to mainta in  the  local cell  action. 
The rate of  the  anodic  react ion is 

% = k._,(Pt-Osur0 [16] 

Then,  at s teady state 

0(Pt-O~0 
- 0 = k,(Pt~u,.O(H20)e 2(1-aD(E'E~~ 

Ot 

- k.2(Pt-O~,.r) - k_,(Pt-O~u~O(H~)2e -2~(~E~~ [17] 

where  a~ is the anodic  s y m m e t r y  factor and E2' is the 
equ i l ib r ium potent ia l  of  Eq.  [2]. By solving for (Pt-O~,rf) 

k~(PtsurO(H20)e2(1-aD(E'E~ F/RT 
(Pt-O~,.f) = [18] 

(k2 + k_O(H~)2e-~.(E-E~")  F/RT 

and subst i tu t ing  into Eq. [16], not ing  that  k2 < <  k_,, we 
obtain  

[ k,k.2 ~ (Pt~u~0(H20) e2(E_E~ T [19] 
V~ = \ k_, / (H~) 2 

For  the  steady-state local cell  shown in Fig. 1, v! = %, E 
becomes  the  m i x e d  potential ,  Em, the act ivi ty  of  H=,O is 
unity,  and I~ = I~ = Ih,,., the  local cell current.  Equa t ing  Eq. 
[12] to Eq. [19] 

K(Oz) l l2e-%(E~-E~~ F/RT = K '  (Pt~,.f) e2(E,_Eo,,)F/R T [20] 
(H~)'- ' 

Af ter  rear ranging te rms  

e_(2+ao)E~F/RTe(a, EJ,+ 2E ,,)F/R T _ K'(Pt~u~0 [21] 
O~,~(H-)'-' 

and take logarithms of both sides, we have 

~cE~" + 2Ea" - (2 + c~e)Em - 2 . 3 R T  log (Pt~f) 
F 

2 .3RT  2 . 3 R T  2 . 3 R T  log (H~) "-' + - -  
F l o g  (O._,)"=' F F log K" 

[22] 
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E~ 1 . 2 2 9  V 

E~" - - ~ H  2 
E~' 0 

E;.- - - - -  

I R" 02  
I 

l,..Ic = I a 

I loc 

Fig. 1. Sketch of local cell diagram for the rest potential of a Pt/O~ 
electrode showing curves for the reduction of O~ at three values of Po._, 
and for tEe oxidation of Pt. Where curves cross is the observed rest or 
mixed potential (1 .06V at Po2 = 1 ) and the current is the corrosion cur- 
rent (Io - Is = I~o~). The value forE~ o istaken from Ref. (11). P"os < P'o._, 
<Po2 = I otto. 

One now can obtain the coefficients for the dependence 
of E~ on the partial pressure of O~, Po._, and the pH 

0 log Po._, - ~ [23] 

[24] 
OpH F 

From electrochemical kinetic studies of the reduction of 
02 on a number  of metals (21), a is found to be very close 
to 0.5. At 25~ aEm/a log Po._, = 0.012V and aEm/apH = 

-0.048V. 

Test of the Model 
According to the model, the equilibrium potential of 

Eq. [1] could be observed if the local cell could be elimi- 
nated. It has been found (22-23) that the Pt surface may be 
passivated by a complete layer of electronically con- 
ducting oxide or adsorbed oxygen atoms by exposing the 
Pt  to concentrated nitric acid for periods of time greater 
than 30h. When such a passivated Pt electrode is im- 
mersed in O~-saturated acid solution, a potential of 
1.2295V is observed. A number  of other workers have also 
reported this equilibrium potential using Pt electrodes 
passivated in various ways (24-28). The aEj'/a log Po~ is 
0.015V and the aE~o/apH is 0.060V (23) as warranted by the 
Nernst equation. 

It was found (22) that passivation of Pt  in HNO:~ caused 
the Pt to be charged with dissolved oxygen to a greater 
extent than that produced by anodization of Pt (14). Plati- 
num which has been charged with dissolved oxygen will 
be referred to as the Pt-O alloy. Under the driving force of 
anodization or passivation in HNO:~, the bulk Pt reservoir 
becomes increasingly charged with dissolved oxygen. As 
a result, the rate of dissolution of adsorbed Pt-O into the 
bulk Pt decreases. To increase this dissolution rate to that 
of the local cell, the activity of Pt-O must be increased by 
increasing the steady-state coverage of Pt with Pt-O. Ac~ 
cording to Eq. [22], the rest potential, Era, increases with 
an increase in the Pt-O coverage. Experimentally, it has 
been reported by a number of researchers (14, 15, 22, 
29-31) that Em does increase with surface coverage. 

In a series of experiments,  Pt diaphragms were 
mounted between the halves of a two-compartmented cell 
(17, 32). In the front side filled with O~-saturated 2N 
H.,SO4, the rest potential of the Pt foil was monitored. 
After steady state was reached, the back side of the foil 
was anodized in N~-saturated 2N H._,SO4 against a Pt gauze 
counterelectrode. As shown in Fig. 2, the rest potential in- 
creased towards E~ ~ with the time of anodization, and the 
rate of increase in Em depended on the thickness of the 
foil or volume-to-surface ratio. 

When the potential of the front side of the Pt  diaphragm 
had reached 1.148V, the partial pressure of 02 in the front 
compartment  was varied by using O=,-N2 mixtures. The 
data are presented in Fig. 3 with a line of slope 0.012V to 
show that the data are not inconsistent with the 0.012V 
slope. By replacing a measured amount of solution drawn 
from the front compartment  with a hypodermic syringe 
by the exactly same amount  of water, the pH was varied. 
The rest potential as a function of the pH is plotted in Fig. 
4 with a line of slope 0.048 drawn to demonstrate the con- 
sistency of the data with the 0.048V slope. These data 
lend strong support to the validity of the local cell model 
of the Pt/O2 electrode. The local cell diagram for a Pt-O al- 
loy appears in Fig. 5. 

Since it was not possible to saturate the Pt metal with 
dissolved oxygen by anodization alone, the Pt diaphragm 
studies were continued with O~-saturated 2N H~SO4 in the 
front compartment  and air-saturated concentrated HNO:~ 
in the back compartment  (33). After 54h, Fig. 6, the poten- 
tial on the front side of the thinnest Pt foil reached a 
value of 1.227V and ~E/a log Po~ was 0.015V, as expected if 
Eq. [1] were potential determining. By saturating the Pt 
metal with dissolved oxygen, the local cell can no longer 
exist because "bare" Pt sites no longer exist and Eq. [1] is 
potential determining. 

I I I I I 
. . . . . . . . . . . . . . . . . . . . . . . . . . .  L 2 _ 2 _ 9  V . . . . .  

_ _  6 . 5  d a y 3 _ "  

. . . . .  ~o;o-v- . . . . .  

Lo~ 

o, I I I I J 
1 2 3 4 5 

TIME (days) 

Fig. 2. A plot of the rest potential of the front side of a Pt diaphragm in 
O~-saturated 2N H2SO4 for three thicknesses (0 .00127  cm, circles; 
0 .00254  cm, triangles; 0 .00508,  squares) as a function of the time for 
which the back side was anodized. 

1.15 

~ 1 . 1 4  

p 

0.1 

I I I I 

I I I I 
a2  03 0.5 Q8 

I 
1.0 

Fig. 3. A plot of the rest potential of the front side of a Pt-O alloy dia- 
phragm in O~-saturated 2N H.,SO4 as a function of the log Po.2. A line with 
a slope of 0 .012V is drawn through the points. 
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Fig. 4. A plot of the restpotential of the front side of a Pt-O alloy dia- 
phragm in O=,-saturated 2N H._,SO4 as a function of thepH. A line with a 
slope of 0.048V is drawn through the points. 

At  th i s  point ,  t h e  f ron t  s ide  of  t he  P t  d i a p h r a g m  was  po- 
la r ized  aga ins t  a P t -gauze  coun te re l ec t rode .  T h e  oxy- 
gen  overvol tage ,  O.,-~, at  low c u r r e n t  dens i t i e s  (34) is pre-  
s e n t e d  in Fig. 7. I t  is n o t e d  t h a t  the  ~ p a s s e s  f rom anod ic  
to  ca thod i c  va lues  t h r o u g h  E~ ~ w i t h o u t  a c h a n g e  of  slope. 
A v a l u e  of  4.2 • 10412 is o b t a i n e d  for d ~ / d i  f rom w h i c h  a 
v a l u e  of  t he  e x c h a n g e  cu r r en t ,  io, c an  b e  o b t a i n e d  f rom io 
= ( R T / n F ) ( d i / d ~ )  = 1.40 x 10 -6 A / c m  2, w h e r e  n is t he  n u m -  
b e r  of  e l ec t rons  t r a n s f e r r e d  in  t h e  r a t e - d e t e r m i n i n g  step.  
In  Fig. 8, t he  c o m p l e t e  po la r i za t ion  c u r v e  for  t h e  r educ-  
t ion  of  O2 is p lo t ted .  E x t r a p o l a t i o n  of  t he  Tafel  s lope  to 
= 0 g ives  a va lue  of  1.48 x 10 -6 A]cm 2 for  io. T h e  good  
a g r e e m e n t  b e t w e e n  t h e s e  two  va lues  for  io i nd i ca t e s  t h a t  

I I I I I J I I 
0 . 0 1  - -  - -  

g o J  

I 1.227 V 

-O.O1 - -  

- I  I I [ I ~ I I-  
-0.2 -01 0 0.1 02 

APPARENT CURRENT DENSITY (,u A/cm R ) 

Fig. 6. Oxygen overvoltage obtained on the front side of a Pt-O alloy 
diaphragm (rest potential: 1.227V) in 2N H~S04 at low current densities; 
open symbols for increasing and filled symbols for decreasing current. 
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1,229 V 

,- I ] ~ I J I 1 ~  
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TIME (hr) 

Fig. 7. A plot of the rest potential on the front side of a Pt diaphragm in 
O2-soturoted 2.N H2SO4 for four thicknesses (0.00127 cm, circles; 
0 . 0 0 2 5 4  cm, triangles; 0.00508 cm, inverted triangles; 0.00762 cm, 
squares) as a function of the time the back side was in contact with air- 
saturated HNO3. Potential of an auxilliary Pt gauze in the front comport- 
ment is given by the filled circles. 
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Fig. 5. Sketch of the local cell diagram for the rest potential of a Pt-O 
alloy/O~ electrode, showing curves for the reduction of O~ at three values 
of Poz (P o2 P o._, < Pox = 1 arm). Explanation same as in Fig. 1. A 
value for E~ ') is not known, but probably lies near 1V (22). 

t h e  s a m e  m e c h a n i s m  for  O~ r e d u c t i o n  t akes  p lace  at  low 
a n d  at  h i g h  c u r r e n t  dens i t i e s  on  a Pt -O al loy ca thode .  A 
va lue  for  t he  s t o i c h i o m e t r i c  n u m b e r  v c a n  be  o b t a i n e d  
(35) f rom 

v = - ( d ~ / d i ) ( n F / R T ) i o  [25] 

o 

~ k 

~ I I J I I T 
-7 -6 -5 -4 -3 

LOG APPARENT CURRENT DENSITY (A/cm z ) 

Fig. 8. Oxygen overvoltage obtained on the front side of a Pt-O alloy 
diaphragm (rest potential: 1.227V) in O~-saturated 2N H~SO4 over en- 
tire range of current densities studied. At very high current densities, H, 
evolution takes place (low Tafel slope of 0.03); at medium current densi- 
ties, high Tafel slope (0.38) shows influence of dissolved oxygen in Pt on 
reduction of O~; Tafel slope extrapolates to 1.48 x 10 -~ A/cm ~ for io. 
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where n is the number  of electrons transferred in the 
overall electrode process and we take dv/di from the low 
current data and io from the high current data 

v = -4.2 • 104 • 4 • (-1.48 • 10-'~)/0.059 = 4.2 

This experimentally found value for v agrees very well 
with that value obtained from the proposed mechanism 
with Eq. [5] rate determining. A value of 3.5 has been re- 
ported (36) for the reduction of O~ on Pt in 1N HC104. 

The Pt-O Alloy 
When the Pt diaphragm was removed from the two- 

compartmented cell after being saturated with dissolved 
oxygen (E = 1.227V), that portion of the foil exposed to 
the HNO:~ had buckled out (34, 37), indicating that the Pt 
lattice had expanded. This expansion of the lattice was 
confirmed by x-ray diffraction studies (37). Scanning 
electron micrographs (SEM) of a HNO:~-passivated Pt sur- 
face show a surface covered with tiny hexagonal pits ( -  1 
/~m diam) (37). It is proposed (37) that the sides of the 
micro-etch-pits expose high index planes similar to the 
stepped surfaces studied by Somorjai and co-workers 
(38). They observed that both hydrogen and oxygen are 
more readily adsorbed and more readily dissolved in Pt 
with stepped surfaces. There was no sign of pitting on the 
SEM of an anodized Pt surface (39). These observations 
may account for the fact that Pt-O alloys with greater oxy- 
gen content are obtained by passivation in HNO3 than by 
anodization. Most likely, the oxygen enters the octahedra 
holes of the face-centered cubic lattice of the Pt, causing 
the lattice to expand. Apparently, oxygen can also enter 
into the grain boundaries first (39) without lattice expan- 
sion, but  with higher O contents, the oxygen enters the 
lattice. 

Whenever Pt is anodized, it is charged with oxygen and 
is no longer Pt but  a Pt-O alloy. The Pt-O alloy is a better 
catalyst for H~, O_,, and various redox reactions (40). This 
observation accounts for the greater reversibility of 
freshly anodized, indicator electrodes (40) and for the re- 
quired 5-10 cycles of polarization before a steady-state, 
cyclic voltammogram can be obtained (41) on Pt. 

Conclusions 
The rest potential of an oxygen electrode on bright Pt 

in acid solution is a mixed potential arising from a local 
cell composed of the reduction of O._, at cathodic sites and 
the oxidation of Pt at anodic sites. The rest potential as a 
function of Po=, and pH is 

Em= i.060 - 0.048 pH + 0.012 Po._, 

The thermodynamic equilibrium potential can be ob- 
served on Pt by eliminating the local cell by passivating 
the Pt surface or by saturating the bulk Pt with dissolved 
oxygen. In this case 

E~ ~ = 1.229 - 0.059 pH + 0.015 Po., 

Oxygen may be dissolved in Pt to form a Pt-O alloy which 
offers a more catalytically active surface for a number  of 
electrode reactions than pure Pt. The rest potential on a 
Pt-O alloy electrode is 

Em= Era" - 0.048 pH + 0.012 Po~ 

where Era" has values, in general, between 1.1 and 1.2V, 
depending on the oxygen content of the alloy. On clean, 
bright Pt, the rate of the dissociative adsorption of O~ is 
greater than the rate of election transfer (42) and the four- 
electron reduction of O._, takes place with v = 4. 
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Localized Corrosion of Fe-B-Si Glassy Alloys 
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A B S T R A C T  

The glassy alloys FeT.~B~5_xSi~ wi th  x < 12% at. exhib i t  a b r e a k d o w n  of passivi ty in bora te  buffer  solut ion wi th  no ag- 
gress ive ions added.  This  instabil i ty of  the pass ivat ing film, leading to a localized corrosion,  ceases at x /> 12% at. X P S  
analysis suggests  that  at x = 12% the  pass iva t ing  film consists  main ly  of  SiO.,, the  mino r  componen t s  be ing  Fe~O:~ and 
B~O:3. At x = 9% the main  const i tuents  of  the  film are silicates, wh ich  exhibi t  a lower  pro tec t ive  abil i ty and cannot  
efficiently counte rac t  the  de t r imenta l  effect  of boron  compounds .  Chlor ides  are ha rmfu l  for passivi ty  of the  Fe-B-Si  al- 
loys; severe  pi t t ing occurs  even  at a chlor ide  concent ra t ion  as low as 10-4M. 

The pass ivat ing film cannot  p rov ide  pro tec t ion  to the  
substrate  metal  when,  for some reason, it becomes  unsta-  
ble and an act ivat ion follows. Act iva t ion  can occur  over  a 
who le  surface or can be confined to h ighly  localized 
regions.  

In the  former  case, genera l  corrosion follows. Condi- 
t ions for a total depass iva t ion  depend  upon  meta l  compo-  
sition and env i ronmen ta l  factors  and are def ined theoret-  
ically according  to the  t h e r m o d y n a m i c  diagrams of  
Pourba ix  (1). 

When act ivat ion occurs  only at certain points  on a meta l  
surface,  localized corros ion follows. The m e c h a n i s m  of 
this type  of  depass iva t ion  (breakdown of passivity) is still 
a subject  of  con t roversy  (2-5). Therefore,  it is of  impor-  
tance  not  only f rom a practical ,  but  f rom a fundamenta l  
v i ewpo in t  to ident i fy  factors enhanc ing  res is tance of the 
pass ivat ing film to local ized breakdown.  

S o m e  glassy alloys are r emarkab ly  corros ion resis tant  
(6) and exhib i t  an ex t r eme ly  stable pass ivat ing film 
which  does not  undergo  localized breakdown,  even  under  
ve ry  severe  condit ions.  Deta i led  analysis of  the exis t ing 
expe r imen ta l  data  suggests  that  the compos i t ion  of  the 
substrate  is of m u c h  greater  impor tance  than  its homoge-  
neous  structure.  The corros ion resis tant  glassy alloys rely 
on pass ivat ing films fo rmed  by such meta l  e lements  as 
Cr, Ti, and W (7). 

Corrosion res is tance of  glassy alloys which  do not  con- 
tain any of  the  above  m e n t i o n e d  f i lm-forming e lements  is 
ra ther  poor  (8-12). It has been  found,  however ,  that  Si may  
improve  it (11-13). Si, w h e n  subst i tu ted  for B, in Fe-Ni-B 
or Fe-B glassy alloys enhances  stabil i ty of the passive 
state. E n r i c h m e n t  of Si in the  pass ivat ing film is respon- 
sible for this e n h a n c e m e n t  in Fe-Ni-B-Si  alloys (11) and 
probab ly  also in Fe  base  alloys (12, 13). 

In this paper  the  effect  of Si on the stabil i ty and compo-  
sit ion of the  pass ivat ing film on Fe-B-Si  alloys is consid- 
e red  in more  detail. 

Experimental 
A series of  FeT.~B~5_~Si~ glassy r ibbons  wi th  x = 6-18% 

at. was invest igated.  FesoB._,0 alloy was used  for compari-  
son. The  amorphous  na ture  of the r ibbons  was con- 
f i rmed by x-ray diffraction. 

Details concern ing  the  samples  prepara t ion  and electro- 
chemica l  m e a s u r e m e n t s  are g iven  e l sewhere  (11). Optical  
mic roscopy  was used  to examine  the samples  before  and 
after the  e lec t rochemica l  measurements .  X P S  t echn ique  
was emp loyed  for surface analysis. 

X P S  m e a s u r e m e n t s  were  pe r fo rmed  in a 555 X P S /  
A E S / S I M S  spec t romete r  (Physical  Electronics)  by us ing a 
Mg anode  at 300W. Ar* ion e tch ing  was used  to obtain  in- 
fo rmat ion  on compos i t ion  as a funct ion of dep th  into the  
pass ivat ing film. 1 keV ion b e a m  wi th  1 /~AJ4 m m  2 ion 
c.d. was used  to r e m o v e  the  film gradually.  

Results 
Effects of  Si on the stability of  passivating f i lm on Fe- 

B-Si alloys in borate buffer solution.--Si in Fe-B-Si  alloys 
not  only  affects thei r  abi l i ty  to passivate,  bu t  also in- 
f luences  stabil i ty of  the  pass ive  state. As can be seen 

f rom Fig. 1, the m a x i m u m  c.d. (the apparen t  cri t ical  c.d. 
for passivat ion,  Icr) and the  critical pass ivat ion potent ia l  
(Eo,.) both  decrease wi th  Si con ten t  in the  alloy. Moreover ,  
the  wid th  of the  stable pass ivi ty  range increases  wi th  Si 
content, being only -300 mV for Fes,,B~, alloy, and at- 
taining a maximum width of -1300 mV practically at 12% 
Si; an estimate can be obtained from Fig. i. 

Microscopic examinations have revealed that a sharp 
increase in c.d. for the alloys with <12% Si is caused by a 
breakdown of passivity followed by localized corrosion 
similar to pitting. The active spots grew quickly in depth 
and could perforate the ribbons (Fig. 2), although no ag- 
gressive ions were present in solution. 

In order to obtain information about the relative resist- 
ance of the passivating film to general activation, the 
open-circuit potential decay curves for prepassivated 
samples were measured. 

Figure 3 shows some examples of potential decay 
curves for the alloys prepassivated at -I00 mV (this po- 
tential value lies within the stable passivity range for all 
the alloys under investigation; see Fig. I). The potential 
decays slowly and then, after a period of time which is 
longer the higher Si concentration is, it reaches the acti- 
vation potent ia l  (Ea). Then  it sharply drops down  to Eco,.r. 

Effect of  Si on the composition of the passive f i lm. - - In  
order  to gain some ins ight  into the  chemica l  state of  the  
film componen t s ,  as wel l  as to d is t inguish  b e t w e e n  the  
signals f rom the  subs t ra te  and f rom the  film itself, X P S  
analysis  of the  prepass iva ted  samples  was per formed.  At- 
ten t ion  was focused on the  9% Si and 12% Si alloys, s ince 
the  first exhibi ts  an unstable ,  and the  second a stable, 
pass ivi ty  in bora te  buffer  solut ion (see Fig. 1). The  analy- 
sis revea led  p resence  of the  fo l lowing e lements  at the  sur- 
face: silicon, iron, boron,  oxygen,  and carbon.  The  last  el- 
e m e n t  is an impur i ty  and is not  t aken  into accoun t  for the 
fo l lowing analysis. 

Ident i f icat ion of the chemica l  state of the surface con- 
s t i tuents  was m a d e  on the basis of  the posi t ion of  individ-  
ual l ines in the  spec t rum.  F igure  4 gives some example s  
for 9% Si alloy. The  Fe ~ B ~ and Si ~ signals c o m e  f rom the 
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Fig. 2. Localized corrosion of FeTsBz~Si, alloy in borate buffer solution 
at + 120 mV. 

substrate, whereas Feo~, Bo~, Sio~, and O signals come from 
the passivating film. Since the signals from the substrate 
are quite visible in the spectrum, an assumption can be 
made that in this case the passivating film is thinner than 
the corresponding escape depth of photoelectrons. Under 
the present experimental  conditions this is about 2 nm. 

For the 12% Si alloy the B ~ and Si ~ signals are relatively 
smaller than for the 9% Si alloy and the Fe ~ signal appears 
only as a shoulder. This suggests that the film thickness 
here is larger than that for the 9% Si substrate. This con- 
clusion is in agreement with a previous finding (13). The 
AES/ion milling experiments  have shown that the time 
necessary to sputter the passivating film away was 
longer the higher the Si content in the substrate. 

Ar + ion etching was used alternately with XPS analysis 
to obtain information on composition as a function of 
depth into the film material. Use of this method of sur- 
face removal is likely to change the chemical nature of 
the surface. Thus caution was exercised in analyzing the 
data. 

Table I gives some examples of the binding energies of 
photoelectrons coming from the passivating film and 
from the substrate, for the two alloys. The positions of 
Fe~ B~ and Si~ signals coming from the substrate 
do not change with sputtering time. They compare with 
literature data for pure elements (14). On the other hand, 
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Fig. 4. XPS spectra obtained for FeTsBI~Si9 alloy prepassivated at 
- 1 0 0  mV in borate buffer: a) Fe 2ps~; b) B ls; c) Si 2p; d) 0 ls, 

t h e  p o s i t i o n s  o f  s o m e  s i g n a l s  c o m i n g  f r o m  t h e  p a s s i v a t i n g  
f i lm  e x h i b i t  a v a r i a t i o n  w i t h  s p u t t e r i n g .  I t  i s  n o t  c lear ,  
h o w e v e r ,  w h e t h e r  t h i s  r e f l e c t s  t h e  o r i g i n a l  c h a n g e s  i n  
c h e m i c a l  s t a t e  o f  v a r i o u s  c o m p o n e n t s ,  o r  s o m e  s p u t t e r i n g  
e f f ec t s .  

T h e  r e l a t i v e  c o n c e n t r a t i o n s  o f  v a r i o u s  c o n s t i t u e n t s  o f  
t h e  s u r f a c e  w e r e  e s t i m a t e d  b y  q u a n t i f y i n g  t h e  X P S  m e a -  
s u r e m e n t s  u t i l i z i n g  p e a k  a r e a  s e n s i t i v i t y  f a c t o r s .  T h i s  
m e t h o d  is  k n o w n  to  b e  m o r e  a c c u r a t e  t h a n  t h a t  u s i n g  
p e a k  h e i g h t  (14). T h e  f o l l o w i n g  s e n s i t i v i t y  c o e f f i c i e n t s  
w e r e  u s e d :  SF~ = 3.0, SB = 0.13, Ss~ = 0.26, So = 0.67, e a c h  
d e t e r m i n e d  u s i n g  s p e c i a l  s t a n d a r d s ,  f 

1The data  were k ind ly  p rov ided  by Dr. J .A .  Taylor  f rom the  
Univers i ty  of  Minnesota .  

Table I. Photoelectron binding energies a (eV) of the constituents of the 
Fe-B-Si substrotes and of the superficial passivating film formed at 

- 1 0 0  mV 

tsputt O ls- 
(rain) Fe-2p.~/2-Feox Si-2p-Sio• B-ls-Box O ls  Siox2p 

0 707.0 711.2 99.0 102.4 187.6 192.0 531.5 429.1 
15 706.8 710.6 99.0 102.7 187.6 192.6 531.8 429.1 
75 706.8 710.8 99.0 102.8 187.5 192.6 531.6 428.8 

Bulk  706.8 - -  99.0 - -  187.6 - -  531.9 - -  

0 707.0 711.0 99.4 103.0 187.6 192.0 532.1 429.1 
b~ 21 706.8 710.8 99.0 103.0 187.6 193.0 532.5 429.5 

78 706.8 710.8 99.0 102.8 187.6 192.8 532.3 429.5 
Bulk  707.0 - -  99.0 - -  187.6 - -  531.6 - -  

" T h e  b inding  energies  were de te rmined  wi th  an  accuracy of +- 0.1 
eY. 
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Fig, 5. Depth profiles of the passivating film formed on Fe-B-Si glassy 
alloys in borate buffer solution. 

Composition profiles of the films are shown in Fig. 5. 
The main feature of these profiles is that the Siox concen- 
tration is much higher than that of Feox and Box. The main 
difference between the two profiles is that the t ime nec- 
essary to produce a rise in the Fe~ signal is much larger 
for the 12% Si containing substrate. This may again sug- 
gest that the film is thicker in this case, although struc- 
tural factors may also affect the sputtering time (15). 

For the 12% Si substrate the concentration of Siox is 
about 3.5-fold higher than that of Feox and Box [Fig. 5 
(bottom)]. Taking into account corresponding binding en- 
ergies of the photoelectrons of Feox2p, Sio~2p, and BoxlS, 
we assume that the constituents of the film are: SiO_., 
Fe~O:~, and B~O:,,. Considering the concentrations of indi- 
vidual constituents in the middle of the composition 
profile, we obtain the following molar film composi- 
tions: -80% SiO._,, -10% Fe~O:3, and -10% B=,O:~. The 
amount of the total oxygen in such a mixed film (62%) 
compares with the value of -65% from the XPS data [Fig. 
5 (bottom)]. 

For the 9% Si alloy the atomic concentration of Siox is 
3-fold higher than that of Feux and over 2-fold higher than 
that of Bo.,. However, the above assumption about the 
mixed oxides as the constituents of the film does not 
seem to be reasonable in this case. 

From the calculations it follows that only about 43% of 
oxygen could be engaged in the oxides. Since XPS analy- 
sis gives about 60-70% at. of oxygen in the passivating 
film [Fig. 5 (top)], the question arises as to what the 
chemical state of the remaining 20% of oxygen is. We can 
resolve this question, assuming that some oxygen reacher 
species, other than SIO2, are the main components of the 
passivating film on the  9% Si substrate. This subject will 
be discussed later in more detail. 

Effect of chlorides.--The stable passivity of Fe-B-Si 
glassy alloys with /> 12% Si breaks down easily in 

chloride-containing solutions. These alloys appear very 
susceptible to chloride attack; they undergo pitting at 
only 10-4M C1-. One should note that the critical chloride 
concentration for pitting of crystalline iron is 3 x 10-4M 
(16, 17). An estimate of the effect of chloride concentra- 
tion on the anodic behavior of 12% Si alloy can be ob- 
tained from Fig. 6. The results for 18% Si alloy are similar, 
but the increase in c.d. due to breakdown of passivity is 
not as sharp as that in Fig. 6. 

Discussion 
Fe-B-Si glassy alloys with ~< 12% Si exhibit  a passivity 

in borate buffer solution that is partly unstable. They un- 
dergo a breakdown of passivity in this solution, in the ab- 
sence of any halide ions. The breakdown potential in- 
creases with Si content in the substrate (Fig. 1), and only 
at /> 12% Si does it attain the oxygen evolution potential 
value. 

XPS analysis suggests that the film formed on the 12% 
Si alloy is relatively thicker and consists mainly of SiO~, 
the minor constituents being B._,O:~ and Fe._,O~. The film 
formed on 9% Si alloy is also enriched with St, but its O/St 
ratio seems to be higher than 2/1. In order to get an idea 
about the chemical composition of the main component  
of the film in this case, the O ls and Si 2p line energy dif- 
ference must be considered. 

Studying various Si compounds, Wagner et al. (18) have 
found that the magnitudes of the O ls and Si 2p binding 
energies have a high positive correlation. This can be 
seen from Fig. 7. All the oxides, hydroxides, and silicates 
lie in a narrow band corresponding to a line difference of 
429.0-429.6 eV. However, for the oxides and hydroxides 
the binding energies are relatively higher than those for 
the silicates. 

Three points for each passivating film are shown in 
Fig. 7: they represent the energy line differences (I) before 
sputtering, (II) after several minutes of sputtering, and 
(III) near the end of sputtering close to the film/substrate 
interface. The arrows indicate an evolution of the energy 
line difference with sputtering. 

It is interesting to note that the location of the data 
points for the passivating film on 12% Si alloy confirms 
the assumption already made that the main constituent of 
the film is a silicon oxide. The location of the points does 
change a little with sputtering, but all the three points lie 
in the same narrow band where the other points corre- 
sponding to oxides do. 

The location of the data points for the 9% Si alloy sug- 
gests that silicates rather than oxides are the main com- 
ponents of the passivating film in this case. According to 
literature data, the O/St ratio for silicates can attain 4/1 
(19). Apparently oxygen-rich silicates are formed in the 
course of passivation. These silicates exhibit  lower pro- 
tective abilities than the oxides formed at the 12% Si sub- 
strate. In this way one can understand the difference in 
anodic behavior of both alloys. 
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Fig. 7. 0 1 s binding energy vs. Si 2p binding energy for various oxides, 
silicates, and passivoting films on Fe-B-Si alloys. 

It has been found that B is detrimental for corrosion re- 
sistance of Fe-B alloys in acid solution (9) and for the sta- 
bility of the passive state in borate buffer solution (20). 
The present results show that Si compounds in the passi- 
ra t ing fihn on Fe-B-Si alloys can counteract the detri- 
mental  effect of B compounds. Evidently, silicon oxides 
are more effective than the silicates. Unfortunately, even 
the silicon oxide containing films are very susceptible to 
chloride attack. 

A question may arise as to what is the effect of the 
amorphous structure on the behavior of these alloys in 
the passive state. Unfortunately, no direct comparison 
with a single phase crystalline alloy at the same composi- 
tion can be made, since the Fe-B-Si alloys are multiphase 
systems after crystallization (21). One should note, how- 
ever, that the stationary rate of the passive metal dissolu- 
tion is determined by dissolution of metal ions from the 
passivating film. As pointed out by Kapusta and Heusler 
(9), the passivating film over both the glassy and crystal- 
line substrate is in the vitreous state anyway. Thus, no 
difference of the dissolution rate is expected to be in- 
fluenced by the substrate structure. 

Conclusions 
1. Si, when substituted for B in Fe-B glassy alloys, im- 

proves their ability to passivate. It extends the otherwise 

narrow range of their stable passivity in borate buffer so- 
lution, thus eliminating localized corrosion, when the Si 
content attains 12% at. 

2. XPS analysis suggests that at Si < 12%, silicates, and 
at Si I> 12%, silicon oxides, are the main components of 
the passivating film. The oxides efficiently counteract 
the detrimental effect of boron compounds in the film 
and provide much better protection to the metal substrate 
than the silicates. 

3. Chlorides cause a severe breakdown of passivity of 
the Fe-B-Si alloys at concentration as low as 10-4M. 
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A B S T R A C T  

Using  an open-ci rcui t  e m f  method ,  the  average  t ranspor t  n u m b e r  for ions, ti, has been  de te rmined  for quar tz  crys- 
tals, v i t reous  silica, and amorphous  silica g rown thermal ly  on silicon. Resul ts  for all types  of  silica show that  ti increases  
wi th  t empera tu re  b e t w e e n  about  550 ~ and 950~ 

Sil ica exists  in three  c o m m o n l y  occur r ing  forms, 
namely,  crystall ine,  amorphous ,  and a supercoo led  l iquid  
or v i t reous  state (1). Schmalz r i ed  (2) repor ted  that  at 
1000~ and be tween  10 -1'~ and 1 a tm of oxygen  pressure,  
the  t ranspor t  n u m b e r  of  ions in silica glass is close to 
unity.  For  silica the rmal ly  g rown on silicon, J o r g e n s e n  (3) 
and Mills and Kroger  (4) sugges ted  that  the  charges  asso- 
ciated wi th  the t ranspor t  of oxygen  ions th rough  SiO., are 
less than  the conven t iona l ly  accepted  values  of  four  per  
mole  of  oxygen  unde r  certain condit ions.  

Diffusion of  oxygen  th rough  silica has been  s tudied  by 
several  invest igators  (5). The  resul ts  indicate  that  the  dif- 
fus ion of  oxygen  in quar tz  is s t rongly anisotropic.  The 
diffusion of  oxygen  th rough  var ious  forms of  silica has 
been  sugges ted  to be due  to t ranspor t  of oxygen  as an un- 
charged  molecu le  or as 02-  or O7 (4). When bu lk  diffu- 
s ion of ions and e lect rons  (to preserve  electroneutral i ty)  
governs  the  kinet ics  of  ox ida t ion  of  silicon, the  rate of ox- 
idat ion can be calcula ted by C. Wagner 's  equa t ion  (6), pro- 
v ided  the  t ranspor t  n u m b e r  of  ions and e lect rons  th rough  
the g rowing  oxide  layer is precisely  known.  The  main  rea- 
son for the  observed  d i sc repancy  be tween  the  exper imen-  
tally de te rmined  rates of oxida t ion  and the rates esti- 
ma ted  f rom the  avai lable  data on t ranspor t  n u m b e r  and 
the  diffusion of  o x y g e n  is poss ibly  the  lack of  rel iable  in- 
fo rmat ion  on the  t ranspor t  number s  and diffusivit ies.  

This  paper  descr ibes  the  m e a s u r e m e n t  of t ransport  
n u m b e r  by an e m f  m e t h o d  (2) in all three  types  of silica, 
name]y, single-crystal  quartz,  v i t reous silica, and 
amorphous  silica the rmal ly  g rown  on single-crystal  St. 
This m e t h o d  essent ia l ly  involves  measu remen t s  of open- 
circui t  e m f  of a cell in which  silica is an e lect rolyte  
separat ing two different  o x y g e n  partial  pressures.  In the 
case of silica thermal ly  g rown on silicon, the part ial  pres- 
sure of oxygen  at Si/SiO., interface is the  dissociat ion 
pressure  of SiO~. The  other  oxygen  pressure  was fixed by 
a meta l /meta l  ox ide  mixture .  For  the  v i t reous  and single- 
crystal  quartz,  the  o x y g e n  pressures  on two sides of  the 
e lect rolytes  were  f ixed by a meta l /meta l  ox ide  mixture .  

Experimental Procedure 
Single-crystal  quar tz  used  in the p resen t  inves t iga t ion  

was obta ined  f rom Bell  Labora tor ies  and had <010> 
growth  directions.  It  was free f rom sod ium and po tass ium 
impur i t ies  (less than  de tec tab le  level, <1 ppm). The  prin- 
cipal impur i t ies  were  Fe, 30 ppm,  and A1, 30-50 ppm.  Rec- 
tangular  pieces  of 1.5 • 1.5 • 0.2 cm wi th  <010> orienta- 
t ion were  cut  f rom a large crystal  wi th  the  help  of a 
d i amond  saw. The pieces  were  c leaned wi th  a HF-water  
mix ture ,  degreased  wi th  acetone,  finally washed  wi th  
dist i l led water,  and again c leaned in an ul t rasonic  c leaner  
in acetone.  

Vi t reous  and SiO2 the rmal ly  g rown on si l icon were  ob- 
ta ined  f rom Motorola.  20 1~ th ick  SiO2 was the rmal ly  
g rown  on n-type si l icon <100> wi th  3-4 ~ c m  resistivity.  
The  v i t reous  silica was 1 m m  thick. These  were  cut  into 
p ieces  in d imens ions  s imilar  to the  crystal l ine quartz,  and 
were  also c leaned by the  same procedure  desc r ibed  for 
crystal l ine quartz.  The  samples  were  of  semiconduc tor -  
grade  puri ty.  

*Electrochemical Society Active Member. 

Three  different  meta l /meta l  ox ide  mix tu res  used  to ob- 
ta in di f ferent  partial  p ressures  of  oxygen  were  Cu/Cu20, 
Ni/NiO, and Fe/FeO. These  were  prepared  by us ing  the  
meta l  and its ox ide  powder ,  both  of  99.99% obta ined  f rom 
Alfa Products .  They were  m i x e d  in 1:1 v o l u m e  ratio in an 
agate mor ta r  and were  pressed  into pel lets  of 3 m m  thick- 
ness  and 1 cm diam in a steel  die. These  pel lets  were  
s intered for 15h in purif ied argon at t empera tu res  vary- 
ing f rom 500 ~ to 700~ to increase their  densi ty  and im- 
p rove  the mechan ica l  s trength.  These  were  then  l ightly 
pol i shed  wi th  3/0 e m e r y  paper  and c leaned wi th  ace tone  
before  use. 

To obtain  the open-c i rcui t  emf, the  silica pel lets  were  
sandwiched  be tween  two different  meta l /meta l  ox ide  pel- 
lets. The  whole  a s sembly  was held  together  by means  of  a 
spr ing assembly  and an a lumina  sample  holder.  The  de- 
tails were  similar  to those  descr ibed e l sewhere  (7). Plati- 
n u m  wires, spot-welded to p la t inum foils pressed  on the 
meta l /meta l  ox ide  e lect rodes ,  were  used as leads to mea- 
sure open-ci rcui t  emil  A Pt-Pt  + 10% Rh the rmocoup l e  
p laced very  near  the  e lec t ro lyte  was used  to measure  tem- 
perature.  The whole  a s sembly  was in t roduced  in another  
a lumina  tube  in wh ich  a cont inuous  flow of  argon puri- 
fied by pass ing it over  Drierite,  phosphorous  pentoxide ,  
and copper  hea ted  at 4O0~ flowed. The  comple t e  assem- 
bly was kep t  in a res is tance furnace whose  t empera tu re  
was kep t  wi th in  _+1~ wi th  a propor t ional  t empera tu re  
control ler .  The  cell  was electr ical ly shie lded f rom the  fur- 
nace  to avoid  external  stray pickup.  

The open-circui t  e m f  was measu red  us ing  a 117 Keith-  
ley Digital  Vol tmete r  wi th  an  i m p e d a n c e  of  10 Mr2. The  
fo l lowing cell conf igurat ions  were  used  to obtain  the 
open-c i rcui t  voltages.  

Cu/Cu.,O ] Quartz crystal  [ Ni/NiO I 
Fe /FeO I Quartz crystal  [ Ni/NiO II 
Fe/FeO I Vit reous silica [ Ni/NiO III  
Pt, Si ] Thermal ly  g rown SiO~ [ Ni/NiO IV 

Measurements  were  repea ted  on at least  two cells of the 
same cell  configuration.  Measurements  were  res t r ic ted to 
900~ because  above  this t empera tu re  there  was some ev- 
idence  of  the  e lec t rode-e lec t rolyte  reaction,  par t icular ly  in 
cell I at the  quar tz  Cu-Cu~O interface. The e m f  values  
were,  however ,  r ep roduc ib le  dur ing several  hea t ing  and 
cool ing  cycles i f  the  measu remen t s  were  res t r ic ted  to 
t empera tu res  be low 900~ 

Results and Discussion 
Accord ing  to C. Wagner  (6), the  open-ci rcui t  emf,  E, of  

the  above  cells is g iven  by 

1 f("o2 t i '  d~o2 [1] 
E = nF  '02 

where  n is the charge  per  mole  of oxygen  ion migra t ing  
th rough  the  sample,  F is Faraday ' s  constant ,  and tL'o., ~,1,, 
~"o._, are the  chemica l  potent ia ls  of oxygen  on each  of  the  
two sides of  the  electrolyte.  The  der ivat ion  of  Eq. [1] as- 
sumes  t ransport  by ions. 

The  chemical  potent ia ls  are g iven  by 

t~o._. = t~"o., + RT in Po~ [2] 

310 
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Table I. Ionic transport number for forms of silica, estimated from the t i . J = t 
experimentally observed (EoJ and theoretically calculated (Eioo) emf's 

of cells I-IV at various temperatures ~ 0 0  

Eob~ Eion - ~  
Cell T (~ (mV) (mV) 7~ 2 5 0  @ ~ - . ~ 2 ~ l ~  

- 

545 75 284.88 0.26 i 
Cu/Cu.,OI 590 110 281.42 0.39 ~ 2 0 0  

000 
crystal I 675 150 274.90 0.58 
Ni]NiO 160 

725 235245 271.07 0.90 U 150 / I  
800 265 265.32 0.98 O 
850 235 261.48 0.95 

250 I00 t l ?  
900 245 257.65 0.97 

250 

II 530 40 236.03 0.16 
Fe/FeO 570 75 240.50 0.31 
Quartz 640 155 248.41 0.62 
NYNiO 675 190 252.30 0.75 

700 220 255.16 0.86 
725 250 257.97 0.99 
790 265 265.28 0.99 
840 265 271.13 0.97 

III 645 130 248.97 0.52 
Fe/FeO I 728 162 250.31 0.62 
Vit  silica I 790 185 265.28 0.69 
Ni/NiO 865 200 274.85 0.72 

915 201 279.35 0.71 
950 208 283.28 0.71 

IV 625 125 1121.08 0.11 
Pt, Si] 127 
thermally 700 235 1120.39 0.20 
grown SiO~ I 740 320 1120.01 0.28 
NUNiO 750 375 1119.92 0.33 

850 445 1118.99 0.39 
950 438 1118.06 0.39 

where  t~~ is the  chemica l  potent ia l  of  oxygen  in its 
s tandard  state, 1 a tm of  oxygen.  Thus Eq. [1] can be  writ- 
ten  as 

RT f e"o., dPo., 
E = n F  J , 'o ,  t i .  Vo.-~ [3] 

z 

I f  an e lect rolyte  is comple te ly  ionic, i.e., ti= 1, Eq. [3] 
becomes  

R T P"o2 
Eio, = ~ in P'o2 [4] 

where  E~o. is the  theore t ica l  vol tage as calculated.  The  
P'o._, and P"o~ can be easily calculated f rom the  free ener- 
gies of  fo rmat ion  of  respec t ive  oxides  used  to fix the  oxy- 
gen  pressures .  

However ,  i f  t~ ~ 1, the  vol tage  will, in general ,  be  a com- 
p lex  func t ion  of  oxygen  pressure  [see Ref. (2)]. As a first 
approximat ion ,  however ,  we may  take it outs ide  the  inte- 
gral by rep lac ing  ti w i th  ti, the  average t ranspor t  n u m b e r  
at oxygen  pressures  be tween  P'o~ and P"o._,. 

Div id ing  Eq. [3] by Eq. [4], the  express ion  for average  
t ranspor t  n u m b e r  is 

t i  
-- E~ 

E~o, [5] 

where  Eohs is the measu red  open-ci rcui t  emf. 
The  data  obta ined  on all the  cells are t abula ted  in Table  

I. To es t imate  E~on, free energies  of  fo rmat ion  of  the re- 
spec t ive  oxides  were  taken  f rom the  data  compi led  by 
Turkdogan  (8). Also, in calcula t ing E~o,, the  va lue  of n is 
a s s u m e d  to be 4 per  m o l e  of  oxygen.  

F igure  1 shows the  observed ,  as wel l  as theoret ical ,  
open-c i rcui t  emf ' s  (Elo,) for cell  I. The cor respond ing  
va lues  o f t i  are shown in Table  I. It  can be  seen that  the  ~ 
for quar tz  is near ly  equa l  to 1 only b e t w e e n  700 ~ and 

50 cel l  I 

! I I I I I 
400 600 800 I000 

--> TEMPERATURE *C 
Fig. 1. Observed (EoJ and theoretical (Elan) open-circuit emf's (OCE) 

of cell I, Cu, Cu=,Olquartz crystalINi , NiO, in the temperature range 
550~176 

900~ The values  of t i  at t empera tu res  less than  700~ de- 
viate  cons iderably  f rom unity. 

F igure  2 shows the  open-c i rcui t  emf,  Eob~, for cells II 
and I I I  as a funct ion  of  t empera ture .  Eion is also shown for 
compar ison .  In  this oxygen  pressure  range also, crystal- 
l ine quar tz  has tl ~- 1 at the  t empera tu res  above  700~ 
The va lues  of  ti d rop  s teeply  be low 700~ Data above 
900~ could  not  be ob ta ined  because  of the  poss ible  reac- 
t ion of  e lect rolyte  wi th  the  electrodes,  ti for v i t reous  silica 
(cell III) is m u c h  lower  than  1 for all t empera tu re s  (see 
Table  I). "The t ranspor t  number ,  however ,  increases  wi th  
increase  in t empera tu re  and attains a m a x i m u m  value  of 
0.7 in the  t empera tu re  range of 800~176 

A- s imilar  t r end  in the  var ia t ion of  average  t ranspor t  
n u m b e r  wi th  the increase  in t empera tu re  is observed  for 
cell  IV (Fig. 3). In  this case, the  average oxygen  pressure  
is, however ,  very  low. The m a x i m u m  in average  t ranspor t  
n u m b e r  is 0.4 and occurs  also in the t empera tu re  range  of  
750~176 a l though the  scat ter  in the  data is ve ry  large. 

As men t ioned  earlier, the  average t ranspor t  n u m b e r  has 
been  obta ined a s suming  the va lue  of n in Eq. [4] to be 4. 

I ! I t I I 

3 0 0  ~ T H E O R E T I C A L . ~  

250 
t 

200  
E 

150 
0 

I00 

[o V i t reous s i l ica ,  ce l l  m 1 
50 

I I | I I I 
400 600 800 I000 

---> TEMPERATURE ~ 
Fig. 2. Observed (EoJ and theoretical (Eion) open-clrcuit emf's (OCE) 

of cell II, Fe, FeOIquartz crystallNi , NiO, and cell III, Fe, FeOIvitreous 
silicaJNi, NiO, in the temperature range 500~176 
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---> TEMPERATURE ~ 
Fig. 3. Observed (Eobs) open-circuit emf's (OCE) of cell IV, Pt, 

Silthermally-grown SiO~ I Ni, NiO, in the temperature range 600~176 

In the temperature range of 700~176 these average 
ionic transport numbers  were found to be maximum 
values for all the three forms of silica samples. The trans- 
port number  of crystalline quartz is close to unity, while 
for vitreous silica ti = 0.7 and for SiO2 thermally grown on 
Si, it is -0.2-0.39. A value ofti = 1 for crystalline quartz in 
the temperature range of 700o-900~ suggests that the as- 
sumption that n = 4 is justified. Lower values oft~ for the 
vitreous silica at the same average oxygen activity as that 
for crystalline quartz may be caused by the electronic 
conductivity or by the deviation of n from 4. Vitreous sil- 
ica is considered to be a supercooled liquid. Liquid-like 
structures generally favor higher ionic transference num- 
bers. It is therefore suggested that lower transference 
number  in vitreous SiO~ may be due to a value of n differ- 
ent than 4. In other words, the oxygen ions migrating in 
these samples may have charges varying from almost 0 to 
4 per molecule, as has been suggested earlier (5). 

The small ionic transference number  for SiO~ thermally 
grown in silicon can also be explained in a similar way. In 
fact, this ionic transport number  is so low that the possi- 
bility of the transport of neutral oxygen cannot be ruled 
out (9). 

The above explanation is consistent with the one of- 
feted by several investigators on transport properties of 

SiO.,. However, further experiments are essential in re- 
solving the nature of transporting species unam- 
biguously. The ionic transport number  in SiO~ thermally 
grown on Si, obtained independently by polarization 
technique (7), is found to be approximately 0.9 in the tem- 
perature range of 750~176 This is consistent with the 
hypothesis that uncharged oxygen is involved in the 
transport, as has been reported by Costello and Tressler 
(10) from oxidation studies at 1000~ The polarization 
technique involving measurements of current-voltage 
characteristics on a material where the electronic conduc- 
tivity is due to the electrons only is influenced by the 
transport of only charged species, whereas, as mentioned 
earlier, the open-circuit voltage data depends upon the ef- 
fective charges n in the migrating oxygen. 
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ABSTRACT 

Rhodamine-B chloride (10 ~M) has been used as a model plating additive in a study of the electrodeposition of Pb 
from 1M NaC104, 0.5 and 5 mM Pb "~ (pH 3) on Cu. Ellipsometer measurements during cyclic voltammetry have shown 
that the addition of dye results in a more compact bulk deposit than obtained in its absence. It also prevents complete 
monolayer coverage during formation of the Pb underpotential deposit and shifts the bulk deposition peak to more ca- 
thodic potentials during the first potential cycle. Dye effects on potential and micromorphology disappear during sub- 
sequent cycling, but reappear after relaxation periods at open circuit. Depletion and readsorption of dye on the surface 
have been confirmed by spectroscopic e]lipsometry. Different optical film models have been investigated for the inter- 
pretation of spectroscopic ellipsometer measurements by use of multidimensional analysis. 

Surface active agents (additives, inhibitors) have long 
been used on an empirical basis to control surface finish 
in electrolytic metal deposition. Indications are that un- 
controlled impurities often cause similar effects. Few fun- 
damental studies have been undertaken to define the 
role of these agents during the initial stages of electro- 
crystallization, despite the great technical importance of 
their use (1). The objectives of this work were to correlate 
variations in adsorbate coverage on the electrode with dif- 
ferences in overpotential and micromorphology of the de- 
posit. Deposit thicknesses investigated ranged from a 
monolayer (the underpotential  deposit, UPD) to thick- 
nesses of about 100 rim. The principal experimental  tech- 
niques used were cyclic voltammetry and ellipsometry 
(both spectroscopic and fixed wavelength). A self- 
compensating instrument with rapid spectral scanning 
capabilities for the visible range and automated data col- 
lection has been built for this purpose and is discussed 
elsewhere (2, 3). 

Selection of Electrochemical System 
The materials used in this study were selected to satisfy 

electrochemical and optical criteria. Most of the experi- 
mental investigations were conducted with Cu as the 
electrode substrate, Pb as the deposited metal, and rhoda- 
mine-B chloride as the model  inhibitor. The supporting 
electrolyte was composed of 1M sodium perchlorate, 
acidified to pH 3 by use of perchloric acid. The inhibitor 
concentration was typically 10 ~M and Pb ~ ion concen- 
tration was 5.0 mM (as nitrate). 

The materials chosen have optical constants which are 
distinguishable over the spectral range accessible to the 
optical instrumentation (370-720 nm). Cu shows a distinc- 
tive absorption in the visible (around 550 nm), which is 
believed to be due to electronic transitions from the 
filled d bands into the sp conduction bands (4-6). In con- 
trast to Cu, Pb shows no such characteristic in the visible 
and has relatively flat optical constants (7). Dissolved 
rhodamine-B has a characteristic absorption band at 
about 555 nm, believed to be due to an electronic transi- 
tion from a singlet ground state to an excited triplet state 
(8). The electronic transition moment  related to this ab- 
sorption process lies parallel to the three conjugated rings 
of the rhodamine-B molecule. Rhodamine-B can be ex- 
pected to adsorb on the surface with a preferential orien- 
tation of the transition moment,  resulting in a birefrin- 
gent (dichroic) adsorbate layer. This birefringence, and its 
spectral dependence, can be interpreted in terms of mo- 
lecular orientation of thd adsorbate on the surface (9, 10). 

Electrochemically, Cu is stable to dissolution and oxi- 
dation at the reversible potential for Pb deposition from 
acidic solutions (11), and Pb forms a well-defined under- 
potential deposit on Cu substrates (12). In screening stud- 
ies with over 30 materials, 14 of which were indicators or 
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laser dyes, rhodamine-B was found to induce the largest 
increase in overpotential (125 mV) for bulk Pb deposition. 

Experimental Procedure 
The automatic spectroscopic ellipsometer used in this 

study employed the polarizer-compensator-sample- 
analyzer optical configuration. It was self-nulling by use 
of a magneto-optic polarizer and analyzer, and could be 
operated in either a spectroscopic or fixed wavelength 
mode (2, 3). The spectral range was 370-720 nm, the angle 
of incidence used was 75 ~ A complete scan of spectro- 
scopic measurements (delta and psi at different wave- 
lengths) could be made in 3s although improved signal-to- 
noise ratios were obtained with slower scanning (e.g., one 
scan per 15s) or by averaging multiple scans. Slower scan- 
ning was essential to observe dye adsorption. Faster 
scanning gave sufficient signal quality for resolution of 
deposit micromorphology. Data acquisition was fully au- 
tomated with a LSI-11/02 microcomputer system, which 
was also used for instrument calibrations and to interpret 
measurements by use of optical models. 

The electrochemical cell used for experiments with Cu 
substrates was made of Teflon. It was designed for clean 
operation and low light absorption in the solution with a 
small liquid volume (2 ml) and a short optical path (2.5 
cm) through the solution. The cell was pie-shaped, with 
windows made of polished and annealed optical-quality 
quartz, oriented normal to incident and reflected light 
beams for operation at an angle of incidence of 75 ~ . 

The round working electrodes were machined from 
polycrystalline oxygen-free Cu with an exposed surface 
of 1.27 cm diam. The electrodes were polished mechani- 
cally with a final alumina abrasive of 0.05 ~m. Air-formed 
oxide on the electrode surface was removed by prepolari- 
zation in the acidic electrolyte. The counterelectrode con- 
sisted of a Pb wire (99.999% purity) wound into a flat spi- 
ral, positioned 0.8 cm from the working electrode and of 
equal diameter. Lead oxide resulting from the corrosion 
of the counterelectrode was removed by cathodic 
prepolarization, using a second Pb wire electrode and an 
initial electrolyte charge. The initial electrolyte charge 
was replaced when the Cu working electrode was in- 
serted, without exposing the anode to air. 

A double-junction Ag/AgC1 reference electrode (Dow- 
Corning 4760672, inserted into a Teflon reference elec- 
trode compartment,  was connected to the electrochemical 
cell with a Teflon capillary (0.16 cm od). The reference 
electrode was connected to the potentiostat via an elec- 
trometer probe (PAR). 

Two syringes (15 ml each) were used to supply electro- 
lyte to and withdraw from the cell. The electrolyte con- 
sisted of 5 mM Pb(NO:,).~, 1M NaC104 at pH 3, with or with- 
out 10 ~M rhodamine-B addition. It was prepared from 
deionized, singly distilled (10 M~) water and analytical- 
grade salts. The electrolyte was nitrogen stripped for 
about 15 min prior to experiments, and the cell was 
purged with nitrogen before filling. The syringes and a 
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nitrogen purge stream were connected with Teflon capil- 
iaries. 

The potential of the working electrode was controlled 
with a potentiostat (PAR 173), and the charge passed was 
determined with a digital coulometer (PAR 179). The 
coulombic effieieneies between deposition and dissolu- 
tion were always greater than 95%. Film thickness d, 
based on charge is that given for a compact lead layer. 
Cell potential and current, together with the measured 
ellipsometer parameters delta and psi (measured as Fara- 
day cell currents), were recorded by the LSI microcom- 
puter system via an eight-channel analog-to-digital con- 
verter (Datel MST-LSI2). 

Spectroscopic Ellipsometry 
EtectrocheTnical deposition of Pb filrns.--Thin films of 

lead on copper substrates were prepared by potentiostatic 
deposition (-600 mV vs. Ag/AgC1) from an electrolyte 
consisting of 5 mM Pb(NO:~)~ and 1M NaC104 at pH 3, with 
deposition times of 1-8 rain. 

Based upon charge passed, the film thicknesses d, 
would have been 31, 60, and 110 nm if the deposit had 
formed uniformly and had been compact. However, it 
was found that the deposit was not homogeneous and 
compact, and multilayer optical models had to be used to 
explain the spectroscopic ellipsometer measurements. ~, 4s  

Single-layer optical models.--Film models investigated 
for the interpretation of measurements are illustrated in 
Fig. 1 (2). Examples of interpretations given below illus- 
trate the use of the high information content of spectro- ~ ~ 
scopic ellipsometer measurements for the derivation of ~< 
wavelength-indeoendent film parameters. Predictions - Ch 

based upon the following three optical models for single- - 4 s  

layer films (Fig. la-lc) are compared to experimental 
spectroscopic ellipsometer measurements in Fig. 2-4. In 
the compact film model, the entire deposit was treated as 
bulk Pb and there was only one adjustable parameterl the -g~ 
deposit thickness. Figure 2 shows spectroscopic simula- 
tions of delta for various assumed thicknesses (solid lines 
labeled 0, I, 5, i0 nm, etc.). Comparison with experimen- 
tal measurements also shown on the figure (dotted lines 
for 31, 60, and ii0 nm compact thicknesses) illustrates 
that this model is inadequate. 

The second single-layer optical model was that of a po- 
rous film in which porosity was taken into consideration 
by use of an effective refractive index. Pores were treated gs 
as microinclusions of electrolyte (n = 1.34) in a Pb host 
medium (~ = 2.1-4.2i), and the optical properties of an iso- 
tropic homogeneous film were computed by use of the 
Maxwell-Garnett or Bruggeman equations. These equa- 
tions have been used in the literature for modeling rough 
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Fig. I. Schematic of film models investigated for the interpretation of 
spectroscopic ellipsometer measurements of thin Pb deposits on Cu sub- 
strates. Number of adjustable parameters given in parentheses. (a): 
Compact single film (1). (b): Porous single film, optical constants of ef- 
fective medium determined according to MaxwelI-Garnett (2) or 
flruggeman (2). (c): Island single film, reflection coefficient determined 
by coherent superposition of polarization states, islands compact (2), po- 
rous (3) or anisotropic (6). (d): Multilayer films, three layers: compact 
and porous layers, dendritic islands (6) or two layers: compact and porous 
films (3). 
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Fig. 2. Spectroscopic simulations for compact film model (solid lines). 
Pb deposits of thickness O, 1, S, 10, 20, 31, 60, 110 nm. Experimental 
measurements (dotted lines) for 31, 60, 110 nm equivalent compact Pb 
deposits (d,, based upon coulometric measurements) on Cu. 
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Fig. 3. Spectroscopic simulations of porous film model (solid lines). 
Volume fractions of Pb O. 1-0.9, amount of deposit corresponding to a 31 
nm compact Pb layer on a Cu substrate. Simulations based upon the ef- 
fective medium approximation (Bruggeman equation). Experimental 
measurements (dotted lines) for 0 and 31 nm equivalent compact film. 
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Fig. 4. Spectroscopic simulations of island film model (solid lines). 
Surface coverage 0.1-1.0, amount of deposit corresponding to 31 nm 
compact layer, Cu substrate. Simulations based on coherent superposi- 
tion of polarization states. Experimental measurements (dotted lines) for 
0 and 31 nm equivalent compact film. 

surfaces and particulate films (13-16). This model in- 
volved two adjustable parameters: the deposit thickness 
and porosity. Spectroscopic simulations of the ellip- 
someter parameter delta for this model are shown in Fig. 
3 for an amount of deposit corresponding to a 31 nm 
thick, compact Pb layer (based upon coulometric mea- 
surements) redistributed on a Cu substrate as deposits of 
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var ious  porosit ies.  S imula t ions  are represen ted  by solid 
lines, and expe r imen ta l  measu remen t s  are r ep resen ted  by 
dot ted  lines. It  is ev iden t  that  this mode l  a lone is also in- 
adequa te  to expla in  expe r imen ta l  measu remen t s  of  delta 
and deposi t  th ickness  based on charge. 

The third mode l  was based on the coheren t  superposi-  
t ion of polarizat ion states resul t ing f rom reflect ion of  ad- 
jacent  f i lm-covered and bare  e lements  of  a pa tchwise  
covered  surface (17-19). The  island film may  be compact ,  
porous ,  or anisotropic.  In the  lat ter  case, at least  six un- 
k n o w n  film parameters  would  have  to be de termined ,  
wh ich  results  in unaccep tab le  pa ramete r  variances.  The 
d imens ions  of  the  is lands are a s sumed  to be smal ler  than 
the  t ransverse  and longi tudina l  coherence  of the  incident  
l ight  at the  spec imen  surface. For  the  p resen t  spectro- 
scopic  e l l ipsometer ,  the longi tudinal  cohe rence  ranges  
f rom 16 ~m at 400 n m  to 49 # m  at 700 n m  (20); the  trans- 
verse  (lateral) coherence  ranges  f rom 10 # m  at 400 nm to 
17 ~m at 700 nm (21). These  es t imates  a s sume  (conserva- 
tively) a bandwid th  twice  that  of the source  (20 rim). Since  
c o m p l e m e n t a r y  SEM studies  of  the films inves t iga ted  
here  have  shown the  d imens ions  of dendri t ic  islands to 
be less than  15 ~m, use of  the  coheren t  superpos i t ion  
mode l  is just i f ied for the  p resen t  exper iments .  

Spec t roscop ic  s imu]at ions of delta for films corre- 
spond ing  to a 31 nm thick, uni form,  compac t  Pb  deposi t  
(based upon  coulomet r ic  measurements ) ,  red is t r ibu ted  on 
a Cu substra te  as compac t  islands, are shown in Fig. 4. 
The island mode]  used  for these  s imula t ions  emp loyed  
two adjus table  parameters :  fract ional  surface coverage  
and island thickness .  Combina t ions  of  these  two parame-  
ters which  were  cons is ten t  wi th  the a m o u n t  of  Pb  known  
to be in the  film f rom cou lomet r ic  measu remen t s  .were 
used. It can be seen that  this mode l  is also incapable  of 
expla in ing  the expe r imen ta l  measurements .  

For  all s ingle-layer optical  models ,  d i sag reemen t  of the 
c o m p u t e d  spectral  d e p e n d e n c e  of psi was similar  to that  
shown for delta. It  is impor tan t  to note  that  interpreta-  
t ions of m e a s u r e m e n t s  at a single wave l eng th  often are 
possible ,  but  the ent ire  spectral  range cannot  be fitted 
wi th  any of  the models .  This  fact i l lustrates the  greatly in- 
creased informat ion  con ten t  of  spec t roscopic  measure-  
ments .  

Multiple-layer optical models.--A three- layer  mode l  (2) 
is i l lustrated in Fig. ld. The  first layer was a s sumed  to be 
an isotropic  film rep resen t ing  the  underpo ten t ia l  deposit .  
Optical  proper t ies  of  this layer were  de te rmined  in a sepa- 
rate s tudy (22). 

The second layer was a s sumed  to be a granular,  porous  
depos i t  wi th  optical  constants  c o m p u t e d  f rom the  proper-  
t ies of  Pb  and electrolyte,  by use of the B r u g g e m a n  
theory  for a binary mixture ,  Eq. [1]-[5]. Incorpora t ion  of  
this layer into the  optical  mode l  was mot iva ted  by l ight 
scat ter ing m e a s u r e m e n t s  (22) 

~,,~ + 2~ 0,,, + ~ (1 - 0,,3 = 0 [1] 

1 
~f = ~- [ -A -+ (A-' - 4/~) ''~] [2] 

Use  of  coheren t  superpos i t ion  impl ies  that  the  d iameter  
of  islands is smaller  than the  spacial  coherence  of the 
i l luminat ing  light. The total  amoun t  of Pb  conta ined  in 
the  three layers was adjus ted  to agree  wi th  the  
coulomet r ic  measurements .  

A l though  the three- layer  model  p rov ides  very  good 
ag reemen t  be tween  predic t ions  and measurement s ,  the 
computa t ions  have  shown that  the  optical  effect of the 
th i rd  (dendri t ic  island) layer is often negligible,  because  
the  surface coverage  by islands is small  (5-10%). A 
simplif ied two-layer  mode l  was therefore  used  for inter- 
pretat ions.  Only three  u n k n o w n  parameters  have  to be 
de te rmined  wi th  this mode l  ( thickness of the first, com- 
pact  layer, and th ickness  and porosi ty  of  the  second,  po- 
rous layer), as opposed  to six parameters  requ i red  for the  
three-layer model. Despite the insignificant optical effect 
of the dendritic island layer, it usually contained about 
two-thirds of the Pb deposit known to be present from 
coulometric measurement. All optical constants were de- 
termined experimentally from independent measure- 
ments, and were not treated as adjustable parameters. 

Optimization of the two-layer model.--Optimized values  
of  the wave leng th - independen t  parameters  of  the two- 
layer mode l  ( thicknesses  and porosity) were  obta ined  by 
min imiz ing  the sum-of-squares  error  b e t w e e n  measure-  
ments  and mode l  predic t ions  over  the  ent i re  spectral  
range. As out l ined in a previous  paper  (22), pa ramete r  
conf idence  intervals  are calculated f rom the  var iance  of 
the measu remen t s  by use of the  s tuden t  t-statistic at a 
95% conf idence level  for 2N-P degrees  of f reedom,  where  
N is the  n u m b e r  of  delta-psi  measu remen t s  over  the  spec- 
tral range (from a single spect roscopic  scan) and P is the 
n u m b e r  of adjus table  parameters .  Wavelengths  of  individ- 
ual  measu remen t s  are spaced at intervals  greater  than  the 
source bandwidth ;  m e a s u r e m e n t s  at each wave leng th  are 
t rea ted as i n d e p e n d e n t  observa t ions  of  the  same surface. 

Opt imizat ion  of  the wave leng th - independen t  parame-  
ters requ i red  to specify only the  first two layers resul ted 
in smal ler  pa ramete r  var iances  than if all three  layers 
were  included,  because  the  var iance  for any pa rame te r  in- 
creases  dramat ica l ly  as the  total  n u m b e r  of  mode l  param- 
eters P approaches  the  n u m b e r  of data points  (2N) used in 
the  optimizat ion.  This s t rategy is based on the  resul ts  of  
optical  computa t ions  which  had shown that  the third (is- 
land) layer has an insignif icant  optical  effect. All depos- 
i ted Pb  not  accoun ted  for in the  first two layers after 
opt imizat ion  was a s sumed  to be  conta ined  in the  den- 
drit ie islands. 

Resul ts  of the  opt imizat ion  are shown in Fig. 5 and 6 
(delta and psi vs. wavelength) .  The solid l ines represen t  
expe r imen ta l  measurements ,  and the circles represen t  
points  calculated by a mul t id imens iona l  opt imizat ion  rou- 
tine. Very good ag reemen t  was obta ined by opt imizat ion  
of  the th ickness  and poros i ty  of  the second layer, wh ich  
are wave l eng th - independen t  adjus table  parameters .  
Table  I summar izes  the resul ts  of  the opt imizat ion.  Mea- 
sured and calculated values  of  delta and psi at par t icular  
wave leng ths  are tabula ted  for three  thicknesses .  The 
a m o u n t  of material ,  based on eoulomet r ic  measurements ,  

1 [~p,,(1 - 30n,) + ~,(30,,, - 2)] [3] A = y  

/~ = _ 1 [ ~ , , , , ~ ]  [ 4 ]  

~f = ~f"~ [5] 

The root with the largest modulus was used as solution of 
Eq. [i] (23). 

The third layer represents dendritic Pb islands, visible 
in scanning electron micrographs, and was modeled by 
an island film and coherent superposition of polarization 
states (Eq. [6]) resulting from reflection on adjacent sur- 
face elements with and without island coverage 

~ = 0f~'~.f + ( 1  - 0 f ) ~ . ,  [ 6 ]  

Table I. Spectroscopic ellipsometry of Pb deposits: optimization of two- 
layer model. Confidence intervals for model parometers given for 95% 

confidence limits 

Thickness of 
compact 

deposit d,, 
based on charge 30 nm 60 nm ii0 nm 

Thickness of 31 -+ 4.1 50 -+ 16.2 87 -+ 266.4 
porous layer 
(nm) 

Vol. fraction 0.585 -+ 0.139 0.775 + 0.165 0.968 -+ 0.274 
Pb in porous 
layer 

Thickness of 0.48 +- 0.ii 0.48 +- 0.Ii 0.48 +- 0.ii 
compact (UPD) 
layer (nm) 
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Fig. 5. Spectroscopic simulation for optimum fit of ellipsometer pa- 
rameter delta for a two-layer film model (circles) and measurements 
(solid lines) for equivalent deposit thicknesses of O, 3 1 , 6 0 ,  and 110 nm. 
Film parameters derived from optimum fit of model predictions to mea- 
surements given in Table I. 
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Fig. 6. Spectroscopic simulation for optimum fit of ellipsometer pa- 
rameter psi for a two-layer film model; other comments as in Fig, 5. 

present  in these  films cor responds  to compac t  layers of  
th ickness  31, 60, and 110 nm. By min imiz ing  the  sum-of- 
squares  error  (24) be tween  the mode]  predic t ions  and 
measured  values  of  delta and psi over  the ent i re  spectral  
range,  one de te rmines  the  o p t i m u m  values  of the wave- 
l eng th - independen t  ad jus tab le  parameters  ( thickness  and 
porosity).  Table  I shows the  values  of  the th ickness  and 
poros i ty  of  the  porous  layer  wi th  their  stat ist ically deter- 
m i n e d  conf idence  in terval  and the th ickness  of  the  com- 
pac t  layer which  cor responds  to that  of  the  underpo-  
tent ia l  deposi ts  (19, 22). Thicknesses  and porosi t ies  of  the  
second layer are thus  found  to be 31 n m  and 41%, 50 n m  
and 22%, and 87 n m  and 3%, respect ively.  

The  large error  l imits  g iven for the  film th ickness  in 
the last co lumn  of Table  I (87 -+ 266 nm) are caused by the 
fact that  a layer of  that  th ickness  is jus t  barely pene t ra ted  
by the  l ight  (convent ional  penet ra t ion  dep th  for normal  
inc idence  8 and 13 n m  at wave leng ths  400 and 700 nm, re- 
spect ively)  and behaves  opt ical ly  a lmos t  l ike bulk lead. 
The  measu remen t s  are therefore  insensi t ive  to deposi t  
th ickness ,  resul t ing  in a wide  conf idence  interval.  

Inhibi tor  Effects 
Conclus ions  about  the  effect  of  rhodamine-B on deposi t  

poros i ty  were  der ived  f rom spec t roscopic  e]] ipsometer  
m e a s u r e m e n t s  by the  me thods  d iscussed  in the p reced ing  
section.  F igures  7 and 8 show, for a thin depos i t  (31 rim, 
based on charge), h o w  the dis t inct ive  spectral  proper t ies  
of  the  Cu substrate ,  which  are still v is ible  th rough  the  de- 
posi t  obta ined  wi thou t  dye, were  comple te ly  masked  by a 
depos i t  of  equal  lead con ten t  obta ined  in the  p resence  of  
the  dye. The  large optical  d i f ference  is due  to di f ferences  

Table II. Effect of rhodamine-B on the morphology of bulk Pb deposits 
during cyclic voltammetry. Comparison of thickness dq of bulk deposit 
derived from charge passed with thickness d and volume fraction Opb 
obtained from ellipsometer measurements. Points B to F selected in first 

and second potential sweep identified in Fig. } 1 and 12 

d • 0p  b 
Sweep - -  x 100(%) 

no., point E (mV) dq (nm) d (nrn) 0ph d, 

No dye added 
1, B -582 16.3 7.5 0.38 17 
1, C -430 37.9 50.6 0.56 75 
2, E -573 16.3 8.6 0.35 18 
2, F -400 37.9 50.9 0.55 74 

10/~M rhodamine-B 
1, B -800 21.7 11.3 0.89 46 
1, C -439 37.9 29.6 0.85 66 
2, E -800 27.I 24.4 0.61 55 
2, F -388 43.3 42.0 0.66 64 

in poros i ty  (45% wi thou t  dye, < 10% wi th  dye). Spectra l  
scans of  delta for a th icker  deposi t  (110 nm, based on 
charge) are shown in Fig. 9. Here,  deposi ts  m a d e  wi th  and 
wi thou t  rhodamine-B show similar  optical characterist ics,  
wh ich  can be in te rpre ted  as Pb layers too th ick  to be 
pene t ra ted  by the  light,  even  for deposi ts  ob ta ined  with- 
out  dye. The optical  in terpre ta t ions  were  s imilar  for de- 
posits  obta ined  wi th  cons tan t  or cycl ing potential .  The 
underpo ten t i a l  depos i t  can be represen ted  as a compac t  
mono laye r  in the  absence  of  the dye and an incomple te  
mono laye r  in its presence.  
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Fig. 7. Spectroscopic measurement of ellipsometer parameter delta 
for thin Pb deposit on Cu (corresponding to 31 nm compact thickness); 
effect of presence of dye, bare Cu substrate shown far comparison. 
Potentiostatic deposition, - 6 0 0  mV vs. Ag/AgCI, electrolyte as in Fig. 
1, except for dye. Substrate visible through porous deposit obtained 
without dye. 
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Fig. 8. Spectroscopic measurement of ellipsometer parameter psi, 
data as for Fig. 7. 
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Fig. 9. Spectroscopic measurement of ellipsometer parameter delta 
for thick Pb deposit on Cu (corresponding to 110 nm compact thickness). 
Substrate obscured. 
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Fig. 11. Potential cycles (+ 100 to - 8 0 0  mVvs. Ag/AgCI, sweep rate 
2.8 V/min) applied to working electrode (1.13 cm 2) and resulting current 
response. Pb deposition on Cu from 5 mM Pb(NO3)2, 1M NaCIO4,pH 3, 
10 pJgt rhodamine-B. Evaluation of measurements at points B to F shown 
in Table II. 

Fig. 10. Effect of rhodomine-B on the micromorphology of thin (1 min, 
30 nm) and thick (8 min, 110 nm) Pb deposits; scanning electron micro- 
graphs. Potentiostatic deposition at - 6 0 0  mV vs. Ag/AgCI. 

The scanning  e lec t ron micrographs  shown in Fig. 10 il- 
lus t ra te  the  f ine-grained initial (1 rain, co r respond ing  to 
30 n m  compac t  th ickness)  depos i t  obta ined  wi th  the  dye 
and the  dendr i t ic  islands obta ined  wi thou t  it. At  a later  
s tage of  deposi t ion  (8 min,  co r respond ing  to 110 n m  com- 
pac t  th ickness)  the  effect  of  the  dye begins  to wear  off 
and patches  of  porous  depos i t  appear ,  whi le  wi thou t  dye 
the  dendr i tes  con t inue  to g row into a mat ted  layer. En- 
ergy dispers ive  x-ray analysis has shown that  the  den- 
dri tes are composed  of  lead, and that, w i thou t  dye, the  de- 
posi t  be tween  dendr i tes  is ve ry  thin, whi le  it is th ick  and 
un i fo rm with  the  dye, as had  been  inferred f rom the  ellip- 
somete r  measurements .  

Ellipsometry and Cyclic Voltammetry 
Cyclic v o l t a m m e t r y  and e l ] ipsometry  m e a s u r e m e n t s  (at 

550 n m  wavelength)  were  conduc t ed  s imul taneously .  A 
potent ia l  r a m p  (+100 to -800  mV v s .  4 M  Ag/AgCt refer- 
ence,  2.8 V/rain) and cur ren t  response  are shown in Fig. 
11. The co r respond ing  e l l ipsometer  m e a s u r e m e n t s  are 
g iven  in Fig. 12. They  show a response  which  coincides  
wi th  the  onset  of  a ca thodic  deposi t ion  current  (points A 
and D for first and second sweep). The deposi t  th ickness  
and poros i ty  (1 - Out,) were  de te rmined  by fitting the  
e l l ipsometer  m e a s u r e m e n t s  to the  two-layer  optical  
mode l  d iscussed  above.  

In te rpre ta t ions  for se lec ted  measu red  points  B-F, Fig. 
11 and 12, are g iven  in Table  II. It  can be seen that,  dur ing  
the  first potent ia l  cycle, the  p resence  of  the  dye resul ts  in 
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Fig. 12. Ellipsometer measurements collected during potential cycles 
shown in Fig. 11; wavelength 550 nm (10 nm bandwidth), angle of inci- 
dence 75 ~ 

a h igher  v o l u m e  fract ion ( lower porosity) of  lead in the  
bulk  deposit .  The  effect  of  the  dye gradual ly  disappears  
in the  second and subsequen t  cycles, where  v o l u m e  frac- 
t ions close to those  wi thou t  dye are obta ined  (22). Thus,  a 
15% porosi ty  obta ined  in the  first potent ia l  sweep  for a 
layer 29.6 n m  thick compares  to a 34% porosi ty  obta ined  
in the  second sweep  at 42 n m  thickness .  This  increase  in 
poros i ty  is respons ib le  for the  change  f rom a pos i t ive  to a 
nega t ive  response  in del ta  to depos i t ion  b e t w e e n  the  first 
and subsequen t  sweeps.  Deple t ion  of  dye  at the  e lec t rode  
surface is the  cause for this  change  in behavior .  The  effect  
of  rhodamine-B on depos i t  poros i ty  reappears  after  relax- 
a t ion per iods  at open circuit .  The optical  constants  of 
compac t  lead (fi = 2.1-4.2i) were  c o m b i n e d  wi th  the  re- 
f ract ive index  of  the  e lec t ro ly te  (n = 1.34) to c o m p u t e  the 
optical  proper t ies  of  the  porous  deposi ts  by use of the  
B r u g g e m a n  equat ion.  The  optical  constants  of  the  copper  
subs t ra te  were  measu red  as fi = 0.7-3.4i. 

The amoun t  of  lead in the  bulk deposi t  der ived  f rom 
the  e l l ipsometer  m e a s u r e m e n t s  (product  of  th ickness  d 
and v o l u m e  fract ion 0p,,) is a lways less than  the  a m o u n t  
based on the  charge  passed ( thickness  d~), as shown in 
the  last co lumn  of Table  II. The  ratio is lower  for deposi ts  
wi thou t  dye, in a g r e e m e n t  wi th  the  format ion  of  more  
dendri t ic  islands, which  are not  measured  opt ical ly (2). 

Measurement of the Inhibitor Layer 
Underpo ten t i a l  and bulk  peaks in the  cyclic vo l t ammo-  

g rams  are shifted to more  ca thodic  potent ia ls  by ad- 
sorbed  rhodamine-B.  Due  to deple t ion  of  the  dye, this po- 
tent ial  shift  disappears ,  however ,  after several  un- 
in te r rup ted  potent ia l  cycles,  bu t  it reappears  after  re- 
laxat ion per iods  (10-60 rain) at open  circuit ,  dur ing  which  
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Fig. 13. Readsorption of rhodamine-B on Cu during 5-60 min relaxa- 
tion at open circult after removal by multiple potential sweeps; effect on 
cyclic voltammograms, 2 V/rain, 1M NaCI04, 5 mM Pb ~§ 10/~M dye, p H 
3, 1.27 cm 2. 

adsorption can take place by diffusion from the electro- 
lyte (Fig. 13). The repopulation of the electrode surface 
with rhodamine-B adsorbate has also been observed by 
spectroscopic ellipsometry; differential measurements 
with and without dye (Fig. 14 and 15) show the develop- 
ment of spectral features due to the adsorbed dye. These 
spectral scans were taken immediately preceding the cor- 
responding cyclic voltammograms of Fig. 13, the relaxa- 
tion times in minutes are indicated along the curves. A 
study of the adsorbed dye layer (25) which will be pre- 
sented elsewhere, has shown that molecules oriented nor- 
mal to the electrode surface, forming an adsorbate layer 
32#, thick, appear to be responsible for the inhibition of 
Pb deposition. 

The long relaxation times required to restore rhoda- 
mine-B coverage of the surface are due to the slow diffu- 
sion from the very dilute (i0 ~M) solution (26). For a cov- 
erage between 4 x i0 ':~ and 2 x I0 '4 molecules/cm ~, 
assuming a linear adsorption isotherm with an equilib- 
rium constant of 0.01-0.03 cm (27), a 30 rain time to half- 
coverage would require a diffusion coefficient between 
5.6 x I0 -~ and 5.0 x 10 -7 cm 2 s-', which appears reasona- 
ble. 

Conclusions 
Rhodamine-B acts as a deposition inhibitor for the elec- 

trodeposition of Pb on Cu and Ag. Potentials required for 
deposition are more cathodic in the presence of rhoda- 
mine-B than in its absence. 

hl 
hl 

w 

i I 
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Fig. 14. Differential spectroscopic measurements of ellipsometer pa- 
rameter A for readsorption of rhodamine-B on Cu after multiple potential 
sweeps. (Spectra for bare Cu in electrolyte without dye subtracted.) Re- 
laxation periods at open circuit in minutes given along curves. Experi- 
mental conditions as in Fig. 13. 
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Fig. 1S. Differential spectroscopic measurements of ellipsometer pa- 
rameter @ for readsorption of rhodamine-B on Cu. Experimental condi- 
tions as in Fig. 13. 

Less porous deposits are formed in the presence of the 
dye and the underpotential deposit is less than a com- 
plete monolayer. The observed decrease in bulk deposit 
porosity resulting from the addition of rhodamine-B can 
be attributed to an increase in nucleation density on the 
surface and inhibition of dendrite growth. 

If nucleation of the bulk deposit is favored at imperfec- 
tions of the first monolayer of the underpotential deposit, 
the partial mono]ayer formed in the presence of rhoda- 
mine-B may provide a higher density of nucleation sites. 
Also, because deposition occurs at more cathodic poten- 
tials in the presence of the dye, the equilibrium size of nu- 
clei on the surface is smaller and their number larger. Ki- 
netic effects of the adsorbed dye molecules may involve a 
decrease in the surface diffusion of Pb adatoms, which 
would also result in a higher nucleation density. 

The selective reduction of rhodamine-B at easily acces- 
sible (high activity) sites, such as tips of dendrites, in fa- 
vor of Pb § reduction, could shift the deposition to less ac- 
cessible sites close to the surface which would pref- 
erentially be supplied by Pb +~ because of its higher diffu- 
sion coefficient. 

The dye is reduced at the surface and inhibitory effects 
on the deposit micromorphology disappear until the sur- 
face is repopulated with adsorbate during relaxation peri- 
ods at open circuit. 

Spectroscopic ellipsometry allows one to calculate con- 
fidence intervals of wavelength-independent parameters 
for micromorphologica] optical models and to justify the 
use of more sophisticated optical models on the basis of 
the greater degrees of freedom. 

For three electrolytical]y formed Pb deposits (compact 
thickness 31, 60, and 1 i0 nm) the best agreement between 
measurements and model predictions was obtained for a 
three-layer model or a two-layer simplification of it. The 
distribution of deposited material between compact, po- 
rous (granular), and dendritic island layers could be deter- 
mined. 
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LIST OF SYMBOLS 

d thickness of deposit derived from ellipsometer mea- 
surements 

d, thickness of deposit for a compact layer, based on 
charge 



Vol. 132, No. 2 E L E C T R O D E P O S I T I O N  O F  L E A D  O N  C O P P E R  319 

k imaginary part of complex refractive index 
n real part of complex refractive index 
~f complex refractive index of porous film 
~ complex refractive index of substrate 
{~ complex Fresnel reflection coefficient for polariza- 

tion , (s or p) 
~v.f complex Fresnel reflection coefficient for film- 

covered surface 
~.~ complex Fresnel reflection coefficient for bare 

surface 
A,/~ complex parameters for quadratic equation 
E potential vs. 4M Ag/AgC1 
N number  of pairs of h and 0 measurements 
P number  of mode] parameters to be fitted 
Q charge passed 

level of confidence (1-2~) 
~ complex dielectric function of porous film 
~p~ complex dielectric function of metallic Pb 
~ complex dielectric function of electrolyte solution 
Of fraction of surface covered by film of refractive in- 

dex ~ 
Opj) volume fraction of Pb in porous film derived from 

ellipsometer measurements 
ellipsometer parameter, phase difference between p 
and s electric field components after reflection, 
relative to the incident (degrees) 

~c calculated value of A 
h~j measured value of A 

ellipsometer parameter, amplitude ratio of p and s 
electric field components after reflection (tan $), 
relative to the incident (degrees) 

Oc calculated value of 
0~ measured value of 
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Electrochemical Deposition of Cadmium Sulfide Thin Films from 
Organic Solution 

I. Sulfur Reduction and Cadmium-Polysulfide Complex Formation 

Fran~;ois Mondon 
Laboratoire de Spectrometric Physique, CNRS et Universit~ de Grenoble I, 38402 Saint-Martin d'Heres Cedex, France 

ABSTRACT 

The reduction of sulfur in an aprotic solvent (DMSO) is known to be a two-stage process; each stage involves a 
bielectronic electrochemical step followed by a chemical dismutation reaction. When reduction is performed at a 
rotating electrode, it is shown that the electrochemical steps alone are involved in the electrode process. The 
voltammetric waves then correspond to the simple scheme 

1st wave: Ss + 2e- --~ $8"- 2nd wave: $8 ~- + 2e- --* 2S4 ~- 

The slower dismutation reactions appear only in the bulk of solution. They lead to electron numbers which differ from 2 
when $8 is electrolyzed. The addition of Cd'-'* ions to a polysulfide ion solution yields soluble polysulfide-cadmium 2:1 
complexes [Cd(Sx)~] 2- with x = 8, 6, and 4. The stability of the complex is increased when X decreases from 8 to 4, which 
leads to dismutation and exchange reactions between complexes, polysulfide ions, and sulfur. 

Cadmium sulfide CdS is a potential material for fabri- 
cation of low-cost solar cells based on thin polycrystalline 
films (1, 2). Besides several chemical or physical pro- 
cesses (3-5), thin cadmium sulfide films are obtained by 
means of electrochemical reduction of an organic solution 
containing molecular sulfur S~ and a cadmium salt (6-9). 
Although it is sometimes written as a simple reaction 
(Cd 2+ + 1/4 $8 + 2e- ---> CdS) (7), the electrochemical deposi- 

tion of CdS soon proves to be a rather intricate process. 
The purpose of this paper (and of our next  one on the 
same topic) is to demonstrate how sulfur reduction is im- 
plied with further chemical and electrochemical reactions 
to yield CdS deposits. 

Chemical reaction between molecular sulfur S~ and 
monosulfide ion S'-'- in various solvents yields a mixture 
of different polysulfide ions S/-'-. The sulfuration index 
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x varies according  to the $8: S ~- ratio in a range which  de- 
pends  upon  the  solvent  (10-13). An al ternat ive  way  for 
polysulf ides  prepara t ion  is the e lec t rochemica l  reduc t ion  
of  molecu la r  sulfur  d issolved into a sui table  solvent,  e.g., 
d ime thy l su l fox ide  (DMSO) or d ime thy l fo rmamide  (DMF). 
Both  means  of  prepara t ion  yield similar  mix tures  of $8 ~-, 
S,(-'-, and S~-'- ions. 

E lec t rochemica l  r educ t ion  of  sulfur in aprot ic  organic  
solvents  proceeds  th rough  complex  react ion paths. It  was 
demons t r a t ed  in prevous  s tudies  that  the e lec t rochemica l  
steps of  the  process  may be  fol lowed by chemica l  reac- 
t ion be tween  sulfur and polysulf ides  (14, 15). 

Scann ing  potent ia l  v o l t a m m o g r a m s  for reduc t ion  of  Ss 
at a rotat ing e lec t rode  (e.g., pla t inum e lec t rode  and 
DMSO) show two waves  of  equal  ampl i tudes  (Fig. 1). The 
s imples t  scheme  consis tent  wi th  this behav ior  is the fol- 
lowing 

Ss + 2 e -  ~ $8 ~- [1] 

Ss 2- + 2e-  --> 2S4  2 -  [2] 

When reduc t ion  of Ss is carr ied on at a potent ia l  corre- 
sponding  to the  first wave,  the  electrolysis  first p roceeds  
th rough  a two-elec t ron reaction.  However ,  the  current  
vanishes  only w h e n  Ss is r educed  by 8/3 electrons.  This 
unusua l  behavior  is re la ted to the  d i smuta t ion  of  $82- (15) 

4S8 ~- ~ - 4 S j -  + S~ [3] 

At  the end of  the  electrolysis ,  the  whole  process  is then  

Ss + 8/3 e -  --~ 4/3 $62- [4] 

The polysulf ide $62- m a y  be  reduced  to $32- at a poten-  
tial cor responding  to the  second wave  of the  vo l t ammo-  
g rams  

S~ ~- + 2e -  --~ 2S32- [5] 

Besides  the above-men t ioned  " two-e lec t ron"  process  (Eq. 
[1] and [2]), another  in terpre ta t ion  of the  two reduc t ion  
waves  is an "8/3-electron" process  invo lv ing  Eq. [4] and 
[5]. It is thus  desi rable  to demons t ra te  clearly wh ich  pro- 
cess takes  place at a rota t ing electrode,  pr ior  to invest igat-  
ing the  role of Ss reduc t ion  in CdS deposit ion.  

Experimental  
Chemicals.--Reagent grade  DMSO was purif ied by 

means  of  dist i l lat ion unde r  reduced  pressure.  The  sup- 
por t ing  electrolyte,  t e t r ae thy l -ammonium-perch lo ra te  
(TEAP), was twice  recrystal l ized f rom cold w a t e r  and 
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Fig. 1. Voltornmetric plot foro sulfur solution in DMSO before and dur- 

ing electrolysis ot - 0.9V: (1) before electrolysis; (2) off = 2 F/rnol; ond 
(3) o r / =  8/3. Co = 2.5 • ] 0 -~ tool/liter Ss; 4 mVs-'; 600 rpm, 60~ 

tho rough ly  dr ied under  vacuum.  Sulfur  was recrystal l ized 
f rom benzene.  C a d m i u m  salts were  c a d m i u m  chlor ide or 
nitrate. Water was r e m o v e d  from c a d m i u m  nitrate  solu- 
t ions by means  of  molecu la r  sieves and by ni t rogen 
bubb l ing  at 80~ All solut ions were  deaera ted  by nitro- 
gen  bubbl ing  before  and dur ing  all exper iments .  The sul- 
fur concent ra t ion  was 2.5 x 10-3 tool Ss/liter. 

Apparatus and methods.--A Tacussel  potent ios ta t  and 
in tegra t ing cou lomete r  (PRT 40-1X, IG6-N) were  used  in 
e lec t rochemica l  measurement s .  Vo l t ammet ry  was per- 
fo rmed  at a rota t ing p la t inum disk e lec t rode  (a 2 m m  
d iam p la t inum wire  fi t ted into a 10 m m  P T F E  rod). This 
e lec t rode  was pol i shed  wi th  0.3 t~m a lumina  powder  be- 
fore each  run. Unless  o therwise  specified, the e lec t rode  
was rota ted at 600 rpm. Control led  potent ia l  electrolysis  
was carr ied out  at a large p la t inum foil c leaned  in aqua 
regia. The  auxi l iary e lec t rode  was a p la t inum foil; it was 
isolated f rom the work ing  solut ion by means  of a br idge 
(filled wi th  DMSO + TEAP)  fitted wi th  two glass frits. A 
commerc ia l  aqueous  ca lomel  reference e lec t rode  (SCE) 
was used in all exper iments .  In order  to exc lude  any 
water  diffusion, this re ference  e lec t rode  was connec ted  to 
the work ing  solut ion by means  of a br idge  conta in ing  
DMSO + T E A P  and molecu la r  sieves. Most  e lec t rochem-  
istry expe r imen t s  were  carr ied out  at 60~ the  water- 
j acke ted  air t ight  vesse l  was con t inuous ly  f lushed wi th  
purif ied nitrogen.  Absorp t ion  spectra were  r ecorded  on a 
B e c k m a n  DB-GT spec t rophotomete r ;  the  solut ions were  
t ransfer red  f rom the electrolysis  vessel  to the  spect ropho-  
tomet r i c  cells by means  of P T F E  tub ing  in a ni t rogen- 
f lushed air t ight  a r rangement .  

Sulfur Reduction in D M S O  
Potentiodynamic plots.--Potentiodynamic scans were  

run  at several  t empera tu res  f rom 20 ~ to 110~ wi th  vol tage 
scan rates ranging be tween  2 and 20 mV s -]. The scan 
rate had  no effect  on the  vo l t ammograms ,  and the  ratio of  
the l imi t ing  currents  of  the two waves  r ema ined  very  
close to 1 at any tempera ture .  The rate of  ro ta t ion ~ of  the 
e lec t rode  was var ied  b e t w e e n  200 and 5000 rpm at 20 ~ and 
60~ In each case, the  two l imi t ing currents '  var ia t ions  
satisfied the  Lev ich  equa t ion  (i.e., propor t iona l  to oJ'2). 

Controlled potential electrolysis.--Reduction of the 
work ing  solut ion was pe r fo rmed  at -0 .9  V/ECS (i.e., on 
the first wave). The  concent ra t ion  of u n r e d u c e d  sulfur 
was mon i to red  f rom t ime to t ime  by means  of  vol tam- 
met ry  at a rota t ing p la t inum elec t rode  (Fig. 1). F igure  2 
shows a plot  of  the remain ing  sulfur concent ra t ion  
against  the charge  f lowing dur ing electrolysis.  This 
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Fig, 2. Variation of the unreduced sulfur Ss concentration during elec- 
trolysis at -0 .9V (60~ 
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c h a r g e  is e x p r e s s e d  as t h e  n u m b e r  f of  F /mo l  of  $6 ini-  
t ia l ly  p r e s e n t  in  t he  so lu t ion .  

V o l t a m m e t r y  is also u s e d  to m o n i t o r  Ss 2- a n d  S,}- evo- 
l u t i on  d u r i n g  e lect rolys is .  T h e s e  po lysu l f ides  are i n d e e d  
ox id ized  in to  $6 w i t h  loss  of two  e l ec t rons  (13) 

Ss 2- --> Ss + 2e-  

3 
$62- ~ - ~  86 + 2e -  

W h a t e v e r  t he  s tage  of r educ t ion ,  on ly  one  ox ida t i on  
wave  is o b t a i n e d  a n d  t he  ha l f -wave  p o t e n t i a l  r e m a i n s  un-  
c h a n g e d  ( -0 .19  V/ECS).  T he  ox ida t i on  l im i t i ng  c u r r e n t  in- 
c reases  l inea r ly  w i t h  fi a n d  no  va r i a t ion  of t he  s lope oc- 
cu r s  at  f = 1 (Fig. 3). In  add i t ion ,  t he  c u r r e n t  va r i a t i on  
aga in s t  e l ec t rode  ro t a t i on  speed  sat isf ies L e v i c h ' s  law. 
The  r e d u c t i o n  of  Ss'-'- a n d  S,, 2- t akes  pa r t  in  t he  s e c o n d  
wave  l im i t i ng  c u r r e n t  i2, w h i c h  d i sp lays  a c o m p l e x  b e h a v -  
ior, f irst  decreas ing ,  t h e n  i n c r e a s i n g  to ca. 10% a b o v e  i ts  
in i t ia l  v a l u e  (Fig. 4). 

W h e n  t he  e lec t ro lys is  is p e r f o r m e d  at -1 .5  V/ECS (sec- 
o n d  wave),  i den t i ca l  r e su l t s  are o b t a i n e d  f rom vo l t am-  
me t r i c  plots ,  as long  as f < 8/3. T he  su l fur  a n d  po lysu l f ide  
ion c o n t e n t  of t he  so lu t ion  t h u s  d e p e n d s  on ly  on  f a n d  no t  
on  e lec t ro lys is  potent ia l .  As soon  as f e x c e e d s  8/3, t he  res t  
p o t e n t i a l  of  t he  P t  w o r k i n g  e l ec t rode  is sh i f t ed  f r o m  -0 .7  
to -1 .0  V/SCE, and  a n e w  ox ida t ion  wave  a p p e a r s  (E,,~ 
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Fig. 3. Voriotion of the oxidation limiting current during controlled po- 
tentiol electrolysis (at -0.9V until f = 8/3, and then ot - 1.5V). Same 
conditions as Fig. 1. 
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Fig, 4. Relative variation of the second wave limiting current during 
electrolysis at - 0 .9V .  Experimental points and calculated curves. 

-0 .8  V/SCE).  B e t w e e n  f = 8/3 a n d  f = 3.8, t he  r e d u c t i o n  
a p p e a r s  to b e  a one -e l ec t ron  process .  

Discussion.--I t  can  b e  c o n c l u d e d  f rom the  a b o v e  re su l t s  
t h a t  t he  l imi t a t ion  of  t he  c u r r e n t  in  p o t e n t i o d y n a m i c  p lo ts  
ar ises  f rom d i f fus iona l  t r a n s p o r t  of  Ss only. Therefore ,  i t  
c an  be  in fe r r ed  e i t he r  t h a t  t he  d i s m u t a t i o n  r eac t i on  [3] is 
s low a n d  t akes  p lace  on ly  ou t s ide  t he  d i f fus ion  l imi t ing  
layer  or, on  t he  con t ra ry ,  t h a t  th i s  r eac t ion  is fas t  e n o u g h  
to go to c o m p l e t i o n  i n s i d e  t h e  d i f fus ion  layer.  Th i s  r e su l t  
p r e c l u d e s  a m i d d l e  h y p o t h e s i s  set  b e t w e e n  t h e  f o r m e r  
" two-e l ec t ron"  case  a n d  the  l a t t e r  "8/3-e lec t ron"  one.  

The  re su l t s  c o n c e r n i n g  t he  con t ro l l ed -po t en t i a l  electrol-  
ysis  are s imi la r  to t h o s e  of  B a d o z - L a m b l i n g  (15). T h e  one-  
e l ec t ron  p roce s s  o c c u r r i n g  b e y o n d  f = 8/3 is t he  r e d u c t i o n  
of  S,- '- i n to  S:(-'- [5], fo l lowed by  t h e  r eac t i on  b e t w e e n  S:~ 2- 
a n d  86-'- 

283 ~- + S,'-'- ~- 3842- [6] 

382- 862-  ~- e -  ---> -~- 4 [7] 

T h e  l imi t a t ion  of  t he  o x i d a t i o n  c u r r e n t  is also a diffu- 
s iona l  process .  The  lack  of  va r i a t i on  in  t he  s lope  of  the  
p lo t  of  t he  l imi t ing  c u r r e n t  b e t w e e n  f = 0 a n d  f = 3.5, 
s t rong ly  sugges t s  t h a t  t he  d i f fus ion  coeff ic ients  of  Ss  2- 
a n d  $62- are equal ,  a c c o r d i n g  to L e v i c h ' s  equa t ion .  The i r  
va lue  is t h e n  

D_,(Ss ~-) = D3(S j - )  = (6.3 _+ 0.3) • 10 -'~ c m  ~ s - '  a t  60~ 

A s s u m i n g  e i the r  n = 2 or n = 8/3 for  t he  e l ec t ron  n u m -  
be r  for  su l fu r  r e d u c t i o n  in  v o l t a m m e t r i c  cond i t ions ,  two 
va lues  of t he  Ss d i f fus ion  coeff ic ient  are de r ived  f rom the  
r e d u c t i o n  l imi t ing  c u r r e n t  

n = 2e -  : D, = (8.9 -+ 0.4) • 10 -6 c m  2 s -~ 

n = 8/3 e -  : D, '  = (5.8 -+ 0.3) x 10 -6 c m  2 s - '  
a t  60~ 

A previous study in our group (16) showed that, owing 
to electrostatic interactions and ion pairing, the diffusiv- 
ity of a charged species in an electrolytic solution is lower 
than the diffusivity of a similar neutral species. For in- 
stance, with tetramethyl phenylenediamine (TMPD/ 
TMPD+), the ratio D(neutral)/D(eharged) ranges from 1.3 
to 1,9 in acetone, according to the supporting electrolyte 
concentration. The above-mentioned results concerning 
Ss and S82- yield the ratios D,/D2 = 1.4 -+ 0.07 (for n = 2) 
and DI'/D.~ = 0.9 -- 0.04 (for n = 8/3). The diffusion coeffi- 
cients of Ss and Ss 2- may be affected by the shape of the 
species (ring or chain). The comparison between several 
mono- or tetra-alkylammonium ions (chains or spheroids 
with the same molecular weight) shows that the ionic mo- 
bility of the spheroid is a few percent larger. The "two- 
electron" hypothesis then appears more likely than the 
"8/3-electron" one. 

A final piece of evidence in favor of the two-electron 
p roces s  is o b t a i n e d  t h r o u g h  t h e  ana lys i s  of  t h e  v a r i a t i o n s  
of  t h e  s e c o n d  w a v e  a m p l i t u d e  d u r i n g  e lec t ro lys i s  a t  
- 0.9V. P r o v i d e d  t h a t  t he  c o n c e n t r a t i o n s  a n d  d i f fus iv i t ies  
of  va r ious  spec ies  are  k n o w n ,  t he  s e c o n d  wave  c u r r e n t  i2 
c an  b e  de r ived  as a f u n c t i o n  of  t he  n u m b e r  of  F, fi i n  t he  
va r ious  r eac t ion  s chemes .  Rega rd l e s s  of  t he  s c h e m e ,  t he  
r e s p e c t i v e  c o n c e n t r a t i o n s  C,, C2, a n d  C3 of  Ss, Ss 2-, a n d  
$62- m a y  be  de r ived  at a n y  s tage  of  t he  e lec t ro lys i s  

C, = Co i[/i,, 

C~ = 4(Co(1 - 3f/8) - C,) 

C:, = 2 ( C o ~ -  2) + 2 C,) 

Reactions [3] and [6] are slow.--The dismutation reac- 
tions [3] and [6] take place only in the bulk of the solution. 
The first stage is then reaction [1], while the second wave 
involves reactions [I] + [2] and [5]. The limiting currents 
are derived by use of coefficients D, and D~ and of proper 
electron numbers. In this first case the ratio i.,_/i,, is 
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is i, 1 [Ds~'3f, I il 
Y1 .-:- + 0.40f 

io io + 2 C G - , /  = ~o 

Reaction [3] is fast and [6] is slow.--Reaction [3] n o w  
occurs  ins ide  the  d i f fus ion  layer;  the  first  v o l t a m m e t r i c  
wave  t h e n  c o r r e s p o n d s  to t h e  f o r m a t i o n  of  S,/-'- (Eq. [4]). 
In  the  b u l k  of t he  so lu t ion ,  S,/-'- is pa r t ly  r e c o n v e r t e d  in to  
Ss'-'- as long  as $8 is p re sen t ;  th i s  p rocess  t akes  p lace  out- 
s ide  the  d i f fus ion  layer  a n d  t hus  does  no t  affect  the  first 
wave.  Der iva t ion  of  t he  s e c o n d  wave  c u r r e n t  in  th i s  case 
is more complicated. The reduction of Sd- proceeds 
through evolution of Ss and S~ ~-, which are reduced into 
S:(-'-. The molecular sulfur Ss (present in the bulk or 
evolved inside the diffusion layer) is indeed not reduced 
into $4'-'-, such a process not being consistent with two 
waves of equal amplitudes for S~ reduction. The correct 
assumption here is reduction of Ss into Sa s- via a 16/3 
electron process. The complete set of equations for the 
second wave is then 

$8 + 16/3 e -  --~ 8/3 $3 2- 
Ss ~~ + 10/3 e -  --+ 8/3 $3 2- 
$6 2- + 2e -  --> 2S3 s-  

The  ra t io  iJi,, in  th i s  s e c o n d  case  is 

Y. = =-- + 2 1 
- ~, io 16 

i1 ( i ~  3 f )  = w- + 2.66 1 
~o io 16 

(note  the  use  of  coeff ic ient  D~' for $8). 

Reaction [3] is slow and [6] is fast.--Reaction [6] n o w  
takes  p lace  in s ide  the  d i f fus ion  layer;  r e d u c t i o n  of S, 2- 
t h u s  y ie lds  $4 ~- ( reac t ion  [7]). The  r e m a i n d e r  of  the  pro- 
cess  is t he  s ame  as in  the  first  case. The  r e s u l t  is t h e n  

. = . - - +  2\_-~-}  1 
z,, io 4 

io io 4 

The  va lues  Y,, Y~, a n d  Y:~ of  the  rat io  idio are  p lo t t ed  
aga ins t  f t oge the r  w i t h  the  e x p e r i m e n t a l  va lues  in  Fig. 4. 
I t  is c lear  f rom th i s  p lo t  t h a t  the  first h y p o t h e s i s  is in  
qu i t e  good a g r e e m e n t  w i t h  e x p e r i m e n t s ,  wh i l e  ca lcu la ted  
va r i a t i ons  Y~ a n d  Y:~ bea r  no  re la t ion  to t h e m .  

This  las t  r esu l t  s u p p o r t s  t he  s imp le s t  m o d e l  for Ss re- 
d u c t i o n  at  a ro t a t i ng  e lec t rode ,  i.e., two e l ec t r ochemica l  
s teps  i nvo lv ing  two-e lec t ron  t r ans fe r s  a c c o r d i n g  to reac- 
t ions  [I] and  [2]. 

Reactions Between Polysulfide Ions and Cd ~§ 

Discoloration of polysulfide solutions.--A so lu t ion  con- 
t a i n ing  Ss ~- a n d  S j -  s h o w s  a deep  b lue  color;  w h e n  a so- 
lu t ion  containing Cd -'~ [as Cd(NO:~)~, for instance] is gradu- 
ally added to the polysulfide solution, the blue color 
vanishes and turns to light yellow. When the initial con- 
tent of the polysulfide solution is mainly $4 ~-, the initial 
color is yellow-green; again, it turns to light yellow upon 
Cd ~ addition. The discoloration is sharp enough to allow 
an accurate determination of the corresponding quantity 
of Cd '-'+ ions. Figure 5 shows a plot of this Cd'-" quantity 
against the total polysulfide content of the solution. The 
same linear variation is observed, irrespective of the re- 
duction state of the polysulfide ions. The abscissa then 
can be either the mole number of S~. ~- or the number f of 
F/tool S8 when the polysulfide solution is obtained by 
means of S s reduction. This implies that Cd "§ reacts in the 
same manner with Ss s-, $6 s-, and $4 s-. The S~.S-: Cd s§ ra- 
tio at discoloration is ~ 2.1, thus we consider the forma- 
tion of eadmium-polysulfide complexes with the formula 

[Cd(S.,.).,] ~- with x = 8,6,4 

The difference between the stoichiometric ratio 2 in the 
formula and the experimental value 2.1 can be ascribed to 
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Fig. 5. Plot of the Cd ~ quantity required for discoloration of a polysul- 
fide ion solution against the total polysulfide content. 60~ initial sulfur 
content, 5 • ]0  -5 rnol. 

va r ious  causes ,  s u c h  as a sys t ema t i c  m i s i n t e r p r e t a t i o n  of  
t he  d i sco lo ra t ion  p o i n t  or i n f luence  of  o x y g e n  i n t r o d u c e d  
by  t he  Cd s~ solut ion.  The  n o n q u a n t i t a t i v e  f o r m a t i o n  of 
S~ s-  leads  to  some  dev i a t i on  f rom the  l inea r  va r i a t ion  
w h e n f i s  c lose  to 4 F /mol  $8. 
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Fig. 6. Absorption spectra of a polysulfide solution containing Ss s- (2  
2 • ] 0-5 real) and $6 s- (2  4 • 10-5 real) (v = 20 ml) before and during 
Cd 2§ addition: 1, before addition; 2, + 10 -5 mol CdS*; 3, +2  • 10 -5 mol 
CdS+; 4, +4  x 10 -5 mol Cd 2+ (1 mm cell). 
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Polysulfide complex formation reactions.~-The forma- 
t ion of  c a d m i u m  dipolysulf ide  complexes  and their  be- 
havior  may  be  s tud ied  by means  of  spec t roscopy  and 
vo] tammetry .  F igure  6 shows the  absorpt ion  spectra  of a 
solution containing Ss ~- and S,'-'- (obtained by electrolysis 
of $5 withf = 2.4). According to Ref. (14) and (15), band B 
(490 nm) is due to Ss 2-, whereas band A (618 nm) is as- 
signed to the radical S:~-., issued from S, ~- dissociation. 
Band D, at 355 nm, was also assigned to $5-'- (15); how- 
ever, we observed a strong absorption at this wavelength, 
even when Ss 2- was completely reduced into S~(-'- and 
S~'-'-. This observation can be compared to the absorption 
data concerning sulfanes H~S,,. The first allowed transi- 
tion wavelength of these compounds shows little depen- 
dence upon the chain length n (for 4 <~ n ~< 8) and lies in 
the same domain (17). When Cd ~+ is added I:o the 
polysulfide solution, the absorbance of bands A and B 
decreases and vanishes when disculut~a~on is obtained; it 
should be pointed out that band D does not vanish (Fig. 
6). The absorbance of band B is a linear function of Ss ~- 
concentration, whereas, owing to the dissociation of S,?'- 
into $3 ', the absorbance of band A is related to the 
square root of S((-'- concentration (15). The variations of 
Ss-'- and S,~ 2- concentrations upon Cd ~+ addition can then 
be derived from the spectra of Fig. 6; they are plotted in 
Fig. 7. It is clear that S,(-'- concentration decreases much 
faster than Ss ~- concentration at the beginning of Cd '-'+ ad- 
dition: this means that the complex [Cd(S~;)~] ~- is more 
stable than  [Cd(S5)~] ~-. 

A similar  resul t  is ob ta ined  with  a solut ion conta in ing  
S,-'- and $4 ~-. The  init ial  spec t rum displays bands  A, D, 
and C (430 nm), wh ich  is ass igned to S~ ~- (15) (Fig. 8). 
There  is a sharp decrease  of band C upon  a first addi t ion 
of  Cd -'§ solution, whi le  band A remains  unaffected;  S~-'- 
thus  reacts  wi th  Cd ~ pr ior  to S,~ ~-. When more  Cd ~ is 
added,  band A decreases  in turn; in the  same t ime,  band 
C is a l tered as its m a x i m u m  moves  towards  490 nm, 
wh ich  is the  posi t ion of  band  B (Ss='-). 

This  stabili ty d i f ference is also d isplayed th rough  vol- 
t ammet r i c  plots (Fig. 9). Solut ions  conta in ing  Ss'-'- and 
S,~ ~- (Fig. 9a) or S~(-' a lone (Fig. 9b) were  prepared  by elec- 
trolysis. In both  cases, the l imi t ing current  of the  first re- 
duc t ion  wave  increases  w h e n  Cd ~+ is added  up to discol- 
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Fig. 8. Absorption spectra of a polysulfide solution containing $62- 
and $42- (2  4 . 1 0  -~ mol each in 20 ml) before and during Cd 2§ addition: 
1, before addition; 2, + 10 -5 mol Cd2*; 3, + 2 • 10 -5 mol Cd2+; 4, +3 x 
10 -5 real Cd 2§ Discoloration takes place for 3.8 x 10 -5 real Cd 2§ (1 
turn cell). 

oration, the half-wave potential not being altered. This 
behavior is explained in terms of $5 regeneration and 
implies the reactions 

1 
[Cd(Ss)J-'- ~ [Cd(S,)~] ~- + y S5 

1 
[Cd(S6)2] 2- ~ [Cd(S4)2] 2- + -~- Ss 

[8] 

[9] 

The  shift  of  band C toward  the  posi t ion of  band  B in 
the  spectra  of  Fig. 8 is cons is ten t  wi th  react ion [9]: as 
[Cd(S6)~] 2- is conver ted  into [Cd($4)2] 2-, the  evo lved  sulfur 
$8 reacts  wi th  $62- to yield $82- th rough  d i smuta t ion  reac- 
t ion [3]. As $82- in tu rn  reacts  wi th  Cd 2§ w h e n  discolora- 
t ion takes  place, the  whole  process  can be desc r ibed  by 
the  d i smuta t ion  react ion 

2 [Cd(S,;)._,] ~- -~ [Cd(S4)._,]'-'- + [Cd(Ss)~]='- 
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Fig. 9. Observation of the first wave limiting current increase when 
Cd 2~ is added up to discoloration to a polysulfide solution. (a) After elec- 
trolysis until f = 1. (b) After electrolysis until f = 8/3 (same conditions as 
Fig. 1). 
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Complex format ion  wi th  Cd ~ generated in s i tu . - -Direct  
genera t ion  of  Cd ='* ions ins ide  the  solut ion is ach ieved  
dur ing $8 electrolysis  by ox ida t ion  of c a d m i u m  metal.  For  
this purpose,  the  cur ren t  is shared be tween  two auxi l iary 
electrodes:  one is a c a d m i u m  wire  set into the  solution, 
the  second is p l a t inum foil wi th  a junc t ion  br idge  (Fig. 
10). The c a d m i u m  oxida t ion  current  is set by  means  of a 
current  spli t ter  (two var iable  resistors) in order  to obtain  1 
mol  Cd -'~ for 2 tool S~;-  or another  ratio. The  ratio is pre- 
cisely mon i to red  by means  of two current  integrators.  
This m e t h o d  rules out  poss ib le  t roubles  ar is ing f rom the  
oxygen  or water  con ten t  of  the  c a d m i u m  salt  solution; in 
addit ion,  it al lows the  prec ise  moni to r ing  of  small  Cd '-'+ 
quant i t ies .  

When the  electrolysis  is pe r fo rmed  wi th  a S~2-: Cd 2. ra- 
t io of  2, the  solut ion gradual ly  turns  y e l l o w  and the ab- 
sorp t ion  spectra  shows only one  band at 340-350 nm. The 
dis t inct ive  colorat ions of polysulf ide  ions soon appear  if  
the  S j- '-: Cd '-'§ ratio is increased  to a sl ight extent .  This  re- 
sult  confi rms the exac t  va lue  of the  s to ichiometr ic  ratio 
in the  formula  of  the  complex .  

The  concent ra t ion  of  u n r e d u c e d  sulfur is again moni-  
to red  by v o l t a m m e t r y  dur ing  electrolysis  at - 0.9V. Fig- 
ure  11 mus t  be  compared  to Fig. 2. The  slope of  the  $8 
concen t ra t ion  var ia t ion  remains  the  same f rom f = 0 to f 
= 8/3, indicat ing t ransfer  of  8/3 electrons.  The  reduc t ion  
process  is then  

$8 + 2/3 Cd ~§ + 8/3 e -  ~ 2/3 [Cd($6)2] 2- 

The c o m p l e x  (Cd(Ss)~]'-'- thus  does not  appear,  even  at 
the  beg inn ing  of  the  electrolysis  (f < 1). Because  there  is 
no excess  Cd 2~ ions in the  solution,  the  e lec t rochemica l  
s tage remains  $8 reduc t ion  into $8 ~-. When f ~< 1, the  dis- 
muta t ion  of $8 ~- into $8 and S,;-'- is weak;  the  8/3 e lectron 
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Fig. 10. Experimental setup for Cd ~+ generation during $8 reduction: 
(T) working electrode; (R) SCE reference electrode; (A) auxiliary elec- 
trodes circuit; (ce) platinum counterelectrode; (Cd) cadmium wire. 
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Fig. 11. Variation of the unreduced sulfur concentrotion during elec- 
trolysis at - 0 . 9 V  with Cd 2~ generation (SJ-:Cd 24 ratio = 2). 

n u m b e r  then  resul ts  f rom the  comple te  convers ion  of  
[Cd(Ss)2] 2- into [Cd($6)2] 2- accord ing  to react ion [8]. When 
f reaches  8/3 F/tool  Ss, the  first wave  does not  disappear;  
however ,  the  electrolysis  current  is small  and vanishes  
w h e n  f is about  3. This  indicates  a modera t e  convers ion  of  
[Cd(S~)2] 2- into [Cd($4)2] 2- t h rough  react ion [9]. 

I n  order  to comple t e  the  r educ t ion  and reach  f = 4, the  
electrolysis  potent ia l  m u s t  be  raised to ca. - 1.4V. The 
polysulf ide  complex  [Cd($4)2] 2- is then  obta ined  th rough  
reduc t ion  of  [Cd($6)2] 2-, wh ich  rids the  process  of the  
nonquan t i t a t ive  reduc t ion  of  S~ (or Ss 2-) into $42-. This re- 
duc t ion  is again s tudied  by means  of  v o l t a m m e t r y  and 
spectroscopy.  The  l imi t ing current  of  the second wave  
shows a l inear d e p e n d e n c e  against  f ,  wi th  an abrup t  
change  of  the  s lope at f ~ 8/3. Spec t ropho tome t ry  yields 
addi t ional  in format ion  about  the absorp t ion  band located 
a round  340-350 nm, wh ich  is observed  in bo th  complex  
and polysulf ide solut ions (band D). The  absorbance  in- 
creases  in a l inear  fashion as [Cd(S6)~] 2- is evo lved  dur ing 
electrolysis  unt i l  f = 8/3 (Fig. 12). The  molar  absorp t iv i ty  
of  [Cd(S6)~] 2- is de r ived  f rom this part  of  the  curve:  �9 -~ 
5200 at 340 nm. When  f > 8/3, [Cd($6)2] 2- is r educed  into 
[Cd($4)212-; the  absorp t ion  decrease  impl ies  that  the ab- 
sorpt iv i ty  of  the  lat ter  c o m p l e x  is smal ler  than  the  former.  
The  l inear  var ia t ion of  the absorbance  as a func t ion  of  f 
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Fig. ] 2. Yoriotion of the absorbence at 340 nm during electrolysis of o 
$8 solution (Co = 2.5 • 10 -3 real/liter-') with Cd ~+ generation 
( S x 2 - : C d  ~ ratio = 2;  1 m m  ce l l ) .  



Vol. I32, No. 2 C A D M I U M  S U L F I D E  T H I N  F I L M S  325 

indicates that this reduction is quantitative. The molar 
absorptivity of [Cd($4)2] 2- can then be derived: e' = 1200 
at 340 nm. 

Conclusion 
A full set of consistent electrochemical evidence sup- 

ports the "two-electron" model for sulfur reduction at a 
rotating electrode in DMSO. The two voltammetric waves 
of same amplitude are thus assigned to the simple electro- 
chemical reactions [1] and [2]. The chemical reactions 
which are likely to alter the electron number,  i.e., dismu- 
tation reactions [3] and [6], are slow and occur only in the 
bulk of the solution. 

The addition of a cadmium salt to a solution of polysul- 
fide ions leads to the formation of soluble and stable 
polysulfide-cadmium complexes. Their general formula 
is Cd(Sj)=;-'-, with x = 8, 6, and 4. The complex stability in- 
creases as the polysulfide chain length x decreases from 
8 to 4, which leads to several reactions between com- 
plexes, polysulfide ions, and sulfur. These chemical reac- 
tions are similar to those involving polysulfide ions 
themselves. However, the trend towards short chain 
polysu]fide-cadmium complex formation is more pro- 
nounced than for free polysulfide ions. For instance, 
there is a moderate conversion of [Cd(S~;)~]='- into 
[Cd(S4)~]'-'- and Ss, while the corresponding conversion of 
S,'-'- into $4 ~- is not observed. We are not aware of any 
other description of similar polysulfide-metallic ion com- 
plexes. 

The behavior of polysulfide ions and polysulfide- 
cadmium complexes in presence of excess Cd ='~ ions and 
the formation of other polysulfide-cadmium compounds 
will be examined in our next paper. 

Manuscript submitted July 10, 1984; revised manuscript  
received Oct. 13, 1984. 
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Time-Dependent Energy Efficiency Losses at Nickel Cathodes in 
Alkaline Water Electrolysis Systems 

H. E. G. Rommal *'1 and P. J. Moran** 

Department of Materials Science and Engineering, The Johns Hopkins University, Baltimore, Maryland 21218 

ABSTRACT 

Water electrolysis in alkaline solutions is an important hydrogen production method. One difficulty encountered in 
systems employing nickel electrodes in KOH electrolytes is the continual decrease in operating efficiency with time. 
The major component  of this decrease is the rise in cathodic overpotential at constant cell current. It was found that the 
kinetic parameters of Tafel slope and exchange current density increase markedly with the decline of efficiency. Four 
mechanisms have previously been postulated as being responsible for this phenomenon. In the present work, it was 
found that the loss of efficiency can be completely recovered; and an examination of the recovery mechanism supports 
the theory of hydrogen absorption's being responsible for the efficiency decline. 

Hydrogen is an important raw material for many indus- 
tries and is regarded as a viable replacement for petro- 
leum products as the world's primary future fuel (1-3). 
One method used to produce hydrogen is water electroly- 
sis. Many commercial electrolysis systems employ nickel 
anodes and cathodes in aqueous potassium hydroxide 
electrolyte. Efficiencies of these systems have been im- 
proved substantially in the last five years (4) with the de- 
velopment of advanced high surface area nickel elec- 
trodes and modification of cell designs to minimize 
resistive losses. 

One of the most persistent and least well-understood 
problems plaguing those systems is the continual de- 
crease in energy efficiency with time during operation. 

*Electrochemical Society Student Member. 
**Electrochemical Society Active Member. 
*Present address: Department of Metallurgy and Materials En- 

gineering, Lehigh University, Bethlehem, Pennsylvania 18015. 

The energy efficiency E,, can be written (5) 

Eo = E,11,~E,Ev 
where E ..... is the maximum intrinsic efficiency of the re- 
action(s) in question derived from the thermodynamic 
considerations, Ev is the voltage efficiency, and E, is the 
current efficiency, Current efficiencies in unipolar water 
electrolyzers are close to 100% since no side reactions oc- 
cur (6). Since E ..... is a thermodynamic property which is 
nearly invariant at the temperatures of interest and E, is 
close to unity, the only term which could be significantly 
degraded with time is Ev. Typical values of full cell volt- 
age efficiencies, referenced to the 1.23V reversible full 
cell potential, in industrial alkaline systems are about 
70%, and decline to approximately 60% after only 200h of 
operation (7). Voltage efficiency can be improved by 
reducing the magnitude of either cathodic or anodic 
overpotential or the resistive losses in the electrolyte. 
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Elec t ro ly te  c o n d u c t i v i t y  was  f o u n d  to be  i n v a r i a n t  w i th  
t ime  by  o the r  i nves t iga to r s  (8). While  b o t h  VA a n d  ~c in- 
c rease  w i th  t ime,  t he  r ise in  t he  m a g n i t u d e  of the  ca thod ic  
ove rpo ten t i a l  is r e p u t e d  to b e  more  severe  for nonac t i -  
r a t e d  f lat-plate e l ec t rodes  (9), a n d  r e p o r t e d l y  r e p r e s e n t s  
the  ma jo r  c o m p o n e n t  of  t he  d e g r a d a t i o n  of Eo w i t h  t ime  
(hence fo r th  re fe r red  to as ca thod i c  t i m e  effects). The  phe-  
n o m e n o n  of  c a t h o d e  vo l t age  inc rease  w i t h  t i m e  at con- 
s t a n t  c u r r e n t  a n d  t e m p e r a t u r e  has ,  the re fore ,  b e e n  pur-  
sued  in th i s  r esea rch .  

Apparatus and Experimental Conditions 
An electrochemical cell for investigation of cathodic 

voltage-time behavior was constructed of polypropylene 
and high density polyethylene and is illustrated in Fig. I. 
A I0 cm ~ Ni 200 screen counterelectrode was surrounded 
by a woven polyethylene membrane to minimize gaseous 
oxygen transfer from anolyte to catholyte during electrol- 
ysis. Also, the catholyte was purged with prepurified ni- 
trogen for lh prior to and throughout each test to displace 
any dissolved oxygen present. These measures mini- 
mized the possibility of oxygen depolarization at the 
cathode. The electrolyte used was a 30 weight percent 
(w/o) aqueous KOH solution prepared from Baker Rea- 
gent Pellets or Hooker Chemical 45 w/o solution diluted 
with deionized or distilled water, and cleaned by pre- 
electrolysis. Reference electrodes were of the saturated 
calomel (SCE) type and were coated with Teflon,. except 
at the fret, to minimize electrolyte contamination by disso- 
lution of the glass body. To insure proper functioning, 
SCE's were checked against another SCE reference elec- 
trode in KC] solution before and after each test. The elec- 
trolyte temperature was maintained at 37 ~ -+ I~ by 
placing the cell in a controlled-temperature bath. This 
temperature simulates commercial operation. A Teflon- 
coated thermometer was used to monitor electrolyte 
temperature. 

Working electrodes (cathodes) were fashioned from 1.0 
cm-' square sections cut from 0.125 in. thick Ni 200 plate. 
These sections were metallographically mounted in an in- 
ert polymer resin and mechanically polished to expose a 
planar 1.0 cm-' apparent geometric surface area. Mounted 
and polished electrodes were cleansed thoroughly in each 
of a series of solvents (ethanol, acetone, ethanol, distilled 
water) and dried in a stream of nitrogen. 

Galvanostatic control was maintained with a Princeton 
Applied Research (PAR) Model 173 Potentiostat/Galvano- 

N 2 Input - - ~  

Ref, + 

- -  Teflon 

Coated 
Ann S.C.E. 

1.0 cm 
Woven 

Polyethylene 

Separator 

Fig. 1. Schematic of cell used for efficiency loss studies 

s t a t  or a Kepco  Model  CK 36-1.5 R e g u l a t e d  P o w e r  Sup-  
ply. Con t ro l l ed  po ten t i a l  e x p e r i m e n t s  were  c o n d u c t e d  
u s i n g  the  P A R  Mode l  173 P o t e n t i o s t a t  a n d  a P A R  Mode l  
175 P r o g r a m m e r .  U n l e s s  o t h e r w i s e  ind ica ted ,  da ta  were  
c o r r e c t e d  for IR  d r o p  in  t he  e lec t ro ly te  by  a c u r r e n t  inter-  
r u p t i o n  t e c h n i q u e  (10). Typica l  o h m i c  half-cel l  r e s i s t ance  
va lues  were  0.6-0.711. Vo l t age  or c u r r e n t  v s .  t i m e  da ta  were  
a v e r a g e d  a t  l oga r i t hmica l ly  s p a c e d  t i m e  in terva ls .  

Galvanostatic Experiments 
In i t ia l  i nves t i ga t i ons  of the  inc rease  of ~ w i t h  t ime  

were  m a d e  ga lvanos ta t ica l ly .  Cells were  ope ra t ed  for a pe- 
r iod  of 6h, a n d  the  inc reases  in  the  ca thod ic  half-cel l  po- 
t en t i a l  ( ca thode  v s .  SCE) were  mon i to red .  Tes ts  were  con- 
d u c t e d  at  s ix a p p a r e n t  c u r r e n t  dens i t i e s  r a n g i n g  f rom 2.5 
to 500 mA/cm-'. 

P r e v i o u s  inves t iga to r s  have  r epo r t ed  a l inear  b e h a v i o r  
of c a t h o d e  half-cell  po t en t i a l  w i t h  log t i m e  w i t h  a s lope of 
100 m V / d e c a d e  t i m e  (9). Tes ts  m a d e  in th i s  s t u d y  at lower  
c u r r e n t  dens i t ies ,  2.5-25 m A / c m  ~, typ ica l ly  s h o w e d  th i s  
l inear  b e h a v i o r  w i t h  a s lope of 90 m V / d e c a d e  t ime.  How- 
ever,  a t  h i g h e r  c u r r e n t  dens i t ies ,  100-500 mA/cm-', s h a r p  
i nc r ea se s  in the  c a t h o d e  po ten t i a l s  occu r r ed  b e t w e e n  10 ~ 
a n d  104s (16.67 rnin a n d  2.78h, respec t ive ly)  w i t h  s lopes  of 
a p p r o x i m a t e l y  450mV/decade  t ime.  In  t he  r eg ions  pre- 
c e d i n g  a n d  fo l lowing th i s  s h a r p  increase ,  t he  po t en t i a l  
was  l i nea r  w i t h  log t i m e  w i t h  s lope 90 mV/decade .  A plot  
of ave rage  ca thod ic  half-cel l  po t en t i a l  v s .  log t i m e  for  all 
c u r r e n t  dens i t i e s  t e s t ed  appea r s  in  Fig. 2. I t  c an  b e  s een  
t h a t  th i s  s h a r p  inc rease  in  t he  h i g h e r  c u r r e n t  dens i t y  ex- 
p e r i m e n t s  ( h e n c e f o r t h  ca l led  t he  " j u m p " )  is r e s p o n s i b l e  
for  a p p r o x i m a t e l y  50% of  t he  to ta l  i nc rease  in c a t h o d e  po- 
t en t i a l  over  6h in each  case. No da ta  were  r e c o r d e d  d u r i n g  
t he  first  m i n u t e  of ope ra t i on  to a l low for s y s t e m  stabi l iza-  
t ion.  It  can  be  seen  t h a t  t he  m a g n i t u d e  of th i s  i nc rease  is 
m u c h  la rger  for  t h e  100 a n d  200 mA/cm'-' t e s t s  t h a n  for  the  
e x p e r i m e n t s  a t  l ower  c u r r e n t  densi t ies .  I t  c an  also be  
seen,  howeve r ,  t h a t  t h e  to ta l  inc rease  in  ~?r is less for  t he  
runs  at  500 m A / c m  ~ t h a n  for  t h e  i00 and  200 mA/cm-'  tests .  

The  c a t h o d e s  o p e r a t e d  at  500 mA/cm-' for  6h were  cov- 
e red  w i t h  a b l a c k  deposi t .  E n e r g y  d i spe r s ive  x-ray micro-  
ana lys i s  of th i s  depos i t  w i th  a Tracor  N o r t h e r n  TN-2000 
E n e r g y  Di spe r s ive  X-ray  Ana lys i s  S y s t e m  m o u n t e d  on  an  
ISI-60A s c a n n i n g  e l ec t ron  mic roscope  s h o w e d  the  de- 
pos i t  to be  p r e d o m i n a n t l y  iron.  Fe  is a c o m m o n  t race  im- 
pu r i t y  in all ava i l ab le  fo rms  of KOH and  mos t  de ion ized  
a n d  dis t i l led  water .  All four  c o m b i n a t i o n s  of  B a k e r  KOH, 
H o o k e r  KOH, de ion ized  H._,O, a n d  dis t i l led  H._,O were  pre- 
p a r e d  in an  a t t e m p t  to i den t i fy  the  ma jo r  sou rce  of t he  Fe. 
C a t h o d e s  were  r u n  at  500 mA/cm-'  for 6h in each  electro-  
lyte, a n d  the  sur face  e x a m i n e d  a f t e rward  via s c a n n i n g  
e l ec t ron  m i c r o s c o p y  for  e x t e n t  of Fe  depos i t ion .  These  
tes ts  c lear ly  i n d i c a t e d  t ha t  the  depos i t i on  was  m u c h  
g rea te r  f rom the  B a k e r  KOH t h a n  f rom the  Hooker ,  w i th  
t he  cho ice  b e t w e e n  dis t i l led  or de ion ized  wa te r  u sed  for 
d i lu t ion  b e i n g  u n i m p o r t a n t .  Fe  is r ough ly  as e lec t roca ta-  
lyt ic  for t he  p r o d u c t i o n  of h y d r o g e n  as Ni (11), and  the  
d e p o s i t i o n  of  a r o u g h  layer  of  Fe  on to  a s m o o t h  Ni surface  
i n c r e a s e d  t he  ac t ive  sur face  area,  d e c r e a s i n g  the  t rue  cur- 
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rent density (and, hence, ~) and working against the time 
effects. This deposition is strongly dependent on current 
density, as expected, and, hence, had little effect on the 
tests made at 200 mA/cm ~ and below. Optical and 
scanning electron microscopy revealed no detectable de- 
posits on all but the 500 mA/cm 2 cathodes. All subsequent 
tests were performed using Hooker 45 w/o KOH solution 
diluted with deionized H~O, which was cleaned by pre- 
electrolysis using 50 cm ~ Ni 200 electrodes and a current 
of I0 mA for 24h. Electrolytes were checked for Fe con- 
tent by a visible spectrophotometric technique. It was 
found that appreciable Fe did not accumulate and that 
the jump was fairly reproducible for solutions with Fe 
concentrations below 0.03 ppm. The location of the jump 
in time was found not to be readily correlated to current 
density, and its onset did not occur at a specific 
overpotential. 

Potent iosta t ic  Exper iments  
One  w o u l d  e x p e c t  a n a l o g o u s  b e h a v i o r  i f  s imi la r  t es t s  

we re  p e r f o r m e d  po ten t ios ta t i ca l ly .  C a t h o d e s  were  he ld  at  
a c o n s t a n t  po t en t i a l  of  - 2 . 0 0 V  vs. SCE (non- IR  cor rec ted)  
for 6h, a n d  the  dec rea se  in  cell  c u r r e n t  was  recorded .  The  
current shows a steady decay for the first I0:~-I04s, and 
then there is a sharp drop, which corresponds to the jump 
observed in galvanostatic tests. In these potentiostatic ex- 
periments, the cells lost, on the average, 90% of the initial 
current over 6h. Typical behavior of a potentiostatic test 
is shown in Fig. 3. In order to determine if the kinetic pa- 
rameters of Tafel slope b and exchange current density i,~ 
for the hydrogen evolution reaction are affected by the 
efficiency loss, average cathode overpotentials obtained 
from the preceding galvanostatic tests at various times 
were plotted vs. log current density. Values were taken 
from the first (i rain) and last (6h) data points and times 
just before (10as) and just after (104s) the jump for each 
current. Values for b and io obtained from these plots are 
given in Table I. It can be seen that both b and i o increase 
dramatically with the advancement of time effects. Also, 
since the values are similar for 1 rain and 10~s, and for 6h 
and 104s, it is the jump which causes nearly all of this 
change in b and i o. 

To further substantiate these findings, a set of Tafel ex- 
periments was devised. Cathode potential measurements 
were made at nine different current densities ranging 
from i0 -:~ to 0.6 A/cm'-'. The potential was allowed to sta- 
bilize for only 2s at each current density before the value 
was recorded; thus, a Tafel plot was generated in approxi- 
mately 20s. This short period allowed for almost no time 
effects to occur. The cathodes were then operated at 100 
mA/cm-' for 6h, allowing the jump to occur, and the fast 
Tafel experiment repeated without allowing hydrogen ev- 
olution to cease at the cathodes. The average data for 
these tests yielded values of b = 125 mV/decade and i,, = 
1.9 • 10 -~ A/cm ~ before the jump and b = 310 mV/decade 
and io - 0.9 • 10 -6 A/cm'-' after the jump. Those values are 
nearly identical to those obtained from the previous gal- 
vanostatic tests. In addition, the IR drop in the cell was 

700- 
CATHODE HELD tiT -2.00 vs. S.C.E. 

600- NOH-IH CORRECTED. LINE REPRESENTS 
ENTS. 

500 ? 
400 

"~-300- 

200- 

~100- 
0 

16 ~ 16 3 16~ 
TIME (sec) 

Fig. 3. Nickel cathode current density behavior with time for 
potentiostatic control at - 2 . 0 0 V  vs. SCE in 30 w/o KOH at 37~ 

Table I. Hydrogen evolution parameters for nickel cathodes at various 
times during cathode voltage increase with time 

TIME b (mY/decade) i0 (A/cm 2) 

60 sec (1 rain) 100 2 x 10 .6 
103 sec 125 3x 10 .6 
104 sec 300 10- 4 

2.16x 104sec (6hrs) 300 10 .4 

c h e c k e d  b o t h  before  e a c h  ini t ia l  and  af ter  e a c h  final 
Tafel  plot ,  and  was  f o u n d  to be  cons tan t .  Th i s  i nd ica t e s  
t h a t  t he re  is n e i t h e r  e lec t ro ly te  res i s t iv i ty  c o m p o n e n t  in  
the  c a t h o d e  vo l tage  inc reases ,  no r  res i s t ive  depos i t  accu-  
m u l a t e d  on  the  e lec t rode .  

Recovery of Lost Eff iciency 
Since the cathodic overpotential increases occur during 

vigorous hydrogen evolution, it seems reasonable to infer 
that a cathodic reaction (or reactions) is responsible for 
the time effects. Given this, it also follows that a corre- 
sponding anodic reaction or reactions might reverse the 
process. Recovery of lost efficiency has, in fact, been ob- 
served. In commercial cells, a complete recovery of full 
cell voltage increases incurred during hundreds of hours 
of operation can be accomplished by simply removing the 
applied current for a period as short as 0.2h (7). Also, the 
increase in the cathodic overpotential seen after many 
hours of operation can be completely recovered by re- 
moval of the polarizing current for a period of one or two 
days or by shorting the anode to the cathode for a sub- 
stantially shorter period, on the order of several minutes 
(9). Similar behavior has been observed qualitatively by 
the authors. It is presumed that, during open- or short- 
circuit decay, an anodic reaction (or reactions) is 
occurring at the cathode, undoing or reversing the mecha- 
nism responsible for time effects. Examinations of the re- 
covery mechanism(s) were made in conjunction with tests 
similar to the 6h potentiostatic experiments described 
earlier. Cathodes were held at -2.00V vs. SCE (non-IR 
corrected) for a period of 3h, allowing the jump to occur, 
and the drop in cell current recorded. The decrease in 
current ranged from 33% to a more typical 90%, as shown 
in Fig. 3. Shorting the anode to cathode for a period of i0 
rain and resuming the polarization to -2.00V vs. SCE pro- 
duced typically 95% recovery of the lost current. 

In order to study the reaction(s) occurring during recov- 
ery, a set of cyclic voltammetric tests was devised. Elec- 
trodes were potentiodynamically swept from -2.00 to 
-0.50V vs. SCE (non-IR corrected) and back at a scan rate 
of 1.0 mV/s and the cell current recorded. The electrodes 
(cathodes) were then held at -2.00V vs. SCE (well into H~ 
evolution) for 3h, and the cell current decay was ob- 
served. The sweep from -2.00 to 0.50V vs. SCE and back 
was then repeated. It was found that this sweep typically 
produced a recovery of 80-90% of the current lost during 
the previous 3h decay period. Figure 4 shows a plot of 
typical current behavior in the potential region anodic to 
reversible hydrogen potential (- 1.094V vs. SCE for 30 w/o 
KOH, pH 14.7) during the two potentiodynamic sweeps. 

Several things can be observed in Fig. 4. First, the over- 
all anodic activity is much greater in the postdecay 
sweeps than in the sweeps made before the 3h current de- 
cay. Second, in both cases there are two (potential-de- 
fined) regions of activity: one between the reversible hy- 
drogen potential and -0.8V vs. SCE, and other between 
-0.8V and -0.5V vs. SCE. Third, it is the first region, 
negative to -0.8V vs. SCE, that shows the greatest in- 
crease in activity from pre- to postdecay sweeps. To test 
the initial hypothesis that it is indeed anodic activity 
which is responsible for the recovery of time effects, 
these same experiments were repeated, but the upper 
sweep  l imi t  was  c h a n g e d  f rom - 0 . 5 V  vs. SCE to -1 .10V 
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Fig. 4. Anodic portions of single-cycle voltammograms for nickel be- 
fore and after decay of current density at - 2.00Vvs. SCE in 30 w/o KOH 
at 37~ 

v s .  SCE (just cathodic to reversible hydrogen and before 
the occurrence of anodic current). These cathodic-only 
sweeps produced no current recovery whatsoever. 

A reaction or reactions occurring in some or all of the 
potential region anodic to reversible hydrogen potential is 
therefore responsible for recovery. To determine which 
portion of the anodic region causes recovery, a slightly 
different set of controlled potential experiments was de- 
vised. Cathodes were held at -2.00V v s .  SCE (non-IR cor- 
rected) for 3h, allowing the cell current to decay as before. 
Potentiodynamic sweeps were then performed from 
-2.00V v s .  SCE to successively more anodic potentials, 
and back. These upper sweep limits varied from -1.20V 
v s .  SCE to -0.50V v s .  SCE in 100 mV increments. The 
scan rate used was 100 mV/s. The amount of anodic 
charge passed during each sweep was measured using a 
PAR Model 379 Coulometer or an Electrosynthesis Cor- 
poration Model 640 Coulometer. The cathodic cell cur- 
rents at -2.00V v s .  SCE after each sweep (a measure of re- 
covery) were also recorded. Figure 5 contains a plot of 
both the anodic coulombs contained in, and the cell cur- 
rent of -2.00V v s .  SCE after each sweep v s .  the upper 
sweep limit. 90% of the recovery typically occurred in the 
region between the reversible hydrogen potential and 
-0.80V v s .  SCE, further indicating that it is this region 
which is primarily responsible for the recovery. However, 
the task of attempting to identify the mechanisms 
operating in the two regions of anodic activity still re- 
mained. 

Proposed Efficiency Loss Mechanisms 
Four possible mechanisms have been postulated by 

previous investigators as being responsible for the in- 
crease in cathodic overpotential with time. 

1. Increases in ~c are caused by a loss of electro- 
catalytically active material from the cathode (12, 13). 

2. Increases in vc are caused by slow reduction of nickel 
hydroxide to nickel, which may be a poorer evolver of hy- 
drogen (14). 

3. Increases in ~ are caused by deposition of impurities 
from the electrolyte onto the cathode (7). 

4. Increases in ~?~ are caused by the absorption of 
atomic hydrogen into the lattice of the nickel cathode (9, 
15). 

The first hypothesis was easily tested, Cathodes were 
examined by scannzng electron microscopy; their suro 
faces were found to be unchanged during 6h of operation 
at 100 mA/cm. In addition, this mechanism is usually 
common only in systems employing activated cathodes. 
Those in this study were flat-plate, unactivated Ni. 

If second hypothesis were true, it would follow that the 
anodic activity responsible for recovery would corre- 
spond to reformation of Ni(OH)._, from nickel. To test this 
theory, an experiment was devised to yield the nickel hy- 

NET ANODIC CHARGE FOR 
EACH SWEEP (xlO-3coulombs) 

5 lo 
-1.2 ~ I 

SWEEP RATE --100 rnV/sec 

- 1.1-, o\ 

.-, ~ ~......~.~/~ ,,. Current 
-. -0.9- ~ - . /  
,.. -0.8 ge ~ -%,~\  

, , ~  ~ Char 

-0.7 

-0.6 

-0.5 ' 
0 100 2()0 31}0 4()0 500 600 7()0 
CATHODIC CURRENT (mA) AT -2.00 vs. S.C.E. (NON-IR CORRECTED) 

AFTER EACH SWEEP 
(had previously decayed from 62smA in 3hrs at -2.ooV vs. S.C.E.) 

Fig. 5. Current recovered and associated anodic charge detected for 
successive single-cycle voltammetric sweeps from and after 3h at 
- 2 . 0 0 V  vs. SCE for nickel in 30 w/o KOH at 37~ 

droxide formation peak alone. A piece of nickel used as a 
dummy electrode was held at -1.050V v s .  SCE (slightly 
anodic to the reversible hydrogen potential). The working 
nickel electrode was electrically connected parallel with 
the dummy but not introduced into the cell yet. The 
working electrode was then abraded with dry 600 grit pol- 
ishing paper to expose a fresh nickel surface. The grit was 
blown from the electrode surface with nitrogen, and it 
was inserted into solution under potentiostatic control at 
-1.050V v s .  SCE. The dummy electrode was then discon- 
nected and removed from solution. Since the working 
electrode was never polarized cathodically, no time ef- 
fects occurred. Also, it is assumed that inserting a rela- 
tively oxide- and hydroxide-free nickel surface into solu- 
tion under potentiostatic control preserved the nickel 
surface. The working electrode was then swept at 1.0 
mV/s to -0.50V v s .  SCE and back. Since no time effects 
have occurred, no recovery peak should appear. In fact, 
only one peak at approximately -0.70V v s .  SCE was ob- 
served, and its position is in good agreement with poten- 
tials reported for nickel hydroxide formation peaks (16). 
This indicates that the anodic peak in the region between 
-0.80V v s .  SCE and -0.50V v s .  SCE (centered around 
-0.70V v s .  SCE) in Fig. 3 corresponds to the formation of 
nickel hydroxide. No appreciable activity was observed 
in the potential region from reversible' hydrogen potential 
to -0.80V v s .  SCE responsible for recovery. This indicates 
that nickel hydroxide formation is not responsible for re- 
covery, and, hence, that reduction of nickel hydroxide is 
probably not the mechanism responsible for time effects. 

The hypothesis of impurity deposition was examined in 
the following way. If impurity deposition from solution is 
responsible for time effects, then the anodic activity nega- 
tive to -0.80V v s .  SCE (the "recovery peak") responsible 
for recovery should correspond to oxidation or dissolu- 
tion of the deposited impurity. An examination of the 
coulombs contained in the recovery peaks yields an aver- 
age value of 4 x 10 -~ C/era ~. If it is assumed that the impu- 
rity is a metallic ion (such as Fe), a calculation of the 
amount dissolved during recovery and hence this amount 
deposited during decay can be made. If the atomic 
weight, valence, and density of Fe are used in this calcula- 
tion, the result yields an estimated 300A thick layer of de- 
posit which would be present after 3h of evolution at 100 
mA/cm ~. This is more than enough to be easily detectable 
by scanning electron microscopy and energy dispersive 
x-ray microanalysis (EDS). The conventional detector 
utilized is capable of detecting all elements heavier than 
fluorine in the part per ten thousand range, and, as men- 
tioned previously, the only element detected on any cath- 
ode surface (other than Ni) was Fe, which has been shown 
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to improve, not degrade, catalytic performance (17). In ad- 
dition, these recovery identification experiments were 
performed using KOH solutions containing less than 0.03 
ppm Fe, virtually eliminating its deposition. Although it 
is possible that non-EDS detectable monolayer impurities 
were present on the electrode surface, it should be real- 
ized that care was taken to construct the cell and compo- 
nents  of inert materials and that the electrolytes were 
purified by pre-electrolysis. 

The fourth proposed mechanism, hydrogen absorption, 
is supported by this research because the potential region 
where the anodic recovery reaction is observed is consist- 
ent with hydrogen oxidation potentials. The increase in 
both the Tafel slope and exchange current density is pe- 
culiar, as one would expect an increase in b but a de- 
crease in i,, to accompany a degradation of catalytic prop- 
erties. If the mechanism is indeed hydrogen absorption, 
then perhaps this process itself influences the E vs. log i 
behavior of the cathode. It may even take the form of a 
competing electrochemical reaction, as proposed by 
Conway et al. (18), and it has been demonstrated (1<3) that 
even a small (current-wise) competing reaction can have a 
major influence on experimentally observed Tafel pa- 
rameters. 

Conclusions 
Cathodic voltage-time effects on nickel in KOH are 

manifested as increases in cathodic overpotential at con- 
stant current or decreases in cell current at constant cath- 
ode half-cell potential. For galvanostatic tests at low cur- 
rent densities, ~?c increases linearly with log time. 
However, at higher current densities, there is a relatively 
rapid increase in ~?r following an incubation period. This 
rapid increase was found to drastically increase the 
values of b and io for the hydrogen evolution reaction. 
Four mechanisms to explain cathodic time effects have 
been previously proposed. They are (i) loss of catalyst, (ii) 
impurity deposition, (iii) reduction of Ni(OH)._,, and (iv) 
absorption of atomic hydrogen by the cathode. Time ef- 
fects are completely recoverable, and an investigation of 
the recovery mechanism has yielded evidence to contra- 
indicate mechanisms (i), (ii), and (iii) and support the hy- 
drogen absorption mechanism. A thorough investigation 
of hydrogen absorption and its relation to time effects 
will appear in a later paper. 
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A B S T R A C T  

L a y e r s  of m i x e d  p l a t i n u m  a n d  s i l icon were  f o r m e d  on  p~-n j u n c t i o n  s i l icon s ingle  c rys ta l  wafers  (he rea f te r  abbrev ia -  
ted  as p~n-Si) by  d e p o s i t i n g  P t  on  t he  p~-Si surface,  fo l lowed b y  h e a t i n g  at  320~176 E S C A  s tud ies  s h o w e d  t h a t  P t  sili- 
c ide  (PtSi ,  or  in  s o m e  cases  a m i x t u r e  of P t S i  a n d  Pt2Si) was  f o r m e d  w h e n  a 3-5 n m - t h i c k  P t  layer  on  Si was  hea t ed ,  
w h e r e a s  a n o n s t o i c h i o m e t r i c ,  St - r ich P t -S i  i n t e r m i x e d  layer  was  f o r m e d  w h e n  an  u l t r a t h i n  P t  layer  (1.0 n m  th ick)  on  Si 
was  hea ted .  I t  was  also c o n f i r m e d  tha t ,  in  t he  f o r m e r  case, a ma jo r i t y  of  t he  d e p o s i t e d  P t  r e m a i n e d  in  t he  fo rm of  p u r e  
m e t a l  w h e n  P t - d e p o s i t e d  s i l icon was  e x p o s e d  to air  for  ca. one  day  be fo re  hea t ing .  The  p+n-Si p h o t o a n o d e  cove red  w i t h  
P t  s i l ic ide gave p h o t o c u r r e n t - v o l t a g e  cha rac t e r i s t i c s  nea r ly  t he  s a m e  as t he  p rev ious ly  r e p o r t e d  P t - coa ted  p~n-Si 
p h o t o a n o d e  in a h y d r o g e n  iod ide / iod ine  so lu t ion ,  i n d i c a t i n g  t h a t  P t  s i l ic ide  f o r m a t i o n  does  no t  af fec t  t h e  p h o t o v o l t a g e  at  
t he  p+-n j u n c t i o n .  T he  p h o t o c u r r e n t  of  ca. 14 m A c r o  -2 at  t he  m a x i m u m  p o w e r  po in t  was  m a i n t a i n e d  for  400h u n d e r  con-  
t i n u e d  i l l u m i n a t i o n  a n d  on ly  s l ight ly  r e d u c e d  af te r  4500h ( -6 .3  mon ths ) .  The  p~n-Si e l ec t rode  cove red  w i th  t h e  P t -S i  in- 
t e r m i x e d  layer  gave  a sho r t - c i r cu i t  p h o t o c u r r e n t  h i g h e r  t h a n  t h a t  cove red  w i t h  P t  s i l ic ide b y  v i r t u e  of  t he  h i g h e r  l igh t  
t r a n s m i t t a n c e  in  the  layer,  b u t  was  s o m e w h a t  in fe r ior  in  p h o t o c u r r e n t  s tabi l i ty .  E S C A  s tud ies  of  t h e  e l ec t rodes  af te r  
l o n g - t e r m  s tab i l i ty  t es t s  r evea l ed  t h a t  s o m e  p l a t i n u m  was  los t  in  t he  o u t e r m o s t  layer,  s u g g e s t i n g  t h a t  t he  decay  of  t h e  
fill fac tor  is m a i n l y  due  to t he  c h e m i c a l  c h a n g e  a t  the  top  sur face  in  b o t h  t he  case of  P t  s i l ic ide  a n d  of  t he  P t -S i  in ter -  
m i x e d  layer.  

Many  s tud ies  h a v e  b e e n  m a d e  on  s e m i c o n d u c t o r  pho to-  
e l e c t r o c h e m i c a l  (PEC) cells in  v iew of  t he  d i rec t  conver -  
s ion of  solar  e n e r g y  in to  s to rab le  c h e m i c a l  energy.  I t  has  
b e c o m e  clear  t h a t  t he  m a i n  diff icul ty in  th i s  m e t h o d  lies 
in  the  fact  t h a t  all k n o w n  s e m i c o n d u c t o r  e l ec t rodes  hav-  
ing  su i t ab l e  b a n d g a p s  are u n s t a b l e  in e lec t ro ly te  solu- 
t ions .  Var ious  a t t e m p t s  h a v e  b e e n  m a d e  to s tabi l ize  s u c h  
s e m i c o n d u c t o r  e lec t rodes .  A m e t h o d  app l i cab l e  to chemi -  
cal c o n v e r s i o n  is coa t ing  the  e lec t rodes  w i t h  t h i n  layers  of  
p ro t ec t i ve  mate r ia l s  s u c h  as n o b l e  me ta l s  (1), me ta l  ox- 
ides  (2, 3), me ta l  s i l ic ides  (4), o rganic  mate r ia l s  (5-7), and  
b o r o n  p h o s p h i d e  (8). S o m e  coa t ing  mate r ia l s  also act  as 
ca ta lys t s  for  p h o t o e l e c t r o d e  reac t ions  (9-12). 

We r e p o r t e d  p rev ious ly  (13) t h a t  a p~n-Si p h o t o a n o d e  
coa ted  w i t h  2-3 n m - t h i c k  P d  or P t  me ta l  pho toe l ec t ro -  
lyzes h y d r o g e n  iod ide  in to  h y d r o g e n  and  iod ine  w i t h o u t  
e x t e r n a l  bias,  w i th  a h i g h  so la r - to -chemica l  c o n v e r s i o n  
eff ic iency of ca. 8%. The  p h o t o c u r r e n t  was  s t ab l e  for 
500h in t he  case of  P t  coat ing.  Near ly  the  s ame  resu l t s  
were  o b t a i n e d  w i t h  n~p-Si p h o t o c a t h o d e s  (14). In  the  
course  of the  work ,  we  f o u n d  t h a t  P d  a toms  p e n e t r a t e  
in to  Si d u r i n g  P d  depos i t ion ,  r e su l t i ng  in a Pd-S i  inter-  
m i x e d  layer  (13b, 14). The  layer  was  e l ec t rochemica l l y  
m u c h  more  s tab le  t h a n  t he  d e p o s i t e d  Pd  metal .  A l t h o u g h  
these  P d  layers  we re  m u c h  less s tab le  t h a n  the  depos i t ed  
P t  layers,  th is  r e su l t  s u g g e s t e d  t ha t  P t  s i l ic ide  m i g h t  b e  
m u c h  more  s t ab le  t h a n  the  depos i t ed  P t  me ta l  layer.  

I t  has  b e e n  wel l  k n o w n  t h a t  me ta l s  d e p o s i t e d  on  Si re- 
act  w i t h  it at  re la t ive ly  low t e m p e r a t u r e s  s u c h  as f rom 
100 ~ to 700~ f o r m i n g  m e t a l  s i l ic ides (15). S u c h  s i l ic ides  
h a v e  good  c o n d u c t i v i t y  a n d  a d h e s i v i t y  to t he  Si s u b s t r a t e  
and  are p r o m i s i n g  as a p ro t ec t i ve  layer  for  t he  Si elec- 
t rodes .  Nob le  or n e a r - n o b l e  me ta l  s i l ic ides  h a v e  b e e n  well  
studied. According to recent literature, Pt~Si grows first 
at temperatures above 200~ until entire Pt is consumed, 
and then PtSi starts to grow under ultrahigh vacuum con- 
ditions (16). The growth mechanism is strongly affected 
by the presence of oxygen in the ambient, and PtSi often 
grows rather predominantly under low vacuum (10 -7 to 
10-" torr) (16, 17). PtSi on Si is stable at temperatures be- 
low 700~ (18). The formation of a Pt-Si intermixed layer 
in nonannealed samples is also reported (19). 

Little work has been done on electrochemical proper- 
ties of metal silicides in relation with their composition or 
s t ruc tu re .  Recent ly ,  B a r d  et al. r epo r t ed  t h a t  a n  n-St  elec- 
t r o d e  cove red  w i t h  P t  s i l ic ide shows  p h o t o c u r r e n t  s t ab le  
for  8 or 185h for o x i d a t i o n  of b r o m i d e  or fe r rous  ions,  re- 

spectively (4). They interpreted the AES and XPS results 
as showing the presence of PtSi intergrown with Si (4b, 
20). They also reported (4b) that Ir silicide-covered or 
RuO=,-modified Ir silicide-covered n-St electrodes are 
more stable. 

In this paper we will report on the photoelectro- 
chemical properties of Pt silieide and Pt-Si intermixed 
layers, thermally grown on p~n-Si photoanodes. The latter 
are newly found in the present work and are interesting 
photoelectrochemically because they are formed from an 
ultrathin Pt layer deposited on St, causing little attenua- 
tion of the incident light. ESCA studies and electrochem- 
ical measurements were made for investigating the sur- 
face mechanisms of the electrode degradation. 

Experimental 
Single crystal wafers of p~n-Si, prepared by an ion im- 

plantation method, were obtained from Mitsubishi Elec- 
tric Corporation. The concentration of doped boron was 
ca. 2 x 102o c m  -3 a n d  t he  p -n  j u n c t i o n  d e p t h  was  0.6-0.9 
~m.  O t h e r  de ta i l s  were  d e s c r i b e d  e l s e w h e r e  (13b). 

P t  was  d e p o s i t e d  on  t he  p~-Si [100] s ide  of the  wafe r  at  
a n  ave rage  ra te  of 0.5 n m / m i n  u n d e r  1-2 • 10-" to r r  b y  
e l ec t ron  b e a m  evapora t ion .  The  p~n-Si wafe r  was  e t c h e d  
in a 46% H F  so lu t ion  for 2 rain,  qu i ck ly  w a s h e d ,  dr ied,  
and  p u t  in  the  v a c u u m  w i t h i n  10 ra in  af te r  t he  e tch ing .  
The  ave rage  t h i c k n e s s  of the  depos i t ed  P t  was  m o n i t o r e d  
w i t h  a qua r t z  c rys ta l  osci l lator .  The  t e m p e r a t u r e  of  t he  
s a m p l e  was  m o n i t o r e d  w i t h  a C h r o m e l - A l u m e l  t h e r m o -  
coup le  in  con tac t  w i t h  t h e  s a m p l e  holder .  I t  d id  no t  ex- 
ceed  90~ d u r i n g  t he  P t  evapora t ion .  

Hea t i ng  of  t he  P t  d e p o s i t e d  p ' n - S i  wafe r  was  p e r f o r m e d  
by  us ing  a r ad ia t ion  h e a t e r  in  t he  e lec t ron  b e a m  evapora-  
t ion  c h a m b e r  u n d e r  1-3 • 10-'; torr.  In  m o s t  cases,  t he  Si 
wafer  was  h e a t e d  i m m e d i a t e l y  af ter  t he  P t  e v a p o r a t i o n  
w i t h o u t  e x p o s i n g  it to air. In  o the r  cases,  it was  e x p o s e d  
to air  for a whi l e  and  t h e n  h e a t e d  u n d e r  v a c u u m .  The  
t e m p e r a t u r e  of wafe r  rose  to 300-400~ w i t h i n  6 rain.  The  
h e a t e d  s a m p l e  was  r e m o v e d  f rom the  e v a p o r a t i o n  cham-  
be r  af ter  it cooled  to 50~ 

E S C A  spec t ra  were  o b t a i n e d  w i th  a S h i m a d z u  E S C A  
750 s p e c t r o m e t e r  (13b). The  b i n d i n g  ene rg ies  were  cor- 
r ec ted  by  us ing  the  C1s peak  of  c o n t a m i n a n t  c a r b o n  as a 
s t andard .  The  re la t ive  a tomic  c o n c e n t r a t i o n s  were  calcu- 
l a ted  f rom the  i n t e g r a t e d  p e a k  in t ens i t i e s  co r r ec t ed  for 
t he  re la t ive  ion iza t ion  cross  sec t ions .  T h e  d e p t h  profi le  
was  o b t a i n e d  f rom E S C A  m e a s u r e m e n t s  c o m b i n e d  w i t h  

330 
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the Ar ' - ion  sput te r ing  technique .  The sput ter  rates for Si 
and P t  in our  appara tus  were  es t imated  to be  ca. 0.04 and 
0.09 nm/s, respect ively ,  f rom repor ted  sput te r ing  yields 
(21) by the  2.0 keV ArMon  beam. The dep th  profiles in 
the p resen t  work  are not  cor rec ted  for the  di f ferences  in 
the  sput ter  rates. 

The  e lect rodes  were  p repared  by mak ing  an ohmic  con- 
tact  on n-Si wi th  ind ium-ga l l ium alloy. A tungs ten-  
ha logen  lamp or a Wacom Solar  S imula to r  (AM1) was 
used  as the  l ight  source  (14). The  cells were  cooled  by cir- 
cula t ing water  a round  t h e m  in eases where  long- term sta- 
bil i ty tests  were  made.  Fu r the r  expe r imen ta l  details were  
descr ibed  e l sewhere  (13b, 14). 

Results 
ESCA studies of p§ coated with Pt  and heated at 

320~176 repor ted  p rev ious ly  (13b) that  mos t  of  the  
Pt  depos i ted  on Si was in the form of pure  meta l  after 
hea t ing  at 400~ for 10 rain, contrary  to the  prev ious  re- 
ports  d e m a n d i n g  p l a t inum sil icide format ion  (15). There-  
fore, we have  inves t iga ted  the  detai led expe r imen ta l  con- 
di t ions for the  si l icide format ion.  

F igure  1 shows Si2p and Pt4f  E S C A  spectra  for a p 'n -S i  
wafer  which  was coated  wi th  5.0 nm-th ick  P t  and heated  
in v a c u u m  at 350~ for 5 rain. The spin-orbi t  spl i t t ing for 
the Si2p peak  was too small  to be resolved,  cont rary  to 
that  for the  Pt4f. The  Si2p peak  observed  wi th  a short  
Ar~-ion e tch ing  t ime  was somewha t  broad (curves 1 and 
2). It  shif ted toward  lower  b ind ing  energies  wi th  increase  
in e tch ing  t ime, finally approach ing  that  of pure  Si. The 
two P t4f  peaks also shif ted in parallel  to each  other  wi th  
increas ing  e tch ing  time. 

F igure  2(A) shows re la t ive  a tomic concent ra t ions  for 
the  same e lec t rode  as in Fig. 1, as a funct ion  of the Ar  "-ion 
e tch ing  time. The  cont r ibut ion  of  the  con tamina t ing  car- 
bon is not  inc luded  in the figure. The oxygen  concentra-  
t ion was kep t  at ca. 12%, even  with  long e tch ing  t ime, in- 
d ica t ing that  it is also due  to the  sample  contaminat ion .  
One can see f rom Fig. 2(A) that  Si and P t  are p resen t  wi th  
an a tomic  ratio of  near ly  1:1 in a region of  the e tching 
t ime  from 0 to 100s, showing  the  format ion of  P t  silieide 
wi th  a s to ich iomet ry  of  PtSi .  In  this region,  the  Pt4fT~ 
peak  lies at 72.0 eV, ca. 0.7 eV h igher  than  that  for the  P t  
metal ,  and the Si2p peak  lies be tween  100.2 and 100.3 eV, 
ca. 0.8 eV h igher  than  that  for e lementa l  Si, as seen  in Fig. 
2(B). 

The  oxygen  concen t ra t ion  is relat ively h igh  f rom 0 to 
40s [Fig. 2(A)]. The  Si2p peak  shifted toward  h igher  ener- 
gies in this reg ion  [Fig. 2(B)]. The  Pt4f7 ~ peak  also shif ted 
toward  h igher  energ ies  at the surface [Fig. 2(B)]. It  is also 
noted  that  the  Si2p peak  for a short  e tch ing  t ime  shows a 
b road  swell ing at the  h igher  energy  side, as seen in curve  
1 of  Fig. 1. All these  resul ts  suggest  that  P tS i  is covered  
with  a thin ox ide  layer. 
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Fig. 1. ESCA spectra of p+n-Si coated by 5.0 nm-thick Pt and heated at 
3S0~ for S min (curve 1 ) and of those after subsequent Ar 4 ion etching, 
20s (curve 2), 60s (curve 3}, and 150s (curve 4}. 
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Fig. 2. Relative atomic concentrations (A) and binding energies (B) for 

the same p~n-Si as in Fig. 1, as a function of the Ar § ion etching time. Oc 
in (A) refers to the oxygen concentration attributable to the 
contamination. 

When Si was coated  wi th  P t  3-5 n m  th ick  and hea ted  at 
300~176 the  P t  si l icide fo rmed  was in mos t  cases PtSi.  
In s o m e  cases, however ,  the  P t  to Si a tomic  ratio in the  
silicide region increased to 1.5. This indicates  the forma- 
t ion of  a mix tu re  of  P tS i  and Pt~Si (16, 17). The  Pt4fT~ 
peak  for the  Pt  si l icide layer wi th  the Pt /Si  ratio of  1.5 lay 
at 71.8 eV, ca. 0.2 eV lower  than that  for PtSi ,  be ing  indic- 
at ive of the Pt4f7., peak  for P t ,S i  lying ra ther  close to that  
for the  Pt  metal. 

F igure  3 shows the resul ts  of  E C S A  studies  for a p~n-Si 
wafer  which  was coated wi th  5.0 nm-th ick  Pt, exposed  to 
air for one day, and then  hea ted  at 350~ for 5 rain. In this 
case, the  deposi ted  P t  was in the form of pure  metal ,  be- 
cause the  b inding  energy  for the  Pt4f~ ~ peak  for the  Ar ' -  
ion e tch ing  t ime f rom 0 to 50s agreed wi th  that  of the P t  
meta l  [Fig. 3(B)]. A similar  resul t  was repor ted  in our  pre- 
vious paper  (13b), where  P t  was evapora ted  at a h igh  rate 
of 0.1 to 1.0 nm/s by us ing  an electr ical ly hea ted  tungs ten  
boat  unde r  2 • 10 -5 torr. 

It is to be noted in Fig. 3(A) that  the  oxygen  concentra-  
t ion increases at the in terface  be tween  Si and Pt. The  
Si2p peak  also exh ib i ted  a broad swel l ing at the  h igher  
energy  side at this interface.  These  resul ts  ind ica te  that  a 
thin sil icon oxide  (SiO.,.) layer is formed at the in terface  
whi le  P t -depos i ted  p+n-Si is exposed  to air, and the oxide  
layer acts as a diffusion barr ier  to p reven t  the  silicide for- 
mation.  This explana t ion  is suppor ted  by the  fact that  the 
less si l icide formed,  the  longer  the a i r -exposure  time. 
E S C A  studies also showed  that  both  the  oxygen  concen-  
t ra t ion at the  Si -Pt  in terface  and the  swel l ing at the 
h igher  energy  side of  the Si2p peak increased  wi th  longer  
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p+n-Si which was coated with 5.0 nm-thick Pt, exposed to air for one day, 
and heated at 350~ for 5 min, as a function of the Ar § ion etching time. 

air-exposure.  The  interracial  SiO~ layer grew faster  when  
P t  was depos i ted  at a h igh  evapora t ion  rate. Goodn ick  et 
al. repor ted  (17) that  no P tS i  was formed,  even  by heat ing  
at 400~ for l h  in a case where  P t  was depos i ted  on Si 
hav ing  a the rmal ly  grown,  3.0 nm-th ick  SiO~ surface 
layer. 

F igure  4(A) shows the dep th  profile for a p~n-Si wafer  
wh ich  was coated wi th  an ul t ra thin  P t  layer (ca. 1.0 n m  
thick) and heated  immed ia t e ly  at 320~ for 5 min. The  de- 
pos i ted  P t  diffused into Si, bu t  the Pt /Si  a tomic  ratio was 
m u c h  less than unity,  changing  with  the  Ar~-ion e tching 
t ime, in contradic t ion  to the  case of  Fig. 2. This  suggests  
that  a nons to ich iometr ic ,  Si-r ich Pt-Si  i n t e rmixed  layer 
was fo rmed  at the surface. The  b inding  energy  for the 
Pt4fm peak was near ly  constant ,  i r respect ive  of  the  Pt /Si  
ratio, lying at 72.7 eV [Fig. 4(B)], ca. 0.7 eV h igher  than  
that  for P tS i  [Fig. 2(B)]. The  Si2p peak,  on the  other  hand,  
shif ted lit t le f rom that  for e lementa l  Si. 

E S C A  studies of  a p~n-Si wafer  coated wi th  1.0 nm- 
th ick  Pt, but  not  heated,  showed  a monoton ic  decrease  of 
the  P t  concent ra t ion  f rom the  surface into the  interior,  
cont rary  to Fig. 4(A). The  Pt4fTj2 peak  in this case lay at 
72.0 eV jus t  at the  surface (i.e., in case of  no Ar§ etch- 
ing) and at ca. 72.7 eV in a region of  the e tch ing  t ime 
longer  than  10s, s imilar  to that  in Fig. 4(B). This  suggests  
that  all P t  i n t e rmixes  wi th  Si dur ing the P t  deposi t ion  
when  the Pt  layer is ul trathin.  

PhotoelectrochemicaI behavior of p~n-Si photoanodes 
covered with Pt silicide or Si-rich Pt-Si intermixed layers 
in hydrogen iodide/iodine solutions.--Figure 5 shows cur- 
rent  density(j)-potential(U) curves  for var ious  p 'n -S i  
photoanodes .  Curve  a is one of the  best  resul ts  for p 'n -S i  
e lec t rodes  coated  wi th  5.0 rim-thick P t  and hea ted  at 
350~ for 5 min. The  dep th  profile of this e lec t rode  was 
similar  to that  of  Fig. 2(A), excep t  that  the  Pt /Si  a tomic  ra- 
t io was about  1.5 in the  sil icide region. The e lec t rode  gave 
a reasonable  open-c i rcui t  pho tovol tage  (Vo~ ~ 0.55V) bu t  a 
small fill factor. 
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p~n-Si coated with 1.0 nm-thick Pt and heated at 320~ far 5 min, as a 
function of the Ar § ion etching time. 

The fill factor was i m p r o v e d  by e tching the  e lec t rode  
in a 10% H F  solut ion for 10s, as shown by curve  b. The 
dark ca thodic  current  also increased by the  etching.  No 
de tec tab le  changes,  however ,  were  observed  in the  dep th  
profile and the  b ind ing  energy  for the Pt4fT.~ peak. It is to 
be noted here  that  the j-U curve  for the  e tched  e lec t rode  
(curve b) nearly agreed wi th  that  for a p~n-Si e lec t rode  
coated with  5 nm- th ick  P t  but  not  hea ted  (curve c). The  
fill factor  was general ly  small  for e lec t rodes  prepared  by 
hea t ing  at h igh t empera tu res  (400~176 for a long t ime 
(20-40 min) and was not  sufficiently i m p r o v e d  by H F  
e tch ing  i n s u c h  cases. 

Curve  d in Fig. 5 shows the  j-U curve  for a p*n-Si elec- 
t rode  coated  with  1.0 nm- th ick  P t  and hea ted  at 320~ for 
5 min,  thus  having  a Si-r ich Pt-Si  i n t e rmixed  layer as 
shown in Fig. 4. The e lec t rode  was e tched  in a 10% H F  so- 
lu t ion  for 10s before  measu remen t s .  The shor t -c i rcui t  cur- 
rent  (Jsc) was h igher  than  the  cases of  curves  b and c, due  
to the  th inner  P t  layer, and the  Vor and the  fill factor  were  
near ly  the same. 

F igure  6 shows the  resul ts  of pho tocu r ren t  stabil i ty 
tests. The  pho tocur ren t  was measured  under  cont inuous  
i l luminat ion  in a PEC cell  conta in ing  a 7.6M HI/0.2M I~ 
st irred solution,  wi th  the  Si e lec t rode  connec ted  th rough  
an externa l  150~ resis tor  to a P t  countere lec t rode .  The  
150E~ resis tor  was emp loyed  to obtain the  pho tocu r ren t  at 
the  m a x i m u m  power  point.  Curve a s tands  for the P t  
s i l ic ide-covered p~n-Si e lectrode,  wh ich  gave  curve  b in 
Fig. 5. The  pho tocur ren t  was qui te  s table for 400h, and 
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Fig. 5. Photocurrent density (j)-potentiol (U) curves: (curve a) for a 
p~n-Si electrode covered with an as-formed Pt silicide layer; (curve b) for 
the same electrode as curve a, except that it was etched in a 10% HF 
solution for 10s; (curve c) for a p§ electrode coated with Pt, but not 
heated; and (curve d) for that covered with a Si-rich Pt-Si intermixed 
layer, after being etched in a 10% HF solution for lOs. Curves a', b', c', 
and d' are for the dark currents. The light source is a Wacom Solar Simu- 
lator (AM1 lO0mWcm-2) .  The electrolyte isa 7.6M HI /0 .05M 12 stirred 
solution. 

the  j*U curve  observed  after the  stabili ty test  agreed wi th  
the  initial curve. E S C A  m e a s u r e m e n t s  pe r fo rmed  after 
this test,  however ,  showed  a decrease  of  the  ou te rmos t  Pt, 
as shown in Fig. 7. 

Curve  b in Fig. 6 is for ano ther  e lec t rode  which  was pre- 
pared s imul taneous ly  unde r  the  same condi t ion  as that  of 
the e lec t rode  which  gave curve  a. The  pho tocu r ren t  was 
main ta ined  ra ther  wel l  dur ing  a ve ry  p ro longed  per iod of 
4500h. No change  was obse rved  for the  Vo~ and the  j~. 

F igure  8 shows the  resul ts  of  stabili ty tests  for elec- 
t rodes  covered  wi th  a Si-r ich Pt-Si  i n t e rmixed  layer corre- 
spond ing  to Fig. 4. E x p e r i m e n t s  were  m a d e  in the same 
way  as in Fig. 6, excep t  that  a 100~ externa l  resis tor  was 
used  instead of a 150~ one  by tak ing  account  of the 
h igher  J~c in this case. Curve  a is for the  e lec t rode  which  
gave the  j-U curve  d in Fig. 5. No change  in Vo~ and J~c was 
obse rved  again in this  case. E S C A  studies  of  the  degraded  
e lec t rodes  showed  a decrease  of P t  only at the surface, 
wi th  li t t le g rowth  of  s i l icon ox ide  at the  surface, in the  
same way  as indica ted  in Fig. 7. Curve b is for another  
e lec t rode  which  was p repared  under  the  same condi t ions  
as the  e lec t rode  g iv ing  curve  a. The  fill factor  of  this elec- 
t rode  was somewha t  small  at the  beginning,  compared  
wi th  that  for the e lec t rode  of  curve  a, bu t  the photocur-  
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Fig. 6. Photocurrent density (j) vs .  time for two Pt silicide covered p§ 
Si electrodes, prepared simultaneously under the same conditions. They 
were etched in a 10% HF solution for 10s before experiments. The light 
source is a tungsten-halogen lamp. 
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Fig. 7. Atomic concentrations of O and Pt for the Pt silicide-covered 
p~n-Si electrode as a function of the A #  ion etching time, observed be- 
fore ( - - -O - - )  and after ( l @ _ _ )  the 400h photocurrent stability test 
shown in curve a of Fig. 6. 

rent  decayed ra ther  gradually.  The  p~n-Si e lectrode,  
coated  wi th  1.0 nm- th ick  P t  and not  heated,  showed  the  
j-U curve  nearly the  same as the  hea ted  one (curve d of 
Fig. 5), bu t  the  fill factor decreased  faster dur ing  the  sta- 
bil i ty tests. 

Discuss ion  
We have  conc luded  that  P tS i  or a mix tu re  of P tS i  and 

Pt~Si was g rown in the case where  a relat ively th ick  (3-5 
nm) P t  layer  was depos i ted  on p~n-Si and heated,  whereas  
a nons to ich iometr ic ,  Si-r ich Pt-Si  i n t e rmixed  layer was 
g rown in the case where  an ul t ra thin  (1.0 nm) P t  layer was 
depos i ted  on p~n-Si and heated.  McGuire  et al. (22) re- 
por ted  that  the Pt4fT,~ peak  for P tS i  lies 0.4 eV h igher  than  
that  for Pt  metal,  in relat ively good ag reemen t  wi th  the  
p resen t  result.  

S o m e  inves t igat ions  have  been  m a d e  on the  format ion  
of  th in  nons to ich iomet r i c  i n t e rmixed  layers at the  
metal /s i l icon or si l icide/si l icon interfaces (15, 19, 23), for 
the purpose  of  unde r s t and ing  the m e c h a n i s m  of si l icide 
format ion  or its effect  on the  Scho t tky  barr ier  height.  
Abbat i  et al. repor ted  (19) that  a Pt-Si  i n t e rmixed  layer 
wi th  a concent ra t ion  gradient  was fo rmed  w h e n  2-10 
monolayers  of  P t  were  depos i ted  on clean Si at room tem- 
perature.  A similar  resul t  was obta ined in the  present  
work.  The  resul t  in Fig. 4 is the  first to show that  a non- 
s to ichiometr ic  Pt-Si  i n t e rmixed  layer exists  even  after 
hea t ing  the  sample  at 320~ It  seems reasonable  that  

N '3 

, I , 
500 1000 1500 2000 

time / h 

Fig. 8. Photocurrent density (j) vs .  time for two p~n-Si electrodes cov- 
ered with the Si-rich Pt-Si intermixed layer, prepared under the same 
conditions. They were etched in a 10% HF solution for 10s before 
experiments. 
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such a layer is formed, even in heated samples when the 
amount  of the Pt deposited is too small to form the sili- 
cide. 

Figures 2 and 3 suggest that the Pt-Si intermixed layer 
similar to the case of Fig. 4 is also present at both the 
PtSi/Si and Pt/Si interfaces, as seen from the chemical 
shift of the Pt4f7 _, peak to 72.7 eV. The presence of similar 
interfacial layers with graded concentrations was re- 
ported at Ni/Ni.,Si and Ni~Si/Si interfaces (23). It is also 
noted that the Pt4f7 ~ peak at 72.7 eV in the present work 
is very similar to that reported by Bard et aI. (20), though 
they interpreted it as due to PtSi. 

It was reported by several workers (15a, 17, 20) that PtSi 
is covered with a thin oxide layer when it is formed under 
-10  -'~ torr, as observed in the present work (Fig. 2). The 
improvement of the fill factor of the Pt silicide-covered 
electrode by HF etching (curves a and b in Fig. 5) indi- 
cates that this oxide layer is responsible for the small fill 
factor. Since the ESCA analysis showed no detectable 
change in the surface chemical composition by the etch- 
ing, it seems likely that the reaction kinetics are improved 
by the HF etching, which removes very thin oxide layers 
covering the Pt atoms at the top surface in contact with 
the electrolyte solution. 

As mentioned in the preceding section, the ESCA stud- 
ies of the p~n-Si electrodes covered with Pt silicide after 
long-term stability tests showed a loss of the outermost Pt 
(Fig. 7), even for the case where the photocurrent had 
been unchanged. A similar loss of the outermost Pt atoms 
was observed for electrodes covered with the Si-rich Pt-Si 
intermixed layer. It is reasonable that by such a change, 
the electrochemical active sites are decreased, thus in- 
creasing the overpotential for electrochemical reactions 
and decreasing the fill factor. The inferiority of the 
photocurrent stability for the electrode covered with the 
Si-rich Pt-Si intermixed layer, as compared with the elec- 
trode covered with Pt silicide, can be explained by as- 
suming that the above effect of the decrease of the sur- 
face Pt atoms becomes more prominent  as the Pt/Si 
atomic ratio at the surface becomes smaller. 

As can be seen from Fig. 6, the p~n-Si electrode covered 
with Pt silicide has shown a good stability under  illumi- 
nation over a period of 4500h. However, further investiga- 
tions should be necessary to decide whether the coating 
of this type is superior to the previously reported, Pt- 
coated electrodes. 
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ABSTRACT 

Carbon electrodes from Li/SOCI~ cells were studied by electron spin resonance after various stages of discharge. Dif- 
ferent behavior was observed in the temperature-dependent part of the ESR linewidth, defined as "intrinsic linewidth," 
hHint, when two different electrolytes were used. With one electrolyte, 1.5M LiA1C1JSOCI~, the hHin t value stayed con- 
stant or slightly decreased whereas with another electrolyte, 1.0M LiA1C1J14% BrC1 in SOCI~, the value increased as dis- 
charge progressed. The carbon electrodes are modified differently during discharge with these two electrolytes, and it 
is speculated that this may be due to changes in the carbon matrix functional groups. This difference in the carbon elec- 
trodes may explain the claimed differences in safety performance of the cells. 

The lithium (Li)-thionyl chloride (SOC12) cell system 
has been of great interest for many applications because 
of its high specific energy and high discharge rates. How- 
ever, there have been safety problems with these cells, 
since the cells have been found on occasion to vent (expel 
internal liquids and gases) or explode (1). It is of major 
importance to resolve these safety problems to provide 
safe cells. Previously, we have studied the cell chemistry 
during discharge to +0.5V (2). With the establishment of a 
mechanism for the reduction of SOC12 during discharge 
to +0.5V at 25~176 we have eliminated the concern of a 
cell explosion due to buildup, and then rapid decomposi- 
tion of a chemical intermediate formed during discharge. 
The research mentioned above only studied discharge to 
+0.5V, and did not address the hazardous conditions of 
voltage reversal of Li-SOCI~ cells. Voltage reversal can oc- 
cur in a battery if one cell in a series connected stacks of 
cells has less capacity than the other cells. During dis- 
charge, the cell with less capacity is fully discharged, but 
current continues to flow through the cell in the same di- 
rection, driven by the other cells in the stack. The voltage 
of this particular cell drops below 0 V, and new reactions 
occur in the cell. As an example, carbon-limited voltage 
reversal occurs when a cell has excess Li and electrolyte, 
and the cell is limited by the carbon electrode capacity. In 
this case, the carbon electrode is reported to be plugged 
with LiCI (3) and possibly S, products of the reduction of 
SOC12 which limit the ability of the electrode to reduce 
SOC12 at the rates required to support the discharge cur- 
rents. When the cell voltage drops below 0 V, it is then 
possible for new reactions such as LiC1 or LiA1C14 reduc- 
tion to form Li metal to occur. These reduction reactions 
are reasonable based upon the cell voltage holding at -0.1 
to -0.20V at 10 mA/cm -~. 

Carbon-limited voltage reversal has been found to be a 
hazardous discharge condition for Li-SOC1.., cells. A possi- 
ble explanation for the observed ventings and explosion 
of carbon-limited cells during reversal is the exothermic 
reaction observed by Kilroy et al. (4) in their calorimetry 
research. Recently, a catalytic effect of carbon black on 
the reactivity of li thium with SOC1,_, electrolytes has also 
been reported (5). At low temperatures (<100~ it was 
found that l i thium-carbon samples would exhibit  large 
exotherms when in contact with cell electrolytes. Thus it 
was suggested that during carbon-limited voltage rever- 
sal, when LiC1 could be reduced to Li metal, the lithium- 
carbon/electrolyte reaction could occur raising the tem- 
perature in the cell, leading to thermal runaway. 

The reaction between sulfur and Li metal was also 
found to be an exothermic reaction, initiating at -130~ 
This reaction could also account for the safety hazard, or 
react in addition to the lithium-carbon/electrolyte reac- 
tion. Liang et al. (6) have reported that adding BrC1 to 
neutral LiA1CL/SOC12 electrolyte improves the safety per- 
formance of the cell. It was postulated that the BrC1 can 
react with sulfur deposited on the carbon during reduc- 
tion of SOCI~, dissolving the sulfur. Thus, the sulfur is not 

present during reversal to react with Li metal and possi- 
bly lead to thermal runaway. 

In order to understand the changes occurring in the car- 
bon electrode during discharge and their implication to 
cell safety, we have initiated ESR studies of the carbon 
electrode. Many researchers studied carbon crystals (7), 
polycrystalline carbon (8), ultrafine graphite particles (9), 
and metal-carbon intercalation compounds (10) by ESR. 
It was found that ESR linewidth is very sensitive to the 
variation of spin lattice relaxation processes of the charge 
carriers in the carbon samples. In this respect, it was of 
interest to use ESR spectroscopy as a unique tool to de- 
termine the changes in the carbon, as the discharge pro- 
ceeds. By employing both 1.5M LiA1CL/SOCI~ (A) and 
1.0M LiA1C1J14% BrC1 in SOCI~ (B) as electrolytes, it 
should also be possible to better understand the safety 
hazards due to changes in the carbon electrode during re- 
versal and, in particular, elucidate the manner in which 
BrC1 possibly improves the safety of the cell. 

Experimental 
All cell components were handled under an argon at- 

mosphere in a Vacuum Atmospheres Dry Box (<10 ppm 
O~ and H~O). Thionyl chloride (SOC12) was obtained from 
Aldrich and purified by vacuum distillation from tri- 
phenylphosphite. Lithium tetrachloroaluminate (LiA1CL) 
was obtained from Lithium Corporation of America and 
bromine chloride (BrC1) was obtained from Dow Chemi- 
cal Company. Both were used without further purifica- 
tion. 

1.5M LiA1C1JSOCI~ electrolyte (A) was prepared by 
adding the necessary LiA1CL to purified SOCI~. 
Undissolved solids (LiC1) were separated by decanting 
the solution. 1.0M LiA1C1J14% BrC1 in SOCI~ (B) was pre- 
pared by adding a known amount of BrC1 to purified 
SOCI~, followed by addition of the necessary amount of 
LiA1C14. Again, separation of undissolved solids (LiC1) 
was effected by decanting. 

Two different sets of carbon electrodes, commercial  
and JPL,  were studied. The commercial  carbon elec- 
trodes were purchased from Power Conversion, Incorpo- 
rated (Mount Vernon, New York) and used without 
modification. The J P L  carbon electrodes were prepared 
by applying a 10% Teflon-Shawinigan acetylene black 
mixture onto expanded nickel metal, rolling, drying, and 
finally sintering the electrode at 280~ for lh. The 
Shawinigan acetylene black (average particle size -42.5 
nm) was purchased from Gulf Oil and Chemical Company 
(Englewood Cliffs, New Jersey). 

Carbon electrodes for analysis were prepared by 
discharging carbons in a one-compartment cell shown in 
Fig. 1. Two lithium electrodes were used for each carbon 
electrode, and they were separated by Mead Glass Paper 
935-BJtt. Measured amounts of electrolyte (-1.4 ml) were 
added to the assembly, which was then sealed in a plastic 
bag to prevent electrolyte evaporation. Cells were dis- 
charged at constant current (10 mA/cm ~ of carbon) using 
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Fig. 1. One-compartment cell assembly 

an Elect ronic  Measu remen t s  Model  C629 Constant  Cur- 
rent  P o w e r  Supply.  A F luke  8021 B mul t ime te r  was used  
to fol low the current ,  and a Hewle t t -Packard  7132 A re- 
corder  was used to fol low vol tage and t ime. Typical  volt- 
age vs. t ime  plot  dur ing d ischarge  is shown in Fig. 2. 

All carbon  e lec t rodes  sampled  at d i f ferent  s tages of  dis- 
charge  were  dr ied  at room tempera tu re  in vacuo for 2h or 
more  in the  an t i chamber  of  the dry box. Samples  were  
col lec ted  by scraping  carbon  flakes off the  dr ied  elec- 
trodes.  The  carbon flakes showed  different  degrees  of  ag- 
g lomerat ion .  The  flakes were  g round  sl ightly ins ide  the  
dry b o x  wi th  a mor ta r  and pest le  to ensure  h o m o g e n e o u s  
sampling.  E S R  spectra  of  these  samples  showed  symmet -  
rical l ineshapes  (C2 s y m m e t r y  wi th  respect  to the  center  
of  each spectrum),  ve ry  close to Lorentz ian  (see Fig. 3). 
The  symmet r i c  l ineshape  ensured  the carbon  samples  of 
par t ic le  size smal ler  than  the  mic rowave  skin  depth.  The  
ca rbon  samples  ( - 2 0  mg) were  t ransfer red  to E S R  tubes  
(3 m m  od, 2 m m i d )  e q u i p p e d  wi th  g round  joints .  The  
tubes  were  sealed under  argon wi th  Apiezon  N grease  in 
the  dry box. 

An E S R  spec t romete r  (Varian E-line Century  Series) 
opera t ing  at X band (9.2 GHz) was used  wi th  100 kHz 
field modulat ion.  For  mos t  of  the  samples ,  E S R  scans 
were  m a d e  at two tempera tures ,  at 77 and 294 K (room 
temperature) .  S o m e  of the  samples  were  also measu red  at 
192 K. The  in te rmedia te  tempera ture ,  192 K, was obta ined  
by b lowing  cold N~ gas th rough  a Dewar  inser t  ins ide  a 
mic rowave  cavity. 

Results and Discussion 
The carbon samples  show E S R  l ineshapes  close to 

Lorentz ian  (see Fig. 3). All the  observed  spectra  gave g = 
2.0032. They are ass igned as f rom charge  carriers in car- 
bon as repor ted  earl ier  by several  au thors  (7-9). The 
Lorentz ian  l ineshape  of  the  observed  spectra  shows that  
the  major  cont r ibut ion  to the  l inewidth  is f rom the  spin 
re laxat ion  processes ,  the  l inewid th  being inverse ly  pro- 
port ional  to T, and T2, spin-lat t ice re laxat ion t ime  and 
spin-spin re laxat ion t ime,  respect ively.  In conductors  (11, 
12), the  two processes  are no longer  d is t inguishable  and 
can be  regarded  as Tz = T~. The  re laxat ion t imes  are af- 
fected by tempera ture ,  p resence  of  impur i t ies  in the  ma- 
trix, and also by par t ic le  size due  to spin fl ipping at 
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;~----0 CV =3.65 V. 

o. 05 O. I0 0.15 
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Fig. 2. A typical plot of voltage vs. Ah during discharge. In this case, 
current was kept at 80.7 mA (10 mA/cm2). 
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Fig. 3. ESR spectra of a carbon sample at 294 and 77 K. The carbon 
sample was collected from a cell containing electrolyte B discharged to 
0.208 Ah. The observed spectra are compared with simulations of 
Lorentzian and Gaussian lineshape. 

part ic le  surfaces. The  surface  cont r ibut ion  to l inewid th  
becomes  more  impor tan t  wi th  smal ler  particles. The  ob- 
se rved  E S R  l inewidth  are thus  a ref lect ion of  all these  re- 
laxat ion processes.  

Each  set of  carbon electrodes,  commerc ia l  or J P L ,  were  
p repared  f rom one  lot  of  carbon.  Thus,  one  can a s sume  a 
un i fo rm dis t r ibut ion of  par t ic le  size for each  set o f  elec- 
trodes.  However ,  af ter  d i scharg ing  processes ,  the  carbon 
flakes f rom the e lect rodes  showed  different  degrees  of  
agglomerat ion,  wh ich  effects the  part ic le  size of  the  
sample.  In order  to filter out  the  effects of  par t ic le  size on 
the  observed  l inewid ths  and s tudy the changes  in the  car- 
bon matr ices,  we used  the  approach  of  Watts and Cousins 
(13). They  proposed  tha t  the  observed  l inewidth,  AHobs, 
can be  b roken  d o w n  into three  separate  cont r ibu t ions  

AHobs = AHin t + AH~ + AHc [1] 

or expressed  in co r respond ing  re laxat ion t imes  

1 1 1 1 
+ - -  + - -  [ 1 ' ]  

T~ Ti~t Ts Tc 

in which  hH~nt is the  " intr insic  l inewidth ,"  (or T~nt, the  "in- 
t r insic  re laxat ion t ime")  cont r ibut ion  f rom p h o n o n  modu-  
lated spin-orbi t  coupl ing  mechanism.  It is be l ieved  
(14, 15) that  this is the  main  in teract ion respons ib le  for re- 
laxat ion processes  in carbon latt ices in terca la ted  with  
heavy  a toms (e.g., Br, C1). The  second term,  hHs (or T~), is 
re la ted to the  spin fl ipping at the  part ic le  surface and is a 
func t ion  of par t ic le  size. The  third term,  hHc (or To), is a 
t empe ra tu r e - i ndependen t  t e rm which  m a y  arise f rom 
crystal l ine defect  centers  or f rom impur i t ies  in the  
sample.  

In Fig. 4, the observed  l inewidths  are p lo t ted  as a func- 
t ion of  t empera ture .  The  re la t ionship  is qu i te  linear,  
wi th in  expe r imen ta l  error,  for  the  t empera tu re  ranges  
studied.  With the  suppor t  o f  theore t ica l  s tudies  (16-18), 
one can regard the  hH~,t as propor t ional  to t empera tu re  

hHin, = k,T [2] 

The  rest  of  t e rms  will  be regarded  as cons tant  in 
t empera tu re  

AH s + AHr = const. [3] 

It  should  be no ted  that  the  case d i scussed  by Watts and 
Cousins  (13), where  AH~ was t reated as inverse ly  propor-  
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Fig. 4. Variation of ESR linewidth, •H, of carbon samples as o function 
of temperature. With A electrolyte, 0 = carbon-limited voltage reversal 
(CLVR), and h = normal discharge (ND). [] = Carbon wetted with elec- 
trolyte and dried (CW). With B electrolyte, �9 = CLVR, �9 = ND, �9 = 
CW. 

t i ona l  to t e m p e r a t u r e ,  does  no t  fit ou r  o b s e r v e d  l i n e w i d t h  
data .  

F r o m  re la t ions  [1]-[3], t he  AH, n t va lues  are ca lcu la ted  by  
Eq.  [4] 

A H 2 9 4  - -  AHT~ 
AHint - -  294-77 • T, 77 - T -< 294 [4] 

in  w h i c h  AH T M  a n d  AH 77 d e n o t e  t he  o b s e r v e d  de r iva t ive  
E S R  l i n e w i d t h s  (peak  to val ley)  a t  294 a n d  77 K. 

E x a m p l e s  of o b s e r v e d  E S R  l i n e w i d t h  da ta  a n d  calcu- 
l a ted  hHin t va lues  are l i s ted  in  Tab le  I. T he  c a r b o n  s a m p l e  
at  0.0 A h  was  p r e p a r e d  by  we t t i ng  t he  f r e sh  e l ec t rode  
w i th  c o r r e s p o n d i n g  e lec t ro ly te  and  dr ied  u n d e r  v a c u u m .  
T h e s e  c a r b o n  s a m p l e s  s h o w e d  la rger  AHin t va lue  t h a n  
f r e sh  ca rbons .  However ,  s a m p l e s  f rom c a r b o n  e lec t rode  
w e t t e d  on ly  by  SOC12 s h o w e d  hHin t va lue  s imi la r  to t he  
f r e sh  ca rbons .  I t  a p p e a r s  t h e  d i f fe rence  is c a u s e d  by  t he  
a d s o r p t i o n  (depos i t ion)  of  t h e  so lu te  mater ia l ,  LiA1C14, on  
t he  pores  of  c a r b o n  e lec t rode .  Af te r  p u m p i n g  u n d e r  vac- 
u u m  in t he  p roces s  of  drying,  the  s o l ven t  SOC1._, evapo-  

ra ted ,  b u t  the  so lu te  ma te r i a l  d id  not .  The  so lu te  ma te r i a l  
w i t h  A1 a n d  C1 a t o m s  t h e n  s h o r t e n s  t he  r e l a x a t i o n  t i m e  
t h r o u g h  sp in -o rb i t  coupl ing ,  a n d  b r o a d e r  AHint va lues  are 
obse rved .  However ,  w h e n  a n o t h e r  se t  of  c a r b o n  s amp le s  
is s t u d i e d  as a f u n c t i o n  of  w e t t i n g  t i m e  (up to 2.5h) wi th-  
ou t  a n y  e lect r ica l  d i scharge ,  t he  s a m p l e s  d id  no t  s h o w  
a n y  c h a n g e  in  AHob~ or  hHi,t v a l u e  w i t h i n  e x p e r i m e n t a l  
error .  

I f  we  n o w  def ine  

A ( A H )  = A H  TM - A H  77 

t hen ,  at  a g iven  t e m p e r a t u r e ,  T 

AHin t a A(AH) [5] 

S i n c e  t h e y  are p r o p o r t i o n a l  to  each  o ther ,  one  ca n  sim- 
p ly  c o m p a r e  A(AH) in  p lace  of  AHint. In  Fig. 5, t h e  A(A/-/) 
va lues  are  p lo t t ed  as a f u n c t i o n  of  the  to ta l  a m o u n t  of  
c h a r g e s  p a s s e d  in  t he  u n i t s  of  a m p e r e  hours .  Fo r  e a c h  set  
of  d i s c h a r g e d  ca rbons ,  c o m m e r c i a l  a n d  J P L  ca rbon ,  a 
s imi la r  t e n d e n c y  was  obse rved ;  t he  c a r b o n s  d i s c h a r g e d  
w i t h  A e lec t ro ly te  t e n d  to give n a r r o w e r  (or cons t an t )  
AHint [ and  /(M-/)] v a l u e  w i t h  d i scharge ,  a n d  the  c a r b o n s  
w i t h  B e lec t ro ly te  give b r o a d e r  AHint va lues  w i t h  
d i scha rge .  

The  sp in -o rb i t  c o u p l i n g  is ve ry  w e a k  in  Li  (13, 17, 18), 
a n d  c h a n g e s  in Li  c o n c e n t r a t i o n  in  t he  c a r b o n  m a t r i x  
s h o u l d  no t  affect  hHi.t v a l u e  s ignif icant ly .  Thus ,  t he  ob- 
s e r v a t i o n  of  s l igh t  d e c r e a s e  (or cons t an t )  in  AHin t va lue  
w i t h  e lec t ro ly te  A does  no t  c o n t r a d i c t  t he  gene ra l ly  ac- 
c e p t e d  d i s cha rge  m e c h a n i s m  in  w h i c h  LiC1 is d e p o s i t e d  
(or in t e rca la t ed )  in  t he  c a r b o n  e l ec t rode  d u r i n g  d i scharge ,  
a n d  la ter  r e d u c e d  to Li  m e t a l  d u r i n g  vo l t age  reversa l .  

L i a n g  et al. (6) h a v e  s p e c u l a t e d  t h a t  su l fu r  m a y  also be  
d e p o s i t e d  in  t he  c a r b o n  e l ec t rode  d u r i n g  d i s c h a r g e  w i th  
e lec t ro ly te  A, a n d  t h i s  su l fu r  m a y  b e  t he  sou rce  for t he  
safety h a z a r d  d u r i n g  vo l t age  r eve r sa l  of  cells  w i t h  electro-  
lyte  A. They  also r e p o r t e d  t h a t  cells w i th  e lec t ro ly te  B 
m a y  b e  safer  b e c a u s e  t he  p r e s e n c e  of  BrC1 in  SOCI~ m a y  
he lp  d i s so lve  su l fu r  in  t h e  c a r b o n  e lec t rode .  I f  t h e  deposi-  
t i on  of  su l fu r  is in  t he  fo rm of  i n t e r ca l a t i on  t h r o u g h  t he  
c a r b o n  mat r i ces ,  t he  o b s e r v e d  AHin t va lue  for  t h e  case  of  
A e lec t ro ly te  s h o u l d  i nc r ea se  w i th  d i s c h a r g e  b e c a u s e  t he  
i n t e r ca l a t i on  w o u l d  s h o r t e n  t he  sp in  la t t ice  r e l axa t ion  
t i m e  b y  sp in  obi t  c o u p l i n g  m e c h a n i s m .  In  case  of B elec- 
t rolyte ,  t he  AH,~ l i n e w i d t h  s h o u l d  be  n a r r o w e r  t h a n  t he  
c o r r e s p o n d i n g  A e lec t ro ly te  case  b e c a u s e  of  less a m o u n t  
of su l fu r  d e p o s i t i o n  on  t he  c a r b o n  e l ec t rode  d u r i n g  dis- 
charge .  Our  r e su l t s  do no t  agree  w i t h  th i s  p ic ture .  How- 
ever,  i f  t h e  d e p o s i t i o n  of  su l fu r  is on ly  an  a g g l o m e r a t i o n  
on  t h e  c a r b o n  sur face  a n d  seg rega t ed  f rom the  c a r b o n  
mat r ix ,  t he  d e p o s i t i o n  s h o u l d  no t  affect  t he  E S R  
l i n e w i d t h  s ignif icant ly .  S o m e  h e a v y  a t o m s  m u s t  be  
e lec t ron ica l ly  i n t e r a c t i n g  w i th  t he  c a r b o n  e lec t rode ,  t h u s  

Table I. The ESR linewidths (G) of carbon samples after discharge 

Total charges 
passed 

(Ah) 

Commercial carbon 
AH 

77 K 294 K 

AHin t Total charges AH 
passed 

A(AH) 77 K 294 K (Ah) 77 K 294 K 

JPL carbon 

hHi.t 

A(AH ) 77 K 294 K 

0.205 
0.170 
0.112 
0.051 
0.0 

2.19 
1.96 
2.19 
2.69 
2.27 

2.69 
2.46 
2.70 
3.33 
2.80 

Electrolyte A 
0.50 0.18 0.68 0.271 2.02 2.24 
0.50 0.18 0.68 
0.51 0.18 0.69 0.114 2.16 2.46 
0.64 0.23 0.87 
0.53 0.19 0.72 0.0 2.28 2.60 

0.22 

0.30 

0.32 

0.08 

0.11 

0.11 

0.30 

0.41 

0.43 

0.208 

0.042 
0.0 

2.30 

2.16 
2.66 

3.10 

2.70 
3.08 

Electrolyte B 
0.80 0.28 1.08 0.196 2.07 2.55 

0.170 2.20 2.68 
0.156 2.05 2.48 

0.54 0.19 0.73 0.069 2.07 2.50 
0.42 0.15 0.57 0.0 2.48 2.86 

0.48 
0.48 
0.43 
0.43 
0.38 

0.17 
0.17 
0.15 
0.15 
0.13 

0.65 
0.65 
0.58 
0.58 
0.51 

Carbon electrode 2.75 3.10 0.35 0.12 0.47 2.79 3.10 0.31 0.11 0.42 no electrolyte 
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Fig. 5. A plot of A(AH)  = hH 294 - AH ~T vs.  amount of discharge (Ah) 
for commercial and J PL carbon electrodes in two different electrolytes, A 
and B. Typically normal discharge is in the range of O - O. 11 Ah, voltage 
reversal from - 0.11 Ah. 

broadening the AHin t linewidth with discharge when 
using electrolyte B. One possible explanation of the data 
appears to be an interaction between BrC1 and the carbon 
electrode. As the discharge progresses, BrC1 interacts 
with the carbon, possibly forming C--Br and/or C--C1 
bonds. This interaction of carbon lattice with heavy ele- 
ments will shorten the spin-lattice relaxation time (Tint) 
through stronger spin-orbit coupling and results in 
broader AH~t values. It seems that the possibly improved 
safety of cells with electrolyte B probably arises because 
of the change in the characteristics of the carbon (e.g., car- 
bon functional groups) and the influence of these 
changes on the cell chemistry. 

As suggested above, ESR is very sensitive to subtle 
changes in the carbon electrode. Indeed, the ESR method 
can be employed to study oxidation of carbon surfaces 
after prolonged (1 day) exposure to air. It was found in 
our laboratory that fresh carbon particles (Shawinigan 
acetylene black) give narrower ESR linewidth upon cool- 
ing from 294 to 77 K, i.e., A(AH) > 0, however, after pro- 
longed exposure to air, the trend is reversed, i.e., the 
linewidth becomes broader upon cooling to 77 K, A(AH) < 
0. This observation can be explained by oxidation of the 
carbon surfaces after exposure to air, as in the case of 
metal oxide particles studied by Bowring and Cousins 
(19). This result is important, since it points out the need 
to carefully Control the handling of the carbon used in 
preparing electrodes to achieve reproducible cells. This 
result also shows the ESR as a valuable "quality control" 
tool to identify unknown causes for irreproducible results 
and performance of carbon electrodes. 

In summary, it has been demonstrated that ESR spec- 
troscopy is a valuable tool for investigating the chemistry 
in Li/SOC12 cells. Changes in characteristics of the carbon, 
due to exposure to oxygen or BrC], have been identified. 
Moreover, changes in carbon functional groups will al- 
most certainly impact the chemistry, safety, and perform- 
ance of Li/SOCI~ cells. In particular, the reported im- 
proved safety of Li/SOC1.., cells with the BrC1 additive is 
best explained by the changes in the characteristics of the 
carbon electrode because of reaction with BrC1. 
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A B S T R A C T  

Sing le -c rys ta l  s i l i con  so lar  cells h a v i n g  eff ic iencies  w i t h i n  1% of  t h o s e  p r e p a r e d  in s e m i c o n d u c t o r - g r a d e  s i l icon 
h a v e  b e e n  f ab r i ca t ed  in twice- recrys ta l l ized ,  h i g h  pu r i t y  me ta l l u rg i ca l  sil icon. P r o d u c e d  in  a 100 kW e x p e r i m e n t a l  arc 
f u r n a c e  b y  c a r b o t h e r m i c  r e d u c t i o n  of  p u r e  sil ica w i t h  pe l le t ized  c a r b o n  black,  the  be s t  " so la r -g rade"  s i l icon c o n t a i n e d  
50-100 p p m w  A1, 50-100 p p m w  Fe, 10 p p m w  Ti, 1.8 p p m a  B, a n d  2.1 p p m a  P. Fo l l owing  two Czochra l sk i  (Cz) 
recrys ta l l iza t ions ,  t he  m e t a l  i m p u r i t y  levels  in  t he  f inal  ingot  we re  i n d i s t i n g u i s h a b l e  f r o m  t h o s e  in  once  Cz-recrystal l -  
ized s e m i c o n d u c t o r - g r a d e  si l icon,  wh i l e  t he  b o r o n  a n d  p h o s p h o r u s  c o n t e n t s  were  1.5 p p m a  a n d  0.6 p p m a ,  respec t ive ly .  
The  ave rage  eff ic iency of  4 cm'-' t es t  solar  cells p r e p a r e d  in twice- rec rys ta l l i zed  " so la r -g rade"  ma te r i a l s  was  13.7%, com- 
p a r e d  to 14.4% for s e m i c o n d u c t o r - g r a d e  cont ro ls .  The  ave rage  eff ic iency of  u n e n c a p s u l a t e d ,  p r o d u c t i o n - t y p e  100 m m  
d i am solar  cells m a d e  in th i s  ma te r i a l  was  11.8%. C o m p a r e d  w i t h  ear l ier  e x p e r i m e n t s ,  th i s  r e p r e s e n t s  a nea r ly  2% im- 
p r o v e m e n t  in  efficiency,  w h i c h  is a t t r i b u t e d  largely  to the  fac tor  of  two lower  b o r o n  c o n t e n t  in  the  s t a r t ing  si l icon.  

S i n c e  1976, t h e  ave r age  pr ice  of  pho t ovo l t a i c  m o d u l e s  
f a b r i c a t e d  f rom crys ta l l ine  s i l icon solar  cells has  de- 
c r e a s e d  f rom a b o u t  $40/Wpk (1980 dol lars)  to a b o u t  
$8.50/W,k (1980 dollars).  However ,  s u b s t a n t i a l  r e d u c t i o n s  
in  m o d u l e  m a n u f a c t u r i n g  cos t  a n d  pr ice  are be l i eved  nec- 
e s sa ry  to p rov ide  i m p e t u s  for  a n y  m a j o r  po t en t i a l  m a r k e t  
e x p a n s i o n .  S ince  t he  cos t  of  s i l icon wafe r s  is a m a j o r  im 
g r e d i e n t  in  m o d u l e  cost ,  a j o i n t  r e s e a r c h  p r o g r a m  to ex- 
p lo re  t h e  feas ib i l i ty  of  one  p r o m i s i n g  rou t e  to  low cost  
c rys ta l l ine  s i l i con  for  h i g h  ef f ic iency so lar  cells  was  
u n d e r t a k e n  jo in t ly  b y  E x x o n  a n d  E lkem,  AG. 

The  gener i c  s e q u e n c e  of m a n u f a c t u r i n g  s teps  se lec ted  
for e v a l u a t i o n  cons i s t s  of: ( i )  p r e p a r a t i o n  of  p u r e  C a n d  
SiO2 feeds tocks ,  (it) arc fu rnace  r e d u c t i o n  of  the  feed- 
s tocks  to p u r e  me ta l lu rg i ca l  s i l icon (PMS), (iii) meta l lu rg-  
ical  pur i f i ca t ion  of P M S  to so la r -grade  po lys i l i con  (SGP),  
a t  a p r ice  goal  of  $14/kg in  1980 dol lars  (1), (iv) crys ta l  
g r o w t h  of  s i l icon ingo t  f r o m  SGP,  (v) s l ic ing  of  s i l icon wa- 
fers  f r o m  the  s i l icon ingot ,  a n d  (vi) p r o c e s s i n g  of  t he  wa- 

Fo r  t he  overal l  arc f u rnace  r eac t ion  

SiO2 + 2C --* Si + 2CO 

c l e a n e d  l u m p  qua r t z  or s i l ica /sucrose  pe l le t s  was  u s e d  to- 
g e t h e r  w i t h  C-b lack]sucrose  or  C-black]sucrose /s i l ica  pel- 
lets. G r a n u l a r  qua r t z  was  f u r t h e r  g r o u n d  a n d  pe l le t ized  ei- 
t h e r  w i th  C-black  and  sucrose ,  or w i th  suc rose  alone.  The  
pa r t i cu la r  c o m b i n a t i o n  of  SiOz and  C f e e d s t o c k s  is ident i -  
fied for  e a c h  t e s t  r e p o r t e d  in Tab le  III.  

Two c a r b o n  b lacks ,  t y p e  I, a t h e r m a l  b l a c k  f rom n a t u r a l  
gas, a n d  t ype  II, a f u r n a c e  b l a c k  f rom r e s idua l  oils, were  
se lec ted  for eva lua t ion .  S ince  in pe l le t ized  fo rm b o t h  ma-  

Table I. Impurity analysis of SiO2 sources evaluated in arc-furnace tests 
(spark-source mass spectroscopy) 

Granular quartz 
Impurity Lump quartz (1-2 cm) (0.01 cm) 

fers  in to  solar  cells. (ppmw) Type A Type B 
S imi l a r  r e s e a r c h  a n d  d e v e l o p m e n t  efforts,  s t a r t i ng  w i th  

p u r e  f eeds tocks  (2-5), a n d  re l a t ed  efforts ,  s t a r t ing  w i th  A1 30 60 20 > 1000 
c o n v e n t i o n a l  me ta l l u rg i ca l  s i l icon (6-7), h a v e  b e e n  re- Fe 20 30 10 500 
por ted ,  w i t h  the  c o m m o n  ob jec t ive  to r e d u c e  solar  cell Ti 1 <1 5 50 
cost.  Th i s  p a p e r  d e s c r i b e s  r e c e n t  a d v a n c e s  m a d e  in feed- B < 1 1 0.5 2 
s tock  se lec t ion  a n d  arc f u r nace  ope ra t ion  w h i c h  r e s u l t  in  P <1 1 1 <1 
l o w e r e d  b o r o n  c o n c e n t r a t i o n  in t he  s i l icon a n d  in im- 
p r o v e d  eff ic iency in solar  cells m a d e  f rom it. 

Experimental 

SiO.2 and C feedstocks.--Impurity ana lyses  of  t h e  pr inc i -  
pal  SiO~ a n d  C f eeds tocks  eva lua t ed  in th i s  w o r k  are 
s h o w n  in Tab les  I a n d  II, respec t ive ly .  T h e  m e t h o d o l o g y  
of  f e e d s t o c k  se lec t ion  a n d  t h e  m e t h o d s  for c l ean ing  the  
qua r t z  a n d  t he  pe l l e t i za t ion  of SiO~ a n d  c a r b o n  b l a c k  Carbon blacks Carbon electrodes" 
p o w d e r s  are d e s c r i b e d  e l s e w h e r e  (3, 8, 9). Two sou rces  of  (ppmw) Type I a Type IF Pure Impure 
l u m p  qua r t z  a n d  two  s o u r c e s  of g r a n u l a r  qua r t z  were  
eva lua ted .  T h e  l u m p  qua r t z  sou rces  f rom B r i t i s h  Colum-  A1 2 20 <1 30-300 
b ia  a n d  A r k a n s a s ,  w h i c h  we re  p r e v i o u s l y  ana lyzed  (3) Fe 10 80 1 1600-5000 

Ti <1 10 <1 10-200 
w i t h  r e su l t s  s imi la r  to t h o s e  s h o w n  in  Tab le  I, are of V <1 <1 <1 30-60 
e q u i v a l e n t  pu r i t y  a n d  m o d e r a t e  p r o j e c t e d  cos t  Ca <1 80 5 80-200 
($0.25-$0.50/kg). T he  t y p e - " A "  g r a n u l a r  quar tz ,  is a rela- Mg 2 50 <2 1-5 
t ive ly  h i g h  cos t  ($2.00/kg) ma te r i a l  u p g r a d e d  to h i g h  pur-  B 1 <1 <0.5 1 
i ty f rom pegmat i t e ,  w h e r e a s  t he  t y p e - " B "  g r a n u l a r  qua r t z  P <1 <1 <1 - -  
is low cost  ($0.10/kg) c o m m e r c i a l - t y p e  f e e d s t o c k  f rom 
qua r t z  rock.  

*Electrochemical Society Active Member. 

Mr. Rose ~ Malvern h 

Mount Rose Mining Company Limited, Armstrong, British Co- 
lumbia, Canada. 

h Malvern Minerals Company, Hot Springs, Arkansas. 

Table II. Impurity analysis of carbon sources evaluated for arc-furnace 
tests (spark-source mass spectroscopy) 

Impurity 

a Selected "thermal black" from natural gas. 
h Selected "furnace black" from residual oil. 
"Union Carbide Corporation, Sweden. 
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Table III. Energy consumption and PMS impurity analysis as a function of raw material feedstocks for representative arc-furnace tests 

Energy Raw material feedstocks Impurity analysis of PMS 

Consumption C/SiO2- B P A1 Fe Ti 
(kWh/kg-Si) C-pellet' pellet ~ Lump SiO.~ (ppma) (ppma) (ppmw) (ppmw) (ppmw) 

50 kW furnace b 
Run no. 

PMS-4 45 Type I - -  Mt. Rose 5.7 7.5 2000 1000 100 
PMS-5 33 Type I - -  Mt. Rose 8.9 19.0 700 800 200 
PMS-7 33 Type I - -  Malvern 8.7 11.1 300 400 200 
PMS-9 24 - -  3.7/1 (Type I/ Malvern 16.3 12.6 3400 700 100 

Type B) 
100 kW furnace b 

Run no. 
PMS-15 
PMS-17 

PMS-19 

PMS-20 

PMS-24 

71 Type I - -  Mt. Rose 9.2 7.3 770 730 250 
24 - -  3.5/1 (Type I/ Mt. Rose 3.6 2.4 190 160 16 

Type A) 
31 - -  3.5/1 (Type I/ Mr. Rose 4.1 1.4 290 190 22 

Type A) 
22 - -  3.5/1 (Type I/ Type A 1.8 2.1 70 90 10 

Type A) 
33 - -  1.6/1 (Type I/ Malvern 2.8 1.9 130 160 13 

Type A) 

a Pelletized with sucrose binder. 
h Impure electrode for 50 kW and pure electrode for 100 kW furnace. 

ter ia ls  b e h a v e d  s imi la r ly  in arc  fu rnace  opera t ion ,  m o s t  of  
the  tests ,  i n c l u d i n g  all t h o s e  r e p o r t e d  he re  in Tab le  III, 
were  c o n d u c t e d  u s i n g  t y p e  I. T he  c a r b o n  b l a c k  p o w d e r  
was  c o n v e r t e d  in to  1-2 cm size pe l le ts  u s i n g  wa te r - suc rose  
so lu t ions  in  a pilot-size,  l m  d i a m  d isk  pel let izer .  The  pur-  
c h a s e d  c a r b o n  e lec t rodes  were  u sed  w i t h o u t  f u r t h e r  t reat-  
men t .  

Submerged-arc-reduction furnace operation.--The se- 
l ec ted  C a n d  SiO2 feeds tocks ,  d e s c r i b e d  above ,  were  con-  
v e r t e d  in to  P M S  in  two  d i f f e ren t  s ing le -phase ,  l abora to ry -  
size, one -e l ec t rode  arc fu rnaces  of sp l i t -body  d e s i g n  
h a v i n g  n o m i n a l  50 a n d  100 kW p o w e r  ra t ings ,  respec-  
t ively.  The  c o n s t r u c t i o n  of  t he  smal le r  f u r nace  is s imi la r  
to  one  of  f ixed-body  d e s i g n  p rev ious ly  d e s c r i b e d  (9), b u t  
i n c o r p o r a t e s  t he  sp l i t -body  d e s i g n  in  add i t ion .  T he  la rger  
f u rnace  i n c o r p o r a t e s  t h e  sp l i t -body  d e s i g n  (10), as s h o w n  
in  Fig. 1. The  tes t s  in  t he  50 k W  fu rnace  we re  d e s i g n e d  to 
e s t a b l i s h  su i t ab l e  s m e l t i n g  c o n d i t i o n s  a n d  to deve lop  t he  
a p p r o p r i a t e  ma te r i a l s  of  c o n s t r u c t i o n  for  s u b s e q u e n t  use  
in  t h e  100 kW, sp l i t - body  f u r n a c e  u n d e r  t h e  p u r e s t  
o p e r a t i n g  cond i t ions .  F o r  s impl ic i ty ,  t he  g r a p h i t e  elec- 
t rode ,  w h i c h  is p o s i t i o n e d  ver t i ca l ly  a n d  c e n t e r e d  in  t he  
100 c m  id cavity,  is o m i t t e d  f rom the  d rawing .  L ikewise ,  
t he  g r a p h i t e  t a p p i n g  s p o u t  ha s  b e e n  o m i t t e d  for clari ty.  A 
f e e d b a c k  loop  on  t he  100 kW fu rnace  a l lowed  for  auto-  
ma t i c  pos i t i on  a d j u s t m e n t  of  t he  e l ec t rode  in  o rde r  to 
m a i n t a i n  c o n s t a n t  e lec t r ica l  load  to t he  furnace .  T he  dura-  
t ion  of  t he  s m e l t i n g  t e s t s  va r i ed  f r o m  a b o u t  1 to  2.5 days, 
w i t h  P M S  p r o d u c t i o n  ra tes  of  a b o u t  1.5 kg /h  in  the  50 kW 
furnace  and  of abou t  5 kg/h  in the  100 kW furnace.  

of Furnace Rotating Ring 

Stationary 

I ~ace Wall 

Fig. 1. Schematic illustration of experimental 100 kW arc furnace. 
The sketch is simplified, and not to scale. 

MetaIlurgicat purification of PMS to SGP. F r o m  pre-  
v ious  w o r k  on  me ta l l u rg i ca l -g rade  s i l icon (MG-Si) (6, 7, 
11) a n d  on  p u r e  me ta l lu rg i ca l  g rade  s i l icon (PMS) (3), we 
c o n c l u d e d  t h a t  t he re  was  l i t t le  h o p e  of  o b t a i n i n g  h i g h  ef- 
f ic iency solar  cells on  any  s i l icon ma te r i a l  t a k e n  d i rec t ly  
f rom an  arc fu rnace  a n d  t h e n  recrys ta l l i zed  once.  The  sili- 
con  f rom an  arc furnace ,  even  u n d e r  the  bes t  pos s ib l e  
o p e r a t i n g  cond i t ions ,  c o n t a i n s  too m u c h  s i l icon ca rb ide  
a n d  m e t a l  impur i t i e s .  Accord ing ly ,  a n  i n t e r m e d i a t e  low 
cos t  me ta l lu rg i ca l  or  h y d r o m e t a l l u r g i c a l  s t ep  is n e e d e d  to 
c o n v e r t  h i g h  p u r i t y  a rc - fu rnace  s i l icon (PMS)  i n to  solar- 
g r a d e  po lys i l i con  (SGP)  r eady  for final recrys ta l l iza t ion .  
One  a im  of th i s  p r o g r a m  was  to exp lo r e  i n t e r m e d i a t e  
pur i f i ca t ion  s teps  w h i c h  cou ld  m e e t  t he  overa l l  cos t  goal  
of  $14/kg (1980 dol lars)  a n d  still  p rov ide  the  r equ i s i t e  pu- 
r i ty  (13) so t h a t  h i g h  eff ic iency solar  cells cou ld  b e  
ob ta ined .  

As  an  ini t ia l  s t a n d a r d  for compar i son ,  we h a v e  em- 
p l o y e d  Czochra l sk i  rec rys ta l l i za t ion  for  c o n v e r s i o n  of  arc- 
f u r n a c e  s i l icon t o  so la r -g rade  po lys i l i con  r e a d y  for  final 
recrys ta l l iza t ion .  At  t he  s ame  t ime,  we c o n d u c t e d  a sepa- 
ra te  i nves t i ga t i on  of  a l t e rna t ive  a p p r o a c h e s  to u p g r a d i n g  
a rc - fu rnace  s i l icon w h i c h  w o u l d  m e e t  cos t  a n d  pur i ty  
goals.  

D r a w i n g  on  t he  e x p e r i e n c e  of  H u n t  (3) a n d  Secco 
d ' A r a g o n a  (11), we a d o p t e d  t he  fo l lowing p rocedure .  E a c h  
P M S  b a t c h  was  g i v e n  a two-s tep  etch,  first in a q u e o u s  
H F  a n d  t h e n  in an  HNO~-HF-HOAc(acet ic)  acid m i x t u r e  
to r e m o v e  oxide,  slag, a n d  e x t r a n e o u s  i ron  par t i c les  in t ro-  
d u c e d  d u r i n g  c r u s h i n g  of  t h e  sil icon. A b o u t  15 kg  of  t h e  
e t c h e d  P M S  was c h a r g e d  in to  a s t a n d a r d  qua r t z  c ruc ib le  
in  t he  g r o w t h  c h a m b e r  of  a c o m m e r c i a l  c rys ta l  puller .  
Af te r  mel t ing ,  t he  s i l i con  was  o b s e r v e d  to be  cove red  
w i t h  a t h i c k  layer  of  s i l i con  ox ide  a n d  s i l icon ca rb ide  slag. 
T h e  ox ide  slag was  r e m o v e d  by  r e d u c i n g  t h e  Ar  p r e s s u r e  
in t he  c h a m b e r  to less  t h a n  1 to r r  and  i n c r e a s i n g  the  me l t  
t e m p e r a t u r e ,  to "bo i l "  t h e  melt .  The  " b o i l i n g "  ac t ion  oc- 
curs  b e c a u s e  of  t h e  r ap id  e v o l u t i o n  of SiO gas. 

To r e m o v e  m o s t  of  t h e  r e m a i n i n g  SiC slag, s i l i con  seeds  
were  i n t r o d u c e d  a n d  c r o w n s  were  g r o w n  to occ lude  t he  
SiC f loat ing o n  the  surface.  However ,  b e c a u s e  of SiC dis- 
l odged  f rom the  wal ls  d u r i n g  growth ,  on ly  po lyc rys ta l l ine  
ingo t s  cou ld  be  g rown.  The  typ ica l  g r o w t h  ra te  e m p l o y e d  
for - 1 1  c m  d i am ingo t s  was  6.4 cm/h ,  w i t h  15 r p m  seed  ro- 
t a t i on  a n d  8 r p m  c ruc ib l e  coun te r - ro ta t ion .  The  polycrys-  
ta l l ine  ingo t  was  cy l indr ica l ly  g r o u n d  to r e m o v e  a b o u t  3 
m m  f rom its ou t e r  surface,  a n d  c r o p p e d  at t he  seed  and  
the  tang.  Af ter  b e i n g  e t c h e d  in a m i x t u r e  Of hydrof luor ic ,  
n i t r ic ,  a n d  acet ic  acids ,  t h e  r e s u l t i n g  r o d  s e r v e d  as proto-  
t ype  S G P  for  c rys ta l  g r o w t h  in to  t he  f inal  s i l i con  ingot .  
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Arc furnace A1 Fe Ti 
run Ingot Position b (ppmw) (ppmw) (ppmw) 

PMS-4 SPC-6 Seed 10 (20) 1 (10 -2) < 1 (10 -4) 
Tang > 1000 1000 100 

PMS-5 SPC-4 Seed 10 (7) 5 (8 • 10 -~) < 1 (2 • 10 -~) 
Tang > 1000 500 100 

PMS-7 SPC-13 Seed 2 (3) 20 (4 • 10 -3) < 1 (2 • 10 -4) 
Tang 100 100 100 

a The numbers in parenthesis = k~,ff • [metal] in the arc-furnace run. Kr = 0.01 (A1); 10 -~ (Fe); 10 -~ (Ti). 
~' Seed at 0.1 of melt pulled; tang at 0.7 of melt pulled. 

I m p u r i t y  ana lyses  f rom t h e  seed  a n d  t a n g  of  severa l  of  
the  once- rec rys ta l l i zed  po lyc rys ta l l ine  ingo t s  are  s h o w n  
in  T a b l e  IV. The  n u m b e r s  in  p a r e n t h e s e s  i nd i ca t e  t h e  pro- 
d u c t  of  d i s t r i b u t i o n  coeff ic ient  of  t he  m e t a l  i m p u r i t y  a n d  
t he  m e t a l  i m p u r i t y  c o n t e n t  in  t he  P M S  mel t ,  a t  t h e  seed  
of  t h e  ingot .  The  ana lys i s  for  A1 sugges t s  t h a t  q u i t e  large  
A1 c o n c e n t r a t i o n s  can  b e  i n c o r p o r a t e d  due  to t h e  rela- 
t ive ly  la rge  d i s t r i b u t i o n  coefficient .  The  ana lyses  for  Fe  
a t  t he  seed  s u g g e s t  t h a t  cons t i t u t i ona l  s u p e r c o o l i n g  m a y  
a l r eady  b e  o c c u r r i n g  for  th i s  impur i ty .  As ind ica ted ,  smal l  
Ti c o n c e n t r a t i o n s  were  m e a s u r e d  at t he  seed. A pro- 
n o u n c e d  inc rease  in  t he  c o n c e n t r a t i o n s  of  A1, Fe, a n d  Ti 
is n o t e d  at  t he  t a n g  of  t he  ingo t s  due  to c o n s t i t u t i o n a l  su- 
percool ing .  The  p lo t  of t he  m e t a l  i m p u r i t y  c o n c e n t r a t i o n s  
in  t h e  P M S  m e l t  in  Fig. 2, t o g e t h e r  w i t h  a t heo re t i ca l  
c u r v e  s imi la r  to t h a t  of H o p k i n s  et al. (12) for  the  onse t  of 
c o n s t i t u t i o n a l  s u p e r c o o l i n g  as a f u n c t i o n  of  c rys ta l  
g r o w t h  rate ,  s u b s t a n t i a t e s  t h e  e x p e c t a t i o n  t h a t  supercool -  
ing  a n d  a s t rong  inc rease  in  i m p u r i t y  c o n t e n t  of the  ingo t  
w o u l d  o c c u r  at  or n e a r  t he  seed  of t he  ingot .  Once  th i s  be- 
h a v i o r  was  u n d e r s t o o d ,  t he  a t t e m p t  was  m a d e  to grow 
- 1 1  c m  d i am po lyc rys t a l l ine  Czochra l sk i  ingo t s  at  lower  
g r o w t h  ra tes  in  o rde r  to  e l i m i n a t e  t he  o c c u r r e n c e  of con-  
s t i t u t i ona l  supercoo l ing .  H o w e v e r  all a t t e m p t s  were  un-  
success fu l  owing  to t he  dif f icul ty  in  m a i n t a i n i n g  d iame-  
t e r  con t ro l  a t  l ow g r o w t h  ra tes  in  t he  c o m m e r c i a l  
Czochra l sk i  fu rnace  u n d e r  n o r m a l  o p e r a t i n g  c o n d i t i o n s  
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Fig. 2. Metal impurity concentrations in the PMS melt 

Fe 

without extensive improvement in the feedback and con- 
trol systems. Thus, in all the work reported here, a growth 
rate of about 6.4 cm/h was employed. 

Growth of silicon ingot from SGP.--  In  pr inc ip le ,  
c o n v e r s i o n  of  low cos t  S G P  to low cost  s i l icon wafers  
m i g h t  be  car r ied  o u t  b y  any  one  of severa l  c rys ta l  g r o w t h  
m e t h o d s ,  i n c l u d i n g  Czochra lsk i ,  B r i d g m a n ,  float zone,  
a n d  r i b b o n  t e c h n i q u e s .  Fo r  t h e  p u r p o s e  of  e v a l u a t i n g  the  
f e e d s t o c k  p repa ra t i on ,  arc f u r n a c e  opera t ion ,  a n d  solar  
cell  p r o c e s s i n g  s teps  in  t h e  overa l l  m a n u f a c t u r i n g  se- 
q u en ce ,  in  the  p r e s e n t  p a p e r  we  focus  on  t h e  Czochra l sk i  
s ing le-crys ta l  g r o w t h  m e t h o d  in  o rde r  to  m a k e  pos s ib l e  
t h e  s i m p l e s t  an d  m o s t  d i rec t  co r re l a t ion  w i t h  c u r r e n t  
p r o d u c t i o n  t e c h n o l o g y  for s ingle-crys ta l  solar  cells em- 
p loyed  b y  m u c h  of  t h e  t e r re s t r i a l  pho tovo l t a i c  i ndus t ry .  

Mos t  of the  Czochra l sk i  ingo t s  for  th i s  s t u d y  were  - 1 1  
c m  d i a m  bou le s  g r o w n  in  a c o m m e r c i a l  c rys ta l  g r o w t h  ap- 
p a r a t u s  u n d e r  s t a n d a r d  c o n d i t i o n s  for  o p e r a t i o n  of  th i s  
t y p e  e q u i p m e n t .  No s ign i f ican t  d i f fe rences  in  Czochral -  
ski  g r o w t h  were  o b s e r v e d  f rom S G P  c o m p a r e d  to g r o w t h  
f rom s e m i c o n d u c t o r  si l icon.  

Solar cell processing . - -So la r  cells of  t h e  p r o d u c t i o n  de- 
s ign  a n d  size s h o w n  in  Fig. 3a were  f a b r i c a t e d  in  100 m m  
diam,  500 ~ m  t h i c k  wafers  s l iced f rom t h e  s ing le-crys ta l  
i ngo t s  g r o w n  f rom a rc - fu rnace  si l icon.  In  add i t ion ,  a few 
Czochra l sk i  a n d  float zone  wafers ,  p r e p a r e d  f rom semi-  
c o n d u c t o r  s i l icon e i t h e r  in  h o u s e  or b y  ou t s ide  vendo r s ,  
we re  f ab r i ca t ed  in to  100 m m  d i am solar  cells to  p r o v i d e  a 
co mp a r i s o n .  J u n c t i o n  f o r m a t i o n  was  p e r f o r m e d  in t he  
p - type  wafers  by  t h e  w e l l - k n o w n  POCI~ p ro ce s s  (14), fol- 
l owed  by  low cost  Ni / so lder  me ta l l i za t ion  a n d  A R  coat ing.  
Hence ,  t h e  r e su l t s  r e p o r t e d  for 100 m m  d i a m  wafers  pro- 
v ide  a good  i n d i c a t i o n  of w h a t  m a y  be  e x p e c t e d  in fac tory  
production without optimization. 

In order to gain some indication of the solar cell per- 
formance which might be expected with further solar cell 
optimization, small test cells 2 • 2 cm size (see Fig. 3b) 
were fabricated. I 

[Cells were fabricated by Applied Solar Energy Corporation, 
City of Industry, California 91749. 

Fig. 3. o: A cell produced in 1 O0 mm diam 500/~m thick wafers sliced 
from single-crystal ingots grown from arc-furnace silicon, b: 2 • 2 cm 
test cell. 
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The solar cell efficiency was measured with a 
Spectrolab XT-10 Type 1 simulator. Light intensity was 
100 mW/cm ~- (AM1) calibrated with a test cell. The simula- 
tor uses an arc lamp with a water filter to cut off the long 
wavelengths, and chuck temperature is kept at 28~ 

Results and Discussion 

Impuri ty  levels in PMS from arc-furnace tests.--General 
considerations from this and previous work (3-5, 9) sug- 
gest that there are probably three main contributions to 
impurities in the PMS. The first contribution is contami- 
nation from the materials of construction of the arc fur- 
nace and from the stoking and tapping operations. The 
second is extraneous contamination during handling and 
preparation of the feedstocks. The third is the base level 
of impurities in the raw feedstocks, shown in Tables I and 
II. For the 50 kW furnace tests, a combination of the first 
two factors appears to determine the impurity levels in 
the final PMS, as indicated by the analytical data in 
Table III. One exception to this trend is run no. PMS-9, 
for which additional boron and aluminum appear to have 
been incorporated from the type-B granular quartz. This 
run, however, did exhibit  exceptionally low energy con- 
sumption. For this reason, most of the runs in the 100 kW 
furnace were conducted using mixed C/SiO2 pellets, 
which appear to offer a reactivity advantage over pellets 
made from carbon black alone. 

The first run in the 100 kW arc furnace, PMS-15, ap- 
pears to suffer the same contamination problems experi- 
enced in the 50 kW furnace tests. The other four runs, 
however, probably reflect a residual contribution of 
impurities from the furnace itself, which is difficult to 
quantify, plus a contribution from the raw material feed- 
stocks. No measurable difference in B, P, A1, Fe, or Ti can 
be attributed to the use of Malvern as compared to Mt. 
Rose lump quartz. However, the use of type-A granular 

quartz as the sole source of SiO~ appears to have been the 
major factor contributing to the two-fold reduction in 
these impurities in PMS-20. The method in which we 
have the best confidence for determining the impurity 
contribution from feedstocks is to convert them to PMS 
in an arc furnace of the purest construction possible and 
then to measure the B and P in the PMS by an analysis of 
Hall measurements along silicon ingots (15). 

At this time, we cannot give a firm answer as to the 
availability of low cost granular silica sources which 
could be substituted for the relatively high cost type-A 
granular quartz. Nor can we determine whether still fur- 
ther reductions in B content of PMS would be possible ei- 
ther by feedstock selection, improvement  in feedstock 
preparation, or in the purity and size of the arc furnace. 
But it is clear that the results achieved in this work with 
granular quartz represent a factor of two improvement  
over the best previously reported arc-furnace silicon from 
pure feedstocks, as reported by Hunt and Dosaj (3): B, 4.7 
ppma; P, <1 ppma. As discussed in the next sections, this 
factor of two reduction in B content leads directly to an 
approximate 2% improvement  in solar cell efficiency. 

Solar cell performance as function of  B and P level in 
arc-furnace silicon and semiconductor sil icon.~Figure 4 
shows the dependence of short-circuit current density 
upon B concentration over a three orders of magnitude 
range of boron concentration. This dependence of short- 
circuit current, with a change in slope at the 1-2 ppma bo- 
ron concentration level, results in a similar variation in 
solar cell efficiency with boron concentration. For all ex- 
cept the two lowest data points for twice Cz recrystallized 
PMS, there is little or no difference between the behavior 
of ingots from PMS or semiconductor-grade silicon. For 
these two ingots, a third recrystallization, as indicated by 
the arrows in the figure, raised the short-circuit current 
to the range observed for semiconductor-grade ingots. 
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Hence ,  it a p p e a r s  t h a t  for  t h e s e  two cases,  t he  first  Cz 
pur i f i ca t ion  of  t h e  P M S  was  no t  suff ic ient ly  e f fec t ive  in 
r e m o v i n g  m e t a l  i m p u r i t i e s  or ca rbon .  As  also i n d i c a t e d  in  
Fig. 4, a s imi la r  i m p r o v e m e n t  was  gene ra l ly  n o t e d  in  
sho r t - c i r cu i t  c u r r e n t  d e n s i t y  w h e n  once  rec rys ta l l i zed  
P M S  was  g iven  a s e c o n d  rec rys ta l l i za t ion  to a Cz s ingle  
crystal .  

Tab le  V shows  t he  b e s t  solar  cell p e r f o r m a n c e  o b t a i n e d  
in  p roduc t ion - s i ze  100 m m  d i a m  solar  cells  of  the  con- 
s t r u c t i o n  s h o w n  in  Fig. 3a. T h e s e  r e s u l t s  i nd i ca t e  s t rong  
co r r e l a t i on  w i t h  B level ,  a n d  w e a k  or no  co r r e l a t i on  w i t h  
P level.  For  B levels  e x c e e d i n g  4 p p m a  (average)  in  t he  
twice  rec rys ta l l i zed  Czoch ra l sk i  ingot ,  t he  b e s t  eff ic iency 
a c h i e v e d  was  9.5%. F o r  B levels  in  t he  r a n g e  2.4-3.3 p p m a ,  
i t  was  pos s ib l e  to  a c h i e v e  a b o u t  10.5% efficiency.  W h e n  
t h e  B level  was  r e d u c e d  to 1.5 ppma ,  as d e s c r i b e d  above  
u s i n g  type -A g r a n u l a r  quar tz ,  eff ic iency of  12.5% was  
ach ieved ,  r e p r e s e n t i n g  a n  a b s o l u t e  i nc r ea se  of 2% effic- 
i e n c y  in  t h e s e  p roduc t i on - s i ze  cells. 

The  da ta  o n  p roduc t ion - s i ze  solar  cells in  T a b l e  VI pro- 
v ide  f u r t h e r  c o n f i r m a t i o n  t h a t  shor t -c i rcu i t  c u r r e n t  a n d  
h e n c e  eff ic iency d e p e n d  s t rong ly  on  b o r o n  c o n c e n t r a t i o n  
in solar  cells  de r i v ed  b o t h  f rom s e m i c o n d u c t o r - g r a d e  sili- 
con  a n d  f rom so la r -g rade  sil icon. H e n c e  we  c o n c l u d e  tha t ,  
a f te r  a p p r o p r i a t e  u p g r a d i n g ,  r e s idua l  m e t a l  i m p u r i t y  con-  
c e n t r a t i o n s  in  s ing le -c rys ta l  Czochra l sk i  ingo t s  are due  to 
t he  c ry s t a l -g rowth  o p e r a t i o n s  (16) r a t h e r  t h a n  t he  or ig ina l  
a r c - fu rnace  si l icon.  Whi le  i m p u r i t i e s  and /o r  s t r u c t u r a l  de- 
fects  m a y  be  d i rec t ly  r e s p o n s i b l e  for  t he  o b s e r v e d  degra-  
d a t i o n  of  p e r f o r m a n c e  w i t h  i nc rea s ing  b o r o n  con ten t ,  we 
c o n c l u d e  t h a t  t h e  b o r o n  is d i rec t ly  i n v o l v e d  in t h e i r  for- 
ma t ion .  They  m i g h t  b e  due ,  for  ins t ance ,  to c o m p l e x e s  or 
p r ec ip i t a t e s  of b o r o n  oxide,  b o r o n  n i t r ide ,  or meta l l i c  
bor ides .  

Solar cell performance as a function of diffusion length 
in arc furnace and semiconductor sil icon.--Although t h e  
d e c r e a s e  of  solar  cell  eff ic iency at  h i g h  B levels ,  
c o r r e s p o n d i n g  to e lec t r ica l  res i s t iv i ty  levels  lower  t h a n  

0.1 t2-cm, ha s  l ong  b e e n  r ecogn ized  (17), t he  e x p e r i m e n t a l  
da ta  in  Fig. 4 s h o w  a t h r e s h o l d  b e h a v i o r  at  m u c h  lower  B 
levels  ( - 5  • 10 TM cm -3 on  1 p p m a )  t h a n  w o u l d  b e  calcu- 
l a ted  a s s u m i n g  c lass ical  A u g e r  r e c o m b i n a t i o n  ( - 1 0  TM c m  ~ 
or 20 p p m a )  as t he  l imi t ing  d e g r a d a t i o n  m e c h a n i s m  (18, 
19). Hence ,  to i nves t i ga t e  t h i s  effect  fu r ther ,  we h a v e  pre-  
p a r e d  a n u m b e r  of  Cz ingo t s  f rom s e m i c o n d u c t o r - g r a d e  
si l icon,  w i t h  d i f fe ren t  B levels ,  and  m e a s u r e d  t h e i r  diffu- 
s ion l e n g t h  a n d  solar  cell  p e r f o r m a n c e  c o m p a r e d  to t h a t  
of Cz ingo ts  twice  rec rys ta l l i zed  f rom PMS.  F igu re  5 
s h o w s  a p lo t  of  sho r t - c i r cu i t  c u r r e n t  as a f u n c t i o n  of diffu- 
s ion l eng th ,  o b t a i n e d  on  wafe r s  p r io r  to so lar  cell  p rocess -  
ing  b y  t he  m e a s u r e m e n t  of  capac i t ive ly  coupled ,  c h a r g e  
car r ie r  l i fe t ime  (20). The  sol id cu rve  is ca lcu la ted  for  450 
t~m t h i c k  solar  cells a c c o r d i n g  to t he  m e t h o d o l o g y  of  
A m i c k  a n d  G h o s h  (21). The  e x p e r i m e n t a l  p o i n t s  a p p e a r  
wel l  f i t ted b y  a c u r v e  r e p r e s e n t i n g  a 20% loss  for reflec- 
t ion  a n d  shadowing .  Thus ,  i t  is a p p a r e n t  t h a t  semicon-  
d u c t o r - g r a d e  s i l icon wafers  a n d  a rc - fu rnace  s i l icon wafers  
s h o w  a s imi la r  i nc r ea se  in  shor t -c i rcu i t  c u r r e n t  w i t h  in- 
c r eas ing  d i f fus ion  l e n g t h  (i.e., d e c r e a s i n g  B concen t r a -  
tion). Su i t ab ly  rec rys ta l l i zed  a rc - fu rnace  s i l icon b e h a v e s  
iden t i ca l ly  to s e m i c o n d u c t o r - g r a d e  si l icon.  T h e  occur-  
r e n c e  of  t he  t h r e s h o l d  b e h a v i o r  in  Fig. 4 at  l ower  B levels  
t h a n  e x p e c t e d  for A u g e r  r e c o m b i n a t i o n  is, t he re fo re ,  
p r o b a b l y  r e l a t ed  to as-yet  u n c h a r a c t e r i z e d  effects  of  resid-  
ua l  m e t a l  i m p u r i t i e s  (16, 22) f rom the  c ry s t a l -g rowth  appa-  
ra tus ,  to  c a r b o n  or o x y g e n  c o n t a m i n a t i o n  (23), to p o i n t  de- 
fects,  or to c o m p l e x e s  or p rec ip i t a t e s  of  t h e s e  en t i t i es  
w i t h  bo ron .  

Performance of  production-size solar cells in single- 
crystal Czochralski ingots from the highest puri ty  
PMS.--As  d i s c u s s e d  above ,  p roduc t ion - s i ze  solar  cells 
f r om ingo t s  SPC-76, SPC-77, a n d  SPC-83, p r e p a r e d  b y  
two  recrys ta l l i za t ions  of  PMS-20,  s h o w e d  t he  be s t  effi- 
c i ency  of  all t h e  a rc - fu rnace  tests .  The  co r r e l a t i on  of  the  
i m p r o v e d  eff ic iency w i t h  d e c r e a s e d  b o r o n  c o n c e n t r a t i o n  
a p p e a r s  wel l  founded .  

Table V. Best solar cell performance as a function of B and P level in arc-furnace silicon 

Twice-recrystallized Cz ingot Best solar cell performance 
Arc-furnace Ingot B P p Vo,. J~. Efficiency 

silicon source (no.) (ppma) (ppma) (t2-cm) (V) (mA/cm 2) FF (%) 

50 kW furnace 
PMS-4 
PMS-5 
PMS-7 
PMS-9 

100 kW furnace 
PMS-15 
PMS-17 
PMS-19 
PMS-20 

PMS-24 

Commercial MG-Si 
Elkem, Fiskaa 

SPC-8 4.6 2.0 0.17 0.580 18.2 0.71 7.5 
SPC-5 7.1 5.0 0.23 0.570 14.6 0.76 6.3 
SPC-15 6.9 2.9 0.18 0.600 20.4 0.78 9.5 
SPC-19 13.4 3.7 0.08 0.600 19.5 0.75 8.7 

SPC-44 7.2 1.8 0.11 0.593 19.1 0.69 7.8 
SPC-59 2.9 <0.6 0.17 0.585 23.6 0.76 10.5 
SPC-70 3.3 <0.4 0.17 0.576 23.5 0.68 9.2 
SPC-76 1.5 0.6 0.48 0.594 28.3 0.75 12.6 
SPC-77 1.5 0.6 0.55 0.593 28.6 0.76 12.9 
SPC-83 1.5 0.6 0.50 0.598 27.5 0.76 12.5 
SPC-100 2.4 0.7 0.29 0.595 24.7 0.68 10.0 

SPC-23 72 12 0.02 0.565 9.6 0.70 3:8 

Table VI. Comparison of the performance of production-size solar cells a with silicon source used for growth of Czochralski ingot 

Silicon source 

Average performance 

[B] [C] Number of p Efficiency J~r V,,~. 
Cz ingot (ppma) (ppma) solar cells (~-cm) (%) (mA/cm ~) FF (V) 

Semiconductor 
grade 

PMS-17 
Semiconductor 

grade 
Semiconductor 

grade 
PMS-20 

SPC-28" 3.0 <1 5 0.16 11.0 24.5 0.752 0.597 

SPC-59" 2.9 1-3 10 0.17 10.0 24.3 0.700 0.592 
SPC-27 ~ 1.4 < 1 8 0,3 11.6 26.3 0.743 0.595 

SPC-A h 0.5 < 1 3 0.7 12.1 28.0 0.728 0.594 

SPC-83 ~' 1.5 1-3 21 0.6 11.8 27.8 0.711 0.596 

~' 100 mm diam. 
~' One Czochralski recrystallization. 
" Two Czochralski recrystallizations. 
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The best individual cell fabricated had an efficiency of 
12.9%, as indicated in Table V. To gain some indication of 
the distribution of efficiency, which can be expected in 
production, we fabricated a total of 99 solar cells using 
procedures similar to those employed in production. The 
three ingots evaluated had seed-to-tang resistivities that 
collectively ranged from 0.53 to 0.76 ~-cm. In analyzing 
the results, we were interested in evaluating two factors. 
The first was the overall distribution of efficiencies. The 
second was the variation of efficiency along the length of 
the Czochralski ingot, since any metallic impurities or 
carbon, possibly carried over from the PMS to the SGP, 
might be expected to raise the levels of these impurities 
towards the tang of the ingot. 

The distribution of efficiencies of the 99 cells is shown 
in Fig. 6. Two-thirds of the cells fall in the efficiency 
range between 11.5% and 12.5%. Three-eighths of the cells 
have solar cell efficiencies -> 12%. Only one-twelfth of the 
cells have efficiencies below 10%. The principal reason 
for the low efficiency tail is low fill factor, which was 
discussed above. Hence, improvement  in fill factor 
should be a key objective of further development work on 
solar-grade silicon ingots such as those investigated here. 

Cell parameters for ingot SPC-77 are shown in Fig. 7 as 
a function of the fraction of the melt pulled. The decrease 
in cell efficiency and diffusion length for fractions of the 
melt  pulled greater than 0.5 is attributed to the disloca- 

40 

.-. 30 
o 
.(.., 

J~ 

20 ._= 
r 

o 
~= 10 
u.I 

0 

N = 99 Cells 
Cz Ingots 
2 X From PMS-20 

Cell Efficiency (%) 
Fig. 6. Distribution of efficiencies of the 99 cells 

12 Ef'f .I.o ~ ~- ~ ~ ~ , ~ i , - 0  - ~ - 9 - ' 6 - o - - - - - - - - ~ . ~  ~ a  

10 (%) o o ' = " ~ " - " ~ - o - ~ -  
o o O ~ 

8 o 
" 6 " - o - ~ - T r - D - - B ~ m  ~_D - -  ~ [] Jsc - 29 

-u'---.[]-B.j~(mA/cm= )- 27 
0.6 Voc _n_i . ._=_=_== , m-m.-ll~m_m_m. 25 

(mV) 
O.S 

0 = • ,~ :~A ~ ~ ' ~ - ~ - A ~  '-'4"~'~" FF 

"6 

1 6 0  ' o  _ _  " , 

140 (~m) �9 - " " ' ~ e ~ o .  e � 9  

120 ] I i I i 1 I "he i 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 

Fraction of Melt Pulled 
Fig. 7. Cell parameters for ingot ~,PC-77 as a function of the fraction 

of the melt pulled. 

0.8 

0.7 

0.6 

tion density, which increased from zero to about 
10,000/cm 2 at the tang. The cause of the high dislocation 
density appears related to the thermal history of this in- 
got, rather than due to impurities, since a relatively small 
10 kg charge was used, resulting in poor growth control 
toward the tang. Another ingot, SPC-83, was essentially 
dislocation free from seed to tang, and exhibited rela- 
tively constant efficiency along the length of the ingot. 

Solar cell performance in laboratory-scale 4 cm ~ test 
cells in ingot from highest purity PMS.--Table VII shows 
the comparison of performance, including average, maxi- 
mum, and minimum values for 4 cm 2 test cells fabricated 
by Applied Solar Energy Corporation from semicon- 
ductor Cz ingot and from ingot SPC-83 derived from the 
best arc-furnace silicon reported here, PMS-20. The prin- 
cipal reason for a difference in the average efficiency in 
SPC-83, 13.7%, and that in SPC-B, 14.4%, is the low fill 
factor of the one low value cell. 

The average test cell efficiency on 4 cm 2 cells (13.7%) 
exceeds that obtained on production-size 78 cm 2 cells 
(11.8%) for three reasons. The first is lower reflection 
due to a two-layer AR coating. The second is lower 
shadowing (-7%) as compared to the production-size cells 
(-15%). The third factor is a statistical effect in the mate- 
rial or the processing of larger area cells. The results on 
small area cells do suggest, however, that it should be 
possible to produce production-size cells with efficien- 
cies of about 14% from twice-recrystallized PMS. 

Conc lus ions  
The technical feasibility of reacting pelletized granular 

quartz and carbon black in a specially constructed 100 kW 
arc-furnace, to produce purified metallurgical silicon 
(PMS) having 1.8 ppma B has been demonstrated. This is 
a factor of 2.5 lower B concentration than previously re- 
ported for PMS. The production of this quality of PMS at 
low cost appears feasible since MG-Si is produced com- 
mercially in large submerged arc reduction furnaces. 
Increasing the size of the arc furnace should, if anything, 
improve the purity of PMS silicon. 

Comparison of solar cell performance in once- and 
twice-recrystallized PMS ingots confirms our initial 
working hypothesis that for high efficiency solar cells, an 
intermediate upgrading step is necessary to convert PMS 
to a solar-grade polysilicon (SGP) feedstock suitable for 
final recrystallization into ingot. The successful use of 
the Czochralski process for this intermediate purification 
demonstrates the feasibility of directional solidification 
as a generic metallurgical upgrading step. However, to ac- 
complish this economically will require development  and 
scale-up of alternative, e.g., Bridgman, processes, since 
Czochralski upgrading does not appear economical at any 
scale for producing $14/kg SGP. 
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Table VII. Comparison of the performance of laboratory-size test solar cells a with silicon source used for growth of Czochralski ingot 

Silicon [B] [C] p Number of Efficiency Js, Vor 
sources Cz ingot ( p p m a )  (ppma) (~Lcra) solar cells (%) (mA/cm ~) FF (V) 

Semiconductor SPC-B h 0.1 <1 2 8 Average 14.4 31.5 0.780 0.589 
Maximum 14.7 31.5 0.800 0.588 
Minimum 14.2 31.5 0.750 0.588 

PMS-20 SPC-83 ~" 1.5 t-3 0.6 12 Average 13.7 30.3 0.754 0.597 
Maximum 14.8 31.3 0.790 0.600 
Minimum 9.3 29.5 0.530 0.597 

a 2 • 2 cm area, fabricated by ASEC. 
h One Czochralski recrystallization. 
c Two Czochralski recrystallizations. 

We have shown that the efficiency of crystalline-silicon 
solar cells depends critically upon boron concentration. 
The lowered boron content in the present PMS results in 
a net 2% improvement in solar cell efficiency compared 
to previous work on solar cells derived from PMS. 
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ABSTRACT 

F u n d a m e n t a l  cha rac t e r i s t i c s  of a p h o t o e ] e c t r o c h e m i c a l  cell u s i n g  p- type  porous -S t  layer  (PSL) as a s e m i c o n d u c t o r  
p h o t o e ] e c t r o d e  were  m e a s u r e d .  T he  P S L  e l ec t rode  e x h i b i t e d  s t ab le  p h o t o d i o d e  charac te r i s t i cs .  The  inc rease  in  the  P S L  
t h i c k n e s s  was ve ry  use fu l  in  s u p p r e s s i n g  t he  d a r k  cur ren t ,  a l t h o u g h  it  r e su l t ed  s o m e w h a t  in  r e d u c i n g  t he  pho to sens i t i v -  
ity, due  to the  i nc rease  in sur face  r e c o m b i n a t i o n  losses  of p h o t o g e n e r a t e d  carriers .  

The surface of n-type semiconductors with small band- 
gaps suitable for solar energy conversion is unfortunately 
unstable in photoelectrochemical cell. For example, a 
n-type Si electrode operated in aqueous electrolytes is 
rapidly passivated under illumination (i). In order to sup- 
press photoanodie surface corrosion of n-type semicon- 
ductors and to stabilize the operation, several attempts 
based, upon thin film coating (2-8) and chemical derivati- 
zation (9) have been made. 

The porous-St layer (PSL) applied here was found in 
the 1950s by Uhlir (I0) and Turner (II) in the course of the 
anodization studies of Si in HF solution. Recently, the for- 
mation mechanism of PSL and its structure were studied 
by Unagami (12, 13) in detail. According to those results, 
PSL is formed by local dissolution during anodization in 
HF solution. It consists of many micropores formed uni- 
formly in the thickness direction. The diameter of 
mieropores ranges from about 50 to 300A, depending on 
the resistivity of Si substrate and the condition of anodic 
reaction. This PSL, which can be oxidized easily by 
thermal process (14, 15), has been applied to the isolation 
t e c h n i q u e  in  i n t e g r a t e d  c i r cu i t s  (t6). 

The  P S L  can  be  o b t a i n e d  in  e i t h e r  n - type  or  p - type  Si 
subs t ra te .  In  n- type  St, however ,  t he  a n o d i c  r eac t ion  
n e e d s  to be  ca r r ied  out  u n d e r  i l l u m i n a t i o n  to gene ra t e  
ho les  w h i c h  are  n e c e s s a r y  for  t he  f o r m a t i o n  of PSL .  In  
th i s  paper ,  we r epo r t  t he  app l i ca t i on  of  P S L  as a pho to-  
e l ec t rode  of  a p h o t o e l e c t r o c h e m i c a l  cell u s i n g  p- type  Si 
subs t ra tes .  

Experimental  
Formation of PSL electrodes.--Silicon wafers  u s e d  in 

th i s  e x p e r i m e n t  were  (111) p - type  s ingle  c rys ta ls  (0.3-0.5 
cm) w i t h  a m i r r o r  surface.  P r io r  to anod iza t ion ,  t h e  wafers  
were  c leaned,  a t h i n  A1 film was  d e p o s i t e d  o n  t he  b a c k  
side, and  t h e y  were  a l loyed to form an  o h m i c  contac t .  
N o n a n o d i z e d  pa r t s  of t he  wafers  were  t h e n  cove red  w i th  
a c i d p r o o f  wax.  Anodization was  done in  50 w e i g h t  per-  
cen t  (w/o) H F  so lu t ion  u n d e r  a c o n s t a n t  c u r r e n t  densi ty .  
The  c u r r e n t  dens i t i e s  iA were  ad ju s t ed  to t he  va lues  be- 
low t h o s e  u sed  for e lec t ropo l i sh ing .  Af te r  r i n s ing  t he  
a n o d i z e d  wafers  in  de ion i zed  wa te r  and  r e m o v i n g  t he  
wax,  the  H F  so lu t ion  left  in  P S L  was re l eased  b y  hea t -  
t r e a t m e n t  at  100~176 in  v a c u u m .  T he  t h i c k n e s s  of P S L  
was  m e a s u r e d  sepa ra t e ly  b y  m i c r o s cop i c  o b s e r v a t i o n  of  
level  l a p p e d  surfaces .  

Measurements of the characteristics of PSL 
electrodes.--The wafe r s  were  cove red  aga in  w i t h  t he  wax  
a n d  t h e n  u s e d  as p h o t o e l e c t r o d e s  of  t he  cell w i th  P t  
c o u n t e r e l e c t r o d e  a n d  SCE reference .  T h e  e lec t ro ly te  was  
0.005M Na2HPO4 (pH = 7.8). T he  l igh t  source  was  a 150W 
t u n g s t e n  l amp;  t he  m a x i m u m  e x p o s u r e  i n t e n s i t y  was  60 
mW/cm'-' (in 0.4-0.9 /zm w a v e l e n g t h  range).  The  cu r ren t -  
vo l tage  cu rves  of  P S L  p h o t o e l e c t r o d e s  we re  m e a s u r e d  
u n d e r  d i f fe ren t  l igh t  in tens i t ies .  N2 b u b b l i n g  was  d o n e  
t h r o u g h o u t  the  m e a s u r e m e n t s  in o rde r  to p r e v e n t  the  
s t i ck ing  of  the  H~ b u b b l e s  at  t he  P S L  surface.  Q u a n t u m  
eff ic iencies  we re  m e a s u r e d  u s i n g  He-Ne  laser  of  6328~ 
w a v e l e n g t h  a n d  1 m W  power .  T h e  s tab i l i ty  of  P S L  elec- 

trodes was also evaluated by the change in the dark cur- 
rent with passed charge during the continuous photo- 
cathodic operation. 

Results and Discussion 
PSL thickness.---Figure 1 s h o w s  t h e  t h i c k n e s s  of  P S L  

f o r m e d  u n d e r  va r ious  c o n d i t i o n s  as a f u n c t i o n  of  the  
anod ic  r eac t ion  t i m e  tA. The  P S L  t h i c k n e s s  d, w h i c h  is 
l a rger  for h i g h e r  c u r r e n t  dens i t y  of anod iza t i on  a n d  for 
lower  res i s t iv i ty  of  the  Si subs t ra te ,  i nc reases  nea r ly  in  
p r o p o r t i o n  to tA. These r e su l t s  are  c o n s i s t e n t  w i t h  t hose  
r e p o r t e d  p rev ious ly  (12). 

The  loca l -d i sso lu t ion  o)~ Si r e su l t i ng  in P S L  is e n s u r e d  
b y  t he  s t eady  hole  s u p p l y  f r o m  the  subs t ra t e .  The  forma-  
t ion  of  PSL,  there fore ,  p r o c e e d s  m o r e  easi ly  for  lower-  
res i s t iv i ty  subs t ra tes .  I n  fact,  P S L  f o r m e d  in t he  low- 
res i s t iv i ty  s u b s t r a t e  b e c o m e s  d e e p e r  t h a n  t h a t  in  the  
h igh- res i s t iv i ty  one,  e v e n  if  anod i za t i on  was  d o n e  at  t he  
s ame  c u r r e n t  dens i t y  a n d  r eac t ion  t ime,  as s h o w n  in  Fig. 
1. This  m e a n s  t h a t  the  po ros i ty  of P S L  is dec rea sed  as the  
res i s t iv i ty  of  the  s u b s t r a t e  is lowered .  U n d e r  t h e  exper i -  
m e n t a l  c o n d i t i o n s  in  Fig. 1, t h e  poros i ty  of  P S L  r a n g e s  
b e t w e e n  40% a n d  50% (12). 

The  s c a n n i n g  e l ec t ron  m i c r o g r a p h  of c l eaved  cross  sec- 
t ion  of P S L  is s h o w n  in Fig. 2. A u n i f o r m  P S L  is f o r m e d  
in the  t h i c k n e s s  d i rec t ion .  The  poros i ty  appea r s  to be  in- 
d e p e n d e n t  of  t he  P S L  th i ckness .  

Current-voltage curves.~A typ ica l  e x a m p l e  of pho to -  
cu r r en t -vo l t age  cha rac te r i s t i c s  u n d e r  b ias  o b t a i n e d  f rom 
the  P S L  p h o t o e l e c t r o d e  is s h o w n  in Fig. 3. T h e  P S L  in 
th i s  case  was f o r m e d  u n d e r  t he  cond i t i ons  of  iA = 50 
mA/cm'-', t ,  = 20 rain,  a n d  d = 57/zm. In  the  b a c k w a r d  (ca- 
thodic)  bias  region,  p h o t o c u r r e n t  b e h a v e s  in  a way  s imi la r  
to  t h a t  of  a n o r m a l  p h o t o d i o d e .  T h e s e  cu rves  were  s t ab le  
a n d  r ep roduc ib l e .  The  r i s ing  vo l tage  of  p h o t o c u r r e n t  was  
- 0 . 7 5 V  (vs. SCE) a n d  open-c i r cu i t  p h o t o v o l t a g e  was 

k = 100 (mA/cm z) 
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ANODIC REACTION TIME tA(min) 
Fig. 1. Thickness of PSL formed at different current densities as a 

function of anodic reaction time. The result obtained from a high- 
resistivity (3-5 D~ cm) substrate is also shown by the dotted line. 
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Fig. 2. Scanning electron micrograph of cleaved cross section of as- 
anodized PSL. 
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Fig. 4. Saturated photocurrents of some PSL electrodes as a function 

of the light intensity. 

0.50V. Reversible hydrogen and oxygen evolution poten- 
tials in this cell are -0.70 and 0.53V (vs. SCE), respec- 
tively. Under photocathodic operation, H~ and O, evolu- 
tions were observed at PSL and Pt electrodes, 
respectively. Similar results were obtained from the 
photoelectrodes with different PSL thickness. 

Sensitivity.--Figure 4 shows the saturated photocurrent 
is of some PSL electrodes as a function of the light inten- 
sity. The ]inearity between is and the light intensity is 
consistently maintained over a wide illumination range. 
The sample of d = 0 represented in Fig. 4 is the naked Si 
electrode prepared only by a conventional chemical etch- 
ing process. As the PSL thickness was increased, photo- 
sensitivity, S, defined as the ratio of is to the light inten- 
sity, was reduced. Figure 5 shows the change in S 
obtained from Fig. 4 with the PSL thickness. Quantum 
efficiencies ~ are also shown in Fig. 5. It should be noted 
that both S and ~ become almost constant in the region of 
the PSL thickness beyond 30 ~m. The final values of S 
and ~? correspond to the intrinsic values of PSL. This is 
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PSL thickness. 

r easonab le ,  c o n s i d e r i n g  t h a t  s ingle  or po lyc rys t a l l i ne  
s t r u c t u r e  r e m a i n s  in  P S L  (13) a n d  t h a t  t h e  a b s o r p t i o n  
coeff ic ient  of s ing le-crys ta l  Si for v i s ib le  l igh t  is 103-105 
c m  -I (17). 

A t  t h e  sur face  of  P S L ,  t h i n  sur face  p o r o u s  fi lm (SPF)  is 
f o r m e d  at  the  ear ly  s tage  of anod iza t i on  (12). T h e  local  
d i s so lu t i on  of  Si r e su l t i ng  in  P S L  is in i t i a t ed  by  th i s  SPF.  
T h e  S P F  can  easi ly  be  e t c h e d  by  HNO:~ + H F  solut ion.  In  
o rde r  to i nves t i ga t e  t h e  i n f l uence  of SPF ,  p h o t o c u r r e n t -  
vo l t age  cu rves  of  t h e  S P F  e t c h e d  s a m p l e  we re  a lso mea-  
sured.  T h e  resu l t s  we re  s imi la r  to t hose  s h o w n  in Fig. 3-5. 
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Fig. 6. Normalized spectral response of photosensitivity for three dif- 

ferent PSL electrodes. 
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Fig. 8. Scanning electron micrograph of cleaved cross section of PSI. 
after photocathodic operation. 

Therefore ,  S P F  i t se l f  ha s  no  s igni f icant  effects  on  t h e  
p h o t o e l e c t r o n i c  process .  

Spectral response.~Figure 6 shows  t he  spec t r a l  re- 
s p o n s e  of  s o m e  P S L  e lec t rodes .  I t  can  be  seen  t h a t  as the  
P S L  t h i c k n e s s  is inc reased ,  t he  sens i t iv i ty  in  t he  shor t -  
w a v e l e n g t h  reg ion  is r educed .  Th i s  sugges t s  t h a t  t h e  in- 
c rease  in  t he  P S L  t h i c k n e s s  r e su l t s  in  h i g h e r  sur face  
r e c o m b i n a t i o n  ra te  of  p h o t o g e n e r a t e d  carr iers .  Th e  re- 
d u c t i o n  in p h o t o s e n s i t i v i t y  w i th  i n c r e a s i n g  P S L  th ick-  
ness  s h o w n  in Fig. 5 can  t h u s  be  e x p l a i n e d  f rom th i s  
resul t .  

Stability.--The m o s t  i m p o r t a n t  cha rac t e r i s t i c  of the  
P S L  e lec t rode  was  t he  s tab i l i ty  of  opera t ion .  F igu re  7 
c o m p a r e s  the  da rk  c u r r e n t  of  P S L  wi th  t h a t  of t he  n a k e d  
Si s u b s t r a t e  as a f u n c t i o n  of  p a s s e d  cha rge  of e lec t r ic i ty  
t h r o u g h  t he  s a m p l e  at  an ave rage  c u r r e n t  dens i t y  of 2 
mA/cm'-' u n d e r  i l l umina t ion .  These  da rk  c u r r e n t s  were  mea- 
su red  at a t e r m i n a l  vo l t age  of  5V b e t w e e n  P S L  a n d  P t  
e lec t rodes .  I t  is a p p a r e n t  f rom Fig. 7 t h a t  t he  f o r m a t i o n  of  
a t h i c k  P S L  p r o d u c e s  a p r o n o u n c e d  s u p p r e s s i n g  ef fec t  on 
t he  d a r k  cur ren t .  

F i g u r e  8 s h o w s  a c ross - sec t iona l  v iew of  P S L  af ter  a 
l ong- t ime  p h o t o c a t h o d i c  opera t ion .  A ce r t a in  deg ree  of 
d i s so lu t ion  of  P S L  can  be  seen.  F u r t h e r  ope ra t i on  re- 
su l t ed  in the  d e v e l o p m e n t  of d i s so lu t ion  t o w a r d  t h e  sub-  
s t ra te  a n d  t he  s u b s e q u e n t  inc rease  in the  da rk  cur ren t .  
The  final cu r r en t -vo l t age  cu rves  are s h o w n  in Fig. 9. Al- 
t h o u g h  the  d a r k  c u r r e n t  is c o n s i d e r a b l y  inc reased ,  b o t h  
t he  s tab i l i ty  a n d  t he  ne t  p h o t o c u r r e n t  are c o m p a r a b l e  
w i th  t h o s e  at  t he  ini t ia l  s tage  s h o w n  in Fig. 3. 

D u r i n g  t h e  f o r m a t i o n  of  P S L ,  t he  w o r k i n g  face of  local  
d i s so lu t i on  was  t h e  b o t t o m  of  t he  m i c r o p o r e s  (12). Simi-  
larly, t h e  d a r k  c u r r e n t  con t ro l l ed  by  t he  ma jo r i t y  car r ie r  

12-00 
(mW/c m 2 ) 

Fig. 9. Current-voltage curves of the PSL photoelectrode at the final 
stage of operation. The sample is the same as the one shown in Fig. 3. 

ho les  is t h o u g h t  to  b e  g o v e r n e d  by  t h e  rear  su r face  of 
PSL .  Whi le  P S L  r e m a i n s  t h i c k  enough ,  t h e  in te r fac ia l  
c h a r g e  t r a n s f e r  occurs  on ly  n e a r  t h e  sur face  of PSL.  At  
t ha t  t ime,  t h e  d a r k  c u r r e n t  is negl igible .  As t h e  dissolu-  
t ion  of  P S L  d u e  to t h e  ou t  d i f fus ion  of  ho les  p roceeds  
u n d e r  i l l umina t ion ,  t h e  P S L  t h i c k n e s s  is g radua l ly  de- 
c reased .  As t h e  c o n s e q u e n c e  of this ,  t h e  d a r k  c u r r e n t  is 
inc reased .  Final ly ,  i t  r e ach es  t h e  or ig inal  va lue  of  t he  na- 
k e d  Si Substra te .  I f  t he  in i t ia l  P S L  is t h i c k  e n o u g h ,  t he  
d a r k  c u r r e n t  wil l  be  s u p p r e s s e d  success fu l ly  ove r  a long  
pe r iod  of  t ime  b e c a u s e  of  the  r e q u i r e m e n t  of a large  
a m o u n t  of  ch a rg e s  for  d isso lu t ion .  Th i s  p i c t u r e  exp l a in s  
t h e  r e su l t  of  Fig. 7 qua l i ta t ive ly .  

Conclusion 
F u n d a m e n t a l  cha rac t e r i s t i c s  of  P S L  p h o t o e l e c t r o d e s  

h a v e  b e e n  shown.  The  f o r m a t i o n  of  a p o r o u s  s t r u c t u r e  at  
the  p - type  Si su r face  is ve ry  use fu l  in  s u p p r e s s i n g  the  
d a r k  c u r r e n t  of  t h e  p h o t o e l e c t r o c h e m i c a l  cell. The  P S L  
e l ec t rode  can  p r o v i d e  a bas is  in  the  u n d e r s t a n d i n g  of the  
pho toe lec t ro lys i s  at  s e m i c o n d u c t o r - l i q u i d  in ter faces ,  al- 
t h o u g h  p- type  P S L  i t se l f  does  n o t  s h o w  n e t  e n e r g y  con- 
v e r s i o n  of  light.  F u r t h e r  s tud ie s  c o n c e r n i n g  t h e  in te r fac ia l  
c h a r g e  t r ans f e r  p roces s  in  P S L  a n d  t h e  app l i ca t i on  of 
P S L  to n - type  Si s u b s t r a t e s  are  in  p rogress .  
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Maximum Power Spectroscopy of n-Type a-Si:H, c-Si, CdSe, and 
InP in Nonaqueous Photoelectrochemical Cells 

J. M. Rosamilia and B. Miller* 

AT&T Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Amorphous silicon photoanodes in a nonaqueous photoelectrochemical cell show wavelength dependence of their 
power outputs. This behavior has been studied by maximum power spectroscopy (MPS) and compared to similar exper- 
iments with conventional short-circuit spectroscopy. The derivative maximum power output under constant chopped 
input power (MPS) shows dependence on the wavelength distribution in superimposed fixed beams, whereas the con- 
ventional short-circuit measurements do not. Single-crystal substrates of n-Si, n-CdSe, and n-InP do not show any dif- 
ferences between the speetroscopies. Rotating ring-disk electrode studies confirm the regenerative behavior of the 
n-CdSe and n-InP electrodes with the Fe(HOCH2Cp)2 - Fe(HOCH2Cp)2 § couple in LiC1OJmethanol solution. 
[Fe(HOCH~Cp)2 = hydroxymethyl  ferrocene.] 

Photoe]ectrochemical cells (PEC's) with semiconduc- 
tor-electrolyte junctions have attracted much attention as 
candidate systems for the conversion of solar energy into 
electricity. The spectral response of these systems is a 
fundamental  characterization usually taken as the set of 
monochromatic  quantum efficiencies under short-circuit 
photocurrent  (I~c) collection. We have elsewhere (1) dis- 
cussed an alternative approach called max imum power 
spectroscopy (MPS), which measures the derivative maxi- 
mum power output response to a selected spectral inten- 
sity distribution of a scanned monochromatic  chopped 
beam superimposed on one from a fixed source. 

PEC's  are sensitive in light to electricity conversion to 
many factors (viz., electrode kinetics, recombination of 
photogenerated hole-electron pairs, counterelectrode be- 
havior, internal resistances, solution absorbance, and sur- 
face reflectivity). The last two of this list will directly 
influence spectral response at zero power (short circuit), 
as may significant recombination effects. All, however, 
will affect the maximum power output. 

in ttie introduction of MPS (1), we studied a p-n Si di- 
ode, using added series resistance to simulate these ad- 
vantages of response realizable in maximum power ef- 
ficiency spectra. We wish to devote our attention here to 
photoelectrochemical cells having a common nonaqueous 
electrolyte phase (20 mM Fe(HOCH2Cp)J1.0M LiC104/ 
CI-I~OH) (2, 3) and four different n-type doped semicon- 
ductor photoelectrodes, amorphous hydrogenated silicon 
(a-Si:H), crystalline silicon (c-Si), CdSe, and InP. Silicon 
electrodes of both forms have been stabilized to a consid- 
erable degree in nonaqueous solvents (2-7), and develop- 
ments following the introduction of ethanolic ferrocene/ 
ferrocenium solutions by Legg et al. (4) have been espe- 
cially promising. 

Recent investigations indicate that the a-Si:H junctions 
exhibit  wavelength-dependent  fill factors (2), and this be- 
havior would be particularly interesting to study by MPS. 

* Electrochemical Society Active Member. 

Both crystalline and amorphous silicon photoanodes in 
1.5M LiC104-methanol solution with 0.02-0.20M ferrocene 
or hydroxymethyl  ferrocene/0.5 mM oxidized form are ca- 
pable of significant solar power conversion efficiencies 
of 10.1% (3) and 2.7-3.3% (2), respectively. 

For further comparison, we chose also to study a semi- 
conductor (CdSe) of bandgap similar to that of a-Si:H and 
one (InP) whose surface properties in this system would 
be of additional interest from the viewpoint  of stability. 
For these latter two materials, we felt it necessary to doc- 
ument  independently the nature of the reactions proceed- 
ing under illumination. Therefore, rotating ring-disk elec- 
trode (RRDE) studies were applied to examine whether 
the photogenerated holes at n-CdSe and n-InP react 
efficiently to oxidize solution redox species of the 
ferrocene type. 

The MPS technique measures the modulated maxi- 
mum power output response, hPo, of the photovoltaic sys- 
tem to a chopped monochromatic power input, AP~, su- 
perimposed on a steady input power, P~. The P~ source 
gives flexibility to the choice of operating levels and al- 
lows probing of nonlinearity and saturation effects as a 
function of intensity. In the present case, the spectral con- 
tent of Ps would also be significant. In all situations, we 
compare MPS results to those of short-circuit current 
spectroscopy under the same conditions. 

Experimental 
Electrodes.--0.5-0.6 ~m thick films of a-Si:H deposited 

on stainless steel substrates and doped n-type were made 
available to us as epoxy-mounted electrodes by N. S. 
Lewis of Stanford University. Their preparation has been 
previously described (2). The photoelectrode area ex- 
posed to the electrolyte was -0.3 cm='. Electrodes of 
single-crystal n-type silicon (c-Si) were prepared from pol- 
ished wafers of 1 t0 fl-cm resistivity. The a-Si:H and c-Si 
photoanodes were etched in 5% aqueous HF for 10s, fol- 
lowed by a methanol rinse immediately before use. 
n-Type CdSe (Cleveland Crystals, Incorporated) 1.8 t-l-cm, 
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(0001)-face p h o t o a n o d e s  were  e t c h e d  for  30s in  4-1 
HCI:HNO~, t h e n  r i n s e d  in  dis t i l led  water .  N e x t  t h e y  were  
i m m e r s e d  for 30s in  a 10% a q u e o u s  K CN  so lu t ion  (to dis- 
solve  a n y  s e l e n i u m  t h a t  m a y  h a v e  b e e n  p r e s e n t  fo l lowing  
o x i d a t i o n  by  t he  a q u a  regia), w i t h  final r inse  in  m e t h a n o l .  
n - I n P  (Czochra l sk i -grown,  k i n d l y  s u p p l i e d  by  W. A. 
B o n n e r )  p h o t o a n o d e s  we re  e t c h e d  in  c o n c e n t r a t e d  HC1 
for  10s, t h e n  r i n s e d  w i t h  m e t h a n o l  j u s t  p r io r  to  use.  

Reagents.--Anhydrous m e t h a n o l  (0.007% H20) was  ob- 
t a i n e d  f r o m  J.  T. Baker ,  a n d  h y d r o x y m e t h y l f e r r o c e n e  
was  o b t a i n e d  f rom S t r e m  Chemica l ,  I n c o r p o r a t e d  Rea- 
g e n t  g r a d e  LiC104 (Aldr ich  Chemica l  C o m p a n y ,  Inco rpo -  
ra ted)  a n d  the  h y d r o m e t h y l f e r r o c e n e  were  u s e d  w i t h o u t  
f u r t h e r  pur i f ica t ion.  All  so lu t ions  were  s to red  over  acti- 
v a t e d  L i n d e  3A m o l e c u l a r  s ieves.  

Spectroscopy.--The c i rcu i t ry  a n d  i n s t r u m e n t a t i o n  for  
o b t a i n i n g  m a x i m u m  p o w e r  spec t ra l  r e s p o n s e  were  as re- 
cen t ly  d e s c r i b e d  (1, 8). T he  i n p u t  l igh t  cons i s t ed  of  a 5 Hz 
c h o p p e d  m o n o c h r o m a t i c  b e a m  of  p o w e r  Pi s u p e r i m p o s e d  
on  a c o n s t a n t  b e a m  of  p o w e r  P~. T he  b a n d p a s s  ave raged  
I0 n m  (50% of  in tens i ty )  ove r  t he  spec t rum.  T he  level  of  P~ 
was  k e p t  cons tan t ,  i n d e p e n d e n t  of  w a v e l e n g t h  (12 t~W). A 
50W t u n g s t e n - h a l o g e n  l a m p  e q u i p p e d  e i the r  w i th  a 600 
n m  l o n g w a v e  t r a n s m i t t i n g  filter for X > 600 n m  or a 500 
n m  s h o r t w a v e  t r a n s m i t t i n g  fi l ter  for X < 500 n m  was  t he  
P~ source .  The  t r a n s m i t t i n g  filters were  i n t e r f e r e n c e  
types  f rom Melles  Griot .  The  opt ical  p a t h  l e n g t h  t h r o u g h  
t he  so lu t ion  was  ~5 m m ,  a n d  no  co r rec t ions  were  m a d e  
for  so lu t ion  a b s o r b a n c e .  The  cell was  o p e r a t e d  in  a 
3-e lec t rode  conf igura t ion ,  u s i n g  g r aph i t e  rods  for  b o t h  
c o u n t e r  a n d  re fe rence  e lec t rodes .  The  r e f e r ence  zero is 
t he r e fo re  t he  so lu t ion  r e d o x  level.  The  cell  so lu t ion  con- 
t a i n e d  20 m M  Fe(HOCH~Cp)J1.0M LiC1OJCH3OH, un le s s  
o t h e r w i s e  ind ica ted ,  a n d  t he  r e d o x  level  was  e s t a b l i s h e d  
by  ox ida t i on  of some  Fe(HOCH~Cp)., to Fe(HOCH~Cp)~ + 
pr io r  to m e a s u r e m e n t .  So lu t i ons  were  s t i r red  u s i n g  a 
m a g n e t i c  sp in  bar.  I n p u t  p o w e r  regu la t ion ,  spec t ra l  
s cann ing ,  a n d  da ta  a cqu i s i t i on  and  p l o t t i n g  were  per-  
f o r m e d  u n d e r  A p p l e  I Ie  c o m p u t e r  con t ro l  in  c o n j u n c t i o n  
wi th  the  n e c e s s a r y  se rvo  i n s t r u m e n t a t i o n  (1). 

B e c a u s e  i n p u t s  are  con t ro l l ed  for c o n s t a n t  power ,  spec- 
t ra  of  shor t - c i r cu i t  c u r r e n t  (AI~) h a v e  to be  co r r ec t ed  for 
t he  n u m b e r  of  p h o t o n s  (mul t ip l i ed  by  p h o t o n  energy)  to 
be  q u a n t u m  eff ic iency displays .  W h e n  t h e r e  are  no  
w a v e l e n g t h  d e p e n d e n t  i n t e r n a l  losses to cause  a no rma l -  
ized d i f fe rence  b e t w e e n  AI~(. and  2~Po spect ra ,  t h e s e  spec- 
t ra  also are  t he  same,  in  sp i te  of  d i f fe ren t  u n i t s  ( cu r r en t  
vs. power) ,  b e c a u s e  t he  vol tage  effect  of  each  a b s o r b e d  
p h o t o n  is t he  same,  as ear l ier  seen  (1). 

RRDE.--Rotating r i ng -d i sk  e l ec t rode  (RRDE) exper i -  
m e n t s  e m p l o y e d  a P i n e  I n s t r u m e n t  Mode l  R D E 3  b ipo ten-  
t io s t a t  w i t h  g r a p h i t e  rods  b o t h  as r e f e r ence  a n d  coun te r -  
e lec t rodes ,  n - C d S e  a n d  n - I n P  d i sks  we re  p r o v i d e d  w i t h  a 
Au  r ing  b y  m e a n s  of  e p o x y  seals.  T he  areas  of  t h e  n - C d S e  
a n d  n - I n P  d i sks  we re  0.175 e m  2. The  g e o m e t r i c  co l l ec t ion  
eff iciency,  N, of  each  e l ec t rode  (9) was  d e t e r m i n e d  exper -  
i m e n t a l l y  b y  con t ro l l i ng  t he  c u r r e n t  a t  t he  d i sk  for  
Fe(HOCH2Cp)2 r e d u c t i o n  ( fo rward  d iode  d i rec t ion ,  d a r k  re- 
ac t ion)  a n d  b y  m e a s u r i n g  t h e  d i sk  sh i e ld ing  of  t h e  l imi t -  
ing  c a t h o d i c  c u r r e n t  a t  t h e  r ing.  T he  cells  we re  e q u i p p e d  
w i t h  a n  opt ica l  flat  b o t t o m  to p e r m i t  i l l u m i n a t i o n  of  t he  
d i sk  w i t h  a 100W t u n g s t e n - h a l o g e n  lamp.  A r o t a t i o n  
s p e e d  of  1600 r p m  a n d  a s c a n  ra te  of  10 mV/s  were  ma in -  
t a i n e d  i n  all  s u c h  e x p e r i m e n t s .  

Results 
a-Si:H.--Shown in  Fig. 1 are t he  cu r r en t -vo l t age  a n d  the  

c o r r e s p o n d i n g  V x I (power)  cu rves  for  a-Si :H in 20 m M  
Fe(HOCI-IeCp)2 for  s h o r t w a v e  (X < 500 nm )  a n d  l o n g w a v e  
(X > 600 nm)  i r rad ia t ion .  I n t ens i t i e s  are  a d j u s t e d  to pro- 
v ide  iden t i ca l  sho r t - c i r cu i t  c u r r e n t s  in  each  case. 

Fill  fac tors  0~ a n d  m a x i m u m  power  o u t p u t s  are sum-  
mar i zed  in  Tab le  I. For  s u c h  e x p e r i m e n t s ,  t he se  quan t i -  
t ies  are  20% g rea t e r  for lower  w a v e l e n g t h  i r radia t ion .  
These  da ta  are c o n s i s t e n t  w i th  those  of G r o n e t  et al. (2). 
D i sp l ayed  in Fig. 2 are  p lo ts  of  I~,. vs. Po for d i f fe ren t  levels  
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Table I. 

P~ I~. P,, 
~,, nm mA f f  rnW 

>600 0.68 0.47 0.24 
<500 0.68 0.56 0.29 

of i r r ad ia t ion  at  X > 600 n m  a n d  ~ < 500 nm.  Po is a l inear  
f unc t i on  of I~r ove r  the  i n p u t  power  r a n g e  e x a m i n e d  for 
long  a n d  shor t  e x c i t a t i o n  wave l eng th s ,  b u t  the  slope, 
dPJdIsr is s t eepe r  u n d e r  s h o r t e r  w a v e l e n g t h  i r rad ia t ion .  
Total  i n t e rna l  losses  are a f u n c t i o n  of i n c i d e n t  w a v e l e n g t h  
(2). This  fac tor  is e m p h a s i z e d  in m a x i m u m  p o w e r  output ,  
as o p p o s e d  to shor t - c i r cu i t  (Isc) m e a s u r e m e n t s ,  b e c a u s e  of  
t he  ro le  of p h o t o e o n d u e t i v i t y  in  t he  r e s p o n s e  of th is  
mater ia l .  

O b s e r v i n g  t h e s e  t r e n d s  wi th  a-Si:H p r o m p t e d  us  to ex- 
a m i n e  the  w a v e l e n g t h  ef fec t  in m o r e  deta i l  w i th  maxi -  
m u m  p o w e r  spec t ra  (APo vs. X). The  spec t ra l  cutoffs  of t he  
Ps b e a m s  were  t he  s a m e  in t h e s e  e x p e r i m e n t s  as t h o s e  in 
Fig. 1 a n d  2. Aga in  t he se  in t ens i t i e s  were  a d j u s t e d  to pro- 
v ide  t he  s ame  shor t - c i r cu i t  p h o t o c u r r e n t  d e n s i t y  for X 
> 600 n m  a n d  )t < 500 n m  sources .  The  level  of  I~, was  t h a t  
i nd i ca t ed  by  t he  a r r o w  on  the  absc i s sa  of  Fig. 2. I t  is c lear  

X < 500nm 

k <50Ohm ~ ~ ~ 

0.6 ~ / . -  .- / i ~ X~> 600 n rn 

/ / i f  / ~  ~ -- - - - -  PHOTOOURRENT 

z 0.4 

) 
0.2 

I m  I I I I I I 
- 0 . 8  - 0 . 6  - 0 , 4  - 0 . 2  

V VS SOLUTION REDOX POTENTIAL 

Fig. 1. Current-voltage ( - - - )  and power-voltage curves ( 
irradiation of X < 5 0 0  nm and X > 6 0 0  nm, a-Si:H cell. 

0.3 
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0 .2~  

o 

"') for 

0,24 

~ 6 0.16 

L I I I J I ~l 
0,2 0.4 0.6 

lsc,rnA 

Fig. 2. Plot of P,, vs. Is(. for irradiation of k < 5 0 0  nm (A) and k > 6 0 0  
nm (o), a-Si:H cell. The arrow indicates the level of P, employed in Fig. 3. 
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that  the  choice  of  I~. will  modi fy  the  m o d u l a t e d  spectra,  
d e p e n d i n g  on the  na tu re  of  internal  vol tage  losses, as 
shown for our  earl ier  m o d e l  expe r imen t s  (1). 

F igure  3A, curve  I, shows  the  modu la t ed  p o w e r  spec- 
t r u m  hPo vs. h for a-Si:H us ing  X < 500 n m  for Ps. hPo de- N 
cl ines be low 530 n m  because  of solut ion absorp t ion  (X ,~ 
m a x i m u m  for Fe(HOCH2Cp)2 absorp t ion  is 435 nm), 
whe reas  the  longer  wave l eng th  l imit  is that  expec ted  o 
f rom the  1.7 eV bandgap  of  a-Si:H. Curve II  in Fig. 3A is 0_0 
that  for Ps at ,k > 600 rim, and it shows a r educed  hPo re- < 
sponse  relat ive to curve  I at wave leng ths  be tween  540 n m  
and the  bandgap  edge. The  hp, responses  for both  Ps 
beams  are m u c h  closer  at ~ < 530 nm. The in tegra ted  
spectral  responses  are cons is ten t  wi th  the  wavelength-  
d e p e n d e n t  fill factors for a-Si:H s emiconduc to r  l iquid  
junc t ions  g iven  in Fig. 1 and  2. Modula ted  short-circui t  
(AI~) spectra  employ ing  P~ of  ~ > 600 n m  and X < 500 n m  o 
for cons tan t  total  dc short-circui t  cur ren t  are shown in N 
Fig. 3B. There  is no signif icant  effect t raceable  to the  ,~ 
spectra l  d is t r ibut ion  of  P~ intensi ty.  

tY 
O 

n-Si.--When the  expe r imen t s  of  Fig. 3A and 3B are re- z 
pea ted  with  n-Si and are normal ized  to the  peak  value,  a 
single curve is found within experimental resolution for 
the combinations of P~ > 600 nm and P~ < 500 nm with 
hP,, and AI~, as illustrated in Fig. 4A and 4B. There is no 
P~ source wavelength effect with the n-Si single crystal, in 
contrast to that with the a-Si:H substrate. 
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Fig. 3. Modulated spectra (A) ~LP o vs. X and (B) ~/sc vS. ,~. for a-Si:H 
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Fig. 4. Modulated spectra (A) ~Po vs. ,k and (B) ~sr vs. X for n-Si em- 
). playing Ps, X < 5 0 0  nm ( -  - - ) ,  and Ps X > 6 0 0  nm ( 

n-CdSe.--RRDE expe r imen t s  were  first pe r fo rmed  to 
es tabl ish if  the pho togene ra t ed  holes  p roduced  at a 
n -CdSe  pho toanode  interface  are c o n s u m e d  by hydroxy-  
me thy l fe r rocene  in 1.0M LiC1OJCH3OH solution,  ra ther  
than  by photocor ros ion  of  the  s emiconduc to r  itself. Fig- 
ure  5 shows iD-ED and the  cor respond ing  iR-ED curves  for a 
n -CdSe/Au R R D E  in 20 mM Fe(HOCH~Cp)~ unde r  pho ton  
flux l imi ted  condit ions.  The  r ing is cont ro l led  at a poten-  
tial to col lect  Fe(HOCH2Cp)2 ~ genera ted  at the  semicon-  
duc tor  disk. The  iR-iD re la t ion f rom this  data  is shown  as 
t he  lower  l ine in the  insert.  The  shie ld ing t e c h n i q u e  for 
cal ibrat ion of  the  col lect ion eff iciency (N) at the r ing is 
shown as the  dashed  l ine in the  inser t  (note that  the  cur- 
rent  scales are di f ferent  bu t  proportional) .  The  plot  of r ing 
reduc t ion  current  vs. control led  disk currents  unde r  illu- 
mina t ion  (lower trace) has a s lope of  0.342, in a g r e e m e n t  
wi th  the  expe r imen ta l  N of 0.352 for the  dark  shie lding 
data (dashed trace). These  resul ts  indicate  that,  wi th in  ex- 
pe r imen ta l  accuracy,  the  pho togene ra t ed  holes  react  to 
oxidize the  fe r rocene  der iva t ive  at the  n -CdSe  surface un- 

iD, p.A 
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-g 2 ~ 

~. I~ - - f /  ~-eo ~. ~ ~ 0.6 
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gO, V VS REDOX POTENTIAL 

Fig. 5. io-E D and IR-ED curves for an illuminated n-CdSe disk-Au ring 
electrode in 20 mM Fe(HOCH2Cp)2. ED scan at10 mV/s, ER = - 0 . 2 V ,  
= 1600 rpm. The insert is the IR4D curve ( ) for the potential scan 
under hu conditions. The dotted trace is iR'/D for ring shielding in the 
dark under controlled iD. 
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der these illumination conditions. The cell thus operates 
in a nominally regenerative manner. The stabilization of 
the surface against corrosion is further evidenced by re- 
producible cycling behavior between open and short cir- 
cuit over the short term (hours) tested. 

The maximum power spectrum was recorded for 
n-CdSe under conditions as described for a-Si:H to com- 
pare the behavior of a single-crystal semiconductor of vir- 
tually t h e  s ame  d i rec t  b a n d g a p  as a-Si:H. AP,, vs .  k for 
n - C d S e  u n d e r  the  two i n c i d e n t  w a v e l e n g t h s  of  P~ condi-  
t ions  is s h o w n  in Fig. 6. T he  s teep  edge  at  t he  n - C d S e  
b a n d g a p  of  1.7 eV a n d  the  so lu t ion  a b s o r p t i o n  d e t e r m i n e  
the  spec t ra l  shape.  T h e r e  is no  d i f fe rence  in r e su l t s  for P~, 

> 600 n m  and  X < 500 nm.  n - C d S e  in th i s  m e d i u m  ex- 
h ib i t s  no  w a v e l e n g t h  d e p e n d e n c e  of  fill factors.  The  iI~c 
vs .  X spec t r a  o n  n o r m a l i z a t i o n  were  iden t i ca l  to  t h e  maxi -  
m u m  power  spect ra ,  as was  t he  case wi th  c-Si, a n d  t hey  
are no t  s h o w n  here.  

D u r i n g  our  inves t iga t ion ,  we  o b s e r v e d  spec t r a l  effects  
due  to excess  Se  on  t h e  sur face  of  a f r e sh ly  ox ida t ive ly  
e t c h e d  e lec t rode .  I n  Fig. 6 (do t t ed -dash  t race)  is t he  maxi-  
m u m  p o w e r  s p e c t r u m  of  s u c h  an  e l ec t rode  i f  t he  de- 
s c r ibed  KCN so lu t ion  t r e a t m e n t  is no t  appl ied .  Befo re  im- 
m e r s i o n  in KCN, t h e r e  is a dec rease  in  t he  spec t ra l  
r e s p o n s e  be low 600 n m  a t t r i b u t a b l e  to t he  r ed  film of ex- 
cess Se f o r m e d  on  t he  sur face  by  aqua  regia.  T he  KCN 
dip  ha s  also b e e n  u s e d  p rev ious ly  for the  s e m i c o n d u c t o r  
e l ec t rode  in the  n-CdSe/Na2S-S-NaOH/C solar  cell  to yield 
a m o r e  r e p r o d u c b i l e  ini t ia l  e l ec t rode  s ta te  (10). 

n 4 n P . - - - P a r a l l e l  s tud ie s  to t h o s e  on  n - C d S e  were  per-  
f o r m e d  wi th  n - InP .  T he  e q u i v a l e n t  s t u d y  to t h a t  in  Fig. 5, 
b u t  for an  n - I n P  d i sk  w i th  Au  ring,  is d i sp l ayed  in  Fig. 7. 
A co l lec t ion  eff ic iency of 0.312 is o b t a i n e d  for t he  p lo t  of 
iR vs .  con t ro l l ed  p h o t o a n o d i c  va lues  of iD f rom t he  in se r t  
of Fig. 5. This  c o r r e s p o n d s  a d e q u a t e l y  to t he  N va lue  of 
0.329 ca lcu la ted  f rom t he  s h o w n  d a r k  r eac t ion  r ing  
sh ie ld ing .  F u r t h e r  c o n f i r m a t i o n  t ha t  cha rge  is b e i n g  
eff ic ient ly  t r a n s f e r r e d  to the  r e d o x  s y s t e m  was  o b t a i n e d  
f rom a p lot  of iR vs .  iD whi le  con t ro l l i ng  E,,  as in  t he  Fig. 7 
scan  (N = 0.308). 

P h o t o g e n e r a t e d  ho les  t h u s  oxidize  t he  so lu t ion  spec ies  
(Fe(HOCH._,Cp)~) u n d e r  t h e s e  c i r cum s t ances ,  w i t h i n  r ing  
de tec tab i l i ty .  M a x i m u m  p o w e r  s tab i l i ty  for  n - I n P  pho to -  
a n o d e s  a t  su i t ab l e  P~ levels  is suf f ic ient  for  t h e  pe r iods  
n e c e s s a r y  to o b t a i n  spect ra .  T h e  p r e s e n c e  of w a t e r  in  the  
m e t h a n o l  so lu t ion  s ign i f ican t ly  c o n t r i b u t e s  to sur face  ox- 
i da t ion  and  ear ly  cell degrada t ion .  Thus ,  t he  ox ida t i on  
wave  in th i s  s y s t e m  usua l ly  c o r r e s p o n d s  to a h i g h e r  fill 
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Fig. 6. Modulated power spectra AP,, vs. k of n-CdSe. The solid line 

shows the spectra under low energy excitation; the dashed line, under 
high energy excitation. The dash-dotted line is a spectrum obtained be- 
fore KCN treatment. 
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Fig. 7. iD-E D and iR-E D curves for on illuminated n-lnP disk-Au ring 
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= 1600 rpm. The insert is anlR-iD ( ) plot for an illuminated disk at 
controlled iD. TheiR4D ( - - - )  plot was obtained by controlling cathodic 
disk currents in the dark and measuring the ring shield currents. 
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fac tor  at  a f resh ly  e t c h e d  d i sk  and  dec reases  s lowly on  cy- 
cl ing.  Eff ic ient  co l l ec t ion  of Fe(HOCH2Cp){ at  the  r ing  
( cons t an t  iR/iD rat io) is r e t a i n e d  whi le  iD decl ines .  More  
carefu l  d ry ing  w i th  m o l e c u l a r  s ieves  a n d  t he  use  of dr ie r  
m e t h a n o l  sources  p r o m o t e  s tabi l i ty .  C o m p e t i t i v e  ox ide  
fi lm f o r m a t i o n  at t he  d i sk  even tua l ly  leads  to p a s s i v a t i n g  
thickness which inhibit the oxidation of Fe(HOCH~Cp)=,. 
The occurrence of parallel processes in which the surface 
oxidation of n-InP cannot be initially suppressed, but 
which subsequently promote the tunneling transfer of 
charge to the redox system, have been discussed else- 
where (i], 12). When the film thickness increases, this 
transfer is inhibited and passivity is observed. The poten- 
tial scan in Fig. 7 is of a surface on which a thin oxide 
film initially exists because the electrode was previously 
cycled. When higher light intensities are applied, degrada- 
tion is much faster. These effects are shown in Fig. 8 for 
potential scan and constant potential conditions. The par- 
allel process of surface oxidation is slow in drier solu- 
tions. The degradation (oxide) component of disk current 
is, however, then too low to alter the collection efficiency 
for the disk Fe(HOCH~Cp)2 4 product within ring accuracy. 
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Fig. 8. iDandiRvs. Ep( )andiDandiRvs. t ime ( - - - ) curyes for  
an illuminated n-lnP disk-Au ring electrode in 20 mM Fe(HOCH~Cp)~. 
All conditions are the some as in Fig. 7, except for the more intense irra- 
diance. The insert is collection efficiency N vs. ED or time [A] obtained 
from ia'iD VS. Ez) and the respective iD-i R VS. time curves. 
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Fig. 9. Modulated power spectra APe vs. k af n-lnP. The solid line 
shows the spectra under low energy excitation; the dash line, under high 
energy excitation. 

Thus, the current efficiency for surface oxidation is indi- 
cated to be less than a few percent. 

Maximum power spectra for n-InP in this system, 
shown in Fig. 9, were analogous to those for n-CdSe and 
c-Si, except  for the bandgap (1.35 eV). Ps beams with ei- 
ther short or long wavelength photons in equal numbers 
have no differentiating effect on the AP,, response. All 
three examples of crystalline semiconductors studied 
here were thus parallel in this regard. This would be the 
classical expectation: all photons of greater than bandgap 
energy produce the same output and thus show no excita- 
tion wavelength differentiation. 

Conclusions 
The recently introduced method of maximum power 

spectroscopy has been used to characterize amorphous 
silicon and three n-type crystalline Si, CdSe, and InP 
semiconductor  photoelectrodes. With a superimposed 
beam of either short or long wavelength excitation, the 
thin film of a-Si:H was the only material to exhibit  a 

wavelength dependent  effect in the differential power 
output spectrum. However, under the same conditions, 
the differential short-circuit quantum efficiency spec- 
t rum displays no dependence on the wavelength distribu- 
tion of the steady beam when it is normalized to constant 
dc cell output. 

RRDE studies evidence that n-CdSe and n-InP photo- 
anodes in this methanolic medium operate in a regenera- 
tive manner. Photocorrosion and/or photopassivation pro- 
cesses at these electrodes are largely circumvented under 
these operating conditions. The stability of n-InP is more 
sensitive to light intensity and electrolyte purity and de- 
creases on extended potential cyc]ing. 
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Polymer Films on Electrodes. 
XVI. In Situ Ellipsometric Measurements of Polybipyrazine, Polyaniline, and Polyvinylferrocene Films 

Clifford M. Carlin, Larry J. Kepley, and Allen J. Bard* 

Department of  Chemistry, The University of  Texas at Austin,  Austin,  Texas 78712 

ABSTRACT 

Ellipsometry was used to study the electrodeposition of polymer films formed by oxidation of bipyrazine, poly- 
vinylferrocene, and aniline. For polymeric films of limited thickness displaying good optical characteristics (i.e., high 
reflectivity, uniform coverage, and homogeneity), the film refractive index and thickness were determined. Nonideal 
ellipsometric behavior was observed when film morphology varied with film growth. Po]yvinylferrocene films in 0.1M 
TBABFJacetonitr i le  were shown to be 15% thicker in the oxidized form than in the reduced form. 

Polymer-modified electrodes are prepared by coating 
thin (100A-2 t~m) films of polymers on conductive sub- 
strates (1, 2). These polymers can be electronically con- 
ductive ones (e.g., polypyrrole or polyaniline) or those 
that contain electroactive centers (e.g., polyvinylferrocene 
or doped Nation). 

The electrochemical investigation and characterization 
of electron and mass-transport processes in polymer- 

*Electrochemical Society Active Member. 

coated electrodes has suffered from the lack of a simple 
and accurate technique for the determination of the poly- 
mer film thickness, d. Although the thickness of films in 
solution can be estimated from mechanical stylus profi- 
lometer (e;g., Dektak) measurements of dry film thick- 
nesses or from integrated voltammetric currents and as- 
sumed densities, uncertainties in the estimated film 
density, swelling factors, eoulometric efficiency for film 
deposition, and redox processes lead to a low degree of 
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conf idence  in the  values  of d obtained.  Recent ly ,  in  s i tu  
prof i lometer  m e a s u r e m e n t s  of  the change in th ickness  
upon  reduc t ion  of  a film have  been  repor ted  (3). The de- 
v e l o p m e n t  of a general ly  appl icable  optical  t echn ique  to 
de t e rmine  d would  be desirable,  since optical  me thods  
a r e  inherent ly  precise  and often sui table for measure-  
men t s  in  s i tu.  

Of the  optical  me thods  avai lable for mak ing  thin film 
measurements ,  perhaps  the mos t  a t t ract ive for this pur- 
pose is e l l ipsometry  (4). It  has several  advantages  over  
o ther  optical  techniques :  (i) it has a l ready been  success- 
fully appl ied in the s tudy of  passivat ing and adsorbed  lay- 
ers in var ious e lec t rochemica l  systems (4-8) [e.g., in the 
anodic growth of  pass ivat ing oxide  layers on meta l  elec- 
t rodes  (8)], as well  as in the  s tudy of e]ect roinact ive  poly- 
mers  on semiconduc to r s  (9, 10); (it) it does not  requi re  a 
t ransparen t  electrode,  only an optical ly smoo th  e lec t rode  
surface; (iii) it does  not  requi re  the  de te rmina t ion  of  abso- 
lute  l ight  intensi t ies;  and (iv) it can be used  to de te rmine  
the th icknesses  of layers m u c h  less than  the wave leng th  
of vis ible  light. A l though  e l l ipsometry  has been  appl ied to 
the  s tudy  of a wide  var ie ty  of surfaces under  var ious  ex- 
pe r imenta l  condit ions,  it has not  been  used  to character-  
ize po lymer-modi f ied  electrodes.  In  this paper, we de- 
scribe in s i tu  el l ipsometr ic  measu remen t s  on a series of 
po lymer-modi f ied  e lec t rodes  and gauge its uti l i ty and 
l imitat ions for several  types  of conduc t ive  and electroac- 
t i r e  po lymer  coatings.  

Experimental 
I n s t r u m e n t a t i o n . - - E l l i p s o m e t r y  measu remen t s  were  

obta ined  on a modif ied  O. C. Rudo lph  and Sons,  Incor- 
porated,  Model  437 research  e l l ipsometer  [PSCA optical  
a r r angemen t  (4)]. The  source was a tungs ten / iod ine  lamp, 
and wave leng ths  sui table  for the  quar te r -wave  plates 
avai lable were  isolated wi th  in ter ference  bandpass  
filters. Detec t ion  was accompl i shed  wi th  a H a m a m a t s u  
R928 pho tomul t ip l i e r  t ube  by pass ing the  ou tpu t  
pho tocu r ren t  th rough  a var iable  res is tance box  and 
measur ing  the resul t ing  vol tage  wi th  a digital  vol tmeter .  
Measuremen t s  were  m a d e  for a range of  compensa tor /an-  
alyzer set t ings a round  the null-point ,  which,  by interpola-  
tion, could  general ly  be de te rmined  to wi th in  0.3 ~ for 
e i ther  the  compensa to r  or analyzer  azimuth.  Inaccurac ies  
due  to optical  componen t s '  nonideal i ty  and imprope r  
a l ignment  were  somewha t  larger  than  this and were  func- 
t ions of  the ref lect ion polarizations.  These  errors could  
be  largely e l imina ted  by averaging  the  calcula ted optical  
parameters  obta ined  wi th  the  two un ique  compensa to r  
posi t ions which  a l lowed the  reflect ion to be ex t ingu i shed  
(i.e., fast axis a long the  major  or minor  el l ipse of  polariza- 
tion). The  p rocedure  was general ly  not  applied,  however ,  
because  it r equ i red  doubl ing  of  an a l ready l eng thy  (ap- 
p rox imate ly  10 rain per  point) data  col lect ion t ime  and 
because  the correct ions  had lit t le effect  on the  es t imated  
film th ickness  or morphology .  

The cell  used dur ing  the  e l l ipsomet ry  m e a s u r e m e n t s  is 
shown in Fig. 1. The  cell top and base were  cons t ruc ted  of  
ei ther  stainless steel  or Plexiglas .  The  w i n d o w  openings  
a r e  1/8 in. holes  pos i t ioned  so that  inc ident  l ight  can 
str ike the  e lec t rode  at 45 ~ , 60 ~ , or 75 ~ angles. The  cell  tops  
were  mach ined  so that  glass w indows  could be c e m e n t e d  
in place pe rpend icu la r  to the  di rect ion of  propagat ion  of 
the  inc iden t  or ref lected radiation.  Glass or Plexiglas  side 
plates were  also c e m e n t e d  in place. The  e lec t rode  was a 
0.5 cm diam piece  of  glassy carbon a t tached wi th  conduc-  
t ive epoxy  cemen t  to the end of  a brass rod. This assem- 
bly was inser ted  into a heat -sof tened Teflon tube  which  
was cooled and threaded.  The  e lec t rode  surface was pol- 
i shed wi th  increas ingly  finer d iamond  paste  and alu- 
mina,  ending  wi th  0.05 ~ m  alumina.  Elec t rodes  were  
sonica ted  for at least  10 rain in deionized wate r  before  
u s e .  

Mater ia l s . - -Ace ton i t r i l e ,  MeCN (Fisher Scientific),  was 
dr ied  wi th  0.4 n m  molecu la r  sieves (M-512, F i sher  Scien- 
tific). T e t r a b u t y l a m m o n i u m  tetraf luoroborate ,  TBABF~ 
(Southwes te rn  Analyt ical  Chemicals),  and me thy lene  
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Fig. 1. Ellipsometer cell. Indicated are the cell top (T) and base (B), 
windows (W), sides (S), electrode (E), and mounting hole (M) and access 
ports (A) through which pass the counter and reference electrodes. 

chloride, CH.,CI2 (Fisher Scientific), were used as re- 
ceived. Aniline (MCB) was distilled once from calcium 
hydride under nitrogen. Bipyrazine, bpz, was used as re- 
ceived from Professor A. B. P. Lever (York University). 
Polyvinylferrocene, PVF, was prepared and characterized 
(MW = 15,700; degree of polymerization = 74) by T.W. 
Smith et al. (ii). Copolymers of vinylferrocene and vinyl- 
cyclopentadienylmanganeses tricarbonyl, VF-VCM (80/20 
and 22/78 mole percent [m/o] ratio), were prepared and 
characterized by Dr. C. U. Pittman, Jr., et al. (12). 

Film deposition.--Bipyrazine was electrochemically 
polymerized onto glassy carbon (13) from 3 mM bpz/10% 
aqueous H~SO4 by cycling the electrode potential at 500 
mV/s between 1.5 and 2.1V vs. a saturated calomel elec- 
trode (SCE). The potential for bipyrazine oxidation is 
close to that of water, so a clearly defined wave for bpz 
oxidation cannot be resolved in the cyclic voltammo- 
grams and bpz oxidation currents cannot be monitored. 
Ellii~sometry measurements were made both on the dry 
electrode and in situ with the potential held at 1.5V vs. 
SCE. For the former experiments, the polymer was de- 
posited outside of the ellipsometer cell and the electrode 
was rinsed with deionized water and dried with a stream 
of nitrogen gas. 

Polyaniline films (14) were deposited by electrochem- 
ical oxidation of aniline from 100 mM aniline/iM aqueous 
H~SO~ solutions ei ther  potent ios ta t ica l ly  (at 0.SV vs.  SCE) 
or by cycl ing the appl ied  potent ia l  be tween  -0.2 and 0.8V 
vs. SCE. El l ipsomet ry  m e a s u r e m e n t s  were  made  in  s i tu  
with the  potent ia l  he ld  at -0 .2V vs. SCE. 

Po lyv iny l fe r rocene  and the  VF-VCM copo lymers  were  
anodical ly  prec ip i ta ted  f rom 0.1M TBABFJCH2Cl~ con- 
ta ining 0.2 mg  of po lymer  per  ml  of solut ion (15). Deposi-  
t ion potent ials  were  general ly  200 mV posi t ive of the P V F  
redox  potential ,  i.e., about  0.7V vs. a silver wire  re ference  
electrode.  E l l ipsomet ry  measu remen t s  were  m a d e  with  
the e lec t rode  in e i ther  the  deposi t ion  solut ion or a 0.1M 
T B A B F J M e C N  solution. For  the latter method ,  optical ly 
h igher  qual i ty  films were  obta ined  by d ipp ing  the  film- 
coated  e lect rode once into each of  the  fo l lowing rinses: 
0.1M TBABF4/MeCN, 0.05M T B A B F J M e C N ,  and neat  
MeCN. 
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Analys is . - -The optical  cons tants  of  the  po lymer  films 
genera ted  by the above  t echn iques  were  obta ined  by 
s imula t ing  a series of  e] l ipsometry  curves  (@ vs. A) and vis- 
ual ly choos ing  the  best  fit of  the  expe r imen ta l  @ and h. In 
general ,  there  are four  constants  (the refract ive indexes  of  
the  solut ion or gas phase  contac t ing  the  film, No, and of  
the  substrate,  N2; the  angle  of incidence,  4; the  
wavelength ,  X), one  var iab le  (thickness,  d), and one pa- 
r amete r  (film refract ive  index,  N1) necessary  in 
genera t ing  a par t icular  curve.  In all cases, No was deter- 
m i n e d  independen t ly  wi th  an  Abbe  re f rac tomete r  and 
and ;~ set  to va lues  appropr ia te  to the exper iment .  The  as- 
s i gnmen t  of  N2 was m a d e  by de te rmin ing  @ and h for the  
bare  e lec t rode  and ca lcula t ing  a bu lk  refract ive  index.  For  
this study, it was a s sumed  that  d i sp l acemen t  of  any 
adsorba te  or  chemica l  modif ica t ion  of  the  e lec t rode  sur- 
face upon  po lymer  depos i t ion  caused  no signif icant  
change  in N2. Ignor ing  the  correct ion p rocedure  de- 
scr ibed  above  did not  have  a significant effect  on the 
choice  of  N1 (and, therefore,  the  calculated d), bu t  did lead 
to a small,  finite devia t ion  of  the  expe r imen ta l  data  f rom 
ideal  behav ior  for films of  h igh  optical quali ty.  For  the  
films descr ibed  be low as be ing  nonidea l  (i.e., inhomogen-  
eous  or nonuniform) ,  this ins t rumenta l  error  can be con- 
s idered  insignificant.  

R e s u l t s  

Polybipyrazine.--Electrochemical format ion  and depo- 
sit ion of a po lymer  film on an e lec t rode  is especial ly  con- 
ven i en t  because  the  e l l ipsometr ic  parameters  can be de- 
t e rmined  as the film grows.  Fo r  a f i lm of un i fo rm 
densi ty,  ref ract ive  index,  and th ickness  (d), the  expec ted  

vs. 5 plot  wou ld  be  per iodic  wi th  one comple te  cycle 
occur r ing  w h e n  d equals  about  one-hal f  the  wave leng th  
of the  inc ident  l ight  wave.  Typical  data obta ined  for the  
in situ depos i t ion  of po lybipyraz ine  are shown in Fig. 2. 
The  refract ive index  of the  deposi t ion  solut ion was 1.387, 
and the  calculated N~ for the  glassy carbon  e lec t rode  im- 
mer sed  in that  solut ion was 1.82-i0.67. The  expe r imen ta l  
data shown in Fig. 2 do not  fol low the expec ted  ideal  be- 
havior  for a nonabso rb ing  film because  the  points  are not  
exac t ly  per iodic  as the  film th ickness  approaches  250 
nm. The part icular  va lues  of  N1 for the  s imula t ions  in Fig. 
2 were  chosen by f ixing the  real part  and de te rmin ing  the 
imaginary  part  that  p rov ided  the  best  fit of  the data  in 
the first cycle of  the  polar izat ion curve. It  was difficult  
to de t e rmine  the  exac t  prec is ion  in N~ (and d), but  based 
on a series of  s imula t ions  that  p rovide  a reasonably  good 
fit to the expe r imen ta l  data, d is p robab ly  known  to 
wi th in  -+ 10% for the  th innes t  (<50 nm) films and wi th in  
-+ 3% for the th icker  films. The  two best  fits, for N, = 
1.6340.022 and 1.64-i0.017, are those  shown in Fig. 2. 
There  is an obvious  devia t ion  of  the  expe r imen ta l  f rom 
the  s imula ted  curves  for the  th ickes t  films. Such  behav-  
ior is character is t ic  of  a nonun i fo rm or var iable  th ickness  
film (see "Discuss ion"  section), and in general  the  
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Fig. 2. In sltu experimental ( I )  and simulated ( ) data for re- 
duced (1.5Vvs. SCE) polybipyrazine deposited from 3 mM bipyrazine in 
10% aqueous H2SO4 (No = 1.387). The simulations consist of line seg- 
ments connecting calculated points for films in 3 nm increments. The 
complex refractive indexes are (A) 1.63-/0.022 and (B) 1.64-/0.017. In- 
dicated d are in nm. 
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Fig, 3. Experimental (O)  and simulated ( - - - )  data for dry 
polybipyrazine films. The simulation is forN1 = 1.64-i0.035. Indicated 
d are in nm. 

bipyrazine  films g rown  in the  e l l ipsometer  cell  were  of- 
t en  vis ib ly  nonuni form.  S ince  similar  data  for th icker  
po lymer  films is cons is ten t  wi th  an imaginary  compo-  
nen t  of  N~ of about  0.025, curve  A (N1 = 1.63-i0.022) proba- 
bly represents  the  best  fit of  the data in Fig. 2. The  re- 
sults for dry  polybipyraz ine  appear  in Fig. 3. The  dot ted  
l ine demons t ra tes  the exce l len t  fit of  the  data  to the  sim- 
u la ted  curve  for N1 = 1.64-i0.035 (N2 = 1.84-i0.70). 

F igure  4 contains  plots of  es t imated  th ickness  of we t  
and dry polybipyraz ine  layers as a funct ion  of  n u m b e r  of  
deposi t ion  cycles. In  general,  it was difficult  to control  
the deposi t ion  rate of  these  films f rom day to day. The 
bipyrazine  oxida t ion  wave  is bur ied  under  that  of the sol- 
vent,  so small  re lat ive changes  in depos i t ion  potent ia l  
(due, perhaps,  to e lec t rode  pre t rea tment )  or in the  refer- 
ence  e lec t rode  potent ia l  could  lead to signif icant  changes  
in depos i t ion  rate. Measu remen t s  on a par t icular  film in 
both  the  wet  and dry states indicate  that  polybipyraz ine  
exhibi ts  very  lit t le swelling, so that  mos t  of the di f ference 
in the observed  deposi t ion  rates in Fig. 4 can be attrib- 
u ted  to variat ions in exper imenta l  parameters  or deposi-  
t ion technique .  F igure  4 contains  two no tab le  features:  a 
wide  l inear  growth region and an initial stage of appar- 
ent ly  more  rapid deposi t ion.  The  s ignif icance of  these  
character is t ics  is d iscussed  below. 

PoIyaniline.--All  a t tempts  to obtain  ideal  plots  of  @ vs. 
h for the  polyani l ine  depos i t ion  were  unsuccessful .  Fig- 
ure  5 conta ins  the  best  set of  resul ts  for the  r educed  poly- 
mer  wh ich  was obta ined  for films depos i ted  by cycl ing 
the  work ing  e lec t rode  potent ia l  be tween  -0 .2  and 0.8V vs. 
SCE. A good fit, dashed  line, of  the early data  (to a half- 
cycle) was obta ined  for No = 1.346 and N1 = 1.60. The  spi- 
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Fig. 4. Growth curves for reduced in situ ( 0 )  and dry (O) 
polybipyrazine films. Films were grown under different conditions (see 
text). 
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Fig. 5. Reduced ( - 0 . 2 V  vs. SCE) polyaniline which was deposited 
from 100 mM solutions in 1M H2SO4 by cycling the electrode potential 
between - 0 . 2  and 0.8V vs. SCE. The curve ( - - - )  is that predicted for 
N1 = 1.61. Indicated d are in nm. 

raling inward of the r vs. A data after a half-cycle was 
accompanied by a marked decrease in the absolute re- 
flectivity and the increasingly hazy appearance of the 
electrode surface. Potentiostatically growing the polymer 
produced a coating with obviously poorer optical proper- 
ties. 

Polyvinylferrocene and VF-VCM copolymers.~At- 
tempts to monitor film deposition of PVF in 0.1M 
TBABF4/CH~C12 solution were unsuccessful. Although a 
steady increase of oxidized polymer on the electrode sur- 
face could be verified by cyclic voltammetry and typical 
surface waves were observed, there were only very small 
changes in the reflection polarization of 546 nm light. Ox- 
idation for several hours resulted in the appearance of a 
blue-green flocculent material on the electrode surface 
and a decrease in absolute reflectivity, but little change 
in the reflection polarization. These results suggest that 
PVF deposits as a highly solvated layer on the electrode 
surface. 

Ellipsometric measurements on films deposited in 
0.1M TBABFJCH~C12 and transferred with rinsing to 0.1M 
TBABFJMeCN for measurement  produced plots of r vs. 
A from which d could be determined. Rapid growth (5-10 
nm/min) was apparent from both electrochemical and op- 
tical measurements. Figure 6 contains results for an accu- 
mulative deposition in which the electrode was repeat- 
edly transferred between deposition and observation 
solutions. Starting with the bare electrode and proceed- 
ing around the dashed curves, each point represents the 
reflection polarization observed for a film grown thicker 
between points. The circular and triangular points corre- 
spond to the film in the oxidized and reduced (neutral) 
states, respectively. Simulations are shown by solid lines 

connecting points calculated for i0 nm film thickness in- 
crements. Each simulated curve represents a fit of the 
first five data points for each oxidation state with No = 
1.347 (measured) and N2 = 1.81-i0.66 (calculated). These 
data indicate that the oxidized form of the polymer film 
has a lower refractive index (1.48 vs. 1.53) and is 15% 
thicker than the reduced form (Fig. 7). The experimental 

vs. A plots in Fig. 6 are clearly aperiodic and spiral in- 
ward in a fashion similar to that of polyaniline. 

Figure 8 is a plot of measured thickness vs. integrated 
reduction current for a reduced PVF film that displayed 
good optical properties up to a thickness of 325 nm. This 
film was grown and studied in the same manner as the 
film discussed above, except  that it was not allowed to 
dry during the rinsing and transferring procedure. In ad- 
dition to having reflection polarizations which were close 
to the ideal behavior for N, = 1.51, it exhibited, for a scan 
rate of 10 mV/s, thin-layer cyclic voltammetric waves 
from which integrated reduction currents were obtained. 
The plot is fairly linear, as would be expected for a film 
depositing with uniform density and electroactivity. 

Unlike the homopolymer,  the deposition of the copoly- 
mers could be monitored directly in the deposition solu- 
tion. Very slow deposition (several hours being required 
to obtain the data shown) of the 22% ferrocene VF-VCM 
yielded a reasonable plot of r vs. A to about 150 nm (Fig. 
9). The refractive index of the film was about 1.52, and N,~ 
was 1.424. Also shown in Fig. 9 is a plot of thickness vs. 

integrated reduction current. The deposition of optically 
detectable polymer film becomes very inefficient at a 
thickness of about 150 nm. The surface became noticea-. 
bly hazy when growth of thicker films was attempted. A 
spiraling inward of the ellipsometry plot may be occur- 
ring, but  scattering caused the loss of so much signal that 
additional data could not be obtained. If the electrodes 
were washed in acetonitrile, however, a partial restoration 
of surface reflectivity was observed, without removal of 
all of the polymer layer. Similar behavior was observed 
with 80%/22% VF-VCM. 

Discussion 
Polybipyrazine.--Of the films studied, polybipyrazine 

exhibited the best optical characteristics. The deviation 
of the experimental  data in Fig. 2 from that expected for a 
single layer of refractive index 1.63-i0.022 is most likely 
due to a nonuniform film thickness across the electrode 
surface. Because of instrumental  limitations, a relatively 
large area; 0.1 cm ~, or approximately 50%, of the electrode 
surface had to be included in any optical measurement. If  
this film is not passivating (as Fig. 4 suggests), non- 
uniform deposition due to, for example, edge effects, may 
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Fig. 6. Experimental and simulated polarizations for PVF films deposited from methylene chloride and transferred to acetonitrile, The simulations are 

the best fits of the first five points for each oxidation state. Tic marks are placed every 10 nm. The dashed lines are included only for clarity. 
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Fig. 7. Reduced (d,.) vs. oxidized (d~,) PVF polymer film thicknesses 
from data and simulations in Fig. 6. 
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Fig. 9. Data for the in situ deposition of 22/78 PVF/VF-VCM in meth- 

ylene chloride. The top curve represents an attemped fit with N~ = 1.52. 
The bottom curve is a plot of estimated thickness vs. total deposition 
charge passed. 

lead to a relative variation in film depth, d, which is inde- 
pendent  of the effective mean thickness. The theoretical 
plots of 6 vs. h shown in Fig. 2 were made by drawing 
straight lines between calculated points every 3 nm; the 
effects of nonuniformity would be expected to be most 
apparent in the regions of these curves where both r and 
A are strongly dependent  on thickness. In Fig. 2, this o c -  

c u r s  when r is close to its maximum for a particular cy- 
cle. In this region, a spread of reflection polarizations 
(i.e., depolarization) would lead to an observed r which is 
lower than expected for a uniform film. The effect is 
much more noticeable in the second cycle because the ab- 
solute variation in film thickness could be considerably 
greater (because the film is three times thicker) and, for 
absorbing films, the dependence of ~ and h on d is some- 
what greater. Instrumental  designs (14) which permit 
higher spatial resolution would be required to study 
thicker films, because this type of variability in d will 
eventually lead to depolarization sufficient to render 
thickness information unobtainable. Alternatively, the 
use of a profiling ell ipsometer system (17) could provide 
coverage information for the entire electrode surface. 

The data for the dry polybipyrazine film (Fig. 3) is in- 
teresting, because its refractive index is very similar to 
that of the wet film (i.e., the real part of N, equal to 1.64 
vs. 1.63 for the wet polymer). Since little swelling was ob- 
served between the wet and dry polymer, this behavior 
suggests either that solvent is mostly excluded from the 
reduced polymer layer, as might be expected for a neutral 
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Fig. 8. Thickness vs. integrated reduction currents for PVF 

organic film, or that the air-dried film retained a signifi- 
cant amount  of solvent. The former seems unlikely be- 
cause rapid diffusion of hydroquinone through the re- 
duced polymer has been observed (13). 

Another interesting result of the po]ybipyrazine experi- 
ments is contained in Fig. 4. A plot of the ellipsomet- 
rically determined coating thickness vs. the number  of 
deposition cycles clearly indicates that the polymer layer 
is not passivating toward continued deposition for layers 
of up to 325 nm. This implies that electron transport is 
rapid within the oxidized film (and the film is capable of 
oxidizing the monomer) and/or that mass transport of the 
monomer  to the electrode surface (through the film) is 
not significantly limited by the presence of the polymer 
layer. These results are consistent with the electrochem- 
ical findings (13). Although, taken alone, these ellip- 
sometry data cannot be used to deduce the mechanism of 
film deposition for polybipyrazine, they do show that 
ellipsometry may provide supportive evidence about the 
nature of the film in such an investigation. For example, 
the initial deposition rate for films <70 nm thick is twice 
that of the limiting rate (see Fig. 4). 

Polyan i l ine . - -A l though  ellipsometry does not yield use- 
ful thickness measurements for d > 150 nm, the polyani- 
line results are significant in that they demonstrate the 
sensitivity of the ellipsometric technique to film mor- 
phology. For the data presented in Fig. 5, reasonably pre- 
cise film thicknesses can be obtained during the early 
stages of film growth. Optically, this film behaves well 
to about 150 nm, as is evident by the good fit of the data 
to a curve for N~ = 1.60 and by the fact that macroscopic 
examination of the electrode surface showed a highly 
reflective surface. For thicker films, the optical charac- 
teristics of the polyaniline layer changed, as is evident 
from the inward spiral of the ellipsometry data. Simula- 
tions using various combinations of real and imaginary 
components for N~ confirm that the unusual behavior of 
the measured r and h in Fig. 5 cannot be described by 
ellipsometry theory for homogeneous films, so effects of 
inhomogeneity and/or surface roughness must be consid- 
ered. The theory for inhomogeneous coatings has been 
developed (4), but in general, closed-formed solutions for 
the ellipsometry equation cannot be obtained, even if a 
functional description of the depth-dependent refractive 
index is available (18). Calculat ions may be made if the 
film is approximated by a series of discrete homogene- 
ous layers. If  the refractive index of these layers is as- 
sumed to decrease with distance from the substrate/film 
interface, the simulated curves spiral inward in a fashion 
similar to the observed polyaniline curves. However, op- 
tical and electron microscopy (not shown) indicate that 
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the deposition of a relatively dense polymer layer up to 
150 nm is followed by the growth of loosely packed 
fiberlike structures which have diameters of about 200 
nm. Fibrous structures of this size cause roughness ef- 
fects that would preclude the use of a multiple layer (mi- 
croscopic) approach to the simulation of the ellipsometry 
data and would force the use of theories for the treatment 
of gross roughness (19). Additional data, such as multiple 
angle measurements, will be required to determine 
whether a particular model is valid. 
The optical properties of the polyaniline films depend 

on the deposition technique. The data in Fig. 5 are for a 
film deposited by cycling the electrode potential as de- 
scribed in the experimental section, while potentio- 
statically-grown films exhibited much poorer optical 
characteristics. The fibe#like structures found in the 
thicker films are clearly electronically conductive, since 
microscopic examination of the film during oxidation 
and reduction shows rapid changes in the color of the 
fibers during electrochemical cycling. Growth of these 
fibers may be analogous to the growth of needlelike crys- 
tals of conductive tetrathiafulvalenium bromide in Na- 
tion films (20, 21). These results suggest a changing 
mechanism for film deposition. The initially deposited 
film is much more dense, because the possibility of 
monomer oxidation directly at the electrode is high. As it 
becomes increasingly difficult for monomer to reach the 
electrode surface, oxidation at the termini of the conduc- 
tive aniline chains becomes the dominant Faradaic pro- 
cess, leading to fiber production. Attempts have been 
made to improve the homogeneity of the aniline polymers 
by using different potential pulse or controlled current 
deposition programs, but little improvement in the op- 
tical characteristics of the films above 150 nm has been 
realized. 

Polyvinylferrocene and VF-VCM copolymers.--PVF 
films produced by prolonged oxidation in methylene 
chloride could not be detected in situ, indicating that 
PVF deposits as a very diffuse, highly solvated layer. A 
film was obviously being formed, because the blue-green 
flocculent material was observed on the electrode, and 
large cyclic voltammetric surface-waves resulted when 
the applied potential was scanned negatively. The lack of 
change in the reflection polarization indicates, however, 
that the oxidized film had a refractive index that was not 
significantly different than that of the deposition solu- 
tion. 

The copolymers deposited more densely than PVF in 
methylene chloride, and it was possible to monitor their 
growth in situ up to thicknesses of 150 nm (see Fig. 9). At 
this point, deposition either effectively ceased or the den- 
sity of newly deposited film became too low to be opti- 
cally detected. These films grew much more slowly 
(about 50 nm/h) than PVF, which may have enhanced 
their ability to pack more densely, thus permitting one to 
monitor their growth in the deposition solution. The lim- 
iting factor in measuring the thickness of these films ap- 
pears to be their inherent nature to grow 
inhomogeneously. 

Films grown in methylene chloride and directly trans- 
ferred into acetonitrile without rinsing resulted in r vs. A 
curves which spiraled quickly inward and cyclic voltam- 
metric waves that showed diffusional tailing. This kind of 
ellipsometric behavior would be expected, as discussed 
above, of a film whose refractive index (and, therefore, 
density) decreases with distance from the electrode or 
whose surface is becoming increasingly rough. A precise 
description of the inhomogeneity would be important to 
know if one expects to model the electrochemical behav- 
ior of this redox polymer successfully. 

The sensitivity of ellipsometry to roughness and/or 
inhomogeneity dictated that procedures be found to im- 
prove the quality of PVF films. Variability of film qual- 
ity was a persistent problem, and ellipsometric characteri- 
zation proved a useful diagnostic tool for ascertaining if a 
film was depositing uniformly. Nonideal growth could be 
observed early, long before the appearance of any light 

scattering or tailing cyclic voltammetric waves. Since 
PVF is slightly soluble in neat MeCN, but insoluble in 
0.1M TBABFJMeCN, the films were rinsed as described 
in the "Deposition" section. The films were ellipso- 
metrically observed to become thinner by this procedure. 
MeCN probably dissolves any loosely-bound outer layer 
and also solvates the film, thus improving its homogene- 
ity. Films of improved optical and electrochemical quality 
could be grown to 300 nm by rinsing the electrode be- 
tween depositions in this fashion, and ellipsometry 
curves (not shown) spiraled inward less dramatically. 
High surface reflectivity could generally be restored by 
this procedure with minimal concurrent loss of polymer. 

Although homogeneous and uniform films were diffi- 
cult to grow, Fig. 7 and 8 indicate that useful information 
could be obtained over a limited range of d. Figure 7 is es- 
pecially interesting in that it represents the first reliable 
measurement  of an oxidation/reduction swelling coeffi- 
cient for an electroactive polymer. The observed decrease 
in film refractive index and increase in thickness that oc- 
curs upon oxidation of the polymer suggests that PVF is 
swelled by the uptake of counterions and attendant sol- 
vent molecules. The measured swelling coefficient (de- 
termined from the slope of the line in Fig. 7) is 1.15. Al- 
though allowance for film absorptivity has not been 
made, it is believed that this would be small, because the 
films in Fig. 7 are rather thin, and measurements on 
thicker (though somewhat inhomogeneous) films do not 
indicate that absorption is a problem. 

The data in Fig. 8 allow comparison to be made be- 
tween PVF film thicknesses determined ellipso- 
metrically and by a nonoptical technique. The slope of 
the line in Fig. 8 provides a thickness/charge relationship 
given by 

d = (1.9 x 10 -~ cm3C-')Q/A [1] 

where d is the thickness, in cm, Q is the charge passed to 
reduce the totally oxidized film, in coulombs, and A is 
the electrode area, in cm 2, This finding is consistent with 
previously published results (22) for thicker PVF polymer 
films. The concentration of electroactive redox centers, 
C, is approximated (assuming n = 1) by 

C = Q/dAF [2] 

where F is Faraday's constant. From the experimental  ex- 
pression for d, one obtains 

C = (F • 1.9 • 104 cm3C-,)-, = 5M [3] 

which is consistent with a reasonably densely packed ar- 
ray (-1.1 g/cm :~) of ferrocene moieties. 

Conclusion 
It has been shown that the ellipsometric technique can 

be applied successfully to the in si~u study of electroac- 
tive polymer-modified electrodes. Data have been pre- 
sented on three classes of e]ectroactive polymer materi- 
als. 

The conductive polymer, polyaniline, exhibits a very 
inhomogeneous morphology and at best displays ideal 
optical properties only up to 150 nm. Thickness and 
structural information for polyaniline films with a thick- 
ness greater than this will require multiple angle studies 
in order to apply microscopic or gross roughness theories 
to this system. Ellipsometry may prove to be useful in at- 
tempts to monitor and control the morphology of conduc- 
tive films. 

In situ measurements for the electroprecipitated redox 
polymers (PVF and the copolymers) have proven to be ca- 
pable of providing redox site concentrations (necessary 
for electrochemical studies), as well as information on 
morphological changes that occur upon oxidation or re- 
duction of these films. Detailed ellipsometric studies will 
eventually assist in the understanding of the mechanisms 
of charge transport in this important class of compounds. 

Electropolymerized bipyrazine yielded the best films 
for the ellipsometric determination of thickness. Al- 
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though instrumental and sample problems limited our 
ability to make precise measurements for thicknesses be- 
yond about 400 nm, analysis of much thicker layers is 
well within reach. 

As a general tool for the study of polymer modified 
electrodes, ellipsometry will eventually be limited by ef- 
fects of gross roughness and film nonuniformity. Imple- 
mentation of improved cell designs and more complex 
theoretical considerations may improve its utility in this 
field. Data acquisition with an automatic ellipsometer 
and at multiple wavelengths should also aid in the eluci- 
dation of the structure and behavior of polymer films on 
electrodes. 
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Electrocatalytic Oxidation of As(Ill) 
II. Kinetic Studies at Pt Electrodes 

Tim D. Cabelka, 1 Deborah S. Austin, and Dennis C. Johnson* 

Department of  Chemistry and Ames Laboratory, 2 Iowa State University, Ames, Iowa 50011 

ABSTRACT 

The empirical rate law for the electrocatalyzed oxidation of As(III) at a Pt RDE in acidic media was determined from 
potentiostatic measurements  to be 

k = ko(t/to) -b exp {-E/Eo} 

where to = 1.0s and Eo = 0.161V vs. SCE. For an electrode surface covered with less than the equivalent of a monolayer of 
PtO (i.e., Qox/;QH < ca. 2), b = 0.30, whereas for an extended oxide coverage (i.e., Qox/QH > 2), b = 0.5. The coefficient ko is 
independent  of time (t) and electrode potential (E), but decreases as a function of the log of As(III) flux, i.e., ~l~CbAsom. It 
is PtOH and not PtO that is the active agent for oxygen-atom transfer in the electrocatalytic mechanism. The finite rate 
of oxidation of As(III) observed for Qox/QH > >  2 is concluded to result from .OH generated as the first step in the mecha- 
nism for continued oxide growth. It is concluded also that the generation of -OH at a highly oxidized Pt  surface occurs 
at a rate independent  of applied potential. 

A brief review of the electrochemical literature for 
As(III) was presented in part I of this work (1), together 
with our results of voltammetric  studies at Pt rotating 
disk and ring-disk electrodes. The irreversible oxidation 
of As(OH):~ at Pt electrodes in acidic media is electrocata- 
lyzed dramatically by the anodic discharge of adsorbed 
.OH (i.e., PtOH) as the first step in (i) the production of 
surface oxide (i.e., PtO) and (ii) the evolution of O=,(g) at 
an oxide-covered Pt surface. The rate of oxidation of 
As(III) is substantially lower at a surface covered by a 
well-developed layer of PtO with a rate constant (k), inca- 

*Electrochemical Society Active Member. 
1Present address: Dow Chemical Company, Midland, 

Michigan 48640. 
2Operated for the U.S. Department of Energy by Iowa State 

University under Contract no. W-7405-ENG-82. 

sured during the negative potential scan, which is inde- 
pendent  of potential in the range 0.9 -< E <- 1.2V vs. SCE. 
Hence, for a fixed quantity of surface oxide, the rate- 
determining step (rds) is not a charge-transfer step. The 
value of k measured at 1.0V on the negative potential scan 
for an oxide covered electrode decreases with increasing 
value of the anodic scan limit (E~) for the preceding posi- 
tive scan as described by 

k = M.  exp {-EJE.} [1] 

where M and E,, are constants; the value of M was not 
studied for time dependence in part I (t). The charge cor- 
responding to the total surface oxide (Q,,~) formed during 
a cyclic potential scan for Ea ->- 1.0V in the presence of 
As(III) is approximately the same as for the absence of 
As(III). Since Q,,x is a linear function of E~ (2), Eq. [1] can 
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be rewritten as 

k = N- exp (-QJQo} [2] 

where N and Qo are constants under the conditions of 
measurement. 

Gilroy (2) has reviewed the literature pertaining to the 
kinetics of oxide growth at Pt electrodes and provided ad- 
ditional data to demonstrate the time dependence of Qo• 
as described by 

Qo~ = a ~  in  (t/to) [3] 

w h e r e  a a n d  to are  cons t an t s ,  a n d  ~? is t he  app l i ed  over- 
po t en t i a l  for ox ide  fo rmat ion .  C o m b i n i n g  Eq.  [2] a n d  [3] 
to  e l im ina t e  Qo~ gives  t he  an t i c i pa t ed  d e p e n d e n c e  of k on  
t fo l lowing  a p o t e n t i a l  s tep  to a f ixed va lue  of 

in  k = in  N - (a~/Qo) In ( t / t  o) [4] 

Here,  we r epo r t  t he  r e su l t s  of  a k ine t ic  s t u d y  of  t he  elec- 
t roca t a lyzed  ox ida t i on  of  As(III)  in  acidic  m e d i a  to t e s t  
t he  va l id i ty  of Eq. [4]. 

E x p e r i m e n t a l  

I n s t r u m e n t a t i o n  a n d  c h e m i c a l s . - - M o s t  c o n d i t i o n s  a n d  
dev ices  d e s c r i b e d  in Ref. (1) apply.  T he  e l ec t rode  was 
Mode l  AFMD/8 P t  R D E  (Ad = 0.166 c m  2) in  c o n j u n c t i o n  
w i t h  t he  M S R  ro t a to r  (P ine  I n s t r u m e n t  Company) .  In  
s o m e  e x p e r i m e n t s ,  speed  con t ro l  was  by  a n  a n a l o g  s ignal  
f rom a l inea r  r a m p  gene ra to r ;  i n  others ,  con t ro l  was  b y  a 
M o d e l  6800 S o u t h w e s t  T e c h n i c a l  P r o d u c t s  C o r p o r a t i o n  
c o m p u t e r  (P ine  I n s t r u m e n t  C o m p a n y )  u s i n g  a 12-bit D/A 
conve r t e r .  

All c h e m i c a l s  were  ana ly t i ca l  r e agen t  g r ade  a n d  solu- 
t ions  were  p r e p a r e d  f rom t r ip ly  d is t i l led  water .  The  
NaC104 u s e d  to r egu la te  ionic  s t r e n g t h  was  recrys ta l l i zed  
twice  f rom dis t i l led  wa te r  to m i n i m i z e  t he  level  of t race  
C1-. 

P r o c e d u r e s . - - T h e  r e p r o d u c i b i l i t y  of  t he  e l ec t rode  sur- 
face ac t iv i ty  was i n s u r e d  for po ten t io s t a t i c  i-t  s tud ies  by  
t he  c u s t o m a r y  v o l t a m m e t r i c  p r e t r e a t m e n t  u n d e r  a t r ian-  
gu la r - sweep  po ten t i a l  w a v e f o r m  app l i ed  10-20 t i m e s  or 
un t i l  t h e  i-E c u r v e s  were  r ep roduc ib l e .  C o n d i t i o n s  for t he  
p r e t r e a t m e n t  were :  E~ = 1.2-1.3V, E~. = 0.1-0.2V, ~ = 3-6 
V/min;  oJ a n d  C ~' were  the  va lues  to be  app l i ed  in  the  sub-  
s e q u e n t  po ten t io s t a t i c  s tudy.  A va lue  of  Er less t h a n  0.1V 
was  no t  c h o s e n  to avo id  e l e c t r o d e p o s i t i o n  of  b u l k  As  ~ 
The  p r e t r e a t m e n t  was  t e r m i n a t e d  on  t he  nega t ive  s can  at 
E = E~.; t hen ,  E was  s t e p p e d  i m m e d i a t e l y  ~o the  
po ten t io s t a t i c  va lue  of  i n t e r e s t  and  t he  i-t cu rve  recorded .  

The  fa rada ic  r e s p o n s e  was  m o d e l e d  af te r  t h e  t r e a t m e n t  
of c o u p l e d  k ine t ics  (3) as g iven  by  

n F A D C  ~ 
i - [5] 

+ D / k  

w h e r e  8 = 1.61D~'~,'r% - ~  and  all t e r m s  h a v e  t he i r  cus- 
t o m a r y  e l ec t rochemica l  s ign i f icance  for the  RDE.  The  
c o n s t a n t  k is t a k e n  to b e  a genera l ized  ra te  c o n s t a n t  a n d  
was d e t e r m i n e d  to b e  a f u n c t i o n  of t, E, C ~ a n d  o~ ~.  Two 
specif ic  app l i ca t ions  of Eq. [5] were  u s e d  for ca lcu la t ing  
k as a f u n c t i o n  of  t. 

M e t h o d  A . - - T h e  va lue  of i was  r eco rded  as  a c o n t i n u o u s  
f u n c t i o n  of t a n d  k was  ca lcu la ted  for se lec ted  va lues  of  t 
u s i n g  

1 
k = nFAC~(1 / i  _ 1~into) [6] 

w h e r e  i l~ c o r r e s p o n d s  to t h e  ca lcu la ted  t r a n s p o r t - l i m i t e d  
c u r r e n t  for  t he  RDE.  As wil l  be  d e m o n s t r a t e d ,  la rge  e r ror  
in  k c an  r e su l t  a t  smal l  t, i.e., w h e n  i = in~, due  to a smal l  
e r ro r  in  t h e  e s t i m a t i o n  of  i~m. 

M e t h o d  B . - - F o r  some  k ine t i c  s tud ies  of long  d u r a t i o n  (i.e., 
t > ca.  500s), k was  ca l cu la t ed  f rom t h e  i n t e r c e p t  of  the  
i-~-o~ - ~  p lo t  m a d e  a c c o r d i n g  to 

~r2  1 
i . . . .  [7] 

0.62nFAD._,~:~ _,I,Ch + knFACI~ 

f rom the  i-~ cu rve  r e c o r d e d  at  se lec ted  va lues  of t. The  
t ime  to sweep  t he  r a n g e  of  ~ (i.e., 30-525 rad/s)  was  ca. 45s, 
w h i c h  was  smal l  in  c o m p a r i s o n  to the  large  va lues  of  t in- 
v o l v e d  in t he se  i-t  s tudies .  Hence ,  the  q u a n t i t y  of su r face  
ox ide  was e s t i m a t e d  to be  c o n s t a n t  d u r i n g  t he  course  of 
each  c0 scan.  Twelve  specif ic  va lues  of i -1 were  p lo t t ed  
vs .  (o -~'- f rom each  i-c0 cu rve  for e igh t  va lues  of t, a n d  the  
s lopes  and  i n t e r c e p t s  Were o b t a i n e d  by  l inea r  regress ion .  

The  P t  RDE e lec t rode  was  po l i shed  w i th  1.0 ~ m  alu- 
m i n a  for all e x p e r i m e n t s .  The  average  r o u g h n e s s  fac tor  
was  d e t e r m i n e d  to be  2.0, b a s e d  on  m e a s u r e m e n t s  of t he  
cha rge  for  h y d r o g e n  a d s o r p t i o n  (QH). 

Results and Discussion 
D e p e n d e n c e  o f  k on  t . - - R e p r e s e n t a t i v e  c u r r e n t - t i m e  (i-t) 

cu rves  for 2.00 m M  As(III)  are s h o w n  in Fig. 1 for E in  the  
r eg ion  of e lec t roca ta lys i s  (see Fig. 1 a n d  7, pa r t  I). The  cal- 
cu l a t ed  into is s h o w n  for  c o m p a r i s o n  (i.e., 465 ~A). Of the  
n u m e r o u s  p lo t t i ng  m e t h o d s  tes ted ,  t he  be s t  l i nea r  p lo ts  
were  o b t a i n e d  for log k vs.  log t, as i l lus t ra ted  in Fig. 2 for 
M e t h o d  A wi th  t = 10-10,000s. The  p lo ts  are  a d e q u a t e l y  
a p p r o x i m a t e d  by  a l i nea r  c o r r e s p o n d e n c e  for the  r eg ions  
of  t < ca .  200s (s lope :: ca .  -0.3)  a n d  t > ca.  500s (slope = 
ca. -0.5).  

M e t h o d  B was  app l i ed  to the  eva lua t ion  of k in  the  
r ange  360-7200s a n d  p lo t s  of i - '  vs .  ~-~"- are  s h o w n  in Fig. 
3. The  fact  t ha t  t h e s e  plots  are paral le l  w i th  t h a t  for  into -~ 
vs .  co -~'- suppor t s  the  cho ice  of D for ca lcu la t ing  i~im. The  
p lo t  of  log k vs.  log t for  e igh t  va lues  of t was  l inea r  wi th  a 
s lope of -0.49,  in a g r e e m e n t  wi th  M e t h o d  A for t > ca. 
500s (Fig. 2). 

C o n s i d e r a t i o n  o f  e r r o r . - - V a l u e s  of k ca lcu la ted  f rom i a t  
smal l  t (Method  A) can  h a v e  large  e r ror  w h e n  i = i~i~ (see 
Eq. [6]). S ince  i~m c a n n o t  b e  m e a s u r e d  d i rec t ly  u s i n g  the  
P t  RDE,  i t  was  ca lcu la ted  b a s e d  on  t he  va lue  o l D  (1.026 • 
10 -~ c m  2 s - ~  for 0.5M H~SO4) f rom m e a s u r e m e n t s  of  i~m at a 
Au  RDE,  whe re  the  ox ida t i on  of As(III)  is t r a n s p o r t  l im- 
i ted.  C o n s i d e r  the  p lo ts  of  log k vs.  log t in  Fig. 2 for E = 
1.0 a n d  1.2V w h i c h  are r e d r a w n  in Fig. 4. Also s h o w n  in  
Fig. 4 are the  p lo ts  for k ca lcu la ted  u s i n g  iHm e s t i m a t e d  to 
be  ca .  6% lower  t h a n  the  " co r r ec t "  va lue  u sed  for Fig. 2. 
The  s h a d e d  area  b e t w e e n  t he  two cu rves  i l lus t ra tes  the  
e x t e n t  of  u n c e r t a i n t y  in log k; i.e., t he  6% dec rease  in in~ 
p r o d u c e s  an  inc rease  of k of  ~ 50% for t < ca.  20s at  E = 
1.0V. The  er ror  in  k for sma l l  t is m u c h  less at  l a rger  E be- 
cause  i dec reases  m o r e  r ap id ly  f rom i ~  (see Fig. 1). 

D e p e n d e n c e  o f  k on  E . - - O f  g rea tes t  c o n s e q u e n c e  in  elec- 
t roana lys i s  is the  r ap id  dec rease  in r e s p o n s e  at  re la t ive ly  
s h o r t  t imes  (i.e., t < 100s). R e p r e s e n t a t i v e  p lo t s  of  log k vs.  
log t are  s h o w n  in Fig. 5 for E inc reased  b y  50 m V  incre-  
m e n t s  in  t he  r a n g e  0.90-1.25V for  ~"-' = 10.23 rad"-' s - '~ ;  
t he  s ta t i s t ics  for  s u c h  p lo ts  are g iven  in Tab le  I for two 
va lues  of o~. The  s lopes  e x h i b i t  neg l ig ib le  d e p e n d e n c e  on  
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Fig. 1. Current-t ime (i-t) curves for As(l  I I) atE (V vs. SCE): a = 1.00,  b 
= 1 .10,  c = 1.20,  and d = 1 .30.  Conditions: C b = 2 . 0 0  mM A s ( m )  in 
0 . 5 0  H~SO4, ~Jl: = 10 .23  tad ~j~ s - ' 2 .  
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Fig. 2. Plots of log k vs. log t for t = 10-10,000s (Method A). E(V vs. 
SCE): a = ! . 00 ,  b = 1.10, and c = 1.20. Conditions: C h = 2 .00  mM 
As(Ill) in 0.SOM H2SO4, co lj2 = 10.23 rad 1/2 s -1/2. 

E, a n d  the  ave rage  v a l u e  is -0.30.  The  i n t e r c e p t s  (I) of log 
k-log t p lo ts  ( i .e . ,  log k for t = ls)  are l inear ly  d e p e n d e n t  
on  E (Fig. 6, cu rves  A a n d  B). B e c a u s e  of the  large  uncer -  
t a in ty  of t he  i n t e r c e p t  ca l cu la t ed  f rom log k-log t plots ,  for 
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Fig. 3. Plot of i  -~ vs. w ,2  (Method B). t ( r a i n ) :  a = 6, b = 24, c = 60, 
and d = 120; e = theoretical f o r D / k  = 0. Conditions: C ~' = 0.S1S mM 
As(I l l )  in 0 .50M HCIO4; ~]/2 = 5 .60  tad w2 s - J/'-' between values oft ;  E = 
1 .10V vs. SCE. 
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Fig. 4. Plots of log k vs. log t and considerotion of error. Conditions: C h 
= 2.00 mM As(Ill) in 0.50MH~SO4, ~'~ = 10.23 rod "2 s-'2; E (V vs. 
SCE): A = 1.00; B = 1.20; ijim (/~A): A1,  B1 = 465 /~A  (as shown in Fig. 
2) A2,  B2 = 427 /~A .  

w h i c h  all da ta  is t a k e n  for t -> 10s, va lues  of  log k at  t = 
100s for  t he se  s a m e  e x p e r i m e n t s  are p lo t t ed  also in Fig. 6 
(curves  C a n d  D). The  s lopes  of  t he  p lo ts  in  Fig. 6 are: 
-2 .34  (A), -3 .09  (B), -2.71 (C), and  -2 .74  (D); the  ave rage  
is -2 .7  _+ 0.3. 

The  d e p e n d e n c e  of  k on  E a n d  t for t < 100s is d e s c r i b e d  
by  

k = k . ( t / t . )  - h  exp  { - E / E , , }  [8] 

w h e r e  t. = 1.0s, b = 0.30, a n d  E,, = (1/2.7) in  10 = 0.161V. 
This  va lue  of E,, is in sa t i s fac tory  a g r e e m e n t  w i t h  the  
va lue  0.177V r e p o r t e d  for  Eq. [6] of  Ref. (1). Th i s  agree- 
m e n t  m a y  seem surpr is ing,  a t  first t h o u g h t  b e c a u s e  of  the  
d i f f e rences  in  the  two e x p e r i m e n t a l  t e c h n i q u e s .  In  Ref. 
(1), k was  f o u n d  to be  v i r tua l ly  i n d e p e n d e n t  of E in the  
r a n g e  1.2-0.9V d u r i n g  t he  nega t i ve  scan  of E. Th i s  resu l t s  
b e c a u s e  Q,,x is e s t a b l i s h e d  b y  the  va lue  of E~ for t he  posi- 
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Fig. 5. Plots of log k vs. log t as a function of E for t = 1 O- 100s. E (V vs. 
SCE) given in figure. Conditions: C h = 2 .00  mM As(I l l )  in O.50M H=S04, 
co 1/2 = 10.23 rad 1/~ s -I/2' 
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Table I. Dependence o f k  on E* Table II. Test of equations for potential dependence* 

E ~o 't2 = 10 .23  r a d  'le s -~I= (o "2 = 2 2 . 8 8  r a d  'I~ s - ' 2  ~o '~2 = 10 .23  r a d  ''2 s ,,2 ~o "e = 22 .88  r a d  '~2 s -'~2 

d log kid Intercept d log d/k Intercept E (crn/s) (m = 9) (cm/s) (m = 9) 
(V vs. SCE) log t (I) log t (I) 

0.90 87.1 1.9 64.8 2.2 
0.09 -0.324 -0.445 -0.338 -0.551 0.95 81.5 1.4 69.4 0.7 
0.95 -0.308 -0.633 0.340 -0.653 1.00 82.7 0.7 70.2 1.3 
1.00 -0.294 -0.784 -0.322 -0.813 1.05 82.5 1.5 68.6 1.0 
1.05 -0.280 -0.941 -0.306 -0.980 1.10 81.8 1.1 68.0 0.3 
1.10 -0.285 -1.073 -0.298 -1.132 1.15 80.0 0.7 66.1 0.5 
1.15 -0.290 -1.208 -0.299 -1.277 1.20 81.1 0.8 65.1 0.3 
1.20 -0.296 -1.329 -0.296 -1.423 1.25 89.0 0.7 71.7 0.8 
1.25 -0.296 -1.421 -0.286 1.528 

Avg. -0.297 -0.310 
Std.dev.(s) -+0.014 -+0.020 

* Conditions: 2.00 mM As(III) in 0.50M H2SO4. 

tive scan and remains virtually constant during the nega- 
tive scan within the potential range specified. The depen- 
dence of k on E from potentiostatic experiments reported 
here (t < 100s) is virtually identical to that from cyclic 
voltammetry (i), and we conclude that Q.• controls the 
value of k for both experiments. 

The value of k,, in Eq. [8] was calculated from the data 
for 2.00 mM As(III) (Table I), and the results are shown in 
Table II; /c,, represents the average of k,, for nine values of 
t in the range 10-100s. The values of k~ at E = 0.90 and 
1.25V differ significantly from the values for E = 
0.95-1.20V and are ignored in computing the grand aver- 
age of k,,. The value of  k~, at E = 1.25V dev ia ted  f rom k,, be- 
cause  of the  s ignif icant  rate of  O2(g) evolu t ion  for E > 
1.20V and  the  c o n c o m i t a n t  catalysis  of  As(III) ox ida t ion  
[see Fig. 7 of  Ref. (1)]. Jus t i f ica t ion  for ignor ing  the  value 
of  ko at E = 0.90V is n o n e x i s t e n t  at this  t ime,  as th is  poten-  
tial s e e m s  well  w i th in  the  range  for the  e lec t rocata lyzed 
react ion.  

D e p e n d e n c e  o f  k,, on  C ~ a n d  (o '~.--Although b in Eq. [8] 
was  found  to be i n d e p e n d e n t  of C h and  o~ "2, k,, dec reased  
wi th  inc reased  flux of As(III) for all values  t and  E. Rep- 
resen ta t ive  log k-log t p lots  are s h o w n  in Fig. 7 as a func- 
t ion of (o"-' for 2.0 mM As(OH):~. The value of k,, is ade- 
qua te ly  given by 

k,, = - d  - e log (oY'-CIYM t ad '%-" - ' )  

Avg. 81.6 -+ 1.0 67.9 -+ 1.0 
(0.95-1.20V) 

* C  b = 2.0 mM As(III) in 0.5M H2SO4. 

w h e r e  d = 110 _+ 10 cm s - '  and  e = 38 _+ 6 cm s - ' .  The 
large uncer ta in t ies  in d and  e are the  resu l t  of difficulty 
in r e p r o d u c i n g  resul ts  f rom run  to run  as C ~* was  varied. 
This could  be the  c o n s e q u e n c e  of an impur i ty  problem.  
An addi t ional  cons ide ra t ion  of the  unce r t a in ty  is the  fact 
the  conven i en t  var ia t ion  of flux was l imi ted  approxi-  
mate ly  to only one  decade.  

The f u n d a m e n t a l  cause  of  the  dec reas ing  value of k 
wi th  increas ing  flux of  As(III) is not  clear. P e r h a p s  the 
p r o d u c t  As(V) is a d s o r b e d  on and/or  occ luded  in the  rap- 
idly g rowing  oxide.  As a result ,  the  access ibi l i ty  of 
As(OH):~ for the  a d s o r b e d  .OH migh t  be dec rea sed  sub- 
stantially. We no te  again tha t  the  rate of ox ide  g rowth  is 
vir tual ly unaf fec ted  by  the  p r e s en ce  of  As(III) in solut ion 
and, therefore ,  the  p r e s e n c e  of  As(V) in the  d i f fus ion 
layer. 

D e p e n d e n c e  o f  b on  Q, ,x . - -From square -wave  m o d u l a t e d  
v o l t a m m e t r y  [Fig. 7 of  Ref. (1)], it was c o n c l u d e d  tha t  the  
m a x i m u m  rate for the  sur face-cont ro l led  oxygen- t r ans fe r  
reac t ion  b e t w een  the  surface  "ox ide"  and  As(OH):~ corre- 
s p o n d s  to a surface wi th  ad s o rb ed  .OH as the  p redomi-  
nate  form of "ox ide"  at a coverage  less than  the  equiva- 
lent  of  one  mono laye r  (i.e., Q~,x/QH < 1). S ince  As(OH):~ is 
readi ly ad s o rb ed  at oxide-f ree  P t  sites, the  m o s t  favorable  
reac t ion  m e c h a n i s m  is c o n c l u d e d  to involve co-adsorbed  
�9 OH and As(OH):~. Hence ,  it was  su spec t ed  tha t  the  transi- 
t ion of  t he  s lope of log k-log t plots f rom -0.30 to -0.50 
m i g h t  co r r e spond  to a change  in the  p r e d o m i n a t e  reac- 
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t i on  m e c h a n i s m  as a c o n s e q u e n c e  of t he  g r o w t h  of  sur- 
face ox ide  b e y o n d  t he  e q u i v a l e n t  of a m o n o l a y e r  of P t O H  
(i.e., Qo~/QH > 1) w h e n  t he  n u m b e r  of  ava i l ab le  P t  s i tes  for 
a d s o r p t i o n  of  As(OH)3 is m i n i m a l  a n d  t he  o x y g e n  t r a n s f e r  
r eac t i on  is b e t w e e n  P t O H  a n d  As(OH)3 in  t he  ou te r  
H e l m h o l t z  p lane ,  as s u g g e s t e d  p ic tor ia l ly  in  Ref. (1). 

Va lues  of i as a f u n c t i o n  of Q,,• f r om t he  v o l t a m m e t r i c  
e x p e r i m e n t s  of Ref. (1) are r ep lo t t ed  in Fig. 8. Reca l l  t h a t  
t he  c o r r e s p o n d i n g  p lo t  of log k vs. Q,,~ is l i nea r  [Fig. 8 of 
Ref. (1)]. The  va lues  of Q,,x c o r r e s p o n d i n g  to the  equiva-  
l en t  of a m o n o l a y e r  of P t O H  (i.e., Qox/Qn = 1) a n d  a m o n o -  
layer  of P tO (i.e., Q.x/QH = 2) are i n d i c a t e d  in  Fig. 8. 
Clearly,  i ~ ilim for Qo~/QH -< 1. F u r t h e r m o r e ,  i < 0.5 i~m for  
Qo~/QH > 2.0 a n d  t he  c o r r e s p o n d i n g  va lues  of  log k < <  
-1 .5  [see Fig. 8 of Ref. (1)]. F r o m  Fig. 2, b = 0.50 w h e n  log k 
< <  -1 .5 ,  a n d  t he  t r a n s i t i o n  in the  va lue  of b c o r r e s p o n d s  
a p p a r e n t l y  to an  e x t e n t  of sur face  ox ide  s u b s t a n t i a l l y  be- 
y o n d  t he  e q u i v a l e n t  of a m o n o l a y e r  of P r o .  We no te  t ha t  
the  c o n c e p t  of  a pe r f ec t  m o n o l a y e r  for a po lycrys ta l l ine  
sur face  h a v i n g  a s u b s t a n t i a l  degree  of  sur face  r o u g h n e s s  
u n d o u b t e d l y  is imag ina ry ,  a t  bes t .  But ,  i n so fa r  as m e c h a -  
n is t ic  p roposa l s  h a v e  va l id i ty  for p rac t ica l  e l ec t rode  sur- 
faces,  we  c o n c l u d e  t h a t  b = 0.30 for O < 0PtOH < 1.0 a n d  b = 
0.50 for an  e x t e n d e d  sur face  ox ide  (0pro > >  1.0) s u c h  t h a t  
0PtoH ~ 0. B a s e d  on  t he  c o n c l u s i o n  t h a t  t he  e x t e n d e d  
g r o w t h  of  ox ide  for Q,,x/Qs > 2 c o n t i n u e s  to i nvo lve  gener-  
a t ion  of a d s o r b e d  .OH, t he se  s i tes  of g rea tes t  reac t iv i ty  
are  u n d o u b t e d l y  wide ly  d i s p e r s e d  on  t he  sur face  a n d  the  
e l ec t rode  can  b e  c h a r a c t e r i z e d  as no t  b e i n g  u n i f o r m l y  ac- 
cess ible .  

Consideration of  nonuni form accessibility for  the elec- 
t rode. - -The o b s e r v a t i o n  of  a l inear  p lo t  of i -~ vs. oJ -'~2 hav-  
ing a nonze ro  i n t e r c e p t  (I) is d i agnos t i c  e v i d e n c e  of 
" m i x e d  con t ro l "  of t he  fa rada ic  p roces s  at  a RD E  (see Eq. 
[5]). Fo r  an  e l ec t rode  sur face  w i th  u n i f o r m  act ivi ty ,  mass  
t r a n s p o r t  w i t h i n  t he  d i f fus ion  layer  is solely in  a d i r ec t ion  
n o r m a l  to  t he  sur face  a n d  a n o n z e r o  i n t e r c e p t  (I) in  Fig. 3 
is r e p r e s e n t a t i v e  of s low coup l ed  c h e m i c a l  or elec- 
t r o c h e m i c a l  p rocesses .  For  a par t ia l ly  b l o c k e d  e lec t rode  
surface,  the  e l ec t rode  is no t  u n i f o r m l y  access ib le ,  a n d  ap- 
p r ec i ab l e  cu rv i l i nea r  d i f fus iona l  t r a n s p o r t  occurs  to ac- 
t ive  sur face  sites. For  th i s  case, I > 0, e v e n  for r ap id  reac- 
t ion  k ine t i c s  at  t he  r eac t ive  s i tes  and  I is a f u n c t i o n  of the  
g e o m e t r y  a n d  s p a c i n g  of  t he  ac t ive  sur face  sites. Lands -  
b e r g  et al. (4-6) cha rac t e r i zed  t he  i-~"-' r e s p o n s e  for par- 
t ia l ly b l o c k e d  R D E  sur faces  b a s e d  on  a t h e o r y  of curvi l in-  
ear  d i f fus ion  by  S m y t h e  (7) a n d  n o t e d  (6) t h a t  d i agnos t i c  
e v i d e n c e  for cu rv i l i nea r  d i f fus ion  is the  c o n s t a n c y  of t he  
p r o d u c t  DI for  a g i v e n  anoly te .  E x p e r i m e n t a l  ver i f i ca t ion  
was  a c h i e v e d  for  a l t e r a t ion  of  D b y  c h a n g i n g  t he  v i scos i ty  
of  t he  media .  The  p r o d u c t  Dn~cm)I ( Me t hod  B) was  exam-  
i ned  for  As(III)  in  0.50M HC104 as a f u n c t i o n  of  a d d e d  
NaC104; t h e  da ta  are s u m m a r i z e d  in Tab le  III.  T h e  prod-  
uc t  Dn~(m)I i n c r e a s e d  b y  m o r e  t h a n  60% in  go ing  f rom I~ = 
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Fig. 8. Plot ofi  vs. Qox. C ~' = 1.11 mM As(ill) in 0 .50M H2SO4, ~,/2 = 

10.23 rad 1/2 s - ' /2, QH = 2 0 0 / x C .  

Table I I I .  Product of  diffusion coefficient (D) and intercept (I) of plots of 
i -~ vs. o~ - ' ~  as a function of ionic strength (/~)~ 

D . I .  10 ~ c m  ~ A - ' s  -~ 

t (min) ~ = 0.5M" ~ = 2.75M" ~ = 5.00M" 

12 3.0 3.4 5.0 
18 3.6 4.1 6.0 
24 4.0 4.7 6.8 
30 4.5 5.3 7.7 
60 6.3 7.7 11.0 

a 2.0 mM As(III) in 0.50M HC104 
b DAstIII} = 1.15 • 10 -5 crn 2 s-k 
c DAs~m) = 0.93 X 10 -~ cm 2 s-h 
a Dns, m) = 0.66 • 10 -~ crn 2 s-k 

+ N a C I O 4 .  

0.5-5.0M. We conclude that curvilinear diffusion is not re- 
sponsible exclusively for the nonzero intercepts of the 
i-'-o~ -'~2 plots, although its contribution cannot be ex- 
cluded totally. 

Possibility of  oxygen abstraction f rom PtO.- - I t  was esti- 
m a t e d  f rom cyclic v o l t a m m e t r y  (1) t h a t  Qox is re la t ive ly  
u n a f f e c t e d  by  the  p r e s e n c e  of  As(III)  for Ea > 1.0V. A P t  
f l ow- th rough  de t ec to r  was  app l i ed  in a r igorous  t e s t  of 
th i s  conc lus ion .  With  a s t r e a m  of 2.0 m M  As(III)  in  0.5M 
H~SO4 f lowing t h r o u g h  the  de t ec to r  at  0.5 m l  ra in  -1, the  
v a l u e  of  E was  s c a n n e d  f rom E,. = 0.0V to Ea = 1.3V at 
3.0V ra in  -1 and  t h e n  to 1.0V, at  w h i c h  t he  nega t i ve  scan  
was i n t e r r u p t e d  for t = 10 rain.  Af te r  the  delay,  the  s t r e a m  
was  s w i t c h e d  to p u r e  0.5M H~SO4 and  E was  s c a n n e d  to 
0.0 V wh i l e  r e c o r d i n g  t he  ca thod ic  i-E curve;  t h e  exper i -  
m e n t  was  r epea t ed  in  t he  a b s e n c e  of  As(III) .  The  areas  of  
the  two  ox ide  r e d u c t i o n  p e a k s  were  v i r tua l ly  iden t i ca l  
(+-1%). Hence,  it is ver i f ied  t h a t  the  p r e s e n c e  of  As(III)  
does  no t  a l ter  Q,x. F u r t h e r m o r e ,  it is d e m o n s t r a t e d  b y  th i s  
e x p e r i m e n t  t h a t  a b s t r a c t i o n  of O a toms  by  As(OH):~ f rom 
P tO is negl igible .  I f  a b s t r a c t i o n  had  o c c u r r e d  d u r i n g  t he  
10 ra in  delay, the  v a l u e  of  Q,,x wou ld  h a v e  s tead i ly  de- 
c r eased  in t he  p r e s e n c e  of  As(OH):~ to t h e  va lue  corre- 
s p o n d i n g  to a scan  to Ea = 1.0V. A d d i t i o n a l  e v i d e n c e  for 
th i s  c ame  f rom cyclic v o l t a m m e t r y :  w h e n  the  nega t ive  
p o t e n t i a l  scan  was  ha l t ed  at  E = 1.0V in  cyclic 
v o l t a m m e t r y  at  the  RDE,  t he re  was no  inc rease  in i w i th  
t i m e  b e y o n d  t h a t  va lue  o b s e r v e d  for t he  u n i n t e r r u p t e d  
scan.  

Diffusion of As(OH):, through the oxide f i lm . - -The  po- 
t e n t i a l - i n d e p e n d e n t  ra te  of As(III)  o x i d a t i o n  o b s e r v e d  on  
t he  nega t i ve  scan  in cyclic v o l t a m m e t r y  [Fig. 7 of Ref. (1)] 
ref lects  t he  a b s e n c e  of an  e l ec t ron  t r a n s f e r  in the  rate-  
d e t e r m i n i n g  step.  The  poss ib i l i ty  of s low m o l e c u l a r  diffu- 
s ion t h r o u g h  the  ox ide  fi lm was  cons ide red .  Fo r  s u c h  a 
m e c h a n i s m ,  D/k  in  Eq. [5] wou ld  be  r ep l aced  b y  the  
t h i c k n e s s  of the  oxide ,  w h i c h  is p r o p o r t i o n a l  to Q.x for 
Q,,• > 1. I f  s u c h  is the  con t ro l l ing  m e c h a n i s m ,  l inea r  
p lo ts  w o u l d  be  o b t a i n e d  for log k vs. log Q .... 

S u m m a r y  a n d  C o n c l u s i o n  

The  f o r m a t i o n  of  c h e m i s o r b e d  .OH (i.e., PtOH),  as the  
first s tep  in p r o d u c t i o n  of su r face  ox ide  at  P t  e lec t rodes ,  
is a r eve r s ib l e  p roces s  (8, 9). The  r eve r s ib ly  a d s o r b e d  .OH 
can  be  s tabi l ized  by  p lace  e x c h a n g e  w i th  sur face  a t o m s  of 
Pt ,  to give a spec ies  d e s i g n a t e d  as OHPt ,  a n d  u l t i m a t e l y  
ox id ized  f u r t h e r  at  h i g h  E to yield PtO.  T h e  k ine t i c  re- 
su l t s  r e p o r t e d  he re  are c o n s i s t e n t  w i t h  the  c o n c l u s i o n  
t h a t  P tOH,  b u t  no t  O H P t  no r  PtO,  is ac t ive  as the  O t rans-  
fer  a g e n t  in  the  e lec t roca ta ly t i c  ox ida t i on  of  As(OH):~ to 
OAs(OH):~. The  d e p e n d e n c e  of  k on  E g iven  he re  f rom 
po t en t i o s t a t i c  m e a s u r e m e n t s  is v i r tua l ly  t he  s ame  as for k 
on  E~ f rom v o l t a m m e t r i c  s tud ies  (1), e v e n  t h o u g h  k in  Ref. 
(1) was  m e a s u r e d  d u r i n g  t he  nega t ive  s can  at  E < Ea. In  
t he  v o l t a m m e t r i c  case,  k is i n d e p e n d e n t  of  E on  t he  nega-  
t ive  scan  (1.1-0.9V) for  E~ > ca. 1.1V b e c a u s e  Q,,~ is fixed 
by  E~ a n d  r e m a i n s  v i r tua l ly  c o n s t a n t  d u r i n g  t he  nega t ive  
scan  on  the  t ime  scale  of t h e  v o l t a m m e t r i c  e x p e r i m e n t .  

Clearly,  t he  t i m e  d e p e n d e n c e  of  k f rom t h e  po ten t io -  
s tat ic  m e a s u r e m e n t s  (Eq. [8]) is no t  c o n s i s t e n t  w i t h  t h a t  
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p r e d i c t e d  (Eq. [4]) o n  t he  bas i s  of  the  o b s e r v e d  k - Qox de- 
p e n d e n c e  in  Ref. (1) (Eq. [2]) a n d  the  k n o w n  Qox = t be- 
h a v i o r  (Eq. [3]). We h a d  p r e d i c t e d  t h a t  the  In k-ln t s lope 
wou ld  be  a l inear  f u n c t i o n  of E and  i n d e p e n d e n t  of  t; 
however ,  we o b s e r v e d  t he  s lope  of  in  k-ln t p lo ts  to be  in- 
d e p e n d e n t  of E a n d  to u n d e r g o  a t r a n s i t i o n  ( -0 .30  to 
-0.50) in  the  reg ion  t = 400-600s (see Fig. 2, 5). The  expla-  
n a t i o n  of th i s  a p p a r e n t  conf l ic t  is t ha t  Qox r e p r e s e n t s  the  
to ta l  cha rge  for t he  t h r ee  fo rms  of sur face  oxygen ,  i.e., Q,,x 
= QPtOH + QonPt 4- QPto, a n d  no t  j u s t  the  ac t ive  form,  QptoH. 
F u r t h e r m o r e ,  t he  Qox-t b e h a v i o r  (Eq. [3]) does  no t  corre- 
s p o n d  to the  QptoH-t behav io r ,  s ince  the  ra t io  QPtoH/Q,,x is 
no t  c o n s t a n t  wi th  t ime.  The  r eac t ion  b e t w e e n  P t O H  a n d  
a d s o r b e d  As(OH):~ is ve ry  fas t  and  i = into for  smal l  t w h e n  
QPtoH ~ Qox and  Q.x < 1, i.e., t he re  are n u m e r o u s  adsorp-  
t ion  s i tes  ava i lab le  for As(OH):~. B u t  e v e n  in th i s  ease  for 
Q,,x/Qs < 1, QPtoH s tead i ly  dec reases  w i th  t i m e  b e c a u s e  of 
p lace  e x c h a n g e ;  hence ,  i dec reases  w i th  t i m e  a n d  we ob- 
serve  a in  k-In t s lope of  -0.30.  For  large  E w h e r e  Qon/Qn 
> >  1, Q~ton is still  s ign i f ican t  at  shor t  t b u t  O t r ans f e r  is 
c o n c l u d e d  n o w  to occur  by  a s lower  r eac t i on  to As(OH):~ 
in t he  ou te r  H e l m h o l t z  p lane ,  poss ib ly  b y  the  m e c h a n i s m  
s u g g e s t e d  pic tor ia l ly  in  Ref. (1). With i n c r e a s i n g  t, i de- 
c reases  s igni f icant ly  be low inm,  and  we o b s e r v e  a in  k-ln t 
s lope of  -0.50.  We recal l  aga in  f rom Ref. (1) t h a t  for E in 
t he  r eg ion  of 02 evo lu t ion ,  t he  sur face  cove rage  b y  ad- 
s o r b e d  �9 OH is i n c r e a s e d  grea t ly  and  k i nc r ea se s  accord-  
ingly;  we o b s e r v e d  s igna ls  for  As(OH)3, b y  h y d r o d y n a m i c -  
al ly m o d u l a t e d  v o l t a m m e t r y ,  in  excess  of  0.8 ixi,n at  
heav i ly  anod ized  e lec t rodes ,  for  w h i c h  i < 0.1 iHm in  the  
a b s e n c e  of O5 evolu t ion .  

The  e lec t roca ta ly t ic  ox ida t i on  w i th  O t r a n s f e r  for 
As(OH):~ bears  s t r i k ing  r e s e m b l a n c e  to the  e lec t roca ta ly t ic  
p r o d u c t i o n  of  IOa-  f rom I -  a t  P t  in acidic  m e d i a  (10). In  
t ha t  case,  p r o d u c t i o n  of IO,~- occurs  nea r ly  at  a mass -  
t r a n s p o r t - l i m i t e d  ra te  s i m u l t a n e o u s l y  w i t h  ox ida t i on  of 
a d s o r b e d  iod ine  to IO:~- d u r i n g  t he  r ap id  f o r m a t i o n  of  sur- 
face ox ide  on  the  pos i t ive  v o l t a m m e t r i c  scan;  also, pro- 
d u c t i o n  of IO:~- is at  a t r a n s p o r t - l i m i t e d  ra te  w h e n  O._, is 
b e i n g  evolved.  In  c o n t r a s t  to As(OH),~, p r o d u c t i o n  of IO:3- 
is neg l ig ib le  for Q,,x/QH > 2 in the  a b s e n c e  of O~ evo lu t ion  
a n d  w h e n  d Q J d t  ~ 0, i.e., t h e  nega t ive  v o l t a m m e t r i c  
scan.  We i n t e r p r e t  th i s  to ref lect  a ve ry  low ra te  of  O 
t r ans f e r  to I -  in  t he  ou te r  H e l m h o l t z  p lane .  

E x p e r i m e n t a l  r e su l t s  f rom va r i a t ion  of  so lu t ion  viscos-  
i ty do no t  conf i rm the  poss ib i l i ty  t ha t  the  low reac t iv i ty  
of an  ox ide -cove red  e l ec t rode  at  large t i m e  c a n  be  charac-  
t e r i zed  exc lus ive ly  as c o n f o r m i n g  to the  m o d e l  of  a non-  
u n i f o r m l y  access ib le  surface.  We c o n c l u d e  tha t ,  e v e n  
t h o u g h  Q~toH is small ,  QPto~ 7 ~ 0, a n d  it is the  s low ra te  at  
w h i c h  a d s o r b e d  .OH is r e g e n e r a t e d  on  the  ox ide -cove red  
sur face  af te r  O t r ans f e r  w h i c h  is ra te  d e t e r m i n i n g .  I f  so, 
t he  k-E-t d e p e n d e n c i e s  are desc r ip t ive  of the  oxide-  
g r o w t h  ra te  for Q,x/Q~ > >  2. B u t  if  t h i s  is t rue,  we m u s t  
c o n c l u d e  also t h a t  for an  e l ec t rode  w i th  Q,,• f ixed by  ap- 
p l i ca t ion  of E > 1.1V, t he  ra te  of  ox ide  g r o w t h  is i n d e p e n -  
d e n t  of  E for s u b s e q u e n t  k ine t i c  m e a s u r e m e n t s  at  0.9 < E 
< 1.1V. The  ox ide  g r o w t h  m e c h a n i s m  cou ld  be  con t ro l l ed  
by  the  p l a c e - e x c h a n g e  r eac t i on  at  the  P t - P t O  in te r face  
(11) a n d  the  ox ida t i on  of  As(OH):~ m a y  se rve  as a use fu l  
p r o b e  for  f u r t he r  s tud ie s  of  ox ide  g r o w t h  kinet ics .  We 
c o n t i n u e  to i nves t i ga t e  th i s  poss ibi l i ty .  
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How to Reduce the Cointercalation of Propylene Carbonate in 
LixZrS  and Other Layered Compounds 
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A B S T R A C T  

Co in t e rca l a t i on  of p r o p y l e n e  c a r b o n a t e  (PC) in to  layered  m a t e r i a l s  i n t e r ca l a t ed  w i t h  l i t h i u m  can  be  r e d u c e d  w i th  
c o n c e n t r a t e d  e lec t ro ly tes .  We show e l e c t r o c h e m i c a l  and  x-ray d i f f rac t ion  e v i d e n c e  for  th i s  r e d u c t i o n  in  Li/ZrS=, cells 
wi th  L iAsF , /PC elect rolyte .  

W h e n  Li  i n t e rca l a t e s  in to  a hos t  sol id in an  electro-  
c h e m i c a l  cell, i t  s o m e t i m e s  carr ies  wi th  i t  mo lecu l e s  of  
the  so lven t  f rom the  e lec t ro ly te  (1, 2). S u c h  coin terca la-  
t ion  of  t he  so lven t  in te r fe res  wi th  s tud ies  of  i n t e r ca l a t i on  
of u n s o l v a t e d  Li. Moreover ,  i f  co in t e rca l a t i on  occurs  b u t  
is no t  recognized ,  e x p e r i m e n t s  can  be  m i s i n t e r p r e t e d ;  in  
fact, co in t e r ca l a t i on  m i g h t  be  r e s p o n s i b l e  for m a n y  of  the  
d i s c r e p a n c i e s  b e t w e e n  r epo r t s  of the  e l e c t r o c h e m i c a l  be- 
h a v i o r  of  i n t e r ca l a t i on  e lec t rodes .  Co in te rca la t ion  is also a 
p r o b l e m  in c o m m e r c i a l  app l i ca t ions  of  i n t e r ca l a t i on  
ba t te r ies ,  b e c a u s e  t he  large  e x p a n s i o n  of the  la t t ice  by  the  
so lven t  deg rades  t h e  h o s t  e lec t rode.  P r o p y l e n e  c a r b o n a t e  
(PC) is an  a t t r ac t ive  so lven t  b e c a u s e  it h a s  a low v a p o r  
p r e s s u r e  and  is easy  to purify,  bu t  i t  co in t e rca l a t e s  wi th  

Li in  layered  c o m p o u n d s  s u c h  as TiS._,(1, 3). M a n y  replace-  
m e n t s  for  PC are vola t i le  a n d  s o m e t i m e s  exp los ive  w h e n  
c o m b i n e d  wi th  l i t h i u m  sal ts  in  ba t ter ies .  

The  a m o u n t  of  hos t  co in t e rca l a t ed  w i th  PC is r e d u c e d  if  
h i g h  c u r r e n t s  are  u s e d  to d i scha rge  t he  cell in i t ia l ly  (4). 
Appa ren t ly ,  u n s o l v a t e d  Li d i f fuses  in to  t he  h o s t  m o r e  
qu i ck ly  t h a n  so lva ted  Li, a n d  PC will no t  e n t e r  a layer  
t ha t  con t a in s  e n o u g h  u n s o l v a t e d  Li. Thus  PC can  still  be  
u s e d  in  e x p e r i m e n t a l  cells i f  t he  first d i s c h a r g e  is d o n e  
quickly;  if  too m u c h  Li is r emoved  on  s u b s e q u e n t  charges,  
however ,  PC m a y  cointercalate.  

We h a v e  d i s c o v e r e d  that ,  in some  cases,  co in t e rca l a t i on  
of PC is near ly  e l i m i n a t e d  w i th  a s a t u r a t e d  so lu t ion  of 
LiAsF,~ in PC. To i l lus t ra te  th i s  here ,  we c o m p a r e  
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Li/Li~ZrS~ cells m a d e  wi th  1M a n d  s a t u r a t e d  so lu t ions  of 
LiAsF~ in  PC. We h a v e  m e a s u r e d  t he  vo l t age  V vs.  x in  
LixZrS., as well  as t he  s t r u c t u r e  of the  ZrS2 h o s t  in  t he se  
cells. At  low cur ren t s ,  l i t t le  PC co in t e rca l a t e s  in  cells 
m a d e  w i th  t he  s a t u r a t e d  so lu t ion ,  w h e r e a s  PC cointercal -  
a tes  in to  a l m o s t  all of  t he  ZrSz in  t he  1M solu t ion .  We dis- 
cuss  t h e s e  d i f f e rences  in  t e r m s  of  the  c h e m i c a l  po t en t i a l  
of  PC in  t h e  e lectrolyte .  

Exper imenta l  Procedure 
P o w d e r e d  ZrS~ was  m a d e  b y  r eac t ing  Z r  a n d  exces s  S 

at  900~ t h e n  q u e n c h i n g .  T he  par t ic le  size was  less t h a n  1 
~m.  E l e c t r o c h e m i c a l  cells  w i t h  Li  a n d  ZrS~ e lec t rodes  
were  p r e p a r e d  as d e s c r i b e d  in  Ref. (5), e x c e p t  t h a t  t he  
e lec t ro ly te  was  e i t he r  a 1M or a s a t u r a t e d  so lu t ion  of 
LiAsF6 (used  as r ece ived  f r o m  U.S. S tee l  Agr i -Chemica l s )  
in  PC (ob ta ined  f rom J. T. B a k e r  t h e n  v a c u u m  disti l led).  
We also p r e p a r e d  cells w i t h  b e r y l l i u m  x-ray  w i n d o w s  (4) 
to s t u d y  c h a n g e s  in  t he  s t r u c t u r e  of  t he  ZrS2 hos t  i n - s i t u  
in  b o t h  1M and  s a t u r a t e d  so lu t ions .  

A s a t u r a t e d  so lu t ion  of  LiAsF6 in  P C  h a s  a lower  con-  
d u c t i v i t y  t h a n  a 1M solu t ion ,  so we cou ld  no t  u se  ZrS2 
e l ec t rodes  f l a t t ened  w i t h  rollers,  as we d id  in  our  ear l ier  
w o r k  on  TaSz (6). Wii th  t h e  f ine ZrS2 p o w d e r  u s e d  here ,  
t he  po re s  of ro l led  e l ec t rodes  are so smal l  t h a t  cells m a d e  
w i th  t he se  e l ec t rodes  h a v e  ve ry  poor  k inet ics .  In  ZrS~ 
e l ec t rodes  t h a t  we re  no t  rol led,  u p  to 60% of  t h e  h o s t  d id  
n o t  m a k e  good  e lec t r ica l  c o n t a c t  to t he  e l ec t rode  a n d  so 
d id  no t  in te rca la te .  

Exper imenta l  Results 
The  ZrS2 p o w d e r  u s e d  he re  gives resu l t s  s imi la r  to 

t h o s e  r e p o r t e d  ear l ier  for coarse r  p o w d e r  (6). F i g u r e  1 
s h o w s  - a x / O V  vs. x for  t he  t h i r d  cha rge  a n d  f o u r t h  dis- 
c h a r g e  of  a Li/Li~ZrS~ cell m a d e  w i t h  a s a t u r a t e d  e lectro-  
lyte. (The  da ta  h a v e  b e e n  n o r m a l i z e d  to a c h a n g e  A x  = 1 
for t he  vo l tage  r a n g e  shown. )  T he  p e a k s  in Fig. 1 nea r  
1.9V are  b r o a d e r  t h a n  i n  our  ear l ier  resul ts .  Th i s  b road-  
e n i n g  is due  to t he  sma l l e r  par t ic les ,  no t  to t he  h i g h e r  cur- 
ren ts .  The  w i d t h  of  the  p e a k s  inc reases  by  on ly  a few per-  
cen t  if the current is doubled. We chose the finer powder 
for this work because PC cointerca]ates into it more rap- 
idly. The peaks in Fig. 1 are caused by the change in 
structure of ZrS2 from the IT polytype at x = 0 to the 3R 
p o l y t y p e  at  x = 0.23 (6). 

W h e n  PC is co in te rca la t ed ,  V vs.  x is d i f fe ren t  t h a n  the  
b e h a v i o r  s h o w n  in Fig. 1. F igu re  2 shows  V vs. x for t he  
first d i s cha rge  of  t h r e e  Li/LirZrS2 cells, two m a d e  w i th  a 
s a t u r a t e d  so lu t ion  of  L iAsF ,  in  PC, a n d  one  w i th  a 1M so- 
lu t ion .  T h e  va lues  of x in  Fig. 2-5 h a v e  no t  b e e n  r e n o r m a l -  
ized, b u t  r a t h e r  are  ca lcu la ted  only  f rom the  c u r r e n t  and  
t he  m a s s  of  ZrSz in each  cell. We call t h i s  the  " a p p a r e n t "  
v a l u e  of  x, to s t ress  t h a t  i t  m e a s u r e s  on ly  t he  ave rage  Li  
c o n t e n t  of  t he  en t i r e  e l ec t rode  a n d  so does  no t  d i s t i n g u i s h  
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Fig. 2. Cell voltage Y vs. the apparent value ofx in LixZr$~ for the first 
discharge of Li/LixZrS., cells. ( . . . .  ): 1M LiAsFJPC electrolyte, 25h rate. 
( ): Saturated LiAsFJPC electrolyte, 50h rate. ( - - - - ) :  Saturated 
LiAsFJPC electrolyte, 18h rate. The apparent value ofx was calculated 
only from the current and the mass of ZrS~. The rate quoted corresponds 
to the time to change the apparent x by ~x = 1. 

Li~ZrS2 without PC, cointercalated ZrSe, and unintercal- 
ated ZrS2. For the cell made with IM solution, the voltage 
rises with x between x = 0.4 and 0.6, then remains con- 
stant well beyond x = I. As we show below, 
cointercalation of PC begins at 1.9V in Fig. i; the plateau 
at 1.75V in the cell with IM electrolyte corresponds to a 
further reaction of the eointercalated material with lith- 
ium. Cointercalation of PC and lithium is much slower 
than intercalation of lithium alone, so the voltage in Fig. 1 
probably does not measure the free energy of the cointer- 
calation reaction, as we discuss below. 

Figure 3 shows -Ox/O V vs. V for the same cells as in Fig. 
2. For the cell with IM solution, -ax/OV diverges near 
1.7V, corresponding to the rise in voltage near x = 0.4 in 
Fig. 2. ( - ~ x / a V  for x > 0.4 h a s  no t  b e e n  p lo t t ed  for  th i s  
cell.) The  cells w i t h  s a t u r a t e d  so lu t ion  were  r u n  at  25 and  
50h rates .  (These  ra tes  c o r r e s p o n d  to t he  t i m e  to c h a n g e  
the  a p p a r e n t  x b y  h x  = 1.) B o t h  t he se  cells  s h o w  peaks  
nea r  1.6V, no t  p r e s e n t  in  Fig. 1, w h i c h  p r e s u m a b l y  corre-  
s p o n d  to t he  p l a t eau  at  1.8V in  t he  cel l  w i t h  1M solut ion.  
Hence ,  some  of  t he  ZrS2 is b e i n g  co in t e r ca l a t ed  w i t h  PC 
in  t he  cells w i t h  s a t u r a t e d  e lectrolyte .  The  p e a k s  at  the  
50h ra te  are  h igher ,  i m p l y i n g  t h a t  m o r e  of  the  hos t  has  
b e e n  co in t e r ca l a t ed  at  t he  s lower  rate.  

We s tud i ed  t he  degree  of  co in te rca la t ion  u s i n g  i n  s i t u  
x-ray dif f ract ion.  F igu re s  4 a n d  5 c o m p a r e  the  c h a n g e s  in 
t he  x-ray d i f f rac t ion  spec t ra  of Li~ZrS2 for cells wi th  satu- 
r a t ed  and IM solutions, respectively. These spectra were 
taken on the first discharging at constant current. Figure 
4 is similar to the results of Ref. (6). As x increases, Bragg 
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Fig. 1. - Ax/AV vs. voltage Y for the third charge and fourth discharge 
of a Li/ZrS.z cell with saturated LiAsFJPC as electrolyte. The curves have 
been normalized so Ax = 1 over the range of voltage shown. For the cur- 
rents used, the charge and discharge each took about 17h. 
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Fig. 4. X-ray diffraction spectra for ZrS 2 during the first discharge in a 
I-i/Li~ZrS~ cell with saturated LiAsFJPC electrolyte. The cell was dis- 
charged at constant current at a 25h rate. The apparent x for the scans, 
starting from the front, is 0.03, 0.12, 0.21, 0.29, 0.38, and 0.47. The 
101 peaks from IT-ZrS~ and the lp4 peak of 3R-LixZrS ~ are shown, to- 
gether with a peak from some component of the cell (*). 
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Fig. 5. As in Fig. 4, except for cells with IM LiAsFJPC electrolyte at a 
40h rate (The last scan is from a different cell than the other eight). 
Starting from the front, the apparent x is 0.07, 0.12, 0.18, 0.24, 0.30, 
0.35, 0.41,0.51,2.04. In addition to the peaks in Fig. 4 are peaks from 
cointercalated Zr$ 2 (labeled as C). 

peaks  f rom the original  1T s t ructure  of  ZrS~ shrink, and 
those  f rom the 3R s t ruc ture  grow. The remain ing  peaks  in 
the  1T s t ructure  for x > 0.2 are f rom ZrS~ that  did not  
m a k e  good electr ical  contac t  to the electrode.  There  are 
no ex t ra  peaks in Fig. 4 f rom ZrS2 cointercala ted  wi th  PC. 
In  contrast ,  Fig. 5 does  s h o w  extra  peaks  f rom cointer-  
ca la ted ZrS2. These  peaks  grow unt i l  x = 0.3, t hen  shr ink 
again  w h e n  the  vol tage  reaches  the  p la teau  at 1.75V (Fig. 
2): In  the  last curve  in Fig. 5, which  cor responds  to an  ap- 
paren t  x of  2.0, the  peaks  f rom coin terca la ted  LixZrS2 
have  comple te ly  disappeared.  (We do not  k n o w  wha t  hap- 
pened  to this mater ial  dur ing  the  pla teau at 1.75V. I f  it de- 
composed ,  the  decompos i t i on  products  are not  crystal l ine 
enough  to give Bragg peaks). Note  that  the  peaks  for the  
coin terca la ted  mater ia l  are broad,  so a small  a m o u n t  of 
cointerca la t ion  wou ld  no t  be  seen  in Fig. 4. The  causes  of  
the  long  pla teau in V(x) in Fig. 2 have  not  been  studied. 

Discussion 
Our x-ray resul ts  show that  less PC is cointercala ted  

f rom a saturated solut ion of  LiAsF~ in PC than  f rom a 1M 
solution. The e lec t rochemica l  behavior  in Fig. 2 and 3 is 
consis tent  wi th  this reduct ion,  for the  features in -ox/OV 
associated with  the  cointerca la t ion  are reduced  in a satu- 
ra ted  solution.  The  in te rpre ta t ion  of Fig. 2 and 3, how- 
ever,  is compl ica ted  by kinet ics .  PC can be kep t  out  of  the  
host  even  in a 1M solut ion of L iAsFdPC if the  first dis- 
charge  is done  at h igh  currents  (4), indica t ing  that  
cointerca la t ion  of Li  and PC is s lower  than  intercala t ion 

of  Li  alone. Thus, w h e n  cointercala t ion of Li  and PC is 
occur r ing  in parallel  wi th  in tercala t ion of  Li  alone, the 
measu red  vol tage V cor responds  to V~, the  vol tage of the 
in tercala t ion reaction,  and not  to Vc, the  vol tage  of the 
cointerca la t ion  reaction.  This  is p robably  w h y  the  volt- 
ages for the  cells in Fig. 2 are s imilar  at low x: intercala- 
t ion of  Li  a lone is a lmos t  at equi l ibr ium,  bu t  
coin terca la t ion  is far f rom equi l ibr ium.  Moreover ,  this ar- 
g u m e n t  impl ies  that  the  rate of cointerca la t ion  will  de- 
crease  as the  dif ference Vc-V~ decreases.  This d i f ference 
will  decrease  wi th  increas ing  concent ra t ion  of the  electro- 
lyte, as we now show. 

For  simplici ty,  suppose  l i th ium in the  host  is e i ther  free 
of PC or solvated by n a toms of PC, so we only need  to 
cons ider  two types of guest:  Li and Li(PC),,. The  vol tage 
of in tercala t ion of Li  is re la ted to the dif ference in ~ and 
~o, the  chemica l  potent ia ls  of  l i th ium in the  host  and in 
l i th ium metal,  respect ively,  by (8) 

V~ = - (tL - t~o)/e [1] 

where  e is the m a g n i t u d e  of the  e lectronic  charge. For  co- 
in tercala t ion of Li  and PC, each a tom of Li that  enters  the 
hos t  carries with it n molecu les  of PC, so the  vol tage is 

Vc = - [(~ + n~o) - (t~o -nCoo)]/e [2] 

where  ~ and (oo are the chemica l  potent ials  of  PC in the 
host  and in the solution,  respect ively.  The  di f ference in 
potent ia l  of  the two react ions is 

V(. - V1 = n(~oo - ~0)/e [3] 

S ince  the chemica l  potent ia l  of  any molecu le  decreases  
wi th  the  n u m b e r  of those  molecules  (9, 10), (% should  be 
lower  in a saturated e lec t ro lyte  solut ion than in a 1M solu- 
tion, so Vc - V~ should  be smal ler  and cointerca la t ion  
should  be slower. 

A compl ica t ion  in our  expe r imen t s  is that  there  are sim- 
ilar amount s  of ZrS~ and PC in our  cells, so the concentra-  
t ion of the  electrolyte  increases  as PC cointercalates  (w,, 
decreases). Fur ther  work  is negded  to de te rmine  the 
ranges of stabili ty of  the  var ious  phases,  and to s tudy the 
kinet ics  of in tercala t ion and cointercalat ion.  

In  conclusion,  we have shown that  less PC cointercal-  
ates into Li~ZrS2 f rom a saturated solut ion of  LiAsFG in 
PC than  f rom a 1M solution.  We have found similar  reduc-  
t ions in cointerca la t ion  wi th  LixZrSe~ and Li~TaS~. The  
use  of  concent ra ted  solut ions should ex t end  the useful- 
ness  of  PC as a solvent  in expe r imen ta l  cells used  in the  
s tudy of intercalation,  and poss ibly  in cells for commer-  
cial applicat ions.  

Manuscr ip t  submi t t ed  J u n e  18, 1984; revised manu-  
script  rece ived  ca. Oct. 9, 1984. 
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A B S T R A C T  

The  app l i ca t i on  of  sol id  p o l y m e r  e lec t ro ly te  or M e m b r e l  w a t e r  e lec t ro lys is  cells w i t h  PbO2 a n o d e s  for  a n o d i c  genera-  
t ion  of  ozone  in  e lec t ro ly te - f ree  w a t e r  is r epor t ed .  M a x i m u m  yie lds  were  o b t a i n e d  at a t e m p e r a t u r e  of 25~176 a n d  a cur- 
r e n t  dens i t y  of  1.0-1.3 Acre-'-'. T he  c u r r e n t e f f i c i e n c y  was  no t  f o u n d  to d e p e n d  on  ozone  c o n c e n t r a t i o n  in  t he  feed  water .  
Bo th ,  t he  pe r f l uo r i na t ed  m e m b r a n e  a n d  t he  a n o d e  do no t  s h o w  a n y  d e g r a d a t i o n  of p e r f o r m a n c e  af ter  2500h of opera-  
t ion.  The  exce l l en t  s t ab i l i ty  a n d  p e r f o r m a n c e  of t he  cell are  co r re l a t ed  w i t h  p rope r t i e s  of  the  m e m b r a n e  a n d  its i n t e r f ace  
w i th  the  anode :  exc lu s ive  t r a n s f e r e n c e  of e lec t r ic  c u r r e n t  by  p ro tons ;  a b s e n c e  of c o n v e c t i o n  in  t he  e lect rolyte ;  h i g h  oxy- 
gen  o v e r s a t u r a t i o n  in t he  v ic in i ty  of t he  e lec t rode .  

Ozone  is p l ay ing  an  i n c r e a s i n g l y  i m p o r t a n t  ro le  as an  
e n v i r o n m e n t a l l y  c l ean  o x i d a n t  in  w a t e r  t r e a t m e n t  a n d  
severa l  new  p r o c e s s e s  in  ehemiea I  a n d  pu lp  indus t r ies .  
The  app l i c a t i on  of o z o n e - - u n l i k e  t h a t  of  c h l o r i n e - - d o e s  
no t  l eave  h a r m f u l  r e s i d u e s  s u c h  as ha lo fo rms ,  etc., a f te r  
reac t ion .  The  e n v i r o n m e n t a l  a d v a n t a g e s  of ozone  over  
ch lo r ine  jus t i fy  i ts h i g h e r  cost  of  g e n e r a t i o n  for  a n  in- 
c r eas ing  n u m b e r  of app l ica t ions .  B e c a u s e  ozone  is h igh ly  
r eac t ive  and  c a n n o t  be  s to red  over  an  e x t e n d e d  p e r i o d  of 
t ime,  i t  has  to be  g e n e r a t e d  on  site. T he  u sua l  t e c h n i q u e  is 
b y  s i len t  e lec t r ica l  d i s cha rge  in  an  ozonizer  u s i n g  d ry  air  
or p u r e  o x y g e n  as a m e d i u m .  The  specif ic  e n e r g y  con- 
s u m p t i o n  of  c lass ical  ozonizers  has  b e e n  i m p r o v e d  re- 
cen t ly  (1) to  va lues  of  14 Wh g - '  for  air  a n d  6 Wh g - '  for 
o x y g e n  feed. 

The  l i t e ra tu re  on  e lec t ro ly t ic  ozone  p r o d u c t i o n  was re- 
v i e w e d  by  Foi le r  a n d  Tob ia s  (2). In  t e r m s  of efficiency, 
the  a n o d i c  f o r m a t i o n  of  Oa does  no t  s eem to be  ab le  to 
b e a t  t he  c lass ical  g a s - p h a s e  process ;  the  be s t  r e su l t s  have  
b e e n  o b t a i n e d  a t  t e c h n i c a l l y  imprac t i ca l ly  low t e m p e r a -  
tures ,  a n d  t h e s e  j u s t  a b o u t  r e a c h  t he  ef f ic iency of  a mod-  
e rn  a i r -d r iven  ozonizer.  Still, e lec t ro ly t ic  ozone  g e n e r a t i o n  
offers a coup le  of  f ea tu re s  t h a t  are no t  rea l ized  in the  clas- 
sical  m e t h o d  a n d  w h i c h  m a k e  it an  i n t e r e s t i n g  a l t e rna t ive  
for va r ious  smal l - sca le  app l i c a t i ons  of ozone:  i n v e s t m e n t  
costs  for  an  e lec t ro lyzer  (per  un i ty  m a s s  of p r o d u c e d  O:J 
are e x p e c t e d  to b e  c o n s i d e r a b l y  lower  t h a n  for conven-  
t iona l  e q u i p m e n t .  T he  c o n c e n t r a t i o n s  of 0:3 in  t he  p r o d u c t  
gas  t h a t  c an  be  a c h i e v e d  are  h i g h e r  for  e lec t ro ly t ic  sys- 
t ems .  Th i s  r e d u c e s  t h e  gas  v o l u m e s  i n v o l v e d  in ozone  
t r e a t m e n t  or o p e n s  app l i c a t i ons  w h e r e  h i g h  concen t r a -  
t i ons  are a p re requ i s i t e .  

The  sol id p o l y m e r  e lec t ro ly te  or M e m b r e l  cell d e s i g n  is 
a pa r t i cu la r ly  i n t e r e s t i n g  d e s i g n  for an  e lec t ro ly t ic  ozone  
genera to r ,  s ince  i t  can  be  o p e r a t e d  in e lec t ro ly te- f ree  
wa te r  a n d  h e n c e  a l lows in situ ozona t ion  in wa te r  
s t r eams .  

Sol id  p o l y m e r  e lec t ro ly te  cells h a v e  b e e n  s h o w n  to of- 
fer a c o n c e p t u a l l y  a t t r ac t ive  a p p r o a c h  to n e w  or  es tab-  
l i shed  e l e c t r o c h e m i c a l  p r o c e s s e s  (3). In  wa te r  e lectro-  
lyzers,  t he  ion  c o n d u c t i n g  m e m b r a n e  e lec t ro ly te  is in  i ts  
H ~ fo rm and  is h e n c e  a s t rong  acid. I t  was  s h o w n  by Fol le r  
a n d  Tob ias  (2) t h a t  e lec t ro ly te  p rope r t i e s  cor re la te  
s t rong ly  wi th  t he  ozone  y ie ld  a n d  t h a t  t he  Lewis  ac id i ty  
of the  e lec t ro ly te  an ion ,  in  par t icu la r ,  cor re la tes  w i th  cur- 
r e n t  efficiency. T he  t e r m i n a l  --SO:~H g r o u p s  of  the  
p e r f l u o r i n a t e d  s ide  c h a i n s  of  the  Na t ion  m e m b r a n e  ma-  
ter ia l  s e e m  to fit t h e  e lec t ro ly te  r e q u i r e m e n t s  of  a good  
ozone  g e n e r a t i n g  cell. In  t he  fol lowing,  we r e p o r t  r esu l t s  
o b t a i n e d  w i th  a M e m b r e l  w a t e r  e lec t ro lys is  cell  modi f i ed  
wi th  a h i g h  o v e r p o t e n t i a l  anode .  

Exper imenta l  
T h e  cell u sed  for t h e s e  s t ud i e s  cons i s t ed  of a m e m b r a n e  

a n d  e l ec t rode  a s s e m b l y  k n o w n  f rom M e m b r e l  w a t e r  
e lec t ro lyzer  des igns  (4). T he  c a t h o d e  c o n s i s t e d  of  a P t  cat- 
a lys t  d e p o s i t e d  wi th  a p r o p r i e t a r y  m e t h o d  on to  t he  sur- 
face of a Na t ion  120 m e m b r a n e  and  c o n t a c t e d  by  a 

' Present  address: Hoffmann La Roche, 4002 Basel, Switzer- 
land. 

porous graphite current collector. The membrane was al- 
lowed to swell in water at 130~ corresponding to a water 
uptake of -30 weight percent (w/o). The anode was 
formed by a porous titanium sintered material covered 
with a PbO., layer and pressed onto the surface of the 
membrane. The complete membrane and electrode as- 
sembly had an area of 30 cm=' and was contained in a 
monopolar circular cell housing made of titanium and 
stainless steel. Figure 1 shows a diagram of the cell used. 
Care was taken to provide sufficient volume of the hous- 
ing to allow thermostating of the assembly. The cell was 
mounted in an all-glass and Teflon water circulating sys- 
tem. The same water was used for both feed and cooling 
agent. 

Figure 2 shows the flow system of the experimental set 
up. Water was circulated in a closed anode loop by a 
PTFE circulation pump. A constant circulation flow was 
m a i n t a i n e d  t h r o u g h o u t  all e x p e r i m e n t s  at  - 5 0  l i t e r -h - ' .  
The  loop was  fed w i th  d e m i n e r a l i z e d  water .  The  feed 
w a t e r  flux (%) was  a d j u s t e d  b y  a m e t e r i n g  va lve  b e t w e e n  
5 a n d  60 l i t e r -h - ' .  A n  overf low m a i n t a i n e d  a c o n s t a n t  
wa te r  v o l u m e  in t he  a n o d e  loop. A smal l  f r ac t ion  of  wa te r  
( -0 .1  l i ter-h -~ at  t he  r a t ed  cu r ren t s )  was  t r a n s p o r t e d  b y  
e lec t ro -osmos i s  t h r o u g h  t he  m e m b r a n e  to t he  c a t h o d e  
c o m p a r t m e n t  a n d  d i sca rded .  C i rcu la t ion  of  wa te r  in  t he  
c a t h o d e  loop was  m a i n t a i n e d  by  gas  l ift  p u m p i n g  only, 
w h i c h  was  suff ic ient  for  r e a s o n a b l e  t h e r m o s t a t i n g  of t he  
en t i r e  cell  body.  

C u r r e n t  eff ic iencies  of ozone  p r o d u c t i o n  we re  deter -  
m i n e d  b y  m e a s u r i n g  t he  ozone  c o n c e n t r a t i o n s  in  t h e  
p r o d u c e d  oxygen  gas  a n d  in the  wa te r  over f low f rom the  
a n o d e  loop. C o n c e n t r a t i o n  m e a s u r e m e n t s  were  per-  
f o r m e d  u s i n g  a UV-vis  spec t r a l  p h o t o m e t e r  ( S h i m a d z u  
UV-120-02) w i th  s epa ra t e  f low- th rough  a b s o r p t i o n  cu- 
ve t t e s  for t he  l iqu id  and  t h e  gaseous  phases .  Concen t r a -  

H 20+H 2 

~'-'~/',~'-~ ~ GASKETS 

~ H20+02+03 

MEMBRANE- 

Fig. I. Experimental cell for ozone c eneration in water. The hardware 
is made from titanium on the anode ~ide and of stainless steel on the 
cathode side. 
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Fig. 2. Flow scheme of experimental rig 

tion (gm -3) was calculated from the measured extinction 
data using the coefficients from literature: 3024 cm -I 
real-' liter at 253.7 nm for the gas (5) and 2900 cm -I real-' 
liter at 258 nm for the aqueous solution (6). The PbO2 elec- 
trode was characterized before and after service in the 
cell by x-ray diffraction at glancing incidence (2 ~ ) and 
scanning electron microscopy. 

The feed water was demineralized by passing through a 
mixed bed ion exchange column. Conductivity was in the 
r a n g e  of 1-2/~S cm % 

Results 
O z o n e  y i e l d . - - T h e  c u r r e n t  eff ic iency of t he  M e m b r e l  

ozone  g e n e r a t o r  was  d e t e r m i n e d  as a f u n c t i o n  of t he  pro- 
cess  var iab les :  cu r ren t ,  t e m p e r a t u r e ,  a n d  feed-wa te r  flow. 
All da ta  are r e p o r t e d  for  one  specific a n o d e  s t ruc ture .  
The  in f luence  of t he  s t ruc tu ra l  p a r a m e t e r s  of  t he  a n o d e  
such  as poros i ty  and  t h i c k n e s s  will  be  d i s c u s s e d  in a la te r  
p u b l i c a t i o n  (7). The  b e h a v i o r  of  t he  g e n e r a t o r  (d i scussed  
he re  as a f u n c t i o n  of the  a b o v e - m e n t i o n e d  p roces s  pa ram-  
eters)  is qua l i t a t ive ly  no t  a f fec ted  by  the  a n o d e  geomet ry .  
The  c u r r e n t  eff ic iency ~i was  ca lcu la ted  f rom the  con- 
c e n t r a t i o n  da ta  m e a s u r e d  in the  gas p h a s e  a n d  in the  
a q u e o u s  p h a s e  af ter  p r o d u c t i o n  h a d  r e a c h e d  s t eady  state,  
w h i c h  h a p p e n e d  af te r  - 1 0 0 h  of opera t ion .  The  c u r r e n t  
ef f ic iency is de f ined  as 

~j = (jwC w + j~Cg)zF i  - '  �9 100% 

w h e r e  Jw a n d  jg are t he  f low ra tes  of  wa te r  a n d  a n o d e  gas, 
respec t ive ly ,  C w and  C g t he  c o r r e s p o n d i n g  c o n c e n t r a t i o n s  
of  ozone,  i t h e  cu r ren t ,  F t he  F a r a d a y  cons t an t ,  a n d  z the  
n u m b e r  of  e l ec t rons  n e c e s s a r y  for  the  f o r m a t i o n  of  I mol  
of O 3 ( z = 6 ) .  

In  Fig. 3, c u r r e n t  ef f ic iency is p lo t t ed  in p e r c e n t s  
aga ins t  t e m p e r a t u r e .  T he  c u r r e n t  ef f ic iency shows  a 
m a x i m u m  o f - 1 5 %  at  a t e m p e r a t u r e  of  25~176 Th i s  t em-  
p e r a t u r e  a n d  its p e a k  va lue  are r a t h e r  u n e x p e c t e d l y  high.  
Eff ic iency m a x i m a  h a v e  b e e n  r e p o r t e d  at  m u c h  lower  
t e m p e r a t u r e s  in  c o n c e n t r a t e d  so lu t ions  of  oxyac ids ,  i .e. ,  
at -40~ in H3SO4 (2), -10~ in H:~PO4 (2), and -30~ in 
HCIO4 (8). No explanation for these maxima has yet been 
found. 

The dependence of the relevant data for O:~. formation 
on current density is shown in Fig. 4. The current 
efficiency (Fig. 4b) increases with increasing current den- 
sity and levels off above ~1.3 kAm -2, reaching a satura- 
tion value. Qualitatively, the curve shape resembles the 
corresponding curves reported by Foiler and Tobias (2) 
for sulfuric acid at 0~ The specific power consumption 
P of the process expressed in watt-hours (dc power) per 
gram of produced ozone is calculated from the current 
efficiency V~ and the corresponding cell voltage U 

UzF p- 
M TI~ 

where M is the molecular weight of ozone, F the Faraday 
constant, and z the number of electrons transferred in 
forming 03. 

I I I 

I I I 
20  4 0  6 0  

TEMPERATURE [ ~  

Fig. 3. Current efficiency as a function of temperature. Current den- 
sity: i = ] Acm-2; feed water: Jw = 5 l i ter-h-L 

Combining the data of Fig. 4b with the current-voltage 
characteristics of the cell (Fig. 4c) yields the plot of P vs. 
current density (Fig. 4a), which shows a minimum around 
1 A/cm'-'. 

The concentrations of ozone that correspond to the 
efficiency data reported above are in the order of 150-180 
grp -3 in the gas phase and 20-30 gm -:~ in water. These 
concentrations depend, of course, on the amount of water 
that is fed to the system per unit time (j~). At constant 
temperature (18~ and current (30A), the water flux (Jw) 
was varied between 5 and 60 liter-h-'. The ratio of the 
concentrations of ozone in gas and in water (which, in the 
limiting case of Jw = 0 is ~5) increases with water flux. 
This indicates that, in the flow system used, an equilib- 
rium partition of ozone between gas and liquid is only at- 
tained at very small fluxes. This is illustrated in Fig. 5a, 
which is a graph of the apparent Henry constant defined 
as 

Ha.. = (C~)(C") -' 

w h e r e  C~ a n d  C w are b o t h  m e a s u r e d  in g r a m s  pe r  cub ic  
m e t e r  of  gas or l iquid ,  respec t ive ly .  The  c o n c e n t r a t i o n  of 
ozone  in wa te r  in  th i s  e x p e r i m e n t  va r i ed  b e t w e e n  25 a n d  
4 p p m  (Fig. 5b). The  to ta l  q u a n t i t y  of  ozone  p r o d u c e d  pe r  
un i t  t ime  (Jo:~), howeve r ,  is i n d e p e n d e n t  of t h e  w a t e r  flux, 
as can  be  seen  f rom the  top  cu rve  of Fig. 5c. The  o the r  
two curves of Fig. 5c show the fractions of the total ozone 
production: first, that which leaves the system as aque- 
ous solution and, second, that which leaves in the gas 
phase. The independence of ozone yield from feed-water 
flux means that current efficiency is not influenced by 
the degree of saturation with ozone of the water passing 
through the cell. 

Stability.--One problem generally encountered with 
ozone generating cells is the long-term stability of elec- 
trode materials and cell equipment. Nation membranes 
are well known for their extraordinary stability against 
oxidants (9). The excellent oxidation stability is 
confirmed by our long-term testing of cells. No degrada- 
tion of the membrane was detected after >2000h of opera- 
tion u n d e r  a c o n s t a n t  load of  1.3 Acre-='. D u r i n g  opera-  
t ion,  the  ef f luent  wa te r  was  c h e c k e d  for  f luor ide  ions.  
The  levels  m e a s u r e d  w i th  an  ion-se lec t ive  e l ec t rode  were  
only  j u s t  w i th in  i ts de t ec t i on  l imi t  and  were  no t  i nd i ca t i ve  
of s ign i f ican t  decompos i t i on .  
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Lead dioxide is known to undergo corrosion in liquid 
acids under conditions of high anodic currents (I0, ii). 
Long-term experiments with Membrel cells were per- 
formed in order to assess the corrosion behavior of PbO~ 
deposited on titanium. For this purpose, an experiment 
was run over a period of 2500h under a load of 1.3 Acre--'. 
The water from the anode loop was checked for lead ions 
by inverse voltammetry. 2 The lead level found did not dif- 
fer significantly from the level of the deionized feed 

'-' Analysis of Pb content in water were kindly performed by 
Dr. H. Siegenthaler of the Institut ffir anorgan. Chemie, 
Universit~t Bern, Switzerland. 
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analyzed by UV absorption at 258  nm. c: Ozone production rate in 
grams per hour, leaving the apparatus in O: the aqueous phase (jwo3) , 

the gas phase 0%3) and �9 overall (Jo3 = J'~o3 + J%3)- 

water (feed water: 0.35 ppb; anode loop: 0.38 ppb). The 
cell voltage was stable within 3.45 -+ 0.1V at 30~ through- 
out the experiment. 

After disassembling the cell, the PbO2 layer was in- 
spected using scanning electron miscrosopy. The micro- 
graph of Fig. 6a shows the back of the electrode which 
was not in direct contact with the membrane, and Fig. 6b 
shows the electrode surface facing the membrane. The 
differences between the back and the front are evident. 
The crystallite morphology of PbO~ is partly destroyed in 
the contact areas where the electrode reaction tookp lace  

Fig. 6. Scanning electron micrographs of the Pb02 layer of a Membrel anode after 2500h of service, a(left): Back of the electrode, not 
electrochemically active, b(right): Front of the electrode with areas of intimate contact with the membrane. 
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at  a h i g h  rate.  The  e s t i m a t e d  c u r r e n t  dens i t y  at  t he  po in t s  
of  con t ac t  w i t h  t he  m e m b r a n e  (des t royed  crys ta l  mor-  
phology)  was a b o u t  2.5 Acre-'-'. T he  c rys t a l l og raphy  of  the  
PbO~ layer  was  s t ud i ed  by  x-ray d i f f rac t ion  at  g l anc ing  in- 
c i dence  (-2~ w h i c h  s a m p l e s  a layer  d e p t h  of  -0 .1  tLm. 
The  d i f f r ac tog rams  of  Fig. 7 s h o w  t he  l ines  o b s e r v e d  for 
b o t h  s ides  of t he  e l ec t rode  af te r  use  in  t he  cell. The  rear  
su r face  cons i s t s  of  a m i x t u r e  of fl-PbO~ a n d  a-PbO.2 due  to 
t he  d e p o s i t i o n  p roces s  chosen .  The  l ines  o r ig ina t i ng  f rom 
the  a-PbO2 s t r u c t u r e  are s t rong ly  d i m i n i s h e d  on  t he  f ron t  
su r face  w h i c h  was  e l e c t r o c h e m i c a l l y  active.  I t  is k n o w n  
f rom the  l i t e ra tu re  (10) t h a t  a- and/3-PbO2 usua l ly  co r rode  
at  t he  s ame  rate,  so p re f e r en t i a l  co r ros ion  of  a-PbO2 can  
be  exc luded .  More  l ike ly  is a t r a n s f o r m a t i o n  of  a-PbO~ 
in to  fl-PbO2 via  a so lu te  spec ies  (d i scussed  below).  

Discussion 
Comparing the results that were obtained using the 

Membrel water electrolyzer as an ozone generator with 
published work on comparable systems, one finds two 
features which are strikingly different. First, the PbO~ 
coating in contact with Nation seems to be more stable 
(by several orders of magnitude) than in liquid electro- 
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Fig. 7. X-ray diffraction at glancing incidence of the same electrode as 

Fig. 6. a: Expected lines for e-PbO2 (17). b: Diffractogram of the back of 
the electrode, c: Diffractogram of the front part of the electrode, d: Ex- 
pected lines for fl-PbO2 (17). 

lytes. Second, the system shows a distinct yield maxi- 
mum at a comparably high temperature of 25~176 Both 
properties of the system are important for its technical 
application and must be deduced from specific proper- 
ties of the ion exchange membrane used as an electrolyte 
and its interface to the PbO., anode. It is generally as- 
sumed that perfluorinated ionomer materials in contact 
with water segregate into one hydrophilic and into one 
(possibly two) hydrophobic phases (12). The hydrophilic 
phase contains the ionic groups and most of the water 
and forms a percolating network within the membrane. 
The electrolytic properties of Nation membranes are 
given by this aqueous phase, formed by fixed anions, 
mobile cations (hydronium ions in the case of water elec- 
trolysis), and water. In many respects, Nation does be- 
have like an "ordinary" aqueous electrolyte: i.e., cyclic 
voltammetry of Pt electrodes in contact with Nation in 
pure water gives all the features that are well known in 
acidic liquidelectrolytes (13). 

With respect to the corrosion stability of lead dioxide, 
two properties of the membrane electrolyte seem to be 
decisive. The electrolyte is convection free and prevents 
mechanical wear of the electrode coating. The proton 
transference number in this application is 1.0, and, there- 
fore, no concentration gradients of electrolyte species by 
transference will occur, even at extremely high current 
densities. The corrosion resistance can be rationalized as- 
suming the validity of the model for PbO., corrosion in 
liquid acids proposed by Foiler and Tobias (i0). They as- 
sume chemical dissolution of PbO._, as Pb 4~ in a layer with 
very high proton activity near the anode (due to transfer- 
ence) and reformation of fl-PbO., in the bulk of the electro- 
lyte where pH is higher. Support for this model was de- 
duced from the observed transformation of ~-PbO._, as an 
electrode coating into fi-PbO., as a corrosion product. Our 
results tit very well into that model. The absence of con- 
centration gradients at the anode surface reduces drastic- 
ally the chemical dissolution of PbO~. The little PbO.~ that 
does dissolve is redeposited immediately onto the surface 
because of unfavorable transport conditions for its re- 
moval from the electrode (absence of convection). 

The mechanisms involved in the anodic evolution of 
ozone are not well understood. The reaction does not 
seem to depend much on specific electrocatalytic proper- 
ties of the electrode material, the only prerequisite appar- 
ently being a sufficiently high overpotential for oxygen 
evolution. However, the ozone yield strongly depends on 
electrolyte properties, such as its concentration and the 
electronegativity of its anion. The different location of the 
temperature maximum of the ozone yield for lead dioxide 
electrodes in different electrolytes also suggests that the 
observed temperature dependence is mainly governed by 
the physical chemistry of the electrolyte solution, rather 
than by the surface properties of the electrode. The elec- 
trolyte influence on ozone yield has been rationalized in 
two ways by Foiler and Tobias (2, 18). First, the adsorp- 
tion of oxyanions competes with the adsorption of oxy- 
gen intermediates and hence influences the free energy 
of adsorption of oxygen. An optimum free energy of ad- 
sorption of oxygen exists at low to intermediate anion 
coverages. Ozone is believed to be formed by a heteroge- 
neous catalytic mechanism on the electrode surface. Sec- 
ond, the electrolyte anions stabilize the free intermediate 
species that might be formed at high anodic potentials. 
This argument holds mainly for fluoroanion electrolytes. 
The kinetics of this process would then be determined 
mainly by a homogeneous mechanism in the electrolyte. 

An electrocatalytic mechanism as suggested by the an- 
ion adsorption model seems improbable since any ad- 
sorbed intermediate irrespective of its adsorption energy 
would be an intermediate for both, O~ and O:~. A mecha- 
nism via solute species seems more probable. With plati- 
num as a catalyst the cathode overpotentia] is estimated 
to be in the order of 50 mV (3). This means that the iR free 
anode potential derived from Fig. 4 is in the order of 2.5V 
over the current density range of maximum ozone yield. 
This is sufficiently high to form free or loosely adsorbed 



Vol.  132, No.  2 P R O D U C T I O N  O F  O Z O N E  371 

atomic oxygen, which reacts readily with molecular oxy- 
gen to form ozone (14). Assuming a mechanism of the 
kind outlined above, one would expect the ozone current 
yield to depend on the oxygen concentration in the imme- 
diate vicinity of the electrode. It has been shown by gas 
diffusion measurements that supersaturation in the order 
of 10 bars can occur at gas evolving electrode-membrane 
interfaces (15). One reason for the relatively high current 
yield of the Membrel ozone generator at moderate tem- 
peratures might be connected with the high oxygen su- 
persaturation of the solid polymer electrolyte structure. 
The assumption of a high supersaturation of oxygen at 
the electrode-membrane interface, and, consequently, of 
ozone as well, also explains the independence of the yield 
from ozone concentration in the feed water. The concen- 
tration range of ozone in the feed water was 5-25 ppm and 
probably smaller by at least an order of magnitude than 
in the region of supersaturation. Hence, no dependence 
on the concentration is to be expected. In order to get 
more information about the influence of the concentra- 
tions of dissolved gases, a pressure electrolysis system for 
ozone generation is being built (16). 

Conclusions 
Nation membranes have some unique physical and 

chemical properties that make them suitable for use as 
electrolytes in solid polymer electrolyte cells for ozone 
generation: current efficiency of 15%; a relatively low cell 
voltage; operation at room temperature; and a long life- 
t ime of the cell components.  Together, these make this 
system an economically interesting new electrolytic tech- 
nique. The main advantage is the fact that the Membrel 
cell directly produces an aqueous solution of ozone ready 
for various oxidizing and/or disinfectant applications. 

The mechanisms of ozone formation are not well under- 
stood, and more fundamental  and applied research is nec- 
essary to guide further improvement  of the system. 
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Computer Simulation of Dendritic Electrodeposition 
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ABSTRACT 

We have generalized the single-particle diffusion-limited aggregation process to both multiparticles and aggregation 
on an initially smooth surface. The computer  simulation is done as a function of "concentration" of the particles and the 
sticking coefficient to the surface. These parameters are correlated with electrochemical parameters such as overpoten- 
tial, limiting current, exchange current, and electrolyte concentration. The correlations between the two sets of parame- 
ters permits direct comparison between simulation and experiment.  The transition between "mossy" deposits and fully 
developed dendritic growth is recorded. The simulation reproduces the presence of a critical overpotential and an initia- 
tion time. The fundamental  interdependence of these parameters and their dependence on the concentration of the elec- 
trolyte, quantitatively resemble that of the observed dendrite growth in electrodeposition of Zn and other metals. 

The subject of dendritic growth during eleetrodeposi- 
tion of metals has fascinated electrochemists for many 
years. Part of this fascination is, no doubt, due to the 
technological importance of this phenomenon,  particu- 
larly in conjunction with battery technology. Equally im- 
portant, however, is the challenge that is being presented 
in the complexity and the unique morphology that is be- 

*Electrochemical Society Active Member. 

ing created and the realization that this unique morphol- 
ogy can be generated, under appropriate conditions, re- 
gardless of the metal involved. 

The interdependence between ionic transport in the 
electrolyte, the kinetics of charge transfer at the metal so- 
lution interface and the solid state properties of the de- 
posit was emphasized in numerous review articles on 
electrodeposition (1). Closer to home, the system in which 
dendrite formation was most thoroughly studied is the 
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electrodeposition of Zn in alkali zincate electrolyte. All 
the comparisons with experiment that will be made in 
this paper are based on this system. In this system, three 
kinds of deposits are encountered (2): (i) smooth deposits 
at low overpotential in vigorously stirred electrolytes, (ii) 
in quiescent concentrated solutions, dark gray porous 
(mossy) deposits are formed at low overpotential, and (iii) 
at higher overpotentials, dendritic deposits are invariably 
formed. Phenomenologically, it was recognized that an 
initiation overpotential is required to produce dendrites, 
and at least one initiation time was observed. Beyond the 
initiation time, the velocity of dendrite propagation was 
found to be approximately constant. The issue of both an 
initiating time and overvoltage as two separate require- 
ments is still unsettled. Their presence will imply a criti- 
cal overvoltage with an infinite initiation time and a 
finite initiation time for an infinite overpotential. 

Morphologically, it was observed that, after the initia- 
tion stage, the dendrite tips are parabolic in shape with 
approximately constant radius of curvature (3) that de- 
creases with overpotential (4). 

The most recent attempt at a comprehensive theoretical 
analysis of the phenomena can be found in a series of pa- 
pers by Landau and his group (4) which expand on earlier 
concepts that were advanced by Bockris and his group 
(5). 

These theories divide the dendrite growth into two 
stages: initiation and propagation. During the initiation 
stage arbitrary roughness at the substrate (1), or, more 
specifically, pyramids arising from rotation of screw dis- 
locations (3), are being exponentially amplified by prefer- 
ential transport of the deposited ions from the electrolyte. 
At the propagation stage, equations which include diffu- 
sion, reaction kinetics, and surface energy were solved for 
either maximum velocity at the tip (5) or to obey marginal 
stability criteria (4). From the results, it was possible to 
obtain the radius of the tip, the critical overpotential, 
and/or the induction time. Attempts were made to deter- 
mine the interdependence of these parameters and their 
dependence on electrolyte concentration, temperature, 
and hydrodynamic conditions. It is not our intention in 
this paper to challenge any of these theories. We would 
like to explore here what aspects of the dendritic growth 
can be simulated without making any physical assump- 
tions about the system. The system consists only of an ar- 
bitrary featureless surface in contact with an "electrolyte" 
at a given concentration. Each particle in the electrolyte 
undergoes random walk until it reaches the surface. At 
the surface, a finite, given probability will determine 
whether the particle will stick to the surface or will be 
reflected back to the solution. 

Methodology 
Our work was stimulated by the recent interest among 

physicists in growth or aggregation phenomena that re- 
sult in fraetal clusters (5, 7) with power-law correlations 
over wide ranges of length scales. Such correlations are 
reminiscent of those found in equilibrium-phase transi- 
tions at the critical point. Much of the recent widespread 
interest in understanding the computer simulations of 
simple aggregation processes (8-10) have been successful 
in reproducing the scale invariant properties. In particu- 
lar, a simple model has been presented (8, 9) for the aggre- 
gation process when the limiting step is diffusion to the 
growth sites. This model is based only on local con- 
straints (Brownian motion, connectivity to aggregate) yet 
it reproduces the long-range fractal behavior. This model 
and its variations have also stimulated theoretical treat- 
ments based on mean field (ii) and continuum (12-14) ap- 
proximations and real space renormalization (15). 

The models presented here are a generalization of the 
single-particle diffusion-limited aggregation process (8) to 
both multiple particles and aggregation on an initially 
smooth surface. In the original model (8), a single particle 
would undergo a random walk until reaching the bound- 
ary of the aggregate of cluster. At this point, it became 
part of the cluster and a new particle began its walk. 

Here, we begin with a two-dimensional square lattice 
(typically 600 • 400) where a fraction of the sites are ini- 
tially occupied with mobile particles. The bottom edge is 
the initial active area for growth while the top edge is 
held at fixed concentration (9). The mobile particles un- 
dergo simultaneous diffusion (random walks) under the 
constraint that no two particles can occupy the same site 
at the same time. During a time step, each of the mobile 
particles is examined in random order. One of its four 
neighbor sites is selected by chance as a possible next po- 
sition. If unoccupied, the particle moves to this new site. 
If occupied, the particle remains fixed. Periodic bound- 
ary conditions are used in the horizontal direction, 
particles that leave to the right enter from the left. If the 
new site borders a growth site, it becomes part of the ag- 
gregate with probability k. Once part of the aggregate, the 
particle is immobile and is itself a new growth site. The 
sticking probability k is related to the electrochemical pa- 
rameters during electrolyte deposition. The process is re- 
peated for different k and c, where c represents the frac- 
tion of occupied sites until an either fixed number of 
particles have aggregated (typically i00,000) or until a 
fixed number of time steps have elapsed. 

Since this paper represents a collaborative effort be- 
tween a theoretical physicist and an electrochemist, we 
feel that the appropriate procedure to present the results 
is in terms of intrinsic system parameters which are inde- 
pendent of electrochemical terminology. Thus, the kinet- 
ics at the interface is represented by sticking probability, 
the electrolyte concentration in terms of percentage of 
occupied sites and distance, and time in terms of arbi- 
trary displacement units and number of steps in a Brown- 
Jan motion in which the diffusion coefficient is taken as 
unity. These units have the advantage that they are inde- 
pendent of any particular system. In the discussion sec- 
tion, we will transform these units to the conventio~-al 
electrochemical units, using the Zn system as an exam- 
ple. 

Results 
Figures 1 and 2 show the time evolution of the morphol- 

ogies which develop with 10% electrolyte concentration 
and different sticking probabilities. In addition, one can 
observe the concentration gradient in the electrolyte as 
one approaches and enters the deposited surface. 

By comparing the figures, one can observe the first 
important result from this work: at low sticking probabil- 
ity (1%), one observes a morphology which is similar to 
the mossy deposit that is observed with metal deposit ion 
at low overpotential and a "typical" dendrite formation 
with side branching, etc., at the higher sticking probabil- 

Fig. 1. Simulation of growth for concentration of 0,1 (fraction of 
occupied sites) and sticking coefficient of 0.3. The transition between 
black and gray indicates time evolution in units of 2 • 10 ~ Brownian 
motion steps. 
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Fig. 2. The same conditions as Fig. 1, but with sticking coefficient of 
0.01. 

time, t (Brownian motion steps) 

Fig. 4. The same as Fig. 3 with fixed sticking probability (0.1) and 
varying concentration. 

In Fig. 3, we show the  t ime  evolu t ion  of  the surface 
he igh t  for var ious s t icking probabil i t ies  at a f ixed elec- 
t rolyte  concent ra t ion  (10%). In  Fig. 4, we show the  t ime 
evolu t ion  of  the  surface he igh t  for var ious  e lec t ro lyte  con- 
centra t ions  at a fixed s t icking probabi l i ty  (10%). Since 
both  figures can be  direct ly  compared  with exper iment ,  
all the  quant i ta t ive  analysis will be based on them.  F r o m  
Fig. 1, it is obvious  that  dendr i tes  of var ious  he ights  are 
fo rmed  across the surface. The  surface he ight  in Fig. 3 
and 4 was calculated by taking an "average"  of the 
domina t ing  dendri tes .  This p rocedure  clearly deviates  
f rom the  expe r imen ta l  de te rmina t ion  of this pa ramete r  
(3), which  was done  by fol lowing the  growth  of an arbi- 
trary, s ingle dendri te.  F igures  3 and 4 are p resen ted  in 
logarithmic scale; they cover at least three orders of mag- 
nitude in length and six orders of magnitude in time. 
Even without quantitative analysis of the data in these 
figures, the existence of an initiation time for dendrite 
growth, which changes with the sticking probability and 
the concentration of the electrolyte, is evident. The exact 
significance of the initiation time is not so obvious. One 
can observe that all the curves are approximately linear in 
the logarithmic scale, down to a height of 1. Below that 
height, the curves deviate from linear behavior in a non- 
systematic way with considerable amount of noise. In the 
linear portions of the curves, the slope is approximately 
constant, with value of 2/3 for the high electrolyte concen- 
trations with increase in slope as we increase the concen- 
tration of the electrolyte. This is a clear deviation from 
the experimentally observed behavior (3), in which, over a 
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Fig. 3. The average surface height as a function of time in Brownian 
for fixed concentration (0.1) and varying sticking 

much more limited range of time and distance, a linear 
dependence which implies constant rate of growth was 
observed. We do not wish to speculate here as to the pos- 
sible origin of these differences. The dimensionality of 
the problem, the method of measurement of the height, 
the available range, are all different. 

Arbitrarily, we will stipulate that a height of 1 is the 
threshold of dendritic growth. Figure 5 shows the time it 
takes to reach this height as a function of the sticking 
probability for c = 0.I, and at a sticking probability of 0.I 
as a function of concentration. If we associate this time 
with the initiation time and the sticking probability with 
the overvoltage, this curve can also be directly compared 
with experiment. This will be done in the discussion sec- 
tion, after we introduce the correlation between the 
sticking probability and the overvoltage. 

D i s c u s s i o n  

Correlation Between the Numerical Calculations and Electrochemical 
Parameters 

S t i c k i n g  coef f ic ients  a n d  o v e r p o t e n t i a L - - S u p p o s e  that  
the deposi t ion  occurs  under  m i x e d  act ivat ion and diffu- 
sion control  (1). The current  densi ty  is g iven  by 

r /L.a -- I ~  :a(T}) } [1] I = Zo{(~ ) ft(7~) -- \ /I a / 

where 
f,.(~) = exp (~<.F~?/RT) [2] 

fa07) = exp  (~aF~/RT) [3] 

I,> is the  exchange  current ,  IL.,. and Ii..~ the  l imit ing cur- 
rents,  % and ~,. the  t ransfer  coefficients of the anodic  and 
cathodic  reactions,  F the  Faraday  number ,  R the  gas con- 
stant, T the  absolute  tempera ture ,  and V the 
overpotent ial .  For  the  numer ica l  s imulat ion,  we assume 
that  when  the  react ion is diffusion control led,  i.e., I = I~., 
the  s t icking coefficient  of  the  solute on the e lec t rode  is 1. 
U n d e r  these  condit ions,  every  encounte r  be tween  solute 
and substrate  resul ts  in deposi t ion.  Fo l lowing  this as- 
sumpt ion ,  we  def ine  the  s t icking coeff icient  at any po- 
tent ial  as 

I 
[4] K =  / - ~  - 

a n d  assume that  the l imi t ing currents  for the  anodic  and 
ca thodic  react ions are the  same  in m a g n i t u d e  and op- 
posed  in sign, then, by rearranging Eq. [1], we obtain  

1 riO?) + fa(v) IUI,, 
- -  - + [5] 

:(v) - :.(~) f.(v) - :17) 

For  a s ta t ionary e lec t rode  the  l imit ing cur ren t  densi ty  is 
g iven by 
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Fig. 5. The variation of the initiation time (taken at surface height of 
1 ) with the sticking probability and concentration (insert). The data were 
taken from Fig. 3 and 4. 

IL = ZFDCo/6,, [6] 

w h e r e  D is the  d i f fus ion  coeff ic ient  of  the  depos i t i ng  
ions,  C,, is t he i r  c o n c e n t r a t i o n ,  Z the  charge ,  a n d  8 is the  
t h i c k n e s s  of the  d i f fus ion  layer.  For  i l l u s t r a t ion  pu rposes ,  
le t  us  t ake  the  Z n  s y s t e m  as a p ro to type .  Diggle  et  al .  (3) 
h a v e  f o u n d  t ha t  in  z inca te  so lu t ions  D/6 = 6.8 x 10 -4 cm]s. 
I f  we n o w  wri te  t he  e x c h a n g e  c u r r e n t  dens i t y  as (1) 

( - ~ F  Eo) [7] I o = FkCo exp  \ R T  

w h e r e  k is the  ra te  c o n s t a n t  of  t he  r a t e - d e t e r m i n i n g  step,  
C,, t he  c o n c e n t r a t i o n  of  the  e lectrolyte ,  a n d  E,, t he  equi l ib-  
r i u m  po ten t i a l  of t he  r eac t i on  a n d  t ake  typ ica l  e x c h a n g e  
c u r r e n t  for  the  Z n  e l ec t rode  to be  5.5 A/cm'-' a t  C,, = 5.5M, 
w h i c h  is a p p r o x i m a t e l y  e q u i v a l e n t  to the  10% concen t r a -  
t ion  s h o w n  in Fig. 3. We will  f u r t he r  a s s u m e  tha t ,  for th is  
e lec t rode ,  ~c = 1 - fi a n d  ~ =/3, w h e r e  fl = 0.5 is t he  sym- 
m e t r y  fac tor  a n d  Z = 1. 

U s i n g  the se  da ta  a n d  Eq. [1] a n d  [5], one  can  cor re la te  
the  s t i ck ing  coeff ic ients  w i th  the  o v e r p o t e n t i a l  for a 
g iven  c o n c e n t r a t i o n  of  the  electrolyte .  For  a q u i c k  refer-  
ence,  s u c h  a co r re l a t ion  is p r e s e n t e d  in Fig. 6. 

T i m e  a n d  s p a c e . - - T h e  ca lcu la t ions  are p r e s e n t e d  in  
un i t s  of  B r o w n i a n  s teps  w i t h  n o r m a l i z e d  d i f fus ion  coeffi- 
c ient ,  D = 1. 

To c o n v e r t  t he se  un i t s  in to  the  c o n v e n t i o n a l  u n i t s  of 
l e n g t h  a n d  t ime,  we will c o m p a r e  the  ca l cu la t ed  g r o w t h  
ra te  to the  e x p e r i m e n t a l  g r o w t h  ra te  of  Z n  d e n d r i t e s  a n d  
i n t r o d u c e  the  d i f fus ion  coeff ic ient  of  z inca te  ion. The  
c o m p a r i s o n  is no t  exac t  b e c a u s e  the  e x p e r i m e n t a l  obser-  
va t i ons  were  car r ied  ou t  at  c o n s i d e r a b l y  lower  z inca te  
c o n c e n t r a t i o n s  a n d  t h e  n u m e r i c a l  p r o p a g a t i o n  veloci t ies  
are no t  cons tan t .  Neve r the l e s s ,  t he  c o m p a r i s o n  s h o u l d  be  
val id  wel l  w i t h i n  an  o rde r  of m a g n i t u d e  a n d  will  add  to 
the  clar i ty  of t he  qua l i t a t ive  c o m p a r i s o n s  t h a t  we t ry  to 
m a k e  he re  b e t w e e n  " t h e o r y "  and  e x p e r i m e n t .  Two equa-  
t ions  will  be  u s e d  for th i s  pu rpose :  f rom r a n d o m  wa lk  sta- 
t is t ics ,  t he  root  m e a n  s q u a r e  d i s p l a c e m e n t  ~ c h a n g e s  w i th  
t i m e  acco rd ing  to 

= ~/2Dt  [8] 

and  t he  " a v e r a g e "  ve loc i ty  of t he  d e n d r i t e  p r o p a g a t i o n  is 
g iven  by  

1 
v = - -  [9] 

t 
w h e r e  l is the  l e n g t h  of  a dendr i t e .  

0 I I 
0 5O I00 

rl, , mV 
Fig. 6. The calculated variations of the sticking probability with the 

overpotential. The calculations are based on Eq. [1] and [5] and parame- 
ters which are given in the text. 

Typica l  e x p e r i m e n t a l  va lue  for v in  t he  Z n  s y s t e m  is 1 
~m/s ,  and  a " typ ica l "  ca l cu la t ed  value,  t a k e n  f rom Fig. 3, 
is 5 x 10 -~ d i s p l a c e m e n t s / n o ,  of  B r o w n i a n  steps.  T a k i n g  
the se  va lues  t oge the r  w i th  the  m e a s u r e d  d i f fus ion  coeffi- 
c i en t  of  D = 6.8 x 10 -'~ cm2/s, we ar r ive  at  t he  fo l lowing  
t r a n s f o r m a t i o n s :  1 B r o w n i a n  d i s p l a c e m e n t  ~ 7 ~m,  a n d  1 
B r o ~ n i a n  s tep ~ 0.03s. 

Comparison with Experiment 
Most  of the  q u a n t i t a t i v e  e x p e r i m e n t a l  w o r k  on  den-  

dr i t ic  e l ec t rodepos i t i on  was  d o n e  in c o n j u n c t i o n  w i th  the  
e I ec t rodepos i t i on  of  Zn.  The  e x a m p l e s  t h a t  we t ook  in the  
p r e v i o u s  sec t ion  to e s t a b l i s h  the  c o n n e c t i o n  b e t w e e n  th i s  
work  a n d  e l ec t rochemica l  s y s t e m s  h a v e  o r ig ina t ed  f rom 
the  w o r k  on  the  Z n  e lec t rode .  Most  of the  w o r k  on  t he  Z n  
e l ec t rode  was d o n e  w i th  e lec t ro ly te  c o n c e n t r a t i o n  consid-  
e rab ly  lower  ( typical ly  0.1M) t h a n  the  one  t h a t  we h a v e  
u s e d  here .  The  m a i n  r e a s o n  for t ha t  is t h a t  c o n s i d e r a b l y  
la rger  c o m p u t e r  t i m e s  are r e q u i r e d  for t he  lower  concen-  
t r a t i ons  and  we d id  no t  feel t h a t  a full  q u a n t i t a t i v e  com- 
p a r i s o n  b e t w e e n  our  resu l t s  a n d  t he  e x p e r i m e n t a l  obser-  
va t i ons  was cal led for a n d  would  jus t i fy  our  add i t iona l  
e x p e n d i t u r e s .  Morpholog ica l ly ,  Fig. 1 a n d  2 s h o w  t h a t  the  
c o m p u t e r  is ab le  to r e p r o d u c e  t he  t r a n s i t i o n  b e t w e e n  
m o s s y  depos i t s  a n d  the  d e n d r i t i c  depos i t s  as one  in- 
c reases  t h e  overvol tage .  However ,  on  c lose  i n spec t ion ,  the  
c o m p u t e r  s i m u l a t i o n  re su l t s  in g rowth  w h i c h  can  be s t  be  
d e s c r i b e d  in  t e r m s  of M a n d e l b r o t ' s  f racta l  g e o m e t r y  (7) 
w i th  power - l aw cor re la t ions  over  wide  r a n g e  of l e n g t h  
scales,  while ,  expe r imen t a l l y ,  t he  i n d i v i d u a l  d e n d r i t e s  ter- 
m i n a t e  in  crysta l l ine ,  pa rabo l i c  f ron t s  wi th  op t imized  ra- 
d ius  of  c u r v a t u r e  w h i c h  var ies  wi th  overpo ten t ia l .  This  
d i f f e rence  is in t r ins i c  to t he  m e t h o d  of ana lys i s  a n d  
serves  as a r e m i n d e r  t h a t  the  real  dend r i t i c  g r o w t h  on  a 
real  s u b s t r a t e  is c o n s i d e r a b l y  m o r e  c o m p l e x  t h a n  the  
s impl i f ied  m o d e l  w h i c h  is p r e s e n t e d  here.  

In  a d d i t i o n  to the  k ine t i ca l ly  d e p e n d e n t  m o r p h o l o g i c a l  
c h a n g e s  in the  depos i t s ,  t he  m o s t  c o n v i n c i n g  ana logy  
w i th  e x p e r i m e n t  is t he  d e p e n d e n c e  of t he  in i t i a t ion  t imes  
for t he  dend r i t i c  g r o w t h  on  t he  overvo l t age  a n d  concen-  
t r a t i on  of t he  electrolyte .  Quant i t a t ive ly ,  Fig. 4 ha s  s imi la r  
f u n c t i o n a l  d e p e n d e n c e  of t he  in i t i a t ion  t i m e  on  the  
s t i ck ing  coeff ic ient  a n d  c o n c e n t r a t i o n  as the  one  t h a t  
was  o b s e r v e d  e x p e r i m e n t a l l y  b e t w e e n  in i t i a t ion  t i m e  a n d  
overvo l t age  (3, 4). However ,  if  we def ine  t he  cr i t ical  
ove rvo l t age  at  w h i c h  t he  in i t i a t ion  t i m e  inc reases  a symp-  
to t ical ly  to infini ty,  we f ind t ha t  whi le ,  e x p e r i m e n t a l l y ,  
for e lec t ro ly te  c o n c e n t r a t i o n  of 0..1M, t he  va lue  for  Z n  is 
a r o u n d  70 mV, f rom Fig. 4, t he  cr i t ical  s t i ck ing  
coeff ic ient  a p p r o a c h e s  zero. W h e t h e r  th i s  a p p a r e n t  lack 
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of  critical s t icking coeff icient  is due  to the  scaling rela- 
t ions tha t  were  i n t roduced  here  or is intr insic  to the  sim- 
pl ici ty of  the  mode l  that  was presen ted  here  remains  to be 
de te rmined .  
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Anodic Dissolution of Zinc Electrodes in Alkaline Electrolyte: Mass 
Transport Effects 

Yu-Chi Chang* and Geoffrey Prentice** 
Depar tment  of  Chemical  Engineering,  The Johns Hopk ins  University,  Bal t imore,  Mary land  21218 

In  a prev ious  inves t iga t ion  (1), we  p roposed  a three-s tep 
m e c h a n i s m  for the  anodic  d issolut ion of  zinc in di lute  al- 
kal ine electrolyte.  F r o m  that  mechan ism,  we deduced  the 
kinet ic  parameters ,  unde r  the  assumpt ion  that  the sys tem 
was kinet ical ly  control led.  Quant i ta t ive  a g r e e m e n t  be- 
tween  calculated and expe r imen ta l  resul ts  was obta ined 
in the initial d issolut ion region,  near  -1 .23V vs. NHE. 

In  the  present  analysis,  we incorpora te  mass- t ranspor t  
effects. Because  the  h y d r o d y n a m i c s  and current  distr ibu- 
t ion are well  def ined on the  rotat ing disk electrode,  data 
f rom this sys tem are par t icular ly  appropr ia te  for analysis. 
S tudies  conduc ted  at constant,  potent ia l  show that  the  re- 
c iprocal  of the  current  dens i ty  vs. the  reciprocal  of the  
square  root  of the  ro ta t ion rate yields a l inear  relat ion 
(2, 3), whe re  both  the  s lope and the  in te rcep t  va ry  with  
potential .  In  the  fo l lowing analysis,  we  show that  our  pro- 
posed  m e c h a n i s m  in con junc t ion  wi th  the  Lev ich  equa- 
t ion for species mass  t ranspor t  yields the  p roper  relation- 
ship be tween  rota t ion rate and current  densi ty.  Cer ta in  
mechan i sms ,  wh ich  are val id  under  k inet ic  control ,  are 
incompa t ib l e  wi th  these  expe r imen ta l  resul ts  and can be  
e l imina ted  on that  basis. 

Proposed Model 
Analys i s  of  rate expressions.--Our proposed  mode l  for 

the anodic  d issolut ion of zinc in di lute  alkal ine e lect rolyte  
is 

Zn + O H -  = Z n O H  + e [1] 

Z n O H  + 2 O H -  = Zn(OH):3- + e rds [2] 

Zn(OH):c  + O H -  = Zn(OH)4 ~- [3] 

*Electrochemical Society Student Member. 
**Electrochemical Society Active Member. 

When the  fract ion of adsorbed  ZnOH (0) is t rea ted  in ac- 
co rdance  with  Langmui r ' s  hypotheses ,  the rate expres-  
sions b e c o m e  (1) 

r, = i,/F = ka, exp [(1 - B,)FV/RT](1 - 0)coil- - kr 
exp (-fi ,FV/RT)O [4] 

rz = i2/F = ka2 exp [(1 - f12)FV/RT]co.-20 - kc2 
exp  (-B2FV/RT)czn(oH)3-(1 - 0) rds [5] 

r:l = ka3ezn(OH)3--CoH-- - -  kc:~Czn(om42- [6] 

At steady state, all the reactions proceed at the same rate, 
and the net current density is 

i = 2i, = 2i~ [7] 

S ince  react ion [1] is a s sumed  to be at equ i l ib r ium,  the  
fract ional  surface coverage  is obtained f rom Eq. [4] 

0 = k~,coa-/[k~,coa- + k~., exp ( -FV/RT)]  [8] 

Subs t i tu t ion  of Eq. [8] into Eq. [5] yields 

i._,/F = i/(2F) = ka.,ka~CoH -3 exp  [(2 - fi._,)FV/RT]/ 
[(H + 1)k,.,] - kr162 exp (-fl...FV/RT)/ 

[(H + 1)ka:~con- [9] 

where  

H = k~,co.-/[k,., exp ( -FV/RT)]  [10] 

Analys i s  of  mass- transport  e f fects . - -The surface con- 
cent ra t ion  of a react ing species can be es t ima ted  f rom 
Lev ich ' s  equa t ion  

cf = c;" - 1.6u';%~-'12i/(n~FD? :~) [11] 

I f  we assume that  the  physical  proper t ies  are constant ,  
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Fig. !. Reciprocal of the current density vs. 1/~ "2. 1M KOH, 25~ 
from Ref. (2). 

the  invar iant  quant i t i es  in the  s econd  t e rm can be 
lumped ,  and  Eq. [11] b e c o m e s  

ci = c~ I' - A , o f w - i  [12] 

The surface  concen t r a t ions  of O H -  and  Zn(OH)42- can be 
e s t ima ted  f rom Eq. [12] (with the  appropr ia te  s ign change  
for anodic  dissolut ion)  

Con- = coil-" - Aon-CO-'~i  [13] 

- ,  2" [14] CZn(OH)42- ~ Czn(oH)42-- b -~ AZnOH42_O) ?, 

The t e rm coil- :~ calcula ted f rom Eq. [13], is 

coil_ :~ = coil- h:~ - 3CoH-~)2AoH-O) -''~ i + 3CoH--"(AoH--CO--'J='i)'-' 
+ ( A o H - O f ' 2 i )  :~ [15] 

The t e rms  of order  i'-' and  i :' are small  c o m p a r e d  to the  
t e rm of order  i in the  active d isso lu t ion  regime,  w h e r e  i < 
0.01 A/cm2; therefore ,  for coil- h - 10 -:~ mol /cm :~, the  lat ter  
two t e rms  in Eq. [15] can be neglec ted .  Subs t i t u t i on  of  the  
surface concen t ra t ions  f rom Eq. [13]-[15] into Eq. [9] 
yields  

i = 2F{ka~ka,con- b3 exp  [(2 - f i2)FV/RT]/[(H + 1)kr 

- k~2k~.~Cz,(om42_ b exp  ( - f l 2 F V I R T ) / [ ( H  + 1)k~3con-]} 

{1 + 6Fk~2k~,con-"2Aon-O) - ,2 exp  [(2 - fl.~)FV/RT]/ 

[(H + 1)k~,] + 2Fk,.2k~:~Az,(om4~_o~ -'12 

exp  (-f l2FV/RT)/[k~:~(H + 1)%.-]} [16] 

For  ro ta t ion rates  of  the  order  of  100 rpm,  AoH-o~-'~'~i is 
small  c o m p a r e d  to co , -  j, in the  initial d i sso lu t ion  region; 
therefore ,  the  fo rmer  t e rm can be neg lec ted  w h e n  com- 
pa red  to coil- ~. The second  t e rm in the  n u m e r a t o r  repre-  
sents  the  ca thodic  c o m p o n e n t ;  it is general ly  m u c h  
smal ler  than  the  first and  can also be neglec ted .  With 
these  two s implif icat ions,  Eq. [16] can be cast  in a form 
showing  the  expl ic i t  d e p e n d e n c e  of 1/i on 1/oF-' 

1/i = 1/{2Fka2k~,coH- b3 exp  [(2 - fl2)FV/RT]/ 

[(H + 1)kr + oJ-'~2[3Ao.-/CoH- b + kr 

exp  ( -2FV/RT) / (k~ ,ka2k~3cos -~)]  [17] 

Results and Discussion 
Equa t ion  [17] s h o w s  tha t  1/i is l inearly re la ted to 1/~o '~ at 

f ixed potential .  B o t h  the  slope and the  in t e r cep t  vary  
wi th  potent ia l  (Fig. 1). The rate cons tan t s  and  equ i l ib r ium 
cons tan t s  are t hose  tha t  were  calcula ted or e s t ima ted  pre- 
viously  (1) w h e n  only kinet ic  l imi ta t ions  were  t aken  into 
account ;  the  values  are s u m m a r i z e d  in Table  I. 

Table I. Summary of kinetic and thermodynamic quantities 

Standard free energy 
Species of formation (kcal/mol) 

ZnOH -65.8 
OH- -37.6 
Zn(OH):~- 166.0 to -167.6 
Zn(OH)4 ~- -205.2 to -206.2 

Standard free energy Kinetic rate constant 
Reaction of reaction (kcal) (cm4/s-mol) 

1 -28.2 
2 -25 .0 to-26.6  9.3 • 109 
3 -2.6 to 0 

Thermodynamic quantities were obtained (or derived) from data 
found in Ref. (5). The free energy of formation of ZnOH and the rate 
constant were estimated [see Ref. (1)]. 

Because  the  equ i l ib r ium cons tan t s  are exponen t i a l ly  re- 
la ted to the  free ene rgy  of  react ion,  Eq. [17] is par t icular ly  
sens i t ive  to the  unce r t a in ty  in the  t h e r m o d y n a m i c  data. 
The first te rm in Eq. [17] co r r e sponds  to the  in t e rcep t  of 
the 1/i vs .  1/oJ "2 plot. This t e rm d e p e n d s  on the  rate con- 
s tant  for the  s eco n d  reac t ion  and  the  equ i l ib r ium con- 
s tant  for the  first react ion.  The slope of the  line, w h i c h  is 
the  coeff icient  of the  s econd  term,  is re la ted to the  equi- 
l ib r ium cons tan t s  of  the  th ree  react ions.  Var ia t ions  in the  
values  of the  equ i l ib r ium cons tan t s  resu l t  f rom a s s uming  
tha t  Zn(OH)2 exis t s  in d i f fe rent  crystal l ine fo rms  and 
f rom the  unce r t a in ty  in the  e x p e r i m e n t a l  de te rmina t ions .  
The range  of these  values  is s h o w n  in Table  I. The sensi-  
t ivity of the  slope and the  in t e rcep t  to the  t h e r m o d y n a m i c  
values  is s h o w n  in Table  II. 

Severa l  a s s u m p t i o n s  were  m a d e  in the  der iva t ion  of  Eq. 
[17]. The a s s u m p t i o n  tha t  the  bulk  concen t r a t ion  of hy- 
d rox ide  is large c o m p a r e d  to the  t e rm AoH-co-'J"-i is gener-  
ally valid. We are pr imar i ly  in t e res t ed  in bulk  h y d r o x i d e  
concen t r a t ions  grea ter  than  10 -:~ mol /cm ~, ro ta t ion  rates  
grea ter  t han  200 rpm,  and  cur ren t  dens i t i es  less t han  10 
mA/cmL Within th is  r ange  of  pa ramete r s ,  the  t e rm 
Ao~-Co- '2 i  is less t han  10% of  the  bulk  h y d r o x i d e  concen-  
t ra t ion  and  can legi t imate ly  be neglected.  The a s sump-  
t ion tha t  the  s eco n d  t e r m  in the  n u m e r a t o r  of  Eq. [16] can 
be neg lec t ed  is appropr i a t e  at low zincate  concen t r a t ions  
and  at relat ively anodic  potent ia ls .  At -1 .20V vs .  NHE 
and  at a bulk  z incate  concen t r a t i on  of  10 -9 mol /cm :~, the  
s eco n d  t e rm is less t h a n  0.01% of the  first term;  however ,  
at m o r e  ca thodic  poten t ia l s  ( -  1.23V vs .  NHE), the  cu r ren t  
dens i ty  b e c o m e s  e x t r e m e l y  sens i t ive  to bu lk  z incate  con- 
cen t ra t ion  (Fig. 2). This sens i t iv i ty  occurs  w h e n  approach-  
ing the  revers ib le  potent ia l ,  w h i c h  is ap p ro x i ma te ly  

Table II. Sensitivity of the 1 / / v s .  1/c~ ~/2 curve 
to thermodynamic quantities 

Free energy of formation (kcal/mol) 

Species Case I Case II Case III 

Zn 0 0 0 
OH- - 37.60 - 37.60 - 37.60 
ZnOH - 65.85 - 65.85 - 67.00 
Zn(OH):~ - - 166.0 - 167.6 - 166.0 
Zn(OH)42- -205.2 -206.2 -205.2 

Potential vs. NHE 

-1.23V -1.20V 
Slope Intercept Slope Intercept 

Case I 995 75.8 156 23.0 
Case II 247 75.8 83.7 22.9 
Case III 995 10.8 156 3.26 

Case I represents the best estimate of the parameters. 
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Fig. 2. Reciprocal of the current density vs. 1/02/~. Solid curves repre- 
sent simulated results for Cz~(o~)4 ~-b = 10-9; dashed curves for 
Cz~(om42-h = 1 0 -5. All simulations for 1M hydroxide. Upper curves (A)  
show high sensitivity to zincate concentration near the reversible poten- 
tial. Lower curves ( �9  show that the current density is not sensitive to 
zincate concentration at more anodic potentials. 

-1 .23V vs .  NHE (10 -'~ moYcm :~ KOH, 10 -'~ mol /em '~ 
zincate).  

A r m s t r o n g  and  B u l m a n  (3) a s s u m e d  tha t  the  finite 
s lope of  the  1/i vs .  1/(o '~2 plot  is due  to the  d i f fus ion of 
Zn(OH)4'-'- f rom the  e lec t rode.  Analys is  of  our mode l  
s h o w s  tha t  the  s lope  of  this  l ine is due  to m a s s 4 r a n s p o r t  
l imi ta t ions  of bo th  the  z incate  and  the  h y d r o x i d e  ions. 
F r o m  the  second  t e r m  of Eq. [17], we  can d e t e r m i n e  the  
con t r i bu t i ons  of  t he  m a s s - t r a n s p o r t  l imi ta t ions  f rom each  
of  t he  two species .  At  - 1 . 2 0 V  vs .  NHE ( -1 .31V vs .  
Hg/HgO), the  con t r ibu t ion  f rom each  of the  two sources  is 
app rox ima te ly  equal ,  whi le  at -1 .23V ( -1 .34V vs.  
Hg/HgO) only 10% of the  con t r ibu t ion  is due  to h y d r o x i d e  
ion mass - t r anspo r t  l imitat ions.  The change  in the  s lope  as 
a func t ion  of  po ten t ia l  is re la ted  to the  s low t r anspo r t  of 
the  z incate  ion. 

Certain m e c h a n i s m s  are i n c o m p a t i b l e  wi th  the  data  dis- 
p layed  in Fig. 1. For  example ,  if  we  pos tu la te  that  we  can 
neg lec t  the  reverse  reac t ion  in the  r a t e -de t e rmin ing  step,  
Eq. [17] b e c o m e s  

1/i = 1/{2Fk~._,k~,coH_ ~:~ exp  [(2 - fl~)FV/RT]/ 
[(H + 1)k~,]} + 1/~'~[3AoH-CoH- b] [18] 

A l t h o u g h  a plot  of th is  equa t ion  yields a s t ra ight  l ine w i th  
a finite slope,  the  s lope  is no longer  potent ia l  d e p e n d e n t .  
A similar  analysis  app l ied  to the  m e c h a n i s m  p r o p o s e d  by  
Bockr i s  et  al.  (4) s h o w s  tha t  the  reverse  reac t ion  in  the  
r a t e -de t e rmin ing  s tep  m u s t  also be inc luded  in o rde r  to 
obta in  a p o t e n t i a l - d e p e n d e n t  slope. 

F r o m  Eq. [17], the  d e p e n d e n c e  of d(1/i)/d(1/w '~) on po- 
tent ia l  is given by  

ZINC ELECTRODES 377 

i "I 

10 

5.C 

cm 2 , 1.0 

0,5 

-1.3 -1.2 

I 

I 
-1.25 

POTENTIAL vs.NgE ~ V ) 
Fig. 3. ai - ' /Oco-'~-'  vs. potential. The solid lines are simulated, and the 

points represent data from Ref. (3). The data ore for 1M NaOH and 2M 
NaOH. 

S = d(1/i) /d(1/o2 ~2) = kc,kc2kc:~Az,,oH)42_/ 

(k~lka.zka:~Co.- b4) e x p  ( -2FV/RT) + 3AoH-/CoH- '~ [19] 

The der ivat ive  of t he  po ten t ia l  wi th  r e spec t  to the  loga- 
r i thm of S is 

d V / d ( l o g  S) = -2.3RT{3AoH-ka,ka=, ka:~CoH-h3/ 
[Az,(om4~- k(.,k(..~k(.3 exp  (-2FV/RT)] + 1}/2F [20] 

Eva lua t ion  of Eq. [20] at 298 K yields  a value of  approxi -  
mate ly  30 mV/decade .  This is in a g r e e m e n t  wi th  experi-  
men ta l  resul ts  (3) ob ta ined  wi th  1 and 2M NaOH (Fig. 3). 

F r o m  Eq. [17], we  can d e t e r m i n e  the  effects  of  z incate  
concen t r a t ion  and  of  h y d r o x i d e  concen t r a t ion  on  cur ren t  
dens i ty  

0 log i/O log Cz.(on)42- b 

= 1/[1 - ka~ka2ka3con_ b4 exp  (2FV/RT) /  

(ke,kc2kc3czn(o.)42_b)] [21], 
and  

0 log i/O log co~- b = {[(3 + 2H)/ 

( 2 F k ~ K , c o ~ -  b3 exp  [(2 - f~2)FV/RT]) + (o- '23Ao. - /CoH-  b 

+ ~o -,r~ [4Azn(on)42_ exp  ( - 2 F V / R T ) /  

(K,K2K3co~-b4)]}i [22] 

These  exp re s s ions  r e p r e s e n t  an ap p a ren t  reac t ion  order  
w h e n  mass  t r anspor t  is t aken  into account .  The  appa ren t  
reac t ion  order  wi th  r e s p ec t  to zincate  is ap p ro x i ma te ly  0 
at relat ively pos i t ive  potent ia ls ;  it only b e c o m e s  signifi- 
cant ly  larger  at more  negat ive  potent ia ls ,  nea r  the  reversi-  
ble potential .  The a p p a r e n t  reac t ion  order  wi th  r e spec t  to 
h y d r o x i d e  is genera l ly  b e t w e e n  3 and 4 in t he  range  of in- 
terest .  In  these  calculat ions,  we inco rpo ra t ed  act ivi ty 

Table Ill. Apparent reaction orders 
with respect to hydroxide and zincate 

Potential 
Calculated Experimental (vs. NHE) 

0 log i~ 3.33 V = -1.23 
0 log Coil_ h 

3.66 3.6 V = - 1.26 

a log i -0.01 V = -1.23 
b 0 log CZn{OH)42_ CZn(OH)42_ b = 10 -7 

V = -1.20 
-9.6 • 10 -6 C Z-b = 10 -9 

Zn(OH) 4 

Values computed when mass transport is taken into account. Po- 
tentials are with respect to the NHE. Rotation rate is 800 rprn. The 
experimental value was computed from only two concentrations 
taken from Ref. (3). 
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coefficients appropr ia te  for KOH: 0.76 for 1M KOH and 
0.92 for 2M KOH (6). Values of calculated and exper imen-  
tal apparen t  react ion orders  appear  in Table  III. 

In  fur ther  work,  we  p lan  to ex tend  these  resul ts  to more  
anodic  potent ials  and to deve lop  a more  comprehens ive  
mode]  descr ib ing  anodic  dissolut ion and pass iva t ion  for 
this system. 
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L I S T  OF S Y M B O L S  

A l u m p e d  pa ramete r  (see Eq. [12]) 
c concent ra t ion  (mol/cm 3) 
F Faraday ' s  cons tant  (96,500 C/eq.) 
H special  variable,  see Eq.  [10] 
i current  dens i ty  (A/cm 2) 
io exchange  current  dens i ty  (A/cm 2) 
k kinet ic  rate cons tant  (cm4/s-mol) for react ion [2] 
K equ i l ib r ium constant ,  ratio of rate constants  
r react ion rate (mol/s cm'-') 
R gas constant  (8.31 J / tool  K) 
S slope of  1/i vs. 1/oJ 'r-' curve,  see Eq. [19] 
T t empera tu re  (K) 

V potent ia l  with respect  to a given e lec t rode  (V) 
t ransfer  coefficient  

/3 symmet ry  factor 
v k inemat ic  v iscos i ty  (cm'-'/s) 

overpotent ia l  (V) 
0 fract ional  surface  coverage  
(o rotat ion rate (rad/s) 

Subscr ip ts  

a anodic 
c cathodic  
i c o m p o n e n t  
1, 2, 3 n u m b e r  of reaction,  see Eq. [1]-[3] 

Superscr ip ts  

b bulk 
o equ i l ib r ium condi t ion  
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Passivation Behavior of Titanium-6AI-4V Alloy in Phosphoric Acid 
Solution 

D. D. N. Singh 
National Metallurgical Laboratory, Corrosion Section, Jamshedpur 831007, India 

Ti tan ium metal,  because  of  its l ight  weight ,  good me- 
chanical  propert ies ,  and exce l len t  corros ion resistance,  
has been  increas ingly  cons idered  for var ious  appl icat ions  
in the  process  indust r ies  th rough  labora tory  invest iga-  
tions. The  corrosion res is tance  of  the meta l  is due  to its 
inhe ren t  na ture  to form stable t i t an ium dioxide.  The  po- 
tent ia l -pH d iagram of t i t an ium (1) indicates  that  the for- 
mat ion  of  oxide  film on the  meta l  becomes  the rmody-  
namica l ly  uns tab le  in nonoxid iz ing  acidic aqueous  
env i ronments ,  wh ich  resul ts  in a general  d issolut ion of  
the metal .  This behavior  l imits  the  more  widesp read  use 
of the  meta l  in m a n y  nonoxid iz ing  acids such as sulfuric,  
hydrochlor ic ,  phosphor ic ,  and oxalic in di f ferent  process  
industr ies .  The stabil i ty of the  meta l  in such  environ-  
ments  can be res tored by the  ad jus tment  of  potent ia l  by 
the  use of anodic pass ivat ion e i ther  by means  of  im- 
pressed  current  or by al loying wi th  o ther  metals ,  such as 
pa l l ad ium or nickel,  or by in t roduc ing  a r edox  sys tem in 
the e n v i r o n m e n t  (2). Out of  all these methods ,  anodic  
pass ivat ion is cons idered  super ior  because  of  h igh  range 
of pass ivat ion potent ia l  observed  for t i t an ium in mos t  of  
the envi ronments .  For  a meta l  to be p ro tec ted  anodical ly  
in an env i ronment ,  the  necessary  condi t ion  is a low order  
of pass ive  dissolut ion cur ren t  and pass ive  potential .  

The f requen t  failure of t i t an ium materials  in nonoxidiz-  
ing acid solut ions has a t t racted the a t tent ion of many  
workers  to the s tudy  of the  e lec t rochemica l  behav ior  of 
the meta l  in such media  (3-7). However ,  re lat ively less at- 
ten t ion  has been paid  to the passivat ion behav ior  of  tita- 
n i u m  in phosphor ic  acid solution, which  is an impor tan t  
chemica l  in industr ies .  Phosphor i c  acid is a nonoxid iz ing  
acid and has a de le ter ious  act ion towards  t i t an ium and its 
alloys. The  p resen t  paper  deals wi th  the pass ivat ion tend- 

ency  of  an indust r ia l ly  impor tan t  t i t an ium alloy, Ti- 
6A1-4V, in different  concent ra t ions  of phosphor ic  acid at 
d i f ferent  tempera tures .  

Experimental 
Ti tan ium alloy of  compos i t ion  6AI-4V in shee t  form 

(18 SWG) e m b e d d e d  in epoxy  resin wi th  3 cm ~ of  work ing  
area was used  as work ing  electrode.  Pr ior  to i m m e r s i o n  in 
the electrolyte,  it was pol i shed  wi th  6/0 grade emery  pa- 
per, d ipped  in 5% H~SO4 conta in ing  0.01M NaF, fol lowed 
by a tho rough  r ins ing wi th  disti l led water,  and then, 
finally, degreased wi th  methanol .  A p la t inum shee t  was 
used  as an auxil iary electrode.  A Lugg in  p robe  saturated 
ca lomel  reference  e lec t rode  assembly  was employed ;  it 
con ta ined  an isolat ing s topcock  to avoid con tamina t ion  
by the  chlor ide  solut ion of  the reference  electrode.  Elec- 
t rode  potent ials  are repor ted  vs. saturated ca lomel  elec- 
t rode  (SCE) uncor rec ted  for l iquid- junct ion  potentials .  

Anod ic  polarizat ion studies were  carr ied out  us ing a 
Taccusse l  potent ios ta t  (PRT 20-2X), and potent ia l  and 
current  were  recorded  us ing a Hous ton  X-Y-T recorder  
(Model 2000). The  potent ia l  was swept  at the  rate of  1 V/h 
after a s teady corros ion potent ia l  was achieved.  

Analar-grade chemicals  were  used. NaF  was used  as a 
source  of  F -  in the solution. The expe r imen t s  were  per- 
fo rmed  at 32 ~ -+ I~ 

Results and Discussion 
Figure  1 shows the potent ia l - t ime curves  for the  alloy in 

b lank  85% H~PO4 as well  as conta in ing d i f ferent  concen-  
t rat ions of water  and F - .  In all cases, it is found  that  the  
potent ia l  moves  in act ive  di rect ion wi th  t ime,  indica t ing  
the  dissolut ion of  pre-exis t ing  oxide  film on the  meta l  
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Fig. 1. Potential-time curves for the alloy in different concentrations 
of phosphoric acid. 

surface. Attainment of the steady potential in the pres- 
ence of fluoride ion is sluggish compared to the blank so- 
lution. The addition of small amounts of water in phos- 
phoric acid does not alter the nature of the curves, but it 
does shift the potential in a more active direction as com- 
pared to blank solution. 

The anodic  polar izat ion behav ior  of t i t an ium in 85% 
H:~PO4 and conta in ing dif ferent  concent ra t ions  of F -  is 
shown in Fig. 2. In  the  pure  acid, the meta l  passivates  
after exhib i t ing  a small  range of  act ive dissolution.  The 
addi t ion  of  F -  increases  the  critical current  dens i ty  and 
pr imary  pass ivat ion potent ia l  considerably.  The passive 
dissolut ion current  is d e p e n d e n t  upon  the  p resence  of F - .  
It  is no ted  that  the  ac t ive-pass ive  curves  for t i t an ium (i.e., 
S-type curves) are recorded  for acid solut ions conta in ing 
more  than  450 p p m  F - .  For  solutions conta in ing  less F - ,  
the  curves  are s imilar  to the  one recorded  in the  absence  
of  any F - .  However ,  the  cur ren t  increases  wi th  increas ing  
F -  at any potential .  
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Fig. 2. Effect of fluoride ion on anodic polarization of the alloy in 85% 
H:~P04. 
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The dependence of critical current density for the onset 
of passivity (icr) on F- concentration has been plotted in 
Fig. 3. A straight line with slope 1.0 is observed. That 
slope is less than the slope reported for titanium in H2SO4 
solution (3). This may be attributed to the relatively mild 
corrosive action of H3PO4 as compared to H~SO4 and 
stronger adsorption capability of PO43- than SO42- on the 
metal surfaces, as well as to the differences in alloy com- 
position. It was not possible to conduct the experiments 
precisely above F- concentration of 0.1M because of large 
fluctuations in the active potential region. Such fluctu- 
ations are generally ascribed to the competitive depassi- 
vation-repassivation reactions taking place on the metal 
surfaces, the possibility of which exists in a solution con- 
taining PO43- and F- ions. 

The influence of the addition of triply distilled water 
on the steady-state corrosion potential of titanium in 
phosphoric acid is recorded in Fig. 4. The steady-state 
corrosion potential initially moves in active direction with 
the addition of water and subsequently in nobler direc- 
tion. This indicates that the presence of water (up to 70% 
of the acid) has a deleterious effect on titanium dissolu- 
tion. This was further confirmed by the plot of anodic 
polarization (Fig. 5), where it has been found that the ac- 
tive as well as the passive dissolution rate in 70% H:~PO4 is 
considerably higher as compared to lower and higher acid 
ranges. This change in corrosiveness of the acid is proba- 
bly related to its change in structure with dilution. In a 
solution containing 86% H:~PO4, the phosphate ions are in- 
terconnected by hydrogen bonds. But, in a diluted solu- 
tion, the phosphate ions are hydrogen bonded to the 
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Fig. 4. Effect of the acid dilution on the passive dissolution current 
density and steady-state corrosion potential of the alloy. 
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ide ion. 



380 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  SCIENCE AND T E C H N O L O G Y  February 1985 

2.5 

.l. w,,~J- 1 - 85 % H3PO 4 

-0.80 I 
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Fig. 5. Anodic polarization behavior of the metal in different concen- 

trations of the acid. 

water  l iquid  lattice, rather  than to o ther  phospha te  ions 
(8, 9). It  is, therefore,  expec t ed  that  a di lute  solut ion of  
phosphor ic  acid should  have  poorer  so lvat ion  effect  as 
compared  to a concen t ra ted  acid. The  reasons  for a h igher  
dissolut ion current  observed  at and above  70% acid solu- 
t ion is, however ,  not  clear. The  possibi l i ty  of  in teract ion 
of  the  newly  added  wate r  molecu le  (10), which  is consid-  
ered as a Lewis  base, wi th  pre-exis t ing Lewis  acid regions  
in the  ox ide  layer of  t i t an ium (10-12) is ru led  out  because  
of  the  p resence  of excess  of  water  molecu les  in 85% 
H~PO4 and also because  of  the  p resence  of Brons ted  acid, 
i.e., h y d r o n i u m  ion in the  solution. 

Varia t ion of  the  pass ive  dissolut ion cur ren t  wi th  dilu- 
t ion of  the  acid is shown in Fig. 4. The  h ighes t  and the  
lowes t  current  dens i ty  are observed  in an acid concentra-  
t ion range  of  60%-55% and in 85%, respect ively.  
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Fig. 6. Weight loss vs.  time plot for the corrosion of the metal in 85% 
and 75% H:~P04. 
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Fig. 7. Effect of the fluoride ion on the passive dissolution of the alloy 
in 85% H,~PO~. 

To determine the nature of the kinetics of corrosion of 
the metal, some weight loss experiments were conducted 
for free dissolution in 85% and 75% H:~PO4. Weight loss vs. 
time plots are shown in Fig. 6. The dissolution of the 
metal in higher acid concentration (85%) is considerably 
lower than that in 75% acid. Optical microscopic examina- 
tions of the corroded surface showed uniform attack by 
the acid on the metal surface at both concentrations. 

Influence of fluoride ion on the passive dissolution of 
titanium alloy in 35% H:~PO4 is plotted in Fig. 7. In these 
experiments, the electrode potential was fixed in the 
passive range (i. e., at 1.00V or at 2.50V SCE). The passive 
current density ipa~ is strongly dependent upon the 
fluoride concentration but does not change much with 
potential, indicating a strong and stable passive film on 
the surface, ipa~ varies with fluoride concentration [F] as 

i .... = A [F] ~ 

where  A and ~ are constants  at a f ixed potential .  The 
va lue  of ~ was found to be of  the order  of  0.7 and is not  
d e p e n d e n t  on potential .  Nonin tegra l  orders  for dissolu- 
t ion of  oxides  have  been  repor ted  for o ther  meta ls  oxides  
(13, 14). A dissolut ion order  of  1.8 has been  repor ted  for 
pass ive  t i t an ium in sulfuric acid conta in ing  NaF  (15). It  
l~as been  sugges ted  that  the  adsorp t ion  of f luoride ion on 
the  surface and the role  of  surface react ions are impor t an t  
factors in the  d issolut ion of such  type  of  ox ides  (13). As 
expec ted ,  the  order  of  d issolut ion in pass ive  state of  the 
meta l  (0.70) is lower  than  that  in the  act ive  state (1.0). 

F igure  8 shows the  effect  of  t empera tu re  on the  anodic  
polarizat ion behavior  of  t i t an ium in concen t ra ted  phos- 
phor ic  acid (85%) solution.  With increas ing tempera ture ,  
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Vol. 132, No. 2 TI TA N I U M- 6A 1- 4V  A L L O Y  381 

the active corrosion region is lengthened. The passive 
current density also increases gradually with tempera- 
ture. This indicates that the passive film is less resistant 
in concentrated acid solution at higher temperatures. The 
initial potential (-0.40V SCE) of stable passivity, how- 
ever, remained constant at all the temperatures studied. 

Conclusion 
The passive film on titanium-6A1-4V alloy in different 

I .  

concentrations of phosphoric aczd is stable over a wide 
range of potentials with a low passive dissolution current 
density. Additions of low percentages of water are found 
to accelerate the active as well as the passive dissolution 
of the metal in the acid solution. A sufficiently diluted 
acid, however, reduces the corrosive action. Metal disso- 
lution in the acid in active region is found to be first or- 
der, with respect to fluoride ion; it is less than unity in 
the passive state. The potent ia l  has hardly any effect on 
the passive dissolution of the metal in the acid solution 
containing fluoride ion. Increases in temperature acceler- 
ate metal dissolution in the active as well as in  the passive 
regions. 
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A Degradation due to Surface Oxidations in GaAIAs Red Light 
Emitting Diodes and a Prevention of It 

H. Yamanaka and S. Koike 
Matsushita Electronics Corporation, Semiconductor Division, Nagaokakyo, Kyoto, 617 Japan 

Ga,_=Al~s red light emitting diodes (LED's) of 650 
660 nm wavelength are being developed due to interest in 
new applications such as outdoor signs, crosswalk sig- 
nals, and light sources for optical plastic fiber communi- 
cations. This is because of high brightness and the fact 
that their emission wavelength just  corresponds to the 
wavelength region of low attenuation in plastic fibers 
(1-3). This technical note describes a degradation due to 
surface oxidation in these GaA1As red LED's and gives a 
method for prevention. 

The GaA1As red LED consisted of p-type Ga0.65A10.3~As 
and n-type Ga0.~sAlo.65As layers grown by a conventional 
liquid-phase epitaxial method on a p-type GaAs substrate 
as shown in Fig. 1. The thickness of the epitaxial p- and 
n-GaA1As layers are 30 - 40/~m and 15 - 20/~m, respec- 
tively. Figure 2 shows degradation characteristics of 
epoxy-encapsulated present LED's aged at a current den- 
sity of Jr = 16.3 A/cm 2 at 85~ with atmospheric relative 
humidi ty of 85% (dashed line) and without humidity 
(solid line), respectively. In  the humid atmosphere, there 
were remarkable fluctuations of output power at about 
100h and an output power decrease of 20 - 50% at 1O00h. 
However, this degradation could not be observed in the 
LED's after enforcing a boil test with no bias voltage (no 
current). These results prove that applying voltage under  
the humid atmosphere causes this degradation. 

A cross-sectional photograph of the degraded LED is 
displayed in Fig. 3. An absorptive dark layer, which inter- 
rupted the radiative light to be emitted outside, formed 
on the surface of the Ga,_~AxAs layer. Figure 4 (left) gives 
an Auger electron Spectroscopy (AES) in-depth profile of 
the absorptive layer, showing the presence of A1, A120~, 
Ga, and As. However, it is not possible to determine 
whether the Ga and As exist i n  elemental form or as o x -  

ides. Considering that Ga203, A1203, and As203 are optic- 
ally transparent oxides for the emission wavelength, ele- 

n - e lect ,  r o d e  

n-Ga,_yAlyAs 

p -  Gal_xAIxAS 

= P- GaAs 

\ 
P - electrode 

Aim 3OH---- A, (OHIo�89 

GQ3++ 30H---Ga(OH)3 ---I GazO 3 +--52 H 2 
Fig, 1. Schematic illustrations of a GaAIAs red LED and a mechanism 

for the formation of the absorptive layer. 
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Fig. 3. A cross-sectional photograph of the degraded LED 

m e n t a l  Ga, A1, a n d  As s e e m  to ac t  as sou rces  of  the  
a b s o r p t i v e  f u n c t i o n  for t h e  emi t t i ng  l igh t  (4). I t  s h o u l d  
also be  n o t e d  t h a t  in  Fig. 3 the  a b s o r p t i v e  layer  g rew 
t h i c k e r  nea r  the  n-e lec t rode .  These  facts  s u g g es t  a mecha -  
n i s m  for  t h e  f o r m a t i o n  of  t h e  a b s o r p t i v e  layer,  b a s e d  on  
an  e l ec t ro ch emi ca l  p ro ce s s  u s ing  c u r r e n t  p a t h s  f r o m  the  
n-electrode to the surface. This is associated with (OH)- 
ions transported through the medium of the epoxy mold 
as shown in Fig. I. 

Therefore, in order to prevent the absorptive layer from 
forming, the surface of GaAIAs LED's must be covered 
with an optically transparent insulator film to cut off the 
current path. For this purpose, a native oxide film was 
grown in a solution with NH4OH and H20~ in i:I00 vol- 
ume ratio. It could be formed easily on lateral parts, as 
well as on the upper part of the LED's surface at the same 
time. It was verified that the resulting film, uniformly 
blue and about 30 nm thick, was transparent to emission 
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wavelength by measurement  of output power. The AES 
in-depth profile of the native oxide film is represented in 
Fig. 4 (right). The elemental A1 and products including Ga 
and As in the native oxide-f i lm are easily reduced in 
comparison with GaA1As epitaxial layers, which is rea- 
sonable because the solution employed is one of well- 
known etchants for GaAs (5, 6). The solid lines in Fig. 5 
show degradation characteristics of the GaA1As red 
LED's covered with the former native oxide film aged in 
the same humidity as that of Fig. 2. The dashed lines in 
the figure, the characteristics of the LED's without cov- 
ered layer, are also represented. The fluctuations of the 
output power of the oxide covered LED did not occur 
after 1000h, even under the humid atmosphere. These re- 
sults support the described formation mechanism of the 
absorptive layer and the presumption that elemental A], 
Ga, and As are involved in the absorption of the emitting 
light. The method described here is one which provides 
effective prevention. 
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Chromium-Doped Raney Nickel Catalyst for Hydrogen Electrodes 
in Alkaline Fuel Cells 

T.  Ken jo  

Department of Applied Science for Energy, Muroran Institute of Technology, Mizumoto-cho, Muroran, Japan 050 

Raney nickel is a relatively inexpensive and highly ac- 
tive non-noble metal catalyst for hydrogen electrodes in 
alkaline fuel cells. Sturm, Richter, and Mund found that 
its catalytic activity was enhanced by doping transition 
metals such as titanium, iron, and molybdenum (1, 2). 

During the course of attempting to add various dopants 
to Raney alloys, we have found that tenth percents of 
chromium markedly enhance the activity of Raney 
nickel. In this study, hydrogen electrodes catalyzed with 
this new Raney nickel have been prepared, and their 
polarization characteristics have been measured. For 
comparison, the polarization data are shown with those 
for t i tanium-doped and nondoped Raney nickels which 
undergo the same electrode processing. 

E x p e r i m e n t a l  

Preparation of the catalyst.~A melt possessing a mass 
fraction of 60% aluminum and 40% nickel + dopant was 
prepared with an induction furnace at 0.4 torr using an 
alumina crucible. It was quenched by pouring into an 
iron cylinder. The ingot obtained was powdered to a par- 
ticle size smaller than 37/zm. Aluminum was leached with 
6M KOH solution (1M = 1 mol/dm :3) at 80~ for 12h. Raney 
nickel obtained as a black precipitate was washed alterna- 
tively with water and methylalcohol several times. The 
BET surface area for 0.4% chromium-doped catalyst was 
64.7 m~/g at this stage. 

Preparation of the electrodes.--Polytetrafluoroethylene 
(PTFE) binder (Polyflon dispersion D-l, Daikin Indus- 
trial Company) was mixed with the Raney nickel precipi- 
tate, which was covered with water to prevent air expo- 
sure. The content of PTFE added was 10% in weight 
against the dry catalyst. The mixture was milled under 
blowing at room temperature. It became a 'paste as the 
water vaporized off. The paste obtained was callender- 
rolled by hand into sheets. After dried in air overnight, 
they were washed in boiled acetone to remove the sur- 
factant which had been originally contained in the PTFE 
dispersion. This electrode processing results in a natural 
depyrophorization of Raney nickel catalyst so that the 
catalyst layer thus obtained can be handled safely in air. 
The BET surface areas of the nondoped, 0.4% chromium- 
doped, and 0.4% titanium-doped Raney nickels at this 
stage are 14.0 m~/g, 10.8 m'-'/g, and 8.8 m2/g, respectively. 

The gas-side layers were prepared by binding nickel 
black powder (prepared by heating nickel formate at 
250~ in hydrogen atmosphere) with PTFE in the same 
manner as in the catalyst layers. They were reinforced 
with 1O0 mesh stainless-steel screens and then heated at 
380~ in nitrogen atmosphere. They were attached to the 
catalyst layers by pressing at 630 kg/cm 2. The double- 
layered electrodes thus obtained were heated at 180~ in 
hydrogen atmosphere to activate the catalyst. The BET 
surface areas for nondoped, 0.4% chromium-doped, and 
0.4% titanium-doped Raney nickels at this stage are 47.7 
m~/g, 59.3 m~/g, and 64.6 m'-'/g, respectively. Most of the 
surface area loss during the electrode processing is recov- 
ered in this activating process. 

Measurement of the polarization.--The geometrical 
working area of the test electrodes was 7 cm ~. The 
eountereleetrode used was a silver-catalyzed oxygen elec- 
trode. The electrolyte used was 6M KOH solution and was 
circulated between both electrodes at a rate of 5 ml/min. 
The electrode potential was measured against the 
Hg/HgO reference electrode. The IR voltage drop was 
eliminated by the current-interruption method. 
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Fig. 1. Influence of the chromium content on the polarization curves. 
Catalyst loading: 40 mg/cm'-'. Electrolyte: 6M KOH 60~ Chromium con- 
tent: ( �9  nondoped; (/~) 0 .05%;  (17) 0 .1%; ( 0 )  0 .2%,  (A)  0 .4%; (11) 
0 .8%; (V )  2%.  IR drop eliminated. 
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Results and Discussion 
Pola r i za t ion  cu rves  of t he  h y d r o g e n  e lec t rodes  cata- 

lyzed wi th  c h r o m i u m - d o p e d  R a n e y  n icke l s  are s h o w n  in 
Fig. 1 w i th  va r i a t i on  of the  c h r o m i u m  c o n t e n t  in  t he  start-  
ing alloys. The re  are no s ign i f ican t  d o p i n g  effects  in a 
c h r o m i u m  c o n t e n t  less t h a n  0.1%, b u t  on  e x c e e d i n g  0.2%, 
t he  po la r iza t ion  d rops  c a u s e d  by  d o p i n g  b e c o m e  marked .  

The  po la r iza t ion  c u r v e s  o b s e r v e d  are  essen t i a l ly  l inea r  
in  a load  less t h a n  100 mA/cm='. The  po la r i za t ion  resist-  
ance  can  the re fo re  be  ca lcu la ted  f rom t he  s lope in th i s  
load  r ange  a n d  u s e d  as a m e a s u r e  for t he  ca ta ly t ic  activ- 
ity. F i g u r e  2 shows  t he  p lo t s  of po la r i za t ion  r e s i s t a n c e  vs.  
c h r o m i u m  c o n t e n t  in  c o m p a r i s o n  w i th  t he  s imi la r  p lots  
for t i t a n i u m - d o p e d  R a n e y  nickel .  C h r o m i u m  lowers  the  
po la r i za t ion  r e s i s t ance  by  a fac tor  of a b o u t  4, w h e r e a s  tita- 
n i u m  does  so by  a fac tor  of  2.4 at  the  m i n i m u m .  Th i s  indi-  
ca tes  t h a t  t he  c h r o m i u m - d o p e d  R a n e y  n icke l  is m o r e  ac- 
t ive  t h a n  t he  t i t a n i u m - d o p e d  catalyst .  

A l t h o u g h  h i g h  ac t iv i t ies  are  m a i n t a i n e d  at  c h r o m i u m  
c o n t e n t s  r a n g i n g  to 2%, t he  u p p e r  l imi t  for  p rac t i ca l  use  
s h o u l d  be  1% b e c a u s e  t he  al loy p o w d e r  b e o m e s  too solu- 
b le  in  6M KOH so lu t ion  w h e n  it exceeds  th i s  l imit.  

As seen  in Fig. 2, t he  po la r iza t ion  r e s i s t a n c e  for  t he  ti- 
t a n i u m - d o p e d  ca ta lys t  is m i n i m i z e d  at  a c o n t e n t  of 0.4%, 
a n d  t he  b o t t o m  of  t h e  c u r v e  is ve ry  na r row.  A c c o r d i n g  to 
the  s t u d y  d o n e  by  Mund ,  Rich te r ,  a n d  S t u r m ,  t he  mini-  
m u m  va lue  is f o u n d  at  h i g h e r  t i t a n i u m  c o n t e n t s  of 1.5-2%, 
a n d  t he  b o t t o m  of  t he  cu rve  is m u c h  wide r  t h a n  t h a t  in  
t he  p r e s e n t  s tudy.  T he  d i s c r e p a n c y  b e t w e e n  the se  two 
seems  to be  a s c r i b a b l e  to  d i f fe ren t  d e p y r o p h o r i z a t i o n  
m e t h o d s .  Mund ,  Rich te r ,  a n d  S t u r m  e x p o s e d  dr ied  cata- 
lys t  s lowly  to oxygen .  In  th i s  s tudy,  m i x i n g  t he  we t  cata- 
lyst  w i th  the  P T F E  d i s p e r s i o n  in air  r e su l t s  in  a na tu r a l  
depy rophor i za t i on .  T h e  su r face  ox ida t ion  in w e t  p r o b a b l y  
m a i n t a i n e d  the  cata lyt ic  sur face  at  a lower  t e m p e r a t u r e  
t h a n  t ha t  in dry, r e su l t i ng  in a d i f fe ren t  su r face  cond i t ion .  

The  l imi t ing  c u r r e n t  dens i t y  (/i.) also is i n c r e a s e d  by  
d o p i n g  c h r o m i u m ,  as seen  in Fig. 1, b u t  t he  o p t i m u m  
d o p a n t  c o n c e n t r a t i o n  is lower  t h a n  t ha t  for  t he  polariza-  
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Fig. 2. Effect of the dopant content in Raney alloy on the polarization 
resistance. Catalyst loading: 40 mg/cm ~, Electrolyte: 6M KOH 60~ IR 
drop eliminated. 

-820 

1 atm �9 - 

-9,~ l I I I I t f 1 I I I I 
200 400 600 800 1000 1200 

Current density (mAIcm 2) 

Fig. 3. Pressure dependence of the polarization characteristics. Cata- 
lyst loading: 30 mg/cm z. Electrolyte: 6M KOH 60~ Chromium content: 
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Fig. 4. Influence of the catalyst loading on the polarization character- 
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loading: ( I )  13.3 mg/cm2; (&) 24.6 mg/cm2; (5)  30.5 mg/cm2; (~)  37.6 
mg/cm2; (0 )  39.3 mg/cm2; (0 )  91.5 mg/cm z. IR drop eliminated. 

t i on  res is tance .  The  iL va lue  is m a x i m i z e d  at  a d o p a n t  
c o n t e n t  as low as 0.2%, w h e r e  the  po la r i za t ion  r e s i s t ance  
is still  decreas ing .  Th i s  sugges t s  t h a t  the  iL va lue  o b t a i n e d  
is v e r y  close to the  u p p e r  l imi t  of  R a n e y  n i cke l  e l ec t rodes  
t h a t  can  b e  a t t a i n e d  by  t he  ac t iv i ty  i m p r o v e m e n t  alone.  A 
f u r t h e r  i nc rease  is p o s s i b l e  w h e n  a h i g h e r  gas p r e s s u r e  is 
appl ied ;  1.2 A/cm'-' is s u s t a i n e d  at  1.5 a tm,  as s h o w n  in Fig. 
3. This  is p r o b a b l y  due  to an  acce le ra t ed  gas  t r an spo r t a -  
t ion  t h r o u g h  t h e  e l ec t rode  pores .  

The  d e p e n d e n c e  of  po la r i za t ion  cha rac te r i s t i c s  on  t he  
ca ta lys t  load ing  is s h o w n  in Fig. 4 for  0.2% c h r o m i u m -  
d o p e d  catalyst .  The  po la r i za t ion  o b s e r v e d  is l owered  w i th  
i n c r e a s i n g  ca ta lys t  loading.  This  can  be  e x p l a i n e d  on  t he  
bas i s  of the  e lec t ro ly te  fi lm mode l  (2). The  po la r i za t ion  
r e s i s t a n c e  oJ is e x p r e s s e d  as a f u n c t i o n  of  t he  t h i c k n e s s  of  
ca ta lys t  layer  d 

= ~ / p .  k c o t h x / p ,  d~/k [1] 

w h e r e  p is the  res i s t iv i ty  of  t he  e lec t ro ly te  film cove r ing  
t he  cata lyt ic  surface,  k the  in te r fac ia l  r e s i s t ance  at  the  
f i lm/cata lys t  in ter face .  The  ca ta lys t  l oad ing  is p ropor-  
t iona l  to t he  t h i cknes s ;  1 m m  = 300 mg/cm'-' in  th i s  case. 
The  p a r a m e t e r s  k a n d  p, w h i c h  cha rac te r i ze  the  catalyst ,  
are o b t a i n e d  as va lues  providing,  the  cu rve  f i t t ing be s t  to 
t he  e x p e r i m e n t a l  data.  F igu re  5 con ta ins  s u c h  p lo ts  of  ~ -~ 
vs.  d for  t he  0.2% c h r o m i u m - d o p e d  catalyst .  T h e  best-f i t  
cu rve  (solid l ine) g ives  p a r a m e t e r  va lues  of  k = 1.3 • 10 -3 
~ c m  :~ a n d  p = 7.5 12cm'-'. With  the  n o n d o p e d  R a n e y  n icke l  
catalyst ,  k = 4.5 • 10-:~gtem 3 a n d  p = 11 s  2 were  ob- 
t a i n e d  w i t h  t he  s ame  p rocedure .  The  k va lue  is a m e a s u r e  
of t he  cata lyt ic  ac t iv i ty  s u c h  t h a t  a sma l l e r  v a l u e  corre- 
s p o n d s  to a h i g h e r  act ivi ty.  An  ac t i va t i ng  ef fec t  of  the  
c h r o m i u m  d o p a n t  h a s  t h u s  b e e n  s h o w n  f rom t h e  compar -  
i son  of  t h e s e  two k values .  
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The Arrhenius plots of the polarization resistance for 
0.8% chromium-doped catalyst are shown in Fig. 6 in 
comparison with the plots for 0.8% titanium-doped cata- 
lyst. The activation energies calculated from the slopes 
are 34.5 and 31.6 k J/real for the t i tanium-doped and 
chromium-doped catalysts, respectively. This suggests 
that the lower activation energy results in a lower 
polarization resistance at a temperature range studied. 
Their BET surface areas are very close to each other, as 
described in the experimental  section. The chromium-in- 
duced high activity is thus attributed to a low activation 
energy for the polarization. 
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Fig. 6. Arrhenius plots of the polarization resistance for chromium- or 

titanium-doped Raney nickel. Dopant content: 0.8%. Catalyst loading: 
40 mg/cm 2. Electrolyte: 6/91 KOH 60~ IR drop eliminated. 
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Fig. 8. Polarization change of the 0.8% chromium-doped Raney nickel 
electrodes when the loading-unloading cycle is repeated. Catalyst load- 
ing: 52 mg/cm 2. Electrolyte: 6M KOH 60~ (�9 1 st run; (/~) 2nd run; (El) 
3rd run; (0 )  4th run. IR drop eliminated. 

The limiting current density for the electrode with the 
chromium-doped catalyst is not very dependent  upon 
temperature. The electrode catalyzed with 0.2% chrom- 
ium-doped Raney nickel sustains a load of 900 mA/cm'-' at 
60~ (Fig. 3) and still maintains a value as large as 500 
mAJcm 2 at 30~ 

The polarization for the nondoped Raney nickel in- 
creases with repeating loading-unloading cycle, as Fig. 7 
shows. This polarization change is probably due to an un- 
stable surface condition of the nondoped catalyst. The 
chromium doping can prevent this. Figure 8 shows the 
case of 0.8% chromium-doped Raney nickel. In contrast 
to the case of nondoped Raney nickel, the polarization es- 
sentially does not change with every cycle, although a 
slight decrease can be seen. This is a stabilizing effect of 
the chromium dopant. 

Figure 8 also shows the best performance obtained in 
the present study. In this case, 52 mg/cm ~ and 0.8% were 
chosen as a catalyst loading and chromium content, re- 
spectively. A polarization of 20 mV is attained at a load of 
500 mA/cm ~ and 60~ The polarization resistance calcu- 
lated from the slope is 0.04 flcm 2. This is one-fifth as 
large as the lowest value for nondoped catalyst. 

In conclusion, we can say that chromium is a good 
dopant for Raney nickel used for hydrogen electrodes. It 
improves and stabilizes the polarization characteristics of 
Raney nickel electrodes. The chromium-doped Raney 
nickel is more active than the ti tanium-doped catalyst 
and provides a high activity over a wide range of the 
dopant content. 
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Porous Anodic Films on Aluminum at Low Potentials 

D. Y. Jung* and M. Metzger* 
Department of Metallurgy and Mining Engineering and Materials Research Laboratory, University of Illinois at 

Urbana-Champaign, Urbana, Illinois 61801 

There exists a considerable literature on the formation 
conditions and structures of thick porous anodic films 
formed on aluminum in sulfuric, phosphoric, oxalic, or 
chromic acids at high potentials. As formed at room tem- 
perature at cell voltages from about I0 to > 100V with re- 
spect to a platinum cathode, these films are composed of 
columnar cells (typically 2.5-2.8 nm/V diam) with a central 
pore (diameter varies somewhat, near 1 nm/V), which ter- 
minates in a barrier layer of thickness about 1.0 nm/V 
(1-5). The "cell voltage" here serves as an approximation 
to the forming overpotential across the film. Film 
growth, i.e., pore lengthening, occurs across the barrier 
layer the thickness of which is maintained constant by 
electrochemical decomposition of the layer at its external 
surface (6, 7). There is also a slow purely chemical disso- 
lution of the pore walls, causing them to taper during 
film growth, and the film reaches a limiting total thick- 
ness at the pore length at which the cell wall has tapered 
to zero thickness (8, 9). This body of information may 
have ~value as a guide in investigating and understanding 
the behavior of films on aluminum at potentials in the 
corrosion range. 

In the Course of a study on selective dissolution in 
AI-Cu alloys, some capacitance and other observations on 
aluminum in sulfuric acid pertinent to this question were 
made, and these are reported here. The differential capac- 
itance of aluminum electrodes in I, 5, and 10N H2SO4 was 
measured some years ago by Petrocelli (I0), who found 
evidence of films he estimated as 1-5 nm thick, with I/C 
linear with potential increment above the corrosion po- 
tential (near -0.9 Vs,.E) over a 3V range. Films formed in 
2.4M H._,SO4 at 1.0 Vs(E have been examined by transmis- 
sion electron microscopy by Zahavi et al. (11), who found 
them to be porous, although the details of the pore struc- 
ture were toe fine to measure. The total thickness of 
these films was much greater than the values given by 
Petrocelli, which would be expected if his films were po- 
rous and the measured capacitances sensed only the bar- 
rier lay.er thicknesses (12). 

The capacitance of annealed specimens of 99.999% Al 
sheet mechanically polished through 0.05 /~m alumina 
was measured at various potentials by modulating the 
control potential (from a PAR 373 potentiostat with 
risetime < 10-Ss) with a 1 kHz 1 mV peak to peak signal 
from a lock-in amplifier (Ithaco 391A) and measuring the 
out-of-phase current. Measurements were made at 25.0 ~ • 
0.2~ without deaeration or stirring. The specimen was al- 
lowed a few minutes to come to its steady corrosion po- 
tential near -1.04 VscE, and then it was scanned upward at 
0.1 V/12 rain and the scan reversed at 1.0 or 1.2 VscE. In the 
case of the pQrous films formed at higher potentials, it is 
known that a substantial reduction in cell voltage, say, 
from 10 to 5V, produces a period of low current lasting 
many minutes ("recovery"), during which the barrier 
layer thins, initially only by slow chemical dissolution, 
until the field across it increases sufficiently for the 
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forming current to reach the new steady state (13). In the 
present experiments, steady state was achieved in a few 
minutes because of the small potential step of 0.I or 0.2V, 
and the currents and capacitances attained the same 
steady-state values for upward or downward scans. Dupli- 
cate runs gave almost identical results. 
Inverse capacitance vs. potential at steady state is 

shown in Fig. i. IIC was linear in potential down to 0 VscE, 
but the slope decreased at lower potentials. The nonlinear 
region had not been observed by Petrocelli. His values for 
5N H~SO4 lay below the values in Fig. I, presumably be- 
cause his surfaces had been finished on coarser abrasive 
and were rougher, and his slope for this concentration 
was lower than that of the linear part of Fig. I. The pres- 
ent observations could be extended to somewhat lower 
potentials than his and were terminated at -1.3 Vsc.E be- 
cause of fluctuations in the measurements accompa- 
nying increased hydrogen evolution at lower potentials. 

The measured capacitance represents the film capaci- 
tance, Cf, in series with the double-layer capacitance, Cdl, 
at its external surface. If the latter is assumed indepen- 
dent of potential, then IIC~ has the shape of the I/C curve 
of Fig. 1 but lies below this by I/Cd~. This would not affect 
the linearity or slope of the region above 0 Vsc-E. With the 
estimated dielectric constant 9 and a roughness factor I, 
this linear region gives for barrier layer thickness a ratio 
1.0 nmlV, which agrees with the value determined elec- 
tronmicroscopically at much higher potentials [for films 
formed in phosphoric or oxalic acids (2, 5)]. This suggests 
that classical porous film behavior applies down to 0 

VSCE. 
It is readily deduced that the films formed in the non- 

linear region of Fig. i must also have been of some porous 
type. As part of the study of electrode structure, AES 
depth profiles had been determined after exposure at 
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Fig. 1. Steady-state inverse capacitance at I kHz vs. potential for alu- 
minum in 2.4/9t H,_~SO4. 



Vol. 132, No. 2 P O R O U S  A N O D I C  F I L M S  O N  A L U M I N U M  387 

two potent ia ls  in this region. The  sput te r ing  rate had 
been  cal ibrated employ ing  a compac t  anodic  film, and it 
was found that  the  s teady-state  total  film th ickness  at 
-0.50 VscE was equ iva len t  to a 4 nm thick compac t  film 
and at -0.10 VscE to a 30 n m  compac t  film. At  these  po- 
tentials,  the  capaci tance  m e a s u r e m e n t s  y ie lded  apparen t  
film th icknesses  of ~< 1 nm. The format ion  of  a porous  
film is consis tent  wi th  o ther  evidence.  When a spec imen  
is po ten t ios ta ted  at these  potent ials ,  the  cell  cur ren t  is ini- 
t ially h igh  and passes  t h rough  a m i n i m u m  and a shal low 
m a x i m u m  before  level ing off; this behav ior  is characteris-  
tic of  porous  film format ion  by constant -vol tage  anodiz- 
ing (14, 15). The  rapid increase  in s teady-state  total  film 
th ickness  wi th  increas ing  potent ia l  is also a character is t ic  
of porous  films, s ince the pore  wall  is th icker  and the  rate 
of pore  l eng then ing  higher ,  so that  the  l imi t ing th ickness  
de t e rmined  by taper ing  of pore  walls th rough  chemica l  
d issolut ion is r eached  at grea ter  pore  lengths.  The  steady- 
state total  th ickness  increased  to a compac t  film equiva-  
lent  of  110 n m  at +0.5 VscE, at which  poin t  it b e c a m e  in- 
conven ien t  to measu re  by sput ter ing under  the cal ibrated 
condit ions.  

Ano the r  point  of  compar i son  is the  k n o w n  incorpora-  
t ion of sulfur into sulfuric acid anodic  films (6, 14). 
Cherki  and Siejka  ~ (6), for example ,  found by Ruther ford  
backsca t te r ing  3.6 a tomic  pe rcen t  (a/o) S in films formed 
in 15% sulfuric acid at 10V. In  the  p resen t  work,  AES  
spectra  on the  surface of  films formed at -0.50, -0.10, or 
+0.50 VscE conf i rmed t h e  presence  of S at -0 .5  a/o 
(within a factor of two). This would  not  be  direct ly  com- 
pared  wi th  figures in the  l i terature,  which  are bu lk  analy- 
ses. 

The nonl inear  behav ior  in the lower  part  of the curve  of 
Fig. 1 is though t  to arise in two ways. For  E ~< -1 .0  VscE, 
i.e., on at ta ining potent ia ls  near  and be low the  corros ion 
potential ,  the  rise of 1/C would  reflect b locking  of m a n y  
pores  by t rapped  h y d r o g e n  gas bubbles  so that  the  appar- 
ent  capaci tance  is lowered.  Such  an explana t ion  is not  ap- 
pl icable  in the h igher  part  of  the nonl inear  region of Fig. 
1, wh ich  ex tends  a l i t t le  above  the hyd rogen  revers ib le  
potential .  However ,  ano ther  reason for a devia t ion  f rom 
the  classical  behavior  comes  f rom considera t ion  of  the  di- 
mens ions  of the  classical  pore  structure.  In  this potent ia l  
range, the  film forming  potent ia l  d i f ference can be at 
mos t  some th ing  like IV, and this wou ld  m a k e  the pore  di- 
amete r  only about  1 nm,  accord ing  to the  classical ratio. I t  
is not  realistic that  the e lec t rochemica l  behav ior  and the 
geome t ry  of such a fine s t ructure  will  remain  quanti ta-  
t ively  the  same as that  of m u c h  coarser  s t ructures .  Even  
at s l ight ly h igher  potent ia ls  in the  l inear part  of Fig. 1, 
where  the slope of  1/C agreed with  the  classical  ratio for 
barr ier- layer  th ickness ,  the  pore  and cell d imens ions  may  
not  have  conformed  to their  classical values.  

For  format ion  of the  supposed ly  classical  porous  film 
above  0 VscE, the m i n i m u m  potent ia l  wh ich  is r equ i red  
for the presence of a forming overpotential, ~?~,~, across the 
barrier layer may be examined with reference to the lin- 
ear region in Fig. I. Without correction for the unknown 
double-layer capacitance (i.e., for very large Cdl), this line 
would  ext rapola te  to 1/C - 0 at about  -1 .4  VscE. The po- 
tent ial  for zero classical  film th ickness  cannot  be lower  
than this. I f  C~,~ were  40 or 20 t~F/cm 2 i n d e p e n d e n t  of po- 
tential,  1/Cf would  ext rapola te  to zero film th ickness  at 
-1.2 or -1.0 VscK. The revers ib le  A1/AI~O:~ potent ia l  de- 
pends  sl ightly on the  form of oxide  a s sumed;  it may  be 
taken  for the p resen t  solut ion as -1.7 Vs~.E. Thus,  i f  the to- 
tal overpotent ia l  is wri t ten  as the  sum of the  overpoten-  
tials at the  interfaces plus that  across the barr ier  layer of 
the film, E - E~.~, = ~m + ~ + ~,,~ (16, 17), the  two interface  
overpotent ia ls  wou ld  add to at least  0.3V and probab ly  

substant ia l ly  more.  Sie jka  et al. (17) e x a m i n e d  this ques- 
t ion in s tudies employ ing  nuc lear  microanalys is  of oxy- 
gen for compac t  films fo rmed  in a m m o n i u m  citrate and 
found the  interface overpotent ia ls  to add to zero wi th in  
-0 .1V for unpo l i shed  a luminum.  This is to be expec ted  in 
the  absence  of  s ignif icant  film dissolut ion,  according  to 
the  analysis of D ignam and Kalia (18). That  the  sum of the 
in terface  overpotent ia l s  was larger  in the  p resen t  case can 
be a t t r ibuted  to the  format ion  of  a porous  film requi r ing  
a substant ia l  overpotent ia l  at the barr ier  layer-solut ion in- 
terface to effect the  rapid e lec t rochemica l  decompos i t i on  
of the  film occurr ing  there.  

F r o m  the  above,  the  format ion  of a classical  porous  
film is possible  only above  a certain m i n i m u m  potential ,  
which  is h igher  than  -1 .4  VscE. The  film, which  is pres- 
ent  according  to Fig. 1 f rom 0 to -1.3 VscE, may  be consid- 
ered a nonclass ical  porous  film. This would  be able to 
form below the minimum potential for the classical film 
if the sum of the interface overpotentials were smaller for 
the nonclassical film. A nonclassical porous film could 
also form above the minimum potential for the classical 
film if the kinetics were favorable. According to the pres- 
ent interpretation, this situation prevails over much of the 
nonlinear range of I/C below 0 VscE. 

From the considerations presented here, it is concluded 
that for aluminum in sulfuric acid the classical porous 
film formalism developed in anodizing studies at high 
potentials is not quantitatively valid at potentials in the 
corrosion range, but this information has value in under- 
standing at least the qualitative aspects of film-formation 
behavior in this range. 
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Electrical Resistivity of Aluminum Carbide at 990-1240 K 

W. R. King and R. C. Dorward 

Kaiser Aluminum and Chemical Corporation, Center for Technology, Pleasanton, California 94566 

In the conventional aluminum electrolytic reduction 
process, a molten metal pool is contained in a carbon cell 
bottom. Since the standard free energy of the reaction 

4A1 + 3C --> AhC:~ 

is about -145 kJ/mol at 1273 K (1), it is not surprising that 
a luminum carbide (A14C~) can form at the interface be- 
tween the metal and the carbon. An A14C:~ reaction layer is 
thought to be responsible for a significant voltage drop, 
thereby reducing the energy efficiency of the reduction 
process (2). To gain a better understanding of the voltage 
drop that could be expected in this region, the electrical 
resistivity of A14C~ was measured at temperatures of inter- 
est (990-1240 K). 

Several methods of preparing ALC~, including reactions 
of carbon with AI~O:~, AlPO4, and aluminum metal at tem- 

peratures up to 1770 K, were tried before one was found 
that produced material of sufficient purity and yield. The 
process finally used consisted of heating a mixture of 0.5 
mm diam aluminum shot, high purity graphite, and natu- 
ral cryolite in a graphite boat to about 1570 K in purified 
argon. The temperature was then raised to about 1770 K, 
allowing the cryolite to volatilize. The amount  of carbon 
used was only 97.8% of theoretical stoichiometric quan- 
tity, as it was found that a slight excess of a luminum was 
necessary, especially when conducting the reaction in a 
graphite boat. When the boats were removed from the fur- 
nace, a dark crust covered the A14C3, which was bright 
orange in color. The A14C3 reaction product was analyzed 
for aluminum and carbon and found to contain 75.0 
weight percent (w/o) A1 and 24.2 w/o C, indicating that the 
purity was at least 99%. X-ray diffraction analysis of the 
material suggested a trace of carbon impurity. 

Fig. 1. Electrical resistance apparatus for measurement at elevated temperatures. 1 : Inconel rods (0.635 cm diam). 2: Brass collets. 3: Quartz tube. 
4: Alumina tube sample holder. 
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Pel le ts  of 0.635 cm d iam and 0.5-1.0 cm leng th  were  
p ressed  f rom p o w d e r  we t t ed  wi th  pe t ro l eum ether  in a 
steel die at a p ressure  of about  650 MPa. The  pel lets  had 
apparen t  densi t ies  of  about  60% of theore t ica l  (2.99 g/cm'~), 
and  were  not  s t rong e n o u g h  to al low surface contacts  to 
be m a d e  as in the  conven t iona l  four-point  resis t ivi ty 
method.  They had suff icient  s trength,  however ,  to hold 
toge ther  when  res t ra ined be tween  two Incone l  rods  in the  
electr ical  res is t iv i ty  appara tus  shown in Fig. 1. The  
Incone l  rods, sample  holder,  and pel let  were  enc losed  in a 
quar tz  tube,  which  had provis ion  for f lowing argon gas 
t h rough  it. One of  the  Incone l  rods was hollow, but  closed 
on one end al lowing a t he rmocoup l e  to be p laced  wi th in  a 
few mi l l imeters  of the  sample.  The  appara tus  was placed 
in a Leco  tube  furnace  so that  the center  por t ion  could  be 
heated.  Before  heating,  the  sys tem was f lushed with  
purif ied a rgon for several  hours.  The  electr ical  res is tance 
m e a s u r e m e n t s  were  m a d e  with  a Wheats tone  br idge  con- 
nec ted  across the  ends  of  the  Incone l  rods. 

The res is tance data for two samples  of lengths  (l) 0.46 
and 1.00 cm are shown  in Fig. 2 as In R vs. l IT  plots. Ap- 
paren t  resist ivi t ies were  calculated by two procedures :  (i) 
f rom the  one-d imens iona l  conduc t ion  equa t ion  p = AR/ I ,  
and (ii) f rom the  different ial  re lat ion p = AAR/A1, where  
AR and Ap are the  di f ferences  in res is tance and length  of  
the two specimens .  The  lat ter  m e t h o d  e l iminates  any po- 
tent ia l  contact  res i s tance  effects, p rov ided  they  are the 
same in each test. An a t t empt  was also m a d e  to correct  
for dens i ty  us ing the B r u g g e m a n n  equat ion ,  wh ich  has 
been  shown to apply  in aqueous  sys tems conta in ing  non- 
conduc t ing  spheres  (3) 

p,, = p(1 - e) '.~ 

po and p are the  specific and apparent  (measured)  re- 
sistivities,  respect ively ,  and e is the  void  fraction. The  re- 
sults in Fig. 3 show good ag reemen t  be tween  the  two 
samples ,  and indicate  that  contac t  res is tance effects were  
minimal .  The  data are wel l  r ep resen ted  by the express ion  

Pc, = 2.17 x 10 -4 exp  (1.71 • 10VT) 

The act ivat ion energy  of  143 k J  impl ies  a bandgap  of  al- 
mos t  3 eV (290 k J). 

At  a typical  r educ t ion  cell  t empera tu re  of 1225 K, the  re- 
sist ivity of A14C;3 is about  250 ~-cm. The th ickness  of  A14C3 
cor responding  to a vol tage drop of 0.1V is therefore  only 4 
~m at a current  dens i ty  of  I A/cm ~. 
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Modeling of the Reaction for Low Pressure Chemical Vapor 
Deposition of Silicon Dioxide 
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ABSTRACT 

A reaction model developed by Hitchman and Kane for semi-insulating polysilicon (SIPOS) deposition is adapted to 
the case of silicon dioxide growth on silicon wafers at low temperature and pressure. The model is used to explain the 
radial nonuniformities associated with the oxide deposition process and the function of a cage surrounding the wafers. 
The effect of providing openings in the cage for introduction of reactants is examined. The proportionality of oxide 
growth rate and silane flow rate, as well as a near-linear dependence of growth rate on wafer spacing, are also interpret- 
able in terms of the reaction model. 

The significant benefits resulting from chemical vapor 
deposition at reduced pressures are generally recognized 
(i). Mass-transfer limitations become relatively unim- 
portant under this condition. Consequently, close wafer 
spacing on the order of a few millimeters can be utilized, 
and large processing load sizes result. In addition, excel- 
lent deposit-thickness uniformities are typically achieved. 
One exception (i) in this regard has historically occurred 
in the deposition of silicon dioxide at temperatures near 
400~ Reasonable within-wafer uniformities are achieved 
in this case only by placing a tube (cage) around the wa- 
fers. The necessity for a similar configuration in the case 
of semi-insulating polysilicon (SIPOS) deposition at low 
pressures has been established (2). A reaction model to 
explain the radial nonuniformity was proposed, which in- 
volves the generation of a homogeneous intermediate 
(Sill=) on a heterogeneous oxygen containing site. The 
depositions were performed in a horizontal, hot-wall tube- 
type reactor with gas flow parallel to the axis of the wafer 
carrier. 

In the present study, deposition of silicon dioxide at 
low pressure and temperature with a different flow pat- 
tern was investigated. In this case, reactant gases are in- 
troduced perpendicularly to the axis of the wafer carrier. 
The SIPOS model of Ref. (2) was adapted to the growth of 
oxide, where similarities to the SIPOS growth were 
noted. The results obtained for oxide growth are largely 
interpretable on this basis. 

Experimental 
The  reac to r  d e s i g n  u s e d  is s h o w n  schema t i ca l l y  in  Fig. 

1. The  s i lane  a n d  o x y g e n  r e a c t a n t s  are i n t r o d u c e d  in to  the  
depos i t i on  c h a m b e r  t h r o u g h  separa te  i n j ec t ion  t u b e s  lo- 
ca ted  at  the  cen te r  of t he  sys tem.  Wafers are he ld  in  caged  
carr iers  (boats)  on  e i t he r  s ide of the  in jectors .  A ser ies  of 
holes  in  the  cage a l lows  for i n t r o d u c t i o n  of  r e a c t a n t s  to 
the  wafers .  Typica l  d e p o s i t i o n  p a r a m e t e r s  were  flow 
ra tes  for e ach  r e a c t a n t  of 250 cm:' r a i n - ' ,  to ta l  p r e s s u r e  of 
100 m t o r r  a n d  t e m p e r a t u r e  of 400~ 

T h i c k n e s s  m e a s u r e m e n t s  were  m a d e  w i th  a N a n o S p e c /  
A F T  (Nanomet r i c s ,  I n c o r p o r a t e d ,  S u n n y v a l e ,  CA) u s i n g  a 
re f rac t ive  i n d e x  of  1.46. The  cor rec t  re f rac t ive  i n d e x  was  
separa te ly  d e t e r m i n e d  by  e l l ipsomet ry .  Normal ly ,  th ick-  
ness  r ead ings  were  t a k e n  at  the  wafer  cen te r  a n d  four  

*Electrochemical Society Active Member. 
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points (top, bottom, left, right) 6 mm inside the wafer 
edge. The ratio of the center thickness, t,, to the average 
of the edge thicknesses, t~,, was utilized as a measure of 
thickness uniformity. A more conventional uniformity pa- 
rameter is the one-standard-deviation value divided by 
average thickness. As revealed in Fig. 2, there is a very 
good correlation between these two measures of uniform- 
ity. The data points shown are averages for a number of 
experimental runs. The solid lines are least mean squares 
fits to the data. 

Theoretical Background 
The deposition of SIPOS is performed by reacting SiH~ 

and N~O at temperatures of 600~176 In this case, it is 
postulated (2) that four gaseous species can be adsorbed 
on the substrate surface. These are Sill4, N20, H2, and 
SiH~. It is proposed, and given empirical substantiation, 
that SiH~ arises from pyrolysis of Sill4 on an oxygen con- 
taining site at the growth surface. The formation of 
SIPOS occurs on the surface through reaction of Si 
(arising from pyrolysis of adsorbed Sill4 at a silicon site) 
and adsorbed N._,O. Adsorption of SiH~ at silicon sites can 
alter the rate of the SIPOS reaction. Because of the two 

S 

IM 

,..,,-,,., ,,.,,.,,-,., , J R S  
Fig. 1. Schematic of the reactor configuration 
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Fig. 2. Correlation of the within-wafer uniformity on a one-sigma basis 
to the ratio t~/t~,. 

t ypes  of  a d s o r p t i o n  s i tes  a n d  t he  mul t ip l i c i ty  of  a d s o r b e d  
species ,  t h e  S I P O S  g r o w t h  ra te  is e x p e c t e d  to h a v e  con- 
t r i b u t i o n s  r e l a t ed  to e a c h  of  the  species .  

The  c o n s i d e r a t i o n s  for  s i l icon d i ox i de  g r o w t h  are  no t  
s u b s t a n t i a l l y  d i f f e ren t  f r o m  t h o s e  above .  R a t h e r  t h a n  t he  
o x y g e n  b e a r i n g  spec ies  N._,O, O~ is t h e  s e c o n d  reac tant .  
M a k i n g  t he  a p p r o p r i a t e  subs t i t u t i ons ,  Eq. [30] of  Ref. (2) 
t h e n  yie lds  as t he  g r o w t h  rate,  GR, for SiO._, 

kK~ [ 2(1 + X~) 
G R  = ~ (1 - X~) n~ + 2Kh + Ko y(1 - Xo) 

A ]  
+ K~km (1 + X~) nm " ~ |  

n~ VJ  
[1] 

r 
§ 

C A G E  
W A L L  

T - ro 
Tt 

, 

Fig. 3. Unit ceil for silane-oxygen reaction in a caged boat 
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w h e r e  k is ra te  c o n s t a n t  for d e c o m p o s i t i o n  of a d s o r b e d  
Sill4, K~ is e q u i l i b r i u m  c o n s t a n t  for  SiH~ adso rp t ion ,  X~ is 
SiH~ dep le t ion ,  n~ is i n p u t  SiH~ concen t r a t i on ,  Kh is equi-  
l i b r i u m  c o n s t a n t  for  d e s o r p t i o n  of H~, K,, is e q u i l i b r i u m  
c o n s t a n t  for a d s o r p t i o n  of O~, 7 is flow ra te  O.,/flow ra te  
SiH~, X,, is o x y g e n  dep le t ion ,  K~. is e q u i l i b r i u m  c o n s t a n t  
for Sill2 deso rp t ion ,  km is a modi f i ed  ra te  cons t an t ,  nm is 
d e n s i t y  of  o x y g e n  c o n t a i n i n g  sur face  sites, a n d  A a n d  V 
are  a n  a rea  a n d  v o l u m e  de f ined  w i t h  t h e  a id  of  Fig. 3. 
T h e  to ta l  a rea  on  w h i c h  depos i t i on  can  o c c u r  is A a n d  V is 
t he  v o l u m e  of  t he  h a t c h e d  reg ion  in  Fig. 3. Cer t a in  of  the  
r e su l t s  d i s c u s s e d  in  t h e  fo l lowing  section,  i m p l y  t h a t  t he  
las t  t e r m  in  Eq. [1] is p r e d o m i n a n t .  Ch ie f  a m o n g  t h e s e  are  
a w e a k  d e p e n d e n c e  of  G R  on  ~, for  7 ~ 1 a n d  an  approx i -  
m a t e l y  l inear  d e p e n d e n c e  of  G R  on  wafe r  spac ing .  U n d e r  
th i s  a s s u m p t i o n  

G R -  k K~ ( 1 - X ~ )  n~ V [2] 
2km K~, (1 +X~) n~ A 

The  t e r m  V / A  can  be  e x p r e s s e d  as a f u n c t i o n  of radial  
pos i t i on  r on  a wafer  as fol lows 

d (r,.-' - r ~) 
V / A  - [3] 

2 red + r ~  2 - -  r 2 

where ,  as de f ined  in  Fig. 3, d is wafer -wafer  spac ing ,  r~ 
is wafe r  radius ,  a n d  r~. is t he  i n n e r  rad ius  of  t he  cage  sur-  
r o u n d i n g  the  wafers .  In  general ,  th is  t e r m  will  r e s u l t  in  a 
radia l  va r i a t i on  of G R  a n d  h e n c e  t h i c k n e s s .  The  posi- 
t i on ing  of  the  cage can, howeve r ,  be  o p t i m i z e d  to elimi- 
na te  s u c h  a var ia t ion .  The  r e q u i r e d  c o n d i t i o n  is t h a t  
d ( G R ) / d r  = 0, i.e., d ( V / A ) / d r  = O. F r o m  Eq. [3], t h i s  t r ans -  
la tes  in to  t he  c o n d i t i o n  t h a t  rr =- O. T h e r e f o r e  

r~ = 1/2 [d + (d  2 + 4rw2) "~] [4] 

For  d i m e n s i o n s  s u c h  t h a t  d < <  r~, Eq. [4] b e c o m e s  

r~ = r,~ + d/2 [5] 

Thus ,  in  the  ideal  case, t he  spac ing ,  X, of  t he  cage f rom 
the  wafe r  edge  is a p p r o x i m a t e l y  one-ha l f  of the  wafer  
spac ing .  Fo r  la rger  X, t he  depos i t  is t h i c k e r  at  t he  wafer  
edge  t h a n  at t he  center .  For  sma l l e r  X, t he  c o n v e r s e  is 
t rue.  

In  add i t ion ,  for  the  idea l  case, V / A  = d/2 a n d  f rom Eq. 
[2], G R  is d i rec t ly  p r o p o r t i o n a l  to wafer  spac ing .  U n d e r  
o the r  t h a n  ideal  cond i t ions ,  the  fo rm of V / A  (and  h e n c e  
GR,.) a t  t he  wafer  c e n t e r  (r  = 0) is 

Tc 2 
GRc ~ d [6] 

r,.d + rw ~ 

Again ,  for d < <  rw a n d  rc ~ rw, GRr ~ d, as before .  
I f  i n t r o d u c t i o n  of r e a c t a n t  gases  m u s t  occur  t h r o u g h  

t he  cage, as in  t he  s y s t e m  of th i s  s tudy,  then ,  obvious ly ,  
ho les  m u s t  b e  p r e s e n t  in  t he  cage. This  to some  deg ree  in- 
c reases  V a n d  dec reases  A so t h a t  V / A  is inc reased .  The  
c o n s e q u e n c e  is to p r o d u c e  a re la t ive ly  t h i c k e r  depos i t  
nea r  t he  wafe r  edge  t h a n  at  t he  center .  

Results and Discussion 
G r o w t h  ra te  is s h o w n  as a f u n c t i o n  of d in  Fig. 4 for r,. 

a n d  r~ equa l  to 52.5 a n d  50.0 mm,  respec t ive ly .  G r o w t h  
ra te  is p r o p o r t i o n a l  to spac ing  for the  smal l e r  d a n d  is 
s u b l i n e a r  for  the  l a rge r  d. This  b e h a v i o r  is f unc t iona l ly  
c o n s i s t e n t  w i t h  Eq. [6]. S o m e w h a t  less  fa l loff  of  G R  is, 
howeve r ,  o b s e r v e d  t h a n  e x p e c t e d  f rom Eq.  [6]. Fo r  exam-  
ple, for  d equa l  to  19 m m  a G R  of  36 n m  r a i n - '  w o u l d  b e  
expec t ed .  

Two imp l i ca t i ons  of th i s  pa r t i cu la r  d e p e n d e n c y  of  G R  
on d are no t ewor thy .  W h e r e  wafers  are he ld  in slots  
w i t h i n  the  boat ,  t h e  e f fec t ive  d will be  re la t ive ly  smal l  and  
l i t t le  depos i t i on  will  occu r  in  s u c h  areas.  Th i s  is the  or ig in  
of  t he  " b o a t  m a r k s "  t h a t  a p p e a r  for  low p r e s s u r e  ox ide  
depos i t ion .  The  v a r i a t i o n  of G R  wi th  d also d ic t a t e s  s t r ic t  
pa ra l l e l i sm of  t he  wafer  surfaces .  R a n d o m  t i l t ing  of  some  
wafers  will r e su l t  in  t h i c k e r  or t h i n n e r  depos i t s  in  ce r ta in  

iI 
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Fig. 4. Growth  rate  at  wa fe r  center  as a function of  w a f e r  spacing 
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Fig. 5. Growth  rate  at  wa fe r  center  us a function of total  f low rate for 
O2/SiH4 mole ratio = 1. 
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at two total flow rates. 

regions of these wafers. Accordingly, the within-wafer 
uniformity will be degraded. 

Growth rate as a function of total volumetric flow rate 
is presented in Fig. 5 for d equal to 9.5 ram. To a good ap- 
proximation, GR is directly proportional to the total flow 
rate. Such a dependency is consistent with Eq. [2]. A lin- 
ear dependence of GR on the Sill4 concentration n~ is pre- 
dicted. 

Growth rates are presented in Fig. 6 as a function of 
OJSiH4 mole ratio ~ for d equal to 9.5 mm and two total 
flow rates. Again, the approximate proportionality of GR 
to total flow rate is noted. There is about a 20% change in 
GR over the range of ~ from 0.5-2.0 with a peak value for ~, 

i. Comparable results were obtained in an earlier inves- 
tigation under similar deposition conditions (3). This 
weak dependency on ~, in conjunction with the above re- 
sults for flow rate and d, lends credence to the assump- 
tion made in arriving at Eq. [2]. 

Additional verification of the correct functionality of 
Eq. [2] is gained through examination of thickness uni- 
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formi ty  of the deposits .  Equa t ion  [3] is p lot ted  in Fig. 7 as 
a func t ion  of normal ized  wafer  radius for r~ - r~ equal  to 
2.5 ram. Three  values  of d are considered.  Data are shown 
for 100 m m  diam wafers  wi th  an open area on the  cage of 
approx imate ly  0.75% of the total  cage area. The  funct ional  
form of the  data closely approx imates  that  of  Eq. [3] al- 
t hough  actual  va lues  are somewha t  larger. Increas ing  the  
open  area to 3% great ly  reduces  the  th ickness  var ia t ion 
a long the  wafer  radius,  as shown in Fig. 7. The  plot  for d 
equa l  to 4.8 m m  in Fig. 7 i l lustrates that  the  same degree  
of  un i fo rmi ty  is ach ievab le  only for the  pe rcen t  open area 
app roach ing  zero, i.e., for the  ideal case of  Eq. [3]. 

Uni fo rmi ty  as a func t ion  of open area on the  cage is fur- 
ther  exp lored  in Fig. 8 for d equal  to 9.5 mm.  The measure  
of un i fo rmi ty  used  is tjt~, wh ich  ideally should  be unity. 
Cons is ten t  wi th  the  data of  Fig. 7, this condi t ion  is satis- 
fied for an open area of about  3%. As m e n t i o n e d  in the 
p reced ing  section, increased  open area resul ts  in in- 
creased th ickness  at the wafer  edges. The  va lue  of tr ex- 
t rapola ted  to zero open area is 1.20. This  is in exce l len t  
ag reemen t  with the va lue  of 1.19 calculated f rom Eq. [3] 
and plot ted  in Fig. 7. 

A final c o m m e n t  may  be m a d e  regarding the apparen t  
s imilar i ty  in type of the  S I P O S  and oxide  reactions.  Both 
are s t rongly tempera ture-ac t iva ted ,  character is t ic  of het- 
e rogeneous  reaction. The  act ivat ion energy  for the  SiH~, 
N~O react ion is on the  order  of 1 eV, with the exac t  va lue  
d e p e n d i n g  on the ratio of flow rates for the two reactants  
(2). The  act ivat ion energy  for oxide  growth (4) in the  reac- 
tor  of  this s tudy  is 0.52 eV for T equal  to one. 

Conclusions 
The react ion mode l  of Ref. (2) for S I P O S  depos i t ion  

was found to be equa l ly  appl icable  to the  depos i t ion  of 
si l icon d ioxide  at lower  tempera tures .  In  part icular ,  the  
l inear  dependence  of ox ide  growth rate on s i l ane  flow 
rate and near-l inear  d e p e n d e n c e  on wafer  spacing are ex- 
p la ined by such a model .  The necess i ty  for open ing  holes  
in the  cage su r round ing  wafers,  because  of  the un ique  
reactant-gas-f low pa t te rn  in the  reactor  used, al lows com- 
par ison of un i fo rmi ty  data  to the  mode l  only for results  
ex t rapola ted  to a c losed cage. A g r e e m e n t  is, however ,  ex- 
ce l lent  in this case. 
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Electrophoretic Deposition of Glass Powder for Passivation of High 
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A B S T R A C T  

Zinc borosi l icate  glass was e lec t rophore t ica l ly  deposi ted  on sil icon substrates  in I P A  solut ions conta in ing  Y ~  and 
Mg ~ addit ives.  The  depos i t ion  rate as wel l  as the  surface s t ructure  of deposi ts  was great ly inf luenced  by the  Mg/Y ratio 
in the  solution.  Most  of the  deposi ts  fo rmed  in the  Y ~  ion-rich solut ions can be r emoved  by rinsing, whereas  the glass 
deposi ts  formed in the  Mg rich solutions are t ight ly  a t tached to the  substrates.  Pre fe rab le  deposi ts  for filling of the 
moats  be tween  h igh  vol tage t ransis tors  are fo rmed  at Mg/(Mg + Y) = 0.5. 

Glass passivation,  a t e chn ique  for pro tec t ing  junc t ion  
surfaces wi th  m u l t i c o m p o n e n t  glass, is k n o w n  to p romote  
s emiconduc to r  device  rel iabil i ty (1-6). Many glass pas- 
s ivated diodes  (5), thyr is tors  (3, 6), and power  t ransis tors  
(4) have  been  deve loped  and are commerc ia l ly  available.  
The  authors  also deve loped  glass pass ivated  h igh  vol tage 
power  transistors,  wh ich  are used  in the  hor izontal  oscil- 
la t ion circuits  for color  te levis ion sets (7). In  this device  
deve lopment ,  it was necessary  to improve  a new glass 
coat ing m e t h o d  which  enables  filling the  glass in deep 
beve led  moats.  A cross-sect ional  pho tograph  of the  de- 
v ice  moat  is shown in Fig. 1. 

This paper  descr ibes  an i m p r o v e d  e]ec t rophore t ic  coat- 
ing m e t h o d  which  is ut i l ized in high vol tage power  tran- 
sistor product ion.  There  have  been  several  repor ts  pub- 
l ished concern ing  e lec t rophore t ic  coat ings of  the 
pass ivat ion glass (8-11). She ldom (8) and Miwa et al. (9) 
descr ibed  the depos i t ion  of zinc borosi l icate  glass dis- 
persed in i sopropanol  (IPA), with a m m o n i u m  hydrox ide  

*Electrochemical Society Active Member. 

or hydrof luor ic  acid as the  addit ives.  The depos i t ion  of  
lead borosi l icate  glass in e thyl  acetate or ace tone  wi th  a 
small  a m o u n t  of  me thano l  is repor ted  in Ref. (10). Trap 
(11) c i ted the  depos i t ion  of  the  germania  conta in ing  lead 
a luminosi l ica te  glass in I P A  wi th  a l u m i n u m  chloride.  The  
author ' s  m e t h o d  uses  y t t r ium and m a g n e s i u m  ion addi- 
t ives  in a lcohol  (IPA) solutions.  The  concen t ra t ion  ratio 
for each cation plays an  impor t an t  role in the  depos i t ion  
rate, as wel l  as the  surface features  of the  deposit .  Severa l  
o ther  factors wh ich  affect depos i t ion  rates were  also ex- 
amined,  and their  depos i t ion  mechan i sms  are discussed.  

Experimental 
The glass of SiO~ 10, B~O~ 25, ZnO 59, PbO 5.0, and 

AI~O:~ 1.0 weight  pe rcen t  (w/o) compos i t ion  was prepared  
using the  s tandard  glass mak ing  method;  reagent-grade  
raw materials  were  m i x e d  and mel ted  in a p la t inum cruci- 
ble wi th  an electric furnace  at about  1450~ for 4h. The 
mel t  was then  poured  be tween  two water -cooled  rollers to 
m a k e  thin glass foils. The  glass was c rushed  and pulver-  
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Fig. 1. A cross-sectional photograph at the moat of the finished high 
voltage power transistor. 

ized in a ball  mill. With one  s ide  po l i shed ,  (100) s i l icon wa- 
fers  (p type,  2-3 t~cm) 50 m m  in  d i a m e t e r  were  chemica l ly  
c l e aned  (12) and  u s e d  for depos i t ion - ra te  s tudies .  For  
s u r f a c e - m o r p h o l o g y  s tudies ,  g rooves  wi th  r e c t a n g u l a r  
c ross ing  were  f o r m e d  on po l i shed  s i l icon sur faces  wi th  5 
m m  pi tches ,  u s ing  a d i a m o n d  saw af ter  t h e r m a l  ox ida t ion  
in  we t  oxygen  a t m o s p h e r e .  Wid th  a n d  d e p t h  of the  
g rooves  were  100 a n d  I50 ~m,  respec t ive ly .  T h i c k n e s s  of  
the  ox ide  layer  was  a b o u t  1.2 ~m. 

The  e l ec t rophore t i c  depos i t i on  vesse l  was  a 600 ml  
Tef lon b e a k e r  w i th  a p l a t i n u m - p l a t e  coun te re l ec t rode .  
The  s u b s t r a t e  wafer  was  f ixed on  a v a c u u m  holder ,  
w h i c h  p e r m i t t e d  r e t a i n i n g  e lectr ic  contac t ,  a n d  i m m e r s e d  
in t he  vesse l  ver t ical ly .  The  d i s t ance  b e t w e e n  t he  wafer  
a n d  t he  e lec t rode  was  2 cm. Nega t ive  e lect r ic  po ten t i a l  
was  app l i ed  to the  wafer ,  w i th  a r egu la t ed  dc p o w e r  sup-  
ply  (max  300V) at  c o n s t a n t  vol tage.  E l e c t r o p h o r e t i c  cur- 
r e n t  was  m e a s u r e d  by  u s i n g  a l a b o r a t o r y  recorder .  The  
glass  powder ,  p a s s e d  t h r o u g h  a 325 m e s h  sieve,  was  dis- 
p e r s e d  in IPA,  in  w h i c h  m a g n e s i u m  n i t r a t e  and /o r  yt- 
t r i u m  n i t r a t e  h a d  b e e n  d isso lved .  Total  c o n c e n t r a t i o n  of 
the  e lec t ro ly tes  was  0.25 or  0.5 x 10 -3 moYl. 

The  usua l  g lass / so lven t  ra t io  and  w a t e r  c o n t e n t  in  the  
so lu t ions  were  10g/100 ml  a n d  0.5%, respect ive ly .  Th e  dis- 
p e r s e d  so lu t ions  were  d e c a n t e d  before  the  e l ec t rophore -  
sis s tud ies  in  o rde r  to e l im ina t e  large  par t ic les  (>10 ~m). 
The  so lu t ion  was no t  s t i r red  d u r i n g  depos i t ion .  Af ter  dep-  
osi t ion,  the  s u b s t r a t e  was  r i n s e d  wi th  e thy l  aceta te ,  dr ied,  
a n d  weighed .  The  glass  f ir ing t e m P e r a t u r e  was 700~ 

For  in situ depos i t i on - r a t e  m e a s u r e m e n t ,  wafe r  w e i g h t  
c h a n g e  d u r i n g  depos i t i on  was m e a s u r e d  (10). A s i l icon 
wafer ,  2 in. in  d iamete r ,  was  h u n g  f rom a load  cell (Kyowa 
Elec t r ic  I n s t r u m e n t s  C o m p a n y )  in  t he  e l e c t roph o re s i s  
vesse l  c o n t a i n i n g  t he  so lu t ion  u s i n g  0.6 m m  d i am P t  wire  
a n d  a qua r t z  glass  hook .  The  wi re  was  f ixed on  t he  rear  
su r face  of  t he  wafe r  w i t h  e l e c t r o c o n d u c t i v e  s i lver  paste .  
T h e  rea r  su r face  a n d  t he  wi re  in  t h e  so lu t i on  were  insula-  
t ed  w i t h  Ap iezon  wax.  A n  e lect r ic  po t en t i a l  was  app l i ed  
t h r o u g h  the  P t  wire.  The  c o u n t e r e l e c t r o d e  was  the  P t  
plate.  The  e l ec t rophore t i c  cond i t i ons  a n d  c o n c e n t r a t i o n  
for  t he  so lu t ions  were  s imi la r  to  t h o s e  d e s c r i b e d  
prev ious ly .  

The  ca t ion  c o n c e n t r a t i o n  in the  so lu t ions  before  an d  
af ter  glass  d i spe r s ion  were  chemica l ly  analyzed,  a n d  con- 
c e n t r a t i o n  d i f fe rences  o b t a i n e d  were  c o n s i d e r e d  to corre- 
s p o n d  to the  a d s o r b e d  ca t ions  on  the  glass par t ic les .  For  
the  g las s -d i spe r sed  so lu t ions ,  the  glass was  p r ec ip i t a t ed  
by  cen t r i fuge  before  analysis .  A glass deposi t ,  f o r m e d  by  
e lec t rophores i s ,  was  d i s so lved  in c o n c e n t r a t e d  n i t r ic  acid, 
and  t he  a m o u n t  of Y a n d  Mg ions  in i t  was  also chemi-  
cally analyzed.  

Resul ts  
Deposit surface morphology.~Figure 2 shows  micro-  

scopic  p h o t o g r a p h s  of glass  d e p o s i t e d  on  the  sur face  at  

Fig. 2. Microscopic photographs of the deposit surface on silicon wa- 
fers. Electraphoretic conditions: 300V,  2 rain. Total cation concentra- 
tion: a) 0.25 • 10 -:~ mol/I, b to f) 0.S • 10 -:~ mol/I. Cations ratio 
(Mg/Mg + Y): a and b) 0; c) 0.25; d) 0.5; e) 0.75; and f) 1.0. 

var ious  Mg/Mg + Y ratios.  W h e n  the  add i t i ve  ca t ion  is Y 
ions  only, the  depos i t s  b e c o m e  r o u g h  a n d  n o n u n i f o r m  in 
t he i r  appea rance .  However ,  t he  sur face  r o u g h n e s s  is im- 
p r o v e d  w h e n  the  Y ion  c o n c e n t r a t i o n  increases .  

W h e n  Mg ions  are d o m i n a n t  in  t h e  so lu t ions ,  c ra ter - l ike  
p i t s  are f o r m e d  on t h e  depos i t s .  S m o o t h  a n d  u n i f o r m  de- 

Fig. 3. Microscopic photographs of glass deposits on the grooves. 
Electrophoretic conditions: 300V 2 min. Total cations concentration: 
0.5 • 10 -3 mol/I, a) Mg/Mg + Y = 0, b) = 0.25, c) = 0.5, d) = 0.75, 
and e) = 1.0. f) Cross-sectional photograph of the groove after firing the 
c deposits. 
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m u m  cond i t i ons  s eem to be  nea r  the  Mg/Mg + Y = 0 . 5  
point .  F i g u r e  3f is a c ross - sec t iona l  p h o t o g r a p h  of  t he  
g roove  af ter  f i r ing t he  glass  depos i t s  s h o w n  in  Fig. 3c. 
The  a m o u n t  of glass  in  t he  g roove  was ab l e  to b e  con-  
t ro l led  w i t h i n  ]0% of  m e n i s c u s  h e i g h t  if  p r o p e r  so lu t ion  
c o n d i t i o n s  were  chosen .  

Deposition rate studies.--Figures 4 a n d  5 s h o w  deposi -  
t ion  ra tes  for wafe rs  w i t h o u t  g rooves  at  va r ious  
Mg/Mg + Y rat ios  wi th  two d i f fe ren t  to ta l  e lec t ro ly te  con- 
cen t ra t ions .  The  accu racy  of th i s  s t udy  is a b o u t  _+20%. 
S o m e  of  th i s  low r e p r o d u c i b i l i t y  m a y  be  c a u s e d  by  
b r e a k o f f  of  the  depos i t s  a t t a c h e d  a r o u n d  wafer  f r inges .  
The  ra te  i n c r e a s e s  wi th  i n c r e a s i n g  Mg ion  pe rcen tages .  
The  depos i t i on  ra te  i nc r ea se s  l inear ly  w i t h  the  app l i ed  
vol tage,  as is s h o w n  in Fig. 6. The  e lec t ro ly te  concen t r a -  
t ion  ef fec t  a t  Mg/Mg + Y = 0 . 5  is s h o w n  in  Fig. 7. T h e  dep-  
os i t ion  ra te  i nc reases  wi th  an  inc rease  in  t he  concen t r a -  
t ion,  u p  to 0 . 5  x 10 -:' mol/1, t h e n  g radua l ly  reduces .  The  
glass  c o n t e n t  effect  in the  so lu t ions  is s h o w n  in Fig. 8. 
The  ra te  has  a m a x i m u m  at  a b o u t  10g glass/100 ml  IPA.  
The  depos i t i on  ra te  vs. Mg/Mg + Y ra t io  w i th  two differ- 
e n t  wa te r  c o n t e n t s  in  t he  so lu t ions  is s h o w n  in  Fig. 9. The  
ra te  i nc reases  w i th  i n c r e a s e d  wa te r  con ten t ,  espec ia l ly  at  
t he  low Y ions  range.  

Glass deposition in situ measurement.--Figure 10 shows  
t h e  r e su l t s  of  in situ d e p o s i t i o n  m e a s u r e m e n t  for 
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groove less  wafers .  C o n t r a r y  to the  p r ev ious  measu re -  
men t ,  t he  depos i t i on  ra te  inc reases  wi th  i n c r e a s i n g  Y ions  
c o n t e n t  w h e n  t he  Mg/Mg + Y rat io is less t h a n  0.5. How- 
ever,  a c o n s i d e r a b l e  a m o u n t  of glass is r e m o v e d  w h e n  the  
app l i ed  vol tage  is r e m o v e d  (dashed  l ines  in  Fig. 10). In  
th i s  c o n c e n t r a t i o n  range,  m o s t  of t he  depos i t  is w a s h e d  
off  a f te r  s h a k i n g  and  r i n s i ng  the  subs t r a t e s .  In  the  
Mg/Mg + Y _>_ 0.5 range,  t he  depos i t i on  ra te  b e c o m e s  
small ,  bu t  the  depos i t s  a d h e r e  s t rong ly  to the  subs t ra tes .  

R e p r o d u c i b i l i t y  of th i s  m e a s u r e m e n t  was  a b o u t  -+10%. 
Hence ,  final w e i g h t  d i f fe rence  b e t w e e n  each  cu rve  in 
Fig. 10 in th is  low Mg/Mg + Y r ange  has  l i t t le  mean ing .  
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Fig. 9. Deposition rote vs. Mg/Mg + Y ratio with different water con- 
centrations. Total cation concentration: 0.25 x 10 -:r mol/I. Applied po- 
tential: 300V. Deposition time: 2 min. 
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Mg/Mg + Y ratios. Total cation concentrations: 0.5 • 10 -:r mol/I. Ap- 
plied potential: 300V. Substrate: 2 in diam silicon wafer. 

Current  measurements  and  adsorbed cations estima- 
t ion.--Electr ic  conduc t i v i t i e s  (e lectrolyt ic  cu r r en t s )  were  
m e a s u r e d  for so lu t ions  w i th  ca t ion  add i t ives  b u t  w i t h o u t  
glass  d i spers ion .  Resu l t s  are  s h o w n  in Fig. 11. The  con-  
duc t i v i t y  increases with Mg/Mg + Y ratio increase. Dur- 
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Fig. ] 1. Electrolytic currents vs. Mg/Mg + Y ratio in solutions before 
glass addition. 
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Fig. 12. Electrophoretic currents during glass deposition with various 

Mg/Mg + Y ratios. 

ing these current measurements, the cathode wafers are 
covered with Mg and/or Y hydroxides. The electropho- 
retic currents during the glass deposition are shown in 
Fig. 12. The initial current increases with increasing Mg 
ions content, but current decay with time also increases. 

The amount of adsorbed cations, estimated from con- 
centration difference in the solution, is shown in Fig. 13 
in relation to Mg/Mg + Y ratio of the additive electrolytes. 
A considerable amount of each cation is adsorbed from 
each solution. However, Y ions are selectively adsorbed 
when both Mg and Y ions are in the solutions. 

The amount of the cations included in the electrophore- 
sis deposits changed within about 0.1-0.01% when solu- 
tion conditions and/or electrophoresis conditions were 
changed. 

However, the amount always exceeded that of the ad- 
sorbed cations from the solution. 

Discussions 
General mechanisms of electrophoretic coating were 

briefly discussed by With (13). Grosso et al. (14) reported 
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0.5 , 
"\,, / / Mg I 
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Fig. 13. Absorbed amount of cations per unit glass in relation to 

Mg/Mg § Y ratio. Total cation concentration: 0.5 • 10-" mol/I. Glass 
concentration: 10g/100 ml solution. 
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Fig. 14. A schematic view of gloss powder electrophoretic deposition 
process. 

the electrophoretic deposition of phosphor powders in 
polar organic solvents with inorganic cation additives. 
Similar mechanisms can be applied to the results de- 
scribed here. The additive cations are adsorbed on the 
glass particles to make positive charges and stabilize the 
dispersion. When an electric field is applied, the particles 
are transported toward the cathode and agglomerate on it. 
During this process, water in the solutions is electrolyzed 
to produce OH ions around the cathode. Then, cation hy- 
droxides precipitate between the particles and bind them 
tightly on the substrates. This process is shown in Fig. 14. 

When Y ions are dominant in the solution, the deposits 
are attached loosely on the substrate. In this case, elec- 
trode polarization by the deposited layers is small, so the 
deposition rate becomes large, in spite of the small elec- 
tric conductivity of the solution. However, the deposits 
are released during rinsing, and only a small layer re- 
mains. When Mg ions dominate, dense and highly adhe- 
sive deposition layers are formed. However, the deposi- 
tion rate reduces with time caused by the insulating 
nature of the deposits. Besides, large electric conductivity 
of the solution may promote the hydrogen evolution reac- 
tions which cause pits in the deposited glass. When using 
grooved substrates, the deposited layers spread out from 
the grooves along the equipotential lines, because the 
electric potential concentrates on the fringes of the 
grooves. However, if the deposit's binding force is re- 
duced by selecting the proper ratio of Mg to Y in the solu- 
tion, glass deposited away from the grooves is washed off 
during rinsing, and remaining layers are localized on the 
grooves. Moderate electric conductivity for solutions con- 
taining both cations may also contribute to the proper 
deposition rate without hydrogen evolution. 

Conclusion 
Electrophoretic deposition of zinc borosilicate glass 

powder in IPA solution containing Y and Mg ions enables 
the glass passivation of high voltage power transistors at 
more than 1500V breakdown voltage. 

The Y/Mg composition ratio in the solution has a great 
effect on the surface structure of the deposits and the 
deposition rate. When Y ions are dominant in the solu- 
tion, weak-bonded deposits, most of which fall off during 
rinsing, are formed. In the range where Mg ions are domi- 
nant, tightly bonded deposits are formed~ but hydrogen 
gas evolution causes pits in the glass surface. For glass 
deposition in the device moats, adding the same amounts 
of Y and Mg ions is preferable, since glass deposited away 
from the moats was washed off and the remaining glass 
was localized on the moat. The glass deposits contain 
0.i-0.01% of additive cations. Incorporation of small 
amounts of additive Y§ and Mg §247 cations in the depos- 
ited and fused glass films was shown to have no influ- 
ence on device characteristics. 
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Dangling Bonds in Memory-Quality Silicon Nitride Films 

Shizuo Fujita and Akio Sasaki 
Department of Electrical Engineering, Kyoto University, Kyoto 606, Japan 

ABSTRACT 

Origin of memory traps in chemically vapor-deposited silicon nitride films was investigated. Electron-spin resc- 
nance and infrared absorption measurements revealed the existence of silicon dangling bonds which have three-folded 
configuration. Correlation between the spin density and the metal-nitride-oxide-semiconductor (MNOS) memory char- 
acteristics was studied, and it was suggested that silicon dangling bonds are responsible for the trap states which cause 
not only hopping conduction, but also memory behavior. A model is presented suggesting that the dangling bonds are 
positively, neutrally, or negatively ionized. The MNOS memory behavior and the energy level of the traps were well in- 
terpreted by taking into account the transition of the dangling bonds. 

A great interest has been focused on a metal-nitride- 
oxide-semiconductor (MNOS) field-effect transistor as an 
electrically alterable nonvolatile memory device (1-4). Its 
write-in, erasure, and retention behavior are indebted to 
the charging and discharging of trap states at silicon 
oxide-silicon nitride interface and in silicon nitride bulk. 
Because memory characteristics greatly depend on sili- 
con nitride deposition conditions (5), investigation of trap 
characteristics and understanding of trap origin are indis- 
pensable in realizing high-quality, reliable memory 
devices. 

Various microscopic models have been proposed as the 
memory traps. Kirk (6) suggested variation of electron 
configurations around nitrogen atoms as the charge stor- 
age mechanism in a silicon nitride layer. Kapoor et al. (7) 
showed association of the trapped charges' density with 
oxygen impurity concentration. More recent studies re- 
ported that excess silicon atoms (8) or hydrogen bondings 
(Si--H and N--H) (9) are responsible for memory behav- 
ior. Other reports suggested that the memory traps origi- 
nate from silicon dangling bonds (10, 11) whose charged 
states are changed by electron trapping and detrapping 
(11). 

However, we have to mention that the model should 
clearly illustrate the following fundamental characteris- 
tics of the memory traps: (i) they are both negatively and 
positively ionized due to capture or emission of carriers, 
because the flatband voltage (VsB) in a MNOS device is 
changed for both positive and negative values; (ii) they 
can be judged to lie deep in the forbidden gap of silicon 
nitride (12, 13). From these points of view, the idea of sili- 
con dangling bonds being considered as the memory 
traps seems to be well supported by Robertson and 
Powell  (14), who have theoretically showed that silicon 
dangling bonds create energy levels almost in the middle 
of the forbidden gap of silicon nitride. However, experi- 
mental investigation of the dangling bonds and of the cor- 
relation between the dangling bonds' density and the 
memory behavior have not been fully carried out. 

In this paper, we will present observation of existence 
of silicon dangling bonds in chemically vapor-deposited 
(CVD) silicon nitride from electron-spin resonance (ESR) 
and infrared absorption measurements. The results are 
discussed in terms of the silicon nitride deposition condi- 
tions, and the memory behavior is well interpreted by 
taking into account the transition of charged states of sili- 
con dangling bonds in the silicon nitride layer. 

Silicon Nitride Deposition 
Silicon nitride films were prepared by the pyrolysis of 

Sill4 and NH:~ with Ar carrier gas at 700~ in a convention- 
al normal-pressure CVD system. The flow ratio R = NH:~/ 
Sill4 was varied between I0 and i000. Quartz and (100)-ori- 
ented p-type silicon substrates were used for ESR mea- 
surements and fabrication of MNOS diodes, respectively. 

Electron-Spin Resonance 
Typical spectrum.--ESR measurements were per- 

formed at room temperature with the use of an x-band 
spectrometer with a magnetic field modulation of 100 
kHz frequency and 2.5 Gauss width. The microwave 
power was 100 ~W, because the absorption intensity 
tends to saturate when increasing the power beyond this 
value. 

Figure 1 shows an absorption derivative of typical ESR 
signal for our CVD silicon nitride. The ESR signal will be 
attributed to silicon or nitrogen dangling bonds. How- 
ever, nitrogen dangling bonds should largely split the sig- 
nal into three lines, because nitrogen atoms have nuclear 
spin of unity (15). A large number  of N--H bonds with the 
order of 10 '-''~ cm -~ has been observed in CVD silicon ni- 
tride through the infrared absorption studies (10, 16), and 
thus nitrogen dangling bonds would be effectively 
passivated with hydrogen due to higher bonding energy 
of N- -H than Si--H. Therefore, the results suggest that 
the ESR signal originates mainly from silicon dangling 
bonds whose silicon atoms have three-folded configura- 
tion and are symbolized as T:~" (17, 18). We have 
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Fig. 1. Absorption derivative of typical ESR signal observed at room 

temperature. 

confirmed that the dangling bonds exist in silicon nitride 
bulk, because the absorption intensity is larger for thicker 
films. 

g-value and linewidth.--The g value  and the peak-to- 
peak  l inewid th  were  de t e rmined  by referr ing the  spec- 
t r u m  f rom Mn ='~ in MgO. The g va lue  was found to be 
2.002, wh ich  is lower  than  that  of amorphous  silicon, 
2.0055 (19). The  l inewid th  was 12.6 Gauss  for the  sample  
shown in Fig. 1, and this va lue  is twice  as large as that  of 
amorphous  si l icon having  similar  spin dens i ty  to the  pres- 
ent  si l icon ni t r ide (20). The lower ing  of  g va lue  and the 
spread of l inewid th  wou ld  be a t t r ibuted  to in terac t ion  be- 
tween  si l icon and n i t rogen  atoms,  as was theore t ica l ly  cal- 
cu la ted  and expe r imen ta l ly  observed  in sput ter ing-  
depos i ted  (21) or p lasma-depos i ted  (22) si l icon ni t r ide 
films. 

Variation of spin density and linewidth.--The spin den- 
sity N~ and the ] inewidth  hHp, are shown in Fig. 2 as a 
func t ion  of  NH3/SiH4 ratio. The  dangl ing  bond  decreases  
with the increase of the NH:~/SiH4 ratio. One of the reasons 
for this result would be approach of the film composition 
from slightly silicon-rich to more complete stoichiometric 
value (23), although the composition variation was not sg- 
large that it could be identified by Auger-electron spec- 
troscopy. However, we would like to mention here that 
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Fig. 2. Spin densities (solid line) and peak-to-peak linewidths (dashed 
line) obtained from ESR measurements against NHJSiH4 ratio. 

there is no inevitability of the dangling bonds' density be- 
ing decreased with the approach to the stoichiometric 
composition, because the film is amorphous. If the sili- 
con nitride is crystallized, lack of a nitrogen atom creates 
a vacancy surrounded by three silicon atoms, and thus 
three silicon dangling bonds remain. Amorphous films 
have various types of disorder, and the relationship be- 
tween the defect density and the composition cannot be 
directly stated. We can only say that much incorporation 
of nitrogen would relax somewhat the atomic network to 
create more complete bonding. 

It is interesting that these spin-density values are com- 
parable to or smaller than those in the plasma-deposited 
silicon nitride (22). It is well known that spin density in 
CVD amorphous silicon is many orders of magnitude 
greater than that in a plasma-deposited film, because the 
latter contains many hydrogen atoms passivating silicon 
dangling bonds (24). However, in the CVD silicon nitride, 
the atomic network of silicon and nitrogen atoms itself 
would be much more complete than that in the plasma- 
deposited film, and thus, without much hydrogen passi- 
vation, the dangling bonds' density could be reduced to 
an order comparable to that in plasma-deposited, i.e., 
hydrogen-passivated, silicon nitride. 

Correlation between spin density and memory behav- 
i o r . -  Thin-oxide  MNOS diodes,  whose  si l icon ni t r ide  and 
ox ide  th icknesses  were  950 and 20~, respect ively ,  were 
fabricated.  F igure  3 shows f ia tband-vol tage hysteresis  
loops sub jec ted  to the  pulse  vol tage of 100 ms width  ap- 
pl ied to the meta l  e lectrodes.  The  re tent ion  characteris-  
tics were  evaluated  by the  decay rate of the  f la tband volt- 
age aV~e]a log t measu red  at 103 min  after write-in,  and 
they  are  shown in Fig. 4 as a func t ion  of  init ial  f ia tband 
vol tage  measu red  jus t  after write-in. The  expe r imen t s  
were  pe r fo rmed  at r o o m  tempera ture .  Larger  m e m o r y  
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window and larger decay rate were observed, as the sili- 
con nitride layer was deposited with smaller NHJSiH4. 

Figure 5 represents the memory window, the decay 
rate, and the leakage current as a function of the spin den- 
sity in the silicon nitride. The memory window is de- 
fined as the flatband-voltage difference between those 
achieved by +80 and - 80V pulse application. For the de- 
cay rate, the values in Fig. 3 obtained when the initial 
flatband voltage was set at + 10 and -20V were plotted. 
The leakage current was measured at the electric field of 
5 MV/cm in the silicon nitride layer. 

With increase of the spin density, the memory window 
increases, i.e., more electrons or holes are trapped in the 
silicon nitride, suggesting that silicon dangling bonds are 
responsible for deep trap states which cause memory be- 
havior. Further, increase of the leakage current with the 
spin density shows that the silicon dangling bonds can 
also be hopping sites. The larger decay rate for higher 
spin density is attributed to stronger Coulombic repul- 
sion among trapped charges and/or larger conductivity of 
the film. 

Discussions 
Theoretical backing.--Robertson and Powell (14) theo- 

retically calculated local density of states by the tight 
binding recursion method (25) for principal defects in sili- 
con nitride, namely, silicon and nitrogen dangling bonds 
(neutral and charged centers), ~ S i H  and - -NH units,  and 
= S i - - S i =  unit. Among these, silicon dangl ing bonds can 
produce a density-of-states peak near midgap. The long- 
term traps for memory behavior (memory traps) should 
be energetically localized away from both the conduction 
band and the valence band, because if their density of 
states is much overlapped with the tail states, trapped 
charges will be fairly easily released to the conduction 
band or to the valence band obtaining thermal energy 
and/or electrostatic energy. In fact, Robertson and Powell 
proposed that silicon dangling bonds can become the 
long-term (memory) traps of silicon nitride in MNOS de- 
vices. These theoretical results support quite well our 
considerations experimentally derived from the correla- 
tion between the ESR and memory characteristics. 

Calculations by Robertson and Powell showed that nei- 
ther ~NH nor ~-~SiH centers produce localized states in 
the bandgap. From these results, it becomes apparent 
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Fig. 5. Variations of V~B windows, decay rates, and leakage currents 

against the spin densities in the silicon nitride films. 

that hydrogen-related defects cannot be responsible for 
memory behavior. However, a distinct relationship be- 
tween the hydrogen density and the trapped charge den- 
sity has been reported (9). Therefore, further discussions 
on origin of memory traps will be continuously required. 

Model for charging and discharging of traps.--We will 
consider carrier trapping and detrapping phenomena of 
silicon dangling bonds. In an amorphous silicon, silicon 
dangling bonds are negatively or positively ionized de- 
pending on the Fermi-level position. They are symbolized 
as Ts- and T{, respectively (17, 18). The similar behavior 
can be expected in the CVD silicon nitride. In other 
words, silicon dangling bonds have either T3 +, T:, ~ or T3-, 
states, and thus the flatband voltage is shifted according 
to the charged states of the memory traps. 

When the memory traps capture electrons, their 
charged states change as 

T { + e - - - * T 3  ~ T3 ~  

and when they emit electrons 

T3--e---->T3 ~ T3 ~  + 

Here, note that if the trap states capture electrons from or 
emit electrons to the valence band, they are equivalent in 
that they emit or capture holes, respectively. The transi- 
tion is shown schematically in Fig. 6. 

More precisely, we can consider by taking into account 
thermal equilibrium states the following two possibilities. 

(i) See Fig. 7(a). At thermal equilibrium, silicon 
dangling bonds have a T3 ~ state. When positive voltage is 
first applied to the metal electrode of an MNOS struc- 
ture, they capture electrons and transit as T:~ ~ --> T 3-. After 
the transition, when negative voltage is applied, the 

I e - h +  / e - h +  / 

e- 

T3+ (s p 2 ) T30(sp 3 ) ]'3-( p ) 

sp 2 sp -'- �9 3 s p 

;BOUND : :;NOT BOUND L. .J  

Fig. 6. A model for transition of the dangling bonds among three 
charged states: positive, neutral, and negative, symbolized at T:~ +, T:?, 
and T:~-, respectively. 
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Fig. 7. Transition of charged states of dangling bonds is shown besides 
the VrB hysteresis. Two possibilities, (a) and (b), can be considered. 

d a n g l i n g  b o n d s  e m i t  one  of  t he  e l ec t rons  o c c u p y i n g  t he  
o rb i ta l  a n d  t r an s i t  as T:~- ~ T:~ ~. I f  t he  nega t ive  vo l tage  of 
h i g h e r  i n t e n s i t y  is f u r t h e r  appl ied ,  t hey  e m i t  a n o t h e r  one  
of t he  e l ec t rons  r e m a i n i n g  the re ,  a n d  t r an s i t  as T:~ ~ --~ T{.  
W h e n  the  vo l tage  po la r i ty  is reversed ,  the  d a n g l i n g  b o n d s  
c a p t u r e  e l ec t rons  to b e c o m e  T:~ ~ t h e n  c a p t u r e  a n o t h e r  
e l ec t ron  to b e c o m e  W:~-. 

(it) See  Fig. 7(b). Th i s  m o d e ]  is b a s e d  o n  nega t i ve  corre- 
l a t ion  e n e r g y  (U) c o n c e p t s  (26). Ad le r  (27) a n d  El l iot  (28) 
p r o p o s e d  t he  nega t i ve  U for  2T3 ~ --* T~- + T3% If  th i s  
m o d e l  can  be  also app l i ed  to t he  d a n g l i n g  b o n d s  in  s i l icon 
n i t r ide ,  t h e y  wil l  h a v e  T3- a n d  T {  s ta tes  in  t he  film 
r a t h e r  t h a n  T3 ~ a t  t h e r m a l  e q u i l i b r i u m  cond i t ion .  W h e n  
pos i t ive  vo l tage  is app l i ed  to t he  m e t a l  e l ec t rode  of  an  
M N O S  s t ruc tu re ,  t he  d a n g l i n g  b o n d s  h a v i n g  T3 ~ s ta te  cap- 
t u r e  e l ec t rons  to i ts  e m p t y  o rb i ta l  to b e c o m e  T3 ~ t h e n  two 
T3~ e x c h a n g e  t h e i r  e l ec t rons  to m a k e  one  T3- a n d  one  
T3 +. T h e  r e s u l t a n t  t r a n s i t i o n  m a y  be  w r i t t e n  as 

2T3 ~ + 2e- ---> (2T3 ~ --> T3- + T3 + 

After reversing voltage polarity, T~- emit electrons to be- 
come T3 ~ and two T3~ make one T~- and T~ ~, i.e. 

2T3- - 2e- ---' (2T3 ~ --> T3- + T3 + 

The total amount of charges in silicon nitride or the 
flatband voltage of an MNOS structure is determined by 
the ratio of the T:~- to the T{ states' densities. 

Trap density.--Various authors have investigated the 
trap density in CVD silicon nitride. Here, we will discuss 
one correlation between the trap density and the spin 
density. 

Ross and Wallmark (29) investigated charge transfer in 
an MNOS structure under direct tunneling mode and de- 
rived a memory trap density of 6 • 10 '' cm-:L We have 
studied the dependence of the memory trap density de- 
termined by a technique similar to theirs (10). The results 
are shown in Fig. 8 as a function of the spin density. 
Arnett and Yun (30) measured the charge propagation in a 
silicon nitride layer in a MNOS structure and reported the 
memory trap density to be 6 x I0 's cm -~. Krause (31) in- 
vestigated the transient current due to filling-up of the 
traps, and Kapoor et al. (7-9, 32) studied the amount of 
charges ionized by ultraviolet light illumination. Their re- 
sults on the memory trap density were 4.4 • 10 '7 ~ 1.5 x 
i0 'acm -3 and 3 • I0 '~ ~ 2 • i0 ~s cm -3, respectively. 

We recognize that the reported memory trap density 
values differ so much by authors. These differences 
would not completely arise from the difference of the 
deposition conditions, but from the problems involved in 
the measurement techniques. For example, when we de- 
posited the sample with NH:JSiH4 = I00, the trap density 
shown in Fig. 8 was 3.5 • 10'" cm -:~, whereas if we mea- 
sured it by the photoionization technique (33), it was 
found to be 5 • 10 '7 - 6 • i0 ~ cm -:~, depending on the 
layer thickness. One of the reasons for this dependence 
on the measurement techniques would be lack of knowl- 
edge of spatial distribution of the memory traps and of 
detailed charge-transport phenomena. 
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Fig. 8. Memory trap density, determined by the procedure proposed by 
Ross and Wallmork (29), as a function of the spin density. 

B e c a u s e  m a n y  s i l icon n i t r i de  layers  for MNOS m e m o r y  
dev ices  have  b e e n  c o n v e n t i o n a l l y  d e p o s i t e d  w i th  NH:J 
SiH~ = 30 - 1000 (11, 34 - 36), we can  see t ha t  the  r epo r t ed  
m e m o r y  t rap  dens i ty  va lues  are s o m e w h a t  la rger  t h a n  the  
sp in  dens i ty .  In  add i t ion ,  we c a n n o t  see  in Fig. 8 t he  lin- 
ear  r e l a t ionsh ip  b e t w e e n  t he  m e m o r y  t rap  dens i ty  a nd  the  
spin  dens i ty .  

However ,  we w o u l d  l ike to e m p h a s i z e  he re  t h a t  t he se  
d i f f e rences  do no t  d e n y  ou r  c o n c l u s i o n  t h a t  the  s i l icon 
d a n g l i n g  b o n d s  b e c o m e  the  m e m o r y  t raps ,  b e c a u s e  t he re  
s eem to be  no  inev i t ab i l i t y  of  t he  m e m o r y  t r ap  dens i ty ' s  
co inc id ing  wi th  the  sp in  dens i ty ,  due  to fo l lowing  rea- 
sons.  

(i) The memory traps would not be uniformly distrib- 
uted in the silicon nitride (31, 37). Those which exist close 
to the silicon oxide-silicon nitride interface are mainly re- 
sponsible for the memory behavior. It might be possible 
that the dangling bonds density is higher around here 
than in the bulk, due to oxygen incorporation (7) and/or 
mechanical stress arising from difference of thermal ex- 
pansion coefficients between silicon oxide and silicon ni- 
tride. The ESR has been measured on the sample whose 
thickness is more than I ~m, because the signal intensity 
was under detectable limit when the sample was thinner. 
Therefore, the averaged spin density might become much 
smaller than that close to the interface. 

(it) Such T~- and T~ + states have no spin, and only the 
dangling bonds having T3 ~ state can be identified by 
ESR. If the memory traps are the negative U defects, i.e., 
most of them have T~- or T3 + states, the spin density be- 
comes much lower than the memory trap density. 

Photoinduced ESR, or dependence of the spin density 
on the V~B or on the nitride thickness, would give further 
information on the origin, distribution, and properties of 
t he  m e m o r y  t raps .  

Conclusions 
In  th i s  paper ,  we h a v e  d e s c r i b e d  t he  or ig in  of  m e m o r y  

t r aps  in  CVD s i l icon n i t r ide  films. E l ec t ron - sp in  reso- 
n a n c e  revea led  t h e  e x i s t e n c e  of s i l icon d a n g l i n g  b o n d s  in 
the  film. Cor re la t ion  b e t w e e n  the  spin  dens i t y  a n d  the  
M N O S  m e m o r y  b e h a v i o r  was  s t ud i ed  a n d  d i scussed ,  a n d  
the  fo l lowing  resu l t s  h a v e  b e e n  ob ta ined .  

(i) S i l icon  d a n g l i n g  b o n d s  can  be  a n  or ig in  of  t r ap  s ta tes  
in  CVD si l icon n i t r i de  w h i c h  are r e s p o n s i b l e  for n o t  on ly  
h o p p i n g  conduc t ion ,  b u t  also m e m o r y  b e h a v i o r  in  MNOS 
devices .  (it) T r a n s i t i o n  of t he  d a n g l i n g  b o n d s  a m o n g  posi- 
t ive,  neu t ra l ,  a n d  nega t i ve  s ta tes  causes  n o n v o l a t i l e  m e m -  
ory b e h a v i o r  in  M N O S  devices .  (i i i)  T h e  t r ap  d e n s i t y  
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might be higher near the silicon oxide-silicon nitride in- 
terface region and/or the memory traps might be the neg- 
ative U defects. 

More precise ESR measurements  would disclose more 
detailed characteristics of the memory traps in the silicon 
nitride films. 
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Difficulties with the Lag-Time Measurement of Oxygen Diffusion 
in Thermally-Grown Si02 

Chien-Jih Han* and C. R. Helms** 

Stanford Electronics Laboratory, Stanford University, Stanford, California 94305 

ABSTRACT 

The diffusion coefficient of oxygen in SiO~ during thermal oxidation was recently measured by Irene using a "lag- 
time" method and found to be D = 2.3 x I0 -,~ cm~/s at 1000~ much smaller than values obtained by Norton for oxygen 
permeation through fused silica. We have found a subtle difficulty with the "lag time" formalism which appears to ex- 
plain this discrepancy. In addition, our reanalysis of Irene's results shows a "memory effect" for the parabolic rate con- 
stant for sequential oxidations first observed by Hamasaki for the linear rate constant. 

Many experiments have been performed in the past to 
determine the diffusion coefficient for oxygen molecules 
through SiO~. Using measurements, of O., permeation 
through vitreous SiO~, Norton (i) found diffusion 
coefficients of 4.2 • 10 -9 - 1.2 x 10 -~ cm2/s over a temper- 
ature range of 950~176 In contrast to these results, nu- 
merous investigators, using exchange methods, found dif- 
fusion coefficients -10  ~ times smaller than Norton's 
results (2-4). This discrepancy is related to the assumed 
diffusion mechanism for O~ diffusion through SiO~. It is 
clear from Ref. (5-8) that the majority flux of oxygen 
through SiO~ during the oxidation of SiO~ in dry O~ is due 
to "interstitial" diffusion, with little exchange with the 
previously grown SiO~. The exchange experiments mea- 

*Electrochemical Society Student Member. 
**Electrochemical Society Active Member. 

sure only that component  of the diffusing oxygen that has 
exchanged with the SiO~. Additional evidence for the cor- 
rect relationship between Norton's results and Si oxida- 
tion in dry O~ comes from the good agreement between 
Norton's value for the product of the diffusion coefficient 
and the oxygen solubility compared to the parabolic rate 
of Si oxidation (9). 

In order to independently measure the diffusion rate for 
oxygen in SiO~ layers responsible for the oxidation pro- 
cess, Irene (10) applied a "lag time" method to determine 
the diffusivity of oxygen, with in situ ellipsometry mea- 
surements of the oxide thicknesses during the oxidation 
of silicon. His measurements of the lag time for subse- 
quent oxidation of 1 ~m-thick SiO~ layers on Si showed a 
measureable lag time only for the highest temperature in- 
vestigated (1000~ over a 600~176 range), exactly the 
opposite of what might be expected for a simple singly 
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activated diffusion process through a medium with tem- 
perature independent  properties. We previously sug- 
gested that these results may be due to the nature of the 
sequential oxidations performed, rather than to an actual 
lag t ime for a constant-temperature process (11), but more 
recently we have found a subtle difficulty with the "lag 
t ime" formalism which appears to explain Irene's find- 
ings. In addition, our reanalysis of Irene's results shows a 
"memory effect" for the parabolic rate constant first ob- 
served by Hamasaki for the linear-rate constant (12). This 
"memory  effect," which appears in the linear and 
parabolic-rate constants has significant consequences for 
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the values of the activation energy and the preiexponen- 
tial factor associated with the constants. 

The lag-time method assumes that the oxygen diffusion 
through a silicon-dioxide layer obeys Fick's law for dif- 
fusion. For large thicknesses where the interface reaction 
rate is much faster than the diffusion rate, the growth rate 
of the silicon-dioxide corresponds to the permeation rate 
of the oxygen through silicon dioxide. As described by 
Irene, during a sequential oxidation process where the 
dissolved oxygen is removed from the initial oxide during 
an intervening annealing step, there is an inherent time 
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delay between the time of the first exposure to the oxy- 
gen gas and the time the oxidation rate reaches a steady- 
state value caused by the finite diffusion rate of oxygen. 

In the lag-time analysis, the oxide thickness is assumed 
to remain constant during the oxidation to make the dif- 
fusion equation solvable in an analytic form. Hence, the 
second oxide layer grown must be thin, compared to the 
initial oxide, for the analysis to be valid. A plot of the total 
thickness, L vs. time over thickness, t/L, is made, and a 
linear extrapolation of this curve from the steady-state 
growth region down to the initial oxide thickness L,, 
should intercept the t/L axis at a point corresponding to 
the lag time. This value is related to the diffusion 
coefficient by the expression T = (L'-'/6D). In Irene's analy- 
sis, this "constant-thickness" assumption led to signi- 
ficant errors in the interpretation of the experimental 
results. 

To illustrate these errors, we generated two sets of data 
for oxides  g rown at 1000 ~ and  8O0~ as suming  steady- 
state condi t ions  which  have  zero lag t imes.  Init ial  ox ide  
th icknesses  of  10,0004 were  used  to compare  wi th  I rene ' s  
condit ions.  In the  s teady-state  limit,  the  g rowth  may  be 
character ized by the  I inear-parabolic rate law (13) 

(L 2 - Lo 2) ( L -  Lo) 
+ - -  - t [1] 

B B/A 

where  L is the oxide  th ickness  dur ing the  second oxida- 
t ion step, Lo is the  initial ox ide  th ickness  and B and B/A 
are the  parabol ic  and l inear  rate constants .  The  fitt ing pa- 
r amete r  in the  Dea l -Grove  mode l  that  cor responds  to the  
nat ive oxide  th ickness  is incorpora ted  in the  t e rm Lo. The 
values  used  for B and B/A were  235 42/s and 0.247 4/s at 
1000~ and 14.8 42/s and 0.0113 4/s at 800~ (14). Plots  of  
the th ickness  as a func t ion  of  t ime are shown in Fig. l(a) 
and 2(a) for the 1000~ case and the 800~ case, respec- 
tively. (Note, the  ordinate  begins  at L = 10,0004.) 

F igures  l(b) and 2(b) show plots  of L vs. t /L  for the  data 
in Fig. l(a) and 2(a), respect ively .  Rather  t han  a straight  
line, Fig. l(b) has a not iceable  curva ture  caused by the  er- 
ror in the  "cons tan t - th ickness"  approximat ion .  The  lag 
t ime  one finds f rom ext rapola t ing  the  data in Fig. l(b) is r 

8000s, even  though  the  "da ta"  were  genera ted  wi th  zero 
lag t ime. At 800~ the  L vs. t /L  plot  is l inear  and goes 
th rough  the  origin because  the  addi t ional  ox ide  g rown  on 
top  of  the  10,0004 ox ide  is ve ry  thin, which  makes  the  
"cons tan t - th ickness"  app rox ima t ion  reasonably  good. 
These  resul ts  can be compared  wi th  those  obta ined  by 
I rene  and can expla in  the  large "lag t ime"  observed  at 
1000~ and the small  " lag t ime"  observed  at 800~ There  
is an  a l ternat ive  to p lo t t ing  L vs. t /L  which  can  e l iminate  
the  nonl inear i ty  shown above.  I f  we rearrange Eq. [1], we  
obta in  

L - L ~ , -  B ( t - 7 )  [2] 
Lo + L + A 

where  r ~ (L2/6D). Hence,  a plot  of  L vs. t/(Lo + L + A) for 
the two sets of s teady-state  data should  give straight  l ines 
wi th  the  in te rcep t  on the  L = Lo axis at ~. F igures  l(c) and 
2(c) show these  results.  The  spurious  lag t ime  f rom the  L 
vs. t /L  analysis at 1000~ disappears  in this n e w  plot. 

Based on this type  of plot, however ,  I rene ' s  resul ts  still 
seem incons is ten t  wi th  the  steady-state growth model.  
Us ing  the  new analysis t echnique ,  a sl ight curva ture  is 

still observed  for his 1000~ data. It is unl ike ly  that  this 
rate increase was caused by a lag-t ime delay f rom the dif- 
fus ion process  because  of the  results  of the  isotopic  t racer  
expe r imen t s  (5-7). The  solubi l i ty  of  oxygen  molecu les  in 
thermally grown SiO~ was below the detectability limit of 
these experiments (<i0 "-''~ cm-:~). In order to attain the re- 
ported oxidation rate, the diffusion coefficient must be 
two orders of magnitude greater than Irene's reported 
value. This diffusion rate would be too fast for Irene's lag- 
time experiment to measure. A more likely explanation 
for the increase is a result of variations in the diffusion 
coefficient and the solubility of oxygen in SiO~ caused by 
a structural change in the oxide during the anneal and the 
subsequent oxidation. 

Another result from Irene's experiment is the permea- 
tion rate obtained at I000 ~ and 800~ The oxidation rate 
from his experiment at 1900~ was approximately the 
same as the rate obtained from Lie et al. (14) or Irene's 
previous work (15). At 800~ however, Irene found an ox- 
idation rate which is more than four times greater than 
the calculated rate from Lie et al. (14). (A comparison to 
Irene's previous work does not exist at this temperature.) 
As we previously suggested (Ii), this discrepancy may be 
attributed to the same "memory effect" observed by 
Hamasaki (12). Hamasaki's finding, however, were for 
thinner oxides and therefore related primarily to the lin- 
ear rate constant B/A. Our reanalysis of Irene's data for 
thicker oxides indicated that this same memory effect is 
present in the parabolic-rate constant as well. This "mem- 
ory effect" in the parabolic-rate constant indicates that 
the transport properties of oxygen in SiO=, depend on the 
growth temperature of the oxide. 

Acknowledgments 
The authors wish to thank E. A. Irene for his comments 

and discussions during the writing of this paper. This 
work was supported by the Defense Advance Research 
Project Agency Contract no. MDA903-79-C-0257. 

Manuscript submitted June 21, 1984; revised manu- 
script received Sept, 21, 1984. 

Stanford University assisted in meeting the publication 
costs of  this article. 

R E F E R E N C E S  
1. F. J. Norton,  Nature (London), 171, 701 (1961). 
2. E. L. Williams, J. Am.  Ceram. Soc., 48, 190 (1965). 
3. E. W. Sucov,  ibid., 46, 14 (1963). 
4. K. Mueh lenbachs  and H. A. Schaeffer ,  Can. Mineral., 

15, 179 (1977). 
5. J. W. Rouse,  C. R. Helms,  and C. J. Han, in " C o m p u t e r  

Aided  Design of  In tegra ted  Circuit  Fabr ica t ion  Pro- 
cesses for V L S I  Devices ,"  Final  Report ,  p. 261, 
Stanford Univers i ty ,  Stanford,  CA (1982). 

6. E. Rosencher ,  A. Straboni ,  S. Rigo, and G. Amsel ,  
Appl.  Phys. Lett., 34, 254 (1979). 

7. J. A. Coste]lo and R. E. Tressler,  This Journal, 131, 
1944 (1984). 

8. A. G. Revesz  and H. A. Schaeffer ,  ibid., 129, 357 (1982). 
9. R. H. Doremus ,  J. Phys. Chem., 80, 1773 (1976). 

10. E. A. Irene, This Journal, 129, 413 (1982). 
11. C. R. Helms,  ibid., 129, 2883 (1982). 
12. M. Hamasaki ,  Solid-State Electron. 25, 479 (1982). 
13. B. E. Deal and A. S. Grove,  J. Appl.  Phys., 36, 3770 

(1965). 
14. L. N. Lie, R. R. Razouk,  and B. E. Deal, This Journal, 

129, 2828 (1982). 
15. E. A. Irene, ibid., 125, 1146 (1978). 



Phosphorus Incorporation Effects in Silicon Dioxide Grown at Low 
Pressure and Temperature 

Arthur J. Learn* 

Anicon, Incorporated, San Jose, California 95134 

ABSTRACT 

The manner and effects of phosphorus incorporation in oxides grown from silane and oxygen at low pressure and 
low temperature were investigated. Phosphine incorporation is avoided through proper selection of the oxygen/hydride 
mole ratio. Typical reflow processing results in removal of phosphine from oxides grown under other than opt imum 
conditions. Although the majority of the phosphorus appears in the form of phosphorus pentoxide in all cases, the triox- 
ide also is present, except  when the total phosphorus content is less than approximately 2 weight percent. The 
efficiency of phosphorus incorporation is reduced for increased growth temperature, flow rate, or pressure. This tem- 
perature effect, as well as a reduction in activation energy for doped-oxide growth, is in large part interpretable in terms 
of a temperature-insensitive phosphine/oxygen reaction. The oxide growth rate is increased and the stress level is re- 
duced through phosphorus incorporation. 

Phosphorus-doped silicon dioxide has a wide range of 
applications in integrated circuit manufacture (1). Among 
these are use as reflow glass layers, interlevel dielectrics 
in multilevel metallization systems, and passivation over 
metallization. Early films were provided by chemical 
vapor deposition in reactors operated at atmospheric 
pressure. More recently, low-pressure chemical vapor 
deposition of oxide, as well as of other materials, has 
come into common use. In addition to the lower pressure, 
other deposition parameters can differ significantly for 
the newer process. Accordinglyl it would be anticipated 
that the details of phosphorus incorporation in the oxide 
may differ for the two processes. Recently refined analyt- 
ical techniques (2) aid in studies of this phenomenon. 
Also, the nature of the reactant-gas flow can affect the 
phosphorus incorporation. The reactor (3) utilized in this 
study directs flow parallel to the wafer surface, rather 
than perpendicular to it, as in most conventional low- 
pressure systems. In particular, this can result in different 
reactant depletion effects for the two configurations. 

The effects associated with phosphorus incorporation 
in oxides deposited in a vertical-flow reactor were inves- 
tigated. The manner of phosphorus incorporation was de- 
termined as a function of mole ratio of oxygen to hydride, 
phosphine mole ratio, deposition temperature, total mass 
flow rate, pressure, and reflow conditions. Tracking of 
the growth rate with many of these deposition parameters 
aided in the data analysis. Finally, the effect of phospho- 
rus incorporation on stress was established. 

Experimental 
The reactor configuration is described in detail else- 

where (3). Briefly, wafers reside in quartz boats, with 
their axes aligned parallel to elongated reaction-gas in- 
jectors. Line of sight between the injectors and exhaust 
slots on either side of the injectors passes through the 
centers of the wafer stacks. One injector is used for oxy- 
gen, and a second for the hydrides. The PH3 mole ratio is 
adjusted by combining a PH3/SiH4 mixture with pure 
Sill4 upstream of the injector. Here, as in subsequent  dis- 
cussion, the PH3 mole ratio is defined as the ratio of PH.3 
flow rate to the total hydride flow rate. The PH~ mole ra- 
tio was varied up to 0.15. Deposition temperatures of 
300~176 and total flow rates of up to 1200 cm 3 min - '  
were investigated. The typical system pressure was 100 
mtorr. 

Thickness measurements  were made with a NanoSpec/ 
AFT (Nanometrics, Incorporated, Sunnyvale, California) 
using a refractive index of 1.46. The refractive index was 
separately determined by ellipsometry. Stress was deter- 
mined from wafer bow measurements.  Curvature of a 
given wafer was measured before and subsequent  to dep- 
osition, after removal of the deposit from the wafer back 
side. 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

The majority of analyses for phosphorus content were 
performed by Balazs Laboratories, Mountain View, 
California, using wet-chemical methods (2). This ap- 
proach distinguishes between phosphorus incorporated 
as P20~, P.~O3, or PH3. In other cases, electron beam x-ray 
microprobe analysis (EDX) was employed to determine 
total phosphorus content. As may be seen from Fig. 1, an 
almost 1:1 correlation of total phosphorus is noted for the 
two techniques. 

Results and Discussion 
Different boat designs were utilized in the course of this 

investigation which can alter the details of the chemical 
vapor deposition process (3). Consequently, total self- 
consistency of the data may be lacking from one series of 
experiments to another. Within a series, however, care 
was taken to insure the comparative validity of results. 

Mole ratio effects.--It is known (2) that phosphorus can 
be incorporated in oxides deposited at low pressure in 
compound form as P._,O.~, P20:~, or PH:~. Initial studies were 
devoted to elimination of PH:, because of the concomitant 
safety issues. As is illustrated in Fig. 2, for a PH:, mole ra- 
tio of 0.15 (corresponding to a doping level of about 10 
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10.0 
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BALAZS (COLORIMETRY) 
Fig. 1. Correlotion of measurement techniques for total phosphorus 

content in phosphorus-doped oxide. 
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w e i g h t  p e r c e n t  [w/o] p h o s p h o r u s ) ,  d e t e c t a b l e  PH3 can  be  
p r e s e n t  in  t he  depos i t .  Fo r  O j h y d r i d e  m o l e  ra t ios  -<1.5, 
t he  PH3 level  dec rea se s  as th i s  ra t io  inc reases  a n d  falls be- 
low t h e  de t ec t ab i l i t y  l imi t  of  0.05 w/o at  a n  O J h y d r i d e  
m o l e  ra t io  of 1.5. W h e n  t he  O J h y d r i d e  m o l e  ra t io  is in- 
c r eased  to 2.0, howeve r ,  PH3 reappears .  C o n s e q u e n t l y ,  a n  
O J h y d r i d e  mo]e  ra t io  of  1.5 was  se lec ted  for all subse-  
q u e n t  e x p e r i m e n t a t i o n  r e q u i r i n g  s u c h h i g h  p h o s p h o r u s  
d o p i n g  concen t r a t i on .  T he  P203 c o n t e n t  pas ses  t h r o u g h  a 
m i n i m u m ,  a n d  t he  P.oO~ c o n t e n t  t h r o u g h  a m a x i m u m ,  for 
a n  O J h y d r i d e  mo le  ra t io  of 1.5. T he  s u m  of  t he  p h o s p h o -  
rus  c o n t r i b u t i o n s  f rom t he  two  oxides,  howeve r ,  r e m a i n s  
re la t ive ly  c o n s t a n t  a t  t he  10.5 w/o level,  i n d e p e n d e n t  of  
O J h y d r i d e  mole  ratio. Th i s  r e su l t  differs  f rom t h a t  ob- 
t a i n e d  in  a n o t h e r  s t u d y  (4) of ox ides  d e p o s i t e d  at  low, 
t h o u g h  unspec i f ied ,  p ressu res .  In  t h a t  case,  t he  p h o s p h o -  
rus  c o n t e n t  d e c r e a s e d  w i t h  i n c r e a s e d  O J h y d r i d e  mo le  ra- 
t io ove r  the  r a n g e  s h o w n  in  Fig. 2. 

The  effect  of  ref low c o n d i t i o n s  on  t hose  fi lms wi th  the  
h i g h e s t  PH:~ c o n t e n t  was  also d e t e r m i n e d .  As i n d i c a t e d  in 
Tab le  I, p r o c e d u r e s  in  e i t he r  an  i ne r t  a m b i e n t  or an  
ox id iz ing  a m b i e n t  we re  tes ted .  Rega rd le s s  of  a m b i e n t ,  ex- 
p o s u r e  to a t e m p e r a t u r e  of  920~ is a p p a r e n t l y  suff ic ient  
to r e m o v e  PH:~. A n o t h e r  n o t a b l e  effect  is t he  r e d u c t i o n  of 
P~O:~ c o n t e n t  in t he  ox id iz ing  amb ien t .  S o m e w h a t  surpr is -  
ingly,  t he  t r i ox ide  is no t  f u r t h e r  ox id ized  to a p p e a r  as 
P~O~, b u t  r a t h e r  is a b s t r a c t e d  f rom the  film. 

For  p h o s p h o r u s  d o p i n g  levels  less t h a n  10 w/o, t he  
O~/hydride mole  ra t io  was sca led  to m a t c h  a ra t io  of  2:1 
for u n d o p e d  oxide.  Fo r  example ,  at  a PH.~ mole  rat io  of  
0.09, an  O J h y d r i d e  mo le  ra t io  of  1.3 was  used.  On th i s  ba- 
sis, r e su l t s  for a r a n g e  of p h o s p h o r u s  c o n c e n t r a t i o n s  
d o w n  to 2 w/o are p r e s e n t e d  in Fig. 3. No PH:~ is detect -  
ab le  in  any  of  t he se  depos i t s .  A m o n o t o n i c  i nc r ea se  in  
P~O.~ a n d  in  to ta l  p h o s p h o r u s  c o n t e n t  is o b s e r v e d  w i t h  in- 
c r ea s ing  mo le  rat io  of  PHi .  A t e n d e n c y  t o w a r d  s a t u r a t i o n  
at  t he  h i g h e s t  c o n c e n t r a t i o n s  is ind ica ted .  T he  P20.~ con-  
t e n t  is m a x i m u m  nea r  m i d r a n g e  c o n c e n t r a t i o n s  of  6-8 w/o 
for t h e  da ta  of  Fig. 3. P r e s u m a b l y ,  f u r t h e r  op t i m i za t i on  of  
the  O J h y d r i d e  m o l e  ra t io  cou ld  r e d u c e  t he  P20:~ levels  for 
s u c h  concen t r a t i ons .  

G r o w t h  rate,  u n d e r  the  a b o v e  cond i t ions ,  as a f u n c t i o n  
of  to ta l  p h o s p h o r u s  c o n t e n t  is p r e s e n t e d  in Fig. 4. As wi th  
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Fig. 2. Concentration of phosphorus bearing compounds as a function 
of Ojtotal  hydride mole ratio. 
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Table I. Effect of reflow processing on concentration 
of phosphorus-bearing compounds 

Reflow process PH:~ (w/o) P~O~ (w/o) P~O:~ (w/o) 

None 0.12 21.2 1.8 
920~ 30 rain N~ BDL ~ 21.2 1.8 
920~ 10 rain O~ BDL ' 20.8 0.3 

+ 5 rain steam 
+ 10 min N._, 

a Below detectable limit of 0.05 w/o. 

u n d o p e d  ox ide  (3), t he  g r o w t h  ra te  is r ough ly  p ropor -  
t iona l  to  wafer  spac ing .  To a good  a p p r o x i m a t i o n ,  g r o w t h  
ra te  also d e p e n d s  l inear ly  on  p h o s p h o r u s  con ten t ,  w i th  a 
s lope of  0.86 n m  ra in  -~ pe r  w/o. S imi la r  r e su l t s  are ob- 
t a ined  w h e n  t he  O J h y d r i d e  mo le  rat io  is he ld  cons tan t .  
S u c h  a d e p e n d e n c e  is d i f f e ren t  t h a n  p rev ious ly  o b s e r v e d  
(4-6) w h e r e  a m i n i m u m  in  g r o w t h  ra te  appea r s  at  a few 
w e i g h t  p e r c e n t  p h o s p h o r u s .  The  d i f fe rence  m a y  be  ac- 
c o u n t e d  for  by  a lower  p r e s s u r e  u s e d  in t h e  p r e s e n t  work  
or by  less dep l e t i on  w i t h  the  s ingle-pass  gas  flow at  each  
wafer.  

The  la t te r  p r o p e r t y  p r o v i d e s  qu i te  u n i f o r m  incorpora -  
t ion  of  p h o s p h o r u s  w i t h i n  a wafer  a n d  f rom wafer  to wa- 
fer. S u c h  un i fo rmi t i e s  are s h o w n  in Fig. 5 for d i f fe ren t  
p h o s p h o r u s  d o p i n g  levels.  For  w i th in -wafe r  u n i f o r m i t y  
d e t e r m i n a t i o n ,  four  p o i n t s  6 m m  f r o m  the  wafe r  edge  
were  measu red ,  as wel l  as the  wafer  center .  Wafer-to- 
wafer  da ta  are for  c e n t e r p o i n t  readings .  All un i fo rmi t i e s  
are w i t h i n  -+0.2 w/o p h o s p h o r u s .  On a r a t h e r  l imi ted  da ta  
base ,  t he  w i th in -wa fe r  u n i f o r m i t y  does  no t  e x h i b i t  a de- 
p e n d e n c e  on  p h o s p h o r u s  con ten t .  Wafer- to-wafer  uni -  
formi ty ,  howeve r ,  a p p e a r s  to deg rade  s o m e w h a t  w i th  in- 
c r ea sed  p h o s p h o r u s  con ten t .  

Temperature effects.--Arrhenius plots  of t he  l o g a r i t h m  
of  g r o w t h  rate  vs. t he  rec ip roca l  of abso lu t e  d e p o s i t i o n  
t e m p e r a t u r e  are s h o w n  in Fig. 6 for u n d o p e d  and  phos-  
p h o r u s - d o p e d  oxide.  In  the  lower  t e m p e r a t u r e  r eg ime  (T 
< 400~ an  ac t iva t ion  e n e r g y  Ea can  be  def ined  for the  
d i f f e r en t  films. The  va lues  of  E= are  p r e s e n t e d  in  Fig. 6 
a n d  are s een  to dec rease  w i t h  i nc rea s ing  p h o s p h i n e  mole  
ratio,  i.e., i n c r e a s i n g  p h o s p h o r u s  concen t r a t i on .  I f  i t  is as- 
s u m e d  t h a t  t he  PH~/O2 r eac t i on  is re la t ive ly  t e m p e r a t u r e  
i n d e p e n d e n t ,  t h e n  a r e d u c e d  effect ive  Ea w o u l d  be  
e x p e c t e d  for the  p h o s p h o r u s - d o p e d  films, as obse rved .  
At  the  h i g h e r  t e m p e r a t u r e s  shown ,  g r o w t h  ra te  sa tu ra te s  
for u n d o p e d  a n d  d o p e d  films. P r e s u m a b l y ,  t h i s  occurs  as 
a c o n s e q u e n c e  of  nea r ly  c o m p l e t e  u t i l i za t ion  of  the  SiH~ 
u n d e r  t he  flow c o n d i t i o n s  for  the  e x p e r i m e n t s .  The  in- 
c r e m e n t a l  inc reases  in  s a t u r a t i o n  g r o w t h  ra te  w o u l d  t h u s  
ar ise  f rom the  PH:40~ react ion.  The  p e r c e n t a g e  of  Sill4 

W T  % AS �9 P20, + P,O= �9 P=O~ 
p [ J 1 
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Fig. :3. Phosphorus concentration incorporated as P20~ or as P~O.~ plus 
P~O:~ as o function of PH:~ mole ratio and the oxygen/total hydride mole 
ratios indicated. 
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consumed in the deposition chamber can, of course, be 
calculated if the surface area and associated growth rate 
are known. Because, as mentioned above, the latter de- 
pends on spacing of the deposition surfaces and there is 
some roughness on chamber  surfaces, such a calculation 
is not quantitative. With these uncertainties in mind, 
about 50% consumption of the Sill4 is indicated for the 
saturation condition. 

The efficiency of phosphorus incorporation in the 
films increased with decreased growth temperature, as 
shown in Fig. 7. Saturation of the phosphorus content oc- 
curs at the highest temperature of 500~ The trend is sim- 
ilar for the two doping levels and is primarily accounted 
for by increased P~O.~ content at reduced temperatures. A 
similar trend was observed for doped oxides grown at at- 
mospheric pressure (7, 8). Tests performed for PH:~ at the 
temperature extremes proved negative. The increase in 
phosphorus content at lower temperatures is again quali- 
tatively explainable in terms of a temperature-insensitive 
PHJO~ reaction. The ratio of growth rate for P~O~ and 
SiO2 would then increase with decreased temperature. 
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Additional information concerning phosphorus incor- 
poration can be extracted from the saturation growth 
rates discussed above. The assumptions made are that the 
SiHJO=, and PHJO~ reactions contribute independently to 
growth rate, that the densities are equal for SiO2 and P20~, 
and that all phosphorus is incorporated as P20~. The 
growth-rate ratio for P~O:, and P~O~ + SiO~ is then propor- 
tional to the weight-content ratio of P._,O~. In addition, the 
latter is 2.29 times the weight ratio of phosphorus in the 
oxide. From Fig. 6, the saturation growth rates for 
undoped, moderately doped, and heavily doped fi]ms are 
approximately 25.5, 27.5, and 31.0 nm rain -1, respectively. 
The corresponding phosphorus concentrations calculated 
are 3.2 and 7.7 w/o for the films of medium and heavy 
doping. These values are in reasonable agreement with 
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Fig. 7. Phosphorus concentration incorporated as P.zO.~ or as P._,O~ plus 
P._,O:~ as o function of growth temperature. 
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t he  m e a s u r e d  va lues  of  3.8 and  7.6 s h o w n  in Fig. 7 at  t he  
h ighes t  g r o w t h  t e m p e r a t u r e .  The  a s s u m p t i o n  of i n d e p e n -  
den t  c o n t r i b u t i o n s  f rom t he  PH:~/O~ and  SiH4/O~ reac t ions  
is a p p a r e n t l y  inva l id  at  lower  t e m p e r a t u r e s ,  w h e r e  utiliza- 
t ion  of the  SiH~ is less comple te .  The  d i f fe ren t ia l  g r o w t h  
ra te  a b o v e  t h e n  b e c o m e s  m u c h  la rger  t h a n  the  w e i g h t  
c o n t e n t  rat io  of  P~O~. 

I t  is n o t e w o r t h y  t h a t  the  nea r - s a t u r a t i on  d o p i n g  levels  
are a p p r o x i m a t e l y  t hose  e x p e c t e d  for s t o i c h i o m e t r y  of 
the  c o m b i n e d  SiH4/PH:~/O~ reac t ion .  The  va lues  ca lcu la ted  
in t ha t  case  are 2.6 a n d  6.8 w/o. The  ca lcu la ted  va lues  are 
r o u g h l y  i n d e p e n d e n t  of w h e t h e r  the  r eac t ion  p r o d u c t  is 
P~O5 or P~O:~ b e c a u s e  the  s t o i c h i o m e t r y  is iden t i ca l  for the  
two reac t ions  and  the  mo le  p e r c e n t  rat io  is a p p r o x i m a t e l y  
equa l  to the  w/o p h o s p h o r u s  for each  of the  oxides.  A sim- 
i lar  c o n c u r r e n c e  of ca lcu la ted  a n d  m e a s u r e d  p h o s p h o r u s  
c o n c e n t r a t i o n  for c o m p a r a b l e  g r o w t h  t e m p e r a t u r e  was  
o b s e r v e d  (7) for  ox ides  g r o w n  at a t m o s p h e r i c  p ressure .  
P h o s p h o r u s  c o n c e n t r a t i o n s  e x c e e d i n g  t he  s t o i ch iome t r i c  
va lues  at  lower  t e m p e r a t u r e s ,  as in  Fig. 7, were  also n o t e d  
p rev ious ly  (4) for low p r e s s u r e  g r o w t h  at  360~ Th i s  ef- 
fect  was  i n t e r p r e t e d  (4) as k ine t i c  i n h i b i t i o n  of  t he  s i lane 
o x i d a t i o n  re la t ive  to the  p h o s p h i n e  oxida t ion .  

Flow rate  a n d  pressure  e f f ec t s . - -The  g r o w t h  ra te  exh ib-  
i ts  a l inea r  d e p e n d e n c e  on  to ta l  mass  flow in the  300-1200 
cm ~ m i n  -j r ange  for a p h o s p h i n e  mole  rat io  of  0.12 and  an  
O J h y d r i d e  mole  rat io  of  1.4. This  d e p e n d e n c y  is t he  s ame  
as for u n d o p e d  ox ide  a n d  is c o n s i s t e n t  w i th  t he  m o d e l  es- 
t a b l i s h e d  for s u c h  g r o w t h  (3). P h o s p h o r u s  i n c o r p o r a t i o n  
as a f u n c t i o n  of  to ta l  flow is i l lus t ra ted  in Fig. 8. The  P~O~ 
c o n t e n t  dec reases  wi th  i nc r ea sed  flow, w h e r e a s  the  P~O:~ 
c o n t e n t  increases .  The  la t t e r  inc rease  is insuf f ic ien t  to 
b a l a n c e  the  P~O5 decrease ,  so the  to ta l  w/o p h o s p h o r u s  
dec reases  w i th  i n c r e a s e d  flow. The  dec rease  in to ta l  
p h o s p h o r u s  and  P~O5 c o n c e n t r a t i o n s  m a y  be  a t t r i b u t a b l e  
to the  PH:~ b e c o m i n g  less  compe t i t i ve  for a d s o r p t i o n  si tes 
as the  Sill4 c o n c e n t r a t i o n  inc reases  w i th  i n c r e a s e d  flow. 
S u c h  a r e d u c e d  r eac t i on  ra te  cou ld  also a c c o u n t  for the  
g rea te r  p r e v a l e n c e  of  the  subox ide ,  P~O:~. 

I n c r e a s i n g  the  to ta l  s y s t e m  p re s su re  f rom 100 to 300 
m t o r r  y ie lded  an  inc rease  in g r o w t h  rate  f rom 28 to 32 n m  
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rain-'. This result is for films grown with the same mole 
ratios listed in the preceding paragraph. The weight per- 
cent phosphorus incorporated as P~O~ and P~O:~ is re- 
duced from 7.8 to 6.0 and from 1.4 to 1.2, respectively, at 
the higher pressure. Similar to the effect of high flow 
rate, the longer residence time at higher pressure may fa- 
vor SiH~ over PH3 adsorption. 

Film stress.--The room-temperature stress in deposits is 
shown as a function of phosphorus content in Fig. 9. The 
stress becomes less compressive as phosphorus content 
increases to about 8.5 w/o. For larger concentrations, the 
stress is tensile. The compressive stress for undoped 
films is reduced for lower deposition temperature. Such 
a decrease is largely attributable to differential thermal 
expansion of oxide and silicon. The stress arising from 
this source (9) is proportional to (~,, - ~i) (T - T~), where 
~o and as~ are the thermal expansion coefficients for sili- 
con dioxide and silicon, T is the growth temperature, and 
T r is room temperature. The values of ~ and ~i are 0.5 
and 2.5 • I0 -~ per degree centigrade, respectively. Thus 
the stress is expected to be negative (compressive), as ob- 
served for undoped films. The stress ratio calculated 
from the above expression as T is reduced from 400 ~ to 
300~ is 0.73. The ratio of 0.60 observed is not substan- 
tially different. The indication, therefore, is that the ma- 
jority of the stress in undoped films is a consequence of 
differential thermal expansion and there is little intrinsic 
stress. The role of phosphorus is not certain, but may be 
to increase ~o. For phosphorus concentration greater than 
8.5 w/o, the effect is sufficient to reverse the sign of the 
stress and place the film in tension at room temperature. 

Conc lus ions  
Phosphine can be eliminated from phosphorus-doped 

oxides grown at low pressures through optimized adjust- 
ment of the growth conditions. The same goal is achieved 
with conventional reflow processes. The ratio of P~O3 to 
P20.~ incorporated in the silicon dioxide can also be mini- 
mized through proper choice of growth parameters. The 
efficiency of incorporation of phosphorus under 
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standard conditions is no worse than 80% up to a PH:~ 
mole ratio of 0.15. The efficiency is reduced by increas- 
ing growth temperature, flow rate, or pressure. The 
growth rate exhibits a decreased activation energy with 
increased phosphorus content at low temperature, and it 
saturates at high temperatures. The temperature effects 
can be largely explained by a temperature-insensitive 
PHilO2 reaction. The flow rate and pressure effects may 
be related to relative PH3-SiH4 adsorption properties. The 
film stress becomes less compressive through phospho- 
rus additions and, at least for undoped oxide, arises pri- 
marily from differential thermal expansion. Finally, the 
ability to discern the above trends is in substantial mea- 
sure due to the tight control of growth conditions in the 
vertical reactor used. 
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Modified Phosphosilicate Glasses for VLSI Applications 
K. Nassau, R. A. Levy,* and D. L. Chadwick 

AT&T Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

In this study, the glass transition temperature T~ is determined from thermal expansion measurements in a series of 
glass compositions prepared by bulk fusion of a phosphosilicate matrix to which oxides of boron, germanium, or arsenic 
are added. On a per-molar basis, addition of boron was observed to be the most effective in lowering the glass transition 
temperature of the phosphosilicate matrix, as compared to arsenic or germanium, which is found to be the least effec- 
tive. For borophosphosilicate glass with concentrations of B~O:~ less than 13 m/o, values of Tg are observed to be reduced 
by increasing the P20.~ content. Near 13 m/o B20:~ the temperatures become independent  of P20~, while at a still higher 
B20:~ content they are actually raised upon increasing the P~O~ concentration. For the germanophosphosilicate glass, no 
such reversal is noted as values of T~ decrease slightly with P~O.~ additions at all GeO~ concentrations. Glass composi- 
tions with potential VLSI applications can, thus, have the P~O5 content reduced to the minimum value required to pro- 
vide gettering without significantly affecting the glass transition or associated viscous flow parameters. From a com- 
parison of the measured values of T~ in bulk glasses with reported values of the flow temperature Tf for films with 
corresponding compositions, a correlation factor relating those two parameters is established. Thus, the relatively sim- 
ple thermal expansion technique can now be used to survey for glass compositions with promising flow characteristics 
without the rigorous and t ime consuming effort of conducting the more difficult bulk viscosity experiments or devel- 
oping deposition processes for films with possibly unsuitable viscous characteristics. 

Phosphosilicate glass (PSG) deposited by low pressure 
chemical vapor deposition (LPCVD) is widely used in the 
fabrication of integrated circuits (1). It serves as a dielec- 
tric to insulate gate interconnects from metallization, as a 
passivation overcoat to provide mechanical protection, 
and as a solid diffusion source to dope silicon with phos- 
phorus. In the processing of 2.5/~m Twin-Tub CMOS de- 
vices (2), PSG is exclusively used for its function as an 
intermediate dielectric providing, due to the phosphorus 
presence, added capabilities for effective gettering of so- 
dium and other rapidly diffusing metal ions (3). Following 
deposition, PSG films typically undergo two high tem- 
perature processing steps (i.e. flow and refiow) to 
smooth the topography and drive in the junctions (4). The 
ability of PSG to undergo viscous deformation at a given 
temperature is primarily a function of the phosphorus 
content  in the glass (5). With the ongoing emphasis on 
fine line geometries with design rules requiring short 
channel lengths (<~1 /~m) and shallow junctions (<~0.25 
/~m), a reduction in thermal cycle to minimize lateral and 
vertical diffusion of dopants becomes essential. Reduc- 
tion of the flow and/or refiow temperature can generally 
be achieved by an increase in the phosphorus concentra- 
tion of PSG, with a decrease of 50~ requiring an addi- 
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tional 3 weight percent (w/o) P(6). However, glasses with 
high P concentrations become extremely hygroscopic 
and may, due to chemical as well as electr~0chemical reac- 
tions, corrode the A1 metallization (7). 

Reported studies of CVD dielectric films for potential 
applications in silicon devices have focused on the inves- 
tigation of silica with oxides of boron, phosphorus, boron 
plus phosphorus, aluminum, boron plus aluminum, zinc, 
boron plus zinc, arsenic, and several other combinations 
(8, 9). To meet future VLSI requirements,  the initial de- 
velopment  of a ternary glass system ought to retain the 
well-characterized phosphosilicate glass matrix for getter- 
ing purposes and also for minimizing major process 
changes. The choice of an additional oxide component  
should then be based on the overall properties and pro- 
cess compatibility of the ternary glass system. 

In this study, we examine a series of glass compositions 
prepared by bulk fusion of a phosphosilicate matrix to 
which oxides of boron, germanium, or arsenic were 
added. The purpose here is to evaluate the contributory 
effect of these oxide additions on the viscous properties 
of the matrix. Since determination of the glass transition 
temperature T~ from thermal expansion data is known to 
yield a measure of viscosity, we shall demonstrate that 
values of T~ can be empirically correlated to flow temper- 
ature by addition of a constant factor equal to -288~ 
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F u r t h e r m o r e ,  we shal l  e s t a b l i s h  t ha t  th i s  t e c h n i q u e  offers 
a re la t ive ly  q u i c k  way  of s u r v e y i n g  glass  c o m p o s i t i o n s  
wi th  p r o m i s i n g  f low t e m p e r a t u r e s  w i t h o u t  t he  a r d u o u s  
effor t  of d e v e l o p i n g  a n d  cha rac t e r i z ing  a poss ib ly  unsu i t -  
ab le  L P C V D  process .  

Sample  Preparat ion and M e a s u r e m e n t  T e c h n i q u e  
Mater ia l s  u s e d  in  t he  p r e p a r a t i o n  of the  b u l k  g lasses  

i n c l u d e d  hyd ro l i zed  si l ica p o w d e r  (Cab-O-Sil ,  G. L. 
Cabot ,  Incorpora ted ) ,  99.999% GeO2 ( A pache  C h e m i c a l s  
Inco rpora t ed ) ,  a n d  A CS  g r a d e  As203 (Alfa P roduc t s ) ;  bo- 
r o n  was  u s e d  in t h e  f o r m  of  a r e agen t  g r a d e  a m m o n i u m  
p e n t a b o r a t e  (NH4)2B10Oz68H20 (F i sher  Scient i f ic  Com- 
pany)  a n d  p h o s p h o r u s  as r e a g e n t - g r a d e  d ibas ic  a m m o -  
n i u m  p h o s p h a t e  (NH4)2HPO4 (Bake r  C h e m i c a l  Company) .  

B a t c h e s  to  p r o d u c e  25g of  glass  we re  p r e p a r e d  first  
by  m i x i n g  t he  i n g r e d i e n t s  w i th  100 to 200 m l  of d is t i l led  
wa te r  ( the q u a n t i t y  d e p e n d i n g  on  the  a m o u n t  of  Cab-O- 
Sil); t he se  b a t c h e s  were  t h e n  ba l l -mi l led  for  a m i n i m u m  
of 10h, d r ied  in an  oven  at  120~ g round ,  a n d  h e a t e d  in a 
p l a t i n u m  or a h i g h  p u r i t y  a l u m i n a  c ruc ib le  in a c c o r d a n c e  
wi th  t he  fo l lowing p rocedure .  Af te r  in i t ia l  f i r ing for l h  at  
1000~ e a c h  s a m p l e  was  r e g r o u n d  a n d  re t i red  at  1150~ 
th i s  s e q u e n c e  was  r e p e a t e d  at  150~ in te rva l s  un t i l  glass 
f o r m a t i o n  was  a c h i e v e d  to a m a x i m u m  t e m p e r a t u r  e of  
1600~ B u l k  glass  cou ld  no t  b e  o b t a i n e d  at  th i s  t e m p e r a -  
tu re  in  a few h i g h  sil ica c o n c e n t r a t i o n s  s a m p l e s  w h i c h  
s i n t e r e d  in to  g r anu l a r  mate r ia l ;  s ince  x-ray d i f f rac t ion  
s h o w e d  no s igns  of  c rys ta l l in i ty  in  t h e s e  samples ,  t hey  
we re  p r e s s e d  at  2500 ps i  in to  9 m m  d i a m  pe l le t s  su i t ab l e  
for t he  t h e r m a l  e x p a n s i o n  m e a s u r e m e n t s .  

One p e r c e n t  of As~O:~ was  p u r p o s e l y  a d d e d  to each  glass 
c o m p o s i t i o n  as a f in ing a g e n t  to r e m o v e  gas  b u b b l e s  a n d  
ass i s t  in h o m o g e n i z i n g  t he  melt .  This  i n g r e d i e n t  is no t  
s h o w n  in Tab les  I a n d  II a n d  is e x p e c t e d  to h a v e  a smal l  
and  a p p r o x i m a t e l y  c o n s t a n t  effect  on  the  resul ts .  Clear  
g lasses  were  o b t a i n e d  only  in t he  case  of low m e l t i n g  
compos i t i ons ,  b u t  th i s  is no t  e x p e c t e d  to affect  the  glass 
t r a n s i t i o n  m e a s u r e m e n t s .  Weigh ing  s a m p l e s  before  a n d  
af ter  me l t i ng  s h o w e d  no s ign i f ican t  w e i g h t  loss due  to 
vapo r i za t i on  of  c o m p o n e n t s ,  e x c e p t  for t he  two h i g h e s t  
a r s e n i c - c o n t a i n i n g  c o m p o s i t i o n s  of Tab le  III. 

Se rn iquan t i t a t i ve  ana lys i s  by  x-ray f luorescence  on  two 
r e p r e s e n t a t i v e  s p e c i m e n s  of Tab le  II  s h o w e d  t he  ex- 
p e c t e d  m a j o r  i ng red i en t s ,  i n c l u d i n g  the  arsenic .  O t h e r  de- 
t e c t ab l e  e l e m e n t s  we re  no t  exh ib i t ed ;  th i s  i n c l u d e s  a lumi-  
n u m ,  a poss ib le  c o n t a m i n a n t  f rom the  bal l  mi l l ing  a n d  
crucible ,  w h i c h  ha s  a de t ec t ab i l i t y  l imi t  of less t h a n  0.1% 
by  th i s  t echn ique .  

Quan t i t a t i ve  ana lys i s  of  t he se  s ame  s p e c i m e n s  by  
i n d u c t i v e l y  coup l ed  p l a s m a  opt ical  e m i s s i o n  ana lys i s  in  
mo le  p e r c e n t  (m/o) ox ides  ( the n u m b e r  in  p a r e n t h e s i s  is 
the  n o m i n a l  compos i t i on )  we re  as follows. S a m p l e  1: SiO., 
= 68.8 (69), GeO~ = 21.2 (23), P._.O~ = 7.1 (8), B~O~ <0.01 (0), 
As.,O:~ = 0.66 (1), AI~O:~ = 0.05 (0), to ta l  r e cove ry  = 97.8%. 
S a m p l e  2: SiO~ = 77.1 (81), GeO._, = 0.11 (0), P~O~ = 2.0 (2), 
B~O:~ = 17.0 (17), As~O:~ = 0.69 (1), AI~O~ = 0.01 (0), to ta l  re- 
covery  = 96.9%. T h e  s t a n d a r d  dev i a t i on  for t he se  r e su l t s  
is a b o u t  one  p e r c e n t  of  t he  r e s u l t  for e ach  value.  I t  can  be  
seen  t h a t  s o m e  a r sen ic  is los t  as e x p e c t e d  a n d  t h a t  a l i t t le  
p h o s p h o r u s  is los t  as well  at  h i g h  c o n c e n t r a t i o n .  In  b o t h  
cases,  t he  a l u m i n u m  c o n t a m i n a t i o n  is a c c e p t a b l y  low a n d  
to ta l  r e cove ry  as wel l  as a g r e e m e n t  w i t h  n o m i n a l  va lues  is 
ve ry  sa t is factory.  

T h e r m a l  e x p a n s i o n  m e a s u r e m e n t s  we re  p e r f o r m e d  on a 
du  P o n t  1090 t h e r m o a n a l y z e r  u s i n g  a h e a t i n g  ra te  of  5 
degrees  p e r  m inu t e .  A t  l eas t  two runs  were  p e r f o r m e d  on  
each  sample ,  the  first genera l ly  se rv ing  as an  a n n e a l i n g  
step.  In  th is  t e c h n i q u e ,  a s a m p l e  typica l ly  3 m m  t h i c k  is 
p l aced  on  a fused  sil ica h o l d e r  in a furnace .  A fused  silica 
p l u n g e r  res ts  on  top  of t he  s a m p l e  a n d  t r a n s m i t s  the  
s a m p l e  e x p a n s i o n  to a l inea r  t r a n s d u c e r  loca ted  ou t s ide  
t he  furnace .  The  e x p a n s i o n  coeff ic ient  of fu sed  silica 
(0.55 ~m/m~ was  a d d e d  in  all cases to t he  o b s e r v e d  ex- 
p a n s i o n  coeff ic ient  as is a p p r o p r i a t e  for  t he  g e o m e t r y  
u s e d  in  th i s  t h e r m o a n a l y z e r .  

The  glass t r ans i t i on  t e m p e r a t u r e  (also k n o w n  as the  
glass  t r a n s f o r m a t i o n  t e m p e r a t u r e )  specif ies  a t e m p e r a -  
t u r e  reg ion  w h e r e  m a n y  of  t he  p r o p e r t i e s  of  a glass 
c h a n g e  s ignif icant ly .  The  glass  t r a n s i t i o n  t e m p e r a t u r e  is 
genera l ly  assoc ia ted  w i th  t he  s lowing  d o w n  of m o l e c u l a r  
r e a r r a n g e m e n t s  in  t he  glass  s t r uc tu r e  d u r i n g  cooling.  
When  t h e s e  r e a r r a n g e m e n t s  occu r  rap id ly  w i t h i n  t he  t ime  
f r ame  of  an  e x p e r i m e n t a l  m e a s u r e m e n t ,  t he  glass  ha s  the  
p rope r t i e s  of a f luid melt ;  w h e n  the  m e a s u r e m e n t s  are 
fast, t h e  glass  s t r u c t u r e  is " f rozen"  a n d  t he  glass  b e h a v e s  
l ike  a solid. The  ra te  of t h e s e  m o l e c u l a r  r e a r r a n g e m e n t s  is 
c losely  a s soc ia t ed  w i t h  v i scous  flow and,  as genera l ly  
n o t e d  (10), Tg occurs  in  all ox ide  glasses  at  a v i scos i ty  of 
-101~P (1 Po i se  = 1 g/cm-s). The  so f t en ing  p o i n t  of  a 
glass is t he  t e m p e r a t u r e  at  w h i c h  it  has  a v i scos i ty  of  
107.'~P. At  t h a t  v i scos i ty  a r od  24 cm in l e n g t h  and  0.7 m m  
in  d i a m e t e r  e longa tes  I r a m / r a i n  u n d e r  i ts o w n  weight .  
The  f low t e m p e r a t u r e  Tf in  glass  fi lms w o u l d  e x p e c t a b l y  
be  close to t h a t  so f t en ing  point .  For  glass  s y s t e m s  in 
w h i c h  t he  v i scos i ty  e x h i b i t s  a n  A r r h e n i u s - t y p e  b e h a v i o r  
(or one  close to it), d i f fe ren t ia l  va r i a t ions  in  v i scos i ty  
c an  be  d i rec t ly  co r re l a t ed  to d i f fe ren t ia l  va r i a t i ons  in  tem-  
pera tu re .  Thus ,  the  d i f f e rence  in  va lues  of  t h e  v i scos i ty  at  
t he  glass  t r a n s i t i o n  t e m p e r a t u r e  a n d  at t he  flow t e m p e r a -  
t u r e  (i.e. ~ - V~f) w o u l d  ref lect  f rom the  s lope of  t he  
vs. l IT curve,  t he  d i f f e rence  in  t he  va lues  of  T~ a n d  Tf (i.e. 
T~ - Tf). I t  is i n t e r e s t i n g  to no t e  t h a t  the  p h a s e  c h a n g e  
f rom the  l iqu id  to t h e  g lassy  s ta te  is a c o n t i n u o u s  t ransi -  
t ion.  The  s e c o n d - o r d e r  quan t i t i e s ,  s u c h  as t he  coeff ic ient  
of t h e r m a l  e x p a n s i o n  or specif ic  heat ,  r a t h e r  t h a n  t he  
c o r r e s p o n d i n g  f i rs t -order  quan t i t i e s ,  s u c h  as v o l u m e  or 
en tha lpy ,  show a d i s c o n t i n u i t y  at  T~. Thus ,  m e a s u r e m e n t s  
of the  coeff ic ient  of t h e r m a l  e x p a n s i o n  as a f u n c t i o n  of 
glass c o m p o s i t i o n  w o u l d  specify,  in  t he  p r e s e n t  inves t iga-  
t ion,  no t  on ly  c h a n g e s  in t he  c o r r e s p o n d i n g  va lues  of  T~ 
bu t  also the  a s soc ia t ed  c h a n g e s  in the  v i scos i ty  of  the  
sys tem.  

A typ ica l  t h e r m a l  e x p a n s i o n  curve,  o b t a i n e d  in  th i s  
case  for  the  t e r n a r y  81 m/o SIO2, 17 rrgo B203, 2 m/o P~O5 
glass s y s t e m  is s h o w n  in  Fig. 1. Genera l ly ,  s u c h  cu rves  
t e n d  to e x h i b i t  first a l inea r  inc rease  in l e n g t h  wi th  in- 
c reas ing  t e m p e r a t u r e  fo l lowed by  a s l igh t  b e n d  in  the  
cu rve  and  t h e n  a n o t h e r  s h a r p  b e n d  t o w a r d s  a s t eepe r  
s lope;  the  cu rve  t h e n  h e a d s  t o w a r d  a p e a k  before  sh i f t ing  
d i r ec t ion  t o w a r d  sma l l e r  l eng ths .  This  la t te r  sh i f t  is d u e  
to the  s l u m p i n g  of  t he  f luid m e l t  u n d e r  i ts  own  w e i g h t  as 
well  as t he  c o m p r e s s i o n  of t he  so f t ened  glass  by  the  
w e i g h t  of t he  p l u n g e r  a n d  is t he r e fo re  no t  rea l ly  an  essen-  
tial pa r t  of  the  e x p a n s i o n  curve.  I f  m e t h o d s  were  u sed  
w h e r e  the  so f t en ing  of  the  s a m p l e  d id  no t  in t e r fe re  w i th  
t he  m e a s u r e m e n t ,  t he  cu rve  wou ld  c o n t i n u e  r i s ing  w i th  
h i g h e r  t e m p e r a t u r e s .  To a first a p p r o x i m a t i o n ,  t he  vol- 
u m e  of  m o s t  sol ids  is k n o w n  to inc rease  l inear ly  wi th  
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Fig. 1. Thermal expansion curve illustrating the linear, stabilization, 

and gloss transition regions for the ternary 81 m/o SiO,, ] 7 rn/o B=O;~, 2 
m/o P20.~ glass system. 
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t e m p e r a t u r e  w i t h  the  t h e r m a l  e x p a n s i o n  a d e q u a t e l y  rep- 
r e s e n t e d  by  a ser ies  e x p r e s s i o n  w i t h  a smal l  q u a d r a t i c  
t e r m  (10) 

1 = 1,, (1 + ~T + fiT-') 

w h e r e  a is the  l i nea r  e x p a n s i o n  coefficient .  However ,  a 
s e c o n d  c o n t r i b u t i o n  to t h e r m a l  e x p a n s i o n  m a y  ar ise  f rom 
a c h a n g e  in the  m o l e c u l a r  a r r a n g e m e n t  of  t he  mater ia l .  In  
m o s t  c rys ta l l ine  solids,  s u c h  changes  are r e s t r i c t ed  to ab- 
r u p t  a l t e ra t ions  in  c rys ta l  fo rm at p h a s e  t r ans i t ions ,  wh i l e  
in the  case  of glasses,  at  suf f ic ient ly  h i g h  t e m p e r a t u r e s ,  
t he  m o l e c u l a r  r e a r r a n g e m e n t s  c h a n g e  c o n t i n u o u s l y  w i th  
t e m p e r a t u r e  and  c o n t r i b u t e  a ma jo r  p o r t i o n  of the  ob- 
s e r v e d  e x p a n s i o n .  Thus ,  a t  t he  po in t  w h e r e  s t ruc tu ra l  
c h a n g e s  b e g i n  to t ake  effect,  c h a n g e s  in the  s lope of t he  
e x p a n s i o n  cu rve  are  to be  expec ted .  B a s e d  on  s u c h  con- 
s ide ra t ions ,  T~ is t h e n  m e a s u r e d ,  as s h o w n  in Fig. 1, a t  t he  
e x t r a p o l a t e d  o n s e t  p o i n t  a t  w h i c h  t he  c u r v e  shows  a 
s h a r p  b e n d  t o w a r d s  a s t eepe r  slope. Glass  t r a n s i t i o n  tem-  
pe ra tu re s ,  r e c o r d e d  b y  th i s  t e c h n i q u e ,  were  genera l ly  re- 
p r o d u c i b l e  to -+10~ a n d  are  he r e  g iven  to t he  n e a r e s t  5~ 
usua l ly  as a n  ave ra ge  of  at  l eas t  two m e a s u r e m e n t s .  In  t h e  
t e m p e r a t u r e  r a n g e  b e t w e e n  the  l inear  r eg ion  a n d  %, t he  
s l ight  b e n d  o b s e r v e d  in t he  e x p a n s i o n  cu rve  is a s soc ia t ed  
w i th  t he  t h e r m a l  h i s to ry  of t he  sample .  Fo r  r ap id ly  cooled 
s a m p l e s  th i s  d e p a r t u r e  f rom l inear i ty  ref lects  large  devia-  
t i on  from thermodynamic equilibrium of the structure. 
Only small effects are expected for samples slowly cooled 
from the melt, but then the risk of triggering crystalliza- 
tion also becomes higher. Below this so-called stabiliza- 
tion range, the slope of the linear portion of the expansion 
curve extending down to room temperature yields the 
coefficient of thermal expansion. 

Since the elemental concentration in a glass may be 
listed in mole percent (m/o), cation percent (cat/o), or as 
weight percent (w/o) of the element or compound oxide 
(i.e., w/o P or w/o P~O~), ca l cu la t ions  d e s c r i b i n g  the  con- 
ve r s i on  t e c h n i q u e  as wel l  as some  i l lus t ra t ive  c o n v e r s i o n  
t a b l e s  a re  p r e s e n t e d  in  t h e  A p p e n d i x .  Fo r  s a k e  of  con-  
s i s t ency ,  g lass  c o m p o s i t i o n s  wil l  b e  r e f e r r e d  to in  m/o 
t h r o u g h o u t  t h i s  i n v e s t i g a t i o n .  

Results and Discussion 
The glass transition temperature data obtained are sum- 

marized in Tables I to III. The smoothed constant P~O~ 
concentration curves of Fig. 2 and 3 were constructed 
from the data of Tables I and If. Points were next taken 
f r o m  t h e s e  cu rves  at  25 ~ or  50~ in te rva l s  a n d  u s e d  to 
d r a w  the  t h r e e - c o m p o n e n t  Tg cu rves  of  Fig. 4 a n d  5. 

Fo r  t he  b i n a r y  SiO.,P=,O~ sys tem,  T~ is o b s e r v e d  in  Fig. 2 
or 3 to dec rea se  f rom 1160~ for pu re  SiO~ d o w n  to 725~ 
for P S G  w i t h  8 m/o P~O~. T h a t  is i n d e e d  c o n s i s t e n t  w i t h  
t he  o b s e r v e d  dec rea se  in  v i scous  flow w i t h  add i t i ona l  P 
in  t he  glass. For  g lasses  w i t h  c o n s t a n t  p h o s p h o r u s  con- 
c e n t r a t i o n s  of  0, 2, 4, or 8 m/o P,_,O5, t he  ef fec t  of  a d d i n g  
B._,O:~ resul ts ,  as s h o w n  in  Fig. 2, in  a m o n o t o n i c  dec rease  
of  t he  glass t r a n s i t i o n  t e m p e r a t u r e  for b o t h  t h e  b i n a r y  
SiO2-B203 a n d  t e r n a r y  SiO~-B203-P205 glass  sys tems .  F o r  

Table I. Glass transition temperatures of 
some binary oxide glasses 

m/o P~O:, m/o B~O:~ m/o GeO._. mJo SiO._, T~ (~ 

5.0 
9.3 

11.0 
15.7 
17.0 

4.1 
7.0 

13.3 
13.5 
31.0 
45.0 

100.0 1160 
92.0 725 
95.0 815" 
90.7 700* 
89.0 685* 
84.3 540* 
83.0 535* 

95.9 800* 
93.0 750* 
86.7 730* 
86.5 725* 
69.0 650* 
55.0 660 

* Data courtesy of J. W. Fleming (22). 

Table II. Measured values of glass transition temperature 
for multicomponent glasses involving SiO.2 with 

P..,O.~, B..,O:~, and GeO2 

m/o P~O~ rn/o B~O:~ m/o GeO._, m/o SiO~ T~ (~ 

2 6 92 820 
2 17 81 565* 
2 40 58 375 
4 6 90 700 
4 17 79 555 
4 40 56 415 
7 6 87 675 
8 17 75 610 
8 30 62 500 
8 43 49 420 
8 60 32 310 
2 12 86 710 
2 23 75 675 
4 12 84 680 
4 25 71 665 
4 45 51 610 
7 6 87 720 
7 12 81 7O0 
8 23 69 665* 
7 46 47 595 
8 92 0 515 

8 10 10 72 640 
8 10 20 62 610 

Analyses given in the text. 

Table III. Glass transition temperatures of some As~O:~ 
containing giasses 

m/o P._,O~ m/o B;O:~ m/o GeO~ m/o As~O:~ m/o SiO~ % (~ 

2.0 23 23.0 52 525 
7.5 7.5 85 635 
8.0 20.0 72 715 
8.0 10 10.0 72 620 
8.0 20 10.0 62 570 

in s t ance ,  in  the  case  of  t e r n a r y  g lasses  w i t h  a 4 m/o P205 
c o n c e n t r a t i o n ,  va lues  of  Tg are  s een  to va ry  f rom 700 ~ to 
555 ~ a n d  415~ w i t h  c o r r e s p o n d i n g  a d d i t i o n s  of  6, 17, a n d  
40 m/o B203. A s imi la r  b u t  less  p r o n o u n c e d  effect  is ob- 
s e r v e d  in  Fig. 3 as t he  r e su l t  of  a d d i n g  G e Q  to t he  SiO2 or 
to t he  SiO2-P~O~ glass  ma t r ix .  In  th i s  case, for  a c o n s t a n t  4 
m/o P205 concen t r a t i on ,  va lues  of  Tg are  s e e n  to v a r y  f rom 
680 ~ to 665 ~ a n d  610~ for  c o r r e s p o n d i n g  c o n c e n t r a t i o n s  of  
12, 25, a n d  45 rrgo GeO2. The  d i f fe rence  in  t he  glass  s t ruc-  
t u r e  b e t w e e n  t h e s e  two  glass  sy s t ems  p r e s u m a b l y  pro- 
d u c e s  th i s  va r i a t i on  in  t he  v i scous  behav io r .  The  
s t r e n g t h s  of t he  o x y g e n - c e n t r a l  a t o m  b o n d s  in  t he  s i m p l e  
ox ides  s u c h  as SIO2, GeO2, P205, a n d  B~O3 are  all of  t he  or- 
de r  of  100 kcaYmol  (11). The  ve ry  la rge  d i f f e rence  in  vis- 
cos i ty  of  t h e s e  oxides ,  s u m m a r i z e d  by  D o r e m u s  (11) a n d  
s h o w n  he re  in  Fig. 6, is t h e r e f o r e  qu i t e  u n e x p e c t e d  s ince  
t he  m e c h a n i s m  of  v i scous  f low u n d o u b t e d l y  invo lves  t h e  
b r e a k i n g  of  ox ide  b o n d s .  On t he  o the r  h a n d ,  t he  m e l t i n g  
p o i n t s  of  the  c rys ta l l ine  ox ides  para l le l  t he  v a r i a t i o n s  in  
v iscos i ty :  SiO2 (cr is tobal i te) ,  1710~ GeO2 (hexagonal ) ,  
1116~ P20~, 580~ B2Q,  450~ Thus ,  t h e  d i f f e rences  
t h e n  i nd i ca t e  t h a t  t he  de t a i l ed  s t r u c t u r e  of  t he  ox ide  net -  
w o r k  is also i m p o r t a n t  in  d e t e r m i n i n g  t he  ease  of v i scous  
flow. The  l i nked - r ing  s t r u c t u r e  of B~O~ (12) is p r o b a b l y  
t h e  r e a s o n  for  t h e  low v i scos i ty  of th i s  o x i d e  (at 550~ 
-105P),  s ince  t h e  b o n d s  b e t w e e n  r ings  a re  e x p e c t a b l y  
w e a k e r  t h a n  t h o s e  in  t he  r ings .  The  P~O~ n e t w o r k  possi-  
b ly  c o n t a i n s  shee t s  of  PO4 t e t r a h e d r a  w h e r e  each  t e t r ahe -  
d r o n  is b o n d e d  to t h r e e  o the r s  i n s t ead  of  four  as for  SiO2 
a n d  GeO2. The  lower  v i scos i ty  (at 550~ ~ -107P),  a n d  
m e l t i n g  p o i n t  of  c rys ta l l ine  P~O5 m a y  t h e n  r e su l t  f r o m  
th i s  pa r t i cu l a r  s t ruc tu re .  One  w o u l d  expec t ,  f r o m  the  s im- 
i lar i ty  in  t he  s t r u c t u r e  of  GeO~ a n d  SiO~, t h a t  t h e s e  ox ides  
w o u l d  h a v e  a s imi la r  v i scos i ty  a n d  m e l t i n g  po in t ,  s ince  
e a c h  a p p a r e n t l y  fo rms  a r a n d o m  t h r e e - d i m e n s i o n a l  net-  
w o r k  i n  the  g lassy  state.  Thus ,  t h e  s ign i f i can t  d i f f e rence  
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Fig. 2. Functional dependence of glass transition temperature on m/o 
B~O:~ content in a phosphosilicate glass matrix with O, 2, 4, and 7-8 m/o 
P~O~. 

i n  the viscosity and melting point between SiO2 (at 
ll00~ ~ -1013P) and GeO~ (at 1100~ ~ -105P) raises 
doubt on the presumed structure similarity. Although the 
random-network structure for vitreous silica is well estab- 
lished, there may be some subtle discrepancies in the 
germania network accounting for its lower viscosity. 

In the process of mixing oxides, such as that being 
done in the present investigation, the silica network-form- 
ing lattice gets broken up resulting in local distortions of 
the structure and consequently a lower viscous flow. Ox- 
ides with vastly different structures from SiO=,, particu- 
larly such as in the case of B~O:,, would then be most ef- 
fective in distorting the silica structure and achieving low 
flow characteristics 

In Table IV, published values of flow temperature Tr, 
for borosilicate (13), phosphosilicate (3-5), and borophos- 
phosilicate (13) glass systems, have been assembled with 
the corresponding measured values of T,. Determination 
of (T~ - T,) for each of these available data points yielded 
an average value for the set of 288~ with a standard devi- 
ation of 16~ This, indeed, indicates a very satisfactory 
fit to the data, especially since Tf is a rather subjective 
measurement  at best determined only to -+25~ Further- 

Table IV. Values of T, and Tf for some 
borophosphosilicate glass compositions 

Composition Temperatures 
Ref. m]o B~O:~ rrgo P20.~ Tf (~ T~ (~ Tf - T~ (~ 

4, (PSG) 
13, (BPSG-A) 11.9 
13, (BSG) 18.9 
13, (PSG) 
5, (PSG) 

7.5 1050 750 300 
4.2 925 645 280 

825 515 310 
6.9 1075 800 275 
8.0 1000 725 275 

Average 288 
Standard deviation 16 
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Fig. 3. Functional dependence of glass transition temperature on m/o 
GeOz in a phosphosilicote gloss matrix with O, 2, 4, and 7-8 m/o P~Os. 

more, the minor variations observed in (Tf - T~) may de- 
rive from differences in the nature of glasses prepared by 
these different techniques (i.e., CVD vs .  bulk melting), as 
well as other factors such as the presence of the 1 m/o 
As20:~ and the occurrence of mixed valencies in P (i. e., 
P205 and P20~) and As (i.e., As20~ and As~O3). Thus, 
through determination of the glass transition tempera- 
ture, with the use of  the relatively simple thermal expan- 
sion technique, an estimate for the corresponding flow 
temperature can be achieved by addition of a constant 
factor. That, indeed, facilitates the task of surveying for 
glass compositions with promising flow characteristics, 
without the rigorous and t ime consuming effort of con- 
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Fig. 4. Glass transition isotherms for the borophosphosilicate glass 
system. 



Vol. 132, No. 2 M O D I F I E D  P H O S P H O S I L I C A T E  G L A S S E S  413 8 

o o 

I 
o 

7 0 0  675  650  

/ - 7  ' 

Ioool 

6 2 5  6 0 0  575 
I 

ssd 

Tg(~ 

! I I I 
I0 20  30 40 50 60 70 

m/0 GeO 2 
I I I I I I 

I0 20  50 4 0  50 
w/0 Ge 

(3- ~o 

Fig. 5. Gloss transition isotherms for the germanophosphosilicate 
gloss system. 

ducting the more difficult bulk viscosity viscous experi- 
ments (14) or developing deposition processes for films 
with possibly unsuitable viscous characteristics. 

An examination of Fig. 4 indicates that at less than 
about 13 m/o B20:~ concentration, borophosphosilicate 
glasses can have their Tg and therefore their Tf reduced by 
increasing the P.20~ concentration. Near 13 m/o B~O:, these 
temperatures appear to become independent  of P~O:~ con- 
tent, while at a still higher B~O:~ content these tempera- 
tures are actually raised on increasing the P._,O.~ concentra- 
tion. Thus, glasses under  present consideration for VLSI 
applications, with typical concentrations of about 13 m/o 
B~O:~, could have the P~O.~ content reduced to the mini- 
mum value necessary to provide gettering (i. e., even pos- 
sibly as low as 2 m/o) without significantly affecting the 
flow characteristics. In view of the fact that these glasses 
are expected to be densified during flow and/or refiow 
at a relatively low temperature (<~950~ where the sur- 
face depletion of P becomes less pronounced, the bene- 
ficial option of reducing the phosphorus in the glass 
would minimize corrosion-related problems with A1 and 
furthermore allow for reliable encapsulation of devices in 
economical plastic packages. 

Although borophosphosilicate glass appears now to be 
the choice material for meeting the reduced thermal glass 
requirements, there may still be, associated with its use, a 
few technological challenges to overcome. One of the 
present problems worth noting is the lack of reliable ana- 
lytical techniques for determining the boron content in 
the glass. The fact that B is a light element (Z = 5, AMU 
11) excludes the use of x-ray related techniques (i.e., x-ray 
fluorescence, electron microprobe analysis, EDS,...) 
since most of the emitted energy is low and absorbed by 
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Fig, 6. Viscosities of various glass forming oxides as a function of re- 
ciprocal temperature. 

the detector window. Although there are ongoing efforts 
by equipment  manufacturers to develop windowless de- 
tectors, the technology is still in its infancy. On the other 
hand, the insulating character of borophosphosilicate 
glass hampers the use of surface techniques (i.e., AES, 
XPS, SIMS,...) because of the inevitable interference of 
electronic or ionic charging effects. Furthermore, the 
presence of both P and B in the glass complicates the in- 
terpretation of results generated from indirect analytical 
methods (i.e., refractive index determination, etch rate 
variation, diffusion techniques,...). Thus, the choice of 
available techniques narrows down to possibly neutron 
activation, infrared absorption, and/or chemical analysis. 
Neutron activation requires the use of an accelerator, not 
generally available on premises and extensive monitoring 
equipment, a situation certainly not suitable for a VLSI 
production environment. Infrared absorption has been 
extensively used in the characterization of borophospho- 
silicate glass films and appears at this stage to be one of 
the more promising techniques. However, inherent prob- 
lems associated with poor resolution of overlapping 
bands and the limited sensitivity of the technique to di- 
lute concentrations are recognized drawbacks. Further- 
more, as typical of all other analytical techniques which 
yield relative results, IR absorption requires proper 
standardization, a task hard to achieve with the current 
lack of absolute standards. The focus, thus, becomes 
chemical analysis, which is now being extensively ex- 
plored and promises to be the only accurate, if nonethe- 
less destructive, procedure for determining boron in 
borophosphosilicate glass. 

Another area of concern arising from the use of boro- 
phosphosilicate glass in VLSI devices pertains to the high 
nuclear cross section of B TM (4017 -+ 32 barns) for thermal 
neutrons (15). Through an (n, a) reaction B TM which is 
-20% naturally abundant  in B dissociates following neu- 
tron capture, releasing in the process a particles which in 
turn may trigger soft errors within the device. However, 
based on background count rate measurements of 
thermal neutrons in a laboratory environment,  calcula- 
tions by Yaney and Filo (16) have predicted such nuclear 
transmutations to have a negligible effect on device 
performance. 

The possibility of phase separation in borophosphosili- 
cate glass is another potential complication resulting 
from the significant difference in the molecular struc- 
tures of the oxides (i,e., B~O3, SiO2, and P20~) (17), In  the 
B~O3-SiO~ system, Charles and Wagstaff (8) have predicted 
and experimentally confirmed the occurrence of a sub- 
liquidus miscibility gap below 520~ that extends across 
the complete binary. The addition of P~O~ would presum- 
ably further enhance such phase separation due to the rel- 
atively high ionic potential (defined as the ratio of ionic 
charge to ionic radius) of phosphorus (19). Thus, devices 
with borophosphosilicate glass heat-treated below the 
metastable two-liquid coexistence boundary, as typically 
done, for instance, at the H2 annealing steps, could precip- 
itate a borate-rich phase leachable during subsequent  wet 
chemical or dry etching. 

Another limiting feature associated with the use of B20:, 
is the hygroscopic character of the oxide. In  general, bo- 
rate glasses are known to react readily with atmospheric 
water and degrade. However, borophosphosilicate glass 
films containing ~< 4 w/o B have been shown to be rela- 
tively stable chemically during storage and exposure to 
humid ambients. At higher B concentrations, the ex- 
tended exposure of undensified films at high humidity 
has been reported to cause some surface devitrification 
and in the case of the fused glass, some leaching of the 
boron and phosphorus oxides. Thus, as in the present 
case of phosphosilicate glass where control of P concen- 
tration is essential to prevent A1 corrosion, control of both 
B and P concentrations in borophosphosilicate glass now 
becomes imperative for fabrication of a reliable product. 

Most of these technological difficulties, associated with 
the use of borophosphosilicate glass, can be avoided by 
considering the alternate selection of a phosphogermano- 
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silicate glass. Ge rman ium,  be ing  a relat ively heav ie r  ele- 
men t  (Z = 32, A M U  = 73), can be readily de tec ted  by 
s tandard  analyt ical  x-ray t echn iques  (i. e., x-ray fluores- 
cence,  e lec t ron microprobe ,  EDS,...). The  nuc lear  cross 
sect ion of  all Ge isotopes  (i. e., Ge TM, Ge 72, Ge ~3, Ge TM, and 
Ge TM) for thermal  neu t rons  is relat ively low (15) (in wors t  
case situation, o- = 14 -+ 1 barns  for GET3), thus  e l iminat ing  
the  potent ia l  threat  of nuc lear  t ransmuta t ions  affect ing 
dev ice  performance.  The  repor ted  t endency  (20) of  both  
g e r m a n i u m  and phosphorus  to subst i tu te  for si l icon in 
the  s i l icon-oxygen ne twork  e l iminate  the  risk of  phase  
separation.  Finally,  based on work ing  knowledge  of  the 
chemica l  behav ior  of  crystal l ine and amorphous  phases,  
the  t endency  of  GeO~ to react  wi th  mois ture  is cons idered  
signif icantly lower  than  that  of P205 or  B~O3 but  still 
h igher  than  that  of  As20.3, ZnO, A1203, or SiO2. 

Examina t i on  of  Fig. 5 reveals  that  the  glass t ransi t ion 
t empera tu re  for the ge rmanophosphos i l i ca te  glass de- 
creases  wi th  P~O5 addi t ions  at all GeO., concentrat ions .  
However ,  the decrease  is re lat ively modes t  in the region 
of interest ,  so that  a reduc t ion  in the P=,O~ concent ra t ion  
to min imize  hygroscop ic i ty  could again be ach ieved  with 
no significant changes  in the viscous  behavior  of the  sys- 
tem. Thus,  the choice  of a silica glass conta in ing  35 m/o 
GeO~ and 4 m/o P20~, exhib i t ing  an in terpola ted  va lue  of 
T~ ~ 635~ is p red ic ted  to have  a flow t empera tu re  below 
950~ That  would,  indeed,  p rovide  us wi th  the  necessary  
marg in  to opt imize  the  flow and/or reflow cycle so as to 
ach ieve  the desirable  junc t ion  depths.  

The character is t ic  proper t ies  of  the p h o s p h o g e r m a n a t e  
system are worth  no t ing  wi th in  the  con tex t  of the present  
discussion�9 The measu red  va lue  of  T~ for the  GeO2 - 8 
m/o P205 compos i t ion  was ~515~ which  would  sugges t  a 
va lue  of  Tf close to 800~ The possibi l i ty  of  reduc ing  the 
flow tempera tu re  to such  levels  is a t t ract ive f rom a pro- 
cess ing standpoint .  It  wou ld  decouple  the diffusion f rom 
the flow and/or ref low requi rements .  Implan t s  could 
first be thermal ly  dr iven to requi red  depths,  and the 
glass subsequen t ly  deposi ted,  flowed, and/or  ref lowed to 
genera te  the desi rable  topographica l  profile. Fur ther-  
more,  for such a chemica l ly  stable b inary  system, the 
character izat ion and control  of  glass compos i t ion  could 
be signif icantly simplified. The  commerc ia l  availabil i ty 
of  a source  gas such as germane,  compat ib le  wi th  present  
CVD deposi t ion  equ ipment ,  provides  added  just i f icat ion 
for explor ing  the  deve lopmen ta l  feasibil i ty of a CVD pro- 
cess for phosphoge rmana t e  glass films. 

]~xaminat ion  in Table  I I I  of  the Tg values  for As~O3 con- 
ta ining glasses indicates  that  the  effect  of  arsenic on the 
v i scous  character is t ics  of  the  sys tem lies, on  a per-molar  
basis, be tween  that  of boron  and that  of  ge rmanium.  
However ,  due  to the  fact that  some volat i l izat ion did oc- 
cur  dur ing  the fus ing process,  and since the  As ~+ - As ~+ 
equ i l ib r ium in arsenic-conta in ing  glasses depends  on the 
specific p rocess ing  a tmosphe re  and t empera tu re  (21), 
there  is expressed  doubt  for this par t icular  case in the 
p remise  of  t ransla t ing bu lk  resul ts  di rect ly  into actual  
f low tempera tu res  for co r respond ing  CVD films. 

Conclusions 
In this study, we have  de te rmined  the  glass t ransi t ion 

t empera tu re  f rom thermal  expans ion  m e a s u r e m e n t s  in a 
series of glass compos i t ions  prepared  by bulk  fusion of a 
phosphos i l ica te  mat r ix  to which  oxides  of boron, germa- 
n ium,  or arsenic were  added.  On a per-molar  basis, addi- 
t ion of boron was observed  to be the mos t  effect ive in 
lower ing  the  glass t ransi t ion t empera tu re  of the  phospho-  
silicate matrix,  as compared  to arsenic or ge rmanium,  
which  was found to be the least  effective. For  borophos-  
phosi l icate  glass wi th  concent ra t ions  of  B._,O:~ less than 13 
m/o, va lues  of T~ were  observed  to be r educed  by increas- 
ing the  P~O5 content .  Near  13 m/o B20:~, these  tempera-  
tures  became  i n d e p e n d e n t  of P~O.~, whi le  at a still h igher  
B~O:~ con ten t  they  were  actual ly  raised upon  increas ing 
the  P~O.~ concentrat ion.  For  the ge rmanophosphos i l i ca te  
glass, no such reversal  was noted,  as va lues  of  T~ de- 
creased sl ightly wi th  P20.~ addi t ions  at all GeO.~ concentra-  

tions. Glass compos i t ions  wi th  potent ia l  V L S I  applica- 
t ions could,  thus, have  the P20.~ con ten t  r educed  to the 
m i n i m u m  value  necessary  to p rov ide  get ter ing  wi thou t  
s ignif icantly affect ing the phase  t ransi t ion and associa- 
ted v iscous  flow parameters .  The  ant ic ipated difficulties 
in the  use  of borophosphos i l i ca te  glass in devices  have  
been  outl ined,  and ways  of  avoid ing  t h e m  have  been  pro- 
posed  by exp lor ing  the  al ternate  use of a ge rmanophos-  
phosi l icate  or even  the  s imple  binary phosphoge rmana t e  
glass system. F r o m  a compar i son  of the measu red  values  
of  Tg in bulk  glasses wi th  repor ted  values  of  Tf for films 
wi th  cor responding  composi t ions ,  we have es tabl ished 
empir ica l ly  a corre la t ion factor relat ing the two parame-  
ters. Thus,  the re la t ively s imple  thermal  expans ion  tech- 
n ique  can now be used  to survey  for glass compos i t ions  
wi th  p romis ing  flow characteris t ics ,  w i thou t  the  r igorous 
and t ime c o n s u m i n g  effort  of  conduc t ing  the  more  
difficult  bulk  viscosi ty  expe r imen t s  or deve lop ing  depo- 
si t ion processes  for films wi th  possibly unsu i tab le  vis- 
cous characterist ics.  
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A P P E N D I X  

Cons ide r  a glass con ta in ing  A g rams  of  M~O, plus  S 
g r ams  of  SiO~. I f  W~ is the  a tomic  we igh t  of  M, Wo of O, 
etc., t h e n  WMxo, = xWM + yWo is the  m o l e c u l a r  w e i g h t  of  
MxO~, and so oh. T h e n  

100 �9 A 
w / o o f M ~ O ~ -  A + S  [A-l] 

100 �9 A WM 
w / o o f M  - -  •  [A-2] 

A + S WM~oy 

100 �9 A/WM~oy 
m/o of MxO~ = [A-3] 

A/WMxou + S/Wsio2 

100 �9 x �9 A/WMx,)~ 
cat/o of M (= m/o MOy/~) = [A-4] 

x . A/WMxo~ + S/Wsio.2 

For  a glass con ta in ing  mu l t i p l e  ing red ien t s  A, B, C, 
� 9  and  SiO2 it  is only  neces sa ry  to rep lace  A by  A + B 
+ C+ . in Eq.  [A-1] and [A-2], and A/WM~o~ by A/W~,~o, 
+ B/W "-~ . . . .  in  Eq.  [A-3] and  [A-4]. Fo r  a GeO2 based  
glass,  W~o~ w o u l d  rep lace  Ws~o2, and  so on. In  the  fol low- 
ing  tab le  t h e  conve r s ions  are  g iven  for va r ious  ox ides  
p r e sen t  one at a t ime  at the  10 m/o leve l  in si l ica and  in 
germania .  

Table h-I. Various ways of expressing the concentration 
of 10 m/o M~O~ in SiO2 

M.rQ m/o cat/o w/o M w/o M~O, 

Al~O:~ 10.0 18.2 8.4 15.9 
As~O:~ 10.0 18.2 20.3 26.8 
B~O:~ 10.0 18.2 3.5 11.4 
GeO~ 10.0 10.0 11.2 16.2 
P~O~ 10.0 18.2 9.1 20.8 
ZnO 10.0 10.0 10.5 13.1 

Table A-II. Various ways of expressing the concentration 
of 10 m/o MxO~ in GeO2 

M~O~ m/o caYo w/o M w/o M~O~, 

AI.,O:~ 10.0 18.2 5.2 9.8 
As~O:~ 10.0 18.2 13.2 17.4 
B.,O..~ 10.0 18.2 2.1 6.9 
P20~ 10.0 18.2 5.7 13.1 
SiO~ 10.0 10.0 2.8 6.0 
ZnO 10.0 10.0 6.4 8.0 
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ABSTRACT 

The growth of silicon dioxide film is one of the major steps in any silicon IC fabrication. The quality of the silicon 
dioxide film is of paramount  importance in MOS LSI/VLSI circuits, just as the "process design" many times requires 
tailoring of oxidation time and temperatures of the growth. Pyrogenic growth of oxide films is an ideal aid in achieving 
both of these objectives. A large number  of "nomograms" giving oxide growths at various partial pressures of water 
vapor and temperatures are presented here as an aid to process design. Also, a simple model  of pyrogenic oxide growth 
is given here which can be used for computer  simulation of the process. 

Until the advent of MOS technology, the silicon-dioxide 
films were generally used only as a mask during diffu- 
sions of impurity atoms in the fabrication of bipolar de- 
vices and integrated circuits. But due to present day em- 
phasis on MOS LSI/VLSI circuits, the techniques for 
obtaining good quality films of silicon dioxide have re- 
ceived a great deal of attention. Apart from dry-oxygen 
ambient, water containing ambients have been used dur- 
ing oxidation of silicon to obtain SiO~ films (1-6). The wet 
oxidation, however, is liable to contamination from the 
water container and is due to presence of undesirable im- 
purities dissolved in water itself. Another technique, sug- 
gested first in 1967 (7) and called "pyrogenic oxidation," 
is now widely used. In this case, oxidation of silicon is 
carried by direct reaction of H~ and O., at elevated temper- 
atures in the oxidation furnace itself. Due to in situ water 
formation and the fact that oxygen is never saturated 
with water vapors, the pyrogenically grown oxides are 
"cleaner" oxides. Despite wide use of pyrogenic tech- 
nique for SiO~ growth, it is rather surprising that little 
data are available in literature on growth rates and other 
properties of pyrogenically grown oxide films. For exam- 
ple, Deal et al. (8, 9) have reported growth rates and other 
properties for a maximum of 10% partial pressure of H~O, 
and Enomoto et al. (10) have given similar data at a fixed 
temperature and at three partial-pressure values. The pur- 
pose of  this work, therefore, is to report extensive data ac- 
quired by us on silicon dioxide films pyrogenically 
grown at temperatures varying from 890 ~ to 1200~ and at 
partial pressures of H~O varying from 0 to 100%. The data 

obtained by us are further presented here in simple 
nomograms. The importance of this work lies in the fact 
that by use of these nomograms, it is possible for any- 
body now to choose a growth rate of oxide films consist- 
ent with other technological considerations, such as diffu- 
sion temperature. Also, standard dry-wet-dry drive-in 
cycles can easily be simulated by changing one of the gas- 
flow rates. 

Silicon wafers used for the present experiment  were of 
(100) orientation and were n-type phosphorous-doped, 
with resistivity of 4-6 ~cm. The wafers were cleaned by 
standard RCA procedure, rinsing in deionized water (18M 
~cm resistivity), and spin drying, prior to loading in oxi- 
dation furnace. The oxidation setup is shown in Fig. 1. 
The system consists of a quartz capillary of 2 mm diam 
enveloped by another quartz tube of 15 mm diam. This 
can be easily fitted to standard furnace tube (75 mm ID) 
with the help of a ball-and-socket joint. The furnace used 
in the experiment  was "Thermco Brute XL," which keeps 
the temperature within +- 0.5~ of any set temperature. 
Hydrogen gas is passed through the capillary tube ex- 
tending into the end zone of the furnace, which is main- 
tained above 600~ The oxygen is passed through the 
enveloping tube into the furnace. The combustion of hy- 
drogen thus occurs in oxygen ambient, providing in situ 
water vapors. The partial pressure of H.,O vapor is a func- 
tion of ratio of hydrogen to oxygen gas and is defined as 

(H~O), = (2 x Vol. of H~)/(2 x Vol. of O._, + 1 x Vol. of H~) 

[1] 
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Fig. 1. Pyrogenic oxide-growth system 

The oxide-growth tube was purged with 5% HC1 gas in 
presence of O~ for half an hour prior to each set of oxide 
growths. However, no HC1 was passed during oxide 
growth because it was found to affect the partial pressure 
of the water vapor generated. Total gas flow of 2.25 1/min 
was maintained throughout this experiment  by use of 
standard flowmeters which are calibrated to gas inputs at 
14 psi pressure. To obtain oxide-growth rates at various 
values of temperature, time, and partial pressure, the fol- 
lowing sequence was followed: (i) partial pressure was set 

to a fixed value by choosing oxygen-to-hydrogen gas ra- 
tio; (ii) furnace temperature was set to a value, and oxide 
films were grown for times of 300, 600, 900, 1800, 3600, 
5400, 7200, and 10,800s; (iii) for the same partial pressure, 
sequence (ii) was repeated for various temperature values 
from 800 ~ to 1200~ at an interval of 100~ and (iv) se- 
quences (ii) and (iii) were then repeated for various 
values of partial pressures, namely, 0, 0.25, 0.4, 0.5, 0.75, 
and 1.0. Clearly, the use of 0.0 partial pressure implies ab- 
sence of hydrogen and hence simulates dry-oxidation, 
while the case of 1.0 partial pressure corresponds to 
"steam" oxidation. 

The thickness of each oxide film grown as discussed 
above was measured using an ellipsometer (Gaertner 
Scientific Corporation Model no. L 117). A computer  pro- 
gram simulating ellipsometry was used to compute oxide 
thickness and refractive index of the film. The input to 
the program are the measured values of positions of 
"polarizor" and "analyzer" in two modes, expressed in de- 
grees. Each of Fig. 2-7 gives oxide thickness in angstroms 
(A) at various times of growth, having temperatures and 
partial pressures as variable parameters. 

The quality of the oxides was judged by making C-V 
(high frequency) measurements  on MOS capacitors fabri- 
cated on oxides grown at 1000~ for thickness of - 1000A 
at each of the specified partial pressures. The results of 
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Fig. 2. Oxidation thickness against oxidation time for silicon, (100) 
orientated n-type, at partial pressure of 0.0% (dry oxidation) for various 
temperatures. 
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Fig. 4. Oxidation thickness against oxidation time for silicon, (100) 
orientated n-type, at partial pressure of 40% for various temperatures. 
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Fig. 3. Oxidation thickness against oxidation time for silicon, (100) 
orientated n-type, at partial pressure of 25% for various temperatures. 
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Fig. 5. Oxidation thickness against oxidation time for silicon, (100) 
orientated n-type, at partial pressure of 50% for various temperatures. 
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Fig. 6. Oxidation thickness against oxidation time for silicon, (100)  
orientated n-type, at partial pressure of 75% for various temperatures. 
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Fig. 7. Oxidation thickness against oxidation time for silicon, (100)  
orientated n-type, at partial pressure of 100% for various temperatures. 

C-V measurements show Qo• values of approximately 2 
• 101')/cm'-' for all the oxides under study. MOS capacitors 
were fabricated on oxides grown under various partial 
pressures and having thicknesses of 600~, 1000~, 6000~ 
and 1/zm. These were subjected to high voltages to test 
the dielectric strengths of the oxides. It was found-that al- 
most all the types of oxides show a dielectric strength of 
the order of 6 • 10 ~; V/cm. The refractive index of films 
grown was observed to b~ between 1.44 and 1.45. These 
results indicate that the pyrogenically grown oxides have 
properties which are compatible to standard MOS tech- 
nology requirements,  with the aided advantage of 
flexibility in choice of temperatures and times for de- 
sired oxide-thickness growth. 

To simulate the pyrogenic oxide growth, we have been 
able to fit the data, (total of 240 points) within _+ 5% rms 
error, into the oxidation model  suggested by Deal et al. (8, 
11). The model presented by Deal et al. gives oxide thick- 
ness as 

2Zox = (-Ke/KL) + [(Kp/KL)"- + 4Kp(t + t,))]"-' [2] 

where Kp and KL are the parabolic rate constant and lin- 
ear rate constant, respectively. Using curve fitting tech- 
niques, the rate constants for pyrogenic oxide were evalu- 
ated and given as 

Ke = 2.438 • 10 '; (0.05 + p,.7~) exp (-0.58q/kT) [3] 

KL = 1.408 • 10" (0.096 + p,.Ts) exp (-1.5 q/kT) [4] 

and t,, = 400 

where p is the partial pressure of the H~O vapor given by 
Eq. [1]. 

Because in the case of pyrogenic oxide growths the par- 
tial pressure of H~O varies from 0 to 100%, the model 
given in (8, 11) is not strictly valid for our case. A general- 
ized two-species model  is more appropriate for this case, 

but for simplicity of use in a computer  simulation model, 
we have accepted the model given by Eq. [2]. The choice 
is justified because the data of oxide growths could eas- 
ily be simulated through this model within -+ 5% rms 
error. 

Therefore, we presume that the extensive data in the 
form of nomograms, as well as the simple process-simu- 
lation computer model for pyrogenic oxides in the pres- 
ent form will be of great help to device technologists. 
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A B S T R A C T  

Hydrogena ted  amorphous  sil icon carb ide  (a-SiC:H) thin films were  prepared  and s tud ied  in a rad io- f requency glow- 
d ischarge  system, us ing  a gas mix tu re  of Sill4 and one of the fol lowing carbon sources:  me thane  (CH~), benzene  (C~H~), 
to luene  (C~Hs), o--xylene (CsH,0), t r ich loroe thane  (C~H~CI~), t r i ch loroe thylene  (C.~HCI~), or carbon te t rachlor ide  (CC14). The 
effect  of  doping phosphorus  and boron  into those  a-SiC:H films on chemica l  e tch ing  rate, electr ical  dc resist ivity,  break-  
down  strength,  and optical  refract ive index  have  i)een systemat ical ly  invest igated.  Thei r  chemica l  e tching proper t ies  
were  e x a m i n e d  by i m m e r s i n g  in 49% HF, buffered  HF, 180~ H~PO~ solutions,  or in CF4 + O~ plasma. It  was found that  
the  boron-doped  a-SiC:H film possesses  five t imes  s lower  e tch ing  rate than  the u n d o p e d  one, whi le  phosphorus -doped  
a-SiC:H film shows about  three  t imes  slovcer. A m o n g  those  a-SiC:H films, the  one obta ined  f rom a mix tu re  of SiH~ and 
benzene  shows the  best  e tch-res is tant  property,  whi le  the ones obta ined  f rom a mix tu re  of  Sill4 and chlorine conta in ing  
carbon  sources  (e.g., t r ichloroethylene,  t r ichloroethane ,  or carbon tetrachloride)  shows that  they  are poor  in e tch ing  re- 
s is tance (i.e., the  e tch ing  rate is higher). By measu r ing  dc resistivity,  dielectr ic  b r e a k d o w n  strength,  and effect ive refract- 
ive index,  it was found  that  boron- or  phosphorus -doped  a-SiC:H films exhib i t  m u c h  h igher  dielectr ic  s t rength  and re- 
sistivity, bu t  lower  e tch ing  rate, p re sumab ly  because  of  h igher  density.  

Recent ly ,  hyd rogena ted  amorphous  si l icon carbide  
(a-SiC:H) films have  been  inves t iga ted  in tens ive ly  (1-8) 
because  of  their  appl icat ions  in photovol ta ic  devices.  
S o m e  proper t ies  of  u n d o p e d  hydrogena ted  amorphous  
si l icon carbide  films were  repor ted  by Ande r son  and 
Spear  in 1977 (9). However ,  only few efforts have  been  
m a d e  to d iscover  the  effect  of doping boron  or phospho-  
rus into hydrogena ted  amorphous  si l icon carbide  films. 
Therefore,  for the first t ime, proper t ies  of  boron- or 
phosphorus -doped  a-SiC:H films have  been  systemati-  
cally inves t iga ted  which  inc lude  chemical  e tch ing  rate, dc 
resist ivity,  b r eakdown  strength,  p inhole  density,  and op- 
tical refract ive index.  

In previous  articles (9, 10), hydrogena ted  a m o r p h o u s  sil- 
icon carbide  films have  been  prepared  by radio-fre- 
quency  glow-discharge  decompos i t ion  of  a gas mix tu re  of 
si lane (Sill4) and one of the  fol lowing hydroca rbon  gases: 
m e t h a n e  (CH4), e thy lene  (C2H4), or  p ropane  (C3H8), or  de- 
compos i t ion  of  te t ramethyls i lane  (Si(CH3)4) alone. It  was 
be l ieved  that  optical, electrical ,  and chemica l  proper t ies  
of a-SiC:H film migh t  be  s ignif icantly d e p e n d e n t  on the  
k ind  of  hydroca rbon  gas source  (3) used. 

Hydrogena ted  amorphous  sil icon (a-Si:H) alloy has 
been  shown to be an  exce l len t  pass ivant  for pn  junc t ion  
(11) in which  two-order -of -magni tude  reduc t ion  in reverse  
leakage current  and sharper  b reakdown behavior  were  re- 
vealed,  compared  with  the one pass ivated  only by ther- 
mal ly  g rown sil icon dioxide.  Fur thermore ,  Bind  et al. and 
others  (12-15) repor ted  that  1 weight  pe rcen t  (w/o) of  bo- 
ron or boron  carbide  was found to be effect ive  addi t ive  to 
enhance  densi ty  of si l icon carbide  material ,  and thus  can 
be used  as a barr ier  mater ial  f rom Na ~ ions or mois ture  
contaminat ion .  

It is the  purpose  of  this s tudy  to develop a new passiva- 
t ion mater ia l  by dop ing  boron  or phosphorus  into var ious 
k inds  of amorphous  s i l icon-carbon alloy, which  were  pre- 
pared f rom a mix tu re  of si lane and different  k inds  of 
carbon-based  organic  materials,  i.e., methane  (CH4), 
~-xylene  (CsH,0), to luene  (CTHs), benzene  (C~H~), tri- 
ch loroe thy lene  (C~HC13), t r ich loroe thane  (C~H:~C13), or car- 
bon te t rachlor ide  (CC14). Chemica l  e tching rate, electr ical  
dc resistivity,  dielectr ic  b r e a k d o w n  strength,  p inho le  den- 
sity, and optical  ref ract ive  index  of those  films were  
sys temat ica l ly  invest igated.  

Film Preparation 
The films were  p repared  by 13.56 MHz RF  plasma- 

enhanced  chemical  vapor  depos i t ion  f rom a gas mix tu re  
of silane (Sill4) and me thane  (CH4), ~-xylene (C~H~C~H~), 
to luene  (C~H.~CH:,), benzene  (C~H~), t r ich loroe thylene  
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(C2HCI~), t r ich loroethane  (C~H3C13), or carbon tetrachlo-  
r ide (CC14) by adding  up to 1% doping species  of phos- 
phine  or diborane.  Corning 7059 glass plates  or single- 
crystal  si l icon wafers were  used  as substrates.  Typical  
prepara t ion  condi t ions  of these  samples  are l is ted in 
Table  I. An Anelva  P l a s m a  CVD-301 sys tem was used  in 
our  exper iment .  The d iamete r  of the e lec t rode  was 200 
mm.  Spacing be tween  e lec t rodes  was ad jus tab le  f rom 15 
to 45 mm.  A capaci t ively  coupled  glow-discharge  p lasma 
was created by a rad io- f requency  genera tor  wi th  a power  
of  300W and f r equency  of  13.56 MHz. F igure  1 shows the 
schemat ic  d iagram of p lasma CVD system. 

Initially, substrates  were  subjec ted  to a s tandard  clean- 
ing process  before loading into the  react ion chamber .  
Pr ior  to the  onset  of  deposi t ion,  n i t rogen  plasma is ap- 

Table I. Preparation condition of a-SiC:H films (top) and 
parameters used for radio-frequency glow-discharge deposition 

of a-SiC:H films (bottom) 

Sample Composition 

1A Sill4 (5.0 sccm) + CH4 (5.0 sccm) + B~H~ (1 w/o) 
1B Sill4 (5.0 sccm) + CH4 (5.0 sccm) + PH:~ (1 w/o) 

2A Sill4 (8.8 sccm) + CsH,,~ (1.1 sccm) + B.zH,~ (1 w/o) 
2B Sill4 (8.8 sccm) + CsHH~ (1.1 sccm) + PH:: (1 w/o) 
3A Sill4 (8.7 sccm) + CTHs (1.3 sccm) + B~H6 (1 w/o) 
3B SiH~ (8.7 sccm) + CTHs (1.3 sccm) + PH:~ (1 w/o) 

4A Sill4 (8.6 sccm) + CsH~ (1.4 sccm) + B~H~ (1 w/o) 
4B Sill4 (8.6 sccm) + C~H~ (1.4 sccm) + PH:, (1 w/o) 
4C Sill4 (8.6 sccm) + C,~H,~ (1.4 sccm) 

5A Sill4 (6.6 sccm) + C~HCI:~ (3.3 sccm) + B2H~ (1 w/o) 
5B Sill4 (6.6 sccm) + C~HCI~ (3.3 sccm) + PH:~ (1 w/o) 
6A Sill4 (6.6 sccm) + C2H:~Cl:~ (3.3 sccm) + B2H~ (1 w/o) 
6B Sill4 (6.6 sccm) + C~H:~CL (3.3 sccm) + PH:~ (1 w/o) 
7A Sill4 (5.0 sccm) + CC14 (5.0 sccm) + B~H6 (1 w/o) 
7B SiH~ (5.0 sccm) + CC14 (5.0 sccm) + PH:~ (1 w/o) 

Parameter Range 

RF power 40W 
Substrate temperature 250~176 
Deposition pressure 1-1.5 torr 
Gaseous Sill4 25.9% in H~ 

B2H,, PH.~ 1% in H~ 
CH4 1% in H2 

Solution CsHH,, C7H8 Extra pure 
C~H~, C2HCI:~ Reagent 
C~H:~CI:~, CCI4 

Total flow rate I0 sccm 
Deposition rate 90-125 ~./min 
Deposition time 30 min 
Film thickness 500-3500~ 

418 
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Fig. 1. Schematic diagram of the plasma CVD system used in this 
experiment. 

plied in order  to c lean the  substrate.  Then,  the  chambe r  
was evacua ted  to a p ressure  lower  than  10 -7 torr. Sub- 
strate t empera tu re  was raised up to 250~176 RF  power  
to 40W, chambe r  p ressure  to 1-1.5 torr, and the  total  gas 
f low rate to 20 sccm. 

The react ion gases were  S i l l ,  (25.9% in H2) and one  of  
the  fo l lowing  carbon  sources:  CH4, CsH~0, C7H8, C6H6, 
C2HC13, C2H3C13, or  CC14. The  dop ing  gas was B~H6 (1% in 
H2) or  PH3 (1% in H2)." After  deposi t ion,  H~ p lasma treat- 
m e n t  was pe r fo rmed  for 10 min.  

The  var ious  carbon sources  used  in this s tudy  were  all 
ext ra-pure  reagent  solution,  excep t  for CH4 (1% H~ based), 
wh ich  was in gaseous  form. The carrier  gas was  pure  hy- 
drogen.  The  flow rates of var ious  carbon  sources  were  
p roper ly  control led  in order  to obtain  s to ichiometr ic  com- 
posi t ions ,  which  are shown in Table  I. 

Measurement  and Discussion 
Measur ing  techniques ,  results,  and in te rpre ta t ion  of  the 

resul ts  concern ing  the  proper t ies  of boron- or phos- 
phorus -doped  a-SiC:H film are presen ted  below. 

Chemical etching rate.--Chemical e tch ing  proper t ies  of 
B-doped,  P-doped,  and u n d o p e d  a-SiC:H film were  ex- 
a m i n e d  by i m m e r s i n g  a-SiC samples  in concen t ra ted  H F  

acid (49%), buffered  H F  solution,  180~ H:~PO4 solut ion or 
by CF4 + O~ p lasma etching.  The  average e tch ing  rate was 
de t e rmined  convent iona l ly  by measu r ing  the  t ime  re- 
qu i red  to r e m o v e  the  ent ire  film complete ly .  

Table  II shows the  wet  e tch ing  rate for a-SiC:H films 
obta ined  f rom different  ca rbon  sources. Benzene  and 
m e t h a n e  groups  reveal  lowes t  e tch ing  rate; whi le  chlor ine 
conta in ing  groups,  i.e., t r ich loroethylene ,  t r ichloroethane,  
and carbon  tetrachloride,  reveal  h igher  e tch ing  rates. 
Groups  of  ~-xylene and to luene  show that  they  are also 
good candida tes  of  carbon  source.  

Inves t iga t ing  boron  or phosphorus  dop ing  effect  on 
chemica l  proper t ies  of a-SiC:H film shows that  benzene  
may  be a good carbon  source  because  of  its exce l len t  
e tching resistance,  availabili ty,  and conven ience  in pro- 
cessing. It  was found  that  boron-doped  a-SiC:H films 
possessed five t imes  s lower  e tching rate than  the un- 
doped  one; whi le  phosphorus -doped  films possessed  
only about  three t imes  slower. F r o m  this evaluat ion,  it 
sugges ted  that  boron  doping  is super ior  t o  phosphorus  
doping  in a-SiC:H film for device  passivation.  However ,  
phosphorus  impur i ty  also reveals  a preva i l ing  effect  in 
a-SiC:H film than  the  u n d o p e d  one, as e tch ing  res is tance 
was concerned.  

E tch  rate may  be used  as a sensi t ive indica tor  .of dielec- 
tric film qual i ty  (16, 17). F i lm  density,  st0ichiometr,  y, and 
compos i t ion  of  the  film can be direct ly  revea led  by 'etch- 
ing. It  is be l ievable  that  the  surface free energy  in grain 
bounda ry  of  the  doped  a-SiC:H film is modif ied,  which  
leads to a more  dense  state. Thus,  p ro tec t ion  against  
mois tu re  and con tamina t ion  can be i m p r o v e d  (12, 13). 

A "P lasmal ine"  p lasma e tch ing  sys tem was emp loyed  
for dry e tch ing  by us ing  te t ra f luor ine-oxygen gas mix-  
ture  as etchant .  Typical  p lasma e tch ing  condi t ions  were:  
R F  power  = 100W, pressure  = 1 torr, and total  gas f low 
rate = 100 sccm. The e tch ing  rates are shown in Table  III. 
Both  the  e tching rates of  doped  and u n d o p e d  a-SiC:H 
films vary  dramat ica l ly  for different  ca rbon  sources. 
There  are similar  t endency  with  that  of  we t  etching.  
Table  IV also shows that  of  G.D. doped  a-SiC:H films ob- 
ta ined  f rom benzene  source  exhibi ts  a s l ightly smal ler  
e tch  rate  than  tha t  of a-SiN~ films (20). 

DC resistivity.--DC resis t ivi ty was de t e rmined  by us ing 
a s ix-point -probe me te r  (Four  D imens ion  Company,  
Model  101), as shown in Fig. 2. This is an exce l len t  tool 
for measur ing  h igher  sheet  resis t ivi ty films l ike hydro-  
gena ted  amorphous  si l icon layer, which  wou ld  be impos-  
sible to measure  by us ing conven t iona l  four-point  probe  
method.  

The  s ix-point  p robe  m e t h o d  can measu re  resis t ivi ty 
f rom 10- '  to 10 TM ~/D, wh ich  is accompl i shed  by us ing a 
low prob ing  force (about 10g force wi th  500A pene t ra t ion  
depth)  wi th  an ex t r eme ly  h igh  insulat ion.  

Table  IV is a s u m m a r y  of the  measured  dc resis t ivi ty of 
boron- or phosphorus -doped  a-SiC films which  were  pre- 

Table II. Etching rates for a-SiC:H films prepared from different carbon sources. Top: 49% HF etch rate. Center: buffer HF etch rate. Bottom: 180~ 

•x-.•arbon 
D o p a ~  e 

B-doped 
P-doped 

B-doped 
P-doped 

B-doped 
P-doped 

H3PO 4 etch rate 

U n i t : ~ / m i n  ~ 

CH4 CsH,,, CTHs C~H~ C2HCI:~ C~H:~C13 CC14 

48 52 89 30 148 118 159 
75 81 141 54 805 6500 6000 

Unit: s b 
17 65 120 30 63 2140 3660 
50 68 1230 30 67 3900 3600 

Unit: A/h r 
650 1000 900 740 1000 1100 1200 
750 1000 950 800 1200 1100 1000 

a Etch rate for undoped a-SiC:H (C,H6 carbon source) is 160; G.D. SiNx film is 2000-3000. 
b Undoped a-SiC:H (C6H6 carbon source) is 90. G.D. SiN~. film is 6000. 

Undoped a-SiC:H (CsH~ carbon source) is 1700. G.D. SiN~ film is 3600. 



420 February 1985 J. Electrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  

TaMe III. CF~ + O~ Plosma etch rate of a-SiC:H films prepared from different carbon sources 

Unit :  ~ / m i n  ~ 

~ , ~ a r b o n  
a n t ~  ce Dop CH4 CsH,~j C7H8 C~H~ C.~HCI~ C.~H~CI~ 

B-doped 160 392 317 320 980 530 
P-doped 420 540 520 450 1280 810 

ccL 

61o 
lOOO 

Undoped a-SiC:H (C6H~ carbon source) is 530; G.D. SiNx is 450. 

Table IV. Measurea dc resistivity of a-SiC:H films prepared from different carbon-based sources 

Unit :  12-cm 

•"•arbon 
D o p a n t ~ _ e  \ ~n,,rr CH4 CsH,,, C7H8 C~H, C..,H C13 C._,H3CI~ 

B-doped 9.9 x 10'" 2.3 x 109 9.1 • 10 ''' 9.0 x 10 TM 2.2 x 109 3.7 x 107 
P-doped 9.0 x l0 s 1.3 • 109 5.4 • 10 ~ 8 • l0 s 1.1 x 10' 5.8 • 107 

c c h  

3.6 • lO ~ 
3.9 x lO ,~ 

The undoped a-SiC:H (C~H6 carbon source) is 5 • 10"-' ~-cm, while the G.D. SiN is 6 x 10 '2 ~-cm. 

p a r e d  f rom d i f fe ren t  c a r b o n - b a s e d  sou rces  a n d  si lane.  As 
can  be  s e e n  f rom th i s  table ,  fi lms w i th  dc res i s t iv i ty  in  
the  r a n g e  of  10'~ ' '  12-cm were  o b t a i n e d  by  a d d i n g  1 w/o 
d i b o r a n e  or  1 w/e p h o s p h i n e  in to  t h e  m a i n  flow of  Sill4 
gas. The  res i s t iv i ty  of  t he  u n d o p e d  one  is a r o u n d  5 • 10"-' 
l~-cm, w h i c h  is h igher .  However ,  t he  d o p e d  ones  are  still 
good  e n o u g h  as a p a s s i v a t i o n  mater ia l .  

Dielectric breakdown strength.--a-SiC:H f i lms pre-  
p a r e d  f rom var ious  c a r b o n  sources  e x h i b i t  d i f fe ren t  
b r e a k d o w n  s t r eng th .  A meta l - s i l i con  c a r b i d e  n - type  crys- 
ta l l ine  Si capac i to r  (18) w as  f ab r i ca t ed  a n d  was  b i a s e d  in  
t he  a c c u m u l a t i o n  r eg ion  b y  a p p l y i n g  a r a m p  vol tage.  
S ince  t h e  shee t  r es i s t iv i ty  of  n - type  c rys ta l l ine  s i l icon is 
as low as 2-5 ~ -cm,  t h e  v a l u e  of  t he  d ie lec t r ic  b r e a k d o w n  
s t r e n g t h  was  m e a s u r e d  b y  a s s u m i n g  t h a t  t he  dc  vo l t age  is 
u n i f o r m l y  d i s t r i b u t e d  across  t he  s i l icon ca r b i de  layer,  a n d  
no  vo l t age  d rop  is d e v e l o p e d  b e y o n d  t he  m e t a l  dot.  

As  is s een  f r o m  T a b l e  V, t he  d ie lec t r ic  b r e a k d o w n  
s t r e n g t h  of  d o p e d  a-SiC:H film is i m p r o v e d  by  one  o rde r  
of  m a g n i t u d e  t h a n  t he  u n d o p e d  one. I t  also e x h i b i t s  a bet-  
t e r  r e su l t  c o m p a r e d  w i th  c o n v e n t i o n a l  g l ow - d i s cha rged  

a-SiNx film (18). The~ b o r o n - d o p e d  a-SiC:H film p r e p a r e d  
b y  d e c o m p o s i n g  s i lane  a n d  m e t h a n e  revea ls  t he  be s t  a n d  
s t ab le  r e su l t s  a m o n g  t h e s e  c a r b o n - b a s e d  films. 

The  s a m e  effects  of  bo ron -  a n d  p h o s p h o r u s - d o p e d  
films o n  b r e a k d o w n  s t r e n g t h  h a v e  also b e e n  f o u n d  for 
B P S G ,  P S G  (19), a n d  d o p e d  a-SiNx fi lm (20). Fo r  compar -  
ison,  d ie lec t r ic  c o n s t a n t s  w h i c h  were  ca l cu la t ed  f rom re- 
f rac t ive  i n d e x  (21) are  l i s t ed  in  Tab le  VI. A m o n g  these ,  i t  
is f o u n d  t h a t  b o r o n  d o p e d  G.D. a-SiC:H fi lm pos se s se s  
h i g h e r  d ie lect r ic  c o n s t a n t  t h a n  t he  o thers ,  w i t h  a n  aver-  
age v a l u e  of  7. 

Pinhole density . - - T h e  p i n h o l e  tes t  is one  of  t he  impor -  
t a n t  m e t h o d s  for  b o t h  loca t ing  defec ts  in  d ie lec t r ic  film 
a n d  e v a l u a t i n g  qua l i ty  of t h e  films. M a n y  m e t h o d s  for  
deco ra t ing  t h e  d ie lec t r ic  f i lm defec t s  h a v e  b e e n  ex- 
p lored ,  i n c l u d i n g  rep l ica  e l ec t ron  mic roscopy ,  electro-  
c h e m i c a l  a u t o g r a p h ,  etc. (22). However ,  n o n e  of  t he se  
m e t h o d s  are  f o u n d  to b e  b o t h  s i m p l e  a n d  r e p r o d u c i b l e  
e x c e p t  t he  c o p p e r  d e c o r a t i o n  t e c h n i q u e .  

A c o p p e r  deco ra t i on  se tup  w h i c h  cons i s t s  of  a cons t an t -  
vo l t age  p o w e r  s u p p l y  a n d  a dc  a m p e r e  m e t e r  was  em- 

Table V. Dielectric breakdown strength of a-SiC:H films varied with different carbon sources 

Unit :  V /cm • 10 ~ 

~ , ,Carbon  

D_opant~e \ ~n,,rr CI~ CsH;,, C7H8 C~H~ C2HCl.~ C.~H:~Cl~ CCl4 

B-doped 3.4 3.2 1.2 1.4 1.3 5.0 5.5 
P-doped 3.3 3.1 1.3 1.2 1.2 4.9 2.5 

Undoped a-SiC:H (C~,H,, carbon source) is 6.4 • 10~; G.D. SiN~ is 1 • 10". 

X'•arbon 
D o p a n t ~  e 

B-doped 
P-doped 

B-doped 
P-doped 

Table VI. Refractive index and dielectric constant of a-SiC:H films obtained from different carbon sources 

Refrac t ive  i n d e x  ~ 

CI-'~ CsH~o C7H8 C,~H, C:~HC1;~ C:~H~,CI:~ CCl4 

2.85 2.50 2.65 2.65 2.70 2.45 
2.65 - -  2.55 2.60 2.65 2.60 2.40 

Dielectric constant" 
8.12 6.25 7.02 7.02 7.29 6.62 - -  
7.02 - -  6.50 6.76 7.02 6.76 5.76 

Undoped a-SiC:H (C,~H~ carbon source) is 2.4; G.D. a-SiN~ is 2.0; thermally grown SiO~ is 1.4. 
h Undoped a-SiC:H (C~H,~ carbon source) is 5.76; G.D. a-SiN~ is 4. 
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Fig, 2. Block diagram of the six-polnt-probe system 

ployed. A low resistivity silicon wafer deposited the di- 
electric film and was placed on a conductive, fiat 
a luminum plate, then was put into a glass beaker in 
which acetic acid (CH3COOH) solution was employed as 
electrolyte. A copper plate was used as another electrode. 

The experimental  results are listed in Table VII, which 
shows that boron-doped a-SiC:H films possess substan- 
tially fewer decoration sites than phosphorus-doped and 
undoped ones. The thickness of the films are around 
1000X. 

Optical refractive index.--In order to investigate op- 
tical refractive index and thickness of the films, the 
ell ipsometer was used to characterize the a-SiC:H films 
with layer thickness ranging from 3000 to 35004. 

Table VII shows that the refractive index also changes 
with different kinds of carbon source employed. Typical 
refractive indexes for thermally grown silicon dioxide 
(SIO2) and plasma-enhanced CVD silicon nitride (SiNs) 
are about 1.45 and 2.0, respectively. In the present work, 
all of the doped a-SiC:H films are larger than 2.5, and 
even the undoped one possesses a value of 2.4. 

Interestingly, the boron-doped films obtained from 
silane and methane exhibit  the highest refractive index of 
2.85. This high value may be due to the higher carbon 
content in the a-SiC:H film or boron doping, which af- 
fects the surface free energy of the film (12). Further 
study is underway. 

There is some relationship between film quality and 
deposition rate, which can be derived from film- 
thickness measurement.  The low deposition rate of the 
doped films is presumably due to their higher density�9 
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Table VIII shows the deposition rates of the a-SiC:H 
films for different kinds of carbon sources. In each case, 
pressure during the deposition process was kept at the 
same conditions as described in Table I. The experimen- 
tal results coincide with the previous experimental  stud- 
ies, that is: the boron-doped a-SiC:H film using methane 
or benzene as carbon source exhibits the slowest deposi- 
tion rate, though almost all of the deposition rates of the 
a-SiC:H film are varied within a range of 90-125 Mmin. 

Conclusions 
In this paper, plasma-enhanced chemical vapor depos- 

ited amorphous silicon carbide films were prepared by 
using wide variety of carbon sources. The effects of boron 
or phosphorus doping were also investigated. Some 
newly discovered results are as follows. 

1. Hydrogenated amorphous SiC films which were 
boron- or phosphorus-doped or undoped can be success- 
fully prepared from silane and organic carbon-based 
sources, including methane, cr-xylene, toluene, benzene, 
trichloroethylene, trichloroethane, and carbon tetrachlo- 
ride in a glow-discharge deposition system. 

2. It is concluded that only methane and benzene are 
good candidates from the point of view of chemical, elec- 
trical, and optical properties, while chlorine containing 
carbon sources, e.g., trichloroethylene, trichloroethane, 
and carbon tetrachloride, reveal poorer properties. How- 
ever, benzene is highly recommended because of availa- 
bility and ease of handling�9 

3. Boron-doped films always show chemical, electrical, 
and optical properties superior to phosphorus-doped 
ones. This may be due to surface free energy modifica- 
tion by dopant participation. In addition, owing to the 
fact that the ionic radius of boron is smaller than that of 
phosphorus, the modification effect is more evident in 
boron-doped a-SiC:H film. 

4. The deposition temperature is low (250~176 The 
best G.D. a-SiC:H film for passivation has been obtained 
from silane and benzene gas mixture with 1 w/o boron 
doping, which possesses the following properties: HF 
etching rate = 30 X/rain, buffered HF etching rate = 30 
Mh, 180~ H3PO4 etching rate = 740 Mh, CF4 + 02 plasma 
etching rate = 320 Mmin, resistivity = 10" (~-cm), and re- 
fractive index = 2.65. These data are superior or competi- 
tive to the conventional passivation films, e.g., thermally 
grown SiO~, G.D. SiNx, CVD SiNx, and thus the boron- 
doped G.D. a-SiC:H film may be adopted as a novel pas- 
sivant for semiconductor devices or optical dielectric 
film. 

5. It is believable that MNS and MNOS devices using 
boron-doped a-SiC:H film as the insulator layer may pos- 

Table VII. Pinhole density of a-SiC:H films 

Uni t :  l /era 2 

x"•arbon 
D o p a n t ~ e  \ ~n,r,, CH4 CsH., CTHs 

B-doped --  8 20 
P-doped -- 25 12 

prepared from different carbon sources 

C,~H,~ C~HC~ C~H:~CL CCh 

6 15 39 25 
10 20 39 25 

Undoped a-SiC:H (C,H,~ carbon source) is 26. 

Table VIII. Deposition rate of a-SiC:H films prepared from different carbon sources 

Unit: hlmin 

~ a r b o n  

Dopant~e\~n,,rr CH4 C.H.; C7H8 
i 

B-doped --  105 100 
P-doped --  108 123 

C.H. C~HCI3 C~H~,Cl~ CCh 

95 98 106 122 
107 107 I12 125 

Undoped a-SiC:H (C6H~ carbon source) is 115. 



422 J. Electrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  February 1985 

sess the better diffusion barrier against environmental 
contamination and radiation (i.e., ion implantation, etc.) 
because of its better passivation performance and less 
leakage. 

It is also presumably applicable to VLSI device passiva- 
tion. Nevertheless, its use as an active part in energy con- 
version devices, sensors, or light emitting diodes are also 
promising. 
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Crystallographic Growth Forms of Silicon on a Free Melt Surface 

T. F. Ciszek* 

Solar Energy Research Institute, Golden, Colorado 80401 

ABSTRACT 

Crystallographic growth forms and radial growth-rate anisotropies of point-nucleated, dislocation-free silicon sheets 
spreading horizontally on the free surface of a silicon melt have been measured for (100), (110), (111), and (112) sheet 
planes. 16 mm movie photography was used to record the growth process. Analysis of the sheet edges has lead to pre- 
dicted geometries for the tip shape of unidirectional, dislocation-free, horizontally growing sheets propagating in various 
directions within the above-mentioned planes and provides a crystallographic description of the radial leading edges of 
the solid/liquid interface during fiat-top transition growth in Czochra]ski pulling. 

Two applications of silicon crystal growth from the 
melt which involve lateral growth on the free melt  surface 
are fiat-top transition growth in the Czochralski process 
(1) and horizontal ribbon growth with a large-area solid/ 
liquid interface (2). In this paper, observations of (100), 
(110), (111), and (112) sheets propagating radially from 
small-diameter sources on a free melt surface are pre- 
sented. From 16 mm films and postgrowth examination 
of the crystals, it was possible to deduce the idealized po- 
lygonal growth shapes of the sheets. In addition, informa- 
tion about growth rate anisotropies in the sheet planes 
has been obtained. Generally, the crystal faces that grow 
most slowly are those with the closest packing. As 
Jackson pointed out (3), these should also be the faces 
with the lowest specific surface free energy. Thus, there 
is reason to expect that the equilibrium form and the ob- 
served macroscopic growth form will be similar. 

Equilibrium forms are governed by the variation of sur- 
face free energy with crystal orientation, as described by 
the classic work of Wulff (4). Further amplification of 
Wulffs concepts was provided by Herring (5). In these 
treatments, a polar plot of specific surface free energy vs. 
crystal orientation (called a Wulff plot) is constructed. 
The distance from the origin in a particular direction is 
proportional to the surface free energy for the crystal ori- 
entation corresponding to that direction. In general, the 
plot is a three-dimensional closed surface with a number 

* Electrochemical Society Active Member. 

of minima and maxima. If planes perpendicular to the ra- 
dius vector are imagined at each point on the closed sur- 
face, then the volume that can be reached from the origin 
without crossing any planes defines the equilibrium 
shape or form of the crystal. Since sharp minima or cusps 
in the polar plot have the shortest radius vectors, planes 
normal to the radius at these cusp positions will dominate 
the equilibrium shape. 

Sheet crystals are approximately two-dimensional; 
hence, a planar section through the Wulff plot coincident 
with the sheet surface plane is useful in describing the 
equilibrium shape. On the hypothesis that growth forms 
and equilibrium forms are similar for the crystals grown 
in this study, qualitative Wulff plots that locate the cusp 
minima in the various sheet planes were constructed. De- 
tailed data for the variation of surface free energy with 
orientation is not available for silicon. However, it is gen- 
erally acknowledged that the (i 1 I) planes have the lowest 
surface free energy, and vestiges of these planes are re- 
sponsible for the observable "growth lines" on crystals 
constrained to grow in a cylindrical ingot form. As men- 
tioned earlier, the value of the surface free energy for a 
particular crystal plane is a function of the free bond den- 
sity. This is lowest for (iii) planes. 

From the geometry of the sheet edges, a crystallo- 
graphic description of faceting effects during fiat-top 
Czochralski transition growth was obtained. Similarly, it 
is possible to determine the criteria that govern the tip 
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shapes of single-crystal silicon ribbons growing horizon- 
tally from a melt surface. 

Exper imenta l  
Silicon was melted in a quartz crucible of 60 mm diam 

and 25 mm height. Induction heating with a graphite sus- 
ceptor was used. The susceptor was insulated by a cylin- 
drical opaque quartz tube with a 6 mm wall thickness. An 
inert atmosphere of argon was maintained in the growth 
chamber. Sheet growth was initiated by dipping a seed 
crystal of the desired orientation into the melt  and 
growing a thin neck from the seed at 15 rpm rotation rate 
in order to produce a dislocation-free, small (0.5-1.5 mm 
diam) cylindrical crystal. A sheet was then allowed to 
propagate radially in all directions on the melt  surface by 
setting the vertical pulling speed to zero, dropping the RF 
generator power level to 94.7% of the value at which the 
neck was grown, and lowering the rotation rate to 1 rpm. 
A slow rate was used to avoid imposing a round shape on 
the spreading sheet. However, a nonzero rate was needed 
to allow measurements of all crystal faces on movie films 
of the growth. For each seed orientation, a second sheet 
was grown from a larger diameter (3.8-6.2 ram), dislo- 
cation-free, round cylindrical starting condition. Since the 
transformation from round to equilibrium shape occurs 
in a distance which is a function of initial round diameter, 
this allowed the transformation to be viewed on two dif- 
ferent size scales. 

The sheets did not grow perfectly flat and tended to 
have a slightly convex bottom since some growth 
occurred downward into the melt while the sheets were 
spreading radially. The radial growth rate of the sheets as 
they approached their equilibrium shapes typically- 
ranged from 7 to 15 mm/min for the 5.3% power reduc- 
tions used in these studies. At some point in the growth, 
icing from the crucible walls moved radially inward to 
close proximity with the spreading sheets. The sheets 
were removed from the melt at this t ime by quickly 
pulling the seed upward. 

Records of the sheet growth experiments were made 
with 16 mm movie photography. The camera was located 
outside a window of the growth chamber, and a polished 
silicon mirror was used to direct light rays from the 
growth area to the camera. A filming speed of 10 frame/s 
was used in the sheet growth studies. The typical growth 
duration was 140s and, since a rotation rate of 1 rpm was 
used, the crystal revolved just  over two times during the 
filming. This allowed any particular diameter of the 
growing sheet to be measured five times. Measurements 
were made of the distance between parallel flat faces and 
of the diameters of the faster growing diagonally opposed 
regions located ,angularly between two successive flat 
faces. Figure 1 is the view the camera sees. In this case, a 
(110) sheet growing at its limiting shape is shown. The 
measurements were made from the film by passing it un- 

der a low-power (8-40x) microscope with a reticle placed 
over the film. 

Sheet  Shapes 
The limiting shape of a (100) dislocation-free silicon 

sheet is a square. Figure 2a shows this form for a sheet 
grown from a 1.2 mm diam, round starting shape. The 
transformation to the square shape occurs in about 3-4 
seed diameters; thus, the sheet is square at a small size. 
The idealized square shape is shown in Fig. 2b. The edges 
are in the four <011> directions, and the corners lie along 
the four <001> directions. The Wulff plot in the (100) 
plane is expected to have minima at the four (011) planes 
normal to the sheet surface and larger values in other di- 
rections. This is qualitatively shown by the curved, four- 
lobed figure surrounding the equilibrium shape. 

Sheets nucleated in the (111) plane transform from 
round to hexagonal with equal 120 ~ angl_es (Fig. 3a). The 
sides of the hexagonal shape are in <112> radial direc- 
tions, while the corners are in <110> directions. The hy- 
pothetical Wulff plot is drawn with six cusps on the (i12) 
planes bounding the idealized sheet shape shown in Fig. 
3b. 

At first glance, the growth form of (110) sheets also ap- 
pears to be a regular hexagon (Fig. 4a). However, closer 
examination shows that there is less symmetry in the 
(110) shape. Four of the six polygonal sides lie in <111> 
directions, and the angle between two such adjacent sides 
is only 109.471 ~ as shown in Fig. 4b. The corners between 
two such sides lie in [510] and [110] directions. Two sides 
of the polygonal shape are opposite each other and in the 
[001] and [001] directions. These sides make an angle of 

Fig. 1. A 16 mm frame from a film showing the limiting growth shape of Fig. 2. a(top): Final shape of a (100) sheet, b(bottom): Idealized 
a (110) sheet, growth form and qualitative Wulff plot for a (100) sheet. 
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Fig. 3. a(top): Final shape of a (111) sheet, b(bottom): Idealized 
growth form end qualitative Wulff plot for o 11 | 1) skeet. 

125.264 ~ with  the  (111) type  sides. Minima occur  on both  
(001)- and ( l l l ) - t ype  p lanes  in the  qual i ta t ive  Wulff  plot. 
S ince  growth in the [001]-type direct ions  appears  to pro- 
ceed  more  rapidly than  growth  in the  [111]-type direct ions  
(Fig. 4a), it is poss ible  that  after long growth  t imes  the  
(001) faces may  vanish,  leaving only (111) bound ing  
planes.  

The (112) p lane  sheets  are observed  to also have six 
sides, as can be  seen in the  sheet  crystal  of Fig. 5a. How- 
ever,  the  bound ing  faces and inc luded  angles  are different  
f rom both  the (111) and (110) sheet  cases. Two oppos i te  
sides are in <111> direct ions.  The  other  four  sides corre- 
spond to p red ic ted  Wulff  p lot  cusps  on (241)-type planes. 
Two adjacent  sides of  this type  m a k e  an angle  of  135.585 ~ 
with  each other. The  corners  be tween  these  sides are in 
[_110] and [110] direct ions.  The  angle  be tween  (241)- and 
( l l l ) - t y p e  sides is 112.208 ~ The deduced  Wulff  plot  shows 
m i n i m a  on both (1T1)- and (241)-type p lanes  (Fig. 5b). The 
growth  rates in the [241[-and [I-Ill-type direct ions  ap- 
peared  to be very  similar  (Fig. 5a). However ,  it is again 
possible  that  for long growth  t imes  one  or the  o ther  may  
dominate .  

The Wulff  plots in Fig. 2-5 are only hypothet ical .  It  is 
reasonably  certain that  m i n i m a  occur  where  they  are 
shown.  Whether  the  m i n i m a  are sharp cusps or only shal- 
low val leys  is not  known.  There  is more  uncer ta in ty  
about  the n o n m i n i m a  por t ions  of the plots. Thus,  they  are 
shown as do t ted  l ines in the  figures. S ince  no special  ef- 
fort  was made  to r educe  the rmal  a s y m m e t r y  in the  hot  
zone, the sheet  crystal  forms were  somet imes  asymmet -  
rical. That  is, the  d is tance  f rom the  seed to two  equ iva len t  
flat edges  was not  always equal .  

,,; % 

/ X 1253"\i 

""-_\t., (,,/..--" 

i X  / :,. 

/ 1 0  

(1 1 0 )  P L A N E  

Fig. 4. a(top): Final shape of a (110) sheet, b(bottom): Idealized 
growth form and qualitative Wulff plot for a (110) sheet. 

Sheet Edge Geometries 
A st rong (111) facet ing effect  was obse rved  on the  edge 

regions  of the sheets,  largely because  dis locat ion-free 
g rowth  was emp loyed  for the  sheet  exper iments .  In  the 
absence  of dislocations,  nuc lea t ion  of new growth  is more  
difficult, and larger levels  of  supercool ing  arise at the 
leading edges  of  the  g rowth  front. Face t ing  accompanies  
this situation. One (100) shee t  was g rown  f rom a dislo- 
cated start ing configuration.  Two effects were  noted  with  
this sheet.  The edge facet ing was m u c h  less p ronounced  
and, in fact, was near ly  absent.  Also, the ideal ized square  
shape did not  comple te ly  form,  at least  not  in the  growth  
t imes  avai lable in our  expe r imen ta l  setup. The corners  of  
the shee t  r ema ined  wel l - rounded.  

The eclge facet ing in dis locat ion-free sheets  always ap- 
peared  on (111) planes.  An e x a m p l e  is dep ic ted  in the 
pho tog raph  of Fig. 6, which  shows a (111) shee t  moun ted  
in wax  to allow v iewing  of  the  edge. The  central  edge 
facet  in the pho tograph  makes  a 70.5 ~ acute  angle  wi th  the 
top  of  the sheet. It  is located in a <211>-type  direct ion 
f rom the  seed. To the  left  and r ight  of this facet  are o ther  
edge  facets that  m a k e  a 109.5 ~ ob tuse  angle  wi th  the 
sheet ' s  top  surface. These  are in <211> direct ions  f rom 
the  seed. All told, there  are three  obtuse  facets and three  
acute  facets a l ternat ing a round the sheet  edge. Careful  
scru t iny  of Fig. 6 also reveals  a (111) facet  on the  shee t  top 
adjacent  to the central  edge facet. There  are six of  these, 
one adjacent  to each edge  facet. 

In addi t ion to descr ib ing  the  radial growth crystallogra- 
phy  for flat-top Czochralski  t ransi t ion growth,  these  ob- 
servat ions  have  impl ica t ions  for h igh  per fec t ion  sheet  
g rowth  solid/ l iquid interfaces  in the horizontal  g rowth  
mode.  I t  is possible  to predict ,  for example ,  the  sheet  tip 
geomet r ies  for a large n u m b e r  of  growth  or ienta t ions  
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(111) SHEET 

[211] 

SOLID " /  MELT 

Fig. 5. a(top): Final shape of a (112) sheet, b(bottom): Idealized 
growth form and qualitative Wulff plot for a (112) sheet. 

f rom the  o b s e r v a t i o n s  on  rad ia l ly  s p r e a d i n g  shee ts .  Fig- 
u re  7 shows  the  e x p e c t e d  t ip  geomet_ r ies  for  (111) dislo- 
ca t ion- f ree  shee t s  g r o w i n g  in t he  <211>-  a n d  < 2 1 1 > - t y p e  
d i rec t ions ,  w i t h  a 5 ~ pu l l i ng  angle .  Note  t he  r e t r o g r a d e  t ip  
ang le  for <211>  growth .  

F o r  (100) sheets ,  four  (111) edge  facets  a p p e a r  in  <011>  
d i r ec t i ons  f rom the  seed. All m a k e  54.7 ~ acu te  ang les  w i th  
the  t op  of  the  sheet .  The  e x p e c t e d  t ip g e o m e t r y  for  dislo- 
ca t ion- f ree  (100) s i l icon shee t s  g rowing  in  one  of these  
four  d i r ec t ions  is g i v e n  in  Fig. 8. 

The  edges  of (110) shee t s  d i sp l ayed  two types  of (111) 
facets.  In  the  four  < 1 1 1 > - t y p e  d i rec t ions ,  a 90 ~ face t  wi th  
r e s p e c t  to the  s h e e t  p l a n e  was  found.  In  t he  two <001>  
d i rec t ions ,  the  face t  m a d e  a 35.3 ~ acu te  ang le  w i th  the  

(I 1 1 ) SHEET 

[211] 

\ SOLID ~ MELT 
Fig. 7. Predicted tip geomet_ri_es for horizontally grown (111) sheets 

pulled in the <211 > and <211 > directions. 

(100) SHEET 

SOLID V MELT 
Fig. 8. Predicted tip geometry for horizontal (100) sheets growing in 

the <011 > directions. 

shee t  top. The  144.7 ~ o b t u s e  (.111) facets  were  no t  ob- 
served.  P r e d i c t e d  s h e e t  t ip g e o m e t r i e s  for  ho r i zon ta l  
g r o w t h  are d r a w n  in Fig. 9. 

The  g rea tes t  va r i e ty  of edge  facets  was  s een  in (112) 
sheets .  F igu re  10 shows  t h e s e  in the  way t hey  wou ld  
def ine t h e  t ip geome t r i e s  of ho r i zon ta l  sheets .  In  t he  [1 IT] 
d i rec t ion ,  a facet  at  90 ~ to the  shee t  p l a n e  was  seen,  whi l e  
in  t h e  [111] d i rec t ion ,  two facets  appea red .  One  was  at  90 ~ 
to t h e  shee t  p lane ,  an d  a s e c o n d  was at  19.5 ~ T h e s e  two 
facets  m e e t  at  an  i n c l u d e d  ang le  of  109.5 ~ In  the  <421>  
d i rec t ions ,  acu te  ang le  facets  of  61.9 ~ were  seen,  wh i l e  in  
the  <421>  d i rec t ions ,  the  ang les  were  r e t r o g r a d e  w i th  a 
118.1 ~ value.  

(I I O) SHEET 

5 ~ 

\ 

rlfi  

SOLID ~ 1  MELT 

Fig. 6. Edge facets on a (111 ) dislocation-free sheet mounted in wax 

(110) 

o 

\ SOLID 

SHEET 

[001] -----___> 

Fig. 9_._Predicted tip geometries for horizontal (11 O) sheets growing in 
the < 111 > and <001 > directions. 
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Fig. 11. Size vs.  time for a (100) sheet in two different radial 
directions. 

to a final va lue  of 0.74 over  the  150s g r o w t h  t i m e  (Fig. ]2) 
w i th  a re la t ively  q u i c k  r ise  to 0.6 a n d  t h e n  a s lower  ap- 
p r o a c h  to 0.74. A g r o w t h  m o d e l  for  a g r o w t h  ra te  in  the  
<011>  d i rec t ion  0.6 t i m e s  t he  g r o w t h  ra te  in  any  o t h e r  di- 
r ec t ion  is s h o w n  in Fig. 13. The  t r a n s f o r m a t i o n  f rom a 
r o u n d  to a s q u a r e  s h a p e  is seen  to h a p p e n  in a b o u t  t h r ee  
seed d iamete r s .  

S imi la r  behav ior ,  b u t  genera l ly  w i th  less an i so t ropy ,  
was  s een  for the  o the r  shee t  planes.  For  example ,  the  
< 1 1 2 > / < 0 1 1 >  g r o w t h  ra te  rat io  in  the  (111) p l ane  r a n g e d  
f rom an  ini t ia l  va lue  nea r  0.6 to a final va lue  of 0.9 (Fig. 
12), w h i c h  is in  good  a g r e e m e n t  wi th  the  geomet r i ca l ly  
l imi t ed  va lue  of 0.87. The  c h a n g e  of g r o w t h  ra te  ra t ios  

i-421] ----______> 

5~ ~ 1 )  

SOLID ~ MELT 
Fi~. 10. Predicted__ tip geometries for (112) sheets growing in the 

[111], [111], <421 >, and <421 > directions. 

Growth  Rate Anisotropies 
As the radially spreading sheets described in this study 

evolve from the round initial geometry to the polygonal 
g r o w t h  form,  i t  is e v i d e n t  t h a t  the  g r o w t h  ra tes  in  the  di- 
r ec t ions  t oward  t he  p o l y g o n  corne r s  m u s t  be  g rea te r  t h a n  
the  g r o w t h  ra tes  in d i r ec t i ons  t o w a r d  the  flat po lygon  
sides.  Ne i the r  of t h e  ra tes  are c o n s t a n t  w i t h  t ime.  Ini t ial ly,  
the  g r o w t h  ra te  is slow, s ince  the  me l t  t e m p e r a t u r e  does  
no t  r e s p o n d  i m m e d i a t e l y  to the  d rop  in R F  g e n e r a t o r  
power .  The  ra te  i nc reases  s lowly at first, a n d  t h e n  m o r e  
rapidly ,  as the  e x p a n d i n g  top  surface  of the  solid, w i t h  i ts 
h i g h e r  emiss iv i ty ,  b e c o m e s  an  inc reas ing ly  m o r e  ef fec t ive  
hea t  radia tor .  The  s lope of a size vs. t ime  p lo t  for a par t ic-  
u la r  d i r ec t ion  f rom t he  seed, at  any  g iven  t ime,  is the  
g r o w t h  ra te  in  t h a t  d i r ec t ion  at  t ha t  t ime.  The  ra t io  be- 
t w e e n  ra tes  in d i f fe ren t  d i r ec t ions  is the  rat io  of s lopes  of  
the  two size vs. t i m e  cu rves  at  the  s ame  ins tan t .  

F i g u r e  11 shows  t he  size of a (100) s h e e t  a long  t he  
<011>  and  <001>  d i r ec t i ons  as a f u n c t i o n  of  t i m e  for  a 
d i s loca t ion- f ree  s t a r t i ng  d i a m e t e r  of  1.2 ram.  All <001>  
directions were considered to be equivalent, and all 
<001> directions were considered to be equivalent. Thus, 
four measurements for each set of directions were made 
for each revolution of the crystal. The initially round (i00) 
sheet eventually became square, and the ratio of slopes in 
the <011> and <001> directions, for large times, is ex- 
pected to be the geometrically limited value 0.71. The 
growth rate ratios were determined by evaluating the de- 
rivatives of the second-order polynomial regression best 
fit curves for the diameter vs. time data, for each of the 
two directions, and taking their ratios. The <011>/<001> 
growth rate ratio in the (100) sheet plane ranges from 0.4 
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Fig. 12. Two examples of the change of growth rate ratios with time. a: 
(Growth rate in <011 > direction)/(growth rate in <001 > direction) for 
the (100) sheet plane (lower curve), b: (Growth rate in < 1 1 2 >  
direction)/(growth rate in < 0 1 1 >  direction) for the (111) sheet plane 
(upper curve). 
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Fig. 13. (100) sheet growth model for growth rate in < 1 1 0 >  direc- 
tions equal to 0.6 times the rate in all other directions. 
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with time is probably related to the changing tempera- 
ture. However, the change is moderate, and the growth 
rate ratios appear to asymptomatically approach final 
values at high growth speeds. 

Summary and Discussion 
The technique of studying rapid silicon sheet growth 

via free spreading of point-nucleated sheets on a super- 
cooled horizontal melt surface has yielded a large amount 
of information about idealized growth forms, solid/liquid 
interface sheet tip morphologies, qualitative Wulff surface 
free energy polar plots, and growth rate anisotropies. The 
method is versatile in that both very high perfection 
(dislocation-free) effects and less structured (polycrystal- 
line and dendritic) effects can be studied. In this paper, 
only dislocation-free growth with (100), (111), (110), and 
(112) surface planes is discussed in detail. 

The low surface free energy (111) planes dominate the 
sheet tip geometry at the solid/liquid interface, determine 
the growth form of radially growing sheet crystals 
(through their intersection with the sheet plane), and con- 
tribute to growth rate anisotropies due to the relative 
difficulty of new growth nucleation on the low free bond 
density (111) surface. They also play a determing role in 
fast dendritic growth by virtue of the high free bond den- 
sity associated with reentrant edges at a (111) twin bound- 
ary. Earlier work on edge-supported pulling of silicon 
sheets (6) showed that (111) twin planes can block t h e  
spreading of spurious random grains. A similar mecha- 
nism has recently been found to be important in stabil- 
izing the crystal structure of horizontally grown sheets. In 
dendritic web growth, (111) twin planes are key elements 
of the growth process and the (111) web surface is very 
high in quality. The equilibrium structure of long 
multicrystalline silicon sheets is dominated by longitudi- 
nal grains with (111) boundaries and near <110> surface 
normals. In summary, the properties of the (111) surface 

in silicon are of major importance for sheet crystal 
growth. In addition, (111) plane faceting dominates the 
edge geometry for radially spreading growth during the 
flat-top transition phase of Czochralski crystal pulling. 
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Epitaxial Growth Rate of GaAs: Chloride Transport Process 
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Department of Chemical Engineering, University of Florida, Gainesville, Florida 32611 

ABSTRACT 

A rate expression is developed for the growth rate of gallium arsenide based on a postulated mechanism of the 
growth kinetics. This rate expression, when applied to the experimental  data reported by Shaw (4), describes the growth 
rate quite accurately over wide ranges of temperature and concentrations. In particular, it describes in a quantitative 
manner the temperature and GaC1 concentration dependence of the growth rate, which goes through a maximum with 
the temperature and the concentration. The growth rate as affected by diffusion is given in terms of concentra t ion 
boundary layer and the intrinsic growth rate obtained. A criterion of negligible diffusional effect is developed. The effect 
of physical orientation of substrate surface on the growth rate is also presented. These results allow one to determine 
rather completely the growth rate as affected by temperature, vapor-phase composition, fluid velocity, and the sub- 
strate orientation. 

The vapor-phase epitaxial growth of GaAs in the 
Ga/HCYAs/H~ system has received considerable attention 
in the literature, and review articles (1, 2) are available. 
One major interest in the epitaxial growth is the effects of 
various conditions on the growth rate. In the studies deal- 
ing with the effects, the usual approach is to assume equi- 
l ibrium conditions (2). In this approach, the etching rate 
at the source is related to the thermodynamic equilibrium 
constant for the reaction leading to the formation of GaC1, 
chloride flow rate and the inlet partial pressure of AsCI:~. 
This etching rate is used for the difference in the etching 
rates between the source and the substrate to represent 
the thermodynamic term in the growth rate. Thus, the 
growth rate is typically expressed as a product of the 
thermodynamic term and hydrodynamic term in the form 
used for the growth of Si. The equilibrium approach has 
been used in one form or another by Hollan et al. (3) and 

Shaw (4) in the use of a quasi-equilibrium method (5) to 
diffusion-limited growth rate (6, 7). 

The growth process is considered kinetically controlled 
if the surface reactions are rate-limiting or transport 
(diffusion)-controlled if the diffusion through the bound- 
ary layer on the substrate is the rate-limiting step. Thus, 
the growth is either kinetically controlled or diffusion 
controlled, depending on the relative magnitude of rate 
constant and mass-transfer coefficient in the simplest 
case in which tt~e growth rate is proportional to concen- 
tration. Although the distinction between kinetically 
controlled and diffusion-controlled growth is based on 
the relative speed of the two rate processes, this distinc- 
tion is often used to explain the temperature dependence 
of the growth rate. In the region where the growth rate in- 
creases with increasing temperature, the growth process 
is considered to be under kinetic control, whereas it is un- 
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der  diffusion control  in the  region where  the growth  rate 
decreases  wi th  increas ing tempera ture .  It  appears  that  
such a dis t inct ion is imprope r  since the  growth  rate 
would  not  decrease  wi th  increas ing t empera tu re  if  indeed  
the diffusion process  is the  rate- l imit ing step. 

The factors that  affect the  growth  rate are tempera ture ,  
vapor-phase  gas composi t ion ,  physical  or ienta t ion of  sub- 
strate wi th  respect  to gas flow, flow rate, and crystallo- 
graphic  or ientat ion of substra te  surface. For  a g iven crys- 
tal plane, the first two factors de te rmine  the  growth  rate 
in the absence  of  diffusional  effect. This  growth  rate in 
the  absence  of  diffusion l imi ta t ion may  be t e rmed  "intrin- 
sic growth  rate," s ince it is the  intr insic rate unaf fec ted  by 
diffusion. The latter two  factors detei~mine in w h a t  man-  
ner  the  intrinsic rate is a l tered by diffusion for the actual  
growth rate observed.  In  this paper,  we presen t  resul ts  for 
a quant i ta t ive  descr ip t ion  of  the  growth rate. For  the  re- 
sults, we first deve lop  an express ion  for the intr insic  
growth  rate based on a pos tu la ted  growth mechan i sm.  We 
then  de te rmine  the  m a n n e r  in which  the intr insic  growth 
rate is affected by diffusion. This leads direct ly  to the  ef- 
fect  of  physical  substra te  or ientat ion on- the  growth  rate. 
The results  are compared  wi th  the  data repor ted  in the lit- 
erature.  This compar i son  leads to some insights  into the  
growth  mechanism.  

Intr insic Growth  Rate 
Consider  the depos i t ion  of GaAs onto the  substra te  sur- 

face. We postulate  that  the incorpora t ion  of  vapor-phase  
molecu les  onto the substra te  requires  adsorp t ion  of arse- 
nic and GaC1 onto the substrate  sites as sugges ted  by 
Shaw (4) and that  arsenic is molecular ly  adsorbed  in the 
form of As~. These  compet i t ive  adsorpt ion  steps can be 
represen ted  as 

K, 
GaC1 + S ~ GaC1 - S [1] 

< 

K 2  
As~ + S ~ As~ �9 S [2] 

where  K, and K2 are the ratios of the forward  rate con- 
stant to the  reverse  rate cons tant  for the e lementa ry  steps 
shown.  Here,  the vacan t  site is denoted  by S and the  ad- 
sorbed  states are r ep resen ted  by GaC1 �9 S and As2 - S. We 
pos tu la te  fur ther  that  the adsorbed  species in teract  in the  
p resence  of hydrogen,  wh ich  abstracts  chlorine,  for the  
incorpora t ion  into GaAs crystal  s t ructure  

GaC1. S + As._, " S -~' k'; GaAs~(.2S) + HC1 [3] 

where  GaAs=,(.2S) denotes  the lattice state of GaAs al- 
ready incorpora ted  into the crystal  s tructure.  It  is postu- 
lated tha t  in bui ld ing up the  zinc b lende  crystal  s t ruc ture  
of  GaAs, one addi t ional  As a tom is requ i red  for succes- 
sive incorpora t ion  of  Ga a tom into the structure.  In  real- 
ity, there  could be  several  surface react ions for the  incor- 
porat ion.  Hence,  the  react ion shown represen ts  the  
cont ro l l ing  step in an  overal l  surface react ion s cheme  
ra ther  than  the control l ing e lementa ry  step. In  addit ion,  
we pos tu la te  that  two vacan t  sites can react  wi th  HC1, re- 
sul t ing in the  e tch ing  of  GaAs 

HC1 
(2S) ~ GaC1 [4] 

where  the  pair of vacan t  sites is deno ted  by (2S). Here  
again, this react ion represents  an overall  surface react ion 
s cheme  ra ther  than an e lementa ry  step, as we shall see. 
Accord ing  to the  postulat ion,  then, the rate of incorpora-  
t ion per  uni t  surface area, r, in mole / ( t ime ,  area) is 

r = k ' C H 2 C ( m c l . s C A s  2. s - -  k/Cv'-'C.(.~ [5] 

where  C(..ac~.s and CAs~.S are the  surface concent ra t ions  of 
the adsorbed species,  GaC1 �9 S and As~ �9 S. Cv is the sur- 
face concent ra t ion  of vacan t  sites and C.., and C,~.I are the 
v o l u m e  concent ra t ions  of hydrogen  and HC1. If  we use 

the site balance per  uni t  surface area g iven by 

Ct = Cv + C(;a(-,.s + CApt.s [6] 

the  e lementa ry  steps g iven  by Eq. [1] and [2] yield 

Cv 1 
Ct - 1 + K1C(~aci + K2CI/2As4 ' Ke = K2 'KAff  2 [7] 

where  KA~ is the equ i l ib r ium constant  for As4 ~ 2As~. 
Here,  Ct is the surface concent ra t ion  of  total  sites. Equa-  
t ion [7] can be used in Eq. [5] wi th  the aid of Eq. [1] and [2] 
for C6ac~.s and CApt.s to arr ive at the fol lowing rate of  incor- 
pora t ion  

I ,  2 _ ~" = kCH=,eoa('l C AS4 k~.CHr [8] 
(1 + KICGa(. I 4- K~Cl/eAs4) ~ 

where  k and k~ are g iven  by  

k = k'Ct2K1K.~ = k'Ct2KiK'2KII2A~ 
[9] 

k~ = k'~Ct 2 

S ince  the  incorpora t ion  rate is g iven in t e rms  of  moles  
GaAs/( t ime - area) or length/( t ime �9 area), the growth  rate 
G can be expressed  as 

G = A r  [10] 

where  A is a constant.  I f  G is expressed  in t e rms  of weight  
GaAs/( t ime - area), for instance,  the  cons tan t  A is s imply  
the  molecu la r  we igh t  of  GaAs. The  growth  rate G is often 
g iven  in te rms  of part ial  pressure.  Thus, we  wri te  the 
g rowth  rate as fol lows 

- '"-' k~.Pm~ G = kpH2Pca{'lP__ A~ 4__-- [11] 
I t2  2 (1 + K~P~;~cz + K~p A~4) 

where  p~ is the partial  pressure  of species i and the 
overbar  denotes  the  quant i ty  inc lud ing  (R~T) factor re- 
sul t ing f rom the  appl ica t ion of  ideal gas law (Pi = C~R~T) 
in conver t ing  C~ to p~. The rate constants  k and kr also in- 
c lude  the  constant  A. 

Consider  the appl ica t ion of the growth  rate g iven by 
Eq. [11] to exper imenta l  data. In  part icular ,  cons ider  the  
ex tens ive  data repor ted  by Shaw (4). The data  are sui table  
for de te rmin ing  the  intr insic  growth rate since the total 
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Fig. 1. Arrhenius plots for the rate and equilibrium constants in Eq. 
[12] as a function of reciprocal temperature for GaAs growth rate. 
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Fig. 2. Comparison between experimental growth rates of GaAs and those predicted by Eq. [12] as a function of GoCI partial pressure at 
(a, left) low and (b, right) high temperatures. 

f low rate  is such that  the  g rowth  rate is unaf fec ted  by dif- 
fus ion (8) and the  reac tant  partial  pressures  were  inde- 
penden t ly  varied. In  order  to de t e rmine  the  rate and equi- 
l ib r ium constants  in Eq. [11], the  growth rates repor ted  in 
Fig. 4 and 5 in the  paper  by S h a w  (4) at t empera tu res  711 ~ 
725 ~ 754 ~ 778% and 805~ were  utilized. A nonl inear  re- 
g ress ion  p rogram was used  to calculate  the  rate and equi- 
l ib r ium cons tants  at each t empera tu re  and these  resul ts  
in tu rn  used  to obtain  the  Arrhenius  plots  shown  in Fig. 1. 
S ince  p,~ and Pm., in all cases are essent ia l ly  constant ,  
these  were  l u m p e d  wi th  the  rate  constants  k and k,. as 
shown  in Fig. 1. Based  on the  Arrhenius  plots,  the  growth  
rate can  now be wr i t ten  as fol lows 

-- 112 
G = (kpa.~)p ~4P(;~'I - (k~Pm',) 

, (mg/cm ~ �9 min), p~ in arm 
(1 + K , p ~ c ~  + K.~p'~A~)~ [12] 

(kp~)  = 8.059 • i0 - ~  e x p  (123,400/T), p~.~ = 1 a tm 
(k~P~c,)__ = 2.643 • 10 -'~s exp  (95,200/T) p~(.~ = 9.7 • 10 -4 a tm 

K, = 2.337 • 10-:" e x p  (81,900IT) [13] 
K~ = 1.511 • 10 -2~ e x p  (63,000/T) 

Compar i sons  be tween  the growth  rate p red ic ted  by 
Eq. [12] and [13] and the  expe r imen ta l  data  r epor t ed  by 
S h a w  (4) are shown in Fig. 2 and 3. I t  is seen in Fig. 2, 
which  cor responds  to Fig. 5 in the paper  by S h a w  (4), that  
the g rowth  rate express ion  of Eq.  [12] predic ts  the  experi-  
menta l  growth rates qui te  accura te ly  at the  t empera tu res  
711 ~ 725 ~ 754 ~ and 778~ a l though the  pred ic t ion  is 
h ighe r  at 778~ at low pressures  w h e n  Pc;~c, is var ied  at 
cons tan t  PA~4. At  805~ however ,  the predic t ion  is lower  
than  the  expe r imen ta l  g rowth  rate. An  impor t an t  observa-  
t ion that  can be  m a d e  in Fig. 2 is that  the  growth-ra te  ex- 
press ion  predicts  qu i te  accura te ly  the  m a x i m u m  growth  
rate wi th  respect  to P(;~r~ at all t empera tures .  The  compari-  
son g iven  in Fig. 3, wh ich  cor responds  to Fig. 4 in the pa- 
per  by S h a w  (4), shows  s imilar  behav ior  as in Fig. 2, i .e . ,  
qui te  accura te  predic t ions  at 711% 725 ~ , 754 ~ (except  at low 
PA~ pressuresL and 778~ bu t  not  as good  at 805~ w h e n  
PA~ is var ied  at cons tan t  P~;~c,. The  major  character is t ics  
of  the  epi taxial  g rowth  of  GaAs by the  chIor ide  t ranspor t  
p rocess  are  that  the  g rowth  rate goes th rough  a m a x i m u m  
as p(;~(.~ is increased and that  i t  also goes  th rough  a maxi-  
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Fig. 4. Growth rate of GaAs as a function of reciprocal temperature at 
various partial pressures of GaCI. 

m u m  as the  substrate  t empera tu re  is raised. Al though  the 
results  shown in Fig. 2 and 3 should reveal  the tempera-  
ture dependence  upon  close examinat ion ,  we show for 
compar i son  in Fig. 4 the  growth  rate g iven by Eq. [12] as a 
func t ion  of reciprocal  t empera tu re  at var ious  p(~.~ values. 
A compar i son  of Fig. 4 wi th  Fig. 3 in the paper  by Shaw 
(4) should  reveal  that  there  is a good ag reemen t  be tween  
the two, in par t icular  wi th  respect  to the m a x i m u m  values  
of the  growth rates and the t empera tu res  at which  these  
m a x i m a  occur. While not  presented,  the same can be con- 
c luded  about  the t empera tu re  dependence  of the  growth 
rate at var ious  arsenic partial  pressures.  

We have  seen that  the  growth rate g iven by Eq. [12] de- 
scribes the epi taxial  growth rate satisfactori ly and that  it 
can expla in  quant i ta t ive ly  the major  character is t ics  of  the 
growth.  In  l ight of this, let  us consider  impl ica t ions  of  the 
results  as related to the  pos tu la ted  mechan ism.  Accord ing  
to the t empera tu re  d e p e n d e n c e  of K~ in Eq. [13], which  is 
essent ial ly K,, the  heat  of  adsorpt ion  for the  adsorp- 
t ion/desorpt ion  step of  Eq. [1] is very  high, indicat ing 
h ighly  act ivated adsorp t ion /desorp t ion  of  GaC1. K.~ is es- 
sential ly K., which  is the  p roduc t  of  K.:, the  equ i l ib r ium 
constant  for the adsorp t ion /desorp t ion  step for As._,, and 
K"~A, the equ i l ib r ium cons tant  for As4 ~ 2As..,. Accord ing  
to the t empera tu re  d e p e n d e n c e  given in Eq. [13], the heat  
of adsorp t ion  of  As, is m u c h  less than that  of GaC1 since 
K., is a composi te  of two equ i l ib r ium constants .  This indi- 
cates that  the adsorp t ion  of GaC1 plays a m u c h  more  im- 
por tan t  role than the adsorp t ion  of As.,. In  this regard, it is 
no tewor thy  that  the growth-ra te  express ion  based on dis- 
sociat ive adsorption of As.:, which leads to p'J4A~ 4 depen- 
dence of the growth rate rather than pmA~4, described the 
growth quite poorly. While only adsorption experiments 
would clearly resolve the nature of adsorption, the kinetic 
information nevertheless points to molecular adsorption 
of As., rather than dissociative adsorption. It is of interest 
that the apparent rate constants k and k~, decrease rather 
than increase with increasing temperature, as is evident 
from the expressions in Eq. [13]. This is not surprising at 
least for k in light of the fact that the heats of adsorption 
for K, and/(., (see Eq. [9] for k) are very high since the ap- 
parent activation energy given for k is the sum of the acti- 
vation energy of k' and the heats of adsorption for/(~ and 
K.:, which are positive. Thus, the rate constant k' can be 
expressed  as k '  = k',, exp (=21,500/T), where  k',, is a preex-  
ponent ia l  fact_or, the act ivat ion energy being 43 kcal/mol.  
The fact that  kr decreases  wi th  increas ing t empera tu re  in- 
dicates that  the e tching of GaAs represen ted  by Eq. [14] is 
not  s imple  as indica ted  earlier, but  would  represen t  an 

overall  surface process  consis t ing of  several  surface 
reactions.  

Transport (Diffusion) Effects 
The intr insic growth rate g iven by Eq. [13] is the  growth 

rate when  the diffusional  effect is absent.  The  diffusional  
effect  on the growth  rate is usual ly  t reated in te rms  of 
boundary  layer forming  f rom the leading edge  of the sub- 
strate (9), the theory  of which  is due to Schl ich t ing  (10). 
This diffusional  effect  is impor tan t  not  only for de termin-  
ing the actual growth rate, but  also for g rowing  uni form 
films, as demons t ra ted  by Kuiper  e t  a l .  (11) and K o m e n o  
e t  a l .  (12). The boundary- layer  th ickness  th rough  which  
the gas molecules  have  to diffuse to the substra te  surface 
for subsequen t  incorpora t ion  into crystal  s t ructure  is usu- 
ally t aken  as the  h y d r o d y n a m i c  (velocity) boundary- layer  
th ickness  (2, 12). At s teady state, the concent ra t ion  gradi- 
en t  in the boundary  layer  is l inear  and, therefore,  the 
mass- t ransfer  coeff icient  k~ is g iven  by 

D 
k~(x)  - [14] 

~(x) 

w h e n  the  flux th rough  the layer is expressed  as the  prod- 
uc t  of  kg and the  concen t ra t ion  difference.  Here  D is the  
molecu la r  diffusivi ty of  diffusing species,  8 is the  concen-  
t ra t ion boundary- layer  thickness ,  and x is the  d is tance  
f rom the  leading edge  of  the  substrate,  wh ich  is taken  as 
zero. 

While the velocity boundary-layer thickness ha~ been 
used in the literature for the mass-transfer coefficient, 
the boundary layer of interest is rather the concentration 
boundary layer, which is different from the velocity layer. 
The velocity boundary-layer thickness 3h is related to the 
concentration boundary-layer thickness through Schmidt 
number, Sc, as follows (13) 

- Sc-li~; Sc = ~/D [15] 
8h 

where  , is k inemat ic  viscosi ty.  Accord ing  to Schl icht ing  
(10), the  veloci ty  boundary- layer  th ickness  is g iven  by 

5h = 5 ( , x / v ~ )  '~ [16] 

i f  the th ickness  is def ined as that  at which  the veloci ty  
becomes  99% of the bulk  fluid veloci ty  v~. This can be 
combined  with Eq. [14] and [15] to give 

v~ '/2D-" ~ 
k~ - - -  [17] 

The  theoret ica l  va lue  of the  mass- t ransfer  coeff ic ient  for 
any species of  in teres t  can be  calculated f rom Eq. [17] 
wi th  the  aid of  the C h a p m a n - E n s k o g  fo rmula  (14) for the 
theoret ica l  va lue  of  the  molecu la r  diffusivi ty D. For  the 
binary diffusivity calculat ion,  the molecu la r  diffusivi ty 
(for GaCI, for instance) can be taken as that of GaCI in H-, 
since the mole fraction of H~ is close to unity. 

Consider now the effect of diffusion. At steady state, 
the mass flux through the boundary layer should be 
equal to the rate of reaction at the surface for any species 

(k~)i[(C~)i - Ci] = b~r, i = GaC1, As4, H.,, HC1 [18] 

where  C~ is the bulk  gas concentra t ion,  r is that  g iven  by 
Eq. [8], and b~ is the  s to ichiometr ic  coeff icient  for the 
overall  react ion 

GaC1 + 7 H., + As4 ~ GaAs + HC1 

with  the sign conven t ion  that  it is posi t ive  for reactants  
and negat ive  for products  since r is based on the species 
GaAs. Thus, b~ for As4, for instance,  is 1/4, whereas  it is - 1  
for HC1. In  order  to de te rmine  the actual  growth rate 
based on bulk gas concent ra t ions  (C~)~, Eq. [8] and [18] 
wri t ten  for each i have  to be solved s imul taneous ly  for the 
surface concent ra t ions  Ci, which  in turn  can be used  in 
Eq. [8] for the actual g rowth  rate. i t  is immed ia t e ly  clear 
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that  c losed-form express ions  cannot  be  obta ined  for the 
di f fus ional  effect  on the  g rowth  rate because  Of the  non- 
l inear i ty  involved  in Eq.  [8]. 

Before  p roceed ing  to an examina t ion  of  the  diffusional  
effect,  we cons ider  two i tems that  are notewor thy .  If  the 
g rowth  rate is de t e rmined  in te rms  of  we igh t  or average  
th ickness ,  the  mass- t ransfer  coefficient  averaged  over  
the  subs t ra te  l eng th  L may  be used 

1 f L  v=l/2Dim2/3 0.4v=u,,.Dirn2/:~ 
(fi,)i =- L Jo 5~m'6X "~ d x  Vm '/6L'le [19] 

where  (k~)i is the average  k~ for species, vm is the  kinet ic  
viscosi ty  of the gas mix ture ,  and D,,  is the  diffusivi ty of 
species  i in the gas mix ture :  Use  of  this average  mass- 
t ransfer  coefficient  also al lows us to arr ive at a cr i ter ion 
that  can be used  to de t e rmine  whe the r  the  g rowth  is af- 
fec ted  by diffusion. Fo r  this, we  cons ider  Eq. [18] 
rewr i t t en  for the  l imi t ing  reactant  j in the  fo l lowing form 

(k~)~(C~)~[l - Cj(C=)~] = b jAG [20] 

where  A is the cons tant  relat ing r to the growth  rate G 
(Eq. [10]). I f  the diffusional  effect  is negligible,  the  surface 
concent ra t ion  cj is very  close to the bulk  gas concentra-  
t ion and thus  C/(C~)j should  be very  close to unity.  I f  we 
cons ider  98% approach  of Cj to (C~)j as diffusion-free,  we 
have  f rom Eq. [20] 

IbjlAG < 0.02 [21] 
(k~)~( C~)j 

That  is, i f  the  cr i ter ion of  Inequa l i ty  [21] is satisfied, the 
concen t ra t ion  of the  l imi t ing reactant  at the substra te  sur- 
face is h igher  than 98% of the  bulk concentra t ion.  This 
cr i ter ion is par t icular ly  useful  for p lanning  an expe r imen t  
unde r  diffusion-free condi t ions  or for de te rmin ing  the  ex- 
tent  of  diffusion l imi ta t ion of  the growth  rate obta ined  ex- 
per imental ly .  It  is no ted  that  all quant i t ies  invo lved  are 
readi ly  available. This  cr i ter ion was appl ied  to the  experi-  
men ta l  resul ts  ob ta ined  by S h a w  (8), in which  total  flow 
rate was var ied at 750~ GaC1 was taken as the  l imit ing 
reactant  for which  Ibl = 1, A is the  molecu la r  we igh t  of  
GaAs since the growth  rate is in te rms  of weight .  Equa-  
t ion [19] was used  for k~, and the  expe r imen ta l  growth 
rate of  65/~g/h was used. The  va lue  of the lef t -hand side of 
Inequa l i ty  [21] thus  calcula ted is 0.004 at v~ = 0.315 cm/s, 
indica t ing  that  the surface concent ra t ion  of  GaC1 ap- 
proaches  99.6% of the  bulk  GaC1 concent ra t ion  for the  to- 
tal flow rate of  383 ml/min.  

In  order  to assess the  effect  of  diffusion, the  growth  
condi t ions  used  by S h a w  (4) were  used  along wi th  Eq. 
[13], [18], and [19] for the  g rowth  rate as affected by diffu- 
sion. As detai led in the  Append ix ,  the  t empera tu re  depen-  
dence  of  physical  proper t ies  can be  expressed  as 

( r '~'." 
Dim'T = Dim"~176176 \ 1 - - - ~ ]  ' (cm2/s) 

0. 4v =ll2 Dim 2/a 
(fi,~)i - t,m,/6LU 2 , (cm/s) 

In  te rms  of  consis tent  units,  Eq. [18] can be wr i t ten  as 

--~T~TJ (p~' - p~) - 1.657 x lO- '%G = 0 

(mol i /cm 2 �9 s), i = As4 ,  GaC1, H~, HC1 

With the aid of Eq. [12] and [13], these  equat ions  can be 
solved for p~, which  in tu rn  can be used in Eq. [12] for the 
growth  rate as a func t ion  of  fluid veloci ty  and tempera-  
ture  for g iven vapor -phase  composi t ion.  The  resul ts  are 
shown in Fig. 5 a long with  the  vapor-phase  compos i t ion  
used  in the calculations.  It  is seen that  for the  vapor  com- 
posi t ion given, the  growth  rate is pract ical ly  i n d e p e n d e n t  
of  t ranspor t  effect, regardless  of  t empera tu re  if  the  fluid 
ve loc i ty  is sufficiently high. 

I I ] ~ 

(],40 v (cm/sec) = (P~)~aCI ~ 3"56xi0-3 a~m 

(P~)HCI ~ 9.75• -4 arm 

(p)As 4 = 2.14xi~ -3 arm 

/ ~ (p~)H2 " l-c]O .... 

0.20 

<].(]6 

0,C 

o.o~ ] I I I I 
9.0 ~.3 9.6 9.9 10.2 10,5 10,8 

104/T (OK-1) 

Fig. 5. Effect of diffusion on GaAs growth rate as affected by fluid 
velocity. 

0,88 

Perhaps  the most  impor t an t  lesson to be d rawn from 
Fig. 5 is that  diffusion in the usual  sense of  t ranspor t  limi- 
ta t ion cannot  cause the growth  rate to decrease, wi th  in- 
creasing t empera tu re  at h igh  tempera tures .  The growth  
rate 's  be ing  diffusion l imi ted  s imply  means  that  the 
g rowth  rate cannot  reach  the  intr insic rate. It  is of  in teres t  
to note  in Fig. 5 that  the  dif fusion-l imited g rowth  rate can 
be h igher  than  the  intr insfc rate  at low tempera tures ,  i.e., 
v = oo vs. v = 0.5. This  .is due  to the  fact that  the  
diffusional  effect  on  the  inhibi t ion  t e rm for the  g rowth  
rate (denomina tor  of  Eq.  [12]) is larger  than  the  effect  on 
the  numera to r  te rms  in Eq. [12]. Therefore,  i f  a low tem- 
pera ture  is preferred for a pure r  crystal,  for instance,  it 
may  be advan tageous  to use a ve ry  low flow rate. This 
wou ld  have  the added  advantage  of min imiz ing  the  thick- 
ness  var ia t ion  in a g rown crystal.  

Ef fect  of  Physical  O r i e n t a t i o n  of  Subst ra te  
Consider  the  effect  of  substra te  or ienta t ion with  respect  

to gas f low on the mass- t ransfer  coefficient.  Le t  us de- 
fine the  angle  of  incl inat ion fl as shown in Fig. 6. The  
diffusional  effect  cons idered  in the  previous  sect ion is for 
fl = 0 ~ The change  of  ve loc i ty  boundary- layer  th ickness  
wi th  the  angle  was obta ined  by Har t ree  (15), and the  re- 
sults were  g iven in a tabular  form for se lec ted  va lues  of  ft. 
While the  resul ts  were  ob ta ined  for the  symmet r i ca l  case 
of  two  plates separa ted  by fl~r, t hey  can be  used  for our  
purpose  p rov ided  that  depos i t ion  occurs  only on the  side 
of  subs t ra te  facing the  f low (Fig. 6). The  ve loc i ty  
boundary- layer  th ickness  obta ined  for var ious  B values  
can be  wel l  app rox ima ted  by 

~h(/~) exp ( -  x/~/3) 
G(/~ = 0) 

Gas flow 

Substrate 

r 

Fig. 6. Substrate orientation with respect to gas flow 
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where  8~(fi = 0) is that  g iven by Eq. [16]. If  we assume 
that  Eq. [15] still applies,  the  mass- t ransfer  coefficient  is 
given by 

k~= 1 [ v~'r-'D 2~:~ ] 

exp  ( -  V/~/3) 

N o w  that  the  mass- t ransfer  coefficient  conta ins  the ef- 
fect  of  the substrate  or ientat ion,  the diffusional  effect  on 
the growth  rate can be de te rmined  in the same m a n n e r  as 
in the previous  sect ion with the  use of Eq. [22]. 

Concluding Remarks 
An intrinsic kinet ics  of  GaAs growth has been  devel- 

oped based on a pos tu la ted  growth mechan ism,  which  in- 
volves  molecular  adsorp t ion  of both GaC1 and As~, sur- 
face react ion of these  adsorbed species for GaAs 
format ion,  and dissociat ion of two vacant  sites to GaC1 
with vapor-phase  HC1. The growth-rate  express ion  thus 
obta ined has been shown to descr ibe  the  growth  behavior  
qui te  accurate ly  for the exper imenta l  data of S h a w  (4) ob- 
ta ined under  wide ly  varying t empera tu re  and concentra-  
tions. In particular,  the  express ion  expla ins  the  major  
characteris t ics  quant i ta t ive ly  such as the  t empera tu re  and 
GaCl-concent ra t ion  d e p e n d e n c e  of  the  growth rate, which  
goes th rough  a m a x i m u m  with respect  to both the  tem- 
pera ture  and the GaC1 concentrat ion.  The rate and equi- 
l ib r ium constants  de te rmined  f rom the  expe r imen ta l  data 
indicate  that  GaC1 adsorp t ion /desorp t ion  is a highly se- 
lect ive and act ivated process.  The  effect of  diffusion on 
the growth  rate has been  de te rmined  based on concentra-  
t ion boundary  layer and the intr insic growth  rate ob- 
ta ined earlier. A s imple  cr i ter ion for negl ig ib le  diffusion 
effect has been derived.  This cr i ter ion can be used  for se- 
lec t ion of expe r imen ta l  condi t ions  under  which  the 
diffusional  effect  is negligible.  The  effect  of  subs t ra te  ori- 
enta t ion has also been  given for the  growth  rate. The  re- 
sults p resen ted  here, when  taken together ,  descr ibe  
rather  comple te ly  the growth rate as affected by vapor-  
phase  gas composi t ion,  tempera ture ,  fluid veloci ty,  and 
physical  or ientat ion of substra te  surface. 

Manuscr ip t  rece ived  March 7, 1984. 

L I S T  OF S Y M B O L S  

A constant  for convers ion  f rom mol /cm ~ �9 s to wt/cm-' �9 
s or l eng th /cm ~ �9 s 

b s to ichiometr ic  coefficient,  posi t ive for reactants  
and negat ive  for products  

Ca v o l u m e  concent ra t ion  of  species i (i = As~, H~, HC1, 
GaC1) 

Ct surface concent ra t ion  of  total sites 
Cv surface concent ra t ion  of vacant  sites 
C(~,,c,.s surface concent ra t ion  of  adsorbed GaC1 
CA~.2.s.. surface concent ra t ion  of  adsorbed As.., 
C~ bu lk  fluid concent ra t ion  
D molecu la r  diffusivi ty 
Dim D for species i in gas mix tu re  
G growth  rate 
k k'Ct~K1K.~ 
k' rate constant  for the  react ion in Eq. [3] 
k e ke'Ct 2 
~ '  rate  cons tant  for the  react ion in Eq. [4] 
k AklRgT 
k~ Ak~RgT 
k~ film mass- t ransfer  coeff icient  
K, equ i l ib r ium cons tan t  for the  step in Eq.  [1] 
K2 K'._,KA~ "2 
K_'~ equ i l ib r ium cons tan t  for the  step in Eq.  [2] 
K, K,/RgT 
K., KJRgT 
KA~ equ i l ib r ium cons tant  for As4 ~ 2As2 
L_ l eng th  of substra te  
Pi part ial  pressure  of  species  i 
r rate of  g rowth  in moYcm2s 
R~ gas cons tan t  
S vacan t  act ive site 
Sc S c h m i d t  n u m b e r  (u/D) 
T t empera tu re  
v~ bu lk  fluid ve loc i ty  

x dis tance f rom the edge  of substrate  

Greek letters 

fl angle  in radian shown in Fig. 6 
concent ra t ion  boundary- layer  th ickness  

~h ve loc i ty  boundary- layer  th ickness  
u k inemat ic  viscosi ty  
~m ~ for gas mix tu re  

Subscr ip t s  

i species 
j l imit ing reactant  

A P P E N D I X  

Physical Properties 
The values  of D~m(=Di~) were  calculated by the Chap- 

man-Enskog  re la t ionship  

Dill.., = 1.858 X 10-aT :~'~ [(M, + MH._,)/(MiMH._,)] '"'- (cmVs) 
Po-eiHe~-~DiHe(T) 

where  M is the molecu la r  weight.  For  the  calculations,  
the binary Lenna rd - Jones  parameters  (r and ~ were  ob- 
ta ined f rom 

1 
O-ill 2 = ~ -  (O-i ~- O-H2 ) 

EiH 2 : (CiEH2)N2 

The values  thus calculated along with the  parameter  
values  are g iven be low 

Species  (i) ~ e/kB DiHz.r = 1000 K DiH2.T = a00 K 
GaC1 (6) (1000) 3.04 0.370 

H.. 2.827 59.7 10.8 1.31 
As4 (5) (1000) 3.02 0.367 
HC1 3.339 344.7 5.61 0.682 

where  k~ is the Bol t zmann  constant .  The parameters  were  
obta ined  from ReL (13). The  parentheses  are used  in the 
table  to deno te  es t imated  values.  The  viscosi ty  was ob- 
ta ined f rom 

x/MT 
= 26.69 ~ (/zp) 

The k inemat ic  v iscos i ty  , is v/p, where  p is density.  The 
t empera tu re  d e p e n d e n c e  of p and Y/is as follows 

p x T - 1  

~l)iH~ x T -o.'-'~ 

t~ v :~ T-,,.[.~ 

Use of these  t empera tu re  dependences  led to the  temper-  
ature dependences  for Dim and Um given in the  text.  
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ABSTRACT 

The e lec t rochromic  behav ior  of spu t te red  Li-W-O thin films was studied.  Two types  of  t ransparent  film were  se- 
lec t ive ly  prepared  unde r  di f ferent  sput ter ing  condit ions.  A clear b lue  film (film A) was depos i ted  unde r  pure  argon gas 
and a colorless film (film B) was obta ined  u n d e r  a mixed  gas of  argon and oxygen.  The  b lue  colorat ion of  film A 
b leached  into another  type  of colorless film (film A') by hea t ing  in an a tmosphere  of oxygen.  Us ing  these  films, a new 
type  of  e lec t rochromic  device  (Au/film B/film A/ITO) was p roposed  and fabricated wi th  a s imple  process.  

WO3 has been known as one of the most common elec- 
trochromic materials. In general, the electrocoloration in 
the WO3 film results from the formation of a tungsten 
bronze (MxWO3, x = 0 - I) (I). The M represent, for ex- 
ample, H, Li, or Na (2). The formation of the tungsten 
bronze is caused by the double injection of the M ~ ions 
and electrons to the WO3. The blue coloration of the tung- 
sten bronze is attributed to the intervalence transfer of 
electrons between W '~* and W 5~ (i, 3, 4). Two types of 
Li-W-O compounds have been known. One is blue 
LixWO3, which exhibits tungsten bronze structure (5), and 
the other is colorless Li~WO4, which contains only W '~. 
LizWO4 is applicable to a Li electrolyte which supplies Li ~ 
ions to the electrochromie materials (6). 

We have prepared thin films of the Li-W-O compounds 
by a sputtering deposition under various sputtering gas 
compositions. This paper describes their optical proper- 
ties and their applications to electrochromic devices. 

Sample Preparations 
An RF  sput te r ing  appara tus  was emp loyed  for the  dep- 

osi t ion of  the Li-W-O th in  films. The  sput te r ing  condi- 
t ions are shown in Table  I. The  sput ter ing  gas was pure  
a rgon (puri ty 6N) or a m ix tu r e  of  argon and oxygen  (pu- 
r i ty 6N). The  mix ing  ratio (O2/Ar) of  the spu t te r ing  gas 
was var ied  f rom 0 to 1. The  s intered p o w d e r  synthes ized  
f rom Li2CO3 (puri ty 4N) and WO3 (purity 4N) was pu t  in a 
stainless steel d ish  and used  as the  target.  The  p o w d e r  of  
Li2CO3 and WO3 was m i x e d  in a ratio of  1:1 (molecule).  
The  substra tes  were  fused  quar tz  plates wi th  smoo th  sur- 
faces of  0.2 m m  thickness .  

The Sputtered L i -W-O Films 
Two types  of t r ansparen t  film were  p repared  by sput- 

te r ing  deposit ion.  F i lm  A was depos i ted  unde r  the  sput- 
ter ing gas of  pure  argon. F i lm B was depos i t ed  under  the  
mix tu r e  of  argon and oxygen.  The  same sput ter ing  tar- 
gets were  used  for the  prepara t ion  of  these  films. F i lm A 
was colored  blue and film B was colorless.  F igure  1 
shows the  absorp t ion  of  red l ight  (He-Ne laser:6328A) of 
the films sput te red  under  different  sput te r ing  gas com- 
posit ions.  F i lm A, depos i t ed  under  pure  argon sput ter ing  
gas, s t rongly absorbs  red light. The absorp t ion  decreases  
abrupt ly  wi th  the  smal l  addi t ion  of oxygen  to the  sput- 
ter ing gas. F i lm B depos i ted  under  the  m i x e d  gas of  ar- 
gon and oxygen  scarcely absorbs  the red light. F igure  2 
shows the  vis ib le  l ight -absorpt ion  spectra  of film A and 
film B. F i lm A st rongly absorbs  f rom red to infrared re- 
gions, compared  with  film B. 

Table I. Sputtering conditions for the Li-W-O film preparation 

Target dimension 
Target composition 

Sputtering gas 
Substrate temperature 
Sputtering power 
Deposition rate 

80 mm(b 
Li..,CO3, WO:~ (1:1 molecule) 

mixed powder 
Ar orAr + O~ (3 • 10-Ztorr) 
R.T. - 100~ 
100W 
30 - 60 A/min 

F igures  3(A) and (B) are the  R H E E D  pat tern  of  film 
A and film B, respect ively .  F r o m  the R H E E D  patterns,  
film A is amorphous  due  to the  halo pa t te rn  and film B 
is polycrysta l l ine  due  to the r ing pattern.  The  Auger  anal- 
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Ci 0.6 
0 
<1 
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(63 2.8nm) 

e L  I I ~ i 
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02 contents in Ar (%) 
Fig. 1. Absorption of the red light of the films sputtered using different 

sputtering gas. Film thickness is about 3000A. 
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} 

400 600 600 ?Oe 
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Fig. 2. Absorption spectra of the film A and the film B. Film thickness is 
about 3000A. 
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Fig. 3. RHEED patterns of film A and film B. Film thickness is about 
3ooo•. 

yses suggested that the compositions of film A and film 
B were almost the same. The blue coloration of film A 
was bleached by the radiation of a CO., laser (> 0.5 
W/mm~). Film A crystallized and was changed to film B 
by this radiation. It is considered that the state of the W ~+ 
which causes the coloration is nonequilibrium in compar- 
ison with that of the W ';+. In the sputtering process, there 
is a possibility of constructing the nonequilibrium micro- 
states by the effects of the impinging ions and nuclei with 
high energy on the deposited film during the film 
growth. In film A of amorphous Li-W-O prepared by 
spu t t e r ing ,  t he re  are so m a n y  n o n e q u i l i b r i u m  mic ro s t a t e s  
t h a t  the  dens i ty  of the  W ~+, w h i c h  causes  the  colora t ion,  is 
high.  In  fi lm B of  po lyc rys t a l l ine  Li-W-O, the  p r e s e n c e  of 

AUL 

I T O  ~ 
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o x y g e n  in the  s p u t t e r i n g  gas plays an  i m p o r t a n t  role  in  
t h e  co lo ra t ion  a n d  t h e  c rys ta l l iza t ion  of the  film. These  
co n s i d e r a t i o n s  sugges t  t h a t  the  c rys ta l l iza t ion  of t he  fi lm 
is e q u i v a l e n t  to t h e  m o d e r a t i o n  of t h e  n o n e q u i l i b r i u m  
s ta tes  a n d  t h e  r e d u c t i o n  of t h e  dens i ty  of  the  W ~+. 

The  co lo ra t ion  of fi lm A was  b l e a c h e d  w i t h o u t  crystal-  
l izat ion w h e n  the  film was  s l ight ly  h e a t e d  at  200~ in an  
a t m o s p h e r e  of oxygen;  in  the  a t m o s p h e r e  of p u r e  argon,  
fi lm A was  no t  b l eached .  This  s l ight ly  h e a t e d  fi lm re- 
m a i n e d  a m o r p h o u s .  O x y g e n  faci l i ta tes  t h e  m o d e r a t i o n  of 
the  n o n e q d i l i b r i u m  mi c ro s t a t e s  in  fi lm A in the  h ea t i ng  
process .  We call th i s  s l ight ly  h e a t e d  color less  a m o r p h o u s  
fi lm "f i lm A' ."  The  W ~ in film A can  easi ly c h a n g e  to 
the  W '~+ w i t h o u t  crys ta l l iza t ion.  Deta i led  ana lys i s  of the  
l igh t  a b s o r p t i o n  spec t r a  i n d i c a t e d  t ha t  film A'  weak ly  ab- 
s o r b e d  t h e  reg ion  s imi la r  to t h a t  of  film A. T h e  d en s i t y  of  
the  W '~* in  film A'  was  m u c h  smal le r  t h a n  t h a t  in film A. 

Electrochromic Device Fabrication 
We p r e p a r e d  t h e  e l e c t ro ch ro mi c  dev ices  wi th  t he  

Au/f i lm B/fi lm A/ ITO laye red  s t r u c t u r e  s h o w n  in Fig. 4. 
This  l ayered  s t r u c t u r e  was  f ab r i ca t ed  by  the  con t ro l  of  
the  s p u t t e r i n g  gas c o m p o s i t i o n  d u r i n g  t h e  s p u t t e r i n g  dep-  
osi t ion.  F i lm  A was  first d e p o s i t e d  u n d e r  the  p u r e  a rgon  
gas on  t h e  ITO e lec t rode ,  w h i c h  was d e p o s i t e d  on  t he  
fu sed  quar tz  subs t ra te .  S u b s e q u e n t l y ,  film B was  depos-  
i ted  on  film A u n d e r  t h e  m i x e d  gas of a rgon  a n d  o x y g e n  
w i t h o u t  b r e a k i n g  t h e  v a c u u m .  The  f i r s t -depos i ted  film A 
was  in i t ia l ly  co lored  blue.  D u r i n g  the  d e p o s i t i o n  of film 
B on film A, fi lm A c h a n g e d  to t r an s p a ren t � 9  F i l m  A 
c h a n g e d  to film A'  in  t h e  l ayered  s t r u c t u r e  b e c a u s e  film 
A was  s l ight ly  h e a t e d  in  t h e  a t m o s p h e r e  of  o x y g e n  d u r i n g  
t h e  depos i t i on  of  film B. T h e  t h i c k n e s s e s  of fi lm A and  
film B were  0.7 a n d  0.3 ~m,  respect ive ly .  The  Au  elec- 
t r ode  was v a c u u m  d e p o s i t e d  on  the  layered  s t ruc tu re .  

F i g u r e  5 shows  t h e  i n t e r r u p t e d  v o l t a m m o g r a m  of t he  
Au/f i lm B/fi lm A/ITO laye red  s t ruc ture .  The  s w e e p i n g  
ra te  of t h e  app l i ed  vo l t age  was  0.2 V/s. The  in i t ia l ly  t rans -  
p a r e n t  layered  s t r u c t u r e  was  co lored  b lue  u n d e r  t h e  posi- 
t ive  b ias  to the  Au  e l ec t rode  a n d  b l e a c h e d  aga in  u n d e r  
t h e  nega t ive  bias  to t h e  Au  e lect rode.  F i lm  A'  r eve r s ib ly  
c h a n g e d  to film A b y  t h e  a l t e rn a t i o n  of t h e  b ias  voltage�9 
This  co lo ra t ion  b l e a c h i n g  was  e i the r  cyc led  or m e m o r i z e d  
in a s imi la r  m a n n e r  to o the r  e l e c t ro ch ro mi c  dev ices  al- 
r eady  r e p o r t e d  (7). F i lm  A opera tes  as t h e  e l e c t r o c h r o m i c  
layer. F i lm  B opera tes  as t h e  e lec t ro ly te  layer  w h i c h  sup-  
pl ies  t h e  Li + ions  to t h e  e l e c t ro ch ro mi c  layer  (film A). 
F igu re  6 shows  the  t i m e  r e s p o n s e  of  th i s  n ew  electro-  
c h r o m i c  dev ice  u n d e r  d i f fe ren t  bias  vol tages�9 T h e  c h a n g e  
in t h e  opt ica l  d en s i t y  (AO.D.) of  the  dev ice  was  m e a s u r e d  

I L1 
" "i F i l m - B  

F i l m - A  

s u b s t r a t e  

Fig. 4. Structure of the new electrochromic device 
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Fig. 5. Interrupted voltammogram of the device. The sweeping rate of 
the applied voltage is 0.2 V/s. 
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Fig. 6. Time response of the device 

in  t he  ref lec t ion  m o d e  u s i n g  t h e  He-Ne laser.  U n d e r  the  
b ias  vo l t age  a b o v e  16V, t he  r e s p o n s e  t i m e  is 200 ms  or 
less. 

Conclusions 
The  e l e c t r o c h r o m i c  ma te r i a l  a n d  dev ice  were  p r e p a r e d  

by  t he  s p u t t e r i n g  d e p o s i t i o n  of t he  Li-W-O c o m p o u n d .  
The  d e p o s i t e d  or h e a t e d  f i lms of  t he  Li-W-O c o m p o u n d s  
can  be  classif ied as fol lows 

F i l m  A: d e p o s i t e d  u s i n g  p u r e  a rgon  s p u t t e r i n g  gas; 
a m o r p h o u s  a n d  co lored  blue.  
F i lm  B: d e p o s i t e d  u s i n g  t he  m i x e d  (O=,, Ar) sput-  
t e r ing  gas; po lyc rys t a l l ine  a n d  colorless.  
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F i l m  A':  t he  s l ight ly  h e a t e d  fi lm of film A; 
a m o r p h o u s  a n d  colorless .  

The  p r e s e n c e  of  o x y g e n  p l a y e d  an  i m p o r t a n t  role  in  the  
co lo ra t ion  a n d  t h e  c rys ta l l i za t ion  of  f i lms d u r i n g  b o t h  t he  
s p u t t e r i n g  d e p o s i t i o n  a n d  t he  hea t i ng  process .  

The  dev ice  f ab r i ca t i on  was  ve ry  s imple .  The  electro-  
c h r o m i c  a n d  e lec t ro ly te  layers  were  f ab r i ca t ed  by  the  se- 
l ec t ion  of t he  s p u t t e r i n g  gas  compos i t i on .  The  layered  
s t r u c t u r e  Au/f i lm B/f i lm A/ITO o p e r a t e d  as t he  electro-  
c h r o m i c  device,  a n d  its r e s p o n s e  t i m e  was  200 ms  or less. 
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A Structural and Electrical Comparison of BCI and BF2 Ion- 
Implanted Silicon 

M. Delfino* and M. E. Lunnon 
Philips Research Laboratories, Signetics Corporation, Sunnyvale, California 94088 

A B S T R A C T  

The  m o l e c u l a r  ions  BC1 + a n d  BF2 ~ are  i m p l a n t e d  in to  <100>  s i l icon at  an  e n e r g y  of 16 keV  pe r  b o r o n  a t o m  in  the  
dose  r a n g e  of 6 • 1014-1.2 • 10 ''~ cm -~ to fo rm sha l low p+/n j u n c t i o n s .  Cross -sec t iona l  t r a n s m i s s i o n  e l ec t ron  m i c r o s c o p y  
s h o w s  t h a t  ch lo r ine  is at  leas t  four  t i m e s  as ef fec t ive  as f luor ine  in a m o r p h i z i n g  sil icon. The  inc rease  in  t h i c k n e s s  of the  
a m o r p h o u s  layer,  howeve r ,  has  a smal l  effect  in t he  r e d u c t i o n  of  axia l  c h a n n e l i n g  of b o r o n  as m e a s u r e d  by  s e c o n d a r y  
ion  m a s s  spec t rome t ry .  Af te r  a n n e a l i n g  for  30 m i n  at 900~ d i f fus ion  of in te rs t i t i a l  b o r o n  is e n h a n c e d  b y  ch lo r ine  rela- 
t ive  to f luorine,  w h e r e a s  t he  e lect r ica l  ac t iv i ty  of  b o r o n  is i nh ib i t ed .  Diodes  m a d e  w i t h  b o t h  BC1 ~ a n d  BF2 + imp lan t a -  
t ions  h a v e  c o m p a r a b l e  I-V cha rac te r i s t i c s  w i t h  low reverse -b ias  j u n c t i o n  l eakage  c u r r e n t s  t h a t  are  no t  a f fec ted  b y  a b a n d  
of  d i s loca t ion  loops  w h i c h  r e m a i n  nea r  t he  or ig ina l  a m o r p h o u s - c r y s t a l l i n e  in terface .  

The  use  of  ion ized  m o l e c u l e s  s u c h  as BF./ ,  B F  ~, BCl~ ~, 
a n d  BC1 ~ for p - type  d o p i n g  s i l icon b y  ion  i m p l a n t a t i o n  
was  first p r o p o s e d  in 1971 (1). This  w o r k  a n d  s u b s e q u e n t  
s tud ie s  b y  o the r s  (2-5) h a v e  d e m o n s t r a t e d  t h a t  BF~ ~ im- 
p l a n t a t i o n  in  pa r t i cu l a r  can  be  a use fu l  a l t e rna t ive  to B ~ 
i m p l a n t a t i o n  for  t he  f o r m a t i o n  of sha l low j u n c t i o n  de- 
vices.  The  i n c r e a s e d  m a s s  of  BF~ ~ re su l t s  in  a s h o r t e r  in- 
t r ins ic  r a n g e  a n d  leads  to a r e d u c e d  ion -dose  t h r e s h o l d  
w i t h  an  a c c o m p a n y i n g  h i g h e r  cri t ical  t e m p e r a t u r e  for  
a m o r p h i z i n g  the  subs t r a t e .  T he  a m o r p h o u s  layer,  in  tu rn ,  
m i n i m i z e s  c h a n n e l i n g  a n d  lowers  t he  ac t i va t i on  e n e r g y  
for  p o s t i m p l a n t a t i o n  annea l ing .  Thus  t he  r e s idua l  de fec t  
d e n s i t y  is, in  genera l ,  r educed ,  w h i c h  in  p r i n c i p l e  lowers  
t h e  shee t  r e s i s t ance  a n d  t h e  j u n c t i o n  leakage.  Also, t he  
t r a p p e d  f luor ine  does  no t  a p p e a r  to be  d e t r i m e n t a l  to de- 
v ice  p e r f o r m a n c e  or rel iabi l i ty .  

In  sp i te  of  the  e x t e n s i v e  s tud ies  of  BF~ ~ i m p l a n t a t i o n  in 
s i l icon a n d  its w i d e s p r e a d  a c c e p t a n c e  in  i n t e g r a t e d  cir- 

*Electrochemical Society Active Member. 

cu i t  fabr ica t ion ,  a l im i t ed  a m o u n t  of  w o r k  (4, 5) ha s  b e e n  
d o n e  w i th  i m p l a n t i n g  o the r  m o l e c u l a r  b o r o n  ions  in to  sili- 
con. This  a p p e a r s  to be  due  to the  fact  t h a t  t he  accompa-  
n y i n g  ch lo r ine  (4, 5) or b r o m i n e  (4) adve r se ly  affects  the  
e lect r ica l  ac t iva t ion  of  t he  c o - i m p l a n t e d  boron .  More  re- 
cen t ly  (6), i m p l a n t e d  ch lo r ine  at  c o n c e n t r a t i o n s  on  t he  or- 
de r  of 102`) c m  -:~ h a s  b e e n  f o u n d  to r e t a rd  the  so l id -phase  
ep i t ax ia l  r e g r o w t h  of  si l icon.  None the l e s s ,  in  th i s  paper ,  
we d e m o n s t r a t e  tha t ,  wh i l e  ch lo r ine  does  i n d e e d  i nh ib i t  
b o r o n  electr ical  act ivi ty ,  sha l low p~/n j u n c t i o n  d iodes  
w i t h  e x c e l l e n t  I-V cha rac t e r i s t i c s  c an  b e  f o r m e d  b y  fur- 
nace  a n n e a l i n g  BCl~- implan ted  sil icon. 

Experimental 
BCI ~ was  i m p l a n t e d  at  67 keY  to a dose  of 6.0 • 10 '4 or 

1.2 • 10 '5 cm-'-' in to  Czochra l sk i -g rown  n - type  <100>  sili- 
con  d o p e d  w i th  p h o s p h o r u s  to a res i s t iv i ty  of  3.4-5.0 
~2-cm. The  s a m e  dose  BF~ ~ i m p l a n t a t i o n s  were  d o n e  at  the  
e q u i v a l e n t  energy,  i.e., 16 keV  pe r  B a tom,  of 71 keV  for 
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Fig. 1. TEM < 1 1 0 >  cross-sectional micrographs of < 1 0 0 >  Si. a: As-implanted 6 • 10 TM BF2 § cm-2 at 71 keV. b: Furnace annealed at 900~ for 30  
min. c: As-implanted 6 • 10 TM BCI + cm -2 at 67  keV. d: Furnace annealed at 900~ for 30  min. 

comparison.  A beam current  densi ty of 0.8 ~A cm -~ was 
used to reduce the degree of self-annealing dur ing im- 
planta t ion with the  subs t ra tes  held at room temperature .  
The ion beam was tilted 7 ~ from the <100> in a r andom 
crystallographic direct ion to minimize axial channeling.  

After implantat ion,  the samples were annealed for 30 min  
at 900~ in dry nitrogen. 

The s t ructure  of the as- implanted and  pos tanneated  
samples  was examined  by both planar  and cross-sectional 
t ransmiss ion  electron microscopy (TEM). Secondary ion 

Fig. 2. TEM < 1 1 0 >  cross-sectional micrographs of < 1 0 0 >  Si. a: As-implanted 1.2 • 101~ BF~ ~ cm-2 at 71 keV. b: Furnace annealed at 900~ for 
30 min. c: As-implanted 1.2 • 10 ~5 BCI ~ cm -2 at 67  keV. d: Furnace annealed at 900~ for 30 rain. 
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mass spectrometry (SIMS) employed both O2 + and Cs ~ 
primary beams depth to profile the atomic concentration 
of boron and halogens, respectively. ~ Carrier concentra- 
tion profiles, assuming bulk mobility, were obtained 
from spreading resistance measurements of beveled 
samples. 2 A 0.7 ~m thick chemically vapor deposited ox- 
ide on the backsurface of the wafer prior to beveling im- 
proved depth resolution. Junct ion measurements were re- 
producible to within -+0.02 ~m. The electrical quality of 
the p~/n junction was evaluated by measuring, in dark- 
ness, the I-V characteristics of 0.01 cm diam diodes. The 
diodes were fabricated using standard photolithographic 
techniques. A 0.6 ~m thick thermal oxide served as a 
mask during implantation. Aluminum-silicon was sputter 
deposited, etched, and annealed for 30 min a 410~ in 
forming gas to form contact pads. 

Structura l  C h a r a c t e r i z a t i o n  

Figure la- ld  shows TEM <100> cross-sectional micro- 
graphs of <100> silicon implanted with 71 keV BF~ ~ and 
67 keV BC1 ~ to a dose of 6 • 10 '4 cm -~, before and after 
annealing. The as-implanted samples show that a contin- 
uous amorphous layer is formed with BC1 ~ implantation 
only. The thickness of the amorphous layer is 0.078 ~m. 
By comparison, BF~ ~ at the identical dose and at the same 
beam current density only forms a thin buried damaged 
layer, suggesting the onset of an amorphous layer. After 
furnace annealing, a band of dislocation loops corre- 
sponding to the original amorphous-crystalline interface 
remains. 

Results for an implantation dose of 1.2 • 10 ~~ cm-'-' are 
shown in Fig. 2a-2d. In this case, BF~ forms a continuous 
amorphous layer With an abrupt amorphous-crystalline 
interface. The thickness of the amorphous layer is 0.072 
~m, whereas the same dose BC1 ~ implantation 
amorphizes the surface to a depth of 0.092 ~m. After an- 
nealing, both samples epitaxially regrow perfect single- 
crystal material. A band of dislocation loops similar to 
that observed with the low dose implantations is found. 

Figure 3a-3d shows TEM <100> planar-view micro- 
graphs after furnace annealing. All samples show a uni- 

~Charles Evans and Associates, San Mateo, California 94402. 
~Solecon Laboratories, Sunnyvale, California 94089. 
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form density of dislocation loops corresponding to the de- 
fect band observed in the cross-sectional specimens. The 
dislocation loop density of the post-annealed BC1 ~ im- 
planted samples is proportional to the implantation dose 
but four orders of magnitude lower in density. The aver- 
age diameter of the dislocation loops in both BC1 ~ im- 
planted samples is approximately 0.02 ~m, whereas the 
BF~ ~ implantations result in much larger dislocation loops 
of irregular shape. These larger dislocation loops arise 
from a tendency of the smaller loops to coalesce during 
annealing. The growth of the dislocations appears to be 

Fig. 3. TEM < 100> planar-view micrographs of < 100> Si after fur- 
nace annealing at 900~ for 30 min. a: 6 • 10 '4 BF~ cm -~ at 71 keV. b: 
1.2 • 10 ''~ BF 2' cm-'-' at 67 keV. c: 6 • 10 ~4 BCI" at 67 keV. d: 1.2 • 
10 t~ BCI" cm -~ at 67 keV. 
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re la ted  to t he  h i g h e r  d i f fus iv i ty  of  f luor ine  c o m p a r e d  to 
ch lo r ine  as d i s c u s s e d  later.  The re  is no  e v i d e n c e  of  gas 
b u b b l e s  in  any  samples ,  s u g g e s t i n g  t h a t  the  r e t a i n e d  halo- 
gen  is c h e m i c a l l y  b o n d e d .  

The  a tomic  c o n c e n t r a t i o n  profi les  of boron ,  be fore  a n d  
af ter  annea l ing ,  are  s h o w n  in Fig. 4 for BC1 ~ a n d  BF~ ~ im- 
p l a n t e d  to a dose  of 6 • 10 TM cm -~. T he  b o r o n  gauss ian-  
l ike  p e a k s  are  in  c o i n c i d e n c e  as e x p e c t e d  f r o m  t he  e n e r g y  
e q u i v a l e n c e  of  t he  d i s soc ia t ed  m o l e c u l a r  ions.  T h e  fo rma-  
t i on  of  an  a m o r p h o u s  layer  b y  BC1 ~ i m p l a n t a t i o n  affects  
axia l  b o r o n  c h a n n e l i n g  w i t h  a r e d u c t i o n  of  the  b o r o n  tail  
by  0.026 ~m. Af te r  annea l ing ,  b o r o n  d i f fuses  m o r e  t h a n  
twice  as deep ly  in t he  BCl~- implan ted  sample .  This  en- 
h a n c e d  b o r o n  d i f fus ion  is p r imar i ly  due  to t he  p r e s e n c e  
of an  a m o r p h o u s  layer  w h i c h  inc reases  the  d i f fus iv i ty  by  
a fac tor  of  four  (7). 

At  an  ion  dose  of 1.2 x 10 '~ cm -~, w h e r e  b o t h  BC1 + a n d  
B F {  a m o r p h i z e  si l icon,  t he  d i f fe rence  in the  b o r o n  chan-  
ne l ing  tail  is on ly  0.017 ~m.  The  0.02 ~ m  t h i c k e r  
a m o r p h o u s  layer  f o r m e d  wi th  BC1 ~ appea r s  to c o n t r i b u t e  
l i t t le  to any  f u r t h e r  r e d u c t i o n  in b o r o n  channe l ing .  The  
S IMS profi les  a f te r  a n n e a l i n g  show t h a t  b o r o n  d i f fuses  
0.03 ~ m  d e e p e r  in  the  B C l ' - i m p l a n t e d  sample .  This  en- 
h a n c e d  b o r o n  d i f fus ion  is a t t r i b u t e d  to t he  p r e s e n c e  of 
ch lor ine .  In  a d d i t i o n  t h e r e  is a p i le -up of  b o r o n  t owards  
t he  sur face  in  t he  BCl+- implan ted  sample .  

I t  appears ,  however ,  t h a t  the  b o r o n  d i f fus ion  does  no t  
t r a c k  t he  m o v e m e n t  of t he  chlor ine .  F igu re  6 s h o w s  t ha t  
v i r tua l ly  no  ch lo r ine  d i f fuses  ou t  af ter  t he  f u r nace  annea l -  
ing, a l t h o u g h  s l ight ly  m o r e  is los t  wi th  t he  h i g h e r  dose  

i m p l a n t a t i o n .  By compar i son ,  the  B F ~ - i m p l a n t e d  
s a m p l e s  show c o n s i d e r a b l e  loss of  f luor ine  af ter  annea l -  
ing, r e su l t i ng  in  a cha rac t e r i s t i c  two p e a k  profi le  (8, 9). 
The  m i n i m a  c o r r e s p o n d  a p p r o x i m a t e l y  to t he  or ig ina l  
a m o r p h o u s - c r y s t a l l i n e  in t e r f ace  in t he  h i g h  dose  im- 
p l a n t e d  s a m p l e  a n d  t h e  b u r i e d  d a m a g e d  layer  in  t he  low 
dose  i m p l a n t e d  sample .  I t  is i n t e r e s t i ng  to no te  t h a t  even  
the  t h i n  d a m a g e d  layer  f o r m e d  b y  i m p l a n t i n g  6 x 10 ~4 
BF~ ~ c m  -~ is suf f ic ien t  to  cause  f luor ine  to seg rega te  
a f te r  annea l ing .  The  p r e s e n c e  of  an  a m o r p h o u s  layer  is 
no t  requ{red  to fo rm th i s  m u l t i p l e - p e a k  s t ruc tu re ,  as pre- 
v ious ly  be l i eved  (9). The  a m o r p h o u s  layer  does,  however ,  
r e t a rd  the  ou td i f fu s ion  of  f luor ine  d u r i n g  annea l ing .  Ap- 
pa ren t ly ,  t he  f luor ine  b o n d s  to s i l icon d u r i n g  so l id -phase  
ep i t ax ia l  r eg rowth .  This  b o n d  is no t  easi ly b r o k e n  at 
900~ 

Electrical Characterization 
The  car r ie r  c o n c e n t r a t i o n  d e p t h  profi les m e a s u r e d  

af te r  fu rnace  a n n e a l i n g  for 30 ra in  at  900~ are s h o w n  in  
Fig. 7. The  r e l evan t  p a r a m e t e r s  o b t a i n e d  f rom t h e s e  data  
are s u m m a r i z e d  in Tab le  I. In  a g r e e m e n t  w i t h  p rev ious  
w o r k  (4), t he se  resu l t s  s h o w  t h a t  less e lec t r ica l  ac t iv i ty  is 
a c h i e v e d  by  i m p l a n t i n g  BCI a n d  t h a t  th i s  ef fec t  b e c o m e s  
m o r e  p r o n o u n c e d  as t he  ch lo r ine  c o n c e n t r a t i o n  increases .  
The  e lec t r ica l  j u n c t i o n s  p r o d u c e d  w i t h  b o t h  BC1 imp lan -  
t a t i ons  are ident ica l  a n d  0.044 ~ m  sha l lower  t h a n  t h a t  
f o r m e d  wi th  the  h i g h  dose  B F {  implan ta f ion .  In  all cases,  
t he  e lec t r ica l  j u n c t i o n s  o b t a i n e d  f rom s p r e a d i n g  resist-  
ance  m e a s u r e m e n t s  are sha l lower  t h a n  the  me ta l lu rg i ca l  
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j u n c t i o n s  m e a s u r e d  by  SIMS.  T he  b o r o n  in  the  i m p l a n t e d  
tail  r eg ion  is t he r e fo re  in te r s t i t i a l  a n d  does  no t  e n t e r  sub-  
s t i t u t i ona l  si tes d u r i n g  annea l ing .  This  effect  is m o s t  pro- 
n o u n c e d  w i t h  t he  h i g h  dose  BC1 ~ i m p l a n t a t i o n ,  w h e r e  the  
me ta l l u rg i ca l  j u n c t i o n  is a p p r o x i m a t e l y  0.1 /~m d e e p e r  
t h a n  the  e lec t r ica l  j u n c t i o n .  

The  r o o m  t e m p e r a t u r e  I-V cha rac te r i s t i c s  of  p~/n d iodes  
f a b r i c a t e d  b y  i m p l a n t i n g  e i t he r  BC1 ~ or  BF2 ~ a n d  fu rnace  
a n n e a l i n g  for 30 ra in  at  900~ are s u m m a r i z e d  in  Tab le  II. 
The  m e a s u r e m e n t s  were  m a d e  w i t h  the  p e l ec t rode  
b i a s e d  a n d  t he  s u b s t r a t e  at  g r o u n d  potent ia l .  The  statis- 
t ics  are b a s e d  on  an  ana lys i s  of  20 d iodes  on  two  wafers  of 
e a c h  i m p l a n t a t i o n .  The  r eve r se -b ia s  l eakage  c u r r e n t  den-  
s i ty  is lower  w i t h  t he  BFz i m p l a n t a t i o n s  a n d  inc reases  
w i t h  a n  i nc r ea se  in  ion  dose  of  e i t he r  BC1 § or  BF2L The  
b r e a k d o w n  vo l t age  is a p p r e c i a b l y  lower  w i t h  t h e  h i g h  
dose  BCI i m p l a n t a t i o n  on ly  s u g g e s t i n g  t h a t  ch lo r ine  acts  
as an  ionized i m p u r i t y  s c a t t e r i n g  site. T he  fo rward-b ias  
cha rac t e r i s t i c s  cou ld  be  fit to the  e x p r e s s i o n  J = J,,[exp 
(qV/mkT)- ']  w h e r e  kT/q = 25.26 mV. Over  t he  c u r r e n t  
r a n g e  f rom 1 0 - "  to  10-"A, we  f ind m equa l  to 1.01-1.03 
w i t h  BF2 a n d  m equa l  to  1.08-1.11 w i t h  BC1.  N o n l i n e a r i t y  
a b o v e  10-~A is a t t r i b u t e d  to exces s  d iode  res i s tance .  The  
nea r - idea l  b e h a v i o r  of  t he  d iodes  sugges t s  t h a t  c u r r e n t  

Table I. The sheet resistivity (p~), effective surface carrier concentration 
(N~), and junction depth (Xj) for 71 keV BF 2 and 67 keV BCI ion- 
implanted < 1 0 0 >  silicon after furnace annealing for 30 min at 900~ 

I on  d o s e  ( cm  -2) 6 • 1014 1.2 • 10 '~ 
BF.~ § BC1 ~ BF2 �9 BC1 �9 

p~ (O/D) 230-+5 288-+6 121-+3 189_+4 
Ns (x 10 '4 c m  -2) 4.48 3.25 9.0 5.52 
Xj (/~rn) 0.25 0.27 0.32 0.27 

t r a n s p o r t  is d o m i n a t e d  by  di f fus ion.  A n  i n c r e a s e d  devia-  
t ion  f rom the  ideal  is n o t e d  w i t h  BC1 re la t ive  to BF~ 
w h i c h  inc reases  w i t h  the  ion  dose  of  e i the r  species .  This  
impl i e s  t h a t  the  h a l o g e n  c o n t r i b u t e s  to s o m e  m i n o r i t y  
r e c o m b i n a t i o n  w i t h i n  t he  dep l e t i on  layer  a n d  t h a t  chlo- 
r ine  is far worse  t h a n  f luor ine  in th i s  r e s p e c t .  Th i s  cou ld  
e x p l a i n  t he  e x t r e m e l y  p o o r  e lectr ical  cha rac t e r i s t i c s  
f o u n d  for  a n n e a l i n g  h i g h  dose  BCI., i m p l a n t a t i o n s  in  sili- 
con  (5). None the l e s s ,  t he  d iode  cha rac te r i s t i c s  are in  gen-  
eral  exce l l en t  a n d  c o m p a r a b l e  to f u r n a c e - a n n e a l e d  
B - i m p l a n t e d  p / n  d iodes  (2, 10). 

Summary and Conclusion 
The  u se  of  BC1 ~ i m p l a n t a t i o n  as an  a l t e rna t i ve  to BF~ ~ 

i m p l a n t a t i o n  to fo rm sha l low pVn j u n c t i o n s  in  <100>  sili- 
con  is e x a m i n e d .  B e c a u s e  of c o m p l e t e  d i s soc ia t ion  of the  
m o l e c u l a r  ion u p o n  i m p a c t  w i th  the  lat t ice,  any  s t ruc tu ra l  
a n d  e lec t r ica l  effects  are  e x p l a i n e d  in t e r m s  of the  in- 
f luence  of t he  h a l o g e n  alone.  

Ch lo r ine  is f o u n d  to be  at  l eas t  four  t i m e s  as e f fec t ive  as 
f luor ine  in a m o r p h i z i n g  <100>  sil icon. The  coamorph iza -  
t ion  of  t h e  s i l icon su r face  w h i c h  a c c o m p a n i e s  a 6 • 10 TM 

BCI ~ cm-~  i m p l a n t a t i o n  has  a sma l l  e f fec t  in  t he  r e d u c t i o n  

Table II. The reverse-bias leakage current density (J), reverse-junction 
breakdown voltage (By), and forward-current recombination factor (m), 
for 71 keV BF2 and 67 keV BCI ion-implanted p§ diodes. The diode 

area is 0.032 cm 2. 

I o n  d o s e  ( cm -2) 6 • 10 '4 1.2 • 10 ''~ 
BF~ § BC1 + BF2 + BC1 + 

J ( n A c m - 2 ) a t - l V  -1.1-+0.2 -1.8-+0.4 -1.9-+0.2 -3.5-+0.5 
J ( n A c m - 2 )  a t - 5 V  -4.4-+0.4 -6.7-+0.7 -6.4-+0.6 -9.9-+0.8 
By (V) -62-+1 -64-+2 -57-+2 -54-+3 
m 1.01 1.08 1.03 1.11 
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of boron channeling compared to BF~ ~. It is interesting 
that the amorphous layer does not suppress more of the 
boron channeling tail. The increase in thickness of the 
amorphous layer with BC1 dose has essentially no effect 
on boron channeling. 

Diffusion of interstitial boron during annealing is en- 
hanced by chlorine relative to fluorine, whereas the tran- 
sition to electrically active interstitial sites is retarded. 
This behavior tends to produce deeper metallurgical 
junctions and shallower electrical junctions with BCP im- 
plantations in particular. 

The mobility of fluorine during annealing is much 
higher than that of chlorine. Fluorine appears to segre- 
gate in regions of high lattice damage, whereas chlorine 
shows remarkably little diffusion and essentially main- 
tains the as-implanted profile after annealing. 

Shallow p§ junction diodes fabricated with both BC1 ~ 
and BF2 ~ implantations display excellent I-V characteris- 
tics, although the higher concentration of chlorine shows 
some degradation, suggesting minority carrier generation 
within the depletion region. The electrical properties are 
clearly more sensitive to the presence of the retained hal- 
ogen than to the band of dislocation loops remaining near 
the original amorphous-crystalline interface. 
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An Improved Test Structure and Kelvin-Measurement Method for 
the Determination of Integrated Circuit Front Contact Resistance 
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ABSTRACT 

The use of an improved microelectronic test structure and associated Kelvin measurement  method for determining 
front contact resistance (circuit loading resistance) of a metal/semiconductor ohmic contact is described. The values of 
front contact resistance for aluminum/silicon contacts are determined using this Kelvin-cross contact resistance test 
structure and are compared with values determined by a two-terminal contact chain method and with values deter- 
mined by a Kelvin voltage divider method. The values of front contact resistance using the Kelvin-cross structure and 
associated measurement  method are shown to be less sensitive to photolithographic process variations and electrical 
measurement  errors than those determined using the other two structures and measurement  methods. 

The problem of ohmic contact resistance becomes in- 
creasingly significant as the critical feature size for VLSI 
technology decreases. The contact resistance encoun- 
tered as the current passes between the metal and the 
semiconductor will increase as the contact-window size 
decreases, and it can lead to prohibitively large RC time 
constants. The circuit loading resistance of an ohmic con- 
tact is called the front contact resistance (1, 2). The front 
contact resistance is defined as the ratio of the voltage 
across the interracial layer at the edge where the current 
density is greatest to the entire current through the con- 
tact; it is independent  of the current polarity. 

A common approach to the determination of front con- 
tact resistance has been to measure the total series resist- 
ance of a chain of alternating diffused layer and metal 
layer sections serially connected by contact windows. 
This is usually a two-point measurement  in which a d c  
current is forced from one end of the chain to the other 
while the voltage is measured between the two ends. 

* Electrochemical Society Active Member. 

A knowledge of the diffused-layer and metal-layer sheet 
resistances, the number  of diffused-layer and metal-layer 
squares, and the number  of contact windows is then used 
to calculate an average value for front contact resistance. 
Because this is not a Kelvin measurement,  both the resist- 
ance in the current (voltage) taps and the probe-to-probe- 
pad resistance are sensed in the measurement.  A Kelvin 
measurement  method can avoid the inclusion of these 
parasitic resistances because it employs separate pairs of 
taps to sense the current and the voltage. This paper de- 
scribes the use of a recently reported microelectronic test 
structure and electrical measurement  method for the 
Kelvin determination of front contact resistance (1). This 
improved test structure also allows the Kelvin measure- 
ment of the interfacial and end contact resistances. 
[These parameters are defined by means of a trans- 
mission-line model for the metal/semiconductor contact 
(1).] The sensitivity of this method to measurement  inter- 
ferences and misalignment has also been discussed (1). A 
comparison of the values of front contact resistance deter- 
mined by this method and by the contact-chain method, 
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for 10/~m-square AYSi contacts ,  is made,  A compar i son  is 
also m a d e  be tween  va lues  de t e rmined  by this m e t h o d  
and va lues  de te rmined  by a Kelv in  vol tage-d iv ider  
m e t h o d  (2). 

Fabrication of Devices 
Three  4 in. wafers  pa t t e rned  ent i rely wi th  contac t  resist- 

ance  tes t  chips  were  fabricated.  These  chips  conta in  
cross-br idge  shee t  res is tors  for the  de te rmina t ion  of  both  
the  shee t  res is tance and electr ical  l inewid th  of  diffused 
and meta l  layers (3, 4); two two- te rminal  contac t  chains 
wh ich  al low the  non-Kelv in  de te rmina t ion  of  f ront  con- 
tact  res is tance  (Fig. 1); two sizes of  a Ke lv in  voltage- 
d iv ider  s t ructure,  p rev ious ly  repor ted  in the  l i tera ture  (2), 
for the  de te rmina t ion  of  f ront  contac t  res is tance (Fig. 2); 
and a Kelvin-cross  contac t  res is tance tes t  s t ruc ture  for 
the  di rect  m e a s u r e m e n t  of  the  end  and interracial  contac t  
res is tances  and for the  de te rmina t ion  of  the  front  contac t  
res is tance  (1) (Fig. 3). Table  I gives the  des ign va lues  for 
the  con tac t  chains  and the  Kelv in  test  s t ructures .  

For  each  of  the  three  wafers,  an n- type diffused layer 
was  fo rmed  by a 75 keV implan ta t ion  of  arsenic into a 
p- type 19 ~lcm <100> substrate .  The  imp lan t  dose  was 1 
x 10 ~6 cm -~. The  implan ta t ion  was fo l lowed by a drive-in 
at 1000~ in an N.~ ambient .  Drive- in  t imes  were  20, 40, 
and 80 min,  respect ively .  Contac t  windows  were  opened  
by a wet -e tch ing  t echn ique .  The  metal l izat ion was 99% 
A1/l% Si s intered for 20 m i n  at 490~ in an  N~ ambient .  
The  sheet  res is tance and l inewidth,  for bo th  the  diffused 
and meta l  layers, were  de te rmined  f rom the  cross-br idge 
sheet  res is tor  s t ructures .  Measu remen t s  were  m a d e  at ap- 
p rox ima te ly  130 sites on each wafer  by means  of  an auto- 
ma ted  parametr ic  m e a s u r e m e n t  system. Measured  va lues  
for res is tance  and l Jnewidth  are g iven in Table  II. 

Determination of Front Contact Resistance 
Two-terminal contact chains.--For each  con tac t  cha in  

(Fig. 1), a non-Kelv in  de te rmina t ion  of  f ront  contac t  re- 
s is tance  was m a d e  by  forc ing a dc current  of 1 m A  f rom 
one  t e rmina l  to the  o ther  and measur ing  the  vo l tage  be- 
tween  the  terminals .  The  front  contac t  res is tance  Rr is 
g iven  by 

R~ = [V/! - (RsD)(nD) - (RsM)(nM)]/N [1] 

where  I is the  forced current ,  V is the  measu red  voltage,  
RsD and RSM are the  sheet  res is tances  of  the  diffused and 
meta l  layers, respect ively ,  nD and nM are the  n u m b e r  of  
dif fused and meta l  layer  squares ,  respect ively ,  and N is 
the  n u m b e r  of (10-~m-square-design) contac t  windows.  
Latera l  diffusion of  the  dopan t  and imprec i se  metal- l ine  
e tch ing  can cause  the  t rue  values  for nD and nM to be 
s ignif icant ly  di f ferent  than  the  des ign va lues  l is ted in 
Table  I. In  the  appl ica t ion of  Eq.  [1], ca lcula ted values  for 
nD and  riM, obta ined  by correc t ing  the  des ign va lues  of  
these  parameters  for the  electr ical ly  measu red  l inewidth ,  
are used  in place of the  des ign  values.  Table  I I I  gives the  
ca lcula ted  values  for nD and n M correc ted  for the  electric- 
ally measu red  l inewidth.  For  each contac t  chain, mea-  
su remen t s  of  VII were  m a d e  at app rox ima te ly  130 sites 
across each wafer.  
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Fig. 1. Section of a two-terminal contact chain (chain B) for the non- 
Kelvin determination of front contact resistance. 
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Fig. 2. Kelvin voltage-divider test structure proposed in Ref. (2) for the 

determination of front contact resistance. Front contact resistance is cal- 
culated from the measurement af R] and R2. 
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Fig. 3. Kelvin-cross contact resistance test structure for the determi- 

nation of Re, Re, p~, RsDuc, and Rp The values of Re and Re are measured 
directly: Pe is determined indirectly from the measurement of R~; RsDuc 
and Ri are determined indirectly from the measurement of Re. 
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Table I. Design values for the contact chains and Kelvin structures, nD 
and nM are the number of diffusion-layer and metal-layer squares, 

respectively, in a chain. N is the number of contact windows in a chain. L~ 
and L2 are the lengths for the Berger structures (2). For the contact 

chains, diffused-layer squares under the contacts are not included, but 
metal-layer squares over the contacts are included. 

Window 
size (~m L~ L2 

Structure nD nM N • ~m) (~m) (~m) 

Chain A 117.0 165.4 52 10 • 10 - -  - -  
Chain B 85.5 198.2 114 10 • 10 - -  - -  
Voltage 

divider A - -  - -  - -  7.5 x 50 15 150 
Voltage 

divider B - -  - -  - -  7.5 x 50 30 150 
Kelvin cross - -  - -  - -  10 • 10 - -  - -  

Table II. Measured values for sheet resistance and linewidth. Sample 
standard deviations were about three percent of sample means. The 

design values for the diffused layer and metal layer linewidths were 6/~m 
and 8/~m, respectively. 

Diffusion Metal 
Rs, linewidth RSM linewidth 

Wafer (12/[3) (~m) (~l/~) (~m) 

2395-1 24.0 7.03 3.91E-2 7.00 
2395-5 19.5 8.03 2.90E-2 7.04 
2395-9 15.8 7.04 3.13E-2 6.72 

K e l v i n  v o l t a g e - d i v i d e r  s t r u c t u r e . - - T h e  K e l v i n  t e s t  
s t r u c t u r e  i n t r o d u c e d  b y  B e r g e r  (2), s h o w n  in  Fig. 2, a l lows 
t he  d e t e r m i n a t i o n  of t he  f ron t  con t ac t  r e s i s t ance  f rom the  
m e a s u r e m e n t  of  two  res i s t ances ,  R1 a n d  ]~2. In  Fig. 2, R, is 
m e a s u r e d  by  fo rc ing  a c u r r e n t  of 1 m A  b e t w e e n  con t ac t s  
1 a n d  2 a n d  m e a s u r i n g  the  vo l tage  across  t he  same.  /~z is 
m e a s u r e d  in a s imi la r  f a sh ion  u s i n g  con t ac t s  2 a n d  3. The  
res i s to r s  R1 a n d  Rr are d i f fused  res is tors .  The  r e s i s t ance  of 
a d i f fused  res is tor ,  i n c l u d i n g  b o t h  contac t s ,  is g iven  b y  

R = R s L / W  + 2Rf [2] 

w h e r e  Rs is t he  shee t  r e s i s t a n c e  of t he  d i f fused  res is tor ,  L 
is t h e  l e n g t h  b e t w e e n  con tac t s ,  a n d  W is t h e  w i d t h  of the  
res is tor .  The  sL~bstitution of  R, a n d  R2 a n d  the  corre-  
s p o n d i n g  l e n g t h s  L, a n d  L2 in to  Eq. [2] y ie lds  a s y s t e m  of 
e q u a t i o n s  t h a t  c an  be  so lved  for Rr 

I~ = (R,L2 - ~2L,)/[2(L2 - L,) ]  [3] 

T h e  d e s i g n  va lues  for  L, a n d  L~ are  l i s t ed  in  Tab le  I. For  
each  of t h e s e  Ke lv in  t e s t  s t ruc tu res ,  m e a s u r e m e n t s  of  R, 
a n d  R~ were  m a d e  at  a p p r o x i m a t e l y  130 si tes  across  each  
wafer .  

Kelv in -c ross  test  s t r u c t u r e . - - T h e  t r a n s m i s s i o n - l i n e  anal-  
ysis  of  t h e  u n i f o r m  in te r fac ia l  con t ac t  (5, 1) a l lows t h e  cal- 
cu l a t i on  of  Rf f rom the  m e a s u r e d  va lue  of  t he  e n d  con t ac t  
r e s i s t ance  R~ 

R~ = R~ cosh  [(Rsouc/p~) '~2 d] [4] 

w h e r e  Rs,uc is the  shee t  r e s i s t a n c e  of t he  d i f fused  layer  di- 
r ec t ly  u n d e r  t he  c o n t a c t  w i ndow ,  d is t he  l e n g t h  of  the  
c o n t a c t  w indow,  a n d  p~ is t h e  specif ic  con t ac t  r e s i s t ance  
of  the  m e t a l / s e m i c o n d u c t o r  in te r fac ia l  layer.  T he  e n d  
con t ac t  r e s i s t ance  R~ is t he  ra t io  of the  vo l t age  across  

Table III. Calculated values for n n and n M obtained by correcting the 
design values of these parameters for the electrically measured 
linewidth. Superscripts A and B refer to contact chains A and B, 

respectively. 

Wafer n,, A nM '~ n o  B nM I~ 

the  in te r fac ia l  layer  at  t he  edge  w h e r e  t he  c u r r e n t  dens i ty  
is leas t  to t he  en t i r e  c u r r e n t  t h r o u g h  t he  c o n t a c t  (1). A di- 
rec t  K e l v i n  m e a s u r e m e n t  of  Re can  be  m a d e  b y  u s i n g  t he  
s ix - t e rmina l  s t r u c t u r e  s h o w n  in  Fig. 3. In  Fig. 3, a c u r r e n t  
of  1 m A  is fo rced  f rom pad  1 to pad  3, w h i l e  t he  vo l tage  is 
m e a s u r e d  b e t w e e n  p a d  5 a n d  p a d  4. The  ra t io  of  t he  volt-  
age to t he  c u r r e n t  is Re. [Pads  2 and  6 are  u s e d  for  o the r  
m e a s u r e m e n t s  (1).] The  va lue  of  RsDuc is no t  necessa r i ly  
t he  s a m e  as t he  v a l u e  of t he  d i f fused- layer  shee t  resist-  
ance  away  f rom t h e  c o n t a c t  w indow.  This  is b e c a u s e  t he  
s i n t e r i ng  s tep  a l ters  t he  shee t  r e s i s t ance  of  the  d i f fused  
layer  d i rec t ly  u n d e r  t he  c o n t a c t  w i n d o w  b y  f o r m i n g  a 
AYSi compos i t e .  The  va lues  of  RsDuc a n d  Pe are  deter -  
m i n e d  b y  the  m e t h o d  d e s c r i b e d  in Ref. (1) u s i n g  th i s  
s a m e  s t ruc ture .  A n e c e s s a r y  r e q u i r e m e n t  for  t he  va l id i ty  
of  t he  t r a n s m i s s i o n - l i n e  ana lys i s  is t h a t  t he  in te r rac ia l  
c o n t a c t  layer  h a v e  area l  un i fo rmi ty .  A m e t h o d  for 
d e t e r m i n i n g  t he  areal  u n i f o r m i t y  of  t he  in te r fac ia l  c o n t a c t  
layer  is d e s c r i b e d  in  Ref. (6, 1). The  in te r fac ia l  c o n t a c t  
layer,  for  e ach  of  t he  t h r e e  wafers  u s e d  in  th i s  s tudy,  was  
d e t e r m i n e d  to b e  u n i f o r m  across  i ts a rea  b y  th i s  m e t h o d .  
The  e n d  con t ac t  r e s i s t a n c e  Re was  m e a s u r e d  at approx i -  
m a t e l y  130 si tes across  e a c h  wafer .  

Discussion and Results 
The  va lues  of f ron t  c o n t a c t  r e s i s t ance  d e t e r m i n e d  by  

t he  c o n t a c t - c h a i n  m e t h o d  are g iven  in Tab le  IV. The  neg-  
a t ive  va lues  of Rf are  a t t r i b u t e d  to con t ac t  w i n d o w  
ove re t ch ing .  M e a s u r e m e n t s  of  c o n t a c t - w i n d o w  size a t  se- 
l ec ted  s i tes  w i t h  a n  i m a g e - s h e a r  op t ica l  m i c r o s c o p e  
s h o w e d  t h a t  t he  c o n t a c t  w i n d o w s  (10 ~ m  b y  10 ~ m  de- 
sign) we re  o v e r e t c h e d  on  e a c h  of t he  t h r e e  wafers  b y  a n  
a m o u n t  b e t w e e n  1.4 a n d  1.7 ~m.  For  cha ins  A a n d  B on  
wafer  2395-1, o v e r e t c h i n g  of  t he  c o n t a c t  w i n d o w s  by  ap- 
p r o x i m a t e l y  0.54 a n d  0.48 ~m,  respec t ive ly ,  is e n o u g h  to 
p r o d u c e  nega t ive  ca l cu la t ed  va lues  of  Rf i f  th i s  
o v e r e t c h i n g  is no t  t a k e n  in to  account .  Ca lcu la t ion  of  Rr, 
u s i n g  va lues  of nD t h a t  are  co r rec t ed  for b o t h  m e a s u r e d  
l i n e w i d t h  a n d  m e a s u r e d  c o n t a c t - w i n d o w  size, y ie lds  posi- 
t ive  va lues  (Tab le  IV). In  t he  app l i ca t i on  of  the  contac t -  
c h a i n  m e t h o d ,  nD is s e l d o m  cor rec t ed  for  b o t h  l i n e w i d t h  
a n d  c o n t a c t - w i n d o w  size. E v e n  w i th  t h e s e  two correc-  
t ions ,  t he  c o n t a c t - c h a i n  m e t h o d  t e n d s  to be  h igh ly  inaccu-  
ra te  b e c a u s e  the  ca l cu la t ed  va lue  of  Rr is a lways  essen-  
t ia l ly t he  d i f f e rence  of two la rge  n u m b e r s ,  name ly ,  RsDnD 
a n d  VII (7). I t  is s een  in  Tab le  IV t h a t  e v e n  w i t h  t he  cor- 
r ec t ions  for b o t h  l i n e w i d t h  a n d  c o n t a c t - w i n d o w  size 
(overe tch ing) ,  t h e r e  is still  g rea t  d i s a g r e e m e n t  in  t he  cal- 
cu l a t ed  va lues  for Rr on  each  wafer.  A sma l l  p e r c e n t a g e  
e r ror  in  t he  m e a s u r e m e n t  of  e i t he r  RsD or VII will  t e n d  to 
cause  a ve ry  large  p e r c e n t a g e  e r ror  in  the  ca lcu la ted  va lue  
of  Rf. As a n  e x a m p l e  of  this ,  cons ide r  c h a i n  A on  wafer  
2395-1. If, in  Tab le s  II  a n d  IV, t he  m e a s u r e d  va lues  of RsD 
a n d  VII  were  2% smal l e r  a n d  2% larger ,  r espec t ive ly ,  t h e n  
t he  ca lcu la ted  va lue  of  Rf A w o u l d  b e  0.783~1 i n s t e a d  of  
-1 .16~ .  

Tab le  V gives t he  va lues  of  f ron t  con t ac t  r e s i s t a n c e  de- 
t e r m i n e d  by  t he  K e l v i n  vo l t age -d iv ide r  m e t h o d  (2). As 
w i t h  t he  con tac t  cha ins ,  t he  ca lcu la t ions  of  nega t i ve  
va lues  is a t t r i b u t e d  to o v e r e t c h i n g  of  the  con t ac t  
w indows .  I m a g e - s h e a r  op t i ca l -mic roscope  m e a s u r e m e n t s  

Table IV. Measured values of V/I and calculated values of Rf for the 
contact chains (10-/.~m-square-design contact windows). All values of Rf 

have been calculated using the measured value of linewidth. 
Superscripts A and B refer to the contact chains A and B, respectively. 
The prime notation (') refers to values which have been corrected for 
overetching. Sample standard deviations were less than four percent of 

sample means for measured values of V/I. 

Chain A Chain B 
(V/I) (V/I) Rf A Rf ~ Rf ''A R('" 

Wafer (12) (12) (~l) (~) (12) (12) 

2395-1 106.08 182.71 77.52 219.66 
2395-5 97.24 181.99 71.25 218.56 
2395-9 106.08 188.23 77.52 226.26 

2395-1 2493 1749 -1.16 1.05 0.391 0.590 
2395-5 1841 1282 -1.16 -1.00 0.241 0.411 
2395-9 1653 1194 -0.557 -0.332 0.504 0.780 
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Table V. Measured values of R, and R2 and calculated values of Rf by the 
Kelvin voltage-divider method (2). (Contact windows have a design 

value of 7.5/~m by 50/~m.) The sulDerscripts A and B refer to the two 
sizes of the voltage divider structures. The prime notation (') refers to 
values which have been corrected for overetching. Sample standard 

deviations were less than two percent of sample means for the measured 
values of R~ and R2. 

R, A R2 A R, B R2 ~ Rf A Rf s Rf ',A Rf,.s 
Wafer (~) (12) (~) (~) (~) (12) (~) (D) 

2395-1 6 .36  64.0  12.7 63 .9  -0.022 -0.050 0.319 0.291 
2395-5 5 .06  50.8  10.1 50.7  -0.011 -0.025 0.277 0.280 
2395-9 4.46 42.3 8 .65 42.3 0.128 0 .119 0.338 0.329 

Table VI. Direct-Kelvin-measurement values for end contact resistance 
Re, values of RsDuc and Pc determined by the method described in Ref. 
(1), and values of front contact resistance Rf obtained from Eq. [4]. 
(Contact windows have a design value of 10/~m by 10/~m.) Sample 
standard deviations were about twenty percent of sample means for 

measured values of Re. 

Rf from 
Re RsDuC P~ Eq. [4] 

Wafer (l~) (12/[2) (~-cm '~) (12) 

2395-1 2.38E-2 2.64 1.64E-7 0.657 
2395-5 3.29E-2 2.16 1.67E-7 0.601 
2395-9 3.87E-2 1.53 1.49E-7 0.479 

showed  that  the contac t  w indows  (7.5 by 50 ~m design) 
were  overe tched  on each  of the three  wafers  by an 
a m o u n t  be tween  1.5 and 2.2 ~m. Fo r  vo l tage-d iv ider  
s t ruc tures  A and B on wafer  2395-1, overe tch ing  of  the 
con tac t  windows  by as l i t t le as 0.10 and 0.23 ~m, respec-  
tively, is enough  to p roduce  negat ive  calcula ted va lues  of  
Rf if  this overe tch ing  is not  t aken  into account .  Calcula- 
t ion of  Rf, us ing the  va lues  of L, and L2 that  are based on 
measu red  con tac t -window size, yields posi t ive  va lues  
(Table V). The  Kelv in  vo l tage-d iv ider  m e t h o d  (2) shares a 
c o m m o n  source  of  error  wi th  the  contac t -chain  method;  
namely ,  the  calcula ted va lue  of Rf is a lways essent ia l ly  the 
d i f ference  of  two comparab ly  large numbers .  As wi th  the  
con tac t  chains,  a c o n s e q u e n c e  of  this fact  is that  the  cal- 
cu la ted  va lue  for Rf is ve ry  sensi t ive to errors in the  mea- 
surements .  To i l lustrate  this, cons ider  the vol tage-d iv ider  
s t ruc ture  A on wafer  2395-1. If, in Table  V, the  measu red  
va lues  of R, and ]~z were  2% larger  and 2% smaller,  respec-  
tively, t hen  the  ca lcula ted  va lue  of  Rr wou ld  be 0.12212 in- 
s tead of  -0.02212. 

Table  VI lists the  va lues  of  RsDuc, Pc, and Re, and the 
subsequen t  ca lcula ted va lues  of  Rf obta ined  by us ing  Eq. 
[4]. When Rf is de t e rmined  by the  Kelvin-cross  m e t h o d  (1), 
i.e., Eq.  [4], the  p r imary  source  of  error  is the uncer ta in ty  
in the  con tac t -window leng th  d. The  sheet  res is tance  of  
the  dif fused layer  direct ly  unde r  the contac t  RsDuC is cal- 
cu la ted  by means  of  a t r ansmiss ion  l ine equa t ion  that  in- 
vo lves  the  parameters  Re, Pc, and d (1). (Since the  va lue  of 
Pe is a mater ia l  p roper ty  of  the  interfacial  contac t  layer, 
any  pair  of  va lues  (Re, d) can  be  used  to calcula te  the  
va lue  of  the  mater ia l  pa ramete r  RsDuc.) Fo r  the  10 ~m- 
square-des ign  contac t  w indows  on wafer  2395-1, i f  the 
w indows  were  ove re t ched  by 1 ~m, the  m e t h o d  of  Ref. (1) 
wou ld  yield a calcula ted va lue  for RsDuC of 1.91 12/square 
ins tead  of  2.64 l~/square and wou ld  yield a calculated 
va lue  for R~ of 0.508fi ins tead of 0.65712. It  is seen  that  the 
va lue  of  Re de t e rmined  by the  Kelvin-cross  method ,  i.e., 
Eq. [4], is less sensi t ive  to imprec i se  w i n d o w  e tch ing  (or 
imprec i se  photo l i thography)  than  is the  va lue  for P~ deter- 
m ined  by  e i ther  the  contac t -chain  m e t h o d  or the  Kelv in  
vol tage-d iv ider  method.  The  Kelvin-cross  m e t h o d  is also 
re la t ively insens i t ive  to errors in the  electr ical  measure-  
ments .  Fo r  example ,  cons ider  wafer  2395-1. If  in Table  VI 
the  measu red  va lue  for R,. was 2% larger than  the  va lue  re- 
ported,  the  calculated va lue  for R.~Du(. wou ld  be 2.60 
12/square ins tead of  2.64 l~/square and the  calcula ted va lue  
for Rf wou ld  be  0.652~ ins tead of  0.65712. [R~,~uc is a func- 
t ion of R~ (1).] 

Un l ike  the  contac t -chain  method ,  bo th  Ke lv in  me thods  
have  the  advantage  of  be ing  insensi t ive  to l inewidth.  The  
Kelvin-cross  m e t h o d  has  the  addi t ional  advan tage  of  be- 
ing  re la t ively insens i t ive  to pho to l i thography  process  var- 
iat ions and to small  errors in the  electr ical  measurement s .  
In principle,  the  contac t -chain  m e t h o d  and the voltage- 
d iv ider  me thod  can  yield accurate  va lues  for Re. But,  as il- 
lus t ra ted  above, the  sensi t ivi t ies  of  these  two me thods  re- 

qui re  very  careful  m e a s u r e m e n t s  and very  accura te  
k n o w l e d g e  of  var ious  fabr icat ion parameters .  Dif ferences  
be tween  the  resul ts  r epor ted  in Table  VI, Table  IV, and 
Table  V, normal ized  for a 10 ~m-square  contact ,  are at- 
t r ibu ted  to the  accuracy  wi th  which  these  factors can be 
de t e rmined  and to poss ible  lateral  cur ren t  c rowding  ef- 
fects. In  part icular ,  the  de te rmina t ion  of  the  exac t  
con tac t -window size is ve ry  t ime  c o n s u m i n g  and, thus,  
p robab ly  infeasible  in a p roduc t ion  env i ronment .  

Conclusions 
The front  contact  res is tance is of s ignif icance to the 

circui t  des igner  because  it represents  the  actual  circui t  
load ing  res is tance of  the  contact .  This paper  has  shown 
that  the  de te rmina t ion  of  Rf by means  of  a Kelvin-cross  
tes t  s t ructure  (1) is inheren t ly  more  accura te  than  the  de- 
t e rmina t ion  of Rf by means  of ei ther  the  non-Kelv in  
contac t -chain  m e t h o d  or the  Kelv in  vol tage-d iv ider  
me thod  (2). The  Kelvin-cross  m e t h o d  is inheren t ly  more  
accura te  than  the o ther  me thods  because  it does  not  in- 
vo lve  the  subt rac t ion  of  two comparab ly  large number s  
and because  it does  not  requi re  the  precise  m e a s u r e m e n t  
of l inewidths  and contac t  w i n d o w  size. The  Kelvin-cross  
m e t h o d  is a comple te ly  electr ical  m e a s u r e m e n t  proce-  
dure,  is conven ien t  to use, and is val id  for a w ide  range  of  
contac t  areas. It  allows the  m e a s u r e m e n t  of R~ for contac t  
w indows  wi th  the  same des ign d imens ions  as those  used  
in product ion.  Because  this new s t ructure  is re la t ively 
small,  it is feasible to inc lude  it on p roduc t ion  chips. Use  
of  the  Kelvin-cross  tes t  s t ruc ture  and electr ical  measure-  
m e n t  me thod  will  s ignif icant ly improve  the  accuracy  of  
contac t  resis tance values  that  are used  by circui t  design- 
ers in circui t  s imula t ion  codes.  
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Interfacial Structure of Tungsten Layers Formed by Selective Low 
Pressure Chemical Vapor Deposition 

W. T. Stacy,* E. K. Broadbent,* and M.  H. Norcott 

Philips Research Laboratories Sunnyvale, Signetics Corporation, Sunnyvale, California 94086 

ABSTRACT 

We have analyzed the interracial structure of selectively deposited LPCVD tungsten on monocrystalline silicon, 
polycrystalline silicon, and polycrystalline aluminum substrates. Cross-sectional specimens were examined by transmis- 
sion electron microscopy to determine the amount of substrate consumed by the selective deposition process and to as- 
sess the degree of lateral encroachment under masking SiO~ layers for different conditions of deposition and surface 
Fmreparation. The tungsten-silicon interfacial structure was found to depend strongly on the initial surface preparation. 

mersion in a dilute HF solution resulted in a smooth interface, while a glow-discharge treatment (CF4 + 02) led to 
highly irregular interfaces, which, in extreme cases, contained tunnels extending I t~m or more into the silicon substrate. 
Layers formed in WF~ plus H2 were found to consist of two layers, of which the lower layer is formed by the substrate re- 
duction of WF~. 

The selective low pressure chemical vapor deposition 
(LPCVD) of tungsten involves the formation of a tungsten 
layer on exposed surfaces of silicon, aluminum, and 
various metal silicides without the tungsten forming on 
SiO._, or Si:~N4 (1-4). This results in a self-aligned tungsten 
pattern which does not require a lithographic masking 
step and, consequently, is an attractive option for a num- 
ber of integrated circuit applications (5-10). 

The process by which the tungsten deposits selectively, 
however, requires the chemical reduction of WF~ by the 
substrate. Since this must entail some consumption of the 
substrate, the concern arises that the tungsten deposit 
may penetrate deeply into the substrate and disturb the 
underlying device structures. With this in mind, we have 
used transmission electron microscopy to characterize 
the interfacial structure of selectively deposited LPCVD 
tungsten films. Cross-sectional specimens have been em- 
ployed to reveal the amount  of substrate consumed and 
the degree of lateral encroachment under adjacent SiO~ 
layers for different conditions of deposition and surface 
preparation. 

Experimental 
The depositio~ of the tungsten films was carried out in 

the low pressure (0.5 torr), horizontal flow, chemical 
vapor deposition (CVD) system described in a previous 
publication (4). The deposition gases were WF6 (99.8%), 
purified H2, and Ar (99.9998%). The deposition substrates 
were 100 mm diam, p-type, 7-21 ~-cm, (111) silicon wafers. 
Three types of substrate coatings were used: patterned 
SIO2, patterned polycrystalline silicon, and patterned 
polycrystalline aluminum. For the SiO~ coating, a 0.3 t~m 
layer of thermally grown SiO2 was etched into a repetitive 
stripe pattern with a pitch of 8 tLm and a spacing of 4 t~m. 
The LPCVD polysilicon was defined in the same way on 
a 0.3 tLm layer of SIO2. The aluminum layer was deposited 
by E-beam evaporation and patterned in the same way on 
a 0.45 tLm layer of SIO2. All substrates were cleaned imme- 
diately prior to deposition by either a low pressure glow 
discharge (CF4 and 02) treatment or an immersion in di- 
lute HF followed by a rinse in deionized water and spin 
drying. 

The resulting samples were characterized by both scan- 
ning and transmission electron microscopy (SEM and 
TEM). The TEM specimens were prepared in cross sec- 
tion by a procedure involving metallographic sectioning 
followed by Ar ion beam milling. All TEM micrographs 
were taken at an accelerating voltage of 120 kV. In some 
cases, the chemical composition was probed in the TEM 
by means of an energy dispersive x-ray detector coupled 
with an electron beam scanning attachment (STEM-EDS). 

Results 
Hydrogen reduction of WF,.--Figure 1 is a cross sec- 

tional TEM micrograph of a specimen consisting of tung- 

*Electrochemical Society Active Member. 

sten deposited onto a silicon substrate partially covered 
by SiO~. The deposition reactant gases were WF~ and H~, 
and the deposition time and temperature were 20 min and 
300~ After the oxide pattern was formed, the substrate 
was cleaned just before deposition in a CFJO_, glow dis- 
charge. It can be seen that the tungsten layer extends ver- 
tically to a depth of 0.1 t~m and laterally about 0.2 tLm un- 
der the oxide edge. It will be shown later in this section 
that this lateral encroachment consists mostly of a 
filamentary structure in the silicon which contains very 
little tungsten. 

The lateral penetration of the bulk of the tungsten layer 
is only 0.085 tLm. The tungsten extends above the initial 
silicon surface approximately 0.05 tLm, resulting in a total 
thickness of 0.15 t~m. The SiO2 thickness is 0.32 ~m. 

The micrograph in Fig. 2 was taken in a thinner region 
of the specimen and consequently reveals more of the in- 
ternal structure of the tungsten layer. It can be seen that 
two layers are involved: an upper layer 0.05 ~m thick, and 
a lower layer varying in thickness from 0.02 to 0.1 t~m. 
The two tungsten layers are separated by a thin interfa- 
cial layer, possibly an oxide, approximately 3 nm thick. 
Note that the W/Si interface is extremely nonuniform. Re- 
sults similar to those in Fig. 1 and 2 were obtained with 
polysilicon substrates. Again, a total thickness of 0.15 tLm 
was found, and the films exhibited the same double layer 
structure. 

In Fig. 3, the substrate was a 0.7 tLm layer of polycrystal- 
line aluminum. In this case, again for the same deposition 
conditions, the resulting tungsten film is thinner, 
0.07-0.10 ~m. The higher magnification image in the inset 

Fig. 1. TEM micrograph of a selectively deposited tungsten film in 
cross section. Deposition at 300~C, 20 min, WF,~ + H~ reactant gases. 
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Fig. 2. Higher magnification view of the tungsten deposit in Fig. 1. 
Two layers separated by an oxide film can be seen. 

shows only a single-layer structure. Note the irregular 
shape of the W/A1 interface, which suggests that some 
consumption of A1 has taken place. 

Substrate reduction of WF6.---Figure 4a is a SEM micro- 
graph of tungsten selectively deposited onto mono- 
crystalline silicon with only WF6 and Ar as reactant gases. 
Again the deposition temperature was 300~ and the sur- 
face was precleaned in a CFJO2 glow discharge. The dep- 
osition time, however, was 40 instead of 20 rain. Substan- 
tial encroachment of the tungsten under the SiO~ stripe 
has occurred. The diffuse image of the tungsten edge, 
which is visible through the oxide, is presumably due to 
electrons backscattered from the tungsten and rescat- 
tered by the SiO2. The TEM cross section of the same 
specimen (Fig. 4b) confirms that the lateral encroach- 
ment  is 0.9 ~m and the total layer thickness is 0.17 ~m. 
Note that the tungsten layer is recessed; there is no tung- 
sten formation above the original silicon surface. Also, 
there is no evidence of a double-Iayer structure. Higher 
magnification micrographs (not shown) showed only the 
presence of a single-layer structure when WF~ and Ar 
were the reactant gases. Similar results were obtained 
with polysilicon substrates. 

For the same deposition conditions (300~ 40 min, WF~ 
+ Ar), a much thinner deposit  was formed on polycrystal- 
line aluminum. The TEM cross section in Fig. 5 reveals 
only a few grains of tungsten on an oxide layer about 5 
nm thick. 

Tunnels.--Another exampIe of the filamentary struc- 
ture in Fig. 1 is shown in detail in Fig. 6 for slightly differ- 

Fig. 3. Tungsten selectively deposited on aluminum, same deposition 
conditions as in Fig. 1. Inset shows the corner region at slightly higher 
magnification. Note that only one tungsten layer is visible. 

ent deposition conditions (300~ 40 min, W~F6 and H~). 
The filaments appear to be individual tunnels in the sili- 
con with diameters ranging from 20 to 40 nm. Each tunnel 
is constant in diameter over its entire length, and at the 
end of each tunnel is a particle equal in size to the tunnel 
diameter. We have analyzed several of the particIes with 
STEM/EDS (4 nm probe beam diameter) and have found 
in each case a localized tungsten signal. Thus the tunnels 
appear to be the result of tungsten containing particles 
"burrowing" into the silicon substrate. 

An examination of the tunnels via stereo pair micro- 
graphs has revealed many different shapes and lengths. 
Each particle appears to have had a unique pathway. In 
Fig. 7, for example, one sees evidence of straight, circular, 
and spiral trajectories. Note the particle which has re- 
flected from the underside of the SiO~ layer during its 
propagation. 

In general, the tunnel structures were found at the 
edges of the tungsten deposits. In cases where the deposi- 
tion was not uniform (e.g., due to a contaminated surface 
or a thicker surface oxide layer), the tunnels were ob- 
served over most of the tungs:ten-silicon interface. As the 
density of the tunnels increased, the tunnel lengths were 
found to decrease. Figure 8 shows an extreme case, 
where, owing to an inadequate cleaning procedure, only 
islands of tungsten were formed. The SEM micrograph 
(Fig. 8a) shows the isolated tungsten deposits; the TEM 
micrograph (Fig. 8b) reveals in cross section the underly- 
ing tunnel structures. 

Fig. 4. An extreme case of tungsten encroachment under the neighboring SiO~ layer. Deposition at 300~ 40 min, WF~ + Ar reactant gases (a, left) 
SEM micrograph, (b, right) TEM cross section. 
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Fig. 5. Tungsten selectively deposited on aluminum in a WF6 § Ar re- 
action ambient (300~ 40 min). Note the presence of an oxide surface 
layer. 

Fig. 6. Tunnel structures formed at the edge of the oxide stripe. TEM 
cross-sectional micrograph. 

Surface preparation.--The impor tance  of the  substrate  
c leaning procedure  is i l lustrated in Fig. 9a and 9b. The 
two films were  depos i ted  s imul taneous ly  under  the same 
condi t ions  (300~ 20 rain, WF~ + Ar); only the  substrate  
surface prepara t ion  was different.  The substra te  in Fig. 9a 

Fig. 7. Detail shewing tunnel deflected by SiO~-Si interface 

was cleaned prior to deposition in a CF4/O~ glow dis- 
charge, whereas that in Fig. 9b was immersed for 2 rain in 
a dilute HF solution. The differences in the resulting layer 
thicknesses and interface smoothness are striking. The 
layer in Fig. 9a has a total thickness of 0.17/zm, while the 
layer in Fig. 9b is only 0.02 ~m thick. 

This important result has been reported by one of us in 
a study of the growth kinetics of selectively deposited 
tungsten (4). It was found that when the silicon surfaces 
had been exposed to higher temperatures (425~ in the 
presence of an oxidizing ambient, the tungsten deposit 
was less uniform and much thicker. This was attributed 
to the presence of an oxide film of varying thickness 
which resulted in a nonuniform reduction of WF6. Conse- 
quently, all of the data in that paper were taken for wafers 
preeleaned in HF. 

Discussion 
Double-layer vs. single-layer structure.--The tungs ten  

films depos i ted  on si l icon were  found to consis t  of  two 
layers w h e n  the  reactant  gases were  WF~ plus H2, and one 
layer w h e n  WF,~ plus Ar  were  used. This can be a t t r ibuted 
to the  WF~ reduc t ion  m e c h a n i s m s  involved.  In  the former  
case, both  hydrogen  reduc t ion  and sil icon reduc t ion  of 
WF~ occur,  whi le  in the lat ter  only the s i l icon react ion 
takes  place. Thus the  lower  layer is fo rmed  by the  reac- 
t ion with  the  substrate  

2WF,~ + 3Si ~ 2W + 3SiF~ 

and the  upper  layer of the  react ion involv ing  hydrogen  

Fig. 8. Tunnel structures associated with incomplete coverage of the substrate. (a, left): SEM micrograph showing island growth. (b, right): TEM cross 
section of an individual "island." 
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Fig. 9. TEM cross sections of two tungsten layers deposited under the same conditions, but for different substrate cleaning treatments. (a, left): 
CFJO2 glow discharge clean. (b, right): Immersion in dilute HF. 

WF6 + 3H~ --~ W + 6HF 

The ve ry  thin, interracial  ox ide  layer (Fig. 2) may  have  
or iginated at the original  s i l icon surface. Dur ing  the  for- 
mat ion  of  the lower  tungs t en  layer, WF~ would  diffuse 
t h rough  this oxide,  react  wi th  Si to form W, and thus  
leave the  oxide  film on the  surface of  the  lower  layer. 
Once  the  lower  layer  reaches  a th ickness  suff icient  to 
substant ia l ly  r educe  the  t ranspor t  of  WF6, the  hydrogen  
reduc t ion  of  WF~ wou ld  b e c o m e  the dominan t  depos i t ion  
reaction.  The ox ide  film wou ld  be  left  beh ind  to mark  
the  t ransi t ion f rom tungs ten  format ion  at the  si l icon sur- 
face to format ion  at the tungs ten  surface. 

In  the  case of an a l u m i n u m  substrate,  the  initial layer 
fo rmed  by the a l u m i n u m  reduc t ion  of WF~ 

WF~ + 2A1 ~ W + 2A1F3 

is m u c h  thinner ,  poss ib ly  due  to the  p resence  of  the  oxide  
film seen in Fig. 5. Consequent ly ,  the  lower  layer  is not  
v is ib le  in Fig. 3. 

Tunnel structures.--The tunne ls  in Fig. 6, 7, and 8b bear  
a r e semblance  to the  "channe l s "  repor ted  in s tudies  of the 
catalyt ic gasif ication of  graphi te  (11-14). Metal  films 
(such as Ni or Pt), wh ich  have  been  depos i ted  on c leaved 
graphi te  substra tes  and then  heated,  have  been  found to 
coalesce  into drople ts  and then  form pits in the  substrate  
by catalyzing the  ox ida t ion  or hydrogena t ion  reaction.  
Us ing  con t ro l l ed-a tmosphere  e lectron microscopy,  Baker  
and co-workers  have  shown  that  at certain t empera tu re  
ranges  the  meta l  par t ic les  b e c o m e  mobi le  and actual ly 
cut  grooves  into the  graphi te  surface. The  resul t ing  pat- 
terns  are s imilar  in appearance  to the  tunne l  s t ructures  re- 
por ted  here. 

Any mode l  of  the format ion  of the  tunne ls  mus t  expla in  
two impor tan t  expe r imen ta l  results:  (i) the  tungs ten  con- 
ta ining par t ic le  remains  cons tan t  in d iamete r  as the  tun- 
nel forms. I t  is ne i ther  c o n s u m e d  nor  en la rged  by the  tun- 
ne l ing  reaction.  (ii) The tunnels  are observed  in sil icon 
(but not  in a luminum),  both  with  and wi thou t  H~ in the  re- 
act ion ambient .  S ince  si l icon mus t  be c o n s u m e d  and re- 
m o v e d  to fo rm the  tunnels ,  and since H~ is not  r equ i red  in 
the reaction,  it is l ikely that  the  gas SiF4 is a p r imary  reac- 
t ion product .  A poss ib le  m e c h a n i s m  then  is that  si l icon is 
e tched  by t rapped  fluorine or some fluorine conta in ing  
p roduc t  f rom the  react ion be tween  WF~ and Si. The se- 
lec t ive  adsorp t ion  of  f luorine onto tungs ten  would  br ing 
sufficient  concent ra t ions  of  f luorine in contac t  wi th  the 
sil icon such that  e tch ing  could  occur. 

Thus,  analogous  to the  channels  in graphite ,  the  role  of 
the  tungs ten  par t ic le  wou ld  be  that  of  a react ion catalyst.  
This  is p lausible  in l ight  of  data  that  F~ forms an adsorbed  
film (on tungsten)  wh ich  is s table to t empera tu re s  greater  
than  2000~ (15). 

The locat ion and dens i ty  of the  tunne ls  is p r e sumab ly  
de t e rmined  by the locat ion and dens i ty  of the react ion 
sites. Loca l  inhomogene i t i e s  in th ickness  or s t ruc ture  of a 
substra te  ox ide  film could  lead to prefer red  nuc lea t ion  
sites of the tungs ten  deposit .  With an increase in the  den- 
sity of  the  react ion sites, a cont inuous  tungs ten  layer  is 
fo rmed  sooner  wi th  less Si consumpt ion ,  less t r apped  
fluorine, and therefore  less tunnel ing.  It  fol lows that  the  
tunne l  format ion  can be e l imina ted  by depos i t ing  the  
tungs t en  onto e i ther  an  oxide-free  substra te  or one  whose  
nat ive  oxide  layer al lows a rapid  un i fo rm reaction.  

Surface preparation.--As m e n t i o n e d  in Ref. (4), the  ef- 
fects of surface prepara t ion  can also be  under s tood  in 

Fig. 10. TEM cross sections showing initial nucleation sites of the tungsten deposit. 300~ 1 min, WF 6 + Ar. (a, left): Ne0r the SiO2 edge. (b, right): 
Away from the SiO2 stripe. 
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terms of oxide films. Cleaning in a CF4/O2 glow discharge 
apparently leaves an oxide layer which results in a 
nonuniform reaction between WF~ and the silicon sub- 
strate. The HF treatment followed by an unavoidable ex- 
posure to atmosphere must also produce a surface oxide 
layer, but one which is more readily broken up by the 
substrate reduction reaction. 

To add credence to this theory, samples were prepared 
to reveal the initial tungsten nucleation sites. After a glow 
discharge surface treatment, a film was deposited at 
300~ for only 1 min in WF~ + Ar. Two TEM micrographs 
of this specimen in cross section are shown in Fig. 10. The 
micrographs show a surface oxide film as well as two nu- 
cleation sites, one near the perimeter and the other within 
the contact opening area. In contrast, after an HF treat- 
ment, we have found that for the same deposition condi- 
tions (300~ 1 rain, WF6 + Ar) a continuous, uniform de- 
posit layer is formed. Note that Fig. 10 also demonstrates 
how the oxide film is left on the surface of the lower 
tungsten layer as the Si reduction of WF6 occurs (see 
above discussion). 

Conclusions 
The selective deposition of tungsten onto silicon by 

means of WF~ and H~ leads to two layers separated by a 
thin interracial oxide. The lower layer is formed by the 
substrate reduction of WF6 and is limited in thickness by 
the rate at which WF~ reaches the substrate surface. In the 
case of silicon, the lower layer ranges in thickness from 20 
to 150 nm; for aluminum, the lower layer consists of isola- 
ted grains of about 20 nm diam. This lower layer accounts 
for the selectivity of the deposition process and provides 
a nucleating surface for the subsequent tungsten forma- 
tion (the upper layer) by the hydrogen reduction of WF~. 

The important practical conclusion from this s tudy  is 
that the tungsten-silicon interface structure is strongly af- 
fected by the surface preparation. A cleaning procedure 
which results in a thin uniform oxide film (or no oxide 
film at all) will produce a smooth interface with the least 
amount of Si consumption. Other procedures, which 
leave nonuniform surface films, lead to highly irregular 
interfaces, which in extreme cases include tunnels ex- 
tending 1 ~m or more into the silicon substrate. We sug- 
gest that these tunnels are formed by the etching action 
of trapped fluorine adsorbed onto tungsten particles. 
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Analysis of Multicomponent LPCVD Processes 
Deposition of Pure and In Situ Doped Poly-Si 

Karl F. Roenigk* and Klavs F. Jensen** 
Department of Chemical Engineering and Materials Science, University of Minnesota, Minneapolis, Minnesota 55455 

ABSTRACT 

A general model has been developed for multicomponent-multireaction systems in the hot-wall multiple-wafers-in- 
tube LPCVD reactor. The modeling equations describe the coupled convective and diffusive mass fluxes in the annular 
reactor flow region as well as those between each pair of wafers. Complex reaction mechanisms involving both gas- 
phase and surface reactions can be included in the model formulation. Multicomponent transport effects in the deposi- 
tion of pure and doped polycrystalline Si are analyzed. The model predicts experimentally observed growth rates for 
pure polycrystalline Si quite well. However, because of insufficient data, a comparison of model predictions and'experi- 
mental growth rates has not been feasible for in situ doped Si. The model is also used to predict the performance of a 
new continuous moving boat LPCVD reactor offering excellent film uniformity and process automation. 

Low pressure chemical vapor deposition (LPCVD) is in- 
creasingly becoming a preferred method of depositing 
thin solid films of microelectronic materials because of 
the many advantages offered by the technique. LPCVD, 
which is predominantly carried out in tubular hot-wall re- 
actors, allows a large number  of wafers to be processed 

*Electrochemical Society Student Member. 
**Electrochemical Society Active Member. 

with excellent film thickness and composition uniform- 
ity across each wafer as well as from wafer to wafer (1, 2). 
The large packing densities that can be realized in 
LPCVD reactors are possible because at the reduced 
pressures ( -  0.5 torr) diffusion is rapid so that the chemi- 
cal reactions at the wafer surface are usually rate- 
controlling rather than mass-transfer processes. LPCVD 
is widely used to deposit thin films of polycrystalline Si, 
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SiO~, and Si3N4 (1, 2). In addition, there is considerable in- 
terest in LPCVD of i n  s i t u  doped polycrystalline Si (3, 4) 
as well as metallization by LPCVD of A1 (5) and W (6). 

The control and reproducibility of LPCVD reactor per- 
formance is crucial in obtaining films that satisfy the 
stringent demands imposed by modern microelectronic 
device structures. Nonuniformities in film thickness and 
composition (and implicitly resistivity) can make it im- 
possible to realize the desired electronic device. LPCVD 
reactor operation has so far mainly relied on semiempiri- 
cal design rules and operation regimes selected on the ba- 
sis of trial and error experimentation. This limits the op- 
eration of existing reactors to certain fixed operating 
ranges and impedes the design of new LPCVD reactors. 
However, mathematical  models incorporating the key 
physical and chemical process features should prove to 
be cost and time saving tools in the efficient operation of 
CVD reactors. In addition, the models should lead to an 
enhanced understanding of existing processes as well as 
provide new insight for the design of CVD reactors. In 
this work, a general mathematical model of LPCVD is 
presented. As a first application of the model, the deposi- 
tion of pure and i n  s i t u  doped polycrystalline Si is consid- 
ered. These processes are suitable for illustrating the 
manner in which the model may be employed and for 
providing insight into its application to more complex 
LPCVD processes such as SiO2 and Si.~N4 deposition. 

A number  of reactor models have been proposed for 
both the cold-wall, atmospheric pressure CVD reactor 
and the hot-wall, tubular LPCVD reactor (7). The most 
complete treatment so far of LPCVD reactors appears to 
be that of Jensen and Graves (8). Their model, hereafter 
referred to as model  I, combined the diffusive and con- 
vective fluxes in the annular flow region between the re- 
actor wall and the wafer edges (cf. Fig. 1) with the diffu- 
sion between the wafers and subsequent reactions on the 
wafer surfaces. However, the change in gas velocity due 
to temperature variations and hydrogen production was 
approximated. Nevertheless, the model correctly pre- 
dicted experimental  observations from separate reactor 
studies of polycrystalline Si growth. Moreover, it allowed 
the authors to demonstrate the highly uniform deposition 
rates that were theoretically feasible in a LPCVD reactor 
with recycle of part of the reactor effluent. 

As with previous LPCVD reactor descriptions, model I 
neglected the coupling of the diffusive fluxes in multi- 
component  systems through the Stefan-Maxwell relations 
(9). However, that simplification may lead to inaccurate 
model predictions for most LPCVD processes of interest 
(e.g., i n  s i t u  doped polycrystalline Si, SiO~, and Si:~N4). 
Therefore, in this contribution, the original modeling con- 
cepts of Model I are extended to encompass multicom- 

Fig. 1. LPCVD reactor 

449 

ponent diffusion effects. The resulting model  is applica- 
ble to general LPCVD processes given a knowledge of the 
appropriate homogeneous and heterogeneous kinetics. 

The detailed mathematical  model is developed in the 
subsequent section. The model  development  is followed 
by an analysis of mult icomponent  effects in polycrystal- 
line Si deposition including comparisons with predictions 
of model I. The model is then used to analyze a new con- 
tinuous LPCVD reactor design where the wafers are con- 
veyed countercurrently to the reactant gases. Finally, the 
deposition of i n  s i t u  doped polyci3zstalline Si is dis- 
cussed, with particular emphasis on the probable kinetics 
involved in the process. 

Model Development 
The model is based on the schematic representation of 

the typical commercial LPCVD reactor illustrated in Fig. 
1. The wafers are placed perpendicular to the main direc- 
tion of flow and concentrically inside the reactor (quartz) 
tube. The flow in the annular region formed by the tube 
wall and the wafer edges is laminar for the Reynolds 
numbers corresponding to typical LPCVD operating con- 
ditions. Because of the small wafer spacing relative to the 
wafer radius and the low pressures, mixing effects near 
the wafer edges may be neglected. In addition, it may be 
assumed that there is no imposed flow between the wa- 
fers, i.e., mult icomponent  diffusion and the associated 
Stefan flow are the dominant modes of transport in the 
wafer region. Calculations have shown that gas heat up 
Iengths in typical LPCVD reactors are small compared to 
the reactor lengths. Furthermore, the heats of reaction as- 
sociated with the growth processes are small because of 
the slow deposition rates (~100 h/min). Thus, the temper- 
ature profile may be assumed fixed by the furnace set- 
tings. This approximation eliminates the need for an en- 
ergy balance. 

The steady-state species mole balance for component  j 
has the general form 

1 0 0 ng 
0--~ (rN~j) + -~z N~j = ~ a%~,g [1] 

i= l  

for both the annular region and the space between the 
wafers. Here N~j and N~ are the radial and axial molar 
fluxes, respectively, of the j th  species. The left-hand side 
of Eq. [1] represents the production o f j  in n g independent  
gas-phase reactions. The a~'s are the stoichiometric 
coefficients of the ith reaction, ~ .  By convention the a~'s 
are positive for products. The boundary conditions on Eq. 
[1] are for the annular region 

N~j = vocox~,) at  z = 0and  ox~ = O at  z = L [2a] 
r 

ns 

Nrj = - ~ a%~ s at r = Rt  
i=1 

and [2b] 

Nr~ ~ ~ a % ~ +  a t r = R ~  
t= l  

The condition [2a] at z = 0 expresses the continuity of 
fluxes in the axial direction across the reactor inlet. The 
formulation of the condition at z = L is difficult. The 
present choice implies that negligible reaction and back 
diffusion occur downstream of the wafer zone. The first 
radial condition in Eq. [2b] states that the flux of j to the 
wall equals the amount  of j consumed in surface reac- 
tions on the wall. Similarly, the second condition states 
that the flux of the j th  species to the wafer edge is the 
amount of j deposited on the wafer carrier boat plus the 
flux in between t-he wafers. The quantity a represents the 
boat area relative to the tube area. 

The boundary conditions for the wafer space take the 
form 
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~s 

a~J~? at z = z~, k = 1, 2 . . . . .  N ~ , .  [3a] 
i=1 

and 
ns 

N~j = - ~  ~sj~s at z = zk + 
i--I 

h x j  = x j  a t r = R ~ , a n d  ax; = 0 a t r = 0  [3b] 
/~w - R~ + ~ 

The two condi t ions  on the  axial  d i rect ion express  that  the 
flux of  mater ial  to the  wafer  surfaces equals  that  
c o n s u m e d  in surface react ions on the  wafers.  The  radial 
condi t ions  represen t  cont inu i ty  of mole  fract ions f rom 
the wafer  edge  to the  annular  flow region and symmet ry ,  
respect ively .  Equa t ions  [1]-[3] mus t  be c o m b i n e d  wi th  ap- 
propr ia te  express ions  for the  fluxes N~ and N~> In  an  S 
c o m p o n e n t  ideal gas, the  molar  fluxes are related 
th rough  the  Stefan-Maxwel l  equa t ions  (9) 

s 1 

j :~i ".i 

Here D u is the  i-j binary diffusivi ty and Nk represents  a 
vec tor  of  the axial  and radial  componen t s  of the  fluxes. 
S ince  the  mole  fract ions mus t  sum to unity,  i.e. 

k x, = 1 [5] 
i=l 

there  are at mos t  S - 1 i n d e p e n d e n t  S tefan-Maxwel l  rela- 
tions. 

Equa t ions  [1]-[5] c o m b i n e d  with appropr ia te  m o m e n -  
t u m  balances  form a c o m p l e x  set of  partial  differential  
equa t ions  which  in pr inc ip le  can be solved by a sui table 
numer ica l  t echnique .  However ,  it is more  useful  in this 
inves t iga t ion  to m a k e  some physical ly  reasonable  as- 
sumpt ions  which  reduce  the complex i ty  of  the model .  
The  same  approach  was used  in der iv ing  m o d e l  I. First ,  
s ince the  wafer  spacing (h) is small  re lat ive to the  wafer  
radius,  the  rapid diffusion at L P C V D  condi t ions  wou ld  be 
expec ted  to essent ia l ly  e l iminate  axial  var ia t ions  wi th in  
each wafer  cell. Therefore ,  we may  average  Eq. [1] over  
the  z d i rec t ion  wi th in  each cell  fo rmed by the  wafers.  The  
resul t ing  c o m p o n e n t  balance for the wafer  region is t hen  

~ ~ [6] r dr  (rN~j) = A ~ ~%3~,~+ 2 ~ ~j3~ 
i=1 t=l 

with boundary  condi t ions  of  Eq. [3b]. 
Secondly ,  the  rapid diffusion is also expec ted  to reduce  

radial  var iat ions in gas-phase concent ra t ions  in the  annu- 
lus. Moreover ,  the  t ime  scale associated with  depos i t ion  is 
larger than that  for diffusion; therefore,  per fec t  radial  
m i x i n g  may  be a s sumed  as also done  in mode l  I. Then  by 
averaging  Eq. [1] over  the  radial  direct ion,  the  c o m p o n e n t  
ba lance  for the  annular  f low region takes  the  form 

a~ s 
__d _2 " Rt(1 + a) ~ ~a~,s 
dz  (Nz;)= (R(" Rw"-) ,=, 

RwNr, ~w-] '[-~ + + c~ ~ �9 , ~ ,  [7] 
.= 

with boundary  condi t ions  of  Eq. [2a]. The flux of  species 
j in be tween  the  wafers,  i.e., N,]~ w- is de t e rmined  f rom 
the solut ion to Eq. [6]. 

Equa t ions  [6] and [7] wi th  their  respec t ive  boundary  
condi t ions  form the  general  mode l  for the  L P C V D  reac- 
tor. For  S chemical  species,  n ~ gas-phase reactions,  and n ~ 
surface reactions,  there  are at mos t  n ~ + n ~ -< S - 1 inde- 
penden t  c o m p o n e n t  balances,  Eq. [6] and [7]. These  mus t  
be  solved wi th  the  Stefan-Maxwel l  relat ions (Eq. [4]) and 
the const ra int  (Eq. [5]). The  mode l  can be  appl ied  to any 
L P C V D  reactor  sys tem g iven  the  chemica l  kinetics.  To il- 
lus t ra te  the  use of  the  mode l ing  approach,  the  depos i t ion  
of  pure  and in  s i tu  doped  polycrysta l l ine  Si are consid- 
e red  as examples .  

F e b r u a r y  1985 

L P C V D  of pure  and doped  polycrysta l l ine  Si is usual ly  
carr ied out  with Sill4 and small  amount s  of dopan t  (e.g., 
AsHa, PHi,  or B2H6). The kinet ics  of polycrys ta l l ine  Si 
depos i t ion  f rom Sill4 have  rece ived  cons iderable  atten- 
t ion (10, 11). However ,  the  detai led kinet ics  of dopant  in- 
corpora t ion  are poorly  unders tood ,  as are the  effects of 
dopants  on the Si g rowth  rate. It  is k n o w n  that  Sill4 can 
d e c o m p o s e  in the  gas phase  to SiH~ and H~ and it is possi- 
ble for SiH~ to inser t  i tself  in both  Sill4 and the  dopan t  
gas. However ,  in v iew of the  low pressures  and the  lim- 
i ted knowledge  of those  gas-phase reactions,  the  surface 
react ions  are a s sumed  to domina te  the depos i t ion  pro- 
cess. Thus,  the mode l  is based on the  overal l  he terogene-  
ous react ions 

1 
SiH~(g) ~ St(s) + 2H._,(g) 

3 PHa(g) 2 P(s) + ~-  H~(g) 

[8] 

[9] 

with react ion rates ~,  and ~2. PHa is used  as an example ,  
but  the mode l  d e v e l o p m e n t  would  be  similar  for o ther  
dopant  gases. Because  of adsorp t ion /desorp t ion  effects it 
is possible  that  ~, and ~ each depend  on all the  gaseous 
reactants .  The kinet ics  of these  react ions will  be dis- 
cussed  in a subsequen t  section. Since  there  are no gas- 
phase  react ions and only two surface reactions,  the  mole  
balances  over  Sill4(1) and PHa(2) take the  form for the  
annulus  

dN~. 

dz  

- - 2 ~ k  [ 
(R~_--.~ ~ ) Rt(1 + a) 

+ ~  ~k] ,k  = 1,2 

wi th  boundary  condi t ions  

N~k (z = O) = VoCoXko 

and 

[10] 

where  

f Rw 2 r3tk dr  
~0 ~k k = 1, 2 [10b] 

R w  2 ~ k  Rw 

whi le  for the  wafer  region 

d 
- - - - ( r N r k )  = - - 2 ~ k  k =  1,2 [11] 

r dr  

with boundary  condi t ions  

dxk = 0 and xk(Rw-) = xk(R~,?) [11a] 
dr  o 

The  quant i ty  Vk is def ined as the  ratio of  the  average 
depos i t ion  rate on the wafer  to that  at the  wafer  edge. 
Thus,  ~, may  be regarded  as a measure  of  film th ickness  
uniformity .  When V, "= 1, 72 becomes  a measure  of doping  
level  uniformity.  However ,  i f  7, ~ 1, it is not  feasible  to 
make  a s imple  in te rpre ta t ion  of  72. I f  diffusion effects are 
small,  V, "- 1 and V~ "- 1, whereas  they  differ f rom uni ty  
w h e n  diffusion effects are significant  enough  to p roduce  
nonun i fo rm film th icknesses  and dop ing  levels.  

The  balance over  the  iner t  gas (3) gives 

N~a = v,,c,x:~,, in the annular  region [12a] 

Nra = 0 be tween  the wafers [12b] 

Because  of  the  coupl ing  of the  fluxes and produc t ion  of 
H~, the  constant  flux of  iner t  gas does not  lead to con- 
stant iner t  mole  fract ions th rough  the  reactor.  Finally,  the  
flux of  the last c o m p o n e n t  H2 (4) may  be expressed  as fol- 
lows by using the  s to ich iomet ry  of  the  react ions [8] and 
[9] 

dxk = 0  k =  1,2 [10a] 
dz  L 
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N~4 = vocox, ,  + 2(VoCoX,o - N~,) 
3 

+ - ~  (VoCoX2o - N~2) in the annular  region [13a] 

3 N N,-4 = -2Nr ,  - y r2 in the  wafer  reg ion  [13b] 

By combin ing  the  mode l ing  Eq. [10]-[13] wi th  Stefan- 
Maxwel l  relat ions [4] for three  componen t s  and the  con- 
s traint  [5], it is then  poss ib le  to predic t  the  g rowth  rates 
and doping  levels  on each  wafer  as well  as t h roughou t  the 
reactor.  I f  the  dopant ,  c o m p o n e n t  (2), is e l iminated,  the 
equa t ions  may  also be  used  to predic t  pure  polycrystal-  
l ine deposi t ion.  Both  cases are cons idered  below. The 
nonl inear  mode l ing  equa t ions  are solved by or thogonal  
col locat ion in s imilar  m a n n e r  to that  used  for mode l  I (8). 
However ,  in the  p resen t  cases, more  than  one in ter ior  col- 
loca t ion  poin t  is used  to solve the  local wafer  deposi t ion  
equat ions .  Finally, g rowth  rates, average  g rowth  rates, 
and s tandard  deviat ions  in g rowth  rates may  be  calcu- 
la ted by  formulas  ana logous  to those  p resen ted  in Ref. (8) 
(cf. Eq.  [33]-[35]). 

Deposit ion of  Polycrystall ine Si 
The presen t  mode l  was used  to predic t  r epor t ed  experi-  

men ta l  g rowth  rates. The  fo l lowing rate express ion  was 
a s sumed  

= kPsiH4 [14] 
1 + KHPH2 '~ + KsPsiH4 

This  par t icular  rate express ion  fol lows f rom the  assump-  
t ion of  adsorp t ion-desorp t ion  equi l ibr ia  of si lane and hy- 
d rogen  and a ra te-control l ing first-order decompos i t i on  
of  si lane on the surface. In  addit ion,  it reflects the  experi-  
men ta l  observat ions:  (i) g rowth  rate is propor t iona l  to 
Sill4 pressures  bu t  sa tura ted  at h igh Sill4 pressures  and 
(ii) the  g rowth  rate is h inde red  by adsorbed a tomic  hydro-  
gen. The  rate express ion  [14] and the  mode l  were  used  in 
non l inear  regress ion of  repor ted  expe r imen ta l  g rowth  
rates (1, 10). The  kinet ic  parameters  wi th  thei r  95% 
conf idence  intervals  were  found to be  

k = (1.6 _+ 0.4) x 109 exp  (-18,500/T)mol/m2/s/atm 
KH = (0.6 -+ 0.3) x 10 ~ a tm -~/2 
Ks = (0.7 -+ 0.1) x 10 ~ a t m - '  

The  act ivat ion energy  of  k was not  de te rmined .  Its va lue  
is general ly  agreed u p o n  in previous  s tudies  (11). The 
mode l  wi th  the  use  of  the  kinet ic  parameters  in the  rate 
express ion  [14] correc t ly  predie ts  both  the  effect  of Sill4 
dep le t ion  and H~ inhibi t ion on the  Si depos i t ion  rate. Fur- 
the rmore ,  as i l lustrated in Fig. 2, the m o d e l  predic t ions  
span data f rom two dif ferent  reactor  sys tems wi th  two or- 
ders of  m a g n i t u d e  var ia t ion  in Sill4 part ial  pressures.  
Classen et  al.  proposed  that  PH~ rather  than  PH., 'r-' should  
be  inc luded  in the  rate express ion  [14]. However ,  we 
found  significantly bet ter  representa t ion  of  data  wi th  
PH2 'j2, indica t ing  that  d issoeia t ively  adsorbed  H~ hinders  
Si growth.  The  -1 /2  p o w e r  dependence  on h y d r o g e n  is 
also suppor ted  by expe r imen t s  of  D u c h e m i n  et  al .  (12). 

The  present  m u l t i c o m p o n e n t  L P C V D  reactor  mode l  
makes  it possible  to eva lua te  approx imat ions  inhe ren t  in 
Model  I (8). Mu l t i componen t  effects were  neg lec ted  in the  
d e v e l o p m e n t  of  Model  I and the  convers ion  of  SiH4(x) was 
re la ted to the  silane mole  fract ion th rough  a s imple  alge- 
braic relat ion (cf., Ref. (8), Eq.  [13]). However ,  this relat ion 
is only strictly val id  in a well  m i x e d  reactor  or a plug 
flow reactor.  It  is an approx ima t ion  for L P C V D  reactor  
condi t ions  where  both  diffusive and convec t ive  t ranspor t  
are important .  The  correct  defini t ion of the  Sill4 conver-  
sion in the  present  sys tem is 

Nzl 
X = i - -  [15] 

Nzlo 

where  the  flux Nz, is c o m p o s e d  of diffusive and convec-  
t ive contr ibut ions;  i.e., N,~ = J,~ + x , c v .  Thus, s imple  alge- 
braic relat ions be tween  Sill4 mole  fract ions and conver-  
s ion cannot  be m a d e  wi thou t  neglec t ing  the  diffusive 
flux, as is done  in Model  I. 
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Fig. 2. Model predictions and experimental LPCVD poly-Si growth 
rates at: (a) various hydrogen feed compositions (10), Q = 1000 sccm, T 
= 880 K, 0.47% Sill4 feed, balance H~ and N2, P = 0.525 torr; (b) 
various temperatures (1), Q = 650 sccm, 23% Sill 4 feed in N~ diluent, P 
= 0.5 torr. 

To s tudy the effects  of  the s implif icat ions in Model  I, 
its predic t ions  for polycrys ta l l ine  Si depos i t ion  f rom Sill4 
were  compared . to  those  obta ined  with  the  p resen t  mult i-  
c o m p o n e n t  t reatment .  The calculat ions were  carr ied out  
at va ry ing  inlet  f low rates for a typical  commerc i a l  
L P C V D  reactor  and the  chemica l  kinet ics  g iven  above.  
F igure  3a shows the  m a x i m u m  and average  pe rcen t  error  
in g rowth  rates as a func t ion  of  the  Pec le t  n u m b e r  for the  
case of  pure  Sill4 feed to the  reactor.  The  error  is deter- 
m i n e d  as 

[ g(Model I) - g(new model)  
g ( n e w ~  ] 100% [16] E 

The Pec le t  number ,  Pe  (= v,,L/Dsm4.H~) is a measu re  of 
the convec t ive  flux re la t ive  to the diffusive flux. For  
high flow rates, Pe  is large, and the  two models  agree  as 
expec t ed  since the  app rox ima t ion  in Model  I holds  in the 
plug flow limit.  However ,  for typical  opera t ing  condi- 
t ions, there  is app rox ima te ly  10% dif ference in the  pre- 
d ic ted  growth  rates. Model  I consis tent ly  predic ts  h igher  
g rowth  rates than the  present  mode l  because  the  veloci ty  
in Model  I is artificially h igher  than for the  detai led 
model.  F igure  3b i l lustrates  the  di f ference in m o d e l  pre- 
dict ions in di lute  process ing.  (Here Pe  = v,,L/DsiH4.N..,.) 
Again,  the models  agree at h igh  flow rates, but  differ ap- 
p rox ima te ly  5% at typical  opera t ing  condit ions.  

A l though  the  predic t ions  of  Model  I differ from those  of 
the detai led m u l t i c o m p o n e n t  t rea tment ,  Model  I is still a 
useful  app rox ima t ion  for s imple  sys tems where  it is ap- 
plicable.  It  is m o r e  t rac table  and gives a s imple r  p ic ture  
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Fig. 3. Error of growth rate and average growth rote between Model I 
and present formulation far typical LPCVD reactor. T = 800 K, P = 0.6 
torr. (a): Pure Sill4 feed, Pe = vJ-/Dsm~.H~. (b): 23% Sill4 feed in N~, Pe 
= V J - / D s i H 4 . N z .  

of LPCVD reactor behavior than the present model. How- 
ever, for analysis of general LPCVD processes, the pres- 
ent formulation should be preferred. 

A Cont inuous Mov ing  Boat L P C V D  Reactor  
To further illustrate the utility of the developed LPCVD 

reactor model, it is employed in reactor design considera- 
tions. It is desirable to design and operate LPCVD reac- 
tors so that film thickness and composition variations are 
minimized within each wafer as well as from wafer to wa- 
fer. In this spirit, Model I was used to demonstrate the 
high levels of uniformities feasible with recycle of part of 
the reactor effluent. Similar results would be predicted 
by the present model. A continuous LPCVD reactor, 
where the wafers are conveyed through the reactor 
countercurrently to the reactant gases, is another attrac- 
tive alternative to the conventional LPCVD reactor with 
furnace temperature ramps. Since each wafer would ex- 
perience the same conditions in its travel through the re- 
actor, each wafer would have identical average film 
thickness and wafer uniformity. Therefore, the need for 
adjusting the furnace profile to ensure wafer to wafer 
uniformity is eliminated and a fiat temperature profile 
may be used. This case is illustrated schematically in Fig. 
4. The constant deposition temperature has the advantage 
of more uniform film morphology and strain (19) than 
can be achieved in standard LPCVD reactors. This ulti- 
mately enhances electronic device uniformity and lessens 

Z 
i 

.<: 
LIJ p- 

1oo 

< 8 c -  

O 48- ~ wafer movement 
r 

2o ' I ' I ' I ' I ' 
0.0 0.2 0.4 0.6 0.8 I .0 
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Fig. 4. Continuous LPCVD concept. Wafers conveyed countercurrent 
to gas flow experience reactor growth profile and exit with identical ov- 
erage film thickness and uniformity. T = 893 K, P = 0.5 torr, Q(SiH4) = 
20 sccm, g = 76~/min, conversion = 0.9, NW = 100. 

doping and oxidation concerns in postdeposition process 
steps. 

A continuous LPCVD reactor would have additional 
advantages associated with process automation. It would 
enable automatic loading and unloading of wafers and 
even sequencing with subsequent  process steps, thereby 
decreasing the possibility for contamination. The main 
difficulty in the design of such a reactor lies in the me- 
chanical handling of the wafers. However, these mechani- 
cal problems are beyond the scope of the present work, 
where process feasibility and performance are the impor- 
tant issues. 

The developed model may be used to predict the film 
thickness and uniformity on the processed wafers by con- 
sidering the growth rates experienced by any single wafer 
as it is conveyed through the reactor. If it is assumed that 
the wafers are stepped through incremental positions in 
the reactor, then a wafer spends a time At at each wafer 
position in the reactor. The film thickness on the exiting 
wafer, d, would then be the sum of the thickness depos- 
ited at each wafer position 

Nw 

= ~ g~*},At~ [17] 
i = 1  

Since the wafer spacing is small, the sum may be approx- 
imated by an integral over the reactor to obtain 

Nw Ati 
d = ~ g i w h .  h 

i=1 

A g ~? dz  = ~ L g  [18] 

The wafer process rate, d), is just  (Ate) -I and Nw = L/A. 
Thus, by rearranging Eq. [18], d) may be expressed as a 
function of the number  of wafers in the boat, the desired 
average thickness d, and the process variables determin- 
ing the average growth rate, 

Note that each wafer leaves the reactor with the same av- 
erage thickness d given by Eq. [18]. Thus, there is com- 
plete wafer-to-wafer uniformity. The in-wafer standard 
deviation in thickness may be shown to be 

= 

y ' o ( r , z )  r [20] 
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FILM T H I C K N E S S  h, 
Fig. 5. Wafer production rate per wafer load for desired thickness and 

given average growth rate in a continuous LPCVD reactor. Example ford 
= 5000A, g = 80;~/min, NW = 100, v;, = 100 wQfer/h. 

By using Eq. [18] and [19], it is possible to construct 
operating charts, such as Fig. 5, relating the wafer process 
rate for a desired film thickness to the average growth 
rate. The model developed is then useful in determining 
optimal operating conditions where the average growth 
rate may be obtained with acceptable in-wafer uniformity 
as given by Eq. [20]. For most polycrystalline Si deposi- 
tion conditions, the in-wafer film thickness variations are 
small (< 2%). However, for more complex deposition 
schemes, such as SiO~, it may be necessary to use Eq. [20] 
to estimate in-wafer film thickness deviations. Extensive 
calculations indicate that for the poly-Si kinetics the in- 
wafer film uniformity is always better in the moving 
LPCVD than the conventional reactor. An additional at- 
tractive feature of the moving boat reactor is that essen- 
tially complete conversion of the reactant can be 
achieved. 

Deposition of In Situ Doped Polycrystolline Si 
The presence of dopants has been observed to signifi- 

cantly alter the growth kinetics of Si films (13-15, 19-20). 
The growth rate is decreased by ASH:, and PH.~, whereas it 
is enhanced by R,H,. Different arguments have been pre- 
sented to explain the observed effect in the case of n-type 
dopants. Farrow (14) argued that dopant slowed the Si 
growth by adsorption on active sites, while Chang (15) 
proposed that the dopant changed the surface potential 
so that the Si species were less easily adsorbed. Farrow 
suggested that B~H,~ facilitated Sill4 decomposit ion on the 
surface, but Chang again proposed that the change in sur- 
face potential due to adsorbed B~H~ enhanced adsorption 
of Si species. Recent surface science experiments  by Yu 
and Meyerson (19) present strong evidence for the site 
blocking mechanism of rate suppression in in situ 
phosphorous-doped poly-Si deposition. They demon- 
strate that PH:~ strongly adsorbs on Si and that H., 
desorption from adsorbed PH:~ above 400~ leads to fur- 
ther increases in the phosphorous coverage, effectively 
blocking the coadsorption of Sill4. This is consistent with 
the appreciable suppression of the Si deposition rate by 
even small amounts of PH:~ observed experimentally. In 
addition, the effect has been shown to alter the activation 
energy of the overall deposition reaction (4, 13, 14, 16). In 
particular, the experiments by Baudrant and Sacilotti in- 
dicate a linearly varying activation energy with PH:, par- 
tial pressure. 

The present mulUcomponent  model was used in an at- 
tempt to determine the appropriate kinetics of in situ 
P-doped poly-Si. The data of Baudrant and Sacilotti (2) 
and Kurokawa (3) were used to test proposed kinetic 

schemes. However, many reactor parameters and experi- 
mental data necessary for simulation were not reported 
and therefore had to be estimated. It was found that typi- 
cal Langmuir-Hinshelwood kinetic schemes would not al- 
low satisfactory representation of the reported Si growth 
rates, although resistivity levels were approximated rea- 
sonably well (17). The failure of conventional Langmuir- 
Hinshelwood kinetics in modeling the data is consistent 
with Yu and Meyerson's (19) finding of a strong PH3 ad- 
sorption. In fact, preliminary calculations predicted PH3 
surface coverage of approximately unity. Additional more 
complicated rate expressions were tested including the 
effect of dopant on the Si deposition activation energy. 
However, owing to the lack of complete experimental  
data, it was not possible to conclude about the probable 
kinetics. Nonlinear regression of in situ doping is compli- 
cated by the added problem of predicting doping levels. 
Unfortunately, most studies including that of Baudrant 
and Sacilotti report resistivities rather than actual solid 
concentrations. This means that a reliable correlation be- 
tween resistivity and solid dopant concentration is 
needed. Nevertheless, the reasonable trends obtained 
with limited data (17) show good promise for future stud- 
ies with a larger data base. The gas-phase chemistry of 
the SiHdPH3/H~ system will likely have to be included in 
these studies to provide a complete understanding of rate 
depression and nonuniformities observed in deposition of 
in situ doped polyerystalline St. 

Conclusion 
A general model for mult icomponent-multireaction 

LPCVD reactor systems has been developed and applied 
to specific examples. The model details the multicom- 
ponent transport processes in the annular flow region as 
well as those between the wafers. Complex kinetic 
schemes involving both gas-phase and surface reactions 
can readily be included in the model formulation. The 
mult ieomponent  treatment was used to evaluate approxi- 
mations made in an earlier model (8) for po]ycrystalline 
deposition from Sill4. 

The utility of the model was further illustrated by the 
analysis of a countercurrent moving boat LPCVD reactor. 
This reactor gave excellent uniformity and had the addi- 
tional advantage of process automation. However, the me- 
chanical aspects of such a reactor need to be resolved. 

Because of the lack of detailed kinetic data for in situ 
doped polycrystalline St, it was not possible to verify the 
model to the same extent as done for pure polycrystalline 
Si deposition. In fact, the general scarcity of reliable ki- 
netic mechanisms and rate constants constitutes a major 
problem in CVD reactor modeling. The good predictions 
of pure Si deposition and the additional process insights 
resulting from the LPCVD reactor model should serve as 
incentives for future combined kinetic and reactor model- 
ing studies of more complex CVD systems, such as SiO2 
and SigN4. This is currently under investigation. 
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LIST OF SYMBOLS 

a area of wafer carrier relative to reactor tube area 
c concentration 
D~ binary diffusivity 
g growth rate 
Ji diffusive flux of component  i 
k~ rate constant for component  i 
K~ adsorption constant for component  i 
L length of reactor 
n number  of reactions gas phase, surface 
Nr radial molar flux 
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N~ axial molar flux 
r radial coordinate 
Rw radius of wafer 
Rt radius of reactor tube 
~ rate of reaction i 
S number of chemical species 
ht, t ime of each deposition step 
v linear velocity in annulus 
tb wafer processing rate 
x; mole fraction component i 
z axial coordinate 
a~ stoichiometric coefficient 
h wafer spacing 

standard deviation in in-wafer thickness 

Superscripts 

g gas phase 
s surface 
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Vaporization Behavior, Phase Equilibria, and Thermodynamic 

Stabilities of Nickel Phosphides' 

Clifford E. Myers*  and Thomas J. Conti 

Department of Chemistry, State University of New York at Binghamton, Binghamton, New York 13901 

ABSTRACT 

The equilibrium vaporization reactions 12Ni2P(s) = 2Ni,2Ps(s) + P~(g)and 6.SNi,~P~(s) = 32Ni~.5.~P(s) + P~(g)have been 
studied by mass-loss effusion in the temperature range 1237-1401 K. The results were combined with published calori- 
metric data for nickel-rich samples and static phosphorus-dissociation pressure data for phosphorus-rich samples, with 
consideration of the requirements of the published phase diagram, to obtain enthalpies of formation (from red P), 
AHf~ and enthalpies of atomization, AH%t/R, respectively, in kilokelvins at 298.15 K: 1/4 Ni3P(s), -5.94 -+ 0.5, 54.8; 1/3.55 
Ni2.55P(s), -6.65 -+ 0.5, 55.2; 1/17 Ni,~Ps(s), -6.73 + 0.5, 55.1; 1/3 Ni~P(s), -6.87 -+ 0.5, 54.8; 1/9 NisP4(s), -6.39 +- 0.5, 53.0; 
1/2.22 Ni,.22P(s), -6.32 _+ 0.5, 52.9; 1/2 NiP(s), -6.09 -+- 0.5, 52.1; 1/3 NiP2(s), -5.38 -+ 0.5, 49.4; 1/4 NiP3(s), -4.52 -+ 0.5, 47.6. 

The nickel-phosphorus phase diagram has been well es- 
tablished in the definitive work of Larsson (1), but pub- 
lished data do not permit a complete working out of the 
thermodynamics of the system. Weibke and Schrag (2) 
measured directly the heat of reaction of nickel and phos- 
phorus at about 630~ but their studies were limited to 
metal-rich compositions. Biltz and Heimbrecht  (3) mea- 
sured dissociation pressures of phosphorus over phos- 
phorus-rich samples, but the static method they em- 
ployed did not allow an overlap in composition with the 
calorimetric study (2). Hence, a Knudsen effusion study 
of phosphorus-dissociation pressures was initiated for the 
central portion of the phase diagram. 

The compositions of the intermediate phases and their 
temperature ranges of stability were taken from Larsson's 
study (1); the phase diagram is given in Fig. 1. In terms of 
this diagram, the reactions studied by Weibke and Schrag 
(2) are 

3Ni(s) + P(s, red) = Ni:~P(s) [1] 

2.55Ni(s) + P(s, red) = Ni2.5~P(s) [2] 

Similarly, the reactions studied by Biltz and Heimbrecht  
(3) are 

*Electrochemical Society Active Member. 
1Energy data in this paper are given in "rational" units; values 

in other units may be obtained by multiplying by the appropri- 
ate value of the gas constant, R. 

4NiP:~(s) = 4NiP2(s) + P4(g) [33 
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Fig. 1. Nickel-phosphorus phase diagram [after Lorsson, Ref. (1)]. 
Phases: a, Ni3P: b, NisP2 (/3); c, Ni2.ssP; d, Ni,~P~; e, Ni2P; f, NisP4; g, 
Ni-,.22P; h, NiP; i, NiP~; j, NiP~. 
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Table I. Data for the reaction: 12Ni2P(s) = 2Ni,2Ps(s) + P2(g) 

AH~ 
T Cell 103m(mg/min) P(P2) • 106(atm) - log P hqb,/R (kK) 

Run A (~560 mg sample) 

1260 C-3 1.5 9.25 5.03 20.38 40.27 
1360 C-3 21.0 134 3.87 20.47 39.96 
1285 C-3 3.8 23.7 4.63 20.40 39.91 
1323 C-3 8.3 52.4 4.28 20.34 39.95 
1331 C-192 1.83 121 3.92 20.44 39.22 
1304 C-192 0.61 40.0 4.40 20.41 39.83 
1274 C-3 1.2 7.44 5.13 20.39 41.03 
1286 C-3 1.44 8.97 5.05 20.31 41.07 

Run B (~565 mg sample) 
1338 C-192 2.0 133 3.88 20.45 39.32 
1322 C-192 1.1 72.6 4.14 20.43 39.61 
1354 C-192 3.84 257 3.59 20.46 38.90 
1322 C-3 6.22 39.3 4.41 20.43 40.43 
1360 C-3 20.0 128 3.89 20.47 40.02 
1347 C-4 7.39 158 3.80 20.46 39.35 
1324 C-4 2.73 58.1 4.24 20.43 39.98 
1359 C-4 10.2 220 3.66 20.47 39.27 
1289 C-4 0.90 18.9 4.72 20.40 40.31 
1302 C-4 1.1 23.2 4.63 20.41 40.46 
1328 C-4 2.78 59.2 4.23 20.44 40.08 
1302 C-4 1.50 31.6 4.50 20.41 40.07 
1353 C-4 5.17 111 3.95 20.46 39.99 
1331 C-4 3.5 74.7 4.13 20.44 39.87 

Run C (~510 mg sample) 
1341 C-192 1.83 122 3.91 20.45 39.50 
1362 C-192 3.69 247 3.61 20.47 39.20 
1305 C-192 0.53 34.8 4.46 20.42 40.05 
1237 C-4 0.17 3.50 5.46 20.36 40.74 
1260 C-4 0.32 6.64 5.18 20.38 40.71 
Effective orifice areas: C-3 2.75• -~ 

C-4 8.17• ~ Mean hH~ = 39.97 
C-192 2.63• lO-Scm ~ 

Table II. Data for the reaction: 6.80Ni,2P~(s) = 32Ni2.55P(s) + P2(g) 

AH~ 
T Cell 108m(mg/min) P(P2) • 106(atm) - log P hap'/R (kK) 

Run D (-360 mg sample) 
1401 C-4 1.4 32.8 4.48 20.97 43.83 
1400 C-4 1.3 28.4 4.55 20.97 44.03 
1399 C-4 1.5 32.8 4.48 20.97 43.77 
1399 C-192 0.48 32.6 4.49 20.97 43.80 

Effective orifice areas: C-4 8.17 • 10 -5 cm 2 
C-192 2.63 • 10-~cm ~ Mean AH~ = 43.86 

10 NiP2(s)= 2 ~ -  -~- Ni~P4(s) + P4(g) [4] 

8 
NisP4(s) ~ -  Ni2P(s) + P4(g) [5] 

3 

The  e f fus ion  s tudy  r e p o r t e d  here  c o n s i d e r e d  the  reac- 
t ions  

12Ni2P(s) = 2Ni,2Ps(s) + P2(g) [6] 

6.8Ni,2Ps(s) = 32Ni~..~sP(s) + P2(g) [7] 

w h i c h  p rov ide  a l ink b e t w e e n  the  two p rev ious  s tudies .  

Experimental 
The  ef fus ion  appa ra tus  u s e d  in th is  s tudy,  t oge th e r  wi th  

ca l ibra t ion  and  ope ra t ion  p rocedures ,  has  b e e n  desc r ibed  
p rev ious ly  (4). It cons i s t s  of  a v a c u u m  sys tem,  i nduc t ion  
heater ,  t e m p e r a t u r e  control ler ,  and  r eco rd ing  v a c u u m  
balance.  The channel -or i f ice  ef fus ion  cells were  fabri- 
ca ted  f rom 0.95 cm h igh -dens i ty  g raph i te  rod. The effec- 
t ive orifice areas were  d e t e r m i n e d  by d i rec t  measure -  
m e n t  as p rev ious ly  d e s c r i b e d  (4). The p h o s p h i d e  samples  
were  p r e p a r e d  by  d i rec t  c o m b i n a t i o n  of  the  e l e m e n t s  in 
evacua ted  and  sealed "Vycor"  glass ampuls ,  us ing  the  
p r o c e d u r e s  and  p recau t ions  de sc r ibed  earl ier  (4). The 
p r o d u c t s  of  the  p repara t ions ,  as well  as r e s idues  f rom the  
ef fus ion  runs,  w e r e  charac te r ized  by  x-ray p o w d e r  diffrac- 
t ion (5-7). O bse rved  in tens i ty  and  d spac ing  data  were  
c o m p a r e d  wi th  p u b l i s h e d  data  for Ni~P (5), Nii~P5 (7), and  
Ni2.55P (6). 

Resul ts  
The p r imary  data  were  t he  t empera tu re ,  co r r ec t ed  for 

t h e r m o c o u p l e  cal ibrat ion,  and  the  rate of  m a s s  loss,  cor- 

r ec t ed  for nonor i f ice  e f fus ion  (4) (less t h a n  20%), ob ta ined  
f rom the  r ecord ing  v a c u u m  balance.  Tables  I and  II list 
the  resul ts  for the  Ni.oP-Ni,2P~ and  Ni,2P~-Ni~.55P two- 
phase  regions,  respec t ive ly .  The  vapor iza t ion  was  found  
to be severe ly  re ta rded ,  and  long channe l s  were  r equ i red  
to r educe  the  effect ive orifice areas suff ic ient ly  to 
achieve  equi l ibr ium.  Addi t ional ly ,  the  m e a s u r e m e n t s  
were  great ly compl i ca t ed  by s in ter ing  of  the  samples  
w h i c h  resu l t ed  in a dec rease  in the  rate  of e f fus ion  as the  
run  progressed ,  even  t h o u g h  two solid p h a s e s  were  still 
p resen t .  In  order  to cope  wi th  th is  difficulty, the  s ample  
was  r e m o v e d  after  every  s e c o n d  or th i rd  po in t  for re- 
gr inding.  While th is  p r o c e d u r e  appea red  to o v e r c o m e  the  
difficulty, the  very  low rates  of mass  loss, par t icular ly  at 
lower  t empera tu re s ,  m a d e  de tec t ion  of  a dec rease  in the  
rate  ve ry  difficult. The  s lopes  of  the  mass - t ime  records  
could  be  m e a s u r e d  wi th  a r eproduc ib i l i ty  of  about  -+ 10%. 
The total  mass  losses  in  runs  A, B, and  C were  3.3, 7.6, 
and  2.1 mg, respec t ive ly ,  w h i c h  may  be  c o m p a r e d  wi th  
the  - 1 6  mg  loss n e e d e d  to cross  the  Ni2P-Ni,2P5 two- 
p h a s e  region. For  run  D, t he  total  loss was  2.3 mg,  wi th  
abou t  3 mg  loss n e e d e d  to cross  the  Ni,~P.~-Ni~.5~P two- 
p h a s e  region.  P r e s s u r e s  of  P2 were  calculated,  a s s u m i n g  
P2 and  P4 to be in equ i l ib r ium in the  vapor ,  w i th  the  mod-  
ification of  the  ef fus ion  equa t ion  der ived  earl ier  (4) 

K ~ R T  ,J2 ,2  
p(p2) = ~ {11+ 8m [8] 

w h e r e  K is the  equ i l ib r ium cons t an t  (8) for P4(g) = 2P2(g) 
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a n d  M is t he  m o l e c u l a r  w e i g h t  of  Pz. W h e n  P(P2) is g iven  
in  a t m o s p h e r e s ,  m ( the  ra te  of m a s s  loss) in  mg /min ,  T as 
Ke lv in  t e m p e r a t u r e ,  a n d  a ( the effect ive  orifice area) in  
c m  2, t he  c o n s t a n t  is C = 2.127 • 10 -6. B e c a u s e  t he  calcu- 
l a ted  p r e s su re s  do no t  s h o w  any  a p p a r e n t  v a r i a t i o n  w i th  
e f fec t ive  orif ice area,  all t h e  da ta  were  a s s u m e d  to repre-  
sen t  e q u i l i b r i u m  cond i t ions .  T h e r e  are  no  e n t r o p y  no r  
h i g h - t e m p e r a t u r e  hea t - capac i t y  da ta  for  t he  n icke l  phos-  
p h i d e s  in  t he  l i t e ra ture ,  a n d  it  was  n e c e s s a r y  to e s t ima te  
these .  The  p r o c e d u r e  u s e d  ear l ier  (4), b a s e d  on  p u b l i s h e d  
da t a  on  t r a n s i t i o n  m e t a l  s i l ic ides  (9-13), was  u s e d  to gener-  
ate  t he  e s t ima tes  g iven  in  Tab le  III. T he  va lue  for the  en- 
t r opy  of N iP  was  a d j u s t e d  u p w a r d  b y  5% in  o rde r  to  ob- 
t a i n  r e su l t s  c o n s i s t e n t  w i t h  the  o b s e r v e d  d i a g r a m  (1). 

Th i rd - l aw e n t h a l p y  c h a n g e s  for r eac t ions  [6] a n d  [7] 
we re  ca l cu la t ed  u s i n g  f r ee -ene rgy  func t ions ,  cP, _= 
- (Gr ~ - H%98.,~)/T, b a s e d  o n  t he  e n t r o p y  a n d  h e a t  capac i ty  
es t imates .  The  s econd- l aw  e n t h a l p y  c h a n g e  for  r eac t ion  
[6] was  ca lcu la ted  to b e  58.8 k K  a t  298.15 K, w h i c h  is in  
poor  a g r e e m e n t  w i t h  t he  m e a n  th i rd - l aw value .  The  
s econd- l aw  va lue  was  r e j ec t ed  in  favor  of  t he  th i rd - l aw re- 
sult.  Th i s  cho ice  was  b a s e d  on  two  cons ide ra t ions .  First ,  
t h e  ve ry  low ra tes  of  m a s s  loss  at  l ower  t e m p e r a t u r e s  
m a d e  de t ec t i on  of  c u r v a t u r e  in  the  m a s s  vs. t i m e  r eco rd  
e x t r e m e l y  difficult ,  a n d  thus ,  t he  o b s e r v e d  s lopes  in  th i s  
r a n g e  m a y  be  too smal l  due  to k ine t i c  effects  b r o u g h t  on  
b y  s i n t e r i n g  of  the  sample .  Second ,  a t t e m p t s  to force 
a g r e e m e n t  of  t he  s econd- l aw  a n d  th i rd - l aw re su l t s  w o u l d  
r equ i r e  i n c r e a s i n g  hO'/R for  r eac t ion  [6] b y  13.9. I t  is un-  
l ike ly  t h a t  t h e  e n t r o p y  e s t i m a t e s  for  Ni,2P5 a n d  Ni2P are  
in  e r ro r  b y  an  a m o u n t  suff ic ient  to  p r o d u c e  t h i s  differ- 
ence,  b e c a u s e  s imi la r  e s t i m a t e s  for  o t h e r  s y s t e m s  (4, 14) 
h a v e  p r o d u c e d  a c c e p t a b l e  a g r e e m e n t .  Hence ,  t he  m e a n  
t h i rd - l aw  va lue  was  u s e d  in  s u b s e q u e n t  ca lcu la t ions .  The  
ava i l ab le  t e m p e r a t u r e  r a n g e  for  t he  s t u d y  of  r eac t i on  [7] 
was  too smal l  to  p e r m i t  d e t e r m i n a t i o n  of  a m e a n i n g f u l  
s econd- l aw  e n t h a l p y  change ;  hence ,  t h e  m e a n  t h i rd - l aw  
r e s u l t  was  ca r r ied  f o r w a r d  in to  s u b s e q u e n t  ca lcula t ions .  
F r e e - e n e r g y  f u n c t i o n s  b a s e d  on  the  e s t ima te s  in  Tab le  I I I  
were  u s e d  to o b t a i n  th i rd - l aw e n t h a l p y  c h a n g e s  for  reac- 
t ions  [3], [4], a n d  [5] f rom t he  da t a  of  Bli tz  a n d  H e i m b r e c h t  
(3). T h e  e n t h a l p i e s  r e p o r t e d  b y  W e i b k e  a n d  S c h r a g  (2) 
we re  co r rec t ed  to 298.15 K b y  m e a n s  of  t h e  h e a t  capac i ty  
e s t i m a t e s  in  T a b l e  III. E n t h a l p i e s  of  r eac t i on  a t  298.15 K 
are  s u m m a r i z e d  in  Tab le  IV. T he  a p p r o p r i a t e  c o m b i n a -  
t ion  of  t h e s e  w i t h  t h e  e n t h a l p i e s  of  f o r m a t i o n  (8) of  Pz(g) 
a n d  P4(g) 

2P(s, red) = P.2(g) [9] 

4P(s, red) = P4(g) [10] 

y ie lds  e n t h a l p i e s  of f o r m a t i o n  
AH, = AHr(Ni:3P) 

AH2 = AH~Ni~..~P) 

1 
AH,:, = AH~(Ni,~P~) = ~ (AH9 + 32AH~ - AHT) 

AH,4 = AH~(Ni2P)= ~ (AH. + 2 A H , . -  AHs) 

AHI5 : AZf(iisP4) : __~ (AH, 0 -~- ~ 0  AH14 _ AHE) 
15 ; 5  

1 
hH,~ = AH~(NiP:0 = ~ (A/-/,o + 4AH,~ - AH:O 

w h i c h  are t abu la t ed ,  t o g e t h e r  w i t h  e n t h a l p i e s  of  a tomiza-  
t ion,  in  Tab le  V. In  th i s  ser ies  of  ca lcu la t ions ,  i t  is as- 
s u m e d  t h a t  AH ~ AS '), a n d  AG o of p h a s e  f o r m a t i o n  are es- 
sen t ia l ly  c o n s t a n t  across  t he  Ni~P s ing le -phase  region.  

T h e  e n t h a l p i e s  of  f o r m a t i o n  of NiP  a n d  NiL22P m a y  be  
d e d u c e d  f rom da ta  in  T a b l e  V a n d  c o n s i d e r a t i o n  of  t h e  
p h a s e  d i a g r a m  (1). B e c a u s e  NiP(s)  is f o r m e d  s p o n t a n e -  
ous ly  f rom NisP4 a n d  NiP2 a b o v e  (bu t  no t  be low)  a b o u t  
850~ (1123 K), i ts  f o r m a t i o n  f rom these  c o m p o u n d s  m u s t  
p r o c e e d  w i th  pos i t ive  c h a n g e s  in b o t h  e n t h a l p y  a n d  en- 

Table III. Estimated entropies and heat capacities 

S%gs.,dR A B • 10 ~ K- '  

Ni3P 13.1 10.3 4.72 
Ni2.ssP 11.8 9.10 4.00 
Ni,2P~ 56.3 42.2 21.0 
Ni2P 9.9 7.50 3.20 
NisP4 26.4 23.5 7.30 
Ni,. 22P 6.63 5.69 1.75 
NiP 5.6 5.23 1.41 
NiP~ 6.4 7.85 1.91 
NiP3 8.4 10.5 2.26 

Ce/R = A + BT 

Table IV. Enthalpies of reaction at 298.15 K (kK) 

Reaction AH%_gs.,jR Notes 

3Ni(s) + P(s, red) = Ni3P(s) (1) -23.8 -+ 2 a 

2.55Ni(s) + P(s, red) = Ni2.~sP(s) (2) -23.6 .+ 2 a 

4NiP3(s) = 4NiP2(s) + P4(g) (3) 23.2 -+ 3 b 

10 2 
3 NiP2(s) i~P4(s) + P4(g) (4) 31.0 "+ 3 b 

8 20 
~-NisP,(s) = -~-Ni.~P(s) + P4(g) (5) 31.6 -+ 3 b 

12NizP(s) = 2Ni,2Ps(s) + P2(g) (6) 40.0 .+ 3 c 

6.80Ni,2P~(s) = 32Ni~.~sP(s) + P2(g) (7) 43.9 _+ 3 c 

1 1 
~-Ni~P4(s) + ~-NiP2(s) = NiP(s) (11) 0.1 -+ 0.1 d 

0.24NisP4(s) + 0.02NiP~(s) = Ni,.22P(s) (12) 0.1 .+ 0.1 d 

a) Calculated from the data of Weibke and Schrag (2). 
b) Calculated from the data of Biltz and Heimbrecht (3). 
c) This work. 
d) Calculated from phase diagram (1). 

tropy at that temperature, and AH~ = TAS~ at 1123 K. 
Use of the estimated entropy and heat-capacity data in 
Table Ill leads to the enthalpy of reaction recorded in 
Table IV and the enthalpies of formation and atomization 
of NiP(s) given in Table V. According to the phase dia- 
gram (1), Ni,.2~P is stable with respect to NisP4 and NiPs 
only between about 770~ (1043 K) and 825~ (1098 K). 
This requires not only that AH~ = TAS~ at both these 
temperatures, but also that both AHo,2 and AS~ be post- 

Table V. Enthalpies of formation (from red P) and atomization (kK) at 
298.15 K 

AHodR AH%,/R 

1 
- -  Ni:~P(s) 5.94 _+ 0.5 54.8 
4 

1 
--Ni2.~sP(s) 6.65 -+ 0.5 55.2 
3.55 

1 
--Ni,zP.~(s) 6.73 -+ 0.5 55.1 
17 

1 
- -  Ni~P(s) 6.87 .+ 0.5 54.8 

3 

1 
--Ni~P4(s) 6.39 .+ 0.5 53.0 
9 

1 
- - N i ,  2~P(s) 6.32 .+ 0.5 52.9 
2.22 

1 
--NiP(s) 6.09 -+ 0.5 52.1 
2 

1 
--NiP2(s) 5.38 -+ 0.5 49.4 
3 

1 
--NiP:,(s) 4.52 -+ 0.5 47.6 
4 
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tive at the lower temperature and negative at the higher 
temperature. These considerations, together with the esti- 
mated entropy and heat-capacity data in Table III, were 
used to deduce the value for hHl~ in Table IV and the 
enthalpies of formation and atomization of Ni~.22P(s) given 
in Table V. Uncertainty limits were assigned in the man- 
ner described earlier (14). 

It has been pointed out (14) that the atomization 
enthalpies per gram atom of the nickel phosphides are, at 
corresponding compositions, very nearly the same as 
those for the phosphides of iron (15) and cobalt (4); but, 
when valence-state energies (16) of the metal atom are 
taken into account (14), the atomization enthalpies to 
valence-state atoms per mole of monophosphides show a 
regular decrease in the series CRP(145.3 kK) (17), 
MnP(141.3 kK) (14), FeP(130.0 kK) (15), CoP(ll9.1 kK) (4), 
and NIP(104.2 kK). This decrease parallels the decrease in 
the number  of bonding electrons per metal atom from six 
in CrP to two in NiP and suggests that chemical bonding 
is similar in this series of compounds. 
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Properties of LPCVD Aluminum Films Produced by 
Disproportionation of Aluminum Monochloride 

R. A. Levy,* P. K. Gallagher, R. Contolini, *.1 and F. Schrey 

AT&T Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

This study describes the properties of LPCVD A1 deposited by the disproportionation of A1C1 on Si and SiO._, sub- 
strates. In  contrast to the organometallic LPCVD A1 processes, this deposition technique offers the advantages of a 
lower hazard potential and, possibly, the ability of simultaneously incorporating desired dopants such as Cu and/or St. 
The A1 deposits are shown to be chemically pure, as well as adherent, and to exhibit the normal structural and electrical 
properties of A1. Furthermore, the films exhibit, in local areas, signs of specularity reflecting the absence of the rough 
topographical structure typical of organometallic LPCVD A1 processes. However, the difficulties associated with proper 
activation of the substrate surface remain, at the present, a significant problem in the viability of this metallization 
technology. 

Aluminum and aluminum-alloy films are widely used 
in the metallization of integrated circuits. Such films 
have normally been deposited by electron-beam (E-Gun *~) 
or RF induction-source evaporation (In-Source~ al- 
though recently the use of magnetron sputtering has be- 
come more prominent.  All of these line-of-sight deposi- 
tion techniques suffer, however, from poor step coverage, 
which often results in formation of microcracks and 
discontinuities at corners of deep steps. With the current 
growth in emphasis on multilevel structures for vertical 
integration, coupled with the incessant interest in devices 
with high packing densities and horizontally reduced di- 
mensions, the need for deposition processes providing 
conformal step coverage now becomes essential. Re- 
cently, several studies pertaining to the characterization 
of a luminum films deposited by an LPCVD process 
using tri-isobutyl a luminum (TIBAL) as a source have 
been reported (1-4). The results show that this particular 
process does indeed provide conformal step coverage, ex- 
hibits excellent film properties in terms of chemical pu- 

* Electrochemical Society Active Member. 
' Presently at Bell Communication Research, Incorporated. 

rity, adhesion, and electrical resistivity, is compatible 
with current ~LSI  processing, and appears to have no ad- 
verse effects on overall device performance. However, in 
a comparison with In-Source A1-0.5% Cu films (1, ~), dif- 
ferences for LPCVD A1 were noted with respect to its sur- 
face roughness, fine grain size, and inferior 
electromigration resistance. Furthermore, the safety 
hazard associated with the use or disposal of TIBAL, a 
highly toxic and pyrophoric material, was emphasized as 
being of concern. In view of these recognized limitations, 
a study was undertaken to assess the feasibility of using 
alternate and safe A1 sources. In this paper, we describe 
the properties of LPCVD A1 films deposited by the 
disproportionation reaction 

A1CI:~ + 2A1 ~ 3A1C1 

We shall demonstrate that, with the use of this process, 
the deposits exhibit a high degree of chemical purity, a 
randomly textured structure, the expected electrical 
properties of AI films, and, in select areas, evidence of a 
significant degree of optical reflectivity. However, as 
typical of other LPCVD metal processes, it was found 
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that  the  d e v e l o p m e n t  of a rel iable p rocedure  for 
act ivat ing the substra te  surface to insure  r ep roduc ib le  
un i fo rmi ty  in nuc lea t ion  and growth of  the  film is essen- 
tial. A l though  a t tempts  were  made  to deve lop  such an ac- 
t iva t ion process,  d iscuss ions  per ta ining to this par t icular  
topic  will not  be inc luded  in this paper.  

Physical properties and plating chemistry of 
AICI3.--CVD methods  based upon  the  t ranspor t  of inor- 
ganic chlorides have  been  used  in a wide  var ie ty  of  appli- 
cations (6). As a CVD source,  a l uminum t r ichlor ide  (7) is a 
colorless,  crystal l ine solid wi th  a mel t ing  poin t  of 192.4~ 
a sub l imat ion  point  of 180~ at 1 atm, and a dens i ty  of 2.44 
g/cm 3. The  vapor  pressure  of  solid A1Cla be tween  420 K 
and the  mel t ing  point  467 K, is g iven  by log Peru = 15.115 - 
6000/T. For  the l iquid,  b e t w e e n  467 and 482 K, log PCm = 
6.678 -- 2070/T. Despi te  its sat isfactory vapor iza t ion  char- 
acteristics,  AICI3 does  not  readily decompose  by a pyro- 
lytic, d isplacement ,  or r educ t ion  react ion to yield metal l ic  
a luminum.  However ,  it can part ial ly react  at h igh temper-  
atures wi th  mol ten  Al(>660~ to form A1C1 as follows. 

A1C13 + 2A1 ~ 3AIC1 [1] 

This equ i l ib r ium equa t ion  may  be v iewed  as the sum of 
two equat ions ,  namely  

and 

3 
A1CI:~ ~ A1 + -~- Cl2 [2] 

3 
-~- (2Al + Cl., -~ 2AICl) [3] 

where standard free energy data (8) is available, in this 
case, for each. For Eq. [2] 

AG ~ (cal/mol) = 140,000 - 2.5T log T - 7.05 T 

and for Eq. [3] 

3 
AG ~ (cal/mol) = -~ (-25,860 + II.8T log T - 71.9T) 

yielding for the sum a value for 

hG ~ (cal/mol) = 101,210 + 15.2Tlog T- I14.9T 

A computer plot for the standard free energy correspond- 
ing to Eq. [1] is shown in Fig. I. Examination of the re- 
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Fig. 1. Standard free-energy change (AG ~ as a function of tempera- 
ture for the reaction AICI~ + 2AI ~ 3AICI. 
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Fig. 2. Schematic diagram of the AI LPCVD reactor used in this project 

sults indicates  that  the  equ i l ib r ium in Eq. [1] is indeed  
d isp laced  toward the  r ight  wi th  increas ing tempera-  
ture, bu t  the free energy  does  not  b e c o m e  nega t ive  till 
above  1200~ At  lower  tempera tures ,  this equ i l ib r ium 
shifts back  to the  left, and  the  AIC1 reverts  to A1 and 
A1CI~. For  instance,  at 1250 K and 0.5 torr  of  A1CI~, 
app rox ima te ly  11% of  this AIC13 vapor  in contac t  wi th  A1 
wou ld  be conver ted  to A1C1 at equi l ibr ium.  U p o n  cool ing 
to 500 K, vir tual ly  all of  this A1CI wou ld  d ispropor t iona te  
to A1 and gaseous A1C13, which  may  be recovered  and re- 
cycled  if  desired. 

Ra ther  than con tend  with  the p rob lems  and inconven-  
ience  of handl ing,  vaporizing,  and p reven t ing  the up- 
s t ream condensa t ion  of  AICI3, the  s impler  and controlla- 
ble  process  of in t roduc ing  HC1 into the  carrier  gas stream, 

Fig. 3. Representative sampling of SEM photographs showing LPCVD AI films deposited under various experimental conditions: a) AICI~ source at 
100~ AI at 900~ substrate at 400~ b) HCI source, AI at 900~C, substrate predipped in 1% H~WO4 solution, substrate temperature 220~ 
cross-sectional view; c) some as b, but top view; d) AICI:~ source at 100~ AI at 975~ predipped in 1% H2WO4 solution, substrate temperature 450~ 
e) AICI.~ source at 100~ AI at 900~ substrate predipped in ! 00: ! HF, followed by 1% organosilane solution, substrate temperature 515~ f) HCI 
source, AI at 900~ substrate at 600~ 
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e.g., H2 or Ar, to fo rm A1CI:3 in situ by  r eac t i on  w i t h  mol-  
t en  A1 was t r i ed  in  th i s  s t u d y  a n d  f o u n d  to b e  successful .  
Two s i m u l t a n e o u s  e q u i l i b r i u m  reac t ions  are  be l i eved  to 
a c c o u n t  for  the  t r anspo r t ,  n a m e l y  

3 
3HC1 + A1 ~ A1C13 + ~ -  H2 [4] 

a n d  

A1C13 + 2A1 ~ 3A1C1 

For  s u c h  a t r a n s p o r t  m e c h a n i s m ,  we f o u n d  it adv i s ab l e  to 
l imi t  t he  flow of  HCI so t h a t  i t  cou ld  be  to ta l ly  c o n s u m e d  
in the  ho t  zone  a n d  no t  be  ava i lab le  d o w n s t r e a m  to e t ch  
t he  A1 deposi t .  I t  is i n t e r e s t i n g  to no t e  t h a t  th i s  AIC1 
d i s p r o p o r t i o n a t i o n  p roces s  is an  a typica l  CVD m e t h o d  in  
t he  s e n s e  t h a t  i n s t ead  of  hav ing ,  u n d e r  n o r m a l  cond i t ions ,  
t he  cool  r e a c t a n t  gases  d e c o m p o s e  on  a ho t  s u b s t r a t e  sur- 
face, we h a v e  in th i s  pa r t i cu la r  case  ho t  r e a c t a n t  gases  
d e c o m p o s i n g  on  a cool  s u b s t r a t e  surface.  We be l i eve  t ha t  
de sp i t e  th i s  d i f fe rence ,  the  conformalit~J in  s tep  coverage  
is still  to be  e x p e c t e d  of  th i s  process .  

Experimental  Procedure 
A s c h e m a t i c  r e p r e s e n t a t i o n  of the  a p p a r a t u s  u s e d  in t h e  

p r e s e n t  i n v e s t i g a t i o n  is s h o w n  in  Fig. 2. In  cases  w h e r e  
A1C13 was  u s e d  as  a source  mater ia l ,  i t  was  h e a t e d  in  Fur-  
n a c e  1 over  t he  t e m p e r a t u r e  r a n g e  of 120~176 Th e  mol-  
t e n  a l u m i n u m  was  h e a t e d  in  F u r n a c e  2 over  t he  t e m p e r a -  
t u r e  r a n g e  of  900~176 The  s amp le s  were  p l aced  in  t h e  
s teep  t e m p e r a t u r e  g r a d i e n t  at  t he  d o w n s t r e a m  e n d  of  the  
fu rnace ,  w i t h  t h e i r  r e s p e c t i v e  pos i t ions  d e t e r m i n i n g  the i r  
t e m p e r a t u r e .  In  a d d i t i o n  to t he  t h e r m o c o u p l e s  u s e d  for 
m o n i t o r i n g  t h e  t e m p e r a t u r e  of  the  A1C13 s o u r c e  a n d  the  
m o l t e n  A1, t h r e e  o the r s  s t r a d d l e d  t he  s a m p l e s  to  e s t ab l i sh  
t he  d e p o s i t i o n  t e m p e r a t u r e  range.  In  all cases,  t h e  ther -  
m o c o u p l e s  were  e x t e r n a l  to  t h e  r eac t ion  tube ,  du e  to the  
co r ros ive  n a t u r e  of t he  a m b i e n t .  The  2.5 in. id of the 
qua r t z  t u b e  a l lowed  for  s a m p l e s  w i t h  a p p r o x i m a t e l y  3 
c m  -~ areas  to  b e  s t a c k e d  one  b e h i n d  t he  o the r  1-2 c m  apa r t  
or for  long  n a r r o w  s t r ips  to  b e  e x p o s e d  s ide-by-s ide  so 
t h a t  t h e  en t i r e  t e m p e r a t u r e  g r a d i e n t  (150~176 was 
a c h i e v e d  a long  a s ingle  sample .  A smal l  c o n v e n t i o n a l  me-  
chan i ca l  p u m p  was  u s e d  to p r o v i d e  the  m o d e s t  v a c u u m  
r e q u i r e m e n t s .  A to ta l  o p e r a t i n g  p r e s s u r e  of 1 to r r  was  
u s e d  for  m o s t  e x p e r i m e n t s .  The  b a s e  p r e s s u r e  a c h i e v e d  
w i t h o u t  t he  i n t e n t i o n a l  add i t i on  of  gases  r a n g e d  f rom 0.02 
to 0.05 torr.  W h e n  HC1 was  u s e d  in t he  gas  s t ream,  t h e r e  
was  no  A1C13 p r e s e n t  and,  hence ,  no  n e e d  for  F u r n a c e  1. 
Th i s  in  t u r n  s impl i f i ed  the  e x p e r i m e n t a l  p r o c e d u r e  a n d  
a l lowed,  t h r o u g h  m e a s u r e m e n t  of  flow rates ,  s t r ic t  con-  
t ro l  o n  t h e  c o m p o s i t i o n  of  r e a c t a n t  gases.  In  s o m e  of t h e  
e x p e r i m e n t s  w h e r e  HC1 was  used ,  a smal l  A_lundum boa t  
w i t h  Ti me ta l  was  a d d e d  in ho t  zone  j u s t  a h e a d  of  the  
o t h e r  A l u n d u m  boa t  c o n t a i n i n g  the  Al. The  Ti p r e s u m a -  
b ly  s e r v e d  to ge t t e r  t he  gas  s t ream,  pa r t i cu la r ly  for  O5 a n d  
H20, a n d  se rved  to ac t iva te  t he  s u b s t r a t e  sur face  as re- 
p o r t e d  in t he  case  of  L P C V D  A1 d e p o s i t e d  f rom organo-  
meta l l ics .  A l t h o u g h  n u m e r o u s  runs  h a v e  b e e n  m a d e  
u s i n g  th i s  d i s p r o p o r t i o n a t i o n  p rocess  w i t h  a w ide  r ange  
of  e x p e r i m e n t a l  var iab les ,  Al f i lms c o n s i s t e n t  w i t h  the  
s t a n d a r d s  r e q u i r e d  of  dev ice  f ab r i ca t i on  h a v e  n o t  b e e n  
r e p r o d u c i b l y  ach ieved .  A r e p r e s e n t a t i v e  s a m p l i n g  of  S E M  
p h o t o g r a p h s ,  s h o w n  in  Fig. 3, for  t he  f i lms d e p o s i t e d  u m  
der  va r ious  e x p e r i m e n t a l  cond i t i ons  is use fu l  he r e  in  
i l l u s t r a t ing  t he  p r o b l e m s  a s soc ia t ed  w i t h  i m p r o p e r  nucle-  
a t i on  a n d  g r o w t h  of  t he  s u b s t r a t e  a n d  the  ef fec t  on  t h e  
s t r u c t u r e  of depos i t s .  Th i s  i nves t i ga t i on  will, t hus ,  solely 
focus  on  cha rac t e r i z a t i on  of t he  be s t  f i lms p r o d u c e d  to 
da te  w i t h  t h i s  process .  S u c h  fi lms we re  d e p o s i t e d  b o t h  
on  Si a n d  SiO2 s u b s t r a t e s  w i t h  HC1 a c c o u n t i n g  for t h e  
t r a n s p o r t  (i.e., no d i rec t  a d d i t i o n  of  A1C13). The  t e m p e r a -  
t u r e  of A1 a n d  Ti  (used  for  ge t te r ing)  was  con t ro l l ed  at  
900~ a n d  the  d e p o s i t i o n  t e m p e r a t u r e  of  t he  s amp l e s  was  
m o n i t o r e d  at  -400~ The  ope ra t iona l  s e q u e n c e  of  deposi-  
t i on  n o r m a l l y  p r o c e e d e d  as follows. S t a r t i n g  w i t h  a ba se  
p r e s s u r e  of 45 mtor r ,  H2 was  i n t r o d u c e d  at r o o m  t e m p e r a -  
ture ,  r a i s ing  t he  p r e s s u r e  to  800 mtor r ,  F u r n a c e  2 was  
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t h e n  h e a t e d  to 900~ at  w h i c h  po in t  HC1 was  a d d e d  to 
ra ise  t h e  to ta l  p r e s s u r e  to 1 torr .  T h e  HC1 flow was  ma in -  
t a i n e d  for  45 min ,  a n d  t h e n  b o t h  t h e  f low of  HC1 a n d  t he  
p o w e r  to t h e  fu rnace  were  s h u t  off a n d  the  r eac to r  was  al- 
lowed  to coo_~ at  i ts  o w n  ra te  in  t h e  flow of  H2 a t  800 
mtorr .  A p p r o x i m a t e l y  0.6 of  t h e  127.6g of  A1 was  t rans-  
p o r t e d  d u r i n g  s u c h  a run,  w h e r e a s  t h e  loss  f r o m  t h e  10.2g 
of  Ti was  >0.1g. S o m e  a t t ack  of  t h e  qua r t z  t u b e  was  obvi-  
ous  in  t h e  h o t  zone  s u r r o u n d i n g  t h e  A1. Con t ro l l ed  exper i -  
m e n t s  w i t h  t h e  HC1 s h u t  off, b u t  all o the r  cond i t i ons  
m a i n t a i n e d  t h e  same,  i n c l u d i n g  p r e s s u r e  a d j u s t m e n t  to 1 
t o r r  w i t h  H~, fa i led r e p r o d u c i b l y  to p r o d u c e  A1 depos i t s  
on  t h e  wafer ,  t h u s  c o n f i r m i n g  t h e  ch lo r ide  t r a n s p o r t  na- 
tu re  of  th i s  process .  T h e  c o n t r i b u t o r y  effect  of  A1 evapo-  
r a t i on  on to  depos i t s  was  cons ide red ,  b u t  was  d i s m i s s e d  in  
v i ew  of  t h e  e x c e e d i n g l y  low v a p o r  p r e s s u r e  of  A1 (4.7 • 
10 -4 t o r r  a t  1000~ a n d  t h e  lack of  ma te r i a l  t r a n s p o r t  
n o t e d  in  t h e  con t ro l l ed  e x p e r i m e n t s .  

Fig. 4. SEM photographs taken at several magnifications of best 
/PCVD AI deposits. 
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qua te ly  u n i f o r m  to i n s u r e  p r o p e r  g r o w t h  a n d  coa l e scence  
of  the  film. T h e  ver t ica l  S E M  cross  sec t ion  across  a co- 
h e r e n t  reg ion  of the  film, s h o w n  in Fig. 6, i l lus t ra tes  the  
s m o o t h n e s s ,  un i fo rmi ty ,  a n d  c o n t i n u i t y  of  the  A1 deposi t .  

Chemical composition.--The pur i ty  of  the  A1 depos i t  
was  i n v e s t i g a t e d  t h r o u g h  t h e  use  of  x-ray f luorescence  
(XRF), ene rgy  d i spe r s ive  x-ray analys is  (EDX), an d  Auge r  
e l ec t ron  s p e c t r o s c o p y  (AES). 

T h e  f luorescence  da ta  was g a t h e r e d  in  a n  x-ray 
Mi l l ip robe  un i t  i n t e r f a c e d  to a Li -dr i f ted  Si d e t e c t o r  a n d  a 
PGT-3  ana lyz ing  sys tem.  A Cr t a rge t  o p e r a t e d  at  50 kV 
a n d  3 m A  p r o v i d e d  t h e  source  of radia t ion .  The  s a m p l e  
was  p l aced  in a c h a m b e r  f lushed  wi th  He to m i n i m i z e  ab- 
so rp t i on  of  t h e  e m i t t e d  x-rays.  A 0.75 m m  a p e r t u r e  and  4.8 
m m  b e a m  stop we re  u sed  for e n h a n c i n g  coun t - ra t e  
efficiency. In  cases  w h e r e  e x t r a n e o u s  d i f f rac t ion  p e a k s  
were  obse rved ,  t h e  s a m p l e  was  r e o r i e n t e d  to l e s sen  the i r  
i n t e r f e r e n c e  effect. T h e  x-ray f luorescence  spec t ra  for 

Fig. 5. SEM photograph of/PCVD AI deposit exhibiting both the co- 
herent and incoherent regions of the film. 

Film Character izat ion 
The  t opog raphy ,  t he  c h e m i c a l  compos i t i on ,  t he  adher -  

ence,  a n d  the  s t ruc tura l ,  e lectr ical ,  a n d  opt ica l  p rope r t i e s  
of L P C V D  A1 d e p o s i t e d  on  b l a n k  wafers  by  d i spropor -  
t i o n a t i o n  of  A1C1 h a v e  b e e n  charac te r i zed .  E a c h  of  t he se  
p r o p e r t i e s  will  n o w  be  desc r ibed .  

Topography.--In c o n t r a s t  to the  c l o u d y  a p p e a r a n c e  
cha rac t e r i s t i c  of L P C V D  A1 depos i t ed  f rom a T I B A L  
source  (1-3), L P C V D  A1 p r o d u c e d  by  d i s p r o p o r t i o n a t i o n  
of  A1C1 e x h i b i t  in  local ized areas  across  t he  s a m p l e  a 
s ign i f ican t  degree  of opt ica l  reflectivity.  Typica l  SE M 
p h o t o g r a p h s  of s u c h  areas,  s h o w n  at  severa l  magnif i -  
ca t ions  in  Fig. 4, revea l  a c o n t i n u o u s  n e t w o r k  of g rooved  
gra ins ,  w i t h  an  ave rage  g ra in  size of - 4  ~ m  a n d  a r a t h e r  
u n i f o r m  size d i s t r ibu t ion .  The  lack of s teep  peaks  a n d  val- 
leys, w h i c h  genera l ly  a c c o u n t  for poor  re f l ec tance  of a 
surface,  is in  th i s  case  c lear ly  evident .  The  e x t e n t  of t he se  
areas  is obse rved ,  howeve r ,  to  be  spacia l ly  l imi t ed  to ~<1 
cm, w i t h  the  b o r d e r s  b e i n g  marked ,  as s e e n  in  Fig. 5, by  
t he  p r e s e n c e  of vo ids  across  t he  r e s t  of  the  film. T h e  
g roov ing  o b s e r v e d  at t he  g ra in  b o u n d a r i e s  is p r e s u m a b l y  
due  to p re fe ren t ia l  e t c h i n g  of the  b o u n d a r y  sur face  by  
ch lo r ine  ions  in  t he  gas  s t ream,  whi l e  t he  holes  s ca t t e r ed  
t h r o u g h  t he  i m p e r f e c t  r eg ions  of the  fi lm are be l i eved  to 
be, as p rev ious ly  noted ,  the  r e su l t  of  i m p r o p e r  ac t iva t ion  
of  the  s u b s t r a t e  surface.  Ev iden t ly ,  t he  c o n c e n t r a t i o n  of 
nuc le i  on  t he  s u b s t r a t e  sur face  was  no t  in  th i s  case  ade- 

Fig. 6. Vertical SEM cross section across a coherent region of the Fig. 7. X-ray fluorescence (XRF) spectra for AI deposited by a) 
LPCVD AI film. disproportionation of AICI and by b) In-Source evaporation. 



Vol. 132, No. 2 L P C V D  A L U M I N U M  F I L M S  461 

LPCVD A1 deposited by disproportionation of A1C1 and 
for In-Source A1-0.5% Cu, used here for control purposes, 
are shown in Fig. 7a and 7b, respectively. Besides the 
common occurrence of the characteristic Ks and K~ lines 
of the Cr target tube at 5.41 and 5.95 keV and the Cr K~ es- 
cape peak at 3.67 keV, the relevant K~ lines in both 
samples appear to be due to A1 (1.49 keV) and, as a result 
of the SiO~ substrate, Si (1.74 keV). In the case of the 
LPCVD A1 sample, traces of C1 were noted while, for the 
In-Source A1-0.5% Cu film, the presence of the Cu K~ line 
at 8.05 keV is clearly evident. 

While topographical information was being gathered in 
the SEM, the EDX attachment (Kevex-7000) on the sys- 
tem provided a compositional analysis of areas of interest. 
Accelerating potentials of 10 or 20 keV were used for the 
purpose of varying the penetration depth of the electron 
beam. For the LPCVD A1 sample, an EDX spectrum 
taken at 10 keV over the range of 0.16-5.28 keV reveals in 
Fig. 8a a unique line at 1.49 keV attributed to the K~ tran- 
sition of A1. At the higher accelerating potential of 20 keV, 
in the range of 0.80-3.36 keV, the spectra of Fig. 8b repre- 
senting a superposition of LPCVD A1 (dotted lines) and 
In-Source A]-0.5% Cu (solid lines) reveal in both cases the 
emergence of the Si K~ signal from the substrate at 1.74 
keV. The higher intensity peak of A] and lower intensity 
peak of Si measured for LPCVD A1 is a reflection of the 
thickness of the deposit, which in this case is -2 .4 /zm v s .  
-1 /~m for the In-Source A1-0.5% Cu film. An extension of 
the energy scale to 10.96 keV is seen in Fig. 8c to yield the 
Cu Ks peak at 8.05 keV for the In-Source sample. The ab- 
sence of extraneous peaks over this wide energy range is 
direct evidence of the compositional purity of both depos- 
its. It is worthwhile noting at this point that one of the ad- 
vantages of using electrons rather than x-rays in exciting 
the sample is that peaks generated from the target tube 
( i .e . ,  Cr Ks and Kz, as well as other escape peaks) are elim- 
inated, thus simplifying significantly the interpretation 
of results. 

Using Auger electron spectroscopy, additional informa- 
tion about impurity elements below those of Na (Z = 11) 
was gathered for the surface, as well as for the bulk of the 
A1 film. Figure 9 shows an elemental AES survey of the 
surface, which exhibits signals of aluminum, oxygen, 
chlorine, carbon, and sulfur. The tendency of aluminum 
to combine readily with oxygen in the environment  to 
form a thin corrosion-resistant film of Al~O~ accounts for 
the presence of the oxygen in the spectrum. The weak 
chlorine peak at 181 eV reflects the adsorption of this 
specie during the final stage of A1 deposition, whereas 
the carbon and sulfur are considered here to be surface 
contaminants. 

A depth profile analysis achieved by ion-beam sput- 
tering with Ne reveals in Fig. 10 the rapid decrease in the 
oxygen concentration below the surface level and the in- 
crease and subsequent stabilization of the pure A1 signal 
within the bulk of the film. A second elemental survey 
taken at a depth of -3000A exhibits (Fig. 11), in addition 
to the expected aluminum and neon peaks, low levels of 
oxygen and, as shown on an expanded scale in Fig. 12, sil- 
icon. Both these signals are attributed to the SiO2 sub- 
strate exposed to the incident electron beam in the inco- 
herent regions of the films. By focusing the beam to 
within a single grain and using the undifferentiated en- 
ergy distribution function N(E), the oxygen and Si signals 

Fig. 8. Energy dispersive x-ray (EDX) spectra of a) LPCVD AI at 10 
keV, b) LPCVD and In-Source AI at 20 keV in the energy range of 
0.80-3.36 keV, and c) same as b, but in an extension of the energy range 
to 10.96 keV. 
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Fig. 9. Elemental Auger electron spectroscopy (AES) survey of surface 
of LPCVD AI deposit. 
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Fig. 10. AES depth profile of LPCVD AI deposit achieved by ion-beam 
sputtering with Ne. 

=< 
I '-  

7 

6 -  

5 

4 

1596 1599 1602 1605 1608 16II 1614  1617 1620 1625 

KINETIC ENERGY (ev) 

Fig. 12. Expanded scale of AES spectrum at a depth of - 3 0 0 0 ~  in the 
LPCVD AI film showing Si. 

are seen in Fig. 13 to vanish,  and the only per t inen t  peaks 
remain ing  are those  a t t r ibuted  to A1 and Ne. In  v iew of 
the  recognized sensi t ivi ty  of  the A E S  t echn ique  to all ele- 
men t s  above  hydrogen,  the  impur i ty  level  wi th in  the  film 
is conserva t ive ly  es tabl i shed to be less than  0.5%, thus  es- 
tabl i sh ing an es t imate  of  the  A] pur i ty  of  these  depos i t s  of  
be t ter  than  99.5%. 

Adherence.--Several a t tempts  to peel  the  A1 film from 
the  Si or SiO~ substra te  wi th  the aid of  scotch  tape 
reproduc ib ly  y ie lded nega t ive  results. This method ,  how- 
ever  rudimentary ,  is helpful  in i l lustrat ing the bond ing  
qual i ty  of the present  deposits .  Regardless  of the deposi-  
t ion technique ,  A1 has general ly  been k n o w n  to exhibi t  
exce l len t  adhes ive  qual i t ies  to SiO~ because  of its compe-  
t i t ion with  si l icon for oxygen  (the hea t  of  format ion  of  
A1~O3 is h igh  than that  of SiO~, which  resul ts  in format ion  
of a s t rong chemica l  bond.  

Structural properties.--The microscopic  s t ructure  of  
the A1 films depos i ted  wi th  the  present  process  was 
inferred f rom x-ray diffract ion measurements .  The  x-ray 
diffract ion data were  ga thered  in a Phi l l ips  Model  A P D  
3600 us ing  CuK~ radiat ion genera ted  by a p o w e r  supply  
opera t ing  at 45 kV  and  30 mA. A diffract ion pa t te rn  of  an 
A1 film depos i ted  on a the rmal ly  oxidized Si wafer  is 
shown in Fig. 14 a long wi th  the  s tandard A1 pat tern  f rom 
the  J C P D S  file. Bes ides  the  Si <400> and <200> K~ 
ref lect ions de tec ted  at 69.17 ~ and 33.09 ~ , respect ively ,  as 

well  as the weak  <400> K~ reflect ion de tec ted  at 61.73 ~ 
all o ther  peaks of the  x-ray pat tern  were  a t t r ibuted  to A1. 
The relat ive intensi t ies  of all A1 peaks fo l lowed closely 
the  ratio pred ic ted  in the J C P D S  card (4-787), es tabl ishing 
a r a n d o m  orientat ion for the  microcrys ta l l ine  s t ructure  of 
this A1 deposit .  Those  resul ts  are in contras t  to the  micro-  
s t ruc ture  of  In -Source  (5), E-Gun (9), and the o ther  re- 
por ted  LPCVD A1 films which  general ly  show a h ighly  
t ex tu r ed  <111> s t ructure  (1, 2). 

Electrical properties.--The electr ical  resis t ivi ty of  the 
depos i ted  A1 was de te rmined  f rom the  calculated p roduc t  
of  the sheet  res is tance and film thickness .  The sheet  re- 
s is tance m e a s u r e m e n t  was carr ied out  wi th  a square  array 
of  probes  set 150/zm apar t  at each side. The  g e o m e t r y  and 
spac ing  of  the probes  were  dictated by the inhe ren t  
nonun i fo rmi ty  in film thickness .  A s tandard  In -Source  
A1 film was used  for cal ibrat ion purposes .  A 50 m A  con- 
stant  cur ren t  was fed th rough  two of the  probes,  and the 
vol tage was recorded  wi th  a mic rovo l tme te r  across the  
o ther  two probes.  The  film th ickness  was de te rmined  
wi th  the  aid of  a Dek tak  | stylus at a step wet -e tched  in 
the  v ic in i ty  of where  the  sheet  res is tance data  were  gath- 
ered. Values of  the  res is t iv i ty  ranged f rom 3.4 to 3.7 
/z~-cm. That  is h igher  than  the  ideal  2.7 tz~-cm bulk  resis- 
t ivi ty va lue  for pure  A1, bu t  it is in close a g r e e m e n t  wi th  
values  repor ted  for spu t te red  (10) and o ther  L P C V D  A1 
deposi ts  (1, 2). 
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Fig. 11. Elemental AES survey at a depth of - 3 0 0 0 ~  in the LPCVD AI 
film. 
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Fig. 14. X-ray diffraction pattern of LPCVD AI deposited on SiO~ 

Optical properties.~In order to investigate the optical 
properties of LPCVD A1 deposited by disproportionation 
of A1C1, reflectance measurements were gathered at a 
fixed wavelength of 5145]~ using a 200 ~m wide focused 
Ar ~ laser beam. The beam was adjusted to be incident on 
the sample at a 10 ~ angle from the surface normal. The in- 
tensity of both the incident and reflected beams was de- 
termined using a Coherent Radiation Model 210 power 
meter. The reflectance was determined from the ratio of 
those two measurements.  Three A1 films were examined 
for comparison purposes: a sputtered pure A1 film depos- 
ited in a Varian 3180 magnetron unit, an LPCVD A1 film, 
deposited by decomposition of TIBAL, and the A1 film 
under present investigation. As expected from visual in- 
spection, the sputtered A1 film exhibited the highest 
reflectance, with a value close to 86%, while the LPCVD 
A1 film deposited by TIBAL decomposition showed the 
poorest, with a value close to 1%. In the shiny regions of 
the A1 film under present investigation, the reflectance 
was recorded at close to 5%, with most of the light scatter- 
ing being contributed by the receding grain boundaries 
and surface pits. Thus, elimination of these surface de- 
fects promised to lead to significant enhancement  in the 
specularity of these A1 deposits. 

Conclus ions 
Our results have established that the use of a n  inor- 

ganic LPCVD process based upon the disproportionation 

of AICI results in the deposition of AI films on Si or SiO~ 
substrates. This deposition technique offers advantages: a 
lower hazard potential and, possibly, the ability to simul- 
taneously incorporate desired dopants such as Cu and/or 
St. The Al deposits have been shown to be chemically 
pure, as well as adherent, and to exhibit a randomly tex- 
tured structure, as well as the expected electrical proper- 
ties of Al thin films. Furthermore, in certain regions, the 
films exhibited a significant degree of optical 
reflectivity, pointing to the absence of the rough topo- 
graphical structure typical of organometa]lic LPCVD Al 
processes. However, the difficulties associated with 
proper activation of the substrate surface still remain a 
problem in the viability of this metallization technology. 
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Electrical Conductivities of Stabilized HfO  Solid Solutions 
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ABSTRACT 

The electrical properties of fluorite-structure solid solutions of HfO2 fully stabilized by doping with Er20:~ were stud- 
ied. The dependence of the total ac electrical conductivity and ionic transference number  upon composition (10-50 mole 
percent (m/o) Er203), temperature (520~176 and oxygen partial pressure (1-10 -'9 atm) were investigated. Bulk elec- 
trical conductivities of polycrystalline specimens were separated from other polarizations by a complex impedance tech- 
nique and Were compared to conductivities of single crystals. The electrical conductivity generally decreased as the 
dopant level increased, although plateaus indicative of possible defect ordering were observed over the composition 
range of 20-35 m/o Er203. The effects of surface finish, aspect ratio, and porosity of the specimens were negligible. All 
Er~O.~ stabilized HfO~ compositions were shown to be electrolytic conductors below 1070~ for oxygen partial pressures 
less than 1 atm. Oxygen diffusion coefficients were calculated using the Nernst-Einstein equation. 

Hafnium oxide fully stabilized by additions of alkaline- 
earth or rare-earth oxides presents many possibilities for 
exploitation because of its refractory, electrolytic, neu- 
tron-absorption, and chemical-inertness characteristics. 
Uses and studies of stabilized hafnia have been limited 
because of high cost. Even though hafnium is a moder- 
ately abundant  element (1), and is present in zirconium 
containing minerals, typically at a level of 1.5-3.0 weight 
percent (w/o) hafnium referred to zirconium content (2), 
the chemical properties of Hf and Zr compounds are 
nearly identical, making separation of Hf difficult and 
costly. 

Stabilized HfO2 has several advantages over stabilized 
ZrO2 because of superior physical properties, and it has 
been recommended for use in solid electrolyte oxygen 
probes in molten metals (3) and for use as high-tempera- 
ture electroaes and low-temperature current leadouts for 
magnetohydrodynamic generators (4). Progressive de- 
composition into two phases caused by repeated cycling 
through the monoclinic/tetragonal polymorphic trans- 
formation temperature occurs at much higher tempera- 
tures in stabilized HfOz than in ZrO~, and the volume 
change associated with the transformation is smaller. The 
driving force for this destabilization is smaller for rare- 
earth oxide stabilizing dopants than it is for alkaline-earth 
oxides, primarily because the rare-earth cations are larger 
and more electropositive (2). 

The purpose of this investigation was to determine the 
bulk electrical transport properties of Er203 stabilized 
HfO2 (ErSH) over wide ranges of composition (10-50 mole 
percent [m]o] Er203), temperature (520~176 and oxy- 
gen partial pressure (1-10 -'9 atm). This work was to estab- 
lish a foundation for investigations of fluorite-structure 
solid solutions in the ternary HfO~-Er2Oa-Ta205 system. 

Literature Review 
Electrical conductivity investigations of HfO~ contain- 

ing systems have been relatively limited, although they 
were recently surveyed (5). In  contrast, such investiga- 
tions of stabilized ZrO~ have been numerous and have 
been frequently reviewed (6-11). Binary systems of HfO~ 
with oxides of all the alkaline:earth metals except radium 
have been studied (12); systems containing CaO [e.g., Ref. 
(13)] and MgO [e.g., Ref. (14) and (15)] have been most of- 
ten investigated. 

Binary systems containing HfO2 and oxides of all rare- 
earth elements of the cerium subgroup, except prome- 
thium, have been studied. The most extensively studied 
components of this group have been La2Oa: [e.g., Ref. (16)] 
and PrO~ [e.g., Refi (17) and (18)]. Fewer investigations of 
binary systems containing oxides of rare-e~rth elements 
of the yttr ium subgroup have been conducted. Only Y~O3 
[e.g., Ref. (19)], Tb203 [e.g., Ref. (17)], and Er203 [e.g., Ref. 
(20)] have been employed as second components from 
this subgroup. Details of these investigations and several 

'Supported by USDOE, Office of Basic Energy Sciences, Di- 
vision of Materials Sciences, under Contract No. W-7405-Eng-82. 

additional citations of literature pertaining to HfO~ con- 
taining systems can be found in Ref. (5). 

Johnstone (20) has made the only previous investiga- 
tion of electrical transport properties of an extensive 
range of compositions in the HfO2-Er203 system (8.6-90 
m/o Er203), although Marchant (21) has measured the dc 
electrical conductivity of one high Er203 content composi- 
tion in air to 1300~ Johnstdne determined ac electrical 
conductivities at a fixed frequency of 1592 Hz over a nar- 
row temperature range (800-I000~ and a fairly wide 
range of oxgen partial pressures (1-I0 -'4 atm). Ionic 
transference numbers were determined using the open- 
circuit emf method, employing Cu-Cu20 vs. Ni-NiO rever- 
sible coexistence electrodes. Predominantly ionic 
conductivity was exhibited by compositions within the 
fluorite domain. Evidence of possible ordering within the 
fluorite single-phase region was also observed. 

Transport properties of cations in the HfO~-Er2Q sys- 
tem have been investigated by Berard and his co-workers 
in a series of diffusion studies (22-26). Only two of these, 
those of Tesch (25) and Tesch et al. (26), involved the HfO_, 
rich fluorite solid solutions; the other studies involved 
Er203 rich compositions having the rare-earth oxide 
type-C structure. 

Three investigations of phase equilibria in the HfO~- 
Er~O~ system have been reported (20, 27, 28) and re- 
viewed previously (29). In  all three studies, the phase 
boundaries of the single-phase fluorite solid-solution re- 
gion, which is of interest in this study, agreed fairly 
closely (Fig. 1), except Duran et al. (28) reported an or- 
dered phase within the fluorite domain below 1500~ 
based on the hexagonal compound Er4Hf30,~. The order- 
ing process for the formation of the ~-phase ~ was reported 
to be very sluggish. Indeed, efforts to replicate these re- 
sults did not produce any evidence of ordering (29). 

The defect structure of ErSH fluorite solid solutions is 
consistent with an anion vacancy defect model, as was 
first shown by Johnstone (20). Recently, Tesch (25) pre- 
sented a very detailed analysis of the defect chemistry in 
ErSH (which is strictly applicable only in the case of un- 
associated point defects). The predominating defects (us- 
ing KrSger-Vink notation) are Er~f' and Vo; as is shown by 
the incorporation reaction 

Er~O~ --> 2Er~f' + 3 Oo ~ + ~ro [1] 

Theoretical density is predicted by 

4 [ (1-x) (MWmo~,) + x (MWE~.,o:~) ] 
Ptru~ -- ao3N A 1 + x [2] 

where ao is the lattice parameter of a fluorite solid solu- 
tion containing x tool fraction Er203, MW refers to molec- 
ular weight of the oxides subscripted, and NA is 
Avogadro's number.  

2This is the usual designation for the M70,,~ phase; see, e.g., 
Ref. (30). Duran et al. (28) designated this the 8 phase, which 
usually refers to an M,,O20 phase (30). 
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Fig. 1. Limits of the single-phase fluorite region in the HfO2-Er20:~ sys- 

tem according to various investigators. 

Experimental  Procedure 

Raw materials.--Impurity ana lyses  of  t he  Er2033 u s e d  
t h r o u g h o u t  th i s  i n v e s t i g a t i o n  a n d  of  the  r eac to r  g r ade  
HfO24 u s e d  in  t h e  p r e p a r a t i o n  of  s ingle  c rys ta ls  are s h o w n  
in  T a b l e  I. Qua l i t a t ive  e m i s s i o n  s p e c t r o g r a p h i c  ana lys i s  of  
t he  r eac to r  g r ade  h a f n i u m  o x y c h l o r i d e  4 u s e d  to p r epa re  
po lyc rys t a l l ine  s p e c i m e n s  i n d i c a t e d  fa in t  t r aces  of  Ba, Ca, 
Fe, Mg, a n d  Ti. 

Powder processing and specimen preparation.--Ten 
c o m p o s i t i o n s  in  t h e  HfO2-Er20:~ s y s t e m  were  p r e p a r e d  for  
po lyc rys t a l l i ne  s p e c i m e n s .  Er20:~ c o n t e n t s  r a n g e d  f rom 
10-50 m/o Er203 in  5 rrgo i n c r e m e n t s  a n d  also i n c l u d e d  the  
33 1/3 m/o Er203 com pos i t i on .  P o w d e r s  were  p r e p a r e d  b y  
ca l c ina t i on  of  c o p r e c i p i t a t e d  h y d r o x i d e  p recurso r s .  Pre-  
c ip i t a t ion  was  a c c o m p l i s h e d  by  a d d i n g  a q u e o u s  a m m o n i a  

:~Ames Laboratory Rare Earth Separation Group, Ames, Iowa. 
4Teledyne Wah Chang Albany, Albany, Oregon. 

Table I. Emission spectrographic analyses 

Er203 HfO2 

Element Concentration (ppm) a Concentration (ppm) ~ 

Er >99.9% 
Hf >98.3% 
A1 <35 
Fe _<40 <50 
Si -<30 <100 
Ti <25 
Zr 1.6 
Y <50 
Dy -<200 
Ho -<100 
Tm -<100 
Yb -<50 
B 0.4 
Cd <0.2 
Co <0.5 
Cr <20 
Cu <20 <25 Mg < 10 
Mn <25 
Mo <25 
Ni <25 
Pb <10 
Sn <10 
V <10 
W <10 
Zn < I00 -<50 
Ca -<10 <20/HfO~ 
Na <20/HFO2 
U 21/HfO2 

"Impurities on Hf metal basis unless noted otherwise. 

(2.5N) to b l e n d s  of ca t ion  s tock  solu t ions .  The  s tock  solu- 
t ions  we re  p r e p a r e d  b y  d i s so lv ing  HfOCI~.8H~O in  dis- 
t i l led w a t e r  (50g HfO2/1) a n d  Er203 in  2.35N HNO3 (50g 
Er2OJ1). F ina l  p H  d u r i n g  p r e c i p i t a t i o n  r a n g e d  b e t w e e n  9 
a n d  10.5. T h e  ge l a t i nous  h y d r o x i d e  p r e c u r s o r s  wer~ de- 
w a t e r e d  u s i n g  a ser ies  of  o rgan ic  w a s h e s  to i m p r o v e  t he  
s in t e rab i l i t y  of  the  p o w d e r s  (31, 32) a n d  were  t h e n  cal- 
c ined  at l l00~ in  air  for 2h. 

Sma l l  cy l indr ica l  s p e c i m e n s  were  f o r m e d  w i t h o u t  
b inde r ,  f irst  u s i n g  un i ax i a l  p r e s s ing  in  a d o u b l e  ac t ing  
die to a p p r o x i m a t e l y  42 M P a  (6 ksi), fo l lowed  b y  isos ta t ic  
p r e s s i n g  to 207 M P a  (30 ksi). 5 Two s i n t e r i n g  t r e a t m e n t s  
were  emp loyed :  v a c u u m  s i n t e r i n g  at  1880~ for  l h  or air  
s i n t e r i n g  at  1706~ for  lh .  D u r i n g  s in ter ing ,  t e m p e r a t u r e s  
were  m e a s u r e d  w i t h  a n  a u t o m a t i c  opt ica l  p y r o m e t e r  cor- 
r e c t e d  for  s igh t  glass  abso rp t ion .  S p e c i m e n s  we re  con- 
t a i n e d  in cove red  e rb ia  c ruc ib les ;  the  air  s i n t e r i n g  treat-  
m e n t s  were  p e r f o r m e d  i n s i d e  a n  a l u m i n a  muf f l e  t u b e  in- 
s e r t ed  in to  a n a t u r a l  gas-air  furnace .  Af te r  v a c u u m  
s in te r ing ,  all s p e c i m e n s  were  h e a t e d  in  air  for  2h  a t  1100~ 
to co r rec t  for sma l l  dev i a t i ons  f r o m  s to i eh iomet ry .  

S p e c i m e n  b u l k  dens i t i e s  we re  d e t e r m i n e d  b y  s t a n d a r d  
w a t e r - i m m e r s i o n  p r o c e d u r e s  a n d  h a v e  b e e n  p rev ious ly  
r e p o r t e d  a n d  d i s c u s s e d  (32). The  faces of  t he  cy l indr ica l  
s p e c i m e n s  were  gene ra l ly  p o l i s h e d  t h r o u g h  L i n d e  A (0.3 
~m),  a l t h o u g h  s o m e  s p e c i m e n s  were  p o l i s h e d  to a l esse r  
deg ree  or e v e n  no t  all  to eva lua t e  t he  ef fec t  of  su r face  
f in ish  o n  c o n d u c t i v i t y  va lues .  

S ing le -c rys ta l  s p e c i m e n s  were  sec t ioned  f rom crys ta ls  
of  10 a n d  25 m/o E r S H  6 p r o d u c e d  u s i n g  a sku l l  m e l t i n g  
t e c h n i q u e / F a c e s  were  po l i shed  t h r o u g h  L i n d e  A. X- ray  
d i f f rac t ion  was  e m p l o y e d  to ver i fy  t h a t  all c o m p o s i t i o n s  
were  s ing le -phase  a n d  f luor i te -s t ruc ture .  

Electrical Measurements.--For ae e lect r ica l  conduc t iv -  
i ty m e a s u r e m e n t s ,  p o r o u s  p l a t i n u m  e lec t rodes  were  
p a i n t e d  on to  t he  s p e c i m e n  faces  a n d  b a k e d  a t  1000~ to 
c rea te  a s t rong  c e r a m i c - m e t a l  b o n d  (33); m u l t i p l e  coats  
were  app l i ed  un t i l  t h e  r e s i s t a n c e  b e t w e e n  a n y  two po in t s  
on  t he  surface  was  less t h a n  0.1fk The  m e a s u r e m e n t  cell, 
w h i c h  cons i s t ed  of one  or o f t en  two s p e c i m e n s  to repli-  
cate  resul ts ,  was  m o u n t e d  on  a n  a l u m i n a  pedes t a l  in s ide  
two muff le  t u b e s  i n s e r t e d  in to  a n o n i n d u e t i v e l y  w o u n d  
e lect r ic  furnace ;  th i s  con f igu ra t i on  ha s  b e e n  d e s c r i b e d  in  
de ta i l  b y  Schie l tz  (34). T h e  ou te r  muff le  t u b e  a n d  t he  lead 
wi res  we re  sh i e lded  to e l im ina t e  i n d u c e d  EMF's .  

E q u i v a l e n t  ser ies  r e s i s t a n c e  a n d  capac i t ance  were  mea-  
su red  u s i n g  t he  i n s t r u m e n t a t i o n  s h o w n  s c h e m a t i c a l l y  in  
Fig. 2(a). A m i c r o c o m p u t e r  8 con t ro l l ed  da ta  a cqu i s i t i on  b y  
t he  m i c r o p r o c e s s o r - b a s e d  b r i d g e  9 at  n u m e r o u s  f r equen-  
cies b e t w e e n  240 Hz a n d  20 kHz. S o m e  m e a s u r e m e n t s  
were  m a d e  w i th  an  L C R  m e t e r  TM at h i g h e r  f r equenc i e s  
r a n g i n g  f rom 10 kHz to 1 MHz. T e m p e r a t u r e  was  mea-  
s u r e d  w i t h  P t - P t l 0 R h  t h e r m o c o u p l e s  u s i n g  the  digi ta l  
m u l t i m e t e r  a n d  was  va r i ed  f rom 1070 ~ to 520~ O x y g e n  
par t ia l  p r e s s u r e s  r a n g i n g  f rom 1 to 10 -19 a t m  were  es tab-  
l i shed  by  a gas m i x i n g  and  pur i f i ca t ion  t r a in  s imi la r  to 
t h a t  d e s c r i b e d  by  Bas l e r  (35) and  were  ver i f ied  w i t h  an  
o x y g e n  analyzer .  

The  b u l k  (lattice) a n d  in te r fae ia l  c o n t r i b u t i o n s  to t he  to- 
tal  c o n d u c t a n c e s  were  s e p a r a t e d  by  c o m p l e x  i m p e d a n c e  
s p e c t r o s c o p y  1~ (37, 38), even  t h o u g h  th i s  genera l ly  ac- 
c e p t e d  m o d e l  has  m a n y  p a r a m e t e r s  for w h i c h  phys i ca l  
i n t e r p r e t a t i o n s  c a n n o t  be  p r o v e n  (39). A n  idea l ized  com- 
p l ex  i m p e d a n c e  s p e c t r u m  a n d  e q u i v a l e n t  c i rcu i t  for  an  
ionic  c o n d u c t o r  are s h o w n  in Fig. 3. The  t h r e e  semic i rcu-  
lar  arcs  r e p r e s e n t  d i spe r s i ons  at  low, m e d i u m ,  a n d  h i g h  

STypical green densities before and after isostatie pressing 
were 35 and 44% of theoretical density, respectively. 

6These are nominal compositions. Wet chemical analyses indi- 
cated actual compositions of 10.54 and 23.73 m/o Er20,,. 

7Ceres Corporation, Waltham, Massachusetts. 
~Commodore PET Computer, Model 4032. 
9GenRad Precision LC Digibridge, Model 1688. 
'~ Packard Multi-Frequency LCR Meter, Model 4275A. 
"Brailsford and Hohnke (36) have shown that  complex imped- 

ance plots permit more accurate determinations of bulk electri- 
cal conductivities than do complex admittance plots. 
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f r equenc i e s  caused  by  e l ec t rode  in ter fac ia l  polar iza t ion,  
g ra in  b o u n d a r y  polar iza t ion ,  a n d  the  b u l k  spec imen ,  re- 
spect ively .  ( F r e q u e n c y  f i nc reases  in  t he  d i r ec t i on  indica-  
ted:  t he  capac i t ance  c o r r e s p o n d i n g  to each  d i s p e r s i o n  can  
be  ca lcu la ted  f rom t he  m a x i m u m  reac t ance  on  each  arc.) 
R~, is the  b u l k  ionic  res i s t ance ;  C~ is the  geome t r i c  capaci-  
tance ;  a n d  R~h, C~, R~., a n d  C~ are the  l u m p e d  r e s i s t ances  
a n d  capac i t ances  a s soc ia t ed  w i th  the  gra in  b o u n d a r y  and  
e lec t rode  in terfaces .  R,, t he  r e s i s t ance  of a para l le l  elec- 
t ron ic  c o n d u c t i o n  pa th ,  is v e r y  large  for a n  e lec t ro ly t ic  
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Fig. 3. Idealized complex impedance diagram and correspondin 9 
equivalent circuit model (insert). 

c o n d u c t o r  and  can  of ten  be  neg l ec t ed  for m i x e d  conduc t -  
ors e x h i b i t i n g  h i g h  ionic  t r a n s f e r e n c e  n u m b e r s .  The  cen- 
te r  of each  d i s p e r s i o n  arc is d e p r e s s e d  by  some  ang le  
w h i c h  is c o m m o n l y  a t t r i b u t e d  to the  d i s t r i b u t i o n  of relax-  
a t ion  t imes  a s soc ia ted  wi th  each  polar iza t ion .  Only  por- 
t ions  of th i s  ideal ized s p e c t r u m  were  o b s e r v e d  at any  one  
t ime,  d e p e n d i n g  u p o n  t e m p e r a t u r e  and  f r equency .  As 
wou ld  be  e x p e c t e d  for heav i ly  d o p e d  c o m p o s i t i o n s  pre- 
p a r e d  f rom h i g h  pu r i t y  r aw mater ia ls ,  no  d i spe r s i ons  due  
to gra in  b o u n d a r y  po la r i za t ion  were  e v i d e n t  in  th i s  inves-  
t igat ion.  This  was  ver i f i ed  u s ing  the  s ingle-crys ta l  
spec imens .  

T r a n s f e r e n c e  n u m b e r s  were  d e t e r m i n e d  ut i l iz ing dupl i -  
cate  cells and  the  i n s t r u m e n t a t i o n  s h o w n  in Fig. 2(b). Re- 
ve r s ib l e  coex i s t ence  e l ec t rodes  were  f ab r i ca t ed  f rom 10:1 
m i x t u r e s  of t r a n s i t i o n  me ta l s  (Cu, Co, a n d  Fe) and  the i r  
oxides.  Typica l  o x y g e n  par t ia l  p r e s s u r e s  e s t a b l i s h e d  t hus  
at  va r ious  t e m p e r a t u r e s  b y  t he  Cu-Cu20, Co-CoO, a n d  Fe- 
" F e O "  e lec t rodes  e m p l o y e d  in th i s  s t u d y  are l i s ted  in 
Tab le  II. These  Po~ va lues  a n d  theore t i ca l  E M F ' s  for  t he  
va r ious  e lec t rode  pa i r s  were  ca lcu la ted  u s i n g  t he  t he rmo-  
d y n a m i c  da ta  of Wicks  a n d  B lock  (40). The  p o t e n t i o m e -  
t e r  12 a n d  nul l  de t ec to r  13 m e a s u r e d  the  ac tua l  open-c i r cu i t  
EMF. T e m p e r a t u r e s  i n v e s t i g a t e d  r a n g e d  f rom 720 ~ to 
1020~ a n d  were  m e a s u r e d  as d e s c r i b e d  before.  

Results and Discussion 
Effects of composition and temperature.--Bulk electri-  

cal conduc t i v i t i e s  d e t e r m i n e d  for va r ious  E r S H  compos i -  
t i ons  b e t w e e n  521 ~ a n d  1063~ in  air  are  s h o w n  in  Fig. 4. 
Total  e lectr ical  c o n d u c t i v i t y  genera l ly  d e c r e a s e d  as 
d o p a n t  level  i n c r e a s e d  at  all t e m p e r a t u r e s  inves t iga ted ,  
b u t  a p la t eau  was  o b s e r v e d  over  the  c o m p o s i t i o n  r ange  of 
20-35 m/o Er20:~. This  dec rea se  in c o n d u c t i v i t y  w i t h  in- 
c rease  in  d o p a n t  is c o n s i s t e n t  w i t h  the  i m m o b i l i z a t i o n  of  
de fec t s  by  o rde r ing  or c lu s t e r ing  in the  i nc rea s ing ly  de- 
fec t ive  solid so lu t ions .  The  p la t eaus  were  more  pro- 
n o u n c e d  at the  lower  t e m p e r a t u r e s  and  m a y  b e  ind ica t ive  
of  de fec t  o rde r ing  in  t he  n e i g h b o r h o o d  of  the  p y r o c h l o r e  
c o m p o s i t i o n  or one  of the  o the r  o rde r ed  s u b s t r u c t u r e s  
k n o w n  in  some  a n i o n  def ic ien t  f luori te  sy s t ems  (30). 

Dec reases  in  e lectr ical  conduc t iv i t i e s  as t he  defec t  con- 
c e n t r a t i o n  (dopan t  level) i nc reases  are typ ica l  for  heav i ly  

'2Leeds & Northrup Type K-5 Potentiometer, Model 7555. 
':~Leeds & Northrup D. C. Null Detector, Model 9828. 

Table II. Log,0 Po~ of various M-MO reversible 
coexistence electrodes [based on Ref. (40)] 

Temperature, ~ 
Electrode 720 820 920 1020 

Cu-Cu~O -10.42 - 8.84 - 7.53 - 6.44 
Co-CoO - 17.55 - 15.29 - 13.40 - 11.81 
Fe-"FeO" -20.88 -18.32 -16.13 -14.32 
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cording to various investigators. 

doped fluorite and defective fluorite-structure solid so- 
lutions. Several different types of defect-structure models 
involving clustering have been proposed for stabilized 
ZrO2. Butler et  al .  (41) employed computer simulations to 
show that formation of clusters between low-valence dop- 
ants and charge compensating anion vacancies was 
energetically more favorable than formation of ordered 
microdomains, even though such microdomains consist- 
ing of fluorite-related compounds are commonly ob- 
served microstructural features (10). Early attempts to 
rationalize the decrease in conductivity with increasing 
anion vacancy concentration in stabilized ZrO2 (and other 
defective fluorite structure compositions) have been re- 
viewed several times (42, 43, 11) and generally have in- 
volved the introduction of configurational constraints to 
the motion of vacancies due to their mutual coulombic re- 
pulsion. Subbarao and Ramakrishnan (42) extended the 
earlier statistical models (for ThO~ and ZrO2 doped with 
CaO and YO1..0 to include both anion vacancy trapping at 
lattice sites occupied by cation dopants and vacancy- 
vacancy repulsions. They assumed that only "free" vacan- 
cies (i.e., those with no dopant ions as nearest neighbors) 
contribute to electrical conductivity, and they obtained 
better qualitative agreement than the earlier models. 
However, the conductivity reduction calculated with this 
model did not decrease as rapidly with increasing dopant 
level has been experimentally determined--presumably 
due to influences of long-range coulombic forces and for- 
mation of ordered phases. As Norwick (11) has indicated, 
the problem with a theory of conduction by only "free" 
vacancies is that, at high defect concentrations, con- 
nected paths of such "free" vacancies no longer exist. 
Nakamura and Wagner (43) considered contributions to 
electrical conductivity from anion vacancies which were 
adjacent to dopant ions (in CaO-stabilized ZrO2). They ob- 
tained excellent quantitative agreement with experimen- 
tal results by postulating that conduction proceeds by a 
mult imode mechanism involving various degrees of asso- 
ciation between dopant cations and oxygen vacancies and 
by assuming that the coordination number  of the dopant 
cations (Cazr") to each 24 second-nearest-neighbor anion 
site is 1/3. 

Electrical conductivities determined in this study for 
various compositions are compared with those of other 
investigators at 1000~ in air for related rare-earth oxide 
(RE20,)-HfO~(ZrO2) systems in Fig. 5. Only Johnstone, 
who also studied the HfO~-Er20:~ system, observed a pla- 
teau in the conductivity vs .  dopant concentration curve at 
such high temperatures. (Comparable data for related sys- 
tems at lower temperatures where the plateaus are more 
pronounced are not available.) The reported conductivi- 
ties of single-phase fluorite solid solutions containing be- 
tween approximately 10 and 50 m/o REzO;~ agree within 
about half an order of magnitude regardless of dopant or 
host and despite the different measurement  techniques 

employed (complex impedance analysis was employed in 
this work; the other studies reported ac conductivities 
measured at different fixed frequencies). The variation in 
the electrical conductivities may possibly be due to differ- 
ences in the reported sintered densities of the specimens 
on which the measurements were made; although, as is 
discussed below, the degradation of electrical conductiv- 
ity due to porosity is much less than might be expected. 

The activation energy for conduction increased as the 
dopant concentration was increased (Fig. 6). Thus, the 
conductivity values tended to converge at high tempera- 
tures, although not nearly as rapidly as Hohnke (46) has 
suggested for Y.,O.~ stabilized ZrO~ and other materials. 
(Log o-T has been plotted vs .  reciprocal absolute tempera- 
ture in Fig. 6 to determine the activation energy of 
conduction AH, as suggested by absolute reaction-rate 
theory, even though it is common practice to determine 
an activation energy we shall call Q from Arrhenius plots 
of log c~ vs .  lIT. Values of AH are approximately 0.09 eV 
higher than values of Q in this temperature range. '4 Com- 

'4Schieltz et al. (19) have shown that AG~ = Q + C, where C = 
- R [ d  ]n Ttd(1/T)]. 
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par i sons  wi th  o ther  RE~O:~ stabi l ized HfO2(ZrO2) sys t ems  
(Fig. 7) also indica te  a genera l  t r end  toward  inc reased  ac- 
t iva t ion energ ies  (Q) as the  d o p a n t  level is increased.  
However ,  act ivat ion ene rgy  p la teaus  s imilar  to the  con- 
duct iv i ty  pla teaus d i s cus sed  previous ly  (Fig. 5) are ob- 
se rved  over  the  range of 20-35 m/o dopan t  for all these  
sys tems .  

Effect of  oxygen partial  pressure.--Bulk electr ical  con- 
duct iv i t ies  were  found  to be  i n d e p e n d e n t  of  Po2 over  the  
range  of  1-~10 - ~  a tm for all t e m p e r a t u r e s  (Fig. 8a) and  
near ly  all compos i t i ons  (Fig. 8b) invest igated.  This  is usu= 
ally an ind ica t ion  of  p r e d o m i n a n t l y  ionic conduc t ion .  The 
10 m]o s ingle-crystal  and  50 m/o polycrys ta l l ine  E rSH 
c o m p o s i t i o n s  (i.e., t h o s e  nea r  the  fluorite s ing le -phase  
l imits)  e v i d e n c e d  s l ight  inc reases  in conduc t iv i ty  above  
o x y g e n  part ial  p r e s s u r e s  of  10 -3 a tm,  w h i c h  may  ind ica te  
the  onse t  o f  p - type  e lec t ronic  conduct iv i ty .  
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Open-c i rcu i t  E M F  resul ts  for 10, 25, 45, and  50 m/o 
E r S H  are s u m m a r i z e d  in Fig. 9. The ionic t r a n s f e r e n c e  
n u m b e r s  of  t hese  m a t e r i a l s  were  conf i rmed  to be near  
uni ty ,  b ecau s e  the  m e a s u r e d  open-c i rcui t  E M F  values  fell 
very  near  or even  sl ightly above  the  do t t ed  and dashed  
l ines  w h i c h  r e p r e s e n t  the  t h e r m o d y n a m i c  E M F ' s  es tab-  
l i shed  by  the  ind ica ted  pairs  o f  revers ib le  coex i s t ence  
e lec t rodes .  In  part icular ,  10, 25, and  50 m/o E r S H  are 
s h o w n  to be electrolyt ic  conduc to r s  b e t w e e n  720 ~ and  
1020~ over  the  Pot range  es tab l i shed  by Cu-Cu20 and  Co- 
CoO e lec t rodes  (refer to Table  II). Similarly,  45 rrdo E r S H  
is s h o w n  to be an e lect rolyt ic  c o n d u c t o r  b e t w e e n  720 ~ and  
820~ at  the  lower  o x y g en  part ial  p r e s su re s  e s t ab l i shed  by 
Co-CoO and  Fe-"FeO"  e lec t rodes .  

O x y g en  self-diffusion coeff ic ients  (Dox) were  calcula ted 
us ing  the  Nerns t -E ins t e in  equa t ion  

tikT(r = Nz2e2Do• [3] 

w h e r e  t~ is the  ionic t r ans fe rence  n u m b e r  (unity for a solid 
ox ide  electrolyte),  k is B o l t z m a n n ' s  cons tant ;  T is abso lu te  
t empera tu re ,  ~ r ep re sen t s  electr ical  conduct iv i ty ,  z is the  
va lence  of the  d i f fus ing  species ,  and  e signifies e lemen-  
tary charge.  For  ErSH, the  concen t ra t ion  of o x y g en  ions, 
N, was  c o m p u t e d  f rom the  re la t ion 

N - 2 (x + 2 )  / [a,?(x + 1)] [4] 

w h e r e  ao, the  lat t ice p a r a m e t e r  of  a compos i t i on  contain-  
ing  x tool f ract ion Er20~ was  e s t ima ted  us ing  the  empir i-  
cal equa t ion  's 

ao (nm) = 2.590x + 50.986 [5] 

Typical  values  of Do~ for the  ranges  of  t e m p e r a t u r e  and 
E r S H  compos i t i ons  s t u d i e d  in  this  inves t iga t ion  are 
s h o w n  in  Table III. These  va lues  for anion d i f fus ion  are 

'SCalcutated from precision lattice parameter data measured 
by C. D. Wirkus, Ames Laboratory, Ames, Iowa. 

Table Il l ,  Values of D,,• in Er~03 stabilized HfO~ 

D,,y, cm'-' s - '  

Mole fraction Er203 550~ 8O0~ 1050~ 

0.10 1.28 x 10-" 4.50 x 10 -s 3.88 x 10 -7 
0.25 2.63 x 10-" 2.99 x 10 -~' 6.26 x 10 -s 
0.40 9.52 x 10 -r-' 1.33 x 10-' 2.81 x 10 -s 
0.50 9.10 x 10 -~:~ 2.40 x 10 -'~ 9.62 x 10-' 
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approximately twenty orders of magnitude greater than 
estimates of cation diffusivities extrapolated from data 
obtained by Tesch et al. (25, 26), at higher temperatures. 

Effects of porosity, surface finish, and aspect 
ratio.--Total bulk electrical conductivities (determined 
from complex impedance analysis) of polycrystalline 
specimens were virtually identical to those obtained for 
single crystals. Figure 10 includes data for single-crystal 
and polycrystalline 10 and 25 m/o ErSH of 83%-96% theo- 
retical density, and shows that the expected degradation 
effect of porosity (47) was negligible. Casselton (48) has 
also observed virtually identical electrical conductivities 
for (Y203 stabilized ZrO2) single crystals and polycrystals 
of 92%-95% theoretical density; this agreement was attrib- 
uted to insignificant grai~ boundary conductivity in the 
polycrystals--the effect of porosity was not addressed. A 
number  of tests were performed to determine whether 
surface finish or aspect ratio (A/L) of the specimens 
could have approximately offset the expected conduct- 
ance degradation due to porosity. Bulk electrical conduc- 
tivities were found to be the same regardless of whether 
electrodes were applied to unpolished (as-sintered) speci- 
men faces or to faces polished through Linde A [Fig. 
1 l(a)]; i.e., the electrode/specimen contact area and effec- 
tive A/L were not changed significantly by polishing. 
Similarly, electrical conductivities determined for 10 m]o 
ErSH single-crystal specimens with aspect ratios varying 
by up to a factor of eighteen were identical [Fig. ll(b)]; 
neither gas phase nor surface conduction was a problem. 

Recently, Brailsford and Hohnke (36) presented an al- 
ternative to the usual equivalent circuit method of analy- 
sis and showed that intragranular pores should dilute the 
contribution to impedance arising from the high-conduc- 
tivity bulk material, whereas intergranular porosity 
should augment the blocking effect of the high-imped- 
ance grain boundary regions. Because complex imped- 
ance spectroscopy separates the bulk and grain boundary 
contributions to the electrical conductivity, and because 
most porosity in the specimens used in this study ap- 
peared to be present intergranularly, it is not surprising 
that the electrical conductivities of porous polycrystalline 
and single-crystal specimens were virtually identical. 

Conclusions 
Erbia-stabilized hafnia (ErSH) exhibits high ionic con- 

ductivity similar to other fluorite-structure rare-earth ox- 
ide-stabilized HfO~(ZrO~) compositions. It is, in fact, an 
electr(Jlytic conductor (t~ > 0.99) over wide ranges of com- 
position, temperature, and oxygen partial pressures. The 
bulk electrical conductivities determined from complex 
impedance analysis for polycrystalline specimens are the 
same as those measured for single crystals; therefore, 
grain boundary and porosity effects are negligible. The ef- 
fects of surface finish and aspect ratio of  the specimens 
are also negligible. The electrical conductivity generally 
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talline specimens of two ErSH compositions. 
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Fig. 11, Effect of specimen variables on bulk electrical conductivities: 
(a) surface finish; (b) aspect ratio. 

decreases, and the activation energy for ionic conduction 
generally increases as the dopant level increases, al- 
though plateaus are observed over the composition range 
of 20-35 m/o Er~O:~. (Values of electrical conductivities 
measured in this investigation ranged from approxi- 
mately 1.2 • 10-' ~2- 'cm-'  at 1070~ for 10 rrgo ErSH to 
2.6 x 10 -7 ~ - ' c m - '  at 520~ for 50 m/o ErSH. Activation 
energies (AH) ranged from 1.14 eV for 10 rrdo ErSH to 1.60 
eV for 50 m/o ErSH.) 
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Finite Element Analysis of a Thermal-Capillary Model for Liquid 
Encapsulated Czochralski Growth 

J. J. Derby and R. A. Brown 

Department of  Chemical Engineering, Massachusetts Institute of  Technology, Cambridge, Massachusetts 02139 

F. T. Geyling, A. S. Jordan,* and G. A. Nikolakopoulou 
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ABSTRACT 

A two-dimensional model for the coupled effects of heat transfer and capillarity in a liquid encapsulated Czochralski 
growth system is analyzed by solving the full free-boundary problem describing the temperature field in each phase, 
the shapes of the melt]solid and fluid/fluid interfaces, and the radius of a steadily growing crystal. Solutions are based 
on a finite element analysis with Newton iteration for all the variables. Heat transfer in the melt is taken to be domi- 
nated by conduction, and radiation to a uniform ambient is included for a transparent encapsutant. Calculations for a 
model GaAs system give reasonable predictions of crystal size and axial temperature gradient. The results are most sen- 
sitive to radiation through the encapsulant. 

The liquid encapsulated Czochralski (LEC) method for 
growing single crystals of semiconductor materials with 
high vapor pressure has become an important method for 
producing GaAs, InP, and other semiconductor materials 
(1-3). Here a cylindrical crystal is pulled from the surface 
of a melt pool through a layer of liquid encapsulant, usu- 
ally boric oxide B20:~, which prevents the escape of the 
vapor. Empirical advances in the technology of LEC 
growth have lead to the production of moderate diameter 
boules of these materials with low dislocation densities 
(4-6); however, little progress has been made in the quan- 
titative understanding of the transport processes impor- 
tant in LEC growth. The focus of this research is the de- 

*Electrochemical Society Active Member. 

velopment  of a detailed model for the heat transport and 
capillarity in LEC growth of GaAs that will become the 
basis for both design calculations and the development  of 
rational control algorithms. 

In L E c  and other free-meniscus crystal-growth tech- 
niques, the shape of the crystal and the temperature field 
in the melt, crystal, and encapsulant are controlled by the 
coupled effects of heat transfer throughout the growth 
system and the shapes of the melt/encapsulant and encap- 
sulant/gas interfaces. Capillarity and the wetting of the 
crystal by its melt set the position and shape of the me- 
nisci. The mathematical description of this system is an 
extremely complicated free-boundary problem for the 
temperature field and the location of the fluid/fluid and 
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melt]crystal interfaces; the calculations of Ettouney et al. 
(7, 8) for edge-defined film-fed growth of thin silicon 
sheets are the only similar calculations for an entire free- 
meniscus crystal growth system. In this paper, we pre- 
sent a finite-element]Newton numerical method for sim- 
ulating LEC crystal growth. The numerical scheme is 
modeled after the Isotherm/Newton finite-element 
method developed by Ettouney and Brown (9); the 
method was found to be the most efficient of several 
techniques tested in that report. The Isotherm/Newton 
method combines the flexibility of finite-element ap- 
proximations for handling irregularly shaped domains 
with the efficiency of Newton's method for solving large 
sets of nonlinear algebraic equations. 

The calculations are based on a simplified but realistic 
model  for the growth of GaAs by LEC where heat transfer 
in the melt  and B20:~ are dominated by conduction. Con- 
vective heat transfer in the melt caused by buoyancy 
forces and crystal rotation is insignificant on a macro- 
scopic scale for low Prandtl  number melts and even mod- 
erately intense flows, as pointed out by the hydrody- 
namic calculations of Langlois (10) and others (11, 12). 
Indeed, conduction-dominated models have been the ba- 
sis for other simulations of the interaction of the crystal 
with a Czochralski melt  pool in two-dimensional (13-16) 
and one-dimensional (17-19) heat-transfer models. The 
one-dimensional models were based on fin-type approxi- 
mations to the temperature field which are strictly valid 
only when the temperature varies slowly across the ra- 
dius of the crystal. As shown in this paper, this assump- 
tion is not met near the contact of melt, crystal, and en- 
capsulant, and the results of these models predict 
unrealistic behavior for Czochralski growth systems. Ne- 
glecting convection in the B~O:~ also seems justified be- 
cause the velocity field there is mainly azimuthal, driven 
by crystal and crucible rotation, and has no influence on 
vertical and radial heat transfer. 

The dependence of the crystal thickness on the pull 
rate for stable crystal growth was the most important fea- 
ture of Czochralski growth estimated from these simpli- 
fied models. The most often used result was derived by 
Billig (17) and is based on one-dimensional heat transfer 
to uniform surroundings from a growing crystal coupled 
to a melt  which is just  thermally supercooled at the 
solidification front moving at the solidification velocity. 
These assumptions lead to the result that the crystal ra- 
dius is inversely proportional to the square of the pull 
rate. We will compare this estimate to the results from our 
detailed model. 

Appropriate accounting of radiative heat transfer be- 
tween the melt, crystal, encapsulant, and the surrounding 
furnace and modeling of the heat transfer through the 
surrounding crucible are crucial for quantitative predic- 
tion of the crystal shape and temperature fields. In the 
model presented here, we assume that the B20~ is totally 
transparent to radiation emitted at the crystal and melt  
surfaces, and that these surfaces radiate to an average am- 
bient temperature. While this is a considerable simplifi- 
cation of each of these radiative fluxes, particularly when 
the melt  level is low and the hot crucible wall radiates to 
the crystal, meaningful insight into the response of the 
system to changes in heat-transfer conditions is obtained. 
The view factors along the surfaces appropriate for a par- 
ticular furnace [e.g., see Ref. (18)] can be incorporated into 
our computational scheme; this work is currently 
underway. Meanwhile, the validity of the transparent 
model used here can only be estimated by comparison of 
the computed values of the axial and radial temperature 
gradients with the gradients measured recently in a simi- 
lar liquid-encapsulated Czochralski system during the 
growth of InP (5). The 530 K difference in melting point 
between InP and GaAs and the idealized furnace con- 
figuration studied here make our comparison only ap- 
proximate. 

The shapes of the melt/encapsulant and encapsu- 
lant]gas menisci are determined by balancing surface ten- 
sion and hydrostatic pressure, as given by the Young- 

Laplace equation and by the wetting conditions at the 
crystal and crucible surfaces. Static meniscus shapes for 
different radii crystals in a Czochralski system have been 
calculated both exactly (20, 21) and approximately (22, 
23). Heat transfer in the entire growth system determines 
which of these interfaces are attainable and connects the 
shape and stability of the crystal grown with the pull rate 
and thermal operating conditions of the furnace. Only the 
two-dimensional analysis of Crowley (16) has attempted 
to link the crystal radius with heat transfer through the 
shape of the meniscus in a conventional Czochralski sys- 
tem. Crowley solved a time-dependent heat-transfer 
model, similar in spirit to the one proposed in this paper's 
next section, in the regions of melt and crystal adjacent to 
the melt/solid interface. Heat transfer and crystal radius 
were linked through an approximate solution of the equa- 
tion of capillary statics. Our analysis differs from the one 
in Ref. (16) in that the entire melt, crystal, and encapsu- 
lant for LEC growth are accounted for so that thermal 
boundary conditions used in the analysis can be deter- 
mined from external inputs only. 

Our heat-transfer model for LEC growth is described in 
the following section, and the finite-element method for 
calculating solutions to it is presented following that sec- 
tion. Sample calculations for the growth of GaAs in a 
small-scale LEC system are described in the "Results" 
section. The numerical method is equally applicable for 
modeling conventional Czochralski growth when the en- 
capsulant layer is removed. 

Thermal-Capillary Model for LEC Growth 
We model the steady-state growth of a cylindrical boule 

of GaAs with radius R from a melt of volume Vm encapsu- 
lated with B20:~ of volume V~ in a crucible of inner radius 
Re. The crystal is pulled continuously from the melt  at a 
rate Vp. We imagine a quasi steady-state process in which 
the melt depth in the crucible, and hence the volume of 
the melt, changes much slower than the thermal tran- 
sients in the system. Then it is valid to reconstruct the 
time history of a LEC growth run from a sequence of 
steady-state calculations with decreasing melt depths. 

Our prototype LEC system is shown schematically in 
Fig. 1 with the notation needed to represent the melt (D,), 
encapsulant (D~), and the crystal (D:~). Each of these re- 
gions is characterized by a set of constant thermophysica] 
properties. Segments of the boundary have been labeled 
as 0D~, where the value of i corresponds to the parts 
shown in Fig. 1. The energy balances and boundary con- 
ditions are put in dimensionless form by scaling lengths 
with the radius of the crucible, Rc, and temperature with 
the equilibrium melting point of the crystal, O(r, z )=  
T(r, z)/Tf. The dimensionless radius, melt volume, and en- 
capsulant volume are defined by R = t~Rc, Vm ~ Vm/Rc 3, 
and Ve =- VJRc 3, respectively. All variables discussed be- 
low are given in dimensionless form, unless explicitly 
stated otherwise. The temperature field and the shapes 
of the melt/crystal [H0(r)], melt/B203 [H,(r)], and B203/gas 
[H2(r)] interfaces are represented in the dimensionless cy- 
lindrical coordinate system (r, z) centered at the bottom of 
the crucible. 

The energy balances in each of the phases are 

K, V20 = 0, in D, [1] 

K2V20 = 0, in D2 [2] 

V20 - Pe(e~ �9 V0) = 0, in D3 [3] 

where V = e,.(O/or) + ez(~/Oz) is the gradient operator in cy- 
lindrical coordinates and e,. and e~ are the unit vectors. In 
the equations above, K~ denotes thermal conductivity ra- 
tios and Pe represents the Peclet number, a dimension- 
less form of the steady-state growth rate; see the List of 
Symbols for a precise definition. 

The conditions on the boundaries between melt, crys- 
tal, and B~O:~ guarantee that temperature is continuous 
and that energy is conserved along each interface. At the 
melt/crystal interface (aDo) , the interfacial energy balance 
is 
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Fig. 1. Schematic of model for LEC system 

K,(n0 �9 V0)~ - (no - V00)~ = PeS(no - eD [4] 

w h e r e  t he  S t e fan  n u m b e r  S m e a s u r e s  t he  l a t e n t  hea t  of  
the  p h a s e  t r a n s f o r m a t i o n .  T he  s u b s c r i p t s  m a n d  s re fer  to 
q u a n t i t i e s  eva lua t ed  in t he  m e l t  a n d  sol id crystal ,  respec-  
t ively,  a n d  no is t h e  o u t w a r d  p o i n t i n g  n o r m a l  a long  t he  
mel t / c rys ta l  in t e r face  (ODo) as de ta i l ed  in Fig. 1. 

At  the  melt/B~O:~ in te r face  (0D,), t he  c o n d u c t i v e  f luxes  
b e t w e e n  t he  two  p h a s e s  are b a l a n c e d  aga i n s t  t he  r ad ia t ive  
hea t  loss  t h r o u g h  t he  g lass  to  t he  s u r r o u n d i n g s .  We m o d e l  
t he  B~O:~ as  b e i n g  pe r fec t ly  t r a n s p a r e n t  so t h a t  e n e r g y  ra- 
d ia tes  d i r ec t ly  f rom th i s  i n t e r f ace  to a d i s t a n t  su r face  at  
t e m p e r a t u r e  0~ --- T J T f  r e p r e s e n t a t i v e  of  t he  f u r n a c e  ambi -  
ent .  T h e  d i m e n s i o n l e s s  fo rm of the  e n e r g y  b a l a n c e  on  t he  
s e g m e n t  aD, is 

-K~(n,  �9 V0) = Ra,(O 4 - O~ 4) [5] 

w h e r e  Ra ,  is the  r ad i a t i on  n u m b e r  for th i s  surface.  
T h e  e n e r g y  b a l a n c e  a long  t h e  c ry s t aYencapsu l an t  sur- 

face (aD:~) also a s s u m e s  t he  B20:~ to be  to ta l ly  t r a n s p a r e n t  
a n d  nonre f l ec t ive  so t h a t  t h e  c o n d i t i o n  is w r i t t e n  as 

- n 3 "  VO Ra3(O 4 - 0, 4) [6] 

w h e r e  Ra3 is the  r a d i a t i o n  n u m b e r  b a s e d  o n  t he  emiss iv-  
i ty of  th i s  surface.  Hea t  t r a n s f e r  f rom the  in te r faces  to  the  
a m b i e n t  i nc lude  b o t h  r ad i a t i on  a n d  c o n v e c t i o n  as 

-K2(n2 �9 V0) = Bi~(0 - 0a) + Ra~(O 4 - 0a 4) [7] 

- n 4 -  V0 = Bi4(0 - 0a) + Ra4(O 4 - Oa 4) [8] 

w h e r e  Bij is  t h e  B io t  n u m b e r  based  on  t h e  hea t - t r ans f e r  
coeff ic ient  for  e ach  surface;  j = 2 for  the  e n c a p s u l a n t / g a s  
in t e r face  (0D2) a n d  j = 4 for t he  crys ta l /gas  sur face  (0D4). 
The  t op  of t he  c rys ta l  aD~ is a s s u m e d  ad iaba t i c  

ez- V0 = 0 [9] 

w h e r e  t he  l e n g t h  of  the  c rys ta l  is long  e n o u g h  so t h a t  the  
c rys ta l  ha s  r e a c h e d  t h e r m a l  e q u i l i b r i u m  w i t h  t he  am- 
b ient .  

A l o n g  t he  c ruc ib l e  wal l  (0D7) the  t e m p e r a t u r e  is se t  as 

O(r, z)l~a~, = 0c [10] 

w h e r e  0 c -= TclTf. In  t he  ca l cu la t ion  p r e s e n t e d  here ,  0c is 
t a k e n  to be  cons t an t ,  a l t h o u g h  the  n u m e r i c a l  m e t h o d s  
genera l ize  easi ly to  t r ea t  e i t he r  speci f ied  t e m p e r a t u r e  or 
f lux d i s t r ibu t ions .  As is d i s c u s s e d  below,  p r o p e r  ac- 
c o u n t i n g  of  t he  v a r y i n g  h e a t  t r ans f e r  t h r o u g h  t he  b o t t o m  
a n d  s ides  of  a c ruc ib le  in  a real  c rys ta l  g r o w t h  s y s t e m  is 
c ruc ia l  for  accu ra t e  p r e d i c t i o n  of in te r face  shapes .  The  
e e n t e r l i n e  of t he  s y s t e m  (aDo) is specif ied as a s y m m e t r y  
axis  b y  

e,.- V0 = 0 [11] 

The  b o u n d a r i e s  of  the  p h a s e s  are d e t e r m i n e d  b y  t he  
s h a p e s  of t he  t h r e e  i n t e r f aces  and  the  r ad ius  of  t h e  crys- 
tal. T h e s e  are d e t e r m i n e d  b y  a set  of i n t e r f ace  a n d  con tac t  
c o n d i t i o n s  w h i c h  m u s t  be  sat isf ied s i m u l t a n e o u s l y  w i t h  
t h e  e n e r g y  ba lances ,  Eq.  [1]-[11]. The  mel t / so l id  in t e r f ace  
s h a p e  is d e t e r m i n e d  as t h e  m e l t i n g  p o i n t  i s o t h e r m  for 
GaAs  w r i t t e n  as 

O(r, Ha(r)) = 1 [12] 

in  t e r m s  of  t he  d i m e n s i o n l e s s  loca t ion  of  th is  i n t e r f ace  
Ha(r). 

The  m e l t / e n e a p s u l a n t  a n d  e n c a p s u l a n t l g a s  in t e r faces  
are d e t e r m i n e d  f rom t h e  Y o u n g - L a p l a c e  e q u a t i o n s  for 
e a c h  sur face  

2 ~  = Bo~(H~ - X~), i = 1, 2 [13] 

w h e r e  N~ is t he  m e a n  c u r v a t u r e  of the  in ter face ,  de f ined  
a s  

d2Hi dHi  

d r  2 d r  
[14] 

w h e r e  Bo~ is t he  B o n d  n u m b e r  a n d  X~ is a n  u n k n o w n  ref- 
e r e n c e  p r e s s u r e  d i f f e rence  for  the  i t h  in terface .  T h e  B o n d  
n u m b e r  m e a s u r e s  t he  re la t ive  i m p o r t a n c e  of g rav i ty  a n d  
su r face  t e n s i o n  in s e t t i ng  t he  s h a p e s  of  t he se  surfaces .  
Fo r  t he  LEC GaAs  sys tem,  g rav i ty  d o m i n a t e s  t he  inter-  
face shape ,  a n d  sur face  t e n s i o n  is i m p o r t a n t  on ly  w i t h i n  a 
smal l  r a n g e  of  severa l  m i l l ime t e r s  f r o m  the  c rys ta l  and  
c ruc ib le .  E q u a t i o n  [14] h a s  b e e n  d e r i v e d  a s s u m i n g  t ha t  
t h e  d y n a m i c  v i scous  a n d  p r e s s u r e  forces  c a u s e d  b y  fluid 
m o t i o n  in  t h e  e n c a p s u l a n t  a n d  m e l t  are  sma l l  w i t h  r e spec t  
to su r f ace - t ens ion  forces.  T h e  v i scous  t r ac t i ons  a s soc ia t ed  
w i t h  t he  m e l t  are ce r t a in ly  m u c h  smal l e r  t h a n  t h o s e  cre- 
a ted  b y  any  m o t i o n  in  t he  B.20.., w h e r e  t he  v i scos i ty  is 300 
t i m e s  l a rger  a n d  t he  l a rges t  e r rors  a s soc ia t ed  w i t h  ou r  as- 
s u m p t i o n  of  a h y d r o s t a t i c  i n t e r f ace  or iginate .  

The  p r e s su re  d i f f e rences  ar ise  b e c a u s e  no  d a t u m  loca- 
t ion  ex i s t s  a long  e i the r  su r face  w h e r e  t he  c u r v a t u r e  is 
p rec i se ly  zero. Thus ,  a m b i e n t  p r e s s u r e  c a n n o t  b e  d i rec t ly  
r e l a t ed  to the  p r e s s u r e s  in  t he  e n c a p s u l a n t  a n d  melt .  The  
u n k n o w n s  )t~ are d e t e r m i n e d  b y  spec i fy ing  t he  v o l u m e s  of 
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mel t  and encapsu lan t  as in o ther  capil lary p rob lems  (24). 
These  v o l u m e  const ra in ts  are for X, 

for f; Ho(r)rdr + H~(r)rdr = Vm/2rr [15] 

and for X2 

R~(Hy(r) - H~(r))rdr = VJ2rr [16] 

where  V~ and V~ are the  d imens ion less  v o l u m e s  of  mel t  
and encapsulant ,  respect ively .  

Equa t ions  [13]-[16] are solved with  edge  condi t ions  on 
bo th  interfaces  wh ich  specify the  wet t ing  angle  ~b of  mel t  
and encapsu lan t  against  the  cr3rstal and crucible.  The 
B~O.~ i s t a k e n  to wet  the  crystal  (~b~ = 5~ bu t  no t  the  cru- 
c ible  (6~ = 90 ~ 

dH~dr ~ = tan(q~ - 90 ~ [17] 

dH2 
dr 0 [18] 

This  last condi t ion  is incor rec t  because  the  encapsu lan t  
does  wet  the  crucible;  however ,  this a s sumpt ion  has no 
effect  on the  predic t ions  per ta in ing to the  g rowing  crystal  
and cons iderab ly  simplif ies  the  calculat ions  by pre- 
ven t ing  interfaces  f rom b e c o m i n g  very  s teep at the  cruci- 
ble. At the  three-phase  con tac t  be tween  melt ,  encapsu-  
lant,  and  crucible ,  the  angle  is set  to 90 ~ as for the  
encapsulant /gas  interface,  i.e. 

dH~ 
dr = 0 [19] 

Along  the  melt/crystal/B20:~ contac t  curve,  the 
mel t /sol id  and melt/B~O:~ interfaces  jo in  

Ho(R) = H~(R) [20] 

and the  wet t ing  angle  r  for equ i l ib r ium crystal  g rowth  
is m e t  

dH,dr , = t an ( r  - 90 ~ [21] 

For  GaAs,  ~ is app rox ima te ly  15 ~ (25). This  last  con- 
straint, Eq. [21], overspecif ies  the  mel t / encapsu lan t  inter- 
face men i scus  unless  the  crystal  radius is de t e rmined  
s imul taneously .  We use  Eq.  [21] as the condi t ion  for deter- 
m in ing  R. 

Finite-Element Analysis 
Equa t ions  [1]-[21] define a comp lex  non l inear  free- 

b o u n d a r y  p rob lem wh ich  taxes  previous ly  deve loped  nu- 
mer ica l  me thods  for solution.  We have deve loped  a 
f in i te -e lement /Newton  m e t h o d  based on the  t echn iques  
desc r ibed  in Res  (9) for s imul taneous ly  c o m p u t i n g  the  in- 
terface shapes and t empe ra tu r e  field in each phase.  

The  regions  of  melt ,  crystal,  and encapsu lan t  are di- 
v ided  into quadr i la tera l  e l emen t s  as shown  in Fig. 2 for 
app rox ima te  locat ions of  the  three  interfaces  and the  
crystal  radius. The  f in i te-e lement  m e s h  is def ined so 
that  the  u n k n o w n  interfaces  always fall a long rows of  
nodes.  As the  correc t  solut ion is approached ,  the  m e s h  
deforms  to fol low the  interfaces.  A con t inuous  tempera-  
ture  field is def ined over  the  regions  of  the  sys tem (D~, 
D~, D:~) us ing  po lynomia l  basis funct ions  {qb~r, z)} as 
fol lows 

2r 

O(r, z) = ~ a,dPi(r, z) [22] 
i=l 

where  the  coefficients a~ are a subset  of  the solut ion 
vector .  

Within each  e lement ,  the  basis funct ions  are isopara- 
metr ica l ly  m a p p e d  into a square  "uni t  e l emen t "  def ined 
in a coord ina te  sys tem (r ~) where  ( -1  =< r =< 1, 
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- 1  =<- V =< 1). The coord ina te  sys tem (~, ~) is re la ted to the 
cyl indr ica l  coord ina te  sys tem of the  e l emen t  by 

r = ~ r,~(~, ~?) [23] 
i= l  

z = ~ zi(b~, V) [24] 
i= l  

The e lementa l  basis funct ions  {~b~, ~)} are s tandard  nine- 
cons tan t  b iquadra t ic  Lagrang ian  polynomia ls  (26), and 
(r~, z~) are the  locat ions of  the  e l emen t  nodes.  Note  that  (r~:, 
z,) are de te rmined  by the  posi t ions of  the interfaces.  

The  shapes of  the  three  u n k n o w n  interfaces  are interpo- 
lated by one-d imens iona l  quadra t ic  f in i te-e lement  bases 
{~*(r)} as 

Ni 

U~(r) = ~ fl~J(r) [25] 

wi th  N, as the  n u m b e r  of  nodes  along the i th surface, and 
the  coeff icients  {fl,j}, i = 0, 1, 2, are de te rmined  along wi th  
R as par t  of the  solution.  As wi th  the  t empera tu re  equa- 
tions, the  interface equa t ions  are m a p p e d  to a one-dimen-  
sional  uni t  e l emen t  in the  radial  direction.  The  e lementa l  
quadra t ic  polynomia ls  {~(~)} are expressed  in the  trans- 
fo rmed  coordinate  r where  - 1  -< ~ =< 1. 

The  energy  balances  in each  phase are discret ized by 
the  Galerk in  f in i te-e lement  m e t h o d  fo l lowing the  formal-  
i sm of  the  i so therm m e t h o d  deve loped  in Ref. (9). This re- 
duces  t he  field equa t ions  and the  energy  ba lances  a long 
boundar ies ,  Eq.  [1]-[11], to a set algebraic equa t ions  in 
te rms  of  the  coefficients  for t empera tu re  and interface 
shape. These  equat ions  are 

-f.,K'W"V~176 
+ fo PeS~176 " e~) dS - ~ Ra~qb~(O4 - O~4) dS 

DO 1 

/ [Biyr - 0~) +Razr  4 - 0~4)] dS 
J 0  D2 r  

+ Ra4dP~(t? 4 - 0~4)] dS = 0, i = 1 . . . . .  N [26] 

They  are nonl inear  because  of  the  t e rm 04 in the  radiat ion 
condi t ion  and because  of  the  implic i t  d e p e n d e n c e  of  the 
basis funct ions  and the  Galerk in  integrals  on the  interface 
shapes.  We represen t  these  equat ions  more  compac t ly  as 

l~(x) = 0, i = 1 . . . . .  N [27] 

wi th  R, represen t ing  the  set of  residual  equat ions  for the  
t empera tu re  u n k n o w n s  x, = ~,, for i = 1,.  :., N. 

The  interface shapes  are de te rmined  f rom the  Galerk in  
integrals  of  Eq. [12] and [14], wh ich  incorpora te  all the 
wet t ing  angle  condi t ions  excep t  Eq.  [21]. These  equa t ions  
are 

f/ �9 ~[0(r, Ho(r) - 1] rdr = 0 [28] 

f t f e  d r  d r  . . . .  + X~) rdr = 0 + ( dU, ~2] ,,2 S~ + [29] 

1 \ d r ] J  

f dr dr 
JR 

i + \--~-~/ j 

"I ~ t an  (~ ,  - 90 ~ R 
- = 0 [ 3 0 ]  

[1 + tan~(~b~, - 90~ "~ 

or more  compac t ly  
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d i f f i cu l ty  w i t h  c o n v e r g e n c e  t h a t  o n e  w o u l d  e x p e c t  w i t h  
a n y  i t e r a t i ve  m e t h o d  for  t h e  s o l u t i o n  o f  Eq .  [32] w h i c h  
t r i e s  to  s a t i s fy  t h e  e q u a t i o n s  s u c c e s s i v e l y .  T h e  N e w t o n  
m e t h o d  i m p l e m e n t e d  h e r e  i t e r a t e s  s i m u l t a n e o u s l y  for  t h e  
e n t i r e  s o l u t i o n  v e c t o r  x .  

A t  e a c h  i t e ra t ion ,  t h e  s o l u t i o n  v e c t o r  is  u p d a t e d  a c c o r d -  
i n g  to  t h e  f o r m u l a  

x k + l = x  k +  8 [33] 

w h e r e  x k+~ is t h e  n e w  s o l u t i o n  v e c t o r ,  x k is  t h e  a p p r o x i m a -  
t i o n  to  t h e  s o l u t i o n  v e c t o r  f r o m  t h e  p r e v i o u s  i t e r a t i on ,  
a n d  t h e  c o r r e c t i o n  v e c t o r  6 is c o m p u t e d  b y  s o l u t i o n  o f  t h e  
m a t r i x  p r o b l e m  

J8 = - R  [34] 

T h e  J a c o b i a n  m a t r i x  J h a s  c o m p o n e n t s  J~5 = ORJaxj w h i c h  

0.0 0.5 I.O 
R - A X I S  

Fig. 2. Sample finite element mesh. Mesh contains 320 elements and 
1361 nodes. There are a total of 1415 unknowns for this system. 

to 
t%l 

O 
cq 

R~(x) = 0, i = N + 1 , . . . ,  Nt [31] 

w h e r e  x~ r e p r e s e n t  t h e  i n t e r f a c e  u n k n o w n s  {fl~j} o f  Eq .  [25]. to 
T h e  r e m a i n i n g  v o l u m e  c o n s t r a i n t s ,  Eq .  [15] a n d  [16], a n d  
t h e  c o n d i t i o n  fo r  t h e  e q u i l i b r i u m  g r o w t h  ang le ,  Eq .  [21], 
f o r m  t h e  r e m a i n i n g  r e s i d u a l  c o n d i t i o n s  d e n o t e d  as  J~Nt+~, CO 
i = 1, 2, 3, r e s p e c t i v e l y .  

T h e  c o m p l e t e  s e t  o f  n o n l i n e a r  r e s i d u a l  e q u a t i o n s  is X <~ 
/~(x) = /~(~,/9, R, X~, X~) = 0 [32] I 

N 
w h e r e  t h e  en t i r e  v e c t o r  o f  u n k n o w n s  is x r = (at, fir, R, Xl,~2). 
I n  t h i s  f o r m ,  t h e  c o u p l i n g  b e t w e e n  t h e  t e m p e r a t u r e  f ie ld  
a n d  t h e  s h a p e s  o f  t h e  p h a s e s  is o b v i o u s ,  as  is  t h e  O 

Table I. Operating parameters 

Reference case value 
Parameter  Dimensional Dimensionless 

Biot numbers  (Bij) - -  J" = 1,3, 0.0 
- -  3 = 2,4, 0.05 

Bond numbers  (Bo~) - -  z = 1, 150.0 
- -  i = 2, 370.0 tO 

Thermal conductivity ratios: 
Melt]solid (K~) - -  2.0 O 
Encapsulant]solid (K2) - -  0.5 

Radius of crucible (Re) 5.0 cm 1.0 
Radiation number  (Ra~) - -  all i, 0.8 
Stefan number  (S) - -  1.0 
Ambient  temperature (T~, 0~) 1280 K 0.85 
Crucible temperature (To, 0r 1660 K 1.1 
Solidification temperature (Tf) 1511 K 1.0 
Volume of encapsulant  (V~, Ve) 29.3 cm =~ 1.18 
Nominal thickness 2.5 cm 0.5 
Volume of melt  (Vm, Vm) 78.5 cm :~ 3.14 
Nominal depth 5.0 cm 1.0 O 
Crystal pull rate (V,, Pe) 2.3 cm/h 0.1 
Equilibrium wetting angles:~ 

Melt]crystal/encapsulant (r  15 ~ - -  
M elt]crucible/encapsulant 0 ~ - -  
(~bmJ 
E ncapsulantJcrystaYambient 5 ~ - -  

(~~ 
E ncapsulanticrucible/ambient 0 ~ - -  
(r162 

ol 
O.O 

I 
0 . 5  

R - A X I S  
.0  

Fig. 3. Isotherms and interface shapes for reference case (parameters 
listed in Table I). The finite element mesh used in this calculation is 
shown in Fig. 2. Isotherms for all plots are incremented by 23K (AO = 1.5 
x 10-2). 
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r e p r e s e n t  t h e  sens i t iv i ty  of  t h e  r e s idua l s  v e c t o r  to  pe r tu r -  
b a t i o n s  in  the  so lu t ion  v e c t o r  a n d  are o b t a i n e d  b y  analyt-  
ical d i f f e r en t i a t i on  of  t he  r e s idua l  equa t ions .  

The  sens i t iv i ty  of  t he  r e s idua l  e q u a t i o n  to t h e  loca t ions  
of  the  t h r e e  in t e r f aces  i n c l u d e s  t he  effects  on  t h e  bas i s  
f u n c t i o n s  of  d i sp l ac ing  t he  f in i t e -e l ement  m e s h ;  t h e s e  
t e r m s  are c o m p u t e d  b y  t he  i s o p a r a m e t r i c  m a p p i n g  tech-  
n i q u e  s u g g e s t e d  b y  Sai to  a n d  S c r i v e n  (27) a n d  u s e d  by  
o the r s  (28, 29). The  e v a l u a t i o n  of  t h e s e  t e r m s  is ca r r i ed  
ou t  in  t h e  t r a n s f o r m e d  c o o r d i n a t e s  (~, v) w h e r e  t he  depen-  
d e n c e  of  t he  bas i s  f u n c t i o n s  on  t he  e l e m e n t  s h a p e  is ex-  
p l ic i t ly  g iven  by  t he  m a p p i n g  e q u a t i o n s  [23] a n d  [24]. The  
de r iva t i ve s  are e v a l u a t e d  in c losed  fo rm b e c a u s e  t h e  rela- 
t i o n s h i p s  b e t w e e n  t h e  pos i t i on  of  t he  n o d e s  (r~, z~) a n d  t he  
i n t e r f a c e  s h a p e s  an d  crys ta l  r ad ius  are  k n o w n .  T he  equa-  
t i ons  for  m e s h  c o n s t r u c t i o n  a l low t h e  f in i t e - e l emen t  
m e s h  to be  p re fe ren t i a l l y  re f ined  nea r  the  c rys ta l  and  
mel t ] so l id  in ter faces .  

The  d e p e n d e n c e  of t he  r e s idua l  e q u a t i o n s  on  t he  un-  
k n o w n s  gives  J t h e  " a r r o w "  m a t r i x  s t r u c t u r e  typ ica l  of  
f r e e - b o u n d a r y  p r o b l e m s  (9, 27). We solve t he  e q u a t i o n  se t  
Eq. [34] b y  G a u s s i a n  e l i m i n a t i o n  u s i n g  a c o m p u t e r  code  
for  b a n d e d  ma t r i ce s  w i t h  t h e  a r row s t ruc tu re .  Fo r  the  
d i sc re t i za t ion  s h o w n  in  Fig. 2, a m e s h  of  320 e l e m e n t s  (a 
m a x i m u m  of 16 in  t he  rad ia l  d i r ec t ion  a n d  24 in  t h e  axia l  
d imens ion ) ,  t he  e q u a t i o n  se t  h a d  1415 u n k n o w n s ,  a n d  
each  i t e ra t ion  r e q u i r e d  110 c p u  s econds  o n  t he  Cray-1 
c o m p u t e r  at  Bel l  Labora to r i e s ;  ove r  90% of  t he  cpu  t i m e  
was  u s e d  in t he  G a u s s i a n  e l i m i n a t i o n  for  t h i s  la rge  sys- 
t e m  of  equa t ions .  F o r  all ca l cu la t ions  r epor t ed ,  q u a d r a t i c  
c o n v e r g e n c e  of t h e  r e s idua l s  to t he  so lu t ion  was  ob- 
served,  as is e x p e c t e d  for  N e w t o n ' s  m e t h o d .  The  conver -  
g e n c e  of  a pa r t i cu l a r  ca l cu l a t i on  is d i sp l ayed  in  Fig. 6 be- 
low. 

Results 
Calcu la t ions  we re  ca r r i ed  ou t  for  a p r o t o t y p e  of  a small-  

scale  GaAs  e x p e r i m e n t a l  s y s t e m  u s i n g  t he  320-ele- 
m e n t  m e s h  s h o w n  in Fig. 2. A c ruc ib l e  of  5 c m  rad ius  was  
u s e d  for  all ca lcu la t ions ;  c ruc ib l e  a n d  a m b i e n t  t e m p e r a -  
t u r e s  we re  1.1 a n d  0.85 t i m e s  t he  m e l t i n g  p o i n t  of GaAs,  
r espec t ive ly ;  the  r e f e rence -case  pul l  ra te  was  2.3 cm/h.  
The  d i m e n s i o n l e s s  g r o u p s  a p p r o p r i a t e  for  m o d e l i n g  
G a A s  g r o w t h  we re  b a s e d  on  ou r  b e s t  e s t ima te s  for  
t h e r m o p h y s i c a l  da ta  a n d  are l i s ted  in Tab le  I. I s o t h e r m s  

a n d  in t e r f aces  for  t h e  r e f e r ence  case  a re  s h o w n  in  Fig. 3. 
The  c rys ta l  filled a l m o s t  h a l f  t he  r ad ius  of  t h e  c ruc ib le ,  
a n d  t he  mel t ]c rys ta l  i n t e r f ace  was  c o n c a v e  u p w a r d  in to  
t he  crystal .  The  e l eva t i on  of  t h e  m e l t ] e n c a p s u l a n t  " shoul -  
de r"  was  a p p r o x i m a t e l y  0.45 cm,  a n d  t he  de f lec t ion  
s t r e t c h e d  less t h a n  1 c m  away  f rom the  c rys ta l  surface.  In  
t h e  r eg ion  of  t h e  t h r e e - p h a s e  con t ac t  a t  t he  edge  of t he  
crystal ,  t h e  i s o t h e r m s  in  all t h r ee  p h a s e s  were  ve ry  
curved .  The  e x i s t e n c e  of  p r o n o u n c e d  rad ia l  t e m p e r a t u r e  
g r a d i e n t s  in  th i s  r eg ion  cas ts  d o u b t  u p o n  t h e  va l id i ty  of  
o n e - d i m e n s i o n a l  h e a t - t r a n s f e r  models .  R a d i a t i o n  f rom the  
s u b m e r g e d  sur faces  t h r o u g h  t he  e n c a p s u l a n t  is a n  impor -  
t a n t  hea t - t r ans f e r  m e c h a n i s m .  This  r ad ia t ive  f lux ac ts  as 
a hea t  s ink  a long  t he  in t e r f aces  a n d  is n o t e d  b y  t he  
c h a n g e  in  s ign  of  t he  t e m p e r a t u r e  g r a d i e n t  ac ross  t he  
m e l t ] e n c a p s u l a n t  a n d  c r y s t a l / e n c a p s u l a n t  b o u n d a r i e s .  

T h e  accu racy  of t he  f in i t e -e l ement  ca l cu la t ions  was es- 
t i m a t e d  b y  r e p e a t i n g  t he  ca lcu la t ion  of t he  r e f e r ence  case  
for severa l  f i n i t e - e l emen t  m e s h e s  sma l l e r  t h a n  t he  one  
p i c t u r e d  in Fig. 2. T h e s e  r e su l t s  are  s h o w n  in  T a b l e  II  a n d  
s h o w  the  re l iab i l i ty  of  f in i t e -e l ement  a p p r o x i m a t i o n s  
c o n s t r u c t e d  w i t h  e v e n  coa r se r  e l e m e n t  d i sc re t iza t ions .  
Fo r  example ,  t he  c rys ta l  r ad ius  p r e d i c t e d  u s i n g  a m e s h  
w i th  on ly  80 e l e m e n t s  (391 u n k n o w n s )  gave  a p r e d i c t i o n  
for r ad ius  t h a t  d i f fe red  on ly  2% f rom the  r e su l t  for  t he  320 
e l e m e n t  mesh .  

The  r e s p o n s e  of t he  hea t - t r ans f e r  m o d e l  to va r ious  
o p e r a t i n g  a n d  t h e r m o p h y s i c a l  i n p u t  da ta  was  d e t e r m i n e d  
by  v a r y i n g  p a r a m e t e r s  a b o u t  t h e  r e fe rence  case  s h o w n  in  
Fig. 3. T h e s e  r e su l t s  a re  d i s c u s s e d  in  t h e  s u b s e c t i o n s  be-  
low for  va r i a t ions  of  pu l l  r a t e  (Pecle t  n u m b e r )  a n d  radia-  
t ive  h e a t  loss ( rad ia t ion  n u m b e r ) .  

Varying pull rate.--Increasing t h e  pul l  ra te  i n c r e a s e d  
t he  a m o u n t  of  h e a t  l i b e r a t e d  pe r  u n i t  a rea  of  the  melt]  
sol id in t e r face  a n d  c a u s e d  it to b e c o m e  m o r e  c o n c a v e  
w i t h  r e spec t  to t he  crystal .  The  r e a r r a n g e m e n t  of t he  t em-  
p e r a t u r e  field n e c e s s a r y  to a c c o m m o d a t e  t he  e x t r a  l a t e n t  
h e a t  d r o v e  t he  mel t ]so l id  in t e r face  h igher .  The  n e e d  to 
d i s s ipa t e  t he  g rea te r  re lease  of l a t e n t  heat ,  c o u p l e d  w i t h  
su r face  t e n s i o n  ac t ing  t h r o u g h  t h e  m e l t ] e n c a p s u l a n t  inter-  
face, t h e n  d e c r e a s e d  t he  r ad ius  of  t he  crystal .  Resu l t s  for 
v a r y i n g  t he  pul l  ra te  b e t w e e n  t he  r e fe rence  of 2.3 cm/h  
(Pe = 0.1) a n d  18.7 c m / h  (Pe  = 0.8) are s h o w n  in  Fig. 4 as 
p lo ts  of  t h e  i s o t h e r m s  in t he  mel t ,  crystal ,  a n d  e n c a p s u -  
lant .  T h e  con f igu ra t ions  of  the  f in i t e -e l ement  m e s h  for 

Table II. Results of mesh refinement 

Mesh size 
I II III 

80 elements 180 elements 320 elements 
391 unknowns 823 unknowns 1415 unknowns 

Crystal radius, R 0.5575 0.5486 0.5457 
(0.0222)* (0.0059) 

Melt/solid interface 
Centerline height, Ho(O) 1.1809 1.1745 1.1724 

(0.0073) (0.0018) 
Deflection, Ho(O) - Ho(R) 0.1450 0.1402 0.1387 

(0.0454) (0.0108) 
Melt/B20~ meniscus 

Height at crystal, H,(R) 1.0359 1.0343 1.0337 
(0.0021) (0.0006) 

Deflection, H,(R) - H,(1) 0.0989 0.0925 0.0905 

Axial temperature gradient (0.0928) (0.0221) 
at melt/solid interface 

Centerline, - (O0/OZ)m 0.0928 0.0919 0.0914 
(0.0153) (0.0055) 

Edge of cyrstal, - (O0/Oz)m 0.205 0.212 0.217 
(0.0955) (0.0230) 

Crystal temperature at top 
of BsO:, 

Centerline, 0(0, H2(R)) 0.9231 0.9218 0.9214 
(0.0018) (0.0004) 

Edge, O(R, H2(R)) 0.8977 0.8969 0.8966 
(0.0012) (0.0003) 

CPU time, seconds on CRAY 1 10 - -  109.8 

* Numbers in parentheses are relative differences between results for smaller meshes and mesh III, computed as [(I) - (III)l/(III). 
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these different pull rates are shown in Fig. 5. The conver- 
gence sequences with Newton iteration of the calcula- 
tions for each growth velocity are shown in Fig. 6 for cal- 
culations with the same first guess. Each iteration 
displayed quadratic convergence, i.e., its slope between at 
least the last two iterates was less than -2.  

The axial temperature profiles along the centerline 
(r = 0) and the crystal edge (r = R) are presented in Fig. 7. 
Increasing the pull rate was expected to increase the tem- 
perature gradient in the crystal and decrease the gradient 
in the melt  at the solidification front. As seen in Fig. 7, 
these trends were evident at the crystal center, but  not at 
the edge. Radiative and conductive heat transfer from the 
perimeter of the crystal to the surroundings was intense 
enough to counterbalance the local increase in heat flux 
caused by higher pull rates. At the pull rate of 2.3 cm/h, 
the gradient in the crystal at the centerline is -85.5 K/cm, 
a value which is reasonable for growth of GaAs. Although 

the interfacial temperature gradient measured from the 
melt decreased with increasing Pe, it did not reach zero, 
even at the highest pull rate; for Pe = 0.8, the dimensional 
temperature gradient was -2.4 K/cm. Thermal super- 
cooling must occur at a yet higher pull rate. 

Over the range of pull rates, 2.3-18.7 cm/h, the crystal ra- 
dius decreased from 2.73 to 1.70 cm, as shown separately 
in Fig. 8. The proposed relation between crystal radius 
and pull rate for Czochralski growth derived by Billig (17) 
predicted that the crystal radius was proportional to the 
inverse square of the pull rate, or in dimensionless form, 
R = l /Pe ~. Fitting this form to the results of the model 
leads to the equation 

R = 0.0776/Pe ~ [35] 

Kim et aL (30) suggested that the radius and pull rate of a 
Czochralski crystal be correlated as R = AJ(Pe + B), where 
A and B are constants set by the heat transfer in the fur- 
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nace. Fitting the data for Pe = 0.1 and Pe = 0.2 to deter- 
mine A and B yields 

R = 0.568/(Pe + 0.941) [36] 

Both of these relations are plotted, along with the finite- 
element results, in Fig. 8 for the entire range of growth 
rates. The agreement with the correlation of Kim et al. is 
excellent (the correlation coefficient was 1.0000), whereas 
the derivation of Billig does not fit the finite-element re- 
sults at all (correlation coefficient was 0.68). This is not 
surpris~g,  because Billig's assumptions of a thermally 
supercooled melt  next  to the melt/solid interface and a 
one-dimensional crystal temperature field in this region 
were not met by the results of the two-dimensional 
thermal-capillary model used here. 

Varying volume of encapsulant.--The effect of increas- 
ing the volume of the encapsulant on the temperature 
field and the crystal radius was complicated by geomet- 
rical interaction of the depth of the B203 with the size of 
the crystal. The variation of this depth for the same vol- 
ume of B,O~ and different growth rates is seen in Fig. 4. 
The depth of the layer measured at the crucible wall 
varied from 2.27 to 2.1 cm as the pull rate was changed 
from 2.3 to 18.7 cm/h. 

Calculations were carried out for four volumes of en- 
capsulant with all other operating parameters held fixed 
at the values for the base case; the isotherms and inter- 
faces for these calculations are shown in Fig. 9. The calcu- 
lations for Vc -- 0 were for a system without the encapsu- 
lant layer and with radiation and convection directly from 
the now melt/gas meniscus to the ambient. As expected, 
increasing the amount  of the low-conductivity encapsu- 
lant inhibited heat transfer from the melt and crystal and 
resulted in smaller crystals for a given pull rate (2.3 cm/h). 
Several other features of these calculations were much 
less obvious. 

The melt/crystal interface was more concave with 
deeper encapsulant. Increasing the depth of the B20:~ 
caused a greater portion of the heat transfer from the melt 
to occur by conduction through the crystal. The increased 
heat flux into the crystal near the melt/crystaYB20:~ con- 
tact caused the temperature field to be more two-dimen- 
sional there; however, the axial temperature gradient at 
the melt/crystal interface changed little with increasing 
depth of encapsulant. The magnitude of the radial 'tem- 
perature gradient was proportional to the curvature of the 
melt/crystal interface. 

The axial temperature profiles along the centerline and 
perimeter of the crystal are shown in Fig. 10 for the base 
case and three different depths of B~O:~. The axially aver- 
aged radial temperature differences decreased with in- 

creasing encapsulant depth, but  the relative deflection of 
the melt/solid interface did not decrease because of the 
increased distortion of the temperature field there. 

Varying radiative heat transfer.--The importance of 
the description of radiation through the encapsulant  and 
to the environment  was verified by the sensitivity of the 
results to changes in the emissivities along the surfaces. 
Isotherms and interface shapes are shown in Fig. 11 for 
two different sets of radiation numbers.  The first corre- 
sponded to a factor-of-two decrease in e along all 
radiating boundaries (Ral = 0.4), whereas the second was 
performed with lower emissivities on only the surfaces 
with the encapsulant, i.e., Ral.~ = 0.4 and Re2.4 = 0.8. 
Halving the radiative flux along all the surfaces drastic- 
ally decreased the radius of the crystal to R = 0.61 cm [see 
Fig. ll(b)], flattened the melt/crystal interface, and in- 
creased the temperature gradient next to the solidifica- 
tion front. The added resistance to radiation along both 
menisci inhibited radiation through the B20.~ to the extent 
that the temperature gradients on either side of the 
boundaries with the encapsulant had the same sign. 

Specifying the emissivity along interfaces with the B20.~ 
to be lower than along surfaces with the gas lowered the 
influence of radiation, but  did not eliminate it, as is seen 
by examining the temperature gradients along the inter- 
nal surfaces in Fig. ll(c). Here the crystal radius was de- 
creased to 1.29 cm, compared to 2.73 cm for the reference 
case. The interface shape was flattened and the axial 
temperature gradient was increased. The largest value of 
the gradient along the center of the crystal still appeared 
at the solidification interface; however, the gradient was 
more uniform near the melt/crystal surface than in the 
reference case. 

Discussion 
The two-dimensional model for liquid-encapsulated 

Czochralski growth presented here is the first to give si- 
multaneous predictions of the crystal shape and tempera- 
ture field in this system. The accuracy of the calculations 
depends on the accuracy of the heat-transfer model used 
in each phase and across phase boundaries, and it de- 
pends on the reliability of the thermophysical properties 
used in the model. The calculations for the prototype of a 
small-scale growth system given in the "Results" section 
above predict reasonable dependence of the crystal ra- 
dius on growth rate and reasonable axial temperature gra- 
dients. Mfiller et al. (5) have recently measured tempera- 
ture gradients in an InP  crystal growing in  a LEC system. 
They report temperature gradients near 80 K/cm at the in- 
terface and higher gradients as the crystal is pulled 
through the B~O3. The melt/crystal interface was convex 
to the crystal in all the experiments reported in Ref. (5). In 
our calculations, the maximum axial temperature gradi- 
ent occurred at the solidification front and the interface 
was concave. The qualitative discrepancies between our 
results and these experiments may be linked to the 
method used by Mfiller et al. for measuring axial temper- 
ature profiles. In their experiment, the thermocouple was 
moved upward through the melt and incorporated into 
the growing crystal during seeding at the initial stages of 
growth. Enough crystal had not been grown, so the as- 
sumption of a uniform radius protruding from the encap- 
sulant was not satisfied. Under these conditions, heat 
transfer to the ambient  changes continuously with time, 
so the experiments can only be simulated using a tran- 
sient analysis which accounts for the variations of the ra- 
dius with time. 

Also, the heat transfer through the crucible sides and 
bottom also plays an important  role in setting the magni- 
tude and curvature of the radial temperature gradients 
and the interface shape in a LEC system. Heat losses 
through the usually unheated bottom of the crucible 
cause the temperature at the center of the crucible to be 
lower than at the sides and can result in interfaces that 
are convex to the solid at the centerline and result in the 
formation of solid on the bottom of the crucible. Radia- 
tion from the wall of the bare crucible to the crystal also 
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1.10 

i nc reases  t he  t e m p e r a t u r e  a long  t he  edge  of  t he  b o u l e  a n d  
m a k e s  t he  in te r face  m o r e  convex .  These  effects  m a y  be  
r e s p o n s i b l e  for  t h e  d i f f e rences  b e t w e e n  t h e  e x p e r i m e n t a l  
r e su l t s  in  Ref. (5) a n d  ou r  ca lcu la t ions ,  as will  be  dis- 
c u s s e d  in a n o t h e r  c o m m u n i c a t i o n  w h e r e  t h e  c ruc ib l e  is 
i n c l u d e d  in t he  ca l cu la t ions  (31). 

The  s imp le  m o d e l  u s e d  for  r ad i a t i on  t h r o u g h  t h e  B20:~ 
to t he  s u r r o u n d i n g s  is a m a j o r  source  of e r ror  in  t he  

f in i t e -e lement  m o d e l i n g  of  LEC growth .  The  l im i t ed  cal- 
cu l a t ions  on  t he  sens i t iv i ty  to  t he  p a r a m e t e r s  in  t he  radia-  
t ion  m o d e l  s u g g e s t  t h a t  sma l l  c h a n g e s  in  t h e  emiss iv i t i e s  
can  m a k e  large d i f f e rences  in  t he  c rys ta l  r ad ius  a n d  in  t he  
t e m p e r a t u r e  d i s t r i b u t i o n  in  t he  crystal .  A m o r e  c o m p l e t e  
m o d e l  of  r ad ia t ion  a long  t h e s e  sur faces  is p r o b a b l y  
n e e d e d  be fo re  c o m p u t a t i o n s  can  be  c o m p a r e d  quan t i t a -  
t ive ly  w i t h  e x p e r i m e n t s .  The  m o s t  se r ious  l im i t a t i on  of  
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any modeling of LEC growth may be the lack of informa- 
tion on radiation through the B203. The assumption of to- 
tal transparency of this molten glass is undoubtedly poor, 
especially when even a small amount of water is present 
in the encapsulant  layer (32). More complex heat-transfer 
models that account for absorption in the B=O3 and for 
reflected radiation are probably not justified without 
better experimental data on the radiation properties of 
B203. 

Even with the simple radiation model, the complete cal- 
culation of operating states for a LEC system is a power- 
ful tool for understanding the interactions of various heat- 
transfer mechanisms and capillarity. Moreover, the 
numerical  method described in the "Finite-Element Anal- 
ysis" section above is the basis for studies of stability of 
the entire growth process, for the determination of trans- 
fer functions for control algorithms, and for complete 
simulation of transients in the process that occurs during 

seeding of the melt. Each of these extensions is made fea- 
sible because of the use of the Newton iteration scheme. 
The Jacobian matrix used at each step in this iterative 
procedure is needed in computer-aided algorithms for the 
calculation of parametric sensitivity and stability (8, 33, 
34) and in fuily-implicit methods for time integration of 
the dynamic problem (35). Previous stability analyses for 
the Czochralski process and other meniscus-defined 
growth systems have either neglected the interactions of 
heat transfer with capillarity (19, 36) or have used entirely 
empirical expressions for the effects of heat transfer (37, 
38). The stability analys~s based on the entire two- 
dimensional model used here will give an accurate assess- 
ment  of the importance of the thermal-capillary coupling 
in the control of conventional and liquid encapsulated 
Czochralski growth systems. 
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LIST OF SYMBOLS 

Bij Biot number  = h~Rc/k, for surface j 
Bo~ Bond number  = gR,(~Ap~/o~ for surface i 
Cp heat capacity [J/kg/~K] 
D~ mathematical domain: 1-melt, 2-encapsulant, 

3-crystal 
aD~ boundaries of domains: see Fig. 1 
er unit  radial coordinate vector 
e, uni t  axial coordinate vector 
g gravitational constant [m/s 2] 
hj heat-transfer coefficient for surface j [W/m2K] 
H~ height of into'face i from bottom of crucible [m] 
H~ dimensionless interface height = HJRc 
~, mean curvature of interface i 
J Jacobian sensitivity matrix 
J~j individual component  of Jacobian matrix 
k thermal conductivity [W/mK] 
K~ thermal conductivity ratio = kJks for region i 
n~ uni t  normal vector to surface i 
N number  of temperature unknowns 
N t number  of temperature and interface unknowns  
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p~~ datum pressure for interface i [N/m 2] 
Pe Peclet number  = V p R e p ~ C p / k ~  
r radial coordinate measured from center of crucible 

[m] 
r~ dimensionless radial coordinate = ~/Rc 
B crystal radius [m] 
R dimensionless crystal radius = [I/Re 
R~ crucible radius [m] 
R residual_vector 

R, individual component  of residual vector 
R a i  radiation number  = o-*eiRcT}/k~ for surface i 
S Stefan number  = A H f / C P s T f  
T temperature [K] 
Tf solidification temperature [K] 
Ve volume of encapsulant [m :~] 

Ve dimensionless volume of encapsulant = (ZJR~:~ 

Vm volume of melt [m 3] 

1.10 



Vol. 132, No. 2 CZOCHRALSKI GROWTH SYSTEM 481 

ID 

O 

O 
d i 

0 . 0  0 .5  1.0 

R - A X I S  

ID 
0,i- 

o 

It) 
tO - - : -  

! 

N 
o._ 

ID 
c~- 

U3 

ID 

! 

N 
o 

to 
d -  

0 0 
d J d 'l 

0 .0  0 .5  1.0 0 .0  0 .5  1.0 
R - A X I S  R - A X I S  

( a )  R a i = 0 . 8  ( b )  Ra i = 0 . 4  ( c )  R a l ,  3 = 0 . 4  

R a 2 ,  4 = 0 . 8  

Fig. 11. Variation of isotherms and interface shapes with a decrease in the radiation numbers to Rai = 0.4 on all surfaces (b) and Ra t,:~ = 0.4 and Ra2.4 
= 0.8 (c). 

Vm dimensionless volume of melt = VJRc 3 
Vp steady-state crystal pull rate [m/s] 
x vector of solution unknowns  
x~ individual component  of solution unknowns  vector 
z axial coordinate measured from bottom of crucible 

[m] 
z dimensionless axial coordinate = ~/Rr 

Greek symbols 

a temperature unknowns  vector 
~ individual component  of temperature unknowns 

vector 
fl interface unknowns  vector 
fl~ j th  component  of unknowns  vector for interface H~ 

correction vector used in Newton's method 
AHf heat of fusion [J/kg] 
hp~ density difference across interface i [kg/m 3] 
E~ emissivity of surface i 

axial coordinate in uni t  element 
0 dimensionless temperature = T/T~ 
X~ dimensionless reference pressure = p?/Ap~gRc 

radial coordinate in unit  element 
p density [kg/m 3] 
~r~ surface tension for surface i [N/m] 
r Stefan-Boltzmann constant [W/m~K 4] 
r equilibrium wetting angles 
~i two-dimensional elemental polynomial basis func- 

tions 
q~ two-dimensional global polynomial basis functions 
~J one-dimensional elemental polynomial basis func- 

tions 
xl, J one-dimensional global polynomial basis functions 

Superscripts 

i, j numerical indexes 
k numerical index denoting iteration number  
T transpose of vector 

Subscripts 

a ambient  
c crucible 

e encapsulant 
i , j  indexes denoting surface, domain, or equation 

numbers  
m melt 
s solid 
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ABSTRACT 

Infrared, Raman, and x-ray diffraction measurements were used to study films obtained by chemical vapor deposi- 
tion from Sill4 and N~O gases. A wide range of N~O/SiH4 ratios (~) were used to examine the existing phases inside the 
film, oxidation states of the oxide phases, and crystallite growth of the silicon phase on subsequent  heat-treatment. The 
as-deposited films were composed of an amorphous genuine silicon phase and an oxide phase SiO~, with x values from 
1.38 to 1.63 for -y from 0.5 to 24. Reconstruction of both phases occurred by subsequent heat-treatment in N2 atmosphere. 
The sizes of the silicon crystallites formed in the silicon phase by subsequent heat-treatment were related to oxygen 
content of the film. Comparing reported electric and optical properties with results obtained in this study, we proposed 
a new model of the films, in which the silicon and oxide phases formed a complicated three-dimensional network. The 
model consistently explained all the observed film properties. 

Much interest has been directed towards chemical 
vapor deposited silicon oxide films, obtained from Sill4 
and N20 gases, which can be used for passivation (1-2), 
nonvolatile memory devices (3), and heterojunction tran- 
sistors (4). Such films are commonly referred to by the 
acronym SIPOS (semi-insulating polycrystalline silicon), 
or silicon-rich silicon dioxide. Through investigations 
using transmission electron microscopy (TEM) (5, 6), 
reflection high-energy electron diffraction (RHEED) (7), 
x-ray photoelectron spectroscopy (XPS) (6, 8), Raman (9), 
infrared (IR) (10), and IR-visible absorption (11) measure- 
ments, the structural image of the films has become clear 
to a certain extent. However, interesting points still re- 
main regarding oxidation state of the films, morphology 
of the silicon phase, and structural arrangement of silicon 
and oxide phases when both are present in the films. 

In this paper, accurate determinations of film oxygen 
content were made by radioactivation analysis. These re- 
sults formed the basis for evaluation of film oxidation 
state and existing phases in the as-deposited film. 
Changes in oxidation state of the oxide phase and mor- 
phology of the silicon on subsequent heat-treatment of 
specimens in a N~ atmosphere were examined through IR 
absorption, Raman, and x-ray diffraction measurements. 
A model was proposed to explain the electrical and op- 
tical properties of the films. 

Experimental 
Film deposition.--An ordinary chemical vapor deposi- 

tion reactor was used to deposit the films at atmospheric 
pressure by reactive decomposit ion of silane (Sill4) and 
nitrous oxide (N20) diluted in Nz gas. The deposition tern- 

perature was 650~ In order to obtain a range of oxygen 
contents in the films, the reactant gas flow ratios 
N.20/SiH4 (designated ~) were varied from 0 to 24. As a mat- 
ter of convenience for radioactivation analysis of oxygen, 
the film thickness was varied from 0.22 to 0.75 t~m. High 
purity (111) FZ silicon plates (oxygen content <10 '7 
at./cm :~) with thicknesses of 300 t~m and 1 mm were used 
as film substrates for radioactivation analysis and IR ab- 
sorption measurements,  respectively; 1 mm thick fused 
silica was used as a substrate for the Raman and x-ray dif- 
fraction measurements.  

Radioactivation analysis.--For accurate determination 
of film oxygen content, a radioanalytical method using 
activation by the '~O(:~He, p)'SF reaction was employed. 
Steam oxidized silicon dioxide film 1.05 t~m thick and 
having a density of 2.12 -+ 0.02 g/ca: '  was used as a refer- 
ence. Details for activation analysis are given in the litera- 
ture (12). The maximum error in the oxygen content 
(atomic percent [a]o]) was estimated to be within 10%. 

Infrared measurements.--The IR spectra were recorded 
from 4000 to 400 cm -~ by a Hitachi spectrometer (EPI- 
G3), with the reference being the same as the specimen (1 
mm thick silicon plate). 

Raman measurements.--For the Raman measurements,  
an argon ion laser line of 514.5 nm wavelength with 
100-300 mW power was used as an incident beam with a 
spot diameter of about 10 t~m. The spectrometer was a 
JRS-400D (JEOL). The maximum spectral resolution was 
about 1.0 cm- ' ,  and the tracking error in the wave num- 
ber was 0.3 c a - ' .  The Raman scattering was measured 
with a backscattering configuration. 
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X-ray diffraction measurements.--In orde r  to invest i -  
gate  sizes of t he  s i l icon c rys ta l l i t es  in  t he  film, x-fay dif- 
f r ac t i on  p a t t e r n s  we re  t a k e n  of  t he  film. T h e  d i f f rac tom-  
e t e r  was  a R i g a k u  Geiger f l ex  RAD-rA,  a n d  the  i n c i d e n t  
x- ray  l ine  was  CuK~. 

Results 
Oxygen content as a function of gas f low ratio %-- Ox- 

y g e n  c o n t e n t  of  t he  a s -depos i t ed  f i lms as o b t a i n e d  b y  
r ad ioac t i va t i on  ana lys i s  are s u m m a r i z e d  in  Tab le  I. The  
film t h i c k n e s s  m e a s u r e d  b y  Taylor  H o b s o n  Ta lys tep  I 
are also g iven  in t he  s a m e  table .  T he  o x y g e n  c o n t e n t  in- 
c r ea sed  w i t h  t he  gas f low rat io 7. T he  r e l a t i o n s h i p  be- 
t w e e n  o x y g e n  c o n t e n t  ~ (a tomic  pe rcen t )  a n d  7 was ap- 
p r o x i m a t e l y  g i v e n  by  ~ = fl log 7 + e, w h e r e  fi a n d  �9 were  
a b o u t  11 a n d  20, respec t ive ly .  Th i s  e x p r e s s i o n  d i f fered  
s l ight ly  f rom t h a t  g i v e n  b y  Moch izuk i  et al. (2), p r o b a b l y  
owing  to d i f f e rences  in  t he  reac tors  emp loyed .  The  oxy- 
g e n  c o n t e n t  at  7 = 0 was  n o t  zero, owing  to o x y g e n  con-  
t a m i n a t i o n  of  t he  r eac to r  wal ls  a n d  gas  t r a n s f e r  tube .  

Infrared spectra.--The IR  a b s o r p t i o n  spec t r a  for as- 
d e p o s i t e d  fi lms are  s h o w n  in Fig. 1. T h e  p e a k s  loca ted  
b e t w e e n  1000-1100 c m  -1 sh i f t ed  s l ight ly  to h i g h e r  wave  
n u m b e r  w i t h  i n c r e a s i n g  % wh i l e  the  875 c m  -1 p e a k  re- 
m a i n e d  cons t an t .  The  800 c m - '  p e a k  was  scarce ly  observ-  
ab le  for  t he  7 = 24 s p e c i m e n .  As s h o w n  in Fig. 2, w h e n  
t h e r e  was  no  i n t e rna l  s t ress  in  a h o m o g e n e o u s  ox ide  film 
SiO~, t h e r e  was  a s i m p l e  r e l a t i on  b e t w e e n  x a n d  t he  m a i n  
p e a k  pos i t i on  ( b e t w e e n  980-1082 cm -") (13). C o m p a r i n g  
Fig. 1 w i th  Fig. 2, t he  x va lues  were  f rom 1.38 to 1.63 for 
t he  f i lms p r e p a r e d  f rom 7 = 0.5-24, w h i c h  were  in  good  
a g r e e m e n t  w i t h  t he  x = 1.4 va lue  o b t a i n e d  b y  X P S  (5). As- 
s u m i n g  t h a t  t he  w h o l e  fi lm was  c o m p o s e d  of  a h o m o g e -  
n e o u s  oxide,  the  o x y g e n  c o n t e n t s  were  acco r d i ng ly  g iven  
f r o m  58 to 62 a/o. T h e s e  va lues  were  s ign i f i can t ly  differ- 
e n t  f r o m  those  g iven  in  T a b l e  I, s u g g e s t i n g  t h a t  t he  fi lms 
we re  no t  c o m p o s e d  s i m p l y  of a h o m o g e n e o u s  ox ide  
phase .  

X-ray,  electron diffractions, and Raman spectra.--In or- 
d e r  to  i nves t i ga t e  t h e  p h a s e  (or phases )  of  t h e  fi lms, x-ray 
a n d  e l ec t ron  d i f f rac t ion  p a t t e r n s  a n d  R a m a n  spec-  
t ra  of  t h e  fi lms were  m e a s u r e d .  T he  x- ray  a n d  e lec t ron  
d i f f r ac t ion  p a t t e r n s  i n d i c a t e d  t h a t  the  c o n s t i t u e n t  p h a s e  
(or phases )  of  all t h e  fi lms was  a m o r p h o u s ,  w h i c h  was  in 
a g r e e m e n t  w i th  t h e  f i nd ings  of  N a g a s h i m a  a n d  K u b o t a  
(14) t h a t  t he  s i l i con  p h a s e  was  a m o r p h o u s  for  c h e m i c a l  
v a p o r  d e p o s i t i o n  f r o m  Sill4 u n d e r  650~ As s h o w n  in  Fig. 
3, a b r o a d  b u t  obv i ous  p e a k  was  o b s e r v e d  a r o u n d  480 
c m  -J in  t he  R a m a n  spec t r a  for  all t h e  f i lms on  b o t h  sili- 
con  a n d  fu sed  si l ica subs t r a t e s .  I t  c o i n c i d e d  w i t h  t h a t  of 
t he  a m o r p h o u s  s i l icon p h a s e  in the  Si :H film p r e p a r e d  in 
a h y d r o g e n  p l a s m a  (15). Accord ing ly ,  t he  p e a k  cou ld  be  
a s s i g n e d  to t he  a m o r p h o u s  s i l icon phase .  B a s e d  on  t he  IR 
a n d  R a m a n  resul ts ,  t h e  f i lms we re  r e g a r d e d  as c o m p o s e d  
of  a g e n u i n e  s i l icon p h a s e  a n d  a s i l icon ox ide  p h a s e  SiO~, 
w i t h  x = 1.38-1.63. 

Calculation of oxygen content f rom IR absorption.-- 
W h e n  the  fi lms were  c o m p o s e d  of  on ly  g e n u i n e  s i l icon 
a n d  SiO.~ phases ,  t he i r  o x y g e n  c o n t e n t  cou ld  b e  o b t a i n e d  

Table I. Gas flaw ratio, thickness, oxygen content, and 
volume ratio of SiO~. Deposition temperature: 6S0~ 

Oxygen 
Gas flow Thickness content ~ Volume ratio 

No. ratio (7) (~m) ~ (a/o) of SiOx" (R) 

1 0 0.75 2.2 0.028 
2 0.5 0.57 17.5 0.23 
3 1 0.53 18.5 0.29 
4 2 0.50 23.3 0.35 
5 4 0.31 29.7 0.38 
6 8 0.27 35.9 0.47 
7 16 0.36 37.2 0.58 
8 24 0.22 41.8 0.63 

a Measured by radioactivation analysis. 
h See Results section. 

i ~ : 0 . 5  1030 

"2 '-" \ I 035  / 875 

,4 

~ __1"=4 

0 ~  
) r : 8  

1055 

I I I I I I 
l & O 0  1300 1200 1100 1000 900 800 ?00 

Wave N u m b e r ( c m - 1 )  
Fig. 1. Infrared absorption spectra for specimens deposited on silicon 

substrate. 

i n d e p e n d e n t l y  of r ad ioac t i va t i on  ana lys i s  b y  u s i n g  IR  ab- 
s o r p t i o n  in tens i t ies .  The  IR a b s o r p t i o n  i n t ens i t i e s  pe r  
u n i t  t h i c k n e s s  of  i n t e g r a t e d  opt ica l  d e n s i t y  b e t w e e n  
700-1400 c m  -1 for h o m o g e n e o u s  ox ide  SiOx h a s  a l r eady  
b e e n  g iven  as a f u n c t i o n  of t h e  p o s i t i o n  (cm -~) of  t he  in- 
f ra red  m a i n  p e a k  (13). The  i n t e n s i t y  ra t io  re la t ive  to SiO~ 
is also s h o w n  in Fig. 2. F r o m  th i s  re la t ion,  t o g e t h e r  w i t h  
t h e  i n t e g r a t e d  i n t e n s i t y  b e t w e e n  700-1400 c m  -1 of  t he  ex- 
p e r i m e n t a l  spec t r a  s h o w n  in Fig. 1, R, t he  v o l u m e  ra t io  of  
SiO~ to t he  en t i re  film, was  eas i ly  ca lcu la ted .  The  va lues  
are s u m m a r i z e d  in Tab le  I. The  R va lues  i n c r e a s e d  w i t h  
i n c r e a s i n g  o x y g e n  con ten t .  U s i n g  th i s  ratio,  t h e  o x y g e n  
c o n t e n t  of  the  f i lm as a n  a t o m i c  rat io  was  g i v e n  b y  RxBsi 
pSiOx/[R(1 + x)Bsi Psio~ + (1 - R)(Bsi + x �9 Bo) PSi], w h e r e  B 
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Fig. 3. Roman spectra for specimens deposited on silicon and fused 
silica substrotes. The large peak seen for the specimens on the silicon 
substrate is the lattice vibration of silicon in the suhstrate. 

and p indicated atomic weight and density, respectively, 
for the subscripted species. Since the actual density of 
SiO~ in the film was unknown,  but differences in density 
among silicon, SiO, and SiO2 prepared by heating SiO in 
air were small [e.g., 2.33 (16), 2.16 (13), and 2.27 (13) g/cm 3, 
respectively, the last value coincides with that for thermal 
SiO2 (16)], its value was approximated to be the mean of 
those for SiO and SiO2 (e.g., 2.22 g/cm3). The maximum er- 
ror in oxygen content due to this approximation was esti- 
mated to be within 10%. The IR results are shown in Fig. 
4 vs. those from radioactivation analysis. Deviation from 
1:1 correspondence was with 15%, indicating that the 
films were composed of only genuine silicon and SiO~ 
phases. 

Changes in IR spectra by heat-treatment--The films at 
7 = 0, 1, 4, and 8 were heated from 700 ~ to 1100~ for lh  in 
an N,, atmosphere. As shown in Fig. 5 for the 7 = 4 speci- 
men, the wave number  of the main peak located between 
1000-1100 c m - '  shifted to the higher wave number  side 
with higher heat-treatment temperatures. The peaks at 
875-880 c m - '  seen for the as-deposited and 700~ heat- 
treated specimens disappeared for the specimen heated at 
800~ Instead, a new peak appeared at around 800 cm- ' ,  
which shifted to 815 c m - '  on heating at 1100~ However, 
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the absorption intensity in the 700-1400 c m - '  region was 
hardly changed by increased heat-treatment tempera- 
tures. Almost the same feature was seen for the other 
specimens. Changes in the main peaks are shown in Fig. 
6. These results indicated that the oxidation state x of the 
film oxide phase increased up to SiO2 when the heat- 
treatment temperature was increased, and suggested that 
the concentration of oxygen atom into the oxide phase, or 
escape of silicon atom from the oxide phase, occurred. 
Comparing this change of absorption intensity_ with the 
intensity ratio shown in Fig. 2, a slight amount  of oxygen 
impurity appeared to be taken into the oxide phase by the 
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increased heat-treatment temperatures. The peak posi- 
tions around 1100 and 800 cm -1 for the specimens heated 
above 1000~ were shifted to higher wave number  over 
those for SiO.~ (e.g., 1082 and 800 cm -1, respectively). 
These abnormal peak shifts were attributed, not to an in- 
creased oxidation state of x > 2, but to internal compres- 
sive stress in the oxide phase due to differences in 
thermal expansion coefficients between oxide and sili- 
con substrates. However, since the changes in main peak 
positions on heating for peaks above 1080 cm -~ were 
smaller than those for peaks under 1080 cm -1, the contri- 
bution from internal compressive stress to shifts in the 
main peak position was estimated to be small as com- 
pared to that from the increase in oxidation state x. 

Changes in crystalline size of silicon.--Silicon crystal- 
lites appeared in the films after heat-treatment. The crys- 
tallite size of silicon, D, estimated by the Scherrer equa- 
tion for x-ray diffraction 

D = K ~,/~ cos 0 [1] 

is shown in Fig. 7 vs. heat-treatment temperature, where 
K is a constant and selected as 0.90, ;~ is the incident x-ray 
wavelength, fl the full width of the half max imum of the 
diffraction peak, and 0 the Bragg angle. For the 7 = 0 
specimen, crystallites of about 10 nm appeared on both 
silicon and fused silica substrates when the specimen was 
heated at 700~ The size remained fairly constant up to 
900~ and then increased rapidly on heating above 
1000~ For the other specimens which contained more 
oxygen, no crystallites appeared on heating, even at 
higher temperatures. For the 7 = 1 specimen, a few crys- 
tallites, smaller than those for the ~ = 0 specimen, ap- 
peared on heating at 900~ The higher the oxygen con- 
tent  of the film was, the higher the temperature at which 
crystallites appeared was. The size of a (111) silicon crys- 
tallite and averaged size of (220) and (311) crystallites on 
silica substrate were almost the same. However, the (111) 
crystallite was easier to grow at lower temperatures than 
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(220) and (311) crystallites. The same features were ob- 
served for the specimens on the silicon substrate, al- 
though the size of the (111) crystallite was not (Fig. 7). The 
crystallite size at the nucleation temperature of the crys- 
tallite became smaller according to the increased oxygen 
content in the film. These observations were similar to 
those reported by Hamasaki et al. (5), although the exact 
sizes of the crystallites differed. 

Changes in Raman spectra on heat-treatment.--The 
Raman spectra for the specimens for ;~ = 0, 1, and 4 
heated at 700~176 are shown in Fig 8-10, respectively. 
A sharp peak appeared around 500-520 cm -1 on heat- 
treatment. The intensity scale with the same laser power 
(about 150 roW) is given in the figures. The temperatures 
at which the sharp peak appeared coincided with those of 
the crystallite nucleation described in the preceding sub- 
section. Accordingly, the sharp peak was assigned to the 
lattice vibration of the silicon crystallite, as demonstrated 
by Iqbal et al. (15) for Si:H prepared by glow discharge. 
The detection sensitivity for crystallite appearance was 
greater for Raman measurements  than for x-ray diffrac- 
tion measurements.  In all the figures, the crystallite peak 
grew with the rise in heat4reatment  temperatures, and a 
corresponding decrease in the amorphous peak. As 
shown by the dotted curves in Fig. 9, the intensity ratio 
(crystallite to amorphous phase) was separable for speci- 
mens on both substrates. Although silicon peaks (amor- 
phous and crystallite) of the film became difficult to ob- 
serve for the specimens with high oxygen content (thin 
film), owing to overlapping with the substrate peaks, 
they could be obtained by subtracting the substrate spec- 
t rum from the mixed spectrum. The width of the crystal- 
lite peaks for specimens on silica substrate was more than 
twice as broad as that for those on silicon substrate, al- 
though the mean crystallite sizes were the same on both. 
This must  result from inhomogeneity of the crystallite 
size and the internal stress on the silicon crystallites, the 
latter of which is described below. 

Raman peak position and crystallite size.--Accurate po- 
sitions of the Raman peaks were observed. The relation- 
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ships be tween  Raman  peak  posi t ions and m e a n  sizes of  
(111), (220), and (311) s i l icon crystalli tes,  as obta ined  by 
x-ray diffraction, are summar ized  in Fig. 11. Correla t ions  
differed be tween  spec imens  on sil icon subst ra te  and 
those  on fused silica. The  peak  posi t ion (wave number)  
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for spec imens  on sil icon substra te  increased  wi th  in- 
c reased  crystall i te size, and reached  that  of a single crys- 
tal of  si l icon (520.5 c m - ' )  w h e n  crystall i te size was more  
than  150 nm. This  t endency  was the same for Si :H as pre- 
dic ted by the slab mode l  (17). However ,  the  peak  posi- 
t ions for spec imens  on silica substrate  had  a m a x i m u m  of 
about  508 c m - '  at crystal l i te  sizes a round 11 nm, and de- 
c reased  gradual ly  wi th  larger  crystallites. The  di f ference 
be tween  both  correla t ions  could  be a t t r ibuted  to the  in- 
ternal  stress sub jec ted  to the  sil icon phase.  When the  
the rmal  expans ion  coeff icient  of a substra te  mater ia l  is 
smal ler  than  that  of a film material ,  the  film mater ia l  is 
sub jec ted  to a tens i le  stress at room t empera tu r e  after 
hea t ing  the  spec imen  at h igh tempera tures ,  and vice  
versa, as often seen for si l icon on insulator  (18). S ince  the  
the rmal  coefficient  of the fused silica is m u c h  smal ler  
than  that  of si l icon crystal, the  sil icon crystall i tes should  
be sub jec ted  to a large tensi le  stress at room tempera tu re  
after hea t - t rea tments  of  the  spec imen;  the  h igher  the  
t r ea tmen t  tempera ture ,  the  larger the tensi le  stress. The  
difference in peak  posi t ions on both  substra tes  was ex- 
p la ined by this effect. When the  silicon crystal l i te  is sub- 
j ec ted  to hydrosta t ic  pressure  r, r can be  es t imated  by the  
shift  Av of the R a m a n  peak  (F2~) of  the  s t ressed crystal  
f rom that  of a uns t ressed  crystal  (19) as 

r (N/m 2) = -2.09 • 108 hp (cm -1) [2] 

In  der ivat ion  of  Eq. [2], the  values  of  elastic constants  
g iven  by Kit tel  (20) and the parameters  (p and q) g iven  by 
Chandraseker  et aI. (21) were  used. S ince  the  sil icon crys- 
tall i tes on the  si l icon substra te  were  sub jec ted  to no 
stress, the  stress for the  spec imens  on the  silica substra te  
was g iven  by the  dif ference in peak  posi t ions for speci- 
mens  on both  substrates.  Anomalous  internal  tensi le  
s tresses of  2.1 -+ 0.6 • 109 N/m 2 for 5-10 n m  size crystal l i tes 
and 3.1 -+ 0.8 • 109 N/m 2 for 15-20 n m  size crystal l i tes on 
fused silica were  obtained.  The decrease  in peak wave  
n u m b e r  for increas ing  crystal l i te  sizes over  11 n m  was ex- 
p la ined by the  fact that  the  spec imens  which  inc luded  
large crystal l i tes expe r i enced  h igher  t empera tu res  than  
those  which  inc luded  small  crystall i tes.  

Discussion 

Oxidation state of  the oxide phase.--A n u m b e r  of opin- 
ions have  been  put  forward  regarding the ox ida t ion  state 
of films, especial ly  for as-deposi ted  amorphous  speci- 
mens.  Knol le  and Maxwel l  (10) s tated that  the as- 
depos i t ed  film was c o m p o s e d  of  a h o m o g e n e o u s  ox ide  
phase,  and the shift  of the main  IR peak  located at 
1000-1100 c m - '  on changes  in oxygen  con ten t  of  the film 
depos i t ed  at low pressure  (LP SIPOS)  occur red  f rom 
m i x i n g  of  SiO2 charac ter  (mix ture  model).  However ,  they  
used  Phi l ipp ' s  statist ical  mode l  ( random bond ing  model)  
(22) for the  films depos i t ed  at a tmospher ic  pressure  (AP 
SIPOS) .  There  are some points  to resolve in thei r  discus- 
sion. First,  the  films are not  composed  of a h o m o g e n e o u s  
phase,  bu t  are he te rogeneous  phases  of  si l icon oxide  
(SiO~) and genuine  si l icon as demons t r a t ed  in this paper  
and Har ts te in  et al (9). Second,  the  mix tu re  mode l  and 
r a n d o m  bond ing  mode l  cont rad ic t  each other;  only  one 
mode l  mus t  be e m p l o y e d  to expla in  the ox ide  phase  in 
the  film. As for the ox ida t ion  state of  the oxide  phase,  
there  has been  p roposed  a mode l  (6, 8) in which  the  oxide  
is composed  of a m ix tu r e  of  the  s to ichiometr ic  species of  
Si, Si20, SiO, Si~O:~, and SiO~ (mixture  model)  as based on 
the  chemica l  shifts obse rved  in X P S  studies.  However ,  
the s to ichiometr ic  in t e rmed ia t e  phase  be tween  Si and 
SiO,, is uncertain.  The  875 c m - '  peak  seen in Fig. 1 and as- 
s igned by Ri t ter  (23) as the  v ibra t ional  m o d e  of  SimOny, 
could  be  ass igned to a v ibra t ional  m o d e  f rom a s t ructural  
combina t ion  of the  species of si l icon te t rahedra  Si- 
(O~Si4_~) (13) (y = 2, 3, and 4) g iven  by Phi l ipp ' s  bond ing  
mode l  (22). In  the  IR spectra,  we could  not  observe  any 
ev idence  for an in te rmedia te  phase  b e t w e e n  the  Si and 
SiO,2 phases.  In  X P S  studies,  we can only observe  the 
bond ing  character  such as Si ~ Si '~, . . . ,  Si 4+, which  sug- 
gests no in te rmedia te  ox ide  phase.  Accordingly ,  only  Si 
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and SiO2 stoichiometric species remain in the mixture 
model. When the oxide is a mixture of Si and amorphous 
SiO~, we can always observe IR absorption peaks at 
around 1080, 800, and 450 cm -1 due to the SiO~ phase, al- 
though peak shifts of several tens of cm - '  sometimes oc- 
cur, owing to internal stress and porosity of the oxide (24). 
As seen from Fig. 1, we could not observe any evidence 
that the oxide was composed of Si and SiO2 phases. Ac- 
cordingly, the mixture model is inadequate to explain the 
oxidation state of our films. On the other hand, the shift 
of the main peak to higher wave number  side and the dis- 
appearance and appearance of the 875 and 800 cm - '  
peaks, respectively, according to increases in the oxida- 
tion state, could be reasonably explained with Philipp's 
bonding model. When the value x in oxide SiOx is given, 
the probability Py of each bonding type Si-(O~Si4_~) (y = 0, 
1 . . . .  ,4) is given by 

P~ = Ny (1 - 0.5~)4-~(0.5x) y [3] 

where N, indicates the number  of possible arrangements 
in each type. Using Eq. [3], the mean probabilities for 
SiO2 character of the oxide phase of our as-deposited films 
were found to be from 0.22 to 0.47 for y values from 0.5 to 
24; these results were quite different from those of Knolle 
and Maxwell (10). Thus, the oxide phase in the films 
must  be understood as SiO~ whose chemical bonds are 
given by the Philipp's bonding types Si-(O,Si4_,). The 
chemical shifts seen in the XPS studies (6, 8) are reasona- 
bly explained by the random bonding model. 

Microstructure of the film.--On the basis of TEM and 
x-ray diffraction observations of films, Hamasaki et al (5) 
proposed a microstructure film model; the grains of the 
oxide phase were separately embedded on the silicon 
phase (separate grain model). However, the question re- 
mains whether this simple model  can consistently ex- 
plain the electric and optical properties of the film and 
the crystal growth in the silicon phase. The large changes 
in resistivity (2) and bandgap (25) with change in oxygen 
content suggested that interruption of the electron cur- 
rent by the oxide phase was more influential than ex- 
pected by the separate grain model. 

Kwark and Swanson (11) observed absorption coeffi- 
cients between 0.5-2.5 eV for films prepared with ~/values 

from 0.62 to 3.2. Comparing Table I, the volume ratios of 
silicon phase in their films could be estimated to be lo- 
cated from 0.77 (~ = 0.5) to 0.62 (~ = 4). From the data 
given by Kwark and Swanson [Fig. 1 in Ref. (11)], it could 
be found that a small amount of volume decrease of the 
silicon phase gave rise to a large decrease in the absorp- 
tion coefficients at the energy region (1.5-2.3 eV) where 
absorption was mainly brought about by bulk silicon. 
This suggested that the interface between silicon and ox- 
ide phase was arranged so that the surface areas of both 
phases were much larger than those estimated by the sep- 
arate grain model. 

The fact that the crystallite sizes hardly grew with in- 
creasing heat-treatment temperatures up to 1000~ indica- 
ted that the crystal growth of the silicon phase was more 
restricted by the oxide phase than could be predicted by 
the separate grain model. From the viewpoint of the film 
growth kinetics, it was reasonable for each phase to grow 
continuously, in the growth direction, in the forms of col- 
umns or veins, as for Si:H (26). These columns or veins 
had branchings due to fluctuations in surface tempera- 
tures and reactant gas flows; they intersected each other 
at certain points. 

From these considerations, we can imagine a model in 
which a considerable part of the surface of both phases is 
surrounded by the other phases in a manner such that 
both penetrate each other. However, one phase is not 
completely enclosed by the other. Accordingly, each 
phase forms a three-dimensional network with thinner 
and thicker parts within the mesh. We call our model the 
three-dimensional network model. With this model, we 
can consistently explain the electric and optical proper- 
ties, the silicon crystallite growth, and the ease of recon- 
struction of both phases in the film on heat-treatment. 
The semi-insulating property of the film can be attrib- 
uted to the interrulStion of electric currents at the thinner 
parts of the silicon veins enclosed by oxide phase. The in- 
crease in silicon crystallite size on heat-treatment over 
1000~ must originate in a breakdown of the thinner part 
of the oxide network, and subsequent union of the silicon 
phase. The mean mesh sizes of the silicon phase for as- 
deposited specimens must  be almost the same as the 
crystallite sizes of silicon at the nucleation temperatures. 

Conclusion 
Films obtained by chemical vapor deposition from Sill4 

and N~O gases were studied. Infrared, Raman, and x-ray 
diffraction measurements  were employed to evaluate the 
existing phases inside the film, the oxidation states of 
the oxide phase, and crystallite growth of the silicon 
phase on heat-treatment. The conclusions are as follows. 

1. The as-deposited films were composed of an amor- 
phous .genuine silicon phase and an oxide phase SiO~, 
with x = 1.38-1.63 for flow ratios (N20/SiH4) = 0.5-24. 

2. The oxidation state of the oxide phase increased with 
increasing heat-treatment temperatures in a N~ atmo- 
sphere; the reconstruction of both phases occurred. 

3. On heating the specimens in N2 atmosphere, silicon 
crystallites grew inside the silicon phase. The sizes of the 
crystallites and the nucleation temperatures were closely 
related to the oxygen content of the films; the higher the 
oxygen content, the smaller the crysthtlites were, and the 
higher the nucleation temperatures. 

4. The peak position of the Raman band due to silicon 
crystallites was closely related to the crystallite sizes and 
internal stress experienced by the fihn. When crystaltite 
sizes were known, the stress could be estimated by the 
difference in Raman peak positions between stressed and 
unstressed films. 

The silicon crystallites on silica substrate were sub- 
jected to a large tensile stress, i.e., about 2.1-3.1 • 109 
N/m 2. 

5. The oxidation states of the oxide phase could be ana- 
lyzed by Philipp's bonding model. From this model, peak 
shifts in the infrared absorption and the chemical shifts in 
the XPS of the oxide phase were consistently explained 
as changes in the oxidation state x. 
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6. The silicon and oxide phases in the film formed a 
complicated three-dimensional network (network model). 
From this model, electric, optical properties, and crystal- 
lite growth of silicon from the amorphous silicon phase 
were consistently explained. 
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High Field Phenomena in Thermal Si02 

C. Glenn Shirley 1 
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ABSTRACT 

High field phenomena in thermally grown SiO2 have been investigated by a combination of three techniques: (i) 
current-voltage characterization, (ii) CV measurements,  and (iii) forced-current voltage-time characteristics. Comparison 
with theoretical Fowler-Nordheim predictions was used in the current-voltage technique. Four oxide thicknesses were 
studied: 160, 345, 652, and 1452A. All structures were nonrecessed Al/SiO~/Si capacitors of various areas. The substrate 
was n-type silicon. Interface trap formation and charging with electrons near the cathode during injection from Si was 
observed for all oxides. Creation of immobile holes in the oxide valence band by impact ionization was observed for the 
thicker oxides, but  not the thinnest. Bulk trapping was significant when electrons were injected from A1 into the 
thicker oxides. The AYSiO2 interface was considerably leakier in thicker oxides than predicted by the Fowler-Nordheim 
theory. It is important to consider these high field phenomena in reliability questions because they constitute a true 
wear-out mechanism for intrinsic (i.e., with no defects) thermal oxides. As oxides become thinner  in devices, high field 
phenomena become a more practical concern. 

As integrated circuits shrink, thinner thermal oxides of 
silicon are required to withstand higher electric fields. 
This is beginning to change the situation with regard to 
oxide reliability. Historically, oxide reliability has been 
limited by defects which have early breakdown character- 
istics. Much has been done to predict and minimize 
defect-related failure rates. Statistical methods have 
played a large role in this. A common procedure is to 
screen devices by applying a high voltage during an ac- 
celerated test. The surviving population has a large reduc- 
tion in early failure rate at the cost of a small loss in man- 
ufacturing yield. This rationale does not apply if oxides 
fail by a true wear-out mechanism. This is because accel- 
erated stress weakens the entire population. The thin ox- 
ides used in VLSI processing must  be more nearly defect- 
free because they must  withstand higher fields. Thus, 
increasingly, reliability is being limited not by defects but 
by the intrinsic high field processes we shall be examin- 
ing in this report. The main problem is not that devices 
will suffer wear-out in operation, but that the likelihood 
of stressing devices into wear-out during the accelerated 
testing used to screen devices. Hence the importance of 
studying the high field behavior of thermal oxides. 

The purpose of this paper is to review intrinsic high 
field phenomena in thermal oxides and to demonstrate 

1Present address: Intel Corporation, Chandler, Arizona 85224. 

how they may be observed. With this report as a guide, 
we are in a good position to characterize quickly the high 
field behavior of any gate oxide system (si]icides, etc.). 

In this study, three kinds of data were acquired: (i) IV 
data, (ii) CV data, and (iii) the V-t characteristics obtained 
when a constant current is forced through the MOS ca- 
pacitor. All three types of data were gathered as function 
of capacitor area and oxide thickness. No area depen- 
dence beyond simple scaling of current and capacitance 
with area was found. That is, edge effects were negligible. 
The study was carried out on the AYSiO.~/n-type Si 
system. 

Theoretical Background 
Figure 1 shows a schematic of the well-known (1, 2) 

band structure of the A]]SiOjSi MOS diode. Electrons in 
Si or A1 have high potential barriers at the interface to 
surmount  before they can enter the SIO2. As the potential 
difference across the oxide is increased, the barrier at the 
negative (electron injecting) electrode becomes sharply 
triangular. When the barrier thickness, d, at the Fermi 
level of the injecting electrode becomes of the order of 
50A, appreciable numbers  of electrons can enter the oxide 
conduction band by quantum tunneling through the in- 
terfacial barrier. By simple trigonometry, this occurs at an 
electric field of about ~s,/d ~ 3.0 eV/50 • 10 -~ cm ~ 6 • 
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Fig. 1. Band diagram of Si/SiO2/AI system shown with aluminum biased 

positive relative to silicon. 

106 V/cm. The barrier height for electrons at the SUSiO2 
interface is denoted by ~si. Once in the conduction band 
of the oxide, the electrons have high mobility [20-40 
cm2/V-s, Ref. (1)] and move rapidly to the anode. Some 
electrons may fall into the fairly numerous traps at about 
2 eV below the oxide conduction band, but they will im- 
mediately tunnel out of them at the high electric fields 
necessary to cause injection from the cathode. Holes in- 
jected from the anode have a much higher barrier (4-5 eV) 
to surmount than electrons, and holes are known to have 
a very low mobility in the oxide [2 • 10 -'~ cm2/V-s, Ref. 
(1)]. The low hole mobility is probably due to the large 
number  of shallow hole traps just  above the valence band 
of SiO~ due to strained Si-O bonds. Hence, the number  of 
injected ho le sand  their influence on conduction is negli- 
gible in our experiments.  Hot holes can be injected into 
SiO2 by avalanche injection from n-type silicon driven 
into deep depletion, but this condition does not occur in 
our experiments.  

When a constant current is forced into a MOS capacitor, 
the leakage current-voltage-time characteristic appears as 
shown schematically in Fig. 2. The leakage current is the 
forced current less the displacement current. The dis- 
placement  current can be calculated from I(disp) = 
C(dV/dt) where C is the capacitance of the MOS capacitor 
and dV/dt is the instantaneous rate of increase in voltage. 
The IV characteristic of the oxide is shown as a projec- 

~ ~  THICK 
/'/INSTANTANEOUS 

THIN 

HIGH-FIELD 
PREBREAKDOWN 

1 
FN CONDUCTION / 

\ ," TRAP EMPTYING 

~ > ~ ' ~  v 

Fig. 2. Schematic of leakage current-voltage-time characteristic. At 
high fields, the IV characteristic changes with time as charge builds up in 
the oxide. The time-dependent deviation from the ideal Fowler- 
Nardheim law at high fields depends on oxide thickness. 

Table I. Oxide thickness measured by IBM thin film analyzer 

Wafer no. Thickness (~) 

5 144 (160 a) 
6 345 
7 652 
8 1452 

Better agreement between theory and experiment for IV data 
was obtained with to~ = 160~. 

tion on the IV plane, while the V-t characteristic obtained 
when a constant current is forced is shown as a projection 
on the V-t plane. Figure 2 summarizes the various regimes 
of importance in the electrical behavior of thermal oxide. 
At low electric fields, no charge is injected from the elec- 
trodes, but electrons will be ejected from shallow traps 
and will flow to the anode. This is the origin of the flat 
part of the IV curve labeled "trap emptying." We will not 
be examining this regime in this report, but we indicate 
in passing that techniques measuring trap filling and 
emptying transients at low fields can be used to gauge 
oxide quality. At higher electric fields, quantum tun- 
neling at the electron injecting electrode (cathode) be- 
comes dominant and the IV characteristic follows the 
Fowler-Nordheim (FN) law (3-5) (labeled "FN conduc- 
tion" in Fig. 2). The FN characteristic can be extended to 
lower fields by maintaining a bias in the trap emptying 
regime to drain the shallow traps before taking the FN 
trace. This "uncovers" the FN characteristic at lower 
fields (4). At high fields, just prior to breakdown, the IV 
characteristic deviates from the FN law in a time- 
dependent  fashion (4-6) labeled "high-field prebreak- 
down" in Fig. 2. It is important to realize that the mea- 
sured injected current depends on the local electric field 
in the oxide at the cathode. This is the same as the aver- 
age field across the oxide only if there is no charge in the 
dielectric. The average field is what is experimentally 
measured. Therefore, the high field deviations from the 
FN law are due to charging in the oxide. The charges take 
time to build up. Hence, the high field deviations from 
the FN law are time dependent. These charges are inti- 
mately related to the intrinsic (that is, nondefect-related) 
breakdown mechanism. This report is about the FN con- 
duction regime, and the high field prebreakdown regime 
and the time dependence of the latter. This report does 
not consider the yield issues associated with defect- 
caused breakdowns. While this is of great importance, our 
focus is on the intrinsic properties of the oxide. 

Metal 
I I 

_2 

/ 1.5 MI~ / 

Die~ric I ( / / ~  Enter measurement 
parameters: Delay, 
voltage step etc. 

' / 
I ,o,v. 
I . . . . .  IV data 

L acquisition 
program 

$1VANAL 
Analyses data 
produces plots 

t 
Various plots, including Fowler-Nordheim plots I 

Fig. 3. Computer-automated IV data acquisition and analysis system 
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Sample Preparation 
F o u r  <100> n- type  phosphorous -doped  wafers  wi th  N 

= 5 x 10 TM cm -3 were  separately thermal ly  oxid ized  us ing 
a s tandard  HC1 cycle. Only the t ime  in the g rowth  part  of 
the cycle was var ied  to change  the  th icknesses  of  the  ox- 
ides. The  oxide  th icknesses  were  measu red  us ing  an IBM 
Fi lm Thickness  Analyzer  (FTA). The th icknesses  ob- 
ta ined are shown in Table  I. We shall see later  that  bet ter  
ag reemen t  be tween  theory  and expe r imen t  for the  IV 
data of  wafer  5 was obta ined  if  the  th ickness  of the  thin- 
nest  ox ide  is taken  to be  160A rather  than  the  144~ g iven  
by the  IBM FTA. Much  of the  data  analysis will use  160}~ 
ins tead  of  144}L This is a reasonable  correct ion,  s ince the  
IBM F T A  gives es t imates  consis tent ly  lower  than  other  
th ickness  m e a s u r e m e n t  t echn iques  such  as e l l ipsometry,  
CV, etc. Next ,  1000~ of a l u m i n u m  was depos i t ed  on the  
wafers  and then  pa t t e rned  into arrays of  rec tangular  ca- 
paci tors  of  var ious  areas. The  wafers were  then  annea led  
at 450~ for 30 min  in fo rming  gas. Finally,  the  ox ide  was 
s t r ipped f rom the  backs of the  wafers us ing  an H F  fume. 
All wafers  were  p rocessed  ident ical ly  excep t  for the  
g rowth  part  of  the  oxida t ion  cycle�9 

Electrical Measurements 
C urre n t - v o l t age  m e a s u r e m e n t s . - - C u r r e n t - v o l t a g e  char- 

acteris t ics  were  measu red  us ing the  sys tem shown in Fig. 
3. A Tek t ron ix  4051 c o m p u t e r  controls  a Kepco  BOP500M 
bipolar  power  supply  wi th  500V range. The  cur ren t  flow- 
ing f rom the  chuck  to ground is mon i to red  by a Kei th ley  
616 e lec t romete r  and t ransmi t t ed  to the  c o m p u t e r  by a 

c u s t o m  interface bui l t  in our  laboratory.  The  vol tage  on 
the  p robe  is measu red  by a F luke  8502A digital  
mu l t ime te r  and t r ansmi t t ed  to the  c o m p u t e r  via  the  gen- 
eral purpose  interface bus (GPIB). There  is also provis ion 
for hea t ing  or cool ing the  sample  under  c o m p u t e r  control,  
but  this was not  used  in these  exper iments .  All measure-  
men t s  were  done  at room tempera ture .  The p rogram 
$DIVE controls  the  ins t ruments  and acqui res  the  data. 
The  vol tage  appl ied to a MOS capaci tor  was increased  in 
approx imate ly  1V steps unt i l  electr ical  b r e a k d o w n  of the 
ox ide  occurred�9 A 4s delay after each vol tage step al lowed 
d i sp lacement  current  t ransients  to decay. IV characteris-  
t ics were  obta ined  in this  way  on 25 and 625 rail s capaci- 
tors in both  posi t ive  and nega t ive  polarities.  Each charac- 
ter is t ic  was obta ined  on a vi rgin  capacitor,  and measure-  
men t s  for any g iven  set of  condi t ions  were  repea ted  on 
virgin  capaci tors  to ensure  reproducibi l i ty .  

Once  the  data were  acquired ,  they  were  saved in a li- 
brary  of  data files, I V D A T A  (Fig. 3), on a f loppy disk re- 
se rved  for data. Also saved are an ident i fy ing string, the  
area of  the  capaci tor  and the  th ickness  of  the oxide.  
These  files can be read by the  p rogram $ IVANAL and 
var ious  types  of  plots  can  be generated.  Of par t icular  im- 
por tance  in this s tudy  are Fowle r -Nordhe im (FN) plots: 
log J / E  ~ vs .  1/E, where  J is the  current  dens i ty  and E is the  
average  field across the  dielectr ic  (i.e., E = total  vol tage 
drop/oxide  thickness).  The  FN plots for 25 mil  ~ capaci tors  
for four  oxide  th icknesses  in both  polari t ies  are shown in 
Fig. 4 and 5. The plot t ing p rog ram ignores  the  sign of  the  
vol tage  drop across the  ox ide  excep t  that  data  t aken  with  

g A B  

E'=.t 

- t  . 7 g  

?, 
~ - 1 . 8 0  

v 
e 
2 -i . ~  

- 2 . 0 0  

- 2 .  H! 

t -?  ?R 

g 

UAE 

E*t  

- I  . 6 0  

- I  , 70  

- ' [  . 8 0  

-1 . 9 0  

- 2 , 0 0  

- 2 . 1 0  

0 .  10 

5 2 5 K L ' 2  D O ~ *  O | - O C T - I ~  1 3 = ~ : 1 2  (:WS/D25} 

-:-. .  

O.SO 1 . ~  ! .~0  2 . 0 0  2 . ~  

t / E  

! 

E-7  

7 2SMZL^2 DO 2 0 8 = 0 0 : 3 6  {W7/D2S]  

: . . . I  ' �9 . I "  " " I 

L 

() 
o 

E * I  

- t  . 60  

- t  . 70  

- t  . 80  

- I  . 90  

- 2 . 0 9  

- 2 .  i 0  

, - ?  ?~ 

0 -  

gAF" 

E+I  

- I  . 60  

- I  . 70  

- t  .SO 

- t  . g ~  

- 2 . 0 0  

- 2 . 1 0  

- ?  :~A 

0 , S 0  1 ,00  I . s e  2 . 0 0  2 . S 0  E - 7  a -  

IAFER 6 2SMTL ̂  T - 8 2  1 2 : 0 5 : $ 0  s  

I ! I .  * I I . 

O.SO 1 . 0 0  I .SO 2 . 0 0  2 . $ 0  E -7  

t i E  

8 2SMIL^2  DO § 0 8 - 0 C T - 8 2  1 4 : 3 B : 1 4  s  

I , ~  . ! , ~ , , p 4  . . . .  " ' ~ ' ' ' * * ' ~ 1 7 6 1 7 6  

l ib 8 ,  $ 0  1 . 0 ~  I . SIg 2 .  g O  2 . $ 0  F ' - 7  

I/E I/E 
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assuming to~ = 160A and to• = 190~. Best agreement with theory occurs for to• = 160~. Top right: Wafer 6, 345~. Bottom left: Wafer 7, 652~. 
Bottom right: Wafer 8, 1453A. 
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A1 biased  posi t ive  is p lo t ted  wi th  " + "  signs, whi le  data 
wi th  the  oppos i te  polar i ty  is p lot ted  wi th  dots. Note  also 
that  m a n y  of the  compute r -gene ra t ed  plots have  "E + 1" 
near  the  end of  the  x- or y-axis. This  means  that  the  ap- 
propr ia te  scale n u m b e r s  are to be mul t ip l ied  b y  10. In 
genera l  E + n means  mul t ip l ica t ion  by 10% The  IV char- 
acter is t ic  was t aken  to b r e a k d o w n  so that  the  smal les t  
va lue  of  1/E on a plot  is t aken  as a measure  of  (the recipro- 
cal of) the  b r e a k d o w n  field, Eb. The  same k ind  of  data  
was ob ta ined  for 625 mi l  2 capaci tors  and ident ical  curves  
were  obtained,  excep t  that  Eb t ended  to be lower.  

I t  is va luab le  to compa re  our  expe r imen ta l  data  wi th  
theore t ica l  expecta t ions .  Fowle r -Nordhe im tunne l ing  has 
r ece ived  cons iderab le  a t ten t ion  in the  l i terature over  the  
years  (3-5), so that  there  is n o w  a good consensus  of  opin- 
ion regard ing  the  J-E character is t ic  for var ious  e lec t rode  
materials .  This  is summar i zed  in a recent  paper  by Wein- 
berg  (5). The  F N  character is t ic  is 

J/Ec 2 = C exp  (-~/Er [1] 

where  E~ is the  ca thode  field, where  

C = q:~m/(16~m,,x6o) 
= 1.54 • lO-6(m/mo,)/~,,  A/V 2 [2] 

and 

fl = (4/3)(2mox~,,:~)W(q~) 
= 6.83 • 107 (m,,Jm)'l~6o :~2 V/cm [3] 

In  Eq.  [2] and [3], q is the  e lect ronic  charge,  m is the  elec- 

t ron rest  mass, mox is the  e lec t ron  effect ive mass  in the  ox- 
ide, ~ is P lanck ' s  cons tan t  d iv ided  by 2~r, and 6o is the  
he igh t  above  the  e lec t rode  conduc t ion  band  in e lec t ron 
vblts  of  the  barr ier  at the  cathode.  It  is impor t an t  to un- 
ders tand  that  it is the  electric field at the  e lec t ron  in- 
j ec t ing  interface,  the  cathode,  which  governs  the  cur ren t  
density.  In  Fig. 1, the  ca thode  electric field in the  oxide  is 
r ep resen ted  by the  slope of  the  ox ide  energy  bands  at the  
cathode.  A consensus  of  the  l i terature (5) is that  mox = 
0.5m, 6A~ = 3.13 eV, and 6si(100) = 2.96 eV. The a l u m i n u m  
barr ier  he igh t  is to be  used  in Eq. [2] and [3] for in ject ion 
f rom a luminum,  i.e., a l u m i n u m  biased negat ive  re la t ive  to 
the  substrate,  whi le  6si is to be  used for a l u m i n u m  biased 
posi t ive  relat ive to the  substrate.  If  we as sume  negl igible  
charge  in the  oxide,  t hen  the  ca thode  field, Ec, equals  the  
average  field and we m a y  use  Eq. [1] wi th  the  consensus  
parameters  to compare  the  theoret ica l  predic t ions  wi th  
our  data. This is done  by supe r impos ing  the  theoret ica l  
J-E relat ionship,  shown  as the solid straight  lines, over  
our  data in the F N plots in Fig. 4 and 5. 

Correct ions  were  appl ied  to the  raw IV data before  
p lo t t ing  it in Fig. 4 and 5. The  correct ions caused an ap- 
prec iable  change f rom the  raw data only for the  th innes t  
oxide;  nonetheless ,  the  correct ions  were  appl ied  to all of  
the  data. The measu red  vol tage  drop across the  MOS di- 
ode  should  be cor rec ted  for band  bend ing  at the  sil icon 
surface and the  me ta l - semiconduc to r  w o r k  func t ion  dif- 
fe rence  to give the  actual  potent ia l  drop  across the  oxide  
(8). For  A] negat ive,  vol tage was increased slowly enough  
that  the  invers ion layer  in the  si l icon always had t ime  to 
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Fig. 6. Breakdown electric field for injection from aluminum. Thermal 
oxides on n-type silicon (Y58). 

form.  This  m e a n s  t h a t  t he  usua l  e q u i l i b r i u m  t h e o r y  (9) 
m a y  be  u s e d  to c o m p u t e  t he se  cor rec t ions .  T he  correc-  
t ions  a m o u n t  to a b o u t  a vo l t  (a b a n d g a p )  in  inve r s ion ,  a n d  
less  in  a c c u m u l a t i o n .  Th i s  c an  be  an  a p p r e c i a b l e  correc-  
t ion  for  t h i n  oxides.  Specif ical ly ,  t he  to ta l  po ten t ia l ,  VTo~, 
of a l u m i n u m  re la t ive  to b u l k  s i l icon is re la ted  to t he  volt-  
age d rop  across  t he  oxide,  Vo~, by  

VTOT = CMS + V,,• + ~I'~(Es) [4] 

w h e r e  qz~(E~) is the  s e m i c o n d u c t o r  sur face  po t en t i a l  rela- 
t ive  to t he  b u l k  as a f u n c t i o n  of  t he  field E~ at  t he  semi-  
c o n d u c t o r  surface.  E~ is re la ted  to Vo~ by  

Es = (KJI~)(VJto•  [5] 

E q u a t i o n  [4] a s s u m e s  t h a t  t h e r e  is no  cha rge  in  t he  oxide.  
In  s t r o n g  i n v e r s i o n  (9) (V,,~ < 0), we h a v e  

% = - ( k T / q )  In [(E~2K~eon)/(2kTn~2)] [6] 

whi l e  in  a c c u m u l a t i o n  (Vo• > O) 

~7~ = (kT/q) In [(E~2K~eo)/(2kTn)] [7] 

w h e r e  e,, is t he  p e r m i t t i v i t y  of t he  v a c u u m ,  k is 
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Fig. 7. Breakdown electric field for injection from silicon. Thermal ox- 
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CV PROCEDURE DEFINITION 

OLD PROCEDURE NAME; INJ I/44N 

Step# I (Trace) 

Step# 2 (Soak) 

Step# 3 (Trace) 

Step# 4 (Soak) 

Step# 5 (Trace) 

Step# 6 (Soak) 

Step# 7 (Trace) 

Vstart= 1.00 Vstop= -I.0O R= 0,01 (V/s) 

Freq= 1.0E+004 (Hz) T= 25.0 (deg C) 

Time = I 0 (see) Temp= 25.0 (deg C) Bias= -7.20 

Vstart= 1.00 Vstop= -1.0 R= 0.0l (V/s) 

Freq= 1.0E+004 (Hz) T= 25.0 (deg C) 

Time = I0 (see) Temp= 25.0 (deg C) Bias= -8.64 

Vstart= 1.00 Vstop= -I.00 R= O.0l (V/s) 

Freq= J.0E+O04 (Hz) T= 25.0 (deg C) 

Time = 10 (sect Temp= 25.0 (deg C) Bias= -10.08 

Vstart= [.00 Vstop= -].00 R= 0.0l (V/s) 

Freq= 1.0E+004 (Hz) T= 25.0 (deg C) 

Step# 8 (Soak) Time = 10 (sect Temp= 25.0 (deg C) Bias: -I 1.52 

Step# 9 (Trace) Vstart= 1.00 Vstop= -[.00 R= 0.01 (V/s) 

Freq= 1.0E+004 (Hz) T= 25.0 (deg C) 

Step# 10 (Soak) Time = 10(sec) Temp= 25.0 (deg C) Bias= -12.96 

Step# I l (Trace) Vstart= 1.00 Vstop= -!.0 R= 0.01 (V/s) 

Freq= 1.0E+004 (Hz) T= 25.0 (deg C) 

Step# 12 (Soak) Time = 10 (see) Temp= 25.0 (deg C) Bias= -14.40 

Step# 13 (Trace) Vstart= 1.00 Vstop= -I.00 R= 0.01 (V/s) 

Freq= 1.0E+004 (Hz) T= 25.0 (deg C) 

Fig. 8. A CV procedure typical of those used to produce the data in Fig. 
9 and 10. Each trace step is identical. Each soak step is the same except 
for a linearly increasing stressing electric field. 

B o l t z m a n n ' s  cons t an t ,  q is the  e lec t ron ic  charge ,  T is t he  
a b s o l u t e  t e m p e r a t u r e ,  / ~  is t h e  ox ide  d ie lec t r ic  cons t an t ,  
n~ is t he  in t r ins ic  e l ec t ron  concen t r a t i on ,  a n d  n is the  b u l k  
e l ec t ron  densi ty .  The  Eq. [4]-[7] give a r e l a t i onsh ip  be- 
t w e e n  V~OT a n d  Vo, W h e n  p a r a m e t e r s  a p p r o p r i a t e  to the  
s u b s t r a t e  and  meta l  u s e d  in th i s  e x p e r i m e n t  ((~Ms = 
-0 .33V,  n = 5 x 10 '4 c m  -:~) are s u b s t i t u t e d  in to  t he  equa-  
t ions  we  f ind t h a t  over  t he  r ange  of vo l tages  for w h i c h  
F N  c o n d u c t i o n  occurs ,  t he  d i f fe rence  b e t w e e n  Vox and  
V~oT is prac t ica l ly  cons t an t .  In  a c c u m u l a t i o n  (fortui- 
tously) ,  V~oT = Vo, whi l e  in  i n v e r s i o n  VTo~ = V,,~ x 1.26V. 
Th i s  ho lds  for all four  o x i d e s  tes ted .  Thus ,  in  prac t ice  
on ly  t he  da ta  for i n j ec t i on  f rom a l u m i n u m  was  cor rec ted .  
E v e n  w i t h  th i s  cor rec t ion ,  t he  t h i n n e s t  ox ide  F N  data  de- 
v ia t ed  app rec i ab ly  f rom theory .  I t  was  poss ib le  to ad jus t  
t he  a s s u m e d  t h i c k n e s s  of t he  t h i n n e s t  ox ide  u p w a r d s  by  
16 to 160~ a n d  get  e x c e l l e n t  a g r e e m e n t  w i t h  t he  F N  
t h e o r y  s i m u l t a n e o u s l y  for  i n j ec t i on  f rom Si a n d  f rom A12 
I t  is k n o w n  t h a t  t he  I B M  F T A  t e n d s  to u n d e r e s t i m a t e  t he  
t h i c k n e s s  of  t h i n  oxides ,  so careful  e l l i p s o m e t e r  measu re -  
m e n t s  were  made .  Wi th  t he  re f rac t ive  i n d e x  fo rced  to n = 
1.465 (He-Ne laser), a t h i c k n e s s  of  190~ was  found .  The  
e l l i p some te r  da ta  were  def in i te ly  i n c o n s i s t e n t  w i t h  160A 
and,  a f o r t i o r i ,  144A, p r o v i d e d  n = 1.465. On t he  o t h e r  
h a n d ,  190/~ is i n c o n s i s t e n t  w i t h  t he  " c o n s e n s u s "  pa r ame-  
te rs  in  t h e  F N  theory ,  as c an  be  s een  in  Fig. 4 a n d  5. 
T h i c k n e s s  e s t ima te s  f rom CV m e a s u r e m e n t s  ag reed  w i t h  
t h e  e l l i p some te r  es t imates .  T h e r e  are severa l  pos s ib l e  ex- 
p l a n a t i o n s  for  t h e s e  d i sc repanc ie s :  (it t h e  re f rac t ive  i n d e x  
of  t he  ox ide  is d i f fe ren t  f rom the  n = 1.465 a s s u m e d  in  t he  

~It is worth noting that simultaneous agreement with theory 
for both polarities is not possible for any thickness unless the 
band bending and work-function difference corrections are ap- 
plied. 
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ellipsometer calculations. If the refractive index is not 
forced to a value, then the ellipsometer data give tox = 
160~ and n = 1.& (ii) The oxide has a complicated graded 
optical structure. (iii) The thin oxide has a lower interfa- 
cial barrier than the thicker oxides. Adjustment  of the 
barrier heights to give agreement with theory for both 
polarities assuming to~ = 190/~ gives ~b = 2.67 eV. (iv) The 
electronic effective mass is different for thin oxides or (v) 
some other reason. We are unable to resolve this discrep- 
ancy, but it seems that the IBM FTA reading is definitely 
low. We shall take 160A as the thickness of the thinnest 
oxide for much of the discussion which follows. The 
thicker oxides have good agreement with FN theory with- 
out any of these corrections. Nonetheless, the band 
bending and work-function difference corrections were 
applied to the data for the thicker oxides. This discussion 
shows that detailed interpretation of thin oxide FN data is 
considerably more complicated than for thicker oxides. 

Several observations can be made from the FN plots in 
Fig. 4 and 5 and their deviations from theory. 

1. For injection from Si, the IV data agree well with FN 
theory except  at high fields just  below breakdown. The 
nature of the deviation at high fields depends on oxide 
thickness. For the 1453~ oxide, the data deviate from the 
FN theory to higher current densities. For the thinnest 
(160~) oxide, the deviation from the FN theory is to lower 
current densities. For intermediate oxide thicknesses, de- 
viation is first to the high side of the FN curve and then 
lower as E increases. 

2. For injection from aluminum, the current-voltage 
data agree well with the FN theory only for the thinnest 
oxide. As the oxides become thicker, the deviation from 
the FN theory increases, all in the direction of higher cur- 
rent densities. That is, the films are "leakier" than pre- 
dicted by the FN theory. As the electric field increases, 

the IV characteristic for the thicker films approaches the 
FN curve. 

3. The electric field at breakdown as determined from 
all of the IV data taken is shown as a function of oxide 
thickness in Fig. 6 and 7. Two main trends are apparent: 
(i) the well-known increase in breakdown field for de- 
creasing oxide ~thickness (10), and (ii) the breakdown 
field for smaller capacitors tends to be higher than for 
larger capacitors, especially for !hinner oxides. The IV 
characteristics for the large and small area capacitors are 
in excellent agreement when scaled according to area, but 
for the larger/area capacitors the current density does not 
reach quite as high a value before breakdown occurs. It is 
difficult to interpret the area dependence of Eb without 
sampling a large number  of dots to obtain statistical data. 

Capacitance-conductance-voltage measurements . - -Be-  
cause the IV data were so reproducible, it was feasible to 
carry out ac capacitance-conductance-voltage (CGV) mea- 
surements on virgin capacitors using stresses comparable 
with those used in the IV measurements.  The CGV data 
give information on charging and interface state genera- 
tion which occurs during the conduction process. Two 
types of CGV data are acquired: (i) data as a function of 
stress level held for fixed times at each level, and (ii) data 
as a function of time at a fixed stress. 

Isochronal CV data  wi th  varying stresses.--The IV 
traces were examined and a series of stresses extending 
into the prebreakdown region, but avoiding breakdown, 
was chosen. The electric fields ranged from 5 MV/cm to 9 
or 10 MV/cm in 1 MV/cm steps. An initial CGV trace was 
taken on a virgin capacitor. Then, an alternating series of 
stress and trace was carried out with increasing electric 
field stress but exactly the same trace conditions. Each 
stress level was held for 10s at room temperature. This 

WAFS 144 ANG S~02 05 MIL^2 C-N2SC3 ~NJI44P 14-DEC-82 14=53:38 s 

====================================================================== 
E*t E-2 
3,00 

0.00 

2.$0 ~ 7  

�9 " 5.00 
2.09 

CCpF) I.S~ ~ 4.00~CUMho) 

1.08 - . : 2.90 

f 
0. S~ 0 00 

-1.59 -199  -0.$0 9 . 0 0  0.$0 1.00 
Bla= CV) CAr~o = ~.613E-004 Ccm^O)] 

WAF 15 25HTL'2 DOT 34S A SI02 TNJ345PIS |8-FEB-83 18:07:17 s 
=========================================================================================== 

E-1 E*l 
5.00 

CCpF) 01.0~.5; ~ ? i i  ::.: ................ ". 

0.0~ "." ., . 
il"'"'" . '""'" """-" " " 

: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : :  

-1 .20 -1.00 -0.80 -0.80 -0.40 -0.20 0.00 0.210+1 
O l o s  CV) [Areo = I .613E-004 Ccm^2)~ 

4.00 

3.00 
GCUHho) 

2.00 

I . 00 

0.00 

S.  0 0  

4 . 0 0  

C C p F )  
3 . 0 e  

2 .  Oe 

I .  o e  

o .  0 0  

~AF 7 251'EL~2 DOT 052 A SIO2 IN-.JOS2P2 08-FEB-83 18:20:tg CW7/P2SB3 

E-t 7.00 

8,00 ~ 2.00 

1.50 

t.00GCUHho) 

0 . ~  

; ~ ; i : l l l ; l ! ! ~ ! ! i ; l ~ i ; ; ! : ; l ! : i i ; ; ; ; ~ ; i l l : l h l l ' |  0.00 

...:::::::::: ............................ ::,:::::: ............. :::::::::,.:::::.. 

-t.00 -e.80 -0.60 -0.40 -0.20 0.90 0.2~§ 
B l ~  (V) EAreo = 1.613E-004 (r 

WAFER 8 25H'rL~2 DOT 14S2 ANGS SZ02 INdl4S3P 08-FEB-83 tS:Sg:38 CWS/N2E} 
================================================================================== 

4.0E 

3.0; 

CCpF)2.00 

1 .00 

E-t 

1 . 00 

0 . 8 0  

0.20 

000 ~IL.,o:o~,~o,,,.... =:,~.i~ . . . . . .  ~ . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 0 0  

-6.00 -4.90 -2.90 0.09 2.09 4.00 8.90 
~IoE (V~ [Areo = 1 .6~3F-004 (cm^2)~ 

0.60 
~(UHho) 

0.40 

Fig. 9. CV data for injection from Si, i.e., AI was biased positive. Traces were taken at 10 kHz and 25~ Trace 1 is for the virgin capacitor. Subse- 
quent traces were made after successively higher electric field stresses starting at S MV/cm and increasing in steps of 1 MV/cm. Each stress was held for 
10s at 25~ 
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Fig. 10. CV data for injection from AI, i.e., AI was biased negative. Traces were taken at 10 kHz and 25~ Trace 1 is for the virgin capacitor. 
Subseq uent traces were made after successively higher electric field stress starting at 5 MWcm and increasing in steps of 1 MV/cm. Each stress was held 
for 10s at 25~ 

was done  in both  polarit ies.  There  was insuff icient  bias 
capabi l i ty  in our  CGV m e a s u r e m e n t  e q u i p m e n t  to stress 
the 1453~ oxide  into the  p r e b r e a k d o w n  region. The  auto- 
mat ic  CV sys tem in our  laboratory is wel l  sui ted to this 

type  of  m e a s u r e m e n t  because  a compl ica ted  sequence  
may  be set up off  l ine and then  execu ted  w h e n e v e r  a mea- 
su r emen t  is needed.  The  sys tem is descr ibed  in detail  
e l sewhere  (11). A typical  p rocedure  defini t ion is shown in 
Fig. 8. 
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Fig. 11. Cumulative flatband voltage shifts after stress at successively 
higher electric fields. For injection from silicon. Taken from CV data in 
Fig. 9. Trace I is offer 5 MV/cm stress for los, trace 2 is after 6 MV/cm 
stress for los, etc. Top: all data. Bottom: Expanded voltage scale. 
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Fig. 12. Cumulative flatband voltage shifts after stress at successively 
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in Fig. 10. Trace 1 is after 5 MV/cm stress for los, trace 2 is after 6 
MV/cm stress 10s, etc. Top: All data. Bottom: Expanded voltage scole.  
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CGV data obtained in this way were quite reproducible. 
Typical sets of traces are shown in Fig. 9 and 10. Figure 9 
shows data for injection from silicon, while Fig. 10 shows 
data for injection from aluminum. The shifts of the 
flatband voltage f r o m  the flatband voltage of the first 
trace were obtained from the data of Fig. 9 and 10 and 
plotted vs. stress level in Fig. 11 for injection from Si and 
in Fig. 12 for injection from A1. This was done automatic- 
ally, using a CV analysis utility in the CGV data acquisi- 
tion system (11). In Fig. 11 and 12, a positive hV~B corre- 
sponds to a rightward shift of the CV trace and a negative 
charge in the oxide film. Quantitatively, the relation be- 
tween hVrB and charge induced in the film is 

AV~B = -XQtot/(eoKox) 

w h e r e  Qtot is the total charge induced in the film by the 
stress which caused the shift and ~ is the location of the 
centroid of the distribution of the induced charge, mea- 
sured from the AYSiO2 interface. In the following discus- 
sion, a flatband shift is interpreted qualitatively as 
charge in the film, but  it must  be kept in mind that the 
magnitude of the shift depends on the position of the 
charge as well as its magnitude. The data in Fig. 9-12 may 
be interpreted as follows. 

Wafer 5, to~ = 160~.--No flatband shifts occur for either 
polarity, so no charge was induced in the film, except, 
possibly, close to the AYSiOz interface. For injection from 
A1 no change occurs in the traces. But for injection from 
Si, the traces become more and more distorted (but un- 
shifted) as the stress increases. The slight shifts shown in 
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Fig. 11 are just  a reflection of the distortion of the traces 
in Fig. 9, rather than true shifts. Note particularly the 
large increase in the conductance peak (G) after the final 
10 MV/cm pulse. This will be examined in more detail 
below. 

Wafer 6, tox = 345~.--For injection from Si, lower field 
strengths induce small positive charges until the 9 and 10 
MV/cm pulses induce large positive charges. For injection 
from A1, lower field pulses induce small negative 
charges, but eventually the 10, 11, and 12 MV/cm produce 
large positive charges which swamp the earlier-induced 
negative charge. 

Wafer 7, tox = 652A.--Flatband shifts of either polarity 
were relatively easy to "induce. For injection from Si, in- 
creasing stress levels induced moderate positive charges 
until a 9 MV/cm stress caused a large amount  of positive 
charge. For injection from A1, increasing strength pulses 
cause increasing amounts of negative charge until the 9 
and 10 MV/cm pulses reduce the net charge, and even be- 
gin to make it positive. 

Wafer 8, to~ = 1453~.--Slight negative charging occurred 
for injection from A1, and slight positive charging was 
seen for injection from Si. High fields could not be ob- 
tained because of the limits of our equipment.  

CV data  as a func t ion  of  t ime at a f ixed  stress level .--A 
series of CGV measurements  was undertaken to measure 
the accumulated change due to a given stress held for in- 
creasing accumulated time. This gives an idea of the 
times required to produce charging, etc. A trace (or 

WAF5 144 ANS SI02 25MIL^2 DOT 24 STRESS FREQI44N 14-DEC-82 17:22,41 CWS 

: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : :  
E*I  
3.s Eel 

t .58  
2 .58 

�9 . . . . 1 M  
2.00 

C(pF) t .  SO G(UHho )  

1 .Be ~ 2 .$2 

B.S2 

10K o.22 
0.20 

- I  .00 -2 .S0  2 .22 2 .58 t , ~  
O l ~  CV) [A rQo  = t.613E-8~14 ( cm"2 )3  

WAF5 -F2SC AF'rE]~ - [ 4 . 4  V STR(:SS 

E.rt 

3 . 6  

1M 
2.58 

2.E~ 

CCpF) ! .  58 

1.00 

2.$2 

2.00 1OK 

. .  '. '. '. '. '. '. '. '. : '. '. '. : ~ ~ '. ~ t '. '. '. '. '. '. ~ '. ~ '. ~ ~ ~ : ~ '. : ~ : ~ : : : : : : : : : : : : : : : : : : : 

- !  .01~ -2 .52  2.gg 2 .52 1,22 
Bea~  CV) EArQa  = t . 613E ' - 004  Ccm~)3  

FREQI44N 14-DEC-82 17:18,22 {WS/F2SD3 

E* t 

1.58 

SCUMho) 

2 .58  

2.22  

WAF S ,,F2SD AFTER § STRESS FREQI44N 14-DEC-82 17=33,~3 s 

E',-I 
3 . ~  E'~I 

1M 1.58 
2.58 

�9 , �9 , �9 . 

2.88 

C(pF) l .$2 

1OK 

2.50  i 2 .02 

2.00 1OK 

: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : :  

- I  .00 -2 .S2  2 .22 2 .58 I .U2 
BlodK (V )  EAr*o = 1.613E-824 ( r  

I. 02 

G(UMho) 

O. $2 

WAFS ~ 2 S E  A ~  ~ O T ~ R  +14.4V ~ Q t 4 4 N  t~DEC-82  17=48,$7 s 

: : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : :  

1 . ~  
2 . ~  

2 . ~  1 . ~  

C (pF ) I . ~  S (UM~)  

,.~ 1OK . 1M I e'58 

- I . M  - 0 , ~  0 . ~  e . ~  1 , ~  
B l u  (V) [Areo m 1 . 6 1 ~ - 0 0 4  Ccm~)3  
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traces) which  character ize  the  oxide  were  a l ternated  with  
stresses of  f ixed dura t ion  and voltage. All t races and 
stresses were  done  at r o o m  tempera ture .  

Wafer 5, tox = 160~.- -The changes  in the  th innes t  ox ide  
due to high field stresses show up as dis tor t ions  in the 
CGV traces,  Fig. 9 and 10 upper  ]eft, ra ther  than  as 
f la tband shifts. We therefore  dec ided  to take a series of  
t races at d i f ferent  f r equenc ies  to display the  effect  of  fast 
states being created at the  in jec t ing  interface.  In Fig. 13, 
we show f requency  series CGV data. At the  top  left  is the  
data for a virgin capacitor.  Af ter  10s at 10 MV/cm wi th  in- 
j ec t ion  f rom A1 (top right, Fig. 13), there  is no d iscernable  
change  in the  CGV characterist ics.  This capaci tor  was 
then  s t ressed for 10s at 10 MV/cm wi th  in jec t ion  f rom Si 
(bot tom left, Fig. 13) and dis tor t ion of the  CV traces at low 
f r equency  was seen. Also, the  conduc tance  is seen  to have  
a peak  in the deple t ion  reg ion  of the CGV plots.  A fur ther  
pulse  of  10s at t0 MV/cm wi th  in jec t ion  f rom Si caused 
fur ther  dis tor t ion in the  CV plots  and fur ther  g rowth  of  
the  peak  in G (bot tom right,  Fig. 13). This  was repea ted  
wi th  in ject ion f rom Si four  addi t ional  t imes.  The  distor- 
t ion of the  low f requency  C plot  increased,  as did the 
peak  in G. The conduc tance  data in Fig. 13 are replot ted  
in Fig. 14 as G/2~rfvs. log f ( f  = f requency)  wi th  bias as a 
parameter .  The dens i ty  of  interface traps, N i t  , is propor-  
t ional  to G/2~rf (12). An increase  in N~t causes a propor-  
t ional  increase  in G/2~f. We have  taken the  he igh t  of  the  
enve lope  of  curves  at 100 kHz  in Fig. 14 as a measu re  of  
Nit in arbitrary units. In Fig. 15, we have  p lo t ted  Nit in 
these  arbi t rary uni ts  after each of  the pulses  descr ibed  
above.  It is clear f rom Fig. 15 that  in jec t ion  f rom Al 
causes no increase in the  fast states at the  Si/SiO2 inter- 
face. However ,  in jec t ion  f rom Si causes increases  in Nit 

wh ich  are beg inn ing  to saturate  after about  60s of  accu- 
mu la t ed  inject ion at 10 MV/cm. Anothe r  m e a s u r e m e n t  
was m a d e  in which  a posi t ive  10s, 10 MV/cm pulse  was 
the  first stress on a v i rg in  capacitor.  The  increase in Nit 
due  to this is also shown in Fig. 15. This  demons t ra tes  
reproducib i l i ty  and that  in jec t ion  f rom AI in the first 
series had no effect  on subsequen t  deve lopments ,  owing  
to in jec t ion  f rom Si. 

Wafer 6, tox = 345~ and wafer 7, tox = 652~..--For these  wa- 
fers, the  main  effect  of  the stress in the  p r e b r e a k d o w n  re- 
gion is to shift  the  f la tband voltages.  For  both  wafers,  
s ingle 10 kHz CGV traces a l ternated wi th  room tempera-  
ture  stresses. Each stress was held  for 2s. The  electric 
field was 10 MV/cm for wafer  6 and 9 MV/cm for wafer  7 
since 10 MV/cm caused b reakdown  of the  ox ide  on wafer  
7. The results  are shown in Fig. 16. Careful  compar i son  re- 
veals that  the resul ts  of  Fig. 16 are consis tent  wi th  those  
of  Fig. 11 and 12. We could  no t  p roduce  fields in the  
p r e b r e a k d o w n  region of  wafer  8 wi th  our  CV equ ipment .  
Therefore ,  there  are no data  for the t ime  dependence  of 
the  f la tband vol tage for the  th ickes t  oxide.  

For  wafer  6, pos i t ive  charge  generat ion reaches  a l imit  
af ter  6s of  in ject ion f rom Si at 10 MV/cm. The t ime  to 
reach the  s teady-state  f la tband shift  is cons iderably  
s lower  (10s) for wafer  6 w h e n  inject ion is f rom A1, but  the  
final f la tband shift  is the  same w h i c h e v e r  e lec t rode  is 
inject ing.  

An electric field of  9 MV/cm for in ject ion f rom A1 on 
wafer  7 does not  seem to be enough  to create any posi t ive 
charge,  but  it does seem to be sufficient to detrap any 
e lect rons  (negative charge) t r apped  at lower  fields. This 
seems to be t rue  for all the  oxides  because  all of  the 
curves  in Fig. 12 cross the  X-axis  near  9 MV/cm. F igure  
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16, b o t t o m ,  s h o w s  t h a t  t h i s  c o n d i t i o n  can  b e  m a i n t a i n e d  
as a s t eady  state. I n j e c t i o n  f rom Si i n d u c e s  pos i t ive  char-  
ges  at  lower  fields t h a n  i n j ec t i on  f rom A1, as c an  be  seen  
f rom Fig. 11 a n d  12. Thus ,  for  wafe r  7, i n j ec t i on  f rom Si at  
9 M V / c m  c a u s e d  c o n s i d e r a b l e  pos i t ive  c h a r g i n g  w i t h i n  2s, 
w h e r e a s  i n j ec t i on  f rom A1 at t he  s ame  field c a u s e d  n o n e  
(Fig. 16, bo t tom) .  T he  cause  of t he  s low r e l a x a t i o n  in  t he  
f l a t b a n d  vo l tage  a f te r  2S in Fig. 16, b o t t o m ,  is no t  k n o w n .  

Constant-current V-t characterist ics .--The las t  set  of 
da t a  o b t a i n e d  was  t he  vo l t age - t ime  cha rac t e r i s t i c  of a 
v i rg in  t e s t  c apac i t o r  in to  w h i c h  a c o n s t a n t  c u r r e n t  was  
forced.  T h e  cha rac t e r i s t i c  is o b t a i n e d  b y  s i m u l t a n e o u s l y  
u n s h o r t i n g  t he  capac i to r ,  r e d i r e c t i n g  a c u r r e n t  f rom a 
c o n s t a n t - c u r r e n t  s u p p l y  on to  t he  capaci tor ,  t r i g g e r i n g  a 
h i g h  s p e e d  DVM, a n d  m o n i t o r i n g  t he  vo l t age  across  t he  
capac i to r  as a f u n c t i o n  of  t ime.  At  first, t h e  vo l t age  in- 
c rease  is l i nea r  w i t h  t i m e  as t h e  t e s t  capac i to r  ( and  s t ray  
capac i t ance )  charges .  Even tua l ly ,  c o n d u c t i o n  t h r o u g h  t he  
d ie lec t r ic  b e c o m e s  apprec i ab le ,  a n d  t h e  vo l t age  is deter-  
m i n e d  b y  t he  IV cha rac t e r i s t i c  of  t he  capac i to r  a n d  by  the  
c u r r e n t  b e i n g  forced.  T he  vo l t age  in  th i s  c o n d i t i o n  is con-  
s t a n t  if  t he  IV cha rac t e r i s t i c  of t he  capac i to r  does  no t  
change .  However ,  s p a c e - c h a r g e  b u i l d u p  in  t he  die]ectr ic  
c h a n g e s  t he  IV cha rac t e r i s t i c  a n d  h e n c e  V, so t he  s h a p e  of 
the  V-t cha rac t e r i s t i c  in  t he  c o n d u c t i o n  r eg ime  gives  in- 
f o r m a t i o n  on  c h a r g i n g  of  the  dielectr ic .  This  t y p e  of infor-  
ma t i on ,  coup l ed  w i t h  s i m u l t a n e o u s  f l a tband  sh i f t  mea-  
s u r e m e n t s ,  ha s  b e e n  u s e d  by  Meyer  a n d  Crook  (16) to 
cha rac t e r i ze  t r a p p i n g  in  t h i n  oxides .  We s t ud i ed  on ly  in- 
j e c t i o n  f r o m  Si s ince  th i s  m a i n t a i n s  the  s u b s t r a t e  in  accu-  
mu la t i on ,  t h u s  a v o i d i n g  t he  p r o b l e m  of  a c c o u n t i n g  for t h e  
vo l t age  d rop  across  t h e  d e p l e t i o n  layer.  

E x a m p l e s  of  t h e  da ta  o b t a i n e d  for  t h r e e  t h i c k n e s s e s  
a n d  t h r e e  c u r r e n t  dens i t i e s  are  s h o w n  in Fig. 17. Severa l  
o b s e r v a t i o n s  can  b e  made :  (i) t he  t h i c k e r  ox ides  h a v e  a n  
in i t ia l  peak ,  w h e r e a s  th i s  is a b s e n t  in  t he  t h i n n e s t  oxide,  
(it) t h e  ini t ia l  peak ,  w h e n  it occurs ,  is s h a r p e r  for h i g h e r  
c u r r e n t  dens i t ies ,  (iii) all ox ide  t h i c k n e s s e s  s h o w  a s low 
inc rea se  in vol tage;  th i s  occurs  a f te r  t h e  in i t ia l  p e a k  for  
t he  t h i c k e r  oxides ,  b u t  s ta r t s  i m m e d i a t e l y  for  t he  t h i n n e s t  
oxide ,  (iv) t h e  s low i n c r e a s e  in  V is m o r e  r ap id  at  h i g h e r  
c u r r e n t  dens i t ies ,  a n d  (v) n o t  s h o w n  in  Fig. 17 is t he  con-  
s i de r ab l e  sca t t e r  in  t i m e  to  b r e a k d o w n ,  m a k i n g  genera l i -  
za t ion  a b o u t  t i m e s  to b r e a k d o w n  dif f icul t  w i t h o u t  b e t t e r  
s ta t is t ics .  Still, t h e  t h i n n e s t  ox ide  s e e m e d  to h a v e  longer  
t i m e s  to fa i lure  t h a n  t he  t h i c k e r  oxides.  

Discussion 

The  e lec t r ica l  r e su l t s  d e s c r i b e d  in t he  p r e v i o u s  sec t ion  
can  be  i n t e r p r e t e d  in  t e r m s  of  t he  b a n d  d i a g r a m s  in  Fig. 
18. T h e s e  d i a g r a m s  i n c o r p o r a t e  t he  ideas  of  Hara r i  (6, 7), 
S o l o m o n  (15), S h a t z k e s  a n d  A v - R o n  (8), a n d  D iS t e f ano  
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Fig. 16. Accumulated flatbond voltage shifts vs. accumulated time at 
stress for wafer 6 (tax = 34SA) and wafer 7 fro• = 652~).  Stress was 10 
MV/cm for wafer 6 and 9 MV/cm for wafer 7. 

a n d  S h a t z k e s  (14). The  d i a g r a m s  are  d r a w n  for t h e  case  of 
a c o n s t a n t  c a t h o d e  field, t h a t  is, w h e n  a c o n s t a n t  c u r r e n t  
is fo rced  in to  t h e  ox ide  a n d  for  h i g h  fields n e a r  break-  
down.  The  t i m e  e v o l u t i o n  of t h e s e  b a n d s  is s h o w n  for  
t h i n  ox ides  (6, 7, 16) a n d  t h i c k  ox ides  (8, 14). E l ec t rons  in- 
j e c t e d  f rom an  e l ec t rode  are acce le ra t ed  b y  the  i n t e rna l  
field in  t he  ox ide  a n d  are sca t te red ,  f o r m i n g  a Po i s son -  
s h a p e d  e n e r g y  d i s t r i b u t i o n  w h i c h  b r o a d e n s  a n d  m o v e s  to 
lower  ene rg ies  as d i s t ance  f rom the  c a t h o d e  increases .  A n  
e l ec t ron  in a pa r t  of  th i s  d i s t r i b u t i o n  w h i c h  lies a b o v e  t he  
ion iza t ion  t h r e s h o l d  c a n  c rea te  an  e l ec t ron -ho le  pair.  The  
ion iza t ion  t h r e s h o l d  is one  b a n d g a p  po t en t i a l  a b o v e  the  
ox ide  c o n d u c t i o n  b a n d .  Th i s  is s h o w n  as d o t t e d  l ines  in  
Fig. 18. Fo r  t h i c k  ox ides  or h i g h  ave rage  fields, t h e  p e a k  
in t he  ho t  e l ec t ron  d i s t r i b u t i o n  r ises  a b o v e  t he  ion iza t ion  
t h r e s h o l d  s o m e w h e r e  in  t he  ox ide  caus ing  ioniza t ion.  The  
e l ec t rons  so f o r m e d  b e c o m e  pa r t  of t he  ho t  e l ec t ron  dis- 
t r i bu t ion ,  b u t  t he  ho les  h a v e  ve ry  low m o b i l i t y  a n d  so are 
prac t ica l ] ly  f ixed in pos i t ion .  Fo r  t h i n  ox ides  or low aver-  
age fields, t h e r e  is in su f f i c i en t  d i s t ance  or field s t r e n g t h  
to acce le ra te  t he  ho t  e l ec t rons  to a k ine t i c  e n e r g y  above  
t h e  ion iza t ion  t h r e s h o l d  a n y w h e r e  in t he  oxide,  so no  
ho les  are  fo rmed .  We shal l  call an  ox ide  " t h i n "  if  a field 
h i g h  e n o u g h  to cause  i m p a c t  ion iza t ion  c a n n o t  b e  
r e a c h e d  be fo re  t he  ox ide  b r e a k s  down.  T h u s  t h e r e  are 
two  d i s t i nc t  types  of b e h a v i o r  d e p e n d i n g  on  ox ide  th ick-  
ness .  Ox ides  t h i n n e r  t h a n  250-300• will  n e v e r  s h o w  a pos-  
i t ive  c h a r g e  b u i l d u p  due  to i m m o b i l e  holes,  w h e r e a s  
t h i c k e r  ox ides  will. 

T h e  b a n d  d i a g r a m s  in  Fig. 18 can  b e  u s e d  to  i n t e r p r e t  
t h e  V-t cha rac t e r i s t i c s  in  Fig. 17 for  i n j e c t i o n  f rom Si. T h e  
c a t h o d e  field, t h a t  is, t h e  s lope  of  t h e  b a n d s  a t  t h e  cath-  
ode,  is f ixed b y  t h e  c u r r e n t  d e n s i t y  b e i n g  forced.  The  
fo rced  c u r r e n t  dens i t y  a n d  the  c a t h o d e  field are r e l a t ed  
b y  t he  F N  law. Fo r  t h i n  oxide,  t r aps  nea r  t he  c a t h o d e  are 
g e n e r a t e d  a n d  filled w i t h  e l ec t rons  (6, 7, 15). Th i s  causes  
a d o w n w a r d  b e n d i n g  of  t he  ox ide  b a n d s  to t he  r i gh t  of 
t he  t r a p p e d  e lec t rons  (see Fig. 18). As t r ap  c r ea t ion  a n d  
fil l ing p roceeds ,  th i s  b e n d i n g  c o n t i n u e s  a n d  causes  t he  
vo l tage  d i f f e rence  across  t he  capac i to r  to  increase .  This  
ef fec t  is s een  for t h e  160~ ox ide  in Fig. 17. Even tua l ly ,  
b r e a k d o w n  occurs  w h e n  t h e  e lectr ic  field e x c e e d s  some  
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critical value somewhere in the oxide, variously esti- 
mated as 30 MV/cm (7), 11.2 MV/cm (16), etc. For thick ox- 
ide, a relatively rapidly formed positive charge due to 
holes generated by ionization reduces the voltage drop 
across the oxide from its initial value (see Fig. 18). This is 
the origin of the initial peak in the V-t characteristic for 
the thicker oxides. After this initial formation of positive 
charge, electron traps are generated and filled near the 
cathode, just as for the thin oxide, causing a slow rise in 
the voltage drop across the oxide (see Fig. 17). Both the 
positive charge and the negative charge build up more 
rapidly for higher current densities. 

The effects of hole formation deep in the oxide and trap 
formation and filling near the cathode also show up in 
the IV and CV data. For the moment,  our discussion is 
confined to injection from Si. The IV and CV data were 
taken under forced voltage, not forced current, conditions 
so the illustration in Fig. 18 does not strictly apply. For 
the thinnest oxide, the buildup of negative trapped 
charge at the cathode under fixed voltage conditions re- 
duces the cathode field below the measured average 
field and hence reduces the injected current. This ex- 
plains the deviation to lower current densities from the 
FN law observed in the thinnest oxide (see Fig. 4). How- 
ever, for the thicker oxides, the rapid buildup of positive 
charge causes an enhancement  of the cathode field above 
the average field, increasing the current above the FN 
prediction. Eventually, the slow buildup of trapped nega- 
t i re  charge near the cathode tends to reduce the cathode 
field again bringing current back to the FN prediction, or 
lower. Thus the same mechanisms explain both the V-t 
characteristics in Fig. 17 and the deviations from the FN 
law observed in Fig. 4. The difference is that one charac- 
teristic is observed under forced current conditions, while 
the other is observed under forced voltage conditions. 

The CV characteristics for injection from Si, Fig. 11, 
show only negative flatband shifts. That is, they show 

only the positive charge induced in the thicker oxides. In 
the CV traces for the thinnest oxide, there is no sign of 
the negative charge which was observed in the IV and V-t 
characteristics. It seems that the traps created and filled 
with electrons during stress discharge when the stress is 
removed to make a CV trace. This means that they must 
be very close to the injecting interface and are in electri- 
cal communication with the bulk St. Thus, at least some 
of the traps observed in the IV and V-t data are the inter- 
face traps detected in the frequency CV data in Fig. 13-15. 
The conductance-voltage traces for the thicker oxides 
(Fig. 9) also show peaks which increase in height with in- 
creasing stress, thus showing the formation of interface 
traps. The CGV data are therefore entirely consistent with 
the IV and V-t data if the negatively charged traps near 
the injecting interface are understood to be interface 
traps which discharge (but do not heal) when stress is 
removed. 

The IV characteristics for injection from aluminum 
were "leakier" than the FN theory, except for the thinnest 
oxide ('see Fig. 5). This may be due to degradation of the 
A1/SiO~ interface by a chemical reaction. The increasing 
deviation from the FN theory as the oxide thickness in- 
creases is not understood. When the cathode field is large 
enough to cause appreciable charge injection through an 
ideal triangular barrier by the FN mechanism, the electric 
fields in the bulk of the oxide are large enough to cause 
immediate detrapping by tunneling out of the numerous 
grown-in traps at about 2 eV below the oxide conduction 
band. Thus, no charging of these grown-in traps will oc- 
cur. The grown-in traps are distributed uniformly 
throughout the bulk of the oxide and are to be distin- 
guished from the current-induced interface traps de- 
scribed above. However, if the interface is a more effi- 
cient injector than a simple triangular tunneling barrier, 
then large numbers of electrons will enter the oxide and 
fill traps at fields low enough that detrapping will not 
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Fig. ] 8. Time evolution of bonds, electric fields, and chorges for thick oxide (top) und thin oxide (bottom). Drown for constont forced current 

occur (20). Thus, the negative charging evidenced by the 
positive flatband shifts shown in Fig. 12 is probably due 
to bulk trapping and is consistent with the "leakier" than 
FN current-voltage characteristics in Fig. 5. Notice that 
the thinnest oxide, which obeys the FN law, shows no ev- 
idence of bulk trapping. As the electric field increases 
the IV characteristics approach the FN characteristic (Fig. 
5), bulk traps are emptied, and impact ionization pro- 
duces holes which produce negative flatband shifts (Fig. 
12). 

This discussion has shown that all of the data can be 
explained in terms of a simple model with the following 
features: (i) impact ionization produces immobile holes in 
thicker oxides, (it) interfacial trap formation and filling 
near the cathode occur in all of the oxides, and (iii) for 
"leaky" interfaces, such as the A1/SiO2 interface in our 
particular oxides, bulk trapping occurs. These charges 
distort the bands in the oxide and create internal electric 
fields which differ from the average electric field. When- 
ever the electric field somewhere in the oxide exceeds a 
critical value, breakdown occurs. At a given average elec- 
tric field, the relative rates of generation of charge forma- 
tion by the above three mechanisms, especially the first 
two, determine the t ime to breakdown. Defects, weak or 
thin spots in the oxide, etc., will all contribute to a scatter 
in the times to breakdown. Another factor which deter- 
mines the time to breakdown is the way in which the ox- 
ide is stressed: viz, by forced current or forced voltage, 
the rate of charge buildup is different for each of these 
methods. 

Conclusions 
We have presented a qualitative picture of high field 

trapping and ionization phenomena in thermal oxides as 
a function of oxide film thickness. This was done by 
integrating three types of data: (i) IV data, (it) CV data, 

and (iii) forced-current voltage-time data. Interface trap 
formation and charging with electrons near the cathode 
during injection from Si was observed for all oxides. Cre- 
ation of immobile holes in the oxide valence band by im- 
pact ionization was observed for the thicker oxides, but 
not the thinnest. Bulk trapping was significant when 
electrons were injected from A1 into the thicker oxides. 
For the thicker oxides, the AYSiO2 interface was consider- 
ably leakier than predicted by the FN theory. This type of 
measurement  is an important adjunct to long term relia- 
bility studies since these phenomena cause wear-out of 
intrinsic oxides. 

There is still considerable controversy as to exactly 
what mechanisms occur in oxides at highfields (16-19). 
We have interpreted our data according to what seem to 
be the most likely mechanisms (7, 8, 15). A partial reason 
for many of the conflicting observations in the literature 
must be differences, documented and otherwise, in the 
processes which produce MOS test capacitors. This 
shows the importance of setting up the techniques de- 
scribed in this report as a process-development tool as op- 
posed to making the measurements once with the hope of 
pinning down the mechanisms once and for all. Measure- 
ment  techniques set up as a process-development tool 
must be highly automatic both in data acquisition and 
data analysis in order to facilitate throughput. 

Most of the analysis in this report has been qualitative 
because our purpose has been to review and illustrate 
rather than to make a detailed quantitative analysis of a 
particular oxide. Still, it is clear that quantitative analysis 
such as calculation of cross sections, trapping effi- 
ciencies, etc., are quite straightforward since all the data 
are stored in digital form on floppy disks, and are easily 
accessible for computer  analysis. 

The discussion has shown the power of using multiple 
techniques in unraveling mechanisms. For example, the 
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CV shifts due to bulk trapping when electron injection 
was from aluminum would have been difficult to under- 
stand without the FN data. It is also worth emphasizing 
the value of FN data by itself as an analytical tool, espe- 
cially when comparison is made with theoretical expecta- 
tions. FN analysis is not as widely recognized as a process 
development  tool as is, say, CV measurement.  
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The Atomic-Scale Origin of the Strain Enthalpy of Mixing in 
Zincblende Alloys 

J. C. Mikkelsen, Jr.* 
Xerox Palo Alto Research Center, Palo Alto, California 94304 

ABSTRACT 

The atomic-scale structure of Ga,_flnxAs solid solutions, previously experimentally determined by extended x-ray 
absorption fine structure, is used to model the strain energy associated with the local distortions in bondlengths and 
bond angles relative to those in the pure binary compounds. The distortion energy associated with the bondlength 
change was calculated to be 0.03X(1 - X) eV/cation-anion pair, where X is the InAs mole fraction, and adding the contri- 
bution from the bond-angle distortions leads to a total strain energy of 0.11X(1 - X) eV/atom-pair. The composition de- 
pendence of the strain energy is the same as the regular solution enthalpy of mixing, asX(1 - X), and the calculated value 
of the solid solution interaction parameter, a~, is in good agreement with the reported experimental  value of 0.13 
eV/atom-pair for Ga,_flnxAs. Similar calculations are made for four other zincblende solid solutions for which the 
atomic-scale structure has been determined, and the results suggest that local bond strain is the major contribution to 
the enthalpy of mixing. Generalization of the strain calculations leads to a second-order dependence of the a~ on the nor- 
malized difference in endmember  lattice constants, with no adjustable parameters, and this result is compared to 
semiempirical models for a~. 

Ternary and quaternary solid solutions of III-V semi- 
conductors have received much attention as substrates 
and active layers of optoelectronic devices for applica- 
tions such as optical communications. In particular, an 
enormous effort has been expended in determining many 
of the solid-liquid phase diagrams in order to develop 
suitable conditions for controlled crystal growth of the 
desired alloy compositions (1). In an at tempt to predict 
the more complex quaternary phase relations and the ul- 
timate stability of the solid solutions well below the soli- 
dus temperatures, various thermodynamic models have 
been used to parameterize the existing experimental  
temperature- and compositional-dependent phase equili- 
bria. In an ideal binary solution (2), there is no enthalpy 
contribution to the solution free energy, and the ideal en- 
tropy of mixing is -R(X~ In X, + X2 in X2). The deviations 
from ideality are small in many III-V ternary systems, and 
many of the phase diagrams have been successfully mod- 
eled by assuming that the solids are regular solutions (1). 
A regular solution (2) is one in which the free energy of 
mixing has, in addition to the ideal entropy term, a 
composit ion-dependent enthalpy term of the form ~X~(1 

- X~), where a~ is the solid solution interaction parameter 

*Electrochemical Society Active Member. 

(also called t2) and must be independent  of both tempera- 
ture and composition. In the regular solution models for 
III-V phase diagrams the a~'s range from zero for 
AI,_~.Ga~.As to 4.5 kcal/mol (0.195 eV/atom-pair) for 
GaAs,_xSb~. (1). Although more complex thermodynamic 
models have also been used to fit the experimental  phase 
diagrams, the extent of improvement  is difficult to 
assess. 

Since the solid solution interaction parameter repre- 
sents the deviation of zincblende alloys from ideal solid 
solutions, understanding its atomic-scale origin can im- 
prove the ability to predict more complex phase dia- 
grams, the dependence of alloy crystal chemistry on 
crystal-growth technique, alloy stability against phase 
separation below the growth temperature, and, possibly, 
the mechanisms of device degradation: In standard ther- 
modynamic texts, it is postulated that local strain associa- 
ted with different atomic sizes of the constituents is a ma- 
jor contribution to the enthalpy of mixing in solid 
solutions. There have been semiempirical correlations of 
a~ with the difference between the lattice constants of the 
binary compounds which form the solid solution, h = a~ 

- as. Stringfellow (3) and Brebrick and Panlener (4) have 
asserted that a~ is reasonably well correlated with square 
(3) or sixth (4) power dependences of a~ on A, respectively. 
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Al though  these  correla t ions  imply  that  the  devia t ion  f rom 
ideal i ty  is due  to a local latt ice mi sma tch  aris ing f rom the  
dif ferent  "size" of  the  subs t i tu ted  ions, S t r ingfe l low de- 
r ived the  A2 d e p e n d e n c e  in the  del ta- la t t ice-parameter  
(DLP) mode l  not  on the  basis of  strain, bu t  on the ex- 
pec ted  var ia t ion of the  alloy electronic  s t ructure  wi th  lat- 
t ice cons tan t  wi th in  the  con tex t  of  the  dielectr ic  band  
m o d e l  of Phi l l ips  and Van  Vech ten  (5) wh ich  is d iscussed  
in detai l  below. 

An es t imate  of latt ice strain energy  has been  compared  
to expe r imen ta l  va lues  of  as for three pseudob ina ry  III-V 
systems,  inc lud ing  Gal_~.InxAs, by Fos te r  and Woods (6), 
and they  found that  the  calcula ted strain energy  led to a 
calcula ted in terac t ion  pa ramete r  which  was a factor  of  5 
too high. In  their  elast ic model ,  it was a s sumed  that  the  
strain energy  was that  r equ i red  to increase the  Ga-As dis- 
tance,  and decrease  the  In-As distance,  in order  to make  
bo th  d is tances  equal  to the average cat ion-anion dis tance  
def ined by the  alloy lat t ice constant.  However ,  recent  
ex tended-x-ray-absorpt ion-f ine-s t ruc ture  (EXAFS)  mea- 
su remen t s  on Ga~_~In~As (7) and other  III-V alloys (8) in- 
dicate  this is not  a good approx imat ion  to the  alloy struc- 
ture. Rather ,  there  is always ~0.13~ dif ference be tween  
the  Ga-As and In-As bond leng ths  at any g iven  alloy com- 
posit ion.  The  avai labi l i ty of  a tomic-scale  s t ructura l  infor- 
mat ion  on solid solut ions  n o w  permi ts  an examina t i on  of  
the  cont r ibu t ion  of  bond  strain to the  en tha lpy  of mixing.  
We show that  the bond  dis tor t ion energy  calculated f rom 
the  E X A F S  st ructural  in format ion  for representa t ive  ter- 
nary z incb lende  alloys is in good ag reemen t  wi th  the  ther- 
m o c h e m i c a l  in teract ion parameters  which  mode l  the  
en tha lpy  of  mixing.  

Structural Model for Zincblende Solid Solutions 
In  the  s t ructural  d i scuss ion  which  follows, we  will  com- 

pare  the  equ i l ib r ium alloy s t ructure  of  Gal - f lnxAs as an 
e x a m p l e  z incb lende  solid solut ion wi th  two approx ima-  
t ions,  the  deviat ions  f rom wh ich  will  p rov ide  the  basis for 
the  calcula t ion of  the  bond-d is tor t ion  energies.  The  two 
s t ructura l  approx imat ions  are the  vir tual  crystal  approxi-  
ma t ion  (9) (VCA) and wha t  can be cal led the  covalent  ra- 
dius approx ima t ion  (CRA) after the  chemica l  bond  con- 
cepts  of  Pau l ing  and Hugg ins  (10), which  sugges t  that  a 
t e t rahedra l  covalent  radius,  to first order,  is invariant .  In  
the  VCA, the  subs t i tu ted  and c o m m o n  atoms occupy  
thei r  respec t ive  regular  z incb lende  lat t ice sites, and at a 
g iven  compos i t ion  all ca t ion-anion neares t  ne ighbor  (nn) 
bond leng ths  are equa l  to ao~/3/4, where  ao is the  alloy lat- 
t ice constant .  Thus,  in the  VCA descr ip t ion  Of 
Ga0.~In0.~As, all the  Ga-As nn  bond leng ths  are s t re tched 
and the  In-As bond leng ths  are compressed  by 0.087A to 
b e c o m e  equal  to 2.535~. S ince  the  z incb]ende crystal  
s t ruc ture  is strictly re ta ined  in the  VCA (with r a n d o m  dis- 
t r ibu t ion  of subs t i tu ted  ions), all in te ra tomic  bond  angles 
are at the  ideal te t rahedra l  va lue  of 109.5 ~ In  o ther  words,  
the  VCA is character ized by a zero bond  angle  dis tor t ion 
at the  expense  of  large changes  in the  nn bondlengths .  
This  app rox ima t ion  is equ iva len t  to that  used  in the  elas- 
t ic mode l  of Fos te r  and Woods. Since  the  E X A F S  results  
indica te  that  the  Ga-As and In-As nn dis tances  change  by 
only 25% of that  r equ i red  to make  them equal  for any 
g iven  alloy composi t ion ,  it is obvious  that  the  Foster-  
Woods es t imate  of  the  strain (which is propor t iona l  to the 
square  of  the bond l eng th  change) will  be m u c h  too high. 
In  the  CRA, however ,  local  a tomic  d i sp lacements  f rom 
the  z incb lende  latt ice sites are requ i red  to p roduce  two 
dif ferent  cat ion-anion nn  distances,  which  cor respond  to 
the  natural  bond leng ths  in the  pure  b inary  e n d m e m b e r s .  
This  condi t ion  is satisfied in the  z incblende- l ike  chalco- 
pyr i te  s t ructure  (11), where  the  subs t i tu ted  sublat t ice  can 
be app rox ima te ly  fcc, and the  c o m m o n  subla t t ice  a toms 
are d isplaced to a c c o m m o d a t e  two dif ferent  ca t ion-anion 
distances.  A tomic  d i sp lacements  f rom fcc posi t ions  resul t  
in a devia t ion  of  the  bond  angles  f rom 109.5 ~ Thus,  the  
CRA is character ized by zero nn  bond l eng th  changes  at 
the  expense  of  large bond-angle  distort ions.  

E X A F S  m e a s u r e m e n t s  (7) indicate  that  the  equ i l ib r ium 
alloy s t ructure  of Ga~_flnxAs is closer to the  second ap- 
proximat ion .  The  Ga-As nn dis tance  is g iven  by 2.448 + 
0.044X~ (~) and the  In-As nn  dis tance  by 2.622 - 0.044X, 
(A), where  X1 and X2 are the  mole  fract ions of  GaAs and 
InAs,  respect ively.  By contrast ,  in the VCA all of  the  ca- 
t ion-anion nn  dis tances  are g iven  by 2.448 + 0.174X2 (~). 
Thus,  in Ga0flno.sAs, the  expe r imen ta l ly -de te rmined  
Ga-As and In-As nn dis tances  are 2.470 and 2.600~, re- 
spect ively,  compared  to the  VCA average  dis tance  of  
2.535~. 

A l though  the nn Ga-As and In-As dis tances  are k n o w n  
wi th  good accuracy (-+0.005A), the  second ne ighbor  (nnn) 
dis tances  are less certain, due  to both larger expe r imen ta l  
error bars (-+0.02s and the  fact that  the  (gaussian) wid th  
of  the  al loy nnn  pair-correla t ion funct ions  are of  the  order  
of  0.05~ broader  than  those  in the  pure  b inary  com- 
pounds .  The  addi t ional  w id th  can ar ise- f rom bo th  static 
(statistical d is t r ibut ion  of  local Ga-In concentra t ions)  and 
dynamic  ( thermal  vibrat ion)  contr ibut ions  (the lat ter  of  
wh ich  has been  min imized  by mak ing  the  E X A F S  mea- 
su remen t s  at 77 K). We cannot  calculate  an  accura te  dis- 
t r ibu t ion  of  bond angles  f rom the nnn  d is tance  distr ibu- 
t ions wi thou t  k n o w l e d g e  of the in te rmedia te - range  
structure.  If  we use  the  m e a n  dis tance (peak) of  the nnn  
gauss ian  distr ibutions,  the  bond  angles in Ga0.sIn0.sAs de- 
viate  f rom the  ideal  109.5 ~ by a m a x i m u m  of 3.1 ~ for In- 
As-In and a m i n i m u m  of zero for In-As-Ga, wi th  an rms 
va lue  of  0.5 ~ for all the  bond  angles. However ,  the  real 
s t ruc ture  mus t  conta in  a somewha t  different  d is t r ibut ion 
of bond  angles  which  arise f rom the  nnn  dis tances  which  
are e i ther  larger or  smal ler  than  the  peak  va lue  of the  nnn  
dis tr ibut ions.  A l though  it  wou ld  seem reasonable  to as- 
sume  that  the  shortes t  Ga-Ga nnn  dis tances  are associa- 
ted  wi th  AsGa4 te t rahedra  and  the  longes t  In-In dis tances  
are associa ted wi th  AsIn4 te t rahedra,  we  have  not  deter- 
m i n e d  a sat isfactory self-consistent  bond-angle  mode l  
which  accura te ly  fits all of  the E X A F S  data. 

An al ternat ive es t imate  of  the  bond-angle  d is t r ibut ion  
can be calculated for the  chalcopyri te- l ike  s tructural  
mode l  (7) which  gave a good fit to both  the  nn and nnn  
E X A F S  data for Ga0fln0.sAs, excep t  that  the  mode l  
cat ion-cat ion nnn  dis t r ibut ions  were  too sharp. The  
change  in bond  angles for the  As a tom d i sp lacements  
ranged  f rom 0 ~ for In-As-Ga angle  to a m a x i m u m  of  +4.4 ~ 
for Ga-As-Ga and -4 .4  ~ for In-As-In. The  rms  change  in 
the  12 bond  angles  associa ted with  a (Ga, In)-As a tom-pair  
is 2.0 ~ , cons iderably  larger  than  the  0.5 es t imated  f rom 
only the  peaks  in the E X A F S  nnn  dis tr ibut ions,  bu t  they  
are the  actual  bond  angles  observed  in the  cubic  chalco- 
pyri te  c o m p o u n d  ZnSnAs~, in which  the  nn and nnn  dis- 
t r ibut ions  closely app rox ima te  those  observed  for 
Ga0fln0.~As. Regardless  of  the es t imates  for the  bond-  
angle  d isp lacements ,  i t  is obvious  that  the  equ i l ib r ium al- 
loy s t ructure  is a balance be tween  bond leng th  and bond-  
angle  distort ions,  i.e., the  two distort ions oppose  each 
other. In  o ther  words,  in the  absence  of  forces which  re- 
sist changes  in bond  angles, the  m i n i m u m  energy  would  
be satisfied by a zero bond l eng th  change  re la t ive  to the  
b inary  e n d m e m b e r  compounds .  The Ga, xIn.~As alloy nn 
bond leng ths  de te rmined  by EXAFS,  a long wi th  es t imates  
for the  bond-angle  contr ibut ions ,  are used  be low in a sim- 
ple force cons tant  mode l  to calculate  the  bond ing  strain 
energy,  and these  resul ts  are compared  to the  the rmody-  
namic  analysis of  the  GaAs-InAs pseudob ina ry  phase  dia- 
gram. 

Estimate of Strain Energy for Gal-xlnxAs 
Our pr incipal  object ive  is to obtain  the  excess  en tha lpy  

of  mix ing  due  to s t rained bonds,  us ing  as the  reference  
state the  bond leng ths  in the  e n d m e m b e r  b inary  com- 
pounds ,  i.e., 2.448 and 2.622A for Ga-As and In-As, respec- 
tively, and ideal te t rahedra l  angles of 109.5 ~ I f  all of  the  
a tomic  posi t ions in the  alloy were  k n o w n  wi th  sufficient  
accuracy  to de te rmine  the  bond  angles, a force cons tant  
mode l  (12) could be used  to compu te  the  total  displace- 
m e n t  (strain) energy  in t e rms  of  changes  in bond leng ths  
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and angles relative to the standard states. In the absence 
of accurate bond-angle information, we take a slightly dif- 
ferent approach. We view the local forces as separable 
into those which resist bondlength changes (central) and 
the net of all the others, which resist bond-angle changes 
(noncentral). The strain energy from the former is 
straightforwardly determined from the isotropic dilation 
(increase in Ga-As bondlengths) or compression (decrease 
in In-As bondlength) compared to the reference Ga-As 
and In-As bondlengths. For example, the strain energy as- 
sociated with radial changes in the Ga-As bondlength, 
Ur(Ga-As), is given by 1/2 k~ Arl 2, where kr is the central 
force constant and has a value of 128 N/m (12) derived 
from the bulk modulus and hr~ is the change in bond- 
length from 2.448X. The parabolic dependence of U~ on 
hr, is shown for a single Ga-As bond by curve (a) in the 
configurational energy diagram of Fig. 1. If there were no 
forces resisting the bond-angle distortions [no 0-depen- 
dent terms Eq. [1] of Ref. (12)], then the min imum energy 
would correspond to no change in Ga-As bondlength for 
any alloy composition, i.e., the CRA model would be 
satisfied. However, at the experimentally determined 
Ga-As nn distance in the Ga0fln0.sAs alloy, Ar = 0.022A, 
and U~ = 0.002 eV per Ga-As bond (0.007 eV per Ga-As 
atom-pair). Since Ar, = 0.044X2, the composition depen- 
dence of U/GaAs) is given by 0.007 X22 eV per Ga-As 
bond. There is a similar energy term from the correspond- 
ing decrease of the alloy In-As nn distance, Ar2(kr,2 = 108 
N/m), which also contributes 0.002 eV per In-As bond. 
Since the rate of change in VCA average nn distance, 
ArvcA, is approximately four times that observed in Ar, or 
Ar~, the strain energy calculated for the virtual crystal 
structure, which has bondlength changes only, is approxi- 
mately 16 times higher than that obtained from the exper- 
imentally determined alloy bondlength distortions. How- 
ever, the correct value for the strain associated with only 
the bondlength distortions is approximately a factor of 
four smaller than the measured enthalpy of mixing (1, 6). 
[Fedders and Muller (13) recently obtained a similar result 
by considering only the changes in alloy bondlengths (7), 
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Fig. 1. Configuration energy diagram for distortions in Go, xlnxAs. 

Curve (a) is bond-stretching displacement energy per Ga-As bond vs. 
change in Ga-As nn distance; curve (b) is effective noncentral displace- 
ment energy per Ga-As bond in Gao.51no..~As. Arrow indicates the equilib- 
rium Ga-As Ar in Gao.51no.~As at 0 .022~.  

but they did not attempt to calculate the strain associated 
with bond-angle distortions.] 

The next step is to estimate the bond-angle, or noncen- 
tral, contribution to the bond-strain energy. In the ab- 
sence of known bond-angle distributions for the alloy, we 
make a semiempirical estimate of the effective bond- 
angle strain, U0~ff, by equating the opposing central and 
noncentral forces at equilibrium bondlengths which are 
observed experimentally by EXAFS. In addition, we as- 
sume that the reference state for the bond angle is the 
ideal tetrahedral angle of 109.5 ~ Since this latter struc- 
tural condition is satisfied at any alloy composition by 
the VCA model, we have U0ef~VCA) = 0. The Ga-As bond- 
angle distortion energy for the Ga0.sIn0.sAs alloy is shown 
by curve (b) in Fig. 1 which satisfies the two constraints 
of equal forces at hrl = 0.022~ and zero energy at ArvcA = 
0.087s The effective bond-angle distortion energy is 0.005 
eV/bond, or 0.023 eV/atom-pair, and the total strain en- 
ergy is 0.030 eV/(Ga-As) atom-pair in the Ga0.sIn0.~As alloy. 
By comparison, for Ga0fln0.sAs the total strain energy at 
CRA, which arises from bond-angle distortions only, is 
0.042 eV per atom-pair, whereas the total strain energy at 
VCA, which arises from bondlength distortions only, is 
0.140 eV/atom-pair. Thus, the calculated total strain en- 
ergy for the equilibrium structure is lower than that of ei- 
ther the VCA or CRA, and it is apparent that most of the 
strain energy actually arises from the distortion of the 
bond angles. As a matter of perspective, this strain energy 
of 0.03 Ev/atom pair is certainly small compared with the 
GaAs cohesive energy of 5.8 eV/atom-pair, or the heat of 
formation of 0.75 eV/atom-pair (5). 

A general form of the bond-angle strain energy is pre- 
ferred in order to examine the composition dependence 
of the total strain energy. Curve (b) of Fig. 1 is of the form 
U0ef~GaAs) = 1/2 koe,(Aro~f~) 2, where hr0~ = ArvcA -- Ar,.  
Since the central and effective noncentral forces are equal 
and opposite at the equilibrium value of Ar, 

k o J k r  = Ar,/(hrvcA - At1) [1] 
For later comparison with other zincblende alloy systems, 
it is useful to express the composition dependence of the 
bondlengths as Ar, = S,  X2 and Arvca = SvcAX2, where Sl 
(measured by EXAFS) and Svcn (determined from the al- 
loy lattice constants) equal 0.044 and 0.174~, respectively, 
for Ga,_~Jn~As. Thus, k ~ ,  = k~S,/(SvcA -- S,), and Ar~ff = 
X2(Svca - S,), and the term in parentheses is independent  
of composition. Although curve (a) in Fig. 1 universally 
represents the radial strain energy for Ga-As bonds at any 
bondlength defined by hrl ,  the bond-angle contribution 
is a family of curves like (b) which depend on composi- 
tion, i.e., which have their minima at the appropriate VCA 
distance. 

Before proceeding with the expression for the composi- 
t ion-dependence of the total strain energy, consider the 
value of the "effective" angular displacement which is 
represented by hroe~f and which is on the order of 0.065~. 
Since the nn bondlengths are approximately 2.5X, the ef- 
fective angular displacements are 1.5 ~ . This value is in 
better agreement with the above chalcopyrite estimate 
than that obtained from only the peaks of the EXAFS 
nnn distributions and at the respective .equilibrium nn 
distances have derivatives equal to those of curve (A). For 
the sake of comparison, we put the various estimates of 
the bond-angle displacements in the 0-dependent terms of 
Eq. [1] in ReL (12). The largest value of the bond-angle 
strain (0.020 eV/atom-pair) occurs for the 2.0 ~ rms bond- 
angle change of the chalcopyrite model, and the smallest 
value (0.002 eV/atom-pair) occurs for the 0.5 ~ rrns displace- 
ment  calculated from the peak in the EXAFS nnn distri- 
butions. It is beyond the scope of this study to make a 
theoretical analysis of all the terms which comprise the 
semiempirical parameter koe,; however, we note that it 
probably cannot be simply related to the ko's (or to a ilia 
ratio) of Ref. (12), and that it probably does indirectly in- 
clude coulombic terms, which may also be minimized at 
the VCA structure, owing to the periodicity of the lattice. 

Addition of the Ga-As bondlength and bond-angle 
strain energy contributions (multiplied by four bonds per 
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Table I. Lattice parameter differences, A (1 I), atomic-scale 
structural parameters, S,/SvcA (defined in text) from 

EXAFS (7, 8) and Fukai model (14), central force constants (12), 
and calculated and experimental (1, 3, 4) regular solution 

interaction parameters for several zincblende alloys 

h S,/SvcA k, k~ o~ (calc) ~ (meas) 
Alloy (~) EXAFS Fukai ( N / m )  (eV/atom-pair) 

(Ga,In)P 0.418 0.204 0.208 147 132 0.11(8) 0.139-0.156 
(Ga,In)As 0.382 0.252 0.212 128 108 0.11(4) 0.078-0.130 
Ga(As,P) 0.203 0.250 0.240 128 147 0.03(4) 0.017 
Zn(Se,Te) 0.421 0.244 0.153 107 96 0.10(6) 0.065 
Cu(Br,I) 0.352 0.320 --  ~70 -70 0.06(6) --  

Ga, As atom-pair) leads to the composit ion-dependent ex- 
pression 

U(G~-A~) = 2k~,SvcAS, X2 ~- (eV per Ga-As atom-pair) [2] 

A similar expression exists for each In-As atom-pair. In 
order to compute a strain energy per alloy atom-pair, the 
Ga-As and In-As contributions are weighted by their re- 
spective mole fractions. Although, in principle, $2, the 
rate of change in In-As bondtength with composition, can 
differ from S,, the EXAFS results gave identical values 
for S, and $2. Furthermore,  since the central force con- 
stants are similar (128 and 108 N/m), they can be replaced 
by an average value, k~, 2. By combining terms the final 
approximate strain energy per alloy atom-pair is 

Vstrain : (SvcAS 12krl2)X 1X 2 (eV per atom-pair) [3] 

The form of this expression is the same as the regular so- 
lution excess enthalpy of mixing, with as given by the 
product of constants, SvcAS,2k~,~. The calculated value of 
SvcAS~2k~,2 is 0.11(4) eV/atom-pair, which is in excellent 
agreement with the reported value of a~ of 0.130 eV/atom- 
pair reported by Ilegems and Panish (1), but somewhat 
higher than the value of 0.087 obtained by Foster and 
Woods (6). The excess enthalpy of mixing appears to orig- 
inate from the change in covalent bondlengths and bond 
angles in the solid solutions. Of course, it is possible to re- 
tain the composition dependence of ~ through the use of 
individual force constants, k~, rather than their average. 
In Ga ,_ f ln~s ,  for example, ~ varies by 20% from 0.124 to 
0.104 eV/atom-palr for values of x = 0 and 1, respectively. 
If the composit ion dependence of the interaction parame- 
ter determined by Foster and Woods is approximated by 
a linear curve, the change is also a 20% decrease from 
GaAs to In.As. 

Strain Enthalpy of Mixing for Other Zincblende Ternary 
Alloys 

EXAFS measurements  have been made on several zinc- 
blende solid solutions (8), and the values of S, (which 
were found to nearly equal $2) from preliminary data anal- 
yses are shown in Table I. The ratio of the observed 
change in nn distance (S,) to the change in average nn dis- 
tance (SvcA) can be taken as a relative measure of the de- 
gree of bondlength distortion. This ratio is higher for the 
more ionic cuprous halides than the covalent III-V sys- 
tems. Recently, Fukai (14) has applied a force constant 
model  to estimate the bondlength distortions in zinc- 
blende solid solutions. He derived an expression for 
S,/SvcA (~ in his notation) which is given by 4/3(fl/~)/[1 + 
(~-/~-)], where ~ and /~ are the mean short range bond 
stretching and bond bending force constants given by 
Martin (12). The agreement between the Fukai model and 
experimental  EXAFS results is very good for Ga,_xIn~P 
and GaAs~_~P~, and slightly less so for Ga,_fln~As. How- 
ever, the predicted trend with ionicity is in the wrong di- 
rection. Fukai reasoned that since B/~ decreased with in- 
creasing ionicity, S,/Svc~ would therefore decrease with 
increasing ionicity. The experimental  EXAFS data show 
that the opposite is true: the cuprous halides have much 
larger S,/SvcA ratios, and the value for ZnSe,_~.Te~ is 
nearly a factor of two higher than predicted. Qualitatively, 
the reason why the bondlength distortions do not de- 

crease with increasing ionicity is that electrostatic forces 
resist "ionic" displacements from ideal VCA lattice posi- 
tions even though the bond-angle restoring force, 6, is di- 
minished. In fact, we have observed that S1/SvcA for alkali 
halide pseudobinary compounds (in which the ration fl/o~ 
approaches zero) is larger than those obtained for the 
zincblende solid solutions (15). Of course, long-range 
coulombic contributions are not included in an analysis 
based on ~ and fl alone. However, all noncentral contribu- 
tions are included in the above semiempirical determina- 
tion of k~eff from the experimentally measured equilib- 
r ium bondlengths. 

The calculated strain contributions to the enthalpy of 
mixing are compared to the (range of) experimentally 
measured values for the solid solution interaction param- 
eter, ~ ,  in Table I. The calculated strain enthalpy for 
Ga,_~InxP is in good agreement with the lower reported 
value of the interaction parameter, but those calculated 
for the GaP,-jAsx and ZnSe,_xTex solid solutions are ap- 
proximately a factor of two higher than the reported 
values. No entha]py of mixing has been reported for the 
CuBrl_xI.~ alloy system, but it is interesting to note that 
the calculated value of 0.066 eV/atom-pair is comparable 
to the value of 0.081 eV/atom-pair measured for the analo- 
gous alkali halide solid solution, RbBr,_xI.~ (16). Thermo- 
dynamic analysis of EXAFS measurements on alkali hal- 
ide systems (15), such as RbBri-flx, are in progress. Pre- 
liminary results indicate that, although the changes in 
nn bondlengths (S,) are higher for the alkali halides than 
the zincblende semiconductors, the smaller values of the 
bulk moduli  lead to comparable values for the enthalpy of 
mixing. 

Discussion 
We next examine the similarities between Eq. [3] and 

the formulation for ~s given by Stringfellow, and then as- 
sess the simplifications used to relate the strain energy to 
experimental  thermodynamic parameters. First, since the 
zincblende nn distance equals aoX/3/4, then SVCA = ~/3/4 h. 
The calculated form of a~ is 3/8 (S,/SvcA)kr,2A ~ . In order to 
generalize this expression to many zincblende solid solu- 
tions, note that (i) the values of S,/SvcA are approximately 
1/4 for four of the alloys listed in Table I, and (it) the 
values of k ~  are 120 -+ 20 N/m. Thus, as an approximation 
(Si/SvcA)k~,~ is a constant, and ~s = K, A2. If K' is rewritten 
as 4.375K/a 4'~ according to Stringfellow's DLP mode1 (3), 
our calculated values for K determined from the actual 
parameters for Ga,_xInxAs and GaAs~P,_x are 1.06 and 
0.96 • 107 cal/mol-A 2'~, respectively, compared to 
Stringfellow's value of 1.15 • 107, which was obtained by 
fitting to the experimental  values for 16 systems. Thus, if 
the strain energy is the major component  of the interac- 
tion parameter, a second-order dependence of a~ on h is 
expected, in agreement with the correlation proposed by 
Stringfellow (3).  By inspection, since the h's for 
Ga,_fln~As, Ga~_fln~P, and ZnSe,_~Te~ are approximately 
equal, their respective ~ ' s  should also be nearly equal. 
Since the h for GaP,_~As~. is a factor of two smaller than 
the other three systems, a factor of four smaller ~ is to be 
expected. 

Although the present strain model and the DLP predict 
that the regular solution interaction parameters are ap- 
proximately fit by a universal constant t imes A2, the DLP 
model  did not explicitly originate from bond strain. 
Rather, the DLP model is based on the dielectric band 
model of Phillips and Van Vechten (5) (PVV). In the PVV 
model it is assumed that the semiconductor energy gaps 
are a function of two terms, the homopolar gap energy, 
Eh, which is proportional to ao -25 derived empirically 
from Si and Ge, and the ionic energy gap, C, which has a 
more complex dependence on lattice constant, ionicity, 
and metallization. The PVV model p~edicts reasonably 
accurate values of the bandgaps and heats of formation 
for zincblende compounds. The excess heats of formation 
of solid solutions relative to physical mixtures of the bi- 
nary compounds were calculated by Van Vechten (17) 
and Stringfellow (18). However, the agreement with ex- 
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perimental  values of the interaction parameter was not 
satisfactory. For example, the calculated value for 
Ga,_flnxAs was at least a factor of four too low, and the 
sign was wrong for AI~_~Ga~As and Al~_flnxAs. 
Stringfellow (3) obtained a significant improvement  in 
the calculated values for the enthalpy of mixing by as- 
suming that the heats of formation (or cohesive energies) 
have an ao -~-5 dependence and other alloy variations in 
ionicity and metallization contained in the PVV theory 
could be ignored. Since the lattice constant of most 
zincblende pseudobinary solid solutions varies nearly lin- 
early with composition, the composition dependence of 
the heat of formation (or any other property which varies 
sublinearly with lattice constant) will also,be nonlinear. 
Since the Taylor series expansion of the alloy exponential  
term in the DLP model  was truncated after the second 
term (linear term cancels), only the term in h 2 would re- 
main for any negative exponent  in the expression for hHf 
dependence on ao -x (with a different form for the univer- 
sal constant and a factor in the denominator). Thus, the 
DLP is only a semiempirical model for the enthalpy of 
mixing, and has only an indirect relationship to the origi- 
nal PVV dielectric theory. It is unclear what relationship 
should exist between the bandgap variation with compo- 
sition and the enthalpy of mixing. The model presented 
above predicts that the enthalpy of mixing originates 
from local changes in bondlength and bond angle. How- 
ever, the electronic band structure of these semiconduct- 
ors averages the crystal potentials over many atomic sites. 
In fact, the use of the PVV model, through the depen- 
dence of the bandgaps (19) on an average lattice constant, 
implies the validity of the VCA to describe the atomic 
separation appropriate for the alloy. However, the 
EXAFS results indicate that the VCA is a poor descrip- 
tion for the atomic-scale structure (7, 8). Elucidation of 
the correct relationship between the atomic-scale struc- 
ture and the resultant band structure of alloy semicon- 
ductors is beyond the scope of the present work. 

Although the major component  of the solid solution 
enthalpy of mixing has been shown to originate from 
strain inherent in the atomic-scale structure of the solid 
solutions, it is important to examine some of the thermo- 
dynamic simplifications implicit in relating the model to 
experiment.  The experimental  values for the enthalpy of 
mixing were determined by modeling the phase diagrams 
with a regular solution model for the solid and generally 
with the simple solution model for the ternary liquids. 
Thus, as pointed out in Ref. (1), there usually are no 
unique values for either the liquid or solid interaction pa- 
rameters, and there is some variation resulting from use 
of ternary as well as pseudobinary data to obtain a best 
fit to the model. For example, the values of a~ for 
Ga~_flnxAs vary by nearly 50% from 0.087 (6) to 0.130 (1). 

As pointed out earlier, in the regular solution model, a~ 
is independent  of composition and temperature. How- 
ever, the strain model presented here has a composition 
dependence through the variation of the bulk modulus 
between the two binary compounds. The temperature- 
dependent interaction parameter obtained by Foster and 
Woods might be explained on the basis that the variation 
in a~ is actually a composition dependence through the 
temperature-composit ion solidus curve. Since the higher 
melting point binary compounds also have higher bulk 
moduli  than the lower melting point compounds, this cor- 
relation would generally exist in pseudobinary phase dia- 
grams. A temperature dependence to the calculated strain 
enthalpy is difficult to predict. The EXAFS measure- 
ments, upon which the present model is based, were 
made at 77 K (to reduce thermal vibrations), whereas the 
thermodynamic liquidus-solidus data were obtained at 
1000-1500 K. A small decrease in the strain contribution to 
the enthalpy of mixing is expected due to the decrease in 
the bulk modulus at elevated temperature, unless there is 
a compensating change in S~. It is possible that the bond 
strain can be reduced at elevated temperature due to ani- 
sotropic (anharmonic) atomic vibrations. This question 
might  be suitably addressed by diffraction experiments at 

elevated temperatures. If there is a vibrational contribu- 
tion to the free energy of mixing, it is generally consid- 
ered as an excess entropy term and is obviously ignored 
in the regular solution model. Since the phonon frequen- 
cies for III-V alloys do not show appreciable sublinear 
composition dependence, it might be argued that the vi- 
brational entropy is unlikely to significantly add to the 
ideal entropy of mixing. 

Finally, the regular solution model assumes that the en- 
tropy of mixing is ideal. A deviation from random occu- 
pation of the substituted sublattice, either through clus- 
tering or ordering, will reduce the ideal entropy of mixing 
term. In the quasichemical models for solutions (2), an ex- 
cess' enthalpy of mixing naturally leads to a deviation 
from randomness because like bonds are either more or 
less stable than mixed bonds. However, this mode] typi- 
cally assumes that only the differences in chemical en- 
ergy of just the first-neighbor bonds are important and it 
does not.explicitly treat bond strain. Thus, if the ;eason- 
ing is extended to second-neighbor interactions in 
pseudobinary systems because the number  of different 
cation-anion bonds remains unchanged upon alloying, a 
positive excess enthalpy of mixing in all ternary 
zincblende solid solutions (except A1,_xGa,.As) means that 
unlike (Ga-In) bonds are less stable than the mean of like 
(Ga-Ga and In-In) bonds. This approach ignores the com- 
mon (As) sublattice altogether. However, it is the As 
sublattice which undergoes the major displacements 
from the ideal (VCA) lattice sites to accommodate differ- 
ent Ga-As and In-As bondlengths (7). If  the quasichemical 
model were modified to reflect the additional energy of 
each near-neighbor bond due to alloying, the approach 
would be similar to that used above, i.e., the additional in- 
dividual bond energy arises from changes in bondlengths 
and bond angles from their ideal values. 

Even if the random alloys are not thermodynamically 
stable at temperatures substantially lower than their for- 
mation temperatures, it may not be kinetically possible to 
order or spinodally decompose the alloys. We have an- 
nealed several of the alloy systems below the calculated 
equilibrium critical temperatures and found no difference 
in the sublattice occupation using EXAFS. If ordering or 
clustering is l imited by atomic diffusion over dimensions 
on the order of 10~, it means that diffusion coefficients 
must be less than 10 -~~ cm2s - ' .  However, solid solutions 
grown at low temperatures from metal-rich solutions or 
by CVD methods may produce clustered or ordered al- 
loys. Such experiments are presently underway. How- 
ever, Stringfellow (20) has calculated that the coherency 
strain associated with developing critical nuclei from ran- 
dom fluctuations in composition dramatically reduces 
the critical temperature for alloy spinodal decomposition. 
For all of the systems included in Table I, the effective 
critical temperature is reduced to 0 K by this coherency 
strain. [Fedders and Muller (13) have arrived at a similar 
conclusion regarding the stability of random alloys once 
they have formed.] It is interesting to note that thermody- 
namic analysis of binary metallic alloys, such as Ni~Au 
(21), indicates both an excess enthalpy and a higher than 
ideal entropy of mixing in the absence of clustering or 
chemical ordering. It is presently difficult to assess the 
importance of the above factors because, since, even un- 
der the assumption that the solid solutions are strictly 
regular, experimental values of a~ for some alloys can 
vary by a factor of two. 

Summary 
We have calculated the bond strain associated with the 

atomic-scale structure as determined by EXAFS mea- 
surements for several zincblende solid solutions. It was 
found that the sum of the strain associated with 
bondlength and effective bond-angle distortions leads to 
an expression for the total strain energy which is equal to 
a~X(1 - X), which has the same form of the regular solu- 
tion enthalpy of mixing. The magnitude of the calculated 
value of as is in excellent agreement with experimentally 
measured values, and a generalization of the expression 
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leads to a predicted universal dependence of as o n  A2, in 
agreement with the semiempirical DLP mode]. 
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Technica  
I 

Notes 

A Low Pressure BPSG Deposition Process 

Thomas Foster,* Gary Hoeye, and Jon Goldman* 
Thermco Systems, Incorporated, Orange, California 92668 

Presently, the semiconductor industry uses deposited 
silicon dioxide glass for insulating layers between con- 
ducting polysilicon and metal layers in MOS fabrication 
(1). It has previously been found that flowing the glass to 
smooth out the surface before metal deposition tends to 
alleviate metal step coverage problems (1-3). Phosphosili- 
cate glass (PSG) containing 6-8 weight percent (w/o) phos- 
phorus flows adequately at temperatures of 1000~176 
(2). As geometries of integrated circuits decrease in size, it 
is becoming more important to reduce the flow tempera- 
ture of the glass to decrease dopant redistribution. A 50~ 
reduction in flow temperature requires approximately 3 
w/o more phosphorus, but  too much phosphorus causes 
problems in IC's, including corrosion of a luminum con- 
ductors (1). It is important to lower the flow temperature 
without increasing phosphorus concentrations above 
present levels. 

Previous work has shown that the addition of boron in 
making borophosphosilicate glass (BPSG) aids greatly in 
reducing the flow temperature (1, 2). In addition, BPSG 
h a s  lower etch rates in buffered HF and has lower intrin- 
sic tensile stress than PSG (2). 

In most of the published work on BPSG up to this 
point, the films were deposited in atmospheric CVD sys- 
tems employing rotating hot plates, belt drives, etc. (1, 2). 
The advantages of low-pressure deposition over these 
types of systems have been well documented. Films de- 
posited at low pressure generally tend to be more uni- 
form, have fewer particles and pinholes, and have better 
step coverage than their counterparts deposited at atmo- 
spheric pressure (4, 5). Recently, some plasma BPSG has 
been reported (6). 

The intent of this work, therefore, w a s  to  attempt to de- 
velop an LPCVD process for deposition of BPSG. 

* Electrochemical Society Active Member. 

Experimental 
The experiments were performed in a modified 

Thermco VLTO system utilizing a 145 mm id/151 mm od 
quartz tube which was approximately 6 ft long. The 
quartz Process tube was enclosed in a resistance-heated 
furnace element. There were four stainless steel injectors 
located along the bottom of the tube, along with various 
mass-flow controllers and a vacuum pump. Two injec- 
tors brought oxygen into the deposition zone, and the 
other injectors brought in the remainder of the gases. A 
total wafer load of 90 wafers was utilized. Wafers were 
loaded into five covered boats. Grooves in the covers of 
the boats were precision cut with a laser and served the 
function of redirecting the gas flow, improving the film 
uniformity. B~Hs was tried as a boron source, but  due to 
the configuation of the system, it decomposed and de- 
posited inside the injectors. Wafers processed with B2Hs 
were analyzed for boron content, and it was found that 
they contained less than 1/2 w/o boron. BCI:~ was tried and 
found effective as a boron source. 

Several wafers were analyzed by a commercial labora- 
tory for boron and phosphorus concentrations using a 
wet chemistry technique. Some samples were analyzed 
using SIMS to obtain the concentration profile of boron, 
phosphorus, and chlorine as a function of depth in the 
film. Film thicknesses were measured with a Nanospec 
visible light spectrometer. 

The BPSG process was run at 425~ and pressures 
ranging from 175-200 mtorr. The SiHJO~ ratio was kept 
constant at 0.67 and the 02 flow rate was constant at 68 
sccm. Wafers for the flow tests were processed with ap- 
proximately 7000A of BPSG. The polysilicon steps of in- 
terest were 0.5 ~m thick and 3 ~m wide. The wafers were 
processed with BPSG containing 4 w/o phosphorus and 
0.2, and 3.5 w/o boron, respectively. The PH:, flow rate 
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Fig. 1. Phosphorus weight percentage as a function of BCI:~ flow rate 

was 50 sccm to obta in  0 w/o boron and 4 w/o phosphorus .  
The  PH3 f low rate was 42 sccm, and the  BC]3 flow rate 
was 3.6 sccm for 2 w/o boron  and 4 w/o phosphorus .  The 
PH3 f low rate was 32 sccm, and the  BC13 f low rate was 7.2 
sccm for 3.5 w/o boron  and 4 w/o phosphorus .  A PH3/N2 
mi x tu r e  of 15% PH3 and 85% N2 was used  in the experi-  
ments ,  and the  PH3 f low rates g iven  inc lude  N~. The  
flow tests  were  done  at 850 ~ and 925~ in s team and at 
925~ in N2 for a dura t ion  of  30 min. 

Results and Discussion 
Deposi t ion  rates ranged f rom 75 to 110 ~,/min. The  pres- 

ence  of  boron and phosphorus  in the  process  did not  
seem to affect the  g rowth  rate as repor ted  in earl ier  work  
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8 . ~  

P 
E3 
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OEPTH (m ~. o r o ~ t , )  

Fig. 2. Phosphorus and boron concentration profiles by SIMS 

February 1985 

Fig. 3. SEM of as-deposited BPSG (3.5 w/o B, 4.0 w/o P) 

(2). The  var ia t ion in the  depos i t ion  rate is a t t r ibutable  to 
di f ferences  in pressure  caused by changes  in the  PHJN2 
f low rates. 

P lo t t ing  the phosphorus  weight  pe rcen tage  as a func- 
t ion of  BCI:~ flow rate yields some  in teres t ing facts about  
this par t icular  process  (Fig. l). It  is apparen t  that  as the  
BCI:~ f low rate is increased  along a cons tant  PH;~ flow rate 
line, the  phosphorus  incorpora t ion  is enhanced,  bu t  only 
up to a point.  When the  BCl:~ flow rate reaches  approxi-  
mate ly  7 sccm, the  phosphorus  incorpora t ion  begins  to 
decrease.  

A 100 m m  wafer  was analyzed at 4 points  for phospho-  
rus con ten t  and at 3 points  for boron  content.  The phos- 
phorus  conten t  var ied  f rom 4.4 to 4.7 w/o. The  boron  con- 
tent  var ied  f rom 3.3 to 3.6 w/o. F r o m  the  same run, a wafer  
f rom each of  the  five boats  was analyzed for boron  and 
phosphorus  concentrat ions .  The phosphorus  concentra-  
t ion var ied  f rom 4.0 to 4.7 w/o, whereas  the boron  concen-  
t ra t ion var ied  f rom 3.3 to 3.8 w/o. 

The SIMS analysis indicates  that  the phosphorus  and 
boron  concent ra t ion  profiles are flat, excep t  that  there  
seems to be a dep le t ion  of  boron  and an accumula t ion  of  
phosphorus  in the top 400~ of film (Fig 2). However ,  ini- 
tial charg ing  p rob lems  dur ing  the  SIMS analysis make  
the surface concent ra t ion  data unreliable.  

S IMS profiles indicate  chlor ine incorpora t ion  in the  
film vary ing  f rom 0.3 to 1.0 w/o. Chlor ine has been  
k n o w n  to cause p rob lems  in LPCVD SiO2 films depos- 
i ted us ing  SiH~C]2, and N20 (7). S imi lar  p rob lems  have  
been  observed  in the  p resen t  work. De lamina t ion  of  
films conta in ing  more  than  4.0 w/o boron  occur red  upon  
anneal ing.  These  films conta ined  the  h ighes t  chlor ine 
concent ra t ions  encoun te red  in these  exper iments .  

Samples  composed  of  0, 2, and 3.5 w/o boron  and 4 w/o 
phosphorus  were  e tched  in 6:1 BOE e tchan t  as-deposi ted 
and after anneal ing  (925~ N~, 30 min). The as-deposi ted 

Fig. 4. SEM of BPSG annealed in steam at 925~ (2.0 w/o B, 4.0 w/o P) 
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Fig. 5. SEM of BPSG annealed in steam at 925~ (3.5 w/o B, 4.0 w/o P) 

e t ch  ra tes  d e c r e a s e d  f rom 105 ~/s (0 w/o B, 4 w/o P) to 35 
/~/s (3.5 w/o B, 4 w/o P). The  a n n e a l e d  f i lm e tch  ra tes  de- 
c r e a sed  f rom 47 A/s (0 w/o B, 4 w/o P) to 18 ~/s (3.5 w/o B, 4 
w/o P). These  e t ch  ra te  t r e n d s  agree  w i t h  p r ev ious  work  
(2). 

A 76 m m  wafe r  was  m e a s u r e d  for fi lm t h i c k n e s s  at  
f i f teen  po in t s  s p a c e d  e q u i d i s t a n t  f rom top  to b o t t o m  a n d  
f rom left  to r ight.  T a k i n g  t h e  w h o l e  wafe r  in to  cons idera -  
t ion,  t h e  dev i a t i on  in  t h i c k n e s s  u n i f o r m i t y  was  -+ 2.7%. 
Resu l t s  on  4 in. wafe rs  are  comparab l e .  The  dev i a t i on  in  
t h i c k n e s s  u n i f o r m i t y  across  all 90 wafers  o n  t he  p a d d l e  
was  -+ 6.0%. 

F i g u r e  3 is a S E M  of the  a s -depos i t ed  B P S G  w i t h  no  
flow. F i g u r e  4 is a s a m p l e  c o n t a i n i n g  2 w/o b o r o n  a n d  4 
w/o p h o s p h o r u s  t h a t  was  a n n e a l e d  in s t e a m  at  925~ A 
s m o o t h  film w i t h  g r adua l  t ape r s  is obse rved .  F igu re  5 
s h o w s  a s a m p l e  c o n t a i n i n g  3.5 w/o B a n d  4.0 w/o P an- 
n e a l e d  at  925~ in  s t eam;  it  shows  excess ive  flow, ap- 
p r o a c h i n g  p lanar iza t ion .  F i g u r e  6 s h o w s  a s a m p ] e  con-  
t a i n i n g  t he  s a m e  c o n c e n t r a t i o n s  a n n e a l e d  at  925 ~ in  N~. 
The  f low is adequa te ,  b u t  no t  as excess ive  as t h a t  w h i c h  
o c c u r r e d  in  s team.  S a m p l e s  c o n t a i n i n g  no  b o r o n  s h o w e d  
no  f low at 925~ Also,  t he  s amp le s  c o n t a i n i n g  4 w/o P 
a n d  3.5 w/o B s t u d i e d  e x h i b i t e d  no  flow at  850~ in  s t e a m  
or n i t rogen .  

T h e r e  is a d i f f e rence  in  deg ree  of  flow b e t w e e n  a tmo-  
sphe r i c  p r e s s u r e  B P S G  (AP B P S G )  a n d  low p r e s s u r e  
B P S G  (LP  BPSG) .  The  2 w/o B, 4 w/o P L P  B P S G  flows 
wel l  in  s t e a m  at 925~ w h e r e a s  A P  B P S G  w o u l d  r equ i r e  
a l m o s t  d o u b l e  t he  B c o n c e n t r a t i o n  to a c h i e v e  a s imi la r  
flow (2). This  cou ld  b e  due  to d i f fe rences  in  d e p o s i t i o n  
p ressu re ,  r eac to r  geomet ry ,  O~/SiH~ flow ratios,  b o r o n  
sou rce  gases,  a n d  d e p o s i t i o n  ra tes  w h i c h  lead to a differ- 
en t  f i lm c h e m i s t r y  a n d  s t ruc tu re .  Still, t h e  exac t  cause  of 
th i s  d i f f e rence  is no t  u n d e r s t o o d .  

Summary 
B o r o n  a n d  p h o s p h o r u s  are  readi ly  i n c o r p o r a t e d  in to  

SiO~ f i lms at levels  r e q u i r e d  to ob ta in  e x c e l l e n t  flow 

Fig. 6. SEM of BPSG annealed in nitrogen at 925~ (3.5 w/o B, 4.0 w/o P) 

cha rac te r i s t i c s  at  t e m p e r a t u r e s  of  925~ I n c r e a s i n g  the  
b o r o n  c o n c e n t r a t i o n  re su l t s  in  an  i n c r e a s e d  a m o u n t  of 
f low at  t h a t  t e m p e r a t u r e ,  as in  p rev ious  work .  T h e  fi lms 
f low m o r e  in  s t e a m  t h a n  in  N2. Fo r  th i s  pa r t i cu l a r  config- 
u ra t ion ,  i t  was  f o u n d  t h a t  p h o s p h o r u s  i n c o r p o r a t i o n  was  
e n h a n c e d  by  t h e  p r e s e n c e  of  b o r o n  un t i l  a ce r t a in  BC13 
f low rate,  w h e r e  t h e  p h o s p h o r u s  i n c o r p o r a t i o n  b e g a n  to 
be  inh ib i t ed .  T h e  t r e n d s  in  t h e  e tch- ra te  t e s t s  c o n d u c t e d  
agree  w i t h  t hose  f o u n d  in  t h e  1982 p a p e r  b y  K e r n  et al. 

T h e  t h i c k n e s s  u n i f o r m i t y  across  the  wafer  was  f o u n d  to 
be  -+ 2.7%, an d  u n i f o r m i t y  d o w n  t h e  boa t  was  f o u n d  to be  
-+ 6%. 

I t  ap p ea r s  t h a t  L P  B P S G  h as  d i f fe ren t  f low charac te r -  
is t ics  t h a n  A P  B P S G .  A l t h o u g h  t h e  exac t  r e a s o n  for  th i s  
p h e n o m e n o n  is n o t  u n d e r s t o o d ,  it cou ld  b e  d u e  to differ- 
en t  fi lm c h e m i s t r y  a n d  s t r u c t u r e  t h a t  ar ises  f rom differ- 
en t  d e p o s i t i o n  pa rame te r s .  

T h e  i n c o r p o r a t i o n  of  ch lo r ine  in  fi lms c o n t a i n i n g  h i g h  
b o r o n  c o n c e n t r a t i o n s  poses  po ten t i a l  p r o b l e m s .  It  h a s  
b e e n  o b s e r v e d  t h a t  b l i s te rs  f o r m e d  u p o n  a n n e a l i n g  of 
fi lms c o n t a i n i n g  b o r o n  c o n c e n t r a t i o n s  of  g rea t e r  t h a n  4 
w/o. 

M a n u s c r i p t  s u b m i t t e d  Feb.  6, 1984; r ev i sed  m a n u s c r i p t  
r ece ived  Aug. 23, 1984. 

Thermco Systems, Incorporated, assisted in meeting the 
publication costs of  this article. 
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A New Technique of Forming Thin Free Standing Single-Crystal 
Films 

M. Taniel ian, S. Blackstone, and R. Lajos 

Gould Research Center, Rolling Meadows, Illinois 60008 

The  m e c h a n i c a l  in t eg r i ty  of  v a c u u m  d e p o s i t e d  t h i n  
f i lms has  b e e n  t he  sub j ec t  of  m a n y  i nves t i ga t i o n s  (1). 
Two effects  t h a t  p l ay  a v i ta l  role  in  th i s  r e spec t  are t h e  ad- 
h e s i o n  of  t he  t h i n  fi lm to t he  s u b s t r a t e  a n d  the  large  

s t ress  t h a t  m a y  be  p r e s e n t  in  t h e  t h i n  film. B o t h  proper -  
t ies  are f u n c t i o n s  of  t h e  d e p o s i t i o n  cond i t ions ,  a n d  re la te  
to t h e  n a t u r e  of  t h e  t h i n  f i lm a n d  subs t ra te .  T h e  r e s u l t a n t  
ef fec t  of  large s t r e s ses  is t h e  p r e s e n c e  of  a la rge  n u m b e r  
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of defec t s  and,  in  m o r e  severe  cases,  pee l ing  of  the  t h i n  
f i lm off  the  subs t ra te .  S ince  large  s t resses  are  undes i r a -  
b le  ( the genera l  t r e n d  b e i n g  t h a t  t he  s t ress  is l a rger  for 
t h i c k e r  films), one  t r ies  to  r e d u c e  the  s t ress  in  t h i n  fi lms 
by  r e d u c i n g  the i r  t h i c k n e s s  a n d  i m p r o v i n g  t h e  a d h e s i o n  
of  t he  t h i n  fi lm to t he  subs t ra te .  A l t h o u g h  des i rab le ,  th i s  
c o n d i t i o n  c a n n o t  o f ten  be  met .  For  ins t ance ,  t he  a d h e s i o n  
of s p u t t e r e d  f i lms t e n d s  to be  m u c h  b e t t e r  t h a n  t h o s e  of  
e v a p o r a t e d  films, but ,  a t  t he  s ame  t ime,  t he  s t ress  in  
s p u t t e r e d  f i lms  is usua l ly  h i g h e r  t h a n  in  e v a p o r a t e d  
films. 

Here ,  we r epo r t  on  a nove l  effect  in  w h i c h  t h e  large 
s t ress  p r e s e n t  in  t he  t h i n  fi lm is c o u p l e d  w i t h  exce l l en t  
a d h e s i o n  a n d  resu l t s  in  t he  ] if toff  of t he  t h i n  film f rom its 
s u b s t r a t e  t o g e t h e r  w i t h  a layer  of t h e  s u b s t r a t e  ma te r i a l  
a t t a c h e d  to the  t h i n  film. W h e n  the  t h i n  fi lm ma te r i a l  is 
e t c h e d  away, one  ob t a in s  a th in ,  free s t a n d i n g  layer  of  the  
subs t r a t e .  In  th i s  pa r t i cu l a r  case, the  s p u t t e r e d  t h i n  fi lm 
ma te r i a l  was  N i c h r o m e  (80Ni/20Cr) a n d  t he  s u b s t r a t e  was  
a Si or GaAs  wafer .  

I t  s eems  un l ike ly  t h a t  th i s  effect  is on ly  a n  i so la ted  inci- 
d e n t  l imi ted  to t h i s  specif ic  t h i n  film ma te r i a l  a n d  sub-  
s t ra tes .  S ince  a d h e s i o n  a n d  s t ress  c an  be  a l t e red  by  
c h a n g i n g  t he  d e p o s i t i o n  c o n d i t i o n s  and /o r  the  ma te r i a l s  
invo lved ,  i t  is qu i te  pos s ib l e  t h a t  th i s  p roce s s  will  mani -  
fes t  i t se l f  in  a va r i e ty  of t h i n  f i lms a n d  subs t r a t e s .  

Experimental 
This  i nves t i ga t i on  was  ca r r ied  ou t  in  a sma l l  be l l  j a r  sys- 

t e m  fi t ted w i t h  a dc  m a g n e t r o n  spu t tq r  gun .  T h e  t a rge t  
was  a N i c h r o m e  alloy w i t h  a c o m p o s i t i o n  of  80Ni/20Cr. 
The  s y s t e m  was  p u m p e d  typ ica l ly  to a b a s e  p r e s s u r e  5 • 
10 -7 to r r  a n d  backf i l l ed  w i t h  a b o u t  3 m t o r r  of  u l t r a h i g h  
p u r i t y  argon.  The  s u b s t r a t e s  we re  at  a m b i e n t  t e m p e r a t u r e  
a n d  c o m p r i s e d  (111), (100), ox id ized  a n d  u n o x i d i z e d  Si 
wafers ,  a n d  in  one  case  a GaAs  wafer.  The  typ ica l  sput-  
t e r ing  ra te  was  a b o u t  100 ~ /min .  W h e n  t he  t h i c k n e s s  of  
t he  N i c h r o m e  fi lm e x c e e d e d  a b o u t  6-7/~m, t he  N i c h r o m e  
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Fig. 2. Thickness profile of the back (rough) side of a Si wafer after a 
strip of material was peeled off. The roughness at the bottom of the pit 
(left by the peeled-off material) is comparable to the roughness of the 
wafer surface. 

fi lm p e e l e d  off t h e  s u b s t r a t e  t o g e t h e r  w i t h  a layer  of  Si 
f rom t h e  wafer  a t t a c h e d  to it. T h e  pee l ed  Si t h i c k n e s s  was 
r o u g h l y  15-20 /~m. An  e x a m p l e  is s h o w n  in  Fig. 1. W h e n  
sma l l e r  or wel l -def ined  areas  of  the  s u b s t r a t e s  were  to be  
peeled ,  we d e p o s i t e d  a s o m e w h a t  t h i n n e r  film, typ ica l ly  
a r o u n d  5 /~m, w h i c h  p r o d u c e d  a s t r e s sed  wafer  b u t  no  
s p o n t a n e o u s  peel ing.  T h e  areas  to b e  pee l ed  we re  t h e n  
p h o t o l i t h o g r a p h i c a l l y  de f ined  an d  the  excess  fi lm was  
e t c h e d  away  u s i n g  a n  a q u a  regia  solut ion.  As s o o n  as t he  
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Fig. 1. Schematic representation of the peel-off process: (a) normal 
case; (b) a "thick" thin film which has large built-in Stress thus resulting 
in cracking and peeling of the thin film; (c) in our case, a "thick" Ni- 
chrome film (typically 6-7/~m) which peels off the substrate with a 
layer of the substrate attached to it, (d) same situation as in (c), but 
with devices fabricated on the substrate surface. 

Fig. 3. Peeled-off Si layers with devices fabricated on them. (a): The 
whole underlayer of the devices was peeled by depositing a thick Ni- 
chrome layer (6-7/~m). (b): A thinner Nichrome layer does not produce 
enough stress to peel off a whole layer but only individual IC's. The indi- 
vidual IC's have peeled off because of high stress developed along the 
streets due to the absence of a field oxide. 
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excess film was etched off, those areas which were still 
covered by the Nichrome film peeled off on their own. A 
stylus thickness trace of the peel pits is given in Fig. 2. 
This spontaneous peeling may often, however, be unde- 
sirable. In this case, the deposited film was made some- 
what thinner, of the order of 4 ~m, so that the 
photodefined areas did not peel off during the etching of 
the excess Nichrome film. The peeling was instigated in 
this case by a thermal shock resulting from immersion of 
the wafer into liquid N2 or heating the substrate to several 
hundred degrees centigrade. 

Results 
Using the above technique, we were able to peel off 

whole wafer-size layers from 2, 3, and 4 in. wafers and 
strips of various sizes and shapes. It is interesting to note 
that the presence of an oxide on the wafer, either ther- 
mally grown in the range of 900-4500~, or deposited using 
an atmospheric CVD reactor system (Pyrox) with a thick- 
ness of 0.5-1.0 ~m, did not affect the peeling. Thus whole 
finished IC's were peeled off a wafer that had a Pyrox 
layer deposited on top of them (see Fig. 3). Isolated IC's 
were also peeled off by decreasing the Nichrome thick- 
ness and immersing the wafer into liquid Nz. This was 
possible because the streets in a fabricated wafer present 
a high stress point due to the absence of a field oxide at 
those areas. 

The peeled-off surface appears to be fractured along 
crystal planes, leaving a faceted texture. A profilometer 
trace of this surface shows a roughness of about 2 ~m, 
which is comparable to the roughness of the back side of 
a wafer. The uniformity of a peeled off layer is related to 
the peel-off conditions. On the average it is about 10-20% 
of the layer thickness. Once a layer of the substrate was 
peeled off, a second layer could also be peeled following 
the same procedure. In fact, we observed that, the 
rougher the substrate surface, the better the adhesion of 
the Nichrome film to the substrate and the thinner the 
Nichrome layer needed to induce peeling. Although the 
peeling action produces a rough surface on the substrate, 
the peeled-off layers show a small number  of defects. 
This was tested using a Sirtl etch, which showed that 

most of the defects were localized along the periphery of 
the strips. 

Discussion 
This method of forming thin, low defect, free standing 

single-crystal silicon wafers could be useful for solar cell 
applications. It would allow the fabrication of wafers thin- 
ner than can be presently sawn, and because all of the 
starting material is used, the elimination of kerf  loss 
could result in a cost savings. One could even envision 
skiving a boule to produce large sheets of single-crystal 
material. The roughened surface of the as-peeled wafers 
could possibly be optimized as an antireflective coating. 

As entirely finished circuits have been peeled from the 
surface of the wafer, this technique could have applica- 
tions in silicon-on-insulator technology. Alternatively, on- 
chip circuits could be isolated by patterning the Ni- 
chrome into isolation areas, then by thermal shock, i.e., 
passing a current through the Nichrome wire, peeling 
trenches out of the silicon between the circuits. The 
trench isolation could have similar advantages to etched 
trenches. Finally, this technique could be useful for TEM 
sample preparation. 

In summary, a method of fabricating thin, low defect, 
free standing single-crystal films is suggested. It is based 
on the deposition of a highly stressed film, which, with 
or without thermal shock, peels off of a substrate, taking 
a layer of the substrate with it. Although the highly 
stressed film discussed here is Nichrome, in principle 
many other thin films could exhibit these peeling phe- 
nomena. This technique could have applications in solar 
cells, in wafer fabrication, and in IC technology. 

Manuscript submitted July 16, 1984; revised manuscript  
received Oct. 4, 1984. This was Paper 82 presented at the 
Cincinnati, Ohio, Meeting of the Society, May 6-11, 1984. 
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Precise Evaluation of Oxygen Measurements on Cz- 
Silicon Wafers 

K. Graft 
(pp. 1378-1381, Vol. 130, no. 6) 

A. Baghdadi: '  The paper by Graft is primarily concerned 
with corrections for multiple-reflection effects for optical 
a b so rp t i on  m e a s u r e m e n t s  in th in  s i l i con  s l ices  wi th  
nonpolished back surfaces. As the author correctly points 
out, improved accuracy in the infrared absorption measure- 
ment of the oxygen content of such silicon wafers is needed 
in order to allow silicon suppliers to meet modern VLSI 
processing specifications. However, the methods the au- 
thor suggests for including the effect of a nonpolished back 
surface on the intensity of the transmitted light do not ade- 
quately take into account losses due to surface roughness. 

A better approach, which properly accounts for silicon- 
air interfaces and for the effects of multiple reflections, 
would be to start with the following equation 2 

loTfTh e-~x 
I = [1 ]  

1 - R f R b  e-~-~x 

where I is the intensity of the transmitted light, Io is the in- 
tensity of the incident light, T is the nonscattered transmit- 
tance, a is the sample absorptivity, x is the sample thick- 
ness, R is the nonscattered (i.e.,  specular) reflectance, and 
the subscripts fand  b refer to the front and back surfaces of 
the silicon slice, respectively. The loss of light due to scat- 
tering would result in lower values for both the transmit- 
tance and the reflectance of the rough surface as compared 
to the transmittance and reflectance of a polished surface. 
Starting from Eq. [1] and assuming that the front surface is 
polished so that 

T f = T  and R r = R  

but the back surface is not polished, we can write 

R,, = s R  and T~, = s T  

where s is the factor characterizing the scattering from the 
nonpolished back surface. Then we have 

ioT~se -~x 
I -  

1 - R~se -2~x 

To put this equation in a form similar to that used by Graft, 
note that T = (I - R) and let se . . . .  e -~*~. Then we have 

I (1 - R )  2 e - ~ * ~  
Transmittance ~ - -  = [2] 

Io 1 - R2e-~*Xe -~x  

which is not Graffs  Eq. [1]. In other words, his method of 
modifying the classical equation for trasmission through a 

' National Bureau of Standards, Washington, DC 20234. 
2 A Baghdadi in "Defects in Silicon," W. M. Bullis and L. C. 

Kimerling, Editors, p. 293, The Electrochemical Society Softbound 
Proceedings Series, Pennington, New Jersey (1983). 

parallel plate is not adequate, because ~* cannot consist- 
ently be substituted for ~ in both the numerator and the de- 
nominator in this equation. In addition, note that both Eq. 
[2] above and Grafts  Eq. [1] would not be useful, because 
they do not respond properly to a variation in the sample 
thickness x. 

In addition, there are some difficulties with the applica- 
tion of his method, as described in his Eq. [3]-[7]. These 
equations do not specify which of the reference wafers are 
designated by the subscripts ref, ref2, and ref3. It appears 
that a key assumption is that a given back-side treatment, 
such as grinding or sandblasting, would produce similar re- 
sults with both Czochralski (Cz) and float-zone (fz) silicon. 
Unfortunately, because the presence of oxygen in Cz sili- 
con results in a material which is mechanically stronger 
than low-oxygen float-zone silicon, '~ the assumption of 
equivalent damage in Cz and fz silicon cannot be accepted 
without experimental support. For example, as Graft 
points out, the ground Cz wafer transmitted 12% of the inci- 
dent light, while the ground fz wafer only transmitted 5.6%. 

K. Graff: 4 In measuring the IR transmittance of common 
silicon wafers with polished front side and more or less 
rough reverse side, the following experimental  facts must 
be taken into consideration. 

According to the reflectance R of the silicon-air interface, 
the incident beam is reflected at both surfaces of the 
sample. The reflectance is a constant which depends only 
on the refractive index of silicon and is independent  of the 
structure of the surface. Whereas the polished surface of the 
sample reflects the incident beam for perpendicular irradi- 
ation in the Opposite direction, the rough reverse side does 
not. Here the radiation is scattered, effecting a divergent 
reflected beam. For a single-beam transmission (neg- 
lecting multiple reflections), this scattering does not affect 
the transmitted intensity. Therefore, the single-beam ap- 
proach for thick samples and high absorption remains al- 
most unaffected by rough surfaces. 

However, taking into account multiple reflection within 
the sample to be measured, a considerable difference be- 
tween a both-sides polished wafer and a common wafer 
with one rough surface is observed. The divergent 
reflected beam from the reverse side of the wafer causes a 
divergent transmitted beam after reflection at the polished 
surface. Only a small fraction of this divergent beam is mon- 
itored by common spectrometers. As a consequence, the 
absolute transmission is decreased compared to an equal 
wafer with polished surfaces. 

In order to take into account these losses due to surface 
roughness, we assume an additional fictive absorption ~+ 
within the volume of the wafer, which effects the same loss 
of intensity in the volume of the sample as scattering does at 

:~ K. Sumino, in "Semiconductor Silicon]f981," H. R. Huff, R. J. 
Kriegler, and Y. Takeishi, Editors, p. 208, The Electrochemical Soci- 
ety Softbound Proceedings Series, Pennington, New Jersey (1981). 

4 Telefunken electronic GmbH, D-7100 Heilbronn, Germany. 
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the rough reverse side. This fictive absorption a~ can be de- 
termined by means of the well-established Eq. [1] using the 
measured reduced absolute transmittance T. 

On the other hand, the proposed statements of Baghdadi 

R,~=sR T~ =sT  T= 1 -  R 

yield 
T , , = s ( 1 -  R) and Tb= 1 -  Rb= 1 - s R  

which is contradictory by statement because reflectance 
Rb and transmittance Tb at the back side are not reduced by 
the same factors (fors ~ 1). Furthermore, the statement of 
Baghdadi 

S e - a x  = e - a + x  

is not suitable to compare his Eq. [2] with our Eq. [1] 
because 

S e - a x - -  e - ~ x  § in s ~ e  ~ x  

Because the statements of Baghdadi are contradictory, his 
conclusions must be misleading. 

As already discussed in the original paper, a simple re- 
duction of the reflectance R yields no suitable means for 
evaluating the beam scattering. Besides, by assuming a 
fictive absorption a ~, the correction for intensity losses can 
also be done by assuming a higher fictive sample thickness 

d § which is performed by the same mathematical formalism. 
This fictive sample thickness d +, however, must be deter- 
mined using the absolute transmittance of sample at 1105 
c m - '  where oxygen absorption takes place and not at any 
other wavelength, because scattering may considerably de- 
pend on the wavelength. 

In conclusion, our proposed correction method for taking 
into account intensity losses at rough silicon surfaces has 
meanwhile been applied in several hundreds of measure- 
ments, yielding accurate results. Results obtained on 
highly scattering wafers with low transmittances approach 
those  ob ta ined  by app ly ing  the equa t i on  for s ing le  
reflection. On the other hand, results obtained on well- 
polished wafers approach those obtained by means of the 
equation for multiple reflection. 

Although the mathematical  formalism (Eq. [3]-[7]) for de- 
veloping the rather simple final Eq. [9] seems rather com- 
plicated because the usually graphically constructed base 
line of the reference measurement  must be simulated by 
introducing a further reference measurement  on two addi~ 
tional reference samples ref2 and ref3, the application of the 
final equation is quite simple and fast. The determination 
of the oxygen content on a single wafer which is composed 
of two spectra (an absolute air reference and a reference 
measurement), including evaluation by computer,  takes 
less than 4 min. 
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V20 -P2Os Glasses as Cathode for Lithium Secondary Battery 

Y. Sakurai and J. Yamaki* 
Ibaraki Electrical Communication Laboratory, Nippon Telegraph and Telephone Public Corporation, 

Tokai, Ibaraki-ken, 319-11,Japan 

INTRODUCTION 

During past two decades ,the importance 
of rechargeable lithium cells has been 
emphasized and a large variety of materials 
has been discovered and evaluated for use 
as reversible cathodes and electrolytes. 
Materials that undergo intercalation or 
topochemical reactions with lithium have 
been investigated as candidates for 
cathodes in nonaqueous secondary lithium 
cells (I). Recent interest in researching 
cathode active materials has mainly 
focussed on crystalline transition metal 
chalcogenides. On the other hand,electro- 
chemical behaviors of several amorphous 
materials have been reported,for example 
MoS~,MoS~,V~S~ (2~ and LiV~O~ (3). 
However,no successful cyclzng behavzor has 
been obtained except for MoS 2 in the 
amorphous state. This paper reports 
electrochemical data on rechargeable 
vanadate glasses in the system V205-P205. 

EXPER~AL 

Vanadate glasses in the V205-P205 

system with 95 and 90 mole% V 0 were 
�9 2 5 

prepared by melting the oxldes in platinum 
crucibles for I hr at 750~ followed by 
quenching at water temperature. X-ray 
diffraction studies indicated that these 
vitreous oxides were amorphous to X-ray. 

Cathode characteristics of vanadate 
glasses were examined by using a coin type 
cell which has a conventional flat cell 
configuration ( 23 mm diameter and 2 mm 
thickness) and a cathode area of 2 cm 2. 
The cathode was a mixture of vanadate glass 
and ketjen black with a small quantity of 
polytetra f luoroethylene powder, The 
lithium content in each cell was ca. 200 
mAh. The electrolyte used here was 
I. 5M-LiAsF6 / 2-methyltetrahydrofuran. As 
a separator, Celgard 2402 was used. 

i 

*Electrochemical Society Active Member 
Key words: Li secondary battery,cathode, 
vanadate glass. 

The cells were assembled in a drybox 
filled with argon gas. The cell 
performance was evaluated at a constant 
current. 

RESULTS AND DISCUSSION 

Infrared absorption spectra of 95 and 
90 mole% V205-P205 glasses are shown in 
Fig. I ,together with that of V205 crystal. 
It should be noted that the absorption of 
V=O vibration around 1000 cm -7 and V-O 
vibration around 800,600 cm -1 remain in 
amorphous state, so similar bonds are 
present in vanadate glass. 

Discharge curves of 95 mole% V205-P205 
glass at various currents are shown in Fig. 
2. There was no clear appearance of the 
plateau followed by a slope. This suggest 
that in the amorphous state there is not 
any site preference for Li + compared with 
crystalline V20 5 in which there are some 
energetically different reaction sites 
depending on crystal structure. Similar 
discharge behaviors were observed for 90 
mole% V205-P205 glass. These vanadate 
glasses showed high energy density of ca. 
900 Wh/kg(glass weight) at 1.5 V cut-off 
and accommodate 3 Li/vanadate glass. 

Typical cycling behavior of 95 mole% 
VpO~-P205 glass a~ I Li/mole depth(150 
A~/~g) and I mA/cm L rate is given in Fig. 
3. After several cycles,the cell showed 
good reversibility, resulting in a prolonged 
cycle life of over 145 times. And another 
deeper cycling test was carried out between 
2 V and 3.5 V at 0.5 mA/cm z for the same 
cell system (Fig. 4). The cell has been 
cycled over 95 times at a depth of ca. 
1.2 Li/mole and is still running. 

In crystalline V205, further reduction 

below 2.5 V ( x > I in LixV205 ) leads to 

eventual breaking of the weak V-O bonds 
along cleavage plane (010) followed by a 
major structual reorganization,resulting in 
further irreversibility (4). To the 
contrary,although our vanadate glasses have 
similar V-O bonds to crystalline V205 as 
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seen in Fig. I, the somewhat broad IR 
spectra are indicative of variations in 
bond length. This bond length variation 
seems to act as a structure-stabilizer and 
to sustain extended cycling without a 
significant rupture of V-O bonds. Indeed, 
SEM observation indicated that there was no 
cleavage in the vanadate glass studied 
here, in contrast with layer structure 
crystalline V205. 

We are presently making studies of 
glass composition dependence and electro- 
lyte effect for cathode properties,and in 
the course of the study we believe 
advanced rechargeable Li/vanadate glass 
cells with improved high energy density and 
cycle life will be discovered. 
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Ion Transporting Composite Membranes 
I. Nafion-lmpregnated Gore-Tex 

Reginald M. Penner and Charles R. Martin* 
Department of Chemistry, Texas A&M University, College Station, Texas 77843 

Nafion is a family of extremely versatile 
cation transporting polymers (i). While they 
have many highly desirable chemical and 
mechanical features (1), the Nafion polymers 
have a potentially significant disadvantage -- 
they are rather expensive. The high costs of 
these polymers have prompted an effort to 
develop membrane materials with the same 
desirable chemical and mechanical features, 
but which can be produced more cheaply (2). 

It occurred to us that an ionically 
conductive membrane has two major functions, 
a structural/mechanical function (i.e., to 
serve as a chemically inert barrier to prevent 
bulk mixing of catholyte and anolyte 
solutions) and a chemical function (i.e., to 
selectively transport the desired ion from 
one solution to the other). It seemed likely 
that a cheaper membrane could be prepared by 
doping an inexpensive, nonconductive material 
(which serves the mechanical/structural 
function) with a small amount of an ion 
transporting polymer (which allows the 
membrane to accomplish its chemical function). 
In an effort to demonstrate the feasibility of 
this approach, we have impregnated commer- 
cially available porous polytetrafluoro- 
ethylene membranes (PTFE, Gore-tex) with small 
quantities of Nafion, to make cation 
transporting composites. The results of our 
initial studies of the transport properties 
of these composites are described here. 

Nafion 117 and Gore-tex (0.2 ~m mean 
pore diameter) membranes were donated by 
E. I. Du Pont and W. L. Gore Associates, 
respectively. Solutions of Nafion were 
prepared using the procedure of Martin, 
et al. (3). The transport properties of the 
native and Nafion-impregnated Gore-tex (NIGT) 
membranes were studied electrochemically (4) 
using wax-impregnated graphite (WIG) rods (5) 
as the substrate electrodes. Briefly, a 
section of Gore-tex membrane was stretched 
over the pretreated (6) WIG electrode surface 
and held in place by a collar of heat 
shrinkable Teflon tubing. The Gore-tex was 
~Electrochemical Society Active Member. 

then Nafion-impregnated by immersing the 
membrane-covered electrode in Nafion solution 
(0.7 to 2.5 w/V% in 95% ethanol) and 
ultrasonicating for 30 min. The electrode 
was removed from the impregnating solution 
and the solvent was allowed to evaporate 
(room temperature, 5 hours). 

Gore-tex membranes are made of porous 
PTFE and are available in a variety of 
porosities. Because of the chemical inertness 
and mechanical strength of PTFE, Gore-tex 
seems to be the ideal material for satisfying 
the mechanical/structural membrane function. 
Furthermore, Gore-tex is about an order of 
magnitude cheaper than Nafion. Native Gore- 
tex membranes are not wetted by water and, 
therefore, totally insulate a substrate WIG 
electrode from a contacting aqueous supporting 
electrolyte solution (Fig. i, curve A). 
However, when Nafion-impregnated, the membranes 
become water swollen and ionically conductive; 
background cyclic voltammograms (Fig. i, 
curve B) similar to those observed at the 
uncoated WIG electrodes are obtained. The 
ionic conductivity of NIGT is more dramati- 
cally demonstrated by the voltammograms shown 
in Fig. 2; a NIGT-WIG electrode was immersed 
in a solution 3 mM in Ru(NH3)6 3+ and the 
potential was scanned over the Ru III/II redox 
wave. A Ru(NH3)6 3+ "loading" voltammogram 
very similar to that obtained at a Nafion- 
film modified electrode (4) is observed 
(Fig. 2a). 

When Ru(NH3)63+ loaded NIGT-WIG 
electrodes are transferred to supporting 
electrolyte solution, the majority of the 
Ru(NH3)63+ is retained by the NIGT membrane 
(Fig. 2b); this is again, analogous to 
results obtained with Nafion film-coated 
electrodes (4). As shown in Fig. 2b, the 
differences in potential between the anodic 
and cathodic peaks for the Ru(NH3)63+/2+ 
waves decrease as the quantity of Nafion 
impregnated increases. This suggests (as 
might be expected) that the ionic conduc- 
tivity of NIGT increases with the quantity of 
Manuscript submitted Oct. 30, 1984, 
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Nafion incorporated. 

Finally, it is of particular interest to 
note that preliminary measurements of the 
apparent diffusion coefficients for Ru(NH3)63+ 
and Ru(NH3)62+ in NIGT membranes containing 
ca. 15 wt % Nafion have produced values which 
are over an order of magnitude larger than the 
corresponding diffusion coefficients in 
Nafion (4). This suggests that the open 
porous structure of Gore-rex allows for 
markedly enhanced ion transport rates. 
Further studies of these and related composite 
membranes are in progress. 

ACKNOWLEDGEMENTS 

This work was supported by the Office of 
Naval Research and the Robert A. Welch 
Foundation. 

REFERENCES 

i. A. Eisenberg and H. L. Yeager, Editors, 
"Perfluorinated Ionomer Membrane," ACS 
Symposium Series, No. 180, ACS, Washington, 
D.C. (1982), and references therein. 

2. V. D'Agostino, J. Lee, and E. Lu, in "Ion 
Exchange: Transport and Interfacial 
Properties," R. S. Yeo and R. P. Buck, 
Editors, p. 148. The Electrochemical 
Society Softbound Proceedings Series, 
Pennington, N.J. (1981). 

3. C. R. Martin, T. A. Rhoades, and J. A. 
Ferguson, Anal. Chem., 54, 1639 (1982). 

4. C. R. Martin and K. A. Dollard, J. 
Electroanal. Chem., 159, 127 (1983), and 
references therein. 

5. Ralph N. Adams, "Electrochemistry at Solid 
Electrodes," pp. 278, 279, Marcel Dekker, 
Inc., New York (1969). 

6. While the general construction is as 
described in reference 5, details of 
pretreatment will be given in a forthcoming 
article. 

Texas A&M University assisted in meeting the 
publication costs of this article~ 

I 
tO pA 

s SCE 

Figure i. Background voltammograms (200 mV/s) 
in 0. i M NaCI04. A. Native Gore-tex membrane- 
modified WIG electrode. B. Nafion-impregnated 
(14.6 w/w %) Core-tex membrane-modified WIG 
electrode. 
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Figure 2. Ru(NH3)63./2+ voltammograms 
(200 mV/s) for NIGT-WIG electrodes. A. 
Loading in 3 mM Ru(NH3)63+, 0.I M NaCIO 4 
solution (every fifth scan recorded). B. 
Loaded electrodes in 0.i M NaCIO 4. % Nafion 
in membranes as shown. 



Activation Energy for the Parabolic Rate Constant during 
Sequential Si Oxidation 

C. J. Hart* and C. R. Helms** 
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In this communication we report on an 
analysis of recent experimental data (i) 
which clearly shows that transport proper- 
ties of thermally grown Si02 change as a 
function of temperature. Our analysis is 
consistent with other observations where 
the refractive index (2,3), density (3), 
and interfacial stress (4) in Si02 vary 
with temperature. These changes account for 
the apparent anomalous effect of temperature 
on the activation energy for the parabolic 
rate constant, B, reported by several in- 
vestigators (5-7). Figure i shows this 
effect in an Arrhenius plot of these data 
(5-8). The activation energy varies from 
0.9 eV at I150~ to 2.6 eV at 780~ 

Recent experiments by Irene (i) shed 
considerable light on the mechanism for 
this change in activation energy. He grew 
oxides in dry 02 at 1000~ to l~m thick- 
nesses, then recorded oxidation rates for 
subsequent oxidations at lower temperatures. 
The rates measured at lower temperatures 
should have therefore exhibited the proper- 
ties of a "I000~ '' oxide, so long as the 
lower temperature oxidations did not signifi- 
cantly affect their structure. 

In a reanalysis of Irene's data, using 
an improved lag time formulation, we indeed 
observe this effect (9). The oxidation rates 
were analyzed using the linear parabolic rate 
law: 

dL = B [i] 
dt 2L+A 

where L is the thickness, B is the parabolic 
rate constant B/A is the linear rate constant, 
and dL/dt is the growth rate. Since dL/dt 
and L are measured quantities, B can be deter- 
mined if A is known; since L>>A for these 
experiments, the error caused by an uncer- 
tainty in A is not significant. 

* Electrochemical Society Student Member 
** Electrochemical Society Active Member 
Key Words: Insulator, diffusion, oxidation 

To verify this lwe evaluated the value for 
B in two limits. First, the B/A values from 
Ref. (5) provided one limit; second, B/A § 
provided the other limit for the minimum value 
for B. We plotted these B values for Irene's 
800~ 900~ and 1000~ oxidation rates in 
Fig. i along with the previously reported B 
values (5-8). As mentioned above, previous 
results showed the familiar change in the ap- 
parent activation energy as a function of 
temperature. However, the parabolic rate 
constants from Irene's sequential experi- 
ments at 800~ and 900~ fall alongra 
straight line tangent to the curve of B 
values at 1000~ with a slope of i.I eV! 
During the second oxidation, the oxide ap- 
peared to retain the activation energy and 
the preexponential factor from the 1000~ 
oxidation. In the 40 hours Irene oxidized 
his samples, the 1000~ oxide apparently did 
not change its form to equilibrate with the 
lower temperature. It retained a "memory" 
of the past oxidation process. The direction 
of the change to lower activation energy for 
higher temperature oxides is also not sur- 
prising since the lower density and the 
stress relaxation for higher temperature 
oxides would promote the lower activation 
energy. 

There is also evidence that the linear 
rate constant exhibits a "memory effect" as 
well. Hamasaki (i0) observed enhanced oxida- 
tion rates for thinner oxides in a sequential 
higher temperature/lower temperature oxida- 
tion sequence. In that case, however, the 
enhancement in oxidation rate decreased 
with oxidation time. This may not be sur- 
prising since the linear rate constant, be- 
ing an interface property, may equilibrate 
rapidly at the new growth temperature. 

This work supported by DARPA Contract 
No. MDA 903-79-C-0257. 
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While  the  s t r u c t u r a l  e f f e c t s  of  t h e r m a l  
and o x i d a t i v e  t r e a t m e n t s  of p o l y a c e t y l e n e  have 
b e e n  the  s u b j e c t  of  a number of s t u d i e s  ( 1 - 3 ) ,  
t he  e l e c t r o c h e m i c a l  s t a b i l i t y  of p o l y a c e t y l e n e  
has  n o t  b e e n  s i m i l a r l y  a d d r e s s e d .  E v i d e n t l y ,  
t he  e f f e c t  of  r e p e t i t i v e  charge  and d i s c h a r g e  
and t h a t  of  deep d i s c h a r g e  and o v e r c h a r g e  on 
the  s t r u c t u r a l  i n t e g r i t y  of p o l y a c e t y l e n e  a r e  
s i g n i f i c a n t  f o r  the  p o t e n t i a l  use  of p o l y a c e -  
t y l e n e  e l e c t r o d e s  i n  r e c h a r g e a b l e  c e l l s  or  
b a t t e r i e s  ( 4 ) .  T h i s  c o m m u n i c a t i o n  p r e s e n t s  
r e s u l t s  on t he  e f f e c t  of deep d i s c h a r g e  and 
heavy  charge  on the  m o l e c u l a r  s t r u c t u r e  of p -  
doped p o l y a c e t y l e n e .  F o u r i e r - t r a n s f o r m e d  pho-  
t o a c o u s t i c  i n f r a r e d  s p e c t r o s c o p y  (PAS) i s  
employed to  e v a l u a t e  s t r u c t u r a l  changes  i n  t he  
p o l y a c e t y l e n e  r e s u l t i n g  from the  e l e c t r o c h e m i -  
c a l  t r e a t m e n t .  

P o l y a c e t y l e n e  f i l m  of 68 ~ t h i c k n e s s  had 
b e e n  p r e p a r e d  by the  Rohm and Haas Company, 
u s i n g  t he  s t a n d a r d  Sh i rakawa  t e c h n i q u e  ( 5 ) .  
D e t a i l s  r e g a r d i n g  t he  p r e p a r a t i o n  have b e e n  
p u b l i s h e d  e l s e w h e r e  ( 6 ) .  The 3 f i l m  had an  
a p p a r e n t  d e n s i t y  of 0 .56  g/cm or 48~ of  
t ~ e o r e t i c a l ~  and a s p e c i f i c  s u r f a c e  a r e ~  of 40 
m /g .  C i r c u l a r  e l e c t r o d e s  of  1 . 2  cm a r e a  
were p r o v i d e d  on one s i d e  w i t h  a 1000 A Au 
f i l m  and an  Au w i r e ,  a t t a c h e d  w i t h  Au-epoxy 
cement .  E x p e r i m e n t s  were c a r r i e d  ou t  i n  a 
P T ~  c e l l  u s i n g  a L i  c o u n t e r  and r e f e r e n c e  
e l e c t r o d e .  The e l e c t r o l y t e  was a 10~ b .w.  
s o l u t i o n  of L iBF4  i n  s u l f o l a n e .  H a n d l i n g ,  
e x p e r i m e n t a t i o n  and  t r a n s f e r  of samples  were 
p e r f o r m e d  i n  d ry ,  i n e r t  gas e n v i r o n m e n t .  To 
o b t a i n  good PAS d a t a ,  e l e c t r o d e  f i l m s  were 
sh redded  a f t e r  removal  of the  Au f i l m .  T h i s  
e n h a n c e d  t he  s i g n a l  s t r e n g t h  by i m p r o v i n g  t he  
a c o u s t i c  c o u p l i n g .  The PAS equ ipmen t  employed 
has  b e e n  d e s c r i b e d  e l s e w h e r e  ( 6 ) .  

E l e c t r o d e  1 was cha rged  w i t h  0 .24  mA/cm 2 
f o r  1 h,  c o r r e s p o n d i n g  to  a BF 4 dopan t  l e v e l  
of 3 mole%. I t  was t h e n  l e f t  on open c i r c u i t  
f o r  1 h and d i s c h a r g e d  w i t h  0 .08  mA/cm~" t o  
1 .5V v e r s u s  L i  r e f e r e n c e ;  0 .9  mole% dopan t  
r e m a i n e d  i n  the  s t r u c t u r e .  The r e l e v a n t  
p o t e n t i a l - t i m e  c u r v e s  a r e  shown i n  F i g .  1 .  
A f t e r  an open c i r c u i t  s t a n d  of 15 h, the  

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  Member 
Key Words: P o l y m e r s ,  E l e c t r o d e ,  I n f r a r e d  

p o t e n t i a l  was 2.5V and t he  e l e c t r o d e  was 
removed f o r  I R - s p e c t r o s c o p y .  

E l e c t r o d e  2 was c ha r ge d  w i t h  0 .24  mA/cm 2 
f o r  1 h, l e f t  on open c i r c u i t  f o r  1 h ~nd t h e n  
c a t h o d i c a l l y  p o l a r i z e d  w i t h  0 .24  mA/cmZ f o r  15 
h. Only  the  f i r s t  3 h of d i s c h a r g e  a r e  shown 
i n  F i g .  1.  Above a b o u t  1 .2  V, F - d o p a n t  i s  
removed and  below 1 .2  V n - d o p i n g  of p o l y a c e -  
t y l e n e  w i t h  L i  o c c u r s ;  n - d o p i n g  was p e r f o r m e d  
f o r  14 h to  a l e v e l  of 42 mole%. ~ u b s e q u e n t  
a n o d i c  p o l a r i z a t i o n  w i t h  0 .24  mA/cmZ f o r  9 h 
l e a d s  to  t he  p o t e n t i a l - t i m e  curve  shown i n  
F i g .  2 ;  13 .5  mole% n - d o p a n t ,  L i ,  i s  removed 
d u r i n g  t he  f i r s t  4 . 5  h and 13.5  mole~ p -  
d o p a n t ,  BF4, i n c o r p o r a t e d  d u r i n g  t he  n e x t  4 . 5  
h. A f t e r  an open  c i r c u i t  s t a n d  of 15h,  a 
p o t e n t i a l  of 3 ,4V was a t t a i n e d  and t he  e l e c -  
t r o d e  was removed f o r  IR s p e c t r o s c o p y .  

P h o t o a c o u s t i c  s p e c t r a  of p r i s t i n e  p o l y -  
a c e t y l e n e  f i l m  (6) and of e l e c t r o d e s  i and 2 
a re  shown i n  F i g .  3 ( a ) ,  (b) and ( c ) ,  r e s p e c -  
t i v e l y .  The wavenumbers  of t he  m a j o r  a b s o r p -  
t i o n  bands  a r e  g i v e n  i n  T a b l e  1 .  Spect rum (a)  
i s  c h a r a c t e r i s t i c  f o r  undoped f i l m  c o m p r i s i n g  
a m i x t u r e  of the  c i s -  and t r a n s -  i somer  ( 6 ) .  
Spec t rum (b)  f o r  e l e c t r o d e  1,  p -doped  to  3 
mole% and undoped to  0 .9  mole% once ,  shows t he  
c h a r a c t e r i s t i c  p o l y a c e t y l e n e  f e a t u r e s  much 
r e d u c e d  and t he  c i s  bands  l e s s  p r o n o u n c e d  t h a n  
t he  t r a n s - b a n d s .  These two e f f e c t s  a r e  due to  
the  s t r o n g  f r e e  c h a r g e - c a r r i e r  a b s o r p t i o n  and  
d o p a n t - i n d u c e d  c i s -  to  t r a n s -  i s o m e r i z a t i o n  
( 5 , 7 ) .  The d o m i n a t i n g  f e a t u r e s  of spec t rum 
(b)  a r e  the  s t r o n g  ba nds  a t  1405 and 1295 cm - 1  
which a re  no t  p r e s e n t  i n  spec t rum (a)  f o r  
p r i s t i n e  p o l y a c e t y l e n e .  Two s i m i l a r  bands  
have b e e n  o b s e r v e d  i n  gas p h a s e - d o p e d  p o l y a c e -  
t y l e n e  by o t h e r s  (8-10)  and have b e e n  a s c r i b e d  
(8) t o  d o p a n t - a c t i v a t i o n  of Raman modes i n  
t he  IR c o r r e s p o n d i n g  to  C-C and C=C s t r e t c h -  
i n g .  

Spec t rum (c)  f o r  e l e c t r o d e  2 ,  p -doped  to  
3 mole% f o l l o w e d  by n - d o p i n g  to  13 .$  mole% and 
p - d o p i n g  to  13.5%, shows t he  weak f e a t u r e s  of  
t r a n s - p o l y a c e t y l e n e  s i m i l a r  to  e l e c t r o d e  2 .  
The d o p a n t - a c t i v a t e d  bands  a t  1415 and 1297 

- 1  cm a re  s t r o n g e r ,  c o r r e s p o n d i n g  to  t he  h i g h e r  
dopan t  l e v e l .  The most  s i g n i f i c a n t  f e a t u r e s ,  
however ,  _ a re  the  two s t r o n g  ba nds  a t  2920 and 
2852 cm - 1  which  were no t  p r e s e n t  i n  the  s p e c -  
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t r a  of p r i s t i n e  p o l y a c e t y l e n e  or  of e l e c t r o d e  
1 .  These bands a r e  t y p i c a l  f o r  the  a s y m m e t r i -  
c a l  and s y m m e t r i c a l  C-H s t r e t c h i n g  modes of  
me thy lene  groups i n  l o n g - c h a i n  a l i p h a t i o  
h y d r o c a r b o n s .  In  agreement  w i t h  t h i s  
i n t e r p r e t a t i o n ,  the  complex band s t r u c t u r e  
be tween  1200 and 9 0 0  cm-~ can a l s o  be a s c r i b e d  
to  C-C s t r e t c h i n g  modes i n  l o n g - c h a i n  h y d r o -  
c a r b o n s .  

~ u s ,  we f i n d  c l e a r  ev idence  t h a t  a s i n -  
g l e  overdischarge, r e s u l t i n g  in  13.5 moles  n-  
dop ing ,  f o l l o w e d  by heavy p - d o p i n g  or  c h a r g i n g  
to  13.5% mole% l e a d s  to  i r r e v e r s i b l e  a t t a c k  on 
the  m o l e c u l a r  backbone of the  p o l y a c e t y l e n e  
s t r u c t u r e .  The n a t u r e  of the  a t t a c k  i s  the  
b r e a k i n g  of  the  double  bonds i n  the  c o n j u g a t e d  
bond sys tem =CH-CH=CH- and the  c o n c u r r e n t  f o r -  
ma t ion  of l o n g - c h a i n  a l i p h a t i c  h y d r o c a r b o n s  

-~It2-CH2-CH2-. 

T a b l e  I ,  l ~ o t o s c o n s t i r  S p e c t r a  o f  P o l y a c e t v l e n e  F i l m s  

p r i s t i n e  F i l m  � 9  1 � 9  2 A s s i g n m e n t  
c,t-1 ca-1 cm-1 

3040 ~ C - � 9  s t r e t c h  i n  e i s ( C l )  

3 0 1 0  �9 3 0 1 0  i 3 0 1 0  N C-B  s t r e t c h  i n  t r a n s ( C ~ )  
- - 2 9 2 0  S l a y s = .  C -H  s t r e t c h  i n  ( ~ 2 ) z  
- - 2 8 3 2  S = y l ~ .  C - H  s t r e t c h  i n  ((~B2) x 
1 8 0 0  S 1 8 0 0  W 1 3 2 1  + 4 4 6  t i t ( C � 9  x 
- 1 4 0 5  S 1 4 1 5  $ C-C=C s t r e t c h  d o p a n t - a c t l v a t e d  
1330 S 1330 I C-H i n  p l a n e  b e n d  i n  c i s ( ~ )  x 

- 1 2 9 5  M 1 2 9 6  S C-'H i n  p l a n e  b e n d  d o p a n t - a c t .  
1 2 4 6  M 1 2 6 0  W 1 2 6 0  W~ C - � 9  i n  p l a n e  b e n d  i n  e i s ( ~ )  x 

1 1 1 6  �9 1 1 1 6  N 1 1 1 6  ~ C-C s t r e t c h  i n  r  x 
1 0 1 8  M 1 0 1 8  N 1 0 1 8  N C - � 9  o u t  p l a n e  b e n d  i n  t r a n s ( C ~ )  x 
7 4 8  S 7 4 8  �9 7 4 8  V~ C~B o u t  p l a n e  b e n d  i n  eis(C~) z 
459  S 459 %~ C-C-C bend i =  c is (C~)  z 

S = s t r o n  B, M = m e d i ~ ,  W ~ v e a k ,  ~ = v e ~  w e a k  

M a n u s c r i p t  s u b m i t t e d  Nov. 5, 1984. 
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The use of solid-electrolyte based photo- 
electrochemical (PEC) cells provides a unique 
approach for the PEC conversion and storage of 
selected redox species incorporated within the 
proximity of the semiconductor/solid electro- 
lyte interface. For such interfaces, however, 
the efficient recombination of photogenerated 
carriers appears to be greatest when both 
polycrystalline semiconductor and solid 
electrolyte materials are present at the 
junction. As a consequence, PEC cells fabri- 
cated which contain such interfaces, frequent- 
ly possess little or no effective photoacti- 
vity. To minimize such high populations of 
surface states, single crystal photoelectrodes 
in contact with solid polymer based electro- 
lytes have been used. We have previously 
reported on the two photoelectrode cell 
p-InP/PEO'NaSCN,NapS,S/n-CdS where the sodium 
ion conducting sol~d polymer electrolyte (SPE) 
poly(ethylene oxide) PEO was used. 1 Upon 
illumination, this cell gave photopotentials 
up to 540mV, however current densities of less 
than 1 ~A/cm 2 could only be achieved even 
under both biased and illuminated conditions. 
This was in part a consequence of the high 
resistivity of the SPE material used. PEO 
had earlier been used in the solid-state PEC 
cell n-Si/PEO,KI,Ip/SnO~ glass,where the n-Si 
photoanode was ini[iall~ coated with platinum 
and subsequently protected from photoanodic 
corrosion effects by a sequential layer of 
platinum and polypyrrole. ~ For PEO based PEC 
cells, small interelectrode spacings are 
desirable for not only minimizing cell IR 
losses but also for improving light trans- 
mission to the solid-state junction of 
interest. Achieving small well defined inter- 
electrode spacings can, however, often be 
logistically somewhat difficult and can fre- 
quently lead to cell shorting. 

If we wish to introduce some faradaic 
storage capacity into a solid-state PEC cell, 
it will be necessary to provide for effective 
separation of the oxidant and reductant 
species which reside close to the appropriate 
photoelectrode. While this, in principle, 
could be achieved using PEO, the preparation 
of an interelectrode spacing with clearly 

defined oxidant, separator and reductant 
regions can be expected to provide a formid- 
able task. This problem has been addressed 
here by the use of the perfluorinated cation 
exchange membrane Nafion, 3 as the SPE in a 
solid-state PEC cell containing potential 
storage capacity. The PEC activity of semi- 
conductors incorporated onto Nafion in con- 
tact with aqueous solutions has been previous- 
ly reported on, directed towards the photo- 
electrolysis of water. 4 

As is well known, this material has found 
extensive application in a variety of electro- 
chemical cells. In addition, redox species 
such as (bpy)~Ru 2+ have been shown to be 
irreversibly ~oordinated into Nafion's poly- 
meric matrix where they have exibited electro- 
chemical reversibility. 5-8 

Here it appears that the mobile conducting 
cations are exchanged by the introduced redox 
species. When such redox containing polymers 
are attached to an electrode, redox electro- 
chemistry can take place via an electron self- 
exchange reaction involving the introduced 
redox species. 9-II This SPE material can con~ 
sist of essentially two phases 12 which contain 
respectively a bulk polymer and a lower den- 
sity ionic cluster phase. It is in the lower 
density phase that introduced redox complexes 
appear to reside. In addition, the higher 
oxidation states of such complexes appear to 
be less strongly held than do their lower 
oxidation states. 13 

We wish to report on the cell 
+3 

p-InP/C44H28N4Fe /Nafion/(byp)3Ru2+/n~CdS 
117 

Porphine + 
+ Nafion 117 

Nafion 117 

where the respective redox species are 
initially introduced in a Nafion 117 solution 
which is subsequently applied onto the sur- 
face of a sodium exchange Nafion 117 membrane. 
The materials and procedures followed for 
preparation of this cell will now be discuss ~- 
ed. 

Single crystal n-CdS was obtained from 
Cleveland Crystal. Ohmic contact to this 
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material was made by initially etching with 
H2SO L and after rinsing with distilled water 
and drying, contacted with a gallium-indium 
eutectic. Current collection was achieved 
to this area via a nickel wire and silver 
epoxy, and the whole electrode assembly cured 
at 150~ for one hour. 

The p-InP single crystal was obtained 
from CrystaComm Inc. (Zn doped = 1017 cm-3). 
The <iii> face was used. After etching the 
surface with bromine/isopropanol solution, 
ohmic contact was achieved by the sequential 
vacuum thermal evaporation of a Au/Zn/Au layer 
followed by an anneal under H_ for one hour at Z 
400~ The cell was prepared by introducing 
a drop of a 5W/o Nafion 117 present in a 
mixture of lower aliphatic alcohols contain- 
ing 0.005M iron (IIi) meso-tetraphenyl por- 

phine chloride (C44H28CIFeN4) and 0.01NaCI 
onto both the surface of an appropriately 
etched p-lnP and a Na + exchanged Nafion 117 
membrane. After both halves were allowed to 
nominally dry under ambient conditions for 
about one hour, they could be directly con- 
tacted by lightly pressing. A similar pro- 
cedure was followed for the photoanode side 
where a 5W/o Nafion solution containing O.01M 
(byp)3RuClTand 0.OIM NaCI, was introduced 
onto ~oth The Nafion 117 membrane and n-CdS 
single crystal before finally being contacted 
together. A schematic diagram of the finally 
assembled cell is shown in Figure I. The 
simultaneous illumination of both the n-CdS 
and p-InP redox solid electrolyte junctions 
was achieved from the n-CdS photoanode side. 

Selection of this two photoelectrode cell 
was preceded by a preliminary investigation of 
various redox species introduced into the SPE 
using cells of the configuration 
photoe lec t rode / redox ,Naf ion l l7 /SnO 2 Cond.Glass. 
For the cells n-CdS/(byp)qRu CIo + Nafion 117/ 
SnO 2 conducting glass, ana p-In~/Tetraphenyl 
Fe 35 Porphine + Nafion ll7/SnO 2 conducting 
glass, illumination through the conducting 
glass (100mW/cm 2 quartz-iodine) to the photo- 
electrode/SPE interface of interest, photo- 
potentials of respectively -750mV and +420mV 
were realized from each cell. In addition, 
upon potentiostatting each of these cells res- 
pectively 0.4V cathodic or anodic of their 
illuminated rest potential, current densities 
in the 3 to 20 ~A/cm 2 range were obtained. 

The two photoelectrode cell 

p-lnP/C44H28N4Fe+3/Nafion/(byp)3Ru2+/n-CdS 
117 

Porphine + 
+ Nafion 117 

Nafion 117 

approximately one hour after fabrication poss- 
essed a dark open circuit potential of 380mV. 

Upon illumination of this cell, an initial 
photopotential of ll30mV was realized. The 
photopotential-time characteristics of this 
cell are shown in Figure 2A. The photo- 
current-voltage scan for this cell is shown 
in Figure 2B. Here the total cell potential 
is reported where cell charge is occurring 
over the voltage range shown. PEC charge 
currents up to 30 ~A/cm 2 were realized upon 
cell bias. The half-cell reactions during 
cell charge will correspond to TPPFe 3+ + e- + 
TPPFe 2+ at the p-InP photocathode and 
(byP)3Ru2+ + h + § (byp)aRu3+ at the n-CdS 
photoanode. The photoc~rrent wavelength 
response of this cell was performed using a 
Rudolph Instruments Monochromator Model 
#681A31. The light source used was a Sylvania 
300W ELH bulb. These cell characteristics are 
shown in Figure 3. The peak photocurrent 
occurs at = 550nm or 2,25eV, which is approx- 
imately 300mV below the n-CdS band-gap. This 
may be a consequence of the ruthenium doped 
SPE sensitizing the n-CdS photoanode to 
larger wavelengths. This might be a result 
of the (byp)3Ru2+/(byp)3Ru3+ couple being 
somewhat posltive of the n-CdS flat-band 
potential. 14 

In conclusion, we have identified a two 
photoelectrode solid~state PEC cell which is 
able to produce photopotentials in excess of 
one voltage and possesses some inherent stor- 
age capacity. This storage capacity is, of 
course, presently limited by the low concen- 
tration and thin SPE redox layers used between 
the photoelectrode and the SPE membrane. It 
is expected that this cell will be of poten- 
tial value as not only a specialized storage 
device, but for specific detector applications. 
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Figure 1. 
Schematlc Dza ram of I 3+ �9 " g p- nP/Tetraphenyl Fe 
Porphine/Nafion ll7/(byp)~Ru2+C12/n-CdS 
Solid-State Photoelectrocfiemical Cell 
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(A) Photopotential-Time Characteristics and 
(B) Current-Voltage Scan for the Cell 
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The n-CdSe Photoelectrochemical Cell: Wavelength-Dependent 
Photostability 
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Much recent work has focused on 
Fe(CN)64-/3- as a stabilizing electrolyte for 
n-CdX(X=S,Se) based photoelectrochemical 
cells (1-5). Prior studies performed in this 
laboratory (6) showed that irradiation of 
n-CdS in an electrolyte containing 
Fe(CN)64-/3- can lead to formation of a sur- 
face layer of [CdIIFeII/III(cN)6 ]2-/I-. In 
the presence of the appropriate cations, this 
layer was associated with improved cell out- 
put parameters. These studies have now been 
extended to include the n-CdSe system. In 
this letter we wish to report an unprecedent- 
ed wavelength dependence of the n-CdSe photo- 
electrochemical cell. 

Figure 1 illustrates the dependence of 
the cell photocurrent stability on incident 
irradiation wavelength. Light intensity was 
adjusted so that similar current densities 
were obtained at the two wavelengths employed 
since some absorption by solution species 
occurs at 488nm. When the 488nm line of an 
Ar + laser is used, stable photocurrent output 
is achieved for periods in excess of several 
hours (7). However, when excitation is at 
633nm (He-Ne laser) the photocurrent decreases 
with time. The extent to which this is ob- 
served is found to be concentration dependent. 
At high concentrations (>0.5M) of K4Fe(CN)6 , 
photostability at 633nm increases, so that the 
difference in stability between 488nm and 
633nm is decreased but still evident. 

Further experiments performed on both 
single crystal [(0001) face], and polycrystal- 
line n-CdSe using a 2500W Xe lamp and a 
Schoeffel monochromator indicate that the on- 
set of stability occurs at energies higher 
than about 550nm. All wavelengths studied 
are capable of exciting the band gap tansi- 
tion of CdSe (EBG=I.7eV). Furthermore, it is 
found that if a sample is initially irradiated 
at 488nm and then later exposed to 633nm 
light, the resulting photocurrent is stable. 

*Electrochemical Society Active Member. 

Key words: semiconductor, films, photo- 
electricity, energy converslon 

We believe that a cdllFell/lll(cN)6 surface 

layer is responsible for this behavior. In 
support of this conclusion diffuse reflec- 
tance FTIR spectroscopy of irradiated elec- 
trodes yields data which coincide with those 
obtained from authentic samples of 
K2[CdlIFelI(cN)6]. 

Although it has been previously suggest- 
ed that the corrosive formation of a selenium 
surface layer is the source of n-CdSe photo- 
stability in Fe(CN)64-/3- electrolyte (5), 
such an overlayer cannot be invoked to ex- 
plain the observed behavior. A selenium lay- 
er, were one to form, would be anticipated to 
develop at all wavelengths studied. This lay- 
er would be expected to exhibit the same be- 
havior at a given wavlength, irregard]ess of 
irradiation pretreatment, i.e. preirradiation 
at 488nm should not affect electrode stabili- 
ty at 633nm, in contrast to the observed be- 
havior. 

Although a selenium overlayer may be 
present, the cation dependence of the systems 
under study also tends to rule out such a 
layer as responsible for either the electrode 
photostability or the wavelength dependent be- 
havior. It has been suggested that addition 
of salts to the CdX/Fe(CN)63-/4- solution 
should result in competitive adsorption (3) 
(i.e. the salt is able to displace adsorbed 
ferro-ferricyanide) with a concomitant de- 
crease in cell output. Addition of Cs + salt 
to the n-CdSe cell does lead to instability. 
However, as previously reported (6), addition 
of CsNO3 to the CdS/ferro-ferricyanide cell 
improves stability, in marked contrast to the 
results obtained at n-CdSe and to those pre- 
dicted by the competitive adsorption model. 
These results are consistent with the hypothe- 
sis advanced previously that the role of the 
alkali cation is to influence the redox poten- 
tial of the surface species, enhancing commu- 
nication between this species and the semi- 
conductor valence band (6). These observa- 
tions also tend to support the conclusion 
that a selenium corrosion layer cannot be re- 
sponsible for the wavelength dependence - se- 
lenium would not be expected to induce cation 
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dependent behavior. 
Since a [CdlIFelI/III(cN)6] I-/2- layer 

appears to form at all wavelengths studied, 
it is logical to ascribe the wavelength de- 
pendence to the photochemical properties of 
the surface species. Alternately, solution 
based photochemistry might be considered as 
the source of the wavelength dependence. 
However, it is highly improbable that solu- 
tion photochemistry could produce the wave- 
length dependence, since there is no observ- 
able change in the solution redox potential 
as measured before and after irradiation, and 
absorbance at these wavelengths is exceeding- 
ly low. If solution photochemistry is occur- 
ring, the concentration of products would be 
too low to have a major effect. Therefore, 
we propose that at % < 550nm the surface 
attached material undergoes a photochemical 
reaction leading to a product responsible for 
the improved output characteristics of the 
n-CdSe ferro-ferricyanide photoelectrochemical 
cell. 

The wavelength dependence suggests li- 
gand loss as the most likely process (8). Se- 
veral possible outcomes resulting from ligand 
loss can be envisioned, all of which provide 
a mechanism for stabilizing the interface. 
Aquation could occur. The resulting aquated 
surface species would be expected to have a 
different film morphology than the parent com- 
plex. MFe(CN) 6 species are known to possess 
a zeolitic structure (9); aquation could lead 
to a change in pore size. Were the pore size 
to increase, solution contact with the surface 
film could be enhanced. Since one function of 
the film is to mediate charge transfer from 
the semiconductor to the solution redox couple 
(6), increased solution contact could facili- 
tate this process, thus providing a more 
stable interface. A second outcome of ligand 
loss could be that the iron centers are able 
to come in close proximity, again enhancing the 
charge transfer properties of the film. 
Finally, the introduction of an empty coordi- 
nation site on the Fe center provides the 
possibility of direct Se-Fe bonding from a 
surface Se site. This bonding could promote 
charge transfer from the semiconductor to the 
surface attached species via an inner sphere 
mechanism. 

In conclusion, a CdFelI/III(cN)6 sur- 
face layer on n-CdSe not only enhances photo- 
stability, but also induces wavelength de- 
pendent behavior in the photoelectrochemical 

composed of n-CdSe/Fe(CN)64-/3-. The cell 
wavelength dependence appears to be due to a 
photochemical reaction which changes the pro- 
perties of the surface film. Such changes 
appear capable of enhancing charge transfer 

rates at the semiconductor interface, thus 
decreasing the relative importance of the 
photodecomposition pathway. The surface film 
can be prepared at 488nm with subsequent 
irradiation at much lower energy resulting in 
a stabilized photoelectrochemical cell. 
Acknowledgments.-- H.-D. R. acknowledges the 
Electrochemical Society and the DOE for a 
Summer Research Fellowship. 
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ABSTRACT 

Mechanistic studies of the reactions in Li-SOC12 cells have been undertaken to improve understanding of the safety 
problems of these cells. The electrochemical reduction of 1.5M LiA1C1JSOC12 has been investigated using gas chroma- 
tography, electron spin resonance spectroscopy, and infrared spectroscopy. C12 and $2C12 have been identified as inter- 
mediates in the reduction of SOC12, along with a radical species (g~ = 2.004, g~, = 2.016, g= = 2.008) and the proposed 
triplet ground-state dimer of this radical. SO~ and sulfur have been identified as products. Based upon these findings, a 
mechanism for the electrochemical reduction of 1.5M LiA1C1JSOC12 has been proposed, and its implications for safety of 
Li-SOC12 cells during discharge to +0.5V at 25°-30°C are discussed. 

There has been great interest in the l i thium thionyl 
chloride battery system because of its high energy den- 
sity. The solvent, thionyl chloride (SOC12), is also the cath- 
ode active material, so this cell has the potential for high 
rate discharge. Despite much progress in the areas of de~ 
sign and optimization of cells and elimination of voltage 
delay, safety problems still hinder the application of the 
cells. The cells pose a safety problem because they have 
been found to vent  (expel internal liquids and gases) or 
explode (1). Many explanations have been offered to ac- 
count for the venting and explosion phenomena. 

One general explanation for the observed unsafe behav- 
ior of Li-SOC12 cells is the production, and violent decom- 
position, of intermediates formed during the discharge of 
the cell. The concentration of the metastable compounds 
increases to the point that their decomposition causes 
venting or an explosion, or produces sufficient heat to 
trigger the direct Li-liquid cathode reaction. Although the 
overall cell chemistry, Eq. [1], is generally accepted, there 
is disagreement over intermediates formed during dis- 
charge and the discharge reaction mechanism 

4Li + 2SOC1., ~ 4LiC1 + S + SOs [1] 

Several intermediates have been proposed in the reduc- 
tion of SOC12, such as SO, (SO),, $20, and S~CI~ (2-6). Of 
these intermediates, $20 has been identified by infrared 
spectroscopy (5), and S,,CI,~ has been identified by gas 
chromatography (6). A method for overcoming the possi- 
ble "chemical" safety problem is to identify the interme- 
diates which are formed during cell discharge and to es- 
tablish the reaction mechanism of discharge. With this 
fundamental  understanding of the cell chemistry, it 
should be possible to establish safe discharge conditions, 
such as voltage limits, or to modify the cell chemistry to 
eliminate the unsafe behavior due to hazardous interme- 
diates. This paper presents the results to date of our ef- 
forts to achieve this goal for Li-SOC12 cells discharged at 
25°-30°C to a voltage of +0.5V. 

Experimental 
All cell components for chemical studies were handled 

under  an argon atmosphere in a Vacuum Atmospheres 
dry box (<10 ppm 02). SOC12 was obtained from Aldrich 
and purified by distillation from triphenylphosphite (7). 
LiC1 was obtained from Alfa and dried in vacuo for 24h at 
130°C before use. A1CI:~ was obtained from Fluka AG, 

* Electrochemical Society Active Member. 

Chemische Fabrik (puriss.), and used without additional 
purification. 1.5M LiA1C1JSOC12 electrolyte solutions 
were used in all the experiments, and the reduction ex- 
periments were carried out at 25°-30°C. 

Gas chromatography (GC) experiments were carried 
out with a Hewlett-Packard Model 5880 GC, with a 6 ft-1/4 
in. glass column packed with 10% QF-1 on 80/100 
chromasorb G column. The temperatures of the injector 
port and column were kept below 130°C to prevent reac- 
tion between S and SOC12 (8). Samples for the GC experi- 
ments were prepared by reduction of the electrolyte solu- 
tion at the carbon electrode of a Li-SOCI.~ cell at 10 
mA/cm 2 and 25°-30°C. Aliquots were removed and the 
samples transported to the GC in sealed reactivials. Elec- 
tron spin resonance (ESR) spectra were recorded at 77 K 
on a Varian E-line Century Series spectrometer operating 
at X-band frequency (9.1 to 9.5 GHz) employing 100 kHz 
field modulation. Samples for the ESR experiments were 
prepared by rapidly reducing the electrolyte solution at 
gold or carbon electrodes at 25°-30°C and quickly freezing 
the samples. Infrared (IR) spectra were recorded at room 
temperature with a Digilab FTS-15C spectrometer. 
Samples for IR analysis were prepared in situ by reduc- 
tion of the electrolyte solution at a gold grid electrode, at 
voltages of 3.6 to +0.5Vu, 0.1 to 0.5 mA/cm 2, and at 
25°-30°C (9). 

Results and Discussion 
In  order to understand what hazardous compounds 

might be formed during discharge of a Li-SOC12 cell, and 
their implication for cell safety, it is important  to estab- 
lish the mechanism for the electrochemical reduction of 
SOCI=. Two mechanisms have previously been reported 
for this reduction process (Fig. 1). Bowden and Dey (4) 
have proposed reducing SOCI~ to yield SO, which could 
form the polymer (SO),. This polymer is proposed to be 
hazardous. Blomgren et al. (6) have proposed reducing 
SOCI~ to yield SOC1, which in subsequent  reactions yields 
SC12 and $2C12. Our work has focused on identifying the 
intermediates of the electrochemical reduction of SOC12, 
employing a variety of complementary techniques. Be- 
cause of the complexity of the chemistry, it is important 
to have the corroborating evidence of complementary 
techniques to provide convincing evidence for a mecha- 
nism of the reduction of SOC12 in Li-SOC12 cells. 

The GC results for fresh and discharged 1.5M LiA1C1J 
SOC12 solutions have been obtained (Fig. 2). For the fresh 
samples, the major peak is SOCI~, but  some SOs and $2C12 
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I. BOWDEN AND DEY (4) 
_ _ (' " SO 2 

SOC~ 2 + e - - - , -  SOC~ + C,~ ! i C --s~ 

SOC1 +e  ~ S O + C I  
f~ ~, , $2C0- 2 

SO + SOC,~ 2 ~ SO. SOCJ~ 2 

X SO --- .-  (SO) X 

2(SO)x ~ x S + x S O  2 
FRESH 1.5 M LiA.~C.~41SOC.~ 2 

II. BLOMGREN, ET AL (6) 
-, C_ 20 

SOC~ +e ~ S O C ~  +C~ F - -  
2 ; 

\ r-SOC-Q2 
2SOC,~ ~ SO 2 + SC,~ 2 

f 
t 

SCl 2+e ~ S C l  +C,~ 

2 SC,s ~ S2C,e 2 

SO 2 

S2C,~ 2+2e  ~ 2S+2C,e 
Fig. 1. Postulated mechanisms for reduction of SOCI2 in Li-SOCI=, 

cells. 

are present .  After  discharge,  the  amoun t s  of C12, SOs, and 
S~CI~ have  signif icantly increased.  These  resul ts  s t rongly  
sugges t  that  $2C1~ and C12 are in te rmedia tes  in the  reduc-  
t ion of  SOCI~ and are poss ib ly  fo rmed  by the  dispropor-  
t ionat ion  of  SCI~. However ,  SC12 is not  pos i t ive ly  
ident i f ied in the  chromatograms ,  but  it does seem rea- 
sonable  to propose  SCI~ as an in te rmedia te  in the  reduc-  
t ion of  SOCI~. 

Most  of  the E S R  samples  were  p repared  by reduc t ion  of 
1.5M LiA1ClJSOCI~ at a gold e lec t rode  because  doing so 
gives c lean samples  at vol tages  of 3.6 to +0.5Vu and cur- 
rent  densi t ies  as h igh  as 0.1 to 0.5 m A / c m  2. The  samples  
p repared  should mimic  the  Li-SOC12 cell chemis t ry  dur- 
ing discharge.  In part icular ,  these  expe r imen ta l  condi-  
t ions should  mimic  cell chemis t ry  at the  beg inn ing  of  dis- 
charge,  w h e n  excess  e lec t ro ly te  is present ,  because  only a 
small  a m o u n t  of  SOCI~ is utilized. It  is no t  clear if  these  
cur ren t  densi t ies  app rox ima te  10 mA]cm 2 on a Teflon- 
b o n d e d  carbon  electrode.  Samples  are also prepared  
us ing  a carbon fiber e lectrode,  bu t  there  is a p rob l em 
wi th  the  s t ructural  in tegr i ty  of  the  carbon  electrode,  s ince 
carbon  part icles  are found  in the  samples.  These  carbon  
par t ic les  provide  a large E S R  signal due  to the  graphi t ic  
carbon  radical wh ich  domina tes  part  of the spec t rum ob- 
ta ined wi th  these  samples ,  but  the  r ema inde r  of  the  spec- 
t rum is essent ial ly the  same as that  observed  for samples  
p repared  at the  gold electrode.  This is an impor t an t  po in t  
because  it suppor ts  appl ica t ion  of  the resul ts  obta ined  on 
gold e lect rodes  to real cell  chemis t ry  in which  the  reduc-  
t ion occurs  on carbon electrodes.  

The  overall  E S R  spec t rum of  d ischarged  1.5M LiA1CIJ 
SOCl~ is shown in Fig. 3. The  spec t rum is ve ry  compli-  
ca ted  and covers  about  5000G. This is mos t  unusua l  be- 
cause most  E S R  spectra  of  radicals cover  a region of  a 
few hund red  gauss. A great  deal  of in terpre ta t ion  has 
been  necessary  to assign mos t  of  the features  of  this spec- 
t rum. F igure  4, curve  A, shows the  region a round  g = 2, 

DISCHARGED 1.5 M UA.#.C.Q4/SOC.~ 2 
Fig. 2. Gas chromatograms of 1.SM LiAICIJSOCI~ 

i.e., 3200G, expanded ,  and curve  B shows the second de- 
r ivat ive of  the  spec t rum.  The major  points  m a d e  by Fig. 4 
are that  the  three  g va lues  are observed  for the  three  prin- 
cipal axis, x, y, and z, because  the  sample  is frozen. For  
each g value,  a quar te t  is observed  due  to hyperf ine  split- 
ting, the  nuclear  spin in teract ion with  the  e lec t ron spin 
angular  m o m e n t u m .  Because  of the quar te t  for each  g 
value,  it is conc luded  that  the  radical e lec t ron is localized 
on a nuc leus  of  spin  3/2. The  mos t  l ikely candida te  for the 
nuc leus  is chlorine. 

Table  I summar izes  the  resul ts  f rom Fig. 4, a long with  
p resen t ing  l i terature data of similar  compounds .  It  is 
clear f rom Table  I that  these  19 va lence  e lec t ron  mole-  
cules have  similar  g values.  With these  t r ia tomic  mole- 
cules, the  unpa i red  e lec t ron  should be largely local ized on 
the  central  a tom (10). As seen for OSC1, wh ich  was pre- 
pared  by ~/ radiat ion of  a f rozen glass of  SOC1.2, there  is 
ve ry  l i t t le hyperf ine  spl i t t ing because  the  radical  e lectron 
is largely localized on sulfur  (11). In C10~, the  radical  elec- 
t ron is largely local ized on chlorine,  and a quar te t  is ob- 
served for each g value,  wi th  large hyperf ine  constants  
(12). The hyperf ine  cons tants  for C10~ and the  u n k n o w n  
are ve ry  similar  and, thus,  we conc lude  that  the  u n k n o w n  
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Fig. 3. ESR spectrum of discharge electrolyte at 77 K 
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Fig. 4. ESR spectrum of discharged electrolyte at 77 K; curve A = first 
derivative; curve B = second derivative. 

is OC1S, with chlorine being the central atom. OC1S 
should have chemistry similar to C1Oz, which is a known 
hazardous compound when present at a partial pressure 
greater than 50 torr (13). If  OC1S is present in significant 
concentration in a cell, it could be a safety hazard. 

The most reasonable explanation for the ESR spectrum 
covering 5000G is the existence (assumed) of a molecule 
with large zero-field splitting. In this case, two OC1S 
monomers  come together, and the two radical electrons 
interact, in the strong field case, to yield a dimer with a 
triplet ground state. For this dimer, there should be four 
forms: two isomeric forms of planar conformation; and 
two isomeric forms of skewed conformation (see Fig. 5). 
The planar forms are Dzh symmetry in the highest reason- 
able case, assuming O and S are similar (14). The planar 
forms should have three unique axes. In the ESR spec- 
t rum then, two transitions should be observed for each 
unique axis, and a total of six transitions should thus be 
observed. Because there are two isomeric forms of the 
planar conformation, a perturbation on the simple expla- 
nation, one would expect  each transition, as predicted 
above, to be split into a doublet, as observed in Fig. 8. Fol- 
lowing similar logic, the skewed conformations have a 
highest reasonable symmetry of Dsd (14). There are only 
two unique axes, since x and y are degenerate. Thus, four 
transitions should be observed for this dimer. Again, 
adding the perturbation of the other isomeric form, one 
should expect each transition to be split into a doublet. 
However, the x and y axes are not actually degenerate, so 
the transitions in these polarizations are expected to be 
split again to yield a doublet of doublets. These transi- 
tions are also observed in Fig. 6. 

To date, the only reasonable way to account for the ten 
transitions shown in Fig. 6 is with a triplet ground-state 
dimer of the OC1S monomer.  Supporting further these as- 
signments, when the temperature of the frozen sample is 
warmed, the above peaks move closer to g = 2.0 and de- 
crease in intensity. This is expected because the electron- 
electron repulsion should separate the monomeric units 
at higher temperatures, reducing the zero-field splitting 
and the concentration of dimer species. These assign- 
ments of the dimer are also supported by calculations (9). 
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Table I. ESR parameters 
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Fig. 5. Proposed structures of (OCIS) dimers 

To obtain initial data on the lifetimes of the radical in- 
termediates and to observe ESR active compounds 
formed later in the reduction sequence of SOC12, warming 
experiments were initiated. In these experiments,  ESR 
samples were warmed for a specific length of time at a 
specific temperature, then cooled to 77 K to obtain the 
spectrum. Although these experiments have not been 
completed, one can estimate that the half-lives of OC1S 
and its triplet dimer are on the order of 4-10s at 25~176 
Much more research is required to accurately determine 
these half-lives. One other ESR active compound, which 
is formed later in the reduction sequence of SOC12, has 
been identified. Its spectrum, shown in Fig. 7, is always 
the last spectrum obtained in these warming experi- 
ments. The data from this spectrum are summarized in 
Table II, along with literature data for oligomeric sulfur 
(15). As can be seen, the data are in good agreement, and 
we are confident that the final product observed in the 
reduction of SOC12 is sulfur. This assignment is consist- 
ent with the established overall cell chemistry for Li- 
SOC12 cells, and it lends support to the claim that the 
chemistry of the laboratory cell is similar to that 
occurring in Li-SOC12 hardware cells. 

Spectra from the IR investigations of 1.5M LiA1CIJ 
SOCls reduced in situ have shown that SOs (1330 cm -1) 
and SOsCls (1410 cm- ' )  are present in the reduced solu- 
tion. These results are reasonable because SO2 has been 
observed in discharged solutions by GC, and SO2 is gen- 
erally accepted to be a product of the reduction of SOC12. 
With C12 having also been detected in discharged solu- 
tions by GC, SO2Cls is probably formed by the well- 
known reaction of SO2 and C12 to yield SO2Clz. 

Based upon these results, the following mechanism, 
shown in Fig. 8, for the reduction of SOC12 is proposed. A 
one-electron reduction of SOC]2 to yield OSC1, which we 
have not observed, is proposed as the first step. OSC1 
isomerizes to OC1S, which should have chemistry similar 
to C1Os, a known hazardous compound. OC1S can 
"dimerize," i.e., at least form a weakly bonded dimer, 
which should decompose to yield SOs and SCls. SCI~ has 
not yet been identified as an intermediate, but because 
Cls and SsC12 have been observed, the known 
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Fig. 7. ESR spectrum of discharged electrolyte heated to 228 K for 5 
min, then cooled to 77 K. 

disproportionation reaction of SCI~ to yield $2C12 and CI,, 
is the most plausible explanation for the occurrence of 
the latter compounds in the cell chemistry. Because SO2 
and CI~ are both present in the discharged solution, it is 
expected that SO2C12 will be present; this has been 
confirmed by IR. The remainder of the details of the re- 
duction of SOC12 to yield the known final cell products, 
S, SO2, and CI-, have not yet been established. The subse- 
quent  overall reduction reactions of SC12, S~C12, C12, and 
SO2C12 to yield S, SO2, and C1- are only listed for com- 
pleteness, not because their mechanisms have been estab- 
lished. Since no evidence for other intermediates has 
been obtained, no additional reactions are included. 

Even though this mechanism is not complete or fully 
proven, it is reasonable to speculate on its implications 
for safety of Li-SOC12 cells during discharge to +0.5V at 
25~176 using 1.5M LiA1CIJSOCI~. Although OCIS could 
be a hazardous intermediate, by analogy with the chemis- 
try of C10~, if it is present in sufficiently high concentra- 
tion, the lack of delay in formation of SOs, observed by 
Istone and Brodd (5), and the relatively short lifetime of 
OC1S and (OC1S)2 suggest that the concentration OC1S 
never gets high. Thus, it appears that there are no safety 
hazards due to intermediates formed during discharge of 
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Table II. ESR parameters 
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Li-SOCI2 under these conditions. However, if under  other 
operating conditions, such as low temperature operation, 
SO~ delay is observed in a cell, OC1S might form in con- 
centrations sufficiently high to account for unsafe behav- 
ior of Li-SOCI~ cells. Also, the mechanism has not been 
completed, so other hazardous intermediates may still be 
identified. 

Clearly, more work is needed to fully understand the 
processes which govern the safety of Li-SOC12 cells. Both 
the identification of possible hazardous compounds 
(such as OC1S) formed during the discharge of a Li-SOC12 
cell and the proposed mechanism for reduction SOCI2 
provide the basis for a fundamental  understanding of the 
reactions which can cause venting or explosions. Al- 
though additional research is needed, this research also 
provides the basis for investigating the reactions which 
occur during voltage reversal, a hazardous condition for 
some Li-SOCI~ cells, and it provides the foundation for 
modifying the chemistry of Li-SOCI~ cells to improve cell 
safety. 
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ABSTRACT 

Lithium hexafluoroarsenate/2-methyl tetrahydrofuran electrolytes have been prepared, purified, and evaluated 
using half-cell galvanostatic l i thium cycling, cyclic voltammetry, plus colorimetric, gas chromatographic, and UV ab- 
sorption techniques. Superior electrolytes have been prepared yielding reproducible cycling efficiencies in excess of 
97%. Static aging trials at ambient  temperature clearly demonstrate deterioration in cycling performance with time. This 
decline in performance is related to electrolyte degradation, possibly arising from the formation of peroxides. However, 
studies of various battery testing regimes on 1M LiAsFd2Me-THF electrolyte support the system's battery potential with 
respect to both rate capability and shelf-life characteristics. 

The reversibility of the lithium electrode in aprotic 
solvent-based electrolytes has improved substantially in 
the last five years, increasing from cycling efficiencies of 
approximately 80% in 1976 to efficiencies approaching 
approximately 98% in 1983. These aprotic, or more 
specifically "ether," solvents have been studied because 
of both their stability to alkali metals and their low tem- 
perature characteristics: namely, freezing point, solvating 
power, and viscosity. It has been established that ether 
solvent stability is not thermodynamic, but kinetic in ori- 
gin (1). Recent evidence indicates that some ethers are 
chemically reactive towards li thium metal and, therefore, 
rely on the formation of insoluble, passivating films for 
l i thium reversibility (2). These films would be beneficial, 
if they were conductive to lithium ions. However, the 
film generating reactions in electrochemical cells, in gen- 
eral, result in excessive consumption of electrodeposited 
lithium, and, ultimately, cell failure occurs. 

The ether-based aprotic electrolyte systems that have 
demonstrated potential for secondary li thium battery de- 
velopment  are molar solutions of l i thium hexafluoroar- 
senate (LiAsF6), l i thium perchlorate (LiC104), and lithium 
bromide (LiBr) in propylene carbonate (PC) (3, 4), tetrahy- 
drofuran (THF) (5). 1,3-dioxolane (6), 2-methyl tetrahydro- 
furan (2Me-THF) (7), and diethyl ether (DEE) (2). For ex- 
ample, the 2Me-THF and DEE based electrolytes have 
yielded cycling efficiencies greater than 96% and 98%, re- 
spectively (7, 2). 

The improvements in li thium cycling efficiency for the 
systems cited above have been due, in large part, to the 
close attention that has been paid to the "quality" of elec- 
trolyte and electrode materials, in terms of purity, han- 
dling in "nonreactive" environments,  and dryness (mois- 
ture free). 

Our studies, conducted over the past four years on sol- 
vents such as PC, THF, and 2 Me-THF, have focused on 
the choice of superior solute/solvent combinations with 
emphasis on determining those factors influencing lith- 
ium reversibility as related to electrolyte preparation pro- 
cedures and to the use of drying and purifying agents (8). 
This paper examines the LiAsFJ2Me-THF electrolyte 
couple for: (i) static stability, (it) purity, and (iii) lithium 
cycling in an effort to improve performance and further 
unders tand li thium anode behavior. 

Experimental 
General.--Electrolyte purification procedures and the 

electrochemical experiments were conducted at ambient  
temperature under  an argon atmosphere in a Vacuum At- 
mospheres dry lab equipped with a Model HE-493 Dri 
Train. An additional activated carbon]molecular sieve 
recirculating chamber further purified the dry box atmo- 
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sphere. The atmosphere was checked with a bare light 
bulb filament, which operated continuously for at least 
30 days in the box. Solvents and other electrolyte materi- 
als (e.g., solutes) were transferred to the box under  vac- 
uum through the use of a glass vacuum line and related 
accessories. 

Ultraviolet (UV) spectra were recorded on a Beckman 
25 Spectrophotometer. Gas chromatograms (GC) were ob- 
tained with a Varian 6000 GC equipped with a flame ioni- 
zation detector (FID) (sensitivity approximately 10-" 
A/mV) and a Spectra Physics SP4100 Integrator. A 182 • 
0.3175 cm Porapak QS column was used. Colorimetry re- 
sults were obtained with a Spectronics 20. A Bascom 
Turner eight-channel X-Y or Y-t recorder was used for 
data acquisition. Conductivities were obtained with a 
Model 31 Yellow Springs Instrument Conductivity Bridge 
and a microcell having a cell constant of 1.0/cm. 

Materials.--Lithium hexafluoroarsenate (LiAsF6) (USS 
Agri-Chemicals) and lithium trifluoromethane sulfonate 
(LiCF3SO3) (Alfa Ventron) were used as received. Lithium 
foil (5, 15, 38 mil) was obtained from Foote Mineral Com- 
pany sealed under Ar. Lithium hexafluorophosphate 
(LiPF6) (Ozark Mahoning) was recrystallized from spe- 
cially purified and dried acetonitrile (MeCN;BDH) prior 
to use (i0). MeCN was purified by the method of Walter 
and Ramaley (11), followed by successive distillations 
from treated molecular sieve 3A. Neutral alumina (Fisher) 
and molecular sieve 3A (Davison Chemical) were treated 
under vacuum at 300~176 for 24h prior to use. 

2Me-THF (Aldrich) was refluxed over Call2 and then 
distilled under Ar from a Nester Faust Auto Annular Still. 
The reflux ratio was generally 20:1. The actual fraction 
for collection was determined either by an impurity-free 
GC scan (e.g., 2Mefuran (2Me-F) and peroxide impurity 
levels to < 10 ppm) or by a minimum UV absorbance at 
218 nm. The 2Me-THF was then vacuum distilled two 
times over treated molecular sieve 3A followed by trans- 
fer to the dry box. 

Electrolyte preparation and purifications.--Molar solu- 
tions of electrolyte were prepared by adding the appropri- 
ate Li salt to the purified solvent at room temperature. 
These solutions were further treated by passage through 
an alumina column. The first 10-20% fraction was dis- 
carded and the electrolyte was stored in glass vials 
(Reacti Flasks; Pierce) in the presence of Li foil. Teflon 
(TUF-TAINER; Pierce) and polyethylene (NALGENE) 
vials were also used. Pre-electrolysis procedures for 2Me- 
THF-based electrolyte followed those carried out by 
Koch et al. (5). 

Aging trials.--Aging experiments are defined as static 
electrolytes stored in glass, polyethylene, or Tefon  vials 
at ambient  temperatures. The vials were not protected 
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f rom l ight  unless  specif ied otherwise.  Old vials are those  
which  had been  used  prev ious ly  to store electrolyte.  Com- 
parat ive tests were  run  wi th  and wi thou t  Li  foil p resen t  in 
the  s torage vials. 

Cells and electrodes.--Glass rec tangular  cells [1 x 1 x 4 
cm (full cell), 1 x 0.5 x 4 cm (half-cell), 0.5 x 0.5 x 4 cm 
(quarter  cell), all cons t ruc ted  in house] or  UV cuvet tes  
were  used  for the  galvanosta t ic  cycl ing of  Li  in a half-cell 
configurat ion.  In general ,  the  work ing  e lec t rode  was a 
1 x 4 cm Ni sheet  0.127 m m  thick (Alfa Ventron,  m4N8). 
The  auxi l iary e lec t rode  was cut  f rom Li r ibbon  foil to 
mee t  the cell d imensions .  The  reference e lec t rode  was a 
Li wire  placed in a Pas teu r  p ipe t te  and he ld  in p lace  by a 
mach ined  Teflon top. Exac t ly  1 ml  of  e lec t ro lyte  was 
added  to the  cell, t he reby  def in ing the  work ing  and aux- 
i l iary e lect rodes  as 1 x 1 cm and 1 cm apart.  So lven t  evap- 
orat ion was min imized  by seal ing the  top wi th  Parafi lm. 

Chronopo ten t iome t r i c  p la t ing and s t r ipping of  l i th ium 
was conduc t ed  us ing a cons tan t  current  power  supply,  a 
contro l ler  relay for polar i ty  reversal,  a mic roprocesso r  
(MOS technology)  for t iming  control,  and var ious  moni-  
tor ing e q u i p m e n t  (all cons t ruc ted  in house). 

The fol lowing procedure ,  s imilar  to that  desc r ibed  by 
Koch  et al. (2), was used  to de te rmine  Li cycl ing efficien- 
cies: a known  charge  of Li, 2.9 C/cm 2, was pla ted onto the  
Ni substrate  work ing  electrode.  A smal ler  charge  (1.3 
C/cm 2) was then  s t r ipped and pla ted f rom this electrode.  
The  excess  amoun t  of Li  charge, 1.6 C/cm 2, was then  
s lowly consumed  by the  < 100% efficient s t r ipping cycle. 
Pr ior  to exhaus t ion  of  the excess  Li  and reach ing  the  Ni 
substrate,  m a n y  "100%" cycles  can be achieved.  There-  
fore, the  average eff ic iency per  cycle, ~ can be calculated 
by Eq. [1], where  Q~ is the  charge of Li  s t r ipped,  Qex is the  
a m o u n t  of  excess  Li, and n is the  n u m b e r  of  100% cycles. 
All cycl ing tests in this s tudy  are based on a 5 m A / c m  -~ 
plat ing and s t r ipping cur ren t  dens i ty  unless  o therwise  
specif ied 

Qex Q 
s - - -  n 

- [ I ]  Q~ 

Results and Discussion 
General.--The data p resen ted  be low are based on dif- 

ferent  batches  of  1M L i A s F J 2 M e - T H F  electrolytes.  There-  
fore, cycl ing efficiencies vary  as a resul t  of changes  in 
e lect rolyte  qual i ty  dur ing  the  test  program. 

Aging trials.--1M L i A s F J 2 M e - T H F  elect rolytes  were  
aged in vials at room tempera tu re ,  and thei r  cycl ing per- 
fo rmances  were  mon i to red  wi th  time. Li foil was found to 
have  no effect on the  cycl ing performance .  The  resul ts  
obta ined  are i l lustrated for the  case of "old"  glass vials in 
Fig. la,  "new"  glass vials in Fig. lb,  and Teflon or poly- 
e thy lene  vials in Fig. 2. The  best  overal l  cycl ing efficien- 
cies were  observed  for the  "o ld"  vial case. In all instances,  
cycl ing efficiencies peaked  wi th  t ime;  this behav ior  is 
qui te  reproducible .  The  second consis tent  resul t  is the  de- 
crease  in 100% cycles wi th  t ime  to values  ranging f rom 
60% to 70% of the  obse rved  m a x i m u m .  The old and new 
glass vials are of  borosi l ica te  construct ion.  Consequent ly ,  
fur ther  tests  were  c o m p l e t e d  to assess the  effect  of  aging 
in the  p resence  of  borosi l icate  and Py rex  glass g round  to 
a fine powder .  These  tests  showed  no di f ference wi th in  
-+2 cycles. 

Pre-e lec t ro lyzed 1M L i A s F J 2 M e - T H F  elect rolytes  have  
shown inferior  pe r fo rmance  in our  studies, and, therefore,  
the  aging of  the  electrolytes ,  as seen in Fig. 3, wou ld  be 
expec t ed  to show no i m p r o v e m e n t  over  non-pre-electro-  
lyzed solutions.  S imi lar  cycle peaking  and slow decl ine  in 
eff iciency over  70 days were  observed.  

The effect  of l ight  on aging (e.g., a 25W bulb) was also 
assessed.  In  Fig. 4, e lec t ro ly te  aged in l ight  showed  im- 
p roved  pe r fo rmance  relat ive to those  aged in the  dark. 
This ev idence  substant ia tes  the posi t ive  role of l ight  to 
both  degradat ion  of e lect rolyte  and poss ib ly  complemen-  
tary p roduc t ion  of  new elect rolyte  species. 
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Fig. 1. Aging effects of 1M LiAsFJ2Me-THF electrolyte. (a): Old vial. 
(b): New vial. 
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Fig. 4. Aging of 1M /iAsFJ2Me-THF in glass vials stored in light (a) 
and dark (b). 

Aging  trials were  also carr ied out  for a 1.5M LiAsF6/ 
2Me-THF elect rolyte  (see Fig. 5). The cycle peak ing  phe- 
n o m e n a  observed  for 1M solut ions was not  observed.  The  
"usua l"  decl ine in cycl ing efficiencies, however ,  was ob- 
served,  and the 1.5M elect rolyte  did not  cycle  as well  as a 
1M electrolyte.  

A lumina  e lect rolyte  t r ea tments  were  mon i to red  for 
aging and their  inf luence  on cycl ing eff ic iency dur ing  
aging. The 1M L i A s F J 2 M e - T H F  electrolyte  in Fig. 6 
clearly indicates  the  impor tance  of d iscard ing  the  first 
f ract ion (e.g., Fig. 6c) of an a lumina- t rea ted  electrolyte.  
Obviously,  the  a m o u n t  of d iscard  can be crit ical  to the 
e lec t ro lyte  per formance .  It  is our observa t ion  that  the  
best  long- term cycl ing eff ic iency is ob ta ined  for the  last 
fract ion col lected (e.g., Fig. 6b). 

Impurities in 2Me-THF solvent.--2Me-THF (as received)  
contains  approx ima te ly  300 p p m  of de tec tab le  pe rox ide  
and approx imate ly  1000 p p m  of 2Me-F. Sp inn ing  band 
dist i l lat ion under  Ar  a tmosphe re  is ve ry  effect ive  in 
r emov ing  these  impuri t ies .  GC data (9) have  ver i f ied that  
all impur i t ies  can be  r e m o v e d  to de tec t ion  l imits .  The  de- 
tec t ion  l imit  for 2Me-F, based  on s tandard  curves,  has 
been  de te rmined  to be 10 ppm.  Remova l  of  2Me-F impur i -  
t ies to < 10 p p m  in 2Me-THF solvent  was carr ied out  to 
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Fig. 6. Effect of passing 1M LiAsF6/2Me-THF electrolyte through a 
treated alumina column. (a): Fraction 2. (b): Fraction 3. (c): Fraction 1. 

establish its effect on electrolyte cycling performance. 
Therefore, additions of 2Me-F ranging from 0 to 200 ppm 
to 2Me-THF electrolyte were studied. No adverse effects 
for 2Me-F addition (see Fig. 7) were noted for the electro- 
lyte tested. 

Peroxide impurities were assessed using colorimetric, 
GC, and UV absorption techniques. A colorimetric redox 
reaction employing the ferric/ferro_us thiocyanate couple 
[e.g., absorption of the red Fe '~ thiocyanate complex at 
512 nm (12) was used to quantitatively detect peroxide. 
The detection limit of this technique was determined to 
be approximately 10 ppm. At present, the GC detection 
limit is also 10 ppm. Exposure of "peroxide-free" 2Me- 
THF solvent to the atmosphere at any point of transfer 
prior to introduction to the dry box will result in degrada- 
tion. For example, a distillate fraction of 2Me-THF under 
argon was briefly exposed to air. The GC chromatograms 
of this solvent taken several weeks later showed addi- 
tional peaks, which we have attributed to peroxide forma- 
tion (9). 

Both 2Me-THF solvent and 1M LiAsFJ2Me-THF elec- 
trolyte absorb strongly in the UV at 218 nm. This absorb- 
ance is strong for as-received 2Me-THF (9) and falls rap- 
idly with successive distillate fractions. Note that while 
colorimetric and GC techniques indicate solvent peroxide 
levels to be < 10 ppm, the UV absorbance of the solvent is 
strong (see Fig. 8). In one experiment,  molecular sieve 
treatment (see Fig. 8b) marginally decreased the 218 nm 
absorption. Zeolites or molecular sieves have been re- 
ported to be efficient agents for removal of peroxides in 
ether solvent (13). However, whether these agents are ef- 
fective at the 10 ppm level has not yet been established. 
Alumina stirred in 2Me-THF solvent showed, in Fig. 8c, 
an increase 'in UV absorption. However, we have also 
shown that successive fractions of electrolyte passed 
through alumina results in reduction of absorption levels. 
Alumina is another agent which has been reported to be 
effective in removing peroxide impurity in cyclic ethers 
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Fig. 7. 2-Methyl furan addition to 1M LiAsFJ2Me-THF electrolyte. 
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Fig. 8. UV spectra of 2Me-THF solvent. (a): No treatment, spinning 
band purified. (b): Molecular sieve treatment. (c): Alumina stirred in 
solvent. 

(14). It is probable that alumina performs two functions: 
(i) removal of water, and (ii) removal of peroxide. There is 
preliminary evidence which correlates cycling perform- 
ance with UV absorption. The best electrolytes consist- 
ently show low absorbance levels. For example, as illus- 
trated in Fig. 9, absorption differences are observed for a 
42-cycle electrolyte, a 22-cycle electrolyte, and a pre- 
electrolyzed electrolyte. 

UV absorption for cyclic ether electrolytes has been re- 
ported previously. In studies by Koch et al. (15) on 
L iAsFJTHF electrolyte, an absorption max imum of 260 
nm was obtained. No correlation between ~-hydroper- 
oxide and the UV absorbance was found. This correlation 
is expected to be less likely in the 2Me-THF case. How- 
ever, the source of the 260 nm absorption band could not 
be ascertained. Nevertheless, LiAsFJ2Me-THF or THF 
based electrolytes definitely show increases in UV ab- 
sorbance with time. The corresponding pure solvents do 
not exhibit  this characteristic. Consequently, Koch et al. 
(15) have speculated, and we concur, that LiAsF6 or an im- 
purity in the salt may be the source of degradation. 

The linkage between the UV absorption band at 218 nm 
and the presence of peroxide cannot be firmly estab- 

(a) (b) (c) 

20Ohm 250nm 200nm 25 nm 200nm 250nm 

Fig. 9. UV spectra of 1M LiAsFJ2Me-THF electrolyte. (o): 42-cycle 
electrolyte. (b): 22-cycle electrolyte. (c): Pre-electrolyzed electrolyte. 
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lished. However, recent preliminary GC data do show ad- 
ditional peaks on solvent degradation, which we have at- 
tr ibuted to peroxide formation. Identification of these 
species is in progress. 

Solute studies.--In past studies, lithium hexafluoro- 
phosphate (LiPF6), l i thium hexafluoroantimonate 
(LiSbF6), and li thium hexafluorotungstate (LiWF6) were 
prepared in house, purified, and 1M solutions tested in 
2Me-THF solvent (8). Poor cycling performance was ob- 
served with these three solutes. Recently, other solute 
materials were examined. 

Lithium trifluoromethanesulfonate, LiCF3SO3, showed 
limited solubility (< 0.4M) in 2Me-THF, and the prepared 
electrolyte showed no li thium reversibility. Commercially 
available LiPF6 was recrystallized from MeCN and retested. 
No improvements over material prepared in house were 
observed. 

Cell dependencies.--The relationship of our cell system 
design to cycling efficiency was assessed. The purpose 
was to ensure experimental  reproducibility. For example, 
different glass cells, cuvettes, and Ni foil substrate combi- 
nations were used under othez~vvise similar experimental  
conditions with 1M LiAsFU2Me-THF electrolyte. These 
tests established a reproducibility of -+2-100% cycles. The 
l i thium reference electrodes, either as a li thium plug in a 
glass tube or as a lithium wire in a Pasteur pipette, also 
yielded the same number of cycles. The reference to 
working electrode potential, however, does change. Pre- 
treatment of the lithium auxiliary electrode by scraping, 
anodic prestripping, etc., also showed no influence on cy- 
cling efficiency. 

Cell geometry has a strong influence on the ratio of 
electrode surface area to edges. Therefore, the rectangular 
cell geometry was changed and a one-half cell and a one- 
quarter cell were tested. Since the cycling efficiency re- 
mained invariant (within -+2 cycles) with changes in cell 
geometry, edge effects were eliminated as a significant 
variable for our test conditions. 

Electrochemical effects.--Cyclic voltammograms of 1M 
LiAsFJ2Me-THF electrolyte showed good li thium reversi- 
bility (9). 

The experimental  regime chosen for all comparative 
studies was a 5 mA/cm 2 stripping/plating sequence. An in- 
dependent  study was performed to determine the in- 
fluence of variations in the plating and/or stripping cur- 
rent density in 1M LiAsFJ2Me-THF electrolyte. Figure 10 
illustrates the behavior of varying the plating current den- 
sity (e.g., from 0.5 to 5 mA/cm 2) while holding the 
stripping current density at 5 m/Ucm ~. The lower plating 
current densities resulted in a significant decrease in cy- 
cling efficiency. In a complementary series of tests, the 
stripping current density was varied from 0.5 to 5 mA/cm 2 
while the plating current density was held at 5 mA/cm 2. 
As seen in Fig. 11, the same decline in cycling efficiency 
is observed. For the case where the stripping and plating 
current densities are kept equal, while the current density 
is varied from 1 to 10 mA]cm '~ (see Fig. 12), no real effect 
on cycling efficiency is observed. This result is, there- 
fore, surprising in view of declines observed at < 2.5 
mA/cm 2 in Fig. 10 and 11. 

The shelf-life characteristics of the 1M LiAsFJ2Me-THF 
electrolyte systems are important to future battery devel- 
opment. Several experiments assessing this effect 
through open-circuit stands (OC) were completed. Prelim- 
inary results, which reflect both charge retention cap- 
abilities and shelf-life characteristics, show minimal dif- 
ferences, if any, in cycling efficiency with increasing OC 
times. For example, a comparison of the cycling 
efficiency at 0 OC stand vs. a 10 min OC stand (equiva- 
lent to a total open-circuit stand time of approximately 
10h during the experiment) shows a decrease of less than 
0.25%. It is also clear that further work is indicated. 

Optimized cycling behavior.~All  the data we have col- 
lected on solvent/electrolyte dependencies can be used to 
advantage. For example, with care in purification proce- 
dures and aging conditions, it is possible to prepare elec- 
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trolytes that exhibit, reproducibly, 40 _+ 2-100% cycles or 
approximately 97% cycling efficiency at an average 45% 
depth of discharge in half-cell tests. In one isolated exper- 
iment, an optimized electrolyte actually gave 123 cycles or 
approximately 99% cycling efficiency; the experiment  
terminated only because of solvent evaporation. Observa- 
tions at the 50 cycle mark revealed a l i thium electrode 
that was smooth, and silvery gray in appearance. No fur- 
ther observations were made until cell failure, at which 
time the li thium electrode had turned mossy black. 

Stabil i ty considerations.--2Me-THF solvent is more sta- 
ble than THF to chemical breakdown. This has been 
demonstrated by Koch et al. (5) in static and dynamic ex- 
periments. In addition, it is known that THF can be easily 
polymerized in the presence of LiAsF6 salt, a phenomena 
not yet observed for 2Me-THF. One argument advocated 
for this enhanced stability is the inductive effect of a 
methyl group in the position raising the energy of the 
lowest unoccupied molecular orbital (LUMO). We have 
carried out a series of CNDO molecular orbital calcula- 
tions on these molecules using a program developed by 
Dobosh (17). LUMO vaues of 7.01 (THF) and 7.07 eV (2Me- 
THF) were obtained. These differences are marginal, con- 
sidering the differences in their reactivity, and would sug- 
gest that nonthermodynamic effects play a major role. 

Conclusions 
Pure, reasonably stable 1M LiAsF.J2Me-THF electro- 

lytes can be prepared. Although this electrolyte deterio- 
rates with time, stable cycling efficiency plateaus can be 
obtained. Optimized 1M LiAsFJ2Me-THF etectro]yte 
yields reproducible cycling efficiencies in excess of 97%. 
At present, LiAsF,, is the best solute material for 2Me- 
THF solvent. Whether LiAsF~ or an impurity in this salt is 
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responsible for electrolyte degradation has yet to be de- 
termined. The evidence is consistent for electrolyte deg- 
radation being linked to "peroxide" formation. 
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An Electrochemical Study of the Pit Initiation Resistance of Ferritic 
Stainless Steels 
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Department of Materials Engineering, Rensselaer Polytechnic Institute, Troy, New York 12181 

ABSTRACT 

A variety of electrochemical techniques has been used to study the resistance of ferritic stainless steels to pit initia- 
tion in 1M NaC1 at 80~ Critical pitting potentials have been measured by potentiodynamic anodic polarization and by 
the "scratch" technique. The effectiveness of passivation potential and alloy content to promote formation of a film that 
is resistant to breakdown has been studied by pit induction time measurements. The ability of the passive surface to ad- 
just  to abrupt changes in passivating conditions has been studied by potential stepping experiments. It has been shown 
that the effect of Cr on passive film properties is disproportionately great with respect to that of Mo for alloys of com- 
parable pitting resistance. 

The use of critical pitting potentials measured 
potentiodynamically to determine pitting resistance has 
been widely criticized, particularly in the interpretation of 
polarization diagrams to locate the critical potential(s). A 
critical potential, Vc, may be defined as that potential 
noble to which pits, once initiated, will stably grow (1). 
However, a second critical potential, V,.p, may be defined 
for the reverse potential scan as that potential active to 
which growing pits cannot be maintained (2). There is no 
clear agreement as to the criteria required to define a 
critical potential or as to whether such potentials are the- 
oretically meaningful (3-5). The issue is complicated by 
the sensitivity of measurements to experimental variables 
such as rate of polarization and surface treatment. Slow 
rates have been recommended for the most accurate mea- 
surement  of V~ (5-8) because with increasing scan rate 
insufficient induction time for pit initiation is allowed at 
less noble potentials. However, with too glow a scan rate, 
the measured Vc shifts in the noble direction, possibly 
due to development and/or thickening of the passive layer 
(9). Similarly, a very fast scan may give a more active Vc if 

* Electrochemical Society Active Member. 

time for film development is not sufficient. The balance 
between film growth and surface activation may lead to a 
maximum in the Vr vs. scan rate curve (10) or to variable 
responses among a group of alloys (1, 11). Although the 
lack of a shift of Vr to active values as scan rate increases 
may signify relatively rapid film formation kinetics, it 
does not appear to be a sufficient criterion for distin- 
guishing more resistant alloys. 

Surface treatment affects film formation kinetics and, 
therefore, may affect V~ measurements (12). For example, 
600 grit surfaces yield the most reproducible pitting data 
for Zr, as compared to chemical polish, electropolish, and 
air or vacuum anneal (10). Pitt ing resistance of stainless 
steels as measured by very rapid scanning also increases 
with finer grit finishes (13). However, this relationship 
was observed at slow scan rates only when the availabil- 
ity of pit initiation sites was affected by the surface finish 
(14). 

To determine Vc precisely, in the absence of induction- 
time complications, the "scratch" technique was devel- 
oped (15). By eliminating the induction period, this tech- 
nique should provide better reproducibility than 
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p o t e n t i o d y n a m i c  m e t h o d s ,  for w h i c h  va r i a t i ons  of 100-500 
m V  are  rou t i ne ly  r e p o r t e d  (1, 6, 11, 16, 17). 

The  effect  of  Mo on  t he  p i t t i ng  p rope r t i e s  of  s ta in less  
s teels  is no t  ful ly u n d e r s t o o d .  For  example ,  i t  h a s  b e e n  
s t a t ed  t h a t  Mo can  aid t he  f i lm's  hea l i ng  capabi l i ty ,  b u t  
no t  t he  bas ic  in i t i a t ion  r e s i s t a n c e  (18). However ,  Mo has  
l i t t le  effect  on  Vrp a n d  local ized co r ros ion  p r o p a g a t i o n  re- 
s i s t ance  (6, 19), yet  i t  i m p r o v e s  c rev ice  co r ros ion  resist-  
a n c e  (16, 20-26). To m a k e  a r e a s o n a b l e  c o m p a r i s o n  of 
t he se  resul ts ,  va r i a t ions  in  e x p e r i m e n t a l  t e c h n i q u e s  m u s t  
be  t a k e n  in to  account ,  as wel l  as t he  fact  t h a t  t h e  effec- 
t i v e n e s s  of  Mo is n o t  i n d e p e n d e n t  of the  Cr c o n t e n t  of  the  
steel. The  a im of  the  p r e s e n t  s t u d y  is to i n t e r p r e t  t he  re- 
s p o n s e s  to  d i f fe ren t  e x p e r i m e n t a l  t e c h n i q u e s  as a n  aid in  
u n d e r s t a n d i n g  t he  effects  of  al loy c o m p o s i t i o n  a n d  micro-  
s t r u c t u r e  on  p i t t i ng  res i s tance .  P r o p e r t i e s  of f i lms 
f o r m e d  u n d e r  t he  s a m e  c o n d i t i o n s  as u s e d  in  d e t e r m i n i n g  
p i t t i n g  r e s i s t ance  are tes ted .  E l e c t r o c h e m i c a l  t e c h n i q u e s  
are u s e d  to l ea rn  a b o u t  f i lm s tab i l i ty  to  p r ov i de  i n s igh t  
in to  the  n a t u r e  of the  pas s ive  fi lm pro tec t iv i ty .  

Experimental Procedure 
The  six hea t s  of h i g h  pu r i t y  ferr i t ic  s ta in less  steel, l i s ted  

in Tab le  I a n d  supp l i ed  b y  t h e  C l imax  M o l y b d e n u m  Com- 
pany ,  are re fe r red  to as 18-0, 18-2, 18-5, 28-0, 28-2, a n d  28-5, 
respec t ive ly .  R e c t a n g u l a r  s p e c i m e n s  (13 • 8 x 1 ram)  
were  a n n e a l e d  in  v a c u u m  for 10 m i n  at  1040~ a n d  w a t e r  
q u e n c h e d  to p r o d u c e  a ful ly recrys ta l l i zed  s ing le -phase  
ferr i t ic  m i c r o s t r u c t u r e .  

S a m p l e s  were  w e t  g r o u n d  on  all s ides  on  240 t h r o u g h  
600 gr i t  SiC papers .  F o r  m o u n t e d  samples ,  a s ta in less-  
s teel  wi re  was  p e r c u s s i o n  w e l d e d  to the  sample ,  a n d  the  
j o i n t  a n d  t he  e n d  of  a p las t ic  or glass t u b e  s h i e l d i n g  t he  
wi re  we re  cas t  in  e p o x y  (Maraglas  no. 655 res in  w i t h  no. 
555 h a r d e n e r ,  ACME C h e m i c a l s  & I n s u l a t i o n  C o m p a n y ,  
New Haven ,  C o n n e c t i c u t  06505). The  m o u n t s  were  c u r e d  
at  80~ for  a m i n i m u m  of 8h. I m m e d i a t e l y  p r io r  to  use,  
e ach  s a m p l e  was  a g a i n  w e t  g r o u n d  on  600 gr i t  paper .  

The  t e s t  a p p a r a t u s  was a s t a n d a r d  l - l i te r  s i x -necked  
flask. The  s p e c i m e n  h o l d e r  for t he  shee t  s a m p l e s  was a 
p l a t i n u m  wire  p l a t f o r m  w h i c h  c rea ted  a t h r e e - p o i n t  elec- 
t r ical  con t ac t  (14). Tes t  so lu t ions  were  1M NaC1 p r e p a r e d  
w i t h  dist i l led,  de ion ized  water .  E lec t ro ly tes  were  
d e a e r a t e d  w i th  p repu r i f i ed  a rgon  for a m i n i m u m  of 4h  
before  each  test ,  a n d  p u r g i n g  was  c o n t i n u e d  t h r o u g h o u t  
the  test .  A t e m p e r a t u r e  of 80 ~ -~ I~ was  m a i n t a i n e d  b y  a 
t r a n s f o r m e r - c o n t r o l l e d  h e a t i n g  mant le .  P o t e n t i a l s  were  
m e a s u r e d  aga ins t  a n d  are r e fe r red  to a s a t u r a t e d  ca lomel  
e l ec t rode  (SCE). 

T h e  bas ic  p o t e n t i o d y n a m i c  anod ic  po la r i za t ion  t e s t  was  
b e g u n  by  l eav ing  t he  s a m p l e  at  o p e n  c i rcu i t  for  10 min,  
d u r i n g  w h i c h  t i m e  t he  co r ros ion  po t en t i a l  a t t a i n e d  a 
s t e a d y  va lue  b e t w e e n  - 5 0 0  a n d  - 6 5 0  inV. To save  t ime,  
a r ap id  s can  (3.6 V/h! was  e m p l o y e d  f rom - 6 0 0  to - 3 0 0  
inV. Th i s  was  fo l lowed  b y  a s low scan  (360 mV/h)  f rom 
- 3 0 0  m V  un t i l  a s h a r p  inc rease  in  c u r r e n t  occurred ,  
s igna l ing  t he  in i t i a t ion  of p i t t ing.  T he  s tee ls  d id  no t  ex-  
h i b i t  ac t ive  d i s so lu t i on  in  t he  d e a e r a t e d  NaC1 electrolyte .  
The  effect  of s c a n  ra te  on  Vc as m e a s u r e d  po ten t io -  
d y n a m i c a l l y  was  i n v e s t i g a t e d  for t he  r a n g e  80 m V / h  to 
21.6 V/h. Cri t ical  p i t t i ng  p o t e n t i a l s  were  also m e a s u r e d  by  
m e c h a n i c a l  film r u p t u r e  ( scra tch)  t e s t i ng  (15), u s i n g  20 
m V  s teps  a n d  s c r a t ches  w h i c h  g e n e r a t e d  5-10 ~A c u r r e n t  
spikes .  Ga lvanos t a t i c  t e s t i n g  was c o n d u c t e d  at  a n  anod ic  

Table I. Compositions of ferritic stainless steels (w/o) 

Cr Mo C S P N A1 0 Fe 

17.95 0.010 0.002 0.004 0.004 0.0034 ND 0.0371 Bal. 
17.95 1 . 9 8  0 .001  0.004 0.004 0.0021 0.001 0.0367 Bal. 
18.00 4.91 0.002 0.004 0.003 0.0022 0.003 0.0369 Bal. 
27.65 0.10 0.002 0.003 0.004 0.0026 ND 0.0504 Bal. 
27.87 1 . 9 9  0.002 0.003 0.005 0.0022 0.001 0.0499 Bal. 
28.05 4.92 0.002 0.003 0.004 0.0027 0.004 0.0457 Bal. 

ND = Not determined. 

c u r r e n t  dens i t y  of  1 m A / c m  ~, w h i c h  was he ld  for  15 m i n  to 
a l low p i t  g r o w t h  (17, 18). 

I n d u c t i o n  t imes  were  m e a s u r e d  on  s a m p l e s  t h a t  had  
b e e n  anod ica l ly  p a s s i v a t e d  for 2h at  po t en t i a l s  of  -600,  
-400 ,  or  - 2 0 0  mV,  each  of  w h i c h  is ac t ive  to t he  cr i t ical  
p i t t i ng  potent ia l .  The  p o t e n t i a l  was  t h e n  s t e p p e d  to +25, 
+100, or  +250 mV, a n d  t he  t ime,  r, to an  a b r u p t  r ise  in  
c u r r e n t  was  recorded .  

C u r r e n t  t r a n s i e n t s  fo l lowing  a po ten t i a l  s tep  we re  mea-  
s u r e d  u s i n g  a P h y s i c a l  Da ta  Model  514A t r a n s i e n t  re- 
corder .  S a m p l e s  were  lef t  a t  o p e n  c i rcui t  for 2 min ,  he ld  at  
- 6 5 0  m V  for 2 rain,  a n d  t h e n  s t e p p e d  to the  p o t e n t i a l  of  
in te res t .  A P r i n c e t o n  A p p l i e d  R e s e a r c h  Model  173/176 
p o t e n t i o s t a t / g a l v a n o s t a t  was  u s e d  for all s tud ies .  

Results 
Critical pitting potentials, V,..--The resu l t s  of 

p o t e n t i o d y n a m i c  t e s t i ng  at  360 m V / h  a n d  sc ra t ch  t e s t i ng  
(Tab le  II) do no t  revea l  iden t i ca l  t r e n d s  of  p i t t i ng  resist-  
ance  d e p e n d e n c y  on  al loy compos i t i on .  Fo r  e x a m p l e ,  18-2 
a p p e a r s  m o r e  r e s i s t a n t  to p i t t i ng  t h a n  28-0 in  t he  s c ra t ch  
t e s t  b u t  no  more  r e s i s t an t  in  scan  tes t ing.  V~ m e a s u r e d  by  
t h e  s can  t e c h n i q u e  was  n e v e r  ac t ive  to t h a t  m e a s u r e d  
u s i n g  t he  s c ra t ch  t e c h n i q u e .  The  d i f fe rence  in  p i t t i ng  po- 
t en t i a l s  m e a s u r e d  by  t h e  two  t e c h n i q u e s  s h o w s  no  clear  
d e p e n d e n c e  o n  al loy compos i t i on .  P rev ious ly ,  i t  was  
s h o w n  t h a t  p re fe ren t i a l  local ized a t t ack  at  m ic ros t ruc -  
tu ra l  fea tures ,  e.g., i nc lus ions ,  is no t  o b s e r v e d  u n d e r  any  
of  t he  e x p e r i m e n t a l  c o n d i t i o n s  (27, 28). Ra the r ,  t he  p i t  ini- 
t i a t ion  r e s i s t ance  is con t ro l l ed  b y  al loy compos i t i on .  Fo r  
p i t t i n g  at  inc lus ions ,  t h e  p i t s  do no t  necessa r i ly  n u c l e a t e  
p re fe ren t i a l l y  on  t he  f i lm-free sur face  c rea ted  d u r i n g  
s c r a t ch  tes t ing,  a n d  t he  c o m p a r i s o n  to s can  t e s t i n g  is no t  
va l id  (29, 30). 

The  cr i t ical  p i t t i ng  p o t e n t i a l s  are no t  a f u n c t i o n  of s can  
ra te  for  ra tes  more  r ap id  t h a n  360 m V / h  b u t  sh i f t  in  the  
n o b l e  d i r ec t ion  w i t h  d e c r e a s i n g  scan  rate.  The  sca t t e r  of  
data ,  howeve r ,  is  la rge  at  s low scan  rates .  Cri t ical  p i t t i ng  
po t en t i a l s  m e a s u r e d  at a s ingle  scan  ra te  sh i f t  in  t he  n o b l e  
d i r ec t i on  a n d  e x h i b i t  i n c r e a s e d  sca t t e r  w i t h  f iner  sur face  
f inishes .  Those  c o n d i t i o n s  p r o d u c i n g  n o b l e r  cr i t ical  po- 
t en t ia l s  also r e su l t  in  lower  p i t t i ng  dens i t i e s  ( n u m b e r  pe r  
s q u a r e  cen t imete r ) .  The  in f luences  of  al loy c o m p o s i t i o n  
a n d  sur face  f in ish  on  p i t t i ng  dens i t y  were  f u r t h e r  invest i -  
ga ted  b y  ga lvanos ta t i c  t e s t i n g  (Table  III). P i t t i n g  dens i ty  
was  o b s e r v e d  to be  a f u n c t i o n  p r imar i ly  of  su r face  f inish;  
a f iner  po l i sh  p r o d u c e d  a sur face  w h i c h  was m o r e  resist-  
an t  to  pi t  in i t ia t ion .  Therefore ,  p i t t i ng  dens i t y  c a n n o t  pro- 
v ide  a bas i s  for d i f f e r en t i a t i ng  pi t  su scep t ib i l i t y  a m o n g  
t h e  e x p e r i m e n t a l  alloys.  

Induction times.--The i n d u c t i o n  t ime,  r, for  f i lm break-  
d o w n  was  m e a s u r e d  at severa l  po ten t i a l s  af ter  ini t ia l  
p a s s i v a t i o n  at  a less n o b l e  potent ia l .  The  p i t  i n i t i a t i on  po- 
t en t ia l  of  +25 m V  is a p p r o x i m a t e l y  125 m V  n o b l e  to Vc 
m e a s u r e d  by  sc ra t ch  t e s t i n g  for  28-0; +100 m V  p rov ides  
t he  s a m e  AV for 18-2, a n d  +250 m V  for b o t h  18-5 a n d  28-2. 

Table II. Comparison of potentiodynamic anodic polarization 
(360 rnV/h) to scratch technique, 

critical pitting potentials (mV vs. SCE) 

V~ 

Difference 
Alloy Scan Scratch scan-scratch 

18-0 - 172 -230 58 
18-2 -37 -33 -4  
18-5 +142 +126 16 
28-0 -40 -104 64 
28-2 +274 +98 176 
28-5 +985 ~ - -  - -  

Each Vc is the average of 5-10 tests. 
Pooled standard deviation for scan testing = 30.1. 
Pooled standard deviation for scratch testing = 26.9. 

The critical potential was ill-defined due to the onset of 
transpassive dissolution. 
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Table III. Galvanostatic testing 
1 mA/cm 2 anodic for 15 min 

Oscillation V range Pit density 
Alloy Surface (mV vs. SCE) (no./crn 2) 

18-5 600 grit SiC +50 to +130 55 
18-5 600 grit SiC +20 to +100 58 
28-0 600 grit SiC -190 to -120 56 
28J1 fi0a ~rff s -190 to -110 66 

18-5 0.3 #m A120:l 0 to +100 20 
18-5 0.3/zm Al~O3 +20 to +80 - -  
28-0 0.3/zm Al~O3 -180 to -120 24 
28-0 0.3 ~m Al20:~ -190 to -140 - -  

Pass iva t ing  the  s p e c i m e n s  at -600 m V  did no t  p rov ide  
p ro t ec t ion  f rom pi t  in i t ia t ion (Table IV), r be ing  less  t han  
l s  in all cases.  Be t t e r  p ro tec t ion  was  ob ta ined  at more  no- 
ble  potent ia ls .  The full range  of  r e s p o n s e s  is clearly ex- 
h ib i t ed  by 28-0, w h i c h  is the  only alloy w h o s e  critical 
p i t t ing  potent ia l  is nob le  to each  pass iva t ion  potent ia l  and 
act ive to each i nduc t i on  potent ia l .  

Those  cond i t ions  tha t  caused  r to inc rease  also caused  
the  p i t t ing  dens i ty  to decrease .  N u m e r o u s  pi ts  f o r m e d  on 
s am p le s  pass iva ted  at -600  mV, whi le  only one  or two 
pi ts  f o rm ed  after pass iva t ion  at -200  mV. The cur ren t  
rose  m u c h  more  s teeply  u p o n  b r e a k d o w n  of  a very  pro- 
tec t ive  film than  u p o n  b r e a k d o w n  of a less  p ro tec t ive  
film, over  a range  of  a few seconds  to a few m i n u t e s  to 
r each  1 mA. Similar ly  for p o t e n t i o d y n a m i c  tes t ing,  more  
rapid  scan  rates  p r o d u c e d  larger n u m b e r s  o f  smal le r  pi ts  
at a s lower  rate of  increase  in current .  Tests  were  con- 
d u c t e d  to a cons t an t  final current ;  tl~erefore, the  a m o u n t  
of  cha rge  pas sed  var ied inverse ly  wi th  the  rate of increase  
in current .  

P o t e n t i a l  s t ep  r e s p o n s e s . ~ A  potent ia l  s tep  f rom -650  
m V  to -400,  -200,  or +200 m V  was  used  to evalua te  the  
abil i ty of  each  alloy to ad jus t  to an ab rup t  d i s t u r b a n c e  of  
the  pass iva t ing  condi t ion .  The initial rate of cu r r en t  decay  
fo l lowing a potent ia l  s tep  is app rox ima te ly  1.5 decad es  in 
t he  first  10 ms  and  exh ib i t s  a l inear re la t ionsh ip  b e t w e e n  
log i and  log t 

log i = m log k t  [1] 

The slope,  m, is lower  for s teps  to more  nob le  po ten-  
tials, and  h ighe r  cu r ren t s  are gene ra ted  for larger  s teps  

Table IV. Effect of alloy composition, passivation potential, and 
induction potential on induction time for pit initiation 

Alloy 

Passivation Induction time (s) 
potential 

(mV vs. SCE) +25 mV +100 mV +250 mV 

18-0 
18-2 

18-5 

28-0 

28-2 

-400 2 1 - -  
-600 - -  <1 - -  
-400 - -  90; 100 2 
-200 - -  61,200;4500 120;90 
-600 - -  - -  <1 
-400 -- - -  <1; 4 
-200 - -  - -  290;450 
-600 <1 <1 - -  
-400 42,480 960;330 <1; <1 
-200 100,800 2700; 1200; 13,200 170; 510 
-4OO - -  - -  510;6 
-200 - -  - -  2020;1330 
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(Fig. 1). The charge  p a s s ed  is ca lcula ted  by  in tegra t ing  the  
area u n d e r  the  curve  

Q = id t  = k t m d t  [2] 
J t 1 

Q -  ( m +  1~ t2 . . . .  ) - t l  (m+l~ [3] 

The calculat ion was  p e r f o r m e d  f rom t, = 0.1 ms  to t2 = 5 
ms.  The  s lopes  and  charge  dens i t i es  for the  initial  cu r r en t  
decay  curves  are p r e s e n t e d  in  Tables V and  VI, respec-  
tively. 

The s lopes  of the  deeay  t r ans i en t s  are s t eepe r  for the  
28% Cr alloys t h a n  for the  18% Cr alloys, at  a g iven  s tep 
potent ia l .  The e x p e r i m e n t a l  sca t ter  p r o d u c e d  an average 
d i f fe rence  b e t w e e n  the  m i n i m u m  and  m a x i m u m  s lopes  of 
0.06, m e a s u r e d  in 2-3 repl ica tes  of each expe r imen t .  While 
the  add i t ion  of Mo does  no t  appea r  to affect  t he  s lope  
(Table V), it does  r ed u ce  the  a m o u n t  of charge  pa s sed  
dur ing  the  initial 5 ms  (Table VI). This is s h o w n  consist-  
ent ly  for the  5% Mo alloys, as c o m p a r e d  to the  Mo-free al- 
loys, at all s tep  potent ia ls .  The increase  f rom 18% to 28% 
Cr, however ,  resul ts  in a grea te r  dec rease  in cha rge  den- 
si ty t h a n  does  the  add i t ion  of  5% Mo. 

Charge  dens i ty  for 60s decays  was  m e a s u r e d  us ing  pla- 
n i m e t r y  on the  i-t  curves.  J u s t  as for the  5 ms  t ime  per iod,  
the  charge  dens i ty  for the  60s t ime  per iod  dec rea sed  wi th  
inc reas ing  Mo or Cr. No l inear  i-t re la t ionships ,  even  for a 
logar i thmic  or a semi- logar i thmic  plot  (Fig. 2) were  ob- 
served.  I f  the  s tep  po ten t ia l  was  nob le  to Vc, an inc rease  
in cu r r en t  would  occur  w i th in  this  t ime  per iod.  Therefore ,  
t he  data in Table VII are p r e s e n t e d  as charge  dens i ty  for 
t hose  c o m b i n a t i o n s  of  alloy and  s tep potent ia l  resu l t ing  
in only  pass ive  film growt  h and  as the  t ime  at w h i c h  the  
cu r r en t  began  to inc rease  for t hose  condi t ions  caus ing  
pi t t ing.  The t imes  at w h i c h  p i t t ing  s ta r ted  (current  rever- 
sal) corre la te  well  wi th  t he  p i t t ing  res i s t ances  of  the  al- 
loys, inc reas ing  wi th  m o r e  nob le  Vo. 

Table V. Initial current decay 
average slope, m, of logarithmic i vs.  t plot 

Table VI. Initial current decay charge density 
(/~C/cm 2) 

Step potential (mV vs. SCE) 

Alloy -400 -200 +200 

Step potential (mV vs. SCE) 

AHoy -400 -200 +200 

18-0 -1.05 -0.92 -0.75 
18-2 -1.00 -0.90 -0.83 
18-5 -1.05 -0.90 -0.72 
28-0 -1.18 -1.07 -0.85 
28-2 -1.13 -1.02 -0.87 
28-5 -1.05 -1.03 -0.95 

18-0 45 121 521 
18-2 51 128 536 
18-5 34 96 447 
28-0 27 85 297 
28-2 25 65 313 
28-5 22 65 234 
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Discussion 
The stabili ty of  pass ive  films fo rmed  on h igh  pur i ty  

ferri t ic stainless steels in a pi t t ing e lec t ro lyte  has been  
studied.  The  t ime to ini t iate  pits depends  u p o n  the  stage 
of d e v e l o p m e n t  of  the pass ive  film and the  dr iving force 
(pit t ing overpotent ial)  for breakdown.  The  kinet ics  of  
film d e v e l o p m e n t  play a major  role in de te rmin ing  
pi t t ing parameters .  

The  induc t ion- t ime  expe r imen t s  indicate  that  nobler  
potent ia ls  p romote  the  d e v e l o p m e n t  of more  pro tec t ive  
pass ive  films. The  Mo addi t ions  are effect ive  in increas- 
ing the  pit  induc t ion  t imes  measu red  at potent ials  at least  
125 mV noble  to potent ia ls  for stable pitting. F i lm self- 
repair  is not  a compe t i t i ve  process  for the  large dr iving 
force for b reakdown at such noble  potentials .  Therefore ,  
the  abil i ty of Mo to increase  induc t ion  t ime  mus t  be a 
consequence  of its abil i ty to enhance  film res is tance  to 
b reakdown.  In  general ,  increased  induc t ion  t imes  may  be 
a t t r ibuted  to the  ex is tence  of  more  h o m o g e n e o u s  films, 
regardless  of  th ickness  (31, 32). 

The  s teeper  s lope of the  current  decay curves  (Fig. 1) 
fo l lowing a potent ia l  step for the  28% Cr alloys indicates  
that  the  films p rov ide  pro tec t ion  more  qu ick ly  than  
those  on the  18% Cr alloys. As noted  in the  Resul ts  sec- 
tion, this s lope is not  par t icular ly  sensi t ive  to Mo content ,  
a l though  the  charge  dens i ty  for this l inear  reg ion  de- 
creases as a resul t  of a l loyed Mo. The m a g n i t u d e  of the  
charge  density,  a substant ia l  por t ion  of  wh ich  may  be  at- 
t r ibu tab le  to charg ing  of  the  electr ical  double  layer, is less 
than  needed  for one  mono laye r  of film growth  (28). These  
effects  of Mo in stainless steels in NaC1 solut ion are 
different  f rom those  in acids, where  Mo increases  the 
charge  dens i ty  for fo rmat ion  (33) and the  g rowth  rate 
(34) of  pass ive  films. Addi t ional ly ,  for cur ren t  decay 
fo l lowing abrasion,  Mo increases  the rate of decay  (35, 

Table VII. Current decay 
60s behavior 

Step potential (mV vs. SCE) 
Alloy -400 -200 +200 

18-0 1.7 mC/cm ~ 18s 0.01s 
18-2 1.9 mC/cm'-' 2.7 mC/cm ~ 0.07s 
18-5 1.0 mC/cm 2 2.3 mC/cm 2 0.50s 
28-0 0.6 mC/cm 2 4.6 rnC/cm 2 0.10s 
28-2 0.7 mC/cm 2 1.2 mC/cm 2 0.80s 
28-5 0.4 mC/cm 2 1.3 mC/cm 2 3.5 mC/cm 2 

36). In these  and other  s tudies of  act ive d issolut ion or 
propagat ing  pits (37-41), the  effects of Mo may  be  attrib- 
u ted  to MoO42- surface enr ichment ,  which  could  lower  
the  anodic  dissolut ion kinet ics  and p romote  (re)passi- 
vation.  Unde r  the p resen t  condit ions,  pits are not  
propagat ing  nor  is the  surface film-free at any t ime, yet  
Mo still affects the e lec t rochemica l  behavior .  A decrease  
in charge  passed indica tes  be t ter  eff iciency of  protect ion,  
whe the r  related to composi t ion ,  thickness ,  or s tructure.  
Obviously,  less charge is needed  to grow a Cr-rich film 
on the  28% Cr alloys than  on the  18% Cr alloys, because  
more  Cr is available.  However ,  the smal ler  charge  re- 
qu i red  for pass ivat ion of  Mo conta ining alloys may  be  re- 
la ted to the  defect  s t ruc ture  of the  film. Pass ive  films on 
Fe-Cr alloys (of ->19% Cr) are pr imar i ly  amorphous  (42). I f  
this amorphous  film is a s sumed  to exhib i t  short-range 
order,  t hen  the coord ina t ion  of  O ~- ions a round  Cr 3+ m a y  
be somewha t  deficient  in oxygen  because  of  Fe  2~ ions in 
the  film. A min imal  Cr3~/Fe 2" ratio in the  film is requ i red  
to p roduce  a p ro tec t ive  film conta in ing suff icient  oxy- 
gen, and this ratio is ach ieved  with  lesser  charge  for al- 
loys of  h igher  Cr content .  This mode l  assumes  that  the  
02-  defect  s t ruc ture  controls  the res is tance of pass ive  
film to b reakdown by the  C1- ion. In terac t ion  of  CI -  wi th  
02-  vacancies  has been  sugges ted  in a mode l  of  pi t t ing 
corros ion (43), and the  in terac t ion  has been  cons idered  to 
be the  reason that  oxygen-def ic ient  (n-type semicon-  
duct ing)  films are p i t -suscept ib le  (44, 45). A l though  it is 
well  k n o w n  that  l i t t le Mo is incorpora ted  in the film, the  
incorpora t ion  of a small  bu t  significant  n u m b e r  of  Mo 
ions in the +6 oxida t ion  state cannot  be ru led  out. The  
Mo 6+ ion is expec ted  to r educe  the 02-  defec t  concentra-  
t ion of  the  passive film, resul t ing  in a more  pro tec t ive  
film. Thus,  the  Mo6*/Cr 3~ ratio of  the  film wou ld  pr imar-  
ily affect  the  res is tance of  the  film to local b reakdown.  
This  could  expla in  the  synergis t ic  effect  of Mo and Cr for 
h ighly  al loyed stainless steels. 

The  hypothes ized  effect  of Mo is s imilar  to that  which  is 
expec t ed  in the p resence  of the increas ingly  oxidiz ing 
condi t ions  imposed  by increas ingly  noble  pass ivat ion po- 
tentials.  Both  a noble  pass ivat ion potent ia l  and a greater  
Mo con ten t  enhance  the  res is tance of the  film to break- 
down,  whi le  affect ing the  composi t ion ,  as measu red  by 
Auge r  analysis, ve ry  l i t t le (28, 46). Therefore ,  bo th  migh t  
act to decrease  the  suscept ib i l i ty  of film imper fec t ions  to 
breakdown.  

Conclusions 
1. Mo enhances  the  pass ivat ing capabi l i t ies  of  Cr, but  

to a lesser  ex ten t  than  is expec t ed  based on the  effective- 
ness  of Mo to p romote  pi t t ing resistance.  

2. Lower  pi t t ing densi t ies  are exh ib i t ed  by passive 
films that  are more  res is tant  to pitting, imp ly ing  that  
film sites at which  pits init iate are less suscept ib le  and/or  
less numerous .  F i lm resis tance,  as measured  by induc t ion  
t ime,  is increased by h igher  alloy conten t  and by more  no- 
ble pass ivat ion potential .  

3. It  is sugges ted  that  the  res is tance to pit  ini t ia t ion of  
pass ive  film imper fec t ions  related to insuff icient  O 2- 
incorpora t ion  migh t  be  i m p r o v e d  by Mo incorporat ion,  
m u c h  in the  same m a n n e r  as by nobler  pass ivat ion 
potential .  
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A Theory of Perturbation-Initiated Pitting 
T. Okada 

Industrial Products Research Institute, M.I.TI., Yatabe, Tsukuba, Ibaraki 305, Japan 

ABSTRACT 

It is shown that perturbation of the concentration of aggressive ions and also of an electrical field in a corrosive so- 
lution can initiate local activation and pitting nucleation in a passive metal. The linear stability theory was applied to the 
system in which a passive metal is kept at a constant potential in a solution containing aggressive ions. A critical condi- 
tion was discovered where the possible disturbance in the solution caused the acceleration of local dissolution of the 
passive film. This process advanced autocatalytically until  it reaches pit nucleation. Perturbations were found to grow 
with time above a critical wavelength. It was demonstrated that a high concentration of aggressive ions, a high electrical 
field in the solution, and a positive electrode potential promotes pit nucleation. The process was well explained as a 
probability event. 

There is much current debate concerning the initiation 
step of pitting corrosion (1-5): on which part or in what 
stage does the nonuniform and localized corrosion pro- 
cess, which leads to film destruction, arise? 

One approach is to assume the effects of heterogeneity 
present on the passive metal (4, 6), and the other is to as- 
sume an induced heterogeneity at the interface between a 
passive metal and corrosive media (1, 7, 8). The former ap- 
proach is called an a priori assumption, because it puts 
an emphasis on the inherent microscopic defects on the 
metal surface: inclusions, grain boundaries, scratches, 
etc. The latter approach is called the a posteriori assump- 
tion, in that it acknowledges a nonuniformity on the 
metal surface and its development to the visible dimen- 
sion, which occurs after a passive metal is placed in a cor- 

rosive media. It should be recognized, however, that these 
assumptions might equally contribute to the occurrence 
of pitting phenomena. 

In connection with a posteriori assumptions, the signi- 
ficance of stochastic (9-11) or fluctuation (12) processes 
have been stressed as the initial step of pitting. This pres- 
ents the possible occurrence of series of processes initi- 
ated by perturbations in corrosive media, which then lead 
to passive film breakdown and pit initiation. However, 
very few mechanisms can satisfactorily explain the occur- 
rence of this process. Also, it is necessary to specify the 
mechanisms which account for the feature of localization 
and isolation of pits. 

In this study, the system of passive metal in a corrosive 
environment  will be examined and its stability discussed, 
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in which aggressive ions are transported and adsorbed on 
the passive film with spatial fluctuations. The process of 
passive film destruction and pit initiation will also be dis- 
cussed. 

Theory 
Suppose that a passive metal is kept at a constant po- 

tential in a solution containing aggressive ions. At the in- 
terface between the metal and the solution, the metal ion 
passes through a passive film which is in equilibrium be- 
tween growth and dissolution. The current flows from 
the anodic part of the passive metal to the counterelec- 
trode or to the cathodic part of the passive film (Fig. 1). 

In the initial state, the metal ion dissolves uniformly 
through the passive film. Current flows through the so- 
lution by ionic transport. The halide ion moves by electric 
migration towards the surface of the passive metal, and 
this brings about the concentration of halide ions and 
their adsorption on the surface of the passive film. This 
further causes the increment of the rate of dissolution re- 
action of metal ions (5, 7, 13). 

If  the transport is perturbed, resulting in a concentra- 
tion of aggressive ions on the passive film surface, the 
dissolution rate changes locally. This causes nonuniform- 
ity in the ion flux. The system becomes unstable and 
promotes local destruction of the passive film if the per- 
turbation increases with time. If, however, the perturba- 
tion decreases, the passive metal dissolves uniformly and 
no pits appear. Whether the disturbance increases or de- 
creases will determine the possibility of pit nucleation. 

The instability of disturbed parameter systems is exam- 
ined using the linear stability theory (14, 15). The theory 
has been successfully applied to the problem of convec- 
tive transport (14), as well as to the problem of morpho- 
logical instability in electrocrystallization (16, 17). 

Parameters to be considered in the system are: (i) trans- 
port of ionic species in the solution, (ii) reaction current 
at the passive film-solution interface, and (iii) the electri- 
cal potential profile which governs the ionic current in 
the solution. The basic relationships for these parameters 
will be established first, from which perturbation equa- 
tions around the steady state will be derived, and the  in- 
stability of the system against infinitesimal perturbations 
can be examined from the analysis of normal modes 
(14, 15). 

Basic equations.--Reactions which are occurring at the 
passive film-solution interface are 

M ~§ (oxide) --> M ~ (sol.) [1.1] 

O 2- (oxide) + 2H + (sol.) -~ HzO (sol.) [1.2] 

O~ (sol.) + 4H ~ (sol.) ~ 2HzO (sol.) [1.3] 

The current density of each reaction is designated as I~, 
I~, and ICz, respectively. In the present system, the passive 
film is in equilibrium between formation and dissolution, 
so that I~, = 0. Also, I~ is supposed to be very small com- 
pared with I~ : libel <<  I~. 

I~ is affected by the concentration of the halide ion X -  
at the interface (7, 13). X -  is assumed to be adsorbed on 
the surface of the passive film following the Temkin-type 
isotherm, and it forms a complex with the lattice cation 
M ~+ by which M ~+ dissolves, so that it is obtained (Appen- 
dix A) 

I = kMC~(O)m exp { flFAch~~ } 
�9 R T  [ 2 ]  

where Cx(0) is the concentration of X -  at the interface and 
h~P,o~s is the Galvani potential difference through the 
interface. 

Ionic species move by diffusion and by electric migra- 
tion in solution. The X-Y plane lies along the surface of 
the passive film and the Z axis normally extends into the 
solution. The concentration C~(x,y,z,t) of ion j at (x,y,z) 
and at t ime t is expressed by the following equation (18) 

aCj(x,y,z,t) 
- v �9 Jj  [ 3 ]  

at 

where V is the gradient operator and Jj is the flux of ion j. 
Jj is composed of a diffusion component and a migration 
component  (19) 

Jj = - Dj {VCj + zjCjV(]~)} [4] 

Here, f =-F/RT, Dj and zj are the diffusion coefficient and 
the charge of the species j, respectively, and �9 is the elec- 
trical potential in the solution measured by a reference 
electrode. Dj is assumed to be a constant, independent  of 
concentration or location. Equations [3] and [4] give 

1 aCj _ V~Cj + VCj �9 V(zjf~) + Cj W(zjfr [5] 
Dj at ' 

For gP, the Laplace equation is assumed to hold (20) as a 
first approximation, with no excess charge density in the 
solution 

We = 0 [6] 

M e t a l  Passive  S o l u t i o n  
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Fig. 1. Processes occurring in the passive metal-solution system. Bro- 
ken line indicates perturbed potential profile in the solution. MZ+: 
metal ion. X - :  halide ion. 

The perturbation equations.--Suppose that the system 
is subjected to small perturbations. Each parameter of the 
system can be divided into two parts 

Cj = Cj + cj [7.1] 

gP = ~ + r  [7.2] 

where Cj and �9 are steady-state components and cj and 6 
are perturbations. Cj and �9 would be uniform in the X 
and Y directions and are functions only of Z. Ignoring the 
contributions by reactions other than [1.1] at the interface, 
Nernst 's ionic mobility equation gives (19) 

PJ I = -- Dj {VCj + Cj V(zjF~)} [8] 
n F  a 

Here n and uj are the charge transferred and the stoichio- 
metric factors in the reaction [1.1]. In this case n = zu = z, 
vM = 1, and Uj,M = 0. It can also be written 

V2Cj + VCj �9 V(zjF~) = 0 [9] 

V-~ = 0 [10] 

The amplitude describing the perturbation A (A = %, 4~) 
can be expanded in the manner (14) 

A (x,y,z,t)= f~ f~ dkxdk,Ak(z,t) exp[i(k~x + k~y)] [11] 
9-oo 
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whe re  k~ and k~ are  the  w a v e  n u m b e r s  associa ted  wi th  the  
pe r tu rba t ion  A~(z,t), and can be re la ted to the  wave l eng th  
X~, ~ of  pe r tu rba t ion  in the  X and Y direct ions  as fol lows 

~ = 2~/k~; ~ = 2~r/k~ [12] 

The  instabi l i ty  of the  sys tem will  resul t  f rom per turba-  
t ions of  even  one  wave  number ,  so the  analysis  can be 
m a d e  in te rms  of  two-d imens iona l  per iodic  waves  of  an 
ass igned  set  of  w a v e  n u m b e r s  (k~, k~). 

The  pe r tu rbed  componen t s  c~ and ~b are desc r ibed  in the  
fo rm 

cj (x,y,z,t) = c~ ~ (z) exp  [i(k~x + k~y) + pt] [13.1] 

(x,y,z,t) = 6~ exp  [i(k~x + k~y) + pt] [13.2] 

whe re  p is a cons tan t  for the  t ime  var ia t ion  of  per turba-  
tions. Subs t i tu t ion  of  Eq.  [7.1], [7.2], [9], [10], [13.1], and 
[13.2] into Eq.  [5] and [6] yields 

~D(ZjF-~ [ D 2 + t  \ - - R - ~ ) } D - k 2 - - ~ ]  cj~ 

+ (Dej)D{zjf6~ = 0 [14] 

(D 2 - k 2) ~b~ = 0 [15] 

where  D =- d /dz  and 

k 2 = k x  2 + k~ 2 [16] 

For  s implici ty,  the  electr ic  field in the solut ion is as- 
s u m e d  to be  cons tan t  for the  s teady-state  c o m p o n e n t  ~ 

D(zjf~) ---E~ = const. [17] 

Of  ionic  species wh ich  m o v e  th rough  the  solution,  the  
meta l  ion M ~ and the  hal ide  ion X -  will  be  t aken  into 
cons idera t ion  in the  fo l lowing t reatment .  2 F r o m  Eq. [8] 

DC~ = - CxEx [18.1] 

~a 
DCM = - CMEM - ~  [18.2] 

ZFDM 

The boundary cond i t ions .~The  per tu rba t ion  dimin-  
ishes in the  bulk  of  the  solution,  so that  

cj ~ (z) = 0 (j = M,X) at z --~ o~ [19.1] 

6~ (z) = 0 at z ~ ~ [19.2] 

Us ing  Eq. [18.1] and [18.2], the  general  solut ions  for Eq. 
[14] and [15] are  ob ta ined  as follows, wh ich  satisfy the  
condi t ions  [19.1] and [19.2] (Appendix  B) 

Cx ~ (z) = X~ exp  (E• + X2 exp  (Ex2z) [20.1] 

CM ~ (Z) = M, exp  (EMIZ) + M2 exp  (EM2Z) [20.2] 

~b~ = S exp  ( -kz )  [20.3] 

where  a 

4 1 + -~P (j = M, X) [20.4] Ej, -= - - ~  Ej - - ~  Ej 2 + k'-' D~ 

Erz ~- - Ej - k (lEvi < k) (j = M, X) [20.5] 

~Equation [8] together with the uniformity of �9 in the x- and 
Y- directions gives dC~/dz = const. 

�9 In general, several cationic and anionic species exist in the 
solution which come from the corrosive materials (HC1, etc.) or 
from the supporting electrolyte (Na2SO4, etc.). However, pertur- 
bations of concentrations other than those of M *~ and X-  are dis- 
regarded for simplicity. 

aM~ should be zero if k < E M , In the usual corrosive media, 
however, [EM[ is of the order of 1 so that the wavelength k of per- 
turbations should be larger than the order of a few centimeters 
in order for k < ]Eu[. Such waves will have no physical signifi- 
cance because they will be extinguished, e.g., by convection. 

Cont inui ty  in t e rms  of  flux at the  pass ive  f i lm-solut ion 
in ter face  requires  that  

Dx {Dcx~ - CxfD6~ + Cx~ Ex} = 0 at z = 0 [21.1] 

i a  ~ 
- -  D M [DCM~ + CMzfD~b~ -~ CM~ EM] at z = 0 

zF [21.2] 

he re  i~ ~ is the  ampl i tude  of  a normal  m o d e  of  i~, wh ich  is a 
pe r tu rba t ion  of  the  current  dens i ty  Ia caused by per turba-  
t ions in the  solution, i.e. 

I~ = Ia + ia [22] 

ia = i~ ~ exp [i(k~x + kyy) + pt] [23] 

Us ing  Eq.  [2], i~ ~ can  be  expressed  as fol lows (Appendix  
C) 

�9 - i~ { ( a z  " Cx~ flf6~ [24] l a  ~ [~ + m ) ~  

l + - -  
otf 

where  ar is the t ransfer  coeff ic ient  for conduc t ion  in the  
pass ive  film and decreases  wi th  an increase in pass ive  
film th ickness  L (ar ~ l/L). 

In tegra t ing  the  mater ia l  ba lance  Eq. [5] over  the  range 
of  z [0,~] and us ing  Eq. [18.1] and [18.2], the  fo l lowing is 
ob ta ined  

kE~ 
[(D + Ex) cx~ - C~f~b~ k + E~ 

- @ + ~ )  ffc~~ (z) dz = O [25] 

[(D + E~) c~~ ]~ + ~(0/E~ + ~ zf~~ k + E~ 

App ly ing  the  condi t ion  of  e lec t roneutra l i ty  to the  range 
of  z [0,~] where  f luctuat ions of  the  charge  dens i ty  o ther  
than  M "§ and X -  are  a s sumed  to cancel  or to be neg- 
ligible, the  fo l lowing is ob ta ined  

f f -  ~Fcx~ + ZFCM~ = [27.1] dz 0 

where  

ZCM(0) 
. . . .  [27.2] 

Cx(0) 

is the  factor  to correlate  the  ampl i tude  of  pe r tu rba t ions  of  
two ions  in the p resence  of  o ther  ions. 

Subs t i tu t ion  of  Eq. [20] into Eq.  [21.1], [21.2], [24]-[26], 
and [27.1] yields 

(Ex + Ex,) X, - kX2 + Cx (0) fkS  = 0 [28.1] 

(az + m) K (X, + X2) + (EM + EM,) M, - kM., -{CM (0) zfk 

+ flfKCx (0) } S = 0 [28.2] 

k~___ p k ~ + ---P 

kEx 
+ Cx ( 0 ) f . - - - : - ~  S = 0 [28.3] 

k,~+ P k ~ +  P__P__ 

EM + EMI EM1 Ml + - k + k + E ~  

- { CM(O)E~ i~ + z f k - ~ - ~  M S = 0 [28.4] 

k X2 z z E• + - - ~ m  Ml + ~ M2 = 0128"5] 
Ex-~. t XI - 
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where  

K -  
ZFDMC• /3 [28.6] 

1 + -  
off 

The characteristic equation.--Equations [28] r e p r e s e n t  
a sys tem of l inear  h o m o g e n e o u s  equa t ions  for the  coef- 
f ic ients  X~, Xe, M~, Me, and S. For  a nonzero  so lu t ion  of  
these  equa t ions  to exist ,  the  d e t e r m i n a n t  H of the  sys- 
t e m  m u s t  van i sh  (14). I t  can  be  shown tha t  p is real  and 
that  the  p r inc ip le  of  the  e x c h a n g e  of s tabi l i t ies  is val id  
in this  sys tem (Append ix  D). The  t rgns i t ion  f rom stable  
to uns t ab l e  state occurs  via  a s ta t ionary  state,  wh ich  cor- 
r e sponds  to p = 0, as s een  f rom Eq. [13.1] and  [13.2]. 
T h e n  H b e c o m e s  at this  marg ina l  s ta te  

H (p = O) = H,H2 = 0 [29.1] 

he re  

H _ k ~ ' E •  1 [29.2] 
E• EM1 . k q- EM 

H2 =- zf  { - (az + m) KC• (0) +/3 KCx (0) + ZkCM (0)} 

(k + EO + ~ ( 0 )  f k  e 

7~ } k + Ex [29.3] -z~f  k C M ( 0 ) E M + ~  k + E M  

Conditions for perturbation to grow.--In order  for Eq.  
[29.1] to be  satisfied, at least  one  of the  m e m b e r s  H~, He, 
m u s t  vanish.  Fo r  k > IEM[, H~ # 0, so tha t  He = 0. Rewri t -  
ing  Eq.  [29.3] w i t h  EM = - zEx i t  is ob ta ined  

(1 + z ) ~ t o e -  h ( co ,W) to - (m+  a z - / 3 )  W =  0 [30.1] 

in wh ich  

h(to'W)=- {m + az - fl + z ( l  + f l )  (~ + l } - z 

- z ~ (  l+zc~ 

and to and W are d imens ion l e s s  pa rame te r s  

[30.2] 

i 

k zK 
co =- - -  ; W ~ - -  [30.3] 

E• Ex 

W is e x p r e s s e d  as fol lows,  u s ing  Eq. [28.6] and [C-9] 

m o v e s  f rom the  s ta t ionary  to the  uns t ab l e  state (Appen-  
d ix  E). As seen  f rom Eq.  [31], the  reg ion  of  k spec i fy ing  
ins tab i l i ty  e x p a n d s  as the  po ten t ia l  of the  me ta l  and/or  
the  concen t r a t i on  of  ha l ide  ion  are  inc reased  (Fig. 2). Fo r  
t he  f ixed W in Eq.  [31] 

nRT 
E = const .  - ~ in Cx (0) [33] 

wh ich  is the  re la t ionsh ip  b e t w e e n  the  po ten t i a l  of  the 
meta l  and the  concen t r a t i on  of  aggress ive  ions. This  
shows  a t e n d e n c y  for p i t t ing  to occur .  

Current distribution and the localized at tack.--When 
disso lu t ion  cu r ren t  ar ises  local ly  at s o m e  po in t  on the  
pass ive  film by  per tu rba t ion ,  the  su r round ings  m a y  be- 
c o m e  cathodic .  T h e n  d i s so lu t ion  is supp re s sed  and this 
resul t s  in a local iza t ion  of  pits.  This  s i tua t ion  can  be  il- 
lus t r a t ed  as follows. 

Take  a cy l indr ica l  coord ina te  sys tem (% $, z) w i th  the  
Z-axis  o r ig ina t ing  f rom the  surface  of  the  pass ive  film 
no rma l ly  into the  solut ion.  D i s tu rbances  cx and  ~ shall  
be  e x p r e s s e d  as fol lows,  by separa t ion  of  va r iab les  

cx(r,z,t) = c(r) c~ exp  (pt) [34.1] 

(r,z,t) = (a (r) 6~ exp  (pt) [34.2] 

whe re  s y m m e t r y  a round  the  Z-axis  is a s sumed .  F r o m  
Eq.  [5], [6], and [17] is ob t a ined  

c~ p 
(D 2 + ExD) c~ + ~ - ~  V.~2c (r) - D----~ 

~(r) D {f6~ [35] 
- (DCx) - ~  : 0 

1 1 
- -  Ve ~ r (r) - -  De6~ [36] 
6 (r) 6~ 

d 2 1 d 
w h e r e  V~ 2 = ~ r  2 + r ~ r '  The  so lu t ion  to Eq.  [36] wh ich  

satisfies ~b = 0 at z --) ~ and nonzero  at r = 0 is 

6~ -- P1 exp  (-kz)  [37.1] 

~(r) = Zo (kr) [37.2] 

whe re  Zo (kr) is the  Besse l  func t ion  of  0th order.  Subst i -  
t u t ion  of  Eq.  [37.1] and [37.2] in to  Eq. [35] comes  to Eq. 
[14], i f  i t  is pu t  

Ve e c (r) = - k2c (r) [38] 

t h e n  the  so lu t ion  exis ts  in the  fo rm 

c(r) = P2Zo (kr) [39] 

kaCx(O)"-- /aaF \ / FDME• ( I  + fl W exp  [~--~E) -~ j  [31] 

whe re  n ~- {(fi + m)af/(fl + af)} - 1, ~a  ~-----/3t~fi/(f~ -}- af), and  E is 
the  po ten t ia l  of  the  pass ive  metal .  W increases  
exponen t i a l l y  wi th  t he  inc rease  in E, so tha t  h (to, W) be- 
c o m e s  large  4 and k has  a root  in the  range  k > zEx 

E~ { h(W) 
kc - 2 ( l + z ~  

x/h(W) 2 + 4 (l+z~) (m + az - fl) W } [32] '~ + 

The  w a v e  n u m b e r  of  the  pe r tu rba t ion  at the  marg ina l  
s tate is g iven  by Eq. [32] and  w h e n  k b e c o m e s  shor t  of  
ke, t he  pe r tu rba t ion  grows wi th  t ime  and  the  sys tem 

4In Eq. [30.2], the first term in the right-hand side becomes 
negative only in the case when the increase in the halide ion 
concentration at the passive film-solution interface brings 
about a decrease in the anodic current. This is not plausible for 
the system under consideration. 

5(0) + 1)/(0) - z) was put to 1 for large h(0),W), which is denoted 
as h(W). 

P 

0 

\ \ 

zE• \ 
Fig. 2. Variation of p with k. Units are arbitrary, ke: critical wave 

number for instability, kc = kc (W), kr = ke' (W'), W' > W. 
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Subst i tu t ing these results into Eq. [24] and [11], the 
fluctuation of anodic current  at the surface of the 
passive film is obtained 

i~ (r,t) = ~z + m - -  A.2 + flfA~ 
L'x 1 + f l  )-Cx(0) 

O~f 

Zo (kr) exp (pt) dk [40] 

In  Fig. 3, the radial dis t r ibut ion of i~ (r,t) was illustrated 
schematically. Because no assumptions were made for 
the cathodic reactions for this consideration, the case 
will be allowed where 7~ - I~2 = 0. This indicates that ca- 
thodic current  flows at the surroundings  and the passiv- 
ity is protected at these areas so that the pit t ing nuclea- 
tion site is localized (21). 

Discussion 

Origin of localized attack.--There are several kinds of 
heterogeneities present on the surface of a passive film: 
inclusions, grain boundaries, dislocations, etc. These are 
sometimes believed to be related to the pitting nucleation 
site (5). However, it does not seem likely that pits always 
nucleate at these sites when the metal is immersed into a 
corrosive medium. 

According to the probability concept of pitting corro- 
sion, some stochastic process should precede pit nuclea- 
tion (9-11). Fluctuations of the concentration of ionic spe- 
cies or of the electrical field in the solution would thus 
play a major role at the initial stage of pit nucleation, and 
if they grow with time, an unstable state results. Once this 
instability occurs, it would ultimately come to the state 
where localized concentration of aggressive ions and lo- 
calized attack at the passive film start. As seen from Eq. 
[31] and [32], the system is more susceptible to pitting if 
there are a large halide concentration, a more positive 
metal potential, or higher electrical field in the solution. 
A rough estimation of the wavelength of perturbation 
where instability sets in was made for typical values of 
parameters (Table I)f  It is seen that a borderline exists 
for the possible occurrence of processes leading to pit 
nucleation. 

The structural defects (4, 5) on the passive film would 
be favorable in the occurrence of perturbation or in the 
stimulation of following processes, ff these defects "har- 
monize" the perturbations. The effects of the change in 
pH should also be significant in some cases, which is 
considered in Appendix F. 

Pit initiation via the halide nuclei formation.--Pitting 
is expected to initiate when a localized attack by aggres- 

6The electrical field in the bulk of the solution was adopted, 
for simplicity, for the calculation instead of the possible strong 
field at the vicinity of the interface. 

ia(r.t) 

0 

Fig. 3. The radial distribution of the perturbed current at time t around 
the anodic site. Units are arbitrary. 

Table I. Estimated critical wavelength ;% for perturbation.z = 2,m = 3, 
= 0.5, fl = 1 . 5 , ~ f =  0 .15or0 .3 ,  ~ = 0.1,DM = 7 x 10-6cm2s -1, 

molar conductance = 6 • 102 ~ - ~  cm 2, T = 25~ 

~a 

1 • i0 -4 
A CM - 2  

1 • i 0  - 3  

A CM - 2  

1 • 10 -2 
A CM -2 

0,15 

0,3 

0,15 

0.3 

12 CM 

11 

1.2 

1.1 

0,01 M 

1,2 CM 0,12 CM 

i,I 0,ii 

0,12 0,012 

0. ii 0.011 

0,0012 

0,0011 

kc 

---,- PIT NUCLEATION 

sive ions starts by perturbation. However, in order to ob- 
tain the condition where aggressive ions break through 
the passive film of thickness L, the metal should be po- 
larized above a certain critical potential. This potential is 
referred to as the pit-initiation potential, and often devi- 
ates positively from the repassivation potential at which 
pits stop (22, 23). 

A process is assumed in which hemispherical halide nu- 
clei form on the surface of the passive film and grow in- 
wards. Whether the halide nuclei grow continuously or 
not determined the occurrence of pitting (12, 23). 

It should again be noted that the pit initiation process is 
a probability event, in that it requires the growth of per- 
turbation in the solution and the formation of halide nu- 
clei in the passive film, and that it implies a positive po- 
larization of the passive metal. 
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APPENDIX A 

The significance of the adsorption process of aggres- 
sive ions in the passive film destruction was pointed out 
by several authors (7, 24, 25). Halide ions are adsorbed on 
the surface of a passive metal and form a complex with 
the lattice cation. This complex is then activated to dis- 
solve the metal ion 

M ~ (lattice) + mX-(sol.) --~ (MXm-)ad [A-l] 

(MX,-)ad -* Mz~(sol.) + taX-(sol.) [A-2] 

Suppose that the number  of metal ions per uni t  surface 
area of the~passive film is SM and that the number  of co- 
ordination sites of the halide ions for each surface metal 
ion is Nx. Then the number  of adsorption sites for X -  per 
uni t  surface area of the passive film is SMNx. Following 
the reaction [A-2], m halide ions are assumed to jointly ad- 
sorb on the surface metal ion (0 < m < Nx). The dissolu- 
tion current density 12 depends on the surface concentra- 
tion C(MX~d) of the adsorbed complex. Neglecting the 
reverse rate (19, 26) 

Ia = kM' exp / [ - AG~ C(MXad) 
\ RT ] 

exp [~zF (A*MO,S -- A~PMOfS,~e~)] 
" ~- [A-3] 

where kM' is rate constant, AG~ the standard chemical 
free energy of activation, ~ the symmetrical factor, and 
AePMo~s and hCMojs.rev are the Galvani potential difference at 
the passive film-solution interface and its equil ibrium 
value. 
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C(MX~o) is expressed as follows 

N \ ! m 
C(MX,,~) = eonst. S .  ~ ~ [A-4] 

(N\-m)~m~ 

where  0~ is surface coverage of X -  which come ith in  the 
un i t s  of N• coordinat ion sites. 0~ is a s sumed  to obey the 
fol lowing adsorpt ion  i so therm (27, 28) 

KiC• 
0 i -- 

1 + KiCx(0) 

in  which K~ changes with the change in  0~ (j < i) 

[A-5] 

i-! ) 
K i =  K o e x p  - r ~ O / R T  [A-6] 

--- exp [ -  AG~ (0) + Fq5,~ 
Ko [A-7] \ R T  / 

here AG%a (0) is the s tandard  free energy of adsorpt ion  at 
0~ = 0, and  r is the T e m k i n  parameter ,  i.e., the var ia t ion of 
s tandard  free energy of adsorpt ion  wi th  coverage (26, 28). 
a)~ is the  potent ia l  at the inne r  p lane  of the  electrical dou- 
ble layer (27) 

~ = a~ h(PMo/s, (0 < a, < 1) [A-8] 

Since 1/Nx > 0, > 0~ > . . . .  0i in  Eq. [A-5] can be approxi- 
mated  as follows 

0i ~ K~Cx(0) [A-9] 

Only the in teract ion be tween  adsorbed X -  in  the un i t s  Nx 
coordinat ion  sites is significant,  so that  

K~ = Ko exp {r(i -1)INERT} [A-10] 

Subs t i tu t ing  Eq. [A-9] a n d  [ADO] into Eq. [A-4] and  
rewri t ing Eq. [A-3], Eq. [2] is obta ined  in which  

Ej., -+ = - Ex -+ k [B-8] 

The general  solut ion to Eq. [15] is 

6~ = S ~ exp (kz) + S -  exp ( -  kz) [B-9] 

Each m e m b e r  of the r ight -hand side of Eq. [B-5] makes  a 
pair  wi th  those in  Eq. [B-9]. In  order for the  solut ion [B-9] 
to satisfy the b o u n d a r y  condi t ion  [19.2], S * should  be zero. 
Then  cF (z) = 0 in  Eq. [B-5], and  so j,+ = J2 + = 0. Also it  is 
seen in order for Eq. [19.1] to be satisfied 

Ej ,-  < 0 [B-10] 

Ej.~- < 0 [B-11] 

Inequa l i ty  [B-10] is always satisfied. F rom Inequa l i ty  
[B-11], it  is obta ined  that  -E j  <k. All these results  are 
used  in  Eq. [20]. 

A P P E N D I X  C 

Suppose  that  I~ is subjected  to a small  change  a round 
the steady-state value I~. Subs t i tu t ing  Eq. [2] into Eq. [22] 
and  re ta in ing  only the first-order derivatives,  it is ob- 
ta ined  that  

. /3F 0 in  kM cx(0) + 
i ~ = i ~  ~ C x ( 0 ) + m  Cx(0) R T  ~A(I~MoiN } [C-l] 

in  which kM is expressed as follows, according to Eq. 
[A-11] 

and  

azFAdPM~ ] [C-2] 
k M = const,  exp R T  J 

h~,o/s .... R T  In Cx (0) + const.  [C-3] 
F 

The potent ia l  E of the  passive metal  measured  by  a refer- 
ence electrode in  the solut ion is 

kM =-- c~ exp  { -hG~ - m AG%d (O) - .... ] 

l e x P L  ~ ] [A-11] 

fl -= az + a ,m [A-12] 

A P P E N D I X  B 

Equa t ion  [14] becomes  us ing  Eq. [17] 

D - k 2 P + EjD - ~ / c?(z) 

D0~ = D { ~ }  [B-I] 

f rom Eq. [17], [18.t], and  [18.2] 

D2Cj = - E~ DCj [B-2] 

D'~-Cj = Ej2DCj [B-3] 

Operat ing (D 2 - k 2) to Eq. [B-I] and  us ing  Eq. [15], [B-2], 
and  [B-3] 

DC~ 

cj ~ (z) = 0 [B-4] 

The general  solut ion to the  above equat ion  is 

cj ~ (z) = cj ~ (z) + cF- (z) [B-5] 

where  

ci ~ (z) =- J~-+ exp (Ej~• + J2 +- exp (ES- z) [B-6] 

1 ~/ 1 k ~ P [B-7] 
E J ' + -  2 Ej -+ ~ EJ2 + + D---~ 

E = A(~)MIMO + A{~MO]S JC A(I)sol. ~V c o n s t .  [C-4] 

in  which  ACPM~MO is the potent ia l  difference across the 
passive film and haP~oL is the  potent ia l  difference in  the 
solut ion.  In  the case E is kep t  cons tant  

8AE~MOIS = -- 8A{~MIMO --Sh~sol. [C-5]  

The cur ren t  dens i ty  which  passes th rough the passive 
film is expressed as follows 

[- a f F  ] 
I~ = const, exp [ ~  A*M,MOJ [C-S] 

Then  

otfF 
ia = 8I~ = ~-~ 8A~Mo/sla [C-7] 

8Ar can be equated  to the change in  electrical potent ia l  
in  the solut ion by  pe r tu rba t ion  

~Ar = r = 0) [C-8] 

Subs t i tu t ing  Eq. [C-2], [C-3], [C-5], [C-7], and  [C-8], into 
Eq. [C-l] and  dividing_by exp [ i(k~x + k~y) + pt], Eq. [24] 
is obtained,  in  which  la is wri t ten as follows, us ing  Eq. [2] 
and  [C-6] 

where  

- -  ~.OCaFA~bM/s } 
Ia = kaCx (0) m' exp ( R T  [c-9] 

(8 + m)af  
m'  - [C-10] 

8 +  o~f 

at 
% - [ c - n ]  

] ~ + a f  

ACMr ~ A([~M/MO + ACI~MOJS [ C - 1 2 ]  
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A P P E N D I X  D 

Define G(z) as fol lows 

(D 2 + 2EjD - k 2 + Ej 2) cj~ =- G (z) 

I t  is wr i t ten  f rom Eq. [B-4] 

[D-l] 

( D 2 + E j D - k  2 - ~ )  G(z) = 0 [D-2] 

Mult iply  the  c o m p l e x  conjuga te  G* of G on bo th  sides of  
Eq.  [D-2] and integrate  over  the  range of  z, t he reby  us ing  
the  b o u n d a r y  condi t ions  

- fo IDGt2 dz - Ej IG(0)I ~ 

- fiGE~DG* dz - (k~ + ~ )  f i  ,G~, dz = O 

Taking  the  imaginary  part  of  Eq. [D-3] 

imG*(O)  D G ( O ) + i m f ~ o G E j D G * d z + i m ( - ~ j )  

[D-3] 

fo lG~l dz = 0 [D-4] 

cj~ is adop ted  which  takes  real va lues  accord ing  to Eq.  
[20], so that  G (z) is also real  as seen f rom Eq. [D-l]. Then  
the  first two te rms  in Eq. [D-4] vanishes  and 

(p) f ~  IG 2] dz = 0 [D-5] im  

Since  the  integral  is pos i t ive  definite, it is seen  that  im (p) 
= 0 so that  p is real. 

A P P E N D I X  E 

The  var ia t ion of  p wi th  k is de te rmined  by H(p) = O. In 
the  reg ion  -EM < k, p passes  th rough  the  axis p = 0 once  
at k = kr g iven  by Eq. [32]. The  gradient  of  p - k curve  
a round  this po in t  is to be examined .  This  can  be done  by 
no t ing  the  d i rec t ion  of  shif t ing p f rom p = 0 w h e n  k goes  
over  kr by small  amount .  

To s impli fy  the  t rea tment ,  i t  would  be reasonable  to put  

f0 ~-[ c• dz = 0 [E-l] 

o -~ CM dz = - ~ -  { 1 - K(p)} ( O < K(p) < 1) [E-2] 

K(p) is a funct ion  of  p, and K = 1 at p = 0. 
The  de t e rminan t  H(p) is then  e x p a n d e d  

H (p) = k 2 
(Ex + Exl + k) (Ex,-k)  

E~, (k + E~) 

(EM + EM1 + k) (EM, -- k) 1 
EMT (k + EM) k + E• 

x { H.~ + (1 - K) z f ( a z  + m - t )  KCx (0) (k + E~)} = 0 [E-3] 

E x p a n d i n g  each e l emen t  of  the  above  equa t ion  wi th  re- 
spec t  to p a round p = 0 and neglec t ing  the  second-  and 
h igher -order  terms,  it is ob ta ined  

1 

[ EMo . + 

• {H2 - K,zf(az + m - t )  KC• (0) (k + E• p} = O 
[E-4] 

whe re  

Exo -~ Ex~ (p = 0), EMO ------ E~I (p = 0), K1 -= 0' and 
p =  

1 
aj(k) =- ~/-E~7 + 4k 2 Dj 

{ 1 +  1 k (k+Ej ) /1  } [E-5] 

-~-E~2 + k 2 + Ej ~] ~-Ej 2 + k ~- 

H,  is a func t ion  of  third order  wi th  respect  to p 

Hp = K(k) p3 + L(k)p2 + M(k)p + N(k) = 0 [E-6] 

Hp - p makes  a family  of  curves  wi th  k as a parameter .  
N(k) is the  va lue  of Hp at p = 0, i.e., at the  in te rsec t ion  of  
H ,  - p curve  wi th  the  ordinate.  At  k = k~, N(k~) = O. I t  is 
seen that  H ,  - p curve  goes th rough  the  origin for k = k~. 
Obvious ly  N(k) is equa l  to H (p =0) in Eq.  [29.1] 

N(k) = H(p = O) = H,H2 [E-7] 

It  is seen  f rom Eq. [29.2] and [29.3] that  H~ < 0 and H2 > 0, 
at k = k~ + dk (dk > 0), so that  

N(kc+dk) < 0 [E-8] 

Whether  the  grad ien t  of  Hp - p curve  for k = ke + dk  
around  p = 0 takes  posi t ive  or nega t ive  va lues  de te rmines  
the  s ign of  p which  satisfies Eq. [E-6]. The  grad ien t  of  
Hp - p curve  a round  p = 0 will  not  change  very  largely if  
k increases  f rom k~ to kr + dk  by inf ini tes imal  a m o u n t  

drip �9 drip 
dp (k = k~ + dk) - ~ (k = k~) 

Also f rom Eq. [E-6] 

[E-9] 

drip (k dH,  
= kc) = - ~  (p = O) = M(ke) [E-10] 

Equa t ion  [E-4] is e x p a n d e d  and the coeff ic ient  M(k) for 
the  first order  of  p is ob ta ined  as follows 

fkE~ kErn } (  k )2 1 
M(k) = ~ aM(k) + ax(k) H.2 

(Exo ~ " ~ k + EM 

-- H~ K~ z f  (az + m - B )  KCx(0) (k + Ex) [E-11] 

H2 (k~) = 0, as seen  f rom Eq. [29.1]. It is also seen  f rom Eq. 
[E-2] that  K, < 0, so that  

M(kc) < 0 [E-12] 

because  H~ (k~) < 0. This  shows that  p < 0, i.e., p becomes  
nega t ive  w h e n  k goes over  kr Then  p - k curve  has a 
shape as depic ted  in Fig. 2. 

A P P E N D I X  F 

The change  in p H  of the  solut ion at the  in ter face  seems 
to play a major  role  on the  ini t ia t ion of  p i t t ing (5, 29). The  
H ~ act ivi ty  will  change  by two processes.  One is due  to the  
hydrolys is  of  the  d isso lved  meta l  ions (5) 

M z~ + H20 ~ M(OH) (~-"  + H + [F-I] 

The  other  is due  to the  change  in ac t iv i ty  coeff icients  
caused  by the  increase  in the  hal ide ion concentra t ion.  
These  two effects will  be  cons idered  briefly. The  formula  
for the  dissolut ion cur ren t  dens i ty  which  inc ludes  H + ac- 
t ivi ty aH is 

[ ~FAffpMO/s ] [F-2] 
Ia = kM"C• m all(0) ~ exp R T  

H § concen t ra t ion  is g iven  by (5) 

CH = Ki CM/CMr [F-3] 

where  KI is the  equ i l i b r ium cons tant  of  react ion IF-l]. I f  
the  change  in concen t ra t ion  of  M(OH) (~-1'+ which  is pro- 
duced  by hydrolys is  is neg lec ted  
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C.  = CM [F-4] 

The activity coefficient TH of H ~ can be expressed as 
follows, if it is not in dilute solutions (30) 

In TH = -- K2 -~ K:~Cx [F-5] 

Then Eq. [F-2] is written as 

[ BFA*Mo,s] 
I~ = kMCx(0) m CM(0) h exp {hK:~Cx(0)} exp / R-T J [F-6] 

For simplicity, the ionic transport equation for H ~ is not 
considered here except for the contribution of a ,  to 
boundary conditions. In this ease, Eq. [28.2] is replaced by 
the following equation 

{(az + m) N + hK:~C• (X, + X~) 

0 l -CM(O) 
[F-7] 

It is rather tedious to solve characteristic equations in- 
cluding Eq. IF-7]. In the special case where reaction [F-l] 
can be ignored and only the change in TH is taken into ac- 
count, the results can be obtained with little alterations. 
In  this case the critical wave number  kc' for the growing 
perturbation is expressed similarly to Eq. [32], where h(W) 
is replaced by hi(W) 

h~(W)-~ { m + ~ z -  fl + h K 3 C x ( O ) - z ( l  +-~f) }W 

+ z ( z - 1) ~ [F-8] 
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Semiconductor Electrodes 
LVI. Principles of Multijunction Electrodes and Photoelectrosynthesis at Texas Instruments' p/n-Si 

Solar Arrays 
James R. White, Fu-Ren F. Fan, and Allen J. Bard* 

Department of Chemistry, The University of Texas Austin, Texas 78712 

ABSTRACT 

In photoelectrochemical (PEC) cells based on single junctions of semiconductors with solutions or metals, photopo- 
tentials are rarely above 0.6-0.8V. The higher photovoltages needed to drive more energetic reactions require multijunc- 
tion cells involving multilayer electrodes or series connection of PEC cells. Such PEC cells are considered, and their be- 
havior is shown to be predicted from the current-potential (i-V) behavior at each interface; the sum of the voltage drops 
at a given current yields the i-V characteristic of the overall PEC cell. These principles are illustrated with the Texas In- 
struments arrays based on silicon spheres and ~1 p/n junctions contacting a solution via a noble metal layer. Reactions 
considered include generation of C12 with reduction of O~ or the generation of H2, the photobromination of phenol, and 
the photochlorination of cyclohexene in acetonitrile. 

Liquid-junction photoelectrochernical (PEC) cells are of 
interest in the direct utilization of solar energy to carry 
out useful chemical reactions (1-4). In most liquid-junc- 
tion PEC cells, the photopotential arises at the semicom 
ductor/solution interface. The maximum (open-circuit) 
photopotential, which represents the driving force of the 
cell chemical reaction, is rarely more than 0.8V, and is of- 
ten below 0.6V. This rather low driving force limits the 

* Electrochemical Society Active Member. 

range of possible photoelectrosynthetic reactions which 
can be carried out in PEC cells without the application of 
an external bias. Alternatively, the photoactive junct ion 
can be at a metal/semiconductor (Schottky barrier) inter- 
face with the faradaic reaction occurring at the metal 
(sometimes bearing an appropriate electrocatalyst). For 
example, PEC's with the following junct ions have been 
described: Au/n-GaP (5, 6), PtSi/n-Si (7), and Pt/n-GaAs 
(8). Such cells have the advantage that the semiconductor 
is protected from the solution environment  and show 
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photopotentials that are independent  of the redox poten- 
tial of solution species. However, again the reported 
photopotentials are usually below 0.6V. Related PEC's in- 
volve photopotentials that arise at a p/n semiconductor 
junction, again protected from the solution by a metal 
overlayer. The most highly developed systems of this 
type are probably the p-Si]n-Si junctions separated from 
the solution by suitable noble metal overlayers that are 
used in the Texas Inst ruments  Solar Energy System 
(TISES) (9-11). The photopotential developed at these 
junct ions is about 0.55V. These latter p-Si/n-Si junctions 
are clearly related to solid-state photovoltaic cells (e.g., 
involving single-crystal Si) that are used for electricity 
production. In the TISES system, these junctions are pro- 
duced on small (0.2 mm diam) Si spheres that are embed- 
ded in glass and backed by a conductive matrix to form 
arrays in contact with a solution. The relative advantages 
of these arrays compared to solid-state devices has been 
discussed (10, 11). 

If more energetic reactions are to be driven in PEC cells 
without an external bias, cells with both photoactive an- 
odes and cathodes can be employed. These two elec- 
trodes must  be matched carefully to maximize the effi- 
ciency, since two photons are used to drive a single 
electron through the circuit. This strategy is employed in 
the TISES system, where both n-Si on p-Si spheres 
(photocathodes) and p-Si on n-Si spheres (photoanodes) 
are coupled to produce a total open-circuit voltage of 
1.1V. These microspheres are coated with noble metal 
films which act as electrolytic contacts to the solution, 
stabilize the substrate Si, and catalyze the electrode reac- 
tions. The TISES system has been developed specifically 
for the overall conversion of solar to electrical energy in a 
system where HBr is decomposed by sunlight to form Br~ 
at the photoanode and H~ at the photocathode. The Br~ 
and H2 are stored and subsequently recombined in a fuel 
cell to produce electricity. 

To form systems with higher output voltages, a number  
of junct ions must be connected in series or the PEC cells 
must  be coupled in a suitable way. Particularly interest- 
ing structures would involve multilayer devices with sev- 
eral photoactive junctions,  especially if semiconductors 
with different bandgaps are employed. Structures of this 
type have been proposed in solid-state photovoltaic de- 
vices (tandem or cascade cells) (12), but  few examples 
have been given in photoelectrochemical cells for direct 
utilization of radiant energy in chemical reactions. In this 
paper, we consider the principles of semiconductor elec- 
trode devices with interior photoactive junct ions and the 
means of coupling PEC cells to increase the available 
voltage to levels consistent with a particular reaction. In 
particular, we demonstrate the application of the Texas 
Instruments  solar arrays to electrosynthetic reactions, 
e.g., in the production of chlorine and oxygen and in the 
bromination of phenol. The utilization of these arrays in a 
nonaqueous solvent (MeCN) for the chlorination of cyclo- 
hexene is also described. 

Principles of  Operat ion  
We suggest the following notation for multilayer semi- 

conductor devices 

C M / / A / B / / S M / S  [1] 

where CM represents the contact metal to the electrode 
(connected to an external lead), A and B represent other, 
often semiconductor phases, SM is the surface metal or 
layer contacting the solution phase, and S is the solution. 
As usual in electrochemical cells, a slash represents a 
junction;  we represent an ohmic contact by//.  For exam- 
ple, the Texas Inst ruments  photoanode (TIA), which is 
part of the array used in this work, is represented as 

CM//n-Si  * /p -S i / /SM ! S [2] 

where CM is the tantalum back contact, and SM is a sur- 
face metal (e.g., Pt  or Ir) with a suitable catalyst. The 
photoactive junct ion (indicated by the asterisk) is the Si 
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rgp junction. This can also be denoted as an L4PI elec- 
trode, where L represents the number  of layers used and 
P the number  of photoactive junctions. The TI photo- 
cathode (TIC) is thus 

CM'/ /p-Si  * /n -S i / /SM'  / S [3] 

and the array is formed by contacting CM and CM'. 
The operation and current-voltage (i-V) curves of a 

given electrode can be understood by examining the i-V 
characteristics of each junct ion and noting that these are 
connected in series. Operation of the total cell can then be 
obtained, as is usual for electrochemical devices, by 
combining the i-V characteristics of each electrode. Con- 
sider the TIA shown in Eq. [2]. The electrochemical be- 
havior is described by that of the p/n junction, either in 
the dark or under  irradiation, in series with the SM/S in- 
terface (Fig. 1). For the p/n junct ion the dark behavior 
(curve A) is given by the Shockley Eq. [4] (13) 

J = Js [ exp (eVj/kt] - 1] [4] 

where j is the current density, js is the saturation current 
density for the junct ion as determined by the carrier den- 
sity, mobility, and diffusion length, and Vj is the voltage 
drop across this junction. The illuminated p/n junct ion 
(curve B) behaves as a constant current source in parallel 
with the junct ion and the j -V  relationship is given by 

J = Js [ exp (eVj/kT) - 1] - JL [5] 

where JL is the constant current produced by photogener- 
ation of carriers in the junction. The metal/solution junc- 
tion shows behavior that depends upon the nature of the 
metal and solution components and is governed by the 
typical electrochemical thermodynamic, mass-transport, 
and kinetic considerations (14). A representative curve is 
given in Fig. 1C, showing the current across this junct ion 
as a function of the potential of SM vs. a reference elec- 
trode, Vs~. The j -V  behavior of the multilayer structure is 
given by the summation of the j -Vj  and j-VsM curves, as- 
suming a series connection (Fig. 1D). At any current den- 
sity, j, the voltage drop between CM and the reference 
electrode, V, is Vj + VsM (plus any iR drops within the 
phases). Clearly, the light driven photopotential (or the 
underpotential  for the electrode reaction because of the 
p/n junction), at any value of j, is Vj. The behavior of the 
TIC shown in Eq. [3] can be obtained in an analogous 
manner,  as shown in Fig. 2. The characteristics of multi- 
layer, multi junction devices, e.g., containing several 
photoactive junctions, can be obtained in a similar way 
by adding the j -V  characteristics of each junction. 

A ! 
/ 

/ 
/ 

/ 
/ 

/ B / / 
/ / 

. ~ I  / , V 

~ ~ 1"" 
Fig. 1. Representative j-V curves for p on n-Si junction in the dark (A) 

and in the light (B). Voltage scale for curves A and B represents a voltage 
drop, (~V = Vj)  across the p/n junction. (C): j -V curve for a 
metal/solution junction. (D); j-V curve for total TIA. Potentials ore vs. a 
reference electrode. 
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Fig. 2. Representative j-V curves for n on p-Si junction in the dark (A) 
and in the light (B). Voltage scale for A and B represents a voltage drop, 
AV = Vj ,  across the n/p junction. (C): j -V curves for a metal electrode; 
(D): j -V curve for total TIC. Potentials are vs. a reference electrode. 

Single photoelectrode cells.--The behavior of the overall 
photoelectrosynthetic cell, e.g., TIA/S/M, where M is the 
conductive counterelectrode, is determined by the i-V 
curve of the TIA discussed above, the i-V curve of elec- 
trode M (in the cathodic region) and any iR drop in solu- 
tion, under the conditions that the total anodic current at 
the TIA is equal to the cathodic current at M at any given 
cell voltage, Vcelt. Representative curves are given in Fig. 
3. The maximum current in the absence of any externally 
applied voltage would be isc, the short-circuit current. 
Clearly, for a spontaneous reaction, good overlap of the 
anodic and cathodic i-V curves is required. The i-V curve 
for a variable load resistor, RL, across the cell, represented 
by Vc~,, or with an externally applied voltage, Vapp~, can 
also be obtained (Fig. 3). The maximum photocurrent  un- 
der any conditions [in the absence of current doubling ef- 
fect (15)] is iL, governed by the p/n junction characteris- 
tics. An analogous treatment applies for the TIC coupled 
in a cell with a metal anode. 

Systems with two photoelectrode (dual-array PEC).-- 
When one photoelectrode is coupled with a metal coun- 
terelectrode, the maximum open-circuit photovoltage, 
Voc, is limited by the potential generated at a single p/n 
junction, e.g., for a silicon p/n junction, 0.55V. However, if 
a photoanode is coupled with a photocathode, Voc is the 
sum of both photoactive junction potentials. Thus, for the 
cell TIC/S/TIA, Voe = 1.1V. This allows more energetic re- 
actions to be driven without an external bias. Again, the 
overall cell behavior can be predicted from the individual 
i-V curves for the TIA and TIC. This is shown in Fig. 4. 

Multiple photoarray system.--To obtain even higher po- 
tentials to drive more energetic reactions, two (or more) 
photocells must be coupled. For example, by suitable 
coupling of the photocells: TIC/S/TIA and TIC/S'/TIA an 
open-circuit photovoltage of 2.2V can be obtained across 
solution S'. In this case, cell 1 would contain a single 
redox couple (e.g., Br,,/Br-) and behaves as a photovoltaic 
cell which provides a bias to cell 2 and adds to the photo- 
voltage developed in cell 2. The mode of connection of 
these cells and the relevant i-V curves are shown in Fig. 5, 
where a reaction involving > 1.1V (e.g., 2HC1 ---> H2 + C1.2) 
is carried out. 

The experimental  results that follow illustrate i-V 
curves for several redox couples at TI silicon arrays (TIA, 
TIC) and demonstrate several photoelectrosynthetic 
PEC's of the type outlined above. 

E x p e r i m e n t a l  
The multilayered semiconductor electrodes used in 

these experiments were the TISES silicon arrays pro- 

VOUT 

i 

Je:; . . . . .  
Voc 

A 

;'sc 
VAPPL 

Fig. 3. Representative i-V curves for the cell TIA/S/M. Top: curves A 
and B represent TIA and M, respectively. Potentials are vs. o reference 
electrode. Bottom: i-Veell behavior when electrodes are coupled through 
a load resistance, RE. For RE = 0, i = isc, and V = 0; forR --> ~ , i  = 0, and 
V = Voc. Vout represents a voltage produced by the cell under illumina- 
tion. Vapp~ represents a voltage applied to the cell. 

duced by Texas Instruments.  Electrodes were made by 
contacting a copper wire to the conductive back surface 
of the panel arrays with conductive silver paint. The con- 
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VOC 

I .  I l i  , L 

B 

Fig. 4. Representative i-V curves for the cell TIA/M/TIC.  Potentials 
are vs. a reference electrode. Curves A and B represent TIA and TIC, 
respectively. 
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Fig. 5. Schematic representation of dual cell photoarroy system. Top: 
i-V curves for cell 1; (A) TIA, (B) TIC. Bottom:i-V curves for cell 2. (A) 
( - - - ) :  Pt electrode in HCI. (B) ( - .  - .  -):  TIA and TIC in HCI under 
illumination. (C) ( ): as in B, under bias from cell 1. 

tact was covered with epoxy cement  which was insulated 
from solution with silicone rubber. The exposed front 
surface geometrical area was 0.25 cm ~. RuO~ films were 
prepared by decomposition of RuO+ vapor, which was 
prepared chemically (16), onto ambient temperature sub- 
strates. XPS data showed that the binding energies for 
the Ru 3d~  line from samples prepared in this manner 
are in agreement with those obtained for anhydrous RuO~ 
powder (17). 

Voltammetric experiments were performed in a single- 
compartment  Pyrex cell with a volume of 50 ml. All solu- 
tions were degassed with prepurified N2 for 15 min prior 
to use unless indicated otherwise. Vo]tammograms were 
recorded with a Princeton Applied Research (PAR) 
Model 173 potentiostat/galvanostat, a PAR Model 175 Uni- 
versal Programmer, and a Houston Instruments Model 
2000 X-Y Recorder. The illumination source was a tung- 
sten-halogen lamp with a 13 cm water filter. 

A dual-compartment Plexiglas cell (40 ml each com- 
partment) was used for experiments involving multiple 
photoelectrodes immersed in two solutions. For the ex- 
per iment  involving HC1 electrolysis, one compartment  
contained HC1 while the other contained the Br-/Br2 
redox couple. Photoelectrodes were placed as close to the 
cell wall as possible to minimize absorption of light by 
the solution. 

A Pyrex H-cell was used for the experiments in which 
CI~ was produced by reduction of O~ (TIA/S/M). A fuel cell 
electrode (geometrical area, 3.1 cm~), Teflon/carbon/plat- 
inum (donated by TI), was used as a cell divider. One 
compartment  contained 5M HC1, and the other was kept 
dry and pressurized with O~. 

Power characteristics were evaluated with a series, vari- 
able resistance box and a digital voltameter. Short-circuit 
measurements  were approximated by using a 1512 resist- 
ance and measuring the corresponding voltage drop. All 
chemicals were reagent grade and were used without fur- 
ther purification. Triply distilled water was used in all 

experiments. Acetonitrile was dried over molecular 
sieves. 

Results and Discussion 
Half-reactions at TIA's and TIC's.--We considered half- 

cells composed of a TIA immersed in different solutions 
(cell [2]) and compared the photoresponse of these to the 
i-V curves at a metal electrode. 

Oxidation of chloride.--The voltammetric curves for a 
TIA in 10.0M LiC1 are shown in Fig. 6. In the dark, curve 
A, essentially no current is observed, even at potentials 
where vigorous CI~ production is observed on a bare Pt  
electrode (curve C). Under  illumination, at a light inten- 
sity of 170 mW/cm 2, j-V curve B results. The limiting 
current density, JL, was 38 mA]cm ~. The open-circuit 
photopotential, Vow, was 0.49V, as measured from the dif- 
ferences between curves B and C. The platinum disk elec- 
trode operated near the reversible potential for the C1/CI~ 
couple at low current densities. The fill factor was 0.42. 
The stability of the TIA for CI~ evolution was tested by 
holding it at -+I.0V vs. SCE under illumination of 170 
mW/cm 2 for 48h; vol tammograms taken intermittently dur- 
ing this t ime period showed no change in JL or in the j-V 
curve. No apparent changes in the electrode surface were 
observed. 

The effect of thin films of RuO~, a known catalyst for 
chlorine evolution, on the voltammetric response in C1- 
media was also examined. Films about 100~ thick were 
deposited by chemical vapor deposition onto ambient 
temperature substrates. The TIA/RuO2 electrode showed 
a slightly more negative onset for chlorine evolution com- 
pared to an unmodified TIA (Fig. 7). The modified TIA 
also showed a larger cathodic peak on the reverse scan. 
These results suggest that the kinetics of the C1-/CI~ cou- 
ple are somewhat improved by the RuO~ treatment. The 
fill factor for the RuO~ coated anode increased to 0.48. 
There was, however, some attenuation of JL because of 
light absorption by the RuO., layer (25% attenuation in the 
worst case). The RuO., modified TIA's were tested for sta- 
bility by potential cycling for lh  under illumination. The 
films showed stable operation for solutions of pH > 2; 
however, for pH < 1, the i-V curves showed only resistive 
behavior with poor photoeffects, indicating deterioration 
of the surface film. 

The Br-/Br~ couple.--This couple is of interest because 
photogenerated Br2 could be employed in brominations 
of organics and because this couple could be used in a 
photovoltaic mode in the coupling of two PEC's. Typical 
i-V curves are shown in Fig. 8 for the TIA and TIC elec- 
trodes. The data pertaining to this couple are given in 
Table I. 

Fe(III)/Fe(II) couples.--We also investigated the Fe 3+j~+ 
couple in 1M HC1 medium and the Fe(CN)~+ :*-~4- couple in 
0.5M Na~SO4 for use in the photovoltaic biasing cell. The 
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Fig. 6. j-V behavior for a TIA in IOM LiCl in the dark (A) and under 
illumination of 170 mW/cm 2 (B) and for a Pt electrode (C). Scan rate: 
1 O0 mV/s. 
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Table I. Photovoltaic parameters of two electrode configuration (photoelectrode vs. Pt electrode) ~ 

JL = J~c 
Electrolyte Photoelectrode V,~ (V) h (mA/cm'2) ~' f.f.~ Efficiency (%)" 

0.5M Fe(CN), 4- } 
0.5M Fe(CN), '~- anode 0.48 9 0.65 4.3 
0.5M Na2SO4 cathode 0.45 10 0.55 3.8 

2M FeC12 anode 0.5 13 0.6 6.0 
2M1M FeC13HC1 } cathode 0.48 15 0.6 6.7 

48% HBr anode 0.5 23 0.5 8.8 
1M Br~ cathode 0.5 25 0.55 10.5 

"Light intensity = 65 mW/cm 2, from tungsten-halogen lamp. 
h Open-circuit photovoltage. 
~' Short-circuit photocurrent. 

Fill factor. 
Maximal power conversion efficiency = ~ o ~  • J~ • f.f.)/light intensity. 

resul ts  are summar ized  in Table  I. The  eff iciency with  
these  couples  was lower  than  that  found wi th  the  Br-/Br2 
couple.  This can pr imar i ly  be a t t r ibuted to lower  values  
of jL (and, hence,  i~c). For  the  Fe  :~§247 couple,  this arises be- 
cause of increased  l ight  absorp t ion  by the solution,  whi le  
for the  Fe(CN)6 :~-~4- couple  the  relat ively low solubil i ty 
causes  j~ to be l imi ted  by mass  transfer.  The  lat ter  couple  
also suffers f rom s o m e  pho tochemica l  instabi l i ty  (18). 

The 02/OH- system.--The i-V curves  for the  oxida t ion  of  
hyd rox ide  ion at a TIA are g iven  in Fig. 9. For  an un- 
buffered  solut ion (curve A), the  i-V is d rawn out, p robably  
because  of  pH  changes  in the  v ic in i ty  of  the e lec t rode  
dur ing  the  oxida t ion  as wel l  as s luggish e lect ron- t ransfer  
rates at the  metal ]solut ion interface.  Sharpe r  i-V curves  
occur  in 1M NaOH (curve B); these  show some  hysteresis  
on scan direct ion which,  perhaps,  is caused by b lockage  
of  e lec t rode  surface by  oxgyen  bubbles .  We also exam-  
ined the effect  of  a chemica l ly  vapor  depos i ted  layer of  
RuO~ on the  TIA. While RuO~ coat ing had  only a small  ef- 
fect  in the  unbuf fe red  solut ions (pH = 8), for the  1M 
NaOH there  was a s ignif icant  i m p r o v e m e n t  in behavior .  
The  potent ia l  for the  onset  of  pho tocur ren t  was shif ted to 
more  negat ive  values  and the  current  rose more  steeply 
(i.e., the  fill factor improved) .  

Single photoarray cells.--Since the  total dr iv ing  force 
for a single photoar ray  cell  is small  (0.55V), only  photo- 

I I I I ~ 0.0 I f 
ia V vs SCE 

0.8mA/cm 2 1 

A l l  B 

Fig. 7. j-V behavior for a TIA (A) and a RuO2-modified TIA (B) in 10M 
LiCI. Light intensity: 170 mW/cm ~. Scan rate: 100 mV/s. 

elec t rosynthet ic  react ions which  have  bo th  a small  
pos i t ive  hG ~ and good kinet ics  (low overpotent ia l )  are 
possible.  An in teres t ing  react ion possibi l i ty  is the  photo-  
p roduc t ion  of  chlor ine via the  react ion 

(1/4)O2 + H ~ + C1- --* 1/2 H~O + 1/2 C12 [6] 

At  pH = 0, hG ~ is 0.13 eV. This react ion can be  accom- 
p l i shed  in a cell  r ep resen ted  as TIA/S/M, whe re  the  meta l  
e lectrode,  M, is a large area (geometric ,  3.1 cm 2) fuel cell 
ca thode  (Pt-C-Teflon) wi th  the  i-V character is t ics  shown 
in Fig. 10A; this showed  a 0.7V overpotent ia l  for O~ reduc-  
tion. The  TIA i-V response,  Fig. 12A, shows poor  overlap 
wi th  that  of  M; thus, large pho tocur ren t s  wou ld  not  be ex- 
pec ted  upon  coupl ing  the  two electrodes.  Exper imenta l ly ,  
i~ was 0.5 m A / c m  2 and Voc was 0.15V; these  are compara-  
t ive ly  low values,  in a g r e e m e n t  wi th  the  pred ic t ion  based 
upon  indiv idual  i-V characteris t ics .  While the  TIA demon-  
s t ra ted character is t ic  behav io r  for pho to-ox ida t ion  of  CI- ,  

Ic e 

Fig. 8. j-V behavior for a TIA (A), TIC (B) in 4 8 %  HBr, 1.0M Br 2. 170 
mW/cm 2 light intensity. Scan rate: 100 mV/s. 

ic V vs SCE 
2.0 0.0 

i 

la 

Fig. 9. j-V behavior for a TIA in 0.1M Na2SO4 (p H = 8) (A) and in 1M 
NaOH (B). (C): RuO2-modified TIA in IM NaOH. Light intensity: 170 
mW/cm ~. Scan rate: 100 mV/s. 
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Fig. 10. i-V behavior for a fuel cell cathode (Pt-C-Teflon) with N,2 flow 
(B) and 02 (A) in 5M HCI. Scan rate: 5 mV/s. 

~(2 ~ I ~ 

i / ~ ~  I v vs SCE 

I 2 10 rnA/cm 

Fig. 12. j-V behavior for TIA (A) and TIC (B) in SM HCI. Light inten- 
sity: 170 mW/cm 2. Scan rate: 100 mV/s. 

the  cell  was l imi ted pr imar i ly  because  of poor  kinet ics  for 
02 reduc t ion  at the  meta l  cathode.  

Dual  p h o t o a r r a y  ce l l s . - -The  coupl ing  of  two photo-  
arrays, TIA]S/TIC, al lows the  genera t ion  of  ca. 1.1V dur- 
ing  force for synthet ic  reactions.  An e x a m p l e  of  a react ion 
in this type  of  cell  is the  b romina t ion  of  phenol  (18) at a 
TIA, coupled  wi th  the  reduc t ion  of H ~ at a TIC. The  
photo-oxida t ion  of  B r -  in 48% HBr,  has a Vonset shif ted ca. 
0.55V more  nega t ive  compared  to a P t  e lec t rode  (Fig. 11). 
On the  reverse  scan, a ca thodic  peak was observed,  indi- 
cat ing at least  some  of the  Br2 be ing  p roduced  was 
re reduced .  Addi t ion  of  1M pheno l  to the  cell  suppressed  
the  ca thodic  wave  and shif ted Vo~t about  50 m V  more  
nega t ive  (curve C). The  ca thodic  wave  was absen t  even  at 
scan rates of 10 V/s, ind ica t ing  that  the  b romina t ion  of  
pheno l  is an efficient  approach  to p reven t ing  back  elec- 
t ron transfer.  E x p e r i m e n t s  pe r fo rmed  wi th  only phenol  
and suppor t ing  e lec t ro lyte  showed  no pho toanod ic  cur- 
rent,  indica t ing  that  the  observed  behavior  was not  due  to 
di rect  oxida t ion  of  phenol ,  iL for the TIA was a t tenua ted  
by 20% in the  p resence  of  phenol ;  however ,  r educ t ion  of 
H + at a TIC, curve  D, was u n c h a n g e d  by pheno l  addit ion.  
The  two photoe lec t rodes  w h e n  coupled  give a Vo~ of 0.42V 
wi th  i~e of  4.5 mA. 

Mul t ip l e  p h o t o a r r a y  ce l l s . - - In  order  to dr ive more  ener- 
getic react ions,  ind iv idual  photocel ls  mus t  be  coupled  to 
obta in  larger  potentials .  The  react ion 

HC1 --> 1/2 H~ + 1/2 C12 

has  a 5G ~ = 1.36 eV (pH = 0), and wou ld  no t  occur  in a cell  
of  the type  TIA/S ' /TIC,  s ince the  m a x i m u m  avai lable  

I o!4 t ~ / 
Fig. 11. i-V behavior in 48% HBr for a TIA (A), TIC (B), and Pt elec- 

trode (C). TIA response after addition of 1M phenol (D). Scan rate: 100 
mV/s. Light intensity: 80 mW/cm 2. 

photovo l t age  is only  ca. 1.1V. The coupl ing  of  two cells, 
TIA]S ' /TIC (cell 2) and TIA/S/TIC (cell 1), where  cell  1 
conta ins  a single r edox  couple ,  wh ich  p rov ides  a bias to 
cell  2, will  p roduce  a pho topoten t ia l  large e n o u g h  for HC1 
electrolysis  to occur  in cell  2. The  i -V curves  for bo th  a 
TIA and a TIC in 5M HC1 are g iven  in Fig. 12. The  over lap 
is poor, and coupl ing  these  e lect rodes  resul ted  in no ob- 
servable  short-circui t  photocur ren t .  However ,  addi t ion  of  
the  bias f rom cell  2 (coupled as in Fig. 5) d id  resul t  in a 
ne t  short-circui t  photocur ren t .  For  the  case of  cell  1 con- 
ta ining 1.0M Br2/1.0M KBr,  the  observed  va lue  of  Jsc was 
7.3 mAJcm 2 wi th  Voc be ing  2.0V wi th  i l luminat ion  inten- 
sity of  170 mW/cm 2. Table  II  gives values  ofjse for var ious  
condi t ions  in cells 1 and 2. As p red ic ted  f rom the  i-V char- 
acteris t ics  for ind iv idual  half-cells (Table I), the  Br-/Br2 
couple  gave the  best  behavior .  Moreover  (see Table  II), 
more  acidic  condi t ions  favor  the  react ion,  s ince the  pro- 
ton  reduc t ion  react ion shifts towards  more  posi t ive  
potent ia ls  wi th  decreas ing  p H  bu t  the  C1- ox ida t ion  is in- 
var ian t  wi th  pH. Eff iciencies  for the  coupled  cell  arrange- 
m e n t  are also g iven  in Table  II. The  efficiency, ~, is 
def ined as 

r = Pc/I [7] 

where  Pe is the  power  s tored  as free energy  in the  electrol- 
ysis p roduc t s  and I is the  inc ident  l ight  intensi ty.  Pc was 
eva lua ted  by as suming  the  products  are c o n s u m e d  in a 
fuel  cell  react ion at the  same current  dens i ty  as that  for 
their  product ion .  Therefore ,  we take 

Pc = J~o • E ~ [8] 

where  E ~ is the s tandard  potent ia l  for rereact ion,  -1.36V. 

P h o t o a r r a y s  in  n o n a q u e o u s  m e d i a . - - H a l o g e n a t i o n  in 
n o n a q u e o u s  media  is poss ible  at the  TIA, as demon-  
s trated by the  fo l lowing results  for the  chlor inat ion  of 
cyc lohexene  in acetoni t r i le  (MeCN) (19). The  photo-  
ox ida t ion  of C1- at a TIA occurs  wi th  Vonset ca. 0.5V vs. 
SCE (Fig. 13). The  ca thodic  w a v e  indicates  tha t  some  of 

Table II. Photoelectrolysis of HCI with different coupling solutions 

Cell conditions ~ j~ P~ 
Compartment A Compartment B (mA]cm 2) (mW/cm2) ~' ~(%) 

11.6M HC1 1.0M Br.2 7.3 9.9 5.8 
1.0M KBr 

5.0M HC1 1.0M Br2 6.7 9.1 5.3 
1.0M KBr 

5.0M HC1 2.0M FeCI~ 3.3 5.4 3.2 
2.0M FeCI:~ 
1.0M HC1 

1.0M HC1 2.0M FeC12 2.7 3.7 2.2 
2.0M FeCI:~ 
1.0M HC1 

a Cell configuration as in Fig. 5; illumination intensity 170 
mW/cm 2. 

h Short-circuit conditions approximated with RL = 15~. 
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Fig. 13. j -V behavior for a TIA in 0.SM TBACI in MeCN(A) and after 
addition of 1M cyclohexene (B). Light intensity: 70 rnW/crn ~. Scan rate: 
100 mV/s. Potentials vs. SCE, 

the CI~ produced was reduced on the reverse scan. Addi- 
tion of 1M eyclohexene completely suppresses the ca- 
thodic wave, curve B, but had no effect on iL, as in the 
bromination case. The wave was also shifted in a negative 
direction by 50-100 mV. The direct photo-oxidation of 
cyclohexene does not occur until ca. 1.6V vs. SCE and, 
therefore, does not influence the i-V behavior in Fig. 12. 

Conclusions 
Multilayer semiconductor electrode structures involv- 

ing several photoactive junctions, such as the Texas In- 
struments arrays based on Si p/n junctions, can show sta- 
ble operation and produce sufficient photovoltages to 
promote energetic reactions, such as the decomposition 
of HC1 to H2 and C12. The i-V behavior at the interface 
with the solution is an important component  of the cell 
performance, and metal surfaces can be selected to stabil- 
ize the electrode from photodecomposit ion and to cata- 
lyze the desired reactions. The behavior of multi junction 
devices can be obtained graphically from the i-V charac- 
teristics of each junction. Multijunction structures, such 
as coupled TI arrays, can produce photovoltages in ex- 
cess of  2V, and can drive energetic reactions. The applica- 
tion of these arrays to nonaqueous solutions was also 
illustrated. 
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Anodic Dissolution of Iron in Ammoniacal Ammonium Carbonate 
Solution 

J. W.  Lee, K. Osseo-Asare, and H. W.  Pickering* 

Metallurgy Program, Department of Materials Science and Engineering, The Pennsylvania State University, 
University Park, Pennsylvania 16802 

ABSTRACT 

The electrochemical behavior of iron has been characterized in aqueous ammoniacal ammonium carbonate solution. 
Pure iron anodically polarized in He- or O=,-saturated 2 kmol m -'~ NH:~ + 1 kmol m -'~ (NH4)2CO:3 solutions exhibits both 
stable active (E = -650 to -400 mV, SHE) and passive (E = -330 to 1000 mV) regions. A cathodic loop was observed in 
the potential range of -380 to 100 mV. It is suggested, on the basis of cathodic polarization curves of a graphite electrode 
in various concentrations of ammoniacal solution, that the cathodic loop is due to oxygen discharge. The addition of 
CoCO:~ to the ammoniacal solution has the same effect as oxygen in that it increases the cathodic current and potential 
range of the cathodic loop and, as such, functions as a strong oxidant. 

Low grade oxide ores such as the land-based laterites 
and the ocean-floor manganese nodules, which contain 
only about 0.2% cobalt, are important cobalt resources (1, 
2). When the reductive-roast ammonia leach process is ap- 
plied to these materials, cobalt extraction rarely exceeds 
50%, whereas nickel and copper recoveries of greater than 
90% are attainable (3, 4). In this process, the roasting step 
produces alloys of Ee, Co, and other metals, which are 

* Electrochemical Society Active Member. 

then involved in the subsequent leaching step. The low 
cobalt extraction can be attributed in part to coprecipita- 
tion of cobalt with iron and manganese and to the adsorp- 
tion of cobalt on the oxide leach residues (5, 6). Adsorp- 
tion experiments with model oxide powders have shown 
that the hydroxo species play a dominant role in cobalt 
uptake from aqueous ammoniacal solutions (6, 7). It has 
also been shown recently that the poor extraction of co- 
balt may be related to the electrochemical behavior of 
metallic iron (8). It was found during the anodic dissolu- 
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tion of sintered iron-cobalt electrodes that cobalt dissolu- 
tion was inhibited when the electrode potential was in- 
creased above 0.5V (SHE), which is in the passive region 
of the iron electrode in aqueous ammoniacal solutions (8). 
Additional indications of the possible influence of elec- 
trochemical processes are provided by the work of 
Kasherininov (9), Gong et al. (10), and Goeller et al. (11). 

A detailed study of the electrochemical aspects of co- 
balt and iron dissolution in ammoniacal ammonium car- 
bonate solutions is needed in order to understand better 
the behavior of these metals and in order to identify the 
conditions which would maximize cobalt extraction in 
ammonia hydrometallurgical systems. In this paper, elec- 
trochemical polarization techniques are applied to the 
study of iron dissolution in ammoniacal ammonium car- 
bonate solutions with a view to laying the foundation for 
a study of iron-cobalt a~loys. 

Experimental Procedures 
Samples of pure iron (99.7%) were prepared as cold- 

rolled polished, and annealed specimens, as described 
previously (8). Electrochemical  characterization of the 
iron electrode was attained by determining (i) the current 
response to anodic or cathodic polarization under  various 
controlled aqueous-phase conditions and (ii) the t ime de- 
pendence of the open-circuit potential. 

Details of the electrochemical equipment  and the pro- 
cedures used for the polarization and open-circuit poten- 
tial measurements  are given elsewhere (8). Reagent-grade 
chemicals were used throughout, and, when needed, co- 
balt was introduced into the solution as COCO:, but much 
of the cobaltous ion was likely converted to cobaltic ion 
during preparation of the solution (12). Following a period 
(-30 min) at open circuit, the electrode was swept at 6 mV 
m i n - '  in the more noble direction from a potential more 
negative than the open-circuit potential. This rate was 
slow enough to produce quasistationary values. In order 
to investigate the origin of the cathodic loop observed in 
the iron polarization experiment,  cathodic polarization 
curves were measured potentiodynamically on graphite 
rod electrodes in various ammoniacal solutions, following 
a 30 min period at the open-circuit potential, after wh.ich 
t ime a quasistationary mixed potential was obtained. The 
electrochemical behavior of dissolved cobalt was also 
studied in this manner using the graphite electrode. All 
the experiments were conducted at room temperature 
(-25~ 

Results 
Open-circuit potential behavior of iron.--The open- 

circuit potential of iron was monitored as a function of 
time (Fig. 1 and 2). The solutions were He- or O~-saturated 
2 kmol m -:~ NH, + 1 kmol m-"  (NH4)2CO, (pH = 9.90) with 
and without the addition of COCO,. The values of the 
open-circuit potential presented in Table I are after 9h in 
the solutions. 

In general, the open-circuit potential was more noble 
the higher the concentration of COCO,. Another tendency 
was that the potentials were more positive in O2-saturated 
solution than in He-saturated solution. In the case of iron 
in the He-saturated cobalt-free (blank) solution, the poten- 
tial initially decreased to less noble values and then in- 
creased in the more noble direction with increase in time. 
The minimum in the potential occurred at shorter and 
shorter times with increase in COCO:, in the solution, and 
was absent at the highest concentration (Fig. 1). In the 
case of the oxygen-saturated solutions (Fig. 2), no minima 
were observed; the potentials increased steadily with 
time. 

Anodic polarization curves of iron.--The potentio- 
dynamic anodic polarization curves of iron are presented 
in Fig. 3 to 5. The curves show three general regions of ac- 
tive, passive, and oxygen-evolution in addition to a ca- 
thodic loop. These same features were observed for 
sweeps in the opposite direction. 

As the potential was swept in the noble direc- 
tion, anodic current increased at first, but  then 
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Fig. 1. Open-circuit potential vs.  time for iron in He-saturated solution 
containing 2 kmol m -~ NH 3 + 1 kmol m -~ (NH4)2C03 and various con- 
centrations of COC03. 

leveled off, producing a yellow insoluble precipitate 
indentified as a basic ferrous ammonium carbonate, 
(NH4)2Fe2(OH)4(CO:,)2H20 by x-ray diffraction. After that, 
the current density exhibited irregular oscillations within 
the range of 0.4-3.0 mA cm -2 and a loosely adhering mix- 
ture of a yellow-and-brown-colored film formed on the 
corroding surface. As the potential was further increased, 
the iron electrode surface became covered with a shiny, 
dark-brown precipitate, which adhered tightly to the sur- 
face and could only be removed by application of a strong 
water spray. With additional increase in potential, a ca- 
thodic current was observed and the shiny dark brown 
film completely disappeared. Thus, the visible film is 
stable in the presence of high concentrations of ferrous 
ion (as exist at the surface during active dissolution), but 
apparently is not at the much lower current in the passive 
region. Its presence may be a necessary precursor for the 
passivating reaction. Table II shows the max imum values 
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Fig. 2. Open-circuit potential vs.  time for iron in 02-saturated solution 

containing 2 kmol m-:' NH:~ + 1 kraal m -:~ (NH4~2CO:~ and various con- 
centrations of COCO:,. 
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Table I, Open-circuit  potentials for iron after 9h in He-  or O2-saturated 
2 kmol m -3 NH 3 + 1 kmol m -~ (NH4)~CO 3 solutions 

Potential (mV, SHE) 
CoCO:~ He-saturated O.~-saturated 

(kmol m -'~) solution solution 

Blank - 140 35 
5 • 10 -4 -50 80 
5 x 10 -:~ 45 95 
5 x 10 -2 t40 160 

of the  ca thod ic  c u r r e n t  d e n s i t y  a n d  the  c o r r e s p o n d i n g  po- 
t en t ia l  r ange  in He- or O2-saturated 2 k m o l  m -:~ NH:~ + 1 
k m o l  m -:* (NH4)~CO:~ so lu t ion .  

As s h o w n  in  Fig. 3-5 a n d  Tab le  II, as t he  c o n c e n t r a t i o n  
of  COCO:, is i nc r ea sed  or 0.2 is added ,  t h e  m a x i m u m  ca- 
t h o d i c  c u r r e n t  dens i t y  a n d  the  r ange  of p o t e n t i a l  across  
w h i c h  the  ca thod ic  loop  occu r s  inc rease  a n d  the  maxi-  
m u m  a n o d i c  c u r r e n t  dens i t y  decreases .  T he  effect  of  co- 
ba l t  in  t he  e lec t ro ly te  is i l l u s t r a t ed  also on  g r aph i t e  in  Fig. 
6, w h i c h  shows  a typ ica l  po la r i za t ion  cu rve  for t he  
Co(II)/Co(III) coup le  in  a m m o n i a - a m m o n i u m  c a r b o n a t e  
so lu t ion .  A c c o r d i n g  to th i s  figure,  r e d u c t i o n  of Co(III)  oc- 
curs  be low 45 m V  (SHE). 

As s h o w n  in Fig. 7, t he  ca thod ic  po la r i za t ion  c u r v e s  on  
a g r a p h i t e  e l ec t rode  are no t  a s t rong  f u n c t i o n  of the  
a m m o n i a - a m m o n i a c a l  so lu t ion  compos i t i on .  However ,  as 
O~ is a d d e d  to t he  so lu t ion ,  t he  ca thod ic  c u r r e n t  dens i ty  
in  t he  - 8 0 0  to 200 m V  po ten t i a l  r ange  inc reases  by  a b o u t  
a n  o rde r  of  m a g n i t u d e  over  t h a t  in  H e - s a t u r a t e d  solut ion.  

D i s c u s s i o n  

General considerations.--The resu l t s  p r e s e n t e d  above  
h a v e  s h o w n  tha t ,  in  a q u e o u s  a m m o n i a c a l  so lut ion,  the  
i ron  e l ec t rode  e x h i b i t s  act ive,  pass ive ,  a n d  o x y g e n  
evo lu t i on  behav ior ,  in  a d d i t i o n  to a ca thod ic  loop. T h e  on- 
se t  of t he  anod ic  c u r r e n t  in  t he  n e i g h b o r h o o d  of  - 6 5 0  m V  
(SHE) is c o n s i s t e n t  w i t h  the  t h e r m o d y n a m i c s  of  the  Fe- 
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Fig. 4. Potentiodynamic polarization curves of iron in He-saturated so- 
lutions containing 2 kmol m-3  N H:~ + 1 kmol m-:3 (N H4)~CO:~ and various 
concentrations of CoCO:~. 
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Fig. 3. Comparison of the anodic polarization curve of iron in He-  
saturated solution with that in O2-saturated solution. Cross-hatched re- 
gion is a cathodic loop. 

POTENTIAL (mV) VS S.H.E.  
Fig. 5. Potentiodynamic polarization curves of iron in O2-saturated so- 

lutions containing 2 kmol rn -'~ N H:~ + 1 kmol m -3  (NH4)2CO:~ and various 
concentrations of COCO3. 
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Table II. The maximum cathodic current density and the associated potential range during the potentiodynamic polarization of iron 
(2 kmol m -:~ NH:~ + 1 kraal m -:r (NH~)~CO:I) 

553 

He-saturated Maximum current O.~-saturated Maximum current 
solution; CoCO:~ density Potential range solution; COCO:, density Potential range 

(kmol m-~) (~A cm-2) (mV vs. SHE) (kmol m-:9 0zA cm-9  (mV vs. SHE) 

Blank 5 -270 to -150 Blank 60 -330 to 50 
5 • 10 -~ 10 -290 to 40 5 • 10 -~ 150 -330 to 50 
5 • 10 -:~ 60 -300 to 100 5 • 10 -:~ 130 -330 to 100 
5 • 10 -~ 800 -350 to 130 5 x 10 -2 1200 -360 to 150 

NH:cCO:cH20 sys t em.  I n  a so lu t ion  c o n t a i n i n g  10 -4 k m o l  
m -:~ Fe(II)  a n d  4 k raa l  m -:~ (NH:~ + NH4+), the  
Fe(NH:~)4~VFe b o u n d a r y  occurs  at  E~ = - 7 8 0  m V  (8, 13). 
The  m a x i m u m  a n o d i c  c u r r e n t  dens i t y  of  4.3 m A  e m  -~ is 
m u c h  lower  t h a n  t h a t  of 200 m A  cm -~ o b t a i n e d  for t he  
i ron  e l ec t rode  in IN su l fur ic  acid so lu t ion  (14); in  cont ras t ,  
in  bas ic  so lu t ions  c o n t a i n i n g  s o d i u m  b o r a t e  or s o d i u m  
benzoa te ,  t h e  m a x i m u m  a n o d i c  c u r r e n t s  are  10 a n d  230 
/zA c m  -~, r e spec t ive ly  (15). T he  dec rea se  in  a n o d i e  c u r r e n t  
o b s e r v e d  at  a b o u t  - 4 5 0  m V  (SHE) is in  qua l i t a t ive  agree-  
m e n t  w i t h  t h e  t h e r m o d y n a m i c  da ta  a n d  E~-pH d i a g r a m s  
p r e s e n t e d  in  ear l ier  p a p e r s  (8, 13) w h i c h  for  p H  10, 10 -~ 
k m o l  m -~ Fe(II)  a n d  4 k r a a l  m -~ (NH~ + NH~ +) give t he  
Fe(NH~)~+/FeOOH b o u n d a r y  at  E~ = - 3 8 0  mV. Charac te r -  
is t ics  of  t he  sur face  f i lms w h i c h  fo rm in th i s  p o t e n t i a l  re- 
g ion  are  d i s c u s s e d  e l s e w h e r e  (16). 

The cathodic loop.--The p o t e n t i o d y n a m i c a l l y  p r o d u c e d  
a n o d i c  po la r i za t ion  c u r v e s  for  i ron  s h o w  a ca thod i c  loop 
(Fig. 3-5). A few p a p e r s  h a v e  t r e a t ed  the  s ub j ec t  of  the  ca- 
t h o d i c  loop in  t he  r a n g e  of pas s ive  po t en t i a l s  in  ac id  solu- 
t ions  a n d  h a v e  s h o w n  t h a t  it is s t rong ly  r e l a t ed  to t he  so- 
l u t i o n  c h e m i s t r y  (17-22). In  t he  CoCO:~-free so lu t ions ,  
o x y g e n  r e d u c t i o n  m a y  b e  t he  source  of t he  loop  (Fig. 3), 
e v e n  for  t he  H e - s a t u r a t e d  so lu t ion ,  s ince  i t  is d i f f icul t  to  
c o m p l e t e l y  e l im ina t e  o x y g e n  f rom solu t ion .  S h a m s  E1 
D in  et al. (23) h a v e  s h o w n  t h a t  NH,  ~ ions  can  faci l i ta te  t he  
O~-reduct ion reac t ion .  T he  h y d r o g e n  d i s c h a r g e  r eac t i on  is 
also fac i l i t a ted  b y  t he  p r e s e n c e  of  NH~ + (24-26). 

The  fo l lowing  e q u a t i o n  can  b e  u s e d  to de sc r ibe  t h e  dis- 
c h a r g e  of h y d r o g e n  (13) 

NH~ § + e -  = NH:~ + 1/2 H~ [1] 

[NH4 + ] 
E,(V) = -0 .55  + 0.059 l o g -  [2] 

[NH:~] 

Howeve r ,  t h e  ca thod ic  loop  at  - 3 8 0  to 100 m V  in  Fig. 3-5 
c a n n o t  be  a t t r i b u t e d  to th i s  r eac t ion  s ince  f rom Eq.  [2] the  
e q u l i b r i u m  p o t e n t i a l  for  r eac t ion  [1] is - 5 5 0  m V  for equa l  
c o n c e n t r a t i o n s  of NH:~ a n d  NH4L 

The  o x y g e n  r e d u c t i o n  r eac t ion  can  be  w r i t t e n  as 
fol lows 

O2 + 2NH4 + + 4 e -  = 2 O H -  + 2NH:, [3] 
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Fig. 6, Current-potential curve for the redox reaction of soluble 
Co(l l ) /Co(l l l )  species at a graphite working electrode in He-saturated 
solution containing 2 kmol m -3 NH:~ + 1 kmol m -'~ (NH4),2CO:~ + 0.05 
k m o l  m - 3  COC0:3 .  

Eh(V) = 0.956 - 0.0296 pH + 0.0296 log [NH44~] [4] 
[NH:~] 

The  e q u i l i b r i u m  p o t e n t i a l  for  t he  pH 9.9 so lu t ion  u s e d  in 
t h e s e  e x p e r i m e n t s  c o n t a i n i n g  equa l  c o n c e n t r a t i o n s  of 
NH:~ a n d  NH4 ~ is 660 mV.  S ince  th i s  p o t e n t i a l  is m o r e  no- 
b le  t h a n  t he  ca thod ic  loop, i t  is pos s ib l e  for t he  o x y g e n  re- 
d u c t i o n  reac t ion  to p r o d u c e  the  loop. As s h o w n  in  Fig. 3 
a n d  Tab le s  I a n d  II, w i t h  t he  i n t r o d u c t i o n  of  o x y g e n  in to  
t he  so lu t ion ,  t he  open-c i r cu i t  po tent ia l ,  t h e  ca thod i c  cur- 
r en t  at  - 2 5 0  m V  (SHE), a n d  the  p o t e n t i a l  r a n g e  of  the  
loop  are  all inc reased .  Also,  Fig.  7 s t rong ly  sugges t s  t h a t  
o x y g e n  r e d u c t i o n  c o n t r i b u t e s  to t h e  ca thod i c  loop;  t h e  
s h a p e s  of  t he  va r ious  c u r r e n t  waves  are a l m o s t  t he  s ame  
wh i l e  t he  i n t r o d u c t i o n  of  o x y g e n  in to  t he  so lu t ion  sub-  
s t an t i a l ly  inc reases  t he  ca thod i c  c u r r e n t  in  the  po t en t i a l  
r a n g e  - 8 5 0  to 200 m V  (SHE). F u r t h e r m o r e ,  i t  is sig- 
n i f i can t  to no te  t h a t  t he  m a x i m u m  ca thod ic  c u r r e n t s  in  
t he  ca thod i c  loops  of  the  i ron  po la r iza t ion  cu rves  in  the  
He- a n d  O.2-saturated po la r i za t ion  cu rves  of  Fig. 3 are of  
the  s a m e  order  of  m a g n i t u d e  as the  r e s p e c t i v e  ca thod ic  
po la r i za t ion  c u r v e s  on  a g r a p h i t e  e l ec t rode  p r e s e n t e d  in  
Fig. 7 ( - 5  • 10 -'~ for  He a n d  - 5 • 10 -2 m A  c m  -~- for  O2). 

The effects of Co(t1) and Co(III) ammines on the polari- 
zation and open-circuit behavior of iron.--It is e v i d e n t  
f rom t h e  resu l t s  p r e s e n t e d  in Fig. 1, 2, 4, a n d  5 a n d  Tab le s  
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I and II  that  the p resence  of  dissolved cobal t  has a 
s ignif icant  effect on the  polarizat ion behav ior  of  iron. It 
is well  k n o w n  that  in the Co-H20 system, the oxida t ion  of 
the cobal tous  ion to the  cobalt ic  ion is ve ry  unfavorab le  
as can be unders tood  f rom the  s tandard potent ia l  (27) 

Co 3+ + e -  = Co2~; Eh ~ = 1.95V [5] 

However ,  the  oxida t ion  of Co(II) to Co(III) becomes  m u c h  
more  favorable  in the p resence  of  a var ie ty  of  comp lex ing  
l igands especial ly  a m m o n i a  and may  even  be b rought  
about  by a tmospher ic  oxygen  (27). This is a t t r ibuted  to 
the  format ion  of a stable c o m p l e x  of  t r iva lent  cobal t  wi th  
NH:~ (8, 12, 27) 

Co :~ + 6NH:~ = Co(NH:~)~3+; log K = 35.95 [6] 

Co(NH:~)6 :~ + e -  = Co(NH:~)~ 2~ + NH:~; Eh ~ = 0.161V 
[7] 

It  should  be noted  that  the  cobalt ic  and cobal tous  species 
are indica ted  in Eq. [7] as h e x a m m i n e  and p e n t a m m i n e  
species,  respect ively,  s ince these  have been  indica ted  by 
t h e r m o d y n a m i c  analysis to be the stable forms unde r  the 
p resen t  expe r imen ta l  condi t ions  (8, 27). 

The  effect  of  cobal t  addi t ion  to the e lect rolyte  on the 
open-ci rcui t  potent ia l  (Fig. 1 and 2) and on the  anodic  po- 
lar izat ion curves  of  Fe  (Fig. 4 and 5) can be a t t r ibuted to 
the reduc t ion  of Co(III) to Co(II); the oxid iz ing  power  of 
Co(III) is greater  than  that  of oxygen  based on a compari-  
son of  the re levant  potent ia l  regions and m a x i m u m  ca- 
thodic  currents  in Fig. 3-5. Compar i son  of  the  equ i l ib r ium 
potent ia l  of Fe/Fe(NH:~)42~ (Eh ~ = -0.548V) wi th  
Co(II)/Co(III) (Eh ~ = 0.161V) or OH-/O2 (E~ ~ = 0.66V at 
equal  concent ra t ions  of  NH:~ and N H J )  shows that  spon- 
taneous  meta l  d issolut ion occurs  wi th  e i ther  oxidant ,  in 
accord  with  m i x e d  potent ia l  theory. Thus,  one expec ts  
the open-circui t  potent ia l  to shift  in the noble  di rect ion 
wi th  increas ing cobal t  (or oxygen)  content ,  as was found 
(Fig. 1 and 2). Acco rd ing  to Fig. 6, be low 45 mV (SHE), a 
s ignif icant  ca thodic  react ion should be expec t ed  on a 
graphi te  electrode;  at -200 mV, the ca thodic  current  den- 
sity is of the  order  of  0.5 mA cm -~ in a solut ion conta in ing  
5 • 10 -2 kmol  m -'~ of cobalt.  Examina t ion  of  Fig. 4 reveals  
that  the m a x i m u m  cur ren t  dens i ty  of  the  ca thodic  loop is 
of  the same magn i tude  (i.e., ~ 0.5 m A  cm-2). Thus it ap- 
pears that  the ca thodic  loop in the  CoCO;~ containing,  He- 
sa tura ted  solut ions is main ly  due to the  reduc t ion  of 
Co(III) amines.  These  explana t ions  impl ic i t ly  a s sume  that  
dur ing  prepara t ion  of the solutions,  mos t  of the Co(II) 
added  to the solut ion as CoCO:~ is oxidized to Co(III) by 
d isso lved  oxygen,  in accord  wi th  o ther  observat ions  (12). 

The  shift  of the open-ci rcui t  potent ia l  of  Fe  by cobal t  
addi t ion  to the  e lect rolyte  (Fig. 1 and 2) takes  place 
whol ly  wi th in  the pass ive  region of Fe  (Fig. 3-5) and, 
therefore,  has relat ively l i t t le impac t  on the  correspond-  
ing low corrosion rate of iron in this (passive) potent ia l  
range. The  direct ion of  the potent ia l  shift, however ,  has 
far-reaching impl ica t ions  for Fe-Co alloys and reduc t ion  
of  roas ted  fer ruginous  ox ide  ores. In  part icular ,  a shift  in 
the open-ci rcui t  potent ia l  of  up to 300 mV in the  nob le  di- 
rec t ion  could inc lude  the potent ia l  of  the  act ive/pass ive  
t ransi t ion for these  alloy materials ,  in wh ich  case, the  ad- 
di t ion of  cobal t  to the  e lec t ro lyte  wou ld  cause a marked  
decrease  in the  meta l  d issolut ion rate. Avai lable  polariza- 
t ion curves  of  Fe-10%Co and Fe-50%Co, indeed,  show that  
the meta l  d issolut ion rate decreases  wi th  increas ing po- 
tent ia l  above  about  -100  m V  for the same e lec t ro ly te  con- 
di t ions (8). This is a potent ia l  range wi th in  the observed  
shift  of  the  open-c i rcui t  va lue  wi th  increas ing cobal t  
and/or  oxygen  concen t ra t ion  (Fig. 1 and 2). Thus, 
Co(NH~)63*, even  more  so than  oxygen,  tends  to p romote  
the  format ion  of  pass ive  films, as well  as of  bu lk  solid re- 
act ion products ,  on i ron in its role as a s t rong oxidant ,  as 
the fo l lowing react ions i l lustrate  

Fe  + 2Co(NH:,)~ :~+ + 2H~O = Fe(OH)~ 

+ 2Co(NH:~)5 2~ + 2H ~ + 2NH:~ 

log K = 9.23 [8] 

2Fe + 6Co(NH3),~ ~ + 3H20 = Fe._,O.~ 

+ 6Co(NH:~)~ 2~ + 6H § + 6NH~ 

log K = 21.8 [9] 

Conclusions 
1. I ron in a m m o n i a - a m m o n i u m  carbonate  solut ion ex- 

hibits  three  general  regions  (active, passive,  and oxygen  
evolut ion)  in addi t ion  to a ca thodic  loop. 

2. The  cathodic  loop is due to the d ischarge  of oxygen.  
Cobal t  addi t ions  to the e lec t ro lyte  significantly increase 
the  ca thodic  current  in the  loop. Co, even  in a deoxygen-  
a ted solution, p rovides  a s t rong oxidiz ing power  to the  
system. 

3. The  measured  shift  of the open-circui t  potent ia l  in 
the noble  d i rec t ion  by the  Co(III) and O~ reduc t ion  reac- 
t ions is in accord  wi th  the mixed  potent ia l  theory. The 
shift  could have signif icance for Fe-Co alloy mater ia l  pro- 
duced  by reduct ive  roas ted ox ide  ores, s ince the  t endency  
for pass ivat ion sharply  increases  at more  nob le  potent ials  
as has a l ready been  found in laboratory  tests on Fe-Co 
alloys. 
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Solute-Vacancy Interaction Model and the Effect of Minor 
Alloying Elements on the Initiation of Pitting Corrosion 

Mirna Urquidi and Digby D. Macdonald* 
SRI International, Chemistry Laboratory, Menlo Park,  California 94025 

ABSTRACT 

A solute-vacancy interaction model (SVIM) is proposed to account for the effects of minor alloying elements (e.g., 
Mo) on the breakdown of passive films. This model, which is an extension of the point-defect model (15-17) that was 
previously developed to account for the growth and breakdown of passive films, assumes that highly charged solutes 
(e.g., Mo 6~) form complexes with negatively charged cation vacancies (VMX'). This interaction has the effect of reducing 
the flux of cation vacancies from the film/solution interface to the metal/film interface, and hence of increasing the 
breakdown voltage (Vc) and the induction time (tind) for pitting attack. By using experimental  data for 18%Cr-l%Mo to 
calculate values for various parameters, we found that the SVIM accurately predicts the changes in Vr and tin d for higher 
molybdenum concentrations in these ferritic stainless steels. 

It is well known that minor alloying elements can have 
a profound effect on the susceptibility of a metal or alloy 
to localized corrosion, including pitting. By far the most 
important element is molybdenum, which, when added to 
austenitic and ferritic stainless steels at a concentration of 
a few percent, causes a significant shift in the breakdown 
(pitting) potential to more positive values (1-13). However, 
not all minor alloying elements are beneficial. For exam- 
ple, the addition of sulfur to carbon steels, particularly 
those containing manganese, increases the susceptibility 
of the matrix to localized attack (14). This has been attrib- 
uted to the formation and subsequent e]ectrodissolution 
of MnS particles in the passive film, but few details of 
how this occurs are known. 

In spite of a considerable amount of work (1-13), no 
completely acceptable mechanism has been advanced to 
explain how small additions of elements such as molyb- 
denum have such profound effects on the pitting resist- 
ances of metals and alloys. Thus, some workers propose 
that molybdenum increases the repassivation rate of the 
alloy and that because pitting occurs at a potential at 
which the breakdown rate exceeds the repassivation rate, 
the net effect is to shift the pitting potential in the posi- 
tive direction. Other workers have advanced the hypothe- 
sis that molybdenum stabilizes a salt film (perhaps CrCI:~) 
on the metal surface, which, in turn, inhibits anodic disso- 
lution of the underlying alloy and hence imparts some 
protective properties to the system. Still other researchers 
(8) have proposed that the beneficial effects of molybde- 
num and tungsten might be due to one, or to a combina- 
tion of more than one, of the following: (i) thickening of 
the passive film, (ii) formation of a heteropoly-acid film 
that is less hydrolyzed and more readily polymerized than 
the existing passive film, (iii) an impeding of the adsorp- 
tion of C1- onto the surface of the steel by increasing the 
oxygen affinity of the steel, or (iv) formation of an 
amorphous oxide film with a glassy structure. Bui et al. 
(8) finally attributed the beneficial effect of tungsten to 
the "formation of insoluble WO3, which enhances the sta- 
bility of oxide layers," but provided little experimental  
evidence that this is indeed the reason. 

Over the past three years, we have developed the point- 
defect model for the growth and breakdown of passive 
films (15-17). This model has been particularly successful 
at explaining the growth kinetics of passive films on iron 
and nickel in aqueous solutions, and has been successful 
in accounting for chloride-induced breakdown of passive 
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films, in terms of the dependence of both the breakdown 
potential and induction t ime on the chloride activity (16). 
In this paper, we extend the point-defect model to ex- 
plain the effects of certain alloying elements on the 
pitting behavior of metals and alloys. Since the basis for 
this extension is the interaction between the minor al- 
loying element in the film (e.g., Mo 6~) and cation vacan- 
cies, this new model is hereafter referred to as the "solute- 
vacancy interaction model" (SVIM). 

Pitting Characteristics of Metals and Alloys 
Before discussing the theoretical basis for the 

solute/vacancy interaction model, it is advantageous to 
first summarize the experimental  observations that must 
be explained by any satisfactory mechanism for the local- 
ized breakdown of passive films. These observations are 
as follows (18). 

1. A critical pitting potential exists, above which local- 
ized attack is sustained, but below which pits spontane- 
ously passivate. 

2. In s*ystems containing aggressive anions, such as CI-, 
Br- ,  and I- ,  the breakdown potential (Vc) depends on the 
activity of the anion (ax) according to 

Vc = V~ ~ - B log a~ [1] 

where B is normally greater than the Nernstian gradient 
of 2.303RT/nF (n = number  of electrons involved in the 
dissolution reaction). 

3. Breakdown involves an induction time between the 
point at which the aggressive anion is added to the sys- 
tem and when breakdown is observed. The induction 
time decreases with increasing pitting overpotential (V - 
Vr where V is the applied voltage). 

4. The addition of an aggressive anion, such as CI-, to a 
solution in contact with a passive metal causes a "burst" 
of cations to be released from the oxide surface (19). 

5. Little evidence exists that chloride or other aggres- 
sive anions penetrate barrier oxide fihns (18). However, 
penetration of "upper  layer" films, which may form in 
certain systems as porous deposits on the base layer via 
dissolution/precipitation processes, may well occur, and 
this phenomenon probably accounts for the occasional re- 
port of chloride penetration into passive films. 

6. A relationship appears to exist between the size of 
the aggressive anion, or its free energy of adsorption onto 
the passive film, and its ability to cause passivity 
breakdown. 

7. In the case of Fe/Cr/Ni alloys, passivity breakdown 
coincides roughly with electrodissolution of chromium 
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Fig. 1. Processes leading to the breakdown of passive films according 

to the polnt-defect model. 

J. Electrochem. Sac.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  

Film Solution 

Cation Ejection 
M M--> M X+ (aq) + V ~, 

(.-4 M• + ] M~ 

~ " - 1  / Schottky 
/ ~' Pair 

, , ~  [ Reaction 
I ~ X -  j 

from the films (20), such that for potentials greater than 
the breakdown value (V~) the concentration of Cr as 
Cr(III) in the film is greatly reduced. As we argue later, 
electrodissolution of Cr(III) leads to the formation of cat- 
ion vacancies (Vc,.3') at the film]solution interface. 

8. The addition of small amounts of certain alloying ele- 
ments to the alloy phase, and, by implication, to the 
passive film, greatly increases the pitting resistance of 
the alloys. The most effective elements appear to be those 
that are capable of existing at oxidation states in excess 
of that for the cations in the host lattice. For example, Mo 
and W, both of which exist in the +6 state, are effective in 
protecting alloys (e.g., Fe/Cr) whose host cations in the 
passive film exist in the +3 state. 

9. A synergistic relationship appears to exist between 
the chromium and molybdenum contents of the alloy, 
such that molybdenum is more effective at protecting Fe- 
Cr-Ni authentic stainless steels when the chromium con- 
tent is high (6). 

Any theory developed to account for the pitting charac- 
teristics of metals and alloys must explain the generaliza- 
tions noted above, in addition to accounting for the prop- 
erties of specific systems. However, the currently 
available theoretical treatments are either capable only of 
a semiquantitative explanation of some of the more im- 
portant observations, or do not address the principal 
theme of this paper: the role of solutes in the film in 
determining the breakdown characteristics. 

Solute-Vacancy Interaction Model 
The solute vacancy interaction model described in this 

paper was developed to account for the effect of minor al- 
loying elements, such as Mo and W, on the pitting resist- 
ance of iron-based alloys. The point-defect model (15-17), 
upon which the SVIM is based, proposes that passivity 
breakdown occurs because of an enhanced flux of cation 
vacancies from the film]solution interface to the 
metal/film interface, such that the excess vacancies 
arriving at the interface between the metal and the film 
cannot be absorbed into the metal at a high enough rate 
(Fig. 1). Accordingly, the vacancies accumulate to form a 
vacancy condensate at the metal/film interface, which 
then grows to a critical size. At this time, the film col- 
lapses locally to form a pit that will continue to grow pro- 
vided that conditions are not conducive to repassivation. 
The point-defect model has led to the formulation of ex- 
pressions for the two most important parameters that 
characterize the onset of pitting attack; the breakdown 
potential (V~) and the induction time (t~,a) 

V _ 4"606RT [ Jm ] 
x F ~  log 

2.303RT log [acl- ] [2] 
aF 

tier : ~' [exp ( X a n y  1 
\ 2----2R--T-/ - l j + r [3] 

where 
( xF~V~ 

~' = ~/Jou -xrz [acl-] xI~ exp \ 2 - - ~ /  [4] 
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~V = V - v~ [5] 

and ~ is the critical size of the vacancy condensate, X is 
the stoichiometry of the oxide (MOx~2), and 

Nv ( AG%_I - F f ipH-  F4~%s) 
u = ~ exp RT - [6] 

The parameter Jo is given by 

Jo = xKDvMx, [Nv/~] ''+x~2~ exp ( -  AG%/RT) [7] 

where 

K = eF/RT [8] 

and DVM• is the diffusivity of cation vacancies, Nv is 
Avogadro's number, ~ is the molar volume per cation of 
the film, a is the fraction of the total voltage applied be- 
tween the metal and the solution that appears across the 
film]solution interface, F is Faraday's constant, e is the 
electric field strength, ~%~ and fl are constants, and AG% 
is the change in standard Gibbs energy for the Schottky 
pair reaction 

Null ~ VMx, + (-~--) V ~ [9] 

The parameter AG%_ 1 is the change in standard Gibbs en- 
ergy for reaction [10] 

Vo. + C1- ~ C16 [10] 

where VMX ' and V~ represent cation and anion vacancies, 
respectively, at the film]solution interface, and C16 repre- 
sents a chloride ion (for example) occupying an oxide ion 
vacancy at the same location. 

An enhanced flux of cation vacancies from the film/ 
solution interface to the metaYfilm interface, which in 
turn may induce breakdown, can result from any process 
that gives rise to an increase in the concentration of cat- 
ion vacancies at the film]solution interface. We identify 
three such processes below that we believe are of funda- 
mental importance in determining the pitting characteris- 
tics of metals and alloys. 

Anion adsorption.--Anions, which are comparable in 
size to oxide ions (e.g., C1-), may adsorb into anion vacan- 
cies at the film]solution interface according to reaction 
[10]. Thus, the removal of anion vacancies causes a con- 
comitant increase in the concentration of cation vacancies 
according to the Schottky-pair reaction (Eq. [9]) and 
hence to an increase in the flux of these species toward 
the metal/film interface. Consideration of this process 
leads directly to Eq. [2] and [3] for 17,. and t~ ,  respectively. 
We believe that this is the primary process that is respon- 
sible for halide-induced breakdown because Eq. [2] and 
[3] are found to account quantitatively for the pitting of 
iron and nickel in sodium chloride solutions (16). This 
mechanism also accounts for the apparent dependence of 
V~ on the size of the aggressive anion, through the equilib- 
rium constant for reaction [10]. 

Electrochemical cation dissoIution.--In certain systems, 
cations may be ejected from the film]solution interface 
provided that the applied potential is high enough. This 
requires that the cation formed on dissolution exists in a 
higher oxidation state than it does in the film. An exam- 
ple of this phenomenon is the electrodissolution of chro- 
mium from the passive films on austenitic stainless 
steels 

Crc, + 4H20 --> CrO4 '~- + 8H ~ + Vc~3' + 3e- [11] 

where Cr(,,. represents a chromium (III) cation occupying 
a cation site in the film at the film]solution interface, and 
Vc,.3' represents the cation vacancy formed by the 
electrodissolution of that ion. Because this process is a 
charge-transfer reaction, the concentration of cation va- 
cancies at the film]solution interface will increase drama- 
tically (i.e., exponentially) above a certain voltage, which 
may be identified with the breakdown potential. 
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Electrodissolution of inclusions.--Pitting of carbon 
steels and stainless steels containing high concentrations 
of manganese sulfide inclusions frequently coincides 
with the dissolution of this second phase. In this case, pit 
nucleation probably occurs via the creation of cation va- 
cancies according to reactions of the type 

MnMn -"-> Mn :~§ + VMn 2' + e -  [12] 
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various complex configurations. In this work, only q = 1 
is considered, in which case 

K 1 -- - -  -- ?~Anv 
K* = 2nv n~ [20] 

1 1 + - nA - nAnv 
2 

MnS + 4H20 --~ Mn ~ + SO42- + VM.2' + V~. [13] 
+ 8H ~ + 8e- 

In the first case, the net effect of electrodissolution of the 
manganese from the sulfide particles is to create cation 
vacancies, which, in turn, may lead to film breakdown by 
condensing into voids at the metal/film interface. In the 
second case, destruction of the manganese sulfide matrix 
itself occurs, which will result in the formation of a local 
void. This void may then act as a nucleus for pitting 
attack. 

Examination of Eq. [2]-[7] shows that any phenomenon 
that leads to a reduction in the diffusivity of the cation va- 
cancies, DvMx,, will increase the breakdown potential (Vr 
and induct ion time tind. Accordingly, the material should 
become more resistant to breakdown. In  the SVIM, which 
is outlined below, we propose that complexes form be- 
tween the mobile vacancies (VMx') and the immobile 
highly charged solute ions, such as Mo 6§ and W% 

The interaction between cation vacancies (VMx') and a 
solute ion (A "§ in a passive film can be represented as a 
chemical equilibrium 

Kq 
A "~ + qVMX' ~ [A(VM• [14] 

where K, is the equilibrium constant 

g ,  = [P]/[A] [V]" [15] 

in which we represent the complex, solute, and vacancy 
concentrations by [P], [A], and [V], respectively. The con- 
dition for breakdown remains unchanged from that 
stated previously (16) 

(Jca - Jm)mt~ (rind -- ~') > ~ [16] 

where J~ and Jm a re  the fluxes of cation vacancies in the 
film and in the metal, respectively, at the metal/film in- 
terface, and r is a relaxation time. The problem is now to 
compute Jr as a function of solute concentration, recog- 
nizing that the concentration of cation vacancies is re- 
duced by complex formation compared with the solute- 
free case. 

Assuming that the complexes are immobile, the flux of 
cation vacancies in the film at the metal/film interface 
can be written as 

Ox J ~f 

F~ 
- eXDvMx'-~ (nv - q [P])~,f [17] 

where e is the electronic charge, e is the electric field 
strength [assumed to be constant and independent  of ap- 
plied voltage (15-17)], and n~ is the concentration of vacan- 
cies that would exist if the solute was not present. The 
concentration of the complex can be obtained by solving 
Eq. [18], which is itself a restatement of Eq. [15] 

[P] = K, {nA - [P]} {nv - q[P]}'~ [18] 

where nA is the stoichiometric concentration of solute in 
the film. 

Equation [17] can be rearranged to yield 

- D (  Onv ~ D'K* (JJm~f = \ Ox / + (-ex)n~ [19] 

where D* is the modified diffusivity coefficient and K* 
is the modified K value (K = Fe/RT). These functions 
must  be calculated for specific values of q, i.e., for 

D . = D [ _ ~ _ +  1 [ 1  _ . _ _ -~ (~-~-4 nAnv) -'~ ( -~  nA)] [21] 

where 
1 

a = n A  + ~ + n v  [22] 
t %  

Only the real roots that produce positive values for D* 
and ~* are considered. 

In order to quantify the effect of the solute on the 
pitting characteristics of an alloy, it is necessary to com- 
pute the change in breakdown potential and induction 
time as a function of solute (molybdenum) concentration. 
The appropriate functions are, therefore, given by 

4"606RT log[  KD 1 
Vc(XMo) -- Yc (XMo = 0) = x F ~  ~ [23] 

t(XMo) [~ + ~ J~ [C1-]'x'2' exp ( xFaVr "1 ] \ 2RT / J J~ 
I xFaV~ ] t(XMo = O) jo [~ + , JoU-(• [C1-](x,2, exP L ~  j ] 

[24] 

where Jo is defined by Eq. [7] with DvMX' and K replaced 
by D*vM• and K*, respectively. 

This last equation can be simplified for t -~ 0 to read 

t(XMo) KD 
- - -  [ 2 5 ]  

t(XMo = 0) K'D* 

The simplification r --* 0 is considered in this work. 

Results and Discussion 
Plots of Vc and the induction time ratio are shown in 

Fig. 2 and 3, respectively, as functions of XMo. In  the first 
case, two sets of parameters nv, q, and K, have been used, 
and the values of nv and Kq are such that the calculated 
values of Vc(XMo) - Vr = 0) coincide with the experi- 
mental data for the breakdown potential for the 18%Cr- 
l%Mo alloy. As can be seen, reasonable agreement is ob- 
tained between the calculated and experimental data at 
other molybdenum concentrations, particularly consider- 
ing the uncertainty in the experimentally determined 
breakdown potentials (+- 0.1V). This model also predicts 
that the induction time is increased by complex forma- 
tion between the solute and cation vacancies, as shown in 
Fig. 3. Thus, molybdenum not  only shifts the breakdown 
voltage to more positive values, but  also increases the in- 
duction t ime at any given breakdown overvottage. 

The point-defect model and the solute/vacancy interac- 
tion model discussed above have provided quantitative or 
semiquantitative explanations for most of the correlations 
discussed in the previous section. For example, the point- 
defect model (16) accounts quantitatively for the first six 
generalizations, and the SVIM developed in this work ac- 
counts for the next  two, at least semiquantitatively. No 
explanation is currently available for the last observation 
(the synergistic relationship between the Cr and Mo con- 
tents of the alloy), but  we believe that it may be due to the 
ability of chromium to establish a uniform molybdenum 
distribution in the film. This question wilt be addressed 
in a later paper. 

Finally, we note that interactions between solutes (im- 
purities) and charged species (eg. electrons and holes) in 
semiconductors and between point defects and solutes in 
crystalline solids have been well characterized in the liter- 
ature (21). Accordingly, a firm theoretical basis exists for 
the SVIM developed in this work. 
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Fluctuation Phenomena Studies in Chemically Sensitive Field Effect 
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A B S T R A C T  

It is shown that  chemica l ly  sensi t ive field effect  t ransistors  can be used  to s tudy s tochast ic  processes  at the  
solut ion/sol id interface which  is not  at equi l ibr ium.  Auto spectral  densi t ies  and coherence  funct ions  for corros ion of  
a luminum-s i l i con  alloy at zero-net  current  condi t ions  have  been  obtained.  

Noise  in chemica l ly  sensi t ive  field effect  t ransis tors  
(CHEMFET)  originates  bo th  f rom the solid-state part  of 
the  dev ice  and f rom the  e lec t rochemica l  processes  at each 
interface.  In our  previous  work,  we have  shown that  the 
analysis  of noise  of  C H E M F E T ' s  wi th  var ious  ion  selec- 
t ive  m e m b r a n e s  at chemica l  equ i l ib r ium yields an  infor- 
mat ion  about  the  exchange  currents  at the  so lu t ion /mem-  
brane  interface and about  the  bulk  i m p e d a n c e  of the 
m e m b r a n e  i tself  (1). 

High signal-to-noise ratio, small  inpu t  capaci tance,  
small  surface area of the  electrode,  and low parasi t ic  im- 
pedance  are the a t t ract ive features  of C H E M F E T ' s  for the  
s tudy  of  s tochast ic  processes  in e lec t rochemica l  systems.  
Because  each chip  conta ins  at least  two transistors,  it is 
poss ib le  to use mu l t i channe l  analysis methods .  These  
me thods  can yield a u n i q u e  addi t ional  in format ion  about  
the  whole  system, and they  reduce  cont r ibu t ions  f rom the  
solid-state part  of  the  system. 

In  the  first part  of this series, we shall out l ine the  
theory  of noise  analysis in C H E M F E T ' s  and descr ibe  the 
expe r imen ta l  a r r angemen t  which  was used  in this and the 
su bsequen t  studies. 

Principle of Operat ion 
The basic opera t ion  of  C H E M F E T ' s  has been  descr ibed  

e l sewhere  (2). The  output ,  drain-to-source cur ren t  ID, for a 
n -channe l  t ransis tor  opera ted  in the  nonsa tu ra ted  region 
[VD < (Vc - V~)] is 

ID= K[(V,: - V T ) - ~ - J  VD [1] 

and in the  saturat ion reg ion  where  VD > (V(; -.VT) 

ID = K '  (V<; - VT) ~ [2] 

The  constants  K and K '  are character is t ic  of the  geomet ry  
and mater ia l  p roper t ies  of the  t ransis tor  shown in Fig. 1. 
The  t r ansconduc tance  of the  t ransis tor  is def ined as 

: ( 0Io E31 
gm \ OVG / vo 

Because  the  m a g n i t u d e  of  the  solid-state part  of  the  noise  
depends  on the  va lue  of  the  drain current ,  it is preferable  
to opera te  the t ransis tor  in so-called f eedback  m o d e  in 
wh ich  the  average  dra in  cur ren t  is kep t  constant .  In  this 
case, the  gate vol tage  f luctuat ions  v(t) are t r ans fo rmed  
into the  drain current  f luctuat ions i(t) t h rough  the 
re la t ionship  

i(t) = gmV(t) [4] 

Fluctuation Analysis Theory 
In this  section, a br ief  rev iew of theory  re levant  to the  

p resen t  expe r imen t s  is given. For  a ful ler  account  of  the 
theore t ica l  background ,  the  reader  is referred to text-  
books  (3-5). The  dra in  cur ren t  in the  channel  ID(t) of a 
C H E M F E T  can be expres sed  as (1) 

* Electrochemical Society Active Member. 

ID(t) = I + i(t) [5] 

where  I is the mean  va lue  of  the  current  and i(t) is the  
f luctuat ing part  of the  dra in  current  (noise). In  the  re- 
main ing  part  of  this text,  we will  cons ider  the  fluctua- 
t ions in the  drain cur ren t  only  and for the  sake of  no ta t ion  
descr ibe  drain current  f luctuat ions as x(t) or y(t). 

When one is in teres ted  in the  origin of the  f luctuations,  
character izat ion of the  signal (by means  of parameters ,  for 
instance)  is necessary.  Before  any mean ingfu l  s ignal  char- 
acter izat ion can be  a t tempted ,  the  signal has to be 
qualified.  

This qual if icat ion can be  carr ied out  in the  fo l lowing 
way: Fig. 2 shows graphical ly  the  concep t  of  a probabi l i ty  
dens i ty  func t ion  (PDF), wh ich  is def ined for the  signal 
x(t) as 

P rob[x  < x(t) < x + hx] 
p(x) = lira 

~.-,0 Ax 

In  general,  p(x, t) is a func t ion  of  time. I f  this is no t  the  
case, that  is w h e n  p(x, t~) = p(x, t2) for all t ,  t2, it is said 
that  the  f luctuat ing signal is stationary. By its definit ion,  
the  P D F  p(x, t) is normal ized,  i .e. , f  p(x, t) d x  = 1, where  
the  in tegra t ion is carr ied out  over  all va lues  of  the  signal 
x(t). For  the  P D F  statist ical  m o m e n t s  can be  calculated in 
the  usual  way, e.g., Eq. [6]. A large class of  signals is 
fo rmed  by signals wi th  a gaussian PDF,  as i l lustrated in 
Fig. 2. When a f luctuat ing signal of  this class has  "d i rec t"  
statist ical  m o m e n t s  def ined by 

Mean va lue  

<x(t)>=lim(l f]x(t)dt) [6] 

~ R  

SOLUTION ~ V G 

" ' ' " ' " ' " "  ' " " " ' " " ' ' ~  E 

11 I 
o, . - - * s ,  s ,  : 

�9 ID 1 

Fig. 1. Schematic diagram of the transistor chip (drawing not to scale). 
D: drain. S: source. I: insulator�9 M: metal. E: encapsulant. R: reference 
electrode. SB: substrate. ID is drain-to-source current, and V(; is the ap- 
plied gate voltage. 
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Fig. 2. Illustration of probability density function (PDF) for an arbi- 
trary signal, a: Time record, b: PDF. 

Mean va lue  of the  square  

Var iance  

(rt2 = <x2(t)> - <x(t)> ~ [8] 

When the measur ing  t ime  is taken  long enough  (usually 
a l imit  T -o ~ is involved)  and the above  def ined mo- 
ments  equal  the  cor respond ing  m o m e n t s  of the P D F  for a 
s ta t ionary f luctuation,  the signal is ergodic.  

Frequency Domain Analysis 
When the  signal is s ta t ionary and ergodic,  its parame-  

ters are i ndependen t  of  the observa t ion  t ime.  This  prop- 
er ty al lows for analysis  of  signal parameters  f rom individ-  
ual  t ime  records,  e.g., m e a n  and var iance  or f rom m a n y  
dif ferent  records  as, for example ,  for f r equency  analysis 
us ing  sampled  por t ions  of  the  signal of  finite l eng th  (to 
be referred to as ensembles) .  

Suppose  that  one e n s e m b l e  is r ep resen ted  by N 
samples,~ taken  at t ime  intervals  At; N is usual ly  an in teger  
power  of  2. F r o m  the  sequence  of samples  one calculates  
a discrete  Four ie r  t r ans form (DFT), usual ly  us ing  a fast 
Four ie r  t ransform a lgor i thm (FFT) to save computa t ion  
t ime  (7). F r o m  the  Four ie r  componen t s  es t imates  of  spec- 
tral densi t ies  Gx(k) are calcula ted as discrete  f requenc ies  
kfo, un ique  up to k - N/2 - 1. The sequence  Gx(k) is a dis- 
crete representa t ion  of  the  auto spectral  dens i ty  func t ion  
for the  signal X(t) .  The true,  cont inuous ,  signal- 
cont inuous ,  s ingIe-sided auto  spectral  dens i ty  Gflf) is 
def ined as 

f 1 
G x ~  = 2 l im J ,  r ~  --T Xk(f, T) 2 d T  [9] 

The  r andom part  of  the  error  in the  spectral  es t imates  is 
g iven  by Benda t  and Piersol  (3) for the  case of a signal 
wi th  a gaussian P D F  as a normal ized  s tandard  error  

e~ = ~/2/M [10] 

where  M equals  the  n u m b e r  of  degrees  of  f r eedom in sta- 
t ist ical  sense (each t ime  record  has two degrees  of  free- 
dom, due  to the fact that  the  spectral  es t imate  has a real 
and an imaginary  component) .  This impl ies  that  the 
s tandard  devia t ion  in a spectral  es t imate  calculated f rom 
one t ime  record  is 100%, i n d e p e n d e n t  of the  l eng th  of the 
record. 

The n u m b e r  of  degrees  of  f r eedom can be increased  in 
two ways: by smoo th ing  of  the es t imates  at the  expense  
of spectral  resolut ion or by s egmen t  averaging.  The  latter 
t e chn ique  requi res  a longer  observat ion  t ime, but  pre- 
serves  the  spectral  resolut ion,  and is, therefore,  adopted  
in this paper.  

The  bias part  of  the  error  in the  spectral  es t imates  is a 
func t ion  of  the " shape"  of  the  spectral  dens i ty  function.  
For  flat spectra, 1If noise, and lorentzian spectra  this er- 
ror is negl ig ibly  small  at the  f requencies  of  in teres t  (3). 

F r o m  the defini t ion of  the  spectral  density,  it fol lows 
immed ia t e ly  that  if  a signal can be cons idered  to be the 
sum of some stationary, e rgodic  signals the  spectral  den- 
sity of  the  sum equals  the sum of the spectral  densi t ies  of 
the ind iv idual  signals 

x(t)  = Z xi(t) i = 1, 2, 3 . . .  
[11] 

Gx( t )=ZGxi(J )  i =  1 , 2 , 3 . . .  

In  a previous  paper  (1), this p roper ty  was used  by 
H a e m m e r l i  et al.  to d iscr imina te  be tween  noise  
or iginat ing in different  parts of  the  CHEMFET/e lec t ro -  
chemica l  cell system. I t  is clear f rom Eq. [11] that  as soon 
as one of  the different  noise  sources  is s t ronger  than  the  
others  this d i sc r imina t ion  b e c o m e s  impossible .  The  same 
conc lus ion  was reached  by Haemmer l i .  

Two-Channe l  Approach 
In  order  to reduce  the  dev ice  noise  in a CHEMFET/e lec -  

t rochemica l  system, a two-channe l  approach  was devel- 
oped based on the  fo l lowing reasoning:  suppose  that  two 
C H E M F E T ' s  have  an e lec t rochemica l  noise  source  in 
c o m m o n  but  that  the i r  "sol id-s ta te"  noise  is not  corre- 
lated. For  the  f luctuat ions  in the  two drain currents ,  we 
can wri te  

x(t)  = d,(t)  + e(t) 
[12] 

y(t) = d.2(t) + e(t) 

d,(t)  is the device  noise  for FET1,  d.2(t) is the  device  noise 
for FET2,  and e(t) is the  (electrochemical)  noise  c o m m o n  
to both  channels .  The t rue  cont inuous  single-side spectral  
dens i ty  funct ions  are 

G flJ) = [D,(f) + E(f)][D,(J) + E(J)]* 

Gy(f) = [D2(J) + E(f)][D2(]) + E(f)]* [13] 

GxjJ) = [D..,(J) + E(J)][D,(f) + E(J)]* 

where  (*) denotes  a comp lex  conjugate.  D,(f) and D2{f) are 
Four ie r  t ransforms of  signals d,(t)  and d.z(t), and E(f) is the  
Four ie r  t ransform of the noise  e(t) c o m m o n  to bo th  chan- 
nels. I f  we drop the  f r equency  dependence  for conven-  
ience  of notat ion,  e x p a n d e d  Eq. [13] b e c o m e s  

Gx = D,D,* + ED,* + D,E* + EE* 

Gy = D.2D2* + ED2* + D,2E* + EE* [14] 

G.~, = D2D,* + D2E* + ED,* + EE* 

I f  d,, d2, and e are uncor re ta ted  noise  sources,  all cross- 
t e rms  in Eq. [14] 

ED,* = D,E* = ED2* = D.2E* = D,D.,* = D,2D,* 

are zero and hence  
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Gx = DIDI* + EE* 

G~ = D2D~* + EE* [15] 

G~.y = EE* 

The cross spectral density function is thus a function of 
electrochemical noise common to both channels only. 

A derived quantity is the coherence function defined 
a s  

IG ~q)l ~ 
T09 ~ [16] 

G ~  G~(J) 

Theoretically, this function has a range from zero for no 
coherence to one for complete coherence. It can be 
viewed as a measure for the amount  of signal common to 
both channels. 

The same considerations as above apply to the statis- 
tical errors in estimates of the auto spectral density func- 
tions obtained by Fourier analysis of time records. Error 
estimates in the cross power spectral density and in the 
coherence function are dependent  on the amount  of co- 
herence between the two signals and are relatively com- 
plicated (3, 8). The number  of degrees of freedom is im- 
portant especially at low levels of coherence, as Table I 
shows. 

Experimental  
The transistor chips used in this study are identical to 

those used previously (1). They were mounted on 1.5 mm 
diam PVC tubing and encapsulated with a high grade 
epoxy resin (Epon 826 with Jeffamine D230 crosslinker). 
The two gates used for the cross-correlation measure- 
ments are connected as shown in Fig. 1. In this study, we 
have used 25 /~m diam A1-Si (1%) wire, the geometrical 
area of the metal exposed to the solution was approxi- 
mately 7 x 10 -6 cm '~. During etching experiments,  this 
area was renewed by cutting the sample perpendicularly 
to the wire axis after each experiment.  Unless stated oth- 
erwise, the measurements  were done at room tempera- 
ture. The actual temperature at the sensor site was deter- 
mined by precalibration of one of the MOSFET's  
available on the transistor chip. 

The noise measurements  were done under two sets of 
experimental  conditions: in pH 9.0, 0.1M borate buffer (no 
corrosion) and in etching solution consisting of 1600 ml 
H:~PO4 (35% Fisher), 100 ml HNO:~ (69% Fisher), 100 ml ace- 
tic acid (glacial, Fisher), and 200 ml of water. This solu- 
tion was diluted with distilled deionized water for con- 
centration dependence studies as necessary. The 
solutions were degassed with nitrogen and stored in glass 
bottles under nitrogen. They were delivered to the tran- 
sistor under constant pressure using the manifold shown 
in Fig. 3. The volumetric flow rate was controlled by ad- 
justing the nitrogen pressure. Because of the irregular ge- 
ometry of the encapsulated sample, the absolute face ve- 
locity of the flowing solution at the sample surface could 
not be determined. The electrical circuits used for moni- 
toring the drain-to-source current are shown for a two- 
channel operation in Fig. 4b. The output signals were 
amplified with low noise, variable gain (1-10K) 
preamplifiers (Princeton Applied Research, Model PAR 
113A) and analyzed using Hewlett-Packard Signal Analy- 
zer (HP 3582A). The accessible frequencies of this 
measuring setup were between 0.8 Hz and 25 kHz. 

Results 
In the preliminary experiments,  we have used diluted 

hydrochloric acid (0.1 mM to 0.1M) has the reaction me- 

Table I. Error estimate in coherence function at 99%confidence level 
and for coherence = 0.01 

Degrees of freedom Lower limit Upper limit 

100 0 0.06 
1000 0.002 0.022 

10000 0.007 0.013 

l IL 
I . . . .  - J  

II  
I I 

Fig. 3. Experimental arrangement. A: amplifier. P: battery pack. T: 
transistor under study. REF: reference electrode. F: flow cell. H: heater. 
S: solution inlet. W: outlet to waste. O: amplifier output. V: control 
valves. L: hydrodynamic load. E: etching solution. B: buffer. ( - - - ) :  Faro- 
day shielding. 

dium. For concentrations above 5 mM HC1, the reaction 
was too violent, yielding bubbles of hydrogen which cre- 
ated problems in the flow cell. For concentrations below 
1 raM, the change of surface pH due to low buffering ca- 
pacity led to irreproducible results. Nevertheless, the auto 
spectral densities in these experiments exhibited a pro- 
nounced maximum in the region between 1-10 Hz which 
increased with increasing concentration of the acid from 
5 x 10 -'8 A s Hz -I for 0.1 mM HC1 to 5 x 10 -'7 A 2 H z - '  for 
0.1M HC1. 

In order to control the surface concentrations better a 
buffered solution normally used for etching aluminum in 
the integrated circuit fabrication process (9) has been 
used in various dilutions. For undiluted solutions at room 
temperature, the typical etching rate is less than 1000~ 
min-L Therefore, for the duration of our exper iment  (-10 
rain), the removal of the material has not significantly al- 
tered the flow pattern around the sample. 

The auto spectral densities for etching solutions of 
various dilutions are shown in Fig. 5. These are the re- 
sults of 128 averages. There is a clear evidence of a 
lorentzian character of the spectrum (slope: -2) for the 
two highest concentrations. The intensity of the spectrum 
increases with the increasing concentration of the etching 
solution, in general agreement with the results obtained 
with hydrochloric acid. 
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Fig. 4. Circuit used in two-channel measurements. REF: reference 
electrode. Eouw: output voltage. D: drain. S: source. 
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Fig. 5. Autospectral density for corrosion of aluminum at three differ- 
ent concentrations of etching solution. Vertical axis current density units 
are in A2/Hz. 

The coherence function (Eq. [16]) for the data presented 
in Fig. 5 is shown in Fig. 6. It again shows the expected 
concentration dependence. In buffer solution where no 
significant corrosion takes place, its value is 0.025 and in- 
dependent of frequency up to 1 kHz. The fact that the co- 
herence has a nonzero value indicates the presence of 
common electrochemical noise, which probably origi- 
nates from the pseudo-exchange current (nonequi- 
librium) which takes place at the metal/solution interface. 
This statement has to be taken within the context  of the 
statistical accuracy of the coherence function (Table I). 

Conclusion 
In this paper, we have outlined the framework for study 

of nonequil ibrium fluctuation phenomena in chemically 
sensitive field effect transistors from both the theoretical 
and the experimental points of view. The corrosion of 

,"11 
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Fig. 6. Coherence function obtained in two-channel mode for three 
different concentrations of etching solution and for buffer solution. 

aluminum/silicon alloy is used only as an illustration that 
this approach is feasible, and no interpretation of the ex- 
periments is attempted. The corrosion of metals and 
semiconductors is commonly studied by conventional 
electrochemical means in which the important corrosion 
parameters are derived from current-voltage characteris- 
tics which are extrapolated to zero net current conditions. 
Bertocci (10-12) has introduced the concept of coherence 
to corrosion measurements.  It has allowed him to deter- 
mine the causal relationship between current and voltage. 
The fundamental difference in our measurements is that 
they are performed at zero-net current condition. Thus, 
the only independent variables are surface concentra- 
tions, temperature, and pressure. This approach is possi- 
ble because the coupling between the electrochemical 
process and the interface and the observable (fluctuation 
of the drain-to-source current) is through the electric 
field. In the following paper, we will show that this mode 
of operation yields a unique approach to the study of elec- 
trochemical reactions of various materials, including 
insulators. 
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Fluctuation Phenomena Studies in Chemically Sensitive Field Effect 
Transistors 

II. Corrosion of Silicon Oxynitride 

Zheng Kang Li, Johannes M. Reijn, and Ji~ Janata* 
Department of Bioengineering, University of Utah, Salt Lake City, Utah 84112 

ABSTRACT 

Drain current fluctuations in a field effect transistor caused by the corrosion of silicon oxynitride have been mea- 
sured and analyzed. It has been shown that under wet etching conditions the surface of silicon oxynitride becomes con- 
ducting. The equivalent electrical circuit corresponding to this situation has been proposed. 

Analysis of equilibrium (1) and nonequil ibrium noise (2) 
in CHEMFET's  has shown that electrochemical informa- 
tion can be obtained from the solution/membrane (1) or 
solution/metal (2) interface without external electrical 
perturbation. The system is allowed to tell its own story, 
so to speak. The unique feature of CHEMFET lies in the 
fact that the electrochemical signal is coupled through 
the electric field directly to the transistor channel. In 
other words, there is no need for connecting the interface 
under study to the amplifier through a metal lead, which 
would introduce a parasitic impedance into the measure- 
ment. Under these conditions, any material, conductor, 
semiconductor,  or insulator, deposited directly over the 
gate of the CHEMFET can be studied by this technique. 
In this paper, we will describe the study of electrochem- 
ical processes which are taking place at the surface of the 
gate insulator during a wet etching reaction. The theoreti- 
cal background for this work has been outlined in the 
first paper of this series (2). 

Experimental 
Transistors used in this study were of the same type as 

used previously (2) except  for the aluminum layer [Fig. 1 
of Ref. (2)] which was not present. The size of the gates 
was 20 • 400 ~m, and they were spaced 700 ~m apart. The 
area of the chip exposed to the etching solution was typi- 
cally 0.9-1.0 mm '2. A slightly different instrumentation 
approach has been used. The outputs from the two pre- 
amplifiers (PAR 113A) are connected to the signal analy- 
zer HP 3582A (Hewlett-Packard) and also to a digitizing 
oscilloscope (Tektronix 5225). Signals were recorded on 
an FM tape recorder (Hewlett-Packard Model 3964A). 
This arrangement allows for on-line spectral analysis 
using the spectrum analyzer and for off-line analysis 
using our computer  system. 

The computer  system used is an LSI 11/23-based 
minicomputer  (Digital Equipment) running under an 
RT-11 5.1 operating system. Storage facilities are a 10 
megabyte RL01 hard disk (Digital Equipment) and a dual 
RX02 floppy disk system (Data Systems Design) mainly 
used for backup purposes. Standard programming lan- 
guage is FORTRAN IV version 2.6 (Digital Equipment). 
We developed a Ratfor preprocessor to extend this lan- 
guage (3). 

The computer  performs a variety of tasks, as follows. 

Data acquisition.--A Tektronix 5223 digitizing oscillo- 
scope is connected through an HP-1B instrument inter- 
face bus. This arrangement allows for acquisition of two 
channel time records of 1016 points each, digitized to 10 

* Electrochemical Society Active Member. 

bits, including sign. During the time needed for data 
transfer, the sampling is interrupted; thus, a discontinu- 
ous t ime series is obtained. As pointed out in the previous 
paper, this can be allowed for if the stochastic process is 
stationary and ergodic. For the nonstationary cases, we 
are studying alternatives to obtain continuous time series. 

Data qualification.--Software is available to inspect 
time records for stationarity. The main test performs a fit 
of experimental  data to a gaussian PDF. This test enables 
one to distinguish between "true" signals and unwanted 
disturbances. Furthermore, spectral analysis of nonsta- 
tionary data yields results which have to be regarded very 
critically with respect to their interpretation. Use of the 
spectrum analyzer yields only averaged spectral esti- 
mates, and, therefore, information is lost in this computa- 
tion. Even if the experimental  data are expected to be sta- 
tionary (for instance in equilibrium noise measurements) 
it is good practice to subject (part of) the time history of 
the experiment  to statistical tests (4). 

Data processing.--Programs are available for spectral 
analysis yielding estimates of the auto and cross spectral 
densities and the coherence function. In the time domain, 
auto and cross correlations can be calculated for individ- 
ual t ime records. 

Data presentation.--The software supports a HP 7220C 
digital plotter (Hewlett-Packard) for permanent  copies of 
graphs and a graphical terminal MG8000 (Wicat) for quick 
visualization of results. 

Data modeling.--The main programs in this group per- 
form curve fitting as mentioned above for the PDF. The 
software is adapted from Bevington (5) and is written 
using the Marquardt algorithm. 

Copies of programs are available upon request. 
Solutions used in this study were 0.1M pH 7.00 phos- 

phate buffer and etching solution containing 100 ml 85% 
w/w H:,PO4, A.C.S. Certified, Fisher and 5 ml 48-50% w/w 
HBF4, Purified, Fisher. Solutions were handled using the 
same manifold as described in the first paper of this 
series (2). 

Results 
The t ime records of the noise in buffer solution (equi- 

librium) and at 55~ in the etching solution (corrosion) are 
shown in Fig. 1. The temperature for etching of silicon 
oxynitride under normal processing conditions is 180~ 
At that temperature, silicon oxynitride is removed at the 
rate of - 50 ~ min- ' .  We have found that the highest tem- 
perature under which our noise measurements could be 
done reproducibly was 55~ At higher temperatures, the 
overall fluctuations were too violent and samples were 
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Fig. 1. Time record of the drain current fluctuations under (a) equilib- 
rium (buffer) and (b) corrosion ($5~ etching solution). 

destroyed too quickly. The auto spectral density of 
corroding silicon oxynitride was found to be strongly de- 
pendent  on temperature (Fig. 2a) and on mass transport 
(Fig. 3a). 

The most surprising result of this work has been the 
strong correlation between signals from the gate A and 
the gate B [Fig. 1 of Ref. (2)] during corrosion conditions. 
As a matter of fact, the cross power spectral density and 
auto power spectral density calculated for the same 
corroding sample are almost identical. Consequently, the 
coherence fui]ction, 7 ~ (2) has a nonzero value over broad 
range of frequencies, meaning that there is a strong corre- 
lation between these two signals. Thus, coherence is 
again strongly dependent on temperature (Fig. 2b), and 
on flow rate (Fig. 3b). The data in Fig. 2 and 3 are pre- 
sented on different frequency scales in order to highlight 
the shapes of these frequency-dependent functions. 

It has been found that the coherence function measured 
under mildest etching corrosion conditions (36~176 
slowly shifts towards lower frequencies with time. At 

temperatures above 45~ such shifts have not been ob- 
served. The t ime-dependent  surface conductivity has 
been suspected to be the cause of this behavior. In order 
to verify this hypothesis, the following experimental  se- 
quence has been tried. The sample was first placed in the 
etching solution at 25~ Under  those conditions, no co- 
herence occurs in the frequency range accessible to our 
measurements (0.8 Hz-25 kHz) (Fig. 4, curve 1). Without 
interrupting the flow of the etching solution, the heater 
was turned on and the temperature of the etching solu- 
tion was raised to 38~ (Fig. 4, curve 2). After 4 min, the 
coherence has decreased gradually (Fig. 4, curve 3). The 
heater was then disconnected for 4 min and the coher- 
ence at 25~ was again measured; it had returned to near 
zero value. After 4 rain, the temperature was again raised 
to 38~ The coherence function has reached lower value 
than that obtained during the first cycle (Fig. 4, curve 4) 
and, again, gradually decreased with time. This behavior 
is consistent with formation (25~ and removal (38~ of 
surface conductive layer which is necessary for the 
nonzero value of the coherence function. It must be 
pointed out that zero value of coherence at 25~ does not 
imply the absence of surface conductive layer. It can 
mean the absence of the common correlated source of 
fluctuation, i.e., the corrosion process, or it can mean that 
the surface resistance is so high that the coherence is 
shifted to frequencies below 0.8 Hz. 

Discussion 
There are two significant results of this study: the abil- 

ity to investigate directly the electrochemical corrosion 
process taking place at the insulator/solution interface, 
and the finding that the entire surface of the silicon 
oxynitride becomes conductive during wet etching. The 
latter result, unfortunately, makes the interpretation of 
the fluctuation phenomena difficult at present. The time 
record of the corrosion process (Fig. 1) reflects the nature 
of the physical process itself. Each current excursion cor- 
responds to an instantaneous charge imbalance at the 
gate capacitor. This can be due to random interaction of 
ions (both positive and negative) with the silicon 
oxynitride surface, ion exchange, or physical removal of 
charged material from the surface (etching). Any or all of 
these processes take place at the entire surface of the 
transistor chip. The original hypothesis has been that 
only the interactions taking place directly over the gate 
area A and B would be contributing to the fluctuations in 
those respective channels and be uncorrelated. This situa- 
tion is in direct contrast to the experimental  conditions 
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for the corrosion study of a luminum (2) in which the elec- 
trochemically generated fluctuations were made inten- 
tionally correlated to both gates through a common, me- 
tallic connection. 

The presence of strongly correlated fluctuation source 
in the case of silicon oxynitride points to the existence of 
a conducting layer spread over the entire silicon 
oxynitride surface. Since this surface is laterally homoge- 
neous chemically, it is reasonable to expect  that the cor- 
rosion and hence the source of fluctuations is distributed 
uniformly over the entire surface. The process can be, 
therefore, modeled as a distributed impedance, as shown 
in Fig. 5a. In this model, the whole surface of the chip is 
subdivided into elementary complex impedance cells 
(Fig. 5b). In the first approximation, it is assumed that 
the conduction takes place in a two-dimensional con- 
ducting plane array of the elements Zj~. It is further as- 
sumed that the elementary fluctuation sources, Sjk, are 
connected to the center of each impedance element Zjk 
(Fig. 5b) and that the interconnections between neighbor- 
ing elements are only orthogonal. Through this two- 
dimensional network each noise source anywhere on the 
chip surface contributes to the fluctuations measured in 
channels A and B. 

The experiment  described in Fig. 4 allows us to specu- 
late about the nature of the plane conductor. At high tern- 
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Fig. 4. Time dependence of the current spectrum (a) and coherence (b) 

perature (> 45~ the coherence function has a nonzero 
value which does not decrease in time. This means that 
the surface conductor is being formed continuously. At 
38~ the auto spectral density is high, meaning that the 
corrosion-related fluctuation source is operative but the 
coherence function gradually shifts to lower frequencies 
(Fig. 4, curves 2, 4, 5). This is consistent with the increase 
of the resistance value in the impedance element  (Fig. 5b), 
which would effectively filter out the higher frequencies 
of the coherence function. 

Periods 1, 3, and 6 in Fig. 4 represent t ime intervals in 
which the surface conductor can re-form. High values of 
the coherence function in the intervals 2, 4, and 5 support 
this hypothesis. 

So far, we have been considering only a two-dimen- 
sional planar conductor, which is formed chemically. 
There is other evidence which suggests that this con- 
ductor is a three-dimensional layer of finite thickness. In 
that sense, the observed changes in the resistance as 
inferred from the time dependence of the coherence func- 
tion can be due to the changes in the geometry of the 
layer (thickness) and/or of the volume density of charge 
carriers in that layer. At present, this question cannot be 
resolved on the basis of experimental  evidence available 
to us. 

The other supporting argument for the existence of the 
active surface layer comes from the analysis of concentra- 
tion profiles of silicon oxynitride which has been done 
by both Auger spectroscopy (6, 7) and by ESCA (8) com- 
bined with argon ion sputtering. An oxygen-rich layer ap- 
proximately 50~ thick has been found to exist on the sur- 
face of silicon nitride. This layer re-forms spontaneously 
upon exposure to air a room temperature. This process 
resembles the formation of the passivation layer which is 
common to most metals and semiconductors. 

It is well documented (9) that silicon oxynitride surface 
exhibits a linear pH sensitivity over a broad range of 
values (1-13 pH). Some authors have ascribed this sensi- 
tivity to ionization of silanol groups located in the surface 
plane. The linear character of the pH dependence would- 
dictate the existence of at least 30 acid dissociation con- 
stants uniformly distributed over this pH range. The 
more likely explanation of the linear pH sensitivity is the 
existence of a hydration layer analogous to the one which 
forms on a glass pH electrode membrane (10). 

The hydrated silicon oxynitride interface exhibits a 
typical nonpolarized behavior (11); it does not respond to 
adsorption of polyelectrolytes and is insensitive to the 
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motion of the solution. This is again consistent with the 
existence of a separate phase (hydrated layer) which has 
the boundary potential determined by the ion exchange 
process only. 

Finally, our previous study has shown that silicon 
oxynitride allows migration of charge when exposed to 
water (12). The conduction properties of silicon nitride 
have been found to be strongly dependent  on the degree 
of "wetness." While a dry surface would not allow charge 
migration for several hours, a wet surface dissipates 
charge from electrically floating transistor gate in a mat- 
ter of seconds. From the time dependence of this charge 
migration, the surface resistivity of 1016 t2 [~-1 has been 
found for a fully encapsulated transistor chip which has 
been immersed in water for several days. In contrast, the 
surface resistivity of the chip under  etching conditions at 
38~ is only 10 '1 t2 []-1 as estimated from the frequency 
dependence of the coherence function. The lower fre- 
quency roll-off of our experimental setup does not allow 
us to estimate the surface resistivity of silicon oxynitride 
under  equilibrium conditions. However, the results of 
this work and of the charge migration studies which were 
mentioned above, point to a potentially serious problem 
due to the cross-talk in silicon oxynitride devices which 
would be used under  aqueous conditions. It must  be 
pointed out, however, that silicon oxynitride is a perfect 
insulator, for CHEMFET applications, in direction per- 
pendicular to the surface as has been confirmed by re- 
peated leakage tests done throughout this study. 
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ABSTRACT 

Thin films of Cu~_,.S and Cu,+xS have been electrodeposited at temperatures from 21 ~ to 120~ from propylene glycol 
solutions of CuNa._,EDTA, elemental sulfur, and KC1. The films were grown on a variety of substrates, including indium 
tin oxide (ITO) and tin oxide (TO) coated glasses, graphite, nickel, tin and titanium. The stoichiometry of those films 
grown at room temperature can be controlled through the electrolyte stirring rate which controls the rate of sulfur diffu- 
sion toward the cathode. Heterojunction-like double-layer structures of Cu2 xS on Cu~+xS and Cu,+~S on Cu~_xS were 
electrodeposited by changing the stirring rate midway through a deposition. Those films grown at room temperature 
had nearly structureless x-ray diffraction spectra, while those grown at high temperatures were polycrystalline. X-ray 
microana]ysis data indicated a continuous copper-sulfur atomic ratio from 2.33 to 1.06. The Cu2_~S-based films were 
brown to dark-gray, and the Cu~§ films were blue-green to black. The apparent absorbance edge minimum shifted 
continuously from 835 to 575 nm as the sulfur content of the films increased, and the apparent indirect or nondirect 
bandgaps of the least copper-deficient but nearly amorphous Cu~S films electrodeposited at room temperature were in 
the 1.25-1.50 eV range. 

Electrodeposition has emerged as an inexpensive, low 
temperature, and relatively simple method of producing 
thin semiconductor chalcogenide films, such as CdTe 
(1-14), CdSe (15-21), CuInSe~ (22), CdS (14, 21, 23, 24), Bi2S:~ 
(25), SnSe (26), etc., which are potential photovoltaic ma- 
terials. Previous work involving the electroplating of 
copper sulfide-based material can be found in Ref. 
(21, 27, 28). Major problems with the method include 
difficulty in producing perfectly stoichiometric material 
as required for electronic purposes and in achieving large 
grain sizes. 

We report the electrodeposition of thin films of the 
copper-sulfur system from solutions of ethylenediamine- 
tetraacetic acid-disodium-copper (CuNa~EDTA) and ele- 
mental sulfur dissolved in 1,2-propanediol (propylene gly- 
col). The creation of a Cu2 j.S layer by ion displacement, 
chemical vapor deposition, evaporation, etc. in the fabri- 
cation of CdS/Cu~_xS solar cells is well known, and the 
successful controlled electrodeposition of Cu2_xS might 
allow the fabrication of heterojunctions or Schottky barri- 
ers with Cu2_xS as the base material. Good reviews of 
Cu~S-based solar cells can be found in Ref. (29-32). Major 
problems with these cells include stability, the formation 
of Cu~_xS with too large an x value, and electrochemical 
formation of shorting copper nodules. 

Experimental Instrumentation and Procedure 
The experimental  apparatus included an IBM EC 225 

voltammetric analyzer, Hewlett-Packard 7046-B X-Y-t re- 
corder, Pine glassy carbon-glassy carbon ring-disk elec- 
trode and rotator, Fisher Thermix 600T stirring hot plate, 
Fisher Accumet  630 pH, temperature, and millivolt meter, 
and in-house constructed voltage followers, galvanostats, 
and potentiostats. The solution was typically 10-2M in 
CuNa.,EDTA and 10-4-10-2M in sulfur and contained 200 
ml of propylene glycol. Occasionally, KCI or NH4C1 
(0.01-0.1M) was added for conductivity purposes. All 
chemicals were purchased from Alfa or Fisher and were 
reagent-grade. The solution and 1.5 in. long Teflon- 
covered stirring bar were contained in a 1325 ml Pyrex 
crystallizing dish covered with a polypropylene cover, 
which contained ports for cathode removal and for the in- 
sertion of a Corning double junction Ag/AgC1 reference 
electrode, a Fisher temperature electrode, and a Poco 
graphite anode with sufficient area to completely 
"shadow" the 1 in. ~ cathodes. The cathode substrates 
were held by a Poco graphite clamp connected with 
Teflon bolts and nuts. 

* Electrochemical Society Active Member. 
~Present address: University of Missouri at Rolla, Rolla, 

Missouri 65401. 

The IBM EC 225 voltammetric analyzer were normally 
used as the deposition power supply and was also used 
for the conduction of occasional voltammetric measure- 
ments in conjunction with the rotating electrode system 
and X-Y-t recorder. A battery-powered, floating OPAMP 
potentiostat/voltage follower circuit was used to control 
and measure the ring voltage and current. 

A Perkin-Elmer/Hitachi Model 330 optical spectropho- 
tometer was used for the measurement  of optical 
absorbance vs. wavelength for those samples grown on 
the glass substrates. Conventional x-ray diffraction, x-ray 
microprobe analysis, and scanning electron microscope 
instrumentation located at the University of Missouri- 
Rolla and Arkansas State University were used for these 
measurements on the Cu~S films. 

Our deposition technique is similar to that developed 
by Baranski and Fawcett  (21, 23, 25, 37, 38) and Roe et al. 
(24). In this technique, the film is formed by the plating 
of the metal and the subsequent reaction of the metal 
with the dissolved molecular chalcogen, and/or by the re- 
duction of the chalcogen to a divalent anion and the pre- 
cipitation of these anions with the metal cations. Baranski 
and Fawcett  were successful in electrodepositing Cu2S 
(21), but used hazardous CuCN due to the formation of 
"undesirable intermediates" when other copper salts 
were used. 

Our copper sulfide films were produced by the 
electrodeposition of copper metal and subsequent reac- 
tion with sulfur at cathode voltages from -0.70 to -5.0V 
(Ag/AgC1). At -0.70V, the current densities varied from 
3-16 tLA/cm 2 at room temperature to 30-150 tLA/cm 2 at tem- 
peratures near 100~ The angular velocity of the stirring 
bar ranged from 0 to nearly 600 rpm, as measured with a 
strobe light or the period of the noise voltage induced in a 
nearby coil by the changing magnetic field of the stirring 
system. 

The approximately 1 • 1 in. cathode substrates in- 
cluded PPG indium tin oxide (ITO) and tin oxide (TO) 
coated glasses, Poco graphite, nickel, tin, and titanium. 
The initial deposition voltage for the glass substrates was 
usually restricted to greater than -0.9V, owing to even- 
tual electrochemical reduction of the conductive oxides 
at more negative voltages. 

Substrate preparation was found to be critical to the 
uniformity and adherence of the deposits. After marking 
the conductive side with a diamond pen so that this side 
could be placed opposite the anode, the oxide-coated 
glasses were scrubbed with a test-tube brush and deter- 
gent. Graphite substrates were rubbed down to expose 
new material. Metal substrates were washed and then 
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etched in HCI or HNO:~. All substrates were rinsed in ace- 
tone, thoroughly dried, and handled with plastic forceps. 

The finished deposits were carefully removed from the 
cathode clamp with the forceps and immediately rinsed 
with acetone, which was superior to water in removing 
the propylene glycol. The films were then rinsed in 
distilled/deionized water and dried before storage in 
sample boxes. 

Experimental Results and Discussion 
We have successfully electrodeposited CuxS films with 

x ranging from nearly 1 to >2. The films with Cu/S ratios 
near unity are green to blue when thin, and dark black 
when thick and opaque. The films with Cu/S ratios near 
2 are brown when thin and gray-brown when thick. Inter- 
mediate Cu/S ratios in the films produce either mixtures 
of brown and green colors on the same substrate or, more 
commonly, a homogeneous yellow-brown color. It was 
observed that the green Cu~+xS material was favored near 
the solution-air interface; often, the brown deposits 
would yellow and turn green at the top one-third of the 
submerged substrate. 

It was determined that the stoichiometry of the depos- 
its could be controlled by varying the temperature, stir- 
ring rate, sulfur concentration, and current as a function 
of voltage. Evidently, the rate of reaction between the 
copper and sulfur is determined by the relative rates of 
mass transport of the sulfur and copper toward the cath- 
ode and their temperature-activated reaction rate con- 
stant. It is well known that the copper-chalcogen reaction 
rate is higher than such rates for most other metal- 
chalcogen reactions and may be up to 10 ~ that for tin and 
nickel (33). Of special significance is the fact that we 
were successful in depositing both green and brown 
films at room temperature, whereas most of the previous 
work utilizing this technique has been at temperatures 
greater than 90~ to avoid metal-rich deposits. This was 
possible because of the complexing nature of the EDTA 
ion, which allowed typical current densities of only 3-16 
~A/cm 2, depending upon the stirring rate, at a deposition 
voltage near -0.TV vs. Ag/AgC1 and because of the large 
Cu-S reaction rate constant. With sulfur concentrations 
between 10 -3 and 10-2M, the color and composition could 
be well controlled through the angular velocity of the ap- 
proximately 1.5 in. stirring bar. With no or very slow stir- 
ring (<50 rpm), the deposits were a rich but transparent 
brown color, and with rapid stirring were a blue-green 
color. Sulfur concentrations much less than IO-:~M re- 
sulted in copper-rich deposits and rapid sulfur depletion 
due to film formation and oxidation of the sulfur at the 
anode. One disadvantage of the low current, room tem- 
perature depositions was that it often took over 12h to ob- 
tain reasonably thick deposits. This was especially a 
problem with the pulsed deposition method to be dis- 
cussed below. 

The fact that x in Cu~S ranged from 1 to over 2 when 
there were no Cu § ions deliberately added to the solution 
is evidence that the compounds are being produced pri- 
marily from the chemical reaction of plated copper and 
dissolved sulfur. If  the primary reaction was the 
precipitation-like reaction of electrochemically produced 
S ~ ions and Cu ~ ions, the deposit would tend to be pri- 
marily CuS. This reaction could predominate in the 
electrodeposition of eleetronegative metal sulfides such 
as ZnS or MnS, where the sulfur reduction wave occurs at 
potentials more positive than the metal Nernst potential. 

Those films grown at room temperature were smooth, 
shiny, and reasonably adherent. Rinses in water tended to 
produce more cracking of the films than did rinses in ac- 
etone. Those films grown on graphite and metal rarely 
cracked, while those grown on the oxide-coated glasses 
occasionally cracked and flaked, especially when very 
thick. A few depositions from a CuSO4-based bath yielded 
powdery and nonadherent green-to-brown deposits, espe- 
cially at high deposition temperatures and current densi- 
ties greater than 100 FtA/cm 2. The powdery nature was 
probably a consequence of the powdery copper deposi- 
tion, as often occurs with noncomplexed copper ions. 

At a temperature between 90 ~ and 120~ where the cur- 
rents typically ranged from 30 to 150 ~A/cm 2 at voltages 
near -0.TV (Ag/AgC1), thick, nearly opaque deposits 
could be obtained after 1-2h. Deposits grown at these 
temperatures, especially those grown on metal substrates, 
had a much more grainy texture than those grown at 
room temperature. It was difficult to obtain brown de- 
posits at these temperatures because of the rapid reaction 
of the copper and sulfur, and there was a rapid transition 
from very copper-rich to green deposits as the sulfur con- 
centration was increased from 10 -4 to 10-'~M. By using 
voltages negative of -1.0V, the copper current could be 
increased enough that the deposits would darken and be- 
come Cu2_~S. It is likely that CuS is also directly reduced 
to Cu2S at these very negative voltages. The high temper- 
atures tended to change the color of the electrolyte from a 
bright blue to a dark blue-green when maintained for 
lengthy periods. Furthermore,  a dark precipitate ap- 
peared in the crystallizing dish. After this precipitate 
formed, the subsequent deposits became very copper-like 
and nonuniform. Also associated with this phenomenon 
was the onset of a sweet, yeast-like odor from the solu- 
tion. Although not rigorously investigated, we speculate 
that the high temperatures promote the in-solution forma- 
tion of CuS from the reduction of Cu ~§ to copper by the 
solvent and, thus, the removal of all of the sulfur from 
solution. 

Annealing of the green CuS-based deposits in air at 
200~176 quickly converted them to dark brown and 
very adherent Cu2_xS-based deposits, probably with some 
oxides existing on the outer surface. However, we were 
unable to detect any oxygen in the microprobe analysis 
data due to oxygen's low atomic weight. There was al- 
ways much sulfur remaining, as evidenced by microprobe 
analysis data, and, thus, CuxO formation was minor. We 
could also produce Cu~_xS from Cu~+xS by inserting the 
green deposits in a graphite clamp and placing them in a 
weakly acidic aqueous solution opposite a graphite an- 
ode. By generating small quantities of H2 on the surface 
of the deposits, the "excess" sulfur reacted with the H2 to 
form H2S or H S -  and produced brown Cu2_~.S deposits. 
Large hydrogen currents and associated bubble forma- 
tion tended to crack the films mechanically. 

The solution used for this work was convenient to work 
with because of the very low toxicity of the propylene 
glycol and sulfur. Furthermore,  the Cu ~§ ions are com- 
plexed by the EDTA ions and rendered relatively non- 
toxic. The boiling point of propylene glycol is 187~ so 
high temperatures can be used without boiling and rapid 
solvent evaporation and the associated flash ignition 
problems. This also allows for the melting of the sub- 
merged sulfur and greatly increases its rate of dissolution. 
Room temperature evaporation was negligible. A key ad- 
vantage of this bath is that both the EDTA ions and the 
propylene glycol molecules complex most other heavy 
metal ions and strongly hinder or prevent their 
electrodeposition. Thus, metal impurities in the films are 
minimized. 

Material Data 
Table I shows experimental  data for representative 

Cu~S films. All of the samples in the table were grown 
from the same bath, which was 10-2M in CuNa~EDTA, 
10-~M in sulfur, and 10-~M in KC1. The films were grown 
in the same sequence as their sample numbers. The se- 
quence E34-E50 was grown approximately in order of in- 
creasing stirring rate with all of the other parameters 
constant. 

Those films grown at room temperature and those 
grown on the oxide-coated glasses were usually mirror- 
like and usually lacked definite x-ray diffraction struc- 
ture because of, in part, the "brightening" effect of the 
EDTA ion and the very small grain sizes of the oxides on 
the glass. Figure 1 exhibits x-ray diffraction spectra typi- 
cal for those films grown at temperatures greater than 
90~ on metal substrates. The peaks are still rather weak 
and broad, consistent with small grain sizes. Sample E79 
was grown on a nickel substrate at a temperature of 
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Table l .  Experimental conditions for and characteristics of 
representative electrodeposited Cu~S films 

E(V) SFIR RATE 
~PLE 3~STRAII! T (~  Ag/AgC1 I (.A) (OPM X(CUxS) COLOR 

34 ITO 20-23 -0.701 38 30 2,17 BROWN 

36 ITO 2~-27 -0,701 38 30 1,84 BROWN 

37 HO 21-23 -0.701 32 30 1.6~- BROWN 

39 IlO 22-25 -0,701 35 45 1.70 BROWN 

40 IT0 21-23 -0.701 35 60 1,6 ~ YELLOW-BROWN 

BOTH BROWN 
]TO 21-23 -0,701 33 75 1.3@ AND GREEN REGIONS 

45 ITO 25-27 -0,701 42 100 1,14 GREEN 

BOTH BROWN 48 IT0 20-22 -0.701 60 85 1,48 A~ GREEN REGIONS 

49 ITO 20-22 0,701 34 80 1.35 BROWN 

-0.701 
50 ITO 20-23 (PULSED} 52 430 1.39 GREEN 

-1.400 66 Sn 80-93 (PULSED) ]200 465 1,23 (]REEN 

-1,400 70 Ti 97-9~ (PULSED) 1100 550 1,06 GREEN 

72 T~ 100-104 5,000 4500 550 2,33 BROWN, BLUE Ah~ GREEN REGIONS 
GREEN BEFORE 

2"3" TO 189-111 -i, bX]O 800 575 LOG ANNEALING. BROWi, 
AFTER ANNEALING, 

77 N~ 9B-111 -4,300 3500 550 1.81 BLUE-BRAY 

78 GRAPHITE 97-103 -0.800 450 550 1,30 BROWN, BLUE 
AN~) GREEN REGION,: 

79* Ni 96-i08 -1.6(]0 1200 550 1.90 GPJW-I~_AC K 

*#J~REALED; IT0 - In203:Sn COATED GLASS, TO - Sn02 COATED (]LASS. 
APPROXINATE FILM AREA ~ 0,5 IN 2. 

96~176 a vo l t age  of - 1 . 6 V  (Ag/AgC1), w i t h  a c u r r e n t  
d e n s i t y  of 370 ~ A / c m  2 a n d  a s t i r r ing  ra te  of 550 r p m  (de- 
t e r m i n e d  f r o m  s t r o b e  l i g h t  m e a s u r e m e n t s ) .  T h e  s a m p l e  
was  s u b s e q u e n t l y  a n n e a l e d  in  air  a t  213~ for  3h. The  
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Fig. 1. X-ray diffraction spectra for Cu~S films electrodeposited at 
high temperatures on metal substrates. The numbered peaks are possible 
CuxS structures while the substrate peaks are identified by the substrate 
material. 
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color  of  t h e  fi lm a f te r  a n n e a l i n g  was  gray-black .  T h e  
p e a k s  nea r  47.7 ~ a n d  29.1 ~ (20, Cu-Ka)  are t h o s e  a s soc ia t ed  
w i t h  Cu1_~S (covellite).  The  p e a k s  nea r  46.0 ~ a n d  27.5 ~ are 
t h o s e  a s soc ia t ed  w i t h  Cu2-xS. T h e  b r o a d  p e a k  n e a r  32.0 ~ 
m a y  b e  f rom e i the r  or b o t h  mater ia l s .  Mic roana lys i s  da ta  
for  th i s  s a m p l e  i n d i c a t e d  a gross  Cu/S e l e m e n t a l  ra t io  of 
1.90, bu t ,  ev iden t ly ,  m o r e  t h a n  one  p h a s e  ex is t s  in  t he  
sample .  

S a m p l e  E70, g r o w n  on t i t a n i u m ,  e x h i b i t s  l~eaks nea r  
47.2 ~ a n d  28.5 ~ , w h i c h  are  p r o b a b l y  cha rac t e r i s t i c  of  
Cu1+xS. Again ,  t he  b r o a d  p e a k  nea r  31 ~ m a y  b e  d u e  to ei- 
t h e r  Cu,+xS or Cu2_~S. T h e r e  is some  i n d i c a t i o n  of a smal l  
p e a k  b e t w e e n  26 ~ a n d  27 ~ c o n s i s t e n t  w i t h  ani l i te  (Cu7S4). 
T h e  x- ray  mic roana ]ys i s  da ta  for  t h i s  s a m p l e  i n d i c a t e d  a 
Cu/S e l e m e n t a l  ra t io  of 1.06. Th i s  s a m p l e  was  g r o w n  at  
97~176 w i t h  a d e p o s i t i o n  vo l t age  of  - 1 . 4 0 V  (Ag/AgC1), a 
c u r r e n t  dens i t y  of  341 /~AJcm 2, a n d  a s t i r r ing  ra te  of  550 
rpm.  

S a m p l e  E77 y ie lded  p e a k s  nea r  46.1 ~ 37.1 ~ a n d  27.5 ~ all 
cha rac t e r i s t i c  of  Cuo_~S, a n d  s h o w e d  s o m e  i n d i c a t i o n  of  a 
p e a k  n e a r  31.5 ~ Mic roana lys i s  da ta  i n d i c a t e d  t h a t  the  
s a m p l e  was  Cu~B~S, c o n s i s t e n t  w i t h  t he  d igen i t e  sys tem.  
T h e  c o n d i t i o n s  for  t he  d e p o s i t i o n  of th i s  film were  a t e m  
p e r a t u r e  of 98~176 a d e p o s i t i o n  vo l t age  of -4 .30V 
(Ag/AgCI), a c u r r e n t  d e n s i t y  of  1.1 mAJcm% a n d  a s t i r r ing  
ra te  of 550 rpm.  

F i g u r e  2 is a p lo t  of typ ica l  g raph ica l  m i c r o a n a l y s i s  da ta  
t h a t  a c c o m p a n i e d  t h e  n u m e r i c a l  p r i n t o u t s  c o n t a i n i n g  the  
e l e m e n t a l  pe rcen t ages .  S a m p l e  E34 was  g r o w n  on  a n  in- 
d i u m  t in  ox ide-coa ted  glass  s u b s t r a t e  a n d  E77 was  g r o w n  
on  n ickel ,  c o n s i s t e n t  w i t h  t h e  i n d i u m ,  t in ,  a n d  n icke l  
p e a k s  in  t he  data.  T h e r e  we re  n e v e r  any  p e a k s  in  t he  mi- 
c roana lys i s  da ta  for any  film t h a t  were  no t  a t t r i b u t a b l e  to 
copper ,  sulfur ,  or t he  subs t ra t e .  

A l t h o u g h  t h e r e  is s o m e  sca t t e r  in  the  da ta  po in t s ,  Fig. 3 
i n d i c a t e s  an  inc rease  of su l fu r  c o n t e n t  w i t h  i n c r e a s i n g  
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All experimental conditions except the stirring rate were constant. 

stirring rate as would be expected from the decreased sul- 
fur diffusion-layer thickness and the increased cathode- 
surface sulfur concentration. Even with the lowest stir- 
ring rate (<50 rpm) and deposition voltages negative of 
the copper Nernst potential, no great excess of copper 
was indicated when the sulfur concentration was 10-2M 
or greater. 

Figure 4 shows the optical absorbance spectra for 
samples E34, E39, E48, E50, and E73. The spectra were z.0 
compensated for substrate absorbance but not for reflec- 
tance. Referring to Table I, one notes that the bandgap 
absorbance edges, as approximately defined by the 1.8 
wavelength location of the spectra minima, move from 
835 to 575 nm with increasing sulfur content. Thus, it I.G 
should be possible to vary the bandgap of Cu~S by 
controlling x with the stirring rate. These minima ener- I.~ 
gies are not necessarily the bandgaps of the materials, as 
must be determined from various functional plots of the 
data. LZ 

Note that the gross absorbance also increases at the 
longest wavelengths and that the long wavelength 8-. 1.0 
absorbance seems to increase with increasing sulfur con- 
tent. Rigorous comparison is hindered, however, by the 

0.e slightly different film thicknesses. This low energy 
absorbance is probably due to free carrier absorption, but 
could also be partially due to interface reflectance be- 0.G 
tween the sample and substrate. Most Cu~S films, espe- 

F ~  
cially the green films, were very conductive and prob- ,~, 0.4 
ably p-type degenerate with large hole concentrations 
leading to plasma resonance effects such as are discussed 
in Ref. (34). Note that the CuS-based samples on indium 0.z 
tin oxide-coated glass could serve as crude optical 
bandpass filters to the red end of the visible spectrum. 
The two competing "absorbance" processes make the de- 
termination of the actual material bandgap value 
difficult. Figure 5 plots [hv(A - Ao)] ~ vs.  h~ for sample 
E34 and should yield linear plots if (35, 36) 
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A = A o +  

E 
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Fig. 4. Optical absorbance spectra for typical electrodeposited CuxS 
films. The apparent bandedge shifts consistently to shorter wavelengths 
with a decreasing copper.to-sulfur atomic ratio. 

where E = h, is the photon energy, E~ is the bandgap en- 
ergy, and C is a constant. This functional form applies to 
materials exhibiting indirect or nondirect (amorphous- 
like) optical transitions. The uncertainty lies in Ao, a back- 
ground absorbance due to imperfect substrate compensa- 
tion, sample reflectance, free carrier and impurity 
absorption, etc. Two values have been selected for Ao, 0.0 
and 0.34, the min imum absorbance of the sample. For Ao 
= 0.34, a least squares fit of those points visually ap- 
pearing linear yields a bandgap estimate of 1.5 eV, and Ao 
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portions of the curves with the horizontal axis are estimates of the 
bandgap of the nearly amorphous sample. 
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Fig. 6. Micrographs of CuxS samples E37 and E48, both yielding struc- 
tureless x-ray diffraction spectra. 

Fig. 7. Micrographs for sample E73 (Cu~.0~S) after annealing. This 
sample exhibited a weak Cu.2_xS x-ray diffraction structure. 

= 0.0 yields a bandgap estimate of 1.25 eV. We feel that 
the former estimate is more correct, but the actual Eg 
value could lie anywhere within this 0.25 eV range, which 
is consistent with that observed for Cu2_~S produced by 
other methods (29, 30). Samples E34 and E73 were slightly 
copper-rich and were probably more nearly CusS (cha]co- 
cite) than most of the other brown samples. Most brown 
samples with Cu/S ratios between 1.6 and 1.8 had 
absorbance minima occurring between 700 and 750 nm, 
consistent with the digenite phase. We fee] that digenite is 
the most commonly electrodeposited form of Cu2_~S. 
However, with more exact "fine tuning" of the experi- 
mental conditions, we hope that chalcocite can be con- 
sistently produced. A slight excess of copper might be re- 
quired to achieve chalcocite, however, because djurleite 
(x = 1.94-1.97) is so close in composition and is consider- 
ably inferior to low chalcocite (Cu~.00S) in photovoltaic 
properties. A very slight copper excess would shift the 
equilibrium toward copper interstitial atoms rather than 
vacancies and hinder the changes in crystal structure as- 
sociated with increasing numbers of copper vacancies. 

Figure 6 shows micrographs of samples E37 and E48, 
both grown at room temperature. Note the nodular ap- 
pearance of the surfaces. The nodules range from 0.1 t~m 
to 0.5 t~m in breadth. The nodules for sample E37 exhibit 
a columnar structure when viewed at higher magnifica- 
tions. However, the x-ray diffraction spectra for these 
samples were nearly structureless. 

Figure 7 exhibits micrographs for sample E73 grown at 
ll0~ on SnO2-coated glass using a pulsed deposition 
technique. The dark green sample was then annealed in 
air at 213~ for 3h and transformed into a dark brown de- 
posit (Cu2.06S). The x values slightly greater than 2 could 
be due to a minor amount  of CuxO formation at the sur- 
face of the film with annealing. Any oxygen present was 
not detected in the microprobe analysis data due to its 
low atomic weight and, thus, the Cu/S ratio calculated 
could be slightly in excess of the true x value. 

These photographs are for the after-annealing case. 
Note the sponge-like structure of the deposit as opposed 

to the nodular-like structures of samples E37 and E48. At 
higher magnifications, a brain-like structure is apparent. 
The x-ray diffraction spectrum for this sample showed a 
weak but definite peak between 45.5 ~ and 46.0 ~ , indica- 
tive of Cu2S. Some of the brown samples, such as E45, 
grown at room temperature, also exhibited a similar 
structure when observed with magnification near 
20,000• 

Figures 8 and 9 show micrographs for samples E66, 
E70, E77, and E79 grown at temperatures near 100~ on 
metal substrates. Sample E77 (Cu,.81S) is composed of 
columnar crystals 0.5-1.0/zm wide and approximately 1.0 
~m high. Sample E70 (Cui.06S) exhibits many needle-like 
or whisker-like crystals approximately 0.5 ~m long and 
0.05-0.1 /zm wide. Sample E66 (Cu,.2aS) and E79 (Cui.90S) 
also exhibit  these needle-like crystals, which sometimes 
clump together to form spheroids. 

All of the samples viewed with the scanning electron 
microscope showed one or more of these four basic sur- 
face structures: (i) nodular (ii) sponge- or brain-like, (iii) 
columnar, and (iv) needle- or whisker-like. The nodular 
structure appears for both Cui+xS and Cu~._~S and is indic- 
ative of nearly amorphous films. The sponge-like and co- 
lumnar structures appear to arise from Cu2_xS, and the 
needle-like structures seem to be indicative of Cu~+~S. It 
is obvious that the high temperature depositions on metal 
substrates produce much larger crystallites than do the 
room temperature depositions. 

Electrodeposition of Mult iple-Layer Structures 
We were also successful in plating heterojunction-like 

structures of Cu2_xS/Cul+xS and CuI+xS/Cu2_~S at room 
temperature simply by increasing or decreasing, respec- 
tively, the stirring rate midway through the deposition. 
By raising the cathode substrate slightly out of the elec- 
trolyte at this time, both film colors were visible at the 
end of the deposition. Thus, it is possible to electrode- 
posit two chemically similar but  different (in band struc- 
ture) semiconducting compounds with the same sub- 
strate and deposition voltage, and approximately the 



572 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  March 1985 

Fig. 8. Micrographs for samples E66, ETO, and E77 grown on metal 
substrates at temperatures near 100~ and exibiting substantial x-ray 
diffraction structure. 

same current, simply by controlling the mass transport of 
the sulfur toward the cathode through the stirring rate. 
Such a technique would have many practical advantages 
in a commercial process. It would minimize the impurity 
problems associated with atomic diffusion across a 
heterojunction formed between two chemically unrelated 
compounds, and the associated doping of the depletion 
regions. Other multiple semiconductor compound sys- 
tems such as the SnSe/SnSe2 system (26) might be plated 
by this technique. 

Furthermore, the same scheme might be used for de- 
positing two different semiconductor layers and the top 
contact. Thus, a CuI+~S/Cu2_xS/Cu device could be depos- 
ited through stirring rate variations. The copper layer ad- 
jacent  to the Cu2_xS would also tend to hinder its possible 
electrochemical transformation to a lower sulfur-content 
state under photovoltaic operation. 

Pulsed Deposition Method 

One fundamental advantage of the described electro- 
deposition technique is that it is nearly impossible to pro- 
duce chalcogen-rich deposits, as is a likely possibility 
with cathodic deposition of the chalcogen from ions as 
occurs during CdTe electrodeposition. To take advantage 
of this fact, we developed a pulsed deposition scheme. 
The output of the potentiostat was connected to a relay. 
The relay coil was controlled by the triangular waveform 
of a Tektronix FG-504 low frequency function generator. 

The relative on and off t imes of the potentiostat voltage 
were controlled by the ampli tude,  frequency, and dc off- 
set of the triangular waveform controlling the relay. Thus, 
for a short period from 1 to 10s, the relay was on and ap- 
plied the set-point voltage to the cathode, and for longer 
periods (20-60s), the potentiostat was physically discon- 
nected from the cathode and the cathode-reference elec- 
trode voltage followed the open-circuit rest potential of 
the cathode and was sensed by a voltage follower circuit 
connected to the X-Y-t recorder. During the off portion of 
the cycle, the open-circuit voltage would nearly instanta- 
neously increase to the quasi-rest potential of the depos- 
ited film and then quasi-exponentially increase from the 
quasi-rest voltage to an equilibrium value between 0.1 
and -0.1V (Ag/AgC1), depending upon the experimental  
conditions. The apparent time constant of the "decay" 
was from 1 to 5s and resulted from the reaction of the 
plated copper with the dissolved sulfur, which caused a 
reduction of the copper activity in the deposit, and the re- 
laxation of the copper ion activity in the Helmholtz layer 
to the bulk value. The reaction was essentially complete 
and produced nearly stoichiometric Cul+xS when the 
open-circuit potential reached a steady value. 

It should also be possible to directly use a pulse genera- 
tor as the set-point input to the potentiostat and 
alternately pulse the film anodically and cathodically. 
However, this would redissolve the CuxS during the 
anodic part of the cycle and slow the rate of deposition, 
although possibly decreasing the defect density and 
stress in the deposit. The relay scheme allows the sulfur 
to react with the deposited copper with no net change in 
the total copper content of the deposit. If  the on times 
were long, the copper deposit might become too thick to 
allow sulfur diffusion through the deposit and, thus, com- 
plete reaction would be hindered. In this case, the anodic 
pulse might be beneficial to help remove excess copper 
which should dissolve at a more negative potential than 
would Cu~S. 

The pulsed mode is very attractive for the deposition of 
metal chalcogenide systems with only one compound, 
such as CdS, but for multiple-compound systems, such as 
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CusS, would tend to produce the most sulfur-rich com- 
pound. The technique should allow the deposition of 
most metal chalcogenides at room temperature if there is 
a nonzero rate of reaction between the sulfur and metal. 
However, the required off time might be prohibitively 
long. It should be possible to deposit Cu~_xS by closing 
the relay when the open-circuit potential just  reaches the 
calculated equilibrium rest potential between stoichio- 
metric CuxS and the electrolyte. As discussed previously, 
there is a continuous shift in the absorption edge of the 
CuxS to shorter wavelengths as x goes from 2 to 1. Thus, 
it might be possible to "tailor" the bandgap of the 
metastable Cu~S deposits by switching the relay at the 
appropriate rest potential value. We are presently 
investigating this possibility. 

Conclusions and Further Work 
Both Cu2_.~S and Cu,+xS thin films have been electro- 

deposited at temperatures from room temperature to 
120~ from propylene glycol solutions of CuNa2EDTA 
and sulfur. The stoichiometry of the films can be varied 
by controlling the rate of sulfur diffusion toward the cath- 
ode via the stirring rate. By changing the stirring rate 
midway through a signal deposition, both Cu2_xS/Cu,+xS 
and Cu~+~S/Ctl~_xS structures have been deposited on the 
same substrate. The use of a pulsed deposition scheme al- 
lows nearly complete reaction of the copper and sulfur to 
form Cu,+xS. 

Those films grown at room temperature are usually 
amorphous, while those grown at temperatures near 
100~ are polycrystalline. The amorphous films show a 
nodule-covered surface. Polycrystalline Cul+xS is com- 
posed of needle-like crystals, while polycrystalline Cu2_~S 
exhibits a sponge-like or columnar surface. X-ray micro- 
analysis data indicated a continuous Cu/S ratio from 2.33 
to 1.06. Furthermore, the optical absorbance edge mini- 
mum shifts continuously from 835 to 575 nm as the sulfur 
content increases. This might allow for bandgap "tailor- 
ing" even though the deposits may be metastable or mix- 
tures in some cases. Plots of [hv(A - Ao)] ~ vs. hv for the 
slightly copper-rich, amorphous sample E34 indicated an 
indirect or nondirect bandgap between 1.25 and 1.56 eV. 

Future work includes deposition of Cu~S films with an 
open-circuit potential controlled pulsed deposition sys- 
tem and a rotating cathode to better characterize the rela- 
tionship between the stoichiometry and deposition condi- 
tions, so that photovoltaic-quality CusS and, ultimately, 
junction devices can be consistently produced, as deter- 
mined from structural, composition, optical, and electri- 
cal measurements. 
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A B S T R A C T  

The  ox ida t ion  of  f o r m a l d e h y d e  was  s t ud i ed  on  a r ange  of  h o m o g e n e o u s  copper -go ld  m i x e d  crys ta ls  m a d e  b y  elec- 
t ro less  depos i t ion .  T he  p o t e n t i a l  of  pa s s i va t i on  d e p e n d s  on  the  c o m p o s i t i o n  of t he  alloy. E l e c t r o c h e m i c a l  m e a s u r e m e n t s  
were  also p e r f o r m e d  for  t he  depos i t i on  of  al loys w i t h  a low, a n  equ iva len t ,  a n d  a h i g h  go ld -coppe r  ratio. The  cata lyt ic  acp 
t iv i ty  of the  go ld -coppe r  al loy for  t he  o x i d a t i o n  of  f o r m a l d e h y d e ,  a n d  t h u s  for  au toca ta ly t i c  m e t a l  depos i t ion ,  is d i f fe ren t  
f r o m  t h a t  of t he  p u r e  meta ls .  I t  is sugges t ed  t h a t  c o m p e t i t i o n  b e t w e e n  the  a d s o r p t i o n  of  f o r m a l d e h y d e  a n d  cyan ide  on  
t he  al loy sur faces  at  d i f f e ren t  po ten t i a l s  d e t e r m i n e s  t he  cata lyt ic  p roper t i e s .  

A r a n g e  of au toca ta ly t i c  go ld -coppe r  al loys can  be  de- 
pos i t ed  f rom a lka l ine  so lu t ions  c o n t a i n i n g  KAu(CN)~, cu- 
pr ic  ions  c o m p l e x e d  w i t h  E D T A  a n d  f o r m a l d e h y d e  as 
r e d u c i n g  a g e n t  (1). O x i d a t i o n  of f o r m a l d e h y d e  does  no t  
t ake  p lace  on  a go ld  sur face  in  a wide  po t en t i a l  r ange  
w h e n  cyan ide  ions  are  p r e s e n t  in  solut ion.  I t  is, the re fore ,  
i m p o s s i b l e  to depos i t ,  au toca ta ly t ica l ly ,  p u r e  gold  f rom 
a n  e lec t ro less  so lu t ion  b a s e d  on  KAu(CN)~ a n d  fo rmalde-  
hyde .  However ,  cy an i de  ha s  ve ry  l i t t le  effect  on  t he  oxida-  
t ion  of f o r m a l d e h y d e  on  copper .  In  Ref. (1), we sugges t ed  
t h a t  t he  c o p p e r  ac t s  as a ca ta lys t  for t he  ox ida t i on  a n d  t he  
e l ec t rons  re leased  at  the  c o p p e r  or c o p p e r  al loy sur face  
can  r e d u c e  b o t h  go ld  a n d  c o p p e r  ions.  We h a v e  s h o w n  (1) 
t h a t  b o t h  copper -  a n d  go ld- r ich  alloys can  be  d e p o s i t e d  in 
th i s  way. One of the  s u r p r i s i n g  aspec t s  of th i s  work  was  
t h a t  each  go ld -coppe r  alloy, d e p o s i t e d  f rom a s tab le  
e lec t ro less  so lu t ion ,  ha s  a cha rac t e r i s t i c  la t t ice  cons tan t .  
A l inea r  r e l a t i onsh i p  was  f o u n d  b e t w e e n  la t t ice  c o n s t a n t  
a n d  t he  al loy c o m p o s i t i o n  [Ref. (1), Fig. 7]. We m u s t  con- 
c lude  t h a t  the  go l d - coppe r  layers  d e p o s i t e d  f r o m  auto-  
cata lyt ic  so lu t ions  are  h o m o g e n e o u s  m i x e d  crys ta ls  in  
c o n t r a s t  to e l ec t rop la t ed  layers  (2). R e c e n t  p a p e r s  in  t he  
field of cata lys is  s h o w  t h a t  a me ta l  in  a n  al loy ve ry  of ten  
ha s  cata lyt ic  p r o p e r t i e s  s imi la r  to t h o s e  of t he  b u l k  me ta l  
(3). De J o n g  (4) d e m o n s t r a t e d  t h a t  the  ca ta ly t ic  p r o p e r t i e s  
of  sma l l e r  s t ab le  m e t a l  par t ic les  can  be  s t ud i ed  in  a n  al- 
loy. B e c a u s e  we f o u n d  t h a t  ox ida t ion  of f o r m a l d e h y d e  in  
t he  p r e s e n c e  of c y a n i d e  ions  t akes  p lace  on  p u r e  c o p p e r  
b u t  no t  on  p u r e  gold, we t r i ed  to d e t e r m i n e  if, in  the  
copper -go ld  alloy, on ly  t he  c o p p e r  a t o m s  act  as ca ta lys t  
s u p p l y i n g  t he  e l ec t rons  for  t he  r e d u c t i o n  of the  me ta l  
ions.  

Experimental 
Glass  slides, r o u g h e n e d  w i t h  s i l icon ca r b i de  a n d  t r ea t ed  

w i t h  4% b y  w e i g h t  h y d r o g e n  f luor ide so lu t ion ,  we re  u s e d  
as subs t ra t e .  These  we re  ac t iva t ed  w i t h  s t a n n o u s  chlo- 
r i de -hydroch lo r i c  ac id  a n d  p a l l a d i u m  ch lo r ide -hydroch lo -  
ric acid solut ion.  T he  p l a t i ng  so lu t ions  h a d  t he  fo l lowing  
compos i t i on :  c o p p e r  su l fa te  0.04M, t e t r a s o d i u m  sal t  of  
e t h y l e n e d i a m i n e t e t r a a c e t i c  acid 0.072M, gold(I) cyan ide  
10-2-10-4M, p o t a s s i u m  c y a n i d e  10-~M, s o d i u m  h y d r o x i d e  
0.12M, a n d  f o r m a l d e h y d e  0.10M. All so lu t ions  were  pre- 
p a r e d  f rom ana ly t i ca l -g rade  chemica l s .  T he  e x p e r i m e n t s  
were  ca r r ied  ou t  at  50~ P l a t i n g  ra tes  were  d e t e r m i n e d  
b y  w e i g h i n g  t he  depos i t s .  T he  a m o u n t  of h y d r o g e n  liber- 
a ted  d u r i n g  e lec t ro less  me ta l l i za t ion  was m e a s u r e d  w i t h  a 
gas  bure t t e .  The  coppe r /go ld  ra t io  was m e a s u r e d  b y  low 
e n e r g y  e l ec t ron  i n d u c e d  x- ray  s p e c t r o s c o p y  (LEEIXS)  
a n d  in  s o m e  cases b y  we t  c h e m i c a l  analysis .  E l e c t r o c h e m -  
ical  m e a s u r e m e n t s  were  ca r r ied  ou t  w i t h  t he  meta l l i zed  
glass  slides.  The  w o r k i n g  e l ec t rode  was  c o m p l e t e l y  sur- 
r o u n d e d  by  a p l a t i n u m  shee t  as coun te r e l ec t rode .  A satu-  
r a t ed  ca lomel  e l ec t rode  (SCE) was u s e d  as r e f e r ence  in  
c o m b i n a t i o n  w i t h  a L u g g i n  capil lary.  The  p o t e n t i a l  of t he  
w o r k i n g  e lec t rode ,  g i v e n  in  V vs. SCE, was  v a r i e d  cont in-  
u o u s l y  w i t h  t he  aid of a W e n k i n g  S T  72 s t a n d a r d  po ten-  
t io s t a t  a n d  a W e n k i n g  V S G  72 vo l tage  s c a n  genera to r .  The  

s can  ra te  was  1 mV/s  in  all cases.  The  c u r r e n t  was  re- 
c o r d e d  u s i n g  a Ph i l i p s  P M  8141 X-Y recorder ,  a n d  a Phi l -  
ips P M  2443 digi ta l  dc v o l t m e t e r  was  u s e d  to m e a s u r e  the  
potent ia l .  

Results 
U s i n g  au toca ta ly t i c  p l a t i ng  so lu t ions  at  50~ we ob- 

t a i n e d  a r ange  of g o l d - c o p p e r  al loys by  c h a n g i n g  t he  gold- 
c y a n i d e  c o n c e n t r a t i o n  in  t h e  so lu t ion  f rom 1.8 10 -4 to 1.4 
10-2M. The  me ta l  c o n t e n t  of  t he  al loys a n d  t h e  la t t ice  con-  
s t an t s  are g iven  in  Tab le  I. 

The  po ten t i a l s  m e a s u r e d  d u r i n g  p la t ing  (Ep,) sh i f t  to  
less nega t ive  va lues  as t he  gold  c o n t e n t  is inc reased .  We 
m e a s u r e d  t he  p l a t i ng  ra te  a n d  ca lcu la ted  t he  va lues  as a 
c u r r e n t  dens i ty  (ipt) u s i n g  t he  m e a s u r e d  coppe r /go ld  ra t io  
(Fig. 1) in  t he  layer  a n d  a s s u m i n g  t h a t  two e l ec t rons  are 
r e q u i r e d  to fo rm one  c o p p e r  a t o m  a n d  one  e l ec t ron  for 
gold. The  ca lcu la ted  c u r r e n t  dec reases  as t he  gold  c o n t e n t  
is inc reased .  

The  v o l t a m m o g r a m s  for  t he  ox ida t i on  of f o r m a l d e h y d e  
u s i n g  a p l a t i ng  so lu t ion  w i t h o u t  m e t a l  ions  are  s h o w n  in  
Fig. 2 for  t he  d i f fe ren t  alloys.  W h e n  m o r e  gold  is p r e s e n t  
in  t he  alloy, no t  on ly  is t he  c u r r e n t  l owered  in  a w ide  po- 
t en t ia l  range,  b u t  also the  p a s s i v a t i o n  of t he  al loy sur face  
is also sh i f t ed  to less n e g a t i v e  values .  P a s s i v a t i o n  is no t  
o b s e r v e d  on  m a n y  al loys a t  po t en t i a l s  a t  w h i c h  p u r e  cop- 
pe r  is oxidized.  The  p l a t i ng  po ten t i a l s  for t he  al loys w i t h  
a c o p p e r  c o n t e n t  of  less t h a n  5% lies in  th i s  range.  A rea- 
s o n a b l e  a g r e e m e n t  is f o u n d  w h e n  t he  m e a s u r e d  anod ic  
c u r r e n t  (iM in  Fig. 2) at  t he  p l a t i ng  po t en t i a l  (Ep~) is com- 
p a r e d  w i t h  t he  c u r r e n t s  (ip0 d e d u c e d  f rom the  p l a t i ng  ra te  
(Fig. 1 a n d  Tab le  I). 

In  Fig. 3-5, b o t h  the  anod ic  a n d  ca thod ic  par t ia l  cu r ren t -  
p o t e n t i a l  cu rves  are g iven  for  al loy layers  w i t h  2.5, 49, and  
98.5 a t o m  p e r c e n t  (a/o) gold. The  p la t ing  p o t e n t i a l s  (Ep~) 
are  s h o w n  in the  figures.  The  d i f fe rences  in  t he  p l a t i ng  
po t en t i a l  are no t  d e t e r m i n e d  by  t he  ca thod ic  cu r ren t ,  b u t  
c o r r e s p o n d  to the  degree  of i n h i b i t i o n  of t h e  ox ida t i on  of 
t he  f o r m a l d e h y d e .  The  overa l l  c a thod ic  c u r r e n t  (Fig. 3-5) 

Table I. Metal content and lattice constants of the metals 

Cu Au a ipj iM icu 
(a/o) (a/o) (~) Ep~ (V) (mA cm -~) (mAcm -2) (mA cm -~) 

100 - -  3.62 -0.785 1.1 1.0 1.0 
98.1 1.9 3.62 -0.780 1.0 1.3 1.0 
97.5 2.5 3.63 -0.780 1.1 0.8 1.0 
93.7 6.3 3.65 -0.761 1.1 ~ 0.7 1.2 
76.9 23.1 3.69 -0.728 0.9 0.7 1.6 
51 49 3.86 -0.577 0.8 '~ 0.8 5.6 
16.5 83.5 4.02 -0.510 0.3 0.3 2.4 
1.5 98.5 4.06 -0.470 0.1 :~ 0.3 (0.01) 
1 99 4.07 -0.470 0.1 j 0.15 (0.01) 

iM is the current density measured from Fig. 2 at the plating poten- 
tial (Ep~). i,l is the plating rate calculated as current density, icu is the 
current density at E,j calculated assuming only copper acts as cata- 
lyst. a is the lattice constant. The values in brackets are at plating 
potentials when pure copper is passivated. 
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Fig. 2. Current-potential curves of the oxidation of formaldehyde 

measured at different Au-Cu deposits in solutions containing: 0.10M 
formaldehyde, 0.12-M NaOH, 0.032/,4 Na4EDTA4.4H~O, 10-~M KCN. 
1 : 100 a/o Cu. 2 : 2 3  a/o Au-97.5 a/o Cu. 3:23.1 a/o Au-76.9 a/o Cu. 4: 
49 a/o Au-51 a/o Cu. S: 98.5 a/o Au-1.5 a/o Cu. 6 : > 9 9  a/o Au-< l  a/o 
Cu. The current (iM) at the plating potential (E,i) is indicated by a verti- 
cal line in each case. 
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Fig. 3. The anodic and cathodic current-potenti~al curves on a Au-Cu 
deposit with 2.5 a/o Au and 9 7 3  a/o Cu in solutions containing: top 
curve (anodic): 0.10M formaldehyde, 0.12M NaOH, 0.032.M Na4EDTA 
�9 4H20, i0-4M KCN; bottom curve (cathodic): 0.04M CuSO4 �9 5H20; 
3.5 10-4M KAu(CN)2, IO-:~M KCN, 0.12M NaOH, 0.072M Na4EDTA �9 
4H20. 

at a potential of -0.525V, we found about 0.90 mol hydro- 
gen gas. 

Discussion 
In order to learn if the oxidation of formaldehyde takes 

place exclusively on copper or on the gold-copper alloy, 
we studied the reaction mechanism on the alloy. Van den 
Meerakker (5) found that the reaction on copper is differ- 
ent from that on gold. 

Formaldehyde is completely hydrated in water 

HCHO + H20 ~ CH2(OH)~ [1] 

The hydrated formaldehyde is dissociated as a weak acid 

CH2(OH)2 + OH-  ~ CI-i2OHO- + H~O [2] 

It has been shown that the dissociated component,  the 
methylene glycol ion, is the active reducing agent. 

is not significantly changed when different alloy layers 
are used as electrodes in the corresponding solutions. Dif- 
ferent plating potentials however, give different alloy 
compositions. We tried to measure the cathodic partial 
currents at the plating potential with the alloy as 
electrode and only gold or copper ions in solution. Be- 
cause of changes in the electrode due to metal deposition, 
only the results for an alloy with approximately equiva- 
lent amounts of gold and copper are meaningful. The 
measured current densities at the plating potential (Ep~ = 
-0.577V vs .  SCE) in solutions containing 0.04M CuSO4 �9 
5H20, 0.072M Na4EDTA �9 4H~O, 0.12M NaOH, 10-3M KCN, 
and 7 �9 10-3M K Au(CN)2, 0.032M EDTA 4Na 4H20, 0.12M 
NaOH, 10-3M KCN, are as follows: ic, = 0.36 mA cm -2, 
and iA, = 0.22 m A c m  -~. These values lead us to expect  an 
alloy composition of 53 a/o Au and 47 a/o Cu which is in 
good agreement with what we find (51 a/o Cu and 49 a/o 
Au). The composition of the autocatalytically deposited 
alloys can therefore be deduced from the cathodic partial 
reactions. 

Hydrogen gas analyses were performed on a gold- 
copper alloy with about 1.5 a/o copper in a plating solu- 
tion with the composition given in Fig. 5 (a + b) and a po- 
tential of -0.470V vs .  SCE. In two experiments,  0.70 and 
0.73 mol hydrogen gas were measured when two equiva- 
lents of gold and copper were deposited. On autocatalytic 
layers with a composit ion of 26 a/o copper and 74 a/o gold 
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Fig. 4. The anodic and cathodic current-potential curves on a Au-Cu 
deposit with 49 a/a Au and 51 a/o Cu in solutions containing: top curve 
(anodic): 0.10M formaldehyde, 0,12M NaOH, 0.032.M Na4EDTA . 
4H~O, IO-'~M KCN; bottom curve (cathodic): 0.04 CuSO4 �9 SHoO 7 x 
10-3M KAu(CN)2, 10-3M KCN, 0.12M NaOH, 0.072M Na4EDTA - 
4H~O. 
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Fig. 5. The anodic and cathodic current-potential curves on a Au-Cu 
deposit with 98.5 a/o Au and 1.5 a/o Cu in solutions containing: top 
curve (anodic): 0.10M formaldehyde, 0.12M NaOH, 0.032M Na4EDTA �9 
4H~O, 10-~M KCN; bottom curve (cathodic)0.04M CuSO4 " 5H20, 1.4 
• 10-~M KAu(CN~2, 10-3M KCN, 0.12M NaOH, 0.072M Na4EDTA �9 
4H20. 

Atomic hydrogen is split from the adsorbed ions (5) 

CH2OHO- M CHOHO- + I:I [3] 

In a following reaction, an electron is released to the 
metal surface 

CHOHO- + OH-  M HCOO- + H20 + e [4] 

and formate is formed in the solution. The atomic hydro- 
gen at the metal surface can react in two ways 

+ HMH2 [5] 
o r  

I:I + OH-  M H20 + e [6] 

which gives an extra electron. 
At a copper surface, only reaction [5] occurs, whereas 

on gold both reactions can take place; the ratio of the 
rates is dependent on the potential. Van den Meerakker 
(5) found on copper 100% reaction [5] and on gold at a po- 
tential of -0.500V vs. SCE 68% reaction [5] (0.68 mol hy- 
drogen gas). During deposition of a gold alloy with 1.5 a/o 
copper at a plating potential of -0.470V vs. SCE, we de- 
termined 0.70 and 0.73 tool hydrogen gas. For an alloy 
with the composition of 26 a/o copper and 74 a/o gold (at a 
potential of -0.525V), we found 0.90 mol hydrogen. These 
results show that hydrogen gas is formed on the whole al- 
loy and not only on the copper surface, as was suggested 
in Ref. 1. 

A possible explanation could be that reaction [3] takes 
place on copper and the hydrogen atoms diffuse to the 
gold surface, on which reactions [5] and [6] then occur. 
This diffusion effect of hydrogen atoms over a large dis- 
tance is called "spillover" and is mentioned frequently in 
recent discussions on catalysis (6). However, it is also pos- 
sible that the overall oxidation reaction of formaldehyde 
takes place on the whole surface. 

In Fig. 2, we have seen that the alloy layers have dis- 
tinctive properties. Gold-copper layers do not passivate at 
potentials at which pure copper is oxidized. We compared 
the current at the plating potentials (iM in Fig. 2) for each 
alloy with the current deduced from the deposition rate 
(ip~) and found a reasonable agreement (Table I). From the 
current potential curve for the oxidation of formaldehyde 
at a pure electroless copper as electrode, we also calcu- 
lated the current at the alloy plating potentials, assuming 
that only the copper in the alloy is responsible for the oxi- 
dation of formaldehyde and the copper atoms are 
homogeneously distributed throughout the layer. The re- 
sulting values (icu) are given in the last column of Table I. 
The values in brackets are unreliable because pure cop- 
per is passivated at these potentials. A comparison of the 
calculated values with the plating rates indicates that the 
fraction of copper in the alloy cannot explain the low plat- 
ing rates found in a range of gold-copper layers with more 
than 5 a/o gold (Table I). 

It is possible that the concentration of copper at the sur- 
face is lower than in the bulk. The surface layer of an al- 
loy is enriched in the component  which has the lower sur- 
face free energy (7). The values for copper (~Cu = 1800 
mJ/m 2) and gold (~Au = 1500 mJ/m 2) indicate that an en- 
r ichment of gold at the surface will take place; the effect 
is, however, not large (7). It is not likely that such an en- 
r ichment can explain our results. It is also possible that 
the copper in the alloy is less active than pure copper be- 
cause of changes in the electronic structure of the metals. 
Since the work function of gold (5.1 eV) is larger than that 
of copper (4.65 eV), gold will accept negative charge from 
copper and the copper will be more positive in a gold- 
copper alloy. The electronic structure of the alloy may af- 
fect the competitive adsorption of cyanide and formalde- 
hyde on the alloy surface. Cyanide ions inhibit the 
oxidation of formaldehyde on pure gold (1). Okinaka (8) 
has also shown that cyanide inhibits the oxidation of 
borohydride on gold. Horkans (9), using cyclic voltam- 
metry, studied the effect of cyanide on the oxidation of 
formaldehyde on copper and gold at different potentials 
and found results similar to those reported in our earlier 
work (1). Cyanide ions poison the oxidation of formalde- 
hyde on gold. On copper, however, higher formaldehyde 
currents can be sustained in the presence of cyanide. It is 
likely that the competit ion between the adsorption of for- 
maldehyde and cyanide on the alloy determines the plat- 
ing rate of the metallization. 

Conclusions 
In cyanide solutions, the oxidation current of formalde- 

hyde on gold-copper alloys is lower when the alloys con- 
tain more gold. This decrease is accompanied by a shift of 
the passivation potential to more positive values. When 
the gold cyanide concentration in the plating solution is 
increased, the plating potentials are determined by the 
oxidation of formaldehyde (anodic current) and not by 
the deposition of gold and copper (cathodic current). The 
different plating potentials give a different cathodic cur- 
rent ratio for gold and copper. The currents at the plating 
potentials are generally in agreement with the plating 
rates, but not with the values calculated assuming that 
only the copper in the alloy is the active catalyst. Analy- 
ses of hydrogen evolution during electroless alloy plating 
lead us to conclude that hydrogen atoms are either 
formed on the whole alloy surface or that hydrogen atoms 
diffuse from the copper surface to the gold surface (spill- 
over). It is suggested that the autocatalytic alloy deposi- 
tion is determined by the competit ion between the ad- 
sorption of formaldehyde and cyanide on the alloy 
surface. 
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A B S T R A C T  

Studies  were  pe r fo rmed  compar ing  the  opera t ion  of  phosphor ic  acid fuel  cells on hyd rogen  and air at cons tan t  load 
as a func t ion  of  t ime  and after  opera t ion  unde r  o ther  condit ions,  namely:  (i) per iodic  di rect  in jec t ion  of  me thano l -wa te r  
vapor ,  s imula t ing  failure of  the  s team re- forming unit,  and (it) open-c i rcui t  excurs ion.  Tests  were  carried out  on two 3W 
fuel cells (Energy Resea rch  Corporat ion,  Danbury ,  Connecticut) .  Deta i led  organic p roduc t  analyses  of  condensed  efflu- 
en t  gases  of  both  anode  and  ca thode  reveals  tha t  t r ime thy lphospha te ,  a suspec t  carc inogenic  compound ,  is released.  
After  5-6h, d i rect  addi t ion  of  me thano l /wa te r  vapo r  at a rate suff icient  to suppor t  cons tant  200-100 mA]cm 2 p e r f o r m a n c e  
on h y d r o g e n  (steam re- former  uni t  a s sumed  90% convers ion)  0.5 mg  of t r ime thy lphospha te  were  de tec ted  f rom bo th  an- 
ode  and  ca thode  effluents.  These  results  t ransla te  into about  10-30 p p m / h  of  t r ime thy lphospha te  in t h e a n o d e  eff luent  
and abou t  one-third or  less of  that  amoun t  in the  ca thode  eff luent  s tream. These  results  may  impac t  in situ methano l  re- 
fo rming  in phosphor ic  acid fuel  cells and also ex te rna l  re forming  at low me thano l  s team re forming  convers ion.  

Methanol  is a l ikely  a l ternat ive  to pe t ro leum-der ived  
fuels  (1). I t  can be  de r ived  f rom a var ie ty  of  resources  
bo th  r enewab le  and nonrenewable .  In  part icular ,  w h e n  
fuel  cell  power  genera t ion  is considered,  me thano l  is an 
a t t ract ive  fuel s ince its s team re forming  into hydrogen  
and carbon  d iox ide  is favorable  t he rmodynamica l ly  at 
mode ra t e  t empera tu re s  (< 300~ The use  of steam-re- 
fo rmed  me thano l  in var ious  types of fuel  cells for vehicu-  
lar  appl icat ions  has been  rev iewed  recent ly  (2-5). Metha- 
nol  steam re-forming coupled to a palladium membrane 
for hydrogen separation from carbon dioxide has been 
described for use with an alkaline fuel cell (6). Methanol is 
also the fuel selected for the development of tactical fuel 
cell power plants in special military applications at bri- 
gade and forward areas (7). Investigation of some aspects 
of methanol steam re-forming coupled to phosphoric acid 
fuel cells has been carried out by Landsman and Luczak 
(8). The economics of biomass-derived alcohol applica- 
tions in fuel cells has been reviewed recently (9). This pa- 
per presents further investigations of the combination: 
methanol steam re-forming to a state-of-the-art phos- 
phoric acid fuel cell (from Energy Research Corporation, 
Danbury, Connecticut). We have simulated periodic fail- 
ures of the steam re-forming unit by adding directly 
s team and  me thano l  vapor  to a phosphor ic  acid  fuel cell 
wh ich  was o therwise  con t inuous ly  opera ted  on hyd rogen  
and air (or oxygen).  These  were  more  drast ic  condi t ions  
than  one would  e x p e c t  in the  opera t ion  of  a fuel  cell. A 
pract ical  r e fo rmed  me thano l  fuel  cell  is ma in ta ined  at 
t empe ra tu r e  by the  en tha lpy  di f ference be tween  AH and 
-nFV,  where  V is the  t e rmina l  vol tage per  react ing mole  
of  fuel. I f  a failure occurs,  the  cell wou ld  be e x p e c t e d  to 
rap id ly  cool  down.  The  data  are  per t inen t  to t he  opera t ion  
of  a cell wi th  lower  than  100% convers ion  efficiency,  in 
wh ich  case bo th  hyd rogen  and vapor  me thano l  wou ld  be  
added  to the  opera t ing  fuel  cell  at the  opera t ing  tempera-  
ture. These  resul ts  are also per t inen t  to in situ re- forming 
of  m e t h a n o l  in phosphor ic  acid fuel cells. Data concern-  
ing cell  pe r fo rmance  degrada t ion  and the  na ture  of  the  or- 
ganic  p roduc t s  that  can be  condensed  f rom the  anode  and 
ca thode  eff luent  gases, as wel l  as those  r ema in ing  in the 
phosphor i c  acid  ma t r ix  after  me thano l  vapor  addi t ion,  are 
reported.  

Experimental 

Materials.--UHP H2, U H P  O~, and zero air were  f rom 
Scient i f ic  Gas Products .  High pur i ty  me thano l  is used  as 
supp l ied  f rom Burd ick  and Jackson .  H20 was deionized 
and disti l led. 100% H:,PO~ was p repared  f rom Baker  
reagent -grade  P~O~ and the  s to ichiometr ic  a m o u n t  of  H20. 
A q u e o u s  fo rmaldehyde ,  t r ime thy lphospha te ,  and formic 
acid were  reagent  grade  f rom Aldrich.  Methyl  formate  
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was Baker  reagent  grade. A methanol ic  solut ion of  for- 
m a l d e h y d e  was obta ined  f rom Celanese.  

Equipment - -The  fuel cell  test  bench  is e q u i p p e d  wi th  
Matheson  600 Series Ro tamete r s  to control  gas flows. 
Tempera tu r e  control  of the  fuel  cell is a ccompl i shed  wi th  
an Omega  4000 Series t empe ra tu r e  control  wi th  a K-type 
the rmocoup le .  Polar izat ion data  are read f rom GE 800 
Ser ies  digital  panel  meters .  Polar izat ion is changed  wi th  
var iab le  resistors in the  test  circui t  and a toggle  swi tch  is 
used  to cons is tent ly  go to open-c i rcui t  condi t ion.  IR-free 
data  were  obta ined  wi th  a Tektronics  7613 osci l loscope.  
An  ESC 640 cou lomete r  was employed .  

The  methanol ]water  vapo r  del ivery sys tem consis ts  of  a 
Sage  Model  355 syr inge p u m p  with  one or two gast ight  
syr inges  (5-25 ml) adap ted  th rough  Teflon p l u m b i n g  (for 
two syringes) into a s ingle 11 in. long 20 gauge  SS  needle.  
This  need le  passes  t h rough  a s e p t u m  into 1/8 in. s tainless 
stem tubing.  The  tub ing  is about  8 ft long  and coi led for 
about  6 ft so that  the  vapor  is always rising. A pressure  
gauge  and rel ief  va lve  are incorpora ted  into the  boiler. 
The  ent i re  length  is wrapped  wi th  hea te r  tape  and insula- 
tion. A t he rmocoup l e  is ins ta l led at the  boi ler  out le t  and 
controls  the  t empera tu re  wi th  a Watlow controller .  A tem- 
pera tu re  di f ference of  90~176 exists  in the  l ine f rom liq- 
u id  in jec t ion  po in t  to outlet .  F low rate  sett ings f rom 
0.25-12 mYh were  cal ibrated,  and gas ch romatograph ic  
analyses  of the condensed  vapor  ver i f ied the  ratios of  
methanol ]water  in jec ted  (1:1.2 or 1:0.6 mole  ratio). At 200 
m A / c m  2 (5A), the  cells r equ i re  1.17 • 10 -~ moYh of hydro-  
gen  (assuming a cur ren t  eff ic iency of 80%). In jec t ion  of 
1.0:1.2 mole  ratio of  me thano l  in water  at 2.6 ml/h  meets  
this fuel r e q u i r e m e n t  (assuming  a s team re- forming con- 
version efficiency of 90%). Typically, the cells are fed 
methanol/water vapor at 2.6 m]]h or less; most experi- 
ments used 1.0:0.6 methanol:water mole ratio to increase 
the collection yields. 

The phosphoric acid fuel cells used were supplied by 
Energy Research Corporation (Danbury, Connecticut), 
They were constructed in late 1982 and are optimized to 
run on H2 and air. Electrode area is 25 cm z with a Pt load- 
ing of ~0.5 mg/cm 2 on the cathode and ~0.25 mg/cm 2 on 
the anode. 

Operation on HJO,2 or air.--Cells that  had  neve r  been  
run  were  pre t rea ted  by hea t ing  to 150~ for - 1 6 h  with  no 
gas flow on load. After  that  t ime, the  cell t empera tu re  
was readjus ted  to 190~ and the  fuel  and ox idan t  gases 
tu rned  on. The  cell  was connec ted  to the  gas l ines wi th  
1/4 in. • 28 threads/ in,  connectors ,  and gas pressure  was 
20 psi. The  gas flow rates were  - 5 5  mYmin H2, 500 
mYmin air (or - 3 0  ml /min  O2). There  were  four  electr ical  
leads to the  cur ren t  collectors:  one set for the  vo l tme te r  
and the  o ther  for the  load th rough  the  var iable  resistors 
and ammeter .  We opera ted  the  cell at 200 mA]em ~ current  
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densi ty  mos t  of the  time. For  the  freshly a s sembled  cell 
the  open-circui t  vol tage  was 920-980 mV wi th  HJO+ or 
900-950 mV with  HJair .  When the  pe r fo rmance  was lower  
than  these  values,  it genera l ly  indica ted  that  more  electro- 
lyte (100% H:+PO4) was needed.  The cell was recharged  
wi th  0.7-1.0 ml  e lec t ro lyte  wi th  a gast ight  syr inge into the 
fill tube.  

Operat ion on methanol~water~air . - -The  opera t ion  of  the 
fuel cell on methanol /wate r  was similar  to that  on H+.,/air, 
wi th  the  fol lowing except ions .  Methanol /water  mix tures  
(1:1.2 or 1:0.6 mole  ratio) were  prepared  gravimetr ica l ly  
and filtered before  be ing  d rawn  into the  syringes.  The  sy- 
r inges were  p laced in the  p u m p  and connec ted  to the 
Teflon tubing/20 gauge needle  and the boi ler  was 
warmed  to 200~ (outlet  temp.). The  syr inge p u m p  was 
then  tu rned  on and usual ly  adjus ted  to 2 ml/h. The sys- 
t em was a l lowed to equi l ibra te  for - 3 0  min  before  con- 
nec t ion  to the  fuel cell. The  H2 was shut  off  and discon- 
nected.  The  boi ler  was then  p l u m b e d  into the  P T F E  
anode  inlet  tube  and insula ted  with  glass wool. The  cell 
exhaus t  tubes  were  rou ted  into round-bo t tom flasks 
equ ipped  with  ref lux condensers  to col lect  the vapors  
y ie ld ing the  condensa tes  for analyses. Al ternat ively,  the 
exhaus t  tubes  were  i m m e r s e d  in round-bo t tom flasks 
filled wi th  sa turated bar ium hydrox ide  to prec ip i ta te  the 
CO2 evolved.  

Data  ana lys i s . - -The  current  vol tage polar izat ion curves  
were  analyzed th rough  a mul t ip le  l inear regress ion analy- 
sis on a Hewle t t -Packard  Model  85 computer .  

Ident i f icat ion and  quant i ta t ion  of  effluent com- 
pounds . - -Carbon d iox ide  f rom anode  and ca thode  
effluents was de te rmined  by passing the  gases th rough  
solut ions of sa tura ted  bar ium hydroxide.  The  BaCO:+ 
fo rmed  was filtered, washed  wi th  deionized water ,  and 
dr ied in a v a c u u m  desiccator  to constant  weight .  

Condensed  organic  volat i le  componen t s  were  identi-  
fied by mass spectroscopy.  Mass spectral  data were  ob- 
ta ined on a Hewle t t  Packa rd  5985 GC/MS using bo th  di- 
rect  inser t ion and a packed  co lumn coupled  to the mass 
spec t romete r  (e lec t ron- impact  mode). In  the di rect  inser- 
t ion mode,  the initial p robe  t empera tu re  was 25~ This 
t empera tu re  was he ld  for 5 min,  after wh ich  the  p robe  
was hea ted  to 250~ at 5~ The fo l lowing organic 
p roduc t s  have  been  de tec ted  (numbers  in paren theses  are 
the  major  mass peaks  in the mass spect rum,  electron-im- 
pact  mode):  fo rma ldehyde  (m/z = 30, 29, 28); me thano l  
(m / z  = 32, 31, 29); me thy l fo rma te  (m/z  = 60, 31, 29); di- 
m e t h o x y m e t h a n e  (m/z  = 75, 45, 29); formic  acid (m / z  = 
46, 45, 29); another  poss ible  c o m p o u n d  de tec ted  was hy- 
d r o x y m e t h o x y  me thane  (m / z  = 62). In addit ion,  t r imeth-  
y lphospha te  was de tec ted  [m/z  = 140, 110 (major) 96, 80, 
79]. The best  separat ion and resolut ion of  peaks  of  the or- 
ganic products  was ach ieved  wi th  a 6 ft • 1/4 in. glass col- 
u m n  packed  wi th  a 50/50 mix tu re  of Po rapak  QS and 
Porapak  T, 80/100 mesh.  The  co lumn  was he ld  at 120~ 
for 2 rain then  hea ted  to 240~ at 20~ Quant i ta t ion  
for all organic materials  excep t  t r ime thy lphospha te  was 
pe r fo rmed  on the  Varian 3700 gas ch romatograph  
equ ipped  with  a V I S T A  401 data acquis i t ion  system. The 
internal  s tandard  was dioxane.  He l ium flow rate was 25 
ml/min.  Thermal  conduc t iv i ty  de tec tor  was MA:206. 
Quant i ta t ion  of t r ime thy lphospha te  was pe r fo rmed  on the  
mass  spectral  data f rom the  Porapak  QS/T co lumn  de- 
scr ibed above  under  the  same condit ions.  A m o u n t s  were  
de t e rmined  by the  in ternal  s tandard  m e t h o d  us ing  areas 
of  selected ion peaks  mon i to red  by the sys tem c o m p u t e r  
(see examples  in Fig. 1). Errors  in the quant i ta t ion  are 
--_10% (GC) and -+30% (single-ion moni to r ing  technique)  
due  to the small  amoun t s  of the  compounds .  

GC and mass spectral  ass ignments  were  verif ied by in- 
jec t ing  the authent ic  pure  c o m p o u n d s  and compar ing  
their  re tent ion  t imes  and f ragmenta t ion  pat terns  wi th  
those  of  the  condensed  products .  The l ibrary edi tor  pro- 
g ram for probabi l i ty-based search of  the HP5985 GC/MS 
sys tem was also used  in the  identif icat ion of  the con- 
densed  products .  The probabi l i t ies  of correct  identifica- 

'++ . . . .  +' I . . . . . . . . .  
110t // 110 + t +, 

140! Ii, ~ 140 i 'I 
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5 10 15 MIN 5 10 15 MIN 

8+ 

f~ 110 
i . . . .  II . . . . . .  

5 10 15MIN 5 10 15 MIN 

Fig. 1. Examples of single-ion monitoring of condensed anode (A, B) 
and cathode (C, D) effluent streams. Trimethyl phosphate ions: m/z = 
110 and 140. Dioxane (internal standard): m/z = 88. TI = total ion. In- 
jection of methanol:water vapor at 1:0.6 mole ratio at 2 ml/h for A and C: 
7h and B and D: 5h. 

t ion of the var ious  c o m p o u n d s  ranged be tween  0.997 and 
0.9999 (both in the  s tandards  and condensed  effluent 
streams). 

Af ter  cell shu tdown,  the  phosphor ic  acid and possible  
esters  were  washed  out  of  the silicon carbide  mat r ix  wi th  
D~O and the pro ton  N M R  spec t rum obtained.  The  spec- 
t r u m  obta ined consists  of one major  double t  (3.63 ppm,  J 
= 11.2 Hz) and another  double t  of smaller  in tens i ty  at 3.58 
p p m  (J = 10.8 Hz). 'The second double t  its p robably  due  to 
the  part ial ly esterified products .  T r ime thy lphospha te  in 
D20 presents  a double t  (3.70 ppm,  J = 11.2 Hz). (These 
chemica l  shifts are accura te  to • 0.05 ppm.)  U n d e r  these  
condi t ions  po lyphospha tes  would  mos t  l ikely have  hydro-  
lyzed. Phosphorus  NMR measu remen t s  conf i rmed the  
p ro ton  ass ignments .  

Results and Discussions 

Single cell per formance . - -A  typical  polar izat ion curve  
of cell no. 1 is shown in Fig. 2 for hyd rogen  and air (or ox- 
ygen). The open-ci rcui t  vol tage  and the  vol tage on con- 
stant  load to genera te  200 mA/cm 2 as a func t ion  of t ime  
are displayed in Fig. 3. Also indica ted  in Fig. 3 is one pe- 
r iod of 48h dur ing which  the  cell was submi t t ed  to open 
circuit ,  a c o m m o n  condi t ion  in veh icu la r  applicat ions.  
Af ter  120 days of  opera t ion  on cons tan t  load, injec- 
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Fig. 2. Current-voltage polarization curves of phosphoric acid fuel cell 
no. 1 at 190~ �9 HJair. @: H2/02. I = iRi corrected measurements. 
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mA/cm ~ of fuel cell no. 1 as a function of time. Addition of phosphoric acid 
is represented by ~ .  At *, the cell was left for 48h in open-circuit condi- 
tions. Cell temperature: 190~ 

t ion of  me thano l /wa te r  vapo r  at 190~ was in te rspersed  
wi th  opera t ion  on h y d r o g e n  (12 per iods  of  ~6h  [from 4 to 
7hi over  35 days), as shown  in Fig. 4. The  a m o u n t  of  meth-  
anol  added  a p p r o x i m a t e d  that  r equ i red  to main ta in  200 
m A / c m  -~ after s t eam re- forming (assumed 90% conversion).  
The  uppe r  curves  d isp lay  the  open-ci rcui t  vol tage  and 
vol tage  on load on h y d r o g e n  and air. The  lower  curves  in- 
dicate  open-ci rcui t  vol tage  and vol tage on load on metha-  
nol /water  vapor  and air. The  second cell was also �9  
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Fig. 4. Operation of fuel cell no. 1 on H/air  (upper curve) interspersed 
with periods of addition of direct methanol/water vapor (at 190~ 
(lower curve). Cell temperature: ! 90~ Open-circuit voltage and volt- 
age at 200 mA/cm 2 given for operation on hydrogen. For operation on 
methanol/water vapor, open-circuit voltage and voltage at 70 mA/cm 2 
are given. 
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Fig. 5. Operation of fuel cell no. 2 on H2/air (upper curve} interspersed 
with periods of addition of direct methanol/water vapor at 190~ (lower 
curve). Cell temperature: 190~ Open-circuit voltage and voltage at 
200 mA/cm 2 given for operation on hydrogen. For operation on 
methanol/water vapor, open-circuit voltage and voltage at 40 mA/cm 2 
are given. 

ated on cons tant  load at 200 m A / c m  2 on h y d r o g e n  and air 
(or oxygen)  excep t  for t en  (total 54h) per iodic  in ject ions  of  
me thano l /wa te r  vapor  in var iable  amount s  (from equiva-  
lent  amoun t s  to p roduce  200-50 m A / c m  ~) over  a pe r iod  of  
60 days (Fig. 5). F igure  6 shows an e x a m p l e  of  a polariza- 
t ion curve  on CH3OI-I/H20. In  addit ion,  one e thanol /water  
vapor  in ject ion was a t tempted .  The cell  pe r fo rmance  on 
e thanol  was m u c h  poorer  than  that  shown  for 
CH~OH/water vapor  in Fig. 6. Af ter  the  e thanol  addit ion,  
the  anode  was s t eamed  to r e m o v e  res idual  e thanol  and 
me thano l  (air was con t inuous ly  fed to the  cathode).  A 
substant ia l  pe r fo rmance  recovery  of  the  anode  was ob- 
se rved  after s teaming.  After  this exper iment ,  four  addi- 
t ional  runs  on methanoYwater  vapor  were  pe r fo rmed  for 
col lect ion of  condens ib le  products .  

The  cell  vol tage (V) can  be  expressed  as a func t ion  of  
current  dens i ty  (i) by the  equa t ion  

R T  i R T  ]n i - iR~ [1] 
V =  Vr - - ~ - l n  i .... a e ~  i .... 

a s suming  that  the concen t ra t ion  overvol tage  is negl ig ib le  
(10). Vr is the  t h e r m o d y n a m i c  revers ib le  voltage,  a~ and ac 
are the  t ransfer  coefficients,  i,,.~ and i,,.~ the  e x c h a n g e  cur- 
ren t  densi t ies  of  the  anodic  and cathodic  reactions,  and Ri 
is the  internal  res is tance of the  cell. Equa t ion  [1] can be 
r educed  to 

V = A - B In i - iR i  [2] 

where  

and 

RT RT 
A = Yr + ~ i n  i(),~ + ~ l n  i .... [3] 

a ~ r  

R T  RT 
S = ~ + [4] 

OLcF ~ a r  
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Fig. 6. Current-voltage polarization curve of cell no. 1 operated on 

direct methanol/water vapor added at 190~ in 1.0:1.2 mole ratio at 
6 ml/h. �9 IRi-corrected measurements. 

The values  of  A, B, and  R1 were  calcula ted by mul t ip le  lin- 
ear r egress ion  analysis ,  and  they  are a s s e m b l e d  in Table I. 
The value of A leads  to an a p p r o x i m a t e  value  of  the  ca- 
thodic  e x c h a n g e  cu r r en t  s ince  the  overpoten t ia l  for hy- 
d rogen  ionizat ion is very  smal l  c o m p a r e d  to tha t  for oxy- 
gen  reduct ion .  For  t he  same reason,  the  value  of  B 
effect ively  r ep re sen t s  the  Tafel s lope for o x y g e n  reduc-  
tion. Larger  e x p e r i m e n t a l  errors  were  assoc ia ted  wi th  
m e a s u r e m e n t s  of  H2/O2 cells and  those  e x p o s e d  to pro- 
l onged  e x p o s u r e  to MeOH/H20 inject ion.  

F r o m  Fig. 3, one  can  obse rve  the  p e r f o r m a n c e  degrada-  
t ion of  cell no. 1 as a func t ion  of t ime  c o m p a r e d  to tha t  

ob t a ined  after one  pe r iod  of  48h in o p e n  circuit.  Af ter  65 
days  on cons t an t  load, one  observes  deg rada t ion  equiva- 
lent  to tha t  in t he  s ingle  open-c i rcu i t  excurs ion .  Similar  
fas ter  degrada t ion  was  o b s e r v e d  after  the  per iod ic  addi-  
t ions  of me thano l /wa te r  vapor ,  as s h o w n  in Fig. 4. When  
swi t ch ing  f rom the  a lcohol /water  vapor  fuel  to h y d r o g e n  
at the  beg inn ing  of  the  test,  vol tage va lues  at load recov- 
e red  quick ly  (within a f ew  minutes) ,  and  the  vol tages  
were  stable.  Towards  t he  e n d  of  the  test,  the  vol tages  
were  m u c h  less stable.  

F r o m  the  data in  Table  I, one  can obse rve  that ,  whe reas  
the  values  of  B are c o n s t a n t  wi th in  t he  e x p e r i m e n t a l  er- 
rors,  the  values  of  A (-+ 10 mV), re la ted  main ly  to the  ex- 
change  currents ,  dec rease  fas te r  bo th  as a resu l t  of  the  
open-c i rcu i t  excu r s ion  and  of  me t h an o l  addit ion.  At  the  
s ame  t ime  the  cell r e s i s t ance  inc reased  30%-40%. The de- 
c rease  in A value is p ro b ab l y  a resu l t  of  the  anode  catalyst  
deg rada t ion  poss ib ly  due  to site reorganiza t ion  and  
po i son ing  by  the  m e t h a n o l  ox ida t ion  in te rmedia tes .  In  
addi t ion ,  cata lyst  s i tes  at the  ca thode  are u s e d  in the  
chemica l  ox ida t ion  of  m e t h a n o l  wi th  air. S u c h  uti l izat ion 
can  lead to ca thode  ca ta lys t  degrada t ion  as well. The  in- 
c reased  cell res i s tance  is a result ,  a m o n g  o the r  factors,  of  
t r i m e t h y l p h o s p h a t e  (or m e t h y l p o l y p h o s p h a t e  format ion) ,  
w h i c h  wou ld  con t r ibu te  to t he  dec reased  c o n d u c t a n c e  of 
the  p h o s p h o r i c  acid electrolyte .  

These  t r ends  were  con f i rmed  wi th  the  e x p e r i m e n t s  us- 
ing the  s eco n d  cell. This  cell exh ib i t ed  h ighe r  open-cir-  
cui t  vol tages  and  A values;  however ,  t he  initial cell resist-  
ance  was  45% h igher  t h a n  tha t  in cell no. 1 and  inc reased  
s ignif icant ly  wi th  add i t ion  of  me thano l /wa te r  vapor  dur- 
ing one  m o n t h  (see Table  I and  Fig. 5). I t  is in te res t ing  to 
not ice  the  r emarkab l e  p e r f o r m a n c e  recovery  of  the  cell 
af ter  s t eaming  the  anode.  A values  i nc reased  - 5 0  m V  (cf. 
10/11/83 wi th  9/26/83 data). 

Collection of condensed products . - - In  m o s t  of  the  exper-  
imen t s  desc r ibed  above,  w i th  addi t ion  of  me thano l ]wa te r  
vapor  at cons t an t  load,  t he  eff luent  gases  f rom anode  and  
ca t h o d e  were  c o n d e n s e d  and  analyzed.  Initially, this  tes t  
was  p e r f o r m e d  on  hydrogen /a i r  to es t imate  the  f ract ion of 
wa te r  vapor  tha t  can  be  effect ively col lec ted  u n d e r  our 
e x p e r i m e n t a l  condi t ions ;  70% of  the  theore t ica l ly  ex- 
p e c t e d  a m o u n t  of wa te r  was  condensed .  

Direct  in jec t ion  of  me thano l /wa te r  vapor  in to  a phos -  
phor ic  acid fuel cell causes  the  fol lowing reac t ions  to 
O c c u r  

Table I, Analyses of voltage-current density measurements of H~/air or oxygen fuel cells no. 1 and no. 2 according to V = A - B In i - i R  

A R 
Open-circuit (V) B (f~ cm 2) 

Date Conditions voltage (V) -+ 0.01 (mV) -+ 0.05 

Cell no. 1 (operation started 3/15/83) 

9/7/83 Air 0.950 0.903 86 _+ 4 0.55 
9/8/83 02 0.981 0.98 88 _+ 7 0.50 
9/13/83 After 5.5h CH:,OHIH20 0.940 0.88 - -  0.7 

injection 
9/16/83 After 5.0h CH~OH/H~O 0.894 0.888 72 _+ 4 0.7 

injection 
9/26/83 After 17.5h CH:~OHIHzO 0.895 0.874 60 • 10 0.8 

injection 
10/11/83 After 5h CH~,OH/H~O injec- 0.953 0.920 90 -+ 2 0.87 

tion, 4.5h of anode steam- 
ing, air in cathode 

3/29/83 Air 0.910 0.865 82 -+ 1 0.40 
4/8/83 02 0.920 0.897 73 • 5 0.40 
5/23/83 Air 0.900 0.878 84 _+ 1 0.50 
6/20/83 Air 0.915 0.885 89 -+ 1 0.49 
7/5/83 Air 0.920 0.890 91 • 1 0.50 
7/7/83 Air/after 48h open-circuit 0.890 0.873 92 _+ 1 0.55 
7/8/83 Air 0.910 0.871 91 -+ 1 0.55 
7/13/83 Air 0.900 0.868 88 -+ 2 0.64 
7/25/83 After 9.3h CH3OH/H,,O 0.860 0.839 76 + 10 0.55 

injection 
7/28/83 After 6.8h CH:,OH/HzO 0.840 0.825 70 _+ 30 0.57 

injection 
8/24/83 After 46.6h CH::OH/H20 0.890 0.825 72 -+ 3 0.60 

injection 
Cell no. 2 (operation started 8/30/83) 
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Overa l l  anode :  

CH:~.OH + H20 --> CO,z + 6H ~ + 6e -  

t h r o u g h  t h e  fo l lowing  overa l l  i n t e r m e d i a t e  r e a c t i o n s  

CH:~OH ~ CH20 + 2H ~ + 2e -  

CH20 + H20 --~ H C O O H  + 2H § + 2e -  

H C O O H  --+ CO2 + 2H + + 2e -  

C h e m i c a l  r eac t ions  w i t h  exces s  m e t h a n o l :  

HCOOH + CH:~OH ~ HCOOCH:~ + H~O 

H:,PO4 + 3CH:~OH ~ (CH30)3PO + 3H20 

CH20 + 2CH:~OH ~ H..,C(OCH:~)2 + H20 

C a t h o d e  reac t ions :  

02 + 4H § + 4 e -  -~ 2H20 

O~ + 2H ~ + 2e -  ) H202 

fo l lowed  b y  e i the r  
H202 + 2H + + 2e -  --> 2H~O 

or  

2H202 --* 2H~O + O2 

O t h e r  c h e m i c a l  r e a c t i o n s  a t  t h e  ca thode :  

2CH3OH + 3 02 c a t a l y t i c  2CO2 + 4H20 

t h r o u g h  par t ia l  o x i d a t i o n s  

CH3OH + 1/2 02 ~ H2CO + H20 

H2CO + 1 /20~ ~ H C O O H  

In situ re - forming ,  CH3OH + H20 --~ CO2 + 3H2, wou ld  
n o t  b e  f avo red  u n d e r  t he  e x p e r i m e n t a l  cond i t ions .  

T h r o u g h  GC a n d  c o m b i n e d  GC a n d  MS (see exper i -  
m e n t a l  sec t ion)  ana ly t i ca l  t e c h n i q u e s  a n d  NMR,  we  h a v e  
e v i d e n c e  for  r eac t ions  [5]-[11], [16], a n d  [17]. 

Q u a n t i t a t i o n  of  r eac t i ons  [5] a n d  [16] is s h o w n  in  Tab le  
II  b a s e d  on  t h e  p r e c i p i t a t i o n  of  evo lved  c a r b o n  d i o x i d e  as 
b a r i u m  ca rbona te .  A c o m p a r i s o n  of the  cha rge  ( cu r r en t  • 
t ime)  a n d  t h a t  e s t i m a t e d  f r o m  c a r b o n  d i ox i de  e v o l u t i o n  in 
t h e  a n o d e  i nd i ca t e s  t h a t  t he  mass  a n d  c h a r g e  b a l a n c e  
ag ree  w i t h i n  10%. T he  c a t h o d e  re l eased  CO2 ind ica t e s  the  
a m o u n t  of  m e t h a n o l  w h i c h  r e a c h e s  t h e  c a t h o d e  a n d  is 
c h e m i c a l l y  ox id ized  b y  o x y g e n  in  t h e  p r e s e n c e  of t he  cat- 
alyst.  As s een  f rom Tab le  II, t h e  h i g h e r  t he  a m o u n t  of 
m e t h a n o l  in jec ted ,  t he  h i g h e r  p r o p o r t i o n  of  c h e m i c a l  oxi- 
da t ion .  Fo r  ins tance ,  t h e  ra t io  of  m e t h a n o l  i n j ec t ed  is 1:2:8 
f rom C:B:A; i t  is c lose ly  fo l lowed in  t he  a m o u n t  of milli- 
m o l e s  of  c a r b o n  d i o x i d e  co l l ec ted  in t he  ca thode .  These  
two  r e a c t i o n s  a c c o u n t  for  30% (A) to -58%-65% (B a n d  C) 
of  t h e  m e t h a n o l  in jec ted .  In  para l le l  e x p e r i m e n t s ,  we  
h a v e  d e t e r m i n e d  t h a t  20%-30% of t he  e x c e s s  m e t h a n o l  

c a n  b e  c o n d e n s e d  a c c o r d i n g  to our  e x p e r i m e n t a l  p roce-  
dure .  There fore ,  we can  a c c o u n t  for 50%-70% of  t h e  m e t h -  

[5] anol  added ,  w h i c h  c o m p a r e s  wel l  w i t h  t he  70% r e c o v e r e d  
w a t e r  f r o m  s imi la r  e x p e r i m e n t s  o n  h y d r o g e n  a n d  air. 

T h e  o the r  o rgan ic  i n t e r m e d i a t e  p r o d u c t s  are  p r e s e n t  in  
[6] sma l l  c o n c e n t r a t i o n s ,  in  a g r e e m e n t  w i t h  L a n d s m a n  a n d  

L u c z a k  (8) e x c e p t  for  t r i m e t h y l p h o s p h a t e ,  w h i c h  was no t  
[7] d e t e c t e d  b y  the se  a u t h o r s  u s i n g  i n f r a r ed  a b s o r p t i o n  spec- 
[8] t roscopy .  We pos i t ive ly  i den t i fy  t r i m e t h y l p h o s p h a t e  b o t h  

in  t he  a n o d e  a n d  c a t h o d e  e f f luen t  s t r e a m s  a n d  in t he  
e lec t ro ly te  ma t r ix .  E x a m p l e s  of  t he  c o n c e n t r a t i o n s  of  t he  

[9] va r ious  o rgan ic  c o m p o u n d s  d e t e c t e d  a re  s h o w n  in  Tab le  
III.  

[ 1 0 ]  Conclusions 
T h e  a b o v e  re su l t s  i n d i c a t e  t h a t  t he  3W cell r e leases  on 

[11] t h e  ave r age  a to ta l  of  4 x 10 -3 m m o l  of  t r i m e t h y l p h o s -  
pha te ,  88% of  w h i c h  is p r e s e n t  in  t he  a n o d e  e f f luen t  
s t ream.  This  n u m b e r  r e p r e s e n t s  -0 .56  m g  of  t r ime thy l -  

[12] p h o s p h a t e  c o n d e n s e d  af te r  - 5 h  of  a d d i t i o n  of  195-295 
[13] m m o l  of  m e t h a n o l  in  a n  ave rage  of  6 mi l l i l i te r  of  a n o d e  

a n d  c a t h o d e  condensa t e .  S ince  t he  co l lec t ion  eff ic iency 
of t he se  e x p e r i m e n t s  is - 7 0 %  for c h e m i c a l s  w i t h  lower  

[14] bo i l ing  po in t s  (-100~ it  is e x p e c t e d  t h a t  m o s t  of the  
t r i m e t h y l p h o s p h a t e  was  c o n d e n s e d ,  s ince  i ts n o r m a l  boil-  
i ng  p o i n t  is 198~ Fo r  e x p e r i m e n t s  6 a n d  9 d e s c r i b e d  in  

[15] Tab le  III, ou r  ana ly t ica l  r e su l t s  t r ans l a t e  in to  approx i -  
m a t e l y  10 a n d  30 p p m / h  of  t r i m e t h y l p h o s p h a t e  in  t he  an- 
ode  e f f luen t  s t ream.  T h e  c a t h o d e  s t r e a m  e f f luen t  is esti- 
m a t e d  re l eas ing  one - th i rd  or less of t h a t  c o m p o u n d  pe r  
hour .  

[16] T r i m e t h y l p h o s p h a t e  is a s u s p e c t e d  ca r c inogen i c  com- 
p o u n d .  S o m e  l i t e ra tu re  is ava i l ab le  to date.  1 Our  r e su l t s  
s h o w  t h a t  th i s  c h e m i c a l  cou ld  be  r e l eased  w h e n  cells  are 

[17] o p e r a t e d  a t  190oc w h e n  m e t h a n o l  v a p o r  is a d d e d  to the  
cells. 

[18] A large c o n c e n t r a t i o n  of  t r i m e t h y l p h o s p h a t e  (see N M R  
data)  a n d  poss ib l e  m e t h y l p o l y p h o s p h a t e s  is p r e s e n t  in  
t h e  e lec t ro ly te  mat r ix .  Es t e r  f o r m a t i o n  cou ld  lead  to 
p o w e r  loss  due  to i n c r e a s e d  cell res i s tance .  Benef i t s  of 
s t e a m i n g  t he  a n o d e s  we re  der ived ,  poss ib ly  b y  d r iv ing  
s o m e  of t he  excess  a lcohol  f r o m  the  cell. 

A d d i t i o n a l  da ta  for ca r c inogen ic i t y  of  t r i m e t h y l p h o s -  
p h a t e  are  necessary .  S t u d i e s  of t he  equ i l ib r i a  of es te r  for- 
m a t i o n  in  100% p h o s p h o r i c  ac id  are u n d e r w a y ,  as wel l  as 
t he  e s t e r  f o r m a t i o n  at  l ower  level  add i t i ons  of  m e t h a n o l  
v a p o r  s i m u l a t i n g  o p e r a t i n g  c o n d i t i o n s  (e.g., 80% conver -  
s ion  eff ic iency in  t he  p r e s e n c e  of hydrogen) .  
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Table II. C02 collection experiments as barium carbonate 

Total CH:~OH 
Experiment Flow rate injected 

number  a (ml/h)" (mmol) Avg. I (A) 

Faradays Percent of 
based on methanol 

Faradays mmol anode Anode CO2 Cathode CO2 recovered 
(I • time/96,500) CO2 (mmol) (mmol) as CO~ 

A 2 39 
10/14/83 

ERC no. 2 
B 0.5 10 

10/21/83 
ERC no. 2 

C 0.25 5 
10/26/83 

ERC no. 2 

1 3.7 • 10 -.2 3.4 • 10 -2 5.7 5.9 30% 

0.85 3.2 • 10 -2 3.0 • 10 -̀ 2 5.0 1.5 65% 

c - -  1 . 2  • 10 -2 2.1 0.8 58% 

a All experiments with cell no. 2. 
b All experiments 1:0.6 mol ratio MeOH:H20. 
c Average I not measurable due to instability. 
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Table III. Quantitation of condensed anode and cathode effluents for organic products by GC or GC/MS 

Date 

Estimate ~ 
of MeOH 

Total Total transformed 
Time on Average H~O CH~,OH MeOH into CO._, 

CH~OH/H20 current injected injected condensed (anode and 
vapor (h) (A) (mmol) (retool) (mmol) cathode) 

Miltimoles of organic products h Volume 
PO(OCH:~):~ H ~ C O  HCOOH HCO2CH:~ (m]) 

(• 10 :~) (• 10') (• 10 ~) (• l0 s) condensed 
A C A C A C A C A 

7/29/83 6.0 1.5 140 235 45 120 
8/4/83 6.9 1.25 160 270 50 110 
8/9/83 7.0 1.25 165 275 65 115 
8/11/83 7.5 1.25 175 295 75 120 
9/8/83 5.5 2.0 130 215 80 125 
9/15/83 5.0 ~' 1.1 120 195 40 70 
9/19/83 5.0 (' 1.1 120 195 30 70 
9/20/83 7.5 c 1.1 175 290 50 110 
9/20/83 5.0 c 1.1 120 195 45 70 

NM NM 2.5 8 1 3 - -  3.0 4.3 
NM NM 2.6 7 4 22 2 2.6 5.8 
NM NM 2.2 7 2 2 7 2.1 6.0 
1.6 traces 1.6 NM NM NM 9 3.0 5.8 
2.5 0.5 NM 4 NM NM 7 1.5 3.1 
2.0 traces NM 4 NM NM 5 1.5 2.4 
1.5 0.4 NM 8 NM NM 7 2.7 3.9 
9.0 traces N1V[ 8 NM NM 8 2.3 3.7 

~ Anode CO2 amounts were measured in most experiments. In some cases, both anode and cathode evolved CO2 were measured. Amounts 
evolved in the cathode are roughly the same as those evolved in the anode at large methanol excess (for example, see Table II at 40 mmol). 

b The first four sets of analytical data were obtained by GC on a 6 ft • �88 in. glass column packed with 80-100 mesh Porapak QS pro- 
grammed from 100 ~ to 200~ the second set of data were obtained by GC or GC/MS on 50/50 mixture Porapak QS and T, as described in the 
experimental section. 

Anode and cathode CO~ measured in parallel experiments; condensates collected in these experiments. 
NM: Not measured under the experimental conditions. 
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A Close View of Gas Evolution from the Back Side of a 
Transparent Electrode 
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ABSTRACT 

Oxygen evolving on a tranparent tin-oxide anode in aqueous potassium hydroxide was photographed by a high- 
speed motion-picture camera capable of I0,000 frames per second. With illumination by fiber optics and use of a micro- 
scope, sharp images of the emergence, growth, and coalescence of bubbles were obtained with a resolution as small as 1 
t~m. Bubbles grew by diffusion of oxygen and by coalescence with other bubbles still attached to the electrode. De- 
tached bubbles in some cases reattached. Coalescing and detaching bubbles caused significant fluid motion close to 
the electrode surface. Bubbles in general were evolved in a cycle of growth by diffusion and various modes of coales- 
cence. 

Electrolytic gas evolution represents a significant and 
complicated problem in many electrochemical processes 
and devices. In spite of its scientific interest and eco- 
nomic importance, the physics of gas-bubble behavior is 
not well understood. The sequence of events in gas evolu- 
tion can be divided into three stages: nucleation, growth, 
and detachment. Bubbles nucleate at electrode surfaces 
from solutions highly supersaturated with product gas, 
grow by mass transport of dissolved gas to the bubble 
surface or by coalescence with other bubbles, and detach 
from the electrode when forces pulling the bubbles away 
overcome the surface forces of adhesion. Many phenom- 
ena of gas evolution within each of these stages have been 
theoretically and experimentally investigated, but much 
remains to be understood. 

Nucleation theory has been advanced for vaporization 
of pure substances (I) and for nucleation of bubbles from 
solutions containing dissolved gas (2, 3). Boiling nuclea- 
tion on solid surfaces has been investigated (4) and re- 
viewed (5), but there have been few studies of nucleation 
of electrolytically evolved bubbles. Westerheide and 
Westwater (6) reported that nucleation occurred at pre- 
ferred sites such as pits and scratches on the electrode, 
and Janssen and Hoog]and (7) observed that bubbles nu- 
cleated on a rotating platinum wire at specific sites 
which depended on pretreatment as well as current den- 
sity. Other than the notable role of surface imperfections 
for nucleating bubbles, little is known about nucleation at 
an electrified interface. 

The  growth  stage of  gas-bubble  evo lu t ion  inc ludes  the  
mass  t ranspor t  of d isso lved  gas to the gas/ l iquid interface  
and  the  coa lescence  of bubb les  to form larger bubbles .  
Sc r iven  (8) gave a genera l  analysis of  the t ranspor t  of  dis- 
so lved  gas to the  bubb le  surface, wh ich  incorpora ted  the 
a p p r o x i m a t e  solut ions of  others,  such as P lesse t  and 
Zwick  (9) and Fores t  and Zube r  (10). Us ing  a microelec-  
t rode  and a h igh-speed  camera,  Wes te rhe ide  and West- 
water  (6) pho tog raphed  single electrolyt ic  h y d r o g e n  bub- 
bles and quant i ta t ive ly  compared  their  g rowth  data  to the  
di f fus ive  square-root-of- t ime growth  d e p e n d e n c e  that  is 
the  resul t  of the theore t ica l  studies. They found  agree- 
m e n t  for a single bubble ,  bu t  mul t ip le  bubbles  in ter fered  
wi th  each  other ' s  growth.  Never theless ,  this work  estab- 
l i shed diffusion of  gas to the  bubb le  surface  as at least  the  
initial m e c h a n i s m  by which  bubbles  grow. Of course,  
bubb les  in pract ical  gas-evolv ing  processes  stir  the  elec- 
t rolyte  close to the  e lec t rode  and enhance  mass t ranspor t  
to each other; never theless ,  diffusion is p robab ly  the  
cont ro l l ing  m e c h a n i s m  up to a bubb le  size of 1 to perhaps  
10 tLm, depend ing  on the  cur ren t  density.  Glas and  West- 
water  (11) e x t e n d e d  this work  to inc lude  oxygen,  chlo- 
rine, and  carbon d iox ide  and var ious  e lec t rode  materials .  
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The importance of mass transfer in the initial stage of 
growth being established, other investigators reported the 
equal significance of coalescence in gas evolution. 
Janssen and van Stralen (12) observed bubbles of oxygen 
evolved in aqueous potassium hydroxide on a transparent 
nickel electrod ; photographing at 70 frames per second 
(fps), they observed frequent coalescence, lateral mobility 
of bubbles still attached to the surface, consumption of 
small bubbles by large ones at high current density, and a 
radial movement of small bubbles toward large ones. Putt 
(13) reported that hydrogen bubbles produced in acid 
grew large by a scavenging mechanism in which the bub- 
bles slid along the electrode and consumed other smaller 
bubbles .  One conc ludes  f rom these  s tudies  that  coales- 
cence  may  largely de t e rmine  the  bubb le  size and that  sev- 
eral modes  of coa lescence  m a y  be involved.  

The  th i rd  stage in the  phys ics  of gas evolut ion,  detach- 
ment ,  also has been  theore t ica l ly  and expe r imen ta l ly  in- 
vest igated.  F r u m k i n  and Kabanov  (14) found that  bubbles  
de tach  w h e n  surface adhes ive  forces, re la ted to bubble-  
contac t  angles, can no longer  restrain them.  In contras t  to 
these  equ i l ib r ium measurement s ,  Westerhe ide  and West- 
water  (6) observed  the dynamics  of  gas evo lu t ion  and 
no ted  that  the  bubb le  resul t ing  f rom the  coa lescence  of  
two large bubbles  j u m p e d  off  the e lec t rode  and some- 
t imes  even  returned.  They  conc luded  that  the  e x p a n d i n g  
boundar ies  of the  n e w  bubb le  mechanica l ly  forced it off  
t he  electrode,  and they  specula ted  that  bubbles '  move-  
m e n t  toward  the e lec t rode  could  be  in f luenced  by elec- 
t rostat ic  forces opera t ing  on a m o v i n g  bubb le  or by  
surface forces vary ing  wi th  concentra t ion.  Other  investi-  
gators (13, 12) have  also no ted  that  coa lescence  often pre- 
cedes  depar ture .  In  an unusua l  and as yet  unexp la ined  
m o d e  of  de tachment ,  bubb les  somet imes  were  e jected 
f rom the  e lec t rode  in wha t  Glas and Westwater  (11) 
t e rmed  "rapid-fire  emiss ion ."  J ans sen  and Ba rend rech t  
(15) observed that hydrogen bubbles formed trains of 
noncoalesced small bubbles which left the electrode. Al- 
though the forces holding a bubble on the electrode at 
equilibrium and the role of coalescence in breaking bub- 
bles away are established, the criteria or kinetics by 
which one may judge whether a given coalescence will 
lead to detachment or not are unclear; furthermore, the 
return of a detached bubble to the electrode surface and 
the rapid emission of bubbles await explanation. 

The aim of our work was to photographically document 
bubble phenomena and to use these observations, in con- 
junction with the bewildering number of observations 
found in the literature, to establish an overall mechanism 
of oxygen-bubble growth and detachment in basic solu- 
tions. We used special techniques and materials to accom- 
plish this because the events on gas evolving electrodes 
are microscopic, rapid, and obscured from the camera by 
the outer bubbles of the gas layer on the surface. Magni- 
fication and a h igh-speed  camera  can o v e r c o m e  the  first 
two difficulties; we  used  a t r ansparen t  e lec t rode  to over- 
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c o m e  the  t h i r d  obs t ac l e  b y  v i e w i n g  the  p h e n o m e n a  close 
to t he  sur face  f rom the  b a c k  side. S u c h  a n  e l ec t rode  also 
p e r m i t s  t he  m i c r o s c o p e  ob jec t ive  to a p p r o a c h  t h e  elec- 
t r ode  w i t h o u t  s h i e l d i n g  it  f r om c u r r e n t  or a f fec t ing  t h e  
d y n a m i c s  at  the  surface.  F u r t h e r m o r e ,  t h e  e l ec t rode  
t r a n s m i t s  l igh t  d i r ec t ly  in to  t h e  c a m e r a  t h r o u g h  t h e  elec- 
t rode ,  a n  i m p o r t a n t  a d v a n t a g e  w h e n  fi lrhing at  h i g h  
f r a m i n g  rates.  The  t i n -ox ide  e l ec t rode  u s e d  in  th i s  work  
t r a n s m i t t e d  essen t ia l ly  all of t he  i n c i d e n t  l igh t  so t h a t  
m u c h  fas te r  f r a m i n g  ra tes  cou ld  be  u s e d  t h a n  were  previ-  
ous ly  poss ib le .  

Exper iments  
We e m p l o y e d  a 0.2 ~ m  a n t i m o n y - d o p e d  film of  t in  ox- 

ide chemica l ly  v a p o r  depos i t ed  on  a 2 m m - t h i c k  glass sub- 
s t r a t e  as a t r a n s p a r e n t  e lec t rode .  2 The  e l ec t rode  was  in- 
c o r p o r a t e d  in to  a cell w h i c h  a l lowed e lec t r ica l  c o n t a c t  to 
pa r t s  of  the  sur face  b u t  sea led  off the  con t ac t s  f rom the  
e lect rolyte .  A cross  sec t ion  t h r o u g h  the  cell, s h o w n  in  Fig. 
1, s h o w s  two  b a s i n s  filled w i t h  s i lver  e p o x y  for  e lec t r ica l  
c o n t a c t  to  t he  " w i n d o w  e lec t rode , "  t h e  c h a n n e l  con-  
t a i n i n g  e lectrolyte ,  a n d  the  e l ec t rode  i t se l f  w h i c h  faces  
b o t h  s i lver  epoxy  a n d  t he  e lectrolyte .  The  b a s i n s  were  
sea led  f rom the  c h a n n e l  o p e n i n g  w i th  i n s u l a t i n g  epoxy.  
The  cell  is s h o w n  in  Fig. 2, w h i c h  shows  h o w  the  2 c m  
s q u a r e  p iece  of t he  t i n -ox ide  e l ec t rode  fits in to  t he  open-  
ing  in  t he  Luc i t e  body .  The  c lear  area  in  t he  c e n t e r  is 
w h e r e  t he  e l ec t rode  faces  t he  e lec t ro ly te  c h a n n e l  w h i c h  
was  0.3 c m  wide,  0.5 c m  deep,  a n d  1.9 c m  long.  Th e  wi res  
l ead ing  ou t  are c o p p e r  e lec t r ica l  contac t s .  B e c a u s e  t h e r e  
was  s ign i f ican t  r e s i s t a n c e  in t h e  t in -ox ide  film, t h e  dis- 
t a n c e  b e t w e e n  t he  two con t ac t s  (of s a m e  polar i ty)  o n  ei- 
t h e r  s ide  of  t he  e lec t ro ly te  c h a n n e l  was  m a d e  as sma l l  as 
was  p rac t i ca l  for l o w e s t  res i s tance ,  easy  d e p a r t u r e  of  t h e  
b u b b l e s ,  a n d  a v o i d a n c e  of  wal l  effects.  T h e r e  we re  holes  
l ead ing  ou t  t h r o u g h  t he  t op  a n d  b o t t o m  of  t he  cell for  
a d d i n g  e lec t ro ly te  a n d  d i r ec t i ng  gas ou t  of  t h e  cell. T h e  
c o u n t e r e l e c t r o d e  was  a p l a t i n u m  wire  p l a c e d  a b o v e  t h e  
ver t i ca l ly  p o s i t i o n e d  e lec t rode  so t h a t  gas  evo lv ing  on  it  
d id  no t  in te r fe re  w i t h  o b s e r v a t i o n  of  t he  w o r k i n g  elec- 
t r ode  gas. 

T he  a r r a n g e m e n t  of  t he  a p p a r a t u s  is s h o w n  in  Fig. 3 
a n d  4. I n t e n s e  l igh t  f r o m  an  Ea l ing  C o r p o r a t i o n  Mode l  
22-0004 f iber  op t ic  l igh t  s o u r c e  p a s s e d  t h r o u g h  a c lear  
L u c i t e  p la te  w h i c h  faced  t h e  w i n d o w  e lec t rode  ac ross  t h e  
c h a n n e l  of  e lectrolyte .  I m a g e s  were  magn i f i ed  b y  a 
B a u s c h  a n d  L o m b  m i c r o s c o p e  (10• ob jec t ive  a n d  15x 
eyepiece)  a n d  r ece ived  b y  a Red  L a k e s  H Y C A M  hig-h- 
s p e e d  camera .  The  16 m m  m o v i e  f r a m e  b o u n d e d  an  area  
0.6 m m  on a s ide as d e t e r m i n e d  b y  p h o t o g r a p h i n g  a cali- 
b r a t e d  m i c r o s c o p e  slide.  Capab l e  of  f r a m i n g  ra tes  f r o m  10 
to 104 fps, t he  c a m e r a  a c c e p t e d  100-400 ft  rol ls  of  K O D A K  
T X R  430 h i g h - s p e e d  c a m e r a  film. I l l u m i n a t e d  b y  a 250W 
s l ide -pro jec to r  l amp,  t he  f iber  opt ic  t ip  was  p l a c e d  1 c m  
f r o m  the  cell b a c k  a n d  t h e  p o w e r  was  t u r n e d  on  full. This  
t r a n s m i t t e d  e n o u g h  l igh t  to p r o d u c e  c lear  i m a g e s  at  fi lm 
ra tes  of  a r o u n d  104 fps a f te r  t r ave l i ng  t h r o u g h  1 c m  of  Lu- 
cite, e lectrolyte ,  a n d  glass. 

The  cell  was  filled w i t h  a q u e o u s  p o t a s s i u m  h y d r o x i d e  
f rom a r e se rvo i r  a b o v e  it  a n d  d r a i n e d  to a f lask below.  
The  e lec t rode ,  po la r ized  pos i t ive ly  to p r o d u c e  oxygen ,  
d id  no t  w i t h s t a n d  e lec t ro lys i s  in  acid or  s o d i u m  chlor ide ,  
b u t  i t  p e r f o r m e d  wel l  in  a lka l ine  so lu t ion;  h e n c e ,  o x y g e n  
was  t he  on ly  p r o d u c t  inves t iga ted .  W h e n  t he  m i c r o s c o p e  
was  focused ,  t he  d i s t a n c e  f rom the  c a m e r a  to t he  eyep iece  
was se t  eve ry  t i m e  to t he  s a m e  l e n g t h  for o p t i m u m  expo-  
su re  of  t h e  film. A n  A M E L  Mode l  551 p o t e n t i o s t a t  oper-  
a t ed  in  ga lvanos t a t i c  m o d e  p r o v i d e d  t he  p o w e r  for t h e  re- 
act ion.  Af te r  p o w e r  was  appl ied ,  t he  c a m e r a  was  
m a n u a l l y  ac t iva t ed  a n d  400 f t  of  film was  e x p o s e d  in  5s; 
a t  t he  s t a n d a r d  p r o j e c t i o n  ra te  of 24 fps, 16 m i n  is re- 
q u i r e d  to v iew the  events .  M a n y  reels  of film were  t a k e n  

2 Dr. Werner Kern at RCA Laboratories donated samples 
which had a film conductivity of 100 ~/[3. This unusual  unit, 
used by thin film specialists, derives from the fact that  the sur- 
face resistance of a square (measured from one side of the 
square to the other) is independent  of the square's dimensions. 
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Fig. i. Cross section of the transparent electrode cell: 1 ) electrolyte 
facing the tin oxide; 2) silver epoxy contact to electrode film; 3) glass 
substrate; 4) tin-oxide electrode film; 5) seal between silver epoxy and 
electrolyte. 

Fig. 2. Transparent electrode cell: (1) copper current collector; (2) Pt 
wire counterelectrode; (3) silver epoxy; (4) transparent electrode area. 

at  va r ious  speeds  a n d  c o n c e n t r a t i o n s  of a q u e o u s  potas-  
s i u m  h y d r o x i d e  (21). 

Results and Discussion 
T h e  t i n  ox ide  p r o v e d  to be  a n  ef fec t ive  w i n d o w  elec- 

t r o d e  t h a t  was  s t ab le  to  o x y g e n  evo lu t i on  in  bas ic  solu- 
t ion.  I t  was  n o t  s t ab l e  to ch lo r ine  evo lu t ion  in  n e u t r a l  so- 
l u t i on  or, for o b v i o u s  reasons ,  h y d r o g e n  evolu t ion .  

Fig. 3. Schematic of observation apparatus 
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Fig. 4. Apparatus: (1)fiber optic light guide; (2)transparent electrode 
cell; (3) microscope; (4) Red Lakes HYCAM camera. 

Fig. 5. Documentation of specific radial coalescence. The indicated 
bubble at time zero receives the four bubbles around it sequentially and 
visibly grows. One may observe this same effect around other bubbles in 
the sequence. Conditions: 10,000 frames per second; oxygen evolution; 
298 K; no forced convection; 3% (wt) KOH; S00 mA/cm 2. 

Despite the electrode's unusual properties of electronic 
conductivity and transparency, gas evolution on it had 
much in common with observations reported in the litera- 
ture, thus it seems valid to draw general conclusions from 
its behavior. To study gas evolution quantitatively, one 
should know the local current density and, hence, the lo- 
cal gas-volume production rate; but the current distribu- 
tion on the tin-oxide transparent electrode was nonuni- 
form because of the surface resistance to current flow in 
the oxide film. Of course, electrode kinetics, especially 
serious in the case of oxygen evolution, mitigate the 
nonuniformity of the current distribution. In addition, the 
initially higher current density at the electrode/wall 
boundary produced bubbles that stuck there and further 
deflected the current to the center, where the pictures 
were taken. For these reasons and because direct observa- 
tion did not indicate that the gas evolution rate at the 
point of observation was significantly different from 
other positions on the surface, the step of solving 
Laplace's equation in the electrolyte and on the semicon- 
ductor strip bounding it, which itself would be an approx- 
imation because the presence of bubbles, which intro- 
duces a formidable mathematical  complexity, disturb the 
current distribution even further, was not taken. The cur- 
rent density was calculated as an average of the total cur- 
rent over the area of the electrode. The results are re- 
ported qualitatively. 

The intense fiber optic light penetrated the bubbles'  
spherical caps but  was deflected by the curved sides; 
thus, the image was a two-dimensional dark annulus as 
shown in Fig. 5. An additional light pointed at the cell 
from the side gave the bubble a highlight and made it ap- 
pear three-dimensional. Difficult to describe in words 
and still pictures, the growth process of bubbles is best 
viewed continuously; a 30 min motion picture summariz- 
ing the transparent-electrode studies may be obtained for 
viewing by contacting either of the authors. 

Movies taken at the standard speed, 24 fps, showed only 
blurred motion, but slowing the action by a factor of 10 
revealed many of the phenomena reported in previous 
work, such as the preference for nucleation at surface im- 
perfections and rapid initial growth by mass transfer 
where the bubble expanded with no apparent coales- 
cences. Most interesting was the frequent bubble coales- 
cence and the detachment  of bubbles from the electrode. 
Identification, documentation, and organization of bub- 
ble growth and detachment  phenomena are the core of 
this work. 

Coalescence of very small bubbles ensued after rapid 
initial growth by diffusion and marked the start of the co- 
alescence phase of bubble growth. Bubbles nucleated, 
grew to a small size (<10 ~m) by mass transfer and, upon 
touching, rapidly coalesced. There was no period of delay 
before the small bubbles in contact coalesced. Since coa- 
lescence between small bubbles and establishment of the 
final spherical boundary was always completed within 
0.0001s, we never obtained images of intermediate stages. 
Although small bubbles coalesced almost immediately 
upon touching, large bubbles touched for many frames 
before coalescing. Perhaps the small newly formed bub- 
bles did not have film stabilizing compounds adsorbed at 
their surfaces as did the large older ones. The bubble size 
in general depended on the number of coalescences, 
which means that one can limit bubble growth by con- 
trolling coalescence, that is, by removing the bubbles be- 
fore they coalesce or somehow stabilizing the liquid film 
between the two touching bubbles so it cannot rupture. 

Bubbles of a medium size, about 40 ~m, established 
themselves as central collectors which received the 
smaller bubbles nucleating and growing around them. We 
call this "radial specific coalescence," a schematic of 
which appears in Fig. 6. The smaller bubbles translate 
radially across the electrode surface toward stationary 
central bubbles, two of which are represented in the sche- 
matic. A film sequence recording this mode of coales- 
cence appears in Fig. 5. Small bubbles, while still 
attached, moved specifically in the direction of and coal- 
esced with the medium bubble (at the arrow in Fig. 6) in 
whose sphere of influence, extending about three bubble 
diameters from the collector bubble, they were located. 
The central bubble swelled with the addition of the 
smaller bubbles but was not otherwise disturbed as it ac- 
quired them. Although there was an overall flow im- 
pressed on the system by movement  of the buoyant bub- 
bles, the radial movement  of bubbles was symmetric 360 ~ 
around the collector bubble, which remained anchored to 
the electrode; hence we concluded that the radial motion 
is a local phenomenon. The movement  may have been a 
result of local flows established by continual coales- 
cence, which entrains other bubbles toward the collector. 
Requiring a transparent electrode to be revealed, this 
phenomenon was also observed only by Janssen and van 
Stralen (12) on their transparent nickel electrode. 

After the medium-size bubbles attained a size between 
50 and 100 ~m, large bubbles still attached to the surface 
and sliding from below the field of view scavenged them 
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Fig. 6. Schematic of specific radial coalescence 

or coalesced between themselves and moved out of view. 
(The bubbles'  flattened areas of attachment were visible 
from behind the transparent electrode.) Scavenging of 
medium bubbles by large ones was the third mode of coa- 
lescence observable on the transparent electrode and was 
the mechanism by which bubbles attained their final 
size. A film clip, Fig. 7, demonstrates that after a group of 
large bubbles passes, new bubbles nucleated and grew to 
a size of 10-15 ~m in diameter. These small bubbles coa- 
lesced to form medium-size bubbles which then grew fur- 
ther by specific radial coalescence. Large bubbles (200 
t~m) attached to and moving along the surface scavenged 
the small- and medium-size bubbles in their path. 

We term this sequence of events (nucleation, growth by 
mass transfer, coalescence of small bubbles, coalescence 
by radial motion, and scavenging coalescence) the cyclic 
process of bubble growth because it is repeated continu- 

ally on the electrode and is the general way bubbles are 
"built." The period of the cycle, at a current density of 100 
mA/cm 2, was approximately 0.1s. We hypothesize that this 
gas evolving electrode, and perhaps practical electrodes, 
are essentially a mosaic of regions in which this local 
mechanism governs the production of bubbles. Of course, 
this cannot be true for electrodes on which coalescence 
does not occur and can only be partly true for electrodes 
on which the bubbles are not mobile. If  this cyclic mecha- 
nism of bubble evolution is valid, then modeling the 
mass-transfer enhancement  due to bubble evolution is in- 
deed a formidable task. In fact, the complexity of fluid 
motion induced by bubbles perhaps explains the diver- 
gent views on the model for mass-transfer enhancement. 

Detachment of a bubble from the transparent electrode 
was also observed. Characterizing the detachment of a 
bubble from a vertical electrode is difficult because the 
buoyancy force does not act perpendicularly to the elec- 
trode; the only force continuously pushing the bubble 
away from the surface (at equilibrium) is exerted by the 
internal pressure of the bubble against the flattened bub- 
ble base. The sequence shown in Fig. 8 indicates that coa- 
lescence of two bubbles to form a new bubble, which be- 
ing compressed against the electrode pushes away from 
it, is an important mechanism by which bubbles depart 
from vertical electrodes. This confirms the observation 
of Janssen and van Stralen (12). As mentioned by other 
investigators, especially by Glas and Westwater (11), the 
bubble, once detached, may return. This occurred on the 
tin-oxide electrode also. One can see the contact area un- 
der the bubbles in Fig. 8 as a slightly darkened spot on 
the left side of the light central area. When the bubbles 
coalesced and the new bubble had ceased its violent vi- 
brations and had established its spherical boundary, the 
contact spot vanished but subsequently reappeared. Un- 
fortunately, the still pictures cannot convey the impres- 
sion one obtains from the motion pictures that there was 
indeed some kind of force which brought these oxygen 
bubbles back to the electrode because the bubble seemed 
to push its way back to the surface. Coehn and Neumann 
(23, 24) would argue that the return to the electrode was 
caused by the attraction of the charged bubble to the elec- 
trode surface. Glas and Westwater (11) speculated that a 
surface tension gradient caused the bubbles'  return. A 
third possibility is that the bubble was still oscillating 
after the coalescence and then reattached when one part 

Fig. 7. Gas evolution slowed by a factor of 10. ( I )  Dispersion of small 
bubbles which grew on the electrode after a group of large bubbles swept 
through. (2) Several large bubbles travel along the surface and scavenge 
the small- and medium-size bubbles before them. (3) Empty area behind 
o large bubble showing its path.(*)Trail left by earlier scavenging bub- 
ble. Conditions: 240 frame per second; oxygen evolution; 298 K; no 
forced convection; 28% (wt) KOH; i00  mA/cm 2. 

Fig. 8. Detachment and return of a bubble after coalescing with an- 
other bubble. 1 ) A bubble on the electrode touches another off the frame 
to the left. 2) The two bubbles coalesce. 3) The new bubble is off the 
surface. There are small bubbles on the surface between the large bub- 
ble and the surface. 4) The bubble has reattached. Conditions: 10,000 
frames per second; oxygen evolution; 298 K; no forced convection; 3% 
(wt) KOH; 500 mA/cm 2. 
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Fig. 9. Coalescence of two bubbles and subsequent vibration of the 
new bubble (100/~s per frame). 1) Two bubbles touch for a number of 
frames while the film drains from between them. 2) The resulting bubble 
is compressed against the electrode. 3) The new bubble vibrates as it 
establishes its equilibrium boundaries. 4) The oscillations end after a 
half-millisecond. Conditions: 10,000 frames per second; oxygen evolu- 
tion; 298 K; no forced convection; 28% (wt) KOH; 100 mA/cm 2. 

of it touched the electrode. The detachment and return of 
bubbles should be explored specifically. 

The coalescence of large bubbles caused fluid motions 
close to the electrode surface, which may be important  in 
mass-transport enhancement  due to gas evolution re- 
ported by Ibl (22), Venczel (16), and Janssen and Hoog- 
land (18). This mode joins the flow due to gas lift and 
fluid replacement due to bubble  departure as an acceler- 
ator of mass transfer. A coalescence sequence between 
two large bubbles near the electrode and moving along it 
is shown in Fig. 9. The two bubbles appeared to touch for 
many frames as the film between them thinned and 
finally ruptured. The bubbles coalesced so quickly that 
the film rupture and the change from two bubbles to one 
occurred between two frames, that is, in less than 100 ~m. 
The new bubble  was compressed along the axis of coales- 
cence by the fluid rushing into the space behind the 
coalescing bubbles. The bubble  vibrated like this for sev- 
eral frames before becoming spherical again. This is an 
example of coalescence of two relatively large bubbles, 
both traveling along the electrode surface. 

Summary 
The tin-oxide transparent electrode allowed observa- 

tion of oxygen evolution in potassium hydroxide from the 
back side, a vantage from which to view the rapid and 
microscopic phenomena of gas evolution. Our study con- 
firmed certain of the phenomena reported in the litera- 
ture. Coalescence was most important in the overall pro- 
cess of gas evolution. The cycle of growth by mass 
transport  and local coalescence followed by scavenging 

coalescence determined bubble  size on vertical elec- 
trodes. Small bubbles moved radially in toward a medi- 
um-size central bubble  and coalesced with it; the new 
bubble  in turn was scavenged by large bubbles moving 
along the surface. Coalescence also was important  in bub- 
ble detachment. Some bubbles returned to the surface 
after leaving. In general, gas evolution on this electrode 
resembled a mosaic of local cycles of growth and detach- 
ment, the dimension of the localities being an order of 
magnitude greater than the largest bubbles. 
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The Reversibility of Sodium Insertion in Transition Metal 
Trisulfides 

Margherita Zanini 
Ford Motor Company, Dearborn, Michigan 48121 

ABSTRACT 

The effects produced by the insertion of sodium in the trisulfides of titanium, niobium, and tantalum were investi- 
gated by electrochemical techniques. Cyclic vol tammetry measurements were carried out in these materials using high- 
temperature sodium cells which utilize the solid electrolyte fl"-alumina. The data demonstrate that TiS:~ disproportion- 
ates into TiS~ and sulfur during the first cycle. NbS:~ appears to gradually undergo irreversible transformations which 
decrease the amount  of sodium that can be reversibly inserted. TaS:~ was found to be more stable. The transformations 
induced in the trisulfides by electrochemical titration with sodium are discussed in terms of the structural and chemical 
bonding properties of these materials. 

Compounds that can react with alkali metals with a 
large free energy of reaction are potentially useful for bat- 
tery applications (1, 2). The requirement that the process 
be readily reversible has put a premium on these reac- 
tions (called topochemical), which occur without appreci- 
ably modifying either the structure or the chemical 

. / . ] 
bonding of the host material. Typma examples are the 
layered transition-metal disulfides in which alkali metals 
are inserted between the weakly bonded layers of the 
compound (1). Because these intercalation compounds 
usually form nonstoichiometric phases with a wide 
compositional range, their energy density is large. 

Many efforts have been devoted to finding other mate- 
rials which meet the reversibility requirements,  but for 
which the reaction product contains a ratio of alkali metal 
to transition metal of 2 or 3 in order to achieve larger en- 
ergy densities (3). It was recognized early that materials 
such as TiS:~ and NbSe:,, could incorporate up to three lith- 
ium atoms per formula unit (4, 5). However, it was found 
that only about one-third of the li thium incorporated in 
TiS3 could be removed (6). The reaction was found to be 
reversible in NbSe~, but although its volumetric energy 
density was large, its gravimetric energy density was 
comparable so that of TiS~ (7). Past studies have not fully 
explained why different trichalcogenides show different 
degrees of reversibility for the reaction with lithium. 
Tests of the charge/discharge behavior of these com- 
pounds under galvanostatic conditions have indicated 
that the reaction with lithium is more complex than a 
topochemical reaction and induced structural transforma- 
tions in the host materials. Unfortunately, x-ray diffrac- 
tion measurements of the reacted trichalcogenides have 
typically shown patterns of weak and broad lines which 
hamper the complete identification of the reaction 
products. 

In this paper we report electrochemical studies on the 
effects produced by the insertion of sodium in the 
trisulfides of titanium, niobium, and tantalum. The reac- 
tion was carried out by electrochemical titration in high- 
temperature sodium cells which utilize the solid electro- 
lyte ff'-alumina (8). Because fi"-alumina is stable in the 
potential range of the experiment,  we have been able to 
study the process without interference from side reac- 
tions with the electrolyte, and in addition we have 
avoided the problem of electrolyte cointercalation. We 
discuss how cyclic vol tammetry measurements allow us 
to detect the occurrence of phase transformations in the 
electrode material with higher sensitivity than possible 
with conventional galvanostatic measurements. We also 
show that the reaction products for TiS:~ can be identified 
with this technique. 

The electrochemical behavior of the trisulfides in so- 
dium cells is shown to be profoundly different from that 
of the corresponding disulfides because sodium strongly 
interacts with the polysulfide group ($2) -2, which is char- 
acteristic in these materials. Our cyclic vol tammetry data 
indicate that structural and chemical transformations oc- 

cur in these materials, but the effects are dissimilar in 
each compound. XPS measurements of the sulfur 2p core 
level for the trisulfides are reported which indicate that 
the sulfur bonding characteristics in TaS:~ may be differ- 
ent from those of TiS~ and NbS:~. The observed chemical 
bonding differences can be correlated with the different 
behavior of the trisulfides upon electrochemical titration 
with sodium. 

Sample Preparation 
Titanium trisulfide was prepared by direct reaction be- 

tween sulfur granules (Asarco) and titanium powders 
(Cerac mesh -325) in sealed quartz ampuls. A small sulfur 
excess above the stoichiometric composition was used. 
The ampul was then inserted in a two-zone furnace. The 
temperatures in the two zones were adjusted so that one 
end of the ampul was kept at 440~ to avoid high sulfur 
vapor pressure, and the other end with the metal powders 
was kept  at 560~ Formation of the undesired disulfide 
phase was observed if the reaction was carried above 
570~ When the powders had reacted, the temperature of 
the colder zone was raised to 500~ and the material was 
annealed for three days. The ampul was then cooled 
slowly, maintaining the temperature gradient to deposit 
the small excess sulfur at one end. In this way, blue-gray 
ribbons of TiS3 were obtained, and the largest were 
roughly 1 cm long and 0.5 mm wide. 

NbS3 and TaS:~ were prepared in a similar way, starting 
with Cerac metal powders of -325 mesh. The tempera- 
tur.e in the reaction zone was kept at 600~ for NbS:j and 
at 650~ for TaS:~, while the cold zone was maintained at 
440~ in both cases. TaS:~ grew as a light felt of fine and 
short fibers which filled the inside of the ampul. NbS~ 
also grew as fine needles, but with excess sulfur we were 
also able to obtain long, flat ribbons, similar to TiS;, The 
lattice constants of the synthesized trisulfides were de- 
rived by x-ray diffraction analysis of powder samples and 
were found to be in agreement with the data in the 
literature. 

Experimental 
The cells used for the electrochemical experiments 

were made of alumina tubing at the end of which a disk 
of fl"-alumina was sealed with a soft glass. The other end 
of the ceramic tubing had a ceramic-to-glass transition so 
that sodium could be vacuum distilled in the container 
and sealed off. The temperature of the cell was measured 
with a shielded thermocouple sealed in the sodium com- 
partment, with its tip close to, but not touching, the fi"- 
alumina disk. 

The positive electrode was made by pressing transition- 
metal sulfide fibers on a disk of thin a luminum foil with 
a die. Upon pressing, the fibers became a compacted felt 
with a geometrical surface area of 0.1-0.2 cm 2. The felt 
stuck slightly to the aluminum foil, which made the han- 
dling of the electrode easier. Typically, a few tenths of a 
milligram of active material were used for the electrode. 
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The  p rec i se  a m o u n t  was  d e t e r m i n e d  w i t h  a n  e l ec t ron ic  
b a l a n c e  b y  w e i g h t  d i f f e rence  b e t w e e n  t he  a l u m i n u m  sub-  
s t r a t e  a lone  and  t he  p r e s s e d  e lect rode.  T he  e l ec t rode  was  
t h e n  p u t  in  t he  c e n t e r  of  a f lexible  a l u m i n u m  cup  w h i c h  
fi t ted t he  ce ramic  half-cel l  so t h a t  i t  cou ld  be  easi ly  posi- 
t i o n e d  aga ins t  t he  e lec t rolyte .  Con t ac t  b e t w e e n  t h e  solid 
e l ec t rode  a n d  the  e lec t ro ly te  was  a c h i e v e d  b y  s l ight ly  
p r e s s i n g  t he  a l u m i n u m  cup  w i t h  a flat, r ig id  cup  holder .  
To app ly  t h e  p re s su re ,  t he  ce ramic  half-cel l  was  r ig idly  
m o u n t e d  b y  m e a n s  of  a meta l l i c  col lar  in to  one  e n d  of  a 
t h r e a d e d  cy l inde r  m a d e  of steel.  A sp r ing - loaded  p l u n g e r  
was  t h e n  s c r ewed  in to  t he  o the r  e n d  of the  cy l inde r  so 
t h a t  i t  p u s h e d  t he  cup  holder .  A p i n  was m a c h i n e d  in  t he  
b a c k  of  t he  cup  h o l d e r  to act  as a po in t  of c o n t a c t  w i t h  the  
p l u n g e r  to  c o m p e n s a t e  for  t h e  lack  of  pa ra l l e l i sm  be- 
t w e e n  t h e  ~"-a lumina  disk,  cup  holder ,  a n d  p lunger .  In  
add i t ion ,  to  i m p r o v e  t he  c o n t a c t  b e t w e e n  t he  sulf ide 
e l ec t rode  a n d  t he  sol id e lectrolyte ,  a pe l l e t  of g r a p h i t e  
powder s ,  s l ight ly  p r e s s e d  in to  a 1 m m - t h i c k  disk,  was  
a d d e d  b e t w e e n  t he  a l u m i n u m  cup  a n d  t he  flat cup  
ho lder .  W h e n  t he  p r e s s u r e  was  appl ied ,  t he  g r a p h i t e  pel- 
le t  f lowed and  p r e s s e d  the  e l ec t rode  u n i f o r m l y  aga in s t  
t he  sol id e lectrolyte .  Wi th  th i s  p r o c e d u r e  of m o u n t i n g  t he  
e lec t rode ,  we were  ab le  to o b t a i n  a n  e lec t rode-e lec t ro ly te  
i n t e r f ace  w i t h  r e p r o d u c i b l e  charac te r i s t i cs ,  as was  dem-  
o n s t r a t e d  b y  t h e  v e r y  good  r e p r o d u c i b i l i t y  of  t he  da ta  
f r o m  s a m p l e  to sample .  At  t he  t e m p e r a t u r e  of  o p e r a t i o n  
(less t h a n  320~ we d id  no t  obs e r ve  a n y  r eac t i on  be- 
t w e e n  t he  sulf ide a n d  t he  a l u m i n u m  subs t r a t e .  The  cells 
we re  a s s e m b l e d  a n d  t e s t e d  in  a d ry  box.  T he  cell  assem-  
b ly  was  h e a t e d  in  a cy l indr ica l  h e a t e r  w h o s e  t e m p e r a t u r e  
was  r egu l a t ed  w i t h i n  -+ I~ 

T h e  m e a s u r e m e n t s  w e r e  ca r r ied  ou t  u s i n g  P A R  elec- 
t r o c h e m i c a l  i n s t r u m e n t a t i o n  (Model  173 po ten t io s t a t ,  
Mode l  371 cou lome te r ,  Mode l  175 p r o g r a m m e r )  con t ro l l ed  
b y  a T e k t r o n i x  4051 c o m p u t e r .  S o d i u m  was  i n s e r t e d  in  
t he  sulf ide  e l ec t rode  a n d  r e m o v e d  f rom it  b y  d i s c h a r g i n g  
a n d  c h a r g i n g  t he  cell at  low rates .  T he  c h a r g e  m e a s u r e d  
d u r i n g  t he  e l e c t r o c h e m i c a l  t i t r a t ion  is p r o p o r t i o n a l  to  t he  
a m o u n t  of s o d i u m  i n s e r t e d  in  t h e  e l ec t rode  ma te r i a l  be- 
c a u s e  no  s ide  reac t ions ,  s u c h  as r e d u c t i o n  of  the  electro-  
lyte, occur ,  a n d  n o n f a r a d a i c  effects,  s u c h  as doub le - l aye r  
cha rg ing ,  are  ve ry  small .  T h e s e  a s s u m p t i o n s  were  
ver i f ied  in  our  case  b y  c h a n g i n g  t h e  t h i c k n e s s  of the  
e lec t rode .  

T h e  r eac t i on  was  ca r r i ed  ou t  u n d e r  t he  c o n d i t i o n  t h a t  
t h e  vo l tage  of  t he  cell  s h o u l d  c h a n g e  at  a c o n s t a n t  ra te  
w i t h  t ime.  Thus ,  t h e  t i t r a t i on  c u r r e n t  was  o b s e r v e d  to in- 
c rease  a n d  dec rea se  as a f u n c t i o n  of t he  vol tage.  T h e  ra te  
of  t h e  reac t ion ,  m o n i t o r e d  b y  t h e  cu r ren t ,  was  k e p t  low 
e n o u g h  to i n s u r e  q u a s i - e q u i l i b r i u m  c o n d i t i o n s  t h r o u g h -  
ou t  t h e  test .  Specif ical ly,  t h e  c o n c e n t r a t i o n  g r a d i e n t s  in  
t h e  pa r t i c les  w h i c h  c o m p o s e  t h e  e l ec t rode  w e r e  k e p t  
sma l l  so t h a t  t he  l i n e s h a p e s  of  t h e  v o l t a m m o g r a m s  w o u l d  
n o t  b e c o m e  b r o a d  a n d  d i s to r ted .  T he  u s e  of  micro-  
e l ec t rodes  ha s  t he  a d v a n t a g e  of  k e e p i n g  t h e  t i m e  of  t he  
e x p e r i m e n t s  re la t ive ly  shor t .  B e c a u s e  t he  g e o m e t r y  of  t he  
cell  d id  n o t  a l low t he  a d d i t i o n  of  a r e f e r ence  e lec t rode ,  
t h e  s o d i u m  e lec t rode  was  u s e d  as b o t h  a c o u n t e r  a n d  a 
r e f e r e n c e  e lec t rode .  Th i s  con f igu ra t ion  d id  n o t  i n t r o d u c e  
a la rge  error ,  b e c a u s e  t he  po la r i za t ion  of  t h e  s o d i u m  elec- 
t r o d e  was  low. Th i s  was  ver i f ied  by  c u r r e n t  s t ep  mea-  
s u r e m e n t s  u s i n g  a sod ium/ /~" -a lumina / sod ium cell. The  
IR  d r o p  of  t he  su l f ide  cel ls  was  also c h e c k e d  w i t h  t he  
s a m e  t e c h n i q u e  a n d  f o u n d  to b e  less  t h a n  20 m V  at  cur- 
r e n t s  u p  to 1 mA. 

T h e  X P S  spec t r a  we re  o b t a i n e d  w i t h  a V a c u u m  Gener -  
a tor  E S C A  3 s y s t e m  u s i n g  a m a g n e s i u m  a n o d e  x-ray 
s o u r c e  (1253.6 eV). T h e  i n s t r u m e n t  was  o p e r a t e d  in  t he  
c o n s t a n t  pass  e n e r g y  m o d e  w i t h  a typ ica l  r e s o l u t i o n  of 1.1 
eV full  w i d t h  at  h a l f  m a x i m u m  p e a k  h e i g h t  on  t he  Au  4fro 
l ine.  

Results 
We r e p o r t  in  Fig. 1 t he  r e su l t s  of  t he  first a n d  s e c o n d  

s c a n  for  TiS:~ o b t a i n e d  at  280~ In  th i s  e x p e r i m e n t  the  
e l ec t rode  was  0.3 m g  a n d  t he  s can  ra te  was  0.1 mV/s.  On 
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Fig. 1. Cyclic voltammetry curves for a TiS:~ electrode at a sweep rate 
of O. 1 mV/s. The negative curves correspond to the insertion of sodium in 
the electrode, the positive curves to its removal. The solid and dashed 
lines correspond to the first and second cycles, respectively. 

d i s c h a r g e  (ca thodic  wave),  a b r o a d  c u r r e n t  p e a k  a p p e a r s  
at  1.7V. The  i n t e g r a t e d  c u r r e n t  i nd ica t e s  t h a t  t he  p roces s  
i nvo lves  two e l ec t rodes  pe r  molecule .  B e l o w  approx i -  
m a t e l y  1.2V, t he  b a c k g r o u n d  c u r r e n t  i nc r ea se s  slowly.  On 
c h a r g e  (anodic  wave),  a c o m p l e x  l i neshape ,  m a d e  of four  
peaks ,  is o b s e r v e d  b e t w e e n  2.0 a n d  2.4V. T h e  m e a s u r e d  ti- 
t r a t i on  cha rge  i nd i ca t e s  t h a t  a t  leas t  95% of  t he  s o d i u m  in- 
s e r t ed  in  t he  e l ec t rode  is r e m o v e d  on  charge .  L o w e r  cou- 
l o m b  eff ic iency is o b s e r v e d  if  t he  ca thod i c  s c a n  is 
e x t e n d e d  b e y o n d  1V. The  s e c o n d  s can  is, howeve r ,  differ- 
ent .  T h r e e  ca thod ic  p e a k s  are  o b s e r v e d  at 2.2, 2.1, a n d  
1.4V, respec t ive ly .  C o r r e s p o n d i n g  peaks ,  w i t h  v e r y  simi- 
lar  l i neshapes ,  are  o b s e r v e d  in  t he  a n o d i c  s c a n  sh i f t ed  by  
80 m V  t o w a r d  h i g h e r  energ ies .  These  p e a k s  are  t he  char-  
ac te r i s t i c  fea tu res  o b s e r v e d  for  TiS~. Simi lar ly ,  t h e  to ta l  
c h a r g e  m e a s u r e d  d u r i n g  t he  s e c o n d  i n t e r c a l a t i o n  cycle  is 
e q u i v a l e n t  to  on ly  a one -e l ec t ron  process ,  a n d  in terca la-  
tiort is  revers ib le .  S u b s e q u e n t  scans  give iden t i ca l  resul ts .  
Af te r  t he  cyclic v o l t a m m e t r y  tes ts ,  t h e  cell was  o p e n e d  to 
i n s p e c t  t he  e lec t rode .  In  t h e  case  in  w h i c h  t he  e l ec t rode  
was  t a k e n  ou t  a f te r  a full  c h a r g e  cycle, t h e  color  of  t he  
e l ec t rode  was  gold. I n s p e c t i o n  u n d e r  a n  opt ica l  micro-  
s cope  revea led  t h a t  t h e  e l ec t rode  was  n o w  a c o m p a c t e d  
p o w d e r  a n d  h a d  los t  i ts  or ig inal ly  f ibrous  a p p e a r a n c e .  
X-ray  d i f f rac t ion  da ta  r evea l ed  s o m e  of  t he  cha rac t e r i s t i c  
l ines  for  TiS~, a l t h o u g h  t h e y  we re  ve ry  b road .  I n  a n o t h e r  
test ,  a TiS:~ e l ec t rode  was  r e m o v e d  f r o m  a cell a f te r  t he  
first d i s c h a r g e  to 1.2V. I ts  color  was  da rk  g ray  b lack .  P a r t  
of  t he  e l ec t rode  was  e n c l o s e d  in  a glass  cap i l la ry  for  x-ray 
d i f f rac t ion  ana lys i s  whi l e  still  in  t h e  d ry  box .  Only  a few 
b r o a d  l ines  were  o b s e r v e d  f rom w h i c h  i t  was  no t  poss ib l e  
to  i den t i fy  the  r eac t ion  p roduc t s .  

The  cyclic v o l t a m m e t r y  c u r v e s  for  n i o b i u m  a n d  tan ta-  
l u m  t r i su l f ides  s h o w  d i f fe ren t  fea tures .  In  Fig. 2 we  re- 
po r t  t he  first a n d  s i x t e e n t h  c o m p l e t e  s cans  for a NbS:~ 
e l ec t rode  of  0.3 mg,  a n d  pa r t  of the  second .  The  vo l t am-  
m o g r a m s  were  o b t a i n e d  at  280~ a n d  at a s c a n  ra te  of  0.1 
mV/s.  The  first d i s c h a r g e  c u r v e  shows  a la rge  c u r r e n t  
p e a k  a t  1.7V, s imi la r  to  t h a t  o b s e r v e d  for  TiS:~, b u t  nar-  
rower .  T h e  c h a r g e  c o r r e s p o n d i n g  to t he  p e a k  i nd i ca t e s  a 
two-e l ec t ron  r e d u c t i o n  process .  A t  0.9V, a n o t h e r  p e a k  
c o r r e s p o n d i n g  to a one -e l ec t ron  p roces s  is obse rved .  In  
t he  s u b s e q u e n t  c h a r g e  scan,  a p e a k  is o b s e r v e d  at 1.SV, a 
d o u b l e t  appea r s  a t  2.1-2.2V, a n d  a sma l l  p e a k  can  b e  s een  
at  2.4V. The  c o u l o m b  ef f ic iency  d u r i n g  t h e  first cycle  is 
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about 90%. Although the lineshape of the first cathodic 
vol tammogram is quite different from that of the first 
anodic voltammogram, on subsequent cycles the cathodic 
and anodic curves become more symmetrical. To illus- 
trate this point, the first part of the second voltam- 
mogram is included in Fig. 2. Three peaks appear at 1.95, 
2.10, and 2.34V, respectively, which are similar to the 
peaks observed in the first anodic scan. Quite different 
behavior is observed for the peak at lower voltages. In 
fact, the cathodic peak splits into two components,  which 
grow at 0.8 and 1.1V, respectively, and have a 2:1 intensity 
ratio. The anodic peak at 1.5V instead starts decreasing in 
intensity, and another peak starts growing at 1.3V. The to- 
tal charge associated with these peaks decreases mono- 
tonically and after a few cycles is roughly 0.5 e-/NbS:~. At 
higher voltages, the weak peaks at 2.4V in the cathodic 
scan and at 2.5V in the anodic scan gradually increase in 
intensity, while the other two peaks become weaker. By 
the tenth cycle, the total charge measured during a dis- 
charge cycle was 1.5 e- /mol  and kept decreasing. Sepa- 
rate scans over either the 0.6-1.6V or 2.0-2.7V region gave 
similar results, indicating that the processes are 
independent.  

In Fig. 3 we show the first and eighth complete scans 
for a TaS:3 electrode taken at 280~ Part of the second 
scan is also shown. The scan rate was 0.1 mV/s and the 
weight of the electrode was 0.4 rag. A peak at 1.7V and a 
small peak at 1.9V are observed on the first discharge. 
The total integrated current indicates a two-electron pro- 
cess. Another peak, corresponding to a one-electron pro- 
cess, is observed at 0.6V. On charge, two peaks appear at 
1.0 and 1.3V respectively, and a very broad feature, which 
appears to be made of at least three components,  is ob- 
served to be centered at 2.3V. The coulomb efficiency of 
the first cycle is about 95%. On the second discharge an 
asymmetric peak appears at 2.1V. This peak shifts on sub- 
sequent scans by 100 mV to higher voltages, splitting into 
two components of 3:1 intensity ratio. After a few cycles, 
the peak lineshape remains constant. During the transfor- 
mation, the charge associated with the higher voltage pro- 
cesses decreases by 20%. The lower peak instead shifts by 
50 mV to lower voltages, increasing its intensity, so that 
the total charge measured during the entire scan remains 
constant within 1-2%. The peaks in the anodic waves 
change to become more symmetrical with the cathodic 
peaks. The peak at 1.3V disappears and the one at 0.9V 
becomes stronger. The peak lineshape near 2.2V becomes 
sharper as if  the central component  grew at the expense 
of the others. Although the cyclic vol tammetry curves 
measured for TaS:~ showed lineshape transformations 
similar to those observed for NbS~, the two compounds 

- -  3 l  I I I ] I 
o L zL 2 Ta S3 . _ 

o / t, 2eo ~ 
x 'r ~ I \  I I 

~ 0 
' L%F 
'~ L* l 

~ -2 I -  I: - 
- 3 /  V I I I I I 

0.4  0.8 1.2 1.6 2 .0  2 .4  2.8 

VOLTAGE (V)  
Fig. 3. Cyclic voltammetry curves for a TaS:~ electrode at o sweep rate 

of O. 1 mV/s. The solid and dashed lines correspond to the first and eighth 
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behave differently in the following respects. First, in 
TaS3, the lineshape modifications occur without substan- 
tial loss in electrode utilization and coulomb efficiency. 
Second, the TaS;~ peaks change their intensity, but they 
do not shift substantially in voltage. And last, the changes 
in TaS:~ occur within the first three or four cycles, after 
which subsequent voltammograms do not change appre- 
ciably. 

The NbS3 and TaS:~ electrodes did not seem to have lost 
their fibrous appearance after the electrochemical tests, 
at least under low optical magnification. They did seem, 
however, to react with air, probably due to the remaining 
sodium that cannot be removed from the material during 
the electrochemical titration. X-ray diffraction measure- 
ments were performed on pieces of fully charged elec- 
trodes after they had been cycled several times. The 
samples were sealed in glass capillary while still in the 
dry box to prevent reaction with air. Their diffraction pat- 
terns showed only a few broad lines, suggesting that both 
materials had become highly disordered during the reac- 
tion. The presence of disulfide or trisulfide species 
could not be conclusively demonstrated. 

Discussion 
Our cyclic vol tammetry results demonstrate that the ef- 

fects produced by the insertion of sodium in TiS:~, NbS:~, 
and TaS~ are more complex than those observed in the 
disulfides (10). Titration of layered dichalcogenides with 
alkali metals has been shown to produce ternary phases 
according to the equation 

xNa ~ + xe -  + MX2 ~ Nax MX2 [1] 
where M is the transition metal and X is either sulfur or 
selenium. Stoichiometric and nonstoichiometric reaction 
products have been reported for the disulfides (12). The 
redox process described by Eq. [1] does not have a simple 
Nernstian behavior because it involves solid-state species. 
Typically, the equilibrium voltage of the titration cell is 
not a linear function of the alkali-metal concentration in 
the electrode material, and it changes discontinuously 
when a new phase is formed during the process. These 
discontinuities are resolved with the cyclic vol tammetry 
technique, with much higher sensitivity than possible 
with galvanostatic measurements,  because this method, 
at very low rates, is equivalent to a differential measure- 
ment  of the curve representing the sodium concentration 
in the electrode as a function of its equilibrium voltage. 
Thus, current peaks are observed when the free energy of 
reaction changes and can be correlated with changes in 
the electroaffinity of the host material, with changes in 
the site occupied by sodium and/or with structural trans- 
formations of the ternary compound formed during the 
process. In particular, very sharp current peaks are seen 
when two phases coexist. Conversely, the current is ap- 
proximately constant when the reaction produces a ho- 
mogeneous phase such as a solid solution (10). 

We previously reported voltammograms for TiS~, NbS2, 
and TaS2 obtained with the same cell configuration and 
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using microelectrodes (10). For each of the disulfides, we 
observed characteristic current peaks which did not ap- 
preciably change upon cycling. In addition, the cathodic 
and anodic waves were fairly, symmetrical. We discussed 
how these features are characteristic for an intercalation 
process which affects the stacking of the disulfide lay- 
ers but  not their chemical bonding. The vol tammograms 
for the trisulfides instead show modifications in 
lineshape and shifts in peak position as a function of cy- 
cling, which indicates that profound structural modifica- 
tions occur during the reaction with sodium. 

Before discussing the electrochemical data, it is useful 
to summarize the structural and chemical bonding prop- 
erties of the materials under study. The structure of these 
trisulfides can be regarded as being built with chains of 
sulfur trigonal prisms, stacked to share their triangular 
faces, with the metal at the center of each prism. To 
satisfy the valence rules, sulfur-sulfur bonds are formed 
in such a way that two anions in each unit become paired 
(11). The chains are alternatively displaced along their 
axis by half a prism length. Their relative distance is such 
that the separation between the metal in one chain and 
one sulfur from each of the two adjacent chains is similar 
to the intrachain metal-sulfur distance. As a consequence, 
the metal becomes eightfold coordinated, and the re- 
sulting cross linking produces slabs of coupled chains. 
The slabs are weakly bonded by van der Waals forces be- 
cause sulfur pairs form their outer layers and thus, the 
materials are pseudo two-dimensional. Details of 
intrachain or interchain interactions differ from one com- 
pound to another, giving rise to different layering pat- 
terns and different unit cells. While in TiS~ (13) and NbS:~ 
(14), the chains are all equal and the unit cell contains two 
columns; the orthorhombic polytype of TaS:~ (15) has a 
more complicated unit cell, containing 24 chains. Al- 
though the structure of orthorhombic TaS:~ has not yet 
been exactly determined, it has been proposed that it con- 
tains several types of chains that differ from one another 
by the degree to which sulfur atoms are paired. The pres- 
ence of such inequivalent  chains has been determined in 
similar compounds, such as TaSe:3 and NbSe~ (11), and in 
the less common monoclinic polytype of TaS:~ (16), which 
can be obtained at high pressure. In addition, when the 
anion-anion pairing is relaxed, interchain anion bonding 
occurs. As a result, the slabs formed by cross-linked 
chains become somewhat puckered, making the van der 
Waals gap less defined (11). 

One important structural characteristic of these 
trisulfides is the presence of sulfur-sulfur bonds. This 
pair is usually referred to as the polysulfide group, be- 
cause x-ray diffraction studies in TiS:, and NbS:~ have 
shown that this bond length is equivalent to that found in 
other known polysulfides. Therefore, the trisulfides 
have been formally described by the ionic formula 
{M§ -2 S-S}, although they are mostly covalently 
bonded. We also have verified with XPS measurements  
the presence of sulfur in different bonding configura- 
tions (17). In Fig. 4 we show the XPS spectra of the sulfur 
2p core level that we measured for TiS:, NbS:~, and 
orthorhombic TaS:~. The spectra for TiS:, and NbS:, can be 
decomposed into two doublets. Each doublet corre- 
sponds to the 3/2 and 1/2 spin-orbit split components  of 
the 2p core level. The intensity ratio between the two 
doublets is 2:1, the more intense one being at higher bind- 
ing energies. This indicates that less charge is localized 
on the more abundant species, as suggested by the ionic 
formula of the compound. In contrast, the lineshape ob- 
served for TaS:~ cannot be decomposed into only two 
components,  suggesting a more complex bonding con- 
figuration as indicated by x-ray diffraction studies. 

We have observed pronounced differences in the 
lineshapes of the vol tammograms of the trisulfides and 
in the behavior of their vol tammograms upon cycling. 
However, it is possible to identify one common feature: 
on first discharge, the three materials all undergo a two- 
electron reduction process at approximately the same po- 
tential. We associate this process with the reduction of the 
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Fig. 4. XPS spectra of the $~p core level for TiS:~, NbS:~, and TaS:~. 

polysulfide group with concomitant insertion of 2 
Na/unit. It seems likely that sodium diffuses into the van 
der Waals gap of the material, although we were unable to 
confirm from our x-ray diffraction data that the unit cell 
expands along only one direction during this process. 
The initial reduction process breaks the polysulfide bond 
and produces different effects in each compound. For ex- 
ample, TiS:~ becomes unstable because the trigonal pris- 
matic coordination of the cation is stabilized by the sulfur 
pair. Once the pair is broken, the structure tends to as- 
sume the more stable octahedral coordination which is 
found in TiS~ (18). The disproportionation of TiS:~ to TiS~ 
is clearly demonstrated by the cyclic vol tammetry results 
because the curves obtained for scans subsequent  to the 
first one are the same as the ones obtained for TiS~. It 
could be argued that the formation of TiS~ occurs when 
the polysulfide is oxidized and the sodium is removed 
from the compound, because during the first anodic cy- 
cle, the characteristic disulfide peak at 1.5V is missing, 
while the peak at 2.1V is present. Moreover, because all of 
the sodium is removed during the first charge and the 
first oxidation peak is found above 2.0V, it seems un- 
likely that sodium sulfide and ti tanium disulfide are 
formed during the first discharge. The few broad lines 
observed in the x-ray diffraction pattern of an electrode 
discharged to 1.2V did not seem to correlate with those 
expected for Na~S. It should be noticed that in the 
voltammograms of TiS:~, the two peaks at 2.1V are re- 
solved, indicating that the particle size of the product is 
small and that the disulfide is stoichiometric. Either ex- 
cess of ti tanium or large particle size have the effect of 
broadening the peak linewidths. The spectra do not show 
any feature that can be associated with the presence of 
free sulfur liberated after the first cycle. However, a faint 
yellow deposit could be seen at the edge of the alumina 
disk after opening the cell. The absence of electrochem- 
ical activity from the free sulfur may be due to a loss of 
electrical contact. Because the quantity of sulfur is small, 
it is possible that it evaporates away during the experi- 
ment due to the relatively high temperature. We checked 
the transformation into the disulfide's not just  being 
caused by the high temperature. A fresh electrode was 
kept at 300~ in a cell in open-circuit conditions for sev- 
eral days before being cycled, and it showed the same 
behavior. 
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Contrasting with the behavior of TiS:,, no abrupt loss of 
capacity is observed in NbS:~ and TaS:3 after the first cy- 
cle. In both materials, the peaks in the first anodic scan 
and second cathodic scan above 2V are fairly symmetric, 
and the corresponding charge is greater than 1.5 e-/mol, 
indicating that the redox process is still associated with a 
polysulfide species. It also seems unlikely that the cation 
should change coordination, because the trigonal pris- 
matic coordination is more stable than the octahedral 
one, at ]east in both niobium and tantalum disulfides 
(18). In addition, in all the scans these materials show an- 
other well-defined reduction process at voltages lower 
than IV, not observed in TjS:, It is tempting to associate 
the low-voltage redox process with the oxidation and re- 
duction of the cation. However, the trisulfides are largely 
covalent, and their atomic orbitals are well hybridized, so 
assignment of a specific valence state to the cation is 
purely formal. It could also be argued that TiS:~ can be 
further reduced below IV because the titration current in- 
creases below this voltage. This process is, however, irre- 
versible, because the anodic current is very small below 
-I.7V, suggesting that sodium sulfide may be formed be- 
low 1V. 

For the case of NbS:~, our results suggest that this mate- 
rial undergoes irreversible transformations upon reaction 
with sodium. NbS:~ appears to transform slowly under re- 
peated cycling, because new peaks in the voltammograms 
become more prominent  and the electrode utilization de- 
creases within ten cycles to almost half of its first-cycle 
value. However, the possibility that NbS:~ disproportion- 
ates to the disulfide seems contradicted by the fact that, 
even after fifteen cycles, the material can be inserted 
with more than 1 Na/Nb. The large sodium capacity 
would indicate that the polysulfide bond is still involved 
in the redox process, because the disulfides are typically 
found to reversibly incorporate 1 NaJunit at most (10). The 
lineshape of the voltammograms, even after several cy- 
cles, is different from that measured for rhombohedral  
NbS2 (10). It should be noticed, however, that several 
nonstoichiometric phases have been identified in the 
sulfur-niobium phase diagram (19) and that their behavior 
in sodium ceils has not been determined. Peculiar to 
NbS.~ is the very sharp peak at 1.95V, which is a character- 
istic potential for polysulfide reduction. The intensity of 
this peak decreases rapidly with cycling, while the peak 
at 2AV increases to a comparable intensity. This feature 
might indicate that a disulfide phase is being formed at 
the expense of the trisulfide, because the typical poten- 
tials observed for sodium intercalation in the disulfides 
range between 2.2 and 2.4V, and the lineshape of the peak 
at 2.4V is similar to that observed for intercalation in 
those compounds (10). X-ray diffraction measurements  on 
a fully charged electrode after sixteen charge/discharge 
cycles showed only a few diffuse lines from which the re- 
action products could not be identified. 

TaS~ is the most stable of the three sulfides. After the 
first few cycles, sodium seems to be inserted and re- 
moved from this compound with little loss in the elec- 
trode capacity, as is typically observed in an intercalation 
reaction. We suggest that the greater stability of TaS:~ 
when compared to the other two trisulfides may be re- 
lated to the presence of relaxed sulfur pairs. The occur- 
rence of relaxed polysulfide groups could be attributed 
to an increased charge transfer from the cation to the an- 
ion as if  tantalum prefers the pentavalent configuration 
(16). Relaxation of intrachain suffur-sulfur bonds may 
also promote interchain chalcogen interactions as it is ob- 
served, for instance, in TaSe:~ (11). Thus, the reduction 
process at high voltage may be quite complex, involving 
either different sulfide species or the compound as a 
whole. It should be noted, in fact, that the line shape of 
the peak above 2V is asymmetrical and is quite different 
from that observed for TiS:~ and NbS:, In addition, after 
several cycles, the charge associated with the lower redox 
process is found to be larger than 1 e-/Ta, suggesting the 
presence of pentavalent cations. Some degree of electro- 
chemical irreversibility is present in the behavior of the 

material because the anodic and cathodic peaks are 
widely separated. In particular, the peaks at low voltages 
are shifted by 400 inV. A large peak separation could re- 
sult if the cation ligand field is distorted during the re- 
duction process so that the oxidation potential is shifted 
to higher values. 

The energy density of the TaS:, electrode alone extrapo- 
lated from the tenth cycle is about 350 Wh/kg, which is 
similar to the one found for TiS~ in a similar sodium cell 
(360 Wh/kg) (9). Because the density of TaS:~ is almost 
twice as large as that of TiS2, the utilization of TaS:~ could 
be more advantageous in applications in which the volu- 
metric energy density needs to be high. In addition, the 
fibrous morphology of TaS~ makes it easier than for the 
platelet-like disulfide materials to construct high surface- 
area electrodes which have good mechanical integrity. 

Some of the trisulfides have been tested in the past as 
electrode materials in room-temperature li thium cells, but 
no tests have been performed in sodium cells. TiS:~ and 
NbS:~ showed poor reversibility with li thium (1, 20). It was 
found that three equivalents of lithium could be inserted 
electrochemically in 1 tool of TiS3, but that less than 1 
eq/mol could be removed at very low current rates. The 
lack of reversibility observed in the galvanostatic 
charge/discharge data was ascribed to the formation of 
li thium sulfide and titanium disulfide (1). However, 
neither x-ray data nor the electrochemical data could con- 
clusively show the presence of either compound. Simi- 
larly, it was found that 2.6 eq/mol of li thium could be in- 
serted in NbS:~ on first discharge, only 80% of which 
could be removed (20). Our electrochemical data seem to 
indicate that no sodium sulfide is formed in the 
trisulfides during the first electrochemical discharge. We 
also found in our experiments that sodium can be re- 
moved from both TiS:~ and NbS:~ after the first discharge 
in much larger percentage than that measured in the case 
of titration with lithium. The greater degree of recharge- 
ability observed in our experiments is probably due to 
the higher temperature of operation, instead of being re- 
lated to intrinsically different effects occurring from the 
two alkali metals. In fact, it was shown in our earlier re- 
sults that TiS.~ in a similar high-temperature sodium cell 
was much more reversible and had a deeper discharge 
range than in room-temperature sodium cells with a liq- 
uid electrolyte (9, 21). There are no data in the literature 
about the behavior of ~?aS:~ electrodes in l i thium cells. Be- 
cause in our experiments this compound is found to be 
rechargeable, it is possible that it may also have good re- 
chargeability characteristics in room-temperature lithium 
cells, as was found for NbSe:, (7). This material can be re- 
versibly titrated with three equivalents of li thium per 
mole, and under galvanostatic discharge, it exhibits two 
plateaus. We found in our sodium cells that NbSe:~ be- 
haves similarly to TaS:~ (22). In particular, three equiva- 
lents of sodium can be inserted in one mole of NbSe:~ and 
removed from it; the material can be cycled several times 
with little loss in electrode capacity, and only small 
changes in the vol tammograms occur after repeated cy- 
cling. However, three separate redox processes seem to 
occur in NbSe:~ after the first cathodic scan. NbSe:~ was 
found to contain three kinds of chains which differ by the 
degree of anion pairing (11). These similarities between 
TaS~ and NbSe:~ seem to point out that the characteristics 
of the anion bonding in the trichalcogenides may be the 
important factors in determining their stability toward 
the insertion of alkali metals. 

Conclusion 
We have shown that the electrochemical behavior of the 

trisulfides of titanium, niobium, and tantalum is domi- 
nated by the redox process on the polysulfide group. As 
a consequence, irreversible transformations are induced 
in the trisulfides, unlike what is observed in the corre- 
sponding disulfides. Although the trisulfides have simi- 
lar structural characteristics, some differences in their 
bonding properties can be identified. We suggest that the 
different degrees of stability toward insertion of sodium 
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observed in these compounds are a consequence of differ- 
ent sulfur-sulfur bonding configurations. Our voltam- 
mograms clearly show the disproportionation of TiS~ into 
the corresponding disulfide. It is not possible, on the ba- 
sis of our data, to identify the precise mechanisms by 
which NbS3 loses electrode capacity, although decompo- 
sition to the disulfide cannot be ruled out. The electro- 
chemical behavior of TaS:~ instead resembles more what 
is expected for an intercalation process: only small 
changes are observed in its voltammograms upon cycling. 
TaS~ may be potentially useful as an electrode material 
for applications in which a high volumetric energy den- 
sity is required. 
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ABSTRACT 

The photoelectrochemical behavior of n-CuIn~Ss, a chalcogenide having a spinel-type structure, has been studied in 
various electrolytes by measuring the spectral response, the current-potential characteristics, and the differential capaci- 
tance. The best results have been obtained in an aqueous sulfide-polysulfide solution, where the CuIn.~S8 semicon- 
ductor electrode shows an excellent stability. The flatband potential of this semiconductor electrode has been found to 
depend on the solution composition. The most negative values have been observed in the~sulfide-polysulfide solution, 
owing to specific adsorption of S ~- ions on the electrode surface. Preliminary results on the output power characteristic 
of the CuIn~Ss photoelectrochemical cell are also discussed. 

Progress in the development of photoelectrochemical 
cells has required the investigation of new semiconductor 
electrodes exhibiting a good stability against photode- 
composition and a high absorption in the visible portion 
of the solar spectrum. Some ternary semiconducting com- 
pounds have been shown to satisfy the above conditions, 
and, in particular, analogues of II-VI compounds, ob- 
tained by cross-substitution of the electropositive constit- 
uent, have lately been the subject of growing scientific 
interest. 

In  this work, we report the photoelectrochemical per- 
formance of CuIn.~Ss, whose optical and electrical proper- 
ties are known (1). This n-type semiconductor has a cubic 
spinel-type structure similar to that of CdIn~S4 (2). 

The ideal spinel structure can be viewed as a cubic 
close-packed partial structure of anions in which one- 

* Electrochemical Society Active Member. 

eighth of the tetrahedral and one-half of the octahedral 
sites are occupied by cations. 

Considering the general formula M~j2~MI/~3~[M~ 3~] X42+ of 
a normal 1-3 spinel where the cations in the brackets oc- 
cupy octahedral sites and the remaining cations occupy 
tetrahedral sites, CuInsSs may be written as Cul/2In~2 
[In2]S4. This formula can also be deduced by substi tuting 
monovalent  copper cations and trivalent indium cations 
for divalent cadmium cations in CdIn2S4, which is, how- 
ever, a partial inverse thio-spinel: Cdll2In~j2(Cd~2In:31~)S4 (3). 

CuIn~S8 crystallizes in the space group F4 3m (Tad~ 
has a cubic structure with lattice dimension a = 10.6858A 
and has eight molecules per unit  cell (4). Moreover, ac- 
cording to complete x-ray structural determinations, the 
tetrahedral sites are split into two nonequivalent  groups 
with an unequal  distribution of copper and indium ions. 
In fact, one site is occupied to the extent of 52.4% by cop- 
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per  ions  and 47.6% by i n d i u m  ions, whereas  the oppos i te  
s i tuat ion is found for the  o ther  site (4). However ,  Robb ins  
and Miksovky  (5) cons ider  copper  and in idum ions to be 
crysta l lographical ly  d i sordered  on the  sites hav ing  tetra- 
hedra l  coordinat ion,  as usual ly  occurs  in 1-3 spinels.  

The  wid th  of  the  fo rb idden  bandgap  of  CuInsSs (1.26 
eV, see below) is m u c h  closer  to the  opt imal  va lue  for so- 
lar energy  uti l ization than  that  of its s t ructura l  analogue 
CdIn2S~ [2.28eV (1)]. Fo l lowing  Usu j ima  et al. (1), these  
values  m a y  be corre la ted wi th  cat ionic a toms occupy ing  
the  te t rahedra l  sites. Fo r  example ,  the large energy  gap of  
CdIn.~S4 seems to be connec ted  with  the s t rong ionici ty  of 
the cat ions at the te t rahedra l  sites, wh ich  is due  to the  
large di f ference of the  e lec t ronegat iv i ty  b e t w e e n  cad- 
m i u m  and sulfur. Up  to now, ternary cha lcogenides  show- 
ing  the  spinel  s t ruc ture  have  scarcely been  cons idered  in 
pho toe lec t rochemica l  studies,  in compar i son  wi th  ternary 
semiconduc to r s  showing  a s t ructure  re la ted to the  zinc- 
b lende  type  (e.g., a chalcopyr i te  structure),  wh ich  e i ther  
have  a comple te ly  te t rahedra l  coord ina t ion  [e.g., CuInS2 
(6-8), CuInSe., (9), CdGeP2 (10), or a cat ion-def ic ient  
lattice], so that  a smaller  part  (3/8 instead of  1/2) of  the  tet- 
rahedral  sites is occup ied  [e.g., CdIn2Se4 (11-12)]. 

Experimental  
Single-crysta l  samples  of  n-CulnsSs, syn thes ized  f rom 

the  cons t i tuen t  e lements ,  were  k indly  p rov ided  by Dr. 
J.  L. Shay of  A T & T  Bell  Laborator ies .  S o m e  of the  speci- 
mens  gave a ve ry  low pho toe lec t rochemiea l  response,  
p robab ly  as a consequence  of faults in thei r  composi t ion.  
In  fact, sulfur  vacancies  have  been  shown to create  donor  
levels  in CuInsS8 and thus  to inf luence its res is t ivi ty  and 
photosens i t iv i ty  (1). 

The  mater ial  was also very  sensi t ive to defects  intro- 
duced  dur ing mechan ica l  deformat ion;  hence,  the  prepa- 
rat ion condi t ions  of  the samples  to be m o u n t e d  on the 
sample  ho lder  were  ra ther  critical. As an  example ,  of ten 
the  mere  act ion of  cut t ing the  crystals had  a de t r imenta l  
effect  on the  sample  photoact iv i ty ,  which  pract ical ly  de- 
cayed to zero. Therefore ,  the  e lec t rode  surface was never  
pol ished.  

Before  m o u n t i n g  in the m e a s u r e m e n t  cell, the  elec- 
t rodes  were  submi t t ed  to chemica l  etching.  Various con- 
ven t iona l  e tchants  were  tested,  but  the best  resul ts  were  
ob ta ined  wi th  a 1:1 H2SO4:H20~ solution. Hence,  all elec- 
t rodes  were  t reated w i t h  this solut ion for several  minu tes  
and then  r insed in bidis t i l led water.  

The  ohmic  contac t  was es tabl ished by so lder ing  pure  
i nd ium on the  back  surface  of the  crystal,  t ak ing  care  that  
no cracks fo rmed  dur ing  this  operation.  A copper  wire  
was a t tached to the  crystal  by means  of  a si lver paste,  and 
insula t ing  epoxy  c e m e n t  was used  to seal the e lec t rode  
excep t  for its f ront  surface. 

A convent iona l  th ree-e lec t rode  glass cell  hav ing  a plati- 
n u m  foil (50 cm 2) as a coun te re lec t rode  and a sa turated 
ca lomel  e lec t rode  (SCE) as reference  e lec t rode  were  em- 
p loyed  for s tudying  the  pho toe lec t rochemica l  behav ior  of  
CuInsSs. This behavior  was main ly  e x a m i n e d  in three  d~f- 
ferent  solutions,  1M Na2SO4(pH = 4.8), 1M Na,,S + 1M S + 
1M NaOH (in the  fo l lowing indica ted  as polysulf ide solu- 
tion), and 0.1M KI + 10 -2 or  10-:;M I~. The  var ious  solu- 
t ions were  p repared  f rom AR-grade  reagents  (Merck and 
Carlo Erba) and doubly  dist i l led water.  

The  ins t rumenta t ion  inc luded  a s tandard  photoelect ro-  
chemica l  setup wi th  an Oriel 150 Xe-arc lamp, a U D T  61 
radiometer ,  an A m e l  553 potent ios ta t -galvanosta t ,  an Ap- 
pl ied Pho tophys ics  m o n o c h r o m a t o r  Model  7300 having  
1200 grooves  m m - ' ,  and a Wayne Kerr  B 331 Mk 11 
au toba lance  precis ion br idge  (at a f r equency  of  1.6 kHz). 
A set of  neutral  dens i ty  filters was used  for changing  the  
l ight  in tensi ty  (13). 

Results and Discussion 
Spectral  response.--Figure 1 shows the  wave leng th  

d e p e n d e n c e  of the short-circui t  pho tocur ren t  of  the 
n-CuIn.sS8 e lec t rode  in the  sulf ide-polysulf ide solution. Nor- 
mal izat ion was made  for the  spec t rum of the lamp.  The 
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Fig. I. Normalized spectral response of CulnsS8 in 1M Na2S, 1M S, 1M 
NaOH. In the insert is shown the determination of the bandgap of the 
indirect (1.26 eV) and of the direct (! .54 eV) transition. 

th resho ld  pho to response  at a wave leng th  of approxi-  
mate ly  970 n m  cor responds  to a bandgap  of  about  1.28 eV, 
whereas  pract ical ly no sub-bandgap pho to response  was 
observed.  

For  the  evaluat ion  of the  pho toe lec t rochemica l  behav- 
ior  of  a s emiconduc to r  electrode,  not  only the  bandgap  
energy  but  also the type  of  e lectronic  t ransi t ion mus t  be 
considered.  In general,  s emiconduc to r s  wi th  d i rec t  transi- 
t ions are prefer red  due  to the  large absorpt ion  coeff ic ient  
for photons  having  energies  h igher  than  the bandgap.  

In  the case of  CuIn~Ss, bo th  direct  and indi rec t  transi- 
t ions have  been  repor ted  (1). Accord ing  to the  s implif ied 
G~rtner  equa t ion  (14), wh ich  is a s sumed  to apply  also in 
this  case, the  plot  of  (I~hh~) '1~ (where  n = 2 or 0.5 for an  in- 
direct  or a direct  t ransi t ion,  respect ively)  is a l inear  func- 
t ion of  hv for wave leng ths  close enough  to the t ransi t ion 
energy.  The bandgap  energy  can be de te rmined  f rom the  
G~rtner  plot. In  the  case here  under  study, the plot  is 
shown  in the  inser t  of  Fig. 1. The  l inear  behav ior  indi- 
cates the  val idi ty  of  the  equa t ion  and al lows one to deter- 
mine  the  two energy  gaps of  CuInsSs, the  lowes t  at 1.26 
eV, due  to an indi rec t -a l lowed transit ion,  and the  o ther  at 
1.54 eV, due  to a di rect  mode .  The  resul ts  are in agree- 
m e n t  wi th  those  obta ined  by Usu j ima  et al. (1) f rom op- 
t ical  absorp t ion  m e a s u r e m e n t s  (1.30 and 1.51 eV, respec-  
tively). 

The  wid th  of  the  fo rb idden  gap is close to the  opt imal  
va lue  for terrestr ial  photovol ta ics .  Its va lue  is clearly 
inf luenced  by the  p resence  of  i nd ium atoms [compare  
the  1.5 eV va lue  of  CuInS2 (7)]. Knowing  the  energy  gap 
values,  the  correctness  of the  results  regard ing  the  transi- 
t ion modes  could be fur ther  verif ied by plot t ing log 
(lphh,) vs. log (h,-E~) (14). In the  case here  unde r  study, 
two straight  l ines having  slopes of  2.1 and 0.5, respec- 
tively, were  obtained.  This  confirms that  the t ransi t ion 
occur r ing  at the  lowest  wave leng th  is indi rec t  ( theoretical  
s lope  equal  to 2) whereas  the  other  is d i rect  ( theoret ical  
s lope  equa l  to 0.5). 

The  occur rence  of bo th  indi rec t  and direct  t ransi t ions is 
c o m m o n  for the  CdIn2X~ (with X = S, Se, Te) materials.  
The  difference be tween  the  energy  of the two bands  de- 
creases  f rom 0.34 eV for CdIn2S4 (1) to 0.22 eV for 
CdIn2Se4 (11) and to 0.1 eV for CdIn~Te4 (11). However ,  for 
the  s t ructural  analogues  CdIn~S4 and CuInsSs, such differ- 
ence  goes f rom 0.34 (1) to 0.28 eV. 

Photocurrent-voltage characteristics and photocorro- 
s ion . - -The  current -vol tage  curve  of CuIn.sS8 in the 
sulf ide-polysulf ide aqueous  solut ions shows the  typical  
t r end  of an n- type s e m i c o n d u c t o r  (Fig. 2). In  the  dark  
(curve d) no cur ren t  flows up  to an appl ied  vol tage  of  ap- 
p rox ima te ly  0.2V vs. SCE. Large  pho tocur ren t s  are ob- 
ta ined under  i l luminat ion,  wi th  an onset  d e p e n d i n g  upon  
the  na ture  of  the  r edox  couple  in solution. The  photo- 
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current onset progressively shifts towards more negative 
voltages passing from the Na.2SO4 solution (curve c) to the 
KI, I2 solution (curve b) and to the polysulfide solution 
(curve a). The passage of current in the presence of the 
Na~SO4, a "nonprotecting electrolyte" (2), indicates a 
photocorrosion process of the CuIn~Ss electrode. This 
process leads to the formation of sulfur on the electrode 
surface, as will be discussed below. This photocorrosion 
is consistently prevented not by the iodine-iodide couple, 
but rather by the polysulfide electrolyte, which shifts the 
onset potential to a very negative value. 

The sulfide-polysulfide redox couple, which is known 
to give the best photoelectrochemical results in conjunc- 
tion with cadmium calcogenide photoanodes, appeared 
then to be well-suited also for the CuIn~Ss electrodes. The 
large shift towards negative voltages is accompanied by a 
steep increase of photocurrent. The square of the 
photocurrent density vs .  the applied potential for the 
CuInsSs electrode i l luminated with 700 nm light chopped 
at 96 Hz in  a polysulfide solution and in a Na2SO4 solu- 
t ion was measured. In both cases, a linear dependence is 
found, in agreement with the G~rtner equation (14), thus 
showing the absence of charge-carrier recombination in 
the near-surface region, when the charge-transfer reaction 
is not the limiting step. By extrapolating the I - V  curve to 
the potential axis, a value of -1.2V vs .  SCE is obtained for 
the flatband potential of CuIn.~Ss in polysulfide solu- 
tions, a value which is coincident with that determined 
from capacitance experiments (see below). Instead, the 
I -V  characteristic in the Na~SO4 solution (see Fig. 2) had 
the typical delayed onset of the photocurrent indicative of 
surface recombination (due to the presence of surface 
states) or of a slow electron-transfer reaction, both pre~ 
venting the semiconductor bands from flattening at po- 
tentials close to the flatband potential (15). Indeed, the 
latter is 0.25V vs .  SCE, a value less negative than the 
-0.55V vs .  SCE resulting from capacitance measurements 
(see below). 

In order to determine the previously mentioned photo- 
corrosion process, the CuIn~Ss electrode was polarized at 
IV vs .  SCE in the Na=,SO4 solution, and the photocurrent 
was measured as a function of time. A continuous de- 
crease (the photocurrent decreased to one-half of its ini- 
tial value in lh) clearly indicated a progressive worsening 
of the photoelectrode due to the deterioration of its sur- 
face. After 3h of polarization, the electrode surface was 
examined by scanning electron microscopy (SEM). This 
observation showed that the entire sample surface was 

Fig. 3. SEM micrograpbs of the Culn~Ss electrode surface after 3h po- 
larization at 1Vvs. SCE in Na2S04 atpH = 4.8 under 100 mW/cm'-' illu- 
mination (A) and after a subsequent treatment with carbon disulfide (B). 

covered with a yellow film with partly peeling flakes 
(Fig. 3a). Microprobe analysis indicated that both film 
and flakes were sulfur-based compounds, very likely ele- 
mental sulfur. This initial sulfur film seems unable to 
protect the electrode surface from further corrosion, as is 
the case for the selenium corrosion layer on CdSe (16). In 
fact, after having reached a certain thickness, the sulfur 
layer peels off from the substrate, thus reexposing fresh 
surface portions to the electrolytic solution. After partial 
dissolution of the film with carbon disulfide, the elec- 
trode surface was again examined in the SEM. Typical 
etch pits are clearly noticeable on the specimen surface 
(Fig. 3b). 

At the end of the polarization'test, a plasma emission 
analysis was run, showing that 6 ppm copper ions were 
present in the electrolyte. All these results agree with 
CuIn.~Ss photocorrosion via the overall reaction 

CuIn.~Sx + 16h + ~ Cu + + 51n :~+ + 8S~u,.f) [i] 

A similar polarization test (0 V vs. SCE) was also per- 
formed in the sulfide-polysulfide solution. As expected, 
no corrosion phenomena were detected: the photocurrent 
remained constant, the appearance of the electrode sur- 
face remained unchanged, with no sign of elemental sul- 
fur, and no copper ions were detected in the electrolyte. 
The CuInsSs electrode is thus expected to be highly stable 
in this electrolyte (see below). 

This is not the case for other redox electrolytes. For in- 
stance the I/Ix redox couple appears to act as a protecting 
electrolyte in a limited range, the onset potential being 
more negative than the photodecomposition potential 
(about 0.2V vs .  SCE, see Fig 2c). Effectively, in a range of 
values starting from the onset potential up to approxi- 
mately the redox potential of the I/Ix couple, the photo- 
current remains stable at high values (i.e., at about 2.5 
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mA/cmg. However, going to progressively higher poten- 
tials, photocorrosion takes place, producing the typical 
sulfur coverage of the electrode surface accompanied by a 
remarkable decay of photocurrent. 

Since it has been reported (2) that, for CdIn~S4, the 
aqueous ferri-ferrocyanide redox couple gave better re- 
sults than the sulfide-polysulfide solution, the 'former 
electrolyte was also tested for the CuIn~S8 electrode. How- 
ever, also, in this case, photodecomposition of the elec- 
trode with the formation of elemental sulfur on its surface 
was clearly observed. Consequently, the sulfide-poly- 
sulfide electrolyte has been selected for all the CuIn,~S8 
photoelectrochemical tests which necessitated a pro- 
longed operation. 

Light intensity influence.--In Fig. 4 is shown the plot 
of short-circuit photocurrent vs. input  light power, on a 
double logarithmic scale, for the CuIn.~S~ electrode in the 
sulfide-polysulfide solution. The striking feature of this 
plot is the linear dependence of photocurrent on light in- 
tensity over more than two decades. In agreement with 
G~rtner theory (14), a linearity over at least two orders of 
magnitude shows that the rate of charge transfer across 
the interface between the CuInsS8 semiconductor and the 
electrolytic solution is very fast, the rate-determining step 
being the photogeneration of the charge carriers. 

Flatband potential.--Differential capacitance measure- 
ments were performed on the CuIn~S8 electrode in 
various electrolytic solutions. A typical Mott-Schottky 
plot of CuIn.~S8 in the 1M Na~SO4 solution is shown in Fig. 
5. The 1/C2-V dependence is strictly linear over a wide 
range; hence, the fiatband potential UrB could be deter- 
mined from the intercept of the curve on the X-axis. A 
value of -0.55V vs. SCE was obtained, which, as already 
stated, is more negative than that deduced from the onset 
of the current-potential curve (about -0.25V vs. SCE). 
The value of the flatband potential determined from ca- 
pacitance measurements is in fairly good agreement with 
that (-0.6V vs. SCE) calculated from Mulliken electro- 
negativities of the constituent atoms of CuIn.~Ss, following 
the method proposed by Butler and Ginley (17) (see Ap- 
pendix). As often done in these calculations, the potential 
drop across the Helmholtz double layer due to specific 
adsorption of positively and negatively charged potential- 
determining ions at the interface has been ignored�9 There- 
fore, it was implicitly assumed that the adsorbed surface 
charge was zero. This hypothesis seems to be justified in 
the case of the Na~SO4 solution where OH-, H*, and other 
ions are expected not to be specifically adsorbed on the 
electrode surface. As a matter of fact, no differences in 
flatband potential were observed as a function of the so- 
lution pH. 
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The other important parameter usually estimated from 
Mott-Schottky plots, i.e., the density of the majority carri- 
ers, could not be calculated in the present case, since the 
dielectric constant of CuInsS8 is unknown. 

The Mott-Schottky plots of CuInsS8 in the sulfide- 
polysulfide solution showed that the flatband potential is 
shifted towards a more negative value (-1.2V vs. SCE) 
than that obtained in the Na2SO4 solution. 

This difference is explainable by considering the 
specific adsorption of solution sulfide species. These ad- 
sorbed ions produced an additional potential drop across 
the Helmholtz double layer, thus shifting the flatband 
potential to more negative values. Similar shifts in 
flatband potential have been observed for cadmium 
chalcogenide photoelectrodes, in particular for the spinel 
analogue CdIn2S4 (2) and for CdS (18). 

Output power characteristic and stability tests.--The 
power characteristics of the following photoelectrochemi- 
cal cell 

CuIn~SJlM Na~S + 1M S + 1M NaOH/Pt [2] 

obtained under  an i l lumination intensity of 100 mW/cm 2 
are reported in Fig. 6 both for pristine and etched CuIn~S8 
specimens. The short-circuit photocurrent ( -4  mA/cm2), 
the maximum power efficiency (-0.4%), and the fill fac- 
tor (-0.3) are still unsatisfactory for practical applications�9 

(a) 

3 

V 
E 
o 2 

E 

I dark / 

0 &1 0.2 0.3 

E / V vs Ps 
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1M NaOH cell under 100 mW/cm 2 white light and in the dark. The char- 
acteristics are reported for both untreated and etched (1:1 H2SO4:H20 ~) 
CulnsS8 crystals. 
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However, work is in progress to improve this perform- 
ance with the study of the effects of various etching 
treatments. 

The power characteristics were also measured in the 
presence of the 0.1M KI + 0.01M I2 solution, and compara- 
ble results were obtained. However, as already pointed 
out, this electrolyte solution cannot be used for prolonged 
operation. Therefore, stability tests of the CuInsS~ elec- 
trodes were carried out using the sulfide-polysulfide so- 
lution, by monitoring the short-circuit photocurrent as a 
function of time during a 50h experiment (Fig. 7). Fairly 
constant values (around 1.8 mA/cm 2) were obtained, and 
no changes of the electrode surface morphology was ob- 
served after the test, thus confirming the stability of the 
semiconductor electrode in the polysulfide electrolyte. 

Conclusions 
The following conclusions can be drawn from the re- 

sults discussed in this work. 
1. The CuIn.~Ss photoanode is stable in the sulfide- 

polysulfide electrolyte. Such extraordinary stability ex- 
ceeds that of its structural analogue CdIn~S4 and may be 
attributed to a photodecomposition potential lying out- 
side the bandgap of the semiconductor electrode. 

2. The very negative value of the flatband potential of 
CuIn~Ss (-1.2V vs. SCE) in the sulfide-polysulfide elec- 
trolyte is not far from the value measured for cadmium- 
chalcogenide photoelectrodes in the same solution [i.e., 
1.6V vs. SCE for CdS (2)]. This seems to indicate that, in 
the Culn~S~ case also, adsorbed sulfide ions pin the semi- 
conductor bandedges with respect to the redox potential 
of the solution, and it predicts a limiting open-circuit 
photovoltage. 

3. Owing to the low photocurrents so far obtained, the 
solar conversion efficiency remains around 0.4%, a value 
lower than that obtained for other operating photoelectro- 
chemical regenerative cells. Nevertheless, the initial re- 
sults here reported appear sufficiently encouraging for 
promoting further work, particularly that directed to the 
enhancement  of photocurrent values. In this respect, a 
systematic research of improved, ad hoc etching solu- 
tions, should be carried out. 
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APPENDIX 

Following Butler and Ginley (17), the flatband poten- 
tial (UpR) of a semiconductor can be predicted from its 
bulk electronegativity (X) when the bandgap (Eg) of the 
material is known. In  fact, assuming that the potential 
drop across the Helmholtz double layer is zero 

eUF~ (SCE) = X - EJ2 - 4.75 + hE [3] 

where the flatband potential is referred to the saturated 
calomel electrode, e is the electronic charge, 4.75 eV is the 
constant relating the reference electrode to the vacuum 
level, and hE is the difference between the Fermi level of 
the semiconductor and the bottom of the conduction 
band. Clearly, hE depends on the doping level. However, 
for heavily doped semiconductors, commonly employed 
in photoelectrochemical cells such as metal oxides (19) 
and cadmium chalcogenides (20), this term is only about 
0.1 eV. 

The bulk electronegativity of the compounds is as- 
sumed to be the geometric mean of Mulliken electronega- 
tivities of the constituent atoms. Hence, for CuInsSs, it is 
given by 

x(Culn~Ss) = [x(Cu) XS(In) X 8 (S)] 'n4 [4] 

introducing this relationship in Eq. [3] and assuming AE 
= 0.i eV, U~B = -0.6V vs.  SCE, as already reported in the 
text. 

Recently, Halouani and Deschanvres (20) suggested a 
modified calculation method, in which both Eq. [3] and 
[4] were empirically adjusted to better match experimen- 
tal results on flatband potentials. Moreover, they also 
considered other atomic electronegativity scales, such as 
those of Pauling, of Simons (21) and of Phillips (22). First 
of all, expression [3] was simplified in 

x(Culn.~Ss) = [x(Cu) x(In) x(S)] '~:~ [5] 

and Eq. [4] was modified introducing a constant C that 
was experimentally determined 

eUF~ (SCE) = CX - EJ2 - 4.75 + AE [6] 

where C is equal to 1.03 or to 2.5, respectively, when 
Mulliken or Pauling electronegativities are utilized. Fol- 
lowing this approach, U~B = -0.TV vs. SCE in the first 
case, and U~s = -0.3V vs. SCE in the second one. 

Although Halouani and Deschanvres (20) consider that 
the best results are achieved with Pauling electronegativi- 
ties, the latter suffer from uncertainties too great, particu- 
larly when heavy metal atoms are involved, to obtain reli- 
able data. 

REFERENCES 
1. A. Usujima, S. Takeuchi, S. Endo, and T. Frie, Jpn.  J. 

Appl .  Phys.,  20, 505 (1981). 
2. G. F. Epps and R. S. Becker, This Journal ,  129, 2628 

(1982). 
3. F. Cerr ina ,  I. Abbat i ,  L. Braicovich,  F. L6vy, and  

G. Margaritondo, Solid-State Commun. ,  26, 99 (1978); 
F. Cerrina, C. Quaresima, I. Abbati, L. Braicovich, 
P. Picco, and G. Margaritondo, ibid., 33, 429 (1980). 

4. L. Gastaldi and L. Scaramuzza, A c t a  Crystallogr.,  Sect. 
B, 35, 2283 (1979); C. Paorici ,  L. Zanot t i ,  and  L. 
Gastaldi, Mater. Res. Bull. ,  14, 469 (1979); L. Gastaldi 
and L. Scaramuzza, A c t a  Crystallogr., Sect. B,  36, 
2751 (1980). 

5. M. Robbins and M. A. Miksovsky, Mater. Res. Bull., 6, 
359 (1971). 

6. M. Robbins, K. J. Bachmann, V. G. Lambrecht, F. A. 
Thiel, J. Thomson, Jr., R. G. Vadimsky, S. Menzes, 
A. Heller, and B. Miller, This Journal ,  125, 831 (1978). 

7. Y. Mirovsky, D. Cahen, G. Hodes, R. Tenne, and W. 
Giriat, Solar Energy Mater.,  4, 169 (1981). 

8. H. J. Lewerenz and H. Goslowsky, in "4th International 
Conference on Photochemical Conversion and Stor- 
age of Solar Energy," Jerusalem, Israel, 1982. 

9. Y. Mirovsky and D. Cahen, AppI .  Phys.  Lett., 40, 727 
(1982); K. J. Bachmann,  S. Menezes, R. Koetz, M. 
Fearheily, and H. J. Lewerenz, Surf .  Sci., 138, 475 
(1984). 

10. B. Scrosati and L. Fornarini, This Journal ,  131, 948 
(1984). 



598 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  March 1985 

11. R. Tenne, Y. Mirovsky, Y. Greenstein, and D. Cahen, 
ibid., 129, 1506 (1982). 

12. L. Fornarini, F. Stirpe, E. Cardarelli, and B. Scrosati, 
Solar Cells, 11, 389 (1984). 

13. G. Razzini, M. Lazzari, L. Peraldo Bicelli, F. L~vy, L. De 
Angelis, F. Galluzzi, E. Scaf~, L. Fornarini, and B. 
Scrosati, J. Power Sources, 6, 371 (1981). 

14. W. G~rtner, Phys. Rev., 116, 84 (1959); M. A. Butler, J. 
Appl. Phys., 48, 1914 (1977). 

15. H. Gerischer, J. Electroanal. Chem., 150, 553 (1983). 
16. K. W. Frese, Jr., This Journal, 130, 28 (1983). 

17. M. A. Butler and D. S. Ginley, ibid., 125, 228 (1978). 
18. H. Minoura and M. Tsuiki, Electrochim. Acta, 23, 1377 

(1978). 
19. M. A. Butler and D. S. Ginley, Chem. Phys. Lett., 47,319 

(1977). 
20. F. E1 Halouani and A. Deschanvres, Mater. Res. Bull., 

17, 1045 (1982). 
21. J. St-John and A. N. Block, Phys. Rev. Lett., 33, 1095 

(1974). 
22. J. C. Phillips, "Bonds and Bonds in Semiconductors," 

p. 27. Academic Press, New York (1973). 

An Ambient Temperature Secondary Aluminum Electrode: Its 
Cycling Rates and Its Cycling Efficiencies 

J. J. A u b o r n *  and Y. I.. Barberio 

AT&T Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Electrochemically active aluminum can be cathodically deposited and anodically stripped from acidic mixtures of 
1-methyl-3-ethylimidazolium chloride and aluminum chloride at room temperature. The rates of deposition can be high 
(25 mA/cm2), and the deposited aluminum can be quantitatively cycled in large amounts (>25 C/cm ~) at high efficiency 
(>99%). 

Ambient  temperature chloraluminate ionic liquids are 
formed from mixtures of organic chlorides such as 
n-butyl-pyridinium chloride (BuPyC1) (1) or 1-methyl-3- 
ethylimidazolium chloride (ImC1) (2) and aluminum chlo- 
ride (AICI:~). When the Lewis acid, A1CI:~, is added to the 
organic chloride in less than a stoichiometric amount, a 
basic melt  results in which the principal anionic species 
are A1C14- and C1-. An acidic melt containing principal 
anionic species AI~CIT- and A1C14- is obtained when AICI:~ 
is in excess. 

We have previously shown that a luminum can be 
cathodically deposited from acidic 1-methyl-3-ethylimida- 
zolium chloraluminate melts containing reducible 
A12C17-. Here we show that electroplated aluminum can 
be cycled efficiently without irreversibly decomposing 
the chloraluminate melt. Electrodeposited a luminum is 
crystalline, nondendritic, and adherent to a variety of sub- 
strates (3). Figure 1 shows SEM photographs of aluminum 
deposits on a copper substrate plated at 20 mAJcm 2 from 
0.67 mole fraction A1CI:~ melt. The maximum current den- 
sity for both deposition and stripping of aluminum de- 
pends on the melt  composition. Cycling rates were also 
found to be dependent on cell orientation and solution 
mixing because of the formation of dense, lower conduc- 
tivity A1Cl:~ rich melt  near an aluminum electrode on 
stripping when it is located on the bottom of the cell. 
Both deposition and stripping may be performed at 
higher rates in stirred melts or at rotating electrodes. 

Appara tus  
The electrochemical experiments were performed in 

thin film and flooded cells. The thin film cell, shown in 
Fig. 2, consisted of an insulated micrometer  head con- 
taining a 0.635 cm diam high purity aluminum rod as the 
counterelectrode, axially aligned with a 0.635 cm diam 
copper- or tungsten-rod working electrode in a Teflon 
holder. For experiments with the electrodes inverted, the 
micrometer  head can be fitted with a tungsten or copper 
rod as a working electrode with the aluminum rod fixed 
in the holder. The faces of both counter and working elec- 
trodes were polished and aligned carefully to achieve a 
uniform current distribution when a 15.8 ~l drop of melt 
was placed on the lower electrode and the micrometer  
was closed to leave a 0.05 cm gap between the electrodes. 

*Electrochemical Society Active Member. 

This configuratior~ achieves a uniform current distribu- 
tion across the surfaces. 

The flooded cell used for cycling studies, shown in Fig. 
3, consisted of a 5-50 ml Princeton Applied Research 
(PAR) polarographic cell modified with a no. 15 O-ring 
joint on the bottom to hold a high purity a luminum sheet 
(Alfa) counterelectrode. The reference electrode consisted 
of a high purity aluminum wire immersed in stoichiomet- 
ric ImA12Cl~ melt in a glass capillary tube with an asbes- 
tos fiber junction separating it from the 10-15 ml melt 
contained in the cell. The working electrode was a 0.635 
cm diam tungsten rotating-disk electrode at 1000 rpm in a 
Pine MSR rotator. 

The electrochemical experiments were controlled with 
a PAR 173 potentiostat/galvanostat containing a PAR 179 
coulometer plug-in. This instrument was controlled with 
a Keithley 230 voltage programmer for the cycling stud- 
ies. The electrometer output of the potentiostat was moni- 
tored with a Hewlett-Packard 7100B strip chart recorder. 

Exper imenta l  
1-methyl-3-ethylimidazolium chloride was prepared by 

reacting stoichiometric amounts of distilled 1-methylimi- 
dazole (Alfa) and dry, condensed ethyl chloride (Mathe- 
son Gas Products) at 70°C according to Wilkes (2). This 
process produces pressure of about 50 psig within the re- 
action vessel. The salt was then recrystallized several 
times in acetronitrile and ethyl acetate (Fischer Scien- 
tific, HPLC) to remove impurities. 

Fig. 1. SEM of aluminum deposit on a copper substrate at 20 mA/cm ~ in 
0.67 tool fraction AlCl~ melt. 
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Fig. 2. Diagram of thin film cell used for aluminum deposition and 
stripping studies in 1-methyl-3-ethylimidazolium chloraluminate melt. 

We found that the salt can also be prepared by continu- 
ously stirring the reactants at room temperature with a 
slight excess of ethyl chloride (10-20% by volume). The 
pressure produced at this temperature is only about 10 
psig, greatly reducing the risk of explosion. At room tem- 
perature, the reaction should be carried out for a week to 
ten days for a good yield. With this method of prepara- 
tion, the salt needed only one recrystallization before use. 

Binary melts are formed by mixing the purified ImC1 
with sublimed A1C13 (Fluka, puriss.) in a helium-filled 
glove box controlled to <1 ppm O~ and H20. Because the 
mixing process is highly exothermic, the melt  must be 
prepared in small batches and Cooled to prevent decom- 
position of the organic cation. 

Acidic melts can be cleaned up by electrolyzing at low 
rates between two high purity aluminum electrodes. An 
ECO electroprep cell (ECO Incorporated, Cambridge, 
Massachusetts) was used at rates of 0.1-1 mA/cm 2 for ex- 
tended periods of time to prepare the melts for cycling 

studies. The cell consists of two high purity (99.983%) 
aluminum-plate electrodes (~upplied by Reynolds Alumi- 
num) separated by a Teflon gasket. Electrolyte is circu- 
lated through the cell by an external pump and reservoir. 
With this method of purifying melts, acidic mixtures can 
be made with unsubl imed A1CI:~ and then electrolyzed be- 
fore use. Freshly prepared melt  has a distinct yellow color 
which fades as the electrolyte is purified. When the melt 
is ready for use, it should be colorless. NMR spectroscopy 
can also be used to check the composition and purity of 
the melts (4). 

The thin film cell was used to study the relationship 
between melt composition and maximum current density 
for plating and stripping aluminum. Varying the melt 
composition between 0.57 and 0.67 mole fraction A1CI:~, 
the highest current density for plating and stripping alu- 
minum without polarization was determined for each 
composition. Experiments  were typically run for 30 rain 
at each current density. The thin film cell was also used 
for electrolysis studies of the melt contained between the 
electrodes. Aluminum was continuously plated onto a 
copper substrate until the cell shorted out by the growth 
of a crystallite. 

We checked the reversibility of a practical aluminum 
battery electrode by cycling aluminum from 0.60 melt 
onto a tungsten electrode. Plating and stripping current 
densities were controlled at rates varying from 2 to 25 
mA/cm ~. 2-25 C/cm 2 aluminum was cycled with 20-100% 
excess aluminum plated on the' first cycle. The cells were 
cycled at equal plating and stripping rates until the work- 
ing electrode polarized on stripping. Longer experiments 
were usually terminated after 100-200 cycles, and the re- 
maining amount of a luminum was determined by strip- 
ping the electrode to polarization. 

Initial cycling studies in the thin film cell proved to be 
troublesome. The experiments were limited to low cur- 
rents (<10 mA/cm 2) and were frequently shorted out pre- 
maturely by crystallite formation. The electrolyte also be- 
gan to evaporate during longer experiments (>24 h), 
changing the electrode contact area and current distribu- 
tion across the surface. 

Cycling experiments in the flooded cell were much 
more successful. The rotating electrode eliminated the 
problem of cell polarization by minimizing concentration 
gradients. In unstirred cells, dense, lower conductivity 
acidic melt (5) tended to collect at the bottom of the cell, 
impeding aluminum stripping from the lower electrode. 
In well-mixed electrolytes or at a rotating electrode, the 
orientation of the electrodes does not affect the plating or 
stripping process, because the concentration is homoge- 
neous. The configuration of the flooded cell also made 
the addition of an AI/AI~C17- reference electrode possible 
and eliminated the problems of cell shorting. 

Fig. 3. Diagram of flooded cell used for aluminum cycling studies at a 
rotating tungsten electrode in 0.60 AICI3 melt. 

Results 
The maximum current density for plating and stripping 

aluminum from chloraluminate melts depends on the 
concentration of the melts. In an unstirred flooded cell, 
the maximum rate for a luminum deposition ranges from 
<1 mA/cm ~ for ImA1C14 to 20 mA/cm'- for ImAl~C17. Alumi- 
num may be stripped at rates varying from 50 mA/cm ~ for 
ImA1C14 to <1 mAJcm 2 for ImA12C17 (6). 

Chronopotentiometric studies of acidic melts were used 
to determine the optimum composition for plating and 
stripping aluminum in the thin film cell. We found that 
we could sustain 10 mA/cm 2 without mixing in the thin 
film cell at a melt  composition of 0.63 mole fraction AICI:~ 
with the aluminum anode on the top. We noted that polar- 
ized cells would recover if the cell were turned over and, 
therefore, repeated the above experiments with the cell 
inverted. The opt imum composition for highest sustained 
current density (still 10 mA/cm 2) with the anode on the 
bottom was 0.60 mole fraction A1C13. Figure 4 shows max- 
imum current density vs. composition for stripping and 
plating in an unstirred flooded cell (6) and stripping- 
plating in the thin film cell with the aluminum anode on 
the bottom. 
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Exhaus t ive  electrolysis  of  the  15.8 ~1 of  0.60-0.67 mole  
fract ion A1C13 mel t  con ta in ing  about  30 C ( -100 C/cm 2) to- 
tal a l u m i n u m  could  be sus ta ined  in the  th in  film cell  at 5 
m A / c m  ~ for 17-30h wi th  the  a l u m i n u m  anode  on top. This 
co r r e sponded  to a 3-5 t imes  comple te  t u rnove r  of  the  alu- 
m i n u m  conta ined  in the  mel t  before  the cell  shor ted  out  
hy the  growth  of  an a l u m i n u m  crystallite. 

Cycl ing s tudies  in the  f looded cell demons t r a t ed  the  
eff ic iency of  a secondary  a l u m i n u m  electrode.  The  cy- 
cling eff iciency (E) of  the a l u m i n u m  e lec t rode  could  be 
de te rmined  f rom the  n u m b e r  of  cycles to fai lure (N), the  
n u m b e r  of  cou lombs  of a l u m i n u m  pla ted  or s t r ipped on 
each half-cycle (A), and the excess  n u m b e r  of  cou lombs  
p la ted  on the first cycle  (X), accord ing  to 

E = (A - X /N) /A  [1] 

We consis tent ly  ob ta ined  cycl ing efficiencies >0.99 at 
current  densi t ies  up to 25 m A / c m  2 for cycl ing up to 25 
C/cm ~ of  a l u m i n u m  if  a 5-10 C/cm 2 excess  a m o u n t  of  alu- 
m i n u m  were  p la ted  on the  first half-cycle. The  resul ts  for 
a series of  cycl ing e x p e r i m e n t s  are  shown in Table  I. The  
best  r epor ted  eff iciency for a secondary  l i th ium e lec t rode  
is m u c h  lower  (0.975) and requi res  a large excess  capaci ty  
of l i th ium and a low cur ren t  dens i ty  (1 m A / c m  2) (7). 

Discussion 
Relat ive ly  large quant i t ies  (25 C/cm ~) of  a luminum,  suit- 

able  for ba t tery-e lec t rode  applicat ions,  can  be  electrode-  

Table I. Aluminum cycling efficiency at a rotating tungsten electrode 
in 0.60 mol fraction AICI3 melt in a flooded cell 

Current Capacity Capacity Cycling 
density cycled excess efficiency Turnover 

(mA/cm 2) (C/cm 2) (C/crn 2) (%) number 

5 5 2.5 98.6 71 
5 12.5 6.25 99.2 119 

10 10 5 98.6 70 
10 10 5 98.8 84 
10 10 5 99.4 162 
10 25 12.5 99.3 135 
20 20 5 99.8 435 
20 20 10 99.6 278 
20 20 10 99.8 490 
20 20 20 99.3 143 
25 25 I0 99.4 167 

Best reported lithium data (7) 
1 5 25 97.5 40 

pos i ted  and cycled efficiently (>0.99) at modera t e  rates 
(10 m A / c m  '2) in acidic 1-methyl-3-ethyl imidazol ium 
ch lora lumina te  mel t s  at ambien t  t empera tu re .  The  cy- 
cl ing eff iciency does not  significantly decrease  as the  
current  dens i ty  is increased  to 25 m A / c m  2. The  mel t  is not  
i r revers ib ly  d e c o m p o s e d  by pla t ing and s t r ipping  alumi- 
num.  A min imal  quan t i ty  ( - 1 0  C/cm 2) of  excess  alumi- 
n u m  is requ i red  on a t ungs t en  substra te  to p reven t  the  
cell  f rom polar izing after >100 cycles. 

A l though  the cycl ing eff ic iency of a l u m i n u m  is excel-  
lent  compared  to l i th ium as a secondary  bat tery  elec- 
trode,  a l u m i n u m  in acid me l t  is near ly  3V posi t ive  of lith- 
i um (8) and not  useful  wi th  m a n y  of the pos i t ive-e lec t rode  
mater ia ls  used  in l i th ium batteries.  A strongly oxidizing,  
revers ib le  pos i t ive-e lec t rode  material ,  compa t ib l e  wi th  
acid ch lora lumina te  melts,  is r equ i red  for a secondary  
a l u m i n u m  battery." Severa l  s t rongly oxid iz ing  meta l  ox- 
ides, chalcogenides ,  and hal ides cons idered  as possible  
pos i t ive-e lec t rode  mater ia ls  (9) are l imi ted  by solubi l i ty  in 
acidic melt.  CuC1 and AgC1 are both  revers ib le  in acidic 
imidazo l ium ch lora lumina te  mel ts  at potent ia ls  posi t ive  
of a luminum.  However ,  they  are both  s l ight ly soluble  in 
acidic melt,  l imi t ing thei r  usefulness  as pos i t ive-e lec t rode  
materials .  

I f  the  posi t ive  e lec t rode  is chosen  to a l low charg ing  and 
d i scharg ing  to change  the acidi ty  of the  ch lora lumina te  
me l t  (I0), large amoun t s  of  e lect rolyte  wou ld  be  necessary  
to keep  the  mel t  wi th in  the  revers ib le  (acidic) limit.  As an 
example ,  cons ider  an a luminum/ch lo r ine  format ion  cell. 
At  the  negat ive  e lectrode,  a l u m i n u m  is revers ib ly  oxi- 
dized and reduced  in acidic  melt ,  and at the  posi t ive  elec- 
trode, chlor ine  is r educed  and oxidized in basic  melt .  The  
react ions  are as fol lows 

Nega t ive  e lec t rode  
A1 + ImA1CI~ + 3C1- ~ ImA12C17 + 3 e -  [2] 

Pos i t ive  e lec t rode  
3/2 (ImCl.~ + ImA1C14) + 3 e -  

3/2 (ImC1 + ImAICI4) + 3C1- [3] 

wi th  the  free chlor ide  ion a l lowed to pass th rough  an ion- 
exchange  membrane .  The  v o l u m e  of mel t  needed  is de- 
t e rmined  by the  compos i t ion  change  of the catholyte  and 
the  solubi l i ty  of chlor ine in the  anolyte.  Here  we have  as- 
s u m e d  that  each CI~ c o m p l e x e s  wi th  a free chlor ide  ion, 
fo rming  a Cl~- ion. The  actual  solubi l i ty  of chlor ine  in ba- 
sic mel t  is h igher  and  may  approach  twice  this concentra-  
tion. Us ing  only the  we igh t  of act ive mater ia l  (disre- 
garding s t ructural  weight) ,  the  energy  dens i ty  of this cell 
as wr i t ten  wou ld  be 107 Wh/kg. Assuming  an uppe r  l imit  
of  two t imes  this ch lor ine  solubili ty,  the  energy  dens i ty  
wou ld  be  153 Wh/kg. Al ternat ively ,  a cell  wh ich  passes 
the  Im  + ion th rough  an ion exchange  m e m b r a n e  (Nation) 
(11) wou ld  have  a lower  energy  densi ty  (31.5 Wh/kg), as- 
suming  1 d issolved CI., pe r  chlor ide ion. With Im§ ion 
t ransport ,  the  s to ich iomet ry  requires  m o r e  me l t  than  is 
needed  for C1- ion t ransport .  For  compar ison ,  a s imilar  
calcula t ion for the  conven t iona l  lead-acid ba t te ry  yields 
an energy  dens i ty  of  169 Wh/kg. With the  large a m o u n t  of 
me l t  required,  a cell of  this type  has a re la t ively low en- 
ergy density.  If  a bat tery  sys tem is chosen  where  the  mel t  
is not  affected by charge  and discharge  and serves  only as 
a carr ier  for ionic  charge,  a more  energet ic  cell  would  
result .  

Most  of the polar izat ion in an a luminum/ imidazo l ium 
ch lo ra lumina te / a luminum cell  resul ts  f rom the  IR  drop 
across the  melt .  E lec t rode  polar izat ion is low on both  
pla t ing and str ipping.  This  is favorable  for a storage- 
ba t te ry  electrode,  bu t  can  be  in te rpre ted  as low " th rowing  
power"  for e lec t rodeposi t ion.  Therefore ,  un i fo rm current  
dens i ty  and very  s m o o t h  e lec t rode  surfaces are essent ia l  
for a smooth,  even  e lec t ropla ted  a l u m i n u m  layer. Even  
sl ight  i r regular i t ies  on the  plat ing surface will  be  exagger-  
a ted in the  e lec t ropla ted  layer. 

Summary 
Large  amounts  of  a l u m i n u m  can be e lec t rop la ted  and 

s t r ipped f rom acidic  mix tu res  of 1-methyl-3-ethylimida- 
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zolium chloride and aluminum chloride at ambient  tem- 
perature. The plating and stripping rates are high for an 
ambient-temperature, nonaqueous system, and the quan- 
tity of aluminum is energetically useful for battery appli- 
cations. The aluminum electrode shows high cycling 
efficiency which does not deteriorate as the rate is in- 
creased. The chloraluminate melt is stable and.does not 
decompose on cycling. The relatively high positive poten- 
tial of a luminum and the requirement  of large quantities 
of melt  to accommodate composition changes limit its ap- 
plication as a practical, high energy secondary battery. 

Manuscript submitted Sept. 20, 1984. 
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Two-Phase Mass Transfer in Channel Electrolyzers with Gas-Liquid 
Flow 
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ABSTRACT 

The electrochemical limiting current method was employed to study the mass transfer to a solid electrode in cocur- 
rent gas-liquid flow through a vertical parallel-plate electrolyzer. Three systems were investigated: aqueous ferricya- 
hide, aqueous ferricyanide containing a dispersion of nitrogen bubbles, and aqueous electrolyte containing a dispersion 
of oxygen bubbles in equilibrium with the liquid phase. The total mass-transfer rate was found to be the sum of three 
contributions: (i) the one-phase convective rate associated with the liquid as if it were flowing alone through the cell; 
(ii) the enhancement  of mass transfer owing to disruption of the mass-transfer boundary layer, even by bubbles con- 
taining inert gas; and (iii) the further enhancement  owing to penetration of the mass-transfer boundary layer by bubbles 
containing reactive gas. A series of controlled experiments was conducted to determine the dependence of these en- 
hancement  mechanisms upon operating variables such as gas and liquid flow rates, bubble size, and electrode material. 
It was found that, although the conversion per pass through the cell was negligible, a sevenfold increase in the mass 
transfer, as compared to one-phase flow with the same liquid velocity, was obtained with a reactive gas void fraction as 
low as 10%. 

Because electrochemical reactions are heterogeneous, 
industrial processes require high mass-transfer rates to 
minimize capital investment  and, simultaneously, large 
electrode surface areas to achieve high production rates. 
Strategies for obtaining high mass-transfer rates include 
increasing the concentration driving force, as by improv- 
ing reactant solubility, and augmenting the mass-transfer 
coefficient, as by vigorous stirring. In the case of parallel- 
plate electrolyzers, such strategies include operation in 
turbulent flow, evolution of gas which causes vigorous 
agitation at the electrode surface, use of turbulence pro- 
moters, and judicious employment  of two-phase flow 
phenomena. In particular, two-phase processes can meet 
competing requirements for high mass-transfer rates 
while maintaining low pressure drop through the cell and 
also high loading of reactive species, which may be spar- 
ingly soluble in the continuous conductive phase.. 

In the present work, a study was undertaken of the 
mass transfer to a solid electrode in upward, cocurrent 
flow of a gas-liquid mixture introduced into a channel 
electrolyzer (1). In such flows, the presence of gas bub- 
bles results in an enhancement  of the mass-transfer rates 
over those which would be obtained with one-phase liq- 
uid flow alone. This enhancement  may be attributed to 
two effects. First, there is the physical disruption of the 
mass-transfer boundary layer, caused by the stirring ac- 
tion of dispersed gas bubbles, even  by electrochemically 
inert gases. This type of enhancement  will be referred to 
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as the "disturbance mechanism." Second, when the gas is 
electrochemically reactive, there is a further enhance- 
ment  by extraction of reactive material from those bub- 
bles which penetrate to regions very close to the electrode 
surface. This type of enhancement  arises from the replen- 
ishment of reactants in depleted regions of the mass- 
transfer boundary layer and will be referred to as the "ex- 
traction mechanism." The purpose of this work was to 
conduct a series of controlled experiments to determine 
the dependence of these enhancement  mechanisms upon 
operating variables. 

A~nalysis of electrochemical mass-transfer limiting cur- 
rent data can provide information on the individual ele- 
ments of the overall mass-transfer mechanism. For exam- 
ple, Lu and Alkire (2) studied mass transfer to solid 
electrodes in the presence of a second dispersed liquid 
phase and found that addition of individual coefficients 
could be used to predict the overall rate. With nomencla- 
ture applicable to gas-liquid systems, the concept would 
be 

it = io + id + ie = nF (koCbL -- kdC~,L + kechc;) [1] 

The first term within the parentheses represents the 
mass-transfer rate owing to the one-phase convective 
flow. The second gives the enhancement  by the disturb- 
ance mechanism, and the third gives the further enhance- 
ment by the extraction mechanism. While ko may be cal- 
culated from first principles for simple flow config- 
urations, there is no such theory for prediction of kd and 
ke. 
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The  d i f fe ren t  c o n c e p t s  for  e n h a n c i n g  m a s s  t r a n s f e r  in  
i n d u s t r i a l  or large  scale  cells have  b e e n  r ev i ewed  by  
H o u g h t o n  and  K u h n  (3). A de ta i l ed  d e s c r i p t i o n  of  mass  
t r a n s f e r  in  para l le l -p la te  e l ec t rochemica l  r eac to r s  is avail- 
ab le  (4, 33). T r a n s p o r t  p r o c e s s e s  to  the  walls  of  n a r r o w  
gap  c h a n n e l s  h a v e  b e e n  s t u d i e d  by  Acos t a  et al. (34). Mass 
(or hea t )  t r ans f e r  f rom a t w o - p h a s e  m i x t u r e  to  a he te roge-  
n e o u s  b o u n d a r y  s u c h  as p i p e  wal l  or e l ec t rode  sur face  
h a s  b e e n  ac t ive ly  inves t iga ted .  P o s t l e t h w a i t e  a n d  H o l d n e r  
(5) o b t a i n e d  a n  e n h a n c e m e n t  of  t he  mass  t r a n s f e r  of dis- 
so lved  o x y g e n  to a p ipe l ine  wal l  of up  to 100% w h e n  sand  
par t ic les  were  s u s p e n d e d  in t he  f lowing l iquid .  D w o r a k  
et at. (6, 7) o b s e r v e d  w e a k l y  e n h a n c e d  m a s s  t r a n s f e r  b y  
d i s p e r s i n g  CCI~ in  a q u e o u s  f e r r i cyan ide  f lowing pas t  a 
ho r i zon ta l  Ni e lec t rode .  F u r t h e r m o r e ,  b y  u s i n g  a micro-  
e l ec t rode  a n d  t he  r e a c t a n t  in  t he  d i s p e r s e d  s e c o n d  p h a s e  
only, t h e y  f o u n d  t h a t  u n d e r  t h e  e x p e r i m e n t a l  c o n d i t i o n s  
u s e d  t he  d i s p e r s e d  d rop l e t s  d id  no t  w e t  t h e  e l ec t rode  
surface.  

However ,  L u  a n d  Alk i re  (2) f o u n d  a m a s s - t r a n s f e r  en- 
h a n c e m e n t  of up to 170% by dispersing inert toluene 
droplets in aqueous ferricyanide in laminar flow past ver- 
tical planar electrodes. In the presence of a reactive sec- 
ond phase, it was found that a nonpolar electrode (graph- 
ite) gave significantly higher mass-transfer rates when 
compared to a polar electrode (DSA| which suggests 
that wetting occurred. It was further found that for 
reactants which are sparingly soluble in the aqueous 
phase, mass transfer could be augmented by orders of 
magnitude by using a reactive second phase. 

Gas-liquid systems have been widely studied owing to 
their relevance to many chemical engineering operations. 
The literature on interfacial mass transport, bubble col- 
umns (8), and gas-liquid flows in general (9) is volumi- 
nous. Heat-transfer studies from the two-phase mixture to 
the walls of a bubble column have been reported by 
Mersmann (i0), Steiff and Weinspach (11), and Deckwer 
(12), among others. 

From the electrochemical engineering point of view, 
one may distinguish between two situations involving 
gas-liquid mixtures: (a) gas evolving electrodes and (b) 
gas sparging. Gas evolution is commonly found in the 
electrochemical industry (H20 electrolysis, chlor-alkali 
cell, chlorate cell, etc.) and has been reviewed by Vogt 
(13). As the bubbles form and break away, they stir the so- 
lution adjacent to the electrode enhancing mass trans- 
port. The case of superimposed external hydrodynamic 
flow has been considered by Beck (14) and Vogt (15). In 
particular, Beck proposed an additive mass-transfer 
model to account for simultaneous gas evolution and 
fluid flow. The additivity of the mass-transfer coeffi- 
cients was subsequently verified (16), and the same con- 
cept was used to describe mass transfer in two-phase 
flows (Ref. (2, 17) and Eq. [i]). Gas sparging is an attrac- 
tive mode of artificial stirring in electrochemical pro- 
cesses (18, 24). For example, open-topped tanks with 
widely spaced electrodes used in the metal finishing in- 
dustry are agitated by introducing air at the bottom of the 
tank. Significant contributions to the field have been 
made by Ibl and co-workers. Ibl et al. (18) introduced N2 
through porous frits at the bottom of a vertical parallel- 
plate cell having a sectioned cathode. The mass-transfer 
coefficient was uniform throughout the electrode surface 
and the mass-transfer rate increased with increasing gas 
flow rate, although the rate leveled off at high gas flow 
rates. Frit pore size and, therefore, bubble size had no ef- 
fect on mass transfer. The authors noted that mass- 
transfer coefficients one order of magnitude higher than 
those in natural convection can be achieved. 

In another study, Ibl (19) injected gas through porous 
frits in the annular space between two concentric cylin- 
ders and obtained mass-transfer coefficients of up to 5.2 
i0 -~ cm/s. The influence on the working electrode of gas 
bubbles generated by the counterelectrode in a parallel- 
plate cell was investigated by Sigrist et al. (20). The study 
was conducted with and without superimposed electro- 
lyte flow. It was found that, irrespective of the mode of 

opera t ion ,  t h e  m a s s - t r a n s f e r  coeff ic ient  was  d e p e n d e n t  
on  the  gas vo id  f r ac t ion  alone.  The  e x p e r i m e n t a l  da ta  
we re  co r re l a t ed  w i t h  a n  e q u a t i o n  r e s e m b l i n g  t h a t  of  tur-  
b u l e n t  free convec t ion .  Ib l  (21) p r e s e n t e d  a m o d e l  to ex- 
p la in  t h e s e  resul ts .  

Severa l  l abo ra to ry  a n d  mic rop i lo t  scale  e x p e r i m e n t s  in  
t w o - p h a s e  flow wi th  r eac t ive  gas  h a v e  b e e n  repor ted .  Ex- 
a m p l e s  i n c l u d e  the  p r o d u c t i o n  of H20~ b y  O._, r e d u c t i o n  on  
g r a p h i t e  pa r t i c les  in  f ixed b e d  reac tors  (22) a n d  t he  pro- 
d u c t i o n  of  oxal ic  ac id  f rom CO2 in  a para l le l -p la te  r eac to r  
(23). However ,  t h e s e  s tud ie s  c o n c e n t r a t e d  on  p r o b l e m s  re- 
l a ted  to c u r r e n t  e f f ic iency a n d  cell vo l t age  a n d  d id  no t  
a d d r e s s  f u n d a m e n t a l  m a s s - t r a n s p o r t  p rocesses .  

In  s u m m a r y ,  t r a n s p o r t  l i t e ra tu re  ex is t s  for a wide  vari-  
e ty  of  m u l t i p h a s e  p r o c e s s e s  i nvo lv ing  gas- l iquid-sol id  
sys tems ,  b u t  t h e r e  are no  k n o w n  works  on  t r a n s p o r t  to a 
solid reac t ive  sur face  e x p o s e d  to t w o - p h a s e  flow in  
which the gas phase contains the reactant. This type of 
system, however, is encountered in the electrolysis of gas- 
eous feedstocks. The present study was therefore carried 
out to improve fundamental understanding of the se- 
quence of events which occurs and to establish correla- 
tions for multiphase transport processes in channel elec- 
trolyzers. 

Apparatus 
T h e  para l le l -p la te  e lec t ro lyzer  was  s imi la r  to t h a t  u sed  

p r e v i o u s l y  by  Lu  (2) a n d  c o n s i s t e d  of a d i v i d e d  cell  hav-  
ing  two flow ci rcui ts  as i l l u s t r a t ed  s c h e m a t i c a l l y  in  Fig. 
1. T h e  cell was  m a c h i n e d  f r o m  two p o l y p r o p y l e n e  b locks .  
W o r k i n g  e lec t rodes  of  D S A  | (2.7 • 27 c m  exposed ,  Dia- 
m o n d  S h a m r o c k  Corpora t ion )  or of P t  (2.7 • 26 cm, 
p r e s s e d  aga ins t  a 316 SS shee t )  were  used .  A d j a c e n t  to 
a n d  c o p l a n a r  w i t h  t h e  w o r k i n g  e lec t rode  we re  two  addi-  
t i ona l  e lec t rodes  m a d e  of D S A  | (2.7 • 10 cm) w h i c h  
s e r v e d  to e l imina te  e n t r a n c e  a n d  exi t  effects;  of t he se  
e lec t rodes ,  t h e  d o w n s t r e a m  e lec t rode  was u s e d  as t he  ref- 
e r e n c e  e l ec t rode  for  t h e  f e r r i cyan ide  r e d u c t i o n  exper i -  
m e n t s .  T h e  c o u n t e r e l e c t r o d e  was m a d e  of p o r o u s  D S A  | 
(3.1 • 27 cm, D i a m o n d  S h a m r o c k  Corpora t ion)  a n d  was  
p o s i t i o n e d  so t h a t  e lec t ro ly te  f lowed t h r o u g h  the  pores  
t o w a r d  the  w o r k i n g  e l ec t rode  c o m p a r t m e n t  (Fig. 1). Elec- 
t r ica l  c o n t a c t  to e l ec t rodes  was  m a d e  b y  t i t a n i u m  sc rews  
p r e s s e d  on to  t h e  b a c k  s ide  of t h e  e l ec t rodes  a n d  was  
f o u n d  to h a v e  a c o n t a c t  r e s i s t a n c e  of less t h a n  0.1~. 

A m i c r o p o r o u s  p o l y p r o p y l e n e  s epa ra to r  (Daramic ,  W.R. 
Grace  & C o m p a n y )  was  u s e d  to p r e v e n t  b u l k  flow be- 
t w e e n  t h e  ano ly te  a n d  ca tho ly t e  c o m p a r t m e n t s .  T h e  sepa- 
r a to r  h a d  s u p p o r t  r ibs  in  t h e  d i rec t ion  of  flow to avo id  
b u c k l i n g  a n d  was  he ld  at  a d i s t ance  of 0.2 c m  f rom each  
e l ec t rode  surface.  On t h e  w o r k i n g  e l ec t rode  side, t he re  

Fig. 1. Schematic of the flow circuits inside the cell (not drawn to 
scale). Reference electrode shown was used for the ferricyanide reduc- 
tion experiments. 
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Fig. 2. Schematic of the flow system. Oxygen measuring system and 
reference electrode used for the oxygen-reduction experiments are 
included. 

were  t h r e e  r ibs  d iv id ing  t h e  ca tho ly t e  c h a m b e r  in to  two 
iden t i ca l  channe l s ,  e ach  w i t h  c ross - sec t iona l  d i m e n s i o n s  
of 1.35 • 0.2 cm. While  in  opera t ion ,  t he  cell was  posi- 
t i o n e d  ver t ical ly .  

F low-v i sua l i za t ion  e x p e r i m e n t s  were  p e r f o r m e d  by  
r e p l a c i n g  t he  s e p a r a t o r  a n d  p o l y p r o p y l e n e  coun te re lec -  
t r o d e  b l o c k  by  a t r a n s p a r e n t  P lex ig las  shee t ,  of w h i c h  t he  
sur face  fac ing  t he  w o r k i n g  e l ec t rode  was  m a c h i n e d  to ex- 
ac t ly  s imu la t e  t he  s epa ra to r  geomet ry .  

The  flow c i rcui t  i l l u s t r a t ed  in  Fig. 2 c o n s i s t e d  of  deliv- 
ery  l ines  for gas a n d  l i qu id  s t r e a m s  w h i c h  were  c o m b i n e d  
in  a S ta t i c  Mixe r  | a n d  p a s s e d  to the  w o r k i n g  e l ec t rode  
c o m p a r t m e n t  of  t he  cell. P u m p  P-1 (March,  no. TE- 
MDX-MT-3)  fed  t he  S ta t i c  Mixe r  | w i th  l iqu id  e lec t ro ly te  
t a k e n  f r o m  the  r e se rvo i r  (4 l i ter  capaci ty)  at  a ra te  
c o n t r o l l e d  b y  va lve  V-1 a n d  m e a s u r e d  b y  m e t e r  FM-1 
( G i l m o n t  no. 4, Ti float). A s e c o n d  l iqu id  m e t e r i n g  sys- 
t em,  V-2 a n d  FM-2, was  u s e d  to a u g m e n t  t he  flow f rom 
the  S ta t i c  Mixe r  | in  o rde r  to a ch i eve  a w i d e r  r a n g e  of  var-  
iables .  T h e r e  were  two  gas -de l ivery  s y s t e m s  c o n t a i n i n g  
ca l i b r a t ed  f lowmete r s  FM-4 ( G i l m o n t  no. 1, glass  float) 
a n d  FM-5 (G i lmon t  no. 2, glass  float). E i t h e r  or b o t h  sys- 
t e m s  cou ld  b e  u s e d  to con t ro l  de l ive ry  ra te  of  a s ingle  gas 
or of  a gas  m i x t u r e  of  k n o w n  com pos i t i on .  T he  p r e s s u r e  
of  t he  gas  was  k e p t  at  7 psig,  d e t e r m i n e d  b y  p r e s s u r e  
gauges  (~ ,  wh i l e  t he  gas t e m p e r a t u r e  was  m e a s u r e d  w i t h  
t h e r m o m e t e r s  (~ .  T he  p r e s s u r e  in  t he  cell  was  essen t i a l ly  
1 a t m  abso lu te .  

The  S ta t i c  Mixer  | (Kenics)  u s e d  to g e n e r a t e  a h o m o g e -  
n e o u s  d i s p e r s i o n  of  b u b b l e s  h a d  a 3/16 in. id w i t h  20 ele- 
m e n t s  of  316 SS  in  a h o u s i n g  of  t he  s a m e  mater ia l .  The  
m e a n  b u b b l e  size was  m e a s u r e d  f rom p i c tu r e s  of  t h e  two- 
p h a s e  m i x t u r e  f lowing  t h r o u g h  t he  w o r k i n g  e l ec t rode  
c o m p a r t m e n t .  

P u m p  P-2 (March,  no. TE-MDX-MT-3)  fed t he  coun te r -  
e l ec t rode  c o m p a r t m e n t  t h r o u g h  f l owmete r  FM-3 (Gil- 
m o n t  no. 4, Ti float). Af te r  p a s s i n g  t h r o u g h  t he  cell, t h e  
ano ly t e  a n d  ca tho ly t e  s t r e a m s  m e r g e d  a n d  r e t u r n e d  to t he  
reservoi r ,  w h e r e  t he  gas was  v e n t e d  to t he  a t m o s p h e r e  
a n d  t he  l iqu id  was  rec i rcu la ted .  A n o d e  a n d  c a t h o d e  reac- 
t ions  of  ferr i  a n d  f e r r o c y a n i d e  e x h i b i t e d  100% c.e., so 

t h e r e  was  no  ne t  c o n c e n t r a t i o n  c h a n g e  in  t he  rec i rcula t -  
ing  sys tem.  

In  e x p e r i m e n t s  w h i c h  i n v o l v e d  o x y g e n  r educ t ion ,  t he  
c o n c e n t r a t i o n  of o x y g e n  was  m e a s u r e d  j u s t  be fo re  the  
cell e n t r a n c e  w i t h  use  of a ca l ib ra t ed  dissolved-O2 p r o b e  
(Lazar, no. DO-166) in  c o n n e c t i o n  w i t h  t h e  m V  scale  of  a 
p H  m e t e r  ( M e t r o h m / B r i n k m a n n  pH-104). The  02 concen-  
t r a t i on  t h u s  o b t a i n e d  was  accu ra t e  to w i t h i n  -+0.2 ppm.  

P o w e r  to t he  cell  was  p r o v i d e d  b y  a po t en t i o s t a t i c  sup-  
p ly  (Wenking,  no. 70TS1) con t ro l l ed  by  a f u n c t i o n  genera-  
to r  (PAR, no. 175). A ca thod i c -po t en t i a l  r a m p  was  u s e d  to 
m e a s u r e  the  l imi t ing  c u r r e n t  p la teau ,  w h i c h  was  dis- 
p l a y e d  on  a n  X-Y r e c o r d e r  (Hous ton ,  no. 2000). 

Procedures 
Tab le  I l ists t h e  e x p e r i m e n t a l  sy s t ems  t h a t  we re  u s e d  in  

th i s  s tudy.  All so lu t ions  were  p r e p a r e d  by  m i x i n g  
ana ly t i ca l -g rade  r e a g e n t s  w i t h  de ionized,  d is t i l led  w a t e r  
( conduc t iv i t y  <3 • 10 -4 (~-cm)- l ) .  Fo r  the  fe r r i cyan ide-  
r e d u c t i o n  e x p e r i m e n t s ,  e q u i m o l a r  so lu t ions  of  t he  r edox  
c o u p l e  were  u s e d  in  c o n c e n t r a t i o n s  w h i c h  r a n g e d  be- 
t w e e n  1 a n d  10 mM, as d e t e r m i n e d  by  i o d o m e t r i c  t i t r a t ion  
(25). 

T h e  phys ica l  p r o p e r t i e s  of  t he  e lec t ro ly te  so lu t ions  a n d  
t h e  t r a n s p o r t  p r o p e r t i e s  of  t he  e l e c t r o c h e m i c a l  r e a c t a n t s  
were  m e a s u r e d  a n d  c o m p i l e d  in  Tab le  II. The  dens i t y  was 
m e a s u r e d  by  w e i g h i n g  a k n o w n  so lu t ion  vo lume ,  whi l e  
t he  v i scos i ty  was  f o u n d  w i t h  a n  Os twa ld  v i scomete r .  
Di f fus iv i t ies  we re  d e t e r m i n e d  w i t h  a P t  R D E  (Pine,  no. 
ASR,  366). 

I n  o rde r  to ob ta in  r e p r o d u c i b l e  resul ts ,  t h e  P t  e l ec t rode  
was  w a s h e d  in  a ce tone  a n d  dis t i l led  water ,  i m m e r s e d  in  a 
ch romic - su l fu r i c  ac id  c l ean ing  so lu t ion  for  20 rain,  r i n s e d  
t ho rough ly ,  p l aced  in  t he  cell  a n d  ac t iva ted  in  s u p p o r t i n g  
e lec t ro ly te  b y  s w e e p i n g  five t i m e s  b e t w e e n  -1 .2  a n d  0.8V 
vs. Hg/HgO (0.5M KOH), a n d  t h e n  set  a t  - 1.2V vs. Hg/HgO 
for 2 m i n  to r e d u c e  sur face  oxides.  The  D S A  | e l ec t rode  
was  deg rea sed  in  t r i c h l o r o e t h y l e n e  a n d  r i n s e d  w i t h  ace- 
t one  a n d  t h e n  wa te r  be fo re  b e i n g  p l aced  in  t he  cell. No 
ac t i va t i on  was  necessa ry .  The  D S A  | e l ec t rode  was  u s e d  
for  f e r r i cyan ide - r educ t i on  e x p e r i m e n t s  only. 

All  e lec t ro lyses  were  ca r r ied  ou t  at  a b o u t  25~ Fo r  one- 
p h a s e  e x p e r i m e n t s  w i th  fe r r icyanide ,  t he  flow s y s t e m  
was  r i n s e d  w i th  d is t i l led  w a t e r  a n d  refi l led w i t h  sup-  
p o r t i n g  electrolyte .  A n  a l iquo t  of s tock  so lu t ion  con- 
t a i n i n g  r e a c t a n t  was  t h e n  added ,  a n d  t he  r e s u l t i n g  solu- 
t ion  was  d e a e r a t e d  for l h  p r io r  to use.  The  vo l t age  scan  
was  ca r r ied  ou t  at  5 mV/s.  Af te r  c o m p l e t i o n  of  exper i -  
m e n t s  at  a g iven  r e a c t a n t  concen t r a t i on ,  a n  a d d i t i o n a l  all- 

Table II. Physical and transport properties 
of the solutions used (at 25~ 

0.1M Na2SO4 + 
0.2M Na2SO4 0.2M KOH 

Density (g/em :~) 1.05 1.02 
Kinematic viscosity (cm2/s) 9.45 10 -:~ 9.28 10 :~ 
Ferricyanide diffusivity 0.65 10 -s - -  

(cm'-Vs) 
Oxygen diffusivity (cm~/s) - -  1.85 1O -s 
Oxygen concentration in air- - -  0.220 

saturated solution (mY/) 
Sc number  1450 500 

Table I. Experimental format for separating the mass-transfer mechanisms 

Mechanism contributing 
Liquid phase Gas phase to the current measured Working-electrode reaction 

Ferri/ferrocyanide in 
0.2M Na~SO4 

Air-saturated 0.2M KOH 

Ferri/ferrocyanide in N2 
0.2M Na2SO4 

Saturated solution of O~ - N._, 
0.2M KOH + 0.1M mixtures 
Na2SO4 

One-phase convective flow 
mechanism 

One-phase convective flow 
mechanism 

One-phase convective flow 
+ disturbance mechanism 
One-phase convective flow 

+ disturbance + 
extraction mechanism 

Fe(CN),"- + e --* Fe(CN)/ 

O.2 + 2H~O + 4e --* 4 OH- 

Fe(CN)d ' -  + e --* Fe(CN)~ 4- 

02 + 2H~O + 4e --~ 4 OH- 
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quot of stock solution containing reactant was added to 
increase the concentration to a new level, and the proce- 
dure was repeated. 

For two-phase ferricyanide-inert gas experiments,  the 
procedure was identical, except  than N,,, gas was metered 
into the Static Mixer C''', and the scan rate was 10 mV/s. 
Limiting currents were measured in sequence of experi- 
ments, each at constant liquid flow rate with succes- 
sively increasing gas flow rates. 

For one-phase experiments with dissolved oxygen as 
the reactant, the electrolyte was circulated through the 
flow system for 30 min while air was sparged into the res- 
ervoir. The Pt electrode was then activated, the O~ con- 
centration was measured with the dissolved oxygen 
probe, and current-potential curves were recorded at a 
scan rate of 5 mV/s. A Hg/HgO (0.5M KOH) reference elec- 
trode (built in-house) was used for all the experiments 
involving the O~ reduction reaction. 

For two-phase experiments with reactive gas bubbles, 
air, or other N2-O~ mixtures (depending on the desired O~ 
concentration) were dispersed in the electrolyte phase. 
The procedure was similar to that followed for the two- 
phase inert-gas experiments,  except that special care was 
taken to ensure that the Pt electrode remained active. The 
electrode was periodically reactivated, and the gas was 
periodically shut off and a one-phase experiment  was 
carried out to confirm reproducibility of the Pt surface. 
Repeated experiments were reproducible to within 3% for 
one-phase flow and to within 12% for two-phase flow 
with reactive gas. Two-phase inert-gas experiments were 
reproducible to within 5%. 

Results 
Flow v isual iza t ion . - -Flow-visual iza t ion  experiments in- 

dicated several types of flow patterns, depending upon 
the flow rates of the two phases, as shown in Fig. 3. In 
the bubbly-flow regime, the gas was uniformly distrib- 
uted as a swarm of tiny bubbles. In the slug-flow regime, 
some gas was in large bullet-shaped bubbles which al- 
most spanned the interelectrode gap; these large bubbles 
were separated by slugs of liquid containing tiny gas bub- 
bles. In the region of low liquid flow rates, the flow pat- 
terns were not reproducible; this nonreproducible region 
was avoided in the measurement  of mass-transfer coeffi- 
cients. 

It was found that the electrolyte composition had a 
strong influence on bubble coalescence. For example, 
the bubbles formed in 0.2M Na2SO4 were extremely fine 
in comparison with those formed, under otherwise iden- 
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tical conditions, in distilled water or in 0.2M H2SO4. It was 
further found that the mixed electrolyte solution (0.2M 
KOH + 0.1M Na2SO4) used for two-phase oxygen- 
reduction experiments displayed the same behavior, with 
respect to bubble sizes, as the 0.2M Na2SO4 solution used 
for the two-phase ferricyanide-reduction experiments. 

Analys i s  of  l imi t ing current d a t a . - - T h e  one-phase 
mass-transfer coefficient, ko, was obtained from cathodic 
limiting current measurements on solutions having 
known concentrations of reactant, ferricyanide, or oxy- 
gen, as shown in Table I 

i o 
ko - [2] 

nFCbl. 

Under  the conditions investigated, the 0`-, reduction reac- 
tion proceeded by a 4-electron pathway. The two-phase 
disturbance-mechanism coefficient, ks, was found from 
limiting current data obtained with ferricyanide solutions 
containing dispersed N2; by subtracting the limiting cur- 
rent owing to the one-phase convective flow as found 
previously for the same liquid flow rate, the current at- 
tributable to the disturbance mechanism was obtained 

(io + id) 
kd - - -  ko [3] 

nFCbL 

AS indicated in Table I, the two-phase extraction- 
mechanism coefficient, k~, was found by dispersing air 
(or other O2-N,,, mixtures) in a solution of mixed KOH- 
Na2SO4 electrolyte. The limiting current thus measured 
was due to all three mechanisms. After subtracting the 
limiting current measured under the same hydrodynamic 
conditions, with N2 dispersed in ferricyanide solution 
(corrected for differences in diffusivity, concentration, 
and n value), the extraction-mechanism mass-transfer 
coefficient could be obtained 

( i o + i d + i ~ )  
keH - (ko + ks) [4] 

nFCbL 

Equation [4] is obtained after manipulating Eq. [1], as- 
suming that the equil ibrium between gas- and liquid- 
phase compositions can be described for the 0`-, system by 
Henry's law, CbG = HCbL. 

One-phase convective f low mechan i sm . - -The  theoreti- 
cal average limiting current density for mass transfer in 
laminar flow between infinite parallel plates is (4) 
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Fig. 3, Flow-pattern map for N2-O.2M Na2S04 two-phase flow 
through the working electrode compartment. 

io= 1.85 -nFDcbL [ VL ],3 
L dDL J [5] 

where d = 2h. However, as verified by Pickett  and 
Stanmore (26), the same equation can also be used for 
channels with finite dimensions, provided that the hy- 
draulic diameter of the duct replaces the equivalent diam- 
eter, i.e., d = 2Wh/(W + h). Figure 4 indicates that data for 
both the ferricyanide and the dissolved oxygen electrode 
were in good agreement with Eq. [5] for Reynolds num- 
bers up to 2100 (55 cm/s), where transition to turbulent 
flow sets in (4). A further consequence of Eq. [5] is that a 
graph of iJVL "3 vs. ChL should give a straight line through 
the origin. This relation was verified for ferricyanide re- 
duction on both DSA | and Pt  electrodes over the range of 
1-10 raM. 

The mass-transfer coefficient for one-phase flow is 
therefore 

1.85D [ V L ]1/3 
ko - s L dDL J [6] 

and can be used to estimate the diffusion-layer thick- 
ness, 8 = D/ko. At the highest flow rate, the diffusion- 
layer thickness (50 ~m) was ten times larger than the 
DSA | electrode-surface roughness (5 t~m), so the electrode 
may be characterized as "smooth" for the one-phase ex- 
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Fig. 4. Normalized mass-transfer rate vs. liquid velocity in one-phase 
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number. 
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periments. The shiny Pt  electrode was essentially 
"smooth"  for the one- and two-phase experiments.  

The effect of a turbulence promoter (VEXAR 549V300, 
du Pont) was to increase the mass-transfer coefficient. In 
the range 6 < VL < 60 (cm/s), the mass-transfer limiting 
current density followed the correlation 

io = 0.0177 VL~176 [7] 

The exponent  on velocity (0.70) is larger than in Eq. [5] 
and is indicative of the increased stirring effect. Over the 
range investigated, the limiting current was increased as 
much as threefold by the presence of the turbulence pro- 
moter. 

Two-phase disturbance mechanism.--Because the gas 
bubbles rise with respect to the liquid during transit 
through the electrolyzer, they impart a transverse mo- 
mentum to the surrounding fluid which is absent in 
single-phase laminar flow and which influences the 
mass-transfer processes near the electrode surface. Addi- 
tional sources of mixing action would include sudden 
motions imparted during bubble coalescence and/or 
breakup in the shear region near the electrode surface, as 
well as agitation in the wake region behind rising bub- 
bles. For these reasons, the mass-transfer enhancement  
by the disturbance mechanism cannot be solely attrib- 
uted to decreased channel cross-sectional area available 
for liquid flow and to consequentially increased liquid 
velocity, This situation is especially true for the narrow 
channel used in this work (0.2 cm channel gap). 

For the case of two-phase flow with inert gas, Eq. [1] is 
simplified (ch~; = 0) to 

io + id = nF (k,, + kd) CbL [8] 

where the left-hand side represents the experimentally 
measured current density, ko is given by Eq. [6], and C~,L 
was measured experimentally. Figure 5 illustrates that 
the form of Eq. [8] correctly correlates the mass-transfer 
behavior of the disturbance mechanism, in that data fall 
upon straight lines which pass through the origin and ex- 
hibit slopes that depend upon liquid- and gas-flow 
velocities. 

Figure 6 illustrates how the mass-transfer rate due to 
both the one-phase convective flow mechanism and the 
disturbance mechanism varies with gas superficial veloc- 
ity for several values of liquid superficial velocity. The 
superficial velocities of both phases were calculated by 
dividing the corresponding flow rate (that for the gas at 
25~ and 1 atm) by the channel cross-sectional area. The 
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Fig. 6. Normalized mass-transfer rate in two-phase flow vs. nitrogen 
superficial velocity with the liquid superficial velocity as a parameter. 

points on the V~ = 0 axis correspond to one-phase flow 
data. A substantial increase in the mass-transfer rate is 
obtained even when the gas flow rate is very small. For 
example, the limiting current is essentially doubled by 
gas velocities which are only 5% of the liquid velocity. 
This suggests that increased mass-transfer rates can be 
achieved for low gas-void fractions for which solution re- 
sistivity and pressure drop do not differ appreciably from 
the one-phase flow values. 

Figure 6 also illustrates that the mass-transfer coeffi- 
cient increases to a limiting value. For high gas velocities, 
a flow transition occurs from bubbly to slug flow, as in- 
dicated previously in Fig. 3. It is known (27) that slug 
flow is not as effective as bubbly flow in enhancing 
mass transport. A similar leveling of the transport rate in 
bubble columns has been reported by Ibl et al. (18), 
Novosad (27), Mersmann (10), and Steiff and Weinspach 
(11). 

Figure 6 further shows that, for a given gas velocity, the 
mass-transfer coefficient increases with increasing liquid 
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velocity, a result which is in contrast to that reported by 
Sigrist et al. (20). However, in their experimental system, 
the interelectrode gap was at least five times wider than 
that used here, and, additionally, the liquid velocity em- 
ployed was too low to be used in the present system while 
remaining in the bubbly flow regime. The explanation of 
these data by Ibl (21) was based on turbulent natural- 
convection concepts. Sigrist et al. realized that a decrease 
in the mass transfer with increasing liquid velocity (at 
constant gas velocity) would be observed provided that 
the liquid velocity is not too large. In studies of heat 
transfer in two-phase flow, others have reported condi- 
tions where the heat-transfer coefficient increases with 
liquid velocity (28) at high gas flow rates and where the 
coefficient is insensitive to liquid velocity (II) at low liq- 
uid flow rates. Thus it may be concluded that the dis- 
turbance effect is complex and that it depends upon the 
particular flow regime of operation. In the present work, 
the liquid velocity is appreciably higher than considered 
previously (20, 21), so explanations of behavior cannot be 
based on natural-convection phenomena. 

Figure 6 also demonstrates that the disturbance mecha- 
nism can enhance the one-phase mass-transfer rate by up 
to 400%. Similarly, large enhancement factors have been 
reported elsewhere (ii). In contrast, in studies on two- 
phase liquid-liquid systems, Lu and Alkire (2) reported an 
increase of up to 170%. The substantially greater enhance- 
ment in gas-liquid systems results from the significantly 
greater bubble-rise velocities in comparison with liquid 
droplets, owing to a greater density difference. 

When the data in Fig. 6 are replotted on log-log coordi- 
nates, a slope of approximately 0.25 is found, which com- 
pares favorably to experimental and theoretical results re- 
ported for bubble columns (12). 

After subtracting the contribution of the one-phase con- 
vective flow, the enhancement of mass transfer by the 
disturbance mechanism was found to be expressed by the 
empirical correlation 

id = 0.007 VLO'74VG~ [9] 

w h i c h  desc r ibes  the  data ,  for  the  bubb l y - f l ow  reg ime,  to 
w i t h i n  8%. 

Fo r  t he  t w o - p h a s e  iner t -gas  e x p e r i m e n t s ,  t he  DSA | 
e l ec t rode  gave  c u r r e n t s  w h i c h  were  a b o u t  10% h i g h e r  
t h a n  on  t he  P t  e lec t rode .  B e c a u s e  t he  t w o - p h a s e  mass-  
t r a n s f e r  b o u n d a r y  layer  c an  b e  as t h i n  as 10/~m, th i s  ef- 
fect  was  a t t r i b u t e d  to t h e  r o u g h n e s s  of the  D S A  | ma te r i a l  
(about 5/~m), while the shiny Pt was essentially smooth. 

By using two different Static Mixers | it was possible to 
vary the mean bubble diameter by a factor of two. For the 
3/16 in. unit, the diameter ranged between 200 and 600 
/~m, and for a I/4 in. unit, the diameter ranged between 
400 and 1200/~m. The effect of bubble size upon the mass- 
transfer rate was smaller than 5%. Others have reported 
similar observations in both gas-liquid (18, 29) and liquid- 
liquid systems (2). 

When a turbulence promoter was placed in the flow 
channel, the influence upon two-phase inert-gas mass 
transfer was negligible. These results suggest that the 
two-phase mixture was by its nature "well mixed" and 
that the turbulence promoter provided little additional 
mixing..While the promoter might be expected to alter 
the mean bubble size, the results of the previous para- 
graph indicate that the mass-transfer enhancement is in- 
sensitive to bubble size. 

T w o - p h a s e  e x t r a c t i o n  m e c h a n i s m . - - W h e n  a n  electro-  
c h e m i c a l l y  r eac t ive  gas  is i n t r o d u c e d  as t he  s e c o n d  
phase ,  a f u r t h e r  m a s s - t r a n s f e r  e n h a n c e m e n t  occurs ,  as is 
d e p i c t e d  in  t he  u p p e r  p o r t i o n  of Fig. 7. T he  gas-s ide  mass-  
t r a n s f e r  r e s i s t ance  is neg l ig ib l e  (30), so t he  o x y g e n  con- 
c e n t r a t i o n  a t  t he  gas - l iqu id  b u b b l e  in t e r f ace  is a t  t he  satu-  
r a t i o n  concen t r a t i o n .  F u r t h e r m o r e ,  t he  so lu t i on  far  f rom 
the  e l ec t rode  is s a t u r a t e d  in  o x y g e n  as well. However ,  a 
b u b b l e  m a y  p e n e t r a t e  t he  m a s s - t r a n s f e r  b o u n d a r y  layer  
nea r  t he  e l ec t rode  sur face  a n d  m a y  prov ide ,  by  e x t r a c t i o n  
of o x y g e n  f rom the  b u b b l e ,  a n  inc rease  in  local  o x y g e n  
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Fig. 7. (top) Mass-transfer mechanism in two-phase flow with reactive 
gas. (bottom) Equivalent resistive network. 

c o n c e n t r a t i o n  w h i c h  w o u l d  e n h a n c e  t he  overal l  mass-  
t r a n s f e r  ra te  a b o v e  t h a t  e x p e r i e n c e d  by  t he  d i s t u r b a n c e  
m e c h a n i s m  of  u n r e a c t i v e  b u b b l e s .  I t  is to b e  e x p e c t e d  
t h a t  a t t a c h m e n t  of  gas b u b b l e s  to t he  e l ec t rode  is un l ike ly  
to occu r  at  t he  po la r  e l ec t rode  ma te r i a l s  u s e d  in  th i s  
s tudy ,  so t he re  will  a lways  be  a l iqu id  film s e p a r a t i n g  the  
b u b b l e s  f rom the  e lec t rode .  The  lower  po r t i on  of Fig. 7 in- 
d ica tes  an  e q u i v a l e n t  r es i s t ive  n e t w o r k  d e s c r i b i n g  t he  
m a s s - t r a n s f e r  p r o c e s s e s  w h i c h  are  opera t ive  in  t he  case  of 
t w o - p h a s e  reac t ive-gas  e x p e r i m e n t s .  The  e x t r a c t i o n  
m e c h a n i s m  has  b e e n  r e p r e s e n t e d  b y  two res i s to rs  in  
series,  one  of w h i c h  (R%) a c c o u n t s  for the  gas- to- l iquid  in- 
te r fac ia l  res i s tance ,  the  o the r  (Re) for t he  f u r t h e r  t r a n s p o r t  
of t he  r e a c t a n t  to t he  e l ec t rode  surface.  

Wi th  u se  of H e n r y ' s  law, Eq.  [1] b e c o m e s  

it = io + id + ie = n F  (ko + kd + keH) cb,. [10] 

F o r  t he  c o n d i t i o n s  i n v e s t i g a t e d  in  th i s  s tudy ,  t he  H e n r y ' s  
l aw c o n s t a n t  for oxygen ,  H = Cbc]C~L, h a d  a v a l u e  of 39. 
Da ta  in  Fig. 8 ver i fy  t h a t  the  p r o p o s e d  add i t i ve  correla-  
t ion  is appropr ia t e .  The  va r i a t i on  in  i n t e r c e p t  m a y  b e  at- 
t r i b u t e d  to dr if t  i n  t h e  "ze ro"  of  the  o x y g e n  p r o b e  a n d  to 
u n c e r t a i n t y  (at a level  of  6.25 • 10-:~ raM) in  m e a s u r e m e n t  
of  d i s so lved  o x y g e n  c o n c e n t r a t i o n  b y  the  p robe .  The  da ta  
w h i c h  fo l low were  o b t a i n e d  at  o x y g e n - s a t u r a t i o n  concen -  
t r a t i ons  of  0.220 raM, for w h i c h  p r o b e  er rors  were  less 
t h a n  8%. 

The  d e p e n d e n c e  of t he  m e a s u r e d  to ta l  l im i t ing  c u r r e n t  
dens i t y  on  air  superf ic ia l  ve loc i ty  is s h o w n  in  Fig. 9 for  
t h r e e  l iqu id  superf ic ia l  veloci t ies .  I t  is r e m a r k a b l e  t h a t  
for a g iven  l iqu id  veloci ty ,  t he  overal l  m a s s - t r a n s f e r  coef- 
f icient  can  be  i n c r e a s e d  over  t he  o n e - p h a s e  va lue  b y  al- 
m o s t  one  o rde r  of  m a g n i t u d e  by  i n t r o d u c t i o n  of  r eac t ive  
gas. Indeed ,  the  l im i t i ng  c u r r e n t  can  be  i n c r e a s e d  over  
t he  o n e - p h a s e  va lue  by  a fac to r  of 7 w i t h  on ly  10% gas- 
v o l u m e  ratio. The  da ta  s h o w n  in  Fig. 9 e x h i b i t  s imi la r  be- 
hav io r  to t he  t w o - p h a s e  iner t -gas  data  (Fig. 6) and,  for  the  
bubb ly - f low  reg ime,  c a n  be  co r re la t ed  by  t he  empi r i ca l  
e x p r e s s i o n  

i t = 0.40 V,~176 [11] 

w h i c h  is good  for  V~ > 1.8 crrgs a n d  desc r ibe s  the  da ta  to  
w i t h i n  10%. 
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The relat ive impor tance  of the  ex t rac t ion  m e c h a n i s m  
was found  to be as fol lows 

k~H = (1.19 -+ 0.10) (/co + kd) [12] 

One in tui t ively  expec t s  that  larger  va lues  of (ko + kd) cor- 
respond  to smal ler  bubb le -e lec t rode  d is tances  and, there- 
fore, larger  ke. However ,  the  l inear  re la t ionship  b e t w e e n  i~ 
and (io + id) impl ied  by Eq. [12] may  not  be  t rue  in cases 
where,  owing  to h igh  convers ion  of  the reactant ,  replen-  
i shmen t  of the  bulk  solut ion by the react ive  bubbles  oc- 
curs in addi t ion to r ep l en i shmen t  of the mass- t ransfer  
boundary  layer. 

Var ia t ion of bubb le  size, created wi th  use  of  two differ- 
en t  Stat ic  Mixers  | , had no inf luence  on mass- t ransfer  
rates in two-phase  react ive-gas  systems.  This is in con- 
trast  to data  obta ined  in two-phase  l iquid- l iquid  sys tems 
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with  react ive  droplets  (2). The  di f ference may  be attrib- 
u ted  to the  wet tabi l i ty  of the  e lec t rode  used  by the  dis- 
persed  organic  phase.  Similarly,  the  p resence  of a turbu-  
lence  p romote r  in the  work ing  e lec t rode  c o m p a r t m e n t  
did no t  cont r ibute  addi t ional  mass- t ransfer  e n h a n c e m e n t  
beyond  that  afforded by the  two-phase  react ive  gas in the 
absence  of  the  promoter .  

Conclusions 
The l imi t ing cur ren t  m e t h o d  was used  to s tudy  the 

mass t ransfer  to a solid e lec t rode  in cocur ren t  gas-l iquid 
flow th rough  a ver t ica l  parallel-plate cell. Bo th  an inert  
gas and a react ive gas were  invest igated.  F low visualiza- 
t ion expe r imen t s  showed  that  for the  flow rates of  gas 
and l iquid  used,  the  cell was in ei ther  the  bubbly-f low or 
slug-flow regime.  The  total  mass- t ransfer  rate was ex- 
p ressed  as the s u m  of  the  cont r ibu t ions  of  three di f ferent  
mechan i sms :  (i) the  one-phase  convec t ive  flow mecha-  
n i sm associated wi th  the  l iquid  as if  it were  f lowing alone 
th rough  the  cell; (ii) the  d i s tu rbance  m e c h a n i s m  associa- 
ted  wi th  the p resence  of  bubbles  "d i s tu rb ing"  the  bound-  
ary layer; and (iii) the  ex t rac t ion  m e c h a n i s m  associated 
wi th  the  presence  of  reac t ive  bubbles  rep len i sh ing  the 
mass- t ransfer  boundary  layer. An expe r imen ta l  format  
was deve loped  which  enabled  the cont r ibut ion  of  each of  
the mechan i sms  to the  total  mass- t ransfer  rate to be mea- 
sured separately and enabled  the  addi t ive  mode l  to be  
verified. Operat ing var iables  inves t iga ted  inc luded  gas 
and l iquid  flow rates, bubb le  size, and e lec t rode  material .  
In addit ion,  the  effect of  p lac ing  a tu rbu lence  p romote r  in 
the  channel  was de te rmined .  

The  exper imenta l  resul ts  suppor t  the  fo l lowing conclu-  
sions. 

1. The  one-phase flow resul ts  compared  well  wi th  theo- 
ret ical  expecta t ions .  

2. The  mass- t ransfer  rate due  to the  d i s tu rbance  mecha-  
nism, as well  as the  mass- t ransfer  rate due  to the  extrac-  
t ion mechan ism,  was propor t iona l  to the  reactant  concen-  
t ra t ion in the  bulk  solution. 

3. At  a constant  l iquid  superficial  veloci ty,  the  mass- 
t ransfer  rate due  to both  the  one-phase  convec t ive  flow 
m e c h a n i s m  and the d i s tu rbance  m e c h a n i s m  (i) reached  
va lues  up to five t imes  larger  than  those  cor respond ing  
to the  same l iquid  ve loc i ty  in one-phase flow, (ii) in- 
c reased  sharply wi th  increas ing  gas ~uperficial ve loc i ty  
at low gas veloci t ies ,  (iii) approached  a cons tan t  va lue  at 
h igh  gas velocit ies,  (iv) was d e p e n d e n t  on the gas super- 
ficial ve loc i ty  to the  0.25 power,  (v) was i n d e p e n d e n t  of  
the bubb le  size for bubbles  wi th  d iameters  in the  range 
200-1200/xm, (vi) did not  change  signif icantly w h e n  a tur- 
bu lence  p romote r  was p laced  in the channel ,  and (vii) 
was always h igher  on an e lec t rode  wi th  rough  surface 
(DSA | w h e n  compared  to the  rate on a " s m o o t h "  elec- 
t rode  (Pt). 

4. The  mass- t ransfer  rate due  to the  d i s tu rbance  mecha-  
n i sm was d e p e n d e n t  on the  l iquid  superficial  ve loc i ty  to 
the  0.74 power  and on the  gas superficial  ve loc i ty  to the  
0.36 power  (for the  bubbly-f low regime).  

5. At  a cons tant  l iquid  superficial  veloci ty ,  the  total  
mass- t ransfer  rate in two-phase  flow wi th  reac t ive  gas (i) 
r eached  values  one order  of  magn i tude  h igher  than  those  
cor respond ing  to the  same l iquid  ve loc i ty  in one-phase 
flow, (ii) increased  dramat ica l ly  wi th  increas ing  gas 
superficial  ve loci ty  at low gas veloci t ies ,  (iii) approached  
a cons tan t  va lue  at h igh  gas velocit ies,  (iv) was d e p e n d e n t  
on the  gas superficial  ve loc i ty  to the  0.23 power  (for the  
bubbly-f low regime),  (v) was i ndependen t  of  the  bubble  
size for bubbles  wi th  d iameters  in the  range 200-1200/xm, 
and (vi) changed  insignif icant ly  w h e n  a t u rbu l ence  pro- 
mote r  was p laced in the  channel .  

6. Fo r  a g iven gas superf icial  veloci ty,  the  total  mass- 
t ransfer  rate in two-phase  flow wi th  react ive gas was de- 
p e n d e n t  on the  l iquid  superficial  ve loc i ty  to the  0.60 
power  (for the  bubbly-f low regime).  

7. The  mass- t ransfer  rate due  to the  ex t rac t ion  mecha-  
n i sm was propor t iona l  to the  mass- t ransfer  rate due  to 
bo th  the  one-phase  convec t ive  flow m e c h a n i s m  and the  
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disturbance mechanism, the proportionality factor being 
1.19 -+ 0.10. 

The results of this study showed that the use of two- 
phase flow in electrochemical reactors incorporating a 
gas which is sparingly soluble in the liquid phase may be 
highly advantageous. In particular, high mass-transfer 
rates can be achieved at low gas-volume fractions. Thus, 
the solution resistivity and the pressure drop through the 
system do not differ significantly from the corresponding 
values in one-phase flow. Consider for example the case 
of a gas-void fraction e = 10%. The conductivity of the so- 
lution (31) will be K = Ko(1 - e) ~.5 = 0.85Ro, and the energy 
consumption due to IR drop will increase by about 15%. 
Moreover, the pressure drop (32) will be 

dP _ ( 1  + e ~ dP dP 

and the energy consumption for pumping will be 22% 
higher than that when operating in one-phase flow with 
the same liquid velocity. However, even at e = 10%, the 
mass-transfer rate can be up to seven times that in one- 
phase flow (Fig. 9), which amounts to a 600% increase in 
productivity if the process is mass-transfer limited. 

~_is work dealt with the case of negligible conversion 
per pass of the reactant through the cell. The enhance- 
ment  due to the extraction mechanism was solely attrib- 
uted to bubbles resaturating depleted regions within the 
mass-transfer boundary layer ~. In situations where the 
reactant conversion is high, however, the presence of the 
reactive bubbles resaturating the bulk solution as well 
will make the contribution of the extraction mechanism 
even more significant. 
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LIST OF SYMBOLS 

c reactant concentration, mM 
d equivalent diameter, cm 
D reactant diffusivity, cm2/s 
F Faraday constant, 96,500 C/g-eq 
h gap of flow channel, cm 
H constant in Henry's law (= c~,Jc~,r) 
i current density, mA/cm ~ 
k mass-transfer coefficient, cm/s 
L electrode length, cm 
n number  of electrons exchanged in electrode reac- 

tion 
P pressure, dyn/cm 2 
R equivalent mass-transfer resistance, s/cm 
Re Reynolds number  in one-phase flow (dVJv) 
s stoichiometric coefficient of reacting species 
V superficial velocity, cm/s 
W electrode width, cm 

Greek Symbols 

diffusion-layer thickness, cm 
gas-void fraction 

K solution conductivity, (tl-cm)-' 
solution kinematic viscosity, cme/s 

Subscripts 

b bulk of gas or liquid phase 
d due to the disturbance mechanism 
e due to the extraction mechanism 
G gas phase 
L liquid phase 
o one-phase flow 
t total (all three mechanisms) 
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A Comparison of Photochemical Properties of Amorphous and 
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A B S T R A C T  

A compar i son  is m a d e  of  the  pho toe lec t rochemica]  proper t ies  of  Fe,.,,6Sn0.00~O:~ in two forms: as polycrys ta l l ine  
s in tered compac t s  and as amorphous  th in  films prepared  by R F  sput ter ing.  There  is no essent ia l  d i f ference in optical  
bandgaps ,  Mot t -Schot tky  intercepts ,  band-edge  posit ions,  and optical  absorp t ion  spectra.  For  the  photo-oxida t ion  of  
water ,  the  dif ference b e t w e e n  ins tantaneous  and steady-state pho tocur ren t s  is m u c h  larger  for the  amorphous  than  for 
crysta l l ine  form, wh ich  indica tes  a d i f ference in the  densi ty  and/or  ef fect iveness  of  surface  states. This  d i f ference  be- 
tween  ins tan taneous  and steady-state  currents  disappears ,  for bo th  amorphous  and crystal l ine Fe~O3, on adding  the  
S 2-/S.  '2- r edox  couple  to the  solution. The  dark cur ren t  of the  amorphous  form is larger, and its q u a n t u m  eff ic iency in 
the  ul t raviole t  is smaller .  

Ferr ic  oxide  has been  s tudied  ex tens ive ly  as a photo- 
anode;  its re lat ively small  bandgap,  good chemica l  stabil- 
ity, and easy prepara t ion  makes  it an in teres t ing  mater ial  
for appl ica t ion in l iqu id- junc t ion  solar cells. However ,  its 
proper t ies  as a pho toanode  for water  ox ida t ion  are appar- 
ent ly  far f rom simple:  on exposure  to light, the  photocur-  
rents  show st rong t rans ient  excurs ions ,  and they  do not  
set in at the  f latband potential .  Moreover ,  the  Mott- 
Scho t tky  plots are of ten found  to be  curved,  and depend-  
ent  on the  measu r ing  f r equency  as well. These  deviat ions  
f rom s imple  behav ior  have  been  repor ted  for Fe20:~ in the  
form of single crystals (1, 2), polycrysta l l ine  ceramics  
(3-5), and f lame-oxidized iron (6, 7). The  ex ten t  to which  
these  complex i t i e s  occur  seems to d e p e n d  sensi t ively  on 
the  sample  prepara t ion  condi t ions;  this points  towards  an 
impor t an t  role for defect  states, e i ther  in the  bulk  or at 
the surface. 

In  this paper,  we repor t  a compar i son  of the  photoelec-  
t rochemica l  behav ior  of  polycrys ta l l ine  and amorphous  
Fe20:~. Our basic resul t  is that  the  absence  of  long-range 
order  in amorphous  Fe20:~ has no inf luence  on those  
proper t ies  which  are normal ly  associated wi th  the  crystal- 
l ine e lectronic  band  s tructure.  Only those  parameters  
wh ich  control  the  k inet ics  of  the  forward  and back- 
react ions  of  the  pho to-ox ida t ion  of  water  (wi thout  added  
r edox  couples)  differ s ignif icantly be tween  the  amor- 
phous  and crystal l ine forms.  

Experimental 
Polycrys ta l l ine  samples  of  Fe,.996Sn0.00403 (labeled 

c-Fe20~ f rom here  on) were  p repared  f rom Fe203 and SnO~ 
(both bet ter  than  99.999%, J o h n s o n  & Ma t they , .Pu ra -  
t ronic grade). The  ox ide  mix tu r e  was pressed  into disks 
and fired in air for 16h at 1300~ fo l lowed by a fast air 
quench .  S a m p l e  area was 1.2 cm ~, and its th ickness  was 
0.2 cm. X-ray diffract ion showed  only l ines of  a-Fe203 
(hemat i te  structure).  A m o r p h o u s  samples  (a-Fe203) of  the  
same compos i t ion  were  p repared  in th in  film form by 
us ing  some  of these  disks as sput te r ing  targets.  Sput-  
te r ing  took place in a small  R F  t r iode sput te r ing  sys tem 
(P lasmax  121) in an argon a tmosphere ,  onto  stainless- 
steel  disks for the  samples  used  in the  e lec t rochemica l  ex- 
pe r imen t s  and onto fused silica substrates  for control  
samples .  Very low p lasma power  was used,  resu l t ing  in a 
g rowth  rate of  only ~1.0 t~m/day, onto the  water -cooled  
substrates.  X-ray diffract ion of a 3 t~m th ick  control  
sample  showed  ne i ther  d iscernib le  l ines nor  broad bands.  
The  exce l len t  stabil i ty of the  a-Fe203 films was tes ted  by 
hea t ing  this control  sample  for a few hours  in air at suc- 
cess ively  h igher  t empera tu re s  wi thou t  crystall izing; only 
dur ing  hea t ing  at 950~ did the  sample  t ransform to the 
crystal l ine state, as was seen  by the  appearance  of  sharp 
a-Fe203 x-ray diffract ion l ines and by the  roughen ing  of 
the p rev ious ly  mi r ro r - smooth  surface. P rev ious  experi-  
ence  wi th  prepar ing  amorphous  c o m p o u n d  oxides  in our  

*Electrochemical Society Active Member. 

e q u i p m e n t  has shown that  the chemica l  compos i t ion  of  
the  spu t te red  film is equal  (within -+5%) to the  target  
composi t ion .  The  a-Fe20:~ films were  insoluble  in s t rong 
acid and base; o n l y  35% H J  e tched  the film at a rate of  
~3/zm/h .  

The resist ivi ty (p), Hall  coefficient  (RH),  and 
thermoelec t r ic  power  (S) were  measured  by s tandard  
techniques .  Ohmic  contac ts  were  m a d e  wi th  i nd ium ap- 
p led  wi th  an ul t rasonic  so lder ing  iron. The  e lec t rochem-  
ical measu remen t s  were  m a d e  in a one -compar tmen t  cell; 
the  samples  were  proper ly  masked  and the counterelec-  
t rode  was 7 cm'-' of f reshly plat inized Pt. Potent ia ls  were  
measu red  wi th  respect  to the  SCE. Solu t ions  were  contin- 
uous ly  f lushed wi th  hydrogen.  Current -vol tage  curves  
were  measured  15otentiostatical]y; i l luminat ion  was wi th  a 
pulse  of xenon-arc  l ight (0.90 W/cm 2 at the  sample  surface) 
and t ime-dependen t  currents  were  recorded  wi th  a stor- 
age oscil loscope.  The q u a n t u m  eff iciency was measured ,  
on an arbitrary scale, wi th  chopped  m o n o c h r o m a t i c  l ight 
and a lock-in amplif ier  over  the  ent ire  wave l eng th  range 
300-900 nm; in the  sub-bandgap  region,  great  care was 
t aken  to avoid  spur ious  effect  due  to second-order  radia- 
t ion and stray l ight  f rom the  monochromato r .  The  results  
were  then  pu t  on an absolu te  scale (with a poss ible  -+10% 
error) by measur ing  direct ly  wi th  the osci l loscope the  in- 
s tantaneous  and s teady-state  currents ,  at the  same sample  
potential ,  unde r  m o n o c h r o m a t i c  i l luminat ion  at k = 400 
nm. L igh t  intensi t ies  were  measu red  wi th  a cal ibrated ra- 
d iometer ,  and were  correc ted  for reflect ivi ty losses at the 
sample  surface. The  e lec t rode  i m p e d a n c e  was measu red  
in 1M NaOH and 0.1M Na2HPO~ in the  range 7 • 10- '  < f 
< 7 x l0 w Hz us ing  a sys tem similar  to that  descr ibed  in 
Ref. (8). 

Results 
Both  a- and c-Fe~Q samples  were  n- type semiconduc t -  

ors wi th  proper t ies  r ep roduc ib le  to -+5%. The room tem- 
pera ture  electr ical  parameters  for c-Fe~O:~ were:  p = 40 
~-cm,  RH = 15 cm:VC, and S = 580 ~tV/K. For  the  3 tLm 
a-Fe20:~ film, p = 4.5 • 102 t%-cm; RH and S could  not  be 
measured .  

The  real and imaginary  parts  of the  complex  i m p e d a n c e  
were  bo th  f requency  d e p e n d e n t  accord ing  to Zi.~ ~ f -%  
with  a ~- 0.8 for both  a- and c-Fe20:~; s imilar  resul ts  have  
been  repor ted  p rev ious ly  (5). In te rpre t ing  the  imaginary  
part  as a pure  capaci tance,  Zi = (~oC) -~, t hen  a s l ightly 
cu rved  Mot t -Schot tky  plot  of  C -2 vs. V at a g iven  fre- 
quency  can be obta ined;  for f = 14.7 Hz, such  a plot  is 
shown  in Fig. 1. At  this low f requency ,  the  va lue  of  C = 
(coZy)-' at V - VrB = 0.5V is 0.44 F /m 2 for the  polycrystal-  
l ine sample.  This  compares  wi th  a theore t ica l  dep le t ion  
layer  capaci tance  of  0.06 F /m 2 and a He lmho l t z  capaci- 
tance  of  CH = 0.2 F /m ~. However ,  the s ignif icance of  the  
measu red  capaci tance  is doubtful ,  s ince the  Mott- 
Scho t tky  s lopes were  found  to be  f r equency  dependent .  
The  in te rcep t  vol tages  Vo were  found to be  i n d e p e n d e n t  
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of f r e q u e n c y .  In  t he  f r e q u e n c y  r a n g e  2 < f <  3 x 104 Hz, Vo 
is iden t i ca l  for  a- a n d  c-Fe203, a n d  equa l  to -0 .85  -+ 0.05V 
(SCE) in  1M N a O H  a n d  -0 .55  • 0.05V (SCE) in  0.1M 
Na2HPO4 (pH = 9.2) so lu t ion .  

The  t i m e  d e p e n d e n c e  of t h e  p h o t o c u r r e n t  is s h o w n  in 
Fig. 2a, w h i c h  also gives t he  def in i t ions  of the  i n s t a n t a n e -  
ous  ( i t ) ,  s teady-s ta te  (iD, a n d  da rk  (id) cu r ren t s ,  i, a n d  i~ 
were  p r o p o r t i o n a l  to the  i n c i d e n t  l igh t  i n t e n s i t y  in  the  
r ange  of 0.2-0.9 W/cm 2 for  all so lu t ions ,  i-V cha rac te r i s t i c s  
were  r e p r o d u c i b l e  to -+10% b e t w e e n  d i f fe ren t  samples .  
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The  r i s e t ime  of it was  ~< 1 ms,  t he  r i s e t ime  of  t he  l igh t  
pulse ;  t he  decay  t i m e  is of  t he  o rder  of 5-10 ms.  F igu re  3 
s h o w s  the  po t en t i a l  d e p e n d e n c e  of  t he  c u r r e n t s  in  1M 
NaOH. 1 For  c-Fe20:, it se ts  in  at  V,)N.t = -0.65,  b u t  i~ be- 
c o m e s  m e a s u r a b l e  on ly  w h e n  V ~ VoN,, = -0 .2V.  Only  at  
m u c h  h i g h e r  a n o d i c  po ten t ia l ,  V => +0.5V, do t he  s h a r p  
t r a n s i e n t  c u r r e n t  sp ikes  d i sappear ;  t h e r e  i t a n d  i~ are  iden-  
tical. The  da rk  c u r r e n t  is less  t h a n  10 ~A over  t he  en t i r e  
p o t e n t i a l  range.  

For  a-Fe~O:~, i t sets  in  also at  Vox.t = -0 .65V,  b u t  the  
s t eady-s t a t e  c u r r e n t s . c a n n o t  be  o b s e r v e d  un t i l  a po t en t i a l  
of VoN.~ = +0.4V (SCE) is r eached .  At  h i g h e r  po ten t ia l s ,  i~ 
a n d  id i nc rease  sharp ly ,  b u t  i t decreases .  For  V ~> (VoN,~ + 
0.2), t he  cu r r en t s  for a -Fe2Q b e c o m e  ve ry  no i sy  a n d  are 
no t  r ep roduc ib le .  The  i-V cu rves  of  Fig. 3 do no t  c h a n g e  
w h e n  c h a n g i n g  t he  e lec t ro ly te  to HC104, H2SO4, Na- 
ace ta te ,  N a - p h o s p h a t e ,  or NaNO:~ so lu t ions ,  e x c e p t  for a 
ho r i zon ta l  sh i f t  of  a p p r o x i m a t e l y  60 m V / p H  u n i t  change .  
S a t u r a t i n g  t he  so lu t ions  w i t h  02 i n s t ead  of  H~ does  no t  
c h a n g e  t he  cu rves  apprec iab ly .  A d d i n g  0.01M K B r  to t he  
1M HC10;~ so lu t ion  r e d u c e d  t he  d i f fe rence  b e t w e e n  i t a n d  
i~ by  ~ 80%. In IM HC104 + 0.01M KI  so lu t ion ,  the  i, cu rve  
was  iden t ica l  to t he  i t c u r v e  for t he  c-Fe~O:~ samples ;  da ta  
cou ld  no t  be  o b t a i n e d  for t he  a-Fe20:~ s a m p l e s  s ince  in  
th i s  so lu t ion  t hey  d i s so lved  ve ry  qu ick ly  as soon  as t he  
p o t e n t i a l  was  i n c r e a s e d  f rom VoN.t. The  nea r ly  c o m p l e t e  
d i s a p p e a r a n c e  of t he  t r a n s i e n t  c u r r e n t  p e a k s  was  also ob- 
s e rved  in 1M N a O H  + 0.1M NasS + 0.01M $8 so lu t ions ;  
Fig. 4 shows  the  i-V curves .  The  a- a n d  c-Fe~O:~ s a m p l e s  

~An anonymous referee has pointed out that  the photocurrents 
of 2% Si-doped Fe203 samples are dependent on the quenching 
conditions. No such effect was found for our samples, as long as 
during preparation no Fe:~O4 was formed by too high a tempera- 
ture or too reducing an atmosphere during sintering. 
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h a v e  n o w  nea r ly  iden t i ca l  it a n d  i~ curves ;  t h e y  on ly  give 
d i f f e ren t  i~ curves .  In  con t ras t ,  t h e  p h o t o c u r r e n t s  in  1M 
N a O H  are  a lways  l a rger  for c- t h a n  for a-Fe~O:~. 

The  q u a n t u m  eff ic iency ~ for the  i n s t a n t a n e o u s  cur- 
r e n t  Iv = i t / (pho ton  f lux at  surface)]  is s h o w n  in  Fig. 5. 
T h e s e  m e a s u r e m e n t s  were  p e r f o r m e d  in  0.1M N a ~ H P Q  
(pH = 9.2) so lu t ion  a t  a p o t e n t i a l  V = +0.75V (SCE). At  
th i s  po t en t i a l  ia a n d  i~ for  a-Fe~O:~ are still  zero, a n d  t he  
o the r  c u r r e n t s  are v e r y  s t ab l e  a n d  no ise  free, a l lowing  a 
re l iab le  d e t e r m i n a t i o n  of  ~ over  6 o rders  of m a g n i t u d e .  
F i g u r e  5 also s h o w s  t h e  opt ica l  a b s o r p t i o n  coeff ic ient  
for  c-Fe~O:~ f rom Ref. (9) a n d  t he  p r e l i m i n a r y  r e su l t s  of our  
m e a s u r e m e n t s  of a for  a-Fe.~O:.,. Over  the  l imi t ed  c o m m o n  
wavelength range, ~ for a- and c-Fe~O~ are essentially 
identical. The energy of the interband transitions was de- 
termined from plots of (~h,) a vs. h~,. In the range 2.1 < h~ 
< 2.7 eV, a linear plot was obtained for m = Ve, giving an 
indirect allowed bandgap transition at E,., = 1.96 -+ 0.03 
eV. For 2.9 < h~ < 4.2 eV, we found m = 2 and E,.~ = 2.73 
+ 0.05 eV. These energies were identical for a- and c-Fe~O:~ 
and are in good agreement with values reported for 
s ing le -c rys ta l  Fe~O:~ (10). T he  (~h~) m p lo t s  gave  E~., = 1.95 
+- 0.08 eV for  b o t h  a- a n d  c-Fe~O;~. All s a m p l e s  s h o w e d  a 
smal l  s u b s i d i a r y  m a x i m u m  in t he  V-spec t rum at  h ,  = 1.50 
_+ 0.1 eV; ve ry  carefu l  c h e c k i n g  s h o w e d  t h a t  th i s  was  no t  
a n  a r t i fac t  of  t h e  m e a s u r i n g  p rocedures .  

Discuss ion  
In  t h e  s imp le s t  m o d e l  (11) o f  pho toe lec t ro lys i s ,  t h e  

p h o t o c u r r e n t  is bas ica l ly  d e t e r m i n e d  by  t h e  sol id-s ta te  
p r o p e r t i e s  of  t he  s e m i c o n d u c t o r :  t he  pos i t i on  of  t h e  con-  
d u c t i o n  a n d  v a l e n c e  b a n d e d g e s ,  t he  bandgap(s ) ,  a n d  op- 
t ical  a b s o r p t i o n  coeff ic ients ,  a n d  t he  d e p l e t i o n  layer  
w i d t h  a n d  ho le  d i f fus ion  coefficient .  The  p h o t o c u r r e n t  is 
t h e n  e q u a l  to t he  f lux of  p h o t o g e n e r a t e d  ho les  a r r iv ing  at  
the  s e m i c o n d u c t o r - s o l u t i o n  in ter face ;  t he  cha r ge - t r an s f e r  
a n d  c h e m i c a l - r e a c t i o n  k ine t i c s  are  no t  s u p p o s e d  to b e  
r a t e  l imi t ing .  F r o m  n u m e r o u s  e x p e r i m e n t s  (3, 4, 7), i t  is 
c lear  t h a t  th i s  is n o t  va l id  for m o n a -  a n d  po lyc rys ta l l ine  
Fe~O:~; specif ical ly ,  t he  e x i s t e n c e  of t r a n s i e n t  p h o t o c u r -  
r en t s  shows  t h a t  t r a n s f e r  k ine t i c s  c an  be  ra te  l imi t ing  
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Fig. 5. Left scale: the quantum efficiency 77 of the instantaneous cur- 
rent for amorphous ( - A - A - A - A - A - )  and crystalline ( - 4 ~ Q ~ 4 ~ Q - )  
Fe,.~96SnHo40:~, measured in 0.1M Na2HPO4 atV = + 0 . 7 5  (SCE). Right 
scale: The absorption coefficient a for crystalline ( ) Fe~O:~ 
[Ref. (9)] and for amorphous ( . . . . . . . . .  ) Fe,..~.~6Sn0.oo40:~. 

w i t h  sur face  s ta tes  p lay ing  a n  essen t i a l  role. Only  for t he  
p h o t o - o x i d a t i o n  of  r e d o x  spec ies  s u c h  as I -  ions  does  
Fe~O~ b e h a v e  ideal ly  (12). We will  n o w  d i scuss  h o w  the  
va r ious  p a r a m e t e r s  w h i c h  in f luence  t h e  pho toe lec t ro -  
c h e m i c a l  b e h a v i o r  differ  b e t w e e n  a- a n d  c-Fe~O:~. 

A n  e x h a u s t i v e  r ev i ew (13) of t he  e x p e r i m e n t a l  da ta  re- 
l a t ing  to e l ec t ron ic  t r a n s p o r t  in  c-Fe203 has  s h o w n  tha t ,  
m o s t  l ikely,  t he  e lec t rons ,  ion ized  f r o m  the  S n  donors ,  
m o v e  as large  p o l a r o n s  w i t h  low mob i l i t y  in  a r a t h e r  nar-  
r ow  3 d - c o n d u c t i o n  b a n d .  The  e l ec t ron  ef fec t ive  m a s s  is 
(m*/mo) ~ 6, a n d  at t he  S n  d o p i n g  level  u s e d  in  our  
s a m p l e s  t he  d o n o r  ion iza t ion  ene rgy  is ED ~ 0.20 eV. 
T h e s e  p a r a m e t e r s  give a dens i t y  of  s t a tes  Nc ~ 3.65 x 102o 
cm-3;  for  a d o n o r  c o n c e n t r a t i o n  Nv = 8.0 • 10 TM c m  -3, t he  
ca lcu la ted  car r ie r  c o n c e n t r a t i o n  is n = 2.5 x 10 TM c m  -3 and  
t he  F e r m i  level  is AEr = 0.13 eV b e l o w  the  c o n d u c t i o n  
b a n d e d g e .  The  ca l cu la t ed  mob i l i t y  is ~ = 0.6 cm~/Vs, an  
a c c e p t a b l e  va lue  for  a la rge  polaron .  The  Hal l  e f fec t  is 
a n o m a l o u s  in  Fe2Q,  a n d  n c a n n o t  be  ca l cu la t ed  d i rec t ly  
f rom RH. A n  i n d e p e n d e n t  v a l u e  of AEr can  be  o b t a i n e d  
f r o m  the  t h e r m o e l e c t r i c  p o w e r  S = (k/q)(A + AE~/kT), al- 
t h o u g h  t he  re l iab i l i ty  of  t he  r e su l t  is s o m e w h a t  d o u b t f u l  
due  to i m p u r i t y  c o n d u c t i o n  effects.  Wi th  A = 2 (13), t h e  
m e a s u r e d  S va lue  gives  AE~ = 0.12 eV, c o n s i s t e n t  w i t h  t he  
p r e v i o u s  es t imate .  Fo r  a-Fe~O3, the  c o n d u c t i v i t y  m e c h a -  
n i s m  is u n k n o w n ,  b u t  o x i d e s  s u c h  as WO3 w h i c h  s h o w  
large  p o l a r o n  c o n d u c t i o n  in  t he  c rys ta l l ine  f o r m  are  low 
m o b i l i t y  smal l  p o l a r o n  c o n d u c t o r s  in  t he  a m o r p h o u s  
fo rm (14). The  la rger  res i s t iv i ty  of  a-Fe203 as c o m p a r e d  to 
c-Fe203, i nd ica t e s  t h a t  s u c h  m a y  be  the  case  for Fe203 as 
well. Fo r  b o t h  a- a n d  c-Fe203, however ,  t he  res i s t iv i ty  is 
suf f ic ien t ly  smal l  t h a t  p h o t o c u r r e n t s  are no t  l imi t ed  b y  
s low ca r r i e r  t r a n s p o r t  in  t he  solid. 

The  e x p e r i m e n t a l  da ta  s h o w  t h a t  for Fe~O:, t h e  a b s e n c e  
of  l ong - r ange  o rde r  ha s  no  d i s ce rn ib l e  in f luence  on  t he  
b a n d g a p  ene rg ies  Eg,l a n d  Eg,2 , w h e t h e r  t h e y  are deter-  
m i n e d  f r o m  s t r a igh t  a b s o r p t i o n  or f r o m  q u a n t u m  effi- 
c i e n c y  measurements. The absolute position of the band- 
edges can be determined from the flatband potential, 
which is, as we will show later, e_quai to -0.65V (SCE) in 
IN NaOH for both a- and c-Fe20:~. At the pH of zero 
charge [7.1 for Fe20~, (15)], the Fermi level therefore lies 
-0.65 + (14-7.1) • 0.06 + 4.74 = 4.50 eV below the vacuum 
level. This puts the conduction bandedge at 4.37 eV and 
the valence bandedge at 6.33 eV, in fair agreement with 
the value of 5.9 eV found from photoemission measure- 
ments (16). Presumably, the valence band wave functions 
are derived primarily from Fe '~ (3d '~) atomic terms; the 
band lies about IV deeper than the 3d-valence bands in 
CuO (17) and NiO (18). Speculatively, we assign the E~.z = 
2.73 eV energy to a transition from a deeper lying O-2p 
valence band to the conduction band. This puts the O-2p 
band at 7.1 eV below the vacuum level, close to the posi- 
tion (7-7.5 eV) found for most metal oxides. 

The quantum efficiency ~ for the instantaneous cur- 
rent (which is not limited by surface reaction kinetics) (7) 
will be proportional to the optical absorption coefficient 

if both the depletion layer width W and the hole diffu- 
sion length Lp are smaller than the optical penetration 
d e p t h  (~-' (11). Close to t he  E~,, b a n d g a p ,  ~a a n d  ~}~ are  
nea r ly  ident ica l ,  b u t  a t  h i g h e r  p h o t o n  ene rg i e s  t h e y  differ  
inc reas ing ly ,  e v e n  t h o u g h  a~ a n d  a~ are  e s sen t i a l ly  iden-  
tical. I t  is un l i ke ly  t h a t  th i s  d i f fe rence  is due  to a differ- 
ence  in  e i t he r  W or L~, s ince  t h e  s a m p l e s  are  d o p e d  
equa l ly  a n d  s ince  one  e x p e c t s  L, to  be  smal ler ,  i f  any- 
th ing ,  in  t he  a m o r p h o u s  state.  We h a v e  no  e x p l a n a t i o n  for 
th i s  d i f ference .  Near  a n d  b e l o w  E~.,, t h e  p ropo r t i ona l i t y  of 

a n d  ~ b r e a k s  down,  s ince  a b s o r p t i o n  p r o c e s s e s  w h i c h  
do  no t  c rea te  ho l e - e l ec t ron  pa i rs  c o n t r i b u t e  to  ~. The  
s lope of log ~ vs. hv nea r  E~., is la rger  for a-Fe20:, t h a n  for  
c-Fe~O:~; th i s  m a y  ind i ca t e  t h a t  in  a-Fe20:~ t h e  b a n d e d g e s  
are less  sharp .  We a sc r i be  t he  smal l  m a x i m u m  at h~ = 1.5 
eV to a t r a n s i t i o n  i n v o l v i n g  a s ta te  i n s i d e  t h e  b a n d g a p ,  ei- 
t h e r  f rom a n  o c c u p i e d  s t a t e  0.4-0.5 eV a b o v e  t he  v a l e n c e  
b a n d  or to an  e m p t y  s ta te  b e l o w  the  c o n d u c t i o n  b a n d  [at 
t he  m e a s u r i n g  p o t e n t i a l  of V = +0.75V (SCE) in  a pH = 
9.2 so lu t ion  t he  F e r m i  level  l ies b e t w e e n  t h e s e  two  possi-  
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ble states], c-Fe~Q has two weak and broad absorpt ion 
bands  in this region (9), at  h ,  = 1.60 and 1.43 eV, which  
are due  to fo rb idden  d-d crystal  field t ransi t ions of  the 
Fe  :~ ion. Al though  it is, in principle,  poss ib le  that  the small  

m a x i m u m  at h~ = 1.5 eV is due  to a hea t ing  effect  (19) 
f rom these  crystal  field absorpt ions,  the sharpness  of the  
m a x i m u m  and the  absence  of  any effect  of increased  stir- 
r ing or  choppe r  speed  on the  magn i tude  of  7? makes  this 
ve ry  unlikely.  

The  s trong f requency  d e p e n d e n c e  of the c o m p l e x  im- 
pedance  for both  a- and c-Fe~O:~ has been  observed  also in 
single crystals (2), polycrys ta l l ine  (5), and the rmal ly  oxi- 
dized (6) iron samples;  a sat isfactory mode l  for it is 
lacking. The  s lopes of the often curved  Mot t -Schot tky  
plots  cannot  be used  to de te rmine  donor  densi t ies  ND in 
any re l iable  manner .  However ,  the  in tercept  vol tages  V,,, 
at a g iven  pH, are near ly  equal  fo r  all d i f ferent  forms of  
Fe~O:~; our value,  Vo = -0.85 -+ 0.05V (SCE) at pH ~ 14 is 
val id for both a- and c-Fe.~O:~ and i n d e p e n d e n t  of fre- 
quency.  V,, is related to the  flatband potent ia l  according  
to (20, 21) 

Vo VF~ ( - k T  k T  ) . . . .  r + In r - (qeeoNo/2C,"-) [1] 
q q 

wi th  r = ND+/ND the  fract ion of  ionized donors  in the  bulk 
and CH the  Helmhol tz  layer capacitance.  The first rhs 
term,  due to incomple te  donor  ionizat ion at f latband po- 
tential,  can be calcula ted f rom the e lect ronic  proper t ies  
de te rmined  prev ious ly  and equals  -0.09V. The value  of 
the  second  term, wh ich  comes  f rom the  cont r ibu t ion  of 
the He lmhol tz  layer  capaci tance  to the  overall  measu red  
capaci tance,  depends  s t rongly on the  values  adopted  for e 
and C~. For  Fe~O:~, repor ted  values  of �9 range f rom 20 (22) 
via 80 (4, 6) to 120 (1), d e p e n d i n g  on measur ing  f requency  
and sample  preparat ion;  we will  use �9 = 80, measu red  (4) 
by a direct  subs t i tu t ion  m e t h o d  on u n d o p e d  polycrystal-  
l ine samples.  A rel iable  va lue  of C~ for ox ide  semicon-  
ductors  is not  available;  we  will use  the  genera l ly  ac- 
cep ted  value  C ,  = 0.2 F/m ~ (23). We note  that  a recent  
repor t  (2) shows a very  large shift  of V~, wi th  ND (deter- 
mined  f rom a MS slope) for single-crystal  Zr -doped  Fe~O:~, 
leading to a value  C~ = 0.055 F/m ~ wi th  �9 = 120. This pair  
of  values  would  give a second rhs t e rm in Eq. [1] of 2.2V, 
and lead to the  conc lus ion  that  90%-95% of the  appl ied  po- 
tent ial  appears  as a vol tage  drop over  the  He lmhol tz  
layer; both consequences are difficult to accept. With �9 = 
80 and C, = 0.2 F/m ~ the correction term equals 0.11V; 
therefore, the flatband potential in 1M NaOH is -0.65 -+ 
0.05V (SCE). 

I f  C~ is not  ve ry  large compared  to the deple t ion- layer  
capac i tance  C~, then  the  appl ied  potent ia l  V - V ~  will  
par t i t ion i tself  be tween  the  Helmhol tz  layer  ((b~) and the 
dep le t ion  layer (r Values of  (bJ(V - V~) can be calcu- 
la ted f rom the  express ions  (20, 21) 

V - VF,~ = 4), + 4 .  [2] 

4). = Q~CH-' [3] 

Q~ = (2Ni,~e,,kT)''- [(qd),/kT) + r {exp ( - q g o J k T ) -  1} 

+ in {r + (1 - r )  exp (-qr [4] 

where  the  express ion  used  for Q ,  the surface charge  den- 
sity, is valid for (V - VnO ~ kT/q .  For the parameters e = 80, 
CH = 0.2 F/m 2, and ND = 8 • 102~ m -'~, app rox ima te ly  half  
the  appl ied  total  potent ia l  drop is over  the  dep le t ion  layer 
(Fig. 2b). We note  that  therefore  the  bandedges  are not  
f ixed on the energy  scale w h e n  a potent ia l  is applied,  but  
that  t hey  will  shift  by  an a m o u n t  qq~H wh ich  can  be  ob- 
ta ined f rom Fig. 2b. 

The  onset  vol tages  VoN.t for the ins tantaneous  photo- 
cur ren t  it are equal  for a- and c-Fe20~, and are equal  
wi th in  exper imenta l  error  to the  f latband vol tage VF,; 
Fig. 3 shows it, i~, and id as a func t ion  of  (V - VF~) and (b~. 
The  smal ler  it values  for a-Fe.2Oa are a resul t  of  the  smal ler  

in the UV. A signif icant  difference b e t w e e n  a- and 
c-Fe~O:~ shows up at larger  bandbending .  For  a-Fe~O3, the  
potent ia l  VoN.~ is 0.6V larger  and coincides  wi th  the  onset  
of  a large dark current  and a decrease  in ins tan taneous  
current .  The difference be tween  it and i~ is genera l ly  at- 
t r ibuted  (3, 7) to the  back-react ion  (reduction) of  an inter- 
media te  fo rmed  by the  anodic  pho tocu r ren t  it. The  ca- 
thodic  reduc t ion  process  under  anodic  bias has  been  
shown (24, 25) to be a two-s tep  process:  t ransfer  of  elec- 
t rons (surface concen t ra t ion  n~) at a rate k, to surface 
states (densi ty N~), fo l lowed by an i soenerget ic  t ransfer  
(rate k~) to the solut ion species (concentra t ion Cox). The  re- 
duc t ion  current  is g iven  by 

j,. = -qN~k,n~k.2C, J(k,n~ + k=,Co.,) [5] 

At small  band bending,  k,n~ > k2Co~ and j~ = -qN~k2C,,~ in- 
d e p e n d e n t  of potential .  At  larger band bending,  the cur- 
ren t  is l imi ted by the  t ransfer  to the surface states and is 
g iven  by Jr = -qN~k ,n~  with  n~ = n exp (-dz,/kT). With this 
mode l  IJ~.l = [Jt - J~] and the onset  vol tage V,~N.~ is deter- 
mined  by a kinet ic  condi t ion:  k,n~ ~ k.,C,,,. Now, C,,~ is 
propor t iona l  to it and N~, and  at the  s teady-state  cur ren t  
onsets  we  have  (it)~ ~ (it)e. Therefore,  the  mode l  parame-  
ters N~, k,, and k,2 for a- and c-Fe~O,~ are related by 

[(N~,~k,/k2)a]/[(N~k,/k~)r ~ exp [(q~*~.~ - 4)%r ~- 5 x 106 

where  qS*~,a and 4)%r are the  potent ia l  drops over  the  de- 
p le t ion  layer at s teady-state  current  onset. It  is clear that  
the  surface states are  m u c h  more  n u m e r o u s  and/or  effec- 
t ive in a-Fe20~ than  in c-Fe20:~. We note, however ,  that  this 
mode l  has a serious difficulty in account ing  for the  mag- 
n i tude  of  the  current  f rom the  conduc t ion  band to the  
surface states; this is even  more  so for a-Fe20:~, where  jus t  
before VON,s the surface density of electrons is only 1.5 • 
10 9 cm -3. Tunneling through the depletion layer is un- 
likely to be important, since its width is at least 8 x 
10-gm. 

Specifically,  for a-Fe20:~, the  s imul taneous  onse t  of  i~ 
and ie suggests  that  the  posi t ion of the  Fe rmi  level  deter- 
mines  VoN.~. At  small  r the  Fe rmi  level  will  lie above  the 
surface states which  are then  efficient e lec t ron t ransfer  
centers  f rom the  solid to the  solution. At  larger ~b~, the  
level  is be low the  surface states, and the  n o w  unoccup i ed  
states become,  in the  dark, efficient centers  for the re- 
ve r se  transfer,  g iv ing rise to a large dark current .  The  un- 
occupied  states could also act  as r ecombina t ion  centers  
for pho togene ra t ed  holes,  so that  it starts to decrease  for V 
> Vo~.~. These  states mus t  t hen  lie ok% + AEf ~ 0.5 eV be- 
low the  conduc t ion  bandedge ,  and they  m a y  be responsi-  
ble for the  small  m a x i m u m  in ~ at hv = 1.5 eV. Al though  
this mode l  m a y  be val id for a-Fe20:~, it obvious ly  cannot  
p rov ide  a c o m m o n  exp lana t ion  for the  different  i -V curve  
of c-Pe~O:~. 

The  addi t ion of  the S2-/Sn 2- redox  couple  to the  solu- 
t ion resul ts  in the near ly  comple te  absence  of t rans ient  
currents  (7). Excep t  for the  early onset  of a large dark cur- 
rent,  the  dif ference be tween  a- and c-Fe~O:~ also disap- 
pears. All pho toeur ren t s  are small  due  to the  absorpt ion  
of UV by the  ye l low solution. The absence  of  a back- 
react ion is puzzling; the  s tandard  r edox  potent ia l  S ~ - /S ,  ~- 
l i e s ; a t  pH  = 14, only  ~ 0.05V be low the  conduc t ion  
bandedge .  There  is, therefore ,  an apprec iab le  over lap of  
the  conduc t ion  band states wi th  the  sulfur states, so that  
a back-react ion could  take  place wi thou t  ~he necess i ty  of  
surface states. Whatever  the  reason for the absence  of  the  
back-react ion,  the  resul ts  show that  for this pho tochem-  
ical react ion amorphous  and crystal l ine Fe203 are no t  no- 
t iceably  different.  

Summary 
The differences b e t w e e n  amorphous  and polycrystal-  

l ine Fe20.~ are mos t  p ronounced  in those  photoelect ro-  
chemica l  proper t ies  which  relate direct ly  to defects;  this 
shows clearly in di f ferences  in dark currents  and in back- 
react ion current  in the  pho to-ox ida t ion  of  water.  Proper-  
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ties which are not controlled by defects, such as S 2- 
photo-oxidation currents, absorption spectra, bandgaps, 
and bandedge positions are nearly identical for a- and 
c-Fe203. The only exception to this is the smaller quan- 
tum efficiency for the instantaneous currents in the UV 
for a-Fe203. 
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The Effects of Surface Energetics and Surface Oxide Layers on the 
Cyclic Voltammetry of Metallocenes at Nonilluminated p-lnP 

Electrodes 
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John A. Turner** and Bruce A. Parkinson** 

Solar Energy Research Institute, Photoconversion Research Branch, Golden, Colorado 80401 

ABSTRACT 

Electron-transfer processes at highly doped p-InP electrodes were investigated by monitoring the cyclic 
voltammetric dark currents of a series of metallocenes in acetonitrile solutions. The formal reduction potentials of the 
metallocenes span the bandgap of InP, allowing a comparison of the cyclic voltammetric response as a function of the 
formal reduction potential and the energetic condition of the electrode surface. Since the electron transfer of all of the 
metallocenes was electrochemically rever.sible on the timescale of cyclic voltammetry at a plat inum electrode, differ- 
ences in the voltammetric responses at p-InP were attributed to processes within the semiconductor or to surface phe- 
nomena. The energetic condition of the electrode surface during the cyclic voltammetric experiments was monitored by 
measurements of the capacitance of the space-charge region. Although a simple chemical etching and electrochemical 
cycling procedure yielded reproducible surface energetics, the p-InP/oxide/CH:~CN interface responded ideally to 
changes in electrode potential over a range of only about 0.SV. Metallocene redox couples with E ~ located within that 
range exhibited reversible cyclic voltammetry when the experiment was performed within that range. The couples with 
E ~ located outside of the ideal range displayed irreversible cyclic voltammetry. Voltammetric responses for p-InP elec- 
trodes with different crystal orientations and doping densities were compared. 

Kinetics of electron-transfer processes occurring at 
metal electrode/solution interfaces have been studied for 
many years (1-5); however, kinetic processes at semicon- 
ductor electrode/solution interfaces have not received the 
same level of experimental scrutiny (6-12). This situation 
is a result of the relatively new use of semiconductor elec- 
trodes in electrochemical systems (13-16), the kinetic 
complexity of photoelectrochemical current flow, and 
the diversity of properties found for different semi- 
conducting materials (8) and for different crystals of the 
same semiconducting material. In addition to the factors 
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that control the rates of electrochemical reactions at met- 
als (e.g., diffusion of solution species, reorganization ener- 
gies, and double-layer effects) (1-5), the rates of photo- 
electrochemical reactions are affected by processes that 
occur within the electrode (e.g., carrier diffusion and 
recombination) and by the dependence of these processes 
on light intensity and photon energy (6-12). 

To investigate the ways that heterogeneous kinetics at 
semiconductor electrodes are affected by various combi- 
nations of the formal reduction potentials of solution spe- 
cies and the energetic condition of the electrode surface, 
we have measured cyclic voltammetric dark currents in 
acetonitrile solutions for cobaltocene and a number  of fer- 
rocene derivatives at highly doped p-InP electrodes. 
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P r o p e r  i n t e r p r e t a t i o n  of  t he  cycl ic  v o l t a m m e t r i c  da ta  re- 
qu i r e s  specific k n o w l e d g e  of the  ene rge t i c s  at  t he  
s e m i c o n d u c t o r  e l ec t rode / so lu t ion  in terface .  This  in fo rma-  
t ion  has  b e e n  de r ived  f r o m  capac i t ance  da ta  t h a t  was  ob- 
t a i n e d  in t he  s a m e  so lu t ions  a n d  w i t h i n  t he  s ame  po ten-  
t ial  r eg ions  as the  cyclic v o l t a m m e t r y  e x p e r i m e n t s .  

I n d i u m  p h o s p h i d e  was  c h o s e n  as t he  e l ec t rode  ma te r i a l  
in  t h e s e  s tud ies  b e c a u s e  s ingle-crys ta l  s a m p l e s  are  availa- 
b le  f rom c o m m e r i c a l  sou rces  w i th  a va r i e ty  of crystal lo-  
g raph ic  o r i e n t a t i o n s  a n d  d o p i n g  dens i t ies .  F u r t h e r m o r e ,  
ear l ie r  r epor t s  i nd i ca t e  t h a t  if  n o n a q u e o u s  so lven t s  are 
u s e d  in  t he  e l e c t r o c h e m i c a l  cell, I n P  e l ec t rodes  w i th  re- 
p roduc ib l e ,  s table ,  a n d  nea r ly  idea l  sur face  cha rac te r i s t i c s  
can  be  p r e p a r e d  (17-19). T h e r e  has  b e e n  m u c h  i n t e r e s t  in  
I n P  r ecen t l y  b e c a u s e  it  is a smal l  b a n d g a p  ma te r i a l  (1.35 
eV) w h i c h  al lows for  nea r ly  o p t i m a l  over lap  w i t h  t he  solar  
s p e c t r u m .  This  m a k e s  I n P  a l ikely c a n d i d a t e  for  use  in  
eff ic ient  p h o t o e l e c t r o c h e m i c a l  devices  (20). 

Coba l t ocene  a n d  a ser ies  of  s u b s t i t u t e d  f e r rocenes  were  
c h o s e n  to p r o b e  t he  h e t e r o g e n e o u s  k ine t i c s  at  I n P  elec- 
t rodes ,  b e c a u s e  t h e  r e d u c t i o n  po ten t i a l s  for  t he  coup les  
i n v o l v i n g  the  ca t ion  a n d  n e u t r a l  f o rms  of  t h e s e  com- 
p l exes  s p a n  t he  b a n d g a p  of  I n P  (Fig. 1). A l t h o u g h  ser ies  
of  r e d o x  coup les  t h a t  i n c l u d e  f e r rocenes  h a v e  b e e n  u s e d  
in  m a n y  p h o t o e l e c t r o c h e m i c a l  s tudies ,  t he  sole use  of 
m e t a l l o c e n e s  ha s  severa l  advan tages .  In  a d d i t i o n  to hav-  
ing  iden t ica l  c h a r g e  types ,  t he  r edox  coup le s  u n d e r g o  
o u t e r - s p h e r e  e l ec t ron - t r ans f e r  r eac t ions  (21) b e c a u s e  t he  
me ta l s  are ine r t  to s u b s t i t u t i o n  in  b o t h  o x i d a t i o n  s ta tes . '  
F u r t h e r m o r e ,  t he  c o m p l e x e s  are  s t ruc tu ra l ly  s imilar ,  re- 
su l t i ng  in  s imi la r  r e o r g a n i z a t i o n  energ ies  as e v i d e n c e d  by  
s imi la r  h o m o g e n e o u s  se l f - exchange  ra te  c o n s t a n t s  (22) 
a n d  s imi la r  h e t e r o g e n e o u s  s t a n d a r d  ra te  c o n s t a n t s  (23-24). 
The  ra tes  of h e t e r o g e n e o u s  cha rge  t r a n s f e r  are  r ap id  
e n o u g h  to e n s u r e  t h a t  t he  r e d o x  reac t ions  a t  p l a t i n u m  
will  be  d i f fus ion  con t ro l l ed  on  t he  t imesca l e  of  t h e  cyclic 
v o l t a m m e t r y  e x p e r i m e n t s .  I t  c an  be  a s s u m e d ,  there fore ,  
t h a t  any  d i f fe rences  in  t he  h e t e r o g e n e o u s  k ine t i c s  as dis- 
c e r n e d  b y  the  v o l t a m m e t r i c  r e s p o n s e s  at  p - I n P  can  be  at- 
t r i b u t e d  to p roces se s  w i t h i n  t he  s e m i c o n d u c t o r  or to  sur-  
face p h e n o m e n a .  

ICobaltocene and the ferricenium ions eventually undergo 
solvolysis reactions, but not within the timescale of these 
experiments. 
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Fig. 1. Formal reduction potentials of the metollocenes in relation 
to the energy of the bandgap of InP. 

Experimental  

Reagents and materials.--Gold-label ace ton i t r i l e  
(Aldr ich)  was  t h o r o u g h l y  d r i ed  b y  re f lux ing  over  ca l c ium 
h y d r i d e  for  14h in  a n i t r o g e n  a t m o s p h e r e .  ~ The  suppor t -  
ing  e lectrolyte ,  t e t r a b u t y l a m m o n i u m  f luorobora te ,  
TBABF4,  ( S o u t h w e s t e r n  Ana ly t i ca l  Chemica l s ,  Incorpora -  
ted)  was  d r i ed  u n d e r  v a c u u m  for 2 days  a t  25~ 
Fe r rocene ,  ace ty l fe r rocene ,  1 ,1 ' -d iace ty l fe r rocene  
(Aldrich) ,  a n d  d e c a m e t h y l f e r r o c e n e  (S t rem)  were  
pur i f i ed  b y  sub l ima t i on .  C o b a l t i c i n i u m  
h e x a f l u o r o p h o s p h a t e  (S t rem)  was u s e d  w i t h o u t  f u r t he r  
pur i f ica t ion .  

Electrochemical measurements.--All e l e c t r o c h e m i c a l  
m e a s u r e m e n t s  we re  p e r f o r m e d  in  a V a c u u m  A t m o -  
s p h e r e s  C o n t r o l l e d - A t m o s p h e r e  Glove  B o x  c o n t a i n i n g  
he l ium.  A n  opaque ,  o n e - c o m p a r t m e n t  cell  was  u s e d  for  
all e l e c t rochemica l  m e a s u r e m e n t s .  The  ace ton i t r i l e  solu- 
t ions  c o n t a i n e d  0.5M TBABF4 as the  s u p p o r t i n g  electro-  
lyte. The  r e fe rence  e l ec t rode  was  a s i lver  wi re  i m m e r s e d  
in  a so lu t ion  of 0.01M AgNO:~ a n d  0.5M TBABF4 in  
ace toni t r i le ,  w h i c h  was c o n t a i n e d  in  a glass  t u b e  t h a t  was  
sea led  at  one  e n d  w i t h  a Vycor  glass  d i sk  ( P r i n c e t o n  Ap-  
p l ied  Research) .  Th i s  r e f e r e n c e  e l ec t rode  ha s  a po t en t i a l  
of  0.29V vs. SCE (25). Its po t en t i a l  was  m o n i t o r e d  dal ly  by  
c o m p a r i s o n  w i th  t he  f o r m a l  r e d u c t i o n  po ten t ia l ,  E ~ of 
the  f e r r i c e n i u m / f e r r o c e n e  couple ,  w h i c h  o c c u r r e d  at  ap- 
p r o x i m a t e l y  0.07V vs. t h e  Ag/Ag § r e f e r ence  e lec t rode .  All  
p o t e n t i a l s  h e r e i n  are r e p o r t e d  aga ins t  t he  E ~ for  
f e r rocene  +,~ (26). The  c o u n t e r e l e c t r o d e  was  a p l a t i n u m  
foil. 

Cyclic  v o l t a m m e t r y ,  CV, was  p e r f o r m e d  w i t h  a Pr ince-  
t o n  A p p l i e d  R e s e a r c h  Mode l  175 u n i v e r s a l  p r o g r a m m e r  
a n d  Mode l  173 po t en t io s t a t / ga lvanos t a t .  The  da ta  were  re- 
c o r d e d  on  a H o u s t o n  I n s t r u m e n t s  Mode l  2000 X-Y re- 
corder .  In  e x p e r i m e n t s  i n v o l v i n g  p - I n P  e lec t rodes ,  the  to- 
tal  c apac i t ance  of  t he  e l e c t r o c h e m i c a l  cell  was  m e a s u r e d  
b y  u s i n g  a P r i n c e t o n  A p p l i e d  R e s e a r c h  Mode l  5204 
lock- in  ana lyze r  a n d  a H e w l e t t  P a c k a r d  Mode l  3325A 
s y n t h e s i z e r / f u n c t i o n  g e n e r a t o r  i n t e r f aced  to a c o m p u t e r  
a cqu i s i t i on  sys tem.  

The  fo rmal  r e d u c t i o n  po ten t i a l s  of the  m e t a l l o c e n e s  
were  d e t e r m i n e d  f rom CV da ta  m e a s u r e d  at t he  p l a t i n u m  
e lec t rode  as t he  ave rage  of  t he  anod ic  a n d  ca thod i c  p e a k  
po ten t ia l s .  The  va lues  of  E ~ so d e t e r m i n e d  were  w i t h i n  
+ / -  70 m V  of  p r e v i o u s l y  r e p o r t e d  m e a s u r e m e n t s  (27-29). 
T h e  a p p r o x i m a t e  c o n c e n t r a t i o n s  of  t h e  f e r r o c e n e  deriva-  
t ives  were  d e t e r m i n e d  by  c o m p a r i n g  t he  m a g n i t u d e s  of  
the  CV p e a k  c u r r e n t s  o b t a i n e d  at a p l a t i n u m  e lec t rode  
w i t h  p e a k  c u r r e n t s  o b t a i n e d  in a so lu t ion  c o n t a i n i n g  a 
k n o w n  c o n c e n t r a t i o n  of  fe r rocene .  In  e a c h  CV exper i -  
men t ,  t he  p e a k  c u r r e n t  dens i t i e s  o b t a i n e d  at  t he  p - I n P  
e l ec t rode  were  c o m p a r e d  w i t h  the  p e a k  c u r r e n t  dens i t i e s  
o b t a i n e d  at a p l a t i n u m  e lec t rode  in  the  s ame  solut ion.  

Electrode construction, pretreatment, and characteriza- 
tion.--The p l a t i n u m  disk  e l ec t rode  was  c o n s t r u c t e d  b y  at- 
t a c h i n g  a c o p p e r  wi re  to  one  end  of  a 1 c m  p iece  of plati-  
n u m  wire  w i t h  c o n d u c t i n g  s i lver  epoxy.  The  c o p p e r  wire  
a n d  the  s ides  a n d  b a c k  of  t h e  p l a t i n u m  wi re  we re  sea led  
in  a glass  t u b e  w i th  i n s u l a t i n g  e p o x y  to i so la te  t h e m  f rom 
the  solut ion.  The  e x p o s e d  p l a t i n u m  disk  was  po l i shed  
w i t h  5.0, 1.0, 0.3, a n d  0.05 tLm a l u m i n a  un t i l  e x a m i n a t i o n  
u n d e r  a m i c r o s c o p e  r evea l ed  a s m o o t h  surface .  The  area  
of the  d i sk  was d e t e r m i n e d  f rom the  d i a m e t e r  of t he  plati-  
n u m  wire  and  was  f o u n d  to b e  0.00817 cm ~. 

A c o p p e r  wi re  was  a t t a c h e d  to t he  b a c k  of  a p - I n P  crys- 
tal  (Varian)  w i th  c o n d u c t i n g  s i lver  epoxy,  a f te r  a n  o h m i c  
c o n t a c t  was  made ,  as d e s c r i b e d  e l s e w h e r e  (19). The  cop- 
pe r  wi re  a n d  the  s ides  a n d  b a c k  of  t he  I n P  crys ta l  were  
sea led  in  a glass  t u b e  w i t h  i n s u l a t i n g  e p o x y  to i so la te  
t h e m  f rom the  so lu t ion .  P r i o r  to  each  e x p e r i m e n t ,  t he  
e l ec t rodes  were  e t c h e d  for 1 m i n  in a 50/50 so lu t ion  of 

2In some of the initial experiments,  the acetonitrile was 
passed through a column of activated alumina prior to solution 
preparation. This procedure was discontinued because it was 
found to have no effect on the electrochemical behavior. 
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Table I. Electrode characteristics 

Area E~ Doping density 
Electrode Orientation (cm 2) (V) (cm -3) 

P19(100)1 (100) 0.29 0.44 ~ 1.1 x 10 ~9 b 
3.4 x 10 TM r 

P19(100)2 (100) 0.18 0.4 ~ 1.5 x 10 t9 e 
3.4 x 10 ~ 

P19(111)1 (111) 0.15 0.4 d 1.5 x i0 '9 
1.8 x i0'" ~ 

P19(111)2 (111) 0.14 0.4 d 1.5 x 10 '9 
1.8 x 10 TM 

P18(100)1 (100) 0.12 0.4 d 2.4 x 10 TM 

8.5 x i0  '7 
P18(100)2 (100) 0 . i i  0.4 d 2.4 x i0  TM 

8.5 x lO '7 ~ 

"Averaged value from the X-intercept of 11 MS plots, + / - 0.04V. 
b Averaged value from the slopes of 11 MS plots, + / -  0.1 x 10 '9 

c m  - 3  
c Determined from Hall conductivity measurements, + / -  10%. 
d Determined from the X-intercept of a MS plot, + / -  0.1V. 

Determined from the slope of a MS plot, + / -  20%. 

CH3OH/concen t r a t ed  HC1, r i n s e d  w i t h  CH3OH, a n d  dr ied  
in  a s t r e a m  of argon.  T h e  areas  of the  I n P  e lec t rodes  were  
m e a s u r e d  b y  u s i n g  a p h o t o g r a p h i c  p rocedure .  

The  d o p i n g  dens i t i es ,  NA, a n d  f l a tband  po ten t i a l s ,  EFB, 
of  t he  I n P  e l ec t rodes  were  d e t e r m i n e d  f r o m  capaci-  
t a n c e / p o t e n t i a l  da ta  by  u s i n g  t he  M o t t - S c h o t t k y  e q u a t i o n  
(3O) 

1/C~c 2 = (2/eeeoNA) (E - EFB -- kBT/e) 

w h e r e  C~r is t he  c a p a c i t a n c e  of t he  space  c h a r g e  region,  eo 
is t he  p e r m i t t i v i t y  of  f ree  space,  e is the  s ta t ic  d ie lec t r ic  of  
t h e  s e m i c o n d u c t o r ,  E is t h e  e l ec t rode  po ten t ia l ,  a n d  kB is 
t he  B o l t z m a n n  cons t an t .  T he  da ta  we re  m o d e l e d  to a 
ser ies  RC circui t ,  a n d  t h e  to ta l  cell c apac i t ance  was  as- 
s u m e d  to be  e q u a l  to Cs~ (19). Va lues  of  C~ w e r e  r e c o r d e d  
a t  100 m V  in te rva l s  u s i n g  a cycl ic  s t a i r case  p o t e n t i a l  pro- 
g r a m  w i t h  t he  s tep  t i m e  equa l  to 10s, w h i c h  was supe r im-  
p o s e d  u p o n  an  ac s ignal  w i t h  a f r e q u e n c y  of 5 kHz a n d  an  
a m p l i t u d e  of 20 m V  p e a k  to peak .  S i n c e  t he  r e s p o n s e  was  
f o u n d  to be  i n d e p e n d e n t  of f r equency ,  t he  s a m e  fre- 
q u e n c y  was  u s e d  for  all e x p e r i m e n t s .  

The  s a m p l e s  of p - I n P  e m p l o y e d  in t h e s e  s tud ie s  were  
h i g h l y  d o p e d  a n d  h a d  e i the r  a (100) or a (111) c rys ta l  ori- 
en t a t ion .  T h e  r e p r o d u c i b i l i t y  of  the  v o l t a m m e t r i c  re- 
s p o n s e s  for  d i f f e ren t  e l ec t rodes  c o n s t r u c t e d  f r o m  the  
s a m e  ma te r i a l  was  qu i t e  good.  T he  cha rac t e r i s t i c s  of  t he  
va r i ous  e l ec t rodes  u s e d  in  t h e s e  s tud ies  are  s u m m a r i z e d  
in  T a b l e  I. Desp i t e  t he  h i g h  d o p i n g  dens i t ies ,  e l ec t rodes  
c o n s t r u c t e d  f rom p ieces  of  t he  s ame  p - I n P  c rys ta l s  as t he  
e l ec t rodes  in  th i s  s t u d y  h a v e  b e e n  u s e d  to s t u d y  pho to -  
e l e c t r o c h e m i c a l  p h e n o m e n a  (19, 31). 

Results 

S u r f a c e  energet ics  in  the absence o f  e lectroact ive  
s p e c i e s . - - A  cyclic v o l t a m m o g r a m  of  t he  P19 (100) 1 p - I n P  
e l ec t rode  (Table  I) in  e lec t ro ly te  so lu t ion  f ea tu r ed  essen-  
t ia l ly no  faradaic  c u r r e n t  b e t w e e n  a p p r o x i m a t e l y  -0 .9  
a n d  - 0 . 1 V  vs.  f e r rocene  (Fig. 2). Pos i t i ve  of -0 .1V,  a n  an- 
odic  w a v e  was  o b s e r v e d  w h i c h  d r am a t i ca l l y  i n c r e a s e d  in 
m a g n i t u d e  w h e n  t h e  e l ec t rode  po t en t i a l  was  s w e p t  posi- 
t ive  of a b o u t  0.4V. W h e n  t h e  e l ec t rode  p o t e n t i a l  was  t h e n  
s w e p t  nega t ive  of  a b o u t  -0 .9V,  a smal l  c a thod i c  wave  ap- 
peared .  S imi la r  s cans  u t i l iz ing  a p l a t i n u m  e l ec t rode  indi-  
ca te  t h a t  t h e s e  w a v e s  are  no t  d u e  to e l ec t roac t ive  impur i -  
ties. I n s t ead ,  t he  w a v e s  at  p - I n P  a p p e a r  to  b e  a r e s u l t  of 
t he  o x i d a t i o n  of the  e l ec t rode  sur face  d u r i n g  t he  pos i t ive  
s cans  a n d  t he  s u b s e q u e n t  r e d u c t i o n  of  t he  sur face  d u r i n g  
t h e  n e g a t i v e  scans .  Typ ica l  M o t t - S c h o t t k y  (MS) p lo t s  for 
t h i s  e l ec t rode  in  e lec t ro ly te  so lu t ion  at  t h r e e  d i f f e ren t  fre- 
q u e n c i e s  are also s h o w n  (Fig. 2). T he  da ta  were  co l lec ted  
in  t he  r a n g e  of - 0 .9  to  -0 .1V,  w h i c h  is w i t h i n  t he  
b a n d g a p  of  p - I n P  w h e r e  t h e  e l ec t rode  e x h i b i t e d  essen-  
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Fig. 2. Cyclic valtammograms for five consecutive cycles and Mott- 

Schottky plots for the P19(100)1 electrode in a solution of 0.564 
TBABF 4 in acetonitrile. The Mott-Schottky plots represent three sets 
of forward (positive) and reverse (negative) scans at three frequen- 
cies: 1, 5, and 10 kHz. 

t ia l ly no  faradaic  b a c k g r o u n d  cur ren t .  C a p a c i t a n c e  da ta  
co l l ec ted  in th i s  vo l t age  r a n g e  r e su l t ed  in  l inea r  MS plo ts  
w i t h  no  hys t e r e s i s  b e t w e e n  t h e  fo rward  (posi t ive)  scans  
a n d  t he  r eve r se  (negat ive)  scans.  T h e  s lopes  a n d  inter-  
cep ts  of  the  MS plo ts  were  i n d e p e n d e n t  of f r equency .  

C a p a c i t a n c e  da ta  co l l ec ted  in  e lec t ro ly te  so lu t ion  
w i t h i n  po t en t i a l  r a n g e s  in  w h i c h  t he  e l ec t rode  f ea tu red  
a n o d i c  a n d  ca thod ic  fa rada ic  b a c k g r o u n d  c u r r e n t s  re- 
su l t ed  in MS p lo t s  t h a t  e x h i b i t e d  h y s t e r e s i s  (Fig. 3). As 
t he  e l ec t rode  p o t e n t i a l  was  s w e p t  pos i t i ve  of a b o u t  - 0 . 1 V  
d u r i n g  t he  fo rwa rd  scan,  Cs~ b e c a m e  c o n s t a n t  a n d  inde-  
p e n d e n t  of  potent ia l .  Th i s  b e h a v i o r  sugges t s  t h a t  pos i t ive  
c h a r g e  r e s ided  at t he  e l ec t rode  sur face  at  po t en t i a l s  corre- 
s p o n d i n g  to the  a p p e a r a n c e  of  anod ic  c u r r e n t  in  t he  CV 
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Fig. 3. Mott-Schottky plots for the P19(100)1 electrode in a solu- 

tion of 0.SM TBABF4 in acetonitrile. The curves represent three sets 
of data collected with an initial potential of - 0 . 3 V  and switching po- 
tentials of - 0 . 9 V  ( ), - 1 . 1 V  (----), and - 1 . 4 V  ( . . . .  ), and 
two sets of data with an initial potential of - 0 . 9 V  and switching po- 
tentials of 0.1V ( - - - - )  and 0.4V ( ..... ). 
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scans (Fig. 2). When the direction of the potential scan 
was reversed, the MS plot did not retrace itself. Although 
1/C~c 2 vs. potential for the reverse (negative) scan was lin- 
ear, it had a different X-intercept than it did for the for- 
ward scan, which indicates that the flatband potential 
had shifted in a positive direction during the forward 
scan. It was possible to remove the positive surface 
charge at the electrode surface and return the surface to 
its initial state by momentari ly holding the electrode po- 
tential at -0.9V. A second capacitance vs. potential scan 
would then retrace the initial scan. This experiment  indi- 
cates that the surface energetics could change during the 
cyclic voltammetry experiments if the switching poten- 
tial, E~, was positive of about -0.1V. The result would be 
that the positions of the bandedges on the reverse scan 
might not be the same as they were on the forward scan. 

Similar effects occurred when the electrode potential 
was swept more negative than about -0.9V. In this case 
as well, Cso became constant and independent  of poten- 
tial, and the intercept of the MS plot on the reverse (posi- 
tive) scan indicated a negative shift in E~B. This behavior 
suggests that negative charge resided at the electrode sur- 
face at potentials corresponding to the appearance of ca- 
thodic current in the CV scans (Fig. 2). It was possible to 
remove the negative surface charge and restore EF~ to its 
original value by momentarily holding the electrode po- 
tential at -0.3V. 

Permanent  changes in EFB resulted if the electrode po- 
tential was cycled repeatedly to potentials positive or neg- 
ative of the initial positions of the bandedges (Fig. 4). If  
the electrode was cycled between -0.9 and 0.4V, ErB 
reached a constant value after a few CV scans and re- 
mained constant for more than 50 CV scans (triangles). If  
the electrode was cycled between -0.9 and 0.7V, the 
flatband potential shifted in a positive direction during 
each CV scan and never reached a constant value 
(squares). Similarly, E~B could be shifted to more negative 
values by repeated CV scans between -0.3 and -1.6V (cir- 
cles). After repeated cycling of an electrode between -0.9 
and 0.7V or between -0.3 and -1.6V, the original ErB 
could only be restored by re-etching the surface. 

In the CV experiments reported below, each freshly 
etched electrode was cycled 5-10 times between -1.6 and 
0.4V before data were collected in order to attain a stable 
E~B. If the experiment  required a switching potential posi- 

0.6- CD 
O 
O 

0.4-I 

0 .2  
LL! 

0.0 

~,. �9 �9 A m 

, � 9  �9 

� 9  

[] 

I I 
0 20 40 

Number of Cycles 
Fig. 4. The flatband potential as a function of the number of cyclic 

voltammograms done between three different pairs of switching po- 
tentials at the P19(100)1 electrode in a solution of 0.SM TBABF 4 in 
acetonitrile. The squares are switching potentials of - 0 . 9  and 0.7V. 
The triangles are switching potentials of - 0 . 9  and 0.4V. The circles 
are switching potentials of - 0 . 3  and -1 .6V .  
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V vs F e r r o c e n e  
Fig. 5. Part A shows the switching potential dependence of 1 rnM 

decamethylferrocene at the P19(100)2 electrode with 0.5M TBABF4 
supporting electrolyte in acetonitrile at a scan rate of 100 mV/s. Part 
B shows its scan rate dependence at 100, 50, and 20 mV/s with a 
switching potential of -0.30V. 

t i re  of 0.4V or negative of -1.6V, fewer than ten scans 
were performed before the electrode was re-etched. Rapid 
loss of electrode response occurred if the electrode poten- 
tial Was swept positive of 0.7V. 

The effect of switching potential and scan rate on the 
cyclic voltammetry of metallocenes at P19 (100) p-InP 
electrodes.--Several aspects of the data described in the 
previous section indicated that the voltammetric behavior 
of the metallocenes would be affected by changes in the 
surface energetics of the semiconductor electrode and by 
changes in the surface oxide that occurred during the CV 
experiments.  Decamethylferrocene would be expected to 
be the most sensitive probe for these changes, because its 
E ~ occurred within the region where there was neither 
bandedge movement  nor surface charging, -0.9 to -0.1V. 
The E ~ value of ferrocene occurred just  positive of that 
region, and the E ~ values of acetylferrocene and 1,1'-di- 
acetylferrocene were found in the region where oxidation 
of the p-InP surface occurred in electrolyte solution. The 
E ~ value of cobaltocene was found in the region where re- 
duction of the p-InP surface occurred in the electrolyte 
solution. The importance of the effects of surface energet- 
ics and surface redox reactions can be seen in Fig. 5A and 
6A, in which the CV behavior of decamethylferrocene and 
ferrocene at P19 (100) 2 was recorded for different switch- 
ing potentials. For decamethylferrocene, nearly reversible 
CV behavior was observed (Fig. 5B) until F~ was made 
positive of about -0.30V. For more positive switching po- 
tentials, the cathodic waves became broader and de- 
creased in magnitude, and the cathodic peak potential, 
Epc, shifted to more negative potentials; however, when E~ 
was made positive of 0.10V, the cathodic wave began to 
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Fig. 6. Part A shows the switching potential dependence of 2 mM 
ferrocene at the P19(100)2 electrode with 0.SM TBABF~ supporting 
electrolyte in acetonitrile at a scan rate of 100 mV/s. Part B shows its 
scan rate dependence at SO0, 200, 100, S0, and 20 mV/s with a 
switching potential of 0.20V. 

s h a r p e n  a n d  inc rease  in  m a g n i t u d e  once  again,  a n d  Epc at- 
t a i n e d  an  a p p r o x i m a t e l y  c o n s t a n t  va lue  of  -1 .1V.  Near ly  
r e v e r s i b l e  CV b e h a v i o r  was  also o b t a i n e d  for f e r rocene  
w h e n  E~ was  0.2V (Fig. 6B). Fo r  s w i t c h i n g  po t en t i a l s  posi-  
t ive  of 0.2V, the  ca thod ic  p e a k  b e c a m e  i n c r e a s i n g l y  b r o a d  
a n d  d e c r e a s e d  in  m a g n i t u d e ,  a n d  Epr sh i f t ed  to m o r e  neg-  
a t ive  po ten t ia l s .  T he  s w i t c h i n g  po t en t i a l  d e p e n d e n c e  for  
a ce ty l f e r rocene  a n d  1 ,1 ' -d iace ty l fe r rocene  was  s imi la r  to 
t h a t  for  fe r rocene ,  e x c e p t  t h a t  t he  ca thod ic  p e a k s  were  
b roader .  

Close  i n s p e c t i o n  of  the  c u r r e n t s  o b s e r v e d  d u r i n g  the  re- 
ve r se  scans  in  Fig. 5A a n d  6A revea led  a n o t h e r  u n u s u a l  
f ea tu re  t h a t  a c c o m p a n i e d  t he  c h a n g e s  in  t he  ca thod ic  
waves .  W h e n  E~ was  re la t ive ly  posi t ive ,  t he  Cot t re l l  cur- 
r e n t  for  t he  o x i d a t i o n  of  t he  me ta l locenes ,  w h i c h  s h o u l d  
decay  as t -~r-', s u d d e n l y  d e c a y e d  to zero at  p o t e n t i a l s  t h a t  
we re  wel l  pos i t ive  of E ~ In  general ,  t h e  p o t e n t i a l  at  
w h i c h  th i s  c u r r e n t  decay  o c c u r r e d  t r a c k e d  t he  s w i t c h i n g  
potent ia l .  

Fo r  c o m p a r i s o n  b e t w e e n  t he  r e s p o n s e s  of  t he  f e r rocene  
der iva t ives ,  cyclic v o l t a m m e t r y  was p e r f o r m e d  in  a n  ex- 
t e n d e d  p o t e n t i a l  r a n g e  t h a t  was  s imi la r  for e ach  r e d o x  
coup le  (Fig. 7 a n d  8). T h e  o x i d a t i o n  waves  for  t he  ferro- 
cenes  o c c u r r e d  w i t h  on ly  100-200 m V  overvo l tages ,  w i t h  
t he  l a rge r  ove rpo t en t i a l s  for  t h e  coup le s  w h i c h  h a d  t he  
m o s t  nega t i ve  E ~ w i t h i n  t he  b a n d g a p .  P lo t s  of  t he  anod ic  
p e a k  cu r ren t ,  ipa, vs .  ( scan  rate)  ,2 were  l inear .  A p lo t  of  ip~ 
vs .  f e r rocene  c o n c e n t r a t i o n  f rom 10 -4 to 10-'-'M was  l inea r  
as well,  w i t h  a c u r r e n t  d e n s i t y  of  3.6 m A / c m  2 at  t he  
h i g h e s t  c o n c e n t r a t i o n  w h e n  t he  scan  ra te  was  100 mV/s.  
The  m a g n i t u d e s  of  t he  a n o d i c  c u r r e n t  dens i t i e s  at  P19 
(100) we re  at  l eas t  90% of  t h e  a n o d i c  c u r r e n t  dens i t i e s  ob- 
t a i n e d  at  a p l a t i n u m  e lec t rode  in t he  s a m e  so lu t ion .  T h e s e  
da ta  s u g g e s t  t h a t  t h e  o x i d a t i o n s  of  t he  f e r rocenes  are  
con t ro l l ed  by  t he  d i f fus ion  of  so lu t ion  spec ies  to t he  elec- 
t r ode  sur face  

W h e n  EA was  severa l  t e n t h s  of  a v o l t p o s i t i v e  of Ep~ (Fig. 
7 a n d  8), t he  r e d u c t i o n  waves  for the  f e r r i c e n i u m  ~ ions  
o c c u r r e d  w i t h  s u b s t a n t i a l  overvol tages .  T he  ove rvo l t ages  
t e n d e d  to b e  g rea t e r  for  t he  f e r rocene  de r iva t i ve s  w i t h  
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V vs Ferrocene 
Fig. 7. Cyclic voltammograms of 4 mM 1,1'-diacetylferrecene and 5 

mM acetylferrocene at the P19(100)1 electrode with 0.SM TBABF4 
supporting electrolyte in acetonitrile. The response at 200, 100, 50, 
and 20 mV/s is shown for each redox couple. The formal reduction po- 
tentials, the approximate potentials of the bandedges, and the flat- 
band potential as determined from capacitance data before and after 
the cyclic voltammetric scans are shown. 

m o r e  nega t ive  r e d u c t i o n  poten t ia l s .  The  ca thod i c  p e a k  
cu r ren t ,  i,~, was  less  t h a n  50% of the  m a g n i t u d e  of ipa for 
all of t h e  fe r rocenes .  Neve r the l e s s ,  p lo t s  of  ip~ vs .  (scan 
rate)  '~2 a n d  i,r v s .  f e r r o c e n e  c o n c e n t r a t i o n  f rom 10 -4 to 
10-~M were  l inear .  The  c u r r e n t  dens i t y  at  t h e  h i g h e s t  con-  
c e n t r a t i o n  was  0.83 m A / c m  ~ w h e n  the  s can  ra te  was  100 
mV/s .  Fo r  t he  CV scans  w i t h  m o r e  pos i t ive  s w i t c h i n g  po- 
ten t ia l s ,  t h e  va lues  of  Epe for  f e r r i c e n i u m  ~ a n d  acetylfer-  
r i c e n i u m  + were  m o r e  d e p e n d e n t  on  s can  ra te  t h a n  t he  
va lues  of  Epc for  1 ,1 ' -d iace ty l fe r r i cen ium § a n d  decam-  
e t h y l f e r r i c e n i u m  +. 

F igu re s  5A a n d  6A clear ly  i nd i ca t e  t h a t  t he  CV b e h a v i o r  
of t he  ca thod ic  waves  in  Fig. 7 a n d  8 was  a r e s u l t  of t he  ef- 
fec t  of the  s w i t c h i n g  p o t e n t i a l  on  t he  c o n d i t i o n  of t he  
e l ec t rode  surface.  W h e n  Ex was  j u s t  pos i t ive  of  E ~ for  de- 
c a m e t h y l f e r r o c e n e  or f e r rocene ,  t he  va lues  of  Epc we re  no t  
d e p e n d e n t  o n  s can  rate,  a n d  va lues  of  ipa/ipc o b t a i n e d  us- 
ing  t h e  e q u a t i o n  p r o p o s e d  b y  N i c h o l s o n  were  close to 
u n i t y  at  all s can  ra tes  (Fig. 5B a n d  6B) (32). 

In  cycl ic  v o l t a m m o g r a m s  for  t he  r e d u c t i o n  of  ferr icen-  
i u m  § in  so lu t ions  of  f e r r i c e n i u m  t e t r a f l uo robo ra t e  (Fig. 9), 
t h e  in i t ia l  po t en t i a l  was  0.4V. (This  r e su l t ed  in  sur face  
c h a r g i n g  s imi la r  to t h a t  w h i c h  o c c u r r e d  d u r i n g  t he  cycl ic  
v o l t a m m o g r a m s  of f e r r o c e n e  w i t h  a n  a n o d i c  s w i t c h i n g  
p o t e n t i a l  of  0.4V.) The  sur face  c h a r g i n g  c a u s e d  the  ca- 
t h o d i c  wave  on  t he  f o r w a r d  (negat ive)  s c a n  to occu r  w i t h  
a 1.0V o v e r p o t e n t i a l  a n d  a c u r r e n t  m a g n i t u d e  t h a t  was  ap- 
p r o x i m a t e l y  50% of  t h a t  o b t a i n e d  for  t he  one -e l ec t ron  re- 
v e r s i b l e  wave  at  a p l a t i n u m  e lec t rode  in  t he  s a m e  solu- 
t ion,  i n d i c a t i n g  k ine t i c  cont ro l .  On t he  r eve r se  (posi t ive)  
scan,  t he  anod ic  w a v e  o c c u r r e d  j u s t  pos i t i ve  of E ~ T h e  
va lues  of ipJi,~ were  close to u n i t y  at  all s c a n  ra tes ,  a n d  
p lo t s  of  ipc a n d  ipa V S .  (scan  rate)  "~ we re  l inear .  A l t h o u g h  
t he  a n o d i c  p e a k  c u r r e n t  m a g n i t u d e  on  t he  r eve r s e  s can  
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V vs Ferrocene 
Fig. 8. Cyclic voltammograms of 13 mM ferrocene and 3 mM de- 

camethylferrocene at the P!9(100)1 electrode with 0.SM TBABF 4 
supporting electrolyte in acetonitrile. The response at 200, 100, 50, 
and 20 mV/s is shown for each redox couple. The formal reduction po- 
tentials, the approximate potentials of the bandedges, and the flat- 
band potential as determined from capacitance data before and after 
the cyclic voltammetric scans are shown. 
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V VS Ferrocene 
Fig. 9. Cyclic voltammograms of 2 mM ferricenium BF 4 and 1 mM 

cobalticenium PF~ at the P19(100)1 electrode with 0.SM TBABF~ sup- 
porting electrolyte in acetonitrile. The response at 200, 100, 50, and 
20 mV/s is shown for each redox couple. The formal reduction poten- 
tials, the approximate potentials of the bandedges, and the flatband 
potential as determined from capacitance data before and after the 
cyclic voltommet~ic scans are shown. 

was only  50% of t h a t  o b t a i n e d  at p l a t i n u m ,  t he  p e a k  cur- 
r e n t  was  l imi ted  by  t he  c o n c e n t r a t i o n  of  f e r rocene  in the  
d i f fus ion  layer  a n d  no t  by  e l ec t rode  k ine t ics .  T h e s e  re- 
su l t s  i nd i ca t e  t h a t  a l t h o u g h  t he  r e d u c t i o n  of f e r r i c e n i u m  + 
in  a s can  w i t h  an  in i t ia l  po t en t i a l  of 0.4V is k ine t i ca l ly  
con t ro l led ,  t he  ox ida t i on  of f e r rocene  is d i f fus ion  
cont ro l led .  

T h e  E ~ va lue  of c o b a l t o c e n e  ~'~ occurs  far n e g a t i v e  of t he  
c o n d u c t i o n  b a n d e d g e  of p - InP .  R e d u c t i o n  a n d  ox ida t i on  
of th i s  c o m p l e x  o c c u r r e d  w i t h  overvo l t ages  of 100-500 m V  
(Fig. 9). The  va lue  of Euc h a d  a ve ry  smal l  d e p e n d e n c e  on  
s c a n  rate.  A p lo t  of i,c vs. (scan  rate)  "2 was  l inear ,  a n d  the  
m a g n i t u d e  of  ipc was  w i t h i n  10% of  t he  v a l u e  ca lcu la ted  
for  a one -e l ec t ron  r e v e r s i b l e  wave  at  a p l a t i n u m  e lec t rode  
in  t h e  s ame  solut ion.  T he  v a l u e  of E, ,  h a d  a l a rger  depen-  
d e n c e  on  s can  rate.  A p lo t  of i,~ vs. (scan rate)  "~ was  lin- 
ear, b u t  t he  m a g n i t u d e  of ip, was less t h a n  50% of t he  
va lue  ca l cu la t ed  for a one -e l ec t ron  r eve r s ib l e  wave  at  plat-  
i n u m  in  t he  s ame  solut ion.  No d e p e n d e n c e  on  ca thod ic  
s w i t c h i n g  po ten t i a l  was  o b s e r v e d  for t he  c o b a l t o c e n e  -~" 
couple .  

Ef fec ts  due  to la t t ice  o r i e n t a t i o n  a n d  d o p i n g  dens-  
i t y . - - A n a l o g o u s  e x p e r i m e n t s  were  p e r f o r m e d  to c o m p a r e  
t he  r e s p o n s e s  at  t he  P19 (100) e l ec t rodes  w i t h  e l ec t rodes  
h a v i n g  a s imi la r  d o p i n g  d e n s i t y  b u t  a d i f fe ren t  c rys ta l  ori- 
en ta t ion ,  P19 (111) 1 a n d  P19 (111) 2, a n d  w i t h  e l ec t rodes  
h a v i n g  t h e  s a m e  o r i e n t a t i o n  b u t  a l ower  d o p i n g  dens i ty ,  
P18 (100) 1 a n d  P18 (100) 2. In  ace ton i t r i l e  so lu t ions  con- 
t a i n i n g  only  e lect rolyte ,  t h e s e  e lec t rodes  y ie lded  back-  
g r o u n d  c u r r e n t s  a n d  c a p a c i t a n c e  vs.  po ten t i a l  da ta  t h a t  
we re  nea r ly  iden t i ca l  to t h e  P19 (100) e lec t rodes .  The  
f l a tband  po ten t i a l s  for  all of  t he  p - I n P  e lec t rodes ,  w h i c h  
h a d  b e e n  f resh ly  e t c h e d  a n d  t h e n  cyc led  b e t w e e n  -1 .6  
a n d  0.4V in  e lec t ro ly te  solut ion,  were  w i t h i n  t he  r a n g e  of 
0.4 + / -  0.1V (Table  I). 

W h e n  P19 (111) e l ec t rodes  were  u s e d  to e x a m i n e  the  
cycl ic  v o l t a m m e t r y  of  t he  me ta l locenes ,  t he  r e su l t s  were  

v i r tua l ly  iden t i ca l  to t h o s e  o b t a i n e d  for  t he  P19 (100) elec- 
t rodes .  Th i s  i nd ica t e s  t h a t  la t t ice  o r i en t a t i on  d id  no t  h a v e  
an  ef fec t  on  t he  k ine t i c s  of c h a r g e  t r a n s f e r  at  t he  h igh ly  
d o p e d  e lec t rodes .  

Major  d i f fe rences  in  t he  v o l t a m m e t r y  of the  metal lo-  
cenes  were  o b s e r v e d  w h e n  t he  P18 (100) p - I n P  e lec t rodes  
we re  used .  B o t h  d e c a m e t h y l f e r r o c e n e  a n d  f e r rocene  
cou ld  ' be  ox id ized  nea r  t h e i r  r eve r s ib l e  po t en t i a l s  a t  t he  
P18 (100) e l ec t rodes  (Fig. 10 a n d  11), b u t  t he  he t e rogene -  
ous  k ine t i c s  a s soc ia t ed  w i t h  the  r e d u c t i o n  of the  two 
r e d o x  coup les  we re  qu i t e  d i f ferent .  A t  t he  P18 (100) elec- 
t rodes ,  t he  CV of  d e c a m e t h y l f e r r o c e n e  s h o w e d  only  a 
sma l l  a m o u n t  of c a thod i c  c u r r e n t  on  t he  r eve r se  s can  t h a t  
was  i n d e p e n d e n t  of  s can  ra te  w h e n  Ex was  -0 .2V.  No ca- 
t h o d i c  c u r r e n t  a p p e a r e d  w h e n  E~ was  pos i t ive  of -0 .2V.  
In  add i t ion ,  a CV w i t h  a s w i t c h i n g  p o t e n t i a l  pos i t i ve  of 
- 0 . 2 V  re su l t ed  in a c h a n g e  in  the  e l ec t rode  sur face  t ha t  
c a u s e d  t he  anod ic  wave  of  the  n e x t  CV to be  sh i f t ed  posi- 
t ive  w i t h  r e spec t  to  t he  one  in  t h e  p r ev ious  scan.  The  ab- 
s e n c e  of a ca thod ic  p e a k  i n d i c a t e s  t h a t  t he  r e d u c t i o n  of de- 
c a m e t h y l f e r r i c e n i u m  ~ was  con t ro l l ed  by  p r o c e s s e s  w i t h i n  
t he  s e m i c o n d u c t o r .  F e r r o c e n e  e x h i b i t e d  a near ly  
r e v e r s i b l e  l ook ing  ca thod i c  wave  on  t he  r eve r se  s c a n  at 
t he  P18 (100) e l ec t rodes  if  Ex was  no t  pos i t ive  of  a b o u t  
0.2V, s imi la r  to the  r e s p o n s e  at  the  P19 (100) e lec t rodes .  
A c e t y l f e r r o c e n e  e x h i b i t e d  a s imi la r  r e s p o n s e  to t h a t  of  
f e r rocene  at  the  P18 (100) e lec t rodes ,  b u t  the  CV of  1,1'-di- 
ace ty l f e r rocene  s h o w e d  on ly  a b r o a d  a n o d i c  w a v e  a n d  a 
small ,  b r o a d  ca thod i c  wave  at  all s w i t c h i n g  po ten t ia l s .  Ca- 
t hod ic  c u r r e n t  for t he  r e d u c t i o n  of  c o b a l t i c e n i u m  § cou ld  
ba re ly  be  o b s e r v e d  at t he  P18 (100) e l ec t rodes  at  po ten-  
t ials nega t ive  of  -1 .6V.  Two e x t r e m e l y  sma l l  o x i d a t i o n  
p e a k s  were  o b s e r v e d  on  t he  r eve r se  s can  at  -1 .2  a n d  
-0 .6V.  The  m a g n i t u d e s  of  t he  c u r r e n t  dens i t i e s  of  the  
a n o d i c  peaks  we re  less t h a n  0.60% of the  a n o d i c  c u r r e n t  
density at the platinum electrode in the same solution. 
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Fig. 10. Part A shows the switching potential dependence of 1 mM 

decamethylferrocene at the P18(100) 1 electrode with 0.SM TBABF~ 
supporting electrolyte in acetonitrile at a scan rate of 100 mV/s. Part 
B shows its scan rate dependence at 200, 100, 50, and 20 mV/s with 
a switching potential of -0 .30V .  

Discussion 
The p-InP/oxide/CH~CN interface as a function of  elec- 

trode potential . --The kinet ics  and m e c h a n i s m s  of  elec- 
t ron t ransfer  across a semiconduc tor / so lu t ion  interface 
are heavi ly  inf luenced by the  posi t ion of  the  Fe rmi  level  
wi th  respect  to the va lence  band and conduc t ion  
bandedges  at the e lec t rode  surface. The  three  surface en- 
erget ic  condi t ions  of  an ideal p- type semiconductor /so lu-  
t ion in ter face  in the  dark, which  can be  ach ieved  by 
changes  in the  Fe rmi  level,  are dep ic ted  in Fig. 12. These  
d iagrams represen t  the  e lec t rochemica l  potent ia l  of  an 
e lec t ron  as a func t ion  of  d is tance  into the  e lec t rode  wi th  
respect  to redox  levels  in solut ion (33). A l though  dark 
cur ren t  f low for each of  these  energet ic  condi t ions  has 
been  addressed  expe r imen ta l ly  and theoret ica l ly  (9, 12) 
m a n y  ques t ions  remain  unanswered .  

One factor that  inf luences  the  surface energet ics  and 
the  rate of e lec t ron t ransfer  at many  s emiconduc to r  elec- 
t rodes  is the  p re sence  of  an ox ide  layer at the  interface.  
Ox ide  layers fo rm spon taneous ly  at r o o m  t empera tu r e  
w h e n  mos t  metals  and semiconduc to r s  are exposed  to air 
(34). In  the  case of InP  and other  III-V semiconduc to r s  
(35, 36), the  nat ive  ox ide  layer  can vary  "in dep th  f rom 1 to 
5 nm. The compos i t ion  of  the  oxide  layer will  vary  wi th  
th ickness  and growth  condit ions.  In a i r -saturated aque- 
ous acid, Hel ler  and others  have  shown that  the  surfaces 
of  p - InP  e lec t rodes  b e c o m e  covered  wi th  a th in  layer  of  
hydra ted ,  conduc t ing  i n d i u m  oxide  (20, 37-39). Other  
s tudies  have  emphas ized  the  impor tance  of  the  ox ide  
film in de te rmin ing  the  ut i l i ty  of p- InP as a pho toca thode  
(20, 40-43). Fo rma t ion  of  the  film preven ts  o ther  undesira-  
ble anodic  corros ion processes  in wate r  and re tards  sur- 
face r ecombina t ion  of  e lectron]hole  pairs, ye t  the  film is 
conduc t ing  to pho togene ra t ed  conduc t ion-band  elect rons  
(20). At  this t ime, the  effects  of  surface ox ide  on the  rates 
and m e c h a n i s m s  of  faradaic react ions at s e m i c o n d u c t o r  
or  meta l  e lec t rodes  are no t  clearly unders tood .  These  ox- 

Fig. 1 i. Part A shows the switching potential dependence of 2 mM 
ferrocene at the P18(100)1 electrode with 0.SM TBABF 4 supporting 
electrolyte in acetonitrile at a scan rate of 100 mV/s. Part B shows its 
scan rate dependence at 500, 200, 100, 50, and 20 mV/s with a 
switching potential of 0.20V. 

ides are general ly  e i ther  w ide  bandgap  semiconduc to r s  or  
insulators;  therefore,  they  represen t  a poss ib le  barr ier  to 
charge  transfer.  

S ince  the e lec t rodes  used  in this s tudy  were  e tched  in 
aqueous  acid, it can be  a s sumed  that  the  lat t ice was ter- 
mina ted  with  an ox ide  film prior  to i m m e r s i o n  in the  
acetoni t r i le  solutions.  In order  to obtain  rep roduc ib le  
capac i tance  or vo l t ammet r i c  behavior ,  it was necessary  to 
cycle  the  e lec t rode  several  t imes  be tween  -1 .6  and 0.4V 
in e lec t ro lyte  solution.  Dur ing  these  cycles, the  current-  

CoCp2- L 
Accumulation I 

Fe(CH3COCp) 2-]L._ ........ 

CoCp2-~f 
Depletion 17 

Fe(CH3COCp)2--[ 

CoCp2-~~ 
Inversion I /  

Fe(CH3COCp)2--[ 
Fig. 12. Accumulation, depletion, and inversion as pictured for an 

ideal p-type InP/solution interface in the dark with respect to solution 
redox levels. 
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potent ia l  curves  showed  the passage of  small  currents .  
Because  the  addi t ion  of a small  amoun t  of water  to the  so- 
lu t ion resul ted  in a dramat ic  increase in the  backg round  
current ,  we  in terpre t  the  anodic  current  flow to be  a re- 
sult  of the  oxida t ion  of  t race amount s  of  water  p resen t  in 
the  CH:~CN, causing the  subsequen t  g rowth  of  addi t ional  
surface oxide. The  ca thodic  background  current  is inter- 
p re ted  as the subsequen t  reduc t ion  of the surface oxide. 
The  p-InP/oxide/Ch:~CN interface  prepared  in this manne r  
was relat ively stable, as j u d g e d  by the  reproducib i l i ty  
(Table I) and stabil i ty (Fig. 4) of EF~ and by the consist- 
ency  of the vo l t ammet r i c  responses  observed  for the  
series of  metal locenes .  

In  principle,  i t  should  be  possible  to s tudy  faradaic 
redox  processes  at s emiconduc to r  e lect rodes  under  accu- 
mulat ion,  deplet ion,  or invers ion  condi t ions  by adjus t ing  
the  external ly  appl ied  potential .  Our data indicate  that  
the  posi t ions of the  bandedges  at the p-InP/oxide/CH:~CN 
interface  are only s table wi th in  a l imi ted  potent ia l  range. 
The  Mot t -Schot tky  plots  in Fig. 2 indicate  that  the  inter- 
face r e sponded  to changes  in the  potent ia l  in a near ly  
ideal  m a n n e r  as long as the  e lect rode potent ia l  was kep t  
wi th in  the  range of  about  -0 .9V (near the  conduc t ion  
bandedge)  and about  -0.1V. Within this range,  the  elec- 
t rode  was in the  dep le t ion  condit ion.  As the  e lec t rode  po- 
tent ia l  was swept  posi t ive  of  about  -0.1V, the  capaci tance  
of  the  space  charge  reg ion  did not  con t inue  to increase 
bu t  became  near ly  cons tan t  (Fig. 3). While a relat ively 
po ten t i a l - independen t  capac i tance  could  resul t  at an elec- 
t rode unde r  accumula t ion ,  our  m e a s u r e m e n t  of EFB indi- 
cates that  accumula t ion  should  not  occur  at the  
p-InP/oxide/CH3CN interface  unti l  the  e lec t rode  potent ia l  
is pos i t ive  of  0.4V. Our data  suggest  that  the potential-  
i n d e p e n d e n t  capac i tance  is associated wi th  the  anodic  
backg round  current  wh ich  occurs  posi t ive  of -0 .1V and 
is p r e sumab ly  due  to the  g rowth  of  surface oxide.  S ince  
Fig. 3 indicates  that  m o v e m e n t  of E~B accompan ies  the  
anodic  backg round  current ,  we conc lude  that  accumula-  
t ion is not  ach ieved  at p-InP/oxide/CH~CN interfaces.  

Vo l t ammet r i c  scans to potent ials  nega t ive  of  the  con- 
duc t ion  bandedge  did not  appear  to resul t  in chemica l ly  
i r revers ib le  reduc t ion  of  the  e lec t rode  surface, such  as the 
format ion  of metal l ic  indium.  The cathodic  background  
v o l t a m m o g r a m  dur ing  nega t ive  scans was featureless,  
and sharp peaks  that  could  be a t t r ibuted  to the  oxida t ion  
of  metal l ic  i nd ium were  not  observed  on the  reverse  
scans. The  capac i tance  data  in Fig. 3 reveal  that  the  
space-charge capaci tance  reached  a near ly  cons tant  va lue  
at potent ials  nega t ive  of  about  -0.9V. This min imiza t ion  
and potent ia l  i n d e p e n d e n c e  of Csc is expec t ed  for ideal 
meta l / insu la to r / semiconduc tor  (MIS) devices  if  the  capac- 
i tance is measu red  at h igh  f requenc ies  (44). This behav ior  
has been  observed  at p-Si /SiOJCH3OH and 
p-Si/SiO.,JCH:~CN interfaces  (45). At  an inver ted  p- type 
semiconduc tor / so lu t ion  interface,  excess  e lec t rons  are 
s tored near  the  e lec t rode  surface in the dep le t ion  layer, in 
surface states (46), or in in terface  states arising f rom the  
ox ide  layers (47). In  any case, the  excess  surface charge 
causes  the  bandedges  to b e c o m e  unpinned ,  that  is, they  
shift  wi th  respect  to the  solut ion redox  levels  as the  elec- 
t rode potent ia l  is changed.  

F igure  3 shows that  dur ing  expe r imen t s  in which  the 
e lec t rode  potent ia l  was swept  posi t ive  of  about  -0 .1V or 
nega t ive  of about  -0.9V, hysteresis  in the  capaci tance  of 
the  space-charge reg ion  as a funct ion  of  potent ia l  invaria- 
bly occurred.  The  chemica l  processes  respons ib le  for this 
hysteresis  are unknown ,  bu t  a reasonable  hypothes is  
would  be that  the  s torage and remova l  of charge  in the  
ox ide  layer are not  facile processes ,  owing  to the chemica l  
react ions  that  mus t  a c c o m p a n y  this red is t r ibut ion  of 
charge.  S ince  the  vo l t ammet r i c  and capac i tance  measure-  
men t s  were  pe r fo rmed  wi th  similar  effect ive  scan rates 
and wi th in  similar  potent ia l  ranges,  it can be  a s sumed  
that  the  hysteresis  in the  surface energet ics  also occur red  
dur ing  the  cyclic v o l t a m m e t r y  exper iments .  

Interpretation of cyclic voltammograms.--The CV 
expe r imen t s  were  des igned to e lucidate  the factors that  

control  the vo l t ammet r i c  dark currents  at a h ighly  doped  
p- InP  e lec t rode  for a series of s tructural ly s imilar  redox  
couples.  Cyclic v o l t a m m e t r y  is qui te  useful  for qual i ta t ive  
expe r imen t s  such as these,  and it has been  used  exten- 
sively for such purposes  in pho toe lec t rochemica l  studies; 
h o w e v e r  o ther  s tudies  invo lv ing  cyclic v o l t a m m e t r y  have  
typical ly  not  been  closely pai red  wi th  m e a s u r e m e n t s  of  
the  capaci tance  of  the  space-charge  region. 

Decamethylferrocene ~,~ and ferrocene~.~ on ca- 
pac i tance  measurement s ,  the  p-InP/oxide/CH:~CN inter- 
face behaves  as an ideal  semiconduc tor / so lu t ion  interface 
in the  deple t ion  condi t ion  w h e n  the appl ied  potent ia l  is 
be tween  about  -0 .9  and -0.1V. F igure  1 indicates  that  
only the  decamethy l f e r rocene  §176 couple  can be examined  
unde r  these  condit ions;  however ,  the  e lec t rochemis t ry  of 
the  fe r rocene  §176 couple  can be examined  w h e n  the  poten-  
tial is close to the  ideal region.  S ince  the  concent ra t ion  of 
major i ty  carriers at the  e lec t rode  surface is ex t r eme ly  
small  w h e n  the e lec t rode  potent ia l  is wi th in  or near  the  
ideal  region, and since the electrons mus t  t ransfer  
t h rough  a surface ox ide  layer, the  observa t ion  of  reversi-  
ble cyclic v o l t a m m e t r y  (Fig. 5B) is somewha t  surprising.  
The m e c h a n i s m  of this facile redox  process  cannot  be dis- 
t ingu ished  wi thou t  fur ther  expe r imen t s  (9, 12), however ,  
the  CV data reveal  qual i ta t ive  factors re levant  to this is- 
sue. As shown in Fig. 10B, the  rate of  reduc t ion  of  deca- 
me thy l f e r r i cen ium ~ is m u c h  more  sensi t ive to the  doping  
dens i ty  of  the e lec t rode  than  the  rate of  ox ida t ion  of  deca- 
methyl fer rocene .  This sensi t ivi ty of  the  ca thodic  process  
to NA is apparent ly  d e p e n d e n t  upon  the re la t ionship  be- 
tween  E ~ and the  bandedges ,  because  the CV waves  for 
fe r rocene  ~,~ remain  symmet r i c  w h e n  the dop ing  dens i ty  of 
the e lec t rode  is lowered  (Fig. 6B and l lB) .  The behav ior  
descr ibed  above  indicates  that  the  p- InP/oxide /  
CH~CN interface is not  a rect i fy ing junc t ion  for the  P19 
(100) or P19 (111) e lectrodes.  As the  dop ing  dens i ty  is low- 
ered  and the  wid th  of  the  space-charge region increases,  
the  in terface  becomes  rect i fy ing for decamethyl fer ro-  
cene §176 bu t  not  for fe r roeene  ~'~ 

This  behavior  can be  expla ined  by d rawing  an analogy 
be tween  the  current  flow across the p-InP/oxide/CH:3CN 
interface  and the  current  flow across a semiconduc-  
tor /metal  interface.  A barr ier  to e lec t ron t ransfer  is pres- 
ent  at the  p-InP/oxide/CH:~CN interface,  which  is similar  
to the  barr ier  at a semiconduc to r /me ta l  interface.  This 
barr ier  is a resul t  of the grad ien t  in potent ia l  across the 
space-charge  region. At  a p- type  semiconductor ,  e lectron 
t ransfer  be tween  the  solut ion species and the va lence  
band is accompl i shed  e i ther  by the rmion ic  emission-  
diffusion over  the barrier,  wh ich  depends  on the  barr ier  
height ,  or by q u a n t u m  mechan ica l  tunne l ing  th rough  the  
barrier,  which  depends  on the  wid th  of  the barr ier  as well  
as the  barr ier  he igh t  (48). The  barr ier  he igh t  (E ~ - Evb on 
the  solut ion side of the in ter face  and E~ - E~h on the  semi- 
conduc to r  side of  the interface)  de te rmines  the  concentra-  
t ion of  holes  at the  in ter face  at the  energy  of  the va lence  
bandedge  that  are avai lable  to accept  the  t ransferr ing 
electrons.  The wid th  of the  barr ier  is re la ted to the  doping  
dens i ty  of  the  electrode.  The  h igher  the  dop ing  density,  
the  th inner  the barrier.  

F igure  13 i l lustrates the  reason for the di f ference in 
rect i fy ing behavior  for decamethy l f e r rocene  and ferro- 
cene. When the e lec t rode  potent ia l  is swept  posi t ive  of the  
E ~ of  decamethy l fe r rocene  §176 so that  ox ida t ion  is thermo-  
dynamica l ly  favorable,  the  barr ier  he igh t  in ques t ion  is E~ 
- Evb (Fig. 13A), where  EF is the  Fe rmi  level.  The  concen-  
t ra t ion of  holes in the  semiconduc to r  at the  in terface  near  
the  energy  of  Ev~, is sufficient  to accept  e lect rons  f rom the 
decamethy l fe r rocene  in solut ion via the rmion ic  emiss ion-  
diffusion at a rate control led  by the  diffusion of 
decamethy l fe r rocene  to the  e lec t rode  surface. When the  
e lec t rode  potent ia l  is swept  negat ive  of the E ~ of  
decamethy l fe r rocene  *.~ so that  r educ t ion  is the rmody-  
namica l ly  favorable,  the  barr ier  he igh t  in ques t ion  is E ~ - 
EvL, (Fig. 13B). This  barr ier  he igh t  is larger,  and the  con- 
cent ra t ion  of  "holes"  (empty  states of decamethyl fer r icen-  
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Fig. 13. Relationship between the height of the barrier to anodic 
current, E~ - E~b (parts A and C), or the height of the barrier to ca- 
thodic current, E ~  - Evb (parts B and D), and the distribution of the 
density of states, d, of decamethylferrocene +,~ (parts A and B) or 
ferrocene +,~ (parts C and D) in solution. The width of the space 
charge region, W, and the distance from the surface of the electrode, 
x, are also shown. 

ium) near  the energy  of  the  va lence  bandedge  is 
insuff ic ient  for the rmion ic  emiss ion-di f fus ion  to be a fac- 
fie process .  At  th~ P19 (100) and P19 (111) e lect rodes ,  the 
high dop ing  dens i ty  causes  the  barr ier  width,  W, to be rel- 
a t ively small  (about  200~ at the  top of the va lence  band 
near  Er). Q u a n t u m  mechan ica l  tunne l ing  of  e lect rons  
f rom the  s emiconduc to r  th rough  the  barr ier  into emp ty  
states of decame thy l f e r rocene  in solut ion becomes  the  
d o m i n a n t  e lec t ron- t ransfer  process  for these  electrodes.  
The  rate is cont ro l led  by the  diffusion of  decamethyl fer r i -  
c e n i u m  ~ to the e lec t rode  surface, resul t ing  in a revers ib le  
cycl ic  vo l t ammogram.  At  the  P18 (100) e lectrodes,  how- 
eve r  the  lower  dop ing  dens i ty  causes  the  barr ier  to be  too 
wide  (about  400/~ at the  top of  the  va lence  band near  E~) 
for tunne l ing  to be a facile process.  Very l i t t le ca thodic  
cur ren t  appears  at these  e lec t rodes  for decamethyl fer ro-  
cene,  resul t ing  in an e lec t rochemica l ly  i r revers ib le  wave. 

In  a similar  way, w h e n  the  e lec t rode  potent ia l  is swept  
pos i t ive  of E ~ for fe r rocene  ~.~ so that  ox ida t ion  becomes  
t he rmodynamica l l y  favorable,  the  barr ier  he igh t  in ques- 
t ion is Er - E~  (Fig. 13C). The  concent ra t ion  of  holes  in 
the  s emiconduc to r  at the  in ter face  near  the  ene rgy  of  E,b 
is sufficient  to accep t  e lect rons  f rom the  fe r rocene  in so- 
lu t ion  via the rmion ic  emiss ion-di f fus ion  at a rate  that  is 
cont ro l led  by the  diffusion of fe r rocene  to the  e lec t rode  
surface.  In  contras t  to decamethy l f e r rocene  ~,~ w h e n  the  
e lec t rode  potent ia l  is swept  nega t ive  of  E ~ for fe r rocene  +'~ 
(Fig. 13D), the  barr ier  he igh t  E ~ - E~b is low enough  for a 
suff icient  concent ra t ion  of  "holes"  (empty  states of  
fer r icenium) to be  p resen t  at the  interface near  the  energy  
of  E~b to accept  e lect rons  f rom the s emiconduc to r  via 
t he rmion ic  emiss inn-di f fus ion  at a rate  tha t  is cont ro l led  
by the  diffusion of  f e r r i cen ium § to the  semiconductor .  Be~ 
cause  the  doping  dens i ty  has  li t t le effect  on the  he igh t  of 

the barrier,  t he rmion ic  emiss ion-di f fus ion  is the  domi- 
nant  process  for the  e lec t ron t ransfer  of  ferrocene"" ,  re- 
gardless  of  the  dop ing  dens i ty  of  the  electrode.  

The  use  of addi t ional  meta l locenes  which  have  E ~ be- 
tween  the  decame thy l f e r rocene  +'~ and fe r rocene  ~~ couples  
to exp lo re  this p h e n o m e n o n  fur ther  is desi rable  to fur ther  
e lucidate  the  re la t ionship  be tween  the  shape of the  bar- 
r ier  and  the  vo l t ammet r i c  response.  

Reasons for apparent electrochemical irreversibil- 
i ty.--When the  e lec t rode  potent ia l  is swept  outs ide  of the  
region f rom about  -0 .9  to -0.1V, e lec t rochemica l ly  irre- 
vers ib le  cyclic v o l t a m m o g r a m s  are the  result .  The  experi-  
men t s  depic ted  in Fig. 5A and 6A demons t r a t e  that  the  ir- 
revers ibi l i ty  is not  inhe ren t  to the he te rogeneous  kinetics.  
The  apparen t  i r revers ibi l i ty  is an artifact of  the way  that  
the  CV e x p e r i m e n t  is per formed.  The  mos t  straightfor- 
ward  exp lana t ion  for t he  onse t  of  this pseudorec t i fy ing  
behav ior  is that  it is d i rec t ly  caused by the  ox ida t ion  and 
reduc t ion  of surface ox ide  dur ing  the  CV exper iment .  
The  CV's for the  fe r rocene  der ivat ives  sugges t  two mod-  
els by which  the  surface oxide  may  affect the  electro- 
chemica l  kinetics.  The  first mode l  involves  the  format ion  
of a th icker  or  less conduc t ing  oxide  on the  forward  (posi- 
tive) scan that  would,  by itself, subsequen t ly  inhib i t  the  
r educ t ion  of the fe r r i cen ium ~ ions on the  reverse  (nega- 
tive) scan. In  contrast ,  the  second  mode l  involves  only the 
m o v e m e n t  of  E~., that  occurs  w h e n  the  e lec t rode  potent ia l  
is posi t ive  of about  -0 .1V (Fig. 3). The  t imesca les  in- 
vo lved  wi th  the shifts in EF]~ can resul t  in di f ferent  posi- 
t ions of  the bandedges  dur ing  the  forward  and reverse  
scans of  a CV exper iment .  F igure  14 depicts  the  shift  in 
E~,,, that  occurs  dur ing  the  cyclic v o l t a m m e t r y  of  de- 
camethy l fe r rocene  at 19 (100) electrodes.  The  initial bar- 
rier to the  reduc t ion  of  decamethy l fe r rocene ,  (E ~ - Evl))i, 
is app rox ima te ly  0.9V in magn i tude  (Fig. 14A). As the  
e lec t rode  potent ia l  is swept  posi t ive  of  -0 .1V,  the  surface 
ox ide  begins  to charge  and Er, begins to shift  in a posi t ive  
direct ion,  push ing  Evh to approx imate ly  0.7V (Fig. 14B 
and 14C). As indica ted  by the  hysteresis  in the  capaci- 
tance  data (Fig. 3), Evj> remains  at a round 0.7V dur ing  the  
reverse  (negative) scan (Fig. 14D). This  resul ts  in a final 
barr ier  to the  reduc t ion  of  decamethyl fe r rocene ,  (E ~ - 
Eva)f, of  approx imate ly  1.2V. The final barr ier  is so high 
that  ne i ther  the rmion ic  emiss ion-di f fus ion  nor  q u a n t u m  
mechan ica l  tunne l ing  is facile, resul t ing in no ca thodic  
current .  As the  e lec t rode  is swept  negat ive,  charge  is re- 
m o v e d  f rom the  e lec t rode  surface and Evh re turns  to its in- 
itial potent ia l  (Fig. 14E and 14F). The  potent ia l  barr ier  is 
once  again (E ~ - EvD~. As d iscussed  previously ,  q u a n t u m  
mechan ica l  tunne l ing  of  e lectrons th rough  this barr ier  
f rom the  e lec t rode  to decamethy l f e r rocene  is a facile pro- 
cess, so ca thodic  cur ren t  is observed  at a large ca thodic  
overpotent ia l .  A similar  descr ip t ion  can be  used  for the  
o ther  ferrocenes.  

The  irreversibi] i ty associa ted  with CV's of  the cobalto- 
cene  +'~ couple  (Fig. 9) is more  difficult  to  in te rpre t  be- 
cause  mechan i sms  for e lec t ron t ransfer  at inver ted  sur- 
faces are not  wel l  unde r s tood  (9). Here  also, hysteres is  in 
the  space-charge capac i tance  occurs  dur ing  the  CV exper-  
iments  w h e n  the  e lec t rode  potent ia l  is nega t ive  of about  
-0 .9V (Fig. 3). The  hysteres is  could  be  respons ib le  for the 
i r revers ib le  v o l t a m m o g r a m s  in this case as well. 

Mediation of electron transfer by surface states . - -At  the  
P19 (100), P19 (111), and P18 (100) electrodes,  the  oxida- 
t ion waves  for all of  the  fe r rocene  der ivat ives  appeared  to 
be diffusion control led  or  near ly  so. This behav ior  impl ies  
that  the  rate of ox ida t ion  was no t  l imi ted  by the  rate of  
e lec t ron  t ransfer  b e t w e e n  solut ion levels  and vacan t  lev- 
els in the  e lec t rode  (holes). An impor t an t  ques t ion  is 
whe the r  the  oxida t ion  processes  occur red  by direct  elec- 
t ron  t ransfer  be tween  the  fe r rocenes  and va lance-band  
holes  or via surface states that  could  media te  the  electron- 
t ransfer  process.  Many theore t ica l  and expe r imen ta l  stud- 
ies have  favored  the  la t ter  exp lana t ion  (47, 49-51). Fo r  re- 
duc t ions  at n-InP/CH3CN interfaces,  Koh l  and Bard  
p resen ted  conv inc ing  ev idence  for the  i n t e rmed iacy  of  a 
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Fig. 14. Illustration of the shift in the valence bandedge and the 
change in the height of the barrier to cathodic current, E ~ - E~b, dur- 
ing a cyclic voltammogram of decamethylferrocene at a P19(100) 
electrode with an anodic switching potential of 0.6V and experimen- 
tal conditions as reported herein. Part A: initial conditions. Port B: 
electrode potential swept positive of E ~ oxidation of decamethylfer- 
rocene occurs. Part C: positive shift in the bandedges and increase in 
the height of E ~ - E~ at positive potentials. Part D: the bondedges 
remain at the more positive potential and the barrier height remains 
large during the reverse scan, so that no reduction of decamethylferri- 
cenium § occurs when the electrode potential is swept negative of E~ 
Part E: sweeping the electrode to negative potentials returns the 
bandedges and the barrier height to their initial conditions, allowing 
reduction of decamethylferricenium § to occur. Part F: at the final po- 
tential, final conditions are identical to the initial conditions. 

sur face  s ta te  (17). T he  r e d u c t i o n  of  m a n y  c o m p o u n d s  
o c c u r r e d  on ly  af te r  a c e r t a i n  nega t i ve  p o t e n t i a l  was  ap- 
pl ied,  a n d  it  was  a r g u e d  t h a t  th i s  nega t ive  po ten t i a ]  was  

Table II. Result summarized 

Electrode Surface Stability of 
potential energetic surface CV dark 

(Vp condition h energetics currents 

-2.0 to -0.9 Inversion 

-0.9 to -0.1 Depletion 

1. E~.~ shifts neg- 
ative with time 

2. 1/C~ 2 vs. E ex- 
hibits hystere- 
sis 

1. E~.~ stable 

2. 1/Csr 2 vs. E ex- 
h ib i t s  no hy- 
steresis 

-0.1 to 0.4 Depletion 1. E~.~ shifts posi- 
tive but can be 
restored to ini- 
tial value 

2. 1/C~"- vs. E ex- 
hibits hystere- 
sis 

0.4 to 0.8 Unknown 1. E~-~ shifts posi- 
because tive and can be 
of anodic part ial ly re- 
corrosion stored to its ini- 

tial value, but a 
p e r m a n e n t  
shift remains 

2. 1/C~ ~ vs. E ex- 
hibits hystere- 
sis 

>0.8 Unknown 1. E~.~ shifts posi- 
because t i re  with time 
of anodic and cannot be 
corrosion restored to ini- 

tial value 

1. Irreversible 
waves 

2. Currents de- 
crease wi th  
ND 

1. Reversible 
waves 

2. Reduct ion  
currents de- 
crease with 
ND 

1. Waves be- 
gin to ap- 
pear irre- 
versible 

1. Irreversible 
waves 

1. Electrode 
passivates 

Potential vs. E ~ for ferrocene § in CH:~CN. 
h See Fig. 12 and text. 

r e q u i r e d  to fill t he  sur face  state.  This  r e su l t ed  in  t h e  "lev- 
e l ing  ef fec t"  for  t he  r e d u c t i o n  of  c o m p o u n d s  w i t h  E ~ pos-  
i t ive  of  EcB. A leve l ing  ef fec t  was  no t  o b s e r v e d  in  t h e  pre-  
s en t  s tudy ,  s ince  t he  va r ious  f e r rocenes  we re  ox id i zed  at 
p - I n P  at t he i r  i n d i v i d u a l  va lues  of E ~ a n d  no t  at  a com- 
m o n  po t en t i a l  t h a t  cou ld  be  a s soc ia ted  w i t h  t he  e m p t y i n g  
of  a su r face  state.  Neve r the l e s s ,  su r face-s ta te  m e d i a t i o n  
c a n n o t  be  ru led  out,  b e c a u s e  sur face  s ta tes  w i t h  a wide  
r a n g e  of  ene rg ies  m a y  b e  avai lable .  

The re la t ionsh ip  o f  this w o r k  to p re v ious  s t u d i e s . - - T h e  
r e su l t s  of  th i s  s t u d y  are  s u m m a r i z e d  in Tab le  II. Da rk  
c u r r e n t s  t h a t  are i n d e p e n d e n t  of e x p e r i m e n t a l  p a r a m e t e r s  
c an  on ly  be  o b s e r v e d  w i t h i n  a smal l  r a n g e  of e lec t rode  
po ten t i a l s .  W h e n  t h e  e l ec t rode  po t en t i a l  is ou t s ide  of the  
r a n g e  of a b o u t  -0 .9  to  -0 .1V,  t he  da rk  c u r r e n t s  are 
con t ro l l ed  b y  e x p e r i m e n t a l  p a r a m e t e r s  s u c h  as t he  in i t ia l  
p o t e n t i a l  a n d  the  s w i t c h i n g  potent ia l .  Mos t  of t he  qual i ta-  
t ive  d i f f e rences  in  t he  cycl ic  v o l t a m m e t r y  r e p o r t e d  he re  
a n d  b y  Koh l  and  B a r d  (17) c an  b e  a t t r i b u t e d  to t he  fact  
t h a t  t he  po ten t i a l  r eg ions  iden t i f i ed  in Tab le  II  we re  no t  
iden t i f i ed  in t he  ear l ier  s tudy .  

P h o t o v o l t a g e s  a n d  p h o t o c u r r e n t s  at  p - InP /ox ide /  
CH:~CN in te r faces  are  a f fec ted  b y  the  sur face  ene rge t i c s  
a n d  da rk  cur ren t s .  In  th i s  regard ,  it is i n t e r e s t i n g  to exam-  
ine  t he  p h o t o v o l t a g e s  r e p o r t e d  by  D o m i n e y  et al. for  
va r ious  r e d o x  coup le s  in  CH:~CN at p - I n P  p h o t o c a t h o d e s  
(18). Coup les  w i t h  E ~ nega t ive  of - 1 . 2 V  d i s p l a y e d  a 
nea r ly  c o n s t a n t  p h o t o v o l t a g e  of  -0 .8V.  Our  da ta  i nd i ca t e  
t h a t  all of t hose  coup les  h a v e  E ~ nega t i ve  of the  Er of 
p-InP/oxide/CH:~CN a n d  t h a t  t he  b a n d  b e n d i n g  b e c o m e s  
c o n s t a n t  a t  nega t ive  po ten t ia l s .  Fo r  coup le s  w i t h  E ~ be- 
t w e e n  -0 .6  a n d  -0 .1V,  t he  p h o t o v o l t a g e s  were  smal le r  
t h a n  0.8V and  were  d e p e n d e n t  o n  E ~ Our  da ta  i nd i ca t e  
t h a t  t h o s e  coup les  h a v e  E ~ in  t he  r a n g e  w h e r e  
p - InP/ox ide /CH3CN b e h a v e s  l ike an  ideal  s e m i c o n d u c -  
to r / so lu t ion  in terface .  

Conclusions 
R e p r o d u c i b l e  f l a tband  po t en t i a l s  a n d  cycl ic  vo l t am-  

m e t r i c  b e h a v i o r  at  h i g h l y  d o p e d  p - I n P  e l ec t rodes  in  
CH3CN so lu t ions  in  t he  d a r k  d e p e n d  u p o n  t he  f o r m a t i o n  
of a s t ab le  ox ide  layer  on  t he  surface.  The  capac i t ance  of 
the  p- InP/oxide /CH~CN in t e r f ace  b e h a v e s  ideal ly  b e t w e e n  
-0 .9  a n d  - 0 . 1 V  vs. t h e  fo rma l  r e d u c t i o n  po t en t i a l  of  
f e r rocene  §176 Sur face  r e d o x  r eac t ions  t h a t  occur  ou t s ide  of 
th i s  po t en t i a l  r ange  lead  to po t en t i a l  i n d e p e n d e n t  a n d  
h y s t e r e t i c  space -cha rge  capac i t ance s  a n d  i r r eve r s ib l e  cy- 
clic v o l t a m m e t r y  for  m e t a l l o c e n e  r edox  couples .  Revers i -  
b le  CV b e h a v i o r  c an  be  o b s e r v e d  for  d e c a m e t h y l f e r r o -  
c e n e  ~,~ (E ~ = -0 .5V)  a n d  f e r rocene  ~,~ (E ~ = 0.0V) at  t he  
e l ec t rodes  w i t h  t he  h i g h e s t  d o p i n g  dens i t ies .  The  he te ro-  
g e n e o u s  k ine t i c s  o b s e r v e d  are a f fec ted  by  t he  d o p i n g  
d e n s i t y  of  the  e lec t rode ,  b u t  t h e y  are  no t  a f fec ted  by  the  
c rys ta l  o r ien ta t ion .  
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On the Origin of the Bandshifts in the Action Spectra of 
Polycrystalline Ti02 Electrodes Prepared by Thermal Oxidation of 

Titanium 
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Institute of Photographic Chemistry, Academia Sinica Beijing, Beijing, China 

ABSTRACT 

The spectral distribution of the quantum efficiency in the range 250-550 nm has been determined for a number  of 
TiO2 electrodes prepared by thermal oxidation in air (temperature range 500~176 A red shift in the action spectra and 
an extensive decrease in the quantum efficiency in the short wavelength range (250-300 nm) were observed with in- 
creasing oxidation. The effect of different polishing procedures on the electrodes before and after the formation of the 
TiO2 layers was also investigated. A marked increase in quantum efficiency, especially in the short wavelength range, 
was registered with increasing surface finish of the electrodes. The observed changes in the action spectra are dis- 
cussed in terms of electron-hole recombination mediated via surface states and recombination in the rough surface. It 
was possible to describe the registered action spectra in the wavelength range 300-400 nm in terms of the known absorp- 
tion coefficient and a modified G~rtner-Butler equation with three adjustable parameters. The experimental data also 
give evidence of a gradient in doping density normal to the surface of the TiO~ layer electrodes. 

Action spectra of single-crystal and polycrystalline TiO2 
as electrode material in photoelectrochemical (PEC) cells 
varies strongly with method of preparation (1-14) and 
history of the electrode (15-17). Some of these variations 
are well understood and can be described in terms of pa- 
rameters of the electrode material and properties of the 

* Electrochemical Society Active Member. 

interface between electrode and electrolyte (18-24). The 
often-observed decrease in quantum efficiency of TiO2 
electrodes in the short wavelength range (250-300 nm), 
however, is still the cause of some controversy. Different 
and sometimes conflicting ideas of its origin can be 
found in the literature (3, 7, 15, 16). It is well known that 
variations in surface morphology can substantially affect 



624 J.  E lec t rochem.  Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  M a r c h  1985 

the efficiency of the photoactive electrode(s) in a PEC 
cell (1, 2, 15, 25-29). 

In an attempt to clarify to what extent changes in the 
surface morphology contribute to the observed variations 
in the spectral response of polycrystalline TiO2 layer elec- 
trodes, different oxidation conditions and polishing pro- 
cedures were utilized to achieve electrodes with different 
surface finishes. The registered action spectra of the elec- 
trodes are compared with earlier published spectra. The 
observed changes in spectral distribution of the photore- 
sponse are discussed with reference to models proposed 
in the literature. The concept of a "recombination layer" 
at the surface of the electrode is introduced and a semi- 
empirical equation, based on the G~rtner-Butler expres- 
sion (18, 19), is utilized to describe the registered action 
spectra in the wavelength range 300-400 nm. 

Materials 
Titanium plate, which, according to the manufacturer, 

contains Fe < 0.10%, O < 0.35%, N < 0.07%, C < 0.10%, 
and H < 0.012%. An etching solution was made from 1 
part 40% HF solution, and 1 part conc HNO~ and 3 parts 
distilled water. Phosphate buffer solutions were prepared 
from p.a. Baker reagent chemicals and distilled water. 
These solutions were pasteurized and stored at 4~ 

Preparation of the Ti02 Layers 
1 mm thick circular (20 mm diam) titanium plates were 

mechanically polished to mirror brightness with alumin- 
ium oxide (Tornerde, Jean Wirtz, Dusseldorf, Germany) 
in a sequence down to a grain size of 0.25 ~m. Some of the 
mirror bright plates were etched for 20s in the etching so- 
lution (see previous section). All plates were carefully 
cleaned and finally rinsed in distilled water before they 
were placed in the preheated oven. The oxidation was 
carried out in air at atmospheric pressure. The tempera- 
ture was measured close to the samples with a Pt/Pt, Rh 
(!0%) thermocouple. Zero time was taken when the 
samples were placed in the oven. [A more detailed de- 
scription of the preparation procedure is given in Ref. 
(29, 39).] 

Experimental 
The TiO2 film thickness was determined from the in- 

terference fringe pattern of reflection spectra recorded in 
the range 400-15,000 nm. (Zeiss DMR 10, Beckman DK-2a, 
and Perkin Elmer 157 IR spectrophotometers were used.) 

A conventional three-electrode cell was used. The TiO~ 
electrodes were mounted in a specially constructed 
O-ring (Viton) sealed plexiglass holder, exposing a circu- 
lar area of 0.8 or 1.8 cm 2 to the electrolyte. Ohmic contact 
(metal to metal) was made by pressing a spring-supported 
stainless steel pin or a copper wire against an oxide-free 
spot at the back of the Ti plate. The surface of the TiO2 
electrode was placed in the cell behind an optically flat 
fused quartz (suprasil) window. A calibrated saturated 
calomel electrode (0.242+/-0.001V vs. NHE) was used as 
reference electrode (RE). The counterelectrode (CE) was 
platinized Pt-foil (area approximately 3 cm 2) separated 
from the TiO2 working electrode (WE) and RE by a po- 
rous glass filter. The arrangement of the light source, the 
monochromator, and the arrangement for measuring the 
light intensity have been described elsewhere (13). Cor- 
rections for reflection losses at the window of the cell 
and absorption losses in the electrolyte were made. Those 
cases where correction for reflection losses at the TiOJ 
electrolyte interface were made, will be specially noted in 
the following. A Schott filter UG5 was used to eliminate 
stray light in the wavelength region 250-350 nm. The sec- 
ond-order spectrum from the grating monochromator 
(Schoeffel GM 252) was filtered off with a Schott GGI5 
cutoff filter. 

The potentiostatic measurements were performed with 
a PAR 173 instrument. Action spectra (at constant WE po- 
tential) were determined from alternating point by point 
measurements of the photocurrent and the light flux. 
Photocurrent registration was also made on a Hewlett- 
Packard Model 7044A X-Y recorder. All measurements 

were performed at room temperature (approximately 
20~ 

The surface profile measurements were made on a 
Sloan Detak surface profile measuring instrument (Sloan 
Technology Corporation, Santa Barbara, California). 

Results and Discussion 
Estimation of f i lm  thickness.--The TiO2 film thickness 

was estimated using Eq. [1] 

)~ 4d M -  [1] 

Here n is the refractive index, h is the wavelength at max- 
ima and minima, d is the film thickness, M is an integer, 
and k is a constant equal to 0 or ~, depending on the 
phase difference between the beams reflected at the two 
interfaces air/oxide and oxide/metal. Refractive indexes 
of polycrystalline TiO2 (rutile) given by Hass (30) and Car- 
dona and Harbeke (31) were used in the calculations. 

Figure 1 shows some typical plots from which the film 
thickness d was determined. The Tolansky method re- 
cently used by Stillwell and Park (32) was also applied 
and gave (except for two very thin films) the same results 
within 5%. 

Measured values are collected in Tables I and II. They 
agree well (29) with the results of the more extensive 
studies by Kofstad et al. (33, 34) and Dechamps and Lehr 
(35). 

The effect of  increased oxidation of the t i tanium p l a t e . -  
Figure 2 shows the action spectra of 12 polycrystalline 
TiO2 electrodes prepared by thermal oxidation in air in the 
temperature range 500~176 All twelve electrodes were 
made from carefully polished titanium plates, which were 
slightly etched (ca. 20s) before oxidation. SEM pictures 
give evidence of an increasing surface roughness with in- 
creasing oxidation (29). The action spectra in Fig. 2 were 
registered point by point, going from longer towards 
shorter wavelengths at a working electrode potential of 
1.25V vs. SCE (pH = 6.75). The quantum efficiencies 
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Fig. I. Optical reflection data plotted according to Eq. [1] 
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Table I. The obtained values of the parameters w, dr, and f are given for 
best fit of Eq. [2] to the action spectra in Fig. 2. No restrictions were 

imposed on the allowed values of the parameters. Details of the 
calculations are given in the text. The table also gives the TiO2 layer 

thickness, as estimated from Fig. 1, CHISQ for best fit, and the 
preparation parameters for temperature, Tax, and oxidation time, tax 

Tax to~ d f dr w 
(~ (h) (nm) (%) (nm) (nm) CHISQ 

502 0.50 48 0 2.5 11 0.91 
1.00 55 0 3.7 11 2.2 
4.0 83 0 10 16 2.5 

15.0 108 0 11 20 5.7 
598 0.50 114 0 19 25 5.0 

1.00 165 5 -10  -4 24 33 3.9 
4.0 280 1.5. 10 -~ 68 40 5.0 

15.0 530 2.1 107 48 4.2 
704 0.50 370 6.3 102 68 3.7 

1.00 585 3.6 156 99 1.5 
4.0 1290 0.43 355 125 3.1 

15.0 2990 0.13 800 (63) 1.3 

were  ca lcu la ted  f rom t he  d i f f e rence  b e t w e e n  t he  s teady-  
s ta te  p h o t o c u r r e n t  a n d  t he  da rk  cu r ren t .  A sys t ema t i c  
c h a n g e  in  t h e  spec t ra ]  d i s t r i b u t i o n  of  the  p h o t o r e s p o n s e  
w i t h  i n c r e a s i n g  o x i d a t i o n  c a n  b e  seen.  T he  t r e n d  of  a n  
overa l l  i nc rease  in  q u a n t u m  eff ic iency w i t h  i n c r e a s i n g  
o x i d a t i o n  (or TiO2 film t h i c k n e s s )  is s u c c e e d e d  b y  a r ap id  
dec rea se  in t he  r a n g e  250-300 n m  (s ta r t ing  w i t h  t h e  p la t e  
ox id ized  at  598~ for  4h). A sha l low m i n i m u m  at  approx i -  
m a t e l y  300 n m  is seen.  T h e  m a x i m u m  in  t he  sho r t  
w a v e l e n g t h  r eg ion  r e m a i n s  at  a p p r o x i m a t e l y  270 nm,  
w h i l e  the  m a x i m u m  in  t h e  l ong  w a v e l e n g t h  r eg ion  
(300-400 nm)  u n d e r g o e s  a r ed  sh i f t  w i t h  i n c r e a s i n g  
ox ida t ion .  

A s imi l a r  r ed  sh i f t  ha s  b e e n  o b s e r v e d  b y  a n u m b e r  of  
w o r k e r s  (3, 5-9, 15, 16), e.g., b y  M a t s u m o t o  et al. (3) at  ther -  
ma l ly  g r o w n  po lyc rys t a t l i ne  TiO~ e lec t rodes ,  a n d  b y  
MSllers  et al. (7) at  e l ec t rodes  p r e p a r e d  b y  c h e m i c a l  v a p o r  
depos i t ion .  L iou  et al. (16) a n d  Wilson  et al. (15), w h o  in- 
v e s t i g a t e d  t he  ag ing  of  h y d r o g e n - r e d u c e d  s ingle  c rys ta l s  
of  TiO2, also r e p o r t  s imi la r  r ed  shi f t s  w i t h  i n c r e a s i n g  illu- 
m i n a t i o n  t ime.  Simi lar ly ,  Mac  Alee r  a n d  P e t e r  (8) ob- 
s e r v e d  a r ed  sh i f t  in  t he  ac t ion  spec t r a  in  t h e i r  s t u d y  of  
a n o d i c  ox ide  f i lms o n  t i t a n i u m .  The  sha l low m i n i m u m  
n e a r  300 n m  is also p r e s e n t  in  t he  " a n o d i c "  ac t ion  spec t r a  
of  u n t r e a t e d  po lyc rys t a l l i ne  TiO2 e l ec t rodes  (p r epa red  
m u c h  in  t he  s a m e  w ay  as in  t h e  p r e s e n t  work)  p r e s e n t e d  
b y  S p r t i n k e n  et el. (14), a n d  in  t he  ac t ion  s pec t r a  of  s ingle-  
c rys ta l  TiO~ e l ec t rodes  r e g i s t e r e d  b y  Wi lson  et at. (1). T h e  
m i n i m u m  can  be  a t t r i b u t e d  to the  h i g h e r  re f lec t ion  
losses  due  to t h e  la rge  i n d e x  of  r e f r ac t i on  (31) in  th i s  
r a n g e  (vide infra). 

Dif fe ren t  e x p l a n a t i o n s  of  t he  o b s e r v e d  c h a n g e s  in  ac- 
t ion  spec t r a  are  p roposed .  M a t s u m o t o  et al. e x p l a i n  t he  
o b s e r v e d  red  sh i f t  u p o n  i n c r e a s e d  ox ida t i on  b y  r e fe r r ing  
to a m o d e l  p r o p o s e d  b y  G o o d e n o u g h .  They  s ugges t  t h a t  
the  b r o a d n e s s  a n d  pos i t i on  of t he  p h o t o c u r r e n t  p e a k  will 
m a i n l y  b e  d e t e r m i n e d  by  t h e  deg ree  of i n t e r a c t i o n  be- 
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Fig. 2. Action spectra of 12-layer electrodes prepared by thermal oxi- 
dation of highly polished titanium plate. At each temperature (502 ~ , 
598 ~ and 704~ the oxidation periods were: O 0.50h, �9 1.00h, [] 
4.0h, and/5 15.0h. The solid lines show best fit of Eq. [2] to the experi- 
mental data. Electrode potential 1.25V vs. SCE; pH = 6.7S. 

t w e e n  t h e  t.2g o rb i ta l  of  t he  Ti ca t ion  a n d  the  p o rb i t a l  of 
t h e  o x y g e n  ion. I f  t he  i n t e r a c t i o n  b e c o m e s  weak,  t h e  p e a k  
b e c o m e s  s h a r p  a n d  sh i f t s  t o w a r d s  l o n g e r  w a v e l e n g t h s ,  
a n d  t hey  p r o p o s e  t h a t  t h i s  is t he  case  for  s a m p l e s  pre- 
p a r e d  at  t e m p e r a t u r e s  a b o v e  700~ 

Table II. The obtained values of the parameters w and df are given for best fit of Eq. [2] to registered action spectra, as described in the text. In these 
calculations the parameter f was fixed at zero. Data collected from five different stages of polishing and six different electrode potentials, U vs. SCE. 

The table also gives the thickness d at each stage of polishi ng. ax val ues from Ref. (13) were used in these calculations. Eg = 3.05 and B = 8.7 x 107 
eV- lm -~ were used to calculate ~x in the wavelength range 340-400 nm. (See Eq. [3].) Allowed ranges of the parameters were: 0 < dt < 2000 rim, 

0 < w  < 2 0 0 0 n m  
Stage 1 2 3 4 5 

d 104:~ 99s 95~ 89s 837 
(nm) 

dr w df w dr w dr w df w 
U(V) (nm) (nm) CHISQ (nm) (nm) CHISQ (nm) (nm) CHISQ (nm) (nm) CHISQ (nrn) (nm) CHISQ 

0.20 156 197 22 77 150 111 26 112 65 11 105 50 24 68 28 
0.50 165 273 33 85 221 209 21 210 168 5 189 180 25 103 98 
0.75 171 329 40 90 267 277 21 271 262 6 250 264 26 123 161 
1.00 170 361 46 92 302 312 21 321 337 6 289 297 27 139 214 
1.25 168 389 49 93 330 322 21 357 390 6 327 379 27 151 260 
1.50 184 436 125 92 351 320 21 390 481 - -  - -  - -  27 161 304 



626 J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY March 1985 

In the qualitative discussion of aging effects in H~-re- 
duced single-crystal rutile anodes, Harris and Wilson ex- 
plained some of the observed changes in the spectral dis- 
tribution of the photocurrent  by the formation of an 
"inert" layer which absorbs photons without contributing 
to the current. They also discussed the effects of surface 
roughness and "pores" at the surface of the crystal. 

A narrowing bandgap and shifts in the refractive index 
are proposed by Liou et al. as an explanation of the red 
shift observed in their aging experiments. Sprfinken et al. 
do not discuss the bandshift mentioned above, but do 
give interesting comments  on the charge exchange and 
the reactions at the electrode/electrolyte interface. In 
terms of a slightly modified model proposed by Geris- 
cher (36) and Bard (37), a qualitative explanation to the 
"anodic" and "cathodic" action spectra was given, which 
was registered at working electrode potentials close to the 
flatband potential. The model  includes surface states in 
the bandgap as well as the existence of different energy 
states of reduced and oxidized species (e.g., O ~-/O~) in the 
liquid phase. Their experiments showed that when oxy- 
gen or other reducible species like Fe s+ are present in the 
solution, electrons generated close to the electrode sur- 
face by short wavelength light with small penetration 
depth, 1/ax, are transferred to the solution and contribute 
to a "cathodic photocurrent." 

Electrons generated deeper in the TiO~ electrode by 
long wavelength light with low absorption coefficient, 
however, are drained into the electrode. Sprfinken et al. 
did not make any systematic investigation of the effect of 
surface roughness, but assumed that the less pronounced 
cathodic effects on single crystals compared with poly- 
crystalline materials arise from the smaller surface area of 
the former. We will return to the ideas of Wilson et al. and 
Sprfinken et al. in the following discussion. 

The effect of different polishing procedures.--The ef- 
fects of different polishing procedures on the photore- 
sponse are illustrated in Fig. 3-6. The data presented in 
these figures were collected from electrodes made from 
the same titanium plate and oxidized under identical con- 
ditions (4h in air at 685~ 

The electrodes A, B, and C (Fig. 3 and 4) were 
prepolished with powders of grain sizes 150 ~m (100 
mesh), 50 ~m (280 mesh), and 0.25 ~m, respectively, be- 
fore the oxidation procedure. Electrode D was subjected 
to the same prepolishing procedure as C, but after oxida- 
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Fig. 3. Action spectra of polycrystalline TiO~ electrodes showing the 

effect of different preparation procedures. Corresponding electrode sur- 
face profiles and detailed preparation parameters are given in Fig. 4. 
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Fig. 4. Surface profiles of polycrystalline TiO~ layer electrodes, The 
final polishing of the titanium plates before oxidation was made with the 
following grain sizes of the polishing media, A: 150/~m (100 mesh), B: 
50/~m (280 mesh). C and D: 0.25/~m. After the oxidation procedure (4h 
at 685~ air at 1 atm), D was polished to mirror brightness with 0.25/~m 
diamond paste. 
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Fig. 5. The quantum efficiency (@x) and the reflectance (R) as a func- 
tion of wavelength (X) of a polycrystolline TiO~ electrode at different 
stages of surface finish. Corrections, except for reflection losses at the 
TiOJelectrolyte interface, had been made in A. In C, ~x has also been 
corrected for the specular reflection, as described in the text. Spectra of 
the unpolished electrode are in the different parts of the figure denoted 
with 1. Carves 2-5 represent different stages in the polishing procedure, 
The depth (d) of the layers, which decrease as the polishing proceeds, 
are given in Table I1. The action spectra were all recorded at 1 . 0 V  vs. 

5CE atp H = 4.7.  Note that the minima in the ~x curves coincide with the 
maxima in the reflectance spectra. 
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tion it was further polished with 0.25 ~m diamond paste. 
The latter treatment will be discussed in detail below. 
The surface profiles of electrodes A-D are shown in Fig. 
4. It is evident from these figures that there is a close 
connection between the surface structure and the regis- 
tered changes in action spectra. 

In addition to the overall decrease in quantum effi- 
ciency, a pronounced decrease in the efficiency of short 
wavelength light and a shift of the maximum towards 
longer wavelengths is registered with increasing surface 
roughness. 

Figure 5 shows action spectra and reflectance spectra 
of a single polycrystalline TiO~ electrode oxidized at 
685~ for 4.0h in air at atmospheric pressure. This elec- 
trode was subject to successive surface polishing with 
0.25 ~m diamond paste after the oxidation. The polishing 
procedure was interrupted and the specular reflectance 
in air (Fig. 5B) and the action spectra were registered at 
five different stages of surface finish. From the interfer- 
ence pattern in the visible and infrared region of the re- 
flectance spectra (not shown), the electrode thicknesses 
were determined as described above. The resulting film 
thicknesses, d, are collected in Table II. 

In the action spectra shown in Fig. 5A, all corrections 
have been made except  the correction for reflection 
losses at the TiOJelectrolyte interface. The specular 
reflectance (Fig. 5B) was used to correct for these losses 
of light (see Fig. 5C). The latter correction is crude for two 
reasons: (i) the difference in refractive index between 
electrolyte and air has not been taken into account, and 
(it) the diffuse part of reflection has been omitted. 

As can be expected, the specular reflectance increases 
with polishing time. Curves 4 and 5 in Fig. 5B are almost 
identical, which indicates that the the upper limit in spec- 
ular reflection is reached. The reflectance at this stage is 
also very close to the value calculated from refractive in- 
dex data given in the literature. The diffuse reflection is 
apparently very small and the electrode shows a mirror- 
like surface. The error introduced by omitting the diffuse 
reflectance at this stage is negligible. Note that the max- 
ima in the reflectance spectra (dt ca. 300 nm) correspond 
very well to the minima in quantum efficiency in curves 
2-5 in Fig. 5A. For this reason, the minima in the cor- 
rected curves in Fig. 5C are less pronounced. 

Examining the action spectra in the sequence from 
stage 1 to stage 5 (Fig. 5A and 5C), the following features 
are noticeable: (i) in spite of the increasing specular 
reflectance, the quantum efficiency in Fig. 5A increases 
with increasing polishing up to curve 4. The increase is 
most apparent in the range 250-300 nm. (it) When the 
quantum efficiency decreases again (curve 5), the rela- 
tively larger quantum efficiency at short wavelengths 
persists and the spectrum more closely resembles curve 4 
than curve 1. (iii) The edge of the action spectra just be- 
low the bandgap wavelength shifts towards longer 
wavelengths and then back again (curve 5) with increas- 
ing polishing. 

As can be seen from Fig. 6, there is a marked increase in 
the sub-bandgap response after the first polishing proce- 
dure. The sub-bandgap response then remains fairly inde- 
pend_ent of further polishing. 

Interpretation of action spectra.--Focusing our atten- 
tion on the action spectra of the TiO2 electrodes investi- 
gated in the present work, we will first consider the de- 
velopment  of the TiO2 layer as the oxidation proceeds. 
Starting with a highly polished Ti plate, a moderate oxi- 
dation (at low temperature for a short time) will result in a 
fairly smooth polycrystalline TiO2 layer (Fig. 7A), in 
which the number of vacancies (or oxygen deficiencies 
expressed by y in TiO2_y) rapidly increases inwards into 
the layer until the metal is reached. Thus an inhomogen- 
eous doping density ND will result. ND will increase with 
the distance x from the surface. Increasing oxidation will 
give thicker TiO2 layers (Fig. 7B and 7C), but also larger 
crystallites and a rougher surface. At high temperatures 
and long oxidation times, the rough surface region will be 
nearly completely oxidized. This means that the doping 
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Fig. 6. Same action spectra as in Fig. 5A extended into the sub- 
bandgap region. Note the overall increase in sub-bandgap response after 
the first polishing procedure. 

density ND will be low at the surface and then gradually 
increase with layer depth, but now with a smaller gradi- 
ent than in the case of the more moderately oxidized elec- 
trodes. Thus, the increase in efficiency with increasing 
oxidation for long wavelength light (with large penetra- 
tion depth) can be qualitatively understood in terms of 
decreasing doping density, which results in a wider 
space-charge region. 

Furthermore,  as proposed by Harris and Wilson (15), 
electron-hole recombination in the poorly doped surface 
region could make this region function as an "inert" 
layer, which like an optical filter absorbs light without 

L 

| 

I 

| 

, 
J 
I 

LU 

Q~ 

LZJ 
,_J 
LU 

x 1000 500 0 
nm 

Fig. 7. Schematic representation of cross sections (normal to the mac- 
roscopic electrode surface) of Ti02 layers formed by thermal oxidation of 
highly polished titanium plates. Shaded areas denote titanium, and un- 
shaded Ti02_~, where y is a small number representing oxygen deficien- 
cies. y is a function of the distance (x) from the surface as described in 
the text. A-C illustrate the evolution of a layer electrode in a sequence of 
stronger oxidation conditions. The broken line gives the position of the 
border between the SCR and the bulk of the electrodes. Keeping the oxi- 
dation time constant, e.g., at 4h, A, B, and C may represent layers formed 
in air atca. 500 ~ 600 ~ and 700~ respectively. D shows the same elec- 
trode as C, but polished. 
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contributing to the photocurrent. The decreasing quan- 
tum efficiency (Fig. 2) of short wavelength light must, 
thus, according to this idea, be explained by electron-hole 
recombination in this surface "filter" region. 

This is, however, not the only possible reason for low 
efficiency in the short wavelength range (250-300 nm) for 
the strongly oxidized t i tanium plate, e.g., electrodes pre- 
pared at temperatures above ca. 600~ (see Fig. 2). Recom- 
bination of charge carriers via states at the surface is an- 
other. Such states have been observed by a number  of 
workers. For example, Sprfinken et al. (14) and Wilson 
(38) have observed reduction peaks in their i-V curves just  
positive of the flatband potential. The reducible states 
observed by these workers were induced by light with en- 
ergy exceeding the bandgap energy and at potentials pos- 
itive of the flatband potential. The states were long lived 
and probably neutral (38). The observations of the re- 
ferred author have been confirmed for polycrystalline 
TiO~ electrodes at our laboratory. These experiments will 
be discussed further in a separate paper. Filling and 
unfilling such states may lead to recombination of elec- 
trons and holes. 

At a rough, low doped surface (with irregular grains 
projecting into the electrolyte) a lateral transport of 
charge carriers to the interface is most probable 
[Compare the mechanism proposed by Lewerenz et  al. for 
layered compounds (26).] Electrons and holes formed by 
short wavelength light will be generated predominantly 
in this low doped rough region and experience any field 
built  up at the interface by surface states. Even if the 
bandbending is high deep in the electrode, at strong posi- 
tive polarization (see Fig. 8), and a good charge separation 
is at hand in this particular region of the electrode, the 
photogenerated charge carriers in the low doped rough 
surface will experience not this field, but, rather, the 
field built  up by the surface states. At positive polariza- 
tion, the holes formed deep in the electrode, in the deple- 
tion layer, will be forced to the surface and the surface 
will become saturated with "oxidized" surface states. In 
the field created by these surface states, photoexcited 
electrons formed in the rough surface region will be 
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Fig. 8. A model of the TiO2 layer electrode prepared by thermal oxida- 
tion of titanium. A shows the energy (E) diagram with the valence band 
(VB), the conduction band (CB), the Fermi level (E~), and the band 
bending (eUB). B visualizes a "real" electrode as illustrated in Fig. 7. C 
shows the corresponding idealized model on which Eq. J-2] is based. The 
symbols (the layer thickness, d, the depletion layer width, w, the 
"recombination layer," dr, the fraction of the surface not covered with 
the "recombination layer," f) as well as P and Q are all explained in the 
text. 

drained to the surface and consumed in a cathodic 
backreaction. The resulting "reduced" surface state will 
be rapidly reoxidized, since there is an excess of holes 
reaching the surface. The recombination thus mediated 
by the surface states will be experimentally registered as 
a decrease in quantum efficiency in the short wavelength 
range. 

A mechanism such as the one proposed above may also 
explain the changes in action spectra with increasing 
TiO~ layer thickness registered by M611ers et al. (7). Their 
TiO2 layer electrodes made by chemical vapor deposition 
(CVD) show a similar decrease in quantum efficiency at 
short wavelengths with increasing layer thickness as ob- 
served for the electrodes in the present work (Fig. 2). 

The aging experiment of reduced single-crystal TiO~ 
electrodes performed by Harris and Wilson (15) shows 
that the surface roughness increases with time when the 
electrodes are i l luminated under  polarization. This in- 
creased surface roughness may be connected with the de- 
crease in photocurrent below 300 nm. The red shift in 
spectral response registered b_y Harris and Wilson (15) and 
by Liou et al. (16) seems also to be associated with a de- 
crease in doping density of the reduced electrodes in the 
course of the aging under  illumination, as discussed by 
Butler (17). 

The effects of different polishing and etching proce- 
dures of single-crystal TiO~ electrodes reported by Wilson 
et al. (1) are somewhat puzzling. They propose in their re- 
port that mechanical polishing produces near the surface 
of the electrode a disturbed layer which (in contrast to the 
polycrystalline electrodes of the present work, Fig. 5) de- 
creases the quantum-eff ic iency in the entire spectral 
range observed. The sub-bandgap response observed at 
the polycrystalline TiO2 electrodes in the present work 
(Fig. 6) and by Chang et al. (40) at polycrystalline SrTiO:~ 
might indicate a shearing of the crystallites during the 
polishing procedure. This shearing might, as proposed by 
Chang et al., introduce new bulk levels in the bandgap. 

The action spectra of single-crystal electrodes given by 
Wilson (1) also reveals that etching in molten NaOH gives 
a decrease in photoresponse in the short wavelength 
range, in much the same way as found for rough elec- 
trodes in the present work, while etching in sulfate- 
sulfuric acid at 340~ does not. Only a more detailed anal- 
ysis can clarify if these differences can be referred to 
differences in surface morphology. 

A s e m i e m p i r i c a l  e q u a t i o n  to describe the ac t ion  spec- 
t ra . - - -An equation that fully describes the action spectra 
of the TiO2 electrodes of the present work should include 
parameters that account for (i) a gradient in doping den- 
sity normal to the electrode surface, (it) recombination via 
surface states and via reactions at the surface, (iii) recom- 
bination in the bulk of the electrode as well as in the 
space-charge region (SCR) and in "the rough surface re- 
gion," and (iv) effects of the variation of the morphology 
of the surface. 

Models dealing with these phenomena have been pro- 
posed (20-24). Wilson (20) has considered surface recom- 
bination. Reichmann (21) has given a model for recombi- 
nation in the SCR. In a recent paper, Allongue et aI. (22) 
have incorporated both recombination in SCR and at the 
surface in a detailed analysis of redox stabilization of 
liquid-junction solar cells. Schoonman et al. (23) dis- 
cussed the effect of surface roughness, and presented a 
modified Mott-Schottky equation to account for the 
lower donor density in a region near the surface of the 
electrode. None of the models fulfill all the demands 
stated above at the same time. A complete description of 
the action spectra in terms of existing models is thus not 
easily achieved. A combination of existing models would 
result in an equation with a large number  of parameters. 
It is doubtful if adjusting experimental data to such an 
equation is meaningful. 

We have therefore chosen to describe registered spectra 
in a simple "semi-empirical" equation. The quantum 
efficiency was thus expressed by 
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Ca = If + (1 - f) exp  (-a~df)][1 - exp  (-axw)]  [2] 

This  equa t ion  is based  on the  we l l -known G~rtner- 
But le r  express ion  (18, 19) and the  p roposed  p ic ture  of  the 
physical  s t ruc ture  and energet ic  s i tuat ion at the  interface,  
as i l lustrated in Fig. 8. The  figure shows a cross sect ion 
(normal  to the  macroscop ic  surface) of an e lec t rode  pre- 
pared  by the rmal  oxidat ion.  Assuming  an increase  in 
dop ing  dens i ty  normal  to the  e lec t rode  surface,  as dis- 
cussed  above,  no s imple  express ion  for the  dep le t ion  
layer width ,  w, can be used.  For  our  fur ther  d iscuss ion of  
the regis tered var ia t ion  in the  act ion spectra,  however ,  
such  an equa t ion  need  not  necessar i ly  be  formula ted .  As- 
s u m i n g  the  ex is tence  of  a smal les t  g rad ien t  in potent ia l  
dU/dx needed  to ef fec t ively  separate  p h o t o i n d u c e d  
e lec t ron-hole  pairs, we  can at a g iven  e lec t rode  potent ia l  
choose  to define w as a region,  e.g., be tween  P and Q (see 
Fig. 8A), where  this condi t ion  is fulfilled. 

In  Eq. [2], the  concep t  of a " r ecombina t ion  layer ," '  dr, is 
in t roduced .  The  " r ecombina t i on  layer" is he re  def ined as 
the  reg ion  of  the  e lectrode,  close to the  surface, f rom 
which  there  is no ne t  cont r ibu t ion  to the photocur ren t .  As 
d i scussed  above,  r ecombina t ion  of charge  carriers photo-  
genera ted  in the  rough surface region, via surface reac- 
t ions,  is a most  p robab le  process.  If  the  r ecombina t ion  
takes  p lace  via  surface  react ions,  as proposed ,  or  in the  
rough surface  reg ion  itself, has, however ,  no t  been  re- 
ga rded  in Eq.  [2]. 

The  pa rame te r  f has been  in t roduced  to account  for the 
f ract ion of  the  surface  not  covered  by the  " r ecombina t ion  
layer."  

F igure  8B shows a " rea l"  interfacial  region,  and Fig. 8C 
a m o d e l  visual iz ing the  paramete rs  df and f in Eq. [2]. 

The  absorp t ion  coefficient,  ~ was in the  ind i rec t  tran- 
si t ion reg ion  410-335 n m  calculated f rom (13, 31) 

(hv - E,) 2 
~ = B [3] 

hv 

where  h is P lanck ' s  constant ,  v the  f r equency  of  the  light, 
and Eg the  bandgap.  B is a cons tant  which  was ad jus ted  to 
fit expe r imen ta l  data of  ax, as descr ibed  below. 

The  diffusion l eng th  of  minor i ty  carriers, L,, in poly- 
crysta l l ine  mater ia ls  is usual ly  small. The  G~rtner  equa-  
t ion (18) has thus  in Eq.  [2] been  app rox ima ted  by assum- 
ing  a ,  • L ,  < <  1. It  can be  a rgued  that  the  app rox ima t ion  
is no t  ful ly justif ied,  especia l ly  in the short  wave l eng th  
range,  where  the  absorp t ion  coeff icient  is large. In  the  
case of  the  inves t iga ted  electrodes,  short  wave l eng th  l ight 
will, however ,  be preferen t ia l ly  absorbed  in the  " recombi -  
na t ion  layer"  and the  dep le t ion  layer, and only  to a minor  
ex ten t  cont r ibu te  to diffusion currents.  At  wave leng ths  < 
335 nm, the  pene t ra t ion  dep th  1/a~ is smal ler  t han  100 n m  
(31, 13), a dep th  that  can be  j u d g e d  to be  in the  range of, 
or smal ler  than, the  sum of df and w for the  inves t iga ted  
electrodes.  A l though  no t  conclusive,  the  ou t come  of the  
calculat ions  just if ies the  approx ima t ion  for mos t  of  the  
e lect rodes ,  vide infra Tables  I and II. 

Application of Eq. [2] to experimental data.~Absorp- 
t ion coeff icient  data  f rom bo th  Cardona (31) and Lind-  
quis t  et al. (13) were  a l ternat ive ly  used. Different  E, 
va lues  in the range  2.95-3.05 eV were  used  to calculate  ~ 
values  f rom Eq. [3] in the  range  340-400 nm. 

The  solid l ines in Fig. 2 are the  best  fit of Eq. [2] to the  
expe r imen ta l  data in the  range  300-400 nm.'-' The  va lue  of  
a~ used  in these  calculat ions  were  in the  range  340-400 n m  
de t e rmined  f rom Eq. [3]. E, = 3.03 eV and B = 8.2 • 107 
m - ' e V - '  were  used.  Otherwise ,  the  a~ va lues  were  t aken  
f rom Ref. (13). Resu l t ing  va lues  of  w, dr, and f are col- 

, The name "recombination layer" (instead of "dead layer") 
has been used to emphasize the mechanism by which the photo- 
current is believed to be suppressed, and to avoid the impres- 
sion of a layer impenetrable for charge carriers. 

2 A computer program, UNIFIT, written by Peter Sti]bs (Insti- 
tute of Physical Chemistry, S-751 21 Uppsala, Sweden), was 
used. UNIFIT utilized the general minimization routine stepit 
version 7.4, written by J. P. Chadler, Department of Computer 
Science, Oklahoma State University, Stillwater, Oklahoma. 

lec ted  in Table  I. Note  that  bo th  df and w increase  wi th  in- 
c reas ing  layer th ickness  d. 

As can be  seen  f rom Table  I, the  pa rame te r  f reaches  a 
m a x i m u m  value  of 0.063 (704~ 0.50h). However ,  Eq. [2], 
wi th  f = 0, fits the  data  a lmost  equal ly  well. The  
s ignif icance o f f  can there fore  be discussed.  

When in te rpre t ing  the  values  in Table  I, i t  should  be re- 
m e m b e r e d  that  the  correc t ions  for the  ref lect ion at the  
TiOflelectrolyte in terface  have  not  been  made.  

In  addi t ion  to the spectra  shown in Fig. 5, wh ich  were  
r ecorded  at 1V vs. SCE, act ion spectra were  also regis- 
tered at another  five di f ferent  e lec t rode  potent ia ls  at each 
stage of polishing.  Two main  sets of  min imiza t ion  calcula- 
t ions were  m a d e  to adjus t  Eq.  (2) to these  data: (i) only  df 
and w were  adjusted,  and f was fixed at zero, and (ii) all 
pa ramete rs  (f, dr, and w) were  adjusted.  Only the  resul ts  of  
one  of the  sets of  min imiza t ion  calculat ions on the  data  
f rom the  pol i shed  e lec t rode  (compare  Fig. 5), keep ing  f 
constant ,  will  be  d i scussed  in some  detail.  Table  II sum- 
marizes,  as an example ,  a set of  such  runs  on cor rec ted  ~bx 
values  (see Fig. 5C), in which  f in Eq. [2] was fixed at 
zero. It can be  deduced  f rom Table  II and Fig. 9 that  the  
df va lues  are a lmos t  i n d e p e n d e n t  of the  e lec t rode  poten-  
tial. The  df va lues  also decrease  wi th  decreas ing  layer 
th ickness  (that is, increased  mechan ica l  polishing).  A mi- 
nor  increase  in d~ is h o w e v e r  found for the  th innes t  (837 
nm) layer. The  dep le t ion  layer  width,  w, at each  s tage of  
pol i sh ing  increases  wi th  increas ing  e lec t rode  potent ial ,  as 
expected .  The  unpo l i shed  e lec t rode  gives  the  h ighes t  w 
values  (see Fig. 9B). The  w values  then  decrease  wi th  pol- 
ishing. It  is in te res t ing  to note  (see Table  II) that  the  
change  in layer th ickness  of the  e lec t rode  and the  de- 
crease  in df are of  the  same m a g n i t u d e  and that  df is al- 
mos t  zero at s tage 4- -a  fact wh ich  migh t  indicate  that  the 
" r ecombina t i on  layer"  has been  pol i shed  away. On 
fur ther  polishing,  the  df va lues  remain  low and a noticea- 
b le 'dec rease  in w is reg is te red  (899 n m  curve,  Fig. 9). The  
latter, as ment ioned ,  is cons i s ten t  wi th  a dop ing  dens i ty  
gradient  normal  to the  layer  of  the the rmal ly  g rown  TiO2 
electrodes.  

In  Fig. 9B, it is seen that  the  w values  ach ieved  in the  
calculat ions  at each  s tage of  pol i sh ing  are ga thered  
a round  l ines wh ich  can be  ex t rapo la ted  close to or  jus t  
above  the  f latband potent ia l  (UFB -- -0 .hV at pH  = 4.7) 
(41-43). The  main  features  of  all runs  wi th  f f ixed at zero 
were  the  same and i n d e p e n d e n t  of  the  set  of  ax values  
used.  

Al lowing  all three  parameters ,  fi dr, and w, in Eq. [2], for 
the  same set of data as used  above,  to be ad jus tab le  in the 
min imiza t ion  gives  a s o m e w h a t  be t ter  fit of  the  calcu- 
lated curve  to the  expe r imen ta l  data  in Fig. 5C. The  pa- 
rameters  f increases  regularly,  be ing only a few pe rcen t  
for the  unpo l i shed  e lec t rode  and reaching  approx ima te ly  
90% at stage 4 in the  po l i sh ing  procedure .  The  va lues  of w 
and df are at each pol i sh ing  step both  larger than  in Table  
II (f f ixed at zero). The  w va lues  increase in m u c h  the 
same way, as shown in Fig. 9. The  va lues  of  dr at each 
stage of  pol i sh ing  are surpr is ingly  constant .  A more  com- 
ple te  descr ip t ion  of the  calculat ions  is g iven  in Ref. (39). 

Summary 
In  an  a t t empt  to clarify t he  origin of  the  f r equen t ly  ob- 

se rved  var ia t ions  in the d is t r ibut ion  of  the  q u a n t u m  
eff iciency of  polycrys ta l l ine  TiO~ electrodes,  act ion spec- 
tra and surface profi les f rom elect rodes  p repared  under  
di f ferent  condi t ions  were  registered.  Three  main  sets of  
expe r imen t s  were  made:  (i) h igh ly  po l i shed  t i t an ium 
plates were  oxid ized  at d i f ferent  t empera tu res  and peri- 
ods of  t ime. Act ion  spectra  were  registered.  (ii) The sur- 
face of a few e lec t rodes  were  del ibera te ly  m a d e  rough be- 
fore ox ida t ion  by po l i sh ing  wi th  powders  of larger  grain 
sizes. The  condi t ions  of ox ida t ion  were  kep t  constant .  Ac- 
t ion spectra  (Fig. 3) and surface  profiles (Fig. 4) were  reg- 
is tered.  (iii) A TiO2 e lec t rode  wi th  a rough  surface  was in 
a s equence  of  expe r imen t s  careful ly  pol ished.  Act ion 
spectra  and ref lectance spectra  were  r ecorded  after each 
po l i sh ing  p rocedure  (Fig. 5 and 6). 
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Fig. 9. The adjustable parameters df and w in Eq. [2] at five different 

stages of surface finish of the TiO~ electrode, as a function of electrode 
potential U vs. SCE. The parameter f was fixed at zero. The layer thick- 
nesses were: + 104:~ nm, • 99~ nm, :-~ 95~ nm, �9 89~ nm, and [] 837 nm. 
The two lines drawn in that diagram are given to visualize the possible 
extrapolation to UFB. For clarity, some error bars have been omitted. 

It is evident from these experiments that the surface 
morphology of polycrystalline TiO~ layer electrodes, pre- 
pared by thermal oxidation of t i tanium plate, is of the 
utmost importance for the performance of the electrode. 
As shown by other workers (3, 4) and in the present work, 
the spectral distribution of the quantum efficiency is for 
this reason strongly dependent  on oxidation conditions. 
With increasing oxidation of highly polished ti tanium 
plates, the electrode surface gets rougher and a gradual 
decrease in quantum efficiency in the short wavelength 
range (250-300 rim) is registered. In this work, we have 
shown that the treatment of t i tanium plate prior to the ox- 
idation procedure is also of importance. Starting with an 
already rough t i tanium surface before oxidation results in 
very poor photoresponse. Of more interest, however, is 
that careful surface polishing of the TiO2 layer with a 
rough surface (e.g., formed at 700~ gives a dramatic in- 
crease in photosensitivity of the electrode, especially in 
the short wavelength range. 

To explain the observed changes in the action spectra 
and relate them to experimental data the effects of 
recombination of charge carriers, photogenerated in the 
rough surface region, was considered. It was proposed 
that the charge carriers, photogenerated in the low doped 
surface region of the electrode, are laterally transported to 
the interface. At a positive polarization of the electrode, 
the surface is saturated by "oxidized" surface states. In 
the field created by these states, the electrons photo- 
excited in the rough surface region are drained to the sur- 
face, where they are consumed in cathodic backreactions. 
As short wavelength light has small penetration depth in 
TiO~, it is mainly absorbed in the rough region. Thus, the 
quantum efficiency in the short wavelength range will 
decrease comparatively more than in the long wavelength 
range even at electrode potentials well positive of the 
flatband potential. 

The action spectra were described by a modified 
G~rtner-Butler equation at different stages of oxidation 
and polishing of the electrodes. The best fit of the equa- 
tion gave reasonable values of the adjustable parameters, 
although the significance of the parameter f can be dis- 
cussed in some cases. 

The increase in quantum efficiency in the range 
250-300 nm due to the polishing of the polycrystalline 
TiO2 electrodes prepared by thermal oxidation, is in con- 
trast with what has been observed with SrTiO~ (40) and 
TiO2 single crystals (44). The changes in sub-bandgap re- 
sponse upon polishing are, however, the same. 

The increase in quantum efficiency achieved by sur- 
face polishing is probably not unique for polycrystalline 
TiO2 layer electrodes. Surface polishing can be expected to 
be equally important for the photoresponse of other com- 
monly used polycrystalline electrode materials. Work in 
this direction is in progress. 
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Hydrocarbons 

Robert J. Waltman and A. F. Diaz* 

IBM Research Laboratory, San Jose, California 95193 

Joachim Bargon 
Institut fztr Physikalische Chemie, Universit~t Bonn, 5300 Bonn-l, Germany 

The electrochemical oxidation reactions of polycyc]ic 
aromatic hydrocarbons are complex and usually irreversi- 
ble (1, 2). Although the more usual reaction pathway is 
the formation of soluble products whereby n = 1 (1), some 
compounds will undergo multielectron oxidations (2). In 
most cases, their oxidation is inevitably coupled with a 
rapid irreversible chemical reaction. This is often further 
complicated by the formation of an insulating film on the 
electrode surface. For example, the electro-oxidation of 
pyrene or triphenylene gives rise to such films (2). While 
formation of these films have often been ignored, it is 
only recently that interest has actually shifted to these 
films. For example, the recent finding that the polycy- 
clic nonbenzenoid hydrocarbon azulene undergoes elec- 
trochemically induced polymerization (3-8) and, further- 
more, that its polymer films are electrically conducting 
(10 -2 - 1 S/cm) and display electrochromic behavior (8) 
has stimulated an investigation of the polymerization 
aptitude of other aromatic hydrocarbons. The electrical 
properties that these materials possess have been of inter- 
est both for the case of the polycyclic hydrocarbons 
which display modest intrinsic electrical conductivity (9) 
and their crystalline radical cation salts which exhibit 
high electrical conductivities (10). Accordingly, we report 

*Electrochemical Society Active Member. 

herein electropo]ymerization studies of the polycyclic hy- 
drocarbons pyrene, triphenylene, fluorene, and fluor- 
anthene. In considering the oxidation reactions of these 
compounds and the properties of their corresponding 
polymer films, pyrene is found to be considerably differ- 
ent from the other three aromatic compounds. 

Experimental 
All monomers were obtained from commercial sources 

and recrystallized prior to use. Electrochemical measure- 
ments were achieved in a three-electrode, single- or two- 
compartment cell using platinum, gold, and a saturated 
sodium chloride calomel (SSCE) as the working, counter, 
and reference electrodes, respectively. The solutions typi- 
cally contained 10-;~M of monomer in 0.1M tetraethyl am- 
monium fluoroborate (TEAFB)/acetonitrile solution. The 
acetonitrile (Burdick and Jackson, spectrometric grade) 
was used as obtained without further purification. The 
electrical conductivities of pressed pellets were measured 
utilizing a Magne-Tron Instruments  Model 700 four-probe 
apparatus. 

Results and Discussion 

Electro-oxidation reaction.--The electro-oxidation reac- 
tions of the four polycyc]ic hydrocarbon compounds 
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Table I. Cyclic voltammetric data for 2.5-4.0/~mol/cm 3 
of compound in 0.1M TEAFB/acetonitrile. 

Sweep rate equals 40 mV/s. 

Ep, i/AC~ '~ 
Compound (V) (A . cm - mol-'s '2V -'/'-') n" n h 

Pyrene 1.33 2003 1.7 " 
Pyrene ~ 1.30 2034 1.7 2.31 
Fluorene 1.82 3676 2.5 2.23 
Fluoranthene 1.68 2726 2.0 2.28 
Triphenylene 1.83 4155 2.7 2.20 

"Va lue from cyclic voltammetry. 
~' Value calculated using elemental analysis data. 
' No analysis due to poor quality of film. 

Measured using perchlorate electrolyte. 

shown be low were  measu red  us ing T E A F B  electrolyte.  
These  data are summar i zed  in Table I. All of  the com- 
pounds  e lectro-oxidize  i rreversibly,  and p roduce  compli-  
ca ted  cyclic vo l t ammograms .  The  v o l t a m m o g r a m s  

Fluorene Fluoranthene Tr iphenylene Pyrene 

conta in  mul t ip le  peaks  which  are broad and over lapping.  
Even  the  first oxida t ion  wave  for all of  the c o m p o u n d s  
l is ted in Table  I is i l l-defined and occurs  as a shoulder  on 
a m u c h  larger peak,  wh ich  probably  resul ts  f rom the oxi- 
dat ion of  the  po lymer ic  p roduc t  being fo rmed  on the  elec- 
t rode  surface. The  cur ren t  response  for the  first oxida- 
t ion react ion of pyrene,  a l though a shoulder ,  is more  
d is t inguishable  than  wi th  the  other  compounds .  The 
v o l t a m m o g r a m  shown  in Fig. 1 was measu red  us ing  
T E A F B  and provides  a va lue  for Ep~ of 1.33V. The oxida- 
t ion of pyrene  was also measured  us ing te t rabutyl-  
a m m o n i u m  perchlora te  electrolyte.  The  resul t ing  
v o l t a m m o g r a m  is ve ry  s imilar  to that  wi th  the  T E A F B  
electrolyte,  but  the  Ep~ va lue  is sl ightly shif ted to 1.30V. 
This  resul t  is not  u n e x p e c t e d  since our  exper iences  wi th  
the e lec t ro-oxidat ion of azulene (5), pyrro le  (11, 12), and 
th iophene  (6) have  revea led  that  the  e lec t ropolymer iza-  
t ion react ion is insens i t ive  to the  di f ference be tween  the  
BF4-  and the  C104- electrolyte.  The Ep~ va lue  for pyrene  
of  1.30V compares  well  wi th  a prev ious  l i terature va lue  (2) 
of  1.24V (in a perchlora te /ace toni t r i le  solution). S ince  it  is 
k n o w n  that  the  E,~ va lue  for EC react ions are sl ightly de- 
penden t  on both  solut ion concent ra t ions  and sweep  rate 
(13), reproducib i l i ty  of the  Ep~ values  for these  polycycl ic  
hydroca rbon  c o m p o u n d s  is not  expec ted  to be bet ter  

J I ,| 
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0 . 5  1 ,0  1 .5  
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Fig. 1. Cyclic voltammogram of 3 /~mol/cm 3 pyrene in O.1M 
TEAFB/CH:3CN at sweep rate of 100 mV/s, with 60% iR compensa- 
tion. 
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Fig. 2. Cyclic voltammogram of 3 ~mol/cm 3 pyrene in 0.1M 
TEAFB/CH~CN at sweep rate of 200 mV/s, with 60% iR compensa- 
tion. Successive sweeps reveal growth of polymer film on electrode 
surface. 

than -+ i0 to 20 mV, unless all experimental parameters 
are identical (13). The n value of the first oxidation peak 
for pyrene was estimated utilizing the Nicholson and 
Shain treatment (14) for a totally irreversible oxidation re- 
action. The diffusion constant was assumed to be D = 2 • 
10 -5 and a = 0.5. The same n value of 1.7 was obtained 
with both the BF4- and the CIO4- electrolyte. This value 
is low (less than 2.0) and suggests that only a fraction of 
the monomer electropolymerizes. As is shown below, 
only half of the reaction produces film on the electrode. 
Because the electro-oxidation reaction of these com- 
pounds produces polymeric films on the Pt anode, each 
successive sweep in the cyclic voltammogram is different 
due to a buildup of polymer film. This is seen in Fig. 2 
for pyrene in 0.1M TEAFB/acetonitrile, where the peaks 
for the oxidation-reduction reaction of the film product 
increase and there is a corresponding distortion of the 
current response for the oxidation of pyrene. 

The E,~ values for fluorene, fluoranthene, and tri- 
phenylene are more difficult to determine, even at very 
slow sweep rates. For these three compounds, the Ep, 
values were estimated by deconvolution and, therefore, 
should be considered to be approximate. However, they 
appear to be consistent with literature values (15). The n 
values for fluorene, fluoranthene, and triphenylene are 
2.5, 2.0, and 2.7, respectively. These values are consistent 
with values obtained for other film forming reactions 
(6, 17) and suggest that, within experimental error, the re- 
act ion that  p roduces  po lymer  film is the  only react ion 
and it  has a va lue  for n equal  to 2. As wi th  pyrene,  the 
bu i ldup  of  the  po lymer  film on the e lec t rode  can be fol- 
lowed  in their  cyclic v o l t a m m o g r a m s  by success ive  cy- 
cles. 

Poly m e r i c  f i l m s . - - A t  cons tant  potent ia l  e lectro-oxida-  
t ion of  the  monomers ,  th icker  films depos i t  at  the  elec- 
t rode  surface. U p o n  drying, these  th ick  po lymer ic  films 
b e c o m e  bri t t le  and crack easily. They can be scraped off 
f rom the  e lec t rode  surface to yield black, amorphous  
powders .  The  e lementa l  compos i t ion  of  these  mater ia ls  
indicate  that  the  po lymer ic  films are po lymer-an ion  com- 
posi tes  which  conta in  ca. 12% anion by we igh t  (Table II). 
This  cor responds  to a s to ich iomet ry  of  0.2-0.3 anions  per  
repea t ing  aromat ic  unit.  This  s to ich iomet ry  is in the 
range observed  for the  conduc t ing  po lypyr ro le  films (12) 
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Table II. Elemental composition and electrical conductivity (o-) 
for some polymers derived from polycyclic hydrocarbons 

POLYCYCLIC HYDROCARBONS 

Monomer Polymer composition ~(S/cm) 

Pyrene (CeH~o)  C~6.0H12.0(C104)0.:,1 10 -1-1 
Fluorene (C~3H~o) C~3.0Hg.5(BF4)0.23 10 -4 
Fluoroanthrene (C~6H,o) C36.oHg.6(BF4)o.28 i0-6-10-~ 
Triphenylene (C,sH,2) C,s.aH,1.4(BFa)o.2o 10-4 

and polyazulene films (5), but is higher than the stoichi- 
ometry found for the conducting polythiophene films (8). 
From these results, n values of 2.23, 2.28, and 2.20, can be 
calculated for the reactions producing polyfluorene-BF~, 
polyfluoranthene-BF4, and polytriphenylene-BF4, respec- 
tively. These values are somewhat smaller than those esti- 
mated from the electrochemical data and are still consist- 
ent with the range of values obtained for other 
electropolymerization reactions of aromatic heterocyclic 
compounds (3). For example,  pyrrole (16), thiophene (8), 
azulene (6), indole (17), or carbazole (18) all electropoly- 
merize with n values between 2.0 and 2.8. 

The tetrafluoroborate film of polypyrene, i.e., polypy- 
rene-BF4, was much too brittle to handle. Therefore, the 
perchlorate film was prepared for elemental analysis. 
From this analysis, the stoichiometry of 0.31 anions/ 
aromatic unit and an n value of 2.31 for the film forming 
reaction is calculated. This value which is a closer esti- 
mate of the electrochemical stoichiometry of the film 
forming reaction is greater than the n value for the overall 
reaction, 1.7. This difference may result from the pres- 
ence of competit ive reaction pathways with different elec- 
trochemical stoichiometries and different products, e.g., 
polymer vs. soluble products. Thus, in the electro- 
oxidation of pyrene, film formation on the electrode sur- 
face occurs, but the solution also becomes discolored, in- 
dicating the production of soluble products. Since napp 
(1.7) for the total reaction, and n, (2.31) for the film 
forming reaction are known for pyrene, the fraction of py- 
rene which leads to polymer can be estimated, assuming 
that reaction leading to the formation of the soluble prod- 
uct, i.e., dimerization, has an ns = 1 (t9), and that it is the 
only competing reaction. 

n=l Soluble Product 

n--2 ~ Polymer 
Thus, ifj~is the fraction of pyrene which electropolymer- 
izes, then (1 - J) is the fraction which forms soluble spe- 
cies, and the following relationship can be written 

n~pp = n J  + n l l -  ~ [1] 

Thus, considering the above values, the fraction of pyrene 
which gives rise to polypyrene is 0.54, i.e., only half of the 
reaction yields polymer film during electro-oxidation. 
The separation of the first peak in the vol tammogram for 
pyrene, which is not observed with the other compounds, 
may simply be due to smaller current ,levels for the film 
products due to their low yield. 

The elemental compositions of the polymers also reveal 
that they are all somewhat hydrogen-rich. Polypyrene is 
again different from the other polycyclic hydrocarbon 
polymers in that it is highly hydrogenated. The C/H ele- 
mental ratio for this compound is 16/12 and is consistent 
for an oligomer of polymeric material whereby the pyrene 
structure is bis-coupled and has two double bonds hydro- 
genated. The amount  of hydrogen in the film produced 
from fluorene, fluoranthene, and triphenylene is also 
high. It is 10%-20% higher than the amount  anticipated for 
a polymer or for a blend of low molecular weight 
oligomers where the aromatic rings are simply bis- 
coupled. The structure of these polymeric materials re- 
mains to be determined. 

Of particular concern with polypyrene is the large ex- 
cess of hydrogen content as revealed by the elemental 
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analysis data. The ESCA results of neutral polypy- 
rene-BF4 revealed the presence of only C and O, and the 
absence of any N or F. The absence of F is certainly ex- 
pected in the neutral polymer, whereby an ionic complex 
is not formed with the BF4 electrolyte. The lack of nitro- 
gen reveals no contribution from alkyl ammonium ions or 
acetonitrile, both of which could be a source of high H 
content. The ESCA results also reveal the presence of ox- 
ygen uptake at the surface of the neutral film. For py- 
rene, an oxygen content of 0.3-1.3 oxygens per sixteen 
carbons (i.e., one pyrene unit) is revealed. 

The films are also electrically conducting, and the con- 
ductivity of the pressed pellets is summarized in Table 
II. Again, polypyrene is unique in that its electrical con- 
ductivity is in the range of 0.1-1 S/cm, similar to polythio- 
phene (20) and polyazulene (5). The same conductivity 
level was measured for both the perchlorate and tetra- 
fluoroborate film. The polyfluorene, polyfluoranthene, 
and polytriphenylene films are not as conducting and 
have values in the range 10-5-10 -3 S/cm. 

Scanning electron micrographs (SEM) for polyfluor- 
ene-BF4, polyfluoranthene-BF4, polytriphenylene-BF4, 
and polypyrene-BF4 are shown in Fig. 3. The brittle char- 
acter of the polymer films can be seen in the SEM of 
polyfluorene-BF4, where the cracking can be clearly 
seen. Otherwise, all exposures show nonspecific amor- 
phous surface features found previously in polypyrrole 
(14), polythiophene (20), and polyazulene (5). Before any 
practical application can be considered for these materi- 
als, their intrinsic brittleness must be overcome. Al- 
though the mechanical properties of these films is not 
the subject of this paper, such properties may be im- 
proved by combining these electrically conducting poly- 
mers with an otherwise insulating, compatible matrix 
polymer with appropriate mechanical properties. For ex- 
ample, we have found (21) that incorporation of an elec- 
trically conducting polymer such as polypyrrole (PPY) 
into polyvinyl chloride (PVC), which has excellent 
mechanical properties, yields a composite material with 
the following properties: its electrical conductivity is gov- 
erned predominantly by the PPY content, whereas the 

Fig. 3. Scanning electron micrographs of (a) polyfluorene-BF4, (b) 
polyfluoranthene-BF4, (c) polytriphenylene-BF4, and (d) polypy- 
rene-BF4. 
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mechanical properties of the composite are effectively 
those of the PVC matrix polymer (21). Thus, electro- 
chemically produced composites of this type allow one to 
overcome the shortcomings of the often very brittle yet 
highly conducting films, such as of PPY or even of 
polypyrene. Further details about the preparation of these 
conducting composites and their electrical and mechani- 
cal properties will be described elsewhere (21). 

Conclusion 
The stoichiometric electrochemical polymerization 

reaction first described with polypyrrole appears to be 
quite general (6, 12). It is applicable not only to other 
heterocyclic systems such as thiophene (8), indole (17), 
and thianaphthene (17), and even a non-benzenoid aroma- 
tic hydrocarbon such as azulene (5), but also to polycyclic 
aromatic hydrocarbons. The electrochemical polymeriza- 
tion reaction proceeds with an electrochemical stoichiom- 
etry of 2.0 electrons/aromatic unit  and the charge in ex- 
cess of 2.0 is consumed in the partial oxidation of the 
polymeric film which forms on the electrode surface. As 
with any other preparative procedure, the yield of the de- 
sired product varies with the starting compound. While 
the heterocyclics produce 100% polymer film, the yields 
can be low as is observed with pyrene (50% film product). 
The principal difference between the aromatic hydrocar- 
bon and the heterocyclic compounds lies in the quality of 
the resultant films. The former tend to be brittle and eas- 
ily cracked. However, the incorporation of these films 
within a host matrix appears a viable and promising solu- 
tion (21). 
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Long-Term Stabilization of Polythiophene-Protected n-GaAs 
Photoanodes in Aqueous Solution 

G. Horowitz and F. Gamier 

Laboratoire de Photochimie Solaire, C.N.R.S., 94320 Thiais, France 

Among the different approaches that have been used to 
stabilize small bandgap n-type semiconductors against 
photocorrosion in photoelectrochemical (PEC) cells, the 
grafting of electrogenerated conducting polymers have 
been reported for Si (1-3), GaAs (4-6), CdS (7), and CdSe 
(4) photoanodes. Although long-term stabilization, un to 
450h, has been reported for polypyrrole (PP)-coated n-Si 
in I- /I3- aqueous solution (3), the stabilization of n-GaAs 
is limited by a phenomenon of film peeling that occurs 
after 10-20 min for PP (4) and 2h for polystyrene pendant  
Ru(bpy)32§ (5). We have recently reported a 17h stabiliza- 
tion, with no film peeling, on poly(3-methylthiophene) 
(PMeT)-coated GaAs (6), but  a continuous decrease of the 
photocurrent was observed, together with the appearance 
of corrosion holes visible to the naked eye after removal 
of the film. The lack of long-term stabilization of PP (4) 
and PMeT (6) covered GaAs was attributed to porosity of 
the polymer, which allows molecules of the solvent to 
reach the electrode surface. 

However, recent experiments carried out in our labora- 
tory have shown that hydrogen evolution does not occur 
at a reduced (quasi-insulating) PMeT-coated plat inum 
electrode in 1N HC1 aqueous solution (pH = 0) even at po- 
tentials as negative as -0.6 V/SCE (7). This result tends to 
prove that the permeability of PMeT to solute/solvent 
species is questionable. The origin of the photodegrada- 
tion of polymer-coated GaAs has then to be reconsidered. 
We show in this paper that this photodegradation can be 
attributed mainly to breakings of the film and to its lack 
of intimate contact with the electrode surface. An im- 
provement of both the solidity and adherence of the poly- 
mer allowed us to obtain a long-term stabilization of 
PMeT-coated n-GaAs in Fe(CN)~ 4-~3- aqueous solution. 

Experimental 
Semiconductor electrodes were prepared from nonin- 

tentionally doped (100)-oriented n-GaAs wafers pur- 
chased from RTC-Caen (France). The doping level was 2 
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x 10 '6 cm -~ and the  th ickness  0.35 mm.  Ohmic  contac t  
was obta ined  by evapora t ing  Au-Ge alloy and anneal ing  
at 400~ unde r  N~. The  wafers  were  then  cut  into 1 cm 
d iam disks  and a t tached  to brass disks wi th  Ag paint.  The  
disks  were  m o u n t e d  in a Tef lon holder,  in wh ich  an 
O-ring de l imi ted  a 0.26 cm-" circular  act ive  surface. '  This  
ho lde r  has  been  des igned  in order  to al low the  e lec t rodes  
to be  d i s moun ted  for scanning  e lec t ron mic roscope  
(SEM) observat ion.  

As m e n t i o n e d  in a p rev ious  paper  (6), p la t in izat ion of  
GaAs enhances  P M e T  growth  rate (50 n m  are then  g rown  
in less than  1 min), thus  p reven t ing  concomi t an t  photo-  
corros ion of  the  semiconductor ,  and a l lowing homogene-  
ous films to be  obtained.  Pr ior  to plat inization,  the  elec- 
t rodes  were  d ipped  into concen t ra ted  (30%) HC1, in order  
to r e m o v e  the  ox ide  layer, and r insed thoroughly  in twice- 
dist i l led water.  E lec t ropla t ing  of Pt  was then  carr ied out  
at -0 .6  V/SCE in a (NH4)~Pt C1JLiC104 aqueous  solution. 
The  a m o u n t  of depos i t ed  Pt,  which  was fo l lowed wi th  the 
he lp  of  a digital  cou]ometer ,  would  cor respond  to a 1-2 
n m  thick cont inuous  layer. SEM observa t ion  showed  that  
the  p la t inum formed  in fact d i sconnec ted  islands.  The 
P M e T  e lec t rodepos i t ion  was pe r fo rmed  in 0.5M dist i l led 
3-methyl th iophene ,  0.02M Bu4N SO:~ CF:~, acetoni t r i le  so- 
lut ion,  at +1.5 V/SCE unde r  a 150W Xe arc lamp i l lumina-  
t ion (15 --_ 5 mW/cm~). Again,  the  film th ickness  was 
cont ro l led  by us ing  a digital  coulometer .  S ince  we  need  
relative,  rather  than  exact ,  va lues  of  the  th ickness ,  we as- 
s u m e d  that  the  l inear  var ia t ion  of  1 n m  pe r  m C / c m  2 ob- 
se rved  on P t  e lec t rodes  (8) is also t rue  for plat inized 
n-GaAs. 

Stabi l i ty  tests  were  m a d e  in 0.1M K3Fe(CN)J0.25M 
K4Fe(CN)6 aqueous  solut ions (pH = 6) unde r  i l luminat ion  
by the  x e n o n  arc lamp e q u i p p e d  with  a 515 n m  long pass 
filter in order  to avoid  the  pho todecompos i t i on  of  ferricy- 
an ide  by short  wave l eng th  l ight  (9), and a water  filter to 
cut  the  undes i rab le  IR  radiat ions.  

Results and Discussion 
Scann ing  e lec t ron mic rographs  of 70 and 220 n m  thick 

P M e T  films g rown  on plat inized n-GaAs, shown in Fig. 1, 
reveal  a decrease  of the  homogene i ty  of  the  film as its 
th ickness  increases.  A shor t - term stabil i ty test  (ca. 15 
min)  was pe r fo rmed  for bo th  of  these  films. The  charge  
passed dur ing that  test  was about  2 C/cm 2. No change  of 
the  po lymer  surface could  be  de tec ted  on the  70 n m  film 
by S E M  observat ion,  and the  e lec t rode  surface p resen ted  
its original  t opography  after  remova l  of  the  P M e T  film. 
This  was not  the  case for the  220 n m  film, for wh ich  cor- 
roded  areas were  vis ib le  to the  naked  eye. F igure  2 shows 
SEM pho tographs  of  a cor roded area before  and after 
film removal .  The cor ros ion  clearly occurs  at micro- 
cracks  of  the  film, th rough  which  the  solut ion is able  to 
reach the  semiconduc to r  surface. The fact  that  a corro- 
sion of the  e lec t rode  is observed  is no tewor thy ,  s ince at 
the  va lue  of the  pH of the solut ion used  for this experi-  
ment ,  pass ivat ion of  GaAs should  result ,  ra ther  than  cor- 
rosion. Al though  this p h e n o m e n o n  is no t  unders tood ,  it 
can be  compared  to a classical  corrosion behav ior  of  
layer-protec ted  metals.  The  swell  of  the  p o l y m e r  film at 
cor ros ion  sites is p robab ly  due  to a pene t ra t ion  of the  so- 
lu t ion under  the  film, wh ich  also expla ins  the  fact  that  
the  size of the  cor roded  areas largely exceeds  the  wid th  of 
the  cracks. Impor tan t ly ,  the  GaAs surface r ema ined  
u n c h a n g e d  where  no burs t ing  of the po lymer  occurred.  

These  results  indicate  that  the  pho todegrada t ion  of 
PMeT-coa ted  GaAs is no t  due  to an  inhe ren t  poros i ty  of  
the  film, in which  case one should  observe  a cor ros ion  of 
the  who le  surface of  the electrode,  but  ra ther  that  i t  initi- 
ates at p laces  where  cracking  of the  p o l y m e r  occurs.  
Moreover ,  i t  appears  that  th in  films p resen t  a be t ter  ho- 
mogene i ty  and in t imate  contac t  wi th  the  s emiconduc to r  
electrode.  No in te rpre ta t ion  can yet  be  g iven  to this be- 
havior.  Howeve r  we  have  observed  similar  topographies  

Fig. 1. Scanning electron micrographs of PMeT films grown on plat- 
inized n-GaAs electrodes. Thickness of the films: 70 (a) and 220 nm 
(b). 

Fig. 2. Corrosion pictures on a 220 nm PMeT film-covered n-GaAs 
photoanode operated 15 min in aqueous Fe(CN)64-~'~- solution. 
Charge passed: 1.85 C/cm 2. Micrographs taken before (a) and after 
(b) PMeT film removal. Some ferro/ferricyanide crystals that hove not 
been washed away by water rinsing can be seen on the polymer film 
(photograph a). 
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Fig. 3. Short-circuit current vs .  time for bare, platinized, and 40 nm 
PMeT-coated n-GaAs photoanode in 0.1M K:~Fe(CN)~/0.25M 
K4Fe(CN)6 aqueous solution. Illumination by Xe arc lamp with 515 nm 
long-pass filter. Electrode area: 0.26 cm ~. 

on PMeT grown on Pt electrodes (10). Our results clearly 
showed that thin films (some tens of nanometers) are 
very smooth and adherent, whereas thicker films present 
morphological inhomogeneities and losses of adherence. 

A long-term stability test was then carried out with a 40 
nm PMeT-coated electrode in Fe(CN)64-~3- aqueous solu- 
tion. This test consisted in measuring the short-circuit 
current, at a load resistance of 1~, of a PEC cell consti- 
tuted with the polymer-coated GaAs photoanode and a 
plat inum counterelectrode. The incident light power was 
14 mW/cm 2. The results are shown in Fig. 3. The 
photocurrent remained very constant for 90h, whereas it 
decays to negligible values within 1 min for bare GaAs, 
and within less than lh  for platinized GaAs. The charge 
passed during the test is 280C, i.e., 1100 C/cm 2. This last 
value is noteworthy since it corresponds to the corrosion 
of almost twice the part of the electrode in contact with 
the solution. Figure 4 shows that only very slight degrada- 
tion of the power characteristic of the cell is observed. 
The corresponding power efficiencies under  filtered Xe 
il lumination are 10.9% before and 9.4% after the stability 
test, which can be compared to the 12% solar efficiency 
of redox-stabilized n-GaAs-based PEC cells (11-13). The 
decrease of the power efficiency can originate, at least in 
part, from an increase of the light absorption by the poly- 
mer, due to its redoping by ferricyanide ions. This as- 
sumption is argued for by the change of the color of the 
film from red-brown to green, and by the possibility of 
doping PMeT grown on Pt in aqueous solutions (14). This 
implies that water molecules are able to penetrate the 
bulk of the polymer, which is in contrast to a nonpermea- 
bility of the polymer. We then think that the nonporosity 
of PMeT is limited to the first layers close to the sub- 
strate. Importantly, the decay of the fill factor is very 
slight, indicating that no oxide film has grown on the 
electrode. Also shown in Fig. 4 is the power characteristic 
of a platinized GaAs electrode after only 45 min opera- 
tion. The shape of this characteristic is typical of an oxide 
covered (passi,vated) electrode. 

No weight loss of the protected electrode could be mea- 
sured but  SEM observation showed a few tiny corrosion 
sites, mainly near the edge of the polymer-coated area. 
This corrosion was probably due to the presence of some 
pinholes in the polymer film. It must  be noted that this 
very localized corrosion did not induce any loss of the in- 
timate contact between the polymer and the semicon- 
ductor substrate. The great adherence of PMeT thin 
films on both metal and semiconductor electrodes seems 
then to be at the origin of the possibility of stabilizing 
GaAs photoanodes. The mechanism of this high adhesion 
power, which could be due to the presence of a sulfur 
atom in the thiophene ring, is presently under  study in 
our laboratory. 

r  
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Fig. 4. a: Power characteristic for PMeT-coated n-GoAs in aqueous 
Fe(CN)~ 4 - ~ -  solution, under ]4  mW/cm 2 Xe arc lamp illumination. 
Open-circuit voltage: V,,c = 0.655V; short-circuit current density: J~e 
= 3.52 mA/cm2; fill factor: FF = 0.66. b: Same as curve a after 90h 
of continuous operation. Voc = 0.625V; J~c = 3.46 mA/cm2; FF = 
0.61. c: Power characteristic for a platinized n-GaAs photoanode in 
the same solution after 45 min of operation. Voc = 0.57V; J~c = 0.52 
mA/cm2; FF = 0.27. 

In conclusion, we have reported the first example of 
long-term stabilization of polymer-protected n-GaAs in 
aqueous solution. This result was obtained by using thin 
film of polymer, which appeared to be more homogene- 
ous and adherent. Corrosion sites that form on thick- 
film-coated electrodes initiate at cracks of the film, 
which means that the photodegradation of the semicon- 
ductor is not due to a porosity of the polymer. Work is 
presently under  way on GaAs-based photoelectrolytic 
cells. 
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ABSTRACT 

The impedance characteristics for redox reactions involving minority carrier recombination at semiconductor elec- 
trodes differ markedly from those involving majority carriers. In this work, holes were generated in the valence band of 
n-GaAs by illumination or injection from solution. A recombination resistance is used to characterize the process by 
which these holes recombine with electrons from the conduction band. This resistance is shown to be independent  of 
the method of hole generation, the pH of the solution, and the nature of the injecting species, but dependent on the gen- 
eration rate. 

In semiconductor electrochemistry, it is of considerable 
importance to know which of the bands in the solid is in- 
volved in the reaction with a redox system in solution. 
For example, an oxidizing agent may be reduced either 
by electron capture from the conduction band or by hole 
injection into the valence band. On the basis of the 
standard potential of the redox system and the flatband 
potential of the semiconductor,  it is generally obvious 
which of the two bands is important. However, the situa- 
tion becomes more complex when an unstable intermedi- 
ate is involved in the charge-transfer reaction (1) or when 
charging of an inversion layer or of surface states causes a 
considerable change in the Helmholtz potential and thus 
in the position of the semiconductor bandedges (2). In 
such cases, more sophisticated methods are often neces- 
sary to elucidate the reaction mechanism. 

In a previous paper (3), we described how, in the 
photoanodic dissolution of an n-GaAs electrode, hole 
transfer to the solution was inhibited by an oxide film on 
the electrode surface. We showed an analogy between the 
impedance characteristics of this electrolyte-oxide- 
semiconductor (EOS) system, with enhanced minority 
carrier recombination, and that of an illuminated MOS 
device. The concept of a "recombination resistance" was 
used in the description of the recomoination of the minor- 
ity carriers created by illumination. The dependence of 
this resistance on light intensity was very similar to that 
found for the Si MOS transistor (4). 

In principle, it should be possible to use such a concept 
more generally in semiconductor electrochemistry for 
cases in which recombination of minority carriers is im- 
portant, irrespective of how these carriers are created. In 
this work, we describe the generation of holes in the val- 
ence band of n-GaAs by two methods, injection from so- 
lution and illumination, and we consider the effect of this 
generation and subsequent  recombination on the imped- 
ance characteristics of the electrode. A comparison with 
results involving hole injection into p-GaAs, for which 
recombination can be disregarded, emphasizes the 
significance of the recombination resistance. We suggest 
that this concept may be useful, in certain cases, for 
deciding which type of charge carrier in the solid is 
determining for the electrochemical reaction. 

Impedance of GaAs Electrodes under Depletion 
Conditions 

In order to clarify what we mean by the recombination 
resistance, we shall first briefly consider the creation, 
recombination, and Faraday reactions of minority carriers 
in n-GaAs under depletion conditions. 

Hole reactions at GaAs electrodes.--Under depletion 
conditions, the extent of the band-bending at the elec- 
trode surface determines what happens to holes injected 
from an oxidizing agent in solution into the valence band 
of n-GaAs. At relatively large band-bending [Fig. l(a)], the 
holes are held at the surface by the electric field, and rup- 
ture of surface bonds occurs; the injection is compen- 
sated by dissolution of the GaAs, and the resultant net 
current is very small (5). At lower band-bending, the in- 
jected holes can recombine with electrons either at the 
surface or within a diffusion length of the surface [Fig. 
l(b)]. A net cathodic current, carried by electrons in the 
bulk, is observed in this case. 

In an n-type semiconductor,  minority charge carriers 
can also be created by light. In this case, dissolution gives 
an anodic (photo-) current whose magnitude is-deter- 
mined by the light intensity [Fig. 1(c)], while recombina- 
tion results in a net zero current [Fig. l(d)]. 

Holes, injected under depletion conditions into a p-type 
GaAs electrode move away from the surface under 
influence of the electric field [Fig. l(e)]. This hole-flow 
through the valence band of the solid is registered as a ca- 
thodic current. Recombination is, of course, not impor- 
tant in this case. 

Equivalent circuits for  GaAs electrodes.~Myamlin and 
Pleskov (6), using the analogy with MOS devices (7), pro- 
pose a complete equivalent circuit for the impedance of 
an n-type semiconductor electrode under depletion con- 
ditions. In Fig. 2, the situation is shown for the case in 
which the recombination rate in the space-charge layer 
equals zero. CD, Cs, and C~ are the capacitances of the de- 
pletion layer, the surface states, and the inversion layer, 
respectively. The Helmholtz capacitance CH replaces the 
oxide capacitance of the MOS transistor. Rn.D and Rp.D are 
the resistances which characterize the transfer of elec- 
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Fig. 1. Band diagrams for a semiconductor electrode under deple- 
tion conditions. (a) and (b) refer to hole injection (inj.) into an n-type 
electrode. At large band bending, (a) dissolution (diss.) dominates, 
while at moderate band bending, (b) recombination (rec.) dominates. 
(c) and (d) are the analogous cases when holes are generated by light. 
(e) shows hole injection into a p-type electrode. 

trons and holes through the depletion layer, while Rn.s 
and Rp.s represent the transfer of electrons from the con- 
duction band and of holes from the valence band to sur- 
face levels. RB is the bulk semiconductor resistance. The 
impedance Zr describes the generation and recombina- 
tion of holes and their flow rates in the region of quasi 
neutrality in the bulk adjacent to the space-charge layer 
(7). Finally, if an electrochemical reaction occurs at the 
electrode, current flow through the surface must  be 
taken into account, in and ip represent the electron and 
hole currents. 

In this work, we are mainly interested in the case in 
which recombination within the space-charge layer is 
dominant,  i.e., the recombination rate is very high. Here 
the current in the space-charge layer changes from a pre- 
dominantly electron current at the bulk side to a predom- 
inantly hole current near the surface. It becomes mean- 
ingless then to represent the current flow through the 
depletion layer by separate impedances for holes and 
electrons. The complex impedance Zr together with Rn.D 
and Rp.D can therefore be replaced by a frequency- 
independent  resistance RD (7) [Fig. 3(a)]. Since, for the 
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Fig. 2. Equivalent circuit for an n-type semiconductor under deple- 
tion or inversion conditions with zero recombination rate in the space- 
charge layer. 

hole injection experiments described here, the rate of re- 
duction of the oxidizing agent may be diffusion con- 
trolled, a Warburg impedance W is introduced into the 
hole injection path. 

The equivalent circuit given in Fig. 3(a) is too complex 
for practical use, but can be further simplified. Pierret 
and Sah have shown (8) that the resistance RD is essen- 
tially determined by the recombination process in the 
space-charge region. We now assume that one of the inter- 
face capacitances, C, or Cs, is dominant, and we represent 
it by Cif [Fig. 3(b)]. If inversion can be disregarded, which 
is very likely to be the case here, then the space charge 
and surface resistances can be combined into a single 
recombination resistance which we denote by Rr. 
Alternatively, when surface states are unimportant ,  then 
inversion may determine the interface capacitance Cir. If 
the impedance is measured using a rotating disk elec- 
trode at potentials at which reduction of the oxidizing 
agent is completely diffusion limited, then the Warburg 
impedance becomes purely resistive and has a very high 
resistance value (Rw). For measuring frequencies in the 
range 1-10 kHz, this part of the circuit may be omitted 
and current will flow through the Helmholtz capacitance. 
Finally, on combining the electrolyte and bulk semicon- 
ductor resistances Re and R~ into a term Re.B, we obtain 
the simplified circuit shown in Fig. 3(b). This circuit also 
covers the generation/recombination case in which mi- 
nority carriers are created by light instead of injection. 
The circuit is, in fact, the circuit deduced from composite 
impedance theory by Pierret and Sah for the i l luminated 
MOS transistor without external current flow (8) and 
used by us for the GaAs EOS system; in the present case, 
the oxide capacitance is replaced by C.. 

For a p-type electrode under  depletion conditions, the 
recombination resistance R,. appears in the current path 
for electrons. Since holes are being injected from solution 
[Fig. l(e)], the Warburg impedance is found in the current 
path for majority carriers. Mott-Schottky measurements 
with p-GaAs show no evidence of surface state or inver- 
sion effects under  depletion conditions in the dark. Since 
minority carrier processes are not important, a circuit 
equivalent to that shown in Fig. 2 can be simplified to 
one containing CD, Cm Rw, and Rp.D. The Helmholtz capac- 
itance should be much larger than that of the depletion 
layer, and Rp.D is negligible with respect to Rw. So, a sim- 
ple circuit results: the depletion layer capacitance CD is 
short-circuited by a large resistance Rw and is connected 
in series to the solution/bulk semiconductor resistance 
Re,B. 

m ~  
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CD 

II 
Rn, s 
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tl 

- - v v v ' v  
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Fig. 3. (a) Equivalent circuit for an n-type semiconductor under de- 
pletion or inversion conditions with infinite recombination rate in the 
space-charge layer. (b) Simplified circuit of a, when the generation 
rate is diffusion controlled. 
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In order to characterize the recombination resistance 
R~, we measured the frequency dependence of the imped- 
ance of an n-GaAs electrode in which holes were created 
by illumination or injected from Ce 'v or Fe(CN)6 ~- ions in 
solution. Current-potential curves were used to distin- 
guish the regions in which recombination and dissolution 
were dominant, and the results were compared with those 
of hole injection into p-GaAs. 

Experimental 
The GaAs single-crystal wafers were obtained from 

MCP Electronics, England, and had the 100 orientation. 
The n-type material was Si doped (8.6 x 10 TM cm -a) and 
had a resistivity of 0.019 tLcm. The p-type wafers were Zn 
doped (8.4 x 10 '7 cm -3) and their resistivity was 0.042 
tl-cm. The diameter of the rotating disk electrodes made 
from these materials was 4 ram. Prior to use, all elec- 
trodes were etched at room temperature in a mixture of 
H2SO4(98%)-H~O~(30%)-H20(3-1-1) and dipped in a 6N HC1 
solution. 

The measurements were made in a conventional elec- 
trochemical cell using a platinum disk as a counter- 
electrode and a saturated calomel electrode (SCE) as a ref- 
erence. All potentials are given with respect to this SCE. 
Impedance measurements  were done under potentio- 
static control with the aid of a Solartron 1172 Frequency 
Response Analyser and an rms signal of 10 inV. For illu- 
mination, a Spectra Physics 1 mW 133 He-Ne laser was 
used in combination with a glass fiber light cable. The 
penetration depth of this light is small compared to the 
diffusion length of holes in n-GaAs. 

All solutions were prepared with reagent-grade chemi- 
cals and deoxygenated using a nitrogen flow. The mea- 
surements were performed at room temperature. 

Results 
Current-potent ial  measuremen t s . - -The  reduction of 

Ce 'v at pH 0 and Fe(CN), 3- at pH 14 occurs at GaAs elec- 
trodes by means of hole injection into the valence band 
(9). The reduction reaction is diffusion controlled in a 
wide potential range, as is clear from the current-potential 
curves measured at p-GaAs [dashed lines in Fig. 4(a)]. An 
identical limiting current is found at n-GaAs [solid lines 
in Fig. 4(a)] at potentials more negative than -0.60V. In 
this range, which corresponds to moderate band bending 
[Fig. l(b)], holes injected into the electrode recombine 
with electrons from the conduction band. At more anodic 
potentials, the band bending increases, the electron con- 
centration at the surface is greatly reduced, and dissolu- 
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Fig. 4. (a) Current-voltage curves of p-type (dashed lines) and 
n-type (solid lines) GaAs at different rotation speeds (300, 1500, 
3000, and 5000 rpm) in 0.0SM Ce(SO4)J1N H~SO4 solution. (b) 
Photocurrent of n-GaAs in 1N H2SO 4 solution. 

tion competes with recombination [Fig. l(a)]. At poten- 
tials more positive than -0.35V, all holes injected into the 
electrode are used for the dissolution reaction, and the 
current tends to zero. The current-potential curves for 
K:~Fe(CN)~ at pH 14 are similar to those given in Fig. 4(a) 
but are displaced by approximately 0.8V on the potential 
axis as a result of the higher pH. 

Minority carriers can also be created in n-GaAs by illu- 
mination in an inert electrolyte [Fig. l(c) and (d)]; in this 
case, the current-potential characteristics are "reversed" 
[Fig. 4(b)]. Efficient recombination at negative potentials 
results in very low current. At more positive potentials, 
the increased electric field at the surface ensures an 
efficient separation of charge carriers, and a photoanodic 
current resulting from dissolution is found. The ranges in 
which recombination or dissolution dominates are ex- 
actly the same as in the previous case. From these 
current-potential curves, the potential range can be de- 
duced in which recombination of minority carriers is im- 
portant. This is, of course, determined by the nature and 
the density of the recombination centers at and near the 
electrode surface and is therefore sensitive to the state of 
the electrode. The kinetics of the oxidation reaction 
involving the minority carriers (dissolution of GaAs in 
this case) are also important. In the present case, we have 
available a potential range of a few tenths of a volt, in 
which recombination dominates. 

An important parameter in this work is the minority 
carrier generation rate I~, which can be assessed from the 
limiting currents. In the case of illumination, this is given 
by the limiting photocurrent  and is directly proportional 
to the light intensity. For hole injection from solution, the 
diffusion-controlled reduction current determines Ix; i t s  

value can be varied by changing the concentration of the 
oxidizing agent in the solution and the rotation rate of the 
electrode [Fig. 4(a)]. 

Impedance  measuremen t s . - -The  equivalent circuit 
shown in Fig. 3(b) should be valid for n-GaAs when 
recombination is dominant. An analysis of this circuit 
gives two equations 

1 ( C  D ~- Cif) 2 
- + RrCD 2 oJ ~ [1] 

Z~ - Re.B RrCi~ 

-~Zim (CD + Cif)(Co + C i f  + C.) RrCB(CD + C,) 

Zre -- R,.~ R,.Ci~C. CH 
[2] 

in which Z~, and Z~m are the real and imaginary compo- 
nents of the complex impedance. R..B could be obtained 
from the high frequency limit of Z~,. Plots of 1 / ( Z r e  - Re .B)  
and -coZ~m/(Z~, - R,,B) as a function of oJ 2 should give 
straight lines. For all cases involving efficient recom- 
bination, we indeed found this to be the case. An example 
is shown in Fig. 5 for Ce(SO4)~. This implies that our as- 
sumptions with respect to the circuit of Fig. 3(a) are cor- 
rect, and that the impedance behavior of n-GaAs can be 
represented by the simplified circuit of Fig. 3(b), when 
the recombination process dominates. 

As CD is negligible compared to CH, Rr and C, could be 
deduced from the slope of the lines in Fig. 5. The 
recombination resistance, R ,  depends strongly on the 
generation rate. Figure 6 summarizes the results both 
from the illumination and hole injection experiments. 
The slope of this log-log plot is approximately -1.1. The 
most striking aspect of these results is that R~ is indepen- 
dent of the method of minority carrier generation (by illu- 
mination or injection from the solution). It is also inde- 
pendent  of the species which injects the holes, the pH of 
the solution, and the potential in the recombination 
range. 

The values of CD measured during injection increased 
with decreasing potential, as might be expected. These 
values, however, were somewhat higher than those mea- 
sured in an indifferent electrolyte in the dark, and 
showed an increase with increasing generation rate. 

Since R,. and CD are known, C~f could be calculated from 
the intercept of the plot of Eq. [1]. Its value varied from 
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Fig. 5. Impedance results, plotted according to Eq. [1] and [2] for 
n-GaAs in S,10-4M Ce(SO4)2/IN H:SO4 solution at - 0 . 7 0 V  (SCE) 
and 100 rpm. co = 2~Tf, where f is the measuring frequency in Hz. 

approximately 0.1 /~F �9 cm -z at very low injection rates to 
15/~F �9 cm -2 at the highest rates. 

The impedance behavior of a p-GaAs electrode was, of 
course, totally different. It was consistent with a capaci- 
tance (CD) shunted by a very large resistance (Rw), as ex- 
pected. Recombination is not important in this case. For 
n-GaAs under conditions in which dissolution dominates 
(at potentials more positive than -0.35V), recombination 
also does not occur. In this situation, the impedance pic- 
ture was similar to that for p-GaAs. 

Discussion 
These results show clearly the importance of recom- 

bination for the impedance characteristics of GaAs elec- 
trodes. In the absence of such recombination, as when 
holes are injected into p-GaAs or when dissolution ac- 
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Fig. 6. Recombination resistance as a function of the generation 
rate for n-GaAs. Ce(SO4)J1N H2SO4 solutions at different Ce(504)2 
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counts for all holes introduced into n-GaAs, the depletion 
layer capacitance is shunted by a large Warburg-type im- 
pedance. On the other hand, when recombination within 
the space-charge layer or at the surface is important, the 
impedance of the electrode resembles that of the MOS 
and EOS devices (3, 4). This impedance is characterized 
by a capacitance associated with charge storage at the 
electrode/electrolyte interface and by a resistance which 
describes the recombination of minority carriers in the 
valence band with electrons from the conduction band 
[Fig. 3(b)]. 

The relatively large values of Cif found at higher injec- 
tion rates indicate a considerable charge localization at 
the interface. This is supported by the increased value of 
the space-charge capacitance C~ relative to the value 
found when injection does not occur. This points to a 
shift in potential from the space-charge layer of the semi- 
conductor to the Helmholtz layer. This change can be cal- 
culated from Mott-Schottky theory and used to determine 
the interface charge density (3). On assuming a value of 20 
~ F .  cm -2 for CH, we obtain charge densities ranging from 
6.10 '2 cm -~ at low injection rates to 3.10 '3 cm -2 at the 
highest injection rates used. 

The recombination resistance Rr, measured here at po- 
tentials at least 0.2V positive with respect to the fiatband 
potential, depends on the minority carrier generation rate 
but not on the method of generation. Since Rr is also in- 
sensitive to the electrode pretreatment and the pH and 
composition of the electrolyte, we may conclude that it is 
mainly determined by recombination not at the surface 
but in the space-charge layer; Rr is thus an intrinsic prop- 
erty of the material. The recombination resistance is 
therefore not coupled directly t o  the interface capaci- 
tance. This is also supported by the fact that such a cou- 
pling would lead to a t ime constant r (= Rr Cif) in the 
range 0.1-1 ms, which is much too high to account for the 
very efficient recombination occurring in this case. 

Pierret  and Sah have developed a quantitative model 
for the band-to-band communicat ion in i l luminated MOS 
devices under depletion and inversion conditions (8). 
Their treatment is based on Shockley-Read theory assum- 
ing a single-level recombination center. The theory is 
valid at low injection levels (8), i.e. 

Ap [El(bulk) - E~] 
- -  < exp [3] 

n~ kT 

where hp is the deviation from the equilibrium minority 
carrier concentration as induced by light, nL is the intrin- 
sic carrier concentration, and Ei and E~ are the intrinsic 
and equilibrium Fermi levels, respectively. If  the injec- 
tion level is low, the model is obviously applicable to the 
present case in which the electrode is i l luminated in an 
indifferent electrolyte at potentials negative with respect 
to the photocurrent-onset potential; in this range, recom- 
bination is dominant so that no external current flows 
[Fig. 1 (d)]. From Eq. [3] it is clear that the condition of a 
low injection level is indeed satisfied in the present case 
(hp < 1017 cm -'~, i.e., i p  < no); light intensities were such 
that the photocurrent was linearly dependent  on photon 
density (10). Sah has shown (11) that, for an extrinsic 
semiconductor,  the nonequil ibrium equivalent circuit 
for the case involving external current flow is identi- 
cal to the equilibrium case with regard to carrier trapping, 
recombination, and generation, provided the steady- 
state carrier concentrations are considered instead of 
the equilibrium values. This means that the recombina- 
tion model for the il luminated MOS device (8), also 
involving steady-state carrier concentrations, must be ap- 
plicable to hole injection from solution when recombina- 
tion of minority carriers dominates [Fig. 1 (b)]. Pierret  and 
Sah derive an expression for the recombination resist- 
ance on the basis of a transition, within a narrow spatial 
region in the space-charge layer, from a predominantly 
hole current at the surface to an electron current in the 
bulk. This resistance is shown to be potential indepen- 
dent in a wide range. The relationship between the 
recombination resistance and the generation rate is deter- 
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mined by the nature of the recombination center. For an 
efficient level located near midgap with approximately 
equal capture cross sections for electrons and holes, an 
inverse square root dependence is predicted (Rr ~ 1/x~g). 
An inverse linear dependence (Rr ~ 1/Ig), as found in the 
present work, indicates a dominant recombination center 
somewhat displaced from midgap and with a ratio of cap- 
ture cross sections considerably different from unity. A 
similar dependence was found for the Si MOS device and 
the GaAs EOS system (3, 4). 

In this work, we have only considered the two extreme 
cases: negligible and complete recombination. For an 
n-GaAs electrode at potentials in the intermediate range 
at which the anodic photocurrent  and cathodic reduction 
current increase to their limiting values, the recombina- 
tion resistance increases and the impedance picture be- 
comes more complicated (12). Nevertheless, the presence 
of a recombination resistance in the equivalent circuit is a 
clear indication that minority carriers are responsible for 
the electrochemical reaction. In a subsequent paper, we 
shall show how this approach can be used to obtain infor- 
mation concerning a more complex reduction reaction at 
GaAs (13). 
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Epitaxial Growth and Characterization of fl-SiC Thin Films 
P. Liaw *,1 and R. F. Davis 

Department of Materials Engineering, North Carolina State University, Raleigh, North Carolina 27695-7907 

ABSTRACT 

Crack-free monocrystalline /~-SiC films having very smooth final surfaces may be reproducibly grown at 1600 K 
and 760 torr on (100) Si substrates using Sill4 and C2H4 and H2 if the Si is initially reacted with the C2H4 alone. This initial 
step produces a buffer layer which reduces the mismatches in expansion coefficients and lattice parameters and thus 
allows the subsequent growth of the B-SiC film to a thickness exceeding 5 ~m. It is necessary to heat the Si wafers from 
room temperature to the reaction temperature in a C2H4 and H2 environment  rather than preheating the substrates to the 
reaction temperature. An off-axis orientation of the Si in excess of approximately 3 ~ results in a very rough final growth 
surface on the fl-SiC film. 

Silicon carbide (SIC) possesses a unique combination of 
properties which are not available from other more com- 
mon semiconductor materials. In addition to its high 
thermal conductivity and melting point, extreme hard- 
ness and excellent resistance to chemical attack and me- 
chanical damage, it is also characterized by a range of 
high energy bandgaps [2.2-3.3 eV, depending on the struc- 
ture type; (see following discussion and Ref. (1) and (2)] 
and a high saturated drift velocity [2-2.7 x 107 cm/s (3-5)], 
which are particularly important for electronic applica- 
tions. As such, this material has, for several years, been 
considered the leading candidate material for future em- 
ployment  in thin film solid-state electronic devices 
which would be subjected to high temperatures or high 
frequencies or high power loads or a combination of these 
severe conditions. 

Silicon carbide may exist in one particular crystallo- 
graphic structure, if grown under carefully selected and 
controlled conditions. However, as a result of its low 
stacking fault energy, this material frequently occurs as a 
collection of several slightly different one-dimensional 
polymorphs or "polytypes" having different stacking se- 
quences along the directions perpendicular to the closest 
packed planes. Alpha SiC forms in more than 140 identi- 
fied hexagonal or rhombic polytypes, whereas, B-SiC 
possesses only the cubic zinc blende structure. An excel- 

*Electrochemical Society Active Member. 
1Present address: Advanced Micro Devices, Sunnyvale, Cali- 

fornia 94088. 

lent review of these polytypes and their formation has re- 
cently been published by Jepps and Page (6). 

The common occurrence of the fl polytype as a product 
of vapor and liquid growth processes, its transformation 
to one or more of the alpha forms at high temperatures 
and its recent commercial  availability have caused it to be 
considered almost as a separate material. Because of its 
small bandgap (2.3 eV) and ease of growth at relatively 
low temperatures, the B form is currently considered the 
most desirable polytype for microelectronic applications. 

The previous (1956-1973) major research periods con- 
cerned with the growth of SiC as an electronic material 
concentrated heavily on very high temperature 
sublimation-condensation (Lely) processes which formed 
an unreproducible variety of alpha polytypes within each 
crystal. Solution growth via the reaction of molten Si with 
its graphite container was a common method of growing 
B-SiC; however, these crystals were invariably small and 
highly twinned and therefore of little use for electronic 
applications. Chemical conversion of the Si surface and 
chemical vapor deposition (CVD) processes were also em- 
ployed. However, the results in terms of thickness, single 
crystallinity, and/or device quality of the films were not 
sufficient to engender continued substantial funding of 
this research. For an essentially complete record of these 
earlier studies, the reader is referred to the published pro- 
ceedings of the three previous SiC conferences (7-9) and 
their bibliographies. 

Research in SiC for semiconductor applications has 
continued, albeit at a reduced level of effort, with positive 
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results in thin film growth, characterization, and the fab- 
rication of simple devices. The most active group has 
been Matsunami and co-workers with the development  of 
blue LED's  by liquid-phase epitaxy (10) and chemical 
vapor deposition (11), photoluminesce studies of A1, Ga, 
and B acceptors in 4H, 6H, and 3C polytypes grown from 
a Si melt  (12), the determination of site dependent  impu- 
rity levels in 4H, 6H and 15R polytypes (13), the thermal 
oxidation (14) and C-V characterization of A1-SiO2-SiC 
MOS structures (15), and the structure and properties of 
sputtered amorphous SiC films (16). Research in Ger- 
many directed by MUnch has also led to the fabrication of 
blue LED's  (17) as well as field effect and bipolar transis- 
tor (18) via vapor growth and liquid-phase epitaxy, addi- 
tional understanding concerning thermal oxidation and 
electrolytic etching of SiC (19), and the determination of 
the high field staturated electron drift velocity (5) and the 
breakdown field in vapor-grown SiC p-n junctions (20). 
Finally, research has continued in the Soviet Union, pri- 
marily in the laboratory for Wide Band Gap Semiconduct- 
ors in Leningrad, directed by Tairov. In addition to the 
solid-state physics studies on doped SiC [e.g., see Ref. 
(21)], considerable progess has been reported in the con- 
trolled growth of SiC single crystals having a preselected 
polytype [see Ref. (22) for a review of this work]. 

Essentially, all the studies noted above were concerned 
with the growth or characterization of selected a-SiC 
forms. However, very recently, Nishino and co-workers in 
Japan and the U.S. (23, 24) and Addamiano and Sprague 
(25) have employed a two-step CVD process whereby a 
"buffer" or "converted" layer is initially formed on a Si 
substrate surface via a reaction with propane followed by 
the growth of thin films of fl-SiC. 

The objectives of the research program reported herein 
have been: (i) the extension of the aforementioned two- 
step approach to determine the exact conditions for the 
formation of single-crystal fl-SiC films of sufficient 
thickness and quality for microelectronic applications, 
and (ii) the characterization of these films by a variety of 
techniques. The following sections present the experi- 
mental aspects of this program, a discussion of the results 
obtained, and the major conclusions drawn from this 
research. 

Experimental 
An RF heated cold-wall barrel-type CVD reactor was 

designed and constructed in house especially for the 
growth of the fi-SiC films. Highest purity silane (Sill4), 
ethylene (C2H4), and H2 (further purified to 0.1 ppm total 
impurities via Pd/Ag cell) were used as the Si and C 
source gases and carrier gas, respectively. HC1 provided 
in situ gas phase etching of the (100) and (111) Si single- 
crystal substrates prior to deposition. Argon was em- 
ployed for purging the input gas lines and the reaction 
chamber after each deposition. Nitrogen continually 
purged the mechanical pumps and the exhaust line to 
prevent the pyrophoric reaction of Sill4. The use of the 
cold-wall vertical reactor noted above contrasts with the 
uncooled horizontal reactors used by other investigators 
(23-25). Our use of the former not only allowed films of 
excellent quality to be produced but also forced a change 
in the scenario for the two-step deposition process used 
by others which is described below. This type of reactor 
was also necessary because of the endothermic nature of 
Sill4. 

The total pressure in the reaction chamber and the 
flow rates of each of the gases were independently mea- 
sured and set-point controlled using a capacitance mano- 
meter 2 and servo-mechanical valves 3 for the former and 
mass flowmeters 4 and magnetically proportioning 
valves ~ for the latter. In this way, fluctuations in the 
nucleation rates of the reactant species were minimized. 

2Model 220 BHS-2AI-B-1000, MKS Instruments, Incorporated, 
Burlington, Massachusetts. 

3Model 253, MKS Instruments, Incorporated, Burlington, 
Massachusetts. 

4Model FM-260, Tylan Corporation, Carson, California. 
5Model 5835A, Brooks Instruments, Hatfield, Pennsylvania. 
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Both n-type (p = 37-420 t2-cm) and p-type (p = 10-50 
fi-cm) Si wafers, having a nominal 1.1 cm diam, were 
ultrasonically trepanned from larger wafers using 30-40 
volume percent (v/o) SiC in distilled H20 as the abrasive. 
One side of the as-cut wafers was simultaneously chemic- 
ally and mechanically polished using the Silver-Regh- 
Gardiner method (26). All wafers had a thickness of 0.064 
cm and were 1 ~ or 6 ~ off axis from the (100) plane and 2 ~ 
and 4 ~ off axis from the (111) plane. 

Up to 16 of the Si wafers were loaded onto a tapered (3 ~ 
8.9 cm long SiC-coated graphite 6 susceptor having less 
than 10 ppm total impurities. The impervious SiC coating 
eliminated both the possibility of auto-doping and the dif- 
fusion of excess C from the susceptor onto the Si 
substrate. 

Prior to each CVD step, the reaction chamber was three 
times pumped to 10 torr and purged with high purity Ar. 
Furthermore, the reactant and carrier gases initially by- 
passed the 6.3 cm id H20-cooled, double-wall quartz depo- 
sition chamber and were mechanically pumped into a 
lower stainless-steel chamber. When the preset flow rates 
were established, the gas mixture was switched via pneu- 
matic valving into the top of the reaction chamber, where 
it subsequently reacted with the Si substrates. The depo- 
sition temperatures were measured on the SiC-coated 
graphite with an optical pyrometer because of the chang- 
ing emissivity of the Si with the progressive deposition of 
SiC. 

Initially, a single-step CVD process involving the simul- 
taneous deposition of Si and C directly on the Si surface 
at 1 atm as well as reduced (to 38 torr) total pressures was 
employed. The occurrence of more than one phase at low 
total pressures prompted subsequent  computer-aided 
thermodynamic calculations for the deposition of fl-SiC 
as a function of total pressure, Si/Si+C ratios, and temper- 
ature. These results (27) showed that the limits of forma- 
tion of the fl-SiC phase field gradually narrow to essen- 
tially a straight line as the total pressure is reduced. Thus, 
1 atm was used for the remainder of the experiments.  The 
poor surface quality and the high residual stresses in the 
films (28) produced by this process promoted the use of 
the much more successful two-step approach noted in the 
introduction. In this latter process, approximately 0.30 v/o 
of C~H4 in flowing (3000 sccm) H2 was introduced into the 
cold reaction chamber. The substrates were immediately 
and rapidly heated at approximately 500 K/min from 
room temperature over a total period of 2.5 min. The max- 
imum possible temperature of 1600 K was achieved dur- 
ing the last 30s of this step. The chamber was subse- 
quently flushed with H2 for 5-10 min. A standard CVD 
process was then employed using 0.20 v/o Sill4 and 0.10 
v/o C2H4 in flowing (3000 sccm) H2 at 1600 K. The growth 
rate was -0.04 ~m/min. When the desired growth had 
been achieved, the Sill4 and C2H4 valves were closed, the 
chamber allowed to flush for 5 min with H2 and the tem- 
perature reduced to ambient. No etching of the final 
growth surface by the final H2 flush was chemically or 
visually detected. 

Surface characterization and thickness measurements 
were conducted using SEM and optical microscopy (OM). 
Conductive coatings or staining was unnecessary as the 
films were sufficiently conductive for the SEM studies 
and easily distinguished from the Si in the OM. For struc- 
tural characterization, both x-ray and selected area elec- 
tron diffraction techniques were employed. A reflection- 
type pole-figure device (Schulz goniometer) was used to 
determine the single- or polycrystallinity and the exist- 
ence of epitaxy of the grown films. The transmission 
Laue method was also extensively used for more com- 
plete characterization of the crystal structure of the fl-SiC 
films. As both the diamond cubic structure of Si and the 
zinc b]ende structure of fl-SiC give exactly the same Laue 
patterns, it was necessary to wax 7 the entire specimen, 

sUltra "F" grade UT-22 graphite, Ultra Carbon, Corporation, 
Bay City, Michigan. 

~Apiezon Type W, James G. Biddle Company, Plymouth Meet- 
ing, Pennsylvania. The wax was removed using trichloroethylene. 
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except  for a 2 mm central spot in the back of the Si sub- 
strate, and immerse the sample in an HF+HNO3 (2:3 ratio) 
mixture until a hole was etched in the Si. The remaining 
Si substrate served as a support  for the film. A 16h expo- 
sure at 35 kV and 20 mA was usually required to obtain 
the pattern. The distance between the specimen and the 
film was 5 cm. 
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Transmission electron diffraction (TED) samples were 
prepared by ion milling from the Si side at an angle of 15 ~ 
to the surface. No sample preparation was necessary for 
the RED diffraction research. 

Electrical properties of the films were measured by the 
van der Pauw technique. These intentionally undoped 
samples were n-type in character. Ohmic contacts were 
obtained by sintering an electron-beam evaporated 2000]~ 
Ni film at 1373 K for 5 rain in vacuum. After the measure- 
ment, a very thin Ni film was burned into the fi-SiC film 
as a result of Joule heating. 

Results and Discussion 
Reproducible epitaxial growth of single-crystal fl-SiC 

thin films on (100) and (111) Si has been achieved via the 
initial reaction of C with the Si surface and the subse- 
quent  deposition of a SiC film. Using only the latter half 

Fig. 3. Transmission electron diffraction patterns at ~-SiC thin films grown on (111) Si substrates under the conditions of P = 1 atm and T = 
1343 K (a}, 1408 K (b), and 1633 K (c). 
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Fig. 4. Transmission electron diffraction patterns of fi-SiC thin films grown on (100) Si substrates under the conditions of P = 1 arm and T : 
1343 K (a), 1408 K (b), and 1633 K (c). 

of th i s  p roce s s  d id  no t  a l low r e p r o d u c i b i l i t y  or e q u i v a l e n t  
qua l i t y  to  t he  two-s t ep  p roce s s  on  e i the r  of  t h e  Si p lanes .  

F i g u r e  1 shows  a 20 s c a n  f r o m  44 ~ to 62 ~ for  a n  ep i t ax ia l  
fl-SiC film g r o w n  on  a (111) Si subs t ra te .  In  th i s  20 range ,  
t h e  (220) p e a k s  r e s u l t i n g  f r o m  b o t h  t he  fi-SiC film a n d  t h e  
Si s u b s t r a t e  are i n c l u d e d  if  t he  s a m p l e  is t i l t ed  35 ~ o n  t h e  
Schu lz  g o n i o m e t e r  so t h a t  t h e  (220) is t he  d i f f rac t ing  
plane .  B y  r o t a t i n g  t he  s a m p l e  one  t u r n  a b o u t  i ts n o r m a l  
axis,  one  can  d e t e c t  t h r e e  p e a k s  of  (220) fl-SiC ref lec t ions  
w h i c h  are  s e p a r a t e d  120 ~ f r o m  each  other .  Th i s  i nd ica t e s  
t h e  n o r m a l  th ree - fo ld  s y m m e t r y  of  t he  (220) a b o u t  t h e  
<111>.  One  m a y  s u r m i s e  f r o m  th i s  s t u d y  t h a t  the  crys ta l  
s t r u c t u r e  of the  g r o w n  (111) fl-SiC film is s ing le  crystal-  
l ine  in  na tu re .  

As for  t he  fl-SiC fi lm g r o w n  on t he  (100) Si subs t r a t e s ,  
Fig. 2 shows  t he  r e su l t s  of a 20 s can  f rom 45 ~ to 62 ~ As in 
t he  e x a m p l e  n o t e d  above ,  t h e  (220) aga in  b e c o m e s  the  
p r i n c i p a l  d i f f rac t ing  p l a n e  w h e n  t he  s a m p l e  is t i l t ed  45 ~ . 
Howeve r ,  w i t h  t he  (100) Si s u b s t r a t e  o r ien ta t ion ,  t h e  (220) 
/~-SiC p e a k s  are m o n i t o r e d  at  a 90 ~ s e p a r a t i o n  b e c a u s e  of 
t he  four-fold  s y m m e t r y  of (220) a b o u t  [100]. The  p r e s e n c e  
of  th i s  s y m m e t r y  as r evea l ed  b y  t he  d i f f rac t ion  p a t t e r n  al- 
lows  one  to c o n c l u d e  t h a t  t he  crys ta l  s t r u c t u r e  of  t h e  
g r o w n  (100)/~-SiC film is also a s ingle  crystal .  

T h e  a b o v e  re su l t s  were  also s u p p o r t e d  b y  t r a n s m i s s i o n  
L a u e  p a t t e r n s  (TLP)  for  t he  s ame  film a n d  s u b s t r a t e  
c o m b i n a t i o n s  (28). The  (111) p a t t e r n  also c o n t a i n e d  twe lve  
spo t s  in  t h r e e  g r o u p s  of  four  spo ts  each,  w h i c h  were  ve ry  
close to t h e  (111) spo t s  a n d  w h i c h  were  m o r e  diff icul t  to 
ident i fy .  F u r t h e r  i n v e s t i g a t i o n s  s h o w e d  t h a t  t h e s e  
sa te l l i te- l ike  spo ts  we re  o n  t h r e e  zone  axes  a n d  on  two  
r ings ,  w h i c h  c o r r e s p o n d  to t he  (111) /~-SiC re f lec t ions  
f r o m  the  K~ a n d  Ks cha rac t e r i s t i c  r ad i a t i ons  of  t h e  Cu tar- 
get. Normal ly ,  b e n d i n g  of  c rys t a l l og raph ic  p l a n e s  as a re- 
su l t  of  r e s idua l  s t r e s se s  causes  s t r eaks  a long  t h e  zone  
axis.  However ,  b e c a u s e  a Cu t a rge t  was  u s e d  to p r o d u c e  
t h e  " w h i t e "  rad ia t ion ,  w h e r e v e r  t he  re f lec t ions  f r o m  t h e  
cha rac t e r i s t i c  r a d i a t i o n  sa t is f ied Bragg ' s  law, a spo t  
o c c u r r e d  ins tead .  T h u s  t h e s e  sa te l l i te  spo ts  n o t e  t h e  exis t -  
e n c e  of  r e s idua l  s t r e s ses  in  t he  g r o w n  (111) film. 

The  (100) p a t t e r n  also c o n t a i n e d  ex t ra  spo ts  ve ry  close 
to t h e  (221) spots .  In  t h i s  case,  i t  was  d e t e r m i n e d  t h a t  the  
ex t r a  spo ts  we re  on  two  zone  axes  a n d  on  two r ings,  
w h i c h  c o r r e s p o n d  to t he  (220) fi-SiC re f lec t ions  f r o m  t h e  
K~ a n d  KB cha rac t e r i s t i c  r a d i a t i o n s  of t he  Cu target .  Aga in  
th i s  i n d i c a t e d  t he  e x i s t e n c e  of c u r v e d  p l a n e s  w h i c h  
f o r m e d  as a r e su l t  of s t r e s ses  in  t he  (100) fl-SiC films. A 
c o m p l e t e  d i s c u s s i o n  of th i s  r e s idua l  s t ress  p h e n o m e n a  is 
g i v e n  in  Ref. (28). 

G r o w t h  t e m p e r a t u r e  was  a ve ry  i m p o r t a n t  f ac to r  in  t h e  
a t t a i n m e n t  of  s ing le  c rys ta l l in i ty  in  t he  films. As s h o w n  
in  t he  TED p a t t e r n s  of  Fig. 3a a n d  4a, t he  fl-SiC films 

Fig. 5. SEM micrographs of (a) (111) Si and (b) (100) Si substrate 
surfaces after 3 min chemical conversion at 1600 K with a 1 sccm 
flow of C2H4 and 3000 sccm flow of H2. 
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Fig. 6. SEM micrographs of the chemically converted Si surface on 
(a) (111) Si and (b) (100) Si after a 3 min chemical conversion con- 
ducted from room temperature to 1600 K with C2H4 = 1 sccm and H2 
= 3000 sccm and a total pressure of 760 torr. 

grown on the (111) and (100) Si substrates, respectively, 
were polycrystalline when the growth temperature was 
1343 K. As the substrate temperature increased to 1408 K, 
the grain size increased and spot-containing rings were 
observed, as revealed by Fig. 3b and 4b. Increasing the 
temperature further to 1633 K allowed monocrystalline 
films to grow on both substrates (see Fig. 3c and 4c). Ad- 
ditional x-ray Laue research showed that monocrystallin- 
ity could be achieved on the (111) Si at temperatures as 
low as 1583 K. However, the critical temperature for simi- 
lar results on (100) Si was approximately 1600 K. Thus, 
the epitaxial growth of (111) fl-SiC films can be achieved 
at a re la t ively lower temperature than that required for 
the (100) films using the two-step deposition process. 

Scanning electron microscopy was also used exten- 
sively to characterize both the chemical conversion pro- 
cess and the growth of the /]-SIC thin films. The former 

Fig. 7. SEM micrographs showing the fl-SiC film surface and the 
fractured side surface (top portion of the photographs) as well as the 
Si substrate upper surface and the fractured side surface (bottom por- 
tion of the photographs) for films grown on (a) (111) Si and (b) (100) 
Si. 

was initially conducted under isothermal conditions at 
1600 K with all other conditions being the same, as in the 
rapid heating procedure noted above. This produced rela- 
tively large localized deposits of C, as shown in Fig. 5. 
These deposits were triangular in shape on the (111) Si 
and rectangular on the (100) Si substrates. These shapes 
are characteristic of the voids found in the Si in these ori- 
entations, as noted below. It is believed that these areas 
acted as nucleation sites for the subsequent CVD growth, 
as the/~-SiC films tended to be polycrystalline with very 
rough surfaces. By contrast, heating the Si substrates 
from room temperature to 1600 K in flowing C~H4 in H~ at 
760 torr produced thin but much more uniform deposits, 
as shown in Fig. 6. The voids revealed in the micrographs 
are principally on the Si surface; however, some portion 
of these defects may also extend to the surfaces of the 
converted layers as well as the final films. An acute ex- 
ample of this phenomenon is shown in Fig. 7. It is be- 
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Fig. 8. Surface morphology of epitaxial H-SiC thin films grown on Si 
substrotes with various off-axis orientations. 

lieved that the existence of the voids is related to the 
growth mechanism involved in the chemical conversion 
of the Si substrate. In this process, the Si atoms diffuse 
out through the converted layer to react with the C atoms 
at the growth surface (29, 30). Thermal etching of the Si 
during heating was not responsible for the pitted Si sur- 
faces; no such depressions were found in several (111) 
and (100) Si wafers heated to 1600 K in flowing H2 for 10 
min. 

Abnormal needle-type growth also occurred but only in 
the polycrystalline H-SiC films having either (111) or (100) 
orientation. The initial growth conditions were found to 
be very critical to the presence of these needles. For ex- 
ample, no such needles were found in the subsequent 
H-SiC layers when the initial chemical conversion of the 
Si substrate was conducted from room temperature to 
1600 K for 2.5 min. However, needles were observed when 
the chemical conversion was performed under isothermal 
conditions at 1600 K for 1 min. The nucleation in the lat- 
ter case was much less controlled and resulted in the for- 
mation of occasional needles. Finally, it was also found 
that using a prolonged (e.g., 10 min) conversion time re- 
sulted in a very rough final surface on the H-SiC films. 

During the latter stages of this research program, 1he 
growth techniques were sufficiently refined so as to pro- 
duce very smooth final growth surfaces on both the (111) 
and (100) H-SiC films. However, the degree of smoothness 
decreased markedly with increase in off-axis orientation 
of the Si substrates. Using the same growth conditions 
and two-step growth procedure noted in the section on 
experimental  procedure for all samples, it was found that 
the final surface of the films on (111) Si and (100) Si hav- 

Table I. Electrical properties of n-type (100) H-SiC 
samples having three different thicknesses 

and grown on p-type (100) Si substrates 10. 

11. 
Sample no. 810916 810917 810919 

12. 

Epitaxial film 1.25 5.0 7.5 13. 
thickness (/zrn) 

Resistivity (12-cm) 0.13 0.38 0.22 
Hall coefficient - 11.4 - 97.4 059.5 14. 
Hall mobility 88.0 256.0 270.0 

(cm2/V - s) 15. 
Carrier concentration 5.5 x 10 '7 6.5 x 10 TM 1.1 x 10 '7 

(cm-:,) 16. 

ing 2 ~ and 1 ~ off-axis orientations, respectively, were very 
smooth, as shown in Fig. 8a and 8c. However, films 
grown on similar wafers with 4 ~ and 6 ~ off-axis orienta- 
tions had a moderate or very rough appearance. 

The results of preliminary van der Pauw measurements 
are given in Table I for typical (100) fl-SiC films having 
different thicknesses. All films were n-type, which may 
have been caused by the incorporation of nitrogen, which 
is a donor impurity, or by the existence of defects in the 
films. Additional study concerned with the correlation of 
defect substructure with electrical properties is now 
ongoing. 

Summary 
Reproducible growth of high purity monocrystalline 

thin films of fl-SiC have been produced on Si using a 
unqiue cold-wall barrel-type reactor and a two-step pro- 
cess of surface conversion and subsequent film deposi- 
tion. Direct growth of monocrystalline fi-SiC films on 
(111) or (100) Si at temperatures up to 1600 K was 
difficult and nonreproducible. However, crack-free films 
having very smooth final surfaces can be grown on (100) 
Si if the Si surface is initially reacted with C.2H4 carried in 
H2. This step is then followed by conventional CVD of the 
fl-SiC using a mixture of Sill4 and C2H4, which are sepa- 
rately decomposed on the initial converted layer. It was 
found necessary to rapidly heat the Si substrates from 
room temperature to the conversion temperature in a 
C2H4 and H2 environment rather than preheating the sub- 
strates to the reaction temperature. The off-axis orienta- 
tion of the Si substrate was also found to be important in 
the smoothness of the final surface. 
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Transient Behavior during Film Removal in Diffusion-Controlled 
Plasma Etching 

Richard C. Alkire* and Demetre J. Economou** 
Department of Chemical Engineering, University of Illinois, Urbana, Illinois 61801 

ABSTRACT 

A mathematical model is formulated to analyze transient behavior during film removal from closely spaced wafers 
in a barrel plasma etching reactor. The model incorporates diffusion and simultaneous reactions which include the etch- 
ing process as well as recombination reactions of both volume and surface types. The analysis relates the effect of geo- 
metric and operating variables to process characteristics such as etch uniformity, over-etch exposure, and throughput.  
Dimensionless system parameters are identified and are used to express computed results in general form. Regions of 
operating conditions that permit  etch uniformity within specified tolerances are found, and opt imum settings for inter- 
wafer spacing and reactor pressure to achieve maximum throughput are calculated. 

Important  goals for plasma processing include yield, 
throughput,  and uniformity. Variables which are com- 
monly controlled to achieve these goals include reactor 
geometry, design and operating conditions, choice of 
chemicals introduced into the plasma, and adjustment of 
wafer position within the reaction zone. It is the nature of 
such complex systems that engineering trade-offs exist in 
identifying "opt imum" settings. Often, however, a seem- 
ingly minor adjustment in a sensitive variable can cause a 
major change in performance. Also, it is invariably diffi- 
cult to translate successful experience with one system to 
a new system on the basis of intuition alone. For  these 
reasons, purely empirical programs of development  can 
be t ime consuming. 

Mathematical methods have been used to model  a wide 
variety of chemical reactor systems, and have been found 
useful in guiding development  strategies for improve- 
ment. In the present study, a mathematical model was de- 
veloped to predict transient behavior during film re- 
moval from closely spaced wafers in a barrel etcher. 

The barrel plasma etching reactor, shown schematically 
in Fig. 1, consists of a cylindrical quartz chamber that has 
input gas manifolds and a vacuum pumping outlet. RF 
power, commonly at 13.56 MHz, is coupled to the reactor 
through external electrodes and an impedance matching 
network. The wafers are loaded on a boat in a stand-up 
configuration with the wafer axes along the barrel axis. 
In order to achieve high throughput, the interwafer spac- 
ing is made small so that the reactor may hold dozens of 
wafers in a single batch. During operation, gas is continu- 
ously introduced into the reactor. Active species, which 
are generated by electron-impact dissociation in the 
plasma region, diffuse in the interwafer space and react 
with the film on the wafer surface. At the same time, the 
active species may degrade by recombination reactions 
within the reactor volume or on the walls. Since etching 
is solely due to neutral species, the resulting edge-profile 
exhibits mask "undercut"  characteristic of isotropic etch- 
ing. Hence, the barrel etcher cannot be used for etching 
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fine line geometries. Sometimes an A1 perforated cylin- 
der is placed eoaxiatly around the wafers. With the "etch 
tunnel" present, the plasma is confined in the annular re- 
gion between the metal cylinder and the reactor wall; ac- 
tive species have then to diffuse through the perforations 
and, since the diffusion path is lengthened, the etch rate 
is smaller with the etch tunnel. 

Stripping of photoresist in an oxygen plasma in a 
barrel-type reactor was the first application of plasma 
etching in semiconductor processing (1). Etching of St, 
poly-Si, and SigN4 in fluorine containing plasmas (espe- 
cially in CFjO2 mixtures) quickly found widespread ap- 
plications (2). Similar reactors are also used for LPCVD 
processes (4, 18). 

Etch uniformity and throughput  are of particular im- 
portance in any plasma etching process. Across-wafer and 
wafer-to-wafer uniformity are both critical in etching pat- 
terned films since local loading can rapidly enhance 
mask undercut after the end point has been reached. Pa- 
rameters that affect uniformity and throughput include 
RF power input, chamber  pressure, gas flow rate and 
distribution, wafer spacing, wafer diameter, and tem- 

To Vacuum ~ Etch Tunnel 

Q u a r t z / '  " / I  " ' /  
ChamberJ Gas in-*-~-J /RF Electrode 

Fig. 1. Schematic of a barrel plasma etching reactor 
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perature. Several investigators have reported models for 
diffusion-controlled plasma etching in barrel reactors 
(5, 6). With assumption of steady-state conditions, the ef- 
fect of process parameters on etch uniformity was 
studied. 

In the present work, transient removal of a film from a 
wafer stacked in a barrel plasma etcher is investigated. 
Transport and reaction phenomena are used to predict 
behavior and to identify dimensionless scale-up parame- 
ters. This study differs from past work in that transient 
behavior is included so that the duration of etch cycle 
(throughput) and of over-etch exposure may be investi- 
gated. While actual plasma systems are more complex, 
the following model provides a basic framework which 
may be expanded as additional refinements are added. 

Theoretical Formulation 
Let us for the moment  concentrate on events happen- 

ing in the interwafer space, regarding the gas discharge 
outside the wafer stack as simply the source of etchant 
species. The plasma region is treated later. Figure 2, not 
drawn to scale, is a schematic representation of the radi- 
ally symmetric cell formed by two wafers facing each 
other. Prior to the onset of etching, a film of uniform 
thickness exists on the wafer surfaces. The rate of film 
removal depends on the concentration distribution in the 
interwafer gap. To an extent that depends upon operating 
conditions, the etch rate is highest on the periphery of the 
wafer. Film in this region thus clears first, and subse- 
quent  film removal would then take place in more inac- 
cessible regions. Figure 2 illustrates the situation part 
way through the process, where film has been cleared en- 
tirely from the outer portion of the wafer, while the inner 
region is yet to clear. As etching proceeds, the concentra- 
tion distribution changes to conform to the reactivity dis- 
tr ibution along the wafer surface. While the film may 
eventually be removed everywhere, the peripheral re- 
gions would meanwhile be exposed to overetching condi- 
tions which, in many systems, adversely affect product 
quality. 

The following assumptions preserve the salient features 
of the system and also streamline the task of computa- 
tion. 1. The spacing between adjacent wafers is suffi- 
ciently smaller than the wafer radius so that significant 
concentration variations occur only in the radial direc- 
tion. 2. Convection is negligible with respect to diffusion 

~ afer 

Film 

~0 
R r 

Fig. 2. Schematic of the radially symmetric region between two suc- 
cessive wafers. 

in the interwafer region owing to the large value of the 
diffusion coefficient. An order of magnitude calculation 
showed that, even if all the gas were flowing parallel to 
the wafer surfaces, the Pe number  (=RouJD) would be 
less than 0.05. In practical systems, with the gas outlet at 
the back of the quartz barrel, most of the gas flow is nor- 
mal to the wafer surfaces. Thus, practical Pe numbers  are 
even smaller. 3. The etching reaction is first order; this 
has been shown for photoresist stripping in oxygen (6) 
and Si etching in fluorine (7). 4. The etching reaction pro- 
ceeds to completion at or near the film surface (6) over a 
distance much smaller than the diffusion length of the 
etching species, and the reaction products do not affect 
the etching process (8). 5. The substrate is not etched. 
Hence the model is applicable to processes such as photo- 
resist stripping in an O2 plasma or Si etching in a CFJO2 
plasma with SiO2 as the substrate. 6. The pressure re- 
mains constant during an etch cycle; this can be achieved 
by using a pressure feed-back control system. 7. Opera- 
tion is isothermal with no spatial variations of diffusivity 
or reaction rate constants. This assumption will not be 
valid in cases of highly exothermic etching reactions. For 
example, in etching Si at 0.5 ~m/min in a F containing 
plasma, the adiabatic temperature rise of a 10 cm diam 0.5 
mm thick slice will be 1.3~ Furthermore, severe tem- 
perature variations will occur during start-up, unless a 
preheat-treatment with a N2 or Ar plasma is applied. 8. 
The concentration of etchant at the wafer edge remains 
constant during the etch cycle. However, if the etching re- 
action is the main loss mechanism for the etchant species, 
and the reaction rate distribution along the wafer surface 
is nonuniform, the etchant concentration at the wafer 
edge (Co) will change with time during a single etch cycle. 
This is because the amount  of film remaining on the wa- 
fers will also change with time (loading effect). Such a 
change in Co could be predicted by Eq. [19] to be derived 
later. The calculations presented in this work did not ac- 
count for any changes in Co during an etch cycle (see also 
"Conclusions" section). 9. The concentration profiles ad- 
just  rapidly to the gradual movement of the film front 
during depletion. Therefore, at any particular moment,  
the concentration distribution is at the steady-state distri- 
bution which corresponds to the reactivity conditions 
prevailing at that moment.  This "pseudo-steady-state" ap- 
proximation is valid provided that the time scale over 
which film depletion occurs (equal to xhJk2co, see also ex- 
pression for z in Eq. [5]) is much greater than the "charac- 
teristic" diffusion time (Ro2/D). In other words, the follow- 
ing inequality should hold: XhoD/k2coRo 2 >> 1. For typical 
values of the parameters (Table I), this ratio is found to be 
greater than 103 . 

During etching, the thickness of etchable material left 
at a certain location and time will be given by 

_ [ t  k2 
h(r,t) = ho J o --X c(r,t) dt [1] 

The concentration distribution c(r,t) varies with time 
during the etching process and is calculated by applica- 
tion of transport laws to the movement  of etchant species. 
The remaining text in this section consists of three seg- 
ments: the general model, a limiting case valid in the ab- 
sence of recombination reactions, and a method for deter- 
mining  the concentration of etching species at the edge 
of the wafer stack. 

General model.--Under the foregoing assumptions 
stated above, the conservation equation for the etching 
species is 

D 1 d (r  dc~ 2k2 VoW 
~ - ~  \ d r /  = - - ~ c  + 2 k l c 2 [ A 2 ] + ~ c  

with the boundary conditions 

c = Co at r = Ro 

dc 
- 0 a t r = 0  

dr 

[2] 
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The left-hand side of Eq. [2] represents the radial diffu- 
sion of etchant into the region between the wafers, while 
the right-hand side (rhs) corresponds to the various reac- 
tions which occur. The first term on the rhs of Eq. [2] 
represents etching. Since only radial concentration gradi- 
ents are assumed to exist, the heterogeneous reaction rate 
k2c is transformed to a homogeneous rate term by multi- 
plication by the surface to volume ratio 2/L. Both surfaces 
have been assumed reactive, i.e., the wafers stand back to 
back during etching. When etching patterned films, this 
term has to be multiplied by the fraction of the surface 
occupied by etchable material. Note that ks = 0 for r > R, 
where the film no longer exists (Fig. 2). The second term 
on the rhs of Eq. [2] represents volume recombination re- 
actions of the active species of the form 

k, 
A + A + A2 ---> 2A~ [3] 

A2 is the parent molecule which gives A, the etching spe- 
cies, by electron-impact dissociation. A~ acts as a third 
body for recombination to occur. The presence of a third 
body is required to conserve momentum and energy dur- 
ing recombination. The reverse of reaction [3] proceeds at 
negligibly small rates at the low temperatures used in 
plasma etching [e.g., the equilibrium constant for the re- 
action F2 ~- 2F is ~- 10 -24 mol/cm 3 at 300 K (19)]. When the 
concentration of the etching products is low, [As] ~- P / R g T  
- [A] = P / R g T  - c. The third term on the rhs of Eq. [2] ac- 
counts for wall recombination of the active species in re- 
actions of the form 

A + (A * wall) w A2 + wall [4] 

This term results by multiplying the random flux of 
etchant striking the wafer surfac e (1/4 VoC) by the surface 
to volume ratio (2/L) and by the wall recombination 
coefficient w, which is assumed constant throughout the 
wafer surface. The wall recombination reaction is first or- 
der since an impinging atom recombines with an atom al- 
ready adsorbed on the surface (9). 

Before proceeding further, it is convenient  to rewrite 
the governing equations in terms of dimensionless quan- 
tities based on the following definitions 

r h 
~ -  H = - -  

Ro ho 
[5] 

C k 2 c  o 

C - co ~ = ~ o  t 

When the variables defined in Eq. [5] are introduced into 
Eq. [1] and [2], the following dimensionless equations 
arise 

with 

H = 1 - Cdr  [6] 

d2C 1 d C  - - +  
di  2 i d~ 

- -  - 4%2C + a C  3 + t i C  2 + ~ C  [7] 

2k,Ro2co 2 VoWRo 2 

D 2 L D  
[8] 

2k,PRo2co 2k2 
- (RgT)D ~b~ = R~ LD 

The dimensionless b ~undary conditions become 

C = l a t { = l  

dC 
- 0 a t e = 0  

dE 

Dimensionless number ~bo is comparable to the Thiele 
Modulus found in catalytic reactor design (17); ~bo repre- 
sents the relative importance of the kinetics of etching as 

compared to diffusion. If ~bo >> 1, for example, diffusion 
is the controlling step, and one may expect  concentration 
gradients to develop in the interwafer space and the etch 
rate distribution to be nonuniform. Under  such condi- 
tions, the outer edge of the wafer would be exposed to 
overetching, while the center is yet to clear. If Cbo << 1, the 
etching reaction is sluggish and the reaction rate distribu- 
tion is uniform all over the reacting surface. 

Dimensionless groupings ~ and /~ describe volume 
recombination vs .  diffusion effects. For example, if fl >>  
1, the reactive species recombine before they have any 
chance to diffuse and etch the wafer surface. Volume 
recombination reactions are strongly dependent  on pres- 
sure. For instance, a and fi increase with the third power 
of pressure. Notice that since the partial pressure of the 
etching species is usually less than 10% of the reactor to- 
tal pressure, ]al ~< O.lfl. Finally, grouping ~ describes sur- 
face recombination vs .  diffusion effects and is affected by 
both the surface to volume ratio and the wall recombina- 
tion coefficient. The latter depends critically on the na- 
ture and the condition of the surface. 

By solving Eq. [6] and [7], the effect of process parame- 
ters (Co, P, D, k's)  and of geometric factors (L, Ro) on etch 
uniformity, overetch exposure, and total etch t ime can be 
determined. In particular, opt imum conditions for high 
throughput  can be identified. The above model extends 
previous studies by accounting for both volume and sur- 
face recombination reactions. In addition, the model  in- 
cludes transient effects owing to the pseudo-steady-state 
clearing of the film. 

Note that Eq. [7] is general enough to handle more com- 
plex recombination reaction schemes. An example con- 
cerning an oxygen plasma is given in the Appendix. 

The solution to Eq. [6] and [7] was obtained in a step- 
wise manner. The wafer was divided in a number  of con- 
centric rings of equal width. At each t ime step, the con- 
centration profile was found by linearizing Eq. [7] about 
a trial solution and casting the linearized equation into 
finite difference form by using the central difference ap- 
proximation. The resulting tridiagonal system was in- 
verted in a CDC Cyber 175. Calculations started about the 
trial solution obtained analytically when all reaction 
terms are assumed to be first order in concentration. 
After the true concentration profile was found, the time 
required to completely strip the outer ring was deter- 
mined, and a new film thickness distribution was com- 
puted by using Eq. [6]. A new concentration profile was 
then determined for which the wafer surface was reactive 
everywhere except  for the ring already etched away. With 
the revised concentration distribution, the time necessary 
to completely strip the second ring was found. In a like 
manner, the time needed to strip each successive ring was 
calculated. The total etch t ime was the sum of the partial 
times. For each time step but the first, the solution found 
in the previous time step was used as the trial solution. 
No convergence problems were experienced for the 
values of the parameters used. Results did not differ ap- 
preciably by changing the number  of rings from 150 to 
200. Results were checked against the analytic solution 
for the limiting case of no recombination reactions dis- 
cussed below. 

L i m i t i n g  case: no  r e c o m b i n a t i o n  r e a c t i o n s . - - W h e n  
recombination reactions can be neglected (k, = w = o), 
i.e., when the etchant has a long lifetime in the absence of 
etchable material, Eq. [2] can be simplified into the fol- 
lowing two equations 

1 d ( d e )  2k2c [9] 
D - - r - - ~ r  r--d-rr - L 

for 0 <- r <- R,  i.e., for the region still occupied by the 
film, and 

dc  
r ~ = const. [10] 

for R ~< r ~< Ro, i.e., for the film-free region near the pe- 
riphery of the wafer. 
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It is convenient  to introduce the following dimension- 
less variables 

r c , 2k2 
= ~ - , C = - -  and~b 2=R* 

Co LD 

The film radius R (and not the wafer radius Ro) was used 
in these definitions so that, although R is changing, the 
value of $ is pinned at 1 for r = R. The dimensionless 
form of Eq. [9] is 

d2C 1 dC 
- -  + - ~b2C [11] 
d~ 2 ~ d~ 

which is a Bessel equation. The boundary conditions are 

C = C a a t r  = 1 

dC 
- 0 a t  $ = 0 [12]  

d$ 

The dimensionless form of Eq. [10] is 

dC 
- - ~  = const. 

with ~ = r/Ro as before in the general model. The perti- 
nent  boundary conditions are 

C = l a t r  

R 
C = C R a t ~ =  ~oo = ~  

CR is eliminated by requiring the flux to be continuous 
at r = R. The final result for the concentration distribu- 
tion is 

I o ( ~ )  
C = 0 ~< r ~< R [13] 

Io(~b) - ~bI,(~b) In 

r In 
R ~< r ~< Ro [14] 

Io(~b) - ~bll((b) In 
C = I +  

where 
(x]2) 2n 

Io(X) = ~'~ 
~=o (n!) ~ 

is the modified Bessel function of the first kind of order 
zero and 

~ (x/2) 2~+1 
I~(x) = nl(n + 1)I 

n=O 

is the modified Bessel function of the first kind of order 
one. Since R = R(t), Eq. [13] and [14] have a time depen- 
dence built  into the equations. 

The overall etch rate at any given time is 

~bIl((b) 
21rRoLD "~r  --- 2~rLDco 

r=Ro Io(~b) - 4~Ii(~b) In 

If the concentration of the etchant were Co throughout 
the wafer surface, the etch rate would be 

2~Co(TrR 2) 

Thus, the "effectiveness factor" v is 

d-~-r ,-~Ro = 2Ii(~b) 27rRoLD 

~? - 2k~co~rR 2 ~b[Io(~b) - ~bI~(~b) In (r] [15] 

The effectiveness factor is an expression of the actual 
overall reaction rate as compared to the reaction rate that 
would be obtained if the concentration were at the bulk 
value throughout the reacting surface (17). A more gen- 
eral expression for the effectiveness factor is 

2 f : r e ( c ) d r  
n = [16] 

R2e(Co) 

When the reaction rate is first order in concentration, e 
= k2c, Eq. [16] becomes 

f2 2 rc dr 

= R~co - 2 fo  $Cd~ [17] 

The effectiveness factor concept is used below for the 
prediction of the etchant concentration in the plasma 
space surrounding the wafer rack. 

The analysis up to this point has concentrated on 
events occurring in between the wafers. A similar analy- 
sis can be applied to LPCVD processes. The recent work 
by Meyerson and Olbricht (24) is quite relevant. Up to this 
point, the plasma existing outside the wafer stack has 
been regarded as simply the source of etchant species. 
The only parameter, related to the plasma region, that is 
required for the solution of Eq. [6] and [7] is the etchant 
concentration at the edge of the wafer stack, co. This 
quanti ty depends on a complex way on reactor geometry 
and operating parameters such as power, pressure, flow 
rate, etc. Prediction of co would be less difficult for 
"clean" systems involving a single gas. An example of 
such a system is photoresist stripping in an O2 plasma. 
The procedures for evaluating Co are given below. 

Etchant  concentration in the p l a s m a . - - T h e  bulk etchant 
concentration (Co) can be predicted by writing a conserva- 
tion equation for the etchant species (10, 20). These spe- 
cies are generated by electron-impact dissociation of the 
parent molecules and are eliminated by recombination re- 
actions (Eq. [3] and [4]), etching, and gas flow. Rapid 
backmixing tends to eliminate concentration gradients in 
the annular  region outside the wafer rack where the 
plasma exists, particularly when the gas is symmetrically 
fed through manifolds parallel to the barrel axis. A con- 
servative order of magnitude calculation gave a value for 
the Pe number  less than 0.1. Thus, complete mixing can 
be assumed in that region (continuous stirred tank reac- 
tor model, CSTR). The species balance equation will then 
read 

2ke <he> [A2] V,  = ~k2Co(N~rR 2) 

VoW 
+ T Spco + 2klco 2 [A2] Vp + Fco [18] 

The term on the left-hand side of Eq. [18] represents pro- 
duction of etchant species via the reaction 

~e 
A 2 + e - - *  2 A + e  

The electron density has been assumed constant at the 
average value within the annular  plasma space. This may 
be a good approximation if the thickness of the annular  
space is small compared to its length. Thus, the assump- 
tion is better if an etch tunnel  is present. In addition, if 
the principal loss of electrons is a volume process (e.g., at- 
tachment), the electron density will tend to be uniform 
irrespective of the geometry. 

The first term on the right-hand side of Eq. [18] repre- 
sents loss of etchant in the etching reaction. This term de- 
pends on the number  of wafers (N) and on the area of 
etchable material left on each wafer (qrR2). The last term in 
Eq. [18] represents etchant loss by flow. Under the as- 
sumption that the gas is essentially composed of A2 and A 
(i.e., low loading of wafers), [A2] --- P/RgT  - co. Then, Eq. 
[18] gives 

P 
-- Co 3 9- ~ Co 2 

~Tk~IrR2N 
v ,  + 

vow F 
- - + - ~ a  +--~p +2ke<ne>  

2k~ Co 

k e < n e >  P 0 [19] 
k~(RgT) 
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The solution to the cubic Eq. [19] provides co. Note that 
since both R and ~? are functions of time, Co will be time 
dependent  except  in the case ~k.~rR2N/Vp < < vow/4a or 
F/Vp or 2ke <he>. Neglecting the volume recombination 
reaction (ki ~ o) results 

2ke<ne> (~-~-~) 
co = [20] 

vk21rR2N vow F 
V ~  + ~ + ~ + 2ke <ne> 

This equation correctly predicts the loading effect in that 
a plot of l/co vs. N results in a straight line (10). 

Both the average electron density <ne> and the dissoci- 
ation reaction rate constant ke depend on pressure. In par- 
ticular, ke depends on the EJP ratio which is a unique 
function of the electron temperature. In general, determi- 
nation of <ne> or ke is an extremely difficult task. The 
presence of "hot" electrons, the multiplicity of the reac- 
tion channels, and the large number of chemical species 
involved make the problem of analyzing a gas discharge a 
very complicated one. The papers by Kushner (21, 22) il- 
lustrate the complexity of the problem. A rigorous analy- 
sis of the discharge requires knowledge of cross-sectional 
data for the various collisional processes occurring. Such 
data are scarce for m o s t o f  the plasmas used in practice. 
However, the situation is less complicated when dealing 
with discharges of a single gas. For the 02 discharge, in 
particular, the required physical data are available and a 
reasonably accurate analysis of an 02 plasma can be real- 
ized. For such a discharge, the effective electric field-to- 
pressure ratio EJP as well as the average electron density 
<n~> can be evaluated for given pressure, power density, 
and reactor geometry from Fig. 1.19 of Ref. (11). After 
finding the EJP ratio, k~ can be obtained from Fig. 1.26 of 
the same reference. Then co can be computed by using 
Eq. [20] or the more complicated Eq. [19], if  necessary. 
Hence, the effect of reactor pressure and power input on 
the bulk etchant concentration can be evaluated for this 
particular discharge. The plots in Fig. 1.19 and 1.26 of Ref. 
(11) can be used for analyzing etching in an O2 plasma as 
long as the byproducts of etching (CO2, CO, H20, etc.) are 
in low enough concentrations not to alter the discharge 
properties. Measurement  of <n~> is usually done with 
Langmuir  probes and is associated with certain experi- 
mental difficulties (23). The etchant concentration can be 
measured by optical emission spectroscopy (12) or by gas- 
phase titration (13, 14). 

Results and  Discussion 

The foregoing model  was employed to predict across- 
wafer uniformity, etch cycle duration, opt imum through- 
put, and overetch exposure. 

Consider first the situation where recombination reac- 
tions are negligible, and where steady-state concentration 
profiles have become established but film clearing has 
not yet begun. Such a situation corresponds to the simple 
limiting case described by Eq. [13] with (r = 1. Figure 3 il- 
lustrates how the concentration distribution in the inter- 
wafer region depends upon the Thiele Modulus (~bo). For 
values of ~bo less than 0.3, the concentration distribution 
(and thus the etching rate distribution) is nearly uniform. 
That is, the wafer-surface is uniformly accessible to the 
etchant species. For a given wafer diameter and reactor 
pressure, small ~bo values can be achieved by increasing 
the wafer spacing, although such action serves also to de- 
crease the throughput. For high Cbo values, diffusion is 
sluggish compared to the etching reaction so that etching 
species become depleted from the interwafer region and 
large radial concentration gradients build up. This will be 
the case when the wafer spacing is small, or the diffu- 
sivity is low (i.e., pressure is high), or the etching reaction 
is rapid. 

A plot of the effectiveness factor ~ vs. the Thiele Modu- 
lus ~bo (Eq. [15]) for two values of the dimensionless film 
radius c~(= R/Ro) is shown in Fig. 4. When ~b = ~bo ~ <<  1 
(i.e., r < 0.t), Eq. [15] reduces to 

1,0 
0 . l  = 

0 . 8 - -  

,-, 0 .6 

o 

o = o,4 
U 

0.2 

o~., I 
0.2 0.4 0,6 0.8 1,0 

Radial Position, 

Fig. 3. Effect of Thiele Modulus (ha on the concentration distribu- 
tion in the interwofer region prior to film depletion (o- = 1, ~z = / 3  = 
~ / =  0). 

4 
~} = [21] 

4 + ~bo~2(1-2 In c~) 

For any value of (r, the effectiveness factor tends to unity 
for small values of the Thiele Modulus $o- This agrees 
with the fact that for small ~o the concentration is at its 
bulk value (co) throughout  the wafer surface (e.g., Fig. 3 
with 4,0 = 0.1). 

When ~ >> 1 (i.e., ~b > 10), Eq. [15] reduces to 

2 
,} - [22] 

~bo~(1-~o (r In o-) 

Before film depletion sets in, R = Ro or ~ = 1. Then Eq. 
[22] becomes 

2 
,7 = - -  [23] 

~o 

and a log-log plot of ~? vs. ~bo will result in a straight line 
with a slope of - i .  (Fig. 4 for ~ = i.) 

For any film radius R less than the wafer radius Ro, 
((r < i), and for high enough values of the Thiele Modulus 
~bo so that -~boC~ In ~ >> 1, Eq. [22] becomes 

2 
[24] 

~bo2~ 2 In cr 

and a log-lot plot of ,} vs. ~o will result in a straight line 
with slope of -2 .  (Fig. 4 for (r = 0.2.) 

Figure 5 depicts the concentration distribution in the 
interwafer space for several values of, in essence, the vol- 

1.0 

= . . . . . . .  0 2  _~ 0 . 5 -  

0,3 - -  
4J 

= 0 , 2 -  g 

W 

o . . .  , , , , , 1  , , 
b3 , 0,5 0.7 ~ 2 3 5 7 I0 20 30 

Thiele Modulus, ~ 0  

Fig. 4. Effectiveness factor T/as a function of the Thiele Modulus 
r with the dimensionless film radius ~ as a parameter (Eq. [15]). 
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Fig. 5. Effect of volume recombination reactions on the concentra- 
tion distribution in the interwafer space prior to film depletion (~ = 
1). 
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Fig. 7. Concentration distribution in the interwufer space at differ- 
ent cumulative etch times 7 (parameter values are the some as in Fig. 
6). 

u m e  r e c o m b i n a t i o n  r e a c t i o n  ra te  c o n s t a n t  k,. As  kl in- 
c reases  so t h a t  ]a ! > >  1 a n d  fl > >  1, s t rong  c o n c e n t r a t i o n  
g r a d i e n t s  deve lop  w h i c h  r e su l t  in  a h i g h l y  n o n u n i f o r m  
e t ch  ra t e  a n d  a l o n g e r  e t ch  t ime.  T h a t  is, r e a c t a n t s  r ecom-  
b i n e  to i nac t i ve  spec ies  be fo re  t h e y  can  d i f fuse  in to  t he  
wafe r  s t ack  a n d  e t ch  t h e  film. However ,  i f  k, is low 
e n o u g h  so t h a t  fl < 1, v o l u m e  r e c o m b i n a t i o n  r eac t i ons  can  
b e  c o m p l e t e l y  n e g l e c t e d  ( c o m p a r e  cases  (j) a n d  (~  in  
Fig. 5). Th i s  is t r ue  for  t h e  c o m m o n l y  e m p l o y e d  O~ or /and  
CF4 d i s c h a r g e s  a t  p r e s s u r e s  less  t h a n  1 torr.  However ,  i t  
m a y  no t  b e  t r ue  for  C12 d i scha rges ,  w h e r e  t he  v o l u m e  
r e c o m b i n a t i o n  ra t e s  a re  faster .  

F i g u r e  6 s h o w s  t h e  fi lm t h i c k n e s s  d i s t r i b u t i o n  d u r i n g  
t r a n s i e n t  fi lm c l ea r ing  w i t h  t he  d i m e n s i o n l e s s  t i m e  as a 
p a r a m e t e r .  Ini t ia l ly ,  t he  f i lm h a s  a u n i f o r m  t h i c k n e s s  ha 
(H = 1). Af te r  a d i m e n s i o n l e s s  t i m e  of 1, t h e  film b e g i n s  
to  r e c e d e  f r o m  the  pe r iphe ry .  F o r  th i s  p a r t i c u l a r  e x a m p l e ,  
t h e  fi lm will  b e  c o m p l e t e l y  c l ea red  af te r  a d i m e n s i o n l e s s  
t i m e  of  10.1 ha s  e lapsed .  T h e  i n t e r sec t s  w i t h  t h e  o r d i n a t e  
p r o v i d e  t he  film r a d i u s  R as a f u n c t i o n  of  t ime.  

F i g u r e  7 s h o w s  t he  t i m e  d e p e n d e n c e  of  t h e  concen t r a -  
t i on  prof i le  d u r i n g  t r a n s i e n t  c l ea r ing  of  t he  film. Af te r  
t he  o u t e r  r ings  h a v e  b e e n  c leared ,  t h e  r e a c t a n t  p e n e t r a t e s  
m o r e  r ead i ly  to t h e  i n n e r  p o r t i o n  of  t h e ' w a f e r  a n d  t h u s  
t he  c o n c e n t r a t i o n  i n c r e a s e s  w i t h  t i m e  at  a g i v e n  rad ia l  po- 
s i t ion.  Th i s  i n c r e a s e  is less  p r o n o u n c e d  c lose  to  t h e  c e n t e r  
of  t h e  wafe r  s ince  t h i s  r eg ion  s tays  r eac t ive  a l m o s t  
t h r o u g h o u t  t h e  cycle,  F i g u r e  6 gives  t h e  fi lm t h i c k n e s s  
d i s t r i b u t i o n  as a f u n c t i o n  of  t i m e  u n d e r  t h e  s a m e  condi -  
t ions .  

l,O. L ' ' l ~ , 

0.6 

~. 0,4 �9 - 

_E =7.9 

oi % ",, \, \ ,  \ 
0 0,2 0,4 0.6 0,8 I.O 

Radial Position, 

Fig. 6. Film thickness distribution at different cumulative etch times 
(~ = - ] ,  fl = 10, T = O, ~o2 = 25 end total etch time T O = IO.]) .  

E x p o s u r e  to o v e r e t c h  is to  b e  a v o i d e d  in  e t c h i n g  m o s t  
p a t t e r n e d  fi lms s ince  local  l oad ing  can  r e s u l t  i n  r ap id  
m a s k  u n d e r c u t  a f te r  t h e  e n d  p o i n t  h a s  b e e n  r eached .  The  
p e r c e n t  ove re t ch  e x p o s u r e  as a f u n c t i o n  of  the  Th ie le  
M o d u l u s  6o is s h o w n  in  Fig. 8 for  four  d i f f e ren t  rad ia l  po- 
s i t ions  on  t he  wafe r  su r face  ~ (=r/Ro). I n  c o n s t r u c t i n g  Fig. 
8, on ly  sur face  (not  v o l u m e )  r e c o m b i n a t i o n  r e a c t i o n s  h a v e  
b e e n  i n c l u d e d  (a = fl = 0, T = 1). The  p e r c e n t  ove re t ch  
was  c o m p u t e d  b y  

% o v e r e t c h  To -- = ~ x 100 
T 

w h e r e  r is t h e  to ta l  e t ch  t i m e  ( s h o w n  in  t he  i n s e r t  Tab le  
in  Fig. 8), a n d  ~ is t h e  t i m e  r e q u i r e d  to c lea r  t h e  f i lm u p  to 
a g i v e n  rad ia l  pos i t i on  ~. S i n c e  t he  p o r t i o n  of  t he  wafe r  
c loser  to  t he  p e r i p h e r y  c lears  first, t h e  o v e r e t c h  e x p o s u r e  
is h i g h e r  for  l a rger  { va lues .  F u r t h e r m o r e ,  as t h e  Thie le  
M o d u l u s  .6o inc reases ,  t he  rad ia l  d i s t r i b u t i o n  of  t he  reac- 
t i on  ra t e  b e c o m e s  n o n u n i f o r m ,  r e s u l t i n g  in  a n  i n c r e a s e  of  
t he  o v e r e t c h  exposu re .  

A r e l a t ed  p lo t  is s h o w n  in  Fig. 9, w h e r e  t he  to ta l  e t ch  
t i m e  % has  b e e n  p lo t t ed  aga in s t  the  Th ie le  M o d u l u s  4~o 

Table I. Typical parameter values for barrel plasma etchers 

Parameter value Comments 

[A2] = 6 x 10 -8 m o l / c m  a 
co = 6 x 10 -8 m o ] / c m  3 
D ~ 350 cm2/s 

ha = 10 -4 cm (1/zm) 
k, = 101~cmS/(mol)2/s 

k2 = 50 cm]s  

Lr  = l c m  
P~ = 1 torr 
Q = 100 sccm 

Ro = 5 cm 
T = 400 K 
Vo = 7 • 104 crrds 
w = 3 • 10 -4 

• = 0.33 

Parent gas partial pressure of 1 torr 
Etchant  partial pressure of 0.1 torr 
Estimated for O in 02 at 400 K and 1 

torr.  Varies as P-J  and  approxi-  
mately at T 1.~ 

Corresponds to the reaction O + O + 
O2 --~ 2 02 (11) 

Calculated from the value of k~]D = 
0.158 cm -J given by Battey (6) 

It would correspond to an etch rate of 
0.55 Hmin for Si in F at co given 
above 

Reference interwafer spacing 
Reference reactor pressure 
Corresponds to 1850 cm3/s at 400 K 

and 1 torr 

Thermal velocity of O at 400 K 
For O recombining on silica at 400 K (9) 

very sensitive to surface conditions 
Corresponds to the reaction Si + 4F--* 

SiF 4 
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Fig. 8. Overetch exposure (%) vs.  Thiele Modulus (~o for different 
radial positions on the wafer surface ~ (c~ = /3 = O, 7 = 1). 

with the surface recombination number  7 as a parameter. 
No volume recombination reactions are considered. Since 
the edge of the wafer clears at a t ime �9 = 1, the percent 
max imum overetch will be (to - 1) • 100 and is also 
shown on the vertical axis. From Fig. 9, we observe that 
for 7 < 0.1 and (~o < 0.3 the film clears uniformly, i.e., 
there is no overetch exposure. As one expects, etch time 
and overetch increase as 7 or/and @o increase. In addition, 
for a particular value of 7, the corresponding curve ap- 
proaches asymptotes for ~o << 1 and 4)0 >>  1. 

The effect of wafer spacing on throughput  is illustrated 
in Fig. 10, where 1/L'To (multiplied by 100) has been 
plotted against the dimensionless wafer spacing L*. If the 
wafer thickness and the turnaround t ime are neglected, 
1/L'To is proportional to the throughput. The curve has 
been constructed by assigning a value of 5 to @o ~ and a 
value of 1 to 7 for a dimensionless wafer spacing of L* = 

I 0 0  
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Fig. 9. Total etch time 70 and maximum overetch exposure (%) vs .  

Thiele Modulus ~o with the surface recombination number 7 as a pa- 
rameter (c~ = /3  = 0). 
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Fig. 10. Effect of wafer spacing on throughput 

I 
5 

1. The values chosen for 4~o ~ and 7 have been calculated by 
using typical values for the system parameters shown in 
Table I. By changing the wafer spacing L, 7 and ~bo 2 
change inversely proportionally. No volume recombina- 
tion reactions have been considered since the correspond- 
ing dimensionless groups have no L dependence. The 
maximum in the plot can be explained as follows. As L* 
becomes large, the total etch time ro ~ 1 and by further 
increasing L* the ratio 1/L*ro decreases. However, as L* 
becomes small, ro increases more rapidly, resulting in 
decreasing throughput l/L'To. Thus, there is a maximum 
in the throughput  as a function of the wafer spacing. For 
the parameter values used, this maximum is found from 
Fig. 10 to occur at L = 0.4 cm. This is to be compared with 
a spacing of 3/16 in. usually employed in stripping photo- 
resists in an O5 plasma. Direct quantitative comparison 
with published experiments  is difficult since not all of 
the required system parameters (for example, wall recom- 
bination coefficient) are known. 

Another parameter affecting the throughput  is reactor 
pressure. Figure 11 depicts the dependence of the total 
etch t ime ro on the dimensionless pressure P*. In con- 

. . . . . . .  t . . . . . .  '4 structing Fig. 11, base values of a = -0.005,/3 = 0.05, 7 = 1, 
and ~o 2 = 5 have been assigned for a value of pressure P* 
= 1. Again, the parameter values have been calculated by 
using Table I. In order to correctly determine the effect of 

i / J  pressure on to, the dependence of the bulk etchant con- 

, , , ' ' ' ' ' l  , , , , , , , , j  

500 )'=to ~o 5 

* ' ~  

I I t I I I I t f  I I I J I I I J l  
0.2 0.5 I 2 5 I0 20 

Pressure, p i  

Fig. 11. Effect of reactor pressure on total etch time 
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centration Co on pressure must  be known. A linear rela- 
tionship is assumed here (Eq. [20] and Ref. (15) and (16)), 
so that the dimensionless groups depend on pressure P as 
follows: a - p3,  • ~ p3, T ~ P, 605 - P (diffusivity - P - ' ) ,  
and r - P (since r - Co). The min imum in the etch time 
can be explained as follows: at high pressures, the 
etchant concentration is high but recombination reac- 
tions and low diffusivity establish large concentration 
gradients in the interwafer space. As a result, the etch 
time increases. However, at low pressures, diffusion is 
facile and recombination reactions are sluggish but  there 
is not enough etchant species to etch the film. Thus, the 
strip time is again high. For this particular choice of the 
parameter values, the min imum in etch time is found 
from Fig. 11 to occur at about P* = 2 or P = 2 torr. Note 
that �9 = t/to, where to = (k2cJxho) -1 (Eq. [5]) is the "charac- 
teristic" etch time equal to 1.85 min for the parameter 
values of Table I. Hence, the min imum etch time of Fig. 
11 would correspond to an etch duration of about 4 min. 

The optima shown in Fig. 10 and 11 have been obtained 
under  otherwise no constraints. For example, maximum 
allowances in overetch exposure are not accounted for. 
Thus, a pressure of 2 torr (resulting in 6o 2 ~ 10 for the case 
considered) would be too high for etching a patterned 
film. 

The present analysis has limitations with respect to the 
range over which wafer spacing L and pressure P can 
vary. For example, for wafer spacings comparable to the 
wafer radius, the one-dimensional model is no longer 
valid. Furthermore, at low pressure and small wafer spac- 
ing, the diffusion mode may be of "Knudsen diffusion" 
when the mean free path becomes comparable to wafer 
spacing. This will happen for PL < 0.05 torr-cm. Nonethe- 
less, the opt imum L and P values are within the range 
where the model assumptions are valid. For instance, for 
the opt imum wafer spacing of 0.4 cm, the pressure value 
below which Knudsen  diffusion prevails is 0.125 torr. 
This is far from the opt imum pressure value. 

Conclusions 
A mathematical model for transient clearing of films 

from restricted geometries has been developed. Dimen- 
sionless groupings of system parameters were used to 
compile behavior and to reveal scale-up principles. The 
effect of these parameters on etch uniformity, overetch 
exposure, and throughput was determined, and optima 
were identified. The model can be extended without 
much difficulty to handle more complex situations such 
as: (i) arbitrary etching reaction kinetics, (ii) other types 
of volume or surface recombination reactions, (iii) non- 
uniform initial film thickness, (iv) etchable substrate (re- 
action rate nonuniformities are critical in this case, since 
the substrate layer may be seriously damaged), (v) time 
varying bulk concentration (this requires solution of Eq. 
[19] at each time step after the effectiveness factor has 
been found from Eq. [15]), and (vi) spatial dependence of 
the wall recombination coefficient. 

The model represents a simplified view by virtue of 
several assumptions. For example, the wafer temperature 
may change during etching if the reaction is accompanied 
by heat effects. Furthermore, the wafer temperature may 
depend on the reactor pressure. Since chemical reactions 
are affected by temperature, the reaction rate constant (k2) 
may not be a constant. Other assumptions include one- 
dimensional concentration distribution and pseudo- 
steady state. Both assumptions can be relaxed, but  at the 
expense of much higher computation time. Finally, de- 
tailed analysis of the plasma region is, for the majority of 
situations, extremely difficult. 

Despite its simplicity, the model can serve as a basis for 
studying more complex systems. An example is removal 
of polymer drill smear from the holes of multilayer 
printed-circuit boards (3). Experimental work aimed at 
testing the model predictions is currently in progress in 
our laboratory. 

Plasma processing systems are complex in the sense 
that several different phenomena may control overall be- 

havior depending upon the choice of operating condi- 
tions. As a consequence, the efficient design and scale-up 
of plasma systems is usually difficult to accomplish by 
intuit ion alone. The use of mathematical models can as- 
sist in organizing scientific concepts into strategies for 
engineering design. 
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APPENDIX 

Recombination Reactions in an Oxygen Plasma 

Oxygen plasmas are frequently employed for stripping 
photoresist masking layers. If the wafer load is small 
enough so that the stripping products are at negligible 
concentration, the pert inent recombination reactions will 
be (11) 

K1 
2 0 + 0 2  --* 202 

Ks 
3 0  --* 0 + 0 2  

K3 
0 + 2 0 5  -'> 0 3 + 0 2  

O + O  w O5 

For this system, Eq. [7] will be of exactly the same form 
but  with the dimensionless groupings redefined as 
follows 

2(K2 + K 3  - K1)Ro2co  2 

D 

2(K1 - 2K3)PRo2co 
13= 

(RgT)D 

[VoW 2K3p2 ] Ro 2 
7 =  [ - - ~  + (RgTZ J D 

with 6o remaining the same as before. 

a 
A 
A2 
Co 
C 
C 
CR 
D 
e 
Ee 
F 
h 
ho 
H 
kl 

k2 
ke 

L 
Lr 
L* 
< h e >  
N 
P 
P r  p* 
T 
R 
Ro 
Rg 
S, 
t 

LIST OF SYMBOLS 

specific volume of plasma space (VJS,) (cm3/cm 2) 
etchant species 
parent molecule 
etchant concentration at the wafer edge (moYcm 3) 
etchant concentration (moYcm 3) 
dimensionless etchant concentration (C/Co) 
etchant concentration at r = R (mol/cm 3) 
etchant diffusivity (cm2/s) 
etch rate (mol/cm2/s) 
effective electric field in the plasma region (V/cm) 
gas volumetric flow rate (cm3/s) 
film thickness (cm) 
initial film thickness (cm) 
dimensionless film thickness (h/ho) 
volume recombination reaction rate 
(cm~/(mol)2/s) 
etch rate constant (cm/s) 
electron-impact dissociation rate 
(cm3/moYs) 
wafer separation distance (cm) 
reference interwafer spacing (1 cm) 
dimensionless wafer separation distance (L/Lr) 
average electron density (moYcm 3) 
number  of wafers 
pressure (torr) 
reference pressure (1 torr) 
dimensionless pressure (P/Pr) 
radial position (cm) 
film radius (cm) 
wafer radius (cm) 
gas constant (62,360 torr-cm3/mol]K) 
surface area in contact with plasma (cm 2) 
time (s) 

constant 

constant 
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T temperature (K) 
ug gas velocity in interwafer space (cm/s) 
Vo random thermal velocity of etchant species (cm/s) 
V, volume occupied by the plasma (cm 3) 
w wall recombination coefficient 

Greek characters 

a, t ,  T dimensionless groups defined in Eq. [8] 
dimensionless radial position, r/Ro 

~? effectiveness factor (Eq. [15]) 
cr dimensionless film radius, R/Ro 
z dimensionless time, k2cot/Xho 
% dimensionless total etch time 
~b Thiele Modulus based on the film radius, 

R(2k2/LD) '/~ 
~b o Thiele Modulus based on the wafer radius, 

Ro(2k2/LD) 11~ 
X moles of A consumed per cm ~ of film etched 

(moYcm 3) 
~b dimensionless radial position, r/R 
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Reaction Kinetics of Hgl_,CdxTe/Br -CH30H 

R. T. Talasek* and A. J. Syllaios* 

Texas Instruments, Incorporated, Equipment Group, Dallas, Texas 75266 

ABSTRACT 

Bromine methanol solutions are extensively used in HgCdTe device processing technology. The relative reaction 
rates of Hg, Cd, and Te and HgCdTe with bromine in methanol have been studied. The reaction rate constants, reaction 
order, and some conclusions about the mechanisms of the reactions of the elements with bromine are reported here. The 
anisotropic nature of the reaction of the semiconductor with bromine has been demonstrated. The effects of mechanical 
action on the relative rates of the semiconductor constituents have been studied and are also discussed. 

Mercury cadmium telluride is a semiconductor widely 
used in the fabrication of infrared detectors. Since it is a 
compound, HgCdTe is especially sensitive to chemical 
processing, and some processing may leave the semicon- 
ductor surface depleted of one or more elements. This de- 
pletion may affect the performance of devices dependent  
on the surface behavior of the semiconductor. One of 
these processes is the chemical etching or polishing of 
HgCdTe, which uses solutions of bromine in methanol. 
Electrolyte electroreflectance (EER) measurements indi- 
cate that the surface of HgCdTe is left tellurium rich after 
such chemical treatments (1). To study the chemistry of 
this polishing further, the chemical kinetics of the 
HgCdTe/Br~-CH:~OH system were investigated by study- 
ing the reactions of the elements Hg, Cd, and Te and of 
HgCdTe with Br2 in CH:~OH. The semiconductor reaction 
was studied under  noncontact  (etch) conditions and by 
making contact to a Pelon polishing pad. 

The extent of a reaction in a kinetic study is generally 
monitored by some physical constant of the system pro- 
portional to the concentration of a particular component  
(2). In this case, the amount  of product (metal in solution) 
was monitored by measuring the UV-visible absorption of 
metal ion complexes formed with diphenylthiocarbazone 
(dithizone) for Hg and Cd and with sodium diethyldithio- 
carbamate for Te (3-5). The reactions were quenched at 
various time intervals, rather than continuously moni- 

*Electrochemical Society Active Member. 

toring absorption, so that nothing was added to the etch 
solution that might affect the reaction. 

For any physical measurement,  ~ (in this case, metal 
complex absorption) that is proportional to reaction ex- 
tent, the following relation holds (2) 

h= - ~. C 
- -  - - -  [1] 
~,~ - ~o Co 

where ~ is the measurement  at full extent of reaction, Xo 
the measurement at reaction initiation, X the measure- 
ment  at time t, Co the initial concentration of limiting 
reactant, and C the concentration of limiting reactant at 
time t. 

Reactions of Hg, Cd, and Te with Br2/CH30H 
The following elemental oxidation reduction reactions 

were studied 

Hg(~) + Br2(CH~3OH) ~ HgBr2(CH:~OH) 

Cd~s~ + Br2(CH;~OH) ~ CdBr2(CH3OH) 

Te~) + 2Br2(CH3OH) ~ TeBr4(CH3OH) 

The reactions were studied by reacting the elemental 
metal with solutions of bromine in methanol in concen- 
trations approximately equal to the effective metal con- 
centration under  convection-centrolled conditions (10-4N 
> [Br2] > 10-TN). For each reaction, a specific rate equa- 
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a n d  for  y = 2 

t ion  can  be  w r i t t e n  for  e ach  m e t a l  M 

d[M ~§ 
- -  - k[M]~[Br2] ~ [2] 

dt 

I n  t h e  case  of  h e t e r o g e n e o u s  r eac t ions  s u c h  as these ,  t h e  
e f fec t ive  e l e m e n t a l  m e t a l  c o n c e n t r a t i o n  is 

S u r f a c e  a t o m s  [M]= 
V o l u m e  of  so lu t ion  

a n d  was  he ld  c o n s t a n t  t h r o u g h o u t  t he  r eac t i on  b y  main-  
t a i n i n g  a c o n s t a n t  su r face  area  of  m e t a l  e x p o s e d  to t he  so- 
lu t ion .  T h e  ra te  e q u a t i o n  can  t h e n  b e  s impl i f i ed  to 

d[M .+] 
- -  - k'[Br~] y [3] 

dt 

w h e r e  k' is a n  e x p e r i m e n t a l l y  o b s e r v e d  ra te  cons t an t .  
I n t e g r a t i n g  th i s  ra te  e x p r e s s i o n  yields  for y = 1 

0 

old  
z, 

- 0 . 5  

[Br2] 
- I n  - k ' t  [ 4 ]  

[Br2]o 

1 1 
- k ' t +  

[Br2] [Br2]o 

or  [5] 

[Br2]o _ 1 = k'[Br2]ot 
[Br2] 

The  r eac t i ons  were  q u e n c h e d  b y  r e m o v i n g  t he  m e t h a n o l  
so lu t i on  f r o m  the  r e a c t i o n  vessel .  D e t e r m i n a t i o n  of me ta l  
ion  c o n c e n t r a t i o n s  u s i n g  t h e  p rev ious ly  d e s c r i b e d  com- 
p l e x i n g  agen t s  was  d o n e  i m m e d i a t e l y .  

B y  fo l lowing  t h e  r e a c t i o n  e x t e n t  at  va r ious  t i m e  peri-  
ods,  r e ac t i on  o rders  a n d  ra tes  were  d e t e r m i n e d  (Fig. 
la - lc) .  R e s u l t i n g  o b s e r v e d  ra te  c o n s t a n t s  a n d  o rde r s  were  

Hg  k' = 2.9 -+ 0.5 • 10-3s - ' ;  pseudo- f i r s t  o rde r  
Cd k'  = 2.5 + 0.6 x 10-3s- ' ;  pseudo- f i r s t  o rde r  
Te  k'  = 8.4 _+ 1.1 x 1 0 - 4 M - ' s - ' ;  p s e u d o - s e c o n d  o rde r  

F r o m  th i s  data ,  i t  was  c o n c l u d e d  tha t ,  for  t h e  e l emen-  
tal  r eac t ions ,  t he  Hg  a n d  Cd r eac t i on  ra tes  were  equiva-  
l en t  w i t h i n  e x p e r i m e n t a l  e r ror  a n d  t h a t  b o t h  ra tes  were  
m u c h  fas te r  t h a n  t he  Te r eac t i on  rate.  

A l t h o u g h  a m e c h a n i s m  cou ld  no t  be  c o n f i r m e d  b y  
s u c h  a l imi t ed  s tudy,  s o m e  conc lu s ions  we re  d r a w n  f rom 
th i s  data .  Obvious ly ,  t h e  Te r eac t ion  p r o c e e d e d  b y  a dif- 
f e r en t  m e c h a n i s m  t h a n  t he  o the r  r eac t ions  s ince  it  was  
s e c o n d  order .  Also,  g i v e n  t h a t  ( f rom t r ans i t i on - s t a t e  
theory )  

k = cgeq" [6] 

w h e r e  k is a ra te  c o n s t a n t ,  C a n  i n t e g r a t i o n  cons t an t ,  Keq 
a n  e q u i l i b r i u m  cons t an t ,  a n d  a a c o n s t a n t  (for a pa r t i cu l a r  
r eac t ion)  re la ted  to t h e  n a t u r e  of  t he  t r a n s i t i o n  s ta te  0 < 
< 1, a c o m p a r i s o n  of  t he  Hg a n d  Cd m e c h a n i s m s  can  be  
m a d e  (2). F r o m  r e d u c t i o n  po ten t ia l s ,  t h e  fo l lowing  equi-  
l i b r i u m  c o n s t a n t s  we re  ca l cu l a t ed  (8) 

Keq (CdBr2) ~ 1026 

Keq (HgBr2) ~ 103 

A l t h o u g h  C is no t  k n o w n ,  t h e  wide  va r i a t i on  in  t h e  va lues  
of  Keq for  CdBr2 a n d  HgBr2 i n d i c a t e  a la rge  d i f f e rence  in  
va lues  for  Cd a n d  Hg. There fore ,  i t  c an  be  c o n c l u d e d  t h a t  
t he  m e c h a n i s m s  for t he  Hg a n d  Cd r eac t i ons  m u s t  be  dif- 
fe ren t ,  s ince  t he  m e c h a n i s m  is re la ted  to t he  n a t u r e  of  t he  
t r a n s i t i o n  state.  

R e a c t i o n  o f  H g C d T e  w i t h  B r J C H 3 0 H  

Etch.--The mater ia l  used for  the semiconduc to r  reac- 
t ions was  Hg,_~CdxTe w i t h  x = 0.225 -+ 0.003 (Eg ~ 0.12 eV 
at  77 K), g r o w n  b y  so l id-s ta te  rec rys ta l l i za t ion  t e c h n i q u e s  
(6). N o m i n a l - c a r r i e r  c o n c e n t r a t i o n s  a n d  mob i l i t i e s  (by 
Hal l  e f fec t  m e a s u r e m e n t s )  we re  7 x 10 TM c m  -~ a n d  1.2 x 
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Fig. 1. a (top left): Reaction rate of mercury with bromine in CH3OH. C 
iS the concentration of bromine at time t. Co is the initial bromine con- 
centration, kmeas = 486  nm. b (top right): Reaction rate of cadmium with 
bromine in CH3OH. ~ . . . .  = 516 nm. c (left): Reaction rate of tellurium 
with bromine in CH3OH. ~. . . . .  = 428  nm. 
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Fig. 2.  a (top left): Mercury standard curve, b (top right): Cadmium 
standard curve, c (left):  Tel lurium standard curve. 

105 cm2/V-s, respectively. No effort was made to orient 
crystals; however, an averaging effect would be observed 
on any orientation dependent  rate effects. 

For normal processing conditions, i.e., [Br2] ~ 0.1N, 
[Br~] >>  [metal surface atoms]. Therefore, [Br2] can be as- 
sumed to be constant for normal processing times and it 
follows directly from Eq. [3] that 

d[NI -~] 
- -  - k "  [ 7 ]  

dt 

which can be described as pseudo 0th order (constant 
rate conditions). Any deviation from this would yield a 
nonlinear plot of product formation vs. time. Since all 
three products (Hg 2~, Cd 2§ Te 4§ were in the same solu- 
tion, it was necessary to separate the ions prior to deter- 
mination. Separation techniques using dithizone in CHC13 
for Hg and Cd, and sodium diethyldithiocarbamate in 
CC14 for Te are detailed elsewhere (7). Standard curves 
from these separations are shown in Fig. 2. By following 

the reaction vs. time, the rate plot (Fig. 3) was determined 
for Hg, Cd, and Te. From this data, experimental  rate con- 
stants were calculated for the constituents of the semi- 
conductor 

k"w~ = 5.3 • 10 -8 M s -1 
k"sg = 1.8 • 10 -7 M s -1 
k"cd = 5.3 • 10 -7 M s - '  

The relative rates of reactions of the elements comprising 
the semiconductor serve to illustrate the anisotropic na- 
ture of the reaction at the surface. 

Chemical mechanical polishing.--A common technique 
in processing HgCdTe is chemical-mechanical polishing, 
whereby Br~/CH3OH is flowed across a Pelon polishing 
pad, and the sample is polished using normal (hand) pol- 
ishing techniques. Although pseudo-0th order kinetics 
should be observed as in the etching process, two impor- 
tant differences exist which may cause differences in the 
kinetics of the two processes. First, disturbance of the 

is 
S | - | 

o o 
- Hg 
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o 1 2 

T IME (MIN)  
Fig. 3. Reaction of HgCdTe with bromine in C H 3 0 H  under etch 

conditions. 

5 
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Fig. 4. Reaction of HgCdTe with bromine in C H 3 0 H  under chemical- 
mechanical polishing conditions. 
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boundary layer may cause a deviation from the relative 
rates observed for etching. Also, since larger amounts of 
material are removed during the polishing process than 
the etching process, anisotropy is magnified. The re- 
sulting rate plots from this reaction are shown in Fig. 4. 
The experimentally determined rate constants were 

k"We = 8 .3  • 10  -7 M s - '  
k"Hg = 8.3 • 10 -6 M s - '  
k"cd = 4.2 x 10 -~ M s - '  

Normalizing the rates to Te yields rates of 1, 10, and 50 for 
Te, Hg, and Cd. These results demonstrate an accentua- 
tion of the anisotropic nature of the semiconductor reac- 
tion by the addition of mechanical action. The results also 
indicate a faster reaction rate for Te in the chemical- 
mechanical reaction than for any of the components in 
the etch reaction, indicative of the larger amount  of mate- 
rial removed in the former. 

Conclusion 
The rate constants and reaction orders of Hg, Cd, and 

Te with Br2 in methanol solutions have been determined. 
From these results, it was also determined that the three 
reactions proceed by entirely different mechanisms. The 
reaction of HgCdTe with Br2 was also studied. The results 
show that this reaction is anisotropic, depleting Cd and, 
to a lesser extent, Hg from the semiconductor surface, in 
agreement with EER data mentioned earlier. It was also 
shown that the addition of mechanical action to the sur- 
face during the reaction enhanced the anisotropic nature 
of the reaction. 
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Influence of Substrate Preparation on the Morphology of GaSb 
Films Grown by Molecular Beam Epitaxy 

Mitsuru Kodama, Jun Hasegawa, and Morihiko Kimata 
Department of Electrical Engineering, School of Science and Engineering, Waseda University, Shinjuku, Tokyo, Japan 

ABSTRACT 

The chemical etching of (100)-oriented GaSb substrate by several different treatments has been studied. The mor- 
phology of the MBE-grown GaSb films strongly depends on the substrate preparation prior to epitaxial growth. It  is 
shown that some defects which originate at the substrate propagate to the surface of the films, in case of the improper 
chemical treatment, and degrade the morphology of the films. The excellent surface morphology of the film could be 
obtained reproducibly by treating the substrate with CH~COOH-HNO3-HF and subsequent  HNO3-HC1 solutions. 

In  order to obtain high quality films grown by molecu- 
lar beam epitaxy, the chemical treatment of the substrate 
prior to epitaxial growth is important. GaSb has been 
used as a substrate material for A1Sb-GaSb superlattices 
(1) and GaSb-A1GaSb double heterostructure lasers (2). 
Moreover, it is a lattice-matched substrate for A1GaAsSb 
and InGaAsSb quaternary compounds, which are appli- 
cable for optoelectronic devices. However,  the detailed 
chemical treatment of GaSb substrate prior to epitaxial 
growth has not been reported. In a state of equilibrium 
such as liquid- or vapor-phase epitaxy, the meltback (3) 
and vapor-etch technique (4) is usually used for the prepa- 
ration of GaSb substrate prior to the epitaxial growth. 
Very little material, however, is removed from the sub- 
strate surface in the vacuum chamber prior to MBE 
growth. Therefore, improper substrate preparation can 
lead to poor epitaxial films. It has been previously re- 
ported that some morphological defects exist at the film 
surface and substrate-film interface in MBE-grown GaAs 
films (5). 

The present work is conducted to determine the most 
proper chemical processing for the preparation of 
nondoped GaSb (100) substrates with reproducible 
smooth surfaces and to obtain MBE-grown GaSb films 
with reproducible excellent surface morphology. 

Experimental Procedure 
Nondoped (100)-oriented GaSb substrates (Sumitomo, a 

residual carrier concentration of I • 10 ~7 cm -3) were used 
for experiments. At first, specimens were polished with 
3.0/~m SiC and subsequent  0.3/~m alumina powder on a 
polishing pad. Then the polishing on a pad with fresh 
water was done to reduce the mechanically damaged sur- 
face effectively. As a result, we expect that the damaged 
layer on the surface is less than 1/~m. These were approx- 
imately 300/zm thick and 10 • 10 mm 2 in area. The speci- 
mens were cleaned in trichlorethylene, acetone, and 
methanol, and etched by several treatments listed in 
Table I. The etched depth of each sample was evaluated 
by a conventional photolithography and a scanning elec- 
tron micrography (SEM). The surface condition of chem- 
ically etched substrates was evaluated by an optical mi- 
crograph. Just  after the samples were etched, they were 
inserted in an MBE apparatus such as reported previ- 
ously (6). The GaSb substrate was mounted on a Mo sub- 
strate holder using Ga for adhesion. Ga is effective in 
keeping the substrate surface less oxidized during the 
process for adhesion (7). After the bakeout of a vacuum 
system, base pressure could be reached of less than 1 • 
10 -9 torr. The surface condition of the substrates was 
studied in situ by RHEED observation at a beam voltage 
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Table I. Chemical treatment procedures for 
nondoped GoSb(IO0) surface 

Treatment Composition and etching condition 

I 
II 
III 

IV 

V 

2%Br2-CH3OH (R.T., 2 min) 
CH3COOH-HNO3-HF (40:18:2, R.T., 40s) 
CH3COOH-HNO3-HF (40:18:2, R.T., 40s) + Hot HC1 (10 

min) 
CH3COOH-HNO3-HF (40:18:2, R.T., 40s) + 2% Br2- 

CH~OH (1 min) 
CH3COOH-HNQ-HF (40:18:2, R.T., 40s) + HNO3-HC1 

(1:30, 5~ 1 min) 

R.T. indicates room temperature. 
The post-treatment sequences are rinsing in methanol and drying 

with a spinner. 

of 20 keV. After the heat-treatment of the substrates, a 
nondoped GaSb film was grown at a growth rate of 
0.5-1.0 Fm/h. The source materials for molecular beams 
were Ga (7N) and Sb (6N), which were evaporated from 
PBN and quartz Knudsen cells, respectively. The growth 
temperature has been used in the range of 420~176 The 
morphology of MBE-GaSb films was evaluated by an op- 
tical micrograph. The cleaved and stained sections of the 
films using HF-HNO3-H20 solution were evaluated by 
SEM. 

Results and Discussion 
Figure l(a) shows an example of the etched surface by 

treatment I. The etching rate using 2% Br~-CH3OH solu- 
tion, which was approximately 0.05 ~m/s, was nearly con- 
stant. In this figure, small pits and scratches due to the 
selective etching at the damaged area on mechanically 
polished surface were observed on the surface. Such typi- 
cal defective surfaces were sometimes observed inde- 
pendently o f  Br2 content in the solution. Similar results 
were previously reported for the chemical etching of InP 
substrates using Br~-CH3OH solution .(8). As the heat- 
cleaning temperature THe was raised to about 535~ a 
spotty diffraction pattern started to appear as shown in 
Fig. l(b). The appearance of such pattern can be regarded 
as a clear evidence of surface oxide being removed by a 
thermal decomposition process. However, it means that 
the initial, thermally cleaned surface is rough in an 
atomic scale, which produces a diffraction pattern of 
spots (9). It is shown in Fig. l(c) that the surface of the 
MBE-GaSb film grown on the substrate shown in Fig. 
l(a) is the same defect pattern as that of the substrate 
shown in Fig. l(a). Therefore, it is clear that these surface 
defects proPagate from the substrate. Figure l(d) shows 
the stained cross-sectional view of the film. Some defects 
exist at the substrate-film interface. Moreover, Fig. l(e) 
and l(f) show the typical region where the substrate con- 
tamination has produced polycrystalline growth (5, 10), 
which is attributed to the involatile contaminants on the 
surface such as carbon. Oxide on the surface could be re- 
moved by the thermal treatment. However, it was found 
in our preliminary XPS observation that carbon could not 
be reduced effectively by the thermal treatment. The car- 
bon remaining on the surface receiving treatment I was 
about 5% of a monolayer or more. Cho and Arthur (9) pre- 
viously reported the polycrystalline GaAs over area with 
carbon contamination, and pointed out that carbon is the 
most troublesome contamination for MBE growth. Such 

_ 0 3 ~ -  C H=COOH-HN~-HF 
/ c I~cOOH'H  NC~=/'0 " - 1 8  J 

0 h , f  I I i I t t I 
0 I 2 3 /. 5 6 ? 

H F ( rot .%)  
Fig. 2. HF content dependence for etching rote of nondoped 

GaSb(100) etched by CH:;COOH-HNO:;-HF solution. 

Fig. 1. (a): Surface of GaSb substrate etched by the treatment I. 
(b): RHEED pattern (<011> azimuth) of substrate etched by the 
treatment I at heat-cleaning temperature T.c about 535~ (c): Sur- 
face morphology of deposited GaSh film. Thickness of film is about 3 
~m. (d): SEM photograph of stained-cross sectional view of GaSb film. 
(e) and (f): Polycrystalline growth region which substrate contamina- 
tion has produced. 

Fig. 3. (a): Surface of GaSb substrate etched by the treatment III. 
(b): Surface of GoSb film grown on the same substrate as shown in (a). 
Thickness of film is about 2/~m. 
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defects at the substrate-film interface and polycrysta]line 
growth region were sometimes observed in case of treat- 
ment  I. Therefore, the chemical etching of GaSb sub- 
strates by Br~-CH3OH solution is not a proper procedure 
for the MBE growth. However, no pits and scratches were 
observed on the substrate surface etched by treatment II. 
The etching rate using CH3COOH-HNO:~-HF solution 
which was approximately 0.12 ~m./s was nearly constant. 
The etching mechanism of this solution is not clear at this 
time. However, it was found in our experiments that this 
solution was most proper to remove the damaged surface 
completely. Figure 2 shows the HF content dependence 
of etching rate. The etching rate increases linearly with 
increasing HF content. However, with HF content of 
more than 7.0 volume percent, t he  etched surface was not 
smooth. Moreover, the residual surface oxide which de- 
grades the morphology of the films sometimes remained 
on the substrate surface, irrespective of any HF content in 
the solution. This residual surface oxide was identified 
as Sb~O3 and Ga203, as determined by XPS (11). In order 
to effectively remove this residual oxide, t reatment III, 
IV, and V in Table I were applied. Treatment III and IV 
give rise to small pits. Figure 3(a) shows an example of 
the etched surface by the treatment III. Figure 3(b) shows 
the morphology of the film grown on the substrate 
shown in Fig. 3(a). A number  of small pits which were in 
nearly the same order of density with that of the substrate 
were observed similar to treatment I. However, in case of 
treatment V, such small pits were not observed, and re- 
producible smooth etched surfaces were obtained as 
shown in Fig. 4(a). A subsequent HNO3-HC1 solution 
could reduce the residual surface oxide content to the 
amount  of about 20%, which was convinced by XPS. The 
resulting oxide which could be removed by the subse- 

quent  thermal treatment was estimated to be less than 
10~ thick. The RHEED pattern of the substrate surface at 
the heat-cleaning temperature THc about 525~ was 
streaky as shown in Fig. 4(b), suggesting that the initial, 
thermally cleaned surface is atomically flat. Under  Sb4 
flux (Sb cell temperature about 600~ supplied by an 
evaporation cell, the substrate surface exhibited surface 
reconstruction. Figure 4(c) shows a C (2 • 6) structure 
along <011> azimuth, already observed in MBE studies 
(12). The same sharp streaking RHEED pattern was main- 
tained throughout the MBE growth of GaSb film. Figure 
4(d) shows a typical surface morphology of the film 
grown on the substrate etched by treatment V. The sur- 
face is smooth relative to the former cases, and does not 
show any microscopic defects. Figure 4(e) shows the SEM 
photography of the stained cross-sectional view of the 
film. The interface between the substrate and film was 
flat, and no defects exist at the interface. This result 
using treatment V was very reproducible as far as the 
morphology, substrate-film interface, and RHEED pat- 
tern were concerned. The streaky RHEED pattern of the 
substrate etched by treatment V was maintained to the 
substrate temperature about 580~ and changed to a 
fairly diffuse spotty pattern about 590~ due to the 
thermal faceting of the substrate surface. This may be at- 
tributed to the desorption of volatile atoms from the sub- 
strate surface due to the difficulty of maintaining a con- 
gruent evaporation. Figure 5(a) shows the thermally 
damaged substrate surface after the prolonged heat- 
t reatment at 600~ Figure 5(b) shows the corresponding 
RHEED pattern. Such a thermal faceting is also a source 
of defects in grown films (5). 

Fig. 4. (a): Surface of GaSb substrate etched by the treatment V. 
(b): RHEED pattern (<011>  azimuth) of substrate etched by the 
treatment V at heat-cleaning temperature Tnc about 525~ (c): 
RHEED pattern (<011>  azimuth) of substrate under Sb4 flux. (d): 
Surface of GaSh film grown on the same substrate as shown in (u). 
Thickness of film is about 2 ~m. (e). SEM photograph of stained-cross 
sectional view of GaSb film. 

Fig. 5. (a): Surface of GaSb suhstrate after the heat-treatment 
about 600~ (b) RHEED pattern (<011>  azimuth) of substrate at 
heat-treatment about 600~ 
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Summary 
The chemical etching of (100)-oriented nondoped GaSb 

substrates by several different treatments has been stud- 
ied. The morphology of the MBE-grown GaSb films 
strongly depends on the substrate preparation prior to the 
growth. The conventional Br2-CH3OH etching is not 
proper treatment for the substrate preparation. It is 
shown that some defects which originate at the substrate 
propagate to the surface of the films and degrade the 
morphology of the films. The excellent surface morphol- 
ogy of the film can be obtained reproducibly by treating 
the substrate with CH3COOH-HNO3-HF and subsequent  
HNO3-HC1 solutions. 
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Large-Scale Growth of GaAs Epitaxial Layers by Metal Organic 
Chemical Vapor Deposition 

J. L. Tandon and Y. C. M. Yeh 

Applied Solar Energy Corporation, City Of Industry, California 91749 

ABSTRACT 

Physical and electronic properties of both p- and n-type GaAs layers grown by metal organic chemical vapor deposi- 
tion (MOCVD) are discussed and correlated with reactor control parameters. Crucial questions about the uniformity and 
reproducibility of layer growth in a large-scale reactor are addressed. Data are presented which demonstrate large-scale 
viability of MOCVD technology. Under optimized operating conditions, good quality layers with thickness and carrier 
concentration variations of _<10% and ---50%, respectively, have been grown on 60 2 x 4 cm wafers at a time. Such large- 
volume growth of GaAs layers has important implications in the production of GaAs devices and circuits. 

In  recent years, growth of epitaxial GaAs layers by 
MOCVD has received considerable attention (1). Since the 
first demonstration of the concept in 1968 (2), many labo- 
ratories have reported successful growth of doped layers 
using a variety of dopants (1, 3). The quality of layers 
grown by MOCVD has now attained a level which is as 
good, if not better, than that claimed by liquid-phase 
epitaxy, vapor-phase epitaxy, or molecular beam epitaxy 
(1, 4). This can be attributed primarily to a significant ad- 
vancement  in the availability of highly pure AsH3 and or- 
ganic sources for Ga (trimethyl-gallium and triethyl-gal- 
lium). 

Although good success of the MOCVD technique has 
been achieved in small laboratory-type reactors, and 
large-scale reactors have been contemplated (5), the po- 
tential of the technology in production is yet to be real- 
ized. In this paper, large-scale growth of high quality 
GaAs epitaxial layers by MOCVD is reported. The proper- 
ties of the layers as a function of flow rates of gases, tem- 
perature, and Pressure are discussed. Specific questions 
about the uniformity and reproducibility of layer growth 
are addressed. Variations in the layer properties in a 
single growth run are correlated with temperature gradi- 
ents and gas-flow dynamics within the reactor. Opti- 
mized control parameters for the reactor are determined, 
and data are presented which demonstrate good quality 
growth on 60 2 x 4 cm wafers at a time, with thickness 
and carrier concentration variations of -<10% and -<50%, 
respectively. 

Experimental Methods 
Growth of epitaxial GaAs layers was carried out in a 

modified large-scale low pressure (<760 torr) MOCVD re- 
actor MR-200 built  by Cambridge Instruments.  The sche- 
matic diagram of the system is shown in Fig. 1. The reac- 
tor consists of a hollow SiC-coated graphite susceptor 
which sits on a quartz dome. The vertical lamp heating el- 
ements are arranged uniformly inside the quartz dome, 
and the heating of the susceptor is accomplished by radi- 
ation. Stabilization of the susceptor temperature is at- 
tained by controlling the power to the lamp heating ele- 
ments, and the temperature is measured by a pyrometer. 
The pressure inside the reacting chamber is controlled by 
a throttle valve in front of the vacuum pump. The suscep- 
tor has an outer diameter of about 30.5 cm and has ten 
facets on its periphery, each comprising of four pockets 
[see Fig. l(b)]. The dimensions of each pocket are 7.6 • 4.6 
cm. Three wafers, each 2 • 4 cm, can be loaded in each 
one of the pockets. Thus, if desired, growth can be carried 
out on 120 2 • 4 cm wafers at one time. The vertical dis- 
tance between the entry and the exit points of the gases 
in the reactor is about 25 cm. During growth the suscep- 
tor was rotated with a speed of - 5  rpm, and was covered 
with a stationary water-cooled barrel. The flow rate of 
carrier gas H2 was ~ 120 liter/min for most growth runs. 

GaAs wafers (semi-insulating or n-type (n ~2 x 10 TM cm-9  
oriented 2~ ~ off <100> axis were used as substrates for 
growth experiments. The flow rates of the gases were 
controlled by mass flowmeters and microprocessor- 
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MOCVD SCHEMATIC DIAGRAM SUSCEPTOR 
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(a) (b) 
Fig. 1. Schematic diagrams of the MOCVD reactor system (e) and of the susceptor (b). The susceptor has ten facets (b) on its periphery, each 

containing four pockets for loading wafers. If desired, growth could be carried out on 120 2 • 4 cm wafers at one time. 

activated valves. After growth, the surface morphology of 
the grown layers was examined by optical and secondary 
electron microscopy. Free carrier concentration and mo- 
bility values were determined by Hall-effect measure- 
ments performed on layers grown on semi-insulating 
GaAs wafers. The depth profiles of carrier concentra- 
tions and the thicknesses of the grown layers were mea- 
sured by a Polaron British Post Office profiler. This in- 
s t rument  calculates and automatically plots carrier 
concentration as a function of depth. The carrier concen- 
tration is determined by measuring the capacitance vs. 
voltage of the reverse biased Mott-barrier formed be- 
tween the GaAs wafer and an electrolyte. In situ depth 
measurements are obtained by controlled etching (in the 
same electrolyte), accomplished by passing a current gen- 
erated either by a light source or by applying a bias. The 
carrier concentration values measured by the Polaron 
profiler cross checked very well (better than -+20%) with 
the values obtained from Hall-effect measurements.  As 
estimated by "alpha-step" stylus-type measurements per- 
formed on the etch pits created after Polaron profile 
measurements,  the inaccuracy in the depth scale of the 
Polaron Profiler was less than -+3%. 

Results and Discussion 
Surface morphology and crystalline quality of lay- 

ers.--Epitaxial layers were grown in the temperature 
range 660~176 In some cases, island-type growth was 
observed in isolated regions. Figure 2 shows an example 
of such growth. This type of growth occurred around 
contaminant  particles which clung to the surfaces of 

GaAs wafers prior to growth. By energy dispersive x-rays 
these contaminant  particles were found to be rich in Si 
and O concentration, indicating that they were SiO~ 
particles. Electrostatic charge is believed to be associated 
with these particles, which accounts for their strong 
clinging to the GaAs surface. Conventional cleaning pro- 
cedures (rinsing with organic solvents) were found to be 
insufficient to remove them. An automated scrubbing 
procedure, whereby the wafers were scrubbed with nylon 
brushes in acetone, was developed and adopted, which 
considerably reduced their density. Such an automated 
procedure was especially required in the batch-process 
cleaning of a large number  of wafers for growth. 

In addition to the surface morphology features de- 
scribed above, growth defects comprising of pits and hill- 
ocks (6) were also occasionally observed in localized 
areas. The origin of these defects and their relationship to 
growth parameters and/or substrate quality are not well 
understood yet. However, layers grown at high tempera- 
tures possessed less density of these defects. 

The crystalline quality of the grown layers was mea- 
sured by backscattering spectrometry with channeling, 
employing a 2 MeV He ~ beam. In  all cases examined, the 
epitaxial layers were single crystalline with crystalline 
quality as good as the substrates. 

Growth rate vs. trimethyl-gallium (TMG) mole 
fraction.--With the AsH3 mole fraction maintained a fac- 
tor 4-100 higher than the TMG mole fraction, the growth 
rate was found to be linearly dependent  on the TMG mole 
fraction. Figure 3 confirms this result, where growth rate 
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Fig. 2. Micrographs showing contaminant particles before growth (a), and morphology around these particles after growth (b) and (c). The micro- 
graphs (a) and (b) were obtained using an optical microscope (with Nomarski interference), and (c) using an SEM. The island-type growth around 
contaminant particles is evident from (c). By energy dispersive x-ray measurements, the contaminant particles were found to be rich in Si and 0 concen- 
tration, indicating that they were SiOx particles. 

is plotted as a function of TMG mole fraction for both n- 
and p-type layers. Similar observations have also been re- 
ported elsewhere (7-10). 

n-type layers.--Several n-type layers were grown with 
various concentrations of H2Se in the gas stream, while 
keeping all other parameters constant. Two identical 
growth runs were carried out for each concentration of 
H2Se. In the runs, samples were placed all across the sus- 

Growth Rote vs TMG Mole Fraction 
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Fig. 3. Growth rate as o function of TMG real fraction (XTMC). All other 
parameters were kept constant: XAsH:~ = 3.25 • l 0  -'~, T = 730~ P = 
| 32 torr. 

ceptor in the third and fourth pockets from the top [see 
Fig. l(b)]. Figure 4 shows free-electron concentration (n) 

- I I I I I I I I J  

n vs  H2S.___ee Mol____~e F r a c t i o n  

t -  1017 

3xlO61 I I I I I I I I  
IO-8  10-7 

H2Se Mole Fraction 
Fig. 4. Free electron concentration (n) in the grown layers as o func- 

tion of H2Se mole fraction (XH2Se). Other parameters: XTMG = 2 .87 • 
10 -4, XAsH:~ = 3.25 • 10 -3, T = 730~ P = 132 torr. 
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Fig. 5. Free electron concentration (n) of MOCVD grown n-type layers as a function of electron mobility ( / ~ n ) .  The solid line (/~n, Sze) is obtained 
from Ref. (11). 

measured in these samples as a function of H~Se mole 
fraction. Each point plotted in Fig. 4 is an average of four 
to five measurements made on randomly picked samples 
from the various pockets in the two identical runs. The 
error bars indicate scatter in the measurements.  An analy- 
sis of the scatter revealed that variations across the sus- 
ceptor and from run to run were small (<-+20%), and 
within measurement  errors. Most of the scatter in the data 
points could be attributed to a systematic variation in the 
doping of layers grown on samples placed at different 
vertical locations in the susceptor. This variation in a 
single growth run is discussed below. The straight line in 
Fig. 4 is a least-mean-square fitted line with a slope very 
close to 1. Thus, for the range of H2Se mole fraction con- 
sidered, n is found to vary linearly with H2Se mole frac- 
tion. 

The room temperature mobility of the grown n-type 
layers as a function of electron concentration is given in 
Fig. 5. The measurements  reported here were made on 
samples loaded in the various pockets of the susceptor 
during several growth runs carried out with different con- 
centrations of H2Se. As expected, the mobility decreases 
with the increase in n, and the trend is similar to the esti- 
mated ~n.Szo given in Ref. (11) (solid line). However, the 
mobility values in the grown layers are lower than ~n.sze. 
This may be due to compensating impurities in gases 
which could get incorporated in the layers during growth. 

p-type layers.--Figure 6 gives the hole concentration (p) 
measured in p-type layers as a func{ion of dimethyl-zinc 
(DMZ) mole fraction. The data plotted here were col- 
lected on samples prepared in a similar fashion as de- 
scribed in the previous section. Again, a linear depen- 
dence is observed for the range Considered, with the slope 
of the fitted line close to 1. The room temperature mobil- 
ity decreases with increasing hole concentration (Fig. 7), 
following a trend similar to ~,,sze (11). However, the mea- 
sured mobility values in the grown layers are somewhat 
lower, which may again be due to compensating elec- 
tronic impurities. 

Doping vs. growth rate.---Free carrier concentrations 
were measured in both p- and n-type layers grown with 
varying growth rates. Different growth rates were ob- 
tained by changing the TMG mole fraction, while keeping 
the mole fractions of AsH3 and the dopants constant. Fig- 
ure 8 shows the dependence of hole concentration (p) on 
the growth rate of p-type layers. The error bars ascribed 
to the data again represent scatter in the measurements 
made on samples in different pockets of the susceptor 
and from run to run (see the "n-type layers" section). A 
significant increase in p is observed for higher growth 
rates. Similar results were also obtained on n-type layers 
grown with Se as dopant. Higher doping efficiency of 

both p- and n-type dopants with higher growth rates is 
not intuitively clear. This behavior cannot be explained 
by variations in the buried compensating impurities alone 
during growth. The increase in both n and p with the in- 
crease in growth rate is most likely due to the increase in 
the incorporation of respective dopant atoms during 
growth. The dopant incorporation appears to be linked 
with the mass transport of Ga atoms which controls the 
growth rate. This effect, also reported elsewhere (7), has 
been attributed to surface kinetic effects. More diagnostic 
studies of the reacting species during growth are, how- 
ever, required to understand this phenomenon better. 

Spatial  variat ion in carrier concentrations and thick- 
nesses of  grown layers at different growth tempera- 
tures.--n-type layers were grown on samples loaded all 
across the susceptor. Vertically, the samples spanned a 
distance of approximately 14 cm from the location of the 
injection of gases to the exit point where the gases were 
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pumped out. The pressure inside the reacting chamber 
was kept constant by manipulat ing the throttle valve (see 
Fig. 1). Three growth runs were carried out at three differ- 
ent temperatures measured at about the center of the sus- 
ceptor. Other parameters (mole fractions of reacting gases 
and flow rates) were kept constant. Figure 9 shows the 
distribution in the free electron concentrations (n) and in 
the thicknesses of the grown layers as a function of verti- 
cal distance in the reactor (zero distance corresponds to 
the point of injection of the gases). Variations across the 
susceptor, at a fixed vertical distance, were within mea- 
surement errors (see "n-type layers" section). The 
three curves are for three different temperatures of 
growth. The value of n, at a fixed vertical distance, for 
constant mole fractions of reacting gases, pressure, and 
flow rates, decreases with increasing temperature of 
growth. Similar behavior was also observed for p-type 
layers with Zn doping. Decreased dopant incorporation 
with increased temperature of growth has also been re- 
ported earlier (7), and is related to increased kinetic en- 
ergy of reacting species. Again, for better understanding 
of this effect, detailed characterization of chemical spe- 
cies at the growth surface is needed. 

Another important feature of Fig. 9 is the variation in n 
with spatial vertical distance in the reactor. An identical 
trend for the three cases of growth temperatures implies 
an establishment of a steady-state spatial temperature 
gradient during growth. [The not-so-conspicuous trend in 
the lowest temperature case may be due to n-type dopant 
saturation effects at - 2  x 10 TM em -~ level (12)]. The injec- 
tion point is cooler than the exit point. The hottest point 
is located close to, but  not at, the exit point. The exist- 
ence of this temperature gradient was also verified by 

6 X 1 0 1 8  ' ' ' ' ' ' '  I ' ' ' ' ' ' ' 

VS Growth Rclt e / ~  
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Fig. 8. Free hole concentration (p) as a function of T M G  mole fraction 
(XTM~), or growth rate (see Fig. 3). Constant parameters: XA~H:, = 3 .25  • 
10--~,XDMz = 3 . 4 7  • 10 -6, T = 730~  P = 132  torr. 

measurements performed with a pyrometer under  simu- 
lated growth conditions. The cooling of the surfaces of 
the samples near the injection point can be explained by 
the heat taken away by the cold gases entering the re- 
acting chamber. At the exit point, the slight increase in n 
appears to be due to a slight drop in the temperature re- 
sulting from increased velocity of gases caused by pump- 
ing. 

It is interesting to point  out that spatial carrier concen- 
tration distribution, as measured and plotted in Fig. 9, 
serves as a sensitive probe for detecting temperature gra- 
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dients within the reactor. From the dependence of the 
carrier concentration on the temperature of growth, and 
from pyrometer measurements,  a temperature gradient of 
-70~ was estimated at an operating total pressure of 132 
torr. 

The spatial variation in the thicknesses of the grown 
layers is not as dramatic as the carrier-concentration vari- 
ation. This implies that the growth rate is not a function 
of the temperature of growth. The drop (-30%) in the 
thicknesses of the layers near the exit point of the gases 
can be explained by a reduction in the growth rate due to 
a decrease in the available concentration of TMG per unit  
time. This decrease in TMG concentration may be caused 
by depletion and/or by the mechanism of differential 
pumping  used in the reactor which increases the velocity 
of reacting gases at the exit point. 

Spatial variation in carrier concentrations and thick- 
nesses of grown layers at different pressures of growth . -  
To investigate the effect of total pressure on the carrier 
concentrations and the thicknesses of the grown layers, 
four growth runs were made with four different values of 
pressure. Other parameters, such as temperature, mole 
fractions of the reacting gases, and flow rates, were kept 
constant. Loading of the samples for growth in the reac- 
tor was carried out in a similar fashion as described in the 
previous section. Figure 10 shows the vertical spatial dis- 
tr ibution in the electron concentrations (n), and in the 
thicknesses of the grown n-type layers. Similar behavior 
was also observed for p-type layers. For low values of to- 
tal pressure, a large variation in the distribution of n is ob- 
served, which is due to a steady-state temperature gradi- 
ent established in the reactor during growth (see the 
previous section, Fig. 9). An increase in the pressure of 
growth results in a reduction of temperature gradient. 
With the growth pressure of 400 torr, the gradient col- 
lapses, resulting in fairly uniform distribution of n. This 
behavior can be explained by the effect of total pressure 
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inside the reacting chamber on the temperature at the re- 
acting surfaces of loaded wafers. An increase in pressure 
reduces the velocity of reacting gases, so that the gases 
become less effective in taking the heat away from the 
loaded wafers. This results in an increase in temperature, 
more significantly near the injection point of the gases in 
the reactor. A total pressure of 400 torr, for the operating 
growth parameters chosen in this case, thus homogenizes 
the temperature distribution within the reactor. 

It should be noted that with the "optimized" operating 
conditions, good uniformity (-<50%) in doping concentra- 
tion is achieved over a region of about 14 cm in the reac- 
tor. Considering the geometry and dimensions of the sus- 
ceptor (see Fig. 1), this implies that growth with a uniform 
distribution in carrier concentration can be carried out on 
90 2 x 4 cm wafers at a time. The "optimized" conditions 
should not be considered as universal conditions, and in- 
deed would depend on flow rates of gases, spatial distri- 
but ion of lamp heating elements in the reactor, pumping 
speed in the below-atmosphere system, geometrical con- 
struction of the reactor, angle of susceptor facets with re- 
spect to the direction of flow of gases, etc. 

As with the variation with temperature (see Fig. 9), the 
spatial variation in the thicknesses of the grown layers 
does not depend strongly on the pressure of growth. 
Again, thin growth near the exit point of gases results 
from the decreased concentration of available TMG per 
uni t  time (see the previous section). As can be seen from 
Fig. 10, layers with thickness variations of -10% can be 
grown over a distance of -10  cm, which corresponds to 60 
2 x 4 cm wafers at a time (see Fig. 1). 

Conclusions 
Large-scale viability of a low pressure MOCVD system 

in the growth of epitaxial GaAs layers has been demon- 
strated. The reactor has the capability of handling 120 2 x 
4 cm wafers at a time. Physical and electronic properties 
of the grown layers as a function of reactor operating pa- 
rameters have been measured. Under "optimized" condi- 
tions, layers with doping and thickness variations of 
-<50% and -<10%, respectively, have been grown on 60 2 x 
4 cm wafers at a time. 

The spatial uniformity in the properties of grown layers 
depends strongly on the gas-flow dynamics and the 
physical construction of the reactor. In  the real growth 
cycle, establishment of temperature gradients are found 
to be most influential in producing nonuniformities. 
When designing and constructing large-scale reactors, to 
assure uniformity, dynamical growth conditions should 
be considered to obtain a laminar flow with constant 
temperature distribution. It should be pointed that a sim- 
ulation of exact growth conditions is rather difficult be- 
cause of the complicated processes involved. Thus, in this 
respect, another approach whereby modifications are 
made on the basis of feedback provided from layer mea- 
surements should be more useful and appropriate. Modi- 
fications along these lines are continually being carried 
out in our operating of the reactor. 

Large-scale growth of epitaxial GaAs layers, as reported 
in this paper, has important implications in the produc- 
tion of GaAs devices. Currently, Applied Solar Energy 
Corporation is engaged in the production of GaAs solar 
cells using the MOCVD technology. 
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Thermal Annealing of Si-N Absorption Bands in 
Nitrogen-Implanted Silicon 

H. J. Ste in*  

Sandia National Laboratories, Albuquerque, New Mexico 87185 

ABSTRACT 

The behavior of nitrogen in silicon after implantation and annealing has been investigated by infrared (IR) absorp- 
tion. Concentrations of N were chosen to represent those implanted into the Si layers in the formation of buried silicon 
nitride layers. Local mode frequencies similar to those for Si doped with N in the melt are observed after implantation. 
Intensities for the IR bands associated with the local modes increase when displacement damage is removed by anneal- 
ing at temperatures between 200 ~ and 600~ Precipitation of implanted N upon annealing at 750~ is suggested to ex- 
plain the appearance of additional Si-N bands with frequencies near those for Si-N absorption in crystalline Si3N4. An- 
nealing at 900~ is required to remove Si-N absorption bands, whereas 600~ annealing removes Si-O bands in O- 
implanted Si. This difference may be important for ion and temperature selection when forming buried dielectric layers 
by ion implantation since impurity-defect accumulation must  be controlled to maintain crystallinity in the Si overlayer. 

Ion implantation is pervasive in the semiconductor in- 
dustry. Conventional uses for implantation of electrically 
active dopants include doping for drive-in diffusion, self- 
aligned gates, and threshold voltage adjustment. These 
uses typically require energies < 100 keV and fluences of 
~< 101~ cm -~. There has also been limited use of electri- 
cally active dopant implants at higher energies to achieve 
retrograde doping (1) and buried grids (2). Another poten- 
tial use of ion implantation is the formation of buried di- 
electric layers in Si by implanting nitrogen or oxygen at 
high fluences and high energies (3). Typical depth di- 
mensions for implanted silicon-on-insulator (SOI) struc- 
tures are illustrated in Fig. 1. Circuits may be formed di- 
rectly in the crystalline overlayer, or an epitaxial layer 
may be grown on the overlayer before circuit fabrication. 

In contrast to conventional uses, buried dielectric layer 
formation requires energies > 100 keV and ion fluences 
of ~ 10 's cm -~. Implant ing with a fluence sufficient to 
form a buried dielectric layer subjects the overlayer to 
high levels of energy into displacement processes and to 
concentrations of O or N which are above solid solubility 
limits in crystalline Si (4, 5). The present paper reports (6) 
studies of the chemical bonding and thermal stability of 
implanted N in Si at concentrations representative of 
those in the Si overlayer when a buried Si:~N4 layer is 
formed. Infrared absorption was used for the studies, and 
the annealing characteristics for Si-N absorption bands 
are compared to the characteristics for Si-O absorption 
bands in O-implanted Si. 

Background 
Implantat ion with 2 x 1018 200 keV N ion]cm ~ intro- 

duces sufficient N to produce a silicon nitride buried 
layer ~ 2000A thick, as illustrated by the solid line in Fig. 
2 for the N profile calculated using the Brice transport 
code (7). Sputtering, which is expected (8) to remove 
about 300]% was not included in the calculation. In addi- 
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tion to changes in Si produced by specific implanted 
ions, properties of the overlayer are also affected by dis- 
placement damage that accompanies ion implantation. 
The calculated energy deposited into displacement pro- 
cesses (7) is illustrated by the dashed line in Fig. 2. It is 
known (9) from previous work that crystalline Si is con- 
verted to an amorphous phase by an energy deposition of 
1024 eV/cm 3 into displacement processes at 300 K. Fortu- 
nately, significant dynamic annealing occurs for implan- 
tations performed above room temperature (9), so that 
crystallinity can be maintained in the Si overlayer by per- 
forming buried layer implantations at temperatures ~> 
400~ for beam currents on the order of 10 ~A. 

The linear scale for the N concentration in Fig. 2 illus- 
trates the expected buried nitride layer and Si overlayer. 
However, the same calculated profile p lo t ted  on a log 
scale (Fig. 3) shows N concentrations which are orders of 
magnitude above the solid solubility limit for N in Si (4.5 
• 10 ''~ cm-'~). Nitrogen affects mechanical (10), electrical 
(11, 12), and optical properties (5, 13) of crystalline Si. Lu- 
minescence (13) and DLTS (14) studies have shown that 
N produces deep levels, and a deep level associated with 
substitutional N was identified (SL5 center) in EPR stud- 
ies (15) of N-implanted Si. 

A previous study (16) showed that N implanted into Si 
forms Si-N bonds which have vibrational modes detecta- 
ble by infrared absorption. Absorption bands for im- 
planted N in Si appear at the same frequencies as those 
for Si doped in the melt with N, even though the im- 
planted N concentrations after implantation are orders of 

a 

Fig. 1. Illustration of thickness for an implanted dielectric layer and 
crystalline silicon overlayer for SOl formed by implantation. 
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magnitude above equil ibrium solid solubility. Absorption 
by Si-N local modes is used in the present investigation to 
characterize the effects of postimplantation annealing on 
Si-N local modes for high concentrations of implanted N 
in crystalline Si. 

Experimental  Detai ls  

A high resistivity p-type float zone <111> Si wafer 0.5 
mm thick and polished on both sides was diced into 1/4 • 
1/4 in. samples for implantations with N and Ne. An entire 
second wafer was implanted with O and subsequently 
diced into samples. Implantations were performed at 
-50~ with scanned ion beams. Infrared absorption spec- 
tra were measured at room temperature at 2 cm -I resolu- 
tion with a Nicolet 60SX FT-IR spectrometer. Annealing 
was performed in flowing N2 for lh  periods and 100~ 
steps below 600~ and 150~ steps above 600~ Samples 
were given an HF dip after annealing to remove surface 
oxides. 

Results and Discussion 
An absorption spectrum for N implanted Si is shown in 

Fig. 4. Maximum intensities for Si-N bands are observed 
after a fluence of - 2 • 1015 N/cm 2 for ion energies be- 
tween 100 and 200 keV. In order to increase the measured 
absorbance for Si-N bands, each of the two polished faces 

1023 I I I 

5 N CONCENTRATION IN m ~ _ _  

2 

1022 

5 

ffl 

1 0  21 

Z 
l u  / C A L C U L A T E D  I O N  P R O F I L E  F O R  
t3  5 / 2 x 1 0 1 8  2 0 0 k e Y  N + / c m  2 g / I -  
; 2 

1 0  2 0  

5 

2 / SOLUBILITY LIMIT=4.5 x 1015 cm "3 

/ 
l n 1 9  I I I I I I I 
~ v  

O.0 0.2 0.4 0.6 

DEPTH INTO SILICON (microns) 
Fig. 3. illustration of the nitrogen concentration profile implanted into 

the silicon overlayer. 

i i i i i i i i 

2x 10 ls 100 AND EOO key 14N/�9 
IMPLANTED INTO $i 

(2 FACES) 

0.4 

0.(] I I I I I I 10100 O / 
650 700 750 800 850 900 950 1 50 1100 

WAVENUMBERS (cm -1 ) 

Fig. 4. Infrared absorption bands for Si-N centers in nitrogen- 
implanted crystalline silicon. 

was implanted with 2 x 1015 of both 100 and 200 keV 
'4N/cm2. Isotopic substitution was utilized in a previous 
study (16) to confirm that bands at 764 and 963 c m - '  are 
associated with Si-N bonds. The broad features in Fig. 4 
are interference effects which are not specific to N im- 
plantation. Mode frequencies, and therefore the force con- 
stants, for N in Si are higher than those for substitutional 
impurities such as carbon and boron, and they are more 
comparable (16) to those for oxygen-vacancy and intersti- 
tial carbon defects in Si. The 963 cm -I band is also close 
in frequency to major absorption bands for Si-N in crys- 
talline Si3N4 (17, 18). 

Absorption spectra taken after annealing the implanted 
samples at 600 ~ 750 ~ and 900~ are compared in Fig. 5. 
Spectra have been displaced a long  the absorbance axis 
for presentation. Intensities for the 963 and 764 cm-]  
bands increase upon annealing at 600~ and the peak for 
the lower frequency band shifts to 767 cm- ' .  Henceforth, 
this band will be referred to as the 767 c m - '  band. An- 
nealing at 750~ decreases the intensities for the 767 and 
963 c m - '  bands but new bands appear at 790, 807, 895, 
and i025 cm- ' .  Frequencies for Si-N bands in crystalline 
Si3N4 are indicated in Fig. 5 for comparison to those in the 
implanted layer after annealing at 750~ Similarities are 
evident between 856, 895, 963, and i025 c m - '  bands in an- 
nealed N-implanted Si and the strong bands in Si3N4. This 
similarity is taken as evidence for small precipitates of 
Si3N4 in the implanted layer. No bands appear in crystal- 
line Si3N4 near the bands at 767, 790, and 807 c m - ' .  Ab- 
sorption in this frequency range has been reported for 
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N-doped a-Si (19), and may, therefore, be a consequence 
of embedding Si-N oscillators in a Si host. Intensities for 
the Si-N bands are decreased to below the detection limit 
by annealing at 900~ 

Thermal stability of the implanted impurity in the 
overlayer is a factor in the choice of ions for buried-layer 
SOI. Consequently, spectra for Si-O absorption after O 
implantation and annealing at 300 ~ 400 ~ and 600~ are 
shown in Fig. 6 for comparison to annealing of Si-N 
bands. Bands at 830 and 1103 c m - '  are associated with 
neutral charge state oxygen-vacancy, O-V, and interstitial 
oxygen, O,, centers, respectively (20). The additional band 
at 889 cm -i after annealing at 300~ is associated with the 
negative charge state of O-V centers. Similar intensity for 
the 830 and 889 c m - '  bands indicates that ~he Fermi level 
is near the E~ -0.17 eV level for O-V centers (20). Absorp- 
tion bands for O-V centers are nearly removed by anneal- 
ing at 400~ and both the O-V and O, centers are removed 
by annealing at 600~ These centers, therefore, would be 
essentially eliminated by dynamic annealing during im- 
plantations near 500~ which is a typical substrate tem- 
perature for buried dielectric layer formation. However 
intensities for Si-N absorption bands are at a maximum 
after annealing at 600~ 

More detailed isochronal annealing characteristics for 
the 767 and 963 c m - '  Si-N bands are shown in Fig. 7 
where peak absorbance is plotted vs. isochronal anneal- 
ing temperature. Increase in band intensities occurs pri- 
marily between 200 ~ and 600~ Nitrogen concentrations 
determined from the intensity of the 963 c m - '  band using 
a previously published calibration (5) are plotted on the 
right ordinate in Fig. 7. Comparing deduced densities to 
the density of implanted N atoms indicates about 12% of 
the implanted N incorporated into the local mode centers 
after annealing at 600~ It should be emphasized that the 
concentration of Si-N inferred from the IR data is only ap- 
proximate because of potential matrix effects in the IR 
cross sections. Annealing characteristics for the IR bands 
are quite different from those for the substitutional N SL5 
center (15), and the centers must  therefore be structurally 
different. The general characteristics for the 767 and 963 
c m - '  bands are similar even though the ratios of their in- 
tensities are somewhat dependent  upon the annealing 
temperature. Two modes for a single defect would obvi- 
ously explain similar annealing characteristics; annihila- 
tion of two different defects by a common process is also 
a possibility. 

Implanted samples annealed at 600 ~ and 900~ were 
subjected to bombardment  by 10 ~ 180 keV Ne/cm 2 and 
subsequently annealed. No Si-N bands were regenerated 
in the sample annealed at 900~ by the bombardment/an- 
neal sequence. Bombardment  with Ne reduced intensities 
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for Si-N bands in the sample annealed at 600~ as illus- 
trated by the data in Fig. 8. Intensities for the bands re- 
cover upon subsequent  annealing, similar to the results 
shown in Fig. 7 for the as-implanted sample. The 200 ~ 
600~ temperature range for recovery of the Si-N modes 
corresponds to the temperatures required to remove ma- 
jor defects produced by displacement damage (21). It is 
concluded, therefore, that disorder caused by displace- 
ment  damage quenches local mode band intensities. 

Intensities for the 767 and 963 c m - '  bands decrease, 
and additional bands form with annealing above 600~ in 
both the as-implanted and Ne-bombarded samples. These 
changes are attributed to motion of N on a local scale, re- 
sulting in precipitation of implanted N in Si. Growth and 
loss of the additional IR bands parallel annealing charac- 
teristics reported for shallow donors (11, 12) in 
N-implanted Si so that a relationship is suggested be- 
tween precipitates and shallow donors. Loss of Si-N ab- 
sorption bands at temperatures > 750~ agrees with the 
temperature reported for diffusion of N from Si layers to- 
ward free and internal surfaces (22). 

Summary 
Absorption bands associated with Si-N vibrational 

modes are introduced by implantation of N into crystal- 
line Si. The implanted N concentrations are representa- 
tive of those in the Si overlayer when implanting to form 
a buried silicon nitride layer. The Si-N bands are 
quenched by displacement damage and increase upon an- 
nealing between approximately 200 ~ and 600~ for both 
as-implanted and samples which are rebombarded after 
annealing at 600~ Similarities are apparent between fre- 
quencies for bands in crystalline Si3N4 and for Si-N bands 
in N-implanted Si after 750~ annealing. It is suggested, 
therefore, that precipitation of implanted N in Si occurs 
at 750~ Measurements of N profiles by secondary ion 
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mass spectroscopy and of defect structures by transmis- 
sion electron spectroscopy are needed to confirm N 
motion and precipi tat ion in implanted layers. 

Heating at 900~ is required to remove Si-N absorpt ion 
bands in N-implanted Si, compared  to 600~ for removal  
of Si-O bands in O-implanted Si. This difference in the 
annealing behavior may be important  when selecting the 
implantat ion tempera ture  and the species to optimize for 
dynamic annealing during buried layer SOI formation. In  
particular,  it may be necessary to perform N implants  at 
higher  temperatures  than those for O implants  to achieve 
comparable  defect annealing and impuri ty  gettering. 
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Preferential Etching of InP for Submicron Fabrication with 
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ABSTRACT 

Etching rates of HCYH,PO~ preferential  e tchant  for the InP (100) surface are determined experimentally,  part icularly 
at low HC1 concentrat ion suitable for submicron fabrication processes. A very slow but  reproducible  etching rate of 1000 
•/min is obtained at 5% HC1 concentration at room temperature  with almost  vertical (011) facets on a (100) plane. Con- 
centrat ion dependence  of the  etching rates and surface pretreatment  effects are also investigated. 

The chemical  etching of InP crystals with HC1/H3PO4 
etchant  seems to be favorable for fabricating a submicron 
pat tern which is essential  for making optoelectronic or 
mill imeter-wave electronic devices. I t  is expected that  an 
InP crystal can be etched preferentially with use of 
HCYH3PO4 etchant  (1), but  little is known about  the etch- 
ing characteristics relevant  to submicron fabrication. 
Those characteristics on the (100) surface are essential  be- 
cause most of the device structures are fabricated on it. In 
order  to find a slow but  preferential  e tchant  of the InP 
(100) surface, HC1/H3PO4 etchants,  part icularly with low 
HC1 concentration, are investigated in the present  paper  
together  with some SEM (scanning electron microscope) 
observations of the e tched facets at various crystal orien- 
tations. 

Experimental 
Multiple processes of photoresis t  coating/baking and 

etching with use of AZ1350 photoresis t  were appl ied to a 
Fe-doped semi-insulating InP  wafer (supplied from 
SUMITOMO, resistivity larger than 106 l~-cm and etch-pit  
densi ty  below 1 • 104 cm -z cut to the orientation (100) -+ 
0.5 ~ to form a steplike pat tern on it for the purpose  of 
determining the etching speed of the solution. The chemi- 
cals used were all of reagent  grade, 12N with HC1 (purity 
35.0%), 15N with H3PO4 (purity = 85.0%). The etching so- 
lution at various HC1 concentrat ions ranging from 5% to 
25% volume ratio was kep t  in a glass beaker  and stirred at 
room temperature  (23~ while the  wafer was face down 
at the bot tom and frequently hand shaken in the solution. 
The etched depths on the (100) surface were measured by 
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Fig. 1. Etched depths as a function of etching time with HCI/H3PO4 
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the closed circles). At various HCI concentrations up to 
25% volume in H3PO4, the etching depth in the pre-etched 
surfaces was measured as a function of etching time and 
plotted in Fig. 1. No saturation of the etching speed was 
observed with any of these solutions, and the etching 
speeds were determined from the slopes of the curves 
and plotted as a function of the HC1 concentration ratio in 
Fig. 2. The etching speeds are 0.09 t~m/min for 5% HC1, 
0.24 tLm/min for 10% HC1, 0.40 t~m/min for 15% HC1, 0.70 
t~m/min for 20% HC1, and 1.05 ttm/min for 25% HC1. The 
etching speed of the (015) and (111) surfaces are 3.4 
t~m/min and 2.6 tLm/min for 20% HC1 concentration, re- 
spectively. These are 4.9 and 3.8 times faster than that of 
the (100) surface at the same HC1 concentration. Compari- 
son with some other etching solutions, also shown in Fig. 
2, makes clear the characteristics of the present solution. 
The etching speed of Br solutions (2, 3) seems to have a 
rather large dependence on both the temperature and Br 
concentration and must  be cooled to below 0~ in order to 
attain a slow etching speed. We may therefore make a 

Fig. 4. SEM photographs o1" etched patterns. (A) (011) cleave; (B) 
[011] cleave. 

HCl CONCENTRATION(%) 
Fig. 2. Etching rates of (100) surfaceas a function of HCI concentra- 

tion. Insets give those of other typical etchants. 

a surface profiler with a stylus sweep speed at 0.01 mm/s 
on the sample surface. The etched samples were cleaved 
on (011) or (015) surfaces, and the etched surfaces ap- 
pearing on the cleavage were observed by a SEM (Akashi 
type ISI-DS130). 

Results 
The etched depths measured by the surface profiler are 

shown in Fig. 1 as a function of the etching time at low 
HC1 concentration. In  order to remove the native-oxide 
layer formed on the as-bought wafers, the wafers were 
pre-etched by a 10% HC1 concentration for 60s just  before 
the application of photolithographical processes for the 
etching depth measurements.  As the open circles indi- 
cate, the wafers without pre-etching treatment have about 
a 30s delay time to start etching, i.e., we need about 30s to 
remove the native-oxide layer. Once the native-oxide lay- 

Fig. 5. SEM photographs of (011 ) and (011-) cleave of etched patterns 
at various HCI concentration. (A) 20%HCI/80%H3PO4; (B) 
10%HCI/90%H3PO4; (C) 5%HCI/95%H3PO4. 
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fine submicron pattern with good reproducibili ty by 
using the present solution. 

An optical ridge waveguide 2 /~m in width was pat- 
terned parallel and perpendicular to the (100) surfaces 
and was cleaved to observe the facets by SEM. The crys- 
tallographic orientation and observation are schemati- 
cally shown in Fig. 3. As shown in the following photo- 
graphs, we have nearly vertical (011) facets on the (100) 
plane, while (111) facets have an angle to the (100) plane. 
Figure 4 shows SEM photographs of the etched surfaces 
which are mechanically cleaved. The (011) facets on the 
(100) surface give nearly vertical planes, as shown in Fig. 
4(A), while (111) facets make an angle about 25.5 ~ to the 
(100) plane, as shown in Fig. 4(B). The (011) oriented ribs 
on the (100) InP surface therefore seem to be suitable for 
fabricating low-scattering optical waveguides with 
smooth (011) facet vertical sidewalls. Forms of the (011) 
and the (111) facets are further observed by SEM at 
various HC1 concentrations, and the results are summa- 
rized in Fig. 5. Both (011) and (111) facets change little in 
their forms with HC1 concentration while maintaining 
smooth (100) etched surfaces. By changing either the HC1 
concentration or the etching time, therefore, we may fab- 

ricate fine optical waveguides with smooth (011) vertical 
sidewalls. 

Summary 
The etching rates of InP substrates with HC1-H~PO4 so- 

lution, especially with low HC1 concentration, are studied 
experimentally, and the facets formed on the substrate 
surfaces are observed with use of SEM. Nearly vertical 
(011) sidewalls with [011] ribs are fabricated by the pres- 
ent preferential etchant with good repeatability, indicat- 
ing a promising technique for fabricating submicron 
structures like optical waveguides and other electronic 
devices. 

Manuscript submitted June  28, 1984; revised manu- 
script received Sept. 11, 1984. 
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The Chemical Mass of Holes in Semiconductors 

Carl D. Thurmond* 
807 San Juan de Rio, Rio Rancho, New Mexico 87124 

ABSTRACT 

The equation 0 ~- e -  + e* is a legitimate chemical equilibrium equation. Because the conservation of mass equation 
holds, the hole, e*, has a chemical mass that is the negative of the mass of the electron. The fact that the equation is not 
balanced with respect to charged particles is consistent with chemical equilibrium equations of charged particles in gen- 
eral. The hole is an abstraction. It has two masses. One mass, arising from its physical dynamic properties, is positive. 
The other, arising from its chemical thermodynamic properties as expressed in equilibrium chemical equations, is nega- 
tive. 

Is the equation 
0 ~ e -  + e* [1] 

representing the formation of holes and electrons in semi- 
conductors a legitimate chemical equation? Kr6ger, 
Stieltjes, and Vink, in an important  paper in 1959 (1), have 
demonstrated that it is. But the question can be asked, 
"Isn ' t  something surely wrong?" The conservation of 
mass condition that applies to all chemical equations ap- 
parently does not apply here because the mass of the hole 
is known to be about the same as the mass of the electron. 
Furthermore,  chemical equations always have reactants 
and products. What are the reactants of Eq. [1]? Certain 
rules are used to write the equil ibrium constant of chemi- 
cal equations in terms of the concentrations of products 
and reactants. These rules do not seem to apply to Eq. [1]. 

These questions have led to a reconsideration of the 
source of Eq. [1]. Based on the approach used by Kr6ger, 
Stieltjes, and Vink (1) [also see KrSger (2)], it can be 
shown that Eq. [1] follows all the rules applicable to the 
usual equilibrium equation for charged particles. The ma- 
jor clarifying conclusion is that the chemical mass of the 
hole is not the same as the physical mass, the so-called ef- 
fective mass of the hole. Rather it is the negative of the 
mass of the electron. 

The primary intent of this paper is to prove this conclu- 
sion. While this conclusion is of no great scientific 
import, it is an interesting curiosity. It also makes clear 
that Eq. [1] is a legitimate chemical equation. The second- 
ary intent of this paper is pedagogical. The means by 
which it will be proven that the mass of the hole as used 
in chemical equations must be the negative of  the mass of 

*Electrochemical Society Active Member. 

the electron will serve to clarify the meaning and use of 
chemical equil ibrium equations. For chemists and chemi- 
cal engineers, this should serve as a review with certain 
clarifying features. For semiconductor physicists, electri- 
cal engineers, and others, it may serve as an illustration of 
the use of chemical thermodynamics,  as well as an expla- 
nation of the meaning and use of the chemical equlibrium 
equation. 

Shockley has stated that "the hole is really an abstrac- 
tion which gives a convenient  way of describing the be- 
havior of electrons" (3). This description leads to the con- 
clusion based on the physical dynamic properties of 
semiconductors that the hole has a mass, called the effec- 
tive mass. The mass of the hole is introduced as a conven- 
ient mathematical description of the movement  of elec- 
trons in a nearly filled valence band. Just  as in the 
description of the movement  of electrons in the conduc- 
tion band, where the acceleration produced by a force 
defines an effective mass for the electron by Newton's  
law, the hole is a convenient  way of describing the accel- 
eration of  the valence electrons produced by a force. The 
effective masses of the electron and hole are, in general, 
of the same order of magnitude as the mass of the free 
electron, although in some cases the discrepancy is larger. 
It is to be shown that, based upon the chemical thermo- 
dynamic properties of semiconductors,  the chemical 
mass is the negative of the mass of the electron. There is 
no conflict. The abstraction leads to two masses for the 
hole, one based upon the physical properties of the semi- 
conductor, the other on its chemical properties. 

Experimental  evidence will be cited in support  of the 
conclusion that the chemical mass of the hole is the nega- 
tive of the mass of the electron. 
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The method of proof follows the method used by 
Kr6ger,. Stieltjes, and Vink (1), but with significant points 
of clarification. The method is based upon the properties 
of the chemical potential of atoms, molecules, a n d  
charged particles. In the next section, only neutral atoms 
a n d  molecules are considered. A following section consid- 
ers charged particles. 

Chemical Thermodynamic Properties of Atoms and 
Molecules 

The well-known thermodynamic function, the Gibbs 
energy, has been defined for any group of atoms and 
molecules (4). The group must be large enough in size so 
that the properties assigned to each kind of atom or mole- 
cule are not a function of size. This function has a mini- 
mum value as a function of the numbers of atoms a n d  
molecules present, and this can be shown to correspond 
to an equilibrium condition for this group of atoms a n d  
molecules. Gibbs showed that a function called the chem- 
ical potential could be defined (5) for each type of atom 
or molecule that leads to a very useful way to describe the 
equilibrium condition. The chemical potential of a partic- 
ular atom or molecule is the change in the Gibbs energy 
of the total number  of atoms and molecules when one 
atom or molecule is added. The numbers of each of the 
other kinds of atoms or molecules must  not be changed 
when this is done. The temperature and pressure must 
also be held constant. 

Gibbs then showed that a condition that must  be met 
when equilibrium occurs is that the sum of the chemical 
potentials of the products of a reaction must  equal the 
sum of the chemical potentials of the reactants. Each 
chemical potential will have the appropriate coefficient 
that assures that the law of conservation of mass is 
obeyed. 

The Gibbs condition for equilibrium can be written in a 
concise way. If ~ is the chemical potential of a particular 
atom or molecule (in units of energy per atom or per mol- 
ecule) and v~ is the appropriate coefficient called the stoi- 
chiometric coefficient, for each atom or molecule that as- 
sures conservation of mass in the reaction, the following 
equation is the Gibbs condition (6) 

0 = ~ :  . , . ,  [2] 
i 

In this form, the statement is that the sum of the chemi- 
cal potentials, each taken with the appropriate coeffi- 
cient, is equal to zero, with the convention that the stoi- 
chiometric coefficients, v~, are positive numbers for the 
products and negative numbers for the reactants. 

The chemical reaction that corresponds to the Gibbs 
condition describes the conversion of a particular group 
of atoms and molecules to another group of atoms a n d  
molecules, as if all of the original group, the reactants, 
were converted to all of the final group, the products. 
This chemical reaction implies the conservation of mass, 
which can be stated as 

0 = ~ viM1 [3] 
l 

Mi is the mass of each atom or molecule in the reaction. 
When the number  of atoms or molecules is Avogadro's 
number,  6.023 • 10 ~3, the masses, M~, are the atomic a n d  
molecular weights. The v~'s are the same stoichiometric 
coefficients as in Eq. [2]. 

The chemical equation can be written as 

0 = ~ viAi [4] 
i 

A~ is the chemical symbol or group of chemical symbols 
representing the atoms and molecules of the reactants 
a n d  the products. For example, consider the reaction de- 
scribing the formation of water vapor from the gaseous 
elements 

H2 + 1/20.~ = H~O [5] 

Equation [5] follows from Eq. [4], with AI = H.20, A.2 = O.2, 
A:~ = H2, vl = +1, v2 = - 1/2, and v:~ = - 1 .  

A general property of Eq. [4], illustrated in Eq. [5], is 
that the number  of each kind of atom in the reactants is 
the same as the number  of each kind in the products. 
This conservation of atom condition may be represented 
by the following equation 

0 = x n~ [6] 

The subscript a stands for a particular atom. The number 
of those atoms is n,; it is positive if from the products, 
negative if from the reactants. For example, in Eq. [5], no 
(products) is +1, no (reactants) is -1;  nH (products) is +2, 
nH (reactants) is -2.  Equation [6] is implied by the conser- 
vation of mass condition, Eq. [3], and justifies the use of 
the equal sign in chemical equations, Eq. [4] and illus- 
trated in Eq. [5]. 

Equilibrium Constant 
The equilibrium constant follows from Eq. [2] when the 

dependence of the chemical potentials on composit ion is 
included. G. N. Lewis (7) has defined a function called 
the activity, a, that is related to the chemical potential by 
the equation 

P.i = ~ i  ~ + R T  In ai [7] 

When the activity, a~, is unity, the phase is pure and the 
chemical potential of the atoms or molecules, ~i, is that of 
the pure phase, ~~ solid or liquid, which is a function of 
temperature and pressure, not composition. For the gas 
phase, the activity is replaced by the fugacity. Equation 
[7] implies Avogadro's number  of atoms or molecules be- 
cause R, the gas constant, is used, rather than k, the 
Boltzmann constant, which is per atom or molecule. 

The usefulness of Eq. [7] lies in the fact that for some 
cases of interest, a~ is equal to the atom fraction or mole- 
cule fraction of a component  present in a solution, the 
mole fraction. In other cases of interest, it is proportional 
to the concentration, and the chemical potential is related 
to the concentration by 

]~i = ]'Li* -~ R T  In Cl [8] 

For many gas phases, the fugacity is simply the partial 
pressure. 

Substituting Eq. [7] into Eq. [2], the Gibbs condition for 
equilibrium, the equation for the equilibrium constant is 
obtained 

II ai~i = exp ( - ~  vl~l~ = K [9] 
i 1 

When activities are proportional to concentrations, Eq. [9] 
becomes 

II C(i = exp ( - ~  vi~i*lRT) = Kc [10] 
i i 

In a somewhat more familiar form, Eq. [10] becomes 

C(1C~.  . . 
Kc [11] 

C[3CI* 

This equation was first obtained by Guldberg and 
Waage. It follows from their law of mass action, which 
states that the rate of a reaction is proportional to the ac- 
tive masses of the reactants and that at equil ibrium the 
rate of the forward reaction equals the rate of the reverse 
reaction. 

The equilibrium constant for Eq. [5] is simply 

PH20 
- -  - Kp [12] 
P H 2 P o 2  U2 

Equation [2], the Gibbs condition, was written before 
Eq. [4], the chemical reaction. Given Eq. [2], Eq. [4] fol- 



Vol .  132, No .  3 

lows. Usually the reverse situation occurs. The chemical 
reaction is written first, from which the stoichiometric 
coefficients of the Gibbs condition for equil ibrium are 
obtained. But for electrons and holes, the Gibbs condition 
can first be written, followed by the chemical equation. 

The proof that the chemical mass of the hole is the neg- 
ative of the electron mass first requires the proof that Eq. 
[1] is legitimate. This proof cannot be made, however, 
without recognizing that the electron and the hole are 
charged particles. One of the important properties of 
chemical reactions has been expressed in Eq. [6], namely, 
the number  of atoms of one kind in the products must  
equal the number  of atoms of the same kind in the 
reactants. This rule does not apply to a reaction of 
charged particles and explains why Eq. [1] does not obey 
Eq. [6]. The Gibbs condition, Eq. [2], and the conservation 
of mass, Eq. [3], both apply to chemical reactions of 
charged particles. But Eq. [6] does not apply; the reaction 
equation, Eq. [4], must  be modified, and a new condition 
must  be introduced, the conservation of charge. 

Chemical Thermodynamic Properties of Charged 
Particles 

First, some comments about the chemical potential of 
charged particles should be made. As long as the group of 
charged particles of interest, which may include neutral 
particles, i.e., atoms and molecules, is electrically neutral, 
the total Gibbs energy of the group of particles possesses 
"all of the properties which we have established for non- 
ionic systems" (8). Again, the group of particles must  be 
large enough so that the properties of each kind of 
particle are not dependent  on the size of the group. 

The chemical potential of charged particles is fre- 
quently called the electrochemical potential to call atten- 
tion to the fact that if an electric field is imposed and the 
group of particles of interest is no longer electrically neu- 
tral, the chemical potential and the electrochemical po- 
tential are no longer equal. 

The chemical potential of a charged particle is, as be- 
fore, the change in the Gibbs energy of the total number  
of particles when one of the charged particles is added. 
But for charged particles, the numbers  of each of the 
other particles cannot be held constant. They are not in- 
dependent  variables if the charge of the total group of 
particles is to be kept zero. The chemical potential of each 
charged particle can be defined, but it will always occur 
in combinations of particles that assure electroneutrality. 

The Gibbs condition for equilibrium of charged par- 
ticles can then be written as in Eq. [2], as can the chemical 
potential of the electron. The conservation of mass equa- 
tion, Eq. [3], still applies. The chemical reaction with 
charged particles may now be written as 

0 = Z vlAizi [13] 
1 

where zi is the charge on the ith particle and may be zero. 
In  addition, the condition of electroneutrality must  be 
met 

0 = ~ viZL [14] 
i 

But the conservation of atoms, Eq. [6], is not observed. 
An atom is not equivalent to an ion. They differ in mass 
by the mass of the electron. This difference is generally 
ignored by chemists in the use of charged-particle equa- 
tions because the mass of the electron is so small com- 
pared to that of an atom. But concerning the argument 
that the chemical mass of the hole is the negative of the 
mass of the electron, this difference cannot be ignored. 
Consequently, charged-particle equations are generally 
unbalanced and the equal sign in Eq. [13] is inappro- 
priate. 

The double arrow symbol, ~ ,  rather than the equal 
sign, is frequently used by chemists to emphasize the dy- 
namic properties of an equilibrium reaction, i.e., that the 
rate of the reaction in  the forward direction equals the 
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rate of the reaction in the reverse direction at equilibrium. 
Kr6ger (2) uses it for both atom and charged-particle 
equations. Prigogine (4) uses it sometimes for charged 
particle equations and sometimes not. Lewis, Randall, 
Pitzer, and Brewer (7) always use the equal sign. The dou- 
ble arrow sign will be used here to imply that Eq. [6] does 
not hold for charged particle reactions. It also implies a 
dynamic equilibrium. Consequently, the general equilib- 
r ium reaction equation for charged particles should be 
written as follows, rather than as in Eq. [13] 

0 ~ ~ viAL zi [15] 
i 

To give some examples, first consider the ionization of 
the compound AB 

AB .~-A ~ + B -  [16] 

Neither A + nor B -  appear on the left side of the equation. 
In some cases, it would be appropriate to consider AB as 
made up of A § and B- ,  but  that need not be necessarily 
so. The equation for ionization of water 

H20 ~ H + + OH- [17] 

is not balanced; the species H ~ and OH- are not thought 
to exist in H~O as useful conceptual entities. The ioniza- 
tion of a donor in a semiconductor 

D ~ D § + e -  [18] 

is not a balanced equation. Nor is a charge-transfer 
reaction 

Fe § + Ce ~3 ~ Fe 2~ + Ce 4§ [19] 

The Gibbs equilibrium condition, the conservation of 
mass, and the conservation of charge conditions all hold, 
but  an atom or particle conservation condition does not 
hold for charged particle equations. 

Equilibrium Between Electrons and Holes in 
Semiconductors 

The chemical potential of the electron can always be 
written in the form of Eq. [8] over some concentration 
range 

tz(e-) =/z*(e-) + R T  In C(e-) [20] 

The concentration of electrons can be varied under  the 
electroneutrality condition by the addition of positive 
charge. The source of the positive charge is the donor im- 
purity. Its presence need not be explicitly stated, but  it is 
implicitly recognized. 

The band model of a semiconductor leads to the follow- 
ing equation for the Fermi level, E~, as a function of the 
electron concentration at thermal equilibrium (9) 

EF = E~ - R T  In Nc + R T  In C(e-) [21] 

Equation [21] holds as long as C(e-) is significantly less 
than No, the effective concentration of states in the con- 
duction band. Er is the energy of electrons at the bottom 
of the conduction band. By comparing Eq. [21] with Eq. 
[20], it is seen that the Fermi level is the chemical poten- 
tial of electrons (10) 

Ev = ~(e-) [22] 

Similarly, the chemical potential of holes can always be 
written in the form of Eq. [8] over some concentration 
range 

~(e +) = iz*(e +) + R T  In C(e +) [23] 

In  this case, it is to be remembered that the hole concen- 
tration is varied by the addition of an acceptor impurity 
which, when ionized, has a negative charge. 

The band model of a semiconductor can also be used to 
obtain a relationship between the chemical potential of 
holes and the concentration of holes at thermal equilib- 
r ium (11) 
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-EF = -Ev - RT  In Nv + RT  In C(e +) [24] 

This relationship holds as long as C(e9 is sigl]ificantty 
less than Nv, the effective concentration of states at the 
top of the valence band of energy Ev. By comparing Eq. 
[24] with Eq. [23], it is found that the Fermi energy is the 
negative of the chemical potential of the hole 

E~ = -~(e  +) [25] 

Consequently, at thermal equilibrium, the negative of the 
chemical potential of the hole is equal to the chemical po- 
tential of the electron 

-~(e  +) = ~(e-) [26] 

Equation [26] may be rewritten in the form 

0 = ~t(e-) + ~(e § [27] 

It is this equation, expressing the Gibbs condition for 
thermal equilibrium between electrons and holes, that 
implies, from Eq. [15], the charged particle equilibrium 
equation 

0 ~- e -  + e ~ [28] 

The conservation of charge condition is met. The conser- 
vation of mass is implied, and consequently 

M(e +) = - M(e-) [29] 

Equation [28] can be demonstrated to have other prop- 
erties of any equilibrium equation. According to Eq. [10], 
the equilibrium constant is the product of the electron 
and hole concentrations 

C(e-) C(e § = Ko [30] 

There are no reactants, only products. Equation [28] may 
be written in the reverse direction 

e -  + e ~ ~ 0 [31] 

The equilibrium constant for this equation, according to 
the rules applying to all equations, is just  the reciprocal of 
the equilibrium constant of the forward direction 

1 1 
- - K ~ '  [ 3 2 ]  

C(e-) C(e § Kc 

There are no products, only reactants. 
The equilibrium constant obtained from the band 

model is 
C(e-) C(e +) = NcNv exp (-AEcv/RT) [33] 

where AEcv is the bandgap energy, Ec - E~. One of the fac- 
tors in the term Nv, appearing in the equilibrium constant, 
is the effective mass of the hole, a positive number. But 
the equilibrium constant is derived from the Gibbs condi- 
tion and the equilibrium equation that imply the mass of 
the hole is a negative number. There is no contradiction. 
The mass occurring in the Nv term is obtained from a con- 
sideration of the dynamic properties of electrons in a 
nearly filled valence band. Newton's law is used. The 
hole has two masses, one obtained from its physical dy- 
namic properties, the other from its chemical thermody- 
namic properties as expressed in an equilibrium chemical 
equation. 

Experimental Confirmation 
When photons of energy larger than the bandgap en- 

ergy are absorbed by a semiconductor, excess electrons 
and holes are generated. There are a number  of mecha- 
nisms by which the energy absorbed by the crystal is re- 
distributed, but one process is the annihilation of elec- 
trons and holes, which may be represented by the 
equation 

e -  + e ~ ~ O [34] 

The energy of the photons emitted from a semiconductor 
by this process is the energy of the bandgap, AEr If  a 
hole had a positive mass, its annihilation, along with the 
annihilation of the electron, would generate a photon en- 

ergy of approximately half a million electron volts rather 
than the bandgap energy of an order of magni tude of an 
electron volt. The annihilation of a hole proceeds by a 
chemical process analogous to the annihilation of a posi- 
tron by an electron. But the hole must have a mass which 
is the negative of the electron mass. 

Comments 
The chemical thermodynamic significance of Eq. [1] 

can be underscored by noting that important thermody- 
namic functions can be obtained as functions of tempera- 
ture for this reaction, such as the standard Gibbs energy 
(the bandgap energy), the standard enthalpy, the standard 
entropy, and the standard heat capacity (12). These ther- 
modynamic functions, on the other hand, can be used to 
stimulate the conception of physical models for the fun- 
damental processes occurring in a semiconductor crystal 
(13-15). 

The conclusion has been reached that the mass of the 
hole is the negative of the mass of the electron. What is 
meant, the effective mass of the electron or the mass of 
the free electron? Pragmatically, it does not matter. Philo- 
sophically it does, and the question can be simply an- 
swered. The effective mass of the electron has potential- 
energy terms in it which make no contribution to the 
mass equivalence of the electron. The average velocity of 
the electron in the conduction band is so small compared 
to the velocity of light that this contributes no significant 
equivalent mass to that of a free electron. The mass of the 
hole is the negative of t~e mass of the free electron. 

As a final point of clarification, the conservation of 
mass condition is only an approximation. It is the conser- 
vation of energy condition that is implied. But because 
the Gibbs energy released or absorbed in a chemical reac- 
tion under all circumstances of interest has a negligibly 
small mass equivalent, the conservation of energy condi- 
tion becomes the conservation of mass condition. This is 
also true for chemical reactions involving electrons. 

Conclusions 
It is generally believed that chemical equations must be 

balanced, i.e., that the number  of atoms of each kind on 
each side of the equation must be the same. This condi- 
tion, in fact, does not apply to charged-particle equations 
in general and accounts for the fact that the formation 
equation of electrons and holes is not balanced with re- 
spect to particles. This equation 

0 ~ e - + e  § 

is a legitimate equilibrium chemical equation. A conse- 
quence is that in chemical reactions, the hole acts as if  it 
had a mass that is the negative of the mass of the electron. 
The "convenient  abstraction" of the hole has two masses. 
In chemical thermodynamic equilibrium reactions, it is 
the negative of the free electron mass; in physical dy- 
namic processes, it is the effective mass, a positive num- 
ber, the order of magnitude of the mass of a free electron. 
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ABSTRACT 

Decomposition of trimethylgallium (TMG) and triethylgallium (TEG) in hydrogen and nitrogen atmospheres was 
studied by a quadrupole mass analyzer. The decomposition reactions of TMG in H2 and in N2 and of TEG in H.~ and in N2 
take place in the temperature ranges 3700-460 ~ 450~ ~ 220~ ~ and 270~176 respectively. The reaction mecha- 
nisms are hydrogenolysis for TMG in H2, homolytic fission for TMG in N2, and fl elimination for TEG in both H2 and N2. 
The hydrogenolysis of TMG follows homogeneous first-order kinetics on TMG concentration. 

Almost two decades have passed since the use of metal- 
organics as source materials for chemical vapor deposi- 
tion (CVD) was first described in the preparation of III-V 
materials (1). Now, the metalorganics which spread 
throughout the periodic table of elements have been used 
for growth of III-V compounds (2-4) and II-VI compounds 
(5), doping to III-V compounds (6-8), microdeposition of 
metals (9), and so on. The nature of decomposition reac- 
tion of these metalorganics has also been studied (5, 
10-13). It is important to investigate the reaction of metal- 
organics further to find the opt imum condition for the 
growth, especially for the low temperature CVD of semi- 
conductors, metals, and insulators. 

The purpose of this paper is to describe mass spectro- 
metric study of trimethylgallium (TMG) and triethylgal- 
l ium (TEG) decomposition reaction in hydrogen and ni- 
trogen atmospheres. The mass spectroscopy is of great 
advantage to both identification of species and quantita- 
tive analysis (14). 

Experimental 
An experimental apparatus made with a hot-wall reac- 

tor and an ANELVA AGA-360 quadrupole mass analyzer 
is shown in Fig. 1. The inner  diameter of the reactor was 
55 mm. The organometallics (TMG and TEG) were intro- 
duced into the reactor through a 65~ water-cooled quartz 
tube. Gas flow of hydrogen or nitrogen from the opposite 
side kept the reactor wall at the low temperature region 
clean, and its flow rate was 600 sccm (standard cubic cen- 
timeter per minute) throughout the experiment. Sam- 
pling of the reacted gas was done downstream at a tem- 
perature less than 100~ by means of a quartz pinhole 
adjusted to accomplish the pressure of 1 • 10 -'~ torr in the 
mass analyzer. Upstream from the sampling pinhole, 
quartz wool was set to prevent the pinhole being choked 
with higher paraffins (C -> 5) produced from the TMG 
and the TEG. In the beginning of this experiment, the 
sampling was done in the reaction region and the pinhole 
was choked with liquid gallium. In contrast to the reac- 
tion in a hydride system (14), the decomposition reaction 
of TMG and TEG is frozen under  a critical temperature, 
and this temperature was found to be higher than 200~ 

in this study. Therefore, post sampling reaction (14, 15) is 
not a problem here. The sampled gas entered the ion 
source of the mass analyzer passing through a 3/32in. id, 
2m-long stainless tube at room temperature. Argon was 
added into the gas flow to compensate the signal inten- 
sity for changing condition of the ion source and the ion 
collector by taking the relative ion current to the ion cur- 
rent of mass 40. 

Results and Discussion 
Mass spectra of TMG and TEG in H~ at room tempera- 

ture are shown in Fig. 2(a) and 2(b). The flow rates of hy- 
drogen (without the opposite flow) were 700 sccm in (a) 
and 670 sccm in (b). Those of TMG, TEG, and Ar were 7.7, 
1.2, and 1.2 sccm, respectively. In  Fig. 2(a), parent peaks 
of TMG are at masses 114 and 116, corresponding to a nat- 
ural 69Ga#JGa ratio of 3/2. Between Ga § and Ga(CH3)3 ~, 
GaCH~ ~- and Ga(CH3)2+-related fragment peaks are ob- 
served. The peaks at masses 40 and 20 show the argon. 
Methyl ion at mass 15 reacts with H2, and CH4 + is formed 
in the ion source. Figure 2(b) shows parent peaks of TEG 
at masses 156 and 158. Between Ga § and Ga(C2Hs)34, 
GaC~H5 § and Ga(C2Hs)2 ~ are observed. The peaks of 
Ga(CH3)~ § at masses 99 and 101 are higher than those of 
GaC2H~% The fragments of GaCH~ ~ and Ga(C2Hs)CH~ ~ are 
also observed. The signal of Ga(C2H~)2CH3 ~ is very weak 
and not seen in the spectrum. Ethyl ion at mass 29 reacts 

Ar/H2,N 2 H2, N 2 
Fur nace 

TMG TEG/H 2 N 2 II . . . . . .  ~ . . . . . . . . . . . . . . . . . . . . . . . . . . .  JL.. . 
. . . . .  ~"~JL-~II Q~,.= , ~  L 

~ Region Exhaust 

Position 
Fig. l .  Schematic of experimental opparotus 



678 J. Electrochem. Soc.: SOLID-STATE SCIENCE AND TECHNOLOGY March 1985 

1.0 

:>, 

_c o.5 

r~ 
0 

(a) TMG/H 2 

% 

i L , 
2O 4O 

II 

i i 
6 0  8 0  I 0 0  

m / 6  

+ 

i 
120  

1.0 

>~ 0 . 5  

9 

*o% 
(b) TEG/H~ ~0~o 

U 

+ I I 

2 0  40 60 80 I~X~ 

. m / e  

H 

l i 
120  1 4 0  160  

Fig. 2. Room temperature spectra of TMG and TEG in H2 

with H~, and C2H6 ~ is formed in the ion source. No ethane 
was produced in the reactor at room temperature. 

The relation between the normalized ion current ratio 
of mass 69 to mass 40 (unreacted TMG or TEG concentra- 
tion normalized by that at room temperature) and the re- 
action temperature is shown in Fig. 3. The flow rates of 
H2, N2, TMG, TEG, and Ar were 670, 670, 4.6, 1.2, and 1.2 
sccm, respectively. The pressures in the mass analyzer 
were 8 x 10 -6 torr for H2 and 1 x 10 -5 torr for N2. The de- 
composition of TMG in H2 took place at temperatures 
over 370~ and was completed at 460~ Those of TMG in 
N~, TEG in H2, and TEG in N~ took place around tempera- 
ture ranges of 450~ ~ 220o-330 ~ and 270~176 respec- 
tively. The temperature ranges of the TMG decomposi- 
tion in both H2 and N2 agree with the study by infrared 
spectroscopy (13). TEG decomposed at lower tempera- 
tures than TMG, and the difference between H2 and N2 at- 
mospheres in the TEG decomposition was less than that 
in the TMG decomposition. 

The difference in the temperature range in which the 
decomposition reaction takes place means the difference 
in the reaction mechanism. To discuss this point, note is 
taken of hydrocarbons produced by the TMG and TEG 
decomposition. Figures 4(a) and (b) show mass spectra of 
TMG in H2 at 450~ and of TMG in N~ at 550~ in the mass 
range of 10-60. Figures 5(a) and (b) show those of TEG in 
H2 and of TEG in N2 at 300~ In these measurements,  the 
argon for the intensity reference was excluded to simplify 
the spectra. 

Figure 4(a) shows that the TMG decomposition in H~ 
produces methane (mass 12-16) and a small amount  of 
ethane (mass 24-30). Propane (mass 37-44) and butane 
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(mass 50-58) observed in the spectrum were within back- 
ground level of the analyzer. In contrast to TMG in H2, the 
TMG decomposition in N2 produces methane, ethane, and 
propane, as shown in Fig. 4(b). Intense peaks at masses 
14, 28, and 29 show '4N§ 28N2~, and ~9N2~. The peak at mass 
30 equivalent to those at 26 and 27 in height shows ethane 
formation well. Therefore, it is concluded that the TMG 
decomposition in H~ is hydrogenolysis which forms 
methane. The decomposition in N2 is real pyrolysis, in 
which methyl radical formed by homolytic fission reacts 
with itself (forming ethane), TMG (forming methane or 
ethane), and products (forming propane and higher 
paraffins). The hydrogenolysis takes place at lower 
temperatures than the homolytic fission. The homolytic 
fission of TMG in H~ also occurs as a subreaction. The 
radical mainly reacts with hydrogen forming methane, 
and a small amount  of ethane is formed by radical-radical 
or radical-TMG reaction. 

In  Fig. 5, a noticeable feature in spectra is that the peak 
at mass 30 is small compared to the peaks at 26 and 27. 
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This feature means that the TEG decomposition in H2 
and N2 produces not ethane, but  ethylene. Therefore, the 
reaction mechanism of the TEG decomposition in both 
H2 and N2 is not ethane forming hydrogenolysis or 
homolytic fission. The mechanism is /3 elimination (16) 
forming ethylene. The fl elimination mechanism makes 
the decomposition temperature fairly lower. Probably, 
the peak at mass 30 comes mainly from the reaction be- 
tween ethyl ion and H2 or ethyl ion and TEG in the ion 
source. The slight difference in the decomposition tem- 
perature between TEG in H2 and TEG in N2 needs further 
discussion. 

Figure 6 shows a plot for logarithms of the normalized 
ratio of 69Ga~/4~ + vs. inverses of the total flow 
(excluding the opposite flow) rate. The decomposition of 
TMG in H2 at 450~ was measured. It should be noted that 
the increase in the total flow rate by 4.6 times, by means 
of adding H2 flow, only shifted the high temperature re- 
gion downstream without changing the value and the 
width of the reaction-temperature profile. That means 
the residence time for the reaction is proportional to the 
inverse of the total flow rate. Then, the linearity in Fig. 6 
shows first-order reaction mechanism -d[TMG]/dt = 
k[TMG]. Over the total flow rate of 2200 sccm, the 
unreacted ratios of TMG (normalized 69Ga~/4~ + ratio) 
were larger than those on the linear relation, probably be- 
cause the gas flow passed through the reaction region 
without perfect mixing at the high flow rates. Expansion 
of the quartz surface by 30 times, by means of putt ing 3g 
quartz wool ( -8 /~m ~b) in the reaction region, caused only 
a slight shift (-10~ of the curve for TMG in H2 (in Fig. 3) 
to the higher temperature side. Therefore, it is concluded 
that the TMG decomposition in H2 follows homogeneous 
first-order kinetics on TMG concentration. 

The result gives suggestion for low temperature CVD of 
GaAs using TMG and TEG. The low temperature CVD of 
GaAs using TMG in H2 (17-19) must  also be limited by the 
decomposition of TMG. 

Summary 
The decomposition reactions of TMG in H2 and in N2 

and TEG in H2 and in N2 take place in the temperature 
ranges 370~ ~ 450~ ~ 220~ ~ and 270~176 re- 
spectively. The reaction mechanisms are hydrogenolysis 
for TMG in H2, homolytic fission for TMG in N2, and fl 
elimination for TEG in both H2 and N2. The 
hydrogenolysis of TMG follows homogeneous first-order 
kinetics on TMG concentration. 
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ABSTRACT 

The effects of secondary electrons on the electric potential of a thick SiO~ surface during ion implantation are stud- 
ied by measuring the potential using MOSFET's.  Secondary electrons emitted from electrodes on an ion-implanted SiO2 
layer reduce its potential. The potential decreases as the implantation energy increases, because secondary electron 
emission yield increases with implantation energy. The potential distribution is trapezoidal for a SiO2 layer with second- 
ary electron emission electrodes, while the distribution is parabolic for a SiO2 layer without electrodes. The potential is 
slightly dependent on beam current when a large number  of secondary electrons are emitted. The potential is propor- 
tional to i0.~s, where I is the beam current, if the secondary electron emission is negligible. A potential reduction method, 
which involves applying a negative voltage to a Faraday tube, is proposed for practical use. 

Ion implantation has been widely and effectively used 
in LSI fabrication. Its basic disadvantage is that the elec- 
tric potential on an insulator increases because of 
charging. The increase in potentiat  can cause problems, 
such as the breakdown of the insulator layer, which re- 
sults in gate leakage in MOSFET's.  

A few studies have been reported on the potential or 
electric properties of an insulator during ion implantation 
(1, 2). Wada et al. (1) observed current paths for ion im- 
plantation into a quartz wafer and reported that the sub- 
strate current, the current which flowed through the sub- 
strate, was dominant when the insulator thickness was 
less than the projected range of the implanted ions. Mori 
et al. (2) studied the potential in a thick insulator layer in 
which the substrate current did not flow. In these previ- 
ous studies (1, 2), the effect of secondary electrons has not 
been studied. It is well known that a metal emits a greater 
number  of secondary electrons than incident ions during 
ion implantation (3, 4). These secondary electrons have a 
great influence on potential. 

This paper reports on effects of secondary electrons on 
potential during ion implantation, particularly on the po- 
tential distribution in a SiO2 layer and the potential de- 
pendence on beam current. First, secondary electron 
emission yield is examined. Then, the effect of secondary 
electrons on the potential is studied. Finally, a method of 
potential reduction using secondary electrons is de- 
scribed. 

Experimental Procedure 
Sample preparation.--A silicon dioxide layer on a sili- 

con wafer was used as an insulator layer. The oxides used 
were grown on a 30 - 50 t2-cm <100> p-type 3 in. silicon 
wafer to a thickness of 7500A by wet 02 oxidation or 1000~ 
by dry 02 oxidation. A 1000A dry oxide layer was pre- 
pared only for measuring potential when the substrate 
current was dominant. An unpatterned 1 tLm-thick alumi- 
num or 0.45 tLm-thick arsenic-doped polysilicon electrode 
was deposited on the SiO2 layer for secondary electron 
emission yield measurement.  For the potential distribu- 
tion measurement,  a luminum stripe patterns were fabri- 
cated on the SiO2 layer using photolithographic tech- 
niques. 

A medium current ion implanter with an electrostatic 
scanning system was used. The vertical scan frequency 
was about 1 kHz and the horizontal scan frequency was 
100 Hz. Potential dependence on the scan frequency was 
studied, and it was confirmed that the potential was in- 
dependent  of horizontal scan frequency above 30 Hz. 

Potential measurement.--The potential of the electrode 
during ion implantation was measured using a MOSFET. 
Figure 1 shows the potential measurement method. This 
measurement  method causes no disturbance of the poten- 

*Electrochemical Society Active Member. 

tial distribution because of the high input impedance. 
The electrode for measurement  is connected to the FET 
gate. A positive voltage (V~) is applied to the FET source 
in order to protect it from breakdown. Bias voltage (V~) is 
initially applied so that the drain current does not flow, 
then Vs is decreased till the suitable drain current flows. 
The difference between V~ and the electrode potential is 
determined from the drain current of the FET. 

The SiO2 surface potential was only about 1V when 150 
keV boron ions were implanted into a 1000A SiO2 layer at 
a beam current of 5 ttA. In this case, the projected range 
of the ions is larger than the thickness of the SiO2 layer 
(5), and substrate current was confirmed to be dominant. 
Therefore, problems related to the induced potential 
would only Occur when the insulator layer thickness was 
so thick that substrate current would not flow. It was 
confirmed that substrate current does not flow for boron 
implantation with less than 100 keV energy into a 7500/~ 
SiO2 layer at a beam current of 5 ~A. The measurements 
of potential were performed mainly for a boron implanta- 
tion energy of 50 keV into a 7500• SiO2 layer, so as to dis- 
tinguish the effects of secondary electrons (SE's) from 
those of the substrate current. 

Secondary electron yield measurement.--An unpat- 
terned aluminum or polysilicon electrode was deposited 
on a 7500~ SiO~ layer. The method of measuring the sec- 
ondary electron yield is illustrated in Fig. 2. The implan- 
tation area is limited to the hatched area (3.5 • 3 cm 2) in 
order to eliminate the effect of SE's emitted from an alu- 
minum wafer holder. The ion implanter Faraday cup is 
used as a secondary electron collector, which collects 
SE's emitted from the electrode. The Faraday cup con- 

I 
[ Electrode I 

FET ,s 

Id 
V0s = 

J_ 

IOV 

Fig. 1. The measurement method of the electrode potential using an 
FET. A bias voltage is applied to the FET source to protect it from break- 
down. The difference between the electrode potential and the applied 
voltage is measured from the drain current of the FET. 
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Fig. 2. The method of measuring the secondary electron yield. A Fara- 
day cup is used for a secondary electron collector tube. A bias voltage 
(Vh) can be applied to the tube. A suppression voltage of - 3 0 0 V  is ap- 
plied in front of the Faraday tube. 

sists of the wafer holder and a tube (the tube is called a 
Faraday tube hereafter). A -300V electron suppression 
voltage is applied to the suppression electrode in front of 
the Faraday tube in order to keep the SE's in the Faraday 
tube. Collector current  (I~) is due to the SE's, whereas 
electrode current (Ie) is due to both the incident ions and 
the SE's. Beam current (It) can be obtained as the sum of 
Ir and Ie. The secondary electron yield (~) is defined by 
the ratio of Ir to Ie: ~ = IIc/Itl. Secondary electron emission 
yield dependences on boron and arsenic ion implantation 
energy were measured for a luminum and polysilicon elec- 
trodes. 

Potential  distribution measurement  of  an  insulator 
w i th  secondary electron emiss ion. - -The potential distribu- 
tion was measured using aluminum patterns with 7 stripe 
electrodes. Figure 3 shows two kinds of electrode pat- 
terns for measuring the effects of SE's on potential distri- 
bution. Pattern (a) has two secondary electron emission 
electrodes (S), which have wide areas, while pattern (b) 
does not have them. Stripe electrode width is 0.1 mm, and 
the distance between them is 1 ram. The electrodes (E) 
are earth electrodes, and the distance between electrodes 
(S) and (E) is 2 mm. The wafers were set so that the elec- 
trodes were parallel to the vertical scanning direction. 
The implantation area is l imited to the hatched area (3 x 
2.5 cm2), so as to eliminate the SE effects from a wafer 
holder. Implantation area of electrodes (S), which emit 
SE's, is about 60% of the total implantation area. The po- 
tential distribution of the insulator is obtained by 
measuring the potentials of electrodes 1, 2, and 3 in pat- 
terns (a) and (b). The effects of SE's on the potential dis- 
tribution were studied by comparing the potential of pat- 
tern (a) with that of pattern (b). Since the width of the 
potential measurement  electrode is small, it is expected 
that the effects of SE's on potential distribution are negli- 
gible for pattern (b). 

(a) (b) 
Fig. 3. The electrode patterns for measuring the effect of secondary 

elections. Pattern (a) has secondary electron emission electrodes (S). 
Pattern (b) does not have them. Electrodes (E) are the earth electrodes. 
Stripe electrode width is 0.1 mm, and the distance between them is 1 
mm. The distance between electrodes (S) and (E) is 2 mm. 

Results and Discussion 
Secondary electron yie ld . - - Implantat ion energy depen- 

dences of secondary electron yields for a luminum and 
polysilicon are shown in Fig. 4. From this figure, it is 
found that (i) secondary electron (SE) yield increases 
with implantation energy, (ii) the yield for boron implan- 
tation is larger than that for arsenic implantation, (iii) the 
yield of the aluminum electrode is more than that of the 
polysilicon, and (iv) the number  of SE's emitted from alu- 
minum or polysilicon electrodes is more than, or about 
the same as, the number  of incident ions. It was also con- 
firmed that SE collector current (Ic in Fig. 2) was not ob- 
served when ions were implanted into a SiO2 layer with- 
out an electrode. 

It has been reported that kinetic emission is dominant 
in the velocity range above 107 cm/s, and the yield of the 
kinetic emission increases with incident ion velocity and 
decreases with work function of the material (3, 6). The 
velocity of a 25 keV arsenic ion is 6.6 • 107 cm/s, which is 
the slowest velocity in the present work. Thus, secondary 
electrons are mainly due to the kinetic emission for the 
energy shown in Fig. 4. The difference between the yield 
of the boron ions and that of arsenic ions is caused by the 
velocity of boron ions being greater than that of arsenic 
ions at the same implantation energy. The yield differ- 
ence beween aluminum and po]ysilicon is caused by the 
difference of the work functions. 

Secondary electron effects on insulator poten- 
t ial . --Potential  distributions were obtained from potential 
measurements of electrodes 1, 2, and 3 in patterns (a) and 
(b) in Fig. 3. Figure 5 shows the potential distributions, 
where boron implantation was performed at 50 keV with 
a beam current of 0.5/~A. The center electrode potential 
for pattern (a) is about 10 times less than that for pattern 
(b). The potential distribution for pattern (a) with second- 
ary electron emission electrodes is trapezoidal, whereas 
that for pattern (b) without the electrodes is parabolic. 

The potential distribution, when the effects of SE and 
those of substrate current are negligible, is parabolic as 
shown in the following equation (2) 

iR~ iR~L ~ 
V(X) = - ~ ( X -  L) 2 + ~  [1] 

where R~ is the sheet resistance of the insulator layer, L 
is the distance between the earth electrodes, i is the beam 
density, and X is the distance from the earth electrode. 
The sheet resistance of the implanted SiO2 layer is ob- 
tained by substituting the peak potential shown in Fig. 6 
into Eq. [1]. The sheet resistance obtained is 6.5 x 109 ~'//[]. 
A broken line in Fig. 5 was calculated using Eq. [1] and 
setting Rs = 6.5 x 10' ~/[]. The difference between the po- 
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Fig. 4. Implantation energy dependences of secondary electron emis- 
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Electrode 
Fig. 5. The potential distribution on a SiO2 layer for 50 kV. Boron im- 

plantation is performed at 50 keV with a beam current of 0.S/~A. (a) 
Pattern with secondary electron emission electrodes (S). (b) Pattern 
without electrodes (S). The broken line is calculated using R s = 6.5 x 
109 D/L3 in Eq. [1]. 

tential distribution for pattern (b) and the calculated para- 
bolic potential distribution is within 6%. Thus, it was 
confirmed that the SE effect was negligible for pattern 
(b). 

Figure 5 indicates that a large number  of SE's emitted 
from the aluminum electrodes decrease the potential and 
result in a trapezoidal potential distribution, since the 
number  of SE's attracted to the insulator surface in- 
creases with surface potential. 

Figure 6 shows center electrode potential dependence 
on the beam current. The potential for pattern (a) is less 
than one-tenth of that for pattern (b). The slope of the po- 
tential vs. beam current curve in pattern (b) is 0.68, and 
that in pattern (a) is 0.09. The potential for pattern (b) is 
greatly dependent  on the beam current, whereas the po- 
tential for pattern (a) is slightly dependent on it. This dif- 
ference is caused by the presence or absence of SE emis- 
sion electrodes. Since the number  of SE's increases with 
the beam current, potential dependence on the beam cur- 
rent is small for pattern (a) with SE emission electrodes. 
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Fig. 6. Beam current dependence of potential for a 50 keY B implant. 
(a) Pattern with electrodes (S), which emit many secondary electrons. (b} 
Pattern without electrodes (S). 

Then, it was confirmed that SE's emitted from metal 
electrodes decreased the potential and resulted in a slight 
dependence of the potential on beam current. 

The potential dependence on beam current for pattern 
(b) is mainly caused by a sheet resistance dependence on 
beam current, since the SE effect on potential is negligi- 
ble for pattern (b). The obtained sheet resistance is in the 
order of 109 ~I/D and is proportional to i-0.32, where I is the 
beam current. The electron hole pairs generated in the 
SiO2 layer by ion beam irradiation increase with the beam 
current, which causes an increase in SiO~ conductivity. 

Method for potential reduction.--The number  of SE's 
repelled back to a wafer varies with the bias voltage ap- 
plied to the Faraday tube: a negatively biased tube repells 
the SE's to the wafer, and the positively biased tube at- 
tracts them. This variation of the number  of SE's causes 
the insulator surface potential variation. Figure 7 shows 
bias voltage dependence of the potential of the center 
electrode 1 shown in Fig. 3(a). Boron ions were implanted 
in the pattern (a) at 50 keV with 5 ~A. An increase in Vb 
leads to an increase in the potential, since the number  of 
SE's repelled back to the wafer decreases. Potential de- 
creases with a decrease in the bias voltage and it has a 
min imum value at a bias voltage of about -10V. This fact 
indicates that the potential of a wafer can be reduced by 
applying a negative voltage to the Faraday tube. 

Secondary electrons emitted from the secondary elec- 
tron emission electrodes have three trajectories as shown 
in the upper left side of Fig. 7. In trajectory 1, the SE's are 
attracted to the Faraday tube. In trajectory 2, the SE's are 
attracted to their own electrodes. In trajectory 3, the SE's 
are attracted to the SiO2 layer on the wafer. The potential 
of the SiO2 surface is decreased by the trajectory-3 SE's. 
The number  of SE's of trajectories 1, 2, and 3 are repre- 
sented by n,, n2, and n3, respectively. The effective num- 
ber of SE's emitted from the electrodes is n, + n3. The po- 
tential has a min imum value as shown in Fig. 7. This fact 
indicates that n~ has a max imum value. The reason for the 
presence of maximum value in n3 is considered as fol- 
lows. In the high positively biased region, n3 becomes 0, 
since all SE's are attracted to the Faraday tube. In the 
high negatively biased region, n3 also becomes 0, since 
SE's are no longer emitted from the electrodes, owing to 
high electric field. Since n3 becomes 0 in both the limit- 
ing regions (the high positively and negatively biased re- 
gions) and has positive finite value in other regions, n3 
has a maximum value. 

Secondary electron emission electrodes were fabricated 
in a wafer in the present experiment.  Secondary electrons 
emitted from a wafer holder can be utilized for potential 
reduction in practical use, since the wafer holder is ex- 
posed to the ion beam by over scan. 

In order to examine the effects of this potential reduc- 
tion method, the potential of the insulated electrode at 

Faraday tube Sample 
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Fig. 7. Potential dependence on bias voltage applied to o Faraday 
tube. The potential of electrode 1 for pattern (a) shown in Fig. 3 is 
measured, 
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Fig. 8. The experimental arrangement for measuring potential of an 
insulated electrode at the wafer center. A center electrode made of cop- 
per is insulated by a quartz ring. 

the  wafer  center  was measu red  as i l lustrated in Fig. 8. A 
7500A ox ide  layer is g rown  on a 3 in. s i l icon wafer.  The 
a l u m i n u m  wafer  ho lder  area is 8 z 8 cm ~, wh ich  is equal  
to the  implan ta t ion  area. The  center  e lec t rode  m a d e  of 
copper  is insula ted  f rom the  wafer  by a quar tz  ring. The 
d iamete r  of  the  r ing is 4 ram, and that  of the  e lec t rode  is 5 
mm.  The SiO2 layer  area masked  by the  electrode,  which  
is not  i r radiated by the  ion  beam, is not  conduct ive .  The 
potent ia l  of  the  wafer  cen ter  is m a x i m u m  in the  wafer  
dur ing  ion implanta t ion ,  because  the  d is tance  b e w e e n  
wafer  cen ter  and wafer  ho lde r  is m a x i m u m  and only the  
SE ' s  emi t t ed  f rom the  ho lder  can reduce  the  potential .  

I f  we as sume  that  no secondary  e lect rons  are emit ted,  
the  potent ia l  of  a 3 in. wafer  center  wi th  a SiO2 layer  can 
be  es t imated  to be  over  1000V us ing  Eq. [1] and the  order  
of  109 ~/[] sheet  resistance.  Fur ther ,  the  potent ia l  of  the  
insula ted  e lec t rode  will  b e c o m e  h igher  than  1000V. Fig- 
ure  9 shows the  insula ted  e lec t rode  potent ia l  d e p e n d e n c e  
on the  b e a m  current  as a func t ion  of  implan ta t ion  energy.  
Bias vol tage  was not  appl ied  to the  tube.  The  potent ia l  is 
less than  30V and decreases  wi th  an increase in implanta-  
t ion energy,  and sl ightly increases  wi th  the  beam current.  
The  fact  that  the  resul t ing  potent ia l  was less than  the  esti- 
ma ted  va lue  shows that  the  potent ia l  was decreased  by 
the  secondary  e lec t rons  emi t t ed  f rom the  wafer  holder.  
The  reason  for this potent ia l  decrease  wi th  the implanta-  
t ion energy  is an increase  in SE emiss ion  f rom the  wafer  
ho lder  wi th  the  increase  in implan ta t ion  energy.  

The  potent ia l  becomes  still smal ler  for pract ical  ion im- 
plantat ion,  s ince e lec t rodes  are not  usual ly  isolated f rom 
the  SiO2 layer  and meta l  e lec t rodes  in the  wafer  emi t  
SE's .  However ,  it is necessary  to reduce  the  SiO2 surface 
potent ia l  even  more  to avoid  p rob lems  such  as gate  leak- 
age in MOSFET ' s .  F igure  10 shows the  insula ted  elec- 
t rode  potent ia l  d e p e n d e n c e  on the bias vol tage  appl ied  to 
the  Faraday  tube,  where  boron  ions were  imp lan t ed  at 50 
keV wi th  5 ~A. The potent ia l  has a m i n i m u m  va lue  at a 
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Fig. 9. Potential dependences of beam current as a function of implan- 

tation energy for the insulated electrode at a 3 in. wafer center. 
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Fig. 10. Potential reduction by applying a negative voltage to a Fara- 
day tube. Bias voltage dependence of the potential for the electrode il- 
lustrated is Fig. 8 is shown. 

bias vol tage  of  about  - 1 0 V  and sl ightly increases  wi th  a 
decrease  in the  bias vo]tage. This  indicates  that  there  is 
an o p t i m u m  bias vol tage  to reduce  the  potential .  The  po- 
tent ia l  in Fig. 10 is more  sensi t ive  to bias vol tage than  that  
in Fig. 7, s ince the d is tance  f rom the  Faraday  tube  to the  
wafer  ho lder  is smal ler  t han  the  d is tance  to the  secondary  
e lec t ron  emiss ion  e lec t rode  in Fig. 7. This  potent ia l  re- 
duc t ion  m e t h o d  is advan tageous  in that  the  low potent ia l  
can be  main ta ined  even  w h e n  the  ion b e a m  is unstable,  
because  the  secondary  e lec t rons  reduce  the  d e p e n d e n c e  
of  the  potent ia l  on b e a m  current .  

Summary 
The effects of secondary  e lect rons  on the  electr ic  poten-  

tial of  an insulator  surface,  dur ing  ion implanta t ion ,  have  
been  s tud ied  for an e lect rosta t ic  scanning  ion implanter .  
Resul t s  are summar ized  as follows. 

1. Seconda ry  e lect rons  emi t t ed  f rom meta l  e lec t rodes  or 
a wafer  ho lder  dur ing  ion  implan ta t ion  decrease  the  insu- 
lator  potent ia l  and resul t  in a t rapezoidal  potent ia l  distri- 
but ion.  Secondary  e lec t rons  also resul t  in a sl ight  depen-  
dence  of  the  potent ia l  on b e a m  current.  

2. The  potent ia l  d i s t r ibu t ion  on an SiO2 layer  surface is 
parabolic ,  w h e n  the  effect  of  the  secondary  e lec t rons  is 
negl igible .  In  this case, the  potent ia l  is in p ropor t ion  to 
I ~ where  I is the  b e a m  current .  The  shee t  res is tance of  
SiO2 dur ing  ion implan ta t ion  is on the  order  of  109 ~/[~ in 
the  b e a m  densi ty  range  of  0.01 - 1 ~A/cm 2. 

3. The  m a x i m u m  potent ia l  of  an insula ted  e lec t rode  on 
a 3 in. wafer  is measu red  in the  1 - 30 ~A b e a m  current  
range w h e n  ion implan ta t ion  is pe r fo rmed  wi th  overscan.  
The  potent ia l  is less than  30V and decreases  wi th  the  im- 
p lanta t ion  energy,  owing  to the  secondary  e lect rons  
emi t t ed  f rom a wafer  holder .  

A potent ia l  r educ t ion  method ,  which  employs  apply ing  
a nega t ive  vol tage  to a Faraday  tube,  is p roposed  for prac- 
t ical  use. This potent ia l  r educ t ion  m e t h o d  is advanta-  
geous  in that  low potent ia l  can be  obta ined  even  w h e n  
the  b e a m  current  is unstable ,  because  the  secondary  elec- 
t rons resul t  in only a w e a k  d e p e n d e n c e  of  insula tor  po- 
tent ia l  on beam current .  
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ABSTRACT 

The photocurrent  increase as a function of the illumination time of a CdS film in contact with basic aqueous solu- 
tions, in the absence and in the presence of cysteine 1M, is correlated to the intensity of the X emission of Cd and S in 
XRFS and of O in LEEIXS. The evolution of the photocurrent spectra is also examined. This correlation and the com- 
parison of the X emission spectra of O of il luminated CdS with those of CdO and Cd(OH)~ indicate that the CdS photo- 
sensitivity increase is due to hydroxylated intermediates of the CdS photocorrosion. CdO, an end product of the 
photodegradation, is responsible for the slow photocurrent decrease, which occurs after longer irradiation times of the 
junction. 

The photoanodic behavior of CdS electrodes in contact 
with different redox electrolytes has been extensively 
studied (1). The main limiting factor for these systems is 
the CdS photocorrosion (2). The authors have studied pre- 
viously the photoelectrochemical behavior of amorphous 
and polycrystalline CdS films in contact with basic aque- 
ous solutions of sulfur organic reducing agents (3). Al- 
though the photocorrosion is not inhibited by these re- 
ductants, an interesting characteristic was observed with 
cysteine (3a, b): as a function of the illumination t ime of 
the CdS-solution junction under a constant applied bias, 
the photocurrent  increases by a factor of 3-4, reaches a 
maximum, and then decreases slowly. XPS analyses of 
the electrode surface showed that this photosensitivity in- 
crease is not related to the photoelectrochemical attach- 
ment of cysteine on the surface (3b). The comparison of 
the photoelectrochemical behavior of the amorphous CdS 
films in H20/NaOH alone and in H20/NaOH/cysteine 1M 
suggested that the chemical modification of the electrode 
would originate from the accumulation of oxygen deriva- 
tives of Cd on the surface (3b). However, no direct experi- 
mental evidence had been obtained in favor of specific 
oxygenated compounds. In this paper, in order to deter- 
mine the chemical species responsible for the photosensi- 
tivity increase, the i l luminated electrodes are analyzed by 
complementary techniques, such as x-ray fluorescence 
spectrometry (XRFS), XPS, and low energy electron- 
induced x-ray spectrometry (LEEIXS), and the results are 
correlated with the photocurrent  evolution. 

Experimental 
Photoelectrochemistry.--CdS film preparation by 

chemical precipitation and photoelectrochemical method- 
ology have been described previously (3a, b). The CdS 
film thickness is of the order of 1.8 tLm. The amorphous 
CdS precipitates on a conducting SnO~ layer of 0.32 tLm 
deposited on a glass support. The surface analyses are 

*Electrochemical Society Active Member. 

performed on electrodes illuminated during different 
times, with a 2000W quartz-halogen lamp (Osram 64788) 
and under an applied bias of 0V (SCE). Only a part of the 
beam is focused on the samples. The light intensities are 
measured with a solarimeter Kipp & Zonen CM 5/6. After 
irradiation, the electrodes are washed in H20/NaOH pH 
14, rinsed with tridistil]ed water, dried in a dessicator, and 
analyzed by the various techniques. 

The photocurrent  spectra, after different polychromatic 
il lumination times, are recorded with a high intensity 
Bausch & Lomb monochromator  and a quartz-halogen 
lamp with dichroic mirror (Philips 13117). They are cor- 
rected, taking into account the emission spectrum of the 
lamp. 

The thermal treatment of CdS to form CdO has been 
examined in the literature (4). In this case, the CdS elec- 
trodes are put in an oven at ll0~ during variable times. 
This treatment leads to a bathochromic shift of the ab- 
sorption spectrum of the film. Subtraction of the spectra 
before and after the treatment gives an absorption spec- 
trum with a ~ around 500 nm. The CdS absorption 
spectrum shifts bathochromically as a function of the 
heating time in the oven. After 10h, however, the batho- 
chromic shift has reached its maximum value of 15 nm. 

LEEIXS.--A detailed description of the LEEIXS instru- 
ments has been given elsewhere (5-9). Only the basic prin- 
ciples of such an apparatus will be mentioned here. It 
consists of a wavelength-dispersive x-ray fluorescence 
spectrometer equipped with a cold cathode tube (CCT). 
This gas-discharge tube is an open-window device which 
operates directly in the primary vacuum of the spectrom- 
eter. Normal operating vacuum is 1-5 • 10 -2 torr. The 
CCT is used to bombard the sample surface with a mono- 
energetic electron beam selectable over the range 0.5-5 
keV. The beam spot size at the surface is l imited by the 
aperture of the anode. Typically, this spot is 1 cm in diam- 
eter. For a given accelerating voltage, the current is stabil- 
ized by an automatic pressure regulator in the range from 



Vol. 132, No. 3 C d S  F I L M S  685 

0 to 2 mA. Both voltage and current are digitally con- 
trolled during the experiment.  The soft x-ray spectrome- 
ter employed in the present measurements uses flat 
analyzing crystals or pseudocrystals. The detector is a 
flow-proportional counter with an ultrathin (0.5 gm) 
polypropylene window and an argon-methane (P-10) flow 
gas at atmospheric pressure. The bombarding electron- 
beam incidence angle is 70 ~ and the takeoff angle for 
x-rays is 35 ~ 

The effective analysis depth of LEEIXS is determined 
by the material thickness at which characteristic x-rays 
are produced within the sample. Obviously, this depends 
on the target material, the energy and the incidence angle 
of the electron beam, and the x-ray takeoff angle. Typi- 
cally, the information depth is in the range of  some hun- 
dred angstroms. 

XRFS.--X-ray fluorescence is the conventional x-ray 
emission technique. This simple spectrochemical tech- 
nique is usually regarded as a bulk analytical method. Ac- 
tually, it is also a near-surface analysis technique when 
the x-rays, emitted and detected, originate from a near- 
surface layer of finite thickness. The instrument em- 
ployed in this work (Philips PW 1540) is a flat-crystal 
spectrometer equipped with a flow-proportional counter 
using the P10 gas flow. The x-ray tube used has a chro- 
mium target. 

XPS.--The XPS measurements  are performed with a 
vacuum generators-CLAM 100 ESCA spectrometer using 
nonmonochromatic  AtKa radiations (1486, 6 eV). The car- 
bon Cls  binding energy of contamination (285 eV) is used 
for calibration. Measurements are carried out at a pres- 
sure of less than 2 • 10 -9 torr in the spectrometer vessel. 
Sample etching is performed in a preparation chamber by 
5 keV argon ions. The density of the ion current is ap- 
proximatively 10 t~A-cm -2 at the sample surface. 

T X  

1 I NaOH pH 14~ 

L:, 

.5 ~ Cd L~I/SnLoL 
"~. 

S Ka/~dL ~ 

illumination time sec 

Fig. 2. Intensity ratio of CdLJSnL~ and S~dCdL~ in XRFS for the elec- 
trodes illuminated in contact with H~O/NaOH pH 14. 
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Fig. 3. Intensity ratio of CdLJSnL~ and S~dCdL~ in XRFS for the elec- 
trodes illuminated in contact with H20/NaOH/cysteine 1M, pH 14. 

Results and Discussion 
Figure 1 shows the photocurrent  density as a function 

of the polychromatic il lumination time, at a bias of 0V 
(SCE), with H20/NaOH alone and with H20/NaOH/cys- 
teine 1M. Eight electrodes per photocurrent-t ime curve, 
all prepared in the same precipitation bath, have been il- 
luminated, each one in the same conditions but during 
different times, and analyzed by XRFS, XPS,  and 
LEEIXS. 

XRFS.--Because the thickness analyzed by XRFS is of 
the order of a few micrometers to a few millimeters, this 
technique gives information on the elementary chemical 
composit ion of the CdS film and of the SnO2 coating the 
glass support (see Experimental  section). Figures 2 and 3 
show the results of the XRFS analyses of electrodes irra- 
diated in H20/NaOH alone and in H20/NaOH/cysteine 1M. 
The CdL~]SnL~ emission ratios decrease in both cases as 
a function of the irradiation. This corresponds to a slight 

PHOTOCURRENT DENSITY ( mA.c~ 2) 

.5- B 

ILLUMINATION TIME ( IO a s ) 

Fig. 1. Photocurrent density as a function of the polychromatic illumi- 
nation time with (A) H~O/NaOH and (B) H20/NaOH/cysteine |M. 

decrease of the CdS film thickness, which indicates that 
the electrode photodegradation is not inhibited by cyste- 
ine, as already found (3a). The SKJCdL~ ratio decreases 
on irradiating in the absence of reductant, whereas it re- 
mains quasi constant with cysteine. This is incompatible 
with a production of sulfur S ~ from the photoanodic de- 
composition and indicates that the sulfur is further oxi- 
dized into sulfate (3b, c, d) and solubilized. A Cd enrich- 
ment  of the film in contact with NaOH alone could be 
responsible for the SKJCdL~ decrease. The Cd 2~ ions lib- 
erated from the lattice would thus remain in the film as 
Cd(OH)2 or CdO. On the other hand, the addition of cyste- 
ine solubilizes the Cd ~+ into cadmium cysteinate, very sol- 
uble in basic solution (3a, b), which explains the con- 
stancy of the SK~]CdL~ ratio in this case. 

XPS.--The XRFS data are not inconsistent with the for- 
mation of Cd(OH)2 or CdO in the film as a function of the 
il lumination with NaOH alone. This could also be the 
case with cysteine; however, the oxygenated cadmiums 
would be formed to a lesser extent through the film and 
still not  detected by XRFS. The detection of some chemi- 
cal changes more localized near the surface requires XPS 
analyses which allow investigation of about 5 nm of the 
film. 

The electrodes supposedly most modified chemically, 
i.e., the ones which have reached the maximum 
photocurrent  with cysteine, were thus examined by XPS. 
The characteristics are studied as a function of depth, 
thanks to an ion sputtering. Figures 4 and 5 show the 
modifications of the Cd 3d and S 2p photopeaks, respec- 
tively, as a function of the sputtering time. The occur- 
rence of a Cd 3d5/2 binding energy splitting can result 
from two factors acting either separately or simulta- 
neously: a chemical effect due to a modification of the 
cadmium atom environment  or a charging effect resulting 
from the isolating nature of one of the chemical species. 
In order to eliminate this ambiguity, the study of the Au- 
ger parameters (10) can be useful. An Auger parameter for 
a given atom is equal to the difference between the ki- 
netic energy of the Auger line and the photoelectron peak 
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Fig. 4. Evolution of the Cd 3d signals in XPS as a function of the sput- 
tering time of the CdS electrode illuminated in contact with cysteine IM. 

energy; it allows determination of the sample chemical 
nature during an in-depth profiling, independently of the 
charging effects. The Cd 3d5/2 and S 2p binding energy 
differences and the oxygen Auger parameters (Ors - OKLL) 
for different standards and for the CdS electrode, at dif- 
ferent ion sputtering times, are listed in Table I. These 
values have been measured from data obtained within a 
min imum x-ray irradiation t ime (less than 150s) to pre- 
vent  or minimize any possible x-ray damage of the 
sample (11). For the CdS electrode, the binding energy of 
the main Cd 3d5/2 photopeak (=404 eV) is associated with 
the sulfide. Figure 5 and Table I show the presence at the 
electrode surface of cadmium sulfide, cadmium sulfate 
in small amount, and cadmium hydroxide. After a 5 min 
sputtering, the CdSO4 disappears and the Cd(OH)2 and 
CdS remain present within the total sputtered layer. 

Consequently, even with cysteine, a new Cd species, 
Cd(OH).~, is formed. 

$ 2p  

oj 

$ 2 -  

so42- 

160 165 170 

BINDING ENERGY ( eV ) 

Fig. 5. Evolution of the S 2p signals in XPS as a function of the sput- 
tering time of the CdS electrode illuminated in contact with cysteine 1M. 

Table I. Cd 3d5/2 and S2p binding energy differences and oxygen Auger 
parameters. (a) Cd S only dipped in H20/NaOH is not different from the 

CdS standard (3b). (b) The CdS electrode has been illuminated in 
contact with cysteine 1M 

Sample Cd 3d5/2 - $2, (eV) O~ - OKLL (eV) 

CdS (a) 243.4 --  
CdSO4 236.2 444.9 
CdO - -  444.6 
Cd(OH)~ --  446.4 

CdS electrode (b) 
Sputtering time (min) 

0 243.6 and 236.3 446.4 
5 243.1 446.5 
7 243.1 446.4 

600 242.8 446.4 

LEEIXS.--Because Cd(OH)~ and probably CdO occur 
on the films, the OK~ emission in LEEIXS of all the illu- 
minated samples was analyzed. With this technique, for 
the OK~ signal and for an incident electron-beam energy 
of 3.5 eV, about 120 nm of the CdS film is analyzed. 

The identification by LEEIXS of an oxygenated prod- 
uct at the surface must  be performed by comparison with 
spectra of reference products. Therefore, the oxygen X 
emission spectra of CdO and Cd(OH)2 have been recorded 
(Fig. 6). For CdO, the OK~ band is fairly symmetric, 
whereas the one for Cd(OH)2 is characterized by a low en- 
ergy shoulder (518 eV). Furthermore, Fig. 6 shows also 
that Cd(OH)2 is unstable under the electron beam and that 
it changes rather quickly into CdO. The cadmium hy- 
droxide decomposition into cadmium oxide is obviously 
associated with a OK~ intensity decrease. The OK~ spec- 
tra for electrodes i l luminated in the presence of the re- 
ductant are shown in Fig. 7; they are similar to the ones 
for electrodes il luminated in absence of the reductant. 
They present the characteristics of the Cd(OH)2 spectrum, 
i.e., the shoulder at low energy and its disappearance as a 
function of the analysis time. The illuminated electrode 
surfaces are thus enriched in a Cd(OH)~ type compound. 

Then examined was the correlation between the inten- 
sity of the OK~ line and the changes of photocurrent  vs. 

E eV 

J J 
m~2 ma,2 ~*o+1 5221 5~+1 s261 s2B+ 

Fig. 6. Oxygen Ks emission spectra in LEEIXS for CdO and Cd(OH)2 
samples. (A) CdO. (B) Cd(OH)~; second record. (C) Cd(OH)~, first 
record. 
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Fig. 7. Oxygen K~ emission spectra in LEEIXS for CdS illuminated in 
contact with cysteine 1M. (A) first record; (B) second record. 

time, without and with cysteine. Figures 8 and 9 show the 
evolution of the OK~ line intensity as a function of the il- 
lumination time, with H20/NaOH alone and with cysteine, 
respectively. The curves a, b and c correspond to three 
successive countings of 20s. In both figures, the photo- 
current increase corresponds to an intensity increase of 
the OK~ line; however, the photocurrent decrease does 
not correspond to any decrease of the OK~ signal. With 
NaOH alone, the OK~ intensity is more or less constant 

.10 4 

- - O K =  i n t e n s i t i e s  
IX ~ i m A  cm "2 

- - -  p h o t o c u r r e n t  

, , -  ~ a 

\ , \  a , b , c  : s u c c e s s i v e  �9 

.5 

i l luminat ion t i m e  s e c  

3 lo ~ 
Fig. 8. Three successive countings of 20s (a, b, c) of the OK~ signal in 

LEEIXS as a function of the illumination time of CdS in contact with 
NaOH alone. Dotted line: photocurrent evolution as a function of the 
illumination time, with NaOH alone. 

xlO 4 I X - - O K =  i n t e n s i t i e s  

I CYSTEINE 1M I 
- -  p h o t o c u r r e n t  
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I m A  cn~ 2 

c 
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Fig. 9. The same as Fig. 8, hut as o function of the illumination time 
with cysteine 1M. 

for successive countings, with differences of 12% at most 
at the times near the max imum photocurrent. On the 
other hand, with cysteine, the OK~ line decreases with the 
successive countings, with a difference as high as 50% at 
t imes ciose to the maximum photocurrent. This shows 
that Cd(OH)2, unstable under the electron beam, would be 
present on the electrodes illuminated with cysteine, 
whereas CdO, stable under the electron beam, would cor- 
respond to the main species formed on the electrodes ir- 
radiated with NaOH alone. 

If we compare Fig. 8 and 9, it is observed that for the il- 
luminations with NaOH alone, corresponding to lower 
photocurrents, the OK~ intensities are higher and, as men- 
tioned above, they do not vary as the photocurrent.  For 
the illuminations with cysteine, it is clear also that the 
photocurrent  does not follow the OK~ signal, but in- 
creases with the variations of the OK~ intensities in the 
successive countings. Consequently, the photocurrent  in- 
crease would be related to the increase of a Cd(OH)2-type 
compound on the surface. This would be an intermediate 
component  formed during the CdS photoanodic decom- 
position, which is present in greater amount with cysteine 
than with NaOH alone. On the other hand, the higher sta- 
bility of the OK~ signal would be correlated to the photo- 
current decrease and~ thus, to the formation of CdO. 

Photocurrent spectra.--We confirmed the conclusions 
from the XRFS, XPS, and LEEIXS by in situ analyses of 
the interface, such as photocurrent  spectra. The evolution 
of the photocurrent spectra as a function of the polychro- 
matic illumination does not depend very much on the 
presence of cysteine 1M. During the photocurrent  in- 
crease, under white light, the photocurrent  spectra re- 
corded from 400 to 550 nm increase also in intensity, more 
so with cysteine than with NaOH alone. When they are 
normalized at 450 nm for short illuminations, only the dis- 
appearance of a slight absorption around 515 nm is ob- 
served (see further); otherwise during the photocurrent  
increase there are no important  changes from one spec- 
t rum to the other. This indicates that the CdS photosen- 
sitivity enhancement  is not related to the formation on 
the electrode of a product which absorbs in the visible re- 
gion. This is in agreement with the LEEIXS analyses in- 
dicating the occurrence of a Cd(OH)2 type compound 
which is colorless. 

As shown by Fig. 10, near the maximum photocurrent 
and during the photocurrent  decrease, the normalized 
spectra change: the photocurrents decrease at shorter 
wavelengths, with a bathochromic shift of the absorption 
edge. The changes are the same with cysteine, though to a 

.5 

n m  

400  50 0 6 0 0  
Fig. 10. CdS action spectra normalized at 450 nm as a function of the 

polychromatic illumination time at OV (SCE). The analyzed samples are 
indicated on the curve photocurrent vs. the illumination time (4, 5, 6). 
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lesser extent. The bathochromic shift and the increase of 
the electron-hole recombinations at the surface, responsi- 
ble for the photocurrent  decreases at short wavelengths, 
could be attributed to the occurrence of CdO in the CdS 
lattice. The CdO bandgap differs throughout the litera- 
ture [e.g., 590 nm (12); 500 nm (13)]. The authors obtained 
for a CdO powder an absorption kmax of 540 nm. Because 
the gap of the CdS powder corresponds to about 510 nm, 
the formation of CdO in the CdS is thus compatible with 
these spectral data and in agreement with the LEEIXS 
conclusion. 

In order to characterize better the CdS films enriched 
in CdO, thermally oxidized CdS (see Experimental) was 
prepared and its photoelectrochemical behavior was stud- 
ied. The photocurrent spectra in NaOH, before any illumi- 
nation, show that the thermal treatment shifts bathochro- 
mically the absorption edge (Fig. 11). The substraction of 
the spectrum of the untreated electrode from the one of 
the treated CdS gives an absorption max imum around 
515 nm which increases with the duration of the thermal 
treatment. Figure 12 shows for a thermally oxidized film 
the action spectra before illumination and after an irradia- 
tion corresponding to the maximum photocurrent. The 
evolution of the spectra is similar to that described for the 
untreated CdS. The absorption initially present at 515 nm, 
characteristic of the thermally generated CdO, disappears 
after illumination. Moreover, the longer the thermal treat- 
ment, the lower is the initial photocurrent  in the first sec- 
onds of the polychromatic illumination, indicating some 
blocking of the electrode by CdO. 

The experiments with thermally oxidized CdS films 
clearly indicate that the thermal CdO is different from the 
one formed photoelectrochemically. The thermal CdO 
probably forms a superficial film on the CdS, which dis- 
appears photoelectrochemically during the CdS photo- 
corrosion. Besides, as mentioned above, this CdO film is 
also detected on the untreated electrode, before the poly- 
chromatic illumination. On the other hand, the photoelec- 
trochemical CdO would form a mixed CdS-CdO lattice 
which penetrates deeper into the film and starts inhib- 
iting the photoelectrochemistry. 

Conclusion 
The surface chemical analyses and photocurrent  spec- 

tra lead to the conclusion that the photocurrent  enhance- 
ment  as a function of the il lumination time, under a bias 
of 0V (SCE), is due to the accumulation of an intermedi- 
ate species of the CdS photodegradation, which favors 
the electron transfer at the semiconductor-liquid inter- 
face. This species corresponds to Cd(OH)2 or derivatives 

I 
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b=CdS +30' at110 ~ 
c=CdS + 22 h ;3t 110 ~ 

1 

.5 

~ . . ~ n  m 

400 500 6 ~  
Fig. 11. Action spectra normalized at 450 nm of CdS in contact with 

H,O/NaOHpH 14. (a) reference CdS; (b) CdS treated 30 min at 110~ 
(c) CdS treated 22h at 110~ 

IT  a,b 

1 

a~b 

.5 

,b 

4oo soo eoo 
Fi 9. 12. Action spectra normalized at 450 nm of CdS in contact with 

H~O/NaOH/cysteine 1hi, p H 14, treated 22h at 110~ (a) spectrum be- 
fore the polychromatic illumination; (b) spectrum when the photocurrent 
under white light at 0V (5CE) has reached the maximum value 

of hydroxylated cadmium which are converted into a 
final product: CdO. The accumulation of CdO within the 
CdS lattice leads to the slow photocurrent  decrease. The 
greater amount  of oxygenated cadmium in the samples il- 
luminated in NaOH alone, as evidenced by LEEIXS, is 
mainly due to CdO, responsible for the lower photocur- 
rents in NaOH compared to those with cysteine. It has to 
be noted that elemental sulfur has not been detected by 
XPS and LEEIXS during the blocking of the electrode 
surface. 

The nature of the CdS chemical modification is not 
influenced by cysteine. However, this reductant does 
play a role. Indeed, in its presence, the photocurrent  in- 
crease is more pronounced and more Cd(OH)2-type spe- 
cies are formed. The reductant would thus stabilize the 
degradation intermediate responsible for the photosensi- 
tivity increase, or in other words, would decrease the rate 
of formation of CdO from Cd(OH)~ within the CdS lattice. 
If Cd 2~ ions are liberated from the lattice during the pho- 
tocorrosion, in the presence of cysteine 1M, these ions 
would rather solubilize into cadmium cysteinate than pre- 
cipitate on the electrode as Cd(OH)2. However, the greater 
amount  of Cd(OH)~-type species with cysteine than with 
NaOH alone would suggest that the hydroxylated species 
look more like hydroxylated cadmiums still belonging to 
the CdS lattice than like precipitated Cd(OH)~. 

There are two possible explanations for the photosensi- 
tivity increase due to hydroxylated cadmiums: (i) as al- 
ready proposed previously (3a, b), a passivation of surface 
states related to cadmium's  dangling bonds, by reaction 
with OH-  ions, similar to Heller's interpretation (14) for 
Ru 3~ on GaAs; and (it) a higher rate of photo-oxidation of 
cysteine on an hydroxylated CdS surface. 
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Sidewall Tapering in Reactive Ion Etching 
A. G. Nagy 

Motorola, Incorporated, SPS, Process Technology Laboratory, SRDL, Phoenix, Arizona 85008 

ABSTRACT 

This paper reports for the first t ime the existence of a sidewall tapering phenomenon in reactive ion etching (an ox- 
ide process in a commercially available hex-type system) which is akin to that seen in sputter etching or ion milling. A 
facet forms in the photoresist  mask because of an angular dependence of the resist loss rate. The facet angle is about 16 ~ 
off vertical, and its downward propagation rate is more than twice the vertical etch rate of the resist. If  this facet is al- 
lowed to reach the etching material during the course of the etch, it will replicate significantly into this material. When 
an initially vertical unmasked silicon step is exposed to the same oxide etch process, an identical facet is formed. How- 
ever, when a bare silicon dioxide step is exposed to the process, no faceting is seen. 

Close examination of the profiles of certain samples 
after silicon dioxide etching in a conventional reactive ion 
etching (RIE) system has shown a taper of slightly more 
than 15 ~ off vertical (75 ~ sidewall angle). This paper will 
examine some of the possible causes of this tapering. 

In the past, slight tapering of a feature etched by RIE 
was not considered a serious problem, and indeed may 
even aid subsequent step coverage. However, current in- 
terest in processes such as selective epitaxy (1), and 
schemes where a sidewall mask is needed, such as side- 
wall masked isolation (SWAMI) (2) and self-aligned sili- 
cide processes (3), all of which require vertical sidewalls, 
demands that the causes of RIE-induced tapering be 
investigated. 

In reactive ion etching, the chemical etch process is as- 
sisted by ion bombardment  normal to the substrate, such 
that the resulting etch rate is higher than would be ex- 
pected from simply superimposing a physical sputtering 
mechanism onto the chemical etch process (4). This bom- 
bardment-assisted mechanism, which is believed to be re- 
sponsible for most of the anisotropy in RIE, leads one to 
expect  vertically etched profiles, contrary to what has 
been observed here. 

Tapering has been observed in ion milling or sputter 
etching (in which material removal is by physical sput- 
tering only) when initially vertical steps are milled at nor- 
mal incidence (5), and tilting a sheet film relative to the 
ion beam at the sidewall taper angle usually gives the 
highest milling rate. It has never been reported whether 
the ion-assisted process in RIE shows a similar angular 
dependence. 

Three possible causes of the observed tapering were in- 
vestigated: an initially tapered mask profile reproducing 
itself into the etching film, a lateral pull-back of the mask 
during the course of the etch, and replication into the 
etching film of a facet (akin to that seen in ion milling) 
formed in the mask during the course of the etch. The 
first two causes are well known and have, in fact, been 

used in RIE to generate tapered vias for improved step 
coverage (6). 

The tapering phenomenon was studied in a hex-type 
RIE system using photoresist, silicon, and silicon dioxide 
samples. An explanation of the phenomenon is presented, 
and a solution is proposed. 

Equipment, Samples, and Experimental Methods 
A fluorine-based (CHF3 + 02) oxide etch process in a 

hex-type reactor was used in this work because it is in 
this system that the tapering was first seen. The hex-type 
configuration gives a very large anode-to-cathode area ra- 
tio, resulting in a high degree of ion bombardment.  The 
oxide etch rate in this process is 550 ~/min, the silicon 
etch rate is 110 ~/min, and the photoresist loss rate is 170 
A/min. 

Tapering in positive photoresist, single-crystal silicon, 
and thermal oxide samples was studied. The degree of ta- 
pering was determined through the use of cross-sectional 
photos taken with a scanning electron microscope, and 
some of the processes were modeled using SAMPLE (7), a 
computer  program which simulates dry etch processes 
and prints the resulting profiles. 

Results and Discussion 
The following three sections examine in turn each of 

the possible causes of tapering mentioned in the intro- 
duction. A solution to the problem is proposed. In the 
third section, a mechanistic explanation of the phenome- 
non based upon the fundamental  differences between sili- 
con dioxide, silicon, and organic etching is presented. 

Initial mask taper replication.--It is well known that 
conventional photoli thography does not produce vertical 
resist edge profiles. Figure la shows a rather extreme ex- 
ample of a tapered resist profile, approximately 1.0 t~m of 
patterned resist sloped about 45 ~ masking a 1.5 t~m thick 
thermal oxide film. Figure lb shows the film after etch- 
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Fig. 1. a(top): 1.0/~m photoresist over 1.S/~m thermal oxide prior 
to oxide etch. 45 ~ resist taper, b(bottom): Above wafer after 50 min 
oxide etch, resist removed. Approximately 16 ~ oxide taper. 

ing  in the  reactor  for 50 min  (mask has been  stripped). 
The  s idewal l  taper  is abou t  16 ~ off  vertical.  

To he lp  de t e rmine  i f  mask  taper  repl ica t ion is a major  
cause of  feature s idewal l  tapering,  the  e tch ing  of  an oxide  
film benea th  a t apered  mask  was mode l ed  us ing 
S A M P L E  for the  fo l lowing condit ions:  ox ide  th ickness  of 
1.5 t~m; resist  th ickness  of  1.0/zm; open ing  wid th  at base 
of mask  of  1.25/xm; ox ide  ver t ical  e tch rate of  550 ]~/min; 
ox ide  lateral  e tch  rate of  0 ~/min;  resist  ver t ica l  loss rate 
of  170 ~/min;  resist  lateral  loss rate of 0 ~/min;  mask  selec- 
t ivi ty of  3:1; e tch  t ime  of  50 min;  and resist  t aper  of  45 ~ 

F igure  2 shows the  pr in tout  of  this model ing.  The  ox ide  
taper  after e tch is 15 ~ F igure  3 shows the  profile which  
resul ts  when  a more  realist ic resist  taper  of  30 ~ is used  in 
the  mode l ing  wi th  all the  o ther  parameters  he ld  constant .  
The  s idewall  taper  is n o w  10 ~ 

Selec t iv i ty  of  the  e tch ing  film relat ive to the  m a s k  was 
also suspected  to be a major  factor in mask  taper  replica- 
tion, so a select ivi ty of  6:1 was nex t  subs t i tu ted  for the  3:1 
va lue  in the  model ing.  F igure  4 shows that  the  resul tant  
s idewal l  angle is n o w  7.5 ~ This i l lustrates that  there  is a 
s t rong relat ion be tween  the  final e tch profile and the  se- 
lectivity,  and, indeed,  that  unde r  ideal condi t ions,  the  
final taper  angle  in the film is s imply  the  mask  taper  an- 
gle d iv ided  by the select ivi ty  value.  

Consequent ly ,  a large m a s k  select ivi ty  may  be  expec ted  
to give relat ively ver t ica l  e tch profiles, even  if the mask  
is severely  tapered.  S A M P L E  mode l ing  of  the e tch  of an 
ox ide  film masked  wi th  45 ~ tapered  resist  a s suming  a 
(unrealistic) 20:1 select ivi ty revea led  vir tual ly  ver t ical  ox- 
ide sidewalls.  

T h o u g h  vert ical ly  e tched  sidewalls  can, in pr inciple ,  be 
p roduced  by us ing  a h ighly  select ive etch, it is usual ly  

f - - -  
\ / . 

\ / / /  RES)ST 
- X_. . . . . . . .  --/ 

I I I I I I I I I I I I I I 

Fig. 3. SAMPLE modeling of 50 min etch of 1.S/~m oxide masked 
with 1.0 /~m resist, tapered 30 ~ Selectivity: 3:1. Final oxide taper: 
10 ~ 

- - - ' ~  / /  

/ 

RESIST 

_ . /  

OXIDE 

I I I I I I I I I 
Fig. 4. SAMPLE modeling of 50 min etch of 1.5 ~m oxide masked 

with 1.0 /~m resist, tapered 45 ~ Selectivity: 6:1. Final oxide taper: 
7.5 ~ . 

very  difficult  to m a k e  large changes  in select ivi ty  wi th in  
the  f r amework  of  an es tabl i shed process.  Therefore ,  the  
possibi l i ty  that  t apered  e tch ing  can be  e l imina ted  by 
us ing a mask  wi th  ver t ica l  sidewalls,  a modif ica t ion  
which  at least  in pr inc ip le  is feasible, was nex t  studied.  A 
1.5 t~m thermal  ox ide  film, pa t t e rned  wi th  app rox ima te ly  
1.0 t*m of resist  us ing  a s tandard  tr i- level  t e chn ique  (8) to 
ensure  vert ical  resist  profiles (Fig. 5) was e tched  for 50 
min  in the  reactor.  F igure  6 shows that  a 15 ~ taper,  which  
S A M P L E  does not  predict ,  forms in the oxide. This im- 
plies that  initial resis t  taper,  whi le  it is a factor, is not  nec- 

I - - - ~  / , -  
\ \  / 

x\ / /  - - S T  

I I I I ] I I I I 
Fig. 2. SAMPLE modeling of 50 min etch of 1.5/.~m oxide masked 

with 1.0 /~m resist, tapered 45 ~ Selectivity: 3:1. Final oxide taper: 
15 ~ . Fig. 5. 2 .0 /~m tri-level resist patterned over bare silicon 



Vol. 132, No. 3 S I D E W A L L  T A P E R I N G  691 

Fig. 6. Tri-level patterned thermal oxide (1 .S/~m) after 50 min RIE. 
Mask has been stripped. 15 ~ final oxide taper. 

essarily the dominant cause of tapered etch profiles, and 
that some other mechanism is clearly operating. 

Lateral resist loss during etching.--Lateral erosion of 
the resist mask during anisotropic oxide etching could 
plausibly result in tapered sidewalls. Fluorine is believed 
to catalyze the surface reaction of oxygen with organic 
materials (9), which could lead to lateral resist loss. 

Figure 7 shows a SAMPLE-generated profile of a 1.5 
~m thick oxide film patterned with 1.5 ~m of vertical- 
walled resist with a 100 •/min isotropic loss rate, meaning 
that both the vertical and horizontal resist loss rates were 
equal. The resist thickness and loss rate were chosen 
rather arbitrarily, as was the 500 A/min oxide etch rate. A 
10 ~ oxide sidewall taper results. 

An experiment  was next  performed to determine if sig- 
nificant lateral resist loss was occurring during the oxide 
etch process. 2.0 ~m thick resist was patterned on bare 
silicon using the tri-level technique. The sample was then 
exposed to the etch process for 105 rain. Figure 8 shows 
that, instead of a uniform lateral pull-back of the resist, a 
tapered profile results. The resist taper angle is 16 ~ , and 
that of the underlying silicon is slightly greater (about 
19~ Given the silicon and resist etch rates in this process, 
the relation between the resist and silicon taper angle is 
not surprising. 

The above results show that the resist loss process is 
not isotropic, meaning that lateral resist erosion is not the 
cause of tapered etching. 

Faceting in the mask.--The resist taper shown in Fig. 8 
looks very much like that seen in ion milling, in which ta- 
pered profiles result in the film being milled if the facet 
produced in the mask is allowed to reach this film during 
the course of the run (5). An analogous phenomenon has 
apparently occurred in Fig. 8, as evidenced by the taper in 
the underlying silicon. 

To cure the tapering problem in ion milling, the mask 
thickness and run t ime are chosen such that the facet 
does not reach the underlying material during the run. 
The result of etching a tri-level patterned resist-over- 

1 [ 
i I 
I I 
i I 
i I 
I 
i I 

_ L  J 

/ / 
R E S I S T  

O X I D E  

Fig. 7. SAMPLE modeling of 1.5 /~m oxide masked with 1.5 ~m 
vertical-walled resist. Resist lateral loss rate = resist vertical loss rate 
= 100 A/min. Mask selectivity: 5:1. 10 ~ final oxide taper. 

Fig. 8. Tri-level patterned resist over silicon after 105 min expo- 
sure to oxide etch process. Final resist taper: 16 ~ . Silicon taper: 19 ~ . 

Fig. 9. Tri-level patterned resist over silicon after 50 min exposure 
to oxide etch process. Facet propagation rate: 310/~/min. 

silicon sample for 50 rain is shown in Fig. 9. The facet has 
not propagated all the way th, ough the mask, leaving a 
vertical sidewall to protect the underlying silicon. 

Knowing how far the facet has moved through the re- 
sist allows the facet downward propagation rate to be eas- 
ily determined: 310 ~/min, nearly twice the vertical etch 
rate. At this point, it should be mentioned, that  the high 
measured facet propagation rate explains the magnitude 
of the taper seen when etching an oxide film masked 
with vertical resist in relation to the apparent mask selec- 
tivity. While the ratio of the oxide etch rate to the vertical 
resist loss rate is about 3:1, which SAMPLE predicts 
should prevent serious mask taper replication into the 
etching film, substituting the resist facet propagation 
rate for the simple vertical loss rate gives an actual mask 
selectivity of only 1.8:1, producing the larger-than- 
expected oxide taper angle. 

Now that the facet propagation rate in the photoresist 
was known, the tapering occurring in oxide etching could 
be eliminated by choosing an appropriate resist thickness 
and etch time: 1.0 ~m thick thermal oxide samples were 
patterned with 1.0 ~m of resist (tri-level), and the oxide 
was etched for 22 rain, which only allowed the facet in the 
resist to propagate 0.68 ~m downward through the mask. 
Figure 10 shows the wafer after the resist was removed. 
Vertical oxide sidewalls are seen. 

Tapering mechanism.--In ion milling, the angular de- 
pendence of the milling rate leading to faceting is present 
regardless of the type of material being milled. To deter- 
mine if the faceting observed in RIE is also common to all 
etchable materials, or if the fundamental  differences in 
the mechanisms leading to material removal in photore- 
sist, silicon, and silicon dioxide RIE might yield different 
profiles, unmasked vertical steps in silicon and oxide 
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Fig. i0. /~m oxide step masked with tri-level resist, etched for 22 
min. Mask has been stripped. 

were next exposed to the oxide etch process and checked 
for tapering. 

Figure l l a  shows a 1.5 ~m high step etched into single- 
crystal silicon, and Fig. l l b  shows a cross section of the 
same step after exposure to the oxide etch process for 2h. 
The same facet as in photoresist was observed, with a 16 ~ 

taper angle. The facet propagation rate is 180 s again 
nearly twice the vertical etch rate. 

Interestingly, however, when the vertical oxide steps 
produced as described above were exposed to the oxide 
etch process (for 8 min) after the mask was stripped, no 
faceting was seen (Fig. 12). 

An explanation for the above observations is next pre- 
sented. 

Coburn and Winters have proposed that the following 
sequence of steps takes place during plasma etching (10): 
(i) nondissociative adsorption of gas-phase species at the 
surface of the solid being etched, (ii) dissociation of this 
adsorbed gas (i.e., dissociative chemisorption), (iii) reac- 
tion between adsorbed atoms and the solid surface to 
form an adsorbed product molecule, e.g., SiF4(ads), (iv) 
desorption of the product molecule into the gas phase, 
and (v) the removal of nonreactive residue (e.g., polymer) 
from the surface. 

The key to tapering seems to be whether the rate- 
determining step in the e t chmechan i sm of the particular 
material is strongly dependent  upon purely physical sput- 
tering, which is known to proceed more rapidly at prefer- 
ential angles. Steps iv and v above are the only two which 
depend upon sputter ejection of material, so if either of 
these steps is dominant in a particular etch, an angular 
dependence would be expected. 

Coburn and Winters concluded that the rate-limiting 
step in the etching of SiO2 is step iii, the formation of the 
product molecule. The means by which ion bombard- 
ment  may promote the reaction include damage-en- 
hanced diffusion, knock-on collisions, and bond breaking 
(10). Sputter ejection and its corresponding angular de- 
pendence (11) do not come into play. 

In silicon etching, Coburn and Winters proposed that 
step ii, the dissociative chemisorption of the etch species, 
is the rate-limiting step. This step would also appear not 
to be related to sputtering. However, step v, residue re- 
moval, may well be important. In Coburn and Winters' 
experiments,  in which a XeF~ beam and an ionized Ar 
beam were coincidently directed at the surface (10), no 
polymer formation or residue (e.g., carbon) deposition 
was possible. This is certainly not the case in the oxide 
etch process chemistry used here. Indeed, the anisotropy 
of the silicon and resist etching in the reactor could con- 
ceivably be aided by a polymer sidewall protection mech- 
anism, as has been reported for other systems (12). If 
physical sputtering is the mechanism responsible for 
polymer removal from the top of features, as has been 
proposed (13), this would explain the observed angular 
dependence of silicon and photoresist RIE, provided the 
polymer deposition/removal process is a rate-limiting 
step. In oxide etching, oxygen released during the course 

Fig. 11. u (top): 1.5 ~m high sing!e-crystal silicon step. b(bottom). 
Wafer in Fig. 11a after 2h exposure to oxide etch process. 16 ~ final 
silicon taper. Facet propagation rate: 180 ,~/min. 

Fig. 12. Initially vertical oxide step exposed to oxide etch process 
for 8 min. 
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of the etch results in only a negligible buildup of polymer 
on the oxide surface (15). Consequently, a polymer 
deposition/removal mechanism is unlikely to occur in ox- 
ide RIE. 

Conclusions 
The tapered profile seen after etching a film which is 

known to etch anisotropically, such as oxide masked with 
vertical-walled photoresist, may now be explained. A 
facet forms in the resist mask, probably due to the angu- 
lar dependence of the physical sputtering responsible for 
the removal of the polymer from the top of the resist. The 
facet propagates downward through the resist at a rate of 
approximately 310 ~/min, at an angle of slightly less than 
20 ~ off vertical. The resist facet starts to replicate into the 
oxide when it reaches the resist/oxide interface, because 
from this point on the oxide is no longer protected by a 
vertical mask. 

To obtain vertically-etched sidewalls, then, one needs 
(i) a fairly vertical mask profile, (it) good selectivity be- 
tween the etching film and the mask material, and (iii) a 
mask thickness and etch t ime chosen such that at no time 
during the etch does the facet in the mask reach the inter- 
face between the mask and the etching film. 

Faceting is also seen when bare vertical silicon steps 
are exposed to the same oxide etch process because of 
the angular dependence of polymer removal (sputtering) 
from the 'silicon surface. No faceting occurs when bare 
oxide steps are exposed to the process, however, because 
the oxygen liberated during oxide etching does not allow 
an appreciable amount  of polymer to form on the oxide 
surface. The rate-limiting step in oxide etching, the for- 
mation of the adsorbed product molecule, SiF4(ads), is not 
dependent  upon sputter ejection. 
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Czochralski Silicon Crystals Grown in a Transverse Magnetic Field 

Kinji Hoshi, Nobuyuki Isawo, Toshihiko Suzuki, and Yasunori Ohkubo 
Sony Corporation, Semiconductor Group, Atsugi,  Kanagawa 243, Japan 

ABSTRACT 

Turbulent convection in silicon melts used in the Czochralski crystal-growth method was found to be effectively 
suppressed by applying a transverse magnetic field over 2000G. When turbulent convection is suppressed, it was found 
that the oxygen concentration in the resulting silicon crystals could be precisely controlled within a range of 0.5-12 • 
1017 cm -'~. The oxygen concentration distribution in the crystals is more uniform than that obtained by the conventional 
Czochralski method. As-grown n-type silicon crystals with a resistivity as high as 5000 ~-cm were obtained. Resistivity 
distribution along the radius of the crystals is more uniform than that produced by the floating zone method. Silicon 
crystals with low oxygen concentration prepared by the present method have few thermal-induced defects, which cause 
the degradation of generation lifetime. The characteristics and yield of p-i-n photodiodes and planar-type GTO's are su- 
perior to that obtained in wafers prepared by the floating zone method. We conclude that the Czochralski method using 
a transverse magnetic field is an effective method of producing high quality silicon crystals which can improve the 
characteristics of semiconductor devices and their production yield. 

Crystal growth in a magnetic field is a relatively new 
notion and only a few studies had been carried out until 
1980. 

InSb crystals grown in a horizontal boat in a magnetic 
field were reported by Chedzey et al. (1) and Utech et al. 
(2) in 1966. They reported the suppression of temperature 
fluctuations in the InSb melt and the decrease of growth 
striations in the crystal. In 1970, Witt et al. (3) reported 
InSb crystal growth by the Czochralski method in a trans- 
verse magnetic field. The temperature difference in the 
melt  was enhanced, and the resulting striations adversely 
affected the crystal properties. In 1980 and 1981, we re- 
ported a silicon crystal grown in a transverse magnetic 
field by the Czochralski method (MCZ method) (4, 5). 
The MCZ method can produce crystals with a specific 
oxygen concentration within a range of 0.5-12 • 10 ~7 cm -:~, 
and reduce convection-generated (nonrotational) growth 
changes in the crystal, inhibit defect generation, and re- 
duce warping during heat-treatment. 

Since then, the method has received much attention 
and several studies have been carried out (6-10). 

Experimental Procedure 
Figure 1 shows an outline of the pulling machine used. 

The device has almost the same structure as that used in 
the conventional Czochralski method. A transverse mag- 
netic field of up to 3700G is applied to the silicon melt  
between a pair of pole pieces with a diameter of 70 cm 
and a gap of 60 cm. The pulling machine is mostly made 
of nonmagnetic stainless steel. DC power, with a ripple 
component  of less than 4%, is applied to the graphite 
heater to prevent the heater from vibrating in the mag- 
netic field. 

The diameter of the crystal was controlled by the 
weighing method reported by Hoshi et al. (11). The 
pulling operation is the same as that used in the conven- 
tional CZ method except  for the application of a trans- 
verse magnetic field to the silicon melt. The magnet  was 
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Fig. 1. Schematic cross section of MCZ apparatus 

t u r n e d  on  af ter  the  c h a r g e d  s i l icon had  mel ted .  A s i l icon 
c rys ta l  w i t h  a d i a m e t e r  of  7.6 cm was  g r o w n  f rom a m e l t  
of 4.5 kg  in a rgon  gas  k e p t  at  1 a tm,  a n d  a s i l icon crys ta l  
w i t h  a d i a m e t e r  of  10 c m  was  g r o w n  f rom a m e l t  of  20 kg  
in a r g o n  gas k e p t  at  a b o u t  10 torr.  The  pu l l i ng  ra te  r a n g e d  
f rom 0.9 to 1.1 ram/ra in ,  t he  c rys ta l  ro ta t ion  ra te  f rom 0 to 
30 rpm,  a n d  the  c ruc ib l e  ro t a t i on  ra te  f rom 0 to 20 rpm.  
T h e  m a g n e t i c  field s t r e n g t h  r a n g e d  f rom 0 to 3700G. T h e  
m a g n e t i c  field d id  no t  affect  the  a u t o m a t i c  d i a m e t e r  con- 
trol. 

T he  res i s t iv i ty  was  m e a s u r e d  by  t he  fou r -po in t  p r o b e  
m e t h o d  and  the  s p r e a d i n g  r e s i s t ance  m e t h o d .  

O x y g e n  c o n c e n t r a t i o n  was  m e a s u r e d  b y  t he  i n f r a red  
a b s o r p t i o n  m e t h o d  u s i n g  a b e a m  spot  size of  5 ram.  All 
s a m p l e s  u sed  we re  cu t  p e r p e n d i c u l a r  to  the  g r o w t h  axis  
a n d  po l i shed  on  b o t h  s ides  to  yield a s a m p l e  2 m m  thick .  
O x y g e n  c o n c e n t r a t i o n  was  ca lcu la ted  b y  u s i n g  a n  infra- 
r ed  a b s o r p t i o n  coeff ic ient  of 2.45 x 10 '7 at. c m  -'~ (ASTM 
F121-80). 

T h e  car r ie r  g e n e r a t i o n  l i f e t ime  was  m e a s u r e d  b y  t h e  
MOS C-t m e t h o d  r e p o r t e d  by  Z e r b s t  et al. (12). 

C o p p e r  d e c o r a t i o n  was  ca r r ied  ou t  to o b s e r v e  t he  crys- 
tal  defects .  A po l i shed  wafe r  was  i m m e r s e d  in  a d i lu te  so- 
l u t i on  c o n t a i n i n g  1 p p m  of c o p p e r  ions  a n d  a n n e a l e d  in a 
f u rnace  at  900~ for  30 rain,  af ter  w h i c h  it  was  po l i shed ,  
e t c h e d  by  Wr igh t  e t chan t ,  a n d  i n s p e c t e d  w i t h  a n  opt ica l  
mic roscope .  

P h o t o l u m i n e s c e n c e  was  m e a s u r e d  by  u s i n g  a g ra t ing  
m o n o c h r o m e t e r  of  S P E X  C o m p a n y ,  L imi ted ,  w i t h  a n  ar- 
gon  laser  e m i t t i n g  at  a w a v e l e n g t h  of  5145• as t h e  l igh t  
source .  P h o t o l u m i n e s c e n c e  i n t e n s i t y  was  c o n v e r t e d  in to  
t he  c o r r e s p o n d i n g  i m p u r i t y  c o n c e n t r a t i o n  in  a c c o r d a n c e  
w i th  t he  w o r k i n g  c u r v e  g i v e n  by  Ta j ima  (13). 

W h e n  wafer  w a r p i n g  was  less t h a n  30 t~m, t he  measu re -  
m e n t  was  ca r r ied  ou t  by  u s i n g  a Mode l  LSF-500 f la tness  
t e s t e r  of C a n o n  C o m p a n y ,  L imi ted ,  w h i c h  e m p l o y s  t h e  re- 
f lec t ion a n d  i n t e r f e r e n c e  of  laser  beams .  W h e n  wafer  
w a r p i n g  was  m o r e  t h a n  30 t~m, the  m e a s u r e m e n t  was  
d o n e  in a c c o r d a n c e  w i t h  A S T M  F657-80. 

Results and Discussion 
Stability of the melt surface . - - In  o rde r  to i nves t i ga t e  t h e  

s t ab i l i ty  of  the  m e l t  surface ,  a t r a n s v e r s e  m a g n e t i c  field 
was  app l i ed  to t he  s i l icon m e l t  of  4.5 kg  a n d  t he  m e l t  sur-  
face was  o b s e r v e d  ' w i t h o u t  c ruc ib le  ro t a t i on  whi l e  t h e  
m a g n e t i c  field s t r e n g t h  was  gradua l ly  inc reased .  To 
m o r e  easi ly o b s e r v e  t he  v i b r a t i o n  of m e l t  surface,  a m o -  

l y b d e n u m  r ing  was  se t  a b o v e  t h e  m e l t  sur face  to act  as a 
v i sua l  re ference .  F i g u r e  2a s h o w s  t h e  s i l i con  m e l t  su r face  
at  zero m a g n e t i c  field, a n d  Fig. 2b shows  t h e  su r face  a t  
3700G. F i g u r e  2a i n d i c a t e s  t h a t  t h e  me l t  su r face  s t rong ly  
v i b r a t e s  at  zero m a g n e t i c  field d u e  to t h e r m a l  convec-  
t ion.  T h e r m a l  c o n v e c t i o n  a n d  sur face  v i b r a t i o n  dec rease  
w i t h  t h e  app l i ca t i on  of  a m a g n e t i c  field. Thus ,  a t  a b o u t  
1000G, t h e  r e d u c t i o n  in  v i b r a t i o n  is a p p a r e n t ,  a l t h o u g h  
t h e r e  are still s o m e  waves  c a u s e d  b y  v i b r a t i o n  on  t he  m e l t  
surface.  C o n t i n u o u s  v i b r a t i o n  essen t ia l ly  ceased  in  a mag-  
ne t ic  field of  1500G, at  w h i c h  po in t  t h e  r ing  edge  cou ld  
c lear ly  b e  s een  re f lec ted  on  t h e  m e l t  surface .  No sig- 
n i f i can t  c h a n g e  was  o b s e r v e d  over  1500G. I n t e r m i t t e n t  
v i b r a t i o n s  occu r r i ng  a t  i n t e rva l s  of  severa l  s econds ,  how-  
ever,  w e r e  still  o b s e r v e d  on  t h e  m e l t  surface.  T h e s e  inter-  
m i t t e n t  v i b r a t i o n s  m i g h t  h a v e  some  o t h e r  cause  t h a n  
t h e r m a l  convec t ion ,  s u c h  as t h e  M a r a n g o n i  flow, w h i c h  
is c a u s e d  by  t h e  d i f f e rence  in  sur face  t e n s i o n  of  po in t s  
w i t h  d i f fe ren t  t e m p e r a t u r e s  in  t h e  m e l t  surface,  or t h e  
m e l t  f low caused  b y  t h e  w e t t i n g  of  t h e  s i l icon m e l t  to  t he  
qua r t z  crucible .  

Temperature fluctuation and temperature distribution 
in the silicon melt.--The fo l lowing  e x p e r i m e n t  was  
ca r r ied  ou t  to i nves t i ga t e  t h e  re la t ions  b e t w e e n  v i b r a t i o n s  
on  the  m e l t  surface ,  t e m p e r a t u r e  f luc tua t ions  w i t h i n  the  
mel t ,  a n d  t h e  speed  of  m e l t  flow d u e  to  t h e r m a l  convec-  
t ion.  A Pt-Rh(13%) t h e r m o c o u p l e  w i t h  a d i a m e t e r  of 0.5 
m m ,  p r o t e c t e d  b y  a qua r t z  t u b e  of  6 m m  od, was  p l aced  1 
c m  b e n e a t h  t h e  u n s e e d e d  m e l t  sur face  at  t h e  c e n t e r  of t he  
4.5 kg  melt .  The  t e m p e r a t u r e  was  t h e n  m e a s u r e d  at mag-  
ne t ic  f ields f rom 0 to 3700G w i t h o u t  c ruc ib l e  ro ta t ion .  

F i g u r e  3 shows  t h a t  t h e  t e m p e r a t u r e  f luc tua t ions  
w i t h i n  t h e  m e l t  s ta r t  d e c r e a s i n g  at or n e a r  1500G, a n d  
t hey  are m i n i m i z e d  at a b o u t  2000G. No s igni f ican t  
c h a n g e  occurs  in  m a g n e t i c  f ields ove r  2000G. W h e n  t he  

Fig. 2. Silicon melt surface, a(top): The melt vibrates due to 
thermal convection under OG. b(bottom): The melt has a mirror-like 
surface at about 3700G. 
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(gauss) 

Fig. 3. Effect of magnetic field on temperature fluctuations in sili- 
con melt, measured at 10 mm below the melt surface of the crucible 
center, 

magnetic field strength was changed stepwise, some 
spike noises were recorded on the chart, possibly caused 
by the induction current caused by the change in the 
field strength. 

Utech et al. (14) measured the speed of flow in tin 
melts caused by thermal convection. No speed-of-flow 
measurement  has been reported for silicon melt used in 
the CZ method. Two sets of Pt-Rh thermocouples were 
inserted into the 2.5 kg silicon melt, and were respectively 
placed at 10 (point a) and 20 mm (point b) beneath the 
melt  surface with a clearance of about 10 mm from the 
crucible wall. Figure 4 shows the temperature fluctua- 
tions at points a and b at zero magnetic field. As the melt 
flows upward from point b to point a, the temperature at 
point a follows that at point b in the melt after a short pe- 
riod of time. One can calculate the speed of upward flow 
caused by thermal convection by measuring the time 
which has elapsed between X and X' shown in Fig. 4. The 
speed thus calculated was from 3.9 to 5.8 mm/s. When the 
4.5 kg melt  was used, the speed was calculated to be from 
5 to 25 mrrds. In a magnetic field of 2000G, the upward 
flow was too slow to measure. 

To measure the temperature distribution, three sets of 
thermocouples were placed about 20 mm beneath the sur- 
face at points A, B, and C, as is shown in Fig. 5. The tem- 
perature difference between point B and C was 0.5~ at 
0G and 2.5~ at 3700G. This suggests that an increase in 
the magnetic field increases temperature gradients in the 
melt. Witt et aI. (3) have previously reported similar in- 
creases of temperature differences in a magnetic field in 
a InSb melt used in the CZ method. 

Temperature distribution is less of a problem than tem- 
perature fluctuations caused by thermal convection, be- 
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Fig. 5. Temperature distribution in a 4.5 kg silicon melt at 20 mm 
below the melt surface. Crucible size is 200 mm diam, the silicon melt 
is 70 mm deep. 

cause temperature distribution can be made more even 
by rotating the crystal and crucible in the CZ and MCZ 
method. 

Growth striations and dopant concentrations.--Figure 6 
shows the smooth surface of the crystals obtained by the 
present method. 

Figure 7 shows a photograph of growth striations in a 
crystal cut along the growth axis, together with a graph of 

~ !  i : !  ::1 l O m m ' - i : : :  i : i : [  I: i: i ! i  

Fig. 6. MCZ silicon crystals with a diameter of 10 cm and a length 
of 100 cm grown in a transverse magnetic field of 3500G. 

Fig. 4. Temperature fluctuations in 2.5 kg silicon melt measured at 
10 mm (a) and 20 mm (b) below the melt surface at 10 mm from the 
crucible wall. Crucible is 200 mm diam. The speed of upward flow 
due to thermal convection was calculated by subtracting pen offset 
from the distance between X and X'. The recording direction is from 
right to left. 

Fig. 7. Dopant concentration and growth striations in a crystal cut 
along a growth axis. Note that the magnet on region shows a uniform 
dopant distribution. 
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t he  c o r r e s p o n d i n g  p h o s p h o r u s  d o p a n t  c o n c e n t r a t i o n s  
m e a s u r e d  at  10 ~ m  s teps  u s i n g  t he  s p r e a d i n g  r e s i s t a n c e  
m e t h o d .  This  crystal ,  w h i c h  ha s  a d i a m e t e r  of 7.6 cm,  was 
pu l l ed  in to  an  o r i e n t a t i o n  <111>  w i t h o u t  seed  ro t a t i on  at  
a g r o w t h  ra te  of  1.1 m m / m i n .  I r r egu la r  g r o w t h  s t r i a t ions  
a n d  an  i r r egu la r  p h o s p h o r u s  c o n c e n t r a t i o n  were  o b s e r v e d  
in  t he  area  g r o w n  w i t h o u t  a m a g n e t i c  field. In  t he  area  
g r o w n  in  t he  m a g n e t i c  field of  3700G, g r o w t h  s t r i a t ions  
were  a b s e n t  a n d  p h o s p h o r u s  c o n c e n t r a t i o n  d i s t r i b u t i o n  
was  u n i f o r m  a n d  a b o u t  33% grea te r  t h a n  in  t he  area  
g r o w n  w i t h o u t  m a g n e t i c  field. W h e n  a c rys ta l  was  pu l l ed  
w i th  seed  ro ta t ion ,  g r o w t h  s t r i a t ions  w i t h  a r egu la r  inter-  
val  were  o b s e r v e d  in t h e  c rys ta l  g r o w n  in  a m a g n e t i c  
field, a n d  c o m p l i c a t e d  g r o w t h  s t r i a t ion  p a t t e r n s  were  ob- 
s e r v e d  in t he  c rys ta l  g r o w n  w i t h o u t  a m a g n e t i c  field. 
Crys ta l s  g r o w n  w i t h  seed  r o t a t i o n  also s h o w e d  inc reases  
in  p h o s p h o r u s  c o n c e n t r a t i o n  of  38.1% at  a seed  ro t a t i on  
ra te  of 1 rpm,  of  7.5% at 10 rpm,  a n d  of 0.13% at  30 rpm.  
S imi l a r  r e su l t s  we re  o b t a i n e d  w i t h  a n t i m o n y - d o p e d  crys- 
tals,  w h i c h  were  g r o w n  w i t h  a n d  w i t h o u t  a m a g n e t i c  
field (5). The  effect  of  m a g n e t i c  fields on  ro ta t iona l  stria- 
t i ons  is n o w  u n d e r  inves t iga t ion .  

The  inc rease  of d o p a n t  c o n c e n t r a t i o n  m a y  b e  a t t r i b u t e d  
to t he  inc rease  of d i f fus ion  b o u n d a r y - l a y e r  t h i c k n e s s  
c a u s e d  b y  t he  s u p p r e s s i o n  of  t u r b u l e n t  c o n v e c t i o n  a n d  
fo rced  c o n v e c t i o n  b y  a m a g n e t i c  field. 

Control of oxygen concentration.--Figure 8 s h o w s  the  
o x y g e n  c o n c e n t r a t i o n  in  a c rys ta l  g r o w n  in  a m a g n e t i c  
field of  0-3500G. The  crystal ,  7.6 cm d i am a n d  30 c m  long,  
was  pu l l ed  at  a ra te  of 0.9 r am/ ra in  f rom t he  4.5 kg  me l t  
in to  a n  <100>  d i r ec t i on  at  a c rys ta l  ro t a t i on  ra te  of 30 r p m  
a n d  a c ruc ib le  ro t a t i on  ra te  of  0.3 rpm.  T he  o x y g e n  con- 
c e n t r a t i o n  g radua l ly  dec rea se s  as the  m a g n e t i c  field in- 
c reases  to a b o u t  1500G, at  w h i c h  p o i n t  i t  levels  off  and  
t h e r m a l  c o n v e c t i o n  a l m o s t  d i sappears .  Th i s  sugges t s  t h a t  

] 
E 

v 

0= 

_.= 

10 le 

2 

1017 
0 

: :CZ 
o o MCZ (3500 gauss) 

magnet 
- - o n  ,] 0ff-~-0n-- 

~ 20rpm 

0.75-2.5 rpm 

0.1 rpm 

/ crucible rotation 

I I q I 

20 40 60 80 100 

Fraction solidified ( % )  

Fig. 9. Oxygen concentration along the growth direction. The oxy- 
gen concentration can be controlled by setting the crucible rotation 
rate in a magnetic field. Note the variation in oxygen concentration in 
the crystal grown at rotation rate of 20 rpm. 

10 is 

e--  

z.,.. 

e,..- 

e-- 

r .3  

>,(  

r 
v 

o \ 
o 

3 inch diameter 
(Center of the wafer) 

O ~  0 0 ~ 0 ~  0 

1017 q t I I 
0 1000 2000 3000  4000  

Magnetic f ield (gauss) 
Fig. 8. Typical oxygen concentration in silicon crystal grown at 

various magnetic fields. Oxygen concentration does not depend on the 
magnitude of the magnetic field over 2000G at which point the 
thermal convection in the silicon melt almost disappears. 

t h e r m a l  c o n v e c t i o n  p lays  a n  i m p o r t a n t  role in  t he  incor-  
p o r a t i o n  of  o x y g e n  a t o m s  in to  the  g rowing  crystals .  

F i g u r e  9 shows  t he  o x y g e n  c o n c e n t r a t i o n  in  t he  g r o w t h  
d i r ec t i on  of crys ta ls  g r o w n  w i t h  va r ious  c ruc ib l e  ro t a t i on  
rates .  W h e n  a crys ta l  is g r o w n  at  a c o n s t a n t  rate,  t h e  oxy- 
gen  c o n c e n t r a t i o n  d e c r e a s e s  f rom top  to bo t t om.  W h e n  a 
m a g n e t i c  field is app l i ed  to the  melt ,  t h e  level  of  o x y g e n  
c o n c e n t r a t i o n  s t rong ly  d e p e n d s  on  the  c ruc ib l e - ro t a t i on  
rate,  t he  o x y g e n  c o n c e n t r a t i o n  d e c r e a s i n g  as t he  ra te  de- 
creases .  A t  a h i g h  c ruc ib l e - ro t a t i on  ra te  of 20 rpm,  t h e  ox- 
ygen  c o n c e n t r a t i o n  in  a c rys ta l  was  f o u n d  to i nc rease  to 
1.2 x 10 TM c m  -.~, wh i l e  i t  r e m a i n e d  at 7.8 • 10 '7 cm -:~ wi th-  
ou t  a m a g n e t i c  field. 

We h a v e  r e p o r t e d  t h a t  o x y g e n  c o n c e n t r a t i o n  dec rea se s  
as t he  d i s t ance  b e t w e e n  t he  crys ta l  p e r i p h e r y  a n d  cruci-  
b le  wal l  i nc reases  in  a m a g n e t i c  field (5). The  l o w e s t  oxy- 
gen  c o n c e n t r a t i o n  we o b t a i n e d  was  5 x 10 TM c m  -:~ w i t h  a 
d i s t ance  b e t w e e n  t he  c rys ta l  p e r i p h e r y  a n d  c ruc ib l e  wal l  
of 69 m m  w i t h  no  c ruc ib l e  or c rys ta l  r o t a t i on  a t  3500G. 

F i g u r e  10 shows  va r i a t i ons  in  o x y g e n  c o n c e n t r a t i o n  
a long  t he  rad ia l  d i r ec t ion  in  c rys ta l  g r o w n  b y  CZ a n d  
MCZ w i t h  c rys ta l - ro ta t ion  ra te  as a p a r a m e t e r .  Crysta ls  
w i t h  a d i a m e t e r  of  7.6 c m  were  pu l l ed  at  a g r o w t h  ra te  of 
1.0 m m / m i n  f rom c ruc ib l e s  w i th  a d i a m e t e r  of 19 cm.  I t  is 
e v i d e n t  t h a t  t he  m a g n e t i c  field does  no t  d e g r a d e  radia l  
u n i f o r m i t y  in c rys ta l s  g r o w n  at  a h i g h  ro t a t i on  ra te  of 30 
rpm.  Crys ta l  ro ta t ion ,  w i t h  or w i t h o u t  m a g n e t i c  field, im- 
p r o v e s  the  rad ia l  u n i f o r m i t y  of  o x y g e n  as wel l  as d o p a n t  
i m p u r i t y  concen t r a t i on .  Wi th  t he  CZ m e t h o d ,  t he  crystal-  
r o t a t i o n  ra te  is c lose ly  r e l a t ed  to the  o x y g e n  concen t r a -  
t ion;  t h a t  is, a h i g h  ro t a t i on  ra te  gives a h i g h  o x y g e n  con- 
cen t ra t ion ,  even  at  a low c ruc ib l e  ro t a t i on  rate.  Wi th  the  
MCZ m e t h o d ,  howeve r ,  t he  o x y g e n  c o n c e n t r a t i o n  is k e p t  
low e v e n  at  h i g h  c rys ta l - ro ta t ion  rates ,  a n d  it c an  be  effec- 
t ive ly  con t ro l l ed  b y  a d j u s t i n g  the  c ruc ib l e  ro t a t i on  rate.  
In  th i s  way,  c rys ta ls  w i th  a good  u n i f o r m i t y  in  t he  radia l  
d i r ec t ion  can  b e  easi ly  o b t a i n e d  in a wide  r a n g e  of o x y g e n  
concen t r a t i on .  

Crystal defects and lifetime.--We i n v e s t i g a t e d  t he  effect  
of o x y g e n  c o n c e n t r a t i o n  on  s t a c k i n g  faul t  dens i t y  w i t h i n  
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grown with and without a magnetic field. MCZ used o field strength 
of 3500G. 

a b u l k  crys ta l  a n d  on  g e n e r a t i o n  l i fe t ime.  S a m p l e s  were  
cu t  f rom the  c e n t e r  of  b o r o n - d o p e d  <100>  crys ta l s  w i t h  a 
res i s t iv i ty  of  10-15 t2-cm a n d  a n  o x y g e n  c o n c e n t r a t i o n  in 
t h e  r a n g e  of  1 • 10 ~ c m  -'~ to  1 • 10 TM c m  -3. One  s a m p l e  
w i t h  a n  o x y g e n  c o n c e n t r a t i o n  of  1 x 10 TM c m  -'.~ was  pre- 
p a r e d  b y  t he  CZ m e t h o d ,  a n d  a n o t h e r  was  b y  t he  MCZ 
m e t h o d .  

F i g u r e  11 shows  t he  s t ack ing  faul t  d e n s i t y  a n d  t h e  gen-  
e r a t i on  l i fe t ime  o b t a i n e d  b y  t he  MOS C-t m e t h o d  af ter  
s a m p l e s  were  a n n e a l e d  at  l l00~ in  dry  o x y g e n  for 36h. 
T h e  g e n e r a t i o n  l i f e t ime  is i nve r se ly  p r o p o r t i o n a l  to t he  
s t a c k i n g  fau l t  d e n s i t y  a n d  to t he  o x y g e n  c o n c e n t r a t i o n .  A 
r e m a r k a b l e  c h a n g e  occu r s  nea r  a n  o x y g e n  c o n c e n t r a t i o n  
of  5 x 10 ~ cm-=L 

T a b l e  I s u m m a r i z e s  t h e  g e n e r a t i o n  l i f e t ime  af te r  annea l -  
ing  at  1100~ in  d ry  oxygen ,  u s i n g  s a m p l e s  w i t h  a n  oxy- 
g e n  c o n c e n t r a t i o n  in  t h e  r a n g e  of 3.4-9.2 • 10 '~ cm-:L Ten  
t e s t  M O S  capac i to r s  were  m a d e  f rom each  sample .  As t he  
t a b l e  shows ,  t he  g e n e r a t i o n  l i fe t ime  dec rea se s  as t h e  an- 
nea l i ng  t i m e  increases .  T he  ra te  of  dec rea se  in  t he  genera-  
t i on  l i f e t ime  is r e l a t ed  to t he  o x y g e n  concen t r a t i on .  

High resistivity silicon crystals .--Undoped <100>  sili- 
con  c rys ta l s  were  g r o w n  u s i n g  a n  n - type  po lyc rys t a l l i ne  
s i l i con  c h a r g e  of  r es i s t iv i ty  of 1000 ~ - c m  or m o r e  pro- 
d u c e d  by  H igh  S i l i con  C o m p a n y ,  L imi t ed ,  a n d  a qua r t z  
c ruc ib l e  of  T o s h i b a  Ce ramics  C o m p a n y ,  L imi t ed ,  con- 
t a i n i n g  a b o r o n  c o n t e n t  of  10 p p b  or less. P u l l i n g  condi-  
t ions  were  at  a c rys ta l  r o t a t i on  of  10 rpm,  a c ruc ib l e  rota-  
t i on  of 0.1 rpm,  a n d  at 3500G. n -Type  c rys ta l s  w i t h  a 
res i s t iv i ty  of  u p  to 5000 t2-cm a n d  an  o x y g e n  concen t r a -  
t i on  of  1.5 • 10 '~ c m  -:~ w e r e  ob ta ined .  P h o t o l u m i n e s c e n c e  
m e a s u r e m e n t s  s h o w e d  t h a t  t h e s e  c rys ta l s  c o n t a i n e d  
p h o s p h o r u s  of 7.6 • 10 '~ c m  -:~ a n d  b o r o n  of 3.9 • 10 '~ 

Table I. Generation lifetime after annealing at 1100~ 
in dry oxygen. MCZ-T and MCZ-B indicate 

the top and bottom of the crystal, respectively 

Sample 

Oxygen Generation lifetime (t~s) 
concentration 

(10 '~ cm -:~) As grown lh  16h 

CZ 
MCZ-T 
MCZ-B 

8 .2-9 .2  1650-1700 450-580 175-310 
3.4-3.9 1240-1400 1060-1260 680-870 
5 .2-5 .5  1160-1450 960-1200 820-1000 
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Fig. 1 1. The effect of oxygen concentration on stackin 9 fault den- 
sity onrl on generation lifetime efter heat-treatment. Wright etchont 
was used to reveal the stocking faults. 

c m  -:~, t he  f o r m e r  m a i n l y  c o m i n g  f rom the  po lyc rys t a l  a n d  
t he  la t te r  f rom the  qua r t z  crucible .  

As t he  s u p p r e s s i o n  of  t h e r m a l  c o n v e c t i o n  b y  a mag-  
ne t ic  field r e d u c e s  t h e  q u a n t i t y  of  o x y g e n  a n d  b o r o n  
f rom the  quar tz  c ruc ib le ,  t he  MCZ m e t h o d  c a n  p rov ide  
h i g h  res i s t iv i ty  s i l icon c rys ta l s  w i t h  a low o x y g e n  concen-  
t ra t ion ,  l ead ing  to low t h e r m a l  d o n o r  gene ra t ion .  

F i g u r e  12 s h o w s  res i s t iv i ty  d i s t r i b u t i o n  in  t he  p e r i p h e r y  
of  CZ a n d  f loa t ing  zone  (FZ) p h o s p h o r u s - d o p e d  wafers  
w i th  a res i s t iv i ty  of a b o u t  80 t2-cm. Res i s t iv i ty  was  mea-  
s u r e d  in  10/~m s teps  b y  t he  s p r e a d n g  r e s i s t a n c e  m e t h o d .  
Res i s t iv i ty  w i t h i n  t he  m e a s u r e d  r ange  va r i ed  2.6% for a 
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Fig. 12. Micro distribution of resistivity in MCZ and FZ wafers, 
measured at in 10/~m steps using the spreading resistance method. 
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MCZ wafer  and  19.2% for a n  F Z  wafer ,  p r e s u m a b l y  be- 
cause  t he  t h e r m a l  c o n v e c t i o n  a n d  sur face  t e n s i o n  
g r a d i e n t - i n d u c e d  c o n v e c t i o n  (Marangon i  convec t ion)  
w h i c h  occurs  in  F Z  crys ta l  g r o w t h  can  cause  a f luctua-  
t ion  in  g r o w t h  rates ,  r e s u l t i n g  in  va r i a t ions  in  d o p a n t  con-  
cen t ra t ion .  

Wafer warpage caused by heat cycle.--The degree  of 
w a r p a g e  caused  by  h e a t  cycles  was  f o u n d  to be  r e l a t ed  to 
t he  o x y g e n  c o n c e n t r a t i o n s  in  wafers ,  as is s h o w n  in  Fig. 
13 a n d  14. S a m p l e s  w i t h  a n  o x y g e n  c o n c e n t r a t i o n  of 7.6 x 
10 '7, 2.5 x 10 '7, a n d  less t h a n  1 x 10 TM c m  -:~ were  cu t  f rom 
t h r e e  types  of  <100>  b o r o n - d o p e d  s i l icon crys ta ls  g r o w n  
by  CZ, MCZ, a n d  F Z  m e t h o d s ,  respec t ive ly .  Mirror-  
po l i shed  wafers  of  5.0-5.2 cm d i am a n d  380 t~m t h i c k  were  
used.  Hea t  cycles  b e t w e e n  r o o m  t e m p e r a t u r e  a n d  l l00~ 
were  app l i ed  to t he  wafer ,  k e e p i n g  t he  wafe r s  a t  e ach  
t e m p e r a t u r e  for 30 min .  The  t r a n s i t i o n  t i m e  b e t w e e n  
r o o m  t e m p e r a t u r e  a n d  l l00~ was  6s. F Z  wafe r s  s h o w e d  
the  l a rges t  warpage ,  as is s h o w n  in  Fig. 13. Af ter  t h e  heat-  
cycle  test ,  t he  l a rges t  n u m b e r  of  slip l ines  were  o b s e r v e d  
in  FZ  wafers .  F Z  wafers  c o n t a i n  too low a n  o x y g e n  con- 
c e n t r a t i o n  to cause  SiO2 prec ip i t a t ion ,  w h i c h  can  p r e v e n t  
d i s loca t ions  f rom m o v i n g  a n d  m u l t i p l y i n g  in the  crys ta ls  
d u r i n g  t he  hea t  cycles.  

F i g u r e  14 s h o w s  t he  ef fec t  of p r e a n n e a l i n g  on  warpage .  
The  s a m p l e s  were  p r e a n n e a l e d  at  1050~ for  100h, t h e n  
h e a t  cycled.  At  th i s  poin t ,  CZ wafers  s h o w e d  the  l a rges t  
warpage .  In  the  p r e s e n t  e x p e r i m e n t ,  i t  was  s een  t h a t  oxy- 
g e n  in CZ wafers  c an  eas i ly  p rec ip i t a t e  to fo rm SiO~, be- 
cause  t he  o x y g e n  c o n c e n t r a t i o n  exceeds  t he  so lubi l i ty  
l imi t  of o x y g e n  in  s i l icon at  th i s  p r e a n n e a l i n g  t e m p e r a -  
ture.  

F i g u r e  15 shows  x-ray L a n g  t o p o g r a p h s  of  CZ a n d  MCZ 
wafers  w i th  o x y g e n  c o n c e n t r a t i o n s  of  7.6 x 10 '7 a n d  2 x 
10 '7 c m  -:~, respec t ive ly .  The  wafers  were  t h e r m a l l y  oxi- 
d ized  in  d ry  o x y g e n  at l l00~ for 16h. Dis loca t ions  caused  
b y  p r e c i p i t a t e d  SiO~ were  in  m u c h  e v i d e n c e  in  t h e  CZ wa- 
fer  wh i l e  t h e r e  were  few in  t h e  MCZ wafer .  Dis loca t ions  
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p u n c h e d  ou t  d u e  to p r e c i p i t a t e d  SiO2 h a v e  b e e n  f o u n d  to 
cause  s t ra ins  in  wafers  (15), s u g g e s t i n g  t h a t  a h i g h  dens i ty  
of  p r e c i p i t a t e d  SiO2 can  cause  w a r p i n g  in  s i l icon wafers .  

Application to devices.--A h i g h  sens i t iv i ty  p h o t o d i o d e  
w i t h  a ch ip  size of 3 x 3 m m  was f ab r i ca t ed  by  u s i n g  
n - type  MCZ  a n d  F Z  wafers  w i th  a res i s t iv i ty  of  1000 
~-cm.  T h e  MCZ wafers  h a d  a n  o x y g e n  c o n c e n t r a t i o n  of  
1-1.5 x 10 '7 c m  -3, a n d  t h e  F Z  wafers  less  t h a n  1 x 10 '6 
c m  -3. P h o s p h o r u s  was  d i f fused  in to  t h e  wafers  at  1280~ 

Fig. 15. X-ray Lang topographs of MCZ and CZ wafers after 
heat-treatment. 
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90 

Fig. 16. Defects observed by optical microscopy. The samples were 
decorated with copper after completing the device processes. 

for 155h before  device  fabr icat ion to reduce  the  series re- 
s is tance of  the device,  t hen  one surface was pol i shed  to 
r e m o v e  the  phosphorus  diffusion layer. The  wafers,  after 
be ing  subjec ted  to a course  of  heat - t reatment ,  were  dif- 
fused wi th  copper ,  t hen  pol i shed  to obta in  a mir ror  sur- 
face. Wright  e tch ing  was carr ied out  to observe  the  de- 
fects in the  wafers.  Dis locat ions  and microdefec t s  were  
found  in the  order  of  10 '~ cm --~ in FZ  wafers,  bu t  only 
microdefec t s  were  found  in the  order  of  102 cm -2 or less 
in MCZ wafers,  as is shown in Fig. 16. These  microdefec t s  
may  be  caused by prec ip i ta t ion  of  meta l  coming  f rom the  
furnace  tube,  hea te r  e lements ,  or  carrier  gas dur ing  the  
phosphorus-d i f fus ion  process.  

Dark  currents  were  measu red  at a bias vol tage  of  30V, 
at wh ich  the  dep le t ion  layer  wid th  in the  d iode  was about  
80 t~m. The  dark cur ren t  is lower  and more  concen t ra ted  
in MCZ wafers  than  in FZ  wafers,  as is shown in Fig. 17. 
The  dark current  m a g n i t u d e  and d is t r ibut ion  seem to be  
closely related to the  dens i ty  of  the defects  genera ted  in 
the  wafers  dur ing  the  phosphorus  diffusion process  and 
the  course  of  heat - t rea tment .  

F igure  18 shows the  re la t ionship  b e t w e e n  the  resis t ivi ty  
and the  b reakdown  vol tages  of  planar- type GTO's  fabri- 
ca ted  us ing  phospho rus -doped  <111> MCZ and FZ wa- 
fers. Gold  was diffused into the  wafers to r educe  the  turn- 
off  t ime.  F igure  18 shows tha t  the  devices  p repared  us ing  
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Fig. 17. Dark current of high sensitivity photodiodes fabricated 

using n-type MCZ and FZ wafers with a resistivity of 1000 ~-cm. The 
dark current is lower in MCZ wafers, showing more concentrated 
values than those in FZ wafers. 
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18. Relationship between the resistivity and the breakdown 
voltages of the planar-type GTO's fabricated using n-type < 1 1 1 >  
MCZ and FZ wafers. 

an MCZ wa~er have  more  un i fo rm and h igher  b r eakdown  
vol tages  than  those  p repared  us ing  an FZ wafer.  

Summary 
Turbu len t  convec t ion  wi th in  a si l icon mel t  used  in the  

CZ m e t h o d  is ef fec t ively  suppressed  and t empera tu re  
f luctuat ions in the mel t  are r educed  to 0.1~ or less by 
apply ing  a t ransverse  magne t ic  field over  2000G to the  
melt.  As a result ,  the  crystal  is g rown wi th  h igher  the rmal  
stabil i ty and less con tamina t ion  f rom the  cruc ib le  as com- 
pared  to a crystal  g rown  us ing  the  conven t iona l  CZ 
method .  

Si l icon single crystals p repared  by the  p resen t  m e t h o d  
have  the  fo l lowing advantages .  

1. The  oxygen  concen t ra t ion  wi th in  the  crystal  can eas- 
ily be  control led  wi th in  the  wide  range of 0.5-12 x 10 '7 
e m - 3 .  

2. High  resis t ivi ty crystals wi th  up to 5000 gt-cm can be 
obtained.  

3. Resis t iv i ty  a long the  radius of the  crystals is more  
un i fo rm than  that  of crystals  p roduced  by the  FZ method .  

4. Nonrota t ional  g rowth  striations are few. 
5. The  change  in carr ier  l i fe t ime after hea t - t r ea tment  is 

small. 
6. Oxygen  precip i ta t ion  and defect  genera t ion  are re- 

duced  in crystals wi th  a low oxygen  concentra t ion.  
7. The  degree  of wafer  warpage  after hea t  cycles is 

small.  
8. High  sensi t ivi ty pho tod iodes  and p lanar- type  GTO's  

wi th  ve ry  un i fo rm device  character is t ics  can be obtained.  

These  advantages  indicate  that  this n e w  m e t h o d  pro- 
v ides  sil icon wafers  which  p roduce  devices  of  h igher  pro- 
duc t ion  yield than  the  FZ method.  In addit ion,  this 
m e t h o d  can p rov ide  wafers  which  satisfy the  strict  re- 
qu i r emen t s  for p roduc ing  the  very  h igh  speed  in tegra ted  
circuits  (VHSIC), wh ich  will  be  needed  soon. To realize 
VHSIC,  low t empera tu re  process ing  is r equ i r ed  in order  
to m a k e  possible  the  fine pa t te rn ing  t echn iques .  L o w  
t empera tu re  process ing  requi res  wafers wi th  litt!e precip-  
i ta t ion of oxygen  a toms and the rmal  donor  generat ion.  
Prec ip i ta t ion  notab ly  occurs  at 900~ or lower  and leads 
to defect  generat ion.  The rma l  donor  genera t ion  which  
leads to a change  in res is t ivi ty  in the  wafer  is also a prob- 
l em in low t empera tu re  process ing.  Thus,  a crystal  wi th  a 
prec ise ly  control lable  o x y g e n  concent ra t ion  should  be  
used  as a s tar t ing material .  However ,  it should  be  noted  
that  the  si l icon wafers  wi th  a low oxygen  concen t ra t ion  
do not  conta in  any intr insic  ge t ter ing  reg ion  in the  wafer;  
therefore ,  ext r ins ic  ge t te r ing  t echno logy  is r equ i r ed  for 
the  h igh  t empera tu re  processes  current ly  in use. 
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Photoactive Melt-Grown Group VI Transition Metal 
Dichalcogenides 
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ABSTRACT 

Growth of two-dimensional patches of photosensitive layered transition metal dichalcogenides (MoSe~, WSe~, 
MoTe~) from tellurium melts is reported. The material exhibits a substantially different morphology compared to vapor- 
transported crystals. Single-crystalline hexagons grow together along their edges and can form larger polycrystalline 
films with relatively few surface defects. No rosette-type growth is observed. The first electrochemical solar cells made 
with these materials did not yield conversion efficiencies exceeding 1%. Scanning laser spot analysis on smooth crystals 
reveals deficiencies concerning doping profile, stoichiometry, and impurity content. Better control of the growth pro- 
cess promises the development of high quality thin films. 

The optical and electronic properties of layered Group 
VI transition metal dichalcogenides make these semicon- 
ductors promising candidates for efficient solar energy 
conversion (1, 2). With low energy indirect transitions fol- 
lowed by highly absorptive direct transitions (a ~ 10 '~ 
cm -1) at photon energies around 1.5 eV (WSe~, MoSe~) and 
minority carrier diffusion lengths of about 2 ~m (3, 4), it 
appears possible to convert solar to electrical energy 
efficiently in thin film structures. Investigations in 
semiconductor/liquid junct ion solar cells revealed that, al- 
though exceptional stability against photocorrosion is ob- 
tained with these semiconductors (5), large differences 
and irreproducibilities in photocurrent (i.~c), photovoltage 
(Vow), and fill factor (ff) are observed (6). These differences 
have been attributed to variations in surface morphology 
(7-9) and deviations in stoichiometry (10). In particular, it 
turned out that steps on the surfaces of layered com- 
pounds are deleterious for the solar cell performance and 
that doping profiles can result in p- and n-conducting 
areas on the same crystal. 

Extensive materials preparation work, however, re- 
sulted in the development of a photoelectrochemieal solar 
cell with n-WSe2, which converts solar to electrical energy 
with an efficiency of 10% (11). Such crystals, grown by 
chemical vapor deposition (CVD), have to be selected 
with respect to their surface texture and doping profiles 
since this preparation method lacks reproducibility and 

* Electrochemical Society Active Member. 

uniformity of the crystals. In addition, only relatively 
small polycrystalline material (50 mm -~) is obtained with 
CVD. 

Fig. 1. Scheme explaining the lateral attachment of crystallites on 
the surface of a melt. 
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Fig. 2. X-ray fluorescence spectrum of Te-grown MoSe2 indicating 

impurities of Te, Si, and transition metal. 

Hence, considerable effort has been made to improve 
the performance of samples with a highly textured sur- 
face (11-14). An alternative possibility is given by chang- 
ing the growth process of these semiconductors. Re- 
cently, Te has occasionally been used as melt for the 
growth of semiconducting crystals. Both the synthesis of 
II-VI compounds (15) and of transition metal dichalcogen- 
ides (16) have been successful. Whereas these studies em- 
phasized improved quality and size of crystals, the pres- 
ent work focuses on the possibility of predominantly 
lateral growth at a melt/vapor interface. 

The technical realization of large grain polycrystalline 
thin films of MoSe~ and WSe2 would be highly attractive 

r "  

,= 
r...  

o 
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Distance X/mm 

Fig. 4. Scanning laser spot pattern of an optically smooth region of 
Te-grown MoSe2. Illumination 633 nm with He-Ne laser; spot diam 
- 5 0  /~m. Electrolyte: O.SM K2S04. Electrode potential +0 .4V vs. 

Hg2S04. 

for the development of practicable, alternative solar en- 
ergy converting devices. 

M a t e r i a l  Preparat ion 

Powdered transition metal diselenide is added to dou- 
ble distilled Te (Koch-light no. 8698 h, 5N purity) in a ratio 
of 1:100, respectively. To 10g of this mixture, 100 mg of Se 
(Koch-light no. 8982-60, 5N) are added for better control of 
the desired reaction. The starting material is then encap- 
sulated in a quartz tube (20 mm diam) evacuated and 
heated to 1050~ Subsequent  cooling is done with a gra- 
dient of 4~176 (16). During the cooling process, transi- 
tion metal dichalcogenide crystals begin to nucleate in 
the bulk of the liquid as well as at the melt/vapor inter- 
face. A mechanism involving convection and surface ten- 
sion (see below) appears to facilitate crystallization along 
the Te/vapor interface (Fig. 1), although the density of the 
semiconducting material exceeds the density of the melt. 
After termination of the growth process, the Te melt is 
eliminated by sublimation. 

Fig. 3. Scanning electron micrographs of differently structured re- 
gions of Te-grown MoSe~ layers, a: Comparably smooth, b: Highly tex- 
tured surface. 
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Fig. 5. Photo- and dark current-voltage characteristics of Te-grown 
MoSe~; electrolyte 0.1M H2S04. 
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MoSe2, MoTe2, and WSe2 have been prepared. Crystal- 
lite sizes range from typically 20 tLm up to 6 mm diam 
with a thickness of approximately 0.3 ram. The transition 
metal diselenides obtained with the above described pro- 
cedure had the stoichiometry MeSe2_~Tex (Me = Mo, W) 
with x ~ 0.1. The Te content of the crystals could be re- 
duced by heating the samples in Se atmosphere to 650~ 
The MoSe2 material investigated in this publication still 
showed detectable amounts of Te and some Si (Fig. 2). 

All prepared materials were photoactive; MoSe2 and 
MoTe~ were n-type and WSe2 showed p-type conductivity. 
The semiconductors exhibited photocurrent densities of 
several milliamperes per square centimeter at simulated 
AM 1 conditions. MoSe2 was chosen for investigation be- 
cause of its higher photopotential. It is of interest to note 
that large melt-grown layer-type MoS2 crystal plates are 
found in pegmatitic deposits (17). 

Results and Discussion 
Compared to vapor transport grown and synthesized 

crystals, our samples show strong lateral attachment of 
hexagonal erystallites along their edges. The morphology 
of two differently and quite heavily structured MoSe~ 
samples is displayed in Fig. 3. No rosette-type growth is 
observed, but the crystallites appear to be partially super- 
posed, resulting in the formation of steps. These defects, 
however, do not appear to be predominantly responsible 
for the still moderate photoactivity of the material as 
compared to selected high quality vapor-grown crystals. 
This is evident from scanning laser spot experiments 
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Fig. 7. Photo- and dark current-voltage characteristics of Te-grown 
MoSe,2 under 900 mW/cm 2 illumination in I-/1~ redox solution. 

(Fig. 4) on optically smooth MoSe~ electrodes which show 
pronounced variations in photoresponse across the sur- 
face. This could result from lateral differences in stoichi- 
ometry, impurity concentration, and doping level and has 
also been observed on vapor grown material (10). 

Figure 5 shows current-voltage (i-V) characteristics of a 
structured MoSe.2 electrode in the dark and under simu- 
lated AM 1 illumination. In presence of the I-/I~ redox 
couple energy conversion is possible. As can be seen in 
Fig. 6, a relatively low photocurrent, a fill factor ff of 
-0.25, and a photovoltage of approximately 0.3V is ob- 
tained in a two-electrode solar cell experiment. The rela- 
tively low performance is obviously associated with a 
high density of states within the forbidden energy region 
which mediate electron transfer from iodide to the con- 
duction band in the dark as shown in Fig. 7. In this case, 
higher photocurrents and photovoltages can only be 
reached under intense illumination. These defects could 
arise partly from the impurities found in the material as 
shown in Fig. 2 which could be reduced by better control 
of growth parameters, cleaning procedures, and anneal- 
ing processes. 
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T2 T1 

a) b) c) 
Fig. 8, Schematic representation of possibilities for extraction of transition metal dichalcogenide crystallites from Te melts, a: Filtration. b: Dis- 

tillation (used in this work), c: Draining with subsequent sublimation. 
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Fig. 9. Scheme illustrating surface accumulation of crystals for lat- 
eral growth due to the Marangoni effect. ~: Surface tension. Fx: Re- 
sulting force. AT/~x: Temperature gradient. 

The preparation of large area smooth crystalline thin 
films of transition metal dichalcogenides appears to be 
possible by the described method. Different possibilities 
for separation of the Te from the crystallized phase are 
schematically shown in Fig. 8. A better understanding of 
the physical chemistry of crystal growth by this method 
is essential. It has to be emphasized that the mechanism 
involved is not trivial; the density of the nucleated lay- 
ered crystallites exceeds that of the Te melt. In view of 
the experimental geometry, it appears plausible to as- 
sume a Marangoni type (18) of mechanism (Fig. 9): the 
surface tension which is a critical parameter for nuclea- 
tion does not only depend on the concentration of a mix- 
ture but  also on the temperature. A temperature gradient 
in the surface layer results in a force parallel to the sur- 
face, Fx, whose origin is the difference in surface tension. 
A convection results which transports nucleation centers 
from the bulk of the melt to the surface at the higher tem- 
perature site of the tube with subsequent  transport of the 
slowly growing crystals along the interface. The larger 
crystallites at the sites with higher surface tension do not 
follow the convection path of the melt since the increased 

surface tension probably inhibits their sinking. Further 
studies in well-designed crystal-growth vessels are neces- 
sary to test this hypothesis quantitatively. 
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Thermodynamics of ZrC Equilibrium Condition Calculated for 
Deposition from a CH4-ZrCI,-H  Gaseous Mixture 

M. D u c a r r o i r *  

LabSratoire des Ultra-R~fractaires, Centre National de la Recherche Scientifique, OdeiUo--66120 Font-Romeu, France 

P. Salles and C. Bernard 

Centre d'Information de Thermodynamique Chimique Min~rale, Laboratoire de Thermodynamique et Physico-Chimie 
M~tallurgiques, Domaine Universitaire, 38402 St-Martin-d'H~res, France 

A B S T R A C T  

C h e m i c a l  v a p o r  d e p o s i t i o n  of  t he  n o n s t o i c h i o m e t r i c  z i r c o n i u m  ca rb ide  is c o m p u t e d  b y  m i n i m i z a t i o n  of  t h e  G i b b s  
free e n e r g y  of  t he  sys tem.  Ana ly t i ca l  e x p r e s s i o n s  for  t he  G i b b s  free  e n e r g y  of  f o r m a t i o n  of  Zr~C,_~ f.c.c, sol id a n d  l iqu id  
p h a s e s  are  se t  up,  a n d  t he  d e p o s i t i o n  d i a g r a m  w i t h  " i so s to i ch iome t r i c  c u r v e s "  is p r e s e n t e d  as a f u n c t i o n  of  ZrC14, CH4, 
a n d  H2 p r e s s u r e s  in  t h e  i n p u t  gas  mix tu re .  

Fo r  severa l  years ,  t h e r m o d y n a m i c  c o m p u t a t i o n s  b a s e d  
on  t h e  m i n i m i z a t i o n  of  t he  to ta l  free e n e r g y  of a c o m p l e x  
c h e m i c a l  s y s t e m  i n v o l v i n g  a gas  p h a s e  a n d  severa l  con-  
d e n s e d  spec ies  h a v e  b e e n  d e v e l o p e d  in  o rde r  to  p r ed i c t  
t h e  c o n d i t i o n s  of  depos i t ion .  T h e y  were  e s sen t i a l ly  ap- 
p l ied  to p u r e  sol id p h a s e s  and /o r  s t o i ch i om e t r i c  com- 
p o u n d s  s u c h  as i n t e r m e t a l l i c  ox ides  a n d  ca rb ides .  

In  r e c e n t  years ,  s u c h  a n  a p p r o a c h  ha s  b e e n  e n l a r g e d  in 
o rde r  to  d e t e r m i n e  the  d e p o s i t i o n  c o n d i t i o n s  of  nons to i -  
c h i o m e t r i c  re f rac to ry  sol id so lu t ions  s u c h  as t i t a n i u m  car- 
b ides  or n i t r ides  a n d  t i t a n i u m  ca rbon i t r ides .  

In  o rde r  to o b t a i n  CVD coats  of  ZrC h a v i n g  a well-de- 
f ined  s to i ch iomet ry ,  p r e v i o u s l y  p u b l i s h e d  ac t iv i ty  va lues  
for Zr  we re  fit by  a m o d e l  b a s e d  on  t h e  Red l i ch -Ki s t e r  
fo rmal i sm.  The  va r i a t i on  of  Zr  ac t iv i ty  w i t h  compos i t i on ,  
b a s e d  on  t he  model ,  was  u s e d  to ca lcu la te  t he  o p t i m u m  
c o n d i t i o n s  for p r o d u c i n g  ZrxC,_~ f rom a m i x t u r e  of  CH4, 
ZrC14, a n d  H2. 

T h e r m o d y n a r n , ~  o f  t h e  P h a s e  ZrxC, -x  
Z i r c o n i u m  c a r b i d e  ha s  a n  f.c.c, s t r u c t u r e  w i t h  a large  

h o m o g e n e i t y  r a n g e  d u e  to c a r b o n  v a c a n c i e s  (1, 3-8). Very  
few s tud ies  are c o n c e r n e d  w i t h  t he  t h e r m o d y n a m i c  prop-  
e r t ies  of  Zr~C,_~ over  i ts h o m o g e n e i t y  d o m a i n .  The  on ly  
h i g h  t e m p e r a t u r e  t h e r m o d y n a m i c  da ta  ava i l ab le  are  t he  
m e a s u r e m e n t s  of t he  ac t iv i ty  of  z i r c o n i u m  ove r  t h e  who le  
r a n g e  of  h o m o g e n e i t y  of Zr~C,_~, re fe r red  to l iqu id  zirco- 
n i u m ,  m a d e  by  S t o r m s  a n d  Grif f in  (1) for t e m p e r a t u r e s  
b e t w e e n  1700 and  2000 K. 

T h e s e  va lues ,  r e f e r r ed  to b.c.c. Zr, a l low t h e  ca lcu la t ion  
of  t he  ac t iv i ty  of  c a r b o n  ( re fer red  to g raph i te )  b y  in tegra-  
t ion  of  the  G i b b s - D u h e m  e q u a t i o n  and,  c o n s e q u e n t l y ,  t he  
d e t e r m i n a t i o n  of  the  G i b b s  free  e n e r g y  of  f o r m a t i o n  of 
Zr~C,_~ (f.c.c.) f r om g r a p h i t e  a n d  Zr  (b.c.c.), n a m e l y  

hG~'r162 ~ = Xz~ RT In az~ + XcRT i n  ac 

C g r a p h i t e  
ref. Z r  b.c.c. 

W h e n  u s i n g  t he  Red l i ch -Ki s t e r  f o r m a l i s m  to r e p r e s e n t  
t h e  G i b b s  free e n e r g y  of f o r m a t i o n  of  t h e  f.c.c, sol id  solu- 
t ion  ZrxC~_~, i t  is eas ie r  to  fit t h e  e x p e r i m e n t a l  resu l t s  
w i t h  t h e  e l e m e n t s  r e fe r red  to t he  s ame  s t ruc tu re ,  t h a t  is, 
to c o n s i d e r  t he  r eac t i on  

Zrf ..... + C f  . . . . .  --> Z r C f  . . . . .  

w h o s e  G i b b s  free e n e r g y  is r e l a t ed  to the  f o r m e r  b y  

h G f . c . C , z r x c 1 _  x = A G f . e . C . Z r x C l _  x _ X z r P G z r  f . . . . . . .  Gzrb .c .c . ]  

C fic.c. C graphite _ Xc[OVc f . . . . . . .  Gcgraphite] 
ref. Zrf.c.c.  ref. Zrf.c.c. 

w h e r e  ~ * . . . . . . .  Gz~ b-r162 = - 961.4 + 3762 T (J /mol)  corre-  
s p o n d i n g  to t he  f ree  e n e r g y  (2) of t h e  r eac t i on  Zrb.o.,. --> 

�9 Electrochemical Society Active Member. 

Zrf ..... a n d  ~ r . . . . . . .  Gc "~ap"~te = 138,523 - 14.6 T (J/real)  
c o r r e s p o n d i n g  to t h e  f ree  e n e r g y  (2) of  t he  r eac t i on  C 
g r a p h i t e  ~ C f.c.c. T h e n  t he  G i b b s  e n e r g y  as a f u n c t i o n  of  
t he  c o n c e n t r a t i o n  m a y  b e  e x p r e s s e d  in the  fo l lowing  fo rm 

AGzr~c,_xf ..... (T) = Xzr" Xc[A(T) + B(T)(Xc - Xzr ) 

C f.c.c. 
Ref. Z r  f.c.c. 

+ C(T)(Xc - Xzr) ~] + RT[(Xc in Xc + Xzr In Xz~] [1] 

w h e r e  A(T) = -6 .962 10 ~ + 73.6 • T 
B(T) = 8.561 104 - 12.4 • T 
C(T) = 14.793 10 '~ - 243.3 • T 

in  J / m o l  of ZrxC,_x. 

T = ]900K * * 

Storms  and " " Grlff 
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Fig. 1. Exper imenta l  ( * )  and ca lcu la ted  Zr  act iv i ty  vs. composi t ion a t  
1900 K. * : Storms and Griffin (1). 
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Fig. 2. Experimental (*) and calculated Zr activity vs. composition at 
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Fig. 3. "lsostoichiometric curves" as function of the input gas composi- 
tion: T = 1900 K; P%H4 + P~ + P%~ = 1. 

U s i n g  Eq. [1], t he  ac t iv i ty  of  Zr  can  be  ca l cu la t ed  and  
c o m p a r e d  to the  m e a s u r e d  azr by  S t o r m s  a n d  Grif f in  (1) 
as s h o w n  in Fig. 1 a n d  2, a n d  G i b b s  f ree -energy  va lues  
c a n  b e  d e t e r m i n e d  for  Zro..~Co..~, w h i c h  are  in  good  agree- 
m e n t  w i t h  the  va lues  p u b l i s h e d  in  t he  l i t e ra ture ,  as illus- 
t r a t e d  in  Tab le  I. 

The  m o d e l  can  be  u s e d  to ca lcu la te  a t e n t a t i v e  G i b b s  
e n e r g y  for  the  l i qu id  phase .  A l t h o u g h  th i s  q u a n t i t y  was  
n o t  n e e d e d  in  t h i s  paper ,  i t  m a y  p r ov i de  use fu l  in fo rma-  
t ion  for  o the r  s tudies .  Howeve r ,  i t  c a n n o t  be  u s e d  to cal- 
cu la t e  t he  p h a s e  d i a g r a m  w i t h  a p r ec i s i on  any  g rea te r  
t h a n  is c u r r e n t l y  ava i l ab le  f rom p u b l i s h e d  m e a s u r e m e n t s .  

Af te r  use  of d i f f e ren t  op t i m i za t i on  c o m p u t e r  p rog rams ,  
t h e  fo l lowing  e x p r e s s i o n  was  se lec ted  

AG,zrxc,_x/T~ -- Xz~c[A(T)  + B(T)(Xc - X~r) 

C l iqu id  
ref. Z r  l iqu id  

+ C(T)(Xc - Xz,.) 2] + RT[Xc In Xc + Xzv in  XzJ  [2] 

C V D  Diagram of Z r x C l - x  from a CH4-ZrCI4-H2 Gaseous 
Mix tu re  

T h e r m o d y n a m i c  ca l cu la t ions  b a s e d  on  the  min imiza -  
t ion  of  t he  to ta l  free e n e r g y  of  a c o m p l e x  c h e m i c a l  s y s t e m  
h a v e  b e e n  u s e d  by  o the r s  to d e t e r m i n e  c o n d i t i o n s  for  
c h e m i c a l  v a p o r  d e p o s i t i o n  (10-12). In  t he  p r e s e n t  case,  t he  
c o n d i t i o n s  for  d e p o s i t i o n  of  z i r c o n i u m  ca rb ide  h a v e  b e e n  
ca l cu la t ed  as a f unc t i on  of the  i n p u t  gas  p r e s s u r e s  (P~ 
P~ P~ at  1400 a n d  1900 K, u n d e r  a to ta l  p r e s s u r e  of  1 
a tm.  

P~ 4 

l 
10-1 

w h e r e  A(T) = -3 .46  10 ~ + 30.0 x T 
B(T) = 2.15 104 - 5.5 • T 
C(T) = 9.82 104 - 3.8 x T 

in  J / m o l  of l iqu id  ZrC. 

10-2 

Table I. Comparison between different values of the Gibbs free energy 
for Zro.~Co.5 fcc phase 

~ m p e r a t u r e  (K) 1900 2000 2100 2200 
~ Zro.sC0.5 

ref. Z~ bcc  ~ ~  
graphite J/mol ~ 

From Storms and -92 688 -92 204 -91 725 -91 245 
Gibbs-Duhem 

Polynomial, Eq. [1] -91 329 -90 578 -89 843 -89 106 
JANAF magnetic tape -88 923 -88 401 -87 880 -86 990 

1976 
Hultgren, Ref. (6) -87 232 -86 455 -85 753 -85 602 

i0-3 

10-4 

2.10 -5 I0 -4 !0 -3 10 -2 P~ 4 

Fig. 4. "Isostoichiometric curves" as function of the input gas composi- 
tion: T = 1400 K; P~ + P%,'cl4 + P~ = 1. 



706 J.  E lec t rochem.  Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  M a r c h  1985 

The calculation requires thermodynamic data for all the 
chemical species which may be present: Zr~C,_x solid so- 
lutions, Zr and C, which are considered as pure con- 
densed phases, and the gaseous species Zr, C1, CI~, C1Zr, 
Cl~Zr, C13Zr, C14Zr, CCI4, C2C12, C~CI~, H, H2, HZr, CH, CH2, 
CH:~, CH4, C2H, C~H~, C2H4, C1H, CC1H, CC1H3, CC12H~, 
CC13H, and C2C1H. 

The previously determined relation (1) Gibbs integral 
energy of mixing is used as input thermodynamic data for 
ZrxC,_~. 

The various deposits and their deposition fields as a 
function of input gas composition are presented in Fig. 3 
and 4. Isostoichiometric curves are also reported in the 
deposition domain of the pure Zr~C,_~ solid solution. This 
very large domain is limited by the boundary associated 
with Zr0..~C0.~ on the ZrC + C side and by the boundary as- 
sociated with Zr0.~C0.:~s on the ZrC + Zr side. 

For equilibrium, the deposited phase (ZrC + C, ZrC, 
ZrC + Zr) and the composit ion of the pure solid solution 
may be easily varied by adjusting the input partial pres- 
sure of CH4 for a constant ZrCI4 feed. 

At 1900 K, the field of interest is located in the follow- 
ing range (atm units) 

5 - 10 -3 < P~ < 10 -3 and 6 �9 10 -2 < P~ 4 < 10 -2 
In conclusion, diagrams of this type allow specification 

of the gas composition, leading to the deposition of a zir- 
conium carbide phase of controllable stoichiometry un- 
der equilibrium conditions. Work is in progress to esti- 
mate more precisely the thermodynamic properties of 
this nonstoichiometric monocarbide by use of a sublattice 
model to provide a better fit of the measured activities 
and the phase boundaries. Preliminary results indicate 
that the calculated CVD diagram is not changed greatly. 

Manuscript submitted Feb. 8, 1984; revised manuscript  
received Sept. 18, 1984. 

CNRS assisted in meeting the publication costs o f  this 
article. 
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Experimental Study of Equilibrium Conditions in the Si-H-CI System 
David W. Woodruff* and Rony A. Sanchez-Martinez 
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ABSTRACT 

Thermodynamic studies of the St-H-C1 system are widely available. The results of these studies vary due to differ- 
ences in the number of gas-phase components used and differences in the basic thermodynamic data employed. This 
work describes the first experimental  study to determine the equilibrium St/C1 ratio as a function of C1/H and tempera- 
ture. The experimental  results fall near those which are calculated, though they do not uniquely support any one of the 
theoretical studies. Computational studies make the assumption that the CYH ratio is constant for the silicon CVD reac- 
tion. It is shown in this study that this is not always the case, particularly when there is substantial condensation of 
polychlorosilanes. 

There have been a number of thermodynamic studies 
(1-5) of the Si-H-CI system with specific application to 
the CVD of silicon. The results of such studies vary de- 
pending on which of the possible gas-phase components 
are included in the calculation and on the source of the 
primary thermodynamic data. Herrick and Sanchez-Mar- 
tinez (I), for example, used 18 gas-phase components in 
their calculation; Hunt and Sirtl (2, 3) used 14, and Lever 
(4) used 9. These investigators also used different values 
of the enthalpy of formation for many of the components 
that their studies shared in common. These differences 
manifest themselves not only in the calculated partial 
pressures of the components  at the solid surface, but also 
in the equilibrium St/C1 ratio. Figure 1 shows the depen- 
dence of the St/C1 ratio on the C1/H ratio at 1350 K as cal- 
culated by the three sets of investigators mentioned 
above (1, 2, 4). 

Experimental  verification of these calculations is inad- 
equate. Most comparisons (6-9) are from experiments 
done under conditions not designed to bring the bulk of 
the reactant gases to equil ibrium with solid silicon. This 

*Electrochemical Society Active Member. 

work describes the results of an experiment  specifically 
designed to measure the equilibrium value of the St/C1 ra- 
tio as a function of the C1/H ratio and the temperature at 
atmospheric pressure. 

An important feature of any equilibrium experiment  is 
the assurance of achieving the equilibrium state. One way 
to assure this is to approach the equilibrium St/C1 ratio 
starting with both higher and lower values of the initial 
Si/C] ratio. Accordingly, this work presents results of 
both silicon deposition and silicon etching experiments. 
Another  important assurance that equilibrium has been 
achieved is the independence of the results with reaction 
time. This independence has been demonstrated. 

One of the premises of the thermodynamic calculations 
described above is that the C1/H ratio remains constant 
for the silicon CVD reaction. This premise is based on the 
assumption that solid silicon is the only condensed mate- 
rial to be formed in this reaction thus leaving the amounts 
of C1 and H unchanged. This assumption ignores the for- 
mation of polychlorosilane materials which also condense 
and in doing so change both the Si]C1 and C1/H ratios. The 
extent  to which this reaction can occur has been observed 
experimentally and is presented herein. 
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Fig. 1. Dependence of equilibrium Si/CI on CI/H as calculated by 
three investigators (1, 2, 4) at 1350 K and 1 atm total pressure. 
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Fig. 3. Comparison of experimental data with theoretical data 
(1, 2) at 1250 K and 1 atm total pressure. Recycle time was 15 min. 

Experimental  
The equilibrium experiments  were conducted in a hori- 

zontal hot-wall reactor consisting of a 0.64 cm-id, 
1.22m-long quartz tube supported by an alumina tube in a 
three-zone furnace (see Fig. 2). The furnace hot zone was 
0.61m long. Silicon deposition or etching occurred on the 
inside surface of the quartz tube. Trichlorosilane (TCS) 
and silicon tetrachloride (TET) were introduced from sep- 
arate saturators with hydrogen carrier gas. HC1 and addi- 
tional hydrogen were fed directly from gas cylinders. The 
gases were mixed prior to delivery to the furnace. 

The apparatus had two basic flow modes. The first al- 
lowed straight flow-through of the gases from the mixer 
through the furnace to the scrubber. This mode was used 
both to establish the concentration of reactant gas along 
the entire flow path and to put an initial deposit of sili- 
con on the quartz tube. The second mode allowed recircu- 
lation of the gases through the furnace. The recycle was 
driven by a small, Teflon bellows pump. Gas samples 
were taken in 75 ml stainless-steel gas sampling cylinders, 
which by valving could be either included or excluded 
from the flow path. Gas analysis was performed on a gas 
chromatograph equipped with a gas sampling valve and a 
thermal-conductivity detector. By making multiple injec- 
tions of each sample and averaging the results, the Si/C1 
and CYH ratios were determined to an accuracy of +3%. 

The experiments presented here were accomplished in 
three to five distinct steps. The first step was to estab- 
lish an atmosphere of pure hydrogen in the entire flow 
circuit. This was done by evacuating and refilling, first 
four times with nitrogen, then four times with hydrogen. 
Following this, the system was purged with a constant 
hydrogen flow while the reactant gas flow was estab- 
lished to the scrubber. 

Step two was the establishment of the reactant gases in 
the furnace flow circuit. The reactant flow was switched 
to the furnace line for 60 min, during which the flow was 

Vent 

S c r u b b e r  

Vacuum 

r 

3-Zone Furnace 

I ...... I ..... I ..... I 

I ...... I . . . . .  I . . . . .  

Bel lows Pump 

S a m p l e  Cyl inder  

l e t  ases 

Fig. 2. Schematic diagram of the apparatus 

directed straight through the tube to the scrubber with no 
recycle. This procedure not only established the desired 
concentration in the lines, but also built an initial deposit 
of silicon on the reaction-tube inner wall. 

The equilibration of the reactant gases was the third 
step. The valving was switched so that the bellows pump 
recycled the gases through the sample cylinders to the 
furnace and then back. The recycling was generally done 
for 15 min, though some tests were performed to deter- 
mine the extent of reaction as a function of recycle time. 
15 min was more than adequate to reach equil ibrium un- 
der these conditions. 

Steps four and five were used only for those tests 
where etching was performed. Step four was a hydrogen 
purge to remove the deposition gases followed by a pro- 
cedure similar to step two where the hydrogergHC1 mix- 
ture was introduced to the flow circuit. After the etching 
mixture flowed for 15 min, the valve was switched for 
recycle (step five). Because the etching step was slower 
than deposition, this recycle step was run for 2h, during 
which equilibrium was established. 

Results and Discussion 
The primary result of the experiments described herein 

is the dependence of the equilibrium Si/C1 ratio on the 
temperature and CYH ratio, pressure being constant. Ex- 
periments were conducted at temperatures of 1250, 1350, 
and 1450 K and covered a range of 0.01-0.6 in the C1/H ra- 
tio. The results are presented in Fig. 3-5 along with calcu- 
lated results using the data from Herrick and Sanchez- 
Martinez (1) and from Hunt  and Sirtl (2). The experi- 

CO 

I ~  a a a + x a - 

H / / / /  + x 

, 

T~ L ~ Sanc.hez-Martinez ( I )  
[ / ~ - - H u n t  and ~ i r t l  (2} 

] ~  ~ De posi.t from SiHC1.3 + H2 

. ~ / /  ~ E t c h i n g  w i t h  HCI  + H2 

u? 

.0 0.2 0.4 

C H L O R I N E / H Y D R O G E N  

Fig. 4. Comparison of experimental data with theoretical data 
(1, 2) at 1350 K and 1 atm total pressure. Recycle time was 15 min. 
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6. Timedependenceofexperimentalresultscompared with 
AI I resul tswereat1250Kandlatmtota lpressure .  

menta l  results  fol low closely the general  shape of the 
calculated results. They  do not, however ,  co inc ide  wi th  
one or the other  of the  calculat ions at all condi t ions  
tested.  The resul ts  of  expe r imen t s  at 1250 K coincide  
closely wi th  the ca lcula ted  resul ts  of Ref. (2), whereas  at 
1350 and 1450 K, the  expe r imen ta l  data  fall b e t w e e n  the  
two calculated curves.  

One test  of the  ex ten t  to which  this expe r imen ta l  sys- 
t em reached  equ i l ib r ium is the  compar i son  of results  
f rom both  e tch ing  wi th  HC1 and depos i t ion  f rom a var ie ty  
of  chlorosi lane sources.  The  resul ts  of bo th  1250 and 
1350 K coinc ide  regardless  of  the reactant  gas used  for 
deposi t ion.  The  e tch ing  and depos i t ion  results  also agree 
well. At  1450 K, the  resul ts  f rom deposi t ions  us ing  TCS 
were  s l ight ly di f ferent  f rom deposi t ions  us ing  TET.  Be- 
cause of excess ive  format ion  of polychlorosi lanes ,  etch- 
ing  expe r imen t s  at 1450 K were  not  di rect ly  comparab le  
to the depos i t ion  results.  

Ano the r  test  of the ach i evemen t  of equ i l ib r ium is to 
compare  results  ob ta ined  us ing  a var ie ty  of  recycle  t imes.  
Resul ts  for expe r imen t s  wi th  sufficient  recycle  t imes  
should  all fall on the  same locus of  points.  In Fig. 6, re- 
sults  are shown for recycle  t imes  of 5, 10, 15, and 30 min,  
all of  wh ich  fall on the  same curve. Also shown are  the re- 
sults  of  a test  where  samples  were  t aken  of  the  inlet  gas, 
of  gas which  m a d e  only one pass th rough  the  oven (no 
recycle), and of  the  normal  15 rain recycle  run  (these are 
connec ted  by dashed  lines). These  results  t aken  toge ther  
show that  the  recycle  is necessary  to ach ieve  equ i l ib r ium 
and that  5 min  is suff icient  recycle  t ime to reach equil ib-  
r ium for this par t icular  set of  condit ions.  These  tests were  
repea ted  for each of  the  t empera tu res  of  interest ,  wi th  the 
same results.  

The  compar i son  of  resul ts  be tween  no recyc le  and 15 
m i n  recyc le  also points  out  a major  misconcep t ion  in the  
unde r s t and ing  of  the  si l icon CVD reaction.  Note  that  not  
only does the  St/C1 ratio change  over  the course  of  the re- 
action, bu t  the  C1/H ratio does as well. This  observa t ion  
has neve r  been  repor ted  before,  but  was very  consis tent  
t h roughou t  these  tests. I t  indicates  that  C1 is be ing  re- 
m o v e d  f rom the gas phase  in addi t ion to the silicon. Be- 
cause  the  chlorosi lanes  wou ld  not  condense  at the  tem- 
pera tures  and pressures  p resen t  in this apparatus ,  it is 
conc luded  that  the  change  comes  about  because  of  the  
condensa t ion  of  polychlorosi lanes ,  a family  of  po lymer ic  
c o m p o u n d s  wi th  the  general  formula  (Si-Cl~-H2 x),,. An  
oily subs tance  of this type  was observed  at the  out le t  end 
of  the reactor  tube. This condensa t ion  would  r educe  all 

three of  the a tomic  species  to var ious  degree,  depend ing  
on the  amount s  and degrees  of  chlor inat ion  of  these  mate- 
rials. The  format ion  of  the polychloros i lanes  could  ex- 
plain the  differences seen  in the  resul ts  at 1450 K. It  is ex- 
pec ted  that  d i f ferent  react ion sys tems wou ld  form 
polychlorosi ]anes  to vary ing  degrees,  d e p e n d i n g  on the  
a m o u n t  of  t ime  the  gases are held  at react ion tempera-  
ture. Because  of  this change  in the  CYH ratio, the  resul ts  
are p resen ted  us ing  the  out le t  va lue  of CYH as the  inde- 
penden t  variable,  the  condi t ion  at which  the  gases  come 
to equi l ibr ium.  

Conclusions 
This work  has shown,  for the first t ime, expe r imen ta l  

resul ts  of  the  equ i l ib r ium Si]C1 ratio as a func t ion  of  C1/I-I 
ratio and  of t empera ture .  That  the  results  are t rue  equil ib-  
r i um values  was suppor ted  by the t ime  invar iance  of  the  
resul ts  and by the  co inc idence  of resul ts  f rom var ious  
chlorosi lane depos i t ion  sources  as wel l  as f rom HC1 etch- 
ing exper iments .  E x p e r i m e n t a l  results  also show that  the  
CYH ratio is not  necessar i ly  cons tant  for the  si l icon CVD 
react ion due  to the  condensa t ion  of  polychlorosi lanes .  
The  expe r imen ta l  resul ts  fall near  those  wh ich  are calcu- 
lated, t hough  they  do no t  un ique ly  suppor t  any one  of  the  
theore t ica l  studies.  
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ABSTRACT 

We describe a new hbtwall-C.S.V.T, deposition system, GREG, which is especially suitable for high temperature 
deposition of large grained, high quality layers of II-VI compounds on common substrates. High growth rates and large 
deposited area are among the advantages claimed for this technique, which produced layers of CdTe and CdS with good 
crystalline orientation and large grain size. 

The close-spaced vapor transport (C.S.V.T.) method has 
been utilized as a useful technique for epitaxial deposi~ 
tion of II-VI and III-V compound semiconductors (1-5). 
The advantage of the C.S.V.T. method (it allows deposi- 
tion to be carried out at relatively high substrate tempera- 
tures, with a small temperature gradient between source 
and substrate, thus approaching equil ibrium crystal 
growth conditions) makes the use of this, or improved 
techniques, attractive. 

It is the aim of this report to present details of a dep- 
osition system, GREG (gradient recrystallization and 
growth), which is suitable for the deposition of semicon- 
ductor layers (especially of II-VI compounds, though not 
restricted to them) on a variety of common low cost sub- 
strates such as Pyrex glass slides, metals, and ceramics. 
The main improvement  is the incorporation of a hotwall 
chamber  that surrounds the source and reaches up to the 
substrate, so that the evaporant species is continuously 
surrounded by a high temperature envelope, such that 
the temperature gradient maintained during growth of 
the layer is uniform from source to substrate. The hot 
wall helps to maintain a high partial pressure of the 
condensing species adjacent to the substrate (23). The fol- 
lowing are the salient features of the method. 

1. The hotwall chamber, constructed of conductive 
graphite, maintains the required distance between source 
and substrate. In contrast with the C.S.V.T. method, 
which uses small spacings (0.1-1 ram), we use several 
tenths of a centimeter (0.3-0.8) as a spacing between 
source and substrate. 

2. The surrounding ambient  which is Argon gas at a low 
pressure, from 1 to 0.1 torr, maintains the delicate bal- 
ance between the deposition and evaporation from the 
substrate; at the same time, the low pressure reduces col- 
lision events and decreases loss of incident energy of 
evaporant material by thermalization. 

3. Large grained (30-50tD layers can be obtained rapidly 
with the GREG technique even on glass substrates at 
temperatures between 500 ~ and 600~ The very short dep- 
osition times required to obtain an appreciable thickness 
of the deposit allow Pyrex or other glass substrates to be 
used without much deformation. 

A summary of the advantages claimed for the GREG 
method follows. 

1. Ability to obtain well-oriented (see x-ray data), large 
grained layers (of CdTe, CdS, ZnSe) on low cost, com- 
monly available glass substrates. 

2. Large area of deposition, because of the use of a 
hotwall chamber which surrounds both source and sub- 
strate in a temperature gradient. Layers of 30-40 cm 2 can 
be grown with the existing GREG system. 

3. Rapid growth rates (6-10 tdmin) make the method es- 
pecially suitable for applications requiring thick layers, 
such as for thermoelectric modules, on large area sub- 
strates. 

4. Ease of doping the layers using the GREG cycling 
mode (17) where a very thin film of dopant metal (e.g., A1 
or Ag) is first deposited onto the substrate. By reversing 
the temperature gradient repeatedly, the dopant can be 
incorporated into the layer. 

The GREG system, as suggested by its name, can also 
be used for the gradient recrystallization of previously 
grown films lacking in crystalline structure. The applica- 
tion of a temperature gradient during recrystallization im- 
proves the layer quality, as seen from data in Fig. 3(b). 
Thus the GREG system has two main applications: 
growth of semiconductor layers from suitable sources 
and recrystallization of random or structureless layers of 
films to obtain better layer characteristics. 

On single-crystal CdTe (111) or (100) substrates, good 
quality epitaxial layers were obtained even though the 
growth rate was about 7-8 tLm/min (20). 

The GREG system consists of three graphite blocks 
shown in schematic view in Fig. 1. The lower block (A) is 
termed the source block and the upper one (B) is the sub- 
strate block. The third and important element of this de- 
sign is the hotwall chamber (C). The use of a hotwall 
chamber in high vacuum evaporation has been described 
by Behrndt  and Moreno (8) for ZnTe, by L6pez-Otero (9), 
and by Menezes (10) for CdTe, but has not so far been 
used in C.S.V.T. systems. Thermocouples are provided in 
each of the three blocks to monitor temperatures, which 
are controlled by S.C.R. controllers. 

Although diffusion seems to play an important role in 
the transport mechanism (19), the deep etching, in regular 
planes of the source material (when single-crystal mate- 
rial is used), indicates that thermal etching of the source 
in the presence of argon may also be important. 

Experimental  
The general procedure for deposition of CdTe, CdS, 

and ZnSe using the GREG technique is as follows. 
The substrates were thoroughly cleaned (11) using TCE, 

acetone, and a final rinse in an ultrasonic cleaner with al- 
cohol. The hotwall chamber  was loaded with the sub- 

L,!| .... 7 5  Ur : 
Fig. 1. Schematic of the GREG deposition system. The following la- 

bels refer to components of interest: (A) source block; (B) substrate 
block; (C) hotwoll with chambers for source material; (L.T.1) low ten- 
sion supply for substrate heater; (L.T.2) low tension supply for source 
heater. 
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pressure  of 500-700 mtor r  was obta ined  in the  chamber .  
The  pressure  was mon i to red  by a t he rmocoup l e  v a c u u m  
gauge. 

The  deposi t ion  t empe ra tu r e  was in the  range 400~176 
for the  substrate  b lock  and 470~176 for the  source 
block. S ince  the  substra te  is in in t imate  contac t  wi th  the 
subs t ra te  block, we as sume  only a negl igible  t empera tu re  
di f ference be tween  the  substrate  and the substrate  b lock 
hea te r  whose  t empera tu re  is con t inuous ly  measured .  

Fig. 2. (bottom) Photomicrograph of a CdTe layer deposited at 
600~ on u glass substrate (x 600). (top) Electron micrograph of a 
CdTe layer deposited by the GREG system at 650~ on a glass sub- 
strate (• 3000). 

strates and the source  b lock  wi th  the  evaporan t  (CdTe). 
The chamber  was then  evacua ted  to a pressure  of less 
than  10 -'~ ram. Argon  gas was in t roduced  till a s teady 

f,/) 
Z 
W 
I -  
z 
U.I 

J 

I00 

.75 

.50 

,25 

oi- 

( i l l )  

5n) (422) (531) (400) ('511) (220) 

I I , 
30 2O I0 

2# 

I-" ) -  I00 

W 
I..- _z 
W 

~ ~ a.~ ..'"" 

0 I I I I 1 i 
50  40  30  20 I0 

2e [DEGREES] 

Fig. 3. (top) X-roy diffractometer trace of a CdTe layer deposited 
at 500~ substrate temperature and 625~ source temperature. (bot- 
tom) Recrystallized layer (1.) and original amorphous layer (2). 

Characterization of Layers 
Electron and photomicroscopy.--Figure 2 (bottom) 

shows a pho tomic rog raph  of  a CdTe  layer depos i ted  at 
500~ on a glass substrate .  F igure  2 (top) shows an elec- 
t ron mic rograph  taken  wi th  a s cann ing  e lec t ron  micro- 
scope  of  a GREG-depos i t ed  CdTe  layer wh ich  was depos- 
i ted at 650~ on a glass substrate.  The c lean facets of the 
cubic  CdTe  crystals are clearly seen in the  photograph.  
The  (100) and (111) p lanes  can be clearly d i s t inguished  in 
the  picture.  

X-ray diffraction.---All CdTe layers depos i t ed  by the 
G R E G  m e t h o d  show a cubic  s t ructure  wi th  the  (111) 
p lane  be ing  more  usual ly  the  or iented plane. Most  layers 
showed  highly  or iented crystal  s t ructure  wi th  the  (111) 
p lane  be ing  the pr incipal  p lane  of orientat ion.  F igure  3 
(top) shows a typical  t race taken  on an x-ray diffrac- 
t ome te r  of  a spec imen  of CdTe  depos i ted  by the G R E G  
t echn ique  wi th  75~ gradient .  

Energy of activation.--In Fig. 4, we  have  p lo t ted  the log 
t ranspor t  ratio (mg/cm2-min) against  t empera tu re  of  
source.  The lower  act ivat ion energy (34 K cal/mol) for 
depos i t ion  m a y  be due  to the  geomet ry  of  the  G R E G  sys- 
t em and the  lower  argon ambien t  pressure.  

Thermoelectric power.--Preliminary the rmoelec t r i c  
power  measu remen t s  were  carried out  on some  speci- 
m e n s  of CdTe  depos i ted  by the  G R E G  method.  Us ing  the 
t echn ique  descr ibed  by Arno ldussen  (12), we obta ined 
carr ier  concent ra t ions  of -10~4/cm :3 for u n d o p e d  speci- 
m e n s  of  CdTe  and of  1016-101ycm 3 for a l u m i n u m  and in- 
d i u m  doped  spec imens .  These  values  were  in good agree- 
m e n t  wi th  the  k n o w n  doping  concent ra t ion  of  the  source 
material .  

Electroreflectance.--Electroreflectance spectra taken  
for spec imens  of  CdTe  on conduc t ing  glass substrates  
show the  character is t ic  line shape for CdTe  (13). The  mea- 
su remen t s  confirm the  optical  bandgap  of  the depos i ted  
CdTe  to be 1.45 eV at r o o m  tempera tu re  (14). 
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Photoluminescence.--CdTe layers deposited by the 
GREG method showed strong photoluminescence. The 
photoluminescence spectrum of CdTe on ordinary glass 
showed an interesting structure which is very similar to 
that obtained with single crystals (15). Photothermal de- 
flection spectroscopy was also used, to study the stoichi- 
ometry characteristics of these layers (16). Strong photo- 
luminescence was also obtained with ZnSe and ZnS 
layers produced by the GREG method (21, 22). 

Conclusions 
We have demonstrated an improved hotwall-C.S.V.T. 

growth technique (GREG) which can also be used for gra- 
dient recrystallization of previously grown films. The ad- 
vantages are: the use of commonly available substrates, 
large grain size and lower grain boundary concentration, 
large area, growth conditions approaching equil ibrium as 
compared to high vacuum deposition, fast deposition rate 
without loss of layer quality, and applicability to many 
semiconductor materials. On single-crystal substrates, 
good quality epitaxial layers can be produced at a fast 
growth rate. CdTe layers have been used in experimental 
solar cells in a simple process (18). 

Acknowledgments 
Thanks are specially due to Dr. Richard Bube and Dr. 

A. F. Fahrenbruch for discussion and several useful sug- 
gestions in the course of this work. We also wish to thank 
my colleagues Dr. Feliciano S~nchez Sinencio, Dr. Ciro 
Falcony, Dr. Alfonso Lastras, and Dr. Julio Mendoza. 
Special thanks are due to Mr. Orlando Zelaya Angel, who 
carried out many of the depositions and made measure- 
ments of the thermoelectric power, optical absorption, 
and x-ray diffraction. This work was supported by a grant 
from the CONACYT and NSF (International Programs) 
and by O.A.S. 

Manuscript submitted Jan. 17, 1984; revised manuscript  
received Oct. 31, 1984. 

G R E G  711 

Centro de Investigacion y de Estudios Avanzados del 
IPN assisted in meeting the publication costs of this arti- 
cle. 

REFERENCES 
1. F. H. Nicoll, This Journal, 110, 1165 (1963). 
2. P. H. Robinson, RCA Rev., 24, 574 (1963). 
3. R. F. Lever and F. Jona, J. Appl. Phys., 34, 3189 (1963). 
4. J. Sarie, M. Akiyama, and T. Tanaka, Jpn. J. Appl. 

Phys., 11, 1758 (1972). 
5. A. L. Fahrenbruch, V. Vasilchenkov, F. Buch, K. 

Mitchell, and R. H. Bube, Appl. Phys. Lett., 10, 605 
(1974). 

6. D. de Nobel, Philips Res. Rep., 14, 361 (1959). 
7. J. Mimila-Arroyo, A. Bonazzi, and G. Cohen-Solal, 

Second International Symposium on CdTe, Stras- 
bourg (1978). 

8. M. E. Behrndt  and S. C. Moreno, J. Vac. Sci. Technol., 
8, 494 (1971). 

9. A. LSpez-Otero, Thin Solid Films, 49, 3 (1978). 
10. C. Menezes, This Journal, 127, 159 (1980). 
11. P. Lindquist, Ph.D. Thesis, Stanford University 

(1970). 
12. T. A. Arnoldussen, Ph.D. Thesis, Stanford University 

(1973). 
13. D. E. Aspenes, in "Handbook on Semiconductors," 

T. S. Moss, Editor, p. 109, North Holland, N y  (1980). 
14. See also "Semiconductors and Semimetals," Vol. 13, 

K. Zanio, Editor, Academic Press (1978). 
15. J. G. Mendoza, J. Appl. Phys., 56, 10 (1984). 
16. J. G. Mendoza-Alvarez, B. S. H. Royce, F. S~nchez 

Sinencio, O. Zelaya Angel, C. Menezes, and R. Tri- 
boulet, Thin Solid Films, 102, 259 (1983). 

17. C. Menezes, J. Cryst. Growth, to bepubl ished.  
18. C. Menezes, F. S~nchez-Sinencio, C. V~zquez-LTpez, 

and A. Sosa-Estrada, Solar Energy Materials, To be 
published. 

19. T. C. Anthony, A. L. Fahrenbruch, and R. H. Bube, J. 
Vac. Sci. Technol., To be published. 

20. C. Menezes, J. Cryst. Growth, to be published. 
21. C. Falcony, F. S~nchez-Sinencio, J. S. Helman, O. 

Zelaya, and C. Menezes, J. Appl. Phys., In print. 
22. C. Falcony, F. S~nchez-Sinenclo, O. Zelaya, and C. A. 

Menezes, VIII Interamerican Conference on Materi- 
als Technology, San Juan, Puerto Rico, June (1984). 

23. Private communication. 

Transient Properties of the Luminescence of Eu3. and Tb3÷ in 
Oxysulfide Matrices 
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ABSTRACT 

Transient properties of Eu 3~ emitting levels '~D2, '~D,, and 5D0 in an yttr ium oxysulfide matrix have been studied at 
various activator concentrations and under  different excitation modes. Eu 3~ was excited either to the charge-transfer 
state (CTS) by UV light or selectively to the '~Dj levels by laser. At low Eu 3~ concentrations, the results can be explained 
by a step process, 5D2 --* ~D, --> 5D0; the values calculated from rate equations are in agreement with the measured ones. 
The decrease of the lifetimes of '~D~ and 5D1 with increasing Eu 3+ concentration can be explained by a cross-relaxation 
process between the Eu '~+ ions. The lifetime of '~D0 level decreases linearly with concentration when excited to CTS or 
with cathode rays; with selective excitation, the lifetime of 5D0 is constant. The quenching of 5D0 seems to be more com- 
plex than energy transfer to a sink and is possibly connected to the presence of Eu 3~ ions excited into CTS, or is caused 
by the electronic structure of (YO)~S. In Tb3~-activated oxysulfides, no step process '~D3 -* 5D~ was observed. 
(GdO)2S:Tb 3÷ compounds contained Eu 3~ as an impurity, and an effective energy transfer Tb34(SD4) + Eu3÷(TF0) - .  
Tb3~CF4) + Eu3+(~D0) was noticed. 

The fluorescence-decay studies of luminescent  materi- 
als have been used to determine parameters such as 
energy-transfer rates, as well as radiative and nonradia- 
tive transition probabilities [e.g., Ref. (1), (2)]. On the other 
hand, many applications of inorganic phosphors have 

specific requirements for the lifetime of luminescence. 
For instance, the afterglow of the phosphor cannot be too 
long in cathode-ray tubes. The measurement  of the life- 
time thus belongs to the quality control of commercial 
phosphors. 
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The dependence of intensity on Eu 3. and Tb 3§ concen- 
trations in rare-earth oxysulfides has been extensively 
studied, mainly under cathode-ray excitation (3-7), but 
also under ultraviolet light (4, 8, 9). Different aspects of 
the interaction mechanisms between the host lattice and 
the activator ion, or even between different activator ions, 
have been clarified. The characteristics of the Eu '~§ emis- 
sion vs. temperature in rare-earth oxysulfides have also 
been investigated by Struck et al. (10, 12). These experi- 
ments have shown the importance of the charge-transfer 
state (CTS) in the thermal quenching of Eu 3§ lumines- 
cence. A crystal-field analysis of an Eu ~+ spectrum in 
oxysulfides has been performed by Sovers (13). 

The present study is a continuation of our previous one 
on the lifetimes of Eu 3~ emission lines in an yttrium 
oxysulfide matrix and on the concentration dependence 
of lifetimes (14). In comparison with our previous obser- 
vations under cathode-ray excitation, we present here de- 
tailed measurements under pulsed laser beam excitation. 
Ultraviolet light emitted by the nitrogen laser permits ex- 
citation into the CTS, whereas the use of tunable dye 
laser allows selective excitation into the 5Dj levels of Eu 3.. 
The study of temporal evolution of Eu 3§ emission in these 
different cases thus gives a better insight into the various 
phenomena occurring in the luminescence process which 
is the aim of the present work. The lifetime studies are 
also extended to other activator-matrix combinations 
than (YO)2S:Eu 3§ viz., (GdO)2S:Tb 3.. 

Exper imenta l  
The preparation of the rare-earth oxysulfide samples 

has been described elsewhere (14, 15). The europium and 
terbium concentrations varied between 0.1 and 12 mole 
percent (m/o). The purity of the host oxides was 99.99% 
and that of activators was 99.9%. This means that at 
higher activator concentrations, the trace elements of ac- 
tivator may play a role in the luminescence measure- 
ments. Particularly, Eu, Gd, and Tb can contain each 
other as impurities because they are the successive ele- 
ments in the periodic system. Therefore, in (GdO)2S:Tb 3+ 
(10%), e.g., the europium concentration can be several 
ppm. 

The cathode-ray equipment  has been described earlier 
(14). The photonic excitation was performed either by a 
JOBIN-YVON pulsed nitrogen laser (k = 3370A, corre- 
sponding excitation into the CTS of Eu 3~) or by a JOBIN- 
YVON pulsed dye laser (selective excitation into the 5Dj 
levels of Eu3*). A schematic representation of the equip- 
ment  used is shown in Fig. 1. The pulse duration is about 
8 ns and the repetition rate is 10 Hz. The dye laser is tuna- 

Focus,rig Cryostct I 

(b) 

Fig. 1. Schematic representation of the equipment: (o) cathode-ray 
excitation; (b) pulsed-laser excitation. 

ble within a wavelength range characteristic for the dye; 
its l inewidth is 0.2A at 5800~. 

The luminescence spectra were measured through a 
Jarrel-Ash monochromator  of lm  focal length. The rising 
and decay curves were analyzed in a Boxcar integrator 
(ATNE) connected to a photomultiplier via an amplifier. 
The signal was digitalized and stored in a minicomputer  
(COMMODORE CBM 3032). The intensity fluctuations of 
the laser beam were corrected by the use of a photodiode 
reference. The signal/noise ratio was improved by sum- 
ming over several pulses, generally 10 pulses. 

The determinations of T were made by the computer  ei- 
ther by linear regression of log I(t) for exponential  decays 
or by computing the mean duration T m = fo| 
]o~I(t)dt. The uncertainty is experimentally estimated to 
be 3% for measurements with the same excitation and 
mode of computation. 

Results and Discussion 
Several points have to be specified before discussing 

experimental  results. The positions of the Eu 3+ energy 
levels in oxysulfide and the different notations used in 
the following are presented in Fig. 2. Let us first consider 
the case where ion-ion interactions (here, Eu3~-Eu 3§ are 
not effective, i.e., low europium concentrations. An ex- 
cited level (say, 5D~) may relax radiatively ('~D2 --* 7Fj emis- 
sion) and nonradiatively (~D~ --> ~Dj<~) by a mult iphonon 
process or quench via the CTS (10-12). The emission in- 
tensity I(t) for a given level i is proportional to ni(t), the 
number  of ions excited at t ime t. ni(t) follows the general 
evolution (16) 

ni(t) = ~ Aj ~e tlrj [1] 
J->i 

where i and j refer to given levels within the k-levels sys- 
tem. Aj ~ are determined by the initial conditions and Tj are 
the inverse decay (radiative + nonradiative) probabilities. 
The reverse transitions i --> j are neglected, which in the 
particular case of oxysulfide matrices implies working at 
low temperature to avoid 5D~ --~ CTS -~ '~Dj processes. Al- 
though exact solutions do exist for the equations system 
(1), the relation between the decay function of one given 
level and the various individual probabilities are too com- 
plex to be of physical use when k > 4, and several approx- 
imations are then necessary. Even without searching for 
exact solutions, Eq. [1] shows that decay functions differ 
with the excitation mode. In the case of ultraviolet excita- 
tion of Eu 3. into the CTS (level 5), for example, n,(t) = 
f(P~t, P41, P31, P2~, P,0), whereas under selective excitation, 
n~(t) = f(Pl0) = nl(t0)e -t/~. 
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Fig. 2. Schematic representation of Eu 3~ levels from Ref. ( 11 ) and no- 
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In the low concentration limit, the so-called rate equa- 
tions may apply. The simple case of a three-level system 
is treated in the Appendix  with reference to the Eu ~* 5D, (i 
= 2), 5D 0 (i = 1), and 7F~ (i = 0) levels. It is shown that the 
consideration of the "mean duration of luminescence" 

T m = fo%I(t)dt/]o=I(t)dt [2] 

permits one to discuss in a simple quantitative way the 
validity of rate equations in a given experimental  case. 
The final equations ([A-8], [A-9]) can be verified only by 
using selective excitation. T2 and T, are the ~D, and ~D0 
lifetimes measured successively under the 5D, and 5D0 ex- 
citations. (Tm's are equal to 1/e lifetimes.) T~, is the mean 
5D0 duration under 5D~ excitation. 

Equation [A-8] applies for any given three-level system, 
provided that the appropriate T's are known. For in- 
stance, in the case of 5D2 (i = 3) and 5D, (i = 2) levels, T2m = 
T2 + T3 where T2 and T3 are determined under selective ex- 
citation of  5D~ and 5D2, respectively; T2~ refers to 5D, emis- 
sion under  5D~ excitation. 

When the activator concentration increases, ion-ion in- 
teractions become more effective and the equations 
above are no longer valid. Eu3*-Eu 3* interaction causes ZD~ 
and ~D~ emission quenching by cross-relaxation processes 
like (17) 

Eu~+(~D~) + Eu3*(~F~) -~ Eu~*(~D~) + Eu~*(~F~) 
Eu~+(~D,) + Eu~+(TF0) -~ Eua*pD0) + Eu~+(~F0 

The emptying of upper levels causes the feeding of lower 
levels, and the overall effect is that P2, and P~e, which in- 
clude Eu-Eu energy-transfer probabilities, increase with 
concentration. In this case, as explicitly formulated by 
Inokuti  and Hirayama (18), the decay function of donor 
luminescence is not exponential  and 

n~(t) ~ exp l-t/To - F(1 - 30)(c/c*)(tlTo) ~~ [3] 

where To is the (i = 2) radiative lifetime at low. concentra- 
tion, F a function of argument unity, c the dopant ion con- 
centration, and c* the critical activator concentration. 0 
defines the index of multipolar interaction. Experimental  
determination of O has been made for numerous rare- 
earth-doped systems [see, e.g., Res (19) and references 
therein]. 

The above formulation (Eq. [3]) is still an approxima- 
tion because the diffusion between identical levels with- 
out energy degradation has not been considered. When 
the diffusion of energy is very effective, the donor ion sys- 
tem (Eu ~+ excited on ~D, level, for instance) exhibits a 
simple exponential  decay and rate equations analogous to 
Eq. [A-2] and [A-3] apply. The intermediate case of diffu- 
sion-limited relaxation has been evidenced, for example, 
by Weber for Eu"§ ~§ doped samples (20). 

The recent investigations, where emission from se- 
lected activator pairs has been monitored, give new infor- 
mation from ion-ion energy transfer (21-24). There are, 
however, many problems when these results are applied 
to the real samples. 

Europium-ac t iva ted  y t t r i u m  oxysulf ide (Y~_~Eu~O)~. 
~ F i g u r e  3 shows the concentration dependence of the 
lifetime of excited 5D~ and '~D, levels of Eu 3§ in (YO)~S, ex- 
cited with two different  modes into the CTS of Eu 3. 
(3370,~). The shapes of the curves are similar in both exci- 
tation modes, but  the lifetime values depend on the exci- 
tation mode. The lifetimes measured with UV excitation 
are shorter in the cases of'~D~ and ~D.~ than those obtained 
by cathode ray excitation. Ozawa (3, 5) has given evidence 
that relaxation mechanisms are different when exciting 
luminescence by cathode ray or by photons (into CTS or 
'~D levels), which may explain the differences in T~. More- 
over, the pulse duration of electron beam (~1 ms) is much 
longer than the laser pulse, so the initial conditions for 
Eq. [A-3] should be modified (N, ~ ~ 0); this leads to a dif- 
ferent expression for n,(t). 

The lifetime (T~) vs. Eu :~§ concentration curves are 
nearly exponentially decreasing in the ~D, and ~D~ cases. 
When the europium concentration is increased from 0.1 to 
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Fig. 3. Comparison of the lifetime vs. Eu 3+ concentration curves of 5D; 

and ~D2 levels when excited by both cathode rays and nitrogen laser (X = 
3370~) at 300 K. 

6%, the lifetimes are decreased from 180 and 110/~s to 50 
/~s and from 130 and 120/~s to 40 and 20 ~s for 5D, and ~D~ 
cases with both cathode ray and UV excitation, respec- 
tively. With higher europium concentrations, the intensity 
of these levels is so low that the lifetime measurements 
were impossible. 

In our previous work (14), we reported the linear decay 
of Tm(SD0) vs. Eu 3§ concentration in the range 2-10% Eu3% 
However, the experimental  determination of T~, according 
to Eq. [2] has proven to be a simple and more precise 
method for t he  determination of activator concentrations. 
Figure 4 shows the evolution of Tm('~D0) at 300 K vs.  con- 
centration for cathode ray, UV, and dye laser selective ex- 
citations. Most striking is that under direct selective exci- 
tation, Tm('~D0) remains almost constant in the range 0.5% 
-< x - 10% (%, = 470 -+ 20 /~s) and suddenly falls at x = 
12% (Tm = 400/~s). The observed discrepancies will be dis- 
cussed in the following. 

(~s) 

50C 

. . . .  5 o  0 s e , . . v  

pulsed nitrogen 

excitation 
I i I I I I I I~ 
1 2 4 6 8 10 12 

Eu 3. (rnol-%) 
Fig. 4. The effect of excitation mode on the lifetime vs. concentration 

curves of '~D o of Eu :r at 300  K: Cathode-ray excitation; pulsed nitrogen- 
laser excitation into the CTS level (3370A); selective laser excitation 
into the 5D o level (5832~). 
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We h a v e  i n v e s t i g a t e d  in  deta i l  t h e  e m i s s i o n  p r o p e r t i e s  
a t  re la t ive ly  low d o p a n t  c o n c e n t r a t i o n s  (x = 0.005). Be- 
cause  t he  p h o s p h o r  cha rac t e r i s t i c s  are  c h a n g e d  w i t h  t em-  
p e r a t u r e  (10), t he  s a m p l e  is i m m e r s e d  in  l iqu id  n i t r o g e n  
a n d  t h e n  ha s  a c o n s t a n t  t e m p e r a t u r e  of 77 K, T h e  m a i n  
o b s e r v a t i o n s  are t he  fol lowing.  

P rac t i ca l ly  no  d i f f e rences  were  o b s e r v e d  in  t h e  r ise  a n d  
decay  c u r v e s  w h e n  E u  3§ was  exc i t ed  in to  CTS (3370]~) or 
5D= (4767~), a n d  '~D2_0 e m i s s i o n  was  m o n i t o r e d .  A c c o r d i n g  
to S t r u c k  a n d  F o n g e r  (10-12), a t  th i s  c o m p o s i t i o n  a n d  tem-  
pe ra tu re ,  CTS e x c i t a t i o n  feeds  i n s t a n t a n e o u s l y  t h e  '~D= 
a n d  ~D, levels  b y  p a s s i n g  ~D:~ a n d  h i g h e r  levels.  Th i s  is in  
a g r e e m e n t  w i t h  t he  o b s e r v a t i o n  of t he  s a m e  t r a n s i e n t  
cha rac t e r i s t i c s  for  b o t h  exc i ta t ions .  Se lec t ive  exc i t a t i on  
in to  ~D~ level  (~, = 4130~) (13) at  77 K h a s  p r o v e n  to be  im- 
poss ib le .  I n s t e a d  we o b s e r v e d  the  s a m e  w e a k  f luores-  
cence  s ignal  w h e n  t u n i n g  t he  laser  b e t w e e n  4100 a n d  
4150~. On  t he  o the r  h a n d ,  E u  =+ is se lec t ively  exc i t ed  w i t h  
k = 3970~ c o r r e s p o n d i n g  to a n  u p p e r  4f s ta te  o b s e r v e d  
b u t  u n i d e n t i f i e d  (11). This  exc i t a t i on  m o d e  leads  to t he  
s a m e  cha rac te r i s t i c s  as d id  U V  a n d  ~D2 exc i ta t ion .  The  
levels  s i t ua t ed  a b o v e  ~D2 h a v e  decay  t i m e s  too sho r t  to 
i n f l uence  t he  l i fe t imes  of t he  lower  ly ing  levels .  

U n d e r  d i rec t  se lec t ive  exc i ta t ion ,  t he  decay  c u r v e s  of  
~D~, ~D,, a n d  ~D~ levels  are e x p o n e n t i a l  w i t h i n  ou r  exper i -  
m e n t a l  p rec i s ion .  T he  va lues  are  r e p o r t e d  in  Tab le  I. B y  
exc i t i ng  ~D, (i = 2) a n d  m o n i t o r i n g  t he  evo lu t i on  of  ~D0 (i 
= 1) f l uo rescence  w i t h  t ime,  we m a y  d i scuss  t he  appl ica-  
b i l i ty  of  Eq.  [A-8]. T he  cu rve  is p r e s e n t e d  in  Fig. 5 a n d  
c lear ly  s h o w s  a de l ayed  b u i l d u p  w h e n  c o m p a r e d  w i t h  di- 
r ec t  exc i ta t ion .  Th e  n u m e r i c a l  va lues  are T, = 1/P~o = 458 
t~s, T.~ = 1/(P~, + P~0) = 160/~s, a n d  Tm(calc.) = 618/~s in- 
s t ead  of e x p e r i m e n t a l  553 -+ 17/~s. In  t he  s a m e  way,  we  
m a y  s t u d y  t he  va lues  T of  ~D= (i = 3) a n d  ~D~ (i = 2) u n d e r  
r e s p e c t i v e  d i rec t  exc i t a t i ons  as 1/(P~2 + P~, + P~o) = 151/~s 
a n d  1/(P~, + P~0) = 160 /~s g iv ing  T~(calc.)  = 311 /~s. The  
c o r r e s p o n d i n g  e x p e r i m e n t a l  v a l u e  is 263/~s. 

T h e  m a x i m u m  ~D, i n t e n s i t y  is r e a c h e d  e x p e r i m e n t a l l y  
at  h t  = 200/~s, a n d  b y  a p p l y i n g  Eq. [A-4], t he  m a x i m u m  is 
at  ht(calc.)  = %T,/% - T, in  T,/T_~ = 258/~s. The  m e a s u r e d  
va lues  are  t h e n  10%-20% lower  t h a n  t he  t heo re t i ca l  ones.  
The  d i f f e rence  is a p p r e c i a b l y  g rea te r  t h a n  our  e x p e r i m e n -  
ta l  unce r t a in ty .  Neve r the l e s s ,  t he  gene ra l  t r e n d  is t h a t  
succes s ive  ~D2 --> 5D, ---> ~D0 cascade  p roces s  is ef fec t ive  at  
a E u  =~ c o n c e n t r a t i o n  of  0.5% a n d  t h a t  t he  o rde r  of  magn i -  
t u d e  of  t h e s e  m e a s u r e d  m e a n  l i fe t imes  jus t i f ies  t he  u se  of  
so-cal led ra te  e q u a t i o n s  at  th i s  E u  3§ c o n c e n t r a t i o n  (and  of 
cou r se  at  smal le r  concen t ra t ions ) .  T he  pos s ib l e  r easons  
for  t h e  o b s e r v e d  d i s c r e p a n c i e s  wil l  b e  d i s c u s s e d  in  t he  
fol lowing.  On  t h e  con t ra ry ,  a t  h i g h e r  c o n c e n t r a t i o n s  (6% 
Eu3~), Eq.  [A-8] gives T,m(calc.) = 595/~s i n s t ead  of  t he  495 
/~s o b t a i n e d  expe r i m en t a l l y .  Fo r  th i s  c o n c e n t r a t i o n ,  t he  
o b s e r v e d  T,m are  equa l  for  a n y  exc i t a t ion  mode ,  a l t h o u g h  
u p p e r  levels  h a v e  a non -neg l ig ib l e  decay  t i m e  (100/~s for 

Table I. Measured lifetimes (/~s) for (Y~_~Eu~,O)2S samples at 77 K. (a) 
Direct selective excitation (T e = Tin); (b) indirect excitation (Tin). 

Excitation level 
CTS ~D2 5D~ ~Do 

Emission x (%) (3370~) (4690~) (5290~) (5830~) 

(a)o 
4767A 0.5 
5D2 --+ ~F~ 6 
5870~ 0.5 
'~D, --* ~F3 6 

6165~ 0.5 
~D0 --* ~F2 6 

151 

160 
100 

458 
497 

5 %  0.5 
~D~ --* 7F 3 
6165A 0.5 
~D0 --+ 7F= 6 

658 
485 

263 

635 
48O 

160 

553 
494 

458 
497 

* Intensity too low. 

lgl 

2 

soo ~ooo t (Us)  
Fig. 5. Comparison of the transient properties of the 5D o level in 

(YO)~S:Eu 3+ (0.5%) at 77 K when excited by different methods: (1) into 
the CTS level; (2) ~D 1 level; and (3) ~Do level. AT1 is the risetime of 5D o. 

~D,, T a b l e  I). This  c lear ly  s h o w s  t h a t  a t  th i s  c o n c e n t r a t i o n ,  
Eq. [A-2] a n d  [A-3] are no  m o r e  app l i cab le  due  to ion- ion  
i n t e r ac t i ons  w h i c h  s eem to be  ef fec t ive  a b o v e  t h e  act iva-  
to r  conce l ] t r a t ion  of  1%. 

T e r b i u m - a c t i v a t e d  g a d o l i n i u m  o x y s u l f i d e s  
(Gd ,  xTbxO) .~S . - -The  b e h a v i o r  of  t h e  5D4 level  of  t e r b i u m  
was  s t u d i e d  w i t h  t h e  t r a n s i t i o n  ~D4 ---> 7F5 (5440A). T h e  
e x c i t a t i o n  w a v e l e n g t h s  u s e d  w e r e  3370 a n d  4897A. T h e  
f i rs t  v a l u e  h i t s  a n  f-f t r a n s i t i o n  of  T b  3§ a n d  t h e  s e c o n d  
c o r r e s p o n d s  to t h e  s e l ec t i ve  e x c i t a t i o n  of  7FG --> 5D4. T h e  
e x p o n e n t i a l  d e c a y  c u r v e s  are  i n d e p e n d e n t  of  t h e  exc i ta -  
t i on  way.  

Y a m a m o t o  et al .  (7) h a v e  o b s e r v e d  t h e  ~D3 --> 5D4 s t ep  
p r o c e s s  in  c a t h o d o l u m i n e s c e n c e  of  Tb  3+ a t  c o n c e n t r a -  
t i o n s  as low as 0.1%. I n  t h e  p r e s e n t  m e a s u r e m e n t s ,  n o  
d e l a y e d  b u i l d u p  of  5D~ l eve l  was  o b s e r v e d  u n d e r  a n y  ex- 
c i t a t i on  c o n d i t i o n  w i t h  T b  3+ c o n c e n t r a t i o n s  b e t w e e n  1% 
a n d  10%. Th i s  m e a n s  t h a t  t h e  c r o s s - r e l a x a t i o n  p r o c e s s  
Tb3~(SDa) + Tb~(~F~) ---> Tb3*(SD4) + Tb~+(TF0) (25) is effec- 
t i ve  a n d  t h a t  a b o v e  1% of  T b  3~ t h e  r a t e  e q u a t i o n s  do  n o t  
app ly .  

The  c o n c e n t r a t i o n  q u e n c h i n g  of 5D4 level  in  
(GdO)2S:Tb 3+ s amp le s  is p r e s e n t e d  in Fig. 6. The  s h a p e s  of 
t he  l i f e t ime  vs.  Tb 3+ c o n c e n t r a t i o n  cu rves  are  s imi la r  in  
b o t h  exc i t a t i on  modes .  S t r o n g  q u e n c h i n g  was  obse rved :  
t h e  m e a s u r e d  l i f e t ime  w i t h  10% of Tb  3~ was  approx i -  
m a t e l y  80% s h o r t e r  t h a n  t h a t  w i t h  1% of Tb3L In  l i tera- 
ture ,  t h e  q u e n c h i n g  of  5D4 level  in  oxysu l f ide  ma t r i ce s  
ha s  b e e n  r e p o r t e d  to b e g i n  at  c o n c e n t r a t i o n s  of  a b o u t  
5%-6% (9, 26). In  o t h e r  h i g h  p u r i t y  Tb3~-act ivated com-  
p o u n d s ,  a w e a k  5D4 q u e n c h i n g  h a s  b e e n  o b s e r v e d  (27, 
28). T h e  s h o r t e n i n g  of  T in  t h e s e  c o m p o u n d s  h a s  b e e n  
on ly  a b o u t  10% w h e n  t h e  T b  3+ a m o u n t  v a r i e d  b e t w e e n  
0.1% a n d  100%. 

I n  t h e  p r e s e n t  o x y s u l f i d e  s a m p l e s ,  a t  l e a s t  a p a r t  of  
t h e  a d d i t i o n a l  q u e n c h i n g  is d u e  to t h e  p r e s e n c e  of  a 
s i gn i f i c an t  a m o u n t  of  E u  3§ e s t i m a t e d  to b e  0.05%-0.1%. 
E u r o p i u m  p r o b a b l y  o r i g i n a t e s  f r o m  t h e  i m p u r i t i e s  of  
g a d o l i n i u m  oxide .  T h e  f l u o r e s c e n c e  s p e c t r a  of  t h e s e  
c o m p o u n d s  e x h i b i t  b o t h  Tb  3+ a n d  E u  3§ e m i s s i o n s .  The  
r e l a t i ve  i n t e n s i t i e s  of  t h e  e m i s s i o n s  v a r y  w i t h  t h e  exc i ta -  
t i on  m o d e  (Tab le  II). 

I n  T b ~ - E u  '~ in t e rac t ion ,  t h e  e n h a n c e m e n t  effect  of  Eu  3~ 
e m i s s i o n  by  a sma l l  a m o u n t  of  T b  :~+ in oxysu l f ide  phos -  
p h o r s  (7, 29) is wel l  k n o w n .  Y a m a m o t o  et al .  (7) p o i n t  out,  
howeve r ,  t h a t  t he  s i m p l e  m u l t i p o l a r  e n e r g y  t r a n s f e r  is no t  
p r e p o n d e r a n t ,  a t  l eas t  for  c a t h o d e  ray  exc i ta t ion .  On  t he  
cont ra ry ,  th i s  m e c h a n i s m  s e e m s  to b e  e f fec t ive  in  exper t -  
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Fig. b. Lifetime of SD~ vs. Tb 3§ concentration in (GdO)~S matrix when 
excited with wavelengths 3370~ (�9 and 4897/~ (~)  at 300 K. Note 
that the samples contain a small amount of europium as impurity. 

m e n t a l  c o n d i t i o n s  e m p l o y e d  in  t he  p r e s e n t  work .  The  ex- 
c i t a t ion  spec t r a  r e c o r d e d  b e t w e e n  4800 a n d  5000A for  5D4 
--~ ~F~ of Tb 3+ at 5440~ and ~Do --) 7F_, of Eu 3+ at 6165~ show 
exactly the same shape with a line at 4897~ corresponding 
to 7F6 ---> ~D4 transition of Tb 3+ (Fig. 7). This indicates that 
the energy transfer occurs via process Tb3+(SD4) + 
Eu3+(TFo) --> Tb3+(TF4) + Eu3§ Howeve r ,  t h i s  p roces s  is 
p r o b a b l y  no t  t he  on ly  one  in  th i s  sys tem,  as s h o w n  in  Ref. 
(7). In  par t icu la r ,  t h e  r e su l t s  f rom t h e  re la t ive  f luores-  
cence  i n t ens i t i e s  of  Tb~§ '*" p r e s e n t e d  in  Tab le  II  s h o w  
t h a t  t he  i n t e n s i t y  ra t io  is s t rong ly  d e p e n d e n t  on  t he  exci- 
t a t i o n  mode ,  i n d i c a t i n g  c o m p l e x  i n t e r ac t i on  p h e n o m e n a .  

Discussion 
We will  n o w  d i scuss  in  m o r e  detai l  t h e  Eu~+-activated 

oxysul f ides .  As  s h o w n  in  t he  p r ev ious  p a r a g r a p h ,  our  
Tb~§ s a m p l e s  are  in  fac t  c o d o p e d  w i t h  E u  ~ ions;  
t h u s  t h e r e  is a r i sk  t h a t  t he  r e su l t s  on  Tb  ~+ c o n c e n t r a t i o n  
q u e n c h i n g  are  a l t e r ed  b y  t h e  Tb~+-Eu ~ ion- ion  in terac-  
t ions  w h i c h  we  are  no t  dea l ing  w i t h  in  th i s  paper .  

Le t  us  cons ide r  t he  r e su l t s  co l lec ted  in  Fig. 4. By  
c o m p a r i n g  t he  da ta  m e a s u r e d  u n d e r  U V  a n d  d i rec t  select-  
ive  e x c i t a t i o n  at  r o o m  t e m p e r a t u r e ,  i t  c an  b e  s e e n  t h a t  a t  
v e r y  low Eu  ~§ c o n c e n t r a t i o n s  (0.25% a n d  0.5%), t h e  m e a n  
d u r a t i o n  T,m of  ~D0 l u m i n e s c e n c e  is l onge r  u n d e r  U V  exci- 
ta t ion ,  due  to the  s low b u i l d u p  of  ~D0 w h e n  Eu  ~§ is exc i t ed  
in to  h i g h e r  ene rge t i c  levels .  Fo r  x = 1%, t he  va lues  are  
equal ,  w h e r e a s  for  h i g h e r  c o n c e n t r a t i o n s ,  Tim b e c o m e s  
s h o r t e r  u n d e r  U V  exc i ta t ion .  T he  d i f f e r ence  b e t w e e n  t he  
two  va lues  i nc r ea se s  w i t h  x. Th i s  i n d i c a t e s  t h a t  e x c i t a t i o n  
of  "~D0 v ia  t he  C T S  p r o v i d e s  a n  add i t i ona l  p a t h w a y  for  "~D0 
n o n r a d i a t i v e  re laxa t ion ,  w h i c h  b e c o m e s  m o r e  a n d  m o r e  
ef fec t ive  for  h i g h e r  E u  '~ c o n c e n t r a t i o n s .  Severa l  invest i -  

Table II. Relative fluorescence intensities of Tb 3§ and Eu ~§ in 
(Gd,_~Tb~O)2S samples excited with different modes 

x Short UV N21aser LongUV Dye laser 
(mole per- 2537A 3370~ 3650A 4897A 

cent) 

ITb IEu ITb IEu ITb IEu ITb IE. 
0.5 i00 - -  15 100 100 70 
1 I00 -- 40 I00 I00 14 
2 100 -- I00 25 100 7 
4 I00 7 100 45 100 12 I00 16 
5 I00 9 I00 22 I00 14 100 22 
6 100 17 100 20 I00 20 

I0 I00 76 I00 76 I00 84 

Tb 3* 

. . . .  Eu 3§ 

/ 

4800 4900 50~X(A) 
Fig. 7. Excitation spectra oftransition~D4-->TF~(S440~)ofTb~(full 

line) and transition 5Do-->TF2(6165~ ) of Eu ~ (dashed line) between 
4800 and 5000A. 

ga t ions  of  5D0 c o n c e n t r a t i o n  q u e n c h i n g  h a v e  b e e n  re- 
por ted .  G e n e r a l l y  t h e y  p r e s e n t  t he  ~D0 f luo re scence  yie ld  
u n d e r  U V  or c a t h o d e  ray  exc i ta t ion .  The  5D 0 q u e n c h i n g  
does  no t  occur  via t he  u sua l  ion- ion  m u l t i p o l a r  interac~ 
t ions ,  b e c a u s e  t he  5D0 ---> 7Fj e n e r g y  gap  c a n n o t  b e  
m a t c h e d  b y  a t r a n s i t i o n  w i t h i n  t he  7Fj mul t ip le t .  Accord-  
ing  to v a n  Ui te r t  (19), t h e  5D 0 s e l f - q u e n c h i n g  is r e l a t ed  to 
e x c h a n g e  b e t w e e n  i den t i ca l  E u  ~+ ions:  e n e r g y  m i g r a t e s  
u n t i l  i t  r eaches  a s ink.  T h e  n a t u r e  of  s u c h  s inks  is v e r y  
diff icul t  to disclose,  a n d  t h e r e  m a y  be  a n o t h e r  r a r e - ea r th  
ion  p r e s e n t  in  t he  s a m p l e  as impur i ty ,  or  t he  s a m p l e  m a y  
c o n t a i n  crys ta l  de fec t s  or g ra in  bounda r i e s .  

A n o t h e r  t ype  of  c o n c e n t r a t i o n - r e l a t e d  q u e n c h i n g  m e c h -  
a n i s m  p r o p o s e d  in  Ref. (19) is more-e f f i c ien t  i o n - p h o n o n  
c o u p l i n g  for  pa i r ed  E u  3§ ions.  Th i s  m e c h a n i s m  m a y  wel l  
be  t h e  or ig in  of  t he  o b s e r v e d  overal l  d i m i n u t i o n  of  5D0 ra- 
d ia t ive  l i fe t ime at  300 K (520 t~s for  x = 0.25% vs. 400 t~s 
for x = 12%), b u t  i t  h a s  no  r e a s o n  to b e  m o r e  e f fec t ive  un-  
de r  CTS t h a n  u n d e r  5D0 exci ta t ion .  A n o t h e r  way  to de- 
p o p u l a t e  5D 0 is up -conve r s ion .  I m a n a g a  et al. (8) h a v e  ob- 
s e r v e d  a d e c r e a s e  in  E u  3+ 5Dj decay  t i m e s  w i t h  s t r o n g  
e x c i t a t i o n  in to  t he  CTS  b y  p u l s e d  n i t r o g e n  laser.  The i r  
o b s e r v a t i o n s  are qua l i t a t ive ly  in  a g r e e m e n t  w i t h  ours  be- 
cause ,  moreove r ,  t he  s h o r t e n i n g  is s t r o n g e r  for  h i g h e r  
E u  3+ c o n c e n t r a t i o n s .  The  n o n r a d i a t i v e  r e l a x a t i o n  of  ~Dj 
s ta tes  is a t t r i b u t e d  in Ref. (8) to i n t e r a c t i o n s  b e t w e e n  
E u  3§ (SDj) a n d  Eu3+(CTS). In  t h e  a b s e n c e  of  m o r e  exper i -  
m e n t a l  data ,  we  c a n n o t  exac t ly  def ine  t h e  m e c h a n i s m  re- 
s p o n s i b l e  for a d d i t i o n a l  '~D0 q u e n c h i n g  u n d e r  U V  a n d  
c a t h o d e  ray  exc i ta t ion .  I t  is obv ious  f rom e x p e r i m e n t a l  
data ,  howeve r ,  t h a t  i t  is d i r ec t ly  l i n k e d  to t he  p r e s e n c e  of  
CTS-exc i t ed  Eu  3§ ions.  

At  m o d e r a t e l y  h i g h  E u  '~ c o n c e n t r a t i o n s  (6%), ra te  equa-  
t ions  are  no t  ava i l ab le  a n d  t h e  d i f fe ren t ia l  e q u a t i o n s  gov- 
e r n i n g  e v e n  t he  s i m p l e  (SD,, '~D0, 7F) th ree - leve l  s y s t e m  
h a v e  no t  b e e n  e s t ab l i shed .  T h e  decay  o b s e r v e d  for  t he  '~D, 
(donor)  s y s t e m  is e x p o n e n t i a l  w i t h i n  t he  e x p e r i m e n t a l  
p r ec i s i on  so t h a t  a d o n o r  t i m e  evo lu t i on  fo l lowing  t he  
I n o k u t i - H i r a y a m a  f o r m u l a t i o n  (Eq. [3]) does  no t  apply.  
The  5D, --) '~Do e n e r g y  t r a n s f e r  occurs  i n s t a n t a n e o u s l y  be- 
cause  no  5D 0 de l ayed  b u i l d u p  is o b s e r v e d  u n d e r  'SD, exci- 
ta t ion.  S u c h  a p p a r e n t  i n c o n s i s t e n c i e s  w o u l d  p r o b a b l y  be  
r e so lved  on ly  b y  e s t a b l i s h i n g  a co r rec t  se t  of  d i f fe ren t ia l  
e q u a t i o n s  for  nL(t) a n d  b y  f i t t ing w i t h  e x p e r i m e n t a l  
resul t s .  

Conclusion 
P r e v i o u s  m e a s u r e m e n t s  dea l ing  w i t h  l i f e t imes  or quan-  

t u m  yie lds  of  Eu3§ levels  in  (YO)~S u n d e r  d i f fe ren t  
e x c i t a t i o n  m o d e s  led to a p p a r e n t l y  i n c o h e r e n t  resul ts .  In  
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particular, the 'SDo-level lifetime evolution vs. concentra- 
tion seemed abnormal�9 

In this work, we have tried to study in some detail the 
EUa§ temporal t ime evolutions in (YO)2S. This was 
made possible by selectively exciting each of the 5Dj lev- 
els by means of a pulsed dye laser. The so-called decay 
time for a given level (i) is not strictly the inverse radia- 
tive probability of this level, but is a complex function T 
= f(Pij) which depends on the initial conditions (excita- 
tion mode) and the concentration (quenching). At tow 
concentrations (experimentally < 1% Eu3~), we have 
shown that the time evolutions of excited levels' popula- 
tions follow in first approximation the differential equa- 
tions (rate equations) described in the literature. The 
function T = f(Pij) differs following the way of calculating 
[mean duration or linear regression of log I(t)]. Only the 
experimental  case of a real three-levels system (observed 
under selective excitation) leads to a simple relation be- 
tween T and the P~'s. For higher Eu 3+ concentrations, the 
differential equations'  systems describing the excited lev- 
els' populations are not known. Experimentally we have 
drawn the 5D~ fluorescence time evolution and computed 
the mean durations Tm vs. concentration. 

The present study thus complements  our previous mea- 
surements of Tm under cathodic excitation. In that work, 
it is shown that the experimental  linear evolution of Tm 
(SDo) vs. Eu ~ concentration is an indirect way of 
determining the activator concentration in oxysulfide 
matrices within the usual range 2% -< x -< 10%. In the 
present study, we have observed approximatively the 
same evolution of Tm(SD0) vs. concentration when excited 
through the charge-transfer state CTS by means of UV ni- 
trogen laser light. On the other hand, by direct 5Do select- 
ive excitation a quite different evolution is observed, 
namely, an almost constant Tm value over the composition 
range 0.5 -< x -< 10%. The physical reason for this addi- 
tional 5Do quenching under  CTS excitation as well as 
cathode ray has till now not been elucidated and may be 
linked to the particular electronic structure of 
(YO)2S:Eu 3§ Nevertheless, these comparative measure- 
ments prove that the ~Do quenching phenomenon is more 
complex than simple energy migration toward sinks and 
necessitates further investigation to be fully understood. 

For terbium-activated gadolinium oxysulfide, we have 
evidenced the presence of Eu 3+ as impurity in the samples 
as a cause for the 5D4 concentration quenching. In these 
compounds, we observe no difference for 5D4 and 5D3 time 
evolution when excitation is made by UV light or select- 
ively within each of the 5Dj levels. 
�9 The present work has clearly shown that the use of dye 

laser selective excitation permits clarifying to some ex- 
tent the problem of transient properties of Eu 3+ emission 
in the yttrium oxysulfide matrix by measuring reliable 
Tm (mean durations of luminescence) numerical values. 
Further investigation is, however, needed mainly at rela- 
tively high Eu 34 concentrations to establish the differen- 
tial equations ruling the system. In this first step, we 
have evidenced that the excitation mode (cathode ray, 
CTS, or direct 5D j) as well as the mathematical  definition 
for the so-called lifetime have to be carefully defined be- 
fore comparing different sets of experimental  data. 

Preliminary report was given at the 16th Rare Earth Re- 
search Conference, Tallahassee, Florida (31). 

Manuscript submitted June  11, 1984; revised manu- 
script received Nov. 13, 1984. 

Helsinki University of  Technology assisted in meeting 
the publication costs of  this article�9 

APPENDIX 

The time evolutions of Eu 3~ ~D~ and ~D0 levels follow the 
general formulation (see Fig. 2 for notations) 

n'0 0 Plo P2o no 
n'l  = 0 -P~o P~ n~ [A-l] 
n'z 0 0 -(P~0 + P~) n~ 

The solution is 

n~(t) = N~ ~ exp [-(P~1 + P20)t] [A-2] 

P21N2O ) 
nl( t )  = Nl~ + P21 + P2o P ro  e x p  (-Plot) 

- P 2 [ - ~  ~- o exp [-(Pz, + P2o)t] [A-3] 

N2 ~ and N~ ~ are initial values of n at t = 0. In case of 
pulsed excitation, N2 ~ = N2 and N1 ~ = 0 can be assumed. 
Pi~ is the i ---) j transition probability. From Eq. [A-2] and 
[A-3] the following conclusions can be obtained. 

1. The emission intensity at level 1 shows an initial rise 
and then a decay formed in general by the sum of two ex- 
ponentials. However, when P~o < <  P21 + P2o, the slope of 
In [n,(t)] = fit) gives Te = l/P,0, the 5D o radiative lifetime. 

2. n~(t) is at maximum at t ime 

1 Pl0 
t = I n  [ A - 4 ]  

Plo -- P~l - P2o P21 + P2o 

3. When N~ ~ = 0, Eq. [A-4] can be written 

n,(t) = 
P21N2 ~ 

[exp 
P21 + P2o + Plo 

- (P,ot) - exp - (P~ + P2o)t] [A-5] 

if K = P21N2~ 
P21 + P2o - Plo 

/) E<)(  ;1 1 2 1 [A-6] 
nl(t)dt = K - P2I + P20 

and 

nl( t)dt  P~o P2~ + P2o 

taking Tm from Eq. [2] follows 

Tim = Jo tn~(t)dt 1 1 
- -  + - -  [ A - 8 ]  
Plo P21 + P2o 

f ~n~(t)dt 

Experimentally, P10 may be measured as 1/T1, and (P~I + 
P2o) may be measured as 1/T2 under selective excitation. 

Then 

Tm = T1 + T2 [A-9] 

In many rare-earth systems, the decay times of the lev- 
els are very different so that various approximations can 
be employed. For example, if T2 << T~ in Eq. [A-8], Tim = 
T 1 and may be determined as the 1/e decay time. In the 
ease of Eu 3~, however, the ~Do lifetime is only about twice 
the lifetimes of 5D 1 and 5D2, which are almost equal. So 
the above approximation cannot be used. 
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Comparative Study of Sensitization of the Luminescence of 
Trivalent Rare Earth Ions by Ce in LaOBr 

Li You Mo, ~ F. Guil len,  C. Fouassier, and P. Hagenmuller 

Laboratoire de Chimie du Solide du CNRS, Universit~ de Bordeaux I, 33405 Talence Cedex, France 

ABSTRACT 

Energy transfer from cerium to the Pr3% Nd 3§ Tb 3§ Dy ~§ Ho at, and EI ~+ ions has been observed in LaOBr. Compari- 
son of the effect of the activator ions on the cerium emission intensity suggests that transfer occurs mainly by an ex- 
change mechanism, after migration of the excitation among donor ions. With increasing cerium concentration, the :*P0 
praseodymium, '~$2 holmium, and 4S:~., erbium emissions are quenched, the energy difference between the transition to 
the next  lowest level and the 2F.~ ~ 2F7/2 cerium transition being sufficiently small for energy transfer. The cerium emis- 
sion is quenched at room temperature by the Sm :~, Eu '~, Tm'~% and Yb '~§ ions without sensitization of the activator as a 
result of the formation of a charge-transfer (Ce4§ activator ion) state. 

The use of rare earth phosphors in lamps has developed 
in recent years. Only two rare earth elements, europium 
and terbium, are used as activators. Both of them are ex- 
pensive, so it is worthwhile investigating the possibility 
of using other lanthanides. Several reasons account for 
the remarkable properties of Eu ~+ and Tb3+: (i) Eu 3~ can be 
made (by high concentration) to emit dominantly from 
5Do with the favorably placed 5D o ~ 7F,, 7F 2 most  promi- 
nent, and, similarly Tb 3§ can be made to emit  dominantly 
from 5D, with the favorably placed 5D4 ---> 7F5, 7F4, 7F 3 most 
prominent;  (ii) the large gap between the emitt ing level 
and the next-lowest excited state precludes nonradiative 
losses by mult iphonon processes; (iii) the UV excitation 
radiation can be strongly absorbed, since Eu 3~ shows a 
charge-transfer band and Tb 3§ allowed f--~ d transitions 
around 250 nm; the Tb 3§ emission can also be efficiently 
excited through a sensitizer like Ce3~; and (iv) concentra- 
tion quenching is weak (no cross relaxation). Most other 
trivalent rare earths do not possess allowed transitions 
above 250 nm, so a high efficiency requires a sensitizer. 
Although the Ce 3§ --* Tb 3~ transfer has been extensively 
studied, transfer from cerium to other luminescent  rare 
earth ions has drawn much less attention. However, the 
importance of Ce ~ Ce migration for avoiding concentra- 
tion quenching of the Sm 3~ or Dy 3~ ions has been empha- 
sized (1, 2). 

For cations like Ho :~ or E~ ~ whose energy levels are 
closely spaced, a high probability for radiative emission 
in the visible requires weak phonon energies or weak 
coupling to phonons. This is the case for lanthanum oxy- 
bromide, LaOBr. HSlsa (3) has recently published the visi- 
ble emission spectra of the trivalent rare earths in this 
host lattice. The emitting levels under UV excitation are 
indicated in Fig. 1 for some of those ions. 

Ce 8§ shows an intense blue emission peaking at 435 nm 
at room temperature (5-7). Rabatin and Sieger (8), H61sa 
et al. (7), and H. Wang et al. (19) have shown that energy 
transfer from Ce 3§ to Tb 3§ occurs in LaOBr. However, de- 
spite the presence of several f-f absorption lines in the 
wavelength range of the cerium emission, no sensitization 

~Permanent address: Changchun Institute of Applied Chemis- 
try of the Chinese Academy of Science, Changchun, Jilin, China. 

of the samarium, holmium, dysprosium, or thul ium emis- 
sions was observed (8). 

For determining the parameters which govern the effi- 
ciency of the transfer from Ce :~§ to other trivalent rare 
earth ions we have undertaken an investigation of the lu- 
minescence of the Pr~, Nd :~', Sm :~+, Eu:~% Tb :~, Dy :~, Ho :~', 
Er :~§ and Tm :~+ ions in the presence of this ion. 

Experimental 
The starting rare earth materials (RhSne-Poulenc) were 

La20:, (99.99%), preheated for removing H20 and CO~, 
CeO2 (99.99%), and other trivalent oxides (>99.9%). They 
were ground in an agate mortar with 30% excess of the 
calculated amount  of NH4Br and 0.3M KBr for 1M rare 

E (.10 3 u . - ' )  

20 
w 

ID 2 v t 

2F7/2 
$ 
1 
2F5/2 3H 4 419/2 6H15/2 5]: 8 4115/2 

Ce Pr Nd Dy H0 Er 
Fig. 1. Lower energy levels of Ce :~, PC% Nd 3+, Dy:% Ho :~+, and Er :~ 

(4). The half-circles point out the emitting levels of these ions in 
LaOBr for UV excitation. The arrows show the transitions responsible 
for quenching by cerium ions. 
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earth oxide, then fired at 900~ in a stream of nitrogen for -,.,Tr" e 
lh .  After  cooling, the  flux is washed  away wi th  water.  

Exc i ta t ion  and emiss ion  spectra  were  cor rec ted  for vari- 1 
at!on of  lamp flux and de tec tor  response,  respect ively .  A 
6 ns pu l sed  n i t rogen laser was used  for de te rmina t ion  of  
the  f luorescent  l i fet imes.  The  signal was fed in to  a box- 
car averager  (PAR Model  162). 

Results 
Energy migration among Ce a+ ions.--Figure 2 shows the 

emiss ion  spectra of Ce a+ in LaOBr  at 300 and 90 K. Previ-  
ous authors  men t ion  the  ex is tence  of one  band at r o o m  
tempera ture .  As a mat te r  of  fact, for low ce r ium concen-  
trat ions,  a shoulder  on the  short  wave l eng th  side can be 
clearly dis t inguished.  When cooling, the h igh  energy  com- 
ponen t  becomes  the  mos t  in tense  one. The two bands 
cor respond  to the  t ransi t ions  f rom the lowes t  5d states to 
the  ZFa/.2 and ~F7~2 4f levels.  The  decrease  of  the 5d --+ '-'Fa/~ 4f 
c o m p o n e n t  in tens i ty  wi th  ce r ium concent ra t ion  indicates  
energy  migra t ion  (9). B roaden ing  of the absorp t ion  and 
emiss ion  bands wi th  r is ing t empera tu re  resul ts  in in- 
c reased  over lapping,  l ead ing  also to decrease  of the  high 
energy  component .  At low concentra t ion,  the  lumines-  
cence  shows weak  the rmal  q u e n c h i n g  at 300 K, as ex- 
pec ted  f rom the  ra ther  small  S tokes  shif t  (3400 c m  -~) (ra- 
tio of  the  in tegra ted  I (hv) curves:  I:~uo K/I,, K = 0.92). 

The  high eff iciency at r o o m  tempera tu re  and the  exist- 
ence  of  energy migra t ion  are two character is t ics  favorable  
for use of  cer ium as a sensitizer. 

Effect of the incorporation of other trivalent rare earth 
ions on the cerium emission.--Figure 3 shows the  ce r ium 
emiss ion  d e p e n d e n c e  on the  act ivator  concen t ra t ion  at 
300 K in the  Lao.,.,~_~Ce0.00.~A~OBr c o m p o u n d s  (A = Pr, Nd, 
Sin, Eu, Tb, Dy, Ho, Er, Tin, Yb). For  each  activator,  the  
ce r ium emiss ion  in tens i ty  decreases  rapidly  wi th  x. The 
effect  of  the incorpora t ion  of  s amar ium and thu l ium is 
par t icular ly  s t rong since the  ce r ium emiss ion  is near ly  en- 
t i rely q u e n c h e d  for x = 0.002. I 

Influence of cerium on the activator emission.--A = Pr, (a.u.) 
Nd, Tb, Dy, Ho, E r . - - F i g u r e  4 compares  the exc i ta t ion  
spectra  of some of these  ions in LaOBr- and Ce-doped 
LaOBr  samples.  As obse rved  for Tb:> by H61sa et al. (7), 
the  exci ta t ion  spectra  of P r  ~+, Nd a+, Dy a~, Ho a+, and E r  ~+ in 
the  ce r ium-doped  samples  conta in  the Ce 4 f -+  5d bands,  
ind ica t ing  energy  transfer.  

F igure  5 shows the  inf luence of the ce r ium concentra-  
t ion on the vis ible  emiss ion  intensi ty  of levels  ind ica ted  
in Fig. i for Pr, Dy, Ho, Er, exc i ted  th rough  the  f-d Ce 
bands.  While, in the  case of  dyspros ium,  the  in tens i ty  in- 
creases  up to h igh  ce r ium concentrat ion,  for p raseodym-  
ium, ho lmium,  and erbium,  it reaches  a m a x i m u m  for a 
low con ten t  (x = 0.01 for Pr, 0.005 for Ho and Er), then  
rapidly  decreases.  Such  a dependence  was also repor ted  
for t e rb ium by Rabat in  (8) and HSlsa et al. (7). However ,  
as observed  for dyspros ium,  the  4Fa~2 infrared n e o d y m i u m  
emiss ion  increases  wi th  ce r ium concentrat ion.  

lem/ 
(a u,) ,f'\,._.-9o K / \----, 
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Fig. 2. Emission spectrum of Lao~Ceo.o!OBr at 90 and 300 K for 
excitation into the 5d bands. 
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Fig. 3. Effect of the incorporation of other rare earths (A) on the 

cerium emission intensity for the Lao..~.~5-.Ceo.oo.~AxOBr series. 

A = Sm, Eu, and T m . - - T h e  exci ta t ion spectra  of the  Sm >, 
Eu  a+, and Tm a+ ions d isplayed in Fig. 6 show that  the  
emiss ion  of  these  ions is not  sensi t ized by Ce a+. The en- 
ergy of  photons  absorbed  by cer ium ions is lost, so for ex- 
ci ta t ion in the  UV the  p resence  of  this e l emen t  has a de- 
t r imenta l  effect. 

Discussion 

Quenching of the Ce a+ emission by Sm a+, Eu a§ Tm a+, and 
yba§ and Bril  (1) have  inves t iga ted  the  energy  

Pr'-ll" \ / ~  t 

D f , C e ~ ,  
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Fig. 4. Excitation spectra of the Pr 3§ Dy 3+, and Er 3+ emissions in 
LaOBr and Ce-doped LaOBr at 300 K (Compositions: L%99Pro.olOBr 
and Lao.985Pro.olCeo.oosOBr, Lao.ssDyo.olOBr and Lao.9sDyo.olCeo.olOBr, 
Loo.99Ero.ozOBr and L%.985Ero.olCeo.oosOBr. Emission wavelengths: 
Pr-50|, Dy-568.7, Er-542 nm.) 
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Fig. 5. Dependence of the visible emission intensity of the acceptor 
on cerium concentration for excitation into a f-d Ce band in the 
I-ao..~9-~Ce~Ao.o~OBr (A = Dy, Ha, Er) and Lao.:~s_~Ce~Pro.o.~OBr series. 
The excitation wavelength lies near the maximum of the most intense 
f-d band in a region where the acceptor shows little absorption: ~ = 
348 nm for Pr, Ha, Er; ,k = 353 nm for Dy. The measured intensity 
corresponds to transitions below 680 nm originating from the levels 
indicated in Fig. 1. 

t r a n s f e r  f rom Ce ~+ to S m  ~+ or  Eu  ~+ in  b o r a t e  a n d  phos-  
p h a t e  h o s t  la t t ices  a n d  in  YOC1. I n  s a m p l e s  d o p e d  
w i t h  e u r o p i u m ,  the  c e r i u m  e m i s s i o n  was  q u e n c h e d  with-  
ou t  sens i t i za t ion  of  the  act ivator .  Wi th  s a m a r i u m ,  sensi t i -  
za t ion  was  o b s e r v e d  in  t he  ox ides  b u t  no t  in  t he  oxychlo-  
ride.  In  ox ide  glasses ,  Re is fe ld  et al. (17, 18) h a v e  
o b s e r v e d  e n e r g y  t r a n s f e r  f rom Ce :~ to T m  :~. T he  a b s e n c e  
of  s ens i t i za t ion  for  S m  :~ a n d  E u  :~ was  a s c r i b e d  by  Blasse  
e t .a l .  (i.c.) to t h e  w e a k  e n e r g y  d i f f e rence  b e t w e e n  t he  
s ta tes  (Ce ~§ + A ~+) a n d  (Ce ~+ + A ~§ w i t h  A = Sm,  Eu.  The  
p r e s e n t  s t u d y  s h o w s  t h a t  t he  ox id iz ing  c h a r a c t e r  of  t h e  
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Fig. 6. Excitation spectra of the Sm 3§ Eu 3§ and Tm 3+ emissions in 

LaOBr and Ce-doped LaOBr at 300 K. (Compositions: Lao.99Smo.olOBr 
and Lao.985Smo.otCeo.oo~OBr , Lao.e6Euo.o4OBr , Lao.9595Euo.o4Ceo.ooo5OBr 
and Lao.955Euo.o4Ceo.oosOBr, Lao.99Tmo.olOBr and Lao.9ssTmo.ol 
Ceo.oosOBr. Emission wavelengths: Sm-609 nm, Eu-618 nm, Tm-460 
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Reflectance spectra of the lanthanum exybromide doped 

thulium, and ytterbium (composition: 

T m  ~§ a n d  Yb ~§ ions  in  L a O B r  is also suf f ic ien t ly  h i g h  for 
c a u s i n g  q u e n c h i n g  of  t he  c e r i u m  e m i s s i o n  b y  s u c h  a 
m e c h a n i s m .  The  t e n d e n c y  to r e d u c t i o n  to t he  d iva l en t  
s ta te  for t he  S m  '~, E u  :~+, T m  3~, a n d  Yb :~* ions  is g iven  by  
t h e  pos i t i on  of  t he  b a n d  c o r r e s p o n d i n g  to e l ec t ron  t rans -  
fer f rom a l igand  in  t he  AxLa~_xOBr phases .  O w i n g  to t he  
w e a k  e l ec t ronega t iv i t y  of b r o m i n e ,  t he  c h a r g e - t r a n s f e r  
b a n d  for  t h e s e  four  ca t ions  l ies  a b o v e  200 nm.  As  ex- 
pec ted ,  i ts  e n e r g y  var ies  a c c o r d i n g  to t he  s e q u e n c e  E u  < 
Yb  < S m  < T m  (Fig. 6 a n d  7). The  s t rong  ef fec t  of t he  ac- 
c e p t o r  o n  t he  c e r i u m  e m i s s i o n  impl i e s  e n e r g y  t r a n s f e r  be- 
t w e e n  Ce :'* ions  to a Ce:'~-A ~ pair.  

F i g u r e  8 shows  t h a t  in  s a m a r i u m -  a n d  t h u l i u m - d o p e d  
s a m p l e s  t he  c e r i u m  e m i s s i o n  r e a p p e a r s  at  low t e m p e r a -  
ture .  S u c h  a t h e r m a l  d e p e n d e n c e  was  no t  o b s e r v e d  for 
t he  Ce-Eu a n d  Ce-Yb samples .  Two m e c h a n i s m s  can  b e  
considered for interpreting the strong variation with tem- 
perature of the cerium emission in the samples con- 
taining samarium or thulium. 

As shown by the changes in the shape of the cerium 
emission spectra (Fig. 2), Ce-Ce migration decreases at 
low temperature, reducing the probability of transfer to 
acceptor ions. This has been observed for instance for the 
Ce 3~ -~ Tb:;+ energy transfer in LaPO4 (i0). However, this 
process cannot account for the different behavior of the 
Ce-Eu and Ce-Yb samples. 

Another explanation is that the reaction Ce:3~(5d) + A :~ 
--~ Ce 4~ + A 2~ (A = Sm, Tm) requires an activation energy 

ITI183 
I 

Ce,Tm 

Ce, S m ~  
- -  i I 

100 200 T (K~ 
Fig. 8. Thermal dependence of the cerium emission in Lao.9~3Ceo,oo5 

Smo.oo2OBr and Lao.99~Ceo.oosTmo.oo~OBr. 
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EA, the trivalent states being more stable for samarium 
and thulium than for europium and ytterbium. From the 
thermal dependence of the cerium emission a value of 
about 900 c m - '  can be derived for EA. The similarity of 
the thermal quenching curves for A = S m  and Tm is sur- 
prising since thulium is less oxidizing than samarium. 
However, the variation of the equilibrium interatomic dis- 
tance after the change of oxidation states may lower the 
charge-transfer state more strongly in the case of thulium 
than in that of samarium. It is known that when a lantha- 
nide ion is substituted for a larger cation, the number  of 
phonons emitted after absorption in the charge-transfer 
band increases with the difference in size (11). 

The effect of the incorporation of other lanthanides on 
the cerium emission was similar when GdOC1 was used 
as the host lattice. In a recent paper, Blasse (12) shows 
that in the (Y, Gd)F:~ fluoride the europium emission can 
be sensitized by Ce :~+, owing to an energy transport of the 
type Ce-(Gd)~-Eu. Such a transfer is not possible in chlo- 
ride or bromide compounds since the 5d cerium levels are 
lowered below the first excited gadolinium level (6P m) by 
the nephelauxetic effect. 

Ce :~ ~ Pr:',  Nd :~, Tb :~+, Dy ;~, Ho :~, Er:" energy trans- 
f e r s . - -The  quenching of the Ce :1~ emission increases in the 
sequence Tb < Pr < Er < Ho < Nd  < Dy. Radiative trans- 
fer occurs since the Ce emission band shows dips corre- 
sponding to the f-f absorption lines of the acceptor (Fig. 
9). However  the magnitude of the quenching does not cor- 
relate with the variation of the oscillator strengths in the 
wavelength range of the donor emission; thus the effect 
of the incorporation of Pr :~ which possesses intense ab- 
sorption lines around 450 nm is much less pronounced 
than that of Dy :~ and Nd :~ which show weaker absorption 
properties in this region. For the same reason, nonra- 
diative transfer by multipolar interactions cannot be the 
primary cause of the quenching of the cerium emission. 

According to Blasse and Bril (1), energy transfer from 
Bi :~ or Ce '~ to Sm :~, Eu :~+, Tb :~+, Dy :~ in YOC1 occurs 
mostly by exchange interaction. The probability of such a 
transfer is given by the formula derived by Dexter (13) 

p =  27r f - ~  Z 2 fs(E)FA(E)dE 

where Z is an exchange integral and fs(E) and FA(E) rep- 
resent the normalized shape of the emission band of the 
sensitizer and the absorption band of the acceptor. Z can- 
not be derived from optical experiments. B]asse has sug- 
gested that the transfer probability is enhanced by 
mixing of anionic and cationic orbitals. The mixing is re- 
lated to the energy necessary to promote an electron from 
the ligand to the 4f orbitals. Charge-transfer transitions 
have been recently observed in wide-gap sulfides for 
neodymium, dysprosium, holmium, and erbium (14). 

' ' s 6 o  ' 

l 
(a. u.~ 

(nm) ~' 

Fig. 9. Emission spectrum of cerium in Lao.~ssCeo.oo~HOoro,oOBr (k~x~ 
= 362 nm) at 300 K. 

Their energy increases according to the sequence Dy < 
Ho < Nd < Er; from the Jorgensen's  spin-pairing theory 
(20), the charge-transfer bands of PV ~ and Tb ~§ are ex- 
pected at higher energy (Pr < Tb). This is in nearly com- 
plete agreement with the influence of these ions on the 
cerium emission in LaOBr, the only difference being the 
relative positions of Nd and Ho. The results, therefore, 
support the mechanism proposed by Blasse. 

The dependence of the activator emission intensity on 
cerium concentration shown in Fig. 5 can be related to 
the possibility of deexcitation of the emitting level by en- 
ergy transfer to cerium ions. The separation between the 
='F~ and 2F7~ ~ cerium levels is 1650 cm-L Measurements of 
the activator emission intensity for excitation into its 4f 
levels show that quenching occurs when the energy gap 
between the emitting level and the next-lower level, AE, is 
lower than 4000 cm- ' ,  i.e., for praseodymium, holmium, 
and erbium ions (Fig. 1). The activator ion decays to the 
next-lower level, while, simultaneously, cerium ions are 
excited from 2F~ to 2FTj~, the excess energy being given 
up to the lattice. Such a mechanism was proposed for ex- 
plaining the quenching of the :~P0 emission of praseodym- 
ium by cerium in LaF:~ (15, 16). As a consequence, at high 
cerium concentration in the oxybromide, the 'D2 Pr~ 
emission becomes predominant.  The emission of dyspro- 
sium and neodymium for which AE amounts to about 
7000 and 5000 cm- ' ,  respectively, is not affected by the in- 
corporation of cerium. While no change was detected in 
the decay of the dysprosium fluorescence for 0 < xc~ < 
0.05, Fig. 10 shows that over this composition range the 
erbium decay is strongly influenced by cerium concen- 
tration. 

For dysprosium, despite the absence of nonradiative 
process involving the 2F~2 and 2F7~ 2 cerium levels, at 300 K 
for the optimum composition the quantum yield of the 
visible emission for excitation into the cerium absorption 
bands is only about 10%. Neglecting the infrared transi- 
tions and concentration quenching cannot account for 
such a low value. The efficiency of the transfer increases 
with decreasing temperature: for the La0.~Ceo.0,Dy0.0,OBr 
composition, the intensity is multiplied by 5 at 85 K. An 
explanation may be the existence of nonradiative losses 
due to the mechanism proposed for Sm '~, Eu :~, Tm 3~, Yb:" 
ions since Dy 3§ is the most oxidizing of other rare earth 
cations (like these four elements dysprosium can occur in 
halides in the divalent state) (21). 

C o n c l u s i o n s  
From the present study, the following conclusions can 

be drawn. 

0.1 

~ C ,  = 0 . 0 5  

' 16o ' ' ' ' ' c ;I 200 300 t 

Fig. I0.  Decay of the 4S3/~, 2H1,/2 erbium emission in Lao.99_xCe x 
Ero.o,0Br oxybromides at 300  K. 
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1. Ce-doped LaOBr is an efficient phosphor. Owing to 
the importance of energy migration between cerium ions, 
a high purity of the starting materials is required to avoid 
quenching by transfer to impurities. The presence of sa- 
marium and thulium is particularly detrimental. 

2. Ce :~+ cannot sensitize the emission of the most oxi- 
dizing Ln :~+ ions (Sm :~+, Eu :~, Tm :~+) when incorporated in 
host lattices containing chloride or bromide ions. 

3. Energy transfer from Ce:" to Pr~+, Nd :~*, Tb :~, Dy :~*, 
Ho '~§ and Er  ~ occurs in LaOBr. However, when the en- 
ergy gap between the emitting level and the next-lower 
level is less than 4000 cm- ' ,  the efficiency of the acceptor 
emission is affected by nonradiative losses due to an en- 
ergy transfer involving the '-'F~ ---> ~F7~2 cerium transitions. 
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Dye-Laser Spectroscopy of Commercial Y203:Eu 3§ Phosphors 

R. G. Pappalardo* and R. B. Hunt, Jr. 
GTE Laboratories, Physical Electronics Technology Center, Waltham, Massachusetts 02254 

ABSTRACT 

Commercial Y~O:~:Eu phosphors, formulated at constant europium content, exhibit under  254 nm excitation plaque- 
brightness variations of up to 10%. Several working models are proposed to explain this variation in emission bright- 
ness, and their physical implications on the spectral behavior of the Y~O:3:Eu materials under  discussion are explored by 
means of the techniques of low temperature, time-resolved emission and excitation spectroscopy, following dye-laser 
excitation. The following physical models were considered, as affecting the emission brightness of the Y~O:~:Eu phos- 
phors: sample-specific, nonradiative deactivation of the '~D0 level; preferential site occupation (C2 or C:~) by Eu:~; and the 
presence of secondary crystalline phases, or sites, of low emission efficiency. None of these models satisfactorily ex- 
plains the variation in emission brightness for 254 nm excitation. However, a variety of spectral observations suggest 
that the Eu :*+ content is lower in Y~O:~:Eu materials of reduced brightness. This conclusion has been confirmed by high 
sensitivity, visible-reflectance spectroscopy On the phosphor powders. 

The emission properties of Eu-doped Y20:~:Eu :~* were 
first reported in 1964 by Wickersheim and Lefever (1) of 
GTE Laboratories. Shortly afterward, this material (and 
its oxy-sulfide analog, Y~O~S) found extensive commer- 
cial application as efficient red emitting phosphors in 
CRT picture tubes (2, 3). 

In  the early 1970's, researchers at Philips extended to 
the area of low pressure fluorescent lamps a scheme fa- 
miliar in color television technology: namely, the creation 
of a high efficacy white field by combining the narrow- 
band emission from three rare earth-activated phosphors 
(4, 5) emitting in the spectral regions of max imum sensi- 
tivity of the human  color receptors. One such phosphor 
was Y20:~:Eu :~, chosen for its narrow emission in the red, 
at =612 nm and for its high emission-efficiency under  254 
nm excitation. Later, this concept was extended to the de- 
velopment of higher brightness deluxe fluorescent 
lamps, again coated with phosphor blends (6) containing 
Y20..~: Eu:~% 

Since both the Y~O:~ host matrix and the Eu activator 
are very expensive chemicals, a large volume utilization 
of such materials in a mass-production item, such as the 
fluorescent lamp, entails high production costs and ulti- 
mately a great strain on the market availability of these 
materials. In many industrial laboratories, these cost con- 
siderations are presently the driving force behind efforts 

*Electrochemical Society Active Member. 

aimed at: (i) replacing the Y.20:~:Eu 3~ phosphor with a less 
expensive material capable of comparable performance, 
(ii) reducing the yttr ium content in the host lattice by par- 
tial substitution with a cheaper cation, (iii) ensuring the 
opt imum utilization of the expensive Eu activator, and 
(iv) maintaining phosphor performance while reducing 
the Eu 3+ content. 

The present article is concerned in particular with point 
(iii) of the above listing, in view of observed variations in 
plaque brightness under  254 nm excitation, for commer- 
cial phosphors formulated at constant Eu. Working mod- 
els to explain these observations were tested using 
mainly the techniques of pulsed dye-laser spectroscopy. 
The models in question were: (i) preferential occupation 
by Eu ~* of one of the two cation sites, (ii) enhanced nonra- 
diative deactivation of the dominant  (SDo) emitting level 
of Eu 3~ in the low brightness materials, and (iii) segrega- 
tion of Eu 3+ in distorted sites, or in secondary phases of 
low emission efficiency. 

Results on the dye-laser spectroscopy of the Y20:~:Eu 
phosphors are reported and discussed in what follows, to 
assess the validity of such models. 

Experimental Details 
Phosphor samples and their preparation.--A variety of 

samples were studied in the course of the present investi- 
gation. All the samples had 4.7 mole percent (m/o) nomi- 



722 J. Electrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  March 1985 

nal Eu :~ content. Phosphors fired under similar condi- 
tions often showed considerable variations (more than 
10%) in plaque brightness for excitation at 254 rim. 

Some of the materials studied were supplied by the 
GTE Products Corporation (Towanda, Pennsylvania), and 
were prepared there according to procedures perfected 
by Chenot and Kasenga (7). Their recommended proce- 
dure was also followed by Peters of GTE Laboratories in 
the preparation of some additional phosphors, as de- 
scribed next. 

The required quantities of luminescent-grade Y20:~ and 
Eu20:, with total approximate weight of 25g, were dis- 
solved in hot 10.5M nitric acid. Mixed oxalates were sub- 
sequently co-precipitated from the nitrate solutions by 
means of oxalic acid. After washing and-drying, the oxa- 
late precipitate was decomposed in a lh-1000~ air firing, 
and the final luminescent  materials were developed in a 
second firing in air at 1600~ for 4h. 

Spectral instrumentation.--The powder samples were 
excited by the output of a Molectron nitrogen-laser- 
pumped dye laser, Model UV24 and DL-II respectively. 
Time-detection of the luminescence relied on PAR box- 
car integrators; measurements of the emission spectra, 
excitation spectra, and decay kinetics were performed un- 
der computer control, using APL language software, as 
described elsewhere (8). Steady-state spectral measure- 
ments were performed using a Perkin-Elmer spectro- 
fluorimeter MPF-44A, while a Tektronix J16 photbmeter 
was used for plaque-brightness measurements.  

For spectral measurements  at room temperature the 
powder samples were pressed into circular cavities milled 
in anodized aluminum disks. For measurements at low 
temperature (to 4 K), the powders were deposited onto 
nickel disks from acetone slurries, and were then 
mounted on the cold finger of an Air Products Helitran 
cryostat (8). 

Energy Levels of Eu ~+ in Y~O~ 
A preliminary interpretation of the observed spectra of 

Eu ~+ in the condensed phase, in terms of the excited en- 

ergy levels of the 4f 6 configuration, can be found, for in- 
stance, in Dieke's book (9). A more detailed spectral in- 
vestigation of the energy levels of Eu '~+ in Y20:3 was 
reported by Chang and Gruber (10), with emphasis on 
transitions involving C2 sites (see below). 

From x-ray diffraction studies (11), it is known that the 
point symmetry at the cation sites of Y~O3 is either C2 or 
C:~i, the latter site possessing a center of inversion. Early 
work on rare ~arth-activated Y~O~ single crystals and 
powder materials (10, 12) established that both cation 
sites in Y203 are occupied by the 4f" rare earth activators. 
The presence of a center of inversion at the C:~i site has 
far-reaching consequences, in the sense of greatly 
reducing the absorption cross section and the emission 
rate of the pertinent, forced-electric-dipole transitions, 
thus favoring the appearance of magnetic-dipole transi- 
tions, when the latter are allowed by the selection rules 
for the crystal-field wavefunctions (13, 14). A detailed 
energy-level scheme for the 7F0, 7F1, '~D, and '~D0 levels of 
Eu '~§ in Y203, for both the C~ and C.~i sites, was derived by 
Heber et al. (15) (Fig. 1) as a result of investigations on 
single crystals of Y203 containing Eu '~§ (up to 5 m/o con- 
centration). The details of the ~D~ --~ '~D0 relaxation with 
C3~ ---> C~ energy transfer were also reported by Heber and 
Koebler (16). Extensive spectroscopic investigations of 
Y203:Eu single crystals, using polarized light, have been 
recently reported by Dexpert-Ghys and Faucher (17). 

The excited electronic states reached on exciting 
Y~O:~:Eu at 254 nm belong to a dense distribution of states 
associated with a charge-transfer process, involving the 
Eu :~ ions and the adjacent oxygen ions. The excitation 
energy then relaxes from the charge-transfer states to the 
excited levels of Eu:" proper; hence, emission and nonra- 
diative de-excitation from the 5D term drive the electronic 
system of Eu ~+ back to its equilibrium condition. 

Spectral Results under UV Excitation 
The values of the plaque brightness under 254 nm exci- 

tation for the phosphors investigated are collected in 
Table I. Inspection of the table shows that the plaque 
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Fig. 1. Energy-level scheme for the lowest manifolds of the '~D and 7F terms in Y20:~:Eu. On the left, the level scheme for the C~ site; on the 
right, that for the C:~i site. 
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Table I. Phosphor plaque-brightness under steady-state excitation at 
2S4 nm (normalized to Yellow Halo and sample YCX-6) 

Lot no. Composition Relative brightness 

CaFAP:Sb;Mn 100 
(Yellow Halo) 

YH PPP9780 

GTE Labs 
W4117-54-1 

Towanda a 
YRO-6 
II-04A 
YCX-6 

Y,~Oz:Eu 63.7 98.8 

Y=O3 Eu 56.6 87.8 
Y~O3:Eu 57.9 89.8 
Y.203:Eu 64.4 100 

a In chronological order of preparation. 

brightness of commercial  materials formulated at con- 
stant Eu content (4.7 m/o) has gradually increased in time 
by more than 10%, as a result of improved synthesis pro- 
cedures. 

Emission after laser excitation in the UV.--Time-re- 
solved detection of the emission after nanosecond-long 
excitation in the neighborhood of 254 nm shows, at delays 
of the order of a few microseconds after excitation, a large 
number  of emission lines originating from upper levels of 
the 4f 6 configuration. At later times (2100/~s after excita- 
tion), many of these lines are strongly reduced in inten- 
sity, or totally extinguished. Figures 2 and 3 show exam- 
ples of emission curves in the spectral region 400-650 nm. 
The relative intensity of the various emission groups, at 
different detection times after excitation, gives an ap- 
proximate measure of the lifetime of the relevant levels: 
namely, 5D3, ~D2, ~D1, and 5D 0. The emission lifetime is of 
course longest for the low lying 5D0 level (emission group 
from 580 nm to longer wavelengths) and decreases pro- 
gressively for the 5D, 5D 2 levels, and for levels still higher 
in energy. 

For our specific concerns, we would like to draw atten- 
tion to the marked relative-intensity drop (between 10 
and 100/~s) for the line at 588 nm, compared to the other 
emission components between 580 and 600 nm (Fig. 4; 
spectra individually normalized at the intensity of the 611 
nm emission line). We attribute this intensity drop to the 
wavelength overlap between an emission line of 5D~ and 
an intense emission line of '~D~. 

This wavelength overlap also affects the shape of the 
emission pattern measured in this spectral region under 
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steady-state excitation. While sample-to-sample differ- 
ences in this emission pattern in steady-state emission 
measurements are often construed as indicative of struc- 
tural differences between samples, the time-resolved 
spectra show that the shape of the emission pattern is 
also determined by the relative contribution of the '~D, 
level. 

Emission decays after UV exci tat ion.~An overview of 
the emission kinetics of '~D levels of interest is given in 
Table II, which lists relevant parameters, such as temper- 
ature, wavelength, transition assignments, the time after 
excitation at which detection was started, the risetime, 
and the time for emission to reach 1/e of the peak value. 
All measurements refer to 5-10 ns long laser excitation. 

Some comments  on the entries of Table II are now ap- 
propriate, in the context of correlating plaque brightness 
and decay kinetics of the phosphors. In Fig. 5 are plotted 
the normalized decay curves for emission at 611 nm (from 
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Table II. Emission-decay parameters for various yttrium oxide:Eu phosphors 

Temp. Excitation Emission Detection I/e Rise 
Sample Run (K) (nm) Transition (nm) Transition start r time time d 

YCX-6 H374 300 265 charge-transfer 611 ~DoJF~(C2) 0.5 ms 1.1 ms 
YCX-6 H376 300 265 charge-transfer 611 ~DSF2(C~) 0.5 ms 1.1 ms 
YCX-6 H393 300 265 charge-transfer 611 ~Do-TF2(C_,) 0 ms 22 ~s 
II-04A H375 300 265 charge-transfer 611 ~D0-TF2(C2) 0.5 ms 1.11 ms b 
W4117 ~ H395 300 265 charge-transfer 611 ~DoJF2(C2) 0 ms 15 ~s 
YCX-6 H401 300 265 charge-transfer 533.8 ~DtSF~(C~) 0 ~s 43-46 ~s 8 ~s 
II-04A H402 300 265 charge-transfer 533.8 ~D,~-TF,~,(C2) 0 ~s 49 ~s 8 ~s 
W4117 ~' H403 300 265 charge-transfer 533.8 '~D,~-TF,,(C2) 0 ~s 34 ~s 6 ~s 

YCX-6 H409 300 265 charge-transfer 467.8 ~D2-TF 0 ~s 5.5 ~s 0.3 ~s 
II-04A H410 300 265 charge-transfer 467.8 '~D.SF 0 ~s 6.5 ~s 0.3 ~s 
W4117 ~' H411 300 265 ~harge-transfer 467.8 '~DSF 0 ~s 4.5 ~s 0.3 ~s 

YCX-6 H308 300 582.4  ~F,~-~D0(C:~,) 611 ~DJF.,(C~) 0.35 ms 1.58 ms 
YCX-6 H356 300 582 .4  ~F,,-~Do(C~,) 611 ~D0-~F~(C~) 0.35 ms 1.58 ms 
YCX-6 H319 77 582 .4  ~F,~,-~D,~(C:,) 611 ~Do-~F2(C._,) 0.35 ms 1.44-1.48 
II-04A H305 300 582 .4  ~F,,-~Do(C:~,) 611 ~Do-~F2(C~) 0.35 ms 1.5 ms 
II-04A H292 77 582.4  T,~,-~Do(C:~,) 611 ~DJF~(C~) 0.35 ms 1.64-1.68 
W4117 ~' H355 300 582 .4  ~F~-~D0(C:~,) 611 '~Do-~F~(C.~) 0.35 ms 1.44 ms 

II-04A H290 77 582 .4  7F,~-SDo(C:~,) 582.4 '~DJF,~(C:~,) 0.35 ms 2.0 ms 
YCX-6 H309 300 5 8 0 .  ~F0-~Do(C2) 611 ~DJF~(C2) 0.35 ms 1.2 ms ~ 
YCX-6 H318 77 5 8 0 .  rF0-~Do(C~) 611 ~Do-~F2(C~) 0.35 ms 0.84 ms 
YCX-6 H328 4 580 .8  ~F~-.~Do(C~) 611 5D~-~F~(C~i 0.35 ms 0.93 ms ~ 
YCX-6 H499 5 580.8  ~Fo-~Do(C2) 611 ~D0-~F~(C2) 0.35 ms 0.92 ms ~ 
YCX-6 H349 300 580 .6  ~Fo-~Do(C2) 611 ~Do-~F2(C2) 0.35 ms 1.1-1.2 ms 
II-04A H304 300 580.7  ~Fo-~Do(C2) 611 '~Do-~F~(C2) 0.35 ms 1.18 ms 
II-04A H293 77 580 .9  ~Fo-SDo(C2) 611 .~Do-~F~(C~) 0.35 ms 1.04-1.08 
II-04A H502 5 580 .9  ~Fo-~Do(C~) 611.5 ~D0-~F2(C2) 0.10 ms 0.97 ms 

YCX-6 H417 300 528.1  ~F,~-'~D,~(C~) 538.2 ~D,~-~F,,,(C~) 0 ~s 39 ~s 2 ~s 
YCX-6 H424 300 526 .6  ?F,,-~D,~(C:+~) 538.2 ~D~JF,,,(C.~) 0 ~s 46 ~s 
II-04A H416 300 528.1  ~Fo-~D,~(C~) 533.8 ~D,,-T,~(C.~) 0 ~s 20 gs 
W4117 a H418 300 528.1 ;F0-~D,~(C2) 533.8 '~D,~-~F,~(C~) 0 ~s 16 ~s 
W4117 " H525 10 528.1 ~F0-~D,,(C~) 611.5 '~Do-~F2(C~) 90 ~s 
W4117 ~ H516 10 528.1  T0-~D,~(C~) 611.5 '~D,-~F~(C2) 0.10 ms 1.0 ms 
W4117 a H516 10 528.1  To-.~D,~(C~) 611.5 '~D,-T~(C2) 0.10 ms 0.98 ms h 
W4117" H517 10 528 .2  ;F,~-~D,~(C~) 611.5 ~Do-~F2(C2) 0.10 ms 0.98 ms 
W4117 ~ H520 10 527 .0  ~F~-~D,,,(C~) 611.5 ~DJF2(C~) 0.10 ms 1.02 ms 

W4117-54-1. 
b Curve fitting with single-exponential decay. 
~ After excitation pulse. 
d Between 10% and 90% intensity. 

the  ~Do level of  the  C2 sites) for th ree  d i f fe rent  Y20:~:Eu 
p h o s p h o r s  fo rmula t ed  wi th  t he  same Eu  conten t ,  bu t  ex- 
h ib i t ing  a range of =10% di f fe rence  in p laque  b r igh tnes s  
u n d e r  s teady-s ta te  exc i ta t ion  at 254 n m  (Table I). The nor- 
mal ized  decay  curves ,  resu l t ing  f rom dye- laser  exc i ta t ion  
at 265 nm,  in the  charge- t rans fe r  b a n d  of  Eu  '~*, were  not  
apprec iab ly  d i f fe ren t  in t he  th ree  mater ia ls .  The decay  
was  exponent ia l ,  and  its cons t an t  was  m e a s u r e d  as 1.1 ms  
(see Table II). 
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Fig. S. Normalized emission decoys at room temperature, measured 

at 611 nm for various Y20;~:Eu samples, following laser excitation at 
265 nm, See also Tables I and II. 

The area u n d e r  the  actual  emiss ion-decay  pu l se  of 
s amp l e  II-04A was  m e a s u r e d  as ~89% of  the  ana logous  
quan t i ty  of  YCX-6, in a g r e e m e n t  wi th  the  relat ive br ight-  
ness  va lues  of  Table  I. However ,  w h e n  w e - c o n s i d e r  the  
areas u n d e r  the  curves  ( individual ly  no rmal i zed  at peak  
intensi ty) ,  t hey  differ  by only  2%, the  area for the  d i m m e r  
II-04A be ing  actual ly greater .  Therefore ,  for UV excita-  
t ion at room t e m p e r a t u r e  no corre la t ion appear s  to exis t  
b e t w e e n  5D o emis s ion  l i fe t ime and  s teady-s ta te  emiss ion  
in t ens i ty  at 611 n m  (the d o m i n a n t  emis s ion  componen t ) .  
In  o the r  words ,  sample-spec i f ic  nonrad ia t ive  q u e n c h i n g  
of  the  '~Do popu la t ion  is appa ren t ly  not  r e spons ib l e  for the  
o b s e rv ed  var ia t ion in s teady-s ta te  p laque  b r igh tnes s  for 
UV exci ta t ion.  

In  Fig. 6, the  r o o m  t e m p e r a t u r e  decays  of  the  emi s s ion  
l ine at  533.8 n m  are g iven  for exc i ta t ion  at  265 n m  of  
s amples  f rom lots YCX-6, II-04A, and  W4117-54-1. By ref- 
e r ence  to the  energy- level  s c h e m e  of  Fig. 1, th is  par t icu lar  
e m i s s i o n  l ine is a s s igned  to 5D1 --~ 7Fla t r ans i t ions  for C2 
sites. 

Cont ra ry  to the  case  of the  emis s ion  at  611 nm,  a pro- 
n o u n c e d  sp read  is o b s e r v e d  in the  emis s ion  decays  of  Fig. 
6. The d i m m e s t  s ample  (II-04A; Table I) exh ib i t ed  the  
s lowes t  decay,  w i th  a decay  cons t an t  of  49 ~s (to Io/e in- 
tensi ty;  Table  II). L o w e r i n g  of  the  s ample  t e m p e r a t u r e  to 
77 K p r o d u c e d  a m a r k e d  l e n g t h e n i n g  of  the  emi s s i on  life- 
t ime  (92 ~s to Io/e i n t ens i ty  for s amp l e  YCX-6) and  a 
longer  bu i ldup  t ime  for emi s s i o n  to reach  its m a x i m u m  
(=20 ~s). 

A t r e n d  in emis s ion  l i fe t imes similar  to tha t  of Fig. 6 is 
also observed ,  on a more  c o m p r e s s e d  t ime scale, for emis-  
s ion f rom the  '~D2 manifo ld ,  as m o n i t o r e d  at r o o m  t emper -  
a ture  for the  467.8 n m  emi s s i o n  line, the  d o m i n a n t  t ransi-  
t ion  of  th is  g roup  (see Fig. 2). 

Of  the  th ree  samples ,  the  one  wi th  lowes t  s teady-s ta te  
b r i gh tnes s  again exh ib i t s  t he  longes t  decay  (i.e., 6.5 ~s; 
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~D~. Sampling window 2 /~s, The longest decay is observed for a 
sample of relatively low brightness for 254 nm excitation (see Table 
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Fig. 8. Detail of the initial portion of the normalized emission decay 
at 611.2 nm at room temperature, for excitation at 265 nm. The 
emission from sample 11-04A has an appreciably longer buildup time 
to reach its peak ( ~  100/~s). 

Fig. 7). The decays were nonexponential,  and the t ime re- 
quired for the peak intensity to decay to its Io/e value 
ranged in Fig. 7 from 4.5 to 6.5/~s (Table II). This t ime in- 
creased to =8/zs when the II-04A phosphor was cooled to 
77 K. 

Table II also lists the risetimes for emission, defined as 
the time between the 10% and 90% values of the emission 
intensity. A related quantity, namely the buildup t ime re- 
quired for emission to reach its peak, was of the order of 
10/~s for the ~D, emission resulting from UV excitation. 
The buildup t ime was definitely longer in the case of the 
5D0 emission at 611 nm, as a result of the gradual feeding 
of this level by higher lying levels; even at room tempera- 
ture, the buildup t ime was of the order of 100/~s (Fig. 8; 
excitation at 265 nm), a n d i t  was appreciably longer for 
sample II-04A, in correlation with the ~D1 lifetimes of the 
individual samples. 

In summary, under UV excitation the emission decays 
at room temperature for the 5D, and '~D., manifolds (but 
not for '~D,,) were generally of longer duration for the low 
brightness II-04A material. 
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Fig. 7. Emission from the '~D~ manifold at room temperature. Again, 
the longest decay is exhibited by the least bright material of the 
three. 

Spectral Results for Level-Selective Excitation 
Emission and excitation characteristics of the '~D mani- 

folds will be now reconsidered for the case of selective 
excitation into specific levels of the ~D term. 

Emission spectra for  selective excitation into '~Do.--We 
refer now to the energy-level scheme of Fig. 1. On excita- 
tion at 580.8 nm, energy is absorbed in the 7F0 ---> 'SD0 tran- 
sition of the C~ sites. The emission at 77 K in the case of 
the YCX-6 material (Fig. 9, dotted curve) is found to con- 
sist of the resonant line at 580.8 nm, a weaker line at 582.4 
nm, followed by a triplet at 587.4, 593.0, and 599.7 
nm, and the intense line at ~611 nm used for normaliza- 
tion in plotting. There are, in addition, emission groups at 
wavelengths longer than 611 nm, not considered here. 

The assignment of the emission lines to specific elec- 
tronic transitions is shown in Fig. 9 (see also the energy- 
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Fig. 9. Emission spectra ~Do --~ ~F., 7F,, 7F~ for selective excitation 
into the 5D o level of sample YCX-6 at 77 K. a): C~ excitation at 580.8 
nm ('~Do --~ 7F.; dashed trace, b): C:~i excitation 5D o --~ 7F1~ at 582.4 
nm (continuous trace). The emission spectra are normalized at the 
peak of the 611 nm emission line. Note the strong C2-type emission 
lines, especially at 611 nm, even for C:~i-type excitation, and the addi- 
tional structure on the long wavelength side of the 5Do --~ 7F,, emis- 
sion line of C:~i type. Sampling: 1 ms long, starting 0.2 ms after exci- 
tation. 
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level  s cheme  of Fig. 1). Exci ta t ion  into the  C2 site pro- 
duces,  as expec ted ,  the  cor responding  ~D~) ---> ~F,,, ~F~,,, ~F~,, 
~F,~, and ~F~ emiss ions  for the C~ site. In  addit ion,  as evi- 
denced  by the  weak  line at 582.4 nm [~D0(C:~) --~ 7F~(C:,~)], 
only a modes t  energy  t ransfer  takes place at this tempera-  
ture  f rom '~D,,(C~) to the '~Do(C:~) level, h igher  in energy  by 
~90 cm -~ (see Fig. 1). 

On exci ta t ion  at 582.4 cm (C:~i-site absorption),  a mix tu re  
of emiss ion lines of  C~ and C:~i origin is observed  (Fig. 9, 
con t inuous  trace). A m o n g  the  former  is the  ant i -Stokes  
emiss ion  at 580.8 nm, and all the  remain ing  ~D0 --~ T0, ~F,, 
7F~ t ransi t ions for the C~ site, inc lud ing  the  dominan t  line 
at 611 nm, which  is used  for the  normal iza t ion  of  the 
emiss ion  spec t rum resul t ing f rom C:,i-type exci ta t ion.  The 
emiss ion  lines for t ransi t ions  or iginat ing f rom Eu :~" ions in 
the C:~-sites are: the  resonan t  ~D0 --> 7F,a  l ine at 582.4 rim; 
and the  '~D(, -~ ~F,h t ransi t ion at =592.9 nm, accompan ied  
by some  addi t ional  s t ructure,  which  we shall a s sume  to 
be of v ibronic  nature,  for the  t ime being. The  poin t  we 
want  to emphas ize  is the efficient  energy  t ransfer  f rom 
C:~ to C~ sites, even  at 77 K, in the  sense that  exc i ta t ion  en- 
ergy p u m p e d  into the  C:~ subsys t em of '~Do ends up pre- 
dominan t ly  as C~ emiss ion  at 611 nm. 

For  the  purpose  of the d iscuss ion to follow, it should  be 
noted  that, in compar ing  the emiss ion  spectra  at 77 K for 
YCX-6 and II-04A fol lowing C:~ exci ta t ion  at 582.4 nm, the  
resonant  emiss ion  l ine at 582.4 n m  was found to be rela- 
t ively  s t ronger  in II-04A, after the  emiss ion  spectra  were  
indiv idual ly  normal ized  at the  in tensi ty  of  the 611 n m  
line. 

No ev idence  of  addi t ional  emiss ion lines, d iagnost ic  of  
Eu  :~ in secondary  crystal l ine phases,  was found  on con- 
t ras t ing the  emiss ion  spectra  for level-select ive exci ta t ion  
of  the two mater ia ls  YCX-6 and II-04A of different  
plato]o-brightness.  

Emission decays from ~Do.--The intr insic emiss ion  ki- 
netics of  the impor tan t  '~D,} level  are cons idered  next.  In 
Fig. 10, the  solid curve  shows the measured  decay  at 5 K 
of the emiss ion  l ine at 611.5 n m  for sample  YCX-6, after 
C~-type exci ta t ion  at 580.8 nm; the do t ted  curve  corre- 
sponds  to a normal ized  curve  for single exponen t i a l  de- 
cay with  0.92 ms constant .  The ag reemen t  is seen to be 
excel lent .  A dif ferent  low t empera tu re  run  wi th  the  same 
sample  at 4 K gave on fitt ing a decay cons tant  of 0.93 ms 
(Table II). The decay of the 611.5 nm emiss ion  of  sample  
II-04A was also measu red  at 5 K after C~-type exci ta t ion  at 
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Fig. 10. Decay at 5 K of the emission at 6 1 1 . 5  nm from sample 
Y C X - 6  for C2-type excitation at  5 8 0 . 8  nm. The curve (normalized at 
its peak) was recorded with o 50/~s aperture, starting at  100 /~s  after 
excitation. By comparison, the dotted curve represents an exponential 
decay with a time constant of 0.92 ms. The overlap of the two curves 
is remarkably good. 

580.8 nm. The decay was closely exponent ia l  wi th  a decay 
cons tan t  of =0.97 ms, namely ,  longer  than  the  0.92-0.93 ms 
va lue  for sample  YCX-6. 

In  a separate  series of m e a s u r e m e n t s  at var ious  temper-  
atures, we recorded  the decay at 611.2 n m  f rom sample  
YCX-6 ,  after C~-type exc i ta t ion  at 580.0 n m  (Fig. 11). 
Again,  the  decay was exponen t i a l  at =4 K and at 300 K, 
bu t  it had a more  c o m p l e x  behavior  at the  in te rmedia te  
t empera ture ,  p r e sumab ly  because  at 77 K the upward  en- 
ergy t ransfer  b e t w e e n  C2 and C:~, sites, and back-transfer,  
b e c o m e  possible.  Self - t rapping of  the emi t t ed  radiat ion 
could  also play a role in the  observed  emiss ion  kinetics,  
especial ly  at room tempera ture .  The t ime  associated wi th  
the  first e folding of  the emiss ion  (i.e., to Io/e) was 0.92 ms 
at 4 K and 1.2 ms at 300 K (see Table  II). 

Next ,  the  decay curves  for the  main  emiss ion  l ine at 611 
n m  were  cons idered  at room tempera tu re  bo th  in the  case 
of C2 exci ta t ion at 580.6 n m  and C:~i exci ta t ion  at 582.4 nm. 
In  the  fo rmer  case, the  decays  of YCX-6 and W4117-54-1 
were  very  similar, and were  bo th  somewha t  longer  than  
the  decay of  II-04A. In  the  lat ter  case of C3i exci ta t ion,  the  
decays  were  all general ly  longer,  in v i ew of the  C3i --~ C2 
transfer ,  and the  decay  cons tan t  of  YCX-6 was measu red  
as 1.58 ms, =5% longer  than  for II-04A. S ince  the  decay  of 
YCX-6 was also longer  than  that  of  W4117-54-1 (Fig. 12), 
no correlat ion was found  be tween  p laque  br ightness  for 
254 n m  exci ta t ion and decay t ime  for C2 emiss ion  re- 
sul t ing f rom C:~ exc i ta t ion  in ~D0. 

Excitation spectra for "~Do emission.--On moni to r ing  the 
emiss ion  at 611.2 n m  and scanning  the  exc i ta t ion  region 
cor respond ing  to the  7Fj ~ ~D0 absorpt ions  in the  YCX-6 
material ,  peaks cor respond ing  to bo th  C:~i and C~ transi- 
t ions are observed  (Fig. 13). As the  t empera tu re  is low- 
ered, the  short  wave l eng th  exci ta t ion peak  of Fig. 13 
(C~-transition 7F0 --~ ~D0) increases  in in tens i ty  at the  ex- 
pense  of  the  remain ing  two lines, part ly because  of accu- 
mula t ion  of popula t ion  in the  fundamenta l  7F 0 level. 

As for the  C:~ ~ C2 transfer,  as shown by the  p resence  in 
the  exci ta t ion  spectra  of l ines cor responding  to absorp-  
t ive t ransi t ions wi th in  both  C:~ and C2 sites, it cont inues  
even  for t empera tu res  as low as 55 K (Fig. 13; exci ta t ion  
l ine at 582.4 nm, name ly  7FL~ ---> '~D~, t ransi t ion for the  C:~ 
sites). When the  t empera tu re  is fur ther  lowered  to 4 K, the  
exci ta t ion  pat tern  of  Fig. 13 simplifies to one line at 580.8 
nm, because  the e lect ronic  popula t ion  is ef fec t ively  con- 
cen t ra ted  on the  7F 0 fundamen ta l  level,  whi le  the  7F~ level  
is depopula ted .  

In  conclusion,  s ince efficient  C:~ ---> C~ t ransfer  occurs  
wi th in  '~D0 at low tempera tures ,  it can be expec t ed  to be 
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sured at 4, 77, and 300 K for C2-type excitation at 580 nm. The de- 
cay is exponential both at 4 and 300 K (definitely longer in the latter 
case), but nonexponential in its initial portion at 77 K. 
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Fig. 12. Emission decays at room temperature for C:{i-type excita- 
tion at 582.4 nm. C~-type emission monitored at 611 nm. The decay 
for the YCX-6 sample appears to be consistently slower. 

even  more  effect ive  at r o o m  tempera ture ,  t he reby  cou- 
pl ing the  popula t ion  of the  two cation subsystems.  

Exc i ta t ion  spectra  measu red  whi le  mon i to r ing  the 
emiss ion  along the  spectra l  con tour  of  the  dominan t  
emiss ion  l ine at =611 nm, revea led  no new exci ta t ion  
peaks  in samples  exh ib i t ing  lower  br ightness  unde r  UV 
exci ta t ion.  In  the  par t icular  case of the  7F,~ ~ ~D0 excita- 
t ion l ine of C._, sites, we did not  observe  e i ther  the  broad- 
en ing  or the  spl i t t ing that  wou ld  arise f rom Eu  :~ in dis- 
tor ted  sites or in secondary  phases.  

Similar ly,  no ev idence  of  addi t ional  emiss ion  lines, di- 
agnost ic  of  Eu :3~ in secondary  crystal l ine phases,  was 
found on cont ras t ing  the  emiss ion  spectra  for level- 
se lect ive  exc i ta t ion  of  the  two mater ia ls  YCX-6 and 
II-04A of different  br ightness .  

Discussion 

Emission brightness for UV excitation.--As already 
ment ioned ,  several  m e c h a n i s m s  could  be invoked  as rele- 
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Fig. 13. Excitation spectra at various temperatures for the 611.2 
nm emission in sample YCX-6, in the spectral region for 7Fo, 7F,a --> 
SD 0 transitions. The excitation line at 580.8 nm increases monotonic- 
ally with the decrease in temperature, as a result of thermal 
population-redistribution in the ground manifold of levels. Contribu- 
tions to the C2 emission originating from C:~rtype absorption (excita- 
tion line at 582.4 nm) are noticeable even at temperatures as low as 
55 K. Detection: ! ms long, starting 0.2 ms after excitation. 

vant  to the  ques t ion  of  sample- to-sample  var ia t ion  in 
p laque  br ightness  for 254 n m  exci ta t ion  in Y~O3:Eu, and 
appropr ia te  m e a s u r e m e n t  t echn iques  w o u l d  have  to be  
used  to ver i fy  expe r imen ta l ly  the  impl ica t ions  of such  
models .  In  this con tex t  dye-laser  spec t roscopy  is espe- 
cially sui table  for check ing  mechan is t i c  models ,  whose  
opera t ion  affects the  emiss ion-decay  kinet ics  and/or  fine 
details of  the emiss ion  spectra  and of  the  exc i ta t ion  spec- 
tra. A m o n g  these,  we have  considered:  (i) preferent ia l  oc- 
cupa t ion  by Eu  3+ of one of  the  two cat ion sites (C3i or  C2), 
(ii) enhanced  nonrad ia t ive  deact iva t ion  of  the  emi t t ing  
5D0 level  of  Eu  3~ in the  low br ightness  materials ,  and (iii) 
segregat ion  of Eu  3§ in d is tor ted  sites or in secondary  pha- 
ses of  low emiss ion  efficiency. 

These  models  are n o w  assessed on the  basis of the  ex- 
pe r imenta l  in format ion  ga thered  in the  p resen t  study. 

Nonradiative deactivation of '~D0.--It was a l ready n o t e d  
in previous  sect ions that  the  bu lk  of the  emiss ion  inten- 
sity in Y.,O:~:Eu phosphor s  or iginates  f rom the  '~Do level,  
and that  the  emiss ion-decay  kinet ics  f rom '~D0, fo l lowing 
room t empera tu re  UV exci ta t ion  (Fig. 5) do not  differ  suf- 
f iciently f rom sample  to sample  (Table II) to account  for 
the observed  10% br igh tness  differential  (Table I). 

On the  contrary,  for se lect ive  exci ta t ion  into the C:~i 
level  at 582.4 n m  (Fig. 12) a somewha t  longer  emiss ion  de- 
cay is observed  for the  YCX-6 mater ial  than  for the  mate- 
rial W4117-54-1 (and II-04A). The reasons for the  di f ferent  
decay  behav ior  unde r  UV exci ta t ion  and 5Do exc i ta t ion  
are  not  clear at present .  

However ,  even  for level-select ive exci ta t ion,  no correla- 
t ion was found b e t w e e n  p laque-br igh tness  (for 254 n m  ex- 
citation) and emiss ion  l i fe t imes of  the '~D~ levels.  

One of  the  reasons for the  lack of  corre la t ion be tween  
5D0 decay kinet ics  and phospho r  br igh tness  is the  cou- 
pl ing in 5D0 be tween  two sys tems of  ions (in C3i sites and 
in C2 sites) decaying  at d i f ferent  rates. In v i ew of the  effi- 
c ient  C3i ---> C~ inters i te  energy  t ransfer  in 5D0 at r o o m  tem- 
perature ,  s lower  decays for the  611 n m  emiss ion  do not  
necessar i ly  indicate  the  absence  of  dele ter ious  nonradia-  
t ive deact iva t ion  processes .  Longer  decays  may  s imply  
reflect  an osci l la tory-type migra t ion  of  exc i ta t ion  energy  
back and forth b e t w e e n  the  C:~i and C~ sublatt ices.  No cor- 
relat ion be tween  p laque  br ightness  for 254 n m  exci ta t ion,  
and the  dura t ion  of the  '~Do, C~-type decay is expec ted  a 
fortiori for UV exci ta t ion  of  the  materials,  s ince the  emis-  
sion kinet ics  of the  611 n m  line are fur ther  compl ica ted  
by intersi te  t ransfer  and nonrad ia t ive  deac t iva t ion  along 
the  ladder  of  e lect ronic  levels  funnel ing  the  exc i ta t ion  en- 
ergy d o w n  to the  SD0 level.  

Preferential site occupation by E w L - - A n o t h e r  mecha-  
n i sm impac t ing  the  emiss ion  br ightness  was init ial ly pos- 
tu la ted to be the  fol lowing:  let  us a s sume  that  Eu :~' is 
preferent ia l ly  s i tuated in the  C:~ site of  the  host  matrix.  
Then  these  effects would  be ant icipated:  (i) the  re la t ive  
in tens i ty  of  the "hyper sens i t ive"  (18) C~-type emiss ion  
l ine at 611 nm will be reduced,  whi le  an increase  wou ld  
be expec t ed  in the  relat ive in tens i ty  of  the  emiss ion  lines 
of  C3rtype, ~D0 ---) 7Fla and  5D 0 ---> 7Fib at =582 and =593 nm, 
respect ively .  In  addit ion,  the  longer  l i fe t ime of the  C3~- 
type  5D0 level  wou ld  enhance  the  probabi l i ty  of  its 
nonrad ia t ive  deact ivat ion,  resu l t ing  in r educed  emiss ion  
br ightness .  

The  spectral  m e a s u r e m e n t s  on the mater ia ls  in ques-  
t ion have  shown that  efficient  coupl ing  b e t w e e n  C:~, and 
C2 sites occurs  even  at t empera tu re s  as low as 55 K. Evi- 
dently,  the  intersi te  e x c h a n g e  of exci ta t ion  energy  will be 
even  more  effect ive at r o o m  tempera ture .  E v e n  a s suming  
that  such site occupa t ion  actual ly  occurs,  it will  not  affect 
s ignif icant ly the emiss ion  f rom 5D,, which  is predomi-  
nan t ly  in the  fo rm of the  hypersens i t ive  line at 611 rim. 

Crystalline sites (or phases) of low emission effi- 
ciency.--As another  work ing  model ,  one could  envisage 
that  some  of the Eu  :~ ions are present  e i ther  in dis tor ted 
sites of  the  Y~O:~ hos t  matr ix ,  or segregated  in secondary  
crysta l l ine  phases.  Bo th  effects  are expec t ed  to lead to re- 
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d u c e d  e m i s s i o n  eff ic iency at  611 nm,  by  a r g u m e n t s  simi- 
lar  to  t h o s e  ou t l i ned  in  t he  p r e v i o u s  sec t ion  on  C:~ vs. C2 
site occupa t ion .  

A s s u m i n g  t he  m o d e l  to be  correct ,  we e x p e c t  to f ind 
c h a n g e s  in  the  e x c i t a t i o n  a n d  e m i s s i o n  spec t r a  in  com- 
p a r i n g  Y=O.~:Eu p h o s p h o r s  of d i f fe ren t  b r i gh t ne s s .  In  par-  z 

m 
t icular ,  if  t he  h y p o t h e t i c a l  d i s t o r t ed  s i tes  of  Y~O:~ were  
o c c u p i e d  b y  Eu  :~+, one  w o u l d  an t i c ipa t e  e i t h e r  a b road-  u. u. 
en ing ,  or a mul t ip l i c i ty  of  exc i t a t i on  a n d  e m i s s i o n  l ines  tu 

assoc ia ted ,  for i n s t ance ,  w i t h  t he  easi ly  d e t e c t a b l e  7F, -~ ~: 
~D0 a n d  '~D0 -~ 7F0 t r a n s i t i o n s  for t he  C~ sites. N e i t h e r  ex-  
p e c t a t i o n  is va l i da t ed  b y  t h e  o b s e r v a t i o n s  of  the  p r e s e n t  m 
s tudy.  

As  for  t h e  p r e s e n c e  of  s e c o n d a r y  c rys ta l  phases ,  t h e  evi- ~- �9 o 
d e n c e  to th i s  ef fec t  is i nconc lus ive ,  e i t he r  f rom t he  x- ray  tu  . c r  

di f f rac t ion  data  or f rom t he  overal l  a b s e n c e  of add i t iona l  n- 
O 

spec t ra l  f ea tu res  in  t he  e m i s s i o n  a n d  exc i t a t i on  spect ra ,  o 

The question of the actual Eu:" content.--We l is t  n o w  s o m e  
d i f f e rences  o b s e r v e d  in  t he  spec t ra l  b e h a v i o r  of the  
YCX-6 mate r ia l  a n d  t he  d i m m e r  II-04A mater ia l .  

1. On U V  exci ta t ion ,  t he  r o o m  t e m p e r a t u r e  e m i s s i o n  de- 
cays f rom '~D2 a n d  '~D, we re  s lower  in  II-04A. 

2. Aga in  in  II-04A, a l onge r  b u i l d u p  t i m e  af ter  U V  exci-  
t a t i o n  was  o b s e r v e d  at r o o m  t e m p e r a t u r e  for  the  611 n m  
e m i s s i o n  to r each  i ts  peak .  

3. L o n g e r  "~D0 e m i s s i o n  decay  of  C~-type was  m e a s u r e d  
at  5 K in  II-04A, for C~-type se lec t ive  e x c i t a t i o n  at  580.8 
n m .  

4. On exc i t a t i on  at  77 K in to  t he  C:~ levels  of'~D0, the  res- 
onan t ,  C:~-type e m i s s i o n  ~D 0 --> 7F,~ was  re la t ive ly  s t r o n g e r  
in  II-04A. 

5. The  e m i s s i o n  f r o m  II-04A h a d  a re la t ive ly  w e a k e r  in- 
t en s i t y  in  t he  l o n g - w a v e l e n g t h  s t r u c t u r e  of  the  d o m i n a n t  m ~ 

_J e m i s s i o n  l ine at  611 nm.  ,, 
Mos t  of t he se  ef fec ts  c an  be  v i e w e d  as b e i n g  c a u s e d  by  ~: 

a less r ap id  ene rgy  t r a n s f e r  in  t he  exc i t ed  s ta tes  of II-04A, ,,. 
w h i c h  we a t t r i b u t e  to a l o w e r  E u  :~ c o n t e n t  in  II-04A. Th i s  u. t~ 
c o n c l u s i o n  is q u i t e  u n e x p e c t e d .  M e a s u r e m e n t s  of  t h e  E u  r~ 
c o n t e n t  in  t he  t h r e e  p h o s p h o r  mate r ia l s  of  m a i n  in t e r e s t  
in  th i s  r epo r t  were  o b t a i n e d  f rom a t o m i c - a b s o r p t i o n  mea-  ,,o 
s u r e m e n t s ,  a n d  are l i s t ed  in Tab le  III. T he  ana ly t i ca l  da ta  -" 
revea l  tha t ,  wh i l e  t h e  ea r ly -v in tage  YRO-6 s a m p l e  of  low 
b r i g h t n e s s  (Tab le  I) ha s  a def in i te ly  lower  E u  c o n t e n t  z ~ 
( and  th i s  w o u l d  e xp l a i n  t h e  r e d u c e d  b r i g h t n e s s  value),  "~ 
t he re  a p p e a r s  to be  no  s ign i f ican t  d i f f e rence  (only a rela- 
t ive  =4%) in Eu  c o n t e n t  b e t w e e n  YCX-6 a n d  II-04A. 

Fo r  ou r  pu rposes ,  we are  i n t e r e s t e d  r a t h e r  t h a n  in  t he  
to ta l  E u  con ten t ,  as l i s t ed  in  Tab le  III,  in  t he  f r ac t ion  of  
E u  t h a t  is ac tua l ly  p r e s e n t  as the  t r i va l en t  ion. S i n c e  t he  
ana ly t i ca l  da ta  do  n o t  d i f f e ren t i a t e  b e t w e e n  t h e s e  two  
quan t i t i e s ,  we  h a v e  r e s o r t e d  to h i g h  sens i t iv i ty  
re f l ec tance  s p e c t r o s c o p y  to assess  qua l i t a t ive ly  t he  rela- 
t ive  c o n c e n t r a t i o n  of  Eu  3~ in  t he  II-04A a n d  YCX-6 mater i -  
als. E x a m p l e s  of  r e f l ec tance  spec t ra  in  t he  l ong -UV a n d  
v i s ib le  r eg ions  are g i v e n  in  Fig. 15 a n d  16. In  b o t h  
f igures,  we  are p l o t t i n g  d i f fuse  re f l ec tance  s pec t r a  of 
two  Y203:Eu samples ,  u s i n g  t he  re f l ec tance  of  a su i t ab l e  
s t a n d a r d  ( E a s t m a n  K o d a k  Ref l ec t ance  S t a n d a r d  6091) as 
t he  b a s e  l ine  for  t h e  m e a s u r e m e n t s .  In  o rde r  to d i sc r imi-  
na t e  re f l ec tance  f r o m  l u m i n e s c e n c e  s ignals ,  two m o n o -  
c h r o m a t o r s  ( locked  a t  t h e  s ame  w a v e l e n g t h )  were  
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Fig. 15. Weak absorption lines contributed by Eu 3~, as detected 
from reflectance measurements at room temperature in the visible 
spectral region of sample YCX-6 and sample 11-04A. Ordinates: dif- 
ference reflectance spectra vs. the Eastman Kodak Reflectance 
Standard 6081. Absorption is in the direction of increasing ordinates. 

s c a n n e d  in  t a n d e m  to s u p p l y  the  d i rec t  r a d i a t i o n  a n d  to 
de t ec t  t he  re f lec ted  rad ia t ion ,  respec t ive ly .  The  r e su l t i ng  
spec t r a  are p lo t t ed  so t h a t  d e c r e a s e d  re f l ec tance  (i.e., in- 
c r ea sed  a b s o r b a n c e )  is in  t he  d i r ec t ion  of  i n c r e a s i n g  
va lues  of  _th_e o rd ina tes .  

Table III. Eu content in various phosphors. Also reflectance at 254 nm, particle size, and quantum yield for emission 

Relative 
Lot no. Composition Eu content (w/o) ~ 254 nm reflect Particle size b quantum yield c 

GTEL 
W4117-54-1 Y~O:~:Eu 6.98 6.92 6.91 0.25 6.82 131.7 

Towanda 
YRO-6 Y20~:Eu 4.98 4.54 4.53 0.28 6.93 121.9 
II-04A Y~O3:Eu 5.40 5.50 5.35 0.28 8.38 124.7 
YCX-6 Y20:~:Eu 5.58 5.75 5.69 0.17 8.38 120.5 

a Results from three different analyses, using atomic absorption techniques. 
b Median diameter in micrometers from Coulter Counter measurements. 
r Relative quantum yield, from 254 nm reflectance and brightness values from Table I. 
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Fig. 16. Same as Fig. 15, but for samples W4117-54-1 and sample 
YRO-6. 

Figure 15 shows a comparison of such spectra for 
samples II-04A and YCX-6, that have almost the same 
particle size (Table III). In spite of the comparable total 
Eu content, the Eu :~* content in II-04A seems lower, by al- 
most a factor of two, judging from the reduced strength of 
the absorption lines. A similar comparison in Fig. 16 for 
W4117-54-1 and YRO-6, again with similar particle size 
(Table III), highlights the more intense Eu :~ absorption in 
the former, as expected simply from the difference in to- 
tal Eu content. 

Table III also lists the reflectance at 254 nm for the rel- 
evant samples. Here again, the objective of the measure- 
ment  was to correlate UV absorbance with total Eu :~ con- 
tent. Such correlation is apparently absent. Since the UV 
absorption at 254 nm is contributed not only by the 
charge-transfer transitions of Eu '~, but also by lattice de- 
fects/vacancies, a simple measurement of the reflectance 
at 254 nm may be insufficient for the stated aim. Instead, 
a careful study of the absorption throughout the entire 
UV spectral region would be required to separate the con- 
tributions to the absorption originating from Eu 3+ and 
those caused by centers associated with lattice defects. 

Conclusions 

The present investigation on the dye-laser spectroscopy 
of commercial  Y~O:~:Eu phosphors has uncovered several 
spectral features of interest, associated with the excited 
state relaxation of Eu :~', and has clarified some effects ob- 
served in conventional optical spectroscopy of these ma- 
terials. Such effects will now be summarized. 

1. In the steady-state measurements of emission after 
254 nm excitation, the intensity pattern of the line group 
from 580 to 600 nm is often observed to change from 
sample to sample. On the basis of the time-resolved emis- 
sion spectra, we attribute these changes to variations in 
relative emission intensity from the upper 5D, level. In 
other words, these spectral effects are associated with 
changes in Eu :~ concentration. 

2. Efficient coupling exists between the Eu:" ions in the 
two C:~ and C2 sublattices of the dominant 5D 0 emitting 
level. Differences from sample to sample in ~Do decay ki- 
netics depend, via the Eu :~ concentration and the temper- 
ature, on the rates of the energy exchange back and forth 
between the C:~1 and C2 sublattices. 

The following observations are pertinent to the specific 
question of plaque brightness for 254 nm excitation of the 
materials under consideration. 

1. The decay t ime of the 5Do emission at room tempera- 
ture does not correlate with emission brightness for 254 
nm excitation. 

2. No evidence was uncovered for secondary crystalline 
phases, or for Eu :'~ sites of intrinsically low emission effi- 
ciency. 

3. Dye-laser spectroscopy suggests that low-brightness 
materials contain lower concentrations of Eu:% 

4. High sensitivity reflectance spectroscopy confirms 
the model of a correlation of plaque brightness for 254 nm 
excitation and strength of the Eu:" reflectance lines in 
the visible spectral region. 

The techniques of dye-laser spectroscopy have been 
useful in suggesting a lower Eu :'~ content in the sample of 
lower plaque brightness. Rather than the decay kinetics 
of the '~D,, level, the key factors determining the emission 
brightness for 254 nm excitation in Y20:~:Eu appear to be: 
first, the actual Eu:" concentration, as distinct from the 
total Eu content detected by analytical techniques; and, 
second, the nature of the short-UV absorptions in the ma- 
terials in question: namely, whether they are contributed 
by Eu :~§ charge-transfer processes or by absorbing centers 
that decay nonradiatively and do not transfer the ab- 
sorbed UV radiation to Eu :~ emitting centers. 

At this stage, the problem of plaque brightness under 
254 nm excitation must be tackled by techniques other 
than dye-laser spectroscopy, with a shift to conventional 
excitation and reflectance spectroscopy in the UV, and 
high resolution reflectance spectroscopy in the visible re- 
gion. 
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Techn ca]l Notes 
i i 

Selective Reactive Ion Etching of TiW 

P. M. Schaible and G. C. Schwartz* 

IBM Corporation, General Technology Division, Hopewell Junction, New York 12533 

TiW is used as a barrier to interdiffusion between alu- 
minum or aluminum copper thin films (used as intercon- 
nections in integrated circuits) and silicon or PtSi con- 
tacts, thereby preventing junction short circuits (1). One 
method of defining VLSI interconnection patterns is by 
a lift-off technique. A stencil is defined (2), and after 
evaporation, the unwanted metal is removed with the 
stencil, leaving the interconnection metallization. How- 
ever, TiW is most practically deposited by sputtering, 
which is not compatible with this method. If TiW were 
sputtered through a lift-off mask, the pattern would have 
sloped walls (3), and coverage of the walls of the lift-off 
stencil is a potential problem. A more practical process 
for the formation of patterns in TiW is subtractive etch- 
ing, following lift-off formation of the aluminum or alumi- 
num copper on top of a blanket layer of TiW. To insure 
the absence of undercutting, reactive ion etching (RIE) is 
used to etch the TiW. 

Although TiW can be etched in a CF4 plasma, the etch- 
rate ratios, R(TiW)/R(Si02) and R(TiW)/R(Si3N4), are unfa- 
vorable, so severe attack of the substrate occurs. 

This note describes the optimization of an alternate 
TiW RIE process, first proposed by Kitcher et al. (4). The 
process, RIE in CC1JO,_, mixtures, results in a favorable 
etch-rate ratio with respect to the nitride (or oxide) sub- 
strate. An overlying pattern of aluminum or A1Cu (formed 
by lift-off or by a previous RIE step in CC14) is not etched 
in the CC1JO=, mixture. AI~O:~ grown during the TiW etch 
is easily removed by an in situ RF sputter clean prior to 
deoosition of the next level of metal (5). 
*Electrochemical Society Active Member. 
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Fig. 1. Etch rates of TiW, Si:~N4, AICu, and Si vs. %O2 in CCI4 at 
room temperature, 200W, 10 mtorr total pressure. The two curves in 
the AICu data represent the minimum and maximum etch rates ob- 
served. 

The reactor used in these experiments has been de- 
scribed previously (6). In order to achieve, in this system, 
the maximum etch rate and the maximum selectivity, we 
investigated (at small loads) the effect of gas composition, 
input RF power, system pressure, and cathode tempera- 
ture. The temperature of the etching samples (thin films 
deposited onto silicon-wafer substrates) is not controlled; 
it will depend on the cathode temperature and the RF 
power density (7). 

Figure 1 shows the dependence of the etch rates of TiW, 
A1Cu, and Si3N4 on the concentration of O~ in CCI~, {C(O2) 
= P(O2)/[P(O2) + P(CC14)]}; the input RF power density 
was 0.4 W/cm 2, the total pressure was 10 mtorr, and the 
cathode was not heated by an external source. The etch 
rates of SiO2 are not shown. We had found in previous ex- 
periments that Si~N~ always etched at a higher rate than 
SiO~ in these plasmas (8). In pure CC14, A1Cu etches about 
3-4 t imes more rapidly than TiW and Si3N~. As C(O~) is in- 
creased, the etch rate of A1Cu decreases rapidly; the etch 
rate becomes equal to the sputter etch rate at C(O2) = 0.2. 
On the other hand, the etch rate of TiW, R(TiW), increases 
with increasing C(O2) and reaches a broad max imum at 
C(O2) = 0.2-0.3. When C(O~) is increased beyond 0.3, 
R(TiW) decreases rapidly. The etch rate of Si3N4, R(Si3N4), 
is independent  of C(O2) for values of C(O2) less than about 
0.4; above C(O2) = 0.4, R(Si:~N4) decreases gradually. The 
maximum value of R(TiW)/R(Si3N4) is approximately 5 
and occurs at C(O~) = 0.2. In this gas mixture, the etch 
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rate of silicon is approximately 0.9 R(TiW), so that uncov- 
ered contacts would be attacked. 

At a constant value of C(O~) = 0.2, we investigated the 
dependence of R(TiW), R(Si:~N4), and R(TiW)/R(Si:~N~) on 
RF power and total pressure. At constant pressure, an in- 
crease in input power causes an increase in both etch 
rates, but the etch rate ratio remains unchanged. At con- 
stant input power, an increase in total pressure results in 
a decrease in both etch rates, but again, the etch rate ratio 
remains unchanged. This is illustrated in Fig. 2 and 3. 

As seen in Fig. 4, increasing the cathode temperature to 
150~ results in increases in both R(TiW) and R(AICu) but 
no increase in R(Si:~N4). Figure 5 shows that the maximum 
value of R(TiW)/R(Si:~N4) is 7.5 and that it remains con- 
stant as C(O2) changes from 0.3 to 0.7; at these values of 
C(O~), R(A1Cu) is negligible and R(Si) = 0.5R(TiW), which 
decreases the attack on uncovered contacts. It can also be 
seen that a further increase in cathode temperature pro- 
duces no further increase in R(TiW)/R(Si:~N4). 

Substitution of C1JO2 or C12/CO2 for CC1JO2 resulted in 
similar trends of R(TiW)/R(Si~N4) vs. C(02), but the etch- 
rate ratios were lower than in CC1JO~. 

�9 RT 200 Watts 
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0 225~ 
0 , ~r X 

h..2. 

d ui 

0 i I i 
lO 2o 3'0 ,o ;o 8'o 
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Fig. 5. ERR (TiW/Si.~N4) ,'s. %02 in CCI4 as a function of tempera- 
ture at 200W, 10 retort pressure. 

It has been proposed that C1, formed in a CC14 plasma, 
is responsible for etching aluminum and A1Cu (9). Burton 
et al. have shown that addition of 02 to a CC14 plasma in- 
creases the amount  of atomic C1 in the plasma until the 
dilution effect predominates (10). Nevertheless, Tokunaga 
et al. (9) reported that increasing additions of Oz to CC14 
plasmas reduced the etch rate of a luminum until, finally, 
no further etching was observed. They suggested that the 
species responsible for etching aluminum oxide were 
consumed by the O~ so that the aluminum surface was 
protected from etching. Another view of the role of oxy- 
gen is that it reoxidizes the aluminum surface as fast as it 
is exposed, thereby preventing attack by C1. We assume 
that the TiW is not subject to passivation by the added 
oxygen; therefore, the higher concentration of atomic C1 
results in a higher etch rate. 

Use of a gas mixture of 40%-50% O2 in CC14 and a cath- 
ode temperature of 150~ permits etching of TiW with 
minimal attack of A1 or A1Cu and SiO~ or Si3N4. The etch 
rate of silicon is about one-half the etch rate of TiW. 

A c k n o w l e d g m e n t  
The authors thank J. P. Anderson for technical assist- 

ance. 

Manuscript submitted June  11, 1984; revised manu- 
script received Nov. 2, 1984. 

IBM Corporation assisted in meeting the publication 
costs of this article. 

REFERENCES 
1. P. B. Ghate, J. C. Blair, C. R. Fuller, and S. E. Mc 

Guire, Thin Solid Films, 53, 117 (1978); C. Canali, G. 
Celotte, F. Fantini, and E. Zanoni, ibid., 8 8 ,  9 (1982); 
P. C. Parehk, R. C. Surine, and P. Lemieux, Solid 
State Electron., 19, 493 (1976). 

2. J. P. Franco, J. R. Havas, and J. Rompala, U.S. Pat. 
4,004,044 (1975). 

3. T. Sakurai and T. Serikawa, This Journal, 126, 1257 
(1979). 

4. J. R. Kitcher, G. M. Ozols, and B. N. Singerman, U.S. 
pat. 4,203,800 (1980)_ 

5. J. H. Bauer, in "The Eighth International Vac. Confer 
ence," Vol. 1, p. 649 (1980). 

6. P. M. Schaible, W. C. Metzger, and J. P. Anderson, J. 
Vac. Sci. Technol., 15, 334 (1978). 

7. G. C. Schwartz and P. M. Schaible, in "Plasma Pro- 
cessing," R. G. Freiser and C. J. Mogab, Editors, p. 
133, The Electrochemical Society Softbound Pro- 
ceedings Series, Pennington, NJ (1981). 

8. Unpublished results. 
9. K. Tokunaga and D. W. Hess, This Journal, 127, 928 

(1980). 
10. R. H. Burton and G. Smolinsky, ibid., 129, 1599 (1982). 



In Situ Preparation of p-Type CdTe Thin Films by Cathodic 
Electrodeposition 

R. N. Bhattacharya and K. Rajeshwar* 

Department of Chemistry, The University of Texas at Arlington, Arlington, Texas 76019 

R. N. Noufi* 

Solar Energy Research Institute, Golden, Colorado 80401 

R ecen t  s tudies  on n-CdS/p-CdTe  he t e ro junc t i on  solar 
cells (1) have r epo r t ed  solar-to-electrical  conve r s ion  effi- 
c iencies  app roach ing  the  10% b e n c h m a r k .  Thin  films of  
CdTe requ i red  for t hese  devices  are fabr ica ted  by a vari- 
e ty of m e t h o d s  (e.g., v a c u u m  deposi t ion,  sc reen  pr int ing,  
c lose -spaced  subl imation) .  E lec t rodepos i t i on  is ano the r  
cand ida te  t e c h n i q u e  rece iv ing  scru t iny  (lb,  2). A l though  
earlier  s tudies  had  p r e sc r ibed  condi t ions  for ca thodic  
depos i t i on  of  bo th  n- as well  as p - type  CdTe  (3), more  re- 
cen t  work  reveals  diff icult ies wi th  e l ec t rodepos i t i on  of  
p - type  layers f rom acidic ba ths  [cf. Ref. ( lg,  4)]. These  
diff icult ies have  led to the  n e e d  for pos t -depos i t i on  
the rma l  t r e a t m e n t  of  e l ec t rodepos i t ed  films to i nduce  
n--* p- type  convers ion.  P re l imina ry  ev idence  for p- type  
e lec t ronic  conduc t iv i ty  in the  as -depos i t ed  films was  pre- 
s en t ed  in prev ious  c o m m u n i c a t i o n s  (2c, 2d). These  exper-  
iments ,  however ,  were  c o n d u c t e d  on depos i t i on  ba ths  
con ta in ing  no in ten t iona l ly  a d d e d  accep tor  impur i t y  (e.g., 
Cu). The p u r p o s e  of th is  note  is to p r e s e n t  fu r ther  evi- 
d e n c e  for p- type  conduc t iv i ty  in CdTe th in  films con- 
ta in ing  Cu as well  as s o m e  data bear ing  on the  di rect  ap- 
pl icabi l i ty  of  these  fi lms to n -CdS/p-CdTe he t e ro junc t i on  
fabricat ion.  

Experimental 
Procedures for bath preparation and electrodeposition 

have been described in previous papers from these labo- 
ratories (2d, 5). Glass slides coated with Sn-doped indium 
oxide (ITO) (nominal sheet resistance: I0 ~/[~) and Mo 
were used as substrates for electrodeposition. These were 
obtained from commercial sources; the surfaces of these 
substrates were ultrasonically cleaned prior to use in the 
electrochemical cell. For acceptor doping of the electro- 
deposited CdTe thin films, requisite amounts of CuSO4 
were added to the deposition bath. 

Ohmic contacts or barrier metals on devices were fabri- 
cated in a high vacuum metallization chamber. The inter- 
vening CdS layer in the n-CdS/p-CdTe heterojunction de- 
vices was prepared by a solution-growth technique 
described in Ref. (6). This layer was subsequently an- 
nealed in H2 a t m o s p h e r e  at 250~ for ca. l h  to lower  its re- 
sistivity.  Typical  charac ter i s t ics  of the  annea led  samples  
were  the  following: van  der  P a u w  resis t ivi ty  of  1.09 t~-cm; 
Hall mobi l i ty  of  6 cm~/V-s; and  donor  concen t r a t ions  of 
~10,s cm-:~. 

The th i ckness  of  the  e l ec t rodepos i t ed  CdTe layers  was  
nomina l ly  in the  range  0.5-4 #m. For  he t e ro junc t i on  
CdS/CdTe  devices ,  CdS layers 1000-3000~ th ick  were  em- 
p loyed.  Cross-sect ional  examina t i on  of these  s t ruc tures  
by e lec t ron  m i c r o s c o p y  reveal  co lumnar  CdTe  grains  atop 
a f ine-grained layer  of  CdS. 

Results and Discussion 
Table  I conta ins  r ep resen ta t ive  compos i t iona l  data  ob- 

t a ined  by e lec t ron  p robe  mic roana lyses  (EPMA) for CdTe 
th in  films fabr ica ted  on ITO and Mo subs t ra tes .  Addi-  
t ionally,  data  on two s amp le s  of  CdS on glass are also 
shown.  The CdTe th in  films on ITO invar iably  conta in  
Te as a separa te  phase ;  this  is ref lected in t he  h igh  Te:Cd 
ratio for t hese  s amples  (cf. sample  no. 87 and  17 in Table 
I). E v i d e n c e  for the  p r e s e n c e  of  Te is also ob ta ined  f rom 

*Electrochemical Society Active Member. 

Table I. Representative compositional characteristics of 
CdTe and CdS thin films from EPMA 

Composition (atom percent)" 
(Error) 

Sample no. Substrate Cd Te Cu 

87 ITO 37.44 61.34 1.23 ~' - -  
(2.71) (4.43) (0.09) 

17 ITO 29.73 62.37 7.90 C' - -  
(0.60) ( 1 . 2 7 )  (0.16) 

23 ITO 38.70 47.22 13.28 r - -  
(4.38) (5 .35 )  (1.50) 

37 Mo 47.11 48.16 4.73" - -  
(7.02) (7.18) (0.71) 

38 Mo 48.33 47.17 4.50" - -  
(7.36) ( 7 . 1 8 )  (0.69) 

39 Mo 46.t6 49.55 4.29 ~' - -  
(7.35) (7.89) (0.68) 

8F Glass 51.98 - -  - -  47.75 
(2.84) (2.61) 

87b ~' Glass 53.84 - -  - -  46.11 
(5.27) (4.51) 

The values shown are averaged from those obtained by spot 
scanning several (nominally 10-12) positions. 

b Deposition bath contained 2 • 10-~M Cu 2". 
Deposition bath contained 3 • 10-~M Cu 2 . 

~ Deposition bath contained 5 • 10-~M Cu 2". 
Films prepared by solution growth method [cf. Ref. (6)]. 

x-ray diff ract ion analyses  and  is fu r ther  con f i rmed  by  the  
tai l ing of the  l ong-wave leng th  opt ical  ab so rp t i on  re- 
s p o n s e  of t hese  th in  films. P r e c e d e n c e  for fo rma t ion  of 
Te prec ip i ta tes  in CdTe is found  in prev ious  w o r k  (7). Ex- 
cess  Te is also imp l i ca t ed  in device  behav io r  w h e r e i n  oxi- 
dat ive e t ch ing  of  the  CdTe surface  was  e m p l o y e d  (if). In  
our  exper ience ,  e l ec t rodepos i t i on  of  device-qual i ty  CdTe 
th in  fi lms w h i c h  are in t r ins ical ly  p- type  (i.e., t hose  w h i c h  
con ta in  inters t i t ia l  Te in sl ight  excess  f rom the  stoichio- 
me t r i c  compos i t ion)  is invar iably  a c c o m p a n i e d  by the  for- 
ma t i o n  of Te as a separa te  phase .  In  th is  regard,  accep tor  
dop ing  of CdTe dur ing  e l ec t rodepos i t ion  is a more  viable 
a p p r o a c h  as d e m o n s t r a t e d  below.  

A typical  Auger  e lec t ron  s p e c t r u m  (differential  form) 
and  a d e p t h  profile for a d o p e d  th in  film on Mo sub- 
s t ra te  are s h o w n  in Fig. l a  and  lb ,  respect ively .  Along  
wi th  the  ub iqu i tous  C, S, and  C] are seen  as impur i t i e s  in 
Fig. la. The fo rmer  is u n d o u b t e d l y  a c o n s e q u e n c e  of 
SO4 ~- incorpora t ion  dur ing  film growth;  a poss ib le  source  
for C1- ions is the  in ternal  solut ion of the  sa tura ted  calo- 
mel  re fe rence  electrode.  A fur ther  po in t  w i th  accep to r  
d o p i n g  is i l lus t ra ted in Table I. The Cu up take  of the  film 
increases  wi th  Cu '-'~ c o n t e n t  in the  ba th  as expec ted .  How- 
ever,  the  Cu con ten t  of the  film is seen  to be a sensi t ive  
func t ion  of  the  subs t r a t e  mater ia l  for a g iven Cu 2. loading  
of the  ba th  (cf. Table I). 

That  our  films thus  p r e p a r e d  are i n d eed  p - type  in the  
a s -depos i t ed  cond i t ion  is s h o w n  by r ep re sen ta t ive  data 
s h o w n  in Fig. 2 and  3. F igure  2 shows  the  cu r r en t  vol tage 
(i-E) ~characterist ics  of a Sch o t t k y  barr ier  c o n s t r u c t e d  
f rom a CdTe film on ITO subst ra te .  I n d i u m  [work func- 
t ion,  ~ = 3.97 eV, Ref. (8)] is a k n o w n  S c h o t t k y  barr ier  
i n d u c i n g  con tac t  on p -CdTe  [e lect ron affinity, EA: 4.28 
eV, cf. Ref. (9)]. Cons i s t en t  w i th  this  expec ta t ion ,  the  i-E 
charac ter i s t ics  s h o w  good  rect i f icat ion on reverse  bias  of 
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Fig. 1. (a): Auger electron spectrum of on electrodeposited 
CdTe/Cu thin film on Mo substrate. (b): Auger depth profile of on 
electrodeposited CdTe/Cu thin film on Mo substrote. 

the junction. Figure 3 shows the behavior of a n-CdS/ 
p-CdTe heterojunction fabricated from another Cu-doped 
CdTe thin film. In this case, note that the heavily doped 
ITO layer [EA = ~b = 4.40 eV, cf. Ref. (10)] functions as an 
ohmic contact for n-CdS [EA = 4.50 eV, cf. Ref. (9)], which 
is also heavily doped (see above). Gold [(b = 5.2 eV, cf. Ref. 
(8)], however, forms an ohmic contact to p-type CdTe. 
Again, the high degree of rectification on reverse bias of 
the junct ion is consistent with p-type conductivity in the 
CdTe film and consequent formation of an n-CdS/p- 
CdTe heterojunction. 

The absence of a buried n-CdTe/p-CdTe homojunction 
[cf. Ref. (lb)] in our ITO/CdS/CdTe/Au device structure is 

Fig. 2. Current-voltage (i-E) characteristics of an ITO/CdTe/In 
Schottky barrier. 

Fig. 3. Typical i-E characteristics of an ITO/CdS/CdTe/Au 
heterojunction device utilizing electrodeposited and Cu-doped p-CdTe 
layers. The two curves as shown denote scans in opposite directions. 

shown by spectral response data. The short-wavelength 
cut-off and long-wavelength fall-off (ca. 500 and 850 nm, 
respectively) match the known absorption characteristics 
of CdS and CdTe. Additionally, measurement of the 
electron-beam induced current for the structure locates 
the photoactive junct ion at the CdS/CdTe interface. 

Summary and Conclusion 
The data presented in Fig. 1-3, when taken as a unit, are 

unequivocal evidence for the fact that our CdTe films are 
p-type when deposited under  the conditions described 
above and in Ref. (5). We emphasize that these films 
show the typical behavior illustrated in Fig. 2 and 3 in the 
as-deposited condition; i.e., they received no thermal 
treatment to induce n --> p conversion [cf. Ref. (lg)]. This 
may be an important advantage in the device fabrication 
stage given the extreme sensitivity observed for interfa- 
cial phenomena in comparable devices and the conse- 
quent deleterious effects in cell efficiencies on heat- 
treatment (11). 

In conclusion, acceptor doping of electrodeposited 
CdTe thin films yield p-type films which show satisfac- 
tory rectification behavior when fabricated into CdTe/In 
Schottky barriers and CdS/CdTe heterojunctions. 
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Solubility of  -Fe O, in Fused Na SO, at 1200 K 

Y. S. Zhang and Robert A. Rapp* 

Department of Metallurgical Engineering, The Ohio State University, Columbus, Ohio 43210 

Iron-, nickel-, and cobalt-base alloys used at high tem- 
peratures are sometimes subjected to accelerated corro- 
sion attack -when covered by a thin layer of fused salt. 
This type of accelerated oxidation is called hot corrosion. 
Fused Na..,SO4, or a mixed alkali sulfate melt~ is often re- 
sponsible for this hot corrosion attack of metals. A knowl- 
edge of the solubilities Of metal oxides, and the depend- 
encies of the solubilities on acid/base melt chemistry 
assists in evaluating any oxide fluxing mechanism (i). 
The dissolution behavior of a metal oxide is also impor- 
tant for elucidating any electrochemical mechanism of 
hot corrosion in which soluble metal species are involved 
(i). Solubilities of the oxides NiO (2, 3), Co..~O4 (2), Al20:~ (4), 
and Y.,O:~ (5) have been measured in fused Na~S04, In this 
work, the solubility of a-Fe~O:~ at 1200 K and 1 atm oxygen 
has been measured as a function of the Na~SO4 melt ba- 
sicity defined as log aNa~o. 

Experimental Procedure 
About 0.5g of ~Fe203 powder (99.9% purity) and 25-30g 

of reagent-grade Na2SO4 were mixed and contained in an 
alumina crucible inside a closed-end cylindrical mullite 
chamber. Different compositions of catalyzed SO=-O2 
mixed gases were used to adjust the basicity of the 
Na~SO4 melt. Varying amounts of Na~O~ from 0.002 to 0.2 
mole percent (m/o) Na~O.2 were added to the melt to 
change its basicity in the basic direction from 9.5 to 7.3. 
As described in detail earlier (2, 4), the melt basicity was 
measured by two solid-state reference electrodes: a Na 
sensor and an oxygen probe. The Na sensor was com- 
posed of a Ag wire immersed in a fused Na~SOt-10 m/o 
Ag~SO~ solution at the bottom of a Na ~ ion conducting 
mullite tube which was sealed at the top by ceramic ce- 
ment. A P t  wire was welded tq the Ag wire to serve as the 
lead wire. The oxygen probe was an internally platinized 
ZrO~ (3.5 weight percent CaO) tube with a Pt lead wire. 
The internal electrode contacted air. The open-circuit po- 
tential between these two reference electrodes is given by 
(2) 

E(V) = 1.4943 + 0.119 log aN~.~o (melt) [1] 

at 1200 K if the melt is in internal equilibrium (lacks con- 
centration gradients). In addition, a Pt  wire working elec- 
trode contacted the melt. Another Pt electrode was 
painted onto the outside surface of the zirconia tube just 
above the melt to monitor the P()~ of the gas phase. After 
about two days, the Po~ in the melt and above the melt be- 
came approximately equal and the melt basicity re- 
mained constant. Samples of the salt were taken by 
quenching some melt onto a cool alumina rod. The 
sampling rod did not contact either of the electrodes or 
the inside wall of the alumina crucible. The tip of the 

*Electrochemical Society Active Member. 

sampling rod was kept 4-5 mm above the bottom of the 
crucible, so that no solid (dense) a-Fe203 powder was in- 
corporated along with the salt sample. Each salt sar~ple 
of about 0.2g was weighed to 0.1 mg accuracy and dis- 
solved in 0.02N HCI to a volume of 100 or 1000 ml, de- 
pending upon the Fe concentration in the salt. The con- 
tents of soluble Fe were determined by using an atomic 
absorption spectrophotometer (Perkin-Elmer, Series 360) 
with a graphite furnace. The salt solutions introduced 
into the graphite furnace were limited to a 10 microliter 
volume, so that the Na.,SO4 in the solutions did not affect 
the analytic results. 

Results and Discussion 
Figure 1 is the thermodynamic phase stability diagram 

for the Na-Fe-S-O system at 1200 K, which shows that 
~-Fe20~ is stable at 8.1 < - l o g  aNa2o < 17.7. Most of the 
data used for the construction of Fig. 1 are provided in 
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Fig. 1, Thermodynamic phase stability diagram for the Na-Fe-S-O 
system at 1200 K. 
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Fig. 2. Solubility of a-Fe20:~ in fused Na2SO 4 at 1200 K and Po2 = 
1 atm. 

the succeeding note (4). The dual designations for the ab- 
scissa are valid only in the regime where Na2SO4 is stable. 
Additionally, for 1200 K, hG~ = -512.2 kJ/mol (6), 
AG~ = -731.9 kJ/mol (6), hG~ = --85.8 kJ/mol (6), 
hG~ = -1216.9 kJ/mol (6), hG~ = -488.7 kJ/mol 
(6), hG%~r~o2 = -474.1 kJ/mol (7), and AG~ = -527.2 
kJ/mol (7). The data points in Fig. 2 are the measured sol- 
ubilities of a-Fe203 in molten Na2SO4 at 1200 K and 1 atm 
oxygen. Each data point in Fig. 2 represents the average 
analysis for a separate salt sample compared against a 
certified standard solution. The high precision of the sol- 
ubility values is indicated by the reproducibility of the 
data. In basic dissolution, the Na20 dependence of the 
solubility indicates that the solute species of Fe203 is 
FeO2-. The dependence of the FeO2- concentration upon 
the melt basicity is consistent with the following dissolu- 
tion reaction 

Fe203 + O 2- = 2FeO2- [2] 

(log a~oo2-) ~ = 1 
[2a] 

The solubility plateau to the left of about - l og  aNa2O = 9 
is expected because the dissolution of the equilibrium 

NaFeO2 phase to form FeO2- ions does not involve 02- 
ions in the reaction. The cross-hatched transition indi- 
cates the thermodynamic uncertainty in the location of 
the phase stability boundary. 

For acidic dissolution of Fe~O:~, the solute correlates to 
Fe 3~. The dependence of the Fe '~ concentration on the 
melt basicity is consistent with the reaction 

Fe203 = 2Fe 3~ + 3 02- [3] 

a (log aF,.:~) t - 3 
0 ( - log  aN~.2(~ 2 [3a] 

Close to 1 atm 02, both the basic and acidic solutes of 
Fe20:~ involve trivalent iron. Because no oxidation step is 
involved in such dissolution reactions, no dependence of 
solute concentrations upon Po2 is expected near Po2 = 1 
atm. 

Figure 2 shows that the solubility min imum lies at - log  
aN~2o = 12.9. Thus, a-Fe20:~ is an oxide considerably more 
acidic than Co:~O4 and NiO (2) but  more basic than a-Al~O:, 
(4). The activity coefficients of the soluble species 
NaFeO2 and Fe(SO4)t..~ were calculated by methods used 
previously (2, 4) to be 250 and 3.6 • 10 -:~, respectively. But 
these values possess considerable uncertainties arising 
from the uncertainties in the thermodynamic data (6, 7) 
for hG~ and AG~ 

In order to evaluate and test the Po2 dependence of the 
solubilities of iron oxides, and to relate the data to the hot 
corrosion of iron-base alloys, the solubilities of iron ox- 
ides are being measured at lower oxygen pressures in a 
continuing study. 
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Solubility of a-Al 03 in Fused Na2S04 at 1200 K 

P. D. Jose, D. K. Gupta ,  and Robert A.  Rapp*  

Department of Metallurgical Engineering, The Ohio State University, Columbus, Ohio 43210 

Many alloys and coatings owe their resistance to high 
temperature oxidation to the slow growth of adherent 
A1203 scales. However, the dissolution of this protective 
oxide scale could represent an important step in the ac- 
celerated corrosion of engineering alloys in contact with a 
thin layer of fused salt. A number of salt films are known 
to cause such "hot corrosion." Because of its high stabil- 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

ity in oxidizing sulfur-bearing gases, sodium sulfate is 
particularly aggressive toward protective coatings in air- 
craft and marine gas turbines and in other engineering 
systems. A knowledge of the solubility of the protective 
oxide and its dependence on the fused salt chemistry may 
aid the interpretation of hot corrosion mechanisms and in 
the development of new protective materials. 

Liang and Elliott (1) have reported a few values for the 
solubilities of Cr203, A1.2Q, and NiO in Na2SO4 over a lira- 
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i ted range of  salt composi t ions .  S t roud  and Rapp  (2) re- 
por ted  solubil i t ies for a-AI=O:~ and Cr~O:~ in Na2SO4 at 
1200 K as a funct ion  of  Po2 and log aN,~o. However ,  their  
resul ts  were  incons i s ten t  wi th  t h e r m o a y n a m i c  expecta-  
tion, because  the  observed  m i n i m u m  in the  ox ide  solubil- 
ity occur red  at too high a va lue  for a~,~o. It  n o w  appears  
that  because  of  a react ion of Na~SO4 wi th  thei r  p la t inum 
e lec t rode  in the  Na2SO4 melts ,  a faulty potent ia l  was indi- 
ca ted  for the  Pt /me]t  e lectrode.  The p resen t  s tudy  reports  
measu remen t s  for A1203 solubi l i ty  us ing i m p r o v e d  meth-  
ods. Two solid e lect rolyte  probes  were  used  to infer  the 
basici ty of Na2SO4 mel ts  as sugges ted  by Watt et al. (3), 
and used by  Gup ta  and Rapp  (4) in a de te rmina t ion  of  the  
solubil i t ies  of  NiO and CocO4 in Na2SO4 at 1200 K. 
Deanha rd t  and Stern  (5) have  employed  two pairs of  such 
probes  to de te rmine  the  solubi l i ty  p roduc t s  for NiO in 
Na2SO4 at 1200 K. Misra et al. (6) calculated the  solubili- 
t ies and the  in terac t ion  energy  parameters  for the  acidic 
solutes of  NiO and Co304 by use of  ex is t ing  phase  dia- 
grams and a regular  solut ion model.  They  found good 
a g r e e m e n t  wi th  expe r imen ta l  solubi l i ty  results.  

The  acid-base charac ter  of  Na.2SO4 can be descr ibed  by 
the  equ i l ib r ium 

Na2SO4 = Na~O + SO:~ [1] 

in which  Na~O can be cons idered  as the basic c o m p o n e n t  
and SO:~ the  acidic componen t .  The  t h e r m o d y n a m i c  data 
l is ted in Table  I were  used  to cons t ruc t  the  Na-A1-S-O 
phase  stabil i ty d iagram of  Fig. 1, which  is analogous to 
the  Pou rba ix  d iagram of E vs. pH for aqueous  solutions.  
The  oxida t ion  potent ia l  is p lot ted  as the  ordinate  against  
the  negat ive  of  salt basic i ty  (defined as log aN~2o) as the  
abscissa. The dashed l ines show that  l iquid  Na2SO~ is sta- 
ble over  a large area in this diagram. Al terna te  abscissa 
var iables  of  - log aN~2o, or else log Pso3, can be used 
wi th in  the range of  Na~SO4 stabil i ty at essent ia l ly  uni t  ac- 
tivity. The  d iagram could  p rov ide  quant i ta t ive  values  for 
the  solubi l i ty  of the  meta l  ox ide  in the  fused salt i f  the  
ident i ty  and the  act ivi ty  coefficients  of the  solute species 
were  known.  Conversely ,  i f  the solubi l i ty  were  known,  
the  act ivi ty  coefficients  of  the  respec t ive  solutes in solu- 
t ion could  be calculated.  The  reliabil i ty of  act ivi ty coeffi- 
cients  obta ined in this way depends  great ly on the  accu- 
racy of  the Gibbs  energy  of  format ion  data  for the  soluble 
meta l  salts and the meta l  ox ide  and also on the  accuracy  
of the exper imenta l  measurements .  In  the  p resen t  study, 
the solubi l i ty  of  a -a lumina  in fused Na~SO4 at 1200 K was 
measu red  as a funct ion  of  the  t h e r m o d y n a m i c  act ivi ty  of 
Na~O for a f ixed oxygen  pressure  of  1 atm. The  resul ts  
a r e  re la ted to the  phase  stabil i ty d iagram and are used  to 
infer  the  ionic solute species as well  as the  act ivi ty 
coeff icients  for the  solute  species of  a lumina.  

Experimental Procedure 
As in the p reced ing  s tudy  by Gupta  and Rapp  (4), the  

vol tage  be tween  two solid-state e lec t rochemica l  probes  
was used  to measure  the  basici ty  of the  Na2SO~ melt.  A 
c losed-end mul l i te  (3A1.~O~ �9 2SiO~) tube  (McDanel  MV30) 
wi th  glassy grain boundar ies  is known  to be an exc lus ive  
conduc to r  of  s o d i u m  ions at high tempera tures .  Within 
this tube,  a small  a m o u n t  of  l iquid  salt wi th  compos i t ion  
90 mole  pe rcen t  (m/o) Na~SO4, 10 m/o Ag~SO~ contac ted  a 
Ag wire  which  was welded  wi th in  the  hot  zone to a P t  
lead wire. The work ing  e lec t rode  for this cell was e i ther  a 

Table I. Thermodynamic data relevant to Na-AI-S-O system 

Compound AGf ~ (1200 K) (kJ/mM) Ref. 

Na20 (s) -250 (8) 
Na2S (s) -282 (8) 
Na2SO4 (1) -893 (8) 
SO2 (v) -273.7 (8) 
SO~ (v) -260.3 (8) 
~-A1203 (s) - 1294 (8) 
NaA102 (s) -862 (8) 
AI=(SO4):~ (s) - 1980 (9) 
Al.~S3 (s) -657 (10) 

.o 
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Fig. 1. Thermodynamic phase stabilities in the Na-AI-S-O system at 
1200 K 

Au or P t  wire contac t ing  the  Na2SO4 me l t  ex terna l  to the  
mul l i te  tube  and remote  f rom the  gaseous  env i ronment ;  
again, a Pt  lead wire  was attached. A c losed-end 3.5 
weigh t  pe rcen t  (w/o) CaO part ial ly stabil ized zirconia tube  
con tac ted  the Na2SO4 melt.  This  zirconia tube  was plati- 
n ized on its aerated ins ide  surface  and p rov ided  wi th  an 
in ternal  P t  lead wire. The  vol tage be tween  the  zirconia 
e lec t rode  and the  Au or P t  work ing  e lec t rode  in the  mel t  
indica ted  the Po2 of the mel t  (4). At  1200 K, the  open- 
c i rcui t  vol tage be tween  the  mull i te  and  the zirconia elec- 
t rodes  is g iven by (4) 

E(V) = 1.4943 + 0.119 log aN~2o [2] 

St r ic t ly  speaking,  the  aNa~o is measured  at the  Z rOJ fused  
Na~SO4 interface (7), but  this Na20 va lue  is val id  for the  
ent ire  mel t  unde r  equ i l ib r ium condit ions.  

Excess  amount s  (30-40g) of a-A1203 p o w d e r  were  added  
to 100g of  sod ium sulfate in an a lumina  crucible  placed 
wi th in  the mul l i te  react ion tube.  After  drying the  salt for 
a few days at 200~ the  t empera tu re  was raised to 1200 K. 
Sal t  samples  were  t aken  after  var ious  t imes  by freezing 
salt onto a cold a lumina  tube  after the  e lec t rochemica l  
p robes  indicated equ i l ib r ium for oxygen  b e t w e e n  the 
fused salt  and the  gas, and after the salt basici ty  became  
constant .  The salt samples  were  weighed,  d issolved in 
dist i l led water,  and analyzed by a tomic  absorp t ion  spec- 
t roscopy  (Perkin-Elmer ,  Series 360) us ing a graphi te  fur- 
nace.  For  neutral  wa te r  at pH = 7, the  solubi l i ty  of 
AI(OH):~ is a factor of  at least  150 t imes  h igher  t han  the 
h ighes t  A1 solute concen t ra t ion  f rom the  d issolved salt. 

Results and Discussion 
Figure  2 presents  the  resul ts  of solubi l i ty  measure-  

men t s  for a-A1203 in fused Na2SO4 at 1200 K in Po2 = 1 
atm. Al though  only a few points  were  obta ined  for the  
acidic s egmen t  of  the  solubi l i ty  curve, the  plot  is wel l  de- 
scr ibed by l ines for one basic solute, AlO2-, and one 
acidic  solute  AP% The m i n i m u m  solubi l i ty  occurs  at 
abou t  log aN,2o = -15.4 and 13 wt  p p m  disso lved  A1. A 
single da tum poin t  f rom Liang and Ell iot t  (1) is in good 
a g r e e m e n t  after convers ion  of  their  m e a s u r e m e n t  to a 
c o m m o n  value  for hG%a2so4 ( reported in Table  I). 

For  the  dissolut ion of  ~-A1203 as a basic solute  

A1203 + O 2- = 2AlOe- [3] 

so that  
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Fig. 2. Solubility of ~-AI20:3 in fused Na~SO4 at 1200 K and Po~ = 1 atrn 

a log aAlo~-- / = -- 1 

a - log aN~20 / -2- 
[4] 

With the assumption of a constant activity coefficient 
for the dissolved NaA10~ in these dilute solutions, the 
same dependence is expected for the plot of log concen- 
tration vs. - log aN,2o, as shown in Fig. 2. Correlation of 
the data with the theoretical slope is good, implying that 
only the AlOe- ion is formed in basic dissolution. Any 
pair of values of salt basicity and oxide solubility can be 
used to calculate the activity coefficient for the dissolved 
NaA10~ component  through the equilibrium 

Na~O + Al~O:~ = 2NaA10~ [5] 

For the presence of AI~O:~ at unit activity 

2 log aN~Am~ -- log aN,~o = 8.10 [6] 

From Fig. 2, for log aNa~O = - - 1 3  and therefore aN,A,O2 = 3.55 
X 10-'% the soluble mole fraction of NaA10~ (equal to 
twice the soluble AI~O:~) equals 10-'L Then, the activity 
coefficient for NaA102 in dilute solution in Na~SO4 is 
given by 

Na2SO4 
7 NaA10~ = aNaAIO2/NNaAI02 = 3.6 [7] 

Except  for the indicated single solubility measurement  
from Liang and Elliott (1), previous measurements  are not 
available for corfiparison. 

For the dissolution of a-A1203 as an acidic solute 

A1203 = 2A1 a+ + 3 O ~- [8] 

and 

( alogaAl~ t = + 3 [9] 

Only a few data for acidic dissolution are shown in Fig. 
2, but they are consistent with the presence of a single 
A13§ acidic solute. Acidic dissolution of A120~ in Na2SO~ 
can also be described in terms of an AJ(SO4)1.~ solute 

(3/2) Na~SO~ + (1/2) Al~O3 = (3/2) Na20 + A1(SO4),.5 [10] 

For the presence of Al~O3 and Na2SO4 at unit  activities 

(3/2) log aN~20 + log aAI(SO4)~.5 = --27.05 [11] 

For log aN~2o = -16, aA,2~SO4)3 = 8.91 X 10 -4, and the mea- 
sured solubility (equal to twice the molar A120~ solubility) 
is about NAl(SO4)l.5 = 2.5 X 10 -4, SO that 

Na2SO4 
A12(SO4)3 = aAI(SO4)I.5/NA,(S04),.5 = 2.3 [12] 

NO previous values have been reported in the literature. 
Indeed, the uncertainty in each activity coefficient is 
large, as previously mentioned. 

In this study, it has been shown that at 1200 K and Po2 
= 1 arm a-A12Oa dissolves in fused Na~SO4 as one acidic 
and one basic solute species, with the min imum solubility 
occurring at log aN~2o = -15.4. Because neither dissolution 
reaction involves a change in aluminum valence, the solu- 
bility plot of Fig. 2 should not depend upon Po2. 
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Each  issue of  the  J o u r n a l  will  have  a sec t ion  of  " C o m m e n t s . "  In  th is  sect ion,  we  p rov ide  a means  via  shor t  pieces ,  
i.e., one c o l u m n  or less, to applaud,  d ispute ,  or  o the rwise  d i scuss  the  papers  pub l i shed  in the  Journa l .  Space  wil l  be 
p rov ided  for one r e sponse  by  the  paper ' s  author(s)  to each c o m m e n t .  

S ince  space  ava i lab le  in each  issue for the  " C o m m e n t s "  sec t ion  is l imi ted;  it is i m p o r t a n t  to be  concise.  

C o m m e n t s  shou ld  be  sent  to the  Edi tor ,  Dr. N o r m a n  H a c k e r m a n ,  P re s iden t ' s  Office, R ice  Univers i ty ,  P.O. B o x  
1892, Houston ,  TX 77251. 

N o r m a n  H a c k e r m a n  
Ed i to r  

Experimental Determination of the Passive-Active 
Transition for Iron in 1M Sulfuric Acid 

Philip P. Russel and John Newman 
(pp. 547-553, Yol. 130, no. 3) 

C. G a b r i e l l i ,  M. K e d d a m ,  C. R a k o t o m a v o ,  and H. 
Tak enou t i : '  In this paper,  the  authors  c la im to have  veri- 
fied a p rev ious ly  deve loped  mode l  2 concern ing  the  
act ive-passive t ransi t ion of  an iron e lec t rode  in 1M sulfu- 
ric acid solut ion first descr ibed  by Epe lbo in  et al.  3 This 
mode l  accounts  for the  Z-shaped polar izat ion curve  in 
te rms  of  an ohmic  drop overvol tage  on an act ive  disk 
whose  radius r ,  decreases  as the pass ive  state is ap- 
p roached  (A-P configuration).  A near ly  parabol ic  I-E rela- 
t ionship  in the  t ransi t ion region is used as a val idi ty  crite- 
r ion of  the  model .  

As a general  cri t icism, a fitting of  the expe r imen ta l  
data to this law does not  seem to us a ve ry  accura te  way 
of  tes t ing the  model ,  since, at least in the  low current  
range,  I-E plots  are i n d e p e n d e n t  of  the  e lec t rode  diame- 
ter, as es tabl ished in this paper,  bu t  also of  the  rota t ion 
speed  ~ (see Fig. 6 of  Epe lbo in  et al.,3 r ep roduced  in Fig. 1 
of  Law and Newman2), whereas  t-he repar t i t ion of pass ive  
and act ive zones are d e p e n d e n t  on ~.3 Hence ,  wha teve r  
the  e lementa ry  process  invo lved  to set the geome t ry  of  
the  d issolut ion and the  ohmic  drop, the  parabol ic  law will  
fit the  data satisfactorily. 

Le t  us l imit  the d iscuss ion  to more  par t icular  points.  
1. It  should be emphas ized  that  the  mode l  is only  con- 

s is tent  wi th  the  A-P conf igurat ion observed  at h igh rota- 
t ion speeds  (~ > 3600 rpm) and high currents  (I -> 180 mA 
for 5 m m  diam electrode).  Have  the authors  real ly ob- 
se rved  the A-P conf igurat ion to 1600 rpm? 

2. It  is ex t r eme ly  surpr is ing  that  the  paper  deals wi th  
c o m p u t e d  values  of  iavg and r ,  as p resen ted  in Table  IV 
wi th  no reference  to di rect  m e a s u r e m e n t s  of  r ,  on the  at- 
t acked  surface [see (1) above]. It  seems to us that  a com- 
par ison of the  data shown in Table  IV wi th  the  real-life 
va lues  of  iavg and rp is of  basic impor tance  to substant ia te  
the  mode l  and to es tabl ish defini tely the  increase  of  iavg 
w h e n  I decreases  in the  t ransi t ion range. It mus t  be noted 
that  our f inding of  iav~ decreas ing  wi th  I is hard ly  ques- 
t ionable,  since it is based on direct  de te rmina t ions  of  the  
act ive  area, regardless  of  any mode l  and hazardous  as- 
sumpt ions  on the  e lec t rode  kinetics.  

3. We agree wi th  the  authors  that  the  ohmic  drop may  
be the  de te rmin ing  effect  unde r  ex t r eme  condi t ions  
where  li t t le mass- t ransfer  l imita t ion occurs  (large 
values,  Fe-Ni  alloy4). This  is perfect ly  verified, as shown 

, Groupe de recherche no. 4 du CNRS, "Physique des Liq- 
uides et Electrochemie," associ~ a l'universit~ Pierre et Marie 
Curie, 75230 Paris Cedex 05, France. 

~- C. G. Law and J. Newman, This Journal, 126, 1251 (1979). 
3 I. Epelboin, C. Gabrielli, M. Keddam, J. C. Lestrade, and H. 

Takenouti, ibid., 119, 1632 (1972). 
4 F. Wenger and J. Galland, in "Proceedings of the Fifth Sym- 

posium on Passivity," pp. 649-655, Elsevier, Amsterdam (1983). 

in our  Fig. 1 by c o m p l e x  impedance  5 pe r fo rmed  in the 
t ransi t ion range under  condi t ions  where  the  mode l  is 
l ikely to be val id (A-P). The  d iagram exhibi ts  the  usual  
shape related to a pass ivat ion process.  The  apparent ly  
pos i t ive  polarizat ion res is tance (positive slope of  the I-E 
curve)  is ent i rely due  to the  e lect rolyte  res is tance shif t ing 
the  d iagram in the  posi t ive  direct ion.  

Fo r  lower  rotat ion speeds,  where  a pass ive  disk is al- 
ways  present  at the center  of  the e lec t rode  (PAP or PA), 
i m p e d a n c e  data reveal  a more  compl ica ted  behav ior  
invo lv ing  mass  t ransfer  in the  Z-shaped feature. 

This  is also suppor ted  by recent  es t imat ions  of the 
ohmic  drop profi led a long the  disk radius by means  of  a 
Haber -Lugg in  capil lary adapted  to the  rota t ing disk de- 
vice# The A P  conf igurat ion is the  only case where  the po- 
tent ial  of  the  act ive area lies ca thodic  to the  F lade  
potential .  

I t  mus t  be recognized  that  the general  behav ior  of  iron 
in the  t ransi t ion range f rom act ive to pass ive  state in- 
vo lves  some k ind  of coupl ing  be tween  mass t ransfer  and 
pass ivat ion which  remains  to be incorpora ted  in a more  
sophis t ica ted  form of the  model .  

P h i l i p  P. R u s s e l  6 and J o h n  N e w m a n  7 We apprec ia te  the 
c o m m e n t s  of  Dr. Gabriel l i  and his co-workers.  They  are 
crit ical  of  the  fact  that  we  did not  measure  specifically 
the act ive area for use in the  calculat ion of iav~*. We agree 
wi th  the i r  claim that  our  results  wou ld  have  been  
s t ronger  i f  the  act ive area had been  measu red  instead of  
calculated.  This  s t a t ement  is m a d e  in the conclus ions  sec- 
t ion of  our  paper.  H o w e v e r ,  we ques t ion  the accuracy  of  

5 I. Epelboin, C. Gabrielli, M. Keddam, and H. Takenouti, "Ki- 
netics of Physicochemical Oscillations," pp. 297-306, Aachen, 
Germany (1979). 

To be published. 
6Weyerhaeuser Technology Center, Tacoma, Washington 

98477. 
7 Department of Chemical Engineering, University of Califor- 

nia, Berkeley, California 94720. 
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Fig. I. Impedance diagram of an iron disk of 5 mm diam. Transition 
region: 4000 rpm, 250 mA. Frequency in Hz. 
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such a measurement,  should one at tempt to make it. 
Specifical]y, it is not clear that one may be able to deter- 
mine that there is a central passive disk in a passive- 
active-passive configuration, as explained below. 

First, consider a large central active area and an outer 
passive ring. The current density on the active area will 
approach a primary distribution for a sufficiently large 
active area. s This will result in a high rate of dissolution 
near the periphery of the active region and a much 
smaller rate of dissolution near the center. We conclude 
that it may be difficult to differentiate between a low cur- 
rent density region in the center of the disk and a truly 
passivated central region in light of the -+ 1 ~m depth 
measurement  accuracy given by Epelboin et al. 3 

As the active area decreases, the current density distri- 
bution will become more nearly uniform. This change is 
accompanied by a continuous decrease in the nonuni- 
fortuity of the potential distribution. The maximum po- 
tential variation from the center to the edge of the passive 
zone is given as 

A% = 0.363 r, iavJK [1] 

Assuming a value of 1 mm for the radius, 1.3 A/cm 2 for the 
average current density on the active portion, and a con- 
ductivity of 0.4 mho/cm, the potential may vary by up to 
120 mV. The active dissolution kinetics of iron follow the 
Tafel law with a slope of 60 mV/decade2. ,0 This large dif- 
ference in potential may produce much lower dissolution 
rates at the center of the disk even though the entire 
distribution is more uniform than it was in the nearly pri- 
mary case. Again, this would make differentiation be- 
tween a tow dissolution rate and true passivation diffi- 
cult in the small central region of the disk. 

The high dissolution rates encountered on the periph- 
eral area of the active zone provide additional complica- 
tions in analyzing experimental  results. The rapid recess 
of selected parts of the electrode surface will alter both 
the mass transfer and the ohmic potential drop in a man- 
ner that is difficult to quantify exactly. However, in the 
absence of this effect, the disk surface is uniform from a 
mass-transfer point of view, so that the current density 
distribution is controlled by the nonuniform potential 
field, which is directly related to the ohmic potential 
drop. 

A Thermodynamic Theory of Electric Potential 
Generated on Crystallization of Electrolytes 

P. Rastogi and S. A. Khan 
(pp. 1327-1334, Vol. 130, no. 6) 

B. N. Tr ipa th i "  In the above-mentioned and related pa- 
per, '2 Rastogi and Khan have presented an interesting 
theory of the development  of electric potential on the pre- 
cipitation and dissolution of electrolytes. In the paper un- 
der discussion, they tried to give a semiquantitative 
check of an inequality based on their thermodynamic 
theory. However, a quantitative check of their theory (Eq. 
[40]) can easily be made by substituting appropriate 

8 j. Newman, This Journal, 113, 1235 (1966). 
9 j. O'M. Bockris, D. Drazic, and A. Despic, Electrochim. Acta, 

4, 325 (1961). 
,o p. Russell, Ph.D. Thesis, University of California, Berkeley, 

CA (1984). 
" Department of Chemistry, St. Andrew's College, Gorakhpur, 

India. 
'~ R. P. Rastogi and S. A. Khan, This Journal, 127, 1989 (1980). 

values of transport numbers t, ~ and t2 ~ As already pointed 
out by the authors, the ions are dehydrated before they 
are added on to the crystal lattice. Therefore, it is quite 
reasonable to assume that the transport numbers t, ~ and 
t2 ~ associated with the migration of ions from liquid/crys- 
tal interface to the crystal lattice are different from the 
conventional transport numbers. The supersaturated 
solution/crystal interface may be supposed to consist of 
mostly unhydrated cations and anions. Therefore, the lay- 
ers closest to the crystal lattice may be supposed to be- 
have like ionic melt. Hence, tl ~ and t2 ~ should be equiva- 
lent to the transport numbers of bare ions in the molten 
salt. Therefore, we can make use of such transport num- 
bers in order to have a theoretical estimation of (A~)PP. 

Rastogi and Khan have theoretically calculated the 
values of (A~P)PP of KC1, KBr, and NaC1 (Table H.) Their 
theoretical values (-284, -272, and -310 mV, respec- 
tively) are much higher in comparison to the experi- 
mental values (-54, -52, and -56 mV, respectively). How- 
ever, the values of (Ar calculated on the basis of 
transport numbers of ions in the ionic melts of their re- 
spective salts (-67, -87, and -74  mV, respectively) are 
found_ to be in an excellent  agreement with the experi- 
mental data. 

R. P. Rastogi '3 The significance of t~ ~ in the above paper 
has not been comprehended correctly by the above au- 
thor. t, ~ is not the conventional transport number  since 
U§ ~ and U_ ~ are the mobilities of cations and anions on 
the crystal lattice. This is amply clarified by the para- 
graph preceding Eq. [40] in the paper under discussion. 
Hence, the mobilities of attachment of ions on the crystal 
lattice cannot be equated with the conventional mobili- 
ties of the bare ions in molten salt as such. 

The theoretical values of precipitation potential in 
Table II of my paper are the expected upper limits of pre- 
cipitation potential when t, ~ is put equal to unity and 
(AH) ~ is put equal to (i) (AH)L and (ii) - (AH)s. Thus the 
meaning of the theoretical values has also not been cor- 
rectly appreciated by the author. Such a calculation had 
to be devised since the mobilities of at tachment of ions 
are not available in literature and only inequality [44] 
could alone be subjected to test. 

Some calculated Values of precipitation potential have 
been quoted by the author when t, ~ and t~ ~ are put equal 
to the transport number  of corresponding ion in the mol- 
ten salt for which no theoretical justification has been 
given. It should be noted that this procedure does not 
provide excellent agreement as claimed, particularly 
when the recent experimental  values 14 obtained with 
microelectrode are considered. The agreement as regards 
order of magnitude is perhaps due to the fact that the 
mobilities of attachment of the ions on the crystal lattice 
is like]y to be inversely proportional '4 to ionic radii and 
that the mobilities of the ions in molten salt obey a simi- 
lar relationship '5 approximately. It is difficult to com- 
ment  further on the values obtained by the author since 
neither the source nor the data on the transport number  
of bare ions in molten salts has been reported. 

Thanks are due to University Grants Commission (In- 
dia) for Departmental Research Support. 

,:~ Department of Chemistry, Gorakhpur University, Gorakh- 
pur, India. 

~4 R. P. Rastogi, P. C. Pandey and A. K. Tripathi, submitted to 
This Journal. 

"~ H. Bloom, "The Chemistry of Molten Salts," p. 97, W. A. 
Benjamin, New York (1967). 
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E R R A T U M  

In the paper by A. Reisman, C. J. Merz, J. R. Maldonado, 
and W. W. Molzen, Jr. [This Journal, 131,1404 (1984)], the au- 
thors discovered subsequent  to the paper's publication that 
a calculation error had been made which in turn led to an 
erroneous conclusion. In evaluating 10 keV electron dam- 
age effects on thin IGFET gate insulators, we had calcu- 
lated that the ~nsulators had absorbed 3 x l0 s (SiO2) and 3 x 
107 rad (SiO2) in two experiments employing 20 and 200 ~C 
doses, respectively. Comparing the measured insulator 
damage at these assumed rad doses with those observed for 
x-rays at the same rad doses led to the conclusion that 
electron-induced damage is greater for a given rad dose 
than is x-ray damage. The comparisons were made with 1.5 
and 8.03 keV x:rays. 

The correct numbers for the electron rad doses should 
have been 4.9 x 107 and 4.9 x 108 rad, respectively. The origi- 
nal, incorrect, and present recalculated numbers were 
based on the use of the Terrill equation [Ref. (14)]. Use of the 
Snow et al. energy-loss equation [Ref. (2)], or the Everhart 
relationship [Ref. (14)], gives, within experimental  limits, 
similar results to the recalculated ones. Finally, using 

energy-loss statistics ,#btained with 2 x 104 electrons in a 
Monte Carlo calculation by M. Rosenfield (IBM, T. J. 
Watson Research Center), we obtained a number  of 5.5 x 107 
rad for the 20 ~C case, in good agreement with the other 
recalculated value. The Monte Carlo calculations were 
made using the program developed by Rosenfield for his 
thesis titled "Analysis of Backscattered Electron Signals 
for X-ray Mask Inspection" (1984), Department of Electrical 
E n g i n e e r i n g  and C o m p u t e r  Sc ience ,  U n i v e r s i t y  of  
California, Berkeley, California. 

If  the recalculated data point, 4.9 • 107 rad, is placed in its 
correct location in Fig. 1 (positive charge), or Fig. 2 (neutral 
traps), it falls within the data band of the x-ray curves. The 
4.9 x 108 rad data point cannot be plotted since it lies outside 
the rad dose range studied for x-rays. 

Consequently, the conclusion that, at the same dose, elec- 
trons create more damage than x-rays is incorrect. It should 
be concluded that similar electron and x-ray rad doses ap- 
pear to give rise to similar levels of fixed positive charge 
and neutral trap damage, when particle and photon ener- 
gies are similar. 
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Macroscopic Mechanical Oscillation Associated with Electrochemical 
Periodic Variation 

O. Teschke,* D. M. Soares, and F. Galembeck 

Inst. de Fisica and Inst. Quimica, Universidade Estadual de Campinas, 13100 Campinas S. P., Brazil 

A number of electrochemical systems 
display oscillatory behavior (1-8). One 
example is iron anode in dilute 
sulphuric acid (9,10), in which case 
current oscillations are concurrent 
with oxide/salt films formation and 
removal (ii). 

Now, we have found that the level of 
the liquid (dilute H2SO~) surrounding 
an (wire) iron anode moves up and down, 
in synchronism with the current 
oscillations. That means, electro- 
chemical oscillations are associated to 
mechanical oscillations, in this case. 

The experimental set-up used is in 
Figure i. Reagent-grade chemicals were 
used without further purification. 
0.3 mm-thick, 99.99% iron wire was 
from C. Erba. Iron tips cut normal to 
the wire axis, washed with methanol 
and rinsed with double-distilled water 
were used as the anodes. The iron 
electrode was grounded. Voltage was 
applled between the counter electrode 
(a piece of 9.999% platinum wire with 
a drowned area 20 times larger than the 
area of the iron tip) and a saturated 
calomel electrode (SCE). Operational 
amplifiers kept the electrode voltages 
at the desired level, independently of 
current changes; a constant + 300 mV 
was applied between the iron and 
calomel electrode. Current-time curves 
were recorded on a 7100 BM Hewlett 
Packard recorder and pictures of the 
liquid-air-iron contact line were taken 
with a Nikkon F-2 camera (fitted with 
approximation rings). Reproducible 
current-time curves could only be 
obtained following this routine: 
i) a fresh solution is placed in the 
apparatus; ii) an iron tip is 
introduced in the solution and 
polarized (- 300 mV) against the SCE, 
allowing electrolysis to proceed for 15 
minutes; iii) the iron tip is replaced 
by a new tip; iv) this is polarized 
(+ 300 mY) against the SCE and 
positioned to contact the liquid 

meniscus. 
As soon as iron touched the liquid 

this ascended around the metal, by 
capillary action. After an induction 
period of a few minutes, mechanical 
oscillations of the liquid level could 
be observed. Their appearance was 
concurrent with that of current-time 
oscillations and they led to 
considerable geometric changes in the 
iron tip-liquid contact region, as 
shown in Figure 2. Figure 3 shows 
typical current-time oscillations. Peak 
maxima were affected by a number of 
factors: solution stirring rate, 
solution concentration, shape of the 
iron tip and its exact position at the 
liquid interface. In the experiments 
reported here the iron tip (cut normal 
to the wire axis) was positioned with 
micromanipulators just to touch the 
meniscus at its center. 

It has been reported (Ii) that 
electrochemical oscillations in the 
iron-sulphuric acid system are 
associated with the cyclic formation 
and destruction of a hidrous iron 
sulphate deposit, over the electrode 
metal. Contact angles between the 
electrolyte - i) bare iron wire and 
ii) sulphate-covered iron wire were 
measured from enlarged pictures, and 
they are 83 ~ and 30 ~ , respectively. 
Consequently, wetting ability of the 
surface changes in phase with the 
observed chemical changes. 

The observed steps may be identified 
in the overall process: i) iron is 
corroded; its surface is covered with 
hydrophyllic corrosion products, and 
becomes rougher; ii) liquid moves up, 
in a more wettable surface than bare 
metal, assessing new, unattacked 
regions and originating slow current 
increase; iii) liquid reaches a higher 
point; suddenly, the liquid colum 
falls, together with solid particles 
and leaving the metal surface clean - 
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the strong current pulse is detected 
at this point; iv) the current falls 
quickly to a low value and starts to 
increase slowly as the liquid moves up 
again. 

It semms that the main factor 
leading to the oscillatory behavior 
are the iron surface wettability 
changes and the poor adhesion between 
iron, iron sulphate and aqueous 
solution, which at a point is unable 
to sustain the ascending liquid column. 
We believe that a better understanding 
of electrochemical-mechanical coupled 
oscillations depends on the 
evaluation of the involved adhesion 
forces. 

electrode in a solution IN of 
H2SO~ at constant external 
potencial, 300 mV (SCE). 

Key words: Capillary oscillations, 
iron electrode. 
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FIGURE CAPTIONS 

Fig. I Experimental set-up. 
Fig. 2 Photograph of the liquid level 

variation at the iron electrode 
interface. (a) Lower level, 
(b) Upper level. 

Fig. 3 Current-time profile for an iron 
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Diffusion Coefficient of Dopants in Polyacetylene 
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INTRODUCTION 

There  have  b e e n  few a t t e m p t s  so f a r  to  
e s t a b l i s h  the  d i f f u s i o n  c o e f f i c i e n t  of d o p a n t s  
i n  p o l y a c e t y l e n e  ( 1 - 3 ) ,  and p u b l i s h e d  v a l u e s  
show a t e n  o r d e r  of m a g n i t u d ~  d i s c r e p a n c z ~  
wi~h v a l u e s  r a n g i n g  from 4 X 10 ~" to  2 X 10 " 
cm / s e c .  The low v a l u e  i s  an  e s t i m a t e  ba se d  on 
t he  open c i r c u i t  v o l t a g e  decay of p o l y a c e -  
t y l e n e  e l e c t r o d e s  f o l l o w i n g  d o p i n g  w i t h  L i  or 

CIO 4 ( 1 ) .  The h i g h  v a l u e  was d e t e r m i n e d  from 
the  12 u p t a k e  of p o l y a c e t y l e n e  f i l m s  i n  
o r g a n i E  12 s o l u t i o n s  ( 2 ) .  I n  f a c t ,  however ,  
one would  e x p e c t  the  d i f f u s i o n  c o e f f i c i e n t  of 
v a r i o u s  dopan t  m o l e c u l e s  t o  be of the  same 
o r d e r  of m a g n i t u d e .  

I n  t h i s  c o m m u n i c a t i o n ,  we r e p o r t  t he  d i f -  
f u s i o n  c o e f f i c i e n t  of BF 4 i n  p o l y a c e t y l e n e  
from e l e c t r o c h e m i c a l  c u r e n t  p u l s e  m e a s u r e m e n t s  
and show t h a t  s i m u l t a n e o u s  d e t e r m i n a t i o n  of  
the  s o l u t i o n - w e t t e d  s u r f a c e  a r e a  of the  
p o l y a c e t y l e n e  i s  m a n d a t o r y  to  a r r i v e  a t  
c o r r e c t  v a l u e s .  The w e t t e d  s u r f a c e  a r e a  was 
unknown i n  p r e v i o u s  s t u d i e s  ( 1 , 2 ) ,  and we 
d e m o n s t r a t e  t h a t  d i f f e r e n t  d e g r e e s  of w e t t i n g  
of the  m i c r o p o r o u s  f i b r o u s  s t r u c t u r e  of 
p o l y a c e t y l e n e  r e a d i l y  a c c o u n t s  f o r  the  w i d e l y  
d i f f e r i n g  l i t e r a t u r e  v a l u e s .  

EXPERIMENTAL 

P o l y a c e t y l e n e  f i l m  of 89 ~ t h i c k n e s s  had 
b e e n  p r e p a r e d  by the  Rohm and Haas Company, 
u s i n g  the  s t a n d a r d  Sh i rakawa  t e c h n i q u e .  
D e t a i l s  r e g a r d i n g  the  p r e p a r a t i o n  have been  
p u b l i s h e d  e l s e w h e r e  ( 4 ) .  The f i l m  had 48% of 
t h e o r e t i c a l  d e n s i t y ,  t he  v o i d  space  b e i n g  
c o m p r i s e d  of i n t e r s t i c e s  of  s e v e r a l  h u n d r e d  
Angs t roem d i m e n s i o n s  be tween  p o l y a c e t y l e n e  
f i b e r s  of 200 to  400 X d i a m e t e r .  The s p e c i f i c  
s u r f a c e  a r e a  was d e t e r m i n e d  by low t e m p e r a t u r e  

adso tion as 40 m--/g Circular e l ec trodes  
2 cm a r e a  were p r e p a r e d  by s p u t t e r i n g  1000 

Au f i l m s  on one s i d e  and making  p r e s s u r e  
c o n t a c t  to  a c o i l e d  Au w i r e .  E x p e r i m e n t s  were 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  Member 
Key Words: P o l y m e r s ,  E l e c t r o d e ,  K i n e t i c s  
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p e r f o r m e d  a t  room t e m p e r a t u r e  i n  a ~ c e l l  
e mp l oy i ng  a L i  c o u n t e r  and r e f e r e n c e  e l e c -  
t r o d e .  The e l e c t r o l y t e  was a 30~ b .w.  s o l u -  
t i o n  of LiBF 4 i n  s u l f o l a n e .  G a l v a n o s t a t i c  
p u l s e s  were a p p l i e d  to  e l e c t r o d e s  p r e - d o p e d  
w i t h  a p p r o x i m a t e l y  7 mole% BF4. 

RESULTS AND DISCUSSION 

F i g .  1 shows a n o d i c  and c a t h o d i c  
p o l a r i z a t i o n - t i m e  t r a n s i e n t s ,  c o r r e s p o n d i n g  to  
p - d o p i n g  and u n d o p i n g  w i t h  100 sec  c u r r e n t  
p u l s e s  of 1 mA. Both the  w e t t e d  s u r f a c e  a r e a  
and the  d i f f u s i o n  c o e f f i c i e n t  can  be d e t e r -  
mined  from t h e s e  t r a n s i e n t s .  

The s l ope  d ~ / d t  a t  t=0 y i e l d s  t he  d o u b l e  
l a y e r  c a p a c i t y  C D = I / d ~ / d t  = 22 pF. Such a 
v a l u e  i s  o n l y  c o m p a t i b l e  w i t h  s o l u t i o n  w e t t i n g  
t he  e x t e r i o r  s u r f a c e ,  c o m p a t a b l e  i n  s i z e  to  
t he  p r o j e c t e d  a r e a  of 2 c m Z I .  f the  l a r g e  
i n t e r i o r  s u r f a c e  of 4000 cm 2 were w e t t e d ,  t h e n  
the  c a p a c i t y  would have the  u n r e a s o n a b l y  sma l l  
v a l u e  of 0 .005  ~F/cm 2.  Based on t he  r e l e v a n t  
s o l u t e  and dopan t  c o n c e n t r a t i o n s ,  an  e s t i m a t e  
of the  d o u b l e  l a y e r  c a p a c i t y  on t he  s o l u t i o n  
s i d e  of the  p o l y a c e t y l e n e  and of the  c a p a c i t y  
a s s o c i a t e d  w i t h  the  space charge  r e g i o n  w i t h i n  
the  p o l y a c e t y l e n e  y i e l d s  v a l u e s  i n  t he  r ange  
of 10 to  50 ~F/cm f o r  each.  The t o t a ~  
p r e d i c t e d  c a p a c i t y  i s  t h e r e f o r e  5 to  25 pF/cm ~ 
of w e t t e d  a r e a .  Hence,  the  o b s e r v e d  v a l ~ e  of 
22 FF c o r r e s p o n d s  to  be t w e e n  i and 4 cm of 
w e t t e d  a r e a .  

I n  t he  p r e s e n t  case  of o n l y  one e x t e r i o r  
s u r f a c e  w e t t e d  by s o l u t i o n  and  p u l s e  t i m e s  
s h o r t  compared to  t he  t ime  c o n s t a n t  f o r  d i f f u -  
s i o n  t h r o u g h  the  e n t i r e  f i l m  t h i c k n e s s ,  semi -  
i n f i n i t e  d i f f u s i o n  a n a l y s i s  a p p l i e s .  A c c o u n t -  
i ng  f o r  slow i n t e r f a c e  r e a c t i o n  ( I ) ,  t he  

o s o l u t i o n  (5) f o r  sma l l  p o l a r i z a t i o n s  ~ i s  

11 = (RT/F) ( I / I o  + 2I~'/~"~FCoA~rD), (1) 

where t = t i me ,  c = i n i t i a l  dopan t  c o n c e n t r a -  o 
t i o n ,  A = w e t t e d  a r e a ,  D ffi d i f f u s i o n  c o e f f i -  
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c i e n t ,  I = exchange  c u r r e n t ,  I = a p p l i e d  
c u r r e n t ,  ~ = F a r a d a y ,  R = gas c o n s t a n t ,  T = 
t e m p e r a t u r e .  A s t r a i g h t  l i n e  s h o u l d  r e s u l t  i n  
a p l o t  of ~ v s  4-~ w i t h  s l ope  p r o p o r t i o n a l  to  
I/~-D. F i g .  2 shows that this_~ indeed the 
ease, and a value of 6 X I0 -" cm /sec is 
d e t e r m i n e d  from the  s lope  from e i t h e r  a n o d i c  

or  c a t h o d i c  t r a n s i e n t .  The f a c t  t h a t  the  
e x t r a p o l a t e d  s t r a i g h t  l i n e s  do no t  i n t e r s e c t  
the  o r i g i n  i s  due to  the  f i n i t e  r a t e  of charge  
t r a n s f e r  t h r o u g h  the  p o l y a c e t y l e n e - s o l u t i o n  
i n t e r f a c e  ( 3 ) .  

I t  i s  i m p o r t a n t  to  n o t e  from Eq. (1) 
t h a t  i d e n t i c a l  t r a n s i e n t s  a r e  o b s e r v e d  f o r  
i d e n t i c a l  v a l u e s  of AJ-D. Hence,  D c a n n o t  be 
d e t e r m i n e d  u n l e s s  t he  w e t t e d  s u r f a c e  a r e a  A ~ 
known. Kanfman e t  a 1 . ( 1 )  e s t i m a t e d  4 X 10 - ~ v  
cm ~ / s e c  f o r  the  d i f f u s i o n  c o e f f i c i e n t  of L i  
and CIO 4 i n  p o l y a c e t y l e n e ,  b a s e d  on open c i r -  
c u i t  v o l t a g e  decay m e a s u r e m e n t s .  Wi thou t  
knowing t he  w e t t e d  s u r f a c e  a r e a ,  t hey  assumed 
comple te  w e t t i n g  of  the  i n t e r i o r  s u r f a c e .  
However, i f  one assumes  o n l y  w e t t i n g  of the  
e x t e r i o r  s~fac~, the  d i f f u s i o n  c o e f f i c i e n t  
becomes 1 0 - ~ Z Z c m / s e c ,  i n  good ag reemen t  w i t h  
the  v a l u e  d e t e r m i n e d  i n  t h i s  s t u d y .  B e n i e r e  
e t  a l .  (2 )  d e r i v e d  d i f f u s i o n  c o e f f i c i e n t s  of 2 
X 10 -10  to  2 X 10 - 8  cm2/sec  f o r  12 d i f f u s i o n  
i n  p o l y a c e t y l e n e ,  b a s e d  on 12 a b s o r p t i o n  from 
d i l u t e  I .  s o l u t i o n s  i n  p e n t a n e  They assumed 

Z 
w e t t i n g  of the  e x t e r i o r  s u r f a c e  o n l y .  I f  0 .1  
to  1~ of the  i n t e r i o r  s u r f a c e  were w e t t e d ,  
t h e n  the  d a t a  of B e n i e r e  e t  a l .  would  r e s u l t  i n  
a d i f f u s i o n  c o e f f i c i e n t  of 6 X 10 -~2  cm2/ sec .  

I n  c o n c l u s i o n ,  we have e s t a b l i s h e d  the  
d i f f u s i o n  c o e f f i c i e n t  _ ~  i ~  dopan t  i n  
p o l y a c e t y l e n e  as  6 X 10 c sec  and have 
shown that simultaneous determination of wet- 

ted s u r f a c e  a r e a  i s  m a n d a t o r y .  G r o s s l y  
disparate l i t e r a t u r e  v a l u e s  can  be r e c o n c i l e d  
i f  a l l o w a n c e  i s  made f o r  d i f f e r e n t  w e t t e d  s u r -  
f ace  a r e a s .  

REFERENCES 

1 .  7 . H .  K a u f m a n ,  E . 7 .  M e l e ,  A . 7 .  H e e g e r ,  R. 
K a n e r  a n d  A . G .  M a c D i a r m i d ,  J .  E l e c t r o c h e m .  
Soc. 1_30, 571 (1983) 

2. F. B e n i e r e ,  S. H a r i d o s s ,  7 . P .  L o u b o u t i n ,  
H. A l d i s s i  and 7.M. F a b r e ,  7.  Phys .  Chem. 
Solids 42, 649 (1981) 

3. F.G. Will, Electrochem Soc. Ext. Abstracts 
S 3 - ~ ,  8 3 8  ( 1 9 8 3 )  

4.  F .G.  W i l l ,  R.S.  McDonald, R.D. Gle im and 
M.R. Wink le ,  7.  Chem. Phys .  78 ,  5847 
( 1 9 8 3 )  

5. T. B e r z i n s  and  P. De lahay ,  Z. E l e k t r o c h e m .  
59 ,  792 (1955) 

150 
> 
E ~. lOO 

z 
o 50 

N ~: 0 
< 
_J  
0 - 50 
O_ 

- I O 0  

- 1 5 0  

- 200 

- 250 
0 

250 - 

200 

l i ~ I I i I I i I 
20 80 100 40 60 

TIM E/sec 

F i g .  1.  I R - f r e e  o v e r v o l t a g e - t i m e  t r a n s i e n t s  
f o r  a n o d i c  d o p i n g  and c a t h o d i c  u n d o p i n g  of 
p o l y a c e t y l e n e ;  i n i t i a l  dop ing  l e v e l  7 mole% 
BF4; 1 mA c u r r e n t  p u l s e  of 100 sec  d u r a t i o n .  

250 

200 

150 

100 

z 50 
0 

N 0 

< 
~ - 50 
O 
13_ 

- 100 

TIM E/sec 
1 4 10 20 40 60 80 100 
I I I I I I I , , "  i 

�9 " 0 
1 0 

.-6 

- 200 

-150 ~- 

i I i I i I i I , I 
-2500 2 4 6 8 10 

F i g .  2 .  P o l a r i z a t i o n  d a t a  of F i g .  1 p l o t t e d  
v s .  ~ ' - ~  to  d e t e r m i n e  d i f f u s i o n  c o e f f i c i e n t .  

General Electric Company assisted in meeting 
the publication costs of this article. 



Multichannel Optical Analysis for the Study of Rapid Film Growth 
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The multichannel optical analysis is now 
a means to investigate rapid phenomena, for 
instance the beginning of growth of an anodic 
oxide. Here, we will study the potentiostatic 
oxidation of the titanium in a sulfuric acid 
solution. We will show that the growth law 
during the first seconds is different from a 
classical high field law. 

EXPERIMENTAL 

The synopsis of the equipment is shown on 
figure |. The titanium sample (E) has been 
mechanically and electrolytically (I) polished 
to be proper for optical studies, and it is 
polarised in IN H2SO 4 by a high power poten- 
tiostat (2) which allows passage of the large 
transient currents present at the beginning 
of the polarisation. The sample is illuminated 
by a 150 W Xenon source (S), focused by (L). 
After reflection, two other lens (L) focus the 
light on an entry slit (FE). The grating dis- 
perses the light between 200 and 800 nm, and 
the Reticon diode array detector (CAMERA) 
receives a plane scattered spectrum having a 
width of 25 mm. The array consists of ]024 
diodes, each of them having a width of 25 ~m. 
Each diode can be read in 64 ~s, and the com- 
plete spectrum can be obtained in 64 ms. 

5 D DBA 

SPECTROGRAPH % A  L 

Ill  ' 

Fig.  1 : Synopsis  of the equipment 

Key Words : mu l t i channe l  o p t i c a l  a n a l y s i s ,  
anodic  o x i d a t i o n ,  t i t a n i u m  

The beginning of the spectrum acquisition 
is synchronised with the beginning of the oxi- 
dation by an electronic trigger. A new spec- 
trum can be taken immediately after the end of 
the first acquisition, and one can then obtain 
a reflectance spectrum of the titanium sample 
under oxidation every 64 ms. 

RESULTS 

In figure 2 are plotted some reflectance 
spectra obtained at different oxidation times 
for a 7 V potential. One sees the appearance 
of an interference minimum (%m|), which shifts 
towards the higher wavelengths when the oxida- 
tion time (and, then, the film thickness) in- 
creases. We have previously (3) determined the 
relation between the wavelength of the minimum 
and the film thickness. Then we can obtain the 
growth law of the oxide from the positions of 
the minimum. 

R(A U) 

% 

-'~ ~ ~ 

I t I , I , I 800 600 400 ,200 

Fig. 2 : Reflectance spectra during an oxida- 
tion at 7 V ; -- : 64 ms ; : 1.97 s ; 
.... : 12 min. 

When the thickness is greater than about 
50-70 nm, one has to deal with the second in- 
terference minimum (%m2) , as shown in figure 
3 for a 50 V potential~ 

Plotting the values of thickness as func- 
tion of the oxidation time, at a serie of vol- 
tages between 7 and 50 V, one observes two 
different growth laws, one after about 0.4 s, 
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F i g .  3 : R e f l e c t a n c e  s p e c t r a  d u r i n g  a n  o x i d a -  

t i o n  a t  50  V. - -  : 64  ms  .; ,,, : 0 . 3 8  s ; 
. . . .  : 6 . 5 0  r a i n .  

and the other during the first hundred ms. The 
beginning of the growth is not dependent on the 
electric field since, as shown in figure 4, it 
is the same at every voltage. The growth rate 
is very high } about one menolayer of oxide is 
built in ] ms. The demand for material at the 
interface is great and needs a rapid transport 
of anions towards this interface. The transport 
processes in the electrolyte phase control the 
beginning of the growth. 

In the second time range, as seen in figu- 
re 5, where the values of d/V are plotted in 
function of log t, all the experimental points 
fall on the same straight line. We have fitted 
by least square this line, and found : 

d/V = 2.19 + 0.2]7 logt nm.V-] 
One can write also ~d/~t = 0.2]7 V/t 

dpnrn 

~7 

--50 

-I • ~ ~" I t,secondes 

0.1 0.2 0.3 0.4 
Fig. 4 : Beginning of the growth law of films. 
x : 7 V ; m : 8 V ; + : I0 V ; o : 20 V ; 
V : 30 V ; A : 50 V. 

The thickness increment by time unit is 
proportional to the voltage, and in inverse 
ratio with the time. In this case, the growth 
of film is merely controled by the electric 
field at the interface. 
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Fig. 5 : Growth law of films : values of the thickness "normalized" by the oxidation voltage, vs 
the logarithm of oxidation time. 
x : 7 V ; e : 8 V ; + : I0 V ; o : 20 V ; V : 30 V ; A : 50 V. 
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An Improved Interrupter Circuit for Battery Testing 
A Function Generator for the Resistance-Free Recording of Current/Voltage Curves 

J. Gsellmann and K. Kordesch* 

Technische Universitdt Graz, A-8010 Graz, Austria 

ABSTRACT 

The use of current interrupter circuits for the determination of the "resistance-free potential" of a cell under load 
condition is a well-known practice. One of the authors (K. K.) and A. Marko (1) designed a line-frequency (50/60 Hz) 
pulse-current circuit (2-4), which has been widely used since the 1960's. In the meantime, many electronic components 
have been improved and miniaturized. A new measuring circuit, which can be used in combination with any potentio- 
stat or galvanostat, has been designed and tested in our laboratory. 

Current/voltage characteristics of single electrodes, 
cells, and batteries are measured routinely in order to 
study the electrochemical processes occurring in galvanic 
systems. For this purpose, a potentiostat or galvanostat is 
used in combination with a function generator, which 
produces a triangular (smooth-ramp) or a saw-tooth volt- 
age pattern, the latter determined by a certain frequency 
and showing the desired potential steps. The resulting 
electrode or cell voltages and corresponding currents can 
be obtained simultaneously and plotted by an X/Y record- 
ing system. 

Such chronopotentiometric diagrams are "voltammo- 
grams." The obtained curves are usually showing the 
combined effects of several electrochemical processes, 
following the different physical chemical laws of thermo- 
dynamic or kinetic nature, like polarization or mass- 
transport phenomena. The limiting process will always 
dominantly show its characteristic parameter. 

Superimposed on all these processes, expressed by the 
shape of  the potential or current curves is the relationship 
between voltages and currents, given by Ohm's law: U = 
IR, whereby U stands for the potential, I for the current, 
and R for the  resistance or the ohmic part of the imped- 
ance of the system. The purely ohmic value of R has its 
origin in no electrochemical reaction and sometimes com- 
pletely overshadows the electrode system's response to 
the potentiostatic or galvanostatic test circuit. For that 
reason, it is often necessary to eliminate the ohmic com- 
ponents from all the test data before they can be properly 
evaluated. 

However, in many technical cell systems, great signifi- 
cance is given to the ohmic resistance, it should be as 
small as possible, for a .high electrical output, but espe- 
cially to minimize the heat (PR) losses. Large electrolyte 
spaces or bad external or internal electronic contacts (e.g., 
between particles) can result in a very poor cell perform- 
ance and this may be blamed wrongly on electrochemical 
inefficiencies. Therefore, one needs to k n o w  at least the 
total of the values of the ohmic resistance components.  
Also, the influences of cell operating parameters, such as 
temperature, pressure, etc., must  be known, but  sepa- 
rated from the effects on the electrochemical processes. 

In the electrochemical literature, the voltage difference 
caused by the current flow was named "polarization" or, 
as the effect is called more recently, "overvoltage." The 
terminology divides the phenomena further, in "resist- 
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ance overvoltage," into "chemical  polarization" and "con- 
centration polarization," etc. The direction of the current 
(charging or discharging a cell) determines if the voltage 
drops below, or rises above, the open-circuit voltage, as a 
result of the polarization of the electrodes, causing the 
overvoltage. 

In this paper, we distinguish between the instantly 
(with electronic speed) occurring voltage s tep caused by 
the current flow through the ohmic resistance compo- 
nents of the cell and the slow (mass-transport determined, 
equil ibrium seeking) voltage changes caused by the elec- 
trochemical reactions or physical processes at the inter- 
face or in the electrodes. "Resistance overvoltage" and 
"chemical  (kinetic) polarization" have, therefore, princi- 
pally different properties related to the speed at which 
they appear as soon as the current is switched on. Fur- 
thermore, the chemical (kinetic) polarization stays con- 
stant (in fuel cells) or increases slowly (in batteries) while 
the current continues to flow. 

Methods to Eliminate the Ohmic Resistance Overvoltage 
The resistance can be measured with an alternating cur- 

rent bridge-circuit while the cell is discharged or charged. 
With separate probes, it is possible to locate the partial re. 
sistances of, e.g., the electrolyte, certain layers, or compo- 
nents. The effects of temperature or pressure can be de- 
termined similarly. The correction of the current/voltage 
curves obtained from the X/Y recorder is only a matter of 
calculating the resistance-free voltages, using Ohm's law, 
and redrawing the curves with the new voltage values. 

Resistance can be measured with separate current and 
voltage leads (four-point ac measurements). This method 
is very accurate across metallic or good conductive car- 
bon electrodes. Difficulties arise with less good conduc- 
tive materials, e.g., conductive plastic sheets, where the 
current may go another path than the voltage probe is 
measuring. Area averaging m easu rem en t s  are helpful; 
sometimes surface films give very different measure- 
ments in dry conditions and in electrolyte-wetted situa- 
tions. Measuring the resistance overvoltage across elec- 
trode/electrolyte interfaces in operating cells requires the 
use of Luggin capillaries as close as possible to the elec- 
trode. In critical cases (with a low conductivity electro- 
lyte), one must extrapolate to the distance zero. 

Effects of the ohmic resistance can be eliminated by 
providing a "negative ohmic resistance" compensation. 
Such a negative impedance converter (NIC) can be built 
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into the electronic measuring circuit of test instruments. 
One of the disadvantages is that the NIC c a n  only com- 
pensate the ohmic resistance of the whole cell; another is 
that the value is only approximated because the circuit 
has a tendency to oscillate near the compensation point. 

The ohmic portion of the overvoltage can be very accu- 
rately determined by the use of pulse measurements.  The 
simplest way to do it galvanostatically is as follows: first, 
set the current through the cell at the desired constant 
level and then apply a negative voltage pulse to the con- 
trol input of the same galvanostat so that the current 
drops to zero. At the end of the negative pulse, the previ- 
ous control setting establishes the current flow again. 
The voltage of the cell is measured during the short time 
period when the current is zero. The voltage measure- 
ment  can be made in different ways. A storage or delay 
oscilloscope may be used, or the trace of the pulse an the 
screen can be photographed and evaluated. 

It is also feasible to use an analog storage circuit con- 
sisting of a condenser and a periodically operating me- 
chanical (5), electronic (6), or thermal switch (7). The 
simplest circuit producing high current pulses periodi- 
cally consists of a transformer and a diode. In order to ob- 
tain the voltage between the pulses, a diode bridge-circuit 
which is opened and closed by the opposite-phase voltage 
is very practical (1). 

The pulse measurement  method described above can 
be automated by establishing a certain t iming control se- 
quence (with an electronic t imer or with a computer  pro- 
gram) for the current interruptions. The current flowing 
from or into the  cell can also be changed according to a 
test program profile. The result is current/voltage curves 
which are free of the voltage difference caused by the 
ohmic resistance. Simultaneously, of course, the terminal 
voltages can be recorded. The difference can be very in- 
dicative, especially if reference electrodes are employed. 

A u t o m a t i c  Cur rent  In ter rupter  Devices 
Potentiostatic and galvanostatic circuits are well known 

in the electrochemical test practice and are commercially 
available. The principal diagram df a V/I control circuit is 
shown in the left part of Fig. 1. A potentiostat is a direct 
current (dc) amplifier which works as a voltage following 
circuit. It has a differential input; if the ( - )  input is con- 
nected to the output, then the amplifier will act in such a 
way as to reduce the voltage difference between (+) and 
( - )  to zero (inverting mode). If the test cell, in Fig. 1 con- 
sisting of a counterelectrode CE and a working electrode 
WE, is put into the circuit between output and ground G, 
then a current will be driven through the cell; it may flow 
in the charge or discharge direction, depending on the 
test purpose. This current is controlled by the voltage 
supplied from a constant source (CP) and adjusted by 
means of the variable resistor VR (a precision ten-turn po- 
tentiometer) between (+) and the ground. The ( - )  input 

I I I 
I I I I 

CONTROL POTENTIAL CP' I I A/I I i - RESET 

- - n  ,o -1 /o  i L~176 , I - T - - ~  ST'RT 
I " ' 

I I 
VR REL l l 

EE I I 
[ ii U 

WORKING EL WE ~ i ~  I I Ii 

0.D~ o' & 
I i I 

ROTENTIOSTAT OR I TEST CELL I INTERRUPTER I RECORDER 
i I I 

GALVANOSTAT I I I 

Fig. 1. Principal circuit for the "resistance-free" voltage measure- 
ments by the interruption method. CE: Counterelectrode. WE: Working 
electrode. RE: Reference electrode. RI: Reference input. G: Ground. A/D 
Analog/digital converter. U: Instrument amplifier for V. I: IA for I. VR: 
Variable resistor. S&H: Sample and hold circuit. 

terminal (reference input RI) follows this voltage, im- 
pressed on the circuit via the variable resistor VR and 
holds it (potentiostat). 

Arranging a 1.0tl resistor between ground G and al- 
lowing the potentiostat to control the voltage difference 
across this constant 1.0tl resistor, one obtains the charac- 
teristic behavior of a "galvanostat." Controlling to a 1.0V 
differential corresponds to a current flow of 1.0A. 

The characteristic features of a potentostat are maxi- 
mum current output, voltage range, actual control accu- 
racy, which is determined by the stability of the elec- 
tronic circuits, and the noise level. The reference voltage 
source must also be considered in respect to its true accu- 
racy and reproducible long-time stability. 

The achievable steepness of the voltage step (expressed 
in volts per microsecond) for the case of an ideal square 
pulse is of special importance for the design of interrupt- 
ers. The speed of the response (risetime) determines how 
fast the current will be able to go to zero. The t ime 
needed is usually in the range of microseconds (tzs). This 
time is negligible compared with the time requirements 
of electrochemical reactions and faradic transport pro- 
cesses, which do show differential changes (mV) in 
milliseconds (ms) but may reach final equilibria only in 
seconds to minutes. 

Figure 2 shows graphically how the current, which 
flows through the test cell, drops from the value i to zero. 
Design calculations indicated that a time period of 100 tzs 
is sufficient for the measurement  of the potential while 
no current is flowing. The "resistance-free" voltage ob- 
tained that way may have an uncertainty of less than 1% if 
one does not want too severe requirements with respect 
to precision and cost of the circuit components.  Only 
electrodes which have a strong tendency to form passive 
surface films (magnesium, for example) need special 
attention. 

In order to measure potentials independent  of the 
ground connections, so-called "instrument  amplifiers" 
are used. The counterelectrode and the reference elec- 
trode of the cell to be measured are not connected to 
ground. Good instrument amplifiers are commercially 
available; if they have to be made from single compo- 
nents, care must be taken to adjust resistors to very close 
tolerances in order to achieve a high "common mode re- 
jection." The literature describes the selection of  suitable 
components  (8, 9). 

Similar considerations are applicable to the current 
amplifiers. Exchanging the (+) and ( - )  input terminals 
makes it possible to adapt the recorded curves to the cor- 
responding quadrant of the X/Y recorder. 

The circuit diagram shown in Fig. 3 pictures the now- 
available (10)complete Sample and Hold Integrated Cir- 

• I • . I - - - - - A [  QUISITION TIME 
i I J SAMPLE+ HOLD 
~ F ~ RISE TIME 

CONTROL PULSE 

100 ju S T [pS ] 
Fi I. 2. Current/time diagram: trace of the current going from the con- 

stant value I to zero and back. This profile shows the slopes of the If/" 
lines due to the limitations imposed by the switching speed. 
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Fig. 3. Principal diagram of the sample and hold integrated circuit 
LF398 by National Semiconductor Corporation. 

cuit designated S&H-IC-LF 398 which we used. The po- 
tential of the cell to be measured is first applied to the 
Fet input of an impedance converter with a very high re- 
sistance input and a low resistance output. In this way, a 
condenser can be charged very fast to the level of the cell 
voltage ("sample" mode). The capacitor can be separated 
from the charging circuit by means of a very high resist- 
ance electronic switch and exists then in the "hold" 
mode. A second impedance converter with a high resist- 
ance input and a low resistance output supplies the con- 
denser voltage to the output terminal. The impedance 
converters are coupled with a feedback resistor to reduce 
possibilities for faulty operation. The electronic switch is 
actuated by an operational amplifier with differential in- 
put in order to be flexible in the choices of voltages and 
polarities to operate the switch. 

The condenser charge current is l imited by a 300~ re- 
sistor. The charge time T = RC; therefore, we know the 
necessary charge t ime with a given capacity. A compro- 
mise must be chosen for the ratio of charge time (that is, 
the acquisition t ime in the sample mode) and the self- 
discharge time in the hold mode, which must be small 
compared to the intervals between the pulses. A fre- 
quency of, e.g., 1 pulse in 10s, needs already a two-stage 

sample and hold circuit in which the first S&H uses a 
small capacitor and needs an extremely short t ime for be- 
ing charged, but keeps the voltage accurately enough for 
about 100 t~s for charging the following, perhaps a hun- 
dred times larger capacitor. The quality of the capacitors 
(type of dielectric) is very important. 

The integrated circuit ADC-MC8BC is used as the 
digital/analog converter (11). It is an 8 bit converter with 
built-in counter and a reference potential source of 2.55V. 
The unit can be utilized in two ways: the pulses reaching 
the input of the counter are registered as dual value and 
converted into an analog voltage. The 8 bit data are avail- 
able at the outer terminals. Vice versa, 8 bit data can be 
supplied as input and converted into analog voltages. The 
counter can be set back with the reset input. 

The buffer amplifier is a sensitive component;  it must 
have a very small drift at zero input if the temperature 
changes and should have a low noise level at low frequen- 
cies. We chose an LF 13741 amplifier (12), but there are 
higher-quality IC's available (13). 

Discussion of the Complete Measuring Instrument 
Figure 4 is a flow diagram of the circuits to be shown 

in more detail later (in Fig. 6). The numbers correspond to 
the IC blocks discussed. 1 is a square wave generator, 
using an LM 555 to produce 256 Hz oscillations (12). The 
next IC, 2, is a 14-step binary divider. Its steps are used to 
provide the following frequencies: 64, 32, 16, 8, 4, 2, 1, 0.5, 
0.25, 0.125, 0.0625, 0.03125, and 0.015625 Hz. In this way, 
we can obtain curves with a time axis of 4s-34 rain. The 
various frequencies are selected with the step switch S-1. 
The switch has also an open position in which no pulses 
are transmitted. The selected pulses go to three parallel, 
monostable (MS-IC) multivibrators (no. 3, 4 and 5), each 
containing an RC circuit which triggers the MS-IC timers 
with the negative edge of the pulses. The delay times are 
adjusted with an oscilloscope to the following values: no. 
3, 100 tLs; no. 4, 90 tLs; and no. 5, 10 ms. The output pulse 
of no. 3 is connected to the counter input of the D/A con- 
verter (IC no. 6) via the Nand gate IC-8. The same pulses 
are also reaching the CMOS Gate 74C00, in which a dou- 
ble conversion is made in order to operate the semicon- 
ductor switch CD4066, marked as no. 9, in the correct 
phase relation, required at that time. 

lOOps 90ps 1Ores 

LM 555 LM 555 LM 555 LM 555 ADC-MC8BC LF13741 COt,066 LF 1374-1 

," -  " F ~ I " - I  I ' - - - - ~  VOLTASE 

I S' I I I  ;,,coo v 
' I o+ I s, T + I f  s, 

2 2 
INSTR. AMPL. SAMPLE+ HOLD INSTR. AMPL. SAMPLE+ HOLD SAMPLE+HOLD 

CURRENT COORDINATE VOLTAGE COORDINATE 

Fig. 4. Flow diagram of the frequency-controlled current interrupter circuit and voltage sensing system. The numbers in the circuit blocks correspond 
to the IC numbers in Fig. 6. 
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Fig. 5. A co~nperative diagram, showing the durations of the pulses 
and their timing sequences. The notations for the IC's corresponds with 
the numbers in Fig. 4 and 6. 

As long as the Reset-Input of the D/A converter is on 
ground, no change occurs in the state of the counter and 
the output voltage is zero. As soon as S-2 is opened, the 
counter starts and a stepwise rising potential appears at 
the output. Once the counter reaches its highest decimal 
value (255), a l l  eight data outputs go into the high state. 
The eight values are then going to a Nand gate with eight 
inputs and the outputs of the gate go into low state, 
locking the gate IC-8 for further pulses and storing the 
maximum values in the counter. Now the reference volt- 
age for stationary measurements  is available. 

IC-12 and IC-13 amplify (and invert) the voltage to the 
desired value, so that the output terminals of the instru- 
ment can supply a buffered reference potential in positive 
and negative directions for the input of the galvanostat. 
Switch S-4 can prevent the pulses from going to IC-9 and 
the circuit measures the cell voltage with the ohmic re- 
sistance included. The output of gate IC-7 controls also a 
relay for the lifting of the recorder pen, as soon as the 
counter reaches 225. 

Figure 5 is a comparative diagram, showing the dura- 
tions of the pulses (the length of milliseconds in relation 
to microseconds is not drawn to scale!) and their t iming 
sequences. The notations for the IC's correspond with the 
numbers in Fig. 4 and 6. The binary divider (IC-2) pro- 
duces (in the 64 Hz position) pulses of 15,625 ms length. 
MS timer IC-5 controls one S&H circuit in the current cir- 
cuit (17), and the second S&H in the voltage circuit (22) 
with pulses of 10 ms length. It should be noted that at 
high pulse, the S&H in the current circuit is in hold mode 
and the S&H in the voltage circuit is in sample mode. 
IC-4 controls the first S&H in the voltage circuit (21) with 
a 90 tLs sample period. 

Figure 6 shows the power supply for the whole instru- 
mentation. IC-6, IC-7, and IC-8 are operated with 5V and 
all others with 10V, split in +5 and - 5 V  against ground. 
That is the reason why the input of IC-8, which gets the 
10V pulses, must be connected to ground with a 
diode/resistor combination for the case that there is a neg- 
ative voltage. 

Control Circuit Including o Computer 
A few changes to the circuit shown in Fig. 5 or 6, re- 

spectively, allow the use of a personal computer  (PC), 
making the testing procedures far more flexible. The 
suggested changes are as follows. 

Input 2 of the A/D converter must be grounded to make 
the converter accept 8 bit words and produce the corre- 
sponding voltage at the output. The switch IC-9 will be 
operated with the switch S-4. The pulses will be turned 
off with S-1. The logic inputs of the S&H IC's are to be 
switched over to the computer  inputs marked PC. The 
logic level must be adapted with voltage dividers (8). The 
following features must be provided for operation with a 
PC: (i) 8 bit data channel for the control of the D/A- 
converter, (ii) 3 bit data channel for controlling the 3 
S&H-stages, and (iii) two channel A/D converter for the 
current and voltage measurements.  

Manuscript received Nov. 16, 1984. This was Paper 93 
presented at the New Orleans, Louisiana, Meeting of the 
Society, Oct. 7-12, 1984. 
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Complex Plane and 7Li NMR Studies of Highly Conductive Sulfide- 
Based Lithium Glasses 

Steven J. Visco, Peter Spellane, and John H. Kennedy* 
Department of Chemistry, University of California, Santa Barbara, California 93106 

ABSTRACT 

The activation energy for lithium diffusion in highly conductive LiI-Li2S-P2S5 glasses with varying l i thium concen- 
trations is measured by ~Li NMR linewidth techniques, and is compared to activation energies for ionic conductivity ob- 
tained by complex plane techniques. The 7Li NMR spectra for the glasses have been examined as a function of tempera- 
ture; the HB equation for motional narrowing was used to calculate the activation energies for l i thium movement  in the 
various glasses. From ~he NMR data, two activation energies were observed over the temperature range of -100~ to 
room temperature. The low temperature, high activation energy values correlate well with the activation energies ob- 
tained from ionic conductivity measurements,  while the high temperature, low activation energy process is apparently 
due to some sort of short-range motion detected only by the 7Li NMR measurements. 

The desire for reliable high energy density batteries has 
led to exciting developments in the field of solid-state 
electrolytes. Batteries utilizing solid electrolytes for ionic 
conduction may provide the most efficient means of stor- 
ing energy. Much of the work in this field to date has fo- 
cused on crystalline materials; however there has been a 
recent shift into new areas such as glass and polymeric 
electrolytes. Glass electrolytes offer many advantages 
over polycrystalline ceramic electrolytes, including iso- 
tropic conductivity, absence of grain boundary resistance, 
wide compositional ranges, and ease of fabrication. 

The use of l i thium as an anode material offers obvious 
benefits; l i thium has a low equivalent weight, yields high 
cell voltages, and is relatively easy to handle. Conse- 
quently, there has been a substantial amount  of research 
effort devoted to finding suitable l i thium electrolytes. 
The search for crystalline li thium electrolytes has not 
been very satisfactory. However, there have been recent 
exciting advances in the development of l i thium ion con- 
ductive glasses (1-14). Various glasses have been synthe- 
sized (such as LiI-Li2S-P2S5 and LiI-Li2S-B2S3) that have 
Li ~ conductivities matching the best crystalline electro- 
lytes (~ = 10 -3 S-cm -1 at 25~ and stability ranges appro- 
priate for their use in li thium anode batteries (1-5, 10). 

The structures and mechanisms for conduction in glass 
electrolytes have been less studied and consequently less 
understood than their crystalline counterparts. In order to 
further explore the nature of the ionic conductivity in 
glasses, we have applied the techniques of both solid- 
state NMR and ac impedance to study the highly conduc- 
tive LiI-Li2S-P~S~ glasses (1-5). 

The application of NMR in solid electrolyte studies is a 
potentially powerful tool for exploring both the structural 
and dynamic nature of these materials (15-19). 7Li NMR 
has been used effectively to study the diffusion of Li ~ in 
Li3N, and very recently to study Li § movement  in the con- 
ductive l i thium borate glasses (17-19) and Li2S-GeS2 
glasses (20). A predominant  cause of NMR line broad- 
ening in solids is the magnetic dipole-dipole interaction 
between nuclei. Thermal activation of ions with increas- 
ing temperature tends to remove the dipole-dipole inter- 
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action between nuclei of activated ions, and the corre- 
sponding NMR line narrows. This phenomenon is called 
motional narrowing. From the NMR linewidth vs. temper- 
ature data, the Hendrickson-Bray (HB) equation can be 
used to calculate the activation energy for Li § motion in 
the solid (18, 19). 

Bray and his co-workers have determined the activation 
energies for Li ~ motion in the Li20-B203 and LiX- 
Li20-B203 (X = F, C1) glasses (18, 19), and correlated them 
with activation energies reported from conductivity stud- 
ies. It is important to realize that more meaningful  com- 
parisons between the two techniques can be obtained 
when conductivity and NMR measurements are made on 
the same sample. 

We now present data obtained from both NMR and 
electrical conductivity measurements on LiI-Li2S-P2S5 
glasses having varying LiI concentrations. These glasses 
are of particular interest because they possess very high 
Li ~ conductivities at ambient  temperatures (1-5). 

Experimental 
The LiI-Li2S-P2S5 glasses were prepared according to 

the procedure of Malugani and Robert (2). The glass com- 
positions are determined by holding the mole ratio of 
Li2S to P2S5 at 2:1 while varying the mole ratio of LiI. 
Since starting materials and end products are extremely 
hygroscopic, all manipulations were performed inside a 
helium dry box equipped with a purification train to 
keep residual H20 and 02 to less than 1 ppm. The rea- 
gents were mixed in the appropriate proportions, sealed 
into thick-walled quartz tubes, place in Inconel alloy pipe 
explosion shields, and heated to approximately 900~ for 
about lh. The melts were then either air or water 
quenched, depending on the cooling rate desired. The 
quenched glass was ground to a fine powder, and, for the 
NMR study, a portion of the glass sample was sealed un- 
der vacuum into 5 mm NMR tubes. The remaining pow- 
der was then uniaxially pressed into 1/4 in. diam rods 
with TiS2 electrodes on both faces. The vitreous electro- 
lyte rod was finally isostatically pressed at approxi- 
mately 40,000 lb/in. ~ prior to ionic conductivity measure- 
ments. 
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Fig. 1. The complex impedance diagram for 0.10LiI-O.60Li2S- 

0.30P2S5 glass with TiS2 electrodes (T = 156~ 

Table I. NMR parameters, conductivities, and E~'s 
for lithium glasses 

Cond. 
Glass composition B(kI-Iz) ~ E~(eV) ~ E~(eV) b (S-cm-') ~ 

0.0LiI-0.67Li2S-0.33PzS~ 3.3 x 10 -'1 0.50 0.46 8.5 x 10 -~ 
0.011 0.10 

O.IOLiI-O.6OLi2S-O.3OP2S5 4.0 x 10 -9 0.38 0.42 2.2 • I0 -~ 
0.011 0,i0 

0.20LiI-O.53Li2S-O.27P2S5 1.6 x 10 -7 0.31 0.36 9.2 • I0 -~ 
0.0058 0.11 

0.30LiI-0.47Li2S-0.23P2S5 1.5 x 10 -7 0.30 0.35 3.2 x 10 -4 
0.0080 0.10 

a F i rs t  l is ted value: low tempera ture ,  second value: h igh  
temperature. 

b From conductivity studies. 
Conductivity at 25~ 

The  ionic  c o n d u c t i v i t y  of  the  g lasses  was  d e t e r m i n e d  
u s i n g  a So l a r t ron  1174 F r e q u e n c y  R e s p o n s e  Ana lyze r  in- 
t e r f aced  to a H e w l e t t - P a c k a r d  9845B d e s k t o p  c o m p u t e r  
a n d  a G e n e r a l  Rad io  1435 p r o g r a m m a b l e  d e c a d e  resist-  
ance  box.  A co r r ec t i on  p r o g r a m  was  i n c o r p o r a t e d  to com- 
p e n s a t e  for i n d u c t i v e  ef fec ts  a r i s ing  f rom e l ec t rode  leads  
o b s e r v e d  at h i g h  f r e q u e n c y  (10~-106 Hz). T he  s ignal  across  
the  s a m p l e  was  100 mV. C o m p l e x  i m p e d a n c e  measu re -  
m e n t s  were  r e c o r d e d  f rom 10 -2 to 106 Hz over  t he  t e m p e r -  
a tu re  r a n g e  25 ~ 120~ 

7Li N M R  s p e c t r a  were  o b t a i n e d  o n  a Nicole t  NT-300 
S p e c t r o m e t e r .  A b r o a d  b a n d  p r o b e  was  t u n e d  to 116.6157 
MHz on  a so lu t ion  s a m p l e  of LiC1 a n d  t he  m a g n e t i c  field 
h o m o g e n e i t y  was  op t imized  for  th i s  s a m p l e  at  r o o m  tem-  
pera tu re .  The  l i t h i u m  glass  s a m p l e  was  t h e n  p l aced  in  t he  
m a g n e t  a n d  coo led  g radua l ly  to -100~ T he  s a m p l e  was  
no t  spun ,  a n d  n o  f u r t h e r  a t t e m p t  was  m a d e  to i m p r o v e  
field h o m o g e n e i t y .  T h e r m a l  e q u i l i b r a t i o n  t i m e  va r i ed  
f rom 15 to 60 rain,  d e p e n d i n g  on  t he  se lec ted  t empe ra -  
ture.  A 90 ~ p u l s e  was  appl ied ,  a n d  da ta  f r o m  1000 t ran-  
s ien t s  was  F o u r i e r  t r a n s f o r m e d  to y ie ld  one  b r o a d  reso- 
n a n c e  a n d  fit to  a L o r e n t z i a n  curve.  

Results and Discussion 
T h e  c o m p l e x  i m p e d a n c e  p lo ts  of  t he  LiI=Li~S-P2S~ 

g lasses  c o n s i s t e d  of  a s t r a igh t  l ine  i n t e r s e c t i n g  t h e  real  
axis  at  a p p r o x i m a t e l y  a 45 ~ ang le  (Fig. 1). T he  real  axis  in -  
t e r c e p t  was  t a k e n  to r e p r e s e n t  the  b u l k  r e s i s t a n c e  of  t he  
glass  sample .  Fo r  all glass  compos i t i ons ,  t he  ionic  con-  
duc t iv i t i e s  fol low the  c lass ical  A r r h e n i u s  law, cr = O-o exp  
( -EJRT)  (Fig: 2). T he  ionic  conduc t i v i t i e s  a n d  
c o r r e s p o n d i n g  ac t i va t i on  ene rg i e s  of  the  v i t r eous  electro-  
ly tes  are  g o v e r n e d  by  t he  glass  compos i t i on .  As previ-  
ous ly  r e p o r t e d  by  M a l u g a n i  et. al. (2-4), t he  ionic  conduc -  
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Fig. 2. Arrhenius plot of bulk conductivity for 0.10LiI-O.60Li2S- 
0.30P2S5. 

t iv i ty  of  t he se  g lasses  at  a specif ic  t e m p e r a t u r e  i n c r e a s e d  
a n d  the  ac t i va t i on  e n e r g y  d e c r e a s e d  w i t h  i n c r e a s i n g  LiI  
c o n c e n t r a t i o n  (Tab le  I). The  ac t iva t ion  ene rg i e s  deter -  
m i n e d  in  th i s  s t u d y  were  s l ight ly  h i g h e r  t h a n  t h o s e  re- 
p o r t e d  in  the  l i t e r a tu re  (2-4). This  cou ld  be  the  r e su l t  of  
i sos ta t ica l ly  p r e s s i n g  t he  glass  p o w d e r s  to less t h a n  maxi -  
m u m  dens i ty .  

The  7Li N M R  spec t r a  for  t he  l i t h i u m  glasses  invest i -  
ga ted  e x h i b i t e d  a s ingle  7Li r e s o n a n c e  over  t he  t e m p e r a -  
tu re  r a n g e  of  -100~176 (Fig. 3). The  NMR l i n e w i d t h  vs. 
t e m p e r a t u r e  da t a  were  ana lyzed  u s i n g  t he  H B  e q u a t i o n  
for motional narrowing in solids written as 

In (i/W-i/A) = - (EJkT) + in (I/B-1/A) 

where W is the observed NMR linewidth, A is the experi- 
mentally determined rigid-lattice linewidth, and B is the 
high temperature linewidth. The rigid-lattice linewidth A 
is determined by lowering the sample temperature until 
the NMR linewidth no longer broadens. Due to the highly 
c o n d u c t i v e  n a t u r e  of t he  LiI-Li2S-P2S5 glasses  a n d  t he  fact  
t h a t  we  are p r e s e n t l y  con f ined  to a lower  t e m p e r a t u r e  
l imi t  of -100~ i t  was  n e c e s s a r y  to e x t r a p o l a t e  the  rigid- 
la t t ice  l i n e w i d t h  for  t he  m o r e  c o n d u c t i v e  g lasses  con ta in -  
ing  h i g h  c o n c e n t r a t i o n s  of  LiI  (i.e., 30 mo le  percen t ) .  A 
p lo t  of  In (1 /W-1/A)  vs. lIT s h o u l d  p r o d u c e  a s t r a igh t  l ine  
w i t h  a s lope  of  - E a  a n d  Y -  i n t e r c e p t  of In (1 /B-1 /A) .  

The  H B  plo ts  of  t h e  N M R  da ta  for  t he  glass  e lec t ro ly tes  
c lear ly  s h o w  two s t r a igh t  l ine  segmen t s ,  i n d i c a t i n g  t h a t  
two types  of  m o t i o n  in  t he  glass  are b e i n g  o b s e r v e d  (Fig. 
4, 5). The  low t e m p e r a t u r e  l ine  n a r r o w i n g  c o r r e s p o n d s  to 

I I I I I I I I I I I I I I I I I I 

500 0 -500 -~000 

Hz 

Fig. 3.7Li nuclear magnetic resonance line obtained from sample of 
0.20LiI-O.S3Li2S-O.27P2S ~ glass at 10~ Fit of 187 data points to 
Lorentzian function is shown. 
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Fig. 4. 7Li NMR Jinewidth vs. temperature for the 0.66Li2S-O.34P2S3 
sample. *: Experimental points. Solid line: calculated curve. 
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Fig. 5. The plot of In [ (1 /W)-  (1/A)] vs. 1/T for 7Li motional narrowing 
data for the 0.101.il-0.60Li2S-P2S5 glass exhibits two different processes 
that contribute to motional narrowing. The low temperature and high 
temperature activation energies obtained from this plot are 0.38 and 
0.10 eV, respectively. 

a high activation energy process, while the high tempera- 
ture narrowing involves a low activation energy process 
(Table I). The activation energies for the low temperature 
narrowing correlate well with the activation energies ob- 
tained from the ionic conductivity measurements.  The 
values for the parameter B corroborate this observation. 
Long-range motion (as in ionic conduction or diffusion) 
would eliminate the dipole-dipole interaction, whereas a 
local restricted motion would have far less effect in 

"removing the interaction. Therefore, the value of B corre- 
sponding to long-range motion will be much smaller than 
that for short-range motion. As can be seen from Table I, 
the B values for the low temperature process exhibiting 
activation energies nearly equal to those obtained from 
conductivity measurements were several orders of magni- 
tude smaller than the B values for the high temperature 
process. Bray et al. found the same trends for the li thium 
borate glasses (18, 19). The NMR results in Table I show 

that the high activation energy for long-range motion in 
the glass decreased with increasing LiI concentration. 
This trend is mirrored by the activation energies for ionic 
conduction determined for the same glass samples. 

The results in Table I also show that the low activation 
energy for sh0rt-range motion was essentially constant 
over the entire range of LiI concentrations, and little 
change was seen in the value of B. Thermal activation of 
the short-range motion in these glasses was apparently 
unaffected by the concentration of lithium ion, indicating 
that this process did not involve the presence of 
neighboring lithium ions. In addition, the constant low 
activation energy found in this study matched the analo- 
gous values determined by Bray et al. (19) for the 
60%Li20-40%B203 and 50%Li20-B203 glasses (0.11 eV). 

Conclus ion 
It is clear that NMR investigations can yield useful in- 

formation on the nature of the movement of Li § in solid 
electrolyte glasses. The activation energies for 7Li motion 
determined from NMR line narrowing studies correlate 
well with the activation energies determined from ionic 
conductivity measurements on the same samples. 
Furthermore, the NMR measurements detect a type of 
short-range Li § motion that is apparently not detectable 
by electrical conductivity studies. 
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The Pitting Corrosion of Nickel in Different Electrolyte Solutions 
Containing Chloride Ions 
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ABSTRACT 

The pitting corrosion of nickel in different electrolytes containing chloride ions was studied by using potentiostatic 
and potentiodynamic techniques complemented with scanning electron microscopy. The breakdown potential depends 
linearly on the logarithm of the chloride ion concentration. The logarithm of the induction time for pit initiation de- 
creases linearly with the reciprocal of the applied potential. The overall process can be described by two stages. The 
first stage of pitting is explained through the formation of the passive layer in competit ion with the nucleation and 
growth of a chloride layer. The second stage, which is diffusion controlled, occurs when the salt precipitation conditions 
is reached. The proposed reaction model reproduces the potentiostatic current transients of nickel pitting by chloride in 
near-neutral buffered and alkaline solutions. 

The corrosion of nickel in chloride containing solutions 
has been studied in previous papers (1-5). Localized corro- 
sion of nickel is observed at potentials more positive than 
a certain critical value (Eb). Pits as small as 1 ~m diam 
growing with current densities of the order of 1-100 A/cm ~ 
were detected on the nickel surface (2). The initiation and 
growth of nickel pitting were attributed either to the pres- 
ence of a thin salt film on the metal surface (2) or to a 
mass transport process due to local changes in pH (6). In 
principle, it should be expected that low pH values and 
high chloride concentrations be associated with large pits 
as is the case of ferrous alloys (7). Crystallographic and 
bright hemispherical pits, depending whether the current 
density is smaller or greater than the current density at 
which salt precipitation occurs, are observed on nickel 
200 in concentrated chloride solutions (8). Pit stabilization 
on both iron and nickel was related either to the forma- 
tion of a salt layer by precipitation or to a contaminated 
oxide on the pit surface (9). The formation of a nickel hy- 
droxide layer would produce pit stabilization (10). It was 
recently claimed that chloride ions mainly interfere with 
the repassivation process instead of breaking the passive 
film in pitting corrosion of nickel (11). 

The present paper deals with the pitting corrosion of 
nickel in different solutions containing chloride ions cov- 
ering a relatively wide range of pH. The corrosion process 
is studied using electrochemical techniques comple- 
mented with scanning electron microscopy. Pit  initiation 
of nickel in the various systems investigated can be inter- 
preted through the same complex mechanism already ap- 
plied to the pitting corrosion of iron (12). 

Experimental 
Working electrodes (specimens) were made of polycrys- 

talline 99.99 nickel rods (5 mm diam) axially embedded in 
Araldite holders to obtain circular exposed areas of 0.2 
cm 2. The pretreatment of each specimen consisted of a 
gradual polishing, starting with fine grained emery pa- 
per, followed with diamond paste, and, finally, with alu- 
mina paste (1 and 0.3 t~m). The polished specimen was 
successively rinsed with acetone, twice-distilled water, 
and then dried in air at room temperature. A fresh speci- 
men was used in each run. Measurements were made in a 
conventional Pyrex glass cell at 25 ~ -- 0.1~ The potential 
of the specimen was measured against a saturated calo- 
mel electrode (SCE) connected through a Luggin-Haber 
Capillary tip. In the text, potentials are referred to the 
SCE scale. A platinum plate was used as counter- 
e lectrode.  The following electrolyte solutions were used: 
(i) phosphate-borate buffer (0.1M KH2PO4 + 0.05M 
Na2B4OT, pH 8.00); (ii) borate-boric acid buffer (0.075M 
Na2B407 + 0.15M H:~BO3, pH 9.00); (iii) carbonate-bicar- 
bonate buffer (0.05M Na2CO:~ + 0.75M NaHCO3, pH 9.00); 
and (iv) 10-3M NaOH. Sodium chloride was added to each 
electrolyte solution in the 0.1M <--CN~c~ -<- 1M concentration 
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range. Solutions were prepared from twice-distilled water 
and AR chemicals and purged with purified nitrogen 
during 3h previously to each run. 

Single triangular potential sweep (STPS) voltam- 
mograms run between the cathodic (E~.c) and the anodic 
(E,~a) switching potential at the sweep rate (v) 0.02 V/s, and 
potentiodynamic polarization curves (v = 0.02 V/min) 
were obtained in the conventional way and presented as 
current density (i) vs. potential (E) plots. Prior to each 
run, the specimen was held either at -1.00V in one of the 
buffer solutions or at 1.30V in the sodium hydroxide solu- 
tion during 90s to achieve a reproducible electroreduced 
surface (14). Current transients (i/t) at constant potential 
(Es) were also recorded. For this purpose, preceding the 
potential step at Es the working electrode was succes- 
sively potential stepped to -1.00V (Ec) during 90s and to 
-0.5V (Ea) during 90s to form a passive layer. Recent re- 
sults in weakly alkaline phosphate solutions show that at 
potentials close to -0.5V (SCE) a thin film of -~5A is 
formed at t < 60s (13). Conventional microscopic and 
SEM observations were also made. 

Results 

Voltammetric  response.--The first voltammetric scan 
of nickel both in borate-boric acid and phosphate-borate 
buffers at 0.02 V/s between E~.r = -1.00V and Es,a = 0.50V 
(Fig. la) shows a broad anodic current peak at ca. -0.45V 
which corresponds to Ni(OH)2 electroformation (13) fol- 
lowed by a poorly defined hump in the -0.40 to 0.1V 
range. In carbonate-bicarbonate buffer, the anodic peak 
at -0.45V (Fig. lb) and another well-defined anodic peak 
at -0.25V are observed (Fig. lb). 

The first positive potential going scan from E~.c = 
-1.00V to E~.~ = 0.0V run in the buffer solutions containing 
0.05M NaC1 is qualitatively similar to that recorded in the 
absence of chloride ions (Fig. la  and lb). In the alkaline 
solution, the anodic peak related to Ni(OH)~ electroforma- 
tion appears at -0.65V and the potential of the anodic 
peak changes according to the solution pH (13). Likewise, 
when Es.a exceeds 0.05V, there is a sharp increase in the 
anodic current, which remains during the returning scan. 
In this case, the voltammetric loop is related to the local- 
ized corrosion of nickel. The potential associated with the 
activation process is more positive in carbonate- 
bicarbonate buffer than in o ther  solutions. 

The potentiodynamic E/I profiles recorded at 0.02 
V/min in buffer solutions containing NaC1 exhibit a 
breakdown potential (Ebv) associated with pitting corro- 
sion of nickel. Current oscillations probably related to the 
nickel activation-repassivation processes are observed in 
a small potential region preceding Ebv (9). 

The increase in NaC1 concentration (CNac~) shifts Ebv to- 
ward more negative values according to the following 
equation 

Ebv = a - b log CNaCl [1] 
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Fig. 3. Current transients at constant potential recorded in phosphate- 

borate buffer at different potential values. ( I ) :  Experimental data. 
( ): Obtained using Eq. [5] and [6]. 

Equa t ion  [1] is fulfi l led in bo th  buffered  and nonbuf fe red  
e lec t ro ly tes  (Fig. 2). 

C u r r e n t  t r a n s i e n t s . - - T h e  cur ren t  t ransients  unde r  a 
cons tan t  potent ia l  step in the  -0 .50V < Es < 0.40V range, 
in bo th  buffer  solut ions and 10-3M NaOH, in the  absence  
of  ch lor ide  ions, show a s low cont inuous  decrease  in cur- 
rent  (Fig. 3). A similar  behav io r  is observed  in 0.5M NaC1 
w h e n  E, is more  nega t ive  than  the  potent ia l  range  where  
cur ren t  oscil lat ions are observed.  

When Es falls wi th in  the  reg ion  of  current  oscil lat ions 
(Es = Ebv), the  current  init ial ly increases  up to a maxi-  
m u m ,  and finally decreases  again to approach  a va lue  
which  is s l ightly greater  than  that  r ecorded  in chloride-  
free solut ions (Fig. 4). The  m a x i m u m  cur ren t  m a y  resul t  
f rom at least  two c o m p e t i n g  processes  such at those  asso- 
c ia ted wi th  pit  fo rmat ion  and pit  repass ivat ion  (10). In  
this case, few i r regular  pi ts  are init ially fo rmed  which  are 
la ter  repass ivated.  In the  potent ios ta t ic  mode ,  pi t  stabili- 
zat ion occurs  at E~ > >  Ebv. 

When E, > >  Ebb, the  cur ren t  init ially decreases  to a min-  
i m u m  and later increases  to reach a large r andomly  

04 
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-1 1 
tog C 

NctCt 
Fig. 2. Ebv VS. log CNaCI in (4~) phosphate-borate buffer, (x )  1 x 

I0-3M NaOH, and ( I )  carbonate-bicarbonate. 

f luctuat ing current  value.  The  anodized test  spec imens  
b e c o m e  covered  wi th  a th ick  whi te -green  product ,  proba- 
bly hydra ted  Ni(OH)2, wh ich  spalls away f rom the  meta l  
surface.  In  this case, solut ion st irr ing r emoves  the  corro- 
s ion p roduc t  and s l ight ly decreases  the  cor ros ion  current .  
Microphotographs  of  the  test  spec imens  after anodiza t ion  
at 0.40V dur ing  100s show large hemispher ica l  br ight  pits. 
The  init ial  part  of  the current  t ransients  (E~ > >  Ebv), in so- 
lut ions conta in ing  0.5M NaC1 (Fig. 5a-5d), exhib i t s  an in- 
duc t ion  t ime  (ti) wh ich  decreases  as Es increases.  No pits 
were  de tec ted  by conven t iona l  microscopic  examina t ion  
of  e lect rodes  anodized at t < ti. At  a cons tan t  Es, the  pit- 
t ing cur ren t  vs .  t ime  (t) re la t ionships  fit the  Engell-Stol-  
ica equa t ion  (Fig. 6) 

(it - io) = ko(t - ti) b [2] 

where  it is the  overal l  cur ren t  and io is the  backg round  
current ,  and ko and b are constants .  The  va lues  of  b, 
wh ich  are in the  1.4-2.0 range  for t --> 0, decrease  later  to 
the  0.33-0.76 range. The  t ransi t ion t ime  (tt) re la ted to the 
change  of  b decreases  as the  appl ied  potent ia l  increases.  

The  potent ia l  d e p e n d e n c e  of  ti is g iven  by the  equa t ion  

log ti/to = k'(E~ - E , ) - '  [3] 

where  E,  is t aken  as the  potent ia l  va lue  at wh ich  there  is 
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Fig. 4. Current transients recorded in different solutions containing 
0.SM NaCI at potential values close to Ebv. a: 1 x 10-3M NoOH. b: 
Carbonate-bicarbonate. 



756 J. Electrochem. Sac.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  April 1985 

5~0 CII+O V o b 25 ' , 0.40V 
i | +o.~5v , -2 / , , ~ .35V  
! ' r !  j -  t 

~E ! / i / .~~ 3 4 ! / i  ,~176 
E ~ ' ' -_ i J, , !  

2.0: ~, 035V "~t ," 11'0 = 

. f, , | ; [ i ' ,  / 
I.O 

Q25V | / 
0.0 "*~-*~r ......... , ........ ~ ......... , ..... | , , JO.O 

ZO ' ' ' c ' ' dIQSO log ( t - t  i )/sac) 
I Fig. 6. log (it - ie) vs. log (t - tj) plots in ( I )  phosphate-borate + 0.SM 

} ~.35V / / NooHNOCI' ( x )  carb~ + 0"SM NaCI' and ( + )  1 • 1 0 - ~ M +  0.5M NoCI. 

[~ f ] / : /  l electrOfOrmati~ ~ a hydr~ Ni(OH)2 (14) layer '  which 
undergoes a series of chemical  and electrochemical trans- 

12 ,~ / 0.~8 formations, yielding the final passive NiO layer (15-16). 
E [~ ,0.30V | ,' | The influence of chloride ions to promote pit t ing can be 

/" ~ " interfering with the passive film formation (3) at poten- 
~ f : I ," / explained through the formation of nickel chloride nuclei 

0~ f / J ,~ 0.15~.0.32 tial values slightly lower than Eb,. Therefore, the initiation 
of pit t ing can be interpreted through the adsorption of / "l / ; / . chloride ions on a nickel surface which is nonhomo- 

,. ' .. ,.. geneously covered with passive film. At Es > Ebv the in- 
., Q25 V ." / r , ,,' ..~... _~..,' ..s 0.10V J/Q16 teraction between the aggressive anion and the metal sur- 

0.4 face becomes strong enough to remove metal atoms as 
,' �9 ...... I~ ; '  ,,...-~'"'~" / solvated complex ions out from the lattice. 

: " "  ..... | "  ..... t The analysis of potentiostat ic current transients can be 
used to estimate the extent  of part icipation of the various 

0.0| l , , /0.00 processes during the anodization of nickel. The instants- 
0 12 24 3)61/sec 0 36 72 neous average anodic current  (it) can be associated with 

three main current  contributions: namely, the passive 
Fig. 5. Current transients at constant potential (Es >> Ebv) recorded layer growth (ip), the metal corrosion through the passive 

in: (a) phosphate-borate + 0.SM NaCI, (b) carbonate-bicarbonate + film (ic), and the randomly dis t r ibuted salt nuclei growth 
0.5M NaCI, (c) borate'boric acid + 0.SM NaCI, and (d) 1 x lO-3M (i~) on the metal surface. Thus 
NaOH + 0.SM NaCI. (0) :  Experimental data. ( ): Calculated using 
Eq. [5], [12], and [13]. it = ip + i~ + i~ [4] 

no evidence of pit nucleation (absence of current  oscilla- 
tions), and k' and to are constants. 

SEM observations.--SEM patterns of test  specimens 
anodized at E~ >>  Eb,, in phosphate-borate solution 
containing 0.5M NaC1, indicate the initial formation of 
crystallographic pits which during the pit  growth trans- 
form into hemispherical  bright pits (Fig. 7). The pit  den- 
sity in 10-3M NaOH containing 0.5M NaC1 increases 
slightly with the applied potential.  In the 0.05-0.25V 
range, a linear pit  density/potential  relationship can be 
obtained (Fig. 8). 

Discussion 
The complex electrochemical  response of nickel  in 

nearly neutral buffered and alkaline solutions containing 
sodium chloride depends  on the applied potential,  as it 
involves nickel hydroxide  formation, passivity onset, and 
pit t ing corrosion caused by the aggressive chloride ions. 
Besides, the change in both the morphology and kinetics 
of pi t  formation at t = tt points  out that at least two stages 
should be dist inguished in the pit t ing process. 

Fig. 7. SEM microphotograph of the metal surface after anodization at 
0 .35V during 50s in phosphate-borate + 0.SM NaCI. 
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where  ip and ic are the  re levant  cont r ibut ions  in the  ab- 
sence  of  pitting. The  pass ive  layer  g rowth  can be  inter- 
p re ted  in t e rms  of an ins tan taneous  nuc lea t ion  and circu- 
lar b id imens iona l  g rowth  unde r  diffusion control  (17). In 
this  case, the  ins tan taneous  va lue  of  ip is t hen  g iven  by an 
express ion  such as 

ip = P, exp  (-P2t) [5] 

where  P, = qmo~TrKeDNo, P2 = ~K~DNo D is the  diffusion 
coeff icient  of the  react ing species,  qmon is the  charge  den- 
sity r equ i r ed  for the  cons tan t  th ickness  full  coverage  of 
the meta l  surface  by the  pass ive  layer,  Ke is a propor t ion-  
ality constant ,  and No is the  n u m b e r  of  sites avai lable for 
nucleat ion.  

However ,  the  rate of meta l  corros ion th rough  e i ther  the 
p repass ive  or pass ive  layer appears  as the d issolut ion of  
t r id imens iona l  nucle i  u n d e r  diffusion control  fo l lowing 
the  rate  equa t ion  (18) 

P 3  
i~ = - ~ [ 1  - exp  (-P~t)] [6] 

where  P3 = z FD'~I2 Achr~2 and P4 = uNo'ke D'. Ac is the  con- 
cent ra t ion  d i f ference  of  the  diffusion species.  No' is the  
n u m b e r  of sites avai lable  for the  d issolu t ion  process,  D'  is 
the  di f fus ion coeff ic ient  of  the species  invo lved  in the  
process,  and k e is a propor t iona l i ty  constant .  When P4t  ----> 
% Eq. [6] b e c o m e s  

ir = P J . x / T  [7] 

In  the  absence  of  pit t ing, Eq.  [5] and [6], wi th  the  parame-  
ters a s sembled  in Table  I, r ep roduce  the  current  tran- 
sients for the  pass ive  nickel  wi th in  1% (Fig. 3). The  t ime  
dependences  of  ic and i ,  are cons iderab ly  different  (Fig. 
9). The  con t r ibu t ion  of the  pass ive  film growth  princi-  
pally appears  at t < 2s. At t > 2s iv - ~  i t ,  in ag reemen t  wi th  
data  a l ready repor t ed  for n ickel  e lec t rodisso lu t ion  in 
borate-boric  acid  buffer  (19). 

The  oxide  g rowth  can  be ass igned to the  di f fus ion of 
o x y g e n  conta in ing  species  (20) th rough  the  prepass ive  
layer. The  P~/P2 ratio gives  the  charge dens i ty  r equ i red  to 
comple t e  the pass ive  layer. The  va lue  is compr i sed  be- 
tween  0.33 and 0.21 m C / c m  2. The  average  th ickness  of  the  
layer fo rmed  dur ing  the  potent ia l  step can be  rough ly  es- 
t ima ted  f rom the  equa t ion  
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dissolution current (ie) for the current transient recorded at 0 .20V in the 
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M PI 
h - [8] 

zFp P2 

where  M is the  molecu la r  we igh t  and p is the  dens i ty  of 
the  layer component .  I f  the  s to ich iomet ry  of  the  lat ter  is 
t aken  as Ni(OH)2, then  M = 92.71 g/mol, p = 4.10 g /cm 3, 
and a va lue  of h of  be tween  3 and 4A results.  

The  rate of  meta l  cor ros ion  (ic) can be  related to cat ion 
dif fus ion th rough  the  pass ive  layer. The  cat ion diffusion 
f rom the  metal / layer  to the  layer /solut ion in ter face  results  
in d issolut ion at the  metal / layer  interface (20). F r o m  the 
express ion  of P3, hc (the dif ference of cat ion concentra-  
t ion be tween  the  metal / layer  (Co) and the  layer /solut ion in- 
ter face  (ch) can be  es t imated.  Taking D'  = 1.0 • 10 -15 cm2/s 
(21), the  va lue  of hc calcula ted  f rom P3 = 10 -2 moYcm 3. 
However ,  the  cJch ratio can  be  es t imated  f rom the  electri- 
cal potent ia l  g rad ien t  (e) which,  in layer  of  h = 20~, is 
close to 106 V/cm, t h rough  the  equa t ion  

eh = kT  In Co  [9] 
Ze Ch 

where  e is the e lec t ron  charge  and k is the  Bo l t zmann  
constant .  

As the  cJch ratio comes  out  close to 106, t hen  Ac ~ Coke 
can be  calcula ted f rom the  equa t ion  

ke = ( 8~rcoM I ,̀ 2 [10] 
k P / 

For  nickel ,  M = 58.69 g/mol  and p = 8.90 g/cm 3 and kr = 
1.28. Consequent ly ,  f rom the  express ion  of  P4, the  va lue  
of  No' can  be  es t imated.  Thus,  for P4 = 330/min, No' be- 
comes  equa l  to 1015/cm 2. This  figure suggests  that  the  cor- 
ros ion process  occurs  pract ical ly  on the  whole  metal / layer  
interface.  

In  the  pi t t ing reg ion  (Es > >  Ebv), the  rate equa t ion  of  the 
cor ros ion  process  becomes  more  complex ,  as fol lows 

P3 (-P4t) ] P5 ic = - ~  [ 1.0 - exp  + [11] 

Table I. Parameters used in simulation of potentiostatic current transients shown in Fig. 3 

Electrolyte E~ (V) P, (m A/cm2) P2 (rain) P3 (mA min'2/cm ~) P4 (min) 

Phosphate-borate 0.40 0.652 117 0.022 340 
Phosphate-borate 0.20 0.507 143 0.010 315 
Phosphate-borate -0.20 0.647 173 0.014 339 
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where  P~ can be  ass igned to the corros ion current  
th rough  ei ther  the  p repass ive  or the pass ive  layer induced  
by the  accumula t ion  of  the aggress ive  anions  at certain 
sites. Consider ing  that  

P3 
P~ > >  ------~- I 1.0 - exp (-P4t) I 

V ~  

Eq. [11] becomes  

ic ~ P5 [12] 

The  large values  of  i~ sugges t  that  at the  sites of  a t tack the  
prepass ive  layer was total ly r e m o v e d  and at these  points  
the  nuc lea t ion  and growth  of  a salt layer conta in ing  the 
aggress ive  anion takes  place.  Both  SEM observa t ion  and 
the  sl ight  dependence  of  pit  dens i ty  on potent ia l  (Fig. 8) 
sugges t  that  the m e c h a n i s m  of salt nucle i  fo rmat ion  cor- 
responds  to an ins tan taneous  nuclea t ion  and t r id imen-  
sional growth.  This  process  probably  impl ies  the  electro- 
d issolut ion of  nickel  leading to pi t t ing corrosion.  

The  ins tan taneous  va lue  of  is can be ca]cu]ated f rom the  
rate equa t ion  for conical  pit  g rowth  unde r  a charge- 
t ransfer  control  (22) 

i~ = P6 [1 - exp ( - P T t  2) ] [13] 

where  P6 = zFk3~', P7 = 7rM~2k~o~NoJp52, k3~ and k~c' are the 
formal  rate constants  for the  layer g rowth  in the  direc- 
t ions parallel  and pe rpend icu la r  to the  meta l  plane, re- 
spect ively,  P5 is the salt (NiCI~) dens i ty  whose  molecu la r  
we igh t  in M~, and No~ is the  n u m b e r  of sites avai lable  for 
salt  nucle i  format ion.  When the  salt nucle i  fo rmat ion  
impl ies  an induc t ion  t ime  (t~), Eq. [13] becomes  

i~ = P6 ] 1 - exp  [ - P 7  (t - t~) 2] [ [14] 

Equa t ions  [13] and [14], af ter  a series expansion,  yield the  
fol lowing re la t ionships  

i~ = P6PTt 2 [15] 

i~ = P6P7 (t - t~) 2 [16] 

wh ich  cor respond to par t icular  cases of  the Engel l -Stol ica  
equat ion ,  where  b = 2. This  va lue  is approached  at poten-  
tials close to Eb~ in the  early stages of  pit  growth.  

The  current  t ransients  recorded  for E~ > >  Eb~ in solu- 
t ions conta in ing 0.5M NaC1 are r ep roduced  wi th in  a maxi-  
m u m  error  of 5% wi th  Eq. [5], [12], and [13] us ing  the  pa- 
rameters  a s sembled  in Table  II (Fig. 5a-5d). In this case, 
the  va lues  of  t~ are negl igible  in the  t ime  scale of  the cur- 
rent  t ransients .  Consequent ly ,  large values  of  the  nuclea- 
t ion rate are expec ted  in ag reemen t  wi th  an ins tan taneous  
nuc lea t ion  process.  The  potent ia l  dependence  of  both  P6 
and P7 approach  a l inear  semi logar i thm relat ionship.  The  
slope d E / d  log P6 covers  f rom 0.12 to 0.14 V/decade,  and 
the  slope d E / d  log P7 is close to 0.06 V/decade.  These  re- 
sults are comparab le  to the  dependence  of the  pit  current  
dens i ty  on potent ia l  a l ready repor ted  by dif ferent  authors  
(23-26). It  is l ikely that  P6 and P7 be related to the  corro- 
sion rate at the  pit  surface  where  a chlor ide  condensed  
phase  de tec ted  in small  pits (27) impedes  meta l  

repassivat ion.  At this stage, pits  are bounded  by low crys- 
tal faces which  are covered  by chlor ide (28-29). 

Consider ing  that  k3c = k~o, and that  at t = t t the  pit  area 
is close to 0.001% of the total  meta l  surface area, the No~ 
values  can be  obta ined  f rom P7 and P~ th rough  the  follow- 
ing re la t ionship  

z2F~P~ 2 P7 
Nos - [17] 

7rMs 2106PG 2 

For  NiC12, p~ = 3.55 g/cm 3, M~ = 129.60 g/mol,  and the  Nos 
values  are be tween  1 • 103 and 2.2 • 104/cm ~. These  
values,  w h i c h  are larger  than  those  observed  for the  den- 
sity of  single pits, sugges t  that  each large pit  contains  a 
relat ively large n u m b e r  of  over lapping  sites dur ing  
growth.  

Br ight  nickel  surfaces were  observed  dur ing  trans- 
pass ive  dissolut ion of  n ickel  in the  p resence  of  a salt film 
(8). The  t ransi t ion f rom crysta l lographic  to hemispher ica l  
pits and the  change  in the  kinet ics  of  pit  g rowth  at t = t t 

can be  related to the  prec ip i ta t ion  of  a layer of  nickel  
chloride.  As the total  pi t  area at t ~ tt is about  0.001% of 
the  total  meta l  surface area, a pene t ra t ion  rate (v') (v' = 
PJ0.001) of be tween  0.15 and 10 A/cm 2 results.  

The  pit  dep th  (r) r equ i red  to obta in  the  prec ip i ta t ion  of  
nickel  chlor ide  can be es t imated  th rough  the  express ion  
(9) 

z F D .  hc+ 
r [18] 

2v' 

where  D+ is the cat ion diffusion coefficient.  
By tak ing  D+ = 10 -5 cm2/s and hc. = 5 • 10 -3 mol /cm 3 

f rom NiC12 solubi l i ty  (2), the  values  of r are be tween  4.8 
(10 A/cm 2) and 320 ~m (0.15 A/cm2). This means  that  deep 
pits are already fo rmed  w h e n  salt prec ip i ta t ion  occurs. 
This conc lus ion  is in a g r e e m e n t  wi th  the kinet ic  transi- 
t ion in pit  g rowth  a l ready discussed.  

In the  absence  of e lect rolyte  convect ion ,  the  instantane-  
ous ion concent ra t ion  at the  flat meta l  surface dissolving 
at cons tan t  current  dens i ty  can be expressed  by Sand ' s  
equat ion.  

hc+ = 2v '  x / - t (  / zF  ~ /  7rD+ [19] 

F r o m  this equat ion,  the  t ime  (tt) r equ i red  to bui ld  up the  
concent ra t ion  change  Ac+ = 5 • 10 -3 moYcm 3 becomes  tt 
= 0.1s (10 A/cm ~) and t t = 300s (0.15 A/cm~). These  values  
of  tt are smal ler  than  those  resul t ing f rom the  current  
t ransients  (Fig. 6). The  di f ference can be associa ted wi th  
the  t ime  requ i red  for salt supersa tura t ion  before  precipi-  
ta t ion (30-31). 

Dur ing  pitting, the  pit  cavi ty is covered  by a th ick  layer 
of  n ickel  hydroxide ,  wh ich  acts as a barr ier  to separate  
the  pit  e lectrolyte  f rom bu lk  solut ion and cont r ibutes  to 
pit  stabilization (10). 

The  second stage of  p i t t ing occurr ing  at t > tt is s imilar  
to the  t ranspass ive  dissolut ion and becomes  largely mass- 
t ranspor t  control led.  In this  case, Eq. [5], [12], and [13] are 
no longer  val id (Fig. 10). The  g rowth  of  salt nucle i  unde r  

Table II. Parameters used in simulation of the potentiostatic current transients shown in Fig. 5 

Electrolyte (E~ - Eb,) (V) P1 (mAlem2) P~ (rain) P~ (rnA]crn2) P6 (mA/cm2) P7 (m in2) 

Phosphate-borate buffer 0.36 12.02 3280 2.15 14.2 93.2 
+ 0.5M NaC1 0.31 2.44 148 0.691 1.88 10.6 

0.26 0.340 12.3 0.480 0.804 1.78 
0.21 0.213 7.78 0.065 0.154 0.04 

Borate-boric buffer 0.31 6.20 673 9.29 4.28 39.7 
+ 0.5M NaC1 0.26 0.480 119 0.204 1.48 7.57 

0.21 0.383 91.8 0.193 0.557 1.14 

Carbonate-bicarbonate 0.20 1.89 248 0.389 2.69 8~.4 
+ 0.5M NaC1 0.15 0.253 96.0 0.202 1.47 12.2 

1 x 10-3M NaOH + 0.5M NaC1 0.11 0.175 35.0 0.115 0.643 0.487 
0.06 0.254 35.7 0.103 0.236 0.871 
0.01 0.116 16.0 0.080 0.155 0.219 
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Fig. 10. Total current density. ( - - - ) :  Calculated using Eq. [5], [12] 
and [13]. (• Experimental data. 

diffusion control can be represented by instantaneous nu- 
cleation and tridimensional growth under diffusion con- 
trol. The corresponding rate equation is (18) 

P8 
i~ - - -  I 1 - exp [-P9 (t - tt) ]l [201 

x/t  - tt 

where P8 = zFD-  '/2 Ac§ r's2 and P9 = IrNo~'ksD§ Nos' denotes 
the number  of sites available for the salt precipitation in- 
side the pits, and ks is a proportionality constant. When 
Pgt ~ 0% Eq. (20) becomes 

P 8  
i~ - - -  [21] 

~/t - t, 

The corresponding current transients can be simulated 
with Eq. [20] (Fig. 11) using the parameters assembled in 
Table III. Equations [20] and [21] explain the current de- 
cay observed in large artificial pits in acid solutions (31). 

The cation diffusion coefficient from the bulk electro- 
lyte can be estimated from Ps. 
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11. Current transients recorded at different E~ values in 

phosphate-borate + 0.SM NaCI at t > t,. (• +): Experimental data. 
( ): Calculated using Eq. [20]. 

Table III. Parameters used in simulation of the 
potentiostatic current transients shown in Fig. 11 

Electrolyte Es (V) Ps (mA minWcm 2) P9 (min) tt (min) 

Phosphate-borate 0.400 383 0.055 0.05 
+ 0.5M NaC1 

Phosphate-borate 0.275 74.9 0.021 2.55 
+ 0.5M NaC1 

For hc+ = 5 • 10 -3 mol/cm% at the lowest potential D+ = 
1.2 • 10 -6 cm2/seg. This is a reasonable figure for ionic 
diffusion from the bulk solution. 

According to the localized acidification theory, pit sta- 
bilization occurs under  diffusion control (6). The critical 
value of ri for pit initiation for all bivalent metals is close 
to 5 x 10 -7 A/cm (32). However, in the presence of weak 
acid salts, the critical conditions for pit initiation are 
achieved at larger values of ri. In borate-boric acid solu- 
tions, the increase in the borax concentration from 10 -4 to 
10 -8 results in an increase of about one order of magni- 
tude in the ri value (6). Then, for 0.15M borax concentra- 
tion as used in this work, the ri value must  be greater 
than 10 -4 A/cm. The penetration rate (v') obtaine~t for 
nickel pitting in the borate-boric acid buffer at E~ close to 
Ebv is 0.3 A/cm 2. Consequently, using the value of 3 • 10 -4 
A/cm, localized acidification seems to contribute to pit 
growth only when the pit depth is greater than 10 /~m. 
This value is close to that required for the salt layer 
precipitation. 

From the above discussion, it can be concluded that the 
nucleation and growth mechanism describes the phenom- 
enology of the initial stages of nickel pitting by chloride 
in nearly neutral buffered solutions and alkaline solutions 
containing chloride. However, the above interpretation 
involves the limitations of the nucleation and growth 
mechanism which yields a macroscopic description of the 
corrosion process by taking into account the nucleation 
of a growth center, the corresponding geometry of the 
growing process, and the overlapping of nuclei (33). 
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Electrochemical Studies of the Passive Film on 316 Stainless Steel 
in Chloride Media 

M. G. S. Ferreira 1 and J. L. Dawson 

UMIST, Corrosion and Protection Centre, Manchester, England M60 1QD 

ABSTRACT 

The kinetics of passive film growth on 316 stainless steel in 3% sodium chloride solution have been studied by dc 
and ac electrochemical measurements. The inverse logarithmic rates of current decay showed two stages of film 
growth, both controlled by a high field conduction mechanism. Impedance measurements were interpreted on the basis 
that diffusion of the metallic species through the film controlled the film growth-dissolution process. Capacitance data 
indicate that the film is 20-25}~ thick, depending on potential, with a field strength of 6.66 • l0 s V cm -1. 

The passivation of metals is of considerable technical 
importance, but, despite the considerable amount  of re- 
search carried out on this topic, our understanding of the 
phenomena is still incomplete. The subject has been re- 
viewed recently by Uhlig (1), and, although the present 
trend is to accept the formation of a film as being respon- 
sible for passivation, the important role of adsorption dur- 
ing the initial film formation stages should also be recog- 
nized (2). 

In the case of stainless steels, many discrepancies ap- 
pear to exist in the literature (3-11); the relationship be- 
tween the composition of the films and the role of chro- 
mium and molybdenum on the protective properties still 
requires further study. Examination of publications relat- 
ing to stainless steels shows that it is often difficult to 
compare results due to the various experimental  condi- 
tions, different surface preparations, and limitation of the 
techniques used in the studies. 

The composition, structure, and electrical properties of 
passivating films on austenitic stainless steels have been 
investigated using a range of different techniques: elec- 
tron diffraction (3-6), x-ray photoelectron spectroscopy 
(ESCA) (7, 8), impedance measurements (7, 8), radioactive 
indicators (9, 10), ell ipsometry (7, 8, 11), Auger electron 
spectroscopy (12-14), and chemical analysis of stripped 
films (3, 4). Of these methods, only the electrochemical 
and ellipsometric techniques provide in situ measure- 
ments. 

There are also only a few publications concerned with 
the initiation of the film growth mechanism on iron (15) 
and stainless steel (7, 16), and virtually no evidence is 
available which indicates the mechanisms involved in the 
process of film growth and retention of passivity. How- 
ever, recent impedance studies (19) at UMIST on 304 
stainless steel in 3% sodium chloride solutions showed 
that a restricted diffusion process is obtained through the 
film, and this appeared to be a controlling factor in film 
stability. 

'Present address: Laboratbrio de Electroquimica, Instituto 
Superior T~cnico, 1096 Lisboa Codex, Portugal. 

The lack of quantitative data is a major problem in the 
development  of detailed models. Nevertheless, Auger 
electron spectroscopy, x-ray photoelectron spectroscopy, 
and ellipsometry are providing semiqualitative results on 
the composition within the film and also on 
compositional changes with electrode potential. 

Evaluation of the film thickness on stainless steel gave 
values between 5 and 60• (3, 4, 7, 11, 17), and there is also 
evidence that these films possess semiconductive prop- 
erties (17, 18). 

The purpose of the present studies was to investigate 
the mechanism operating during passive film growth on 
316 stainless steel and to study the changes with potential 
in the passive region. The ac impedance technique was 
the major investigative technique, since it provides in situ 
information on the mechanisms and kinetics of the 
processes. 

DC measurements were also carried out, and the results 
obtained were assessed in terms of the kinetics of film 
growth. These were then correlated with impedance data 
to provide a model of the processes resulting in the for- 
mation of the passive film. 

Experimental 
Cell and electrodes.--A three-electrode cell consisting of 

a glass tube, 125 mm long and 25 mm diam, with three 
side arms was used in the experiments. A platinum foil 
and a saturated calomel electrode served as counter and 
reference electrodes, respectively. The working electrode 
was machined from bar stock of AISI 316 stainless steel 
with a composition 

C Si Mn P S Cr Mo Ni 
0.04 0 .23  1 .65  0.030 0.016 16.87 2.49 12.72 

In a preliminary series of experiments,  considerable 
difficulties were experienced in achieving reproducibil- 
ity of results due to the unpredictable onset of pitting and 
crevice corrosion. Electrode designs utilizing any form of 
masking procedure were found unsuitable; even the com- 
pression type of fitting, as used in the Makrides type of 
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e lec t rode  (20), was no t  always sat isfactory in e l imina t ing  
crevice  corrosion.  I t  was also observed  that  wi th  cylin- 
drical  e lectrodes,  the  site for pit  ini t ia t ion often occur red  
where  the  wall  of  the cyl inder  me t  the  circular  base. 
Reproduc ib i l i ty  was only ach ieved  by use  of a t runca ted  
cone  shaped  e lec t rode  which  was i m m e r s e d  to a f ixed 
dep th  into the  e lec t ro lyte  and suspended  f rom a leak- 
p roof  compres s ion  a s sembly  incorpora t ing  a P T F E  gas- 
ke t  (21). The  t runca ted  cone  had  an uppe r  d iamete r  of  10 
ram, a lower  d iamete r  of  5 mm,  and a he igh t  of  6 mm.  The  -4o0 
spec imens  were  mechan ica l ly  po l i shed  wi th  e m e r y  paper  -eoo 
to a 1000 gri t  s i l icon carbide  finish unde r  f lowing water.  
Fo l lowing  this  operat ion,  the  spec imens  were  pol i shed  - c o o  
with a d i a m o n d  pas te  to a 3 ~m finish, degreased  wi th  ac- 
etone, and s tored  in a dessicator  overn igh t  pr ior  to use. 

Solutions.--Most studies  were  carr ied out  in solut ion 
conta in ing  3% s o d i u m  chloride,  i.e., 0.51M, wi th  the  pH 
adjus ted  to a va lue  of  6.5 us ing  0.01M sod ium hydrox ide  
solution. 

Compar i son  was also m a d e  wi th  three  solut ions of  pH  
= 0.6, bu t  wi th  vary ing  chlor ide  content :  0.5M H2SO4 + 
0.1M NaC1, 0.5M H2SO4 + 0.3M NaC1, 0.5M H~SO4 + 0.5M 
NaC1, and 0.5M NaC1 + 0.065M HC1. 

Pr ior  to an  expe r imen t ,  all solut ions were  deoxygen-  
ated overn igh t  wi th  pure  ni t rogen;  the  measu remen t s  
were  carr ied out  at an ambien t  t empe ra tu r e  of  291 K. 

Electrochemical experiments.--Potentiokinetic mea- 
su remen t s  were  carr ied out  us ing  an anodic  sweep  f rom 
the  corros ion  potent ia l  af ter  the  spec imens  had been  im- 
m e r s e d  for ha l f  an hour  to the  dep th  r equ i red  to give a 
work ing  area of  60 m m  2 in the  solution. The  sweep rate 
was 10 m V  rain -1, and the  potent ia l  was reversed  w h e n  
the  cur ren t  dens i ty  r eached  the  va lue  of  I m A  cm-2 or  400 
inV. The e q u i p m e n t  used  in the  expe r imen t s  inc luded  a 
Chemica l  Elec t ronics  I. C. 20/05 potent ios ta t  in conjunc-  
t ion wi th  a Chemica l  Elec t ronics  l inear  sweep  unit,  a 
Sincla i r  DM 2 digital  mul t imete r ,  and a Bryans  Y-log X 
recorde r  wh ich  was used  to moni to r  the  cur ren t  f lowing 
th rough  the  cell. 

I m p e d a n c e  m e a s u r e m e n t s  were  m a d e  us ing  a Solar t ron  
1172 f r e q u e n c y  response  analyzer  (FRA) over  the  fre- 
quency  range  10 kHz-10 mHz  and a 10 m V  rms ampl i tude  
signal and the  resul ts  were  s tored on a p u n c h  tape  and 
subsequen t ly  analyzed on a Digital  E q u i p m e n t  Corpora- 
t ion P D P  11/10 min icompute r .  The  c i rcui t ry  used (21) 
m a d e  it poss ib le  for the  expe r imen t s  to be  carr ied out  at 
any r equ i r ed  potent ial ,  the  sweep  rate f rom the  init ial  cor- 
ros ion potent ia l  be ing  changed  at a set rate  (10 m V  rain - ' )  
unti l  the  des i red  va lue  was reached.  

Results and Interpretation 
Polarization data.--The corros ion potent ia l  of  the  

s tainless  s teel  spec imens  covered  wi th  the  a i r - formed 
film p r o d u c e d  by the  overn igh t  s tand in the  dess icator  
was typica l ly  -150  -+ 20 m V  vs. SCE. On polar izat ion to 
more  nob le  potent ials ,  the  anodic  cur ren t  dens i ty  re- or  
m a i n e d  vi r tua l ly  u n c h a n g e d  at be tween  0.2 • 10-3 and 0.3 
• 10 -3 m A  cm -2, the  pass iva t ion  cu r r en t  density.  A b o v e  
+50 -+ 20 m V  vs. SCE,  the  p i t t ing  potential ,  there  was a 
rap id  increase  in cur ren t  dens i ty  wi th  the  increase  in po- 
tent ia l  and pits could  be  seen  on the  meta l  surface.  The  
po t en t i odynamic  sweep  was reversed  at +400 m V  vs. 
SCE,  and  a l though  there  was an initial cur ren t  increase  
the  cur ren t  decreased  wi th  the  ca thodic  sweep  unt i l  the  
alloy b e c a m e  pass ive  again at a potent ia l  of  : 5 0  m V  vs. 
SCE,  the  pro tec t ion  potent ia l  (see Fig. 1). These  polariza- 
t ion resul ts  were  s imilar  to those  found  by prev ious  work-  
ers (22, 23). 

Film growth kinetics.--Freshly prepared  electrodes,  i.e., 
ones  re la t ively free f rom the  a i r - formed film, were  used  
to obta in  the  var ia t ion  of  cur ren t  wi th  t ime  at a f ixed po- 
tential.  Dur ing  these  potent ios ta t ic  exper iments ,  the  cur- 
rent  was observed  to decrease  progress ive ly  wi th  t ime  to 
the  cons tan t  i ,  value;  then,  by means  of  Faraday ' s  law, the  
va lue  of  the  charge  passed,  Q, was used  to es t imate  the  
film thickness ,  x 
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Fig. 1. Potentiodynarnic plot of 3 1 6  stainless steel in 3 %  sodium chlo- 
ride solution. 
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Two es t imates  of  the film th ickness  were  m a d e  by as- 
s u m i n g  that  the  compos i t ion  was e i ther  ~-Fe~O3 or 
Fe(OH)3. Thus,  at a potent ia l  of  -120 mV vs. SCE,  Q = 
3.45 • 10 -a C/cm 2, M for T-Fe~O3 = 159.7 g, a s suming  a sur- 
face roughness  T = 1.2, the  film dens i ty  p = 5.6 g /cm ~, and 
nF  = 0.579 • 106C, wh ich  gave  a th ickness  of  14.2~. For  
Fe(OH)3, M = 107g; p = 3.5 g/cm3; and nF  = 0.289 • 106C, 
i.e., a th ickness  of  26/~. These  va lues  appear  to be  reasona- 
ble for films on stainless steel  in aqueous  solut ions and 
wou ld  only be modif ied  sl ightly i f  account  were  to be  
taken  of  the o ther  a l loying e lements  in the  steel. 

F igure  2 shows an In i vs. In t plot, sugges t ing  an experi-  
menta l  re la t ionship  of  the  type  

l n i = - a l n t +  b [2] 

bu t  wi th  two l inear  regions  cor respond ing  to two differ- 
en t  s tages of  film growth.  R e a r r a n g e m e n t  of  Eq. [2] gives 

In ~ b 
in t - + - -  [3] a a 

But  at cons tan t  potent ia l  and tempera tu re ,  the  film thick- 
ness, x, is also p ropor t ioned  to in t (25) 

1 
- K I n  t + K 1 [ 4 ]  

X 

where  K and K 1 are constants .  Subs t i tu t ion  of  Eq. [3] into 
[4] gives  

1 _ K - ln�9 i + + [5 ]  

X a 

a K l 
I n i = - - K ~ x  + b - a - - ~ -  [6] 

This  is the  inverse  logar i thmic  law as sugges ted  (24) by 
the kinet ic  equa t ion  

In i (mA. cm "2) 

-6 .2  

-6.1 

-6.6 ~ , ~  
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Fig. 2. Change of current with time at the potential of - 1 2 0  rnV 
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where io, B, and Eo are constants. 
The correlation between in i and In t, as predicted by 

the above equation, is shown to exist but involves a two- 
stage film growth, with the first occurring during the 
first 10 min of immersion. This change may be either the 
result of composition and structural changes within the 
film, as suggested for iron films (26, 27), or after 10 min 
the ionic current from the metal or film dissolution is no 
longer negligible and this is reflected in the film growth 
kinetics. Independent  of the explanation, the inverse log- 
arithmic law indicates that film growth occurs by a high 
field conduction mechanism which assists the movement  
of  cations through the film. 

AC measurements.--The ac data for the 316 stainless 
steel in 3% NaC1 solution is presented in Fig. 3-5 for five 
different potentials: -130, -80, -20, +30, and +40 mV. 

The three plots for the lower potential range of the 
passive region are shown in Fig. 3. These complex plane 
plots all have the same general shape which may corre- 
spond either to part of a large diameter charge-transfer 
semicircle or a charge-transfer-dominated region with 
some diffusion control, as found in other corrosion sys- 
tems (28). Experimental  plots were also compared with 
simulated plots obtained from computer-based equiva- 
lent circuit models as described later. 

The data were also presented as a Bode diagram in the 
same figure, and it reflects the same features of the com- 
plex plane plots. Both show that the frequency responses 
are shifted to the left of the complex plot, indicating the 
large t ime constants for the system. 

The plots shown in Fig. 4 and 5 deviate from those in 
Fig. 3. Since these correspond to potentials closer to the 
breakdown potential, they may reflect an increasing con- 
tribution from the anodic dissolution of the underlying 
metal through discontinuities or the weak points in the 
film (29-32); these processes are facilitated by the in- 
crease of potential. It can also be seen that the t ime con- 
stants decreased when compared to values obtained at 
the lower potentials, as revealed by the greater spread in 
the complex plane plot data. 

Capacitance.--The capacity of the interface was deter- 
mined as the slope of a plot of an imaginary part of the 
admittance Y", against angular frequency, o~. The results 
were then expressed as the reciprocal of the capacity vs. 
potential for the passive region as shown in Fig. 6. It can 
be seen that the reciprocal of capacity changes linearly 
with the potential from the rest potential up to +20 mV 
vs. SCE. Above this value, 1/C still increases with poten- 
tial, although there is increasing scatter and a change in 
the slope. This is a reflection of the change in the com- 
plex plane plots with an alteration of reaction kinetics or 
a possible modification of the film for potentials higher 
than +20 mVvs.  SCE or both. 

The assumption is that the experimentally measured to- 
tal capacitance, typically 7-10/~F, for the passive region is 
mainly due to the film because of the values obtained; 
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we could, therefore, neglect the contribution from the 
electrochemical double-layer capacity (17, 41). 

A further assumption is that the surface film is homo- 
geneous in its dielectric properties and that the thickness 
of the film, x, is inversely proportional to the capacity. 
Taking into account a surface roughness factor for the 
surface and the permitt ivity of vacuum, co, equal to 8.854 
• 10 -~4 F cm -~, the capacity will be given by (17) 

C - - -  A [8] 
0.113x 

where C is the capacitance (/~F), �9 the dielectric constant, 
the surface roughness factor, and x the thickness of the 

film in angstroms. The constant 0.113 has the units cm ~ 
F-~ ~-~. 

Using the roughness factor of 1.2 reported for an iron 
surface mechanically polished with 600 grit emery paper 
(33) [as used by Curley-Fiorino and Schmidt  (17) for 304 
stainless steel], a dielectric constant of 15.6, and a 2A cor- 
rection to account for any contribution of double-layer ca- 
pacity to the measured capacity (17), the film thickness 
was estimated for the applied potentials, as shown in Fig. 
7. It is seen that the thickness of the film increases line- 
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Fig. 3. Impedance plots between - 1 3 0  mV and - 2 0  mV 
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Fig. 7. Film thickness vs .  potential 

arly with potential from 20.5~ at -158 mV vs.  SCE to 
23.2A at +2~ mV vs. SCE. 

The important feature of these results is the fact that 
the film properties were observed in  s i tu  in the chloride 
media because of the minor influence of the double-layer 
capacitance. 

I m p e d a n c e  d a t a  in  so lu t ions  c o n t a i n i n g  su l fur ic  ac id  a n d  
hydrochlor ic  a c i d . - - I n  order to assess the influence of pH 
and change of chloride ion concentration, impedance 
plots in the passive region were obtained for the 316 stain- 
less steel in 0.5M sulfuric acid and in mixed sulfuric, hy- 
drochloric, and sodium chloride solutions, all of them 
with pH 0.6. The shape of these complex plane plots was 
very similar to those previously found for passive and 
pitting conditions, depending on the state of the metal. 

For solutions containing 0.5M H2SO4, the metal was al- 
ways passive, but  in those containing 0.5M H2SO4 + 0.3M 
NaC1 and 0.5M H2SO4 + 0.5M NaC1, the onset of pitting 
started for potentials around +600 and +500 mV, respec- 
tively. The value of capacitance was determined at 
various potentials, and the plots of capacitance vs.  poten- 
tial are shown in Fig. 8. t t  can be seen that, in general, the 
capacitance values were higher, indicating a thinner film, 
5-10s in the 200-800 mV range. There was a decrease in 
capacity for potentials between +200 and +600 mV vs. 
SCE, followed by an abrupt increase. Identical results 
have been reported for AISI  304 stainless steel in sulfuric 
acid by Okamoto (7), who interpreted the increase of ca- 
pacity on the basis of the adsorption of SO4 = ion at poten- 
tials higher than the transition value. 

A solution containing a sulfate-free chloride mixture of 
0.5M NaC1 +0.065M HC1 was also examined, but in a more 
limited potential range due to the lower onset of pitting. 
The capacity values of the interface when plotted against 
the potential are shown in Fig. 9 conjointly with an iden- 
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Fig. 8. Effect of sodium chloride concentrotion on copacitonce mea- 
surements in ]N H2S04. 

tical plot for a 3% NaC1 solution (pH 6.5). It is seen that 
the capacity after first increasing with potential de- 
creased slightly once pitting had started but increased 
again at higher potentials. A comparison of Fig. 8 and 9 
suggests that the capacitance behavior is more related to 
the pH than to the solution composition. For the four 
plots corresponding to pH 0.6, the decrease in capacity is 
followed by an increase at the higher potentials, whereas, 
for the 3% NaC1 solution, the capacity dimi~lishes with po- 
tential for the whole range of potentials studied. 

Discussion 
The corrosion potential for 316 stainless steel in 3% 

NaC1 solution is typically situated in the passive region. 
At more anodic potentials, and after short immersion 
times of freshly prepared electrodes, the major contribu- 
tion to the current flow should be film growth, either 

m M  + nH20 --~ Mm (OH)n + nH§ + n e -  [9] 

o r  

m M  + n/2 H20 --~ Mm 0,12 + n H  ~ + n e -  [10] 

The impedance plots for the stainless steel polarized in 
the range of potentials between -130 and -20  mV in the 
passive region and shown in Fig. 3 should reflect the be- 
havior of the metal dissolution or film formation at the 
potentials investigated. These complex plane shapes ap- 
peared to be well defined and could be considered as a 
straight line which bends slightly; or, the plot is part of a 
large diameter semicircle. Almost identical shapes were 
found by Epelboin et al. (34, 35) for nickel and chromium 
in sulfuric acid solution, by Armstrong et al. (36) for chro- 
mium in sulfuric acid solution, and also by Jibara (19) for 
304 stainless steel in 3% NaC1 solution. The first two in- 
terpreted the "almost vertical line" as the result of purely 
capacitive behavior, and Armstrong (36) interpreted this 
as a geometric capacity arising from a film where there is 
little mobile charge. Jibara (19) simulated this type of plot 
by assuming a restricted diffusion process in the film. 

The present impedance data were interpreted by means 
of a computer  simulation which has been developed by 
various members of the electrochemical group at UMIST 
over a period of years. This program can generate a simu- 
lation of a mult icomponent  equivalent circuit. For the 
present work it was found that the Randles equivalent 
circuit (see Fig. 10) gave a reasonable simulation provided 
that depression 2 of the plot was also incorporated. In this 
interactive computing procedure, the best estimate of the 
values of the different elements of the equivalent circuit 
was first made from experimental  data. These values 
were used in a preliminary simulation, and the parameter 
values were then adjusted (Table I) until the simulation 
plot matched the experimental  data as shown in Fig. 3-5. 

Q u a n t i t a t i v e  c o m p a r i s o n  o f  the d a t a . - - T h e  Charge- 
transfer resistance value of 1.26 • 105 ~ cm 2 is large com- 
pared to those found for freely corroding systems, and 
this indicates a low metal dissolution rate through the 
film. This was expected, since the passive current was 
< 3 • 104 mA cm -2. This current flows across the inter- 
face and does not change significantly with the applied 
potential throughout the passive region, and, therefore, it 
should be valid to use the Stern-Geary equation (42) t O es- 
timate the corrosion current, especially as the corrosion 
potential is also situated in the passive region. Under 
these conditions, the Stern-Geary equation can be written 
as 

1 In 10 
- i . . . . .  - -  [ 1 1 ]  

O bc 

The cathodic Tafel coefficient bc was estimated from ex- 
perimental  data to have a value of 0.13V (see Fig. 1). The 

2 Depression of the impedance semicircle is ascribed to a dis- 
tribution of time constants over the reaction surface; the angle 
of depression is that subtended by the semicircle center to the 
real axis. 
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ca lcu la t ed  va lue  of 4.48 x 10 -4 m A  c m  -2 for  icorr w a s  f o u n d  
to be  of a m a g n i t u d e  s imi la r  to t h a t  of  t he  pas s ive  cur ren t .  

The  W a r b u r g  i m p e d a n c e  was  a s sessed  as b e i n g  a fi lm 
d i f fus ion  p roces s  w h e r e  the  d i f fus ion  layer  t h i c k n e s s ,  6, 
was  a s s u m e d  to b e  e q u a l  to t he  fi lm t h i c k n e s s ,  x. In  th i s  
case,  t he  d i f fus ion  fac tor  (37) for t he  film, Kf, will  be  
g i v e n  by  

(21'/2 
Kf = x \ - ~ [ /  [12] 

Thus ,  for  a va lue  of  21~, t h e  typ ica l  va lue  of  capac i ty  at  
- 130 mV,  a n d  for  K = 5 ( the va lue  u s e d  in t h e  s imula t ion) ,  
a va lue  for d i f fus ion  coeff ic ient  Df of 3.45 • 10 - '3 c m  ~ s - '  
is o b t a i n e d  for t he  m o b i l e  s p e c i m e n s  in  t he  film. This  
v a l u e  of  Df is c o n s i d e r e d  r e a s o n a b l e  for d i f fus ion  t h r o u g h  
a film, b e i n g  lower  t h a n  t h e  v a l u e  c o r r e s p o n d i n g  to aque-  
ous  so lu t ions ,  a n d  is c o m p a r a b l e  w i t h  t he  va lues  pro- 
p o s e d  b y  A r m s t r o n g  et al. (38) for  f i lms on  c a d m i u m  in  
K O H  solut ions .  

The  va lue  of  D~ was  u s e d  to ca lcu la te  t he  c o n c e n t r a t i o n ,  
cf, of  the  d i f fus ing  i ron  spec ies  in  t he  f i lm w h e r e  the  
W a r b u r g  coeff ic ient  is 

RT 1 
[13] O'f -- x/2 n~F 2 cfDf U2 

The  va lue  for the  c o n c e n t r a t i o n  of m o b i l e  spec ies  was  
t h u s  f o u n d  to b e  c~ = 2.48 x 10 -.~ mol  l i t e r - ' ,  and,  s ince  t he  
d i f fus ion  appea r s  to ope r a t e  w i t h i n  t he  film, t h e n  F ick ' s  
l aw of  d i f fus ion  m a y  b e  w r i t t e n  as 

nFcfD~ 
i ,  - - -  [14] 

x 

C d 

,i 

0 
Fig. 10. Randles equivalent circuit 

w h e r e  i ,  is t he  p a s s i v a t i o n  c u r r e n t  f lowing t h r o u g h  t he  
film. E x p e r i m e n t a l l y ,  t h e  pa s s iva t i on  c u r r e n t  was  less 
t h a n  3 z 10 -4 m A  c m  -2, a n d  u s i n g  a va lue  of 2 x 10 -4 m A  
cm-2  (2 x 10-7 A cm-2),  t he  c o n c e n t r a t i o n  of  species ,  cf, in  
the  fi lm was  e s t i m a t e d  at  6.3 x 10 -5 mol  l i t e r - ' ,  w h i c h  is 
c o m p a r a b l e  w i t h  t he  va lue  e s t i m a t e d  f rom the  W a r b u r g  
coeff icient .  The  d i s c r e p a n c y  m a y  be  due  to t h e  s y s t e m  
n o t  b e i n g  en t i re ly  c o n t r o l l e d  b y  di f fus ion,  s ince  in  a t h i n  
f i lm w i t h  a h i g h  space  charge ,  m i g r a t i o n  m a y  also con- 
t r i b u t e  to the  mass  t r anspo r t .  These  co r re la t ions  jus t i fy  
t he  m o d e l i n g  u s e d  for  t he  s i m u l a t i o n  a n d  also give sup-  
po r t  to t h e  p r o p o s a l  t h a t  d i f fus ion  opera tes  t h r o u g h  t he  
pas s ive  film. 

The  i m p e d a n c e  p lo t  in  Fig. 4 at  t he  p o t e n t i a l  of  +30 m V  
vs. SCE was  also s i m u l a t e d  u s i n g  t he  s a m e  e q u i v a l e n t  cir- 
cu i t  a n d  t he  va lues  for  t he  d i f fe ren t  e l e m e n t s  s h o w n  in  
Tab le  I. Va lues  of  t he  f i lm d i f fus ion  coeff ic ient ,  Dr, a n d  
the  c o n c e n t r a t i o n  of  t he  m o b i l e  species  were  also calcu- 
l a ted  u s i n g  Eq. [8] a n d  [9] a n d  a fi lm t h i c k n e s s  of 23.5• 
(see Fig. 7). A t  +30 mY, Df = 1.2 x 10 - '4 c m  2 s - '  a n d  cf = 
2.66 x 10 -3 mol  l i t e r - ' ,  w h i c h  is h i g h e r  t h a n  ca lcu la ted  at  
the  lower  potent ia l ,  s u g g e s t i n g  a n  i nc r ea se  in  mob i l i t y  of 
the  spec ies  w i th  i nc r ea se  in  potent ia l .  

The  inve r se  l oga r i t hmic  law o b s e r v e d  for  t he  fi lm 
g r o w t h  process ,  Fig. 2, s h o w e d  two d i f f e ren t  s tages  of  
f i lm g rowth ,  t he  in i t ia l  ra te  occu r r i ng  d u r i n g  t h e  first 10 
m i n  of  i m m e r s i o n .  As i n d i c a t e d  p r e v i o u s l y  in  t he  Resu l t s  
sect ion,  t he  c h a n g e  in  ra te  is e i t he r  due  to a n  i n c r e a s i n g  
c o n t r i b u t i o n  b y  t h e  ionic  c u r r e n t  of t he  me ta l  d i s so lu t ion  
ra te  or is t h e  r e su l t  of a c h a n g e  in  t he  c o m p o s i t i o n  or 
s t r u c t u r e  of t he  film. A c h a n g e  in  s t r u c t u r e  has  b e e n  con- 
s ide red  for  t he  film g r o w t h  on  i ron  (26, 27) a n d  was  also 
u sed  b y  B u l m a n  a n d  T s e u n g  (11) to e x p l a i n  t he i r  el l ipso- 
me t r i c  da ta  on  aus t en i t i c  s ta in less  s teel  in  su l fur ic  acid. 
A n  i n c r e a s i n g  ionic  c u r r e n t  a n d  a c o m p o s i t i o n  or s t ruc-  
tu ra l  c h a n g e  are no t  m u t u a l l y  exclus ive .  U n d e r  t he  
s t eady - s t a t e  c o n d i t i o n s  of  a ful ly  g r o w n  film, ou r  p r e s e n t  
i m p e d a n c e  da ta  a n d  m o d e l i n g  p r o v i d e  conc lus ive  evi- 
d e n c e  for  meta l l i c  i ron  d i f fus ion ,  a n d  th i s  is c o n s i s t e n t  
w i t h  t he  fi lm h a v i n g  a p - type  s e m i c o n d u c t o r  defec t  
s t r u c t u r e  (39). However ,  t he  in i t ia l  s t ages  of  f i lm g r o w t h  
are  m o r e  specula t ive ,  s ince  o t h e r  e x p e r i m e n t a l  e v i d e n c e  
is no t  ava i l ab le  a n d  e v e n  A u g e r  ana lys i s  of  a c h a n g e  in 
t he  f i lm c o m p o s i t i o n  n e a r  m e t a l  is as ye t  i n c o n c l u s i v e  
(21). S o m e  i n d i c a t i o n  of  t he  p rocess  i n v o l v e d  in t he  fi lm 
g r o w t h  can  be  o b t a i n e d  f r o m  f u r t h e r  e x a m i n a t i o n  of  t he  
p r e s e n t  data.  

Table I. Data from complex plane plot simulations 

Electrode condition 

o 
Charge transfer ~ (~, 

resistance Time constant fl Warburg coefficient 
(12 cm 2) (s) Depression angle (12 cm 2 s -'/~) 

Kf Ra 
Diffusion factor Solution resistance 

(s 'j~) (12 cm 2) 

Passive 
(-1.30 to -20 mV) 1.26 x 10 ~ 2.25 8 3.2 x 104 5 24 
Fig. 3 
Passive 
(30 mV) 2.5 • 104 0.35 8 1.6 • 104 3 24 
Fig. 4 
Passive-pitting 
(40 mV) 1.6 • 104 0.28 10 5 • 103 0.6 24 
Fig. 5 
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The slope of the plot of film thickness, x, against po- 
tential, E, see Fig. 7, provides an estimate of the electric- 
field strength in the film of 6.66 x 106 V cm -I (6.66 x 
10 -2 V A-l). This gives a rate of increase of film thickness 
of 15~ for each volt of potential increase, which is compa- 
rable to that found on other metals, Particularly alumi- 
num, although the potential range on stainless steel be- 
fore breakdown prior to the onset of localized corrosion is 
obviously less. The present result suggests again that sim- 
ilar physical processes are involved in the film growth 
mechanism. More significantly, an indication of the ini- 
tial film composition can be provided by Eq. [7]. Extrap- 
olation of the thickness vs. potential plot to the zero film 
thickness intercept provides a value of Eo, the equilibrium 
potential of the initial film. From Fig. 7, this was found to 
be -1.4V vs. SCE, which is comparable to the equilibrium 
potential of chromium oxide (40). 

The important role of chromium in the passive film on 
stainless steel is well known and, in particular, it is inter- 
esting to note that the chromium-rich zone, as determined 
by Auger spectroscopy, is next  to the metal (21). Hence, it 
is reasonable to envisage growth proceeding outward 
from the initial film. 

Conclusions 
1. For potentials between the corrosion potential (the 

lower limit investigated) and +20 mV, there is a linear re- 
lation for the dependence of the reciprocal of capacity on 
potential. The thickness of the film, as measured by im- 
pedance measurements,  assuming a parallel-plate con- 
denser model, with the passive layer as dielectric, is in the 
range 20-25A, depending on the applied potential: 

2. In the same range of potentials, the passivation cur- 
rent was independent  of potential. This is in accordance 
with film growth by a high field conduction mechanism 
as reflected by an inverse logarithmic law of current vs. 
time. Two stages of film growth can be distinguished, 
one below 10 rain and the other for longer times. 

3. Impedance measurements and computer simulations 
lead to the establishment of a model for the passivated 
steel, which shows that diffusion of the metallic species 
occurs through the passive film. 

4. The field strength in the film is 6.66 x l0 s V cm -~, 
corresponding to a rate of film formation of 15A for each 
volt of potential increase. 

5. The equilibrium potential of the initial oxide film 
formation is -1.4V (SCE), corresponding to chromium 
oxide, and this indicates the important role played by 
chromium in the formation and constitution of the film. 
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Polarization of Aluminum during AC Corrosion in Sulfate Solutions 
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ABSTRACT 

An experimental  study has been made of the effect of alternating voltage on the corrosion of a luminum in aqueous 
solutions of (i) 1N H2SO4, (ii) 1N Na2SO4, (iii) 1N NaOH, and (iv) 1N Na2SO4 containing 0-5010 ppm C1- ions. The polariza- 
tion curves were measured with an alternating voltage (AV) modulation technique using sinusoidal waves, and the 
pitting behavior of a luminum was examined with constant potentiostatic coulometry and SEM photomicrography. The 
measurements were made over a range of AV magnitudes from 0 to 1500 mV rms, and AV frequencies from 20 to 600 Hz. 
The severity of AV effect was found to depend on the presence of an A1203 surface film. In alkaline solutions and in the 
sulfate solution containing a large amount  of chloride ions, where no oxide was present on aluminum surface, AV ex- 
erted little or no effect on the anodic dissolution reaction of aluminum. In acidic and neutral sulfate solutions, AV en- 
hanced the formation of oxide film at high anodic dc potentials as well as the dissolution of a luminum through the 
pores of the oxide film. Application of AV did not increase the pitting corrosion of a luminum in sulfate solutions. 

Most published works on the corrosion of a luminum 
deal with its pitting potential, pit morphology, and pit 
mechanisms. Particular emphasis has been placed on the 
polarization of a luminum in chloride solutions. Some lit- 
erature (1-7) is available on the corrosion of a luminum in 
the presence of alternating current (ac). Williams (1) re- 
ported that ac increased the corrosion rate of  aluminum. 
French (2) suggested a critical ac current density of 0.0775 
mA/cm 2, below which no appreciable corrosion of alumi- 
num would occur in soil and chloride solutions. Hall and 
English (2) in their comments  on French's  work, reported 
that the corrosion rate of aluminum in 0.1% NaC1 solution 
decreased to zero as the frequency of a 10V superimposed 
alternating voltage (AV) increased from 20 to 20,000 Hz 
(3). Thompson and Wood (4) studied the effect of 14V AV 
on the behavior of an a luminum electrode in 0.4M NaC1. 
Pitting was observed and the pit size and pit density in- 
creased with time. They attributed the pitting process to 
the positive half-cycle of the AV, and suggested that the 
pits were initiated by oxygen or hydrogen evolution at 
the flaws on the oxide film. The works by Serra and 
Mannheimer (5) and Chin et al. (6-7) indicated that ac ex- 
erted a greater influence on the corrosion of a luminum 
than copper and mild steel in soil. 

The present project is a part of a continuing program in 
this laboratory looking into the ac corrosion of metals in 
aqueous environments (6-16). In this work, the effect of ac 
on the anodic and cathodic polarizaion curves of alumi- 
num in sulfuric acid, sodium sulfate, sodium chloride, 
and sodium hydroxide  solutions were measured with an 
AV modulation technique (13-16) using a sinusoidal wave. 
The corrosion behavior of a luminum under the influence 
of AV was also examined with Constant potentiostatic 
coulometry and scanning electron photomicrography 
(SEM). 

Experimental 
The details of the experimental  setup and electric cir- 

cuit for AV modulation have been described in previous 
publications (10, 14-16), and will not be repeated here. The 
solutions used in this study were: (i) 1N H2SO4 (pH 0.1), 
(ii) 1N Na2SO4 (pH 7), (iii) 1N Na,zSO4 plus 0-5010 ppm 
NaC1 (pH 7), and (iv) 1N NaOH (pH 14). All solutions were 
deaerated by bubbling nitrogen gas for several hours be- 
fore the experiment.  During the experiment,  the bubbling 
of nitrogen was continued at a slower rate, and the pH's  
of the solutions were maintained at a constant value by 
adding a small amount  of dilute sulfuric acid or sodium 
hydroxide. A 1.5 liter Plexiglas cell equipped with a plati- 
num screen counterelectrode, a silver/silver-chloride ref- 
erence electrode (Ag/AgC1), and a Luggin capillary was 
used for the experiments.  The working electrode was a 
stationary aluminum rod 2 (0.627 cm in diam), whose cylin- 
drical side was insulated with a Teflon sheath leaving a 

* Electrochemical Society Active Member. 
' Present address: Department of Chemical Engineering, Na- 

tional University of Singapore, Kent Ridge, Singapore 0511. 

circular area of 0.309 cm 2 exposed to the electrolyte. For 
each experiment,  the a luminum electrode was polished 
with 400 grit and then with 600 grit polishing paper. It 
was washed with alcohol, rinsed in distilled water, and 
soaked in concentrated nitric acid for 5 rain. The elec- 
trode was again washed with distilled water and immedi- 
ately placed in the cell and was positioned at approxi- 
mately 2 mm from the tip of the Luggin capillary tube. To 
ensure good reproducibility in the polarization measure- 
ments, the electrode was further activated cathodically in 
the test electrolyte by polarizing at -3.0V vs. Ag/AgC1 for 
5 rain. The electric circuit for AV modulation was then 
switched on, and the rest (corrosion) potential of alumi- 
num was measured by adjusting the dc potential until no 
dc current flowed in the cell. The cathodic polarization 
curve was first obtained by incrementing the dc potential 
to -3.0V vs. Ag/AgC1 with a step rate of 50 mV/min and a 
step size of 50 mV. The electrode potential was returned 
then to its rest potential, and the anodic polarization 
curve was obtained by stepping the potential toward the 
noble direction using the same step size and step rate un- 
til a potential of 6.0V vs. Ag/AgC1 was reached. In this 
way, the dc polarization of the aluminum electrode under 
the influence of sinusoidal AV was measured in the test 
electrolytes for a range of AV magnitudes from 0 to 1500 
mV rms, and AV frequencies from 20 to 600 Hz. Potentio- 
static coulometry experiments were carried out with an 
a luminum stud having the same composition and ex- 
posed area as the electrode used in the polarization mea- 
surement. The aluminum samples were polarized with a 
constant AV in the test electrolyte at selected dc poten- 
tials in the active, passive, and transpassive regions of the 
polarization curve. After 5C of dc were passed, the elec- 
trode was removed from the cell and its surface was ex- 
amined under a scanning electron microscope (SEM). All 
experiments were carried out at a room temperature of 
26 ~ _ loc. 

Results 
Polarizat ion of  a l u m i n u m  wi thout  the influence of  

A V . - - T o  establish a basis for comparing with AV modula- 
tion, a particular set of runs was made to determine the 
anodic and cathodic polarization of a luminum in the test 
electrolytes without any superimposed AV. The results 
showing the effect of pH on the behavior of a luminum in 
sulfuric acid, sodium sulfate, and sodium hydroxide solu- 
tions are given in Fig. 1. In neutral sodium sulfate solu- 
tion, a luminum exhibited a narrow anodic active poten- 
tial regime of 0-0.3V vs. Ag/AgC1 with a critical current 
density of 0.023 mA/cm ~. The curve did not show a dis- 
tinct passive-transpassive transitional potential. Instead, 
the dc current density increased slowly with increasing 
dc potential. At 5.6V vs. Ag/AgC1, the current rose to 0.1 

2 A commercial 6061-T6 aluminum was used for the experi- 
ment. Its chemical composition (w/o) was: Cu, 0.15-0.4; Si, 
0.4-0.8; Mn, 0.15 max; Zn, 0.25 max; Fe, 0.7 max; Ti, 0.15 max; 
Mg, 0.8-1.2; Cr, 0.04-0.35; other impurities, 0.15 max; A1, remain- 
der. 
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mAJcm 2 as compared to 0.007 mA/cm 2 at 0.3 mV vs.  
Ag/AgC1. Although the increase was about 14 times, the 
dc current density was still small, and the a luminum 
could be considered to be passivated within the potential 
range investigated. As pH of the solution decreased from 
pH 7, the rest potential shifted to less noble values, and 
the dc current density in the anodic region increased. The 
anodic "nose," which characterized a transition from the 
active potential to passive potential, also diminished with 
decreasing pH, and completely disappeared in 1N sulfuric 
acid (pH 0.1) A similar trend was also observed as the pH 
of the solutions increased from 7.0; the anodic dc current 
density increased with increasing pH values. At pH 14, 
which corresponded to 1N sodium hydroxide, the anodic 
dc current density was 100 times greater than that in 1N 
sulfuric acid, which was again 100 times greater than that 0 
in neutral 1N sodium sulfate solution. Figure 2 shows the 0.o 
effect of pH on the rest potential of a luminum in sulfate 
solutions. The most positive rest potential was obtained 
for pH 7 sodium sulfate solution. As the pH values de- -0.2 
creased or increased from this neutral value, the rest po- 
tential became more negative. Aluminum exhibited a -0.4 
higher corrosion tendency in alkaline environment  than < 
in acidic environment;  this was indicated by a more nega- "~ < 
tive rest potential of -1.4V vs.  Ag/AgC1 in pH 14 solution ~ -0.6 
as compared to a value of -0.93V vs.  Ag/AgC1 at pH 0.1. ~> 

DC polarization curves of a luminum in neutral 1N so- .J 
dium sulfate solutions containing various amounts of so- _< -o.  8 
dium chloride (0-5010 ppm) are given in Fig. 3. Chloride z ~ 
ions had a significant effect on the anodic polarization of 
aluminum. Below 38 ppm, chloride ions increased the o - 1 . 0  
critical current density for passivity by one order of mag- ~- r 

nitude, and shifted the active-passive transitional paten- ,,, 
tial to a more positive value of 1.SV vs.  Ag/AgC1. Above " - 1.2 
100 ppm, chloride ion virtually eliminated the passivity of 
a luminum in neutral sulfate solution, and dc current den- 
sity increased more than 1000 times on the anodic polari- -1.4 
zation curves. Pitting became visible on the specimen 
after the polarization measurements  at chloride concen- 
trations greater than 100 ppm. The pit size and pit density - 1.6 
increased with increasing chloride concentrations. Figure 
4 shows the rest potential of aluminum in 1N Sodium sul- 

fate in the presence of chloride ions. Similar to the pH ef- 
fect, the rest potential became more negative with in- 
creasing chloride concentrations. 

D C  p o l a r i z a t i o n  curves  w i t h  60 H z  s i n u s o i d a l  A V . - - T h e  
effect of 60 Hz sinusoidal AV on the dc polarization 
curves of a luminum in (i) 1N Na2SO4, (ii)  1N H2SO4 or 
NaOH, and (iii) 1N Na2SO4 containing 38 ppm NaC], re- 
spectively, are shown in Fig. 5, 6, and 7. Generally speak- 
ing, AV behaved as a depolarizer, and increased the dc 
current density at a given dc potential. The effect of AV 
increased with increasing AV magnitude. AV showed the 
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greatest effect on the polarization of a luminum in 1N 
Na2SO4 solution, followed in turn by 1N H2SO4, 1N Na2SO4 
+ 38 ppm NaC1, and 1N NaOH. For the neutral sodium 
sulfate solution, AV increased the critical current density 
and shifted the active-passive transitional potential to- 
ward the noble direction. The anodic dc current also in- 
creased with increasing AV; however, the increase was 
not as large as that of the pH effect or the addition of 
chloride ions (Fig. 1 and 3) to the sulfate solution. Appli- 
cation of a 1500 mV rms AV resulted in only a tenfold in- 
crease in dc current density in the anodic regime. The 
anodic dc current density with AV was smaller than 1 
mA/cm ~, and the polarization curves did not exhibit  a dis- 
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Fig. 4. Effect of chloride ion concentration on the rest potential of alu- 
minum in |N  sodium sulfate solution. 

tinct passive-transpassive transitional potential. This im- 
plied that the aluminum surface was still covered by an 
oxide layer even in the presence of AV. For 1N sulfuric 
acid and 1N sodium hydroxide solutions, the general 
characteristics of anodic polarization curves with or with- 
out AV were about the same except  that AV slightly in- 
creased the dc current density. The effect of AV on the 
behavior of a luminum was less discernible in 1N sodium. 
hydroxide than in 1N sulfuric acid. For the 1N sodium 
sulfate solution containing 38 ppm of chloride ion, appli- 
cation of AV appeared to eliminate the transition to 
passive potentials. Below the Flade potential of 1.0V vs. 
Ag/AgC1, AV did not affect the dc current density on the 
anodic curves. 

Shifts in the rest potentials were observed upon the su- 
perimposition of AV. Figure 8 shows the rest potential 
shift for aluminum in 1N sodium sulfate, sulfuric acid, 
and sodium hydroxide solutions. Applications of AV 
caused the rest potential to shift toward the negative di- 
rection. The phenomenon agreed with an analysis of Chin 
et al. (9-10) that the shift in the rest potential resulted 
from an asymmetric behavior between the anodic and ca- 
thodic polarization of the corrosion system. For the pres- 
ent systems, the anodic polarization curves without AV 
possessed a Tafel slope in the active regime smaller than 
that on the cathodic polarization curves; according to the 
analysis, the rest potential would be shifted toward the 
negative direction. 

Effect of AV frequency.--DC polarization curves show- 
ing the effect of AV frequency on the behavior of alumi- 
num in 1N Na2SO4 are shown in Fig. 9. In these runs, the 
applied sinusoidal AV was maintained at a constant mag- 
nitude of 750 mV rms. and the frequency varied from 20 
to 600 Hz. For comparison, the polarization curve without 
AV is also plotted in the figure as open squares. It can be 
seen that the highest effect was obtained with 20 Hz AV, 
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and an increase in frequency shifted both the anodic and 
cathodic polarization curves toward the polarization 
curves without AV. Apparently, at high AV frequencies, 

the double-layer impedance became smaller and more 
current was used in the charge and discharge of the elec- 
tric double layer at the electrode-solution interface. 
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SEM photomicrographs.--The S E M  photomicrographs 
of a luminum samples after the poten~tiostatic coulometry 
experiments in 1N sodium sulfate solution are shown in 
Fig. 10. The experiments were carried out with 60 Hz si- 
nusoidal AV. The specimens were potentiostatically held 
at selected anodic dc potentials, and the SEM analysis 
was made after 5C dc had passed through the cell. As a 
reference, Fig. 10a shows the surface with only a dc po- 
tential at 2.5V vs .  Ag/AgC1, and Fig. 10b shows the effect 
of addition of 1670 ppm C1- ion at the same dc potential 
without any superimposed AV. Deep circular pits were 
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Fig. 9. Effect of AV frequency on the dc polarization of aluminum m 
]N sodium sulfate solution. The sinusoidal AV was maintained at 750 
mV rms. 
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Fig. 10. SEM photomicrographs of aluminum surface after potentiostotic coulometry experiments with 60 Hz sinusoidal AV in IN  sodium sulfate 
solution (pH 7). a(top left): 0 AV at dc potential of 2.5V vs. Ag/AgCI. b(top right): 0 AV at dc potential of 2.SVvs. Ag/AgCI with 1670 ppm CI- .  
c(bottom left): 1500 mV rms AV at dc potential of 2.5V vs .  Ag/AgCI. d(hottom right): 500 mV rms AV at dc potential of 0.5V v s .  Ag/AgCI. 

observed for all a luminum samples polarized at anodic dc 
potentials. The pit size and pit density increased as the 
pH of sulfate solution increased or decreased from a neu- 
tral value 7.0. The severest pitting of aluminum was ob- 
tained with 1N sodium hydroxide, followed by 1N sulfu- 
ric acid, and 1N sodium sulfate. Addition of chloride ions 
caused a lateral expansion of the pits on the oxide film as 
shown in Fig. 10b. The effect of AV on the pitting of alu- 
minum is shown in Fig. 10c and 10d. The sample shown 
in Fig. 10c was superimposed with 1500 mV rms AV (60 
Hz), and polarized at a dc potential of 2.5V vs. Ag/AgC1. 
For the same amount  of dc coulombs passed, no discerni- 
ble effect by AV was observed on the pitting of a luminum 
in 1N sodium sulfate solution. The pits with AV exhibited 
the same circular shape, size, and distribution; only the 
pitting rate was higher because of a higher dc current 
density with AV at the same dc potentials. An interesting 
topography on the oxide film is shown in Fig. 10d; this 
particular a luminum sample was superimposed with a 
500 mV rms AV (60 Hz) and was held at a dc potential of 
0.5V vs. Ag/AgCI, corresponding to an active-passive tran- 
sitional potential shown in Fig. 5. The oxide film on this 
sample exhibited the dry mud-like cracks and grain 
boundaries. The pit shape and size on the sample were 
similar to those polarized at the same dc potential without 
superimposition of AV. 

Discussion 
In this laboratory, the method of AV modulation has 

been used to determine the effect of alternating current 

(AC) on the corrosion of mild steel (10, 14) and stainless 
steels (15-16) in a number  of aqueous environments.  AV 
was found to destroy the passivity of the steels in sulfate, 
nitrate, chloride, perchlorate, and chlorate solutions. For 
the systems which exhibited an instantaneous passiva- 
tion upon polarization at the anodic potentials, AV dimin- 
ished the passive regime by shifting the passive-transpas- 
sive transitional potential toward the negative direction. 
In the solution where the electrodes exhibited distinct ac- 
tive, passive, and transpassive anodic potential regimes, 
AV increased the critical current density for passivity and 
decreased the passive regime by shifting the transpassive 
potential toward the negative direction and by increasing 
the dc current density in the passive regime. The passive 
current density of mild steel in sulfate, nitrate, and per- 
chlorate solutions and of stainless steel in sulfuric acid 
was increased by AV by one to two orders of magnitude: 
whereas in chlorate solution, AV prevented the formation 
of oxide film on mild steel surface, and completely elimi- 
nated the passive regime on the polarization curve. The 
SEM photomicrographs revealed that AV destroyed the 
passive film and enhanced the pitting corrosion of mild 
and stainless steels. The effect was similar to the addition 
of chloride ions to the corrosion environments. 

In the present results, there are three important fea- 
tures which differed from those of the previous investiga- 
tions. 

1. The anodic polarization curves of aluminum in sul- 
fate solutions without AV did not have a distinct passive- 
transpassive transitional potential over a pH range of 0-12. 



772 J .  Electrochem.  Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  A p r i l  1985 

A small active potential region was obtained for the neu- 
tral sodium sulfate solution, and the addition of chloride 
ions of less than 38 ppm extended the active-passive tran- 
sitional potential to 1.5V vs. Ag/AgC1. However, the criti- 
cal current density for passivity was of the same order of 
magnitude as the dc current density in the passive re- 
gime. No passivation was observed for a luminum in 1N 
sodium hydroxide solution and in 1N sodium sulfate solu- 
tion containing more than 100 ppm of chloride ions. 

2. Although AV shifted the active-passive transitional 
potential toward the noble direction and increased the 
both anodic and cathodic current densities on the dc po- 
larization curves in the present systems, AV did not seem 
to destroy the passivity of a luminum in acidic and neutral 
sulfate solutions or in the sulfate solutions containing less 
than 38 ppm of chloride ions. The anodic dc current den- 
sity with 1500 mV rms AV was less than 1 mA/cm ~ in 1N 
neutral sodium sulfate solution, and was less than 2 
mA/cm 2 in IN sulfuric acid for all the dc potentials investi- 
gated, implying that the aluminum surface was covered 
with a layer of oxide film even in the presence of AV. No 
distinct transpassive potentials were observed on the po- 
larization curves with applied AV. 

3. AV did not destroy the protective oxide film on alu- 
minum surfaces in acidic and neutral sulfate solutions; 
nor did it enhance the pitting of a luminum by changing 
the pit shape, size, and distributions. Addition of chloride 
ions to the sulfate solutions caused more severe pitting of 
aluminum than did the application of AV. 

The above features may be explained by the presence 
of an A120~ film on the a luminum surface. A12Q is am- 
photeric, and its solubility is smallest in neutral solutions 
(pH 6-7). It dissolves in acidic solutions to give A13~ ions, 
and in alkaline solutions it reacts with hydroxyl ions to 
form soluble A102-. Depending on the pH value, the fol- 
lowing anodic reactions can occur during the corrosion of 
a luminum in aqueous solutions 

in alkaline solutions 

A1 + 4 OH-  = A102- + 2H20 + 3e-; 
E ~ = -2.35Vvs.  SHE [1] 

in acidic and neutral solutions 

A1 = AP + + 3e-; E ~ = -1.67Vvs.  SHE [2] 

2A1 + 3H20 = A1203 + 6H ~ + 6e-; 
E ~ = -1.55Vvs.  SHE [3] 

In alkaline solutions, no oxide film is present on the 
metal surface, and aluminum would dissolve at a high 
rate at anodic potentials. Application of AV would exert 
little or no influence on the anodic dissolution reaction of 
a luminum in 1N NaOH solution, as shown in Fig. 6. In 
acidic and neutral solutions, a luminum would first cor- 
rode according to reaction [2] at low anodic overpoten- 
tials. However, at sufficiently high anodic overpotentials, 
reaction [3] would start to take place, and an AI~O~ film 
formed on the aluminum surface would impede reaction 
[2] from continuing at a high rate. The present results 
seem to suggest that AV promoted both the reactions [2] 
and [3] for a luminum in acidic and neutral sulfate solu- 
tions. Periodically pulsating current has been used in the 
a luminum anodizing industry to improve the thickness of 
oxide film formed in sulfuric acid baths (17-18). AC was 
found to increase the rate of a luminum anodizing process 
and improve the color penetration into the oxide film. 
This fact agreed with the present SEM analysis shown in 
Fig. 10 that AV neither destroyed the oxide film nor in- 
creased the pitting corrosion of a luminum in sulfate solu- 
tions. The rates of metal dissolution and film formation 
processes were enhanced by AV at approximately equal 
magnitudes in acidic and neutral sulfate solutions. 

The photomicrograph shown in Fig. l(}d revealed an in- 
teresting effect of AV on the morphology of the oxide 
film on the aluminum surface. The experimental  condi- 
tion of this sample coincided with the critical current 
density of a luminum in 1N Na2SO4 when 500 mV rms st- 

nusoidal AV (60 Hz) was superimposed onto the system. 
The photomicrograph revealed a dried mud-like matrix 
structure with circular pits evenly distributed on the sur- 
face. It should be noted that the cracks on the oxide film 
did not radiate from the pits, and some even circled 
around a pit in a concentric fashion. Similar morpholog- 
ical structure was reported by Galvele et al. (19) for the in- 
terior of pits on an aluminum sample polarized in 
deaerated sodium nitrate solution. Richardson and Wood 
(20) also found a similar structure for their a luminum 
sample after 20 days immersion in 1N KC1 at pH 6 and un- 
der the influence of 14V AV. Michele (21) observed a sim- 
ilar oxide structure on the bottom of pits for a luminum 
polarized at a dc potential of -0.74V vs. SHE in deaerated 
HC1 solution. The phenomenon was apparently associ- 
ated with the active dissolution of a luminum near the 
Flade potential, where the film formation process started 
to compete with the metal dissolution reaction. 

Conclusions 
A study has been made of the effect of sinusoidal AV on 

the behavior of a luminum in aqueous sulfate solutions 
over a range of pH 0-14. The results revealed that the 
presence of an A1203 surface film played an important 
role on the corrosion of a luminum in the presence of AV. 
When no oxide film was present on the metal surface, 
such as in alkaline solutions and in the neutral sulfate so- 
lutions containing a large amount  of chloride ions, AV ex- 
erted little or no influence on the anodic dissolution reac- 
tion. In acidic and neutral sulfate solutions which 
permit ted the growth of A1203 at high anodic potentials, 
AV enhanced the film formation process as well as the 
metal dissolution reaction through the pores of the oxide 
film. Application of AV did not increase the pitting cor- 
rosion of a luminum in sulfate solution. 
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Study of Hydration Inhibitors on Aluminum Oxide Using Tunneling 
Spectroscopy and Molecular Electrostatic Potential Calculations 
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ABSTRACT 

Inelastic electron tunneling and ab initio molecular electrostatic potential calculations have been used to investigate 
the bonding of several phosphonate based hydration inhibitors adsorbed on aluminum oxide. Results are reported for 
phosphoric acid (PA), methylphosphonic acid (MPA), hydroxylmethylphosphonic acid (HMP), and nitrotrismethylphos- 
phonic acid (NTMP). Tunneling spectra were taken for PA, HMP, and NTMP and the observed frequencies compared to 
values obtained from FTIR, IR, and Raman spectra of similar compounds. Upward shifts in the P=O and P-O-(H) 
stretch frequencies indicated that the phosphonates bond to the a luminum oxide surface through the phosphonate 
group. Ab initio quantum mechanical molecular electrostatic potentials (QMEP's) were calculated for PA, MPA, and 
HMP. Analysis of these results provided a means to understand on a molecular level the known variations in effective- 
ness for each of the inhibitors investigated. 

Inelastic electron tunneling spectroscopy (IETS) and ab 
initio molecular electrostatic potential calculations have 
been used to investigate the bonding of several hydration 
inhibitors on aluminum oxide. The goal was to determine 

mechan i sms  whereby these molecules can inhibit the hy- 
dration of a luminum oxide in the presence of moisture. In 
this paper, results are discussed for the following phos- 
phonate-type molecules: phosphonic acid (PA), methyl- 
phosphonic acid (MPA), hydroxymethylphosphonic acid 
(HMP), and nitrotrismethylphosphonic acid (NTMP). 

Wedge tests of the type commonly used for adhesive 
bond testing have shown that NTMP in monolayer cover- 
ages on aluminum oxide can significantly increase bond 
strength and increase the  lifetime of a luminum-aluminum 
oxide-polymer adhesive bonds. Similar tests on HMP and 
PA showed improvement  but to a lesser extent. In con- 
trast, recent tests on MPA showed that it provided no in- 
crease in performance. 

IETS is a sensitive technique for measuring the vibra- 
tional frequencies of monolayer and submonolayer cover- 
ages of a molecular species adsorbed on a thin, insulating 
oxide surface, usually a luminum oxide. 

The original intent of this work was to compare experi- 
mental and calculated IETS intensities for one or more 
small inhibitor molecules to obtain informatio~ on the 
orientation and bonding of the adsorbed species. Results 
for a more symmetrical, test-case molecule (thiourea) 
showed that the IETS intensity calculations could not be 
carried out because of the lack of complete vibrational 
analyses for the molecules of interest. However, methods 
developed for the model  calculations have proved to be 
very useful for investigating variations in the molecular 
charge distribution for the inhibitors. Specifically, ab ini- 
tio techniques have been used to determine the molecular 
structure, the quantum mechanical electrostatic poten- 
tials (QMEP's), and the charges which can be associated 
with each of the atoms in PA, MPA, and HMP. In this 
work, we exploit equipotential  contour maps associated 
with QMEP's. This analysis is based, in part, on bonding 
information obtained while performing tunneling inten- 
sity calculations for thiourea (for which QMEP's were cal- 
culated as one step toward the determination of partial 
charges of thiourea); however, tunneling intensities were 
not calculated for the hydration inhibitors. Such calcula- 
tions are too formidable. 

Experimental 
The IETS measurements  were made on tunnel  junc- 

tions prepared on insulating ceramic substrates. An alu- 

* Electrochemical Society Active Member. 

minum electrode approximately 1000/~ thick was evapo- 
rated onto the substrate at 10-<10 -s torr. An oxide layer 
was grown on the a luminum and then doped with a 
water-based solution of the inhibitor. This doping process 
was done outside the  vacuum chamber. The doped sub- 
strate was then returned to the vacuum chamber, and a 
top metal electrode of Pb was evaporated to complete the 
junction. Electrical leads were attached, the resistances 
were measured, and those junctions with good electrical 
characteristics were immersed in liquid helium for IETS 
measurements.  

IETS spectra were obtained from 300 to 4000 cm -1 for 
PA, HMP, and NTMP. The observed frequencies and 
mode assignments are listed in Tables I, II, and III. The 
lower frequency portion of the spectrum obtained on a 
junction doped with a 0.3% solution of PA in water is 
shown in Fig. 1. Peak locations have been labeled in units 
of cm- ' .  The HMP spectrum shown in Fig. 2 was taken on 
a junction doped with 10 mg of HMP per ml of water. The 
IETS spectrum for a 0.1% solution of NTMP is shown in 
Fig. 3. 

Table I. Vibrational mode frequencies and assignments for 
PA adsorbed on aluminum oxide as measured by lETS 

Frequency Relative 
(cm-9 strength a Group assignment 

320 vs A1 phonon 
410 s 
520 s PO:~ in-plane or 

P=O defm 
P--O defm 610 s 

629 vw 
655 vw 
690 s 
800 w 
865 sh 
920 vs 
945 sh 

1085 m 
1170 b 
1215 w, sh 
1255 w, sh 
1315 vw 
1395 vw 
1456 m, b 
1700 m 
1680 w, b 
1855 s, b 
2490 w, b 

Al oxide phonon 
v(P--0---(H)) 
~P----O) 
~(P~-----O) 

C--H (contamination) 
C--H (contamination) 
C--H (contamination) 

2x A1 oxide phonon 
v(C--H) (contamination) 

w = weak, vw = very weak; m = medium; s = strong; vs = very 
strong; b = broad; sh = shoulder. 
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Table II. Vibrational mode frequencies and assignments for Table III. Vibrational mode frequencies and assignments for 
HMP adsorbed on aluminum oxide as measured by lETS NTMP adsorbed an aluminum oxide as measured by lETS 

Frequency Relative Frequency Relative 
(cm-0 strength a Group assignment (cm -~) strength ~ Group assignment 

320 vs A1 phonon 320 vs A1 phonon 
475 vw PO3 in-plane or 455 b PO~ or P----K) defm 

P=O defm 510 vw PO3 or P---=-O defm 
550 w P--O or P=O defm 545 vw p--40 defm 
650 b 585 b P--O defm 
790 vs ~(P--O) 652 vw 
880 vs CH2 780 s v(P--C) 
935 sh A1 oxide phonon 880 vs CH2 

1055 vs v(P--O--(H)) 923 s, sh A1 oxide phonon 
1210 vs v(P-K)) 1040 vs u(P--O--(H)) 
1235 w, sh O---H defm 1105 w, sh 
1350 vs CH2 wag 1200 b ~(P-~--O) 
1430 vs CH.2 defm 1315 vs CH2 wag 
1605 s, b 1430 vs CH2 defm 
1860 m, b 2x A1 oxide phonon 2430 vs 
2445 m, b Fermi resonance ? 2935 vs ~(C--H) 
2910 vs, b v(C--H) 
3550 m, b ~(O--H) 

w = weak, vw = very weak; m = medium; s = strong; vs = very 
strong; b = broad; sh = shoulder. 

a w = weak, vw = very weak; m = medium; s = strong; vs = very 
strong; b = broad; sh = shoulder. 

J u n c t i o n s  d o p e d  by the  s ame  p rocedu re s  as t hose  used  
for  the  o ther  molecu les  ind ica ted  tha t  little, if  any, M P A  
r e m a i n e d  on the  ox ide  layer. The genera l  a p p e a r a n c e  of  
t he  ox ide  layer  to the  n a k e d  eye and  also u n d e r  a low 
p o w e r  m i c r o s c o p e  s u g g e s t e d  tha t  the  M P A  did  no t  ab- 
sorb  onto  the  ox ide  layer  in the  m a n n e r  in w h i c h  the  
o the r  molecu les  did. 

Results 
An a l u m i n u m  p h o n o n  near  320 c m - '  and  an a l u m i n u m  

oxide  p h o n o n  near  945 c m - '  occur  in each  of  the  spec t ra  
for PA, HMP,  and  NTMP.  They  are due  to in t r ins ic  fea- 
tures  of  the  j u n c t i o n  e lec t rodes  and  will no t  be d i s cus sed  
fur ther .  All peak  pos i t ions  have  b e e n  co r rec ted  for the  
p r e s e n c e  of a s u p e r c o n d u c t i n g  top  (Pb) e lec t rode.  

Weak b a n d s  appea r  at 475 and  455 c m - '  in H M P  and 
NTMP,  respect ive ly ,  whe rea s  no peak  occurs  in P A  in 
th is  region.  V e k e n  and  H e r m a n  (1) ass ign  a b a n d  as PO3 

in-p lane  mo t i o n  w h i c h  they  o b s e rv ed  near  480 c m - '  (vw) 
in IR and  at 498 c m - '  (sh/w) in R a m a n  spec t ra  of  dibasic  
m e t h y l p h o s p h o n i c  acid  in water .  The PO3 in-plane  assign- 
m e n t  for PA near  520 c m - '  is p robab ly  a PO3 in-plane  
mode ,  bu t  wi th  d i f fe ren t  s y m m e t r y  character .  Thomas  
and  Ch i t t enden  (2) give a poss ib le  a l ternat ive  desc r ip t ion  
to t h e s e  peaks.  They desc r ibe  a weak,  d i f fuse  peak  near  
500 cm -~ w h i c h  they  associa te  wi th  P-O (OH) groups.  
S ince  the  peaks  are w e a k  and  can ev iden t ly  be  lost  in 
some  spectra ,  t hey  can n o t  be  cons ide red  significant.  

The  545 and  585 c m - '  peaks  in NTMP,  even  t hough  
weak  and  broad,  are of  in te res t  s ince  F T I R  resul ts  of 
N T M P  a d s o r b e d  on a l u m i n u m  oxide  (3) s h o w  very 
s t rong,  we l l - fo rmed  peaks  at 547 and  585 c m - L  The FTIR  
s p e c t r u m  of  dr ied  N T M P  (3) also shows  a b a n d  near  554 
c m - '  w h i c h  has  b e e n  ass igned  as P-O mot ion .  The IETS 
s p e c t r u m  for H M P  s h o w s  a weak  peak  at 550 c m - ' ,  and  it 
is poss ib ]e  tha t  the  PA s p e c t r u m  has  a s h o u l d e r  near  550 
c m - ' ,  however ,  the  resu l t s  are not  conclus ive .  These  
peaks  are  a s s igned  as P-O de fo rma t ion  m o d e s  by compar -  
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i son  w i t h  da ta  b y  V e k e n  a n d  H e r m a n  (1). In  Tab le  I, we 
i n d i c a t e  a t e n t a t i v e  a s s i g n m e n t  of  th i s  P-O d e f o r m a t i o n  
m o d e  for  t he  610 c m  -~ p e a k  in  PA. 

T h e r e  are  severa l  p e a k s  in  t h e  P A  s pec t r a  w h o s e  ass ign-  
m e n t  is ve ry  unc lea r .  The i r  loca t ions  are  629 (vw), 655 
(vw), 690 (s), 800 (w), 865 (sh), a n d  920 (vs) c m - L  Ass ign-  
m e n t s  of  t he  s t r o n g  p e a k s  at  690 a n d  920 c m  -~ we re  of 
spec ia l  in te res t .  No s t r o n g  p e a k s  occu r  in  t h e  690 c m - I  re- 
g ion  of  e i t h e r  H M P  or N T M P .  T h e r e  are s t r o n g  p e a k s  at  
880 c m  -1 in  each;  howeve r ,  t h e y  are  c lear ly  a s soc ia t ed  
w i t h  t h e  CH~ m o t i o n  in  H M P  a n d  N T M P .  T h e  s t r o n g  

p e a k s  at  790 c m  -1 in  H M P  a n d  at  780 c m  -1 in  N T M P  can  
also b e  a s s i g n e d  to P-C s t r e t c h  m o t i o n  (1). 

P e a k s  nea r  1085 (m) in  PA,  a t  1055 (vs) in  HMP,  a n d  at  
1040 c m  -j  (vs) in  N T M P  are  u n d o u b t e d l y  v(P-O-(H)) 
w h i c h  are  k n o w n  to o c c u r  n e a r  1000 (-+ 100) c m  -I for  mol-  
ecu les  w i t h  t h e s e  e n d  groups .  T h e  F T I R  da t a  for  N T M P  
a d s o r b e d  on  a l u m i n u m  ox ide  (3) ha s  a ve ry  s t rong ,  b r o a d  
b a n d  n e a r  1050 c m  -1. F T I R  on  a n  A1-NTMP complex ,  
f o r m e d  b y  r eac t i ng  AI(NOD3 w i t h  N T M P  (3), h a s  a p e a k  
n e a r  1160 c m  -1, b o t h  of  w h i c h  cou ld  h a v e  v(P=O)  
c o n t r i b u t i o n s .  
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Fig. 3. lETS spectrum from 3 0 0  to 1 6 0 0  c m - '  for a 0 . 1 %  solution of N T M P  in water.  
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Peaks at 1210 (vs) in HMP and at 1200 cm - '  (b) in 
NTMP were assigned as v(P=O), in accordance with 
many literature discussions of the location of the phos- 
phoryl frequency. According to Thomas and Chittenden 
(4), it sometimes occurs as a doublet and, as a result, can 
appear as such or as a broad peak. In their extensive anal- 
yses of v(P=O)shifts  as a function of attached groups to 
phosphorus, they found that the mean value was suffi- 
cient to provide agreement with other data. In PA, a 
broad peak does occur at 1170 cm -~, which was assigned 
as v(P=O). A weak shoulder at 1215 c m - '  was tentatively 
assigned as v(P=O) for lack of reasonable alternatives. 
The 1235 cm -1 peak in HMP is in the region expected for 
O-H deformations. 

The location of the 1200 c m - '  v(P=O) peak in the IETS 
spectrum of NTMP was initially compared with a peak lo- 
cated at 1256 c m - '  as determined in an FTIR study of 
NTMP adsorbed on aluminum oxide (3). We now believe 
that this 1256 c m - '  peak is not due to v(P=O) since it is 
quite high. The FTIR of dried NTMP had a peak near 
1188 c m - ' ,  and the A1-NTMP complex (3) showed a 
strong peak near 1160 cm- ' .  

The 1350 (vs) and 1430 cm -~ (vs) peaks in HMP and the 
1315 (vs) and 1430 (vs) peaks in NTMP were assigned as 
CH wag and C-H deformation modes, respectively. Veken 
and Herman (1) found CH wag and deformation modes at 
1305 and 1430 c m - '  in dibasic CH3PO32-. The very weak 
peaks at 1315, 1395, and 1458 c m - '  in PA are likely to be 
due to CH contamination as suggested by the structure 
near 2940 c m - '  in PA. 

Very strong v(C-H) modes were observed near 2910 
c m - '  in HMP and near 2935 c m - '  in NTMP, as would be 
expected for molecules containing aliphatic CH bonds 
(i.e., below 3000 c m - '  in almost all cases). A medium in- 
tensity, broad band near 3550 c m - '  in HMP was assigned 
as an O-H stretch. 

There were interesting IETS peaks near 2445 c m - '  in 
HMP and 2430 cm - '  in NTMP which did not occur in PA. 
Although the nature of the modes is not clear, the fact 
that each was so strong and occurred in a region where no 
strong peaks were expected suggests that they are due to 
a Fermi resonance (overtone or combination occurring 
near a fundamental of the same symmetry type). In this 
case, the fundamental  could be associated with an OH 
stretch mode since these can extend to much lower fre- 
quencies than 3550 cm -~ for phosphonic acid groups, as 
discussed by Thomas and Chittenden (2). 

Of particular import to this work is the behavior of the 
v(P=O) and of the v(P-O-(H)) vibrations. The locations and 
relative strengths of the v(P=O) and v(P-O-(H)) IETS fre- 
quencies among PA, HMP, and NTMP are listed in 
Tables I, II, and III, respectively. The FTIR frequencies 
in c m - '  for dried NTMP, NTMP adsorbed on aluminum 
oxide, and the A1-NTMP complex were as follows for the 
P=O and P-O-(H) modes, respectively: dried, 1188-970 and 
1188-970; oxide adsorbed, (1256?) and 1052; and A1- 
complex, 1160 and (not observed). The assignment for the 
1256 c m - '  peak is not clear, as stated above. 

The IETS spectra for HMP showed much stronger fea- 
tures for these two modes than did the PA and NTMP. 
The locations of the IETS v(P=O) modes at 1170, 1210, 
and 1200 c m - '  for PA, HMP, and NTMP, respectively, 
when compared with the (maximum) value from the 
dried NTMP and Al-complex spectra suggested that the 
frequency for the P=O mode was increased by adsorption 
on the oxide. 

A similar shift which might have occurred in the 
v(P-O-(H)) frequencies cannot be determined on the same 
basis since the location of  the v(P-O-(H)) frequency for the 
dried NTMP was not well determined by the FTIR data. 
Some progress can be made in the analysis of the 
v(P-O-(H)) modes, however, by comparison with solution 
data from the literature. Veken and Herman (1) found the 
v(P=O) frequency near 1140 c m - '  for dilute solutions of 
H~PO3 in water (i.e., near the 1170 c m - '  value for IETS 
PA). The P-(OH)~ antisymmetric and symmetric  stretch 
frequencies were near 1Ol0 and 950 cm- ' ,  respectively, 

and the corresponding IR frequencies were near 1005 and 
960 cm- ' ,  in good agreement with the Raman values. 
Since IETS v(P-O-(H)) frequency values were 1085, 1055, 
and 1040 cm- ' ,  respectively, for PA, HMP, and NTMP, 
the official data suggested that both the v(P=O) and 
v(P-O-(H)) observed frequencies were increased by ad- 
sorption. From these upward shifts, it was concluded that 
the phosphonate groups were significantly perturbed by 
adsorption on the oxide, and that in all those molecules 
these groups were active in .the formation of bonds to the 
surface. 

In summary, the observed upward shifts in the v(P=O) 
and v(P-O-(H)) frequencies observed in the IETS spectra 
as compared to values from FTIR, IR, and Raman data 
taken on dried, oxide adsorbed, complexed, and solution 
samples strongly suggests that PA, HMP, and NTMP 
bond to aluminum oxide through the phosphonate group. 
For further analysis, it would be useful to have frequency 
values for PA, I-IMP, and NTMP in solution. The absence 
of IETS intensities for tunnel junctions doped with MPA 
indicates that it does riot bond nearly as strongly as do 
PA, HMP, and NTMP. On this basis, it would be judged 
as a poor inhibitor candidate. This conjecture was found 
to be in agreement with results from wedge tests (5). 

Molecular Charge Distributions 
In the discussion thus far, IETS vibrational frequencies 

and their shifts from values obtained independently (e.g., 
optically) have been used to extract information on the 
adsorbed species. One of the original goals of this work 
was to compare measured and calculated relative peak in- 
tensities in an IETS spectrum to obtain information on 
the orientation and structure of the inhibitor molecules--  
MPA in particular. This goal could not have been 
achieved without extensive modeling and computer  re- 
sources because the molecules are complex and complete 
vibrational analyses have not been made. As stated 
earlier, and discussed later, QMEP's instead could be util- 
ized to obtain bonding information. They are considera- 
bly more straightforward to calculate than are tunneling 
intensities. 

In the intensity calculations for thiourea, which were 
done to make IETS a more quantitative tool, an improved 
model was developed for calculating the intensities as a 
function of the orientation and structure of the adsorbate. 
It was called the floating valence model, the basis of 
which is the partial charge model  of Kirtley et al. (6). In 
this model, the electron-molecule interaction is approxi- 
mated by a coulombic interaction between the electron 
and partial charges assigned for each atomic site of the 
molecule. One of the major difficulties associated with 
this model  was that there was no means to reliably assign 
the atomic partial charges, the values of which greatly 
influence calculated peak intensity ratios. Also, it was 
known from other calculations (7) that the pseudo-dipolar 
potential seen by the tunneling electron is not always ori- 
ented, as would be expected from charges moving along 
directions of atomic motion. 

The floating valence model solved the two primary 
problems by the use of a two-step procedure first used 
by Momany (8) to determine partial charges. First, ab ini- 
tio molecular QMEP's were calculated using an atomic or- 
bital basis set. The second step was to determine the ef- 
fective charge located at each atomic site, which would 
give a classical electrostatic potential equal to the QMEP. 

To obtain reasonable tunneling intensities, we had to 
modify the fitting procedure to obtain more accurate par- 
tial charge values. This was done by dividing the charge 
on each atomic site into two portions. A core charge was 
forced to follow the motion of the atom while a valence 
charge was allowed to "float" in both direction and dis- 
placement magnitude to best fit the QMEP. We called 
these potential-derived (PD) Charges. The development  of 
the floating valence model  and ensuing calculations for 

th iourea  were extensive and are being published else- 
where (9, 10). The tunneling calculations clearly showed 
that the PD charges were very accurate. 
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The complete tunneling intensity calculations for thiou- 
rea (10) and the analyses of partial charges and QMEP's 
reported in this study provide three significant results 
relevant to the utilization of QMEP's, partial atomic 
charges, and calculated tunneling intensities to the study 
of inhibitors. First, there must exist an accurate and com- 
plete vibrational mode analysis for any molecule for 
which accurate tunneling intensities are to be calculated. 
For most large molecules, the analysis is either incom- 
plete or has not been attempted. Second, molecular elec- 
trostatic equipotential  contour plots through various sym- 
metry planes give pictorial and quantitative information 
on the charge distribution for the inhibitor molecules. Al- 
though such plots are not generally available in the litera- 
ture, plots can be produced for quite complex molecules, 
such as those in this study. The charge distribution in an 
inhibitor molecule affects its bonding characteristics, and 
hence its effectiveness. As such, they are useful for 
deducing information about the molecular orientation 
and relative bond strengths for various inhibitors. Studies 
of the systematic variations in the charge distributions 
with structure and with the substitution of various groups 
is a powerful tool for the development  of better inhibitors 
and understanding inhibitor mechanisms. Third, accurate 
atomic partial charges for inhibitor molecules can be cal- 
culated from generated QMEP's. Although partial charges 
were calculated for the inhibitors in this study, attempts 
to correlate their variation with inhibitor effectiveness 
were unsuccessful. Additional work is required. 

It should be made clear that our justification for 
utilizing QMEP's, rather than a complete comparison of 
experimental  and calculated intensities, for hydration in- 
hibitors stems directly from information gleaned from the 
complete tunneling intensity comparison for thiourea on 
aluminum oxide. Thiourea is a corrosion inhibitor for alu- 
minum in dilute hydrochloric acid. 

In the following section, the procedure for calculating 
QMEP's is presented in brief form. Results for PA, MPA, 
and HMP are reported. The large number  of atoms in 
NTMP made it unsuitable for the ab in i t io  calculations. 

The ab in i t io  electrostatic potentials were calculated 
using self-consistent Hartree-Fock theory. The basic 
equation for this theory is 

$'+i = ei+i [1] 

where ~ is the ith molecular orbital, e~ is the ith energy 
eigenvalue, and 1~ is the Fock operator (the effective one- 
electron operator) defined by 

1 ~Z" + ~ (22/j - /{~) [2] /~(p) = _ --~-V22 - ~ 
J 

where p is the electron index, a is the atom index, Z~ is 
the nuclear charge for the ath atom, r~, is the distance 
from the ath nucleus to the pth electron, and :/j and/{j are 
the coulomb and exchange operators, which are as 
follows 

1 

where q and  p are electron indexes, dr  is a volume ele- 
ment, and r~, is the distance between the qth and pth 
electrons. 

In our calculations, the linear combination of atomic or- 
bital (LCAO) approach was used. It assumes that the mo- 
lecular orbitals + ~ )  can be expanded in terms of atom- 
centered atomic orbitals 6~(7,) as 

+,(7) = ~.  ~ 4,.,,(~,, ) c y  [5] 
a 

where a is the a t o m  index, g reflects the n, 1, and m 
quantum numbers of the orbital, 7 is a position vector 

relative to the origin, ~ is the position vector of the ath 
nucleus, and 7~ = 7 - /~, and C~ "a are expansion 
coefficients which we wish to determine. 

In atomic calculations, Slater-type orbitals (STO's) are 
often used to represent the radial dependence of the 
atomic orbitals. A normalized STO with principal quan- 
tum number  n is given by 

STO,,(r) = N,r~- 'e  -~r [6] 

where N,~ is a normalization constant, and ~ is a parameter 
which is optimized to give the best fit to the radial de- 
pendence of a particular atomic orbital. 

Unfortunately, STO's are too unwieldy to use for molec- 
ular calculations. One approach to alleviate this difficulty 
is to use a linear combination of gaussians to represent 
the exponential  dependence of the STO's. If qS,(r) repre- 
sents the exponential  dependence of an STO, then it can 
be expanded as follows 

i ~,(r) - di, exp (-a~r 2) [7] 
/ = l  

where N is the number  of gaussians used in the expan- 
sion, di, are contraction coefficients, a, is the gaussian 
exponent.  

This approach as implemented by Quantum Chemistry 
Program Exchange (QCPE) no. 437 (Gaussian 80) (11) was 
used to perform the computations. The gaussian contrac: 
tion scheme for each orbital is referred to as the basis set. 
Two different basis sets were used for PA, MPA, and 
HMP, designated by STO-3G and STO 4-31G (or as 
4-31G). 

The Foek operator of Eq. [1] depends on the set of +~ 
chosen. Gaussian 80 uses optimized atom-centered 
atomic orbital [6,~(7a)] along with a set of "guessed" 
C~ "= to calculate an initial +~(7) via Eq. [5]. (The start- 
ing C~ "~ are generated from a Hfickel or projected Hfiekel 
guess.) The Fock matrix was determined from the %(7) 
via Eq. [2], [3], and [4] and was used in Eq. [1] to solve for 
new % and e~. This process is repeated until the energy 
eigenvalues converge. The final wave functions yielded 
the optimal set of C~ "a which were used to calculate the 
electron density, 0(7), from the relationship 

o c c  o c c  

p(~) = ~ 1+,(7)~1 = ~: ,~(:~o),/,~,(~,~,)~, c,.oc~ o' [8] 
i P . ,a  i 

v , a '  

o c c  

where ~ indicates that the sum is over occupied orbitals 
only. 

All calculations used restricted Hartree-Fock theory 
which assumes that both a spin up and a spin down elec- 
tron occupy each spatial orbital. Once p(~) had been ob- 
tained, the molecular electrostatic potential, V(u could 
be determined since 

v(~)  = ~o i~_~  I - e 17-7'1 dT' [91 

In its original form, Gaussian 80 did not calculate V(7). 
The STVINT section of Guassian 80 was modified to do 
the appropriate integral calculations. Once this was done, 
it was a simple matter to add in the nuclear contributions 
to the potential (the first term in Eq. [9]) to calculate the 
QMEP's. 

Equation [9] allowed the determination of the electro- 
static potential at a point 7. To accurately fit the poten- 
tial around a molecule, the potential must  be known for a 
fairly large, representative set of field points. The electro- 
static potential was calculated using a rectangular array 
of equally spaced points with the origin at the center of 
nuclear charge. 

In order to calculate the QMEP's for the inhibitor mole- 
cules, it was necessary to first determine their structure 
by suitable methods since they were not available from 
the literature. The approach was to begin with a reasona- 
ble structure (or structures, in the case of MPA) with best 
guess values for bond lengths and angles and then to util- 
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ize t he  o p t i m i z a t i o n  fea tu res  of t he  G a u s s i a n  80 Q C P E  
p r o g r a m  to d e t e r m i n e  b o n d  l e n g t h s  a n d  angles .  One  of  
t he  two  s t r u c t u r e s  a s s u m e d  for  M P A  was  t he  ec l ipsed  
m e t h y l  g roup ,  d e n o t e d  as MPA-E.  T he  o t h e r  s t ruc tu re ,  
d e n o t e d  as M-PA-S, h a d  a m e t h y l  g roup  s t a g g e r e d  w i t h  re- p 
spec t  to t he  P = O  b o n d .  T he  m i n i m u m  ene rg i e s  o b t a i n e d  O 
for  M P A - E  a n d  M P A - S  w e r e  so close as  to  p r e c l u d e  a de- O 
c is ion  o n  w h i c h  s t r u c t u r e  was  m o r e  s table .  H 

The  b o n d  angles ,  b o n d  l eng ths ,  a n d  ca r t e s i an  coordi-  O 
H 

na t e s  for  PA, MPA-E,  MPA-S,  a n d  H M P  ca lcu la t ed  w i t h  C 
th i s  t e c h n i q u e  are  l i s ted  in  Tab le s  IV t h r o u g h  XI.  T h e y  H 
are  in  r e a s o n a b l e  a g r e e m e n t  w i t h  va lues  for  ang les  a n d  H 
b o n d  l e n g t h s  of va r ious  r e l a t ed  c o m p o u n d s .  H 

Table IX. Calculated cartesian coordinates (/~) for the atoms of MPA-S 

Atom X-coordinate Y-coordinate Z-coordinate 

0.0 0.0 0.0 
0.0 0.0 2.835 
2.688 0.O -1.163 
3.957 0.573 0.115 

-1.278 2.365 -1.163 
-1.378 3.753 0.115 
-1.451 -2.434 -1.812 
-0.563 -4.259 -1.360 
-1.210 -2.030 -3.836 
-3.478 -2.521 -1.360 

Table IV. Calculated bond lengths and angles for PA Table X. Calculated bond lengths and angles for HMP 

Distance Angles 

(~) (degrees) 

Distance Angles 

(}~) (degrees) 

1.50 O--P-~O 116.53 
P--O 1 . 5 5  P--O--H 110.32 
O--H 1.00 

Table V. Calculated cartesian coordinates (~,) for the atoms of PA 

Atom X-coordinate Y-coordinate Z-coordinate 

P-----O 1.50 C--P~----O 122.60 
P--O 1 . 5 5  C--P--O 100.49 
(P)---O---H 1.0O O-~P---O 113.39 
C--P 1 . 7 8  P ~ : ) - - H  110.34 
C--H 1.10 O--P--O 104.06 
O--C 1 . 4 3  H--C--P 108.75 
(C)--O--H 0.96 P--C-4:) 109.16 

C--4)--H 104.34 

P 0.0 0.0 0.0 
O 0.0 0.0 2.835 
O 2.621 0.0 -1.309 
H 3.999 0.0 -0.016 
O -1.309 -2.269 -1.312 
O -1.309 2.269 -1.312 
H -1.998 -3.464 -0.021 
H -1.998 3.464 -0.021 

Table VI. Bond lengths and angles for MPA-E 
(eclipsed methyl group) 

Distance Angles 

(A) (degrees) 

Table XI. Calculated cartesian coordinates (~) for the atoms of HMP 

Atom X-coordinate Y-coordinate Z-coordinate 

P O.0 0.0 0.0 
O 0.0 0.0 2.835 
O 2.688 0.0 -1.163 
H 3,957 0.573 0.115 
O -1.278 2.365 -1.163 
H -1.378 3.753 0.115 
C -1.451 -2.434 -1.812 
H -0.597 -4.256 -1.289 
H -3.460 -2.549 -1.289 
O -1.130 -1.895 -4.440 
H -1.952 -3.274 -5.285 

P----O 1 . 5 0  C--I :~O 122.21 
P--O 1 . 5 5  C--P--O 100.88 
O--H 1.00 O--~P--O 113.30 
C--P 1.78 P--O--H 110.38 
C--H 1.10 O---P--O 103.98 

H--C--P 109.50 
H--C--H 109.43 

Table VII. Calculated cartesian coordinates (-~) for the atoms of MPA-E 

Atom X-coordinate Y-coordinate Z-coordinate 

P 0.0 O.0 0.0 
O 0.0 0.0 2.835 
O 2.690 0.0 -1.158 
H 3.951 0.620 0.106 
O -1.269 2.373 -1.158 
H -1.316 3.776 0.106 
C --1.463 -2.441 -1.793 
H -2.302 -3.841 -0.505 
H -0.041 -3.369 -2.992 
H -2.952 -1.625 -2.992 

Table VIII. Calculated bond lengths and angles for MPA-S 
(staggered methyl group) 

Distance Angles 

(~) (degrees) 

P------O 1.50 C - - ~  
P- -O 1.55 C--P--O 
O--H 1 . 0 0  O z P - - O  
C--P 1 . 7 8  P--4)---H 
C--H 1.10 O--P--O 

H---C--P 
H--C--H 

122.60 
100.49 
113.39 
110.34 
104.06 
109.50 
109.43 

Molecu la r  e lec t ros ta t i c  po t en t i a l s  we re  o b t a i n e d  for 
e ach  of  t h e  four  s t r u c t u r e s  desc r ibed .  Two bas i s  sets,  
STO-3G a n d  4-31G, were  u s e d  to inves t iga t e  t he  effects  of  
bas i s  se t  select ion.  P lo t s  of  e q u i p o t e n t i a l  l ines  t h r o u g h  
t he  p l a n e s  of  re f lec t ion  s y m m e t r y  u s i n g  t h e  4-31G bas i s  
se t  are  s h o w n  in  Fig. 4-7 for  PA,  MPA-E,  MPA-S ,  a n d  
HMP.  I n s p e c t i o n  of  t h e s e  f igures  revea l s  s ign i f ican t  
c h a n g e s  in  t he  m o l e c u l a r  c h a r g e  d i s t r i b u t i o n s  w h i c h  de- 
p e n d  on  t h e  n a t u r e  of the  a t t a c h e d  group .  The  effect  of  
bas i s  se t  (not  s h o w n )  was  also a p p a r e n t ;  howeve r ,  t he  
4-31G is d e e m e d  to b e  m o r e  accura te .  

Discussion 
T h e r e  does  a p p e a r  to  be  s o m e  cor re la t ion  of  f ea tu res  

o b s e r v e d  in  t he  m o l e c u l a r  e lec t ros ta t i c  e q u i p o t e n t i a l  con- 
tou r s  a n d  a p p a r e n t  b o n d i n g  s t r e n g t h  a n d  i n h i b i t o r  effec- 
t i v e n e s s  as d e d u c e d  f rom w e d g e  tes t s  a n d  t u n n e l  j u n c t i o n  
fea tures .  Ana lyses  of  p e a k  shi f t s  in  the  t u n n e l i n g  spec t ra  
i nd i ca t e  t he  p h o s p h o n a t e  g r o u p s  b o n d  to t h e  ox ide  layer.  
T h e  b o n d i n g  for  M P A  is v e r y  weak.  T h e  c o n t o u r s  for  P A  
in  Fig. 4 s h o w  t h e  e x i s t e n c e  of  a la rge  r eg ion  j u s t  be low 
the  t h r e e  P-O b o n d s  w h i c h  is ve ry  nega t i ve  in  potent ia l .  
The  - 6 0  kca l ]mol  r eg ion  w h i c h  occurs  j u s t  b e l o w  the  
( s ing le -bonded)  o x y g e n  w o u l d  also a p p e a r  b e l o w  the  
o the r  two oxygens  w h i c h  are  ou t  of  t h e  p lane .  T h e s e  t h r e e  
o x y g e n s  w o u l d  b e  e v e n  m o r e  nega t i ve  i f  t h e y  we re  
d e p r o t o n a t e d  and~ as such ,  cou ld  f o r m  s t r o n g  b o n d s  to 
e x p o s e d  a l u m i n u m  ca t ions  in  t he  ox ide  layer.  T h e  or ien-  
t a t i o n  a n d  b o n d i n g  a r r a n g e m e n t  for  t h e  a d s o r b e d  ion  
w o u l d  b e  as s c h e m a t i c a l l y  dep i c t ed  in Fig. 8, w i t h  t he  
P = O  b o n d  f u r t h e s t  f r o m  the  ox ide  layer  w i t h  i ts b o n d  di- 
r e c t i on  p e r p e n d i c u l a r  to  t h e  layer.  Th i s  b o n d i n g  s c h e m e  
s e e m s  qu i t e  r easonab le .  
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-5 0 *5 
Fig. 4. Electrostatic potential contour plot for PA in the plane of re- 

flection symmetry using a 4-31G basis set. Potential values are in kilo- 
calorie per mole and distances are in angstroms. 

+5 

0 

-5 
-5 0 +5 
Fig. 6. MPA-S equipotential plot in the plane of reflection symmetry 

using the 4-31G basis set. Potential values are in kilocolorie per mole 
and distances are in angstroms. 

Likewise, the equipotential  contours for HMP in Fig. 7 
also reveal the presence of a large negative potential re- 
gion. The region is, however, formed by two single- 
bonded oxygens (which are out of the plane of reflection 
symmetry) and the oxygen in the C-O-H group. If HMP is 
considered to be as PA but with one of the O-H groups re- 
placed by a C-O-H group, then the region of negative po- 
tential can be interpreted as being tipped toward the P=O 
bond direction. The -60  kcaYmol contour near the oxy- 
gen in the C-O-H group is larger than that shown for PA 
in Fig. 4 and indicates the possibility for the formation of 
a stronger A1-O bond for HMP than exists for PA. A possi- 
ble orientation and bonding arrangement for HMP on alu- 
minum oxide is shown schematically in Fig. 9. The P=O 
bond direction is t ipped with respect to the plane of the 
oxide. It is not known whether  the P=O bond would con- 
tribute significantly to the bonding in this orientation. 

The contours for MPA-E and MPA-S shown in Fig. 5 
and 6 are similar to each other except  for the expected 

differences due to the two configurations of the CH3 
group. There are two single-bonded oxygens in MPA. The 
most negative contour in the plane of reflection symme- 
try between them is only -15  kcal/mol. The negative po- 
tential region for MPA-E and MPA-S is much smaller and 
is less negative than for either PA or HMP. The region 
near the P=O bond does not vary appreciably among PA, 
MPA, and HMP. Therefore, the molecular equipotential 
contour plots for PA, MPA, and HMP indicate that MPA 
would not adsorb as strongly as either PA or HMP and, as 
a consequence, would be much less effective as a hydra- 
tion inhibitor. This conclusion is in agreement with re- 
sults from the IETS studies discussed earlier and with 
wedge test results on adhesive bonds. 

Conclus ions  
The goal of this project to use a combined experimental  

and theoretical approach in the application of IETS to the 
study of hydration inhibitors on aluminum oxide. The 

+5 

0 

-5 
-5 0 +5 
Fig. 5. MPA-E equipotential plot in the plane of reflection symmetry 

using the 4-31G basis set. Potential values are in kilocalorie per mole 
and distances are in angstroms. 
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Fig. 7. HMP equipotential plot in the plane of reflection symmetry 

using the 4-31G basis set. Potential values are in kilocalorie per mole 
and distances are in angstroms. 
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Fig, 8. A schematic showing the bonding and orientation of PA ad- 
sorbed on aluminum oxide. 

0 

\ 0 

0 

0 AI 0 AI 0 
Fig. 9. A schematic showing the banding and orientation of HMP ad- 

sorbed on aluinum oxide. 

value of both tunnel ing spectroscopy and (~MEP's for un- 
derstanding inhibitor bonding has been established. For 
PA, HMP, and NTMP, observed shifts in v(P=O) and 
v(P O-(H)) tunnel ing frequencies from optical values 
strongly show that these molecules bond to the oxide 
layer through the phosphonate group. Tunnel  junctions 
doped with MPA indicate that the bonding of MPA to the 
oxide is much weaker, and on this basis would be judged 
as a poor inhibitor candidate. This conjecture was found 
to be in agreement with wedge test results. Likewise, 
analysis of the equipotential contours for PA, MPA, and 
HMP indicated that PA and HMP could form strong 
bonds to exposed a luminum cations through the three 
single-bonded oxygens in PA, and through the two 

S C I E N C E  A N D  T E C H N O L O G Y  Apr i l  1985 

single-bonded oxygens and the oxygen in the C-O-(H) 
group in HMP. The equipotentiat contours for MPA indi- 
cated that it would form a much weaker bond than did 
PA and HMP. Since NTMP has three phosphonate 
groups, these results indicate that it would also be a 
strong adsorber and effective inhibitor. 

The calculations in this work did not include the effects 
of electron transfer between the inhibitors and the oxide 
surface. A more complete model should include the ef- 
fects of chemisorption on the structure and bonding 
properties of the inhibitors. 

In future work, it would be informative to compare ad- 
sorbed and solution spectral frequencies for several of the 
large, effective phosphonate inhibitors having different 
substituted groups in order to more effectively determine 
any systematic behavior of frequency shifts upon adsorp- 
tion. The use of semi-empirical methods could be used to 
more efficiently optimize molecular structures and to cal- 
culate molecular charge distributions for inhibitor mole- 
cules with as many as 100 atoms. Ab initio and semi- 
empirical calculations can be applied to a wide range of 
inhibitor types, including corrosion inhibitors on various 
metals. 
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Electrochemical Behavior of Passive Iron in Acid Medium 

I!. The Passive Film/Solution Interface 
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ABSTRACT 

The passive film on iron in acid media is investigated by means of a rapid change of electrolyte composition, with 
special attention to anion content, and by redox kinetics studies with a rotating disk under  steady state and nonsteady 
state (electrohydrodynamic impedance). These techniques, associated with classical electrochemical impedance, allow 
one to establish the existence at the film-electrolyte interface of a loosely structured film limiting the rate of mass 
transfer in the case of ferrocyanide oxidation. Dynamic exchange of anions and most of the electrolyte composit ion ef- 
fects take place in this layer. An attempt is made to relate the behavior of the passive film on iron in acid media to basic 
properties of iron oxides and oxyhydroxides in their colloidal state. 

As shown in the first paper of this series (1), the imped- 
ance analysis of passive iron over a wide frequency range 
allows one to separate the transport properties in the film 
both from the charge transfer at interfaces and from film 
growth (1). A resistance linearly dependent on the poten- 
tial is found. This dependence strongly supports the 
mechanism of high field assisted migration across the 
film, as suggested by Vetter. 

A partially reversible charge transfer reaction at inter- 
faces was evidenced by nonsteady-state experiments.  The 
low frequency behavior of the impedance in the milli- 
hertz range led to the conclusion that diffusion is not the 
process controlling the passive current. The capacitance 
observed in this range is related to film growth and al- 
lows one to estimate the ratio of the film forming current 
to the dissolution current under  nonsteady state. 

The passive current acts as a scaling factor for the most 
important  parameters involved in the electrochemical 
characterization of passivity. Its value depends strongly 
on electrolyte composit ion (anions and pH), p robab ly  
through the charge carrier concentration in the film. This 
makes it possible to describe the passive system as a 
chemically dependent  high field assisted ion migration 
(1). 

Most of the data available from literature on the electro- 
chemical  response of passive iron to redox couples deal 
with neutral or alkaline media (2-6). Usually, only steady- 
state polarization curves were used to investigate the ki- 
netics of these reactions, and the results were analyzed in 
terms of the semiconducting properties of the film or of 
tunneling. Furthermore,  the possible modifications of 
the passive film as a result of redox reactions and its de- 
pendence upon anions were disregarded. 

This part of the paper is aimed at analyzing the 
film/solution interface. This will be carried out by 
investigating the role of anions on the passive current and 
also the response of the passive system to redox couples 
in order to answer the following questions. Is there any 
correlation between the passive current value and the 
ability of the film to ensure electron charge transfer? Do 
the anions determine the kinetics of charge transfer on 
the film surface? Is the passive film-anion interaction 
dynamic or are the anions statically bonded to the film 
structure? Is there only a surface effect or is there pene- 
tration of anions in the film structure? 

Experimental 
Experimental  conditions and devices are similar to the 

ones described in Ref. (1). A special cell was designed for 
performing a quasi-instantaneous and thorough change of 
electrolyte composition. As shown in Fig. 1, the cell is di- 
vided in two compartments separated by a glass frit, leav- 
ing the working electrode compartment  isolated. The new 
solution enters the working electrode compartment  as an 
impinging jet  perpendicular to the electrode surface pro- 
ducing a composition transient. The stopcock at the cell 

bottoms allows the new electrolyte to flow from a 1 liter 
reservoir placed on top of the cell. A P t  counterelectrode 
and a mercurous sulfate electrode in saturated K~SO4 
(SSE) complete the cell. All potentials were referred to 
this reference electrode. 

The solutions were deaerated by A r  bubb l ing  and 
maintained at 25~ A conventional electrochemical cell 
was used for other types of measurements.  The working 
electrode, a disk of 0.2 cm 2, was prepared as explained in 
Ref. (1). A rotating disk setup was used with a range of an- 
gular velocities from 0 to 8000 rpm. 

Procedure 
The electrode was polarized at the working potential in 

the passivation domain for a given time. Then the electro- 
lyte was suddenly changed and the current transient re- 
corded as a function of time. Impedance measurements 
were carried out in this initial state and after the solution 
change, once the current attained its steady-state value in 
the new solution. In some instances, after about 15h of 
passivation in the full passive range, ions were incorpo- 
rated into the electrolyte by adding different amounts of 

N E W  
.SOLUTION 

R E 

Fig. 1. Electrochemical cell for composition transients. Compartment 
A: 60 cm 3. Compartment B: 10 cm 3. 
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concentrated solutions. Care was taken in order to avoid 
pH changes. In the case of cation addition, the salt was 
chosen in order to avoid the introduction of foreign ani- 
ons into the electrolyte. 

R e s u l t s  a n d  D i s c u s s i o n  
Influence of the hydrodynamic conditions on the passive 

current.--Unexpectedly, the passive current of the 
Fe/H2SO4 and Fe/H3PO4 systems depends on the angular 
velocity of the electrode. As a consequence of an angular 
velocity transient, the current attains a limiting value 
showing an increase of between 10 and 30% of its station- 
ary stagnant value, I,, depending on potential. In the case 
of Fe/1M H3PO4, the I J t ime  response to an angular veloc- 
ity transient can be divided in two regions. The first, over 
a short interval of time, is characterized by a stepwise in- 
crease of the current as shown in Fig. 2. In the second re- 
gion, over a long interval of time, the current tends slowly 
towards its limiting steady-state value following a stair- 
case profile, as can be seen in Fig. 2. In this final state, 
the rotation of the electrode has practically no remaining 
effect on Ip. The duration of each of these two regions de- 
pends on the value of the angular velocity. For the oppo- 
site angular velocity transient, the current returns to 
about its initial value also following a staircase profile as 
shown in Fig. 3. 

In the Fe/0.SM H2SO4 system, only the first stepwise in- 
crease of current is observed as a result of an angular ve- 
locity transient. A dependence of 19 vs. 12-,l~ is found 
showing a limiting effect for angular velocities higher 
than 2200 rpm, as can be seen in Fig. 4. The electrode ro- 
tation has no effect on the passive current for the Fe/1M 
HC104 system. 

The electrochemical properties of the passive iron sys- 
tem, and particularly its impedance behavior analyzed in 
Ref. (1), is not modified as a consequence of the electrode 
rotation. 

Redox reactions on passive iron.--In order to analyze 
the film/solution interface from the viewpoint  of its ki- 
netic behavior, different ions were introduced into the so- 
lution after about 15h of passivation in a given electrolyte. 
Both Fe(II) and Fe(CN)64- ions are in their oxidation do- 
main in the full passive range (between ca. 0.2 and 1.0V). 
Ferrous ions were chosen with the idea of interfering with 
the ionics of the passive film. 

Fe(CN)~ 4- to Fe(CN)c 3- oxidation.--The kinetics of ferro- 
cyanide oxidation are largely dependent on the electro- 
lyte. In perchloric and phosphoric solutions, the reaction 
is diffusion controlled at moderate angular velocity (s = 
110 rpm) in the entire passive domain, while in sulfuric 
solutions a mixed kinetics is observed below 0.5V: 

The 1-' vs. ~- ,2  plots allow one to obtain at the same 
time kinetics and transport data. In the case where the 
electrode is coated by a solid layer, the following equation 
is valid (7) 
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Fig. 2. Passive current/time transient in response t O a step of angular 
velocity. Solid line: Fe/1M H3PO4; E = O.6V. 

1-' = I~-' + I ~ =  -I + lk- '  [1] 

where 1~ = nFDCoo/8 is the Fick law, 8 is the thickness of 
the concentration profile dependent  on ~ according to 
the Levich equation, D the diffusion coefficient, and Coo 
is the concentration in the solution bulk, I a ~  = 
nFDLCoO/SL, 8L is the thickness of the solid layer indepen- 
dent of ~, and DL the diffusion coefficient in this layer. 
Finally, Ik is the kinetic current. A nonzero intercept on 
the current axis then indicates either a kinetic limitation 
or a diffusion limitation originated in a diffusion layer of 
constant thickness. 

As acompar i son ,  the effect of the supporting electro- 
lyte on the ferrocyanide oxidation on Pt  was also ana- 
lyzed. The results are shown in Fig. 5 and 6 and in Tables 
I and II. As expected from diffusion in the liquid phase, 
the same diffusion coefficient is obtained for Fe(CN)64- 
on Pt  and on passive iron electrodes. Regarding the Ia~= 
limit, a larger dependence on the electrolyte composition 
is observed on passive iron in comparison with Pt. 

In perchloric solutions, Pt and passive iron behave al- 
most identically, whereas the difference between them in- 
creases in sulfuric and phosphoric solutions. 

The relatively small influence of the electrolyte compo- 
sition on the Ia~= limit on Pt  may be attributed to kinetic 
effects associated with a modification of the double-layer 
properties and/or of the active surface due to the different 
adsorption characteristics of anions. However, in the case 
of passive iron, the dependence of the I a ~  limit on the 
electrolyte composition is so important that this interpre- 
tation hardly remains valid and a special interaction be- 
tween passive iron and anions may be supposed in the 
case of sulfuric and phosphoric solutions. In contrast, in a 
perchloric solution, a metal-like behavior is observed. 

For getting a deeper insight in the effect of anions on 
the passive film/solution interface, electrohydrodynamic 
impedance (EHD) was used. The method, based in the 
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Table I. Diffusion coefficient and I~ ~ = limit for the ferrocyanide 
oxidation on Pt in different supporting electrolytes. Ferrocyanide 

concentration: 1 mM; E = 0 .4V (data obtained from Fig. 5) 

4.0 D I~ 
Solution (cm 2 s- ' )  (A cm -2) 

"" 3.0 

:L 

c~ ~ 
, 20  
0 

X 

I 
H 1.0 

1M HCIO4 4.5 x 10 -~ 3.8 x 10 -~ 
IM H2SO4 3.7 x I0 -~ 4.1 x I0 -3 
0.5M H2SO4 4.0 x 10 -5 2.5 x i0 -2 
IM H3PO4 3.7 x I0 -~ 2.0 x 10 -2 

Table II. Diffusion coefficient and I~ ~ = limit for the ferrocyanide 
oxidation on passive iron in different electrolytes. Ferrocyanide 

concentration: ! mM (data obtained from Fig. 6)  

D I ~ =  
Solution (cm 2 s- ' )  (A crn -2) E (V) 

1M HC104 2.0 x 10 -~ 1.0 x 10 -2 0.35 
0.5M H=SO4 2.2 • 10 -5 8.0 x 10 -4 0.60 
1M H3PO4 1.0 x 10 -~ 1.2 • 10 -4 0.65 

0 ~  
0 2 4 6 8 

.0. -1/2 X 10" 2 
Fig. 5. I -~ vs. ~ - ~ / 2  plots for the ferrocyanide oxidation on Pt for dif- 

ferent supporting electrolytes. Electrode surface: 0.2 cm2; E = 0.4V. 
A & A :  1M H3P04. Q 0 0 :  0.5M H2S04. + + + :  1M HCI04. 1 mM 
Fe(CN)6K4. 

m o d u l a t i o n  of  t he  a n g u l a r  ve loc i ty  of  t h e  w o r k i n g  elec- 
t rode ,  was  i n t r o d u c e d  (7) to  i nves t i ga t e  t h e  c o u p l i n g  be- 
t w e e n  h e t e r o g e n e o u s  k ine t i c s  a n d  m a s s  t r a n s p o r t .  The  
a n g u l a r  ve loc i ty  ~ is m o d u l a t e d  thus :  12 = 12 ~ + A~ 
Re(exp  (rjt) w i t h  ~fY~~ < <  1, c~ b e i n g  t h e  a n g u l a r  fre- 
q u e n c y ,  j = ~ / - 1 ,  a n d  t is t ime.  As a c o n s e q u e n c e ,  t he  
d i f f e ren t  q u a n t i t i e s  r e l a t ed  to m a s s  t r a n s p o r t  are  m o d u -  
l a t ed  a l lowing  def in i t ion  of  an  e l e c t r o h y d r o d y n a m i c  im- 
p e d a n c e :  OI/Ol2[L. u n d e r  po t en t i o s t a t i c  c o n d i t i o n s  (7-9). 

E H D  da t a  o b t a i n e d  for  d i f fe ren t  m e a n  ve loc i t ies  a n d  
p lo t t ed  as r e d u c e d  a m p l i t u d e  A(p)/A(o) vs. t h e  r e d u c e d  
f r e q u e n c y  p(p = o-/12 ~ are  s h o w n  i n  Fig. 7, c u r v e s  B, C, D, 
for  t he  f e r r o c y a n i d e  o x i d a t i o n  o n  pas s ive  i ron  in  perch lo-  
ric, sulfur ic ,  a n d  p h o s p h o r i c  so lu t ions .  Fig. 7A r e p r e s e n t s  
t he  t heo re t i c a l  c u r v e  for  a d i f fus ion -con t ro l l ed  e lectro-  

p e r c h l o r i c  a n d  su l fu r ic  ac ids  t he  da ta  c an  b e  r e d u c e d  b y  
t he  d i m e n s i o n l e s s  p a r a m e t e r  p, w h a t e v e r  t h e  ~ v a l u e  is, 
b e t w e e n  200 a n d  2000 rpm.  Never the l e s s ,  for  su l fu r ic  so- 
l u t i o n  (curve  B), t h e  c u r v e s  are  t r a n s l a t e d  f r o m  t h e  theo-  
re t ical  cu rve  (curve  A) t o w a r d  t h e  low p va lues .  In  t he  
case  of  p h o s p h o r i c  so lu t i on  (curve  D), in  a d d i t i o n  to t he  
t r ans l a t ion ,  a s l igh t  sh i f t  of  t h e  da ta  is o b s e r v e d  t o w a r d  

chemical reaction (7-9). Figure 7B and 7C shows that for 
LLI , i ,,,,,,I , , ,,,,iiI ~ I ~l 
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Fig. 7. Reduced amplitude of the potentiostatic EHD impedance. Fer- 
rocyanide concentration: 1 mM. A: Theoretical curve. B: Fe/1M HCIO4;E 
= 0.65V. C: Fe/O.SM H2SOr = 0.4V. D: Fe/1M H3PO4;E = 0.65V. 
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Fig. 6. I - '  vs. ~ - , 2  plots for the ferrocyanide oxidation on passive 
iron for different electrolytes. + + + :  1M H3P04; E = 0.65V.  & & & :  
0.SM H2SO4;E = 0.6V. 0 0 0 :  1M HCIO4;E = 0.35V. 1 mM Fe(CN)6K4. 
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the low p values when fi changes from 200 to 600 rpm. 
However, changes of ~ from 600 to 2000 rpm produce no 
additional translation of the curves. Phase shift vs. re- 
duced frequency plots confirm these observations. 

It was shown that a translation of the data toward the 
low p values as ~ increases characterizes the EHD imped- 
ance of a reaction taking place on an electrode where a 
solid porous layer acts as a barrier between the active sur- 
face and the electrolyte (10). A new feature from the EHD 
impedance of the ferrocyanide oxidation on passive iron 
in sulfuric solutions is the reduction of the data at differ- 
ent ~ to a single curve translated from the theoretical one. 
The EHD results may be analyzed together with the ob- 
servations described in Ref. (1). From the short t ime re- 
sponse of the current to an angular velocity transient (Fig. 
2 and 3), it could be concluded that the electrode behaves 
like a usual mass-transfer-limited interface in the mixed 
kinetics domain. However, the long time current/time 
profile under  constant angular velocity (staircase profile) 
suggests a simultaneous effect of erosion as a conse- 
quence of frictional shearing stress and/or centrifugal 
forces acting on a loosely structured film. A possible ex- 
planation of the EHD diagrams in the case of sulfuric so- 
lutions is also based on the presence of a loosely struc- 
tured film whose thickness decreases as ~ increases. 
This film should attain a more solid structure, in the case 
of phosphoric solution, leading to a nonreducibility of the 
EHD experimental  data for ~ values of 200 and 600 rpm. 
For greater angular velocities, the film thickness depen- 
dence on ~ reoccurs. 

Mechanical damage to the passive iron/acid solution 
interface can also be induced by ultrasonic waves (11). 
This could be extremely relevant to erosion-corrosion 
processes. 

The electrochemical impedance diagrams for the oxida- 
tion of ferrocyanide on passive iron in the different solu- 
tions can be analyzed as a parallel combination of the 
film response itself and of the electrochemical oxidation 
taking place on its surface. The impedance diagram char- 
acteristic of the iron passive system in acid media is 
shown in Fig. 8A. As discussed previously (1), it consists 
of three frequency domains: a capacitance loop at rela- 
tively high frequencies (HF capacitive loop), an inductive 
lopp at medium frequencies (MF domain), and a capaci- 
ti~ce domain at low frequencies (LF capacitive branch). 
The HF loop can be characterized by its real axis inter- 
cept RHF. 

In Fig. 8B is shown the impedance diagram for the oxi- 
dation reaction alone, calculated by subtracting the con- 
tribution of the passive electrode in the case of sulfuric 
acid at a potential where a mixed kinetics takes place. A 
fraction of a transfer reaction loop, at high frequencies, 
followed by a diffusion loop are observed. From the fre- 
quency spacing on the latter and the diffusivity coef- 
ficient (Table I), a 8 value of 90 /~m is found for t2 = 110 
rpm. It can be ascribed to the diffusion layer in the 
solution. 

At low frequencies, there is an increase of the imped- 
ance in the frequency region interfering with the diffu- 
sion loop (Fig. 8B). If ferrous ions are present in the solu- 
tion (from the active/passive transition), the mean current 
decreases during the impedance measurement  in the low 
frequency domain (f < 1 mHz), changing the steady-state 
polarization conditions. Probably, the film growth pro- 
cess induces the precipitation of (Fe(CN)6)2Fe3, blocking 
the access of ferrocyanide to the active surface. 

Fe(II) to Fe(III) oxidation.--Contrary to the observation 
in alkaline solutions (pH 8.4) (12, 13), the current of the 
passive iron/ferrous ion system in sulfuric and perchloric 
solutions depends on potential. 

In the case of sulfuric solutions, two potential regions 
are distinguished, as shown in Fig. 9. In the first one, the 
current increases linearly with potential. In the second 
one, for potential more anodic than 0.7V, a Tafel relation- 
ship is verified. The presence of these two domains is in- 
dependent  of the polarization direction. Furthermore, the 
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Fig. 8. A: Complex impedance diagram, Fe/0.SM H2SO4;E = 0.3V. B: 

( O O 1 )  Experimental complex impedance diagram for the oxidation of 
ferrocyanide 1 mM on Fe/0.SM H2S04, E = 0.3V, I = 14.6/~A, ~ = 112 
rpm. (OQO)  Complex impedance diagram relative to the oxidation of 
ferrocyanide calculated by subtracting the contribution of the passive 
film (see text). 

same results are obtained if the electrode is first 
passivated at each potential and then ferrous ions are 
added. In the case of the Fe/HC104 system, only the first 
domain is accessible (Fig. 9) since at higher potentials a 
transpassive dissolution occurs. 

At constant potential, the current increases linearly 
with the ferrous ion concentration (14). Nevertheless, the 
ratio of the oxidation current to the passive current is 
practically the same in sulfuric and perchloric media. In 
agreement with the passive current ratio, for the same po- 
tential and ferrous ion concentration, the oxidation cur- 
rent is 110 times greater in Fe/0.5M H2SO4 than in Fe/1M 
HC10~ (Fig. 9). This behavior strongly differs from that 
observed in a solution containing ferrocyanide ions. The 
presence of ferrous ions seems to interfere with the film 
properties in such a way as to restrain the rate of charge 
transfer to a level correlated with the initial passive cur- 
rent. The formation of a ferrous-enriched layer is ex- 
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Fig. 9. Relation between potential and current for: ( 1 1 t )  Fe/0.SM 
H2SO4 + 0.14M Fe(ll), and (OOQ)  Fe/1M HCIO4 + 0.14M Fe(ll). 
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pected from the cation substi tution properties of iron ox- 
ides and oxyhydroxides (15). Consequently, the slow 
transformation of the film could lead to a change in the 
current. For instance, the Fe/0.5M H2SO4 system reacts 
stepwise to a ferrous ion addition. However, when the 
electrode is passivated in the first potential region, after 
the first sudden increase, the current evolves slowly. 
After 5 days of polarization, the current triples its initial 
stepwise value. 

As proved by Raman spectroscopy, after 68h of polari- 
zation in the presence of ferrous ions, the layer transfor- 
mation leads to pure magnetite as the potential ap- 
proaches the transition domain in Fig. 9 (0.7V). Contrarily, 
at the same potential and polarization time, Raman spec- 
troscopy reveals a mixture of hematite and magnetite in 
the absence of ferrous ions (16). 

In other words, the transition observed around 0.7V 
may be interpreted as a critical potential at which perco- 
lation (17) gives rise to a bulk conductivity in the layer. 

It is noticeable that this change in the film properties 
detected by redox and optical measurements is not re- 
lated to any observable modification of the electrochem- 
ical behavior of passive iron. This could be easily under- 
stood by considering that optical and electronic behavior, 
on one hand, and ionic transport involved in passive cor- 
rosion, on the other hand, are related to the properties of 
the passive film material at two different scales. 

As is shown in Fig. 10, the impedance diagram in this 
first potential domain consists of a high frequency capac- 
itance loop and a LF domain, characterized by a 45 ~ 
straight line, suggesting a diffusion limiting process. The 
RHFI product is close to 100 mV, as in the case of passive 
iron in absence of ferrous ions (1), in agreement with an 
oxidation current depending on the same process as  the 
passive current. 

In  this potential domain as the current rises linearly 
with the potential (Fig. 9), the low frequency limit of the 
impedance must  tend to a real constant value. From the I 
vs. E plot (Fig. 9), a resistance of 20 k~ is calculated as the 
limiting value of the impedance for the Fe/0.5M H2SO4 + 
0.14M Fe(II) system. For the Fe/1M HC104 + 0.14M Fe(II) 
system, a limiting resistance of 3 M~ is obtained. Never- 
theless, it is not possible to attain the low frequency limit 
of the impedance since at frequencies lower than 1 mHz 
the measuring signal by itself starts to increase the mean 
dc current, thus changing the polarization condition. 
There is an interaction, in the low frequency domain, be- 
tween the film processes (film growth) and the kinetics 
of the oxidation reaction. This interaction is not expected 
from the potentiostatic polarization curves' showing little 
hysteresis. 

Anion effect.--It is well known that the physicochem- 
ical properties of colloidal dispersions of iron oxides in 
aqueous solutions are strongly influenced by the 
counterion adsorption (18-24). Its influence depends on 
pH according to the point  of zero charge value (pzc: pH at 
which the adsorbed H ~ concentration equals the adsorbed 
OH-  concentration in the absence of specific ion adsorp- 
tion). In the case of hematite, one of the possible film 
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Fig. 10. Complex impedance diagram for Fe/0.SA4 H~SO4 + 0.05M 
Fe(ll); E = O.5V; I = 14.7 p.A. 

constituents, the pzc is placed at near neutral pH (pH 8.5) 
(18, 19, 22-24). Then, according to the pH of the solution, 
anions or cations will be adsorbed. The acid domain is 
influenced by anion adsorption. The ion-surface interac- 
tion is strongly related to the surface properties and to the 
nature of the ion, principally its electrostatic field 
strength (charge-to-size ratio); according to this, for a 
given surface there are two different types of interactions. 
The first one occurs with ions having a high electrostatic 
field, which is, therefore, a structure promoter for the 
surrounding water molecules. The second type includes 
large ions with relatively weak field strength, which are 
less heavily hydrated and therefore act as structure break- 
ers (28). 

According to adsorption studies on colloidal hematite, 
chloride, sulfate, perchlorate, and phosphate anions can 
be classified according to their increasing interactions 
with the surface as follows: chloride ~ perchlorate < sul- 
fate < phosphate (19, 21, 28). Phosphate anion adsorption 
is so exceptionally strong that under  special conditions 
the phosphate becomes a potential-determining ion (19). 
Contrarily, the anions leading to pitting corrosion are not 
specifically adsorbed on the oxide surface. 

Anions are also known to play an important  role in the 
chemical synthesis of iron oxides and oxyhydroxides 
(25-27). They even affect the chemical nature of oxy- 
hydroxides (26, 27). For instance, chloride is known to in- 
duce BFeOOH formation. 

Anions affect the crystallization process as well in the 
chemical formation of magnetite (25, 27). For instance, 
chloride yields only exceedingly small magnetite 
particles. In contrast, sulfate allows magnetite particles of 
a broad range of diameters. 

It seems that this data can be extrapolated profitably to 
be applied to the passive film in various environmental  
conditions. Additional support  is provided by the fact 
that anion sequences are the same according to either 
their surface interaction with colloidal iron oxide, as 
stated above, or their effect on passive current, as empha- 
sized in Ref. (1). From these observations, it is possible to 
predict an important influence of cations on the iron 
passive current a t p H  > 8.5. It is noteworthy that pH 8.5, 
boric-borate buffered solutions, in which most of passiv- 
ity investigations was carried out, corresponds precisely 
to the pzc of hematite and magnetite (18, 19, 23, 24). At 
this particular pH, the solubility of the oxides attains its 
min imum value (23,24). 

Therefore, according to these basic properties of col- 
loidal iron oxides, two interactions with the film material 
are to be considered: (i) surface interactions, (ii) bulk in- 
teractions during formation modifying the chemical and 
crystallographical properties of the film. 

In order to investigate which of these effects is more 
relevant to the passive iron electrode, two types of experi- 
ments were performed: (i) measurement  of the steady- 
state passive current as a function of the composition of a 
binary mixture of anions, (ii) analysis of composition 
transients. 

Binary mixture.--Once the electrode is passivated in a 
given electrolyte (A), increasing amounts of a different 
acid solution (X) were successively added to the solution 
under  potentiostatic conditions. A steady-state value is 
reached after each addition. Figure 11 shows the normal- 
ized current Ip([X]/[A])/Ip([X]) as a function of electrolyte 
composition [X]/[A]. In  both cases investigated, the bi- 
nary mixture is enriched in the acid giving rise to the 
higher passive current in pure solutions, and an increase 
of the normalized current is observed. Nevertheless, per- 
chlorate is more easily displaced by sulfate than sulfate is 
by phosphate. Unfortunately, in contrast with colloid 
studies (21, 29), we have no access to the surface concen- 
tration of anions, making the analysis impossible in terms 
of adsorption isotherms. 

Composition transients.--To study how anions influence 
the passive film to lead to a current strongly dependent  
on the solution composition (1), the effect of composition 
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transients was investigated. After 15h of passivation at 
0.35V in 1M H2SO4 + Na~SO4, pH 0.95 solution, the electro- 
lyte was changed to 1M H3PO4 under polarization using 
the electrochemical cell described in the Experimental  
section (Fig. 1). The current/time curve observed in Fig. 
12A shows that the Ip value characteristic of the Fe/1M 
H3PO4 system is attained after about 30 min. The same 
type of curve is observed when 1M HC104 is replaced by 
1M H2SO4, i.e., when the replacement is in the direction of 
increasing I,. However, when this sequence was inverted 
in the direction of diminishing I,, the current/time profile 
strongly changes. The major part of the current change is 
recorded in the first minutes following the composition 
transient. Finally, a slow process lasting several hours 
leads to the steady-state I, value characteristic of the 
passive iron in the new solution. As shown in Fig. 12B, 
80% of the current change occurs in the first minute. The 
first region of the current/time curve is not influenced 
by the angular velocity of the electrode. Contrarily, the 
second region depends on the angular velocity: if the 
same experiment  as shown in Fig. 12B is repeated with a 
rotating electrode (~ = 2.800 rpm), the second domain of 
the transient is reduced by about 4h. 

These results clearly establish the dynamic behavior of 
the passive iron/acid solution interface with respect to a n -  
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ions. However, both types of transients cannot be ex- 
pressed as a unique analytical function in the full t ime 
range, which reveals the complexity of the process. Nev- 
ertheless, the transient toward lower passive current (Fig. 
12B) clearly shows at least two types of interactions. The 
first one may be related to a fast anion bonding to the 
film surface which blocks the passive dissolution. The 
second slow part of the transient, affected by the angular 
velocity, may be related to anion penetration in the film 
itself. As supported by the effect of the angular velocity, 
the part of the film under  hydrodynamic influence is in- 
volved to some extent  in this bulk process. A change in 
the film composition induced by anions can be also con- 
sidered (30). 

C o n c l u s i o n  

A large amount of experimental  data relevant to the 
properties of the film electrolyte interphase have been 
obtained, allowing one to define a transition region of ap- 
preciable thickness and cohesion. This view lies in the 
sensitivity of the electrochemical behavior to the angular 
velocity of the disk electrode under the following condi- 
tions: (i) dissolution in the passive state, (ii) redox kinet- 
ics for which the steady state and nonsteady state (EHD 
impedance) in the laminar flow regime show the exist- 
ence of a loosely structured boundary layer, (iii) long- 
term response of the passive current to transients of elec- 
trolyte composition. 

It is noticeable that the dependence of the layer on the 
electrolyte composition defined in terms of its transport 
and hydrodynamic behavior obeys the same sequence as 
the passive current densities. Hardly detectable in the 
perchloric solution, it reaches its maximum effect in the 
phosphoric medium. Anions penetrate this layer, 
contributing to its properties. They are incorporated i n t o  
its structure in such a way that they are exchanged with 
anions in solution. Furthermore,  redox reactions allowed 
by the good electronic conductivity of the internal film, 
are controlled by mass transfer across this region. An in- 
tricate situation is found in the case of ferrous anions, a 
possible constituent of the layer, probably inducing 
modifications of its ionic and electronic properties. 

In this paper, a clear at tempt is made to establish a con- 
nection between passive iron and some basic properties 
of iron oxides, especially in their colloidal state. It seems 
that this approach of passivity, even though straightfor- 
ward in the framework of the oxide theory, was not ex- 
plored in the literature. The main features of anion inter- 
action with passive film have been related to their 
adsorbability on the surface of micelles. A conclusion re- 
garding the existence of a transition layer on top of the 
passive film is not entirely original since the possible 
existence of a gel-like or polymeric structure in neutral 
media was invoked by other authors (31-33). A consid- 
eration of colloidal iron oxides also strongly supports 
this description and may provide some kind of new ap- 
proach to passivity studies. It is known that hematite 
particles in aqueous solutions consist of a bulk anhydrous 
oxide surrounded by a hydrated interface (23). Goethite 
(~FeOOH) is proposed (23) for the hydrated layer since it 
is a more stable oxYhydroxide and it has a structure 
related to hematite with a lower symmetry. The 
~FeOOH lattice is characterized by two FeO layers be- 
tween OH planes, giving an alternate sequence a s :  

OH--FeO---FeO--OH �9 OH--FeO. This lamellar structure, 
including H-bonds between OH neighbors, allows wa~er 
molecules and ions to be intercalated, resulting in a mate- 
rial of a highly flexible composition (15). Protection 
conferred by some elements such as Mo may be attrib- 
uted to their accommodation in this structure by cation 
substitution (34). 

The resulting picture of the passive film is that of a 
two-layer structure: an inner region [dealt with in Ref. 
(1)], nearly independent  of the solution composition, in 
which most of the electrical field is located; and an outer 
transition region accommodating the composit ion effects 
and defining a local environment  in which growth and 
dissolution of the underlying layer take place. 
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Ellipsometric Study of Anodic Oxide Films on Titanium in 
Hydrochloric Acid, Sulfuric Acid, and Phosphate Solution 

Toshiaki Ohtsuka, Minoru Masuda, and Norio Sato* 
Electrochemistry Laboratory, Faculty of Engineering, Hokkaido University, Sapporo 060, Japan 

ABSTRACT 

The anodic oxide film on t i tanium has been studied by ellipsometry and SEM observation. Ex situ multiple-angle- 
of-incidence and in situ ellipsome_tric measurements allow the complex refractive index to be estimated at n = 2.3- 2.9i 
for the t i tanium substrate and at n = 2.1-0.03i for the anodic oxide film at wavelength 546.1 nm. The anodic oxide film 
thickness increases linearly with potential in a range from -0.55 to 7.5V (RHE) at the rate of 2.8 nm V - '  in phosphate so- 
lutions o fpH 1.6-12.1, 2.5 nm V - '  in 0.1M HC1 solution, and 2.4 nm V- '  in 0.1M H2SO4 solution. At potentials more posi- 
tive than 7.5V, the film breaks down, leading to the formation of a thick oxide film probably due to an increased ionic 
current through the breakdown sites. The film composition is estimated to be TiO2(H20)l.4 or TiO0.6(OH)2.8, which sug- 
gests the presence of hydroxyl bridge in its bonding structure. 

The physicochemical properties of anodic oxide films 
formed on t i tanium are of importance in understanding 
the corrosion stability and photoelectrochemical activity 
of t i tanium oxide and oxide-covered titanium, which 
have attracted interest in recent years in the field of 
photoelectrode materials. 

There has been a number  of studies on the passivation 
of t i tanium dealing with the mechanism of active dissolu- 
tion and active-passive transition in acidic aqueous media 
from electrochemical and impedance measurements (1-6). 
Armstrong et al. (1) and Harrison et al. (7) found that tita- 
n ium dissolves producing Ti (III) ion in the active poten- 
tial region and Ti (IV) ion in the passive potential region. 
Impedance measurements have shown that the electrode 
capacitance of t i tanium decreases when the passivation 

*Electrochemical Society Active Member. 

manifests itself on the polarization curve (1, 7). The film 
formation accompanying passivation was investigated in 
aqueous and anhydrous solutions by Laser et al. (8) and 
Smith et al. (9) using ellipsometry. 

Many attempts have also been made to produce thick 
oxide films by anodization at high current efficiency. In 
some respects, t i tanium behaves as a typical valve metal, 
but  the anodic oxide film is electrochemically less stable 
than the barrier films formed on A1, Ta, and Nb (10). Mc- 
Aleer et al. (10) investigated by optical interferometry the 
breakdown phenomenon during potentiostatic anodiza- 
tion of t i tanium at high scan rate and found that both ox- 
ygen evolution and rapid film thickening take place 
when the film breaks down. Yahalom et al. (11) investi- 
gated by use of TEM the anodic oxide film of t i tanium 
stripped from the metal substrate and detected the ana- 
tase type of diffraction pattern for the anodized oxide 



788 J.  E l e c t r o c h e m .  Soc.:  E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  A p r i l  1985 

film sub jec ted  to b r e a k d o w n  and crystallization. Dyer  
et al. (12) emp loyed  e l l ipsomet ry  to s tudy the  film growth  
on t i t an ium dur ing  galvanosta t ic  oxida t ion  and obta ined  
the  re la t ionship  b e t w e e n  film thickness ,  cell  voltage,  
we igh t  gain, and anodic  charge  passed.  

In  this work,  the  re la t ion be tween  potent ia l  and film 
th ickness  is e x a m i n e d  for the  anodic  ox ide  films fo rmed  
on t i t an ium in aqueous  solut ion of  var ious  p H  va lues  in a 
wide  range  of  potent ia l  f rom 0 to 15V, inc lud ing  the  passi- 
va t ion  and anodizat ion regions.  Fur the rmore ,  the  film 
b r e a k d o w n  is d i scussed  on the  basis of  the  th ickness  
m e a s u r e m e n t s  and e lec t ron  microscopic  observa t ion  of  
the  film. 

E x p e r i m e n t a l  

A t i t an ium shee t  of 99.85 we igh t  pe rcen t  (w/o) pur i ty  
(impurity:  C = 0.009, N = 0.004, O = 0.101, H = 0.0013, and 
Fe  = 0.036%) was cut  to spec imens  10 • 15 m m  wi th  a 
small  handle.  The  spec imens  were  mechanica l ly  pol i shed  
through to 2000 grid emery  paper,  degreased  wi th  ace tone  
in an ul t rasonic  cleaner,  and annealed  in v a c u u m  at 1030 
K for 3h. They were  fur ther  pol ished by a lumina  abra- 
sives th rough  to 0.5 ~ m  and finally e tched  in an aqueous  
mix tu re  of  H F  (2 v o l u m e  pe rcen t  [v/o]) and HNO3 (4 v/o) 
for 2s at room tempera ture .  Af ter  polishing,  the  small  
hand le  of  the  spec imen  connec ted  wi th  a lead wire  was 
covered  with  si l icon rubbe r  sealant. 

Elec t ro ly tes  used  are aqueous  solut ions of  0.1M (mol 
d m  -~) H2SO4 (pH 0.9), 0.1M HC1 (pH 1.1), and four  mix-  
tures  of  0.1M H3t504 and 0.1M Na3PO4 (pH 1.6, 4.6, 6.9, and 
12.1). The  solut ions were  prepared  f rom doubly  dist i l led 
water  and analyt ical-grade reagents.  Before  t ransfer  into 
the  cell, the  solut ions were  deoxygena ted  by in jec t ing  
purif ied n i t rogen  gas for more  than  24h in solut ion reser- 
voirs,  each of  wh ich  is connec ted  wi th  the  cell t h rough  a 
s topcock.  

The  electrolyt ic  cell  was a Py rex  vessel  100 cm 3 in ca- 
paci ty  wi th  two optical  quar tz  windows  f ixed at an angle  
of  140.64 ~ . 

T i t an ium ion d issolved into the  solut ion dur ing  anodic  
ox ida t ion  was analyzed by  a color imetr ic  m e t h o d  us ing 
h y d r o g e n  peroxide.  All m e a s u r e m e n t s  were  carr ied out  at 
298.3-+0.5 K. The  e lec t rode  potent ia l  of t i t an ium was mea- 
sured in re ference  to a Ag/AgC1 e lec t rode  and conver ted  
into the  revers ib le  hyd rogen  e lec t rode  potent ia l  scale in 
the  same solut ion at PH2 = 1 a tm (RHE). 

Two types  of manua l  e l l ipsometers  were  used,  one of  
wh ich  was a ver t ica l  type  of  e l l ipsometer  (Rudol f  Com- 
pany Type  43702-200E) for ex si tu measu remen t s  in air by  
the  mul t ip le-angle-of- inc idence  (MAI) m e t h o d  (13) and 
the  o ther  a hor izontal  type  of  e l l ipsometer  (Mizojiri Com- 
pany  Type  DV 36) for in si tu measu remen t s  in the  electro- 
lyric cell. For  these  e l l ipsometers ,  filters were  used  to iso- 
late a 546.1 n m  l ight  b e a m  for me rcu ry  lamps.  The  
polar izer  and compensa to r  were  p laced in the  inc idence  
l ight  path, and the  analyzer  and de tec tor  in the  ref lected 
l ight  path. The ex si tu MAI m e t h o d  was adopted  to deter- 
mine  the  optical  u n k n o w n  parameters  of  the  oxide-  
covered  t i t an ium; / . e . ,  the  c o m p l e x  refract ive  i ndex  of  ti- 
t an ium substrate  n3 = n3-ik3, c o m p l e x  refract ive  i ndex  of  
oxide  film n2 = n2-ik2, and film th ickness  d. The  MAI 
m e a s u r e m e n t  was carr ied out  at four  di f ferent  angles  of  
incidence,  4), = 45.0 ~ 55.0 ~ 65.0 ~ and 75.0 ~ for the  elec- 
t rode  which  had been  anodical ly  oxidized,  r insed  wi th  
doubly  dist i l led water ,  and then  s tored in a des iccator  at 
room tempera ture .  Calcula t ion of  five u n k n o w n  parame-  
ters (n3, k3, n2, k2, and d) or th ree  u n k n o w n  parameters  (n~, 
k2, and  d) was m a d e  to min imize  the  Standard devia t ion  

N 

s t d d e v  = [ ' ~  (2xrri M--2~i~iw)2 + (AiM--AIT)2 ] 1 / 2 2 N - 1  [1] 

where  ~ i  M and A~ M are, respect ively ,  expe r imen ta l  va lues  
of  the  re la t ive  ampl i tude  ratio and the relat ive phase  dif- 
fe rence  at an angle  of  i nc idence  ~b,.~, and ~T  and /~v are 
the  theoret ical  values.  The  reason for the  use  of  a factor of  

two for �9 in Eq. [1] is that  �9 m u s t  have  an error  l imi t  one- 
ha l f  as large as that  of  4, because  the  �9 and h have  been  
ob ta ined  f rom the  az imuths  of  polarizer,  P, and analyzer, 
A, unde r  the  ex t inc t ion  condi t ion  in wha t  is k n o w n  as the  
first zone: T = A and A = 2P + 90 ~ , where  A and P have  
been  measu red  at a s imilar  degree  of  error  l imit .  The  in 
s i tu m e a s u r e m e n t  was c o n d u c t e d  at an angle  of  inc idence  
~bl = 70.32 ~ and analysis was m a d e  by mak ing  exper imen-  
tal loci  of  �9 and h fit theore t ica l  curves  c o m p u t e d  us ing 
the  optical  pa ramete rs  es t imated  by the  MAI method .  All 
the e l l ipsometr ic  analysis calculat ions were  carried out  at 
Hokka ido  Univers i ty  Comput ing  Center  (14). 

R e s u l t s  

Polar iza t ion  curve . - -Figure  1 shows the  anodic  current  
dens i ty  (c.d.) measu red  after l h  polar izat ion of  the origi- 
nal  spec imen  at every  des igna ted  potent ia l  in 0.1M HC1 
solut ion and in 0.1M H2SO4 solution. The  average  dissolu- 
t ion c.d., idiss, is also plotted,  which  was de te rmined  f rom 
the  a m o u n t  of Ti(IV) ion  d issolved into solut ion dur ing  l h  
polar izat ion in 0.1M H2SO4 solution. In  0.1M H~SO4 solu- 
tion, the  act ive-passive t ransi t ion is observed  to occur  at 
-0.2V. In  0.1M HC1 solution,  however ,  no act ive  dissolu- 
t ion is observed.  The  pass iva t ion  manifes ts  i tself  in a po- 
tent ia l  range f rom -0.2  to 3.0V, beyond  which  oxygen  ev- 
o lut ion takes  place. In  the  oxygen  evolu t ion  potent ia l  
reg ion  the  polar izat ion curve  exhibi ts  the  Tafel  s lope as 
large as 2.3 V d e c a d e - ' ,  which  is m u c h  greater  than  that  
of o ther  t ransi t ion metals,  such  as iron, nickel ,  and cobalt.  
Such  a large Tafel  s lope is p robab ly  due  to the  large 
bandgap  energy  of  s emiconduc t ive  oxide  films fo rmed  
on t i tanium.  In  0.1M HC1 solution,  pi t t ing corros ion was 
obse rved  at potent ials  more  posi t ive  than  l l V ,  and the  an- 
odic current  greater  than  1 x 10 -8 A cm -~ p r o d u c e d  whi te  
cor ros ion  precipi ta tes  s p e c k l i n g  the  Specimen surface 
sl ightly colored dark b lue  due  to in te r fe rence  of  light. The  
average  dissolut ion c.d. measu red  for l h  polar izat ion in 
0.1M H2SO4 solut ion increases  sl ightly wi th  potential ,  
r each ing  1 • 10 -6 A cm -2 at 12V. In 0.1M H2SO4 solution, 
the  a m o u n t  of  Ti d isso lved  in the act ive potent ia l  region 
was found to be equ iva len t  to Ti(III) dissolut ion.  The  po- 
lar izat ion curve  was also measured  in phospha te  solu- 
t ions,  which  was similar  to that  obta ined  in 0.1M HC1 so- 
lu t ion (see Fig. 6). 
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Fig. 1. Anodic current and average dissolution current as functions 
of potential for titanium electrode in 0.1M hydrochloric and 0.1M sul- 
furic acid solutions. The anodic current was measured at the end of lh 
potentiostatic oxidation of the original specimen, and the average dis- 
solution current was estimated from the amount of Ti(IV) ion dis- 
solved into solution during lh oxidation. 
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El l ipsometry . - -To  analyze the surface oxide film by 
ellipsometry, the complex refractive index, n3 = n3-ik3, of 
the substrate metal must  be known. In this work, the ex 
si tu MAI method was applied to estimate the optical pa- 
rameters of t i tanium metal and a thin air-formed oxide 
layer on the polished specimen surface. The result is 
shown in Fig. 2, where comparison is made between the 
measured values and the theoretical curves estimated by 
the least squares method. The optical parameters thus es- 
t imated with a mirror-like t i tanium surface provide the 
complex refractive index ~3 = 2.3 (-+0.1) - 2.9(+0.1)i for ti- 
tanium metal, n2 = 2.0(-+0.1) - 0.03 (-0.015)i for an air-- 
formed oxide layer, and the film thickness d = 2.9(---0.5) 
nm. Figure 2 also shows the result obtained with a tita- 
nium electrode anodically oxidized at 7.35V in p H  6.9 
phosphate solution, from which the values of n = 
2.13-0.03i and d = 25.3 nm are determined with the above 
complex refractive index of ti tanium metal. Similar ex 
s i tu measurements  by the MAI method were performed 
for a number  of t i tanium electrodes anodically oxidized at 
various potentials in pH 6.9 phosphate solution and in 
sulfuric acid solution, and the average value of the com- 
plex refractive index of the anodic oxide film is found 
from the measurements  to be n2 = 2-2(+-0.1) - 0.03(-0.005)i. 

Figure 3 shows the experimental  loci of ~I, vs. A ob- 
tained from in s i tu ellipsometric measurements  for a 
number  of anodically oxidized titanium electrodes in a 
potential region from 1 to 10V in 0.1M HC1 and 0.1M 
H2SO~ solutions. The solid line in Fig. 3 indicates a theo- 
retical line along which a film with n2 = 2.10-0.030i grows 
on the substrate with n3 = 2.3-2.9i. Similar loci of ~I, vs. h 
were obtained also in phosphate solutions at various pH 
values. The results are given in Fig. 4 along a theoretical 
line corresponding to the complex refractive index of the 
film formed in 0.1M H2SO~ and 0.1M HC1 solution. As 
shown in Fig. 3 and 4, there is a fairly good agreement  be- 
tween the experimental  loci and the theoretical line for 
the range of film thickness thinner than 30 nm. A slight 
deviation of the experimental  loci from the theoretical 
line is observed for the film thicker than 30 nm, which 
may be attributed to the surface roughening described 
later. This deviation, however, appears to exert only a 
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Fig. 3. Comparison between experimental ~ and A measured in situ 
in 0.1M hydrochloric and 0.1M sulfuric acid solutions at an angle of 
incidence ~1 = 70.32 ~ and a theoretical ~ vs. h curve calculated for 
a growing film with n2 = 2.1-0.031 on a substrate with n = 2.3-2.9/. 

slight influence on the thickness estimation so that the 
same complex refractive index is used to evaluate the 
film thicker than 30 nm. The optical parameters esti- 
mated under this in s i tu condition is in agreement  with 
the optical parameters obtained from the ex s i tu M A I  
measurement,  except  for a small difference in the refrac- 
tive index of the oxide film, n2. The change of the oxide 
film that might occur during storage was checked by 
MAI ellipsometry after removal of the specimen from the 
electrochemical cell and found to be inappreciable after 5 
days of storage in desiccator. 

Fi lm th ickness . - -From the results shown in Fig. 3 and 4, 
the film thickness can be estimated. Figure 5 and 6 show 
the film thickness as a function of potential in 0.1M HC1, 
and 0.1M H2SO4, and phosphate solutions. Figure 6 also 
shows the anodic c.d. measured after lh  polarization at 
constant potential. The film thickness is observed to in- 
crease almost linearly with increasing potential up to 
7.5V. At potentials higher than 7.5V, the thickness in- 
creases more steeply with potential and the reproducible 
results of thickness measurements  are hardly obtained. 

In the nearly linear thickness-potential curves a slight 
break is observed at about 3V, showing the film thick- 
ness/potential ratio 2.6 nm V -I at 0.0-3.0V, and 2.4 nm V -1 
at 3.0-7.5V in 0.1M HC1 solution, and 2.5 nm V - '  at 
0.0-3.0V and 2.3 nm V -~ at 3.0-7.5V in 0.1M H2SO4. No 
such break is seen in phosphate solutions, showing the 
thickness/potential ratio 2.8 nm V -1 at 0.0-7.5V. 
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Fig. 4. Comparison between experimental �9 and h measured in situ 
in phosphate solutions and o theoretical �9 vs. A curve. 
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Fig. 5. Film thickness as a function of potential for the anodic oxide 
film formed on titanium by lh potentiostatic oxidation in 0.1M hydro- 
chloric and 0.1M sulfuric acid solutions. 

The ratio of thickness to anodic charge passed was also 
measured by stepwise potential increase with a time in- 
terval of lh. The result is shown in Fig. 7, from which the 
ratio is found to be 0.85 nm cm 2 mC-I in pH 6.9 phosphate 
solutions. A slight scatter observed at 4.60V is due to the 
oxygen evolution reaction which consumes a part of an- 
odic charge. 

The galvanostatic film growth was also studied in pH 
6.9 phosphate solution. Figure 8 shows the potential rise 
and film growth at constant anodic current. The thick- 
ness/charge ratio is (d/Q) = 0.68 nm cm 2 mC -1 at 20/~A 
cm -2 and (d/Q) = 0.71 nm cm 2 mC -1 at 5/~A cm -2, which 
are smaller than the (d/Q) = 0.85 nm cm 2 mC -1 obtained 
for t h e  potentiostatic film. This difference is probably 
caused by the film dissolution whose rate is dependent 
on the anodic c.d. (15). The linear potential rise and film 
growth are seen to level off at potentials more positive 
that 3V, where the oxygen evolution is taking place. The 
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complex refractive index estimated for the galvanostatic 
film was found to be n2 = 2.10-0.03i, which is consistent 
with the index obtained for the potentiostatic film. 

Discussion 

Complex refractive index.--The conventional ellip- 
sometry at a fixed angle of incidence requires the oxide- 
free metal surface to estimate the complex refractive in- 
dex of the metal. Smith et al. attempted to estimate by 
conventional ellipsometry the optical constant of a tita- 
nium electrode in HF solution where any surface oxide 
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layer would dissolve, leading to surface roughening. The 
electrochemical reduction of surface oxides, usually em- 
ployed for iron and other metals, is incapable of produc- 
ing the oxide-free bare t i tanium surface because of forma- 
tion of surface hydride layer during cathodic reduction. 

In this work, MAI ellipsometry has been employed to 
estimate the complex refractive index of ti tanium sub- 
strate covered with a surface oxide layer. This method is, 
in contrast with the conventional ellipsometry, capable of 
determining the five unknowns,  n2, k2, d, n3, and k3, of a 
film-covered metal from a number  of measurable param- 
eters, 'I r and h, at different angles of incidence. 

The complex refractive index of t i tanium at wavelength 
546.1 nm found in the literature, shows some scatter (n3 = 
2.0-3.1, k3 = 2.0-3.7), as listed in Table I. The index ob- 
tained in this work is relatively small compared with the 
reported values except  by Andreeva (16) and Dyer et  al .  
(12). It is known that the index measured by ellipsometry 
is sensitive to the specimen surface. In this work, the tita- 
n ium specimen was slightly etched to remove a superfi- 
cial polishing layer without roughening the surface. 

The refractive index, n~, of the oxide film listed in 
Table I shows almost no scatter except  for a value re- 
ported by Laser et  al .  (8). The anodic oxide film is found 
to possess the refractive index smaller than that of crys- 
talline TiO2 whose refractive index is larger than 2.5 for 
anatase, rutile, and brookite (21). The small refractive in- 
dex may be attributed to the hydrated structure of the 
anodic oxide film. 

The extinction index, ks, of the anodic oxide film ob- 
tained in this work indicates that the film is slightly light 
absorptive at wavelength 546.1 nm, though the film has 
been claimed to be transparent in literature. The slightly 
light absorptive nature may be explained by assuming 
the presence of ionic and electronic defects in the film. 

F i l m  g r o w t h . - - T h e  film growth of anodic oxide on tita- 
nium has been reported to obey the high field ion migra- 
tion mechanism (22-24) 

i = io exp (B/~) [2] 

where io is ionic self-diffusion c.d. at zero field,/~ electric 
field strength, and B a constant given as follows 

B = z a F / R T  [3] 

In Eq. [3], z and a indicate, respectively, the ionic valency 
and the half-jump distance (or the activation distance) of 
migrating ion. The validity of Eq. [2] can be examined on 
the results of galvanostatic oxidation (Fig. 8), where the 
electric field is calculated from the values of (OE/Ot) and 
(od/Ot). 

Table I. Complex refractive indexes of titanium 
and its anodic oxide film 

Ref. n = n - ki Remarks 

Titanium substrate (~ = 546.1 nm) 
(16) 2.10-2.02i Ellipsometry 
(9) 3.05-3.66/ Ellipsometry 

(17) 2.5-3.4/a Reflectance and 
transmittance spectroscopy 

(18) 1.8-2.7i ~ Reflectance spectroscopy 
(19) 2.4-3.4/a Reflectance spectroscopy 
(12) 2.0-2.7i Ellipsometry 
(8) (2.7 2.8)- Ellipsometry 

(3.20 3.25)/ 
i20) 2.63-3.26i Ellipsometry 
Present work 2:3-2.9i Ellipsometry 

Anodic oxide film (~ = 632.8 nm) 
(9) 2.5-0.0/ Ellipsometry 

(10) 2.5-0.0i Reflectometry 
Anodic oxide film (X = 546.1 nm) 

(12) 2.1-0.0/ Ellipsometry 
(8) 2.4-0.0/ Ellipsometry 

(19) 2.2 (+0.05)- Ellipsometry 
0.0(+0.01)/ 

Present work 2.10-0.03i Ellipsometry 

a Interpolated value. 

\ at / [4] 

The E vs .  i relationship is given in Fig. 9, where the closed 
symbol indicates the result of potentiostatie lh  oxidation. 
From the plot in Fig. 9, the parameters of io and B in Eq. 
[2] are found; io = 7.7 (-+2.0) x 10 -H A em -~ and B = 24 
(-+5) nm V- ' .  The value of io is 100 times as large as that 
estimated by Johansen et  al .  (22) in aqueous ammonium 
borate solution and by Nishimura et  al.  (23) in aqueous 
chloride solution. Mizushima (24) reported a larger value 
of io in anhydrous ethylene glycol. The value of B is fairly 
close to that obtained by other workers (22-24). From the 
value of B, the half-jump distance is found to be 0.16 nm 
for the migration of Ti(IV) ion, which is close to one-half 
of the distance between neighboring Ti ions in the lattice. 

F i l m  b r e a k d o w n . - - T h e  l inear relationship between 
film thickness and potential obtained under P0tentiosta - 
tic conditions has been shown to break at potentials more 
positive than 7.5V (Fig. 5 and 6). The abrupt thickening of 
the film above 7.5V may be attributed to the creation of 
lattice defects which increase the ionic leakage current. 
Observation with a scanning electron microscope (SEM; 
JEOL JSM-255) shows nearly the same surface morphol- 
ogy before and after oxidation at potentials more negative 
than 5V. At potentials more positive than 5.5V, a crater- 
conglomerate morphology with a single-crater diameter 
of about 3 ~m is observed. Such a crater-like morphology 
was also reported by Yahalom et  al .  (11). At potentials 
more positive than 7.5V, the surface becomes rough, with 
a ripple-like appearance. From the surface observation 
described above, it appears that the breakdown of the 
anodic oxide film commences  at 5.5V, producing a num- 
ber of crater-like cracks, which will provide leakage paths 
for ionic current. The internal compressive stress induced 
by high field electrostriction will play an important  role 
in the film breakdown, as proposed in a paper by Sato 
(25). At potentials more positive than 7.5V, the ionic cur- 
rent concentrates at the cracks, forming a thick oxide 
layer, whose thickness for unit voltage becomes greater 
than that Of the film formed at more negative potentials. 

F i l m  c o m p o s i t i o n . - - D i f f e r e n t  models for the passive 
film on titanium have been proposed in literature, which 
assume either a unilayered or a multilayered structure. In 
this work, t he  unilayered model has been adopted, since 
the film was found to grow up along the theoretical curve 
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of the ellipsometric parameters drawn from a single-layer 
model. 

The potential at zero film thickness is found to be E = 
- 0.55 + 0.10V from the linear thickness-potential plot 
shown in Fig. 5 and 6. This potential is very close to the 
transition potential from Ti~O3 to TiO2 (26), suggesting 
that the passivation film is composed primarily of TiO2 
structure. From the large value of thickness-to-charge ra- 
tio and the small refractive index, it is suggested that the 
anodic oxide film contains some amount of water. Yaha- 
lom et al. (11) and Blondeau et al. (27) have observed elec- 
tron diffraction patterns corresponding to anatase TiO2 
for the anodic films formed at potentials more positive 
than 50V, where the film breakdown takes place. Blon- 
deau et al. (27) have also observed a quasiamorphous 
structure for the anodic oxide film formed at more nega- 
tive potentials. 

The thickness-to-charge ratio, d/Q = 0.85 nm cm 2 mC- ' ,  
in a potential region less positive than 3.6V is 1.5 times as 
large as the theoretical value, d/Q = 0.54 nm cm 2 mC- ' ,  
calculated from the density of crystalline anatase (21), p = 
3.84 g cm -3, assuming the roughness factor, r, to be unity. 
This indicates that the anodic oxide film is hydrated. If 
we write the composit ion of the film as TiO2(H20)y, the 
content of water, y, may be calculated by Eq. [5] 

Y = - MH~O [5] 

where Mvio2 and Ma2o are the molecular weights of TiO2 
and H20, respectively. By use of (d/Q) = 0.85 nm cm 2 
mC -1 obtained above and p = 3.2 g cm 3 measured by Dyer 
et al. (12), we obtain y = 1.4 and hence the composition of 
the anodic oxide film to be represented by TiO2 (H~O)~.4 
or TiO0.6(OH)2.s. From the composition estimated above, it 
is evident that the film contains a large number  of hy- 
droxyl bridges in its bond structure. The presence of hy- 
droxyl bridge may be confirmed by reversible absorption 
and desorption of hydrogen ions in the film observed by 
Dyer et al. (28). 

Conclusion 
The following conclusions may be drawn. 
1. The complex refractive index at wavelength 546.1 nm 

is found to be n = 2.3-2.9i for the t i tanium substrate and n 
= 2.1-0.03i for the anodic oxide film formed on titanium 
in aqueous solution. 

2. The anodic oxide film thickens linearly with increas- 
ing potential in a potential region from -0.55 to +7.5 vs. 
RHE under the condition of potentiostatic oxidation for 
lh. The rate of thickness increase with potential is 2.8 nm 
V -1 in phosphate solutions (pH 1.6-11.5), 2.5 nm V -1 in 
0.1M HC1 solution, and 2.4 nm V - '  in 0.1M H2SO4 solution. 

3. Breakdown of the anodic oxide film occurs at poten- 
tials more positive than 7.5V, beyond which a thick film 

is formed. The thickening of the broken film is attributed 
to an increased ionic leakage current at breakdown sites. 

4. The anodic oxide film is represented by TiO2(H20),.4 
or TiO0.6(OH)2.s, which contains a large density of hy- 
droxyl bridge in its bonding structure. 

Manuscript submitted July 23, 1984: revised manuscript 
received Nov. 27, 1984. 

Hokkaido University assisted in meeting the publica- 
tion costs of this article. 

REFERENCES 
1. R. D. Armstrong and R. E. Firman, J. Electroanal. 

Chem., 34, 391 (1972). 
2. E. J. Kelly, in "Proceedings 5th International Con- 

gress on Metallic Corrosion," N. Sato, Editor, p. 137, 
NACE, Houston, TX (1974); This Journal, 123, 162 
(1976). 

3. E. J. Kelly, ibid., 126, 2064(1979). 
4. J. P. Frayret, R. Pointean, and A. Caprani, Electro- 

chim. Acta, 26, 1783 (1981); ibid., 26, 1789 (1981). 
5. C. Caprani and J. P. Frayret, ibid., 24, 835 (1979). 
6. J. J. Kelly, ibid., 24, 1273 (1979). 
7. J .A.  Harrison and D. E. Williams, ibid., 27, 891 (1982). 
8. D. Laser, M. Yaniv, and S. Gottesfeld, This Journal, 

125, 358 (1978). 
9. T. Smith and F. Mansfeld, This Journal, 119, 663 

(1972). 
10. J. F. McAleeer and L. M. Peter, ibid., 129, 1252 (1982). 
11. J. Yahalom and J. Zahavi, Electrochim. Acta, 15, 1429 

(1970). 
12. C. K. Dyer and J. S. L. Leach, This Journal, 125, 1032 

(1978). 
13. T. Ohtsuka, Bull. Jpn. Inst. Metals, 20, 614 (1981). 
14. K. Kudo and N. Sato, Bull. Fac. Eng. Hokkaido Univ., 

61, 45 (1971). 
15. K. D. Allard and K. E. Heusler, J. Electroanal. Chem., 

77, 35 (1977). 
16. V. V. Andreev, Corrosion NACE, 20, 37 (1964). 
17. P. B. Johnson and R. W. Christy, Phys. Rev. B., 9, 5056 

(1974). 
18. D. W. Lynch, C. G. Olson, and S. H. Weaver, ibid, 11, 

3617 (1975). 
19. G. Blondeau, M. Froelicher, M. Froment, and A. 

Hugot-Le Goff, Thin Solid Films, 38, 261 (1976). 
20. C. P. De Pauli, M. C. Giordano, and J. O. Zerbino, 

Electrochim. Acta, 28, 1781 (1983). 
21. "CRC Handbook of Chemistry and Physics," 61st., 

ed., R. C. Weast, Editor, p. B-159, CRC Press Inc., 
Boca Raton, FL (1980). 

22. H. A. Johansen, G. B. Adams, Jr., and P. Van Ryssel- 
berghe, This Journal, 104, 339 (1957). 

23. R. Nishimura and K. Kudo, Corros. Sci., 22, 637 (1982). 
24. W. Mizushima, This Journal, 108, 825 (1961). 
25. N. Sato, Electrochim. Acta, 16, 1683 (1971). 
26. P. Pourbaix "Atlas of Electrochemical Equilibria in 

Aqueous Solution," Pegamon Press, Oxford (1966). 
27. G. Blondeau, M. Froelicher, M. Froment, A. Hugot- Le 

Goff, M. Brien, R. Calsou, and P. Larroque, J. 
Microsc. Spectrosc. Electron. 2, 27 (1977). 

28. C. K. Dyer and S. S. L. Leach, Electrochim. Acta, 23, 
1387 (1978); This Journal, 125, 23 (1978). 



Analysis of Passive Films on Stainless Steel by Cyclic Voltammetry 
and Auger Spectroscopy 

N. Ramasubramanian,* N. Preocanin, and R. D. Davidson 

Atomic Energy of  Canada Limited, Chalk River Nuclear Laboratories, Chalk River, Ontario, Canada KOJ 1JO 

ABSTRACT 

Anodic passivation of Type 316L stainless steel in a borate-boric acid buffer solution was studied using cyclic volt- 
ammetry and Auger spectroscopy. Based on a comparison with the results obtained on the metals (iron, chromium, and 
nickel), the reduction peaks appearing in the voltammograms for the steel were attributed to the reductive dissolution of 
a ferric oxide and to valence transitions associated with chromium and nickel in the oxide. It is shown tha t  cyclic 
vol tammetry in the buffer solution provides a qualitative and semiquantitative analysis of the passive film growth. 
Okamoto's model of formation of two types of films, determined by the anodization potential, is found to be applicable; 
the mechanism of oxide growth is related to selective enrichment of iron or chromium, which is based on solubility rela- 
tionships predicted by thermodynamic considerations. 

In our catalyst development  work, stainless steel (AISI 
316L), in the passivated or oxidized condition, is used as a 
support  material. Subsequent  to the deposition of the 
catalytically active material on the oxidized steel, the cat- 
alyst is subjected to cyclic voltammetry and the surface 
area of the catalyst is evaluated from the hydrogen and 
oxygen adsorption]desorption peaks appearing in the 
voltammograms. In order to avoid the dissolution of the 
oxide film on stainless steel, a borate-boric acid buffer 
solution of pH 8.6 was selected, instead of the normally 
used 1N sulfuric acid solution, for the vol tammetry mea- 
surements. Information on the passive film growth and 
its reduction characteristics in the borate-boric acid 
buffer solution was, therefore, essential to facilitate inter- 
pretation of the electrochemical data obtained with the 
catalyst. 

Studies on passivity are primarily oriented toward un- 
derstanding the corrosion behavior of metals and alloys. 
Detailed investigations on the electrochemical behavior 
of iron in the buffer solution are reported in the literature 
(1). In the case of stainless steels, however, a major part of 
the reported work is devoted to their behavior in acid and 
chloride solutions (2-5). Recently, surface analytical tech- 
niques, such as Auger spectroscopy and x-ray photo- 
electron spectroscopy, have been used extensively to elu- 
cidate the compositional changes in the passive film 
(3-7). For  example, the enrichment  or depletion of an al- 
loying element in the passive film has been shown to de- 
pend on the pH of the anodizing solution (5). It has been 
proposed that the passive film is a duplex oxide (4); an- 
other conclusion is that two kinds of passive films are 
formed on the steel depending upon their formation po- 
tentials (3). If  the passive film itself or a part of it is a re- 
ducible oxide and more than one type of oxide is present, 
then their cathodic reduction potentials could be ex- 
pected to be different. Therefore, cyclic vo l tammet ry  in 
combination with a surface analytical technique, Auger 
spectroscopy, could provide information on the composi- 
tion of the passive film. 

The work reported here was undertaken to study the 
anodic oxidation of stainless steel and cathodic reduction 
of the oxides formed in a borate-boric acid buffer solu- 
tion, characterize the oxide using cyclic vol tammetry in 
the buffer solution, determine the composition of the ox- 
ide by Auger spectroscopy, and correlate the electro- 
chemical and Auger results. For the sake of comparison, 
passive films grown in sulfuric acid and sodium hydrox- 
ide solutions were also tested in the buffer solution. 

Experimental 
The material was AISI Type 316L stainless steel. It was 

supplied by Sulzer Canada, Incorporated, (Sulzer packing 
BX) in the form of a corrugated sheet, 0.2 mm thick, hav- 
ing fine channels or grooves on the surface so as to pro- 
vide a large exposed area. Samples 3-4 cm ~ in area were 
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cut from these sheets~degreased, washed, and dried. A 
conventional glass cell with three compartments housing 
the working electrode, a saturated calomel reference elec- 
trode, and a platinum gauze counterelectrode was used 
for the electrochemical studies. The solution used was a 
buffer solution o f p H  8.6 obtained by mixing required vol- 
umes of 0.15M boric acid and sodium borate solutions. Ar- 
gon was kept bubbling through the '  solution in all the 
three compartments of the cell. All measurements were 
made at room temperature. 

Prior to an experiment,  the sample was reduced at a ca- 
thodic current of 1 mA cm -2 for 1 rain. It  is expected that 
such a treatment would reductively dissolve any ferric 
oxide present on the as-received material; chromium-rich 
oxide, if present, is unlikely to be removed by this proce- 
dure. Anodic oxidation was done potentiostatically by 
holding the sample at the desired potential for lh; 
galvanostatic reduction of the passive film was carried 
out at a constant current of 10 ~A cm-2; a scanning rate of 
100 mV s - '  was used for cyclic vol tammetry measure- 
ments. Subsequent  to the anodic oxidation, the sample 
was lifted up above the solution, the electrical connec- 
tions were rearranged for cathodic reduction or cyclic 
voltammetry, and the sample was reimmersed in the solu- 
tion. A potentiostat, Model 173, and a Universal program- 
mer, Model 175, supplied by Princeton Applied Research, 
and a current source, Model 225, and electrometers, 
Model 600B, supplied by Keithley, formed part of the 
electrochemical system. 

Auger analysis was carried out using a Physical Elec- 
tronics Model 595 scanning Auger microprobe (SAM) 
equipped with a cylindrical mirror analyzer and a coaxial 
electron gun. Samples were mounted on holders so that 
the surface normalS made an angle of 60 ~ to the electron 
beam, and 30 ~ to the ion beam. 

Survey spectra and depth profile data were taken using 
a 5 keV, 50 nA electron beam rastered over a 100 ~m 2 area. 
Smooth regions on the sample surfaces were chosen in 
order to minimize any topographical effects. Depth 
profiles were obtained in the alternating sputter m o d e  
(10s cycles) using digital data acquisition. A 4 keV Ar ~ ion 
beam rastered over a 4 mm ~ area yielded a current density 
of - 20 ~A/cm 2 (measured with an unbiased Faraday cup). 
Under  these conditions, a sputter rate of - 2.6 - 15% 
nm/min was obtained. Calibration of sputter rate was 
based on an oxide film grown on 304 stainless steel, and 
its thickness determined by nuclear microanalysis (8). 
The base chamber pressure was 5 • 10-~~ torr, and during 
sputtering the main chamber pressure rose to 2 • 10 -8 
torr. 

For each profile, the elements C, O, Cr, Fe, and Ni were 
monitored at 273, 512, 529, 651, and 848 eV kinetic energy, 
respectively. The Auger peaks were computer  differenti- 
ated and the peak-to-peak (p-p) height values for each ele- 
ment  were normalized by dividing by the sum of the p-p 
values for Cr, Fe, and Ni. 

793 



794 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  April 1985 

Resul ts  
All the potentials were measured and are quoted rela- 

tive to the saturated calomel electrode. Subsequent  to the 
initial cathodic reduction of the air-formed oxide film, at 
1 mA cm -2 and -1.4V, the rest potential attained by the 
sample was usually at - -0.TV. After anodic oxidation, if 
the sample was left immersed in the solution, the open- 
circuit potential shifted steadily in the cathodic direction; 
for example, in the case of films grown at 0 and +0.6V, 
the potentials were at -0.45 and -0.25V, respectively, in 
1/2 h. Thus, the possibility existed for the passive film to 
undergo autoreduction. Therefore, it was necessary to lift 
the sample up above the solution temporarily till the ap- 
propriate changes in the connections were made for the 
reduction of the passive films. Such changes were made 
within 1 rain, and reduction was carried out immediately 
following reimmersion of the sample in the solution. The 
potential measured on reimmersion was cathodic to the 
anodization potential by about 0.2V. In some experi- 
ments, after anodization, changes in the connections were 
made quickly without lifting the sample above the solu- 
tion. The open-circuit potential measured and the voltam- 
mogram traced were quite similar to those obtained in the 
usual experiments, for the same anodizing conditions, 
where the sample was lifted above the solution for a short 
time. 

In Fig. 1, the vol tammograms obtained with the 
samples anodized at various potentials are compared. Ini- 
tial scan was in the cathodic direction from the potential 
measured on reimmersion in the solution to -1.1V, which 
was followed by the anodic scan to 0 V. The result ob- 
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Fig. 1. Voltammograms obtained in a borate-boric acid buffer solution 
for stainless steel, Type 316L, anodized 1 h in the buffer solution; speci- 
men areas in cm 2 and anodizing potential in volts, respectively, are as 
follows, a: 3.4, 0. b: 3.8, 0.3. c: 3.9, 0.6. d: 4, 0.7S. e: 3.8, 0.9. f: Speci- 
men 3.8 cm ~ in area exposed to air for 4h following initial cathodic re- 
duction step. 

tained for a sample that was exposed to air for 4h follow- 
ing the initial cathodic reduction step is also included in 
the figure. A reduction peak located at -0.64V is ob- 
served with the film formed at 0 V; this peak becomes 
more pronounced with the sample anodized at 0.3V. In- 
creasing the anodizing potential to 0.6V leads to the ap- 
pearance of a second reduction peak at 0 V and an in- 
crease in the current for the initial peak; the latter has 
shifted to -0.75V. With further increase in the anodizing 
potential to 0.9V, the peak currents increase and the re- 
duction peaks show a shift toward more cathodic poten- 
tials; they are located at -0.2 and -0.SV. All the passive 
films showed a broad anodic peak at - -0.3V, and this 
peak current increased with increase in the passive film 
thickness. 

The variation in the thickness of the passive film, ex- 
pressed as the equivalent amount  of charge passed during 
anodization, with applied potential is shown in Fig. 2A. 
The amount  of charge consumed in forming the film in- 
creases more rapidly at >/0.5V than at lower potentials. In 
Fig. 2B are shown the galvanostatic reduction curves for 
the passive films formed at various potentials. The films 
formed a t  < 0.3V show a single reduction wave at 
-0.55V, whereas those formed at > 0.3V show an addi- 
tional wave at - 0 V. In the case of the latter films, the 
final reduction potential attained is more cathodic by 200 
mV when compared to the films formed at low poten- 
tials. 

In Fig. 3, a selected set of voltammograms, obtained 
with a sample cycled several times in a range of potentials 
and over various ranges of potentials, is shown. The ca- 
thodic limit was set at -1.1V, and the anodic limit was in- 
creased from 0 to 1.2V in steps of 0.3V during the scans. 
The results are quite similar to those shown in Fig. 1 for 
the passive films. With increasing anodic potential, the 
reduction peak currents at 0 and -0.6V increase and the 
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Fig. 2. A: Variation of the passive film thickness, for 316L stainless 
steel in borate-boric acid, with the anodizing potential; plotted as (O)  
charge passed during anodization and ( 0 )  sum of the redaction peak cur- 
rents obtained from Fig. 1. B: Galvanostatic reduction curves obtained in 
the buffer solution for the passive films; specimen areas in cm 2 and 
passivation potentials in volts are as fellows, a: 3.8, 0. b: 4.2, 0.3. c: 3.8, 
0.6. d: 3.6,  0.9. e: Specimen 3.9 cm ~ in area exposed to air for 4h after 
initial cathodic reduction step. f: As-received sample, 4.2 cm ~ in area. 
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Fig. 3. Cyclic voltammograms obtained for 316L stainless steel, 4 cm 2 
in area, in borate-boric acid buffer solution. 

peaks shift slightly toward cathodic values; the reduction 
peak at 0 V is observed when the anodic scan limit is set 
at >I 0.6V; all the curves show a broad anodic peak at 
-0.3V. An anodic oxidation peak and also a cathodic re- 
duction peak at +0.75V become obvious when the poten- 
tial is set at > 0.gv during the anodic scans. 

The results of the Auger analysis for passive films 
formed at 0 and 0.9V, before and after the galvanostatic 
reduction, are shown in Fig. 4 and 5. Referring to the 
galvanostatic reduction curves shown in Fig. 2B, the re- 
duction was followed just  up to the knee (marked by an 

il ~* I -5  

1 

A 

x :F~ 

L , 

1 2 3 
SPUTTERJiNG TiME {m~nutes} 

B 

_ _  J I 
1 2 

Fig. 4. Normalized Auger peak heights vs. sputtering time for passive 
films grown on 316L stainless steel at 0.gv for lh in borate-boric acid 
solution. A: Passive film as grown. B: Passive film reduced galvano- 
statically in the buffer solution to a potential marked by an asterisk as 
shown in Fig. 2B. 
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Fig. 5. Auger results for passive films grown on 316L stainless steel in 
borate-boric acid buffer solution; anodized at 0 V for 1 h. A: Passive film. 
B: Passive film reduced galvanostatically, following anodization, to a po- 
tential marked by an asterisk as shown in Fig. 2B. 

asterisk), in the curves. In  the case of the films grown at 
0.9V, the oxygen profiles shown in Fig. 4A and 4B clearly 
indicate that a part of the oxide has been removed by the 
galvanostatic reduction step. Enrichment of chromium 
with a corresponding depletion of iron occurs in the ox- 
ide close to the steel-oxide interface; the relative levels of 
chromium and iron then gradually attain their values in 
the bulk of the steel at close to the oxide solution inter- 
face. A slight enrichment of nickel is noticed in the outer 
layers of the oxide. The galvanostatic reduction has re- 
moved the outer oxide layers to a depth where the enrich- 
ment  of chromium and depletion of iron had occurred; 
i.e., iron had been the major constituent of the part of the 
passive film that was reductively dissolved. In  the case of 
films formed at 0 V, the galvanostatic reduction curve, 
Fig. 2B, shows that the charge equivalent to the reducible 
oxide is quite small when compared to the 0.gv film. 
This is also confirmed by the oxygen profiles shown in 
Fig. 5A and 5B. Chromium enrichment with the corre- 
sponding iron depletion occur in the oxide, and this re- 
gion extends from one interface to the other. 

Auger results for a sample cycled several times between 
-1.1 and + 1.2V are shown in Fig. 6; the sample was exam- 
ined after a final scan in the anodic direction when the 
potential applied was 1.2V. Profiles for iron and chro- 
mium are quite similar to those for the 0.9V film in Fig. 4. 
Subsequent  to an enrichment  of chromium and depletion 
of iron close to the steel-oxide interface, the chromium 
level decreases and that of iron increases toward the 
oxide-solution interface. It is interesting to note that, even 
after a number  of passivation and oxide reduction steps 
during the repeated cycling, the profiles are quite similar 
to a passive film formed at 0.9V in a single step. The 
profiles obtained for the air-formed oxide films, one ex- 
isting on the as-received sample and that formed in 4h of 
exposure after the initial cathodic reduction step, are 
shown in Fig. 7; the latter were quite similar to those ob- 
tained for the 0 V film following the galvanostatic reduc= 
tion step (cf. Fig. 7B and 5B). Chromium enrichment and 
iron depletion at the steel-oxide interface are seen to be 
common for both of the air-formed films. But, in the as- 
received condition, there is a reversal in the composition 
of the surface layers relative to the steel-oxide interface~ 
they are enriched in iron and depleted in chromium. It 
must  be pointed out that the oxide formed, even after 4h 
of exposure to air, following the initial cathodic reduction 
step did not show an arrest or a wave at -0,6V during the 
galvanostatic reduction, whereas the oxide existing on 
the sample in the as-received condition always showed a 
distinct arrest (Fig. 2B, curve f) at -0.6V, comparable to 
that obtained for a film formed at +0.3V. 

The voltammograms for the metals iron, chromium, 
and nickel and the alloy Nichrome are shown in Fig. 8. A 
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Fig. 6. Composition of the passive film formed on 316L stainless steel 
in borate-boric acid solution after repeated cycling as shown in Fig. 3; 
Auger analysis done after a final anodic scan when the potential was 
1.2V. 
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composite of the curves of the three metals matches quite 
well with the vol tammograms shown in Fig. 1 and 3 for 
the steel. Reduction peaks observed at -0.6V for iron, 0 V 
for chromium, and +0.7V for nickel and the anodic peaks 
(indicating the transition from an active to a passive state) 
at - -0.3V obtained for all the three compare well with 
similar peaks obtained in the case of the steel. The 
galvanostatic reduction curves for the metals anodized to 
various potentials revealed a well-defined arrest at 
-0.6V, only in the case of iron; in the case of nickel and 
chromium, the potentials rapidly decreased to -1.4V; a 
small inflection at 0 V was noticed in the case of 
chromium. 

Discussion 

Auger analysis.--The mechanism of passive film for- 
mation on stainless steels is governed by the thermody- 
namic stability of the oxidation products, oxides and/or 
hydroxides, at the pH and the potential (3, 5); this conclu- 
sion is amply confirmed by the results presented here. 
When the equilibrium diagrams for iron, chromium, and 
nickel are compared, it it seen that at pH 8.6 and a poten- 
tial of -1.35V (for the sake of consistency, potentials are 
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Fig. 7. Auger results for an air-formed oxide film on 316L stainless 
steel; A: As-received sample. B: Specimen reduced at - 1.4V and 1 mA 
cm -2 and exposed to air for 4h. 
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Fig. 8. Cyclic voltammograms for (a) iron 1.3 cm 2, (b) chromium 2.4 
cm 2, (c) nickel 2 cm 2, and (d) Nichrome, 1 cm 2 obtained in borate-boric 
acid buffer solution. 

all referred to SCE), Cr20~ is a stable oxide phase (9, 12). 
The Auger results obtained for the air-formed film 
(Fig. 7B) indicate a zone of chromium enrichment and 
iron depletion in the thin oxide layer. The profiles for the 
oxide that existed prior to the initial cathodic reduction 
step in the as-received condition (Fig. 7A) show a reversal 
in composition through the thickness of the film; the sur- 
face layers are rich in iron and depleted in chromium, rel- 
ative to the inner interface, where the opposite is true. Ca- 
thodic reduction at 1 m A c m  -2 and -1.4V, the initial 
surface preparation step, has thus selectively dissolved an 
oxide that was rich in iron. Galvanostatic reduction of the 
as-received sample indeed shows a distinct potential ar- 
rest at -0.6V, the characteristic reductive dissolution po- 
tential of a hydrated ferric oxide film (10, 11). Thus, the 
initial surface is not film free; passive film growth oc- 
curs on the surface carrying a thin ( -  1 nm thick) layer of 
chromium-rich oxide. From the equilibrium diagrams it 
is expected that at potentials anodic to 0 V, chromium 
would dissolve preferentially in the buffer solution. The 
Auger results confirm this prediction; when the steel is 
passivated at potentials /> 0 V, the zone of chromium en- 
r ichment and iron depletion stays closer to the steel-oxide 
interface and the chromium level decreases and that of 
iron increases toward the oxide-solution interface (Fig. 4). 
When a sample was repeatedly passivated and the oxides 
formed were successively reduced, the final step of 
passivation still left the chromium-enriched and iron: 
depleted zone close to the steel-oxide interface (cf. Auger 
data in Fig. 6). During the passivation, half of a cycle 
chromium has preferentially dissolved, leaving an oxide 
richer in iron in the outer layers; this iron oxide has dis- 
solved during the subsequent  reduction half of the cycle. 
The final repassivation, which occurred between -0.3 
and 1.2V (cf. Fig. 3 and 8; transpassive region for chro- 
mium) over a period of 15s, has led to the increase in iron 
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and decrease in the chromium levels toward the outer in- 
terface. The similarity in the composition of this passive 
film to that grown by a single-step anodization at +0.9V 
for lh lends support to the proposal that passive film 
growth on the steel involves a selective dissolution pro- 
cess (3). The potential arrest at -0.6V observed during the 
galvanostatic reduction is characteristic of the reductive 
dissolution of Fe203 as Fe 2~ in the solution (10, 11). The re- 
moval of outer oxide layers, rich in iron, during the 
galvanostatic reduction is also evidenced by the Auger re- 
sults; the profiles obtained for a passive film, before and 
after the galvanostatic reduction, indicate reductive disso- 
lution of outer oxide layers right up to the zone of chro- 
mium enrichment, near the steel-oxide interface, in the 
passive film. 

Cyclic voItammetry.--The reduction peak appearing at 
-0.6 and -0.8V in the vol tammograms of the passive 
films has to be attributed to the reductive dissolution of 
an oxide in the outer layers that is mostly of iron. A simi- 
lar peak is observed in the vol tammograms for pure iron; 
it corresponds to the potential arrest at -0.5 to -0.7V dur- 
ing the galvanostatic reduction; in the case of iron, this 
potential arrest is identified with the reduction of Fe203 
and dissolution as Fe § (10, 11). With increasing anodic po- 
tential and, henc e, the passive film thickness on the steel, 
the reduction peak current in the vol tammogram in- 
creases; the galvanostatic reduction at this potential also 
corresponds to an increase in the amount of the reducible 
oxide. From the previous discussion based on solubility 
considerations, and confirmed by the Auger results, it is 
seen that thickening of the passive film with applied po- 
tential proceeds by the depletion of chromium and en- 
r ichment of iron in the outer oxide layers relative to the 
zone of chromium enrichment  and ~ron depletion at the 
steel-oxide interface. The outer oxide layers of the 
passive film, reducible at -0.5 to -0.SV, are thus mostly 
ferric oxide (Fe~O3). 

By comparison of the peaks obtained on the steel and 
pure chromium, the reduction peaks observed in the 
vol tammograms at 0 to -0.2V are ascribed to chromium 
oxide in the passive film. In the galvanostatic reduction 
curves, a potential arrest at - 0 V is observed for both 
passivated chromium and the s tee l  Referring to the equi- 
l ibrium diagram, it is seen that Cr203 is a stable oxide 
phase in the buffer solution at these potentials (9). There- 
fore, the reduction peak is not likely to be due to the re- 
ductive dissolution of the chromic oxide. However, the 
fact that this peak is observed only when passivation is 
done at t> 0.6V and that at these anodic potentials triva- 
lent chromium can be oxidized to the hexavalent  state 
(cf. equil ibrium diagram) implies that this reduction peak 
is associated with the Cr 6+ to Cr 3§ transition occurring in 
the oxide. It is unlikely to be due to the reduction of Cr 6~ 
species in the solution because samples passivated at /> 
0.6V in a separate cell, washed i n  running water, and 
transferred to another cell containing a fresh quantity of 
the buffer solution still produced the same type of vol- 
tammograms showing the reduction peaks at 0 to -0.2V 
and -0.6 to -0.8V. 

There were other interesting observations associated 
with this reduction peak at 0 to -0.2V. Samples anodized 
in 1M sulfuric acid solution, to various potentials up to 
1V, when tested in the buffer solution, showed only the 
presence of a reduction peak at -0.7V, whereas voltam- 
mograms obtained with samples anodized in 0.1M sodium 
hydroxide solution o f p H  12.8 and tested in the buffer so- 
lution revealed the presence of both reduction peaks, at 
-0.2 and -0.78V. With the samples anodized in the buffer 
solution and washed, dried, and tested immediately, the 
vol tammograms showed both reduction peaks; however, 
after drying when aged for /> lh, the immersion potential 
of the sample in the buffer solution was cathodic at 
-0.15V and only the reduction peak due to FezO3 at -0.6V 
was observed in the voltammogram. The passive film is 
believed to be a hydrated oxide (3); the hexavalent  chro- 
mium species may be part of the bound water in the 
passive film and it undergoes autoreduction with aging. 

When tracing cyclic voltammograms, anodic scans to 
potentials > 0.9V led to the appearance of a reduction 
peak at +0.75V; this peak is very pronounced When thin 
oxide films, - 50 nm thick, grown thermally at 773 K on 
the steel are tested in the buf fe r  solution. A reduction 
peak at about this potential is observed with pure nickel 
and Nichrome; these materials also show a corresponding 
anodic oxidation peak at +0.9V (cf. Fig. 8). The cathodic 
peak at +0.75V, therefore, reflects the reduction of nickel 
from a high to a lower valence state in the oxide; the equi- 
l ibrium d~agram suggests several oxidation states for 
nickel, stable as oxides, in the range of potentials from 0.4 
to 0.8V at pH 8.6 (12). 

In the case of passive films on the stainless steel, the 
oxides formed may not be identified individually as the 
oxides of the metals constituting the steel. For example, 
the shift in the cathodic direction of the reduction peak 
potentials in the vol tammograms could be associated 
with compositional changes in the oxides making up the 
passive film. As a result, the efficiency of reduction of 
the hydrated ferric oxide on the steel could be different 
from that on iron. However, the sum of the heights of the 
two reduction peaks, attributed to chromium and iron ox- 
ides in the voltammograms, is seen to increase with the 
anodizing potential. This variation, shown in Fig. 2A, is 
-similar to that of the charge passed in forming the passive 
film. This increase in the charge passed corresponds to 
an increase in the thickness of the total oxide, and reduci- 
ble oxide is clearly evidenced by the Auger data (Fig. 4 
and 5) and the galvanostatic reductions (Fig. 2B). The 
peak currents at 0 to -0.2V and -0.6 to -0.SV could thus 
be related to the relative amounts of the two oxides (chro- 
mium rich and iron rich) in the passive film. Additional 
work is necessary to relate quantitatively the peaks in the 
vol tammograms with the composit ion of the passive 
film. 

Structure of the passive film.~Anodic passivation of 
the stainless steel in the buffer solution bears a close anal- 
ogy to that in acid solutions, and the results reported here 
support the model put  forward by Okamoto for the struc- 
ture of the passive film (3). In our study, steel carrying a 
thin film of chromium-rich oxide (nonreducible under 
the surface preparation conditions employed) is passiva- 
ted. Depending on the anodization potential, two types of 
film are formed: at low potentials, < 0 V, the oxide (hy- 
drated) is mostly of chromium and, at high potentials, the 
outer oxide layers are mainly of iron. A zone of chromium 
enrichment and iron depletion is maintained close to the 
steel-oxide interface and film thickening with the ap- 
plied potential proceeds by an increase in the level of iron 
and a decrease in the level of chromium toward the oxide- 
solution interface. The films formed at potentials -> 0 V 
consist of at least two parts: outer layers of mainly ferric 
oxide, which could be reductively dissolved at - -0.6V, 
and inner layers rich in chromium oxide. The mechanism 
of growth of the passive films is governed by the solubil- 
ity relationships of the oxides to the potential applied and 
pH of the solution. 

Conclusions 
Passivation behavior of 316L stainless steel in a borate- 

boric acid buffer solution of pH 8.6 was investigated by 
electrochemical means and Auger spectroscopy. Cyclic 
vol tammograms obtained in the buffer solution showed 
characteristic reduction peaks. Similar peaks were also 
observed when the metals iron, chromium, and nickel 
were tested in the buffer solution. The reduction peak 
heights increased (proportionately) with increase in film 
thickness. A peak at -0.6 to -0.8V is identified with the 
reductive dissolution of a hydrated ferric oxide; reduction 
peaks at 0 to -0.2V and +0.75V are attributed to valence 
transitions, occurring in the solid state, associated with 
chromium and nickel, respectively, in the oxide. 

Auger composition depth profiles revealed a zone of 
chromium enrichment and iron depletion close to the 
steel-oxide interface. Away from this zone and toward the 
oxide-solution interface, the level of iron increased and 
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that of chromium decreased with increase in passive film 
thickness. Auger data also confirmed the reductive disso- 
lution of outer oxide layers occurring during the 
galvanostatic reduction at -0.6 to -0.SV. 

At potentials < 0 V, the passive film consisted mainly 
of chromium oxide; with increase in anodization poten- 
tial, the outer layers were rich in the reductively dissolva- 
ble ferric oxide. Compositional changes in the passive 
film can be explained on the basis of selective solubility 
of the oxides at the applied potentials. 

Cyclic vo l tammetry  in the bUffer solution, in combina- 
tion with other surface analytical techniques, offers a 
qualitative and at least a semiquantitative analysis of 
passive film growth on stainless steels. 

Manuscript submitted June  8, 1984; revised manuscript  
received Oct. 15, 1984. 
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Fluoride-Based Catalysts for the Electrodeposition of Chromium 

J. P. Hoare and M. A. LaBoda* 

General Motors Research Laboratories, Electrochemistry Department, Warren, Michigan 48090-9055 

ABSTRACT 

Steady-state polarization and transient cyclic voltammetric studies were carried out on bright Pt microelectrodes in 
chromic acid solutions catalyzed by NaF and Na2SiF6. These data indicate that HF is the active agent in these  plating 
baths and that it acts as both a blocking agent and a catalyst for the electrodeposition of Cr. Current efficiency studies 
in the high speed plating machine support these conclusions. 

According to the model  of Cr electrodeposition from 
chromic acid solution (1, 2), most of the Cr in solution ex- 
ists as the trichromate ion, HCr~OI0-. Sulfuric acid is 
added to the bath in a regulated amount. The sulfate 
exists as bisulfate ions, HSO4-, which complex one end of 
the trichromate ion so that electrons are transferred from 
the cathode to the other end of the complex in the outer  
Helmholz plane. In addition to this role as a blocking 
agent, the HSO4- ion acts as a catalyst by complexing 
with the decomposition product of the trichromate com- 
plex to form a dipolar chromous complex. This chromous 
species is adsorbed on the cathode surface where two 
electrons are transferred to produce a deposit of metallic 
Cr and the release of the HSO4- to solution. 

It is known (3-6) that additions of fluoride ion, whether 
in the form of HF, a salt of an indifferent metal, or a 
fluorosilicate, to chromic acid will catalyze the conven- 
tional electrodeposition of metallic Cr. In an effort to un- 
derstand the mechanism of fluoride-catalyzed chromic 
acid plating baths, an investigation was made of the po- 
larization characteristics of Pt cathodes in various solu- 
tions of chromic acid to which small amounts of NaF or 
Na~SiF6 were added. 

Experimental 
The cathodes were made by melting small beads (-0.04 

cm ~ in area) at the ends of Pt wires (99.99% pure) in an ox- 
ygen torch and were cleaned by the repeated heating in a 
burning hydrogen jet following by quenching ' in  concen- 
trated HNO3, as described earlier (1). The mounting of the 
test electrodes (three for duplicate runs) in the Teflon 
cell has been detailed previously (1, 7). After the cell was 
filled with 2.5M chromic acid (250g CrO:~/liter), the re- 
quired amount of NaF was added to the solution, which 
was stirred with purified N2 (-150 cm3/min). In this series 
of runs, the cyclic vol tammograms were obtained as a 
function of sweep rate as before (7). The cell was opened, 
another portion of NaF was added, and the cyclic 

* Electrochemical Society Active Member. 

vol tammogram was taken once more. This procedure was 
repeated un t i l  measurements  were made in 2.5M chromic 
acid catalyzed by making the solution 0.04, 0.08, 0.12, 0.20, 
0.28, and 0.36M in NaF. 

In another series of experiments,  the ratio of CrO3/NaF 
was maintained at about 10/1 while the concentration of 
chromic acid was varied. The solutions investigated were 
0.1, 0.5, 1.0, 1.75, and 2.5M in CrO~. For each solution, the 
cyclic vol tammogram was obtained on the Pt-bead elec- 
trode in N2-stirred solution, followed by the galvanostatic 
and potentiostatic steady-state polarization measure- 
ments. The details of such measurements have also been 
presented elsewhere (1, 7). 

All potentials are recorded against the saturated calo- 
mel reference electrode (SCE), and all experiments were 
carried out at ambient temperature (24 ~ _+ 1~ 

The steel-tube samples (length, 7.6 cm; od, 3.8 cm; wall 
thickness, 0.17 cm) were plated in the high speed plating 
(HSP) system (8) for 1 min in a sulfate-catalyzed solution 
[CrO3, 50 g/liter, H2SO4, 0.5 g/liter, and boric acid, 10 g/liter 
as a brightness extender (9)] and in a sulfate-silico- 
fluoride solution (CrO~, 50 g/liter; H~SO4, 0.4 g/liter; 
Na2SiF6, 0.5 g/liter; boric acid, 10 g/liter). The electrolyte 
was pumped through the anode-cathode gap space of 3.8 
mm by an air pressure range of 2.76-5.51 kPa, which 
yielded flow velocities of 2 and 4 m/s. The temperature 
range was 68~176 and the voltage range was 5-15V. The 
cathode area was 83.6 cm 2 and the anode  area was 89.7 
cm 2. All samples were weighed before and after plating to 
obtain the weight of deposit, and from a knowledge of the 
quantity of charge passed, the cathode efficiency for Cr 
plating was determined. 

Results 
The identification of the electrode processes responsi- 

ble for the peaks observed on the cyclic voltammograms 
is aided by a knowledge of the electrode reactions 
determining the rest potential and the formation of the 
adsorbed films on the electrode surface (steady-state po- 
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Fig. 1. Steady-state galvanostatic polarization curves obtained on Pt 
in various concentrations of CrO3 and NaF such that the CrOJNaF ratio 
is near 10/1.0.1M CrO3 + 0.0096M NaF, circles; 0.SM CrO3 + 0.05M 
NaF, triangles; 1.0M CrO3 + 0.096M NaF, inverted triangles; 1.75M 
CrO3 + 0.168M NaF, squares; 2.SM CrO.~ + 0.24M NaF, diamonds. 

larization studies), and by surface analysis measurements  
(AES, XPS, SEM, etc.). The steady-state polarization 
curves at constant current on a Pt-bead cathode are 
plotted in Fig. 1 for five concentrations of chromic acid, 
all catalyzed by NaF such that the CrO3/NaF ratio was 
close to 10/1. In general, the curves consist of three pla- 
teaus separated by limiting current regions. As suggested 
before (7), the first plateau at A corresponds to polariza- 
tion of the local cell generated by the oxidation of Pt  

Pt + H~O --> Pt-O + 2H ~ + 2e [1] 

and the reduction of Cr VI to Cr III at low current 
densities. 

HCr~O,0- + 6H § + 6e--~ Cr203 + HCrO4- + 3H20 [2] 

At higher current densities, the local cell is eliminated 
and the current falls to B through a limiting current 
where the current is consumed in the reduction of  Cr VI 
to Cr III. With a high enough current density, the reduc- 
tion of Cr VI can no longer support the demanded current 
and the curve falls to C where the reduction of H § ions to 
H2 gas supports the current. Finally, for the higher CrO3 
concentrations at D, a deposit is laid down on the Pt sur- 
face, shown by the bending upward of the curve in a so- 
called negative resistance region. 

This negative resistance region produced by a change 
in surface area is more evident in the polarization curves 
obtained at constant potential in Fig. 2. These curves 
have the same general appearance as those in Fig. 1 with 
three plateaus, except  that they are separated by negative 
resistance regions corresponding to the limiting current 
regions in Fig. 1. These area changes arise from the 
changes in the surface area produced by the reduction of 
the platinum oxides generated by the oxidizing power of 

the chromic acid. At D, the area changes are caused by 
the deposition of the Cr layer. 

As the CrO~ concentration increases, the length of the A 
plateau increases because more oxide is present in the 
more oxidizing environment.  In the weak solution of 0.1M 
CrO3 + 0.0096M NaF, the Cr VI concentration is so low that 
the system goes to H2 evolution at low currents and a Cr 
metal deposit is not obtained (lack of negative resistance 
at D). A very thin porous deposit is obtained in the solu- 
tion of 0.5M CrO3 + 0.05M NaF as noted by the hump at D 
in Fig. 1. For the solutions of 1.0M CrO~ + 0.096M NaF and 
stronger concentrations, good deposits of Cr metal are ob- 
tained at D but the area change or surface roughness in- 
creases with increasing concentration. 

The surfaces of Pt-bead electrodes which had been 
cathodized in NaF-catalyzed chromic acid electrolyte 
were removed from the test cell, washed, dried, and ana- 
lyzed with Auger electron spectroscopy (AES). The de- 
posits obtained from 2.5M CrO3 + 0.24M NaF, 1.75M CrO3 
+ 0.168M NaF, and 0.5M CrO3 + 0.05M NaF were investi- 
gated. The oxygen content of these Cr coatings range be- 
tween 5 and 7 atomic percent (a/o). Although fluorine 
was detected in relatively very small amounts in the de- 
posit, the height of the fluorine peak in AES spectra in- 
creased with increasing concentration of the electrolyte. 
From depth profiles obtained with argon sputtering, the 
thickness of these Cr deposits ranged between 20 and 
50k. 

In Fig. 3, the cyclic vol tammograms obtained on a Pt 
cathode in uncatalyzed 2.5M chromic acid are reproduced 
as a function of the sweep rate between -200 and 1500 
inV. The two hydrogen desorption peaks, In and IIH on 
the anodic going sweep, the three complex polychromate 
reduction peaks, Io', IIo', and IIIo' on the cathodic going 
sweep, and the fact that the height of the major peaks in- 
dicated by Roman numerals are a linear function of the 
sweep rate indicate as before (7, 10) that the system is free 
of impurities. The large background current observed on 
the cathodic going sweep but not on the anodic going 
sweep arises from the reduction of Cr VI to Cr III. At a Pt  
anode, Cr III cannot be oxidized to Cr VI because the Cr 
III ions form a very stable hexaquo complex with water 
(7). 

The cyclic vol tammograms on Pt  in 2.5M chromic acid 
containing 0.04M NaF as a function of sweep rate between 
-200 and 1500 mV are presented in Fig. 4. Here, at poten- 
tials below 0V, the current falls to very negative values 
where a thin layer of Cr metal is deposited on the Pt  sur- 
face. This Cr layer, which does not exhibit  the hydrogen 
reduction peaks, is removed at anodic potentials in peak 
Vo. Since the peak heights in Fig. 4 are a linear function 
of the sweep rate, the electrode processes which generate 
the peaks are surface reactions and do not arise from dif- 
fusion processes from solution. 
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Fig. 2. Steady-state potentiostatic polarization curves obtained on Pt 
in the same solutions studied in Fig. 1. 
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Fig. 3. A family of cyclic voltammograms obtained on Pt in 2.5M CrO3 
solution as a function of sweep rate (100, 83, 67, 50, 33, and 17 mV/s) 
between - 2 0 0  and 1500 mV. The 100 mV/s curve is the outside curve. 
Roman numerals identify major peaks. 
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Fig. 4. Family of cyclic voltammograms obtained on Pt in 2.SM CrO3 + 
0.04M NaF solution as a function of the sweep rate (100, 83, 67, 50, 33, 
and 17 my/s) between - 2 0 0  and 1500 inV. The 100 mV/s curve is the 
outside curve. Roman numerals identify major peaks. 
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Fig. 6. Cyclic voltammogram obtained on Pt in N2-stirred 2 . 5 M  chro- 
mic acid, (curve A) cycled from 200 to 1500 mV at a rate of 1 O0 mV/s. 
Voltammogram on Pt in 2.5M Cr03 + 0.2SM Na2SiF~ (curve B). Major 
peaks identified by Roman numerals as in Ref. (I 1). 

When the concentration of NaF was raised to 0.8M, the 
Vo peak became more pronounced, but with further addi- 
tions of NaF, little or no change in the peak area could be 
detected, even when the NaF concentration was raised to 
0.24M shown in Fig. 5. In fact, at a NaF concentration of 
0.45M, no change in Vo was detected. The area under  Vo 
corresponds to the amount  of Cr deposited on the Pt sur- 
face and appears to be virtually independent  of the NaF 
concentration above about 0.1M. This observation is in 
agreement with that in the high speed plating machine 
where the rate of deposition is independent  of the 
fluoride concentration above a given threshold value. In 
other words, one does not overcatalyze a Cr plating bath 
with F -  ion additions. 

The presence of Io', IIo', and IIIo' in Fig. 4 and 5 and the 
negative resistance region at D in Fig. 1 and 2 give evi- 
dence that a cathodic film is formed in NaF-catalyzed 
chromic acid baths at the cathode. It is from this cathodic 
film that the Cr coating is deposited. 

Figure 6 contains the cyclic vol tammograms obtained 
on Pt-bead electrodes in 2.5M chromic acid (curve A) and 
in chromic acid catalyzed with Na~SiFG addition (0.25M 
Na~SiF+) (curve B). Since the shape of curve B in Fig. 6 
and that in Fig. 4 are highly similar, it is not critical to the 
quality of the product whether  the fluoride catalyst is 
added as a salt of an indifferent cation or as a silico- 
fluoride. A choice may be determined by the greater ease 
with which the silicofluorides can be handled and stored 
and by the greater solubility of the silicofluorides. 

The high speed plating data of steel-tube samples in 
Na2SiF~-catalyzed chromic acid are plotted at two electro- 

-0,2 O 0.2 0.4 06 08 1D 1,2 1.4 
POTENTIAL vs SCE (V) 

Fig. 5. Family of cyclic voltammograms obtained on Pt in 2.5M CrO~ + 
0.24M NaF solution as a function of sweep rate (100, 83, 67, SO, 33, 
and 17 mV/s) between - 2 0 0  and 1 SO0 mV. The 1 O0 mV/s curve is the 
outside curve. Roman numerals identify major peaks. 

lyte flow rates (2 and 4 m/s) at 68 ~ 80 ~ and 85~ in Fig. 7 
as the current efficiency for Cr plating as a function of 
the apparent current density. The current efficiency in- 
creases with the current density, decreases with the tem- 
perature, and is virtually independent  of the flow rate. 

Discussion 
For metallic Cr to be deposited from the trichromate 

ion, a blocking agent must be present so that electrons 
will be transferred to only one end of the HCr3010- ion. In 
the case of suifate-cata]yzed CrO:3 electrolytes, the transfer 
of electrons to one end of the trichromate ion is hindered 
by the hydrogen bonding of HSO4- ion to the double- 
bonded oxygens at that end (1, 2). Since it makes little dif- 
ference to the electrodeposition process how the fluoride 
is added (3-6) (see Fig. 2 and 6), a hydrogen containing 
species common to all the fluoride addition agents is HF 
and is considered to be the active catalyst for the 
electrodeposition of Cr. Fluoride ion hydro]yzes to HF ac- 
cording to Eq. [3] 

F- + H20 ~- HF + OH- [3] 

5O 
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Fig. 7. Cathode current efficiency as a function of the apparent cur- 
rent density for Cr deposition on steel-tube samples in the mixed catalyst 
electrolyte at 68~ circles: 80~ triangles; and 85~ squares. Open 
symbols, 2 m/s and filled, 4 m/s flow rate; (A) sulfate catalyst tank plat- 
ing envelope; (b) mixed catalyst tank plating envelope._ 
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and in the very strong acid medium of 2.5M chromic acid 
Eq. [3] is shifted to the right. In the case of the silico- 
fluoride, it has been found (11) that metal silicofluorides 
are decomposed in concentrated H~SO4 to SiF4 and HF. 
Possibly, in the strong acid environment  of 2.5M chromic 
acid, Na2SiF~ disintegrates to HF by Eq. [4] 

Na2SiF6 + H2Cr3010 ~ Na2Cr3010 + SiF4 + 2HF [4] 

It is suggested, as in the case of sulfate-catalyzed chromic 
acid (2), that an equilibrium exists between all possible 
complexes formed by hydrogen bonding between HF and 
the polychromate ions where the distribution of com- 
plexes is determined by the ratio of CrO3 to the catalyst 
concentrations. For sulfate-catalyzed systems, the 
greatest probability of obtaining a complex with one end 
blocked occurs at a CrOJH2SO4 ratio of 100/1. In  the 
fluoride-catalyzed case, the ideal complex is 

•  [5] 

O O O ~ H ~ F  8 - 

where the double-headed arrows indicate hydrogen 
bonding and the 8- is the average negative charge re- 
sulting from resonance between the two hydrogen- 
bonded forms. 

Electrons are transferred to the unblocked end of the 
complex in the outer Helmholz plane by quantum me- 
chanical tunnel ing through the potential energy barrier of 
the double layer. With the transfer of 4e and the reaction 
with 4H + in six steps, one obtains a chromous complex 

- - O - - C r - - O - - ~ r - - O - - t r ~ ' ~ ' [ + 2 H 2 0  [6] 

O O,-*HoF ~- 

Decomposition of this complex takes place by an acid- 
catalyzed hydrolysis by reaction with H30 + ions to give 

OH OH 
\ / 

Cr + HCr2OT- + 2HF + H + [7] 

Since Cr(OH)~ is in equil ibrium with Cr~O + H20, the HF 
may hydrogen bond to Cr-~---O to form the dipolar complex 

~+C~-~H~F ~- [8] 

The positive end of this complex can be specifically ad- 
sorbed on the cathode surface. With the transfer of two 
electrons and the reaction with 2H + ions, Cr metal is de- 
posited and H20 and I-IF are liberated. In this role, the HF 
acts as a catalyst. 
In solutions containing F- ions and HF, these species 

can combine to form the complex ion FHF- 

FHF- ~- F- + HF [9] 

with a pK of 0.7 (12). As F- ion is added to the system, the 
equilibrium (Eq. [9]) shifts to the left to form the HF~- 
ion. Since the hydrogen is tied up in the F--H--F linkage, 
it cannot hydrogen bond with polychromate double- 
bonded oxygens: This behavior can account for the ob- 
served fact that a fluoride-catalyzed, chromic acid, plat- 
ing bath resists overcatalyzation as in Fig. 4 and 5, in 
contrast to sulfate-catalyzed baths (2). The equilibrium 
constants for the ionization of HF (12) 

HF~ H § + F- pK = 3.16 [10] 
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and the ionization of HF~-, Eq. [9], maintains the 
CrOJcatalyst ratio in the range for acceptable Cr plating 
(-30/1 from Fig. 4 and 5). Such a bath is self-regulated. 

In the HSP machine, it was observed that an acceptable 
deposit of Cr was not obtained on steel-tube samples in 
fluoride-catalyzed chromic acid electrolytes at 68~176 
and a flow rate of 2-4 rrgs. Misplates such as patches and 
discolored smuts were deposited. In conventional plating 
from a fluoride-catalyzed bath, a viscous cathodic film 
could not be detected at the cathode surface, in contrast 
to that observed in sulfate-catalyzed baths (2). It is be- 
lieved that the cathodic film is composed of a mixture of 
all possible complexes between HF, polychromates, and 
H~O molecules. These HF-polychromate-complex films 
are much less viscous than the HSO4--polychromate- 
complex films. As a result, the HF-polychromate films 
are relatively much thinner  and can be swept from the 
cathode-electrolyte interface by the high flow rates used 
in the HSP system. Under these conditions, a poor de- 
posit of metallic Cr would be expected; in agreement with 
the experimental observations, because Cr is deposited 
from the cathodic film (1). 

When sulfuric acid was added to the fluoride-catalyzed 
chromic acid, excellent, bright, hard deposits of Cr were 
obtained on steel with this mixed-catalyst system in the 
HSP machine (see Fig. 7). In this case, the H2SO4 can form 
the more viscous cathodic film which is not easily swept 
from the cathodic surface by the high solution flow rates 
in the HSP machine. 

It is concluded from these data that in fluoride- 
catalyzed Cr plating baths, HF acts as a blocking agent as 
well as a catalyst for the electrodeposition process. Al- 
though HF is a poorer blocking agent than HSO4- ion, it 
is a better catalyst for the reduction Of the chromous com- 
plex (Eq. [8]) because of the higher electronegativity of 
the F atom. Since HF reacts with F -  ion to form the indif- 
ferent complex HF~-, a fluoride-catalyzed bath resists 
overcatalyzation, with further additions of fluoride pro- 
ducing a self-regulating bath. 

Manuscript submitted Aug. 27, 1984; revised manu- 
script received Nov. 23, 1984. 
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The Electrorefinement of Indium Through an Aluminum Alkyl 
Complex Electrolyte 
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ABSTRACT 

High purity indium metal has been prepared by electrolysis at constant potential from a mixed Al + In complex 
electrolyte that contains typically 2 mol AI(C2Hs)3 and 0.06 mol In(C2H~)3 per mol C6HsCH2N(CH3)3F. Based on the results 
of cyclic voltammetry applied to the pure A1 complex electrolyte and to the mixed electrolyte, a mechanism for the ca- 
thodic and anodic steps in the electrorefinement process is proposed. This mechanism is described by the following net 
electrode reactions 

Anode In + 3Al(C2Hs)4 e ) In(C2Hs)3 + 3Al(C2Hs)3 + 3e e 

Cathode 3In(C2H~)~ ~ + 3e e ~ In + 2In(C2Hs)3 

I t  is the opinion of the authors that the [A12F(C2H~)6] e and [A13F(C2Hs)9] e ions that are shown by NMR studies to exist in 
equil ibrium with uncomplexed Ai(C2Hs)~ and A12(C2Hs)6, respectively, serve merely as supporting electrolyte. The in- 
dium metal obtained by electrorefinement in a mixed A1 + In alkyl electrolyte is suitable for the synthesis and bulk 
crystal growth of In containing compound semiconductors. However, a further reduction of the ~2 ppm A1 contamina- 
tion level is required for making the electrorefined In a useful source material for epitaxial growth processes. 

The ability of a luminum alkyl compounds, A1R3, to 
form complex electrolytes with alkali halides was discov- 
ered in 1955 by Ziegler et al. (1, 2), who recognized the po- 
tential of these electrolytes for the electrorefinement of 
a luminum (3). In subsequent  patent applications, the re- 
placement of the alkali halides by quaternary ammonium 
halides (4) and the extension of the electrorefinement to 
other Group IIIA metals, (4) and Group IIB and Group 
IVA-VIA elements (5) have been disclosed. 

Two series of complexes of the form M+[A1R~X] - and 
M*[A12R6X]-, termed 1:1 and 1:2 complexes, respectively, 
have been reported with generally higher conductivity of 
the halide to aluminum ratio 1:2 complexes (6-9). For the 
K§ - complex salt, x-ray diffraction 
studies show colinearity for the Al-F-Al atoms and tetra- 
hedral coordination about the A1 atoms (10). This result 
was interpreted in Ref. (10) in terms of a partial 7r charac- 
ter of the F-Al bond and an sp hybridization of the fluor- 
ine atom, which was supported by a subsequent NMR 
study of the electroneutral isoelectronic compound 
(CH3)3Si-F-AI(C~Hs)3 (11). 

Ultrapure Group IIIA metals and metal alkyl com- 
pounds are presently of considerable technological inter- 
est for fabricating III-V compound semiconductors. In 
view of the advanced state of III-V compound bulk-crys- 
tal growth and epitaxy, the controlled reduction of the 
impurity background in the source materials is a key is- 
sue for the improvement  of both optoelectronic devices 
and FET structures. The indium containing III-V com- 
pounds and alloys are currently of particular interest in 
the context of light sources and detectors for optical com- 
munications (12), thus motivating our work on the purifi- 
cation of this metal. 

Experimental 
The aluminum alkyl electrolyte was prepared according 

to the procedures of Dotzer (14). An excess of trimethyl- 
amine gas was passed over a 57g charge of triethylalum- 
inum in a 1 liter flask. The triethylamine:triethylalum- 
inum one-to-one adduct, obtained in a considerably exo- 
thermic reaction, was distilled under vacuum at 120~ 
The clear, colorless distillate was heated to 50~ and 
stirred. A 55g sample of benzyl fluoride was added, drop- 
wise. The mixture  was then heated to 100~ and stirred 
for 30 rain and served as a stock for the preparation of 
complex solutions by further additions of triethylalum- 
inum. The electrolyte used for electrorefinement experi- 
ments consists of at least 2 mol Al(C2Hs)3 and 6 mol tolu- 
ene per mol C6HsCH~N(CH3):,F. In some cases, In(C2Hs):~ 
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was added to this electrolyte. For the NMR studies de- 
scribed below, we prepared, also, complex solutions of 
NaF in triethylaluminum. The NMR spectra were taken 
on a EM-390 NMR spectrometer. Where not stated, the 
spectra shown in Fig. 1-6 were recorded at room tempera- 
ture. All sample preparations and solution transfers were 
performed in an atmosphere of dry nitrogen. 

A two-electrode galvanostatic or a three-electrode po- 
tentiostatic configuration was used for deposition of in- 
dium onto a platinum sheet cathode. The anode was ei- 
ther a pure aluminum wire or a block of indium metal. 
For the three-electrode potentiostatic experiments,  the 
reference electrode was an aluminum wire in a pure tri- 
e thylaluminum electrolyte. The electrolytes in the elec- 
trorefinement cell and in the reference electrode com- 
partment  contac t in a sintered Vycor plug. 

Samples of the electrolyte and deposited metal were an- 
alyzed by plasma-emission methods. Aliquots of the elec- 
trolyte, representing less than 0.05% of the total mass of 
the electrolyte in the cell, were removed and immediately 
weighed under an N2 atmosphere. The samples were then 
hydrolyzed, similar to previously described procedures 
(13), by the addition of aqueous HC1, extracted from the 
toluene phase, and reweighed. 

Samples of the deposited metal were taken by remov- 
ing the Pt cathode from the cell, rinsing thoroughly with 
toluene followed by benzene, mechanically removing the 
metal from the electrode, melting under decahydronaph- 
thalene, etching with 6M HC1, and weighing. The samples 
were then dissolved in concentrate HC1 and diluted with 
deionized water. 

The hydrolyzed electrolyte and dissolved metal sam- 
ples were analyzed utilizing a Beckman spectraspan IV 
direct current argon plasma spectrometer. 

Identification of the Complex Equilibria by NMR 
Figure 1 shows the 'H-NMR spectra for (a) triethylalum- 

inum and (b) molar ratio of NaF to Al(C2Hs)3 = l:m solu- 
tion, where m = 2.5, and further dilution of this solution 
with AI(C2H.~):~ to (c) m = 3 and (d) m = 4. Note that spectra 
b, c, and d were recorded at -10~ and these solutions 
also contained 3 mol toluene per tool NaF. This is impor- 
tant since in the absence of toluene a phase separation oc- 
curs at m = 2 (7). This phase separation is prevented in 
toluene containing solutions. Also, the phase separation 
established at m -> 2 in the absence of toluene is reversed 
upon addition of toluene. Therefore, the toluene diluted 
solutions are thermodynamically stable to at least m = 4. 
Due to the  influence of the electropositive A1 atom, the 
CH2 quartet is shifted upfield from the position of the CH3 
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Fig. 1. ~H-NMR spectra of NaF + AI(C2H~)3 + toluene solutions 

t r ip le t .  A t  d i l u t i o n  m = 2.5, t he  upf ie ld  sh i f t  of t he  CH2 
s ignal  is e n h a n c e d  as e x p e c t e d  f rom t he  F-A1 in te rac t ion .  
D i lu t i on  b e y o n d  m = 2.5 r e su l t s  in  t h e  a p p e a r a n c e  of two  
CH2 s igna l s  a t  f ields t h a t  are  cha rac t e r i s t i c  for  t h e  com- 
p l ex  a n d  t he  p u r e  t r i e t h y l a l u m i n u m ,  respec t ive ly .  

F i g u r e  2 s h o w s  t h e  ' H - N M R  spec t r a  of  m o l a r  ra t io  of  
t r i m e t h y l b e n z y l  a m m o n i u m  f luor ide  to t r i e t h y l a l u m -  
i n u r e  = l :m  so lu t ions  for  va r ious  va lues  1 -< m -< 3. As in  
t he  s p e c t r a  for  t he  Na § complex ,  the  q u a r t e t  a s soc ia t ed  
w i t h  t h e  CH2 g r o u p  of  t h e  e thy l  g r o u p s  in  t he  a n i o n  com- 
p l ex  is sh i f t ed  upf ie ld  as c o m p a r e d  to th i s  p o s i t i o n  for  
p u r e  AI(C~Hs),~. Howeve r ,  for  m ~> 3, t he  f ine s t r u c t u r e  due  
to t he  i n t e r a c t i o n  of  t h e  CH2 p r o t o n s  w i t h  t he  p r o t o n s  of 
t h e  m e t h y l  g r o u p  in  t he  C2H.~ g r o u p  is r e d u c e d  a n d  a 
b r o a d e n i n g  occurs  in  t he  s ing le  l ine  a s soc i a t ed  w i t h  t he  
p r o t o n s  of  t he  a r o m a t i c  r ing  in  t he  benzy l  g roup .  This  
p h e n o m e n o n  m a y  be  d u e  to s ignal  a v e r a g i n g  and /o r  A1- 
p r o t o n  coup l ing ,  b u t  co inc ides ,  also, w i t h  t h e  o n s e t  of  a 
p h a s e  s e p a r a t i o n  t h a t  is o b s e r v e d  u p o n  r ep l ac ing  Na  ~ b y  
[C6HsCHzN(CH~).~] ~ for  d i lu t ions  m ~> 3. 

F i g u r e  3 s h o w s  t h e  '~F-NMR spec t r a  for  m o l a r  ra t io  of  
t o l u e n e  to N a F  to Al(C2Hs)3 = 3 : l :m so lu t ions  w i t h  (a) m = 
2, (b) m = 2, (c) m = 2.5, a n d  (d) m = 4. A s ing le  p e a k  at  4~ 
= 183 p p m  is o b s e r v e d  for  t h e  m = 1 so lu t ion  a n d  is asso- 
c i a t ed  w i t h  t h e  1:1 c o m p l e x  Na[FAI(C~H.~):~] r e p o r t e d  pre- 
v ious ly  (1-3, 5). Fo r  t h e  m = 2 so lu t ion ,  a p r e d o m i n a n t  
p e a k  at  172 p p m  a n d  a w e a k  s e c o n d  p e a k  at  166 p p m  are  
recorded .  The  p e a k  a t  166 p p m  inc reases  re la t ive  to t he  
p e a k  a t  172 p p m  u p o n  f u r t h e r  d i lu t ion  of  t h e  so lu t ion  b y  
AI(C2Hs):~. As p o i n t e d  ou t  in  t h e  a b o v e  d i s c u s s i o n  of  t he  'H  
spec t r a  u p  to m = 2.5, no  exces s  of  u n c o m p l e x e d  
AI(C2H.03 is de t ec t ab l e .  U s i n g  th i s  fac t  a n d  t h e  i n t e g r a t e d  
i n t ens i t i e s  of  t h e  'gF s igna ls  a t  166 a n d  172 p p m  for a solu- 
t ion  w i t h  m = 2.5, we c o n c l u d e  t h a t  t he  s ignal  a t  172 p p m  
is a s soc ia t ed  w i t h  t h e  p r e v i o u s l y  r e p o r t e d  1:2 c o m p l e x  

! 

m=2 

1 

r , f , J i . 

5 0 pPm 
Fig. 2. 1H-NMR spectra of C6HsCH2N(CH3)3F + AI(C~H~) 3 solutions 

(1-3, 5, 9) a n d  t h e  s igna l  a t  166 p p m  is a s soc i a t ed  w i t h  a 
h e r e t o f o r e  no t  r e c o g n i z e d  1:3 complex .  

F i g u r e  4 shows  a p lo t  of  t he  rat io  of  t h e  i n t e g r a t e d  ~gF 
s igna ls  for  t he  1:2 a n d  1:3 c o m p l e x e s  as a f u n c t i o n  of  t he  
m o l a r  ra t io  of  Al(C2Hs)3 to N a F  = n. As  e x p e c t e d  f rom the  
m a s s  ac t ion  law, t he  c o n c e n t r a t i o n  of  1:3 c o m p l e x  in- 
c reases  as t he  c o n c e n t r a t i o n  of  f ree  Al(C2H~)3 i nc r ea se s  (cf. 
d i s c u s s i o n  of  Fig. 1). 

F i g u r e  5 s h o w s  t h e  19F-NMR spec t r a  for  m o l a r  ra t io  of  
t r i m e t h y l b e n z y l  a m m o n i u m  f luor ide  to t r i e t h y l a l u m -  
i n u r e  = l :m  so lu t ions  w h e r e  (a) m = 1, (b) m = 1.5, (c) m = 
2, a n d  (d) m = 3. The  s p e c t r u m  Fig. 5a was  m e a s u r e d  at  
-10~ Fo r  t he  m o s t  d i l u t ed  solut ion,  m = 3, two  domi-  
n a n t  p e a k s  a t  172 a n d  166 p p m  are o b s e r v e d  tha t ,  i n  anal-  
ogy to the NaF complex solutions, are associated with the 
1:2 and 1:3 complexes, respectively. Also, a small addi- 
tional peak at 162 ppm is observed, indicating the possi- 
ble formation of higher-order complexes in the trimethyl- 
benzyl ammonium fluoride solutions. In the m = 2 
solution, this signal is absent and the signal associated 
with the 1:2 complex is dominant. However surprisingly, 
the signal at 162 ppm appears as a broadened signifcant 
feature in Fig. 5a, which shows an additional sharp peak 
at 153 ppm plus a broad peak at 175 ppm. The stoichio- 
metry of the F compounds associated with the signals at 
162 and 153 ppm is presently unknown. The broad signal 
at 175 ppm we interpret as an average between the signals 
associated with the lower order complexes. 

Figure 6 shows the change in the 'gF-NMR spectra of 
C6H.~CH2N(CH:,):~F + AI(C~H~)3 complex electrolyte at con- 
stant m ~ 3 upon dilution by toluene. Clearly, the ratio of 
the 1:2 to 1:3 complex concentrations increases with dilu- 
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Fig. 3. ~gF-NMR spectra of NaF + AI(C2Hs) ~ + toluene solutions 

tion. Assuming maximum conductivity for the 1:2 com- 
plex, this observation accounts for the previously unex- 
plained increase in the conductivity of the 
halide:aluminum alkyl = 1:2 electrolytes upon dilution 
with toluene. Also, the shift of the equilibrium between 
1:2 and 1:3 complex in toluene towards higher 1:2 com- 
plex concentration combined with a segregation coeffic- 
ient k <<  1 for 1:3 complex incorporation during crystal 
growth from such toluene solutions reconciles our results 
with the x-ray data of Natta et al. (6), which refer to pure 

4. 

C1:2 3 

C1:3 

2 

13 

I 

2 

Fig. 4. Relative concentration 

[] 

13 

I I I 

3 4 

(n) 
C,:~/C,::~ of Na[FAI2(C~Hs)6 ] and 

Na[FAI3(C2Hs)9] as a function of the molar ratio of AI(C2H.~)~ to NaF 
n .  
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Fig. 5. ~gF-NMR spectra of C6HsCH2N(CH3)~F + AI(C2Hs)3 solutions 

single crystals of K[AI2F(C~Hs)6] grown from toluene solu- 
tions containing KF and AI(C2Hs):3 additions in a molar ra- 
tio of 1 to 2. 

(a) 

,;L 
~6o 

Ib) 

,L 
ppm 

,=,, 

180 

{c) ( 

I i 

160 170 180 160 170 180 
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Fig. 6. ~F-NMR spectra of C6HsCH=N(CH:{):~F + AI(C2Hs):~ solu- 
tions at m = 3 diluted with toluene (a) neat, (b) 25% toluene, (c) 
50% toluene, and (d) 75% toluene. 
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Figure  7 shows the  cyclic v o l t a m m o g r a m s  for tri- 
me thy lbenzy l  a m m o n i u m  t r i e thy l a luminum fluoride 
e lec t ro lyte  us ing an A1 anode  for var ious  di lut ions m in 
the  range  2.00 -< m _< 2.13. The  peak  anodic  and ca thodic  
cur ren t  densi t ies  for A1 dissolu t ion  and A1 deposi t ion,  re- 
spect ively,  are p ropor t iona l  to the  a m o u n t  of  AI(C~Hs)~ 
added.  Accord ing  to the  above  NMR study,  at m = 2 mos t  
of  the  AI(C2H~)3 is comp lexed ,  but  the  concen t ra t ion  of  
free AI(C2Hs)3 increases  subs tant ia l ly  wi th  increas ing  m, 
sugges t ing  that  the  peak  anodic  and ca thodic  current  
densi t ies  for A1 dissolu t ion  and A1 deposi t ion,  respec-  
tively, are re la ted  to the  concen t ra t ion  of  excess  AI(C2Hs)3 
that  is coup led  to the  fo l lowing equ i l i b r i a  

AI(C2H~)3 + [AI2F(C2Hs)6] e , [A13F(C2Hs)9] e [i] 

2Al(C2H~)3 :"  AI2(C~H5)6 [2] 

A12(C2Hs)6 : " [AI(C2H~h[ e + [AI(C2Hs)~] e [3] 

We p ropose  the  fo l lowing  overal l  anodic  and ca thodic  
par t ia l  react ions.  

For  the  anodic  react ion 

3[AI(C2Hs)4] e ) 3AI(C2H~)3 + 3C2H~ + 3e e [4] 

Al + 3C2H5 ) AI(C2H~)~ [5] 

3[AI(C2Hs)4] e + A1 : )  4Al(C~Hs)3 + 3e e [6] 

The  format ion  of  e thyl  radicals  in the  anodic  step, as as- 
s u m e d  in Eq.  [3], is a p r o v e n  expe r imen ta l  fact  and leads, 
in the  case of iner t  meta l  anode,  to the  fo rmat ion  of  the  
d i spropor t iona t ion  p roduc t s  e thane  and e thylene,  as pre- 
v ious ly  repor ted  (9). 

Fo r  the  ca thodic  reac t ion  

3AI(C2Hs)2 ~ + 3e e .: ) A1 + 2Al(C2Hs)3 [7] 

S ince  a r ep l acemen t  of  the  A1 anode  by an In  anode  leads 
to the  chemica l  d issolu t ion  of In  accord ing  to Eq.  [8] 

In  + 3C~H~ > In(C2Hs)3 [8] 

60 
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the  overal l  anodic  react ion is in this case 

3Al(C2Hs)4 e In  > 3Al(C2Hs)3 + In  (C2H~)3 + 3e e [9] 

Consequent ly ,  u p o n  electrolysis  unde r  galvanosta t ic  con- 
dit ions,  the  init ial ly pure  a l u m i n u m  c o m p l e x  e lect rolyte  
becomes  enr iched  in t r ie thyl indium,  which,  accord ing  to 
the  equ i l ib r ium 

2In(C2Hs)3 : " I n ( C 2 H ~ h  e + In(C2H~)2 e [10] 

is coup led  to ne t  ca thodic  react ion 

3In(C~H~)~ e + 3e e ) In  + 2In(C2Hs)3 [11] 

This  suggests  the  possibi l i ty  o f  In  depos i t ion  f rom an in- 
itially pure  A1 c o m p l e x  electrolyte,  which  has been  veri-  
fied prev ious ly  (9) and has  b e e n  exp lo red  here  in more  
detail. 

Table  I shows the  increase  of  the  In  concen t ra t ion  in 
the  e lec t ro lyte  dur ing  a typical  ga]vanostat ic  e x p e r i m e n t  
at a cur ren t  dens i ty  of  20 m A / c m  2 at the  ca thode  which  
cor responds  to - 5  m A / c m  2 at the  In  anode.  The  fo l lowing 
features  were  observed:  (i) the  ind ium concen t ra t ion  in- 
c reased  very  s lowly to a s teady-state  va lue  of  - 9  x 10-3M, 
(ii) there  were  cons iderab le  f luctuat ions  in the  In  concen-  
t ra t ion close to the  ca thode  par t icular ly  dur ing  the  initial 
per iod  of  the  electrolysis.  These  f luctuat ions  may  have  
been  re la ted to changes  in the  flow condi t ions  in the  cell. 

F igure  8 shows the  cyclic v o l t a m m o g r a m s  of m = 2.4 
a l u m i n u m  elect rolyte  wi th  var ious  addi t ions  of  tr iethyl-  
ind ium.  Two ca thodic  and two anodic  peaks  were  ob- 
served,  co r respond ing  to the  deposi t ion  of  In  and A1 and 
the  reox ida t lon  of  the  r educed  species,  respect ively .  In  
v i ew of  the small  In:A1 ratio in the  electrolyte,  the  he igh t  
of  the  A1 peaks  were  far less sensi t ive to changes  in the  In  
concen t ra t ion  than  were  the  In  peak  heights ,  wh ich  in- 
c reased  l inearly wi th  the  In  concentra t ion.  

The  peak  separat ion b e t w e e n  A1 and In  depos i t ion  was 
-0 .8V,  offering thus  an exce l len t  oppor tun i ty  for separa- 
t ion by electrolysis  at cont ro l led  potential .  Analyses  of  de- 
posits  obta ined  at the  In-peak potent ia l  r evea led  an A1 
level  of, typically,  2 ppm,  which  we bel ieve is pr imar i ly  
due  to difficulties in comple te ly  c leaning the  A1 electro- 
lyte  off  the  surface of  the  ca thodic  deposit .  No other  im- 
pur i t ies  were  detected.  In  part icular ,  Ga that  was found  as 
a t race meta l  impur i ty  in the  commerc i a l  5N and 6N pure  
In meta l  avai lable  to us was absen t  in the  electroref ined 
In. This  mater ia l  is well  sui ted for the  g rowth  of  bulk  
single crystals of  the  ind ium conta in ing  III-V c o m p o u n d s  
where  small  levels  of i soelect ronic  impur i t ies  do not  
significantly affect  the lat t ice cons tan t  and the  band 
structure.  In fact, current ly,  the  del ibera te  addi t ion  of  iso- 
e lect ronic  impur i t i es  as a means  for increas ing the  yield 
stress of  III-V subst ra te  crystals is be ing  exp lored  in sev- 
eral laborator ies  wi th  the a im at r educ ing  the  dens i ty  of  
dis locat ions due  to the rmal  stress dur ing  crystal  growth.  
However ,  for the  purpose  of epi taxia l  growth,  fur ther  

! work  on the r educ t ion  of  the  A1 impur i ty  level  is r equ i red  
because  of  its re lat ively large d is t r ibut ion  coefficient  and 
s t icking coeff ic ient  unde r  the  c o n d i t i o n s  of  l iquid  phase  
ep i taxy  and molecu la r  b e a m  epi taxy,  respect ively.  Of  

1.5 0 -1.5 
POTENTIAL (V)  

Fig. 7. Cyclic voltammograms at 25~ of AI(C2H~)3 to 
C6HsCH2N(CH3)3F to toluene = m:1:3 solutions. Traces (A) m = 
2.00, (B}m = 2.05, (C)m = 2.08, (D)m = 2.11, and (E)m = 2.13. 

Table I. Electrolyte 

[In] x I0  -:~ 
Time (min) [A1] (M) (M) 

2 2.0 0.40 
10 2.0 0.44 
20 2.0 1.4 
30 1.9 1.8 
37 2.2 0.83 
44 1.9 1.1 
51 1.8 0.80 
58 2.0 1.6 
65 1.9 3.1 
75 - -  0.35 

1278 - -  9.3 
2058 - -  9.3 
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Fig. 8. Cyclic voltammograms at 25~ of AI(C2Hs) 3 to In(C2Hs)3 to 
C6H~CH2N(CH3)~F to toluene = 2.40~:1:3 solutions. Traces (A) x = 
0.003, (B)x = 0.010, and (C)x = 0.017. 

course, this restriction does not apply to the growth of A1 
and In containing III-V alloy epilayers, where In 
electrorefined through the above described mixed A1 + 
In  alkyl electrolyte is a potentially useful source material. 

Summary 
High purity indium metal has been prepared by elec- 

trolysis at constant potential from a mixed A1 + In  com- 
plex electrolyte that contains typically 2 mol AI(C~Hs)3 
and 0.06 mol In(C2H~)3 per mol C6H~CH2N(CH3)3F. Based 
on the results of NMR measurements that provide insight 
into the complex equilibria and of cyclic voltammetry ap- 
plied to the pure A1 complex electrolyte and to the mixed 
electrolyte, a mechanism for the cathodic and anodic 
steps in the electrorefinement process is proposed. This 

mechanism is described by the following net electrode 
reactions 

Anode In + 3AI(C~Hs)4e---* In(C2Hs)3 + 3Al(C2Hs)3 + 3e e 

Cathode 3In(C~Hs)2 e + 3e e : > In + 2In(C2Hs)3 

It is the opinion of the authors that the C6HsCH~N(CH3)~, 
[A12F(C2Hs)6] e,  and [A13F(C2Hs)9] e ions that exist in equi- 
l ibrium with uncomplexed AI(C2Hs)~ serve merely as sup- 
porting electrolyte. The indium metal obtained by elec- 
trolysis in a mixed A1 + In alkyl electrolyte is suitable for 
the synthesis and bulk crystal growth of III-V compounds 
and other In containing compound semiconductors. How- 
ever, a further reduction of the - 2  ppm A1 contamination 
level is required for making the electrorefined In  a useful 
source material for epitaxial growth processes. 
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Cyclic Voltammogram of Formaldehyde and Its Related Species in 
Electroless Copper Solution 

Thomas  M.  T a m *  

Lockheed Missiles and Space Company, Incorporated, Sunnyvale, California 94086 

ABSTRACT 

The cyclic voltammetric method that allows the evaluation of formaldehyde concentrations in electroless copper solu- 
tion is described. In this study, evidence is provided to show that methylene glycolate anion and its copper (II) complex 
are electroactive species in the solution. These species give a peak centered around -0.25V vs. Ag/AgC1. It is also pro- 
posed that this technique can easily be integrated into a remote monitoring system. 

Electroless copper plating solutions are widely used in 
the fabrication of printed circuit boards. This solution has 
three critical chemical components requiring control: the 
copper concentration, the formaldehyde concentration, 
and the alkalinity of the solution. The goal of this study is 

* Electrochemical Society Active Member. 

to identify chemical probes that will allow monitoring of 
these parameters via a computer control system. The 
ideal probes are those that can measure the process solu- 
tion in situ. For an electroless copper solution, it was 
found that the concentration of copper and alkalinity can 
be conveniently measured by color and pH probes. How- 
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ever, no probe is available to measure formaldehyde in 
this solution. 

Recently, there have been a few publications discussing 
the cyclic voltammetric method for studying the chemis- 
try of electroless copper plating solution (1-4). These au- 
thors were able to identify voltammetric peaks that could 
be assigned to formaldehyde. Some of these voltammo- 
grams were either too complicated or lacking in quantita- 
tive data and therefore unsuitable for our purpose. It was 
found that by using a rotating platinum working elec- 
trode and scanning the voltage within a narrow range (i.e., 
-0.60 to +0.8VI), an anodic peak is obtained and can be 
assigned to formaldehyde. Data are presented in this pa- 
per that validate assignments of .this peak to formalde- 
hyde and related species. 

E x p e r i m e n t a l  

Solutions.--The sample solution used in this study was 
a one-month-old Shipley electroless copper solution ob- 
tained from the plating shop. This was originally pre- 
pared by using Shiptey's Cuposit 328A, S, and Y solu- 
tions 2 (Shipley Company, Incorporated). The purpose in 
using this solution is that the results can be directly ap- 
plied to a production solution. 

For experiments where the formaldehyde was the varia- 
ble, 80 ml of the process solution was diluted to 100 ml by 
using varying amounts of Shipley 328S and deionized 
water. 

For experiments where copper (II) is the variable, cop- 
per sulfate (2-10 g/l) and a constant weight of Rochelle salt 
(25 g/l) were added to 20 ml process solution. An ap- 
propriate amount of Cuposit 328S was'added to adjust the 
concentration of formaldehyde to 0.1-0.2M. These solu- 
tions were then diluted to 100 ml. 

The pH of these solutions was adjusted using either 
concentrated H2SO4 or NaOH solutions. 

Analysis of the solution . - -The total concentration of for- 
maldehyde, [E CH20], was obtained using a procedure 
recommended by Shipley (5). The total copper concentra- 
tion was obtained by iodometic titration (6) and is repre- 
sented by []~ Cu(II)]. 

The pH of these solutions was adjusted using either 
concentrated H~SO~ or NaOH solutions. 

Cyclic voltammetric measurements.--A 200 ml Brink- 
mann titration vessel was used to hold the working, auxil- 
iary, and reference electrodes. The working electrode was 
prepared by pressing a 1/8 in. diam platinum rod into a 3/8 
in. diam stainless steel rod. The electrode body was 
sealed using Mierostop (Michigan Chrome and Chemical 
Corporation). The exposed platinum surface was polished 
with 600 grit silicon carbide grinding paper, A Dietzen 
motor equipped with a rotating mercury contact 
(Mercotac Incorporated) was used to rotate the electrode. 
The auxiliary electrode used was a piece of 1/6 in. diam 
copper wire, and the reference electrode was a gel-type 
double junction Ag/AgC1 electrode (Graphic Control). The 
potential was driven by a cyclic voltammetric unit. A 
Soltec X-Y recorder (UP6432S) was used to record the 
voltage and current change, and the potential was 
scanned between -0.6 and +0.8V at a rate of 40 mV/s. 

Curve analysis.--Intensity of the peak at -0.25V was 
obtained by integrating the area under the recorded 
curve. I f  the scan rate in obtaining the vol tammogram is 
known, the time element  (seconds) along the X-axis can 
be determined. The current at a given time gives the total 
number  of coulombs, ~q, which is proportional to the 
concentration of electroactive species of interest. The cyc- 
lic voltammetric system currently used does not have an 
integrater. To obtain the area, the vol tammogram ob- 
tained from the X-Y chart recorder is photocopied. On the 
photocopied voltammogram, a base line was drawn to 

~All voltages reported herein are with respect to Ag/AgC1 ref- 
erence electrode. 

2Cuposit 328: (A) concentrated copper and formaldehyde solu- 
tion; (S) concentrated formaldehyde solution; (Y) concentrated 
alkaline solution. 

connect the minima at -0.15 to -0.45V. The peak was 
then cut out along the trace and weighed. Using a propor- 
tionality factor, the weight was then converted to ~q. 

Results 

Separate vol tammograms of electroless copper solu- 
tions have been published (1, 2, 4). The peaks of these 
voltammograms are due to the plating of copper onto the 
electrode surface during cathodic scan, and to the reduc- 
tion of copper to its oxide during anodic scan (7, 8). In ad- 
dition, there are peaks that can be assigned to formalde- 
hyde. These formaldehyde peaks seem to be affected by 
copper plated on the electrode surface; therefore, they are 
difficult to use for quantitative data. It was found by 
using a platinum electrode and scanning the voltage in a 
narrower range (-0.6-0.8V) that copper will not deposit on 
the electrode surface. As a result, a relatively clean 
voltammogram, as shown in Fig. i, was obtained. When 
the voltage is scanned in a cathodic direction, a single 
sharp peak centered at -0.20 to -0.25V is observed, and 
will be designated as peak A. If the voltage is scanned be- 
yond the mixed potential (-O.70V), copper deposition will 
result (9, I0). 

On the anodic scan, a different broad-band centered 
around +0.2V is also observed. For a freshly prepared so- 
lution, this broad-band's intensity is rather high. As the 
solution is left to stand for a period of time (e.g., over- 
night), the intensity of the band decreases significantly. 
This band could be due to oxidation of formaldehyde and 
is inhibited by the formation of platinum oxide (3, 1 I). 
This change has no effect on peak A. The intensity of 
peak A depends upon the total concentration of formalde- 
hyde, [~ CH~O], copper, [~ Cu(II)], and the pH of the solu- 
tion. By varying one of these parameters at a time, a 
series of quantitative data have been obtained. With this 
data, we attempt to assign peak A to specific electro- 
active species that are related to formaldehyde. 

Intensity of peak A vs.[~ CH20] and pH.--In this study, 
the sample solution was a one-month-old electroless solu- 
tion obtained from the plating shop. Peak intensity, ~q, 
can be obtained by keeping the pH and [~ Cu(II)] of the 
solution constant. The [~ CH20] can be varied by adding 
concentrated CH~O solution (Cuposit 328S) to the electro- 
less copper solution. The intensity of the peak increases 
linearly with respect to [5 CH20]. Figure 2 shows three ex- 
amples where the pH of the solutions were maintained at 
11.82, 12.28, and 12.51. When pH of the solution is 
changed, the linear relationship of the two parameters 
still exists, but the slope of the straight line, S, changes. 
Also note that none of the straight lines can be extrapo- 
lated to a zero intercept. The intercepts, I, are dependent  
upon the change in pH of the solution. The values of I 
and S at different [OH-] (calculated from pH measure- 
ments) are shown in Table I. By plotting S -1 vs. [OH-] -1, 

3.0 

2.5 

2 .0  1 olO 
0 

- 0 . 6  - 0 . 4  - 0 . 2  O.0 0.2 0.4 0 .6  0 .8  

VOLTS vs Ag /AgC~ 

Fig. 1. Cyclic voltammogram of methylene glycolate and related cop- 
per (11) species in electroless copper solution. [~ Cu(ll)] = 0.039M; 
[~ CH20] = 0.23;pH = 12.30. Sweep rate = 40 mV/s; rotational speed 
= 3000 rpm; temperature = 23 ~ • 1~ 
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Fig. 2. Dependence of peak A's intensity of [~, CH20 ] andpH. Experi- 
mental conditions are given in Fig. 1. 

a l inear  re la t ionship  is obse rved  (see Fig. 3). These  results  
can be  represen ted  by a genera l  equa t ion  

C~Q,[OH-] 
Eq - [~ CH20] + I [1] 

I + Q~[OH-] 

The pr incipal  species of  fo rma ldehyde  d isso lved  in aque- 
ous m e d i u m  is m e t h y l e n e  glycol, CH202H2. In  alkal ine 
med ium,  m e t h y l e n e  glycol  will  dissociate  to me thy lene  
glycolate,  (a) (12) 

CH20~H.~ + O H -  = CH202H- + H20 [A] 
(a) 

Q~ = [CH~O2H-] 
[CH~O~H2][OH-] [2] 

[~ CH20] = [CH202H2] + [CH202H-] [3] 

The  va lue  Q1 is the  equ i l ib r ium quot ien t  for react ion 
[A]. Equa t ion  [3] is the  mass  balance equa t ion  for 
[~ CH20]. The other  t e rms  in Eq.  [2] and [3] are the  equi- 
l ib r ium concen t ra t ion  of me thy lene  glycol  and me thy lene  
glycolate  (a) that  exis t  in the  solut ion descr ibed  by  reac- 
t ion [A]. Species  a has been  p roposed  as the  e lec t roac t ive  

Table I. Dependence of S and I vs. [OH- ] .  
[~ Cu(ll)] = 0.038 -+ 0.005M. Temperature = 23 ~ +- 1~ 

[OH-] • 10-3M S • 10-2C M -1 I x 10-aC 

2.75 0.50 - -  
6.61 1.02 1.2 

11.0 1.51 1.3 
19,1 1.78 2.8 
33.9 2.58 3.8 
55.0 2.90 2.9 
77.6 4.58 1.9 
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Fig. 3. Plot of 5 - 1  vs. [ O H - ] - l .  See Table I. 

species in several  other  s tudies  (4, 13). In  this case, it is 
also p roposed  as one  of the  e lect roact ive  species that  give 
rise to peak  A. The  Eq va lue  measured  can therefore  be  
expres sed  by Eq. [4] 

Eq = Ca(a) + I [4] 

where  Ca is the  apparen t  propor t ional i ty  cons tan t  describ- 
ing the  sensor  parameters  (e.g., stirr ing and scan rate, sur- 
face area, etc.) and other  solut ion mat r ix  proper t ies  (14). 
In  this study, these  parameters  were  held  constant .  Equa-  
t ions [2], [3], and [4] can be used  to der ive  Eq.  [1], wl~ich 
descr ibes  the  l inear  re la t ion of  Eq vs. [E CHzO] (Fig. 2) at 
cons tan t  [E Cu(II)] and pH. The slope of the  plot, S = CaQ, 
[OH-]  (1 + [OH-] ) - ' ,  is pH dependent .  The  inverse  of S 
gives Eq.  [5], which  can be  used  to descr ibe  the  plot  
shown in Fig. 3 

1 1 1 
+ [5] 

S CaQ,[OH-] Ca 

F r o m  this plot, the  s lope (Caql )  -~ and in te rcep t  Ca- '  are 
0.48 C - ' M  2 and 2.39 C- 'M,  respect ively.  F r o m  these  two 
values,  the  equ i l ib r ium quot ients ,  Q, for react ion [A] can 
be calculated to be  50M -1 at 23~ By us ing this value,  the  
dissociat ion quo t ien t  for CH20~H2 is found  to be 5.0 • 
10-'~M -1. Table  II shows the  same quo t i en t  de te rmined  
by dif ferent  workers .  

The in te rcep t  I, f rom Eq. [1], first increases  and passes  
th rough a m a x i m u m  (pH = 12.53), t hen  decreases  as a 
funct ion of pH. The change in the  es t imated  surface con- 
centrat ion of fo rma ldehyde  (17) and the  pla t ing rate of  
electroless copper  solut ion (18-20) wi th  respect  to pH  be- 
have  in a s imilar  fashion. 

Intensi ty  of  peak  A vs. [E Cu(II)] . --The d e p e n d e n c e  of 
Eq upon  [E Cu(II)] has also been  studied.  To isolate the  ef- 

Table II. Literature values of the dissociation quotients 
for the reaction CH~O~Hz~CH,20~H- + H § 

Qd • IO-':~M -' Ref. 

0.53 (25~ Los (15) 
2.1 " (5O~ Molenaar (16) 
1.6 (23~ Walker (12) 
5.0 (23~ This work 
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fect of [~ Cu(II)], Eq. [6] as used to correct the effect of 
[OH-l, [Z CH20], and residual I value 

1 + QI [OH-] 
C a = (]~q - 1) [6] 

Q~[OH-][~ CH20] 

The values for Ca were determined with [~ CH~O] main- 
tained at 0.1M, 0.2M, and pH 12.5. The copper concentra- 
tion, [Z .Cu(II)], was varied from 0.01M to 0.10M by adding 
CuSO4 and sodium tartrate salt to diluted electroless 
copper solutions. The value Ca decreases as [~ Cu(II)] in- 
creases and levels off at high [Z Cu(II)]. A straight line is 
obtained by plotting C [Z Cu(II)] -1 vs. [~ Cu(II)] -1, as 
shown in Fig. 4. The equation that describes the plot is 

C~ C~ 
C~ [7] 

[Z Cu(II)] [Z Cu(II)] 

(a) (b) (c) 

-0.4 -0.2 -0.4 -0.2 -0.4 -0.2 

VOLT vs Ag/AgC~ 

Fig. 5. Change in the shape of peak A with respect to [~ Cu(ll)]. (a) 
[.~ Cu(ll)] = 0.016M; (b) 0.029M; (c) 0.069M. pH = 12.51 - 0.04. 

where C1= 5.2 • 10 -2 C .M -1 and C2 = 4.6 x 10 -1 C .M -2. 
The change in shape of peak A with respect to [~ Cu(II)] 
is shown in Fig. 5. Notice that at low copper concentra- 
tion, peak A is an asymmetric peak [Fig. 5(a)], which is 
similar to that of CH~O in basic tartaric salt solution. But 
when [~ Cu(II)] is increased, peak A becomes more of a 
symmetric peak [Fig. 5(c)]. 

These results can be explained as follows. When copper 
(II) is dissolved in alkaline solution containing tartrate ion 
(C4H206 -2 = L), monomeric and dimeric species will form, 
e.g. L2Cu(II), LCu(II) (OH)2, and L2Cu(II)2 (21, 22). Within 
the pH range (11.4-12.9) of this study, the principal species 
is LCu(II) (OH)2 (4, 18). The LCu(II) (OH)2 species can re- 
act with methylene glycolate to give complex (b) 

CH202H- + LCu(II)(OH)2 = LCu(II)(OH)2CH202H [B] 
(a) (b) 

Schoenberg (18) has shown by using EPR and spectro- 
photometric ~echniques that (b) is a stable complex in the 
solution. Byerly has also proposed this complex as a reac- 
tion intermediate for the reduction of Cu(II) by formalde- 
hyde (23). We are proposing that species (b) is also an 
electroactive species. At low [~ Cu(II)], the principal 
electroactive species is methylene glycolate, (a).  As 
[Z Cu(II)] increases, (a) is being replaced by (b). The pro- 
portional constant of species (b) is smaller than that of (a). 
This will cause the apparent proportional constant, Ca, to 
'decrease (Eq. [7]). This rationale is consistent with the 
change in shape of peak A observed Fig. 5. 

Conclusion 
In this report, the cyclic voltammetric technique was 

used to study the electroless copper solution. Quantita- 
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Fig. 4. C. [~: Cu(l l)]- '  vs. [~ Cu(ll)]- ' .  [~ CH20 ] = 0.l at 0.2M.pH 
= 12 51 • 0.04. Experimental conditions are given in Fig. 1. 

tive data have been obtained to show that the peak at 
-0.25V depends upon [Z CH20], [~ Cu(II)], and pH of the 
solution. For the present moment,  peak A is assigned to 
methylene glycolate, a, and its copper (II) adduct, b. This 
proposal most likely is oversimplified, but, nevertheless, 
it is consistent with the data presented thus far. 

Use of different types of electrochemical measuring 
systems as remote sensors have been suggested else- 
where (17, 24). The cyclic voltammetric technique used in 
this work is easy to operate and can be integrated into a 
remote monitoring system. The apparatus described has 
been used to measure the formaldehyde concentration in 
the shop solutions for more than 2 months. The only pre- 
caution required was to rinse and soak the electrodes in 
deionized water after they were used. The accuracy of the 
data is estimated to be -+13%. Because of these advan- 
tages, this technique offers another possibility of mea- 
surements in situ. 

Manuscript submitted Jan. 20, 1984; revised manuscript  
received Nov. 20, 1984. 
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ABSTRACT 

Recently, an experimental  method was introduced which allows photoelectrochemical studies of nearly intrinsic 
semiconductors. In this simple technique, subbandgap illumination is used to make the bulk material photoconductive. 
A corresponding model explains this behavior in terms of a potential distribution which is similar to that one of a doped 
semiconductor. The method allows one to predict whether the time consuming process of chemical doping, for applica- 
tions such as photoelectrolysis, is worth undertaking. The model p~oposed relies heavily on the photoconductivity of 
the insulator. We have now been able to observe the effect even on a number  of very poor photoconductors,  such as lay- 
ered chalcogenides SnS2, Sn(Seo.lS0.~)2, MPSe3 (M = Cd, Mn). In the case of SnS2, we can compare the photoelectrochem- 
ical studies of undoped semiconductors with chemically doped semiconductors. Furthermore, we find that the re- 
sponse at high photon energies caused by the subbandgap illumination scales indeed with the photoconductivity of the 
high resistivity semiconductors, lending additional support for the model. 

Photoelectrochemieal  investigations of undoped semi- 
conductor electrodes are often hampered by extremely 
low quantum yields. The photocurrent  response to mono- 
chromatic light is usually limited to a narrow spectral re- 
gion near the absorption edge. For charge carriers created 
in the vicinity of the electrode surface by strongly ab- 
sorbed photons, the internal electric fields are not 
sufficiently strong to provide an efficient separation of 
the electron-hole pairs. Recently, it has been shown (1, 2) 
that irradiation of the electrode with a light source pro- 
viding photon energies in the range of the bandgap may 
drastically change the properties of the insulator- 
electrolyte interface. This subbandgap illumination can 
enlarge the spectral response due to a second monochro- 
matic light source by several orders of magnitude, even 
for wavelengths much shorter than the absorption edge. 
A simple model (1, 2) explains this behavior as a change 
of the potential distribution in the electrode: the bulk of 
the insulator electrode gets photoconductive by irradia- 
tion with weakly absorbed light and the resulting poten- 
tial distribution resembles that one of a doped semicon- 
ductor. 

The effect of a background illumination which induces 
a higher injection rate of carriers has been used for more 
than 10 years (3, 4). But usually only relatively highly 
doped semiconductors were examined. 

In this paper, we show that this double-beam technique 
can be applied to rather poor photoconductors such as 
SnS2, Sn(Se0.iSo.~)~, MnPSe:~, and CdPSe:, These materials 
crystallize in a layered crystal structure of hexagonal 
(SnS2, Sn(Se0.,S0.9)~) or rhombohedral  (CdPS%, MnPSe~) 
symmetry, respectively (5, 6). The bonding between lay- 
ers is weak compared to the intralayer forces, the latter 
being predominantly of covalent character. 

Taking SnS2 as an example, we demonstrate a close re- 
lationship between the photocurrent  spectra of doubly il- 
luminated high resistivity electrodes and chemically 
doped electrodes. 

In addition to the photoelectrochemical measurements 
the bandgaps were determined by standard optical 
techniques. 

Crystal Growth 
Single crystals have been grown from the elements or 

from the prereacted compounds by the chemical vapor 

transport reactions, with iodine as transport agent and in 
presence of excess chalcogen. The growth temperatures 
of the crystals were between 590 ~ and 680~ and the tem- 
perature of the source material between 620 ~ and 710~ 
The temperature difference between the two ends of the 
crucible about 15 cm in length did not exceed 30~ In the 
case of the doped sample SnS~:Ga, the compound was 
sublimated several times from one end of the ampulla to 
the other before the last growth transport, in order to ho- 
mogenize the impurity distribution in the crystals. Typi- 
cal samples were checked by x-ray diffraction tests. 

Electrode Preparation, Photoelectrochemical Cell, and 
Experimental Setup 

All crystals were mounted on brass in Teflon cylinders 
with conducting silver paint. The edges of the crystal 
plates were protected with epoxy. In all cases, the surface 
perpendicular to the c-axis was exposed to the solution. 
The aqueous electrolytes used were 1M HC1, 1N H2SO4, 
1M NaOH, or 1M Na2S, as indicated in the figure cap- 
tions. The photoresponse for all electrodes was measured 
using a standard three-electrode cell: a working electrode, 
a saturated calomel electrode (SCE) as a reference, and a 
platinum wire as counterelectrode. For the potential con- 
trol of the highly resistive electrodes an ordinary power 
supply was used. The doped SnS2 electrodes were 
controlled potentiostatically with the disk circuit of a 
Tacussel bipotentiostat. The working electrode was 
arranged in such a way that simultaneous irradiation by 
two light sources was possible. Monochromatic illumina- 
tion was provided by a tungsten-halogen lamp (12V, 55W) 
filtered through a Zeiss M4G II single prism monochro- 
mator. This radiation was chopped at 150 Hz and the pho- 
tocurrent response was measured with standard lock-in 
techniques. Subbandgap illumination was achieved with 
unchopped radiation using a 150W Xe lamp and a Schott 
filter with an absorption edge just  below that of the crys- 
tals. 

Results and Discussion 
Solid-state properties.--All undoped crystals have 

resistivities larger than 107 ~ cm at room temperature (7). 
In Table I are given the approximate values of the 
bandgap energies (E,~, + E,ho~on), obtained by plotting the 
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Table 1. Approximate value of the bandgap energy 
derived from optlcal measurements 

s + E,h .... (eV) 

SnS= 2.14 -+ 0.02 
Sn(Seo.~S09)2 1.98 -+ 0.02 
CdPSe3 2.27 -+ 0.03 
MnPSe3 1.87 -+ 0.03 
Sn~ =Ga~S2 (x = 0.001 nora.) 2.19 -+ 0.02 

square root of the absorption coefficient a vs. the photon 
energy (all transitions are indirect). The expected kink in 
the x/a curve could not be observed because all investi- 
gated layered crystals were too thin. Therefore, the 
phonon energy E,,o,on could not be determined. 

Photoelectrochemical measurements.--It is a character- 
istic feature of high resistivity semiconductor electrodes 
that the response to monochromatic  illumination is usu- 
ally limited to a small spectral region near the absorption 
edge. 

The magnitude of the photoresponse strongly depends 
on the photoconductivi ty of a sample. In fact, it will be 
shown below that the photoconductivi ty of all our 
samples is rather poor. As an example, for a ternary com- 
pound exhibiting all the salient features of such a poor 
photoconductor we show in Fig. 1, the photocurrent- 
potential curves for a cathodically polarized CdPSe3 elec- 
trode in IM HC1. For strongly absorbed monochromatic  
illumination, i.e., E~ho, o~ = 2.70 eV, which is far above the 
adsorption edge (Eg~, ~ 2.27 eV), the photocurrent  re- 
mains extremely small up to the highest electrode poten- 
tial (Fig. 1, lower curve). When the electrode is in addition 
illuminated with subbandgap light (Xe radiation, Schott 
filter OG530, corresponding to a cutoff around of 2.3 eV) 
the photocurrent  increases dramatically (Fig. 1, upper 
curve). The magnitude of the enhancement  strongly de- 
pends on the ratio of the intensities of subbandgap to 
monochromatic  illumination. Towards high values of this 
ratio, a saturation of the enhancement  is commonly ob- 
served (see also Fig. 4 below). The dark current was much 
smaller than 1 nA, just as for all other cases considered 
below. 

With and withou~ subbandgap illumination the photo- 
current-potential curves are practically linear up to the 
highest applied potential (Fig. t). The same has been 
found for all high resistivity materials investigated in this 
work, Furthermore, the photocurrent-potential curves are 
symmetrical for anodic and cathodic polarization. The in- 
frared part of the subbandgap spectrum affects the en- 
hancement  very little. This is revealed most clearly by the 
strong dependence of the enhancement  on the cutoff 
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Fig. 2. Spectral dependence of the quantum yield for a CdPSe3 elec- 
trode in 1M HCI with monochromatic illumination alone (curve a) and 
with additional subbandgap radiation (Ephoton < 2.34 eV, curves b and c). 
Curve b corresponds to an anodic (+ 100 VscE) and curve c to a cathodic 
bias ( -  100 VscE)- In the case of monochromatic illumination alone, the 
quantum yields for anodic and cathodic polarization coincide (curve a, 
-+ 100 Vsc E). 

filter. The use of filters with cutoff energies far below 
the absorption edge of the electrode does not lead to an 
increase of the response at high energy. 

The quantum yield spectra for CdPSe:~ are shown in 
Fig. 2 with monochromatic illumination alone (curve a) 
and with additional subbandgap illumiation (curves b and 
c). In the latter case curve b is for anodic polarization 
(+ 100 Vsc~) while curve c represents cathodic polarization 
(-100 Vsc~). For monochromatic illumination alone the 
cm~ces for anodic and cathodic polarization coincide. The 
most remarkable feature of Fig. 2 is the huge increase of 
the blue response (E,hoton > 2.6 eV) upon illumination of 
the electrode by subbandgap radiation (compare Fig. 1). 
In addition the photoconductivi ty is enhanced by roughly 
a factor of two at 2.4 eV. Qualitatively the behavior of 
CdPSe:~ is thus similar to that one of the much better 
photoconductor HgI~ apart from the asymmetry between 
anodic and cathodic polarization for the latter (2). In fact 
for CdPSe~ the symmetry is not completely achieved ei- 
ther when subbandgap irradiation is employed (Fig. 2, 
curve b and c). This might be due to increased surface 
recombination for short wavelengths in the cathodic case. 
For a11 other high resistivity materials considered below 
the symmetry is even more pronounced. This indicates 
that electron and hole mobilities parallel to the c-axes are 
of the same order of magnitude in these compounds, As 
an example we show the quantum yield spectra of pure 
SnS~ in IM HCI (Fig. 3), The curves are labeled in the 
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Fig. 1. Photecurrent-potential curves for a CdPSe3-electrode in 1M 
HCt, cathodic polarization. Fortbe lower carve, the electrode was i~lumi- 
noted with chopped monochromatic light (E~noto, = 2.64 eV) alone, 
whereas for the upper one both light sources (steady-state subbandgap 
radiation with a cutoff energy of about 2.3 eV) were used. The dark cur- 
rent was negligible. 
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Fig. 3. Quantum yield spectra of SnS~ in 1M HCI with monochromatic 
illumination alone (curve a, -+10 VscE)and with subbandgap radiation 
(cutoff energy of about 2.18 eV) for anodic polarization (+ 10 VscE, 
curve b) and cathodic polarization ( - 1 0  VSCE, curve c), respectively. 
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Fig. 4. Spectral dependence of the quantum yield for an Sn(Seo.iSo.9) 2 
electrode for various intensities of the subbandgap illumination (cutoff 
energy ~2.03 eV). Electrode potential 2 Vsc~, electrolyte 1M Na~S. 
Curve 1 : Monochromatic illumination alone. Curve 2: Subbandgap radia- 
tion filtered with 0.001 neutral-density filter. Curve 3: Subbandgap radi- 
ation filtered with 0.01 neutral-density filter. Curve 4: Subbandgap radi- 
ation filtered with 0.05 neutral-density filter. Curve 5: Subbandgap 
radiation filtered with 0.1 neutral-density filter. Curve 6: Subbandgap 
radiation filtered with 0.5 neutral-density filter. Curve 7: Subbandgap 
radiation filtered with 0.708 neutral-density filter. Curve 8: Subbandgap 
radiation with full Xe-lamp intensity. 

same way as in Fig. 2. In contrast to the quantum yield 
spectra of CdPSea however, the electrode potential was 
only +-10 VscE. It has to be borne in mind that neither Fig. 
2 nor Fig. 3 represent limiting quantum yields since no 
saturation of the photocurrent-potential curves is ob- 
served. We believe that the lack of saturation in the 
photocurrent  vs. potential is a direct consequence of the 
small photoconductivity encountered in these materials. 
The high bulk recombination rate thus prevents the es- 
tablishment of a sufficient space-charge layer which 
would in turn lead to an efficient carrier separation. Nev- 
ertheless, it appears that the generation of charge carriers 
by subbandgap illumination is high enough to yield a 
substantial increase of the blue response, even in the poor 
photoconductors considered in this work. This is true 
only for sufficient intensities of the subbandgap radia- 
tion. Taking as an example an Sn(Se0.~S0.9)2 electrode in 
1M Na2S, the dependence of the quantum yield spectra on 
the intensity of the subbandgap radiation is plotted in 
Fig. 4. Qualitatively, the behavior is the same as for pure 
SnS2. Intensities are given in arbitrary units. The blue re- 
sponse becomes larger the larger the intensity, showing 
saturation for the highest values of the latter. This can be 
seen more clearly in Fig. 5, in which the quantum yield is 
plotted against the intensity of the subbandgap illumina- 
tion (for various photon energies of the monochromatic 
radiation) on a double logarithmic scale. 

The behavior of MnPSe~ is entirely similar to that one 
of the other materials described above. 

In order to show that the spectral response of doubly il- 
luminated high resistivity semiconductor electrodes re- 
sembles that one of chemically doped semiconductor 
electrodes, we compare the behavior of pure SnS2 with 
that one of gallium-doped SnS~. Surprisingly, Ga doping 
(nominal 0.1%) leads to an increase of the bandgap by 0.05 
eV (Table I) compared to pure SnS~. Furthermore,  the 
n-type behavior (Fig. 6) indicates that Ga is not incorpor- 
ated into Sn sites as a trivalent dopant. The actual donor 
concentration, which is not known at present, will be de- 
termined in a forthcoming publication. 

In Fig. 6, the current-potential curves are represented 
for an SnS~ photoanode in the dark and with monochro- 
matic illumination ( E , h o t o n  = 3.1 eV) of approximately 60 
tLW/cm ~. The reverse dark current is negligible up to 3 
VscE. Photocurrent  onset is around 0.4 VscE. The satura- 
tion of the photocurrent for anodic potentials is re lat ively 
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Fig. 5. Sn(Seo.lSo.9)2: Quantum yield vs .  intensity of the dc subbandgap 

illumination (cutoff energy -2 .03  eV) for various photon energies of the 
chopped monochromatic beam: Intensities are given in units of the full 
Xe-lamp intensity Io. Curve a: 2.15 eV. Curve b: 2.3 eV. Curve c: 2.5 eV. 
Curve d: 2.9 eV. Electrode potential 2 VscE, electrolyte: 1M No2S. 
Plotted lines are a guide for the eye, 
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Fig. 6. Current-potential curves for a Ga (0.001 nom.) doped SnS2 

electrode in 1N H~SO4. Lower curve: dark current. Upper curve: 
photocurrent for monochromatic illumination (Ep~oto. = 3.1 eV, ~ 6 0  
~W/cm2). 

slow indicating a rather low doping. The quantum yield 
spectrum (uncorrected for reflection) of a Ga-doped SnS~ 
electrode is shown in Fig. 7. The shape of the photore- 
sponse is virtually identical to that one of the undoped 
electrode in Fig. 3. The absolute magnitude of the re- 
sponse, however, is much larger, approaching 100% at 3.1 
eV if reflection losses are taken into account. The electro- 
lyte was 1M Na2S in this case. The use of this electrolyte 
resulted in a much better output stability for the higher 
photocurrent densities at the doped electrodes (see also 
below). The indirect nature as well as the value of the 
bandgap are nicely confirmed in Fig. 8, in which both 
V'4P. hv and ~/(~. h, are plotted against the photon 
energy, q) and a are the quantum yield and adsorption 
coefficient, respectively. It should be remarked that, in 
accordance with ReL (8), our data do not permit  an 
unambiguous distinction between an indirect allowed 
and an indirect forbidden transition. In the latter case, a 
plot of the cube root of the absorption coefficient vs. pho- 
ton energy should yield a straight line. The square root 
fit shown in Fig. 8 does represent our data somewhat 
better. 

Photocorrosion.--In the dark the investigated materials 
were stable in all used electrolytes. The photocurrent  of 
all investigated semiconductors was accompanied by ob- 
vious decomposition of the electrode, particularly at high 
irradiation intensities. For the high resistivity semicon- 
ductors [SnS2, Sn(Seo.,S0..~)2, CdPSea, MnPSe~] and for 
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Fig. 7. Quantum yield spectrum of a doped SnS2 electrode. Electrode 
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Fig. 8. Ga-doped SnS~: Dependence of ~/dp �9 by (~  = q,,antum yield, 
hzJ = photon energy) and ~/c~ �9 hv (~ = absorption coefficient) on the 
photon energy. The linear behavior indicates an indirect bandgap [i.e., 
~,/c~ ~ (h~ - Egap - E,honon)]. Same electrolyte and potential as in Fig. 7. 

c h e m i c a l l y  d o p e d  SnS2 t he  l igh t  i n d u c e d  d e c o m p o s i t i o n  
was ve ry  rapid.  

In  t h e  case  of  SnS2, a n  a n o d i c  p h o t o c u r r e n t  leads  to t he  
f o r m a t i o n  of  a ye l low layer  ( p r o b a b l y  sulfur) ,  accom-  
p a n i e d  b y  a dec rea se  of  t he  p h o t o c u r r e n t .  Fo r  th i s  com- 
p o u n d  t h e  t h e r m o d y n a m i c  da ta  are  ava i l ab le  (9-12), as- 
s u m i n g  t he  r eac t i on  

SnS~ + 4H + ---> S n  4§ + 2S + 2H2 

the  a n o d i c  d e c o m p o s i t i o n  po t en t i a l  is ca lcu la ted  to b e  
V ~  an ~ 0.14 VscE. F o r  ca thod ic  d e c o m p o s i t i o n ,  we  o b t a i n  
Vde~ ca'h ~ -0 .005  VscE f r o m  

SnS~ + 2H2 --* 2H~S(aq) + S n  

a t p H  0. 
Fo r  a n o d i c  po la r i za t ion  a d d i t i o n  of  Na~S to t he  e lectro-  

ly te  l eads  to a s t ab le  p h o t o c u r r e n t  for  sma l l  l i gh t  i n t e n s i t y  

SnS2 l i g h t  Sn4Xaq) + 2S(s) + 4 e -  

w h e r e a s  t he  e l e m e n t a l  su l fu r  is d i s so lved  b y  t he  
po lysu l f ide  e lectrolyte .  

Discussion.--All  h i g h  res i s t iv i ty  s e m i c o n d u c t o r s  inves-  
t iga ted  to date ,  a p p e a r  to h a v e  t h e  fo l lowing  c o m m o n  
p h o t o e l e c t r o c h e m i c a l  cha rac te r i s t i c s :  (i) for  m o n o c h r o -  
ma t i c  i l l u m i n a t i o n  alone,  t he  p h o t o c u r r e n t  r e s p o n s e  is 
l imi ted  to w e a k l y  a b s o r b e d  rad ia t ion ,  (ii) for  p h o t o n  ener-  
gies far  a b o v e  t he  a b s o r p t i o n  edge,  a s ign i f ican t  pho to re -  
s p o n s e  is o b t a i n e d  on ly  w h e n  t h e  e l ec t rode  is s imul-  
t a n e o u s l y  i l l u m i n a t e d  w i t h  a s e c o n d  l igh t  source ,  

Table II. Relation between the photoconductivity and 
the enhancement of the blue response due to 

additional subbandgap irradiation 

q~/cp, 

SnS2 0.1 
Sn(Seo ,S0.~)~ 0.1 
CdPSe~ 0.3 
MnPSe~ 0.1 
HgI2 (2) 0.5 
GaS (1) 0.1 

qb: Maximum quantum yield at the photoconductivity peak (see, 
e.g., curves a and b in Fig. 2 and 3). 

r Maximum quantum yield in the presence of subbandgap illu- 
mination. Average values of up to five samples were used. Individ- 
ual measurements may differ by as much as a factor Of 10 without a 
change of cp/qb,. 

p r o v i d i n g  p h o t o n  ene rg ies  in  t he  r a n g e  of  the  b a n d g a p ,  
(iii) for  a n  o p t i m u m  e n h a n c e m e n t  os t he  b lue  r e sponse ,  a 
h igh  e n o u g h  i n t e n s i t y  of  t he  s u b b a n d g a p  i l l u m i n a t i o n  is 
necessary .  F u r t h e r m o r e ,  t he  cor rec t  cho ice  of  the  h i g h  en- 
ergy cu to f f  of  t h e  l a t t e r  m a y  be  crucial.. 

All  t h e s e  f ea tu res  are  wel l  e x p l a i n e d  by  t h e  m o d e l  
ou t l i ned  in  de ta i l  in  Ref. (2). The  m o d e ]  exp l a in s  t h e  ob- 
s e r v e d  e n h a n c e m e n t  of t he  p h o t o r e s p o n s e  in  t e r m s  of  a 
c h a n g e  of  t he  p o t e n t i a l  d i s t r i b u t i o n  in t h e  e l ec t rode  b y  
p h o t o e x c i t e d  b u l k  carr iers .  As a c o n s e q u e n c e ,  t he  m o d e l  
p r ed i c t s  a s t r o n g  d e p e n d e n c e  of t he  effect  on  the  
p h o t o c o n d u c t i v i t y  of a sample .  This  c an  be  ver i f ied  in- 
deed  by  c o m p a r i n g  t he  ma te r i a l s  i n v e s t i g a t e d  in  th i s  
w o r k  w i t h  the  m u c h  b e t t e r  p h o t o c o n d u c t o r s  GaS,  CdS  
(1), a n d  HgI2 (2). Qual i ta t ively ,  t he  ef fec t  of  t he  
s u b b a n d g a p  i l l u m i n a t i o n  o n  t he  p h o t o c u r r e n t  spec t r a  is 
qu i t e  s imi la r  in  all t h e s e  cases.  This  has  to b e  c o n t r a s t e d  
w i t h  t he  m u c h  lower  a b s o l u t e  q u a n t u m  yie lds  of  ou r  ma-  
terials ,  e v e n  at  a b ias  sho r t  of e lec t r ic  b r e a k d o w n  (see, 
e.g., Fig. 2). T h e r e  is t h u s  a n  o b v i o u s  co r re l a t ion  b e t w e e n  
the  h e i g h t  of  t he  p h o t o c o n d u c t i v i t y  p e a k  r (curve  a in  
Fig. 2 a n d  3) a n d  t he  m a x i m u m  q u a n t u m  yie ld  cp,, w h i c h  
can  be  o b t a i n e d  for  p h o t o n  ene rg ies  far  a b o v e  t he  absorp -  
t ion  edge  in  t he  p r e s e n c e  os su i t ab l e  s u b b a n d g a p  i l lumi-  
n a t i o n  (curves  b a n d  c in  Fig. 2 a n d  3, as wel l  as t op  
cu rves  in  Fig. 4). In  o rder  to p u t  th i s  s t a t e m e n t  in  a m o r e  
q u a n t i t a t i v e  form,  t he  rat io  b e t w e e n  t h e s e  two quan t i t i e s ,  
q~/@', is g i v e n  in  Tab le  II  for  severa l  d i f fe ren t  semi-  
i n s u l a t i n g  e l ec t rode  mater ia l s .  Ev iden t ly ,  th i s  n u m b e r  is 
ve ry  nea r ly  t he  s a m e  for  all mate r ia l s .  ' I n  par t icu la r ,  i t  is 
p rac t ica l ly  i n d e p e n d e n t  of  t he  s h a p e  of  t he  p h o t o c u r r e n t -  
po t en t i a l  curves .  However ,  t he  a b s o l u t e  m a g n i t u d e  of  t he  
q u a n t u m  yie lds  q~', t a k e n  at  t he  s a m e  bias , '  d i ffers  b y  as 
m u c h  as a fac tor  of 2000! 

T h e s e  resu l t s  t h u s  g ive  conc lus ive  e v i d e n c e  t h a t  t he  in- 
d u c e d  p h o t o r e s p o n s e  far  a b o v e  t he  a b s o r p t i o n  edge  in- 
deed  scales  w i t h  t he  p h o t o c o n d u c t i v i t y .  A n o t h e r  impor -  
t a n t  r e su l t  is the  s t r i k ing  s imi la r i ty  of  t he  p h o t o r e s p o n s e  
spec t r a  for  u n d o p e d ,  d o u b l y  i l l u m i n a t e d  SnS~ (Fig. 3) and  
Ga d o p e d  SnS~ (Fig. 7). A p a r t  f r om the  d i f f e rences  in  
scale,  t he  spec t r a  are  v i r tua l ly  ident ica l .  This  t h e n  leads  to  
t he  conc lus ion ,  t h a t  t he  d o u b l e - b e a m  t e c h n i q u e  de- 
s c r i bed  a b o v e  can  be  u s e d  to ex t r ac t  v a l u a b l e  i n fo rma-  
t ion,  s u c h  as b a n d g a p s  a n d  spec t ra l  r e s p o n s e  c u r v e s  f rom 
h i g h  res i s t iv i ty  e lec t rodes ,  w h i c h  is r e l e v a n t  for  t he  d o p e d  
c o u n t e r p a r t s  as well. In  o t h e r  words ,  t he  m e t h o d  can  be  
app l i ed  for  a r ap id  s c a n  of  ma te r i a l s  p r o p e r t i e s  w h i c h  are  
i m p o r t a n t  for p h o t o e l e c t r o c h e m i c a l  app l ica t ions .  I t  has  
b e e n  d e m o n s t r a t e d  t h a t  wh i l e  t he  ma te r i a l s  do h a v e  to 
s h o w  some  p h o t o c o n d u c t i v e  r e sponse ,  t he  m e t h o d  is b y  
no  m e a n s  l imi t ed  to good  p h o t o c o n d u c t o r s .  

' The quantum yields @' are difficult to compare in view of 
the gross differences of the photocurrent-potential curves for 
different materials. For HgI~ (2) and CdS (1), the photocurrent- 
~otential curves saturate at moderate potentials, while, e.g., for 

dPSe~, a linear behavior is observed up to 100V. There is no 
doubt, however, that  the quantum yields for the compounds 
listed in Table II differ enormously in the bias range accessible 
to the experiment. 
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ABSTRACT 

Voltage-time anodization curves, breakdown voltages, and I-V characteristics have been measured in Ta2Q films 
grown in oxalic and phosphoric acid electrolytes. The results have been interpreted in terms of a simple avalanche 
model for the electronic current. The origin of the primary electrons of the avalanche is attributed to the electrolyte spe- 
cies incorporated into the oxide during the anodization process. 

The anion incorporation from the electrolyte into the 
oxide during the anodization process is known to exert a 
strong influence on the physical and chemical properties 
of the films. Among others, increasing the concentration 
of phosphate ions into the Ta20~ films lowers its density 
(1), permittivity (2), refractive index, and ionic conductiv- 
ity (3), and, on the contrary, it increases the rate of growth 
and the electric field present during the anodization (4). 
Similarly, it is well known that the concentration of the 
anodization electrolyte plays a significant role in deter- 
mining the breakdown voltage during the anodic oxida- 
tion (5). 

In a previous paper (6), we applied a simple avalanche 
model, proposed by Ikonopisov (7), to explain the break- 
down characteristics of the Ta20~ films grown in a H3PO4 
electrolyte at different current densities. From the results 
of that work, we concluded that the primary electron cur- 
rent of the avalanche is most likely originated in the ani- 
ons incorporated into the oxide. Within the framework of 
this hypothesis, it was assumed that the anions act as do- 
nor levels in t he  oxide energy gap releasing electrons to 
the conduction band as a consequence of the strong anod~ 
ization field. Once in the conduction band, the electrons 
can be accelerated and multiplied in an avalanche mecha- 
nism along the oxide thickness. The breakdown then oc- 
curs when the avalanche, and hence the thickness, 
reaches a critical size. Thus, in this picture, the break- 
down characteristics are directly associated with the elec- 
trolyte anions incorporated into the oxide during the 
anodization process. 

In this paper, we further investigate the influence of 
the incorporated anions in the electrical properties of the 
resulting oxide by anodizing the tantalum in electrolytes 
with different concentrations. We have used two kinds of 
electrolytes, phosphoric acid, which is known to result in 
a high anion incorporation into the oxide (8), and oxalic 
acid, which produces a negligible anion incorporation (9). 

*Electrochemical Society Active Member. 

Experimental 
Tantalum samples of 99.96% nominal  purity, supplied 

by Reframet Hoboken, were anodized in different electro- 
lytes at a constant current density (Jr = 0.85 mA cm-~). 
The samples were previously cleaned and chemically pol- 
ished following standard treatments (10). During the 
anodization, the samples were mounted in a special 
holder which only exposed to the electrolyte a circular 
area of 1.18 -+ 0.04 cm 2 of the sample (6). The temperature 
of the cell was kept constant at 20 ~ + 0.2~ by means of a 
thermostatic bath. 

The voltage-time curves during anodization, V = V (t), 
as well as their derivatives, dV/dt, were recorded by 
means of a data acquisition system based on the HP 
3497A digital voltmeter (input impedance > 10712) and the 
HP 85 microcomputer. The leakage current after anodiza- 
tion and the current-voltage (j-V) characteristics were 
measured by means of an electrometer with an input  
impedance of 109~. Other experimental details can be 
found elsewhere (6). 

Results 
Figure 1 shows the values of the time derivative of the 

voltage per unit  current density, Jr, a s  a function of the 
anodization voltage for different molar concentrations of 
the H3PO4 electrolyte. A slight decrease in the value of 
(1]jt) (dV/dt) is observed as the anodization voltage V in- 
creases. However, when the breakdown voltage is 
reached, the derivative abruptly decreases approaching 
zero (not shown in the figure). Increasing the electrolyte 
concentration produces a shift of the curves towards 
higher values of the derivative in agreement with previ- 
ous observations by Amsel et al. (11) and Randall (2). 
Anodization in oxalic acid gives similar results, although 
in this case the influence of the electrolyte concentration 
on the derivative curves is much smaller than in phos- 
phoric acid. Figure 2 presents the results of the break- 
down voltage---defined by the voltage in which the anod- 
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ization curves of Fig. 1 abruptly change their slope--as a 
function of concentration of the electrolyte. It is observed 
that the oxalic acid, the electrolyte which incorporates 
the least, gives higher breakdown voltages than the phos- 
phoric acid. 

The residual leakage current after anodization, i.e., the 
final current in the constant voltage stage at the end of 
the anodization, was also recorded. For this purpose, the 
samples were held in the electrolyte at the formation volt- 
age, until the rate of current decrease was less than 1% in 
a 10 rain interval. This procedure generally took more 
than lh. The measured residual currents are given in Fig. 
3 as a function of the formation voltage, V~, for two phos- 
phoric based electrolytes of different molarities, 1.0 • 
10 -2 and 2.2 • 10-3M. Several aspects can be pointed out 
from these results. First, the more concentrated electro- 
lyte gives higher currents in the whole range of the anodi- 
zation voltages. Second, both curves show a linear stage 
in the logarithmic variation of the leakage current vs. the 
formation voltage. 

The conduction mechanism dominating in these films 
was also investigated by measuring the j-V characteristics 
of the system Ta/Ta2OJelectrolyte. Only the more resis- 
t ive samples grown in the 2.2 • 10-3M H3PO4 electrolyte 
were studied, the measuring electrolyte and cell being the 
same as those used in the anodization. In that way, 
polarization and history effects were minimized. In the 
whole range of the applied fields, E, the current decay 
with t ime followed a law of the type j ~ t -"  with n con- 
stant (n =< 1), until a stationary value was reached. These 
values are represented in Fig. 4 in the form of a log (j/E) 
vs. E I/2 plot, for several samples grown at different forma- 
tion voltages. 

Discussion 
The analysis of the results has been carried out on the 

basis of the avalanche model  proposed in a previous pa- 
per (6). According to this model, during anodization at a 
constant current density, jr, there exists an avalanche 
electronic current, Jr, which increases exponentially along 
the oxide thickness, d, due to an impact  ionization mech- 
anism. Thus, the electronic current at the anode is 

Je = Jo exp (~d) = jo exp (~flV) [1] 

where ~ is the impact  ionization coefficient and jo is the 
primary electron current, fi is the anodization constant, 
i.e., the angstrom per volt ratio, and it is equal to the in- 
verse of the anodization field, E. 

Taking into account the presence of the electronic cur- 
rent, the anodization ionic current, Ji, is given by 

Ji = Jt-Je = Jt-Jo exp (~flV) [2] 

and the rate of voltage growth by 

d V - K j i = K f j t - j o e x p ( ~ f l V ) ]  [3] 
dt 
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with K, the unitary anodization rate, expressed by 

M 
K - E [4] 

10Fp 

M being the molecular weight, F the Faraday constant, 
and p the oxide density. By a least squares analysis, we 
have obtained the parameters K, Jo, and a which best fit 
the experimental  results of Fig. 1 to the theoretical Eq. [3]. 
In this way, the solid lines in Fig. 2 represent the theoreti- 
cal curves obtained by this method. 

The relative magnitude of the primary electron current 
at low voltages, JJJi, corresponding to each curve of Fig. 1, 
is presented in Fig. 5 as a function of the electrolyte con- 
centration for both electrolytes, phosphoric and oxalic 
acids. In the above quotient, j~ is the extrapolated ionic 
current density at 0 volts, i.e., from the Eq. [2]:ji = Jt-Jo. It 
is observed in Fig. 5 that for the phosphoric acid, jJj~ 
steadily increases with the mole concentration of the elec- 
trolyte, but, for the oxalic acid, Jo/J~ is nearly constant. 
Along with these results, Fig. 5 also contains (broken line) 
the ratio mol P/tool Ta 5~, i.e., the relative phosphorous 
concentration in the oxide, obtained by Randall et al. (8) 
using radiotracer techniques. '  It is evident that there ex- 
ists a strong correlation between the Jo/J~ curve for the 
phosphoric acid and the phosphorous concentration, 
which is consistent with our previous hypothesis of con- 
sidering the incorporated anions as a source of the pri- 
mary electrons of the avalanche. According to this mecha- 
nism, the anions act as donor levels in the forbidden band 
of the oxide. In contrast to the phosphoric acid, the oxalic 
acid is known to produce a negligible incorporation even 
at high electrolyte concentrations, as measured by ESCA 
and AES techniques (9). This fact explains the low con- 
stant value o f j J j~  in the whole range of the oxalic concen- 
tration (see Fig. 5). 

The i m p a c t  ionization coefficient of the avalanche is 
given in Fig. 6 for both electrolytes as a function of their 
mole concentration. It is observed that ~ is nearly con- 
stant for the oxalic acid except  in the high concentration 
side, where the solution is near saturation. As for the 
phosphoric acid, the ionization coefficient slightly in- 
creases with the electrolyte concentration. Two effects 
can contribute to this increase in the ~ values. First is the 
anion incorporation itself, which can modify the oxide 
lattice, adding foreign atoms or molecules with a lower 
ionization potential. Second is the increase in the anodiza- 
tion electric field, which arises as a consequence of the 
electrolyte incorporation. The larger incorporation of the 
phosphate, as compared with the oxalate, anions also ex- 
plains the differences between the corresponding values 
of the ionization coefficient. 

The increase in the anodization field due to the electro- 
lyte incorporation is apparent from the results of Fig. 7, 
where the electric field, E, has been plotted as a function 
of the concentration of the electrolyte for both the phos- 
phoric acid and the oxalic acid. Here, the electric field 
has been obtained from the constant K in Eq. [4]. Owing 
to the lack of data on the variation of the oxide density 
with the electrolyte incorporation, it is not possible to 
give an accurate value of the anodization field. Therefore, 
a value of p = 8.93 g cm -8 has been used, which corre- 
sponds to nearly pure Ta205 films (i). However, lower 
values of E would be expected (within about 2% or 3% in 
the case of the phosphoric electrolyte) if the decrease in p 
for the films grown in the more concentrated electrolytes 
had been taken into account (i). The influence of the in- 
corporated anions on the anodization electric field has 
been discussed in another paper and it has been attrib- 
uted to increase of the energy barrier for ionic transport 
(12). 

The results on the residual leakage current during the 
constant voltage stage can also be interpreted in the lines 
of the model, which takes into account the avalanche 

'The ratio mol P/mol Ta ~* for the whole oxide has been calcu- 
lated from the reported values of the phosphorous concentration 
in the outer layer of the oxide. 
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electronic current originated at the incorporated anions. 
It is reasonable to expect higher electronic currents for 
the more concentrated electrolyte due both to a higher 
level of oxide doping and the higher value of the electric 
field found in this electrolyte. The presence of a linear 
stage in the curves of Fig. 3 is also in agreement with the 
exponential increase of the electronic current predicted 
by the avalanche model. In addition, the nonlinear de- 
pendence can be explained by the lower fields found in 
the low voltage region, as discussed by Young (13), and 
by the onset of breakdown processes at the side of the 
high voltages 

The exponential increase of the residual current, Jl, 
found in the intermediate region of Fig. 3 follows the 
equation 

J, = Jo' exp (~'VF) [5] 

where Jo' and ~' have the same meaning as the parameters 
of the avalanche of Eq. [1], i.e., ~' = aft. In fact, the values 
of Jo' and ~' found from Fig. 3 are lower than the corre- 
sponding ones in the stage of Constant current. Neverthe- 
less, this is not surprising considering that, as pointed 
out, during the constant voltage stage the value of the 
electric field is much smaller than during the previous 
anodization at constant current. 

The results of the conduction through the system 
TaJTa2OJelectrolyte (Fig. 4) yield straight lines in a log 
(j/E) vs. E "2 plot, which suggests a Poole-Frenkel mecha- 
nism of conduction. Other mechanisms gave a worse fit- 
ting of the results. As it can be appreciated, the experi- 
mental points follow straight parallel lines in a wide range 
of applied fields, E. From the slopes of these straight 
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lines, the relative permitt ivity e~ = 4.98 (average value) has 
been obtained by using the well-known expression for 
the current density 

j = jr exp (flprE'/2/kT) 

where Jc = o-cE (~r constant), k is Boltzmann's constant, T 
the absolute temperature, and flp~ is given by 

e being the electronic charge and e~ the vacuum permittiv- 
ity. It is worth noting that the value of er agrees closely 
with that resulting from the refractive index n = 2.2 (2), 
applying the Maxwell relation, n 2 = er, thus supporting 
the Poole-Frenkel mechanism (14). There is a great 
controversy about the dominant  conduction mechanism 
in Ta20~ films (15). The majority of papers refer to the 
system Ta/Ta2OJmetal; the system Ta/Ta~OJelectrolyte 
has received comparably less attention. The general 
agreement  is that the control of the conduction mecha- 
nism is in the bulk, while the contacting electrolyte may 
play a less important role (16). Taking into account the 
presence of the phosphate anions in the oxide, it is rea- 
sonable to associate them to the Coulomb traps of the 
Poole-Frenkel mechanism. 

It may be observed in Fig. 4 a shift of the straight lines 
towards higher values of the current as the formation 
voltage increases. This behavior has also been displayed 
by samples of anodic Al203 (16) and was attributed to an 
avalanche mechanism of multiplication of the free carri- 
ers. This is, in turn, in agreement  with our model  of 
anodization and breakdown of the anodic Ta~O~ films. 
This view is fur ther  supported by the fact that the elec- 
tronic current, j, measured  at a constant field grows 
exponent ia l ly  with the formation voltage, as is illus- 
trated in Fig. 8. According to the results of this figure, 
the current  j can be expressed by an equat ion similar to 
Eq. [5], with the parameters  now given by ~' = 0.006 V - '  
and Jo' = 3.8 x 10 -2 A cm -2, in good agreement  with 
those obtained from Fig. 5 and 6. 

In the light of the avalanche model, a lower break- 
down voltage for the phosphoric  acid is expected  com- 
pared with the oxalic acid, as can be observed in Fig. 2. 
In fact, it is possible to make an estimation of the varia- 
t ion o f  the breakdown voltage VB with the electrolyte 
concentration,  if  one assumes t h a t  the breakdown ap- 
pears when the avalanche current  Je reaches a certain 
fraction z of the total anodization current  Jr. A similar 
hypothesis  was in t roduced by Ikonopisov (7). Under  this 
condition, the breakdown voltage will satisfy the 
equat ion 

Jo exp (~flVB) = zjt [6] 

and hence 
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@he parameter z is unknown; therefore, the absolute 
value of VB cannot be calculated. Anyhow, Eq. [7] gives 
the dependence of VB with the anodization parameters E, 
c~, and Jo. Thus, as it can be observed in Fig. 5, 6, and 7 for 
the oxalic acid, E and Jo are nearly constant and c~ in- 
creases by a factor of two in the high concentration side. 
Probably, this is the main factor contributing to the ob- 
served decrease of VB for the oxalic acid in this region. On 
the contrary, in the case of the phosphoric acid, the major 
contribution of the decrease of Vs comes from the in- 
crease of Jo with the electrolyte concentration, as can be 
deduced from the results of Fig. 5. The  differences in the 
values of jo found in the phosphoric and oxalic acid 
electrolytes also explain the lower breakdown voltages 
observed in the first electrolyte. 

Conclusions 
From the results presented in this paper, it can be con- 

cluded that the avalanche model is able to explain the 
main characteristics of the anodization curves and break- 
down of anodic tantalum oxide grown in phosphoric and 
oxalic electrolytes at different concentrations. The close 
correlation between JJji and the mole concentration of in- 
corporated phosphorous in the oxide firmly supports the 
hypothesis that the incorporated phosphate anions act as 
a source of primary electrons for the avalanche. The re- 
sidual leakage current measurements as well as the j-V 
characteristics seem to indicate that the primary electrons 
are released from the impurity centers in a Poole-Frenkel 
mechanism. The presence of phosphorous in the anodic 
oxide als0 gives rise to an increase of the anodization 
electric field needed to maintain a definite current den- 
sity. In contrast to the previous theories of the breakdown 
during anodization (8, 17) which speculate about the in- 
jecting properties of the electrolyte/oxide interface, in the 
present model the direct control of the breakdown is 
mainly attributed to the electrolyte anions incorporated 
into the oxide and to their ability to release electrons to 
the conduction band. 

Manuscript submitted Aug. 3, 1984; revised manuscript  
received Nov. 22, 1984. 
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Using Parameter Estimation Techniques with a Simple Model of a 
Diaphragm-Type Electrolyzer to Predict the Electrical Energy Cost 
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ABSTRACT 

Predictions of the electrical energy cost for NaOH production are determined as a function of the independent  
operating variables and diaphragm characterizing properties. The predictions are based on data from a statistically de- 
signed experiment,  a simple model of a diaphragm-type electrolyzer, a simple model  of the cell voltage losses, and pa- 
rameter estimation techniques. The data were obtained over a sufficiently large range of operating conditions so that 
the resulting design equation may be industrially useful. The simple model of the diaphragm is based on the mass trans- 
port of the hydroxyl ion, a linear potential gradient, and is presented in terms of measurable diaphragm properties. 
These properties are the thickness of the diaphragm (t) and a resist ivityratio,  P/Po, where p is the resistivity of the dia- 
phragm filled with electrolyte and po is the resistivity of the electrolyte (this ratio may come to be known as the 
MacMullin number, NM). It is shown that, according to the model  of the cell, the caustic yield or current efficiency of the 
diaphragm cell depends on the product of NM and t and not on each separately. The simple model of the cell voltage con- 
siders the diaphragm voltage drop, anode and cathode kinetics, and the bubble-filled brine-gap voltage drop. Parameter 
estimation techniques are used to determine the best values of the diffusion coefficient, average specific conductivity, 
exchange current densities, and transfer coefficients; these parameters and the simple models provide a design equa- 
tion for the electrical energy cost of NaOH production using a diaphragm cell. The design equation is used to predict a 
min imum electrical-energy cost at a particular NMt. 

In a diaphragm-type chlorine/caustic cell (see Fig.l), hy- 
droxyl ions are produced at the cathode according to the 
electrochemical reaction 

1 
H20 d- e -  ~ OH-  + ~- H 2 [1] 

The energy cost for the production of hydroxyl ions de- 
pends upon the diaphragm characteristics and the op- 
erating conditions of current density and percolation ve- 
locity. That is, to prevent  the loss of O H -  ions due to mi- 
gration and diffusion, cell electrolyte percolates through 
the diaphragm from the anolyte as shown in Fig. 1. This 
percolation rate must not be too large, however, because 
the concentration of OH-  in the catholyte decreases 
as the percolation rate increases, which leads to a larger 
steam requirement if the catholyte is to be concentrated 
to the typical 50% by weight solution. Increasing the cur- 
rent density increases the concentration of O H -  ions in 
the catholyte, but also increases the voltage drop through 
the diaphragm, which increases the electrical energy cost. 
Also, the diaphragm characteristics affect the diffusion 
and migration of hydroxyl ion and the voltage drop 
through the diaphragm. It is desirable, therefore, to have 
a simple model which is consistent with industrial pro- 
duction cells and which can be used to predict the con- 

* Electrochemical Society Active Member. 

centration of OH-  ions in the catholyte and the dia- 
phragm voltage drop as a function of the percolation 
velocity, current density, and diaphragm characterizing 
properties. It is also desirable to combine this simple dia- 
phragm model with a simple model of the cell voltage 
losses which include the thermodynamics,  kinetics, and 
ohmic losses so that predictions of the electrical energy 
cost for NaOH production can be made. (A more quantita- 
tive definition of electrical energy cost is given below in 
the "Energy Cost" section). 

These predictions are highly dependent on the trans- 
port and kinetic parameters used in the model. Conse- 
quently, it is necessary to use a set of parameters which 
(i) is consistent with experimental  data over a large range 
of operating conditions and (ii) has reasonably small 
confidence intervals for the parameters. Here, we use the 
theory of nonlinear least squares regression (1-4) to obtain 
a suitable set of parameters for a simple model. In this 
sense, we do not test various models to determine the 
most reasonable, but, rather, we assume that the simple 
model presented here is reasonable and then determine 
the parameters which give the "best fit" of the data. In 
the same sense, it is not the purpose of this paper to com- 
pare the model predictions with experimental  data that 
were not used to obtain the parameters. [See Lee (5) for a 
general discussion of the use of parameter estimation in 
electrochemical reactor design.] 



Vol.  132, No.  4 D I A P H R A G M - T Y P E  E L E C T R O L Y Z E R  819 

NaCI 

CI 2 _J 1l_ 
____I 

onode 

1 c 

H 2 

,I [ _  

]~ Ioo, o   r--"~176 

DH'(micj) l 
DH "Jdi_ff)_ . . . . . . . .  e 

? t ~  Dx 
o 

Fig. 1. A diaphragm-type chlorine/caustic cell schematic 

Simple models of the diaphragm' have been presented 
before (6-10), but none have included measurable dia- 
phragm properties as independent  variables, which is re- 
quired for the determination of diaphragm-independent 
transport parameters by regression. Also, none of the pre- 
vious workers have shown the effects of these diaphragm 
properties and the operating conditions on the energy 
cost for the production of NaOH in a diaphragm-type 
electrolyzer. Consequently, the diaphragm characterizing 
properties used here will be discussed, and the previously 
published models will be reviewed. Then, a simple model 
of the diaphragm-type chlorine/caustic cell which consid- 
ers OH-  ion only will be developed and discussed in 
terms of dimensionless groups. The model  then will be 
compared in more detail to previously published models 
and then to experimental  data using nonlinear regression 
to estimate the transport and kinetic parameters. Finally, 
predictions of the electrical energy cost per metric ton of 
NaOH will be discussed as a function of the independent  
diaphragm properties and operating conditions. 

Literature Review 
In a recently reported, factorially designed experiment  

(11), two quantities were used to characterize the dia- 
phragm in a metal anode chlorine/NaOH electrolyzer. 
These two properties are the MacMullin number, NM, and 
the diaphragm thickness, t. The MacMullin number  is 
defined (12, 13) as follows 

T p 
NM - [2] 

Po 

where P/Po is the ratio of the electrical resistivity of an 
electrolyte-saturated porous medium to the resistivity of 
the same thickness of electrolyte. An experimental  proce- 
dure is available for measuring independently both the 
MacMullin number  and the thickness of a diaphragm (11). 
It should be noted that NM has also been referred to as the 
formation factor (14) and the labyrinth factor (15). 

Of the simple models of the diaphragm that have been 
proposed (6-10), only Koh (9, 10) and Mukaibo (7) included 
diaphragm characterizing properties, but neither recog- 
nized that NM can be measured directly from relatively 
simple experiments. Koh (9, 10) used a diaphragm 
characterizing parameter which was obtained from an as- 
sumed value for �9 or the product z and a presumably mea- 
sured value for e. Mukaibo (7) [see also Hine (14, 16, 17)] 
used the ratio of the diaphragm area to the area of the dia- 

, Throughout this paper, the phrase "simple model of the dia- 
phragm" is used to indicate a model with a linear potential gra- 
dient that can be solved by analytical integration of the gov- 
erning differential equations. 

phragm pores, which is not measurable directly, and, 
hence, this ratio was an assumed quantity when the 
model was compared with experimental  data (16). The 
often-used model of Stender et aI. (6) does not include a 
parameter such as NM, but some recent modifications of 
this model (17, 18) have recognized the need to include 
diaphragm properties which are independent  of the trans- 
port parameters; again, these recent modifications use 
assumed values for e or r, and therefore they cannot be 
used to determine the best values of the transport param- 
eters for use with the model. Kubasov et al. (19) include 
the thickness of the diaphragm multipled by a "sinuosity 
coefficient" as the characterizing parameter, but this 
coefficient was not reported as a measurable quantity. 

In addition to the lack of measurable diaphragm prop- 
erties, other differences exist between the previously 
published diaphragm models and the model  presented 
here. For example, Gallone and Rubino (8) neglected the 
effect of ionic migration. Hine (14, 16, 17) does not show 
the difference between the solution conductivity and the 
effective solution conductivity in the diaphragm. 
Mukaibo (7) assumed that the ratio of the transference 
number  to the concentration of hydroxyl ion is constant 
throughout the diaphragm, 

Also, the model presented here differs from the previ- 
ously reported models in the specification of the bound- 
ary condition at the catholyte/diaphragm interface. That 
is, the model of Stender et al. (6), for example, is devel- 
oped with a physically unrealistic boundary condition, a 
fixed catholyte concentration. Consideration of Fig. 1 re- 
veals that the concentration in the catholyte depends on 
the velocity and the current density as well as the dia- 
phragm properties and therefore cannot be specified a 
priori as an independent,  fixed quantity. Thus, Stender 's  
expression for the concentration profile of hydroxyl ion 
{Eq [13] in Ref. (6)} does not show the correct dependence 
on velocity and current density because it includes the 
concentration at the interface. 

The previously reported simple diaphragm models 
(6-10) have not been used to analyze the combined effects 
of diaphragm properties and operating conditions on the 
energy cost for NaOH production. That is, although Koh 
(9, 10) showed the effect of his diaphragm effectiveness 
parameter on electrolyzer energy consumption, the inter- 
action between current density, velocity, and diaphragm 
properties (e.g., NM and t) was not discussed. The contri- 
bution of the diaphragm voltage drop to energy cost and 
the effect of diaphragm parameters on the voltage drop 
were not discussed by Koh or the authors of the other 
simple models. Hine (14) showed diaphragm IR data for a 
stagnant laboratory-scale diaphragm cell, but comparison 
of this data to model  predictions was not reported. Also, 
the contributions of electrode kinetics to the energy 
consumption have not been reported previously but are 
included here. A more complicated model (12) of chlo- 
rine/NaOH metal anode electrolyzer has shown the effect 
of the product of NM and t on specific energy consump- 
tion; however, only the essence of the model was pre- 
sented, and the details were avoided for proprietary 
reasons. 

Model 
The assumptions of the simple models are as follows. 

1. Dilute solution theory (20) applies. 
2. The hydroxyl ion is the only species of interest 

within the diaphragm, and all reactions of OH-  with other 
species (e.g., H + and CI~) occur at the anolyte/diaphragm 
interface. (This assumption is reasonable because the 
concentrations of the other species in the diaphragm are 
relatively small, on the order of 2% of that of the OH-  
ion.) 

3. The spatial dimension in the direction parallel to the 
velocity (see Fig. i) is the only important dimension for 
material balances. 

4. The effective diffusion coefficient for hydroxyl ion 
in the porous diaphragm can be written in terms of the 
MacMullin number (12) 
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D1 
D e - [3] 

NM 

5. The current density through the diaphragm is simply 
related to the potential gradient through the diaphragm 
by an effective average specific conductivity 

i K~vg d~ [4] 
NM dx 

6. Water vapor loss from the catholyte is negligible, and 
the generated H2 gas mixes the catholyte so that the hy- 
droxyl ion concentration at the diaphragm/catholyte in- 
terface equals the hydroxyl ion concentration in the 
electrolyzer effluent. 

7. The electrochemical kinetics at the anode and cath- 
ode can  be approximated by a Tafel approximation 

_ RT in h V k i n  i [5 ]  
' ai F io.i, 

where i = 1 and 2 for cathode and anode, respectively. 
8. The effect of temperature on hU ~ is negligible. 
9. The Nernst concentration correction to the open- 

circuit or thermodynamic voltage of the electrolyzer is 
negligible. 

10. The voltage drop between the anode and the dia- 
phragm is given by 

is 
~Vanolyte -- [6] 

(1 - eb) ~5 Kanolyte 

where (1 - eb) ~5 is the Bruggeman correction for the ef- 
fect of bubbles in the anolyte (21, 22) and eb is assumed to 
be independent  of current density. 

With these assumptions, the steady-state material bal- 
ance for hydroxyl ion in the diaphragm is 

dN~ 
- 0 [7 ]  

dx 
where the expression for the flux of hydroxyl ion in the 
porous diaphragm can be written (12) as 

D1 dC1 D1 F d(p 
N~ NM d ~  + N~ RT C~ ~ + vC~ [8] 

The boundary conditions can be obtained from the sec- 
ond and sixth assumptions above and by recognizing that 
the anolyte and catholyte approximate completely mixed 
reactors. That is, for a typical anolyte pH of 2, the OH-  
concentration is 

at x = 0, C~ = 0 [9] 

Since OH-  is produced at the diaphragm/catholyte inter- 
face, and since the flux in the catholyte chamber consists 
of only convection (i.e., vC~), the material balance is 

i 
at x = t N~(x = t) + -~- = VCl(X = t) [10] 

Substituting Eq. [4] into Eq. [8] yields 

D~ dC~ DI Fi 
N1 - - -  - -  C~ + vC~ [11] 

N M d3~ Kavg RT 

Substituting Eq. [11] into Eq. [7] yields the second-order 
differential equation which governs the concentration of 
hydroxyl ion throughout the diaphragm 

( D~Fi ) dC~ Dz d~C~ + v = 0 [12] 
NM dx 2 ~vgRT 

Integration of Eq. [12] subject to the boundary condi- 
tions (Eq. [9] and [10]) is readily accomplished [see Ref. 
(23), for example],  and the result can be written as 

i 
- -  {1 - exp (Alx)} 
vF 

C~(x)- [ FiDI [13] 

L RT~v~V exp (A,t)j 

where 

/ - FiNM VNM 
A 1 : [ \ ~  +----=D7 / 

Equation [13] is plotted in Fig. 12 and 13 of Ref. (23) and 
can be used to obtain an expression for the hydroxyl ion 
concentration in the effluent 

i 
{1 - exp (Alt)} 

vF 
C,(t) = [ FiD, [14] 

RTKavg v exp (Alt)] 

Equation [14] shows that the effluent concentration is a 
dependent variable when the velocity and current density 
are considered independent  variables. An expression for 
the caustic yield, ~/, can be obtained by using the follow- 
ing definition 

vCl,muent vCl(t) F 
- i / ~  - ~ [15] 

where by the sixth assumption above, C~,~m~m = C~(t). 
Substituting Eq. [14] into Eq. [15] yields 

{1 - exp (A~t)} 

= t FiD1 
[16] 

RTKa~gV exp (A~t)j 

Note that Eq. [14] and [16] show that C~(t) and v depend 
on the product of NM and t and not on either quantity sep- 
arately. This should be expected, since N~r is simply the 
effective thickness of the diaphragm. Also, it should be 
emphasized that ~7 is a derived quantity, not a parameter. 
That is, ~ is calculated according to Eq. [15] after the gov- 
erning equation for C~(x) (Eq. [12]) has been solved sub- 
ject to the boundary conditions (Eq. [9] and [10]). Also, 
note that none of Eq. [7]-[12] contain V and that this is dif- 
ferent from the formation of Caldwell et al. (12) and 
Stender et al. (6). 

Energy Cost 
The specific electrolyzer energy cost for NaOH, ECel, 

can be formulated as the ratio of the energy consumption 
rate to the mass production rate of NaOH multiplied by 
the electrical energy cost, CE 

iY~ 
ECe] - -  CE [17] 

M1Cl(t)v 

In Eq. [17], the current density, i, and the velocity, v, are 
considered as independent  variables, while C~(t) is deter- 
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Fig. 2. Effluent concentration dependence on Ait and N~. 
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mined by Eq. [14] as a dependent  variable. Also, the sum 
of the cell voltage drops, VT, is a dependent  variable and 
includes the kinetic voltage drops at each electrode, the 
thermodynamic voltage required for the sum of the ca- 
thodic and anodic reactions, the voltage drop in the ano- 
lyte, and the diaphragm voltage drop. The diaphragm is 
typically deposited onto the cathode and, hence, any volt- 
age drop in the catholyte is negligible. Using the fifth 
and seventh through tenth assumptions above gives 

- ~  [(-~1 -~2) In (i0.1) In (i0,2) ] V~ = iN~t + + in ]il 
Kavg ~ i  O~2 

is 
+ I~V~ + [18] 

(1 --  ~b)l'5~anolyte 

Other Dimensionless Groups 
It is, perhaps, worth mentioning that dimensionless 

groups other than the ones shown in Eq. [16] can be for- 
mulated. For example, Eq. [16] can be rewritten as 

1 - exp (Pe + A~b) 
[19] 

Pe exp (Pe + A~) 

where Pe is the Peclet  number  

vNMt 
Pe - [20] 

D~ 

and -h~b is the dimensionless diaphragm IR drop 

F FiNMt 
- h 6  = - [r (x = t) - 4) (x = 0)] - [21] 

R T  RTKavg 

The Peclet  number  is a measure of the effect of convec- 
tion relative to diffusion and is used routinely by chemi- 
cal engineers. The dimensionless diaphragm IR drop, 
-hr can be thought of as a measure of the importance of 
the effect of ionic migration. 

These dimensionless groups can also be used to write 
in dimensionless form an expression for the concentra- 
tion distribution for O H -  ions 

C,(x) N ~ I  - exp [(Pe + h~)~]} 
0 , ( 0  - - -  - [ 2 2 ]  

F~ - A4~ 
Pe exp (Pe + A6) 

where F, is the concentration of the NaC1 in the brine 
feed (a constant) and Ns is the Hine number  defined as 

i 
Nn - [23] 

F F w  

since Hine and Yasuda (24) were apparently the first to 
recognize the significance of i/Fv. 

Comparison of Diaphragm Model to Existing Models 
Expressions similar to those given above for Ci(x), C,(t), 

and ~ have been presented by Stender et aL (6), Koh (9), 
and Mukaibo (7) which with modifications or definitions 
of effective thickness can be shown to be consistent with 
the model presented here. The expressions presented by 
Stender et al. (6) for C~(x) and ~ are not correct because 
they do not contain NM or a similar quantity. Their equa- 
tions are written in terms of 8 (defined to be the thick- 
ness of the diaphragm), but their expression for V can be 
seen to be equivalent to Eq. [16] by defining 6 in terms of 
measurable diaphragm properties 

8 = NMt [24] 

Thus, their ~ should be the effective thickness and not the 
measured diaphragm thickness. Using Eq. [24], their di- 
mensionless parameter  U6/D, can be shown to be equal to 
A, t  of Eq. [13], [14], and [16]. In addition, their equation 
for C,(x) is not complete because it depends on the con- 
centration of OH-  in the catholyte, which also depends 
on other variables in their expression for CoH-(x). That is, 

for example, both v and Cl(t) cannot be set while holding 
i fixed because only two independent  operating variables 
exist for the isothermal case. This point is easily over- 
looked when C~(x) is made dimensionless by C~(t) and the 
resulting expression (i.e., divide Eq. [13] by Eq. [14]) is 
graphed as a function of distance, x, as is shown by Hine 
et al. [14] in their Fig. 12. The resulting expression, and 
hence Fig. 12 of Ref. (14), appears as a function of only 
one dimensionless variable, U6/D, which is misleading 
because the dimensionless concentration profile is de- 
scribed by three dimensionless groups (divide both sides 
of Eq. [13] by F~ or see Eq. [22]). Furthermore, if C~(t)/F, is 
held constant, then i/vFF1 must  be changed as Alt is 
changed; this point is illustrated in Fig. 2, which shows 
that C,(t)/F, depends on both A, t  and i / vFF ,  2%vo excep- 
tions to this dependence occur as follows 

A~t < -20; C~(t) RTKa~g [25] 
F2DI 

i 
A, t  > 20; C~(t) - vF  [26] 

Also, when A, t  = 0, Eq. [13], [14], and [16] become inde- 
terminate forms because the quantity FiD,/RTK~vgV 
equals 1.0. For these indeterminate forms, application of 
] 'Hopital's rule results in the following limit 

1.0 
C,(x) = [27] 

i-~-~-t + -= - 

when 

A, t  = O 

Next, consider the equation for ~ presented by Koh (9). 
His equation for 77 contains a length parameter, EL, 
which can be shown to be equal to NMt by considering 
Koh's definition of EL 

EL = l/e [28] 

and the definitions of l (average pore length) and N~ (12) 

l = Tt [29] 

NM = r/e [30] 

where �9 is the tortuosity and e is the porosity of the dia- 
phragm. 2 Substitution of Eq. [29] and [30] into Eq. [28] 
shows that 

EL = NMt [31] 

However, even though Koh's equation for V does contain 
an effective thickness parameter, he did not recognize 
that it can be determined by measuring Nu and t. Instead, 
he used an assumed value for r and a presumably mea- 
sured value for �9 to obtain NMt (his EL). Unfortunately, his 
N~t values are scaled for proprietary reasons, and his 
equation for v is difficult to use because it contains a pa- 
rameter (his A) which is incorrect as written. 

Mukaibo's (6, 16) expression for ~ is also similar to Eq. 
[16]; however, his equation is based on a different ap- 
proach. He defined a transference number  for OH-  as 
follows 

t,(x) 
n, - [32] 

C,(x) 

and assumed that n, (not t,) is constant throughout  the di- 
aphragm. He then defined the flux of OH-  through the 
diaphragm to be 

- D ,  dC, i 
N,  - A J A ~  d ~  n,C~ ~ + vC, [33] 

and integrated Eq. [7] with N, given by Eq. [33] in a man- 
Actually, Caldwell et al. (12) define N~ as r2/e, but it is imma- 

terial whether r is squared or not, since it is not a quantity that 
can be measured directly. 
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ner  s imilar  to that  shown in Ref. (23). The  equat ions  he  
obtained for C~(t) and n do have the correct  dependence  
on N~, s ince NM is re la ted s imply  to his area ratio 

NM = AJAp [34] 

as can be  seen by def ining (10) the  poros i ty  of the  dia- 
p h r a g m  as 

e = lAJtAd [35] 

and us ing  Eq. [29] and [30] 

l AJA ,  Ad 
N~ = r/e - - [36] 

t gt A,  

Even  though  Mukaibo p resen ted  equat ions  that  do have  
the  correct  dependence  on N~, he  did not  recognize  that  
N ,  can be  measu red  direct ly  and he  did not  p resen t  an 
equa t ion  for C~(x). Also, his concep t  of a cons tan t  trans- 
fe rence  n u m b e r  (nJ  is perhaps  less appeal ing  than  the  
concep t  of  a constant ,  average  specific conduct ivi ty .  This 
may  be so because  Kavg can be measu red  direct ly  by as- 
suming  that  Kavg is equal  to the  specific conduc t iv i ty  of 
an aqueous  solut ion of  NaC1 and NaOH at the i r  average  
concent ra t ions  over  the  range of effluent concent ra t ions  
of  in teres t  (e.g., 2.5M of each), whereas  nl cannot .  How- 
ever,  it is in teres t ing to note  that  an average  va lue  for nl 
can be obta ined f rom ~vg, i f  D~ is known.  

This  can be seen by cons ider ing  the  defini t ions of tl 
and ~. That  is, accord ing  to N e w m a n  (20), the  t ranspor t  
n u m b e r  for species j in an e lect rolyte  solut ion is g iven  by 

z~u~C~ 
t~ - [37] 

E zi2uiCi 
i 

and the  specific conduc t iv i ty  is g iven by 

Subs t i tu t ion  of Eq. 
yields 

K : F 2 E zi2uiCi [38] 
i 

[38] into Eq. [37] wr i t ten  for O H -  

u~C~F ~ 
t~ - - -  [39] 

which,  by as suming  that  the  Nerns t -Eins te in  equa t ion  
(20) is val id 

D~ 
u s -  RT [40] 

shows that  

tl F2D~ 
n, - - - -  [41] 

C1 RTK 

Thus, once values  for D1 and Kavg are known,  an average  
va lue  for nl could  be calcula ted according  to Eq. [41]. 

P a r a m e t e r  E s t i m a t i o n  

Diaphragm model.--The d iaphragm mode l  p resen ted  
above is fo rmula ted  in te rms  of  two t ranspor t  proper t ies  
of the e lec t ro lyte  solut ion wi th in  the  d iaphragm,  D~ and 
K,~g. Bo th  D~ and ~vg are average  quant i t ies  which  d e p e n d  
on t empera tu re  and the  average concen t ra t ion  wi th in  the  
diaphragm.  Values  for these  average quant i t ies  are not  
avai lable in the  l i terature.  

Their  values  can be  es t imated  by nonl inear  ]east 
squares  (LS) regress ion  of  Eq. [14] or [16] against  mea- 
sured  values  of  Cl(t) or V, respect ively.  Note  that  ~? is de- 
r ived f rom a combina t ion  of  d e p e n d e n t  and i n d e p e n d e n t  
var iables2  With this regress ion  approach,  the  mode]  is 
"f i t ted"  to the  data, and statist ical  theory  (1-4) states that  
the  es t imates  of D, and K~g are the  best  va lues  for the  data 

3 For the model presented here, i and v are considered inde- 
pendent variables and, hence, one should obtain the same esti- 
mates for D, and K~g by using either C,(t) or ~l as the dependent 
variable in the regression model. That is, statistical theory 
specifies that the independent variables are known precisely or 
at least within very small error limits (2) so that all of the error in 

can be attributed to C~(t). 

in the  sense that  the  es t imates  resul t  in the m i n i m u m  dif- 
fe rence  be tween  the observed  and pred ic ted  values  of  ~. 
Then  the  mode l  wi th  these  es t imates  can be  used  for in- 
terpolat ion.  Conf idence  is ga ined  in the  m o d e l  if  the  pa- 
r amete r  es t imates  ob ta ined  by LS are physical ly  realistic. 
I f  the  paramete r  es t imates  are physical ly  realistic, extrap- 
olations beyond  the  expe r imen ta l  range  could  be  m a d e  
wi th in  the  l imits  of the  assumpt ions  of the  model .  Also, if  
the  n u m b e r  of data  points  is large, conf idence  intervals  
on the  paramete r  es t imates  can be obta ined  in the  same 
m a n n e r  as in l inear  regress ion  (3). 

The  es t imat ion  of D1 and Kavg by LS requires  experi-  
menta l  data  in wh ich  bo th  NM and t are measu red  quanti-  
ties. The  factorial ly des igned  expe r imen t s  of  Ref. (11) pro- 
v ide  data  in which  NM was var ied  f rom 3.3 to 7.5 and t was 
var ied  f rom 0.17 to 0.33 cm. Also, the cur ren t  dens i ty  and 
ve loc i ty  were  measu red  precisely  and cell t empera tu re  
was control led  at 70 ~ -+ 0.5~ In  addit ion,  the  br ine  feed 
concen t ra t ion  was set wi th  e i ther  a h igh  or low acid and a 
cons tan t  salt concentra t ion.  The  d iaphragm vol tage drop 
and the  concent ra t ion  of O H -  ion in the eff luent  were  
measu red  s imul taneous ly  as d e p e n d e n t  variables.  Note  
that  D, and Kav~ are i n d e p e n d e n t  of the  d i aphragm proper-  
t ies and,  therefore,  are free s t ream parameters  ra ther  than  
effect ive  parameters  of  the  par t icular  d iaphragm.  Thus,  
by fixing the  va lues  of NM and t and the  i ndependen t  
opera t ing  variables,  i and v, the  only parameters  of the  
mode l  wh ich  can account  for an inadequa te  mode l  are the  
values  of  D 1 and K~vg. 

I t  should  be  noted  that  the  expe r imen ta l  cells of Ref. 
(11) cons is ted  of  labora tory  cells which  were  des igned  by 
scal ing down  industr ial-size e]ectrolyzers so that  geomet-  
ric s imilar i ty  was mainta ined.  These  cells conta ined  a dia- 
p h r a g m  which  was p laced  in contac t  wi th  a per fora ted  
steel  ca thode  as shown in Fig. 1. The  expe r imen ta l  cells 
were  therefore  cons is ten t  wi th  the  major i ty  of industrial ,  
meta l  anode  cells wh ich  have  the  d iaphragm v a c u u m  de- 
pos i ted  on the  cathode.  

Also, the  mode l  p resen ted  above  was formula ted  to be  
consis tent  wi th  the  laboratory  cells of Ref. (11). These  
cells were  run  for a per iod of  35 days. The  repl icate  
steady-state data  were  obta ined over  the  ent ire  per iod  
(26). 

The  predic t ions  of the  caust ic  yield and the  d i aphragm 
vol tage drop are coupled  th rough  the average  conduct iv-  
ity, Kavg, and thus  an appropr ia te  LS objec t ive  func t ion  is 

G(fl) = ~ ( ' ~ ~  ~")~ + ~ (htPk~ -----hqbkP)2 [42] 
- 1=2 ~ 2  k=l ~r~ 2 

where  ~1" is p red ic ted  by Eq. [16] at the expe r imen ta l  con- 
di t ions cor responding  to the  l th  da tum,  h~Pk" is p red ic ted  
by in tegra t ion of  Eq. [4] at the  expe r imen ta l  condi t ions  
cor responding  to the  kth datum,  and a l  2 and a22 corre- 
spond to the  es t imated  var iance  of ~? and h(I), respect ively.  

The  nonl inear i ty  of Eq. [42] resul ts  f rom the  nonl inear  
mode l  equa t ion  for ~, but  it does not  affect  the theory  be- 
h ind  LS regress ion (3, 4). The  computa t ions  necessary  to 
min imize  this objec t ive  func t ion  b e c o m e  more  compli-  
ca ted  wi th  a nonl inear  funct ion,  but  m a n y  compute r s  
have  subrout ine  l ibraries which  can per form the  neces-  
sary calculat ions.  In  this work,  min imiza t ion  subrout ines  
of  the  In ternat ional  Mathemat ica l  and Stat is t ical  Library  
(25) were  used  (26). 

Each of the es t imated  var iance  (a2 and a22) in Eq. [42] 
cor respond  to the  s u m  of the  var iance  associa ted wi th  the 
m e a s u r e m e n t  error  and the  var iance  associa ted wi th  the 
m o d e l  error. That  is, we  as sume  (in accordance  wi th  the  
assumpt ions  of  LS  theory)  any di f ference be tween  the  ob- 
se rved  and pred ic ted  values  is a l u m p e d  error  which  is 
d is t r ibuted  randomly.  Thus,  ~ ,  for example ,  was calcu- 
lated by dividing the  m i n i m u m  value  of  G ~ ) w h e n  a.22 = 
by the  degrees  of f r eedom [in this case, N - 2, s ince two 
paramete rs  are ad jus ted  to min imize  G~)].  Similar ly,  a2~ 
was calculated by d iv id ing  the  m i n i m u m  va lue  of  G~)  
w h e n  a ~  = ~ by (M - 1) (only one  parameter ,  K~vg, is ad- 
jus ted  to min imize  G~)  w h e n  ~2  = ~). 
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Table I. Parameter estimates for diaphragm model 

Case A. Parameter estimates with &z = :o; N = 84 

95% Confidence 
Parameter Estimate _+ interval Units t-statistic 

D~ 3.352 • 10 -5 _+ 0.275 • 10 -5 cmVs 24.3 
K~g 0.422 -+ 0.060 ~ - '  cm -~ 14.7 
~ 1.118 • 10 -3 - -  none - -  

Case B. Parameter estimates with 5,~ = o% M = 64 
95% Confidence 

Parameter Estimate _+ interval Units t-statistic 

K~vg 0.3261 + 0.0154 ~ - '  cm- '  42.3 
6-2 ~ 2.688 x 10 -3 - -  V ~ - -  

Case C. Parameter estimates with ~,~= 1.118 • 10 -3 and ~22= 2.688 x 10-aV 
95% Confidence 

Parameter Estimate _+ interval Units t-statistic 

D, 2.826 • 10 - '  -+ 0.112 • 10 -'~ cm2/s 49.7 
K~+~ 0.338 -+ 0.016 ~2 -~ cm -+ 41.6 
G~)  1.627 • 10 -~ - -  none - -  

See Ref. (26). 

The  w e i g h t i n g  of  t he  d e p e n d e n t  va r i ab le s  in  t he  LS  ob- 
j ec t ive  f u n c t i o n  in  th i s  f a s h i o n  gives  t h e  " b e s t  va lue s "  of  
t h e  p a r a m e t e r s  for  Eq.  [16] a n d  [21] a n d  t he  da ta  (27). 
T h e s e  e s t i m a t e d  v a r i a n c e s  are  s h o w n  in  cases  A a n d  B of  
T a b l e  I. No te  t h a t  ~,  is d i m e n s i o n l e s s ,  s ince  ~ is d i m e n -  
s ionless ,  w h e r e a s  82 ha s  t h e  d i m e n s i o n s  of  h(I). The  pa- 
r a m e t e r  e s t ima te s  for  DI a n d  K,v+ s h o w n  for  cases  A a n d  B 
can  be  c o m p a r e d  w i t h  t h e  p a r a m e t e r s  of  case  C, w h i c h  
were  e s t i m a t e d  w i t h  t he  ob jec t ive  f u n c t i o n  w e i g h t e d  as 
d e s c r i b e d  above .  T h a t  is, i n c l u d i n g  t h e  da ta  on  t h e  volt-  
age  d rop  t h r o u g h  t he  d i a p h r a g m  lowers  t he  e s t i m a t e s  of 
D, a n d  Kay+ a n d  n a r r o w s  t he  con f idence  in te rva ls .  The  
n a r r o w  con f idence  in t e rva l s  i nd i ca t e  a g rea t e r  sens i t iv i ty  
of  t h e  case  C ob jec t ive  f u n c t i o n  to c h a n g e s  in  t he  pa r ame-  
t e r  va lues .  

F igu re s  3 a n d  4 c o m p a r e  t he  p r e d i c t e d  a n d  o b s e r v e d  
va lues  of ~7 a n d  hO at  t he  e s t i m a t e s  of  case  C in  Tab le  I. 
T h e  s lopes  a n d  i n t e r c e p t s  s h o w n  on  Fig. 3 a n d  4 i n d i c a t e  
t h a t  t h e  d i a p h r a g m  m o d e l  ag rees  wel l  e n o u g h  w i t h  t h e  
e x p e r i m e n t a ]  da ta  to  b e  use fu l  for  a p p r o x i m a t e  d e s i g n  
p u r p o s e s .  The  large  d i s p e r s i o n  of  o b s e r v e d  vo l t age  d rops  
for  a g i v e n  p r e d i c t e d  vo l t age  d rop  m a y  b e  a r e su l t  of t he  
fifth a s s u m p t i o n  m a d e  above ;  t h a t  is, t h e  p o t e n t i a l  d rop  
is p r o b a b l y  a n o n l i n e a r  f u n c t i o n  of t h e  o p e r a t i n g  varia-  

I.I i i i 1 1  i i i  1] f i l l  [l  i i 1 1  i i l l  [ i l l  i ] I i i  ! i i  i l l t l l l l l i l l l l + l l i l t l  
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~ f ~*rcept =0.0025"- O.OS 

~ / R2=0.8629 

0 5  l l l i l l l l l l l l l l l l  l l l l l l l t l l l l l  
0.5 0.6 0.7 0.8 0.9 I_0 I.I 

Observed Caustic Yield, "rj; 

Fig. 3. Comparison of model predictions an(] experimental caustic 
yield data from Ref. (11) using the LS parameters of case C, Table I. 

bles.  F igu res  5 a n d  6 s h o w  t h a t  t he  r e s idua l s  (i.e., t h e  dif- 
f e r ence  b e t w e e n  t h e  p r e d i c t e d  a n d  o b s e r v e d  va lues)  are  
i n d e p e n d e n t  of  t he  d e p e n d e n t  va r i ab les  as r e q u i r e d  b y  
LS  r e g r e s s i o n  t h e o r y  (2, 3, 27). S imi la r  p lo t s  of t he  res idu-  
als a n d  ef fec t ive  t h i c k n e s s  (NMt), c u r r e n t  dens i ty ,  a n d  ve- 
loc i ty  i nd i ca t e  no  co r r e l a t i on  b e t w e e n  t h e s e  i n d e p e n d e n t  
va r i ab le s  a n d  r e s idua l s  (26). Thus ,  i t  c an  b e  c o n c l u d e d  
t h a t  t h e  m o d e l  w i th  t he  LS  p a r a m e t e r  e s t ima te s  of  case  C 
in  Tab le  I c an  be  u s e d  to p r e d i c t  b o t h  t he  caus t i c  y ie ld  
a n d  t h e  d i a p h r a g m  vo l t age  drop.  

Also,  i f  t h e  d i a p h r a g m  ef fec t ive  t h i c k n e s s ,  NMt, was  
k n o w n  to c h a n g e  w i t h  t i m e  (due  to p l u g g i n g  of  t he  dia- 
p h r a g m ,  for  example ) ,  t he  m o d e l  cou ld  b e  a d a p t e d  for  in- 
t e r p o l a t i o n  p u r p o s e s  b y  m i n i m i z i n g  Eq.  [42] b y  a d j u s t i n g  
NMt w i t h  t he  va lues  of D, a n d  Kavg h e l d  c o n s t a n t  a t  t he  
spec i f ied  va lues  of  case  C. This  a d j u s t i n g  of  NMt was  no t  
n e c e s s a r y  f o r  t he  e x p e r i m e n t a l  da ta  u s e d  h e r e  b e c a u s e  
b o t h  t he  va lues  of  Nm a n d  t we re  no t  s ign i f i can t ly  differ- 
en t  be fo re  a n d  a f te r  t h e  e x p e r i m e n t s  (11). 

Electrode kinetics.--Calculation of t he  cell  vol tage ,  V~, 
by  Eq. [18] r equ i r e s  k n o w l e d g e  of t he  k ine t i c  p a r a m e t e r s  
c o r r e s p o n d i n g  to t he  Tafel  e q u a t i o n s  for  t he  a n o d e  a n d  

0.6 l i l l l l l J l l i l l l l l l ] t l  I l l  It ) J i t l l t l t t l  J i l t l l t l l t  i11 I I l i l l  I, 
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/ 
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Fig. 4. Comparison of model predictions and experimental diaphragm 
voltage-drop data from Ref. ( 11 ) using LS parameters of case C, Table I. 
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tions using LS parameters of case C, Table I. 

ca thode .  The  k ine t i c  da ta  o b t a i n e d  in Ref. (11) are  propr i -  
etary,  b u t  for p u r p o s e s  of  i l lus t ra t ion ,  t he  da ta  of Caldwel l  
(28) c an  be  u s e d  to e s t i m a t e  t h e s e  k ine t i c  p a r a m e t e r s .  
T h a t  is, Caldwel l  r epo r t s  h y d r o g e n  a n d  ch lo r ine  over- 
po t en t i a l s  as f u n c t i o n s  of t e m p e r a t u r e  a n d  c u r r e n t  den-  
sity. B y  a s s u m i n g  t h a t  t h e s e  ove rpo t en t i a ] s  are  i n d e p e n -  
d e n t  of N a O H  a n d  NaC1 c o n c e n t r a t i o n s ,  e s t ima tes  of  a~ 
a n d  i04 c a n  b e  o b t a i n e d  b y  L S  for  u s e  in  Eq.  [18] a n d  t h e n  
in  Eq. [17] for  p r e d i c t i o n  of  t he  specif ic  e n e r g y  cost. 

S i n c e  t he  o v e r p o t e n t i a l  da ta  for h y d r o g e n  on  l o w -  
c a r b o n  s teel  in  2.5M NaOH/3.01M NaC1 e lec t ro ly te  are 
la rge  nega t i ve  n u m b e r s ,  t h e  B u t l e r - V o l m e r  e x p r e s s i o n  
can  b e  i n v e r t e d  to g ive  an  expl ic i t  e x p r e s s i o n  for  V,, t he  
d e p e n d e n t  va r i ab l e  

R T  R T  
V, = ~ In (i0.~) - ~ In i [43] 

T h u s  an  a p p r o p r i a t e  ob jec t ive  f u n c t i o n  for  th i s  da ta  is 

g~(~,, i0,1) - (V,,~ ~ - V,jP) 2 [44] 
l= l  

E q u a t i o n  [44] c a n  be  m i n i m i z e d  easi ly w i t h  a h a n d  cal- 
cu la to r  or s ta t i s t ica l  s u b r o u t i n e s  (25, 26). U nf o r t una t e ly ,  
t he  r e s idua l s  of  Eq. [44] e x h i b i t  a la rge  co r re l a t ion  w i th  
t e m p e r a t u r e  w h e n  all of t he  da ta  (28) are  u s e d  to e s t ima te  
the  p a r a m e t e r s  (26). C o n s e q u e n t l y ,  t he  p a r a m e t e r  esti- 

m a t e s  (~1 a n d  i0,,) were  d e t e r m i n e d  u s i n g  on ly  t he  da ta  
(28) for  343 K (i.e., N = 5) as s h o w n  in  Tab le  II. The  
conf idence  in t e rva l s  on  i0,~ a n d  a~ are  small ,  e v e n  t h o u g h  
t he  n u m b e r  of  da ta  p o i n t s  is small .  I t  s h o u l d  be  n o t e d  t h a t  
even  t h o u g h  t h e  d e t e r m i n a t i o n  of va lues  for  ~, a n d  i0,, is 
s imple,  t he  d e t e r m i n a t i o n  of  t h e i r  c o n f i d e n c e  in te rva ls  is 
c o m p l i c a t e d  b e c a u s e  t he  Tafel  e q u a t i o n  con f idence  inter-  
va ls  c o r r e s p o n d  to 1/a, a n d  [ln (io.1)]/a,. The  conf idence  in- 
te rva ls  of T a b l e  II  we re  d e t e r m i n e d  f r o m  n o n l i n e a r  re- 
g ress ion  r o u t i n e s  (26). F igu re  7 c o m p a r e s  t he  p r e d i c t i o n s  
of Eq. [43] w i t h  t he  da ta  of Caldwel l  (28)�9 Res idua l  p lo ts  
(26) d id  no t  show-a  co r re la t ion  of  p r e d i c t e d  ove rpo ten t i a l s  
w i th  c u r r e n t  dens i ty .  

The  o v e r p o t e n t i a l  da ta  for  p r o d u c t i o n  of  ch lo r ine  on  
RuO2-TiO~ on t i t a n i u m  (28) s h o u l d  no t  b e  ana lyzed  w i t h  a 
Tafel  e x p r e s s i o n  s imi la r  to Eq. [43] b e c a u s e  t he  ca thod ic  
pa r t  of t he  B u t l e r - V o l m e r  e x p r e s s i o n  is s ign i f i can t  at  
smal l  overpo ten t i a l s .  Ins tead ,  a n  impl i c i t  ca l cu la t ion  
shou ld  be  p e r f o r m e d  to d e t e r m i n e  the  d e p e n d e n t  va r i ab l e  
V2. Th i s  ca l cu la t ion  is p e r f o r m e d  b y  f o r m i n g  t he  func t ion ,  
f, 

f l j  = 0 = ~2,1 - io,2{ exp  \ - - ~ l  L RTI 

[45] 

T h e n  for  t he  g iven  i n d e p e n d e n t  var iab les ,  i2,] a n d  T], and  
a s s u m e d  va lues  of a2 a n d  io,2, va lues  of  V~,~ can  be  deter-  
m i n e d  (by N e w t o n ' s  m e t h o d ,  for  example )  s u c h  t h a t  fi,~ is 

Table II. Kinetic parameter estimates a 

Case A. Hydrogen on low-carbon steel in 2.5M NaOH and 3.01M NaC1 electrolyte at 343.15 K 
95% Confidence h 

Parameter Estimate -+ Interval Units t-statistic 

~, 0.5723 -+ 0.0153 none 119.0 
i0,, 4.085 • 10 -~ _+ 0.490 • 10 -4 A/cm 2 26.5 

Case B. Chlorine on RuO~-TiO~ on titanium in 5.02M NaC1 determined using Eq. [45] and [46] 

95% Confidence b 
Parameter Estimate -+ interval Units t-statistic 

~2 1.809 -+ 0.592 none 6.3 
io.~ 3.710 • 10 -3 -+ 3.097 • 10 -3 A/cm 2 2.5 

a Based on data presented by Caldwell (28). 
h See Ref. (26). 
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Fig. 7. Comparison of hydrogen overpotential predictions end data of 
Ref. (28), and comparison of chlorine overpetential data of Ref. (28)and 
predictions from Eq. [45] end LS parameters of case B, Table II, at 
343.15 K. 

app rox ima te ly  zero. The  a s sumed  values  of  a2 and i0.2 can 
be  ad jus ted  to obta in  a min imized  objec t ive  func t ion  
which  can be  def ined 

H2(a~, io.~) = ~ ,  (V2.~ ~ - Vz.~P) Z [46] 
1 = 1  

Nonl inear  regress ion t echn iques  (26) mus t  be  used  to 
min imize  Eq. [46]. I t  shou ld  be  no ted  that  Eq. [45] as- 
sumes  that  the  apparen t  t ransfer  coefficients  s u m  to the  
n u m b e r  of  e lect rons  evo lved  in the overal l  ox ida t ion  of  
chor ide  to chlor ine  (two here). 

The  es t imated  paramete rs  us ing  this impl ic i t  formula-  
t ion for the  chlor ine react ion are shown in case B of Table  
IL The  conf idence  intervals  for these  paramete rs  are 
large, which  indicates  the  need  for more  data  at larger  
cur ren t  densit ies.  F igure  7 compares  the  expe r imen ta l  
and p red ic ted  values  at t hese  pa ramete r  est imates.  Resid- 
ual  plots  (26) did not  indica te  s ignif icant  correla t ions  of  
the  res iduals  wi th  e i ther  cur ren t  dens i ty  or t empera ture ,  
and,  therefore ,  all o f  the  data  repor ted  by  Caldwel l  (28) 
was used.  

Electrical Energy Cost Predictions 
The specific e lec t ro lyzer  energy  cost for NaOH produc-  

t ion (i.e., Eq. [17]) can be  p red ic ted  with  conf idence  for 
the  range  of  indust r ia l  condi t ions  covered  by the  factorial  
e x p e r i m e n t  by us ing  the  pa rame te r  es t imates  of  Tables  I 
and II. An  example  of these  energy  cost  predic t ions  is 
shown  in Fig. 8. The  phys ica l  proper t ies  and paramete rs  
used  for the  calculat ions  are shown  in Table  III. I t  should  
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Fig. 8. Electrical energy cost predictions for NaOH production 

Table III. Physical parameters for minimum energy calculation 

D, = 2.826 x 10 -s cmYs 
i = 0.200 A/am 2 
i0.2 = 3.710 x 10 -3 A/cm 2 
io.~ = 4.085 x 10-4 A]cm 2 
s = 0.635 cm 
T = 343.15 K 
~1 = 0.5723 
~ = 1.809 
IhUel = 2.188V 
eb = 0.5 
Kanoly~e a : 0.491 12 -~ cm -~ 
K~g = 0.338 ~-~ cm -~ 

a From Caldwell (28) for 5.13M NaC1 at 70~ 

be  no ted  that  the  only  a s sumed  va lue  in Table  I I I  is the  
vo id  f ract ion of  bubbles  in the  anolyte;  all o ther  va lues  
cor respond  to e i ther  pa rame te r  est imates ,  physical ly  
measurab le  proper t ies  (i.e., diaphragm,  electrolyte,  or cell  
geome t ry  propert ies) ,  or opera t ing  condit ions.  Considera-  
t ion of Fig. 8 shows that  an N~t can be  selected which  
min imizes  the  specific electr ical  energy  cost  for NaOH 
produc t ion  at a specif ied cur ren t  dens i ty  and caustic 
effluent concen t ra t ion  (or eff luent  ve loc i ty  as shown  in 
Fig. 9). However ,  it is impor t an t  to note  that  this mini-  
m u m  occurs  at a va lue  of NMt b e y o n d  that  used  in the  ex- 
pe r imenta l  work  and may, consequent ly ,  be invalid.  

Conclusion 
D e v e l o p m e n t  of  a s imple  mode l  of the  d i a p h r a g m  in 

t e rms  of  measurab le  d i aphragm proper t ies  has p rov ided  a 
des ign equa t ion  which  al lows direct  compar i son  of  exper-  
imenta l  data and theore t ica l  predict ions .  This  compari-  
son, accompl i shed  wi th  pa rame te r  es t imat ion  t echn iques ,  
shows that  the  mode ls  of the  caust ic  yield and the  vol tage  
drop th rough  the  d i aph ragm are reasonable;  changing  the  
a s sumpt ion  of a l inear  potent ia l  gradient  th rough  the  dia- 
p h r a g m  may  p rov ide  an improvemen t .  The  pa rame te r  es- 
t imates  and the  s imple  m o d e l  p rov ide  a des ign  equa t ion  
which  can be  used  to pred ic t  the  m i n i m u m  specific elec- 
tr ical  energy  requ i red  for NaOH produc t ion  as a func t ion  
of  the  effect ive  th ickness ,  N~t, the  cur ren t  density,  and 
the  caust ic  concen t ra t ion  in the  eff luent  (or the  eff luent  
velocity).  
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LIST OF SYMBOLS 
see Eq. [13] ( c m - 9  
area of diaphragm (cm9 
area of pores within the diaphragm (cm0 
posi t ion dependent  concentration of OH-  
ion (moYcm 3) 
concentration of OH-  ion at 
diaphragm/catholyte interface (moYcm 3) 
concentrat ion of OH-  ion in catholyte 
effluent (mol/cm 3) 
cost of electrical energy (S/J) 
free stream diffusion coefficient of OH-  
ion (cm2/s) 
effective diffusion coefficient of OH-  ion 
(cm2/s) 
specific electrical energy cost for NaOH 
product ion (S/g) 
length parameter  (see Eq. [28]) (cm) 
Faraday ' s  constant  (96,487 C/mol) 
feed concentration of NaC1 (moYcm a) 
functional representat ion of Butler-Volmer 
equation equal to zero at lth da tum (see 
Eq. [45]) 
least squares objective function with pa- 
rameter  vector  fl, see Eq. [42] 
least squares objective function for hydro- 
gen and chlorine electrode kinetics, re- 
spectively, see Eq. [44] and [46] 
current  densi ty through the diaphragm 
(A/em9 
current  densi ty on anode eorresponding to 
lth datum (A/cm9 
exchange current  densi ty of hydrogen and 
chlorine electrodes, respectively (A/cm 2) 
average pore length, see Eq. [29] (cm) 
number  of data points for d iaphragm volt- 
age drop 
molecular  weight of NaOH (39.99 g/mol) 
number  of data points for caustic yield or 
hydrogen overpotential  
flux of OH-  ion in diaphragm (mol/cm 2 s) 
MacMullin number,  see Eq. [2], dimension- 
less 
Hine number,  see Eq. [23], dimensionless  
transference number  of OH-  ion (cm3/mol) 
Peclet  number,  see Eq. [20], dimensionless  
gas constant  (8.3143 J/tool K) 
distance between anode and diaphragm 
anolyte face (cm) 
temperature  (K) 
diaphragm thickness (cm) 
t ransport  number  of species j, j = 1 for 
OH-  ion 
mobil i ty  of species j, j = 1 for OH-  ion 
(cm2-mol/J-s) 
relative velocity expression of Stender  
et at. (6) (cm/s) 
open-circuit  potential  for chlorine/caustic 
cell (2.188V) 
total cell voltage, see  Eq. [18] (V) 
hydrogen and chlorine overpotential,  re- 
spectively (V) 
observed hydrogen and chlorine kinetic 
overpotential,  respectively, at lth datum 
predic ted  hydrogen and chlorine kinetic 
overpotential,  respectively, at independent  
variables corresponding to lth datum 
percolat ion velocity through the dia- 
phragm (cm/s) 
diaphragm dimensional  coordinate (cm) 
ionic charge for species j, j = 1 for OH-  ion 

Greek 
apparent  transfer coefficients for hydro- 
gen and chlorine reactions, respectively 
vector  of parameters  for LS (/3 = [D,K~g] T) 
d iaphragm effective thickness,  see Eq. [24] 
(cm) 
porosi ty of diaphragm, dimensionless  
void fraction of gas bubbles  in anolyte, 
dimensionless 
caustic yield, dimensionless 
average specific conductivity of electro- 

lyte in the diaphragm (s c m - ' )  
*r specific conduct ivi ty of anotyte (~- :  cm - ' )  
q)(x), r dimensional  voltage in diaphragm at posi- 

tion x (V) 
h~ dimensional  voltage drop through the dia- 

phragm (V) 
h~ dimensionless voltage drop through the 

diaphragm 
p resistivity of diaphragm filled with elec- 

trolyte (12 cm) 
Po resistivity of electrolyte with an equivalent 

thickness of the diaphragm (~ cm) 
22 est imated variance of caustic yield, dimen- 

sionless 
~ est imated variance of diaphragm voltage 

drop (V 2) 
r tor tuosi ty of diaphragm, dimensionless  
0 , ( ~ )  dimensionless concentrat ion of OH-  ion at 

dimensionless coordinate (~ = x/t) 
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Influence of Operating Conditions on the Selectivity Factor of the 
Nickel/Sodium Electrodialysis Separation 
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ABSTRACT 

The NiCIJNaCI separation by eleetrodialysis is studied as a function of several operating conditions such as current 
density, Na/Ni concentration ratio, and temperature. The experimental  T(Ni/Na) separation factors are discussed, assum- 
ing a membrane-controlled process, in terms of Hittorf transport numbers and electro-osmotic coefficients for the elec- 
trically driven transport of both cations through the cationic membrane (Nation 125 from du Pont) which is assumed to 
be the selective component  in the cell stack. Activation energy for the separation is calculated and the obtained data are 
compared with the values derived from membrane resistance measurements.  

Electrodialysis is a well-assessed technology in desali- 
nation and is still considered an interesting possibility in 
the field of valuable metal recovery and nuclear waste 
treatment (1-3). In this last field, the electrical power 
availability makes the energy requirements and costs for 
electrodialysis less conditioning parameters. In this work, 
the Ni/Na separation by electrodialysis in chloride media 
has been considered. Two commercially available mem- 
branes, the cation-selective Nation 125 (from du Pont) 
and the anion-selective R-5035 (from RAI Corporation) 
were used. The former membrane was chosen because of 
its high performance in many electrochemical applica- 
tions (fuel cells, batteries, electrolysis) and the latter be- 
cause it is specifically tailored for electrodialysis. 

Experimental 
Membranes.--Nafion 125 membranes are homogeneous 

perfluorosulfonic acid polymeric films from du Pont. 
They have an equivalent weight of 1,200 and are 5 mil 
thick. Membrane specimens were treated with 0.1M HC1 
for 48h and boiled in bidistilled water for 72h to convert 
the membranes to the H + form, completely wet. Mem, 
brane specimens of 37 cm 2 in H + form were then equili- 
brated with the electrolyte solution until cation exchange 
was complete. The R-5035 Raipore membrane (from RAI 
Corporation) is a quaternized vinylbenzylamine-grafted 
anion exchange membrane  8 mil thick. Membrane speci- 
mens were equilibrated in the electrolyte solution for 72h 
after 48h in boiling water. 

Transport parameter measurements.--The Hittorf 
transport numbers (t~), the electro-osmotic coefficient (B 

e' ~ k cond 

J 
~ \nx  \ \ \ i  \\\~ \ \ \ \ \ \ \ x \ x \ x \  

Fig. 1. Sketch of the experimental cell used for membrane transport 
parameter measurements. E', current bearing electrodes; P, pump; e', 
e", SCE for membrane potential measurement under flowing ~urrent 
(membrane ~'esistance); k, capillary for volume variation detection; cond, 
conductivity cell; m, stirrer; Ma, Mc, anionic and cationic ion exchange 
membranes; M, membrane under study. 

827 

cm3F-'), and the membrane  area resistance (R 12 em 2) 
were simultaneously measured for both membranes.  The 
results are collected in Table i. A three-chamber plastic 
cell formed by a cathodic compartment  bounded by two 
ion-exchange membranes of opposite charge and two 
measuring compartments separated by the membrane to 
be characterized (Fig. 1) was used. The current delivering 
electrodes were a Pt  cathode and a Ag/AgC1 anode, be- 
cause in the anode compartment,  volume changes were 
measured and, therefore, evolution of gaseous species 
should be avoided. Solutions were recirculated through a 
thermostated bath or, in the anode compartment,  for the 
same reasons already mentioned, magnetically stirred. 
The experimental  procedures used to perform such mea- 
surements are reported elsewhere (4, 5). A known electri- 
cal current, I (mA), was passed for a given t ime interval, 
A~, across the cell, and ionic and water transports across 
the membrane were measured. The transport of water in 
the anode half-cell where the reversible Ag/AgC1 elec- 
trode was placed was obtained from the change in vol- 

Table I. Equilibrium and transport properties of Nation 125 
and RA1 R-5035 membranes as a function of the external electrolyte 

concentration C(mol liter -1) in NaCI and NiCI: aqueous solutions. 
T = 30~ 

Nation 125 RAI R-5035 

Membrane water content weight percent (w/o) (dry polymer) 
C(mol liter-') (NaC1) (NiC12) 

0.010 17.3 
0.050 17.2 23.5 
0.100 17.0 22.7 
0.500 16.6 20.5 
1.00 16.1 19.7 

Hittorfs transport number (t) 
C(mol liter-') t+(NaC1, 25~ t+(NiCl~, 28~ t_(NiCl~, 28oC) 

0.01 0.98 
0.i0 0.98 0.86 0.94 
0.20 0.99 0,70 0.87 
0.42 0.94 0.48 0.70 
0.60 0.91 0.39 0.51 

Electro-osmotic coefficient B(cm3F -') (0.1-1.0 mA cm -'~) 
C(mol liter-') (NaCt) (NiC12) (NiC12) 

0.10 157 225 173 
0.20 143 187 151 
0.40 130 131 118 
0.53 --  108 105 

Elec~icalresistance R (~ cm ~) 
C(molliter-') (NaC1) (NiCI~) (NiC12) 

0.10 45.2 20.6 45.8 
0.20 31.5 (7.8) 10.3 
0.40 10.3 12.4 
0.50 13.9 7.8 8.9 
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ume solution AV (AV = Vf - V~, where Vf and V~ are the 
final and initial volume in cubic centimeters, respec- 
tively) observed in the capillary K (Fig. 1). This figure 
was corrected for the volume changes related to electrode 
reactions and ionic species transport. Similarly, the ionic 
transport used to calculate the ionic transport number  
was measured through the change in the electrolyte con- 
centration AC (mol cm-3) corrected for the contribution of 
the volume flow due to electro-osmosis. The electrolyte 
concentration changes were obtained from conductivity 
data (Cond, Fig. 1) by using a specific calibration curve. 
A two-equation system was then needed to correctly cal- 
culate the Hittorf transport number (t+ or t_) and the 
electro-osmotic coefficients 8. These equations are (for 
the case Of Ni 2§ (4-6) 

l0 s Vi 
2t - (Ci -- C f )  - 103Cf fi [1] 

F 

AV 1 
fl - F - -  - F (Vi + 1/2 t+ VNicl2 + YAg -- YAgcl )  [2] 

where C~ and Cf are, respectively, the initial and final 
electrolyte concentrations (tool cm-3), F is the number  of 
Faraday used in the AT time interval of the experiment,  
and V are the partial molar volumes of NiC12 (contribution 
from the ionic transport), Ag, and AgC1 (contributions 
from the electrode reaction). 

The electric potential drop across the membrane was 
measured by means of two Luggin capillaries connected 
to the e' and e" (Fig. 1) electrodes and used to calculate 
the membrane resistance at a given electric current. 

The water content of Nation 125 [weight percent (w/o) 
dry polymer] in both NaC] and NiC12 solutions was mea- 
sured according to reported procedures (5). Membrane 
specimens equilibrated in a given solution were dried un- 
der vacuum in an air oven at 120~176 after blotting 
their surfaces with filter paper. Membrane dryness was 
checked by means of IR spectroscopy and water amount 
was calculated as the difference between wet and dry 
specimens. 

Electrodialysis exper iments . - -A  laboratory stack with 
five cell unitg 2 mm wide filled with a plastic net as tur- 
bulence promoter and delimited by membranes of 37 cm ~ 
area was operated with an electrodialyzer Bell II supplied 
by Berghof (Tubingen, Germany). The usual three solutions 
(200 cm 3 of electrode washing, 400 cm a of concentrate, and 
feed) were thermostated and circulated at 1400 cm3/min 
flow rate. For washing the electrode, a solution of the 
same composition as the feed solution was used in each 
experiment.  The pH of concentrate and feed were contin- 
uously measured and recorded by using two glass dec-- 
trodes inserted in the solution reservoirs. From these res- 
ervoirs, small aliquots of solutions were taken at fixed 
times and analyzed for C1- and Ni 2§ Chloride ions were 
measured potentiometrically with an Ag/AgC1 electrode 
by using AgNO3 for titration. The nickel concentration was 
obtained spectrophotometrically through the dimethyl- 
glyoxime complex. The Na-  concentration was obtained 
with a mass balance. 

The stack resistance was also continuously measured 
and recorded. 

Results 
The loss of selectivity of charged membranes due to an 

increase in the concentration of the external electrolyte is 
a well-known effect which mainly depends on the salt 
uptake and decreased membrane water content (5). The 
first effect is a consequence of the saturation of ion- 
exchange sites of the membrane which reduces the Don- 
nan colon exclusion and determines the salt invasion 
(with coion transport) of the membrane phase. The sec- 
ond effect is due to the increased osmotic pressure differ- 
ence between the bathing solution and the membrane 
phase, which reduces the water content of the latter. The 
loss of selectivity can be observed from the decrease of 
the counterion transport number  as the electrolyte con- 
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Fig. 2. Hittod's transport numbers for C I -  (RAI R-5035 membrane) 
and No +, Ni z+ (Nation 125) as o function of the electrolyte molar 
concentration. 

centration increases, as shown in Fig. 2. This effect occurs 
at a concentration which is lower the higher the counter- 
ion valency is, as is shown from a comparison between 
NaC1 and NiC12. This is an important effect, as the de- 
creased membrane selectivity can compensate the higher 
electromobility of multivalent cations. Similar effects are 
observed in the membrane resistance (4) and electro- 
osmotic coefficient which is related to the hydration of 
the transported ion (5). In fact, the counterion hydration 
also affects the membrane selectivity. It has been ob- 
served with Nation 125 membranes exposed to alkali hy- 
droxide (4) and chloride (7) solutions that at a given con- 
centration in the region of low selectivity, the cation 
transport number  decreases by increasing the hydration 
according to the series Cs > K > Na > Li. The data re- 
ported in Table I show the corresponding effect on elec- 
tro-osmotic coefficients and membrane resistance. These 
parameters are important in determining the selective 
separation factor of an electrodialysis experiment.  In fact, 
defining T(Ni/Na) as 

T(Ni/Na) = [ ( JNi/eui)/( JNa/CNa) ] [3] 

It can be shown with some simplifying assumptions 
(overall membrane control, linear steady-state concentra- 
tion profiles, negligible back-diffusion, ideal behavior of 
anion membranes,  etc.) (8) that 

[(tN#C%i) + tw Nil 
T(Ni/Na) = [4] 

[(tsa/eONa) + tw Na] 

where tw = /3/18 is the water transport number.  Equation 
[4] assumes that the separation process for the NaC1/NiC12 
mixture is mainly due to the cationic membrane and that 
polarization effects can be disregarded. This  last condi- 
tion was tested, in the current density range 5-80 mA 
cm-5 we have used, by measuring the pH of feed and con- 
centrate solutions during electrodialysis. The pH values 
remain practically constant after a small initial decrease. 

For high current densities, when the electromigration is 
the predominant  transport effect, Eq. [4] should reduce to 
(8) 

T(Ni/Na) = [ ( tN~/C~ t~#C~ ] (I ---> o~) [5] 

This limiting law has been tested by measuring the 
T(Ni/Na) dependence on the current density. The 
T(Ni/Na) values were obtained for NiC12 (-0.1M) - NaC1 
(-0.1M) mixtures from the relation (8) 
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Fig. 3. T(Ni/No) dependence on the current density/(mA/cm 2) 

log [C~176 = T(Ni/Na) log [C~176 [6] 

which is derived by inserting into the definition for T 
(Eq. [1]) the expression for the ionic fluxes and by assum- 
ing T as a constant. In Eq. [6], C~ and C~ (i = Ni, Na) 
are the bulk initial and final concentrations in the feed or 
concentrate solutions. The plots of log [C~176 vs .  
l o g  [C~176 ] are straight lines (T constant), and from 
their slopes the selectivity factors can be computed. The 
current density was varied from 5 to 80 mA cm -2 (Fig. 3). 
Equation [3] predicts a limiting value for the selectivity 
T(Ni/Na) factor, at high current densities, which is 
reached when the ionic transport ' is essentially a function 
of the mobilities (transport numbers) of the ionic species 
at a given concentration (8). From the transport numbers 
of Ni 2~ and Na § at 0.1M concentration across a Nation 
membrane  (Table I), a limiting value of 0.88 is obtained. 

T ( N i / N a )  d e p e n d e n c e  on  the  N a / N i  r a t i o . - - T h e  separa- 
tion factors measured at different Na/Ni ratios but at a 
fixed current density (10 mA cm -2) are shown in Fig. 4. A 
substantial constancy is experimentally observed around 
a value of two corresponding to the Ni/Na valency ratio. 
According to the T(Ni/Na) definition (Eq. [1]), this result 
means that the Ni flux decreases by increasing the Na 
concentration. As a consequence, the separation yield and 
the current efficiency decrease. The observed constant 
value for T(Ni/Na) as the Na/Ni ratio changes may depend 
on the nature of the ionic couple considered, since differ- 
ent results have been reported for the Mg/Na couple (8). 
An important  factor in determining the constant T value 
is the ion exchange constant of monovalent  and divalent 
ions with a given membrane.  The results of the hydrogen 
ion-divalent ion-exchange experiments reported by Steck 
et  al. (9) show that the exchange selectivity is almost 
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Fig. 5. Experimental and calculated T(Ni/Na) values as a function of 

temperature in an Arrhenius-like plot. 

equal for Na and Co, while for Mg the exchange is higher 
by a factor of two. 

T ( N i / N a )  t e m p e r a t u r e  d e p e n d e n c e . - - T h e  possibility of 
changing the separation factor with the temperature has 
been considered by measuring T(Ni/Na) at different tem- 
peratures in the 30~176 range. A complete equation for 
ionic and water transport in electrodialysis includes diffu- 
sion terms both for ions and water through the membrane 
couple (8). In this case, Eq. [4] does not hold any more. 
However, at high current densities the ionic and water 
transport due to the applied electrical field are predomi- 
nant over diffusion and osmotic effects. Therefore, by as- 
suming membrane control-- that  is, reduced film effects 
(polarization) at the membrane-solution interface---the 
simple Eq. [4] can be used. Under  these conditions, the 
function r§ = [(t§ ~ + t~] can be considered as the "effec- 
tive" transport number  for the ionic species and an 
Arrhenius-type plot can be used to calculate the transport 
activation energy (Fig. 5) 

d[log T(Ni/Na)]/d(1/T)  = - (1/R)(ENI - ENa) = - -  (l/R) hE 
[7] 

where El is the activation energy for the transport of the 
ith (i = Ni, Na) cation. The experimental  data in Fig. 5, 
however, do not allow one to reach a clear conclusion 
about the difference in behavior of  Ni and Na fluxes with 
temperature. In fact, two hypotheses are possible: (i) the 
T(Ni/Na) vs .  1/T plot is a straight f ine with zero slope, 
which means that both Ni and Na transport processes 
have the same activation energy; (ii) the t(Ni/Na) vs .  l I T  
plot shows a discontinuity which separates two different 
transport conditions, ENi <> ENa for T ~ 40~ In the first 

I C(rnoles cr~3)~10 ) 

.O5O 

660 ' d o o  ' tuba �9 
10 20 3Q min 

Fig. 6. Evaluation of the desalting rate c~ of feed solutions for HoCI 
and NiCI~. 
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case, the overall activation energy is hE = 11.9 kJ/mol, 
and in the second case AE = -9.6 kJ/mol. In both cases, it 
should be possible to select a useful temperature range to 
optimize the separation process. A more extended investi- 
gation is needed possibly over an increased temperature 
range. However, a limit to this possibility is Set by the 
thermal stability of the membranes.  It is interesting to 
note that the reported values for the activation energies 
are comparable to those obtained from membrane resist- 
ance measurements on Nation 125 membranes in alkali 
hydroxide solutions (ENa = 10-30 kJ/mol in the 0.02-10M 
range) (10). 

Figure 5 shows also T(Ni/Na) data calculated from the 
rate of desalting of binary NiC1JNaC1 (feed) solutions at 
different temperatures. If the C~ - C~ functions for 
both cations are plotted vs. t ime t(s), the slopes ~ = 
(nA/V)Ji (mol cm -~ s-l) can be calculated (Fig. 6). Accord- 
ing to the assumptions made to obtain Eq. [4] 

= (nA/V)(t~ + C~ I/F [8] 

(where n is the number  of pair units in the cell stack, A is 
the membrane area, and V is the solution volume) and 
both zi and T(Ni/Na) values can be calculated from the 
desalt ing rate of the feed solution. The results of such cal- 
culations are given in Table II. From the Arrhenius plots 
of ~ for both counterions (Fig. 7), the activation energies 
for NaC1 and NiCI~ transport are obtained: ENacj = 8.2 
kJ/mol  and ENlcl2 = 4.8 kJ/mol (hE = -3.5 kJ/mol). This 
last value is very close to the figure for the activation en- 
ergy, which can be calculated from the best linear plot of 
the experimental  T(Ni/Na) data reported in Fig. 5: AE = 
-4.2 kJ/mol. 

Table II. Evaluation of the desolting rate, c~ (mol cm -3 s-'), effective 
transport number, % and separation factor T(Ni/Na) for single 

NaCI/NiCI 2 from electrodialysis separation experiments. Feed solution 
0.1M; NiCI2 0.1M. 

~Na ~Ni T 
T(~ (tool cm -3 s-') (mot cm -3 s -1) ~Na rNi (Ni/Na) 

30 1.17 • 10 -5 2.13 • 10 -5 0.24 0.45 1.82 
40 1.33 x 10 -5 2.30 x 10 -~ 0.28 0.48 1.73 
50 1.40 • 1O -~ 2.43 • 10 -5 0.29 0.51 1.74 
60 1.57 x 10 -5 2.53 • 10 -~ 0.33 0.53 1.61 

Conclusion 
The use of Nation 125 and RAI R-5035 membranes for 

electrodialysis of Na/Ni chloride binary solutions depends 
on the absolute Ni concentration because the Nation se- 
lectivity in NiC12 solutions falls very sharply above 0.2M 
concentration. The T(Ni/Na) separation factor does not 
substantially depend on the Na/Ni concentration ratio, 
and this constancy, at a given current density, shows that 
the current efficiency for Ni separation decreases as the 
Na concentration increases, i The temperature effect on 
the T(Ni/Na) separation factor is not very relevant in the 
30~176 temperature range. However, some data indicate 
the possibility that the Ni yield decreases with tempera- 
ture above a discontinuity point around 40~ 
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Cyclic Pulse Voltammetric Stripping Analysis of Acid Copper 
Plating Baths 

Dennis Tench* and John White 
Rockwell International Science Cen~er, Thousand Oaks, California 91360 

ABSTRACT 

A pulse voltammetric stripping method is described for determining the absolute concentration of proprietary addi- 
tive in acid copper baths containing contaminants derived from circuit board plating. Results are presented for both 
freshly prepared and production baths, and a comparison is made between the pulse and linear sweep voltammetric 
stripping analysis techniques. 

Previous work (1, 2) has shown that the cyclic 
voltammetric stripping (CVS) method (3) yields the con- 
centrations of proprietary additives and chloride ion in 
acid copper plating systems, but  organic contaminants 
generated in circuit board production baths are found to 
interfere with the analyses. In spite of such interference, 
the CVS rate parameter has been demonstrated to corre- 
late well with the deposit tensile properties (4), and, re- 
cently, improved circuit board yields attained via CVS 
control of acid copper baths have been documented (5). 
On the other hand, control of acid copper baths would be 
simplified if the absolute concentration of the additive 
were provided. One procedure is to generate a series of 
standard curves for each bath contaminant  level, but  this 
is tedious and valid only if the contaminants are always 
sufficiently similar so that their effect is constant for a 
given overall concentration. 

In the present paper, a modification of CVS, i.e., cyclic 
pulse voltammetric stripping (CPVS), is shown to yield 
the absolute additive concentration in at least one propri- 
etary acid copper system in the presence of contaminants 
derived from circuit board plating. 

Experimental  Detai ls 
Acid copper baths used in the present work were air 

saturated and generally contained 75 g/liter copper sulfate 
pentahydrate, 10% by volume concentrated sulfuric acid, 
75 mg/liter chloride, and various amounts of proprietary 
additive (Lea Ronal Copper Gleam PCM). The elec- 
trochemical cell was Pyrex (250 ml) with a Teflon top. 
Bath temperature was maintained constant (-+ 0.1~ via 
water circulated through a cell jacket. 

The indicator electrode was a plat inum rotating disk 
(0.46 cm 2) obtained commercially (Pine Ins t rument  Com- 
pany). Unless otherwise noted, the electrode rotation rate 
was always 500 rpm. A double-junction saturated calomel 
electrode (SCE) was used as the reference, and a plat inum 
wire (99.0%) dipped directly in the cell served as the 
counterelectrode. 

Voltammetric analyses were performed under  com- 
puter control (Hewlett-Packard Model 9825). The elec- 
trode potential was controlled via a digital/analog con- 
verter and a potentiostat (Princeton Applied Research 
Corporation Model 173). Copper stripping charge was 
measured by current integration via a digital coulometer 
(Princeton Applied Research Corporation Model 179). 

Pulse Yol tammetr ic  Method 
Linear sweep cyclic voltammograms for a plat inum 

rotating disk electrode in freshly prepared and produc- 
tion acid copper baths are shown in Fig. 1. Cathodic cur- 
rent corresponding to copper deposition is evident at po- 
tentials negative of about 0.0V, whereas the copper 
deposit is stripped from the inert electrode between 
about 0.0 and 0.2V, producing an anodic current peak. 
Since the sweep rate is constant (100 mV/s), the stripping 
peak area is proportional to the average copper deposi- 
tion rate for a given voltage cycle. In conventional CVS 
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analysis of acid copper baths of this type, the stripping 
peak area determined with electrode rotation, At, is used 
as a measure of the concentration of brightening/leveling 
additives in the bath (2). As mentioned above, however 
contaminants that build up in circuit board production 
baths with use also affect the copper deposition rate and 
thus interfere with the additive analysis. Oxidation of 
such contaminants on plat inum occurs positive of about 
0.5V vs. SCE (Fig. 1), producing a well-defined current 
wave (4). Note that, for Fig. 1, data obtained at a higher 
electrode rotation rate (2500 rpm) than used for the analy- 
ses discussed below (500 rpm) are reported in order to ac- 
cent the contaminant  wave (which is partially mass-trans- 
port limited). A second anodic wave, corresponding to 
chloride oxidation (2), is observed positive of 1.2V; the 
plateau current is proportional to chloride concentration 
in freshly prepared baths but is generally less at the same 
chloride level in production baths, indicating that con- 
taminants  effectively compete with chloride for adsorp- 
tion sites on the electrode in this potential region. 

In the CPVS method, the effect of the contaminants,  
which apparently interfere with conventional CVS analy- 
sis by absorbing on the plat inum electrode, is greatly mit- 
igated by sequentially pulsing the electrode between ap- 
propriate plating, stripping, cleaning, 1 and equilibration 
potentials 2 (see Fig. 1) so that the electrode surface is 
maintained in a relatively clean and reproducible state. 
The steady-state charge density corresponding to strip- 
ping the copper deposit, plated at constant potential for a 
given length of time, is then proportional to the additive 
concentration and is unaffected by bath contaminants.  

~Note that the cleaning potential is in the oxygen evolution re- 
gion, where organic contaminants are presumably oxidized or 
displaced by oxygen species on the platinum surface. 

~Equilibration at a relatively negative potential is apparently 
necessary to reduce platinum oxides and to condition the elec- 
trode surface so that reproducible results are obtained. 
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F ig .  1. L i n e a r  s w e e p  c y c l i c  v o l t a m m o g r a m s  a t  1 0 0  m V / s  f o r  a 

rotating platinum disk electrode (2500 rpm) in freshly prepared and 
production acid copper baths (22~ Note that the current scale is an 
order of magnitude more sensitive positive of 0.5V. 
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The pulse sequence used in the present work was 

V p l a t  e ---> V s t r i  p --> Y c l e a  n ~ ~Tequil tbrat  e 

This sequence was repeated (under computer control) un- 
til a steady-state copper stripping charge was obtained, 
i.e., unti l  two sequential values agreed within -+ 2%. 
Steady state was generally attained within two to three 
cycles. It should be mentioned that the plating current 
also varies appreciably within a given cycle; this, coupled 
with the inherently greater sensitivity provided by 
averaging, suggests that the stripping charge should be a 
more reliable measure of the deposition rate than the 
cathodic current itself. Also, as pointed out for conven- 
tional CVS analysis (3), the copper stripping charge 
reflects only the copper deposition rate, whereas the ca- 
thodic current may include contributions from other re- 
duction processes. 

Results and Discussion 
Preliminary studies were directed toward optimization 

of the measurement  parameters, i.e., the plating, cleaning, 
and equilibration potentials and times were varied to es- 
tablish conditions providing good sensitivity and re- 
producibility. The stripping potential was always 0.2V, at 
which copper appears to be completely stripped from the 
electrode. Of course, the time required for stripping 
varies depending on the amount  of copper previously de- 
posited. The stripping step was terminated by the com- 
puter when the current decreased by 99.95% i.e., to 0.05% 
of its previous value (with sampling every 100 ms). 

Figure 2 shows plots of the copper stripping charge 
density vs. additive concentration for 10.0s of plating at 
various voltages, with cleaning at 1.6V for 5.0s and equili- 
bra t ion at 0A25V for 5.0s. The shape of these curves re- 
sults from the opposing effects of two additive compo- 
nents, as discussed previously (4). Essentially, the sharp 
decrease at low additive levels results from high molecu- 
lar weight polymeric surfactants, e.g., polyethylene gly- 
cols, which suppress copper deposition by blanketing the 
electrode surface with polymeric film, whereas the linear 
increase at higher concentrations is produced by the 
brightener component. Since the effect of the surfactants 
saturates at very low additive levels (4), voltammetric 
stripping analysis of the undiluted bath generally reflects 
only the concentration of the brightener component.  It 
should be kept in mind that additive concentrations re- 
ported here are in terms of milliliters per liter of the pro- 
prietary additive solution, which also contains the other 
components. Apparent ly ,  as the deposition potential is 

] I I [ I 
800 - 

PLATING 700 - VOLTAGE 
(V vs SCE) 

E 6 0 0 -  - 0 . 3 _  
~ ~ �9 v 
~ 5 0 0  - 

~ m 400 - -0.25 

.~ 200- ~ _  

100 - 

0:05 
0 . . . . .  O.00" 

I ~ I I 1 
0 1 2 3 4 6 

ADDITIVE CONCENTRATION (mL/L) 

Fig, 2.  Plots of  CPVS copper  stripping charge  density  for a plat inum 
rotating disk electrode (500 rpm) at various plating voltages vs. addi- 
tive concentration in an acid copper bath (25~ Plating time = 
10.0S; Vclea n = 1.6V (5.0s); Vequilibrat e = 0.425V (5.0s). 
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made more negative (Fig. 2), this polymeric cathode film 
is broken down (presumably by reduction and/or inclu- 
sion in the deposit) so that the brightener component is 
increasingly effective at enhancing the copper deposition 
rate (slope of linear portion of curve increases). A plating 
voltage of -0.25V was chosen for further work because 
adequate sensitivity is obtained and the average current 
density at a n  intermediate additive concentration (2 
ml/liter) in this case approximates that typically used for 
production plating processes (20 mA/cm~), so that the data 
might be expected to yield more relevant mechanistic in- 
formation. Also, the data for -0.3V appear to deviate 
slightly from linearity at the highest additive concentra- 
tions investigated. 

Figure 3 shows plots of the copper stripping charge 
density at various additive concentrations vs.  plating time 
at -0.25V, with cleaning at 1.6V for 5.0s and equilibration 
at 0.425V for 5.0s. The expected linearity is observed, but  
there is an apparent change in slope at about 5s. Since the 
reason for this slope change is unknown,  3 it is not clear 
which plating time should be used. A short plating time, 
i.e., 2s, was chosen because data scatter in this case seems 
to be less than observed for 10s of plating. 

Note that temperature is an extremely important varia- 
ble to both plating performance and voltammetric analy- 
sis of acid copper baths and should be closely controlled. 
For the present work, a value of 25~ was originally cho- 
sen, but  it proved difficult to maintain under  the prevail- 
ing ambient  conditions, so the later experiments were 
performed at 26~ This minor difference should not 
significantly affect the choice of analysis conditions, but 
it does appreciably affect the absolute stripping charge 
values. 

Variations in either equilibration voltage or time were 
found to exert a significant effect on the stripping charge 
obtained under otherwise equivalent conditions, presum- 
ably because of changes in the state of the plat inum sur- 
face. This suggests that complete equilibrium is not at- 
tained during the short equilibration times investigated, 
i.e., 1-20s. Thus, it is important  that the equilibration volt- 
age and time be maintained constant; 0.425V and 5.0s 
were chosen for the present work because they seemed to 
yield somewhat more reproducible results. On the other 
hand, variations in the cleaning time from 1 to 10s had no 
discernible effect; cleaning voltage was not varied. 

3Possibilities include substrate effects or residual suppression 
of copper deposition by the polymeric additive component at 
shorter plating times, or an increase in deposit surface rough- 
ness at longer times. 
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It should be mentioned that one might expect the equil- 
ibration time of 5s to be sufficiently long to permit bath 
contaminants to readsorb on the electrode surface and af- 
fect the additive analysis. Results presented below indi- 
cate that this is not the case, suggesting that contaminant  
adsorption does not occur at the equilibration voltage 
used (0.425V). This would be consistent with the onset of 
contamination oxidation at about 0.5V (Fig. 1) coinciding 
with contaminant  adsorption, the latter not occurring at 
more negative voltages. 

CPVS results obtained at 26~ by standard addition of a 
proprietary additive to a freshly prepared acid copper 
bath and a well-used production bath are shown in Fig. 4. 
Note that the production data are offset by 0.25 ml/liter to 
account for additive presumably already present in the 
bath. The data points are seen to practically coincide in 
the two cases, indicating that the effect of bath contamin- 
ants on the results is minimal. 

For comparison, conventional linear sweep (100 mV/s) 
CVS results (2) for the same batch of additive are shown 
in Fig. 5. It is evident that contaminants in the production 
bath also tend to increase the stripping charge density in 
this case, interfering with the additive analysis. 
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Fig. 6. CPVS results for analysis of a proprietary additive in freshly 
prepared acid copper bath and a circuit board production bath (26~ 
from a second circuit board facility. 

CPVS results obtained for a freshly prepared acid cop- 
per bath and a production bath from a different circuit 
board facility are given in Fig. 6. Note that the production 
data are offset by 0.5 m]/liter to account for additive pre- 
sumably already present in the bath. Again, the data 
points are seen to practically coincide in the two cases. 
These results demonstrate decisively the effectiveness of 
the cyclic pulse technique in mitigating the effects of 
bath contaminants,  at least of the types and concentra- 
tions encountered in two typical circuit board production 
facilities, on voltammetric stripping additive analysis. 

It should be emphasized at this point that although the 
brightener additive component  is apparently stable in 
freshly prepared acid copper baths, it decomposes slowly 
in used production baths, the decomposition rate being 
faster at higher additive concentrations. This phenome- 
non has also been observed by other workers (6). In the 
present case, a decrease of about 10% over one day was 
observed (via CPVS analysis) for additive concentrations 
in the 5 mYliter range. To avoid errors associated with 
such effects, our analyses were always performed within 
a few minutes after additive additions. 
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Fig. 5. Linear  sweep C V S  results for  the some system ( 2 6 ~  as for 
Fig. 4 (vol tage swept  at  1 0 0  mV/s between - 0 . 2  and ] . 6 V  vs .  $CE; 
electrode rotat ion = S00 rpm). 

Summary and Conclusions 
The cyclic pulse voltammetric stripping (CPVS) 

method described here apparently eliminates interference 
of contaminants derived from circuit board plating on 
voltammetric analysis for additives in acid copper baths. 
This method involves pulsing a rotating plat inum disk 
electrode sequentially between plating, stripping, clean- 
ing, and equilibration voltages;and measuring the steady- 
state charge associated with stripping the copper deposit. 
Conditions used for the present work, which involved one 
proprietary system, were 500 rpm electrode rotation and 
plating at -0.25V vs. SCE for 2.0s, stripping at 0.20V until  
the current decreased by 99.95%, cleaning at 1.6V (oxygen 
evolution region) for 5.0s, and equilibration at 0.425V for 
5.0s. The voltage putse technique could most probably be 
used to minimize the effects of contaminants on other 
voltammetric analyses, e.g., chloride analyses in acid cop- 
per baths. 
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Electro-Oxidation of Substituted Silane High Polymers 
A. Diaz* and R. D. Miller 

IBM Research Laboratory, San Jose, California 95193 

ABSTRACT 

We report here the first electrochemical data on substituted silane high polymer films deposited on a Pt electrode. 
The oxidation peak potentials were measured for a series of substituted silane high polymers. The polymers oxidize irre- 
versibly and produce soluble products which are removed from the electrode. The ease of oxidation of the polymer de- 
pends on the substituents, and polymers with the aryl groups attached directly to the silicon backbone are more easily 
oxidized. 

The conjugative ability of the St-St covalent bond is 
well established (1, 2). The importance of this interaction 
is reflected in both the redox characteristics and the op- 
tical properties of a series of permethylated silane 
oligomers (Sis through Si~) (3). These compounds have 
low oxidation potentials (in the range 1-2V vs. SCE) and 
optical excitation energies which decrease with increased 
catenation. In this regard, the energies for both oxidation 
and the electronic absorption have been shown to scale 
with the number  of silane atoms in the chain, as may be 
anticipated from Huckel theory (3, 4). The cations gener- 
ated by the oxidation of the silane oligomers are unstable 
intermediates which react to produce soluble products; 
for example, the oxidation of permethyldisilane leads to 
the formation of trimethylsilyl carbonium ions, which re- 
act further to yield solvolysis products (3). 

While electro-oxidation data for high molecular weight 
polysilanes have not been reported, extrapolation of the 
solution data obtained for the permethylated oligomers 
indicates that they should oxidize ca. 1.0V anodic of SCE. 
Recent subst i tuent  studies on the electronic spectra of 
silane polymers suggest that the oxidation potentials 
might also be sensitive to the nature and the position of 
the  substituents on the chain (9). Furthermore, these 
spectroscopic observations imply that the electron-trans- 
fer/chain-length correlations may not be as simple in the 
presence of large subst i tuent  groups as with the compact 
permethylsilane derivatives (see Table I). 

The oxidation characteristics and the spectral proper- 
ties of the oligomeric permethylsi!anes resemble those 
properties of certain linearly coupled aromatic oligomeric 
materials such as the derivatives of pyrrole, thiophene, 
and benzene, which are also a function of the number  of 
aromatic units  in the linear chain (6). The oxidation reac- 
tions of both series are irreversible, but  in the case of the 
aromatic oligomers polymeric films are produced which 
coat the electrode surface. It is the nature of the products 
of the oxidStion that provides the biggest difference be- 
tween the silane polymers and the aromatic or heteroaro- 
matic oligomers. Whereas the permethylsilanes produce 
lower molecular weight soluble products When oxidized, 
the aromatic derivatives generate films which are 
electroactive and can be switched repeatedly between the 
neutral  and the oxidized form (7, 8). 

We have electochemically oxidized a series of substi- 
tuted polysilanes deposited as thin films (400-700A) on a 
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plat inum electrode, and find that the relative ease of oxi- 
dation is sensitive to the nature and position of the back- 
bone substituents. In  every case, the oxidation is irrevers- 
ible, as with the lower molecular weight oligomers, and 
the reaction proceeds with the eventual removal of the 
polymer film from the electrode surface. The results of 
this electrochemical study are described in this paper. 

Experimental 
The polymers used in this study were prepared as de- 

scribed (vide infra). Thin films were cast on the plat inum 
electrode (0.5 cm 2) by spin coating a solution of the poly- 
mer. Those polymers containing aromatic substituents 
were spun from toluene or xylene, while a 3:1 mixture of 
xylene-ethylcyclohexane was found to be a more suitable 
solvent for the alkyl polysilane derivatives. The electro- 
chemical measurements were carried out in a single-com- 
partment  cell equipped with the film-coated plat inum 
working electrode, a gold counterelectrode, and a calomel 
reference electrode. Tetraethylammonium tetrafluoro- 
borate/acetonitrile electrolyte solutions were employed. 
All ESCA analyses were performed using a Hewlett 
Packard 5959B ESCA spectrometer. The energy reference 
for the instrument  is set for Au at 84.0 eV. The density of 
the poly(methylphenyl)silane film was determined from 
the weight and the thickness which was measured using a 
Talystep instrument:  

Results and Discussion 
We have prepared (9) a large number  of soluble, high 

molecular weight polysilane homopolymers by the con- 

Table I. Electrochemical and absorption data for some 
substituted silane high polymers 

Compound 

Peak Absorption 
poteatial maximum 

(V) (nm) 

Poly(methylphenyl)silane 1 1.00 342 
Poly(p-methoxyphenylmethyl)silane 2 0.69 344 
Poly(methyl-~-phenethyl)silane _3 1.30 308 
Poly(cyclohexylmethyl)silane _4 1.42 320 
Poly(n-hexylmethyl)silane 5 1.44 303 
Poly(di-n-hexyl)silane 6 1.60 317 
Poly(dimethyl)silane 7 1.0 ~ 295 

a Extrapolated value obtained by plotting the values from Ref. (3) 
vs. 1In. 
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densation of substituted dihalosilanes with sodium as 
shown below. These materials were purified and spec- 
trally characterized as previously described (9). Most of 
these high polymers are thermally stable in nitrogen to at 
least 350~ and many, particularly, but not exclusively, 
those with aromatic substituents, are high melting solids 
with glass transition temperatures in excess of 75~ The 
polymers were quite soluble in aromatic solvents such as 
toluene but were insoluble in acetonitrile or the electro- 
lyte solution. 

/7."x 

1 R 1 = Me. R 2 = Ph 5 R 1 = Me; R 2 = n-Hexy l  

2_ R 1 = Me; R 2 = p -Methoxypheny t  6 R 1 = R 2 = n -Hexy l  

3 R I = Me, R 2 = ~-Phenethy% 

4 R 1 = Met R 2 = Cyc lohexy l  

The spectral properties of these polymers were quite unu- 
sual relative to related carbon polymers [see Ref. (5) and 
(9) for a more complete discussion of the spectral 
properties]. All of the sterically unencumbered alkyl 
derivaties display very strong electronic absorption max- 
ima around 303-309 nm. On the other hand, those materi- 
als having aryl substituents directly bonded to the silicon 
backbone are characterized by a red-shifted absorption 
max imum in the 335-345 nm region. This strong absorp- 
tion and the dramatic substituent effects are consistent 
with a delocalized sigma backbone, which also agrees 
with earlier observations made on low molecular weight 
model compounds (10). The response, however, is not sys- 
tematic with the structural variation, indicating that the 
conformation of the backbone and/or the pendant  groups 
may be a factor in determining the ult imate electronic 
spectrum of the polymer. 

The polymers are readily oxidized in the potential 
range 0.7-1.6V vs. SCE. The oxidation peak potentials for 
the various polymeric films are summarized in Table I. 
Shown in Fig. 1 is the cyclic vol tammogram for a thin 
film (420A) of poly(methylphenyl)silane, on a platinum 
surface, measured in acetonitrile. The oxidation reaction 
is irreversible, and the shape of the peak at 1.00V is con- 
sistent with a surface localized reaction which does not 
involve diffusion. There is some residual oxidation on the 
anodic side of the peak which distorts the symmetry of 
the peak. For this polymer, the peak is surprisingly nar- 

I 
~-Si-CH 3 

Pt vs SSCE 
50 mV/s 

L-- 

T 
20 gA 

i 

I 

l 
0.o 

I I I 
0.5 1,0 2.0 

E/V 
Fig. I. Cyclic voltammogram of a poly(methylphenyl)silane film on 

platinum measured in acetonitrile. First (bottom)and second (top)scan. 

row, with a peak width at half-height of only 100 mV. The 
area under the curve corresponds to 0.34 mC/cm 2 or 3.6 • 
10 -9 F/cm ~. For comparison, the calculated molar equiva- 
lent of the monomer  units on the electrode-(420~ film 
thickness and the film density of 1.174 g/cm 3) is 40 • 10 -~ 
moYcm 2. Comparison of these numbers suggests that one 
electron is removed from polymer segments containing 
ca. 11 monomer  units. With thinner films, -120~ thick, 
the same symmetrical peak is observed, but at a slightly 
less anodic peak potential, 0.92V. The small shift in these 
potentials may be due ' to  a difference in solvation of the 
film. The peak is also narrower, with a peak width at 
half-height of 90 inV. The comparison of the amount of 
charge involved in the oxidation reaction with the 
amount of polymer on the electrode indicates that one 
electron is removed for ca. every ten monomer  units. The 
small change produced in the electrochemical stoichiom- 
etry by the threefold change in film thickness suggests 
that this number  must be a close approximation of the ac- 
tual value for the reaction. This stoichiometry is in the 
range, one electrorff8-10 monomer  units, which was sug- 
gested as the oligomer size range where the oxidation po- 
tentials could be used to approximate those of the corre- 
sponding high molecular weight polymer (3, 6). This 
stoichiometry may be an average value, and more infor- 
mation is needed in order to establish the precise stoichi- 
ometry. 

The electrochemical stoichiometry of linear polymers, 
where the backbone of the chain is electroactive, is a sub- 
ject  which is poorly understood. This topic first emerged 
with the electrochemical characterization of polypyrrole, 
which is a linear chain of ~,~'-coupled aromatic units (7). 
The electrochemical stoichiometry for the oxidation of 
this polymer is 0.25-0.30 charge/aromatic unit. Since 
polypyrrole, other electroactive polymers have become 
available and are found to have comparable stoichiom- 
etries. For example, polythiophene has 0.06 (8) to 0.25 (11) 
charge/aromatic unit, polypyrene has 0.31 (12), and 
polyazulene has 0.25 (12) charge/aromatic unit. For these 
polymers, the stoichiometry must reflect the length of 
polymer segments along the polymer chain with coplanar 
aromatic units which are disrupted by kinks and bends in 
the chain. The length of these segments must  reflect a 
balance of the chemical stability of the delocalized cation 
center plus entropy considerations associated with keep- 
ing the aromatic rings coplanar. 

In the case of the polysilanes, entropic considerations 
may be less important, since the backbone does not con- 
tain aromatic rings. For these polymers, the stoichiometry 
will be determined by the intrinsic coulombic interac- 
tions, which may in turn be influenced by conforma- 
tional variations along the polymer backbone. 

With every film, the peak is observed in the first scan 
only, since the integrity of the film is destroyed by the 
chemical irreversibility of the reaction. The electrochem- 
ical reaction produces a soluble electroactive product 
which is oxidized around 1.0V. Although the products of 
the reaction have not been identified, the reversible na- 
ture of redox reaction displayed by the electroactive 
product suggests that it is not simply a lower molecular 
weight segment of the polymer. This conclusion is based 
on the fact that all of the polysilane compounds studied 
thus far undergo chemically irreversible oxidation. Quali- 
tatively, similar results were obtained with the films of 
the other polymers, except  that the peaks are not so nar- 
row and the symmetry is not as obvious because the 
background current anodic of the peak is significant. 
This can be seen with the vol tammogram for poly- 
(methyl-fi-phenethyl) silane film (Fig. 2). 

The films are evenly coated and featureless with no 
visible cracks or defects (Fig. 3). They are, however, 
somewhat permeable. The permeability of a poly(methyl 
phenyl)silane film (600A thick) coated on a platinum elec- 
trode (0.5 cm 3) was estimated by measuring the cyclic 
vol tammogram of ferrocene (10-6 moYcm3). For this mea- 
surement, the voltage was swept between 0 and 0.7V in 
order to preserve the integrity of the film. With the 
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Fig. 2. Cyclic voltammogram of a poly(methyl-fl-phenethyl)silane 

film on platinum measured in acetonitrile. First (bottom) and second 
(top) scan. 

coated electrode, the current density for the oxidation of 
ferrocene is 40 times smaller than with bare platinum, 
and no change was observed in the E ~ The shape of the 
resulting curve resembles a step, as is observed for reac- 
tions limited by diffusion across the film, and the size of 
the signal is not sensitive to sweep rate between 10 and 50 
mV/s. The diffusion of ferrocene across the film was cal- 
culated using the expression, j = nFCDhr, where D is the 
diffusion of ferrocene across the film and ~ is the thick- 

A p r i l  1985 

ness of the film. The calculated values of j, D/~, and D are 
8 x 10 -6 A/cm ~, 8 x 10 -0 cm/s, and 0.5 x 10 -9 cm2/s, re- 
spectively. These values are slightly lower than the values 
usually observed for other representative thin films. For 
comparison, the parameters for the diffusion of ferrocene 
across other thin film coatings on platinum electrodes 
are listed in Table II. As can be seen, the permeability of 
ferrocene across the polysilane film is less than for the 
other three films. It should be noted, however, that the 
method  of preparation for the other films, except for the 
poly(vinylchloride), was different. Poly(vinylchloride) 
was prepared by spin coating (13), poly(2,6-dimethyl)- 
phenol by electropolymerization (14), and polytrifluoro- 
toluene by plasma polymerization (15). 

The film is stable on the electrode in the potential 
range 0-0.7V; however, sweeping the potential up to 1.5V 
removes the film, and the size and the shape of the volt- 
ammogram for the ferrocene oxidation reaction ap- 
proaches that with a clean platinum surface. For example, 
after three sweeps, the original size of the peak is recov- 
ered. 

ESCA analysis of the platinum electrode surface indica- 
ted that the polymer film was completely removed from 
the surface during the brief electrolysis. These results are 
consistent with the electrochemical results described 
above. Analysis of a freshly cast film of poly(methyl- 
phenyl)silane revealed peaks for carbon ls, silicon 2s, and 
oxygen ls. The relative amounts of the elements calcu- 
lated from the peak areas and corrected for the photo- 
ionization cross sections (1.0 for carbon, 0.955 for silicon, 
and 2.93 for oxygen) are 6.94 to 1.0 to 0.167, respectively. 
The carbon to silicon ratio is correct for the CTHsSi unit of 
the polymer; however, the small amount of oxygen pres- 
ent (ca. 2%) may be due either to moisture on the surface 
of the film or perhaps to the presence of small quantities 
of oxygen in the polymer itself. No plat inum was de- 
tected. Analysis of the same electrode after electrolysis 
showed the presence of a small amount of residual carbon 
and oxygen only, in the ratio of 2.54, plus a large platinum 
signal. No silicon was detected on the electrode. 

In the case of the aryl-substituted polysilanes, the oxi- 
dation reaction must involve the polysilane chain and not 
simply the aryl group because the oxidation potential of 
aryl groups are much more anodic. For example, the oxi- 
dation peak for alkyl- and silyl-substituted benzene deriv- 
atives appears at 2.3 and 2.5V, respectively, and that of an- 
isole at 1.80V (16). As can be seen, aryl substituents on the 
polymer backbone greatly facilitate the oxidation of the 
polysilane polymer (Table I) and of tetramethylsilane. For 
example, with the introduction of a phenyl or a benzyl 
substituent, the oxidation peak for tetramethylsilane is 
shifted cathodically by 0.5 and 1.2V, respectively. This ef- 
fect may be due partly to a stabilizing resonance interac- 
tion between the aryl group and the incipient silyl cation. 
The magnitude of this stabilizing interaction must, how- 
ever, be sensitive to conformational effects in the back- 
bone and of the aryl ring, since phenyl substituents do 
not facilitate the oxidation of the persubstituted cyc]o- 
pentasilane derivatives listed in Table III. Thus, the 
conformational freedom of the phenyl ring, especially the 
rotational freedom, appears to be a critical factor. The 
stabilizing effect of the phenyl group is observed to some 
extent  even when the phenyl group is not directly bonded 
to the silicon atom. In this regard, the phenyl substituent 
in the polysilane 3 shifts the oxidation peak cathodic of 
the cyclohexyl-substituted polymer by 0.1V. 

Particularly striking is the large substituent effect of 
the methoxy group. The oxidation peak for poly(p-meth- 

Table II. Data for diffusion of ferrocene across thin films on electrodes 

Thickness 10 '~ D/(~ 109D 
Film (~) (cm/s) (cm2/s) ReL 

Fig. 3. Scanning electron micrograph of a thin film (2000A) of 
poly(methylphenyl)silane cast on a silicon substrate. 

Poly(methylphenyl)silane 600 8 0.5 --  
Poly(vinyl)chloride 30,000 12 30 (11) 
Poly(2,6-dimethyl)phenol 750 1800 130 (12) 
Polytrifluorotoluene 30,000 0.5 1.4 (13) 
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Table III. Electrochemical data for some polysilane derivatives 

Half-wave 
Compound potential (V) 

Permethylhexasilane 1.08 a 
Permethylpentasilane 1.18" 
Permethyltetrasilane 1.33 ~ 
Permethyltrisilane 1.52 ~ 
Permethyldisilane 1.882 
Tetramethylsilane -3.0 b 
Phenyltrimethylsilane 2.5 
B enzyltrimethylsilane 1.77 
Permethylcyclopentasilane 1.35 c 
Perphenyl cyclopentasilane 1.5 

a Oxidation potentials measured using ac polarography (3). 
b Extrapolated value obtained by plotting the values from Ref. (3) 

vs. 1/n. 
c A. Diaz and R. West, Unpublished results. 

oxyphenylmethyl)silane (0.69V) is 0.31V less anodic than 
the peak for poly(methylphenyl)silane (1.00V). Although 
subst i tuent  effects can be large for small molecules--for 
example, the oxidation peak for anisole (1.80V) in 
acetonitrile solution is 0.5-07V less anodic than the peak 
for alkylbenzene derivatives (2.3-2.5V) (16)--they are usu- 
ally small for polymers. For example, the effect of a 
p-methoxy group on the oxidation peak potential of 
N-phenylpyrrole polymer is only 0.06-0.15V (17). 

The oxidation of the polymers is also somewhat sensi- 
tive to the nature of the alkyl substituents. In  this regard, 
the permethyl-substituted polymers are more easily oxi- 
dized than the hexyl-substituted polymers. The oxidation 
peak for poly(dimethyl)silane (extrapolated value using 
the data from Table III) is shifted anodically by 0.4 and 
0.6V compared to the polymer with one or two hexyl 
groups per silicon in the polymer. These voltage differ- 
ences are only estimates because the comparison involves 
an extrapolated value using data from another laboratory. 
Nevertheless, the effect is large and in the opposite direc- 
tion from what is normally observed for alkyl substi tuent 
effects. For example, simple alkyl groups shift the oxida- 
tion potential of polypyrrole (18) and thiophene (8) 
cathodically by 0.1-0.2V. Therefore, the effect is not elec- 
tronic and may result from kinetic limitations caused by 
the bulky hexyl groups which provide some separation 
between the plat inum surface and the polysilane back- 
bone. This effect is probably not important  with the 
poly(methylphenyl)silane because the phenyl groups pro- 
vide a channel for electron transfer. 

In conclusion, the substi tuted-si lane polymers which 
have already attracted attention because their photo- 
chemical and lithographic properties also appear to have 
the potential for interesting electrochemistry. Because of 

the sensitivity of the oxidation potentials to the substitu- 
ents, the choice of appropriate substituents may generate 
an interesting new class of redox polymers (19). 

Manuscript submitted Aug. 3, 1984; revised manuscript  
received Nov. 20, 1984. 
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Energy Density, Power Density, and Polarization Studies of the 
Partially Oxidized ("p-Doped") Polyacetylene Cathode 
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ABSTRACT 

Films of polyacetylene, (CH)x, partially oxidized ("p-doped") to 2% and 7% having compositions [(CH)+~176 
and [(CH)+~176 respectively, were employed as the cathode in electrochemical cells of the type Li/1.0M LiC1Ot 
(propylene carbonate)/[(CH)+'(C104)~-]~. They were charged and discharged (both immediately and after a 16h delay) at 
constant currents ranging from 0.01 to 20.00 mA/cm 2 of (CH)~ film, and their capacities, energy densities, and average 
power densities were measured. The average cell voltage and coulombs released during discharges of a cell using a 7% 
oxidized polyacetylene cathode were relatively insensitive to an increase in discharge current of from 0.01 to 1.00 
mA/cm ~. 

Reversible electrochemical oxidation or reduction has 
been observed for a variety of organic polymers such as 
polypyrrole (1), polythiophene (2), polyazulene (3), poly- 
paraphenylene (4), poly 2,6-(4-phenyl)quinoline (5), and 
polyacetylene (6-9). These polymers exhibit conductivi- 
ties in the metallic regime of 101-103 t) -1 cm -1 when they 
are partly oxidized or reduced to form species such as 
(polymer)+YA~- or M~§ respectively, A -  and M + 
being inert monovalent counterions introduced during 
the electrochemical redox reactions. Experimental  labo- 
ratory scale batteries have been fabricated from the oxi- 
dized and reduced forms of polyparaphenylene and 
polyacetylene, (CH).~, the most extensively studied being 
those using polyaeetylene in its oxidized form, 
[(CH)+~A~-]x (6-8) or reduced form, [M~+(CH)-~]~ (9). Elec- 
trochemical oxidation of polyacetylene has been reported 
in electrolytes consisting of salts of (C104)- (6-8), (AsF6)- 
(10, 11), (PF6)- (10), (BF4)- (10), and (CF3SO3)- (10) dis- 
solved in propylene carbonate (PC) or sulfolane. 

In  the present study, a specific configuration of the 
Li/LiC104(PC)/[(CH)~Y(C104),-].~ cell is further character- 
ized by determining the dependence of the discharge 
voltage, Vd, average discharge voltage, ~Td, and capacity on 
the value of selected constant  current discharge rates ex- 
pressed in milliamperes per square centimeter of the 
(CH)x film. 

In order to examine the effect of different levels of oxi- 
dation (charge density) of the (CH)~. on its discharge char- 
acteristics, the maximum charge level of the 
[(CH)+~(C104)4-]~ electrode was varied from y = 0.02 to y = 
0.07. The effect of possible nonhomogeneity of the dopant 
anion distribution within the (CH)~ film and/or fibrils 
was studied by varying the delay between the termination 
of a charge cycle and the beginning of a discharge cycle 
from 0 to 16h. 

Experimental 
The cells were constructed by pressing lithium metal 

foil (Atfa Ventron) onto a nickel grid (Delker Corporation, 
189 mesh) and covering it with a separator, followed by a 
single layer of polyacetylene film, and finally by plati- 
num gauze (A. H. Thomas, 52 mesh). Some stainless steels 
and nickel corrode in contact with oxidized polyacetyl- 
ene; however, graphite has been shown to be a suitable 
current collector (11). The separator for the cell contain- 
ing 2% oxidized (CH)~ was kiln-dried glass filter paper 
and that for the cell containing 7% oxidized (CH)~ was 
hydrophilic porous polypropylene (Celanese Celgard, 
K-5511) which had previously been treated with a plasma 
discharge (12). Anhydrous LiC104 (Alfa Ventron) was 
dried by melting under  a dynamic vacuum. 

For each cell, the assembly of current collectors (spot 
welded to Pt wire leads), electrodes, and separator were 
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squeezed into rectangular glass tubing (3 • 9 • 50 mm) to 
which was added 0.5 ml of 1.0M LiC104 in propylene car- 
bonate (Aldrich) which had been distilled in a spinning 
band column. No analysis of water content was made. 
The cell was evacuated and sealed by melting the glass 
around the protruding electrode leads. 

The polymer electrode in both cells was free standing 
polyacetylene film prepared as described by Shirakawa 
(13), except that the catalyst was aged for only 15 min at 
25~ in order to produce thinner  fibrils (14). Prior to the 
initial electrochemical 'oxidation of the film, the (CH)~ 
was present as the c/s-rich isomer having been stored at 
-78~ under vacuum since its preparation. The film 
thickness was 0.1-0.2 ram, and, according to electron 
micrographs of samples from the same preparation, the 
polymer fibrils ranged from 100 to 200)~ in diameter. 
Since the density of the (CH)~ fibrils is 1.2 g/cm 3 (15), and 
since the density of the films used in this study was 0.25 
g/cm 3, 80% of the undoped (CH~x film was void space. 
The effective surface area of the (CH)~ fibrils in (CH)~ 
films before doping has been reported to fall in the range 
60-100 m2/g (15). Before recording any electrochemical 
data on the cells, they were twice charged and discharged 
in order to convert the cis-rich (CH)s to the more thermo- 
dynamically stable trans-rich isomer (16). 

The amounts of film used as electrodes were 19.7 mg 
(4.3 cm 2) for the cell in which the polyacetylene was oxi- 
dized to 2% and 6.9 mg (1.15 cm 2) for the cell in which the 
polyacetylene was oxidized to 7%. In every charge/dis- 
charge cycle, the former cell was charged at a constant 
current of 0.812 mA corresponding to 2% oxidation/h of 
the (CH)x. The latter cell was always charged at a constant 
current of 0.142 mA, corresponding to 1% oxidation/h of 
the (CH)x. Each cell was then either immediately dis- 
charged or was permitted to stand for 16h before dis- 
charging to allow the charge distribution to reach 80% 
equil ibrium based on a diffusion constant of 4 • 10 -is 
cm2/s (17) and a fibril diameter of 100-200A. The dis- 
charges were performed at constant currents in the range 
of 0.01-20.00 mA/cm 2 of film. The discharge voltage, Vd, 
was recorded as a function of the coulombs released until  
it dropped to 2.50V, the approximate midgap potential of 
pristine trans (CH)x, a direct bandgap semiconductor. Be- 
cause of the minute  density of states in the bandgap, the 
reduction potential of neutral  (CH)~ can fall anywhere be- 
tween 1.75 and 3.10V vs. LilLi + (18). Hence, the remaining 
available positive charge could be released in a 16h dis- 
charge at a constant applied potential of 2.50V without in- 
jection of negative charge. 

Table I is a compilation of data for each charge/dis- 
charge cycle. It includes (i) the extent of charging ex- 
pressed as a percent oxidation of the (CH)x and also as the 
number  of coulombs, Q(in), involved in the charge pro- 
cess; (ii) the average discharge voltage, Vd; (iii) the con- 
stant discharge current, i~, employed; (iv) the discharge 
time at the applied constant current; (v) the coulombs lib- 
erated during the constant current discharge, Q(out); (vi) 
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Table I. Charge/discharge data for L i /L iCIO~(PC) / [ (CH)+ ' (CIO~) , - ]=  

cells. 

Discharge Q(out, 
% Ox2 V~ ~ Q(in) r i~ ~ time ~ Q(out) r total)" Qer? 
of (CH)~ (V) (C) (mA/cm ~) (min) (C) (C) (%) 

2Immediate 3.44 3.00 0.10 100 2.57 2.64 88.0 
2Delayed 3.37 3.00 0.10 85 2.19 2.22 74.0 
2Immediate 3.41 3.00 1.00 7 1.76 2.79 93.0 
2Delayed 3.25 3.00 1.00 4 1.06 2.28 76.0 
2Immediate 3.37 3.00 2.00 3 1.53 2.79 93.0 
2Delayed 3.06 3.00 2.00 2 0.86 2.34 78.0 
2Immediate 2.96 3.00 5.00 0.6 0.81 2.76 92.0 
2Delayed 2.80 3.00 5.00 0.3 0.35 2.49 83.0 
7Immediate 3.39 2.52 0.01 2145 ~ 1.48 1.62 64.3 
7Delayed 3.32 2.52 0.01 1623 j 1.12 1.51 59.9 
7Immediate 3.40 2.52 0.10 228 1.57 1.73 68.7 
~Delayed 3.33 2.52 0.10 162 1.12 1.49 59.1 
~Immediate 3.36 2.52 1.00 20 1.35 1.77 70.2 
~Delayed 3.21 2.52 1.00 13 0.910 1.56 61.9 
~Immediate 3.10 2.52 10.0 1.5 1.01 1.77 70.2 
~Delayed 2.82 2.52 10.0 0.7 0.467 1.51 59.9 
~Immediate 2.72 2.52 20.0 0.3 0.340 1.51 59.9 
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a 2 or 7 indicates percent oxidation of the polyacetylene at the end 
of a charge cycle; "immediate" indicates discharge of the cell imme- 
diately after the charging cycle was completed; "delayed" indicates 
discharge of the cell 16h after the charge cycle was completed. 

b Average voltage during the constant current discharge. 
r Coulombs involved in a charge cycle. 

Constant current discharge (mA/cm 2 of (CH)~ film). 
e Duration of the constant current portion of the discharge. 
f Charge released during the constant current portion of the dis- 

charge cycle. 
g Sum of the charges released during the constant current and 

constant applied potential portions of the discharge cycles. 
Qe~f = [(Q(out), total)/Q(in)]100. 

i 35.75h. 
J 27.50h. 

t h e  to ta l  n u m b e r  of  c o u l o m b s  l i be r a t ed  Q(out,  total)  dur-  
ing  t h e  c o n s t a n t  c u r r e n t  a n d  c o n s t a n t  app l i ed  p o t e n t i a l  
d i s c h a r g e  s teps ;  a n d  ( v i i )  t h e  c o u l o m b  eff iciency,  Q~ff = 
100 [Q(out, total)/Q(in)]. T he  ~Td va lues  we re  ca l cu la t ed  
f r o m  t h e  area  u n d e r  each  d i s c h a r g e  c u r v e  d i v i d e d  b y  t h e  
n u m b e r  of  c o u l o m b s  r e l ea sed  d u r i n g  t h e  d i scharge .  

The  ef fec t ive  res i s t ance ,  R~ff, of a cell was  d e t e r m i n e d  
pe r iod i ca l l y  b y  (i) m e a s u r i n g  t h e  cha rge  or  d i s c h a r g e  volt-  
age, V; (ii)  i n t e r r u p t i n g  t h e  c h a r g e  or d i s c h a r g e  cycle; ( i i i )  
m e a s u r i n g  t he  open -c i r cu i t  vol tage ,  Vor w i t h i n  ls ;  a n d  ( iv)  
ca l cu l a t i ng  R~ff, b y  t he  r e l a t i o n s h i p  R~,  = (V-Voo)/i, w h e r e  i 
is t h e  c o n s t a n t  c h a r g e  or  d i s c h a r g e  cu r ren t .  I t  s h o u l d  b e  
n o t e d  t h e  Ref f will  be  l a rge r  t h a n  t he  i n t e r n a l  res i s tance ,  
R~, of  t h e  cell b e c a u s e  of  cha r ge - t r an s f e r  a n d  d i f fus ion  im- 
p e d a n c e  effects;  h o w e v e r ,  Ref f gives a qua l i t a t i ve  indica-  
t i on  of  t he  c h a n g e  in  t h e  ef fec t ive  r e s i s t a n c e  of  t h e  cell  a t  
va r ious  s tages  d u r i n g  its c h a r g i n g  a n d  d i scha rg ing .  

Results and Discussion 
A c h a r g e  cycle of  a cell  f r om t he  in i t ia l  u n c h a r g e d  open-  

c i rcu i t  vo l tage  of  2.75 (18) to  3.78V is g i v e n  in  Fig. 1. Ac- 
c o r d i n g  to t he  v a l u e  of  Q(in), t h e  p o l y a c e t y l e n e  was  oxi- 
d ized  to 2%, i .e. ,  to  a c o m p o s i t i o n  of [(CH)~~176 
Af te r  a 16h s t a n d  per iod ,  i t  was  d i s c h a r g e d  at  a c o n s t a n t  
c u r r e n t  of  0.43 m A  (0.10 m A / c m  2 of  film) d u r i n g  78 min .  
The  r e s idua l  cha rge  r e m a i n i n g  in  t he  p o l y a c e t y l e n e  was 
t h e n  re l eased  by  a c o n s t a n t  p o t e n t i a l  d i s c h a r g e  at  2.50V 
d u r i n g  ~16h,  as d e s c r i b e d  above .  This  r e t u r n e d  t h e  cell  to  
i ts  in i t ia l  u n c h a r g e d  state.  P r o c e s s e s  o c c u r r i n g  at  t h e  elec- 
t r o d e s  d u r i n g  c h a r g i n g  are  g i v e n  by  

(CH)~ ) [(CH)§ + (0.02x)e- [1] 

(0.02x)Li~(C1Oq) - + (0.02x)e- > (0.02x)Li 
+ (0.02x)(C1O4)- [2] 

r e su l t i ng  in  t he  ne t  r e ac t i on  

(CH)x + (0.02x)Li+(C104) - 
[(CH)~~176 + (0.02x)Li [3] 

The  d i s c h a r g e  r eac t i ons  are t he  r eve r se  of  t he  above .  
At  t h e  c h a r g e  r a t e  of  2%/h, t h e  c h a r g i n g  p o t e n t i a l  rose  

r ap id ly  to 3.4V, a t  w h i c h  s tage  t he  ef fec t ive  r e s i s t a n c e  of  

0 
I 

I I 1 
3.0 2.0 0 

Extent of Charge (coulombs) 
Fig. 1. Comparison of charge and discharge potentials and quasi- 

equilibrium cell potentials of a Li/LiCIO4(PC)/[(CH)~(CI04)~-]= cell 
as a function of extent of charging (percent oxidation of polyacetyl- 
ene). 

t h e  cell  was  severa l  t h o u s a n d  ohms .  By  t h e  t i m e  t h e  poly- 
a ce ty l ene  was  c h a r g e d  to 0.05%, t he  e f fec t ive  r e s i s t a n c e  
was  less  t h a n  200~ a n d  b y  t h e  e n d  of  t h e  c h a r g i n g  p roce s s  
i t  was  - 2 0 ~ .  D u r i n g  t h e  fo l lowing  16h s t a n d  per iod ,  t h e  
cell  p o t e n t i a l  d r o p p e d  f r o m  3.78 to 3.55V (7), i n d i c a t i n g  
t h a t  a q u a s i - e q u i l i b r i u m  d i s t r i b u t i o n  of  C104- ions  
t h r o u g h o u t  t he  (CH)x fibrils h a d  t a k e n  place.  T h e  d a s h e d  
l ine  g ives  t he  r e l a t i o n s h i p  r e p o r t e d  p r e v i o u s l y  (7) be-  
t w e e n  t he  q u a s i - e q u i l i b r i u m  va lues  of  t h e  open -c i r cu i t  
vo l t age  o b s e r v e d  fo l lowing  a 24h s t a n d  p e r i o d  a f te r  charg-  
ing,  i .e. ,  V(oc 24h) a n d  t he  e x t e n t  of  charge .  I t  c an  be  s een  
t h a t  th i s  cu rve  a n d  t h e  d i s c h a r g e  cu rve  lie v e r y  c lose  to 
each  other .  The  ra te  of  d i s c h a r g e  e m p l o y e d  was,  the re -  
fore,  suf f ic ien t ly  smal l  to cause  on ly  v e r y  l i t t le  polar iza-  
t ion.  T h e  d i s c h a r g e  vo l t age  fell  sha rp ly  as t h e  c h a r g e  level  
d r o p p e d  be low 0.2% b a s e d  on  t h e  r e s idua l  c h a r g e  re- 
m o v e d  d u r i n g  t h e  16h c o n s t a n t  po t en t i a l  d i scha rge ,  a f te r  
w h i c h  on ly  neg l ig ib le  c h a r g e  cou ld  b e  recovered .  

C o n s t a n t  c u r r e n t  d i s c h a r g e  cycles for  t he  cell  con ta in -  
ing  2% oxid ized  p o l y a c e t y l e n e  are  g i v e n  in  Fig. 2 for  
i m m e d i a t e  a n d  de l ayed  d i s cha rges  t o g e t h e r  w i t h  t he  
c o r r e s p o n d i n g  c u r r e n t  dens i t i e s  e x p r e s s e d  as mi l l i am-  
pe res  pe r  s q u a r e  c e n t i m e t e r  of  p o l y a c e t y l e n e  a n d  as milli-  
a m p e r e s  pe r  g r a m  of  t he  c o m b i n e d  w e i g h t  of  t he  
[(CH)§176176 a n d  t he  w e i g h t  of  l i t h i u m  ac tua l ly  
c o n s u m e d  in  t he  d i s c h a r g e  reac t ion .  F o r  t h e  de l ayed  dis- 
cha rge s  a t  0.10 a n d  1.00 m A / c m  2, t h e  d i s c h a r g e  p o t e n t i a l  
s h o w e d  a " p l a t e a u "  r eg ion  be fo re  i t  d r o p p e d  ab rup t ly .  
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Fig. 2. Discharge characteristics of a Li/I.iClO4(PC)/[(CH)~~ 
cell. Upper figure: discharge immediately after a ch,arge cycle. Lower 
figure: discharge following o 16h stand period after completion of the 
charge cycle. 
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The plateau regions were more apparent in the discharges 
performed immediately after charging. With increasing 
current, these plateau regions were slightly offset to lower 
voltage, as expected, and the number of coulombs re- 
leased progressively diminished. However, both of these 
trends became less pronounced when the oxidation level 
of the polyacetylene was raised to 7%, as shown in Fig. 3. 
Each t ime the cell was discharged at currents ranging 
from 0.01 to 1.00 mA/cm 2, most of the charge was released 
at a discharge voltage greater than 3.0V. In fact, the pla- 
teau regions of the top three curves in the upper figure of 
Fig. 3 all fell at 3.4V and the charge released was only 
modestly affected by increasing current. It can be seen 
that currents as high as 10.00 mAjcm 2 were possibie with 
substantial coulomb release even after the cell had been 
permitted to stand for 16h. 

The cause of the less-than-ideal coulombic efficiency 
of the [CH§ cathode (see Table I) is not clear at 
the present time. The loss in efficiency observed immedi- 
ately after the termination of a discharge cycle is un- 
doubtedly due in large part to the diffusion of the (ClOt)- 
ions from the interior to the exterior of the (CH)~ fibrils 
(8, 19,20). Particularly on standing or during slow 
charge/discharge cycles, loss of charge is also probably 
caused by some type of self-discharge process which 
regenerates undoped (CH)~ and/or to irreversible chemi- 
cal destruction of the cathode material by its slow reac- 
tion with the electrolyte or with impurities in the electro- 
lyte. In addition, it has recently been shown that 
[CH~Y(C104)y-]~ is itself intrinsically unstable, slowly los- 
ing its conductivity on storage in an inert environment  
(21). The fact that the accumulated charge loss for the cell 
containing 7% oxidized (CH)x during the cycling experi- 
ments summarized in Table I amounts to 1 electron per 
4.4 carbons without significant deterioration of the cell 
performance suggests that self-discharge may be the prin- 
cipal mechanism causing coulombic loss. Subsequent  
transmission infrared spectra of a similar [CH§ -] 
electrode revealed essentially no change in the spectrum 
after ten cycles to ca. 6% in 1M LiC104 in PC. Recent  work 
has shown that the coulomb efficiency for immediate 
discharges can be at least 91%-95% for cells employing 
(CH)~ cathodes oxidized up to 7%-10% levels (8, 11, 20). 

In order to compare the discharge characteristics of the 
cells, the average discharge voltage, V~, was plotted vs. its 
associated current density in Fig. 4 for all the immediate 
and the delayed discharge cycles given in Table I and Fig. 
3. The I7~ for immediate discharges of the cell containing 
7% oxidized polyacetylene did not change significantly 
for an increase in discharge current of two orders of mag- 
nitude. At 1.00 mA/cm 2, it had dropped only to 3.37V. 
After ~80% (ClOt)- ion equilibration had occurred within 
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Fig. 3, Discharge characteristics of a Li/LiClOt(PC)/[(CH)~~176 
cell. Upper figure: discharge immediately after a charge cycle. Lower 
figure: discharge following a 16h stand period after completion of the 
charge cycle. 
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Fig. 4. Polarization curves for Li/LiCIOt(PC)/[(CH)+Y(CIOt)~-~celIs con- 
taining cathodes consisting of polyacetylene oxidized to 2% and 7%. 

the polymer fibrils as promoted by the 16h delay in dis- 
charging the ceil, "rid still decreased by only 0.5V over a 
current increase of three orders of magnitude. Electronic 
conductivity depends on the charge density within the 
polymer, ranging from 10 -7 at zero charge density to 102 
for [CH(C1Ot),].,. at 7 charges per 100 carbons (y = 0.07) 
(16). Similarly, the rate of charge transfer increases with 
increasing charge density (23). The polarization at a poly- 
mer electrode might  therefore be expected to depend on 
the overall charge density and its distribution throughout 
the electrode. For example, a resistive layer between the 
polymer bulk and the current collector could form as the 
charge density is depleted in that region. Replenishing 
the charge density at the current collector would be lim- 
ited by the small diffusion coefficient of anions in the 
polymer [estimates as low as 4 x 10 -28 cm2/s (17) and as 
high as 6 • 10 -12 cm2/s (19) have been reported]. 

Since the cell voltage falls rapidly at the end of the con- 
stant current discharges, except  for the higher rate dis- 
charges, the charge released, to 2.50V, Q(out) (see Table I), 
is taken to be the usable capacity of the cell for a given 
drain rate. Changing the voltage to which Q(out) was mea- 
sured from 2.5 to 3.0V would substantially reduce the us- 
able capacity at discharge rates higher than 2.0 mA/cm ~ 
but would leave the lower rate capacities essentially the 
same (see Fig. 5). 

Energy densities are calculated using the charge re- 
leased on discharge to 2.5V. Energy densities and average 
power densities are based on the weight of the 
[(CH)+~176 employed and the weight  of the Li 
metal consumed in the discharge reaction. 

The energy released in watthours (Wh) during a dis- 
charge was measured by dividing the area under the 

// I 

Fig. 5. Discharge characteristics of Li/LiCIO4(PC)/[(CH)§176176 
cell. The discharge studies were performed immediatelyafter a charge 
cycle was completed. 
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curve (volts times coulombs) by 3600 s/h. The average 
power in watts was calculated as the product of V~ in 
volts and the current in amperes. The higher discharge 
rates and their associated higher averge power densities 
result, as expected, in a decline in the energy density. The 
energy densities of the cell containing 2% oxidized poly- 
acetylene are, as expected, less than those containing the 
7% oxidized film; however, the average power densities 
are nearly the same. It might be noted that recent studies 
using a Li0.~TiSJLiAsF6 (acetonitrile)/[(CH)§ 
cell (24) have given 80% coulombic efficiencies at dis- 
charge currents of 5.0 mA/cm 2 (overall Qeff = 95%) (11). If 
similar results were attained using a Li anode instead of 
the Li0.2TiS2 anode, the energy densities and capacities 
would be approximately twice those given above. An in- 
crease in average power density would also be expected. 

Conclusions 
These studies demonstrate that cells containing 7% oxi- 

dized polyacetylene cathodes and perchlorate dopant 
ions, [CH§176176 can release 40% of their charge at 
discharge rates up to 10.0 mA/cm 2 with less than a 0.5V 
decrease in cell potential. The effect of the nature of per- 
chlorate dopant anion on the cell characteristics can be 
only determined after similar studies using other dopants 
have been performed. These results show that an organic 
polymer can act as a cathode in a rechargeable cell and 
that the stored charge can be delivered on demand at a 
surprisingly high rate. 
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Electrochemiluminescence of Osmium Complexes 
Spectral, Electrochemical, and Mechanistic Studies 
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ABSTRACT 

Electrochemical, spectral, and electrochemiluminescent (ECL) studies of bipyridine and phenanthroline complexes 
of osmium are presented. ECL was observed for a large number  of complexes, but  the emission intensity in some cases 
proved to be much lower than anticipated. For [Os(bpy)2 (dmso)2] 2~, this was determined to be due to an EC process tak- 
ing place after oxidation of the complex to give rise to [Os(bpy)2 (CH3CN)2] 3§ Surface ECL was demonstrated for electro- 
polymerized films of [Os(dsytr-bpy)2 diphos] 2§ (dstyr-bpy is 4,4' distyryl 2,2' bipyridine). The phenomenon of intramo- 
lecular ECL was probed by studies on [Os(bpy)2 Fc-p] 2§ (Fc-p is 1,1' bis diphenyl phosphino ferrocene). It was found that 
instead of intramolecular ECL being operative, a quenching mechanism was responsible for the observed behavior. For 
complexes that do not exhibit  complications, there was a linear correlation between the solution luminescence quan tum 
yield and the ECL emission intensity, consistent with the direct formation of the excited state via the redox process 
without any intervening steps or additional relaxation pathways. 

Electrogenerated chemiluminescence (ECL) is the 
study of the generation of emitting excited states via the 
electron-transfer reaction of electrogenerated reactants 
(1). There have been extensive studies carried out on both 
organic systems (1) and transition metal complexes (2, 3). 
In the latter category, Ru(bpy)32~ (bpy is 2,2'-bipyridine) 
has received a great deal of attention due to its high emis- 
sion quantum yield and favorable electrochemical proper- 
ties (3). Furthermore, ECL studies can be used to gain a 
better understanding of the photophysical properties of 
the system involved (1). 

A recent report from this laboratory (4) presented a new 
family of electrochemiluminescent materials based on 
bipyridine and phenanthroline complexes of osmium. 
These complexes, first described by Meyer and co- 
workers (5), are notable in that in contrast to Os(bpy)3 ~ 
they exhibit high emission quantum yields. Furthermore, 
this new family allows for a broad range of synthetic vari- 
ations. 

This paper presents further electrochemical and 
electrochemiluminescent characterization of phenanthro- 
line and bipyridine complexes of osmium. It is found that 
a large number  of these complexes will give rise to ECL 
emission, although, in some cases, the observed ECL in- 
tensity was much lower than had been anticipated. 

It is also demonstrated that surface ECL can also be ob- 
served from the films of electropolymerized complexes. 
Though the emission arising from these films is not as in- 
tense as that observed from electropolymerized Ru(vinyl- 
bipyridine)3 ~+ films, it is much longer lived. 

The phenomenon of intramolecular ECL (that is, gener- 
ation of emitting excited states through intramolecular 
electron transfer) was addressed, and two complexes 
were synthesized to ascertain the feasibility of having this 
process take place. 

Finally, in a comparison of the relative ECL intensities 
for a number  of complexes having different solution lu- 
minescence quan tum yields, it was found that, for cases 
with no complications, there was a linear correlation be- 
tween ECL intensity and solution luminescence quantum 
yield, indicating the direct formation of the excited state 
via the redox process. 

Experimental 
Synthesis.--[Os(L)3](PF6)2.--L = bpy, phen (phen is 1,10 

phenanthroline), v-bpy(v-bpy is 4-vinyl,4' methyl, 2,2' bi- 
pyridine). These complexes were prepared according to 
the procedure of BuCkingham et al. (6). 

[Os(L)~CI2].--L = bpy, dmbpy (dmbpy is 4,4' dimethyl 2,2' 
bipyridine), dstyr-bpy (dstyr-bpy is 4,4'-distyryl, 2,2' bi- 
pyridine), phen. These complexes were prepared accord- 
ing to the procedure of Sullivan (7). Briefly, (NH4)2OsCI6 
(typically 1 raM) was heated at reflux in thoroughly 
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deaerated ethylene glycol for 3h with 2 equivalents of L. 
The solution was allowed to cool, and an equivalent vol- 
ume of water was added. A very large excess of sodium 
dithionite was added and the solution was stirred for 3h. 
The solution was refrigerated overnight, and (Os(L)2CI~) 
precipitated. The material was collected, washed with 
cold water and ether, and dried under  vacuum. 

[Os(L)2L'](PF~)2.--L = bpy, dmbpy, dstyr-bpy, phen. L' = 
diphos (diphos is bis 1,2 diphenyl phosphino ethane), 
dppm (dppm is bis 1,2 diphenyl phosphino methane), 
dpae (dpae is bis 1,2 diphenylarsino ethane), Fc-p (Fc-p is 
1,1' bis diphenylphosphino ferrocene), phen-dione (phen- 
dione is phenanthroline 5,6 dione). These complexes were 
prepared according to the procedure of Meyer et al. (5), 
Except for [Os(phen)2 (phen-dione)] 2+, all of the complexes 
were purified by recrystallization from acetonitrile/ether 
and by chromatography on neutral alumina. The 
[Os(phen)2(phendione)] 2§ complex adhered so strongly to 
alumina that it could not be eluted. It, therefore, was puri- 
fied by repeated (three times) recrystallizations from 
acetonitrile/ether. 

[Os(bpy)2(CH3CN)2](PF~).2.--This complex was synthesized 
by heating at reflux [Os(bpy)2C12] (typically, 100 rag) in 
thoroughly deaerated ethylene glycol (15 ml) for 8h in the 
presence of a 100 times excess of acetonitrile. The solu- 
tion was allowed to cool, and the excess acetonitrile was 
eliminated by evaporation. An equal volume of water was 
added, and the complex was precipitated with saturated 
aqueous NH4PF6. The precipitate was collected, washed 
with water and ether, and dried under  vacuum. The com- 
plex was purified by recrystallization from acetonitrile] 
ether and by chromatography on neutral alumina. 

[Os(bpy)2(dmso)2](PF6)2 (dmso is dimethyl sulfox- 
ide).--The dimethyl sulfoxide complex was synthesized 
by heating at reflux [Os(bpy)2Cl2] in thoroughly 
deaerated dimethyl sulfoxide for 24h. The solution was al- 
lowed to cool, and the complex was precipitated with sat- 
urated aqueous NH4PF~. The precipitate (brownish at this 
point) was collected and washed with water and ether and 
dried under  vacuum. Purification by recrystallization 
proved ineffective. The complex was purified by chro- 
matography on neutral alumina. By eluting with metha- 
nol, a brownish-green band was separated, leaving a ca- 
nary yellow band at the top of the column. This material 
(the desired complex) was eluted with acetone. The com- 
plex was isolated by evaporating the acetone. 

Except for [Os(bpy)~(Fc-P)] 2+ and [Os(phen)2(phen- 
dione)] 2+, the preparations followed literature procedures 
or simple extensions of these. Since the above two com- 
pounds had not been previously reported, they were char- 
acterized by elemental microanalysis. The results are con- 
sistent with the formulations [Os(bpy)~(Fc-P)]2~(PF6)~ 
CH3CN (calculated: 48.44%C, 5.04%N, 3.39%H~ 4.02%Fe; 
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found: 48.53%C, 4.49%N, 3.69%H, 3.83%Fe) and [Os(phen)2 
(phen-dione)]2~(PF6)~ �9 2H20 (calculated: 39.77%C, 7.74%N, 
2.39%H; found: 39.82%C, 7.73%N, 2.24%H). Analyses were 
performed by Galbraith Laboratories, Knoxville, Tennessee. 

Reagents.--Tetra-n-buty] ammonium perchlorate (G. F. 
Smith) was recrystallized three times from ethylacetate, 
dried in vacuo at 90~ for 72h, and stored in a dry box. 
Phen-dione was obtained from G. F. Smith Company, and 
Fc-p was obtained from Aldrich; all other ligands were 
obtained from Strem Chemical Company and were used 
as received. Acetonitrile (Burdick and Jackson distilled in 
glass) was stirred over calcium hydride for two days and 
distilled from it under nitrogen. It was degassed on a vac- 
uum line and stored inside a dry box (Vacuum Atmo- 
spheres Corporation) over 4A molecular sieves which had 
been previously deaerated on a vacuum line at 150~ for 
one week. All other reagents were of at least reagent- 
grade quality and were used without further purification. 

Instrumentation.--Electrochemical experiments were 
performed with a Princeton Applied Research Model 173 
Potentiostat-Galvanostat, Model 179 Digital Coulometer, 
and Model 175 Universal Programmer. Data were re- 
corded on a Hewlett-Packard Model 7045-B X-Y Recorder 
or on a Nicolet Model 4094 Digital Oscilloscope. 

ECL was detected using an Oriel Model 7240 mono- 
chromator with either an Oriel Model 7060 photomulti- 
plier tube (operated at -700V), or a Hammamatsu Model 
R758 photomultiplier  tube (operated at -1200V) and a 
Pacific Instruments  Model 124 Digital Laboratory Pho- 
tometer. In some cases, ECL was detected using an 
EG&G Electrooptics Model 450-1 Radiometer Photom- 
eter with a 550-2 Multiprobe. 

Luminescence spectra were obtained on a Hitachi 
Perkin-Elmer Model MPF-3 Spectrofluorimeter. Neither 
ECL nor solution luminescence spectra were corrected 
for the photomultiplier  response. 

Procedure.--To prevent  any contamination from either 
water or oxygen, all solutions were prepared inside the 
dry box. The cell used for ECL consisted of a single com- 
partment cell with three standard tapered joints for the 
electrodes and provided with an optical Pyrex window. 
The working electrode was a platinum disk sealed in 
glass which was bent so as to have the surface of the elec- 
trode facing the optical window at a distance of 2-3 ram. 
The counterelectrode was a large area ( -  10 cm 2) plati- 
num mesh, and the reference electrode was a silver wire. 
Both the counter and reference electrodes were sealed 
through uranium glass to standard tapered joints. The 
working electrode was mounted on a standard tapered 
vacuum Teflon holder (Kontes). All solutions were pre- 
pared fresh just prior to use, and the cell was charged and 
sealed inside the dry box. 

For obtaining ECL spectra, the potential of the working 
electrode was pulsed (at a frequency of 0.5 Hz) between 
values 100 mV positive and negative of the formal poten- 
tials for oxidation and reduction, respectively. 

Obtaining reproducible ECL intensities was somewhat 
more complicated. However, a procedure was developed 
that yielded data that were reproducible to -+ 6%. This de- 
viation could arise in part from small variations in the cell 
positioning. In order to obtain a reproducible geometry, 
the same cell was used in all of the experiments,  with the 
working electrode being aligned through markings. In ad- 
dition the optical window of the cell was positioned flush 
with the entrance slit (fixed 10 nm bandpass) of the 
monochromator.  For intensity measurements,  the proce- 
dure used was as follows. The cell was prepared as previ- 
ously described. A cyclic vol tammogram at 0.2 V/s w a s  
run, and the formal potentials for oxidation and reduction 
were determined (in order to account for any drifts in the 
reference potential of the silver wire used as a reference 
electrode). The potential limits were set 100 mV positive 
and negative of the formal potentials for oxidation and re- 
duction, respectively. Resistance compensation was used 
in all intensity measurements.  Data were recorded on the 
digital oscilloscope, and both the peak value and inte- 

grated intensities were recorded. The measurements  pre- 
sented represent averages of three different preparations 
with ten individual transients being averaged every time. 

Other experimental  conditions for ECL intensity mea- 
surements were as follows: (i) concentration of complex 
was 1.0 -+ 0.01 x 10-3M, (ii) supporting electrolyte 0.100 -+ 
0.005M, (iii) pulse width of 2s, (iv) cell geometry and elec- 
trode area were strictly the same. 

Electropolymerization 
Two of the complexes synthesized (i.e., [Os(v-bpy)3] 2+ 

and [Os(dstyr-bpy)2diphos] 2+) bear electropolymerizable 
ligands, these being vinylbipyridine and distyryl- 
bipyridine, respectively. Electropolymerization was ac- 
complished according to a previously reported procedure 
(8) where the potential of a platinum electrode in contact 
with a 0.5 mM solution of the complex in acetonitrile was 
scanned in the negative region (typically between -0.5 
and -1.6V), whereupon polymerization took place. This 
procedure was continued until the desired coverage of 
electroactive material was obtained. The electrode was re- 
moved from solution, rinsed with acetone, and placed in 
electrolyte solution containing no dissolved complex. A 
cyclic vol tammogram was obtained, and, from integration 
of the area under the voltammetric wave, surface cover- 
ages were determined. ECL spectra were determined in 
acetonitrile containing only supporting electrolyte. 

Results and Discussion 
Electrochemistry.--As mentioned in a preliminary com- 

munication (4), the electrochemical behavior of  these 
complexes of osmium can be broadly divided into metal- 
localized oxidations and ligand-localized reductions. The 
oxidative electrochemistry of these complexes is largely 
metal based and as such represent formally the oxidation 
of Os '~ to Os'". As such, the formal potentials for oxidation 
are very strongly dependent  on the coordination en- 
vironment  of the osmium. As Os(II), the complexes have 
a spin paired d 6 configuration [d ~ as Os(III)]. The pres- 
ence of good sigma donors would, to a first approxima- 
tion, stabilize the Os(III) oxidation state to a much higher 
degree than Os(II). Similarly, the presence of good ~r ac- 
cepting ligands would stabilize the d e center (through 
backbonding) much more than the d5Os(III) (10). Shifts in 
the formal potentials for a metal ion complex depend on 
the relative magnitude of the formation constants for the 
oxidized and reduced species. From the arguments pre- 
sented above, good sigma donors would stabilize the oxi- 
dized [Os(III)] form of the complex to a greater extent  
than the reduced form [Os(II)] with ~r acceptors having 
the opposite effect. As such one would anticipate that 
good sigma donors would move the formal potentials in a 
negative direction, whereas good 7r acceptors would move 
them in a positive direction, consistent with the data 
presented. 

As far as the reductive electrochemistry is concerned, a 
number  of reduction waves, largely ligand localized, can 
be observed. Since the reduction is formally on the 
ligands, the presence of :other ligands in the coordination 
sphere of the metal exerts only a secondary effect. As 
such, the formal potentials for reductions are only slightly 
shifted with changes in the coordination sphere of the 
metal. Values for the formal potentials for oxidation and 
reduction are presented in Table I. 

Some of the complexes synthesized, however, exhibit  
electrochemical responses that deviate from the general 
trends outlined above. As such, these will be considered 
individually. 

[Os(bpy)2Fc-p](PF6).2.--The electrochemical behavior of 
this complex differs from that of the others in that it ex- 
hibits two oxidation waves (Fig. 1A, 1B) in the region 
from 0.0 to +2.0V vs. SSCE. This behavior can be under- 
stood by considering the nature of the ligand and its own 
electrochemical characteristics. The ligand, shown struc- 
turally as an inset of Fig. 1C, consists of two diphenyl 
phosphino units attached to the 1,1' positions of 
ferrocene. Its coordinating properties are those of a 
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Table I. Electrochemical and luminescence data for bipyridine and phenanthroline complexes of osmium 

A e  m b A e c l  c 

Complex EoO, a Ereoo, a Ered.2O, a E r e d 3  o,  a E r e d 4  o,  a (nm) (nm) 

h 12+ d [Os(dmbpy)2 dip osj ~ +1.22 -1.36 -1.56 -2.27 -2.58 610 610 
[Os(bpy)2 diars] ~ ~ + 1.12 - 1.26 - 1.49 -2.18~ -2.53 682 680 
[Os(bpy)2 (dmso)~] 2~ + 1.79 - 1.00 - 1.78 - 1.93 - 2.21 575 575 
[Os(bpy)2 (dppm)] '2~ f + 1.29 - 1.25 - 1.49 - 2.18 - 2.49 622 620 
[Os(dstyr-bpy)., diphos] ~ g + 1.20 - 1.21 - 1.37 - 1.52 655 655 
[Os(dstyr-dpy)~ diphos] 2~ h + 1.29 - 1.28 - 1.34 - 1,51 - -  655 
[Os(v-bpy)~] 2~ ~ + 0.73 - 1.31 - 1.48 - 1,80 720 718 
[Os(v_bpy)3]2~ h + 0.76 - 1.35 - 1.54 - 1.92 - -  
[Os(bpy)2 Fc-p] '-'§ J +0.87 k - 1.22 - 1.44 622 620 

�9 2 +  I [Os(phen)2 (phen-dlone)] +0.94 ~ - 1.35 - 1.60 ~ 
[Os(phen)2 (dppm)] ~ + 1.32 - 1.24 - 1.46 P ~ 610 610 
[Os(phen)2 (diars)] 2§ + 1.13 - 1.25 - 1.47 P " 665 665 

E in volts vs. SSCE withoui correction for liquid junction. 
h In acetonitrile solution. 
In acetonitrile solution containing 0.1M TBAP. 

d dmpy is 4,4' dimethyl 2,2' bipyridine. 
e diars is 1,2 bis(dimethylarsino)benzene. 
f dppm is 1,2 bis diphenylphosphinomethane. 
dstyr-bpy is 4,4' distyryl, 2,2' bipyridine. 

h Electropolymerized film on the surface. 
v-bpy is 4-vinyl, 4'methyl 2,2'bipyridine. 

J Fc-p is l,l'bis diphenylphosphinoferrocene. 
k A second oxidation is present at Ep = +1.46V. 
phen-dione is i,i0 phenanthroline 5,6 dione. 

m Other waves were observed at Ep = +0.35 and +0.095V. 
"Luminescence not detected. 
o Very weak luminescence detected but could not be specifically characterized. 
" Extensive adsorption precludes determination. 

Note: For ECL experiments, applied voltages were i00 mV past the formal potentials for the redox processes involved, e.g., for 
[Os(dmbpy)., diphos] "~ the potentials were + 1.32 and -1.46V, respectively. 

d iphos - l ike  l igand.  Th i s  is e v i d e n c e d  by  t he  fact  t ha t  t he  
c o m p l e x  [Os(bpy)2Fc-p] 2§ h a s  a Xmax for a b s o r p t i o n  (484 
n m )  t h a t  is ve ry  s imi la r  to t h a t  of  [Os(bpy)2 d iphos ]  2~ (473 
nm).  T h e  e l e c t r o c h e m i s t r y  o f  t he  l i gand  [Fig. 1C, 1D (in 
m e t h y l e n e  ch lor ide  solvent)]  s h o w s  two  o x i d a t i o n  waves ,  
at  +0.58 a n d  +1.21V, respec t ive ly .  T h e  w a v e  at  +0.58V 
can  be  a sc r i b ed  to o x i d a t i o n  of t he  f e r rocene  un i t ,  a n d  t he  
one  at  + l . 21V to o x i d a t i o n  of t h e  p h o s p h i n e  s i tes .  T h e s e  
po t en t i a l s  are c o n s i s t e n t  w i th  va lue s  for  s u b s t i t u t e d  ferro- 
c e n e s  on  t h e  one  h a n d  (9) a n d  t r i p h e n y l  p h o s p h i n e  on  t he  
o ther . '  T h e  fact  t h a t  t he  first  ox ida t i on  w a v e  is c he mi -  
cal ly i r revers ib le  is s u r p r i s i n g  s ince  f e r rocene  de r iva t ives  
generally show reversible electrochemistry. One could 
speculate that this irreversibility might be due in part to 
the presence of the phosphine groups since ferrocene de- 
rivatives with strong electron withdrawing substituents 
show reversible electrochemistry (e.g., diacety] ferrocene). 
In fact, a cyclic voltammogram of diacetyl ferrocene in 
the presence of triphenyl phosphine also shows signs of 
chemical irreversibility. This might be due to nucleo- 
philic attack of the phosphine on the ferricenium cation. 

The complex shows a reversible oxidation at +0.87V. 
This wave is ascribed to oxidation of the ferrocene unit 
where the formal potential has been shifted, presumably 
by donating electron density to the osmium center 
through coordination. In addition, one would expect the 
Os aim o x i d a t i o n  w a v e  to a p p e a r  at  m o r e  pos i t i ve  po t e n t i a l s  
on t h e  bas i s  of  t h e  l i g a n d s  involved .  I t  a lso a p p e a r s  t h a t  
c o o r d i n a t i o n  of the  d i p h e n y l p h o s p h i n o  u n i t s  (of t he  lig- 
and)  to t h e  o s m i u m  cen t e r  s tabi l izes  t he  f e r rocene  g roup ,  
s ince  once  c o o r d i n a t e d  t h e y  c a n n o t  u n d e r g o  t he  
n u c l e o p h i l i c  a t t a ch  m e n t i o n e d  above.  

Con t ro l l ed  po t en t i a l  e lec t ro lys i s  at  + I . I V  revea l s  t ha t  
t h i s  o x i d a t i o n  p r o c e s s  i n v o l v e s  t he  t r an s f e r  of  one  elec- 
t r o n  (N ~ 0.97) a n d  t h a t  t he  p r o c e s s  is r eve r s ib l e  on  t he  
t i m e  scale  of  con t ro l l ed  po ten t i a l  e lec t ro lys is .  Spec t ra l  
c h a n g e s  u p o n  o x i d a t i o n  are  re la t ive ly  m o d e s t  (Fig. 2A, 
2B) w h e n  c o m p a r e d  to t he  c o r r e s p o n d i n g  r e su l t s  for  
[Os(bpy)2 d iphos ]  '-~ (Fig. 2C, 2D). F u r t h e r m o r e ,  t he re  is t h e  
a p p e a r a n c e  of a w e a k  a b s o r p t i o n  at  a b o u t  650 n m  as- 
c r ibed  to a f e r r i c e n i u m  cen t e r  (see Fig. 2A' ,  2B'),  a g a i n  
c o n s i s t e n t  w i t h  t h e  fac t  t h a t  t h i s  o x i d a t i o n  w a v e  is l a rge ly  
local ized on  t h e  f e r rocene  center .  

Triphenyl phosphine oxidizes with an Ep of about +l.3V. 

A second ,  m u l t i p l e  e l ec t ron  (by c o m p a r i n g  t he  h e i g h t  of  
th i s  w a v e  w i th  t h a t  for  t he  f irst  ox ida t ion)  i r revers ib le  
w a v e  is o b s e r v e d  at  a p e a k  po ten t i a l  va lue  of  E ,  = + 1.46V. 
Th i s  cou ld  r e p r e s e n t  a c o m p o s i t e  w a v e  i n c l u d i n g  no t  on ly  
t he  o x i d a t i o n  of Os" to Os HI, b u t  also t he  o x i d a t i o n  of t he  
p h o s p h i n e  l igand.  Th i s  a ga in  is c o n s i s t e n t  w i th  t he  elec- 
t r o c h e m i c a l  b e h a v i o r  o f  t h e  f ree  l igand.  

[Os(phen)2(phen-dione)](PF~)2.--As d o n e  for t he  case  of 
t h e  Fc-p  l igand,  t he  e l e c t r o c h e m i s t r y  of th i s  c o m p l e x  
(Figs. 3A, 3B) can  be  i n t e r p r e t e d  by  c o n s i d e r i n g  t he  elec- 
t r o c h e m i c a l  b e h a v i o r  of  t he  p h e n - d i o n e  l i ga nd  (Fig. 3C). 
T h e  l i ga nd  s h o w s  r e d u c t i v e  w a v e s  a t  po t e n t i a l s  of  -0 .45  
a n d  - 1 . 2 5 V  vs. S S C E  (11, 12), c o n s i s t e n t  w i t h  t h e  pres-  
e nc e  of  t h e  o r t h o q u i n o n e  s t ruc tu re .  T h e  e l e c t r o c h e m i s t r y  
of t he  c o m p l e x  is, h o w e v e r ,  qu i t e  c o m p l e x .  O n  an  ini t ia l ly  
pos i t ive  go ing  scan ,  a w a v e  a t  +0.96V vs. S S C E  is ob- 
se rved .  U p o n  s c a n  reversa l ,  a w a v e  at  +0.89V vs. S S C E  is 
obse rve d ,  th i s  b e i n g  t h e  c o u n t e r p a r t  to t he  w a v e  at  0.96V. 
We asc r ibe  th i s  r e d o x  p r o c e s s  to t he  Os "~m c oup l e  d u e  to 
t h e  s imi la r i ty  in  po t e n t i a l  w i th  [Os(phen)3] ~§ O n  c on t i nu -  
ing  t h e  n e g a t i v e  go ing  sw e e p ,  a s e c o n d  w a v e  at  Ep = 0.27V 
vs. S S C E  is obse rved .  F u r t h e r  r e d u c t i o n s  are o b s e r v e d  at  
Ep = - 0 . 2 V  a n d  at  -1 .26  a n d  -1 .52V.  On a second ,  posi-  
t ive go ing  sw e e p ,  a w a ve  at Ep = 0.37V is obse rved .  Th i s  is 
t he  a nod i c  c o u n t e r p a r t  to t he  w a v e  at  Ep = 0.27 o b s e r v e d  
on  t he  n e g a t i v e  sweep .  It  w a s  also f o u n d  tha t  u p o n  
s c a n n i n g  b e t w e e n  0 --> - 1 . 8 V  vs.  S S C E  t h e  c o m p l e x  un -  
d e r g o e s  s o m e  t y p e  of  c o u p l i n g  p r o c e s s  so as  to give r ise  
to a n  a d h e r e n t  e l e c t roc he mic a l l y  ac t ive  film of t he  com-  
p lex  on  t he  su r f a c e  of  t he  e l ec t rode  (Fig. 3B). 

As  m e n t i o n e d  before ,  t he  ox ida t i on  w a v e  for [Os(phen).2 
(phen-dione) ]  2§ (Fig. 2A) o b s e r v e d  at  E ~ = +0.92V is as- 
c r ibed  to t he  Os I~m p r o c e s s  d u e  to the  s imi la r i ty  of  th i s  po- 
t en t ia l  to t h a t  o b s e r v e d  for [Os(phen)~]2~(E ~ = 0.86). Simi-  
larly, t h e  w a v e s  at  E ~ = -1 .26  a n d  -1 .52V  are a s c r i bed  to 
t h e  r e d u c t i o n  of  t he  p h e n a n t h r o l i n e  l igands ,  a ga in  d u e  to 
s imi la r i t i es  in  E ~ v a l u e s  for  [Os(phen)3] 2§ T h e  fact  t ha t  
[Os(phen)3] 2§ does  no t  e x h i b i t  a n y  e l e c t r o c h e m i c a l  ac t iv i ty  
b e t w e e n  +0.70 a n d  - 1 . 2 V  ind i ca t e s  t ha t  t he  o b s e r v e d  
w a v e s  for [Os(phen)2(phen-dione)]  2~ in  th i s  po t en t i a l  re- 
g ion  are  d u e  to t h e  p r e s e n c e  of  t h e  q u i n o n e  c e n t e r  in  t he  
p h e n - d i o n e  l igand.  T h e  s h i f t i n g  o f  t h e  w a v e s  in  a pos i t ive  
d i r ec t ion  is c o n s i s t e n t  w i t h  t he  effect  of  me ta l  
c o o r d i n a t i o n  to the  p h e n - d i o n e  l igand.  
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Fig. 1. A and B: Cyclic voltammograms for [Os(bpy)2Fc-p] 2+ in 

acetonitrile solution containing 0.1M TBAP. Sweep rate was 0.2 V/s. In 
A, the anodic limit was + 1 . 3 V ,  in B, + 1 . 8 V .  C and D: Cyclic 
voltammograms for 1,1 'diphenyl phosphino ferrocene in methylene chlo- 
ride solution containing 0.1M TBAP. Sweep rate was 0.2 V/s. In C, the 
anodic limit was +0 .8V,  in D, +1.6V.  

i 

~AVELENCTH (nm) 

Fig. 2. Spectra in ocetonitr i le for [Os(bpy)2Fc-P] 2+ (A), 
[Os(bpy)2Fc-P] 3§ (B), (A' and B' ore the spectra for the same complexes in 
the region from 600 to 750 nm under expanded scale to emphasize the 
band at 650 nm), [Os(bpy)2diphos] 2~ (C), and [Os(bpy)2diphos] 3~ (D). 

[Os(bpy)2(dmso)2](PF6)~.--A cyclic vol tammogram for this 
complex at 0.2 V/s is shown in Fig. 4. On an initially nega- 
tive going sweep, four one-electron reversible reductions 
can be observed (see Table I for E ~ values). AS with other 
complexes, these reductions are ascribed to the sequen- 
tial reduction of the bipyridine ligands by one and two 
electrons, respectively. 

The oxidative electrochemistry is somewhat more com- 
plex. On an initially positive going sweep, a wave at E, = 
+1.82V is observed. Upon scan reversal, only a very small 
current is observed, indicative of decomposit ion of the 
oxidation product. Upon scanning the potential further in 
the negative direction, a new wave appears at Ep = 0.89V. 
Scan reversal (back in the positive direction) shows that 
there is an anodic counterpart  to this wave and that the 

V J"~'-'" 2 0 0 m v / s e c , \  / 1 b'/'z~ '~',.:'i.',_ ' '~ '  

[Os(phen)2(phen- dio ne)] 2+ J 
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Fig. 3. A: Cyclic voltammogram for [Os(phen)2(phen-dione)] 2§ in 
acetonitrile solution containing 0.1M TBAP. Sweep rate was 0.2 V/s. B: 
Consecutive voltammograms depicting surface deposition. C: Cyclic 
voltammogram on a glassy carbon electrode for phenonthroline 5-6 
dione in acetonitrile solution containing 0.1M TBAP. Sweep rate: 0.25 
V/s. 
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process represents a system that is both chemically and 
electrochemically reversible. As the rate of potential 
sweep is increased, the cathodic counterpart of the wave 
at +1.82V increases with a concomitant decrease of the 
wave at Ep = +0.89V. At sweep rates higher than 50 V/s, 
no decomposition is noted, and the voltammogram is that 
of a chemically and electrochemically reversible system 
with an E ~ of + 1.79V. The behavior outlined is that typi- 
cal of an EC-type process. In  essence, upon oxidation, 
[Os(bpy)~(dmso)2] ~~ undergoes rapid loss of dmso with in- 
corporation of 2 mol of acetonitrile (solvent) into the 
coordination sphere of the osmium. That the product is 
[Os(bpy)2(CH3CN)2] 3~ is indicated by the fact that the addi- 
tional wave that appears at slow scan rates has an E ~ 
value that is virtually identical to that of [Os(bpy)2(CH3CN~] ~ 
(E ~ = +0.91V). Furthermore, controlled potential electrol- 
ysis at 1.9V yields an n value of 0.96. Spectral characteri- 
zation of the product again confirms the fact that 
[Os(bpy)2(CH3CN)2] ~ is the reaction product. 

ECL.--As reported previously (4), intense ECL could be 
observed from a number  of these complexes (see Table I) 
when the potential of an electrode was pulsed between 
values corresponding to the oxidation and reduction pla- 
teaus of the complex. In  general, the observed ECL spec- 
t rum was virtually identical to the solution luminescence 
spectrum obtained in acetonitrile solution. 

Of particular interest was the [Os(bpy)2(dmso)2] ~ com- 
plex, because of its very high solution luminescence 
quantum yield (~2 = 0.38). On this basis, it was: expected 
that it would show a correspondingly high ECL intensity. 
This, however, did not turn  out to be the case. Even 
though ECL was observed, and the ECL spectrum coin- 
cided with the solution luminescence spectrum in 
acetonitrile (Fig. 5A), the observed ECL intensity was 
much lower than had been anticipated. From the electro- 
chemical study of the complex (vide supra), it was con- 
cluded that the low ECL intensity was due to the decom- 
position of the complex (loss of dmso and solvolysis of 
the complex) when present in its oxidized form. In  retro- 
spect, it is not surprising that the complex is unstable in 
the oxidized form, particularly in light of the coordination 
sphere and the formal potential for oxidation. In essence, 
the presence of very strong 7r acceptors (10) such as 
dimethylsulfoxide shifts the value of the metal based oxi- 
dation to about 1.80V. Upon oxidation to Os nt, the degree 
of ~r backbonding decreases dramatically, and since the 
bonding of the dmso's depends largely o n  this, the 
bonding interaction is severely weakened and there is 
loss of dmso. From the electrochemical study, it was 
found that the decomposition could be supressed at high 
sweep rates (> 50 V/s). As such; it was thought that hav- 
ing a short pulse width in the ECL experiment: would en- 
hance stability and increase the emission intensity. 
Therefore, a variety of pulse widths were examined. 
Though it was indeed found that shorter pulse widths 
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"2.0 -1.0 0.0 -1.0 -2.0 
E vs.SSCE 

Fig. 4. Cyclic voltammogram for [Os(bpy)2(dmso)2] ~§ in acetonitrile 
solution contoinincj 0.1M TBAP. Sweep rote was 0.2 V/s, and the initial 
scan direction was cathodic. 
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Fig. 5. A: ECL ( - - )  and solution (.) luminescence spectra for 
[Os(bpy)2(dmso)2] 2§ B: Solution luminescence (-), solution ECL ( - - ) ,  and 
surface ECL (A) spectra for [Os(dstyr-bpy)2diphos]2% C: ECL ( - - )  and 
solution (.) luminescence spectra for [Os(bpy)2Fc-p]2% 

would enhance the overall stability of the system, it was 
also found that ECL emission intensities did not increase 
to any great extent. This essentially reflects the fact that 
at short pulse widths the amount  of electrogenerated 
products is small and, as such, ECL intensities are low. 
We are currently trying to circumvent the problem by 
synthesizing a chelating disulfoxide 

O O 
II II 

CH3--S--CH~--S--CH~ 

which, by virtue of being a chelate, might impart an en- 
hanced stability to the oxidized complex. 

Intense ECL was, however, observed for a n u m b e r  of 
complexes (Table I). In  conjunction with ou r  previously 
reported results, this represents a very extensive series of 
electrochemiluminescent materials based on a transition 
metal. 

Surface ECL.--It has been previously reported (14) that 
ECL can be observed from electrodes modified with 
electropolymerized layers of Ru(v-bpy):; ~. The mecha- 
nism for light generation is again believed to be due to 
electron-transfer recombination between oxidized and re- 
duced species within the electropolymerized f i lm to give 
rise to light emission. As such, surface ECL is 
conceptually identical to conventional solution ECL. 

The phenomenon of surface ECL was also investigated 
for some of the osmium complexes. Specifically, two 
complexes that are capable of undergoing electropoly- 
merization were synthesized: [Os(dstyr-bpy)2diphos] 2§ and 
[Os(v-bpy)3] 2+. The distyryl-bipyridine and vinyl bipyri- 
dine groups can undergo electroreductive polymerization 
to give rise to strongly adherent and electrochemically ac- 
tive layers of the metal complexes. Electropolymerization 
was carried out from 0.5 mM solution of the monomers 
(further details are given in the Experimental section). 
After modification, the electrodes were rinsed and placed 
in supporting electrolyte containing no complex in solu- 
tion. The electrochemical behavior of these electrodes 
was typical (Fig. 6) of surface immobilized redox reagents 
(15) with the waves being symmetrical about the potential 
axis, exhibiting small AEp, and having peak currents that 
were directly proportional to the rate of potential sweep. 

The conditions necessary for the observation of ECL 
were established by puls ing  the potential of the electrode 
between values that were 100 mV past the formal poten- 
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Fig. 6. Cyclic voltammogram in acetonitrile containing O. IM TBAP for 
an electrode modified with an electropolymerized layer of [Os(dstyr- 
bpy)2diphos] 2+. Sweep rate was 0.5 V/s. 
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tials for oxidation and reduction. In the case of [Os(dstyr- 
bpy)2diphos] 2§ ECL emission was detected. The observed 
surface ECL spectrum corresponded closely to that ob- 
tained for homogeneous solution ECL as well as the solu- 
tion luminescence spectrum (Fig. 5B). While the surface 
ECL intensity for [Os(dstyr-bpy)2diphos] ~ was not as high 
as that for films of [Ru(v-bpy)3] 2§ it was much longer 
lived ( -  2h). This material may be useful for display de- 
vices based on surface ECL. In the case of Os(v-bpy)3 ~§ no 
surface ECL could be detected with the instrumentation 
available. From the value of the homogeneous solution lu- 
minescence quantum yield for Os(bpy)3 ~§ one would an- 
ticipate a very weak luminescence for the immobilized 
layer so that the inability to detect ECL should not be 
very surprising. 

Intramolecular quenching of ECL.---As mentioned pre- 
viously, the phenomenon of ECL is generally believed to 
arise from the intermolecular electron-transfer recombin- 
ation of electrogenerated reactants. Usually, this involves 
the oxidation and reduction of a single species (metal 
complexes in the present case). Intense ECL can be ob- 
tained with the use of external redox reagents that can 
serve as either oxidants or reductants. In fact, we previ- 
ously reported (4) that intense ECL could also be ob- 
served for [Os(bpy)2diphos] 2~ when [n-methy phenothi- 
azine] +' or anthraquinone ~ were used as oxidant or 
reductant, respectively. The fact that external redox 
agents could be used suggested that it might be possible 
to achieve this (but in an intramolecular fashion). That is, 
to incorporate a second redox center into the metal com- 
plex and to try to obtain ECL by stepping the potential 
between this additional redox center and the appropriate 
redox process for the metal complex. In order to be able 
to demonstrate this, first one must  be able to incorporate 
a second redox center and, second, the redox potential of 
this process must be such that it is straddled by the 
formal potentials for oxidation and reduction of the metal 
complex itself. Furthermore,  the potential of this second- 
ary redox center must  be such that the energetic differ- 
ence in formal potentials between this couple and the ap- 
propriate redox process for the metal complex is 
sufficient to populate the excited state. With these con- 
straints in mind, two ligands that bear electroactive cen- 
ters were identified. These are 1,1'bis diphenylphosphino 
ferrocene and phenanthroline-5,6 dione. 

In the first case, the ferricenium would serve as the 
oxidant, and, in the second, the reduced ortho-quinone 
group on the phenonthroline would serve as the 
reductant. Both of these materials fulfill the require- 
ments outlined previously concerning the value of their 
redox potentials. 

These systems are now considered in detail. 

[Os(bpy)~c-p]2+.--As mentioned previously, this complex 
exhibits two oxidation waves at E ~ = +0.87V and at E,  = 
+1.46V, with the first oxidation being ascribed to the 

ferrocene center. Upon pulsing the potential of an elec- 
trode, in contact with a 0.5 mM solution of the complex 
between +0.97 and -1.32V vs. SSCE, a weak yet percepti- 
ble luminescence is detected. More intense luminescence 
is obtained when the potential of the electrode is 
pulsed between +1.6 (corresponding to a potential past 
the second oxidation) and -1.32V. In both cases, the ECL 
spectrum was virtually identical to the solution lumines- 
cence spectrum in acetonitrile (Fig. 5C). At first, it might 
appear that these results are consistent with "intramolec- 
ular ECL", that is, electron transfer within the complex to 
yield an excited state. However, further experiments 
demonstrated that this was not the case. Specifically, 
studies on the potential dependence of the ECL intensity 
for [Os(bpy)2diphos] 2§ proved particularly valuable. It 
should first of all be mentioned that under usual ECL 
conditions (that is, pulsing the potential of the electrode 
between values that are 100 mV past the formal potentials 
for oxidation and reduction) the ECL intensity for [Os(bpy)2 
diphos] 2+ is two to three orders of magnitude higher than 
that for [Os(bpy)2Fc-P] 2§ This is somewhat surprising, 
since the solution luminescence quantum yields for these 
complexes do not differ by such a large factor. In addi- 
tion, quite intense ECL could be observed for the 
[Os(bpy)2diphos] 2. complex when the positive pulse was to 
only +0.9V. (This corresponds to the first oxidation wave 
for the [Os(bpy)2Fc-P] 2~ complex.) In fact, the ECL inten- 
sity for [Os(bpy)2diphos] 2~ under these conditions was 
more intense than that for [Os(bpy)2Fc-P] 2§ when pulsing 
between the same potential limits. These results gave an 
indication that perhaps what was taking place was a 
quenching of luminescence and not intramolecular ECL. 
In order to test this, both ECL and solution luminescence 
studies were performed in the presence of diacetyl 
ferrocene in its reduced and oxidized forms. Diacetyl 
ferrocene was chosen because its formal potential for oxi- 
dation is nearly identical to that of the first oxidation of 
[Os(bpy)2Fc-P] 2§ 

In Fig. 7A is shown a transient of the ECL emission for 
[Os(bpy)2diphos] ~ when the potential is pulsed between 
+1.44 and -1.33V. Figure 7B represents the experiment  
under identical conditions except  that diacetyl ferrocene 
(about 0.8 eq) has been added. (It should be mentioned 
that the intensity scale for part A is 100 times less sensi- 
tive than that for B and C, which are on the same scale.) 
Also shown in Fig. 7C is an ECL transient for 
[Os(bpy)2(Fc-P)] 2~ when the potential was pulsed between 
+1.6 and -1.3V. Notice that the intensity of the ECL sig- 
nal is of the same order of magnitude as that for 
[Os(bpy)2diphos)] 2. in the presence of diacetyl ferrocene. 
Clearly, there is very efficient quenching by the added 
diacetyl ferrocene. That the quenching was due to the ox- 
idized form (ferricenium) was demonstrated by looking at 
the solution luminescence of [Os(bpy)2diphos)] 2~ in the ab- 
sence of diacetyl ferrocene as well as in its presence in ei- 
ther the oxidized or reduced form. The solution emission 
intensity in the absence of diacetyl ferrocene as well as in 
its presence in the reduced form were quite c o m p a r a b l e  
(a decrease of less than 10%). In the presence of ferricen- 
ium, however, the solution luminescence was almost en- 
tirely quenched. These results, then point to the fact that 
what is taking place in the case of [Os(bpy)2diphos] ~* is 
not intramolecular ECL but rather a very effective quench- 
ing of the excited state by the ferricenium centers. 

[Os(phen)2(phen-dione)]2+.--As mentioned previously, the 
electrochemical behavior of this material is quite com- 
plex, especially due to the fact that it undergoes some 
type of coupling reaction to give electrodes covered with 
a film of polymeric nature. Though an ECL signal was 
observed when pulsing between + 1.4 and -1.8V, it was so 
weak that a spectrum could not be obtained with our cur- 
rent equipment.  As such, the ECL behavior of the mate- 
rial was not pursued any further. 

Correlation of ECL intensity with solution luminescence 
quantum yield.--It was previously reported (4) that, even 
though [Ru(bpy)~] 2§ and [Os(bpy)~diphos] 2+ have very sim- 
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Fig. 7. A: ECL transient for 
[Os(bpy)2diphos] ~ by pulsing 
the potential of the platinum elec- 
trode, in contact with a 1 mM 
acetonitrile solution of the com- 
plex, containing 0.1M TBAP, be- 
tween + 1 . 4 4  and - 1 . 2 3 V .  B: 
Same as in A except diacetyl ferro- 
cene (0 .8  eq) has been added. 
(Scale is 100 times that of A.) C: 
ECL transient for [Os(bpy)2Fc-p] 2~ 
by puJsing the potential of o plat- 
inum electrode in contact with a 1 
mM acetonitrile solution of the 
complex containing 0.1M TBAP 
between + 1 . 6  and --1.3V.  (Scale 
is same as in B.) 

ilar solution luminescence quantum yields, the ECL in- 
tensity for the osmium complex is about 30% lower than 
that for [Ru(bpy)3] ~+, after taking into account the differ- 
ences in solution luminescence quantum yields. Two dif- 
ferent mechanisms could be postulated as being responsi- 
ble for this effect. The first is a quenching mechanism, 
and the second corresponds to an activation process 
where the energy of activation for the electron-transfer 
event leading to the formation of the excited state is high 
for the osmium complex relative to [Ru(bpy)3] ~§ Since in 
the experiments performed there were no intentionally 
added quenches, it was speculated that the activation 
mechanism was perhaps responsible for the differences 
in ECL intensities. If  this were to be the case, and if the 
osmium complexes follow a common mechanism giving 
rise to the formation of an emitting excited state, then 
there should be a linear correlation between solution lu- 
minescence quantum yield and ECL intensity for the os- 
mium complexes. As such, the measurement  of relative 
ECL intensities was pursued. These measurements,  how- 
ever, proved to be more difficult to perform than had 
been anticipated. In essence, there are a number  of fac- 
tors that can affect ECL intensities, and these must be 
recognized and reproducibly controlled. 

First of all, in order to eliminate interferences from im- 
purities, the strictest care must be exercised in the 
purification of the complexes, solvent, and supporting 
electrolyte as well as in the cleaning of the cell (see Ex- 
perimental section). Since ECL intensities are known to 
be very sensitive to the presence of water and oxygen, a 

silver wire reference electrode was used (to eliminate 
water contamination from an SCE) and all manipulations 
in the preparation of the cell were carried out inside a dry 
box. 

Since ECL is clue to the electron-transfer recombination 
of electrogenerated species, then the amount of oxidized 
and reduced material generated at the electrode surface 
will have a dramatic effect on the observed ECL intensity. 
As such, in order to be able to compare ECL intensities 
for different complexes, one must insure that the amount 
of oxidized and reduced material generated at the elec- 
trode surface is constant for all of the complexes studied. 
This was accomplished by measuring the formal poten- 
tials for oxidation and reduction prior to performing ECL 
(to account for any drifts in the silver wire reference elec- 
trode) and adjusting the pulse limits to be 100 mV past 
these values. Since all of the redox processes involved are 
electrochemically reversible and if one assumes that vari- 
ations in diffusion coefficients are insignificant, then by 
providing the same electrode surface conditions, a con- 
stant amount of oxidized and reduced material should be 
generated at the electrode surface assuming a constant 
bulk concentration for all the complexes. This, however, 
presupposes that ohmic losses are small or accounted for. 
In fact, i t w a s  found that, in order to obtain reproducible 
results, the cells could not have compartments separated 
by sintered glass disks (frits) and iR compensation had to 
be employed. Under these conditions, and using the ex- 
perimental procedure outlined beforehand, very repro- 
ducible (+- 5%-7%) ECL intensities could be obtained. The 
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Fig. 8. Plot of relative ECL intensity vs. solution luminescence quan- 

tum yield for: [Os(bpy):~] 2+ (a), [Os(phen)3] ~* (b), [Os(bpy)2(CH~CN)2] ~§ 
(c), [Os(bpy)2(diphos)] ~ (d), [Os(bpy)~(Fc-P)] ~ (e), and [Os(bpy)2 
(dmso)2] 2+ (f). Note: The quantum yield for this complex is not on scale, 
~ = 0.38. 
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results obtained for a number  of complexes are presented 
in Fig. 8, where relative ECL intensity is pIotted against 
solution luminescence quantum yield. As can be seen, 
there is a very good correlation, and, in fact, a linear re- 
gression analysis of the data yields a correlation 
coefficient of 0.99. This would, then, imply the direct for- 
mation of the excited state from the redox process with- 
out other intervening pathways. ECL intensities for 
[Os(bpy)2Fc-p] 2~ and [Os(bpy)2(dmso)2] 2~ fall drastically off 
the l{ne, consistent with these arguments and the results 
presented previously. 

Furthermore, the ECL intensity for -[Ru(bpy)3] 2§ would 
fall significantly above the line. These results would thus 
seem to indicate that [Ru(bpy)3] 2~ and [Os(bpy)~diphos] 2+ 
follow different pathways, leading to the formation of the 
emitting excited state, and that this might be reflected as 
a higher energy of activation ~n the electron-transfer 
event leading to the formation of the excited state. 

Conclusions 
Intense ECL can be observed for a large number  of 

bipyridine and phenanthroline complexes of osmium. 
Surface ECL can also be observed when the complex is 
immobilized on the surface of the electrode. It was found 
that there was a good correlation between the observed 
ECL intensity and the solution luminescence quantum 
yield, implying the direct formation of the excited state 
via the redox process without the intervening deactiva- 
tion pathways. The Complexes that did not follow this 
correlation were shown to do so because of complicating 
factors such as an EC process, in the case of 
[_Os(bpy)2(dmso)2] 2§ and intramolecular quenching, in 
[Os(bpy)2(Fc-p)]2% In the last case, it had been postulated 
that it might exhibit intramolecular ECL, but  it was 
shown that the observed behavior was due to the pres- 
ence of intramolecular quenching. 
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A Theoretical Calculation of the Hydrogen Evolution Reaction 
Velocity at the Mercury Electrode 

Zhang Lin-Shao 
Department of Chemistry, Jilin University, Changchun, China 

ABSTRACT 

The theoretically derived expressions of the current density, the height and width of the potential barrier are pre- 
sented based on the thermal activation model and Schottky effect. These expressions are suitable to the compact layer 
of a near-ideal polarized electrode. 

On the basis of the thermal activation model the expres- 
sion of the hydrogen evolution reaction velocity for com- 
pact double layer can be written as follows (1) 

i = e fW(E)G(E)du~ [1] 

where dv~ is the number  of electrons in metal with energy 
between E and E + dE which impinge on unit  area of the 
metal surface in uni t  time. According to Fermi distribu- 
tion, it is given by 

4~kTm [ ( ~ / ~ ) ]  
du~ = h-----~---- In 1 + exp - dE [2] 

The G(E) (in Eq. [1]) is the probability of having the ac- 
ceptor state with energy equal to that of the electron in 
the metal electrode, as in the case of other workers, it can 
be described by using a classical distribution function (1) 

G(E) = exp ( -  ~ T  ) [3] 

Derivation of the Current Density Expression 
The W(E) (in Eq. [1]) is the probability of tunneling 

through barrier. Taking the Schottky effect into account, 
the potential barrier may be described by 
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Table I. Comparison of experimental and calculated values of current density for mercury electrode in contact with O.1M HCI solution 

Electrode charge 
Potential difference density qMIlO-2 H+-H20 bond 

(V vs. RHE) (cm -2) extension (J0 
Current density (/zA c m  -2) 

Calculated Post (2) Bockris (1) Conway 
(3) 

-0.80 - 11.5 2.48 5.44 5.48 5.22 3.63 
-0.75 -10.7 2.67 2.20 2.19 1.90 1.40 
-0.70 - 10.0 2.85 0.34 0.69 0.54 

e 2 eqMx 
U(X) - [4] 

167reoe~X % %  

where q~ is the electrode charge density. This equation 
is suitable for the compact double layer of a near-ideal po- 
larized electrode. Using the WKB approximation, the ex- 
pression of the tunnel ing probability can be written as 
follows 

{ ~ 8r 
W(E) - exp - 2 h2 

If 

e 2 eqMXldxt 
16~eoe~X ~ -/ ~ [5] 

e o e ~ E t  
x - -  

e q  M 

Eq. [5] becomes 

W(E)-  exp [ 8r176 2v /~  IEI ~,'~. 0(E)] 
3eqMh 

where 

~/ eaqM 3--f'~1 t d t  
O(E) = 2 Jr, 167re02e~2E2t 

Substi tuting Eq. [2], [3], and [6] into Eq. [1], we get 

[6] 

EF 
i - 47rkTmefh~ exp ( 87re0e~x/2m3eqM h IEI 3/2. 0(E)) 

Eo 

�9 e x p (  E k e ~  . I n [ 1  + e x p (  E~-EF)] dE [7] 

where Eo = Er - hE0 + ]e~[ + ]ea6o] and hE0 is the activa- 
tion energy. Since the first exponential term behind the 
integration symbol (in Eq. [7]) is a function of E and the~ 
electrons of tunnel ing barrier are mainly the electrons of 
the level in the neighborhood of Fermi level, one may ex- 
pand the exponential  term into the series at (E - Er). We 
get 

E - E~ 
- 8~re~ 2 x ~  IE I  ~ '2 .  O(E) - - S + - -  [8] 

3eqMh P 

where 

and 

1 

S = 8~eoev ~/2mEt 30(Er) 
3eqMh 

- r 2 [ dO(E) ~ 1 47reoe~ X/2mEt . 0(Er) + E~ 
er I_ Y ~,--~:-'1'%1 P 

and 

0(Er) = 3-- ft2 / e3qM 
2 Jq 1 -- 16~reo2e 2Er2t - t dt [9] 

The integrated limits t, and t2 can be obtained by solving 
the equation 

eaq M 
1 t -- 0 [10]  

16r 

Substi tuting Eq. [8] into Eq. [7] and integrating it, we 
get the expression of the current density 

i = 
4r 

_ 1 ( 1  ~ ) h  e x p ( S + ~ )  

ex0[(1 d 

f e Z([kTIP] 2) } 
+ 

~, (E0-Er~/kr (1 + Z) dZ [11] 

The Expressions of the Height and Width of the 
Potential Barrier 

The barrier height (H) is defined as 

H = co -IU(xm)l 

where ~ is the work function of the metal and U(x~) is the 
electron energy corresponding to barrier maximum, the 
XM can be obtained from Eq. [4] 

XM = 16~rqM 

therefore 
/ e3q M 

U(xM) = - 
477E02E~ 2 

The barrier width (d) is equal to the difference be- 
tween integrating limits in Eq. [5], i.e. 

EOET(.O 
d = x2 - x l  = ~ (t2 - t l)  

Application of the Expression of the Current Density 
We can now calculate the current density using Eq. [11] 

on the assumptions that Eq. [4] is suitable approximately 
for a mercury electrode in contact with 0.1M HC1 solution 
(the potential difference is in the range -0.70 to -0.80V) 
and that the Fermi level of the metal and dielectric con- 
stant ev are independent  of the potential difference in this 
range. The calculated values of the current density as a 
function of the potential difference for the case of e~ = 
6.48 are obtained. In order that the calculated values are 
consistent with the experimente d results, the extension 
of the H + = H20 bond (d~+=H~o) mus t  be dependent  on the 
electrode charge density, this  relationship can be de- 
scribed by 

0.1106115435t~d 
dH+=H20 -- 

t~ - t, 

Computed in this way, Table I gives the current den- 
sity and extended values of the H + = H~O bond for differ- 
ent potentials. Table II gives the calculated values of the 
barrier height, barrier width, and the field strength for 
different potentials. The calculated formulas are in this 
paper. 

The calculated results show that the calculated values 
of the height and width of the potential barrier decrease 
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Table II. Calculated values of barrier height, 
barrier width, and field strength 

H Y D R O G E N  E V O L U T I O N  R E A C T I O N  V E L O C I T Y  

Potential Current Field Barrier Barrier 
difference density strength height width 

(V) (~A cm -2) (V m-') XM (~) (eV) (A) 

-0.80 5.44 2.01 • 109 1.66 3.85 22.29 
-0.75 2.20 1.87 • 10 ~ 1.73 3.88 23.98 
-0.70 0.34 1.74 • 109 1.79 3.90 25.67 

with increasing overpotential. It follows that the rate of 
successful electron transfers does depend not only on the 
number  of particles on the solution side of the metal- 

851 

solution interface which exist in appropriate quantum 
states but also on the height and width of the potential 
barrier. 
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Parametric Study of Zinc Deposition on Porous Carbon in a Flowing 
Electrolyte Cell 

Charles D. lacovangelo* and Fritz G. Wi l l *  

General Electric Company, Corporate Research and Development, Schenectady, New York 12301 

ABSTRACT 

X-ray radiography coupled with high resolution optical densitometry, as well as optical and scanning electron mi- 
croscopy, was emp loyed to  study the effect of pivotal zinc deposition parameters on thez inc  morphology within a po- 
rous C foam electrode. Deposition was carried out in zinc-bromine and zinc-zinc cells with circulating electrolyte. Re- 
sults on the effects of flow rate, substrate thickness, current density, and electrolyte composit ion on zinc distribution in 
the substrate and on its surface are described. This study has shown that in the absence of organic inhibitors, very 
nonuniform zinc deposition occurs within the porous electrode. This zinc deposition corresponds to the nonuniform pri- 
mary current distribution dominated by ohmic resistance. This study has led to the conclusions that high electrolyte 
flow rates, moderate current densities, and thick foams all aid in producing increasingly uniform zinc deposits. The 
most beneficial effects on the zinc morphology, however, were obtained by adding to the electrolyte a dendrite 
inhibitor-solubilizer combination consisting of certain fluorosurfactants and butyrolactone. 

Commercialization of high power density secondary Zn 
batteries necessitates repeated uniform Zn plating at high 
current densities without dendrite formation or progres- 
sive Zn slumping. These problems have been addressed 
in state-of-the-art batteries by employing porous sub- 
strates and flowing electrolyte. Examples of such elec- 
trodes can be found in Zn-C12 (1, 2), Zn-Br2 (3-5), and 
Ni-Zn (6) batteries. Although the use of porous electrodes 
in Zn batteries has been widespread, little is known about 
the effects of pivotal deposition parameters on the Zn 
morphology within a porous substrate. Various mathe- 
matical models have been developed to explain the be- 
havior of porous electrodes and aid the designer in devel- 
opment  of battery systems. Newman and Tiedemann (7) 
recently summarized these models. Experimental  verifi- 
cation of these models has been limited, and applied pri- 
marily to alkaline Zn cells (8). Experimental  work on Zn 
morphology in acidic Zn cells (9, 10) has been limited to 
kinetic studies of nucleation on planar electrodes. 

Three techniques have been reported for the experi- 
mental determination of current and reaction distribution 
within porous electrodes: direct measurement  of poten- 
tial distribution by use of multiple reference electrodes, 
direct measurement  of current distribution among sec- 
tioned electrodes, and postmortem chemical analysis and 
sectioning of electrodes. Previously (11, 12), we described 
a novel technique of x-ray radiography coupled with high 
resolution optical densitometry to examine Zn morphol- 
ogy across and within porous C foams. This technique, 
along with optical and scanning electron microscopy, has 
now been used to optimize the effect of various electrode 
and process parameters on the Zn deposit morphology in 
terms of freedom of dendrites, small particle size, smooth- 
ness of the surface, and penetration into the substrate or 
utilization of the interstices of the porous substrate. The 
parameters examined included current density, flow 

*Electrochemical Society Active Member. 

rate, electrolyte composition, substrate thickness, and 
substrate pore size. 

Experimental 
Zn was deposited in Zn-Br2 and Zn-Zn cells on porous 

reticulated vitreous C (RVC) foams, cemented to graphite 
current-collector plates with a conductive adhesive. The 
dimensions of the foam and the graphite plate were 10 • 
10 • 0.1-0.45 cm and 13 • 12 • 0.64 cm, respectively. In 
Zn-Br2 cells, a Nation 120 cation exchange membrane 
(E.I. du Pont  de Nemours and Company) was spaced 0.2 
-+ 0.01 cm from the C foam, separating the Br2 electrode 
from the foam. In Zn-Zn cells, the Br2 electrode and 
Nation membrane were replaced with a Zn plate to keep 
the concentration of Zn in the electrolyte invariant during 
plating. A schematic diagram of the "flow-by '~ cell and 
ancillary equipment  is shown in Fig 1. 

A Master flex peristaltic pump was used to circulate the 
electrolyte at flow rates of 150, 395, and 730 cm3/min. 
Flow rates were controlled within -+5 cm3/min. The equiv- 
alent Reynolds numbers were 100, 250, and 500, respec- 
tively, 1 defined as 

2du 
NRe -- [1]  

P 

where d is the free electrolyte gap (cm), u the electrolyte 
velocity parallel to the face of the foam (crrYs), and v the 
kinematic viscosity (cm2/s). Pressure drops due to the 
electrolyte flow resistance were monitored throughout 
plating to within 5 mm Hg. The electrolyte entered into a 
free electrolyte gap at the bottom of the cell, through a 
slotted distributor strip, flowed by the face of the porous 
substrate, and exited through another free electrolyte 
space at the top. This aided in attaining uniform electro- 

'In Ref. (12), NRe was defined as ul/v, where l = length of the 
electrode. 



852 April1985 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  

ELECTROMETER 

I ELECTROLYTE 
RESERVOIR 

II  
i PERISTALTIC 

PUMP 

I1 
I FLOW 

METER 

I PRESS IRE 
GAU' E 

BACKING 
PLATE 

ELECTROL~.~I ~ 
FLOW IN 

I 
I 

m - . . J ,  . . I I , -  m 

~vc~ 
FOAM 

m i - 

J • • . • , , ,  ~ GRAPHITE 

GASKET 

( ):�9 
m ELECTROLYTE 

MANIFOLD 

ZINC GASKETS ~,CKING PLATE 
GRAPHITE 

Fig. 1. Experimental cell schematic with ancillary equipment 

lyte flow and Zn deposition across the electrode surface. 
A rubber gasket around the edges of the foam prevented 
the electrolyte from flowing directly through the foam. 
Flow of electrolyte past the foam face will cause some 
flow into the foam from momentum flux at the foam/ 
electrolyte interface. AS will be shown later, however, the 
dominant effect on zinc distribution in these platings was 
the ohmic resistance within the porous electrode. Sub- 
strates of two different pore sizes, namely, 0.25 and 0.55 
mm (100 and 45 pores/in., respectively) were employed. 
The morphology of these foams has been described previ- 
ously (11, 12). The void volume of each foam was about 
97%. The values for surface area/volume ratio and resistiv- 
ity are 26.2 cm2/cm 3 and 0.5 ~-cm for the 45 pore foam and 
65.6 cm~/cm 3 and 0.3 fi-cm for the 100 pore foam, respec- 
tively. Zn deposition, corresponding to battery charging, 
was performed at room temperature at constant current 
densities from 25 to 100 mA/cm ~ for 1-8h. The electrolyte 
was an aqueous solution of 29% by weight ZnBr2, 14% 
KBr, and 14% NaC1. 

Reagent-grade chemicals and doubly distilled water 
were used in preparing the solution. Following plating, 
copious amounts of doubly distilled water were passed 
through the cell to wash the substrate free of electrolyte 
solution. Prior to analysis, electrodes were removed from 
the cell, dried, and cut into segments where applicable. 

The effect of the various parameters on the Zn mor- 
phology was evaluated with optical microscopy, scanning 
electron microscopy, and x-ray radiography. X-ray radio- 
graphs were taken of the face and cross sections of the 
electrodes with a Hewlett-Packard, Faxitron series, x-ray 
system. Polaroid 55 positive/negative film was employed. 
A quantitative measure of the Zn density was obtained 
through densitometer measurements of the radiograph 
film negatives at a magnification of 20x. An automatic 
recording microdensitometer (Joyce-Loebel Model 
MKIIIC) with slit dimensions 8 x 0.04 mm was employed 
for this purpose. The quantitative results, obtained with 
the densitometer, were compared with scanning electron 
micrographs of electrode surfaces and cross sections. The 

morphology of the surface was examined over the entire 
100 cm 2 area in one x-ray radiograph. In order to examine 
the Zn profile perpendicular to the foam, three 6 mm 
wide segments were cut from the top to the bottom of the 
electrode. These segments, taken from the center and 
each side of the electrode, were placed on edge during 
x-ray radiography. X-ray radiographs were taken of the 
bottom, middle, and top of each of the three segments, 
yielding nine traces for comparison of Zn distribution at 
different locations of the electrode. Unless otherwise 
stated, in comparing the effect of plating parameters, ra- 
diographs of the middle of the center segment were used. 
A detailed description of the x-ray radiography technique 
and its range of applicability has been described previ- 
ously (12). 

Results 
Electrolyte flow rate.--The effect of electrolyte flow 

rate on Zn morphology and distribution within the po- 
rous substrate was examined for three flow rates of -150, 
395, and 730 cmS/min. These flow rates are equivalent to 
Reynolds numbers of 100, 250, and 500, and also equiva- 
lent to exchanging the electrolyte in the cell once every 
15-30s. Plating was performed at 25 mA/cm ~ for 4h on 1.2 
mm thick 100 pore foams. Scanning electron micrographs 
(SEM's) of the cross section of the 100 pore foam for NRe = 
100 and 500 are presented in Fig. 2. The SEM's relate to a 
slice taken from the center of the middle segment at a 
magnification of 14x. The major features of the Zn de- 
posit evident from the SEM's are a nodular Zn growth at 
and near the surface of the foam with a tight Zn deposit 
on the internal strands of the foam. This nodular deposit 
is markedly different from the generally loose, mossy de- 
posits obtained in stationary electrolyte under identical 
plating conditions (11). The effect of increasing flow rate 
is more evident in the x-ray radiographs shown in Fig. 3. 
Radiographs are of the entire length of the middle seg- 
ment. The dark areas correspond to Zn and the light areas 
to voids or C foam. Plotted in Fig. 4 are densitometer 
traces taken from the center of the three segments shown 
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Fig. 2. SEM of 100 pore foam plated at 25 mA/cm 2 for 4h. Top: NRe 
= 100. Bottom: NRe = 500. 

in  Fig. 3. In  th i s  g raph ,  X = 0 r e p r e s e n t s  t he  foam/e lec t ro-  
ly te  i n t e r f ace  a n d  X = 1.2 m m  the  f o a m / b a c k i n g  p la te  in- 
terface.  Nega t ive  va lues  of  "X"  c o r r e s p o n d  to Z n  ex- 
t e n d i n g  f rom t h e  foam in to  t h e  f ree  e lec t ro ly te  gap.  I t  can  
b e  s e e n  f rom Fig. 3 a n d  4 t h a t  t he  p ivo ta l  ef fec t  of  increas -  
ing  flow ra te  is a d e c r e a s e  in  Z n  depos i t  t h i c k n e s s  a n d  an  
i nc r ea se  of  Z n  p e n e t r a t i o n  in to  t he  foam. A l t h o u g h  in- 
c r ea s ing  t he  R e y n o l d s  n u m b e r  p r o d u c e s  t h i n n e r ,  more  
c o m p a c t ,  a n d  s m o o t h e r  Z n  depos i t s ,  i t  is o b v i o u s  t h a t  Z n  
d e p o s i t i o n  ha s  o v e r w h e l m i n g l y  o c c u r r e d  on  a n d  nea r  t h e  
foam sur face  a n d  d e c r e a s e d  s t eep ly  w i t h i n  the  f irst  0.2 
m m  in to  t he  foam. L i s t ed  in Tab le  I are t he  a m o u n t s  of  
Z n  d e p o s i t e d  in t h r e e  re la t ive  areas  of  t he  subs t r a t e ;  on  
t he  su r face  e x t e n d i n g  in to  t he  f ree  e lec t ro ly te  gap  X / L  < 
0, w i t h i n  t he  i n t e r io r  of  t he  foam 0 -< X / L  <- Y, a n d  nea r  
t he  g r a p h i t e  p la te  Y <- X / L  -< 1. The  d i m e n s i o n l e s s  dis- 
t a n c e  Y was  c h o s e n  as t h e  pos i t i on  at  w h i c h  t he  Z n  den-  
s i ty  i n c r e a s e d  n e a r  t he  b a c k i n g  plate .  As can  be  s een  f rom 
Tab le  I, t h e  a m o u n t  of  Z n  e x t e n d i n g  f rom the  su r face  in to  
t he  e lec t ro ly te  d e c r e a s e d  f rom 66% to 35% w h e n  increas -  
ing  t he  R e y n o l d s  n u m b e r ,  w i t h  a c o r r e s p o n d i n g  i nc r ea se  
in Z n  w i t h i n  t h e  foam f rom 14% to 28%. 

Substrate morphology.--The pore  size of  t he  s u b s t r a t e  
affects  t he  specif ic  in te r fac ia l  a rea  a n d  t h e  specif ic  con- 
d u c t a n c e  of  t he  e lec t rode .  T h e  effect  of  two  d i f f e ren t  po re  
sizes for  c o n s t a n t  e l ec t rode  t h i c k n e s s  (2 m m )  was  de- 

Fig. 4. Densitometer traces of 100 pore foam shown in Fig. 2 and 3. 
Traces taken from the center of each segment. 

s c r i b ed  p rev ious ly  (12). In  Fig. 5-7, t h e  ef fec t  of  v a r y i n g  
t h e  e l ec t rode  t h i c k n e s s ,  L, for  c o n s t a n t  po re  size is 
s h o w n .  The  e l ec t rode  t h i c k n e s s e s  we re  c h o s e n  to facili- 
t a t e  t h e  c o m p a r i s o n  of  c o n s t a n t  pore  l e n g t h  to p o r e  d iam-  
e te r  (L/D) ratios.  F i g u r e  5 s h o w s  x-ray r a d i o g r a p h s  of  t he  
cross  sec t ions  for  two 45 po re  foams  p l a t e d  at  25 m A / c m  2 
for 4h  w i t h  NRe = 100. T h e  top  r a d i o g r a p h  r e p r e s e n t s  a 2 
m m  t h i c k  foam; L/D = 3.5. T h e  b o t t o m  t h r e e  r a d i o g r a p h s  
are  for  a 4.5 m m  t h i c k  foam (L/D = 8), t a k e n  of  t he  left, 
midd le ,  a n d  r i gh t  s e g m e n t s  of  the  e lec t rode .  C o m p a r i s o n  
of  t h e  b o t t o m  t h r e e  r a d i o g r a p h s  d e m o n s t r a t e s  t h e  uni-  
fo rmi ty  of  t h e  Z n  d ep o s i t  across  t h e  face of  t h e  e lec t rode .  
T h e  c ross - sec t iona l  r a d i o g r a p h s  of  Fig. 5 were  e v a l u a t e d  

Fig. 3. Effect of flow rate with 100 pure foam. Xqray radiography of cross sections of 100 pore foam plated at 25 mA/cm s for 4h. Top: NRe = 
100. Middle: NRe = 250. Bottom: NRe = 500. 
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Table I. Fraction of zinc deposited on and in carbon foam 

Thickness On surface In interior Near plate 
Foam (mm) LID NR~ X/L  < 0 0 < X/L < Y Y < X/L  < 1 Y 

45 pore 2 3.5 100 0.52 0.12 0.36 0.6 
45 pore 4.5 8 100 0.41 0.32 0.27 0.8 

100 pore 2 8 100 0.37 0.38 0.30 0.63 
100 pore 1.2 4.7 100 0.66 0.14 0.20 0.66 
100 pore 1.2 4.7 250 0.49 0.18 0.34 0.6 
100 pore 1.2 4.7 500 0.35 0.28 0.37 0.6 

with the densitometer and the results are shown in Fig. 6. 
In this graph, X = 0 corresponds to the foam/electrolyte 
interface for each electrode, X = 2 mm to the foam/graph- 
ite plate interface for the 2 mm thick foam, and X = 4.5 
mm to the foam/graplaite plate interface for the 4.5 mm 
foam. The corresponding densitometer traces of 1.2 and 2 
mm thick 100 pore foams, L / D  = 4.7 and L I D  = 8, are pre- 
sented in Fig. 7. All four electrodes exhibited the same 
extremely nonuniform deposition of Zn. A predominant  
portion of Zn was present on the foam surface, dropping 
off sharply into the interior of the foam and rising sharply 
near the graphite backing plate. Changing the foam thick- 
ness had little effect on how far the Zn extended into the 
free electrolyte gap. In all four cases, Zn extended -1  mm 
beyond the foam face. The extension of the Zn beyond 
the foam face, or dendritic nature of Zn morphology, was 
primarily a function of the electrolyte flow rate, as shown 
in Fig. 4. Increasing the substrate thickness did, however, 
increase the amount of Zn present within the porous sub- 
strate. This effect is clearly obvious in Fig. 7 for the 100 
pore foam. Although not quite as obvious in Fig. 6 for the 
45 pore foam, Table I shows a marked increase of Zn 
within the foam's interior from 12% to 32% of the total Zn. 
The corresponding increases for the 100 pore foam were 
from 14% to 38% of the total Zn. It is of interest to note 
that independent  of pore size, the same LID ratio of 8 re- 
sulted in essentially the same distribution of Zn. The 45 
pore foam LID = 8 resulted in a Zn distribution shown in 
Table I of 41%, 32%, and 27%, while the 100 pore foam 
L / D  = 8 was correspondingly 37%, 33%, and 30%: 

Electrolyte composit ion and  current dens i t y . - -The  com- 
position of the electrolyte, that is, the ZnBr2 concentra- 
tion, supporting electrolyte (inorganic salts), and organic 
dendrite inhibitors, plays a significant role in determin- 
ing the morphology of the Zn plate in stationary electro- 
lyte (11). The use of certain inhibitors with solubilizers 
produced Zn deposits which were smoother and more 

Fig. 5. Effect of foam thickness with 45 pore foam. X-ray radiogra- 
phy of cross sections of 45 pore foams plated at 25 mA/cm 2 for 4h at 
NRe = 100. Top: 2 mm thick foam. Bottom three: 4.5 mm thick foam. 
Top: left edge. Middle: center segment. Bottom: right edge. 

uniform and reached farther into the interior of the foams 
than in electrolytes without inhibitor (13, 14). 

Figures 3 and 4 above show that increasing electrolyte 
circulation, even without the use of inhibitors, produces 
increasingly less dendritic/nodular deposits. However, a 
significant fraction of the Zn is deposited on the surface 
of the foam. In the following experiments,  the combined 
effects of electrolyte flow, NRe = 250, and the use of inhib- 
itors was examined. In these experiments,  1% by weight 
of FC170:L40482 (0.333 FC170 + 0.667 L4048) and 10% by 
weight of butyrolactone were added to the electrolyte. 
Platings were carried out at 25 mA/cm 2 for 4 and 8h, and 
at 100 mA/cm ~ for 1 and 2h, thus resulting in charge densi- 
ties of 100 and 200 mAh/cm 2, respectively. Photomicro- 
graphs of the face and cross sections after plating at 25 
mA/cm 2 for 4 and 8h are presented in Fig. 8 and 9. The in- 
timate coating of the C strands with a Zn film and the 
lack of large nodular protrusions are clearly evident in the 
center micrograph of Fig. 9, referring to 4h plating and 
the use of 1% inhibitor. For comparison, the upper micro- 
graph shows the pronounced nodular Zn growth and the 
lack of Zn penetration into the foam if no inhibitor is 
added to the electrolyte. Continued plating for 8h resulted 
in continued filling of the voids with little protrusion be- 
yond the face of the electrode. The most salient feature in 
the photomicrographs for 8h plating is the greatly en- 
hanced throwing power into the foam. The Zn extended 
on the average 1-1.5 mm into the 2 mm foam. The average 
density of this Zn layer was 1.63-2.44 g/cm 3, as compared 
to -0.6 g/cm 3 in the absence of the inhibitor (see Fig. 3 
and 4). Compared to a theoretical density of Zn equiva- 
lent to 7.I4 g/cm 3, the density of these Zn layers is 
23%-34% of the theoretical density. 

The effectiveness of the inhibitor at 25 mA]cm 2 Shown 
in Fig. 8 and 9 is dramatic. For the battery designer, how- 
ever, larger current densities are desirable since this re- 
suits in higher power density and, hence, lower cost per 
unit of power and energy stored. Shown in Fig. 10 and 11 
are results for identical test conditions as for Fig. 8 and 9, 
but at 100 mA]cm 2 for 1 and 2h, which corresponds to 
identical amounts of charge passed and Zn plated. The 
salient feature shown in these figures, like that of Fig. 8 
and 9, is the excellent penetration of the Zn into the po- 
rous substrate. At a charge density of 100 mAh/cm z, there 
was no discernible difference in the smoothness of the 
surface for plating of 100 mA/cm'-' compared to 25 
mA/cm 2. However, at a charge density of 200 mAh/cm 2, 
the surface of the electrode plated at 100 mA]cm 2 gave ev- 
idence of increased roughness over the plating at 25 
mA/cm 2. In addition, enhanced plating at the edges be- 
came evident when plating at 100 mA/cm '2 for 2h. This is 
shown in the three radiographs of Fig. 11, representing 
cross sections of the left edge, center segment, and right 
edge of the foam electrode. Such edge effects were absent 
at 25 mA]cm 2. The Zn penetration into the porous sub- 
strate at 100 mA/cm 2 was excellent. As can be seen from 
Fig. 11, the Zn was deposited completely into the foam 
with remarkably uniform density. 

Discussion 
It is obvious from these results that the effects and in- 

teractions of the various plating parameters are complex. 
For example, changing the pore size of the substrate 

2These fluorinated surfactants are products of the 3M Corpo- 
ration. 
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changes the specific conductance of the substrate, which 
affects the relationship between the conductance of the 
matrix and the conductance of the electrolyte; this, in 
turn, alters the active region of the porous substrate and, 
hence, the true current density of plating. Additional 
complications arise with t ime during plating since Zn 
deposition increases the conductance of the solid matrix 
and decreases the conductance of the electrolyte due to 
increased tortuosity. Furthermore,  particularly in the case 
of dendritic growth from the face of  the substrate, the 
electrode thickness increased with time. Qualitative com- 
parisons to available models on the performance of po- 
rous electrodes can, however, be made. 

Newman et al. (7) in their review of porous electrode 
theory, present four dimensionless ratios which govern 
the current distribution within the porous substrate. The 
first parameter is a dimensionless current 
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where ac is-the charge transfer coefficient in the cathodic 
direction, F the Faraday constant, I the superficial cur- 
rent density, L the electrode thickness, R the universal 
gas constant, T the absolute temperature, K the effective 
conductivity of the solution, and o- the effective conduc- 
tivity of the substrate. For a system such as ours, with 
matrix conductivity much larger than the solution con- 
ductivity, the matrix potential is uniform. Under  these 
conditions, the reaction distribution within the substrate 
depends on ~ when Tafel kinetics predominate. For the 
case of linear reaction kinetics, the current distribution 
depends on the dimensionless exchange current 

v = [~a + ~o] ~ + [3] 

where ~a is the transfer coefficient in the anodic direc- 
tion, a the specific interfacial area, and io the exchange 
current density. For large values of either 6 or v, the cur- 
rent is not evenly divided between the solution and the 

DISTANCE FROM FOAM FACE x (mm) 

Fig. 7. Densitometer traces of 100 pore foams plated at 25 
mA/cm 2, 4h NRe = 100 for two thickness of 1.2 and 2.0 mm. 

Fig. 8. SEM of the face of 100 pore foams plated at 25 mA/cm 2 for 
4 and 8h, N]{~ = 2S0, with 1% dendrite inhibitor added to the 
electrolyte. 
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Fig. 9. Effect of FC170:L4048 additive with 100 pore foam. SEM of 
the cross section of 100 pore foams shown in Fig. 8 along with 100 
pore foam without the dendrite inhibitor added to the electrolyte. 

Fig. 10. SEM of the face of 100 pore foams plated at 100 mA/cm 2 
for I and 2h, NRe = .250, with 1% dendrite inhibitor added tothe 
electrolyte. 

matr ix  and the  react ion d is t r ibut ion  is h igh ly  nonuni-  
form, being m u c h  larger  near  the  foam/elec t ro ly te  and 
foam/backing  plate interfaces  than  in the  center  of t h e  
substrate .  The  remain ing  two d imens ionless  pa ramete rs  
are the  ratio of t ransfer  coefficients,  aa/ao, and the  ratio of 
the  effect ive  conduct iv i t ies  of  the  solut ion and mat r ix  
phases,  K/o-. For  small  va lues  of  ~/c~, the  react ion occurs  
preferent ia l ly  near  the  foam/elect rolyte  interface.  The  
va lue  of  these  four  d imens ion less  ratios for each  of  the  
pla t ing condi t ions  p resen ted  earl ier  are l is ted in Table  II. 
The  numer ica l  va lues  for the  parameters  of  Eq. [1] and [2] 
are g iven  in the  list of  symbols .  

Severa l  conclus ions  can be  d rawn f rom the  data  of  
Table  II. First ,  all our  expe r imen ta l  condi t ions  resul t  in 
large values  of  8 and v, i.e., > 1. For  the first four  experi-  
ments ,  conduc ted  at 25 m A / c m  2, the e lec t rode  overpoten-  
tial was very  small,  so that  l inear  kinet ics  prevai led.  We 
would,  therefore,  expec t  the  react ion d is t r ibut ion  to de- 
pend  on v, which  was ve ry  large, ranging f rom 6.8 to 15.9. 
The overpotent ia l  for the  last exper iment ,  carr ied out at 
100 m A / c m  ~, was cons iderably  higher,  so that  Tafel  kinet-  
ics were  l ikely to dominate .  The react ion d is t r ibut ion  for 
this e x p e r i m e n t  would ,  therefore,  depend  on the  parame-  
ter  8 wh ich  was also very  large: 8.31. For  all plat ing exper-  
iments ,  therefore,  a h ighly  nonun i fo rm plat ing distribu- 
t ion wi th in  the  foam is expec ted ,  decreas ing sharply  f rom 
ei ther  foam interface  into the  center  of the  foam. Also, the  
ratio of  K/o- is ve ry  small  due  to an order  of  magn i tude  
larger  conduc t iv i ty  in the  ma t r ix  compared  to the  electro- 
lyte. This should resul t  in preferent ia l  Zn  depos i t ion  on 

Fig. 11. SEM and x-ray radiographs of the cross section of 100 pore 
foam shown on the right of Fig. 10. SEM corresponds to center seg- 
ment of electrode. Top radiograph taken of left edge; middle radio- 
graph taken of center segment; bottom radiograph taken of right seg- 
ment of the foam. 

the  foam/elect rolyte  in terface  at the  expense  of the 
foam/back ing  plate interface.  Each of these  theoret ical  
predic t ions  were  verif ied exper imenta l ly ,  i.e., Zn deposi-  
t ion occur red  preferent ia l ly  near  the  foam/elec t ro ly te  in- 
terface decreas ing sharply  into the  center  of  the  foam. 
The large amoun t  of zinc found on the  backing  plate  is 
not  adequa te ly  exp la ined  by the  mode l  of  N e w m a n  et al. 
(7). It  should  be noted,  however ,  that  the  zinc depos i t  on 
the  solid backing  plate should  be  denser  than  on the  po- 
rous s t rand at equ iva len t  cur ren t  densit ies.  The  penetra-  
t ion of  the  Zn  into the  foam f rom the  foam/elec t ro ly te  in- 
ter face  Can be  related to the  ratio L/v defined as 

RTKO- 
L/v = (cm) [4] 

[o/a -[- ac] aioF [K + o-] 

Pred ic t ed  values  for the  Zn  penetra t ion,  L/v, for the  ex- 
pe r imenta l  condi t ions  e x a m i n e d  here,  as l is ted in Table 
II, are ve ry  small, i.e., 0.018-0.028 cm. With the  excep t ion  
of  100 pore  foam 0.2 cm thick,  these  values  correlate  well  
wi th  pene t ra t ion  depths  observed,  name ly ,  0.01-0.05 cm. 
I t  is clear f rom these  analyses  that  ohmic  effects are 
domina t ing  the  ut i l izat ion of  porous  C foams.  It  should  be  
no ted  that, wi th  t ime, the  values  of  Table  II change.  As 
Zn is depos i ted  on the  face of  the  foam, o-, a, and L in- 
crease, whi le  K decreases  due  to increased  tor tuosi ty.  The  
c o m b i n e d  effect  is to p roduce  sharper  deposi ts  located 
closer to the  e lec t ro ly te / foam interface.  This  effect  is en- 
hanced  at low flow rates where  a more  dendri t ic  depos i t  
p redomina tes  the  Zn  morphology .  

Exis t ing  theoret ica l  mode ls  do not  address  the  effect  of  
dendr i t e  inhibi tors  on Zn deposi t  morphology .  We will 
d iscuss  these  effects quali tat ively.  The  two major  effects 
of the  organic inhibi tors  are the  vi r tual  e l imina t ion  of 
dendr i te  growth  and great ly  increased  th rowing  power.  
The  lat ter  means  exce l len t  plat ing into the  porous  sub- 
strate and signif icantly increased  Zn deposi t  density.  
Separa te  s tudies of the  reduc t ive  stabil i ty of  the  organic 
inhib i tor  had  shown unmi t iga ted  inhibi tor  ef fect iveness  

Table II. Summary experimental test conditions 

Substrate L (cm) 1 (A) K/~ ~ v L/v (cm) 

45 pore 0.2 0.025 0.1 2.0 7.1 0.028 
45 pore 0.45 0.025 0.1 4.5 15.9 0.028 

100 pore 0.12 0.025 0.06 1.25 6.8 0.018 
100 pore 0.20 0.025 0.06 2.08 11.4 0.018 
100 pore 0.20 0.100 0.06 8.31 11.4 0.018 
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over more than 750 cyclic platings (11). These studies also 
demonstrated excellent stability to bromine after expo- 
sure to 1% by weight Br2 for 6 months at 55~ Therefore, 
we believe the inhibitor to be active by nondestructive 
adsorption on the most active growth sites during plating 
followed by desorption during anodic dissolution (dis- 
charge). The adsorption of the inhibitor is likely to de- 
crease the rate of the charge-transfer reaction such that 
diffusion is no longer rate limiting. Under these condi- 
tions, it is generally known that dendritic growth no 
longer occurs and that the throwing power is increased 
owing to the better penetration of the electric field into 
the pores. 

Conclusions 
The application of x-ray absorption coupled with 

densitometry and microscopy allows quantitative analy- 
sis of Zn deposition within a porous C foam. Using these 
techniques, it is demonstrated that high electrolyte flow 
rates, high L/D ratio, and thicker foams all aid in produc- 
ing more uniform Zn deposits. Overall, within the range 
of parameters studied, optimal results were obtained with 
2 mm thick 100 pore RVC foams with electrolyte flow 
rates corresponding to Reynolds numbers  close to 500. 
The Zn distr ibutions obtained correspond to the primary 
current distribution modeled by Newman et al., i.e., 
highly nonuniform deposits decreasing sharply from ei- 
ther foam interface into the center of the foam with pre- 
dominate deposition near the foam/electrolyte interface. 
The most striking effect on Zn morphology was obtained 
by adding to the electrolyte an organic dendrite inhibitor- 
solubilizer combination, consisting of certain fluorosur- 
factants and butyrolactone. The use of these inhibitors 
yielded dendrite-free Zn deposits well into the porous 
foam substrate when plating at current densities as high 
as 100 mA/cm 2 for 2h, equivalent to charge densities up to 
200 mAh/cm 2. 
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LIST OF SYMBOLS 

a specific interfacial area (cm-1); 45 pore = 26.2, 100 
pore = 65.6. 

d free electrolyte gap (cm) 
D electrode pore diameter (cm) 
F Faraday's constant (2~306 • 104 caYV-eq) 
io exchange current density (0.117 A]cm2) 3 
I superficial current density to an electrode (2ffcm 2) 
L electrode thickness (cm) 
R universal gas constant (1.987 cal/mol K) 
T absolute temperature (K) 
a~ transfer coefficient in anodic direction (0.5) 
ac transfer coefficient in cathodic direction (0.5) 

dimensionless current density defined in Eq. [2] 
K effective conductivity of the solution (0.202 

~- ' -cm-~)  
u electrolyte velocity parallel to the face of the foam 

(cm/s) 
v square root of a dimensionless exchange current 

defined in Eq. [3] 
effective conductivity of the substrate; 45 pore = 2 
12-'-cm-',  100 pore = 3.33 ~ - ' - c m - '  

v kinematic viscosity of the electrolyte (0.005 cm2/s) 
3Unpublished results of authors conducted under contract of 

Ref. (11). 
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Belgium 

ABSTRACT 

The specific mass, the conductivity, and the equivalent conductance of the mixed systems LiOH-LiNO3, NaOH- 
NaNO3, and KOH-KNO3 were determined in the whole concentration range. The specific mass isotherms present unex- 
plained irregularities and the conductances exhibit large departures from the additivity law of the transport properties 
of the pure components of the mixtures. The activation energies for the equivalent conductance show, for the three in- 
vestigated systems, a maximum in the vicinity of the 50 mole percent composition. These departures from additivity are 
explained by invoking a change of transport mechanism when the composition of the mixtures shifts from one pure 
component  to the other. 

Results reported in the literature suggest that charge 
transport in hydroxide melts could proceed by a mecha- 
nism other than that operating in most salts (1, 2). 
Shvedov and Yvanov (3) measured transference numbers  

near unity for hydroxide ions in molten alkali hydroxides. 
Hydroxide ions take thus the largest part of charge trans- 
port in the ease of molten hydroxides contrary to what 
happens in fused lithium, sodium, or potassium salts 
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w h e r e  t he  t r a n s f e r e n c e  n u m b e r s  of t he  ca t ions  are  la rger  
t h a n  t h o s e  of  t he  a n i o n s  (4, 5). 

F u r t h e r m o r e ,  t h e  a c t i v a t i o n  ene rg ies  of  t r a n s p o r t  p rop-  
er t ies  of  m o l t e n  h y d r o x i d e s  are  s ign i f ican t ly  l ower  t h a n  
t h o s e  of  fu sed  sal ts  (1, 6, 7). 

I t  s e e m e d  as if  i t  w o u l d  b e  i n t e r e s t i ng  to i n v e s t i g a t e  the  
c o n c e n t r a t i o n  d e p e n d e n c e  of  t he  c o n d u c t i v i t y  of  m o l t e n  
m i x t u r e s  of  a lkal i  h y d r o x i d e s  a n d  alkal i  salts.  M i x t u r e s  of 
a lka l i  sal ts  genera l ly  e x h i b i t  nega t ive  d e p a r t u r e s  f r o m  a n  
add i t i v i t y  law of  t he  conduc t iv i t i e s .  I t  s e e m s  r e a s o n a b l e  
to e x p e c t  pa r t i cu la r ly  la rge  d e p a r t u r e s  w h e n  t he  t r a n s p o r t  
m e c h a n i s m  in  t he  p u r e  c o m p o n e n t s  of  t he  m i x t u r e  are 
d i f ferent .  

The  m e l t i n g  po in t s  of  m o l t e n  h y d r o x i d e s  a n d  of  m o l t e n  
n i t r a t e s  are  qu i t e  c o m p a r a b l e ;  m i x t u r e s  of  t h e s e  com- 
p o u n d s  cou ld  t h u s  b e  i n v e s t i g a t e d  in t he  w h o l e  concen-  
t r a t i o n  r a n g e  a n d  s e e m  to be  ve ry  su i t ab l e  s y s t e m s  for  
s u c h  s tudies .  

Exper imenta l  
Materials and device.--Chemicals were  ana ly t i ca l -g rade  

M e r c k  reagents .  Water  e l i m i n a t i o n  o c c u r r e d  by  ma in -  
t a i n i n g  t h e  m e l t  a t  t e m p e r a t u r e s  a b o v e  673 K u n d e r  a 
s t r e a m  of  d ry  n i t r o g e n  d u r i n g  at  leas t  12h. T he  s t r e a m  of  
n i t r o g e n  was  m a i n t a i n e d  d u r i n g  the  e x p e r i m e n t s .  

The  c o n t a i n e r  was  a s i lver  c ruc ib le  p l a c e d  in  a P y r e x  
cel l  f i t ted w i th  g r o u n d  glass  joints .  C o m p a c t  a l u m i n a  
(Degussa  A1 23), w h i c h  is specia l ly  s t ab l e  in  n e u t r a l  or 
s l igh t ly  ac id ic  cond i t ions ,  was  se lec ted  as ma te r i a l  for  t he  
b u b b l i n g  t u b e  a n d  for  t h e  s h e a t h  of i r o n - c o n s t a n t a n  ther-  
mocoup le .  

Conductivity measurements.--The s a m e  c o n d u c t i v i t y  
cell  was  u sed  as in  p r e v i o u s  w o r k  (1, 2). I t  was  c o m p o s e d  
of two  c o m p a c t  a l u m i n a  "pseudo -cap i l l a ry"  e l ec t rodes  of  
4 m m i d  c o n t a i n i n g  p l a t i n u m  c o n d u c t o r s  e n d e d  b y  coils 
l oca t ed  at  a b o u t  2 cm a b o v e  t he  lower  e n d  of  t he  a l u m i n a  
t u b i n g s .  T h e  cel l  f ac to r  m e a s u r e d  b y  s t a n d a r d i z a t i o n  in 
p u r e  m o l t e n  p o t a s s i u m  n i t r a t e  was  ca. 25 c m  -~. This  
v a l u e  is low as far  as d e t e r m i n a t i o n s  in  ionic  l iqu ids  are  
p l a n n e d  a n d  r equ i r e s  t h u s  t h e  u s e  of  a m u l t i f r e q u e n c y  
L C R  m e t e r  ( H e w l e t t - P a c k a r d  4274 A) a l lowing  measu re -  
m e n t s  u p  to h i g h  f r e q u e n c i e s  in  o rde r  to  e l i m i n a t e  polari-  
za t ion  effects.  

The  m e a s u r e m e n t s  were  ca r r ied  out  a f te r  se l ec t ion  of  a 
ser ies  e q u i v a l e n t  c i rcu i t  mode .  T he  b r i d g e  enab le s  to use  
a four  t e r m i n a l  pa i r  w i r i n g  g iv ing  t he  b e s t  a c c u r a c y  b y  
m i n i m i z i n g  any  s t ray  c a p a c i t a n c e  a n d  r e s idua l  induc-  
t a n c e  in  t h e  t e s t  l eads  or t e s t  f ixture.  T he  t e n s i o n  app l i ed  
b e t w e e n  t h e  e l ec t rodes  was  of  t he  o rde r  of  250 inV. 

The  m e a s u r e d  i m p e d a n c e  d e c r e a s e d  w h e n  t he  fre- 
q u e n c y  was  inc reased ,  a m i n i m u m  v a l u e  was  r e a c h e d  
f r o m  a b o u t  20 kHz. T h e  L C R  b r i d g e  a l lows t he  de te rmi -  
n a t i o n  of  t he  res i s tance ,  of  the  i m p e d a n c e ,  and  of  t he  an- 
gle 0 b e t w e e n  t he  i m p e d a n c e  v e c t o r  a n d  t he  real  axes.  
W h e n  t h e  m i n i m u m  v a l u e  is m e a s u r e d  for  t he  i m p e d a n c e ,  
(i) t h e  i m p e d a n c e  e q u a l s  t h e  res i s t ance ,  m e a n i n g  t h a t  t h e  
capac i t ive  f ac to r  is negl ig ib le ,  a n d  (ii) 0 t akes  a m i n i m u m  
value.  

Specific mass measurements.--Specific m a s s  measu re -  
m e n t s  we re  ca r r ied  ou t  by  w e i g h i n g  a c a l i b r a t e d  s i lver  

b o b  d i p p e d  in to  t he  m e l t  a n d  h u n g  on  the  p a n  of  a n  ana- 
lyt ical  b a l a n c e  (Mett ler)  b y  m e a n s  of  a t h i n  p l a t i n u m  wire.  
As  for  conduc t iv i t y ,  t h e  r e p r o d u c i b i l i t y  of  t h e  measu re -  
m e n t s  was  qu i t e  good.  

Results 
The  c o n d u c t i v i t y  (K) a n d  t h e  specif ic  m a s s  (p) of t he  

t h r e e  b i n a r y  m i x t u r e s  LiOH-LiNO3, NaOH-NaNO3, a n d  
KOH-KNO3 were  m e a s u r e d  as a f u n c t i o n  of  t e m p e r a t u r e  
at  c o m p o s i t i o n s  r a n g i n g  f rom p u r e  n i t r a t e  to p u r e  hy- 
d rox ide .  The  e q u i v a l e n t  c o n d u c t a n c e s  (A) we re  ca lcu la ted  
a c c o r d i n g  to t he  fo l lowing  e q u a t i o n  w h e r e  M ~q is t he  aver-  
age w e i g h t  of  t he  e l e c t r o c h e m i c a l  e q u i v a l e n t  

KM eq 
A -  

P 

t a k i n g  i n to  a c c o u n t  t h e  m o l a r  f r ac t ions  (X) of  t h e  com- 
p o n e n t s  

M eq = XMeOHMMeoH -F XMeNO3MMeN03 

The  t e m p e r a t u r e  r a n g e s  e x t e n d  f r o m  a few deg rees  
a b o v e  t he  m e l t i n g  po in t  of t he  i n v e s t i g a t e d  p u r e  com- 
p o u n d  or m i x t u r e  u p  to 805, 723, a n d  761 K, respec t ive ly ,  
for  t h e  l i th ium,  Sodium,  a n d  p o t a s s i u m  sys tems .  In  the  
case  of  m i x t u r e s  w i t h  h i g h  n i t r a t e  con ten t s ,  t he  h i g h e r  
t e m p e r a t u r e  was  a lways  s igni f icant ly  l o w e r  in  o rde r  to 
avo id  any  decompos i t i on .  

The  t e m p e r a t u r e  d e p e n d e n c e s  of  t he  t h r e e  i n v e s t i g a t e d  
p r o p e r t i e s  (P) are  co r rec t ly  d e s c r i b e d  by  a l inea r  re la t ion-  
sh ip  w h e r e  b a n d  m are  c o n s t a n t s  for  a g i v e n  s y s t e m  

P = b + m T  (K) 

Tab les  I, II, a n d  I I I  g ive  t he  va lues  of t h e s e  coeff ic ients  
as wel l  as t h e  c o r r e s p o n d i n g  co r re la t ion  fac tors  for  t he  
conduc t iv i ty ,  t h e  specif ic  mass ,  a n d  t he  e q u i v a l e n t  con-  
d u c t a n c e  of  t h e  l i t h ium,  sod ium,  a n d  p o t a s s i u m  con-  
t a i n i n g  mix tu res .  

In  s o m e  cases,  a t  t he  h i g h e s t  i n v e s t i g a t e d  t e m p e r a t u r e s ,  
d e v i a t i o n s  of  t he  t e m p e r a t u r e  d e p e n d e n c e  f rom l inea r i ty  
we re  r eco rded .  There fo re ,  t e m p e r a t u r e  r a n g e s  w e r e  also 
i n c l u d e d  in  Tab les  I-III.  The  u p p e r  l imi t  is e i t he r  t he  tem-  
p e r a t u r e  a b o v e  w h i c h  d e p a r t u r e s  f rom l inea r i ty  are  ob- 
s e r v e d  or t he  las t  i n v e s t i g a t e d  t e m p e r a t u r e .  

The  c o m p o s i t i o n  d e p e n d e n c e  of  t he  specif ic  mass ,  of  
t h e  conduc t iv i t y ,  a n d  of  t h e  e q u i v a l e n t  c o n d u c t a n c e  are 
s h o w n  for  t he  t h r e e  m i x t u r e s  in  Fig. 1-6. B e c a u s e  of t he  
lack  of  o v e r l a p p i n g  of  t he  t e m p e r a t u r e  r a n g e s  ava i l ab le  
for  t h e  s o d i u m  c o n t a i n i n g  m i x t u r e s  a n d  for t h e  l i t h i u m  
c o n t a i n i n g  m i x t u r e s ,  i s o t h e r m s  at  723 K are c o m p a r e d  for 
t h e  l i t h i u m  a n d  p o t a s s i u m  sys t ems ,  wh i l e  e x p e r i m e n t a l  
r e su l t s  r e c o r d e d  at  673 K are  s h o w n  for  t he  s o d i u m  a n d  
p o t a s s i u m  sys t ems .  

Discussion 
Specific mass.--The specif ic  m a s s  of  m i x t u r e s  of mol-  

t e n  sa l ts  gene ra l ly  c h a n g e s  w i t h  t h e  c o m p o s i t i o n  in a reg- 
u la r  way; t h e  b r e a k s  o b s e r v e d  in  the  specif ic  m a s s  iso- 
t h e r m s  of  t he  m i x t u r e s  of  a lkal i  h y d r o x i d e s  a n d  alkal i  
n i t r a t e s  a re  r a t h e r  u n c o m m o n  (Fig. 1 a n d  4). T h e s e  i r regu-  

Table I. LiOH-LiNO~ system: m and b values for the specific mass, the conductivity, and the equivalent conductance: r ~ = correlation factor. The 
equivalent conductances were calculated using calculated conductivities and specific mass. 

K p A Temperature 
EA range 

XLiso3 m • 103 b r 2 m • 103 b r 2 m b (kcaYmol) (K) 

0.00 4.87 -1.2321 0.999 -0.21 1.5554 0.996 0.0894 -25.552 2.424 745-805 
0.10 4.85 -1.5181 0.998 -0.33 1.6831 0.997 0.1108 -40.811 2.934 729-813 
0.20 5.15 -1.9959 1 -0.38 1.7574 0.999 0.1202 -48.397 3.340 547-749 
0.30 4.74 -1.9347 0.997 -0.39 1.7944 0.999 0.1251 -53.517 3.611 647-748 
0.40 4.49 -1.8628 0.997 -0.38 1.8127 1 0.1277 -54.651 3.808 471-718 
0.50 4.17 -1.7157 0.999 -0.47 1.8998 0.999 0.1298 -55.298 3.844 581-713 
0.60 4.29 -1.7378 0.999 -0.47 1.9373 0.998 0.1433 -60.278 3.736 488-708 
0.70 4.27 -1.6690 0.999 -0.40 1.9012 0.997 0.1532 -62.115 3.493 548-698 
0.80 4.58 -1.7810 1 -0.43 1.9544 0.997 0.1691 -68.492 3.428 559-702 
0.90 5.05 -1.9236 0.999 -0.47 2.0003 0.997 0.2056 -81.941 3.384 545-749 
1.00 5.35 -2.0005 0.999 -0.44 2.0011 0.999 0.2302 -90.136 3.293 543-698 
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Table II. NaOH-NaNO~ system: m and b values for the specific mass, the conductivity, and the equivalent conductance: r 2 = correlation factor. The 
equivalent conductances were calculated using calculated conductivities and specific mass. 

K p A Temperature 
EA range 

X~-aN03 m • l03 b r -~ m x 103 b r 2 m b (kcal/mol) (K) 

0.00 5.59 -1.6037 0.997 -0.42 2.0426 0.999 0.1388 -44.374 2.447 628-723 
0.10 5.27 -1.7329 1 -0.46 2.0642 1 0.1431 -50.330 2.830 603-678 
0.20 4.83 -1.7040 0.997 -0.51 2.1064 0.999 0.1443 -54.027 3.045 589-693 
0.25 4.93 -1.8588 0.999 -0.53 2.1216 1 0.1535 -61.002 3.490 598-702 
0.30 4.76 -1.8349 0.999 -0.51 2.1146 1 0.1514 -60.625 3.640 575-673 
0.40 4.66 -1.8596 0.998 -0.52 2.1364 1 0.1598 -66.119 3.809 583-681 
0.50 4.38 -1.7391 0.998 -0.46 2.1043 1 0.1605 -65.985 3.800 589-693 
0.65 4.19 -1.6335 0.998 -0.54 2.1642 1 0.1707 -69.293 3.399 571-699 
0.725 4.06 -1.5288 0.998 -0.57 2.1911 1 0.1711 -67.030 3.134 562-655 
0.80 3.76 -1.3203 0.999 -0.57 2.2026 1 0.1689 -63.075 3.07] 573-692 
0.90 3.75 -1.2967 0.999 -0.56 2.2087 1 0.1714 -62.805 3.001 600-688 
1.00 4.31 -1.5265 0.995 -0.61 2.2568 1 0.2151 -81.738 3.043 613-685 

Table III. KOH-KNO~ system: m and b values for the specific mass, the conductivity, and the equivalent conductance: r 2 = correlation 
equivalent conductances were calculated using calculated conductivities and specific mass. 

factor. The 

K p A Temperature 
EA range 

X~o~ m • 103 b r ~ m • 103 b r 2 m b (kcaYmol) (K) 

0.00 4.19 -1.0759 0.995 -0.57 2.1683 0.999 0.1538 -48.751 2.747 677-761 
0.10 4.71 -1.6948 0.995 -0.50 2.1045 1 0.1783 -69.460 2.934 657-741 
0.20 4.73 -1.8753 0.999 -0.51 2.1052 1 0.1897 -79.211 3.358 623-740 
0.30 3.98 -1.5399 0.998 -0.51 2.1076 1 0.1696 -69.190 3.630 628-718 
0.40 3.93 -1.6112 0.999 -0.52 2.1179 1 0.1766 -75.553 3.744 628-708 
0.45 3.91 -1.6714 0.998 -0.66 2.2215 1 0.1818 -80.996 3.934 617-703 
0.54 3.60 -1.4955 0.998 -0.66 2.2231 0.998 0.1749 -75.756 4.040 592-714 
0.60 3.59 -1.5284 0.998 -0.68 2.2379 1 0.1791 -79.122 3.950 599-693 
0:675 3.40 -1.4415 1 -0.64 2.2201 1 0.1749 -77.020 3.970 583-713 
0.70 3.20 -1.3206 0.998 -0.64 2.2183 0.998 0.1700 -73.729 3.900 608-733 
0.75 3.16 -1.2970 0.999 -0.62 2.2159 1 0.]701 -72.926 3.871 593-714 
0.80 3.13 -1:2871 0.998 -0.63 2.2196 1 0.1745 -75.311 3.716 608-723 
0.875 3.06 -1.2537 0.999 -0.62 2.2186 1 0.1753 -75.033 3.710 613-703 
1.00 2.95 -1.1693 1 -0.73 2.3173 1 0.1821 -77.172 3.643 630-720 

lari t ies,  w h i c h  b e c o m e  l e s s  a p p a r e n t  w h e n  t h e  t e m p e r a -  
t u r e  is ra i sed ,  s u g g e s t  t he  o c c u r r e n c e  of  s o m e  s t r u c t u r a l  
e v e n t  b e t w e e n  t h e  c o m p o n e n t s  of  t he  m i x t u r e  at  t he  cor- 
r e s p o n d i n g  c o m p o s i t i o n .  

D i s t ec t i c  or t r a n s i t i o n  po in t s  a re  o b s e r v e d  at  a m o l e  
f r ac t ion  0.5 in  t h e  p h a s e  d i a g r a m s  of  t h e  t h r e e  inves t i -  
ga t ed  s y s t e m s  (8-10). 

T h e  b r e a k s  o c c u r r i n g  in  t he  specif ic  m a s s  i s o t h e r m s  
cou ld  t h u s  b e  t h e  i n d i c a t i o n  of  t h e  f o r m a t i o n  of  a def in i te  
c o m p o u n d  b e t w e e n  t h e  c o m p o n e n t s  of  t he  m i x t u r e .  How-  
ever,  two  i r r egu la r i t i e s  a re  o b s e r v e d  for t he  c o m p o s i t i o n  
d e p e n d e n c e  of  t h e  speci f ic  m a s s  of  t he  p o t a s s i u m  s y s t e m  
w h e n  on ly  one  d i s tec t ic  p o i n t  i s  f o u n d  in  t h e  p h a s e  dia- 
g r a m  (9). F u r t h e r m o r e ,  on ly  one  b r e a k  a p p e a r s  in  t h e  

speci f ic  m a s s  i s o t h e r m  of t h e  NaOH-NaNO3 s y s t e m ,  
w h o s e  p h a s e  d i a g r a m  e x h i b i t s  two  d is tec t ic  po in t s  (8). 
T h e s e  d i s c r e p a n c i e s  ru le  ou t  a n y  r e l a t i o n s h i p  b e t w e e n  
t he  s h a p e  of  t he  d e n s i t y  i s o t h e r m s  a n d  t h e  p h a s e  dia- 
g r a m s  of t h e  c o r r e s p o n d i n g  s y s t e m s .  

H o w e v e r ,  t he  c o n d u c t i v i t y  i s o t h e r m s  of  m o l t e n  sal t  
m i x t u r e s  are  qu i t e  c o n t i n u o u s ,  w h e r e a s  a n o m a l i e s  in  
s u c h  c u r v e s  a re  o f t en  re l a t ed  to t he  p h a s e  d i a g r a m  of  t he  
i n v e s t i g a t e d  s y s t e m s  (11, 12). 

F ina l ly ,  it m u s t  be  p o i n t e d  ou t  t ha t  t h e  sca le  u s e d  for 
t h e  speci f ic  m a s s  in  t h e s e  g r a p h s  is l a rge ly  e x p a n d e d ;  t he  
f e a tu r e s  o f  t h e  c o r r e s p o n d i n g  i s o t h e r m s  are  t h u s  of  lit t le 
a b s o l u t e  i m p o r t a n c e .  

P (gcm-3) 673 K �9176 / 
1.60 [ /e / .o ~~176176 - ~  / 

1.75 / t ~ , ~  ~ �9 NaOH-NaNO3 

0 0.25 0.5 0.75 XMeNO 3 

Fig. 1. Composition dependence of the specific mass of the 
NaOH-NaNO:~ and KOH-KNO:~ systems. 

K (n%cm-1).. �9 NaOH_NaNO 3 

2 ~ " ' " ' " " - .  673 K o KOH-KNO 3 

o 0:25 0's 0175 X .o3 
Fig. 2. Composition dependence of the conductivity of the NaOH- 

NaNO:~ and KOH-KNO3 systems. Dotted line: additivity law. 
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Fig. 3. Composition dependence of the equivalent conductance of 

the NaOH-NaNO3 and KOH-KNO3 systems. Dotted line: additivity 
law. Dotted curve: Markov law. 

Never theless ,  we  bel ieve  that  the  pecul iar i t ies  of  the  ex- 
pe r imen ta l  curves  are significant. This opin ion  is sup- 
por t ed  by  the  fol lowing a rguments .  

1. As shown in Tables  I, II, and  III, the  fits to the  l inear  
d e p e n d e n c e  of  the  t empe ra tu r e  are qui te  good for all the  

[ 
p (g.r -3) 

1.80 

1.70 

1.60 

1.50 

723 K 

o~.-o -o---~ 
"~ ""'o ~o-"'~176 ~~176 J 

| ,/ 
. /  

/ 
./| o KOH-KNO 3 

| LiOH-LiNO 3 

/ 
1.00 

o-- 0.25 0.50 :~MeNO 3 

Fig. 4. Composition dependence of the specific mass of LiOH- 
LiNO:~ and KOH-KNO:~ systems. 

2 ;. . ...................... 

~'"'~'" ~.... 723 K 

0 0 ~ 0 ~ 0 ~  0 

* LiOH-LiNO 3 
o KOH-KNO 3 

O.5 
0 0125 0.'5 0175 XMeNO 3 

Fig. 5. Composition dependence of the conductivity of the LiOH- 
LiN03 and KOH-KN03 systems. Dotted line: additivity law. 

inves t iga ted  mixtures .  A lack of  accuracy of  the  composi-  
t ions could  eventua l ly  be  at the  origin of  the  discontin-  
ui t ies in the  isotherms.  However ,  errors as h igh  as 10% 
m u s t  be  i nvoked  in order  to exp la in  the  shapes  of t he  ex- 
pe r imen ta l  curves.  Controls  of  the  accuracy  of  the  mel t  
compos i t ions  have  been  carr ied out  by analyzing mel ts  
p repared  in the  same way  as those  used  in the  repor ted  
expe r imen t s .  The  resul ts  of  these  tests are g iven  in Table  
IV, wh ich  shows that  the  d i scordance  be tween  the  com- 
posi t ions  calcula ted f rom the  weights  of the  componen t s  
(A) and those  de t e rmined  f rom the  t i t rat ions of  the  melts  
d isso lved  after  cool ing (B) neve r  exceed  2%. Such  depar-  
tures could  neve r  exp la in  the  breaks  observed  in the  ex- 
pe r imen ta l  curves.  

2. Errors  in  the  compos i t ion  of  the  mel ts  wou ld  have  
the  same consequences  on the  conduc t iv i ty  i so therms  
whe re  such  d iscont inui t ies  are neve r  observed.  

3. The  s i lver  bob used  for the  specific mass  measure-  
men t s  was regular ly  recal ibrated.  

4. The  n u m e r o u s  expe r imen ta l  points  repor ted  on the 
d iagrams were  de t e rmined  in a r andom sequence  of com- 
posi t ions  so that  sys temat ic  errors could  not  be invoked  
in order  to expla in  the  break  in the  i so therms.  

In  the  absence  of  any s t ructural  in format ion  about  
these  mix tures ,  no g r o u n d e d  explana t ion  could  be pro- 
v ided  at this t ime for the  d iscont inui t ies  in the specific 
mass  i so therms.  

Equivalent conductance of pure hydroxides in the mol- 
ten state.--As shown in Fig. 3 and 6, the  s equence  of the  
equ iva len t  conduc tances  of  the  pure  mol t en  hydrox ides  
is the  fo l lowing one 

AKO H > ANaOH > Auo H 

In  the  case of fused salts, the  oppos i te  s equence  is always 
observed:  the  largest  equ iva len t  conduc tance  is syste- 
mat ical ly  measu red  for the  l i th ium salt and the  lowest  
one for the  po tass ium salt (6). This  observa t ion  s t rongly 
suggests  that  charge t ranspor t  occurs  in mol t en  hydrox-  
ides by ano ther  m e c h a n i s m  than  in fused salts. 

In  the case of mol t en  alkali  salts, the  t ransfe rence  num-  
ber  of  the  cat ion is larger  than  that  of  the  anion and the  
equ iva len t  conduc tance  is dic ta ted most ly  by the  na ture  
of  the  cation. 

Accord ing  to S h v e d o v  and Yvanov,  the t ransference  
n u m b e r s  of  the  alkali  cat ions are ve ry  low in pu re  fused 
hydrox ides ;  they  report ,  indeed,  va lues  of  0.1 -+ 0.03 and 
0.03 -+ 0.03, respect ively ,  for s o d i u m  h y d r o x i d e  and  potas-  
s ium h y d r o x i d e  at t empera tu res  ranging  f rom 653 to 
773 K (3). The  fact  that  the  equ iva l en t  conduc tances  of 
these  ionic l iquids  are qui te  d i f ferent  shows that  the  
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values of the equivalent conductances are still dictated by 
the nature of the cation but in an indirect way. Because of 
its strong polarizing electric field, the l i thium cation in- 
teracts more strongly with hydroxide ions than do the 
other alkali ions and so hinders more effectively the reori- 
entation and/or translation motions of hydroxide ions. 
Such an effect was evidenced by Duke and Owens on the 
mobilities of nitrate anions in alkali nitrate melts (5). 

Transport properties of mixtures of nitrates and 
hydroxides.--As shown in Fig. 2, 3, 5, and 6, the concen- 

tration dependence of the isotherms of conductivity and 
of equivalent  conductance show large deviations from a 
linear relationship characteristic of the additivity of the 
properties of the pure compounds. Taking into account 
the fact that the conductance is a kinetic property, the 
Markov (13) equation is often invoked to describe the 
ideal behavior of mixtures of molten salts; the Markov 
law applied to the equivalent conductance of the investi- 
gated systems yields the dotted curves presented on the 
graphs of Fig. 3 and 6. 

Deviations from additivity are characteristic of the 
mixed alkali effect; Moynihan (14) suggests using the ra- 
tios rK and rA in order to quantify this effect. These param- 
eters are respectively defined as the ratios of the conduc- 
tivity and of the equivalent conductance, predicted on the 
basis of an additivity law, to the experimental  values for 
the mole fraction where the maximum deviation occurs. 
Such parameters could also be defined with respect to 
the Markov behavior in place of additivity; the corre- 
sponding rA M values would, of course, be somewhat lower 
since Markov law yields small negative departures from 
additivity. 

Table V gives the values of rK, rA, and rA M for the three 
investigated systems. These ratios are compared with rA 
values calculated from the results of Spedding (15) for the 
conductances of mixtures of molten alkali carbonates. 
Relatively strong negative deviations from additivity 
were indeed evidenced in this case (15-17). 

The departures from a linear relationship are of the 
same order of magnitude for both types of mixtures and 
seem even to be slightly more important in the case of 
mixtures of nitrates and hydroxides. Furthermore,  these 
deviations become less important  when the temperature 
is increased. 

As shown in Fig. 7, the concentration dependence of 
the activation energy for the equivalent conductance ex- 
hibits a well-defined maximum in the vicinity of the 
equimolar composition for the three investigated sys- 
tems. Such a max imum is another criterion of the occur- 
rence of d mixed alkali effect pointed out by Moynihan 
(14). A maximum of the activation energy is indeed found 
for mixtures of molten alkali carbonates (15). This effect 
is the largest in the case of the Li2CO3-K2CO3 mixture, 
where a positive departure 0.42 kcal/mol is found for a 50 
mole percent composition. 

This deviation yields, when it is compared with the 
value of the activation energy deduced from an additive 
behavior; a relative value of 9.29%. 

Relative deviations of the activation energies for equiv- 
alent conductance of 24.06%, 34.15%, and 38.18% are cal- 
culated, respectively, for KNO3-KOH, LiNO3-LiOH, and 
NaNO3-NaOH equimolar mixtures. These deviations are 
significantly larger than those observed for molten alkali 
carbonate mixtures. 

Despite the similarity of these results with the behavior 
of systems exhibiting a mixed alkali effect, the same ex- 
planation could not be invoked in this case. Indeed, in or- 
der to explain the mixed alkali effect, the polarization of 
the common anion by cations of different sizes or charges 
(18, 19) is put  forward. The same transport mechanism is 
working in the whole concentration range, but  it becomes 
more difficult when polarization effects become impor- 
tant. Such an explanation, which is satisfactory in the 

Table V. Departures from additivity and from Markov behavior of 
transfer properties of mixtures of alkali nitrates and hydroxides and of 

mixtures of alkali carbonates 

Table IV. Controls of the accuracy of some melt compositions (648 K) System r~ T A rA M 

A B 

XL~o:, 0.5 0.491 
XN~NO:~ 0.4 0.402 
XK~0:~ 0.4 0.407 
XK~O:, 0.7 0.692 

LiOH-LiNO.~ (723 K) 1.59 1.49 1.26 
KOH-KNO~ (723 K) 1.32 1.16 1.13 
KOH-KNO~ (673 K) 1.37 1.21 1.16 
NaOH-NaNO~ (673 K) 1.43 1.33 1.25 
Na2CO:~-K2CO:~ (1203 K) 1.04 
Na2CO:,-Li2CO:~ (1153 K) 1.12 
Li2CO::K2CO:~ (1153 K) 1.42 
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Fig. 7. Composition dependence of the activation energy for 

equivalent conductance of molten mixtures of alkali nitrates and al- 
kali hydroxides. 

case of mixed cation systems, could not be extended to a 
mixed anion effect because of the low polarizability of the 
cation. 

It seems reasonable to refer to a reat change in the 
transport mechanism: the charge conduction by molten 
nitrates and by molten hydroxides would occur by two 
incompatible processes. The occurrence of a proton- 
transfer mechanism has been suggested in order to ex- 
plain the water and oxide ion dependence of the conduc- 
tivity of the molten NaOH-KOH eutectic mixture (1, 2). 
This kind of charge transfer would be enhanced by hy- 
drogen bridging between hydroxide ions. Greenberg and 
Hallgren (20) invoke indeed such interactions to explain 
some features of the infrared spectra of molten hydrox- 
ides. On the contrary, hydrogen bonding between hy- 
droxide and nitrate ions would hinder the proton-transfer 
mechanism by reducing the interactions between hydrox- 
ide ions. However, the same interactions could provide an 
explanation for the hindrance of ionic rearrangements in 
molten alkali nitrates in the presence of hydroxide ions. 

This type of explanation, which invokes a transi t ion of 
transport mechanisms, even if it is not actually supported 
by experimental evidence, goes in the same sense as 
other experimental data, such as (i) the values of the 
transference numbers  o f  hydroxide ions reported by 

Shvedov and Yvanov, (ii) the sequence of the equivalent 
conductances of molten alkali hydroxides which is oppo- 
site to that found for the fused alkali salts, and (iii) the 
high positive departures from additivity of the activation 
energies for equivalent conductance. 
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and Nitrite Mixtures 
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ABSTRACT 

The influence of acidity on the thermochemical  stability of molten sodium nitrate-nitrite mixtures used as heat- 
transfer fluids (as in the case of the French electrosolar power system called Themis) has been demonstrated by consid- 
ering the potential-pO 2- diagram relative to redox systems corresponding to these mixtures and been established from 
thermochemical  data. The importance of fixing the pO 2- value with a buffer has been clarified. The couple H20(g)/ 
OH-,  whose acid-base constant was previously determined, appears as the most efficient for this purpose. The 
potential-pO 2- diagram could be set up experimentally by studying the disproportionation of nitrite ion into nitrate and 
nitrogen monoxide and by determining the standard potential of the electrochemical system NO3-/NO2- by means of 
potentiometric measurements  with a platinum electrode and with an yttria-stabilized zirconia membrane electrode indi- 
cator of pO 2-. This diagram has allowed us to specify, as a function of temperature, the boundary values of pO 2- which 
should not be gone beyond in order to avoid the decomposition of the mixtures as a result of the nitrite disproportiona- 
tion. 

Molten alkali nitrate-nitrite mixtures are known for 
their high heat capacities and their low melting points, 
which have led to their use as heat-transfer fluids at tem- 
peratures not greater than 723 K. The use of the mixture 
called HITEC [KNO~53-NaNO240-NaNO37 weight percent 
(w/o)] in the French electrosolar power system Themis, 
built by Electricit6 de France, makes necessary that this 
l iquid can circulate in a thermal loop where the extreme 
working temperatures are 523 and 773 K. In view of this 
use, we have decided to study the chemical factors in- 
fluencing the thermal stability of molten NaNO~-NaNO2 
mixtures. 

The thermochemical  decomposit ion of nitrates (1, 2) 
and nitrites (3-5) has been the subject of many studies, 
but the authors do not agree about the reactions which 
take place. It seems, nevertheless, well established that 
decomposit ion is accompanied by the release of nitrogen, 
nitrogen oxides, and oxygen, with the production of al- 
kali oxide. Because of the complexity of these reactions, 
we have undertaken a preliminary study based on the ex- 
isting thermochemical  data (6). Reactions in these media 
put  into play the redox systems of nitrogen which depend 
on the oxide anion activity. So, the results have been ex- 
pressed in the form of a potential-(oxo)acidity diagram. 
This sort of presentation has already been used for alkali 
nitrates and for alkali nitrites by Conte and Casiado (7), 
Marchiado and Arvia (8), and by Haan and Van Der Por- 
ten (9), but not for their mixtures. 

The calculated diagram has subsequently been speci- 
fied by experimental  determinations, and the results ob- 
tained have. finally permitted the definition of the condi- 
tions which would be favorable to the thermochemical  
stability of the heat-transfer fluid. 

We present here a part of our investigation concerning 
the effect of acidity, in studying especially the sodium 
nitrate-sodium nitrite-nitrogen monoxide systems. 

Concentration units used for mixtures.--The alkali 
nitrate-nitrite mixtures have been shown to behave ide- 
ally (10). So, the activities of their components can be ex- 
pressed by their mole fractions N(NO3-) and N(NO2-). 
The concentrations m of the dissolved (and consequently 
solvated) species, other than the "solvent" ones, are given 
in the molality scale. In particular, the acidity of the me- 
dium is defined by pO ~- = - log m(O ~-) (11). The partial 
pressures of gases are in atmospheres. 

Experimental Section 
Technical 

Products preparation of melts and apparatus.--After 
drying at 423 K, sodium nitrate and nitrite (Merck) were 

*Electrochemical Society Active Member. 

mixed in the desired proportions. Dehydration of the 
mixtures was carried out by a progressive raising of the 
temperature and by maintaining for 4h at work tempera- 
ture while bubbling dry nitrogen. The other products 
used were sodium carbonate dried at 1273 K, sodium hy- 
droxide without any previous treatment (pure products 
for analysis PROLABO), and nitrogen monoxide  (99% 
pure) supplied by COOP-LABO. 

For each experiment,  100g of the nitrate-nitrite mixture 
thus prepared were introduced into a cylindrical plati- 
num crucible. Platinum was chosen in order to avoid the 
effect of silica as an acid (12-14). The platinum crucible 
was itself contained in a Pyrex glass cell. The tempera- 
ture was maintained at the desired value 693, 743, or 
793 K at -+1 by means of an oven thermoregulate d by a 
Digitop (Chauvin-Arnoux) coupled to a Teledyne (Teke- 
lec-Airtronic) relay. 

Alumina tubes (reference number: A1 23) from Desmar- 
quest were used for the different fluids and for the ther- 
mocouples. Partial pressures of water vapor were 
imposed above the melt by saturators at fixed tempera- 
ture. The EMF's were recorded with the help of a voltme- 
ter Tacussel Aries 20000 and a Sefram recorder (Servo- 
fram type). 

Reference electrode.--The reference electrode used was 
made up of a silver wire (C.M.P.) dipped into a 0.057 mol 
kg -1 AgNO3 solution in (Na-K)NO3 eutectic contained in a 
Pyrex glass tube. All potentials are given in volts vs. th is  
reference electrode (whatever the NaNO3-NaNO2 mixture 
used). 

Platinum working electrode.--The indicator electrode 
used was made from 1 mm diam platinum rod supplied 
by Johnson-Matthey. 

Acidity buffer.--Previous works (15, 16) have shown 
that acidity can be adjusted by using the buffer effect of 
H20(g)/OH- mixtures. As a matter of fact, if we add to the 
melt a quantity mo of sodium hydroxide (per kilogram of 
molten mixture), the respective molalities of free 02- and 
remaining OH-  are linked by the equil ibrium 

2 OH-  ~ H~O(g) + 02- [la] 

the constant K, of which is given as a function of temper- 
ature (and whatever the compositions of NaNQ-NaNO2 
mixtures may be) in Table I. The acidity level (pO '2-) 
fixed by a given H20(g)/OH- mixture is so deduced from 
the expression 

P(H20) 
pO2-(at r> = - log Kl(at T) "~- log m(OH_)-------- 2 [lb] 

pO 2- measurements (description of the indicator elec- 
trode used).--In order to measure pO 2- in alkali nitrates, 
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Table I. Constants KI of chemical equilibria 

pK~ = A + BIOOOIT 
Equilibrium Mass action law expressions A B 

(1) 2 O H -  = H 2 0 ( g )  + O 2- 
(2) 3NO2- = NO3- + 2NO(g) + O 2- 

K~ = P(H~O)m(O2-)m(OH-) -2 
K2 = P(NO) 2 m(O 2-) N(NO3-) N(NO~ -)-3 

- 4.80 5.48 
-15.8 15.75 

it has been shown (17) that an electrode with an oxide ion 
selective membrane is preferable to an oxygen electrode. 
A calcia-stabilized zirconia membrane electrode with a 
solid inner filling used for the first t ime by Eichler et al. 
(18) and by Tremillon et al. (19) in molten alkali chlorides, 
works quite well at temperatures above 873 K, but its 
potentiometric response becomes slow (equilibrium po- 
tential reached with difficulty) at lower temperatures. 
Flinn and Stern (17) for molten alkali nitrates, and Picard 
et al. (20-22) for molten alkali chlorides, have, therefore, 
preferred to employ a membrane  of yttria-stabilized zirco- 
nia, which is twice more conductive, and a liquid inner 
filling. Such a device does not present the same prob- 
lems as mentioned above. The galvanic chain set up to 
measure pO ~- is described below 

(Na-K)NO3 
Ag Ag~(m = 0.057) 

O2-(fixed m) 

(The yttria-stabilized zirconia is 
Desmarquest:  ZFYE tube.) 

The EMF of this cell has the theoretical expression 

2.3RT 
E = E ~ + ~ -  pO 2- 

Cal ibra t ion .~ In  order to verify the potentiometric re- 
sponse of the yttria-stabilized zirconia membrane elec- 
trode (YSZME) and to make its calibration, we have used 
sodium hydroxide. When the partial pressure of water is 
made sufficiently low, the dissociation of OH-  according 
to equilibrium [la] can be considered as practically total, 
and the concentration of O 2- ions is given by 

m(O 2-) = 0.5 mo(OH-) 

We have shown that a partial pressure of H20 less than 
10 -3 atm is convenient for this (15). 

The introduction of oxide ions by dissociation of OH-  
was preferred to the direct addition of sodium oxide be- 
cause this product is generally impure (presence of perox- 
ide and superoxide). 

Acid i t y  f unc t ion . - -Because  of the dependence of K~ 
with temperature, we preferred, in order to analyze the ef- 
fect of acidity on the thermochemical  stability of molten 
nitrate-nitrite mixtures, to use the acidity function log 
[P(H20)/m(OH-)=], the value of which, for a given temper- 
ature, is related to the pO 2- (at T) by the above relation, 
Eq. [lb], and may be obtained, whatever the temperature 
may be, directly from the temperature-independent fac- 
tors water pressure and sodium hydroxide concentration, 
which are experimentally set. This procedure is analo- 
gous to that employed in molten chlorides (23). 

Thanks to the values of constant K~ of equilibrium [la] 
which have been determined (Table I) and which do not 
vary practically with the composition of the mixtures at a 
given temperature (15, 16), it is possible to obtain the cor- 
respondence between this acidity function and pO 2-. 

Disproport ionat ion of  ni tri te ions.--I t  has been ob- 
served that increasing acidity produces the disproportion- 
ation of NO2- into NO3- and nitrogen monoxide, accord- 
ing to the equilibrium 

3NO2- ~ NO~- + 2NO(g) + O ~- [2a] 

characterized by the constant K2, defined by 

K2 = N(NO3-) P(NO) 2 m(O 2-) N(NO2-)-3 [2b] 

This constant has been determined by simply measuring 
with the YSZME the pO 2- imposed by bubbling nitrogen 
monoxide (1 atm) into NaNO3-NaNO2 mixtures of given 
compositions. The results obtained at three different tem- 
peratures verify a straight line variation of pO 2- with the 
ratio N(NO3-)/N(N02-)3 as predicted by Eq. [2b] (see Fig. 
la). The variation of - l o g  K2 with the temperature (Fig. 
lb) has been determined by regression analysis. 

NO3-IN02-  electrochemical sys tem. - -The  melts studied 
contained the two components of the redox couple 

NO3- + 2e- = NO2- + O 2- 

So, the redox potential E of a given melt (i.e., at fixed 

NaNO~-NaNO2 II 
ZrO2- mixture Pyrex 
-Y203 pO 2- to be glass 

measured 

supplied by 

(Na-K)NO~ 
Ag+(m = 0.057) 

Ag 

NO3- and NO2- mole fractions) has to follow the Nernst 
relations 

E = E3 ~ + (k/2) log [N(NO3-)/N(NO2-)] + (M2) pO 2- 

and, consequently, 0nly varies with the activity of oxide 
ion. Then, measurements of the potential of a platinum 
electrode immersed in molten NaNO3-NaNO2 mixtures 
must allow us to determine the standard potential value 
of the NOn-/NO2- redox couple. 

But, while making these determinations, we have to 
take care not to let pO 2- increase beyond the value corre- 
sponding to the disproportionation of nitrite ion accord- 
ing to equilibrium [2a]. This l imi t ing  value of pO ~- de- 
pends on the nitrogen monoxide partial pressure, the 
maximum value of pO 2- being reached for P(NO) = 1 
atm. This limit is represented in Fig. 2 for the three tem- 
peratures considered. We have also plotted on this figure 
the variations of potential vs. pO 2- observed with five 
mixtures of sodium nitrate and sodium nitrite. 

We observe in all cases that the variations of potential 
check very well the Nernst relation [3]. It is thus justified 
to determine the potential of the NO3-/NO2- system at 
pO 2- = 0 by extrapolation. Then by plotting as a function 
of the ratio N(NO3-)/(NO2-), this potential at pO ~- = 0, a 

T,/K 
7?3 743 

........................ I ~  51 -- 

/ , , ~ / o  I @ i 

, 0 - - ' 2  ,3 

Fig. 1. Disproportionation of NO~- into NO3- and NO(g). a: Variation 
of pO 2- (at T) for various NaNO3-NaNO2 mixtures (A: T = 793 K; � 9  T 
= 743 K; • : T = 693 K). b: Variation of the cologarithm of the constant 
K2 corresponding to the disproportionation of NO2- (see text) as a func- 
tion of temperature. 
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Fig. 2. Equilibrium potentials of the N O ~ - / N 0 2 -  electrochemical sys- 
tem in various sodium nitrate-sodium nitrite mixtures far (a) T = 693 K, 
(b) T = 743 K, and (c) T = 793 K. 

Symbol �9 [] �9 0 

N(NO~- )  0.99 0.85 0.50 0.15 0.01 

N(NO~- )  0.01 0.15 0.50 0.85 0.99 

s t r a i g h t  l ine  a g r e e i n g  w i t h  r e l a t i on  [3] is o b t a i n e d  a n d  per-  
mi t s  us  to  d e t e r m i n e  t he  s t a n d a r d  po t en t i a l  of  t h e  NO3-/  
NO2- e l e c t r o c h e m i c a l  sys tem.  T h e  re su l t s  o b t a i n e d  ac- 
c o r d i n g  to th i s  p r o c e d u r e  a t  t he  t h r e e  t e m p e r a t u r e s  h a v e  
led  to t h e  e x p r e s s i o n  of t h e  va r i a t i on  of  t he  NO3-/NO2-  
s t a n d a r d  p o t e n t i a l  as a f u n c t i o n  of t e m p e r a t u r e  g iven  in 
Tab le  II. 

NO~-/NO(g) and NO~-NO(g) electrochemical 
systems.--The s t a n d a r d  po t en t i a l s  E4 ~ a n d  E~ ~ of  t h e  
NO2-/NO(g) a n d  NO3-/NO(g) e l e c t r o c h e m i c a l  s y s t e m s  

NO~- + e -  = NO(g) + O 2- [4] 

NO3-  + 3e -  = NO(g) + 2 0  ~- [5] 

de f i ned  b y  t h e  r e s p e c t i v e  N e r n s t  r e la t ions  

E = E4 ~ + X log [N(NO:-) /P(NO)]  + XpO 2 

E = E5 ~ + (M3) log [N(NO3-)/P(NO)] + (2~/3)pO 2- 

c an  b e  d e t e r m i n e d  b y  c o m b i n i n g  t he  v a l u e  of  K2 (con- 
s t a n t  of  t he  NO~:  d i s p r o p o r t i o n a t i o n  e q u i l i b r i u m )  w i t h  
t h e  v a l u e  of  E~ ~ ( s t a n d a r d  po t en t i a l  of t he  NO~-/NO~- sys- 
tem).  We h a v e  in  fact  

E~ ~ = E~ ~ - (k/2) pK~ 

E~ ~ = (2Es + E~~ 

T h e  va lues  of E~ ~ a n d  E~ ~ are  also g iven  in Tab le  II. 

Discussion 

Chemical and electrochemical properties of NaNO:< 
NaNO~ mixtures at a given temperature.--It is pos s ib l e  to 

0 

.t> 
"5 

4.C 

4.~ 

-2 O .2 4 z 6 
L L l L T ~ 

s I I I 
0 2 4 5 B 10 

po<-_,og Fio2-)] 
Fig. 3. Potential-acidity diagram at 743 K 

s u m m a r i z e  our  e x p e r i m e n t a l  r e su l t s  in  t h e  f o r m  of 
po ten t i a l -pO 2- d i ag rams :  F o r  example ,  we give in  Fig. 3 
t he  d i a g r a m  re la t ive  to t he  e q u i m o l a r  s o d i u m  n i t ra te -  
s o d i u m  n i t r i t e  m i x t u r e  a t  743 K a n d  in  t h e  cases  w h e r e  
t he  n i t r o g e n  m o n o x i d e  p r e s s u r e  is equa l  to 0.1 a n d  1 arm. 
In  th i s  d iag ram,  t he  v a l u e  of  pO 2- c o r r e s p o n d i n g  to the  
d i s p r o p o r t i o n a t i o n  of  n i t r i t e  is g iven  b y  t h e  absc i s s a  of 
t he  i n t e r s e c t i o n  of  t he  s t r a igh t  l ines  c o n n e c t e d  w i t h  the  
s y s t e m s  NO3-/NO2-,  NO3-/NO(g),  a n d  NOn-/NO(g).  This  
i n t e r s e c t i o n  is de s igna t ed ,  in  t h e  fo]lowing,  as t h e  "n i t r i t e  
d i s p r o p o r t i o n a t i o n  cha rac t e r i s t i c  po in t . "  Fo r  example ,  in  
t he  case  of  t he  e q u i m o l a r  mix tu re ,  th i s  cha rac t e r i s t i c  
p o i n t  is r e p r e s e n t e d  b y  t h e  l e t t e r  A for  P(NO) = 0.1 a tm,  
a n d  b y  B for  P(NO) = 1 a tm.  

So, we  can  as se r t  t h a t  a m o l t e n  NaNO3-NaNO2 m i x t u r e  
k e e p s  i ts  c o m p o s i t i o n  on ly  i f  t he  pO 2- v a l u e  r e m a i n s  less 
t h a n  t he  va lue  of  t h e  n i t r i t e  d i s p r o p o r t i o n a t i o n  cha rac te r -  
is t ic  poin t .  

Bes ide s  t he  d i s p r o p o r t i o n a t i o n  of ni t r i te ,  w h i c h  is 
largely  r e s p o n s i b l e  for  t he  t h e r m a l  i n s t ab i l i t y  of  NaNO3- 
NaNO2 m i x t u r e s ,  a n o t h e r  e q u i l i b r i u m  p lays  a n  i m p o r t a n t  
role: t h e  d e c o m p o s i t i o n  of  n i t r a t e  in to  n i t r i t e  a n d  o x y g e n  
a c c o r d i n g  to t h e  e q u i l i b r i u m  

1 
NO3- = NO2-  + - ~  O2(g) [6] 

So, i f  we w i s h  to e x p l a i n  in  a c o m p l e t e  m a n n e r  t he  sta- 
b i l i ty  of  NaNO3-NaNO2 m i x t u r e s ,  we h a v e  to t ake  in to  ac- 
c o u n t  th i s  equ i l i b r ium,  t he  c o n s t a n t  of  w h i c h  is de f ined  
b y  

K6 = P(O~) ~ N(N02-) N(NO3-) -1 

Seve ra l  va lues  of  K~ are  f o u n d  in  t he  l i t e r a tu re  (24-26). We 
h a v e  c o n s i d e r e d  t he  va lue  g i v e n  by  S i ro tk in  (24) w h i c h  is 
re la t ive  to t he  d e c o m p o s i t i o n  of  NaNO3, a v a l u e  w h i c h  is 
ve ry  c lose  to t h a t  g i v e n  b y  P a n i c c i a  a n d  Z a m b o n i n  for  
(Na, K)NO3 (26). The  v a r i a t i o n  of t he  c o l o g a r i t h m  of K6 as 
a f u n c t i o n  of  t e m p e r a t u r e  is g i v e n  in  Tab]e  III.  

F i g u r e  4 r e p r e s e n t s  a compos i t i on -ac id i t y  d i a g r a m  
w h i c h  gives  t he  v a r i a t i o n  of  c o m p o s i t i o n  of  t h e  NaNO3- 

Table II. Redox equilibria and standard potentials Ei ~ (X = 2.3RT/F) 

Electrochemical systems 

E~ ~  10-3T 

Equilibrium potentials A B 

(3) NO:z- + 2e- = NO~- + O ~- 

(4) NO~- + e-  : NO(g) + 02- 

(5) NO3- + 3 e -  = N O ( g ) + 2 0 2 -  

X N(NO3-) X 
�9 + ~ P O2- E = E., ~ + ~- log N(NO2-) 

N(NO2 -) 
E = E4  ~ + k log + k • O  2 -  

P(NO) 

k N(NO:~-) 2X 
E = E s  ~  P(NO) + 3 - p O 2 -  

-1.317 0.50 

-2.887 2.08 

- 1.840 1.03 
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Table III. Constants K i of chemical equilibria 

Equilibrium Mass action law expressions 

pK~ = A + BIOOO/T 
A B 

(6) NO:~- = NO~- + ~/~ O2(g) 
(7) 2NO2- = 2NO(g) + Ve O~(g) + O '~- 
(8) 2NO~- = 2NO(g) + 3/20~(g) + O 2- 
(9) NO(g) + ~/~ O2(g) = NO2(g) 

(I0) 2NO~- + V~ O~(g) = 2NO2(g) + O ~- 
(11) 2NO~- = 2NO~(g) + V2 O2(g) + O =- 
(12) 3NO~(g) + O =- = 2 N Q -  + NO(g) 

K6 = P(O2) ~ N(NO2-)N(NO3-) -~ 
K7 = P(O2) ~ P(NO) ~ m(O 2-) N(NO2-) -2 
Ks = m(O 2-) P(NO) = P(O2) ~'5 N(NO,~-) -2 
K9 = P(NO2) P(NO) -~ P(O2) -~ 
K j0 = P(NO.~) = m(O ~-) P(O2) -~ N(NO2-) -'~ 
KH = m(O 2-) P(NO=) ~ P(O2) ~ N(NOz-) -2 
Kr~ = N(NO~-) ~" P(NO) P(NO2) -~ m(O=-) - '  

- 5.47 5.88 
-21.4 21.6 
-32.3 33.4 

3.99 -3.06 
-13.4 15.5 
-24.3 27.3 

20.3 -24.2 

NaNO2 m i x t u r e s  [by the  l o g a r i t h m  of  N(NO2-)] vs. pO ~- at  
T = 743 K. I t  was  e s t a b l i s h e d  f r o m  t he  c o n s t a n t  Ks of  t he  
d i s p r o p o r t i o n a t i o n  of n i t r i t e  ion  (Eq. [2b]). 

Pa r t i a l  p r e s s u r e s  of  o x y g e n  were  d e d u c e d  f rom the  con- 
s t a n t  K6 of e q u i l i b r i u m  [6]. F r o m  this  d iag ram,  i t  is possi-  
b le  to ob ta in  t he  c o n d i t i o n s  for  w h i c h  a g i v e n  m i x t u r e  is 
s t ab le  u n d e r  a to ta l  p r e s s u r e  of  1 arm. T o w a r d  t h e  low 
va lues  of N(NO2-) (n i t ra te - r ich  mix tu res ) ,  t he  l imi t ing  
c o m p o s i t i o n ,  due  to t he  d e c o m p o s i t i o n  of  n i t r a t e  ion,  is 
g iven  by  Eq. [6] w h e r e  P(O2) is equa l  to 1 a tm.  Fo r  h i g h  
va lues  of  N(NO2-), t he  l imi t a t ion  occurs  f r o m  the  
d i s p r o p o r t i o n a t i o n  of  n i t r i t e  ion  in to  n i t r a t e  a n d  n i t r o g e n  
m o n o x i d e  w h i c h  t akes  p lace  in acidic  media .  T h e  l imi t ing  
va lues  (as a f u n c t i o n  of  pO 2-) are  g iven  by  P(NO) = 1 a tm.  

We can  no t i ce  t h a t  t h e  ac id i ty  r a n g e  d e p e n d s  on  t he  
c o m p o s i t i o n  of  t he  m i x t u r e  cons ide red .  Fo r  example ,  t he  
n i t r a t e  r i c h e r  m i x t u r e s  a l low one  to o b t a i n  t h e  m o r e  
acidic  (and  ox idan t )  med ia ;  o n  t he  con t ra ry ,  t he  n i t r i t e  
r i che r  m i x t u r e s  h a v e  w e a k  ac id i ty  ranges .  

We can  also o b s e r v e  in  Fig. 4 t h a t  NO(g) acts  as a n  ac id  
in  a g iven  m o l t e n  NaNO3-NaNO2 mix tu re ,  b e c a u s e  w h e n  
the  par t ia l  p r e s s u r e  of  NO(g) increases ,  t h e  pO 2- v a l u e  in- 
creases .  Fo r  example ,  in  t he  case  of  t he  e q u i m o l a r  mix-  
ture ,  i t  is pos s ib l e  to w i n  two  u n i t s  of  pO 2- b y  i n c r e a s i n g  
P(NO) f r o m  0.1 to 1 a t m  (poin ts  A a n d  B). 

The  ac id ic  p r o p e r t i e s  of NO(g) c o r r e s p o n d  to t he  follow- 
ing  equ i l ib r i a  

2NO2- ~- 2NO(g) + 0.50~(g) + 0 5 -  [7] 

2NO~- ~ 2NO(g) + 1.5 O2(g) + 0 5 -  [8] 

b e c a u s e  in  n i t r a t e -n i t r i t e  m ix tu re s ,  P(O2) is f ixed by  t he  
e q u i l i b r i u m  [6] of  t he  d e c o m p o s i t i o n  of  n i t r a t e  ion. Fo r  
p u r e  NaNO2 (Eq. [7]) or p u r e  NaNO3 (Eq. [8]), t h e  ac id i ty  is 
f ixed b y  a NO(g) + O2(g) gaseous  m i x t u r e  of g i v e n  com- 
pos i t ion .  

I f  par t ia l  p r e s s u r e s  of NO(g) a n d  O2(g) are  fixed, t he  
par t i a l  p r e s s u r e  of  NO2(g) is also f ixed t h r o u g h  t he  equi-  
l i b r i u m  

NO(g) + 0.5 O2(g) ~ NO2(g) [9] 

a n d  t he  p r e c e d i n g  equ i l ib r i a  [7] a n d  [8] can  be, respec= 
t ively,  r e w r i t t e n  

0 
z 

pure NaNO 2 0 

l - ~ l l / l l / l l l / / l l l / l l l l / l l l l l / / I / l l / ,  

_mp_ ~o:~_ )__-mp~_(o_.o_ tL / 

o 5 

I~ [ P (H20)/m(OH-) 2] 

/ I / / / / / 1 1 / ,  0 ~'~ 

I 

lO 15 
pO2'-(ot 743 K) 

Fig. 4. Composition-acidity diagram at 743 K 

2NO2- + 0.5 O2(g) ~- 2NO2(g) + 0 5 .  [10] 

2 N Q -  ~ 2NO2(g) + 0.5 O2(g) + 0 5 .  [11] 

This  las t  equ i l i b r ium,  wel l  k n o w n  in m o l t e n  alkal i  ni- 
t rate ,  shows  t h a t  ac id i ty  c an  b e  ad ju s t ed  b y  u s i n g  NO2(g) 
+ O2(g) gaseous  mix tu res .  In  par t icu lar ,  th i s  fact  was  u s e d  
r e c e n t l y  b y  Drhtovsk:~ a n d  HavliCek for  o b t a i n i n g  a quali-  
t a t ive  ac id i ty  scale  in  m o l t e n  (Na, K)NO3 at  533 K (27), a n d  
b y  P l u m a t  et al. for  e s t a b l i s h i n g  a po ten t i a l - ac id i ty  dia- 
g r a m  in  m o l t e n  (Na, K)NO3 at  748 K (28). As a conse-  
q u e n c e ,  i f  we m a i n t a i n  a t  a w e a k  va lue  (10-3 or  10-2 a tm,  
for  example )  t h e  par t i a l  p r e s s u r e  of NO(g) by  m e a n s  of  
b u b b l i n g  argon,  we  see  t h a t  i t  was  no t  pos s ib l e  to mod i fy  
ac id i ty  w i t h o u t  m o d i f y i n g  t he  c o m p o s i t i o n  of  t he  mix-  
ture .  We can  also r e m a r k  t h a t  i t  is i m p o s s i b l e  to  r e a c h  me-  
dia  m o r e  acidic  t h a n  pO 2- = 6 (poin t  B) for  t h e  e q u i m o l a r  
m i x t u r e  a n d  P(NO) = 1 a t m  w i t h o u t  an  i n c r e a s e  of  t he  ni- 
t r a t e  ra t io  by  d i s p r o p o r t i o n a t i o n  of  ni t r i te .  (The  c o n s t a n t s  
of t he  equ i l ib r i a  [7]-[11] we re  ca lcu la ted  f rom t h e  con-  
s t an t s  Ks a n d  KG a n d  f rom the  l i t e ra tu re  t h e r m o d y n a m i c  
da ta  (6); t hey  are  g iven  in  Tab le  III.) 

Influence of  temperature  (and acidi ty)  on the stabil i ty  
o f  NaNO~-NaN02 m i x t u r e s . - - T h e  i n f luence  of  t e m p e r a -  
t u r e  on  t he  s tab i l i ty  of s o d i u m  n i t r a t e -n i t r i t e  m i x t u r e s  of  
va r ious  pO 2- m a y  be  speci f ied  b y  e s t a b l i s h i n g  the  
po ten t i a l - ac id i ty  d i a g r a m s  of  t h e s e  m i x t u r e s  as a f u n c t i o n  
of  t e m p e r a t u r e .  

To o b t a i n  the  s tab i l i ty  d o m a i n s  of va r ious  m o l t e n  so- 
d i u m  n i t r a t e -n i t r i t e  m i x t u r e s ,  we  sha l l  c o n v e n t i o n a l l y  
c o n s i d e r  in  t he  fo l lowing  t h a t  n i t r a t e  or n i t r i t e  are  "quas i -  
p u r e "  if, respec t ive ly ,  t h e y  do no t  c o n t a i n  a p r o p o r t i o n  
h i g h e r  t h a n  1 mo le  p e r c e n t  (m/o) of  n i t r i t e  or n i t ra te .  
Then ,  we  can  d i s t i n g u i s h  at  a g iven  t e m p e r a t u r e  (see, for  
example ,  Fig. 5, T = 580 K) t h r e e  c o m p o s i t i o n  zones:  
t h o s e  of  quas i -pu re  n i t r a t e  a n d  quas i -pu re  ni t r i te ,  a n d  t h a t  
of  t he  NaNO3-NaNO2 m i x t u r e s .  The  po ten t i a l - ac id i ty  zone  
w h i c h  is access ib le  in  q u a s i - p u r e  NaNO3 is l im i t ed  for 
h i g h  p o t e n t i a l  va lues  b y  t he  o x i d a t i o n  of  0 5 -  in to  o x y g e n  
(see Tab le  IV) at  a p r e s s u r e  of 1 a t m  ( l ine a), a n d  for low 
po t en t i a l  Values, e i t he r  b y  t he  r e d u c t i o n  of  NO3- ions  in to  
NO2- ions  ( l ine f) in  t he  w e a k  ac id i t ies  r a n g e  or b y  t h e  re- 
d u c t i o n  of  NO3-  in to  n i t r o g e n  m o n o x i d e  in  t h e  h i g h  
acidi t ies  r a n g e  (l ine c), or e v e n  b y  t he  r e d u c t i o n  of  NO3-  
ions  in to  NO2(g) for  ve ry  h i g h  ac id i ty  media .  T h e  charac-  
ter is t ic  p o i n t s  of  th i s  zone  are thus ,  o n  t h e  one  h a n d ,  t he  
r e d u c t i o n  of  NO3-  b y  NO(g) for  ve ry  h i g h  ac idi t ies  ( inter-  
s ec t ion  of  l ines  b a n d  c) a c c o r d i n g  to t h e  r eac t ion  

2NO3- + NO(g) --> 3NO2(g) + 0 2 -  

and,  on  t he  o the r  h a n d ,  t h e  d e c o m p o s i t i o n  of  n i t r a t e  in to  
n i t r o g e n  d iox ide  a n d  o x y g e n  ( in te r sec t ion  of  l ines  a a n d  
b) a c c o r d i n g  to 

2 N O 3 - ~ 2 N O 2 ( g ) +  1 O 2 ( g ) + O  ~- 
2 

The  po ten t i a l - ac id i ty  zone  w h i c h  is a cces s ib l e  w i t h  t he  
NaNO3-NaNO2 m i x t u r e s  w h o s e  c o m p o s i t i o n s  are  com- 
p r i s ed  b e t w e e n  0.99-0.01 a n d  0.01-0.99 m/o is l im i t ed  for 
h i g h  po t en t i a l  va lues  b y  t h e  l ine  c o r r e s p o n d i n g  to the  
0.99-0.01 m i x t u r e  (l ine f), a n d  for  low p o t e n t i a l  va lues  by  
t h e  l ine  re la t ive  to t he  0.01-0.99 m i x t u r e  ( l ine h). F o r  h i g h  
ac id i ty  values ,  th i s  a rea  is l im i t ed  by  t he  d i sp ropo r t i ona -  
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Fig. 5. Exper imental ly  accessible potent ia l -acidi ty  domains in molten 
N a N O 3 - N a N O 2  mixtures as a function of temperature .  

tion of NO2- into NO3- and NO(g) according to the equi- 
l ibrium [2a] (line d). 

At last, the potential-acidity area accessible in quasi- 
pure NaNO~ is limited for high potential values by the ox- 
idation of NO~- into NO~- (line h), and for low potential 
values, by the reduction of NO2- into nitrogen monoxide  
(line e). A characteristic point of this area is the intersec- 
tion of lines e and h, which correspond to the beginning 
of the disproportionation of NO~- ions into NO3- and 
NO(g). 

The whole of these three areas constitutes the accessi- 
ble thermodynamical  stability (potential-acidity) domain 
of all the NaNO3-NaNO~ mixtures of every composition. 

Yet at low temperatures, this domain may be limited by 
the melting points of pure salts or of their mixtures. 
Therefore, at 523 K (for which NaNO~ and NaNO2 are in 
the solid state), only the mixtures of average composi- 
tions included in the range 20 and 65 m/o NaNO~ are 
melted and so can be used. At 544 K [melting point of 
pure NaNO2 (29)], NaNO~ and its mixtures with NaNO3 till 
a composit ion of 78 w/o NaNO3 can be used. At last, at T 
> 580 K [melting point of pure NaNO3 (29)], the two pure 
salts and all their mixtures can be used. 

When temperature increases, we can notice in Fig. 5 (i) 
an important decrease of the potential-acidity area acces- 
sible in molten NaNO3, which corresponds to a more im- 
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Table IV. Redox equilibria and standard potentials E~ = 2.3 RT/F) 

Apri l  1985 

Electrochemical systems 

E ~  = A + B �9 lO-3T 

Equilibrium potentials A B 

(13) O2(g) + 4e- = 2 02- 

(14) NO3- + e- = NO2(g)+ 02- 

(15) NO2(g) + 2e- = NO(g) + 02- 

h 
E = E~ + -u log P(O2) + -~ pO 2- -0.731 -0.045 

N(NO3-) 
E = E~ + ~ log - -  § kpO 2- -3.453 2.38 

P(NO2) 

P(NO2) X 
+ - -  pO 2- -1.036 0.353 E = E~ + ~- log P(NO) 2 

portant decomposition of NO3- ions into NO2- ions and 
oxygen (line a draws nearer to line f), a disappearance of 
the decomposition, for high acidity media, of NO3- into 
NO2(g) and O2(g) (reactions which do not take place at T > 
766 K) and also a progressive decrease of the acidity range 
in which NO3- ions can be reduced into NO(g). Contrary 
to the preceding area, we observe (ii) that those corre- 
sponding to the quasi-pure nitrite and to the NaNO3 + 
NaNO2 mixtures stay noticeable whatever the tempera- 
ture may be. At last, (iii) the acidity global area which 
may be accessible highly decreases with the temperature: 
the value of the acidity function relative to the more 
acidic media which can be reached goes from 18.1 (which 
corresponds to pO 2- = 22.8 at 580 K) to 8.6 (pO 2- = 10.9 at 
773 K). 

These types of diagrams are important in determining 
the experimental  conditions necessary for obtaining a 
maximum stability of a NaNO3-NaNO2 mixture of given 
composition. See, for example, the equimolar mixture 
which is always molten in the temperature range of 
523-773 K. The higher acidity value which can be reached 
(intersection of lines g and d) under a nitrogen monoxide 
pressure equal to 1 atm varies from 9.2 (pO 2- = 14.9) at 
523 K to 2.9 (pO 2- = 5.2) at 773 K. From this observation, 
we can easily deduce that the equimolar mixture is stable 
between 523 and 773 K if we maintain the cologarithm of 
P(H20)/m(OH-) 2 at a value less than 2.9. 

Conclusion 
The influence of pO 2- and temperature on the decom- 

position of molten sodium nitrite-sodium nitrate mixtures 
has been studied. In particular, we have specified the 
influence and the part played by the mixture 's  composi- 
tion, and the partial pressures of nitrogen monoxide and 
water. 

At the present time, this research is being completed by 
studying the stability of the mixtures in basic media, in 
which peroxide and superoxide ions can appear as it has 
been shown in particular by Zambonin and Jordan for 
low temperature melts (30). 
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Technical Note Q 
Passive Zinc Electrodes: Application of the Effective Medium 

Theory 
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Zinc  has  found  i m p o r t a n t  appl icat ions  as an e lec t rode  
mater ia l  in batteries.  T h e  proper t ies  of zinc are the  sub- 
j ec t  of  numerous  studies.  C o m p r e h e n s i v e  rev iews  have  
been  pub l i shed  (1-3), and m a n y  useful  references  to re- 
cent  l i tera ture  may  also be found  in Refi (4). 

U n d e r  anodic  bias, zinc e lect rodes  pass iva te  wi th  for- 
mat ion  of  zinc ox ide  layers (4-6). The m e c h a n i s m  of for- 
ma t ion  of these  layers in alkal ine solut ions is by a 
so lu t ion-prec ip i ta t ion  path. This  resul ts  in a wide  mor- 
phologica l  variety,  d e p e n d i n g  on the  g rowth  environ-  
mea t .  Basically,  the  pass ive  layers were  descr ibed  in 
t e rms  of a dup lex  s t ruc ture  wi th  a th in  c o m p a c t  compo-  
nen t  benea th  a porous  one. Our aim is to character ize  t h e  
pass ive  zinc e lec t rode  by i m p e d a n c e  measurement s .  A_I: 
t h o u g h  m a n y  s tudies  us ing  i m p e d a n c e  t e chn iques  were  
carr ied out  for zinc e lec t rodes ,  mos t  of  t h e m  invo lved  the  
act ive  r eg ime  (7, 8). 

Dur ing  the  g rowth  of  ox ide  layers at the  surface of zinc 
electrodes,  e lec t ro lyte  solut ion is also imbedded .  The  di- 
e lectr ic  proper t ies  of  the  resul t ing  layer are  no t  a l inear  
combina t i on  of  the  dielectr ic  character is t ics  of  the  com- 
ponen ts  (i.e., oxide  and solution), but  cross- term effects 
appear  as wel l  (9). One of  the  ways of descr ib ing  the  di- 
e lectr ic  behav ior  of  compos i tes  is the  effect ive  m e d i u m  
app rox ima t ion  (10, 11). A m o n g  the  mos t  used  forms of 
this app rox ima t ion  are: the  Maxwel l -Garnet t ,  Brugge-  
man,  and the  self-similar  or differential  forms.  The  
Maxwel l -Garne t t  app rox ima t ion  for a t w o - c o m p o n e n t  
sys tem is val id  w h e n e v e r  a dis t inct ion m a y  be m a d e  be- 
t w e e n  a "hos t "  and a "gues t "  c o m p o n e n t  in the  compos i t e  
material .  This  l imi ta t ion  is no t  p resen t  in the  B r u g g e m a n  
vers ion,  wh ich  applies  for spher ical  inc lus ions  in a homo-  
geneous  m e d i u m  consis t ing  f rom the  two components .  
The  re f inement  of  this la t ter  approximat ion ,  the  self- 
s imilar  or different ial  effect ive  m e d u m  theory,  a l lows for 
any fo rm of inc lus ions  in med ia  in wh ich  the  conduc t ive  
phase  remains  i n t e r connec ted  for any ratio of  the  
componen t s .  

The  p re sen t  note  i l lustrates  the  appl ica t ion of the  effec- 
t ive  m e d i u m  app rox ima t ion  in its different ial  fo rm to 
e lec t ro lyt ica l ly  g rown  zinc oxide  layers. 

Zinc  oxide  layers were  g rown  on pol i shed  surfaces of 
ver t ica l  e lect rodes  (area 0.08 cm2), unde r  v igorous  stirring, 
in 5M K O H  solut ions  e lec t ro lyt ica l ly  sa tura ted  wi th  zinc 
species.  I m p e d a n c e  m e a s u r e m e n t s  were  p e r f o r m e d  ac- 
cord ing  to the  m e t h o d  descr ibed  in Ref. (12) in the  same 
solut ion in which  the  oxide  layers were  grown.  The  
changes  in the  film character is t ics  dur ing  the  measure-  
men t s  were  min ima l  f rom the  po in t  of  v i ew of the  imped-  
ance,  as a t tes ted  by the  fact  that  two success ive  measure-  
men t s  resu l ted  in a lmos t  ident ical  values.  

The  fo rm of the  effect ive m e d i u m  app rox ima t ion  we 
used  was  deve loped  for sed imen ta ry  rocks  (9, 10, 13). In  
its c losed form,  for a compos i te  consis t ing  of  a porous  in- 
sulator  sa tura ted  wi th  e lec t ro lyte  solution,  it reads 

p - - -  [ 1 ]  

e w - -  E d 
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where  P is the  porosi ty,  e, ew, ~ are the  c o m p l e x  dielectr ic  
constants  of the  composi te ,  solution,  and insulator ,  re- 
spect ively,  and 0 < m < 1 is a screening  factor  (depolariza- 
t ion factor) d e p e n d e n t  on the  shape of  the  grains in the  
compos i t e  (10, 11). 

The  c o m p l e x  dielectr ic  cons tant  for the  low f r equency  
reg ime  (f < 107 Hz) may  be wr i t t en  as 

= k - i(47r~/c0) = lel exp  iO [2] 

where  k is the  dielectr ic  constant ,  i the  square  root  of  -1 ,  
the  conduct ivi ty ,  and o~ the  angular  velocity.  

In t roduc ing  Eq. [2] in [1] for the  insula tor  and solut ion re- 
sults, after some  manipula t ion ,  in the  va lues  of  lel and O of 
the  composi te ,  as a func t ion  of  the  dielectr ic  characteris-  
t ics of  the  componen t s  and  two  parameters ,  the  depolar i-  
zat ion factor,  and the  porosi ty.  

On the  o ther  hand,  the  f r equency -dependen t  imped-  
ance  m a y  be  expressed  as 

Z = R + i X  = i//(SAtoe) [3] 

whe re  l is the  thickness ,  8 is the  roughness  factor,  and A 
the  area of  the  sample  of  mater ia l  unde r  cons idera t ion  (l 
is paral le l  to the electric field). 

Thus the  imaginary  and real parts of the  i m p e d a n c e  will  
have  the  form 

X = -(1/SAgo) Re(l/e) = -(l/SAoJ) cos O/le ] [4] 

and 

R = -(1/SA@ Im(1/e) = (l/SAoJ) sin O/]e] [4'] 

respect ively .  
The  diss ipat ion s p e c t r u m  of the  i m p e d a n c e  will  be  de- 

penden t  on the  geomet r ic  factors of  the  sample,  the  di- 
electr ic  character is t ics  of the  components ,  their  ratio, and 
the  micros t ruc ture .  

In  Fig. 1, the  expe r imen ta l  results  ob ta ined  for the  im- 
pedance  of  a zinc ox ide  layer  anodical ly  g rown  are com- 
pared  wi th  values  p red ic ted  by the  relat ions [4] and [4']. 
The  measu red  values  of  the  i m p e d a n c e  sugges t  that  they  
are character is t ic  for the  thin,  compac t  layer  of the  du- 
plex.  S o m e  of the  paramete rs  used  were  t aken  f rom t h e  
l i tera ture  as: kw = 70 (10), kd = 8.5 (14), ~w = 0.500 (Yt cm) -1 
(1). 1 The  ad jus tab le  pa ramete r s  are: the  th ickness  to rough- 
ness  ratio I/8 (one parameter) ,  the  conduc t iv i ty  of zinc ox- 
ide crd (depending  on the  nons to ich iomet ry  of the  
anodical ly  fo rmed  zinc oxide),  the  poros i ty  P, and the  de- 
polar izat ion factor  m. The  adjus table  parameters  were  fit 
by  least  mean  squares  fitting for nonl inear  models .  Fit- 
t ing was pe r fo rmed  only for the  imaginary  part  of  the  im- 
pedance  (Fig. la). As a check  for the  cons i s tency  of  the  
model ,  the  values  ob ta ined  for the paramete rs  were  fed 
into the  express ion  for the  real part  of the  i m p e d a n c e  (to 
which  60~, r ep resen t ing  the  solut ion resistance,  were  

' It is true that hydrous oxides often act like ion-exchange ma- 
terials, so there is every reason to expect that the conductivity of 
the solution in the film may be different than the conductivity 
in the bulk of the solution. Nevertheless, the exchange of o n e  
ion for another is not expected to alter the conductivity sig- 
nificantly enough to affect the results. 
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Fig. 1. Comparison between the experimental (0 )  and the predicted 
(0 )  values of the impedance vs. frequency for a passive zinc electrode, a: 
Imaginary part. b: real part of the impedance. 

added) and the results were compared with the experi- 
mental data (Fig. lb). 

The fit of the results in Fig. 1, resulted in the following 
set of parameters; porosity of 27.6%, depolarization factor 
of 0.44, conductivity of zinc oxide of 1.36 • 10-~1 (~ cm)-l, 
and thickness to roughness ratio of 0.8 • 10 -8 cm. There 
is not much to say about the value obtained for the poros- 
ity, except that it is a credible figure. Work is under  way 
focusing on its evolution as a function of the experimen- 
tal conditions of growth of the oxide. The value obtained 
for the depolarization factor is indicative of particles 
shaped as prolate ellipsoids [m = 0 for needles, 1/3 for 
spheres, 1/2-for cylinders, and 1 for plates (10)]. Neverthe- 
less, the value of m cannot be taken literally. Two 
hypotheses are involved: one is the isotropy of the dielec- 
tric constant, and the other is the parallelism of the axes 
of grains. In the case of electrolytic growth, the latter hy- 
pothesis is reasonable (6), while the first has to be consid- 
ered with caution. From the value of o-d an estimate of the 
free carrier concentration in zinc oxide of ca. 106 cm -3 is 
obtained, compared with ca. 10-" cm -3 for pure zinc ox- 
ide (15) [data from Ref. (16) have been considered]. This is 
consistent with the coloration of the passivating layers, 
observed during our experiment and in the literature, 
which has been assigned to an excess of zinc atoms (5, 6). 
The apparently small value obtained for the thickness-to- 
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roughness ratio is deemed reasonable if the high rough- 
ness of a surface formed by a solution-precipitation mech- 
anism and the fact that true passivation is due to a very 
thin layer are taken into account (4-6). Work for the eluci- 
dation of this point is currently in progress. 

In  conclusion, we found that the effective medium ap- 
proximation is applicable to electrolytically grown zinc 
oxide layers. Since many of the electrolytically grown 
passivating layers include electrolyte, we believe that the 
effective medium approximation might be applied to 
other systems as well. 
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ABSTRACT 

Ellipsometric measurements (in conjunction with observations of reflectance and cell current and voltage) have 
been performed in 2M aqueous KOH for Si wafers, of various crystallographic orientations and dopant  types, during 
growth of surface films under  anodic and cathodic bias and during open-circuit etch back. The optical effects have been 
modeled in terms of the formation and removal of thin SiOx films (0 ~< x ~< 2) on the Si surface, with contributions, in 
some cases, from surface roughness. Changes in the thickness and stoichiometry of the surface SiO~ phase during 
various treatments provide a basis for a model of the Si etching chemistry and for the orientation dependence of the 
etch rate. 

Orientation-dependent etching of Si is widely used to 
fabricate microstructures (1-3). Liquids such as aqueous 
KOH (4, 5), ethylenediamine (6), and hydrazine (7) are 
used. For these liquids, the etch rates follow the sequence 
R{100} ~ R{ll0} >> R{lll}, so that a variety of triangular 
and rectangular grooves and pyramids are made by 
proper masking with very slow etching SiO~ (1, 3, 8). Etch- 
ing is typically done at open-circuit potential (OCP). 

In order to extend the versatility of orientation- 
dependent  etching, we are studying the mechanisms for 
etching (9-12) and for .control of the relative etch rates 
with externally- applied bias (13, 14). It has proved useful 
to measure current and voltage and at the same time to 
monitor the Si/liquid interface with ellipsometry. For 
anodic potential, we see growth of a connective layer be- 
gin at the passivation potential (PP) and subsequent  
growth of SiO~ on top of this connective layer. For ca- 
thodic potential, we see the appearance of a layer which 
grows for days after the potential is fixed. We have mod- 
eled these layers as forms of SiO). in order to fit the ex- 
perimental behavior of the ellipsometric parameters 0 
and 5. When the potential is released for either of these 
layers, they etch back slowly until  the crystalline silicon 
interface is reached and fast etching begins. The slow 
etch back of the anodic-oxide layer is especially interest- 
ing, giving sharp dips in 0 and A when the connective 
layer is reached. 

These experiments have be~n performed on n- and 
p-type Si of either {100} or {111} orientation over the 
doping range 10~4-10 ~~ cm -3. The results for heavy doping 
(> 1019 cm-3), when all etching stops, have been discussed 
(15). Differences between the {111} and {100} surface are 
large in the case of etch back of anodie oxide and con- 
nective layer and small in the case of growth of 
connective layer and SiO~. 

We have drawn some conclusions regarding the etching 
chemistry and suggest that attack of Si back bonds by 
H20 and OH- in sequence is the etching mechanism. This 
leads to the conclusion that the orientation dependence 
must  depend on the shadowing of the back bonds and the 
ease or difficulty with which H20 first, and OH- second, 
can react with these shadowed Si--Si bonds. 

Experimental Approach 
We have used a spectroscopic, polarization-modulation 

ellipsometer (16) to study the Si/aqueous KOH interface. 
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A microcomputer read and printed 0 and h along with 
current ( I ) a n d  potential (V) as controlled by a poten- 
tiostat. The ellipsometric parameters are defined by tan 0 
exp ih = ?ph=, where  ? is the complex amplitude 
reflection coefficient for polarization parallel (p) Or per- 
pendicular (s) to the plane of incidence. A standard calo- 
mel reference electrode (SCE) and plat inum counterelec- 
trode were used. Most experiments were performed at 
-22~ in 2M KOH. Samples were Si wafers cleaved into 4 
• 1 • 0.03:cm 3 pieces with one side polished. Leads were 
made with InGa eutectic rubbed into the Si, followed by 
pressure contact with Cu wire. The liquid Was contained 
in a BK-71 glass (angle of incidence 0 = 60.2 ~ or fused 
quartz (0 = 54.6 ~ hollow prism. There were only small dif- 
ferences between data taken with the prism open to air 
(either with or without bubbl ing N 2) and the prism closed 
to air with bubbl ing N2 to reduce CO~ takeup. Therefore, 
most data were obtained in the presence of only a stream 
of N.~ bubbles to promote stirring. The LV curves were 
obtained as the potential was slowly swept. Double peaks 
in I occurred in {111} samples, the more cathodic one re- 
sulting from the {110} and other fast etching edges. Coat- 
ing the back and edges of the sample with glycol thyolate 
removed this "spurious" peak (15). 

While a high level of accuracy is attainable in the 
ellipsometric measurements through application of 
various correction and averaging procedures (16), the 
present experiment requires only that changes in 0 and A 
be monitored in real-time with a high degree of precision. 
Therefore, we report ellipsometric parameters uncor- 
rected (except where noted) for small systematic errors in 
the apparatus and stress the changes, 80 and 8A, rather 
than absolute magnitudes. The precision of the experi- 
ment is such that 80 and 8A as small as 0.01 ~ and 0.02 ~ re- 
spectively, are significant. 

We monitored the high voltage bias on the photomulti- 
plier which, as required for the ellipsometric measure- 
ments (16), was controlled by a programmable power sup- 
ply in a feedback loop so as to maintain a constant dc 
anode current. The product of gain (G) and light intensity 
(I) impinging on the detector is a constant GI = C. Fur-  
thermore, G is related to bias voltage V by log G = a + f lV,  
where ~ and fl are constants (17). Combining these, we see 
that a change in unpolarized reflectance 8R, leading to a 
change in intensity 8I, corresponds to a 8V given by log 
(1 + 8R/R) = log (1 + 8I/I) = - f l (SV) .  The calibration factor, 
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fl, is de t e rmined  us ing a neutra l -densi ty  filter of  known  
t ransmit tance .  The  m i n i m u m  detectable  6R/R was - 5  • 
10 -3 , l imi ted  by low f r equency  noise  and shor t - term drift  
in the l ight-source output .  

Because  l ight  inc ident  on the  sample  is focused (16) 
(and specular ly  ref lected l ight  is collected) at - f /50  to 
min imize  the  spread in the  angle  of  incidence,  the  ob- 
served 8R/R is sensi t ive to in tens i ty  lost  by scat ter ing of  
l ight  in nonspecu la r  d i rect ions  as well  as to genu ine  
changes  in ref lectance resul t ing f rom growth  and re- 
mova l  of  surface layers. A direct  c o n s e q u e n c e  of this fact  
is that  we cannot  rel iably combine  6R/R with  85 and 6h to 
obtain a " th ree -paramete r"  fit (n, k, and thickness)  to 
data taken  dur ing  film growth.  However ,  u se fu l  informa- 
t ion may  be obta ined  f rom 6R/R, even  w h e n  surface 
t ex tu re  is changing  dur ing  film format ion  (16). In  the 
p resen t  work, f r equen t  use will  be made  of 6R/R as an in- 
dicator  of  surface roughness .  The optical  a r r angemen t  is 
such that  the observed  R is defined by R = I~pl ~ + I~1 ~ and, 
hence,  represents  the "unpola r ized"  reflectance.  The  cal- 
cu la ted  R at 435.8 n m  for c-Si (n = 4.88, k = 0.14) in aque- 
ous KOH at 0 = 54.6 ~ is 0.322. 

Mode l  Ca lcu la t ions  
The basis for data analysis is a mode l  (12) consis t ing of 

a semi-infini te  crystal l ine Si (c-Si) substrate,  one or  more  
layers of  SiO,  (0 ~< x < 2), an amorphous  SiO~ (a-SiO~) ox- 
ide film, and an aqueous  KOH ambient .  Different  
anodiza t ion  and e tch ing  scenarios  can be  eva lua ted  by 
var ia t ion of the parameters  (complex  indexes  of  refrac- 
tion, ~ = n - ik, and/or  layer thicknesses)  and compar i son  
of  the  observed  and calcula ted 6~ and 6A. For  c-Si, a-SiO~, 
and 2M KOH, ,~ was obta ined  f rom the  l i terature,  as de- 
scr ibed  previous ly  (12). For  SiO~, ~ vs. x was obta ined  for 
both  the physical-  and chemica l -mix tu re  models ,  wi th  the 
resul ts  shown in Fig. 1. Here,  the  x = 0 l imit  cor responds  
to amorphous  Si (a-Si) and x = 2 to a-SiO2. The  physical  
mode l  is based on an e f fec t ive -medium microscop ic  mix-  
ture  (18, 19) of  a-Si and a-SiO2, whi le  the chemica l  mode l  
(19) consis ts  of a statist ical  d is t r ibut ion of  Si(Si)4_y(O)y 
(0 < y < 4) te t rahedra.  S ince  the p resen t  expe r imen t s  
were  carr ied out  at only  a small  n u m b e r  of f ixed 
wavelengths ,  we cannot  de t e rmine  which  gives the  bet ter  
representa t ion  of  the  connec t ive  layer, and calculat ions 
based  on ei ther  mode l  can fit a g iven set of  data  equal ly  
well. Hence ,  mos t  of  the  fol lowing discuss ion will  invoke  
the  computa t iona l ly  s imple r  (18) phys ica l -mix ture  model.  
As no ted  previous ly  (12), the  connec t ive  layer is fur ther  
mode l ed  as an isotropic  and h o m o g e n e o u s  l ayer  of  com- 
posi t ion SiOx. Calculat ions (20) demons t ra t e  that  this is 
adequa te  for the  present  purposes .  Our calculat ions are 
easi ly modif ied  to inc lude  a large n u m b e r  of  th in  SiO,  

layers of  varying x to represen t  a connec t ive  layer having  
a graded  composi t ion.  

F igure  1 also shows ~ for c-Si at each wave leng th  (21) as 
solid circles and i l lustrates the  reason for the  high degree 
of  sensi t ivi ty  of these  measu remen t s  to the th in  SiOx. 
layer. At  435.8 n m  and at 319 nm, ~ of S iO,  is ve ry  differ- 
en t  f rom ~ of  ei ther  c-Si or a-SiO~, sufficiently so that  the 
effect  of the  layer on $ and h is well  above  the prec is ion  
l imit  of  the exper iment .  The  large variat ions in ~ wi th  in- 
c reas ing  x, in the  x = 0 to x ~ 1.2 range, also account  for 
the observed  behav ior  of ~$ and ~h dur ing the  g rowth  and 
remova l  of surface layers. While the expe r imen ta l  ap- 
proach  does not  p rov ide  chemica l  informat ion,  it does af- 
ford a real-t ime, in s i tu  probe  of e tching dynamics  f rom 
which  ins ight  into the  surface e lec t rochemis t ry  can be 
gained.  

Growth  of Anodic  O x i d e  Layers 

The e tching of Si is drast ical ly reduced  w h e n  an anodic 
potent ia l  is applied.  This arises f rom format ion  of  a 
pass ive  layer at the  expense  of the c-Si e tch ing  reaction.  
E] l ipsometr ic  results  for the anodizat ion process  for p 
{111} Si are shown, in Fig. 2 for k = 435.8 nm. Here  ~, A, I, 
and V are plot ted  as funct ions  of  time. The  features  
occur r ing  dur ing the  first 1.5h resul t  f rom etch back  of 
the  nat ive  oxide. Star t ing at OCP (-1.2V) at T = 2h (be- 
tween  points  d and A), there  is vir tual ly  no change  in 
and h unti l  about  -0 .7V w h e n  passivat ion begins.  Smal l  
changes  somet imes  seen at OCP have  been  due  to bub- 
bles, roughening,  or apparen t  g rowth  of  a "ca thodic"  
layer at the effect ive  OCP, which  is es tabl ished by the 
combined  effects of  the  {111} surface, the  {110} and {100} 
edges,  and the rough  back  of the  sample.  There  is a sud- 
den  decrease  in h of  --1 ~ f rom poin t  A to B, fol lowed by a 
slow change  f rom B to C. A more  rapid  decrease  in ~ and 
increase in ~ occurs  f rom poin t  C to D, indicat ing g rowth  
of  SiO2. The  p- type  Si was in the  dark excep t  for the mea- 
su r emen t  light;  n {111} Si behaves  similarly,  excep t  that  
be tween  points  B and C, ~ and h s top changing.  This 
confirms that  holes  are needed  to grow oxide, but  are not  
necessar i ly  needed  in the growth step A-B, which  we  
te rm connect ive- layer  formation.  I l luminat ion  of  n {11t} 
Si wi th  a 60W l ight  bulb caused ox ide  to grow beyond  
B-C. 

We have  replot ted  the  data in Fig. 2 as h vs.  ~ in Fig. 3a. 
There  are three dis t inct  regions  start ing at po in t  A, at 
which  e tch ing  takes  place and ~ and h change  slowly as 
roughen ing  gradual ly  occurs  (not shown). The regions 
A-B, B-C, and C-D follow. Smal l  reverses  in the  direct ion 
of  h near  points  B and C, clearer  in Fig. 2, are lost in the  
l inewidth  of  Fig. 3a. Layers  grown at potent ials  up to - 4 V  
we t e rm "sof t"  anodic  oxides,  whi le  those  formed above 
- 6 V  are labeled "ha rd"  anodic  oxides.  These  two layers 
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Fig. 1. Optical constants n and k for SiOx as a function ofx at three wavelengths 319.0 (a), 435.8 (b), and 800.0 (c) nm for the physical-mixture 
model (solid curves) and the chemical-mixture model (dashed curves). Thex = 0 limit corresponds to amorphous Si (a-Si) andx = 2 to amorphous SiO2 
(a-SiO2). The circles along x = 0 ordinate are n and k for c-Si. 
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60.2 ~ is the angle of incidence; X = 435.8  nm. Structure in @, A, and ~/ 
during the initial 1.5h arises from etch back of the native oxide. Oxide 
grown to 1V begins to etch off at point a. Oxide begins to grow at point 
A. 

have drastically different etch back properties when the 
connective layer is reached (the hard oxide resembling a 
thermal oxide) which will be discussed in the Etch Back 
of Anodic Oxides section. Oxide grown to 10V is about 
200/~ thick (11). Even the sweep speed in Fig. 2 (10 
mV/min) is too fast for strict equilibrium, and when the 
sweep is stopped at 10V, the film continues to grow 
slowly to about 220• before I saturates. To interpret the 0, 
h plot, we first assume an equilibrium etching layer of 4A 
of SiO0.2 on top of c-Si at the starting point, A. We have 
found such a layer necessary for modeling the cathodic 
process, to be discussed in the Growth of Cathodic Layer 
section. This layer is also found to give a better fit when 
comparing O, ~ for an etching surface with r A for a 1020 
cm -3 p-Si etch-stopped surface (15). Furthermore, it is 
reasonable to assume that there is not a sharp H20/c-Si in- 
terface, since the chemical reaction disrupts the crystal 
lattice near the surface. The exact values of x and thick- 
ness assumed for the SiOx equil ibrium etching layer are 
not critical. 

The region A-B was modeled as shown in the inset of 
Fig. 3b. The SiO0.~ layer is converted to SiO0.4 and thick- 
ens suddenly. The region B-C is modeled as further gra- 
dation of the connective layer with some SiO.~ growing on 
top. Finally, at point C, the connective layer stabilizes and 
only further growth of SiO~ occurs. Harvey and Kruger 
(22) have described the anodization process as a series of 
steps including slowing down of the etching process with 
accumulation of the soluble PrOducts, nucleation on the 
surface, deposition from a supersaturated solution, and 
stabilization of the film. Some of these steps are evident 
in the model in Fig. 3b. Our model also contains the sali- 
ent features for a connective layer between a-SiO~ and 
c-Si suggested by other experiments on thermal oxides 
(19, 23). The calculated results are shown in Fig. 3b with 
the SiO.~ thickness indicated by solid circles. The experi- 
mental @e axis has been shifted by tenths of a degree with 
respect to the calculated ~r axis to emphasize the agree- 
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Fig. 3. a: The r A e data of Fig. 2 are replotted to show three distinct 
regions of growth of anodic oxide, A-B, B-C, C-D. Applied potentials are 
indicated by dashes along curve B-D. b: A model for growth shown in the 
inset gives results for A c vs. % similar to the experimental A~ vs. ~ .  The 
SiO2 thickness is indicated by the solid circles. 

ment between observed and calculated 8@ and 8h. Obvi- 
ously, the connective layer is changing in the region B-C, 
since the model does not fit the dip in h at B and the 
slight turnback of r after point C. On the whole, however, 
the observed $, h plot is well reproduced by the model 
calculation. This model is examined further in the Etch 
Back of Anodic Oxides section. 

Interestingly, for B:Si with a doping density above 10" 
cm -3 the anodization curve lacks with regions A-B and 



874 J.  E l e c t r o c h e m .  Soc. :  S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  A p r i l  1985 

B-C but shows C-D, indicating that at OCP - -0.7V a con- 180 
nective layer has spontaneously formed to passivate the 
surface (9) and stop the etch (15). 

G r o w t h  of  C a t h o d i c  Layer  17o 

If  at OCP (after etch back of any native oxide) we apply 
a cathodic bias, the changes in ~ and h are quite different 
from those in Fig. 2, as shown in Fig. 4a for n {111} Si and 160 
in Fig. 4b for p {111} Si. After about 0.3V cathodic, we stop "~ 
the applied potential near - i . 5 V  which occurS within the " o  

first, half-hour in Fig. 4. During this time, ~ and A de- v 
crease, indicating that a film is growing on the surface. <3 150 
Interestingly, the layer continues to grow for hours at this 
potential, slowing down gradually (22h in Fig. 4a and 64h 
in Fig 4b). The layer begins to show a gray-tan color. The 

140 
behavior of h vs. ~ is shown in Fig. 5 for n {111} Si and 
p{ l l l }  Si; the same qualitative behavior is observed. 
Growth of the n {111} layer is more rapid, as indicated by 
the initial slopes in Fig. 4a and 4b. 150 

When the applied potential is released, the open-circuit 
potential is initially -0.8V and then increases negatively 
to - 1.2V over 2-3h as the layer dissolves. Initially, h vs. 
follows a path different from that during growth, as indi- 120 
cared by the dashed curves in Fig. 4a and Fig. 5. Only 
near h ~ 160 ~ does the curve begin to retrace the original 
path. Upon return to the equilibrium OCP, the final 
values of r and h differ only slightly from the initial 
values, and the gray-tan color has gone. 

We have termed the cathodic layer, which has peculiar 
growth and etch-back characteristics, a "slush" layer. 
Since it is known (14) that n-Si stops etching for cathodic 
bias, we assume that the "slush" layer is composed of "in- 
complete" etch products (whence the term "slush") such 
as hydrogenated a-Si or incomplete silicates not in a solu- 
ble form of Si(OH)~(O-)~. The "slush" layer disappears 
much more rapidly if slight anodic bias near PP  is used. 
This behavior may be a consequence of an increase in 
OH-  Concentration at the surface, which would accom- 
pany anodic potentials. The hydroxyl ions would then in- 
teract with the "slush" layer to produce "complete"  sili- 
cates, thereby enhancing dissolution of the layer. It  is 
interesting to note that an anodic current would require 
an interaction of -OH with the surface (to provide an elec- 
tron). We carried out a search for Si--H bonds in this 
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Fig. 4. a: Growth of cathodic slush layer for an n {111} Si sample with 
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h as a function of time. The cathodic potential was stopped at - 1 . 5 V  
within the first hour, but ~ and A continued to change. The dashed curve 
represents etch back after the cathodic potential was released. Current 
(not shown) grew quickly as the potential was swept, but continued to 
grow slowly for hours finally saturating. 0 = 54.6~ ,k = 435.8 nm. b: 
Growth of cathodic slush layer for a p {111} Si sample with p = 0.010 ,Q 
cm (1.1 x 10 TM cm-a) as indicated by changes in t# and A as a function of 
time. Etch back is not shown. 
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layer by Raman backscattering experiments.  It was not 
successful, probably because of the small layer thickness. 
For the p-Si which maintains its etch rate under cathodic 
bias (14), the slush layer grows more slowly, suggesting 
formation of some incomplete silicates but mostly soluble 
Si(OH)~(O-)v It is not possible to follow growth of the 
slush layer on the n or p {100} surface for very long, since 
fast etching of the p surface and slow etching of the n sur- 
face produce roughness making interpretation of r and h 
difficult. 

We have attempted to model  the initial growth of the 
slush layer at small cathodic potential over the first hour. 
This layer is peculiar in that both r and h decrease as the 
layer grows, while for a classical dielectric layer of fixed 
n > 1 and k ~ 0, ~ increases and A decreases. The simplest 
model which fits the data is shown in the inset of Fig. 6c. 
It is vital to assume an equilibrium etching layer (4A of 
SIO0.2) to account for the results (net decrease of both 
and h). In Fig. 6, we show how ~ and h would vary for 
0-20• of several different SiO~ from x = 0 to x = 0.8 for 
three wavelengths. Beyond x = 0.8, the curves tend to re- 
verse with the slopes decreasing again. It  is not possible 
to account for the data simply by varying the thickness of 
the SiO0.~ layer. However, if we assume an equilibrium 
etching layer of 4~ of SiO0.~ and then allow it to change to- 
ward SiO0.s and thicken, then $ and A both decrease, as 
observed. We cannot specify the exact path from SiO0.~ to 
SiO0.s but have calculated 8qJ and 8h from the values of 
and h for SiO0.~ before slush-layer growth and for the 
SIO0.8 layer after growth and list them in Table I for 
n{111} Si and p {111} Si. At each ~ the same amount  of 
t ime from OCP to -1.5V was used; therefore, 85 and 8zk 
are smaller for the slower growing p {111} layer. For 
n {111} Si, reasonable agreement with exper iment  is ob- 
tained when a 10~ layer of SiOo.8 develops. Similar agree- 
ment  is obtained when an 8~ layer of SiOo.s forms on the p 
{111} Si. Note that 85 is very small at 800 nm compared to 
435.8 and 319 nm; 8A is only slightly smaller at 800 nm 
compared to the other wavelengths. This is a direct result 
of the X dependence of r~ vs. x (Fig. 1). Maintaining an 
SIO0.2 equilibrium etching layer under a growing SiO.~ 
layer did not fit the observed decreases in ~ and h nearly 
as well. This model could not account for thicker slush 
layers. 
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Roughness 
The etching of {111} and {100} surfaces at OCP produces 

roughness which is seen visually and in r A, and 8R/R. 
These effects are small on {111} wafers, since this is a sl0w 
etching surface, but are much larger on {100} and {110} 
surfaces. The usual effect is to decrease r A, and R. The 
commercial {111} wafers are oriented to -+1 ~ We have 
measured etcl] rates between 20 and 90 A/min (9, 14) on 
various samples. As noted by Kendall (8), the {111} etch 
rates are pseudo-etch rates, since the ledges etch faster 
laterally than the {111} surface etches downward. In fact, 
for a 1/4~ n {111} wafer, we hardly notice H~ bub- 
bles and can recycle between open-circuit, anodic, and ca- 
thodic potentials for tens of hours before r and h degrade 
a few tenths of a degree. On the other hand, once the {100} 
surface is exposed to etchant after the first etch back of 
the oxide at OCP, roughness occurs in minutes with large 
changes in ~, A, and 8R/R, and the sample cannot be 
reused. 

We have examined, with an optical microscope at 1000 • 
magnification, {111}, {100}, and {110} surfaces after etch- 
ing at OCP for a few minutes to hours. Some general fea- 
tures are noticed. After etching for -2h ,  n and p {111} sur- 
faces show triangular pits, mostly truncated as shown in 

Table I. Experimental and calculated changes in ~ and h (in degrees) for 
a slush layer growing on an n {111} and a p {111} surface for the same 

amount of time at the same cathodic potential. The calculated values of 
8qJ and 8A were obtained from Fig. 6 for an initial layer of SiO0.24A thick 
converting to a final layer of SiOo.81 Ok thick for n {111 } and 8A thick for 

p{111}.  0 = 60.6 ~ . 

n {111} p {111} 

k(nm) 8r 8~c 3A~ 8A~ 8r 8r 8Ae SAc 

319.0 -0.49 -0.39 -2.2 -2.2 -0.32 -0.34 -1.5 -1.4 
435.8 -0.28 -0.27 -2.1 -2.0 -0.22 -0.27 -1.5 -1.5 
800.0 -0.06 -0.0 -0.5 -1.3 -0.04 -0.0 -1.1 -1.0 

Fig. 7a and 7c. Some samples show many pits, as indica- 
ted in Fig. 7a and 7c, while others show few; for the same 
time of etching, one wafer would show small triangles, 
and another would show large triangles. When {111} sur- 
faces are etched for 24h or longer, the triangular pits tend 
to be less distinct with their corners rounded in some 
cases, so the surface texture appears grainy. These effects 
(a number  of triangular pits and transition to grainy struc- 
ture) are accelerated on the unpolished back side of the 
sample. After etching for 15 min, n and p {100} surfaces al- 
ways show many dark, square pyramidal pits, some trun- 
cated, indicating very rough surfaces (Fig. 7e). An n {110} 
surface shows roughness in narrow bands (Fig. 7g). 

When an n {111} surface is made cathodic for -24h,  pro- 
ducing a slush layer, and then returned to OCP until  the 
slush layer dissolves, the surface has a cellular structure 
resembling triangles with their points rounded off (Fig. 
7b). When a p {111} surface is made cathodic for -24h,  
producing a slush layer, and returned to OCP until the 
slush layer dissolves, the surface has less distinct triangu- 
lar pits (Fig. 7d) smaller than the triangles obtained at 
OCP (Fig. 7c). Remembering that the n surface stops etch- 
ing while the p surface continues to etch, we might ex- 
pect differences in surface textures. The results for n and 
p {100} surf~aces both at OCP and cycled cathodically 
show similar roughened surfaces (Fig. 7e and 7f) with 
dark square pits. 

The textures obtained at OCP are to be expected based 
on results in Ref. (24) and (25). The triangular pits for {111} 
wafers are either truncated or pointed with {111} planes. 
The {100} wafers show mostly square truncated pyramidal 
pits with some four-sided, pointed pyramidal pits also; 
the sides are various {111} planes. The {110} wafer shows 
boat-shaped pits with various {111} sides. Typical pits ob- 
served are drawn oversized next to the photographs for 
more clarity. Some planes are labeled to suggest ideal 
structures. 

Visual observations of roughness have been augmented 
by measurements of r A, and 8R/R with similar samples 
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Table II. Measurement of ~, A, and 8R/R for slash-layer growth and etch 
back indicating how reflectance changed in going from point A to point E 
(in analogy to Fig. 5) for an n {111} sample with p = 0.12 ~ cm (n = 8 • 
10'6cm-a)and a p{111} sample with p = 1.4~cm (p = 9 • 10'~ cm-a). 

0 = 54.2~ h = 435.8 nm. 

n {111} p {111} 
~ ~R/R ~ A ~R/R 

A 26.7 176.5 0 26.15 177.5 0 
B -0.033 0 
C -0.49 -0.19 
D -0.45 -0.087 
E 26.85 176.0 -0.34 -26.0 -177.0 -0.072 

Fig. 7. Photographs of n, p {1 i 1}, {100}, {110} surfaces obtained at 
OCP and cathodic potential. Magnification 1000• Total time of im- 
mersion; (a) 120 min, (b) 24h, (c) 120 min, (d) 36h, (e) 20 min, (f) 20h, 
and (g) 20 rain. Typical pit shapes are drawn oversize next to each photo- 
graph with some indication of crystal planes. 

and condi t ions.  For  example ,  for a {111} surface ~ and 
are observed  to decrease  s lowly (-0.1~ at OCP after an 
anodic  oxide  is e tched  back. A small  por t ion  of the de- 
crease  is due  to bubbles  on the  surface. This  effect  varies 
f rom sample  to sample  because  the  pseudo-e tch  rate 
varies  wi th  the  misor ienta t ion.  R decreases  gradually.  

For  a {100} surface  after e tch back of  an anodic  oxide, 
and h decrease  considerably,  whi le  R decreases  toward  
zero. These  resul ts  are in qual i ta t ive  ag reemen t  wi th  the  
results of Fig. 7a, 7c, 7e, and 7g, i.e., sl ight  roughness  for 
{111} surfaces and large roughness  for {100} and {110} 
surfaces. 

However ,  the  t r iangular  t runca ted  pi t  s t ruc ture  on {111} 
surfaces suggests  tha t  cons iderab le  specular  ref lect ion 
still takes  place. The  resul ts  for ~, A, and 8R/R for several  
{111} samples  have  been  measu red  at OCP and s u g g e s t  
that, whi le  ~ and h init ial ly decrease  by ten ths  of a degree,  
they  do not  decrease  further ,  bu t  R dec reases  more  or less 
cont inual ly  over  hours.  Then,  w h e n  a connec t ive  layer is 
grown,  e l imina t ing  bubbles ,  ~b and A tend  to re turn  to- 
ward thei r  original va lues  (if we take into account  the 
changes  in ~ and h due  to the  layer). R, however ,  does not  
re turn  to anywhere  near  its original value.  Such  a phe- 
n o m e n o n  (large nega t ive  8R/R with  lit t le effect  on ~ and h) 
has been  observed  (26) for an n {111} Si surface t reated 
wi th  aqueous  NaOH. The t runca ted  t r iangular  pits con- 
t inue  to give specular  ref lect ion wi th  mean ingfu l  ~, h 
values,  whi le  the  sides scat ter  l ight  out  of  the small  collec- 
t ion solid angle of  the  e l l ipsometer .  

U n d e r  ca thodic  bias the  roughness  appears  somewha t  
different.  The results  of  Fig. 5 were  obta ined  before  we  
began  rout ine ly  to m easu re  8R/R. Similar  m e a s u r e m e n t s  
on o ther  samples  were  repeated;  some  are l is ted in Table  
II. F r o m  poin t  A (t = 0) to po in t  B (where the  solid and 
dashed  curves  separate), the re  is a small  nega t ive  change  

in 8R/R. F r o m  B to C, 8R/R increases s ignif icantly in the 
nega t ive  direction.  This large change is p robably  part ly 
absorp t ion  loss in the  s lush layer wi th  some con t inued  
roughening. When the potential is released at point C, 
8R/R decreases (becomes less negative) at point D, but 
never reaches its original value of zero. After total dissolu- 
tion of the layer occurs, $ and h have nearly reached their 
beginning values, }Jut 8R/R is still significantly negative. 
We have  l is ted values  of  ~, A, and 8R/R at the  points  A-E 
for o ther  samples  in Table  II mainly  to indicate  that  whi le  

and ~ re turn near ly  to thei r  original  values,  ~R/R is per- 
manen t ly  different,  ind ica t ing  a larger decrease  in R for 
the  n {111} surface than for the p {111} surface. The  slight 
differences in ~ and A f rom points  A to E may  be  due  to 
slight bubb l ing  as wel l  as roughness .  Note  that  in each 
case, s lush layer has con t inued  to grow, faster on the  
n {111} surface  than  on the  p {111} surface. While not  obvi- 
ous in Fig. 7b and  7d, the  n {111} surface  appears  to have  
larger roughness  features  than  the  p {111} surface, in 
ag reemen t  wi th  the  resul ts  in Table  II. 

We bel ieve that  the  slush layer is fo rmed  w h e n  com- 
plete etching,  p roduc ing  soluble Si(OH)~(O-)2, slows 
down. As will  be d iscussed  below, in the  Etch ing  Chemis-  
try section, i ncomple t e  e tch ing  occurs  w h e n  H20, but  not  
O H - ,  at tacks S t - -S t  bonds.  The  incomple te  silicates stick 
to the  surface and accumulate .  When comple te  e tch ing  is 
dominant ,  the  s lush layer can only grow slowly, as is ob- 
served on a p {111} surface. However ,  w h e n  comple te  
e tching is s lowed down,  the  slush layer can grow more  
rapidly,  as is observed  on an n {111} surface. It  is not  obvi- 
ous wha t  to expec t  the  roughness  to do, a l though,  at first 
glance,  the  p {111} surface after ca thodic  t r ea tmen t  migh t  
r e semble  the  OCP surface s ince comple te  e tch ing  has 
cont inued.  S ince  comple t e  e tch ing  was r educed  drasti- 
cally on the  n {111} surface,  changes  in surface  t ex ture  
migh t  be expec ted  because  the  etch-rate  ratios of  var ious  
surfaces can be  al tered wi th  appl ied bias (14). The  results  
of  Fig. 7 and Table II indicate  that  8R/R is greater  for the  
n {111} surface than  for the  p {111} surface, bu t  we  have  no 
mode l  to accoun t  for the  t ex ture  of  the  ca thodic  surfaces. 

Etch Back of Anodic Oxides 
Oxides  easily grew on p-St surfaces bu t  r equ i r ed  l ight 

to grow on n-St surfaces.  The  final th ickness  was the 
same for the  same potent ia l  above  P P  for bo th  dopant  
types  and both  surface planes  (11). The  e tch-back  rate of 
these  ox ides  was general ly  -0 .3  A/min. However ,  jus t  
prior  to the  e tch ing  of c-St ( indicated by the  appearance  
of H2 bubbles) ,  the  behavior  of ~ and h var ied  remarkab ly  
with  {111} and {100} or ienta t ion and wi th  the  anodizing po- 
tential. Genera l ly  these  e tch-back effects were  indepen-  
dent  of  whe the r  the  sample  was n- and p-St. Figure  8 
summar izes  typical  e tch-back results  for {111} surfaces for 
both  "soft"  (Fig. 8a) and "hard?  (Fig. 8b) anodic  oxides.  
Also shown are the  OCP (which general ly  increases  nega- 
t ively towards  its equ i l ib r ium e tch ing  va lue  as the  anodic  
oxide  layer e tches  back) and t h e  ref lectance change,  
6R/R. 

For  the  {111} surface, as etch back  of  soft  anodic  oxide  
occurs  (Fig. 8a), there  is a sudden  dip in ~b and h th rough  
points  b-d, so that  at p o i n t  d, r "unde r shoo t s "  (is less 
than) its b va lue  and  h "ove r shoo t s"  (is greater  than) its b 
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Fig. 8. a: Changes in ~, A, V, and 6R/R during etch back of a soft anodic 
oxide on a p {111 } Si sample with p = 10.8 ~ cm (1.6 x 10 ~5 cm-~). 0 = 
54.6~ X = 435.8 nm. Anodizing potential was 0.3V. b: Changes in ~, A, 
V, and 6R/R during etch back of a hard anodic oxide on the same sample. 
Anodizing potential was 6.5V. 

value.  The  c h a n g e s  in  $ a n d  ,h b e t w e e n  b a n d  c are typi-  
cally 65 ~ -0 .3  ~ a n d  6h ~ - 3  ~ w i t h  t he  d ip  fea tu re  h a v i n g  
a full  w i d t h  at  ha l f  m a x i m u m  (FWHM) of  2-3 min .  Also, 
p o i n t  c '  occurs  a f te r  p o i n t  c in  t i m e  b y  a few seconds .  At  
p o i n t  d, e t ch ing  of  c-Si ha s  c o m m e n c e d ,  as i nd i ca t ed  b y  
f o r m a t i o n  of  H2 b u b b l e s .  The  re f l ec tance  R also s tar ts  to  
d e c r e a s e  s lowly as r o u g h e n i n g  increases :  Fo r  t he  h a r d  
anod ic  ox ide  in  Fig. 8b, the  d ips  in  $ a n d  h are huge ,  w i t h  
aS = - 6  ~ a n d  ah = - 1 7  ~ w i t h  a F W H M  of  - 1 5  min .  In  ad- 
d i t ion  $ a n d  h usua l ly  b o t h  u n d e r s h o o t  t he  r e spec t ive  
s t a r t ing  va lues  (po in t  b), a n d  po in t  c '  occurs  before  c in  
t ime  b y  a m i n u t e  or so. The re  is a large  t r a n s i e n t  d ip  in  R 
a long  w i th  a s low overa l l  decrease .  Di f fe rences  in  t he  re- 
g ion  b-c-d for t he  soft  a n d  h a r d  ox ides  of  Fig. 8 are dra- 
ma t i c  a n d  s u g g e s t  e i the r  d i f fe ren t  c o n n e c t i v e  layers  or 
d i f fe ren t  s t r u c t u r a l  effects  d u r i n g  e t ch ing .  I t  is ev iden t  
f rom Fig. 3 t h a t  sof t  ox ides  are t h e  f o r m a t i v e  s tage  of  t h e  
c o n n e c t i v e  layer,  wh i l e  for  h a r d  oxides ,  t he  c o n n e c t i v e  
layer  is in  i ts  f inal  form.  

We h a v e  p rev ious ly  (12) m o d e l e d  the  o b s e r v e d  c h a n g e s  
in  @ a n d  h for  the  sof t  ox ide  on  a {111} surface.  The  m o d e l  
c o n s i s t e d  of  a c-Si/SiOo.Ja-SiO#2M K O H  m u l t i l a y e r  sys- 
t em.  This  m o d e l  ha s  b e e n  re f ined  as s h o w n  in  Fig. 9a, 
w i t h  t h e  SiO,. conr iec t ive  layer  m o d e l e d  as in  Fig. 3b. 
F r o m  po in t  a to b, SiO~ t h i n s  d o w n  un t i l  t h e  g r a d e d  con- 
nec t ive  layer  is r eached .  T h e r e u p o n ,  t h e  SiOx is m a d e  
m o r e  die lect r ic- l ike  b y  i n c r e a s i n g  x to 2.0, fo l lowed by  
d i s so lu t i on  of t he  r e s u l t i n g  SiO~ a n d  f o r m a t i o n  of  the  
e q u i l i b r i u m  e t c h i n g  layer  (4~ of  SiO0.~). The  ho r i zon ta l  
axis  is c o n s i d e r e d  to be  a n  a rb i t r a ry  t ime  scale  w h i c h  
cou ld  b e  c o m p r e s s e d  or e x p a n d e d  to fit e x p e r i m e n t a l  re- 
sults.  To s imu la t e  l inear  t ime,  x a n d  d are  va r i ed  l inearly.  
The  r e s u l t s  in  Fig. 9a for  X = 435.8 n m  are in  good  qual i ta-  
t ive  a g r e e m e n t  w i t h  the  t y p i c a l  e x p e r i m e n t a l  r e su l t s  of 
Fig. 9b a n d  9c, espec ia l ly  as regards  t he  o v e r s h o o t  of  h 
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and the undershoot in ~ from pgint b to d. Also, point c' 
occurs later in time than c. The reflectance change ob- 
served in going from a-b to d (~R/R = -0.1, Fig. 9c) is sub- 
stantially larger than the value calculated (SR/R = -0.002) 
for s imple  removal of the SiOx layer with no contribution 
from roughness-induced scattering. However,, unlike the 
case for hard and thermal oxides (see below), the 
reflectance change is in the form of a step, with little or 
no additional t ime-dependent  structure. The scatter in the 
high voltage signal before etch back has been converted 
into a scatter in ~R/R, as indicated by the error bars. 
Within the scatter in 8R/R of -+0,006, there was hardly any 
change in reflection for the -+ 1/4~ wafer (Fig. 9b). 

The model described above for the removal of the ex- 
posed SiOx connective layer is appropriate to: an etching 
process in which voids filled with silicate material (with 
an index of refraction like that of SiO2) are formed. 
Alternatively, the process could be described }n terms of 
voids filled with the etching electrolyte (having an index 
like that of H20). In either case, the changing SiO~ layer is 
modeled within the context  of an (microscopically rough) 
effective-medium mixture of a-St and voids. Optically, the 
two models are virtually indistinguishable at the 
wavelengths used here, and, in reality, both probably con- 
tribute to making the exposed connective layer "dielec- 
tric-like": 

The model in Fig. 9a has been extended to the 
anodization side to compare with the results of Fig. 9b, in 
analogy to Fig. 3b. While the observed magnitudes of the 
changes in 4 from B to C (Fig. 9b) are larger than those 
given by the calculation (Fig. 9a), we have not at tempted 
detailed fits of anodization and etch back to obtain over- 
all better fits. This might be done by using thinner con- 
nective layers and/or by changing the values of x slightly. 
We do not expect  the connective layer at point a in Fig. 2 
to be exactly the same as the connective layer at point C. 
These layers depend on the anodizing potential at points 
a and C. 

Finally, we note that, in order to simplify the calcula- 
tion, we have modeled the etch back as a series of dis- 
crete sequential steps; whereas one expects each new 
process to commence as the previous one is approaching 
completion. We altered this sequential approach only 
near point d in Fig. 9a allowing the equilibrium etching 
layer to develop as the "SiO~" layer etched back. The 
larger diPs in ~ and h in Fig. 9c as compared to Fig. 9b 
suggest that here ~ and h are being affected by a slight 
transient roughness. 

For the fast etching {100} surface, the soft anodic oxide 
is seen to etch back with large dips in ~ and 4 with a 
FWHM of 2-4 min, as Fig. 10a indicates. Then an immedi- 
ate roughening of the surface occurs as ~ and 4 begin to 
decrease again with an accompanying large decrease in R. 
Some of the decrease in 0 and A after point d (usually less 
than half) is due to bubble formation. This is determined 
by growing the connective layer whereupon the bubbles 
disappear. Finally, for the hard anodic oxide on a {!00} 
surface, we obtain a large dip in 0 and a decrease in 4, 
with R decreasing towards ,zero within minutes. Part of 
the large changes in ~ and 4 results from bubble forma- 
tion on the surface. Bubbles scatter light aad tend to de- 
crease ~ and 4. For example, in Fig~ 10b when the poten- 
tial is changed anodic to produce the first vestige of 
connective layer (not shown), the dashed curves for ~ an 4 
rise to ~26 ~ and ~168 ~ respectively, as bubbles disappear; 
8R/R changes only slightly under these conditions. 

An n {110} surface gave qualitatively similar results for 
th e fast dips in ~ and 4 and decrease in 6R/R for a soft 
anodic oxide. A hard anodic oxide gave similar slow dips 
in @ and 4 and large decrease in 8R/R. 

Roughening Model  

The results of Fig. 8 and Fig. 10 indicated that rough- 
ening was a problem. The {111} surface can be recycled 
many times between anodization and etch back with little 
roughening. Even if left at OCP for hours, it roughens 
only slightly, ~ and 4 decreasing a few tenths of a degree. 
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Fig. 10. a: Changes in ~, 4, V, and ~R/R during etch back of a soft 
anodic oxide on a p {100} Si sample with p = 4,1 ~ cm (4 • 1015 cm-3). 
0 = 54.6~ X = 435.8 nm. Anodizing potential was 0 V. b: Changes in ~, 
4, V, and ~R/R during etch back of a hard anodic oxide on another part of 
the same wafer. Anodizing potential was 7.3V. 

However, the {100} surface roughens immediately, so that 
and 4 at point d do not return to the values at point b 

but continue to decrease. This problem precludes more 
than one experiment  per {100} sample, except  in the case 
of the soft oxide, where it is possible to reanodize imme- 
diately at point d suffering only a few tenths of a degree 
drop in $ and 8 each cycle. 

The 8R/R data in Fig. 8b indicate a transient roughness- 
induced light scattering as etching progresses through 
the n {111} hard oxide connective layer. The value of 8R/R 
= -0.23 at the reflectance mimmum strongly suggests 
gross macroscopic roughness, rather than a real change in 
specular reflectance caused by growth of a homogeneous 
film. Model calculations for a wide range of film ~ and 
thickness, including those for which the film is taken to 
be a microscopically rough layer [modeled in the 
effective-medium approximation (27)], give ~R/R smaller 
by an order of magnitude. An estimate of the root mean 
square roughness o- at the ~R/R minimum is obtained (28) 
from ~R/R = exp [-(4~rn(r cos 0/;~) ~] - 1, yielding cr ~ 230/~. 
Here, n is the electrolyte refractive index. The fact that (r 
is at least an order of magnitude greater than the 
connective-layer thickness provides an important clue to 
the source of roughness. 

We have considered whether  it might be useful to 
model the effects of this transient macroscopic roughness 
on $. A. and 8R/R. However, we are aware of no mathemat- 
ical description of the consequences of roughness, of the 
type encountered here, for the polarization state of 
specularly reflected light. Preser~tly available theories 
(29) treating scattering induced depolarization in 
ellipsometry are restricted to the small-roughness (~ <<  
X/10) limit and/or the small-slope regime (tan ~ << 1, 
where fi is the angle between the local surface tangent 
and the average surface plane). We note that several stud- 
ies (30-33) of macroscopically roughened Si surfaces (by 
chemical or thermal treatment) reported ~ and A decreas- 
ing with increasing roughness. 
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Our qualitative model for the origin of  transient rough- 
ness is based on the value of cr ~ 230~ [compared to a 
connective-layer thickness of ~10~, similar to that ob- 
served (19) for thermal oxides] and on the larger FWHM 
of the etch-back structure in $ and ~ for hard (10-15 min) 
vs. soft (2-3 rain) oxides. 

In order to understand the transient roughness ob, 
served upon etch-back of a hard oxide (Fig. 8b), we note 
the following order for the etch rates for several crystal 
planes of Si: R,o0 ~ R,o >>  RH1 ~>  Rsmx > Rs~o~. We also 
observe that the roughness for {111} planes is primarily 
transient, while for the {100} and, {110} planes it is perma- 
nent. There appears to be a background roughness in Fig. 
8b underneath the transient roughness which is compara- 
ble to the roughness in Fig. 8a. These facts suggest that 
the etching of the oxide is nonuniform. This might be due 
to nonuniformity of the oxide layer thickness or a lateral 
variation in the stoichiometry of the SiO~. connective 
layer. 

We consider a {iii} plane with simple aperiodic texture 
of oxide due to either of the above reasons as shown in 
Fig. lla. We assume SiO2 etches back at a rate of ~0.3 
/~/min. Since the rudimentary connective layer grown at 
PP is modeled as 7~ of SiOoA and takes ~2 rain to etch off, 
we assume an average etch rate of ~4 A/min for the 
completed connective layer modeled as !4/~ of SiO~ (7/~ of 
Si0.2 and 7/~ of SiO0.4). For a laterally inhomogeneous con- 
nective layer, the area of smaller x will etch faster, pre- 
sumably because it resembles Si. We assume R,~, ~ 25 
~lmin and R~oo ~ R~o ~ 300 A/min for c-Si (14). 

Regardless of which s i o # s i o ~  layer is present, the net 
effect will be to open pinholes, exPosing c-Si, as shown in 
Fig. l lb .  At the moment  the first c-Si is exposed, the c-Si 
surface is smooth with SiO~/SiO2 roughness patches. The 
depth of these patches is D and their width is L. We have 
now reached the point in Fig. 8b where 3R/R is about to 
drop steeply. 
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Fig. 11. a: Schematic diagram depicting two possible kinds of 
inhomogeneity in the SiOflSi02 oxide layers, b: Oxide caps remaining 
when etchant reaches c-Si. c: Etching of c-Si produces wells as last oxide 
layer etches away. d: Faster etching of c-Si walls in the lateral direction 
smooths out wells. 

Experimentally, we observe that it requires -20  rain to 
reach the minima in ~ and h (this t ime can be as short as 
10 min). This number  allows us to estimate the thickness 
D of the SiOJSiO2 cap and the depth of the well DR which 
is etched in c-Si as indicated in Fig. 11c. Using the values 
for R,I~, Rsioa,, and Rsio2 given above, and assuming the 
SiOx layer is 14A thick, we find that D ~ 19~, while De 
500~ in rough agreement with cr = 230~. We have now 
reached the ex t remum in 8R/R shown in Fig. 8b. 

The transient effect can be accounted for by noting that 
the exposed walls of the wells are probably {110} and {100} 
planes (not necessarily vertical). Thus, the etch rate of the 
walls is substantially greater than that of the bottom {111} 
plane. This causes the walls of adjacent wells to approach 
each other at a rapid rate. Consequently, the thickness L 
is reduced toward zero. We have reached the plateau in 
8R/R in Fig. 8b after the dips in tb and 4. Based on the ob- 
servation that the dips in $ and h are skewed, we assumed 
that 10 rain {this t ime can be as short as 5 rain) are re- 
quired for this process. From R,00 ~ 300 ~/min, we obtain 
a maximum value of L ~ 6000~ if the fast etching planes 
are vertical; otherwise. L will be somewhat less by a co- 
sine factor. This characterizes the original aperiodicity in 
terms of average 19~ thick SiO#SiO2 patches which are 
~6000A across. Obviously, some roughness would persist, 
as suggested in Fig. 11d, probably as pyramidal pits, since 
the fast etching planes are not perpendicular to the {111} 
plane. This crude estimate of the roughness confirms 
that it is macroscopic in nature (deep, wide bumps). Inde- 
pendent  evidence for the formation of pinholes comes 
from previously reported (34) ellipsometric electroreflec- 
tance (field-modulated ellipsometric) data showing that 
Fermi-level pinning begins just  before significant pene- 
tration is made into the hard anodic-oxide connective 
layer. 

The behavior of the {100} and {110} faces can be under- 
stood by observing that the walls of the exposed wells are 
probably slow etching {111} planes. Then in Fig. 11c. since 
R,0c >>  R,,,, D,~ becomes deep and the roughness persists 
as Fig. l0 indicates, since the walls never etch away com- 
pletely. It is most likely that random square pyramidal 
pits with {111} walls are formed after SiO2 etch back on a 
{100} surface~ as indicated in Fig. 7e. 

For the fast etching {100} surface, 6R/R indicates that, 
even for the soft oxide, severe macroscopic roughening 
sets m even before the connective layer has been com- 
pletely removed. Note in Fig. 7e that the lateral sizes of 
the pit structures are of the order of a micron. 

At this point, we emphasize that the optical effects seen 
during etch back of the {111} soft-oxide connective layer 
are distinct from those for the other types of samples (Fig. 
9b). First. this system exhibits little or no transient rough- 
ness effect above the 6R/R detection limit. Second. even 
the slightest degree of anodization (one need go no farther 
than point B in Fig. 2) gives the results shown in Fig. 8a 
and 9b during subsequent  etch back at OCP. Finally, as 
discussed above, both the growth (Fig. 3) and etch back 
(Fig. 9) of the soft-oxide connect ive layer can be modeled 
successfully in te rms  of SiO~.. 

As noted previously, based on the results in Fig. 3 and 
on the different etch-back characteristics of soft, hard, 
and thermal oxides, we identify the Soft anodic Oxide 
with a connective layer. The transition from soft to hard 
anodic oxide, as characterized by etch-back behavior, has 
been followed by monitoring the magnitude of g0 and 8h 
from point b to c and the FWHM value of the dips (an in- 
dicator of the connective layer thickness-to-etch rate ra- 
tio) as shown in Fig. 12. The transition is rather abrupt 
around 5V. Interestingly, a plot of the maximum SiO2 
thickness vs.  bias (11) shows a break at 5V, with a slope of 
~7 ~/V below and -42  ~,/V above this critical bias. Pre- 
sumably, the final stabilized connective layer is formed 
above 5V as the true SiO2 oxide is growing. We have not 
attempted to fit the curve C-D in Fig. 3a by allowing fur- 
ther changes in connective layer beyond those shown in 
Fig. 3b. 
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S p e c t r o s c o p i c  E x p e r i m e n t s  
Several attempts were made to obtain the optical spec- 

t rum (800 > X > 250 nm) of a thin layer of soft anodic ox- 

ide for the purpose of comparison with calculated (18, 19) 
results for physical- and chemical-mixture models. Such 
data would, in the absence of vibrational spectra, provide 
some insight into the chemical composition of the con- 
nective layer in the early stage of formation. 

The first step is an accurate measurement  of the effec- 
tive dielectric function, <~>, of the clean substrate, in this 
case taken to be a {111} n-St wafer etching at OCP in 2M 
KOH (before point A in Fig. 2). A sample oriented to 1/4 ~ 
was used to minimize roughness effects over the 2h run. 
<~'> is obtained from ~ and h Vs. X for the etching sub- 
strate using expressions (16) appropriate to a film-free 
surface. Thus, <~'> will differ from the "true" ~'[= el - ie~ 
= (n ~ - k 2) - i (2nk ) ]  if the supposed clean surface actually 
incorporates a film, such as a thin oxide, an equilibrium 
etching layer, or microscopic roughness layer. Aspnes 
and Studna (35) have shown that the presence of such a 
layer is most easily detected as a reduction of <e2>, rela- 
tive to e2, at peaks in the optical joint density of states. 

Figure 13 shows < e , >  and <e~> for Si obtained during 
2M KOH etching. To achieve accuracy, @ and • were de- 
termined using two-zone averaging (16, 36) to reduce sys- 
tematic errors, and the hollow fused-silica prism serving 
as the sample cell had been carefully annealed after fabr]- 
cation to eliminate strain-induced birefringence. In ob- 
taining <~'> v s .  X from @ and /% the index of refraction of 
the ambient  was computed using a polynominal fit to n 
v s .  X for H20, corrected for the addition of the alkali (12). 

The points in Fig. 13 show the results of Aspnes and 
Studna (35) for an optimally smooth and clean Si surface 
protected by flowing dry N~. The agreement is quite 
good throughout the whole spectrum, leading us to con- 
clude that--at  least for the amount of time required for a 
set of spectroscopic measurements (~l .5h)--the etching 
surface remains relatively free of any film sufficiently 
thick to degrade <~> seriously. Such a film could be an 
adsorbed layer, an equilibrium etching layer, or a layer of 
microscopic roughness. Nevertheless, there are small sys- 
tematic differences between <~> for Si in KOH and the 
"opt imum" < ~ > .  The peak value of <e.2> at the 4.25 eV 
(292nm) E2 critical point is 45.63 v s .  47.87 (35), and <e,> is 
seen to fall slightly below Aspnes-Studna results in the 300 
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< X < 350 nm range. These discrepancies are consistent 
with the presence of a very thin equil ibrium etching layer 
(modeled above as 4~ of SiO0.2) on the Si surface in KOH. 

Having obtained 0 and h vs.  ~ at OCP, we biased the 
sample slightly anodically to form the beginning of a con- 
nective layer (point B, Fig. 2) and obtained a second set of 

and h. If the A-B process is assumed to consist of the 
growth of a single isotropic homogeneous film, then <~> 
of the film can be obtained (16) from <~> of the substrate 
and the observed ~ and 5A. Unfortunately, $ and h at 
OCP (and, to a lesser extent, at point B) "drift" with time, 
largely as a result of slowly increasing microscopic rough- 
ness as etching continues. During the measurement  time 
for a set of ~ and h vs. ~, these small changes are a 
significant fraction of the true ~ and ~h observed during 
the A-B process at fixed ~,. Thus, when <~> of the film is 
obtained from these data, the result resembles a some- 
what broadened and distorted version of the substrate 
<~> shown in Fig. 13. This result is consistent with for- 
mation of a thin microscopically rough surface layer 
[modeled as an effective-medium mixture (27) of elec- 
trolyte-filled voids in a c-Si host]. 

Etching Chemistry 
Some possible etching reactions have been discussed 

previously (37, 38). We base our conclusions on several 
observations. After dissolution of Si in KOH, Palik et al. 
(10) observed the vibration modes of Si(OH)~(O-)~ by a 
Raman scattering experiment.  Finne and Klein (39) have 
observed that 2H~ are released for each Si dissolved by 
the ethylenediamine pyrocatechol etchant. We have col- 
lected the H~ from a known amount of Si dissolved in 2M 
KOH and also find 2H2 per Si. 

We attempted to determine the OH-  consumed in the 
etching reaction by titration. Four beakers were prepared, 
each with an identical volume (50 ml) of the same KOH 
solution (nominally 2M). To each of two beakers, a known 
weight (-0.5g) of {100} p-type Si wafer was added, while 
the other two were left "blank." After the wafers dis- 
solved (several days), all four solutions were titrated to 
the phenolpthalein end point with 1M HC1. Near the end 
of each titration of the Si solution, the mixture turned vis- 
cous with agglomerated solid matter which prevented 
complete mixing. The volumes of HC1 needed to neutral- 
ize the two reference solutions and the two etching Si so- 
lutions were the same to within 1 ml out of 131 ml. On the 
assumption that the HC1 reacted with both OH-  in solu- 
tion and OH on the silicate Si(OH)2(O-)2, the results indi- 
cate that the total OH is conserved in the etching process. 
If one OH-  had been consumed per Si removed, without 
being replaced by a silicate OH, the difference in titration 
volumes between sample and blank KOH solutions 
would have been 18 ml. Therefore, since 2H2 are observed 
for each Si which dissolved, it follows that H~O must be a 
reacting species. It cannot simply be a catalyst. While this 
result does not conclusively prove any one mechanism, it 
eliminates from further consideration any scheme in 
which OH-  is the only reacting species. Ko]banev and 
Butyagin (40) ground c-Si continuously in water exposing 
new surface area and observed conversion of the Si into 
silicates, with 2H2 released per Si dissolved. Although it is 
not clear whether the process of breaking Si--Si  back 
bonds is the mechanical grinding or actual chemical etch- 
ing, the experiment  suggests that Si will dissolve in water 
if a passivating SiO.2 layer does not grow first. Other ex- 
periments (4, 38) have shown that at large OH-  concentra- 
tion (>5M) the etch rate decreases significantly. This 
could be an indication that H20 is needed for etching (3). 
Block (41) reports that Si does not etch in water-free 
alcohol/KOH solutions. Study of the dissolution of SiO2 in 
aqueous hydroxides and in water-free alcohols containing 
NaOH indicate that water is also necessary for etching sil- 
ica (42). 

From such observations, we conclude that the sequence 
in etching is hydration of the original surface with SiOH 
bonds, attack of the Si--Si  back bonds by H20 to form 

Si--H and Si--OH, and then attack of the Si l l  bond by 
OH-  to form S i - - O -  and H2. Thus, the etch products are 
2H2 for each Si dissolved and Si(OH)~(O-)2 as the princi- 
pal silicate with some Si(OH)30- and Si(OH)(O-)3 also 
formed. Also 2 OH-  should be consumed for each Si dis- 
solved, reappearing in the form of Si(OH)2(O-)2. This may 
be expressed for one Si---Si bond by the reaction 

Si- -Si  + H20 ~- Si - -H + Si - -OH 
[1] 

S i - - H + S i - - O H +  O H - ~ S i - - O  + S i - - O H + H 2  

For dissolution of one Si atom, the net reaction is 

Si + 2H20 + 2 OH-  -~ 2H~ + Si(OH)2(O-)2 [2] 

These reactions are shown schematically in Fig. 14 for a 
{100} surface. 

It is known (43) that the Si l l  bond is very reactive with 
OH-  but not with H~O at pH 7. Thus, while the Si--Si  
bond can be attacked by H~O, the second step of attack 
by OH-  would hardly be present in water. The presence 
of OH-  in aqueous KOH continues the attack producing a 
soluble silicate. Note that during the reactions of Eq. [1] 
no net charge flows across the interface. The electron 
charge on OH-  "enters" the Si as anodic current in the 
OH-  attack of the Si - -H bond, but then "leaves" as ca- 
thodic current on the O-  of the soluble silicate with H2 ev- 
olution. We suggest that OCP etching is chemical rather 
than electrochemical (12, 14) because it is independent of 
doping type and density over four orders of magnitude 
(9). 

This model suggests that the cathodic slush layer is 
formed when H20 attacks Si back bonds but then OH-  at- 
tack is inhibited. An insoluble hydrogenated silicate 
forms which sticks to the surface. However, subsequent 
H20 attack continues and the slush layer thickens. Note 
that no oxide can grow at cathodic potential to protect the 
c-Si from H20 "etch." This layer would be rich in Si l l  
bonds and might resemble hydrogenated Si in a 
vibrational-spectroscopy experiment.  We have previously 
discussed the bias-dependent etch rates (14, 15) and noted 
that slush grows faster on n {111} surfaces than p {111} 
surfaces, while etching nearly stops on n {111} surfaces 
and slows down slightly on p {111} surfaces. Thus, there is 
a correlation between a drop in etch rate and the growth 
of slush. 

Orientation Dependence 
Making H20 the primary etchant species suggests a rea- 

son for the orientation dependence. It has been demon- 
strated (44) that H~O adsorbs dissociatively on clean {100} 
and {111} surfaces, forming Si---H and SiOH bonds by re- 
action with the dangling Si bonds. The dissociation of 
H~O is found to be -100 times faster on the {100} surface 
compared to the {111} surface. However, these experi- 
ments, which were carried out in ultrahigh vacuum using 
very small exposures to H20 vapor, gave no indication of 
direct attack of Si- -Si  bonds by H~O; 

It is not easy to say just  how this attack proceeds in the 
liquid environment. We have built scale models of the 
{100} and {111} surfaces shown schematically in Fig. 15 
using the appropriate ionic radii for Si and for H.20 and 
OH. The chemisorbed OH contains an H atom (not 
shown) which can rotate about the Si--O bond' direction. 
The shadowing of back bonds on the {100} surface ap- 
pears less than on the {111} surface, making it harder for 
an isolated H20 molecule to bridge two S i  atoms on the 
{111} plane to break the Si - -Si  bond. Moreover, in solu-  
tion, water, and surely, OH-  are enclosed Within hydra- 
tion spheres so the geometric constraints may be even 
more severe. For the {110} plane, each Si atom has two 
bonds in the plane, a third pointing up, and a fourth 
pointing down, also suggesting less shadowing. 

The contrast between orientation-dependent etching 
and orientation-dependent oxidation (45, 46) is interest- 
ing. While the {100} surface etches -100 times faster than 
the {111} surface, the {111} surface oxidizes about 50% 
faster. In fact, Kendall  (7) suggests that the {111} surface is 
slow etching precisely because it is faster oxidizing. 
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Fig. 14. Schematic diagram of the etching of a {100} surface by HzO and OH -" in sequence with 2H 2 produced and no net consumption of OH for each 
Si dissolved, since Si(OH}2(O-)~ is produced. The initial surface is covered by chemisorbed OH which has tied upthe dangling bonds, or the OH is the 
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Then, "spontaneously" grown oxide effectively stops 
{111} etching. Since etching in aqueous O H - s o l u t i o n s  is 
quite different from oxidation with gaseous 02 or H20, we 
do not expect a direct correlation regarding shadowing 
arguments, which might suggest that {100} surfaces 
should oxidize faster than {111} surfaces. We have not 
measured the anodization rate of {i11} and {100} surfaces 
in aqueous KOH. 

It has been suggested (14) that a contributing factor to 
the orientation dependence was the weakening of back 
bonds by the surface OH group, which might withdraw 
charge from St---St bonds. Therefore, water attack on 
back bonds would proceed more readily on {100} and {110} 
surfaces which have two OH groups per atom as com- 
pared to one on the {111} face. This effect would manifest 
itself in the activation energies for the various surfaces. 
While the activation energies of the {100} and {111} sur- 
faces have been measured to be 16 kcal/mol from the tem- 
perature dependence of etch rates (4), it is not clear that 
the {111} wafers were not misoriented enough to make the 
pseudo-etch rate dominant. Consequently, the nature of 
the orientation dependence is still not clear. 

Since both H20 and OH-  are present in aqueous solu- 
tions of ethylenediamine (39), sodium hydroxide (37), and 
hydrazine (7), it is probable that the etching mechanism is 
the same in these etchants. The control of molarity and 
additives like alcohols simply varies the concentration of 
the etching Species, blocks the surface, or expedites the 
removal of etch products. 

Summary and Conclus ion 
The ellipsometric parameters 6 and A (together with 

6R/R and I and V for the electrochemical cell) have 
been obtained under a variety of applied potentials. 
These data allow us to obtain information about the 
Si/SiO~./SiOJaqueous KOH interfaces. 

Under  cathodic potential, we observed formation of a 
slush layer, which is characterized as follows: (i) there is 
more rapid growth on the n-St {111} surface (etch stopped) 
than on the p-St {111} surface (still etching), (it) 
ellipsometric results are accounted for by an equilibrium 

etching layer of SiO0.2 changing to SiO0.s and thickening, 
(iii) measurement  of 60, 8A, and ~R/R indicates that a 
roughness dependent on carrier type develops as the 
slush layer grows, and (iv) the layer probably consists of 
insoluable silicates containing many Si l l  bonds resulting 
from incomplete etching by H20 and/or electrolysis. 

Under  anodic potentials we have observed that oxide 
growth occurs in two stages. The soft oxide is character- 
ized by: (i) Growth potentials between PP  and 4V anodic 
of PP. (it) Ellipsometric results for n- and p-St {111} sur- 
faces are accounted for by an equilibrium etching layer of 
SiO0.2 converting to a graded SiOx layer topped by a be- 
ginning SiO2 layer. We term this SiO.r a connective layer. 
(iii) Etch back through SiOx produces small dips in 0 and 
A (-0.3 ~ and -3% respectively) and a small negative in- 
crease in 6R/R over a t ime of 2-3 min prior to c-St etching. 
(iv) Etch back through the connective layer is modeled as 
oxidation or hydration of SiO~ so as to reduce the value of 

The hard oxide, which resembles the thermal oxide, 
has the following properties: (i) growth potentials greater 
than 6V anodic of PP, (it) a graded SiO,. connective layer 
which stabilizes while SiO~ grows on top, developing out 
of the connective layer, (iii) etch back produces large dips 
in 0 and a ( -6  ~ and -17 ~ respectively) as well as a large 
negative increase in ~R/R over a time of 15-25 rain, similar 
to thermal oxides, (iv) ellipsometric and 6R/R results of 
etch back are explained by a transient roughness due to 
spatial irregularities in oxide thickness or stoichiometry 
which produce pinholes where rapid Si etching occurs, 
and (v) results for the fast etching n- and p-St {100} sur- 
faces could not be modeled because of large roughening 
effects in general. 

From our results we have inferred an etching mecha- 
nism which involves H20 attack on St--St back bonds fol- 
lowed rapidly for OH-  attack. This model is consistent 
with the following observations: (i) the soluble etch prod- 
uct is a silicate of the form Si(OH)2(O-)2, (it) for each Si 
atom dissolved, 2Hz are produced, (iii) the net hydroxyl 
concentration is constant in the form of hydroxyl ions in 
solution or hydroxyl  groups on silicates, (iv) Si can be 
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Fig. 15. Schematic diagram of the { 111 } and { 100} surfaces with H~O 
and O H -  molecules suggesting that more shadowing af the back bonds 
for the {111} surface makes attack by H20 and OH-  less likely with a 
resultant lower etch rate. Ionic radii were used in constructing the 
various atoms and molecules. 

etched slowly by water (containing a small but  finite 
amount  of OH-) through mechanical grinding, and (v) Si 
does not etch in water-free alcohoYKOH solutions. 

Taking H20 attack on Si--Si back bonds as the rate- 
limiting step provides an explanation for the orientation 
dependence. This strongly suggests that the orientation 
dependence is determined by a combination of different 
activation energies and stereoscopic effects having to do 
with the back-bond geometries on the different surfaces 
and on the relative ease of approach of the H~O molecule 
in an orientation favorable for reaction. 

We close by suggesting further experiments to explore 
some of the issues raised in the present work: (i) A 
vibrational-spectroscopy experiment using either Raman 
backscattering or infrared internal-reflection spectros- 
copy might  identify Si H bonds in the slush layer to help 
determine its chemical structure. (ii) As previously men- 
tioned, the activation energy for etching of {111} surfaces, 
as opposed to the {100} and {110} faces, is uncertain due to 
the fact that the experiments were probably done on 
misoriented {111} samples. Therefore, it still remains to 
make this measurement  on "perfect" {111} surfaces to 
clarify the nature of the orientation-dependent effects. 
(iii) Our attempts to obtain the spectrum of the connec- 
tive layer emphasize that a {111} surface oriented to better 
than 1/4 ~ is needed. Then, there is a good chance of 
determining n and k and identifying the stoichiometry of 
this SiO~ layer and how it evolves into SIO2. (iv) Etching 
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surfaces tend to stay smoother at mo]arity near satura- 
tion, but  the etch rate drops considerably. This suggests 
that repetition of some of the experiments described here 
would be useful to clarify roughness processes. 

Acknowledgments 
We thank D. E. Aspnes of Bell Communication Re- 

search for his calculated values of ~ for the SiO~. chemical 
mixture. J. Freitas of NRL carried out a Raman scattering 
search for Sil l  bonds in the slush layer. G. Campisi, of 
NRL, and J. W. Faust, Jr., of the University of South 
Carolina, provided help in obtaining and interpreting the 
photographs of surface roughness. D. L. Kendall, of 
Insti tuto Nacional de Astrofisica, Optica of Electronica, 
Pueb]a, Mexico, pai~icipated in many discussions on 
etching mechanisms. One of the authors (O.J.G.) is an 
NRC-NRL Resident Research Associate. 

Manuscript submitted July 23, 1984; revised manuscript  
received Jan. 3, 1985. This was Paper 578 presented at the 
Washington, DC, Meeting of the Society, Oct. 9-14, 1983. 

Naval Research Laboratory assisted in meeting the pub- 
lication costs of this article. 

REFERENCES 
1. K. E. Bean, IEEE Trans. Electron. Devices, ed-25, 1185 

(1978). 
2. J .B. Ange]l, S. C. Terry, and P. W. Barth, Sci. Am., 248, 

44 (1983). 
3. K. E. Petersen, Proc. IEEE, 70, 429 (1982). 
4. J. B. Price, in "Semiconductor Silicon," H. R. Huffand 

R. R. Burgess, Editors, p. 339, The Electrochemical 
Society Softbound Proceedings Series, Princeton, 
NJ (1973). 

5. D. F. Weirauch, J. Appl. Phys., 46, 1478 (1975). 
6. A. Reisman, M. Berkenblit, S. A. Chan, F. B. Kaufman, 

and D. C. Green, This Journal, 126, 1406 (1979). 
7. M. J. Declercq, L. Gerzberg, and J. D. Meindl, ibid., 122, 

545 (1975). 
8. D. L. Kendall, Appl. Phys. Lett:, 26,195 (1975); Ann. Rev. 

Mater. Sci., 9, 373 (1979). 
9. E.D. Palik, J. W. Faust, Jr., H. F. Gray, and R. F. Greene, 

This Journal, 129, 2051 (1982). 
10. E. D. Pa]ik, H. F. Gray, and P. R. Klein, ibid., 130, 956 

(1983). 
11. J. W. Faust, Jr., and E. D. Palik, ibid., 130, 1413 (1983). 
12. E. D. Palik and V. M. Bermudez, J. Phys. (Paris), 44, 

C10-179 (1983). 
13. H. A. Waggener and J. V. Dalton, Abstract 183, p. 450, 

The Electrochemical Society Extended Abstracts, 
Vol. 70-2, Atlantic City, N J, Oct. 4-8, 1970. 

14. O. J. Glembocki, R. E. Stahlbush, and M. Tomkiewicz, 
This Journal, 132, 145 (1985). 

15. E. D. Pa]ik, V. M. Bermudez, and O. J. Glembocki,ibid.,  
132, 135 (1985). 

16. V. M. Bermudez and V. H. Ritz, Appl. Opt., 17, 542 
(1978); V. M. Bermudez, Surf. Sci., 74,568 (1978). 

17. R. W. Engstrom, "Photomultipler Handbook," no. 
PMT-62, RCA, Lancaster, PA (1980). 

lB. G. Zuther, Phys. Status Solidi A, 59, K109 (1980). 
19. D. E. Aspnes and J. B. Theeten, This Journal, 127, 1359 

(1980); D. E. Aspnes and J. B. Theeten, Phys. Rev. 
Lett., 43, 1046 (1979). 

20. G. E. Jellison, Jr., and F. A. Modine, J. Opt, Soc. Am., 72, 
1253 (1982). 

21. G. E. Jellison, Jr., and F. A. Modine, J. Appl. Phys., 53, 
3745 (1982). 

22. W.W. Harvey and J. Kruger, Electrochim. Acta, 16, 2017 
(1971). 

23. E. Taft and L. Cordes, This Journal, 126, 131 (1979). 
24. J. W. Faust, Jr., in "Surface Chemistry of Metals and 

Semiconductors," H. C. Gatos, J. W. Faust, Jr., and 
W. J. LaFleur, Editors, p. 151, John Wiley and Sons, 
New York (1960). 

25. J. W. Faust, Jr., A. Sagar, and H. F. John, This Journal, 
109, 824 (1962). 

26. M. D_ Williams and D. E. Aspnes, Phys. Rev. Lett., 41, 
1667 (1978). 

27. D.E. Aspnes, J. B. Theeten, and F. Hottier, Phys.Rev.B, 
20, 3292 (1979). D. E. Aspnes, A. A. Studna, and E. 
Kinsbron, Phys. Rev. B, 29, 768 (1984). 



884 J. Electrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  Apr i l  1985 

28. H. E. Bennett, J. Opt. Soc. Am., 53, 1389 (1963). 
29. T. V. Vorburger and K. C. Ludema, Appl. Opt., 19, 561 

(1980). 
30. S. Kono, L. J. Hanekamp, and A. Van Silfhout, Surf. 

Sci., 65, 633 (1977). 
31. K. K. Svitashev, A. I. Semenenko, L. V. Semenenko, 

and N. L. Shvarts, Opt. Spektrosk., 43, 88 (1977); Opt. 
Spectrosc. (USSR) Engl. Transl., 43, 161 (1977). 

32. M.A. Hopper, R. A. Clarke, and L. Young, Surf. Sci., 56, 
472 (1976). 

33. R. B. Bendere, R. P. Kalnynya, and I. A. Feltyn, Opt. 
Spektrosk., 53, 507 (1982); Opt. Spectrosc. (USSR) 
Engl. Transl., 53, 299 (1982). 

34. O. J. Glembocki, in "Spectroscopic Characterization 
Techniques for Semiconductor  Technology," p. 130, 
SPIE Vol. 452 (1983). 

35. D. E. Aspnes and A. A. Studna, Phys. Rev. B, 27, 985 
(1983). 

36. V. M. Bermudez, Opt. Commun., 23, 413 (1977), erratum, 
ibid., 24, 366 (1978); F. A. Modine, G. E. Jellison, Jr., 
and G. R. Gruzalski, J. Opt. Soc. Am., 73, 892 (1983). 

37. S. M. Repinskii and S. V. Pershkova, Zh. Fiz. Khim, 46, 
896 (1972); Russ. J. Phys. Chem., 46, 519 (1972). 

38. S. O. Izidinov, Zh. Prikl, Khim, 44, 1642 (t971); J. Appl. 
Chem. USSR, 44, 1660 (1971). 

39. R. M. Finne and D. L. Klein, This Journal, 114, 965 
(1967). 

40. I. V. Kolbanev and P. Yu. Butyagin, Kinet. Katal., 23, 
327 (1982); Kinet. Catal. (USSR) Engl. Transl., 23, 271 
(1982~. 

41. B. Block, B. Block, Inc., Los Altos, CA, Private commu- 
nication. 

42. J. G. Hooley, Can. J. Chem., 39, 1221 (1961). 
43. F. A. Cotton and G. Wilkinson, "Advanced Inorganic 

Chemistry," 4th ed., Chap. 12, Witey-Interscience, 
New York (1980). 

44. S. Ciraci and H. Wagner, Phys. Rev. B, 27, 5180 (1983); H. 
Ibach, H. Wagner and D. Bruckmann, Solid State 
Commun., 42,457 (1982); Y. J. Chabal  and S. B. 
Christman, Phys. Rev. B, 29, 6974 (1984). 

45. K. E. Bean and P. S. Gleim, Proc. IEEE, 57, 1474 (1969). 
46. R. L. Ligenza, J. Phys. Chem., 65, 2011 (1961). 

n-Type Behavior of Chromium (111) Oxide 
E. W. A. Young, P. C. M. Stiphout, and J. H. W. de Wit* 
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ABSTRACT 

The character of the electronic charge carriers under various conditions in chromium (III) oxide was investigated 
using Seebeck measurements on sintered compacts of Cr20.~ in the temperature range 800-1800 K. The compacts were 
prepared by various sintering procedures. Depending on the pretreatment of the compacts, n- or p-type materials were 
obtained, p-Type material resulted after sintering in an atmosphere with a high oxygen partial pressure. Sintering in an 
atmosphere with low oxygen partial pressure, however gave n-type material. This n-type behavior could be frozen in by 
cooling the compacts below 1100 K. These experimental  results provide evidence for Cr interstitials being the predomi- 
nating point defects in Cr20~ at low oxygen partial pressure. 

Chromium and many technologically important chro- 
mium containing alloys owe their high temperature oxi- 
dation resistance to the formation of protective Cr~O:3 lay- 
ers (1). The oxidation mechanism is determined by the 
transport properties of the formed Cr~O3 layer. Therefore, 
knowledge of the nature of the mobile species in the ox- 
ide forms the basis for the elucidation of the reaction 
mechanism (2, 3). 

The oxidation kinetics of chromium and its alloys as 
well as the defect structure of bulk chromium (III) oxide 
have been subject to extensive studies. Considerable 
knowledge of the growth mechanism of Cr20:~ scales has 
accumulated. Measurements on bulk chromium (III) ox- 
ide indicated that the oxide had a metal-deficient defect 
structure (4). Therefore it was assumed until recently that 
during thermai oxidation the chromium (III) oxide layers 
grew by diffusion of chromium vacancies. Kofstad and 
Lillerud, however, concluded in a review paper on all the 
experimental  data available that, at low oxygen partial 
pressures, chromium interstitials are the predominating 
point defects in Cr~Q (3). This means that Cr203 should 
behave as an n-type material at low oxygen partial pres- 
sures. Kofstad and Lillerud suggest that only at relatively 
high oxygen partial pressures, including normal atmo- 
spheric pressure, should the material show p-type behav- 
ior. The p-type behavior of bulk Cr~O3 has been described 
in literature (5, 6). However, direct evidence for the n-type 
character at low oxygen partial pressures, in the form of 
Seebeck measurements,  has not been published yet. 

We have performed Seebeck Coefficient measurements 
on sintered Cr20~ compacts. Special attention was paid to 
the equilibration time of the samples at various tempera- 
tures and oxygen partial pressures. 

Experimental 
Chromium (III) oxide (Puratronic 99.999%) powder was 

pressed to tablets, uniaxially at a pressure of 4 • l0 s Pa (0 
*Electrochemical Society Active Member. 

= 8 mm, length = 15 ram). These tablets were sintered in 
an alumina tube furnace, in a chromium (III) oxide- 
coated alumina boat. Various sinter procedures were fol- 
lowed. A first series of samples was sintered in air at 1900 
K for 3h. Only poorly sintered compacts were obtained 
this way (density 65%) (type A, Fig. 1A). A second series 
of samples was sintered at low oxygen partial pressure 
[after Ownby and Jungquis t  (7)] in a HJH20 (1% H20) 
mixture. Heating of the tablets up to 1770K for lh  and 
cooling them in the same atmosphere resulted in moder- 
ately sintered compacts (density 85%) (type B, Fig. 1B). At 
1770 K, the oxygen partial pressure of the gas mixture is 
10 -'2 atm. After sintering at higher temperature, 1920 K, 
for 3h in HJH20 (1% H20), large grained high densitY 
samples were obtained (density 95%) (type C, Fig. 1C). At 
1920 K, an oxygen partial pressure of 2 x 10 -'2 atm is ob- 
tained in the gas mixture. 

Finally, samples sintered in CO/O2 (0.2% oxygen) at 1770 
K were prepared (Po~ is 4 x 10 -13 atm at 1770 K). These 
compacts, again, only show a moderate density (density 
85%) (type D). 

The sintered samples were mounted in an all-alumina 
Seebeck effect measuring system and pressed between 
two insulating alumina tablets. Only during the short pe- 
riod of time necessary to observe the Seebeck cofficient, 
Pt/Pt 10% Rh thermocouples were pressed onto the sam- 
ple-ends, through a hole drilled through the two alumina 
tablets. The platinum leads of the thermocouples were 
also used for the measurement  of the thermoelectric 
power. In this way a permanent  heating of the thermo- 
couples during equilibration of the samples could be 
avoided. Their lifetime was greatly enlarged, and the con- 
tamination of the samples with platinum could be kept to 
a minimum. 

All Seebeck measurements were performed in air. Un- 
less stated differently, the samples were given 24h equili- 
bration time after each temperature change. The reported 
Seebeck coefficients are the average values from 
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Fig. 1. A: SEM of a "porous" Cr20:~ compact (density 65%) sintered 
in air, 1920 K, 3h (type A). B: SEM of a "porous" Cr20:~ compact (den- 
sity 85%) sintered in HJH20, 1770 K, lh (type B). C: SEM of a "high 
density" Cr~O:~ compact (density 95%) sintered in H2/H~O , 1920 K, 
3h (type C). 

m e a s u r e m e n t s  p e r f o r m e d  at th ree  di f ferent  t empe ra tu r e  
gradients  at the same  average  tempera ture .  Dif ferent  tem- 
pera tu re  gradients  were  ob ta ined  by m o v i n g  the  samples  
in the  hot  zone of  the  furnace.  The  di f ference b e t w e e n  the  
t empe ra tu r e  at the  hot  and the  cold end of  the  samples  
neve r  exceeded  30 ~ dur ing  measurement s .  The  reproduci -  
bi l i ty of  two paral lel  runs  was wi th in  5%. 

Results 
The  s inter ing p rocedure  tu rned  out  to have  a major  in- 

f luence on the  e lect ronic  proper t ies  of the  samples .  
All air-s intered samples  show p- type behavior .  The 

the rmoelec t r i c  power  of  these  air-s intered samples  is in- 
d e p e n d e n t  of t e m p e r a t u r e  up to 1300 K and decreases  at 
h igher  t empera tu res  f rom 750 to 300/~V/K at 1750 K (Fig. 
2). 

This is in accordance  wi th  S e e b e c k  m e a s u r e m e n t s  re- 
por ted  by Hay  et al. (5) and data of F i scher  and Lorenz  (6) 
for m e a s u r e m e n t s  at a tmospher i c  oxygen  pressures .  Sam- 
ples s in tered in an a t m o s p h e r e  wi th  a low oxygen  part ial  
p ressure  (HJH20,CO/O2), h o w e v e r  init ial ly in air at tem- 
pera tures  be low 1100 K show n-type behavior .  A h igh  
t empe ra tu r e  t r ea tmen t  in air alters the  S e e b e c k  coeffi- 
c ient  of these  samples .  

The  porous  samples  (Fig. 1B) rapidly shift  f rom n- to 
p- type  above  1300 K. Once  shif ted and equi l ibra ted ,  the  
same var ia t ion of  the  the rmoe lec t r i c  p o w e r  wi th  tempera-  
ture  is measu red  for these  samples  as for the  a i r -s intered 
samples .  As can be expec ted ,  at lower  t empera tu re s  more  
t ime  is requ i red  for the  n- to p-shift  of  the  samples.  A 
s u m m a r y  of  the  measu red  n- to p-shifts  is g iven  in  Fig. 3. 
In Table  I, a genera l  survey  of  our  resul ts  has been  given. 

Severa l  samples  a l ready shif ted f rom n- to p- type  were  
g iven  a new high t empe ra tu r e  t r ea tment  at 1770 K in an 
a t mos phe re  wi th  a low o x y g e n  part ial  pressure.  These  

samples ,  initially, at low tempera tu res  show n- type be- 
havior  again. A new high  t empera tu re  t r ea tmen t  in air 
shifts t h e m  back to p-type. These  observat ions  show that  
the  n-to-p shif t  is a revers ible  process  and that  a possible  
con tamina t ion  of the  samples  dur ing  the  var ious heat- 
t r ea tments  cannot  be  the  cause of  the shift. 

The  large gra ined (n-type), h igh  dens i ty  samples  (Fig. 
1C) are not  in f luenced  by a hea t - t rea tment  in air be low 
1750 K. These  samples  s imply  remain  n-type. Howeve r  
hea t ing  these  compac t s  for several  hours  at 1870 K in air 
s l ightly reduces  the  the rmoe lec t r i c  power  of these  
compacts .  

Discussion 
We in terpre t  the  n- type behav ior  as observed  in air at 

low tempera tu res  for the  Cr20:, compac t  (s intered in an at- 
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Fig. 2. Thermoelectric power of a Cr20:~ compact sintered in air 
(type A) as a function of temperature. 
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Fig. 3. Thermoelectric power of Cr~O:~ compacts sintered in HJH~O 
(type B) measured in air as a function of time. 

mosphere with a low oxygen partial pressure) as the re- 
sult of a frozen in state. 

At high temperatures, the compacts equilibrate with 
the surrounding atmosphere (air). Equilibration results in 
a shift from n- to p-type character of the samples. 

The observed n-type behavior of chromia confirms the 
interstitial cation model of Kofstad and Lillerud (3). 
These authors based their interstitial model on an overall 
consideration of many defect depending properties, i.e., 
the sintering behavior of Cr203 while additional evidence 
was obtained from oxidation experiments (8, 9). Recently, 
high temperature oxidation experiments of Hindam and 
Whittle on chromium and chromium alloys provided evi- 
dence for the interstitial model (10). Various studies on 
the electrical behavior of Cr203 were performed, including 
the behavior at low oxygen partial pressures (5, 6, 11, 12). 
The conductivity measurements by Matsui and Naito sug- 
gest n-type behavior at low oxygen partial pressures (11). 
However, the n-type behavior of Cr203 at low oxyen par- 
tial pressures has never been measured directly from 
thermoelectric power observations. Hay et al. measured 
the thermoelectric power of Cr20~ as a function of the ox- 
ygen partial pressure (5). There is a fair agreement  be- 
tween our experimental  results and those reported by 
Hay et al. for measurements in near atmospheric oxygen 
partial pressures. A large discrepancy is found for the 
data measured at low oxygen partial pressure. Hay et al. 
observed a decreasing thermoelectric power with 
decreasing oxygen pressure, but they never obtained 
n-type material, not even in an atmosphere with a Po2 of 
10 -20 atm at a temperature of 1850 K. Unfortunately, the 
authors do not give any experimental details concerning 
the density of their samples, the atmosphere nor the equi- 
libration times that they used. Besides, the purity of the 
samples is not known. 

Our equilibration measurements (Fig. 3) show that very 
long times are needed already for the equilibration of 
highly porous material. The large grained, high density 
samples we investigated (type C), in which gas-phase 
transport and grain boundary diffusion is reduced, even 
fail to equilibrate at 1870 K at all. New chromium tracer 
diffusion data (for single crystals), published by Hoshino 
and Peterson (13), show a very low self-diffusion coeffi- 
cient of chromium (10-13 cm2/s at 1770 K). Such low tracer 
diffusion data also predict a slow equilibration of Cr203, 
as we observed ourselves. It can be assumed, therefore, 
that the Cr203 compacts studied by Hay et al. were not 
fully equilibrated with the low oxygen partial pressures 
of the atmosphere they used during measurements. 

Fischer and Lorenz (6) as well as Hagel and Seybolt (9) 
did, in contrast with Matsui and Naito (11), not find a 
clear oxygen partial pressure dependence of the electrical 
conductivity. However, Fischer and Lorenz did not use 
very pure chromium oxide and nonpurified argon gas 
was used to control the atmosphere. This means that the 
atmosphere probably contained a fair amount of oxygen. 
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Table I. General survey of results 

Sinter conditions Results 

Sign 
thermoelectric power 

After 
heat- 

Sample After treatment 
type Gas T (K) t (h) Density sintering in air 

% 

A air 1920 3 65 p p 
B HjH~O 1770 1 85 n p 
C HJH~O 1920 3 95 n n 
D CO/O.~ 1770 1 85 n p 

Hagel and Seybolt used hot-pressed samples with a high 
density for their conductivity measurements,  but short 
equilibration times (30 min). Thus it cannot be expected 
that n-type behavior would have been found by these 
authors. 

Conclusions 
From the above thermoelectric power measurements it 

was concluded that chromium (III) oxide equilibrated 
with a low oxygen partial pressure will behave as an 
n-type material. 

Hoshino and Peterson (13), however, concluded from 
the increase of the chromium tracer diffusion coefficient 
with increasing oxygen partial pressure that Cr vacancies 
are the predominating defects in Cr2Q even at low oxy- 
gen partial pressures. Thus the material would be p-type. 

Our thermoelectric power measurements, the oxidation 
experiments by Hindam and Whittle (10), and the electri- 
cal conductivity data of Matsui and Naito (11) indicate 
that Cr interstitials are the predominating point defects at 
low oxygen partial pressures. Hoshino and Peterson 
themselves already call attention to the fact that both the 
temperature and the oxygen activity range for their mea- 
surements were severely limited, thus, possibly, giving 
misleading results. In all, one can conclude that, proba- 
bly, in chromium (III) oxide, at low oxygen partial pres- 
sure, e.g., at the scale metal interface of thermally oxi- 
dized chromium and Cr alloys, Cr interstitials will be the 
predominating point defects. 

In order to further solve the defect structure of chro- 
mium (III) oxide, additional measurements on the rela- 
tion between the thermoelectric power and the oxygen 
partial pressure are being taken. 

Manuscript submitted April 4,1984; revised manuscript  
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MOS Capacitors on Cadmium Telluride 
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A B S T R A C T  

The behav ior  of MOS devices  on c a d m i u m  te l lur ide  is reported.  Tile oxides  were  g rown  by anodic  ox ida t ion  in 1N 
K O H  in methanol .  These  devices  had normal  C-V behav ior  wi th  definite accumula t ion  and deple t ion  regions;  however ,  
cons tan t  capac i tance  was not  observed  in invers ion.  The  effects of  s emiconduc to r  surface  damage  and the rmal  stabil i ty 
of the  ox ide  are also repor ted.  The  effects of  series substrate  res is tance  on capac i tance .vol tage  and conduc tance-vo l tage  
have  b e e n  d iscussed  and an interface t rap-level  dens i ty  es t imated.  

C a d m i u m  te l lur ide  is ex tens ive ly  used  both  as a sub- 
s t rate  for epi taxial  g rowth  of  Hg,-xCdxTe and as a mate-  
rial for solar cells and  radia t ion  detectors.  CdTe  is one of 
the  cons t i tuents  of  the  p seudob ina ry  alloy Hg,_xCd~Te 
(1), the  device  p rocess ing  t echno logy  of wh ich  is based  on 
oxide  g rowth  by anodiza t ion  (2). Therefore,  anodic  oxide  
g rowth  studies and s tudies  of the  electr ical  behav io r  of 
m e t a l  insulator  (oxide) s emiconduc to r  devices  are 
appropr ia te  both  as a means  of  evaluat ing  CdTe  mater ia l  
p roper t ies  and dev ice  pe r fo rmance  and as an aid in devel- 
op ing  a comple te  unde r s t and ing  of  the  ox ide  g rowth  of  
Hg,-xCdxTe.  

To date, several  repor ts  of  MIS  behav ior  on wide  
bandgap  semiconduc to r s  have  been  made.  Good  C-V be- 
hav ior  was repor ted  on low resis t ivi ty p- type  CdTe,  us ing 
Langmui r -B lodge t t  films o f  c a d m i u m  stearate  as an insu- 
lator, a l though resul ts  were  not  easi ly r ep roduc ib le  (3). 
MIS  devices  on CdTe  were  also repor ted  us ing  a nat ive  
ox ide  g rown  in boi l ing H202, bu t  no C-V character is t ics  
were  repor ted  (4). T h e  C-V behavior  of  MIS devices  on 
o ther  wide  bandgap  semiconduc to r s  such  as GaAs (5), 
GaAs0.6P0.4 (6, 7), and G a P  (8) us ing  anodical ly  g rown  
oxides  as insulators  have  also been  repor ted.  L o w  
thermal  genera t ion  of  minor i ty  carriers was observed  in 
all of  the  last three  cases. 

Exper imenta l  
Anod ic  oxide  films were  g rown  on bo th  n- and p- type  

CdTe.  Material  resist ivi t ies were  typical ly  102-104 ~ cm. 
All  samples  were  s ingle crystals  of  r a n d o m  orientat ion,  al- 
t h o u g h  s o m e  crystals were  ox id ized  on the  (111) "A"  face. 
All of  the  resul ts  r epor t ed  here  were  found for as -grown 
crystals that  were  not  sub jec ted  to any annea l ing  pro- 
cedures .  

Back-s ide  ohmic  contacts  w e r e  p r o d u c e d  by a process  
similar  to one  descr ibed  e lsewhere  (9) for low resist ivi ty 
p- type CdTe.  This  process  invo lved  e tch ing  in a solut ion 
conta in ing  a K2Cr2OT:H2SO4 mixture ,  fo l lowed by back- 
side Au evaporat ion.  Contacts  on p- and n- type samples  
were  eva lua ted  by measu r ing  current  as a func t ion  of ap- 
pl ied vol tage  and were  found  to be ohmic  wi th  an RA 
p roduc t  of  about  25 ~ cm 2. 

Surface  p repara t ion  pr ior  to ox ida t ion  was found to be 
crit ical  to dev ice  performance ,  as i l lustrated later. Sur- 
faces were  first mechanica l ly  po l i shed  to a 0.05 g m  grit  
finish, fo l lowed by a noncon tac t  pol i sh ing  p rocedure  in 
BrdCH.~OH solut ions s imilar  to that  desc r ibed  e l sewhere  
(11). Fo l lowing  surface  preparat ion,  samples  were  ano- 
dically oxidized in a 1N solut ion of  K O H  in CH:~OH. 
Anodiza t ion  was unde r  cons tan t  current  condi t ions.  Cur- 
ren t  densi t ies  were  typica l ly  1 mA]cm ~ and were  var ied  as 
necessary  to compensa t e  for var iat ions in subs t ra te  resist- 
ance.  These  cur ren t  densi t ies  were  m u c h  larger  than  
those  typical ly  used  for anodizat ion of  Hg,_~.Cd~Te, and 
were  necessary  to ach ieve  reasonable  anodiza t ion  rates, 
s ince a large potent ia l  was be ing  d ropped  f rom the  back- 
side contac t  to the  surface  in contac t  wi th  the  solution. 
Samples  were  anodized  unde r  s t rong i l lumina t ion  to give 
un i fo rm ox ide  films by min imiz ing  the  vo l tage  drop 
across the  sample.  Fo l lowing  anodizat ion,  ox ides  were  

* Electrochemical Society Active Member. 

typical ly  sub jec ted  to a vol tage  anneal ing  p rocedure  simi- 
lar to one  out l ined  for Hg,_xCd~Te (10), in wh ich  the  
sample  was he ld  at 80% of the  final appl ied  potent ia l  for 
an ex t ended  per iod  to increase  the  oxide  b r e a k d o w n  volt- 
age. Nickel  gates were  depos i t ed  by v a c u u m  evaporat ion.  
Gate  area was 1 x 103 cm 2. 

Anod ic  pass ive  film such as the  oxide  g rown  in this 
case usual ly  fol low one of two  empir ica l  rate laws 

L = A + B I n  (t) ( logari thmic law) 

YL = C - D I n  (t) ( inverse logar i thmic  law) 

to wh ich  a var ie ty  of m e c h a n i s m s  have  been  offered (12). 
In  this case, the  inverse  logar i thmic  law was observed  
(Fig. 1). Oxide  th icknesses  were  measu red  by e l l ipsom- 
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etry using a Gaertner 116A automated ellipsometer. Final 
oxide thicknesses were approximately 2000•. The refrac- 
tive index of the oxide was found to be 2.15 -+ 0.10 by 
ellipsometry. The breakdown field of the oxide was 
found to be about 2 • 106 V/cm, which approaches values 
reported for SiO~. Also, in order to qualitatively deter- 
mine the extent of oxide hydration (as OH-  from basic so- 
lution), the dissolution rate in cold (20~ water was fol- 
lowed by ellipsometry, as shown in Fig. 2. From this test 
it was concluded that approximately the last 100~ of ox- 
ide grown was hydrated to any extent. 

Electrical evaluation of the MOS capacitors were made 
using a Hewlett-Packard automated test system, con- 
sisting of an HP4725A multifrequency LCR meter  con- 
trolled by an HP9845B desktop computer equipped with 
a real-time clock. This configuration allowed extremely 
slow scan rates (10 V/h), which proved to be necessary to 
minimize injection-type hysteresis. This configuration 
also allowed simultaneous capacitance-voltage and 
conductance-voltage measurements to be made and pro- 
vided real-time corrections for series substrate resistance. 
Corrections for series resistance were made as described 
elsewhere (13). Samples were tested at room temperature 
in ambient atmosphere. All measurements were made in 
the dark. 

Results and Discussion 
Figure 3 illustrates a typical C-V plot achieved from an 

MOS capacitor fabricated on n-type CdTe. It shows 
definite accumulation and depletion regions. However, 
no inversion was observed due to the low thermal genera- 
tion of minority carriers as is observed in other wide 
bandgap semiconductors. The C-V plot corrected for 
series resistance showed a significant capacitance correc- 
tion in strong accumulation which steadily decreased in 
depletion until corrected and uncorrected capacitances 
were essentially equal. Injection-type hysteresis was typi- 
cally observed and was minimized by slow voltage sweep 
rates. High frequency C-V's were observed down to fre- 
quencies as low as 100 Hz, also typical of low minority 
carrier generation. Capacitors subjected to test frequen- 
cies below 100 Hz were not well-behaved enough to ob- 
serve any typical C-V behavior. Similar C-V behavior was 
also ~observed in MOS capacitors fabricated on p-type 
CdTe (Fig. 4). Essentially the same characteristics were 
observed on both n- and p-type material. 

Noncontact polishing (11) was found to be an important 
procedure in the fabrication of MIS devices, since it re- 
moved mechanical damage better than normal chem- 
mechanical polishing techniques. The importance of 

c,coxI   -- / ~--~ C/Cox I 
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__ lol , l ~ 
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G A T E  B I A S  ( V O L T S )  
Fig 3. Capacitance-voltage characteristics of a MOS capacitor on 

n-type CdTe. Top curve has been corrected for series resistance. Bottom 
curve is as measured. Capacitance axis is measured capacitance normal- 
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Fig. 5. Capacltance-voltage characteristic of a MOS capacitor on 

n-type MOS capacitor on n-type CdTe with residual surface damage. 
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Fig. 4. Capacitance-voltage characteristic of a MOS capacitor on 

p-type CdTe. 
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Fig. 6. Capacitance-time characteristic of a MOS capacitor on n-type 

CdTe. At time T = 0, the Ni gate is biased into depletion, and the capaci- 
tive delay is observed, as shown. 
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removing mechanical polishing damage is emphasized by 
the C-V curve shown in Fig. 5. Although chem-mechani- 
cal polishing in Br~CH~OH followed mechanical polishing 
of this sample, damage removal by this method was in- 
complete. The effect of this damage was a drastic de- 
crease in capacitance measured in accumulation. The 
samples in Fig. 3 and 4 show much better behavior than 
Fig. 5, due to less residual mechanical damage. 

In order to determine the thermal stability of the oxide 
and the oxide-semiconductor interface, the C-V character- 
istics of a MOS capacitor were measured, then subjected 
to 24h at 90~ in ambient atmosphere. Subsequent re- 
testing of the slice indicated no change in the C-V charac- 
teristics of the capacitor. 

Dark storage times were also measured (Fig. 6). Average 
decay times of 200s were observed and were thought to 
be limited by leakage through the oxide. 

Correction for series resistance proved to be even more 
important  in G-V measurements  than in C-V measure- 
ments. Figure 7 shows a typical example of the measured 
conductance and the parallel conductance corrected for 
series resistance. No peak was observed in the measured 
conductance, indicating that series resistance was the ma- 
jor loss. When the conductance was corrected for sub- 
strate resistance, a peak indicative of interface trap losses 
was observed. From such corrected conductance data, a 
plot of G,/co as a function of frequency was plotted (Fig. 8) 
and an interface trap density of 7 • 10 H cm -2 eV -1 was es- 
t imated for a gate bias of 0.6V (approximate flatband 
voltage). Since no at tempt was made to relate bias voltage 
to surface potential, the location of this trap level is not 
given. 

Conclus ion 
Well-behaved MOS capacitors were fabricated on CdTe 

by anodic oxidation. C-V measurements yield high fre- 
quency curves with definite accumulation and depletion 
regions. Inversion was not observed due to low thermal 
generation of minority carriers. Corrections for series re- 
sistance had to be made  in both C-V and G-V measure- 
ments, and corrected G-V curves were used to estimate 
interface trap densities. 

~) (Hz )  
Fig. 8. Interface trap density estimated by conductance method on 

n-type CdTe. 
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Chemical Vapor Deposition of Thin Films under Reduced 
Pressures 

Junji Saraie, Jongho Kwon, and Yutaka Yodogawa 

College of Technology, Kyoto Institute of Technology, Matsugasaki, Kyoto 606, Japan 

ABSTRACT 

A]20:~ thin films were deposited by reduced-pressure CVD using aluminum tri-isopropoxide as a source. The depen- 
dence of the growth rate on the substrate temperature and the source gas supply was determined. The activation energy 
of the decomposition reactions was determined to be 18 kcal/mol. The electrical resistivity and the dielectric properties 
are characterized. The origin of the frequency dispersion in the sample prepared under the surface reaction limited con- 
ditions are discussed. 

Chemical vapor deposition of amorphous thin films of 
A120~ for electron device applications has been reported 
by Aboaf (1). He obtained dense and etchable amorphous 
A120:3 films using aluminum tri-isopropoxide [Al(OC3HT):3, 
ATI in the following] as source material at the deposition 
temperature of 420~ In his deposition system, the source 
gas with atmospheric pressure was heated in the quartz 
tube furnace, so that the deposition process included ho- 
mogeneous reactions. 

CVD-A1203 films were studied as insulator films for 
MIS structures of GaAs (2, 3) and InP (4, 5). In the case of 
Ref. (4), A120:~ films are considered to be deposited 
through heterogeneous reactions on the substrates, al- 
though the authors did not refer to the situation expli- 
citly. They did not report the systematic study of deposi- 
tion conditions, however. 

In this report, A1203 thin films were deposited through 
heterogeneous reactions on the substrate under reduced 
pressure at substrate temperatures below 420~ The sub- 
strate temperature and the source gas supply were varied 
systematically as the deposition parameters. Their elec- 
tric properties such as resistivity, dielectric constant, and 
dielectric loss factor are studied in relation to the deposi- 
tion conditions. 

Experimental  
Figure 1 shows the deposition apparatus. The carrier 

gas is N2 gas. The bubbler containing ATI is maintained 
at 120 ~ -+ 0.2~ and the stainless steel pipes and the valves 
are heated to 130 ~ -+ 5~ to avoid the condensation of 
ATI vapor. The total flow of gases was kept 1000 ml/min 
throughout  the study and the gas flow through the ATI 
bubbler (referred to as an ATI flow rate in the following) 
was varied mainly from 50 to 200 refrain. The ATI bypass 
line was used in order to settle the bubbling condition be- 
fore starting the deposition. The reaction chamber was 
stainless steel and vertical type. The diameter of the sub- 
strate holder was 5 cm. The gases blow down onto the 
heated substrates through a stainless steel mesh diffuser 
to obtain films with a uniform thickness. The gases were 
not heated to the cracking temperature before reaching 
the substrate surface. The reaction chamber was evacu- 
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ated to a pressure of about 10 torr during deposition 
throughout the study. The homogeneous reactions can be 
minimized in the case of reduced-pressure CVD because 
of low concentration of gas molecules. Moreover, since 
the gas velocity is increased under the reduced pressure, 
the gas-phase heating by the substrate heater and gas 
convection can be largely avoided, which assures also the 
heterogeneous reactions and uniform gas flow as much 
as possible. 

Silicon wafers and glass plates were used as substrates 
for the thickness measurement  and the electrical proper- 
ties measurement,  respectively. Aluminum was evapo- 
rated as an electrode on the glass substrate prior to the 
A1~O3 deposition. The substrate temperature (T~ub) was 
controlled to an accuracy within 0.5~ 

ATI (Nakarai Chemicals Limited) is white, semitrans- 
parent, and brittle solid. But once melted, it does not so~. 
lidify, even if the temperature is lowered to room temper- 
ature. The ATI melt is colorless and transparent. The liq- 
uid state is maintained for more than 10 days under N2 at- 
mosphere, but it begins to solidify in a few days if the 
melt is exposed to the air. 

The film thickness was measured on the Si wafer 
sample by multi-interference microscopy. A part of A1203 
films was etched off by HF, and A1 was evaporated on it 
to obtain high reflectivity. The film thicknesses were 
usually 1000-2000/L 

Aluminum dots with the area of 0.025 cm ~ were evapo- 
rated on the A12OJA1/glass structure. The current-voltage 

2 0 0  .... 

7 1 5 o  
E 

LU 

a: 100 
z 

ixl 
o 5 0  

I I I 

AT[ FLOW RATE 
O 200 m[/rnin 

& 150 

o 100 
�9 50 
�9 -400 

i 
I 

4OO 
02~i  I I 

3 0 0  350  
SURSTRATE TEMPERATURE ( ' C )  

Fig. 2. Dependence of the deposition rate on the substrate tempera- 
ture and the ATI flow rate. The total gas flow rate is 1000 ml/min 
and the pressure during deposition is about 10 torr. 
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Fig. 3. ATI flow-rate dependence of the deposition rate in the 
mass-transfer limited region. 

characteristics were measured step by step using pico- 
ammeter  (Toa PM-18R), and the electrical resistivity was 
calculated from the slope between -0.5 and +0.5V. The 
current was measured 1 rain after applying a voltage. The 
dielectric properties were measured as a function of the 
frequency by a universal bridge (120 Hz-10 kHz, Delica 
12K) and a capacitance meter  (1 MHz, Boonton 72D). 

Results and Discussion 
Surfaces of the deposited films are mirror smooth on 

both thin (1000-2000~) and thick (~1 t~m) films, and inter- 
ference colors are observed clearly on the Si wafer sub- 
strates. Thickness was slightly larger at the periphery of 
the samples. The uniformity of the thickness was within 
10% in the sample with dimensions of 20 x 20 mm ~. X-ray 
diffraction experiments on the thick samples show that 
all the films deposited in this study are amorphous. 

Figure 2 shows the dependence of the deposition rate 
on the substrate temperature and the ATt  flow rate. The 
deposition rate increases and then saturates as T~b in- 
creases at the same ATI flow rate. The saturation values 
increase with increasing the ATI flow rate. This tend- 
ency is similar to the case of usual chemical vapor deposi- 
tion, that is, the deposition rate is limited by surface reac- 
tion at low T~ub and is l imited by mass transfer (source gas 
supply) at high T~,b. The total gas flow rate and the ATI 
flow rate are about one order of magnitude smaller than 
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Fig. 4. Arrhenius plot of the deposition rate 

those in the case of Aboaf (1). The lowest Tsub for A120:~ 
deposition is found to be about 250~ This critical tem- 
perature coincides with the results of Aboaf (1) and Tan- 
aka et al. (3), but is higher than that after Kobayashi et al. 
(5). 

Figure 3 shows the ATI flow rate dependence of the 
deposition rate in the mass-transfer limited region. The 
deposition rate increases linearly with the ATI flow rate, 
which is reasonable in the mass-transfer limited region. 

Figure 4 shows the Arrhenius plot of the deposition rate 
in the surface-reaction limited region: The activation en- 
ergy of the A1203 deposition was calculated from the slope 
to be 18.2 kcaYmol. 

Figure 5 shows the dc electrical resistivity. The resistiv- 
ity is in the range between 10 '~ and 1015 ~ cm and in- 
creases gradually with T~ub. The ATI flow-rate depen- 
dence was not so clear. These values are sufficiently high 
for electron device applications such as MIS structures. 
The t ime constant of the absorption current increases 
with decreasing Tsub. This fact shows that the samples 
prepared at low T~ub include slowly polarizing centers. 
The resistivity of these samples shown in Fig. 5 may be 
estimated slightly lower because the current was mea- 
sured for all the samples 1 min after the application of 
voltages. 

Figure 6 shows a typical example of the dielectric con- 
stant e and the loss factor tan 8 as a function of the fre- 
quency for the samples prepared in the mass-transfer lim- 
ited region. The dielectric constant is 8-9 and similar to 
the data of Aboaf  (1). The value of tan 8 is 1-2% at low fre- 
quencies and increases to 10 kHz. These values are larger 
than that reported by Aboaf (1). The loss factor tends to 
decrease at higher Ts~b and at a lower ATI flow rate, that 
is, at a slower deposition rate. 

Figure 7 shows e and tan 8 for the samples prepared at 
Tsub of 265~ and at the ATI flow rate of 100 mYmin, that 
is, prepared in the surface reaction limited region. Both 
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Fig. 5. DC electrical resistivity vs.  the substrate temperature. The 

data include samples prepared at different ATI flow rates. The ATI 
flow rate does not affect the resistivity so much. 
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Fig. 7. Frequency dependence of the dielectric constant and the 
loss factor. The sample was prepared at T~.h of 265~ and at the ATI 
flow rate of 100 ml/min. 

and tan 6 show a large dispersion at low frequencies, and 
the value of tan 8 is large. This fact shows that these 
samples include polarization centers whose response time 
is rather long, which coincides with the results in dc resis- 
tivity measurement. Such frequency dispersions have 
been reported also by Tanaka et al. (3). Similar but 
smaller dispersions were also found for the samples pre- 
pared at higher temperatures in the surface reaction lim- 
ited region. The origin of the increase in tan 8 at 10 kHz 
observed in Fig. 6 and 7 is not clear at this stage. 

Kobayashi et al. (5) have reported from Auger electron 
spectroscopic (AES) analysis that CVD-A120~ films pre- 
pared below Ts,b of 300~ include carbon atoms, which 
were thought to form organic molecules. In our samples 
prepared at 265~176 carbon signal was not detected by 
AES (signal ratio of O/Al was less than 0.015). But signal 
ratio differs by measuring conditions and is difficult,to 
discuss without comparing the conditions in detail. 
Therefore, the possibility that such organic molecules 
contribute to the slow polarization cannot be excluded. 
And they may also be the origin of rather large values of 
tan 6. However, since from AES the content of carbon 
does not seem to increase with lowering the substrate 
temperature, large frequency dispersion in the samples 
prepared under  the surface-reaction limited region should 
be attributed to an additional origin. In fact, these films 
were revealed to be weak under  ion beam etching. Such 

structural weakness, rather than the increase in numbers  
of molecular centers, seems to enhance polarization at 
low frequencies and contribute to the large frequency dis- 
persions. 

The low temperature deposition reported in this paper 
is important for III-V and II-VI compound semiconduc- 
tors to avoid surface degradation at higher temperatures. 

Summary 
Smooth A120:~ thin films were deposited reproducibly 

by reduced-pressure CVD through heterogeneous reac- 
tions of a luminum tri-isopropoxide. Substrate tempera- 
tures (250~176 and source gas supply were systemati- 
cally varied, and the dependence of the deposition rate on 
these parameters was determined. From the Arrhenius 
plot, the activation energy of the decomposition reaction 
was determined to be 18.2 kcaYmol. DC electrical resistiv- 
ity is ranged from 10 '3 to 10 '5 ~ cm and increases gradu- 
ally with the substrate temperature. The dielectric con- 
stant and the loss factor are 8-9 and 1-2%, respectively. 
The samples prepared under  surface-reaction limited con- 
ditions show frequency dispersions at low frequency, that 
is, they include slowly polarizing centers. The structural 
weakness in these samples seems to enhance such polari- 
zations. CVD-A120~ films reported will be useful for the 
combination with III-V and II-VI compound semicon- 
ductors, whose surfaces tend to degrade at higher temper- 
atures. 
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Influence of Deposition Temperature, Gas Pressure, Gas Phase 
Composition, and RF Frequency on Composition and Mechanical 

Stress of Plasma Silicon Nitride Layers 
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ABSTRACT 

We have studied the influence of different process parameters on the composition and mechanical properties of 
silicon-nitride layers deposited in a SiH4-NH3-N~ plasma. The layers were deposited at temperatures between 300 ~ and 
600~ at total pressures between 65 and 195 Pa and RF frequencies between 0.1 and 20 MHz. The Si/N ratio and the den- 
sity of the as-deposited layers were determined by means of RBS. IR spectroscopy was used to measure the hydrogen 
content and Si-H/N-H ratio of the plasma nitride layers. It is shown that hydrogen content, density, and mechanical  
stress of plasma silicon-nitride layers strongly depend on deposition conditions. To explain the experimental  data, a 
simplified reaction model is given. With this model, differences in densities, hydrogen content, and stress can be related 
to cross-linking reactions and to the extent of ion bombardment  which takes place at different excitation frequencies. 

Plasma silicon-nitride layers are widely used in the IC 
technology for passivation of devices. The layers act as 
barriers against the diffusion of impurity ions such as so- 
dium, and they are also used for scratch protection during 
mounting operations. The electrical and mechanical prop- 
erties of plasma silicon-nitride layers depend strongly on 
composition, density, and mechanical stress and, there- 
fore, on the deposition conditions. Composition and 
stress measurements of plasma silicon-nitride layers have 
been reported (1-4), but attempts to make a more system- 
atic study and quantitative evaluation of the results are 
relatively, scarce. Therefore, a systematic experimental  
approach was applied to study composition, density, and 
stress of plasma silicon-nitride layers prepared under 
various deposition conditions. 

In this paper, we report on the influence of deposition 
temperature, gas pressure, gas phase composition, and 
RF frequency on the composition, density, and stress of 
plasma silicon-nitride layers. The experimental  data will 
be described by a simplified reaction model. 

Experimental 
The deposition experiments were performed in a home- 

built parallel-plate hot-wall plasma reactor, provided with 
two s i c  coated carbon electrodes (dimensions 0.4 x 9 • 
50 cm). The equipment  is shown schematically in Fig. 1. 
Silicon substrates (<100>, 2-5 ~ cm, p-type) were placed 
on the grounded bottom electrode. The RF-excited elec- 
trode is the top electrode. The electrode distance is 1.8 
cm. Prior to deposition, the reactor was pumped down to 
a pressure of about 0.1 Pa  by a two-stage rotary pump 
(Edwards EH 500) followed by a nitrogen flux at working 
pressure for at least 10 min. The latter is necessary to sta- 
bilize the temperature of the substrate wafers. The tem- 
perature setting of the reactor was calibrated with an  in- 
ternal thermocouple,  at the same pressure and gas flow 
used during the deposition experiments. Due to ion bom- 
bardment  and a contact conductance between wafer and 
electrode, the temperature of the wafer could become 
somewhat  higher than the electrode temperature. How- 
ever, as mechanical stress, composition, and etch rate in 
buffered HF of the as-deposited plasma nitride layers 
does not depend on layer thickness (or deposition time), it 
can be assumed that the substrate temperature is close to 
the temperature of the electrode. During deposition, a 
mixture of the gases silane (Sill4), ammonia (NH:,), and ni- 
trogen (N2) was passed over the slices. By varying the 
flow of the input gases, layers with different composition 
were deposited. 

Most of the deposition experiments were performed at 
a deposition temperature of 300~ a total pressure of 130 

~Present address: Nederlandse Philips Bedrijven Elcoma, Pro- 
cesses and Materials Development Group, 6543 AE Nijmegen, 
The Netherlands. 

Pa, a total gas flow of 1500 sccm (giving a room tempera- 
ture gas velocity of about 200 cm/s), an RF frequency of 
310 kHz, and a deposition rate of about 25 nm/min, which 
was obtained by adjusting the RF power. In some experi- 
ments, we varied deposition temperature (300~176 to- 
tal pressure (65-195 Pa), and frequency (0.1-20 MHz). At a 
deposition temperature of 300~ a fixed distance be- 
tween the electrodes Of 1.8 cm, an RF frequency of 300 
kHz, and a total pressure of 130 Pa, the thickness spread 
over five 3 in. wafers is about -+3%, while the variation in 
refractive index is less than 0.01. These low values can be 
realized when only a small fraction of the input gases is 
used in the process. For this reason, we worked at a rela- 
tively high gas velocity. At higher or lower pressures 
within the applied pressure regime, the wafer-to-wafer 
reproducibility becomes worse. However, the variation in 
deposition rate was always less than -+10%. Variation of 
deposition temperature shifts the opt imum deposition 
conditions. At 600~ the best wafer-to-wafer uniformity 
was achieved at a total pressure of 160 Pa. 

For characterization of the as-deposited layer, we used 
the central area ( -4  cm '2) of a wafer placed in the middle 
of the reactor. Under  all deposition conditions, the varia- 
tion in film thickness over the characterization area of 4 
cm was less than 1%, while the refractive index was con- 
stant within 0.005. The Si/N ratio and the density of the 
plasma nitride layers was measured by Rutherford back- 
scattering. 

The RBS measurements were performed using 2 MeV 
He ~ ions generated by a Van de Graaff accelerator (5). The 
hydrogen content and the Si-H/N-H ratio in the nitride 
layers was obtained from IR spectra, by means of the 
method given by Lanford and Rand (6). Due to back- 
ground pressures of O~ and H~O, small concentrations of 
oxygen are incorporated in the nitride layers. Using AES, 
it was estimated that under the applied deposition condi- 
tions the oxygen content was about 0.4 atom percent (a]o). 
The thickness of the deposited layers, which value is 
needed to calculate the density of the nitride, was mea- 
sured with an ellipsometer and with a Talystep tech- 
nique. For the latter measurement,  an etched step was 
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Fig. 2. Deposition rate, density, and atomic composition of layers de- 
posited at a deposition temperature of 300~ a RF frequency of 310 kHz / 
and total pressure of 65 Pa. (hsiH4 = 100 sccm; (hN2+~H: = 1400 sccm. 

made in the middle of the wafer. Within the experimental  
error, the Talystep and the ellipsometrically measured 
thicknesses gave the same values. 

The total stress in the layers was determined at room 
temperature by measuring the bending of nitride-coated 
Si <100> wafers with an x-ray diffraction topography go- 
niometer (Lang Camera) (7). The curvature of the crystal 
planes (r) is directly related to the film stress 

Ed ~ 
o- = -!-_ [1] 

b(1 - v)tr 

where + and - denote tensile and compressive stresses, 
respectively. The stress is compressive if the wafer has a 
convex shape, as seen from the film side. Further, d is 
the substrate thickness, t the film thickness, E the Young 
modulus, and v the Poisson ratio of the substrate. For Si 
<100>, El(1 - v) = 1.8 x 1011 Pa. Mostly layers with a 
thickness of 0.5 ~m were used for the stress measure- 
ments. Variation of the thickness between 0.1 and 1 /~m 
has, of course, influence on the bending of the substrates 
but not on the stress in the layer. 

Results 
The composition of plasma silicon nitride layers can be 

influenced by the deposition parameters: gas phase com- 
position, deposition temperature, total gas pressure, and 
RF frequency. One set of experiments was performed at 
different values of one parameter while the other parame- 
ters were kept constant. In Fig. 2 are plotted the atomic 
composition (NA), the density (p), and the deposition rate 
(G) vs. the relative ammonia pressure in the system. The 
deposition conditions are given in the figure caption. The 
ammonia concentration was changed by varying the ratio 
of the input gases N2 and NH~ while the Sill4 flow was 
kept constant. The Si/N ratio of the deposited layers de- 
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creases with increasing ammonia partial pressure and 
varies between 1.08 and 0.68 for the data given in Fig. 2. 
At the same time, the hydrogen content  varies from 14 to 
26 a/o. These effects of the ammonia partial pressure are 
ascribed to its lower dissociation energy as compared to 
N2. A high concentration of N-H-like radicals leads to a 
high content of hydrogen in the plasma nitride layers. 
The density of the nitride layers shows a maximum 
which corresponds to a Si/N ratio of about 0.75. The depo- 
sition rate of silicon nitride layers depends slightly on the 
ammonia partial pressure. In Fig. 3 are plotted the atomic 
composition, the density, and the deposition rate of sili- 
con nitride layers deposited at temperatures between 300 ~ 
and 600~ For comparison, data are also given for a layer 
deposited at 700~ without the presence of a glow dis- 
charge. With a glow discharge, the deposition rate in- 
creases slightly with increasing deposition temperature. 
With increasing deposition temperature, the hydrogen 
content of the layers decreases and the density increases. 

Figure 4 shows the influence of total pressure on the 
deposition rate, density, and composition of plasma ni- 
tride layers. With increasing total pressure, the Si/N ratio 
and the hydrogen content  increase slightly, while the den- 
sity decreases. The deposition rate depends only slightly 
on the total pressure. In Fig. 5, the atomic composition 
and the density of nitride layers, deposited at different RF 
frequencies at 300~ are plotted vs. the operating fre- 
quency. The deposition rates were about 25 nm/min, 
which was achieved by adjusting RF power. There is a 
large difference in the composition and the density be- 
tween layers deposited below and above 4 MHz. 

In Fig. 6 is given the mechanical stress for layers depos- 
ited at different temperatures, frequencies, and pressures 
(deposition conditions are given in  the captions of Fig. 
3-5). Layers deposited at low temperatures (< 550~ and 
low frequencies (< 4 MHz) show a compressive stress, 
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Fig. 3. Deposition rote, density, and atomic composition of |ayers de- 
posited at different temperatures between 300 ~ and 600~ with a glow 
discharge (310 kHz) and at 700~ without a glow discharge. P = 130 Pa; 
~hsi.4 = 100 sccm; ~N2 = 200  sccm; ~b~. 3 = 1200 sccm. 
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while layers deposited at higher temperatures and high 
frequencies (> 4 MHz) show a tensile stress behavior. Fur- 
thermore, the stress in the layer decreases with increasing 
total pressure. 

The number  of Si-H and N-H bonds per cubic centime- 
ter can be calculated from the IR spectra using a method 
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frequency, and total pressure. Deposition conditions are given in the 
captions of Fig. 3-5. 

given by Lanford and Rand (6). Figure 7 gives the fraction 
of Si-H bonds vs. the Si/N ratio of the layers deposited at 
temperatures between 300 ~ and 600~ and an operating 
frequency of 300 kHz and for layers deposited at 3, 8, and 
20 MHz at 300~ At high Si/N ratios or St-rich layers, al- 
most all hydrogen is bonded to silicon, while at lower 
Si/N ratios the amount  of N-H bonds increases. In a pre- 
ceding paper, we reported observing the same trend for 
layers deposited in SiH4-NH3-H2 or SiH4-NH3-Ar atmo- 
spheres (1). 

Discuss ion  

Theory.--Before discussing the experimental  data, we 
shall give some characteristics of a glow discharge which 
are typical for a plasma-deposition system (8). By electron 
impact  of relatively stable molecules, active species such 
as ions, excited molecules, and radicals are formed. In a 
low pressure plasma (total pressure around 100 PaX the 
mean electron energy is around 2 eV, while the electron 
concentration and also the positive ion concentration are 
about 10 TM cm -3. The electron density is determined by 
the mean electron energy, the electric field, the geometry 
of the system, the gas species, and the total pressure. Fur- 
thermore, the electron density is determined by the bal- 
ance between the generation rate and the loss rate of elec- 
trons. Ionization is the most important process in 
sustaining the plasma, while electrons are lost by diffu- 
sion and recombination at surfaces. According to litera- 
ture, at pressures around 100 Pa, the concentration of ions 
is two to three orders of magnitude smaller than the free 
radical concentration (9). The formed radicals may react 
via conventional pathways, but chemical reactions at the 
surface can also be enhanced by processes such as ion 
bombardment.  The bombarding energy depends on the 
difference between the plasma potential and the substrate 
potential, the total pressure and the frequency of the ap- 
plied field (10). At low frequencies, ions and electrons 
can follow the alternating RF field and, therefore, ion im- 
pingement  can take place on t h e  growing layer. Ions 
which leave the plasma are accelerated in the dark space 
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and acquire a maximum energy of Vp - V,, where V D is 
the plasma potential and Vs the substrate potential, when 
they reach the substrate. In reality, collisions take place 
in the dark space and, therefore, the bombarding energy 
decreases with increasing total pressure. As the fre- 
quency of the applied field is increased, a point is 
reached at which the ions cannot follow the alternating 
field, leading to a strong reduction of the ion flux to the 
electrode. According to Bruce (10), who studied ion bom- 
bardment at different RF frequencies using an Ar-Kr 
plasma, the transition frequency at which ions cannot fol- 
low the RF field is at about 4 MHz. 

Reaction scheme.--Several authors have studied the 
deposition of amorphous silicon from silane plasmas 
using mass spectrometric and optical analysis (11, 12). On 
the basis of these data, we propose a simplified reaction 
scheme for the deposition of plasma silicon-nitride from 
SiH4-NH3-N~. The following reactions are taken into ac- 
count: (i) gas phase ionization 

S i H 4 e S i H ,  § + ( 4 - n ) H + e  n =  1,2,3 

NH:~ e NH,, + + (3 - m)H + e m = 1,2 [1] 

N ~ e N ~  ~ + e 

(ii) gas phase dissociation 

Sill4 e Sill,, + (4 - n)H n = 1, 2, 3 

NH3 e NH,, + (3 - m)H m = 1, 2 [2] 

N~ e 2N 

For simplicity and based on experimental  data as can be 
found in literature (11, 13), we assume in the following 
that Sill2 and NH are the most important intermediates in 
the gas phase. 
(iii) Gas phase reactions, i.e. 

SiH2 + SiH4 ~ Si2H6 
[3] 

NH + SiH2 ~ SiNH~ 

H H H H 

N Si N *~ 

S i  S i  S i  

H H H 

I \ /  
H H N-H Si-H 

IX, /  / 
N Si N 

/ \ / \ / "  
Si Si Si 

[4] 

Adsorption on free surface sites ean be neglected due to 
the presence of the large amounts of N-H and S[-H bonds 
at the surface. Formation of N-N bonds is not likely. 
(v) Hydrogen elimination by cross-linking 

H H H H 

! \//  12  
H H N-H Si H N-Si 

I \ /  I ... I + 
N Si N N Si N / \ / \ / ,  / , , / \ / ,  

Si Si Si Si Si Si 

[5] 

As will be discussed below, breaking of N-H or Si-H 
bonds depends on temperature and on the extent  of ion 
bombardment.  This simplified reaction scheme will be 
used to explain the experimental  data. As for CVD sys- 
tems operating at low temperatures and reduced pres- 
sures, the rate-limiting step for deposition had to be 
found in reactions which take place at the surface. Hydro- 
gen elimination by cross-linking (Eq. [5]) cannot be rate- 
limiting because the hydrogen content of the nitride lay- 
ers strongly depends on deposition temperature, while 
the deposition rate is hardly affected by the deposition 
temperature (Fig. 3). In conclusion, it can, therefore, be 
said that hydrogen desorption takes place after the rate- 
limiting step for deposition being the insertion of NH or 
Sill2 radicals into Si-H and N-H bonds (Eq. [4]). 

According to Fig. 2-4, the deposition rate of plasma sili- 
con nitride depends only slightly on gas phase composi- 
tion, deposition temperature, and total pressure. This can 
be explained as follows. In a glow discharge, the rate of 
dissociation processes can be described by (11) 

R = kd [e][X] [6] 

where [e] and [X] are the mean concentrations of e l e c -  
trons and monomers, respectively, and kd is the rate con- 
stant for dissociation. This constant depends on the aver- 
age electron energy, the shape of the electron distribution 
function, and the cross section of the different species. As 
the mean electron energy or electron temperature is 
much higher than the substrate temperature, it can be 
concluded that in the experimental  regime under investi- 
gation the electron impact dissociation rate is nearly inde- 
pendent  of the deposition temperature. The rate of ioniza- 
tion can also be described by the expression given by Eq. 
[6]. However, in the pressure regime under discussion, the 
rate coefficient for ionization is at least two orders of 
magnitude smaller than the rate coefficient for dissocia- 
tion (9). The formed radicals may react in the gas phase or 
are removed by diffusion to the electrodeg where they are 
incorporated into Si-H or N-H bonds (Eq. [4]). The tem- 
perature dependence of these insertion reactions is small 
as radical-radical reactions are often either unactivated or 
weakly activated processes (12). Based on the discussion 
given above, the experimental  data concerning the depo- 
sition rate vs. the deposition temperature (Fig. 3) can be 
described by reactions which are only slightly dependent 
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on or independent  of the substrate temperature. Without 
a glow discharge, radicals can only be formed via thermal 
dissociation of the parent molecules, which reaction is 
highly dependent  on temperature, leading to a deposition 
rate which strongly depends on temperature (15). 

The small variations in deposition rate measured for 
different gas phase compositions (Fig. 2) can be explained 
by small variations in the cross sections for ionization and 
dissociation for the different gases. Furthermore, the 
mean electron energy also slightly depends on the gas 
phase composition. According to Fig. 4, the deposition 
rate of plasma silicon nitride hardly depends on pressure. 
This can be explained by a combined effect, as at low 
pressures the mean electron energy tends to be higher, 
while the ionization and dissociation rate are proportional 
to both total pressure and mean electron energy (8). 

Layer-related properties.--As discussed before, the 
insertion reaction given by Eq. [4] can be assumed to be 
the rate-limiting step for the deposition process. The rate 
of this reaction is denoted in the following by rl. The hy- 
drogen elimination reaction, with rate r~ (Eq. [5]) can be 
much faster or much slower than r ,  This, however, has 
no influence on the deposition rate but  only on the struc- 
ture of the deposited layer. If r2 >> r~, the film will con- 
tain almost no hydrogen, whereas in the opposite case a 
polymer is formed with a large hydrogen content. Accord- 
ing to this model, the ratio of the rates of the two steps 
rl/r2 depends only on the deposition temperature, pro- 
vided the Si/N ratio is constant. This is approximately the 
case for the experimental data given in Fig. 3. As is shown 
in this figure, the hydrogen content of layers deposited at 
different temperatures using an RF frequency of 310 kHz 
varies from 25 a/o at 300~ to 6 a/o at 600~ Layers depos- 
ited at 700~ without the presence of a glow discharge, 
contain about 3 a/o hydrogen, while layers deposited at 
room temperature under  almost the same conditions are 
those given in Fig. 3 contain about 40 a/o hydrogen. These 
data are plotted in Fig. 8 in a logarithmic form vs. the re- 
ciprocal temperature. If hydrogen desorption is thermally 
activated, a plot of log [H] vs. lIT should give a straight 
line. According  to Fig. 8, this is approximately true at 
temperatures between 400 ~ and 700~ As discussed be- 
fore, under  these circumstances the hydrogen content in 
the plasma nitride layer is only a function of r,/r2. At 
lower temperatures, the hydrogen content is lower than 
expected from the model. This can be explained by an en- 
hancement  of the hydrogen elimination step by ion bom- 
bardment. As discussed before, at "high" operating fre- 
quencies the extent of ion bombardment  decreases, 
which leads in the present model to a higher hydrogen 
content in the layer, as is indeed observed in Fig. 5. Ac- 
cording to Fig. 6, layers deposited at a temperatures be- 
low 550~ have a compressive stress and layers deposited 
at higher temperatures exhibit a tensile stress. Layers de- 
posited at room temperature also show a compressive 
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Fig. 8. Log [H] vs. I /T  using the experimental data given in Fig. 3 and 
the hydrogen content of a layer deposited at room temperature using al- 
most the same conditions as those given in Fig. 3. 

stress, indicating that the stress has an intrinsic character. 
According to Retajczyk and Sinha (4), stress values can be 
corrected for thermal stress by adding a value of approxi- 
mately +2 • 10 T Pa for every 100 ~ difference between the 
measuring temperature (room temperature) and the depo- 
sition temperature. This leads to the conclusion that un- 
der almost all conditions applied in this study stress had 
intrinsic characters. As discussed before, hydrogen 
desorption can be enhanced by increasing the deposition 
temperature or, at low RF frequencies, by ion bombard- 
ment. The influence of ion bombardment  on the hydro- 
gen desorption rate can be assumed to be independent  of 
the deposition temperature. At low temperatures, ion 
bombardment  determines the hydrogen content in the 
layer, while at high temperatures this is taken over by 
thermal desorption. At high temperatures, the stress has a 
tensile character which can be explained by a hydrogen 
desorption rate which is not fast compared to the rate at 
which gas phase formed radicals are inserted into Si-H or 
N-H bonds. This leads to a top layer with a relatively high 
hydrogen content. Due to the high temperatures, hydro- 
gen desorption and cross-linking do not stop after the ac- 
tual deposition step but continue for a while, which leads 
to a nitride layer which shrinks at the deposition tempera- 
ture, giving the tensile stress behavior. Going to lower 
temperatures, the stress shifts from tensile to compress- 
ive. The compressive intrinsic stress behavior at low dep- 
osition temperature is somewhat difficult to explain. 
From literature, it is known that tensile silicon nitride lay- 
ers become compressive when they are exposed to ion 
bombardment (16). This is explained by expansion of the 
layer due to implanted atoms and broken Si-N bonds, 
which leads to a disturbed short-range order of the Si-N 
structure. In plasma CVD at "low" operating frequencies, 
the growing layer is exposed to ion bombardment. As ion 
bombardment could take place after deposition of the 
silicon-or nitrogen-containing radicals, the layer expands 
at the deposition temperature, leading to a compressive 
stress. According to Fig. 6, the stress shifts from com- 
pressive to tensile with increasing RF frequencies. This 
shift coincides with a strong variation in density and hy- 
drogen content. According to Bruce (I0), at frequencies 
above roughly 4 MHz the ions become slow compared to 
the oscillating frequency, leading to a decrease in the ion 
bombarding energy and of the flux of ions to the elec- 
trodes: As discussed before, in absence of ion bombard- 
ment  thermal processes determine the hydrogen content 
and the nitride layer shrinks at the deposition tempera- 
ture. This leads to a tensile stress behavior at high fre- 
quencies. According to Fig. 4, the stress in plasma nitride 
layers decrease with total pressure. This can also be de- 
scribed by the presented model, as the extent of ion bom- 
bardment  decreases with increasing total pressure, due to 
collisions in the dark space. 

We will now comment  briefly on the influence of the 
deposition parameters on the density, the Si/N ratio, and 
the Si-H/N-H ratio of the deposited layers. According to 
the figures, the density of the deposited layers decreases 
with increasing hydrogen content, provided the ammonia 
partial pressures are constant (Fig. 3-5). This can be ex- 
plained by the effect of cross-linking and hydrogen 
desorption (Eq. [5]) on the structure of the deposited 
layer. The maximum density in Fig. 2 coincides with a 
Si/N ratio of 0.75. At high total pressures (or silane partial 
pressures) (Fig. 4), the density of the deposited layers de- 
creases enormously, possibly due to gas phase reactions 
such as are given by Eq. [3]. Gas phase reactions generate 
particulates or haze. 

According to Fig. 2, the Si/N ratio of the deposited 
plasma-nitride layer depends on the ammonia partial 
pressure. This can be ascribed to the higher dissociation 
energy of N~ compared to that of NH:~. At higher frequen- 
cies, the Si/N ratio is higher than at low RF frequencies 
(Fig. 5). This can be explained by differences in the na- 
ture of the chemical species arriving at the substrate, due 
to an influence of the RF frequency on the ionization and 
dissociation cross sections of the different gases (Eq. [6]), 
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or it may be attributed to a contribution of dissociative 
adsorption of N2 ~ ions IN2 + + e ~ 2N(17)] to the deposition 
of nitrogen atoms, notably at low frequencies. The 
influence of total pressure on the Si/N ratio (Fig. 4) can 
be explained by a reduction in ion energy with increasing 
total pressure (as discussed before). This leads to higher 
Si/N ratios at the lower ion energies (higher pressures). 

According to Fig. 7, the Si/N ratio of the deposited lay- 
ers determines, in a first approximation, the way in 
which hydrogen is bonded. At high Si/N ratios (St-rich 
layers), almost all the hydrogen is bonded to silicon. At 
Si/N ratios below 0.75, most of the hydrogen is bonded to 
nitrogen. 

Conclusions 
The composition and density of plasma silicon-nitride 

layers can be adjusted within certain "limits by variation 
of the deposition temperature, total pressure, gasphase  
composition, and RF frequency. A simplified model is 
proposed for the deposition kinetics of plasma silicon- 
nitride. It is concluded that the deposition rate is deter- 
mined by the insertion of silicon and nitrogen containing 
compounds into Si-H and N-H bonds at the surface of the 
growing layer. The deposition rate is almost independent  
of total pressure and deposition temperature. After inser- 
tion of the formed radicals into Si-H or N-H bonds, hydro- 
gen elimination takes place by cross-linking. It is con- 
cluded that the hydrogen-elimination step can be 
influenced by temperature and by ion bombardment.  

Layers deposi ted at high temperatures (>550~ or at 
high frequencies (>4 MHz) show a tensile stress behavior. 
This is explained by a hydrogen desorption rate which is 
smaller than the rate-limiting step for deposition. After 
deposition of silicon and nitrogen containing radicals, hy- 
drogen desorption continues for a while, leading to a 
layer which shrinks at the deposition temperature and 
consequently to a tensile stress behavior. Layers depos- 
ited at low temperatures (<550~ at low frequencies 
(<4 MHz) show a compressive stress. Due to ion bom- 
bardment, atoms are implanted and bonds are broken, 
leading to a disturbed short-range orcler of the Si-N struc- 
ture and to an expansion of the plasma nltride layer. 
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Electrical Properties, Structure, and Phase Morphology of Au-Ga 
Alloy Films Codeposited on GaAs Substrates 

S. Leung, T. Yoshiie, 1 C. L. Bauer, and A. G. Milnes* 

Center for the Joining of Materials, Carnegie-Mellon University, Pittsburgh, Pennsylvania 15213 

ABSTRACT 

Electrical properties, structure, and phase morphology of gold-gallium alloy films codeposited on {100} substrates of 
gallium arsenide have been investigated by measurement  of Schottky barrier height ~b and breakdown voltage Vb as a 
function of film composition and annealing conditions and comparison with corresponding structure and phase mor- 
phology, as determined by x-ray diffraction and transmission electron microscopy. Both 4~ and Vb decrease with increas- 
ing composition of gallium in the codeposited films and with increasing severity of annealing conditions. These de- 
creases are attributed to formation of gold-gallium phases, either directly through codeposition of alloy films or through 
annealing of pure gold films on substrates of gallium arsenide, and localized current or field concentrations due to 
nonplanar  phase morphologies. General behavior of electrical properties is reported and interpreted in terms of the ex- 
isting structure and phase morphology near the original alloy film/gallium arsenide interface. 

Certain electrical properties of metal contacts to semi- 
conductor devices, such as Schottky barrier height 4~ and 
reverse voltage breakdown Vb are known to depend on 
composition, structure, and phase morphology near the 
original interface. This dependence can be demonstrated 
by subjecting the metal/semiconductor couple to mild 
thermal treatments. For example, heating a gold film de- 

* Electrochemical Society Active Member. 
' Present address: Faculty of Engineering, Hokkaido University, 
Sapporo 060, Japan. 

posited on {100} substrates of gallium arsenide to about 
350~ results in release of arsenic and formation of certain 
new phases, including AuTGa2, Au2Ga, and a hexagonal 
gold-gallium phase (1-6). Such change, in turn, reduces r 
from approximately 0.85-0.50 eV (7) and Vb by as much as 
a factor of two depending on doping concentration, film 
thickness, annealing time and atmosphere, and details of 
specimen preparation (8). 

In a recent investigation, Yoshiie et al. (9) have charac- 
terized evolution of structure and phase morphology of 
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thin films of gold deposited on {100} and {111} substrates 
of gallium arsenide during annealing by transmission 
electron microscopy, incorporating a unique cross sec- 
tioning technique. The most evident structural changes 
are formation of elongated pyramidal pits, bounded by 
{111} planes of gallium arsenide and containing gold- 
gallium reaction products, and formation of a continuous 
layer of orthorhombic Au2Ga near the original interface, 
accompanied by the release of arsenic. However, concom- 
itant changes in electrical properties were not correlated 
with such evolution of structure and phase morphology. 
An earlier investigation, however, indicates that the 
Schottky barrier height (0.75 eV) remains constant for a 
eutectic gold-gallium alloy (85 weight percent [w/o] Au) 
up to an annealing temperature of 400~ (10). The purpose 
of this investigation is to modify the aforementioned sys- 
tem by codeposition of gold-gallium alloys on {I00} sub- 
strates of gallium arsenide and to determine concomitant 
electrical properties, both in the as-deposited and an- 
nealed state. In this manner, a better appreciation of how 
various gold-gallium phases in contact with gallium ar- 
senide affect electrical properties can be achieved. 

The remainder of this article is divided into several sec- 
tions: fabrication details are described in the next  section, 
then experimental  results are presented and analyzed in 
the "Microstructure and Phase Morphology" and "Dis- 
cussion" sections, respectively, and, last, salient features 
of this investigation are summarized. 

Experimental Procedures 
Two types of {100} gallium arsenide substrates were 

used throughout the course of this investigation: (i) 
n-type wafers doped to about 5 • 1016 cm -3 and cut from 
the center of 10 cm diam boules grown in boron nitride 
crucibles under B2Oa (designated LEC), obtained from 
Westinghouse Electric Research and Development  Cen- 
ter, and (it) n-type wafers doped to about 5 x 10 '7 cm -3 
cut from boules grown by the Bridgman technique (desig- 
nated BM), obtained from Morgan Semiconductor.  Pure 
(99.999 weight percent [w/o]) gold and gallium (99.999 w/o) 
were simultaneously coevaporated from separate sources 
in an ion-pump vacuum system at a pressure of about 100 
/*Pa and deposited to a thickness of about 200 nm on 
three types of substrates: (i) either {100} LEC or BM sub- 
strates of gallium arsenide with a Au-Ge/Au ohmic con- 
tact already in place on the back side, (it) a masked glass 
slide for eventual electrical resistivity measurements,  and 
(iii) a glass slide coated with photoresist for eventual 
x-ray diffraction measurements.  Prior to metal deposi- 
tion, the polished wafers were cleaned with trichloro- 
ethylene, acetone, and ethyl alcohol, etched in H~O2- 
H2SO4-H20 solution for 2 min, and then soaked in 
HC1-H20 solution for 5 min. After rinsing in deionized 
water, the wafers were loaded into an ion pump vacuum 
system for film deposition. The deposition rates varied 
from 10 to about 50 nrri/min and no significant effects 
were found that were attributed to changes within this 
range. The substrate temperatures were monitored dur- 
ing evaporation and did not exceed 320 K. Deposition was 
through a molybdenum mask in contact with the speci- 
mens that defined evaporated mesas of area 1.33 mm 2. 
Composition of the deposited films was determined by 
independent  quartz crystal monitors, precalibrated by in- 
terference microscopy. For x-ray diffraction measure- 
ments, alloy films were first produced as described 
above, then removed as powder by scraping, and glued 
on an appropriate specimen holder. In this manner, 
sufficient intensity could be achieved to accurately index 
the resulting diffraction patterns. Certain other alloy thin 
films, deposited on {100} substrates of gallium arsenide, 
were subsequently annealed in a quartz tube furnace un- 
der flowing hydrogen at temperatures ranging from 150 ~ 
to 350~ 

Forward current-voltage and current-temperature 
(Richardson) plots were determined with the aid of a 
Keithley 616 digital electrometer, and capacitance-voltage 
characteristics were determined with the aid of a 1 MHz 
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Boonton 72B digital capacitance bridge. X-ray diffraction 
data were obtained with a Rigaku D/MAX II powder 
x-ray diffraction system using a scintillation counter. 

Specimens were prepared for examination by transmis- 
sion electron microscopy, TEM, by bonding two gallium 
arsenide substrates with (preannealed) alloy films face to 
face with an epoxy resin, curing under moderate tempera- 
ture and pressure, slicing perpendicular to the alloy films 
with a diamond saw, thinning by mechanical grinding to 
approximately 50/xm, and finally thinning further with a 
Gatan Model 600 ion miller, using a collimated beam of 
argon ions accelerated by a potential difference of 6 kV. 
The thinned region, perpendicular to the deposited alloy 
film, was then examined in a JEOL JEM 120CX electron 
microscope. Further details concerning specimen prepa- 
ration for examination by TEM are presented elsewhere 
(5, 9). 

Experimental Results 
Details of various alloy thin films of gold and gallium, 

codeposited on {100} substrates of gallium arsenide, are 
presented in Table I, where compositions of the alloy 
films, film thickness, and phases identified by x-ray dif- 
fraction are presented for both (a) LEC and (b) BM gal- 
l ium arsenide substrates. Typical results for phase identi- 
fication by x-ray diffraction are presented in Fig. 1, 
wherein segments of x-ray diffractometer traces (intensity 
vs. twice the Bragg angle 20 are reproduced for alloy 
films containing (a) 0, (b) 42, and (c) 62 atom percent (a/o) 
gold. In Fig. la, only diffraction peaks corresponding to 
pure gold are present. As the composition of gallium is in- 
creased, however, small amounts of hexagonal fi or 
AuTGa.~ are observed (/> 4 a/o Ga), followed by Au~Ga (cf. 
Fig. lb) and AuGa2 (cf. Fig. lc). In general, these results 
demonstrate that, as the percent of gallium is increased, 
compounds containing higher percentages of gallium are 
formed during the codeposition process. Moreover, ex- 
cept for specimens containing 42 and 57 a/o Ga, the ob- 
served compounds agree with those expected from the 
equilibrium phase diagram (11). 

Electrical properties and concomitant structure and 
phase morphology obtained from these alloy films are 
presented, sequentially, in the following sections. 

Electrical propert ies . - -Typical  current density (J) vs. 
forward voltage bias (17) plots for selected specimens are 
presented in Fig. 2. These data can be compared with the 
expression 

J = A * T  2 exp (-~b/nkT) [exp (qV/nkT) -1]  

where A* is the effective Richardson constant, n is an ide- 
ality constant, and q, k, and T denote, respectively, the 
electron charge, Boltzmann's constant, and absolute tem- 
perature. In order to extract r however, A* and n must be 
determined by varying J as a function of T at a suffi- 
ciently large (constant) value of V. These results are pre- 
sented in Table II, along with values for the doping con- 
centration Nd, obtained from capacitance-voltage 
measurements,  for both as-deposited and annealed speci- 
mens. 

Before annealing, values of n range between 1.01 and 
1.10, reflecting acceptable cleanliness of the Au/GaAs in- 
terface (13). The values for Nd range between 3 and 8 • 

Table I. The gold-gallium films deposited, composition, thicknesses, 
and the phases identified by x-ray diffraction 

Atomic percent Film 
of Ga in thickness Phases identified 
the film (nm) by x-ray diffraction 

0 210 Au 
13 70 Au, AurGa~ 
19 135 Au, AuTGa~ 
27 100 AuTGa~, Au2Ga 
42 170 Au2Ga 
62 250 AuGa~ 
80 140 AuGa~, Ga 
90 270 AuGa2, Ga 
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Fig. 1. X-ray powder diffraction patterns (intensity vs. 2 • Bragg 
angle) for (a) Au, (b) Au-42 a/o Ga, and (c) Au-62 a/o Ga films 
(co)deposited on glass coated with photoresist. Major peaks due to 
diffraction from pure gold, (orthorhombic) Au2Ga, and (Bravis lattice) 
AUG~ are denoted by O, A, and [~, respectively. 

10 TM cm -3 for the  LCE subs t r a t e s  and  b e t w e e n  4 and  6 x 
10 '~ cm -3 for the  BM subs t r a t e s  used  as d e t e r m i n e d  by 1/C ~ 
vs. V m e a s u r e m e n t s .  These  values  of Nd d id  no t  change  
s ignif icant ly  af ter  anneal ing .  This  sugges t s  tha t  i f  d o p i n g  
changes  were  occur r ing  in the  first f ew m i c r o m e t e r s  of  
the  wafe r  due  to out -d i f fus ion  of gal l ium and  arsenic  or 
in-d i f fus ion  of  gold, the  effects  were  in t he  less  t h a n  10 TM 

cm -'~ range.  
The effect ive R i c h a r d s o n  cons tan t s  A* are cons ide rab ly  

sca t t e red  in value, ranging  f rom 2 to 100 A/cm2K ~ wi thou t  
s t rong  bias  for e i ther  type  of  spec imen .  Such  sca t ter  is 

Table II. Composition, Schottky barrier height, and ideality factor, n, for 
Au-Ga films codeposited on {100} gallium arsenide substrates and 

subsequently annealed at various temperatures 

Heated 
Atomic Unheated 
percent GaAs (eV) (150~ (250~ (350~ 

Ga wafer q~b. n (bb~ n ~bb~ n (bb, n 

0 LEC" 0 .95  1.05 0.86 1.06 0.35 1.35 ~ r 
13 LEC" 0 .87  1.08 0.76 1.02 0.79 1.03 0.81 1.08 
19 LEC" 0 .82 1.10 0.69 1.03 0.77 1.03 0.40 1.06 
27 LEC" 0 .79  1.04 0.76 1.03 0.76 1.04 0.73 1.08 
47 LEC ~. 0 .77 1.04 0.76 1.03 0.75 1.13 ~ 1.17 
62 LEC a 0 .68  1.05 0.77 1.04 0.73 1.03 0.74 1.04 
0 BM b 0.87 1.08 0.85 1.10 0.31 1.8 r 

42 BM b 0.68 1.03 0.64 1.03 ~ 1.76 r 
80 BM '~ 0.66 1.03 0.70 1.03 0.70 1.06 0.75 1.12 
90 BM b 0.64 1.01 0.64 1.01 ~ 1.04 r 

a Doping (average) of the LEC wafer was 0.47 • 10 '7 Cm -3, and the 
A* value measured (unheated) averaged 57 A c m  -~ K-L 

b For the BM wafer, the values were 4.7 • 10" cm -~ and 47 A cm -~ 
K-~. 

c Indicates junction too conductive for measurements. 
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Fig. 2. Current density J vs. forward voltage bias V for various gold- 

gallium films deposited on {100} LEC (0.47 • 10 '7 cm -3) substrates 
of gallium arsenide: (�9 pure Au, (~)  Au-]3 a/o Go, (FT) Au-47 a/o 
Go, and on {100} BM substrates (4.7 • 1017 cm -3) of gallium arsen- 
ide: ( e )  Au-42 a/o Ga, and ( A )  Au-90 o/o Ga. 

not  u n c o m m o n  in S c h o t t k y  barr ier  s tud ies  (12) and 
reflects  the  l imi ted  accuracy  of  the  m e a s u r e m e n t  m e t h o d  
and  s l ight  in ter face  pe r fec t ion  p rob lems .  However ,  the  A* 
values  fall w i th in  accep tab le  ranges,  a l though  the  values  
t e n d  to average s o m e w h a t  larger t han  the  theore t ica l  
va lue  of 4.4 A/cm2K 2 (12-14). Af ter  anneal ing ,  however ,  n 
inc reases  and  A* dec reases  for alloy fi lms con ta in ing  less  
t han  50 a]o Ga, w h e rea s  t hey  remain  app rox ima te ]y  con- 
s tan t  for alloy films con ta in ing  more  than  50 a/o Ga, even  
after  annea l ing  for 30 min  at 350~ 

S c h o t t k y  barr ier  he igh t s  ob ta ined  f rom forward  
cur ren t -vol tage  and  c u r r e n t - t e m p e r a t u r e  (Richardson)  
plots  at cons tan t  fo rward  vol tage  are r ep o r t ed  in Table II, 
b o t h  before  and  after  annea l ing  for 30 rain at 150 ~ 250 ~ 
and  350~ These  two m e t h o d s  of ob ta in ing  barr ier  
he igh t s  gave very  s imilar  values  (within 0.03 eV for m o s t  
spec imens )  and the  average  of  the  two values  is p r e s e n t e d  
in Table IT and  t e r m e d  ~bb,. As s h o w n  in Fig. 3, t he  values  
for t he  BM mater ia l  are s l ight ly  smal ler  t h a n  for the  LEC 
mater ia l  and  this  is b ecau s e  the  dop ing  dens i ty  of  t he  
B r i d g m a n  wafe r  is larger.  

Af te r  anneal ing,  t he  barr ier  he igh t  values  ~bbn t e n d  to de- 
crease  a l though  this  dec rease  is cons ide rab ly  more  pro- 
n o u n c e d  for films con ta in ing  less t han  50 a/o Ga and  is 
par t icular ly  ser ious  above  200~ for the  Au films tha t  
were  w i thou t  Ga. The  ideal i ty factors,  n,  t e n d  to r ema in  at 
va lues  of 1.03-1.08 unt i l  t he  barr ier  he igh t  has b e e n  seri- 
ous ly  af fec ted  by the  hea t - t r ea tment .  

Values  of  Sch o t t k y  barr ier  he igh t s  were  also ex t r ac t ed  
f rom capac i tance  reverse  vol tage p lo ts  and  t e r m e d  ~bbc, 
and  the  vol tage Vb was  r e c o r d e d  at w h i c h  the  j u n c t i o n  re- 
ve r se  cu r ren t  was  10-dA (co r respond ing  to a cu r r en t  den-  
sity of  7.5 mA/cm2). These  values  are p r e s e n t e d  in Table 
III. The barr ier  he igh ts  ~b~ f rom capac i tance  measure -  
m e n t s  t e n d  to be  lower  by  0.06-0.09 eV t h a n  t h e  (~,  va lues  
d e t e r m i n e d  by  the  o the r  two  me t h o d s .  I t  is pos s ib l e  tha t  
the  (~bc values  are be ing  in f luenced  by  sur face  s ta te  (15) 
and/or  deep  level (16-18) i mp u r i t y  states.  S o m e  t r ans ien t  
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Fig. 3. Schottky barrier height ~bbn for various gold-gallium films de- 
posited on {100} gallium arsenide substrates as a function of gallium 
composition, where chbn is the average value from forward current- 
voltage plots and from activation energy plots for the /EC material 
(0.47 • 1017 cm 3) and the BM material 4.7 • 10 '7 cm 3. 

capac i tance  m e a s u r e m e n t s  DLTS,  were  m a d e  of  metal-n- 
GaAs junc t ions  that  had  been  hea ted  to t empera tu res  of  
150 ~ and 250~ to see if  the  d e v e l o p m e n t  of  e lec t ron  traps 
could  be seen as a resul t  of  the  gold interact ion.  In  the  up- 
per  ha l f  of  the  bandgap ,  we could see no signif icant  
change  of  poin t  defec t  levels  d o w n  to a concen t ra t ion  of  
mid  10 '4 cm -3. More ex tens ive  studies of  this kind,  how- 
ever,  need  to be  made.  

The  mos t  impor t an t  var ia t ions  to be  obse rved  f rom 
Table  I I I  are t hose  for Vb. Before  anneal ing,  the  values  of  
Vb are  in reasonable  a g r e e m e n t  wi th  those  that  migh t  be  
e x p e c t e d  for the  dop ing  of  0.47 • 1017 cm -3 and 4.7 • 10 '7 
cm -3. After  hea t - t r ea tment  at 250~ the  va lues  of  Vb ex- 
h ibi t  d ramat ic  decreases ,  and this is especial ly  t rue  for 
the  spec imens  wi th  fi lm compos i t ions  that  are low in Ga. 

Microst ructure  and Phase Morpho logy  
In  order  to compa re  electr ical  proper t ies  wi th  m i c r o -  

s t ruc ture  and  phase  morpho logy  near  the  alloy film/gal- 
l i um arsenide  interface,  Au]GaAs spec imens  were  pre- 
pared  and subsequen t ly  annea led  at var ious  
tempera tures .  Typical  forward  current -vol tage  character-  
istics are p resen ted  in Fig. 4 for (i) an unannea l ed  
Au/GaAs  spec imen,  and s imilar  spec imens  hea ted  for 30 
min  at (ii) 200 ~ (iii) 275 ~ and (iv) 345~ In  general ,  (bb de- 
creases  and n increases  wi th  increas ing  anneal ing  temper-  
ature,  sugges t ing  a degrada t ion  of the  Au/GaAs  interface.  

S imi la r  spec imens  were  annea led  at var ious  tempera-  
tures  and subsequen t ly  p repared  for examina t i on  by 
TEM. Typical  resul ts  are p resen ted  in Fig. 5, where in  
bright-f ield images  of  the  Au/GaAs  interface,  perpendic -  
ular  to the  depos i ted  gold film, fol lowing an annea l  for 30 
min  at (a) ambien t  t empera tu re ,  (b) i30 ~ (c) 200 ~ (d) 275 ~ 

Table III. Schottky barrier height (hbc from capacitance measurements 
and breakdown voltage Vb (reverse voltage for 10-4A) for Au-Ga films 

on {100} GaAs with annealing for 30 min at various temperatures 

Heated 
Atomic Unheated 
percent (eV) 150~ 250~ 350~ 

Ga ~bbr Vb 4~b~ Vb (bbc Vb ~bo V~ 

0 1.00 33 1.00 28 0.77 0.7 * ohmic 
13 0.75 49 0.70 46 0.72 16 0.74 7.7 
29 0.78 52 0.70 52 0.72 12.5 0.74 1.5 
27 0.69 43 0.69 43 0.67 39 0.68 2.7 
47 0.69 37 0.62 33 0.69 4 * 0.9 
62 0.73 21 0.73 21 0.75 22 0.70 18 
0 0.86 16.5  0.85 14 0.75 1.2 * ohmic 

42 0.62 9 0.62 8.5 * 0.15 * ohmic 
80 0.59 8.1 0.61 8 0.64 7.9 0.70 4.3 
90 0.55 7.1 0.57 7.1 0.63 6.5 0.70 0.6 
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Fig. 4. Variation of current density J with forward voltage bias V for 

gold films deposited on {100} LCE substrates of gallium arsenide and 
annealed for 30 rain at (�9 20~ 200 ~ (V)  275 ~ and ([]) 345~ 
Corresponding values of ~bn decrease from 0.95 (�9 to 0.76 eV (V) 
at 275~ for higher annealing temperatures, the plots become too 
nonlinear to extract meaningful values of ~. 

(e) 345 ~ and (f) 400~ are pictured.  No discernib le  reac- 
t ion is ev iden t  at ambien t  t empera tu re  (cf. Fig. 5a); how- 
ever,  after anneal ing  for 30 min  at 130~ wel l  def ined 
(pyramidal)  pits, b o u n d e d  by {111} planes  in ga l l ium ar- 
sen ide  are clearly vis ib le  (5, 9). Af ter  annea l ing  for 30 min  
at 200~ a new con t inuous  phase  separa t ing  the  gold 
film and gal l ium arsen ide  substrate,  in addi t ion  to the  
a fo remen t ioned  pyramida l  pits, is visible. U p o n  anneal ing  
for 30 min  at h igher  t empera tures ,  the  con t inuous  phase  
first becomes  more  ev iden t  (cf. Fig. 5d and 5e) and then  
appears  to b e c o m e  more  un i fo rm and to decrease  in 
th ickness  (cf. Fig. 5f). For  a spec imen  hea ted  for 30 min  at 
275~ (cf. Fig. 5d), the  phase  pos i t ioned  be tween  the  gold 
film (top dark layer) and the  gal l ium arsenide  substra te  
has been  de te rmined ,  f rom elect ron diffract ion pat terns  
and cor respond ing  dark  field images,  to be  the  ortho- 
r hombic  Au~Ga in te rmeta l l ic  compound .  Ex is t ing  crystal  
s t ructures  were  not  de t e rmined  at o ther  t empera tu res ;  
however ,  f rom prev ious  invest igat ions ,  it m a y  be  as- 
s u m e d  that  a hexagona l  gold-gal l ium c o m p o u n d  forms in 
the  pyramida l  pits on {111} faces of  ga l l ium arsenide  and 
the  o r tho rhombic  gold-gal l ium phase  exists  at t empera-  
tures  well  be low 275~ (5, 9). 

It  m u s t  be  emphas ized  that  anneal ing  and subsequen t  
examina t i on  by TEM were  pe r fo rmed  i m m e d i a t e l y  after 
deposi t ion;  w h e n  spec imens  are main ta ined  at r o o m  tem- 
pera ture  for app rox ima te ly  6 m o n t h s  and then  annealed,  
s o m e w h a t  di f ferent  resul ts  are obtained.  Typica l  resul ts  
are p resen ted  in Fig. 6, where  bright-field images  of  spec- 
imens  consis t ing of  300 n m  of gold depos i ted  on {100} 
substra tes  of  ga l l ium arsenide,  that  had  been  s tored  for 6 
m o n t h s  at room tempera tu re ,  and air ambient ,  and then  
annea led  for 30 rain at (a) 20, (b) 130, and (c) 300~ are pic- 
tured.  In  addi t ion  to the  fact  that  react ion p roduc t s  form 
at r o o m  tempera tures ,  s l ight  d i f ferences  in the  phase  mor- 
pho logy  may  be  no ted  after  annea l ing  at e leva ted  temper-  
atures,  such  as absence  of  wel l -def ined pyramida l  pits 
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Fig. 5. Bright-field image of the cross section of a gold film depos- 
ited on {100} LEC gallium arsenide substrates and subsequently an- 
nealed for 30 rain at (a) room temperature, (b) 130 ~ (c) 200 ~ (d) 
275 ~ (e) 345 ~ and (f) 400~ The phase formed between gold and 
galliu m arsenide at 275~ has been identified by a combination of 
electron-diffraction and dark-field images as orthorhombic Au~Ga. 

after annealing for 39 rain at 300~ (cf. Fig. 6c). Possible 
relationships between electical properties and such phase 
morphology are considered in the discussion that follows. 

Discussion of Results 
Values of various electrical parameters presented in 

Tables II and III seem to be relatively self-consistent. 
Slightly lower values of ~ are obtained with LEC than 
with BM substrates. Such differences are almost certainly 
due to the factor of ten difference in doping. In general, 
values of $ decrease with increasing composition of gal- 
lium, although this decrease is more pronounced for low 
compositions (< 30 a/o Ga), which corresponds approxi- 
mately to the phase Au2Ga (33 w/o Ga). Since the value 
and decrease in value of (b~ corresponds closely to those 
obtained after annealing in both the present and previous 
investigations (7), it is likely that this decrease is due to 
formation of new phases, especially orthorhomic Au2Ga, 
at the original alloy film/gallium arsenide interface. 

Composition of alloy films produced by codeposition 
of gold and gallium on {i00} substrates of gallium arsen- 
ide and measured by independent calibrated quartz crys- 
tal monitors is self-consistent with electrical resistivity 
measurements. Although the complete dependence of 
electrical resistivity p on composition is unknown, values 
range from 8 t*~ cm for pure gold to a maximum of 25/~ 
cm for an alloy film consisting of 50 a]o Ga, which is con- 
sistent with reported bulk values of 2.4 and 40 ~ cm for 
gold and gallium, respectively (19), since additional elec- 
tron scattering (resistance) is expected for their films. 
Likewise, compounds identified in unannealed alloy 
film by x-ray diffraction correspond well with the most 
recent gold-gallium phase diagram. Of course, generally, 
any alloy film is expected to consist of a mixture of two 
separate phases in equilibrium with one another. These 
results are also consistent with results of Simc and 

Fig. 6. Bright-field images of the cross section of a gold film depos- 
ited on {100} LEC gallium arsenide substrates and subsequently (inad- 
vertently) annealed for approximately 6 months at room temperature 
and then for 30 min at (a) room temperature, (b) 130 ~ and (c) 300~ 
A - 1 0 0  nm layer of reaction product is clearly evident, even without 
annealing above room temperature. 

Marinkovic, who investigated interdiffusion between 
films of gold and gallium deposited on glass (19). 

Results presented in Fig. 1 and Table I demonstrate 
clearly that several gold-gallium compounds are formed 
when gold and gallium are codeposited on a glass sub- 
strate coated with photoresist. Assuming that the com- 
pounds formed on gallium arsenide are equivalent to 
those formed on photoresist, electrical properties of the 
probable phases formed during codeposition can be com- 
pared with those of the phases produced by annealing. In  
this manner, the decrease of ~b in Fig. 3 may be attributed 
to the presence of certain gold-gallium compounds. Such 
decreases, however, cannot be attributed to the presence 
of a specific phase because (i) generally a phase mixture 
is present and (it) the distribution of phases at the alloy 
film/gallium arsenide interface is not uniform (cf. Fig. 5 
and 6). Therefore, a weight-average value of ~b for several 
dissimilar contacts should be used. Tu et al. (20, 21) have 
shown that, under certain conditions, it is possible to de- 
termine respective values of ebb and contact area for each 
species. In the present investigation, however, the struc- 
tures are not clearly enough defined to apply this proce- 
dure, although it does appear that, in certain cases, a con- 
tinuous layer of Au~Ga separates the metallic contact and 
the gallium arsenide substrate. In any event, it may be 
surmised that ~b is reduced when phases such as AuTGa2, 
Au2Ga, and AuGa2 are in contact with gallium arsenide in- 
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stead of pure gold. Annealing a pure gold/gallium arsen- 
ide contact promotes formation of these same phases, and 
thus concomitant reductions in (bb are comparable to 
those of as-deposited phases. 

Over and above the intrinsic interest in relationships 
between structure and electrical properties, evolution of 
structure and phase morphology at the metal/gallium ar- 
senide interface is related to a wealth of kinetic reactions. 
Of special interest is the formation of pyramidal pits 
bonded by {111} planes in gallium arsenide and corre- 
sponding orientation relationships, as reported by 
Yoshiie et al. (5, 9). Values of Vb are especially sensitive to 
formation and shape of these pits, because the electric 
field is concentrated by the curvature of the pit apex r. 
Assuming a value of about 20 nm for the radius, r, it can 
be shown that Vb is likely to be reduced to about 40% of 
its original value (22). Slight differences in reaction rate 
between previous results of Yoshiie et al. (5, 9) and the 
present investigation stem mainly from differences in 
film thickness, which controls the rate of release of arse- 
nic and, therefore, the availability of gallium to react with 
gold. 

Surprisingly, the reactions reported herein can easily be 
detected after (inadvertent) annealing for about 6 months 
at room temperature, as clearly illustrated in Fig. 6a. This 
result implies mean diffusion lengths of about 100 nm 
and a diffusion coefficient of about 10 -lz cm ~ s -1. If the 
Au diffusion line for the range 1200~176 given by 
Kendal (23) is extrapolated (unwisely) to room tempera- 
ture, this order of magnitude of diffusion coefficients 
might be expected. However, other high temperature data 
(24, 25), when extrapolated, suggest much lower diffusion 
coefficients, and so detailed studies of diffusion of Au in 

t he  600~176 range seem desirable. 
Upon annealing the aged specimens for 30 rain at 130~ 

pyramidal pits are formed, whereas annealing for 30 min 
at 300~ produces only an increasingly thick layer of reac- 
tion product. Further investigations are in progress to de- 
termine the identity of these phases. 

Summary 
Electrical properties and phase morphology of gold- 

gallium films deposited on {100} substrates of gallium ar- 
senide have been investigated by measurement  of 
Schottky barrier height and reverse voltage rating as a 
function of film composition and annealing conditions 
and compared with corresponding phase morphology. Ei- 
ther codeposition of alloy films or annealing of pure gold 
on gallium arsenide promotes formation of various gold- 
gallium compounds, the most prominent  being Au2Ga, 
and pyramidal pits bounded by {111} planes of gallium ar- 
senide. Values of (b and Vb are reduced by the presence of 
Au~Ga and, especially, by the voltage concentration at the 
tip of the pyramidal pits. The rate of formation of such 

microstructure and phase morphology depends on depo- 
sition and annealing conditions and, therefore, affects the 
degradation of electrical properties and concomitant reli- 
ability of actual devices. 
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A New Method to Supply Solute Elements into Growth Solutions 
Demonstration by Liquid-Phase Epitaxial Growth of Inl_xGa~As 

Kazuo Nakajima and Susumu Yamazaki 
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ABSTRACT 

A controllable method to supply solute elements into growth solutions was developed by using a source current- 
controlled (SCC) method. A dc electric current was passed through a binary semiconductor compound used as the 
source material for solute elements. It was found that the source compound could be dissolved into even a saturated so- 
lution due to Peltier heating and Joule heating at the interface between the source compound and the solution, and that 
the composition of growing crystals could be controlled by the electric current passed through the source compound. 
The SCC method was demonstrated by the liquid-phase epitaxial growth of In,_~Ga~As on YnP. GaAs and InAs were 
used as source compounds.  

Good quality ePitaxial layers such as In0..~:~Ga0.47As and 
Inj_,Ga~.As~_,P, compounds must be lattice-matched to 
substrates. If  bulk single crystals of the ternary or quater- 
nary compounds were available, epitaxial layers with 
various lattice constants could be freely grown on bulk 
single crystals used as substrates, and available crystals 
for device fabrication would remarkably increase. 
In~ ~Ga.~.As (1, 2), InAsrPl-x (3, 4), In~_~.Ga~Sb (5), 
GaAs,.P~_~. (6), and In~_.,.GaxAs~ ,P,  (7) bulk single crystals 
were prepared by liquid-encapsulated Czochralski and 
gradient freeze methods. However, the largest problem to 
prepare homogeneous bulk crystals is compositional vari- 
ation during the growth due to depletion of solute ele- 
ments. Similarly, it is difficult to grow thick epitaxial lay- 
ers without compositional gradients by liquid-phase 
epitaxy (LPE) because solute elements in a finite solu- 
tion are depleted during the growth. 

The problem of depletion can be solved only by devel- 
oping controllable methods to supply solute elements 
during growth. Recently, Nakajima et al. (8) demon- 
strated a controllable method to supply solute elements 
into a growth solution. In their work, a dc electric current 
was passed through a binary semiconductor compound 
used as the source material of the solute elements. The 
source compound was dissolved into the saturated 
growth solution because of Peltier heating and Joule 
heating at the interface between the source compound 
and the growth solution. Thus, the source compound 
played a dual role as the source material for solute ele- 
ments and the self-heater in such a source current-con- 
trolled (SCC) method. However, their experiments were 
preliminary and fairly rough, and detailed experimental  
results on the SCC method have not been reported. 

In this work, the SCC method was applied to the LPE 
growth of In~_~.Ga~.As on InP substrates, and it was stud- 
ied in detail to determine if the composition of LPE lay- 
ers  could be controlled by the SCC method. The lattice 
constant and wavelength of In1_~Ga~As LPE layers grown 
from solutions in which solute elements were supplied by 
the electric current were measured to determine how 
much the composition of the LPE layers could be 
changed by the electric current passed through GaAs or 
InAs source compounds. In order to determine if enough 
solute elements to adjust the compositional variation in 
LPE layers could be supplied into growth solutions by 
the SCC method, the compositional variation in the thick 
LPE layers was studied. 

Experimental Procedure and Results 
Apparatus used in this work.~Figure 1 shows a sche- 

matic drawing of the parts of the boat used in this work. 
The boat consists of three parts, 1, 2, and 3. Part 1 is a car- 
bon (C) boat slider with a boron nitride (BN) block as in- 
sulation. The source compound is covered by this BN 
block. A negative electrode ( - )  made of stainless steel is 
screwed into the carbon boat slider. Part 2 is a boron ni- 
tride (BN) slider with a cut in which a growth solution is 

placed. Part 3 is a carbon (C) boat holder with a boron ni- 
tride (BN) plate and a positive electrode (+) made of stain- 
less steel. The substrate is set in a depression in this boat 
holder, as shown in Fig. 1. These parts, 1, 2, and 3, were 
assembled into a boat, as shown in Fig. 2. Cross sections 
of this boat are shown in Fig. 3. When solute elements are 
supplied to the growth solution, the source compound 
and the growth solution are arranged as shown in Fig. 3-1. 
One side of the source compound is in contact with the 
growth solution, and the opposite side touches the carbon 
boat slider through the medium of In melt. The other four 
faces of the plate are covered with boron nitride (BN). 
The growth solution is surrounded by boron nitride. The 
bottom is in contact with the carbon boat holder. A dc 
electric current is passed through the carbon boat holder, 
the growth solution, the source compound, and the car- 
bon boat slider in that order. The source compound is dis- 
solved in the saturated growth solution because of Peltier 
heating and Joule heating at the interface between the 
source compound and the solution. When an epitaxial 
layer is grown, the substrate and the growth solution are 
arranged as shown in Fig. 3-2. The growth solution is re- 
moved from the source compound and brought over the 
substrate. The epitaxial layer is grown from the solution 
whose composition is changed by the supply of solute el- 
ements from the dissolved source compound. 

LPE growth conditions for lattice matching.--The LPE 
growth conditions for obtaining lattice-matched 
In0.~aGa0.47As layers was determined prior to performing 
the SCC method. In1 xGaxAs ternary layers were grown 
from solutions with compositions on the liquidus iso- 
therms at 790~ (9, 10). ( I l l )A-oriented InP single crystals 
were used as substrates. No supersaturated solutions 
were used in the growth. In1 xGaxAs layers were grown at 
a constant cooling rate of 0.5~ by the ramp cooling 
technique. The lattice constants of Inl_xGaxAs were mea- 
sured by the double-crystal x-ray diffraction technique. 
The precise diffraction angle of the ternary layers were 
determined from the (333) Cu-Ka~ reflection by using the 
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Fig. I .  A schematic drawing of the parts of the boat used in this work 
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Fig. 2. A schematic drawing of the boat used in this work 
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(1) S u p p l y  of s o l u t e  ( 2 )  G r o w t h  

Fig. 3. Cross sections of the boat when solute elements are supplied 
(1) and when an LPE layer is grown (2). 

s u b s t r a t e  re f lec t ion  as a n  i n t e rna l  s t a n d a r d  (11). The  lat- 
t ice  c o n s t a n t  is d i sp l ayed  as a f u n c t i o n  of X~a ~ in  Fig. 4, 
w h e r e  X~ ~ r e p r e s e n t s  t he  a tomic  f r ac t ion  of  a n  e l e m e n t  i in  
t h e  so lu t ion .  T h e  d a s h e d  l ine  r e p r e s e n t s  t he  la t t ice  con-  
s t a n t  of I nP .  T h e y  are  la t t ice  c o n s t a n t s  of  t he  ep i tax ia l  lat- 
t ice  p e r p e n d i c u l a r  to  t he  wafe r  surface.  T he  so lu t ion  com-  
pos i t i on  for  g r o w i n g  l a t t i c e - m a t c h e d  layers  o n  I n P  (111)A 
s u b s t r a t e s  c a n  be  d e t e r m i n e d  f rom t he  resul ts .  

LPE growth of thin layers using the SCC method.--In 
orde r  to d e t e r m i n e  h o w  m u c h  t h e  c o m p o s i t i o n  of 
Inj_xGa.,,As L P E  layers  c an  b e  c h a n g e d  b y  t he  e lectr ic  
c u r r e n t  p a s s e d  t h r o u g h  GaAs  or InAs  sou rce  c o m p o u n d s ,  
t h e  la t t ice  c o n s t a n t  a n d  w a v e l e n g t h  of  In~_~.GaxAs L P E  
layers  g r o w n  f rom so lu t ions  in  w h i c h  so lu te  e l emen t s ,  Ga, 
In,  a n d  As, we re  s u p p l i e d  b y  t he  e lect r ic  c u r r e n t  we re  
m e a s u r e d .  The  a p p a r a t u s  e m p l o y e d  in th i s  e x p e r i m e n t  is 
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Fig. 4. The lattice constant of (1 i 1)A In~_,.Ga,As LPE layers dis- 
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s h o w n  in Fig. 1, 2, a n d  3. The  size of  t he  I n P  s u b s t r a t e  
was  10 • 9 m m  ~. The  t h i c k n e s s  a n d  w e i g h t  of t he  so lu t ion  
were  a b o u t  3 m m  a n d  2.7g, respec t ive ly .  The  t h i c k n e s s  of  
GaAs  or InAs  sou rce  p la t e  was  2 ram.  The  a rea  of t he  
sou rce  p la te  in  c o n t a c t  w i t h  t h e  so lu t ion  was  0.2 c m  ~, a n d  
t he  d e p t h  of  t he  p la t e  was  8 m m .  T h e  ini t ia l  c o m p o s i t i o n  
of  t h e  In-Ga-As  t e r n a r y  so lu t ion  was  Xca I = 0.040, XAs' = 
0.170, a n d  X[n 1 = 0.790, w h i c h  was  de r ived  f rom Fig. 4. Pd-  
pur i f i ed  H~ f lowed t h r o u g h  t he  fused-s i l ica  t u b e  se t  in  
w h i c h  t he  boa t  w i t h  t he  I n P  (111)A subs t r a t e ,  t he  GaAs  or 
InAs  sou rce  plate ,  a n d  t h e  so lu t ion  were  set.  

P r i o r  to pa s s ing  t h e  e lect r ic  c u r r e n t  t h r o u g h  t h e  sou rce  
plate ,  t h e  so lu t ion  w i t h o u t  c o n t a c t  w i t h  t h e  s o u r c e  p la t e  
was  r ap id ly  h e a t e d  to 20~ a b o v e  the  s a t u r a t e d  t e m p e r a -  
t u r e  of 790~ a n d  h e l d  t h e r e  for a b o u t  30 rain.  Then ,  t he  
so lu t i on  was  coo led  to 789~ a t  a c o n s t a n t  cool ing  ra te  of  
l~  a n d  t he  so lu t ion  was  b r o u g h t  in  con t ac t  w i t h  t he  
sou rce  p la te  at  789~ The  electr ic  c u r r e n t  was  p a s s e d  
f rom the  so lu t ion  to t he  s o u r c e  p la te  of  G a A s  or InAs  for  1 
rain.  The  t e m p e r a t u r e  of t he  so lu t ion  i n c r e a s e d  b y  1~176 
due  to Pe l t i e r  h e a t i n g  a n d  J o u l e  h e a t i n g  at  t he  in t e r f ace  
b e t w e e n  t he  source  p la t e  a n d  t h e  so lu t ion .  W h e n  t he  tem-  
p e r a t u r e  was  cooled  to 789~ again,  t he  so lu t i on  was  
b r o u g h t  over  t he  I n P  ( l l l ) A  s u b s t r a t e  a n d  t he  ep i t ax ia l  
g r o w t h  was  p e r f o r m e d  for 10s. The  t h i c k n e s s  of  t he  
ep i t ax ia l  layers  g r o w n  b y  th i s  p roce s s  was  0.7-0.9/~m. 

The  la t t ice  c o n s t a n t  a n d  w a v e l e n g t h  of  t he  ep i t ax ia l  lay- 
ers we re  m e a s u r e d  to d e t e r m i n e  h o w  m u c h  t he  compos i -  
t i on  of  t he  L P E  layers  cou ld  b e  c h a n g e d  b y  t h e  e lectr ic  
c u r r e n t  p a s s e d  t h r o u g h  GaAs  or InAs  source  c o m p o u n d s .  
F i g u r e  5 shows  t he  la t t i ce  c o n s t a n t  of t he  In~_xGa~.As 
ep i t ax ia l  layers  as a f u n c t i o n  of  t he  d e n s i t y  of  t he  e lectr ic  
c u r r e n t  p a s s e d  t h r o u g h  t h e  s o u r c e  c o m p o u n d ,  i~ (A/cm~). 
The  la t t ice  c o n s t a n t  of  t he  ep i t ax ia l  layer  g r o w n  only  by  
t he  c o n v e n t i o n a l  r a m p  cool ing  m e t h o d ,  t h a t  is to say, is = 
0 AJcm 2, is 5.882•. W h e n  G a A s  is u s e d  as a sou rce  com- 
p o u n d ,  t he  la t t ice  c o n s t a n t  of  t he  L P E  layers  dec rea se s  as 
is i nc reases  due  to t he  s u p p l y  of  so lu te  Ga a n d  As  f rom 
GaAs  d i s so lved  in to  t he  so lu t ions .  W h e n  I n A s  is u s e d  as a 
sou rce  c o m p o u n d ,  t he  la t t ice  c o n s t a n t  of  t he  layers  in- 
c reases  as i~ inc reases  d u e  to t h e  s u p p l y  of so lu te  In  a n d  
As f r o m  InAs  d i s so lved  in to  t he  so lu t ions .  The  wave-  
l e n g t h  of  t he  ep i t ax ia l  layers  was  d e t e r m i n e d  b y  t he  pho-  
t o l u m i n e s c e n c e  (PL) m e a s u r e m e n t s  (12). F igu re  6 s h o w s  
t he  P L  w a v e l e n g t h  of  t he  ep i t ax ia l  layers  as a f u n c t i o n  of 
is. The  w a v e l e n g t h  is 1.672 /~m w h e n  i~ = 0 A / c m  ~. w h e n  
GaAs  is u s e d  as a sou rce  c o m p o u n d ,  t he  w a v e l e n g t h  de- 
c reases  as i~ increases ,  w h e n  InAs  is u s e d  as a sou rce  
c o m p o u n d ,  t he  w a v e l e n g t h  inc reases  as i~ inc reases .  
T h e s e  resu l t s  s h o w  t h a t  t he  c o m p o s i t i o n  Of t he  L P E  lay- 
ers  can  b e  suff ic ient ly  c h a n g e d  b y  t h e  e lect r ic  c u r r e n t  
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passed  th rough  GaAs or InAs source c o m p o u n d s  because  
enough  solute Ga, In, and As can be s u p p l i e d  f rom the  
d issolved source  c o m p o u n d s  into the g rowth  solutions.  

In  order  to de t e rmine  h o w  m u c h  the  compos i t ion  of  Ga 
in the  ternary solution,  Xca 1, could be changed  by the 
electric current  passed  th rough  GaAs source  compounds ,  
the  a m o u n t  of  var ied  X~a' was es t imated  f rom the  experi-  
menta l  results  shown in Fig. 4 and 5. F igure  7 shows the  
es t imated  X~a I at 790~ as a func t ion  of i~. X~a' varies f rom 
0.0362 to 0.0465 as i~ increases  f rom 0 to 176 A/cm ~. As 
shown  in Fig. 7, the  solut ion compos i t ion  can be  con- 
t rol led by the electr ic  current .  The a m o u n t  of  GaAs dis- 
so lved into the  g rowth  solut ions was es t imated  by us ing 
Fig. 7. F igure  8 shows the  a m o u n t  of GaAs (mg) r equ i red  
to m a k e  lg  of  an In-Ga-As ternary solut ion wi th  X~a ~ 
shown in Fig. 7, as a func t ion  of  is. As shown in Fig. 8, an 
a m o u n t  of  GaAs (rag) r equ i red  to m a k e  lg  of  the  te rnary  
solut ion wi th  XGa' = 0.040, XA~' = 0.170, and X~, ~ = 0.790 is 
24.3 mg  w h e n  i~ = 0 A/cm 2. Therefore,  the a m o u n t  of 
GaAs dissolved into lg  we igh t  of the  solut ion by the  elec- 
tric cur ren t  can be  de t e rmined  by subt rac t ing  24.3 mg  
f rom the  amoun t  shown in Fig. 8, and it increases  f rom 0 
to 7.2 mg as i~ increases  f rom 0 to 176 A/cm 2. 

It  was s tudied  h o w  the  solut ion compos i t ion  depended  
on the  t ime  whi le  the  electr ic  current  was be ing  passed 

3 2  

"2 

.9  

m 
i 

~ 2 8  
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Fig. 8. Amount of GaAs (mg) required to make ]g weight of an In- 
Ga-As ternary solution with XGA' shown in Fig. 7, as a function of the 
electric current passed through the source compound, i~ (A/cm~). 

t h rough  GaAs sources.  The  electric current  of  88 A/cm 2 
was passed  th rough  GaAs sources  at 789~ The epi taxia l  
g rowth  was pe r fo rmed  by us ing  the  same p rocedure  men- 
t ioned  above.  The  epi taxia l  layers were  g rown  for 10s at 
789~ f rom the  solut ions in which  solute  Ga and As had 
been  supplied.  F igure  9 shows the  lat t ice cons tant  of  the 
epi taxia l  layers as a func t ion  of the  t ime  (min) pass ing  the  
electr ic  current  t h rough  GaAs sources. The  th ickness  of 
the  layers was 0.5-0.9 ~m. The latt ice cons tan t  varies 
great ly  for the init ial  2 min,  and it varies gradual ly  after 
that. The  results  m e a n  that  GaAs sources  d issolve  largely 
into the  growth  solut ions for the  initial 2 min  because  the  
t empe ra tu r e  of  the  so lu t ion  near  the  in terface  be tween  
the  sources  and the  solut ions becomes  rapidly  high. The 
resul ts  also imply  that, after 2 rain, GaAs sources  dissolve 
gradual ly  because  the  t empera tu re  of  the  solut ion in- 
creases sl ightly due  to scat ter ing of heat. F igure  10 shows 
the  P L  wave leng th  of  the  epi taxial  layers as a func t ion  of  
the  t ime  (min) pass ing  the  electric cur ren t  th rough  GaAs 
sources.  The  wave leng th  varies  great ly for the  initial 2 
rain, and it  varies gradual ly  after that. As shown in Fig. 9 
and 10, the  solut ion compos i t ion  varies mos t  largely for 
the  init ial  1 rain after  pass ing  the  electric current .  
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LPE growth of thick layers using the SCC method.---In 
order to determine if enough solute elements to adjust the 
compositional variation in the LPE layers could be sup- 
plied into growth solutions by the SCC method, the 
compositional variation in the thick LPE layers was stud- 
ied. The same apparatus as shown in Fig. 1, 2, and 3 was 
used. Prior to the growth, the In-Ga-As solution without 
contact With the source plate was rapidly heated to 20~ 
above the saturated temperature of 790~ and held there 
for about 30 min. Then, the solution Was cooled to 789~ 
at a constant cooling rate of l~ and the solution was 
brought over the InP ( l l l ) A  substrate. The ramp cooling 
method was used to grow Inl_xGaxAs LPE layers from 
789 ~ to 760~ The electric current was passed through the 
GaAs source plate after interrupting the LPE growth by 
removing the solution from the InP substrate and 
bringing the solution in contact with the source plate. 
The epitaxial growth was allowed again by removing the 
solution from the source plate and bringing it over the 
substrate. 

Electron probe microanalysis (EPMA), employing en- 
ergy dispersive x-ray detection, was used to determine 
the intensities of the Ga-I~ line from the sample and from 
the GaP standard. An electron beam energy of 25 keV 

0.o / , , i | i I I I I 
/ 

x I [nl-xGaxAs 

0 .6J-  iGoAs= 88 A /cm2 (2 rain) 

o ~ 

.~ 0.4 

"~ Ramp c o o l i ~  

0- 0.2 
E 
o 

u 

0 I I i i * I I i I 
0 50 100 

Distance from the Interface, d (pro) 
Fig. 11. Composition variation of Ga, x, in (111 )A In~_~.GaxAs LPE 

layers as a function of the distance, d (/~m), from the interface between 
the layers and the InP substrates. Open circles show the composition of 
the LPE layer grown only by the ramp cooling. Closed circles show the 
composition of the LPE |ayer grown from the solution in which solute Ga 
and As were supplied by the electric current of 88 A/cm ~ for 2 min. 

was used. The measured intensities were converted to 
concentrations by performing the atomic number, ab- 
sorption, and fluorescence corrections. 

Figure 11 shows how the composition of Ga, x, in 
In~_xGa~.As epitaxia] layers varies with the distance, d 
(~m), from the interface between the layers and the InP 
substrates. The open circles show the composition of the 
epitaxial layer grown by only the ramp cooling. The com- 
position varies from x = 0.45 at the interface to x = 0.35 at 
the surface due to the depletion of Ga in  the solutian: The 
solid dots show the composit ion of the epitaxial layer 
grown from the solution in which solute Ga and As were 
supplied by the electric current passed through the GaAs 
source plate. This epitaxial layer was grown by the ramp 
cooling method from 789 ~ to 760~ at a constant cooling 
rate of l~ At 785~ the epitaxia] growth was inter- 
rupted by removing the solution from the substrate and 
bringing it in contact with the GaAs source plate~ The 
electric current of 88 A/cm 2 was passed through the 
source plate for 2 min in order to dissolve the GaAs 
source. Then, the epitaxial growth was allowed again by 
bringing the solution over the substrate. As shown in Fig. 
11, enough solute Ga and As to adjust the compositional 
gradient can be supplied into the solution by the SCC 
method. Figure 12 shows the composit ion of Ga, x, in 
Inl_xGaxAs LPE layers as a function of the distance, d 
(~m), from the interface between the layers and the InP 
substrates. The epitaxial layer was grown by the ramp 
cooling method from 789 ~ to 760~ at a constant cooling 
rate of l~ The epitaxial growth was interrupted 
twice at 780 ~ and 770~ The electric current of 134 A/cm ~ 
was passed through the GaAs source plate for 2 min at 
780~ and for 3 min at 770~ to supply solute Ga and As 
into the solution. Therefore, two humps appear on the 
curve of the composition variation, as shown in Fig. 12. 
The solid line shows the composition variation of the 
LPE layer grown only by the ramp cooling, and the bro- 
ken line shows that of the LPE layer grown by using the 
SCC method, which were derived from Fig. 11. 

Figures 13 and 14 show the composition of Ga, x, in 
In,_xGa~As LPE layers as a function of the distance, d 
(~m).-These LPE layers were grown by the ramp cooling 
at l~ from 789 ~ to 730~ The open circles show the 
compositions of the LPE layer grown by only the ramp 
cooling. The composition varies from x = 0.45 at the inter- 
face to x = 0.29 at the surface. The solid dots show the 
composition of LPE layers grown from the solutions in 
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min at 7700C. The solid line shows the composition variation only by the 
ramp cooling. The broken line represents the composition variation 
shown in Fig. 11. 
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which solute Ga and As were supplied by the electric cur- 
rent passed through the GaAs source plate. For the LPE 
layer shown in Fig. 13, the LPE growth was interrupted at 
760~ and the electric current of 134 A/cm 2 was passed 
through the GaAs source plate for 3 min. For the LPE 
layer shown in Fig. 14, the LPE growth was interrupted at 
740~ and the electric current of 134 A/cm ~ was passed for 
3 min. As shown in Fig. 13 and 14, enough solute Ga and 
As to adjust the compositional gradient can be supplied 
into the solution by the SCC method. The peak value of 
the curve shown in Fig. 13 is x = 0.48, and the value is 
larger than the value at d = 0 ~m, x = 0.45. That is to say, 
the amount of supplied solute Ga into the solution by 
passing the electric current of 134 A/cm ~ for 3 rain is 
larger than the amount  of depleted solute Ga in the solu- 
tion during the growth from 789 ~ to 760~ The curve 
shown in Fig. 14 is flatter than that in Fig. 13. This means 
that the amount of supplied solute Ga is almost equal to 
that of depleted Ga during the growth from 789 ~ to 740~ 
Although thick cpitaxial layers without compositional 
gradients were not obtained in this work, these results 
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imply that thick LPE layers without compositional gradi- 
ents can be obtained by controlling the electric current in 
proportion to the depletion of solute Ga in the solution 
during the growth. 

Figures 15 and 16 show the cross section and surface of 
the In~_,GaxAs epitaxial layer grown by the SCC method. 
The thickness of the layer is 79 ~m. As shown in Fig. 16, 
this epitaxial layer did not have a mirror-like surface and 
had hillocks, but cracks were not observed. 

Discussion 
These are preliminary results of the SCC method. Nev- 

ertheless, they show that enough solute elements to vary 
the composition of LPE layers can be supplied into the 
solutions by passing the electric current through the 
source compounds. Therefore, there is a possibility of the 
preparation of homogeneous mult icomponent  thick LPE 
layers by applying computer  control of electric current 
during the growth to this method. There is also a possibil- 
ity of the preparation of homogeneous mult icomponent  
bulk crystals by applying the computer-controlled SCC 
method to the crystal pulling system. 

The magnitude of Peltier heating and Joule heating in 
these experiments was estimated. The magnitude of the 
heat generated by Peltier heating, P (W/cm~), is given (13) 
by 

P = ~r,J [1] 

where ~r, (V) is the Peltier coefficient, and J (A/cm '2) is the 
density of the electric current. ~r, of n-type GaAs is about 
0.2V (14) near 800~ The magnitude of the heat generated 
by Joule heating, Q (W/cm~), is given by 

Q = pJ'2l [2] 

where p (12-cm) is the resistivity of the source plate and I 
(cm) is the depth of the source plate, p of St-doped GaAs 
used in this work is 0.002 ~-cm. l of the GaAs source plate 
is 0.8 cm. The area of the GaAs source plate in contact 
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Fig. 14. Composition variation of Ga, x, in (111)A In~_xGaxAs LPE 
layers as a function of the distance, d (~m), from the interface between 
the layers and the InP substrates. Open circles show the composition of 
theLPE layer grown only by the ramp cooling. Closed circles show the 
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Fig. 15. The cross section of the Ini_xGaxAs LPE layer grown by the 
SCC method. 

Fig. 16. The surface of the In1_xGa.~As LPE layer grown by the SCC 
method. 
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Fig. 17. Estimated Peltier heating value, P, and Joule heating value, 
Q, generated in the GaAs source plate as a function of the density of the 
electric current, J (A/cm2). 

with the solution is 0.2 cm ~. The Peltier heating value, P, 
and the Joule heating value, Q, were estimated by using 
Eq. [1] and [2]. The estimated result is shown i n  Fig. 17. 
Figure 17 shows the total heating value per ls as a func- 
tion of J (A/cm2). When J is smaller than 126 A/cm 2, the 
Peltier heating value, P, is larger than the Joule heating 
value, Q. When J is larger than 126 AJcm 2, Q is larger than 
P. The total heating value of P and Q at J = 100 A/crn ~ is 
about 1.7 caYs. In  order to make P larger than Q, it is nec- 
essary to use a source plate with small p (~-cm) and 1 
(cm). In  either case, enough amount  of heat to dissolve a 
source plate into a solution can be generated by enlarging 
the density of the electric current, J (A/cm2), and solute el- 
ements can be supplied into the solution in proportion to 
J. 

Conclusions 
The principle of the SCC method has been confirmed 

by the LPE growth of Inl_xGa~As on InP. The electric 
current passed through the source compound (GaAs or 
InAs) can heat the compound due to Peltier heating and 
Joule heating at the interface between the compound and 
the solution. The composition of the solution can be 
changed by the electric current passed through the 
source compound because solute elements are supplied 

from the source compound into the solution due to 
Peltier heating and Joule heating. The lattice constant 
and wavelength of In~_~Ga~As LPE layers grown from so- 
lutions in which solute elements are supplied can be 
changed by the electric current. It was confirmed by 
studying the compositional variation of the thick LPE 
layers that enough solute elements to adjust the 
compositional variation in the LPE layers could be 
supplied into growth solutions by the SCC method. 

Acknowledgments 
The authors wish to acknowledge the EPMA measure- 

ments of O. Ueda. Useful discussions were held with I. 
Umebu and T. Kotani. 

Manuscript submitted July 10, 1984; revised manuscript 
received Nov. 12, 1984. This was Paper 666 SOA pre- 
sented at the New Orleans, Louisiana, Meeting of the So- 
ciety, Oct. 7-12, 1984. 

Fujitsu Laboratories Limited assisted in meeting the 
publication costs of this article. 

REFERENCES 
1. J. W. Wagner, This Journal, 117, 1193 (1970). 
2. Y. T. Leu, F. A. Thiel, H. Scheiber, Jr., J. J. Rubin, B. I. 

Miller, and K. J. Bachmann, J. Electron. Mater., 8, 663 
(1979). 

3. A. G. Thompson and J. W. Wagner, J. Phys. Chem. Sol- 
ids, 32, 2613 (1971). 

4. H. Watanabe, H. Watanabe, M. Yoshida, and J. Matsui, 
in "Abstracts of the 15th Conference on Solid State 
Devices and Materials," p. 169, Tokyo (1983). 

5. K. J. Bachmann, F. A. Thiel, H. Schreiber, Jr., and J. J. 
Rubin,  J. Electron. Mater., 9, 445 (1980). 

6. F. Cerrina, D. Margadonna, and P. Perfetti, J. Cryst. 
Growth, 18, 202 (1973). 

7. K.J.  Bachmann, F. A. Thiel, and S. Ferris, ibid., 43,752 
(1978). 

8. K. Nakajima, S. Yamazaki, and I. Umebu, Jpn. J. Appl. 
Phys., 23, L26 (1984). 

9. T. Y. Wu and G. L. Pearson, J. Phys. Chem. Solids, 33, 
409 (1972). 

10. M. A. Pollack, R. E. Nahory, L. V. Deas, and D. R. 
Wonsidler, This Journal, 122, 1550 (1975). 

11. K. Nakajima, S. Yamazaki, and K. Akita, J. Cryst. 
Growth, 61, 535 (1983). 

12. K. Nakajima, A. Yamaguchi, K. Akita, and T. Kotani, J. 
Appl. Phys., 49, 5944 (1978). 

13. L. Jastrzebski, J. Lagowski, H. C. Gatos, and A. F. Witt, 
ibid., 49, 5909 (1978). 

14. E. K. Stefanakos, A. Abul-Fadl, and M. D. Workman, 
ibid., 46, 3002 (1975). 

A Silicon Containing Positive Photoresist (SIPR) for a Bilayer Resist 
System 

Y. Saotome, H. Gokan, K. Saigo, M. Suzuki, and Y. Ohnishi 
NEC Corporation, Fundamental Research Laboratories and Microelectronics Research Laboratories, Miyazaki 4-chome, 

Miyamae-ku, Kawasaki 213, Japan 

ABSTRACT 

A new silicon containing positive photoresist (SIPR), which has excellent durability against oxygen dry etching, was 
prepared and evaluated as the thin top, or resolution layer, in a bilayer resist system. SIPR, a partly trimethylsilylmethy- 
lated resorcino!-formaldehyde resin mixed with a naphthoquinonediazide, was thinly coated onto a thick layer of 
polyimide resin on a silicon wafer. After exposure and development, positive patterns, including 0.7/~m lines, were ob- 
tained in this thin top layer. Those patterns were transferred into the bottom layer of polyimide either by reactive oxy- 
gen ion etching (O.~-RIE) or oxygen ion beam etching (O~-IBE) with good accuracy. No residues were observed on wafers 
after the transfer. 

The movement  of semiconductor industry toward 
greater integration has imposed severe requirements on 
photoresists. These materials have to possess not only 
many indispensable properties, such as film formability, 
adhesion without striations, and masking functions for a 

wide varietY of processing conditions, but  also the ability 
to produce submicron relief images over topography. 

The use of trilayer resist techniques for the production 
of submicron patterns was suggested by Moran and May- 
dan (1) to meet the above requirements, but  the fabrica- 
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tion process is much more complex than that of the usual 
single-layer resist system. In order to simplify the trilayer 
system, a bilayer process using E-beam exposure and ox- 
ygen plasma etching was proposed by Hatzakis et al. (2). 
They indicated that the imaging (top) layer and the etch 
mask (middle) layer in the trilayer system can be com- 
bined into a single layer by using E-beam-sensitive 
poly(vinylmethylsiloxane). 

We have also developed an E-beam and deep UV resist, 
which is a copolymer of trimethylsilylstyrene and 
chloromethylstyrene (3). A related copolymer of trimeth- 
ylsilylstyrene and chlorostyrene (4) was reported by 
MacDonald et al. These materials showed that silicon 
containing polymers without siloxane linkages are also 
resistant to oxygen plasmas, and can be used as a top im- 
aging layer in a bilayer resist system. 

Several kinds of silicon containing resists have been re- 
ported (5-8), but  there appeared only two candidates 
which are suitable for use in near UV region: our negative 
resist, TAS (7), and the positive resist containing m-tri- 
methylsilylphenol reported by Wilkins et al. (8). 

In this paper, a newly developed silicon containing pos- 
itive photoresist (SIPR) and its application as a bilayer 
system is described. 

Experimental 
Base resin preparation.--3-Trimethylsilylmethoxy- 

phenol (1) was prepared by the following procedure. To 
an ethanol (40 ml) solution of sodium ethoxide (0.1 mol) 
was added resorcinol (ll.0g, 0.1 mol). Then, trimethyl- 
silylchloromethane (12.3g, 0.1 mol) was added dropwise at 
reflux with stirring. After continuous refluxing for 48h, 
the solution was acidified with concentrated hydrochlo- 
ric acid, filtered, evaporated, extracted with chloroform, 
and washed several times with water. Subsequent  vac- 
uum distillation affords pure 1 (12.0g, 61%). bp 86~ at 26 
Pa, 1H NMR (CDC13); 6 0.2 (s, 9H, SiCH~), 3.5 (s, 2H, CH2), 
5.5 (br, 1H, OH), 6.2-7.3 (m, 4H, C6H4). 

2-Methyl-3-trimethylsilylmethoxyphenol (2) and 3-(3-tri- 
methylsilylpropoxy) phenol (3) were prepared~ similarly. 
2: yield 65%, bp 102~176 at 93 Pa, 'H NMR (CDC13); 6 0.1 
(s, 9H, SiCH3), 2.1 (s, 3H, CH3), 3.5 (s, 2H, CH2), 4.9 (s, 1H, 
OH), 6.2-7.1 (m, 3H, CGH3). 3: yield 49%, bp 115~176 at 13 
Pa, 'H NMR (CDC13); 8 0.1 (s, 9H, SiCH3), 0.4-0.8 (m, 2H, 
SiCH2), 1.5-2.1 (m, 2H, CH2), 3.9 (t, 2H, OCH~), 5.2 (s, 1H, 
OH), 6.3-7.1 (m, 4H, C6H4). 

Subsequent  addition condensation of the prepared phe- 
nols 2-methylresorcinol and formaldehyde was performed 
in ethanol. A typical procedure is as follows: to an ethanol 
(20 ml) solution of 1 (5.0g, 26 mmol), 2-methylresorcinol 
(2.1g, 17 retool) and 35% formalin (3.7g, 43 mmol) was 
added ten drops of concentrated hydrochloric acid. The 
mixture was refluxed with stirring for 6h. The resin was 
obtained quantitatively after reprecipitation with 500 ml 
of water, followed by vacuum drying at 80~ for 10h. 

Wafer processing.--The bottom organic layer used in 
this study was polyimide (PI-2555, du Pont). PI-2555 was 
spun on silicon wafers and cured at 350~ for lh, to yield 
1.3 /~m thick films. The top layer, SIPR, consisting of 10 
weight percent (w/o) of the prepared base resin, 3 (w/o) of 
p-tolyl 1,2-naphthoquinone-2-diazide-5-sulfonate, and 87 
w/o of 2-ethoxyethyl acetate, was spin-coated onto the 
polyimide layer, to produce 0.29/~m thick films after bak- 
ing at 80~ for 30 rain. Imaging was conducted with a 
Kasper 2001 contact printer, and development was 
carried out with aqueous sodium hydroxide solutions. 
For the image transfer into the bottom layer of polyimide, 
a parallel-plate reactor with a quartz etch table (DEM-451, 
Anelva) operating at 13.56 MHz at 1.6 Pa oxygen pressure, 
or an oxygen ion beam etching system with a Kaufman 
ion source was used. When O2-RIE transfer was used, sili- 
con wafers were immersed in buffered hydrofluoric acid 
after the transfer to remove redeposited materials from 
the quartz table. 

Measurement technique.--~H NMR spectra were ob- 
tained with a JEOL JNM-PMX60SI nuclear magnetic 
spectrometer. Gel permeation chromatograms of the res- 

ins were recorded on LC-1 equipped with a polystyrene 
gel (Shimadzu) column. Initial resist thicknesses after 
baking, and residual thicknesses after development or 
etching, were measured by Talystep (Rank Taylor 
Hobson). The resist profiles were examined with a 
scanning electron microscope JSM-T200 (JEOL). 

Results and Discussion 
A system comprised of a combination of a novolak-type 

resin and naphthoquinonediazide, which works by a solu- 
tion inhibition mechanism, was chosen as the positive 
working top layer resist. In  order to introduce silicon 
atoms into the above combination, the preparation of a 
silicon containing novolak was undertaken. The acid- 
catalyzed condensation of p-trimethylsilylphenol with 
formaldehyde was unsuccessful, since p-trimethylsilyl- 
phenol is readily decomposed to phenol itself under  
acidic conditions, as mentioned in the literature (9). Since 
the silicon-aromatic carbon bond is much more easily 
cleaved by acid than the silicon-aliphatic carbon bond, at- 
tempts were made to prepare the novel silicon containing 
phenol without the former bond. In order to obtain such a 
phenol, silyl groups have to be connected to the phenol 
ring through an alkyl or alkoxy linkage. Following these 
considerations, three kinds of silylalkoxyphenols were 
synthesized by a phenoxide alkylation method. The reac- 
tion scheme is shown below 

R R 
H O . ~ O H  I)NaOEt/EtOH ~. HO.~O(CH2)nSiMe 3 

2) Me3Si{ CH2)nCI 

/ :  R=H, n= I 
2_ : R=Me, n= I 
3 : R=H, n=3 

The stability of these phenols to acid was examined by 'H 
NMR in a sample tube with DC1/D20-CD:3OD at ll0~ 
These results revealed the three silicon containing phe- 
nols are Completely stable and, accordingly, should sur- 
vive the addition condensation conditions. Furthermore, 
treatment with NaOD instead of DC1 confirmed they are 
not decomposed by alkali. This suggests that the trimeth- 
ylsiloxyalkylphenolic structure is sufficiently stable to 
the development in an alkaline solution. Moreover, the 
above-mentioned stability to both acid and alkali indi- 
cates that novolak resins produced from these phenols 
will be stable and can be stored as ordinary novolak 
resins. 

The addition condensation of the prepared phenols (I-3) 
with formaldehyde was carried out in ethanol, since the 
phenols are immiscible with water even at elevated tem- 
peratures 

R 
CH20/H: ~HO ~F~ 0 ( CH2'n SiMe3 ~ HO~T,O { CH2}nSiMe3 R 

EtOH \ /  - ~CH 2 7 / -  
!,2 or_3 

RI : R=H, n=l 
R7 : R=Me, n= I 
RIO : R=H, n=3 

The above resins were obtained in quantitative yield. The 
polymer structures were confirmed by 'H NMR. Al- 
though these polymers are soluble in most organic sol- 
vents, they are not soluble in dilute sodium hydroxide so- 
lution. This insolubility is apparently caused by the 
hydrophobic silylalkyl groups, and necessitated the incor- 
poration of a hydrophilic co-monomer, 2-methylresor- 
cinol (4) 

R Me 
HO -~1- O( CHz}n$1Me3 CH20/H + - 

EiOH - ~ - - - ' ~ ' -  CH z ~ 7 ~ ' , ~ L -  CH, 7 L- 

! ,  ~. or 3 4 
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Table I. Base resins preparation 

Feed (eq) Solubility 
Yield in 1N Si n 

Resin 1 2 or 3 4 (%) NaOH (%) 

R1 1 1.00 - -  100 - -  13.5 
R2 I 0.75 0.25 99 - -  11.1 
R3 1 0.67 0.33 99 - -  10.2 
R4 1 0.60 0.40 100 + 9.39 
R5 1 0.55 0.45 99 + 8.78 
R6 1 0.50 0.50 97 + 8.15 
R7 2 1.O0 - -  99 - -  12.6 
R8 2 0.60 0.40 99 + 8.97 
R9 2 0.50 0.50 101 + 7.83 
R10 3 1.00 - -  98 - -  11.9 
R l l  3 0.30 0.70 101 + 5.07 

Calculated value. 

As s h o w n  in  Tab le  I, t h e  i n c o r p o r a t i o n  o f - a  ce r t a in  
a m o u n t  of  4 so lub i l i zed  t he  r e s in  in  a s o d i u m  h y d r o x i d e  
so lu t ion ,  a t  t he  s l igh t  e x p e n s e  of t he  s i l i con  c o n c e n t r a t i o n  
in  t he  res in .  

R4 a n d  R8 were  se lec ted  for  t h e  r ea sons  of  so lub i l i ty  
a n d  s i l icon con ten t ,  a n d  a p h o t o s e n s i t i v e  inh ib i to r ,  p- tolyl  
1 ,2 -naph thoqu inone-2-d iaz ide -5 -su l fona te ,  was  added .  
Two res i s t  so lu t ions ,  S IPR-1  c o n t a i n i n g  R4 a n d  SIPR-2  
c o n t a i n i n g  R8, we re  p r e p a r e d  by  d i s so lv ing  t h e  a b o v e  
m i x t u r e s  in  2 - e t h o x y e t h y l  aceta te .  C o m p o s i t i o n  of  t h e  re- 
s i s t  so lu t ions  was  d e s c r i b e d  in  t h e  E x p e r i m e n t a l  sect ion.  

The  sens i t i v i ty  cha rac t e r i s t i c s  of  S I P R - I  a n d  2 we re  ex- 
a m i n e d  on  s i l icon wafers  w i t h  a K a s p e r  2001 con t ac t  
pr in ter .  The  r e q u i r e d  d e v e l o p e r  c o n c e n t r a t i o n  for  SIPR-2,  
de f ined  as t h e  m i n i m u m  c o n c e n t r a t i o n  of  a q u e o u s  so- 
d i u m  h y d r o x i d e  so lu t i on  for  d i s so lv ing  t he  ba se  r e s in  
w i t h o u t  res idue ,  was  lower  t h a n  t h a t  of SIPR-1,  e v e n  
t h o u g h  n u m b e r  of  h y d r o x y l  g roups  (pheno l i c  OH's)  in  t he  
b a s e  r e s in  is t he  s a m e  in  b o t h  resis ts .  As s h o w n  in  Fig. 1, 
t he  ~ v a l u e  for  S IPR-2  was  h i g h e r  t h a n  t h a t  for SIPR-1.  

In  o rde r  to t r ace  t he  d i f fe rence  b e t w e e n  SIPR-1 a n d  2 
w i t h  r e g a r d  to b o t h  so lubi l i ty  a n d  t he  ~/value,  t h e  molec-  
u la r  w e i g h t  d i s t r i b u t i o n s  of  t h e  res ins  we re  e x a m i n e d .  
T h e  gel p e r m e a t i o n  c h r o m a t o g r a m  for  R4 ( the  r e s in  u s e d  
in  SIPR-1)  s h o w s  a d i s c e r n i b l e  s h o u l d e r  a t  t he  h i g h e r  mo- 
l ecu la r  w e i g h t  s ide  of t h e  m a i n  d i s t r i b u t i o n  peak ,  whi l e  
t h a t  for  R8 (used  in  SIPR-2)  s h o w s  a s ing le  d i s t r i b u t i o n  
peak ,  as s h o w n  in  Fig. 2. Th i s  d i f f e rence  in  t he  m o l e c u l a r  
w e i g h t  d i s t r i b u t i o n  m i g h t  b e  caused  b y  t he  d i f f e rence  in  
t he  m o n o m e r  s t r u c t u r e  

Me 
HO .L~OCH2SiMe3 H O - l i ~  OCH2SiMe3 

l in R4 2 in R8 
( SIPR-I ) ( SIPR-2 ) 

The  a r rows  s h o w  the  reac t ive  pos i t i ons  in  t he  add i t i on  
c o n d e n s a t i o n  r e a c t i o n  w i t h  f o r m a l d e h y d e .  1, w h i c h  ha s  
t h r e e  "a r rows ,"  m a y  cause  a b r a n c h e d  s t r u c t u r e  w h e n  
po lymer i zed  to R4. Accord ing ly ,  R4 s e e m s  to h a v e  more  
w i d e s p r e a d  m o l e c u l a r  w e i g h t  d i s t r i b u t i o n  t h a n  R8 h a v i n g  
a m o r e  l inear  s t ruc tu re .  This  m a y  b e  r e s p o n s i b l e  for  t he  
d i f fe rence  in  t he  so lub i l i ty  a n d  ~, va lues .  

The  r e s i s t a n c e  of  SIPR-2  to O2-RIE a n d  O2-IBE was  in- 
v e s t i g a t e d  in c o m p a r i s o n  w i t h  t he  po ly imide ,  PI-2555. 
The  r e m a i n i n g  f i lm t h i c k n e s s  v s .  e t c h i n g  t i m e  u n d e r  
O2-RIE c o n d i t i o n s  is s h o w n  in  Fig. 3. L o w e r  R F  p o w e r  
was  f o u n d  to g ive  a h i g h e r  e tch- ra te  ra t io  of PI-2555 to 
SIPR-2,  a l t h o u g h  it  t akes  l onge r  t i m e  to e t ch  PI-2555 
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away. Similarly,  in ion b e a m  etching,  lower  accelera t ion 
energy gave a h igher  etch-rate ratio, as shown in Fig. 4. 
The remain ing  film th ickness  v s .  e tch ing  t ime,  wi th  50 or  
100 eV accelera t ion  energy,  is shown in Fig. 5. The etch- 
ing  of  SIPR-2  pract ica l ly  s topped  at 50 eV, whereas  the  
e tch ing  of  a cons iderab le  a m o u n t  of PI-2555 was still ob- 
served. This is because  the  rate- l imit ing process  for the 
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Fig, 5. O~-IBE characteristics for PI-2555 and SIPR-2 

Fig. 6. SEM photograph of fabricated patterns in SIPR-2 on 
PI-2555. Markers ~ ! p.m. 

e tch ing  of  SIPR-2 is the  sput ter ing of  si l icon atoms,  
whereas  that  for PI-2555 is the  sput ter ing  of carbon 
atoms.  General ly ,  the  sput te r ing  yield of metals  decreases  
s ignif icant ly wi th  decreas ing  accelera t ion energy.  The 
th resho ld  is observed  at a round  20-40 eV (10). On the  con- 
trary, the  sput te r ing  yield of carbon a toms unde r  oxygen  
b o m b a r d m e n t  does not  show such a s t rong energy  depen-  
dence  (11). 

Typical  etch-rate  ratios of PI-2555 to SIPR-2 are sum- 
mar ized  in Table  II. A l though  the  etch-rate  ratio depends  
no t  only on the  e tch ing  system,  but  also on the  e tch ing  
condi t ion,  i t  is conc luded  that  the  lower  bias gives a 
h igher  e tch-rate  ratio. 

For  the  bilayer resis t  process ing,  SIPR-2  was coated 
onto the  layer  of  po ly imide  resin PI-2555, exposed  for 20s 
( -68  m J / c m  2) wi th  Kasper  2001 and deve loped  wi th  0.25N 
NaOH for 60s. Pa t te rns  inc lud ing  submic ron  features,  0.7 
t~m lines, and 0.9 ~m spaces,  were  obta ined wi thou t  vari- 
ance  f rom mask  pat terns,  as shown in Fig. 6. No adhes ion  
p romote r s  were  necessary,  and nei ther  were  in t e rmix ing  
inhib i t ion  t echn iques  for coat ing SIPR-2 on PI-2555. 
T h e n  the  top layer pa t te rns  were  t ransfer red  into the 
po ly imide  layer. O2-RIE t ransfer  wi th  50 (0.08 W/cm 2) and 
100W (0.16 W/cm 2) RF  power  gave  the  pat terns  shown in 
Fig. 7a and 7b, respect ively .  No res idues  were  observed.  A 
sl ight  round ing  off  of  the  top  layer pat terns,  obse rved  
after the  etching,  m a y  be due  to the  t empera tu re  r ise  dur- 
ing  etching.  L inewid th  w a s  r educed  more  wi th  100W RF 
p o w e r  than  wi th  50W, as is p r e s u m e d  by the  etch-rate  ra- 
t ios in T a b l e  II. In  the  case of  the  O~-IBE transfer,  acute  
profiles were  obta ined  wi thou t  the top layer deformat ion,  
a l though  longer  e tch ing  t i m e  than  that  in O~-RIE is neces-  
sary. Pa t t e rns  are shown  in Fig. 8a and 8b, t ransfer red  
wi th  50 and 100 eV accelera t ing  energy,  respect ively .  No 
change  in l inewid th  was observed  in the  50 eV transfer.  

J u d g i n g  f rom the  t ransfer red  pa t te rn  profiles by 
O2-RIE and by O~-IBE, change  in l inewid th  is main ly  
caused  by the  shr inkage  in the  top layer, not  by the  un- 

Table II. Etch-rate ratios of PI-2555 to SIPR-2 

Etching condition Etch-rate ratio d 

O2-RIE a 50W (350V) r 19 
100W (550V)" 12 

O2-IBE b 50 eV 67 
100 eV 11 

a 02 pressure of 1.6 Pa; 02 flow of 5 sccm. 
b 02 pressure: 2.7 • 10 -5 Pa. 
c Induced self-bias: V~c. 
d 1330/X, whereX is the etched depth of SIPR-2 while 1330 nm of 

PI-2555 is etched. 
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Fig. 7. SEM photographs of patterns transferred under 02-RIE(O~ pressure of 1.6 Pa; 02 flow of 5 sccm. (a, left) 50W RF power (0.08 W/cm2). 
(b, right): IOOW RF power (0.16 W/cm2). Markers --- 1 /~m. 

Fig. 8. SEM photographs of patterns transferred under 02-1BE (02 pressure of 2.7 • 10 -2 Pa. (a, left): 50 eV acceleration energy. (b, right): 
100 eV acceleration energy. Markers ~- 1 ~m. 

dercut due to radical species. Since the radical contribu- 
tion is not significant, the degree of ion bombardment  
may be estimated from the etch-rate ratio data. The etch- 
ing condition for 100W in O2-RIE is roughly equal to that 
for 100 eV in O2-IBE. Since the self-bias voltage Vdc under 
100W condition in O2-RIE was 550V, as shown in Table II, 
effective self-bias is estimated to be one-fifth of the Vdc. 
Similarly, effective self-bias for 50W in O2-RIE is also esti- 
mated to be 70V. This self-bias reduction may be caused 
by the cascade collisions in the plasma reactor accelera- 
tion region. 

Conclusion 
A new silicon containing positive photoresist (SIPR) 

was prepared. The etch-rate ratio of SIPR to polyimide 
(PI-2555) under  oxygen dry etching (RIE and IBE) was 
less than one-tenth when a properly lower bias was em- 
ployed. SIPR resolved submicron features on a layer of 
PI-2555 without variance from mask patterns with a 
near-UV exposure system. Those patterns were trans- 
ferred into the layer of PI-2555 under such etching condi- 
tions and steep profiles were obtained accurately without 
any residues remaining on the wafers. 
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via Implants 
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A B S T R A C T  

Resul ts  of  rapid  i so thermal  anneal ing  (RIA) expe r imen t s  are reported.  Wafer warpage,  t empera tu re  homogene i ty ,  
slip lines, and reproducib i l i ty  of  t empera tu re  cycles have  been  invest igated.  Shee t  res is tance measu remen t s  were  
carr ied out  for R I A  (1000~ 10s) and for conven t iona l  furnace anneal ing  for 30 and 50 keV BF.~ implants ,  the  ion  dose 
vary ing  be tween  5 x 10 ''~ and 7 x 10 ~'5 cm -2. Spread ing  res is tance measu remen t s  revea led  that,  in the  case of RIA, junc-  
t ions as shal low as 0.17, 0.19, and 0.21 ~m have  been  obtained,  respect ively ,  for ion doses of  1 x 101.s, 3 x 10 ~,s, and 5 x 10 I.s 
cm-2 at a BF~ energy  of 50 keV. Junc t i on  dep ths  obta ined  th rough  RIA are  a factor of  3-4 lower  than  those  obta ined  by 
convent iona l  anneal ing;  dopan t  red is t r ibut ion  is negligible.  Boron  and fluorine a tom concen t ra t ion  profiles have  been  
equa l ly  inves t iga ted  by  secondary  ion mass spec t romet ry  (SIMS). 

Recent ly ,  cons iderab le  research  has been  conduc ted  to 
anneal  damage  and act ivate  implan ted  dopants  wi th  mini-  
mal  redis t r ibut ion.  Lasers  and electron beams  have  been  
used  to anneal  imp lan t ed  sil icon samples  in the  milli- 
second t ime  reg ime  (1-3). A l though  comple t e  dopan t  acti- 
va t ion  has been  achieved,  defects  near  the  junc t ions  have  
degraded  their  e lectr ical  character is t ics  (4). Fur thermore ,  
the  implan ted  damaged  layers are annea led  by raising 
only the  surface reg ion  of the  sample  to the  des i red tem- 
perature.  The d rawbacks  Of us ing these  t echn iques  are 
b e a m  over lapping,  lo~v th roughput ,  and in ter face  prob- 
l ems  for devices  c o m p o s e d  of th in  film layers.  These  dis- 
advantages  can be o v e r c o m e  th rough  the  use  of  rapid  iso- 
the rmal  techniques .  In  this category are inc luded  large 
area scanned  e lec t ron  beams  (5), h igh  in tens i ty  arc lamps 
(6), res is t ively hea ted  graphi te  sources  (7), and tungs ten  
ha logen  lamps (8-9). One at t ract ive appl ica t ion of rap id  
i so thermal  anneal ing  (RIA) is the  p roduc t ion  of  shal low 
p-n junc t ions  r equ i r ed  for future  c o m p l e m e n t a r y  metal-  
oxide-s i l icon (CMOS) technologies .  

In  this paper ,  we p resen t  the  character is t ics  of  the  ma- 
ch ine  ~ wi th  par t icular  a t ten t ion  to wafer  warpage,  temper-  
a ture  homogene i ty  a long  an axis, slip lines, and repro- 
ducibi l i ty  of the  t empe ra tu r e  cycle. Shee t  res is tance 
measu remen t s  were  p e r f o r m e d  for rapid  and conven-  
t ional  furnace  anneals  for BF~ implants  in the  energy  
range  of  30-50 keV and ion  doses ranging f rom 5 x 10 '3 to 
7 x 10 ''s cm  -2. Radial  family  sheet  res is t ivi ty  measure-  
ments  of  rapid anneals  were  also pe r fo rmed  on 4 in. wa- 
fers. Profi les  of  the  ac t iva ted  dopants  were  ob ta ined  by  
spreading  res is tance and p-n junc t ion  depths  were  mea- 
sured  for 30 and 50 keV BF~ implants .  Boron  and fluorine 
a tom concen t ra t ion  profiles of 50 keV implan t s  were  
measu red  by S IMS for ion doses of 1 x 10 's and 3 x 10 's 
c m - 2  The red is t r ibu t ion  of the  boron  a toms is negligible.  

Description of the Apparatus 
The  R I A  apparatus  used  for the  anneal ing  of  the  im- 

plants  is shown schemat ica l ly  in Fig. 1. It  consists  of  two 
banks  of  six tungs ten  infrared quar tz  lamps  separa ted  by 
a d is tance  of  - 1 5  cm. To avoid  overhea t ing  and early fail- 
ure, electr ical  connec t ions  of  the  lamps  are air-cooled. 
Three  phase-angle  fired power  suppl ies  p rov ide  30 kW to 
the  lamps,  which  is suff icient  to raise wafers  to a temper-  
a ture  in excess  of  1200~ 

A quar tz  chambe r  is inser ted  be tween  the  lamps,  and 
annea l ing  can be carr ied out  in an iner t  a tmosphere .  A 
m o v a b l e  quar tz  plate  is p laced inside the  c h a m b e r  and 
suppor ts  a 4 in. wafer  as wel l  as a fixed t empera tu re  sen- 
sor. The  fixed t empe ra tu r e  sensor  consists  of  a Chromel-  
A l u m e l  t h e r m o c o u p l e  e m b e d d e d  ins ide  a 2 x 2 cm 2 sili- 
con p iece  and suppor t ed  by  a quar tz  rod. Dur ing  
anneal ing,  the  t empe ra tu r e  recorded  by the  fixed sensor  
al low us to deduce  the  t empe ra tu r e  of the  annea led  4 in. 

1Atelier Electro Thermie, Chemin des Malacher, 38243 Meylan, 
France. 
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sample  since a corre la t ion has  been  prev ious ly  estab- 
l ished be tween  the  t empe ra tu r e  of  the  radia t ion sensor  
and that  of  a 4 in. wafer  ins ide  which  a t h e r m o c o u p l e  has 
been  s imilar ly  embedded .  

Tempera tu r e  profiles were  mon i to red  by a movab l e  1 
x 1 cm 2 sensor  a long the  longer  axis of  the  quar tz  cham- 
ber  (i.e., perpend icu la r  to the  lamps). The  measu remen t s  
were  carr ied out  at every  cen t imete r  over  a d is tance  of  9 
cm. The m a x i m u m  tempera tu re  dif ference as measu red  
at these  di f ferent  locat ions  is -16~ (-1.6 x 10 -~) for a 
1000~ run. This good  t e m p e r a t u r e  un i fo rmi ty  al lows the  
measu remen t s  of  the  wafer  flatness, s ince it is a prerequi-  
site for bow-free  process ing.  

A series of m e a s u r e m e n t s  was conduc t ed  to de te rmine  
any change  in flatness on s tandard  <100> 4 in. wafers 0.5 
m m  thick. The  m e a s u r e m e n t s  were  pe r fo rmed  a long two 
pe rpend icu la r  axes before  and after anneal ing.  Fo r  a 10s 
anneal  at a t empera tu re  of 1000~ only negl igible  changes  
in wafer  flatness were  detected,  namely,  of  -0 .5 /~m.  This 
resul t  falls wi th in  the  expe r imen ta l  resolut ion  of the  ap- 
paratus. Before  anneal ing,  parallel  and pe rpend icu la r  wa- 
fer bowings  were  4.5 and 1.5 /~m, respect ively;  after an- 
nealing, t hey  were  5 and 2 ~m, respect ively .  No slip l ines 
were  observed  after the  anneal ing  exper iments .  

The  reproducib i l i ty  of  our  1000 ~ and l l00~ tempera-  
ture  hea t  pu lse  curves  for 4 in. wafers  is ve ry  good;  only 
4~176 separa te  the  var ious  1000 ~ or  l l00~ runs. However ,  
it mus t  be  noted  that  the  mach ine  does not  conta in  any 
c losed loop t empera tu re  moni tor ing .  The  cycle of the  in- 
j ec ted  power  (power va lue  vs. t ime)  is ad jus ted  to obta in  
the  des i red  t empera tu re  profile. For  the  t empera tu re  
profiles of  1000 ~ and l l00~ the  rates of  t empe ra tu r e  rise 
are, respect ively ,  150~ (350~176 in 4s) and 180~ 
(400~176 in 3.3s). Such  a rate of  change  in t empera tu re  
is typical  of  commerc ia l ly  avai lable mach ines  that  use  
tungs ten  lamps. 

Sheet Resistance Measurements 
In  all our exper iments ,  the  wafers  used  were  n- type and 

of  res is t ivi ty  5-8 ~ cm. The wafers con ta ined  no oxide  
cap, and anneal ing  of  the  implants  was carr ied out  in a ni- 
t rogen  a tmosphere  for bo th  the  rapid and furnace  an- 

quartz 
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infra red - - .  0 0 0 0 0 0 0 0 0 
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Fig. 1. Schematic cross section of the RIA opporotus 
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neals .  The  BF~ i m p l a n t s  we re  ca r r ied  ou t  in  a H i g h  Volt-  
age  E n g i n e e r i n g  (H.V.E. 500) i m p l a n t a t i o n  m a c h i n e  
w h o s e  m a i n  fea tu re  is t h a t  i t  c o n t a i n s  two m a s s  
s e p a r a t i n g  magne t s .  T he  first  m a g n e t  a l lows  t he  separa-  
t ion  of  t h e  par t ic les  e x t r a c t e d  f rom t he  ion  source ,  wh i l e  
t h e  s e c o n d  one, l oca t ed  at  t h e  oppos i t e  e n d  of  t h e  acceler-  
a t i on  co lumn ,  filters ou t  t he  u n d e s i r e d  p r o d u c t s  of  disso-  
c ia t ion  of  t h e  m o l e c u l a r  i m p l a n t s ,  he r e  BF2, in  t he  acceler-  
a t i on  region.  

Rad ia l  f ami ly  s h e e t  r es i s t iv i ty  m e a s u r e m e n t s  were  
ca r r i ed  ou t  w i th  a f o u r - p o i n t  p r o b e  on  4 in. wafe rs  for 50 
k e V  BF2 i m p l a n t s  a n d  a dose  of  3 x 10 ''~ c m  -2, t he  annea l -  
ing  t e m p e r a t u r e  a n d  t i m e  b e i n g  1000~ for  10s. These  
s h e e t  r e s i s t a n c e  m e a s u r e m e n t s  we re  p e r f o r m e d  a long  
e igh t  rad ia l  axes  c o r r e s p o n d i n g  to an  a n g u l a r  va r i a t i on  of 
45 ~ . A long  each  axis,  m e a s u r e m e n t s  were  ca r r i ed  ou t  ev- 
e ry  cen t ime te r .  The  load  app l i ed  to t h e  p r o b e  was  50g. 
The  m e a n  v a l u e  of  t he  s h e e t  res i s t iv i ty  m e a s u r e m e n t s  for 
a 4 in. wafe r  is 83.6 t2/[~, a n d  cr = 1.3 • 10 -'~. 

S h e e t  res i s t iv i ty  meas t~ remen t s  for  r ap id  a n d  conven-  
t iona l  f u r n a c e  a n n e a l s  (1000~ 30 min)  are  s h o w n  in  Fig. 2 
for  30 a n d  50 keV i m p l a n t s .  Fo r  b o t h  r ap id  a n d  fu rnace  
annea l s ,  R[~ dec rea se s  w h e n  t he  ion  e n e r g y  is inc reased .  
F o r  t he  30 keV i m p l a n t s ,  RD dec reases  w i t h  i n c r e a s i n g  
ion  dose  in  b o t h  cases.  Th i s  s h o u l d  be  t he  case  s ince  an  
i n c r e a s e  in  t h e  ion  dose  leads  to a n  e n h a n c e m e n t  of t he  
so l id -phase  epi taxy.  Fo r  50 k e V  m o l e c u l a r  ions,  RE] mea-  
s u r e m e n t s  r e a c h e d  a m i n i m u m  at  an  ion  dose  of  3 • 101"~ 
c m  -2 b o t h  for t he  r ap id  a n d  f u r nace  annea l s .  I n  t he  case  
of  RIA,  RD ~80 t2/[~. O ur  s h e e t  res i s t iv i ty  m e a s u r e m e n t s  
are in  a g r e e m e n t  w i t h  t h o s e  p u b l i s h e d  by  Ka to  et al. (10), 
w h o  o b t a i n e d  a n  RD va lue  of  85 ~2/[~ for  60 keV  BF2 im- 
p lan t s ;  t he  ion  dose  a n d  a n n e a l i n g  t i m e  be ing ,  respec-  
t ively,  4 • 10 ~5 c m  -~ a n d  3s. 

Spreading Resistance and SIMS Measurements 
RIA ac t i va t ed  (1000~ 10s) d o p a n t  c o n c e n t r a t i o n  pro- 

files m e a s u r e d  b y  s p r e a d i n g  r e s i s t a n c e  are  s h o w n  in Fig. 
3 for  50 keV  BF~ imp lan t s .  T h e  m e a s u r e d  j u n c t i o n  d e p t h s  
v a r y  f r o m  0.16 (dose  = 1 • 1014 c m  -2) to 0.21 t~m (dose  = 5 
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x 10 '~ cm-~). These  junc t ion  depths  increase wi th  the  
dose excep t  for a f luence of  1 x 10 ,.~ cm -~. I t  must ,  how- 
ever,  be  no ted  that,  for each  increase in dose,  the  corre- 
spond ing  increase in junc t ion  depth  is ve ry  sl ight  
(-0.01-0.02 ~m) and is wi th in  the es t imated  accuracy  of  
our  measu remen t s  (~200~). The  ac t iva ted  dopan t  concen-  
t ra t ion profiles have  a quasi -gaussian shape,  and the  
m a x i m u m  peak concen t ra t ion  increases wi th  the  ion 
dose. This is a natural  occur rence  of ion implan ta t ion  pro- 
cess. It  must ,  however ,  be noted  that  the  concent ra t ion  
profile broadens  s l ight ly near  its base .(~0.03 ~m for an 
ion dose of  3 • 10 ''~ cm-2). In  that  region, the  concentra-  
t ion is about  five orders  of  magn i tude  lower  than  the 
peak  value.  This profi le b roaden ing  near  t he  base  may  be  
due  to the fol lowing reasons:  (i) the second  m a g n e t  lo- 
cated at the  end of the  accelera t ion  c o l u m n  may  not  have  
comple te ly  e l imina ted  the  dissociated BF2 produc t s  
fo rmed  in the  accelera t ion  region,  (it) sl ight  diffusion of 
the  dopants  dur ing the  rapid  anneals,  or (iii) a channel ing  
process  which  is not  negl ig ible  for these  low energy  
equ iva l en t  B ions. This  po in t  will  be deve loped  la ter  on. 

Our junc t ion  dep th  measu remen t s  [0.19 ~m for a dose 
of  3 • 10 ''~ cm-~: 0.21 ~m for a dose of  5 x 10 ''~ cm -~ (50 
keV implan t s ,  1000~ 10s anneals)] are compat ib le  with 
the  resul ts  of  Kato et al. (10), who  obta ined  a junc t ion  
dep th  of 0.16 ~m for 60 keV implants .  Their  ion dose and 
annealing conditions were 4 • I0 ''~ cm -~ and 1000~ 3s. It 
must, however, be noted that Kato's implants were per- 
formed through 400A SiO~. This may explain the slight 
difference between their results and ours. 

Carrier concentration profiles for 50 keV ions im- 
planted with  an ion dose of  I • 10 ~ cm -~ are  p resen ted  in 
Fig. 4. For  a 1000~ 10s rapid  anneal,  the  junc t ion  dep th  
is 0.17 ~m as compared  to 0.40 ~m junc t ion  dep th  ob- 
ta ined  by furnace  annea l ing  (1000~ 30 rain); the  increase  
is due to dopan t  diffusion. Also shown in the  same  figure 
for compar i son  purposes  are SIMS profiles of  boron  
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Fig. 4. Carrier profiles of electrically active dopants (BF.Z implants) 
obtained by RIA and furnace anneals, SIMS profiles of B atoms for as- 
implanted and annealed samples. 

atoms and calculations obtained from LSS theory. These 
curves give rise to the following remarks. 

I. The LSS theory is in good agreement with the RIA 
activated dopant profile. 

2. The LSS theory differs from the SIMS as-implanted 
atomic profile. This is due to the fact that calculations 
from the LSS model refer to an amorphous solid (dense 
gas) and channeling is responsible for the broadening of 
the as-implanted profile. In fact, the calculated accept- 
ance angle for channeling of ii keV B ions in <i00> St, 
corresponding to 50 keV BF2, is about 10t This angle is 
larger than the 7 ~ tilt used in our experiments. Channeling 
processes have equally been observed by Wilson (Ii) for 
those low energy equivalent B ions (energy of BF~ = 45 
keV). 

3. The redistribution of the boron atomic profiles, be- 
fore and after rapid  anneal ing,  is very  sl ight  (-0.025 ~m). 

4. Af ter  rapid anneal ing,  a second peak  of same he ight  
as the  first one is located at a depth  of  -0.055 ~m. The lo- 
cat ion of  that  peak  is cons is ten t  with the region of  resid- 
ual  damage.  Such  a double  peak  for boron  a tomic  pro- 
files has also been  observed  by Wilson (11) and Fuse  
e ta l .  (12) for furnace  anneal ing  of  36 and 111 keV BF2, 
respect ively.  

The  degree  of  ac t ivat ion of the  50 keV BF2 implants  
wi th  an ion dose of 1 • 10 '~ cm -2 is -85%. F luor ine  a tom 
concen t ra t ion  profiles are p resen ted  in Fig. 5 for 50 keV 
implants ;  the  rapid  annea l ing  condi t ions  are  1000~ 10s. 
The  calculated profile is in good ag reemen t  wi th  the  
fluorine as- implanted  a tomic  profile. The  rapid  annealed  
f luorine profile behaves  differently.  In  fact, the  f luorine 
a toms pi le  up in the  reg ion  of  damage,  the  t rans i t ion  be- 
tween  the  amorphous  and the  crystal l ine regions.  The 
f luorine peak  is s i tuated at -0.060 ~m, not  far f rom the 
second  boron  peak  (-0.055 ~m). The same  cons idera t ions  
deve loped  prev ious ly  can be  appl ied to the  RIA boron  
and fluorine a tomic  profi les (Fig. 6), the  ion dose be ing  3 
x 10 '5 cm -'~. 

Spread ing  res is tance measu remen t s  showed  that  for 30 
keV BF.2, junc t ion  depths  are 0.10 and 0.15 ~m for ion 
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doses of 3 • 1015 and 5 • 10 '5 cm -2, respectively. The 
rapid annealed conditions are 1000~ 10s. In  the case of 
furnace annealing (1000~ 30 min), the junct ion depth is 
increased to 0.30/~m for an ion dose of 3 • 10 '5 cm -~, the 
ionic energy being the same (30 keV). 

Conclusion 
The rapid isothermal annealing experiments presented 

exhibit good temperature homogeneity along the axis of 
the chamber. Wafer warpage is 0.5 /~m for a 4 in. wafer. 
The reproducibility of the temperature cycles is excel- 

lent; only 4~176 separates the various runs either for the 
1000 ~ or the 1100~ annealing. 

For 50 keV BF2 RIA, junctio n depths exhibit ion dose 
dependence. Junct ion depths as shallow as 0.17, 0.19, and 
0.21/~m have been obtained, respectively, for ion doses of 
1 x 10 '5, 3 x 10 '5, and 5 • 10 '5 cm -2. Junct ion depths ob- 
tained through rapid annealing (1000~ 10s) are a factor 
of three to four lower than those obtained by conven- 
tional furnace annealing. In the case of RIA, negligible 
dopant redistribution has been noted. 
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A B S T R A C T  

The effects of  ion b e a m  e tch ing  (IBE) on the  electr ical  proper t ies  of  Scho t tky  barr iers  on four k inds  of  semiconduct -  
ors (Si, Ge, InP,  and GaAs) were  invest igated.  For  diodes  p rocessed  wi th  IBE after  meta l  deposi t ion  where  the  act ive de- 
Vice reg ion  is p ro tec ted  by the  meta l  layer and only the  sur rounding  substra te  area is exposed  to the  beam,  our  resul ts  
showed  that  the  d iode b r e a k d o w n  vol tages  increased  2-15 t imes  for p- type substrates,  bu t  decreased  2-4 t imes  for n- type  
substrates.  The  barr ier  heights ,  r on p substra tes  were  observed  to remain  unchanged ,  whi le  t h e  barr ier  heights ,  ~bB ~, 
were  found to decrease  on n substrates.  For  diodes  p rocessed  wi th  IBE before  meta l  deposi t ion,  the  diode characteris-  
tics are similar  to those  p rocessed  wi th  IBE after  meta l  deposi t ion;  the  only notable  excep t ion  is that  the  barr ier  he ights  
on p substra tes  increased  for this case, whi le  ~B p r emained  u n c h a n g e d  for diodes  p rocessed  wi th  IBE after meta l  deposi-  
tion. The  effects of  IBE  are  observed  to d isappear  and the  diodes  recover  to their  original  character is t ics  u p o n  anneal ing  
at t empera tu res  b e t w e e n  300 ~ and 375~ These  effects  are consis tent  wi th  the  concep t  that  ion  b e a m  process ing  induces  
donor- l ike  defects  near  the  surface region of  the  s emiconduc to r  exposed  to the ions. 

Ion  b e a m  e tch ing  (IBE) is becoming  a c o m m o n l y  used  
process ing  t echn ique  in  microelect ronics .  The  proper t ies  
of  substra te  surfaces after  IBE,  therefore,  are of scientific 
and technologica l  interests.  

F o n a s h  et al. (1) have  found  that  argon ion b e a m  etch- 
ing fo l lowed by the rmal  depos i t ion  or ion-beam deposi-  
t ion a lone can drast ical ly affect  the  character is t ics  of  
Scho t tky  barr ier  d iodes  m a d e  on Si, thus  po in t ing  out  the  
impor tance  of ion -beam- induced  damage  in barr ier  for- 
mation.  They  observed  that  ion-beam damage  can lead to 
ohmic  contacts  on n-Si  bu t  does not  affect  Scho t tky  barri- 
ers on p-Si for Au and Mo contacts.  Chow et al. (2) have  
also observed  that  Scho t tky  barr ier  he ight  was increased  
for p-Si and decreased  for n-Si w h e n  gold films were  
the rmal ly  depos i t ed  on react ive- ion-e tched Si substrates.  

N u m e r o u s  o ther  s tudies have  found that  sput ter  deposi-  
t ions of  metals  can also cause  abnormal  I-V characteris-  
t ics for Scho t tky  barr ier  d iodes  on Si (3, 4) as wel l  as on 
GaAs (5-7). Electr ical  behav io r  of  he te ro junc t ions  fo rmed  
by RF  sput ter ing  of mater ia ls  such  as ind ium-t in-oxide  
(ITO) on several  c o m p o u n d  semiconduc to r s  (InP, CdTe) 
has been  repor ted  to change  due  to sput ter ing  damage  (8). 

In  each of these  studies,  e i ther  the  substra te  was e tched  
pr ior  to the  meta l  depos i t ion  or the  substra te  was e t ched  
dur ing  meta l  deposi t ion.  The  inf luence of  ion e tch ing  on 
diodes  after meta l  depos i t ion  has rarely been  reported.  
S ince  ion e tch ing  to fabr icate  device  s t ructures  after met-  
all ization is a c o m m o n  practice,  we repor t  he re  the  effects 
of  IBE  on diode character is t ics  after the  depos i t ion  of 
meta l  layers on s emiconduc to r  substrates.  For  compari-  
son, d iodes  processed  wi th  IBE  before  meta l  depos i t ion  
were  also inves t iga ted  for cer ta in  cases. For  the  case of  
IBE  after metal l izat ion,  the  ion  e tching t ime  was short  
such  that  the  substra te  area unde r  the  meta l l ized  region 
(circular dots) was p ro tec ted  f rom the  ion  b e a m  wi th  the 
remain ing  substra te  area exposed  to the  beam.  In  this 
study, the  I-V and b r e a k d o w n  character is t ics  of Scho t tky  
diodes  on Si, Ge, InP,  and GaAs were  examined .  

Experimental 
Sample preparations.--Four different  subs t ra te  materi-  

als were  used  in this s tudy:  Si, Ge, GaAs, and InP.  For  
x-ray and MeV He ~ backsca t te r ing  measurement s ,  the  
samples  were  ~ 0.5 cm in size. For  electr ical  evaluat ions,  
d iodes  of 1 and 3 m m  diam were  fo rmed  on the  wafers  
us ing  mechan ica l  masks  for Si, Ge, and GaAs samples  
and diodes  of 152 and 229 ~ m  diam were  fo rmed  us ing 
pho to l i thography  for I n P  samples .  

S i . - -S i l i con  subst ra tes  (n-and p-type, 1-10 ~l-cm, <100> 
in orientat ion) were  first c leaned ul t rasonical ly  wi th  ace- 
tone  and i sopropyl  alcohol,  fo l lowed by the  RCA cleaning  
process  (9) and a final r inse in 10% HF:H20 immed ia t e ly  

before loading  into an oil-free evapora t ion  system. On 
p-type Si substrates,  about  500A of Er  was first depos i ted  
fol lowed by the  depos i t ion  of  a Si layer ( -  750A) f rom a n + 
Si charge.  The  depos i t ion  rate was - 10 A/s for Er  and 
20-30 A/s for Si. The  pressure  dur ing  evapora t ion  was 
10 -7 torr  in all cases. The samples  were  then  annealed  at 
380~ for 30 min  in f lowing fo rming  gas or in v a c u u m  (~ 
3 • 10 -7 torr) to fo rm the  ErSi2 contact .  The  depos i ted  Si 
( -  750A) is suff ic ient  to c o n s u m e  ent i re ly  the  Er  layer ( -  
500A) to fo rm ErSi2 wi th  the  excess  Si r emoved  by chemi-  
cal e tch ing  after reaction.  It  has been  shown  that  un i fo rm 
layers of ErSi2 can be  fo rmed  on samples  w i t h  this 
configurat ion wi th  a barr ier  he igh t  of  0.78 eV on p-Si (10, 
11). On n- type Si substrates,  ~ 1000A of Pd  was the rmal ly  
deposi ted.  The  depos i t ion  rate of  Pd  was 10A/s at a pres- 
sure of  - 1 x 10 -7 torr. No annea l ing  was pe r fo rmed  on 
these  Pd/n-Si  samples.  The  barr ier  height ,  (bB", is ~ 0.75 
eV for as-deposi ted  samples.  

Ge . - -For  the  Ge case, n-type, <100>-or iented  Ge wafers  
wi th  a res is t ivi ty  of  0.8-1.5 12-cm were  used. The  wafers  
were  first c leaned  wi th  ace tone  and i sopropyl  alcohol,  
fo l lowed by a r inse in a solut ion of  H~O:HNO3:HF 28:3:1 
at room t empera tu re  wi th  a final r inse in 10% HF:H20. A 
layer of  Er  (~500A) fol lowed by a layer of  Ge ( -  850A of 
Ge at - 20-30 A/s) were  depos i ted  onto the  substrate.  
Thermal  anneal ing  of  this s t ruc ture  at ~ 330~ has been  
shown to form a p lanar  ErGe2 layer (12). 

InP.--For the  I n P  case, the  InP  subst ra te  mater ial  
(10,'~/cm 3, 0.3-0.4 ~l-cm for <n,100> and 5 • 10'5/cm :~, 7-8 
12-cm for <p,100>) were  c leaned with  t r ich loroethylene ,  
acetone,  and methanol ,  e tched  in di lute  HF, then  e tched  
fur ther  in a solut ion o f H~O:HF:HC1 4:1:1 plus one drop of  
H~OJ10ml. 

Ta-Si  films 1300-1500A th ick  were  depos i ted  by R F  
sput te r ing  (200W in Ar) f rom a hot -pressed  Ta-Si target  
wi th  a Ta to Si a tomic  ratio of  1:2. A pat tern  of  Ta-Si dots 
was then  formed f rom the  spu t te red  film us ing a photo- 
resist  (AZ 1350) mask  and dry p lasma e tch ing  in a parallel  
plate  sys tem (CF4 wi th  4% Oz, 0.4 torr, 15W, - 500 A/rain). 
The  d iameters  of  the  contac t  dots  used  were  229 ~m for 
p - InP  and 152 ~m for n-InP.  The  p- InP samples  were  then  
annea led  at 350~ for 30 min  in forming  gas to give a ~B" 
of  0.97 eV and the  n - InP  samples  were  annea led  at 400~ 
for 5 min  to give a (~" of 0.4 eV (13). 

GaAs.--For the  GaAs case, n- type GaAs (<100>, Si 
doped,  2 • 10'Ycm :') wafers  were  used. The  wafers  were  
first c leaned wi th  ace tone  and isopropyl  alcohol,  fol- 
lowed  by a r inse in the  di lu ted solut ion of  1:1 HCI:H~O 
and a final r inse in DI water.  500A of Er  and 750A of Si 
were  then  sequent ia l ly  depos i t ed  unde r  the  same  condi- 
t ions as descr ibed  in the  p-Si case. The  barr ier  height ,  ~R n, 
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is ~ 0.68 eV for  a s -depos i t ed  s a m p l e s  a n d  ~ 0.8 eV for  
s a m p l e s  a n n e a l e d  at  380~ for  30 m i n  in  f o r m i n g  gas.  

Ion beam etching (IBE).--Following s a m p l e  p repa ra -  
t ion,  ion  b e a m  e t c h i n g  was  ca r r ied  ou t  u s i n g  a Mi l ]a t ron  
IV  s y s t e m J  Th i s  s y s t e m  has  b e e n  d e s c r i b e d  b y  H e a t h  
(14, 15) in  detail .  The  s y s t e m  cons i s t s  of  a K a u f m a n - t y p e  
(16) ion  source ,  s a m p l e  c h a m b e r ,  a n d  c ryogen i c  p u m p  
sys tem.  The  ions  are e x t r a c t e d  f rom a gaseous  p l a s m a  
a n d  acce l e r a t ed  to t h e  subs t r a t e .  The  b e a m  c u r r e n t  den-  
s i ty  a n d  ion  e n e r g y  can  b e  i n d e p e n d e n t l y  con t ro l led .  In  
our  e x p e r i m e n t ,  e i t he r  Ar  or Freon-116 (C~F6) was  used .  
The  ion  b e a m  was  i n c i d e n t  n o r m a l  to the  s u b s t r a t e  w h i c h  
was loca ted  20 c m  f rom the  ion  source  a n d  r o t a t i n g  dur-  
ing IBE.  The  ion  e n e r g y  was  se t  a t  500 eV, a n d  the  pres-  
su re  of  t he  c h a m b e r  was  k e p t  at  ~ 2.3 • 10 -4 torr.  T h e  ion 
b e a m  c u r r e n t  dens i t y  was  se t  at  0.5 m A / c m  ~ for  th is  
e x p e r i m e n t .  

Postannealing after IBE. To inves t i ga t e  t h e  s tab i l i ty  
of  t he  e lect r ica l  p rope r t i e s ,  ce r t a in  s a m p l e s  we re  a n n e a l e d  
b e t w e e n  300 ~ and  375~C in  f o r m i n g  gas (10% H~, 90% N~) 
for t i m e s  r a n g i n g  u p  to 25 ra in  af te r  IBE.  

Metal layers deposited on ion-etched substrates. In or- 500 
de r  to  c o m p a r e  t he  effects  of  I B E  before  a n d  a f te r  meta l  ErSi2/Si<p, 100> 
depos i t ion ,  p-Si, n-Ge,  a n d  n -GaAs  s u b s t r a t e s  we re  first MT. B5xI0 -3 ore2 
ion b e a m  e t c h e d  for 30s u n d e r  t he  s a m e  c o n d i t i o n  as de- 400 
s c r i bed  p r e v i o u s l y  a n d  t h e n  c l eaned  w i t h  ace tone ,  i sopro-  
py l  a lcohol  and  a final r inse  in DI w a t e r  be fo re  load ing  
in to  our  e v a p o r a t i o n  sys tem.  A b o u t  500A of  Er  was  
t h e n  d e p o s i t e d  on  each  s u b s t r a t e  to fo rm t h r e e  types  of  ~ 30o , (  

s amp le s :  Er  (500A)/Si<p,100>, Er(5OOs lO0>, a n d  _A W 

Er(500A)lGaAs<n,100>.  o 
> 200 

Electrical measurements.The b r e a k d o w n  vo l t age  (VB) 
a n d  ba r r i e r  h e i g h t s  (~B) we re  d e t e r m i n e d  b y  cu r ren t -  o El  �9 

vo l t age  m e a s u r e m e n t s  be fo re  a n d  af te r  I B E  process .  The  <~ 
s a m p l e s  were  m e a s u r e d  w i t h i n  24h af te r  I B E  e x c e p t  as ~ 100 
no ted ,  cn 

E x p e r i m e n t a l  Results  0o 

Si. F i g u r e  1 s h o w s  a p lo t  of  log I vs. V for  d iodes  of  
ErSi~ o n  p - type  Si be fo re  a n d  af te r  I B E  for  20s. The  d iodes  
e x h i b i t  a l m o s t  iden t i ca l  f o rwa rd  cha rac te r i s t i c s  be fo re  
a n d  a f te r  IBE.  The  ba r r i e r  he igh t ,  4~s for  t h e  d iodes  is 
0.78 eV, w i t h  a n  n fac to r  of  1.05. The  r eve r se  b r e a k d o w n  
vol tages ,  h o w e v e r ,  a re  qu i t e  d i f f e ren t  be fo re  a n d  a f te r  
IBE,  a l t h o u g h  b o t h  t y p e s  of  d iodes  e x h i b i t  a s h a r p  b reak-  
down,  as s h o w n  in Fig. 2. Befo re  IBE,  b r e a k d o w n  (VB) 
t akes  p lace  at  - 80V (curve  A) af te r  I B E  b r e a k d o w n  does  
no t  occu r  un t i l  a b o u t  300V (curve  B). The  v a r i a t i o n  in  VB 
vs. IBE  t i m e  is s h o w n  in  Fig. 3 for  d iodes  f o r m e d  e i the r  
b y  a n n e a l i n g  in f o r m i n g  gas or in  vacu i lm.  Diodes  f o r m e d  
in  v a c u u m  ini t ia l ly  h a v e  a m u c h  lower  VB (~  22V) va lues  
c o m p a r e d  to t h o s e  for  d iodes  p r e p a r e d  in  f o r m i n g  gas  (~  

Made by Commonwealth Scientific Corporation. 
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Fig. 2. I-V curves for a ErSiJp-Si diode (1 mm diem) before (A) and 
after (B) IBE, indicating the effect of IBE on breakdown voltages. 
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Fig. 3. Breakdown voltage as a function of ion etching time for 
ErSi2/p-Si diodes (1 mm diem). 

80V). However ,  i n  b o t h  cases  VB rises  w i t h  I B E  a n d  satu-  
ra tes  at  nea r ly  iden t i ca l  b r e a k d o w n  vo l tages  of  ~ 325V. 

T h e  i nc r ea se  in b r e a k d o w n  vo l t age  af te r  I B E  is n o t  per-  
m a n e n t .  A n n e a l i n g  t h e s e  p - type  s a m p l e s  at  300~ in  
f o r m i n g  gas  for  on ly  5 m i n  c a u s e d  VB to d e c r e a s e  f rom 
over  300V to ~ 70V, nea r ly  equa l  to t h e  in i t ia l  v a l u e  for 
t h e  s a m p l e s  a n n e a l e d  in  f o r m i n g  gas w i t h o u t  IBE.  

T h e  b e h a v i o r  of  d iodes  f o r m e d  on  n - type  Si s u b s t r a t e s  
is ve ry  d i f fe ren t  f rom t h o s e  o b t a i n e d  w i t h  d iodes  on  
p - type  Si. F i g u r e  4 s h o w s  a p lo t  of  log I vs. V for  P d  on  

4 �84 5 

O~ 
0 

J 

3 

ErSi2/Si<p, 100 > 
annealed in ?ormin~ 9as 
A=7.07xlO -2 cm 2 

@ 

~=0.7BeY * u 
-1 

n = 1.05 
B 

D 

2 

1 

0 

-1 

-2 0 �9 

@ 

* - - - b e ? o r e  IBE 

@--- afker IBE 

O. 1 0 . 2  0 . 3  0 . 4  0 . 5  
V f. EV3 

Fig. 1. Log If vs. Vf for a ErSiJp-Si diode (3 mm diem) before and after 
ion beam etching (IBE). 
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n- type  Si d iodes  before  and  af te r  IBE  for 10s. Befo re  IBE,  
t he  d iodes  are  nea r ly  idea l  (n = 1.05). ~B n is 0.75 eV, w h i c h  
agrees  w i t h  p u b l i s h e d  va lues  (17). Af te r  IBE,  t he  d iodes  
no  l o n g e r  s h o w  ideal  behav io r .  The  log I vs. V cu rve  is 
n o n l i n e a r  t h r o u g h o u t  the  e n t i r e  r a n g e  o f  inves t iga t ion .  I t  
is no t  poss ib l e  to d e d u c e  a u n i q u e  va lue  of  ~B n f rom this  
curve.  However ,  at  fo rward  vo l tage  Of - 0.1V, ~B n can  be  
a s s i g n e d  to be  = 0.64 eV w i t h  n = 1.4; we can  t ake  t he se  
va lues  to r e p r e s e n t  t he  c h a n g e  in  t he  e lect r ica l  p rope r t i e s  
a f te r  IBE.  The  c ros sove r  of t he se  two cu rves  is du e  to a 
d i f f e rence  b e t w e e n  t h e s e  devices  in  t he  r e s i s t a n c e  of  t h e  
b a c k  contac t .  

F i g u r e  5 shows  the  l inea r  I-V cha rac te r i s t i c s  of  Pd /n -S i  
d iodes  before  a n d  af ter  I B E  for  10s: B o t h  d iodes  s h o w  
soft  b r e a k d o w n s .  The  r eve r se  b ias  vo l tages  m e a s u r e d  at 1 
m A  d e c r e a s e d  s ign i f i can t ly  f rom an  ini t ia l  va lue  of  50V 
to a b o u t  15V af ter  IBE  for  10s, This  vo l t age  r e m a i n e d  
u n c h a n g e d  af ter  f u r t h e r  I B E  u p  to 40s, as s h o w n  in  Fig. 6. 
S imi l a r  b r e a k d o w n  vo l t ages  were  o b s e r v e d  i r respec t ive .  
of t he  gas  u sed  for  IBE.  

Ge . - -D iodes  on  n - type  Ge  e x h i b i t e d  sof t  b r e a k d o w n s  
s imi la r  to t hose  on  n - type  Si. Fo r  t he  a s -depos i t ed  
s a m p l e s  w i th  1 m m  d i a m  dots ,  VB d e c r e a s e d  f rom - 55 to 

18V at  Ir = 1 m A  a n d  ~bB ~ d e c r e a s e d  f r o m  0.54 to 0.51 eV 
af ter  IB E  for 10s. For  d iodes  a n n e a l e d  at  330~ for  l h  to 
fo rm a E r  g e r m a n i d e  contac t ,  t h e  b r e a k d o w n  vo l t age  de- 
c r ea sed  f rom - 4 0  to - 1 3 V  a n d  ~B" d e c r e a s e d  f rom 0.51 to 
0.49 eV af ter  10s of  IBE.  P o s t a n n e a l i n g  of t he se  s amp l e s  
for  on ly  5 m i n  at  300~ is suf f ic ien t  to r e s to re  t he  b reak-  
d o w n  vo l t age  a n d  ~bB" to t h o s e  in i t ia l  va lues  p r io r  to  IBE.  
Diodes  on  p- type  Ge were  no t  inves t iga ted .  

Fig. S. I-V curves of a Pd/n-Si diode (3 mm diam) before (A) and after 
(B) IBE, indicating the effect of IBE on breakdown voltages. 

A p r i l  1985 

Fig. 7. I-V curves of Ta-Si/p-lnP diodes (229/~m diam) before (A) and 
after (B) IBE. 

I n P . - - F i g u r e  7 shows  the  r eve r se  I-V cha rac te r i s t i c s  of  
the  d iodes  w i t h  Ta-Si  on  p- type  InP .  T h e  b r e a k d o w n  was  
re la t ively  ab rup t .  Initially~ t h e  b r e a k d o w n  vol tage,  Vs, 
was  a b o u t  45V (curve  A). Af ter  I0s of  IBE,  t h e  VB in- 
c reased  to - 70V (curve  B). Af te r  a n  add i t i ona l  10s of IBE,  
VB inc rea sed  f u r t h e r  to - 90V (not  s h o w n  in  Fig. 7). The  
ba r r i e r  h e i g h t  cbB p d id  n o t  c h a n g e  s igni f icant ly  af te r  IBE,  
a l t h o u g h  t h e  fo rw a rd  c u r r e n t s  i n c r e a s e d  s l ight ly  in  t h e  
low b ias  r eg ion  (Vv < 0.3V) af te r  IBE.  I t  is i n t e r e s t i ng  to 
no te  t h a t  VB was  n o t  a l t e red  by  p o s t a n n e a l i n g  at  300~ for  
25 ra in  b u t  r e c o v e r e d  to t h e  or ig ina l  va lues  at  375~ for  25 
ra in  in  f o r m i n g  gas. 

T h e  d iodes  (152 ~ m  diam)  f o r m e d  on  n- type  I n P  
s h o w e d  re la t ive ly  sof t  b r e a k d o w n s .  Fo r  a reverse  c u r r e n t  
of 5 mA,  t h e  c o r r e s p o n d i n g  r ev e r s ed -b i a s ed  vol tage  de- 
c r eased  f rom 13 to 7V af ter  a 10s of  I B E  (not  shown).  The  
ba r r i e r  h e i g h t  also d e c r e a s e d  f rom 0.4 to 0.35 eV. Post-  
a n n e a l i n g  at  375oc for  25 ra in  led to t h e  r ecove ry  of  b o t h  
VB a n d  cbB n to t h e i r  or ig ina l  values .  

GaAs.--For t h e  ErSi2 d iodes  f o r m e d  on  n- type  GaAs,  
t h e  b r e a k d o w n  was  re la t ive ly  soft, a n d  at  a reverse  cur- 
r en t  of I m A  t h e  c o r r e s p o n d i n g  r eve r se -b i a sed  vol tage  de- 
c reased  f rom 12 to - 7V af ter  a 10s of  I B E  (Fig. 8). The  
ba r r i e r  h e i g h t  also d e c r e a s e d  f rom 0.8 to 0.64 eV af ter  
IBE.  These  d iodes  r ecove red  to t he i r  in i t ia l  VB of  12V a n d  
~bB n of  0.80 eV af te r  a n n e a l i n g  at  300~ for  25 rain.  

Comparison with IBE before metal deposition--To ver-  
ify s o m e  of t h e  r e su l t s  r epo r t ed  in t h e  l i tera ture ,  we 
c h e c k e d  the  d i o d e  cha rac te r i s t i c s  of  t h r e e  sys t ems  pro- 
cessed  w i th  I B E  before  me ta l  depos i t ion .  T h e  subs t r a t e s  

80 1 Pd/Si<n, i00> os-deposi~.ed 
6O ^=7.07• -~ o~ 

40 

E0 

0 ~ 1 ~0 2'0 B'O 4'0 50 
IBE TIHE [seo] 

Fig. 6. Breakdown voltages of Pd/n-Si diodes (3 mm diam) as a function 
of ion etching time. 

Fig. 8. I-V curves of ErSi~/n-GaAs diodes (1 m diam) before (A) and 
after (B) IBE. 
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(p-St, n-Ge, and n-GaAs) were  IBE  for 30s before  a layer 
of  Er  was depos i t ed  on them.  For  the  case of  Er/p-Si, the  
barr ier  he igh t  ~bB p increased  f rom - 0.68 eV (as-deposited 
wi thou t  IBE) to - 0.80 eV and the  b r e a k d o w n  vol tage in- 
creased f rom 60 to 300V. For  Er  on n-Ge substrates,  the  
diodes  exh ib i t ed  ohmic  behavior  at r o o m  temperature .  
For  the  Er/n-GaAs case, qSB" was found  to be  - 0.41 eV as 
r educed  f rom 0.68 eV for as-deposi ted  samples.  The  
b reakdown  vol tage  decreased  f rom - 12 to 3V after IBE. 
These  resul ts  are consis tent  wi th  those  repor ted  in the  lit- 
erature  and are s imilar  to those  obta ined  on diodes  pro- 
cessed with  IBE  after meta l  deposi t ion.  The  notable  dif- 
fe rence  is that  the  barr ier  he ight  on p-tj, pe  substrates,  ~bB p, 
increases  for samples  processed  wi th  IBE  before  meta l  
deposi t ion,  whereas  ~bB p remains  u n c h a n g e d  for samples  
processed  wi th  IBE  after meta l  deposi t ion.  

Discussion 
It  has been  repor ted  in the  l i terature that  RF  (3), dc (4), 

and ion-beam (1) sput ter  depos i t ion  of meta ls  on Si can 
cause  anomal ies  in the  I-V character is t ics  of  Scho t tky  
barr ier  contacts,  i.e., a decrease  in barr ier  he ights  on 
n- type  Si and increase in barr ier  heights  on p- type St. To 
rat ional ize these  results ,  Mull ins et al. (4) have  p roposed  a 
mode l  sugges t ing  tha t  sput te r ing  may  induce  donor- l ike  
defects  at the  metal-St  in ter face  wi th  a defec t  dens i ty  dis- 
t r ibut ion  decreas ing  exponen t i a l ly  into the  substrate.  As- 
suming  that  the donor- l ike  defects  are ionized, this can 
lead to a na r rowing  of  the  dep le t ion  region on n- type sub- 
strates and an increase in apparen t  barr ier  he igh t  on 
p- type  substrates.  Ion - induced  damage  such  as disloca- 
t ion loops,  small  defect  clusters,  cavities, and e m b e d d e d  
sput ter  gas as a resul t  of  sput te r ing  of  Si surfaces have  
been  repor ted  by Bean  and his co-workers  (18). 

Spu t t e r  damage  has  also been  found to cause the  forma- 
t ion of  an n- type layer  on p- type  I n P  (8). Bayliss  et al. (19) 
have  repor t ed  that  P is preferent ia l ly  dep le ted  f rom the  
surface  of  InP  unde r  Ar  bombardmen t .  T e m k i n  et al. (20) 
have  repor t ed  that  a P vacancy  in I n P  behaves  as a donor- 
l ike level. 

For  GaAs, Chiang et al. (21) and Jaros  et aI. (22) have  re- 
po r t ed  that  an As vacancy  in GaAs behaves  as a s ingle do- 
nor. Yamask i  et al. (6) and Wang et al. (7) have  sugges ted  
the  fo rmat ion  of donor- l ike  defects  by ion sput te r ing  due  
to the  dep le t ion  of  As near  the  surface region. We bel ieve 
that  our  expe r imen ta l  resul ts  can be  ra t ional ized in te rms  
of  the  concep t  m e n t i o n e d  above.  

p-  type semiconductors 

electric Y ? converted to 

edge o f "  
p-type depletion region p-type 

before TBE after IBE 
(guard ring effect) 

n- type semiconductors 

n-type n-type 

before "I'BE after IBE 

Fig. 9. Schematics showing the edge effects of diodes after IBE. For V1 
= O, the diodes are under zero bias. The diodes are reverse biased at V,2. 

Our resul ts  in this invest igat ion show pr imar i ly  two ef- 
fects of ion -beam e tch ing  after meta l  deposi t ion on 
Schot tky  barr ier  contacts.  

First,  on n- type semiconductors ,  the  b reakdown  volt- 
ages (VB) are lowered  2-4 t imes  by IBE.  In  addit ion,  the 
forward  I-V character is t ics  (linearity, ebb n, and n) degrade  
as a resul t  of IBE.  

Second,  on p- type  semiconductors ,  the  forward I-V 
character is t ics  r emain  u n c h a n g e d  whi le  the  b r e a k d o w n  
vol tages  increase  2-15 t imes  as a resul t  of  IBE.  

These  resul ts  appear  to be  consis tent  wi th  the  no t ion  
that  ion b e a m  process ing  induces  donor- l ike  defects  near  
the  surface region in semiconductors .  In  our  expe r imen t s  
where  meta l  dots were  depos i ted  onto the  subst ra tes  be- 
fore IBE,  donor- l ike  defects  are expec ted  to be p resen t  
only in areas of  the  subs t ra te  exposed  to the  ion b e a m  
and not  in regions of  the  substrates  covered  by  meta l  
dots. The  observed  IBE  effects are mos t  l ikely to be e d g e  
effects a round the  act ive regions  of  the  Scho t tky  barriers  
where  the  electric field is increased.  F igure  9 shows  the  
schemat ics  that  depic t  the  s i tuat ions before  and after IBE  
unde r  reverse  bias. For  p- type  substrates,  the  substra te  
surface region a round  the  d iode  is conver ted  to n-type, 
thus  fo rming  a guard-r ing s t ruc ture  a round  the  diode,  re- 
sul t ing in m u c h  h igher  b r e a k d o w n  vol tages  wi thou t  
changing  ~B p. For  n- type substrates ,  the  subs t ra te  surface 
region around the  d iode becomes  n +, the  edge  effect  is 
intensif ied which  leads to the  tunne l ing  of  carriers re- 
sul t ing in lower  barriers  and lower  b reakdown  voltages.  

U p o n  anneal ing  the  samples  (300~ for St, Ge, and 
GaAs and 375~ for InP), the  diodes  recover  to their  origi- 
nal  characterist ics.  This suggests  the IBE  induced  defects  
are r educed  or r emoved .  The  t empera tu re  at wh ich  recov- 
ery occurs  for I n P  (375~ agrees wi th  results  r epor t ed  by 
Tsai et al. where  n- type layer is r econver ted  to p- type 
after ion b o m b a r d m e n t  (8). 

For  cases where  meta l  dots are depos i ted  after IBE,  bar- 
r ier  he ights  and b r e a k d o w n  vol tages  are raised on p- type 
substra tes  and are lowered  on n-type substrates.  These  
observat ions  are cons is ten t  wi th  results  r epor t ed  in the 
l i terature and the  ion- induced  donor- l ike  defect  model .  

Summary 

1. For  the  case of  IBE  after meta l  deposi t ion,  the  break- 
d o w n  vol tages  increase and the  barr ier  he ights  of 
Scho t tky  diodes remain  u n c h a n g e d  on p- type substrates;  
on n- type  substrates,  both  b reakdown  vol tages  and bar- 
r ier  he ights  decrease.  

2. On anneal ing  the  samples  at t empera tu res  of  300 ~ 
375~ the  d iode character is t ics  recover  to thei r  original  
values.  

3. For  the  case of IBE  before  meta l  deposi t ion,  the  ef- 
fects of  IBE  are s imilar  to those  for IBE after deposi t ion,  
excep t  the  barr ier  he ights  on p- type  substra tes  are ob- 
se rved  to increase.  

4. These  resul ts  are cons is ten t  wi th  t h e  concep t  of  ion- 
b e a m  induced  donor- l ike  defects  near  the  surface  region 
of  the  s emiconduc to r  substrates .  
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ABSTRACT 

Polycrystalline silicon films have been deposited on thermally oxidized wafers. The films have been implanted 
with As, B, or BF~ and annealed with a Varian IA-200 rapid thermal annealer. The system uses infrared radiation from a 
resistively heated sheet of graphite to heat the entire wafer to temperatures in excess of 1000~ for times on the order of 
a few seconds. The effects on sheet resistance, sheet carrier concentration, and mobility due to exposure time, heater 
temperature, dopant species, and resultant grain size are discussed. Higher temperatures and longer exposure times pro- 
duce the lowest sheet resistances. These results are compared to CW laser and conventional furnace-annealed films. A 
substantial loss of As occurs during the anneal unless the films are capped with SIO2. Results on B and BF~ implanted 
films indicate no boron loss has occurred during the anneal. The As and B uniformly distribute throughout the film 
when exposed to anneal conditions that produce very little diffusion in single-crystal St. This implies that As and B dif- 
fusion is much faster in polycrystalline Si than in single crystal under these anneal conditions. The anneal causes both 
components of a bimodal grain size distribution to grow significantly until grain growth is slowed by geometrical con- 
straints. Increased grain size results in a substantial increase in mobility. The grain growth has been modeled by an in- 
terfacial energy-driven mechanism. 

Removing implantation damage and activating im- 
planted dopants in Si with some form of transient anneal- 
ing technique is becoming a very important  research 
topic as device dimensions shrink (1-16). Transient an- 
nealing allows better control of impurity diffusion than 
conventional furnace annealing because of the shorter 
time the wafer is at an elevated temperature. This tight 
control of diffusion will provide for precise control in the 
formation of shallow junctions, narrow base width, and 
fine geometry devices. 

Although lasers and electron beams have been success- 
fully used to anneal implanted Si (1-5), incoherent light 
sources appear more applicable to device processing. 
Thin film interference effects are eliminated and wafer 
throughput  is greater for the incoherent light sources. 
Since the entire wafer is heated and cooled uniformly, 
nonuniformities due to thermal gradients are reduced. 

Several papers have reported using incoherent sources 
to anneal ion-implanted, single-crystal silicon (6-16). How- 

Present address: Department of Applied Physics, California 
Institute of Technology, Pasadena, California 91125. 

ever, very few results have been reported for annealing 
polycrystalline silicon with an incoherent light source 
(17-20). Polycrystalline Si is used as a gate material for 
most metal]oxide/semiconductor (MOS) devices. Poly- 
crystalline Si is also used as an interconnect material and 
as load resistors in many integrated circuits. In self- 
aligned implant process technology, the source, gate, and 
drain are all implanted in the same step and annealed in a 
subsequent step. Therefore, if transient annealing of 
source and drain implants is to be successful in MOS 
technology, the technique must  also be useful in anneal- 
ing the implanted polycrystalline Si gate material. 

We report results obtained on As-, B-, and BF~- 
implanted polycrystalline Si films that were deposited on 
0.1 t~m of S i Q  and annealed with a Varian IA-200 rapid 
thermal annealer. This system uses infrared radiation 
from a resistively heated sheet of graphite to uniformly 
heat the wafers. Changes in sheet resistance (Rs.)~ sheet 
carrier concentration (N.~), and mobility (~) as a function 
of exposure time, heater temperature, and dopant species 
are presented. These effects are correlated with grain 
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growth and dopant diffusion as measured by transmis- 
sion electron microscopy (TEM), Rutherford backscatter- 
ing (RBS), and neutron depth profiling (NDP). The sur- 
face morphology has been examined with a scanning 
electron microscope (SEM) and measured with a surface 
profilometer. The effect of different dopants and oxide 
caps is discussed. 

Sample Preparation and Analysis 
The substrates used in these experiments were 3 in. 

(100) Si wafers. Silicon dioxide, 0.1 ~m thick, was grown 
on the substrates. Undoped polycrystalline Si, 0.3 t~m 
thick, was deposited at 630~ on the SiO2 by low pressure 
chemical vapor deposition (LPCVD). The polycrystalline 
Si films were implanted with either As (60 keV, 5.0 • 
10i'~/cm~), B (50 keV, 3.0 • 10'5/cm2), or BF2 (223 keV,3.0 • 
1015/cm2). "B was used in all cases except on samples 
where NDP was performed. ~~ was implanted into the 
samples where NDP was performed. A cap of sputtered 
SiO~ was deposited on some of the wafers. The remaining 
wafers were left uncapped. Wafers from each group were 
subjected to rapid thermal annealing using the Varian 
IA-200. This system has been described previously (11-14, 
16). The exposure times ranged from 10 to 30s. The nomi- 
nal heater set point temperatures used were 1150 ~ and 
1200~ as measured by a thermocouple, which was lo- 
cated - 2  mm from the heater. This temperature is mea- 
sured on the thermocouple and is estimated to be 35~176 
lower than the actual graphite temperature based on the 
temperature a silicon wafer achieves for long exposure 
times. 

Figure 1 shows a typical plot of wafer temperature vs. 
exposure time for an 1150~ heater set point. The wafer 
temperature is measured by an optical pyrometer located 
directly behind the wafer. The polycrystalline Si was im- 
planted with 7'~As (60 keV, 5.0 • 10Wcm2). The tempera- 
ture measured at 0 s is indicative of the heater and not the 
wafer since Si is essentially transparent to infrared radia- 
tion at room temperature. As the wafer heats up the trans- 
mission decreases until only the wafer is being moni- 
tored. After 10s the wafer temperature reaches 875~ (the 
lowest reading on the meter) and rises to 1185~ after 20s. 
The wafer temperature remains nearly constant after 20s. 
The final wafer temperature is greater than the heater set 
point temperature because the heater thermocouple is lo- 
cated 2 mm from the heater rather than in direct contact 
with the heater. Therefore, the heater is actually hotter 
than the set point reading. The time required to reach the 
annealing temperature depends on the doping concentra- 
tion, wafer thickness, etc. (16). 

The electrical properties of the po]ycrystalline Si films 
were measured using a four-point probe and Hall effect 
measurements.  The Hall measurements were made using 
van der Pauw patterns which had been etched into the 
films. The measurements yielded sheet resistance (Rs), 
sheet carrier concentrations (Ns), and mobilities (~ ,  t~,). 

The grain size in the pelycrystalline film was deter- 
mined by TEM. These samples were prepared by first 
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Fig. 1. Temperature vs.  time for As-implanted 5i. The anneal condi- 
tions were a heater set point of ] ] 50~ and exposure time of 25s. 

lightly ion thinning the polysilicon, floating the film off 
the substrate in dilute hydrofluoric acid, and finally 
picking the film up on a holey carbon film on a copper 
grid. The films were bright and dark field imaged at 200 
kV in a JEOL 200CX by standard techniques. Through 
section images of the films were viewed in the electron 
microscope with no tilt of the sample holder. Cross- 
sectional images of many samples were viewed by tilting 
the sample holder to a high angle (about 60~ and examin- 
ing thin edges of film fragments resting on the holey car- 
bon film. Grain sizes were determined by counting at 
least 100 grains from through section views, plotting the 
distribution, and then choosing the peak (or peaks) in the 
distribution as the average grain size(s). 

The As dopant Profiles and the net loss of As during 
annealing were determined by RBS. A 2.0 MeV He beam 
was used with the particle detector located at a scattering 
angle of 154 ~ . The samples were tilted such that the sur- 
face normal was 45 ~ relative to the incident beam. The 
depth resolution for the RBS measurement  was 22 nm. 

The boron profiles were determined by implanting '~ 
and performing neutron depth profiling (NDP) before 
and after annealing. The technique (21) and the facility 
used for this study (22) have been described elsewhere. 
The samples and standards were mounted to a mask con- 
structed with an aperture of 7 mm diam being smaller 
than the neutron beam diameter in order to analyze equal 
and known volumes. The detector face was placed paral- 
lel to that of the surface of the sample with center points 
aligned and separated by a distance of 50 ram. 

Results 
75 As-implanted f i lms.--We reported previously (18) that, 

unless As-implanted films were capped with SiO~, a sub- 
stantial loss of As to the vacuum can occur during the an- 
neal. This loss of dopant resulted in an increase in Rs with 
increasing exposure time. As expected, the As loss was 
greater for the higher heater temperature compared to the 
lower temperature anneal (1200 ~ vs. 1150~ (18). The loss 
of As from polycrystalline Si films was much greater 
than the loss from single-crystal silicon (12) due to the 
faster diffusion of As in po]ycrystalline Si relative to 
single-crystal silicon. These results are confirmed by the 
work of Powell and Chow (20). 

Electrical results of As-doped polycrystalline Si .--To pre- 
vent As loss during annealing, an SiO2 cap (0.05 ~m) was 
sputter deposited on the other As-implanted films. The 
Rs, t~n, and Ns vs. exposure time are presented in Fig. 2 for 
wafers annealed with a heater set point of 1150 ~ and 
1200~ The Rs decreases and Ns and t~n increase with in- 
creasing exposure time for both temperatures. The Rs for 
the 1150~ set point is always higher than the 1200~ set 
point. The minimum Rs of 98 ~/[~ in the 1150~ case (25s 
exposure) is approximately a factor of five lower than the 
minimum achieved on the uncapped samples where As 
was lost to the vacuum (18) and a factor of two lower than 
the Rs on a film which was furnace annealed at 950~ for 
30 min (199 ~2/[]). The Ns increases rapidly for the two 
shortest exposure times (10-15s) regardless of set point 
temperatures. The Ns increases very little between 20 and 
25s. The value for Ns for the 1200~ data is slightly higher 
than the 1150~ data. The mobility follows a similar trend 
of rising at the shorter t imes and changing very little for 
the two longest times. The higher ~n and slightly higher 
Ns for the higher temperature anneals explains the differ- 
ences in Rs as a function of temperature. The initial in- 
crease in Ns with time implies that the film must be 
above 1000~ (see Fig. 1) for a short t ime (a few seconds) 
in order for nearly complete activation of the dopant to 
occur. The increase in t~n with exposure time implies that 
the average grain size in these films is increasing with ex- 
posure time. However, the Rs was a factor of about four 
higher and t~n a factor of about two-and-one-half lower 
than films implanted with As to the same dose and CW 
laser annealed (23). The CW laser-annealed films were 
thicker, but this would not account for all the differences 
we observed. However, the CW laser annealing caused 
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comple te  mel t ing  and subsequen t  f reezing of  the  poly- 
crystal l ine Si film. The  rapid thermal  anneal  is str ict ly a 
sol id-phase anneal ing  process.  Differences  are d iscussed  
below. 

Prof i les . - -The As profiles for the as - implanted  and 
1150~ 10 and 12.5s exposu re  samples  are shown in Fig. 
3. No loss of  As was measu red  for the  annea led  samples  
conf i rming  that  the  SiO2 cap p r even t s  the loss of  As. The  
As has jus t  begun  to diffuse after 10s. There  is ev idence  
for a faster  diffusion coeff icient  in the  deep  tail  reg ion  (> 
0.12 ~m) of the  wafer.  In  this case, the  wafer  reached  a 
peak  t empera tu re  of  1050~ This  faster d i f fus ion in the 
tail is due to grain bounda ry  diffusion, wh ich  is m u c h  
faster  than  the diffusion which  occurs  in single-crystal  sil- 
icon. Diffusion ins ide  the  grain would  be similar  to diffu- 
s ion in single-crystal  si l icon and therefore  m u c h  s lower  
than  grain bounda ry  diffusion. After  a 12.5s exposure ,  
the As has un i fo rmly  d is t r ibuted  t h roughou t  the  ent ire  
film at a concen t ra t ion  of  -1 .6  x 1020/cm 3. The  wafer  
reached a peak  t empera tu re  of  1120~ in this case. In  this 
case, we as sume  that  the  spreading  of  the  dopant  is domi- 
nated by grain boundary  diffusion. S ince  these  profiles 
were  measured  on films which  were  annealed  wi th  an 
oxide  cap, the  surfaces were  smoo th  and the hi l locks 
(which are d iscussed  in the  Surface  morpho logy  section) 
were  not  a p r o b l e m  in these  profile measurements .  Us ing  
an act ivat ion energy  of  2.3 eV obta ined by Baumgar t  et al. 
(24), we  have  calcula ted an effect ive diffusion t ime  at the  
peak t empera tu re  (25). We then  solved the  diffusion equa-  
t ion numer ica l ly  on a computer .  To fit the  12.5s anneal  
profile requ i red  a diffusion coeff icient  for As in poly- 
crystal l ine Si o f  ~8 x 10 -11 cm2/s (18), which  is near ly  an 
order  of  m a g n i t u d e  greater  than  the  diffusion coeff icient  
repor ted  by B a u m g a r t  et al. (26). S w a m i n a t h a n  et al. (26) 
repor ted  an act ivat ion energy  of  3.9 eV for grain boundary  
diffusion in polycrysta l l ine  St. Us ing  the  same approach  
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to fit the  profi les as we d iscussed  in Ref. (18) and an acti- 
va t ion  energy  of  3.9 eV requi res  a m i n i m u m  diffusion 
coeff icient  of  -2 .0  x 10 -10 cm2/s. This  is a somewha t  
lower  diffusion coeff icient  than  the  6.7 • 10 -I~ cm2/s that  
wou ld  be p red ic ted  by ext rapola t ing  the  resul ts  of 
Swamina than  et al. (26) to this t empera tu re  (1120~ The 
faster diffusion coefficient  of S w a m i n a t h a n  et al. (26) 
wou ld  be cons is ten t  wi th  the  data  p resen ted  here  since it 
would  p roduce  a flat profile also. Therefore ,  the  present  
results  indicate  a somewha t  faster  diffusion coefficient  
for As in polycrys ta l l ine  sil icon dur ing  rapid the rmal  an- 
neal ing than  was pred ic ted  by B a u m g a r t  et al. (24), bu t  
the diffusion coeff ic ient  of S w a m i n a t h a n  et al. (26) wou ld  
agree wi th  the  p resen t  data. 

The  dis t r ibut ion of  As th roughou t  the  film is s imilar  to 
the  resul ts  on CW laser  anneal ing  (23). However ,  there  is 
no As spike at the surface  on the  graphi te  hea ter -annealed  
film. This  spike occurs  because  of  As segregat ion  which  
occurs  in the  l iquid-sol id  freezing process.  The  rapid 
the rmal  anneal ing  process  is a sol id-phase process.  The  
un i fo rmly  d is t r ibuted  As can precipi ta te  t h roughou t  the 
film, especial ly  at grain boundar ies  or interfaces.  The 
furnace-annealed  sample  shows that  As has diffused 
t h roughou t  the polycrys ta l l ine  film. There  was no loss of  
As detected.  There  was some  pile-up of  As at the  poly- 
crystal l ine Si-SiO2 interface.  This is p robab ly  due  ei ther  
to As segregat ion at the  grain boundar ies ,  as repor ted  pre- 
viously (27, 28), or to segregat ion at an  Si-SiO2 interface.  

A l though  R B S  indicates  As is un i fo rmly  d is t r ibuted  
t h roughou t  the film after 12.5s, the  m a x i m u m  in sheet  
carr ier  concent ra t ion  is not  obta ined  unt i l  after a 20s ex- 
posure  (see Fig. 2). This indicates  that  a large a m o u n t  of  
the  As is still in the grain boundar ies  and inact ive  after 
the  12.5 and 15s exposure .  This is due  to the fact that  
grain boundary  diffusion is m u c h  greater  than  diffusion 
ins ide  the  grains. Therefore ,  for the  shor ter  exposures  
mos t  of the dopant  is m o v i n g  in the  boundar ies .  After  
longer  exposure  t imes  (->- 20s), the  As has un i fo rmly  
spread th roughou t  the  gra in  boundar ies  and there  is no 
longer  a concent ra t ion  grad ien t  to m o v e  the  As th rough  
the  boundar ies .  However ,  the  concent ra t ion  in the  inte- 
r ior of  the grains is low and now there  is a gradient  
causing some of the  dopan t  to m o v e  f rom the  grain 
boundar ies  to the in ter ior  of  the  grains, where  it can be- 
c o m e  electr ical ly active.  These  data  are in a g r e e m e n t  wi th  
the  w o r k  of Powel l  and Chow (20). 
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Grain size of As-doped polycrystalline S t - - T h e  as- 
deposited films, prior to annealing, displayed a bimodal 
distribution of grain sizes. The first population is com- 
posed of elongated grains of a columnar morphology with 
an average diameter of 39 nm. These evidently arise from 
preferential growth of some grains during deposition. The 
second population is composed of small equiaxed grains 
of about 5 nm diam. The bimodal distribution is shown in 
Fig. 4 and 5 in cross-sectional and through section views 
of an as-deposited film. In the through section view, two 
different sets of diameters can be seen. Duffy et al. (29) 
have also reported observing a bimodal distribution of 
grains for polysilicon films deposited at 622~ 

In this study, the bimoda] distribution of crystallite 
sizes was preserved in the grain-growth process during 
transient annealing. However, as determined from cross- 
sectional TEM views, both populations assumed equi- 
axed morphologies as grain growth progressed. Figure 6 
shows a through section view of an arsenic-implanted 
film after 12.5s of annealing at a heater set point tempera- 
ture of 1150~ Two different sets of grain sizes with aver- 
ages of about 23 and 90 nm are clearly evident in this 
view. At the longest times at the highest annealing tem- 
perature, the two grain size populations have grown to 
max imum diameters of about 160 and 330 nm. The pro- 
gression of grain growth during transient annealing is 
shown in Fig. 7, where grain size is plotted as a function 
of annealing time for films subjected to treatment with 
an 1150~ set point heater temperature. These results are 
detailed in Table I, which shows annealing time, actual 
peak wafer temperature,  and the associated grain sizes, 
Significant grain growth does not begin until annealing 
time has reached 10s. Grain growth occurs rapidly be- 
tween 10 and 20s, but then slows down due to geometrical 
constraints to be discussed later. This is consistent with 
electrical measurements which show significant mobility 

Fig. 6. Through section view of As-implanted polycrystalline Si film 
after 12.5s anneal at 1150~ set point heater temperature. 
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Fig. 7. Groin size as o function of annealing time for As-implanted 
polycrystalline Si films annealed at 1150~ set point heater 
temperature. 

Fig. 4. Cross-sectional view of as-deposited polycrystalline $i film 

Fig. 5. Through section view of as-deposited polycrystalline Si film. 

increases from 10 to 20s, but little increase after 20s (see 
Fig. 2). The difference in grain size between these films 
and films which were CW laser annealed (23, 24) explains 
the difference in mobility between these films and poly- 
crystalline Si films which were CW laser annealed. 

In transient annealing, significant diffusion and grain 
growth occu r  during the temperature rise and fall and 
must be taken into consideration. In order to account for 
this, we have developed a modified model for interfacial 
energy driven grain growth. This model successfully de- 
scribes grain growth for both populations in this study 
and helps explain the appearance of the S-sh_aped curves 
in Fig. 7. By measuring the mean grain size (r) and effec- 
tive t ime (t*) at temperature the grain boundary migration 
rate can be determined. In a pure material, the migration 
rate is equal to the grain boundary mobility times the 
driving force 

G = ~F [i] 

Wada and Nishimatsu (30) have shown that the grain 
boundary mobility (/M r) is proportional to the grain bound- 
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Table I. Grain size and effective times for polycrystalline films annealed with a variety of heater temperatures and exposure times 

Grain size (nm) 
Set point Peak wafer 

temperature temperature Exposure Effective ~ First Second 
(~ (~ time (s) time (s) (cm]K '~2 x 10 -G) population population 

25 . . . .  39 4 
1150 910 1.0 1.0 0.2 47 4 
1150 1075 12.5 1.65 1.1 103 31 
1150 1177 15 2.0 2.5 178 89 
1150 1210 17.5 2.82 3.7 275 156 
1150 1271 20 6.75 8.0 295 168 
1150 1276 25 11.5 10.2 310 195 
1200 1145 10 1.0 1.5 260 120 
1200 1297 15 3.25 6.3 300 160 
1200 1305 20 8.0 10.5 315 175 
1200 1343 25 11.5 15.3 300 150 

ary si l icon diffusion coefficient  d iv ided  by kT. I f  the  tem- 
pera ture  is accura te ly  var ied  dur ing  grain growth,  then  
the average g r a i n b o u n d a r y  migra t ion  rate G(T) can be de- 
t e rmined  f rom dr/dt(T). It is f requen t ly  found that  the av- 
erage grain size fol lows a t ime  law of the  form 

r = (at) ~ 

and by de te rmin ing  n the  recrystal l izat ion m e c h a n i s m  is 
de te rmined .  Wada and Nish imatsu  (30) have  shown that  
gra in  growth  in doped  polycrysta l l ine  Si is d r i ~ e n l J y  in- 
terfacial  energy,  and grain size (r) is, therefore,  propor-  
t ional  to the  square  root  of  t ime  at cons tant  t empera ture .  
However ,  we have  modif ied  the  interfacial  energy  mode l  
in two ways to compensa t e  for t ime  requ i red  for hea t ing  
and cool ing dur ing  t rans ient  anneal ing.  First,  the  effect  of  
changing  t empera tu re  has b~en compensa t ed  for by cal- 
culat ing the  diffusion coeff icient  (D) of  Si in polycrystal-  
l ine Si based on the  peak  t empera tu re  of  the  wafer. Sec- 
ond, an effect ive t ime  (t*), as descr ibed  by S h e w m o n  (25), 
is ca lcula ted based on the t ime- tempera tu re  profile, the  
peak  t empera tu re  (T), and the  appropr ia te  act ivat ion en- 
ergy. In  this study, we  have  used  a va lue  of  2.4 eV for acti- 
va t ion  energy  of  diffusion of Si in polycrys ta l l ine  Si as 
specif ied by Wada and Nish imatsu  (30) in their  s tudy  of  
grain growth  of  doped  polysi l icon.  Based  upon  a classical 
mode l  for grain growth,  as d iscussed  by Wada and Nishi- 
matsu  (30), by McLean  (31), and by others,  a new modi-  
fied mode l  for interfacial ly dr iven  grain growth  can be 
g iven  by the relat ionship:  r ~/Dt*/T.  D may  be calculated 
f rom D = Do exp  (Ea/kT), where  Do is the propor t ional i ty  
cons tan t  (and is a s sumed  here  to be 1 cm2/s for simplic- 
ity), E a is the  act ivat ion energy,  and k is Bo l t zmann ' s  
constant.  

In  Fig. 8, grain size is p lo t ted  as a funct ion  of ~/Dt*/T for 
samples  annealed  at var ious  t ime- tempera tu re  condit ions.  
Both  popula t ions  of  grain sizes f rom the  b imoda l  distri- 
but ions  have  been  plot ted.  The  solid circles represen t  
sizes of  grains of the  first popula t ion  which  have  g rown  
from the  larger as-deposi ted  grains wi th  the  co lumnar  
morphology.  The  open  circles represen t  sizes of  grains 
wh ich  have  g rown  f rom the  second popula t ion  of  smal ler  
as-deposi ted  grains wi th  an equ iaxed  morphology .  

A l inear  least  squares  fit was appl ied to the  data  for 
each  popula t ion  up to a va lue  of x/Dt*/T less than  4 • 10-6 
cm/K "~, as shown by the  solid line. This resul ts  in a corre- 
lat ion coeff icient  of  approx ima te ly  0.98 for bo th  grain 
size populat ions .  At  va lues  of  x/Dt*/T higher  than  4 
• 10 -6 cm/K ~,  there  is a break  in the  least  squares  fits 
due  to geomet r ica l  const ra in ts  affect ing grain growth.  For  
the  first popula t ion,  the  one wi th  larger  grains, the  
g rowth  rate is lowered  When the  grain size reaches  the  
th ickness  of the  film. A: s imilar  effect  has been  observed  
for growth  of  polycrys ta l l ine  Si films by Ja in  and 
Overs t rae ten  (32). For  the  second populat ion,  the  one with  
the  smal ler  grains, the  g rowth  rate is r educed  w h e n  the 
grains impinge  upon  one another.  S imi lar  effects  for met-  
als have  been  d o c u m e n t e d  by McLean  (31). The  regions 
for the  reduced  growth  rates are r ep resen ted  by dashed 
lines on the plot  because  the  scat ter  of the  data  is high. 

The reduced  growth  rates also expla in  the f lat tening of  
the  S-shaped curves  at longer  anneal ing  t imes  as shown 
in Fig. 7. Thus,  we find that,  prior  to geomet r ica l  interfer- 
ence,  grain g rowth  processes  dur ing t rans ient  anneal ing  
of doped  polysi l icon can be descr ibed  by a modif ied  
mode l  for interfacial ly d r iven  grain growth.  

B-implanted fi lms.--Electrical results .--The Rs, Ns, and 
~p as a func t ion  of exposure  t ime  for films implan ted  
wi th  B (50 keV, 3.0 • 10~5/cm 2) are shown in Fig. 9. The  
films were  capped  wi th  SiO2. However ,  no differences 
were  observed  b e t w e e n  capped  and u n c a p p e d  films. 
This impl ies  boron  is not  be ing  lost dur ing  the anneal  
which  is s imilar  to resul ts  we obta ined  prev ious ly  on 
single-crystal  Si (15, 18)_ The N~ is essent ia l ly  cons tan t  at 
3.5 • 10~5/cm 2 for the  1150~ heater  anneal.  The  fact that  
Nc is greater  than  the  dose  is not  unders tood  complete ly .  
The  t% increases wi th  increas ing  anneal  t ime. Note  that  ~p 
is actual ly  h igher  than  the  t~n obta ined  on the  As- 
imp lan ted  films (Fig. 2). In  single-crystal  si l icon wi th  a 
dopan t  concent ra t ion  of  2.0 • 102~ '~, tL n wou ld  be a fac- 
tor  of  two greater  than  t%- The reason for the  h igher  t% 
than  ~n may  be that  some  of the  As (-30%) has segregated  
into the  grain boundar ies  and acts as a barr ier  to e lec t ron 
flow, thus  lower ing  mobil i ty .  In  the  case of B- implan ted  
polycrysta l l ine  Si, no segregat ion  to the  gra in  boundar ies  
occurs  (33). 

Profiles.--Figure 10 shows the  boron  profile before  and 
after anneal ing  as measu red  by neu t ron  dep th  profiling. 
The  resul ts  are analogous  to those  obta ined  f rom As im- 
plants  (see Fig. 3) in that  boron  has diffused un i formly  
t h roughou t  the film after 12.5s anneal.  The  10s anneal  
shows a spreading  of  the  dopan t  t h roughou t  the  film, but  
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the concentration is not yet uniform through the film. 
Within the repeatability of the implant doses between 
samples (<5%), there was no loss of boron even though 
the film was not capped during the anneal. This is in 
agreement with the previously published results on 
single-crystal Si (15, 18). The average thickness of the bo- 
ron containing layer is 0.31 /~m, compared to the original 
deposited polysilicon thickness of 0.3 /zm. The apparent 
thickness of the film lacks sharp definition in the NDP 
profile as a result of averaging the various thicknesses 
due to hillocks in the region of the sample illuminated by 
the beam. In addition, the system resolution, which is not 
deconvolved from the data shown, adds a full width at 
half maximum broadening of 0.02 ~m. Nonetheless, there 
is no evidence for diffusion of boron into the underlying 
SiO~ layer. 

Grain size.--Results of grain growth for boron-implanted 
polycrystalline Si films display trends similar to those of 
arsenic-implanted films, but there are some differences. 
Similar to the As-doped films, we find significant grain 
growth initiates at an annealing time of about 10s. 
Throughout the grain grov~th process, the bimodal distri- 
bution continues to exist, as was observed with the 
arsenic-implanted films. Grain growth continues up to 
20s, but does not slow down. This is because impinge- 
ment of the growing grains with the film surface or with 
other grains does not occur because grains are not as 
large as in As-doped films. This is consistent with electri- 
cal measurements,  which show significant mobility in- 
creases beginning at 10s of annealing and continuing 
through 20s of annealing. When the grain size of the popu- 
lation of large grains of arsenic vs. boron is compared for 
a 20s, 1150~ anneal, that of the arsenic is 300 nm vs. 220 
nm for the boron. The larger grain size of the arsenic film 
is due to the well-known phenomenon of dopant-en- 
hanced diffusion where arsenic increases the diffusivity 
of Si in polycrystalline Si (30). The increase is dependent  
on the concentration of arsenic in the Si. The dopant level 
in the films studied here is about 1.5 • 102~ cm -:~. For this 
level of arsenic doping, the diffusivity of Si should be 
about two times that of undoped Si (30). Boron, however, 
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does not significantly affect the diffusivity of Si, which 
would mean that the grain size would then be roughly the 
same grain size as for undoped silicon. Since the average 
grain size r is proportional to the square root 
of the diffusivity (x/D), the ratio of the grain size of the 
population of larger grains in the arsenic-doped 
polysilicon to that of the boron-doped silicon should be 
about x/2 or about 1.41. The experimental  result of 
x/300/200 or 1.35 is in reasonable agreement  with the pre- 
dicted result. The ratio of the grain sizes of arsenic- and 
boron-doped polysilicon for the second population of 
smaller grains is 168-90 nm, and the square root of the ra- 
tio is x/168/90 or 1.37. This ratio is in reasonable agree- 
ment  with the ratio of 1.41 predicted by diffusivity. 

Surface morphology.--Although no differences in the 
electrical properties or grain size were observed on the 
boron-implanted, capped and uncapped films, the sur- 
face was much rougher on the uncapped films. Figures 
l l a  and l l b  show SEM micrographs Of capped and 
uncapped films. The films were annealed for a 20s expo- 
sure t ime with a 1200~ heater setting. Figure l l c  is a sur- 
face profilometer measurement  indicating the surface 
roughness on the uncapped film is -50  nm. This surface 
roughening on uncapped films was also observed on 
undoped films, but was not seen on the As-implanted 
films. We have not seen any relation between surface 
roughness and grain size or electrical properties. We be- 
lieve the surface roughness is due to rapid diffusion of Si 
along the grain boundaries to form hillocks on the sur- 
face. We believe this rapid diffusion of Si up the bounda- 
ries is due to stress in the film. Hillock growth in metal 
films has been modeled by Chaudhari (34) a n d  depends 
upon stresses in the film as well as mass transport along 
interfaces and grain boundaries. The kinetics of hillock 
growth for metals are inhibited by precipitation in the 
grain boundaries and dielectric overlayers (35). Similar 
characteristics were observed for transient annealing of 
polycrystalline Si films. The use of a SiO2 cap layer mini- 
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Fig. 11. B-implanted polycrystalline Si annealed at 1150~ for 25s. The figures show (a) SEM view of 50 nm Si02 copped film, (b) SEM view of 
uncapped film, and (c) surface profilometer measurement of uncapped film. 

mizes hillock growth. For As-implanted films, hillocks 
are not observed. We believe this is due to the partial seg- 
regation of As into the grain boundaries. As segregation 
to the grain boundaries has been reported by Swamina- 
than et al. (27) and Batson et al. (28). The fact that we do 
not obtain 100% electrical activation for As in polysilicon 
(see the Electrical results of As-doped polycrystalline Si 
section) further supports this assumption. We believe the 
As in the boundaries is preventing the rapid diffusion of 
Si up the boundaries to the surface and thus preventing 
the formation of hillocks. 

BF2-implanted films.--Films were also implanted with 
BF~ and annealed to determine any differences between B- 
and BF2-implanted polycrystalline Si. The implant condi- 
tions for the BF~ were adjusted to give the same range as 
the regular boron implant. Figure 12 presents the BF~ 
sheet resistance results as a function of exposure time. 
The Rs is slightly higher for the 1150~ anneals as com- 
pared to the 1200~ heater set point anneals. The Rs for 
the B-implanted samples (see Fig. 9) are consistently 
lower than the BF2 results. The TEM results indicate that 
the crystals in the BF2-implanted films are not quite as 
large as the crystals in the boron-implanted films. The 
uncapped, BF2-implanted films showed less surface 
roughness than the uncapped B-implanted films. How- 
ever, these films were not as smooth as the uncapped As- 
implanted films, This suggests that some of the fluorine 
is moving to the grain boundaries and preventing some of 
the migration of Si to the surface. 

Summary 
We have shown that B and As ion implanted int~ poly- 

crystalline Si films can be activated with a Varian IA-200 
Rapid Thermal Annealer. The Rs on the As-implanted 
films increased with exposure time on uncapped wafers 
due to a loss of dopant from the film. The loss of As from 
the polycrystalline Si films is much greater than the loss 
from single-crystal Si which we reported earlier (12, 16). 
This greater loss is due to the faster diffusion of As in 
polycrystalline Si relative to single-crystal silicon. The 
As-implanted films which were annealed with a SiO2 
cap showed a rapid decrease in Rs and increase in N~ and 

t~, for exposure times up to 20s. Longer exposure times 
produced little change in these parameters. 

The Rs of the B-implanted films decreased with expo- 
sure time out to 20s and then changed very slowly. The 
mobility of these films increased with increasing expo- 
sure time. Although B was not lost during annealing, a 
surface roughness due to the formation of hillocks was 
observed on the B- and BF2-implanted films unless the 
wafers were capped. The surface roughness is due to mi- 
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gration of Si up grain boundaries to the surface to form 
hillocks. However, in the case of As some of the dopant 
segregates to the grain boundaries and prevents this Si 
migration. This explains why we see more hillocks on 
B-implanted films, fewer with BF2 implants, and no hill- 
ocks with As-implanted film. 

For polycrystalline Si films in this study, a bimodal 
distribution of grains is present which is composed of 
large columnar grains and smaller equiaxed grains. The 
bimodal distribution of grain sizes is generally preserved 
in grain growth during transient annealing in both boron- 
and arsenic-doped polycrystalline Si films. A modified 
model for interfacial energy driven grain growth has been 
developed which describes grain growth during transient 
annealing of As-or B-doped polycrystalline Si. In tran- 
sient annealing of arsenic doped films, dopant-enhanced 
diffusion increases the diffusivity and the grain growth 
rate for silicon in polycrystalline Si when compared to 
undoped or boron-doped polysilicon. Grain size increases 
during rapid thermal annealing for either As- or B-doped 
films. This grain growth increases the mobility. How- 
ever, the grain size and mobility for rapid thermal anneal- 
ing are less than for CW laser-annealed films. 

The Rs on the rapid thermal-annealed films was lower 
than on the conventional furnace-annealed films. The Rs 
on the transient annealed films was higher than on CW 
laser-annealed films (23). The lower Rs on the CW laser- 
annealed films is due to a larger grain size and increased 
mobility. However, this rapid thermal anneal is a solid- 
phase process rather than a liquid-phase process like CW 
laser annealing of polycrystalline Si. Also, the present 
technique does not result in the large thermal gradients 
across a wafer that laser annealing causes. Therefore, this 
process will not encounter the same problems in anneal- 
ing polycrystalline Si over various dielectrics that the CW 
laser annealing does (36). Concurrent rapid annealing of 
ion-implanted single-crystal silicon and polycrystalline 
silicon can be achieved. Anneal conditions similar to 
those reported here have been used to fabricate low re- 
verse leakage diodes and functioning bipolar transistors 
as well as CMOS ring oscillator (37). Thin film interfer- 
ences have made concurrent annealing very difficult 
with CW lasers. 
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ABSTRACT 

A new GaAs vapor-phase epitaxial (VPE) technique using trimethylgallium (TMG) and arsenic trichloride (AsC13) 
has been developed. This VPE is free from the source instability in chloride VPE and fatally toxic arsine (ASH3) in hy- 
dride and metalorganic VPE. The growth reaction is based on the gallium chloride transport method. Growth rates of 
300-4000 A/rain were obtained at growth temperatures between 650 ~ and 780~ At III/V ratios below 2.3, the growth rate 
increased as the TMG flow rate increased and the AsC13 flow rate decreased. The growth rate was independent  of the 
temperature in the gas mixing region of the reactor. High purity n-GaAs with a 77 K mobility of 36,000 cm~/Vs was 
obtained. 

Because of its superior high frequency performance, 
GaAs has been used for microwave devices. As the de- 
mand for faster electronic devices increases, mass pro- 
duction of GaAs epitaxial layers becomes required (1). 
However, VPE techniques developed to date have prob- 
lems in productivity. The chloride VPE has a problem of 
source instability (2) and, thus, the potential for scaling 
up of this system is limited. Both hydride VPE and metal- 
organic VPE have the problem of using fatally toxic ar- 
sine (ASH3), which has hindered them from operating as a 
mass production system. 

In this paper, a new metalorganic-chloride (MOC) VPE 
technique using trimethylgallium (TMG) and arsenic tri- 
chloride (AsC13) for GaAs growth is described. The electri- 
cal properties of GaAs layers grown in the system using 
triethylgallium (TEG) instead of TMG are also shown. 
The MOC-VPE is free of the source instability and the fa- 
tally toxic AsH:~. Since TMG and TEG decompose per- 
fectly in a hot region (3), they act as sources for gallium 
which is dispersed in the vapor phase. Therefore, the 
MOC-VPE is also free from incomplete liquid-vapor reac- 
tion (4). 

Experimental 
Figure 1 shows a schematic illustration of the MOC- 

VPE system for GaAs growth. The TMG and the AsC13 
were introduced separately into a hot-wall reactor to- 
gether with H2 carrier gas. An additional dilution flow of 
H~ was kept at 500 standard cubic centimeter per minute 
(sccm) throughout the experiment. In order to prevent 
early decomposition of TMG, it was passed through a 
30~ water-cooled quartz tube. A widely used hot-wall re- 
actor system for chloride VPE can be used for MOC-VPE 
with this slight modification of the reactor inlet. It is im- 
portant to complete the reaction between TMG and AsCI:3 
to form gallium chloride and arsenic vapor; otherwise, 
epitaxy is not achieved (5). The temperature in the gas 
mixing region was kept high enough to eliminate wall 
deposition. Downstream from the mixing region, epitax- 
ial growth proceeded on a substrate. 

The temperatures of TMG, TEG, and AsCl:~ containers 
were 2~ (vapor pressure of 0.1 atm), 18~ (vapor pressure 
of 0.005 atm), and 18~ (vapor pressure of 0.01 atm), re- 
spectively. Triethylarsine (TEAs) vapor was used to pre- 
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t ~ V / / / / / / / / / / / / / z / / / / / J / / / / / / / / / / / / /  
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(.~ F- 

P o s i t i o n  

Fig. 1. Schematic illustration of growth apparatus 

vent thermal dissociation of the substrate during the 
heat-up. The metalorganic sources were supplied by 
Sumitomo Chemical Company. The substrates were 3 • 1 
cm 2 Cr-doped 2 ~ off (100) towards <II0>. Thicknesses of 
the grown layers were measured in an optical microscope 
after 5 ~ bevel lapping and staining with i:I:i0 HF:H20=:H20 
etchant. The growth rate was related to the layer thick- 
ness at 1 cm from the front edge of the substrate. Carrier 
concentrations and mobilities at temperatures of 77 and 
300 K were measured by the van der Pauw method with a 
magnetic field of 0.6T. 

Results and Discussions 
The dependence of the growth rate on various growth 

parameters was investigated. Figure 2 shows the depen- 
dence of the growth rate on the flow rate of H~ passing 
through the TMG container (TMG flow rate), where that 
of H2 passing through the AsCI~ container (AsCI:~ flow 
rate) was 200 sccm. The mixing temperature was 850~ 
and the growth temperature was 740~ The growth rate 
increased linearly as the TMG flow rate increased. It 
reached the maximum at a TMG flow rate of 42 sccm (a 
III/V ratio of 2.3). At higher TMG flow rates, the growth 
rate decreased as the TMG flow rate increased because 
high supersaturation in the mixing region resulted in 
GaAs deposition there and caused arsenic vapor deple- 
tion in the growth region. At TMG flow rates below 25 
sccm (III/V ratios below 1.4), the substrate is etched. 

As shown in  Fig. 3, the dependence of the growth rate 
on the AsC13 flow rate forms a contrast to Fig. 2. The 
TMG flow rate was 42 sccm there. At AsCI:~ flow rates 
below 100 sccm, no deposition occurs on the substrate. 
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Fig. 3. Dependence of growth rate on flow rate of H~ passing 
through AsCl~ container. 

The  g r o w t h  r eg ion  is ful ly a r sen ic  dep l e t ed  b e c a u s e  of un-  
w e l c o m e  d e p o s i t i o n  in  t he  m i x i n g  region.  As t he  AsCI~ 
flow ra te  i n c r e a s e d  u p  to 200 sccm,  t he  g r o w t h  ra t e  ab- 
r u p t l y  i n c r e a s e d  b u t  t h e  sur face  of  t he  g r o w n  layer  was  
sti l l  r o u g h  d u e  to t h e  a r sen ic  dep le t ion .  At  h i g h e r  AsC13 
flow ra tes  (III/V ra t ios  b e l o w  2.3), t h e  g r o w t h  ra t e  de- 
c r ea sed  as t h e  AsC13 flow ra te  inc reased .  A t  t h e s e  ASCI~ 
flow rateS, t h e  wal l  d e p o s i t i o n  in  t he  m i x i n g  reg ion  dis- 
a p p e a r e d .  The  s u b s t r a t e  is e t c h e d  at  AsC13 flow ra tes  
a b o v e  330 sccm.  T h e  sur face  e t c h e d  at  400 s c c m  was  
s m o o t h .  The  in situ gas  e t c h i n g  for  m a k i n g  a well-con- 
t ro l l ed  i n t e r f ace  b e t w e e n  t he  s u b s t r a t e  a n d  t he  ep i t ax ia l  
l ayer  (6) c an  be  ca r r ied  ou t  in  t he  MO C- V PE  s y s t e m  b y  
r e d u c i n g  t he  i I I /V  ratio. 

I t  s h o u l d  be  m e n t i o n e d  t h a t  t he  g r o w t h  ra te  is i n d e p e n -  
d e n t  of  t he  m i x i n g  t e m p e r a t u r e ,  as s h o w n  in  Fig. 4. Th i s  
is a f ea tu re  of  MOC-VPE.  Therefore ,  i t  c an  be  said t h a t  
t h e  MOC is s i n g l e - t e m p e r a t u r e  V P E  m e t h o d  l ike  MOVPE.  
F i g u r e  5 shows  t h e  v a r i a t i o n  of  t he  g r o w t h  ra te  w i t h  t he  
g r o w t h  t e m p e r a t u r e .  T he  typ ica l  d e p e n d e n c e  o b s e r v e d  in 
ch lo r ide  V P E  (7) c a n  b e  seen.  T he  g r o w t h  is k ine t i ca l ly  
l im i t ed  a t  g r o w t h  t e m p e r a t u r e s  be low 760~ a n d  t h e r m o -  
d y n a m i c a l l y  l im i t ed  at  h i g h e r  g r o w t h  t e m p e r a t u r e s .  
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Fig. 5. Dependence of growth rate on growth temperature 

Figure  6 s h o w s  t h e  r e l a t ion  b e t w e e n  t h e  Hal l  m0b i l i t i e s  
a n d  t he  Hal l  e l ec t ron  c o n c e n t r a t i o n s  for n o n d o p e d  G a A s  
layers.  The  e lec t r ica l  p r o p e r t i e s  of layers  g rown  in  t h e  
TEG/AsClJH= s y s t e m  are also shown .  T h e  g rown  layers  
e x h i b i t e d  n -Wpe  charac te r i s t i cs ,  e x c e p t  for  some  h igh ly  
res i s t ive  s amp le s  g r o w n  at  h i g h  III /V ratios,  l a rger  t h a n  
2.3. T h e  epi taxia]  layers  we re  g rown  at  t e m p e r a t u r e s  be- 
t w e e n  700 ~ and  780~ in  t h e  TMG/AsClJH2 s y s t e m  a n d  at  
t e m p e r a t u r e s  b e t w e e n  650 ~ a n d  750~ in  t he  TEG/ASClJH2 
sys tem.  The  typica l  i n p u t  c o n c e n t r a t i o n  of  T M G  was  6.3 
• 10 -3 w i th  an  AsC]3 i n p u t  c o n c e n t r a t i o n  of  2.7 • 10-3 in  
mo le  f ract ion.  T h a t  of T E G  was  1.4 • 10 -3 wi th  an  AsC13 
c o n c e n t r a t i o n  &9 x 10 -4. The  t h i c k n e s s  va r i ed  b e t w e e n  
0.9 a n d  18 ~m. c o r r e s p o n d i n g  to g r o w t h  ra tes  of  300-4000 
A/rain. The  G a A s  layers  w i t h  l o w e r  e l ec t ron  concen t r a -  
t ions  were  g r o w n  in  t he  TMG/AsClJH2 sys tem.  The  differ- 
ence  b e t w e e n  u s i n g  TMG a n d  T E G  s e e m s  to b e  due  to 
the  d i f f e rence  in the  i n p u t  AsC13 c o n c e n t r a t i o n s ,  s ince  
h igh  p u r i t y  GaAs  layers  wi th  low e l ec t ron  c o n c e n t r a t i o n s  
are ob t a ined  at  h i g h  i n p u t  AsC13 c o n c e n t r a t i o n s  (8). 

A GaAs  ep i tax ia l  l ayer  With a t h i c k n e s s  of  11 ~ m  g r o w n  
at  a T M G  flow ra te  of  42 sccm,  a n d  AsCI:~ flow ra te  of  200 
sccm,  a m i x i n g  t e m p e r a t u r e  of 800~ a n d  a g r o w t h  t em-  
p e r a t u r e  of 740~ s h o w e d  a mob i l i t y  of  36,000 cm2/Vs w i t h  
a n  e l ec t ron  c o n c e n t r a t i o n  of  1.4 • 10 '4 c m  -3 at  77 K. T h a t  
c o m p e n s a t i o n  ratio,  NA/ND, is 0.88 u s i n g  an  i n t e r p o l a t i o n  
of  t he  da ta  of Waluk iewicz  et al. (9). The  ne t  i m p u r i t y  con-  
c e n t r a t i o n  is t h u s  2.2 • 10 ''~ cm -3. At  h i g h e r  T M G  a n d  
AsC13 c o n c e n t r a t i o n s ,  t h e  p u r i t y  of t he  GaAs  ep i t ax ia l  lay- 
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ers may be improved further. Since the growth reaction 
in MOC-VPE is similar to that in chloride and hydride 
VPE, it should be possible to use conventional VPE dop- 
ing techniques. 

To determine residual acceptors present in the layers, 
11 K photoluminescence (PL) measurements with 5145• 
excitation radiation from an Ar laser were performed (i0). 
The PL spectrum of a GaAs layer grown in the TEG/AsCI:~I~ 
system with an electron concentration of 8.2 • I0 '~ cm -'~ 
and a thickness of 4.62 ~m showed a peak at 8300A with a 
full width at half maximum (FWHM) of 66A and a weak 
broad peak around 8500~ besides a main peak at 8198~ 
with a FWHM of 60A. Therefore, carbon seems to be the 
main acceptor in this layer, since 8300~ luminescence is 
attributed to carbon acceptor (II). 

Summary 
MOC-VPE using TMG and AsCI:~ for the GaAs:~ growth 

shows promising features. It excludes the liquid source 
instability and fatally toxic AsH:~. At III/V ratios less than 
2.3, the wall deposition in the mixing region was sup- 
pressed and GaAs layers with smooth surface were 
grown. In this III/V ratio range the growth rate increased 
as the TMG flow rate increased and the AsCI~ flow rate 
decreased. The growth rate could be controlled over a 
wide range between 300 and 4000 ~/min. The growth rate 
is independent  of the mixing temperature, which means 
that MOC-VPE is a singte-temperature method like 
MOVPE. The substrate was gas etched with a smooth sur- 
face at low III/V ratios. Though carbon may have been in- 
troduced into the epitaxial layer, a high purity GaAs epi- 
taxial layer with a 77 K mobility of 36,000 cm2/V and a 77 
K electron concentration of 1.4 • 10 TM cm -3 was obtained. 

It should be noticed that a widely used chloride VPE 
system can be used for MOC-VPE with only a slight 

S C I E N C E  A N D  T E C H N O L O G Y  A p r i l  1985 

modification of the reactor inlet. Furthermore, the in situ 
gas etching necessary for a well-controlled interface be- 
tween the substrate and the epitaxial layer can be easily 
carried out in the MOC-VPE system by reducing the III/V 
ratio. 
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ABSTRACT 

The chemical state and concentration of phosphorus in SiO2 influence its thermal flow and etch rate. These proper- 
ties of phosphorus-doped SiO2 are quite important in both bipolar and MOS VLSI, and they influence the final yield of 
these circuits. In this paper, ESCA and Auger measurements were made to determine the chemical state of phosphorus 
in SiO~ and its distribution through the film. Samples studied were CVD SiO2 containing 8% phosphorus by weight, and 
ion-implanted phosphorus in thermal SiO2, both annealed and unannealed. ESCA data confirmed the existence of two 
types of states corresponding to P-O bonds and P-Si bonds. The change in these states due to annealing is discussed. 

It is well known that thermally grown SiO2 films are 
absolutely essential for planar technology, and its many 
variations are used in the fabrication of bipolar and metal 
oxide semiconductor integrated circuits (MOS IC's). Al- 
most equally important are the deposited SiO2 films, in 
particular those doped with phosphorus. Today's very 
large scale integrated circuits (VLSIC's) cannot be fabri- 
cated without phosphorus-doped SiO~ [such as phos- 
phorus-doped vapox (PVX)] films, and they are expected 
to remain indispensable even for future VLSIC's. 

PVX films are most commonly deposited by chemical 
vapor deposition techniques, with the weight percent 
(w/o) of phosphorus ranging between 4 and 8. A majority 
of the MOS processes use PVX as the first-layer- 
deposited dielectric, through which contact holes to Si 

*Electrochemical Society Active Member. 

are etched and which isolates first-layer metal from the 
poly-Si or polycide interconnect underneath. In both 
MOS and bipolar processes, PVX is also used as the 
interlayer dielectric in the multilevel metallization 
schemes. Even though a few of the properties of PVX, 
e.g., reflow, etch rate, passivation, and their dependence 
on phosphorus concentration in SiO~, are understood 
qualitatively, little is known about some of the basic 
properties like the chemical state of phosphorus and its 
change due to annealing (1, 2). The chemical state and 
concentration of phosphorus in SiO~ influences the 
charge trapping centers (3), reflow, etch rate, stress, and 
the passivation properties. For a review of dielectric 
films as needed in multilevel metallizations, see Ref (4). 

In this paper, ESCA and Auger measurements were 
made to determine the chemical state of phosphorus in 
SiO2 and its distribution through the films. 
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Experimental 
Samples studied were CVD SiO~ (PVX) containing 8% 

phosphorus by weight. AIso, samples having ion-im- 
planted phosphorus in thermal SiO~, both annealed and 
unannealed, were used to generate P-O and P-Si states in 
SiO2 and to study the effects of annealing on them. Phos- 
phorus ions were implanted into SiO~ with the energy of 
50 keV and the dose of 1 x 10 ~7 ionicm 2. After the implan- 
tation, samples were annealed in either dry N~ or dry O5 at 
700~176 for 10-100 rain. In addition, P~O~ powder and a 
phosphorus ion-implanted Si wafer were used to generate 
ESCA reference spectra to characterize the P-O and P-Si 
states. 

All ESCA and Auger data were obtained using a PHI 
Mode] 548 ESCA/Auger system with computerized 
(PDP-11) automated data collection system. Mg K~ x-rays 
(1253.6 eV) were used in this study, and Au foil was em- 
ployed to calibrate the spectra energy. ESCA data were 
collected using a 25 eV pass energy and were signal aver- 
aged using 100 sweeps. Most Auger data were collected 
using a 5 keY electron gun and 3 x 10-6A of electron 
beam current. For thick samples (-1 ~m), the electron 
gun energy was reduced to 2 keV to avoid any charging 
problems. The Auger phosphorus peak at 120 eV (LMM) 
and silicon peaks at 76 eV (LMM) and 1606 eV (KLL) were 
monitored for depth profiles. The ion beam used for 
sputter etching was Xe ~ at 5 keV to avoid sputter artifacts 
(5). The total ion current for this study was 4.3 x 10-6A. 
The sputter crater was 3 x 3 mm for Auger and 9 x 9 mm 
for ESCA studies. The sputtering rate was calibrated by 
Dektak IIA, which is a microprocessor-based instrument 
used for making measurements  on the depth of a sputter 
crater. 

Results and Discussion 
Reference ESCA spectra of P-O and P-Si states.--P,~O.~ 

powder and a phosphorus ion-imp!anted Si wafer were 
investigated to confirm the identification of the P-O and 
P-Si states, respectively. Figure 1 shows the ESCA spec- 
t rum of the P20~ powder which has the reference state 
corresponding to the P-O bond. The peak in the spectrum 
is phosphorus 2P characterizing the P-O bond at 134 eV. 
Figures 2 and 3 show the ESCA spectra of the phospho- 
rus ion-implanted Si wafer on the surface, unannealed 
and annealed, respectively. Even though the P-Si state 
undoubtedly exists in the annealed (ll00~ 30 rain, N2) 
sample, the ESCA data show that the phosphorus 2P 
peaks are at the same energy, viz., 130 eV, for both unan- 
healed and annealed samples. The peak in the annealed 
sample (Fig. 3) is slightly sharper than that for the 
unannealed sample (Fig. 2). The difference in full width at 
half maximum is about 0.3 eV. This is probably due to 
phosphorus occupying substitutional sites in Si in the an- 
nealed sample and having a well-defined P-Si bond. In 
the unannealed sample (Fig. 2), phosphorus is in the inter- 
stitial as well as substitutional sites, and host Si atoms are 
displaced from their substitutional sites. These give rise 
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to defect states which, while still representing P-Si bonds, 
have a broader energy distribution. Both the unannealed 
and annealed samples were sputter etched to reach the 
peak concentration of implanted phosphorus in bulk Si. 
The ESCA data on these samples were identical to those 
in Fig. 2 and 3. 

CVD Si02 (PVX)fi lms.--ESCA data were taken on 
CVD SiO2 (PVX) films containing 8 w/o phosphorus. The 
results show that there is only one phosphorus 2P peak at 
134 eV on the surface (see Fig. 4). The samples were sput- 
ter etched to remove thicknesses ranging from 400 to 
1000A, and ESCA data were taken on each sample. ESCA 
spectra on all these samples were the same. A representa- 
tive spectrum for a sputter-etched sample is shown in Fig. 
5. It shows two peaks corresponding to the energies 130 
and 134 eV, respectively. These two peaks are due to two 
different chemical states of phosphorus in the film. The 
high energy state at 134 eV occupied about 70%o and is 
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sponding to the P-Si bond at 130 eV and P-O bond at 134 eV. 

identified as the P-O state, and the low energy state at 
130 eV occupied about 30% and is identified as the P-Si 
state. 

The population of the P-O and P-Si states, viz., 70% and 
30%. respectively, in the above sputter-etched samples re- 
mained unchanged irrespective of the sputter etching 
condition (such as sputtering rate and time) needed to 
etch various thicknesses of the PVX. This suggests that 
the two states, P-O and P-Si. observed within the film as 
opposed to only one state, P-O, Observed on the surface 
are not artifacts of the sputtering. To confirm further that 
sputter etching was not responsible for the creation of the 
P-Si state within the PVX film, chemical etching with 
buffered HF was used to remove 400~ of PVX. ESCA 
measurements made on such a chemically etched film 
gave data similar to those shown in Fig. 5. 

It should be noted that the peak widths of the P-O and 
P-Si states observed in the PVX film are slightly larger 
than those observed in the reference spectra shown in 
Fig. 1 (P-O state) and 3 (P-Si state). It is clear that a well- 
defined P-O state exists in the standard sample of P205, 
and the P-Si state exists in the phosphorus-implanted Si 
sample. However, these two states are not so sharply 
defined in the PVX as in each of the standard samples. 
Instead, both the P-O and P-Si states exist simulta- 
neously in the PVX film. It is expected that the energy 
distributions of the P-O and P-Si states in the PVX film 
are broader than those in each of the standard samples 
having only one state. This leads us to believe that the 
P-O and P-Si bonds in the PVX films are somewhat dis- 
torted and nonideal as compared to those in the reference 
samples. 

As discussed earlier (1), the P-O state is defined to be 
"substitutional" corresponding to the phosphorus atom 
substituting for Si in the SiO4 tetrahedron, and the forma- 
tion of P2Q-like agglomerates (6). The P-Si state is 
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Fig. 7. the Auger depth profile of a phosphorus ion-implanted thermal 
SiO~ film which shows that phosphorus has a peak concentration at about 
600/~ depth. 

defined to be "interstitial" corresponding to the phos- 
phorus atom replacing oxygen atom in and interposed be- 
tween the SiO4 tetrahedra. 

Auger electron spectroscopy was used along with in 
situ sputter etching to study the distribution O f phospho- 
rus in the CVD SiO2 (PVX) films. The data are shown in 
Fig. 6. It can be observed that the phosphorus concentra- 
tion is uniform throughout the film except  at the SiO2-Si 
interface. It is approximately 30% higher at the interface 
as compared to the bulk of the film. Sirnilar observations 
have been reported earlier (7-9). The phosphorus pile-up 
at the interface depends  on the Si surface and deposition 
conditions. 

Ion-implanted thermal Si02 films.--Unannealed.--Fig- 
ure 7 shows the Auger depth profile of an unannealed 
phosphorus ion-implanted thermal SiO2 film. The result 
indicates that phosphorus has a peak concentration at 
about 600~ depth. ESCA data taken on the surface of this 
unannealed sample show only one state of phosphorus 
corresponding to P-O bond similar to that in Fig. 4. Fig- 
ure 8 shows the ESCA phosphorus 2P peaks for the same 
unannealed phosphorUs ion-implanted thermal SiO2 film 
after sputter etching 600A. The data again show that there 
are two chemical states of phosphorus present in the film 
as in the CVD SiO2 films. However, the P:O state 
occupies only 15%, and the P-Si state occupies 85%. This 
kind of population inversion in the unannealed sample 
suggests that the Si-O bonds are broken by the phospho- 
rus implantation in thermal SiO2; however, P-Si bonds 
are more predominant  than the P-O bonds. To ensure that 
the Xe + ion beam sputter etching has no perturbation on 
the population of the chemical states, samples were 
etched by a wet chemical method such as HF etching. 
The data show similar results for both sputter- and chem- 
ically etched samples (see Fig. 9). 
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Annealing effects.--Figure 10 shows the Auger depth 
profile of a similar phosphorus ion-implanted thermal 
SiO2 film as that used in the previous section, after an- 
nealing at 1100~ for 30 rain in N2. A comparison of Fig. 7 
and 10 indicates that significant amounts (approximately 
50%) of phosphorus are lost after annealing. It has been 
suggested by the previous study that phosphorus (proba- 
bly pentoxide) is lost to the gas phase from the porous 
glass structure due to evaporation (10). Phosphorus 
leaching combined with moisture exposure is a main con- 
tributor to aluminum line corrosion (11, 12). The amount  
of phosphorus loss depends on annealing conditions such 
as annealing temperature,  time, and environment.  The 
blister formation of isolated P~O5 region observed under 
certain annealing conditions and phosphorus concentra- 
tions is important for multilevel metallizations (4). Such 
regions are apt to contribute to loss of yield in VLSIC's if 
precautions are not taken to avoid such formations. A 
more detailed study on the effect of annealing on the blis- 
ter formation of P20.~ in SiO~ will be published later (6). 

Figures l l a  and 11b show SEM micrographs of the ion- 
implanted SiO~ film before and after annealing at 1100~ 
for 30 min in N2. The results clearly show that blisters 
have been formed on the surface after annealing. We be- 
lieve that this is due to phosphorus aggregates near the 
surface. The phosphorus in these aggregates exists as 
phosphorus oxides (probably P~O~) as confirmed by the 
ESCA studies shown later. 

Figures 12 and 13 show the phosphorus 2P peak of the 
annealed (at ll00~ in N2 for 30 min) ion-implanted SiO~ 
film before and after sputtering. The results indicate that 
there is only one P-O state on the surface similar to that 
for unannealed implanted and CVD PVX samples. How- 
ever, after 600]~ of sputter etching, the P-O state occupied 
68% and the P-Si state occupied 32%. The population of 
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Fig. 11. SEM micrographs of the ion implanted SiO2 film before (a) and 
after (b) annealing at 1100~ for 30 min in N2. 

the P-O state and P-Si state for samples annealed under 
different conditions was determined by ESCA measure- 
ments and summarized in Tables I and II. 

Table I shows the population of the P-O and P-Si state 
of the ion-implanted samples annealed under dry N2 for 
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Table I. The population of the P-O and P-Si states of the 
phosphorus ion-implanted samples annealed under 

dry N~ for 30 min at different temperatures 

P-Si state P-O state 
(%) (%) 

(1) As implanted 85 15 
(2) 700~ 80 20 
(3) 900~ 75 25 
(4) 1000~ 69 31 
(5) ll00~ 32 68 

Table II. The population of the P-O and P-Si states of the 
phosphorus ion-implanted samples annealed under 

O2 at 9S0~ for different lengths of time 

P-Si state P-O state 
(%) (%) 

(1) As implanted 85 15 
(2) 10 min 27 73 
(3) 30 min 21 79 
(4) 100 min 20 80 

30 min at different temperatures. The results clearly show 
that the sample annealed at higher temperature has more 
population of P-O state as compared to that annealed at 
lower temperature. It is interesting to note that a drastic 
change occurred between 1000 ~ and 1100~ i.e., P-O state 
became more dominant than P-Si state, which corre- 
sponds to the reflow temperature for phosphosilicate 
glass (about 1050~ It is the authors' opinion that the 
reflow of the phosphosilicate glass depends more on P-O 
state than P-Si state. Further work is underway to corre- 
late the reflow temperatures and chemical states (5). 

Table II shows the population of the P-O and P-Si state 
of the ion-implanted samples annealed at 950~ under 02 
for different lengths of time. The results indicate that 
most of the changes occurred in the first. 10 rain. A com- 
parison between Tables I and II suggest that one can ob- 
tain more P-O state at lower temperature and shorter an- 
nealing time in 02 environment.  This is probably the 
reason why the phosphosilieate glass can be reflowed at 
lower temperature in oxygen or steam ambients as com- 
pared to the inert gas ambient reported previously (12, 
13). 

Summary 
In summary, we have observed P-O and P-Si states in 

phosphosilicate glasses. The populations of these two 

states depend upon the deposition and annealing condi- 
tions. The P-O state is observed on the surfaces of both 
CVD and ion-implanted SiO2 films having phosphorus. 
As these films are sputter or chemically etched, both P-O 
and P-Si states are observed. In the CVD SiO2 (P) film, 
the P-O state dominates over the P-Si state. In the P ion- 
implanted SiO~ samples, the P-Si state dominates over 
P-O state in the unannealed samples. However, de- 
pending on the annealing conditions, the P ion-implanted 
samples show the conversion of the P-Si state to P-O 
state. It is anticipated that the reflow, stress, and etch 
properties of SiO2(P) film depend on the relative popula- 
tion of the P-O and P-Si states. Further work to establish 
such a correlation is in progress. 
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Submicron Silicon Epitaxial Films Deposited at Low Temperatures 

C. J. Atkinson,* G. L. Wright,  S. J. White ,  and J. D. Greenwood 

GEC Research Laboratories, Hirst Research Centre, Wembley, England HA9 7PP 

ABSTRACT 

Submicron silicon epitaxial films have been deposited at low temperatures using only wet chemical cleans for the 
substrate surface preparation. The layers have been assessed by crystallographic (RHEED) techniques coupled with the 
electrical measurement  of Schottky barrier diodes and transistors fabricated in the layers. In addition, XPS studies of 
the substrate surface prior to the deposition are also reported. Good quality epitaxial films have been produced at depo- 
sition temperatures of 900~ and below. 

Low temperature growth of epitaxial films is of great 
interest to the development  of many silicon technologies. 
Low temperature processing minimizes the diffusion of 
dopant atoms, whilst low temperature epitaxial growth 
also reduces gas phase autodoping effects. Researchers 

*Electrochemical Society Active Member. 

reporting direct low temperature epitaxial growth have 
all used an in situ clean prior to epitaxial growth. Typical 
in situ cleaning techniques used include heating (1), 
etching at high temperatures in hydrogen chloride (2), or 
sputter cleaning (3). The pre-epitaxial cleaning process re- 
moves native oxide which would prevent epitaxial 
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growth and removes some defects and surface contamina- 
tion which would impair  device performance. High tem- 
perature cleaning treatments reduce the advantages of 
lower temperature processing by increasing both the 
dopant diffusion and autodoping effects. In situ sputter 
cleaning requires additional expensive equipment.  In this 
paper, a technique is described which enables device 
quality epitaxial films to be grown at temperatures of 
900~ or lower using only wet chemical cleaning prior to 
loading the wafers into the reactor. 

Exper imenta l  
All growth experiments were carried out in a vertically 

configured, RF-heated, atmospheric pressure reactor 
using silane in hydrogen as the deposition source. All 
temperature readings are derived from the in-built optical 
pyrometer  on the reactor. Attempts to calibrate that in- 
s trument have indicated that the true substrate tempera- 
ture within the reactor is somewhat lower than those 
readings would indicate. Substrates used were p- or 
n-type 100 silicon. Both float zone and Czochralski sub- 
strates were used. X-ray photoelectron spectroscopy was 
used to evaluate the efficiency of predeposition cleaning 
schedules. This method measured the thickness of native 
oxide present on the surface of the wafers by relating the 
area of the silicon peak to that of the silicon dioxide peak 
using the formula of Seah and Dench (4). The thickness of 
the deposited films was determined by including sap- 
phire or oxidized test wafers with each growth run. Op- 
tical interferometry (or in some cases surface profilo- 
metry) was used to measure the thickness of silicon on 
the test wafers. Resistivity was monitored using silicon 
test wafers and spreading resistance measurements.  

Crystal quality was largely evaluated using reflection 
high energy electron diffraction (RHEED). RHEED al- 
lows the observation of the top surface of the film 
(-50-100~) and so gives information about crystal orienta- 
tion and quality at the surface. Electrical characteristics 
of the films were investigated by fabricating Schottky 
barrier diodes (with t i tanium metallizatior~) and simple 
structure bipolar transistors. 

Results and Discussion 
The effects of predeposition cleaning schedules on the 

thickness of native oxide grown is summarized in Table I. 
Immediately after a dilute hydrofluoric acid clean and 
brief rinse, no oxide could be detected on the surface of 
the wafers using XPS. Accordingly, a dilute hydrofluoric 
acid clean followed by a brief rinse in deionized water 
was used immediately prior to each epitaxial growth ex- 

Table I. Thickness of native oxide on 100 silicon substrates 
calculated by XPS measurements 

Pretreatment Oxide thickness (/0 

Native (no preclean) 
HF followed by 1:1 H2SO4:H20~ 
Dil. HF followed by 1 rain DI rinse 

10-20 
8 

No oxide detectable 

Table II. RHEED assessment of epilayer crystallinity 

Growth temperature (~ Layer crystallinity type 

770 A 
790 A 
810 B 
830 B 
850 B 
870 C 
890 C 
910 C 
930 C 
950 C 

Key: A - -  Polycrystalline pattern and single-crystal pattern. B - -  
No polycrystalline pattern. Single-crystal pattern with some 
Kikuchi lines. C --  Kikuchi line pattern. 

Fig. 1. RHEED photographs of epitaxial silicon grown in the epitaxy 
reactor. 

periment. Following the cleaning procedure, the wafers 
were loaded quickly into the reactor and the system 
purged with dry nitrogen. (The actual cleaning schedule 
used is summarized in the Appendix). RHEED photo- 
graphs of samples grown at temperatures between 770 ~ 
and 950~ indicate that it is possible to grow high quality 
epitaxial films directly (i.e., without the use of the high 
temperature hydrogen chloride etch) at temperatures as 
low as 830~ The RHEED results are summarized in 
Table II, whilst Fig. 1 shows typical RHEED photographs 
for epitaxial films grown without an in situ clean at tem- 
peratures of 910 ~ 930 ~ and 950~ A RHEED photograph 
of a film grown at 1015~ with an in situ hydrogen chlo- 
ride etch at 1150~ prior to epitaxial growth is also shown 
for comparison. If the hydrofluoric acid clean was 
omitted, only polycrystalline growth was obtained, as the 
native oxide was sufficiently thick to mask the crystal 
structure of the underlying substrate. If  a high tempera- 
ture etch at 1150~ in hydrogen chloride was incorpora- 
ted, some evidence of epitaxial growth was obtained at 
growth temperatures as low as 650~ although some 
polycrystalline silicon was also noticeable. It is postulated 
that for epitaxial growth to occur, not only must the inter- 
face be largely free of contamination, but the temperature 
must be sufficiently high to allow some migration of the 
deposited atoms to lattice sites. 

Schottky barrier diodes were fabricated on the epitaxial 
layers to obtain information about electric and crystal 
quality of the material. To a good approximation, the for- 
ward characteristics of Schottky barrier diodes are given 
by 

I = Io exp (qV/nkT) 

where I is the forward current, V is the forward bias volt- 
age, Io is the saturation current obtained by extrapolating 
the I vs. V plot to V = 0, T is the temperature, q is the 
charge on the electron, and n is the diode ideality factor. 
When n ~ 1, crystal quality is good and recombination in 
the space charge layer is small. When n approaches 2, 
space charge recombination is occurring, which implies 

Table III. Ideality factors for diodes fabricated 
at various growth temperatures 

Growth temperature (~  Ideality factor 

950 1.04 
930 1.05 
910 1.05 
890 1.1 
870 1.09 
850 1.11 
830 1.2 
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Fig. 2. Typical Vcc vs. Ic curves for the 0.3 and 0.6 ~m films 

that crystal quality is poor. The results for test diodes fab- 
ricated in epitaxy grown directly at temperatures ranging 
between 830 ~ and 950~ are summarized in Table III. The 
diode ideality factors tend to increase as the deposition 
temperature is lowered, confirming that crystal quality 
deteriorates as the growth temperature is decreased. 

Simple bipolar transistors were fabricated in epitaxial 
films of thickness 0.3 and 0.6 ~m grown at 900~ For the 
device structure used, the collector-base junction is 0.3 
~m deep, so the transistor gain is highly dependent  on in- 
terracial crystal quality. For both thicknesses of film, the 
transistor gain was in excess of 200, implying good elec- 

Apri l  1985 

trical quality. Figure 2 shows typical V~ vs. I~ curves for 
the 0.3 and 0.6 ~m films. 

Conclusions 
It has been shown that device quality epitaxial growth 

can be brought about without using in situ predeposition 
cleaning schedules. The simple cleaning technique de- 
scribed could produce a considerable improvement  in de- 
vice fabrication technologies, for example, for bipolar 
transistors, IMPATT diodes, and Schottky barrier diodes. 
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APPENDIX 

Cleaning Schedule Used Prior to Low Temperature Epitaxial 
Growth Experiments 

2:1 H2SO4:H~O2 120~ 5 min 
Rinse 5 rain 
5:2:1 H.20:H~O.2:HC1 85~ 10 min 
Rinse 5 min 
Rinse 30 rain in recirculating water 
19:1 H20:HF 20s 
Rinse 4 min 
Spin dry 
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Reduction of Radiation Damage on Silicon Substrates in Magnetron 
Reactive Ion Etching 

Kado Hirobe and Hideaki Azuma 
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ABSTRACT 

Radiation damage on silicon substrates has been reduced by decreasing the cathode dc bias in reactive ion etching 
(RIE). A magnetic field has been applied in the direction perpendicular to RF electric field between the parallel-plate 
electrodes to decrease the dc bias across the cathode dark space. Silicon substrates treated under RIE in CHF3 and SF6 
mixed gas have been investigated by reflection high energy electron diffraction observation and lifetime measurement  
of the minnrity carrier. Low dc bias less than about 150V was found to be necessary for obtaining low damaged silicon 
surface. 

Reactive ion etching (RIE) has  been widely used to de- 
lineate fine patterns in silicon oxide films in fabrication 
of VLSI circuits. It is known, however, that bombard- 
ment  of ions which are accelerated by the dc bias across 
the plasma sheath region degrades the crystal structure of 
the silicon substrate (1-4). Decrease in lifetime of the mi- 
nority carrier (5), increase in the contact resistance be- 
tween silicon substrate and metal film (6), low break- 
down voltage of the oxide grown on RIE-treated silicon 
surface (7) are considered to be partly due to defects in 
the silicon crystal induced by bombardment  of energetic 
ions. An effective method to reduce this kind of radiation 
damage induced by RIE is to decrease the energy of ions 
impinging on the silicon surface. In a conventional 
parallel-plate type of RIE apparatus, the decrease of RF 
power density, and/or the increase of operating pressure 

of etch gas must  be accomplished in order to reduce the 
cathode dc bias. Under these conditions, however, unde- 
sirable phenomena such as decrease in etch rate of silicon 
oxide and deposition of organic polymer films often 
arise. Furthermore, as the etch rate is decreased, and, con- 
sequently, as the throughput of etching apparatus is also 
decreased, the RIE cannot be economically operated at a 
low RF power density and at a high pressure. 

Recently, RIE with magnetron discharge has been in- 
vestigated for etching silicon oxide films at a low dc bias 
(8-10). Magnets are set behind the cathode to form a mag- 
netic field perpendicular to the dc electric field over the 
cathode surface. These systems are called Band Magne- 
tron (9) and planar Magnetron-HIRRIE (8). The magne- 
tron discharge can generate highly dense radicals and 
ions. In the magnetron discharge system, the SiO2 etch 
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rate of 500-1000 nm/min can be obtained, even if the dc 
bias is fairly low around 50-300V. 

In the present paper, a relation between the silicon sur- 
face damage induced by RIE and the dc bias voltage 
across the plasma sheath is reported. Variation in dc bias 
voltage has been carried out using a discharge system in 
which a static magnetic field is applied perpendicular to 
the RF electric field to generate highly dense chemical 
species in the plasma. Radiation-induced defects on RIE- 
treated silicon surface have been investigated with 
reflection high energy electron diffraction (RHEED) and 
lifetime measurement  of the minority carrier. 

Experimental 
The RIE apparatus used in this work is shown schemat- 

ically in Fig. 1. Two parallel-plate electrodes of 130 mm 
diam are set in a cylindrical reactor made of aluminum. A 
sample was put on a silicon plate 1 mm thick placed on 
the cathode. An RF power supply at a frequency of 13.56 
MHz was capacitively coupled to the cathode through a 
matching network. A permanent  magnet  system was 
placed in the reactor to apply a static magnetic field per- 
pendicular to the RF electric field between the elec- 
trodes. Two magnet  systems of the same external shape 
were used in this work. Their external shape was cylin- 
drical, as shown in Fig. 2. The inside and outside diame- 
ters of the magnet  system were about 180 and 240 mm, re- 
spectively. The height of the magnet  system was 50 mm. 
A magnet  system consists of two half-cylindrical magnets 
and two pole pieces made of soft steel. Their magnetic 
field strengths in the direction parallel to the magnetic 
field B were 200 +- 15 and 400 -+ 50G, over the range of 76 
mm diam. 

An optical emission spectrometer was attached to the 
reactor. The spectrometer was able to measure the light 
intensities of spectra emitted from any 4 mm thick layer 
in the discharge between the electrodes. Applying the op- 
tical system to SiO2 RIE, light intensities of 321 nm 
emitted from CF2 radical (11, 12) and of 520 nm from CO 
radical (13) were measured. A distribution of light inten- 
sity between the two electrodes can give a spatial distri- 
bution of relative concentration of these radicals. 

A mixed gas of  99% CHF3 and 1% SF~ was used as an 
etch gas (14). The etch gas was introduced into the reactor 
through a hole in the top plate of the reactor and ex- 
hausted from a hole in the bot tom reactor plate. No poly- 
mer deposition on silicon oxide films was detected under 
the conditions investigated in the work. 

The silicon substrates used in this study were 
(100)-oriented, boron-doped Single crystals of about 10 12 - 
cm resistivity. Silicon oxide films were prepared by 
oxidizing the substrates at 1000~ in dry 02 ambient. 

Coating Upper 
Water Electrode 

Etching Ii / 

Optical ~ L~l_~ h~ ___.~." "SampLe 

}J Va riabLe ~, 11 I Lower Electrode 

cM:rn:meter J~ Vatve ~ 1 

PMT~i ~ --I r".,. 

Recorder ~ ~T:O:p _~ !RF Paver Supp~.y 

r~MRP 
Fig. 1. Schematic drawing of experimental RIE apparatus 

Pole 
piece (N) 

..,•• Upper 
ELectrode 

_ _ ~ P o l e  Piece  

ELectrode 
Fig. 2. Schematic drawing of permanent magnet configuration 

An experimental  procedure for investigating RIE- 
induced defects on a silicon surface was as follows: first, 
silicon wafers were treated under different RIE condi- 
tions, as summarized in Table I, then the silicon wafers 
were exposed to O2 plasma (at 100W and 1 torr, for 10 rain) 
to remove a trace of carbon compounds. After that, the 
samples were immersed into an aqueous HF solution to 
remove a thin silicon oxide film on the silicon surface. 
To investigate crystalline properties of the RIE exposed 
silicon surface, images of RHEED were taken. In addi- 
tion, these silicon wafers were oxidized at 1000~ in dry 
02 ambient, for 10 rain to stabilize the silicon surface. 
After oxidation, the samples were submitted for lifetime 
measurement  of minority carrier. An optical lifetime mea- 
surement technique was used. The measurement  tech- 
nique itself is published elsewhere (15). In the measure- 
ment  system equipped in this study, a laser light of 904 
nm wavelength used to generate hole-electron pairs in the 
silicon substrate can penetrate 20-30/~m deep into the sili- 
con crystal (16). A frequency of microwave for measuring 
conductivity of electrons was 9.6 GHz, at which the mi- 
crowave can be assumed to penetrate the silicon sub- 
strate about 500/~m deep, and so we could measure the 
lifetime of electrons in the region where RIE-induced de- 
fects locate. 

Experimental Results and Discussion 
Realization of low dc bias in magnetron RIE.--Figure 3 

shows relationship between dc bias voltage across the 
cathode dark space and RF power density as a function of 
the magnetic field strength applied to the discharge. The 
dc bias voltage IVdcl was found to increase with increasing 
RF power density. When the magnetic field was applied 
perpendicular to the electric field, tVdc] decreased with in- 
creasing the strength of magnetic field. For example, ]'Vdr 
was 860V at 13 Pa (0.1 torr) and 1.5 W/cm 2 without a mag- 
netic field. However, when the magnetic field strengths 
were 200 and 400G, IVdr values were 340 and 120V, 
respectively. 

Enhanced plasma discharge in the electromagnetic 
field, for example, in SiO2 RIE, was indicated by in- 

Table I. Summary of the RIE treatment conditions 

NO. Pressure PowerOensity Magnetic Field I Vdcl Etch Time 
( T o r r )  ( W / c m  2 ) ( G a u s s )  ( V )  (Second)  

I 0 . 1  :3 0 I 1 7 0  5 0  

2' 0 .I 1.5 0 8 6 0  83  

3 0 .S I .5 0 4 6 0  3 0 0  

4 0 . I 1.5 2 0 0  3 4 0  6 0  

5 O. I 0 . 5  2 0 0  1 6 0  3 0 0  

6 0 . 5  3 4 0 0  [ 5 0  30  

7 0 . 5  1.5 400 8 0  I I 2 

8 O. T 0 .5  4 0 0  eO 2 0 0  
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Fig. 3. Cathode dc bias IVd~l as o function of power density, for differ- 
ent pressures and magnetic field strengths. 

creased emission intensities and increased SiO2 etch rate. 
Figure 4 shows distributions of the emission intensity 
emitted from plasma discharge between two electrodes. A 
wavelength 321 nm is from an etchant CF2 (Fig. 4a) and 

520 nm from an etch product CO radical (Fig. 4b). In the 
figure, the intensity of light from CF2 was found to be 
about two times stronger with a magnetic field of 400G 
than that without a magnetic field. In the observation of 
520 nm light from CO, the light intensity was also found 
to be stronger with a magnetic field than that without a 
magnetic field. These results indicate that the applica- 
tion of magnetic field to the RF electric field enhances 
an efficiency of discharge and consequently increases a 
concentration of etchant radicals such as CF2. 

In addition, the stronger light intensity of a reaction 
product CO suggests increased etch rate of SiO~ in the 
magnetron RIE. In fact, unlike conventional RIE, high 
etch rates have been obtained in low IVdd values by ap- 
plying the magnetic field of 200 and 400G. Figure 5 
shows SiO2 etch rate as a function of IVdd value and ap- 
plied magnetic field strength. As shown in the figure, 
higher etch rates were obtained at lower tVdcl values by in- 
creasing the magnetic field. For example, the etch rate of 
SiO2 was improved from 40 nm/min without a magnetic 
field to 600 nm/min with the magnetic field of 400G at 3 
W/cm 2 of power density. From these results, the magne- 
tron RIE was found to etch SiO2 at high etch rates even 
with a low IVdc[ value. 

Observation of damaged silicon surface by 
RHEED.--Figure 6 shows RHEED patterns of the silicon 
surface treated under  the RIE conditions summarized in 
Table I. In the RHEED experiment, the electron accelera- 
tion voltage was 75 kV and the incident angle of electron 
onto the silicon surface was about 4 ~ As shown in Fig. 6a, 
when IVdc[ was very high such as 1170V, RHEED pattern 
was halo, indicating that the silicon surface is amorphous. 
As IVdd became lower, Bragg spot patterns became 
stronger (Fig. 6b and 6c), and single crystalline Kikuchi 
line patterns were observed. At IVdd of 150V, almost the 
same pattern as that of a control sample was observed. 
Polycrystalline silicon ring pattern was not observed in 
this study. 

Deterioration in the crystal structure of the silicon sur- 
face treated under  high IVdd RIE is due to bombardment  

8 

7 
4,= 

e-  

6 
4 ~  
I .  
0 

. .  5 

" 4 
C 

e"  
m 

3 
e- 

o ~  
M 

2 

w 

E m i s s i o n  S p e c t r u m  321 nm 

C H F 3  + S F 6  0 5 T o r r  ( C F 2 )  

: S W / c m  z 

4 0 0  Gauss  

0 Gauss  

8 

7 
~=~ 

~  

C 

= 6 
4 ~  
t_  

O 

--- 5 

t -  

3 
t -  

O 

e~ 
e~ 

Ld 

0 I I I I I 0 

0 5 I0  15 2 0  

D i s t a n c e  f rom L o w e r  E l e c t r o d e  ( r a m )  D i s t a n c e  

E m i s s i o n  S p e c t r u m  5 2 0  nm 

C H F 3  + S F 6 : 0  5 T o r r  ( c O )  

2 
3 W / c m  

400 Gauss 

I I I I | 

0 5 I 0  15 2 0  

f r o m  L o w e r  E L e c t r o d e  ( r a m )  
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Fig, 5. Etch rate as a function of cathode dc bias IVdcl, for different 

magnetic field strengths and power densities. 

of energetic ions. It is considered that the kinetic energy 
of ions impinging onto a silicon surface is at maxima 
about a bias voltage IVdd (17). Consequently, ions with a 
high kinetic energy such as l170V disorder the crystalline 
structure of the surface, while ions with low energy such 
as 150V do not seriously deteriorate the crystal structure. 

To investigate the depth of damaged surface layer at a 
typical /Vdd value of 340V in SiO2 RIE, silicon samples 
were etched by 40, 80, and 120 nm with a H N Q  and HF 
mixed etchant. RHEED patterns of the 40 nm deep 
etched sample were weak spot patterns, while single- 
crystalline silicon spot pattern was observed for the 80 
nm deep etched sample. This result showed that the re- 
gion of damaged layer was as deep as about 40 nm under 
the RIE condition of 340V of Iv~o,. In addition, it was 
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found from RHEED patterns that the damaged layer at 
IYdcl of 340V was annealed out in dry O5 oxidation ambi- 
ent, at 1000~ for 10 rain. 

From these results, the magnetron RIE which is able to 
obtain a low IVdcl such as 150V has no serious damage on 
the silicon surface. This is one of  the advantages of the 
magnetron RIE over the conventional one. 

Evaluation of damaged layer by lifetime 
measurement.--The lifetime of a minority carrier is de- 
creased with increasing defect density in a silicon sub- 
strate. Using the phenomenon, crystalline properties of 
RIE-treated silicon surface were evaluated. Figure 7 
shows relationship between lifetime and IVdd for samples 
treated under the RIE conditions mentioned in Table I. 
The value of lifetime on the ordinate was normalized by 
that of a control sample. It was found that the lifetime of 
minority carrier (in our case, an electron) was changed 
from 100% to 70% of the lifetime of the control sample in 
the range of lv~cl from 0 to 150v. The lifetime was de- 
creased sharply between 150 and 800V and leveled off at 
higher IVdd values. In the range of IV~cl below 150V, 
plasma-exposed silicon surfaces were thought to be al- 
most perfectly crystalline from the low decrease in the 
lifetime of minority carrier. However, it became clear that 
in the higher IVdcl values over 800V, RIE-treated silicon 
surface was not perfectly crystalline, from the low life- 
t ime values. The results of lifetime measurement  were in 
good agreement with RHEED observations. 

Fig. 6. RHEED patterns of silicon surface treated under RIE, for differ- 
ent cathode dc bias IYdcl- 

Conclusions 
Radiation damage on silicon substrates induced by RIE 

has been investigated using RHEED observation and life- 
t ime measurement  of minority carrier. RIE-induced de- 
fects could be reduced by decreasing the cathode dc bias 
during RIE. To decrease the dc bias across the cathode 
dark space, a magnetic field has been applied perpendic- 
ular to RF electric field between the parallel plate elec- 
trodes. Low dc bias less than 150V was found to be neces- 
sary for obtaining low damaged silicon surface. It was 
found that an advantage of the magnetron RIE over the 
conventional RIE is to be able to obtain high etch rates at 
low dc bias voltages. 
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Partial Pressures over the Pseudobinary Solid Solution 
Hg, xCdxTe(s) for x = 0.70 and 0.95 and over Four Te-rich 

Ternary Melts 

Ching-Hua Su, Pok-Kai Liao, and R. F. Brebrick* 
Materials Science and Metallurgy Program, College of Engineering, Marquette University, Milwaukee, Wisconsin 53233 

ABSTRACT 

The partial pressures of Hg, Cd, and Te2 have been determined between 420 ~ and 840~ from optical absorption mea- 
surements for four Te-rich compositions and for the Te-saturated solid solution (Hgl_xCd~)Te(s) with x = 0.70 and 0.95. 
In addition to further thermodynamically characterizing the melt, the former measurements yield ternary liquidus 
points. They also yield tie lines when combined with the present and previous measurements on Te-saturated solid solu- 
tions. These results, from an essentially steady-state technique, agree well with those of Harman. The measurements on 
the solid solutions yield values for the mixing quantities which are more accurate than our previous values. These are 
described well in terms of a quasi-regular solution of HgTe and CdTe components with an enthalpy of mixing of 1074 
cal/g-atom and an excess entropy of mixing of 0.893 cal/K-g-atom at 50 mole percent CdTe. 

The partial pressures of Hg, Cd, and Te2 have already 
been reported (1, 2) for a number  of compositions in the 
Hg-Cd-Te system. Here we report measurements for addi- 
tional compositions. These include four Te-rich ternary 
melts. The liquidus points obtained from the measure- 
ments have already been given in a thermodynamic anal- 
ysis of the phase diagram and thermochemical  data (3, 4), 
and the partial pressures fit satisfactorily with an associa- 
ted solution model for the liquid phase. However, the par- 
tial pressures themselves and the tie-line data obtainable 
from them have not been reported. In addition, we have 
determined the partial pressures for Te-saturated solid so- 
lutions, Hgl_xCdxTe(s), with x values of 0.70 and 0.95, so 
that the partial pressures are now known over the entire 
composition range for Te saturation. The~e measure- 
ments allow another, and, we believe, more reliable, de- 
termination of the enthalpy and entropy of mixing of the 
solid solution from its binary compounds, HgTe(s) and 
CdTe(s). 

Experimental 
Partial pressures were determined from measurements 

of the optical absorbance between 200 and 800 nm of the 
vapor in a sealed, initially evacuated, T-shaped silica op- 
tical cell. The upper leg of the T was the optical cell 
proper through which the light beam passed, while the 
lower leg contained the solid or liquid sample. During 
measurements,  the cell proper was held at some fixed 
high temperature and the sample temperature at a hum- 

*Electrochemical Society Active Member. 

ber of lower temperatures. Care was taken to insure the 
sample temperature was always the lowest in the cell. 
Full details of the experimental  arrangement and mea- 
surement technique and accuracy have been given in Ref. 
(1). As described in Ref. (2), the sample portion of the 
sidearm was enlarged to 2.0 cm od and a heat pipe placed 
around the sample to reduce the temperature variation to 
a few tenths of a degree centigrade or less. Temperatures 
are conservatively estimated as accurate to within • 1.5~ 
The volume of each optical cell was measured as a func- 
tion of distance along the sidearm by adding water from a 
burette with 0.05 cm 3 divisions before outgassing the cell. 

The starting materials were six-nine spectroscopically 
pure, chunk Cd and Te and High Purity Grade Hg from 
Cominco American, Spokane, Washington. For the solid 
solution samples, the elements were weighed to the 
nearest 0.1 mg and in stoichiometric proportions for a to- 
tal of about 15g. The elements were loaded into a carbon- 
coated silica tube, 12 cm long and 1.6 cm od that had been 
previously outgassed for 16h at 1000~ and 3(10 -7) torr. 
The loaded tube was connected to a vacuum system and 
sealed off after 5-10 min at about 10 -5 torr. The loaded 
tube was then placed in the center of a 20 cm long, 2.2 cm 
id heat pipe and put into a box furnace. The temperature 
was raised in steps to 690~ for the 70 mole percent (m/o) 
CdTe sample and 680~ for the 95 m/o CdTe samp!.e and 
held for 72h. The furnace was then cooled to room tem- 
perature over a period of about 50h. Each tube was 
opened, and all of the black, porous material collected 
and ground in an agate mortar to pass a 63 /zm stainless 
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steel  sieve. There  was no sign of  e lementa l  Hg, which  
wou ld  have  been  de tec tab le  as a smear  on the  agate 
mortar .  All of the  mater ia l  was then  loaded wi th  a funnel  
into an optical  cell  and sealed off  at about  3(10-0 torr. 

The  four  Te-rich t e rnary  samples  were  m a d e  by  loading 
the  we ighed  e lements  direct ly  into a p rev ious ly  outgassed  
optical  cell, sealing off unde r  3(10 -~) torr, p lac ing  the  cell 
in a T-shaped furnace  cen te red  on the  sample  l ight  beam,  
and hea t ing  the  sample  for 72h at a t empe ra tu r e  jus t  
above  the  es t imated  l iqu idus  t empera tu re  whi le  the  op- 
t ical  cell  p roper  was hotter .  Table  I lists the  opt ical  path  
length,  the  free vo lume ,  the  total  sample  mass,  and the  
s tar t ing compos i t ion  x and y in the  formula  
(Hg,_,.Cd~)~Te, , for each  sample  cell. In Table  I, the  un- 
cer ta in ty  in the  free v o l u m e  is • ml. The o ther  numer-  
ical quant i t ies  are accura te  to the  n u m b e r  of  s ignif icant  
figures shown.  

Calibration Measurements 
The  quant i ta t ive  relat ions be tween  the  character is t ic  

absorp t ion  of the  p r e d o m i n a n t  vapor  species in this sys- 
tem,  Hg, Cd, and Te2, and the  respec t ive  vapor  partial  
p ressures  have  been  de t e rmined  prev ious ly  by Schwar tz  
et al. (1) for one optical  cell  t empera ture ,  755~ In  this in- 
vest igat ion,  we  repea ted  and ex t ended  the  cal ibrat ion for 
h ighe r  optical  cell  t empera tu res  to m a k e  poss ible  partial  
p ressure  m e a s u r e m e n t s  at h igher  sample  t empera tu res  
than before.  The fore ign gas b roaden ing  of  the  Cd lines 
by Hg(g) was also s tud ied  more  closely and the  broad- 
en ing  parameters  rede te rmi~ed .  A detai~ed descr ip t ion  ~f 
the  cal ibrat ion has been  g iven  (5). Here  we confine our- 
selves to a br ief  s u m m a r y  and give some  n e w  resul ts  of 
the  calibration.  

M e r c u r y . - - R e c e n t l y ,  S u e t  al. (6) have  measu red  the  ab- 
sorpt ion of  the  red  wing  of the  253.7 n m  Hg line be tween  
255.4 and 330.4 n m  at five optical  cell t empera tu res  be- 
tween  460 ~ and 860~ For  each optical  cell t empera ture ,  
the  va lues  of  the  optical  absorbance,  D~, for each 
wavelength ,  },, and t empe ra tu r e  of  the  l iquid  Hg sample,  
T~(K), fell on  a s t ra ight  l ine on a plot  of  log Dx vs.  1/T~ with  
a s lope twice  that  of  the  vapor  pressure  in a s imilar  plot. 
The  vapor  pressure  is g iven  to wi th in  1% by (1) 

log,o PHg ~ (arm) = -3157/T~ + 5.028; 10 -~ < PHg ~ < 0.1 atm 
[1] 

log,Q P,~~ (atm) = -3099/T s + 4.920; 0.1 < PH~ ~ < 38 a tm 
[2] 

Therefore ,  the  absorp t ion  coeff icient  varies  as the  square  
of  the  concen t ra t ion  of Hg  a toms in the  vapor  phase,  and, 
f rom the  statistical theory  of  b roaden ing  

D~ --- log,0 (IdIx) = LA~ (PHJT) ~ exp  ( -  V~/kT) [3] 

where  Io and 14 are in tensi t ies  at a g iven  wavelength ,  x, of  
the  inc ident  and t r ansmi t t ed  beams,  respect ively ,  L is the  
optical  pa th  length,  and T is the  optical cell  t empera ture ,  
i.e., the  t empera tu re  of  the  vapor  th rough  which  the  l ight  
passes  as opposed  to the  tempera ture ,  T~, o f  the  l iquid  Hg 
sample  genera t ing  the  vapor .  The  parameters  Ax and V~ 
have  been  tabula ted  (6) for 24 wave leng ths  b e t w e e n  254.4 
and 330.4 n m  so that  PHg can be  obta ined  f rom a measure-  
m e n t  of  Dx at any t empe ra tu r e  of  the  opt ical  cell p roper  
b e t w e e n  460 ~ and 860~ When one uses  the  tabula ted  

Table I. Optical path length (cm), free volume (cm'~), 
total mass (g), and starting composition x and y 

in the formula (Hg,_~Cd~)yTe, , 

Optical path Free Total 
Cell length volume weight x y 

HCT-70 5.00 20.5 14_8964 0.7000 0.4966 
HCT-95 9.79 25.1 14.9447 0.9500 0.4969 
TER-I 9.79 25.1 10.8383 0.I046 0.1878 
TER-2 9.78 25.0 12.2645 0.0605 0.2002 
T~:R-3 9.79 24.8 10 9815 0.2110 0.0786 
TER-4 9.79 25 .8  14.1803 0.1280 0.2580 

values  for A~ and V~ in Eq.  [3], the  s tandard  devia t ion  in 
(DxT*/LPH~ z) is less than  2% for wave leng ths  be tween  257.4 
and  310.4 nm (2.8% at 300.4 nm). Thus,  when  Eq. [3] is in- 
ve r t ed  to solve for PHg, the  s tandard  devia t ion  in PH'g is 
less than  1%, a s suming  no error  in the  m e a s u r e d  va lues  of  
Dx, T, and L. 

For  P,g lower  than  about  0.5 atm, D~ for k _>_ 254.4 n m  is 
a b o u t  0.01 and comparab le  to the  -+0.02 noise  in our  mea- 
s u r e m e n t  of  D~. In  these  cases, the  opt ical  absorbance  
was in tegra ted  over  the  ent i re  253.7 n m  Hg peak. For  a 
755~ optical  cell and a 9.83 cm optical  path,  a pure  Hg 
sample  gave an in tegra ted  area, A, in uni ts  of  opt ical  
absorbance  (•), that  d e p e n d e d  upon  the slit w id th  used  
and the  pressure  range. I f  Eq.  [1] is used  to e l iminate  the  
sample  tempera ture ,  t hen  the  resul ts  for P,~ b e t w e e n  10 -2 
and 10 -5 a tm are 

log,0 PH~(atm) = 0.7877 logm0 (9.83ALL) - 1.6054; 

0.042 n m  bandpass ,  <rA = 0.028 

log,0 PR~(atm) = 0.7276 log,0 (9 .83A/L)  - 1.5639; 

0.083 nm, O-A = 0.018 

log,0 Psi(arm) = 0.6975 log,0 (9 .83A/L)  - 1.5366; 

0.125 rim, era = 0.016 
[4] 

I f  Eq.  [2] is used  to e l iminate  the  sample  t empera tu re ,  
~hen for P ~  be tween  0.1 and 0.5 arm the  resul ts  are 

log,0 P,~(atm) = 0.8773 log,0 (9 .83A/L)  - 1.6761; 

0.083 nm, era = 0.061 

log,0 PH~(atm) = 0.8617 log,0 (9 .83A/L)  - 1.6606; 

0.125 nm, ~A = 0.056 
[5] 

We have  a s sumed  Lamber t ' s  law in inser t ing  the  optical  
path, L (cm), into these  equat ions ,  wh ich  should  be ap- 
p rox ima te ly  val id  for pa th  lengths  near  9.83 cm. As can  be  
seen, the in tegra ted  opt ical  absorbance  area, A, is a lmost  
propor t ional  to P~g. In  the  low pressure  range,  this is 
more  near ly  so the  smal ler  the  slit wid th  and  the  spectral  
bandpass  of  the  spec t ropho tomete r .  Fo r  the  absorp t ion  
l ines of mona tomic  vapor  species  at low pressure,  the  t rue 
optical  absorbance  area is propor t iona l  to the  concentra-  
t ion of  absorbers  in the  l ight  pa th  and hence  to the  partial  
p ressure  of  absorbers  (7). However ,  these  l ines are ex- 
t r eme ly  sharp near  the  l ine center  and can  at tain optical  
absorbance  values  in the  thousands  even  at low pres- 
sures. Thus the  areas measu red  here  and charac ter ized  by 
Eq. [4] and [5] are not  the  t rue  areas as ev idenced ,  for in- 
stance, by the  fact that  the  observed  l ine half-widths  
equal  the  spec t ropho tome te r  spectra l  bandpass  used.  Use  
of a bandpass  comparab le  to, or greater  than, the  t rue 
half-width of  the  l ine reduces  the  observed  va lue  of  the  
optical  absorbance.  The  observed  va lue  is also r educed  at 
h igh  values,  in the  range 2 to 3 here,  w h e n  the  t ransmi t t ed  
l ight  intensi ty  is so smal l  as to p roduce  an increase in the 
pho tomul t ip l i e r  cur ren t  that  is smal ler  or comparab le  to 
that  observed  in the  dark.  Therefore,  in o rder  to es tabl ish  
Eq. [4] and [5] it was necessary  no t  only to set the  slit 
wid ths  bu t  to also main ta in  the same in tens i ty  of  the  inci- 
den t  l ight  beam. Thus,  these  equat ions  are not  necessar i ly  
t ransferable  to o ther  exper imenta l  se tups  in contrast  to 
those  embod ied  in Eq.  [3]. However ,  they  can be  used  
wi th  our  a r r angemen t  and serve as an empir ica l  calibra- 
t ion that  is val id  as long as all o ther  part ial  pressures  are  
negl ig ib le  compared  to that  of  Hg. 

The  s tandard  devia t ions  aA, shown after Eq. [4] and [5], 
are those  in log A as a func t ion  of  log PHi, i f  one assumes  
Eq. [1] and [2] for the  vapor  pressure  of  Hg  are correct.  
When Eq. [4] and [5] are used  to calcula te  P , ,  f rom a mea- 
sured va lue  of  A, the  s tandard  devia t ion  is that  in the  
measu red  value  of  A plus  a cont r ibut ion  f rom the  uncer-  
ta in ty  in the cal ibrat ion measurement s .  E x p r e s s e d  as a 
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pe rcen t age ,  t he  l a t t e r  is c(e ~A - 1), w h e r e  c is t he  n u m e r -  
ical  coeff ic ient  of  log~o (9.83 A/L) in  Eq.  [4] a n d  [5]. This  
a m o u n t s  to Iess t h a n  2.3% for Eq.  [4] a n d  less  t h a n  5.5% 
for Eq. [5]. 

Tellurium.--The d ia tomic  molecule ,  Te~, exh ib i t s  a 
b r o a d  v ib ron i c  a b s o r p t i o n  b a n d  b e t w e e n  380 a n d  550 nm.  
I t  is o b s e r v e d  t h a t  Beer ' s  law ho lds  for  m a n y  of t he se  
p e a k s  for  a p u r e  Te  s a m p l e  a n d  t h e  opt ica l  a b s o r b a n c e  is 
p ropo r t i ona l  to t h e  v a p o r  p re s su re  of  Te2(g), P~~ The  lat- 
t e r  is g iven  to w i t h i n  2% b y  (1) 

log~0 P~~ (atm) = -5960.2/T + 4.7191; T > 450~ [6] 

Thus ,  one  can  wr i te  

P.~ = a~(D~/L) [7] 

T h e  va lues  of  ax for  a 755~ opt ica l  cell t e m p e r a t u r e  h a v e  
b e e n  g iven  (1). He re  we  m a d e  m e a s u r e m e n t s  w i t h  opt ica l  
cell t e m p e r a t u r e s  of  800 ~ a n d  860~ a n d  the  va lues  of  ax 
are l i s t ed  in Tab le  II. T he  s t a n d a r d  dev i a t i on  in a~ g iven  
at  t he  b o t t o m  of  Tab le  II, o f  course ,  c o n t r i b u t e s  to t h a t  in  
P~ w h e n  Eq. [7] is u s e d  to ca lcu la te  P~. This  c o n t r i b u t i o n  
is genera l ly  less  t h a n  4% of t h e  va lue  of P~ a n d  a lways  less 
t h a n  6.5%. 

Cadmium.--In t he  e x p e r i m e n t s  of  th i s  inves t iga t ion ,  
the  par t ia l  p r e s s u r e  of Cd, Pc~, va r ied  over  a r a n g e  of  low 
va lues  f rom 10 -~ to 10 -4 a t m  whi le  Ps~ was  in t h e  10 -~ to 
15 a t m  range.  One  e x p e c t s  t h a t  t he  opt ica l  a b s o r b a n c e  or 
t he  area  u n d e r  t he  a b s o r b a n c e  cu rve  o b s e r v e d  for  t he  Cd 
l ines  is, therefore ,  b r o a d e n e d  b y  Hg(g) a n d  d e p e n d s  u p o n  
P ~  as wel l  as Pc~. T he  ca l i b r a t i on  m e t h o d s  d e s c r i b e d  in  
the  Mercu ry  sec t ion  are, the re fore ,  n o t  app l i cab l e  for Cd. 
Therefore ,  we m e a s u r e d  the  t r a n s m i s s i o n  as a f u n c t i o n  of  
w a v e l e n g t h  a n d  o b t a i n e d  the  area in  t h e  t r a n s m i s s i o n  
m i n i m u m  of the  Cd a b s o r p t i o n  line.  E v e n  t h o u g h  the  
t r a n s m i s s i o n  c u r v e  is d i s to r t ed  w h e n  t he  spec t ra l  band -  
pass  is la rger  t h a n  t he  t r ue  l ine  ha l f -wid th ,  t he  area in  t he  
t r a n s m i s s i o n  m i n i m u m  is a p p r o x i m a t e l y  co r rec t  (7). I f  t he  
t r a n s m i s s i o n  va lues  are  c o n v e r t e d  to opt ica l  a b s o r b a n e e ,  
t h e n  n e i t h e r  t he  o b s e r v e d  l ine  s h a p e  n o r  i ts i n t e g r a t e d  
a rea  is correct .  The  d i s a d v a n t a g e  of t r a n s m i s s i o n  area  
m e a s u r e m e n t s  l ies in  t he  fac t  t h a t  t hey  y ie ld  t he  par t ia l  
p r e s s u r e  of  t he  a b s o r b e r  on ly  u p o n  the  a s s u m p t i o n  of  a 
specif ic  l ine  s h a p e  a n d  gene ra l ly  r equ i r e  e x t e n s i v e  mea-  
s u r e m e n t s  in  o r d e r  to  e s t a b l i s h  t h e  b r o a d e n i n g  pa r ame-  
ters.  T h e  genera l  t h e o r y  is deve loped  in  Mi tche l l  a n d  
Z e m a n s k y  (7) a n d  has  b e e n  ou t l i ned  in  Ref. (1) for absorp-  
t ion  b y  Cd. Therefore ,  we s u m m a r i z e  t h e  m i n i m u m  theo-  
re t ica l  r esu l t s  r e q u i r e d  to de sc r ibe  our  e x p e r i m e n t a l  mea-  
s u r e m e n t s .  A va r i ab le  y '  is de f ined  as 

= [(ln 2)'~/hv~] f (i - I,/Io) d ,  [8] y, 

w h e r e  I,/Io is t he  t r a n s m i s s i o n  at  a g i v e n  f r e q u e n c y ,  a n d  
h .~ is t he  D o p p l e r  ha l f -w id th  of t he  l ine.  T he  in tegra l ,  of  
course,  is the  area  b e t w e e n  t he  l ine  for  t r a n s m i s s i o n  equa l  
to u n i t y  a n d  the  c u r v e  for t he  o b s e r v e d  va lues  of  the  
t r a n s m i s s i o n  as a f u n c t i o n  of  f r equency .  This  i n t eg ra l  is 
s i m p l y  re l a t ed  to t h e  e x p e r i m e n t a l  q u a n t i t y  in  w h i c h  t h e  
t r a n s m i s s i o n  is t a k e n  as a f u n c t i o n  of  w ave l eng t h .  I f  one  

e x p r e s s e s  t r a n s m i s s i o n  in  t e r m s  of  t he  a b s o r p t i o n  coeffi- 
c ient ,  k~, w h e r e  

k~ = 2.303D~/L [9] 

t h e n  Eq. [8] b e c o m e s  

y '  = [(in 2)'2/hvD] J 0 ( 1  -- exp  (-k~L)] dv [10] 

The  c o m m o n  a s s u m p t i o n  for  low a b s o r b e r  par t ia l  pres-  
sures  is t h a t  k~ is g i v e n  b y  t he  Voig t  l ine  shape ,  w h i c h  is 
s y m m e t r i c a l  a b o u t  t h e  l ine  center ,  a n d  t h a t  k~ is p ropor -  
t iona l  to the  p r o d u c t  of  the  a b s o r b e r  c o n c e n t r a t i o n ,  N, 
a n d  t he  osci l la tor  s t r e n g t h  of  t he  l ine,  f. The  Voig t  l ine  
s h a p e  also d e p e n d s  u p o n  a b r o a d e n i n g  p a r a m e t e r ,  a ' .  I f  a 
var iab le ,  x ' ,  is de f ined  as 

x '  = NfL(ln 2)'~hrAvD [11] 

t h e n  y'  d e p e n d s  u p o n  x '  a n d  a ' .  Curves  of  y' vs. x' for a 
few f ixed va lues  of  a '  h a v e  b e e n  ca lcu la ted  and  are g i v e n  
b y  Mi tche l l  a n d  Z e m a n s k y  (7) a n d  b y  P e n n e r  (8). The  
b r o a d e n i n g  p a r a m e t e r  is g iven  in  t e r m s  of  a n a t u r a l  half-  
wid th ,  hvN, a s e l f -b roaden ing  ha l f -wid th ,  hVs, a n d  a fore ign  
gas  b r o a d e n i n g  ha l f -wid th ,  Av~, as 

a '  = (hvN + AVs + AvF)(ln 2)~/~/Av, = a N + as + aF [12] 

The  va lues  of as and  aF h a v e  b e e n  d e t e r m i n e d  e x p e r i m e n -  
ta l ly  (1) for t he  228.7 a n d  325.7 n m  Cd l ines,  a n d  t he  va lues  
of  aN ca lcu la ted  f rom the  k n o w n  osci l la tor  s t r e n g t h s  of  
t he  l ines.  The  re su l t s  were  

325.7 nm;  a~ = 2.69(10-~), as = 1.50Pc~(atm), 

a~ = 1.18P.~(atrn) [13] 

228.7 n m ;  a~ = 0.0236, as = 108Pc~(atm), 

aF = 4.60PH~(atm) [14] 

The  fo re ign  gas  b r o a d e n i n g  coeff ic ients  were  rede te r -  
m i n e d  he re  u s i n g  Hg-Cd a m a l g a m s  as s a m p l e s  in  a m a n -  
ne r  s imi la r  to t h a t  u s e d  p r e v i o u s l y  (1) a n d  d e s c r i b e d  in  
de ta i l  e l s ewhe re  (5). The  re su l t s  are 

325.7 nm;  a r  = (1.40 -+ 0.26)PHg(atm) [15] 

w h e r e  0.26 is one  s t a n d a r d  dev i a t i on  a n d  

228.7 nm;  a~ = 8.89PHg 1-2'~ - 2.59PHglA~/Pcd~176 [16] 

Wi th  Eq. [16] for  at ,  t h e  s t a n d a r d  dev i a t i on  in  t he  calcu- 
l a ted  a n d  o b s e r v e d  va lues  of  y '  in  the  ca l ib ra t ion  r u n s  is 
4.6%. T h e  n e w  a n d  old  r e su l t s  are in  fair  a g r e e m e n t  for  
t he  325.7 n m  line. The  n e w  resu l t  for t he  228.7 n m  l ine  is 
no t  o b v i o u s l y  i n t e r p r e t a b l e  f rom a t heo re t i ca l  p o i n t  of 
view. I ts  f o rm  is d e t e r m i n e d  largely  by  t he  r e su l t s  for a di- 
lu te  a m a l g a m  for w h i c h  t h e  ra t io  of PHJPcd was a b o u t  107. 
Fo r  t h e  r a n g e  of  Pcd a n d  PHg o b t a i n e d  for t he  Hg-Cd-Te  
s a m p l e s  s t ud i ed  he re  a n d  p rev ious ly  (1-3), Eq. [16] gives 
va lues  for  a~ t h a t  are  w i t h i n  a fac tor  of  a b o u t  two of  the  
va lues  ca l cu la t ed  w i t h  Eq. [14] for  a~. However ,  as dis- 
c u s s e d  in t he  n e x t  sec t ion ,  t he  n e w  resu l t s  for  a~ are  
super ior .  

Table II. Values of ~ in the equation, P2(atm) = o~x(D~,/L) for Te~(g) at 800 ~ and 860~ optical cell temperatures. ~x in atm-cm. 

;~(nm) 363.4 ~ 383.2 a 404.6 421.9 431.9 436.5 459.0 464.0 
a~(800~ 0.0719 0.0303 0.0227 b 0.0228 b 0.0245 b 0.027P 0.0390 0.045P 
a~(860~ 0.0720 0.0323 0.0240 b 0.0245 b 0.0260 b 0.02850 0.0402 0.0463 

X(nm) 481.8 485.6 490.2 496.8 499.4 500.4 a 503.2 509.4 
~(800~ 0.0727 0.0865 0.0986 0.11720 0.1377 h 0.1557 b 0.1404 0.1835 
~(860~ 0.0740 0.0850 b 0.0981 0.1177 0.1365 0.1500 0.1371 0.1745 
X(nm) 515.8 519.4 523.2 526.4 530.0 534.0 537.2 
~x(800~ 0.2412 0.2598 0.3105 0.3322 0.3913 0.4262 0.4963 
a~(860~ 0.2282 0.2391 0.2947 0.3140 0.3749 0.4090 0.4800 

472.9 
0.0572 
0.0574 b 

513.2 
0.2091 
0.1965 

Not a vibronic maximum. 
b The standard deviation in aA is less than 4% except for those values distinguished by a superscript "b?' For the latter, the standard devia- 

tion in a~ is between 4% and 5.5% for ax (800~ and 4% and 6.5% for a~ (860~ 
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Results 

General.--For m e r c u r y  p r e s s u r e s  h i g h e r  t h a n  0.30 a tm,  
a c o n t r i b u t i o n  d u e  to Te~(g) to t he  a b s o r b a n c e  in  t he  
255-340 n m  reg ion  was  f irst  s u b t r a c t e d  f rom t he  n e t  op- 
t ical  a b s o r b a n c e .  Th i s  c o n t r i b u t i o n  was  d e t e r m i n e d  f rom 
the  o b s e r v e d  Te2(g) a b s o r b a n c e  in t he  363-550 n m  reg ion  
a n d  t he  a s s u m p t i o n  t h a t  t h e  va lues  of  t he  Te2(g) 
a b s o r b a n c e  in  t h e  255-340 n m  reg ion  a n d  t he  va lues  in  
363-550 n m  reg ion  are  in  t h e  s a m e  ra t io  as o b s e r v e d  in  
p u r e  Te2(g) vapor .  T h e  Te2(g) c o n t r i b u t i o n  so d e t e r m i n e d  
was  n e v e r  g rea te r  t h a n  20% of t he  ne t  op t ica l  a b s o r b a n c e .  
T h e  v a l u e  of  P ~  was  t h e n  o b t a i n e d  as t he  ave rage  of  
va lues  ca l cu la t ed  w i t h  Eq. [3] a n d  t he  c o r r e c t e d  ne t  op- 
t ical  a b s o r b a n c e  at  two to five w a v e l e n g t h s  in  t h e  255-340 
n m  region.  The  s t a n d a r d  d e v i a t i o n  of  PHg was  genera l ly  
less  t h a n  -+4%. We e s t i m a t e  a n  u n c e r t a i n t y  of  a b o u t  -+5% 
in  t h e  v a l u e  of  Psi .  

W h e n  P,~ was  b e l o w  a b o u t  0.5 a tm,  t he  par t ia l  p r e s s u r e s  
of  Te2 a n d  Cd were  also c o n s i d e r a b l y  smal l e r  a n d  t h e  con- 
t r i b u t i o n  of fo re ign  gas  b r o a d e n i n g  to t he  253.7 n m  Hg 
l ine  was  a s s u m e d  to b e  negl ig ib le .  T he  a rea  o b t a i n e d  
f rom a t race  of  op t ica l  a b s o r b a n c e  vs. ~ was  u s e d  to calcu-  
la te  PHg w i t h  Eq.  [4] a n d  [5]. T he  va lues  of  PHg o b t a i n e d  
f r o m  two  m e t h o d s  gene ra l ly  ag reed  w i t h i n  the  exper i -  
m e n t a l  e r ror  of  5% in  t he  r a n g e  b e t w e e n  0.3 a n d  0.5 a t m  
w h e r e  b o t h  cou ld  b e  used .  

The  par t i a l  p r e s s u r e  of  Te2(g) was  ca l cu l a t ed  f r o m  the  
m e a s u r e d  opt ica l  a b s o r b a n c e  b e t w e e n  363,4 a n d  550.4 n m  
w h e r e  Hg(g) a n d  Cd(g) a b s o r p t i o n  is negl ig ib le .  The  
va lues  of  P2 ca l cu la t ed  for  t he  va r ious  w a v e l e n g t h s  w i t h  
Eq.  [7], T a b l e  II  a n d  T a b l e  II  of  Ref. (1) gene ra l l y  a g r e e d  
to w i t h i n  -+2%. T h e  ave r age  v a l u e  was  t aken .  T a k i n g  ac- 
c o u n t  of  t he  u n c e r t a i n t y  in  t he  B e e r  law p a r a m e t e r s  we 
e s t ima te  a n  u n c e r t a i n t y  of  a b o u t  -+5% in  t h e  va lue  of P2. 

The  a rea  of t he  t r a n s m i s s i o n  m i n i m a  for  Cd l ines  was  
m e a s u r e d  a n d  t he  q u a n t i t y  y'  o b t a i n e d  for  e a c h  run .  The  

fo re ign  gas  b r o a d e n i n g  c o n t r i b u t i o n ,  aF, was  ca lcu la ted  
w i t h  Eq. [15] a n d  [16]. T h e  s e l f -b roaden ing  coeff ic ient  
was  ca l cu la t ed  w i t h  Eq.  [ t3]  a n d  [14] a n d  t h e  m e a s u r e d  
v a l u e  of  PHg a n d  a n  in i t ia l  e s t i m a t e  for Pcd. T h e  q u a n t i t y  
x '  (or Pcd) was  so lved  n u m e r i c a l l y  for t he  g iven  y'  a n d  a ' .  
A t r ia l  a n d  e r ro r  r o u t i n e  (9) was  u s e d  to va ry  Pcd un t i l  t h e  
in i t ia l  a n d  final  va lues  for  Pcd ag reed  to w i t h i n  1%, The  
228.7 n m  Cd l ine  is s t r o n g e r  t h a n  t he  325.7 n m  l ine  a n d  
was  u s e d  to o b t a i n  Pcd f rom its lowes t  va lues  to a n  u p p e r  
l imi t  w h e r e  t h e  l ine  b e c a m e  a symmet r i c .  T h e  325.7 n m  
l ine  was  u s e d  to o b t a i n  Pcd in  i ts u p p e r  range .  In  t he  
r a n g e  w h e r e  re l iab le  m e a s u r e m e n t s  cou ld  b e  o b t a i n e d  for 
b o t h  l ines,  t he  va lues  of Pcd f rom each  one  genera l ly  
a g r e e d  to w i t h i n  15%. Wi th  t h e  old  va lues  of  a~ g i v e n  b y  
Eq.  [13] a n d  [14] t h e  a n a l o g o u s  c o m p a r i s o n  gave  agree-  
m e n t  on ly  to w i t h i n  a b o u t  a fac tor  of  two.  Over  t he  w h o l e  
r a n g e  obse rved ,  w e  e s t i m a t e  a n  u n c e r t a i n t y  of  a b o u t  
-+40% for Pcd- 

Pseudobinary,--The par t ia l  p r e s s u r e s  a long  t he  Te- 
s a t u r a t e d  t h r e e - p h a s e  c u r v e s  for  70 a n d  95 mJo CdTe,  
H g T e - C d T e  sol id so lu t ions  are l i s ted  for  r e p r e s e n t a t i v e  
r u n s  a n d  in  t he  o rde r  of  i n c r e a s i n g  s a m p l e  t e m p e r a t u r e  in  
Tab les  I I I  a n d  IV, respec t ive ly .  C o m p l e t e  t ab l e s  are  g iven  
e l s e w h e r e  (5). In  t h e  first  c o l u m n  of t he  tab les ,  e a c h  r u n  
is r e p r e s e n t e d  b y  a four -d ig i t  n u m b e r  w i t h  t he  f irst  two 
digi ts  i n d i c a t i n g  t he  da te  a n d  t he  las t  two  digi ts  t he  se- 
q u e n t i a l  n u m b e r  of  t he  r u n .  I t  can  be  s een  t h a t  a l t h o u g h  
t he  s a m p l e  t e m p e r a t u r e  was  ra i sed  a n d  l owered  severa l  
t i m e s  d u r i n g  t he  run ,  t he  m e a s u r e d  par t ia l  p r e s s u r e s  are 
r ep roduc ib l e .  T h e  s e c o n d  c o l u m n  gives  t h e  n u m b e r  of 
h o u r s  t h e  s a m p l e  was  a t  t h e  t e m p e r a t u r e  be fo re  m e a s u r e -  
men t .  The  t h i r d  c o l u m n  is t he  s a m p l e  t e m p e r a t u r e  in  
103/T, w h e r e  T is in  Kelvin .  T h e  las t  two c o l u m n s  are t he  
ca l cu l a t ed  va lues  for  t he  gross  compos i t i on ,  x a n d  y, of  
t he  c o n d e n s e d  p h a s e  or p h a s e s  e x p r e s s e d  b y  t h e  f o r m u l a  
(Hg,_.~Cd~)~Te,_~. T h e s e  va lues  we re  o b t a i n e d  f r o m  the  

Table III. Partial pressures (atm) over Te-saturated 70 m/o CdTe, HgTe-CdTe solid solution and composition x and y in the formula (Hgl_xCd~)uTe~_y. 
The contribution to the uncertainty in x and y due to that in the amount of each element in the gas phase is approximately proportional to PHg. For run 

2529, this contribution is _+ 2(10 -3) for x and -+ 7(10 -4) for y. 

Run Duration (h) 103/T PHg 10~ • P2 106 x Pcd x y 

2830 64 1.3214 0.0476 0.6156 - -  0,7002 0.4966 
2831 2 1.3081 0.0561 0.6748 - -  0,7002 0.4965 
2833 2 1.2685 0.0822 1.194 - -  0,7003 0.4965 
2117 3 1.2553 0.1042 1.420 - -  0,7003 0.4965 
2118 2.5 1.2265 0.1568 2.100 - -  0.7005 0.4964 
1401 90 1.1975 0.2577 3.035 - -  0,7008 0.4963 
2936 2.5 1.1661 0.3645 4.314 0.415 0,7012 0.4962 
1711 3.5 1.1397 0.5068 6.064 0.812 0.7016 0.4960 
1712 3 1.1053 0.7821 9.059 1.620 0,7025 0.4957 
2324 2 1.0862 1.0077 11.03 2.17 0.7032 0.4955 
1505 2 1.0642 1.4334 13.78 3.86 0.7045 0.4950 
1506 3 1.0389 2.0710 17.84 10.25 0.7065 0.4943 
1815 2.5 1.0288 2.4238 19.75 15.7 0.7076 0.4940 
2427 3.5 1.0092 3.2670 23.55 20.2 0.7101 0.4931 
1609 3 0.9849 4.9167 28.70 52.7 0.7152 0.4913 
2529 3.5 0.9639 7.0935 31.18 64.75 0.7209 0.4893 

Table IV. Partial pressures (atm) over Te-saturated 95 m/o CdTe, HgTe-CdTe solid solution. For run 1311, the uncertainty in x due to those in the 
amount of each element in the gas phase is -+ 10 -4, while that in y is • 3(10-~). For run 1519, the corresponding uncertainty in x is -+ 10 -3, that in y is 

2.9(10-4). 

Run Duration (h) 103/T PHg 10~ • P2 106 • x y 

1205 11 1.3015 0.0208 0.0823 - -  0.9501 0.4968 
1207 2.5 1.2262 0.0410 0.2384 0.472 0.9502 0.4968 
1208 2 1.1927 0.0559 0.3610 0.629 0.9503 0.4968 
1309 16 1.1600 0.0769 0.5622 1.04 0.9504 0.4967 
1310 2 1.1286 0.1087 0.8448 1.98 0.9505 0.4967 
1311 2 1.0861 0.1987 1.466 5.72 0.9510 0.4966 
1103 3 1.0487 0.300 2.342 14.00 0.9515 0.4965 
1104 2 1.0254 0.395 3.092 20.50 0.9519 0.4964 
1720 2.5 1.0150 0.468 3.440 30.2 0.9522 0.4963 
1721 1.5 0.9951 0.577 4.498 51.7 0.9527 0.4962 
1722 2 0.9754 0.760 5.566 - -  0.9535 0.4960 
1516 1 0.9545 0.969 6.740 145 0.9543 0A959 
1723 2 0.9451 1.1908 7.868 121 0.9554 0.4956 
1517 2 0.9342 1.3423 8.382 184 0.9559 0.4955 
1518 1.5 0.9142 1.7537 10.12 281 0.9577 0.4951 
1519 1,5 0.8974 2.2869 12.03 439 0.9600 0.4945 



946 J .  E l e c t r o c h e m .  S o c . :  S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  A p r i l  1 9 8 5  

k n o w n  w e i g h t  of  the  s t a r t i ng  mater ia l s ,  t h e  v o l u m e  
profi le  a n d  t he  c o r r e s p o n d i n g  t e m p e r a t u r e  profi le  a long  
t he  cell, a n d  t h e  a s s u m p t i o n  t h a t  Cd(g) a n d  Te2(g) are 
ideal  gases  whi l e  Hg(g) is a s l ight ly  i m p e r f e c t  gas w i t h  an  
e q u a t i o n  of  s ta te  g iven  b y  S u g a w a r a  a n d  Sa to  (10). The  
par t i a l  p r e s s u r e  of  Hg was  g rea te r  t h a n  t h a t  of  e i t he r  Te~ 
or Cd in  all of t he  m e a s u r e m e n t s .  C o n s e q u e n t l y  t he  con-  
d e n s e d  p h a s e  or p h a s e s  b e c a m e  p rog res s ive ly  p o o r e r  in  
Hg w i t h  i n c r e a s i n g  r e se rvo i r  t e m p e r a t u r e .  

The  u n c e r t a i n t y  in t h e  v a l u e  of x or y a r i ses  f r o m  two 
causes.  One  is due  to t h e  • m g  accu racy  in  t he  or ig ina l  
w e i g h i n g  of  e ach  e l ement .  Th i s  c o n t r i b u t e s  -+2(10 -5) or 
less to the  u n c e r t a i n t y  in  x a n d  y for t he  s a m p l e s  s t ud i ed  
in  t h i s  work .  The  o t h e r  is due  to t h e  u n c e r t a i n t i e s  in  t h e  
n u m b e r  of  moles  of  e a c h  e l e m e n t  in  the  gas phase .  These  
were  t a k e n  as +10% for Hg a n d  Te a n d  -+40% for Cd, al- 
l owing  n o t  on ly  for  a n  u n c e r t a i n t y  in  each  par t ia l  pres-  
sure,  b u t  also in  t he  s u m  of  t h e  v o l u m e - t o - t e m p e r a t u r e  ra- 
t io for  t he  v a r i o u s  s e g m e n t s  of the  opt ica l  cell. The  
r e su l t i ng  c o n t r i b u t i o n  to u n c e r t a i n t y  in x a n d  y f r o m  this  
s e c o n d  cause  is a p p r o x i m a t e l y  p r o p o r t i o n a l  to  PH~ a n d  is 
i n d i c a t e d  in  Tab les  I I I  a n d  IV, as wel l  as in  Tab le s  V-VIII ,  
w h i c h  are  d i s c u s s e d  later.  T h u s  t he  to ta l  u n c e r t a i n t y  in  x 
(or y) is [4(10: TM) + ~2],~, w h e r e  ~ is t h e  c o n t r i b u t i o n  f r o m  
the  s e c o n d  cause  a n d  can  be  o b t a i n e d  b y  i n t e r p o l a t i o n  
f rom the  i n f o r m a t i o n  in  each  table .  

The  par t ia l  p r e s s u r e s  a long  the  Te - sa tu ra t ed  t h r ee  
p h a s e  c u r v e s  are s h o w n  in  Fig. 1, 2, a n d  3 for, respec-  
t ively,  Psg, P2, a n d  Pod. T h o s e  da ta  d e t e r m i n e d  p rev ious ly  
(1, 2, 5, 1 1 ) f o r  CdTe  of  0, 10, 20, 40, a n d  60 m/o are also 
s h o w n  for  compa r i s on .  Nea r  the  10 -2 a t m  lower  l imi t  of  
m e a s u r e m e n t  in  Fig. 1, t he  da ta  for  95 a n d  70 m/o CdTe  
s h o w  c u r v a t u r e  a n d  P ~  for  60 m/o is lower  t h a n  t h a t  for 
70 m/o. The  la t te r  effect  is p r o b a b l y  d u e  to e x p e r i m e n t a l  
error .  T h e  sol id c u r v e s  in  Fig. 1 a n d  2 are  ca l cu la t ed  (4) 
w i t h  a n  a s soc ia t ed  so lu t i on  m o d e l  for t he  l iqu id  w i t h  spe- 
cies Hg, Cd, Te, HgTe,  a n d  CdTe.  T he  c loseness  of Pod for 
va r ious  x va lues  s een  e x p e r i m e n t a l l y  in  Fig. 3 is also 
g iven  theo re t i ca l ly  (4). 

T e r n a r y  r u n s . - - T a b l e s  V-VIII  give the  par t ia l  p r e s s u r e s  
for  r e p r e s e n t a t i v e  r u n s  w i t h  four  Te- r ich  samples .  Com- 
p le t e  t a b l e s  are g iven  e l s e w h e r e  (5). F i gu r e s  4 a n d  5 s h o w  
the  p lo t  of log (Pag) v s .  103/T for  e ach  sample .  T he  l i qu idus  
t e m p e r a t u r e  for  e ach  t e r n a r y  c o m p o s i t i o n  was  deter -  
m i n e d  b y  t he  c h a n g e  of t he  s lope  on  t he  p lo t  ( d e n o t e d  by  
s y m b o l  X). B y  c o m p a r i n g  PH~ at  t he  l i qu idus  t e m p e r a t u r e  
w i t h  t h o s e  for t he  va r ious  Te - sa tu ra t ed  sol id  so lu t ions  
s h o w n  in Fig. 1, t he  c o m p o s i t i o n  of t he  sol id so lu t ion  in 
e q u i l i b r i u m  w i t h  t h a t  l i qu id  was  d e t e r m i n e d  b y  in te rpo la -  
t ion.  Tab le  IX  s u m m a r i z e s  the  ] iqu idus  t e m p e r a t u r e ,  t he  
par t ia l  p r e s su re s  of  Hg, Cd, a n d  Te~ at  t h a t  t e m p e r a t u r e ,  
a n d  t h e  c o m p o s i t i o n  of  t he  coex i s t ing  sol id  so lu t ion ,  for 
e ach  t e r n a r y  run.  T he  leas t  p rec i se  q u a n t i t i e s  are  t he  
l i qu idus  t e m p e r a t u r e  a n d  t he  x va lue  of  t he  coex i s t ing  
sol id so lu t ion ,  t he  e s t i m a t e d  u n c e r t a i n t i e s  for  t h e s e  are 
g i v e n  in  Tab le  IX. 
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Fig. 1. Partial pressures of Hg along the Te-saturated three-phase 

curves for various values ofx in Hg~_~CdxTe solid solutions as a func- 
tion of 103/T. Open triangles: x = 0.0 [Ref. (11 )]. Circles: 0.094 [Ref. 
(2)]. Solid triangles: 0.196 [Ref. (5)]. Crosses: 0.197 [Ref (2)]. 
Squares: 0.39 [Ref. (5)]. X's: 0.416 [Ref. (1)]. Diamonds: 0.$81 [Ref. 
(2)]. Inverted triangles: 0.70. X's with superimposed squares: 0.95. 
Solid lines are the calculated results from Ref. (4) for x-values labeled 
adjacent to the lines. 

Analysis 
For  a sol id so lu t ion ,  (A,_rB~),C,_,(s), w i t h  A a n d  B 

a t o m s  o c c u p y i n g  t he  s i tes  of  one  sub la t t i ce  a n d  C a t o m s  
o c c u p y i n g  t he  s i tes  of t h e  o t h e r  sub l a t t i c e  of  t h e  s t ruc-  
ture ,  i t  can  be  s h o w n  theo re t i ca l ly  (12) t h a t  t he  s u m  of t he  
c h e m i c a l  po ten t i a l s  of  A a n d  C a n d  t h a t  of  B a n d  C in  the  
sol id are each  i n d e p e n d e n t  of  t he  c o m p o s i t i o n  y, i f  y is 
con f ined  to va lues  n e a r  1/2, i .e.  

~A S + ~c S = /ZAC ~ ( T , x )  [17] 

~,~ + ~ c  ~ = ~Bc s ( T , x )  [18] 

T h u s  AC a n d  BC can  be  c h o s e n  as t h e r m o d y n a m i c  com- 
p o n e n t s  of  t he  sol id  so lu t i on  w h o s e  c h e m i c a l  po t en t i a l s  
are i n d e p e n d e n t  of  t h e  C to A + B a t o m  ratio.  E q u a t i o n s  
[17] a n d  [18] ho ld  w i t h i n  e x p e r i m e n t a l  e r ro r  (1, 2) for  
(Hg, x C d ~ ) , T e , _ , ( s ) .  F r o m  the  q u a n t i t a t i v e  ana lys i s  of 
T u n g  e t  a l .  (2), t he  sol id so lu t ion  of  H g T e  a n d  C d T e  is al- 
m o s t  ideal .  We wil l  t h e r e f o r e  cha rac t e r i ze  t h i s  so l id  solu- 
t i on  by  a s s u m i n g  t h a t  i ts  c o m p o n e n t s  m i x  l ike  a quasi-  
r egu la r  solut ion,  i .e .  

~H,Te s = ( W  - V T )  x 2 + R T  In (1 - x) + ~sgTe ~'~ [19] 

~CdTe s = (W - VT) (1 - x )  ~ + R T  in  x + ~CdT~ ~'') [20] 

w h e r e  W a n d  V are  t he  i n t e r a c t i o n  c o n s t a n t s  to be  deter-  
m i n e d .  

Table V. Partial pressures (atm) over Te-rich ternary sample TER- 1 and compositionx and y in the formula (Hgi_.,,Cd:,.),Tel_,. The contribution to the 
uncertainties in x and y d ue to those in the amounts vaporized are, respectively, • 4(10-5) and • 6(10-'~) for run 0420 and • 5(10-4) and • 7(10-4) 

for run 0730. 

Run Duration (h) 10:~/T Px, 10:~ • P~ 107 • P('d x y 

0214 2 1.3731 0.0274 0.258 - -  0.1047 0.1877 
0215 0.6 1.3536 0.0517 0.361 - -  0.1048 0.1876 
0216 1 1.3303 0.0534 0.459 - -  0.1048 0.1876 
0317 11 1.3018 0.0815 0.639 - -  0.1048 0.1875 
0318 1.3 1.2875 0.102 0.787 - -  0.1049 0.1875 
0319 1.5 1.2680 0.134 1.10 - -  0.1049 0.1874 
0936 1 1.2540 0.177 - -  - -  - -  
0420 11 1.2502 0.184 1 .~  0.522 0.1051 0.1672 
0938 1 1.2282 0.235 - -  - -  - -  
0522 10.5 1.2236 0.245 1.850 0.936 0.1052 0.1870 
2302 11 1.2035 0.292 2.39 1.99 0.1053 0.1868 
0625 4 1.1700 0.406 3.87 2.85 0.1056 0.1865 
0626 4.5 1.1449 0.525 5.30 4.80 0.1058 0.1861 
2305 1 1.1080 0.717 8.44 12.2 0.1062 0.1855 
0729 1 1.0489 1.358 19.9 54.5 0.1077 0.1835 
0730 2 1.0153 2.099 27.8 65.8 0.1094 0.1812 
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Table Vl. Partial pressures (atm) over Te-rich ternary sample TER-2 and composition x and y in the formula (Hgi_~Cd~)~ Te,_~. The uncertainties in the 
amount of each element vaporized contributes • 4(10-~) to the uncertainty in x a n d  4- (10-4) to that in y for run 2818. For run 0955, the corresponding 

uncertainties are -+ 5(10 -4) and • 1.2(10 -3) 

Run Durat ion (h) 1O3/T Pug 1O ~ x P2 1O 7 x Pod x y 

0742 54 1.4473 0.0125 0.090 - -  0.0605 0.2001 
0128 3.7 1.4012 0.0232 0.170 - -  0.0605 0.2001 
0229 9.5 1.3691 0.0363 0.258 - -  0.0605 0.2000 
3025 6 1.3436 0.0479 0.466 - -  0.0605 0.2000 
0440 1.5 1.3270 0.0680 0.455 - -  0.0606 0.2000 
0232 2.7 1.3118 0.0838 0.545 - -  0.0606 0.1999 
2923 1 1.3006 0.106 0.652 0.115 0.0606 0.1998 
2922 1.5 1.2824 0.133 0.841 0.238 0.0606 0.1998 
0334 1.3 1.2722 0.159 0.955 0.186 0.0607 0.1997 
2921 1.2 1.2641 0.165 1.04 0.293 0.0607 0.1997 
1906 2 1.2402 0.246 1.47 0.352 0.9607 0.1994 
2818 11.5 1.1821 0.379 3.16 2.29 0.0609 0.1991 
2717 1.5 1.1574 0.513 4.33 3.48 0.0610 0.1987 
2008 4 1.1378 0.660 5.72 18.7 0.0612 0.1983 
2715 1.5 1.0923 0.989 10.6 1 4 . 0  0.0616 0.1973 
2309 60 1.0724 1.30 13.8 53.0 0.0619 0.1965 
0954 1.6 0.9866 3.53 40.6 138 0.0644 0.1902 
0955 2 0.9555 4.35 67.6 219 0.0652 0.1883 

Table VII. Partial pressures (atm) over Te-rich ternary sample TER-3 and composition x and y in the formula (Hg,_~Cdx)yTe,_y. The uncertainties in the 
amount of each element vaporized contributes an amount to the uncertainty in x and y, that is, respectively, • 6 ( 1 0 - 9  and • 2(10-4) for run 2320 and 

_+ 7.6(10 -3) and • 1 .6 (10-9  for run 2426. 

Run Durat ion (h) 10a/T PHu 10 3 X P2 10 7 X Pcd X y 

1910 13 1.3933 0.0092 0.241 - -  0.2112 0.0786 
2946 1 1.3739 0.0120 . . . .  
1911 2.5 1.3465 0.0164 0.442 - -  0.2113 0.0786 
1912 2.5 1.3220 0.0217 0.634 - -  0.2113 0.0786 
1807 10 1.3089 0.0257 . . . .  
2013 18 1.2907 0.0327 0.981 - -  0.2114 0.0785 
1706 5.5 1.2692 0.0418 1.28 0.206 0.2115 0.0785 
2115 9 1.2323 0.0630 2.13 0.558 0.2117 0.0784 
1704 11 1.2172 0.0766 2.58 0.816 0.2119 0.0784 
1603 5 1.1662 0.138 5.35 1.72 0.2125 0.0782 
2527 12 1.1333 0.208 8.16 3.15 0.2132 0.0779 
1601 43 1.0804 0.345 17.2 10.6 0.2145 0.0775 
2320 12 1.0455 0.552 25.3 24.7 0.2166 0.0768 
2321 2.5 1.0222 0.730 34.2 32.9 0.2184 0.0762 
2528 3 1.0029 1.29 45.3 28.0 0.2242 0.0744 
2529 3 0.9869 2.64 55.9 60.9 0.2397 0.0699 
2530 2 0.9625 3.27 77.0 81.6 0.2460 0.0683 
2426 2 0.9492 5.0 92.7 - -  0.2694 0.0627 

I t  is  a s s u m e d  t h a t  C d  a n d  Te2 b e h a v e  i d e a l l y  i n  t h e  
v a p o r  p h a s e .  I t  i s  f u r t h e r  a s s u m e d  t h a t  t h e  f u g a c i t y  of  Hg ,  
fHg, is  t h a t  e x t r a c t e d  f r o m  t h e  e q u a t i o n  o f  s t a t e  fo r  Hg(g )  
g i v e n  b y  S u g a w a r a  a n d  S a t o  (10), i.e. 

10 -I  l I i i , J ~ i ~ , i I i , r , I , , , i 
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Fig. 2. Partial pressures of Te~ along the Te-saturated three-phase 

curves for various x values of Hgl_xCdzTe(s). Upper solid line labeled 
P2 ~ represents the vapor pressure of Te(s,I). Symbols have the same 
meaning as indicated in the caption of Fig. 1. Solid lines are the cal- 
culated results from Ref. (4) for various x values. 

bffHg(g)) =- R T  In  fHg = R T  In  PHg + 4857.6PHg 

( - 1 . 7 9 3 / T  + 2 5 1 / T  2 + 0.001071) [21] 

w h e r e  PHg is  i n  a t m o s p h e r e s  a n d  tz i n  c a l o r i e s  p e r  g r a m  
a t o m .  O n e  t h e n  o b t a i n s  t h e  c h e m i c a l  p o t e n t i a l s  o f  H g T e  
a n d  C d T e  r e l a t i v e  to  t h e  p u r e  g a s  s p e c i e s  Hg ,  Cd,  a n d  Te2, 
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Fig. 3. Partial pressures of Cd along the Te-saturated three-phase 
curves for various x values of Hg,_xCd~Te(s). Symbols have the same 
meaning as in the caption of Fig. 1. 
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Fig. 4. Partial pressures of Hg over Te-rich ternary samples TER-I 

(triangles) and TER-4 (inverted triangles) as a function of IOS/T. 
Liquidus points are indicated by X's. 
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Fig. 5. Partial pressures of Hg over Te-rich ternary samples TER-2 

(triangles) and TER-3 (inverted triangles). Liquid points indicated by 
X's. 

each at 1 atm, as 

~ ( x , T )  = R T  In fHgP2 u2 [22] 

~CdTe s (x,T) = R T  In PcdP2 '~2 [23] 

The chemica l  potent ia l  of  HgTe in pure  HgTe(s) was  
t aken  f rom a r ecen t  r ede t e rmina t ion  by  S u e t  a t .  (11) as 

~ r ,  ~,~ (cal) = -40642.4 + 41.6447T [24] 

The value of  th is  chemica l  potent ia l  is c la imed  to be accu- 
rate  to 270 cal at the  95% conf idence  limit. The quan t i ty  
W - V T  was  t h e n  calcula ted  wi th  Eq. [19], [22], and  [24] for 
each  m e a s u r e m e n t  of  the  part ial  p r e s su re s  over  the  70 
and  95 m/o CdTe solid so lu t ions  for w h i c h  the  compos i -  
t ion of  the  c o n d e n s e d  phase ,  x, was  less  t h a n  0.71 and 
0.96, respec t ive ly .  The resu l t s  are s h o w n  in Fig. 6 in 
w h i c h  54 po in t s  for x = 0.70 and  0.95 give e x p e r i m e n t a l  
values  for W - V T  tha t  are r e p r e s e n t e d  wi th in  a s t an d a rd  
devia t ion  of 117 cal by  the  equa t ion  

W - V T  = 4297.1 - 3.5750T (cad [25] 

The  var iables  f o r m e d  by  calcula t ing W - V T  with  Eq. [25] 
at each  t e m p e r a t u r e  can be t r a n s f o r m e d  so tha t  the  mar- 
ginal  d i s t r ibu t ion  for each  of  the  t r a n s f o r m e d  var iables  is 
the  S t u d e n t  t d i s t r ibu t ion  wi th  52 degrees  of  f r e e d o m  (13). 
Based  on this,  one  conc ludes  that  at each  t empera tu re ,  
the  value of  W - V T  f rom Eq. [25] is wi th in  210 cal of  the  
t rue  value at the  95% conf idence  limit. 

The chemica l  potent ia l  of  CdTe was  no t  u sed  to obta in  
W - V T  because  o f  the  fo l lowing facts:  (i) t he  chemica l  
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Fig. 6. The quantity, W - VT,  calculated using Eq. [19], [22], and 
[24] for x = 0.70 (triangles) and x = 0.95 (squares) in the formula 
Hgl_xCdxTe(s), as a function of T in Kelvin. Straight line is the least 
squares fit to these points. 

potent ia l  of CdTe  for pure  CdTe(s), t~cdve-s'~ is appa ren t ly  
unce r t a in  by abou t  1 kcal [see Ref. (2)], ( i i )  the  values  of  
Pcd are no t  as accura te  as those  of  P ~ ,  and  ( i i i )  in  the  pro-  
c_ess of  c_alculating W - V T  one d iv ides  a small  quant i ty ,  
t~CdTe s -- t~cd~e "'~ by  ano the r  small  quant i ty ,  (1 - x) 2, magni -  
fying the  e x p e r i m e n t a l  error  t r emen d o u s l y .  [For x = 0.70 
and  0.95, (1 - x) 2 is 0.09 a n d  0.0025, respect ively.]  The  

Table VIII. Partial pressures (atm) over Te-rich ternary sample TER-4 and composition x and y in the formula (Hgz_xCd~,)~Te~_,. The uncertainties in 
the amount of each element vaporized contributes an amount to the uncertainty in x and y, that is, respectively, 2 4(10-5) and 2 6( 10 -'~) for run 1209 

and 2 5(10 -4) and --- 7(10 -4) for run 1927 

Run Duration (h) IO~/T PH, 10 :' • P~ 107 • x y 

1413 18 1.3613 0.0447 0.2981 - -  0.1281 0.2579 
2544 1 1.3395 0.0614 - -  - -  0.1281 0.2579 
1312 2.5 1.3250 0.0737 0.5099 - -  0.1281 0.2578 
1311 10 1.2918 0.1149 0.7372 - -  0.1282 0.2577 
1210 2.5 1.2579 0.1870 1.165 - -  0.1283 0.2576 
1209 4 1.2349 0.2434 1.479 - -  0.1284 0.2574 
1208 34 1.2117 0.3321 2.118 0.135 0.1285 0.2572 
1007 3 1.1911 0.4416 2.637 0.271 0.1287 0.2569 
1006 13 1.1709 0.5567 3.529 0.389 0.1289 0.2567 
0905 3 1.1447 0.7477 4.676 0.656 0.1292 0.2562 
1722 20 1.1331 0.8814 5.3944 0.730 0.1294 0.2559 
0904 2.5 1.1217 1.0035 6.429 1.480 0.1296 0.2556 
1724 2.5 1.0921 1.3160 8.9066 2.45 0.1301 0.2549 
0802 3 1.0541 1.9457 14.24 9.31 0.1311 0.2534 
1926 2 1.0376 2.269 17.097 11.5 0.1316 0.2527 
1927 2 1.0159 2.7659 22.048 14.5 0.1324 0.2516 
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Table IX. Liquidus composition XHg L, xca L, and xTe L, liquidus 
temperature, TL, partial pressures at liquidus temperature (atm), and the 
compositions of the coexisting solid solution given by x~ in the formula 

Hg~_~Cdx~Te for Te-rich ternary samples TER-1 to TER-4 

Cell TER-1 TER-2 TER-3 TER-4 

xMg L 0.168 0.188 0.062 0.225 
Xcd L 0.020 0.012 0.0166 0.033 
xTe L 0.812 0.800 0.9214 0.742 
TL(~ 527.5 --+ 3 512.8 --+ 5 505.7 -+ 9 606.4 --+ 3 
P~g 0.187 0.158 3.64 • 10 -2 0.86 
Pca 2.3 x 10 -8 1.15 • 10 -s 9.5 x 10 -~ 3.9 x 10 -7 
P2 1.32 x 10 -3 9.6 • 10 -4 1.07 • i0 -3 5.25 • 10 -3 
x~ 0.304 -+ 0.03 0.19 -+ 0.03 0.86 -+ 0.01 0.43 + 0.026 

chemica l  potent ia ls  of  H g T e  for the lower  x values  were  
also omi t t ed  for a reason analogous to (iii) above.  

With Eq.  [19], [20], and [25], one  obtains 

AHM (cal) = (4297.1 -+ 49.9)x(1 - x) [26] 

and 
ASM (caYK) = (3.5750 -+ 0.0539)x(1 - x) 

+ 1.987 [x In x + (1 - x) in (1 - x)] [27] 

for the  format ion  of the  solid solut ion accord ing  to 

(1 - x) HgTe(s)  + xCdTe(s)  --~ Hg,_xCd~.Te(s) [28] 

The  uncer ta in t ies  g iven  in Eq.  [26] and [27] are calculated 
at the  95% conf idence  l imit  wi th  a general izat ion of  the 
S tuden t  t var iable  (13). 

Discussion 
The  gross compos i t ion  of  the  condensed  phase  or 

phases,  x and y g iven  in Table  III-VIII,  changes  dur ing  
the  expe r imen t s  due  to the  preferent ia l  vapor iza t ion  or 
condensa t ion  of  Hg. F r o m  the  Pug and P2 data, the  70 and 
95 m/o CdTe  solid solut ion samples  appear  to be  Te- 
sa tura ted  even  at the  lowes t  sample  t empera tu re s  mea- 
sured.  Therefore ,  the  c o n d e n s e d  phase  was a mix tu re  of  
l iqu id  and solid phases  and the  part ial  pressures  mea- 
sured  were  those  in equ i l i b r ium wi th  a solid solut ion of  
u n k n o w n  compos i t ion  which  can only be  de te rmined  
f rom the  t ie l ine at that  t empera ture .  However ,  s ince the  
va lue  of  y is ve ry  close to 1/2 for each run, the  composi-  
t ion of  the  solid solution,  x, coexis t ing  wi th  the  sample  
shou ld  be  very  close to the  gross x va lue  of  the  condensed  
phases.  Therefore,  we set a cr i ter ion for the  data  and take 
all runs  wi th  an x va lue  wi th in  1% of the  s tar t ing value,  Xo, 
as accep tab le  data  for th# three-phase  curve  of  the  solid 
so lu t ion  Hg,_xoCdroTe. Hence ,  those  runs  wi th  103/T lower  
than  1.0092 for HCT-70 and 0.8974 for HCT-95 were  not  
accep ted  as the  part ial  pressures  of, respect ively ,  x = 0.70 
and 0.95 solid solut ions and were  not  inc luded  in the  anal- 
ysis. 

N u m e r o u s  analyses  (14) have  been m a d e  to de t e rmine  
the  in terac t ion  parameters  of  p s e u d o b i n a r y  solid solu- 
tions. These  were  indi rec t  in that  the  in te rac t ion  parame-  
ters were  obta ined  f rom a fit to the  p seudob ina ry  solidus 
and/or  l iquidus  by a s suming  s imple  solut ion mode ls  for 
the  l iquid  and solid phases .  In  this paper ,  these  parame-  
ters are obta ined  more  direct ly  for Hg,_xCdxTe(s). Re- 
cently,  Brebr ick  et al. (4) have  fit the  phase  d iag ram and 
t h e r m o d y n a m i c  proper t ies  in the  Hg-Cd-Te system,  in- 
c lud ing  the  data  repor ted  here, by  a s suming  an associa ted 
solut ion mode l  for the  l iqu id  and a quas i regular  mode l  for 
the  solid solution. Their  resul t  for W - V T  (cal) is g iven  by 

W - V T  = 1385 - 0.8452T [29] 
Compar ing  this wi th  Eq. [25], one finds the  ind iv idual  
va lues  for W and V are ve ry  different,  bu t  the  va lue  of  
W - V T  only differs 89 cal at 1100 K and 456 cal at 900 K. 

The  part ial  pressures  for the  te rnary  samples  are l is ted 
in Table  V-VIII.  Those  part ial  pressures  wi th  sample  tem- 
pera tu re  lower  than  the  l iquidus  t empera tu re  (given in 
Table  IX) should be  cons idered  with  care. They  are the  
part ial  pressures  over  a l iquid-solid,  two-phase  mix ture ,  
whose  gross or overal l  compos i t ion  is g iven  by the  x and 
y va lues  in the  tables. The  individual  compos i t ions  of  the  
l iquid  and the  solid have  not  been  de termined .  For  those  
runs  wi th  sample  t empera tu res  h igher  than  the  l iquidus 
tempera ture ,  the  compos i t ion  of l iquid  phase  is, of  
course,  g iven  by x and y, and these  data  have  been  used  
in the  fit of  the  Hg-Cd-Te phase  d iagram (4). 

The  l iquidus  t empera tu re s  and tie-line data  in the  Te- 
r ich por t ion  of  the  phase  diagram, i.e., y < 1/2, have  been  
de t e rmined  exper imen ta l ly  by var ious  t echn iques  (15-17). 
The  mos t  comple te  and rel iable  l iquidus  t empera tu re s  
were  repor ted  by H a r m a n  (15) us ing visual  observa t ion  of 
the  last- to-melt  crystals. He also es tabl ished the  tie-line 
data by analyzing the  compos i t ion  of  epi taxia l ly  g rown 
films. E x c e p t  for run  TER-3, which  is out  of  the  composi-  
t ion range  he covered  and no t  so rel iable  as the  others  
due  to the  "no t  so apparen t "  break  in the  s lope of  log (Pug) 
vs. 103/T plot  as shown in Fig. 5, our  l iquidus  t empera -  
tures  and tie-line data  agree wel l  wi th  his results.  The  in- 
te res ted  reader  can m a k e  a more  detai led compar i son  
wi th  the  aid of  Fig. 10 and 11 of  Ref. (3). It  is wor th  no t ing  
that  the  optical  absorbance  m e a s u r e m e n t  used  here  is a 
static t e chn ique  and so the  possible  error  due  to large su- 
percool ing  effects for Te-r ich mel ts  is e l iminated.  
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Measurements of Temperature Dependent Stress of Silicon Oxide 
Films Prepared by a Variety of CVD Methods 
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A B S T R A C T  

We repor t  the  stress as a funct ion  of  t empera tu re  of films of undoped  and doped  si l icon oxide. These  mater ia ls  were 
prepared  by chemica l  vapor  depos i t ion  (CVD) from a var ie ty  of  chemical  reactions,  unde r  different physical  condit ions,  
and inc lude  D A D B S  (450 ~ 500 ~ and 550~ TEOS (500 ~ and 685~ silane + o x y g e n  (400 ~ 410 ~ and 440~ wet  oxygen  
(950~ and p lasma-enhanced  (PECVD) silane + ni t rous  ox ide  (250~ Data  f rom each oxide  were  sub jec ted  to a l inear 
least  squares  analysis and the  first-order equa t ion  thus  ob ta ined  was used to calculate  the  stress at 28~ and at the  depo- 
sition t empera tu re ,  the  so-called intr insic stress. F r o m  the s lope of the line, we found  the  thermal  coefficient  of  expan- 
s ion of  the  ox ides  a lmos t  always to be  less than  that  of  <100> silicon. Dopants  such  as phosphorus  and  especial ly  the  
combina t ion  boron  and phosphorus  lower  the  intrinsic stress of an oxide  film rela t ive  to the  u n d o p e d  mater ia l  and 
cause the rate of  change  of  stress wi th  t empera tu re  to be  relat ively flat. Excep t  for 8% P- and 2,5% B,P-glass, oxides  de- 
posi ted  be low 500~ show a the rmal  hys tere t ic  effect  on heat ing  to 450~ in air. Invar iably  the  films b e c o m e  more  ten- 
sile stressed,  wh ich  mus t  resul t  f rom a shr inking  and/or  an  ex t rus ion  of  a toms from the  mat r ix  of  the  oxide.  In contrast,  
the rmal ly  g rown  ox ide  exhib i t s  a dec ided  compress ive  stress that  shows no hysteresis .  No doubt  this resul ts  f rom oxy- 
gen a toms in t rud ing  into the  surface of  the  sil icon lat t ice as the  ox ide  layer grows. 

F i lms  of  doped  or u n d o p e d  sil icon oxide  can be depos- 
i ted on surfaces f rom a var ie ty  of chemica l  react ions  and 
unde r  different  phys ica l  condit ions.  For  example ,  SiO2 is 
g rown  on a si l icon surface at 950~ in a we t  oxygen  ambi- 
ent, whi le  a form of s i l icon oxide  is depos i ted  on a wafer  
main ta ined  at 200~ f rom a p lasma of si lane and ni t rous 
oxide.  Fur the rmore ,  ox ide  films are  depos i t ed  at 
400~176 f rom the  react ion of silane and oxygen.  In  ad- 
dit ion, the  decompos i t i on  of  selected organosi] icon esters 
and anhydr ides  at r educed  pressure  in the  t empera tu re  
range 400~176 can  p roduce  ox ide  films. Moreover ,  it is 
often possible  to dope  these  films wi th  several  percent  
boron and phosphorus .  Not  too surpris ingly,  the  physical  
proper t ies  of  the  oxides  p repared  in these  di f ferent  ways 
differ. In  this report ,  we will  be  concerned  wi th  the  stress 
induced  in a <100> si l icon wafer  by a si l icon ox ide  film. 
We will  discuss the  intr insic stress, i.e., the  stress of  the 
as-deposi ted  film at its depos i t ion  tempera ture ,  and the  
rate of  change  of  stress wi th  tempera ture .  

Experimental Technique 
Mater ia l s .  The  s i l icon wafers  were  of  <100> orienta- 

tion, e i ther  3 or 4 in. in d iamete r  and be tween  0.021 and 
0.023 in. thick. Us ing  s tandard  low pressure  chemica l  
vapor  depos i t ion  (LPCVD) or p la sma-enhanced  chemica l  
vapor  deposi t ion  (PECVD) techniques l  si l icon oxides  
were  depos i ted  on si l icon wafers  f rom a var ie ty  of  chemi-  
cal sources  at a t empera tu re  appropr ia te  for the  method  
employed .  These  sources  inc luded  d iace toxydi te r t ia rybu-  
toxyls i lane  (DADBS) (1); t e t rae thoxys i lane  (TEOS); sil- 
ane, phosphene ,  and o x y g e n  (P-glass); s team (FOX); sil- 
ane and ni trous ox ide  (PECVD). Phosph ine  and t r imethyl  
bora te  were  used  to incorpora te  the  dopants  phosphorus  
(P) and boron  (B), respect ively ,  in TEOS-ox ide  films. 
Phosphine ,  d iborane,  silane, ,and o x y g e n  were  used  to 
p repare  B,P-glass. 

M e a s u r e m e n t  o f  s t r e s s . - -S t re s s  of depos i ted  ox ide  films 
was measu red  us ing  an opt ical ly  leveraged laser  b e a m  ap- 
para tus  (2). The m e t h o d  involves  the de te rmina t ion  of  the 
change  in the  radius  of  curva ture  of  a si l icon wafer  
caused  by a th in  ( -  10,000•) film of oxide.  The  stress,  ~, 
is inverse ly  propor t iona l  to the  change in this radius and 
can be calculated if Young ' s  modu lus  and Poisson ' s  ratio 
of  the  substra te  are k n o w n  (2, 3). U s i n g  the  appropr ia te  
va lues  of  the  var ious  coefficients g iven  in Ref. (2 and 3), 
the stress of  any wafer  was calculated as 

= 1.51 • 107 (D'2/t) (Ad) dyne  cm -2 [1] 

where  D is the  th ickness  of the  wafer  in mils, t is the  film 
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th ickness  in thousands  of  Angs t roms,  and hd is the dis- 
p l a c e m e n t  of  the laser  b e a m  spot  in cent imeters .  

The  apparatus  can be used  to de te rmine  the  stress as a 
func t ion  of  t empera tu re  (2, 4). The  stress at a par t icular  
t empera ture ,  o-t, can be expressed  as (5) 

(rt = o-i + (Tt - Td) - - E l  (as - ~f) [2] 
1 - -  1 ) f  �9 

where  Ef is Young ' s  modu lus  of  the film, vf is Poisson ' s  
ratio of  the  film, as and af are the coefficients of the rmal  
expans ion  of  the  subs t ra te  and film, respect ively ,  T, is 
the  t empera tu re  of  interest ,  Td is the  depos i t ion  tempera-  
ture, and at is the  so-called intr insic stress. Equa t ion  [2] 
impl ies  that  the t empera tu re  dependence  of  the  stress is 
re la ted to the  the rmal  expans ion  coefficients of the  sili- 
con wafer  and the  oxide  film 

d(r Ef 
- - -  ( ~ s  - a f )  [ 3 ]  

d T  1 - vf 

F r o m  the  s ign ofd(r /dT,  it is possible  to de t e rmine  the  rel- 
at ive magn i tudes  o f  a~ and  at.. 

Usua l ly  two wafers  were  used  to measure  the  stress vs. 
t empera tu re  character is t ics  of  any g iven  depos i ted  si l icon 
oxide.  First,  the  values  for the  laser  b e a m  spot  displace- 
m e n t  of  the uncoa ted  wafer,  du, were  measu red  at six tem- 
pera tures  close to 28 ~ 100 ~ 200 ~ 300 ~ 400 ~ and 450~ The 
values  for the  b e a m  d i sp lacemen t  after appl ica t ion of  the 
oxide  film, de, were  remeasured ,  and f rom the  difference,  
dc - du, a hd  was obta ined  that  was used  in Eq. [1] to cal- 
culate  the  stress at the  t empera tu re  of  the  measuremen t .  
Af ter  a l lowing the  coated wafer  to cool to room tempera-  
ture, the  stress was r emeasu red  over  the  same tempera-  
ture range to de t e rmine  the  extent ,  i f  any, of  a hysteresis .  
Data f rom each oxide  were  sub jec ted  to a l inear  least  
squares  analysis,  and the  first-order equa t ion  thus  ob- 
ta ined was used  to c o m p u t e  the  stress at 28~ and at the  
deposi t ion t empera tu re ,  the  intr insic  stress, c~i, and the 
value  of  d~/dT.  The assumpt ion  that  the  stress vs. t emper-  
ature curve  is l inear  wi th in  the  t empera tu re  range investi-  
ga ted  is suppor ted  by the  findings of  o ther  work  (3, 5). 

F i l m  s h r i n k a g e . - - D A D B S - o x i d e  (1) was depos i t ed  on 
si l icon wafers at 410 ~ 450 ~ 500 ~ 550 ~ and 600~ respec- 
tively. The  wafers were  annea led  in an argon a tmosphe re  
at 900~ for lh.  F i lm th ickness  before  and after anneal ing  
was de te rmined  by an opt ical  measurement .  

E t c h i n g . - - A n  optical  m e t h o d  was used to de t e rmine  the 
decrease  of  the  th ickness  of  si l icon oxide  on wafers  that  
had been  immersed  for 1 min  in 19~ 7: l -buffered  
hydrof luor ic  acid. The  s t ress / t empera ture  relat ion had 
prev ious ly  been  de t e rmined  for each of  these  wafers.  

950 
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Table I. Stress of various silicon oxides 

Stress, crt 
Deposition (109 dyne cm -2) 

Oxide Method temp., ~ o'~ o-~ 
Slope, dcr/dT 

(10 ~ dyne cm -2 deg -~ ) 

DADBS LPCVD 450 1.27 4.82 8.42 
DADBS LPCVD 500 1.29 4.99 7.84 
DADBS LPCVD 550 0.58 4.84 8.15 
DADBS/O~ LPCVD 500 -0.68 3.47 8.81 
4%P-DADBS LPCVD 550 -0.60 1.98 4.94 

TEOS LPCVD 685 0.49 3.82 5.06 
5%P-TEOS LPCVD 685 -0.05 1.12 1.06 
2,5%B,P-TEOS LPCVD 685 -=0.52 -0.17 0.54 
5,4%B,P-TEOS LPCVD 685 -0.27 0.23 0.77 
3.5,14%B,P-TEOS LPCVD 500 1.89 1.28 - 1.30 

-2.85 1.59 3.41 0%P-glass LPCVD 400 (-2.14) ~ ( -  1.43) a (1.89) ~ 

0.03 1.38 3.62 
6%P-glass LPCVD 400 (1.02) a (1.59) a (1.52) a 

8%P-glass LPCVD 400 0.84 1.54 1.88 
8%P-glass LPCVD 440 0.71 1.29 1.41 
2,5%B,P-glass LPCVD 410 0.43 2.59 5.64 
FOX LPCVD 950 -3.10 - 1.82 1.39 

-0.54 0.14 Sill4 + N~O PECVD 200 (1.36) a,b (1.55) ~.b 

These numbers were obtained from a repeated measurement of the stress. See, for example, Fig. 5. 
b See Fig. 8. 

Results and Discussion 

T a b l e  I l is ts  t h e  s i l i con  ox ides  i n v e s t i g a t e d  a n d  t he  cal- 
cu l a t ed  va lues  for  t h e  s t ress  of  e ach  ma te r i a l  d e t e r m i n e d  
at  28~ a n d  at  t he  d e p o s i t i o n  t e m p e r a t u r e  a n d  t he  ra te  of  
c h a n g e  of  s t ress  w i t h  t e m p e r a t u r e .  Tab le  I also gives  t he  
d e p o s i t i o n  m e t h o d  a n d  t e m p e r a t u r e .  A d i s c u s s i o n  of e ach  
m a t e r i a l  follows. 

DADBS-oxide.--Stress measurements.--Three sets  of  
two  wafe r s  each we re  c o a t e d  w i t h  9000-10,000A of  s i l icon 
ox ide  b y  t he  t h e r m a l  d e c o m p o s i t i o n  of  D A D B S  in  a 
L P C V D  ( -  0.7 torr)  a p p a r a t u s  at  450 ~ 500 ~ a n d  550~ re- 
spec t ive ly .  The  s t ress  i n d u c e d  on  t he  wafers  is l i s t ed  in  
Tab le  I. P lo t s  of m e a s u r e d  s t ress  vs. wafe r  t e m p e r a t u r e  
for  t h e  450 ~ a n d  550~ d e p o s i t e d  ox ides  are  s h o w n  in  Fig. 
1. T h e  f i lm d e p o s i t e d  o n  wafe r s  he ld  a t  450~ c lear ly  ex- 
h ib i t s  hys te res i s ,  wh i l e  t h e  550~ film does  not ;  i t  was  
u n c l e a r  w h e t h e r  t h e  f i lm d e p o s i t e d  on  500~ wafe r s  d id  
or d id  not .  F r o m  Tab le  I, i t  is s een  t h a t  all t h r e e  nea t  
D A D B S - o x i d e s  pos s e s s  e s sen t i a l ly  the  s a m e  deg ree  of  
t ens i l e  i n t r in s i c  s t ress ,  or1, ( -  4.9 • 109 d y n e  c m  -~) a n d  
s h o w  a l m o s t  t he  s a m e  s t ress  at  r o o m  t e m p e r a t u r e .  F i g u r e  
2 s h o w s  p lo t s  of s t ress  vs. wafe r  t e m p e r a t u r e  of  5000 
D A D B S - o x i d e s  p r e p a r e d  f r o m  n e a t  D A D B S  or a 1.2:1 
D A D B S - o x y g e n  mix tu re .  Clear ly  t he  a d d i t i o n  of  o x y g e n  
resu l t s  in  a ma te r i a l  w i t h  a sma l l e r  t ens i l e  i n t r in s i c  s t ress  
b u t  w h i c h  shows  a m a r k e d  hys te res i s .  No te  t h a t  t he  cal- 
cu l a t ed  slope,  d~/dT, of t h e  s t ress  vs. t e m p e r a t u r e  p lo t  for  
e ach  D A D B S - o x i d e  m e a s u r e d  the  f irst  t i m e  is nea r ly  t he  
s a m e  ( -  8.3 • 106 d y n e  cm-2/~ T h e  i n c o r p o r a t i o n  of  
- 4 %  p h o s p h o r u s  (1) in to  t h e  D A D B S - o x i d e  f i lm lowers  
t he  i n t r i n s i c  s t ress  by  a f ac to r  of  - 0.4 a n d  r e d u c e s  t he  
s lope,  dcr/dT, as well.  T he  p h o s p h o r u s - d o p e d  ox ide  exh ib-  
i ts a s l igh t  hys t e r e t i c  effect.  

Annealing and film shrinkage.--Wafers m a i n t a i n e d  at  
410 ~ 450 ~ 500 ~ 550 ~ a n d  600~ respec t ive ly ,  we re  coa t ed  
w i t h  a D A D B S - o x i d e  f i lm w h o s e  t h i c k n e s s  was  ~ mea-  
s u r e d  be fo re  a n d  af te r  a l h  a n n e a l  at  900~ in  a n  a r g o n  at- 
m o s p h e r e .  P e r c e n t  d e c r e a s e  in  f i lm t h i c k n e s s  vs. 
d e p o s t i o n  t e m p e r a t u r e  is p l o t t ed  in  Fig. 3 a long  w i t h  a lin- 
ear  fit to t he  data .  We see  t h a t  t he  h i g h e r  t h e  d e p o s i t i o n  
t e m p e r a t u r e ,  t he  less  t h e  f i lm s h r i n k s  on  annea l ing .  In  
add i t ion ,  i t  was  o b s e r v e d  t h a t  t he  h i g h e r  t he  d e p o s i t i o n  
t e m p e r a t u r e ,  t h e  t h i c k e r  a f i lm cou ld  b e  d e p o s i t e d  before  
c rack ing :  D A D B S - o x i d e  d e p o s i t e d  in t he  r a n g e  410~176 
was  f o u n d  to c r ack  at  ~ 6500A at  t he  l ower  t e m p e r a t u r e  
b u t  cou ld  be  d e p o s i t e d  to - 20,000~ at  t he  h i g h e r  
t e m p e r a t u r e .  

Summary . - -The  l ower  t he  d e p o s i t i o n  t e m p e r a t u r e  of  a 
D A D B S - o x i d e ,  t he  less  d e n s e  a n d  the  w e a k e r  t he  re- 
su l t i ng  film. At  t h e  t i m e  of  depos i t ion ,  t h e s e  f i lms pos- 
sess  a re la t ive ly  h i g h  deg ree  of  t ens i l e  s t r e s s  w h i c h ,  how-  
ever ,  dec reases  o n  cool ing  to r o o m  t e m p e r a t u r e .  F r o m  Eq. 
[3] a n d  t he  pos i t ive  v a l u e  of  t he  slope,  do-/dT, i t  is c lear  
t h a t  t h e  coeff ic ient  of  t h e r m a l  e x p a n s i o n  of  si l icon,  a~, is 
g rea t e r  t h a n  t h a t  of  t he  ox ide  af. The  va lues  of  t he  r o o m  
t e m p e r a t u r e  a n d  i n t r i n s i c  s t ress ,  as wel l  as t he  s lope  of  
t he  s t r e s s / t e m p e r a t u r e  l ine,  are  a l m o s t  i n d e p e n d e n t  of  t he  
d e p o s i t i o n  t e m p e r a t u r e  in  t h e  r a n g e  450~176 This  
impl i e s  t h a t  if  a m o r e  d e n s e  ox ide  cou ld  b e  p r o d u c e d  at  
t he  l ower  t e m p e r a t u r e ,  i t  p r o b a b l y  w o u l d  no t  c r ack  e v e n  
i f  d e p o s i t e d  to a t h i c k n e s s  a p p r o a c h i n g  t h a t  a c h i e v e d  at  
t h e  h i g h e r  tem~perature.  The  a d d i t i o n  of  o x y g e n  to t h e  
D A D B S  or  i n c o r p o r a t i o n  of  p h o s p h o r u s  p r o d u c e s  a n  ox- 
ide  fi lm w i t h  a lower  t ens i l e  in t r ins i c  s tress.  T h e s e  f i lms 
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Fig. 1. Plot of the measured stress as o function of temperature of 
two DADBS-oxlde films, one depostied at 550~ and the other at 
450~ The dotted curve was obtained from o repeated measurement 
of the 450~ sample. 
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Fig. 2. Plot of the measured stress as a function of wafer tempera- Fig. 4. Plots of the measured stress as a function of temperature of 
ture of two DADBS-oxide films, one prepared from neat DADBS and three oxide films deposited at 685~ from TEOS: undoped, 5% phos- 
the other mixed with oxygen. The dotted curve is a repeated measure- phorus-doped, and 2% boron-S% phosphorus-doped oxide films. 
ment. 

m u s t  s h r i n k  on  h e a t i n g  to 450~ s ince  the  h y s t e r e t i c  ef- 
fect  r e su l t s  in  a m o r e  t ens i l e - s t r e s sed  film at  r o o m  tem-  
pe ra tu re .  However ,  no t e  t h a t  t he  in t r ins i c  s t ress  is still 
less t h a n  t h a t  of  t he  ox ide  p r e p a r e d  f rom nea t  D A D B S .  
Th i s  m a y  a c c o u n t  for  t he  o b s e r v a t i o n  t h a t  a d d e d  o x y g e n  
enab l e s  depos i t i on  of  a t h i c k e r  crack-f ree  film. 

TEOS-oxide.--Stress measurements.--Duplicate 4 in. 
wafer  were  coa t ed  w i t h  a b o u t  a m i c r o n  of s i l icon ox ide  b y  
t he  d e c o m p o s i t i o n  of  T E O S  at  685~ a n d  a p r e s s u r e  of  0.3 
torr ,  i n a  p r o d u c t i o n  faci l i ty  L P C V D  appa ra tus .  Add i t ion -  
ally, t h r e e  se ts  of  wafe rs  we re  coa ted  w i th  a n  ox ide  doped  
w i t h  e i t he r  p h o s p h o r u s  or b o t h  b o r o n  a n d  p h o s p h o r u s ;  a 
s ing le  wafe r  was  coa t ed  a t  500 ~ w i t h  a b o r o n - p h o s p h o r u s -  
d o p e d  oxide.  Tab le  I l is ts  t he  va lues  for  t he  s t ress  a n d  
s t r e s s / t e m p e r a t u r e  s lope  for  t h e s e  films. F i g u r e  4 shows  
p lo ts  of  t he  m e a s u r e d  s t ress  as a f unc t i on  of  wa fe r  tern- 
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Fig. 3. Plot of the decrease in film thickness vs. deposition tempera- 
ture of DADBS-oxide films after annealing for ih at 900~ in an ar- 
gon atmosphere. 

p e r a t u r e  in  air  for  TEOS-oxide ,  5% P-TEOS-ox ide ,  a n d  
2,5% B , P - T E O S - o x i d e  films, respec t ive ly ,  d e p o s i t e d  at  
685 ~ Clear ly t he  i n c o r p o r a t i o n  of  a d o p a n t  s u c h  as phos -  
p h o r u s ,  a n d  espec ia l ly  t he  c o m b i n a t i o n  b o r o n  a n d  phos-  
pho rus ,  lowers  t he  in t r in s i c  s t ress  a n d  also affects  t he  
s lope  of  t he  s t r e s s / t e m p e r a t u r e  l ine.  The  va lues  for  the  
s t ress  a n d  s lope as wel l  as t h e  s t r e s s / t e m p e r a t u r e  ] ine for 
t he  5,4% B , P - T E O S - o x i d e  are s imi la r  to t h o s e  f o u n d  for 
t he  2,5% B,P-TEOS-ox ide .  I n  cont ras t ,  t h e  500 ~ B,P-  
T E O S - o x i d e  has  a m u c h  h i g h e r  m e a s u r e d  t ens i l e  i n t r in s i c  
s t ress  t h a n  the  o t h e r  two B ,P -TEOS-ox ide s  tha t ,  more-  
over,  b e c o m e s  e v e n  g rea t e r  as t he  wafe r  cools to r o o m  
t e m p e r a t u r e  (a nega t i ve  d~r/dT). 

Summary.--Chemically, T E O S  a n d  D A D B S  d e c o m p o s e  
to s i l i con  ox ide  by  a n  a n a l o g o u s  m e c h a n i s m  (1), ye t  t he  
ca lcu la ted  in t r ins i c  s t ress  of  t h e  685 ~ T E O S - o x i d e  is 80% 
of  t he  t ens i l e  in t r ins i c  s t ress  of t he  D A D B S - o x i d e s ,  wh i l e  
t he  s lope  of  t he  s t r e s s / t e m p e r a t u r e  l ine  is on ly  a b o u t  60% 
of  t h a t  of t he  D A D B S - o x i d e  lines.  A n  e x p l a n a t i o n  for 
t h e s e  o b s e r v a t i o n s  w o u l d  s e e m  to be  r e l a t ed  to the  differ- 
ence  in  t he  d e p o s i t i o n  t e m p e r a t u r e  of  the  two processes :  
a h i g h e r  t e m p e r a t u r e  r e su l t s  in  a l ower  t ens i l e - s t r e s sed  
mater ia l .  This  a r g u m e n t  is s u p p o r t e d  b y  t he  va lues  for 
t he  s t ress  l i s ted  in Tab le  I for  t he  500 ~ a n d  685~ 
B ,P-TEOS-ox ides .  

P-glass.--Stress measurements.--Three sets  of  two wa- 
fers  w e r e  coa t ed  at  400~ a n d  one  se t  a t  440~ w i t h  sili- 
con  ox ide  f rom t h e  r eac t i on  of  s i lane,  p h o s p h i n e ,  a n d  ox- 
y g e n  at  0.45 torr.  The  a m o u n t  of  p h o s p h o r u s  i n c o r p o r a t e d  
in  t he  ox ide  was  m a d e  to va ry  b e t w e e n  0% a n d  8%. F igure  
5 shows  a p lo t  of  t he  m e a s u r e d  s t ress  i n d u c e d  by  a 400~ - 
depos i t ed ,  0% P-g lass  f i lm as a f u n c t i o n  of  wafe r  t e m p e r -  
ature.  Clear ly t h e  r epea t ed  m e a s u r e m e n t  revea ls  a hys te-  
resis,  w h i c h  is also o b s e r v e d  for t he  6% P-glass  fi lm b u t  
no t  for t he  400 ~ or 440~ 8% P-glass  coat ings .  Tab le  I l is ts  
t he  va lues  of  t he  ca lcu la ted  room t e m p e r a t u r e ,  a n d  in t r in-  
sic stress,  a n d  t he  s lope  of t he  s t r e s s / t e m p e r a t u r e  l ine.  In  
addi t ion ,  t h e s e  s a m e  ca lcu la ted  va lues  for t he  repea ted ,  
i.e., hys te re t ic ,  l ine  are  g iven  in  T a b l e  I. Fo r  b o t h  the  0% 
a n d  6% P-glass  fi lms, t he  a n n e a l e d  ma te r i a l  shows  a n  in- 
crease  in  t ens i l e  s t ress  a n d  a d e c r e a s e  in  t he  va lue  of 
do-/dT. F i g u r e  6 s h o w s  da ta  for  a s -depos i t ed  a n d  a f te r  a 
685~ annea l ,  2,5% B,P-glass .  The  m a r k e d  dec rea se  in ten- 
sile s t ress  a n d  the  re la t ive ly  flat  b e h a v i o r  of  the  s t ress  
wi th  t e m p e r a t u r e  c a n  b e  ra t iona l i zed  i f  t he  ox ide  is as- 
s u m e d  to h a v e  f lowed d u r i n g  t h e  a n n e a l i n g  process .  
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Fig. 5. Plot of the measured stress as a function of temperature of a 
400~ deposited oxide from the reaction of Sill 4 + 02. 

S u m m a r y . - - F r o m  t h e  va lues  l i s t ed  in Tab le  I for  t he  two 
8% P-glass  oxides ,  t he  40~ d i f f e rence  in  t he i r  d e p o s i t i o n  
t e m p e r a t u r e s  is inef fec tua l .  Surp r i s ing ly ,  a grea ter -  
than-6% p h o s p h o r u s  d o p a n t  is r e q u i r e d  in  a P-g lass  ox ide  
to a c h i e v e  w h a t  at  m o s t  a 5% p h o s p h o r u s  d o p a n t  does  for 
a P -TEOS-ox ide ,  i.e., p r o d u c e  a ma te r i a l  t h a t  e x h i b i t s  a 
low t ens i l e  s t ress  ove r  t h e  t e m p e r a t u r e  r a n g e  28~ to t he  
d e p o s i t i o n  t e m p e r a t u r e  ( c o m p a r e  t he  va lues  l i s t ed  in  
Tab le  I). Aga in  f rom Tab le  I, we see t h a t  a 410~ B,P-  
s i l ane  g lass  is m o r e  t ens i l e  s t r e s s e d  t h a n  t he  B , P - T E O S  
glass.  More  p r o v o c a t i v e  is t h e  o b s e r v a t i o n  t h a t  t he  s lopes  
of  t h e  s t r e s s / t e m p e r a t u r e  l ines  for t h e s e  two  d i f fe ren t ly  
p r e p a r e d  d o p e d  ox ides  are  d i spara te ,  i n d i c a t i n g  t h a t  t h e  
m e c h a n i c a l  p r o p e r t i e s  and /o r  t h e  coeff ic ients  of  e x p a n -  
s ion  are  m a r k e d l y  d iss imi lar .  These  d i spar i t i e s  p r o b a b l y  
h a v e  t h e i r  sou rce  in  t he  275~176 d i f f e rence  in  t he  depo-  
s i t ion  t e m p e r a t u r e s  e m p l o y e d  to depos i t  t he  P-g lass  a n d  
P -TEOS,  a n d  B,P-glass  a n d  B , P - T E O S  oxides ,  respec-  
t ively.  Indeed ,  fo l lowing  a n  a n n e a l  at  685~ t he  
s t r e s s / t e m p e r a t u r e  c u r v e s  for  b o t h  B , P - d o p e d  glass  a n d  
T E O S - o x i d e  look  s imi la r  ( c o m p a r e  Fig. 4 a n d  6). Con t r a ry  
to o t h e r  ox ides  d e p o s i t e d  at  450 ~ or less,  8% P-g lass  a n d  
t h e  B,P-g lass  s h o w  no  hys te res i s ,  i n d i c a t i n g  t h a t  t h e s e  
ma te r i a l s  f o r m  a n  es sen t i a l ly  h o m o g e n e o u s  a n d  re la t ive ly  
d e n s e  film. 

T h e  s t r e s s / t e m p e r a t u r e  cha rac t e r i s t i c s  of CVD-(SiH4 + 
O2)-oxide h a v e  b e e n  r e p o r t e d  recent ly .  In  t h e  f irst  s t u d y  
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Fig. 6. Plots of the measured stress as a function of temperature of 
e 410~ 2 ,5% B,P-glass. The solid line shows date for the as-de- 
posited film, while the dotted line is for data from this film after a 
O.5h anneal at 685~ 

(6), t h e  ox ide  was  d e p o s i t e d  a t  a t e m p e r a t u r e  of  415~ 
T h e  s t ress  was  m e a s u r e d  in  t he  t e m p e r a t u r e  r a n g e  
25~176 I t  was  d e c i d e d l y  c o m p r e s s i v e  at  25~ ( -  -2 .8  • 
106 d y n e s  c m  -2) a n d  i n c r e a s e d  s teep ly  (d~/dT - 9 • 10 ~ 
d y n e s  cm-2/deg)  w i t h  t e m p e r a t u r e  so t h a t  a t  450~ t he  
s t ress  was  t ens i l e  ( -  0.9 x 109). In  t he  s e c o n d  s t u d y  (7), t he  
ox ide  was  d e p o s i t e d  at  250~ a n d  f o u n d  to be  in  t e n s i o n  
at  20~ ( -  1.5 x 106 d y n e  cm-2) ,  w h i c h  i n c r e a s e d  drast i-  
cal ly (dr  = 10.7 • 106 d y n e  cm-2/deg)  in  t h e  t e m p e r a -  
t u r e  r a n g e  20~176 B o t h  of  t h e s e  s i l icon ox ides  exh ib -  
i t ed  t h e r m a l  hys te res i s ,  b e c o m i n g  m o r e  t ens i l e  s t ressed .  
The  re su l t s  f rom t h e s e  two s tudies ,  wh i l e  n o t  in  pe r fec t  
a g r e e m e n t  w i t h  each  o t h e r  or ou r  work ,  s h o w  t h a t  a CVD- 
(Sill4 + O~)-oxide d e p o s i t e d  b y  t h r e e  d i f f e ren t  s y s t e m s  ex- 
h i b i t s  s imi la r  s t r e s s / t e m p e r a t u r e  behav io r :  a pos i t ive  
s lope  a n d  a h y s t e r e t i c  effect.  

F O X - o x i d e . - - S t r e s s  measuremen t . - - -A  l ayer  of  s i l i con  di- 
ox ide  was  g r o w n  on  two  wafe r s  t h a t  we re  m a i n t a i n e d  at  
950~ in  a n  a m b i e n t  of  we t  o x y g e n  at  - 1 a tm.  Tab le  I 
l is ts  t he  va lues  of  t he  s t ress  for  th i s  mater ia l ,  wh i l e  Fig. 7 
s h o w s  a p lo t  of t he  m e a s u r e d  s t ress  at  t he  i n d i c a t e d  wafe r  
t e m p e r a t u r e s .  In  add i t ion ,  Fig. 7 s h o w s  t he  leas t  squa re s  
l inear  fit to t he  data .  The  t h e r m a l  ox ide  h a s  a r a t h e r  w e a k  
d e p e n d e n c e  of s t ress  w i t h  t e m p e r a t u r e  (do-/dT;); i t  depos-  
its w i t h  a fa i r ly  h i g h  c o m p r e s s i v e  s t ress  (= -1 .82  • 109 
d y n e  c m  -~) w h i c h  b e c o m e s  e v e n  m o r e  c o m p r e s s i v e  at  
r o o m  t e m p e r a t u r e  ( -3 .1  • 109). 

S u m m a r y . - - T h e  c o m p r e s s i v e  s t ress  of  t h e r m a l  o x i d e  no  
d o u b t  resu l t s  f rom o x y g e n  a t o m s  i n t r u d i n g  in to  t h e  sur- 
face of  t he  s i l icon la t t ice  as t he  ox ide  layer  grows.  U s i n g  
Eq.  [3] a n d  t he  l i t e ra tu re  va lues  for  qua r t z  (4) (El1 - v = 
0.85 • 1012 d y n e  cm-2;  ~f = 0.55 • 10-6/deg) a n d  s i l icon (8) 
(~s = 3.2 • 10-6/deg), t h e  slope,  do-/dT, was ca l cu l a t ed  to b e  
-2 .3  x 106 d y n e  c m - V d e g .  Th i s  is a fac to r  of  on ly  1.6 
g rea t e r  t h a n  t h a t  ac tua l ly  m e a s u r e d  for  t he  t h e r m a l  oxide.  
This  close a g r e e m e n t  is a pos i t ive  i n d i c a t i o n  of  t h e  val id-  
i ty a n d  accu racy  of  t h e  m e t h o d  u sed  in  th i s  s t u d y  to de- 
t e r m i n e  t he  s t ress  of  t he  va r ious  s i l icon oxides .  

The  s t r e s s / t e m p e r a t u r e  b e h a v i o r  of  t h e r m a l l y  g r o w n  sil- 
i con  d iox ide  has  b e e n  r e p o r t e d  p rev ious ly  (6, 7). In  t he  
f irst  s t u d y  (6), t h e  s t ress  was  m e a s u r e d  in  t he  t e m p e r a -  
t u r e  r a n g e  25~176 a n d  was  f o u n d  to b e  in c o m p r e s s i o n  
( f rom - - 2 .2  • 109 to - 0  d y n e  c m  -~) w i t h  a ra te  of  c h a n g e  
of  s t ress  w i t h  t e m p e r a t u r e  of a b o u t  0.3 • 106 d y n e  
cm-2/deg .  The  s e c o n d  s t u d y  (7) m e a s u r e d  the  s t ress  of t he  
t h e r m a l  ox ide  in t he  r a n g e  -169~176 a n d  also o b s e r v e d  
t h a t  t h e  ma te r i a l  was  in  c o m p r e s s i o n  ( f rom - - 3 .8  to -3 .2  
x 106 d y n e  c m  -2) w i t h  a s lope  of  a b o u t  1.7 • 106 d y n e  
cm-2/deg .  T h e s e  r e su l t s  are  in  m o d e r a t e l y  good  agree-  
m e n t  w i t h  our  m e a s u r e m e n t s  on  t h e r m a l  oxide.  

I t  s h o u l d  be  n o t e d  t h a t  a re la t ive ly  smal l  va lue  ( - 1  x 
106) for  t he  slope,  d(r/dT, does  no t  neces sa r i l y  m e a n  t h a t  
t h e  coeff ic ient  of  e x p a n s i o n  of  t he  film, ~f, a n d  subs t r a t e ,  
~ ,  are  nea r ly  equal .  AH t h a t  can  b e  i n f e r r ed  is t h a t  t he  
p r o d u c t  [E~/(1 - vf)]*[~ - ~f] is a smal l  n u m b e r .  
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Fig. 7. Plot of the measured stress as a function of temperature of a 
950~ steam-grown silicon dioxide film. 
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Fig. 8. Plot of the measured stress as a function of temperature of a 
200~ PECVD grown oxide from the reaction of Sill 4 + N20. The dot- 
ted line is a repeated measurement. 

PECVD-oxide.---Stress measurement.--Two wafers,  
main ta ined  at 200~ were  coated wi th  a si l icon oxide  
layer by the  p lasma induced  react ion of si lane and ni trous 
oxide  (Sill4 + N20). The  measu red  stress vs. t empera tu re  
of this mater ia l  is p lo t t ed  in Fig. 8. At  the depos i t ion  tem- 
perature,  the  stress is s l ight ly compress ive  ( -  -0 .2  • 109), 
b e c o m i n g  somewha t  more  compress ive  at r o o m  tempera-  
ture  bu t  remain ing  essent ia l ly  flat in this t empera tu re  
range. Heat ing  the  mater ia l  above  200~ produces  a de- 
c ided change  in the  s t ress / tempera ture  slope; it increases  
f rom a va lue  of  - 1  • 106 to - 10 • 106 dyne  cm-2/deg.  In  
addi t ion ,  this film exhib i t s  a ve ry  p ronounced  hysteresis ;  
the  stress becomes  tensi le  and increases  s lowly over  the  
t empera tu re  range 28~176 f rom a va lue  of  -1 .3  x 109 to 
-2 .7  • 109 dyne  cm-~/deg.  

Summary.--Propertms such  as e tching rate (dilute HF), 
stress, and refract ive index  of  PECVD-(SiH4 - N~O)-oxide 
have  been  found to be a func t ion  of  depos i t ion  tempera-  
ture and to display a d i scont inu i ty  at 200~ (9). PECVD-  
(Sill4 + N20)-oxide unde rgoes  a m a r k e d  change in stress 
on heat ing  above  200~ in air. Because  of  the  significant 
me tamorphos i s  observed,  this mater ia l  wou ld  very  l ikely 
change even  if  hea ted  in an iner t  a tmosphere .  This 
marked  increase in tensi le  stress, and its pers is tence  on  
repea ted  m e a s u r e m e n t  (see Fig. 8), a the rmal  hysteret ic  
effect, can be rat ional ized by the  loss of some material  
f rom the  ox ide  film resul t ing  in a decrease  in v o l u m e  
wi th  a concomi tan t  increase in tens ion  (6). 

Aqueous HF etching rate.--Since both the  stress and 
chemica l  react ivi ty  of  a s i l icon oxide  should  be a func t ion  
of  its physical  and chemica l  nature,  i t  was t hough t  that  
there  migh t  be some  corre la t ion be tween  hydrof luor ic  
acid  e tch ing  rate and  measu red  stress of  the  var ious  ox- 
ides. Table  II  lists the  e tch ing  rate for several  si l icon o x -  

Table II. HF etching rate of silicon oxides 

Deposition Rate a 
Oxide temp., ~ ]t/min 

DADBS 450 4460 
DADBS 500 4525 
DADBS 550 3532 
TEOS 685 2674 
5%P-TEOS 685 3857 
2,5%B,P-TEOS 685 649 
5,4%B,P-TEOS 685 476 
0%P-glass 400 2412 
8%P-glass 400 6660 
8%P-glass 440 6457 

FOX 95O 857 
(SiH4 + N~O) 200 7896 

7:1 buffered HF at 19~ 

ides. There  does not  appear  to be  a correlat ion be tween  
this rate and any of the  stress proper t ies  l is ted in Table  I. 

Conclusions 

In general,  the  the rmal  coeff icient  of  expans ion  of  the  
var ious  sil icon oxides  inves t iga ted  is less than  that  of  sili- 
con. This  results  in a decrease  in tens ion  in films depos- 
i ted on sil icon wafers  as they  cool  to r o o m  tempera ture .  
Dopants  such as phosphorus  and especial ly  the combina-  
t ion boron  and phosphorus  lower  the  intr insic  stress, ~ ,  
of  a si l icon oxide  film and, in addit ion,  cause  the  rate of  
change  of  stress wi th  tempera ture ,  do-/dT, to be relat ively 
flat. E x c e p t  for the  8% P-glass and 2,5% B,P-glass, oxides  
depos i t ed  at t empera tu res  less than about  500~ show a 
the rma l  hystere t ic  effect  on hea t ing  to 450~ in air. Invari-  
ably, these  oxide  films b e c o m e  more  tensi le  stressed.  
This can resul t  f rom a shr ink ing  and/or  an ex t rus ion  of  
a toms f rom the mat r ix  of  the  film (6, 7). A c o m p l e m e n -  
tary s tudy  (10) to our  work  reached  similar  conclus ions .  
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Electrical Conductivity of Silicon Dioxide Thermally Grown on 
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ABSTRACT 

DC and ac electrical conductivities of silicon dioxide thermally grown on p- (boron-doped) and n-type (phosphorous- 
doped) silicon have been measured in the temperature range of 25~176 Total dc conductivities varied from 10 -9 to 
10 -~6 ~ - l cm-1  in the temperature range of 25~176 Arrhenius plots for total dc conductivities of SiO2 grown on both 
the substrates exhibit  two regions. Below 450~ the conductivities were independent  of temperature and are suggested 
to be governed by impurities. Above 450~ the total dc conductivities increased with increase in temperature. The acti- 
vation energies of conduction in the temperature range 500~176 were estimated to be 1.65 and 2.10 eV for SiO2 grown 
on p- and n-type silicon, respectively. DC polarization measurements carried out in this temperature range suggest that 
conduction in SiO2 is ionic as well as electronic. The ionic conduction is believed predominantly to be due to the trans- 
port of oxygen ions. AC conductivities were also measured in the temperature range of 550~176 The activation ener- 
gies for the conduction in this temperature range were estimated to be 1.55 eV for SiO2 on p-type silicon and 1.86 eV for 
SiO2 on n-type silicon. These values are in close agreement with the values reported in the literature. AC conductivity of 
SiO2 grown on n-type silicon was found to be lower than that of SiO2 grown on p-type silicon. 

In semiconductor  and integrated circuit devices, silicon 
dioxide is grown thermally on silicon where it is used not 
only as an insulator, but also as a masking layer. The 
transport properties of SiO2 thermally grown on silicon 
have therefore been studied by several investigators. 
Most of these studies have been restricted to a specific 
temperature region, depending on specific applications. 
Norton (I) and Sucov (2) independently studied the diffu- 
sion of oxygen in bulk fused silica. More recently, Irene 
(3) studied transport phenomena in thin SiO~ films dur- 
ing oxidation of silicon. There is, however, considerable 
disagreement between the values of diffusivity deter- 
mined directly and those estimated from the oxidation 
kinetics. 

From marker studies (4-6), i t  is generally agreed that the 
inward migration of oxygen through the SiO2 to the 
Si/SiO2 interface determines the kinetics of transport 
through SiO2. The mobile oxidant species in SiO~ films 
has still not been uniquely determined. According to 
Revesz (7, 8), the oxygen migrating through SiO2 during 
oxidation may not necessarily be a charged species. Neu- 
tral oxygen molecules may migrate through microhetero- 
geneities, or the "channels" formed from d~r and p~r 
bonds (9) of silicon and lone pair electrons of the oxygen 
atom, respectively. Jorgensen's  experiment  (6) on the oxi- 
dation of silicon with and without applying an electric 
field, suggests that the oxygen diffusing through SiO2 is 
negatively charged and that between 727 ~ and 879~ SiO2 
is a mixed conductor with 0.4 as the value of ionic trans- 
ference number  (ti). However, Raleigh (10) reported that 
Jorgensen's  data could be equally well explained by elec- 
trolysis at each Si]SiO2 interface. 

Mills and Kroger (11) measured electrical conductivity 
up to a temperature of 700~ to determine the mobile spe- 
cies in SiO2 and concluded that the mobile species was 
charged oxygen. The extrapolated value of the total con- 
ductivity reported by Mills and Kroger (11) was several 
orders of magnitude higher than that reported by Raleigh 
(10) at 850~ and two orders of magnitude higher than the 
ac conductivity values of vitreous silica reported by Tripp 
et al. (12). 

In spite of the large number  of investigations, the exact 
nature of the transporting species through SiO~ during 
oxidation is still unsettled. Similarly, there is considera- 
ble discrepancy between the data reported on the rate of 
oxidation of silicon, the diffusivities through the product 
layer, and the conductivity. Because of the inconsisten- 
cies in the reported data and the lack of conductivity data 
at higher temperatures, the present investigation was 
undertaken. Transport-number measurements were made 

*Electrochemical Society Active Member. 

by electrical conductivity and open-circuit EMF methods 
on SiO2 thermally grown on silicon substrates. 

Experimental 
1-5 1~ thick SiO2 films were grown thermally at one 

temperature, 1050~ in dry oxygen on boron-doped 
p-type silicon <100> (14-22 t2 cm) and phosphorous- 
doped n-type silicon <100> (3.3 12 cm) by Motorola, Incor- 
porated. One side of these wafers was etched to provide a 
clean silicon surface. Plat inum or molybdenum was sput- 
tered thereon to provide an electrical contact. These oxi- 
dized wafers were cut into 1 • 1 cm square pieces and 
pressed together with oxide surface to oxide surface, to 
yield a symmetrical cell (A) in an oxygen activity corre- 
sponding to the Si/SiO~ equilibrium. For comparison, a 
3 l ~  oxide thickness on p-type silicon was obtained, in 
this laboratory, by passing 02 over hot water maintained 
at 95~ then over Si at ll00~ at a rate of 4 liter/rain. AC 
conductivity of this SiO2 was also measured using a cell, 
configuration (A). For polarization and open-circuit EMF 
measurements,  1 k~ thick platinum or molybdenum was 
sputtered on the SiO~ side and assembled as an asymmet- 
rical cell (B). 

The cell configurations were: for symmetrical cell (A), 
for total ac and dc conductivity 

M ISilSiO21SilM 

where M is Pt or W. 
Asymmetrical  cell (B) for polarization and EM~F mea- 

surements 

MlSilSiO2[M 

where M is Pt or W. 
The apparatus consisted of a double-walled silica tube 

and a sample holder made of quartz with inlets and out- 
lets for gases in each jacket, electrical circuits, and a 
Lindberg heavy duty furnace. Platinum or tungsten 
(-0.12 mm thick) in the form of disk or rectangular plate 
was used as electrode material. The tubular quartz fur- 
nace was electrically shielded by grounding a closely 
wound Kanthal wire around the tube. Shielded cables 
were used for external leads. Alumina disks were used in 
order to avoid any possible contact between the sample 
and the sample holder. 

Each cell was positioned between platinum electrodes, 
and pure dry argon (oxygen less than 1 ppm) was allowed 
to circulate in each jacket  of the silica tube. The argon in 
the outer jacket was used to eliminate the possible diffu- 
sion of H~O through the quartz wall and into the sample. 
The samples were annealed at 600~ for about 12h prior to 
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Fig. 1. Typical current vs. time curve at 860~ for SiO~ grown on 

n-type Si in cell (A). 

measurements.  After such annealing, it was found that 
adjoining SiO2 surfaces in cell (A) were bonded together. 

DC conductivity was measured with cell (A) using 
1000-3000~ thick SiO2 by connecting the samples in series 
with a 106-10"~ precision glass encapsulated standard 
carbon film HiMEG-Resifrom. 0.1-1.3V were applied 
using a Keithley 260 nV source. The voltage drop across 
the standard resistor was measured with a Keithley 604 
differential electrometer. 

Electronic conductivity was measured using the polari- 
zation technique described by Wagner (13, 14) using cell 
configuration (B), as suggested by Raleigh (10). In this 
experiment,  positive potentials of 0.1-0.8V were applied 
on the SiOJPt  side using a Keithley 260 nV source and 
measuring the voltage drop across the standard resistor 
with an electrometer. 

AC conductivity was measured using cell configura- 
tion (A) for different thicknesses of SiO= on silicon in the 
temperature range of 550~176 using a Wayne Kerr 
Model 211 conductivity bridge. The conductivities were 
also measured at different frequencies (50 Hz-1 kHz) at 
various temperatures. 

Results and Discussion 
Symmetrical cell (A).--The values of current (I) at dif- 

ferent applied voltages (V) were obtained, initially in the 
temperature range 500~176 The measurements were 
subsequently extended to temperatures between 500 ~ and 
25~ At higher temperatures and higher applied voltages, 
the current was found to change with t ime for the same 
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Fig. 3. I-V curves for cell (A) consisting of Si02 on p-type Si 

applied voltage. A typical current t ime curve at 860~ for 
SiO2 grown on n-type silicon is shown in Fig. 1. This be- 
havior is indicative of ionic polarization. The initial cur- 
rent, however, varied linearly with applied voltage, exhib- 
iting ohmic behavior, and, therefore, this was utilized to 
obtain the total dc conductivity. The slope of the I-V 
curve yielded the conductance and the total conductivity 
was computed from the relation ~ = ml/A where m is the 
slope of the I-V curve, l is the thickness, and A is the 
area of cross section of SiO~. Because of the polarization, 
current reversal was not routinely carried out, but occa- 
sionally some measurements  were obtained. The values 
thus obtained were found to be independent  of the direc- 
tion of the applied voltage. 

Figures 2-5 show the typical current voltage plots at 
various temperatures. The behavior was ohmic at all the 
temperatures studied up to an applied EMF of -0.3V. 
Higher voltages resulted in considerable damage to the 
platinum electrodes and the sample, probably because of 
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the formation of platinum silicide. In a few experiments,  
macroscopic holes as large as 1.5 mm diam were found in 
the electrodes. For this reason, the applied voltages were 
restricted to 1V and platinum electrodes were replaced by 
tungsten electrodes. 

Assuming that these cells are in thermal and chemical 
equilibrium, the measured conductivity corresponds to 

silica in equilibrium with the oxygen activity equivalent 
to the dissociation pressures of SiO~-Si. 

Figure 6 shows the Arrhenius plots for the total dc con- 
ductivity of SiO2 grown on p- and n-type silicon. Each 
plot clearly indicates two regions. Below -450~ the total 
conductivity is almost independent  of temperature within 
the experimental  scatter. Above -450~ the conductivity 
rises sharply with temperature for SiO2 grown on both p- 
and n-type silicon. The activation energies were 1.65 and 
2.10 eV for SiO2 grown on p- and n-type silicon, respec- 
tively. 

The ac conductivity was measured in the temperature 
range of 500~176 initially at 1 kHz and subsequently at 
frequencies down to 50 Hz. Below 500~ the conductivity 
was too low to be measured accurately by the conductiv- 
ity bridge used. Figures 7 and 8 show the plots of log or (1 
kHz) v s .  reciprocal of temperature in the temperature 
range 500~176 for SiO2 grown on p- and n-type silicon, 
respectively. Both the plots yielded straight lines. The ac- 
tivation energies calculated from the slopes of these lines 
were 1.55 and L86 eV for SiO2 grown on p- and n-type sili- 
con respectively. Conductivity v s .  frequency plots are 
shown in Fig. 9 for various temperatures. The conductiv- 
ity of SiO2 grown on n-type silicon decreases above 
1000~ The values of ac conductivity at a fixed tempera- 
ture were found to be higher than the dc conductivity. 
However, after extrapolating the ac conductivity data to 
zero frequency, the values, although slightly higher, were 
very close to the dc conductivity values. The variation of 
conductivity with frequency was more pronounced in the 
SiO._, grown on p-type silicon than the one grown on 
n-type Si. An activation energy for conduction (extrapo- 
lated to zero frequency) of SiO2 grown on p-type silicon 
was estimated to be 1.73 eV (Fig. 10). This is in close 
agreement to that obtained from the dc conductivity (1.65 
eV). 

Figure 11 shows the temperature dependence of ac con- 
ductivity at 1 kHz for different thicknesses of SiO2. The 
conductivity values fall on a single straight line within ex- 
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Fig. 7. Log ~ vs. reciprocal temperature for Si02 on p-type Si mea- 

sured in cell (A) (ac measurement 1 kHz). 

perimental error, suggesting no dependence on oxide 
thickness. Figure 12 shows the Arrhenius plot for the con- 
ductivity of SiO~ grown in wet oxygen. Analysis of this 
plot yields an activation energy of 1.2 eV. Comparison of 
this plot with that in Fig. 7 shows that the conductivity 
for the wet oxide is higher than for the dry oxide. 

Asymmet r i c  cell (B) .~Polar i za t ion  measurements . - -DC 
polarization measurements were made using an asymmet- 
ric polarization cell configuration B. In this type of cell, 
the ionic conduction is blocked due to application of posi- 
tive potential on SiO#Pt side. Under these conditions, for 
a mixed conductor a steady state current (I) for a given 
applied potential (V) is given by the following expressions 
(13, 14) 

I A k T  o'n = ~ [1 - exp ( -eV/z ikT)]  

+ o-p [exp (eV/zikT) - 1] [1] 

I I I 
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Fig. 8. Log ~ IO~/T for Si02 on n-type Si measured in cell (A) (ac 

measurements ! kHz). 

where A is the cross-sectional area, L is the thickness of 
the SiO2 sample, e is the electronic charge, zi is the effec- 
tive charge on an oxygen ion, and o-n and ~rp are the elec- 
tronic conductivities due to electrons and holes, respec- 
tively. In the limiting case when V >> kT /e  

I = A k T  
Le [o-n + ~p exp eV/kT]  [2] 

thus the plot of I vs. exp (eV/zikT) yields a straight line. 
The slope and the intercept of this line gives c% and ~ ,  
respectively 

Le 
~n = ~ (intercept extrapolation of plateau) 

Le 
~p = ~ (slope) 

Moreover, the shape of the current vs. polarization po- 
tential is indicative of the n or p character of the material 
(13). 
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frequency. 
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Figures 13-16 show the current voltage plots for SiO2 
grown on n- and p-type silicon in the temperature range 
545~176 These plots show a plateau, indicating that the 
electronic conductivity is predominantly due to electrons. 
The partial conductivity due to electrons can be obtained 
from the extrapolation to zero applied voltages of the pla- 
teau in the above curves. The electronic transference 
number  estimated from the partial electronic conductiv- 
ity and total conductivity for SiO2 grown on n-type sub- 
strate is found to be higher than for SiO~ grown on p-type 
at higher temperatures. An Arrhenius plot for the conduc- 
tivity due to the electrons is shown in Fig. 17. 
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Open-circuit voltage measurement.--Open-circuit voltage 
measurements were made using cell B. In  these measure- 
ments the oxygen activity varied on one side using Ar + 
02 mixtures, while oxygen activity at the other side was 
fixed by the Si-SiO2 equilibrium. 

The EMF of this cell is given by 

RT Po2 (in argon) 
Etheoretica j = ~ In Po2 (Si/SiO2) 

and 

Emeasured 
t~ 

Etheoretical 

where E is EMF in voltage, Etheoretica 1 iS that calculated 
from the free energy of formation, F is Faraday, n is num- 
ber of electrons per mole of oxygen involved in the trans- 
port. The partial pressure of oxygen in argon was con- 
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trolled by passing argon over t i tanium chips kept at 
different temperatures. For higher oxygen pressures, 
pure Ar and oxygen were mixed in desired proportions. 
The oxygen pressures were measured using a zireonia 
probe. Figure 18 shows the plot of log Po2 vs.  FE/2.303RT. 
The slope of this plot yields ti/n' over a given pressure 
range. The ti for SiO2 grown on n-type Si was calculated 
assuming n = 4 per mole of oxygen and was found to vary 
from 0.4 at low oxygen pressure to 0.76. These data are 
consistent with the observations made by Mills and 
Kroger (11). 

The data obtained in the  present investigation are com- 
pared with the data reported by other investigators in Fig. 
19. It is clearly evident that below a certain critical tem- 
perature, the total conductivity is almost independent  of 
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temperature and above this temperature the conductivity 
increases in temperature with a higher activation energy. 
There is considerable discrepancy between various inves- 
tigators regarding the temperature at which this transi- 
tion occurs. Our data show a comparatively sharper tran- 
sition. The temperature-independent conductivity below 
450~ for our data is likely to be due to electronic contri- 
bution and is thought to be impurity controlled. Conduc- 
tion in the higher temperature range 450~176 is mixed 
ionic and electronic. 

Table I shows the available experimental,  theoretical 
and extrapolated conductivity data at 850 ~ and 25~ and 
in Table II the corresponding activation energies have 
been summarized. The values of conductivity at 850~ 
calculated by Raleigh (10) from two independent  ap- 
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p r o a c h e s  a r e  3.7 • I0  - ~  ~ t - ' c m  -~ a n d  3.5 • 1 0 - "  ~ - ' c m - ' .  
T h e  f o r m e r  v a l u e  is  o b t a i n e d  f r o m  t h e  e x p e r i m e n t a l  d a t a  
o f  J o r g e n s e n  (6), w h e r e a s  t h e  l a t t e r  v a l u e  w a s  e s t i m a t e d  
f r o m  t h e  d i f f u s i o n  o f  o x y g e n  i n  SiO2 a s  m e a s u r e d  b y  
S u c o v  (2). T h e s e  v a l u e s  m a y  b e  c o m p a r e d  w i t h  o u r  dc  
c o n d u c t i v i t y  v a l u e s ,  viz., 10 • 10 -'~ ~ l - ' c m - '  a n d  8 x 1 0 - "  

Table I. Conductivity data 

Conductivity (~' cm') 
Ref. 850~ 25~ 

(6, 10) a 
(2, 10) b 
(12) r 
(11) d 
(15) ~ 
(15) ~ 

Presen t  work  
DC measu remen t  

AC m e a s u r e m e n t  

Extrapola ted  to 
zero f requency 

3.7 • i0-"  
3.5 • 10-" 
8.9 x i0 -s 
6.3 x 10 -6 

SiO~ on p-type Si 
10 x 10-" 

SiO2 on n-type Si 
7.8 • I0-"  

SiO~ on p-type Si 
10 x 10 -9 

SiO2 on n-type Si 
3.16 • 10 -9 

SiO2 on p-type Si 
6 • 10 -'o 

1.65 x i0 -'~ 
1.70 x i0 -"  
3.3 • 10 -'6 

5 x 10 -'v 

5.0 x 10 -'6 

2.75 • 10 - '~ 

Calculated by Rale igh  (10) from Jorgensen ' s  data (6). 
b Calculated by Rale igh (10) from Sucov's  data  (2). 
r Ext rapola ted  from the data  of T r ippe t  al. (12). 

Ext rapola ted  from Mills and Kroger data to 850~ 
e Ext rapola ted  to 25~ 
Data from Sil icon handbook  (15). 

~ - ' c m - '  for SiO~ grown on p- and  n- type silicon, respec- 

tively. 
Our dc conduc t iv i ty  data obta ined for different thick-  

ness  of SiO2 are reproducib le  wi th in  an error l imi t  of 
30%-40% and are in  good agreement  wi th  Raleigh 's  (10) 
calculated values.  The absolute  values  of conduct iv i ty  dif- 

Table II. Activation energy (eV) 

Temp. 
range From From From 

Ref. (C) conduct ivi ty  diffusion rate constant  

(12) 1300~ ~ 0.72 ~ b 
1400~ ~ 2.93 

(11) 400~ ~ 1.20 
(I) 950~ ~ 1.17 
(2) 925~ ~ 3.08 
(21) 
(16) 
Present  

work  

727~ ~ 
500~ ~ 1.65 c 
5000-960 ~ 2.10 d 
550~ ~ 1.55 e 
550~ ~ 1.86 f 
550~ ~ 1.73 g 
550~ ~ 1.20 h 

1.29 2.05 
1.57 0.90 

a From parabol ic  rate law. 
b From l inear  rate law. 

For SiO2 grown on p-type Si (dc measurement) .  
d For  SiO~ grown on n-type (dc measurement) .  

For SiO.z grown on p-type Si (ac measu remen t  1 kHz). 
For SiO2 grown on n4ype  Si (ac measu remen t  1 kHz). 
For SiO2 grown on p-type (ac measu remen t  ext rapola ted  to zero 

frequency). 
h For SiO~ grown on p-type under  we t  condi t ions  (ac measure- 

men t s  1 kHz). 
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fer by 50%-60%, which is reasonable for such a highly in- 
sulating material. The extrapolated data of T r ippe t  al. 
(12) differ from our dc values by two orders of magnitude, 
while their data agree reasonably well with our ac values. 
The value of conductivity reported by Mills and Kroger 
(11) is greater by 4-5 orders of magnitude as compared to 
our dc values and 3 orders of magnitude as compared to 
our ac values. 

To separate out the electronic conductivity from the to- 
tal conductivity, we chose the dc total conductivity 
values. As discussed earlier, the ac conductivity values 
extrapolated to zero frequency are higher than dc conduc- 
tivity values. This may be because of the contribution of 
the dielectric loss due to variation in the capacitance with 
frequency and temperature. The high conductivity of 
SiO2 grown in wet oxygen conditions is suggested to be 
due to the presence of appreciable amount of OH (18) and 
probably more nonbridging oxygen (19). 

Examination of the activation energy data reported in 
Table II reveals that our data agree closely with that of 
Law (16), who has obtained an activation energy value of 
1.57 eV from oxidation data assuming the parabolic rate 
law. He suggested that this represents the energy of the 
transport of ions during thermal oxidation of silicon. 

Considering only the electronic conductivity obtained 
from the measurements on the asymmetric cell, the acti- 
vation energy is estimated to be 2.7 eV above -700~ (see 
Fig. 17). Conductivity due to electrons is lower than that 
due to ions by more than one order of magnitude. Further 
evidence of mixed conductivity is found from the results 
obtained from polarization measurements. From the total 
conductivity data and the electronic conductivity data, 
ionic conductivity values were determined for different 
temperatures. The percentage of ionic conductivity has 
been plotted as a function of temperature in Fig. 20. As 
shown in this figure, the ionic conductivity is only 40% at 
545~ and rises with temperature to a maximum of -95% 
in the case of SiO2 on p-type silicon, and -86% for SiO2 
grown on n-type silicon between 700 ~ and 875~ Above 
this temperature, the values drop steeply. The decrease in 
the ac conductivity of SiO~ on n-type silicon above 1000~ 
suggests that either the charge carriers experience some 
kind of repulsive effect in SiO2, or that some kind of 
trapping of charges occurs at the Si/SiO~ interface. 

The above data suggest that conduction in SiO2 at an 
oxygen pressure corresponding to Si/SiO2 equilibrium 
and at temperatures above 450~ takes place via charged 
oxygen species as well as electrons. Transport via 
charged oxygen species is likely to be either because of 
the presence of oxygen interstitials at higher oxygen pres- 
sures or due to oxygen vacancies at lower oxygen pres- 
sures. Since the oxygen pressures surrounding SiO2 in 
our investigations is very low (Si/SiO2 equilibria), the lat- 

I I I I I I 

I 0 0  i I  

60 g 

40 ~ I 
2 0  ,, n - t ype  

0 i I a I J I 
5 0 0  6 0 0  7 0 0  8 0 0  9 0 0  I 0 0 0  

T ~  
Fig. 20. P e r c e n t o g e  ionic conductivity vs .  t e m p e r o t u r e  in S i O  g r o w n  

on p-type Si02 and on n-type Si. 

ter seems to be more favorable. Oxygen vacancies can be 
generated according to the following defect equilibrium 

O o =  1/2 O 2 + V 5 +  2e 

hence 

K = [V8] [e']2Po~ 

Thus, the effect of the decrease in oxygen pressure 
would be to increase the electronic as well as the ionic 
conductivity. In SiO~, the electronic conductivity is 
mainly due to electrons. At temperatures below 450~ the 
electrons, which are generated with increase in tempera- 
ture, either pair with holes or are being trapped by the im- 
purities, and hence the electronic conductivity in this 
temperature range does not increase significantly. The 
above defect mechanism is in agreement with the experi- 
ments made by Folkes et al. (17). The above equilibrium 
will be strongly influenced by the presence of aliovalent 
impurities. It has been suggested in the literature that 
during oxidation of silicon doped with B or P, the oxide 
contains detectable amounts of B or P as a result of redis- 
tribution of impurities. Segregation coefficient suggests 
the incorporation of boron into SiO2, with rejection of the 
phosphorous back into the silicon (20). The presence of B 
or P would affect the above equilibrium. If the trivalent 
boron dissolves substitutionally into the SiO2 lattice, ad- 
ditional oxygen vacancies would be generated to satisfy 
the condition of electroneutrality. However, the number  
of oxygen ion vacancies would be decreased because of 
the presence of pentavalent phosphorous ions in the cat- 
ion lattice. 

The higher values of conductivities of SiO~ grown on 
silicon containing B, as compared to those containing P, 
seems consistent with the increased concentration of oxy- 
gen vacancies due to such a mechanism during the trans- 
port through SiO~ in this oxygen pressure range. 

At high oxygen pressures, however, the presence of ox- 
ygen interstitials is more likely. The presence of pentava- 
lent phosphorous will then increase the number  of inter- 
stitial oxygen ions and the holes associated with it, while 
boron will have the opposite effect. Our measurements on 
the oxidation of silicon in 1 atm of oxygen (unpublished) 
show that phosphorous-doped silicon oxidizes faster than 
boron-doped silicon, suggesting the presence of intersti- 
tial silicon and holes at this oxygen pressure. 

The transport number  measurements show that the 
ionic transference number  is a function of oxygen pres- 
sure and temperature. There appears to be a critical oxy- 
gen pressure at which a switchover of the predominant  
defect from oxygen interstitials to oxygen vacancies may 
occur. This can only be resolved by measuring the con- 
ductivities as a function of oxygen pressures over a wider 
pressure range. 
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Some Applications of Cold Crucible Technology for Silicon 
Photovoltaic Material Preparation 

T. F. Ciszek* 

Solar Energy Research Institute, Golden, Colorado 80401 

ABSTRACT 

Cold crucible melt  confinement was used for four different silicon crystallization methods of interest in photovol- 
talc material preparation: directional solidification, Czochralski pulling, sheet growth, and continuous ingot casting. 
Large grained, multicrystalline ingots were directionally solidified in cold crucibles, and grain sizes up to 5 mm were 
observed. Dislocation-free crystals were pulled in [111] and [100] orientations, using semiconductor-grade silicon. The 
edge-supported pulling (ESP) growth method was employed for sheet growth. The sheets were solidified between 
quartz filaments. Continuous casting of square cross-sectional ingots with grain sizes of up to several millimeters was 
carried out. Material suitable for fabrication into solar cells was obtained by these methods. AM1 solar cell IV character- 
istics are presented for the different materials and for coprocessed cells made from conventional Czochralski crystals 
grown using quartz crucibles. Some purity and electrical property data for cold crucible crystals are also given. Dis- 
location-free cold crucible crystals had higher purity levels and photovoltaic conversion efficiencies than conventional 
Czochralski crystals. 

The importance of high efficiency to viable photovol- 
talc systems is becoming progressively more recognized. 
With silicon, several researchers have already realized 
AM1 efficiencies above 18%. Because of its abundance, 
low material cost, salubrity, established technology base, 
and high theoretical conversion efficiency, silicon is an 
excellent candidate material for high efficiency PV sys- 
tems. However, the minority carrier lifetime attainable in 
heavily doped (<0.5 ~-cm) Czochralski-grown crystals 
from quartz crucibles may not be adequate for high effi- 
ciency solar cells. This paper explores some roles that 
cold crucible technology might play in silicon material 
preparation for both dislocation-free single-crystal cells 
and multicrystalline cells (including silicon sheets). Cold 
crucible growth shows a potential for less impurity incor- 
poration than Czochralski growth because, in the former 
method, there are no hot reactive surfaces near the mol- 
ten silicon. In addition, radio frequency (RF) repulsion 
tends to push the liquid silicon away from the finger-like 
water-cooled walls of the melt container. 

Cold crucible melt confinement was used for four dif- 
ferent silicon crystallization methods of interest in photo- 
voltaic material preparationi directional solidification, 
Czochralski pulling, sheet growth, and continuous cast- 
ing. Solar cells were fabricated from the crystallized sili- 
con and compared with solar cells fabricated on conven- 
tional Czochralski-grown (CZ) wafers. 

Experimental 
Principles of cold crucible operation.--Heating and melt 

confinement with cold crucibles is provided via RF in- 
duction heating. In this study, a 65 mm diam RF coil with 
five turns was used at 470 kHz. The coil surrounds the 
cold crucible coaxially. The vertical walls of the crucible 
are composed of closely spaced, electrically isolated, 
water-cooled copper fingers that have approximately 
square cross sections. Each finger acts as an RF 
stepdown transformer, and the coil current induces RF 
currents to flow in the fingers. The finger currents, in 

turn, induce a current to flow in the silicon charge. Heat- 
ing and melting of the charge is caused by ohmic resist- 
ance to this current flow (FR heating). At the inside wall 
of the crucible, the instantaneous current directions in 
the fingers and in the charge are opposed (Fig. 1). Thus, a 
force arises due to magnetic repulsion and the silicon 
melt is pushed away from the fingers. 

Directional solidification.--~For directional solidifica- 
tion or Stockbarger-type growth of large grained, 
multicrystalline silicon, a commercial  cold crucible with a 
31 mm id, a 50 mm od, and a hemispherical bottom was 
used. The cross section of each water-cooled finger is a 
sector of a right cylindrical annulus, as shown in Fig. 1. 
The inner radii of the sectors decrease in the hemispher- 
ical bottom region until the cross section becomes a 
wedge at the very bottom. The crucible is made of copper 
with gold plating. A flared, cylindrical, fused-quartz 
sheath was placed between the cold crucible and the RF 
coil, with the flared portion extending outward over the 
top of the coil, to prevent arcing between the coil and cru- 
cible. The assembly was housed in a 38 cm diam, water- 
cooled, stainless-steel growth chamber. The crucible and 
coil were stationary. 

A 55g charge of semiconductor-grade silicon along with 
sufficient boron dopant to yield approximately 2 ~-cm 
resistivity was placed in the crucible. The growth cham- 
ber was evacuated before it was filled with 99.999% mini- 
mum-puri ty argon at 1.2 bar total pressure. The silicon 
charge was preheated with a graphite heater, inductively 
coupled to the top of the cold crucible, until it was hot 
enough to couple directly to the cold crucible. At this 
point, the preheater was moved.away from the crucible 
region. 

An RF power level of 19.5 kW (6.1 kV plate voltage and 
3.2A plate current) was used to melt and stabilize the 
polycrystalline silicon. For directional solidification, the 
power was ramped down to 0 at a rate of approximately 
0.5 kW/min. Figure 2 shows an etched cross section of an 
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Fig. 1. Operating principle of a cold crucible showing instantaneous 
current flows. 

ingot  solidified in this m a n n e r ,  Grain sizes of  up to 5 m m  
can be  seen. 

Czochralski pulting.--While sil icon crystals had previ-  
ously been  CZ pul led  f rom a cold crucible  (1), auxi l iary 
radiant  hea t ing  with  a graphi te  hea te r  was requ i red  for 
seeding.  Auxi l ia ry  hea t ing  m a y  compromise  the  pur i ty  of 
the  g rown  crystals by increas ing  the  carbon  content ,  for 
example .  In  this s tudy,  both  [100] and [111] dislocation- 
free crystals were  g rown  Without auxi l iary  hea t ing  f rom a 
cold crucible  sys tem similar  to the one  used  for direc- 
t ional  solidif ication of  silicon. 

Seeds  wi th  4 x 4 m m  square  cross sect ions and ei ther  
[111] or  [100] or ienta t ion were  used.  At a genera tor  power  
leveI  of  20.5 kW (plate vol tage = 612 kV, and plate current  
= 3.3A), a 60g charge of  me l t ed  sil icon in the  cold crucible  
was sufficiently ho t  to a l low good wet t ing  on the  rotat ing 
seed. When even  we t t ing  was achieved,  the  seed was 
pul led  upward  init ial ly at 3 mm/min .  Then  the power  was 
d ropped  to 19.2 kW, and the  pul l ing speed was increased 
to approx ima te ly  20 m m / m i n  in order  to grow a thin- 
necked  crystal  of 1.3-2.5 m m  diam and more  than  2 cm 
long. Necks  g rown  under  these  condi t ions  were  suffi- 
c ient  to e l iminate  dis locat ions  genera ted  in the  seed at- 
t a c h m e n t  region and a l lowed subsequen t  g rowth  to be 
dislocation-free.  A rotat ion rate of  13 rpm was used.  

Af ter  the  neck  was grown,  the  pul l ing speed  and power  
were  adjus ted  to widen  the  crystal  to about  15 m m  diam, 
and the  rotat ion rate was r educed  to a round  5 rpm. F igure  
3 shows the  hot  zone dur ing  the  d iamete r  transit ion.  In 
addi t ion  to push ing  the  mel t  away f rom the  cold  crucible  
fingers,  magne t ic  repu ls ion  also causes  the  top  of  the  
mel t  to be  near ly  hemispher i ca l ly  d o m e d  in such  a small  
crucible;  therefore,  g rowing  crystals wi th  d iameters  
larger than  about  15 m m  is difficult. At  full  diameter ,  
g rowth  speeds  f rom 0.2-2.8 m m / m i n  were  tried, and the  
power  levels  used  ranged  f rom 11 to 14 kW. S o m e  crystals 
were  doped  with  boron  to approx ima te ly  2 t2-cm resistiv- 
ity, for solar cell  use. 

Silicon sheet growth.--The edge-suppor ted  pul l ing 
(ESP) g rowth  m e t h o d  (2-4) was e m p l o y e d  for sheet  
growth,  and, again, the crucible  conf igurat ion was simi- 
lar to that  descr ibed  for direct ional  solidification. The sil- 
icon  sheets  were  solidified be tween  0.5 m m  diam quartz  
capi l lary f i laments  that  had  0.02 m m  wall  th icknesses .  
The  f i laments  were  spaced  17 m m  apart. Growth  was 
ini t ia ted on a s ingle-crystal  seed sheet  m o u n t e d  be tween  
the  fi laments,  and then  the  seed/f i lament  a s sembly  was 
m o v e d  upward  at 15-30 m m / m i n  to grow the sheet.  

Fig. 2. Etched cross section of silicon directionally solidified in o cold 
crucible. Fig. 3. Cold-crucible Czochralski pulling of dislocation-free silicon 
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A v e r y  h i g h  m e n i s c u s  was  obse rved ,  b e c a u s e  t h e  mag-  
ne t i c  r e p u l s i o n  t e n d s  to c rea te  a m o u n d e d  u p p e r  m e l t  sur- 
face a n d  also b e c a u s e  t h e r e  is a m e l t  r ise  to t h e  s h ee t ' s  
so l id / l iqu id  in t e r f ace  of  6-7 m m  in  a d d i t i o n  to t he  R F  ef- 
fect.  U n d e r  t h e s e  h a r s h  t h e r m a l  g rad ien t s ,  t h e  s h e e t  
q u i c k l y  b e c a m e  mul t i c rys t a l l i ne .  A la rger  c ruc ib l e  w o u l d  
be  a d v a n t a g e o u s .  B e c a u s e  t h e  t h in -wa l l ed  qua r t z  fila- 
m e n t s  are re la t ive ly  weak ,  t h e r m a l  e x p a n s i o n  m i s m a t c h  
b e t w e e n  t h e m  a n d  t he  s i l icon shee t  causes  t he  f i l aments  
to b r e a k  away  f rom the  s h e e t  d u r i n g  c o o l d o w n  a n d  a 
s t r a igh t  shee t  edge  is lef t  (Fig. 4). 

Continuous casting.--The t h r e e  c rys ta l l i za t ion  m e t h o d s  
d e s c r i b e d  so far  u s e d  a r o u n d  cold  c ruc ib l e  w i t h  a c losed  
b o t t o m .  C o n t i n u o u s  ca s t ing  of s i l icon ingo t s  was  per-  
f o r m e d  in  a n  o p e n - b o t t o m  c ruc ib l e  h a v i n g  a 26 x 26 m m  
s q u a r e  c o n f i n e m e n t  cross  sec t ion  w i t h  s l ight ly  oc tahe-  
d ra l  corners .  T h e  ve r t i ca l  wa te r -coo led  c o p p e r  f ingers  
were  6 x 6 m m  in cross  s ec t ion  a n d  104 m m  high.  A five- 
t u r n  RF  co~l was  u s e d  t h a t  h a d  two  ou te r  t u r n s  w i t h  an  83 
m m  id a n d  t h r e e  i n n e r  t u r n s  w i t h  a 61 m m  id. T h e  coil 
was  38 m m  h i g h  a n d  was  p l a c e d  w i t h  i ts m i d p l a n e  34 m m  
b e l o w  the  t ops  of  t h e  f ingers.  A cy l indr ica l  qua r t z  arc 
sh ie ld  was  concen t r i c a l l y  l oca t ed  b e t w e e n  t he  cold  cruci-  
b le  a n d  t he  R F  coil. 

T he  ca s t i ng  p roce s s  was  s t a r t ed  b y  i n s e r t i n g  a 25 x 25 
m m  s q u a r e  g r a p h i t e  s u p p o r t  in to  t h e  b o t t o m  of  t h e  o p e n  
c ruc ib l e  un t i l  it was  at  m i d c r u c i b l e  he igh t .  12g of  s i l icon 
were  p l a c e d  on  t he  suppor t .  The  g r o w t h  c h a m b e r  was  
e v a c u a t e d  a n d  p u r g e d  w i t h  argon.  T h e n  t he  R F  coil was  
ene rg i zed  to h e a t  t he  g raph i t e ,  w h i c h  in  t u r n  h e a t e d  the  
si l icon,  un t i l  t h e  s i l i con  was  ho t  e n o u g h  to coup le  d i rec t ly  
to  t he  cold  c ruc ib le .  A n  R F  p o w e r  level  of  10.3 kW (at 464 
kHz) was  a d e q u a t e  to m e l t  t he  sil icon. At  t h a t  poin t ,  t h e  
a d d i t i o n  of  n e w  s i l icon  ma te r i a l  t h r o u g h  t h e  o p e n  top  of 
t he  c ruc ib l e  was  b e g u n  a t  a ra te  of  240 g/h, t h e  R F  p o w e r  
level  was  i n c r e a s e d  to 15.7 kW, a n d  t he  g r a p h i t e  s u p p o r t  
was  s t a r t ed  d o w n w a r d  a t  2.5 ram/ra in .  T h e  l iqu id  s i l icon 
sol idi f ied as i t  was  s lowly  l owered  ou t  of  t he  R F  field, a t  
a ra te  equa l  to t he  r aw  s i l icon  a d d i t i o n  rate.  The  p roces s  
was  o p e r a t e d  for  ove r  a n  hour .  F i g u r e  5 is a s c h e m a t i c  of  
t he  c o n t i n u o u s  ca s t ing  process .  F igu re  6 shows  a cas t  silt- 
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Fig. 5. Schematic diagram of a cold-crucible continuous casting 
process. 

co n  ingo t  t h a t  is 17 c m  long  a n d  has  a s q u a r e  cross  sec- 
t ion.  G r a i n  sizes of u p  to severa l  m i l l i me t e r s  were  ob- 
served.  

Results 
Properties measurements.--A n u m b e r  of charac te r iza -  

t ion  t e c h n i q u e s  we re  u s e d  to eva lua te  t h e  CZ-pu l l ed  crys- 
tals.  X- ray  t o p o g r a p y  was  u s e d  to e x a m i n e  t h e  de fec t  
s t r u c t u r e  of t h e  crystals .  Molybdenum-K~_~ r a d i a t i o n  
f rom a l ine- focus  t u b e  o p e r a t i n g  at  40 k V  a n d  30 m A  was  

Fig. 4. An ESP silicon sheet grown from a cold crucible using quartz Fig. 6. A continuously cast cold crucible ingot, 17 cm long by 2.5 cm 
filaments, square. 
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used to image (220) scanning transmission topographs on 
Ilford L-4 photographic plates. It was verified that the 
neck growth procedure described in the Czochralski 
pulling section was sufficient to establish dislocation- 
free growth in both [111] and [100] orientations, and that  
the crystals remained dislocation-free at full diameter. 

The feed-stock silicon for the cold crucible was 
semiconductor-grade material. An undoped [111] dislo- 
cation-free crystal was determined to be p-type with 
90-200 ~-cm resistivity, indicating an excess acceptor im- 
purity content of approximately 1 • 10 '4 atom/cm 3. The 
minority carrier bulk lifetime of this crystal, as measured 
by the ASTM photoconductive attenuation method, was 
195 ~s. Some crystals were doped with boron, during 
growth, to between 2 and 3 ~-cm p-type for solar cell eval- 
uation. Infrared transmission spectroscopy analysis for 
carbon and oxygen impurities showed none above the 
levels in a vacuum float-zoned reference wafer: Neutron 
activation analysis for gold and copper in a [100], 2.5 
~-cm, dislocation-free single crystal grown from the gold- 
plated copper cold crucible indicated a level of 0.14 ppb 
(weight) for gold and 15.0 ppb (weight) for copper. 

Room temperature Hall mobility measurements were 
made on a polished wafer from one of the [100], disloca- 
tion-free, boron-doped crystals. Indium/tin alloy contacts 
~vere used with van der Pauw's  ~method for disks of arbi- 
trary shape (5). The measurements  indicated a p-type car- 
rier concentration of 8.3 • 1015/cm 3 and a resistivity of 2.55 
f~-cm. From three separate determinations, the average 
mobility was 295 cm2/V-s with a standard deviation of 4 
cm2/V-s. 

Solar cell characteristics.--Material suitable for fabrica- 
tion into solar cells was obtained by three of the cold cru- 
cible methods. The continuously cast material was not 
doped, and no cells were fabricated. However, when 
properly doped, these ingots are expected to be similar in 
cell performance to the directionally solidified silicon. 

Cold-crucible-grown silicon wafers were cut, lapped, 
machine polished with a colloidal silica Slurry, and used 
to fabricate solar cells. Control cells, using commercial  
CZ-grown wafers of similar resistivity, were processed 
along with the cold-crucible-grown silicon. The cell fabri- 
cation process consisted of a phosphorus oxychloride dif- 
fusion at 850~ that created a 0.3 ~m deep junction with 
approximately 90 ~/~ sheet resistance, an aluminum 
drive-in back contact, and photolithographically defined 
front metallization. A standard Ti/Pd/Ag evaporated grid 
deposition sequence was used for the front contact. The 
cell areas ranged from 0.1 to 3.0 cm 2. The smaller cells 
were mesa array cells fabricated simultaneously on a wa- 
fer. Individual cells in an array were isolated by an etched 
moat. Figure 7 shows the completed device array con- 
figuration. To better determine material effects on cell 
efficiency, antireflection (AR) coatings were generally 
not used. 

Directionally solidified material ("Directional solidi- 
fication" section, above) was large grained (see Fig. 2). 
Mesa-defined cells 1.61 cm 2 in area were cofabricated on 
both round directionally solidified wafers and commer- 
cial CZ controls of similar resistivity. Typical uncoated 
I/V characteristics under ELH lamp illumination at an in- 
tensity of 100 mW/cm ~ and a temperature of 25~ are 
shown in Fig. 8. Poorer performance in short-circuit cur- 
rent  density (J~), open-circuit voltage (Vow), and fill factor 
(FF) result in an efficiency of only 9.2% for the 
directionally solidified cell vs. 10.8% for the CZ control. 
AR coatings are expected to increase these values to ap- 
proximately 13% and 15.4%, respectively. 

Solar cell efficiencies for cold-crucible-pulled CZ crys- 
tals were observed to be higher than those of copro- 
cessed, conventional CZ crystals. The characteristics of 
0.1 cm ~ mesa array cells were again measured without an 
AR coating, so that any differences due to substrate mate- 
rial would not be masked by potential AR coating varia- 
tions. Statistics on cell performance at 25~ under tung- 
sten ELH lamp illumination, and at 28~ under filtered 
xenon solar simulator illumination, both at 100 mW/cm 2 

Fig. 7. An array of 0.10 cm 2 mesa cells on a [100] cold crucible Si 
wafer. 

intensity, are given in Table I. Cell results from several 
wafers are included. In all cases, Voc, J~c, and cell ef- 
ficiency were higher for the cold-crucible-grown mate- 
rial. The fill factors were nearly equal within the 
standard deviation (shown in parentheses) of the mea- 
surements. Under ELH illumination at 25~ the average 
control efficiency was 10.9%; the cold crucible cells were 
11.7% efficient. Under xenon solar simulator illumination 
at 28~ the control cells were 10.2% efficient, and the 
cold-crucible cells had an average efficiency of 10.6%. 
Good AR coatings can increase the cell efficiency values 
by at least 43% and as much as 50% (6) if combined with 
surface passivation. Two larger cells were made from a 
CZ control wafer and a cold-crucible CZ wafer (3.04 and 
0.64 cm 2 respective cell areas). These cells were fabricated 
using a relatively low efficiency base-line process, and a 
simple one-layer AR coating was applied. The compara- 
tive performance under 100 mW/cm 2 ELH illumination at 
25~ is shown in Fig. 9 and indicates an 8% advantage for 
the cold-crucible cell under these processing and mea- 
surement conditions. 

In Fig. 10, a comparison is made between several con- 
ventional CZ control cells and cold-crucible ESP sheet 
cells. Again, the cells are not AR-coated. In this case, a 0.1 
cm 2 mesa  array cell structure is used. The range of per- 
formance for the ESP cells correlates with the crystal 
structure (nearly single-crystal regions exhibit  the best 
performance--up to 90% of the control efficien- 
cies--while the smaller grained regions near the 
filaments have the lowest solar cell efficiency--as little 
as 68% of the control efficiencies). 

S u m m a r y  and  Discussion 

The cold-crucible method with RF heating has been 
successfully applied to the crystallization of silicon in 

Table I. Solar cell current/voltage characteristics for some diffused- 
junction n/p devices of 0.10 cm 2 total area. 

Cell Measurement Cell No. of V~ JK FF Eft. 
Conditions Description Cells (mY) (mA/cm=) {0/0) (a/~) 

100 m W / c m  2, ELH 
lamps, 25~ no Cz Control 3 573(• 23.8(• 80(• 10.9(• 
AR coating, 0.1 
cm 2 ceil area Cold Crucible 8 579{• 24.g(• 81(• 11.7(~.2) 

100 mW/cm 2 
SERI filtered Cz Control 3 561(• 22.9(• 79.4(• 10.2(+.1) 
Xenon simula- 
tor 28~ no Cold Crucible 4 568(• 23.5(• 78.9(• 10.6(• 
AR coating, 
0.1-cm 2 cell area 
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four different ways. Directional solidification yielded 30 
mm diam, 55g ingots with grain sizes of up to 5 mm. This 
material was made into solar cells having efficiencies 
about 85% as good as those of conventional CZ control 
cells. Dislocation-free, 15 mm diam silicon crystals were 
pulled in both [111] and [100] orientations by a cold- 
crucible CZ technique. No auxiliary heating was required 
to grow the thin necks that are necessary to initiate 
dislocation-free crystals. X-ray topography verified that 
the crystals were dislocation-free. A number  of electrical 
property measurements,  and an analysis of solar cells 
made from the crystals, indicate that cold-crucible silicon 
may have some device efficiency advantages (4%-8%, de- 
pending on processing and illumination conditions) over 
conventional Czochralski-grown substrates for photovol- 
talc applications. Silicon sheets 17 mm wide were also 
pulled from a cold crucible melt using the ESP technique 
and quartz filaments. Pulling speeds of 15-30 mm]min 
were used. Solar cell efficiencies 68%-90% as good as 
those of conventional CZ control cells were observed. 
The efficiency was a function of sheet grain size, with 
larger grained areas having higher efficiencies. 

A new continuous casting method using an open- 
bottom cold crucible was applied to silicon. Ingots 25 • 
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25 mm in cross section and 17 cm long were cast at a lin- 
ear rate of 2.5 mrrgmin and had grain sizes of up to several 
millimeters. This technique should be applicable to many 
other materials that are electrically conductive in the mol- 
ten state. A variety of feedstock geometries such as liquid 
melts, solid bars, pellets, and powders could be used. The 
solid/liquid interface is submerged and hence slag forma- 
tion that occurs in some solidification processes could be 
kept away from the interface. Contamination levels would 
also be lower than those in conventional casting pro- 
cesses. Long ingots with tailored cross-sectional shapes 
can be produced. 

The main advantage that cold-crucible silicon melt 
confinement holds over conventional crucible tech- 
niques is freedom from high levels of impurities such as 
oxygen and carbon. Crystal purities appear to approach 
those of float-zoned crystals for C and O. Neutron activa- 
tion analysis indicated that no significant contamination 
was introduced in the silicon crystals from the copper or 
gold cold-crucible material. 

All of the work reported here was done with relat ively 
small cold crucibles (approximately 30 mm diam). Con- 
siderable scale-up would be necessary for commercial  ap- 
plication. This should not be a major problem, since cold 
crucibles up to 45 cm diam have been used in skull melt- 
ing applications. 
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A Study of UV Absorption Spectra and Photolysis of Some Group II 
and Group VI Alkyls 

S. J. C. Irvine, J. B. Mullin, D. J. Robbins,* and J. L. Glasper 

Royal Signals and Radar Establishment, Great Malvern, Worcester, England WR14 3PS) 

ABSTRACT 

A preliminary study has been made of the UV photolysis of metal-organic compounds of Hg, Cd, and Te which 
could be used for low temperature, selective area deposition of cadmium mercury telluride (CMT). High resolution UV 
absorption spectra have been measured for dimethylcadmium (CdMe~), dimethylmercury (HgMe2), and diethyltelluride 
(TeEth). Possible modes for photodissociation are discussed in light of these results. The photodissociation of these al- 
kyls was attempted in a hydrogen stream at atmospheric pressure using a mercury-xenon lamp, deposition being onto a 
silica reaction tube. Yields of Cd, Hg, and Te were measured under different deposition conditions to determine the de- 
pendence on UV intensity, alkyl concentration, and flow velocity. 

Recent  interest in low temperature growth of the infra- 
red detector material cadmium mercury telluride (CMT) 
has stimulated research into new epitaxial growth tech- 
niques (1-3). The preliminary study of UV photolysis re- 
ported here is part  of an investigation to use alkyls for the 
growth of CMT at temperatures where they are thermally 
stable (4, 5) and possibly achieve selective area growth. 

The alkyl sources used for metal-organic vapor phase 
epitaxy (MOVPE) are dimethylcadmium (CdMe2) and 
diethyltelluride (TeEth) with Hg vapor introduced from a 
liquid Hg source. Pyrolysis of these alkyls enables high 
growth rates of CMT at substrate temperatures above 
400~ In the present study, the UV absorption spectra of 
CdMe2, HgMe~, and TeEt2 have been measured. Also, pho- 
tolysis experiments have been attempted at room temper- 
ature using CdMe~, HgMe2, HgEt.2, TeMe2, and TeEt2. 

Room temperature photodeposition of Cd from CdMe2 
was achieved by Jonah et al. (6) using a 1 kW xenon- 
mercury lamp, and in more recent studies Ehrlich et al. 
(7) used CdMe~ for localized deposition of Cd using a CW 
laser source at 257 nm. The latter authors have also mea- 
sured the UV absorption spectra of CdMe2 in the vapor 
phase and as an adsorbed layer (8, 9). Multiphoton absorp- 
tion of CdMe2 has been claimed by Rytz-Froidevaux et al. 
(10), who used longer wavelength radiation (above 300 
nm) to initiate Cd deposition onto a quartz window; the 
deposition proceeds by heat generated in the photode- 
posited film. This technique involves a surface selective 
reaction and can produce Cd deposition to a resolution 
better than 1 t~m. 

Experimental 
In order investigate the UV absorption processes 

leading to photodissociation, the absorption spectra of 
the alkyls CdMe2, HgM% and TeEt2 were measured at 
room temperature in a stainless steel gas cell. This cell 
had a path length of 5.1 cm and was fitted with UV 
transmitting Spectrosil A quartz windows. The absorp- 
tion cross section at a particular wavelength can be esti- 
mated from the absorption coefficient using the relation 

OL), ~ N O "  k 

For an ideal gas at STP, N = 2.77 • 10 ~9 molecules cm -3 

*Electrochemical Society Active Member. 

.'. ~ (0.27 • 10 -I6) aA _ _ _  c m  2 

p 

where p is the partial pressure of the alkyl measured in 
torr. In all the spectra given below, the broken line repre- 
sents the absorption due to H2 carrier gas only in the cell, 
and the solid line represents that of carrier gas with a 
small pressure p of the appropriate alkyl. The absorption 
coefficient a ( c m  -1) for each alkyl is then given by the 
difference between these curves. 

The spectral region of greatest interest is 200-300 nm. At 
longer wavelengths, the alkyls show negligible absorp- 
tion, while at shorter wavelengths the Hg lamp used for 
dissociation emits negligible power. Absorption data in 
this spectral range have previously been obtained by 
Thompson and Linnett  (11) using photographic tech- 
niques, but these spectra do not give the necessary infor- 
mation on relative strengths of transitions. 

The photodeposition measurements were made using a 
continuous stream of H2 plus alkyl vapor at a controlled 
flow rate and concentration and a constant total pressure 
of 1 arm. High purity hydrogen is supplied via flow- 
meters to two lines; one is fed to the bubbler containing 
the alkyl, the other line acts as a dilution stream to alter 
the partial pressure of alkyl vapor. The mixed stream is 
passed at ambient temperature through a 7 mm id silica 
tube. Radiation from a 1 kW Oriel mercury-xenon lamp 
was focused onto the silica tube. Waste gases from the re- 
action zone, predominantly hydrogen, are passed to a 
combustion chamber  and burnt in a continuous flame. 
The whole system can be pumped out to test for leaks 
and purged with hydrogen. There were a number  of addi- 
tional features which were used in some of the experi- 
ments, such as back-reflecting mirror, masking, and a 
power meter. A laser power meter was used, with black 
body absorption characteristics to measure the radiation 
power density passing through the silica reaction tube. 

The amounts of material deposited onto the wall of the 
silica tube as a consequence of photolysis were dissolved 
in acid and determined by atomic absorption analysis. 
The deposits were metallic in appearance and were not 
expected to contain large amounts of organic impurities, 
as subsequent secondary ion mass spectrometer (SIMS) 
experiments on epitaxial thin films only show small 
amounts of carbon contamination (18). 
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Fig. 1. Absorption coefficient vs .  wavelength for CdMe2 at a partial 
pressure of 0.8 torr; the zero phonon line is indicated {Z). 

Table II. Vibronic progression for CdMe2 

Line energy (cm -~) Proposed Assignments 

42644 
43068 
43535 
43867 
44193 
44494 
44829 
45151 
45483 
45805 
46132 
46414 
46779 
47096 
47384 
47717 
48033 
48312 
48622 
48928 

-2v2' (hot bands) Z -P2' { 
Z (zero phonon line) 
Z+/22 

A- 2/2 2 or + /2,0 
+ 3v 2 or + /23 

~- /J3 ~- /22 
+ /2:~ + (2u~ or u,o) 
+ 2u3 
+ 2/23 + u2 
+ 2v 3 + (2u 2 or P,o) 
+ 3,3or+ /2, 

/22' ~ 467 cm-' .  
/22 ~ 330 cm -1. 
/23 ~ 960 cm- ' .  
,~ ~ 2879 cm '. 

Absorpt ion Spectra 
T h e  a b s o r p t i o n  s p e c t r u m  of  CdMe2 at  a pa r t i a l  p r e s s u r e  

p ~ 0.8 to r r  is g iven  in  Fig. 1. T he  s p e c t r u m  b e t w e e n  200 
a n d  300 n m  shows  a d i sc re t e  a b s o r p t i o n  b a n d  w i t h  well- 
r e so lved  v i b r a t i o n a l  f i ne - s t ruc tu re  p e a k i n g  nea r  216 nm,  
t o g e t h e r  w i t h  a b r o a d  a b s o r p t i o n  c o n t i n u u m  e x t e n d i n g  
across  t h e  r a n g e  of  in te res t .  

T h e  g r o u n d  s ta te  v i b r a t i o n a l  f r equenc i e s  g i v e n  b y  
B a k k e  (12) for CdMe~ a n d  HgMe2 are  l i s t ed  in  Tab le  I. 
U s i n g  t h e s e  data ,  t he  v i b r a t i o n a l  p r o g r e s s i o n  in  t he  
CdMe2 a b s o r p t i o n  b a n d  can  b e  a s s igned  as i n d i c a t e d  in  
Tab le  II, a l t h o u g h  it  m u s t  b e  rea l ized  t h a t  t h e r e  is some  
a m b i g u i t y  in  t he  pos s ib l e  a s s i g n m e n t s .  Neve r the l e s s ,  i t  
s e e m s  c lear  f r o m  a c o m p a r i s o n  of  Tab les  I a n d  II t h a t  i t  is 
t h e  to ta l ly  s y m m e t r i c  (A1) v i b r a t i o n a l  m o d e s  w h i c h  are  
s t rong ly  exc i t ed  in  t he  t r ans i t i on .  This  is n o r m a l l y  f o u n d  
for  a s t r o n g  s y m m e t r y - a l l o w e d  e lec t ron ic  t r ans i t i on .  We 
no t e  t h a t  T h o m p s o n  a n d  L i n n e t t  (11) h a v e  d i s c u s s e d  t he  
f ine s t r u c t u r e  in  t h e i r  s a m p l e  of CdMe2 as a r i s ing  f rom 
CdEt~ impur i ty .  In  v i ew  of  t h e  s t r e n g t h  of  a b s o r p t i o n  in  
ou r  spec t ra ,  t he  k n o w n  level  of  pu r i t y  of  t h e  sample ,  a n d  
t h e  a g r e e m e n t  b e t w e e n  h o t b a n d  f r equenc i e s  a n d  R a m a n  
da ta  for  CdMe2, we do no t  c o n s i d e r  th i s  a c r ed ib l e  expla-  
n a t i o n  for  ou r  data .  

The  ene rg i e s  of  t h e  v a l e n c e  m o l e c u l a r  o rb i ta l s  (MO) in  
CdMe2 h a v e  b e e n  ca l cu l a t ed  b y  B a n c r o f t  et al. (13) a n d  
c o m p a r e d  w i t h  m e a s u r e d  p h o t o e l e c t r o n  spec t ra .  The  

Table I. Observed ground-state vibrational frequencies for CdMe2 and 
HgMe~ (12) ~ 

Energy (cm-') 
Symmetry M o d e  CdMe2 HgMe2 Type 

v,' 2904 2910 C--H stretch 
A, v2' 465 515 C--M--C stretch 

v:~' 1129 1182 CH:~ bend 
v~' (2920) 2880 C--H stretch 

A2 v~' 538 550 C--M--C stretch 
/27' 1140 1205 CH3 deformation 
vs' 2885 2966 C--H stretch 

E' /2.,' 1441 1475 CH:, deformation 
/2./ 705 787 CH:~ rocking 
/2,/ 150 156 C--M--C bending 
~,~' 2963 2869 C--H stretch 

E" ,,:,' 1384 1443 CH:~ deformation 
/2,4' 642 700 CH:~ rocking 

Assumes eclipsed geometry of molecule with C,v symmetry. 
Cd--C distance: 2.117~. 
C--H distance: 1.09A. 

e l ec t ron i c  ene rg ies  a n d  orb i ta l  types  are  l i s ted  in  Tab le  
III. The  h i g h e s t  energy-f i l led  MO (bl) i nvo lves  an  
a n t i s y m m e t r i c  l inea r  c o m b i n a t i o n  of  C~ orb i ta l s  a n d  is 
w e a k l y  b o n d i n g  in  t he  C-Cd-C cha in  b y  v i r tue  of  in te rac-  
t ion  w i t h  Cd 5p orbi ta ls .  The  e lec t ron ic  t r a n s i t i o n  g iv ing  
r ise  to t he  d i sc re te  a b s o r p t i o n  b a n d  in  Fig. 1 i nvo lves  ex- 
c i t a t ion  of  a n  e l ec t ron  f rom th i s  b, MO to t h e  f irst  
unf i l l ed  orbital ,  w h i c h  is e i t h e r  n o n b o n d i n g  or a n t i b o n d -  
ing. This  e l ec t ron ic  e x c i t a t i o n  t he r e fo re  w e a k e n s  t he  
C-Cd-C b o n d ,  t h e r e b y  p r o m o t i n g  t he  pho tod i s soc i a t i on .  

Th i s  w e a k e n i n g  of  t he  C-Cd b o n d s  in t he  e lec t ron ica l ly  
exc i t ed  s ta te  can  b e  q u a n t i f i e d  f rom the  ana lys i s  of  t he  
v i b r a t i o n a l  p r o g r e s s i o n  a s soc ia t ed  w i t h  t he  t r ans i t ion .  
The  l ines  to low e n e r g y  of  t he  z e r o - p h o n o n  l ine  (ZPL)  Z 
in  Tab le  II  are " h o t  b a n d s , "  t he  t r a n s i t i o n  o r ig ina t ing  
f rom a v i b r a t i o n a l l y  exc i t ed  level  of t he  g r o u n d  e lec t ron ic  
state.  The  g r o u n d  v i b r a t i o n a l  f r e q u e n c y  v2' d e d u c e d  f rom 
the  op t ica l  s p e c t r u m  is v2' - 467 c m - ' ,  in  good  a g r e e m e n t  
w i t h  t he  R a m a n  v a l u e  l i s t ed  in  Tab le  I. This  m o d e  
r e p r e s e n t s  a s y m m e t r i c  s t r e t c h i n g  of  t he  C-Cd-C molecu-  
lar  cha in .  The  l ines  to h i g h  e n e r g y  of  Z in  Tab le  II  give 
t h e  c o r r e s p o n d i n g  v i b r a t i o n a l  f r equenc i e s  in  t he  elec- 
t ron ica l ly  exc i t ed  state.  F r o m  Tab le  II, i t  c an  b e  s een  t h a t  
t he  C-Cd-C m o d e  v~ in  t he  exc i t ed  s ta te  ha s  a lower  en- 
ergy, v2 - 330 c m - ' ,  w h i c h  i nd i ca t e s  a w e a k e n i n g  of  t he  
v i b r a t i o n a l  force  cons t an t ,  k. S ince  f r e q u e n c y  ~ k 'G  we  
o b t a i n  

_k _ (330 ? _  0. 0 
k' \ 467 ] 

w h e r e  k a n d  k' are  t he  Cd-C force  c o n s t a n t s  in  t he  ex- 
c i ted  a n d  g r o u n d  states,  respec t ive ly .  Thus ,  t he  U V  ab- 
s o r p t i o n  p rocess  g iv ing  r ise  to the  d i sc re te  a b s o r p t i o n  
b a n d  in  Fig. 1 r e d u c e s  t he  C-Cd-C b o n d i n g  s t r e n g t h  by  a 
fac tor  o f - 2 .  

Table III. Calculated orbital energies for CdMe~ (13) a 

Symmetry Binding energy (eV) Orbital type 

b, 9.13 Cd--C (weakly-bonding) 
a, 10.37 Cd--C (bonding) 

a2 
b, 13.98 C--H (bonding) 
b2 14.24 
a, 

20.18 Cd 4d orbitals 20.71 

a Assumes C2v molecular symmetry. 
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Fig. 2. Configurational coordinate model for CdMe~ 
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The dissociat ion process  for CdMe2 appears  to be  asym- 
metric,  wi th  one CH~ radical  depar t ing  first wi th  excess  
kinet ic  energy  (14). Exc i ta t ion  of  the s y m m e t r i c  C-Cd-C 
m o d e  ~2 in the  optical  t rans i t ion  could  lead rapid ly  to ex- 
ci ta t ion of  the co r respond ing  an t i symmet r i c  C-Cd-C 
m o d e  ,6, wh ich  has a s imilar  energy.  This re laxat ion  be- 
tween  modes  is b rought  about  by anha rmonic  te rms  in 
the  molecu la r  hami l ton ian  and usual ly  p roceeds  very  rap- 
idly; in this case, the  m o d e  v~ m a y  be the  react ion coordi- 
na te  for the  dissociat ion.  The  discrete  absorp t ion  band  in 
Fig. 1 is over lapped  by a broad c o n t i n u u m  wi th  a rela- 
t ively  low energy  threshold.  This c o n t i n u u m  poss ib ly  rep- 
resents  absorpt ion  to an u n b o u n d  e lect ronic  state which  
is pure ly  dissociative.  The  s i tuat ion is r ep resen ted  sche- 
mat ical ly  in Fig. 2. Chen  and Osgood (17) have  also ob- 
se rved  a long wave leng th  c o n t i n u u m  for CdMe2 vapor  at 
300 K. These  authors  a t t r ibute  this absorp t ion  to a v ibra to  
ical ly a l lowed q u a d r u p o l e  t ransi t ion wh ich  is dissociat ive.  

The  absorp t ion  s p e c t r u m  of HgMe2 at a part ial  pressure  
p ~ 10 torr  is g iven  in Fig. 3. The  form of  this spec t rum is 
ve ry  similar  to that  for CdMe2, excep t  that  it is s l ightly 
shif ted to h igher  energy.  The  vibra t ional  progress ion  can 

Table IV. Vibronic progression for HgM% 

Line energy (cm-') Proposed assignments 

46533 
47052 
47432 
47840 
48123 
48484 
48852 
49193 
49547 
49925 
50251 
50610 
50963 
51298 
51650 
51975 
52290 
52615 
51958 

Z* - v2' (hot band) 
Z* (zero phonon line) 
Z* + v2 

+ 2,2 or v.) 

+ v:~ + (2v~ or ~,o) 
+ 2v:~ 
+ 2v:~ + v~ 
+ 2v:, + (2v 2 or v,o) 
+ 3v:~ 

v2' - 519 cm-L 
v2 - 370 cm-' .  
v:~ - 1070 cm-' .  

be analyzed as for CdMe2, the  probable  a s s ignments  being 
l is ted in Table  IV. Once  again the progress ion  is domi-  
nated by the  symmet r i c  A, modes ,  and par t icular ly  by the 
C-Hg-C s t re tching m o d e  v~. The  similar  bond ing  character  
for CdM% and HgM% is also ref lected in the  photo-  
e lec t ron  spectra  for these  c o m p o u n d s  (15). 

F r o m  a compar i son  of  g round  and exc i ted  vibra t ional  
f requenc ies  for the  m o d e  v2, we obtain as a ratio of  force 
constants  for HgMe~ 

k ( 370 y 
k---;- - \ 519 ] - 0.51 

This is ve ry  close to the  ratio obta ined  for CdMe2 and 
again indicates  that  e lect ronic  exci ta t ion  into the  discrete  
absorp t ion  band in Fig. 3 roughly  halves  the  C-Hg-C bond  
strength.  

Pho tod issoc ia t ion  m e c h a n i s m s  in HgMe~ and CdMe.~ 
are p r e sumab ly  qui te  analogous.  The  Hg c o m p o u n d  again 
shows  a broad  under ly ing  dissocia t ive  con t inuum,  bu t  
there  is also ev idence  for the  presence  of  free Hg a toms in 
the  absorp t ion  cell  f rom the  w e a k  Hg absorp t ion  l ine at 
253.7 nm. 

The absorp t ion  spec t rum of TeEt2 at a part ial  p ressure  
p - 1 torr  is g iven  in Fig. 4. The  form of this  s p e c t r u m  is 

o(. IcK I) Hg Me  2 

0.5[ 

0.4 

Z ~ 

0.3 

0.2 

0.1 

' ~ i t l i I i 

200  220 2 4 0  2 6 0  280 
Wavelength ( n m )  

Fig. 3. Absorption coefficient vs. wavelength for HgMe2 at a partial 
pressure of -- 10 tom the zero phonon line is indicated (Z*), 

oC Icm -i ) Te Et  2 

0,5 

0.4 

0.3 

0.2 

O.I 

I I I I F I I I r t 
200 2.20 240 250 280 

Wavelengt h ( n m )  

Fig. 4. Absorption coefficient vs. wavelength for TeEt2 at a partial 
pressure of 1 tort. 
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Table V. Table of photodeposition results 

Run no. Alkyl 

Exposure Power Partial Flow 
time intensity pressure velocity 
(rain) (W cm -2) (torr) (cm s-') Yield (mg) 

9 CdMe2 5 
10 CdMe2 5 
11 CdMe2 10 

16 HgMe2 15 
17 HgEt2 15 
1 TeEt~ 15 
4 TeEt2 15 
5 TeEt2 15 

12 TeEt2 15 

13 TeEt2 15 
14 TeEt2 15 

6 TeEt2 15 
7 TeEt2 15 
8 TeEt2 15 

1.9 9.3 20 0.889 
2.0 2.3 20 0.704 
0.85 2.3 20 0.175 

(1 cm mask) 
1.7 --  20 19.3 
1.8 --  20 <0.01 

2.3 20 0.9 
~0.5 2.3 20 0.668 

0.6 2.3 20 0.44 
2.3 4.2 20 0.26 

(1 cm mask) 
2.4 4.2 20 0.36 
2.0 2.3 6.8 0.22 

(1 cm mask) 
1.1 2.1 7 1.38 
0.6 2.3 20 0.264 
1.79 2.3 20 0.662 

quite different from those of the metal alkyls and shows a 
series of discrete absorption bands without well-resolved 
fine structure. There is also little evidence for any strong 
underlying absorption continuum. At the present stage, 
useful analysis of this spectrum would be difficult. 

Photodeposition Results and Discussion 
The results of the photodeposition measurements  are 

summarized in Table V. In run 9, a smooth mirror deposit 
was formed on the silica reaction tube after 1 min expo- 
sure to a beam intensity of 1.9 W cm -2 with a partial pres- 
sure of CdMe2 of 9.3 torr. A photograph of this reaction 
tube for run 9 is shown in Fig. 5. The exper iment  was per- 
formed with a power meter  behind the reaction tube and 
with no back-reflecting mirror. The beam was com- 
pletely attenuated by the deposit in the high intensity re- 
gion after 1 rain, and this coherent deposit extended in 
both directions into regions of lower beam intensity. The 
exper iment  was terminated after 5 min, leaving the cad- 
mium deposit as shown in Fig. 5 extending for 12 cm al- 
most symmetrically about the beam axis. The weight of 
Cd deposited was 0.889 mg; clearly, the weight  would 
have been larger if the beam had not been attenuated. 
Run 10 was conducted under  similar conditions to that of 
run 9, except  for a reduction in CdMe2 to 2.3 torr, 
achieved by adjusting the ratio of bubbler flow rate to di- 
lution flow rate. The photograph of the reaction tube for 
run 10 in Fig. 5 is similar to run 9, with a coherent deposit  
extending for about 10 cm along the reaction tube. The 
period of exposure to the UV beam was 5 min, yielding a 
total Cd deposition of 0.704 mg. Following a pattern simi- 
lar to run 9, the deposit formed initially in the high inten- 

Fig. 5. Reaction tubes following photodeposition of CdMe2 for runs 9 
(I cm mask), 10, and 11 (see text). 

sity region and extended to regions of lower beam inten- 
sity. 

For run 11, a lower power, 0.85 W cm -2, was used, and 
the reaction tube was masked,  except  for a 1 cm gap to 
allow illumination. A photograph of the reaction tube is 
shown in Fig. 5, where only the il luminated region has a 
Cd deposit. 

Photolysis of HgMe2 was attempted under flow and 
beam power conditions similar to those of run 9 for 
CdMe2. In order to reduce loss of Hg from the reaction 
tube, a liquid nitrogen trap was placed downstream of the 
exposed region. Atomic absorption analysis determined 
the weight of Hg deposited to be 19.3 mg, a significantly 
higher yield than Cd from CdMe2. 

Photolysis of HgEt2 was unsuccessful using conditions 
similar to HgMe~ photolysis. No mercury was visible after 
15 min, and less than 0.01 mg of Hg was measured by 
atomic absorption analysis. No UV absorption spectra 
were measured for HgEt2, so it is not possible at this stage 
to explain the absence of photolysis using a mercury 
lamp or to predict under what conditions photoiysls 
would occur. 

The initial diethyltelluride (TeEt2) photolysis experi- 
ment, run 1, used a back-reflecting mirror to increase the 
intensity in the reaction tube. In an exposure period of 15 
rain, 0.9 mg of Te was deposited with a TeEt2 partial pres- 
sure of 2.3 torr. Although, in light of later experiments,  
the presence of the mirror did enhance photolysis, it was 
removed in subsequent  experiments so that a power me- 
ter could be placed behind the reaction tube. 

The deposition of Te onto the silica tube was not as 
smooth as the Cd deposit; some of the Te formed fine 
particles, which were carried out of the reaction tube, 
causing an error in the determination of weight of depos- 
ited Te. It was also observed that deposition did not occur 
i n  the region of high UV intensity; most  of the deposit 
was downstream of this region. 

The cause of this anomalous behavior was investigated 
using masks so that only part of the tube could be ex- 
posed to the UV radiation. Runs 4 and 5 were performed 
without masks to obtain a comparison with masked 
tubes. In both cases, the TeEt2 partial pressure was 2.3 
torr and the flow velocity was in the region of 20 cm s- ' .  
The power intensity in the central beam region was 0.6 W 
cm -~. Run 4 yielded 0.668 mg of Te, while run 5 yielded 
0.44 mg of Te; the difference in these values probably 
reflects the varying amount  of Te lost from the tube as a 
fine dust. 

Using a 1 cm mask in run 12 with a higher incident 
power intensity of 2.3 W cm -2 resulted in very little de- 
posit in the window region of the mask; only fine lines of 
deposit  resulted at each edge, as can be seen in Fig. 6. 
Run 12 displayed an unexpected feature of deposition 
occurring 10 cm downstream from the beam axis at a 
point where the tube emerges from the mask and is illu- 
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Fig. 6. Reaction tube following photodeposition of TeEth; the masked 
regions extend from 90 to 190 nm, and above 200 nm. 

minated by a very low intensity of UV. This additional de- 
posit can be seen in Fig. 6. It is also clear that there is lit- 
tle deposit within the 10 cm dark region. 

In run 13, all conditions were the same except  for the 
downstream portion of the mask being removed. A region 
of high intensity UV from the edge of the mask extending 
for about 2 cm has very little deposit, and most of the 
deposition is downstream of this where the UV illumina- 
tion is weaker. The amount  of Te deposited in run 13 was 
0.36 mg, compared with 0.26 mg in run 12. 

It can be concluded from these results that Te will not 
photodeposit  onto silica in a region where the UV inten- 
sity is high, although this may not be the case for a differ- 
ent surface or in the presence of other species such as Cd. 
Te will deposit in a region where the UV intensity is 
lower and, as run 12 indicated, the intensity may be or- 
ders of magnitude lower than the peak intensity, but the 
amount  of Te deposited is only a factor of 2 or 3 down 
from when the mask was not present. As will be dis- 
cussed later, the photodeposition efficiency of TeEt2 is a 
fairly simple function of the peak UV intensity. There- 
fore, a more complex process than simple photon absorp- 
tion and dissociation of a C-Te bond is needed to explain 
the masking experiments.  The relatively large amount  of 
deposit occurring downstream of the mask in run 12 sug- 
gests that some TeEt~ molecules have been pre-excited in 
the high intensity region. The mean time for a molecule 
to travel across the dark region is 0.5s, which rules out the 
possibility of an excited electronic state or vibrational 
state in the molecule. A possible mchanism is the forma- 
tion of an intermediate species such as TeEt which then 
readily dissociates in a region of low photon flux. 

The role of flow velocity of the H2 § TeEt2 stream was 
investigated, as it will influence the mean exposure of 
each TeEt2 molecule to U~. In run 6, the flow velocity 
was reduced to one-third of the standard value, and the 
percentage yield was increased approximately three 
times (see Table V). 

Changes in UV power intensity were investigated in 
runs 7 and 8, both runs being carried out without masks 
and flow velocities of 20 cm s -~. In run 7, the beam 
power intensity was 0.60 W cm -2, which deposited 0.264 
rag of Te. In run 8, the power intensity was increased to 
1.79 W cm -~, depositing 0.662 mg of Te. For the concen- 
trations used in these experiments  and for photodeposi- 
tion efficiencies in the region of 1%, it is likely that the 
weight of Te deposited would be proportional to the inci- 
dent UV power intensity. 

Successful photodeposition of TeMe2 was achieved 
with a beam intensity of 1.3 W cm -2 and flow velocity 
around 20 cm s- ' .  A total weight of 0.288 mg of Te was de- 
posited in 15 min, which is approximately a factor of 2 
lower than for TeEt2 under equivalent conditions. The 
deposition mainly occurred downstream of the high UV 
intensity region, in agreement with the TeEt2 experi- 
ments. 

Conclusions 
High resolution UV absorption spectra have been mea- 

sured for a number of alkyl/H2 gas mixtures. For both 
CdMe2 and HgMe2, there is an electronic transition from a 
weakly bonding to an antibonding MO in the energy 
range 43,000-47,000 c m - '  which leads to significant weak- 
ening of the C-M-C molecular chain. This excitation can 
lead to photodissociation at room temperature. The 
mechanism may involve vibrational relaxation to the 
antisymmetric reaction coordinate of a bound state, or it 
may decay into the underlying continuum, which is prob- 
ably dissociative. The spectrum of TeEt~ cannot be easily 
analyzed to give evidence for analogous bond weakening 
in the excited state, although it is strongly absorbing in 
the part of the spectrum where the  lamp emits a high UV 
intensity. 

Photodeposit ion of Cd from CdMe~ occurs readily when 
i l lumina ted  with a Hg lamp, although the absorption 
coefficient in the region of 254 nm is low (-0.05 c m - '  
torr- ' ) ,  in agreement with Ehrlich et al. (9). Similarly, 
HgMe2 gives a good yield of Hg, but no significant 
photodissociation occurred with HgEt2; the reason for 
this is not clear in the absence of absorption spectra for 
this alkyl. 

The photodeposition of TeEt2 and TeMe2 does not ap- 
pear to be first order in these experiments, as deposition 
did not occur in the region of high UV intensity but de: 
posited downstream where the UV intensity was lower. 
Experiments by Connor et al. (16) on the flash photolysis 
of TeMe2 indicated the formation of primary photo- 
products of the type CH3Te, although no indication was 
given of a delay in the production of Te photoproducts. 
The delay in deposition may be due to poor adsorption 
onto silica in a region of high UV intensity or to the for- 
mation of an intermediate compound which photodis- 
sociates further downstream in a region of low UV 
intensity. 

Further experiments on using these alkyls for low tem- 
perature epitaxial growth are in progress. 

Acknowledgments 
The authors wish to thank Mr. J. S. Gough for the 

atomic absorption measurements  and Miss G. Wooldridge 
for technical assistance. 

Manuscript received May 7, 1984. 

REFERENCES 
1. S. J. C. Irvine and J. B. Mullin, J. Cryst. Growth, 55, 107 

(1981). 
2. J. P. Faurie, A. Million, and J. Piaguet, ibid., 59, 10 

(1982). 
3. R. Roussille, S. Guillot, and G. Lefeuvre, ibid., 59, 130 

(1982). 
4. J .B.  Mullin, S. J. C. Irvine, and D. J. Ashen, ibid., 55, 92 

(1981). 
5. J. B. Mullin and S. :l. C. Irvine, J. Vac. Sci. Technol., 21, 

178 (1982). 
6. C. Jonah, P. Chandra, and R. Bersohn, J. Chem. Phys., 

55, 1903 (1971). 
7. J. Ehrlich, R. M. Osgood, Jr., and T. F. Deutsch, IEEE J. 

Quantum Electron., qe-16, 1233 (1980). 
8. D. J. Ehrlich and R. M. Osgood, Jr., Chem. Phys. Lett., 

79, 381 (1981). 
9. D. J. Ehrlich, R. M. Osgood, Jr., and T. F. Deutsch, J. 

Vac. Sci. Technol., 21, 23 (1982). 
10. Y. Rytz-Froidevaux, R. P. Salathe, H. H. Gilgen, and 

H. P. Webber, Appl. Phys. A, 27, 133 (1982). 
11. H. W. Thompson and J. W. L. Linnett, Proc. R. Soc. 

(London) A, 156, 108 (1936). 
12. A. M. W. Bakke, J. Mol. Spectrosc., 41, 1 (1972). 
13. G. M. Bancroft, D. K. Creber, and Hi Basch, J. Chem. 

Phys., 67, 4891 (1977). 
14. M. Tamir, U. Halavee, and R. D. Levine, Chem. Phys. 

Lett., 25, 38 (1974). 
15. D. K. Creber and G. M. Bancroft, Inorg. Chem., 19, 643 

(1980). 
16. J. Connor, G. Greig, and O. P. Strausz, J. Am. Chem. 

Soc., 91, 5695 (1969). 
17. C.J .  Chen and R. M. Osgood, Chem. Phys. Lett., 98, 363 

(1983). 
18. S. J. C. Irvine, J. Giess, J. B. Mullin, G. W. Blackmore, 

and O. D. Dosser, To be published. 



The Photochemical Oxidation of GaAs 
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ABSTRACT 

The vacuum ultraviolet photochemical oxidation of GaAs by N20 (wavelengths of 2537 and 1849}~) was studied by 
x-ray photoelectron spectroscopy. We believe the model most consistent with our data involves (i) adsorption of molecu- 
lar N~O, (ii) dissociation of the N20 on the surface, and (iii) oxidation :of the surface by the adsorbed O atoms. The tem- 
perature dependence  of the overall reaction on the stoichiometric surface is dominated by the temperature dependence 
of adsorption of N.~O. An As-rich surface oxidizes more slowly, and the reaction saturates; in this case, the rate-limiting 
step and the cause of saturation is the oxidation of the surface by adsorbed O atoms. The As-covered surface does not 
present t he  proper sites (As atoms surrounded by Ga atoms) for fast, continued oxidation of GaAs. 

Thermal, plasma, and anodic oxides of gallium arsenide 
(GaAs) have been heavily explored as insulating and pas- 
sivating layers for this important semiconductor, with rel- 
atively little success. High trap density at the interface 
leads to poor electrical characteristics (1-3). Certain non- 
native insulators, such as silicon dioxide (SIO2) and sili- 
con nitride (SigN4) deposited by various methods, also 
have high interface-state densities. In this case, the inter- 
face states seem to be related to the presence of an inter- 
facial layer of oxidized GaAs, either native oxides present 
before deposition or oxides created during the deposition 
process (4-7). 

For example, in the vacuum ultraviolet irradiation 
(VUV) assisted chemical vapor deposition of SiO~ on 
GaAs, the "Photox"  process developed by Hughes Air- 
craft Company, a GaAs photochemical oxide is found at 
the GaAs-SiO~ interface, even when no initial GaAs native 
oxide is present before deposition (8). Knowledge of the 
mechanism of photochemical oxidation of GaAs is impor- 
tant for reducing or eliminating this layer, and for 
enhancing the usefulness of the "Photox"  process in 
GaAs passivation. In the experiments reported here, the 
kinetics of the VUV photochemical  oxidation of GaAs by 
nitrous oxide (N~O) have been observed by x-ray photo- 
electron spectroscopy (XPS). A probable mechanism for 
the reaction is suggested in which molecular N20 adsorbs 
on clean, stoichiometric GaAs prior to its dissociation. 
This model is suggested by the temperature dependence 
of the reaction: the reaction is less complete as the sub- 
strate temperature is raised. 

Experimental 
The GaAs coupons were polished <100> faces of p-type 

material, zinc-doped to a carrier concentration of 5 • 1018 
cm -3. To produce the native oxides, coupons were 
cleaned with 2% bromine (Br) in methanol for 10s, rinsed 
in methanol, then placed in air at room temperature for 
several months. 

For the photochemical oxidation experiments,  the pho- 
tochemical reactor was enclosed in a glove bag filled 
with flowing N2. The GaAs coupons were etched in the 
glove bag in either 2% Br2 in methanol for 10s (to produce 
a stoichiometric surface) or in concentrated HC1 for 15 
min (to produce an As-rich surface) (9), rinsed in ethanol, 
and loaded into the reactor chamber. Since this proce- 
dure was carried out in the glove bag, the cleaned 
samples were never exposed to air. To the sensitivity of 
our XPS measurements,  no oxidized Ga or As is present 
on the surface. In the reactor, the substrate was placed on 
a heated copper block where it would be illuminated 
from above by a low-pressure mercury (Hg) lamp. The 
photon flux of the lamp is about 1 • 10 '5 photorgcm'-' s, 
equally split between the 2537 and 1849~ lines. Both lines 
have sufficient energy for e -h  § pair production in GaAs, 
and the 1849~ line can dissociate N~O to produce N2(1Z) 
and O(3P, 'D). N20 was introduced into the evacuated 
chamber at a flow rate of 60 standard cubic centimeters 
per minute (sccm), and the pumping speed was adjusted 
to establish a pressure of 6 torr in the chamber. These 

conditions are similar to those used in the photochemical  
deposition of SiO~ on GaAs. The chamber has been used 
with a Hg sensitizer, but Hg was not intentionally added 
to the N20 in these experiments.  After the flow of N~O 
was established, the lamp was turned on for an arbitrarily 
chosen period of time. As a r e su l t o f  the geometry of the 
reactor, the Hg lamp illuminates both the gas and the sub- 
strate surface. 

The coupons were removed from the reactor chamber, 
again in a N2 environment, and placed in a desiccator. 
The desiccator was transferred to a N2-filled glove bag at- 
tached to a modified GCA-McPherson ESCA-36 XPS 
spectrometer that had a spherical-sector analyzer and a 
position-sensitive detector (10). The coupons were loaded 
into the spectrometer, also in a N2 atmosphere, and the 
spectrometer was evacuated to 1 x 10 -7 torr. The entire 
procedure, from the unloading of the reactor chamber to 
the XPS analysis, generally took less than 30 min. 

Results 
GaAs native oxides.--The compositions of GaAs native 

oxides have been measured many times (9, 11). The re- 
sults of this s tudy are in agreement with the literature: 
the oxide is 80% gallium trioxide (Ga203), with 20% arse- 
nic trioxide (As203) and occasionally a small amount  of ar- 
senic pentoxide (As20~), depending on preparation condi- 
tions (see Fig, 1). The oxidized As peak, separated by 
3.8-4.2 eV from the more prominent  peak as a result of 
GaAs in this study, is assigned to As203 by comparison to 
binding energy values for bulk As20~ (12). Some workers 
have found smaller values for this separation for lightly 
oxidized GaAs (11), values that could be due to either ox- 
ygen deficiency of the oxides or band bending effects. 
There is elemental As present in the native oxide. The el- 
emental As signal is unresolvable f rom the GaAs As sig- 
nal in these experiments because of the signals ~0.5 eV 
separation. However, the full width at half maximum 
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Fig. 2. XPS spectrum of native-oxide-covered GaAs after exposure 

to VUV radiation for 30 min at 23~ 

(FWHM) of  t he  As X P S  p e a k  in  a na t i ve -ox ide -cove red  
sur face  is 1.9 eV, c o m p a r e d  to 1.4 eV for  a c l ean  surface;  
th i s  c lear ly  ind ica t e s  t he  p r e s e n c e  of  u n r e s o l v e d  s t ruc-  
ture .  

A n  add i t i ona l  f o rm  of  ox id i zed  As  is p r e s e n t  in  t he  na- 
t ive  o x i d e  af ter  e x p o s u r e  to V U V  rad i a t i on  (see Fig. 2). I t  
is n o t  as h igh ly  ox id ized  as As203, as s h o w n  b y  i ts  X P S  
p e a k  pos i t i on  i n t e r m e d i a t e  b e t w e e n  t h o s e  of  G a A s  a n d  
As203. The  As(metal)-As203 s e p a r a t i o n  of  a p p r o x i m a t e l y  
3.6 eV for a c h a n g e  of  3 in  As ox ida t i on  s ta te  (12) impl i e s  
t h a t  t he  2.8 eV s e p a r a t i o n  b e t w e e n  GaAs  a n d  par t ia l ly  ox- 
id ized  As  c o r r e s p o n d s  to a fo rma l  As  o x i d a t i o n  s ta te  of  
a b o u t  +2. This  s h o u l d  n o t  b e  t a k e n  as a n  i n d i c a t i o n  of  the  
p r e s e n c e  of  an  ac tua l  c o m p o u n d  "AsO."  T h e  +2 ox ida t i on  
s t a t e  of  As is no t  s table .  Ins t ead ,  th i s  s e p a r a t i o n  m e a n s  
t h a t  one  of  the  As-O b o n d s  has  b e e n  b r o k e n  d u r i n g  V U V  
i r rad ia t ion ,  a n d  t h e  ox ide  is o x y g e n  deficient .  T h e r e  is 
also a p r o n o u n c e d  s h o u l d e r  on  t he  m o s t  i n t e n s e  As  peak ;  
we a t t r i b u t e  th i s  to e l e m e n t a l  As. 

GaAs photochemical oxide.--The p h o t o c h e m i c a l  ox ide  
g r o w n  u n d e r  our  r eac t i on  c o n d i t i o n s  on  a s t o i ch iome t r i c  
Br.2-etched GaAs  sur face  ha s  equa l  a m o u n t s  of  ox id ized  
Ga  a n d  As a n d  is no t  Ga20:~ rich,  as is t he  n a t i v e  ox ide  
(see Tab le  I). The  Ga ox ide  p r e s e n t  is Ga~O3, a n d  t he  As 
ox ides  are  As203 a n d  t he  less  ox id ized  "AsO"- l ike  fo rm 
m e n t i o n e d  a b o v e  (see Fig. 3). E l e m e n t a l  As i s  p r e sen t ,  as 
i n d i c a t e d  by  t h e  F W H M  o f  t he  G a A s  As  p e a k  of  1.7 eV. 
T h e  p h o t o c h e m i c a l :  ox ide  g r o w n  on  a n  As-r ich,  HC1- 
e t c h e d  sur face  is As  r i ch  (see Tab le  I a n d  Fig. 4). In  fact, 
for  s h o r t  r e ac t i on  t imes ,  on ly  ox id ized  As ( p r e d o m i n a n t l y  
AsO) is obse rved ,  a n d  no  ox id ized  Ga  is p resen t .  Wi thou t  
V U V  exposures ,  no  ox ide  is f o r m e d  o n  e i the r  t y p e  of  
surface.  

The  p rog res s  of  t he  r eac t ion  can  b e  m o n i t o r e d  b y  calcu-  
l a t ing  t he  f r ac t ion  F of  t he  to ta l  Ga a n d  As  in  t he  ana lys i s  
v o l u m e  t h a t  is ox id ized  (see Tab le  I, c o l u m n  5, a n d  Fig. 5). 
F is ca l cu la t ed  b y  t a k i n g  t he  s u m  of  t h e  p e a k  in tens i t i e s  
for Ga  as, Ga203, a n d  As as As203 a n d  " A s O "  a n d  d iv id ing  
t h a t  q u a n t i t y  b y  t h e  s u m  of  t he  p e a k  in t ens i t i e s  for  G a  
and  As in  t h e s e  fo rms  as wel l  as in  ox id ized  GaAs. P e a k  
h e i g h t s  r a t h e r  t h a n  p e a k  areas  were  u s e d  b e c a u s e  of  t he  
di f f icul ty  of  u n i q u e l y  r e so lv ing  o v e r l a p p i n g  peaks .  The  O 
( ls)  spec t r a  were  no t  u s e d  in  t he  ana lys i s  b e c a u s e  t hey  
we re  ve ry  broad ,  i n d i c a t i n g  t he  p r e s e n c e  of  m o r e  t h a n  
one  t ype  of  O e n v i r o n m e n t ,  a n d  cou ld  no t  be  reso lved .  
The  p e a k  in t ens i t i e s  h a v e  b e e n  co r rec t ed  for  t he  spec- 
t r o m e t e r  sens i t iv i ty ,  b u t  n o t  for  m a t r i x  effects  ( w h i c h  are 
la rge ly  u n k n o w n ) ,  m o l a r  v o l u m e s  (wh ich  are no t  wel l  
defined, especially for the oxygen-deficient oxide 
"AsO"), or depth into the sample of the emitting atom 
(since it is not known whether the layers are smooth or 
island-like). If the oxides are Present as islands, the signal 
for the oxides will not rise as rapidly as it would if the ox- 
ides were smooth layers, and the signal for the substrate 
will not fall as rapidly. Thus F will depend less on reac- 

Table I. Photochemical oxide composition 

Temperature Reaction As (oxides) a Oxidation 
Etch (~ time (min) Ga203 fraction 

Br2 I00 60 0.98 0.34 
30 0.77 0.21 

70 60 0.82 0.42 
30 0.73 0.29 
20 1.2 0.34 

40 60 1.6 0.50 
30 0.92 0.49 
2O 1.1 0.38 

23 60 1.6 0.49 
30 0.77 0.40 
20 1.0 0.35 

HC1 100 60 1.5 0.38 
30 1.2 0.36 
20 b 0.19 
10 b 0.17 

70 60 1.6 0.29 
30 1.4 0.25 

40 60 1.2 0.35 
30 1.8 0.42 
20 b 0.39 
10 b 0.09 

23 60 2.4 0.39 
30 0.94 0.32 
20 b 0.11 

a Ratio of the amount of oxidized As to the amount of oxidized Ga 
observed by XPS, using the corrected XPS peak intensities as the 
amounts. 

b No Ga~O3 observed. 

t ion  t i m e  for an  i s l a n d - g r o w t h  m o d e  t h a n  for  a smoo th -  
layer  g r o w t h  mode ,  b u t  will  fol low t h e  s ame  genera l  
t r ends .  

Fo r  t he  na t ive  oxide,  F ~ 0.4, or 40% of  t h e  Ga  a n d  As in 
t h e  r eg ion  s a m p l e d  b y  X P S  is ox id ized  (as d i s c u s s e d  be- 
low, th i s  can  be  t h o u g h t  of  as a n  ox ide  - 5 ~  thick) .  Fo r  a 
60 ra in  r eac t i on  t ime,  t he  p h o t o c h e m i c a l  ox ides  also h a v e  
F ~ 0.4. On t he  Br~-e tched sur face  for  r eac t i on  t e m p e r a -  
t u r e s  of  70 ~ a n d  100~ t he  r eac t i on  does  no t  a p p e a r  to  be  
n e a r i n g  comple t i on ;  F is sti l l  i n c r e a s i n g  at  60 min .  Reac-  
t ions  were  n o t  r u n  for  l onge r  pe r iods  of  t ime,  so t he  va lue  
of  F at  c o m p l e t i o n  is n o t  k n o w n .  Fo r  l ower  t e m p e r a t u r e s ,  
t he  r eac t i on  appea r s  to s low af ter  30 rain.  E x c e p t  for  t he  
23~ case,  the  f r ac t ion  of  o x i d a t i o n  dec rea se s  w i t h  in- 
c r ea s ing  t e m p e r a t u r e .  On t he  HCl -e t ched  surface ,  t h e  re- 
ac t ion  is c lear ly  s lowing  a f te r  30 min ;  i t  is p r o b a b l y  com- 
p le t e  a t  60 m i n  for all t e m p e r a t u r e s  s tud ied ,  a n d  ha s  no  
obv ious  t e m p e r a t u r e  d e p e n d e n c e .  

Discuss ion  
The  o b s e r v e d  t e m p e r a t u r e  d e p e n d e n c e  of  t he  pho to -  

c h e m i c a l  ox ida t i on  (a d e c r e a s e  in  t he  f r ac t ion  of  oxida-  
t i on  as t e m p e r a t u r e  inc reases )  of  clean,  s t o i ch iome t r i c  
GaAs  b y  N~O a n d  V U V  i r r ad i a t i on  i nd i ca t e s  t h a t  a gas  ad- 
s o r p t i o n  s tep  could  b e  p r e s e n t  in  t he  r eac t ion  m e c h a n i s m .  

Ga (3d) As (3d) 

GBAs 

GaAs 1 
Ga203 I 

"AsO" 

I l I ~ I I I I I 
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Fig. 3. XPS spectrum of Br2-etched GaAs after exposure to N20 and 

VUV radiation for 60 rain at 70~ 
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Fig. 6. Temperature dependence of photochemical oxidation of GaAs. 
(a, left): Bre-etched surface. (b, right): HCI-etched surface. 

The photodissociation of N~O, whether in the gas phase 
or on the surface, is temperature independent,  and the 
rate of oxidation of GaAs by adsorbed oxygen (O) atoms 
produced by the dissociation of N20 should increase 
slightly with increasing temperature. An adsorption step 
will have its equilibrium shifted toward reactants (unad- 
sorbed gas and the clean surface) by increased tempera- 
ture. Then, since there is less gas adsorbed at higher tem- 
perature, the overall reaction will be slower. Another 
possibility would be diffusion of Ga or As into the oxide 
layer (this will be discussed later). 

Given the assumption that a gas adsorption step is re- 
sponsible for the temperature dependence, the adsorption 
energy Q can be calculated from the temperature depen- 
dence of adsorption through the equation Fa exp (Q/RT) 
(see Fig. 6a), and is 2 + 1 kcal/mol, a value typical of phys- 
ical adsorption. Oxygen atoms created on the surface by 
electron irradiation are known to adsorb strongly to GaAs 
(13), and the "excited oxygen" used in many oxidation 
studies to produce fast, heavy oxidation may also be 
atomic oxygen (14). The adsorbing species in the experi- 
ments described here is only physisorbed and, therefore, 
is probably N20. The O atoms produced in the gas phase 
may be quenched too quickly in our experimental  condi- 
tions to live long enough to react with the surface, al- 
though this seems unlikely. Another possibility is that the 
oxygen atoms produced in these experiments are not as 
reactive as those produced by electron irradiation or by 
interaction with an ion-gauge filament; indeed, the states 
of these latter two forms of "excited oxygen" have not 
been characterized. Therefore, the photodissociation of 
N20 occurs while it is adsorbed on the surface, either di- 
rectly or through mediation by the excited surface. The 
adsorbed O atoms produced by this step then react with 
the GaAs surface to produce Ga and As oxides. The over- 
all reaction can be pictured as 

N20 + GaAs ~ N20 �9 GaAs [1] 
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g 0.5 

m 0.4 
X 
o 
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Fig. 5. Progress of photochemical oxidation of GaAs, illustrated by 

the fraction of oxidation as a function of time. Error bars represent 
the reproducibility expected in F as a result of the 15% reproducibil- 
ity of XPS intensity measurements. (Left): Br2-etched surface. (Right): 
HCI-etched surface. 

N~O �9 GaAs + h, -o (N20 �9 GaAs)* [2] 

(N20 �9 GaAs)* ~ O �9 GaAs + N2(g) [3] 

O �9 GaAs ~ oxides [4] 

where N20 �9 GaAs and O �9 GaAs represent adsorbed N20 
and O atoms, respectively. 

Another possible explanation of the decreases in F with 
increasing temperature is that unoxidized Ga and/or As 
diffuses into the oxide layer, thus increasing the denomi- 
nator of the fraction F. However, solid-state diffusion pro- 
cesses usually have activation energies of tens of kilocalo- 
ries, many times greater than that observed here. 

The thickness of the oxide layers can be calculated ap- 
proximately (15) with two assumptions. First, the escape 
depth X of the photoelectrons was taken to be 15/~ for 
both Ga and As. Second, the oxide layer is assumed to be 
a homogeneous film with an abrupt interface on top of 
the GaAs substrate. The thickness of the native oxide is 
calculated to be 5~, while the thickest photochemical  ox- 
ide on a Br2-etched surface in these experiments is -8~  
thick. 

The surface stoichiometry has a profound effect on the 
reaction. The As-covered surface does not oxidize as read- 
ily as the stoichiometric surface: the fraction of oxidation 
is less and saturates at -30  min. The approximate thick- 
ness of the oxide layer at this point is only 6/~. The reac- 
tion has no discernible temperature dependence, of reac- 
tion, as a temperature-dependence plot shows (see Fig. 
6b). The change in surface stoichiometry may eliminate 
or reduce the physisorption sites for N20, requiring gas- 
phase dissociation of N20 and transport of O to the sur- 
face. The gas-phase production of O atoms and their 
transport to the surface is less probable than the adsorp- 
tion and decomposition of N~O for the previously consid- 
ered case of a clean surface, which would account for the 
overall slowing of the reaction. However, it would not ac- 
count for the saturation of oxidation after 30 min. 

The final step of the photochemical oxidation reaction, 
the oxidation of GaAs by adsorbed O atoms, must be rate 
limiting in this case. This step should be very geometry- 
and composition-dependent.  For example, room tempera- 
ture adsorption of 02 has been found to produce two ad- 
sorbed oxygen containing species on GaAs surfaces of 
various geometries and compositions: an adsorbed molec- 
ular form, bound predominantly to As, and an oxidic 
form, bound predominantly to Ga (13). Electron irradia- 
tion of the adsorbed molecular form converted it to the 
oxidic form. The mechanism of this reaction requires mo- 
lecular adsorption sites in which the As atoms are sur- 
rounded by Ga atoms to enable subsequent reaction. An 
As-rich surface will have fewer such sites and should 
show reduced reaction with adsorbed O atoms. That is, 
the surface concentration of O in appropriate sites for re- 
action is rate limiting. 

The limited oxidation of an As-rich surface has been 
used in the protection of GaAs from atmospheric effects, 
by creation of an As-rich layer on the surface by molecu- 
lar beam epitaxy (MBE) (16) or electrochemical methods 
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(17). Layers of As 50-1000~ thick were found to oxidize 
only at their surfaces in air at room temperature and to 
prevent oxidation of the substrate GaAs. In the present 
experiments, the thickness of the As layer created by the 
HCI etch could not be measured, since its XPS signal was 
unresolvable from that of the substrate. It is probably 
much thinner than the MBE and electrochemical films, 
and may not be continuous. However, even in this case, 
the oxidation rate is decreased when the surface layers 
are As rich. 

Conclusions 
The photochemical oxidation of clean, stoichiometric 

GaAs probably proceeds by (i) adsorption of N20, (it) dis- 
sociation of the N20 on the VUV-excited surface, and (iii) 
oxidation of the surface by the adsorbed O atoms. The 
temperature dependence of the overall reaction is domi- 
nated by the temperature dependence of adsorption of 
N20. An As-rich surface oxidizes more slowly and the oxi- 
dation process saturates at 30 rain. In this case, either gas- 

phase  or surface dissociation of N20 may occur; the rate- 
limiting step and cause of saturation is the oxidation of 
the surface by adsorbed O atoms. The As-covered surface 
does not present the proper sites (As atoms surrounded 
by Ga atoms) for fast, continued oxidation of GaAs. 
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High Field Ionic Conduction in Anodic Ta205 Formed in Oxalic and 
Phosphoric Electrolytes 

I. Montero, J. M. Albella,* and J. M. Martinez-Duart 
Instituto de Fisica del Estado STlido, C.S.I.C. and Departamento de Fisica Aplicada, C-12 Universidad AutTnoma, 

Cantoblanco, Madrid 34, Spain 

In  a recent paper (1), we have analyzed the anodization 
voltage-time curves of tanta lum in terms of an avalanche 
model originally proposed by Ikonopisov (2). According 
to this analysis, the decrease of the slope of these curves 
during the anodization process at constant current (and 
hence at constant field) is brought about b y  the ava- 
lanche current originated in the electrolyte species incor- 
porated into the oxide. Thus, incorporated impurities 
seem to play an important role in the control not only of 
the anodization rate but  also of the avalanche electron 
current. This electron current turns out to be the direct 
cause of electrical breakdown during anodization. 

Following our studies on the influence of the incorpo- 
rated anions on the anodization and breakdown charac- 
teristics, new results are now presented here, concerning 
the anodization in oxalic acid at different current densi- 
ties. They are also compared with our previous results in 

*Electrochemical Society Active Member. 

phosphoric acid (1). The oxalic acid is known to have low 
anion incorporation into the anodic Ta205 films since 
such cannot be detected by surface techniques such as 
Auger and ESCA spectroscopies (3). On the contrary, the 
incorporation of phosphate anions may amount  up to 3% 
in anodization experiments in very diluted electrolytes 
(10-~M) (4). In addition, the oxalic acid along with other 
organic acids such as citric is widely used in the technol- 
ogy of tantalum thin film circuits (5). 

Experimental 
Tantalum samples of 99.96% nominal  purity, supplied 

by Reframet-Hoboken, were anodized in a 0.01M solution 
of oxalic acid in water (1220 12-cm resistivity) at different 
constant current densities. The voltage-time curves, V = 
V(t), as well as their time derivative, dV/dt, were recorded 
by means of a data acquisition system based on the HP 
3497A digital voltmeter (input impedance > 10711) and the 
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Fig. 1. Experimental values of the derivative of the voltage-time curve 
per unit current density as a function of the anodizetion voltage. Solid 
lines represent the computed values according to the theoretical Eq. [1] 
and [2]. 

HP 85 microcomputer.  The temperature of the sample 
was kept constant at 20 ~ - 0.2~ by using a thermostatic 
bath. Other experimental  details have been described 
elsewhere (1). 

Results and Discussion 
Figure 1 shows the experimental  results of the anodiza- 

tion rate per unit  current  density as a function of the 
anodization voltage at different current densities, within 
the range 0.89-10.34 mA cm -~. As compared to the results 
obtained in phosphoric acid (1), we have observed that, all 
the anodizing conditions being the same, the oxalic acid 
gives, in general, lower values of the derivative and a 
lesser decrease of it with the anodization voltage. 

Following the lines of our previous analysis of the 
anodization curves, we have obtained by the least squares 
method the parameters Je and K, which give a best fit of 
the theoretical equation 

dV 
- -  = K j ~  = g ( j ,  - j o )  [ 1 ]  
dt 

to the experimental  curves. In Eq. [1], K represents the 
unitary anodization rate, i.e., the voltage rise per unit of 
ionic charge, and Ji the ionic current density, which is 
given by the difference between the total current density 
j, supplied by the source and the avalanche electronic 
current Je. This last magnitude is assumed to increase 
exponentially along the oxide thickness d in an avalanche 
mechanism according to the equation 

J~ = Jo exp (~d) = jo exp ((~flV) [2] 

where Jo is the primary electron current, a the impact  ioni- 
zation coefficient, and fl the anodization constant which 
equals the inverse of the anodization field, E. For 
anodization experiments performed in phosphoric acid it 
has been demonstrated that Jo is closely related to the rel- 
ative concentration of the phosphorous species incorpora- 
ted into the oxide (1). Thus the source of the primary elec- 
trons can be ascribed to these species acting similarly to 
donor levels in the bandgap. 

For all the anodizing currents, the oxalic acid gives a 
constant value of the relative primary electron current, 
jJj~ = 0.021 -+ 0.002, this value being lower than that ob- 
tained in a diluted solution of phosphoric acid (2.4 x 
10-3M) (1). In addition, no oxygen evolution was observed 
during the experiments except  at voltages close to the 
breakdown voltage. This observation is in agreement 
with the measured efficiency at low voltages for the for- 
mation of Ta20~, which is very Close to 100% (6). A higher 
concentration of oxalic acid in the electrolyte gives simi- 
lar values for jjj~ (7). This fact could be explained taking 
into account the low incorporation of the oxalic acid com- 
pared with the phosphoric acid, as it has been demon- 
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Fig. 2. Ionic current density vs. anodization field for oxalic (present 
work) and phosphoric acid electrolytes [previous work (1)]. The broken 
line has been drawn according to the work of Dell'ace and Young (l 0). 

strated by ESCA and AES measurements (3). The impact 
ionization coefficient results also in a nearly constant 
value, ~ = (1.96 • 0.02) • 104 cm -1. The constancy of 
contrasts with its fair increase observed in phosphoric 
acid for increasing anodization currents (1) and can be a 
consequence of the different anodization fields found in 
each electrolyte. This effect is best appreciated in Fig. 2, 
where the ionic current density at low voltages, i.e., Ji ~ Jt 
- Jo, has been plotted as a function of the electric field, 
for both the oxalic and phosphoric acid electrolytes. The 
value of E has been calculated from the constant K using 
the expression 

ME 
K - [3] 

10Fp 

where M is the molecular weight of Ta20~, F the Faraday 
constant, and p the oxide's density (p = 8.03 g cm-3). 

In Fig. 2, the almost linearity of the logarithmic values 
of the ionic current density displayed by the oxalic acid is 
evident, in contrast to the curvature shown by the phos- 
phoric acid (values taken from our previous work) (1). 
Also apparent in this figure are the higher electric fields 
needed to maintain a given ionic current for this last elec- 
trolyte. It is worth noting that the ionic conductivity 
values of the anodic Ta205 shown in the oxalic acid are 
very close to those obtained by Young and Zobel (8) in 
sulfuric acid, which is known to produce also a low pro- 
portion of incorpor.ated anions. These authors measured 
the electric field directly from the quotient  of the 
anodization voltage and the oxide thickness, this last 
magnitude being determined by ellipsometry. 

The linear variation of the log j~ vs. E, within the studied 
range, is in agreement with the theoretical equation pro- 
posed for the ionic conduction mechanism at high fields 
(6) 

Ji = Ji' exp [-(W - qaE)/kT] [4] 

where ji ' is a constant. The exponent  contains the field- 
dependent  energy barrier in kT  units found by the ions 
with charge q moving a distance 2a (the rest of the sym- 
bols have their conventional meanings). Assuming a 
charge of 5e for the ions and an energy barrier W = 2.185 
eV from Young's work (9), the parameters of Eq. [4] 
would be Ji' = 5.7 x 10 TM A cm-2 and a = 3.6~. 

A straightforward calculation shows that, for instance, 
with the above values of the parameters, a 3% chaflge in 
the barrier height W results in a ten-fold variation of the 
current density. Thus, it seems reasonable to associate 
the lower ionic conductivity found for the H3PO4 electro- 
lyte to a change either in the energy barrier or in the dis- 
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tance a as a consequence of the phosphorous incorpora- 
tion. This assumption would also explain the nonlinear 
effects shown by the phosphoric acid in the log j~ vs. E 
curve. In this respect, from the work of Randall et al. (4) 
in anodization experiments with a 0.01M H3PO4 electro- 
lyte, it can be inferred that the phosphorous content in 
the oxide may increase with current density so that it is 
25% greater at 1 than at 0.1 mA cm -2. More experiments 
in different electrolytes are now being conducted in order 
to obtain a deeper insight into the influence of the incor- 
porated ions on the ionic conduction mechanism at high 
fields. 
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The Influence of Deposition Conditions on Hydrogen Bond 
Configuration and Trap Sites in Sputtered Si3N4 

H. M. Anderson* 

Department of Chemical and Nuclear Engineering, University of New Mexico, Albuquerque, New Mexico 87131 

P. M. Martin 

Pacific Northwest Laboratory, 1 Richland, Washington 99352 

Considerable effort has been spent in defining the rela- 
tionship between defect structure and charge characteris- 
tics in dielectric.silicon nitride films used in microelec- 
tronic devices. The gap states of silicon nitride films are 
important, since they regulate memory properties of 
metal-nitride-oxide-semicondUctor (MNOS) devices and 
electrical properties of thin film transistors. Gap states in 
silicon nitride arise from defects in the film and are at- 
tributed to Si and N dangling bond (~--~Si and ~ N  units) 
formation during the deposition process (1-3). Hydrogen 
is known to passivate dangling bonds and remove the gap 
states of amorphous silicon (a-Si), and it is thought  that 
hydrogen plays a similarly crucial role in determining the 
concentration of trap states in silicon nitride (3). The 
configuration in which hydrogen is chemically bonded in 
the nitride affects the concentration of Si and N dangling 
bonds in the film and, consequently, the reproducibility 
of device memory or conductive behavior. 

In this technical note, we present some results showing 
the influence of deposition conditions on the partition of 
hydrogen bonding between Si and N in sputtered SiaN4 
films. These results may prove useful in understanding 
the passivation Si and N dangling bonds and the location 
of trap sites in nitride films. Previous theoretical calcula- 
tions based on the tight binding recursion method (4) 
have lead to the conclusion that --~-Si centers are the long- 
term charge storage trap in CVD-deposited nitride as well 
as the center responsible for charge trapping instabilities 
in amorphous silicon-silicon nitride thin film transistors 
(3). The experimental  results presented in this paper pro- 
vide further evidence that hydrogen acts preferentially to 
passivate the ~---N dangling bonds of silicon nitride films. 

Experimental 
The RF diode sputtering system used to deposit Si3N4 

has been described previously (5). An RF-induced dc bias 
of 1O00-2O00V was applied to the sputtering target in this 
experiment.  A resistive heater was embedded in the sub- 
strate electrode to provide control over substrate temper- 

* Electrochemical Society Active Member. 
1 Operated by Battelle Memorial Institute for the U.S. Depart- 

ment of Energy under Contract DE-AC06-76RL0 1830. 

ature. Both target and substrate RF networks were tuned 
by minimizing reflected power. The sputtering target  
was 99.999% pure Si, 15.24 cm diam. All sputtering gases 
were passed through a gas purifier, filtering H20, 02, and 
trace amounts of organics to <1 ppm. Deposition rates 
ranged from 120 to 260 •/min, increasing with increased 
target power and decreasing with increased H2 and N2. 
Power density to the target ranged from 1.10 to 3.30 
W/cm 2. Substrate-target spacing was fixed at 3.18 cm. 

Depositions were made with premixed electronic-grade 
Ar+N2+H2 on either 2.54 cm diam, 0.16 cm thick fused sil- 
ica substrates for ultraviolet, visible, and near-infrared 
spectrophotometric and electrical measurements, or 2.54 
cm diam, 0.4 cm thick germanium mirror for spectropho- 
tometric measurements in the infrared. Gas pressure and 
particularly the partial pressures of H2 and N2 were varied 
for each of 14 nitride depositions, as shown in Table I. De- 
posits were characterized by index of refraction, film 
thickness, and spectral dependence of the absorption 
coefficient. A dual monochromatic UV-visible spectro- 
photometer was used to measure transmission spectra of 
films deposited on fused silica substrates from 200 to 
2500 nm. A dual-beam infrared (IR) spectrophotometer 
was used to obtain by transmission spectrophotometry 

Table I. Sputtering gas pressure conditions. 
Gas Pressure (Pa). 

Sample no. PAr PN2 PH2 ptotal 

1A 2.13 0.80 0.13 3.07 
1B 2.13 0.80 0.40 3.33 
1C 2.13 0.80 1.20 4.13 
2A 2.13 0.40 0.40 2.93 
2B 2.13 0.40 0.80 3.33 
2C 2.13 0.40 1.20 3.73 
3A 2.13 0.13 0.40 2.67 
3B 2.13 0.13 0.80 3.07 
3C 2.13 0.13 1.20 3.47 
4A 2.13 0.00 0.40 2.53 
4B 2.13 0.00 1.20 3.33 
5A 2.13 0.13 0.13 2.40 
8A 2.13 0.80 0.00 2.93 
6B 2.13 0.40 0.00 2.53 
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complete IR vibrational absorption spectra of films de- 
posited on Ge substrates in the region 2500-25,000 nm. 

Results and Discussion 
The chemical bonding configuration of hydrogen in sil- 

icon nitride films can be determined from IR absorption 
in the regions corresponding to vibrational stretching fre- 
quencies of Si-H (2150 cm -1) and N-H (3350 cm -1) (2). Pre- 
vious measurements (2, 6, 7) have shown that for both 
plasma and CVD nitrides, IR absorption can be used to 
quantitatively estimate the partition of H between Si and 
N through a calibration of the IR absorption to absorption 
cross sections for Si-H and N-H from nuclear reaction 
analysis. 

In this study, relative values for hydrogen bond concen- 
tration and the partition of hydrogen between Si and N 
were obtained for reactively sputtered nitride films. Hy- 
drogen bond configuration was determined from IR vi- 
brational absorption spectra using a method similar to 
that of Lanford (6) and Peercy et al. (7). The absorption 
coefficients fl of the Si-H and N-H stretching modes near 
2150 and 3350 cm -1, respectively, were calculated as a 
function of photon energy using the relation T(a) = To(a) 
exp -fit, where t is the film thickness, T0(a) is the trans- 
mission of a nonabsorbing film, and T(a) is the measured 
transmission for a frequency a. Integrating over the dis- 
tinct Si-H and N-H stretching frequency regions accord- 
ing to the relation As = f~ fl(~o) da  provides a relative mea- 
sure of the H content in the film (8) due to either Si-H 
bonding [Asi-, (eV/cm)] or N-H bonding [AN_. (eV/cm)]. 
Figure 1 illustrates typical vibrational spectra as a func- 
tion of wave number  over the stretching modes 2150 and 
3350 cm -1 for two Si3N4:H films. 
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Figures 2 and 3 illustrate the results for Si-H and N-H 
bonding vs. the H2 and N2 partial pressure deposition con- 
ditions depicted in Table I. Figure 2 illustrates increased 
N-H bonding in the nitride films with increased N~ par- 
tial pressures in the deposition conditions. Simultaneous 
increases in the H~ partial pressure appears to contribute 
to increased N-H bond formation until  a leveling off oc- 
curs at high H2 partial pressures. Figure 3, on the other 
hand, illustrates that, at high N2 partial pressures, the for- 
mation of Si-H bonds in the nitride film is largely 
surpressed, regardless of the partial pressure of H2. Infra- 
red absorption indicative of Si-H bond formation in the 
nitride film is observed when the depostion partial pres- 
sure of N2 is small. 

The results of varying the N2 and H~ deposition condi- 
tions indicate a preference for N-H bond formation in ni- 
tride films. For high N2 partial pressures, a clear trend 
exists in the data toward greater N-H bond formation 
over Si-H bonding with increases in the H~ partial pres- 
sure. It is only when the availability of nitrogen for incor- 
poration into the film is low that Si-H bonding dominates 
over N-H bonding with increases in the H2 partial pres- 
sure. Work by Fujita (1) using ESR also suggests that 
preferential N-H bonding occurs over Si-H bonding in 
CVD nitride. Their results suggest that the ESR signal 
originates mainly from silicon dangling bonds in CVD 
films. The pattern of N-H bonding observed in this study 
also strongly suggests that hydrogen will preferentially 
act to passivate N dangling bonds in nitride films. 
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The preparation of a VLSI CMOS process implies the 
fabrication of p+n junctions with junction depths of the 
order of 0.25 Fm. These junctions are usually fabricated 
by the implantation of boron or boron difluoride and an- 
nealed at high temperatures to aetivate the species and re- 
store the implantation damage. Since boron diffuses very 
fast in silicon because of its light mass, the annealing 
times are shortened and new methods of annealing are 
implemented (laser, flashlamp, etc.). This can result in in- 
completely activated dopant if the annealing parameters 
have not been adequately chosen. 
Raman scattering is an attractive method of charac- 

terizing boron-implanted silicon, allowing simultaneous 
measurement of the free-carrier concentration and the 
measurement of the number of impurities in substitu- 
tional position. It can also detect the presence of 
amorphous silicon, thus giving another measure of the ef- 
fectiveness of the annealing cycle. 

In this paper, we report  Raman scattering measure- 
ments of low energy boron-implanted silicon at several 
depths from the surface and compare the results with the 
concentration profile obtained by secondary ion mass 
spectrometry (SIMS) techniques. 

Experimental 
The sample is a phosphorous-doped (3-7 i2 cm) n-type 

(100) CZ-grown 100 mm silicon wafer. Ions of "B ~ with a 
fluence of 3 x 10'5/cm 2 were implanted at room tempera- 
ture at an energy of 10 keV. The wafer subsequently re- 
ceived 100 nm of deposited SiO2 at 450~ Then furnace 
annealing was done in N~ ambient at 925~ for 20 min. 
Finally, the wafer was coated with a 400 nm layer of de- 
posited SiO~ to serve as a mask for beveling. 

For the Raman scattering experiment, three pieces 
were broken off the wafer. Half of each piece was covered 
with wax, and the oxide was stripped off the unmasked 
portion using HF. The implanted silicon was then etched 
in a mixture of acetic, nitric, and hydrofluoric acids 
using the oxide-covered side as a mask. Finally, the re- 
maining oxide was removed to expose the surface. The 
height of the step was measured using an interference mi- 
croscope. Samples etched 0.11, 0.18, and 0.35 ~m below 
the surface were thus obtained. An unimplanted, unpro- 
cessed wafer of the same type was used for calibration. 
For the SIMS analysis, all oxide was removed from the 
wafer in HF. The SIMS analysis was done at the Univer- 
sity of Western Ontario using a Cameca IMS 3-f ion micro- 
scope. A wafer implanted at the same dose and energy 
into bare silicon and otherwise unprocessed was used for 
SIMS calibration. 

Raman spectra were measured with a Spex Model 
14018 double monochromator  equipped with 1800 line/nm 
holographic gratings and a cooled RCA C31034 photomul- 
tiplier. The Raman spectra, which were measured with a 
resolution of - 2  cm- ' ,  were excited with the 514.5 nm line 
with a CRL Model 12 argon-ion laser. This line had a 
power of 200 mW at the sample. A 90 ~ scattering geometry 
was employed. The sample surface was slightly tilted 
with respect to the direction of the scattering so that the 
reflected laser beam was away from the entrance slit of 
the monochromator.  The laser beam was linearly polar- 
ized and incident on the sample at the Brewster angle. 

980 

The absorption parameters of heavily doped silicon are 
given in Ref. (1). At Xo = 514 nm and an angle of 75 ~ the 
penetration in the sample is of the order of 0.13 tLm, 
which is comparable to the spacing of our data points. 
Using a parallel polarized beam further reduces the en- 
ergy coupled into the depth of the sample, since most of 
this radiation is reflected. The perpendicularly polarized 
beam, which would normally penetrate and not be re- 
flected, is not present in our case. Since the energy lost 
in the sample is exponential, we believe that only the 
first few molecular layers are detectable in the present 
experimental  setup. To be precise, a small correction 
needs to be applied to each data point to take into ac- 
count the penetration in the sample. Because the doping 
density is still very high (> 10Wcm 3) at our deepest point 
and the absorption properties are not a very strong func- 
tion of doping above that value, the correction is ex- 
pected to be small and always in the same direction. In a 
relative analysis like the one performed here, it is safe to 
neglect this correction. 

The data acquisition was performed by a Spex Model 
DM1 Datamate Processor and the resulting spectral data 
were transferred to a Nova IV Data General computer. 
Frequency and spectra sensitivity calibrations were ap- 
plied to each spectrum. Frequencies, bandwidths, and in- 
tegrated intensities were calculated. 

Results and Discussion 
Substitutional boron, with respect to its silicon neigh- 

bors, produces a local mode at a frequency higher than 
that of the optical phonon mode (520 cm-0 ,  i.e., at 620 
c m - '  for boron- l l .  Shown in Fig. 1 are the Raman spectra 
of the optical phonon and the boron local mode at several 
depths of the sample. The top of the optical phonon 
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Fig. 1. Roman spectra of boron-11 implanted silicon at the depth 
of (a) 0.0, (b) 0.11, (c) 0.18, and (d) 0.35 ~m from the surface. 
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height so that the intensities of the local mode measured 
at different depths of the silicon sample can be compared 
visually. It is apparent from Fig. 1 that the local mode in- 
tensity decreases with increasing depth in the sample. 
Moreover, the asymmetry and the intensity of the wing on 
the high frequency side of the optical phonon band also 
decreases with increasing depth. The intensity of this 
wing, and thus the asymmetry of the phonon band, is due 
to the interaction between the optical phonon and the 
intervalence and interconduction-band electronic transi- 
tions which are enhanced with increasing substitutional 
boron concentration. Consequently, the changes in the in- 
tensity of the optical phonon wing at different depths of 
the sample agree with the changes in the intensity of the 
local mode and indicate that the concentration of substi- 
tutional boron decreases with depth in the sample. 

There is a very weak two-phonon Raman band in the 
frequency region of the boron- l l  local mode which is ob- 
served in a pure silicon sample (2). The intensity of this 
two-phonon mode normalized against that of the optical 
phonon was subtracted from the normalized intensities of 
the local mode measured at various depths of the sample. 
With these normalized intensities, the percentage de- 
crease of the local mode intensity, and thus that of the 

BORON 3EIS/CM2 10keV~  SI 925C 2~ MIN 
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Fig. 3. Boron concentration profile obtained by SIMS technique 

substitutional boron concentration as a function of the 
depth in the sample, can be calculated and is plotted 
against the depth in the sample in Fig. 2. In the normali- 
zation process, the intensity of the optical phonon of pure 
silicon being one-third lower than that of boron-im- 
planted silicon (3) has been taken into account. To elimi- 
nate the interference of two-phonon scattering, one may 
replace boron- l l  by boron-10 for implantation. The local 
mode of boron-10 shifts to -640 cm -1, which is about 20 
cm -~ higher than the frequency of the two-phonon mode. 

The results shown in Fig. 2 are comparable with those 
obtained by SIMS shown in Fig. 3. The depth depen- 
dence of the boron concentration measured by Raman 
scattering is consistent with that by the SIMS technique, 
except at the surface. For instance, if the boron concen- 
tration at the depth of 0.11 ~m from the surface is taken 
as 1, the boron concentrations at the depths of 0.18 and 
0.35 ~m decrease to 0.66 and 0.26, respectively, measured 
by Raman scattering, and to 0.71 and 0.21, respectively, 
by SIMS. 

We cannot quote the boron concentration at the surface 
with any certainty using SIMS. In Fig. 3, the boron con- 
centration is shown only from the point where the silicon 
profile (not plotted) is constant. Close to the surface, the 
oxygen content in the silicon varies and the count is 
lower. Using the same normalization as above, the Raman 
intensity is 1.20 at the surface. With this factor applied to 
the SIMS profile, the surface concentration would be 6.5 
• 10 J9 cm -3, which is the value of the extrapolated dif- 
fused profile. The sharp peak is due to improper anneal- 
ing where dislocations getter the boron. This peak disap- 
pears at higher annealing temperatures. 

As shown in Fig. 1, the top portion of the local mode 
band in the spectrum measured on the surface of the 
sample is relatively narrower than in the spectrum mea- 
sured at a depth of 0.11 ~m, and a very broad band is un- 
derneath the narrower band. This is consistent with the 
fact that, for this sample, the silicon is not perfectly crys- 
talline at, or very near, the surface. 

It has been shown that free carriers cause an increase in 
the phonon line width and a decrease in the phonon fre- 
quency as a result of "softening" of the crystal lattice 
through free-carrier redistribution (4). Figures 4 and 5 
show the depth dependences of the phonon line width 
and the phonon frequency, respectively. Except for the 
surface, the phonon line width decreases, while the 
phonon frequency increases with increasing depth of the 
silicon sample. These results indicate that the free-carrier 
concentration in the sample decreases with increasing 
depth. With a calibration curve between the frequency 
shift and the free-carrier concentration, such as that in 
Fig. 1 of Ref. (5), the free-carrier concentrations at various 
depths of the sample can be calculated by the phonon fre- 
quency shifts at various depths with respect to the fre- 
quency of the pure silicon sample. Comparison between 
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the depth dependence of the phonon frequency of the 
boron-implanted sample and the phonon frequency of a 
pure silicon sample is shown in Fig. 5. It indicates that 
the concentration of the free carrier in the boron-im- 
planted sample reduces to 0 at the depth of about 0.39 tLm 
from the surface. 

Conclusion 
The present work has demonstrated that Raman scat- 

tering is a useful technique for determining both the sub- 
stitutional boron and free-carrier concentrations at differ- 
ent depths from the surface in boron-implanted silicon. 
Since Raman scattering techniques are nondestructive 
and do not require any electrical contact, they may be 
useful for industrial quality control of boron activation. 
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Novel procedures involving the anisotropic etching of 
silicon by aqueous solutions of pyrocatechol ethylene di- 
amine or hydroxides of alkali metals have been reported 
over the past few years. Their purpose has been to 
achieve high precision patterns in silicon. Applications 
cover such diverse fields as the fabrication of mechanical 
devices (1) ranging from ink nozzles (2) to ion source ex- 
traction grids (3) and fine membranes (1) such as thinned 
transmission electron microscopy (TEM) specimens (4) 
and lithography masks (5). Among the above-mentioned 
etching techniques, some have the disadvantage of being 
lengthy andtedious ,  e.g., ethylene diamine etching (6, 7). 
Others, such as those involving hydroxides of alkali met- 
als in water, are easier to use but  etch SiO2 (2, 8-10) at a 
rate which rules it out as a mask in many experiments (8). 
Varker and Chang have found that (100) silicon wafers 
masked on both sides with a plasma-deposited SisN4 film 
can be successfully etched i n  a KOH solution (4). The 
equipment  required for such plasma deposition and sub- 
sequent etching, however, and the long Si etching time 
involved (5 or 6h for a wafer 300 ~m thick) limit the appli- 
cation of this technique. 

Our aim was to develop a simple and relatively rapid 
etch process that could be used to obtain both grids of the 
type found in ion sources and diaphragms of extremely 
fine aperture. In order to realize gains in Si etch time, the 
etchant would be heated to the highest temperature the 
mask could withstand. We therefore had to find a 
masking material that would be chemically inert in the 

heated etchant. Moreover, the masking material had to be 
able to withstand these temperatures without coming 

i i I (100) S201Jm thick 

5i /~NiCr 350nrn thick 

{ phatareslst ~ ( 
5i / I:-IPR 204 1 5i | 

! . . . . . . . . . . . . . . . . . . . .  l xposore .. . . . . . . . . . . . . . . . . . . .  1 
develapment 'r ~ f 

............ 1 iiiiil;il ......... i . 5i 5i 

.................... Ni Cr etching . . . . . . . . .  
54.74 ~ 54.74 o 

and 5i etching 

Case I : single side etching Case 2 :dauble side etching 

Fig. 1. Sequence of steps in the fabrication of grids using conven- 
tional photolithographic techniques and anisotropic etching of silicon 
substrates. 
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Fig. 2. SEM photomicrograph of a double-side etched grid 525/~m 
thick. Each base square is 390 ~m on a side; and the orifices are 19 
x 19/~m~; the center-to-center spacing is 740/~m. 

Fig, 4. SEM photomicrographs of a double-side etched grid: (a) par- 
tial view; (b) cross section of one hole of the grid shown in (a). Note 
the absence of the usual etch pits on the Si surface after removal of 
the surface masking NiCr film. 

Fig. 3. Single-side etching of a 500/~m deep hale starting from a 
base square of 730 x 730/~m 2. The underetching is emphasized by 
the white line surrounding the base square. 

away from the substrate. NiCr was found to be suitable as 
the masking material in a solution of 10N NaOH at 363 K 
(9). As seen in our experiments,  raising the temperature 
above 363 K led to damage in the NiCr layers, i.e., re- 
sulted in an overly high NiCr etch rate with respect to an 
only slight increase in the silicon etch rate. For example, 
the NiCr etch rate of about 100 nm/h at even 368 K is in- 
compatible with the etching of relatively thick Si 
substrates. 

Our procedure consists mainly of steps used in conven- 
tional Si processing techniques. Single-crystal, 
(100)-oriented, 100 mm silicon wafers 525 tzm thick and 
polished on both sides are used. The sequence of steps is 
shown in Fig. 1. An NiCr film about 350 nm thick is de- 
posited on both sides of the samples by magnetron sput- 
tering. The required window pattern is transferred 
through a photoresist layer onto the NiCr film either on 
one (case 1) or both surfaces (case 2), care being taken not 
to misorient the pattern with reference to the wafer's 
<110> flat edge. In the case of double-side etching, the 
square openings on both sides of t-he wafer must be care- 
fully aligned. The NiCr film is then etched for a few min- 
utes in an aqueous oxidizing solution containing ammo- 
nium cerium nitrate and acetic acid (with no observable 
effect on the silicon substrate). After removal of the 
photoresist layers; the wafers are immersed in a well- 
agitated 10N NaOH bath at 363 K for a total etching time 
of either 4.5h for case 1 or half that t ime for case 2. To- 
wards the end of the etching step, the thickness of the re- 

maining silicon is monitored by lowering the bath tem- 
perature a few degrees. Thus end-point detection is 
facilitated, especially in the more crucial case of single- 
side etching. At this point, the samples are ready for 
scanning electron microscopy (SEM) observations. 

Using the technique described above, one can produce 
a great number  of grids having orifices of only a few 
square micrometers, accurately defined by the pattern 
geometry (Fig. 2). An average etch rate of 120 izm/h is ob- 
tained on the {100} planes at 363 K and is consistent with 
the results of Barycka et al. (9). The etch rate of the {111} 
planes is 3 tzm/h, determined from underetching measure- 
ments of the base hole in the Si surface. Since the NiCr 
film remains intact, the size of the base holes after etch- 
ing may only depend upon the lateral etch rate of the 
{111} planes. The SEM photomicrographs in Fig. 3 and 4 
show the considerable depths etched, the good behavior 
of the masking layers even after a few hours of etching, as 
well as the well-defined, defect-free {111} sidewalls and 
(100) planes after NiCr removal. For case 2, the crystallo- 
graphic planes revealed (see arrows in Fig. 4a and 4b) 
show a slight misorientation of the pattern from one side 
of the wafer to the other. The profile of the intersection 
of the two pyramidal shapes after anisotropic etching can 
also be seen. 

In this very simple processing technique, the NiCr pro- 
tective coating acts as a mask on both sides of the sub- 
strate; the 10N NaOH solution can thus be brought up to a 
temperature of 363 K, thereby allowing considerable 
gains in etch rates as compared to other procedures [see 
Table II of Ref. (1)]. Using this technique, fine mesh sili- 
con grids suitable for mass spectrometry analysis, for in- 
stance, have been fabricated reproducibly by anisotropic 
etching of square-base holes through Si wafers of (100) 
orientation. The relatively short etching times involved, 
the ease of use, and good quality of the results obtained 
make this method an attractive tool for high precision di- 
aphragm or grid fabrication. 
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We wish to  r e p o r t  on the  p r e p a r a t i o n  
and p r o p e r t i e s  o f  new h i g h  l i t h i u m  i o n  
c o n d u c t i v e  g l a s s e s  c o m p o s e d  o f  
S i S 2 - L i 2 S - L i B r .  A number of  c o n d u c t i v e  
s u l f i d e - b a s e d  l i t h i u m  g l a s s e s ,  which can be 
used  as e l e c t r o l y t e s  in  l i t h i u m  s o l i d  s t a t e  
d e v i c e s  and b a t t e r i e s  have been  s t u d i e d  
( 1 - 7 ) .  T h e  m o s t  w i d e l y  s t u d i e d  a r e  
P2S$-Li2S g l a s s e s  and t h e i r  l i t h i u m  i o d i d e  
doped a n a l o g s ,  which show c o n d u c t i v i t y  as 
h i g h  as  10 - 3  S-cm - I  a t  2 5 o c .  I t  was 
r e c e n t l y  r e p o r t e d  t h a t  s i n c e  P2S$-Li2S (and 
B2S3-L i2S)  g l a s s e s  r e - q u i r e  s y n t h e s i s  i n  
s e a l e d  p r e s s u r e  q u a r t z  t u b e s ,  the  S iS2 -L i2S  
g l a s s e s ,  w h i c h  may be  p r e p a r e d  u n d e r  
a t m o s p h e r i c  p r e s s u r e  o f f e r  a v i a b l e  
commercia l  p r o d u c t i o n  a l t e r n a t i v e  ( 8 ) .  The 
base  g l a s s ,  SIS2:  Li~S has  la c o n d u c t i v i t y  
of  a t  l e a s t  0 . 7 5 x 1 0 -  S-cm- a t  25oc ( 8 ) .  
A l though  the  a d d i t i o n  of  L i l  to  S iS2 -L i2S  
base  sys tem i n c r e a s e s  the  c o n d u c t i v i t y  of  
t h e s e  g l a s s e s  up to  6 .4x10-4  S-cm-I  ( 8 ) ,  
some o x i d a t i o n  o f  i o d i d e  to  i o d i n e  may 
o c c u r  d u r i n g  s y n t h e s i s  (9) . No 
i n v e s t i g a t i o n  was r e p o r t e d  on the  e f f e c t s  
o f  o t h e r  l i t h i u m  h a l i d e s  o n  t h e  
c o n d u c t i v i t i e s  of t h e s e  g l a s s e s .  

We have i n v e s t i g a t e d  the  e f f e c t s  of  L iBr  
doping  on the  c o n d u c t i v i t y  and the e x t e n t  
of  g l a s s  f o r m a t i o n  of  S iS2 -L i2  S by v a r y i n g  
t h e  m o l a r  c o n c e n t r a t i o n  o f  L i B r  w h i l e  
h o l d i n g  t h e  mole r a t i o  of  S i S  2 t o  L i2S  
c o n s t a n t  a t  1 : 1 .  

The S iS2 -L i2S  g l a s s e s  were p r e p a r e d  by 
f i r s t  mixing  SiS  2 and Li2S in a 1 :1  mole 
r a t i o  in  a d r y  box w i t h  an oxygen and w a t e r  
l e v e l  l e s s  than  2 ppm. The m i x t u r e  was 
t hen  p l a c e d  in a v i t r e o u s  ca rbon  c r u c i b l e ,  
which in  t u r n  was p o s i t i o n e d  in  a Vycor 
t u b e .  The s t o p p e r e d  Vycor tube was t a k e n  
o u t s i d e  t h e  d r y  b o x  a n d  p l a c e d  i n  a 
v e r t i c a l  f u r n a c e  a n d  h e a t e d  f o r  

a p p r o x i m a t e l y  one hour a t  950oc under  an 
a rgon  gas b l a n k e t .  The mo l t en  m i x t u r e  was 
q u i c k l y  quenched i n t o  a wa te r  b a t h  a t  room 
t e m p e r a t u r e  t o  f o r m  t h e  v i t r e o u s  

s o l i d .  To dope t h i s  base  g l a s s  w i t h  L i B r ,  
a p p r o p r i a t e  w e i g h t s  o f  L i B r  a n d  t h e  
v i t r e o u s  g l a s s  were ground,  mixed t o g e t h e r ,  
and the h e a t i n g  p r o c e d u r e  d e s c r i b e d  above 
was a g a i n  f o l l o w e d .  The quenched g l a s s e s  
were ground to  a f i n e  powder and a p o r t i o n  
of  the  g l a s s  sample was u n i a x i a l l y  p r e s s e d  
i n t o  a 0 .3  i n c h  d i a m e t e r  rod  w i t h  T iS  2 
e l e c t r o d e s  on bo th  f a c e s .  Th is  c e l l  was 
s u b s e q u e n t l y  i s o s t a t i c a l l y  p r e s s e d  a t  
-45060 p s i  to  a c h i e v e  h igh  d e n s i t y .  

The i o n i c  c o n d u c t i v i t y  of  each sample 
was m e a s u r e d  by t h e  c o m p l e x  i m p e d a n c e  
t e c h n i q u e  us ing  a S o l a r t r o n  1174 F requency  
R e s p o n s e  A n a l y z e r  i n t e r f a c e d  t o  a 
H e w l e t t - P a c k a r d  9845B d e s k t o p  computer  and 
a G e ne r a l  Radio  1435 Programmable  decade  
r e s i s t a n c e  box.  The s i g n a l  a p p l i e d  a c r o s s  
t h e  s a m p l e  w a s  25 t o  100mV a n d  t h e  
f r e q u e n c y  v a r i e d  from 0 .1  t o  105 Hz ove r  
the  t e m p e r a t u r e  range of  200 t o  140oc.  
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As is  shown in F ig .  1, the complex 
impedance p l o t s  of  g l a s s e s  c o n s i s t e d  of  a 
s t r a i g h t  l i n e  i n t e r s e c t i n g  the r ea l  ax i s  at  
a p p r o x i m a t e l y  a 450  a n g l e .  The b u l k  
r e s i s t a n c e  of  the g l a s s  sample was ob t a ined  
from the e x t r a p o l a t i o n  of  the s t r a i g h t  l i n e  
p o r t i o n  of the complex impedance p l o t  to  
the r ea l  ax i s .  In  the t empera tu re  range 
s t ud i ed  he re ,  the ion ic  c o n d u c t i v i t y  of  a l l  
the g l a s s e s  was found to  obey the Ar rhen ius  
law: o=~o exp( -Ea /KT) .  Values  of  i o n i c  
c o n d u c t i v i t y  (~) measured at  25oc and the 
a c t i v a t i o n  e n e r g i e s  (Ea) de te rmined  from 
t h e  s l o p e s  o f  A r r h e n i u s  p l o t s  f o r  
S i S 2 - L i 2 S - L i B r  g l a s s e s  a re  r e p o r t e d  in  
Table I .  F igure  2 shows a p l o t  of  log a 
vs .  mole % of  LiBr added to  the base g l a s s .  
Here we see t h a t  the  i o n i c  c o n d u c t i v i t y  
i nc reased  l i n e a r l y  wi th  LiBr up t o  30 mole 
~ ,  t h e n  i t  d e c r e a s e d  s h a r p l y  w i t h  t h e  
a d d i t i o n  o f  more L i B r .  T a b l e  I a l s o  
i n d i c a t e s  t h a t  the a c t i v a t i o n  energy in the 
0 t o  30 m o l e  % L i B r  r a n g e  r e m a i n e d  
r e l a t i v e l y  c o n s t a n t ,  but  i nc r ea sed  r a p i d l y  
wi th  h ighe r  c o n c e n t r a t i o n s  of  LiBr .  

Tab le  I. C o n d u c t i v i t i e s  and A c t i v a t i o n  E n e r g i e s  f o r  S i l i c o n  S u l f i d e  
G l a s s e s .  

The maximum c o n d u c t i v i t y  in t h i s  work 
was  o b s e r v e d  f o r  t h e  0 . 3  L i B r - 0 . 3 5  
SIS2-0 .35  Li2S g l a s s .  X-ray d i f f r a c t i o n  
a n a l y s e s  of  LiBr doped SiS2-Li2S g l a s s e s  
showed tha t  a l l  samples wi th  LiBr mole% of  

30 formed uniform g l a s s e s  whi le ,  samples 
wi th  h ighe r  LiBr conten t  i n d i c a t e d  t r a c e s  
o f  L iBz  c r y s t a l s  p r e s e n t  in t h e  g l a s s  
m a t r i x .  These o b s e r v a t i o n s  are in  good 
a g r e e m e n t  w i t h  t h e  c o n d u c t  i v i t y  
measurements,  i n d i c a t i n g  t h a t  maximum LiBr 
s o l u b i l i t y  is  achieved wi th  the 30~ LiBz 
base g l a s s  at  l e a s t  wi th  the quench r a t e s  
used in t h i s  i n i t i a l  s tudy .  Upon a d d i t i o n  
of  more L iEr ,  the ex ten t  of g l a s s  fo rma t ion  
d e c r e a s e d ,  r e s u l t i n g  in  a drop of  i o n i c  
c o n d u c t i v i t y .  F u r t h e r  s t u d i e s  o f  t h e s e  
g l a s s e s ,  i nc lud ing  7Li NMR measurements of  
LiBr and LiC1 doped g l a s s e s  are in p r o g r e s s  
in our l a b o r a t o r i e s .  
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The Pourbaix Diagram for Cr With Fe and the Stress Corrosion 
Cracking of Stainless Steel 
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Lars Ljungberg 
ASEA-A TOM, V(testerds, Sweden 

Hydrogen addition to the feedwater of boiling 

water nuclear reactors (BWR) is being used to 
avoid the problem of intergranular stress 

corrosion cracking (IGSCC) in weld sensitized 
regions of Type 304 stainless steel piping 
carrying coolant water. Hydrogen addition 

reduces the dissolved oxygen content of the 
coolant water and lowers the corrosion poten- 

tial of stainless steel. The tests, men- 
tioned below, have shown that IGSCC does not 

occur in sensitized stainless steel below a 
certain critical value of the corrosion 

potential. The reason for IGSCCmitigation 

below this critical potential has not yet 
been elucidated. In this note we report a 

correlation between the critical potential 
for IGSCC and the stable phase containing 
Cr. Above the critical potential where IGSCC 

can occur, the stable Cr-containing phase is 

Cr203. Below the critical potential where 
IGSCC does not occur, the stable Cr-contain- 

ing phase is FeCr204. Our interpretation of 
this correlation is that a surface oxide 

phase of CrFe204 is protective against IGSCC 

while Cr203 is not. Further research is 
needed to define the mechanism of protection. 

Thermodynamics of Cr-H20 Systems. The 
equilibria for Cr between solid phases and 

solutions in the Cr-Fe-H20 system at 300~ 
are shown in Fig. I. Thermodynamic values 

for Cr were taken from Ref. I. The only 

sollid oxide containing both Fe and Cr, at 

least for which thermodynamic data are avail- 

able, is FeCr204. Its Gibbs energy of for- 
mation at 300~ was calculated from the data 

in Ref. 2 to be -336.5 Kcal per mole 
(referred to the elements at 25~ The 

regions of stability of the solid Cr contain- 
ing oxides depend on the activity of Fe, 
which in turn depends on which solid Fe com- 
pound is stable. The diagram indicates that 

*Electrochemical Society Active member. 
Keywords: Pourbaix diagrams, protective 

oxides, chromium oxides. 

at the highest potentials (field A) the 

stable oxides are Cr203 and Fe203 and in the 
next lower adjacent field (B) FeCr204 and 

Fe203. The change of stability of the Cr 
bearing oxide from Cr203 to FeCr204 is the 
region of interest to us. 

Conditions in BWR.--During normal BWR opera- 
tion the water recirculated through the 

reactor core contains (3) about 200 ppb 
(parts per billion) of dissolved oxygen and 
is approximately neutral (pH = 5.6). The 

corrosion potential of a Type 304 electrode 
in BWR water at about 300~ lies in the range 

of 0.0 to 0.1 volts, SHE, after some 
aging (4). This potential is still in the 

HCrO 4- field, indicating that as the stain- 
less steel recirculation piping corrodes, the 

Cr tends to dissolve out of the corrosion 

film. Examinations (5) of corrosion films on 
BWR piping confirm this analysis. 

Mihigation of IGSCC by Low Corrosion 
Potential. Several series of tests (6,7) 

show that IGSCC of sensitized stainless steel 
does not occur in pure water if the potential 

of the steel is below a critical value in the 

range -0.2 to -0.3 volts SHE. In constant 
extension rate tests (CERT) in Ringhals-1 
BWR (8) during hydrogen addition no IGSCC was 

observed when the corrosion potential was 

below -0.2 volts, when the water was pure. 

Tests in the Dresden-2 BWR have also shown 

such a critical potential. 

During the tests in Ringhals-1 and in the 

Dresden-2 BWR with hydrogen added to the 
feedwater (equivalent to lowering the corro- 

sion potential of stainless steel), it was 
observed that the concentration of Cr 
dissolved in the reactor water was decreased 
tenfold or more (8,9). That observation is 

Manuscript submitted Nov. 26, 1984; revised 
manuscript received Jan. 21, 1985. 
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in accord with the increase in stability of 
the Cr-containing oxide when the potential is 

lowered (Fig. I). 
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9. E. L. Burley, ed, DOE/ET/34203-47, GE 
Co., San Jose, Calif., 1982. 

Correlation of Critical Potential with 
Pourbaix Dia@ram. The Pourbaix diagram shows 
that for neutral water (pH=5.6), there is a 

change of phase at about -0.2 volts--i.e., at 

about the critical potential. Below that 
potential the stable Cr-containing oxide is 

FeCr204 and above it Cr203. Thus, at about 
the critical potential for IGSCC, observed in 
CERT, there is a change in the stable Cr 

containing phase. 

This correlation indicates that formation of 
a surface oxide of FeCr204 may be the process 

that provides protection against IGSCC for 
stainless steel. The correlation is signifi- 

cant in that it provides a basis for predict- 
ing the influence on IGSCC of changes in 

environmental conditions. Critical poten- 
tials were found to be related to the solute 

for 0.01 molal solution of various salts in 
Ref. 10. 
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Figure I. Pourbaix Diagram for the Cr-H20 

System with Fe at 300~ Full lines separate 

regions of stability for Cr in different 
phases. Dissolved Cr species activities were 

10 -6 and metallic Cr activity 0.2 (to 

represent stainless steel). 

Dot dash lines separate regions of stability 

of dissolved Cr species. 

Long dashed lines represent equilibria 
between water and one atmosphere pressure of 
H 2 or 02 . Short dashed lines indicate the 

locations of lines for 02 at 200 ppb and 
20 ppb dissolved in water and for H 2 at 

100 ppb and 10 ppb. 

Letters A to E identify fields of stability 
of different pairs of solids, namely: 

A - Cr203 + Fe203 
B - FeCr204 + Fe203 
C - FeCr204 + Fe304 
D - FeCr204 + Fe 

E - Cr203 + Fe 



Diffusion of Sb in (111 ) Silicon during Heat-Treatment 
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Recently ther~nal nitridation of silicon 
has been investigated and its effect on dopant 
diffusion has been reported(l,2). Mizuo et al. 
(i) found retarded B and P diffusion and 
enhanced Sb diffusion during N^ and NH^ heat 
treatments of the bare (i00) aZd (lll)Jsilicon 
at ll00~ They also investigated the effect 
of the SiOp capping and found that N 2 heat 
treatment Ead little effect while NH^ heat 

. 
treatment resulted in enhanced B and P dmffu- 
sion and retarded Sb diffusion. Fahey et al. 
(2) also reported similar results. In this note 
we report the anomalous junction motion of Sb 
diffused specimens during N 2 heat treatment 
and the effect of the SiC_ capping after 
prolonged heat treatments, z 

Czochralski-grown, lightly-doped, p-type 
(iii) silicon wafe~ were implanted with Sb to 
a dose of 1.0 X 10-~/cm - at 80 keV. In addition, 
two groups of specimens were prepared by im- 
planting ~ into n-type wafers to a dose of 2.1 
X i0 /cm ~d Pginto p-type wafers to a dose 
of 1.0 X 10-~/cm" at i00 keV and 80 keV, res- 
pectively. These were run concurrently with 
the Sb implanted ones. After annealing at 900 ~ 
C for 30 min, all wafers were oxidized at 900 ~ 
C in steam to grow 2000-~-thick pad oxide. 
1200-~-thick silicon nitride was deposited by 
the low pressure chemical vapor deposition 
process over the oxide. Then drive-in heat 
treatments were performed to obtain 1-micron- 
deep initial junctions. P implanted specimens 
required i hr and for Sb specimens 13 h were 
required. B implanted specimens did not 
undergo the drive-in step because their 
junction depth was already about I micron 
after annealing and oxidation steps. Subsequ- 
ent lithography and plasma etching were done 
to fabricate a specimen structure consisting 
of the SiC^ capped silicon, the SigN, capped 

4 
silicon, t~e SiC 2 + SiqN A capped smlmcon , and 
the bare silicon. N^ h~as treatments were done 
in aoCOnventional smngle wall quartz tube at 
ii00 C up to 24 h . Heat treated specimens 

were angle-lapped and stained to measure the 

*Electrochemical Society Active Member. 

key word: thermal nitridation, Sb diffusion 
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junction depths by interferometry. The junc- 
tion depths after heat treatment were measured 
as X.~, in the bare silicon, X.^, in the SiC 2 
capp~ silicon, X , in the Si3~ capped 

jN. 3 4 
silicon, and X .... , zn the SiO~ + SigN. capped 
silicon, ju~ z J 

In Fig. I, X.s/X.^. for B, P, and Sb 
diffused specimen~ af~ N 2 heat treatments 
are plotted along with X.^TX.~. for Sb diffu- 
sed specimens. The junction ~ion of the Sb 
diffused specimens in the bare silicon is 
retarded after prolonged heat treatments, 
which is quite contradictory to the result of 
Mizuo et al.(1). On the other hand, the 
retarded junction motion of B and P diffused 
specimens is in good agreement with previous 
work(l,2). The junction motion in the SiOp 
capped silicon is enhanced after prolonged 
heat treatments while the Si_N. capping has 
little effect. To rationaliz~ ~he discrepancy 
between our study and the previous Sb studies 
(1,2) we made an extensive use of a precision 
angle-lapping and a spreading resistance 
probe. Fig. 2 shows the concentration profiles 
of Sb in the bare silicon and in the SiC^ + 
Si3N 4 capped silicon after 2 h N 2 heat ~reat- 
ment. It can be clearly seen that even though 
both regions have the same junction depths, 
the actual concentration profiles are quite 
different due to the severe out-diffusion loss 

i .  50 I I i i i | 
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Fig. i. X.~/X.^. for B, P , and Sb diffused 
specimens and ~ ~/X ^_ for Sb diffused speci- 

" U  "U~ 0 
mens after N 2 h~at ~reatment at ii00 C. 
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of Sb atoms from the bare silicon surface 
during N 2 heat treatment. By integrating the 
concentration profiles the out-diffusion loss 
of Sb atoms after 2 h N o heat treatment was 
calculated to be about 2~ %. Those of B and P 
were less than 8 %. 

J. Electrochem. Soc.: ACCELERATED BRIEF COMMUNICATION April 1985 

The concentration profiles in Fig. 2 
strongly suggest that Sb diffusion is indeed 
enhanced during thermal nitridation of silicon 
in N 2. We developed a model to test the above 
observation by modifying the conventional 
drive-in model of a Gaussian distribution 
considering the time-averaged out-diffusion 
loss of dopant atoms. The time-averaged 
diffusivity ratio, <Ds>/<DoN > can be expressed 
as 

2 
<Ds>/<DoN> = [(CsoN/Css)(<Qs>/<QoN >)] 

where C S and C ON are the surface concentra- 
. .s s . . . 
tlons in the bare s111con and in the SiO_ + 
Si3N 4 capped silicon after heat treatmen~ and 
<Q > and <Qo > are the time-averaged total 

S N 
dopant concentrations in each region. The 
changes of X.~/X ..... <Q~>/<Q^.~>, and <D~>/<Do.> 
with N~ heatJ~re~ent ~ime ~e plotted~in ~N 
Fig. 3. I Above all, Sb diffusion was indeed 
enhanced by thermal nitridation of silicon. 
Initially <Q~>/<Q~. > decreases rapidly but it uN 
deceases slowly as thermal nitridation pro- 
ceeds <D >/<D > increases initially up to 

�9 N "o 2 h and ~hen ~ecreases as thermal nitridatl n 
slows down. As a combined result of the time- 
dependent <Q >/<Q > and <D >/<D >, X /X 

ON S ON " j ON 
decreases after prolonged heat t~eatme~s. 
We also calculated <D~>/<D^. > for B and P and 
found that both B andbP diffusion were retarded 
during thermal nitridation of silicon in Np. 
This favors a mechanism of silicon interstitial 
depletion in the surface region(2,3). The 

; I i I I I I I 

_ ~  II0OOC' N 2 

1.0 x 1017 . ~ ~  2 HOURS 

" ~ IN THE SI02 + SI3N 4 

1.0 x 10151 I I I I I , I 
0.4 0.8 1,2 1.6 

DEPTH INTO SILICON ( MICRON ) 

Fig. 2. Sb concentration ~rofiles after 2 h 
N 2 heat treatment at II00-C. 

undersaturation of interstitials in turn 
causes vacancy supersaturation and the diffu- 
sion of Sb atoms, which are considered to 
move almost exclusively by vacancies(4)~is 
enhanced. The apparently retarded Sb junction 
motion is due to the severe out-diffusion loss 
of Sb atoms during N 2 heat treatment. 

The SiO^ capping resulted in enhanced Sb 
z 

diffusion( see Fig. 1 ). This suggests a 
slower nitridation of substrate silicon under 
the oxide capping. The apparent difference 
from the NH 3 ambient case is the lower acti- 
vity of N o~ with SiO 2. We conclude that N 2 
should diffuse through SiO 2 without reaction 
and nitrify the substrate silicon. NH_ is 

3 
considered to react with SiO^ and generate 
oxygen atoms which oxidize t~e substrate 
silicon. 

In summary, the out-diffusion of Sb atoms 
during N 2 heat treatment and its effect upon 
shallow junction were investigated. It was 
clearly seen that the conventional angle- 
lapping and staining alone is not appropriate 
for this kind of study. 
Manuscript submitted Dec~ 26, 1984; revised 
manuscript received Jan. 18, 1985. 
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q 
ABSTRACT 

The electrical performance and corrosion of current collectors made from graphite foil bonded to a luminum and 
from stainless steel protected by silicon carbide coating are compared to current collectors protected by chromium coat- 
ings. The testing is done in corrosion cells operated under dynamic conditions in Na2S~ melts at 350~ The cells are op- 
erated under both cathodic and anodic potentials of 100-300 mV measured with respect to carbon reference electrodes. 
The current collectors made from graphite foil, 127 tLm thick, bonded to aluminum have lowest total impedances (ohmic 
plus polarization) of 2.0 and 5.4 ~-cm 2 under cathodic and anodic potential of 300 mV. The corresponding values for sili- 
con carbide coatings, 1.8-2.0 tLm thick, are 2.9 and 19.0 tl-cm 2, and, for chromium coatings -50  ~m thick, 3.2 and 10.7 
gt-cm ~. No, or very little, corrosion is observed on the graphite/aluminum samples or on the silicon carbide-coated 
samples over a period of 2-3 months. 

An open issue in developing a sodium-sulfur battery 
with a long life is the corrosion of the metal sulfur-elec- 
trode current collector. For load leveling application by 
the electric utility industry, the goal for a battery life is 10 
yr. 

In current development  programs, chromium-plated 
stainless steel has been used as a sulfur container and a 
current collector (1). Alternative container materials with 
improved sodium polysulfide corrosion resistance are 
being explored as part of the sodium-sulfur battery 
development  program (2-4). In the present study, the 
electrical performance and corrosion resistance of two 
new current collector materials are compared to 
chromium-coated steel. These materials are graphite foil 
bonded to aluminum- and chromium-plated stainless 
steel covered with sputtered silicon carbide layer. 

The protective coating on the current collectors has to 
meet several criteria: the coating has to be electrically 
conductive and chemically inert to the sodium polysul- 
tides that are formed in sodium-sulfur cells. In addition, 
the coating has to adhere well to the metal substrate, and 
be capable of withstanding thermal cycling from room 
temperature up to the operating temperature of the cells, 
300~176 without peeling or f l ak ing . .The  coating 
should also be self-healing or repairable to prevent the 
corrosion of the substrate from starting at pinholes or de- 
fects in the coating. Both graphite/aluminum- and silicon 
carbide-coated current collectors have the potential for 
meeting these criteria. 

The composite structure of graphite layer bonded to an 
aluminum substrate  makes a good current collector. 
Graphite is chemically inert to sodium polysulfides un- 
der the operating conditions of the sodium-sulfur cells (5) 
and is sufficiently conductive electrically ((r - 1.0 • 103 
t2-' cm -1) to be used as a thin protective layer without 
introducing large ohmic losses. The use of current collec- 
tors solely made from graphite in practically sized 
sodium-sulfur cells results in high ohmic losses that seri- 
ously degrade the cell performance (6, 7). Aluminum is an 
excellent  substrate. A protective nonconductive alumi- 
num sulfide layer is formed on aluminum when it is ex- 
posed to polysulfide melt. This prevents corrosion from 
starting at coating defects and also allows greater flexi- 

bility in current collector designs, since only selected 
areas need to be covered with graphite. In addition, alu- 
minum is an excellent  lightweight conductor. 

Silicon carbide has an electrical conductivity of 0.001- 
100 12- 'cm- '  (8-10). It is also chemically inert to sodium 
polysulfide melts under the operating conditions of so- 
dium-sulfur cells (11, 12). Sodium-sulfur cells built with 
sintered silicon carbide sulfur containers have shown no 
corrosion under testing (11). However, these containers 
are expensive and bulky. On the other hand, a thin con- 
ductive well-adherent silicon carbide layer applied to a 
steel container can protect the steel from corrosion by so- 
dium polysulfides and, at the same time, retain the ad- 
vantages of a metal container: high strength, ductility, 
and electrical conductivity. A system of bonding silicon 
carbide coatings to chromium-plated stainless steels is 
described in Ref. (13). The chromium forms a base to 
which the silicon carbide adheres well. In addition, any 
chromium exposed by defects within the silicon carbide 
layer can be protected from corrosion by the sodium 
polysulfides by oxidizing the exposed chromium before 
the current collectors are immersed into the polysulfide 
melt  or built into the sodium-sulfur cells. The nonconduc- 
rive chromium oxide formed during oxidation is inert to 
sodium polysulfides. 

Experimental Technique 

Graphite aluminum bonding.--The graphite is used in 
the form of foil or paper that is bonded to an aluminum 
substrate. In the test  samples, GTA grade Grafoil, 127 t~m 
thick, manufactured by Union Carbide is used. The Gra- 
foil composition is 99.9% graphite, with ash content of 
less than 0.1%. The nominal ash composition is 25% A1203, 
50% SiO.2, 20% Fe203, and 5% mixed oxides. No organic 
binders are used in Grafoil. The aluminum substrates, 
a luminum 1100 or 5 nines pure aluminum, consist of 0.5 
in. wide strips, 3/2 in. long and -1/16 in. thick. The bond- 
ing process consists of evaporating or sputtering an alu- 
minum layer about 1 t~m thick onto the side of Grafoil to 
be bonded to the a luminum substrate. This step is critical 
for a good bond, It allows the a luminum to come into di- 
rect contact with graphite with, at most, a very thin inter- 
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vening aluminum oxide layer present at the interface. 
The bond between the thin aluminum layer on Grafoil 
and the a luminum substrate is achieved by pressing the 
two pieces together in a hot press at 615~176 under a 
pressure of 2000 psi. The samples are kept in the hot 
press under argon atmosphere, at temperature, for 6-8h. 
During this time, a bond is formed at the aluminum/alum- 
inum interface and the mechanical bond between the 
evaporated aluminum layer and graphite is strengthened 
by probable formation of a thin layer of aluminum car- 
bide (AI:~C4). Aluminum and graphite can react at temper- 
atures as low as 400~ if no oxides are present at the inter- 
face (14, 15). The bond between aluminum and Grafoil 
formed by this procedure is stronger than the tear 
strength of Grafoil, which tends to peel off in layers. Al- 
though aluminum carbide is unstable in moist air, 
forming methane, no deterioration of the bond is ob- 
served in samples left in room air for weeks. Within a sod- 
ium-sulfur cell, there is little if any moisture, and the po- 
tential problem of moisture reacting with the aluminum 
carbide does not occur. 

Slightly modified procedures from that discussed in 
the above for the bonding of a luminum and Grafoil were 
also tried. Pressing an unaluminized Grafoil sheet di- 
rectly against an aluminum substrate in the hot press pro- 
duced very poor bonding. The ever-present a luminum ox- 
ide on aluminum prevents the graphite from coming into 
direct contact with a luminum and, thus, inhibits the for- 
mation of an aluminum carbide bonding layer. However, 
a good bond between aluminum and Grafoil is achieved if 
a thin layer of cryolite/alcohol slurry is spread on the sur- 
face of aluminum before the Grafoil is hot pressed against 
the aluminum. The cryolite (Na3A1F~) is used as a wetting 
agent (16); it tends to break up the aluminum oxide layer 
and allows the chemical reaction between the aluminum 
and Grafoil to proceed. Cryolite can also be used to facili- 
tate the bond formation at the aluminum]aluminum inter- 
face. This step was not found to be necessary. 

Silicon carbide coating.--The silicon carbide coating is 
deposited on a chromium-plated stainless steel substrate. 
The chromium layer, 25-50 ~m thick, provides a good ad- 
hesive base for the silicon carbide and allows the use of 
silicon carbide coatings with defects, e.g., pinholes. The 
chromium underlayer exposed by the defects can be oxi- 
dized to form chromium oxide, which is chemically inert 
in sodium polysulfide melts and thus prevents corrosion 
of the chromium underlayer. The silicon carbide is depos- 
ited by RF sputtering or by chemical vapor deposition 
(17), The adhesion of a silicon carbide layer to chromium 
on stainless steel can be improved by heat-treatment in 
an inert atmosphere above ll00~ Through a high tem- 
perature diffusion process, tertiary compounds (13, 18) of 
chromium and silicon carbide can form at the interface. 

The samples that are tested were not heat-treated to 
form tertiary compounds at the SiC/Cr interface. The sili- 
con carbide is deposited by sputtering in a high purity ar- 
gon (99%)-nitrogen (1%) gas mixture using a 6 in. sintered 
SiC target. Nitrogen, which acts as an n-type dopant (19) 
in SiC, is introduced into the system to increase the con- 
ductivity of the films. Before film deposition, the sub- 
strates are cleaned by an RF (13.6 MHz) gas discharge. 
The deposition rate is -60  A/min at unheated substrate 
placed 52 mm from the target, at RF power of 200-300W, 
anode voltage of 1.3-1.6 kV, and gas pressure of 2-7 • 10 -z 
torr. The resistivity measurements  are done on films de- 
posited on quartz substrates, and the corrosion tests are 
done on films deposited on chromium-plated E-Brite (Fe- 
26Cr-lMo) substrates. 

Sodium polysulfide.--The sodium polysulfide (Na2Ss) 
used in the tests is prepared from J. T. Baker (no. 3910) 
sodium monosulfide, 9 hydrate (Na2S - 9H~O) crystals by 
drying the crystals under hydrogen/helium (1:1) gas flow 
at 700~176 to form Na2S. The monosulfide and appro- 
priate amount of resublimed sulfur (Mallinckrodt no. 
8420) are sealed under forepump vacuum into glass am- 
puls, slowly heated to 450~ to form Na2S.~, and then 

cooled to room temperature. The transfer of polysu]fide 
to the test cell is done in a helium dry box. 

Measurements.--The testing of samples is done in cor- 
rosion cells, as shown in Fig. 1, under constant cathodic 
and anodic potentials in sodium polysulfide (Na2Ss) melt 
at 350~ The cell consists of a Pyrex "test tube," partially 
filled with sodium po]ysulfide (NazSs), usually covering 
only part of the sample surface to be tested. The current 
and reference voltage leads, either chromel or a luminum 
wires, are welded to the sample substrate at the top. This 
area is above the sodium polysulfide melt level. In a case 
of a chromium-plated E-Brite substrate, the sample (5/4 • 
1/2 in.) is first coated with an insulating glass on all sides 
except  for a rectangular window left for deposition of 
SiC. The glass prevents the E-Brite from coming into con- 
tact with sodium polysulfides. The counter and reference 
electrodes are graphite rods, threaded and cemented 
(with alcohol-based graphite cement) to molybdenum 
rods above the melt  level. The molybdenum rods are 
brought to the outside through a silicon rubber stopper. 
The cells are leak-tight to better than 10 -s standard cubic 
centimeters per second (sccs). Graphite leads are not 
brought out directly because leak-tight seals cannot be 
made to the porous graphite. The temperature of the cell 
is monitored by a thermocouple inserted into a closed- 
end glass tube that extends into the melt. The cells are 
evacuated and then backfilled with argon to a pressure of 
2-3 in. of water. 

The samples are tested at constant potentials with re- 
spect to a carbon reference electrode, either anodically or 
cathodically at 350~ The tests are usually done at 300 
mV, the maximum cathodic potential expected at the sul- 
fur container wall. This potential corresponds to the 
open-circuit potential difference between Na~S~ and Na2S3 
melts. Currents through the samples are monitored con- 
tinuously. At periodic intervals, current-interrupt data are 
taken from which the change in resistance of the sample, 
and ohmic and polarization contributions to the resist- 
ance, are determined. The measurements are made 2 ~s 
after the start of the current interruption pulse of 10 ~s 
duration using an Electrosynthesis Company (East Am- 
herst, New York) Model 800 IR interrupter. The sample 
surfaces are examined after the tests. 

The resistivity of sputtered amorphous silicon carbide 
films (1.5-2 ~m thick) on quartz substrates is measured 
by a standard four-probe method. The layout is shown in 
Fig. 2. Sputtered platinum contacts are used for the cur- 
rent and voltage leads. The resistivity measurements  as 
function of temperature are done in an argon atmosphere. 

Fig. 1. Corrosion test cell using carbon reference and counterelec- 
trodes. 
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Fig. 2. Sample and electrical probe configuration for measuring resis- 
tivity of thin films. 

Results 

Graphite/aluminum.--The current carried by a Gra- 
foil]aluminum sample as a function of time under anodic 
and cathodic polarization of 200 mV is shown in Fig. 3. 
These polarizations correspond to the charging and dis- 
charging of a sodium-sulfur cell. In both cases, the cur- 
rent reached a steady state and then remained constant 
for approximately 70 days. The current then started to de- 
cline in a gradual and steady manner. The one sharp drop 
in current on sample GA-1 is unexplained. Post-test ex- 
amination of the samples showed the presence of sul- 
fur/sodium polysulfide in isolated spots at the Grafoil- 
a luminum interface. The steady decrease in current is 
most likely associated with loss of contact area between 
Grafoil and aluminum due to slow seepage of melt 
through the Grafoil. 

The initial decrease of current under  anodic conditions 
is due to the buildup of sulfur at the Grafoil-melt inter- 
face. Sulfur, which is nonconductive and immiscible in a 
sodium polysulfide melt, tends to block the electrode. 
The current  decreases until an equilibrium is reached be- 
tween the rate of oxidation of sulfur ions to sulfur and the 
rate of chemical reaction of sulfur to form soluble sulfide 
ions, i.e. 

$4 = ~ S4 + 2e 

and 

$4 + 2 S (  --> 2S6 = 

$4 + 4S4 = --> 4S5 = 

If  the cell is left at open circuit for several days, the sulfur 
film at the Grafoil-melt interface is removed; if the cell is 
turned back on, a similar decay in current is observed as 
the sulfur film builds up again as shown by the data in 
Fig. 3 for days 87-94. 

Under  cathodic polarization an electrochemical reduc- 
tion of sulfide ions occurs at the electrode 

$4 = + 2e ~ 2S2 = 

The initial currents are high, on the order of 130 mA]cm 2. 
The decline in current is likely caused by the partial for- 
mation of a Na~S~ layer at the melt-electrode interface, 
which partially blocks the access of Na~S4 and Na2S5 to 
the electrode. Steady state is reached when the electro- 
chemical reactions reach equilibrium with the diffusion 
and convection of reactants at the interface. The steady- 
state current under cathodic polarization is higher than 
under anodic polarization, -80  mA/cm ~ compared to 50 
mA/cm ~, because no blocking sulfur film is formed. The 
voltage-current dependence is shown in Fig. 4. The data 
are taken under conditions where the variation of current 
with time has stabilized. This corresponds to days 49-50 
in Fig. 3 for samples GA-1 and GA:2. 

Silicon carbide.--The temperature dependence of resis- 
tivity of amorphous SiC films up to 400~ is shown in 
Fig. 5. A resistance change occurs during the initial heat- 
ing of the films to -400~ On subsequent temperature 
cycles, the resistance changes seem to be reversible. The 
initial activation energy is 3.45 kcaYmol; on subsequent  
cycles, the activation energy is higher, 9.4 kcaYmol. The 
resistivity of the 1.5-2.5 ~m thick films averaged around 
140 ~-cm at 350~ the operating temperature of sodium- 
sulfur cells. 

Similar resistance changes in amorphous SiC films 
have been reported by Wasa and co-workers (20). They 
found the resistance change with temperature to be re- 
versible if the substrate temperature during deposition of 
the SiC films is higher than the temperature range of the 
resistivity measurements.  The mechanism of resistance 
change in amorphous SiC films is not understood,  but is 
thought  to be associated with changes in the structure of 
sputtered films caused by thermally activated processes. 
The changes are not caused by surface oxidation of SiC 
films which takes place at temperatures higher than 
1000~ (20, 21). 

The currents carried by amorphous SiC coatings sput- 
tered on chromium-plated E-Brite substrates as a func- 
tion of time under cathodic and anodic polarizations in a 
sodium polysulfide melt  (Na2Ss) are shown in Fig. 6. The 
current under cathodic conditions across the SiC coatings 
is high. Initial values for the other samples ranged from 
150 to 120 mA]cm 2 at cathodic polarization of 300 mV. The 
current decreases as a function of time, but tends to sta- 
bilize after -20  days of operation. The current across 
s.ample SiC-C stabilized at -85  mA]cm ~ and then slowly 
increased to 100 mA/cm 2 near the end of the test period of 
84 days. The current under  anodic polarization is much 
lower than under cathodic polarization. The current 
across sample SiC-B remained constant at -32  mA]cm 2 
until the test was terminated after 57 days. 

The surfaces of the silicon carbide coatings were exam- 
ined with a scanning electron microscope (SEM) before 
and after testing of the samples in sodium polysulfide 
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Fig. 3. Current vs. time of Grafoil/aluminum samples in Na~S,~ melt un- 
der cathodic and anodic potentials of 200 inV. 
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Fig, 5. Temperature dependence of resistivity of thin amorphous sili- 
con carbide films. 

Fig. 7. Surface of sputtered amorphous silicon carbide coating before 
testing. 

melts. The surface morphology of freshly sputtered sili- 
con carbide coating on chromium-plated E-Brite is shown 
in Fig. 7. The surfaces of samples tested under  cathodic 
polarization of 300 mV for 22 days (sample SiC-A) and 84 
days (sample SiC-C) are shown in Fig. 8 and 9, respec- 
tively. The surface of an anodically tested sample, SiC-B, 
tested for 57 days at 300 mV polarization is shown in Fig. 
10. 

The overall surface morphology of a sample tested cath- 
odically for 22 days is similar to the surface of silicon car- 
bide coating unexposed to sodium-polysulfide melt, Fig. 
7. However, the exposed silicon carbide surfaces, both 
above (no current passing through the SiC coating) and 
below the sodium polysulfide melt level, Fig. 8 (current 
passing through the coating), are covered with small 
light-colored chromium sulfide crystals. More crystals 
are found on the coating below the melt level. Some of 
the crystals have a platelike hexagonal structure that is 
similar to Cr2S:3 crystals found on chromium-plated sulfur 
containers used i n  sodium-sulfur cells (22). Cross-sec- 
tional analysis of samples examined with SEM showed no 

Fig. 8. Surface of SiC coating below Na~S~ melt level of sample SiC-A 
after 22 days at cathodic potential of 300 mV. Region A is amorphous 
SiC; region B, crystallite with very high Cr content and some S; region C, 
crystallite with high Cr and high S content. 
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Fig, 6. Current vs. t ime of silicon carbide-coated samples in No~S~ 
melt under cathodic and anodic potentials of 3 0 0  mV. 

Fig. 9 Surface of SiC coating below Na~S~ melt level of sample SiC-C 
after 84 days at cathodic potential of 300 inV. Region K is amorphous 
SiC with "worn" look; areas L are platelike chromium sulfide crystals. 

indication of the presence of chromium sulfides, sulfur, 
or sodium polysulfides at the chromium]silicon carbide 
interface. The growth of chromium sulfide crystals 



Vol .  132,  N o .  5 S O D I U M - S U L F U R  C E L L S  995 

Fig. 10. Surface of SiC coating below Na2S5 melt level of sample SiC-B 
after 57 days at anodic potential of 300 mV. Small white particles are 
chromium sulfide crystals. Surface morphology is similar to an untested 
sample shown in Fig. 7. 

s e e m s  to occu r  via  t r a n s p o r t  of c h r o m i u m  a n d  su l fu r  
t h r o u g h  t h e  p o r e s  in  t he  a m o r p h o u s  s i l i con  ca rb i d e  
coat ing.  

The  a m o r p h o u s  s i l i con  c a r b i d e  coa t ing  e x p o s e d  to t h e  
s o d i u m  po lysu l f ide  m e l t  for  84 days  s h o w s  s u b s t a n t i a l  
c h a n g e  f r o m  the  in i t ia l  su r face  m o r p h o l o g y .  The  coa t ing  
surface ,  b o t h  a b o v e  a n d  b e l o w  the  po lysu l f ide  m e l t  level,  
is c o v e r e d  w i t h  n u m e r o u s  c h r o m i u m  sulf ide  crystals .  In  
add i t ion ,  t he  SiC sur face  m o r p h o l o g y  is no  longe r  hi l ly  
a n d  s m o o t h  (Fig. 7), b u t  is "worn , "  espec ia l ly  in  some  
areas  b e l o w  the  s o d i u m  po lysu l f ide  m e l t  level ,  Fig. 9. In  
o t h e r  areas ,  t he  w o r n  p a t t e r n  is no t  as deep .  T h e  m e c h a -  
n i s m  c a u s i n g  t h e  c h a n g e s  in  t he  m o r p h o l o g y  of  t h e  sili- 
c o n  c a r b i d e  coa t ing  h a s  no t  b e e n  d e t e r m i n e d .  T h e  
c h a n g e s  cou ld  b e  d u e  to s low c h e m i c a l  r eac t i ons  or to 
d i s so lu t ion ,  or, m o r e  l ikely,  due  to smal l - sca le  f lak ing  at  
t he  p o r e s  w i t h i n  t he  s i l i con  ca rb ide  coat ing,  c a u s e d  by  
t he  t r a n s p o r t  of  c h r o m i u m  a n d  sulfur .  

T h e  sur face  m o r p h o l o g y  of  the  s a m p l e  t e s t e d  anodi-  
cal ly ha s  no t  c h a n g e d  m u c h  f r o m  the  u n t e s t e d  sample .  
F i g u r e  10 s h o w s  t he  su r face  f ea tu res  b e l o w  the  polysul-  
f ide m e l t  level.  C h r o m i u m  sul f ide  c rys ta l s  on  t h e  sur- 
faces are sti l l  p r e sen t ,  b u t  are f ewer  in  n u m b e r  t h a n  on  
t h e  ca thod ica ] ly  t e s t e d  samples .  

C o m p a r i s o n  w i t h  c h r o m i u m . - - T h e  elec t r ica l  pe r fo rm-  
a n c e  of  G r a f o i l / a l u m i n u m -  a n d  s i l i con  ca rb ide -coa t ed  cur- 
r e n t  co l lec tors  is c o m p a r e d  to c h r o m i u m - c o a t e d  c u r r e n t  
col lectors .  The  dat~  t a k e n  u n d e r  ca thod i c  a n d  anod ic  con- 
d i t ions  are s u m m a r i z e d  in  Tab les  I a n d  II, respect ively .  
The  m e a s u r e d  losses  occu r r i ng  at  t he  subs t ra te /coa t -  
i ng /me l t  i n t e r f a c e  a re  s e p a r a t e d  i n to  o h m i c  a n d  polariza-  
t ion  losses  a n d  are  n o r m a l i z e d  to a u n i t  a rea  of  t he  c u r r e n t  
collector.  The  s u m m a r i z e d  da ta  are for  t e s t  pe r iods  w h e n  
t h e  c u r r e n t s  r e m a i n e d  s t ab le  (refer to Fig. 3, 6, a n d  
11). The  e lec t r ica l  p e r f o r m a n c e  of a we l l - adhe red  Gra- 
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Fig. 11. Current v s .  time of chromium-coated sample under different 
cathodic potentials. The envelope of shaded areas corresponds to the 
magnitude of current oscillations. 

f o i l / a l u m i n u m  c u r r e n t  co l lec tor  is Supe r io r  to  t h a t  of  a 
c h r o m i u m - c o a t e d  c u r r e n t  col lector .  I t  h a s  l ower  overa l l  
r e s i s t a n c e  b o t h  u n d e r  c a t h o d i c  a n d  ariodic po ten t ia l s .  At  
a po la r i za t ion  of  300 mV,  t h e  r e s i s t ance  va lues  are  2.0 a n d  
5.4 f L c m  z, respec t ive ly .  T h e  c o m p a r a b l e  va lues  for  a 
c h r o m i u m - c o a t e d  c u r r e n t  co l lec tor  are 3.2 a n d  10.7 ~ - c m  z. 
C o n s e q u e n t l y ,  t h e  G r a f o i l / a l u m i n u m  c u r r e n t  co l lec tors  
h a v e  l ower  p o w e r  losses  a n d  car ry  s u b s t a n t i a l l y  h i g h e r  
c u r r e n t s  for a g i v e n  potent ia l .  

T h e  s i l icon ca rb i d e - co a t ed  c u r r e n t  co l lec tors  h a v e  com- 
p a r a b l e  r e s i s t an ce s  to t h e  c h r o m i u m - c o a t e d  s a m p l e s  un-  
de r  ca thod ic  po ten t ia l s .  T h e  r e s i s t ances  u n d e r  a n o d i c  
c o n d i t i o n s  are h igher .  However ,  t h e  c u r r e n t  ca r ry ing  
capab i l i t y  as a f u n c t i o n  of  t i m e  of t h e  s i l i con  ca rb ide-  
coa t ed  s a m p l e s  is b e t t e r  t h a n  t h a t  of  c h r o m i u m - c o a t e d  
samples ;  t h e  c u r r e n t  in  t h e  case  of s i l i con  Carbide 
s a m p l e s  i n c r e a s e d  s l ight ly  d u r i n g  84 days,  w h i l e  t h e  cur- 
r e n t  d e c r e a s e d  f rom 96 to 80 mAJcm '2 in  30 days  for the  
c h r o m i u m  s a m p l e  (Fig. 11). U n d e r  anod ic  po ten t i a l s ,  the  
c u r r e n t s  are lower  t h a n  u n d e r  ca thod ic  p o t e n t i a l s  b e c a u s e  
of t h e  f o r m a t i o n  of  a b l o c k i n g  su l fu r  f i lm at  the  e l ec t rode  
surface.  For  t h e  c h r o m i u m -  a n d  s i l icon ca rb i d e - coa t ed  
samples ,  t he  s t eady- s t a t e  c u r r e n t s  u n d e r  a n o d i c  condi-  
t ions  a re  i n d e p e n d e n t  of  p o t e n t i a l  (Tab le  II). T h e  c u r r e n t  
i n c r e a s e s  w i th  vo l t age  on ly  for  t h e  G r a f o i l / a l u m i n u m  
samples .  T h e  po la r i za t ion  r e s i s t a n c e  i n c r e a s e s  r ap id ly  
w i t h  vol tage,  w h i l e  t h e  o h m i c  r e s i s t a n c e  r e m a i n s  con-  
s tant .  U n d e r  ca thod i c  cond i t i ons ,  t h e  po l a r i za t i on  resist-  
a n c e  is, w i t h i n  e x p e r i m e n t a l  error,  also i n d e p e n d e n t  of  
vol tage .  

C u r r e n t  osci l la t ions  observed  w i t h  c h r o m i u m  sam-  
p l e . - - T h e  c u r r e n t  vs.  t i m e  of  t h e  c h r o m i u m - c o a t e d  
s a m p l e  is s h o w n  in Fig. 11. Typica l  c u r r e n t  osc i l la t ions  
a n d  va r i a t i ons  in  cel l  r e s i s t a n c e  d u r i n g  osc i l l a t ions  are 
s h o w n  in  Fig. 12 for  a s a m p l e  po la r i zed  ca thod ica l l y  a t  300 
mY. 

T h e  a m p l i t u d e  of osc i l l a t ions  can  bu i ld  u p  to qu i t e  h i g h  
va lues ,  as i n d i c a t e d  b y  t h e  s h a d e d  reg ions  on  Fig. 11. The  

Table I. Corrosion test cell data: cathodic polarization 

Polarization Current R-ohmic R-pol. Days on 
Coating (mV) (mA/cm ~) (~l-cm ~) (12-cm ~) test Sample Remarks 

Cr 300 96 0.58 2.6 2 Cr Standard for comparison. Cr is used in Na/S cells as 
200 60 0.58 2.7 2 a protective coating on current collectors (1). Data 
100 33 0.58 2.4 2 taken before onset of current oscillations; refer to 

Fig. 11. 

Data taken under stable conditions; refer to Fig. 3 
for current vs. time data. 

Grafoil on 300 145 0.14 1.9 26 GA-4 
aluminum 200 96 0.13 2.0 26 

100 3 9  0.16 2.4 26 

SiC 300 102 0.43 2.5 24 SiC-C 
200 69 0.55 2.3 24 
100 41 0.53 1.9 24 

Data taken under stable conditions; refer to Fig. 6 
for current vs. time data. SiC film thickness 
1.8/zm. 
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Table II. Corrosion test cell data: anodic polarization 

Polarization Current R-ohmic R-pol. Days on 
Coating (mV) (mA/cm 2 (fl-cmD (fl-cm 2) test Sample Remarks 

Cr 300 28 0.85 9.8 3 Cr Standard for comparison. Cr is used in Na/S cells as 
200 23 0.73 7.9 3 a protective coating on current collectors (1). Data 
100 22 0.73 3.9 3 taken before onset of current oscillations; refer to 

Fig. 11. 
Data taken before discontinuity in current vs. time 

data shown in Fig. 3. 
Grafoil on 300 55 0.59 4.8 50 GA-1 

aluminum 200 48 0.50 3.7 50 
100 22 0.45 4.0 50 

SiC 300 15.8 0.89 18.1 25 SiC-C 
200 15.2 0.92 12.2 25 
100 14.1 0.85 6.2 25 

This sample was run under anodic conditions for 
short time until stable conditions were reached. 

osc i l la t ions  can  s u d d e n l y  dec rea se  or d i s a p p e a r  a n d  t h e n  
bu i ld  up  again.  The  onse t  d e p e n d s  on  the  ca thod i c  po ten-  
t ial  and  o n  t he  p r e v i o u s  o p e r a t i n g  h i s t o ry  of  the  sample .  
No osc i l la t ions  are o b s e r v e d  at  ca thod ic  po la r i za t ion  be- 
low 200 inV. The  pe r i ods  of  osc i l la t ion  are  va r iab le ;  a t  300 
mV,  t he  p e r i o d  r a n g e d  f rom 1.9 to 2.4 min ,  a n d  at 250 mV, 
f rom 3 to 9 rain.  D u r i n g  t he  osci l la t ions ,  the  o h m i c  contr i -  
b u t i o n  to t he  r e s i s t a n c e  r e m a i n s  cons tan t ,  w h i l e  t h e  polar-  
i za t ion  c o n t r i b u t i o n  c h a n g e s  inve r se ly  w i th  c u r r e n t  (Fig. 
12). 

15ost-test ana lys i s  of the  s a m p l e  shows  t he  c h r o m i u m  
p l a t i ng  to be  cove red  w i t h  va r ious  t h i c k n e s s e s  of  chro-  
m i u m  sulf ide  layers.  T h e s e  layers  c an  b e  m o r e  t h a n  10 
~ m  t h i c k  (22). Sur face  pee l ing  a n d  f laking of  c h r o m i u m  
sul f ide  layers  are  o b s e r v e d  over  large areas  of a s a m p l e  
as s h o w n  in Fig. 13 a n d  14. T h e  sur face  of c h r o m i u m  sul- 
fide layers  at  h i g h e r  m a g n i f i c a t i o n  s h o w i n g  c rys ta l s  a n d  
par t ia l ly  d i s so lved  c rys ta l s  are  Shown in  Fig. 15 a n d  16. 

The  c h r o m i u m  sul f ide  layers  are p r o b a b l y  p o r o u s  
e n o u g h  to b e  p e n e t r a t e d  by  t he  s o d i u m  po lysu l f ide  melt ,  
ye t  r es t r i c t ive  e n o u g h  to i n h i b i t  grea t ly  t he  t r a n s p o r t  of  
the  polysu l f ides  t h r o u g h  t h i s  layer.  U n d e r  h i g h  e n o u g h  
ca thod i c  potent ia l ,  a c o n c e n t r a t i o n  g r a d i e n t  of s o d i u m  
po lysu l f ides  r a n g i n g  f r o m  Na2S~ ( p e r h a p s  as low as 
Na2S2) nea r  the  c h r o m i u m  sur face  to Na2S5 nea r  t he  outer-  
m o s t  pa r t  of  t he  c h r o m i u m  sulf ide  layer  c an  b e  fo rmed .  
Th i s  g r a d i e n t  g ives  r i se  to  h i g h  c o n c e n t r a t i o n  polariza-  
t ion.  The  f o r m a t i o n  of lower  po]ysu]f ides  w i t h i n  the  
c h r o m i u m  sulf ide  layer  se ts  u p  h i g h  s t r e s ses  c a u s i n g  the  
layers  to f lake and,  thus ,  dec rea se s  t he  i m p e d a n c e  d u e  to 
polar iza t ion .  As t he  c h r o m i u m  sulf ide layer  bu i ld s  up  
again,  t he  po la r i za t ion  i m p e d a n c e  i nc r ea se s  a n d  c u r r e n t  
decreases .  The  ra te  of g r o w t h  a n d  f lak ing  of  t he  chro-  
m i u m  sulf ide  layer  is d e p e n d e n t  o n  m a n y  var iab les ,  e.g., 
poten t ia l ,  po ros i ty  of  t he  layer,  a n d  c o n v e c t i o n  a n d  diffu- 
s ion  n e a r  a s a m p l e  surface.  

Discussion 

Coating processing (Grafoil/aluminum).--The m e c h a -  
n i s m  of  d e g r a d a t i o n  of  t he  b o n d i n g  b e t w e e n  t he  Grafoi l  
and  a l u m i n u m  is due  to the  s low p e n e t r a t i o n  of  s o d i u m  
po lysu l f ide  and  su l fu r  t h r o u g h  the  Grafoi l  shee t  to the  
G r a f o i l - a l u m i n u m  in ter face .  However ,  Grafoi l  c an  be  
m a d e  i m p e r v i o u s  to s o d i u m  polysul f ides  a n d  su l fu r  by :  
d e p o s i t i o n  of a coa t ing  of  g lassy  or pyro ly t i c  carbon .  1 
This  offers a pos s ib l e  m e t h o d  of  p r e v e n t i n g  t he  su l fu r  
a n d  s o d i u m  po lysu l f ides  f r o m  r e a c h i n g  t h e  c a r b o n / a l u m -  
i n u m  in ter face ,  b y  m o d i f y i n g  t h e  b o n d i n g  process ,  b y  de- 
pos i t i ng  t h e  a l u m i n u m  on  Grafoi l  coa ted  w i t h  g lassy  car- 
b o n  r a t h e r  t h a n  on  Grafoi l  directly.  The  layer  of  g lassy  
c a r b o n  w o u l d  no t  af fec t  the  b o n d  to t he  a l u m i n u m .  

The  glassy  coa t ings  f rom a few mils  u p  to 10 rai l  t h i c k  
can  be  app l i ed  in a gas  f low reac to r  u s i n g  m e t h a n e  a n d  
ine r t  ca r r i e r  gas s u c h  as a r g o n  or n i t r o g e n  a t  t e m p e r a t u r e s  
of  2000~176 (24, 25). S o m e  reac to r s  are  u p  to 19 in. in  
d i a m e t e r  a n d  50 in. long,  w h i c h  wou ld  a l low for  b a t c h  
p r o c e s s i n g  of  Grafoi l  shee t s  in  a p p r o p r i a t e  shapes .  

'Graphi te  cylinders and current collectors used in glass cells 
have been made impervious by this process at Ford Motor Com- 
pany (23). 

Silicon carbide.--The a m o r p h o u s  coa t ings  of s i l icon 
ca rb i d e  t h a t  we re  t e s t e d  h a v e  a d e q u a t e  e lec t r ica l  conduc -  
t iv i ty  for  use  as a coa t ing  for t h e  c u r r e n t  co l lec tors  in  sod- 
i u m - s u l f u r  cells. T h e  a d h e s i o n s  of  t h e  coa t ing  to the  sub-  
s t r a t e  h a s  b e e n  good  d u r i n g  tes t s  l a s t i n g  u p  to t h r e e  
m o n t h s .  The  coa t ings  t h a t  were  t e s t ed  are po rous ;  the  
t r a n s p o r t  of  c h r o m i u m  a n d  su l fu r  t h r o u g h  t h e  po re s  leads  
to t h e  f o r m a t i o n  of  c h r o m i u m  sulf ide c rys ta l l i tes  on  the  
sur face  of  a s i l icon c a r b i d e  coat ing.  However ,  t he  to ta l  
su r face  a rea  co v e red  by  t h e s e  c rys ta l l i tes  is small ,  a n d  
the i r  ef fec t  on  e lec t r ica l  p e r f o r m a n c e  s eems  to b e  mini -  
mal.  E x a m i n a t i o n  of  t h e  sur face  i nd i ca t e s  s o m e  " w e a r "  of  
surface ,  m o s t  l ike ly  d u e  to t h e  t r a n s p o r t  of ma te r i a l s  
t h r o u g h  t h e  p o r o u s  coat ing.  
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Fig. 12. Typical current oscillations and sample resistance changes 

observed on chromium-plated sample polarized cathodically at 300 mV. 
The ohmic impedance remains constant; polarization impedance is out of 
phase with current. 

Fig. 13. Overall picture of cracked and flaking chromium sulfide layers 
on chromium-plated E-brite sample tested for 36 days at cathodic 
potential. 
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Fig. 14. A cracked and flaking chromium sulfide layer 

The process parameters for depositing the silicon car- 
bide coatings were not optimized to achieve maximum 
density. Although high film density is desirable, one can 
work with porous films by oxidizing the chromium ex- 
posed by the pores in the film (13) prior to exposure to 
sodium polysulfide melt. The chromium oxide is chemi- 
cally inert to sodium polysulfide melts and has shown no 
effects of corrosion under cathodic and anodic cycling 
(26). 

The resistivity of the tested silicon carbide films, 
1.5-2.5 ~m thick, of 140 ~-cm at 350~ is adequate for coat- 
ing current collectors used in sodium-sulfur cells. How- 
ever, these films w e r e  not optimized to have minimum 
resistance. The resistivity of the films can be decreased 
by at least an order of magnitude by increasing the carrier 
concentration with optimized nitrogen doping and by 
crystallization of amorphous films by annealing. Crystal- 
line films can also be formed by sputtering the silicon 
carbide on heated substrates. Resistivities as low as 0.13 
~-cm have been reported at 350~ (19). 

Corrosion cells and sodium-sulfur cells.--The resistance 
values measured in the corrosion cells, both under ca- 
thodic and anodic conditions, are much higher than the 
total cell resistances measured in sodium-sulfur cells. In 
the corrosion cells, all the current is carried by ionic con- 
duction through the sodium polysulfide melt  and all the 
electrochemical reactions occur at the sample surface. In 
sodium-sulfur cells, the current is carried from the elec- 
trolyte by electronic conduction through the graphite felt 
and by ionic conduction through the melt to the metal 

Fig. 15. Platelike chromium sulfide crystals, Cr~S3, in area slightly 
above the Na2S5 melt level. 

Fig. 16. Partially dissolved chromium sulfide crystals below Na~S5 melt 
level. 

sulfur container. Also, most of the reactions take place at 
the graphite felt/electrolyte interface region and not at the 
sulfur container wall. For instance, during charging under 
an anodic potential of 300 mV, the resistance of a chrom- 
ium/melt interface is 10.7 ~-cm 2 in - the  corrosion cell 
(Table II). In the sodium-sulfur cells, the total cell resist- 
ance (which includes the resistances of electrolyte, graph- 
ite felt/electrolyte contact, graphite felt electrode in a par- 
allel circuit with tonically conductive sodium polysulfide 
melt, graphite felt/container contact, and the chromium 
sulfide/chromium layer on the sulfur container) d u r i n g  
charging is much lower, -1.4 ~-cm ~. The contact resist- 
ance at the container wall is less than one-third of cell re- 
sistance, i.e., < 0.5 ~-cm ~, as compared to 10.7 ~-cm 2 mea- 
sured in the corrosion cell.  The resistance data obtained 
from corrosion cells are much higher and are not ex- 
pected to correspond to values observed in sodium-sulfur 
cells. 

The corrosion test cell offers an accelerated means, un- 
der well-controlled conditions, to test the corrosion of ma- 
terials for use as sulfur-electrode current collectors in 
sodium-sulfur cells. The conditions in the test cell are 
more severe than the conditions at the sulfur container 
(current collector)/electrode interface in a sodium-sulfur 
cell. In the test cell, the 300 mV test potential is across the 
sample/polysulfide melt  interface, while in the sodium- 
sulfur cell the potential across the container/electrode 
interface is considerably less during most  of the charge- 
discharge cycle. Most of the chemical reactions in the 
sodium-sulfur cell take place away from the container 
wall near the graphite felt electrode/electrolyte interface. 
Although a direct quantitative correlation of corrosion of 
samples in test cells with corrosion of current collectors 
in sodium-sulfur cells has not been made, qualitative data 
indicate a much faster corrosion in the test cells. A 
chromium-plated E-Brite sample tested continuously for 
36 days under cathodic potential of 300 mV showed se- 
vere corrosion with flaking, peeling, and some dissolu- 
tion of the chromium sulfide layer that is formed on 
chromium (Fig. 13 and 14). In contrast, many chromium- 
plated E-Brite sulfur containers of sodium-sulfur cells cy- 
cled continuously for 1-2 years (1) have shown less corro- 
sion of the chromium plate than occurred on the sample 
in the test cell during one month. 

Summary 
Both GrafoiYaluminum- and silicon carbide-coated cur- 

rent collectors performed well for short times. The cur- 
rent carrying capacity of GrafoiYaluminum collectors in 
sodium polysulfide melt  is higher than that of chrom- 
ium-plated collectors by a factor of A1.5 under cathodic 
potentials and by a factor of -2.0 under anodic potentials. 
The bonding between Grafoil and aluminum is stronger 
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than the tear strength of Grafoil. No corrosion of Grafoil 
was observed for samples tested for more than 90 days. A 
deterioration of a GrafoiYaluminum bond occurred after 
70 days due to slow seepage of sodium polysulfides 
through the Grafoil. Presealing of the Grafoil with glassY 
carbon prior to a l u m i n u m  bonding should alleviate this 
problem. 

The current  carrying capacity of amorphous silicon car- 
bide covering a chromium-piated E-Brite sample is com- 
parable to that of chromium-plated samples under  ca- 
thodic potentials and lower by a factor of 0.6 under  
anodic conditions. No increase in resistance of the silicon 
carbide sample is observed over a period of 84 days, while 
large changes are observed with a chromium-plated 
sample. In addition, the adhesion of the silicon carbide 
coating is very good; there were no indications of peeling 
or flaking. The corrosion observed on the 1.8 ~m thick 
film tested for three months is minimal and may be due 
to transport of reactants within the porous coating. The 
porosity of present coatings, while not ruling out their ap- 
plication in sodium-sulfur cells, can be greatly minimized 
by optimizing the sputtering conditions. 

Manuscript submitted Oct. 31, 1984; revised manuscript  
received Jan. 25, 1985. 

Ford Motor Company assisted in meeting the publica- 
tion costs of this article. 
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Investigation of Li/SO2Cell Hazards 
II. Thermal Decomposition Studies of Cell Discharge Products 

William P. Kilroy* 
Naval Surface Weapons Center, Silver Spring, Maryland 20903-5000 

ABSTRACT 

Lithium dithionite undergoes rapid adiabatic exothermic decomposition leading to large rates of self-heating and 
pressure generation. Lithium-lithium dithionite mixtures, which can form during overdischarge, were found to be very 
hazardous. Such mixtures are capable of causing explosive venting in Li/SO2 cells. Carbon black substantially lowers 
the initiation temperatures required for sustained self-heating to occur and alters the mechanism of both the adiabatic 
and nonadiabatic dithionite decompositions. The rate of heating and the amount of electrolyte present in discharged 
Li]SO2 cathodes appears to alter the overall distribution of decomposition products and the cells' thermal behavior. 

In a recent paper, accelerating rate calorimetry (ARC) 
was used to define the thermal and pressure behavior of 
Li/SO2 cells during overdischarge (1). Cells containing lith- 
ium at the end of cell life were found to undergo thermal 
runaway when overdischarged at ambient  temperatures. 
The thermal runaway resulted from a series of coupled 
exothermic chemical reactions. Two of these reactions, 

* Electrochemical Society Active Member. 

occurring in the 100~176 temperature region, involved 
the reaction of l i thium with the battery electrolyte and 
the decomposition of l i thium dithionite. These reactions 
are critical to Li/SO2 safety since they provide the 
pathway for the propagation of a thermal runaway to the 
melting point of lithium. It was postulated that the initia- 
tion temperature and kinetics of each of these exothermic 
reactions may be interdependent  and could also be af- 
fected by the amount  of electrolyte present. Lithium 
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dithionite will generate SO2 upon decomposit ion (2), 
thereby affecting the lithium-electr01yte reaction which 
has been shown to be dependent  on SO2 concentration 
(3). In turn, the thermal stability of l i thium dithionite was 
not fully explored, and its decomposit ion appeared to be 
a function of its degree of wetness with the electrolyte. 

Other factors may influence the thermal stability of 
l i thium dithionite. Although lithium dithionite is the 
product  formed upon discharging a Li/SO2 cell at 1 
mA/cm 2 at -30  ~ or 25~ a more complex chemistry was ob- 
served at 71~ (4-6). Apparently, higher temperatures ei- 
ther change the reduction mechanism or cause some of 
the l i thium dithionite to decompose. The question of 
whether  the additional chemicals produced in the high 
temperature discharge can affect the dithionite decompo- 
sition needs to be examined. 

Since carbon black has been shown to be a catalyst in 
Li]SO~ cells (7), it may also catalyze the decomposit ion of 
the l i thium dithionite. The surface area of the carbon 
black was cited as the most important  factor in enhancing 
catalytic activity. Consequently, the sample configura- 
tion, that is, the distribution of l i thium dithionite on the 
carbon black, brought about by changes in current den- 
sity, may also be a factor in the stability of the dithionite. 

Previous investigations have shown that sample con- 
figuration was a factor in the thermal decomposit ion of 
the sodium salt, Na~S~O4 (8). Thin layers of this salt de- 
composed slowly when heated isothermally, whereas 
large samples generally decomposed at higher tempera- 
tures and with greater rapidity. The major products that 
formed were attributed to the following reactions 
Thin layer 

3Na2S204 ~ Na2S306 + Na2S203 + Na2SO3 [1] 

Thick layer 

2Na2S204 --~ SO2 + Na2S203 + Na2SO3 [2] 

The lithium salt has been shown to undergo a different 
high temperature decomposit ion (2) according to the 
reaction 

2Li2S204 --~ 2Li2SO3 + SOs + S [3] 

The objective of this investigation was to examine the 
thermal stability of l i thium dithionite, particularly in its 
relation to Li/SO2 cell components  such as carbon, elec- 
trolyte, etc., and other factors that might influence its sta- 
bility and ultimately lead to Li/SO2 battery safety hazards. 

Experimental 
Lithium dithionite was synthesized by the method pre- 

viously reported (2). Analysis confirmed it was 88% pure, 
containing primarily l i thium sulfite as an impurity (9). 

Commercial  Li]SO2 cells were discharged at constant 
temperature in a ,Tenny Jr. Environmental  Chamber 
using constant current controlled by a PAR Model 173 or 
371 galvanostat. The discharged cells were opened in a 
helium-filled glove box. 

All differential scanning calorimetry (DSC) studies 
were performed under  nitrogen atmosphere using a Per- 
kin Elmer Model 2 DSC. All dry samples were weighed 
before and after each DSC analysis. Samples were pre- 
pared in a dry room of less than 0.4% relative humidity. 
All the discharged cathode samples were sealed in DSC 
cells under helium. After DSC analysis, the DSC cells 
were immediately and rapidly cooled to ambient tempera- 
ture under nitrogen. 

Infrared analyses were peformed using Perkin Elmer 
Model 683 and 1500 IR spectrometers. Samples were pre- 
pared as KBr pellets in the dry room. 

Mass spectroscopic studies were performed using a 
Finnigan Model 4000 GC chemical ionization electron im- 
pact mass spectrometer. 

Samples used in the ARC studies were loaded and 
sealed in an 8.6 ml t i tanium bomb while under  a helium 
atmosphere. The ARC analyses were performed under ni- 
trogen in a Columbia Scientific Instruments calorimeter. 

Shock sensitivity tests were performed on samples of 
Li2S204 and on 1:1 mixtures of l i thium and lithium 
dithionite using a drop-weight-impact apparatus used in 
U.S. Navy explosive teSting. This instrument employed a 
microphone noise meter  calibrated using the drop ham- 
mer with and without known explosive samples. The im- 
pact distance necessary to give positive tests results on 
50% of the samples was determined. This distance was 
then compared to data giving similar results on known 
explosive materials. 

Accelerating rate Calorimetry.--The ARC is a micro- 
processor-controlled adiabatic calorimeter that heats a 
sample to a desired starting temperature, waits for 
thermal equilibrium to be achieved, and then checks for a 
self-heating rate exCeeding a preselected threshold. This 
cycle continues in fixed temperature increments  until an 
exotherm is detected, The instrument then maintains the 
sample under adiabatic conditions and continuously 
monitors the time, temperature,  and pressure relationship 
until the exothermic reaction is complete. 

An exothermic reaction may proceed as a slowly 
decelerating reaction (low activation energy) or as a rap- 
idly self-accelerating reaction (high activation energy). In 
the latter case, the heat of reaction is available to continu- 
ously heat the reactants to higher temperatures and 
thereby increases the rate of reaction until it accelerates 
exponentially with temperature. Thermal runaway occurs 
when rapid increases in temperature and reaction rates 
are realized. Safety hazards occur if the temperature rise 
causes an uncontrolled pressure increase as a result of an 
increase in vapor pressure or the formation of gaseous 
products. 

The ARC thermal data have been presented as a log 
rate of self-heating vs. 1/T (K) plot. The 1/T (K) tempera- 
ture axis is labeled in degrees centigrade for convenience. 
This is essentially an Arrhenius plot of the data, and each 
exothermic reaction will appear as a separate peak. A 
heat/search mode of operation where self-heating was not 
observed shows up as a discontinuity in the ARC thermal 
curves. Additional details concerning the theory and op- 
eration of the ARC have been reported (10, 11). 

Results and Discussion 
Adiabatic ARC studies.--ARC studies on commercial 

2/3 A and D size Li/SO2 cells overdischarged at ambient 
temperature exhibited an exothermic reaction beginning 
near 100~ Similar low activation energy reactions 
occurred near 90~ on cathodes taken from 2/3 A and D 
size cells discharged to 2.0V at 25~ The D cell cathodes 
displayed two distinct regions of exothermicity similar to 
the ARC behavior found in lithium-limited cells. How- 
ever, the cathodes from the 2/3 A cells had an additional 
exotherm starting near 116~ and exhibited coupled exo- 
thermic reactions similar to those observed on all 
resistively overdischarged excess li thium cells (1). 

The 2/3 A and D cells were discharged to 2.0V at 1 and 
10 mA/cm 2, respectively. Conceivably, this rate difference 
could alter the discharge products and in turn affect the 
thermal behavior. This possibility was investigated by 
mass spectroscopy and ARC experiments.  

Portions of the cathodes from the same 2/3 A and D 
cells were vacuum dried and heated in turn at 3~ in 
a mass spectrometer. Both cathodes evolved sulfur and 
SO,, near 100~ Since the only product formed in 2/3 A 
cells under these conditions is l i thium dithionite (4), the 
sulfur and SO2 are attributed to the thermal decomposi- 
tion of li thium dithionite. This similar chemical and tem- 
perature behavior observed for the 2/3 A and D cell cath- 
odes indicates that the differences in their ARC behavior 
cannot be readily explained by differences in discharge 
products. This was confirmed by discharging a 2/3 A cell 
at 71~ where a complex array of sulfur discharge prod- 
ucts form (5). The ion intensity vs. temperature data ob- 
tained upon heating this cathode in the mass spectrome- 
ter (Fig. 1) are similar to those obtained with the cathode 
containing only dithionite. Again, the major evolution of 
S and SO2 begins near ll0~ The sulfur observed near 
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60~ is consistent with the free sulfur found under these 
discharge conditions. 

Figure 2 compares the ARC thermal and pressure data 
observed on cathodes taken from 2/3 A cells discharged at 
1 mA/cm ~ at -30 ~ and 71~ The similar ARC behavior ob- 
served for cathodes containing only dithionite (-30~ 
and cathodes with a complex discharge chemistry (71~ 
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Fig. 2. ARC thermal (curve A) and pressure (curve B) behavior for cath- 
odes from 2/3 A size Li/SO2 cells discharged at 1 mAJcm 2 to 2.0V at (a) 
-30~ and (b) +71~ 

confirms that differences in the cathode chemistry do 
not account for the differences in ARC behavior reported 
previously (1). 

Several other factors need to be considered. The D 
cathodes were wet with electrolyte, whereas the 2/3 A 
cathodes had the bulk electrolyte removed by vacuum 
pumping. Additionally, the differences in discharge rates 
alter the spatial distribution of the dithionite in the car- 
bon black matrix. Thus, the spatial configuration of the 
dithionite (8) and the catalytic activity of carbon black (7) 
may combine to influence the ARC behavior and may ac- 
count for the lower decomposit ion temperature of li thium 
dithionite than previously reported (2). 

Thermal decomposition of dithionite.--ARC thermal 
data for samples of li thium dithionite (curve A), a mixture 
of lithium and lithium dithionite (curve B), and sodium 
dithionite (curve C) are illustrated in Fig. 3. The corre- 
sponding ARC pressure data are shown in Fig. 4. 

The ARC thermal behavior of a 2.0g sample of labor- 
atory-synthesized lithium dithionite is given in Fig. 3, 
curve A. Starting at about 140~ lithium dithionite under- 
goes adiabatic decomposition, proceeds through two 
rapid ex0thermic reactions, and attains a self-heating rate 
of 85.5~ The sample had an adiabatic temperature 
increase of 352~ to reach a final adiabatic temperature of 
500~ The corresponding ARC pressure behavior (Fig. 4, 
curve A) shows the sample generates 340 psig of pressure. 
The rate of pressure generation exceeded 60 psi/min. 

ARC analysis was performed on a large sample (5.0g) of 
the sodium salt. The thermal behavior, illustrated by the 
solid line, curve C in Fig. 3, shows two distinct exotherms 
beginning at 122 ~ and 230~ During the first exotherm, 
the sample proceeds through a series of continuous exo- 
thermic reactions and attains a maximum self-heating 
rate of 137.5~ upon reaching a temperature of 190~ 
The samples adiabatic temperature increased 250~ 
reaching a final temperature of 372~ The ARC pressure 
behavior is shown in Fig. 4, curve C. The sudden rise in 
pressure at 140~ coincides with initiation of the final re- 
action of the first exotherm. 

These ARC data indicate the potential for safety haz- 
ards in Li/SO2 cells. The amount of li thium dithionite 
used in this study was much less than that present in a 
fully discharged D cell. Despite this, the magnitude of the 
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overall pressure rise was significant enough to cause 
venting in some commercial  cells. 

Infrared analysis on the residue from the ARC experi- 
ment  on Li2S~O4 is shown in Fig. 5, curve A. Several prod- 
ucts including sulfite and sulfate can be identified. Qual- 
itative tests with naphthol yellow S showed no dithionite 
remaining. Some sulfur was present. 
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Fig. 5. Infrared spectra. A: Li~S204 adiabatically decomposed in the 

ARC. B: Residue of the lithiurn-Li2S~O4 reaction in the ARC. 

Due to the rapidity of the Li~S204 adiabatic decomposi- 
tion, one plausible reaction may involve a radical chain 
mechanism, with one pathway given SO3 s- with S and 
SO2 forming through an SO intermediate 

E i i l  1/2 $2042- ~ SO~, O--S.. .O . . . . . . . . .  

S + SO4 2- + SO~ "I- 
S 

or [4] 

SO32- + 1/2S + 1/2SOs + SO~ "l- 

Lithium-lithium dithionite.--Safety hazards in overdis- 
charged Li/SOs cells have often been attributed to the re- 
action of li thium with acetonitrile after depletion of the 
SO2. However, even more serious hazards were observed 
on overdischarge at low temperatures (1) when residual 
SOs electrolyte was present. The cell capacity was limited 
by the saturation of the carbon current collector. The re- 
sidual SO2 passivates the l i thium which deposits during 
overdischarge to form a lithium-carbon-lithium dithionite 
matrix. 

The ARC thermal and pressure data for a mixture of 
l i thium dithionite and excess lithium are illustrated by 
curve B in Fig. 3 and 4, respectively. A large exothermic 
reaction again begins near 140~ and proceeds through a 
series of reactions. The lithium melts at 180~ indicated 
by the endotherm (dotted depression) in curve B, Fig. 3, 
which causes a sudden rise in the pressure, curve B, Fig. 
4. This is attributed to the reaction of li thium with li thium 
dithionite 

10 Li + LisSsO4 ~ 2LisS + 4Li~O [5] 

Heat from this reaction triggers gas producing reactions 
including (i) rapid decomposition of any residual 
dithionite to form SO2 and (ii) reaction of the carbon with 
the S and SO2 decomposit ion products of the dithionite. 
Upon reaching a self-heating rate exceeding 60~ and 
a pressure exceeding 400 psi, the calorimeter bomb shat- 
tered. A second mixture, containing a 10:1 mole ratio of 
0.6g l i thium and 1.2g LisS204, behaved similarly. The 
pressure was generated at a rate exceeding 340 psi/rain at 
200~ when the vessel again shattered. 

Infrared analysis of the residue from the lithium- 
lithium dithionite reaction is shown in Fig. 5, curve B. 
Comparison of the two IR spectra in Fig. 5 reveals that 
l i thium alters the decomposit ion mechanism signifi- 
cantly. The large broad bands at 1480, 1425, 500 c m - '  and 
the strong sharp band at 865 c m - '  correspond to the IR 
specta obtained from l i th ium oxide. Qualitative spot tests 
confirmed the presence of sulfide. The additional IR 
bands of the spectra indicate that  other products form, 
presumably from the reaction of SO2 gas generated dur- 
ing the decomposit ion of the dithionite. The IR band at 
1000 c m - '  and shoulder at 1250 c m - '  indicate some 
dithionate may have formed. Conceivably, the SO2 may 
also react with the sulfite decomposition product to form 
metabisulfite, $2052-, giving rise to bands near 1160, 
1088, 990, and shoulder near 650 c m - '  (12). 

Lithium dithionite-carbon.--The ARC thermal data for 
l i thium dithionite appear appreciably different from 
those of the discharged cathodes. The ARC data on the 
discharged cathodes were characterized by the generation 
of pressure arising from the low temperature exotherm 
observed  near 90~ (Fig. 2). This pressure, measured at 
110~ accounted for only 60% of that expected for com- 
plete dithionite decomposition. This was determined by 
using weighed cathodes, containing known amounts of 
carbon and dithionite determined from coulometric- 
iodometric analyses, placed in a fixed volume of the ARC 
bomb. The residual electrolyte precluded an exact deter- 
mination of the percent decompositon. 

After the initial decomposition of the dithionite, multi- 
ple exothermic reactions begin near 116~ as shown by 
the variation in slope of the self-heating curves. The ARC 
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pressure data, curve B in Fig. 2, show the pressure de- 
creasing, which indicates the SO2 gas is consumed by a 
reaction during the latter part of this exothermic be- 
havior. 

A second exothermic reaction that generates additional 
gas pressure begins near 220~ 

The effect of carbon black on the decomposit ion of 
dithionite was investigated. A mixture, simulating the rel- 
atively moisture-laden cathodes taken from discharged D 
cells (1), was prepared by mixing 1.2g Li2S204 with 0.18g 
undried Shawinigan carbon black under a helium atmo- 
sphere. Figure 6, curve A shows the ARC thermal behav- 
ior of this sample after two months storage in a desicca- 
tor. Sustained multiple reactions begin at 61~ The 
mixture attains a self-heating rate of 1 l~ and an adi- 
abatic temperature rise of 291~ reaching an adiabatic 
temperature of 352~ 

A second mixture, simulating cathodes from the rela- 
tively moisture-free 2/3 A cells (1), was prepared under he- 
l ium by grinding together li thium dithionite with Shaw- 
inigan carbon black that was vacuum dried several days 
at 250~ The ARC thermal data, shown in Fig. 6, curve B, 
has characteristics common to both the discharged cath- 
odes and the lithium dithionite. Although the self-heating 
process begins near 90~ as observed with the discharged 
cathodes, the rapid decomposit ion and pressure genera- 
tion (Fig. 6, curve C) occurs near 145~ as found in the 
case of the lithium dithionite. 

Adiabatic decomposition mechanisms.--Lithium dithio- 
nite-carbon.--Since undischarged cathodes exhibited no 
exothermic behavior, the low temperature exotherms are 
attributed to the carbon catalyzed decomposit ion of lith- 
ium dithionite, given by the reaction 

C 
2Li2S204 ----* Li2S203 + Li2SO3 + SOs [6] 

Studies in which l i thium dithionite was heated to 140~ 
under N2 support this reaction. The dithionite loses mass 
slowly over several days, producing SO2 gas. Infrared 
analysis of the residue showed only lithium sulfite and 
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residual dithionite. DSC analysis showed endotherms at 
113 ~ and 119~ indicating the presence of sulfur. It should 
be noted that Li2S203 undergoes endothermic decomposi- 
tion into sulfur and sulfite beginning near 116~ (3). 

The exotherm starting near 220~ is attributed to the 
decomposit ion of the residual dithionite according to the 
reaction 

2Li~S~O4 -> 2Li2SO3 + SOs + S [7] 

Upon completion of the ARC analysis, the residues 
were weighed. The mass loss was 23% consistent with the 
theoretical loss expected from an overall process repre- 
sented by Eq. [7]. 

Lithium dithionite.---In the absence of carbon, the adia- 
batic decomposition of l i thium dithionite may follow a 
different mechanism, as indicated by the more rapid rise 
in self-heating rates. Sample size may be a factor. The 
large samples had still higher self-heating rates and 
greater rates of pressure generation. The ARC data indi- 
cate two principal processes occur (with or without car- 
bon). The proposal mechanism is given by Eq. [4], which 
accounts for the sulfate and sulfite products. High tem- 
peratures appear to favor formation of the sulfite, as indi- 
cated by the previous nonadiabatic studies (2). Additional 
studies are in progress. 

Lithium-carbon-lithium dithionite.--A cathode taken 
from a 2/3 A size SO2 cell overdischarged 30% at 1 mA/cm 2 
at 25~ was vacuum dried and placed in a helium-filled 
combustion bomb. The bomb was evacuated and heated 
to 200~ Infrared analysis on the collected gas revealed 
that, in addition to SO~, some carbonaceous gases were 
present, primarily CS2 and CO2. 

The ARC data indicate that the heat generated from the 
carbon-catalyzed Li2S204 decomposition can trigger very 
exothermic reactions involving lithium. In addition to the 
reaction represented by Eq. [5], the l i thium may also react 
with the sulfur present from decomposed dithionite. The 
heat generated apparently causes the carbon black to re- 
act according to the reaction 

3C + 2SO2(g) ---> [C(SO2)ads] -~ 2CO2(g) + CS2(g) [8] 

Mechanism for overdischarge hazards.--During forced 
overdischarge, especially during low temperature opera- 
tion where the SO2 electrolyte is least likely to be 
consumed, lithium can accumulate in the carbon cathode 
together with the li thium dithionite discharge product. 
Polarization of the carbon due to loss of some electrolyte 
and saturation of the carbon generates heat. Localized 
heating (hot spots) causes the carbon-catalyzed decompo- 
sition of Li2S204 to generate a large adiabatic temperature 
increase. This heat can trigger an extremely rapid and 
very exothermic lithium-lithium dithionite reaction. In 
addition to the sudden gaseous pressure generation, the 
heat causes carbon to react almost synchronously with 
the SO2 and S decomposit ion products, creating addi- 
tional pressure by the formation of carbonaceous gases. 

Nonadiabatic DSC 4R study of Li2S204 decomposition.- 
Lithium dithionite was weighed in sealed DSC cells un- 
der nitrogen prior to heating. After heating, the DSC cell 
was opened and the residue was weighed and examined 

Table I. Nonoxidative thermal decomposition study of Li2S204 

Heat Final Approxi- 
Sample Li2S204 mass a rate temp. mate % IR 
number ( rag)  (~ (~ mass loss spectra 

1 5.1 20 190 0 7A 
2 7.0 20 240 22 7B 
3 7.0 0.62 220 25 7B 
4 6.9 (12.5) 20 190 5 8A 
5 7.7 (13.2) 0.62 220 --  8B 
6 8.1 (13.9) 20 280 26 8B 

Samples 4, 5, and 6 are Li2S204-carbon black mixtures. Weight in 
parentheses is total mass. 
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Fig. 7. Infrared spectra. A: Li2S204 heated 20~ to 190~ in a 
DSC. B: Li2S204 heated to 240~ at 20~ or at 0.62~ to 220~ in 
a DSC. 

by IR analysis. Table I summarizes the DSC-IR data. The 
extent  of dithionite decomposit ion was influenced by (i) 
the rate of heating and the final temperature and (ii) the 
presence of carbon black. 

Infrared analysis on the residue from sample 1, shown 
in Fig. 7, curve A, indicates little decomposit ion has 
occurred at 190~ when the sample is heated at 20~ 
The IR bands at 505, 545, 910, 1032, and 1082 c m - '  are due 
to  Li2S204. Characteristic of DSC analysis, decomposit ion 
occurred sooner and to a greater degree if the sample is 
heated slower, 0.62~ As cited earlier, isothermal 
heating at 140~ over several days enabled entensive de- 
composit ion to occur. The IR spectra of samples heated 
in the DSC to higher temperatures, as cited in Table I, re- 
semble hydrated sulfite and are illustrated in Fig. 7, 
curve B. The l i thium dithionite typically lost 24 -+ 2% 
mass. 

Samples 4, 5, and 6 are ground mixtures of Li2S204 and 
carbon Shawinigan black. Prior to heating, such mixtures 
show no change in the IR spectra from that of Li2S204. 
However, Fig. 8, curve A shows the IR spectra of sample 4 
after heating. Comparison of samples 1 (Fig. 7, curve A) 
and 4 (Fig. 8, curve A) under indentical heating conditions 
reveals that carbon black catalyzes the decomposit ion of 
Li2S=O4. In the presence of carbon black, some mass loss 
occurs and new IR bands form. More extensive heating 
(samples 5 and 6) gives rise to the FTIR spectra shown in 
Fig. 8, curve B. Comparison of curve B in Fig. 7 and 8 re- 
veals carbon black has altered the decomposit ion of 
dithionite as evidenced by the spectral changes, most not- 
ably at 1209 cm -~ and perhaps near the 500 cm -~ region. 

Discharged cathodes . - -A 2/3 A size commercial  Li/SO2 
cell, discharge at 25~ to 2.0V at 40 mA constant current, 
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Fig. 8. A: IR spectra of a ground mixture of LipS,04 and carbon 

Shawinigan black heated 20~ to 190~ B: IR spectra of ground 
mixture of Li2S~04 and carbon Shawinigan black heated to O.62~ to 
220~ C: IR spectra of a cathode from a 2 / 3  A size Li/S02 cell dis- 
charged at 25~ at 15 mA/cm 2 or C size cell at 71~ at 10 mA/cm 2. 

known to contain only Li2S204 as a discharge product  (4), 
was opened in a helium glove box. Samples of the cath- 
ode were immediately hermetically sealed in DSC cells 
while still wet with electrolyte. Additional samples of this 
cathode were placed in a desiccator in the glove box, vac- 
uum dried, and sealed in DSC cells. The cathode samples 
were analyzed by DSC at various rates of heating. 

DSC and subsequent  IR analyses on the residue indica- 
ted that the thermal behavior and the chemistry of dis- 
charged cathodes may be influenced by their rate of 
heating and to some extent  their degree of wetness with 
electrolyte. 

Figure 9 shows the temperature at the peak of the major 
exothermic reaction in the DSC vs. log of the DSC heat- 
ing rate of the cathodes wet with electrolyte. The break in 
the curve indicates a change in the chemistry occurred at 
the higher heating rates. At slow DSC heating rates, only 
a single exotherm appears. A new exothermic transition 
begins at about 10~ preceding the original exo- 
therm. As the heating rate increases, this first exotherm 
intensifies until, at 80~ a sudden endotherm occurs 
between the two exotherms. Replicate analyses, per- 
formed at each heating rate, gave identical thermal 
behavior. 

The IR spectra of  the residues obtained at heating rates 
of 1.25 ~ and 20~ are compared in Fig. 10. The 1209, 
1155, and 1125 cm -~ IR bands that appear at the higher 
heating rate confirm a change in chemistry has occurred. 
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thermic reaction of a cathode still wet with electrolyte from a Li/SO~ cell 
discharged at 1 mA/cm ~, 25~ 

DSC ana lyses  on  po r t i ons  of  the  d r ied  d i s c h a r g e d  cath-  
ode  were  p e r f o r m e d  in rep l ica te  at  va r ious  rates.  The  
s amp le s  gave  r ise  to u n e x p e c t e d  e n d o t h e r m i c  behav ior .  
This  gene ra l ly  o c c u r r e d  a f te r  a s lowly  occu r r i ng  exo- 
t h e r m  h a d  b e g u n .  

I n f r a r e d  ana lyses  on  t h e  r e s idues  typ ica l ly  gave  r ise  to 
t h e  IR  spec t r a  s h o w n  in  Fig. 10, cu rve  C. T he  IR  b a n d s  at  
1209, 1153, a n d  1125 are  s imi la r  to t he  IR b a n d s  o b s e r v e d  
on  r ap id ly  h e a t i n g  c a t h o d e s  c o n t a i n i n g  e lec t ro ly te  (Fig. 
10, c u r v e  B). The  d r i ed  c a t h o d e s  gave r ise  to  a m o r e  in- 
t e n s e  1209, 1153, a n d  1125 c m  - '  b a n d s ,  re la t ive  to t he  
o t h e r  IR  b a n d s  of t he  spec t ra .  W h e n e v e r  t he  1153 a n d  
1125 c m  -~ b a n d s  were  p r o m i n e n t ,  e n d o t h e r m i c  b e h a v i o r  
was  c o n s i s t e n t l y  obse rved .  

DSC-IR  ana lyses  p e r m i t  t he  e x a m i n a t i o n  of  c h e m i c a l  
c h a n g e s  i n t r o d u c e d  b y  h e a t i n g  t he  d i s c h a r g e d  c a t h o d e s  
ou t s ide  of  t he  n o r m a l  cell  e n v i r o n m e n t .  To s t u d y  t h e  
c h e m i c a l  c h a n g e s  i n d u c e d  b y  h e a t  w i t h i n  a p r e s su r i z ed  
cell, b o t h  2/3 A a n d  C size cells were  d i s c h a r g e d  at  h i g h  
ra t e s  and /o r  h i g h  t e m p e r a t u r e s .  T he  c a t h o d e s  were  com- 
p a r e d  u s i n g  IR analyses .  T h e  IR  spec t r a  for  a C size cell  
d i s c h a r g e d  at  71~ a n d  10 m A ] c m  2 is s h o w n  in  Fig. 8, 
c u r v e  C. A n  iden t ica l  IR  s pec t r a  was  o b t a i n e d  for  a 2/3 A 
size cell  d i s c h a r g e d  at  25~ at  15 m A / c m  2 w h e r e  t h e  exter-  
na l  cell  t e m p e r a t u r e  r e a c h e d  88~ In  a d d i t i o n  to t he  five 
d i t h i o n i t e  b a n d s ,  n e w  b a n d s  a p p e a r  at  1240, 1165, a n d  970 
c m  -~ a n d  severa l  sma l l  b a n d s  a p p e a r  n e a r  650 c m  -~. This  
c o n t r a s t s  w i t h  t he  1209, 1153, a n d  1125 c m  -~ b a n d s  t h a t  
f o r m  u p o n  h e a t i n g  v a c u u m - d r i e d  c a t h o d e s  or on  rap id ly  
h e a t i n g  t he  e l ec t ro ly te -we t  c a t h o d e s  ou t s i de  of  the  cell  
e n v i r o n m e n t .  

A 2/3 A size cell  d i s c h a r g e d  at  25~ at  1 m A / c m  ~, so as to 
p r o d u c e  on ly  Li2S~O4, was  p l aced  in  a n  o v e n  for two days  
at  71~ S u b s e q u e n t l y  IR  ana lys i s  on  t he  c a t h o d e  revea led  
l i t t le  d i t h ion i t e  d e c o m p o s i t i o n  h a d  occur red .  Th i s  da ta  
sugges t s  t h a t  t he  r e d u c t i o n  p r oce s s  and /o r  the  SOs elec- 
t ro ly te  plays  a role  in  the  h i g h  ra te  or h i g h  t e m p e r a t u r e  
d i s c h a r g e  chemis t ry .  Addi t iona l ly ,  t he  1240 c m  -~ b a n d ,  
i nd i ca t i ve  of  t h i o n a t e  fo rmat ion ,  w h i c h  is f o r m e d  d u r i n g  
h i g h  ra te  or h i g h  t e m p e r a t u r e  d i scha rges ,  was  no t  f o u n d  
u p o n  h e a t i n g  d i s c h a r g e d  c a t h o d e s  in  t he  low p re s su re  en- 
v i r o n m e n t  of  t he  DSC cells. 
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Fig. 10. IR spectra of a cathode from a 2/3 A size Li/SO2 cell dis- 

charged at 1 mA/cm 2 at 25~ to 2V. A: Cathode wet with electrolyte 
heated 1.25~ to 240~ B: Cathode wet with electrolyte heated 
20~ to 240~ C: Cathode vacuum dried 1 day, heated 20~ to 
240~ 

Shock sensitivity testing.--Samples of l i t h i u m  d i th ion i t e  
s u b j e c t e d  to i m p a c t  t e s t i n g  s h o w e d  no  e v i d e n c e  of  any  
s h o c k  sensi t iv i ty .  However ,  t he  t es t s  p e r f o r m e d  on  mix-  
t u r e s  of  l i t h i u m  a n d  l i t h i u m  d i th ion i t e  gave  pos i t i ve  re- 
sults.  Sens i t iv i ty  was  d e t e r m i n e d  f rom the  i m p a c t  dis- 
t a n c e  r e q u i r e d  to give pos i t ive  t es t s  on  50% of  the  tes t  
s amples .  These  da ta  we re  t h e n  c o m p a r e d  w i t h  da ta  on  
k n o w n  exp los ives  t h a t  gave  s imi la r  t e s t  resul ts .  The  
l i t h i u m - l i t h i u m  d i t h i o n i t e  s a m p l e s  h a d  a sens i t iv i ty  
e q u i v a l e n t  to p las t ic  b o m b  explos ives .  D u r i n g  the  r u n s  
w h e n  no  s h o c k  sens i t iv i ty  was  de tec ted ,  t he  s a m p l e  ig- 
n i t e d  u p o n  impac t .  

S u m m a r y  and  C o n c l u s i o n s  
ARC, DSC, a n d  IR  da ta  i nd i ca t e  severa l  p a r a m e t e r s  

m a y  a l te r  t he  c h e m i s t r y  of  Li/SO2 cells. T h e s e  i n c l u d e  t he  
spa t ia l  d i s t r i b u t i o n  of  p r o d u c t s  o n  the  c a r b o n  d u r i n g  adi- 
aba t i c  hea t ing ,  t he  a m o u n t  of  e lec t ro ly te  at  t h e  e n d  of  cell  
life, a n d  t h e  ra tes  of  h e a t i n g  or d i scharge .  

D i s c h a r g e d  c a t h o d e s  still  we t  w i t h  e lec t ro ly te  and  
k n o w n  to c o n t a i n  on ly  d i t h i o n i t e  gave  r i se  to  IR  b a n d s  at  
1209, 1153, a n d  1125 c m  -1 u p o n  b e i n g  rap id ly  h e a t e d  in  a 
DSC.  S low h e a t i n g  d id  no t  g ive  r ise  to  t h e s e  b a n d s .  Simi-  
la r  b u t  m o r e  i n t e n s e  b a n d s  were  f o u n d  af te r  h e a t i n g  cath-  
odes  d e p l e t e d  of  e lec t ro ly te  in  t he  DSC. IR s tud ies  on  
c a t h o d e s  t a k e n  f r o m  Li]SO2 cells d i s c h a r g e d  at  h i g h  tem-  
p e r a t u r e s  or h i g h  ra tes  s h o w e d  d i f f e ren t  IR  b a n d s  at  1240, 
1165, etc., c m  -~, i n d i c a t i n g  t he  effects  of  h e a t  in  a p ressur -  
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The  t e c h n i q u e  of opt ica l  (laser) e t ch - ra t e  m o n i t o r i n g  is p r o v i n g  use fu l  for i n t e g r a t e d  c i rcui t  m a n u f a c t u r e  a n d  pro- 
cess d e v e l o p m e n t .  This  t e c h n i q u e  de t ec t s  t he  c h a n g e  in film t h i c k n e s s  d u r i n g  e t c h i n g  b y  m o n i t o r i n g  the  r e f l ec tance  of 
t he  fi lm on t he  i n t e g r a t e d  c i rcui t  wafer .  W h e n  the  r e f l ec tance  is m o n i t o r e d  over  a r eg ion  of  the  wafe r  c o n t a i n i n g  b o t h  
e t c h e d  a n d  u n e t c h e d  areas,  t he  r e su l t s  are af fected by  la tera l  in te r fe rence ,  w h i c h  is i n t e r f e r e n c e  b e t w e e n  the  l igh t  
re f lec ted  f rom the  d i f fe ren t  regions .  Th i s  la tera l  i n t e r f e r e n c e  ha s  on ly  a m i n o r  effect  w h e n  less t h a n  30% of the  r eg ion  
b e i n g  m o n i t o r e d  is cove r ed  by  an  e t ch - r e s i s t an t  layer  ( typical  for  me ta l - type  l i t h o g r a p h y  levels), b u t  it c a n  cause  severe  
d i s to r t ions  w h e n  a la rger  f r ac t ion  of  t he  r eg ion  is cove red  b y  t he  resist .  The  effects  of  la tera l  i n t e r f e r e n c e  h a v e  b e e n  ex- 
a m i n e d  u s i n g  n u m e r i c a l  s imula t ions .  T he  re su l t s  are in  good  a g r e e m e n t  w i th  e x p e r i m e n t a l  e tch- ra te  m o n i t o r  s ignals  
f rom the  e t c h i n g  of  p a t t e r n s  w i t h  res i s t  coverage  r a n g i n g  f rom 10 to 80% of  t he  to ta l  area. 

As i n t e g r a t e d  c i rcu i t  d i m e n s i o n s  b e c o m e  smal l e r  a n d  as 
t he  va r ious  c o n d u c t i n g  or i n s u l a t i n g  fi lms u sed  in  t h e s e  
c i rcui ts  b e c o m e  t h i n n e r ,  t he  t o l e r a n c e s  on  t he  e t ch  pro- 
cesses  for t h e s e  f i lms b e c o m e  m o r e  severe.  T he  n e e d  for  
careful  m o n i t o r i n g  of  t h e s e  e t ch  p r o c e s s e s  can  be  m e t  by  
de t ec t i ng  c h a n g e s  in t he  opt ica l  r e f l ec tance  of  the  film 
s t ruc tures .  

Original ly  (1, 2), t h e  re f l ec tance  of a la rge  area (grea ter  
t h a n  2 m m  2) was  m o n i t o r e d  wh i l e  t he  en t i r e  area was  be-  
ing e tched .  The  re f l ec tance  c h a n g e  was  c a u s e d  by  t he  in- 
t e r f e r ence  of  l igh t  re f lec ted  f rom t he  in t e r f aces  b e t w e e n  
t he  va r ious  fi lm layers  ( "ver t ica l"  in te r fe rence) ,  s ince  th i s  
i n t e r f e r e n c e  is a f fec ted  by  t he  c h a n g i n g  t h i c k n e s s  of  t he  
top  e t c h e d  layer.  However ,  t h e r e  are cases  w h e r e  i t  is un-  
des i r ab le  or i m p o s s i b l e  to m o n i t o r  t h e  re f lec tance  f rom a 
large  area.  Firs t ,  a n a r r o w  b e a m  is r equ i r ed ,  a n d  t he  e tch-  
m a c h i n e  o p e r a t o r  m u s t  be  ab le  to p lace  t he  b e a m  only  
u p o n  th i s  la rge  t e s t  area. Second ,  in  s t ep -and - r epea t  li- 
t h o g r a p h y ,  a s epa ra t e  re t ic le  m i g h t  be  n e e d e d  to p r o d u c e  
th i s  large  a rea  for e t ch - ra t e  m on i t o r i ng .  Final ly,  e t ch- ra te  
m o n i t o r i n g  t e c h n i q u e s  h a v e  b e e n  d e s c r i b e d  (3, 4) w h i c h  
r equ i r e  t h a t  t he  a rea  b e i n g  m o n i t o r e d  con t a in s  b o t h  re- 
g ions  t h a t  are  e t c h e d  a n d  r eg ions  t h a t  are  cove r ed  w i th  a 
p h o t o r e s i s t  or  o t h e r  e t ch - r e s i s t an t  layer.  Therefore ,  i t  is 
n e c e s s a r y  to u n d e r s t a n d  w h a t  h a p p e n s  w h e n  th i s  combi -  
n a t i o n  of  e t c h e d  a n d  u n e t c h e d  reg ions  is b e i n g  moni -  
tored.  

W h e n e v e r  a p a t t e r n e d  area  is m o n i t o r e d ,  t he re  is inter-  
f e r ence  b e t w e e n  t he  l ight  ref lected f rom the  d i f fe ren t  re- 
g ions  ( lateral  i n t e r f e rence )  as wel l  as t he  ver t ica l  in te r fer -  
ence  d e s c r i b e d  above .  La te ra l  i n t e r f e r e n c e  a lways  occurs ,  
un l e s s  t he  p a t t e r n e d  wafer  is i m a g e d  on to  the  de tec tor .  
This  wil l  no t  h a p p e n  w i th  a s i m p l e  laser  sys tem.  The  lat- 
eral  i n t e r f e r e n c e  is a f fec ted  b y  t he  d i f f e rence  in h e i g h t  
( layer t h i c k n e s s e s )  b e t w e e n  the  e t c h e d  a n d  u n e t c h e d  re- 
gions.  S ince  t he  l igh t  t h a t  is re f lec ted  f rom any  one  re- 
g ion  wil l  va ry  in b o t h  a m p l i t u d e  a n d  p h a s e  d u r i n g  t he  
etch,  the  r e s u l t i n g  s ignal  is a c o m p l i c a t e d  f u n c t i o n  of  t he  
layer  t h i c k n e s s e s ,  a n d  m o d e l i n g  is n e e d e d  to u n d e r s t a n d  
t h e s e  s ignals .  

Effects of Lateral Interference 
As an  e x a m p l e  of  t he  effects  of  la tera l  i n t e r f e rence ,  con-  

s ider  the  r e f l ec tance  of  a t h e r m a l  ox ide  on  s i l icon w h e n  
t he  ox ide  is par t ia l ly  cove r ed  b y  res i s t  (Fig. 1). T he  (com- 
plex)  rat io re of  re f lec ted  to i n c i d e n t  a m p l i t u d e  of l igh t  
f rom the  e t c h e d  a rea  is g iven  by  (5) 

r 1 + r 2 e - 2 ' o  
re - 1 + r,r.2e -'2i~, e-2i8~ [1] 

w h e r e  r, a n d  r2 are  F r e s ne l  r e f l ec t ion  coeff ic ients ,  com- 
p u t e d  f rom the  ox ide  a n d  s i l icon i n d e x e s  of  re f rac t ion ,  n, 
a n d  n~ 
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1 - n, n, - n2 
r, = - - ; r 2 -  - -  [2] 

1 + n~ n, + n2 

and  6o a n d  6, are  p h a s e  shifts ,  g iven  by  

60 = 27rdo/X; 6, = 27rn,d , /X [3] 

for  l igh t  of  w a v e l e n g t h  ~,, an  ox ide  t h i c k n e s s  d,, a n d  a s tep  
h e i g h t  do b e t w e e n  the  top  sur faces  of t he  ox ide  a n d  t he  
resist .  The  t e r m  e -2j~0 a c c o u n t s  for t h e  p h a s e  c h a n g e  of  
the  l ight  as i t  t r ave l s  d o w n  a n d  b a c k  up  the  s t ep -he igh t  
d is tance .  

I f  t he  l igh t  b e a m  is con f ined  on ly  to t he  e t c h e d  area,  
t h e n  t he  d e t e c t e d  i n t e n s i t y  is p r o p o r t i o n a l  to Iro] ~, wh ich ,  
f rom Eq. [1], is e q u a l  to 

r, 2 + r2"- + 2r ,  r., cos (26,) 
Iro/~ = [4] 

1 + r,'2r.2 "- + 2r ,  r.2 cos (26,) 

I t  can  be  s h o w n  t h a t  the  de t ec t ed  i n t e n s i t y  he re  is a peri-  
odic  func t i on  of t he  ox ide  t h i c k n e s s  d,, w i th  a pe r iod  of  
M2n, .  Note  t h a t  th i s  i n t ens i t y  is i n d e p e n d e n t  of  the  p h a s e  
t e r m  e -'-'/~0 of  Eq. [1]. Note  also t h a t  t he  per iod ic  f u n c t i o n  
is no t  pu re ly  s inuso ida l ,  a l t h o u g h  it can  b e  s h o w n  t h a t  i t  
a p p r o a c h e s  a s i nuso id  as n, a p p r o a c h e s  1. 

I f  t h e  l igh t  is re f lec ted  f rom b o t h  e t c h e d  a n d  u n e t c h e d  
areas,  t h e n  la tera l  i n t e r f e r e n c e  will  cause  the  ampl i t udes ,  
no t  the  in tens i t i es ,  of  t he  ref lec ted  l igh t  to be  a d d e d  to- 
gether .  I f  t h e r e  is no  res i s t  erosion,  t h e n  t he  rat io of  
re f lec ted  to i n c i d e n t  a m p l i t u d e  of l ight  f rom the  
u n e t c h e d  area  wil l  h a v e  a c o n s t a n t  ( complex)  va lue  ru. 
The  d e t e c t e d  i n t e n s i t y  I is t h e n  g i v e n  b y  

I = 1,,Lf, re + f , r , I  2 [5] 

w h e r e  In is t he  i n c i d e n t  in tens i ty ,  a n d  f i  a n d  fu are t he  
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e t c h e d  a n d  u n e t c h e d  f ract ions ,  respec t ive ly ,  of t he  to ta l  
area.  At  th i s  poin t ,  t h e  a lgebra  gets  ve ry  compl ica ted ,  
s ince  t he  a m p l i t u d e  and  p h a s e  of  r~ are osci l lat ing,  w i th  
d i f fe ren t  per iods ,  as the  ox ide  t h i c k n e s s  d~ is changed .  
The  de tec ted  i n t e n s i t y  is no  longer  i n d e p e n d e n t  of  t he  
p h a s e  te rm,  s ince  t he  two c o m p l e x  re f lec tances  are 
a d d e d  a lgebra ica l ly .  T he  r e su l t i ng  i n t e n s i t y  is the  s u m  of 
f u n c t i o n s  t h a t  osci l la te  at  pe r iods  w i th  X/2, M2n~, (M2 + 
k/2nL), a n d  (k/2 - X/2n~). This  is ve ry  messy ,  a n d  wel l  
su i t ed  to c o m p u t e r  s i m u l a t i o n  (6). I f  t h e r e  is res is t  ero- 
sion, t h e n  r~ is also a per iod ic  f u n c t i o n  of  res is t  t h i c k n e s s ,  
a n d  t h e  r e s u l t i n g  e t ch - ra t e  m o n i t o r  c u r v e s  are  even  m o r e  
compl i ca t ed .  

F r o m  th i s  example ,  one  p r o b a b l y  gets  t he  i m p r e s s i o n  
t h a t  lateral  i n t e r f e r e n c e  is undes i r ab l e .  Th i s  is no t  neces-  
sari ly so, espec ia l ly  for two cases of p rac t i ca l  in teres t .  
W h e n  the  e t c h e d  area  is a large f rac t ion  of  t he  to ta l  area, 
w h i c h  is typ ica l  for  me ta l - type  l i t h o g r a p h i c  levels,  t he  lat- 
eral  i n t e r f e r e n c e  causes  on ly  a m i n o r  d i s to r t i on  to the  sig- 
na l  t h a t  wou ld  o c c u r  if on ly  the  e t c h e d  area were  be ing  
m o n i t o r e d ,  a n d  t h e r e f o r e  it can  b e  ignored .  F u r t h e r m o r e ,  
t he  e t ch - ra t e  m o n i t o r  t e c h n i q u e s  d e s c r i b e d  in Ref. (3) a n d  
(4) w o u l d  no t  w o r k  a t  all w i t h o u t  la tera l  in te r fe rence .  
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S i m u l a t i o n s  and  E x p e r i m e n t a l  Resul ts  
For  opt ica l  e t ch - ra t e  m o n i t o r i n g  of  ac t ive  dev ice  areas,  

t h e r e  a re  two l imi t ing  cases  o f  in te res t .  L i t h o g r a p h y  lev- 
els s u c h  as m e t a l  a n d  poly  usua l ly  h a v e  m o s t  of  t he  wafe r  
area u n m a s k e d ,  so t he  opt ica l  e tch- ra te  m o n i t o r  s ignal  for 
th i s  t ype  of  level  is s imi lar  to the  s ignal  for a large  
u n p a t t e r n e d  area.  L i t h o g r a p h y  levels  s u c h  as w i n d o w  a n d  
po lycon  h a v e  on ly  a sma l l  po r t i on  of the  wafer  u n m a s k e d ,  
and  the re fo re  the  s igna l  is d o m i n a t e d  b y  the  resist-  
covered  po r t i on  of t he  wafer.  A t h i r d  case  of  in t e res t  is 
the  i n t e r m e d i a t e  case  w h i c h  occurs  in e x p e r i m e n t a l  s t ruc-  
tu res  such  as m e a n d e r  pa t te rns ,  in w h i c h  r ough l y  ha l f  of 
t he  wafer  a rea  is e t ched .  

T h e  ca lcu la ted  (6) e tch- ra te  m o n i t o r  cu rve  (632.8 n m  
laser) for e t c h i n g  po lys i l i con  on  top  of field oxide,  w i t h  
no  res is t  p r e sen t ,  is s h o w n  in Fig. 2. T h e  s ignal  is peri-  
odic, excep t  for a s l igh t  inc rease  in m a x i m u m  ref lect ivi ty  
as t he  s l igh t ly  a b s o r b i n g  po lys i l i con  gets  t h inne r .  F igu res  
3a-3c s h o w  the  ca lcu la ted  s ignals  w h e n  10, 30, a n d  50% 
of  t he  po lys i l i con  area  is cove r ed  b y  resist ,  a l t h o u g h  it  is 
un l ike ly  t h a t  m o r e  t h a n  30% of t h e  area  w o u l d  b e  cove red  
in  a me ta l - type  l i t h o g r a p h y  level  of  a n  ac tua l  de~ice. The  
solid cu rves  c o r r e s p o n d  to the  case  w h e r e  t h e r e  is no  re- 
s is t  erosion,  a n d  t he  d a s h e d  curves  c o r r e s p o n d  to a res i s t  
t ha t  e rodes  one-f i f th  as fas t  as t he  polysi l icon.  One  can  
see t h a t  t he  la tera l  i n t e r f e r e n c e  does  no t  m a k e  t he  cu rve  
un in t e l l i g ib l e  un le s s  one  a p p r o a c h e s  50% coverage.  In  
general ,  the re fore ,  for a me ta l - type  l i t h o g r a p h y  levels,  
t he re  is on ly  a s l igh t  d i f fe rence  b e t w e e n  t he  e tch- ra te  
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m o n i t o r  cu rves  f r o m  large t e s t  areas  a n d  f rom act ive  de- 
vice  areas.  

For  w i n d o w - t y p e  levels,  t he  e x p o s e d  area  is on ly  a 
smal l  f ract ion,  typ ica l ly  1%, of  t h e  to ta l  area. Therefore ,  
t h e  r e f l ec tance  c h a n g e  c a u s e d  b y  e t c h i n g  t h e s e  e x p o s e d  
areas  is small ,  a n d  can  be  m a s k e d  by  re f lec tance  c h a n g e s  
of t he  r e s i s t - cove red  areas.  This  effect  can  be  m i n i m i z e d  
by  se lec t ing  a l igh t  w a v e l e n g t h  for w h i c h  t he  res is t  is 
opaque ,  s ince  t h e n  t he  res i s t  r e f l ec tance  will  be  smal l  
a n d  cons tan t .  A 253.7 n m  low p r e s s u r e  m e r c u r y  arc is an  
exce l l en t  sou rce  of  s u c h  light.  One  cou ld  also use  a 632.8 
n m  laser  a n d  a d d  a dye  to t he  resist ,  p r o v i d e d  t h a t  th i s  
dye does  no t  affect  the  res i s t  e x p o s u r e  or d e v e l o p m e n t ,  
t h a t  it can w i t h s t a n d  res i s t  baking ,  a n d  t h a t  i t  does  no t  
c o n t a m i n a t e  t h e  dev ices  be low the  resist .  However ,  e v e n  
w h e n  t he  effects  of res i s t  e ros ion  are min imized ,  one  is 
still  p l agued  b y  a ve ry  low s ignal- to-noise  ratio,  s ince  t he  
overa l l  re f lec t ion  is qu i te  low, a n d  s ince  w indows ,  
b o n d i n g  pads ,  a n d  " s t r ee t s "  b e t w e e n  ch ips  usua l ly  cover  
only  a b o u t  1% of  t he  to ta l  wa fe r  area.  F i g u r e  4 s h o w s  sim- 
u l a t i ons  of  w i n d o w  e tch - ra te  m o n i t o r  curves ,  u s i n g  253.7 
n m  l ight ,  w h e n  95 or 99% of  t h e  a rea  is cove red  w i th  re- 
sist, a l ong  w i th  t he  cu rve  ca lcu la ted  for  t he  case w h e r e  
there is no resist present. Again, the dashed lines indicate 
t h e  c u r v e s  for  a 1:5 rat io  of  res i s t  vs. ox ide  e t ch  rates .  
Note  t h a t  t he  m a x i m u m  re f lec tance  is on ly  a b o u t  0.08, 
s ince  m o s t  of  t h e  area  is cove red  b y  an  a b s o r b i n g  resist .  
A n  ar t i fac t  of  la tera l  i n t e r f e r e n c e  is t h a t  t he re  a p p e a r s  to 
be  fewer  pe r i ods  o f - o s c i l l a t i o n  for  t he  res i s t -covered  
s amp le s  t h a n  for  t he  s a m p l e  w i t h o u t  resist .  For  ins t ance ,  
t he  d a s h e d  cu rve  in Fig. 4b a p p e a r s  to h a v e  four  and  one-  
ha l f  per iods ,  c o r r e s p o n d i n g  to 368 n m  (X = 253.7 nm,  n~ = 
1.55) of ox ide  e t ched ,  w h e n  ac tua l ly  1000 n m  of ox ide  h a s  
b e e n  e t c h e d  in th i s  s imula t ion .  There fore ,  i t  is imprac t i c a l  
to d e t e r m i n e  t he  e t ch  ra te  in  real  t i m e  of  a w i n d o w  e t ch  
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for no resist erosion; dashed curves are for 5:1 selectivity of oxide to re- 
sist. Note expanded scale for reflectance. Arrows show points of etching 
completely through the oxide layer. 

f rom the  s t r u c t u r e  of  t h e s e  curves .  However ,  if a s l igh t  
ove re t ch  can  b e  to le ra ted ,  t h e n  t h e  e n d  p o i n t  of  t he  
w i n d o w  e t ch  can  b e  d e t e c t e d  eas i ly  (p rov ided  t h a t  s ignal-  
to -no ise  p r o b l e m s  can  b e  o v e r c o m e )  b y  look ing  for  a 
c h a n g e  in t h e  pe r iod i c i t y  of  t he  signal .  

E x p e r i m e n t a l  c u r v e s  for  r e f l ec tance  at  632.8 a n d  253.7 
n m  f rom an  ox ide  on  si l icon,  80% cove r ed  b y  resist ,  are 
s h o w n  in Fig. 5. T he  s t r u c t u r e  of  t h e  re f l ec tance  at  632.8 
n m  is d e t e r m i n e d  m a i n l y  b y  res i s t  e ros ion ,  w h i c h  is slow. 
The  re f l ec tance  in t h e  u l t r av io le t  (253.7 nm )  s h o w s  a 
c o m p l i c a t e d  s t r u c t u r e  s imi la r  to t h a t  of  Fig. 4. T he  overal l  
d rop  in i n t e n s i t y  is be l i eved  to be  c a u s e d  by  the  b u i l d u p  
d u r i n g  e t c h i n g  of  an  u l t r av io le t  a b s o r b i n g  p o l y m e r  on  t he  
v iew po r t  of  t h e  r eac t ive  i on -e t ch  m a c h i n e .  T h e  o x i d e  in 
th i s  s a m p l e  was  1800 n m  th ick ,  w h i c h  c o r r e s p o n d s  to 22 
pe r iods  of  osci l la t ion.  As  w i th  t he  s imula t ion ,  t h e r e  ap- 
pea r s  to b e  far  f ewer  pe r iods  in t he  e x p e r i m e n t a l  curve ,  
d u e  to d i s to r t i ons  c a u s e d  b y  la tera l  i n t e r f e rence .  The  ar- 
r ow  in Fig. 5 i nd i ca t e s  t he  p o i n t  w h e r e  t he  s t r u c t u r e  of  
t h e  c u r v e  b e c o m e s  m u c h  s m o o t h e r .  This  is t he  e n d  p o i n t  
of t h e  ox ide  e tch ,  w h i c h  is e v i d e n t  f r o m  the  c u r v e  a f te r  
on ly  a sUg_ht ove re tch .  

One  i n s t a n c e  w h e r e  t he  50% cove rage  is benef ic ia l  is  
t he  i n t e r f e r o m e t r i c  t e c h n i q u e  of  S t e r n h e i m  et al. (3) for 
m o n i t o r i n g  e i t h e r  t h e  e t ch i ng  of  o p a q u e  layers  or the  
e t c h i n g  of  t r e n c h e s  in to  t h e  s i l i con  subs t ra t e .  I n  t h e s e  
cases,  t h e r e  is n o  ver t i ca l  i n t e r f e r e n c e  b e c a u s e  t h e r e  is 
on ly  one  re f lec t ing  in t e r f ace  at  a n y  la tera l  pos i t ion .  How- 
ever,  i f  on ly  pa r t  of  t h e  area  is b e i n g  e t ched ,  one  can  m a k e  
u s e  of  la tera l  i n t e r f e r e n c e  to m o n i t o r  t h e  s tep  h e i g h t  be- 
t w e e n  e t c h e d  a n d  u n e t c h e d  areas.  F i gu r e s  6a a n d  6b s h o w  
the  ca lcu la ted  re f l ec tance  for a case  p r e s e n t e d  by  
S t e r n h e i m  et al.: si l icon,  w i th  h a l f  of  t h e  area  cove red  b y  
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Fig. 5. Experimental etch-rate monitor curves at 253.7 nm and 632.8 
nm for etching 1800 nm oxide on silicon, with 80% of the area covered 
by resist. 

an  e t ch - re s i s t an t  t h e r m a l  oxide,  so t h a t  la tera l  in ter fer -  
ence  causes  t h e  r e f l ec tance  to oscil late.  In  Fig. 6a, t he  ox- 
ide is a s s u m e d  to h a v e  no  erosion.  U s i n g  a r g u m e n t s  simi- 
lar  to t h o s e  of  t he  Effects  of  La te ra l  I n t e r f e r e n c e  sect ion,  
one  can  s h o w  t h a t  he r e  a c u r v e  w i th  N pe r iods  corre-  
s p o n d s  to an  e t c h i n g  d e p t h  d g i v e n  by  

d = NX/2 [6] 

s ince  t h e  i n d e x  of  r e f r ac t ion  of  a i r  or v a c u u m  is 1.0. In  
Fig. 6a, we h a v e  4.1 pe r iods  u s i n g  632.8 n m  light,  w h i c h  
c o r r e s p o n d s  to 1.3 ~ m  e tch ing .  F i g u r e  6b mode l s  the  ex- 
p e r i m e n t a l  da ta  f rom S t e r n h e i m  et al., w h e r e  t he  ox ide  
e rodes  at  one- f i f th  of t he  s i l icon e t ch  rate.  The  ampl i -  
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tudes  of the  osci l la t ion are no longer  uniform. Further-  
more,  we  now have  4.4 periods.  I f  Eq. [6] is used for calcu- 
lat ing the  step height ,  one  would  get  a value  of  1.39 ixm, 
which  is larger by 7% than  the  correct  value. S t e rnhe im 
et al. observed  a 6% error  for this case, wi th  the  error 
being in the same direct ion:  the  optical  etch-rate moni to r  
y ie lded a larger  step than a stylus measurement .  The  
s t ructure  of  thei r  etch-rate moni tor  signal [Fig. 5 of Ref. 
(3)] does not  agree exact ly  with the  calculated curve  of 
Fig. 6b here. The  mode l  cannot  predic t  the  s t ructure  of  
the  curve  unless  the mask ing  oxide  th ickness  is known  
precisely,  but  it can predic t  the  error in step height  as 
found by the etch-rate  monitor .  F igure  6c shows the  cal- 
cula ted etch-rate  moni to r  curve  w h e n  the  mask ing  oxide  
is 500~ th icker  than in Fig. 6b. The s t ructure  of the  curve  
again is different ,  but  the  1.3 b~m e tch  wi th  the same  ero- 
sion ratio of  1:5 still yields abou t  4.4 per iods  of  oscillation. 
The calculated error  in step he ight  is not  a s imple  func- 
t ion of oxide  (or resist) eros ion rate, bu t  the calcula ted er- 
ror is always less than 10% for eros ion ratios of 1:5 or less, 
and always in the  di rect ion that  the  optical  e tch-rate  mon-  
"~or va lue  will  be too large. 

Conclusions 
Optical  etch-rate moni to r  signals have  been  mode led  

for pat terns  that  are usual ly  found in in tegrated circuit  
manufactur ing .  For  metal - type l i thography levels, lateral 
in ter ference  causes  a sl ight dis tor t ion in the  shape of  the  
etch-rate moni to r  curve, and may  lead to a sl ight error in 
de te rmin ing  the  e tch  rate. For  meander - type  patterns,  the  
dis tor t ion can be  serious enough  to m a k e  the  curves  
unintel l igible.  For  window- type  l i thography levels, the  
e tched area is usual ly  too small  to p roduce  a useful  etch- 
rate moni to r  signal, unless  the signal from the e tched 

areas can be enhanced. Lateral interference can be em- 
ployed for monitoring the etching of opaque or bulk ma- 
terials, with a predicted error in depth value of less than 
about 10% for resist erosion at less than one-fifth of the 
film etch rate. 
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A B S T R A C T  

High resis t ivi ty  si l icon samples  were  prepared  by gold dop ing  and subjec ted  to a hydrogen  p lasma for var ious  t imes  
(0-4h) and t empera tu re s  (130~176 Spread ing  res is tance  profi les show that  the  res is tance decreases  to values  close to 
those  of  the  original  wafers  wi th  no gold doping  up to a dep th  def ined as the  pene t ra t ion  depth.  This  behav ior  is con- 
s is tent  wi th  the  neutra l izat ion of  the  compensa t ing  p roper ty  of gold in silicon. The  der ived  effect ive diffusion coeffic- 
ient  D = 9 x 10-7 exp  (-0.45/kT) cm'-'s-', wi th  kT in e lec t ronvol t s  for the t empera tu re  range 130~176 is in reasonable  
ag reemen t  wi th  an ext rapola t ion  of  the  diffusion coeff icient  repor ted  by others  for t r i t ium in si l icon at 400~ The 
pene t ra t ion  dep th  seems to be  related to the  diffusion of hydrogen ,  pr imar i ly  in a tomic  form. The impl i ed  h igh  solubil i ty 
of  hydrogen  in our  samples  (~> l01'~ cm-3) is p robably  de t e rmined  by defects  and impuri t ies .  The  resul ts  of  anneal ing  ex- 
pe r imen t s  on p lasma- t rea ted  samples  are compat ib le  wi th  fur ther  diffusion of  the  neutral iz ing agen t  at the anneal ing  
tempera tures .  R e d u c e d  resist ivit ies pers is t  even  after a 500~ anneal  in n i t rogen  for lh.  

Analysis  by deep- level  t rans ient  spec t roscopy  (DLTS) 
has recent ly  revea led  that  the concen t ra t ion  of the  gold- 
related deep levels  in si l icon can be significantly r educed  
up to depths  of several  mic romete r s  by expos ing  hea ted  
crystal l ine samples  to a hydrogen  p lasma (1, 2). This pa- 
per  reports  on the  first work  on changes  in res is tance of 
gold-doped si l icon samples  due to exposure  to hydrogen  
plasma. The  p rob ing  depth  of  the  D L T S  t echn ique  is lim- 
ited by ava lanche  b reakdown  in the  silicon, whereas  the  
depth  l imi ta t ion in res is tance profi l ing is de t e rmined  
only by sample  thickness .  The  changes  in res is tance we 
observe  imply  the  neutral izat ion of the compensa t ing  
proper ty  of gold in silicon, and are consis tent  with obser- 
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vations of the reduction of the concentration of gold-re- 
lated deep levels by DLTS (i, 2). Gold in silicon intro- 
duces both a donor and an acceptor deep level. When the 
concentration of gold becomes comparable to or greater 
than the shallow dopant concentration, the compensating 
action of the gold levels leads to drastic resistivity in- 
creases (3). Silicon wafers (n-type) had gold diffused from 
their back surfaces, and the resulting high resistivity 
samples were used in the experiments reported here. The 
samples were heated to various temperatures while being 
subjected to a hydrogen plasma for periods of 0-4h. 
Samples with an oxide cap and with an oxide and alumi- 
num layer were  also exposed.  Spread ing  res is tance pro- 
files were  used  to measu re  the  depths  to which  the  neu-  
tralization of the  compensa t ing  p roper ty  of  gold was 
present.  The resul ts  are consis tent  wi th  the diffusion of 
a tomic hydrogen.  
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P r o c e d u r e  
The starting wafers were n-type CZ silicon, 4-10 ~t-cm, 

and orientation (111). Gold was evaporated onto the back 
of the 350 t~m thick samples, and diffused in nitrogen at 
1000~ for 30 min. The solid solubility of gold in silicon at 
this temperature [10 ~ cm -3 (3)] is about an order of mag- 
nitude higher than the shallow dopant (phosphorus) con- 
centration (-10 '5 cm -3) of the starting wafers. Figure 1 
(curve a) shows that the resistivity of a gold-doped sample 
is much higher than that of the starting wafers. The resis- 
tivity gradient is consistent with a higher gold concentra- 
tion near the surface, as observed also by others (4). In 
cases where samples were used with a thermally grown 
oxide layer, oxidation preceded gold diffusion; if an alu- 
minum layer was evaporated on top of the oxide, the 
evaporation was performed after gold diffusion. 

Samples were placed on the lower plate of a parallel- 
plate system, heated to a given temperature, and sub- 
jected to a hydrogen RF plasma (13.56 MHz and 100W) at 
0.5 torr. The walls of the chamber are electrically 
grounded, and the lower plate with the sample is isolated 
and thus at a floating potential. Before removing the 
sample, the temperature was allowed to decrease to 80~ 
while the sample was still subjected to the plasma. A por- 
tion of the sample was angle lapped, and spreading resis- 
tance was measured vs. depth from the top silicon sur- 
face. No change in resistance profile was observed for a 
starting sample (prior to gold doping) subjected to a hy- 
drogen plasma at 200~ for lh. 

Results and Discussion 
Figure 1 (curves b and c) shows spreading resistance vs. 

depth for gold-doped samples which have been subjected 
to a hydrogen plasma for lh at 200~ We observe that the 
compensating property of gold has been largely neutral- 
ized in the first few micrometers from the surface, as 
shown by the decrease in resistance to values close to 
those of the starting wafers prior to gold doping. No evi- 
dence for neutralization was observed for a gold-doped 
sample subjected to the hydrogen ambient for lh at 
200~ but with no RF power applied. Since curves b and 
c in Fig. 1 correspond to different portions of the same 
sample, the differences can be ascribed to experimental 
variability. The depth to which a substantial decrease in 
resistance persists is defined as x,  (penetration depth), 
and was evaluated graphically from the spreading resist- 
ance plots. The penetration depth was estimated by 
approximating the resistance curve with two straight line 
segments in the region of interest and finding their inter- 
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Fig. 1. Spreading resistance v s .  depth; the bar indicates the range 

of resistance values of the starting wafers (prior to gold doping). Curve a: 
Gold-doped sample. Curve b: Gold-doped sample subjected to a hy- 
drogen plasma at 200~ for 1 h. Curve c: Another portion of the sample in 
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Fig. 2. Spreading resistance vs .  depth. The bar indicates the range 
of values of the starting wafers (prior to gold doping). Curves corre- 
spond to gold-doped samples. Curve a: no plasma treatment. Curve b: 
hydrogen plasma for 2h at 300~ Curve c: hydrogen plasma for 2h at 
450~ 

section. One line approximates the region of rapid rise in 
resistance, and the other the slower decrease in resistance 
at greater depth. For curves b and c of Fig. 1, the values of 
xp are 7 and 9 ~m, respectively. Figure 2 shows that, for 
high temperatures and long exposure times, the penetra- 
tion depth can only be determined as a lower limit value 
for the gold-doped samples used here because the region 
of high resistance values ends at depths ~> 60 ~m. 

Figure 3 shows the penetration depth vs. the square 
root of time for a constant temperature of 200~ A linear 
relationship is consistent with a diffusion process if the 
diffusion coefficient is constant with depth. Within ex- 
perimental variability, a linear relationship is observed at 
times ->-lh. 

It has been usually presumed that effects similar to 
those reported here after hydrogen plasma exposure, 
such as the neutralization of gold levels in silicon (l, 2) 
and resistivity changes in boron-doped silicon (5), are due 
to the diffusion of atomic hydrogen into the sample. How- 
ever, unresolved questions about the actual incorporation 
depth of hydrogen in silicon (6-8) have kept this an open 
question. The high concentration of hydrogen residing 
near the surface may facilitate defect generation via local 
strain (8), and the particular defect distribution due to hy- 
drogen bombardment  (9) may also play a role in the neu- 
tralization observed. The relative importance of these 
mechanisms can be expected to be different in a sample 
with a substantial top layer of thermal oxide. A plasma- 
exposure experiment  for lh at 200~ was performed on a 
sample with 0.1 tLm of thermal oxide. The resulting 
spreading resistance profile was similar to those ob- 
tained from samples without the thick oxide layer. The 
diffusion coefficient of deuterium molecules in vitreous 
silica at 200~ is 8 • 10-* cm2-s - '  (10), which is suffi- 
ciently high to make the oxide appear as an ineffective 
barrier to hydrogen. The experiment  is, therefore, consist- 
ent with hydrogen diffusion's being the primary agent re- 
sponsible for the observed neutralization. Recent  indirect 
evidence (11, 12) also points strongly toward hydrogen 
diffusion, particularly results showing the neutralization 
of gold levels by electrolytic doping (12), in which case 
the effects of particle bombardment  are absent. 

In another experiment,  we subjected a gold-doped 
sample with 0.1 t~m of oxide and an additional 1 t~m of 
evaporated aluminum to the hydrogen plasma for 2h at 
200~ There was no effect on the resistance profile c o r n -  
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Fig. 3. Penetration depth vs.  square root of time for samples sub- 
jected to a hydrogen plasma at 200~ Dashes above and below some 
data points indicate values obtained on separate portions of the same 
sample and serve to illustrate experimental variability. A finite pene- 
tration depth is observed even for t = 0 because of the cooling se- 
quence. This artifact is most significant for short times. The line shows 
that within experimental variability, a linear relationship is approxi- 
mately obeyed for times _~ 1 h. 

pared  to a go ld -doped  sample  wh ich  had not  been  ex- 
p o s e d  to p lasma.  The diffusion coeff icient  of h y d r o g e n  in 
t he  a l u m i n u m  layer  wou ld  have to be < 10 -13 cm2-s -1 for 
the  1 tLm layer to be an effect ive barrier.  The repor ted  
values  for the  d i f fus ion  coeff icient  of h y d r o g e n  in alumi- 
n u m  are a s t rong  func t ion  of puri ty  (13, 14) and  are sp read  
over  m a n y  orders  of  m a g n i t u d e  w h e n  ex t rapo la t ed  to the  
lower  t e m p e r a t u r e s  of our  expe r imen t s .  A l though  the  
s tar t ing mater ia l  u sed  in the  evapora to r  is h ighly  pu re  
a luminum,  we  have  no t  analyzed the  pur i ty  of  t he  depos-  
i ted a l u m i n u m  layer. However ,  the  effect ive low 
diffusivi ty imp l i ed  by our e x p e r i m e n t  may  be re la ted  to 
the  ox ide  layer  w h i c h  will  inevi tab ly  fo rm on the  alumi- 
n u m  af ter  e x p o s u r e  to air. The ex t r apo la t ed  diffusivi ty of  
a tomic  h y d r o g e n  in s apph i r e  (15) is e x t r e m e l y  low, so tha t  
a th in  layer  of, say, 10 n m  w o u l d  be  suff ic ient  to act  as a 
barr ier  for  the  h y d r o g e n  at  t he  t e m p e r a t u r e  of  our  
expe r imen t .  

In order  to obta in  d i f fus ion coeff ic ients  D f rom the  ob- 
se rved  pene t r a t i on  dep th s  xp, we  a s s u m e  a cons t an t  sur- 
face concen t r a t ion  solut ion to the  d i f fus ion  equa t ion  (16), 
f rom which  we  use  the  a p p r o x i m a t e  exp re s s ion  xp = 5.4 
(Dt) 1~'-, w h e r e  t is t ime. The calcula ted  di f fus ion coeffic- 
ient  vs. t e m p e r a t u r e  is s h o w n  in Fig. 4. In  t e rms  of  the  
s imple  e x p r e s s i o n  D = Do exp  ( - E J k T ) ,  the  act ivat ion en- 
ergy Ea s e e m s  to increase  at the  h ighe r  t empera tu res ,  al- 
t h o u g h  we  do no t  have  suff ic ient  da ta  to es tab l i sh  this  
t rend .  By l inear  least  squares  fitting, we  obta in  D = 9 • 
10 -7 exp  (-0.45/kT) cm'-'-s-' wi th  k T  in e lec t ronvol ts .  Two 
e x p e r i m e n t a l  po in t s  ob ta ined  in a s imilar  m a n n e r  by 
o thers  f rom the  neut ra l iza t ion  of  gold  levels  by  a hydro-  
gen p l a s m a  us ing  deep  level t r ans i en t  s p e c t r o s c o p y  (17) 
are also s h o w n  in Fig. 4. They  are in r easonab le  agree- 
m e n t  wi th  our  data.  Ex t rapo la t ions  f rom direct  measure-  
m e n t s  of a tomic  h y d r o g e n  di f fus ion in sil icon at 
1100~176 (18) and tr i t ium diffusion in silicon at 400~176 
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Fig. 4. Diffusion coefficient (derived from penetration depth) vs.  

temperature. Solid circles and lower limits are from the present work. 
The data point for 200~ is an average of five independent measure- 
ments. The solid line is a least squares linear fit to our data points. 
The open circles are data reported by others (17). The dashed line 
and dash-dot line are for atomic hydrogen diffusion (18) and tritium 
diffusion (19) in silicon. 

(19) are also shown in Fig. 4. The activation energies ob- 
tained in those studies were 0.48 and 0.56 eV, respectively. 

An important matter to consider is the relative roles of 
molecular or atomic diffusion in a given experiment. 
Three states of hydrogen in silicon have been suggested 
(20): atomic, molecular, and one in which hydrogen bonds 
with a silicon atom. When considering other impurites 
and defects, other combinations such as a gold-hydrogen 
association suggested by our experiment will probably 
come into play. The gold density being neutralized in our 
experiments is ~>I0 '~ em -3 (the doping density before 
gold doping). The hydrogen solubility data at 1 arm (18) 
extrapolated to the temperature of our measurements 
(say, 250~ is 2 • 103 cm -3. We believe this discrepancy is 
an indication of the importance of defects and impurities 
in our case. 

Figure 5 shows the effect of isochromal annealing on 
plasma-treated samples. In general, resistance increases 
near the surface and decreases at depths greater than the 
original penetration depth with increasing temperature. 
This is consistent with a diffusion of the neutralizing 
agent both toward the surface and into the bulk. The 
somewhat irregular behavior, such as for the 450~ an- 
neal, may be a measure of experimental variability. 

Summary and Conclusions 
Samples of high resistivity silicon prepared by gold 

doping were subjected to hydrogen plasma at various 
temperatures and times. The resistance is found to de- 
crease to values close to those of the original wafers with 
no gold doping for a depth (called the penetration depth) 
which varies approximately as the square root of time. 
Results from samples covered with thermally grown ox- 
ide and with an additional aluminum layer, as well as in- 
dications from similar work by others using deep level 
transient spectroscopy, point to hydrogen diffusion as the 
mechanism most likely responsible for the observed 
depths of neutralization. Over the temperature range of 
130~176 we obta in  D = 9 • 10 -7 exp  (-O.45/kT) em'-'-s-', 
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Fig. S. Spreading resistance vs. depth. The bar indicates the range 

of resistance values for the starting wafers. All curves correspond to 
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ment. Curve b: Exposed to a hydrogen plasma for lh at 250~ Curves 
c-f: Treated as sample in curve b, and then annealed in nitrogen for 
lh at 300 ~ c, 400 ~ d, 450 ~ e, and 500~ f. 

with kT in electronvolts. The activation energy is close to 
that obtained for atomic hydrogen diffusion in silicon (18) 
at 1100~176 (0.48 eV) and to that reported for tritium 
diffusion in silicon (19) at 400o-500oc (0.56 eV). The activa- 
tion energy for diffusion of molecular hydrogen in silicon 
has been estimated as 2.7 eV (20). The absolute values of 
diffusivity in the temperature range of our experiments 
can be compared with extrapolations of the higher tem- 
perature data. The extrapolation of atomic hydrogen (18) 
gives values a few orders of magnitude higher than ours, 
but the extrapolation of the tritium data results in compa- 
rable values. Extrapolation of solubility data for hydrogen 
in silicon (18) gives values which are significantly lower 
than those which our results imply. We take this as an in- 
dication that in our case solubility is dominated by de- 
fects and impurities. In conclusion, we believe that the 
neutralization of gold we observe is related to the diffu- 
sion of hydrogen, in which the atomic species is most 
likely dominant, and that the consequent  effective diffu- 
sion coefficient and solubility are influenced by defects 
and impurities which trap hydrogen. 

Annealing of samples after plasma exposure shows that 
the neutralizing effect is diminished near the surface, but 
increased at depths greater than the original penetration 
depth with increasing temperature, which is consistent 
with diffusion of the neutralizing agent in both directions. 

The sample does not recover the resistivity profile which 
was present before plasma exposure even after an anneal 
of 500~ for lh. 
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A B S T R A C T  

Ion  b e a m - a s s i s t e d  e t c h i n g  of a l u m i n u m ,  in w h i c h  an  i ne r t  gas  ion b e a m  a n d  a reac t ive  gas are s i m u l t a n e o u s l y  ap- 
p l ied  to a subs t r a t e ,  was  i nves t i ga t ed  for i ts  fine l ine  e t c h i n g  capabi l i ty .  As a r e s u l t  of t he  co l l imated  n a t u r e  of  the  ion 
beam,  e x t r e m e l y  h i g h  resolu t ion ,  an i so t rop i c  e t ch ing  of  a l u m i n u m  samples  p a t t e r n e d  w i t h  t r i level  p h o t o r e s i s t  was  dem-  
ons t ra ted .  E t c h  ra tes  of 2000 A/rain were  rou t ine ly  a c h i e v e d  in th i s  ion  b e a m - a s s i s t e d  e t ch ing  mode .  In  add i t ion ,  e t ch ing  
b e h a v i o r  as a f u n c t i o n  of  ion energy,  ion  flux, a n d  reac t ive  gas  i n t ens i t y  was also e x a m i n e d .  

P l a s m a  e t c h i n g  and,  in  par t icu la r ,  r eac t ive  ion  e t ch ing  
are  e s sen t i a l  to  t he  f ine l ine  p a t t e r n  t r a n s f e r  in  c u r r e n t  
fine l ine  s e m i c o n d u c t o r  p rocesses  (1). T he  d i rec t iona l i ty  
of  ions  t h r o u g h  t he  p l a s m a  s h e a t h  is r e s p o n s i b l e  for t he  
an i so t rop ic  profi le  of  the  etch.  This  i o n - e n h a n c e d  gas- 
sur face  i n t e r ac t i on  p lays  an  i m p o r t a n t  role  in  t he  e t c h i n g  
process .  However ,  i t  is diff icul t  to con t ro l  t h e  b e h a v i o r  of  
the  ion, i ts  energy ,  or its i n t ens i ty  in  t he  p lasma.  

On the  o t h e r  h a n d ,  the  ion  energy,  c u r r e n t  densi ty ,  a n d  
the  d i rec t ion  of  t he  ion can  be  i n d e p e n d e n t l y  con t ro l l ed  
in ion mil l ing,  in  w h i c h  an  ine r t  gas ion  b e a m  is e m p l o y e d  
to phys ica l ly  s p u t t e r  off t h e  u n m a s k e d  mater ia l .  The  colli- 
m a t e d  ion  b e a m  has  e x t r e m e l y  h igh  reso lu t ion .  Fea tu r e  
sizes as sma l l  as 100A h a v e  been  p r o d u c e d  (2). However ,  
t he  low e t ch  ra te  a n d  t he  lack of se lec t iv i ty  for d i f fe ren t  
mate r ia l s  l imi t  i ts  appl ica t ion .  

The  r e p l a c e m e n t  of  t he  ine r t  gas w i t h  a reac t ive  gas in  a 
c o n v e n t i o n a l  ion  mi l l ing  m a c h i n e ,  r eac t ive  ion b e a m  etch-  
ing (RIBE) (3-6), h a s  b e e n  r ecen t ly  r e p o r t e d  to b e  ab le  to 
e n h a n c e  t he  e t ch  ra te  and  se lec t iv i ty  due  to the  chemica l  
n a t u r e  of  t h e  r eac t ive  ion, whi le  i t  st i l l  p re se rves  the  in- 
h e r e n t  an i so t rop ic i ty .  Moreover ,  t he  i n d e p e n d e n t  cont ro l  
of  the  p rocess  p a r a m e t e r s  will  he lp  to e luc ida te  t he  bas ic  
m e c h a n i s m  a n d  k ine t i c s  of t he  e t ch ing ,  a n d  will  be  useful  
to our  u n d e r s t a n d i n g  of t he  c o m p l i c a t e d  p l a s m a  e t ch ing  
process .  

In a n o t h e r  a p p r o a c h ,  a sepa ra te  s u p p l y  of  reac t ive  gas 
coup l ed  w i th  a n  i ne r t  gas ion  b e a m  (7) ha s  an  e t ch ing  be- 
hav io r  s imi lar  to RIBE,  whi le  the  cor ros ive  a t t ack  of t h e  
ion g u n  is m i n i m i z e d .  F u r t h e r m o r e ,  t he  r eac t ive  species  
a n d  ine r t  gas  can  be  i n d e p e n d e n t l y  con t ro l l ed  in  th i s  ar- 
r a n g e m e n t .  This  s e tup  (8) was  e m p l o y e d  to quan t i t a t ive ly  
i l lus t ra te  t he  role t h a t  ions  p lay  in p l a s m a  e tch ing .  Here,  
we repor t  t he  resu l t s  of a l u m i n u m  e t ch i ng  in th i s  ion  
b e a m - a s s i s t e d  e t c h i n g  m o d e  (IBAE).  E t c h  ra te  as a func-  
t ion  of ion  flux, ion energy,  a n d  ch lo r ine  p ressu re  was 
ex tens ive ly  inves t iga ted .  The  an i so t rop i c  wal l  profi le a n d  
h i g h e r  e t ch  ra te  d e m o n s t r a t e s  d i rec t ly  t h a t  e t ch i ng  is en- 
h a n c e d  b y  t he  ion  b o m b a r d m e n t .  The  i n d e p e n d e n t  con- 
trol  of  t he  e t c h i n g  pa rame te r s ,  as o p p o s e d  to t he  p rocess  
p a r a m e t e r s  in  t he  p l a s m a  e tch ing ,  s impl i f ies  the  in te rpre-  
t a t i on  of t h e  e x p e r i m e n t  data,  a n d  q u a n t i t a t i v e  in forma-  
t ion  a b o u t  the  gas-sur face  in t e rac t ion  i s  der ived.  

Experimental 
The apparatus setup is schematically shown in Fig. i. A 

hot filament ion gun with permanent magnets, manufac- 
tured by Ion Tech, Incorporated, was employed as the 
ion beam source. This 2.5 cm diam source is capable of 
delivering the beam current density up to I mA/cm ~ at 500 
eV. Inert gas was injected directly into the gun. The vac- 
uum chamber equipped with a 6 in. diffusion pump and a 
water-cooled baffle could be pumped down to 5 • i0 -r 
tor t .  The  p r e s s u r e  in  the  m a i n  c h a m b e r  was  1 • 10 -4 to r r  
w h e n  a d i s c h a r g e  was m a i n t a i n e d  w i th  t he  x e n o n  flow of  
1 sccm.  B o t h  t he  i ne r t  gas a n d  t he  r eac t ive  gas we re  regu- 
la ted  t h r o u g h  t he  m a s s  flow cont ro l le rs ,  a n d  t he  C1.2 pres-  
sure  m e a s u r e m e n t  was  ca l ib ra t ed  w i th  an  M K S  m a n o m e -  
ter.  The  b e a m  c u r r e n t  was  m e a s u r e d  b y  a F a r a d a y  cup  

Present  address: Philips Laboratories, Briarcliff Manor. New 
York 10510. 

t h a t  could  be  m o v e d  ou t  of  t h e  way d u r i n g  e tching .  The  
s a m p l e  was p l a c e d  on  a water -cooled  holder ,  w h i c h  was  
10 c m  f rom the  ion  e x t r a c t i o n  grid,  a n d  was electr ical ly  
g r o u n d e d  in  th is  s tudy.  Low e n e r g y  e l ec t rons  were  pro- 
v i d e d  by  a t u n g s t e n  f i l ament  to neu t r a l i ze  the  cha rge  on  
the  subs t ra te .  

Results and Discussion 
Etching profile.--Anisotropic e t ch ing  was cons i s t en t l y  

d e m o n s t r a t e d  in th i s  s tudy.  This  i nd ica t e s  t h a t  the  la teral  
e tch  ra te  of a l u m i n u m  by  C12 a lone  is ve ry  s low a n d  t he  
ver t ica l  e t c h i n g  is e n h a n c e d  by  t he  d i rec t iona l  ion beam.  
I t  has  been  r e p o r t e d  (9) t h a t  Cl~ could  s p o n t a n e o u s l y  reac t  
w i th  p u r e  a l u m i n u m  at a ra te  i n d e p e n d e n t  of  ion  bom-  
b a r d m e n t .  However ,  an i so t rop ic  e t c h i n g  can  also be  ac- 
c o m p l i s h e d  i f  t h e  s idewal l  of  t h e  e t c h e d  fea ture  is 
pa s s iva t ed  to s u p p r e s s  la tera l  r e ac t i on  (10). S ince  the  
b a c k g r o u n d  p r e s s u r e  of  t h e  s y s t e m  was  a b o u t  1 x 10-'; 
torr,  t he  ra te  of  ox ide  f o r m a t i o n  was  less t h a n  one  mono-  
layer  pe r  second.  I n  th i s  s tudy ,  as t he  r e m o v a l  ra te  of  alu- 
m i n u m  was as h i g h  as 20 m o n o l a y e r s  pe r  second,  the  ob- 
s e rved  an i so t rop i c  e t c h i n g  c a n n o t  be  s imp ly  de sc r ibed  as 
the  r e su l t  of s idewal l  pa s s iva t i on  by  the  oxide.  I t  is con- 
ce ivab le  t h a t  t he  p h o t o r e s i s t  spec ies  s p u t t e r e d  by  the  ion 
b e a m  m i g h t  p ro t ec t  the  s idewal l  aga in s t  la teral  e t ch ing  as 
well. In  a s epa ra t e  RIE  s t u d y  of po lys i l i con  wi th  CI~ 
p lasma,  we f o u n d  t h a t  i t  was  more  diff icul t  to ach ieve  an  
an i so t rop ic  wal l  profi le  for the  wafe r  p a t t e r n e d  wi th  SiO~ 
m a s k  t h a n  t h a t  w i th  t he  p h o t o r e s i s t  mask .  

A n  SEM m i c r o g r a p h  of a typica l  e t c h e d  s a m p l e  wi th  1 
~ m  th i ck  a l u m i n u m  p a t t e r n e d  w i th  H P R  pho to r e s i s t s  is 
s h o w n  in Fig. 2. The  l i n e w i d t h  loss m e a s u r e d  by the  
Vicker ' s  image  s h e a r i n g  m i c r o s c o p e  is a b o u t  0.9 ~ m  due  
to the  e ros ion  of t he  r o u n d - s h a p e d  photores i s t .  The  h i g h  
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IBAE ON As WITH Cs 2 

Xe+O.75 mA/cm z 500eV 

Fig. 2. SEM cross section of the etched aluminum tester patterned 
with single-layer resist. 

r e so lu t i on  capab i l i t y  of  t h e  d i r ec t ed  ion  b e a m  is illus- 
t r a t ed  in  Fig. 3, w h e r e  an  a l u m i n u m  s a m p l e  p a t t e r n e d  
wi th  t r i level  res i s t  was  e t c h e d  by  IBAE.  The  s t r u c t u r e  
cons i s t s  of a 0.75 ~ m  wide  l ine  a n d  space  wi th  1.5 ~ m  
t h i c k  res is t  on  top  of 1 ~ m  t h i c k  a l u m i n u m .  The re  is no  
m e a s u r a b l e  l i n e w i d t h  loss a f te r  e t c h i n g  t h r o u g h  th i s  
h a r d - b a k e d ,  p l ana r i z ing  pho to res i s t .  

Effect of  reactive gas.--At  a x e n o n  ion  e n e r g y  of  500 eV 
a n d  t he  b e a m  c u r r e n t  dens i t y  of  0.75 mA/cm'-', t h e  a lumi-  
n u m  e t ch  ra te  was  s t ud i ed  as a f u n c t i o n  of CI., p res su re .  A 
s t rong  a t o m i c  a l u m i n u m  opt ical  e m i s s i o n  line,  396 n m  or 
309 nm,  was  m o n i t o r e d  d u r i n g  t h e  run.  As  in  reac t ive  ion  
e tch ing ,  th is  t ime  evo lu t ion  cu rve  d e t e r m i n e s  the  induc-  
t ion  p e r i o d  to c lear  t he  na t ive  ox ide  and  t he  end  po in t  of 
a l u m i n u m  e tch ing .  F i g u r e  4 shows  the  a l u m i n u m  e tch  
ra te  at  va r ious  CI~ b a c k g r o u n d  pressures .  E t c h  ra tes  u p  to 
2000 • /min  were  o b t a i n e d  at a CI~ p r e s s u r e  of 5 • 10 -4 
torr.  The  ion  c u r r e n t  d e n s i t y  m o n i t o r e d  by  t he  F a r a d a y  
cup  was on ly  i n c r e a s e d  by  10% af ter  t h a t  a m o u n t  of  CI=, 
was  i n t r o d u c e d  in to  t he  sys t em,  i n d i c a t i n g  some  
b a c k s t r e a m i n g  of  C12 in to  t he  ion  source .  P r e s s u r e s  a b o v e  
th is  l imi t  r e s u l t e d  in  an  u n s t a b l e  ion beam.  A local ized 
h i g h  f lux of  c h l o r i n e  gas was  o b t a i n e d  by  s u p p l y i n g  t h e  
gas  t h r o u g h  a 0.03 c m  d i a m  nozzle  a b o u t  2.5 c m  a b o v e  the  
wafer  at  a 45 ~ angle ,  wh i l e  a low b a c k g r o u n d  p r e s s u r e  was  
still m a i n t a i n e d  in the  c h a m b e r .  F i g u r e  5 i l lus t ra tes  t h e  
e tch  ra te  vs. gas flow t h r o u g h  t he  nozzle.  E t c h  ra tes  of 
4000 A/rain we re  d e m o n s t r a t e d  in th i s  conf igura t ion .  This  
ind ica tes  t h a t  t h e  s u p p l y  of t he  r eac t ive  gas is a rate- 

Fig. 3. SEM cross section of the etched aluminum tester patterned 
with trilevel resist. 
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Fig. 4. Aluminum etch rate vs. chlorine pressure 

d e t e r m i n i n g  s tep  in ion b e a m - a s s i s t e d  e t c h i n g  of  a lumi-  
num.  

Effect o f  the ion beam.--The effec t  of  t h e  ion  c u r r e n t  
d en s i t y  on  e t c h i n g  was i nves t i ga t ed  w i th  a f ixed ion  en- 
e rgy  of  500 eV a n d  a c o n s t a n t  Cl~ p r e s s u r e  of  4 x 10 -4 torr.  
F r o m  t h e  t i m e  evo lu t i on  cu rve  of A1 opt ica l  emiss ion ,  t he  
to ta l  e t ch  t i m e  can  be  d iv ided  in to  two  par ts ,  t he  induc-  
t ion  t i m e  for na t ive  ox ide  e t ch  a n d  t h e  real  e tch  t ime  for 
pu re  a l u m i n u m .  S ince  the  ma jo r  m e c h a n i s m  to c lear  t he  
ox ide  is by  phys i ca l  spu t t e r ing ,  i t  was  no t  su rp r i s ing  to 
f ind t h a t  the  i n d u c t i o n  t ime  was i n c r e a s e d  as t h e  ion  den-  
si ty was  decreased .  However ,  t h e  real  e t ch  ra te  for p u r e  
a l u m i n u m  was nea r ly  i n d e p e n d e n t  of  t h e  c u r r e n t  dens i ty  
in the  r a n g e  of  0.40-0.80 m A / c m  ~. (Note  t h a t  th i s  c u r r e n t  
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dens i t y  c o r r e s p o n d s  to an  ion  i m p a c t  ra te  of  2-4 ions pe r  
a l u m i n u m  a t o m  per  second.)  

E t c h  ra te  d e p e n d e n c e  on  ion e n e r g y  in the  r ange  of  
300-500 eV was m e a s u r e d  at a c u r r e n t  dens i t y  of 0.40 
m A / c m  2 a n d  a Cl~ p r e s s u r e  of  4 • 10 -4 torr.  Aga in  it  is inter-  
es t ing  to o b s e r v e  t h a t  the  e t ch  ra te  of  p u r e  a l u m i n u m  is 
i n sens i t i ve  to ion  ene rgy  in th i s  s tudy.  In  add i t ion ,  t he  
e tch  rate  of  a l u m i n u m  ass i s t ed  by  an  a rgon  ion is s imi lar  
to t h a t  a s s i s t ed  by  a x e n o n  ion in our  typ ica l  ope ra t ing  
condi t ion .  

I t  is wel l  e s t a b l i s h e d  (11) in  the  n o n r e a c t i v e  ion spu t -  
t e r ing  t h a t  t he  s p u t t e r i n g  ra te  i nc r ea se s  w i th  ion  ene rgy  
ini t ia l ly  and  t h e n  r eaches  a p la t eau  a r o u n d  1-5 keV. A re- 
cen t  r e p o r t  (12) o n  t he  reac t ive  ion b e a m  e t c h i n g  of  a lumi-  
n u m  s h o w e d  t h a t  t he  e t ch  ra te  i nc r ea se s  rap id ly  w i th  en- 
ergy in t he  r a n g e  of 300-600 eV a n d  s ta r t s  r e a c h i n g  a 
p l a t eau  a f te r  600 eV. Our  o b s e r v a t i o n  tt~at e t ch  ra te  is a 
w e a k  func t i on  of  ion  e n e r g y  f rom 300 to 500 eV in t he  ion- 
ass i s ted  e t ch ing  of a l u m i n u m  m a y  i m p l y  t h a t  300 eV is in  
the  p la t eau  reg ion  of t h e  s p u t t e r i n g  yie ld  curve.  F u t u r e  
i nves t iga t ion  to e x t e n d  t he  ion  b e a m  capab i l i ty  to t h e  
lower  ene rgy  s ide will  p r o v i d e  m o r e  in fo rma t ion .  

Reaction probability.--The c o m p o s i t i o n  of t he  e t ch ing  
spec ies  in  t he  I B A E  conf igura t ion  can  b e  accu ra t e ly  mea-  
sured.  C o n s i d e r e d  in  th is  s t u d y  are t he  f lux of  t he  x e n o n  
ion a n d  ch lo r ine  molecu le .  T he  ac tua l  e t ch  ra te  c an  b e  ob- 
t a i n e d  f rom the  e m i s s i o n  i n t ens i t y - t ime  curve.  F o r  a n  ion  
ene rgy  of  500 eV, a c u r r e n t  dens i ty  of  0.4 m A / c m  2, a n d  a 
CI~ p r e s s u r e  of 4 • 10 -~ torr,  t he  a l u m i n u m  r e m o v a l  ra te  is 
12 m o n o l a y e r s  pe r  second.  While  in  t he  a b s e n c e  of t he  re- 
ac t ive  gas, C12, t he  phys ica l  s p u t t e r i n g  yield was  mea-  
su red  to be  0.5 a tom/ ion .  F r o m  t he  C12 p r e s s u r e  w h i c h  was  
m e a s u r e d  by  a c apac i t ance  m a n o m e t e r  w i t h  an  accuracy  
of _+ 5 x 10 -5 torr ,  we can  e s t ima te  t he  col l is ion ra te  be- 
t w e e n  Cl~ a n d  a l u m i n u m  subs t ra t e ,  a n d  s u b s e q u e n t l y  de- 
r ive t he  r eac t ion  p r o b a b i l i t y  for AI~C16 format ion .  The  re- 
su l t  is (23 _+ 3)% in  th i s  I B A E  s tudy.  S imi la r  va lue  is 
e s t i m a t e d  f rom Ref. (9), in  w h i c h  CI~ f lux was  low (1/20 of  
t h a t  in  th i s  work) ,  b u t  the  ra te  was  i n d e p e n d e n t  of  t he  ion 
b o m b a r d m e n t  energy.  However ,  it was  r e p o r t e d  recen t ly  
(13) t h a t  w i t h o u t  ion  b o m b a r d m e n t  t h e  r eac t ion  p robab i l -  
i ty in  t he  s a m e  low flux cond i t i on  was  only  a few per-  
cent .  The  d i s c r e p a n c y  a m o n g  t h e s e  da ta  w a r r a n t s  the  
n e e d  of  f u r t h e r  inves t iga t ion .  

Conclusion 
A n  ine r t  gas  ion b e a m  coup l ed  w i th  a reac t ive  gas, CI~, 

was  app l i ed  to i nves t i ga t e  i ts e t c h i n g  b e h a v i o r  on  pat-  

t e r n e d  a l u m i n u m .  E x t r e m e l y  h igh  reso lu t ion ,  an i so t rop ic  
e t ch ing  of t he  a l u m i n u m  p a t t e r n e d  w i th  t r i level  res i s t  was  
accompl i shed .  A n  e tch  ra te  of  2000 ~ / m i n  has  b e e n  
rou t i ne ly  ach ieved .  A h i g h  e t ch  rate ,  4000 s  was  
d e m o n s t r a t e d  w h e n  a nozzle  j e t  was  e m p l o y e d  to s u p p l y  
t he  reac t ive  gas. As a r e su l t  of  t he  co l l ima ted  n a t u r e  of t he  
ion beam,  fea tu res  wi th  a h i g h  a spec t  ra t io  (0.75 t~m wide,  
2.5 ~ m  deep)  we re  e tched .  

The  e t ch  ra te  of  a l u m i n u m  was  f o u n d  to be  i n d e p e n -  
d e n t  of  t h e  ion  e n e r g y  a n d  c u r r e n t  dens i ty ,  in  t he  reg ion  
of 300-500 eV a n d  0.4-0.8 m A / c m  ~, respec t ive ly .  However ,  
it was  s h o w n  t h a t  t he  a l u m i n u m  e t ch  ra te  was  i nc r ea sed  
b y  i n c r e a s i n g  t he  C12 pressure .  Final ly,  t he  r eac t ion  p roba-  
bi l i ty  for  A1C13 f o r m a t i o n  was  e s t i m a t e d  to be  23%. 
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A B S T R A C T  

P l a s m a - e n h a n c e d  c h e m i c a l  v a p o r - d e p o s i t e d  (PECVD) s i l icon  ox ide  f i lms were  p r e p a r e d  by  t he  r eac t i on  of Sill4 a n d  
02. The  d e p o s i t i o n  ra te  as a f u n c t i o n  of  O~ flow rate,  RF  power ,  a n d  to ta l  p r e s s u r e  was  ob ta ined .  The  film c o m p o s i t i o n  
a n d  p r o p e r t i e s  for s am p l e s  d e p o s i t e d  w i t h  d i f fe ren t  O2 flow ra tes  were  m e a s u r e d .  St- r ich fi lms were  o b t a i n e d  for the  
d e p o s i t i o n  w i t h  O2:SiH4 flow ra te  ra t io  of  < 3.5. The  re f rac t ive  i n d e x  i n c r e a s e d  a n d  film t h i c k n e s s  d e c r e a s e d  af ter  
s amp le s  were  annea led .  E t c h  ra te  in  a so lu t ion  c o n t a i n i n g  t en  pa r t s  of a m m o n i u m  f luor ide  a n d  one  pa r t  hydrof luor i c  
acid (10:1 BHF)  a n d  re f rac t ive  i n d e x  d e c r e a s e d  b y  i n c r e a s i n g  t he  Si:O rat io in  samples .  The  S i l l ,  b o n d s  were  f o u n d  for  
all S t - r ich  fi lms. B o t h  St-OH a n d  H-OH b o n d s  were  o b s e r v e d  for all s amples .  The  p h a s e s  St, SIO2, a n d  SiOx were  
f o u n d  for St - r ich  films. At  a c o n s t a n t  field, t he  fi lm c o n d u c t i v i t y  i n c r e a s e d  w i t h  i n c r e a s i n g  Si:O ratio. E v i d e n c e  of 
e l ec t ron  t r aps  was  o b s e r v e d  for  P E C V D  SiO~ a n d  St - r ich  Si-O fi lms.  

The  P E C V D  t e c h n i q u e  is wide ly  u s e d  in the  semicon-  
d u c t o r  i n d u s t r y  for t he  depos i t i on  of  i no rgan i c  t h i n  fi lms 
(1). The  a d v a n t a g e s  of th i s  p roces s  are good  s tep  coverage  
and  low d e p o s i t i o n  t e m p e r a t u r e .  T he  s u b s t r a t e  t e m p e r a -  
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ture ,  RF  power ,  rat io  of r e a c t a n t  gases,  a n d  to ta l  gas pres-  
sure  are t he  cr i t ica l  depos i t i on  p a r a m e t e r s  w h i c h  will  af- 
fect  t he  c o m p o s i t i o n  a n d  p r o p e r t i e s  of t h e  P E C V D  film 
(2, 3). 

P E C V D  s i l icon ox ide  can  be  p r o d u c e d  by  t he  r eac t ion  
of s i lane  gas Sill4 w i th  an  oxidizer ,  s u c h  as O2, N20, COx, 
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etc. (4, 5). The ratio of Sill4 to oxidizer that forms a stoi- 
chiometric PECVD SiO., film depends on the dissocia- 
tion energy of the oxidizer gas. The preparation and prop- 
erties of stoichiometric PECVD SiO2 films have been 
reported by many authors (4-9). The physical properties 
of s l ight ly  o f f - s to ich iomet r i c  P E C V D  SiO~ fi lms (1.5 < x 
< 2) also h a v e  b e e n  r e p o r t e d  (10). T h e  d e p o s i t i o n  a n d  
p r o p e r t i e s  of  P E C V D  SiO~ a n d  St - r ich  SiO~ films, u s i n g  
Sill4 a n d  02 as r e a c t a n t  gases,  h a v e  n o t  b e e n  repor ted .  

Recent ly ,  t h e  St - r ich  ox ide  film (i.e., t h e  so~called semi-  
i n s u l a t i n g  po lyc rys t a l l i ne  si l icon,  SIPOS) ,  w h i c h  was  de- 
pos i t ed  by  t he  c o n v e n t i o n a l  c h e m i c a l  v a p o r  d e p o s i t i o n  
(CVD) or low p r e s s u r e  c h e m i c a l  v a p o r  depos i t i on  
(LPCVD) m e t h o d s ,  has  b e e n  r e p o r t e d  to be  an  exce l l en t  
ma te r i a l  for  t he  pa s s i va t i on  of  h igh  field t r an s i s t o r s  (10). 
The  f o r m a t i o n  a n d  p rope r t i e s  of  CVD or L P C V D  St-r ich 
ox ide  h a v e  also b e e n  s t u d i e d  i n t e n s i v e l y  by  m a n y  a u t h o r s  
(11-14). 

The  p u r p o s e  of  our  w o r k  was  to s t u d y  a n d  u n d e r s t a n d  
t he  r e l a t i o n s h i p  b e t w e e n  t h e  fi lm c o m p o s i t i o n  a n d  prop-  
er t ies  of P E C V D  SiO~ a n d  St - r ich  P E C V D  SiOx f i lms 
(0.48 < x < 2) as a f u n c t i o n  of  d e p o s i t i o n  pa r am e te r s .  In  
th i s  paper ,  t he  d e p o s i t i o n  ra te  as a f u n c t i o n  of  O2 flow 
rate,  R F  power ,  a n d  to ta l  p r e s s u r e  is r epor ted .  The  f i lm 
c o m p o s i t i o n  a n d  phys i ca l  a n d  e lec t r ica l  p r o p e r t i e s  for  
s a m p l e s  d e p o s i t e d  w i t h  d i f fe ren t  O~ flow ra tes  w e r e  mea-  
s u r e d  a n d  re l a t ed  to t he  Si:O ra t io  in  films. 

Exper imenta l  
P E C V D  s i l icon  ox ide  fi lm was  d e p o s i t e d  in a L F E  

Mode l  301 reactor .  T he  s y s t e m  was  d e s c r i b e d  in detai l  in  
Ref. (3). The  r e a c t a n t  gases  were  S i I~  (1.5% in  Ar) a n d  O2 
(1% in Ar). The  RF  f r e q u e n c y  was  13.562 MHz. Af te r  t he  
p r e s su re  was  r e d u c e d  to a b o u t  20 mtor r ,  t h e  c h a m b e r  was  
backf i l led  w i th  r e a c t a n t  gases. The  SiH~ gas flow ra te  
was  m a i n t a i n e d  a t  0.3 sccm,  a n d  s a m p l e s  w i t h  d i f fe rent  
c o m p o s i t i o n s  w e r e  o b t a i n e d  b y  v a r y i n g  t he  O.~ f low rate.  
E x c e p t  for  t h e  r e su l t s  of  d e p o s i t i o n  ra t e  as a f u n c t i o n  of  
d e p o s i t i o n  cond i t i ons ,  all  da ta  r e p o r t e d  in  th i s  p a p e r  are  
for  s a m p l e s  d e p o s i t e d  at  a t e m p e r a t u r e  of  350~ wi th  a 
p o w e r  of  50W a n d  a to ta l  p r e s s u r e  of  1.5 torr.  

The  St, O, N, a n d  C c o n c e n t r a t i o n s  in  t he  P E C V D  sam- 
ples  were  ana lyzed  u s i n g  an  e l ec t ron  m i c r o p r o b e  a n d  Au- 
ger  e l ec t ron  s p e c t r o s c o p y  (AES). A n  - 8 0 0  n m  th i ck  fi lm 
was  u sed  for  e l e c t r o n  m i c r o p r o b e  analys is .  A t h i c k  (N700 
nm)  t h e r m a l  SiO._, fi lm was u s e d  as t he  s t a n d a r d  to deter -  
m i n e  the  Si a n d  O concen t r a t i ons .  A t h i n  layer  of c a r b o n  
was  d e p o s i t e d  s i m u l t a n e o u s l y  on  t he  s t a n d a r d  a n d  t he  
u n k n o w n  to r e d u c e  c h a r g i n g  effects.  B o t h  the  s t a n d a r d  
a n d  t he  u n k n o w n  were  p e a k e d  d u r i n g  all m e a s u r e m e n t s .  
The  Si Ks a n d  O K~ x-ray i n t ens i t i e s  were  o b s e r v e d  for  
40s c o u n t i n g  t ime.  B y  u s i n g  t he  M A G I C  IV c o m p u t e r  pro- 
g r a m  (15), t h e  ave rage  row c o u n t s  for  at  leas t  s ix po in t s  
were  co r rec t ed  a n d  c o n v e r t e d  in to  a t o m i c  percen t .  A 
s c a n n i n g  A u g e r  m i c r o s c o p e  was  u s e d  to ana lyze  t h e  - 5 0  
n m  th i ck  films. Th e  p r i m a r y  e l e c t r o n - b e a m  vol tage  was  5 
kV, a n d  t he  b e a m  c u r r e n t  was  1 ~A. T h i n  t h e r m a l  SIO2, 
L P C V D  Si3N4 (n = 2.01), a n d  e v a p o r a t e d  c a r b o n  fi lms 
were  u sed  as t he  s t a n d a r d s  for  d e t e r m i n i n g  t he  St, O, N, 
a n d  C c o n c e n t r a t i o n s ,  respect ively .  

For  t h i c k  s a m p l e s  of a b o u t  800 n m  deos i t ed  on  bare  St, 
t he  i n f r a red  (IR) spec t r a  were  t a k e n  on  a Fou r i e r  t r ans -  
f o rm  infrared (FTIR) spectrometer. For all measurements, 
the total number of scans was set at 200, and the resolu- 
tion was 4 cm-' for all measurements. 

The refractive index and the relative film thickness, 
before and after annealing, were measured using an auto- 
matic ellipsometer (k = 632.8 nm). The etch rates in I0:i 
BHF at room temperature were measured for both the as- 
deposited and annealed samples. In this study, all anneal- 
ing was done at I000~ in N2 for 30 min. The film density 
was obtained by measuring the weight:volume ratio for a 
film about 800 nm thick. This film thickness was deter- 
mined by using a Talystep. 

Samples for transmission electron microscope (TEM) 
studies were prepared by etching from the back side of 
the silicon wafer with a nitric-hydrofluoric acid solution. 

The  s amp le s  we re  t h e n  e x a m i n e d  w i t h  t he  e l ec t ron  b e a m  
n o r m a l  to the  su r face  p l a n e  w i th  a T E M  ope ra t ed  at  120 
kV. 

I n t e g r a t e d  A u g e r  spec t ra  a n d  x-ray p h o t o e l e c t r o n  spec-  
t r o s c o p y  (XPS)  da ta  were  t a k e n  in a doub l e -pa s s  CMA. 
The  p r i m a r y  e l e c t r o n - b e a m  vol tage  was 5 k V  a n d  t he  
b e a m  c u r r e n t  was  0.5 ~A. The  x-ray u s e d  was  t he  Mg Ks 
l ine  of  1253.6 eV. 

I-V da ta  we re  m e a s u r e d  by  u s i n g  a p i c o a m p e r e  meter .  
C u r r e n t  was  m e a s u r e d  3s af te r  a s t ep  vo l t age  was  appl ied.  
A vo l tage  sou rce  w i th  l inea r  r a m p i n g  ra te  of 20 V/s was  
u sed  for the  m e a s u r e m e n t s  of d ie lec t r ic  b r e a k d o w n  volt-  
age, w h i c h  was def ined  as the  app l i ed  vo l tage  t h a t  i n -  
d u c e d  a c u r r e n t  dens i t y  of 5 • 10 -4 AJcm ~ t h r o u g h  t he  
film. 

Results and Discussion 
As s h o w n  in Fig. 1, t he  depos i t i on  ra te  i nc r ea sed  rap- 

idly f rom 17.5 to 38.5 n m / m i n  as 02 flow ra te  (R) in- 
c reased  f rom 0.5 to 1.25 sccm.  I t  also i n c r e a s e d  s lowly for 
R > 1.25 sccm.  Th i s  can  b e  e x p l a i n e d  b y  t he  s t rong  chem-  
ical r eac t ion  b e t w e e n  Si a n d  O radicals .  The  inc rease  in O 
rad ica l  c o n c e n t r a t i o n  will  e n h a n c e  r eac t i on  at  t he  sur face  
and]or  in  the  p l a s m a  due  to t he  f o r m a t i o n  of Si-O bonds .  
W h e n  t he  d e p o s i t e d  film is c lose to t he  s t o i c h i o m e t r y  of  
SIO2, t he  e n h a n c e m e n t  of  th i s  r eac t i on  at  the  sur face  will 
be  r e d u c e d  a n d  t he  depos i t i on  rate  will  t e n d  to level  off. 
The  da ta  in  Fig. 1 a n d  the  fi lm c o m p o s i t i o n  as a func t ion  
of 02 f low ra te  (Fig. 3) s u p p o r t  th i s  exp lana t ion .  The  de- 
p e n d e n c e  of  d e p o s i t i o n  rate  on  RF  p o w e r  and  to ta l  pres-  
sure  is s h o w n  in Fig. 2. The  i nc r ea se  of  RF  power  in- 
c r eased  t h e  e l ec t ron  t e m p e r a t u r e ,  w h i c h  re su l t s  in 
i n c r e a s e d  c o n c e n t r a t i o n s  of r eac t an t  rad ica l s  a n d  in  t u r n  
inc reases  the  d e p o s i t i o n  rate. The  i nc r ea se  in to ta l  pres-  
sure  inc reases  t he  c o n c e n t r a t i o n s  of r e a c t a n t  gases,  bu t  
dec reases  t h e  e l ec t ron  t e m p e r a t u r e .  The  d e p o s i t i o n  rate  
i n c r e a s e d  w i t h  i n c r e a s i n g  to ta l  p re s su re ,  i n d i c a t i n g  t h a t  
t he  c o n c e n t r a t i o n s  of  r e a c t a n t  rad ica l s  i n c r e a s e d  w i th  in- 
c reas ing  to ta l  p ressure .  The  d e v i a t i o n  of film t h i c k n e s s  
across  the  wafer  was  f o u n d  to be  w i t h i n  8% for s amp le s  
depos i t ed  w i th  a RF  p o w e r  of 50W a n d  a to ta l  p r e s s u r e  of 
1.5 torr.  For  o the r  d e p o s i t i o n  cond i t ions ,  t he  dev ia t ion  
was f o u n d  to be  w i t h i n  15%. F r o m  da ta  s h o w n  in Fig. 1 
a n d  Fig. 2, i t  is c lear  t h a t  t he  des i r ed  d e p o s i t i o n  ra te  c an  
be  o b t a i n e d  by  u s i n g  a p r o p e r  c o m b i n a t i o n  of  O~ flow 
rate,  R F  power ,  a n d  to ta l  p ressure .  
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Fig. 2. Deposition rate of PECVD silicon oxide as a function of RF 
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The  Si a n d  O c o n c e n t r a t i o n s  in t he  layer  as a f unc t i on  
of 02 gas  flow ra te  (R) are p lo t t ed  in Fig. 3. T he  20- devia-  
t ion  of  t he  da ta  is - 0 . 4  a t o m  p e r c e n t  (a/o) for o x y g e n  and  
-0 .7  a/o for si l icon.  Wi th in  e x p e r i m e n t a l  error ,  t he  Si a n d  
O c o n c e n t r a t i o n s  for  b o t h  a s -depos i t ed  a n d  a n n e a l e d  sam- 
ples  were  f o u n d  to be  ident ical .  F r o m  Fig. 3, i t  is o b s e r v e d  
t h a t  the  Si a n d  O c o n c e n t r a t i o n s  c h a n g e  s igni f icant ly  for 
R < 1 s c c m  (O~:SiH4 < 3.3), a n d  a p p r o a c h  t h e  s to i ch iomet -  
ric va lues  (St = 33.3 a/o, O = 66.7 a/o) for  R > 1 sccm.  Th i s  
i nd ica t e s  t h a t  a s t o i ch iome t r i c  P E C V D  SiO~ film can  b e  
o b t a i n e d  by  u s i n g  Sill4 a n d  O2 as r e a c t a n t  gases.  F i lms  de- 
pos i t ed  on  Al -coa ted  wafers  were  also analyzed.  No evi- 
d e n c e  of  A1 s ignal  was  c]etected, i m p l y i n g  t h a t  the  pene-  
t r a t i ng  d e p t h  of  t he  i n c i d e n t  b e a m  is less t h a n  t he  film 
th i ckness .  This  e v i d e n c e  also ind ica t e s  t h a t  t he  o b s e r v e d  
Si c o n c e n t r a t i o n  r e su l t ed  en t i re ly  f rom d e p o s i t e d  mate-  
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Fig. 3. Si and O atomic percent as o function of the O2 gas flow 
rate (R) for both as-deposited and annealed PECVD silicon oxide 
films. 

rial. Because  of h i g h  b a c k g r o u n d  noise ,  n i t r ogen  was  not  
de t ec t ab l e  in  any  of t h e  s amp le s  by  e l ec t ron  m i c r o p r o b e  
analysis .  

A u g e r  ana lys i s  for  t h i n  films, w h i c h  were  depos i t ed  un-  
de r  t he  s a m e  c o n d i t i o n s  as t hose  for t h i c k  films, s h o w e d  
tha t  the  n i t r ogen  a n d  c a r b o n  c o n c e n t r a t i o n s  are - 1  a/o for 
all St - r ich s a m p l e s  and  are u n d e t e c t a b l e  (< 0.1 a/o) in  t he  
P E C V D  SiO~ samples .  B e c a u s e  t h e  c h e m i c a l  r eac t ion  be- 
t w e e n  Si a n d  O is s t r o n g e r  t h a n  t h a t  b e t w e e n  Si a n d  N or 
Si a n d  C, t h e  o b s e r v a t i o n  of  less  c o n t a m i n a t i o n  in  t he  
s t o i ch iome t r i c  SiO.~ film, w h i c h  was  d e p o s i t e d  w i t h  a 
h i g h  O~ gas flow rate,  is expec ted .  A u g e r  d e p t h  prof i l ing  
da ta  for  t h i n  s a m p l e s  s h o w e d  t h a t  the  film c o m p o s i t i o n  
as a f u n c t i o n  of  d e p t h  is un i fo rm.  The  o x y g e n  concen t ra -  
t ion  o b t a i n e d  b y  A u g e r  ana lys i s  agrees  w i t h  t h a t  o b t a i n e d  
by  e l ec t ron  m i c r o p r o b e  analys is  w i t h i n  1.7 a]o. 

The  IR  t r a n s m i s s i o n  spect ra ,  r a n g i n g  f rom 400 to 4000 
c m - ' ,  we re  o b t a i n e d  for all samples .  Typica l  spec t ra  for a 
St- r ich s a m p l e  (Si:O = 1.19) are s h o w n  in Fig. 4. The  O-H 
(3600-3400 cm-~),  Si-H (2250-2120 cm-I) ,  a n d  Si-O ( -  1053 
c m - ' )  b o n d s  we re  c lear ly  o b s e r v e d  in  t he  as -depos i t ed  
sample .  No Si-H a n d  O-H b o n d s  we re  f o u n d  in  the  an- 
n e a l e d  sample .  The  wave  n u m b e r  of t he  m a i n  Si-O 
s t r e t c h i n g  b o n d  was  f o u n d  to b e  - 1080 c m - '  for the  
P E C V D  SiO., film, a n d  b e t w e e n  1045 a n d  1060 c m - '  for  
the  P E C V D  St- r ich  films. Af te r  annea l ing ,  the  wave  n u m -  
be r  of the  Si-O b o n d  was  f o u n d  to i nc r ea se  to - 1095 cm -1 
for all samples .  Fo r  P E C V D  SIO2, the  o the r  Si-O 
s t r e t c h i n g  b o n d  was  f o u n d  to dec rea se  f rom 820 to 810 
c m - '  a n d  t h e  s y m m e t r i c  O-Si-O b o n d  was  f o u n d  to in- 
c rease  f rom 450 to 465 c m - '  a f te r  annea l ing .  The  full 
w i d t h  at  h a l f  m a x i m u m  (FWHM) of t he  Si-O s t r e t c h i n g  
b o n d  was  f o u n d  to be  - 100 c m - '  for P E C V D  SiO2 a n d  
b e t w e e n  120 a n d  150 c m - '  for t h e  P E C V D  St-r ich sample .  
Af ter  annea l ing ,  t he  F W H M  value  was  r e d u c e d  b y  a b o u t  
10-30 c m - ' .  C o m p a r e d  w i th  r e su l t s  for t h e r m a l  SiO2 (16) 
a n d  CVD St - r ich  SiOr  (17), we  f o u n d  t h a t  t he  wave  n u m -  
be r  of Si-O s t r e t c h i n g  b o n d s  was  lower ,  t h e  F W H M  va lue  
was  larger ,  a n d  t h e  c h a n g e  in  b o t h  w a v e  n u m b e r  a n d  
F W H M  value  u p o n  a n n e a l i n g  was  l a rger  for  P E C V D  Si-O 
films. The  c h a n g e  in deg ree  of  oxygen  def ic iency,  film 
dens i ty ,  and /or  s t r a in  in  mate r ia l s  will  r e su l t  in a shi f t  in  
IR s t r e t c h i n g  b o n d s .  The  p r e s e n c e  of  l a rger  a m o u n t s  of  
h y d r o g e n  in P E C V D  oxide  f i lms will r e su l t  in  oxygen  
def ic iency  a n d  lower  fi lm densi ty .  The  wave  n u m b e r  
and  F W H M  va lues  before  a n d  af te r  a n n e a l i n g  are  l i s ted  in 
Table  I. 

Typica l  IR spec t r a  f rom 1700 to 4000 c m - '  for t h r e e  St- 
r i ch  s a m p l e s  of d i f fe ren t  Si:O rat ios  are s h o w n  in Fig. 5. 
Two peaks  in t he  Si-H s t r e t c h i n g  reg ion  are  clear ly ob- 
served.  The  h i g h  wave  n u m b e r  peak  is at  2250 c m - '  a n d  
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Fig. 4. Typical IR transmission spectra from 4 0 0  to 4 0 0 0  cm -1 for 

sample with Si:O = 1 . ]9 .  
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Table I. Wave number (v) and the full width at half maximum (FWHM) of 
the Si-O bond, and the ratio of the Si atomic percent to 0 atomic percent 

for samples at different 05 gas flow rates (R) 

R v v ~ FWHM FWHM a 
(sccm) Si:O (cm -~) (cm -~) (cm -~) (cm-')  

3 0.5 1078 1096 103 89 
1 0.53 1076 1092 102 87 
0.7 0.8 1057 1096 120 112 
0.6 1.19 1053 1096 150 125 
0.5 2.05 1046 1101 154 123 

a Annealed films. 

is a t t r i b u t e d  to t he  Si-H g roup  in  a m o r p h o u s  SiO~ 
(a-SiO2). This  p e a k  is c lose to t he  Sill2 p e a k  w i th  two  oxy- 
gens  b o n d e d  to t he  Si a t o m  as r e p o r t e d  b y  L u c o v s k y  (18). 
The  low w a v e  n u m b e r  p e a k  was  f o u n d  to sh i f t  f r om 2150 
to 2120 c m  - '  as t h e  Si:O rat io i n c r e a s e d  f rom 0.8 to 2.05. 
This  p e a k  is a t t r i b u t e d  to t he  Si-H g r o u p  in  a m o r p h o u s  Si 
(a-Si). C o m p a r e d  to t he  r e su l t s  of B r o d s k y  et al. (19) on  
a-Si d e p o s i t e d  b y  t he  glow d i s cha rge  m e t h o d  one  f inds  
t h a t  t he  c a n d i d a t e s  a t t r i b u t e d  to t h e s e  p e a k s  are  SiHa a n d  
Sill2. The  rat io  of  t h e  i n t e n s i t y  of  t h e  low wave  n u m b e r  
p e a k  to t h a t  of  t he  h i g h  w a v e  n u m b e r  p e a k  was  f o u n d  to 
i nc r ea se  f rom 0.6 to 1.2 w i th  i n c r e a s i n g  Si:O ratio. T h e s e  
r e su l t s  also s u g g e s t  t h a t  t he  h i g h  a n d  low wave  n u m b e r  
p e a k  s h o u l d  be  a t t r i b u t e d  to t he  Si-H g r o u p  in a-SiO2 a n d  
a-Si, r e spec t ive ly .  This  o b s e r v a t i o n  of  SiH~ (x = 2 or 3) in  
t he  d e p o s i t e d  f i lms sugges t s  t h e  d e p o s i t i o n  of  ma jo r  radi-  
cals in  SiI-L p l a s m a  (SiH:~ or  SiH~). Two peaks  we re  also 
c lear ly  o b s e r v e d  in  t he  O-H region.  Fo l l owing  t he  r e su l t s  
of P l i sk in  (16), t he  p e a k  at  3640 c m - '  was  a t t r i b u t e d  to t he  
Si-OH b o n d  a n d  t h e  p e a k  at  3400 c m - '  was  a t t r i b u t e d  to 
H-OH. The  in t ens i t i e s  pe r  m i c r o m e t e r  of t h e  Si-H a n d  
O-H b o n d s  for  all s a m p l e s  are s h o w n  in  Fig.6. The  re la t ive  
c o n c e n t r a t i o n s  of Si-H a n d  O-H b o n d s  f rom s a m p l e  to 
s a m p l e  can  be  o b t a i n e d  b y  c o m p a r i n g  t he  re la t ive  opt ica l  
densi t ies .  

As r e p o r t e d  by  B r o d s k y  et al. (19), t he  c o n c e n t r a t i o n  of 
Si-H b o n d s  (N) can  b e  w r i t t e n  as 

N = (1 + 2era 2) (em) I1'-' N A f a(~) 
doJ [1] 

9era (F/~:) J o~ 

w h e r e  em is t he  d ie lec t r ic  c o n s t a n t  of  t he  mat r ix ,  NA is 
A v o g a d r o ' s  n u m b e r ,  F is t h e  a b s o r p t i o n  s t r e n g t h  of  t h e  
Si-H b o n d  (cm2/m-mol)  a n d  ~ is t he  n u m b e r  of  S i l l ,  b o n d s  
c o n t r i b u t i n g  to t he  a b s o r p t i o n  process .  T he  va lue  of (F/~) 
was  r e p o r t e d  (19) to b e  nea r ly  equa l  to 3.5 for all S i l l ,  
g roups .  B y  u s i n g  Eq. [1], t he  Si-H c o n c e n t r a t i o n s  in  t he  
a-SiO2 a n d  a-Si ma t r i ce s  we re  f o u n d  to be  a b o u t  3.4 x 105' 
a n d  7 • 10'-" c m  -3, respec t ive ly ,  for t he  s a m p l e  w i th  Si:O 

Si lO = 0.8 

S i lO  = 1.19 

S i lO  = 2 . 0 5 ~ ~ ~ ' ~ t  ~ ' = ~  

I I I I [ I 
4000  3700 3400 2600  2200 1700 

W a v e  N u m b e r  ( c m -  1) 

Fig. 5. IR transmission spectra from 1700 to 4000 crn -~ for three 
samples with different film compositions. 
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= 2.1. T h e s e  va lues  were  f o u n d  to be  at  leas t  100 t imes  
la rger  t h a n  t h a t  for CVD Si-r ich ox ides  r e p o r t e d  by  
H a r t s t e i n  et al. (20). 

P l i sk in  (16) s h o w e d  t h a t  t he  c o n c e n t r a t i o n s  of  Si-OH 
a n d  H-OH b o n d s  can  be  wr i t t en  as 

W = ( - 1 4 A  + 89B)(2.2/p) [2] 

S = (179A - 41B)(2.2/p) [3] 

w h e r e  W is t he  w e i g h t  of  H-OH ( inc lud ing  H20 in t he  eas- 
ily r e m o v e d  si lanol)  a n d  S is t he  a t o m  p e r c e n t  of  OH as 
silanol.  A a n d  B are t he  opt ica l  d e n s i t y  pe r  m i c r o m e t e r  for 
t he  Si-OH a n d  H-OH b o n d s ,  r espec t ive ly ,  a n d  p is t he  
fi lm dens i ty .  F r o m  Eq.  [2] a n d  [3], a n d  t he  m e a s u r e d  film 
dens i ty  l i s ted  in  T a b l e  II, t h e  c o n c e n t r a t i o n s  of  H-OH a n d  
Si-OH b o n d s  for  t h e  s a m p l e  w i th  Si:O = 1.19 we re  f o u n d  
to be  9.8 x 10'" a n d  4.9 • 1050 c m  -'~, respec t ive ly .  These  
va lues  also we re  f o u n d  to be  a b o u t  100 t i m e s  l a rger  t h a n  
t h a t  for  the  CVD Si- r ich  ox ide  (20). A n  inc rease  in deposi-  
t i on  t e m p e r a t u r e  or RF  p o w e r  will r e d u c e  t he  a m o u n t  of  
h y d r o g e n  in  a s -depos i t ed  films. 

C o m p a r i n g  t he  IR  t r a n s m i s s i o n  spec t ra  for d i f fe ren t  
film t h i c k n e s s ,  one  f inds  t ha t  Si-H a n d  O-H b o n d s  were  
clear ly o b s e r v e d  in t h i c k  s a m p l e s  ( - 8 0 0  nrn), b u t  were  no t  
d e t e c t e d  in t h i n  (50 rim) samples .  S ince  the  in tens i t i e s  of  
the  Si-H a n d  O-H b o n d s  d e p e n d  on  the  film th i ckness ,  
t he  Si-H a n d  O-H b o n d s  m u s t  ex i s t  in t he  b u l k  of  t h e  fi lm 
and  are  no t  a p r o p e r t y  of  t he  fi lm surface.  

Table II. Deposition rate (r) and film density (p) as a function of different 
02 gas flow rates (R) for PECVD silicon oxide deposited at temperature of 

350~ with RF power of 50W, and total pressure of 1.5 torr 

R v p pa 
(sccm) (nrn/min) (g/cm .~) (g/cm 3) 

3 41.2 2.09 2.22 
1 36.5 2.07 2.24 
0.7 25.3 2.07 2.26 
0.6 20.8 2.02 2.28 
0.5 17.5 1.98 2.30 

"Annealed films. 
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film thickness (dAM) as a function of Si:O ratios. 

The  ref rac t ive  i n d e x  (n) of a s -depos i t ed  and  a n n e a l e d  
s a m p l e s  a n d  t h e  re la t ive  fi lm t h i c k n e s s  (dA/d) as a func-  
t ion  of  t he  Si:O rat io are s h o w n  in Fig. 7. The  quan t i t i e s  d 
a n d  dA are the  fi lm t h i c k n e s s e s  be fo re  and  af te r  annea l -  
ing, respec t ive ly .  F r o m  this  figure, it is c lear  t h a t  dA/d de- 
creases  w i th  i n c r e a s i n g  Si:O ratio. B e c a u s e  c o n t a m i n a t i o n  
in the  Si- r ich fi lms is only  1.0 a]o, a n d  t he  ref rac t ive  in- 
dex  of  the  CVD Si:~N4 film is on ly  2.01, t he  o b s e r v a t i o n  of 
a h i g h e r  n va lue  for  h i g h e r  Si:O ra t ios  is be l i eved  to be  
due  m a i n l y  to t he  p r e s e n c e  of  excess  Si in  t he  Si- r ich 
samples .  The  re f rac t ive  i n d e x  was  also f o u n d  to inc rease  
af ter  annea l ing .  T h e  inc rease  in fi lm d e n s i t y  af te r  annea l -  
ing  cou ld  b e  r e s p o n s i b l e  for th i s  resul t .  The  b e h a v i o r  of  
t he  d e n s e r  film h a v i n g  a h i g h e r  re f rac t ive  i n d e x  was  also 
r e p o r t e d  in t h e  l i t e ra tu re  (5, 16). 

C o m p a r i n g  t he  d i f fe rence  in re f rac t ive  i n d e x  (An) be- 
fore a n d  af te r  annea l ing ,  one  f inds  t h a t  hn  of  t he  Si- r ich 
s a m p l e  is l a rger  t h a n  t h a t  of  P E C V D  SiO~. The  dA/d 
va lues  for all s a m p l e s  we re  f o u n d  to be  less t h a n  0.93, 
w h i c h  also impl i e s  a dens i fy ing  effect  af ter  annea l ing .  
The  o b s e r v a t i o n  of a l a rge r  h n  va lue  a n d  smal le r  dA/d 
va lue  for  Si - r ich  samples  s t rong ly  sugges t s  t ha t  t h e  
c h a n g e  in film d e n s i t y  before  a n d  af te r  a n n e a l i n g  for t h e  
Si- r ich film is l a rger  t h a n  t h a t  of t he  P E C V D  SiO~ film. 
The  p r e s e n c e  of  h i g h e r  a m o u n t s  of h y d r o g e n  d i s c u s s e d  
ear l ier  in t he  a s -depos i t ed  fi lms is be l i eved  to b e  one  of 
the  causes  of  th i s  behav io r .  

T he  e t ch  ra t e  as a f u n c t i o n  of  Si:O rat io for a s -depos i t ed  
and  a s - a n n e a l e d  s a m p l e s  is s h o w n  in Fig. 8. The  e t ch  ra te  
of  t h e r m a l  SiO~ a n d  a n n e a l e d  P E C V D  SiO2 fi lms are 
compa rab l e ,  a n d  t h e  e t ch  ra te  for the  u n a n n e a l e d  P E C V D  
SiO~ film is a b o u t  1.7 t imes  t h a t  of  t h e r m a l  SiO2. Th i s  re- 
su l t  i nd ica t e s  t h a t  the  film d e n s i t y  p lays  an  i m p o r t a n t  
role in e t ch  rate;  the  d e n s e r  the  film, t he  lower  the  e t ch  
rate.  T h e  p r e s e n c e  of  w e a k e r  Si-H b o n d s  is a n o t h e r  rea-  
son  for  the  h i g h e r  e t ch  ra te  for the  a s -depos i t ed  samples .  
Due  to t he  p r e s e n c e  of  excess  Si in  t he  Si - r ich  film, a de- 
crease  in e t ch  ra te  w i th  i nc rea s ing  Si:O rat io for t h e  an- 
n e a l e d  s a m p l e s  is expec ted .  The  r a n d o m  f luc tua t ion  of 
the  e t ch  ra te  w i t h  r e spec t  to t he  Si:O ra t io  for t h e  as- 
depos i t ed  f i lms is be l i eved  to be  due  to t he  c o m p l e x  ef- 
fects  of  fi lm d e n s i t y  a n d  film c o m p o s i t i o n .  

SEM p ic tu r e s  for the  e t c h e d  sur faces  of s ix s amp l e s  are  
s h o w n  in Fig. 9. All  of t he  p ic tu res  were  t a k e n  af ter  t h e  
s a m p l e s  h a d  b e e n  d i p p e d  in 10:1 B H F  for 1 min.  I t  is c lear  
f rom th i s  f igure t h a t  the  e t c h e d  sur face  of  t h e  
u n a n n e a l e d  Si - r ich  s a m p l e  is m u c h  r o u g h e r  t h a n  t h e  
others ,  pos s ib ly  as a r e su l t  of  poros i ty .  No r o u g h n e s s  was  
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Fig. 8. Etch rate for as-deposited and for annealed samples vs. Si:O 
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o b s e r v e d  on  t h e  sur face  of t h e  P E C V D  SiO~ fi lms (Si:O = 
0.88), a n d  on ly  s l ight  r o u g h n e s s  was  f o u n d  on  the  an- 
nea l ed  Si-r ich samples .  

Two a s -depos i t ed  Si-r ich f i lms of  d i f fer ing o x y g e n  con- 
c en t r a t i o n s  ( -11 .8  a n d  36.4 a/o) were  ana lyzed  via  TEM. 
The  film c o n t a i n i n g  - 36.4 a/o oxygen  h a d  an  e lec t ron  
d i f f rac t ion  p a t t e r n  s imi la r  to, b u t  m o r e  d i f fuse  than ,  t h a t  
of t h e r m a l  SiO~, i n d i c a t i n g  a f u n d a m e n t a l  s t ruc tu ra l  dif- 
f e rence  b e t w e e n  t h e  Si - r ich  fi lm a n d  t h e r m a l  SiO~. By  
i m a g i n g  a p o r t i o n  of t h e  first diffuse d i f f rac t ion  r ing  nea r  
t h e  Si (111) pos i t ion ,  sma l l  p rec ip i t a t e s  a b o u t  1 n m  in  di- 
a m e t e r  we re  o b s e r v e d  in d a r k  field. B e c a u s e  t h e  A E S  
a n d  X P S  da t a  s h o w  t h e  p r e s e n c e  of  e x c e s s  Si  in  th i s  
sample ,  t h e  p rec ip i t a t e s  are p r o b a b l y  c lus te r s  of  
a m o r p h o u s  Si. No s u c h  c lus te r s  or p rec ip i t a t e s  we re  ob- 
s e rved  in  t h e r m a l  SiO~. 

The  Si- r ich film wi th  an  o x y g e n  c o n c e n t r a t i o n  o f - 1 1 . 8  
a/o y ie lds  an  e l ec t ron  d i f f rac t ion  p a t t e r n  s imi la r  to t h a t  of 
P E C V D  Si. Fo r  b o t h  the  Si- r ich ox ide  an d  P E C V D  Si 
films, t h e  first  d i f fuse  d i f f rac t ion  r ing  is a t  t h e  s a m e  po- 
s i t ion  as t h e  (111) po lys i l i con  ring.  T h e  s e c o n d  dif fuse  
r ing  has  an  i n t e n s i t y  m a x i m a  b e t w e e n  t h e  (220) a n d  (311) 
po lys i l i con  r ing  pos i t ions .  H a m a s a k i  et al. (11) h a v e  dem-  
o n s t r a t e d  t h a t  s i l icon c rys ta l s  w i th  a m e a n  d i a m e t e r  less 
t h a n  or equa l  to 2 n m  s h o w  o v e r l a p p i n g  (220) a n d  (311) Si 
d i f f rac t ion  peaks .  Darkf ie ld  m i c r o s c o p y  of  t h e  first  difo 

Fig. 9. SEM pictures of etched surface of six samples 
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fuse ring produced by the St-rich film and by a PECVD 
Si film shows 1 nm precipitates, which is consistent with 
the calculation of Hamasaki et al. (11). These results indi- 
cate the presence of Si clusters in PECVD St-rich Si-O 
films. 

The Si grain diameters of annealed films, measured in 
dark field by imaging the Si (111) ring, were 10, 5, and 1 
nm for samples with oxygen concentrations of 7.8, 22.8, 
and 36.4 a/o, respectively. The two films with lower oxy- 
gen concentrations have distinct diffraction rings which 
are characteristic of polycrystalline silicon. However, the 
diffraction patterns of the film with an oxygen concen- 
tration of ~36.4 a/o, before and after annealing, are nearly 
identical. Plots of the Si cluster size as a function of oxy- 
gen concentration for the as-deposited and annealed 
films are shown in Fig. 10. From this figure, one finds 
that the Si grain size decreases with increasing oxygen 
concentration for a constant annealing t ime and tempera- 
ture, and the Si grain size for the St-rich sample is nearly 
constant. These results, which are similar to those re- 
ported on CVD St-rich oxide (11) and LPCVD St-rich ox- 
ide (13), indicate that the presence of oxygen inhibits the 
growth of Si grains during annealing. 

Figure 11 shows the integrated Auger Si LVV spectra 
for clean St, the PECVD St-rich oxide, and thermal SiO~. 
An intermediate peak at ~83 eV, similar to those ob- 
served on CVD St-rich samples (21), was observed for the 
PECVD St-rich oxide film. This peak has also been ob- 
served at the SiOJSi  interface (22) and on the Si surface 
during the initial oxidation stage (23). Following the re- 
port of Helms (22), this intermediate peak was attributed 
to the presence of the transition phase SiO~. in the St-rich 
film. The peak at ~90 eV for the St-rich film corresponds 
to the main peak for clean St. The AES data thus estab- 
lish the presence of St, SiO2, and SiO.~ phases in the 
PECVD St-rich Si-O film. 

The Si 2P XPS for a PECVD St-rich oxide film is 
shown in Fig. 12. The binding energies of the two peaks 
are at ~103 and 99 eV attributed to the Si 2P peaks in the 
matrices of SiO.2 and free St, respectively. Because of the 
unsymmetrical  shape of the peaks, more than two gauss- 
tan curves are necessary to fit these data. This observa- 
tion is similar to results reported on CVD and LPCVD St- 
rich oxide (24, 25). The presence of an intermediate 
gaussian curve suggest the presence of the transition 
phase SiOx. Based on similar observations of SiO~ at the 
SiO~/Si interface (22, 26), the presence of SiO.~ at the 
boundary of a Si cluster and the SiO~ region is expected. 
The observation of St, SiO~, and SiO~ phases by XPS 
for PECVD St-rich Si-O films is consistent with results 
obtained by TEM and AES_analysis. No difference in the 
integrated Auger Si L W  spectra and the XPS data for 
both the PECVD SiO: and thermal SiO2 samples was 
observed. 
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I-V data for three St-rich samples about 190 nm thick 
are shown in Fig. 13. The A1/Si-rich St-O/St structure was 
used. From these data, one finds that the conductivity is 
lower for samples deposited with high 02 flow rate (R). In 
other words, the conductivity increases with the Si:O ra- 
tio in St-rich films. This result is similar to that for CVD 
St-rich Si-O (12) and is caused by electron tunneling be- 
tween Si islands (27). The behavior of electron trapping 
during conduction can also be seen from these data. The 
applied field to reach a current of I • 10-gA (current den- 
sity = 2.2 • 10 -7 A/cm'-') across samples deposited with 
different R values is shown in Fig. 14. This field de- 
creases sharply as the R value decreases from 0.95 to 0.75 
and further decreases slowly as the R value decreases 
from 0.75 to 0.5. Figure 14 can be used as a guideline for 
the choice of deposition conditions when a PECVD St- 
rich S-O is used as an injector in EEROM applications (28, 
29). 

A typical distribution of dielectric breakdown strength 
for PECVD SiO2 is shown in Fig. 15. Two hundred 
metaYSiOdSi (MOS) devices were tested for films depos- 
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i ted  w i th  R = 3 sccm.  A b o u t  11% of  t he  devices  h a v e  
b r e a k d o w n  s t r e n g t h s  of <- 6 MV/cm,  w h i c h  i n d i c a t e d  t he  
p r e s e n c e  of  defec ts  in t he  films (e.g., pinholes) .  A b o u t  
85% of  t he  dev ices  t e s t ed  show c a t a s t r o p h i c  b r e a k d o w n ,  
and  t he  res t  ( -15%)  s h o w  on ly  I-V conduc t i on .  Two typi-  
cal I-V da ta  for P E C V D  SiO~ are s h o w n  in Fig. 16. The  
c o n d u c t i o n  of t h e s e  fi lms fol lows t he  F o w l e r - N o r d h e i m  
(F-N) m e c h a n i s m  (30). The  s lope of t he  F-N plot  is h igh,  
pos s ib ly  due  to t r a p p i n g  of  nega t ive  cha r ge s  w h i c h  re- 
sul ts  in  a d e c r e a s e  of  t he  ac tua l  field across  the  SiO2 
films. A l edge  o n  t he  I-V curve  is o b s e r v e d  for some  
s a m p l e s  as t he  r e su l t  of  t r ap  g e n e r a t i o n  at  h i g h  fields 
(31). The  b r e a k d o w n  d i s t r i b u t i o n  a n d  I-V da ta  for P E C V D  
SiO2 s t u d i e d  here ,  w h i c h  are  worse  t h a n  t h a t  for  t h e r m a l  
SiO._,, i nd i ca t e  t h e  l imi t a t ions  of  a p p l y i n g  P E C V D  SiO=, 
f i lms to an  ac t ive  IC device.  A pos i t ive  f l a tband  vo l tage  
( -  0.6V) is o b s e r v e d  for A1/PECVD S i O J S i  devices .  This  
is a b o u t  1.2V h i g h e r  t h a n  the  f l a tband  vo l tage  for 
A l / t h e r m a l  SiO2/Si devices.  The  p r e s e n c e  of nega t ive  
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Fig. 14. Applied field, resulting in current density of 2.2 • 10 -7 
A/cm ~, across PECVD Si-rich Si-O films as a function of O~ flow rates. 
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Fig. 15. Distribution of dielectric breakdown strength for PECVD 
Si02 films deposited with R = 3 sccm. 

charges ,  as o b s e r v e d  in t he  I-V data ,  is one  of  t he  causes  
of th i s  pos i t ive  f l a tband  vol tage.  

Summary 
P E C V D  s i l icon  ox ide  films, w i th  a r a n g e  in Si:O con-  

c e n t r a t i o n  of  0.88 to 3.6, were  p r e p a r e d  by  t he  r eac t ion  of 
a c o n s t a n t  Sill4 gas  source  wi th  v a r y i n g  02 gas flow rates.  
The  N a n d  C c o n c e n t r a t i o n s  we re  f o u n d  to be  < 1.5 a/o in  
the  Si-r ich f i lm a n d  u n d e t e c t a b l e  in  the  P E C V D  SiO2 
film. F r o m  the  IR  spec t r a  of t he  u n a n n e a l e d  Si-r ich 
films, we  f o u n d  t h a t  the  wave  n u m b e r  of  t he  m a i n  Si-O 
s t r e t c h i n g  b o n d s  is low a n d  t h e i r  F W H M  va lue  is h igh .  
Af ter  annea l ing ,  t h e  wave  n u m b e r  was  f o u n d  to inc rease  
to - 1095 cm -~ a n d  t he  F W H M  values  were  r e d u c e d  by  at  
leas t  10%. T h e s e  resu l t s  sugges t  e i t he r  an  o x y g e n  
def ic iency  or po ros i ty  in  t he  a s -depos i t ed  P E C V D  Si-r ich 
films. Si-H,, b o n d s  (e i the r  in  a-SiO~ or a-Si) were  f o u n d  in 
the  a s -depos i t ed  Si - r ich  fi lms, b u t  we re  no t  o b s e r v e d  in  
the  P E C V D  SiO~ film. The  Si-OH a n d  H-OH b o n d s  were  
f o u n d  in  all u n a n n e a l e d  films. No Si-H or O-H b o n d s  
were  de tec ted  in  the  a n n e a l e d  films. The  c o n c e n t r a t i o n s  
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of Si-H and O-H bonds in the PECVD Si-rich films were 
found to be in the order of 1050 and 10 '-'j cm -:~, respec- 
tively. These concentrations are at least 100 times greater 
than those in CVD Si-rich oxide films. 

The refractive index was found to increase with in- 
creasing Si:O ratio, film density, or N contamination. The 
difference in refractive index before and after annealing 
was also found to be greater for the Si-rich oxide films. 
These results, and the smaller dA/d value, indicate that the 
density of the Si-rich films is less than that of the 
PECVD SiO2 film. This is consistent with the results 
showing higher amounts of hydrogen in Si-rich films. 
For the annealed films, the etch rate decreases with in- 
creasing Si:O ratio, but for the as-deposited films, the 
distribution of etch rate with respect to the Si:O ratio was 
random. This implies that the etch rate depends primarily 
on film composition and film density. 

The presence of Si, SIO2, and the transition phase SiO~ 
was identified by TEM, AES, and XPS. The size of the Si 
cluster was found to be -1  nm for all as-deposited 
samples, and was found to decrease with increasing oxy- 
gen concentration for the annealed samples. No differ- 
ence in the integrated Auger Si LVV spectra and the XPS 
data was observed for PECVD and thermal SIO2. 

I-V data for Si-rich Si-O films indicate that the film 
conductivity increases with increasing Si:O ratio. The in- 
jecting field decreases sharply as the O5 flow rate de- 
creases from 0.95 to 0.75 sccm. A fair dielectric break- 
down distribution was observed for PECVD SiO~ films. 
Trapping of negative charges and trap generation at high 
field for both PECVD SiO~ and Si-rich films were found. 

Based on properties studied here, we believe that the 
annealed PECVD Si-rich Si-O films have the potential of 
being used as an injector in EEROM and as passivation 
films for high field transistors. Annealing at low temper- 
ature ( -  500~ for long times ( -  lh) was found to be ef- 
fective in improving the yield of PECVD SiO~ films, 
which may increase the possibility of using these films as 
insulators in active devices. 
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ABSTRACT 

Nearly stoichiometric CuInS~ films have been deposited on alumina and graphite substrates at 650~176 by the 
close spacing chemical vapor transport technique. The source material was synthesized from the elements in a sealed 
fused silica tube, and a mixture of hydrogen and iodine or hydrogen and hydrogen iodide was used as the transport 
agent. The composition, microstructure, crystallographic, and electrical properties of the CuInS2 films were investi- 
gated. 

Ternary chalcopyrites are promising optoelectronic ma- 
terials. The potential of several I-II-VI~ compounds, such 
as copper indium diselenide, CuInSe.,, for photovoltaic 
detectors and solar cells, light emitting diodes, etc., has 
been demonstrated (1-3). Similar to CuInSe~, copper in- 
dium disulfide, CuInS_,, crystallizes in the chalcopyrite 
structure and is also a direct-gap semiconductor. CuInS., 
has a room temperature bandgap of 1.5 eV and is a prom- 
ising thin film photovoltaic material. 

Thin films of CuInS.2 have been deposited by several 
techniques: vacuum evaporation, spray pyrolysis, chemi- 
cal vapor deposition, electrodeposition, etc. In the evapo- 
ration technique, the use of dual sources of CuInS~ and S 
has produced p-type films with a carrier concentration of 
(7-9) • 10 '~ cm -:~ and a grain size of 1-2 t~m (4). In the spray 
pyrolysis technique, aqueous solutions of cupric acetate, 
indium trichloride, and thiourea were sprayed onto sub- 
strates at 200~176 the electrical resistivity of the film 
was found to be affected strongly by the Cu/In molar 
ratio in the solution (5). The chemical vapor deposition 
technique utilizes the reaction of CuCI(NCCH:~),,, 
InCI:~(NCCH:~),~, and hydrogen sulfide on the surface of 
gallium phosphide substrates at 850~ or above (6). The 
electro-codeposition of Cu, In, and S from an aqueous so- 
lution followed by annealing in H~S has produced CuInS2 
films on Ti substrates (7). In addition, CuInS~ films have 
been prepared by treating (i) sputtered Cu-In alloy with 
hydrogen sulfide at 300~176 (8) or (ii) molecular beam 
deposited Cu-In alloy on glass substrates with sulfur or 
hydrogen sulfide at 300~176 (9). 

In this work, CuInS2 films have been deposited on for- 
eign substrates by the close spacing chemical vapor trans- 
port (CSCVT) technique. Their composition, microstruc- 
ture, crystallographic, and electrical properties have been 
investigated. The experimental procedures and results 
are summarized in this paper. 

Close Spacing Chemical Vapor Transport of CulnS~ 
The chemical transport technique has been widely used 

for the crystal growth and film deposition of electronic 
materials. This technique is applicable to solid-state ma- 
terials which react reversibly with a gaseous reagent (the 
transport agent) to form volatile products. Since the equi- 
librium constant of most reactions is temperature de- 
pendent, the transport can be brought about by the pres- 
ence of a temperature gradient. CuInS~ reacts reversibly 
with iodine according to the equation 

4CuInS~ (g) + 2I~ (g) ~ 4CuI (g) + 2In~S (g) + 3S2 (g) 

The chemical equilibrium of this reaction shifts to the left 
at lower temperatures. Iodine may thus be used to trans- 
port CuInS.~ source material from a high temperature 
zone to regions of lower temperatures. Hydrogen iodide 
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decomposes into its elements at high temperatures and 
may also be used as a transport agent. Hydrogen chloride 
and hydrogen bromide are inert toward CuInS~ and are 
not suitable as transport agents. CuInS~ crystals have 
been grown in a closed tube by using iodine as a trans- 
port agent (10). The conventional chemical transport tech- 
nique, however, is not suitable for the deposition of 
CuInS2 films on foreign substrates due to the nature of 
the nucleation and growth processes. Once CuInS~ nuclei 
are formed on the substrate surface, further transport 
tends to deposit CuInS2 on the existing crystallites rather 
than on the substrate surface. Thus, continuous films 
cannot be obtained until the crystallites coalesce, and this 
may require the transport of a considerable amount of 
CuInS2 in the form of very thick films. The nucleation 
process may be greatly facilitated by using the CSCVT 
technique (11), where the source material and the sub- 
strates are separated by only about 1 ram. Under this con- 
dition, the deposition process is diffusion limited, and 
each component  of the source material is directly trans- 
ported across the space to the substrate. 

The source material, polycrystalline plates of CuInS.,, 
was synthesized from the elements (all of 99.999~% purity, 
purchased from ASARCO, Incorporated, New York, New 
York) in a carbon-coated fused silica reaction tube about 
30 cm long. One side of the reaction tube was of rectangu- 
lar cross section (2.5 • 1.8 cm), about 15 cm long, and was 
attached to a circular cross section tube. Elemental cop- 
per and indium in stoichiometric quantities were placed 
in the rectangular cross section of the tube, evacuated, 
and heated to form an alloy, which adhered to the wall of 
the reaction tube. Sulfur, 0.2-0.4% excess over the stoichi- 
ometric ratio, was then introduced into the reaction tube, 
which was again evacuated and sealed while under evacu- 
ation. The reaction tube was placed in a two-zone furnace 
with each zone separately heated and independently 
controlled. Initially, the rectangular section of the tube 
(Cu-In) was maintained at 650~ (the mp of 1:1 Cu:In alloy 
is about 630~ and the sulfur zone was heated at 450~ 
The temperatures of both zones were gradually increased 
until all sulfur was consumed. The CuInS2 zone was then 
increased to 1150~ (the mp of CuInS2 is about 1090~ 
and the reaction tube gradually pulled out of the furnace 
to allow the unidirectional solidification of the melt. The 
CuInS2 ingots obtained in this manner are single-phase 
polycrystalline, p-type with room temperature resistivi- 
ties of 200-500 ~-cm as measured by the four-point probe 
technique. 

Because of the chemical reactivity of I~ at high tempera- 
tures, the selection of the substrates for the deposition of 
CuInS2 films by CSCVT is rather limited. Alumina, 
graphite, and carbon-coated graphite substrates were 
used (carbon was deposited on graphite by the pyrolysis 
of propane at 1200~ in a He atmosphere, and this carbon 
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Fig. 1. Schematic diagram of the vertical apparatus for the deposi- 

tion of CulnS~ films by CSCVT. 

coating eliminates the pits on the graphite surface due to 
its porosity). The CSCVT process was carried out in a ver- 
tical or horizontal fused silica reaction tube, as shown in 
Fig. 1 and 2, respectively. The heater material for main- 
taining the substrate and the source material at the de- 
sired temperatures is an important consideration. It 
should be chemically inert and introduces no impurities 
into the deposited films. Single-crystalline silicon was 
first used as heaters; however, it reacts with sulfur to 
form silicon sulfide which hydrolyzes in air, liberating 
hydrogen sulfide. Silicon dioxide- or silicon nitride- 
coated silicon blocks are also unsuitable because of the 
pinholes in the insulator. Graphite is porous, and the 
coating of high density graphite with about 50 #m of py- 
rolytic carbon is more satisfactory than that of others. 
Fused silica rods of 0.1 cm diam were used as spacers be- 
tween the source material and the substrate. The entire 
assembly was enclosed in a fused silica tube provided 
with gas inlet and outlet tubes. Thermocouples were used 
to monitor the temperatures of the substrate and the 
source material. 

The important process parameters in the CSCVT tech- 
nique are the substrate temperature, the temperature dif- 
ference between the source and the substrate (fixed at 0.1 
cm), and the pressure of the transport agent. Many 
CSCVT experiments  have been carried out to determine 
the range of process parameters required for the deposi- 
tion of uniform CuInS~ films. The use of the vertical or 
horizontal reaction tube and the use of iodine or hydro- 
gen iodide as the transport agent have produced essen- 
tially the same results. The source temperature and the 
concentration of the transport agent are important in that 
they determine the reaction rate between the source ma- 
terial and the transport agent. Source temperatures in the 
range of 650~176 and an iodine or hydrogen iodide par- 
tial pressure of 200-400 torr were found to be suitable. At 
low source temperatures, such as 500~ the reaction rate 
is too low to obtain any reasonable rates of deposition. At 
too high temperatures, such as 800~ the sulfur dissocia- 
tion pressure becomes appreciable. The deposited films 
were sulfur deficient (very high resistivity p-type or 
n-type). The substrate temperature determines the rate of 
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7.5cm x 7.5cm CROSS SECTION 71/60 FUSED SILICA 

GROUI{D JOINT 
FLAT PLATE HEATER 

SOURCE PLAT pLATE BEATER 
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Fig. 2. Schematic diagram of the horizontal apparatus for the depo- 
sition of CulnS~ films by CSCVT. 

Fig. 3. Scanning electron micrographs of the surface and vertical 
cross section of a CulnSJgraphite specimen prepared at 675~ 

nucleation and the grain size in CuInSB films. The use of 
low substrate temperatures favors the nucleation process 
and the formation of small grains in the films. The nucle- 
ation rate is reduced and the grain size is increased at 
high substrate temperatures; however, the film may not 
become continuous until a large thickness is deposited. 
The temperature difference between the source and the 
substrate also determines the deposition rate of CuInS~ 
films, and a 20~176 temperature difference was used in 
most experiments.  By using experimental  conditions in 
the range mentioned above, deposition rates of 10-25 
~m/h may be obtained. 

Propert ies of CulnS2 Films 
Adherent and uniform CuInS~ films have been depos- 

ited on alumina and graphite and carbon-coated graphite 
substrates over the temperature range of 650~176 by 
the CSCVT technique. The microstructure of the depos- 
ited films depends strongly on substrate temperature; 
the grain size increases with increasing temperature. An 
as-deposited surface of a CuInS~ film deposited on a 
graphite substrate at 675~ and the vertical cross section 
of the specimen are shown in Fig. 3. The crystallites, 
though of random size ranging from 2-3 ~m to larger than 
10 ;Lm, show well-developed faces. Figure 4 shows the 
scanning electron micrograph of the surface of a CuInS,~ 
film on an alumina substrate. The crystallites in the 
CuInS2 film on alumina substrate appear to be more 
densely packed than those on graphite or C/graphite sub- 
strates. 

The chemical composition of several CuInS2 films de- 
posited on graphite substrates in the temperature range 
650~176 has been analyzed by the electron microprobe 
technique. The results are summarized in Table I, where 
the data obtained by using a 20 keV electron beam of 1 
~m diam indicate that the transported films are stoichio- 
metric within the experimental  error. 

The crystallographic properties of transported CuInS~ 
films have been determined by the x-ray diffraction tech- 



2022 J. Electrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  Augus t  1985 

Fig. 4. Scanning electron micrograph of the surface of a CulnS~ film 
on an alumina substrate. 

nique using CuK~ radiation. Figure 5 shows a typical 
spectrum of a transported CuInS~ film, where the "20" 
values are in good agreement with the published struc- 
tural data (12). 

Using p-type CuInS~ plates of 100-500 ~2-cm resistivity 
as the source material, the transported films are o f  p-type 
conductivity. The electrical resistivity of CulnS~ films on 
alumina substrates, measured by the four-point probe 
technique, is always much higher than that of the source 
material. Resistivities of several thousand ohm-centi- 
meters have frequently been observed. This high resistiv- 
ity is due to sulfur deficiency in the transported CuInS~ 
film, since the resistivity of the films can be reduced 
significantly by heating in a H2-S or H~-H~S atmosphere 
at 700~176 This heat-treatment may be used to control 
the resistivity of CuInS~ films. 

S u m m a r y  

Single-phase polycrystalline CuInS~ ingots have been 
synthesized from the elements of 99.999§ purity in a 
carbon-coated, sealed, fused silica tube at about 1150~ 
Using CuInS~ ingot as the source material, adherent and 
nearly stoichiometric CuInSe~ films have been deposited 
on alumina, graphite, and carbon-coated graphite sub- 
strates by the CSCVT technique using a hydrogen-hydro- 
gen iodide or a hydrogen-iodine mixture as the transport 
agent. The substrate temperature and the partial pressure 
of the transport agent are the most important process pa- 
rameters of the transport process. The composition of 
CuInS.~ films deposited at 650~176 has been confirmed 
by electron microprobe and x-ray diffraction. The electri- 
cal resistivity of CuInS~ films is usually very high, sev- 
eral thousand ohm-centimeters; however, it may be re- 
duced significantly by heating in H~-S or H~-H~S at 
700~176 

Table I. Composition of transported CulnS: films on 
graphite substrates by electron microprobe analysis 

Deposition 
temperature 

(~ Cu (a/o) In (a/o) S (a/o) 

650 24.23 • 1.77 24.37 • 1.78 51.40 • 3.75 
664 24.32 • 1.34 24.74 • 1.36 50.94 • 2.80 
680 24.81 • 1.19 26.74 • 1.28 48.45 • 2.32 
695 23.97 • 1.17 25.20 • 1.23 50.82 • 2.47 

- - - - h - - ~ ' T  ~-~-  , . . . .  - - - - [ - -  ~ T ~ - ~ - - F - - ' q - - ~  
. . . .  I I-  , , . . . . . . . . . . .  ! . . . . .  l - - i - - I -  . . . . .  ~ . . . . .  ~- - - ,  :--.-'-F T -  

- _ _ _ . . _ ~ -  _ _ i _ _ ~ .  ~ . .~  : 2 2 L _ L L  7 J . _ . L _ _ L _ 2 L L 2  - T : ~  

r - - _ - i •  ! - : , ~  t . . . . .  I . . . . . .  ~ . . . .  

..... i :  

b--- . . . . . .  , - - -  - - , 4 - - - ~ . - - ~ - -  - , - F - - '  - - L - - . 4 - - - - ,  ~ I ..... ' 

~ - - r -  i . . . .  ! . . . . .  i- - ! - - j - - - ~ , - ' t - - - t - - v - - i  - , -  ~,, 9 ~ - - 1  
. . . . .  i i i i I - ~  - '  . . . . . . . . . . .  r ~ . . . . . .  2 - - r - I  

, -  , - ]  . . . . . . . . . . . .  6a,~ " - '  
. . . . . .  . . . . . .  

Fig. 5. X-ray diffraction spectrum of a transported CulnS~ film. 
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Formation Process of Y O S:Eu in a Preparation with Flux 
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ABSTRACT 

The formation process of a red emitt ing phosphor, Y.,O~S:Eu ~, has been clarified in a reaction 

Y~O:~ + Eu~O~ + flux(S + Na~CO3 + K3PO4) --~ Y.~O~S:Eu 3~ + flux 

Sulfuration of Y~O3 and Eu~O3 is completed at a firing temperature as low as 700~ and at a firing period of 2h. Diffu- 
sion of Eu 3~ follows the sulfuration, and grain growth begins when lattice disorder of u decreases to a minimum at 
1050~ Larger particles are obtained when a part of Y203 is replaced with YPO4. 

A red emitt ing phosphor, u is widely used in 
color picture tubes because of its high efficiency and ap- 
propriate color under cathode-ray excitation. For the 
preparation of such rare earth oxysulfides, several meth- 
ods are known: (i) reduction of rare earth sulfate by H2 or 
CO (1); (ii) reduction of rare earth sulfite by CO (2); (iii) 
sulfuration of rare earth oxide by H2S or CS~ (3); (iv) sul- 
furation of rare earth oxide in the atmosphere of N~ + H~O 
+ H~S (4); (v) reaction between an oxide and a sulfide (5); 
and (vi) sulfuration of rare earth oxide in the flux of S + 
Na2CO:~ + K:~PO4 (6). 

Among these methods, the last one is most important, 
since it has come to be used for production of commercial 
phosphors. This is because the method has good produc- 
tivity. As such, there have been many papers on Y20~S:Eu 
prepared in this way, mostly concerning its optical prop- 
erties (7). In contrast, little has been known on the forma- 
tion process of Y20,~S:Eu in the flux method. To our best 
knowledge, only Ozawa reported the growth mechanism 
of Y20~S:Eu microcrystallines (8). Accordingly, in the 
present paper we describe the results of our investiga- 
tions into the sulfuration reaction, Eu 3+ diffusion, and 
grain growth using different firing times and tempera- 
tures. Examinations of the brightness and color of the 
phosphors prepared under the various firing conditions 
will be discussed. 

Experimental Procedures 
Samples were prepared according to the method re- 

ported by Royce et al. (6). A mixture of Y~O.~ and Eu20~ 
with a molar ratio of 0.957:0.043 was mixed with the flux, 
which was a mixture of S, Na2CO.., and K3PO4 at a molar 
ratio of 3:1:0.1. The mixture was then charged in an alu- 
mina crucible with an alumina lid and fired. Of the start- 
ing materials, Y203 was at 99.99% purity and Eu~O3 at 
99.9%. A small amount  of Tb (14 ppm in atomic ratio) was 
added to the Y203 to enhance the luminescent  efficiency 
(9). The other starting materials were of reagent grade. 
The standard sample was fired at 1180~ for 2h. Fired 
products were yellow solids with the shape of the cruci- 
ble. Samples for brightness and color measurements were 
washed with deionized water and dil-HC1 and dried at 
120~ for 4h. However, samples for x-ray diffraction anal- 
ysis and luminescence spectra measurements were 
washed only with deionized water to make the existence 
of Y~O3 in the products detectable, because Y303 is solu- 
ble in dil-HC1. Instead of Y203, a mixture of Y~O3 and 
YPO4, or only YPO4, was also used as yttrium starting ma- 
terials, because partial substitution of Y~O3 with YPO~ in- 
creases grain size. 

The mean particle size of the samples was obtained 
using the Blaine method. The principle underlying this 
method is to obtain the specific surface area of the 
sample by measuring the time it takes for air to pass 
through a powder bed. This method gives a better estima- 
tion of the mean size of primary particles than the sedi- 
mentation method, which tends to measure aggregated 
particle size. 

Relative cathodoluminescence (CL) brightness was ob- 
tained using a United Detector Technology photocell de- 

tector with a photometric filter at a 10 kV accelerating 
voltage and 1 ~A/cm '2 current density. Samples were 
mounted on stainless steel holders having a screen weight 
of 100 mg/cm ~. Resulting data were calculated as a per- 
centage of the value for the standard sample. 

As a measure of color, the ratio between CL bright- 
nesses with and without the use of VR-60 Toshiba filter 
was defined. For convenience, we call this value the red 
color component ratio, or Re, which can be expressed as 
R~ = (CL brightness with VR-60 filter/CL brightness 
without VR-60 filter). 

The value for the standard sample is 0.926. With the in- 
crease in Eu 3~ concentration, Rc increases. CL spectra 
were measured with a Nikon P-250 monochromator,  the 
dispersion of which is 6 nm/mm, and an RCA-7102 photo- 
multiplier. Correction of spectral sensitivity was made 
using a data acquisition system, the Hewlett-Packard 
9825A. For linewidth measurements,  a Spex 1400 
monochromator with a dispersion of 1 nm/mm was used. 

Decay characteristics under 337 nm N~ laser excitation 
were obtained using a Biomation waveform recorder, 
Model-1010, combined with a Toyotsusho averager, 
Model 1010SA. They were analyzed using the HP9825A. 
Scanning electron microscopy (SEM) images were ob- 
tained with a Hitachi SEM (HHS-2R) at a 25 kV accelerat- 
ing voltage and 5 x 10-1 izA beam current. Thermolumi- 
nescence (TL) glow curves were measured in a conven- 
tional way; a sample was irradiated by 254 nm light from 
a low pressure mercury lamp at 80 K for 10 rain, kept at 
80 K until the afterglow disappeared, and then warmed 
up to about 470 K at a rate of 10-15 deg/min. 

Results and Discussion 
Dependence on firing time.--To facilitate investigation 

of the sulfuration reaction, the firing time was changed 
from 0 to 150 min at 1180~ When starting materials 
packed in an alumina crucible were set in a furnace kept 
at 1180~ the furnace temperature first went down to 
around 900~ and then recovered to 1180~ in less than 10 
min. Firing t ime is defined here as the period during 
which the sample is kept at 1180~ Firing for 0 min 
means pulling the sample out of the furnace just after the 
furnace temperature reaches 1180~ 

The sulfuration reaction occurs very quickly for firing 
at 1180~ All the samples were found to be Y20,.,S as a re- 
sult of x-ray diffraction analysis. Figure 1 shows the SEM 
images and Fig. 2 mean particle sizes for these samples. 
With a firing of 0 min, the mean particle size is 1.5 /zm. 
However, in the SEM images, such small particles can 
barely be observed. The average size of a unit grain, 
though, is 8-10 ~zm, and these grains are apparently 
groups of coagulated primary particles. With an increase 
in the firing time, this aggregation decreases, primary 
particles grow, and the mean particle size obtained by the 
Blaine method comes to show good coincidence with 
SEM imaging unit grains. 

Figure 3 shows the relative CL brightness and Rc 
against firing time. With firing of 0 rain duration, CL 
brightness is only 23% of the standard sample. With an in- 
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Fig. 1. SEM images of samples fired at 1180~ for different periods 
of time. 

crease in firing time, the brightness increases drastically 
and reaches a standard level with 30 rain firing. 

For 0 rain firing, Re is already 0.900; it keeps its value 
for 20 min, and reaches 0.926 (= standard level) for 30 rain 
firing. This shows that diffusion of Eu 3~ is completed for 
0 rain firing, and the Re increase from 0.900 to 0.926 is at- 
tributed to the lattice rearrangement by crystal growth. 

A sample with a standard level of brightness and Re was 
obtained with 30 min firing. Its mean particle size was 
about 2.9 #m. 

Dependence on firing temperature .--As was mentioned 
above, the sulfuration reaction at 1180~ proceeds too fast 
for proper investigations of the first stage. Then firing 
temperature was lowered with the firing time being kept 
at 2h. Three starting materials for the yttrium component 
were examined: Y203, YPO4, and Y203 (92 mole percent 
[m/o]) + YPO4 (8 m/o). Each case will be described in de- 
tail below. 

Y20~ as a starting material.--X-ray powder diffraction 
analysis has shown that all products fired at 700~ and 
above are Y202S, but those fired at 500 ~ or 600~ are a 
mixture of Y~O,2S and Y203. The main-peak ratio of the 
x-ray diffraction between Y~O~S and Y~O3 is 7:1 for firing 
at 600~ and 1:1 at 500~ 

In contrast to x-ray diffraction data, CL spectra show 
only Y~O~S:Eu :~ for all samples, and not a trace of 
Y~O:,:Eu '~' was observed even for samples fired at 600~ 
and below. The result indicates that Eu :3' diffuses into 
Y~O~S more easily than into Y20~. In fact, in the prepara- 
tion of Y20:,:Eu 3" phosphor, a higher firing temperature is 
needed for the diffusion than is the case for Y~O2S:Eu3% 
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Figure 4 shows SEM images for the Y20:, starting mate- 
rial and fired products. Figure 5, on the other hand, pres- 
ents firing temperature dependence of the mean particle 
size of the phosphors. Although the mean particle size of 
Y20:~ is 1.5/zm, there are no grains of this size in the SEM 
image, which indicates that primary Y20:, particles aggre- 
gate and form coagulated grains of about 8-10/~m in size. 
In the initial stage of reaction, Y~O2S:Eu :~ prepared at 
700~ for 2h have a size and morphology similar to those 
for the Y~O~ starting material. This same similarity was 
also observed in Y20.,S:Eu 3§ prepared at 1200~ for 0 min. 

This shows that mass transport is not remarkable in the 
initial stage of the reaction. As the sulfurizing reagent, liq- 
uid Na=,S~ or evaporated Na~S.,., S.r gases can be assumed. 
Here, the melting point of Na~S,. is 920~ when x = 1. It 
decreases with an increase in x. It would be more diffi- 
cult for liquid Na=,S.~ to wet all of the fine pores and thin 
gaps in Y._,O3 particles having a very low surface tension 
than for Na~S.,., S.r gases. So it can be assumed that a gas- 
solid reaction is the predominant mechanism in the initial 
stage. It is confirmed that Y~O:, can be sulfurized into 
Y20~S with the reaction of gas components  in the flux by 
the following experiment,  though it is not direct evidence 
for the predominance of gas-solid reaction. Y.20:~ in a 
small alumina crucible without lid was set in a larger alu- 
mina crucible with lid containing only flux component. 

Fig. 4. $EM images of Y203 and Y202S samples fired at different 
temperatures for 2h. 
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10 Table 1. Impurity analysis using atomic absorption techniques 
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The ratio of the amount of charged Y20:~ and flux compo- 
nent is the same as that of the standard sample. They 
were fired at 900~ for 2h. In the small crucible, a certain 
amount of Y20~S was confirmed to be prepared. Mass 
transport by liquid-solid contact will certainly work at 
high firing temperatures or over long periods, where 
grain growth is recognized. 

The mean particle size of Y~O~S:Eu ~+ fired at 900~ is 
about 0.9 ~m, and the SEM image shows that small pri- 
mary particles will most likely separate from the coagula- 
ted grains. The SEM image of Y~O2S:Eu 3. fired at 1050~ 
shows many small, well-crystallized particles. With firing 
above 1050~ grain growth is accelerated, aggregation of 
particles decreases, and the unit grain size in the SEM im- 
age shows good coincidence with the mean particle size 
measured by the Blaine method. 

Firing 
temperature Ca Na K 

(~ (ppm) (ppm) (ppm) 

600 1.46 730 23.75 
1200 0.56 8 0.70 

Relative luminescence brightness and R~ under cathode 
ray excitation are shown in Fig. 6. As the measurement 
was made after treatment with dil-HC1, all Y~O:~ was elimi- 
nated in a sample prepared at 600~ With the increase in 
firing temperature from 600 ~ to 1100~ however, relative 
CL brightness increases monotonously until it reaches 
the standard level for firing at ll00~ Above ll00~ it 
retains the same highest value. 

The red color component  ratio (Re) in the emission 
spectra is around 0.7 for a sample fired at 700~ With the 
increase in firing temperature, Rc increases and reaches 
0.900 for a sample fired at 850~ It keeps its value for the 
firing in the range 850~176 These results correspond 
to those of firing time dependence and show that Eu 3+ 
diffusion is completed for the firing at 850~ 

A sample having the standard level in brightness and Rc 
was obtained with firing at 1050~ Its mean particle size 
was 3.0 ~m and nearly equal to that of the sample fired at 
llSO~ for 30 rain. 

Table I shows the results of atomic absorption analysis 
of impurities in the samples fired at 600 ~ and 1200~ Ex- 
amined elements were Ca, known as a quencher for 
Y~O~S:Eu, and the flux components Na and K. Clearly, 
the sample fired at 1200~ includes fewer impurities than 
the sample fired at 600~ This is because impurities are 
segregated from the particles as lattice rearrangement 
proceeds with an increase in firing temperature. 

The lifetime of the ~D~ (Eu :~) emitting level and the half 
width for the '~D0 -~ 7F0 emission lines at LNT are shown 
in Fig. 7. The lifetime is analyzed as a single exponential  
curve. The samples fired at 1100~ and above showed a 
single exponential  decay curve, with a lifetime of 440 ~s. 
When the firing temperature was 1050~ and below, de- 
cay curves deviated from a single exponential  form. This 
indicates the existence of more than one Eu "~ lumines- 
cence center, probably caused by the lattice disorder. 

The half-width for ~Do -~ 7F~ transition decreases 
monotonously with firing temperature, again showing 
lattice disorder at low temperatures. 

The effects of lattice disorder can also be seen in the TL 
glow curves shown in Fig. 8. The sample fired at 1160~  11o (2) . . . . .  ~---.-~ 
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has s trong four  peaks,  which  shows wel l -def ined trap- 
ping states. In  contrast ,  samples  fired at 900 ~ and 850~ 
show no sharp peak,  t hough  a broad s t ructureless  band is 
observed.  The  in tens i ty  at 140 K is greater  than that  for 
the  sample  fired at 1160~ This indicates  that  phosphors  
fired at lower  t empera tu res  have  cont inuous  trap levels  
caused by lat t ice disorder.  I t  is to be  no t iced  that  TL in- 
tensi ty  depends  main ly  on the  l uminescence  efficiency. 
The s trong TL observed  for the sample  fired at 1160~ 
does not  necessar i ly  mean  that  the  sample  has high trap 
concentrat ion.  

F r o m  the  above  discussion,  the drast ic br ightness  in- 
crease with firings at t empera tu res  h igher  than 900~ can 
be exp la ined  by the  decrease  in n u m b e r  of  impuri t ies  and 
lattice disorder.  

YP04 as a starting material.--For the  rare earth start ing 
material ,  1 mol  Y~O:~ was replaced  by 2 mol  YPO4. The 
p roduc t  fired at 1180~ for 2h was not  a ye l low solid, as 
obta ined using Y.,O:~ as a start ing material ,  but  remained  a 
whi te  powder .  X-ray diffract ion analysis showed  that  the  
p roduc t  washed  by deionized water  was YPO4, even  w h e n  
a flux twice as great  as for the  s tandard  case (see experi-  
menta l  procedures)  was used. It  was only when  the  quan-  
t i ty of  flux was four  t imes  as great  as the s tandard  that  
Y~O~S was obtained.  The react ion products  as observed  
by x-ray diffract ion and CL spectra are l is ted in Table II 
with different  firing tempera tures .  I t  can be seen that  
YPO~ is conver ted  to Y.,O~S part ial ly at 900~ which  is 
h igher  than the  react ion t empera tu re  for the format ion of  
Y~O~S f rom Y~O:~. Therefore,  firing t empera tu re  depend-  
ency  was e x a m i n e d  with  flux four  t imes  as m u c h  as in 
the Y~O:~ case. It  was exper imen ta l ly  assured that  Na.,CO3 
reacts wi th  YPO4 at 1180~ and p roduces  Y~O:~ due  to the  
react ion of  

2YPO~ + 3Na~CO.~--~ Y~(CO:~):~ + 2Na:~PO~ 
Y._,(CO:~):~ -~ Y,,O:~ + 3CO.~ 

In  the p resen t  case, however ,  Y~O:~ was not  found,  so this  
possibi l i ty is ru led  out. Na~CQ mus t  then  change to 

Table II. X-ray diffraction and CL spectra analysis for samples 
fired at different temperatures using YPO~ as starting materials 

Firing 
temperature 600~ 7 0 0 ~  800~ 900~ 1000~ 

XRD YPO4 Y P O ~  Y P O ~  YPO~ 
Y~O~S Y~O~S 

CL YPO~:Eu YPO~:Eu YPO~:Eu YPO~:Eu 
Y~O~S:Eu Y~O~S:Eu 

Na~Sj.. As Na~S~. is qu ick ly  oxidized by res idual  O~ in a 
crucible  at 900~ or subl imated,  YPO4 was fully sulfurized 
only when  the  quant i ty  of  charged flux was four  t imes  as 
great  as w h e n  us ing  Y20:~ as a start ing material ,  and it oc- 
curs  th rough the  react ion 

2YPO4 + Na2S,. ~ Y~O.,S + flux 

The relat ive l uminescence  in tens i ty  w h e n  using YPO4 
is about  10% lower  than for the products  when  using 
Y~O:~, and the  part icles show some  aggregation.  The 
part icles have  flat shapes,  jus t  l ike the products  fired 
with  excess  K:~PO4 in the Y~O:~ case under  s tandard condi- 
tions. Accordingly ,  phospha te  bases l ike PO4 ;~- or PO:~- 
may  play an impor t an t  role in crystal  morphology.  

Y.zO:/92 m/o) + YP04(8 m/o) as starting materials.--The 
materials  in the  fired p roduc t s  as found  th rough  x-ray 
diffract ion and CL spectra are p resen ted  in Table  III  to- 
ge ther  with firing tempera tures .  SEM images  of fired 
products  showed  a t endency  similar to that  found w h e n  
using Y~O:~ as a start ing material.  A change  in the mean  
part icle size wi th  the  firing t empera tu re  is shown in Fig. 
5. This is very  similar  to the Y20:~ case for firing at l l00~ 
and below. Be low 1000~ the average part icle size re- 
mains  less than 2 izm, whi le  above  1050~ grain growth 
can be recognized.  In  contrast ,  wi th  firing at 1150~ and 
above, the part ic le  size dif ference be tween  the  present  
case and us ing Y~O:~ becomes  apparent ,  reaching about  2 
/~m at 1200~ 

Relat ive CL br ightness  and R~ change  are shown in Fig. 
6. Compared  with  samples  got ten  w h e n  us ing Y~O:, as a 
start ing material ,  the  Y._,O:~ + YPO4 sample  fired at a cor- 
responding  t empera tu re  is only about  ha l f  as bright  when  
the firing t empera tu res  are 1000~ and below. However ,  
the latter sample  is as br ight  as the fo rmer  sample  at 
1050~ and reaches  the  s tandard  br ightness  level  at 
1100~ and above.  

The change  in R~. gives a hint  to the  react ion mecha-  
nism. Samples  p repared  at f rom 850 ~ to 1000~ have  a R~ 
greater  than  0.926, and for firing at 1050~ the R~ de- 
creases to be low 0.926 and then  increases  to 0.926 for 
firing at l l00~ and above. As shown in Table  III, Eu :~ 
l uminescence  is observed  only in the  Y~O~S host, and not  
in the  coexis t ing YPO~. This is because  the diffusion of 
Eu 3~ in Y.~O~S is faster than in YPO~. As a result ,  the  ac- 
tual  Eu '~ concen t ra t ion  in Y~O~S becomes  h igher  than the  
nomina l  concentra t ion,  4.3 m/o, resul t ing  in an increase in 
Re and decrease  in br ightness  because  of the  larger 
quench ing  of 5D, emission.  This is the reason why  R,. ex- 
ceeds 0.926 and reaches  0.935 for the  firing f rom 850 ~ to 
1000~ Fur the rmore ,  the  br ightness  dif ference be tween  
samples  m a d e  us ing Y20:~ and samples  us ing Y20:~ + YPO4 
as s tar t ing mater ia l  can be exp la ined  by two reasons.  
First,  the  br igh tness  decreases  wi th  an increase in Rr and 
second,  the  samples  contain nonemi t t ing  YPO4 as 
impuri ty .  

Table III. X-ray diffraction and C L spectra analysis for samples fired at different temperatures using a mixture of Y~O:~ a nd YPO~ as starting materials 

Firing 
temperature 500~ 600~ 650~ 800~ 850~ 1000~ 

XRD Y20~S Y20~S Y20~S Y20~S Y~O ~S Y20~S 
YPO4 YPO4 YPO4 YPO4 
Y~O3 Y20~ 

CL Y20~S:Eu Y~O~S:Eu Y~O~S:Eu Y~O2S :Eu Y~O~S:Eu Y~O~S:Eu 
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On the basis of the above results, formation processes 
can be summarized as follows. 

1. Sulfuration is completed instantly for 1180~ firing 
and in 2h for 700~ firing. As the products of the initial 
stages retain the morphology of the starting material 
Y~O:, it can be considered that the sulfuration reaction is 
dominated by gas-solid reaction. 

2. Eu 3~ diffusion into Y20~S proceeds promptly after the 
sulfuration reaction. When Y~O~S coexists with Y203 or 
YPO4, Eu 3~ diffuses into Y20~S preferentially. In the Y20:~ 
and Y~O4 + YPO4 cases, Re reaches 0.900 and 0.935, re- 
spectively, for firing at 850~ It maintains its value until  
brightness increases to the standard value. This Re value 
of 0.900 is also obtained in the products fired at 1180~ 
for 0-20 rain. This indicates that the diffusion of Eu :~ into 
Y202S is completed when R~ reaches 0.900 in 2h at 850~ 
firing or instantly at 1180~ firing. This rapid Eu :~ diffu- 
sion is explained by the great lattice disorder in the initial 
stage of the reaction. 

3. Compared to Eu 3+ diffusion, grain growth is depend- 
ent upon longer firing time and higher temperatures. 
Even when Eu '~ diffusion is completed, the product re- 
tains a morphology similar to that for starting material 
Y~O3. Nucleation can be clearly observed in Fig. 4 for 
firing at 900~ It is to be emphasized that grain growth is 
accelerated when brightness and Re. are already at the 
standard level and grains are about 3 gm in size. 

4. The role of YPO4 in the grain growth is considered to 
be as follows. In the Y20~ + YPO4 case, Re decreases with 
firing at 1050~ This indicates that, at this temperature, 
YPO4 is completely sulfurized into Y~O2S. As the average 
size of YPO4 is smaller than that of Y~O3, the size of Y~O~S 
obtained from YPO~ sulfuration is smaller than that from 
Y~O.~ sulfuration. These small Y.~O~S particles promoted 
grain growth in the solid-liquid reaction. 

Conclusions 
The formation process of Y~O~S:Eu in a preparation 

with flux has been clarified. The sulfuration reaction 
Y~O:~ + Eu~O3 + flux(S + Na~CO3 + K3PO4) -:, Y~O~S:Eu '~* 
+ flux is completed in 2h with firing at 700~ or < 10 
rain with firing at ~180~ firings. In this reaction, it can 

Y~O2S:Eu 3~ 2027 

be assumed that a gas-solid reaction is a predominant 
mechanism. Eu 3~ diffusion proceeds promptly after the 
sulfuration reaction, while the host lattice still has much 
disorder with many impurities. Diffusion is completed in 
2h with firing at 800~ or < 10 min with firing at 1180~ 
When Y202S exists with Y~O3 or YPO4, Eu 3~ diffuses into 
Y~O2S preferentially. The sulfuration reaction 2YPO4 + 
Na~S, ~ Y~O~S + flux proceeds at about 900~ 
and ends at 1000~ with 2h firing. It has become clear 
that the grain growth is accelerated, when Eu 3+ diffusion 
is completed, the brightness reaches the highest level, 
and the mean particle size is about 3 gin. Larger particles 
are obtained with partial substitution for Y~O3 of YPO4. 
The reason for this phenomenon is not clear yet, but it 
may be related to the fact that YPO4 sulfurizes into ~r202S 
later than Y~O:~. 
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Highly Selective Dry Etching of Polysilicon Using Chlorinated Gas 
Mixtures for VLSI Applications 

E. Degenkolb,* K. O. Park, "'~ J. B. Shorter, and M. Tabasky 
GTE Laboratories, Waltham, Massachusetts 02254 

With scaled-down silicon-gate MOS devices, dry etch- 
ing to pattern polycrystalline silicon over thin gate oxide 
must  meet two stringent requirements: anisotropy and 
high selectivity. Specifically, for gate polysilicon thick- 
nesses of 0.6 ~m, a suitable etching process should be 
able to produce etched gates of length 1 t~m without re- 
moving more than 5 nm of underlying SiO~. Etching of 
polysilicon can be made highly selective with respect to 
SiO~ in plasmas of fluorine containing gases such as SFs, 
but anisotropy is normally sacrificed for high selectivity 
(1). 

*Electrochemical Society Active Member. 
~Present address: Intel Corporation, Livermore, California 

94550. 

It was shown by Forget et al. (2) that the addition of Cl~ 
to SFs improves selectivity over SFs alone, but in our ex- 
perience this combination.is not ideal because anisotropy 
is critically dependent  on the relative concentrations of 
SFs and C12. Cabral and Horwitz (3) used SiCI~ + O~ to 
etch silicon with greater than 10:1 selectivity over SIO2. 
Molecular chlorine combined with argon was used for sil- 
icon etching by Schwartz and Schaible (4) and shown by 
Pogge et al. (5) to give Si:SiO2 selectivity of approxi- 
mately 20:1. Recently, Park and Rock (6) have shown that 
SiCl4 + C12 also gives a residue-free anisotropic silicon etch 
with high selectivity. In this paper, we describe the 
capabilities of this combination for gate polysilicon etch- 
ing. 
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Fig. 1. Schematic of Hex-cathode reactive ion etching system 

Experimental  
Gate etching test samples were prepared by depositing 

600 nm LPCVD polysilicon onto thermally oxidized sili- 
con wafers. The polysilicon was implanted with 5 • 10 '5 
cm -2 phosphorus at 50 keV and then cleaned by exposure 
to O2 plasma. After a 15 min anneal at 800~ in 02, the wa- 
fers were patterned with positive AZ1400 series photore- 
sist. Just  prior to polysilicon etching, the wafers were 
dipped for 15s in buffered HF solution (NHaF:HF = 7:1), 
rinsed, and baked at 90~ for 30 rain. 

Reactive ion etching (RIE) of polysilicon was con- 
ducted in a 24-wafer Hex-cathode reactor (Plasma-Therm 
640, shown in Fig. 1), which is an asymmetric diode sys- 
tem using the bell jar itself as the anode (anode-to- 
cathode area ratio 3:1), and is equipped with a turbomo- 
lecular pump and cold trap. One to four wafers were 
etched at a time; bare SiO.2-coated wafers occupied the 
other positions. To obtain reproducible etch rates, it was 
found necessary to precondition the etch chamber (before 
loading samples to be etched) with an 02 plasma at 40 
mtorr and 400W RF. During this treatment, the discharge 
color changes from blue to greenish-yellow and dc self- 
bias changes from -170 to -220V. The O~ plasma may be 
reacting with adsorbed chlorides left from the previous 
etching cycle. 

Polysilicon samples were loaded on A120:~-coated 
platens and the reactor was pumped to a background 
pressure of 5 • 10 -S torr before admitting reactive gases. 
Electrode temperature was 37~ chamber wall tempera- 
ture was 39~ The total flow rate of SIC14 + C1.2 was main- 
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Fig. 2. Etch rate and selectivity of polysilicon to thermal oxide as a 
function of reactant gas composition in Hexetch 640 at 36 sccm total 
flow, 28 mtorr pressure, and 400W RF power. 

Fig. 3. Polysilicon (0.6/lm thick) etched at 400W RF, 28 mtorr, 33 
sccm CI2, and 3 sccm SiCI4 in Hexetch 640. Photoresist mask (1.5/~m 
thick) is still in place. 

tained at 36 sccm at a chamber pressure of 28 mtorr with 
RF power of 400W at 13.56 NIHz. The relative concentra- 
tions of CI~ and SIC14 were controlled by varying the indi- 
vidual gas flows, and etch rates were measured with a 
Nanometrics Film Thickness Computer. Optical emission 
from a plasma of SIC14 + CI2 was recorded using an In- 
struments S-A scanning monochromator of focal length 
0.2m and a photomultiplier of S-5 spectral sensitivity. 

Results and Discussion 
Figure 2 shows etch rates and Si/SiO~ selectivity as a 

function of CI~ concentration in SiCI~. Since the polysili- 
con is covered by native SiO~, our measurements yield 
the etch rate for the composite film. From 0 to 85% C12, 
the polysilicon etch rate increases while the SiO~ etch rate 
remains nearly constant. Beyond 85% CI~, both etch rates 
decline, yet selectivity continues to improve and anisot- 
ropy remains high. In this region, the plasma color 
changes from violet to blue and the dc self-bias changes 
from -120 to -80V. The result of these changes is a dra- 
matic drop in the SiO~ etching rate, which accounts for 
the increase in selectivity. 

Figure 3 shows polysilicon on SiO2 which was etched 
with greater than 30:1 selectivity using 90% CI~ + 10% 
SiCL. Anisotropy is characteristic of this gas combina- 
tion, which etches without residue as long as the reactor 
has good vacuum integrity. Selectivity of polysilicon over 
photoresist is about 2:1 under these conditions and drops 
as RF power is increased. Anisotropic etching is also ob- 
tained using sputtered silicon nitride as a less erodible 
mask which can be removed with hot H:~PO4. Figure 4 

Fig. 4. Polysilicon etched as in Fig. 3, after removal of silicon ni- 
tride mask. SiO~ step heights are 0.4/~m. 
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POLYSILICON ETCHING WITH CI 2 + SiCl 4 

t 
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Fig. 5. Polysilicon etching signal from loser reflectometer. Arrow 
shows approximate end point. 

shows  an  e x a m p l e  of  po lys i l i con  gate  s t r u c t u r e s  over  0.4 
/xm SiO~ s t eps  w h i c h  were  e t c h e d  w i th  t he  s a m e  gas  mix-  
t u r e  u s i n g  a 0.15 /xm t h i c k  s i l icon n i t r i de  mask .  

Po lys i l i con  e t ch  m o n i t o r i n g  b y  laser  re f lec tance  is 
s h o w n  in Fig. 5 u s i n g  90% CI~ in SIC14. A delay is e v i d e n t  
b e t w e e n  p l a s m a  ign i t i on  a n d  onse t  of  po lys i l icon  e tch ing ,  
w h i c h  is in  pa r t  d ue  to the  n e e d  to e t ch  off na t ive  SiO~ 
c o v e r i n g  t he  polys i l icon.  The  p r e s e n c e  of res idua l  wa te r  
v a p o r  m a y  also c o n t r i b u t e  to the  delay.  A p p r o x i m a t e  e n d  
p o i n t  is s h o w n  by  t he  arrow,  a n d  t he  p roces s  can  be  ter- 
m i n a t e d  w i th  less  t h a n  5 n m  gate  SiO~ removal .  

A l t e rna t i ve  e t ch  m o n i t o r i n g  can be  d o n e  u s i n g  the  307 
n m  e m i s s i o n  of  CI~*, as s h o w n  in Fig. 6. In  th i s  case, we 
see  t h a t  t he  p l a s m a  is d e p l e t e d  of CI.,* un t i l  po lys i l icon  
e t c h i n g  is comple t e .  T he  ini t ia l  d ip  in  CI~* i n t ens i t y  cou ld  
b e  d u e  to r e a c t i o n  w i t h  res idua l  w a t e r  vapor .  T he  g radua l  
a p p r o a c h  to e n d  p o i n t  is a ref lec t ion  of  s lower  e t c h i n g  
n e a r  t he  c e n t e r  of  t he  wafers .  The  nea r -u l t r av io le t  p l a s m a  
e m i s s i o n  s p e c t r u m  is s h o w n  in Fig. 7 as a f u n c t i o n  of  in le t  
gas c o m p o s i t i o n .  B e t w e e n  t he  C12" p e a k s  is a s h a r p  se- 
q u e n c e  of  l ines  due  to SIC1, w h i c h  d i s a p p e a r  r ap id ly  as 
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el 2" SiCl" Cl 2" SiCI x 

Fig. 7, Dependence of optical emission spectrum on etching gas 
composition. 

t h e  ch lo r ine  c o n t e n t  is increased .  A m u c h  b r o a d e r  emis-  
s ion p e a k e d  at  327 n m  b e c o m e s  w e a k e r  g radua l ly  as Cl~ 
c o n c e n t r a t i o n  is inc reased .  This  b r o a d  b a n d  m a y  be  due  
to e m i s s i o n  f rom a SiCl., spec ies  s u c h  as SIC12. SiCI~ is en- 
e rge t ica l ly  f avo red  to fo rm (7) a n d  has  b e e n  o b s e r v e d  to 
be  a m a j o r  c o m p o n e n t  in  SiCI4 d i s c h a r g e s  (8). 

F igu re  8 s h o w s  n o r m a l i z e d  e m i s s i o n  in tens i t i e s  a n d  
e t ch  ra tes  as a f u n c t i o n  of in l e t  gas compos i t i on .  The  peak  
in po lys i l i con  e t ch  ra te  c o r r e s p o n d s  m o r e  closely w i th  
Cl~* t h a n  w i th  SiCI,* or SiCI* emiss ion .  F r o m  this ,  we 
c o n c l u d e  t h a t  CI~* m a y  b e  a p r i m a r y  s i l icon e t c h a n t  spe-  
cies. T h e s e  da ta  are c o n s i s t e n t  w i th  ear l ie r  r e su l t s  b y  
P a r k  and  R o c k  (6) i n d i c a t i n g  t h a t  t he  f u n c t i o n  of  s i l icon 
ch lo r ides  is e t c h i n g  SiO2. The  po lys i l i con  e t ch  rate  de- 
c l ine  can  be  i n t e r p r e t e d  b y  reca l l ing  t h a t  it has  a na t ive  
oxide,  w h i c h  t akes  longer  to p e n e t r a t e  at  Higher C12 
con ten t .  

P O L Y S I L I C O N  E T C H I N G  W I T H  Cl 2 + SiCl 4 
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Fig. b. Polysilicon etching signal from CI~* optical emission. Arrow 
shows approximate end point. 
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Fig. 8. Comparison of etch rotes with optical emission intensities 
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Conclusions 
Highly selective, clean and anisotropic gate polysilicon 

etching can be achieved in RIE reactors using a CI~ + 
SIC14 gas mixtm'e. Sputtered silicon nitride is a more de- 
sirable etch mask than photoresist because it is less 
erodible and more easily removed following RIE pro- 
cessing. This etching process can be monitored by laser 
reflectance or CI~* optical emission, so that less than 5 
nm gate SiO~ is removed during overetch. 
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An Anodic Oxidation Technique for the Growth of Transparent 
Conducting Layers of SnO2 
S. Dhar,* Susanta Sen, and Diponker Biswos 

Institute of Radiophysics and Electronics, Calcutta 700 009, India 

Transparent conducting layers of SnO~ (I, 2) are cur- 
rently of interest because of their widespread use in a 
number of devices. Available techniques for growing this 
material are thermal oxidation, reactive evaporation, reac- 
tive sputtering, sputtering of oxide targets, chemical 
vapor deposition, and spray pyrolysis. Sputtering tech- 
niques are known for high quality yields, but their use is 
limited by high costs and experimental complexities. 
Spray pyrolysis, however, provides a comparatively sim- 
pler and cheaper method for depositing large area layers. 
However, this is essentially a high temperature technique, 
and the film quality achieved is not as good as that ob- 
tained for the sputtered layers. 

For a long time, anodization has been used as a simple 
and efficient method for converting metals into their ox- 
ides. However, attempts to anodically oxidize tin have 
been only partially successful (3-6). Giany and Kelly (7) 
were apparently able to grow SnO~ from tin sheet using 
an ethylene glycol-based bath but did not present clara on 
the electrical conductivity and optical transparency of the 
grown layers. Two of the present authors (S. D. and D. B.) 
recently presented a preliminary report (8) on a new 
anodic oxidation technique for converting vacuum-de- 
posited tin coatings to highly transparent and conducting 
SnO~. The purpose of this paper is to give a more detailed 
description of the process and of the results obtained. 

Microscopic glass slides were used as substrates for the 
SnO2 layers. They were degreased by boiling in liquid de- 
tergent, followed by i/2h standing in chromic acid. The 
slides were then leached in aqua regia and finally washed 
in deionized water and dried in filtered air. Analytical- 
grade tin was then evaporated at a pressure of 2 • I0 -~ 
tort onto the substrates to form layers of up to 1 #m thick. 

The bath used for tin anodization contained 1.5g of the 
Na salt of EDTA in i00 ml of CH~OH(Analar) and I00 ml 
of distilled water. Anodization was carried out at 30~ 

In the anodization cell, the tin layer on glass was em- 
ployed as the anode, and a nickel plate as the cathode. 

*Electrochemical Society Active Member. 

These electrodes were tilted such that the distance be- 
tween them was smallest at the lower edges. Thus, oxide 
film formation was initiated at the lower edge of the an- 
ode, where the current density was highest. An average 
current density of 3 mA/cm'-' was found to be satisfactory 
for the conversion of Sn to SnO,, yielding a completely 
transparent layer. At higher current densities instead of 
being transparent, the tin layer is converted to a brownish 
mass, probably of SnO. The same effect is again observed 
when the concentration of EDTA in the bath is lowered. 
Before testing, the anodized layers were washed and 
dried in warm air. No heat-treatment was used. 

The resistivity of the anodically grown SnO2 layers, 
measured by the usual two probe technique (9), was 
found to be of the order of i0 -~ tl-cm. Transmittance of a 
40OA thick SnO2 layer on glass measured with a Cary 17D 
spectrophotometer in the automatic scan mode (bare 
glass sheet as reference), is presented in Fig. i. The film 
is seen to be practically transparent over the wavelength 
range 350-700 nm. 

A typical scanning electron micrograph of a 3000X layer 
is presented in Fig. 2, which shows the grain structure. 

~ 80 

6 0  - -  

WAVELENGTH [nrn} 

Fig. 1. Transmittance vs. incident wavelength curve for e 400,~ 
thick anodically grown SnO2 layer. 
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Fig. 2. Surface microstructure of an anodically grown SnO~ layer, as 
revealed by scanning electron microscopy (markers correspond to 1 
~m length). 

An anodic  ox ida t ion  p rocedure  for g rowing  SnO~ layers 
on glass is descr ibed.  Since  the  p rocedure  is pe r fo rmed  at 

room tempera ture ,  it may  be used to form t ransparen t  
SnO., coat ings  on var ious  substrates,  inc lud ing  polymers.  
On conduct ing  substrates,  it may  be possible  to deposi t  
the tin e lec t rochemica l ly  instead of  f rom the vacuum.  
Work is in progress  to invest igate  anodic  growth  of SnO., 
films on substra tes  other  than glass and to more  thor- 
oughly character ize the electrical and optical  propert ies  
of such  films. 
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The Role of Chlorine in the Gettering of Metallic Impurities from 
Silicon 

Thomas A. Baginski* 

Department of Electrical Engineering, Auburn University, Auburn, Alabama 36849 

Joseph R. Monkowski* 

Radio Semiconductor, Incorporated, State College, Pennsylvania 1680i 

Semiconductor device fabrication processes have been 
directed at developing and further refining MOS technol- 
ogies. The oxides used in these devices must be of the 
highest quality to insure optimal device performance. 
Therefore, considerable effort has been devoted to im- 
proving the electrical characteristics of these oxides. 

The presence of chlorine during silicon oxidation has 
been found many times to play a significant role in im- 
proving the minority carrier lifetime in the underlying sil- 
icon. Sometimes this improvement has been by a factor 
of two to three orders of magnitude (i, 2). However, at 
other times, very little effect has been seen. Since the life- 
time i m p r o v e m e n t  is bel ieved to or iginate  f rom the get- 
ter ing of metal l ic  impuri t ies ,  this inves t iga t ion  was 
under t aken  to de t e rmine  if these  d iscrepancies  could be 
unders tood  in te rms  of d iscrepancies  in the get ter ing be- 
havior  of chlor ina ted  oxides.  

In this invest igat ion,  si l icon wafers  were  con tamina ted  
with  gold or copper .  Chlor inated oxides  were  then  g rown  
at a var ie ty  of t empera tu re s  and HC1 concentra t ions .  Me- 
tallic impur i ty  concen t ra t ion  profiles were  measured .  
The  resul ts  p rov ide  a quant i ta t ive  descr ip t ion  of the  
con taminan t ' s  m o v e m e n t  dur ing  oxidat ion.  

Experimental Procedure 
Starting materials for all oxidations were (100)-oriented, 

20 Ft-cm, n-type, 2 in. diam. silicon wafers approximately 
150 t~m thick. Both before the contamination and before 

* Electrochemical Society Active Member. 

the  subsequen t  oxidat ion,  all wafers  were  c leaned in a 
s tandard m a n n e r  us ing an a m m o n i u m  h y d r o x i d e / h y d r o -  
gen pe rox ide  solution,  a d i lu ted hydrof luor ic  acid dip, a 
hydrochlor ic  ac id /hydrogen  pe rox ide  solution,  and sev- 
eral deionized wate r  rinses. 

The wafers  had  a spin-on con tamina t ion  source appl ied  
to the  back  side and were  spun at 2000 rpm for 30s to 
form a source  layer of  un i fo rm thickness .  

The spin-on source  consis ted of SiO., p lus  ei ther  gold or 
copper  in an a lcohol  suspension.  The  solut ion concentra-  
t ion exceeded I0 -'(~ metal atom/g, thus insuring that the ap- 
plied layer acted as an infinite source of metal atoms. 
After deposition of the doped oxide, the wafers were an- 
nealed for i0 rain at 373 K in an N2 ambient to bake out 
the alcohol, thus forming a glass layer saturated with the 
desired impurity. 

The samples were then placed in a furnace to allow for 
diffusion of the metal. Copper was diffused at 1353 K. The 
diffusion temperature of Cu was chosen as slightly below 
the eutectic point in order to inhibit the formation of 
Cu-Si alloys while insuring a high solubility limit. The lit- 
erature shows the solid solubility of Cu to be 6 • i0 j7 
atom/cm '~ at a temperature of 135_3 K with a diffusion 
coefficient of 8 • 10 -'~ cm'-'/s% A 4h diffusion was per- 
formed in an electronic-grade nitrogen atmosphere. 

Au was diffused at 1473 K for 15-30 rain. Au has a solid 
solubility 8 • i0 ''~ atom/cm :~ and a diffusion coefficient of 
i0 -5 cm-'/s at this temperature (3). It is noted that both met- 
als have extremely high diffusion coefficients. Setting 
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1 I00~ with various amounts of HCI' added. 

t he  t h i c k n e s s  of t h e  wafer  equa l  to t he  d i f fus ion  l e n g t h  
yields  t imes  in the  r ange  of  m i n u t e s  for e i the r  a coppe r  or 
go ld  a t o m  to t rave l  f rom one  s ide of  t he  wafe r  to the  
e ther .  Di f fus ion  t i m e s  were  c h o s e n  b e t w e e n  one  a n d  two 
orders  of m a g n i t u d e  g rea te r  t h a n  t h e s e  mere ly  for pro- 
cess ing  c o n v e n i e n c e .  

The  s amp le s  were  t h e n  ox id ized  at 1173, 1373, a n d  
1473 K for 30 ra in  in  0, 3, a n d  10% HC1/O~ gas  mix tu res .  

Fo r  d e t e r m i n a t i o n  of  t he  c o n c e n t r a t i o n  profi les  of t he  
metals ,  layers  of s i l icon were  s e q u e n t i a l l y  r e m o v e d  by  
e t ch ing  in an  u l t r a p u r e  m i x t u r e  of  1:20 HF:HNO:~. These  
so lu t ions  were  t h e n  ana lyzed  us ing  dc p l a sma-exc i t ed  
e m i s s i o n  spec t roscopy .  The  layers  were  e i the r  2.5 or 5 tLm 
th ick .  In  o rde r  to i n s u r e  t h a t  on ly  t he  f ron t  sur face  of t he  
wafe r  was  e t ched ,  t he  b a c k  s ide  was  p r o t e c t e d  w i t h  a wax  
ine r t  to t he  e t chan t .  In  all cases,  b l a n k s  were  r u n  to i n s u r e  
t h a t  e x t r a n e o u s  c o n t a m i n a t i o n  levels  we re  b e l o w  1 ppb .  

Results and Discussion 
Figure  1 s h o w s  t he  r e su l t s  of  o x i d a t i o n  at  1173 K. The  

r e fe rence  is for  a wafer  profi le  i m m e d i a t e l y  af ter  the  con-  
t a m i n a t i o n  w i t h  no  f u r t h e r  p rocess ing .  Note  that ,  in t he  
r e fe rence  profile, m o s t  of  t he  c o n t a m i n a t i o n  is loca ted  
w i t h i n  severa l  m i c r o m e t e r s  of the  surface ,  the  cr i t ical  area  
w h e r e  t he  dev ice  s t r u c t u r e s  are located.  This  charac ter i s -  
t ic profi le has  b e e n  d e s c r i b e d  e l s ewhe re  (4). 

Ox ida t ion  in d ry  O~ t e n d s  to r e d i s t r i b u t e  the  impur i t i e s  
to some  ex ten t ,  b u t  t h e r e  is c lear ly  ve ry  l i t t le  get ter ing.  
A d d i t i o n s  of e i t he r  3 or 10% HC1 to t he  O~ ge t te rs  the  cop- 
pe r  to be low the  de t ec t ab i l i t y  limit.  Ana lys i s  of the  s i l icon 
ox ide  g r o w n  wi th  HC1 s h o w e d  no t race  of copper ,  indica t -  
ing t h a t  the  c o p p e r  was  r e m o v e d  f r o m  t he  wafer  in to  t he  
HC1 a m b i e n t .  

The  b e h a v i o r  of  c o p p e r  at  1373 K w i t h  0, 3, 10% HC1 in 
O~ (Fig. 2) and  at  1473 K wi th  0, 3, 10% HC1 in O2 (Fig. 3) is 
similar.  In  t he  case  of  1100~ 2.5 # m  slices of Si were  
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e t c h e d  away  to p r o v i d e  a f iner  d e p t h  resolu t ion .  The  ref- 
e r ence  profi le  s h o w s  a h i g h  c o n c e n t r a t i o n  of Cu w i t h i n  
t he  first 2.5 ~ m  of  t he  wafe r  surface,  s h o w i n g  clear ly t h a t  
the  Cu segrega tes  to the  m o s t  cri t ical  r eg ion  of device  per-  
fo rmance .  D u r i n g  s u b s e q u e n t  dry  O~ ox ida t ion ,  the  impu-  
r i ty shows  l i t t le  t e n d e n c y  to r e d i s t r i b u t e  t h r o u g h  the  
sample .  O x i d a t i o n  w i t h  3 or 10% HC1 aga in  d rops  the  im- 
pu r i t y  profi le  to be low the  d e t e c t i o n  limit.  The  ox ide  
layer  was  also ana lyzed  a n d  was  f o u n d  to con ta in  no  cop- 
per. For  th i s  pa r t i cu la r  set, t he  wafers  were  e t c h e d  to 50 
~ m  f rom the  surface ,  t h e n  a 2.5 ~ m  slice was r emoved ,  
a n d  aga in  the  wafe r s  were  e t c h e d  d o w n  to 100 # m  and  an- 
o the r  slice r e m o v e d .  No Cu was d e t e c t e d  in any  pa r t  of 
t he  sample .  The  d e t e c t i o n  l imi t  of  t he  t e c h n i q u e  was  ap- 
p r o x i m a t e l y  10 TM Cu a t o m / c m  :~ a n d  5 x 10 J~ Au  atom/cm:L 

F igu re  4 s h o w s  t he  resu l t s  w i t h  go ld  af te r  t he  expo-  
sures .  N o n e  of  t h e  t r e a t m e n t s  s h o w s  any  a p p r e c i a b l e  
in f luence  on  t h e  r e d i s t r i b u t i o n  of t he  gold. Th i s  b e h a v i o r  
is in  c lear  c o n t r a s t  to t h a t  of  t he  copper ,  and  ind ica tes  
t h a t  t h e r e  are  i n d e e d  d i f fe rences  in  the  abi l i ty  of ch lo r ine  
to ge t t e r  d i f f e ren t  meta ls .  These  d i f f e rences  are be l i eved  
to s t e m  f rom d i f fe rences  in  the  t h e r m o d y n a m i c  s tabi l i ty  
of the  me ta l  ch lor ide .  

For  example ,  c o p p e r  ch lo r ide  is s t ab le  in  a v a p o r  p h a s e  
at  t e m p e r a t u r e s  u s e d  d u r i n g  ox ida t ion .  Go ld  ch lor ide  de- 
c o m p o s e s  at  t e m p e r a t u r e s  be low 573 K (5). 

Conclusions 
In this investigation, silicon wafers were contaminated 

with copper and gold. Oxidations were then carried out at 
temperatures of 1173 1473 K using additions of 0-i0% HCI 
to dry O~ gas. In all cases, the metallic impurity concen- 
tration profiles were established to better than 1 ppm 
using atomic emission spectroscopy of solutions con- 
taining dissolved samples. 
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Copper is easily removed by the addition of HC1 to the 
oxidizing ambient, but gold is not affected. The observed 
behavior is attributed to the existence of a volatile copper 
chloride and the lack of any stable gold chloride at the 
temperatures used. 
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Cathodoluminescence of MgS:RE Phosphors 
R. P. Rao 

Materials Science Centre, Indian Institute of Technology, Kharagpur 721-302, India 

Alkaline earth sulfides (AES) has been known for a 
long time to be excellent and versatile phosphor material 
(1). These are traditionally known as Lenard phosphors. 
Luminescence and electronic properties of sulfides like 
ZnS and CdS, belonging to (II-IV) group, have been 
widely studied (2). However, systematic investigations 
have not been made in detail on alkaline earth sulfides of 
the same group (II ~-VI ~) because of their chemical insta- 
bility with atmospheric moisture and poor reproducibil- 
ity. After Lehmann's  extensive study (3-7), these sulfides 
have gained in importance as efficient phosphors, partic- 
ularly in cathodoluminescence because of their low cur- 
rent saturation. When doped with certain impurities such 
as rare earths (RE), they produce emission from the UV to 
the near-IR regions. In the past, many workers have 
doped the phosphors with impurities in the presence of 
flux in order to reduce the doping temperature as well as 
to create a media  for incorporation of impurities into the 
lattice. 

Most of the earlier work on these sulfides has been car- 
ried out only on the studies of phosphorescence (8), 
photo-, thermo-, and electrotuminescence (9-12). Recently, 
Kasano et al. {13) have reported the preparation and 
cathodolurninescence properties of Eu ~- or Ce:~-activated 
MgS and Ca~_,.Mg,S phosphors. In this paper, the prepa- 
ration and cathodoluminescence (CL) of MgS:RE (RE = 
Eu, Sin, Ce) are reported. From these results, the emis- 
sions of Eu '-'~, Ce :~, and Sm :'~ are explained by considering 
their transitions. 

Experimental  
Polycrystaltine MgS was prepared by reducing pure 

MgSO4 (E. Merck, Germany) with pure CS~ in an argon at- 
mosphere. A good yield of  MgS in the final product was 
obtained by passing CS.~ at 900~ for 1.5h. MgS phosphors 
were prepared by doping with different quantities of  the 
rare earth elements Eu, Sin, and Ce. In the process of 
doping, MgS and MgSO4 (4: t by weight) were mixed with 

the required amounts of respective rare earth oxides and 
fired at 900~ for 1.5h in the presence of CS~. In the past, 
MgS:Ce films were prepared by firing MgO:Ce films in 
H~S atmosphere at 950~ (14). In this investigation, films 
of different thicknesses were prepared by depositing fine 
grains of average particle sizes on well-cleaned glass sub- 
strates in an aqueous medium at room temperature (300 
K) by sedimentation technique. The samples were dried 
and then protected from atmospheric moisture by coating 
with a polymer binder (Dow Coming 805). The texture of 
the films was studied with scanning electron micros- 
copy. 

The phosphor films were excited by 10 kV electrons at 
approximately 0.5 mA/cm ~ in a demountable cathode ray 
tube at 300 K. The emission from the excited samples was 
recorded with the help of a Bausch and Lomb mono- 
chromator and photomultiplier (PM) (XPl117) tube. All 
spectra presented in this paper were corrected for mono- 
chromator and PM tube response. 

Results 
In the process of materials preparation, the firing tem- 

perature (900~ and the duration .of firing (1.5h) were 
fixed at opt imum values from a few trials at different 
temperatures and durations and from a consideration of 
other data such as DTA, TGA, DTC, etc. {15). To avoid the 
compti.cations with residual ,flux left in the ritual product 
as well as the incorporation of  unwanted impurities, MgS 
and MgSO, were taken as starting materials in the ratio 
4:1. Moreover, MgS is highly hygroscopic, and it is diffi- 
cult to separate the flux from the final product {16). ,~s 
the melting temperature of  MgSO, is well below the melt- 
ing point of  MgS, the firing temperature o f  the mixture  
would be reduced moderately.. 

X-ray diffraction spectra of  these films exhibited the 
prominent lines of  MgS, and no lines correspondir~g ei- 
ther to MgSO4 or MgO were observed. Figure 1 shows the 
scanning electron micrographs of  MgS doped with RE. 

Fig. 1. Scanning electron micrographs of polycrystalline films, a (left): MgS:Eu. b (right): MgS:Ce phosphors. 
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Fig. 2. Cathodoluminescence of MgS:Sm phosphor 

From the photographs ,  it is clear that  the  films formed 
by the sed imenta t ion  t echn ique  used in this s tudy are 
uniform.  

Though  many  samples  were  prepared  with different  
concent ra t ions  of impuri t ies ,  only resul ts  on typical  con- 
centrat ions are presen ted  in this paper.  The ca thodolum-  
inescence  spec t rum of MgS:Eu  (0.1% by weight)  is ob- 
served in the red region with  a band m a x i m u m  at 590 nm. 
Two emiss ion  bands  were  observed  in the  green  (525 nm) 
and red (590 nm) regions in the case of  MgS:Ce (0.1% by 
weight) phosphors .  As shown in Fig. 2, three  emiss ion  
bands are observed  at 575 (green), 610 (red), and 660 nm 
(deep red) in the ca thodo luminescence  spec t rum of MgS 
doped  with Sm (0.1% by weight).  The  above  resul ts  are 
expla ined  by cons ider ing  the  poss ible  t ransi t ions pro- 
posed by var ious  workers  in s imilar  type  of  materials.  

Discussion 
The chemicals  used in the prepara t ion  of MgS:RE were  

of 99.99% purity.  The  only possible  act ivators  doped  were  
rare earths, and there  was no coact iva tor  since there  was 
no flux material .  The emiss ion  bands  observed  in this 
s tudy are due only to rare earth ions. The  Eu-" ion is 
known as a b road-band  4P5d ~ 4i ~ emit ter .  The  ground 
state is ~S(4f~), and the lowest  exc i ted  state is 4P5d. F r o m  
the results  of  this invest igat ion,  the emiss ion  can also be 
in te rpre ted  as a l lowed t ransi t ions  to the  g round  state sSv~ 
from the exc i ted  states of  4P5d configurat ion.  Nakao (17) 
has observed  the  emiss ion  bands  at 592, 652, and 594 n m  
for MgS, CaS, and CaSe, respect ively ,  doped  with  Eu at 
300 K. It was also repor ted  (17) that  sharp spiked lines 
(phonon lines) appeared  on the  shor ter  wave leng th  side at 
low t empera tu res  (gO and 6 K), as observed  by others  in 
the case of  a lkal ihal ides  doped  wi th  Eu. F r o m  this exten-  
sive study, it was conc luded  that  these  bands  are due  to 
Eu x ion centers .  

The emiss ion  of the  Ce :~ ion cor responds  to a 5d-4f tran- 
sition. Since  the configurat ional  coord ina te  curves  of  
these  two levels  are different,  the  emiss ion  has a broad- 
band character.  The band has a double t  clue to the 
ground-s ta te  split t ing, - 'F~ and ~FTj~ (18). Gil l i land (14) has 
repor ted  tha t  the emission band (second peak) at 610 n m  

with higher concentrations of Ce becomes dominant with 
the Ce to Mg ratio was 1:1 in case of MgS:Ce phosphors. 
The emission observed in this investigation is exactly the 
same as that observed by Asano et al. (]9). They reported 
that the emission bands ~T~g(5d) --~ -'FT~, ~F~(4f) originat- 
ing from the intraionic transitions of Ce:L The band max- 
ima are at 2.36 and 2.1 eV with an energy difference of 
0.26 eV, which corresponds nearly to the difference be- 
tween the energy levels of '-'F:,I2 and ~FT~ of 4f electrons of 
Ce :~' ion. Lehmann has observed three bands in the yellow, 
red, and deep red for the same type of phosphors. Data on 
Sm:~'-doped alkaline earth sulfides are few. Also, the pos~ 
sible transitions are not discussed anywhere. The Sm :~ 
rare earth ion is one possessing a complex nature with a 
total number of 1994 levels and 306,604 possible transi- 
tions (20), it will only be speculative to propose any possi- 
ble allowed transitions from the above results. However, 
from the bands at 17,452, 16,393, and 15,152 cm-', the 
t ransi t ions  l ike 4Gr, j=, --* '~H:,~, 4G~j~ --~ '~Hm, and 4G~t2 -* ~H,~ 
may  be proposed.  It  needs  fur ther  detai led invest igat ions  
to find out  the  exac t  t ransi t ions of  S m  :~ involved.  

It  is conc luded  f rom these  s tudies  that  these  MgS phos- 
phors  can be prepared  in a s imple  way and used  as CL 
phosphors .  Fur the r  expe r imen t s  are requ i red  to under-  
s tand the  role of RE impur i t ies  on the emiss ion  character-  
istics in these  phosphors .  The eff iciency could  be deter- 
m ined  by compar ing  with s tandard  CL phosphors .  
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Enhanced Diffusion in Boron Implanted Silicon 
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INTRODUCTION 

When boron is implanted into crystalline silicon the 
dopant distribution includes a deeply penetrating tail due to 
ion channeling (1,2). This channeling tail is an unavoidable 
consequence of large angle scattering events occuring during 
implantation. When such samples are annealed it has been 
observed (3-6) that boron in the tail region diffuses 
anomalously fast. This occurs for both long (~30  min) 
furnace anneals at low temperatures (700-800~ or 
rapid ( ~  10 sec) higher temperature, anneals (1050- 
1100~ (4-6). 

The cause of this enhanced diffusion has been the 
subject of considerable discussion (7,8). One possibility, 
proposed by Fair (7), is that point defects created by the 
implantation (e.g., vacancies and/or self-interstitials) enhance 
the tail diffusivity. Because such defects are created 
primarily near the peak of the boron implantation 
distribution, this model must involve migration of such defects 
from the peak damaged region inward to the deeper 
channeling tail. In this paper we report an experimental test 
of this "non-local" diffusion model. Samples are annealed 
with and without the heavily damaged surface region and 
profiled by SIMS. Preliminary results show similar diffusion 
in both sample lots in contradiction to the Fair proposal, 
implying that the enhanced tail diffusion is a "local" 
phenomenon. 

EXPERIMENTAL 

Boron was implanted with two batches of 4" < 100> 
10 II emP-type silicon wafers (#,% and #B) using an 
Extrion DF4 implanter. The wafers were tilted ~ 7  ~ off- 
normal, in an arbitrary rotational direction and implanted at 
room temperature. Boron energy was 40.0 keV and swept 
beam current was kept low (~100  #A) to avoid beam 
heating. After implantation wafers in each batch were 
divided and adjacent pieces were etched in an HF-HNO3 
solution to remove ~2000,~ (as verified by D::-:tak 
profilometer measurement). This 2000,~ region contained the 
peaks of both the boron and damage distributions. Adjacent 
unetched and etched portions of the B wafers were then 
annealed together in a rapid thermal annealing furnace at 
~ l l 0 0 ~  for ~ 10 see. This yielded the following sample 
matrix 
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Table I. Sample Matrix 

# Implanted Etched 

A X 

A' X X 

B X 

B' X X 

Annealed 

X 

X 

Boron profiles were measured using an Atomika 
A-DIDA-3000-30 ion microprobe. An O~ primary beam was 
selected to enhance boron sensitivity. The O + beam was 
incident 2 ~ off-normal at an energy of 10.0 keV. The 300 ;tA 
analysis beam was focused to ~ 100 #m and scanned over a 
1/2mm x 1/2mm crater yielding an etch rate of 
- -1 /2  #m/hr. Samples were analyzed back-to-back in a 
vacuum of 2 x 10 -9 torr. Signal was collected only over the 
center 30% of the analysis crater to ensure adequate depth 
resolution. 

Because the experiment depended on discrimination of 
subtle differences in diffusion profiles, two means were used to 
monitor and confirm stable SIMS operation. First, both 
boron and silicon laSi++ profiles were measured. Drift in the 
analysis beam current or detection sensitivity would then be 
revealed by drift of the 14Si++ signal. Second, the depth 
integral of the 14Si++ signal was compared to the measured 
volume of the analysis crater. Data was only used if both the 
14Si++ signal was constant during the run (within • 5%) and 
if the integrated silicon count to volume ratio was constant 
sample to sample (within • 10%). 

Typical raw SIMS data is shown for samples # A  in 
Fig. 1. Data for runs satisfying the two above tests were then 
converted to concentration vs depth profiles via the following 
processing. To generate a concentration scale, the 11B+ count 
was first divided, point by point, by the 14Si++ count. This 
would normalize out any residual drift in SIMS sensitivity. 
Second, the SIMS boron background signal (as indicated by 
the fiat base count at the deep end of the distribution) was 
subtracted from the normalized boron count. Finally, the 
depth integral of the normalized boron count for samples 
A and B was compared to the stated implant dose of 
2 x 101S/cm 2 yielding calibration constants for each sample. 
The calibration constants for the A and B samples were then 
transfered to the A' and B' samples respectively. (A and B 
samples were calibrated separately to account for a slight 
discrepancy between implantation doses to the wafers.) 
Manuscript received April 22, 1985. 
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Fig. 1 Raw (unprocessed) data for control boron implanted 
sample (#A: unetched and unannealed). 

The depth scale was established by setting the total 
sputter time equal to the total crater depth, sample by 
sample. Given that the samples were composed only of Si 
and trace B and that the 14Si ++ reference counts were 
constant during profiling, it can be safely assumed that the 
sputter rate was constant. Intermediate depth points were 
therefore established by linear interpolation of the total 
analysis depth. 

RESULTS 

Processed data are shown in Figs. 2 and 3. Figure 2 
compares unannealed and annealed boron distributions in 
unetched samples (A and B). Figure 3 compares unannealed 
and annealed distributions in etched samples (A' and B'). In 
both figures the channeling tail falls at a rate of 
~6.1  x 101S/cm3/A in unannealed samples vs 
~ 4 . 5 x  10~S/cm3/A in annealed samples. Within our 
experimental accuracy, the presence or absence of the 
maximally damaged near-surface region has no effect on the 
enhanced diffusion of channeled boron tail. Because samples 
were implanted at room temperature and subjected to no high 
temperature processing prior to etching, point defects created 
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Fig. 2 Processed (calibrated) data for unetched samples 
with (#B) and without (#A) post implantation anneal. 

near the peak of the boron distribution should have been 
frozen in place and thus removed by the etch. The near 
identical diffusion of etched and unetched samples therefore 
indicates that these defects are not responsible for the 
enhanced channeling tail diffusion. 

1o 21 
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Fig. 3 
samples with (#B') and without (#A') post implantation 
anneal. 

To summarize, SIMS profiling experiments on boron 
implanted silicon samples indicate that radiation damage 
created near the peak of the boron profile cannot be the 
dominant agent producing anomalous diffusion. Alternate 
models are therefore required to explain and predict the 
annealing behavior in this technologically important process. 
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A Performance Improvement for High Temperature Stabilized- 
Zirconia pH Sensors 
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In a recent paper, Danielson, Koski, 
and Myers ( i)  reviewed the l i terature on 
high temperature pH sensors constructed from 
yttr ia-stabi l ized zirconia. They also 
reported their own work in which sensors 
demonstrated excellent pH response in the 
range of 100 to 300~ Danielson et al. (I) 
recognized from their potential measurements 
that the sensors acted reversibly to oxygen 
(on their internal surface) by the following 
equilibria: 

�89 + 2e-(metal) = 02-(ZrO2)inside [ i ]  

02-(ZrO2)inside = 02-(ZrO2)soln. side [2] 

+ 2H + = H20 [3] 02-~ZrOz)soln. side 

�89 + 2e- + 2H + = H20 [4] 

This observation has great importance for 
simplifying the calibration procedure. 
Previously, all the metallic f i l l s  studied 
(Cu/CuzO, Ag, Au) by the authors required a 
preliminary autoclaving to 250 to 300~ 
before their potential was that predicted by 
Eq. [4], and this is very inconvenient for 
pH studies between 100 to 250~ This note 
discusses a platinum f i l l  which results in 
the sensors acting reversibly to oxygen at 
100 to 300~ without the need for in i t ia l  
autoclaving at 250 to 300~ 

The metallic platinum is applied as a 
thin coating to the inside of the sensor 
(Figure I ) .  The Pt coated sensors wi l l  
start out at 100~ being poised by oxygen 
from the air ,  and i t  is our experience that 
sensors which have good pH response at 100~ 
wi l l  operate even better at higher tempera- 
tures. The 8 wt% yt t r ia  sensors were 
evaluated in a silica-carbonate buffer (F-, 
17~6 mg/~; Cl-, ~35 mg/~; SO~-~ 2.4 mg/~; 
Ca T2, 1.3 mg/~; K-, 10 mg/~; Na-, 399 mg/~; 
Si, 43.4 mg/~; CO~-, 67 mg/~; HCO~, 32 mg/~; 
pH = 9.77 @ 25~ sparged with hydrogen at 

Electrochemical Society Active Member. 

one atmosphere. A platinized-platinum 
hydrogen electrode and external Ag, AgCl 
reference electrode (0.100 M KCI) were used 
in the experiments carried out at 100, 150, 
and 200~ Corrections were made for the 
thermal liquid junction potential of the 
external reference to place the potentials 
on the Standard Hydrogen Electrode scale. 
All the zirconia sensors had a Pt f i l l .  
Table I shows the calculated pH for the 
hydrogen electrode and the zirconia sensors. 
The old zirconia sensors had a varied 
autoclave history including about 30 days of 
autoclaving before this test. Sensor 1 is 
defective (doesn't give ful l  Nernstian 
response at 100~ and is included for 
comparison. We have observed that sensors 
wi l l  develop a degraded pH response (when 
evaluated at 100 ~ ) when subjected to 300~ 
conditions for a week or more. 

Table I. pH Measurement Data 

pH (Calculated) 
Sensor Description 100~ 150~C 200~ 

H2 Hydrogen 8.77 8 . 2 9  7.99 
electrode 

1 ZrO2/old 8.39 8 . 3 6  7.71 
2 ZrO2/old 8.73 8 . 2 9  7.91 
3 ZrOffnew 8.69 8 . 3 5  7.92 
4 ZrOffnew 8.97 8 . 4 1  8.11 

The pH values were calculated by using 
the E ~ (Table I I )  of Eq. [4], the measured 
voltage of the sensors on the hydrogen 
scale, and the Nernst equation (taking 
account that fOz = 0.2). This is an espe- 
cial ly severe test of the pH performance of 
the zirconia sensors since pH sensors are 
normally standardized in a known buffer and 
their pH response measured relative to this 
value. Except for the response of Sensor I 
at 100~ the measured pH is within 0.2 pH 
units of the value measured using the 
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hydrogen electrode, and the agreement 
improves as the temperature increases. 
Though this data only goes to 200~ i t  is 
our experience that even better performance 
would be expected at 250 and 300~ 

Table I I .  E ~ Data 

T E ~ 

lO0~ 1.167 V 
150~ 1.127 V 
200~ 1.088 V 
250~ 1.050 V 
300~ 1.013 V 

The fol lowing procedure is used to coat 
the sensors: 

I) Coat inside of sensor (depth of 2.5 cm) 
with Englehard Pt ink (No. A-4338). 

2) Dry at 120~ for  one hour to harden the 
coating. 

3) Wind piano wire around mandrel to make 
a spring which is a l i t t l e  larger in 
diameter than the sensor I.D. Coat 
spring with Pt ink and insert .  

August 1985 

4) Fire in a i r  to 400~ for  18 hours. 
5) Epoxy ceramic co l la r  to upper portion 

of sensor a f ter  cooldown. 

This development demonstrates a sig- 
n i f icant  s impl i f icat ion in the cal ibrat ion 
process which should assist  in the practical 
appl icat ion of the sensors for  temperatures 
of 100 to 300~ More accuracy can be 
obtained by using a buffer of known pH to 
standardize the sensors as is current ly done 
with glass pH sensors at ambient condit ions. 
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A B S T R A C T  

C a d m i u m  m i g r a t i o n  in  sea led  n i c k e l - c a d m i u m  cells  was  s t u d i e d  in o rde r  to e x p l a i n  t he  o c c u r r e n c e  of  p r e m a t u r e  cell 
fa i lure  d u e  to i n t e r n a l  shor t ing .  T i m e  l apse  m i c r o p h o t o g r a p h y  of  t he  c a d m i u m  sur face  r evea l ed  n u m e r o u s  m i g r a t i o n  re- 
g ions  g r o w i n g  d u r i n g  the  l ife of  a s ing le  cell. T he  d o m i n a n t  t r a n s p o r t  m e c h a n i s m  of  t he  ac t ive  ma te r i a l  was  h y d r o d y -  
n a m i c  in  n a t u r e  a n d  was  due  to m o l a r  v o l u m e  c h a n g e s  o c c u r r i n g  in  t he  e lec t rode .  Migra t ion  o c c u r r e d  " e n  m a s s e "  w i t h  
t he  m i g r a t i o n  r eg i ons  c h a r g i n g  a n d  d i s c h a r g i n g  w i t h  t he  e lec t rode .  I n d i v i d u a l  m i g r a t i o n  reg ions  were  ana lyzed  u n d e r  
t he  S E M  a n d  were  s h o w n  to cons i s t  of  b o t h  c rys ta l l ine  a n d  a m o r p h o u s  f o r m s  of  ac t ive  mater ia l .  I t  was  d e t e r m i n e d  t h a t  
the amorphous active material contained metallic cadmium which allowed for an electronic connection to the negative 
electrode. Growth of the migration regions occurred through a precipitation/dissolution mechanism of the active mate- 
rial until a short circuit developed between the two electrodes. 

Fa i lu re  ana lyses  of  sea led  n i c k e l - c a d m i u m  cells  indi-  
ca te  t h a t  c a d m i u m  m i g r a t i o n  is a m a j o r  cause  of  p r e m a -  
t u r e  cell  fa i lure  (1-4). Severa l  t heo r i e s  ex i s t  e x p l a i n i n g  t he  
m e c h a n i s m  b y  w h i c h  the  ac t ive  ma te r i a l  t r ave r se s  t he  
s epa ra to r  r eg ion  f rom t h e  c a d m i u m  e lec t rode  (4-6). 
T h r o u g h  t h e  u s e  .of t ime- l apse  m i c r o p h o t o g r a p h y ,  we  
h a v e  o b s e r v e d  t h a t  t he  m i g r a t i o n  occu r s  " e n  m a s s e "  at  se- 
l ec ted  pos i t i ons  o n  t he  su r face  of  t he  e l ec t rode  (7). T h e s e  
m i g r a t i o n  r eg ions  are  no t  d e n d r i t e s  in  t he  t rue  sense ,  b u t  
are r a t h e r  m o u n d - l i k e  s t r u c t u r e s  p r o t r u d i n g  in to  t he  sepa- 
rator .  We be l i eve  t h e  m i g r a t i o n  r eg ions  cons i s t  of  b o t h  
meta l l i c  c a d m i u m  a n d  c a d m i u m  h y d r o x i d e .  Our  f i lms 
s h o w  the  r eg ions  of  ac t ive  ma te r i a l  g r o w i n g  in  size as t he  
n u m b e r  of  cycles  increases .  E v e n t u a l  fa i lure  of  t h e  cell  
occurs  by  t he  f o r m a t i o n  of  n u m e r o u s  " so f t  shor t s . "  

Experimental 
F o u r  t ypes  of  t e s t  cel ls  we re  c o n s t r u c t e d  for de f in ing  a 

m e c h a n i s t i c  m o d e l  of  c a d m i u m  migra t ion .  T he  va r ious  
cell t ypes  we re  f a b r i c a t e d  to a n s w e r  q u e s t i o n s  t h a t  
o c c u r r e d  to us  as t he  i n v e s t i g a t i o n  p rog re s sed .  The  first  
t ype  of  t e s t  cell, cell  1, was  c o n s t r u c t e d  for  f i lming  u n d e r  
t he  mic roscope .  I t  cons i s t ed  of  one  c a d m i u m  a n d  one  
n icke l  e lec t rode ,  e ach  cu t  28.0 x 18.0 x 0.8 m m  f rom com-  
merc i a l ly  m a n u f a c t u r e d ,  c h e m i c a l l y  i m p r e g n a t e d  p la tes ,  
p l a c e d  in  a P ]ex ig l a s  case  e q u i p p e d  w i t h  a Tef lon g a s k e t  
a n d  a r e m o v a b l e  P lex ig las  top.  One  layer  of  n y l o n  m a t  
se rved  as t he  s e p a r a t o r  (Fig. 1). In  o rde r  to avo id  in ter fer -  
ence  of  t he  e l e c t r o d e  surface ,  a m i n i m a l  a m o u n t  of  elec- 
t ro ly te  was  u s e d  (0.3 m l  of  32 w e i g h t  p e r c e n t  [w/o] KOH 
vs. a ca l cu la t ed  0.45 m l  cell  vo id  vo lume) .  C u r r e n t  was  
d r a w n  at t he  1C rate ,  b a s e d  on  a Ni(OH)2 e l ec t rode  capac-  
i ty of  121 m A h ,  u s i n g  a H e w l e t t - P a c k a r d  Mode l  6177 dc 
c u r r e n t  source .  D e p t h  of  d i s c h a r g e  p r o g r e s s e d  f rom 20 to 
40 to 80%. Cell fa i lu re  o c c u r r e d  at  cyc le  1728. All  t e s t i n g  
was  p e r f o r m e d  at r o o m  t e m p e r a t u r e .  

F i l m i n g  of t he  cell  was  p e r f o r m e d  at  75x magn i f i ca t i on  
u s i n g  a Bo lex  16 m m  m o v i e  c a m e r a  a t t a c h e d  to a n  Olym- 
pus  Mode l  BH10 me ta l lu rg i ca l  m i c r o s c o p e  w i t h  a t i m e  
lapse  con t ro l  uni t .  

Cell 2 was  d e s i g n e d  to m i n i m i z e  t h e  i n t e r a c t i o n s  be- 
t w e e n  t he  n i cke l  a n d  c a d m i u m  e l ec t rodes  b y  s e p a r a t i n g  

*Electrochemical Society Active Member. 

t he  two in d i f f e ren t  c o m p a r t m e n t s  w i th  a c o m m o n  elec- 
t ro ly te  r e se rvo i r  (Fig. 2). The  e l ec t rodes  we re  iden t ica l  to 
t hose  u s e d  in  t he  first  cell. Holes  we re  dr i l l ed  in to  t he  
s ide of  t h e  c a d m i u m  e lec t rode  c o m p a r t m e n t  to con t ro l  
e lec t ro ly te  flow. A t h i n  l ayer  of  paraf f in  oil was  p l a c e d  
on  t h e  e lec t ro ly te  su r face  to p r e v e n t  t h e  f o r m a t i o n  of  car- 
b o n a t e s  in  so lu t ion .  T h e  cell  was  g i v e n  a ful l  c h a r g e  a n d  
t h e n  cyc led  at  t he  0.67C ra te  to a 20% dep th .  

In  a d d i t i o n  to t he  above ,  two o t h e r  cells  were  also con-  
s t r u c t e d  for  specif ic  t e s t i ng  p u r p o s e s .  Cell 3 was  con-  
s t r u c t e d  u s i n g  n i cke l  a n d  c a d m i u m  e lec t rodes  cu t  f r o m  
the  a b o v e - m e n t i o n e d  p la tes  w i t h o u t  u t i l i za t ion  of  a sepa- 
rator .  The  e lec t rodes ,  w i th  d i m e n s i o n s  36.0 x 12.0 x 0.8 
ram,  were  p l a c e d  in  a P lex ig las  b o x  6 m m  apart .  The  
space  b e t w e e n  t he  two  e l e c t r o d e s  was  fi l led w i t h  0, 10, 
a n d  20 w/o c a d m i u m  m e t a l  (Al fa -Vent ron ,  M6N, 200 
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Fig. 1. Time lapse microphotography cell, cell 1 
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SECTION AA 

SCHEMATIC OF ELECTROLYTE 
FLOW PATTERN 

Fig. 2. Cell for isolating electrode interactions, cell 2 (inset depicts 
estimated electrolyte flow pattern). 

mesh) with the balance of the mixture being cadmium- 
hydroxide (Alfa-Ventron ultrapuriss.). A constant current 
of 50 mA was used to charge and discharge the cell be- 
tween voltage limits of 1.8 and 0.4V. The electrolyte was 
again 32 w/o aqueous KOH. 

The fourth cell, cell 4, was constructed using a standard 
sintered nickel electrode with the dimensions of 15.0 • 
30.0 • 0.8 ram. The counterelectrode was a coiled cad- 
mium wire of 1 mm diam. The length of the wire sub- 
merged in electrolyte was 16 cm. The cell was cycled be- 
tween 1.93 (peak voltage on charge) and 0.65V. A constant 
current of 600 t~A was kept using the Hewlett-Packard 
Model 6177C dc current source. The parameters mea- 
sured were cell capacity and voltage. 

Analyses of the cadmium electrode surfaces and cell 
separators were performed with an ISI scanning electron 
microscope equipped with a Kevex dispersive x-ray spec- 
trometer. 

Results 
Our initial viewing of the films provided us with a 

great deal of insight into the environment  of a nickel- 
cadmium cell during cycling. Readily apparent from the 
beginning are the hydrodynamic forces present through- 
out the cell. In both starved and flooded cells, electrolyte 
could be seen constantly moving back and forth between 
the electrodes and the separator. Small particles of active 
material and sinter were detached from the electrodes by 
the hydrodynamic forces and subsequently distributed 
randomly throughout  the separator region. The severity 
of electrolyte pumping action could be increased and de- 
creased by proportionally varying the current rate. 

Several migration regions formed on the electrode sur- 
face near the top of cell 1 and were able to be filmed. We 
focused upon one rather large migration region (0.63 x 
10 -2 cm across at base) which we found after the eight 
hundredth cycle. For the remainder of the cell's life, the 
camera filmed the behavior of this region which con- 
s~sted of mossy active material. It was obvious after a few 
hundred cycles that the migration area indeed was 
growing. Measurements from the film estimated the mi- 
gration region to be 1.3 x 10-2-'-2.0 x 10 -2 cm at the base 
and 2.0 z 10 -2 cm from base to peak when the cell finally 
failed. Another migration region similar to this one, how- 
ever, was the ultimate cause of cell shorting. 

A more careful viewing of the films showed other inter- 
esting phenomena occurring inside the cell. Several 
rather large pieces of active material, which apparently 
had broken off the cadmium electrode, were found mov- 
ing randomly throughout the separator region. No ag- 
glomeration of these pieces was found forming a bridge 
between the two electrodes. 

A patterned color change in the migration region was 
also noticed with each charge and discharge. Color 
changes in the migration region began at the peak and 
progressively moved towards the base during both charge 
and discharge. The color change was seen to be much 
faster during discharge than during charge. 

In cell 2, we again observed numerous migration re- 
gions on the surface of the cadmium electrode, although 
they were much smaller in size than in the previous cell. 
Specific details of the growth of these regions was ob- 
scured due to the flooded state of the cell and the 
paraffin oil layer. After completing 1400 cycles, the cell 
was disassembled and the surface of the cadmium elec- 
trode rinsed, dried, and examined. Without the aid of 
magnification we were able to see four very large, dis- 
tinct migration regions. The positions and size of these re- 
gions corresponded to the holes in the Plexiglas case 
where the electrolyte entered. Micrographs taken by the 
SEM revealed three distinct areas in each migration re- 
gion. Figure 3 depicts an overall view of one migration re- 
gion. There is the central migration area where buildup of 
active material is the greatest. A more detailed micro- 
graph (Fig. 4) shows the central migration area to be a 
combination of both crystalline and mossy active mate- 
rial. Immediately surrounding the central area is a second 
area that is relatively clear of active material (Fig. 5)..The 
roller tracks on the sintered substrate are even exposed. 
Farthest from the central area is the outer or peripheral 
area, which is representative of the morphology of the 
majority of the cadmium electrode surface (Fig. 6). 

Each of the three separator mixtures used in cell 3 com- 
pleted more than 100 cycles without a failure. The only 
change observed in the separator mixture was a gradual 
darkening of the originally white cadmium hydroxide 
with time. 

The cadmium wire cell, cell 4, was deep discharged 92 
cycles. The max imum capacity of the wire on discharge, 
between the previously stated potentials, was 1.97C. In 
Fig. 7, an SEM micrograph of the wire surface is shown. 
Generally speaking, the surface is characterized by a 
mossy structure which is strewn with fl-Cd(OH)2 crystals. 
This is very similar to our structural observations noted 
with sintered electrodes. 

Discussion 
Ordinary vented aircraft nickel-cadmium cells employ 

gas-impermeable separators which act as barriers to ac- 
tive material. Sealed nickel-cadmium cells, on the other 
hand, utilize nylon mat separators which allow for gas 
recombination to take place. Unfortunately, this permea- 
bility is a detriment to the inhibition of the migration of 
active material. As cycle life increases, active material 
from the cadmium electrode forces its way through the 
separator and eventually contacts the nickel electrode. 
These "short circuits" lead to decreased cell performance 
and subsequent  cell failure. 

Several models exist for the mechanism by which ac- 
tive material migrates into the separator. Mayer (8) had 
suggested that negatively charged Cd(OH)2 could be 
transported electrophoretically away from the cadmium 

Fig. 3. Migration region on cadmium electrode from cell 2 
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Fig. 4. Central migration area from cell 2 Fig. 6. Peripheral area of cadmium electrode from cell 2 

electrode. Discrepancies with this model were brought 
forth by several other researchers in the field, including 
Barnard et al. (9) and James (10, 11); therefore, we chose 
not to consider it as a viable model at this time. 

The remaining two models suppose Cd(OH)~ is initially 
deposited in the separator and then converted to metallic 
cadmium. The difference between the two models lies in 
the method of reduction of Cd(OH).,. Several authors be- 
lieve the reduction of Cd(OH)~ occurs through a solid 
phase reaction (12-14). For failure to happen through such 
a process, Cd(OH)~ would have to become detached from 
the electrode and in turn agglomerate in the separator to 
form a connection between the cadmium and nickel elec- 
trodes. Cadmium hydroxide would then be reduced to 
metallic cadmium, which results in the formation of what 
is termed a "soft short." 

In contrast to solid-state reduction of Cd(OH).,, the pre- 
cipitation/dissolution model advocates reduction through 
the formation of soluble intermediate phases (15). 
Rotating disk electrode studies by Okinaka (16) provided 
evidence for the existence of both solid and solution 
phase transport of cadmium species. During anodic oxi- 
dation, the mechanism appears to be a predominantly so- 
lution phase. The intermediate species formed on both 
charge and discharge is Cd(OH)3- (16-17). The Cd(OH)3- 
could, according to the model, recrystallize in the separa- 
tor and provide paths for shorting to occur (18). Shorting 
paths could occur according to the following possible re- 
actions as represented by McDermott  (19) 

Discharge 

Cd + 3(OH)- ---> Cd(OH):3- + 2e- 

Cd(OH).~- ---> Cd(OH)2 + OH-  

o r  

Cd + 2(OH)- ~ Cd(OH)~ + 2e- 

Charge 

Cd(OH)2 + O H -  --~ Cd(OH)3- 

Cd(OH)3- + 2e- --~ Cd + 3(OH)- 

or 

Cd(OH)~ + 2e- --~ Cd + 2(OH)- 

The solubility of the intermediate species is well estab- 
lished. Its transport is dominated by the pumping action 
of the electrolyte as viewed in the film of cell 1. This 
pumping is due to specific volume changes in the elec- 
trodes. During discharge, cadmium is converted to cad- 
mium hydroxide, resulting in an increase in the elec- 
trode's specific volume and the accompanying 
displacement of electrolyte into the separator. Such con- 
vective currents as McDermott  suggests (19) could carry 
the solvated cadmate species outwards from the electrode 
interior. We have found that precipitation of Cd(OH)3- oc- 
curs at selected nucleation sites on the cadmium elec- 
trode surface, rather than in the separator, thus forming 
the migration regions we observed (Fig. 8). We do not 

Fig. 5. Area of electrode surrounding the central migration area 
from cell 2. Fig. 7. Surface of cycled cadmium wire 
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Fig. 8. Migration region filmed in cell 1 (Cd at top, Ni at bottom) 

know at this time why some nucleation sites on the elec- 
trode surface are more active than others. This is quite 
difficult to determine in light of the fact that the 
micromorphology of the surface is so complex and vary- 
ing. These migration regions do, however, grow in size 
with cycle life as increasing amounts of Cd(OH):~- are 
precipitated. 

Attempts were made to study the individual migration 
regions in cell 1 with the SEM, but failed because of our 
inability to preserve an intact region upon separating the 
electrode and the separator. After several hundred cycles, 
the separator and the electrode surface meld together and 
become somewhat indistinguishable. We do not believe 
this behavior is strongly related to the degree of electro- 
lyte starvation in our test cell. The amount of cadmate ion 
transported is proportional to the volume of electrolyte 
"pumped" from the electrodes. This pumping occurs dur- 
ing charge/discharge when the electrodes undergo molar 
volume changes. Therefore, the dominant parameter af- 
fecting migration is thought to be depth of discharge. 

A micrograph was taken of a cross section of the sepa- 
rator (Fig. 9), and dispersive x-ray elemental mapping of 
the cross section verifies that active material is pushing 
through the separator in the form of a migration region. 
This would account for the presence of active material in 
the separator, which was previously thought to have pre- 
cipitated out on nucleation sites within the separator it- 
self. No evidence was found to support a precipitation 
mechanism within the separator region. Active material 
in the separator is the result of either intact migration re- 

gions or pieces of migration regions detached from the 
electrode by the hydrodynamic forces of the electrolyte. 

In order to study cadmium migration behavior without 
hindrance from either the separator or the nickel elec- 
trode, cell 2 was designed and built. The nickel electrode 
was positioned at a great enough distance from the cad- 
mium electrode to negate the effects of gassing and 
specific volume change. The result was much the same 
as before, only this time the migration regions were 
smaller in size. The occurrence agrees with what Will and 
Hess (17) stated about the extent of migration being di- 
rectly related to the rate of discharging and the number  of 
cycles. The lower discharge rate would in fact decrease 
the hydrodynamic force of the electrolyte and lessen the 
amount  of dissolved cadmium carried to the electrode 
surface for precipitation. 

Except for the four migration regions, the dominant  
morphology of the electrode surface is as shown in Fig. 6. 
These "boulders" are fl-Cd(OH)2 which have predomi- 
nantly formed through the dissolution/precipitation 
mechanism. They have been observed by Ritterman (20), 
and are akin to the classical hexagonal platelets (Fig. 10). 

In contrast to the well-defined fl-Cd(OH)2 of the periph- 
eral area, there are the smaller crystals and mossy mate- 
rial of the central migration area. Figure 4 shows the 
small fi-Cd(OH)~ crystals covered by the mossy active ma- 
terial. What appears to have happened is that active mate- 
rial surrounding the central migration area has been 
swept from the substrate and deposited at its current po- 
sition by the flow of electrolyte into and out of the elec- 
trode compartment. As before, the electrolyte flow is 
caused by specific volume changes in the cadmium elec- 
trode. The dissolved cadmate species is transported by 
the electrolyte flow to the central migration area, where 
it randomly precipitates as mossy material. 

Our comparison of the structure of the mossy material 
to the structure of the migration region filmed in cell 1 
revealed a striking similarity between the two. Others 
have observed the presence of this particular structure of 
active material as well (21, 22). Judging from the 
charge/discharge behavior of the migration region in cell 
1 and the growth of the migration region in cell 2, we be- 
lieve that this mossy active material, and not the highly 
crystalline structure, is responsible for the eventual short 
circuit. Crystalline Cd(OH)~, especially the large 
fl-Cd(OH)2 crystal, is supposedly difficult to recharge (17, 
20). Our films of cell 1 show the migration region is 
charging and discharging in unison with the cadmium 
electrode. The change in the color of the migration region 
is due to the absorption and expulsion of electrolyte 
caused by the specific volume change of the electrode. It 
is quite important  to note the direction of the color 
change of the migration region upon current reversal. On 
both charge and discharge the color change begins at the 

Fig. 9. Cross section of separator from cell 1 (Cd side at top, Ni 
side at bottom). Fig. 10. Cadmium electrode from cycled cell 
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peak, implying that the electronic attachment to the 
nickel sinter is not broken. 

Unlike cell 1 where the active migration regions were 
random throughout  the electrode surface, in cell 2 we 
were able to select the position where migration occurs 
by controlling the electrolyte flow. The presence of the 
mossy material again implies some sort of solid-state con- 
nection to the nickel sinter. Chua found this same mossy 
material on the surface of cadmium electrodes which had 
been cycled at 1C discharge rates (22). Using the energy 
dispersive system, he determined the material to be cad- 
mium. We were unable to determine the exact composi- 
tion of the mossy material using the same technique ow- 
ing to the elemental  limitations of the instrument. 

The evidence presented so far strongly suggests the 
growth of the migration region occurs through the precip- 
itation of the dissolved cadmate species as Cd(OH)2. Elec- 
tronic connection to the nickel sinter is maintained by un- 
der:tying, uneonvert ible  metallic cadmium which exists in 
the migration region. As the migration region grows, ad- 
ditional Cd(OH)2 is precipitated and converted to Cd until 
the short circuit between the two electrodes is complete. 

Attempts were made to approximate both ti~e composi- 
tion and behavior of a migration region. Metallic cad- 
mium was interspersed throughout  cadmium hydroxide 
and placed between two electrodes in cell 3. We tried to 
convert  the Cd(OH)2 to Cd with the help of the inter- 
spersed metallic Cd powder, thus creating a short circuit. 
Our failure to accomplish this suggests that an electronic 
connection with the nickel sinter begins at the electrode 
surface and cannot be formed through the agglomeration 
of migration material in the separator that comes in con- 
tact with the electrode. 

The basic migration structure we have developed 
through the course of this paper is one that is dominated 
by a composite of three material forms: metallic cad- 
mium, a finely divided Cd(OH)~, and fi-Cd(OH)~. The 
fl-Cd(OH)~ plays a passive role in that it is electronically 
isolated [continuous growth occurs through precipitation 
of Cd(OH).~- ions]. The portion of the structure that is ca- 
pable of causing cell shorting is a mossy mixture of 
Cd/Cd(OH)2. This statement implies that metallic cad- 
mium is always present in the migration region and that it 
is electronically connected to the substrate. Confirming 
these contentions beyond a doubt is extremely difficult, 
and we did not develop a successful technique here, but 
certain questions do arise, given that the model is correct, 
that can be answered. 

A necessary condition for the model to be correct is the 
migration region cannot be totally converted to Cd(OH)2; 
otherwise, it would become electronically isolated. This 
implies that the metallic cadmium present can only be 
partially converted and self-passivation by Cd(OH2) oc- 
curs. To test this contention, the cadmium wire cell was 
built. If  passivation did not occur, the wire could be dis- 
charged until it was totally converted or isolated by frac- 
ture. Our results indicate that the wire does indeed 
passivate. The maximum capacity achieved was 1.97C. 
The corresponding volume of material discharged is 1.33 
x 10 .4 cm 3 as given by 

V = CM/2pe 

where C is the capacity, M the mass of cadmium atom, p 
the density of cadmium, and e an electronic charge. The 
value of V is approximately 8.7 • 10-2% of the total wire 
volume. 

An estimate for the thickness of the discharge layer (dr) 
can be obtained by dividing V by the surface area of the 
wire. If  it is assumed that the wire surface remains 
smooth (area = 27rrl), then the estimated discharge thick- 
ness from the capacity measurements  is 3.5 • 10 -'~ cm, 
which is three orders of magnitude smaller than a charac- 
teristic dimension of a developed migration region. It 
should be noted that the surface of the wire is not smooth 
(Fig. 7), and therefore the area is larger than the 2zrrl and 
the dr from V is less than 3.5 x 10 -~ cm. Thus, only a 
small fraction of the available cadmium could be dis- 

charged prior to self-passivation, making it quite possible 
for metallic cadmium to permanently exist in the migra- 
tion region. 

Conclusions 
In aqueous cells with cadmium electrodes, various cad- 

mium species are transported throughout  the cells. The 
dominant transport mechanism is forced convection of 
the electrolyte caused by molar volume changes in the 
electrode active materials as they are charged and dis- 
charged. The species transported are soluble cadmium 
ions, such as Cd(OH)3- and/or particulate material such as 
fi-Cd(OH).2 crystals. 

The failure of sealed nickel-cadmium cells is often due 
to a phenomenon called "soft shorting." Soft-short fail- 
ures are associated with the penetration of the separator 
by material transported from the cadmium electrode. In 
this paper, we have described the nature of the separator 
penetration that causes soft shorting. 

We have chosen the terminology of migration region for 
these areas, as indeed they appear to be a slow migration 
of active material that starts from the interior of the elec- 
trode and does not terminate until it has grown through 
the separator and shorted the cell. Time lapse micropho- 
tography of these growth regions has shown that they are 
characterized by a mossy material that charges and dis- 
charges with the cadmium electrode. The structure may 
contain fi-Cd(OH)~ crystals, but we have concluded that 
these are electronically inactive and do not contribute to 
the short. The mossy portion of the migration region con- 
sists of both metallic cadmium filaments that extend 
from the electrode substrate to the tip of the region and 
finely divided cadmium hydroxide. The metallic portion 
of the region can survive successive discharges, as the 
discharge process is self-passivating, with the average 
physical depth of discharge estimated to be less than 3.5 
x 10 -~ em. 

We have also shown that metallic cadmium particles 
mixed with finely divided cadmium hydroxide will not 
short a cell, leading to the conclusion that random deposi- 
tion of cadmium species within the separator will not 
cause a short. It is a necessary prerequisite for shorting 
that metallic cadmium filaments be grown from the elec- 
trode substrate. 

Manuscript submitted Jan. 18, 1985; revised manuscript  
received May 3, 1985. This was Paper 6 presented at the 
Washington, DC, Meeting of the Society, Oct. 9-14, 1983. 

Wright-Patterson Air  Force Base assisted in meeting the 
publication costs of  this article. 

REFERENCES 
1. S. U. Falk and A. J. Salkind, "Alkaline Storage Bat- 

teries," John Wiley and Sons, New York (1969). 
2. P. Bauer, "Batteries for Space Power Systems," 

NASA SP-172, Washington, DC (1968). 
3. S. W. Mayer and D. Taylor, SAMSO-TR-74-17, Aero- 

space Corporation Report No. TR-0074 (4270-10)-3, 
(1974). 

4. K. L. Dick, T. Dickinson, R. J. Doran, S. E. A. Pore- 
roy, and J. Thompson, in "Power  Sources 7," J. 
Thompson, Editor, p. 195, Academic Press, London 
(1979). 

5. S. W. Mayer, This Journal, 123, 159 (1976). 
6. R. W. Bramham, R. J. Doran, S. E. A. Pomroy, and 

J. Thompson, in "Power  Sources 6," D.H. Collins, 
Editor, p. 129, Academic Press, London (1977). 

7. R. E. Dueber and D. H. Fritts, Abstract 6, p. 9, The 
Electrochemical Society Extended Abstracts, Vol. 
83-2, Washington, DC, Oct. 9-14, 1983. 

8. S. W. Mayer, Interim Report, SAMSO-TR-74-163, Air 
Force Contract FO4071-74-C-0075 (1974). 

9. R. Barnard, G. S. Edwards, and F. L. Tye, J. Power 
Sources, 3, 175 (1978). 

10. S. D. James, This Journal, 123, 1857 (1976). 
11. S. D. James and R. A. Neilhof, ibid., 124, 1057 (1977). 
12. G. T. Croft, ibid., 106, 278 (1959). 
13. E. J. Rubin, ibid., 114, 1980 (1967). 
14. P. V. Popapat  and E. J. Rubin, ibid., 113, 201C (1966). 
15. Y. Okinaka and C. M. Whitehurst, ibid., 117, 583 

(1970). 
16. Y. Okinaka, ibid., 117, 289 (1970). 
17. F. G. Will and H. J. Hess, ibid., 121, 1 (1973). 
18. S. Krause, Paper  presented at the 1976 Goddard 



2044 J .  Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  September  1985 

Space Flight Center Battery Workshop, X711-77-28, 
June  1977. 

19. P. D. McDermott,  Final Report  NASA Grant 
NSG-5051, CR-14476 Goddard Space Flight Center, 
March 1976. 

20. P. F. Ritterman, Final Report  NASA Contract NAS 

321253, TRW Report no. CR 167953, May 1982. 
21. M. Cimino and G. Gearing, M.S. Thesis, Air Force In- 

stitute of Technology, Wright-Patterson Air Force 
Base, OH (1984). 

22. D. Chua, Ph.D. Thesis, Rensselaer Polytechnic Insti- 
tute, Troy, NY (1974). 

Relationships Between Carbon Black Cathode Material 
Characteristics and Lithium/Oxyhalide Cell Performance 

K. A. Klinedinst* 

GTE Laboratories, Incorporated, Waltham, Massachusetts 02254 

ABSTRACT 

Nine carbon blacks with iodine surface areas ranging between 60 and 1222 m~/gm and with dibutyl phthalate absorp- 
tion numbers ranging between 125 and 420 cm3/100 gm have been evaluated as lithium/oxyhalide cell cathode materials. 
Two criteria have been considered: their ability to serve as heterogeneous catalysts for the cathodic half-cell reaction (a 
function of both internal surface area and specific activity), and their ability to accommodate the continuous deposition 
of solid discharge products with minimal internal resistance losses (a function of both the porosity and pore size distri- 
bution of the agglomerated carbon particle aggregates). For carbons with surface areas of at least 250 m2/gm, 
overvoltages for SOCI.2 reduction are practically independent of carbon black surface area. Furthermore, cathode porosi- 
ties and Li/SOCI2 cell discharge capacities both correlate with the DBP absorptometer numbers characteristic of the 
high surface area carbon blacks themselves. If the activity of a low surface area carbon is augmented via a catalytic addi- 
tive (e.g., supported platinum), overvoltages similar to those obtained with high surface area carbons and complete utili- 
zation of the cathode's internal pore volume are achieved. The use of cathode "pore formers" may also lead to improved 
performance characteristics, particularly at very high current densities where pore former particle diameters averaging 
about 200 ~m yield optimal performance results. Of the commercially available carbon blacks examined, Ketjenblack 
EC and Black Pearls 2000 function best as Li/SOC]2 cell cathode materials, greatly outperforming the standard carbon, 
Shawinigan acetylene black. 

Shawinigan acetylene black (containing 5-10% PTFE as 
a binder) is the commonly used cathode material for 
lithium/oxyhalide electrochemical cells. However, a vari- 
ety of other carbon blacks have been examined as alterna- 
tives. Dey investigated 12 different carbon blacks as 
Li/SOC12 cell cathode materials and concluded that, over- 
all, Shawinigan acetylene black was superior to all of the 
others (1). However, Gilman and Wade showed that im- 
proved Li/SO2Cl~ load voltages may be achieved with a 
carbon black possessing a higher surface area than that of 
Shawinigan black (2). More recently, this observation was 
confirmed by Wade et al., who also showed that treating 
the cathode material with acetone may markedly improve 
Li/SO~C12 cell load voltages and capacities (3). Conclusions 
similar to those of Wade et al. have also been reported by 
Reddy and Thurston, who evaluated a variety of high sur- 
face area and chemically treated carbons as Li/SO2 cell 
cathode materials (4). 

All of these studies were motivated by the belief that 
there should be demonstrable relationships between cell 
performance characteristics, on the one hand, and the 
physical and/or chemical characteristics of the carbon 
black cathode materials, on the other. The work reported 
here was performed in order to seek broadly based exper- 
imental evidence substantiating this widely held belief 
(5). 

Experimental 
Nine carbon blacks were examined. Shawinigan acety- 

lene black (50% compressed) was obtained from Gulf Oil 
Canada Limited. The furnace black specified as Con- 
ductex 40-220 was supplied by the Columbian Chemicals 
Company. Ketjenblack EC, another furnace-type black, 
was supplied by the Armak Company. Finally, several 
other blacks were supplied by Cabot Corporation. These 
included Vulcan XC-72, Black Pearls 2000, CSX 99, CSX 
150A2, CSX 179B, and CSX 174. These carbons are listed 
in Table I along with the surface areas (by iodine adsorp- 
tion, m2/gm) and dibutyl phthalate absorptometer .num- 
bers (ASTM no. D-2414-70, cm3/100 gin) reported by the 
manufacturers. As indicated, of the carbons investigated, 
Shawinigan acetylene black possesses both the lowest 
* Electrochemical Society Active Member. 

surface area (60 m2/gm) and the highest DBP absorption 
(460 cm3/100 gm). 

PTFE-bonded cathodes were fabricated from each of 
the carbons as well as from Shawinigan acetylene black 
containing 10% supported platinum. Each carbon was dis- 
persed in a 50:50 water:isopropanol mixture to which was 
added enough du Pont TFE-30 to bring the PTFE loading 
to 10 weight percent (w/o). The resulting PTFE-bonded 
carbon mixtures were dried and subsequently applied to 
both sides of nickel Exmet  screen current collectors so as 
to form 1 mm cathode sheets. Cathode porosities were de- 
termined from measured weights and Volumes. Cathode- 
limited Li/SOC12 cells containing 1 cm 2 • 1 mm cathodes 
(cut from these cathode sheets) were constructed within 
Pyrex containers with ground glass joints and glass-to- 
metal feedthroughs for the lead wires (6). The electrolyte 
was a 1.8M solution of LiAICI~ in SOCI~. The anodes, sup- 
ported upon nickel Exmet  screen current collectors, were 
cut from 0.76 mm thick lithium foil. Nonwoven glass 
fiber paper 0.127 mm thick was used as the separator ma- 
terial. These cells were discharged fully through constant 
loads ranging between 20 and 100011 at +25 ~ -20 ~ and 
-40~ 

PTFE-bonded cathodes were also prepared using 
finely divided (NH4)~CO:~ and NH4HCO:~ as "pore form- 
ers." (NH4)2CO:3 was mixed in equal proportions with 
Shawinigan acetylene black containing 10% supported 
platinum. In these experiments,  (NH4)~CO:~ particles rang- 

Table I. Carbon black properties 

I., DBP absorption 
Carbon black area (m'-'/gm) (cm:V100 gm) 

Shawinigan acetylene 60 460 
black (50% compressed) 

Vulcan XC-72 250 180 
CSX 99 425 125 
Ketjenblack EC 1000 340 
CSX 150A2 1025 320 
Black Pearls 2000 1050 330 
CSX 179B 1060 335 
40-220 1100 230 
CSX 174 1222 420 
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Table II. Li/SOCI2 cell cathode porosities 
and performance characteristics ~ 

55 

50 
Cathode I~g h E ~  h Capacity r 

Carbon black porosity (mA/cm ~) (V) (mAh/cm 2) 
45 

Shawinigan acetylene 84.5 29.8 2.98 23.8 ~: 
black (50% compressed) ~ 40 

Vulcan XC-72 78.7 31.8 3.18 35.1 ~- 
CSX 99 74.9 32.6 3.26 32.0 ~- 35 
Ketjenblack EC 85.9 32.6 3.26 47.4 
CSX 150A2 84.2 32.7 3.27 40.0 
Black Pearls 2000 85.5 32.6 3.26 44.3 o 30 
CSX 179B 85.8 32.8 3.28 43.3 
40-220 82.9 31.8 3.18 38.8 
CSX 174 88.5 32.6 3.26 52.3 2s 

At 25~ with 1.8M LiA1CI~ in SOC12 as electroIyte. 1 cm ~ • i mm 
cathodes discharged through 10012 loads. 

h Average plateau load voltage and current density. 
~ Capacity per unit cathode area to 0.9E~. 

ing be tween  18 and 30 m e s h  (0.59 and 0.99 mm)  and >100 
m e s h  (<0.15 mm)  were  used.  In  a second  set of  experi-  
ments ,  60-80 m e s h  NH4HCO3 part ic les  were  m i x e d  wi th  
carbon  black, the  ratio of pore  fo rmer  to ca thode  mater ia l  
ranging be tween  1:4 and 4:1. In  each case, the  pore  fo rmer  
was r e m o v e d  f rom the  f inished ca thode  by heat ing  in the  
air at a t e m p e r a t u r e  be tween  100 ~ and 200~ Then,  
Li/SOC12 cells  of the  type  desc r ibed  above  conta in ing  
these  ca thodes  were  d i scharged  at 25~ th rough  20~1 con- 
stant  loads in order  to de t e rmine  the  re la t ionships  be- 
tween  h igh  rate  cell  pe r fo rmance  and pore  former  par t ic le  
size and concent ra t ion .  

Results 
Correlations between carbon black characteristics and  

cathode performance . - -The  porosi t ies  of  ca thodes  fo rmed  
f rom the  n ine  carbon  blacks  are l is ted in Table  II  a long 
with  the  average  p la teau  cur ren t  densi t ies ,  average  load 
vol tages,  and capaci t ies  ob ta ined  with  Li/SOC12 cells con- 
ta ining these  ca thodes  d i scharged  th rough  100~ loads. 
The  ca thode  porosi t ies  are p lo t ted  vs. the  D B P  absorp-  
t ions character is t ic  of  the  carbon  blacks  themse lves  in 
Fig. 1. With the  single excep t ion  of  Shawin igan  ace ty lene  
black, the  porosi t ies  of  the  P T F E - b o n d e d  ca thodes  
fo rmed  f rom the  var ious  carbon  blacks  correlate  wi th  the  
D B P  absorp t ion  values.  The  Li/SOC]2 cell  capaci t ies  are 
s imilar ly p lo t ted  vs. the  D B P  absorpt ions  character is t ic  of  
the  ca rbon  blacks  in Fig. 2. Again,  wi th  the  single excep-  
t ion of Shawin igan  ace ty lene  black, the  d ischarge  
capaci t ies  corre la te  wi th  the  D B P  absorp t ion  va lues  and, 
therefore,  wi th  the  porosi t ies  of  the  P T F E - b o n d e d  carbon 
cathodes.  

The  co r re spond ing  Li/SOCI~ cell  p la teau  load vol tages  
(at 30-33 m A / c m  ~) are p lo t ted  vs. the  iod ine  surface areas 
of  the  carbon  b lack  ca thode  mater ia ls  in Fig. 3. As indica- 
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Fig. 2. Li/SOCI2 cell capacity vs .  dibutyl phthalate absorption of car- 
bon black. 

ted, wi th  the  single excep t ion  of  the  lowes t  surface area 
carbon (Shawin igan  ace ty lene  black), the  full cell  polari- 
zation data  are pract ical ly  i n d e p e n d e n t  of  carbon b lack  
surface area (Eavg = 3.23 -+ 0.05V). 

Of the  commerc i a l l y  avai lable ca rbon  blacks  examined ,  
Ke t j enb lack  EC and Black  Pear ls  2000 possess  both  h igh  
surface areas (1000 and 1050 m~/gm, respect ively)  and 
high D B P  absorp t ions  (340 and 330 cm3/100 gm, respec-  
tively). Fu r the rmore ,  they  both  pe r fo rm well  as Li/SOC12 
ca thode  materials .  In  fact, of  the  carbons  examined ,  only  
CSX 174 (character ized by a 1222 m~/gm surface area and 
a 420 cm3/100 gm D B P  absorpt ion)  ou tpe r fo rmed  
Ket jenb lack  EC and Black  Pear ls  2000 in Li/SOC12 cell  
tests. Li/SOCI~ cell  polar izat ion curves  obta ined  at +25~ 
wi th  Shawin igan  b lack  and Ke t j enb lack  EC ca thodes  are 
compared  in Fig. 4, whi le  typical  ambien t  t empe ra tu r e  
d ischarge  curves  are compared  in Fig. 5 and 6 (corre- 
spond ing  to cur ren t  densi t ies  of  15-16 and 30-32 m A / c m  ~, 
respect ively) .  Polar izat ion curves  ob ta ined  at -20~ are 
compared  in Fig. 7, whi le  typical  -20~ d ischarge  curves  
are compared  in Fig. 8 and 9 (cor responding  to cur ren t  
densi t ies  of  3 and 15 m A / c m  2, respect ively) .  Finally,  -40~ 
polar izat ion curves  are compared  in Fig. 10, wi th  typical  
d ischarge  curves  be ing  compared  in Fig. 11 and 12 (corre- 
spond ing  to cur ren t  densi t ies  of  3 and 5.5 m A / c m  2, respec-  
tively). Rat ios  of d ischarge  capaci t ies  ach ieved  at +25 ~ , 
- 2 0  ~ and -40~ wi th  the  two ca thode  mater ia ls  
(Ket jenblack EC and Shawin igan  ace ty lene  black) are 
compared  in Table  III. 

Act iv i t y  enhancing addi t ives . - - I t  is wel l  k n o w n  that  
substant ia l  i m p r o v e m e n t s  in L i /oxyha l ide  cell ca thode  
eff iciency may  be  ach ieved  by incorpora t ing  var ious  cat- 
alytic addi t ives  into the  s tandard  P T F E - b o n d e d  
Shawin igan  ace ty lene  b lack  cathode.  The  p roven  
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Fig. 1. Cathode porosity v s .  dibutyl phtholate absorption of carbon 
black. 
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Fig. 8. Li/SOCI~ cell discharge curves at -20~C with 3 mA/cm ~ current 
density. 

d i s c h a r g e d  t h r o u g h  100~ loads.  In  Tab le  IV, t he  r e s u l t i n g  
d i s cha rge  cha rac t e r i s t i c s  are c o m p a r e d  w i t h  t h o s e  ob- 
t a i n e d  in t he  a b s e n c e  of  s u p p o r t e d  p l a t i n u m  ( f rom Tab le  
II). As  s h o w n ,  t he  a d d i t i o n  of  t h e  e l ec t roca ta lys t  r e s u l t e d  
in a 240 m V  r e d u c t i o n  in c a t h o d i c  ove rvo l t age  a n d  a 140% 
inc rease  in capac i ty .  

The  r a n g e  of  load  vo l tages  v s .  i od ine  sur face  area  deter-  
m i n e d  b y  all of  t h e  c a r b o n  b l acks  e x a m i n e d  w i t h  t he  ex- 
c ep t i on  of S h a w i n i g a n  ace ty l ene  b l a c k  ( f rom Fig. 3) is 

Table III. Li/SOCI.~ cell cathode capacity vs. 

temperature and discharge rate a 

oxyha l ide  r e d u c t i o n  ca ta lys t s  m a y  b e  classif ied as be-  
l ong ing  to one  of  four  d i f f e ren t  types :  p rec ious  me ta l s  
l ike meta l l i c  p l a t i n u m  (7, 8), n o n p r e c i o u s  m e t a l s  a n d  
me ta l  ha l ides  l ike  c o p p e r  a n d  cupr ic  ch lo r ide  (9-11), 
o r g a n o m e t a l l i c s  s u c h  as i ron  or coba l t  p h t h a l o c y a n i n e  
(12-15), a n d  h a l o g e n s  (C12 or Br~) (16-18). In  t he  w o r k  re- 
p o r t e d  here ,  t he  S h a w i n i g a n  b l a c k  c a t h o d e  ma te r i a l  was  
mod i f i ed  b y  s u p p o r t i n g  f inely d iv ided  meta l l i c  p l a t i n u m  
u p o n  its surface ,  t he  to ta l  p l a t i n u m  load ing  b e i n g  a b o u t  
10 w/o. Li/SOC12 cel ls  c o n t a i n i n g  P T F E - b o n d e d  c a t h o d e s  
f ab r i ca t ed  f r o m  th i s  mod i f i ed  a c e t y l e n e  b l a c k  we re  ful ly  

Ketjenblack capacity/ 
T(~ I (mA/cm ~) Shawinigan black capacity 

+25 20 1.8 
+25 100 1.5 
-20 3 2.3 
-20 20 1.7 
-40 3 2.3 
-40 20 2.0 

With 1.8M LiA1C]4 in SOCI~ e lec t ro ly te  and  1 crn ~ • 1 m m  
cathodes. 
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Fig. 9. Li/SOCI2 cell discharge curves at - 2 0 ~  with 15 mA/cm 2 cur- 
rent density. 
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Fig. 10. Li/SOCI=, cell polarization curves at - 4 0 ~ C  

shown in Fig. 13. Likewise, the capacity v s .  DBP absorp- 
tion line determined by all of the carbon blacks examined 
with the exception of Shawinigan acetylene black (from 
Fig. 2) is shown in Fig. 14. Also shown in both figures are 
the data (from Table IV) representative of Li/SOC12 cells 
containing Shawinigan black cathodes both with and 
without the supported platinum electrocatalyst. With the 
addition of the electrocatalyst, the low surface area acety- 
lene black exhibits polarization and capacity characteris- 
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Fig. 11. Li/SOCI2 cell discharge curves at - 4 0 ~  with 3 mA/cm ~ cur- 
rent density. 

Table IV. The effect of supported platinum upon the 
performance characteristics of Li/SOCI2 cells with 

Shawinigan black cathodes ~ 

Supported I ~g b E ~vg b Capacity ~ 
catalyst (mA/cm '2) (V) (mAh/cm ~) 

None 29.8 2.98 23.8 
10% platinum 32.2 3.22 56.4 

a At 25~ with 1.8M LiA1C]4 in SOC1.2 as electrolyte. 1 cm 2 • 1 mm 
cathodes discharged through 1001~ loads. 

b Average plateau load voltage and current density. 
Capacity per unit cathode area to 0.9E~vg. 

tics that correlate well with those of the higher surface 
area furnace-type blacks. 

S t r u c t u r e  e n h a n c i n g  a d d i t i v e s . - - T h e r e  is another class 
of cathode additives which act to modify the structure of 
the PTFE-bonded carbon cathode rather than its specific 
activity for a particular chemical reaction. Such cathode 
additives, broadly classified as pore formers, have been 
used most successfully in the fabrication of controlled- 
porosity fuel cell electrodes, and they are widely used in 
the manufacture of porous materials (19). In the general 
procedure, the pore forming material, possessing a we]l- 
defined particle size distribution, is mixed with the 
standard electrode ingredients. The electrode is formed, 
and subsequently, the pore former is removed via thermal 
decomposition, dissolution in an appropriate solvent, etc. 

In the work performed here, finely divided (NH4)2CO3 
and NH4HCO3 were used as pore forming materials in 
conjunction with Shawinigan acetylene black containing 
10% supported platinum. Thus, PTFE-bonded electrodes 
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Fig. | 2. Li/SOCI2 cell discharge curves at - 4 0 ~  with 5.5 mA/cm 2 cur- 
rent density. 
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Fig. 15. Li/SOCI~ cell load voltage vs .  particle sizes of cathode pore 
former. 

were  p r e p a r e d  u s i n g  a 50:50 m i x t u r e  of  (NH4)2CQ a n d  
10% p l a t i n u m  on  S h a w i n i g a n  black,  t h e  (NH4)~CO3 b e i n g  
s u b s e q u e n t l y  r e m o v e d  via t h e r m a l  d e c o m p o s i t i o n .  P r io r  
to m i x i n g  w i t h  t he  c a r b o n  black,  t he  pore  f o r m e r  was  
s ieved u s i n g  s t a n d a r d  m e s h  sc reens  so as to p r o d u c e  frac- 
t ions  r a n g i n g  in pa r t i c l e  d i a m e t e r  f rom 0.59-0.99 m m  to 
be low 0.15 m m .  Li/SOCI~ cells  c o n t a i n i n g  c a t h o d e s  
f o r m e d  f rom t h e  va r ious  (NH4)2CO3 f rac t ions  were  dis- 
cha rged  t h r o u g h  2012 loads  ( / avg  ~--~ 140 m / U c m  ~) to  y ie ld  
the  p e r f o r m a n c e  cha rac te r i s t i c s  l i s t ed  in  Tab le  V. (The  
h igh  d i s c h a r g e  ra te  c o n d i t i o n s  u s e d  to eva lua te  t he  po re  
fo rmers  are  m o r e  d e m a n d i n g  t h a n  t he  lower  ra te  condi-  
t ions  e m p l o y e d  e l s e w h e r e  in th i s  s t u d y  and,  therefore ,  are 
more  l ike ly  to revea l  s ign i f ican t  p e r f o r m a n c e  va r i a t ions  
t h a t  r e su l t  f r o m  s t ruc tu ra l l y  r e l a t ed  d i f fus iona l  
l imi ta t ions . )  

The  ave rage  cell  load  vo l t ages  a n d  capac i t ies  are 
p lo t t ed  vs. (NH4)2CO3 par t ic le  size ( s t a n d a r d  mesh )  in  Fig. 
15 a n d  16, respec t ive ly .  Op t ima l  h i g h  ra te  p e r f o r m a n c e  
cha rac t e r i s t i c s  are  o b t a i n e d  w i th  c a t h o d e s  f o r m e d  via t h e  
use  of  60-80 m e s h  par t ic les .  Thus ,  e n r i c h i n g  t he  c a t h o d e  
w i th  po re s  a p p r o x i m a t e l y  200 tLm in d i a m e t e r  [us ing 50% 
(NH4)~CO3 in  t he  c a t h o d e  b l end ]  r e su l t s  in  a 160 m V  reduc-  
t ion  in ca thod i c  po la r i za t ion  a n d  in  a 30% inc rease  in  ca th-  
ode  u t i l i za t ion  ef f ic iency at t he  140 m A / c m  2 rate.  

Next ,  a n o t h e r  ser ies  of  P T F E - b o n d e d  c a t h o d e s  was  fab- 
r i ca ted  u s i n g  60-80 m e s h  NH~HCO3 as t h e  pore  former .  
The  a m o u n t  of  NH4HCO.3 m i x e d  w i t h  t he  10% p l a t i n u m  
on  S h a w i n i g a n  ace ty l ene  b l a c k  c a t h o d e  ma te r i a l  r a n g e d  
b e t w e e n  0 a n d  80 w/o. As  before ,  Li/SOCI~ cells con-  
t a i n ing  t h e s e  c a t h o d e s  were  d i s c h a r g e d  t h r o u g h  20~ 
loads  ( lays  ~ 140 m / U c m  ~) to y ie ld  t h e  p e r f o r m a n c e  char-  
ac te r i s t i cs  l i s ted  in  Tab le  VI. The  ave rage  load  vo l t ages  
a n d  capac i t i e s  are  p lo t t ed  vs. pore  f o r m e r  c o n c e n t r a t i o n  
in Fig. 17 a n d  18, respec t ive ly .  O p t i m a l  h i g h  ra te  pe r fo rm-  
ance  cha rac t e r i s t i c s  are o b t a i n e d  w i th  c a t h o d e s  f o r m e d  
f rom a b l e n d  c o n t a i n i n g  a b o u t  40% NH4HCO:~ (60-80 

Table V. Li/SOCI2 cell performance characteristics vs .  

(NH4).2C0:3 pore former particle size a 

Particle size range 
Standard E av~ Capacity 

mesh (ram) (V) (mAh/cm 2) 

28 
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2 7  Constant Load: 255 

Current Density; :140 maitre 2 
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Fig. 16. Li/SOCI~ cell capacity vs .  particle sizes of cathode pore former 

mesh) .  Thus ,  e n r i c h i n g  t he  c a t h o d e  w i th  po re s  approx i -  
m a t e l y  200 t~m in  d i a m e t e r  (us ing  40% NH4HCO:~ in  t he  
c a t h o d e  b l end )  r e su l t s  in  a 45% inc rea se  in  c a t h o d e  utili-  
za t ion  ef f ic iency a long  w i th  a m o d e s t  r e d u c t i o n  in cath-  
odic  overvol tage .  

Discussion 

B r o a d l y  speak ing ,  the  p o r o u s  c a r b o n  b l a c k  c a t h o d e  in a 
l i t h i u m / o x y h a l i d e  or l i t h ium/ su l fu r  d i o x i d e  cell m u s t  per-  
f o rm  two i m p o r t a n t  f u n c t i o n s  in  a d d i t i o n  to i ts  o b v i o u s  
role as a c u r r e n t  collector.  On t he  one  h a n d ,  i ts  i n t e rna l  
su r face  m u s t  f u n c t i o n  as a h e t e r o g e n e o u s  ca ta lys t  for  t he  
ca thod i c  half-cel l  react ion.  On t h e  o t h e r  hand ,  i ts  po re s  
m u s t  b e  ab le  to a c c o m m o d a t e  t he  c o n t i n u o u s  d e p o s i t i o n  
of sol id d i s c h a r g e  p r o d u c t s  w i t h o u t  b e c o m i n g  so severe ly  
n a r r o w e d  t h a t  i n t e r n a l  r e s i s t a n c e  losses  lead to p r e m a t u r e  
failure.  In  t he  case  of  t h e  Li/SOC12 sys t em,  LiC1 is the  pri-  
m a r y  sol id d i s c h a r g e  p roduc t .  Add i t iona l ly ,  e l e m e n t a l  

Table VI. Li/SOCI~ cell performance characteristics vs .  

NH4HCO:~ pore former concentration ~ 

NH4HCO:~ E,v~ Capacity 
concentration (%) (V) (mAh/cm 2) 

No pore former used 2.75 21.4 
>100 <0.147 2.70 19.6 
80-100 0.147-0.175 2.79 22.6 
60-80 0.175-0.246 2.91 28.0 
30-60 0.246-0.589 2.84 25.3 
18-30 0.589-0.991 2.79 21.7 

0 2.75 21.4 
20 2.79 31.0 
40 2.81 30.8 
55 2.80 26.3 
60 2.78 22.7 
80 2.72 18.1 

a Electrolyte = 1.8M LiA1C14 in SOC12. Cathode = 10% PTFE/90% 
(50% (NH4hCOJ50% of 10% Pt  on Shawinigan black), 1 cm 2 • 1 mm. 
Temperature = 25~ Constant load = 2012. Average current density 

140 mA]cm ~. 

a Electrolyte = 1.SM LiAIC14 in SOCI.~. Cathode = 10% PTFE/90% 
of 60-80 mesh NH4HCO:, blended with 10% Pt on Shawinigan black, 
1 cm'-' • 1 ram. Temperature = 25~ Constant load = 20t2. Average 
current density ~ 140 mA/cm ~. 
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Fig. 17. Li/SOCI~ cell load voltage vs .  concentration of cathode pore 
former. 
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Fig. 18. Li/SOCL2 cell capacity vs. concentration of cathode pore former 

sulfur may precipitate within the porous cathode and 
separator once its solubility in the oxyhalide electrolyte is 
exceeded (20) 

4Li + 2SOCI~ -~ 4LiCl + S + SO2 [i] 

The full cell polarization data (Fig. 3) obtained with the 
various carbons suggest that a surface area of 250 m2/gm 
is sufficient to effectively catalyze the electroreduetion of 
SOCI~ at a 30 mA/cm ~ rate (at ambient temperature and 
with a 1 mm cathode thickness). However, a 200-300 mV 
polarization penalty is incurred with a carbon having a 
surface area as low as 60 m~/gm. However, as shown in 
Fig. 13, when the activity of a low surface area carbon is 
augmented via a catalytic additive (e.g., supported plati- 
num), overvo]tages similar to those achieved with high 
surface area carbons are obtained. 

The cathode porosity and Li/SOC12 cell capacity data 
(Fig. 1 and 2) obtained with the various carbons indicate 
that, for carbons with surface areas of at least 250 m2/gm, 
the cathode utilization efficiency (capacity per unit cath- 
ode volume) increases linearly with increasing cathode 
porosity. Indeed, it would be surprising if this were not 
the case since, as shown in Eq. [1] above, insoluble LiC1 is 
produced stoichiometrically during the discharge of a 
Li/SOCI~ cell. Furthermore,  virtually all of the LiCI so pro- 
duced deposits within the porous cathode. Thus, the 
greater the cathode porosity, the longer a cathode-limited 
cell should be able to discharge at a given rate and at a 
particular operating temperature. 

Equally significant, however, is the fact that both the 
porosity of a PTFE-bonded carbon cathode and the dis- 
charge capacity of a Li/SOC12 cell containing this cathode 
correlate with the dibutyl phthalate absorptometer num- 
ber characteristic of the high surface area carbon black it- 
self. DBP absorption is a measure of the "structure" of 
the carbon black, i.e., the average number  of particles 
fused together to form an aggregate. In an important pa- 
per concerning the morphology of carbon black aggre- 
gates, Medalia reported that, for eight carbon blacks of 
various structure levels and particle sizes, the void vol- 
ume between agglomerated carbon black aggregates cal- 
culated from electron microscopic data was in good 
agreement with the experimentally measured DBP ab- 
sorption (21). Furthermore,  the analysis presented can be 
applied to calculate the effective volumes of carbon black 
aggregates in systems of arbitrary concentration from 
DBP absorption values. There is, therefore, ample experi- 
mental and theoretical evidence suggesting that the ca- 
pacity of a cathode-limited cell should be a function of 
the DBP absorptometer number  characteristic of the car- 
bon black cathode material. It must  be remembered,  how- 
ever, that the carbon black must  possess a sufficiently 
high specific activity for the cathodic reaction in order 
that its full capacity may be realized in practice. As 
shown in Fig. 14, the activity of a low surface area/high 

structure carbon may be augmented via a catalytic addi- 
tive (e.g., supported platinum) so as to enable the com- 
plete utilization of the porous cathode. 

Finally, as noted recently by Ohsaki et al., the 
efficiency of a given carbon black as a l i thium/oxyhalide 
cell cathode material will be a function not only of the po- 
rosity of the PTFE-bonded cathode, but also of its pore 
size distribution (22). Thus, the experiments with cathode 
pore formers reported here were performed in order to 
gauge the sensitivity of Li/SOCI~ cell high rate discharge 
characteristics to the distribution of pores within the 
PTFE-bonded cathode. Interestingly, while Ohsaki et al. 
concluded that pores having a diameter greater than 0.2 
~m are not used effectively (at a 20 mA/cm 2 rate), the re- 
sults of the present study suggest that enrichment of the 
cathode with pores approximately 200 ~m in diameter 
(using 40% NH4HCO.~ in the cathode blend) results in the 
most significant performance gains (at a 140 mA/cm ~ 
rate). 

Summary and Conclus ions 
Nine carbon blacks with iodine surface areas ranging 

between 60 and 1222 m2/gm and with dibutyl phthalate 
absorptometer numbers  ranging between 125 and 420 
cm3/100 gm have been evaluated as lithiurrgoxyhalide cell 
cathode materials. Two criteria have been considered: 
their ability to serve as heterogeneous catalysts for the 
cathodic half-cell reaction (a function of both internal sur- 
face area and specific activity), and their ability to ac- 
commodate  the continuous deposition of solid discharge 
products with minimal internal resistance losses (a func- 
tion of both the porosity and pore size distribution of the 
agglomerated carbon particle aggregates). 

Li]SOCl~ cell polarization measurements  indicate that a 
surface area of 250 m2/gm is sufficient to effectively cata- 
lyze the electroreduction of SOCI~ at a 30 mA]cm ~ rate (at 
ambient temperature and with a 1 mm cathode thick- 
ness). However, a 200-300 mV polarization penalty is 
incurred with a carbon having a surface area as low as 60 
m2/gm. However, if the activity of a low surface area car- 
bon is augmented via a catalytic additive (e.g., supported 
platinum), overvoltages similar to those characteristic of 
high surface area carbons may be achieved. 

With carbon black cathode materials having surface 
areas of at least 250 m~/gm, the discharge capacities of 
cathode-limited Li/SOC12 cells increase with increasing 
cathode porosity. Furthermore,  cathode porosity and dis- 
charge capacity both correlate with the dibutyl phthalate 
absorptometer number  characteristic of the high surface 
area carbon black itself (a measure of the structure of the 
carbon black). In practice, however, a given high struc- 
ture carbon must  possess either a high surface area or a 
very high specific activity in order to fully utilize its in- 
ternal pore volume. In general, the activity of a low sur- 
face area/high structure carbon may be augmented via a 
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catalytic additive so as to enable the complete utilization 
of a PTFE-bonded cathode formed from that carbon. 

Additional experiments with cathode pore formers 
have shown that significant improvements in high rate 
Li/SOC12 cell performance may be achieved by 
incorporating such pore formers into the cathode blend. 
Thus, optima] high rate performance characteristics are 
obtained with cathodes formed via the use of 40% 
NH4HCO3 or (NH4)2CO:~ having particle sizes in the 60-80 
mesh range (corresponding to a 200 ~m average particle 
diameter). 

Of the commercially available carbon blacks examined, 
Ketjenblack EC and Black Pearls 2000 possess both high 
surface areas (1000 and 1050 m2/gm, respectively) and 
high DBP absorptions (340 and 330 cm~/100 gm, respec- 
tively). Furthermore, as Li/SOC12 cell cathode materials 
and without the use of special catalytic additives or pore 
formers, they both greatly outperform the standard car- 
bon, Shawinigan acetylene black (at temperatures be- 
tween +25 ~ and -40~ and at current densities ranging 
between 2 and 200 mA/cm~). 

Manuscript submitted Dec. 26, 1984; revised manu- 
script received April 8, 1985. 

GTE Laboratories, Incorporated, assisted in meeting the 
publication costs of  this article. 
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Composition of Surface Layers on Li Electrodes in PC, LiCI04 of 
Very Low Water Content 
Gholamabbas Nazri* and Rolf H. Muller* 

Materials and Molecular Research Division, Lawrence Berkeley Laboratory, University of  California, Berkeley, 
California 94720 

ABSTRACT 

Surface layers formed on Li in PC, LiC104 with less than 1 ppm of water have been analyzed by use of IR spectros- 
copy, SIMS, ESCA, low angle x-ray diffraction, and SEM. Electrodeposited Li showed a highly porous micromorphol- 
ogy with surface layers containing primarily a partially chlorinated hydrocarbon polymer and l i thium carbonate. The 
carbonate is mostly present in the inner film regions, the polymer in the outer. Perchlorate decomposes to chlorine 
compounds of lower valences, with higher-valent chlorine found in the outer film regions and lower-va]ent in the inner. 

The electrochemistry of the alkali and alkaline earth 
metals in ambient  temperature nonaqueous electrolytes 
has been reviewed by several authors (1-6). The electro- 
lytic deposition and dissolution of Li from aprotic electro- 
lytes with high efficiency is of interest for the operation 
of ambient  temperature high energy-density rechargeable 
Li batteries. Surface layers which spontaneously form on 
the metal protect it to varying degrees from corrosion, but 
they are mainly responsible for the poor rechargeability 
of the li thium electrodes (7, 8). 

Great efforts have been made during the last decade to 
prevent or minimize the formation of surface layers. Im- 
provements have been achieved by the molecular modifi- 
cation of solvents (9, 10) and the use of lithium alloys as 
anodes (11-14), while the effectiveness of solvent purifica- 
tion to improve electrode performance has not been uni- 
form. In  some cases, trace amounts of water or reactive 

* Electrochemical Society Active Member. 

gases such as SOs, 05, and N2 have been found to improve 
the cycling efficiency of the li thium anodes (6). Reaction 
products of Li with solvent have been reported to be 
more detrimental to the Li morphology and cycle life 
than the products formed by Li-protic reactions (15). Dey 
and Sullivan showed that propylene carbonate (PC) de- 
composes on a graphite electrode below + 0.6V vs. Li (16). 
Rauh and Brummer claim that one of the reasons for the 
poor rechargeability of Li electrodes is the corrosion of 
the li thium anode at grain boundaries, resulting in an 
electrical isolation of lithium particles from the substrate 
by corrosion products. This isolated metal is not available 
for stripping during the next  anodic cycle (17). Dey also 
showed that a l i thium electrode after charge and dis- 
charge had a porous structure. Epelboin et al. (13) found 
that surface layers are formed on Li electrodes in PC, 1M 
LiC104 during charge, during discharge, and at open cir- 
cuit. Yen et al. (18) carried out ESCA studies of the sur- 
face layer on l i thium which had been cycled in a 2Me- 
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THF, 1.5M LiAsF6 electrolyte. They found Li, C, O, As, 
and F on the surface of discharged Li. A polymerization 
of AsOF on the surface has been proposed (13). The effect 
of light on the polarization on lithium electrodes in PC 
has been studied by Povarov and Sitnina (19). They found 
that the anodic current of Li decreases and the cathodic 
current increases during exposure of the electrode to visi- 
ble light. They concluded that a passive film formed on 
Li in PC possesses semiconducting properties. The sign 
of the effect indicates a p-type semiconductor.  Although 
the electrons and holes are formed under  the influence of 
light, the main carrier of current through the passive film 
is Li ions (19). 

Understanding the structure and composition of sur- 
face layers on lithium is important for further progress in 
the development  of rechargeable ambient temperature Li 
batteries. The objective of this work was to elucidate the 
nature of the films on li thium and their role during 
charge and discharge of Li electrodes by use of different 
experimental techniques, in particular IR spectroscopy, 
x-ray diffraction, ESCA, SIMS, and SEM. 

Exper imenta l  
Propylene carbonate (PC) (Burdick and Jackson) has 

been used as a solvent. After vacuum distillation, GC 
analysis usually showed a water content of 20-30 ppm 
(Propac column, 110~ injection temperature). Treatment 
of the distilled solvent with Li amalgam resulted in a 
water content which was below the detection limit of GC 
(1 ppm). 

The LiC104 (G. Frederick Smith) used for the experi- 
ments has been recrystallized three times from ultrapure 
water and dried under vacuum at 240~ for 12h. The 
water content  of LiC104 before and after vacuum drying 
has been measured by use of  a vacuum oven with differ- 
ential pressure change equipment,  a digital pressure 
gauge, and a mass spectrometer. The sample was placed 
in the vacuum oven in a ceramic crucible with a thermo- 
couple in its center. The temperature of the oven was 
scanned from 25 ~ to 800~ at 3 deg/min. After each sudden 
change in pressure, the mass spectrum of the released gas 
was monitored to determine its chemical composition. 
Thus, the water content of vacuum-dried LiClO4 (10 -4 
torr, 160~ was found to be much below 1 ppm. Cyclic 
vol tammetry in the PC, LiC104 electrolyte with Pt elec- 
trodes also showed a water content below 1 ppm. 

Cyclic vol tammetry with platinum electrodes of 1.0 and 
1.5M LiC104 solutions with PC solvent prepared as de- 
scribed above indicated a water content of less than 1 
ppm for the solutions. Before each experiment,  two auxil- 
iary electrodes of Li (2 • 2 • 0.3 cm), placed in the same 
cell, were used to further purify the solutions by potentio- 
statically cycling these electrodes between _+2V vs. a Li 
reference electrode at 50 mV/s for 15-20 cycles. The re- 
sulting electrolyte has been used for the experiments re- 
ported here. 

Electrochemical experiments have been performed in a 
dry box (Vacuum Atmospheres) equipped for removal 
and analysis of oxygen, water, and nitrogen. The 02 and 
H20 content  of the He in the inert atmosphere box was 
measured continuously with a calibrated 02 fuel cell sen- 
sor (Vacuum Atmospheres A O 316-H) and a solid-state 
moisture sensor (Vacuum Atmospheres AM-2), both of 
them sensitive to < 0.1 ppm. These components,  in addi- 
tion to N~, were also measured with a calibrated gas chro- 
matograph (Vacuum Atmospheres AN-l). Concentrations 
of about 10 ppm of O~ and H20 and 50 ppm of N2, nor- 
mally achieved, were lowered to less than 1 ppm by use of 
a stirred pool of li thium amalgam exposed to the dry box 
atmosphere (He). Li sheet of 3 mm thickness (Foote Min- 
eral 99.99%) has been used for the preparation of elec- 
trodes, unless the metal was cathodically deposited on Cu 
or Ni substrates. Reference and counterelectrodes were 
always made of solid Li. 

The composit ion of surface layers on bulk or electrode- 
posited Li has been analyzed by transmission IR spec- 
troscopy after removal from the surface with a glass rod. 

Surface layers on electrochemically deposited Li have 
been characterized by ESCA, SIMS, AES, and SEM. For 
these studies, the electrode was washed with dry PC after 
formation of the surface layer. The electrode was then en- 
tered into a He-filled transfer chamber which had been 
placed inside the dry box. After connection to the pre- 
evacuation chamber of the ESCA/SAM/SIMS system, the 
transfer chamber was purged three to four times with 
ultrapure Ar for removal of He, and evacuated for transfer 
of the specimen to the main vacuum chamber with a mag- 
netic transfer rod. XPS spectra for Li, O, C, and Cl have 
been collected after different times of Ar ion bombard- 
ment. The Li and O spectra were broad and are not 
shown here. The sputtered area was chosen to be much 
(about eight times) larger than the observed area in order 
to minimize redeposition and surface diffusion of sputter 
products. X-ray diffraction also has been employed for 
the analysis of surface layers. The morphology of the Li 
deposit and the electrode after cycling has been studied 
by SEM. 

Results and Discussion 
Li amalgam (approximately 2%) has been used to inves- 

tigate the behavior of PC in contact with film-free lith- 
ium before and after removal of water. The formation of a 
solid, black material on the amalgam surface, and a trans- 
parent material with a scale-type structure on top of it, 
was observed. A viscous material was present at the inter- 
face of scales and electrolyte. Spectrum C in Fig. 1 repre- 
sents the scale-type material, spectrum D the dark solid 
material. Comparison with spectra A and B of Li2CO3 and 
PC included in Fig. 1 shows that most of the functional 
groups of  PC, in particular covalent CO3 (1030, 1170, 1790 
cm- ' )  and CH3 (3000 cm- ') ,  are preserved in the precipi- 
tate. A small amount  of Li2CO3 is possibly indicated in 
spectrum D by absorption at 500 and 860 cm- ' .  The pres- 
ence of residual PC in the film is not a likely cause of the 
observed spectral features because the procedure used 
for removing the solvent from the film material involved 
heating in vacuum. The sample chamber  of the IR spec- 
trometer was purged with Ar during the measurements.  

An IR spectrum of the surface layer formed on a Li 
electrode in PC, 1M LiC104 during cathodic deposition at 
1 mA/cm=' on a Cu substrate is shown in Fig. 2, curve B. 
The spectrum of this material differs from those of the 
precipitate formed on the amalgam (Fig. 1) in that many 
of the functional groups of PC are no longer present, such 
as covalent CO:~ (700, 760, 1030 cm- ') .  Comparison with 
the two calibration spectra for PC and Li2CO:~ (A and C) 
indicates the formation of Li2CO3 by the presence of ionic 
CO~ peaks (500, 860, 1430, and 1500 cm- ') .  Additional 
peaks around 600 and 1600 c m - '  and the special feature of 
the spectrum at around 200 cm -~ show formation of other 
materials. The band at 620 c m - '  may show the presence 
of a carbon-chlorine bond. 

Previous studies (20) on the effect of residual water on 
film formation during charge and discharge of Li elec- 
trodes have shown a peak at 3560 c m - '  due to l i thium ox- 
ide in addition to the peaks due to Li2CO:~ and polymer 
found here. The formation of oxidic and polymeric films 
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Fig. 1. Infrared transmission spectra of Li2CO:~ (A), PC (B), scale- 
type transparent material near Li-Hg/PC interface (C), and precipi- 
tated dark material on Li/Hg surface (D). 
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Fig. 2. IR spectra of PC (A), film formed on 1000X thick Li (B), 
electrochemically deposited on Cu from PC 1M LiCI04 and Li~C03 
(c). 

on bulk l i thium at open circuit had been postulated 
earlier (21). Those layers are probably too thin for obser- 
vation by the present techniques. 

The composition of the surface layer has also been in- 
vestigated by use of ESCA with Li deposited electro- 
chemically from PC, 1M LiC104 on a Cu substrate. After 
deposition, the electrode has been washed with dry PC 
and evacuated. Without exposure of the electrode to air, it 
was inserted in the vacuum chamber of the ESCA equip- 
ment  with a transfer rod (High Vacuum Apparatus Manu- 
facturing). Two different carbon ls peaks have been ob- 
served, one at 290 eV related to Li, CO3 and another at 284 
eV typical of polymeric carbon (Fig. 3). The latter peak is 
often seen as a result of surface contamination, and it rap- 
idly disappears upon sputtering (after about 10A removal). 
However, the depth profiling of the surface layer showed 
the peak at 284 eV decreasing only gradually, while that 
at 290 eV increased with sputter time. It can be concluded 
that Li2CO0 is mostly present in the inner film regions, 
polymer in the outer, although the large internal surface 
of the porous deposit makes it difficult to distinguish in- 
ner and outer regions and does not allow us to derive 
film thicknesses from sputter times. The slight shift of 
the peaks in Fig. 3 at different sputter times is probably 
due to charging of the film and change in its thickness. 
The ESCA spectrum for chlorine 2p (Fig. 4) showed the 
presence of five different chlorine compounds in the 
film, indicating that LiC104 decomposes during electro- 
chemical deposition of Li. Literature data given in Table I 
have been used for identifying the peaks. Depth profiling 
showed that chlorine of higher valence, such as perchlo- 
rate, is mostly present in the outer regions of the film, 
while chloride and chlorinated polymeric compounds are 
present in the inner  regions. The mechanism of polymer 
formation from PC or some of its decomposition products 
and the chlorination of the polymer are not clear. Since 
propylene had been identified as a reaction product of 
PC with Li (16), it is a likely participant in polymerization 
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Fig. 3. XPS spectra of carbon ls in the surface layer formed on a Li 
electrode, electrochemically deposited on Cu from PC, 1M LiCIO4. A: 
Top surface. B: After 10 min sputtering. C: After 20 min sputtering. 
Sputtering rate: 8 ~/min. 
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Fig. 4. XPS spectra of CI 2p in the surface layer formed on Li, 

electrochemically deposited from PC, 1M LiCIO4 indicating the de- 
composition of CIO4 ions. A: Top surface. B: After 10 min sputtering. 
C: After 20 min sputtering. Sputtering rate: 8 ~/min. 

reactions. Epelboin et al. concluded that LiC] exists in the 
film (13). It is also possible that C1 ions are formed by the 
decomposition of C104, C]Q, C10~, or C10 ions due to the 
sputtering. 

The surface layer formed on electrochemically depos- 
ited Li on Cu has been studied using SIMS. A complex 
spectrum was obtained, which was difficult to fully inter- 
pret. In  the low mass range (Fig. 5), fragments of PC can 
be recognized. They include among hydrocarbons CH (13) 
and CH~ (14), C2 (24), (CH2)2 (28), CH3CH2 (29), CH3CH3 (30), 
propylene or (CH2)3 (42), and propane (44). Possible oxy- 
gen compounds are CO (28), CO2 (44), and ethylene oxide 
(44). Chlorine appears as fragments of residual perchlo- 
rate, such as HC1 (36), LiC1 (42), and C10 (51), but  also as 
chlorinated organic compounds such as CHC1 (48), CH2C1 
(49), possibly CH:~C1 (51), and (not shown in the figure) 
CH3CH~C1 (64). Small amounts of water may be indicated 
by OH3 (19), LiOH (24), LiO (or Na) (23), Li.,O (30), and 
Li2OH (31). Other lithium compounds are possibly LiC 
(19) and LiCH2CH2 (49). After Ar ion bombardment  of the 
surface layer, the residual gas analysis of the SIMS cham- 
ber always showed a strong Li (7) and a Li2 (14) peak, 
which indicates the presence of occluded metallic Li in 
the film. Most of the low mass SIMS spectrum had also 
been observed previously from surface layers on bulk Li 
(21). In the high mass range (Fig. 6), fragments with mass 
higher than that of PC (102) were observed. These are in- 
dicative of the presence of a polymeric material in the 
film. Most of the mass units can be represented by frag- 
ments from a partially chlorinated hydrocarbon polymer 
and their Li adducts such as LiCHC1CHC1 (103), Li-PC 
(109), LiCH.,CHC1CH2C1 (118), CH:~CH2CHC1CH~C1 (127), 
CH3CH2CHC1CH2C1Li (134), and CH3CH.,CHC1CHC1CH2Li 
(147). 

Surface layers on electrochemically deposited Li have 
also been studied by in s i tu x-ray diffraction. Data for 
galvanostatic deposition on a Ni substrate are shown in 
Fig. 7. The experimental procedure and the cell design 
used have been discussed elsewhere (22). A broad peak at 
low 20 angle (14~ ~ which is characteristic of polymeric 
compounds has been observed, as was a narrow peak at 
32 ~ (20) characteristic of Li2CO:~. In the presence of resid- 
ual water, diffraction lines characteristic of the oxide 
have been observed (20). 

Table I. Identification of CI 2p ESCA peaks 

Binding energy 
Compound C1 2p (eV) 

LiC1 198 
PolyvinyI chloride 200 
CIO2- 206 
C10.,- 208 
C104- 209 
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Fig. 5. SIMS spectrum of surface layer on Li electrochemically de- 
posited from PC, 1M LiCIO4 on Cu. Two different sensitivities shown; 
low mass range. 
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Fig. 6. As Fig. 5, but with high mass range 

The morphology of electrochemically deposited Li on 
metallic substrates has been studied using SEM. Li de- 
posited on a Ni substrate from PC, 1.5M LiC104 is shown 
in Fig. 8. The electrode was washed with PC and trans- 
ferred to the SEM chamber by use of a He-filled transfer 
rod. Special care was taken not to expose the specimen to 
air by inserting it into the Ar-filled SEM air lock sur- 
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Fig. 7. In situ x-roy diffraction of the surface layer on electrochemi- 
cally deposited Li on a Ni substrate. Li~CO;~ and polymeric compounds 
are identified. 

Fig. 8. SEM showing the micromorphology of Li deposited on a Cu 
substrate from PC, 1M LiCIO4. 

rounded by an Ar-purged plastic bag. A porous structure 
of the deposit  was observed in most cases. This porous 
deposit may be responsible for rapid film formation and 
poor rechargeability of the Li electrodes. In this structure, 
one can well imagine the formation of isolated regions of 
lithium by localized corrosion, as postulated in the litera- 
ture (17). 

Conclusions 
In situ and ex situ studies of surface layers on Li elec- 

trodes in PC-based electrolytes demonstrate that PC re- 
acts with Li under formation of several products, primar- 
ily what appears to be a chlorine containing polymer 
product and Li2CO3. When water is present, Li20 is also 
formed. LiClO4 decomposes during potential cycling of Li 
electrode between - 2  and +2V. Surface layers are of com- 
plex composit ion and structure. Depth profiling of the 
surface layers indicates an inhomogeneous structure with 
concentration gradients of different components across 
the film. Electrodeposited Li shows a highly porous mi- 
cromorphology. The use of advanced in situ techniques, 
such as x-ray diffraction with a position-sensitive de- 
tector, with its high sensitivity and short t ime response, 
promises to provide new insight into the initial step of 
film formation. 
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Effect of Residual Water in Propylene Carbonate on Films Formed 
on Lithium 

Gholamabbas Nazri* and Rolf H. Muller* 

Materials and Molecular Research Division, Lawrence Berkeley Laboratory, University of California, Berkeley, 
California 94720 

ABSTRACT 

Low concentrations of water in propylene carbonate solutions result in the formation of protective surface layers on 
lithium electrodes. Increasing concentrations of water have been found by infrared spectroscopy and x-ray diffraction to 
result in increasing lithium oxide and decreasing carbonate and polymer content in the layers. The oxide layers are pro- 
tective and greatly reduce the rate of corrosion reactions of the metal with the electrolyte. They represent the principal 
resistance to current passage and can be removed by breakdown at high potential. Water-free solvent interacts differ- 
ently with l i thium resulting in the continuous formation of lithium carbonate and polymeric materials. Use of a thin 
layer cell with 10 ~m electrode separation has been shown to eliminate the effect of low concentrations of water. 

The structure and composition of surface layers are a 
major controlling factor in the dissolution and deposition 
of Li in ambient-temperature nonaqueous electrolytes 
(1-4). Peled (5) proposed migration of Li" in a solid electro- 
lyte interphase as a controlling factor in the electrochem- 
istry of lithium. The surface layers formed on Li in 1M 
LiC104 and LiAsF~ in propylene carbonate (PC) have been 
investigated using potential pulse techniques and electro- 
chemistry (6-8). Semiconductor properties of the surface 
layer on Li due to defects in the crystal lattice have also 
been reported (9). However, despite the use of various 
techniques, structure and composition of the surface 
layer formed on a Li electrode exposed to propylene car- 
bonate (PC) containing residual water are still not 
definitely known. Decomposition of the PC in contact 
with lithium and formation of Li._,CO:~ as a surface layer 
has been postulated by several authors (10, 11). However, 
such a composition cannot fully explain the behavior and 
properties of the layers, and is not in agreement with op- 
tical observations (7, 8). The effect of electrolyte impuri- 
ties on the performances of Li batteries, although exten- 
sively investigated, is not well understood (11, 12). Some 

*Electrochemical Society Active Member. 

trace impurities such as H20, O2, and N~ have been found 
to favorably affect the cycle life of l i thium anodes (11, 12). 

One of the major problems in electrochemical studies of 
Li is the purification of the electrolytes. Distillation of 
solvents does not remove traces of water. More than 10 
ppm of residual water is often detected. Several proce- 
dures for purification of electrolytes have been estab- 
lished (10, 13 14). These procedures include the pre-elec- 
trolysis of salts, recrystallization of salts and drying under  
vacuum, storage of solvents on molecular sieves, and dis- 
tillation of solvent along with the treatments with Li 
amalgam or Na/K (50/50) alloy. Distillation of solvent after 
treatment with amalgam or NaK alloy is desirable to re- 
move decomposition products of the solvents which may 
form during treatment. Purification of nonaqueous elec- 
trolytes is a tedious and time consuming process. Since 
most of the procedures being used today are open to 
questions, an effective way to minimize the effect of im- 
purities is to use a small amount  of electrolyte (less than a 
drop) after reasonable purification. A thin layer cell has 
been used for that purpose. Another difficulty in electro- 
chemical studies of Li is the existence of an initial film 
on the Li electrode. Even in an inert atmosphere box with 
less than 1 ppm O~, H20, and N~, a film will form on the 
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surface in less than is. Some research groups produced 
clean electrode surfaces in situ by mechanical removal of 
the surface layer, electrochemical pulse cleaning, or depo- 
sition of Li on metallic substrates (15-19). 

The objective of this work is to understand the struc- 
ture and composit ion of the surface layer formed on Li in 
PC, 1M LiClO4 containing residual water. The effect of 
impurities has been minimized by use of a thin layer cell. 
The composit ion and structure of the surface layers has 
been analyzed using ex situ and in situ x-ray diffraction 
and transmission IR spectroscopy. The role of the resid- 
ual water was also studied using potential cyclic voltam- 
metry and potential pulse measurements.  

Experimental  Procedure 
LiC104 has been recrystallized from water and dried un- 

der vacuum at 150~ The dehydration of LiC104 has been 
studied by thermogravimetry.  All physically and chemi- 
cally adsorbed water is released below 150~ at 10 -3 torr. 
After t reatment  with Li amalgam, the concentration of 
water in PC was below the detection level of the GC (1 
ppm). 

A cylindrical cell and a thin layer cell have been used in 
this work. The cylindrical cell (7, 8) contains two parallel 
disk electrodes of 1.9 cm diam, 3 cm apart from each 
other. One of these disks served as working electrode, the 
other as counterelectrode. The reference electrode was a 
Li wire with diameter of 3 mm forced into the polypropyl- 
ene in such a way that only its cross section was exposed 
to the electrolyte, The distance between reference and 
working electrode was about 2 ram. The two optical win- 
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Fig. 1. Schematic of the thin layer cell for nonaqueous electrochem- 
istry. WE: Working electrode. CE: Counterelectrode: 10/~m gap set 
after cutting of electrodes from single piece in inert atmosphere. M: 
Nonrotating tip micrometer. A and B: Polypropylene electrode holder. 
C and D: Stainless steel current collectors. E and F: Li electrodes. G: 
Polyethylene bag for control of atmosphere at the electrodes by use of 
gas inlet and outlet. H: Aluminum stand. 

daws on this cell have been used in previous ellipso- 
metric studies. 

A thin layer cell has also been used. Its design is shown 
in Fig. 1. A pellet of l i thium (Foot Mineral Company, 1.22 
cm diam and 0.6 cm height) is held between two stainless 
steel current collectors contained in polypropylene rods. 
This li thium is cut in half by use of a stainless steel wire 
of 0.5 mm diam'wi th  the two halves serving as working 
and counterelectrodes. A drop of electrolyte was placed 
between the two electrodes and the gap between them 
was adjusted to 10 ~m using a micrometer,  which carried 
one of the electrodes on its nonrotating tip. Although the 
thin layer cell was operated inside the inert atmosphere 
box (Vacuum Atmospheres Company), with concentra- 
tion of O~, H20, and N~ of less than 1 ppm, a polyethylene 
bag was placed around the cell for further isolation. This 
bag could be collapsed by evacuation and refilled with 
ultrapure He from a separate supply. This system also en- 
abled us to expose the electrodes to any gas without 
contaminating the dry box atmosphere. An application of 
the capability will be reported separately. 

The formation of surface layers on Li has been studied 
potentiostatically and galvanostatically using a PAR po- 
tentiostat, programmer, and cou]ometer. During potentio- 
static pulse measurements,  the results were monitored by 
a storage oscilloscope, then recorded by an X-Y recorder 
(H-P 7044B). Copper was mostly used as a substrate be- 
cause of its optical properties, although alloy formation 
occurred with Li, as was the case for Ag, Au, and Pt  and, 
to a lesser degree, with Ni and stainless steel. The Cu sub- 
strates were successively polished with 600 emery paper, 
1 ~m, and 0.25 ~m diamond paste. They were then 
cleaned in ethanol, dried in pure He, and washed with dry 
PC in the glove box. Electrode potentials have been cor- 
rected for IR drop in the solution, determined at the be- 
ginning of an experiment  by conventional current inter- 
ruption techniques. 

The composit ion of surface layers formed on Li in PC, 
1M LiC104 with different water concentrations has been 
analyzed by transmission IR spectroscopy. The Li elec- 
trode was washed with dry PC and then evacuated for 

I 

Fig. 2. Schematic of the transfer cell for x-ray diffraction analysis 
of surface layers on Li electrodes. A: Cell body made of polypropyl- 
ene, with a cylindrical cavity in the center for the electrode and a 
groove around the cavity for O-ring seal. B: O-ring. C: Myler window. 
D: Cu washer. 
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evaporating the solvent. The surface layer on the elec- 
trode was collected from the dried electrode by a glass 
rod and ground with KBr in the dry box. A pellet of the 
mixed powder was made for transmission IR spectros- 
copy. During the measurement,  the sample chamber of 
the IR machine was purged with pure Ar gas. The decom- 
position products of the PC on Li amalgam have also 
been analyzed using the IR spectrometer. The IR spec- 
t rum of the surface layer was compared to the spectra of 
PC, LinCOln, and LifO. The Li electrode was potentiostatic- 
ally cycled 20 times by sweeping the potential ( -2V vs .  
Li) at a rate of 20 mV/s. The electrode was removed from 
the electrochemical cell, washed with dry PC, and isola- 
ted inside a polypropylene transfer cell with a Mylar 
window for the collection of x-ray diffraction data from 
the electrode surface. The design of the transfer cell for 
x-ray diffraction analysis is shown in Fig. 2. 

I n  s i t u  x-ray diffraction of surface layers formed on Li 
electrodes during anodic and cathodic polarization has 
been presented separately (20). 

Results and  Discussion 

The effect of residual water in PC, 1M LiC104 on Li elec- 
trodes has been studied using sampled current voltam- 
metry (21). The experiments have been performed with 
dry and wet PC in both the cylindrical and the thin layer 
cells. A potential step has been imposed on the working 
electrode, and the current response as a function of time 
has been measured for each potential step. The current 
observed 1s after application of the potential step is 
shown in Fig. 3 as a function of the potential. In these 
measurements,  the double-layer charging does not affect 
the measured current. The advantage of this technique is 
that at the beginning of each potential step the concentra- 
tion of electrolyte at the interface is the same because the 
bulk concentration is allowed to be reestablished before 
the next pulse is applied. As shown in Fig. 3, the current 
density observed with dry electrolyte is much higher than 
that in the presence of water. This result may be due to 
the presence of an oxide film on the electrode surface 
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Fig. 3. Effect of water content and volume of the electrolyte on 
sampled-current voltammetry of Li electrodes in dry PC, 1M LiCI04, 
20 cm :~ cylindrical cell (curve A), same solution containing 300 ppm 
water, 20 cm :~ cylindrical cell (curve B), same solution containing SO0 
ppm water, thin layer cell (curve C). Potentials for curves A and B cor- 
rected for IR drop in solution; curve C represents cell voltage. 
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Fig. 4. Cyclic voltammetry of Li electrodes in PC, 1M LiCI04 con- 
taining 300 ppm water using thin layer cell (solid line), and cylindrical 
cell containing 20 cm 3 electrolyte (broken line). The electrode surface 
areas were the same in both cells. IR-free electrode potential shown 
for cylindrical cell, cell voltage for thin layer cell. 

which forms by reaction of Li with H20 before applica- 
tion of the potential step. The film appears to begin to 
break down at higher potentials as evidenced by the 
change of slope at applied potentials > 4V. The resulting 
current density depends on the concentration of water in 
the electrolyte and the time for which the electrode has 
been exposed to it before the measurements are taken. 
The formation of an oxide layer on the electrode surface 
by trace amounts of water has been credited for the 
higher cycling efficiency of Li anodes in the presence of 
residual water (10). 

The ability of the thin layer cell to discriminate against 
the effect of residual water in the electrolyte is illustrated 
in Fig. 4. Cyclic vol tammetry of Li in PC, 1M LiClO4 con- 
taining 300 ppm water, using thin layer cell and cylin- 
drical cell, are compared. Higher current densities are ob- 
tained in the thin layer than in the cylindrical cell. In 
addition, the anodic dissolution of Li in the thin layer cell 
does not show the passivation seen with the cylindrical 
cell. Similarly, experimental  results from the thin layer 
cell for electrolyte with 500 ppm water have been found 
to be almost the same as those with dry solution (< 1 ppm 
water) obtained in the cylindrical cell which contains 20 
cm :~ of solution. 

Delay-time phenomena in the passivation and activa- 
tion are illustrated in Fig. 5. Four successive potential 
pulses of 40s duration have been applied to the Li work- 
ing electrode in the cylindrical cell containing 20 ml of 
dry PC, 1M LiC104. The current response to each subse- 
quent  potential pulse at different potential varies as 

i, < i,, < i:~ < i4 for 0.2 < E < 1.6V vs .  Li 

and 

i, > i2 > i:~ > i4 for 1.6 < E < 3.0Vvs. Li 

where i,, i.~, i:3, and i4 are currents corresponding to the 
first, second, third, and fourth pulses, respectively. Up to 
a pulse height of 1.6V, the current increases with t ime and 
the response to the first pulse is smaller and builds up 
more slowly than the response to subsequent  pulses. This 
behavior indicates that film removal (or breakdown) 
takes place during the first pulse and continues to a 
lesser degree during the succeeding pulses. These results 
are in agreement with a diffusion-limited migration of Li 
ions through the interface. For potential steps higher than 
1.6V, the current decreases with time and the initial cur- 
rent response to the first pulse is lower than the initial re- 
sponse to subsequent  pulses, indicative of a film-removal 
process, as in the low potential regime. However, after a 
few seconds, the current for the first pulse remains 
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Fig. 5. Potential pulse measurements (/ vs. t ) .  Response to first 
pulse ( - - ) ,  second pulse ( . . . .  ), third pulse ( . . . . . . . .  ), and 
fourth pulse ( . . . . . . . . .  ). Height of anodic pulse listed in volts; po- 
tentials corrected for IR drop in solution (dry PC < 1 ppm H20, IM 
LiCIO4); pulse duration 40s; current response shown only for first 20s. 

higher and declines less rapidly than that of subsequent  
pulses. This behavior indicates a limitation of the dissolu- 
tion rate by mass transfer or film formation at high cur- 
rent densities. Below 0.2V, the current densities are the 
same for the four pulses, showing that the film remains 
intact and Li ions migrate through it. Removal  of the film 
from the electrode surface by successive anodic pulses 
can be used for cleaning the Li surface i n  s i t u .  

Lithium was galvanostatica]ly deposited on a Cu sub- 
strate from PC, 1M LiC104 at 30 mA/cm 2 with a Li 
counterelectrode for a thickness of 1000A based on Li 
bulk density. The formation of Li deposits on Cu with 
60-70% current efficiency was determined by immersion 
in water and measurement  of H~ evolved. Higher current 
efficiencies had been found with stainless substrates. I n  
s i t u  x-ray diffraction also showed the presence of Li 
metal. The open-circuit potential of the Li electrode, v s .  
Li reference, has been monitored with electrolytes of dif- 
ferent water content (Fig. 6). Immediately after deposi- 
tion, the cell voltages were almost independent  of water 
content. The potential of the electrodeposited Li is differ- 
ent from that of bulk Li (used as reference) probably be- 
cause it represents a mixed potential of alloy, corrosion 
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Fig. 6. Effect of water content in the electrolyte on the potential of 
electrochemically deposited Li (1000~)  on a Cu substrate at open cir- 
cuit vs. Li reference electrode. PC, 1M LiCI04 with different H~O 
content. 
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Fig. 7. IR spectra of the surface layers on a Li electrode formed 
after 20 cycles •  vs. Li in PC, 1M LiCI04 containing less than 1 
ppm (curve A), 500 ppm (curve B), and 1% water (curve C). Curve D 
represents spectrum of the LifO. 

products, UPD, and substrate. We have observed similar 
anomalous potentials for Li deposits on Cu in 2 Me-THF, 
LiC104. At later times, a potential characteristic of the 
substrate is reached much faster when no water is pres- 
ent. This observation shows that no protective film is 
formed on the electrode surface in the absence of water, 
allowing Li to continue to react with the electrolyte. The 
resistivity of the Li electrode is much higher with higher 
concentrations of water in the electrolyte, in agreement 
with the formation of a thicker, more resistive and protec- 
tive oxide film. The oxide film does not fully protect the 
Li electrode, but greatly reduces the rate of reaction with 
the electrolyte. 

The surface layers formed on Li in PC, 1M LiC104 con- 
taining different concentrations of water have been ana- 
lyzed by transmission IR spectroscopy. Comparison to 
the spectra of LifO and Li~CO:~, obtained by the same pro- 
cedures, shows that increasing concentrations of water re- 
sult in increased Li20 (3560 cm-1), and decreased Li2CO:~ 
(860, 1430, 1500 cm -~) and C-C1(620 cm -I) content (Fig. 7). 
This result is consistent with the view that a partially pro- 
tective oxide layer reduced the rate of li thium corrosion 
and solvent decomposition. Cyclic vol tammetry with a Cu 
electrode in PC, LiC104 showed that PC decomposes 
anodically above 3.5V v s .  Li (Fig. 8). Similar results have 
been obtained with Ni, Ag, and SS electrodes; with Pt, 
decomposit ion occurs at a lower anodic potential. 

A Li electrode that had been cycled anodically and 
cathodically in PC, 1M LiC104 20 times between -+2V v s .  

8 O ,,/ 

t 
,' / .  / 

/ / 

/ J 
/ > ~ W E E P  RATE' 

' / 20 MV/SEC. - -  

: 50 MV/SEc, l "  - -  

i00 MV/SEC, - - " - -  

i",i 
i .! 
L! 

21 I I i 
3 q 5 

E(V) vs LI 

Fig. 8. Cyclic voltammetry of Cu electrode in PC, 1M LiCl04 show- 
ing decomposition of PC above 3.5V vs. Li. 
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Fig, 9. X-ray diffraction of the surface layer formed on a Li elec- 
trode electrochemically cycled in PC, 1M LiCI04 containing 700 ppm 
water, showing presence of Li2CO~, LifO, and a polymeric compound. 

Li at a sweep rate 20 mV/s was subjected to analysis by 
x-ray diffraction. For this purpose, the electrode was re- 
moved from the cell, washed with dry PC, and inserted in 
the transfer cell with a Mylar window for placement in 
the diffractometer. A diffraction pattern of this electrode, 
shown in Fig. 9, confirms the presence of Li20, and 
Li~CO:~ apart from Li. A noncrystalline (probably poly- 
meric) material, which appears to result from reactions of 
the solvent, is indicated by a broad peak at low 20. The 
same film materials have been identified by in situ x-ray 
diffraction (20, 22). The formation of a polymeric mem- 
brane has been reported by Epelboin et al. (23). 

Conclusions 
Composition and properties of surface layers on li thium 

electrodes in propylene carbonate solutions, which are 
mainly responsible for the performance of this electrode, 
have been analyzed. The layers are strongly affected by 
small amounts  of water in the solutions. The formation of 
an oxide in an earlier-postulated (8) inner  layer in the 
presence of water has been confirmed. This layer greatly 
reduces the rate of Li corrosion, which occurs in its ab- 
sence under  formation of carbonate and polymer prod- 
ucts. At low current density migration of Li ion through 
this film appears to control the rate of dissolution and 
deposition of Li. The effect of low to moderate concentra- 
tions of water (and other electrolyte impurities) on the 
lithium electrodes can be avoided by use of a small elec- 
trolyte volume in a thin layer cell. 
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AC Impedance of the Carbon Monofluoride Electrode 

Mary R. Suchanski* 
Eastman Kodak Company, Research Laboratories, Rochester, New York 14650 

ABSTRACT 

The ac impedance of carbon monofluoride (CF) half-cells and Li/CF batteries that contain 1M LiBFJ4-butyrolactone 
electrolyte was measured as a function of state of charge. The nonfaradaic components  of the CF half-cell impedance 
were resolved with the aid of a one-dimensional macroscopic treatment of a porous electrode. The values of the non- 
faradaic components  and their variation with charge withdrawn provide information concerning the nature of cathode 
discharge products, the degree of tortuosity in the cathode and separator matrices, and the cathode failure mechanism. 
The CF electrode capacitance, as measured by the low frequency quadrature impedance, can serve as a semiquantitative 
measure of battery state of charge under certain conditions. 

The electrochemical technique of ac impedance can be 
used, under appropriate conditions, to evaluate several 
important parameters of a porous electrode. The interfa- 
cial area between the electrode and the electrolyte can be 
obtained from the quadrature component  of the imped- 
ance, provided that the double-layer capacitance of the 
pure e]ectroactive component  is known (1-3). Both 
faradaic components  of the electrode impedance (charge 
transfer and diffusion resistances) and nonfaradaic im- 
pedance components  (internal electrolyte resistance and 
interelectrode resistances) can be quantitatively identi- 
fied from complex-plane plots (3, 4). Analysis of porous- 
electrode impedance data in terms of a semi-infinite 
cylindrical-pore model (5, 6) or, as' has been done more re- 
cently, in terms of finite cylindrical pores (7), leads to 
values of pore radius, pore length, and pore number. 
Such analyses have been attempted for sintered-plate 
cadmium electrodes (8), gold powder and Raney gold 
electrodes (2), sintered nickel (2, 7), Raney nickel (4), and 
zinc powder (9). With Raney nickel, the impedance tech- 
nique was used to obtain the pore radius, length, and 
number  of micropores inside the catalyst grain (4). 

Problems remain in characterizing the structure of po- 
rous electrodes, particularly technologically important 
ones, via the impedance method. Although the imped- 
ance data of simple structures, such as loosely packed 
metal powders, can be adequately interpreted in terms of 
an equivalent  cylindrical-pore model  (2, 9), for more com- 
plex structures, such as Raney catalysts and sintered met- 
als, tortuosity must  be introduced in the internal pore net- 
work (2, 8). Furthermore,  for electrodes made of two or 
more materials with different particle shapes and sizes 
(for example, Teflon-bonded electrodes), a single pore ra- 
dius cannot account for the distribution of pore sizes. Re- 
garding pore shape, the impedance of an individual pore 
will reflect pore shape (7), but the impedance of an as- 
sembly of shaped pores will resemble that of cylindrical- 
pore electrode (2). Hence, pore shapes are better eluci- 
dated by electron microscopy. Nonetheless, the ac imped- 
ance technique can provide useful information 
concerning structure and mechanism in porous 
electrodes. 

We report here the ac impedance of carbon monofluor- 
ide (CF) half-cells in 1M LiBFJ4-butyrolactone electrolyte 
at different states of charge. Cognizant of the difficulties 
in treating the complex impedance of porous electrodes 
with a cylindrical-pore model, we used a macroscopic ap- 
proach with two parameters, the internal electrolyte re- 
sistance and the electrode capacitance, to interpret the 
data. Tortuosity in the internal pore netWork of the elec- 
trode is related to the volume fraction solids of the elec- 
trode through an equation originally derived for ion 
movement  in an ion-exchange membrane (10). The im- 
pedance technique can be used to resolve other non- 
faradaic components  of CF half-cells, including the inter- 
face resistance between the current collector and the 
electrode patch, the separator resistance, and the elec- 
trode capacitance. Finally, the low frequency quadrature 

* Electrochemical Society Active Member. 

impedance data of both CF half-cells and commercial 
Li/CF batteries can be related to state of charge of the CF 
cathode. 

Experimental 
Materials.--The CF electrodes were composed of (by 

weight) 80% CFI.o:~ (Ozark Mahoning), 10% carbon (Vulcan 
XC-72, Cabot Corporation), and 10% Teflon (Teflon 30). 
Standard Teflon-bonded electrode fabrication tech- 
niques were used (11). The cathode current collector was 
Ti foil (0.013 cm thick) that has been etched in boiling 
20% HC]. The lithium electrodes were made from 0.013 
cm lithium foil. The electrolyte was 1M LiBF4 (Foote Min- 
eral Company, 97.5%) dissolved in 4-butyrolactone 
(Aldrich Gold Label) that had been vacuum distilled once 
over activated type-5A molecular sieves at 50~176 (1.5-2 
mm Hg). The electrolyte was filtered once to remove LiF 
and stored in a Vacuum Atmospheres dry box in a flask 
containing activated type-5A molecular sieves. 

The Li/CF batteries were standard 2/3A size (4300C 
rated capacity at 60f~ load) with a jelly-roll configuration 
and were manufactured by Matsushita Electric of Japan. 
The electrolyte in these batteries was 1M LiBF4 in 4-buty- 
rolactone. 

Impedance vs. charge withdrawn.--Pairs of CF cath- 
odes with various amounts of charge removed from them 
(0, 50, 100, 200, and 300C) were prepared by continuous 
discharge at a constant current density of 5 mA/cm ~. The 
cathodes were Ti foil with electrode dispersion applied to 
one side of the foil. The electroactive cathode patches 
were 2 x 2 x 0.032 cm, and the average coulombic content 
of the patches was 390C. One week after discharge, new 
cells were prepared from each pair of cathodes in which 
the electrode patches were positioned facing one another 
with one layer of nonwoven polypropylene fabric sand- 
wiched between the two electrodes to prevent electronic 
contact (cf. Fig. 1). Fresh electrolyte was added to the 
cells, and the impedance of the cells was measured the 
next day. The cells were restrained during discharge and 
measurement  taking to provide a min imum and uniform 
electrode-electrode gap. 

Ti 
/ \ 

4 

2 

Z 

'~ Nonwoven 
Cathode ~ ~ ~ polypropylene 
patch separator 

Fig. 1. Configuration of impedance cell 
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The ac response  of  the  CF elect rodes  and bat ter ies  was 
measu red  in the  admi t t ance  doma in  by a cross-correla- 
t ion t e c h n i q u e  descr ibed  by Bentz  et  al. (12). A 2 m V  
peak- to-peak s ine-wave exc i ta t ion  vol tage  with  f ixed fre- 
quenc ies  in the range  0.00563-1780 Hz was genera ted  by a 
Hewle t t -Packard  Model  203A func t ion  genera tor  and was 
appl ied to the  e lec t rochemica l  cell  via a P A R  Mode] 173 
potent iostat .  The  P A R  poten t ios ta t  was used  to nul l  any 
vol tage across the  cell  t e rmina l  (i.e., cell  held  at open cir- 
cuit  for m e a s u r e m e n t  taking) as wel l  as to moni to r  the  
cell cur ren t  via a current- to-vol tage conver te r  plug-in uni t  
(PAR Model  176). The ac cell  cur ren t  was amplif ied 220 
t imes and then  cross corre la ted wi th  an in-phase and 
quadra tu re  square  wave  p rov ided  by the  func t ion  genera-  
tor. The cross-correla tor  ou tpu t  signals wi th  f requenc ies  
> 1 Hz were  in tegra ted  by a Bu t t e rwor th  filter, and the  
ou tpu t  signals of  < 1 Hz were  in tegra ted  via a gat ing tech- 
nique.  A 10t2 res is tor  was used  to cal ibrate  the  i m p e d a n c e  
apparatus  before  each data  col lect ing session. All mea- 
su rements  were  m a d e  at r o o m  tempera ture .  

Theory  
We treated the  i m p e d a n c e  of  a porous  e lec t rode  by an 

approach  similar  to that  of  Keiser  et al.  (7) for the imped-  
ance of  a cyl indr ical  pore  of  finite length.  Since  it was 
unl ike ly  that  we  could  character ize  a Tef lon-bonded  elec- 
t rode  m a d e  of three  mater ia ls  wi th  different  par t ic le  
shapes and sizes by a single pore  radius and pore  length,  
we  chose  a macroscop ic  approach  in wh ich  the  geomet r ic  
detail  of the  pore  is ignored  (13). The  e lec t rode  with  thick-  
ness  l is d iv ided  (cf. Fig. 2) into N segments  along an axis 
pe rpend icu la r  to the  p lane  of the  e lectrode,  and each  seg- 
m e n t  is charac ter ized  by two i m p e d a n c e  e l e m e n t s - - a  re- 
s is tance Rk (k = 0 to N) due  to the  e lect rolyte  and a corre- 
spond ing  capaci tance,  Ck, due  to the  e lec t rochemica l  
double  layer. The  e lect ronic  res is tance of  the  ca thode  
pa tch  has been  ignored  in this t r ea tmen t  for two reasons:  
(i) dc res is tance m e a s u r e m e n t s  of  CF ca thode  pa tches  
with no cou lombs  wi thd rawn  showed  tha t  the e lec t ronic  
patch res is tance  was 8-22% of the  total  res is tance as eval- 
uated by the ac i m p e d a n c e  t echn ique ,  and (it) carbon  is 
fo rmed  dur ing CF e lec t roreduct ion ,  wh ich  is l ikely to 
cause a decrease  in pa tch  res is tance as more  cou lombs  
are wi thdrawn.  The der ivat ion  also assumes  that  unde r  
the  condi t ions  of the  measu remen t s  (open circuit) the  
cont r ibut ions  f rom any faradaic impedances  are minor  in 
compar i son  to the  double- layer  capaci tance.  

The n e t w o r k  shown in Fig. 2 can be  solved for us ing  
cascaded ne twork  theory  in wh ich  each  pair  of  imped-  
ance e lements  (Rk and Ck) is cons idered  a two-por t  net- 
work  (14). For  a series of N such  cascaded  networks ,  cal- 
culat ion of  the  i m p e d a n c e  becomes  qui te  cumber some ,  as 
it involves  the  mul t ip l ica t ion  of  N matrices.  For  this cir- 
cuit, it is m u c h  s impler  to use  the  s tandard  circuit-  
analysis t e c h n i q u e  of  success ive  reduc t ion  of  paral lel  and 
series impedances  (15). Star t ing at the far r ight  of  the cir- 
cuit  and mov ing  toward the  left  leads to the  fo l lowing it- 

Ro Rw RN 

0 X = .2 
Fig. 2. Equivalent circuit of a porous electrode with thickness I. Rt is 

the average resistance of the electrolyte in the kth segment, and CA- is 
the average double-layer capacitance in the kth segment. 
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cording to Eq. [1], with Rk = ID,, CA- = 0.1F, and N = 30. 

erat ive equa t ion  in wh ich  the  circui t  i m p e d a n c e  f rom seg- 
ments  k to N is re la ted to the  circui t  i m p e d a n c e  f rom 
segments  (k + 1) to N 

ZA. = R~ + 1/(j~oCk + 1/Zk+l) [1] 

It  is a s sumed  that  at x = l the  e lec t rode  is at open circuit;  
hence  the  i m p e d a n c e  of  the  Nth  s egmen t  Z~ is infinite. 
By success ive  subs t i tu t ion  of  va lues  of RA. and CA. into Eq. 
[1], the  total  e lec t rode  i m p e d a n c e  Zo is calculated.  

F igure  3 shows the  Argand  d iagram of the  compl ex  im- 
pedance  of  a porous  e lec t rode  accord ing  to Eq. [1], wi th  
Rk = lt2, CA. = OAF, and N = 30. The  Argand  d iagram plots  
the  real or res is t ive part  of  the  c o m p l e x  i m p e d a n c e  vs.  the  
imaginary  or capaci t ive  c o m p o n e n t  of  the  e lect ronic  im- 
pedance.  At  h ighe r  f requenc ies  where  the  current  does 
not  comple te ly  pene t ra te  th rough  the  electrode,  the  phase  
angle be tween  the  real and the  quadra tu re  componen t s  of  
the  i m p e d a n c e  is 45 ~ . At  lower  f requenc ies  where  the  cur- 
rent  has a chance  to pene t ra te  th rough  the  electrode,  the  
real c o m p o n e n t  approaches  a cons tan t  va lue  of  Rsol/3, 
where  Rso~ is the  total  e lec t ro lyte  res is tance  wi th in  the  
pores of  the  e lec t rode  (in this case R~ol = 30t~), and the  
quadra tu re  c o m p o n e n t  is inverse ly  propor t iona l  to the  to- 
tal e lec t rode  capac i tance  CT. The resul t  shown in Fig. 3 is 
also obta ined  f rom the fo l lowing equa t ion  der ived by 
de Levie  (6) for shallow, pores  of  dep th  l 

Za = ~ / Z R  cotanh l R / ~ / Z R  [2] 

In Eq. [2], Za is the  i m p e d a n c e  of a single pore  of  length  l, 
Z is the  pore-wal l  i m p e d a n c e  per  uni t  l ength  (1/floC in our  
case), and R is the  e lect rolyte  res is tance  per  uni t  l eng th  of  
pore. For  an e lec t rode  consis t ing of  n pores  in paral lel  
electrically,  the  re la t ionship  be tween  the  pore  i m p e d a n c e  
Za and the  e lec t rode  i m p e d a n c e  Zo is as follows 

go = Za/n  [3] 

We used  two equa t ions  to c o m p u t e  solut ion phase  re- 
s is tance for compar ing  calcula ted va lues  wi th  those  ob- 
ta ined f rom i m p e d a n c e  data via the  t echn ique  out l ined 
above.  The  first equa t ion  cor responds  to a porous  ma t r ix  
in wh ich  the  ions are free to t ravel  in an unobs t ruc t ed  
tunne l  whose  axis is pe rpend icu la r  to the  e lec t rode  face. 
For  this case, in wh ich  ion mobi l i ty  in the  solut ion phase  
is a s sumed  to be  the same as in the  pure  solution,  the  re- 
s is tance will  be g iven by the  equa t ion  

Rs.~ = l/[A(1 - v~)K(,] [4] 

where  l is the  e lec t rode  th ickness ,  A is the  e lec t rode  face 
area, v2 is the  v o l u m e  fract ion solids of  the  porous  matr ix ,  
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and ":o is the conductivity of the pure solution phase. The 
second equation introduces tortuosity in the diffusion 
pathway and was originally derived for ion diffusion 
through water-swollen cation-exchange resins (10). Here a 
cubic-lattice model  was used in which each lattice site is 
occupied by a portion of the so]id phase, an ion, or pure 
solvent. The increase in the length of the diffusion path 
over pure liquid is 

0 = (1 + v2)/(1 - v2) [5] 

According to Mackie and Meares (10), the ion mobility in 
a porous matrix will be reduced by the square of O; hence, 
in this case the solution phase resistance is 

R~o~ = ll(AKJO "2) [6] 

Note that Eq. [4]-[6] can be applied to other porous phases 
of an electrochemical cell, for example, the nonwoven 
polypropylene separator. 
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Fig. 4. Complex-plane impedance data of CF half-cells in 1M LiBFJ4- 
butyrolactone electrolyte as a function of the amount of charge 
withdrawn. 

RTi R1 t--J Rse p ~ R I RT i 
Fig. 5. Equivalent circuit of CF half-cell 

Results and Discussion 
Half-cell data.---Figure 4 shows the Argand diagrams of 

CF half-cells that have had 0, 100, 200, and 300C with- 
drawn per electrode patch (average is 400C stored per 
patch). The inset in the top diagram (0 C withdrawn) is an 
expansion of the high frequency portion of the Argand di- 
agram. The high frequency portions of the Argand plots 
for the other CF half-cells are similar to the one in the top 
diagram and therefore have not been expanded. The 
complex-plane plots in Fig. 4 have the following features: 
(i) a series resistance component  of -2Q, (ii) a 45 ~ angle 
between the impedance Z and the real axis at high fre- 
quencies, and (iii) a steeply rising quadrature impedance 
at low frequencies. Hence, aside from the series resist- 
ance component,  which was not included in Eq. [1], there 
is excellent agreement between the form of the high fre- 
quency CF half-cell impedance plots and that predicted 
by Eq. [1]. In general, the form of the complex-plane plots 
at the low frequency is similar to that in Fig. 3, but in cer- 
tain instances deviations occur at f -< 0.01 Hz, possibly 
due to contributions from faradaic reactions or from dif- 
fusion. On the basis of the general good agreement be- 
tween the experimental  complex-plane plots and the the- 
oretical plot in Fig. 3, we feel that  analysis of the 
experimental  data in accordance with Eq. [1] is justified. 

Table I lists the impedance parameters of the CF half- 
cells as a function of the charge withdrawn. The series re- 
sistance is the value of ZR at 1780 Hz (the highest fre- 
quency in the measurement) and is accurate to 0.1~. The 
value of Rso~ is three times the difference between ZR at a 
frequency where the quadrature impedance ZQ begins to 
rise steeply (0.316-0.0136 Hz) and the series resistance. 
The total cell capacitance is the average calculated from 
Z~ at 0.01, 0.0178, and 0.0316 Hz and has a maximum devi- 
ation from the mean of _+0.02F. The following paragraphs 
treat each of these three impedance parameters sepa- 
rately. 

Series resistance.--Initially, we thought that the series 
resistance was composed of the ionic resistance of the 
separator and the electronic resistance of the t i tanium 
current collector. Calculations of the separator resistance 
using Eq. [4] and [6] showed that the series resistance was 
too large to be composed of just  these two components;  
therefore, to account for the series resistance, the equiva- 
lent circuit shown in Fig. 5 was used. In this equivalent 
circuit representation, Rri is the electronic resistance of 
the ti tanium current collector, R~ is the interface resist- 
ance between the Ti and the cathode patch, Rse, is the 
separator resistance, and ZE is the cathode patch imped- 
ance. In this analysis, ZE = Zo/2, where Zo is the imped- 
ance of the two cathode patches in series. At high fre- 
quency, the series resistance is equal to 2RT, + 2R~ R~ep- 
Rwi was  determined from ac resistance measurements of 
bare Ti foil. Hence, this equation has two unknowns, and 
another equation is needed to solve for R~ and Rs~,. For 
this, we built a cell with two layers of the separator, in 
which case the series resistance was equal to 2R~ + 2R~ + 
2Rsep. 

Table I. Impedance parameters of CF half-cells 
as a function of charge withdrawn 

Charge withdrawn Series resistance R~,,, Capacitance, CT 
(C) (~) (~) (F) 

0 2.0 14.6 0.25 
50 2.4 6.6 0.54 

100 2.2 8.6 0.87 
200 1.9 9.5 1.43 
300 2.3 12.5 1.71 
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Table II. Series resistance values of CF half-cell a 

Resistive component Resistance (f}) 

R,ep 1.41 
RE 0.38 
RT, 0.05 

a 0 C withdrawn. 

Table III. Input parameters to electrode resistance calculations 

Charge withdrawn Electrode thickness 
(C) (cm) v2 

0 0.062 0.50 
50 0.087 0.37 

100 0.103 0.30 
200 0.115 0.24 
300 0.143 0.20 

Tab le  II  s h o w s  t he  va lues  of t he  ser ies  r e s i s t ance  of  t he  
c o m p o n e n t s  of t h e  CF half-cel l  in  1M L iBFJ4 -bu ty ro ] -  
ac tone .  The  s e p a r a t o r  r e s i s t a n c e  (1.41t1) is in  exac t  agree-  
m e n t  w i t h  t h a t  c a l cu l a t ed  f r o m  Eq. [6] for  a t o r t u o u s - p o r e  
ne twork .  E q u a t i o n  [4] p r ed i c t s  a va lue  of  0.46fi for  the  
separa tor ,  w h i c h  is a t h i r d  of  t h a t  m e a s u r e d .  Measure -  
m e n t s  of  th i s  t ype  were  also m a d e  in  an  e lec t ro ly te  t h a t  is 
a l m o s t  twice  as c o n d u c t i v e  as t he  1M L i B F J 4 - b u t y r o l -  
ac tone,  a n d  t he  r e su l t  was  t h e  same;  t he  sepa ra to r  resis t -  
ance  was  w i t h i n  10% of  t h a t  c a l cu l a t ed  f r o m  Eq. [6]. S i n c e  
t he  ion m o b i l i t y  in  t h e  n o n w o v e n  p o l y p r o p y ] e n e  separa-  
to r  is q u a n t i t a t i v e l y  l i n k e d  to i ts v o l u m e  f rac t ion  p o l y m e r  
pe r  Eq.  [6], i t  is c o n c l u d e d  t h a t  the  po re  n e t w o r k  of  t he  
s epa ra to r  is t o r t uous .  

Rso~.--Figure 6 c o m p a r e s  t he  c a t h o d e  r e s i s t a n c e  R~o~ 
m e a s u r e d  v ia  t he  i m p e d a n c e  t e c h n i q u e  w i t h  t hose  ca lcu-  
la ted  via  Eq.  [4] a n d  [6]. T he  i n p u t  p a r a m e t e r s  for t he  cal- 
cu la t ions ,  i.e., t h e  e l ec t rode  t h i c k n e s s  l a n d  t he  v o l u m e  
f rac t ion  sol ids  v2, are s h o w n  in Tab le  III.  The  v o l u m e  
f rac t ion  sol id  v~ was  ca lcu la ted  f rom t he  m e a s u r e d  elec- 
t rode  d i m e n s i o n s  a n d  t he  k n o w n  dens i t i e s  of  t h e  elec- 
t r ode  c o n s t i t u e n t s  (CF, Teflon,  ca rbon ,  LiF). No te  t h a t  
t he  e l ec t rode  t h i c k n e s s  a p p r o x i m a t e l y  doub l e s  ove r  t he  
course  of  t h e  d i scharge ,  w h e r e a s  t he  v o l u m e  f r ac t ion  sol- 
ids dec rease  by  a fac tor  of 2.5. T he  m e a s u r e d  c a t h o d e  re- 
s i s t ances  do no t  c losely m a t c h  t he  ca l cu la t ed  va lues  for  
e i t he r  t h e  s t r a igh t -po re  m o d e l  or  t he  t o r t u o u s - p o r e  mode l ,  
b u t  r a t h e r  fall s o m e w h e r e  b e t w e e n  t he  two sets  of  calcu-  
l a ted  data.  Fo r  c a t h o d e s  w i t h  0 C w i t h d r a w n  or ->- 50% of  
t he  s to red  c o u l o m b s  w i t h d r a w n ,  t he  e l ec t rode  b e h a v e s  
m o r e  l ike  a t o r t u o u s  ne twork ,  w h e r e a s  at  12.5-25% of t he  
c o u l o m b s  w i t h d r a w n  t he  e l ec t rode  b e h a v e s  m o r e  l ike a 
s t r a igh t -po re  n e t w o r k .  F r o m  t h e  a b o v e  c o m p a r i s o n s ,  we  
f ind e v i d e n c e  for  t o r tuos i t y  in  t he  i n t e r n a l  po re  n e t w o r k  
of  T e f l o n - b o n d e d  CF e lec t rodes ,  pa r t i cu la r ly  for  cath-  
odes  w i t h  0 C or  ->- 50% of  t he  c o u l o m b s  w i t h d r a w n .  

A n o t h e r  f ea tu re  of  t he  c a t h o d e  r e s i s t a n c e  da ta  t h a t  de- 
serves  c o m m e n t  is t he  fac t  t h a t  as c h a r g e  is w i t h d r a w n ,  
t he  c a t h o d e  r e s i s t a n c e  v a l u e s  do  n o t  i n c r e a s e  a b o v e  t he  
or ig inal  value.  This  r e su l t  co r re l a t e s  w i t h  t he  flat  dis- 
c h a r g e  c u r v e  of  Li /CF cells (16). I f  i t  is a s s u m e d  t h a t  t he  
i m p e d a n c e  va lues  ref lect  m a i n l y  t he  in te rpa r t i c ]e  po re  
ne twork ,  t h e n  it  can  be  c o n c l u d e d  t h a t  c logging  of  t he  

25 t �9 Measured 
�9 Eq. [2] 

20 "~. [] Eq. [4] 

i 
51 . . . . . . .  " � 9  . . . . . . . . . .  �9 . . . . . . . . . . . . . . . . . . . . . . . .  �9 ........................ I 
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Fig. 6. Internal CF electrode resistance as a function of charge with- 
drawn. Circles: resistances measured via the impedance technique. 
Filled squares: resistances calculated for straight-pore model, Eq. [2]. 
Open squares: resistances calculated for tortuous-pore model, Eq. [4]. 

i n t e rpa r t i c l e  po re  n e t w o r k  w i th  d i s cha rge  p r o d u c t s  (i.e., 
LiF) is an  u n l i k e l y  c a t h o d e  fa i lure  m e c h a n i s m .  More  
likely, c a t h o d e  fa i lure  m e c h a n i s m s  i nc lude  c o n c e n t r a t i o n  
po la r i za t ion  or  p a s s i v a t i o n  of  t h e  CF par t i c le  w i t h  LiF.  

Electrode capacitance.--The data  in  Tab le  IV s h o w  t h a t  
the  CF e l ec t rode  capac i t ance ,  as ca l cu l a t ed  f rom the  low 
f r e q u e n c y  i m p e d a n c e  data,  i nc r ea se s  b e t w e e n  0 a n d  300C 
w i t h d r a w n .  The  i n c r e a s i n g  c a p a c i t a n c e  is due  to 
t he  f o r m a t i o n  of  c a r b o n  f rom the  e l e c t r o r e d u c t i o n  of  CF. 
This  c a r b o n  has  a h i g h  e l e c t r o c h e m i c a l  su r face  area  (92 
F/g), w h i c h  co r re la t e s  w i th  i nc r ea se s  in  t he  e l ec t rode ' s  
phys i ca l  su r face  area  w i th  c h a r g e  w i t h d r a w n  as m e a s u r e d  
b y  Hg i n t r u s i o n  p o r o s i m e t r y  (17). I t  will  be  s h o w n  in t he  
fo l lowing  sec t ion  t h a t  t he  CF e l ec t rode  capac i t ance  can  
p r o v i d e  l i m i t e d  s ta te -of -charge  i n f o r m a t i o n  a b o u t  com-  
merc ia l  Li /CF ba t te r ies .  

Battery data.--Figure 7 shows  t h e  c o m p l e x - p l a n e  im- 
p e d a n c e  p lo ts  for  c o m m e r c i a l  Li /CF ba t t e r i e s  w i t h  0, 500, 
1000, a n d  3000C r emoved .  These  m e a s u r e m e n t s  we re  ar- 
b i t ra r i ly  m a d e  t h r e e  m o n t h s  af te r  t he  ba t t e r i e s  we re  dis- 
cha rged .  The  h i g h  f r e q u e n c y  arc is due  to the  ac t i va t i on  
r e s i s t ance  of  t h e  Li  anode ,  a n d  i ts  va r i a t i on  w i t h  s ta te  of  
cha rge  a n d  t i m e  af ter  d i s c h a r g e  has  b e e n  p u b l i s h e d  else- 
w h e r e  (18). I t  was  c o n c l u d e d  t h a t  Rac t of Li  cou ld  no t  be  
u s e d  as a m e a s u r e  of  s ta te  of  c h a r g e  in c o m m e r c i a l  ba t -  
teries.  The  low f r e q u e n c y  b a t t e r y  i m p e d a n c e  da ta  (< 1 
Hz) are  a s s i g n e d  to t h e  CF c a t h o d e  on  t h e  bas i s  t h a t  i ts  ca- 
pac i t ive  c o m p o n e n t  i nc reases  w i t h  c h a r g e  w i t h d r a w n  in a 
m a n n e r  s imi la r  to t h a t  of  t he  CF half-cel l  i m p e d a n c e .  
Tab le  V s h o w s  t h a t  t h e r e  is a s e m i q u a n t i t a t i v e  re la t ion-  
sh ip  b e t w e e n  Z~ va lues  at  0.00563 Hz a n d  s ta te  of  cha rge  
for  ba t t e r i e s  w i t h  < 1000C w i t h d r a w n  (< 25% o.f to ta l  
s to red  charge)  a n d  t h a t  t he  low f r e q u e n c y  Z~ va lues  are  
r e a s o n a b l y  c o n s t a n t  f rom t h r e e  m o n t h s  to four  years  a f te r  
d i scharge .  I n  a s epa ra t e  se t  of  e x p e r i m e n t s  in  w h i c h  t he  
ba t t e ry  i m p e d a n c e  was m e a s u r e d  per iod ica l ly  for one  
yea r  a f te r  d i scharge ,  Z,, va lues  s tab i l i zed  a f te r  two 
m o n t h s .  Thus ,  low f r e q u e n c y  b a t t e r y  i m p e d a n c e  da ta  c an  

Table IV. Capacitance of CF half-cells as a function of charge withdrawn 

Charge withdrawn Capacitance, CT Carbon formed a 
(C) (F) (F/g) 

0 0.25 - -  
50 0.54 93 

100 0.87 100 
200 1.43 95 
300 1.71 78 

" The formula for calculating the farads per gram carbon formed is 
2(CT -- 0.25)/(12C/96,484) where CT is the measured capacitance of the 
total cell shown in Fig. 1 and C is the charge withdrawn per single 
electrode patch. 

Table V. Low frequency impedance values of commercial batteries 

Z~ (0.00563 Hz) Z~ (0.00563 Hz) 
Charge withdrawn three months four years 

(C) after discharge after discharge 

0 18.6 17.5 
150 15.0 13.4 
500 8.4 - -  

1040 4.1 6.4 
3160 4.1 4.8 
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Fig. 7. Complex-plane impedance data of 2/3A Li/CF batteries as a 

function of the amount of charge withdrawn. 

provide semiquantitative state-of-charge information for 
stored batteries, but  would not be useful for determining 
the state of charge of batteries actively in service. 

Summary 
The following nonfaradaic components of CF half-cell 

impedance were resolved on the basis of a one-dimen- 
sional macroscopic treatment of a porous electrode: re- 
sistance due to electrolyte in the cathode pores, interfa- 

cial resistance between current collector and cathode 
patch, separator resistance, and cathode capacitance. The 
major contributor to the ohmic resistance was the electro- 
lyte resistance within the cathode patch. Furthermore, 
the impedance data provided evidence for tortuosity in 
the internal pore network of the nonwoven polypropylene 
separator and in the cathode matrix at certain states of 
charge (0 and -> 50% of the coulombs withdrawn). 

The mechanistic implications of the CF half-cell imped- 
ance data are as follows: (i) it is unlikely that CF cathode 
failure is caused by clogging of the interparticle pore net- 
work with LiF. Cathode failure may be caused by 
passivation of CF with LiF or by concentration polariza- 
tion. (ii) Carbon with a high electrochemical surface area 
(92 F/g) is formed as an end product  of CF electroreduc- 
tion. 

Finally, low frequency quadrature impedance data can 
serve as a semiquantitative measure of Li/CF battery state 
of charge, provided that the batteries have been stored for 
at least two months after being under  ]oad. 
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Chemisorption and Catalysis in Polythionic/Thiosulfate Stress 
Corrosion Cracking 

Hugh H. Horowitz* 
Exxon Research and Engineering Company, Florham Park, New Jersey 07932 

A B S T R A C T  

The stress corros ion cracking of  sensi t ized stainless steels due  to th iosulfa te  and te t ra th ionate  has been  associated 
with an increased  rate of  anodic  d issolut ion in the  act ive-passive region of vo l t ammet r i c  scans, via the  mutua l  sensi t ivi ty 
of  both  p h e n o m e n a  to a series of  anionic  inhibi tors .  The  increased  anodic  d issolut ion is caused by the  adsorp t ion  of  the  
sulfur c o m p o u n d  and its catalysis of meta l  oxidat ion.  The inhibi tors  funct ion,  not  by compet i t ive ly  desorb ing  the cor. 
rodent,  bu t  by a iding the pass iva t ion  process.  

The p rob l em of "po ly th ion ic  acid stress corros ion 
cracking"  has p lagued  the  pe t ro leum indus t ry  for more  
than forty years, and related p rob l ems  have recent ly  
tu rned  up in the  nuc lear  indus t ry  as well.  In te rgranula r  
cracks form in "sens i t ized"  austeni t ic  stainless steels, un- 
der  stress,  in the  p resence  of  air, water ,  and a sulfide 
scale on the in ter ior  walls of  the  vesse l  or  pipe. "Sensi t iza-  
t ion" refers to a hea t - t rea tment  of  the  steel  to the  range of  
400~176 caus ing  ch romium-r i ch  meta l  carbides  to pre- 
c ipi ta te  at the  grain boundar ies  and deple t ing  c h r o m i u m  
conten t  there  to the  poin t  where  corros ion res is tance is 
lost  (<12% Cr). Sensi t izat ion was first no ted  in the  heat-  
affected zones a round  welds,  bu t  has also been  caused  by 
the process  condi t ions  themselves ,  as wel l  as by fabrica- 
t ion heat - t rea tments .  

The p r o b l e m  was first repor ted  in a f iuidized bed cata- 
lytic c racker  dur ing  World War II (1). In  1956-1957, it was 
first ascr ibed to poly th ionic  acids (H2S:~_606) by Dravnieks  
and Samans  (2). The p rob l em has been  observed  in 
var ious  types  of  hydrodesu l fur iza t ion  units,  in sulfur 
plants,  catalyt ic crackers,  cokers,  and re s id ium- t rea tmen t  
units of var ious  types.  More recent ly,  related p rob l ems  
have  c ropped  up in the  nuc lea r  industry.  In  the Girdler  
process  for the  p roduc t ion  of deu te r ium oxide, mul t ip l e  
fract ional  dist i l lat ions of  wa te r  are carr ied out  in the  pres- 
ence of  H.,S. When the  e q u i p m e n t  is opened  to the  atmo- 
sphere,  condi t ions  s imilar  to those  in pe t ro l eum re- 
fineries exis t  (3). In  pressur ized  water  reactors,  solut ions 
of  sod ium thiosulfate,  i nc luded  in auxi l iary l ines as 
quench ing  agents  for radioact ive  iodine,  were  found  in 
separate  s tudies  (4, 5) to be  e x t r e m e l y  po ten t  crack pro- 
moters ,  ac t ing very  s imilar ly to the  closely related tetra- 
thionate,  $40~,  wh ich  is a m e m b e r  of  the  poly th ionate  
family. A recen t  r ev iew summar izes  both  the  sc ience  and 
the  t echno logy  (6). 

Dravnieks  and Samans  dev i sed  a m e t h o d  for s imula t ing  
polythionic  acid stress corros ion cracking  in the labora- 
tory us ing  Wackenroder ' s  l iquid,  an acidic mix tu re  of sul- 
fur c o m p o u n d s  fo rmed  by the  reac t ion  of  H~S and SO2 
saturated water .  Recent ly ,  workers  at the  Univers i ty  of  
Roorkee  (7) have  found  that, of  all the  poly th ionic  acids in 
this mix ture ,  only  the  te t ra th ionate  was act ive in 
p romot ing  stress corros ion cracking.  In  addit ion,  the nu- 
clear indus t ry  work  ci ted above  showed  that  the s t rong 
acidi ty of  Wackenroder ' s  l iquid  (due to the  s t rong 
poly th ionic  acids  as well  as to free sulfuric acid) is no t  
necessary.  Cracking  occur red  at pH 5, where  the  s t rong 
acids exis t  exc lus ive ly  as doubly  charged  anions S.,O:( 
and S~O~(. 

In a prev ious  publ ica t ion  (8), we repor t ed  that  the  above  
active anions  did not  act as sulfide did to p romo te  hydro-  
gen en t ry  into a ferritic steel. They  both  gave rise to a pro- 
no unced  anodic  peak  in vo l t ammet r i c  scans. These  obser-  
vat ions  sugges ted  that  these  two anions  func t ion  by 
p romot ion  of  anodic  d issolut ion processes  wi th in  the  
crack ra ther  than  by p romot ion  of hydrogen  embri t t le-  
merit. As to the  s imilar i ty  of act ion of  the  two, we no ted  
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that  the  theore t ica l  potent ia l  for the  reduc t ion  of  $40~ to 
S~O~ = is above  the  corros ion potent ia l  of  steel in the ab- 
sence  of  air and that  the reduc t ion  could  actual ly  be 
carr ied out  on a s teel  e lectrode.  Therefore ,  the t rue  cor- 
roden t  at the  crack tip could be  S~O3- in all cases. Thiosul-  
fate is k n o w n  to be  a comp lex ing  agent  for meta l  ions in- 
c luding ferr ic and probably  ferrous ions. 

The aim of this paper  is to shed  l ight  on the nature  of  
the  effects  of S.,O:~ = (and S~Os on the  cracking process  
and on crack e lec t rochemis t ry  t h rough  stress cor ros ion  
cracking tests  unde r  e lec t rochemica l  control ,  th rough  ad- 
sorpt ion studies,  and th rough  studies of  the  effects af  
added  anions.  

Experimental 
Slow strain rate tests.--Slow strain rate tests were  mod~ 

eled after the  w o r k  of H u m p h r i e s  and Park ins  (9). The de, 
v ice  used  was a Model  P-2000 cons tan t  ex tens ion  rate ten- 
sile mach ine  pu rchased  f rom the  WT Specia l ty  Company  
(Orient, Ohio). I t  was e q u i p p e d  with  a B L H  load cell  of 
2000 lb capaci ty  us ing a Daytronics  Model  3170 signal 
condi t ioner  wh ich  fed its ou tpu t  to a Nor land  2001 digital  
p rocess ing  osci l loscope.  

The samples  were  0.635 cm (1/4 in.) d iam rods of stain- 
less steel  Type  304, 22.9 or 25.4 cm long, having  the  fol- 
lowing compos i t ions  

S a m p l e  Cr Ni Si Mn Mo S P N C 

22.9 cm 18.0 9.5 0.67 1.89 0.36 0.003 0.010 0.021 0.056 
25.4 cm 18.0 8.9 0.54 1.70 0.30 0.002 0.011 0.019 0.043 

They were  sensi t ized by hold ing  at 1040~ under  argon 
for 4h, cool ing s lowly under  argon to 600~ hold ing  at 
600~ unde r  n i t rogen  for 100h, and cool ing to r o o m  tem- 
perature.  The  100h hea t - t rea tment  time/600~ combina-  
t ion lies at the  center  of  P iehl ' s  (10) t ime- tempera tu re  dia- 
g ram for the  sensi t izat ion of Type  304 stainless steel. 

Af ter  hea t - t rea tment ,  the  rods were  mach ined  so as to 
provide  a gauge length  of  1.27 cm and a 0.25 cm d iam 
(-+0.0013 cm) at the  center  wi th  smoo th  t ransi t ion reg ions  
at each end  (0.38 cm long, 0.476 cm radius  of  curvature).  
The ends  of  the  rods were  th readed  for a t t achmen t  to the  
heads of the  tensi le  device.  The rods were  degreased  be~ 
fore use. For  e lec t rochemica l  tests,  the  unwais ted  area 
was masked  off wi th  an electr ical ly  insula t ing paint. 

The aqueous  e n v i r o n m e n t  was main ta ined  in a cylin- 
drical Teflon con ta iner  of  1 li ter capaci ty  which  fitted on 
and around the sample  rod via a wate r t igh t  seal. This 
conta iner  had  a c losed lid wi th  wh ich  one could  mainta in  
a n i t rogen  a tmosphere ,  inc lude  a re ference  e lec t rode  to 
fol low the  potent ia l  of the  spec imen,  or inc lude  a c i rcular  
p la t inum coun te re lec t rode  to control  the  potent ia l  of the  
spec imen  via a potent iostat .  A BC ]200 potent ios ta t  f rom 
Stonehar t  Associa tes  was used  with  the  test  p iece  as 
g rounded  work ing  electrode.  When the  potent ios ta t  was 
not  used,  air was sparged th rough  the  cell  e lec t ro ly te  to 
hold the potent ia l  a round 0 V/SCE. A n i t rogen  atmo- 
sphere  was main ta ined  dur ing  potent ios ta t  cont ro l led  
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runs .  All  e x p e r i m e n t s  we re  c o n d u c t e d  at  r o o m  t e m p e r a -  
ture.  

The  re su l t s  of  t h e  t es t s  w e r e  p l o t t e d  in  t e r m s  of  pe rcen t -  
age of  e l o n g a t i o n  b a s e d  on  t he  1.27 c m  gauge  l eng th ,  a n d  
t ens i l e  s t ress  b a s e d  on  t he  c ross - sec t iona l  area  of  the  
gauge  l eng th .  The  m o s t  c o m m o n l y  u s e d  e x t e n s i o n  ra tes  
we re  1 or 3 x 10-6/s. 

Voltammetric scans and polarization curves.--Voltam- 
met r i c  s cans  w e r e  r u n  on  e n d  faces  of  1/4 in. rods  of  Type  
1018 c a r b o n  s tee l  or a Type  A329 s teel  n o m i n a l l y  con-  
t a i n ing  7% Cr-0.5% Mo. T he  ac tua l  c o m p o s i t i o n  was  

C M n  P S Si Ni Cr Mo 

0.10 0.41 0.021 0.025 0.58 0.33 7.9 0.6 

The  s ides  of t h e  rod  we re  m a s k e d  e i t h e r  w i th  a h a r d e n e d  
e p o x y  or w i t h  Tef lon  tape.  T he  e l ec t rode  sur face  was  
p o l i s h e d  on  a be l t  s a n d e r  to a 600 gr i t  f inish.  P r e l i m i n a r y  
tes t s  we re  also r u n  o n  a 0.2 c m  2 d i sk  of  4130 c a r b o n  s tee l  
m o u n t e d  in  a ro t a t i ng  d i sk  e lec t rode .  T h e  e l ec t rode  face 
was  i m m e r s e d  d o w n w a r d  in  50 c m  3 of  e lec t ro ly te  in  a 
glass  a p p a r a t u s  w i t h  a fac ing  P t  c o u n t e r e l e c t r o d e  a n d  a 
L u g g i n  cap i l l a ry  m o u n t e d  to one  side. T he  po t en t i a l  was  
con t ro l l ed  b y  a P r i n c e t o n  A p p l i e d  R e s e a r c h  Mode l  173 
p o t e n t i o s t a t  w i t h  a Mode l  179 plug- in ,  for  c u r r e n t  r ead -ou t  
a n d  r e s i s t a n c e  c o m p e n s a t i o n ,  a n d  a Mode l  175 p r o g r a m -  
m e r  for  r a m p  or  pu l se  gene ra t ion .  

Fo r  p s e u d o s t e a d y - s t a t e  po la r i za t ion  cu rve  m e a s u r e -  
m e n t s ,  t he  p o t e n t i o s t a t  was  con t ro l l ed  b y  a Hewle t t -  
P a c k a r d  9836 d e s k t o p  c o m p u t e r  i n t e r f a c i n g  t h r o u g h  a H P  
3497 A da ta  a c q u i s i t i o n  a n d  con t ro l  uni t .  The  open -c i r cu i t  
p o t e n t i a l  was  a l l owed  to s tab i l ize  u n d e r  n i t rogen .  8 m V  
s teps  w e r e  t h e n  app l i ed  to t h e  po ten t i a l ,  c a thod ic  first, 
a n d  t he  r e s p o n s e  was  m e a s u r e d  at  in te rva l s  of  0.25s for  
a b o u t  40 po in t s ,  un t i l  a p s e u d o s t e a d y  s ta te  was  reached .  
Only  in  t he  vo l t age  r a n g e  w h e r e  p a s s i v a t i o n  o c c u r r e d  was  
a c o n s t a n t  v a l u e  n o t  r e a c h e d  w i t h i n  th i s  t i m e  per iod .  The  
las t  e igh t  c u r r e n t  d e n s i t y  va lues  a t  e a c h  vo l tage  were  av- 
e r a g e d  a n d  p l o t t e d  on  a s e m i l o g a r i t h m i c  g r a p h  vs. t h e  
vo l tage  c o r r e c t e d  for  u n c o m p e n s a t e d  r e s i s t ance  u s i n g  a 
H P  7470A g r a p h i c s  p lot ter .  T he  r e s i s t a n c e  va lues  u s e d  for  
o h m i c  d r o p  c o m p e n s a t i o n  w e r e  d e t e r m i n e d  ear ly  in  t h e  
e x p e r i m e n t  b y  a p p l y i n g  10 m V  vo l t age  pu l se s  a r o u n d  t h e  
open -c i r cu i t  p o t e n t i a l  a t  1000 cycle/s  a n d  d e t e r m i n i n g  t he  
in i t ia l  c u r r e n t  r e sponse .  

Co r ros ion  c u r r e n t s  we re  e s t i m a t e d  b y  e x t r a p o l a t i n g  ei- 
t h e r  t he  a n o d i c  or ca thod ic  Tafel  s lope,  or bo th ,  b a c k  to 
the  o p e n - c i r c u i t  po tent ia l .  C o n f i r m a t o r y  va lues  we re  ob- 
t a i n e d  f r o m  l inea r  p lo ts  of  t h e  v o l t a g e - c u r r e n t  d e n s i t y  re- 
l a t ion  a r o u n d  t h e  co r ro s ion  po ten t ia l .  T he  ave rage  of  all 
t h e s e  da ta  was  t aken .  

Adsorption experiments.--Adsorption was  m e a s u r e d  b y  
t r a n s f e r r i n g  a t e s t  e l ec t rode  b e t w e e n  two  e l e c t r o c h e m i c a l  
se tups ,  e a c h  e q u i p p e d  w i t h  L u g g i n  capi l lary,  s a t u r a t e d  
ca lomel  r e f e r e n c e  e lec t rode ,  a n d  a p l a t i n u m  coun te re lec -  
t rode .  Typ ica l ly  a f r e sh ly  p o l i s h e d  e l e c t r o d e  was  i n s e r t e d  
in b a s e  e l ec t ro ly te  so lu t ion ,  0.9M s o d i u m  ace ta t e  p lus  0.1 
M acet ic  acid,  a n d  a b a s e  case  s c a n  was  run.  T h e  e l ec t rode  
was  t h e n  r e m o v e d  f rom t he  cell  a n d  r i n s e d  in d is t i l led  de- 
ion ized  water ,  b o t h  w i t h  a j e t  of  f lowing  l iqu id  a n d  w i t h  
b u l k  wa te r  in  a beaker .  I t  was  t h e n  t r a n s f e r r e d  to t he  sec- 
ond  so lu t ion ,  b a s e  e lec t ro ly te  c o n t a i n i n g  0.001M s o d i u m  
th io su l f a t e  or  t e t r a t h i o n a t e ,  a n d  a s e c o n d  scan  was  run ,  
s h o w i n g  e n h a n c e m e n t  of  t h e  p a s s i v a t i o n  p e a k  due  to t h e  
su l fu r  c o m p o u n d .  Af te r  t he  e l ec t rode  h a d  r e t u r n e d  to t he  
open -c i r cu i t  po ten t ia l ,  i t  was  r e m o v e d  f rom the  cell, 
p a s s e d  t h r o u g h  t he  r i n s i ng  process ,  a n d  r ep l aced  in  t he  
first cell  c o n t a i n i n g  t he  b a s e  so lu t ion ,  a n d  r e s c a n n e d ,  
genera l ly  s h o w i n g  m o s t  of  t h e  p e a k  e n h a n c e m e n t  due  to 
t he  th iosu l fa te .  A re la t ive ly  r ap id  s c a n  rate ,  500 mV/s,  was  
u s e d  d u r i n g  th i s  p r o c e d u r e  to avo id  d e s t r o y i n g  t he  
adso rba t e .  Severa l  va r i a t i ons  of  t h e  s e q u e n c e ,  s u c h  as 
o m i t t i n g  one  or b o t h  of  t h e  i n t e r m e d i a t e  scans ,  or inc lud-  
ing  i n h i b i t i n g  a n i o n s  in t he  r i n se  water ,  we re  m a d e  as de- 
s c r i bed  in  t he  t ex t  to o b t a i n  f u r t h e r  m e c h a n i s t i c  
i n fo rma t ion .  

STRESS CORROSION CRACKING 2065 

The electrodes used were, in many cases, the same ones 
that were used in the voltage scan studies, including 
masking of the cylindrical face. However, because of the 
possibility of entrapment of liquid in possible crevices be- 
tween the masking material and the metal, many adsorp- 
tion tests were run using unmasked electrodes. Here, an 
exact definition of the surface area was sacrificed to un- 
equivocally demonstrate the adsorption phenomenon. 

Results and Discussion 
Evidence for anodic current during the cracking 

process.--In t h e  s low s t r a in  ra te  t e s t  on  sens i t i zed  304 
s ta in less  steel,  fa i lure  o c c u r r e d  duc t i l e ly  af te r  80-100% 
e l o n g a t i o n  in air  or in  ace t a t e  b u f f e r  w i t h o u t  a d d e d  cor- 
roden t s .  S t r e s s - e l o n g a t i o n  c u r v e s  s h o w e d  a long  r eg ion  of 
p las t ic  f low (Fig. 1). W h e n  a smal l  a m o u n t  of  t h io su l f a t e  
(0.01M) was  added ,  br i t t l e  fa i lure  o c c u r r e d  af te r  less  t h a n  
10% e l o n g a t i o n  (Fig. 2) a n d  t h e  f r ac tu r e  sur face  s h o w e d  
the  s e p a r a t e d  c rys ta l l ine  look  typ ica l  of  i n t e r g r a n u l a r  
c r ack ing  (Fig. 3). 

In  a n u m b e r  of  tes ts ,  a r e f e r ence  e l ec t rode  was  i n s e r t e d  
in t he  cell  a n d  t h e  p o t e n t i a l  of  t he  s t a in less  s teel  t en s i l e  
s p e c i m e n  was  fo l lowed  as t he  s a m p l e  was  s t ra ined .  Be- 
fore fa i lure  occur red ,  t h e  p o t e n t i a l  r e s t e d  in t he  n e i g h b o r -  
h o o d  of  0 vs. SCE,  he ld  a t  th i s  re la t ive ly  n o b l e  va lue  b y  
t he  p r e s e n c e  of  t h e  air. S a m p l e s  fa i l ing duc t i l e ly  exh ib -  
i ted  a s h a r p  d e c r e a s e  in p o t e n t i a l  a t  t he  p o i n t  of  f r ac tu re  
(Fig. 1). Th i s  was  u n d o u b t e d l y  d u e  to t he  c u r r e n t  r e q u i r e d  
to r e s to re  t h e  pas s ive  ox ide  layer  on  t he  f resh ly  c r ea t ed  
surface.  

W h e n  i n t e r g r a n u l a r  s t ress  c r a c k i n g  o c c u r r e d  c lose  to 
t he  p o i n t  w h e r e  t he  s t ress  b e g a n  to fall be low the  duc t i l e  
fa i lure  levels ,  t he  p o t e n t i a l  b e g a n  to dec rea se  rapid ly .  It  
c o n t i n u e d  low un t i l  j u s t  a f te r  fa i lu re  o c c u r r e d  (Fig. 2). 
Th i s  m e a n s  t h a t  a n  ac t ive  a n o d i c  c e n t e r  d e v e l o p e d  w i t h i n  
t he  crack,  c a u s i n g  t he  to ta l  e l ec t rode  to t ake  on  a m i x e d  
po ten t i a l  w h e r e i n  t he  anod ic  c u r r e n t  i s su ing  f rom the  
c rack  was  equa l  to t he  ca thod i c  c u r r e n t  of  o x y g e n  reduc-  
t ion  on  the  sur face  of  t he  steel. 

The  a n o d i c  c u r r e n t  was  m e a s u r e d  u s i n g  a counte re lec-  
t r ode  a n d  a po ten t io s t a t ,  h o l d i n g  t he  s t a in less  s teel  sur- 
face at  a p o t e n t i a l  of  0 vs. SCE. Aga in ,  w h e n  c r ack ing  be- 
gan  a n d  t h e  s t ress  fell be low the  e x p e c t e d  re la t ion ,  a 
smal l  c u r r e n t  was  obse rved ,  r i s ing  to a p e a k  of  250 ~ A  
a n d  fa l l ing to va lues  close to zero as t he  c r ack ing  p roce s s  
was  c o m p l e t e d  (Fig. 4). S imi la r  p o t e n t i a l  a n d  vo l t age  ex-  
cu r s ions  d u r i n g  s t ress  co r ros ion  c r a c k i n g  h a v e  b e e n  re- 
p o r t e d  in  Ref. (5), (6), a n d  (13). 

A r o u g h  i n t e g r a t i o n  of t h e  c u r r e n t - t i m e  t r ace  i n d i c a t e s  
t h a t  a to ta l  of  a b o u t  4 ~ m  of  m e t a l  was  r e m o v e d  f rom the  
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Fig. 1. Potential decrease during a ductile failure. Sensitized stainless 
steel, Type 304,  in O.01M Na:S~O:~ + O.02M each Na~HPO4-NaH2P04, 
pH 6.8; air saturated; 2S~ extension rate 3 x lO-fi/s. 1 KSI = 6.89 
MPa. 
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Fig. 2. Potential decrease during Stress corrosion cracking. Sensitized 
stainless steel, Type 304, in 0.01 Na2S203 in 0.02M each Na acetate- 
acetic acid, pH 4.8; air saturated; 25~ extension rate 10-%.  1 KSI = 
6.89 MPa. 

cross  s ec t i on  of  t h e  wa i s t ed  area.  S i n c e  t h e r e  are  m u l t i p l e  
c racks  a n d  m a n y  d e a d - e n d  c r ack  b r a n c h e s ,  i t  w o u l d  ap- 
pea r  t h a t  a la rge  f r ac t ion  of  t h e  sens i t i zed  m e t a l  in  t h e  
c rack  area  is r e m o v e d .  

Effect of  added anions on cracking process.--A n u m b e r  
of s o d i u m  or p o t a s s i u m  sal ts  we re  a d d e d  to 0.01M 
Na~S20:~ to d e t e r m i n e  if  t h e i r  a n i o n s  w o u l d  i n h i b i t  t h e  
c r a c k i n g  process .  The  resu l t s  w e r e  t h a t  chlor ide ,  sulfate,  
n i t ra te ,  a n d  ace t a t e  d id  no t  i n h i b i t  c rack ing ,  w h e r e a s  
c r ack ing  was  i n h i b i t e d  by  ni t r i te ,  va r ious  fo rms  of  phos -  
p h a t e  at  d i f f e ren t  pH's ,  c a rbona t e ,  bora te ,  and,  to a l e s se r  
ex ten t ,  h y d r o x i d e .  In  the  p r e s e n c e  of  t h e  first  g r o u p  of  
ions,  t he  p e r c e n t a g e  o f  e l o n g a t i o n  at  fa i lure  r e m a i n e d  
m o s t l y  at  20% or below,  wh i l e  in  t h e  p r e s e n c e  of  t h e  sec- 
o n d  group ,  p r e d o m i n a n t l y  duc t i l e  fa i lure  o c c u r r e d  at  
66-100% e l o n g a t i o n  (Tab le  I). 

The  abi l i ty  of ce r t a in  a n i o n s  to e l i m i n a t e  the  ac t ion  of  
t he  su l fu r  a n i o n s  p r o v i d e d  a va r i ab l e  p a r a m e t e r  for  t h e  
co r re l a t ion  of  e l e c t r o c h e m i c a l  p h e n o m e n a  w i th  t he  crack-  
ing  process .  Also,  i t  s h o u l d  be  n o t e d  t h a t  t he  effect  of  t h e  
a n i o n s  is no t  m e r e l y  to m a k e  t he  so lu t i on  basic ,  a l t h o u g h  
t he  i n h i b i t o r s  do  t h a t  in  s o m e  cases.  T h e  n i t r i t e  ion leaves  
the  so lu t i on  neu t ra l ,  wh i l e  t he  p h o s p h a t e  was  ac t ive  in 
t h r ee  d i f f e ren t  p H  regions .  The  t r i s o d i u m  p h o s p h a t e  is 
s t rong ly  a lkal ine ,  wh i l e  t he  m i x e d  s o d i u m  m o n o h y d r o g e n  
and  d i h y d r o g e n  p h o s p h a t e  are  a r o u n d  pH 6.5 a n d  t h e  
d i h y d r o g e n  p h o s p h a t e  a lone  is fair ly ac id ic  (pH 4.3). 
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Fig. 4. Anodic current accompanying crack growth. Sensitized stain- 
less steel, Type 304, in 0.025M Na2S~O~ in 0.05M each Na acetate- 
acetic acid; N2 saturated; 25~ potentiostated at 0.0V vs .  SCE; exten- 
sion rate 3 • 10-5/s. 1 KSI = 6.89 MPa. 

Effect of thiosulfate on voltammetric scans.-- Vol tam-  
me t r i c  s cans  w e r e  r u n  on  s teel  s a m p l e s  in  th iosu l f a t e  or 
t e t r a t h i o n a t e  so lu t i ons  to ver i fy  t h e  e n h a n c e m e n t  of  
anod ic  ac t iv i ty  at  t h e  c r ack  t ip  as h y p o t h e s i z e d  f rom the  
c r a c k i n g  e x p e r i m e n t s  a n d  t h e  p r e v i o u s l y  r e p o r t e d  hydro -  
gen  p e r m e a t i o n  s tud ies  (8). The  s tee ls  u s e d  c o n t a i n e d  0 or 
7% c h r o m i u m  to s imu la t e  t h e  Cr -dep le t ed  m e t a l  in  t he  
g ra in  b o u n d a r i e s  of  t h e  sens i t i zed  s ta in less .  A Type  4130 
steel, was  u s e d  init ial ly,  fo l lowed  b y  a 1018 c a r b o n  steel,  
fo l lowed b y  a 7% Cr, 0.5% Mo steel,  a n d  f inal ly b y  a spe- 
cial  9% Ni-7% Cr steel. All  gave  s imi la r  e n h a n c e m e n t s  of  
t h e  a n o d i c  p e a k  in v o l t a m m e t r i c  s cans  d u e  to t h e  a d d i t i o n  
of  sma l l  c o n c e n t r a t i o n s  of  s o d i u m  th iosu l f a t e  or t e t ra th i -  
o n a t e  (usua l ly  0.001M). T h e  p e a k  size d i f fered  f r o m  s teel  
to steel,  b u t  t h e  re la t ive  d i f f e rence  b e t w e e n  t h e  b a s e  case  
a n d  t h e  t h i o s u l f a t e - d o p e d  so lu t i ons  r e m a i n e d  a b o u t  con-  
s tant .  A typ ica l  case  is g iven  in Fig. 5, w h e r e  it wil l  be  
seen  t h a t  a p e a k  p a s s i v a t i n g  c u r r e n t  of  a b o u t  1 m A / c m  2 in 
ace ta t e  bu f f e r  was  i nc r ea sed  to a b o u t  24 m A / c m  ~ b y  the  
a d d i t i o n  of  0.001M th iosu l fa te .  A t  h i g h e r  c o n c e n t r a t i o n s ,  
e.g., 0.1M, co r ro s ion  was  so severe  t h a t  t h e  e l ec t rode  sur-  
face was  n o t  s tab le - - -cor ros ion  p r o d u c t s  b e g a n  fa l l ing rap- 
idly  f rom t h e  e l ec t rode  sur face  a n d  c logg ing  the  space  be- 
t w e e n  t h e  e l ec t rode  a n d  t h e  L u g g i n  capil lary.  

Table I. Effect of added anions on stress corrosion cracking 
promoted by thiosulfate a 

Percentage Percentage 
elongation elongation 

Concentration at failure Concentration at failure 

None 3, 13, 15, 23 
0.04M NaC1 4 b 

0.02M Na~SO~ 5 

0.04M KNO:, 6 

0.02M Na acetate 1 
+ ~ 5, 8, 7, 20, 48 

0.02M acetic acid 

0.04M NaNO., 101 
0.04M NaH~PO~ 86 
0.02M NaH.,PO4 } 

+ - 93 
0.02M Na.,HPOt 
0.02M Na:~PO4 95 
0.0?.JV/Na.2CO:, 74 

0.02M NaHCO.~ } 
+ " 99 

0.02~/Na=CO., 
0.02M NaOH 46 
0.01M Na~B407 66 

Fig. 3. Scanning electron micrograph of stress cracked surface. Sensi- 
tized stainless steel Type 304 cracked at 4.5% elongation in 0.01M 
Na~S20:~ + 0.04M NaCI; air saturated; 25~ extension rate 3 • 
I0-%. 

a Conditions: 0.01M sodium thiosulfate in deionized water at room 
temperature. Air saturated. Stainless steel 304 sensitized at 600~ for 
100h. Waisted area 0.1 in. diam, 0.5 in. long pulled at an extension 
rate of 3 • 10-6/s. 

h Chloride without thiosulfate caused no cracking; ductile failure 
occurred at 98% elongation. 

Some brittle failure observed in SEM. Without thiosulfate, 
NaOH caused ductile failure at 94% elongation. 
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Fig. 5. Promotion of anodic dissolution by thiosulfate. 7% Cr-0.5% 
Mo steel in 0.9M Na acetate-0.1M acetic acid;pH 5.6; N2 atmosphere; 
25~ scan rate 5 mV/s. 

As to t h e  ef fec t  of  scan  speed ,  i t  was  f o u n d  t h a t  t he  
p e a k  h e i g h t s  in  all cases  i n c r e a s e d  w i t h  scan  speed ,  b u t  
t h a t  t he  g r ea t e s t  re la t ive  d i f f e rence  b e t w e e n  t he  b a s e  case  
a n d  t he  t h io su l f a t e  case  was  o b s e r v e d  a t  low scan  speeds .  
The  da ta  of  Fig. 5, for e x a m p l e ,  were  t a k e n  at  a low scan  
speed,  5 mV/s.  I n  t he  ba se  case,  t he  p e a k  h e i g h t  i n c r e a s e d  
a p p r o x i m a t e l y  l inea r ly  w i th  t h e  s q u a r e  root  of  t h e  s can  
speed,  s u g g e s t i n g  a d i f fus ion- l imi t ed  a n o d i c  process .  This  
cou ld  be, for  e x a m p l e ,  t he  f o r m a t i o n  of  a par t ia l ly  so lub le  
i ron  salt, w h i c h  e v e n t u a l l y  r e a c h e s  t he  s a t u r a t i o n  concen-  
t r a t i on  a n d  p rec ip i t a t e s  on  t he  e l ec t rode  sur face  to b e g i n  
t he  p a s s i v a t i o n  process .  I n  m a n y  of  t he  th iosu l fa te -  
p r o m o t e d  cases,  t h e  p e a k  h e i g h t  i n c r e a s e d  less t h a n  l ine- 
ar ly  w i t h  t he  s q u a r e  roo t  of  t h e  s c a n  speed .  Our  be s t  
guess  at  p r e s e n t  for the  scan  s p e e d  ef fec t  w i th  t h io su l f a t e  
is t h a t  t h e  cove rage  w i th  p a s s i v a t i o n  ox ide  grows  s lowly  
w i t h  t i m e  at a g i v e n  vol tage ,  wh i l e  t he  me ta l  d i s so lu t i on  
ra te  on  t he  u n p a s s i v a t e d  f r ac t ion  of  t h e  sur face  r i ses  rap-  
idly as t h e  vo l t age  is inc reased .  T h u s  t he  fas te r  t he  s can  
rate,  t he  m o r e  o p p o r t u n i t y  for  d i s so lv ing  m e t a l  r ap id ly  
before  f u r t h e r  p a s s i v a t i o n  can  occur .  P r io r  r o t a t i ng  d i sk  
s tud ies  (8) s h o w i n g  ro t a t i on  speed  d e p e n d e n c e  in  t he  
ba se  case  b u t  n o t  in  t h e  t h io su l f a t e  ease  s u p p o r t  th i s  ex-  
p l ana t ion .  Howeve r ,  no  a t t e m p t  to ana lyze  the  s can  ra te  
effect  q u a n t i t a t i v e l y  was m a d e  in th i s  work .  T he  scan  ra te  
a p p r o p r i a t e  to t he  c r ack ing  p r o c e s s  w o u l d  d e p e n d  on  t he  
c r ack  veloci ty ,  b u t  w o u l d  p r o b a b l y  be  on  t he  h i g h  s ide  of 
t he  r a n g e  s t u d i e d  here .  

Catalytic action of thiosulfate.--While t h e  p e a k  h e i g h t  
i n c r e a s e d  w i t h  t h e  s c a n  speed ,  i t  was  p o s s i b l e  to o b s e r v e  
s t e a d y - s t a t e  c u r r e n t s  at  v a r i o u s  v o l t a g e s  a r o u n d  t h e  cur-  
r e n t  p e a k  o v e r  r e l a t i v e l y  l o n g  p e r i o d s  of  t ime .  T h e s e  
w e r e  a l m o s t  as h i g h  as t h e  c u r r e n t s  o b s e r v e d  in  t h e  
v o l t a m m e t r i c  s c a n s  at  low s c a n  ra tes .  In  one  r u n  on  1018 
c a r b o n  steel ,  t h e  to ta l  n u m b e r  of  c o u l o m b s  p a s s e d  at  
c o n s t a n t  v o l t a g e  c o r r e s p o n d e d  to m o r e  t h a n  all  of  t h e  
t h i o s u l f a t e  p r e s e n t  in  t h e  so lu t ion .  Ye t  s o l u t i o n  a n a l y s i s  
s h o w e d  on ly  a m i n o r  d e p l e t i o n  of  t h e  th iosu ] fa t e .  In  a 
ser ies  of  r u n s ,  t h e  ra t io  of  m e t a l  a t o m s  d i s s o l v e d  to th io-  
su l fa t e  ions  c o n s u m e d  c o r r e s p o n d e d  to 100 to 400 to 1. 
A n a l y s i s  of  t h e  s o l u t i o n  a f t e r  o n e  o f  t h e  r u n s  s h o w e d  
t h a t  t he  a m o u n t  o f  d i s s o l v e d  i ron  c o r r e s p o n d e d  c lose ly  
to t h a t  c a l c u l a t e d  f r o m  t h e  n u m b e r  of  c o u l o m b s  of  elec- 
t r i c i ty  p a s s e d  ( T a b l e  II). 

In  o t h e r  w o r d s , . t h e  e f fec t  of  t h e  t h i o s u l f a t e  was  cata-  
lytic.  A s m a l l  a m o u n t  of  t h i o s u l f a t e  ca t a lyzed  t h e  d isso-  
l u t i o n  of  a l a rge  a m o u n t  of  i ron.  T h i s  m a y  e x p l a i n  t h e  re- 
su l t s  of  Ref.  (4) w h e r e  0.1 p p m  of  t h i o s u l f a t e  (10-"M) was  
su f f i c i en t  to i n d u c e  s t r e s s  c o r r o s i o n  c rack ing .  In  t h a t  
case,  t h e  a m o u n t  of  i r o n  i n v o l v e d  in t h e  c r a c k i n g  reac-  
t i o n  m u s t  h a v e  b e e n  m u c h  g r e a t e r  t h a n  t h e  t o t a l  a m o u n t  
of  t h i o s u l f a t e  in  t h e  l i q u i d  in t h e  c r a c k  or  in  t h e  e x t e r n a l  
l i q u i d  zone  s u r r o u n d i n g  t h e  c rack .  

Table II. Catalytic dissolution of steel at constant potential 

Type 1018 carbon steel, 0.001M S2Oz in 1M acetate buffer, pH 5.6 

Ratio of 
Voltage Milli- S~O3- Fe dissolved 

vs. E peak Faradays consumed to S:,O:~ 
(V) passed (mM) consumed 

0 0.427 - - ~  >4 ~ 
0 1.06 0.00501 106 
0 2.51 h 0.0146 86 

60 1.007 0.00127 395 
160 0.776 0.00207 187 
300 ......... Current decayed to 0 ......... 

Residual S~O:~- not analyzed. Total S:O.~ in solution = 0.05 raM. 
b Calculated Fe concentration from charge passed: 0.0248M; mea- 

sured polarographically: 0.0247M. 

Effect of added anions on voltammetric scans.--It was  
f o u n d  t h a t  t h e  a d d i t i o n  of  c e r t a i n  s o l u b l e  sa l t s  to solu-  
t i ons  of  t h i o s u l f a t e  e l i m i n a t e d  t h e  p e a k  e n h a n c e m e n t  
n o r m a l l y  p r o d u c e d  b y  t h e  t h io su l f a t e .  O t h e r  sa l t s  h a d  no  
effect .  F i g u r e s  6 a n d  7 s h o w  t h e  r e s u l t s  o b t a i n e d  w i t h  
b o t h  t h i o s u l f a t e  a n d  t e t r a t h i o n a t e  o n  t h e  7% Cr-0.5% Mo 
steel.  T h e  p e a k  h e i g h t s  i n c r e a s e d  w i t h  t h e  s c a n  s p e e d  in  
all cases ;  b u t  n i t r a t e ,  ch lo r ide ,  a n d  su l f a t e  a d d i t i o n s  d id  
no t  a f fec t  t h e  r e s u l t s  o b t a i n e d  w i t h  t h e  u n t r e a t e d  th io-  
sul fa te ,  w h i l e  n i t r i t e ,  p h o s p h a t e ,  b o r a t e ,  a n d  c a r b o n a t e  
r e d u c e d  a n d  p e a k  h e i g h t  d o w n  to t h e  b a s e  case  l eve l s  or  
be low.  F i g u r e  8 s h o w s  s im i l a r  r e s u l t s  in  1018 c a r b o n  
s teel  w i t h  t h io su l f a t e ,  a l t h o u g h  t h e  NO~- is no t  as effec-  
t ive  here .  

The  p o i n t  is t h a t  t h e  ions  w h i c h  d e c r e a s e d  t h e  a n o d i c  
p e a k  due  to t h i o s u l f a t e  a re  t h e  s a m e  o n e s  w h i c h  i n h i b -  
i t ed  i n t e r g r a n u ] a r  s t r e s s  c o r r o s i o n  c r a c k i n g  in  s e n s i t i z e d  
s t a i n l e s s  s teel ,  w h i l e  t h e  i ons  w h i c h  d id  n o t  a f fec t  t h e  
c o r r o s i o n  p r o m o t i o n  af fec t  of  S~O/ ,  a lso d id  no t  i n h i b i t  
s t r e s s  c o r r o s i o n  c rack ing .  F o r  b o t h  t h e  s t r e s s  c r a c k i n g  of  
t he  s e n s i t i z e d  s t a in l e s s  s tee l  a n d  t h e  s t i m u l a t i o n  of  t h e  
a n o d i c  c o r r o s i o n  of  n o n s t a i n l e s s  s teels ,  t h e  i n h i b i t o r s  
were  p h o s p h a t e ,  bo ra t e ,  n i t r i t e ,  a n d  c a r b o n a t e ;  
n o n i n h i b i t o r s  w e r e  ace ta te ,  ch lo r ide ,  su l f a t e  a n d  n i t r a t e .  
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Fig. 6. Effect of inhibitors on anodic peak in voltammetric scans; 7% 
Cr-0.5% Mo steel in 0.001M Na~S20:~; 25~ N~ atmosphere. O: 0.9M 
Na acetate-0.1M acetic acid, pH 5.6 (= A). + :A plus 0.05M Na~SO4. 
�9 :A plus 0.05M KNO:~. X: A plus 0.05M NaCI. [] : A plus 0.05M NaNO~. 
~: A plus O.OSM Na~S. G: A without Na~S~O:~./~: 0.025M Na~HPO4 + 
0.025M NaH~PO4. ~: both 0.SM NaHCO:~ + 0.0SM Na2CO:~ and 0.1M 
Na~B4OT. 
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Fig. 7. Effect of inhibitors on anodic peak in voltammetric scans; 7% 
Cr-0.5% Mo steel in 0.001M Na~S~O,j; 25~ N~ atmosphere. |  0.gM 
Na acetate-0.1M acetic acid, pH 5.6 (= A). + : A plus 0.05M Na~SO~. 
O: A plus 0.05M KNO:, ~ :  A without tetrathionate. ~&: A plus 0.025M 
Na~HPO~-0.025M NaH~PO~. [~: A plus 0.05M KNO~. 

This  is a v e r y  s t r o n g  i n d i c a t i o n  t h a t  t h e  two  p h e n o m e n a  
are c lose ly  re la ted ,  a n d  led  to t h e  c o n c l u s i o n  t h a t  en-  
h a n c e d  a n o d i c  d i s s o l u t i o n  a t  or  n e a r  t h e  c r a c k  t ip  is t he  
cause  of  t h e  c r ack ing .  

The  p r e s e n c e  o f  t h i o s u l f a t e  a lso a f f ec t ed  t he  a n o d i c  
a n d  c a t h o d i c  b r a n c h e s  of  t h e  p o l a r i z a t i o n  curve ,  b u t  no t  
nea r ly  so d r a m a t i c a l l y  as i t  r a i s e d  t h e  p a s s i v a t i o n  cur-  
ren t .  On t h e  7% Cr-0.5% Mo steel ,  t h e  t h i o s u l f a t e  in- 
c r e a s e d  t h e  a n o d i c  i r on  d i s s o l u t i o n  c u r r e n t  a n d  de-  
c r e a s e d  t h e  c a t h o d i c  h y d r o g e n  e v o l u t i o n  c u r r e n t ,  
t h e r e b y  d e c r e a s i n g  t h e  c o r r o s i o n  p o t e n t i a l  b y  a b o u t  80 
mV,  b u t  h a d  a r e l a t ive ly  s m a l l  e f fec t  on  t h e  overa l l  cor- 
r o s i o n  c u r r e n t  (Fig. 9). T h e  e f fec t s  of  t h i o s u l f a t e  a n d  in- 
h i b i t i n g  a n d  n o n i n h i b i t i n g  a n i o n s  o n  p a s s i v a t i o n  p e a k  
c u r r e n t s  a n d  on  c o r r o s i o n  c u r r e n t s  are  s u m m a r i z e d  in  
T a b l e  III.  On  t h e  1010 c a r b o n  steel ,  t h e  e f fec t  of S~O:( on  
t he  c o r r o s i o n  c u r r e n t  was  v e r y  s m a l l  r e l a t ive  to t h e  
p a s s i v a t i o n  p e a k  e f fec t  of  Fig. 8 (see Fig. 10). 
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Fig. 8. Effect of inhibitors on unodic peak in voltammetric scans; Type 
1018 carbon steel in O.O01M Na~S~O:~; 25~ N2 atmosphere. |  0.gM 
Na acetate/O. IM acetic acid atpH 5.6 (= A). + : A plus O.OSM Na2S04. 
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Fig. 9. Corrosion curves on 7% Cr-O.S% Mo steel + 0.9#,4 No 
acetate/O.1M acetic acid buffer atpH 5.6, Same plus O.O01M Na,2S.,>O:~; 
8 mV steps; lOs per point; corrected for solution resistance. 
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Fig. 10. Corrosion curves on 1018 carbon steel. +: 0.9#,4 Na 
acetate/O.1M acetic acid buffer at pH 5.6. D: Same plus O.O01M 
Na~S~O:j; 8 mV steps; lOs per step; corrected for solution resistance. 

A n  i n t e r e s t i n g  p o i n t  is t h a t  su l f ide  ion  ac ted  as an  in- 
h i b i t o r  for  t h e  a c t i o n  of  t h i o s u l f a t e  (Fig. 6 a n d  T a b l e  III),  
aga in  p o i n t i n g  to t h e  fac t  t h a t  t h i o s u l f a t e  is n o t  a c t i n g  
s i m p l y  as a p r o g e n i t o r  of  a n  i r on  su l f ide  film. T h e  two  
ions  ac t  an t i t he t i c a l l y .  

P r e l i m i n a r y  i n f o r m a t i o n  h a s  b e e n  o b t a i n e d  on  t h e  na-  
t u r e  of  t h e  a d s o r b a t e  u s i n g  x - ray  p h o t o e l e c t r o n  spec-  
t r o s c o p y  (XPS)  a n d  A u g e r  s p e c t r o s c o p y .  In  b o t h  ana ly-  
sis, t h e  a d s o r b a t e  f o r m e d  on  a 7% Cr-0.5% Mo s tee l  a n d  
on  a 9% Ni-7% Cr s tee l  s h o w e d  s u l f u r  p e a k s  c o r r e s p o n d -  
ing  to a m i x t u r e  of  sul fa te ,  or SO.~ a n d  sulf ide,  S =. No 
p e a k s  c o r r e s p o n d i n g  to e l e m e n t a l  s u l f u r  w e r e  o b s e r v e d .  
T h i o s u l f a t e  i t s e l f  e x h i b i t s  b o t h  a n  SO~. a n d  a su l f ide  in  
X P S  so t h a t  i t  is n o t  p o s s i b l e  to te l l  a t  p r e s e n t  w h e t h e r  
t h e  t h i o s u l f a t e  h a s  r e m a i n e d  i n t a c t  or  c r a c k e d  u p o n  ad- 
so rp t ion .  F u r t h e r  de t a i l s  of  t h i s  w o r k  wil l  be  g i v e n  in fu- 
t u r e  p u b l i c a t i o n s .  

Demonstration of the adsorption of $20:( and 
S 4 O j . - - C h e m i s o r p t i o n  of t h i o s u l f a t e  a n d  t e t r a t h i o n a t e  
was  d e m o n s t r a t e d  b y  m e a n s  of  t h e  e l e c t r o d e  t r a n s f e r  ex-  
p e r i m e n t s  d e s c r i b e d  in  t h e  E x p e r i m e n t a l  sec t ion .  Af te r  
a v o l t a m m e t r i c  s c a n  in  a t h i o s u l f a t e  so lu t i on ,  w h i c h  pro-  
d u c e d  c o n s i d e r a b l e  e n h a n c e m e n t  of  t h e  p a s s i v a t i o n  
p e a k  as c o m p a r e d  to t h e  S.,O:;--free buf fe r ,  r i n s i n g  t h e  
e l e c t r o d e  a n d  t r a n s f e r r i n g  it b a c k  to t h e  b a s e  s o l u t i o n  
g e n e r a t e d  a p a s s i v a t i o n  p e a k  m u c h  l a r g e r  t h a n  t h e  origi- 
na l  b a s e  case  a n d  a l m o s t  as l a rge  as t h e  p e a k  d i r ec t ly  in  
t h e  t h i o s u l f a t e  so lu t ion .  Th i s  is i l l u s t r a t e d  in  Fig. 11 w i t h  
t h i o s u l f a t e  a n d  Fig. 12 w i t h  t e t r a t h i o n a t e .  

A n u m b e r  of  va r i a t i ons  were  m a d e  of  th i s  p rocedure .  I t  
was  f o u n d  u n n e c e s s a r y  to r u n  a s c a n  in t h e  S~O:( solu-  
t ion;  a s i m p l e  d ip  w o u l d  suffice.  H o w e v e r ,  i t  was  n o t  
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Table III. Effect of added ions on corrosion current end passivation peak current on 7% Cr, 0 .5% Mo Steel 

2069 

Corrosion current (/zA]cm-') Peak height (mAJcmD at 50 mV/s 
No S~O~ 0.001M S~O~ No S~O~ O.OOlM SzO;~ 

0.9M NaOAc/0.1M HOAc (A) 60 17 2.2 47 
0.05M KNO~ in A 21 16 1.8 47 
0.05M Na~SO4 in A 40 15 2.0 48 
0.05M NaC1 in A 30 25 2.4 55 
0.05M KI in A 40 54 3.9 42 
0.05M NaNO~ in A 75 330 0.6 9 
0.025M Na~HPO~ in A 24 55 3.8 2.5 
0.025M Na~HPO~ 
0.1M Na._,B~O~ 0.07 0.12 0.006 0.006 
0.5M Na.,CQ 0.02 0.2 0.006 0.006 
0.5M NaHCQ 
0.05M Na._,S in A 12 57 2.4 1.6 

p o s s i b l e  to d e m o n s t r a t e  a d s o r p t i o n  a f t e r  i m m e r s i o n  of  a 
f r e sh ly  g r o u n d  su r f ace  in to  t h i o s u l f a t e  s o l u t i o n  w i t h o u t  
s c a n n i n g  at  all. A s c a n  in  t h e  b a s e  case  s o l u t i o n  or in  t h e  
t h i o s u l f a t e  s o l u t i o n  was  n e c e s s a r y .  S u c h  a s c a n  e i t h e r  
r e m o v e s  i m p u r i t i e s  or g e n e r a t e s  a h y d r o u s  o x i d e  l aye r  
w i t h  w h i c h  t h e  S,,O:~- reac ts .  

As  to d e s o r p t i o n  of  t h e  a d s o r b e d  spec ies ,  i t  was  f o u n d  
t h a t  r e p e a t e d  s c a n s  in  th io - ion - f r ee  e l e c t r o l y t e  p r o d u c e d  
a g r a d u a l l y  d e c l i n i n g  p e a k  (Fig. 11). H o l d i n g  t h e  elec- 
t r o d e  at  a p o t e n t i a l  n e a r  t h e  p a s s i v a t i o n  p e a k  also pro-  
d u c e d  a d e c l i n i n g  c u r r e n t ,  f o l l o w e d  b y  a d e c r e a s e d  
a n o d i c  p e a k  c u r r e n t  in  a s u b s e q u e n t  scan.  B o t h  o f  t h e s e  
i n d i c a t e  loss  of  a d s o r b e d  t h i o s u l f a t e  a t  o x i d i z i n g  p o t e n -  
t ials .  I t  was  for  t h i s  r e a s o n  t h a t  t h e  s c a n  r a t e  u s e d  for  t h e  
d e t e c t i o n  of  a d s o r p t i o n  was  k e p t  h igh ,  a t  500 mV/s,  so as 
to  m i n i m i z e  t h e  t i m e  s p e n t  a t  p o t e n t i a l s  w h e r e  loss  of  
a d s o r b a t e  c o u l d  occur .  Th i s  loss  c o u l d  o c c u r  t h r o u g h  
t h e  o x i d a t i o n  a n d  r e m o v a l  of  t he  u n d e r l y i n g  l aye r  of  
s tee l  u p o n  w h i c h  t h e  a d s o r b a t e  res t s ,  or  t h e r e  c o u l d  b e  
a n  a n o d i c  r e a c t i o n  of  t h e  a d s o r b a t e - m e t a l  c o m p l e x .  We 
k n o w  f rom t h e  ca ta ly t i c  s t u d i e s  t h a t  t h e r e  is s o m e  loss  
of  $203-, a l b e i t  smal l ,  d u r i n g  c o r r o s i o n  of  t he  steel,  
w h i c h  is n o t  s e e n  in  n o n r e a c t i n g ,  s t o r e d  s o l u t i o n s  of  
t h i o s u l f a t e  in  b u f f e r  e lec t ro ly te ,  l e n d i n g  c r e d e n c e  to t h e  
r e a c t i o n  h y p o t h e s i s .  

Chemical interactions of thiosulfate and iron ions.~In 
an  a t t e m p t  to  e x p l a i n  t h e  e f fec t  o f  t h i o s u l f a t e  o n  t h e  
p a s s i v a t i o n  p r o c e s s ,  i ts  i n t e r a c t i o n  w i t h  i r on  i ons  was  in- 
v e s t i g a t e d .  P a g e  r e p o r t e d  in  1954 (11) on  t h e  e x i s t e n c e  of  
a s o l u b l e  f e r r i c  i o n - t h i o s u l f a t e  c o m p l e x  Fe(S.,O3) § w i t h  a 
fa i r ly  low d i s s o c i a t i o n  c o n s t a n t ,  0.02 at  0.5 ion ic  
s t r e n g t h .  He  also o b t a i n e d  i n d i r e c t  e v i d e n c e  for  a 
w e a k e r  f e r r o u s  ion  c o m p l e x ,  FeS~O:~ w i t h  a d i s s o c i a t i o n  
c o n s t a n t  of  0.12. 

We h a v e  n o w  ver i f i ed  t h e  e x i s t e n c e  of  t h e  w e a k  
f e r r o u s - t h i o s u l f a t e  c o m p l e x  by  m e a s u r i n g  t h e  i n c r e a s e  
in t h e  s o l u b i l i t y  of  f e r rous  oxa l a t e  d u e  to t h e  a d d i t i o n  of  
s o d i u m  t h i o s u l f a t e  at  25~ T h e  p H  w as  h e l d  a t  4.0 w i t h  
a c e t a t e  buf fe r .  Th i s  r e d u c e d  t h e  f ree  oxa l a t e  c o n c e n t r a -  
t i o n  b y  a f a c t o r  of  2.64, v ia  t h e  f o r m a t i o n  of  HC204- ,  b u t  
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Fi 8. | 1. Adsorption of thiosulfate on 7% Cr-0.5% Mo steel. 0.9/,4 Na 
acetate/0.1M acetic acid buffer atpH 5.6; scan rate 500 mV/s; N% at- 
mosphere; 25~ 

gave  m o r e  r e p r o d u c i b l e  r e s u l t s  t h a n  a t  p H  7 w h e r e  pre-  
c ip i t a t e s  w e r e  o b s e r v e d  to fo rm.  T h e r e  was  a de f in i t e  
i n c r e a s e  in  d i s s o l v e d  i ron  c o n c e n t r a t i o n  w i t h  t h i o s u l f a t e  
c o n c e n t r a t i o n .  

C o m b i n a t i o n  of  t h e  e q u i l i b r i a  

ksp 
FeC.,O4 ~-- Fe  ~ + C204 = 

a n d  

kd 
F e S 2 Q  ~- F e  ~ + S.,O~= 

g e n e r a t e s  t h e  r e l a t i o n  

[ total  F e  +§ d i s so lved]  ~ = 2.64 x Ks,(1 + [S20~]/Kd) 

F r o m  t h e  s lope  of  t h e  r e l a t i o n s h i p  b e t w e e n  t h e  to ta l  
d i s so lved  i r o n  a n d  t h e  t h i o s u l f a t e  c o n c e n t r a t i o n  (Fig. 
13), a v a l u e  of  Kd of  0.11 was  o b t a i n e d ,  a n  e s s e n t i a l  
c o n f i r m a t i o n  o f  P a g e ' s  va lue .  Th i s  h i g h  a v a l u e  o f  t h e  
d i s s o c i a t i o n  c o n s t a n t  does  n o t  i n d i c a t e  s t r o n g  com-  
p l e x a t i o n .  A t  0.01M of  b o t h  f e r r o u s  a n d  t h io su l f a t e ,  for  
e x a m p l e ,  on ly  8% of  t h e  Fe  +~ ions  w o u l d  b e  c o m p l e x e d .  
Only  i f  t h e  t h i o s u l f a t e  c o n c e n t r a t i o n s  r e a c h e d  1M, say  at  
a c r a c k  t ip ,  w o u l d  70% of t h e  f e r r o u s  i ons  b e  c o m p l e x e d .  

Whi le  t h e  a b o v e  s o l u b l e  f e r rous  ion  c o m p l e x  does  n o t  
l ook  m e c h a n i s t i c a l l y  i m p r e s s i v e ,  p r e c i p i t a t e s  f o r m e d  i n  
n e u t r a l  s o l u t i o n s  w e r e  p o s s i b l y  m o r e  p r o m i s i n g  in  ex-  
p l a i n i n g  t h e  c r a c k  p r o m o t i o n  a n d  vo l t age  s c a n  da ta .  I t  
was  f o u n d  t h a t  t i t r a t i o n  of  a s o l u t i o n  c o n t a i n i n g  a fer- 
r o u s  sa l t  ( the  su l fa te)  p lu s  s o d i u m  t h i o s u l f a t e  w i t h  aque -  
ous  a lka l i  (NaOH) p r o d u c e d  a b l a c k  p rec ip i t a t e .  Th i s  
was  n o t  s i m p l y  i r o n  h y d r o x i d e ,  w h i c h  is g reen ,  or  i ron  
sulf ide.  T r e a t m e n t  w i t h  HC1 r e l e a s e d  a m i x t u r e  of  ele- 
m e n t a l  su l fur ,  SO~, so lub l e  t h i o s u l f a t e ,  a n d  i r o n  ions ,  
b u t  n o  H~S. S imi l a r ly ,  d i s s o l u t i o n  i n to  d i l u t e  ace t i c  ac id  
r e l ea sed  t h i o s u l f a t e  in to  so lu t ion .  T h e  p r e c i p i t a t e s  con-  
t a i n e d  on ly  t r aces  of  s o d i u m  as d e t e r m i n e d  b y  i n d u c -  
t ive ly  c o u p l e d  p l a s m a  e m i s s i o n  s p e c t r o s c o p y ,  i n d i c a t i n g  
t h a t  t h e  s o u r c e  of  t h e  t h i o s u l f a t e  r e l e a s e d  was  n o t  s im-  
p ly  o c c l u d e d  s o d i u m  t h i o s u l f a t e  so lu t i on .  I t  a p p e a r s  t h a t  
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Fig. 12. Adsorption of tetrothionate on 7% Cr-0.5~ Mo steel. 0.9M 
Na acetate/0.1M acetic acid buffer at pH 5.6; scan rate 500 mV/s; N.~ 
atmosphere; 25~ 
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Fig. 13. Effect of added thiosulfote on ferrous oxalate solubility. Fe ~* 
ion concentration determined by atomic absorption, 

f e r rous  ion,  h y d r o x i d e ,  a n d  t h i o s u l f a t e  f o r m  a so l id  com-  
p l ex  in n e u t r a l  so lu t ions .  U n f o r t u n a t e l y ,  we  h a v e  suc-  
c e e d e d  in  o b t a i n i n g  n e i t h e r  c o n s i s t e n t  s t o i e h i o m e t r y  of  
th i s  c o m p l e x  n o r  c o n s i s t e n t  x - ray  d i f f r ac t i on  spec t ra .  
T h e  m a t e r i a l  a p p e a r s  to h a v e  a h i g h l y  v a r i a b l e  c o m p o s i -  
t i on  d e p e n d i n g  u p o n  e x a c t  p r e p a r a t i o n  c o n d i t i o n s  a n d  
w o u l d  a p p e a r  to r e q u i r e  ca re fu l  s t u d y  to e l u c i d a t e  i ts  
s t r u c t u r e - c o m p o s i t i o n  r e l a t i o n s h i p .  H o w e v e r ,  t h e  ex is t -  
e n c e  of  s u c h  a s u b s t a n c e  s t r o n g l y  s u g g e s t s  t h a t  t h e  th io-  
su l fa te  ion  is ab le  to e n t e r  in to  t h e  p a s s i v a t i n g  f i lm on  
s tee l  a n d  c h a n g e  i ts  c o m p o s i t i o n  a n d  s t r u c t u r e .  Th i s  is 
p r o b a b l y  one  of  t h e  ways  i t  m a y  a l t e r  t h e  p a s s i v a t i o n  
p rocess ,  in  a n  a d d i t i o n  to m e c h a n i s t i c  e f fec ts  on  t h e  
a n o d i c  a n d  c a t h o d i c  e l e c t r o d e  r e a c t i o n s .  

The role of inhibiting anions.--Experiments w e r e  r u n  
to d e t e r m i n e  w h e t h e r  t h e  a n i o n s  w h i c h  i n h i b i t  t h e  ac- 
t i on  of  t h i o s u l f a t e  do so b y  c o m p e t i t i v e l y  d e s o r b i n g  t h e  
t h io su l f a t e .  The  a d s o r p t i o n  p r o c e d u r e  was  m o d i f i e d  to 
i n c l u d e  i n h i b i t i n g  a n i o n s  in  t h e  w a t e r  u s e d  to r i n s e  t h e  
e l e c t r o d e  a f t e r  t h e  a d s o r p t i o n  s tep.  I n  t h e  s u b s e q u e n t  
v o l t a m m e t r i c  s c a n  in  b a s e  e l ec t ro ly te ,  no  r e d u c t i o n  in  
t h e  S 2 O j - p r o m o t e d  p a s s i v a t i o n  p e a k  was  o b s e r v e d ;  t h e  
i n h i b i t o r  d id  n o t  d e s o r b  t h e  S20:f  e v e n  a f te r  a 5 r a in  
soak.  I n  c o n t r a s t ,  w h e n  t h e  i n h i b i t o r  w as  i n c l u d e d  in  t h e  
f inal  t e s t  s o l u t i o n ,  t h e n  i n h i b i t i o n  d i d  occur ,  as s h o w n  
by  a s h a r p  r e d u c t i o n  in t he  p a s s i v a t i o n  p e a k  c u r r e n t  
(Tab le  IV). 

T h u s  t h e  i n h i b i t o r  does  no t  c a u s e  t h e  d e s o r p t i o n  of  
t h io su l f a t e ;  i t  m u s t  b e  in s o l u t i o n  in  t h e  p r e s e n c e  of  ad-  
s o r b e d  t h i o s u l f a t e  to work .  T h e  fou r  i ons  in  q u e s t i o n  are  
k n o w n  to p r o m o t e  t h e  p a s s i v a t i o n  of  s tee l  (12). Th i s  was  
o b s e r v e d  in  t h e  p r e s e n t  s t u d i e s  w h e r e  c a r b o n a t e  a n d  
b o r a t e  w e r e  o b s e r v e d  to r e d u c e  d r a s t i c a l l y  t he  pas s iva -  
t i on  c u r r e n t s ,  r e l a t i ve  to ace ta te ,  in  t he  a b s e n c e  of  th io-  
su l fa t e  ( T a b l e  III). 

F u r t h e r  t e s t s  w e r e  r u n  to s h o w  t h a t  t he  i n h i b i t o r s  do  
no t  a d s o r b  on  t h e  su r f ace  of  t h e  steel.  A ser ies  of  s c a n s  
w e r e  r u n  in  w h i c h  t he  7% Cr-0.5% Mo s tee l  was  d i p p e d  
a l t e r n a t e l y  in  b u f f e r  c o n t a i n i n g  0,001M t h i o s u l f a t e  a n d  
0.001M t h i o s u l f a t e  p lus  0.01-0.05M of  t h e  v a r i o u s  i nh ib i -  
tors .  I n  e v e r y  case,  t he  p e a k  h e i g h t  was  h i g h  in t h e  th io-  
su l fa t e  s o l u t i o n  a n d  low in t h e  t h i o s u l f a t e  i n h i b i t o r  solu-  
t ion;  i.e., t h e  i n h i b i t o r  e f fec t  d id  n o t  ca r ry  over  in to  t he  
u n i n h i b i t e d  so lu t i on .  T h e r e  was  no  e v i d e n c e  for  a d s o r p -  
t i o n  of  t h e  i n h i b i t o r ,  as t h e  t h i o s u l f a t e  was  a d s o r b e d .  

The  i n f e r e n c e  t h e n  is t h a t  t h i o s u l f a t e  or  t e t r a t h i o n a t e  
e n t e r s  i n to  t h e  a n o d i c  f i lm so as to r e n d e r  i t  less  p ro tec -  
t ive.  A n o d i c  d i s s o l u t i o n  is t h u s  ab l e  to o c c u r  r ead i ly  
t h r o u g h  t h e  i m p e r f e c t  film. T h e  i n h i b i t i n g  ions  m u s t  b e  
h e l p i n g  to b o l s t e r  or r e p a i r  t h e  i m p e r f e c t  film, p r o b a b l y  
b y  t h e  f o r m a t i o n  of  i n s o l u b l e  sa l t s  or  m i x e d  o x i d e s  or  
h y d r o x i d e s .  

Summary and Conclusions 
T h e r e  are a n u m b e r  of s ign i f ican t  f ind ings  in th i s  

w o r k  a n d  d e d u c t i o n s  t h a t  can  b e  m a d e  the re fo rm.  

1. The  p r o m o t i o n  of i n t e r g r a n u ] a r  s t ress  cor ros ion  
c r a c k i n g  in  sens i t i zed  s ta in less  s teel  b y  th iosu l fa t e  a n d  
t e t r a t h i o n a t e  is a c c o m p a n i e d  b y  anod ic  c u r r e n t  
e m a n a t i n g  f r o m  the  crack.  C rack ing  can  be  i n h i b i t e d  by  
the  a d d i t i o n  of  ce r t a in  ions  to t he  so lu t ion ,  w h e r e a s  o t h e r  
ions  do no t  af fec t  it. 

2. Th iosu l f a t e  a n d  t e t r a t h i o n a t e  also p r o d u c e  s h a r p  in- 
c reases  in  t he  p a s s i v a t i o n  c u r r e n t s  on  n o n s t a i n l e s s  s teels  
r e l a t ed  to t h o s e  w h i c h  w o u l d  be  f o u n d  on  t he  walls  of  a n  
i n t e r g r a n u l a r  c r a c k  in sens i t i zed  s ta in less  steels.  This  has  
b e e n  o b s e r v e d  w i t h  four  d i f f e r en t  steels.  The  ef fec t  ap- 
pea r s  to be  of  suf f ic ien t  gene ra l i t y  t h a t  i t  is a v i r t ua l  cer- 
t a i n t y  t h a t  i t  wil l  be  t he  s a m e  in t he  sens i t i zed  gra in  
b o u n d a r y  areas ,  w h a t e v e r  t h e i r  exac t  compos i t i on .  

3. S u p p o r t i n g  t he  c o n t e n t i o n  t h a t  t he  a n o d i c  p roce s s  
on  t he  n o n s t a i n l e s s  s teels  is r e l a t ed  to t he  i n t e r g r a n u l a r  
c r ack ing  p roce s s  is the  o b s e r v a t i o n  t h a t  t he  s a m e  ions  
w h i c h  i n h i b i t  t he  c r a c k i n g  also e l im ina t e  the  h i g h  
p a s s i v a t i o n  c u r r e n t s  c a u s e d  by  t he  su l fu r  o x y a n i o n s ,  
wh i l e  t he  ions  w h i c h  d id  no t  i n h i b i t  c r a c k i n g  d id  no t  re- 
duce  t he  h i g h  p a s s i v a t i o n  cu r ren t s .  

4. The  t h io su l f a t e  and  t e t r a t h i o n a t e  p r o m o t e  t he  in- 
c r eased  a n o d i c  c u r r e n t s  b y  a d s o r b i n g  on  t he  sur face  of  
t he  s teel  a n d  ca ta lyz ing  t he  d i s s o l u t i o n  of  i ron.  The  ad- 
s o r p t i o n  s tep  exp l a in s  h o w  e x t r e m e l y  smal l  concen t r a -  
t ions  of S~O:~ ~ can  p r o m o t e  c rack ing .  

5. The  i n h i b i t i n g  ions  w h i c h  p r e v e n t  s t ress  co r ros ion  
c r ack ing  a n d  e l i m i n a t e  t he  a n o d i c  s t i m u l a t i o n  due  to 
S:O.~ a n d  $40~  do no t  d e s o r b  the  a b s o r b e d  su l fu r  com- 
p o u n d s  f rom t h e  surface,  b u t  m u s t  be  p r e s e n t  in so lu t ion  
to inh ib i t .  P r e s u m a b l y ,  t h e y  f u n c t i o n  by  r e in fo r c ing  
pass ive  f i lm f o r m a t i o n  b y  g e n e r a t i n g  i n s o l u b l e  i ron  salts.  
Converse ly ,  th i s  impl i e s  t h a t  t h e  a d s o r b e d  su l fu r  com-  
p o u n d s  r e n d e r  t he  sur face  f i lm n o n p r o t e c t i v e  e i t h e r  by  
c h a n g i n g  t he  g r anu l a r i t y  or po ros i ty  of t he  fi lm or by  
p r o m o t i n g  fe r rous  ion  t r anspo r t .  

Table IV. Comparison of inhibitors as desorbents and as solution components 

Peak currents in buffer (mAp Peak currents in S~O:~= (mA) ~' 

+0.001M After dip Dip time Before 
Inhibitor S:O.~ = and rinse" (s) inhibition 

After 
inhibitor 
addition 

0.025M Na2HPO4 46 44 10 49 8 
0.025M NaH~PO4 

0.05M Na~CO:~ 53 59 10 54 1 

0.05M Na~B407 45 52 10 53 <0.01 
0.05M Na~B407 45 51 60 
0.05M NaNO~ 37 40 300 55 7 

a 7% Cr-0.5% Mo steel. Exposed area: 0.32-0.5 cm ~ (unmasked). Base electrolyte: 1M acetate buffer, pH 5.6. 
~' Dip and rinse in inhibitor solution. Rescanned in buffer without $20~. 
~' Same steel. Base electrolyte: 0.09M Na acetate/0.01M acetic acid + 0.5M Na.2SO4, pH 5.6, containing 0.001M Na~S~O:, 
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We now come to the question of how increased anodic 
dissolution promotes integranular stress corrosion crack- 
ing. One might expect anodic dissolution t o  promote 
crack blunting. The simplest explanation seems to be that 
this is a case of active path dissolution or "stress-assisted 
integranular corrosion." The corrodents, by delaying 
repassivation, keep the anodic process going within the 
grain boundary region until  the zone of very high stress 
arrives at the next  weak point. This could be a defect, dis- 
location, precipitate, or strain-induced phase transforma- 
tion, etc. Metal cracking then occurs, generating fresh 
metal surface which reinvigorates the anodic dissolution 
reaction, continuing the process. This follows the obser- 
vations of the Brookhaven workers (13) giving evidence 
for intermittent  crack growth, sometimes at rates higher 
than can be accommodated by anodic dissolution only. 
Because the sides of the crack walls around the growing 
crack tiP participate in the anodic process due to the ac- 
tion of the corrodent, the actual current densities are 
lower than that required by Faraday's law for crack tip 
advancement.  
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Calculation of the Electrical Resistance of a Compact Tension 
Specimen for Crack-Propagation Measurements 

Mark E. Orazem* 

Department of Chemical Engineering, University of Virginia, Charlottesville, Virginia 22901 

ABSTRACT 

The electrical resistance of a notched compact specimen for determination of plane-strain fracture toughness was 
calculated using numerical methods coupled with the Schwarz-Christoffel transformation. Experimental measurement 
of this resistance is commonly used to obtain the crack length in notched specimens subjected to stress corrosion and 
hydrogen embrit t lement tests. The results presented here predict the shape of the calibration curve for this experiment 
and facilitate optimal design of notched specimens for sensitivity of the resistance measurements to crack length. The 
electrical resistance is shown to be most sensitive to crack length for specimens containing a small starter notch. Place- 
ment  of the current input  leads also influences the sensitivity of the specimen resistance to the crack length. An ana- 
lytic interpolation formula is presented for the primary resistance as a function of cell dimensions that reproduces the 
calculated results to within 5%. 

The plane~strain fracture toughness of metals can be 
determined through tensile loading of notched specimens 
that have been precracked in fatigue. Common methods 
for this test are described in the annual  book of ASTM 
standards (1). Measurement of crack length is an impor- 
tant step in" the test procedure. Electrical resistance mea- 
surements have been used to monitor crack lengths in the 
course of hydrogen embrit t lement (2), fracture toughness 
(3), sustained load (4), fatigue crack growth (5, 6), and 
stress corrosion cracking experiments (7, 8). This method 
has the advantages that the crack length can be moni- 
tored continuously and that the specimen is not subjected 
to intermittent  loading and unloading of tensile stress. 

The objective of this work is the calculation of the elec- 
trical resistance of a compact tension fracture specimen 
as a function of crack length. This calculation can be used 
as an aid in the selection of specimen dimensions for 
optimal sensitivity of electrical resistance to crack length. 
The results presented here can also be applied to other 
electrical or electrochemical systems of similar shape for 
which primary current and potential I distributions apply. 

Primary current and potential distributions apply to 
systems for which the surface overpotential can be ne- 
glected and the phase adjacent to the electrode has a uni- 
form potential. These assumptions are strictly valid for 

*Electrochemical Society Active Member. 

solid conductors in which the current is electronic. Calcu- 
lation of the primary current and potential distributions 
involves solution of Laplace's equation, V~P = 0, which is 
not trivial, even for simple geometries. The method of im- 
ages (9), separation of variables (10), and superposition 
(11, 12) have been used to solve Laplace's equation for a 
number  of systems. A review of analytic solutions has 
been presented by Fleck (13). 

The Schwarz-Christoffel transformation (14-16) is a 
powerful tool for the solution of Laplace's equation in 
systems with planar boundaries. This method was used 
by Moulton (17) to derive the current and potential distri- 
bution for two electrodes placed arbitrarily on the bound- 
aries of a rectangle. Hine et al. (18) used this method to 
describe the primary current and potential distribution 
for two plane electrodes of infinite length and finite 
width confined between two infinite insulating planes, 
perpendicular to but  not touching the electrodes. Wagner 
(19) presented the primary and secondary current distri- 
bution for a two-dimensional slot in a planar electrode. 
Newman (20) has presented the primary current distribu- 
tion for two plane electrodes opposite each other in the 
walls of a flow channel. These solutions made use of the 
Schwarz-Christoffel transformation. 

Theoretical calibration curves for fracture specimens 
have also been obtained through application of conformal 
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mapping for a number of simple specimen geometries, 
such as center- and edge-cracked plates with various 
starter notch or crack configurations (21-23). These are 
reviewed by Halliday and Beevers (24). Aronson and 
Ritchie (25) and Ritchie and Bathe (26) have obtained nu- 
merical solutions of Laplace's equation for the compact 
tension specimen considered here through application of 
finite element analysis. Some discrepancy was found be- 
tween experimental and calculated crack lengths at long 
crack lengths. This discrepancy was attributed to the size 
of the finite-element mesh. Accurate use of finite- 
element solutions of Lap]ace's equation for this system 
requires a large number of nodes due to the singularities 
observed at the electrode edges. This difficulty is allevi- 
ated by use of the Schwarz-Christoffel transformation. 

Application of the Schwarz-Christoffel transformation 
is generally limited, however, by the difficulty of 
generating solutions to the resulting integrals. Analytic 
solutions allow calculation of the primary current and po- 
tential distributions throughout the cell, but are possible 
for a limited number of system geometries. Numerical 
evaluation of these integrals allows calculation of both 
the primary current distribution along the electrodes and 
the cell resistance. Orazem and Newman (27) have cou- 
pled application of the Schwarz-Christoffe] transforma- 
tion with numerical integration to calculate the primary 
resistance and current distribution for a cell containing a 
slotted electrode. A similar approach is taken here. 

Cell  Geometry  
The geomet ry  of a compac t  t ens ion  spec imen  for mea- 

su r emen t  of  plane-strain f racture  toughness  is p resen ted  
in Fig. 1. The  A S T M  standards  for spec imen  des ign are 
inc luded  wi th in  the  figure. These  s tandards  are modi-  
fied for the s tudy  of  crack g rowth  in response  to fatigue. 
The enve lope  of  the  s tar ter  no tch  is typical ly  small;  
Hacke t t  e t  a l .  (8) used  a larger  no tch  enve lope  to accom- 
moda te  a re fe rence  electrode.  Use  of  a large no tch  m a y  re- 
quire  o ther  ad jus tmen t  of the  cell  d imensions ,  e .g . ,  use  of  
smaller  load ing  p inholes  or  wider  specimens .  U n d e r  the  
A S T M  standards,  the test  b lock  mus t  be  suff icient ly 

th ick  that  edge  effects do no t  inf luence  the  propagat ion  
of  the  crack as a plane. This  r e q u i r e m e n t  is cons is ten t  
wi th  analysis  of  the  p r imary  res is tance  of this sys tem as 
being that  of  a two-d imens iona l  s p e c i m e n  of the shape 
p resen ted  in Fig. 1 and of  th ickness  W. 

U n d e r  the  a s sumpt ion  that  e lec t rodes  for res is tance 
m e a s u r e m e n t  are p laced di rec t ly  oppos i te  each other,  the 
spec imen  may  be bisected by a p lane  of  s y m m e t r y  repre- 
sented  by AC in Fig. 1. Thus  the spec imen  will  have  twice  
the electr ical  res is tance  of  the  sys tem presen ted  in Fig. 
2a, where  cons tan t  potent ia l  surfaces are des ignated  by 
RS and P Q  and all o ther  boundar ies  are cons idered  to be 
insulat ing.  The  p inholes  (see Fig. 1) were  a s sumed  to be 
filled by a c lose fit t ing pin wi th  the  conduc t iv i ty  of  the  
test  spec imen.  The  spec imen  is p laced in a c o m p l e x  coor- 
dinate  sys tem such that  the l ine OA lies on the  real-z axis. 
The coord ina te  sys tem of Fig. 2a is t r ans formed  th rough  
an in t e rmed ia t e  half-plane t (see Fig. 2b) to a coord ina te  
sys tem (Fig. 2e) in wh ich  Laplaee ' s  equa t ion  can be 
solved easily. 

Theoret ica l  Deve lopment  
The p r imary  cur ren t  d is t r ibut ion  along the  e lect rodes  

and the  cell res is tance  can be calcula ted th rough  applica- 
t ion of the  Schwarz-Chr is tof fe l  t ransformat ion.  Complex  
coord ina te  sys tems  are used,  thus  

Z = Zr + j z i  

The z coord ina te  sys tem is re la ted to the  t coord ina te  sys- 
t em of Fig. 2b by 

f l  (e - t) ~ 
z = t'"- ( a  - t) 1'2 (b  --  t ) ~ - -  t ) ' 2 ( d  - t) ~'~ d t  [1] 

where  a, b, e, d, and e are the  values  of  t co r respond ing  to 
z va lues  of A, B, C, D, and E, respect ively .  The  outs ide  an- 
gle at D is r ep resen ted  by fl such  that  r = 1/2 for a right- 
angle  corner.  The  e lect rodes  P Q  and CS cor respond  to pq  
and es in the  t plane. 

The var iable  X (see Fig. 2e) is re la ted to the  t var iables  
by the  Sehwarz-Chr is tof fe l  t r ans fo rmat ion  

A f t 1 
X = (, ( t  - p)V'~(q _ t)l/2(c - -  t)l~',-(s _ t)~,~ d t  [2] 

I1: l I 
I i 

~iameter 0 .25 B 

Electrodes ~ 

.. "(-- O" ?0 . -2 '75  B 

W= B/2  

1.25 B 

C 

Fig. 1. Notched specimen for determination of plane-strain fracture 
toughness. 

Solut ion  of Laplace ' s  equa t ion  for the  X sys tem yields 
the potent ia l  as a l inear  func t ion  of  X 

= x~ V [3] 
~(i.max 

where  X~ . . . .  is the  separa t ion  be tween  e lect rodes  cs and 
pq  in the  X system,  and V is the  potent ia l  d i f ference be- 
tween  the electrodes.  The  potent ia l  drop in the  original  
cell of  Fig. 1 is 2V. The current  dens i ty  is re la ted to the  
potent ia l  der iva t ive  at the electrodes.  The  re la t ionships  
among  the  potent ia l  der ivat ives  at the  e lec t rodes  in the  X, 
t, and z coord ina te  sys tems are deve loped  in A p p e n d i x  A. 
These  re la t ionships  are the  basis for a sys tem of nonl inear  
integral  equa t ions  that  can be so lved  to obtain  the  current  
density along either electrode in the z coordinate system. 

-I@ A z: 

C ~ ,~z  I 

z - coord ina tes  

% t -var iables 

z-variables A P Q B C S D E 

t-variobJe= a p q b C s d �9 t r 

1 - coordinates 

x - coordinates 

( a )  ( b )  ( c )  

Fig. 2. Schematic diagram of the sectioned cell with coordinates, a: 
z = Zr + j z i .  b: t = t,. + j t i .  c: X = Xr  + Jxt.  
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The d imens ion less  p r imary  resis tance,  WKR,  is ob ta ined  
th rough  in tegra t ion  of  the  cur ren t  density.  The  numer i ca l  
m e t h o d  used  in this ca lcula t ion is p resen ted  in A p p e n d i x  
B. The  p r imary  cur ren t  d is t r ibut ion  and the  d imens ion-  
less res is tance  are funct ions  only of  geomet r i c  ratios. 

Resul ts  
The methods outlined in Appendix B were used to cal- 

culate the primary current distribution and the primary 
resistance of the crack-propagation test block. The calcu- 
lation of the primary current distribution was used pri- 
marily to check the calculations. The quantity of greatest 
interest for test block design is the primary resistance, 
presented in the Primary resistance section. 

Current distribution.--The current distribution close to 
the edge of an electrode adjoining an insulator with an an- 
gle a is 

i(z~) = 

i ~  = const. ~ -  (Q - zi) ~/~- '  [4] 

where  Q is the  po in t  of in te rsec t ion  of  the  e lec t rode  and 
the insulator .  The  calculated cur ren t  d is t r ibut ion  shows 
the  expec t ed  asympto t i c  behavior ,  be ing  propor t iona l  to 
(Q - z~) - ' 2  at P, Q, and S, and approach ing  a finite va lue  
a rC.  

P r i m a r y  r e s i s t a n c e . - - T h e  pr imary  res is tance of  the  cell  
can be  exp re s sed  as the  d imens ion less  group WKR.  The  
d imens ion less  p r imary  res is tance is a func t ion  of  the  an- 
gle B, three  geomet r i c  ratios assoc ia ted  with  cell shape 
(e.g., zl/zh, Zm/Zh, and zJzh) ,  and three  geomet r i c  ratios asso- 
ciated wi th  e lec t rode  p l a c e m e n t  (e.g.,  Zk/Zh, Z,/Zh, and z j zh ) .  
In the  l imi t  of  the  s tar ter  enve lope  area approach ing  zero, 
the p r imary  res is tance  approaches  that  of  a rec tangle  wi th  
appropr ia te ly  p laced e lect rodes .  The  solut ion for this  
p rob l em has been  p resen ted  by Moul ton  (17) in t e rms  of  
t abu la ted  el l ipt ic  func t ions  (29) as 

WKRm = K(1 - m x ) / K ( m x )  [5] 

where  K(mx) is the  comple te  el l ipt ic  integral  of  the  first 
k ind  with  pa rame te r  mx. The  pa rame te r  is ob ta ined  f rom 
the  g e o m e t r y  of  the  rec tangle  by  

sn2(z.,Jm) - sn2(z~Jm) 
m~ = [6] 

sn"-(z:~lm ) - sn"-(z, lm) 

where  m is the  pa rame te r  def ined by K(1 - m ) / K ( m )  = 
L / h ,  z~ is the  loca t ion  of  po in t  Q, z2 is the  locat ion of  poin t  
P, and z~ is the  locat ion of  po in t  S. Equa t ion  (16.23.1) in 
Ref. (29) was used  to calculate  va lues  for the  ell iptic func-  
t ion sn .  

The p r imary  res is tance of  a rec tangle  is p resen ted  in 
Fig. 3 as a func t ion  of  the  d imens ion less  length  of  the  
e lec t rode  cs [~ = (z~ - z~ - zr This va lue  represen t s  a 
first a p p r o x i m a t i o n  to the  p r imary  res is tance of  the  
no tched  s p e c i m e n  and inc ludes  the  inf luence of  elec- 
t rode  p l a c e m e n t  and crack  length.  The  var iab le  ~ ap- 
proaches  zero as the  crack grows to bisect  the  block,  and 
the  p r imary  res is tance approaches  infini ty accord ing  to 

W ~ R  --> - 2 h r  in (~:) [7] 

The greates t  sensi t iv i ty  of  p r imary  cell  res is tance to crack 
length  is shown  to be  for va lues  of  ~ less than 0.5. U n d e r  
the  A S T M  standards ,  the  m a x i m u m  va lue  for ~: is 0.4. The  
range of  va lues  for ~ that  are of greates t  in teres t  for crack- 
p ropaga t ion  expe r imen t s  ex t ends  f rom 0.1 to 0.4. U n d e r  
the  res t r ic t ion of  the  A S T M  s tandards  for the  length  of  
the  s tar ter  c rack  envelope ,  this cor responds  to va lues  of  
dimensionless crack length zJz~ of 0 to 0.3. Placement of 
electrodes in a manner that increases the mean path for 
cur ren t  f low (Z~/Zh ---> ~)  also increases  the  sensi t iv i ty  of  
res is tance to crack length  in the  region of  p r imary  impor-  
tance  to crack- length  measu remen t s ;  this advan tage  is 
offset  by the  d i sadvantage  that  the  res is tance in this re- 
gion can no longer  be r ep resen ted  by Eq. [7]. 

P r imary  res is tance  curves  are p resen ted  in Fig. 4 for 
test  b locks  wi th  finite crack enve lope  areas. The  sensi t iv-  

z t  / z  h =0. 

Z k /Zh = 0 .16 -J ~ ! 

I 

I 
,, 

0 ~ , I , , I , , I , 014, 
0.0001 0.001 0.01 0.1 . 1.0 

Fig. 3. Moulton's solution for the primary resistance of a rectangu- 
lar conductor with Zn/Zh = 0.4. The resistance of the specimen shown 
in Fig. 1 is obtained by multiplying the resistance given above by two. 

i ty of  res is tance  m e a s u r e m e n t s  to c rack  length  in the  re- 
g ion 0.1 < ~ < 0.4 decreases  wi th  increas ing enve lope  
area. A large no t ch  is associa ted  wi th  a reduced  area avail- 
able for conduc t ion  of  e lectr ical  current .  Thus,  Moul ton ' s  
solut ion for a rec tangular  conduc to r  wi th  no no tch  area 
represents  a lower  l imi t  to the  p r imary  res is tance of  the  
no tched  spec imen.  The  inf luence of  the  no tch  is greates t  
for Zc/Zh equa l  to zero (~ = 0.4) and is a s t rong func t ion  of  
crack length  in this region. The  no tch  has a smal ler  
influence on the resistance as the crack length increases 
and is associated with a uniform contribution to the pri- 
mary resistance in the limit of ~ --~ 0. 

The primary resistance can therefore be represented by 
the sum of Moulton's solution and an additional resist- 
ance associated with the notch area. The additional resist- 
ance associated with notch area is presented in Fig. 5 as a 
function of crack length. This term is a function of notch 
area and electrode placement, but is relatively indepen- 
dent of block length. An interpolation formula for this 
term can be developed such that the primary resistance of 
the block is written 

W K R  = WKRm -~ F + (1.4~ + 4.24F - 0.056) e - '~. - e)~ 

+ T 0.5 ~ 1 - i % - 7 /  - 0 .10 + ~._, [8] 

( Z u +  Z c ) / Z  h 
0.9999 0 .9990  0 .9900  0 .9000  0 

0 .24  

%', 
i 
r 

0 .0001 0.001 0,01 0.1 

Fig. 4. Primary resistance of a sectioned cell with dimensions z./zh 
= 0.4, zk/zh = 0.16, Zu/Zh = 0.6, and/3 = 0.25. Moulton's solution 
for a rectangular conductor is given by dashed lines. The resistance of 
the specimen shown in Fig. 1 is obtained by multiplying the resistance 
given above by two. 
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0.4, 0.48 . 
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0.16,0.48 ~ ~ 0 . 0 1 ~  

0 , 0.16 �9 0.48 , 
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Fig. 5. Contribution to the primary resistance associated with a fi- 
nite starter notch envelope. Cell dimensions are given in Fig. 4. 

where WKRm is the  solut ion obta ined  by Moulton,  F is a 
func t ion  of the  notch  area g iven  by 

= z~ - ~ -  Zm tan  [7r(1/2 -- fl)] [9] 

~o is (zh -- Zu)/Zh, I~ is Zk/Zh, and zX2 is a dif ference var iable  
plot ted  in Fig. 6 as a func t ion  of  ~:. Neglec t  of  A~ resul ts  in 
an error  of  less than  5% for the  p r imary  res is tance of  a 
no tched  test  spec imen  with  d imens ion  close to the  A S T M  
standards.  

These  resul ts  sugges t  that  Eq.  [7] provides  a sui table 
form for cal ibrat ion curves  for compac t  tens ion  speci- 
mens  wi th  small  no tch  areas. This  w o r k  does no t  address  
the ques t ion  of  potent ia l  lead p lacement .  Aronson  and 
Ri tchie  (26) state that  the  top surface close to the no tch  is 
the preferred locat ion for pos i t ioning leads for measure-  
ment  of  potent ia l  d i f ferences  across the  cracked region. 
This locat ion min imizes  errors associa ted wi th  the  uncer-  
ta inty of p robe  location. The res is tance  obta ined  as a 
func t ion  of  c rack  length  with  leads separa ted  f rom the  
current  inputs  will  differ f rom the  res is tance  p resen ted  in 

+0.2 

01. ' ; 

go 

0.1 

-0.2 2 0.16 2.0 0.24 3 0.16 0.48 0.24 
4 0.16 0.46 0.16 
5 0.16 0.48 0.08 

o o'1 o12 o'.3 04 

Fig. 6. Dimensionless correction to Eq. [8] for the primary resist- 
ance of a crack-propagation test specimen. Cell dimensions are given 
in Fig. 4. 

Fig. 3 and 4 by a cons tant  amount .  The  curves  of  Fig. 3 
and 4 will  be shif ted in the  d o w n w a r d  direct ion.  Elect r ica l  
isolat ion of  t he  p ins  f rom the  test  b lock  (see Fig. 1) will  re- 
sult  in an u p w a r d  shift  of  these  curves.  

Conclusion 
Appl ica t ion  of  electr ical  res is tance me thods  for mea- 

su r emen t  of  crack length  in no tched  spec imens  is contin- 
gent  upon  the  sensi t iv i ty  of the  res is tance to crack length.  
This sensi t iv i ty  is a s t rong func t ion  of  spec imen  dimen-  
s ion and is specif ied by the  calculat ions  p resen ted  here. 
A large no tch  in the spec imen  reduces  the  sensi t ivi ty  of  
the  res is tance  m e t h o d  for crack length  measu remen t ;  
thus  m a x i m u m  sensi t iv i ty  is found  in the  l imi t  of a negli-  
gible no tch  area. P l a c e m e n t  o f  e lec t rodes  in a m a n n e r  
that  increases  the  mean  pa th  for cur ren t  flow also in- 
creases the  sensi t iv i ty  of res is tance  to crack length  in the  
region of  p r imary  impor tance  to crack- length  measure-  
ments ;  this advan tage  is offset  by the  d isadvantage  that  
the  res is tance  in this region can no longer  be represen ted  
by Eq. [7]. 

An express ion  is p resen ted  for the  pr imary  res is tance of 
a no tched  tes t  spec imen.  This express ion  is accura te  to 
wi th in  5%, and can be used  to pred ic t  the  res is tance of 
such objects.  This work  should  not  be  used, however ,  to 
calculate  i n d e p e n d e n t  cal ibrat ion curves  for test  blocks.  
The  calcula t ions  p resen ted  here  invo lve  the  a s sumpt ion  
of  a un i fo rm spec imen  conduct iv i ty .  A nonun i fo rm con- 
duct iv i ty  is f requen t ly  the resul t  of  local ized stress such 
as expec t ed  near  the crack tip. This work,  however ,  pre- 
dicts the shape  of  the  cal ibrat ion curve  and facili tates the  
opt imal  des ign of  the  test  b lock  for sensi t ivi ty of  crack 
measuremen t .  
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A P P E N D I X  A 
Theoretical Development 

The pr imary  cur ren t  d is t r ibut ion  along the  e lec t rodes  
and the  cell  res is tance  can be  ca lcula ted  th rough  applica- 
t ion of  the  Schwarz-Chris toffe l  t ransformat ion .  Complex  
coord ina te  sys tems are used,  thus  

z = Zr + j z i  

The z coord ina te  sys tem is re la ted to the  t coord ina te  sys- 
t em of Fig. 2b by 

f c t (e - t )  ~j" 
z = , t " 2 ( a  - t )W-(b - ~ ' ~ - ~ - -  t ) ' " - (d  - t )  ~ d t  [A-l] 

where  a, b, c, d, and e are the  va lues  of  t cor responding  to 
z va lues  of  A, B, C, D, and E ,  respect ively .  The outs ide  an- 
gle at D is r ep resen ted  by ~ such that  f i h r  = 1/2 for a right- 
angle  corner.  The  e lect rodes  P Q  and CS cor respond  to p q  
and c s  in the  t plane. Along the  e lec t rode  PQ, Eq. [A-l] 
can be  expres sed  by 

dz, .  = j f ( t r )  [A-2] 
dt~ ,,, 

where  

(e - t) ~ 
f(tr) = [A-3] 

t , ~ ( t  - a ) , ~ ( b  - t ) , 2 ( c  - t ) , ' 2 (d  - t)o~, 

These  equa t ions  will  be used  to calcula te  the der iva t ive  
of the  potent ia l  at the  electrode;  z~ is the  d i rec t ion  normal  
to the  e lec t rode  in the  z plane, and t~ is the di rect ion nor- 
mal  to the  e lec t rode  in the t plane. Along  the  c s  electrode,  
the  re la t ionship  can be expressed  as 

dZr 
dr ,  ,.~ = - j f ( t r )  [A-4] 

where  f ( t r )  is g iven  by Eq. [A-3]. 
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The var iab le  X [see Fig. 2c] is re la ted to the t var iables  
by the Schwarz-Chr is tof fe l  t r ans format ion  

f t  1 
X = o ( t  - p)~"-(q - t ) ' ~ ( c  - t ) ' ~ ( s  - t) li2 d t  [A-5] 

Along the  e lec t rode  p q ,  this equa t ion  can be expressed  
a s  

d z r  
~q = j g ( t r )  [A-6] 

and a long e lec t rodes  cs  by 

d t i  ~ = - j g ( t r )  [A-7] 

where  

1 
g(t~) = [A-8] 

( t  - p ) ' ~ ( q  - t ) , ~ ( c  - t)'J'-'(s - t)  ,2  

The var iab le  X~ is normal  to the  e lec t rode  in X space, and 
t~ is no rmal  to the  e lec t rode  in t space. 

The potent ia l  in the  X sys tem is a l inear  func t ion  of  X 

d p =  Xi V [A-9] 
Xi,max 

where  V is the  potent ia l  d i f ference be tween  e lect rodes  cs 
and p q .  The potent ia l  drop in the  original  cell of  Fig. 1 is 
2V. The separa t ion  be tween  e lec t rodes  in the X sys tem is 
denoted by X~ .... �9 The current density is related to the po- 
tential derivative at the electrodes. In the X system, this 
derivative is given by 

0cP ~q_ V [A-10] 
OXi Xi,max 

The potent ia l  der ivat ive  at the  e lec t rode  p q  in the t sys- 
t em is 

0q~ = ~ ,  ,,,, Oap OX, [A-11] 

and the  potent ia l  der ivat ive  in the  z sys tem is g iven by 

O~ ,,~ = O~t~ ,,~ Ot~ [A-12] 
OZ I OZ r pq 

F r o m  these  relat ionships,  the  potent ia l  der ivat ives  a long 
the  e lec t rodes  in the  original  z coord ina te  sys tem are ob- 
ta ined as func t ions  of  tr 

O~p g ( # )  V 

~Zr" ,m 3~tr) Xi . . . .  

and 

[A-13] 

ad9 _ g(t,.) V [A-14] 
c~ f(tr) X . . . . .  

respect ively .  
The cur ren t  

therefore  g iven  by 

i 

iavg 

dis t r ibut ion  along the  e lec t rode  PQ is 

g(tr) 

 f;g f ( t r  (tr) d t r  

[A-15] 

A similar  express ion  resul ts  for the  e lec t rode  CS. The  
p r imary  cell  res is tance  is g iven  by 

W K R  - Xi . . . .  [A-16] 

f q g( tr )  d #  

The p r imary  cur ren t  d is t r ibut ion  and the  d imens ion less  
cell  res is tance  W K R  are funct ions  only of  geomet r ic  ratios. 

A P P E N D I X  B 
Numerical Method 

The Schwarz-Chr is tof fe l  t r ans fo rmat ion  is coupled  here  
wi th  numer ica l  in tegra t ion  of  the  t rans format ion  equa-  
tions. The  solut ion of  these  equa t ions  involves  two steps: 

de te rmina t ion  of  t var iable  parameters ,  and in tegra t ion of 
Eq. [A-15] and [A-16] to get  the  p r imary  current  distr ibu- 
t ion and cell  resis tance.  

De te rmina t ion  of  the  t var iable  pa ramete rs  (a, b, c, d, e, 
p, q, and s) associa ted with  the  locat ions  of  the  corners  
and e lec t rode  edges  in the  z coord ina te  sys tem involves  
the solut ion of  e ight  coupled  equa t ions  of  the  form 

G,(x) = Re{A} - 

f0  ~ (e - t) ~ 
t ' ' - ( a  - t)'"-'(b - t ) '"-(c - t)'~-'(d - t )  ~ 

d t  [B-l] 

where  G,(x) = 0, and x is a vec to r  deno t ing  the u n k n o w n  
values  a t h rough  s. Through  use  of  a Taylor  series expan-  
s ion about  a trial solut ion deno ted  by the  superscr ip t  o, 
the  series of equa t ions  can be wr i t ten  in the  form 

G O = B ~ Ax [B-2] 

where  B o is re la ted to the  J acob i an  of  the  func t ion  G o, i . e .  

0Gi ~ 
Bik ~ - [B-3] 

0X k 

and hx  = x o - x. The Jacob ian  is a s t rong funct ion  of  x 
and is eva lua ted  numerical ly .  The  inverse  of  the  J acob i an  
is evaluated,  and a conve rged  solut ion is ob ta ined  
th rough  N e w t o n - R a p h s o n  i teration.  The amoun t  of  t ime  
associated wi th  this compu ta t i on  is s t rongly d e p e n d e n t  
upon  the  va lue  of  x ~ In  order  to r educe  compu ta t ion  
t imes,  the  inverse  of  the  Jacob ian  was used  to calcula te  a 
pa ramete r  sensi t iv i ty  coeff icient  [see, e . g . ,  Ref. (28)] 

dk = B 'sk [B-4] 

where  sk is the  vec to r  ( o G / O p k ) ~ ,  and Pk represen ts  a g iven  
parameter ,  e . g . ,  dimens ion less  crack length.  Thus,  f rom 
the conve rged  solut ion for pa ramete rs  p~ a first approxi-  
mat ion  for x(p + d p )  is obta ined  as 

x(_p + d p )  = x "  + ~ d k d P k  + O(dp"-)  

k=l 

The pred ic ted  va lue  for x is fur ther  ref ined by Newton-  
Raphson  i teration.  

Once the  va lues  of  a, b, c, d, e, p, q, and s are obtained,  
the cur ren t  d i s t r ibu t ion  can be obta ined  th rough  numer -  
ical in tegra t ion  of Eq. [A-15], Xi . . . .  can be  obta ined  
th rough  in tegra t ion  of  Eq. [A-5] f rom p to q, and the  pri- 
mary  res is tance can be  obta ined  f rom evalua t ion  of  Eq.  
[A-16]. 

LIST OF SYMBOLS 

i current density (mA/cm 2) j ~- f  
R half-cell  res is tance (g/) 
V half-cell  potent ia l  (V) 
W cell  th ickness  (cm) (see Fig. 1) 
zc crack length  (cm) (see Fig. 2a) 
zh cell  he igh t  (cm) (see Fig. 2a) 
Zk he igh t  of  e lec t rode  for res is tance  m e a s u r e m e n t  (cm) 

(see Fig. 2a) 
Zl l eng th  of  half-cell  (cm) (see Fig. 2a) 
Zm half -width  of  s tar ter-crack no tch  (cm) (see Fig. 2a) 
z. wid th  of  e lec t rode  for res is tance  m e a s u r e m e n t  (cm) 

(see Fig. 2a) 
z, dep th  of  s tar ter-crack no tch  (cm) (see Fig. 2a) 

Greek  Characters  

angle  at corner  of  e lec t rode  and insula t ing wall  
/3 angle  of  no tch  (see poin t  D in Fig. 2a) 
h~ error  t e rm in Eq. [26] 
K conduc t iv i ty  (mho/cm) 
r e lectr ical  potent ia l  (V) 

Subscr ip t s  

avg average  
i imaginary  
m cor respond ing  to Moul ton ' s  solut ion 
r real 
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An Ellipsometric Study of Electrodeposition and Electrochemical 
Conversion of Lead Dioxide Films 

J. L. Ord,* Z. Q. Huang, *'1 and D. J. DeSmet *'2 

Department of  Physics, University of  Waterloo, Waterloo, Ontario, Canada N2L 3G1 

ABSTRACT 

An automated ellipsometer is used to study the galvanostatic electrodeposition of lead dioxide films onto a plati- 
num substrate from an electrolyte containing lead acetate. The films exhibit  regular optical properties over the thick- 
ness range from 0 to 600 nm. At a wavelength of 632.8 nm, the refractive index and extinction coefficient are 2.03 and 
0.045, respectively. If the deposition process is assumed to require the transfer of two electrons per molecule deposited, 
the density of the deposited film is calculated to be 7.13 g/cm 8. When the lead dioxide films are subjected to alternate 
anodic and cathodic galvanostatic cycles in neutral borate electrolyte, the optical data exhibit a complex but reproduci- 
ble structure with inflections at points where the potential-time curve is featureless. A limited quantitative analysis of 
the optical cycling data can be carried out by requiring consistency between results at widely different film thicknesses. 
It is possible that the complex optical cycling behavior is due to the presence of two different types of sites for hydrogen 
within the film. 

The experiments whose results are reported in this pa- 
per form part of our continuing study of electrochemical 
conversion in thin film systems. We have found ellipsom- 
etry to be a very effective technique for studying such 
processes both in electrochromic systems, where optical 
properties are of direct interest, and in battery systems, 
where they are only of indirect interest. Systems which 
are suitable for study by ellipsometry must remain strati- 
fied during the conversion process, i.e., composition may 
vary with depth into the film but not with lateral dis- 
placement. We have observed homogeneous conversion 
in the anodic oxide of tungsten (1) and the hydroxides of 
nickel (2, 3) and iridium (4), and heterogeneous conver- 
sion with a sharp phase boundary between component  
layers in the anodic oxides of molybdenum (5) and vana- 
dium (6). In all of these systems, the mobile ion is thought 
to be hydrogen, and the transport process is thought to 
dictate whether  conversion is a homogeneous or hetero- 
geneous process. 

*Electrochemical Society Active Member. 
1Permanent address: Department of Applied Chemistry, 

Chongqing University, Chongqing, Sichuan, China 
2Permanent address: Department of Physics, University of 

Alabama, University, Alabama 35486. 

Although there is an extensive literature on the electro- 
chemical conversion of lead dioxide films, ellipsometric 
studies are usually referenced (7, 8) as unpublished work 
or work to be published. One exception is the paper by 
Naegele and Plieth (9), who used an automated ellipso- 
meter to study the galvanostatic deposition of PbO2 on 
platinum. They present 1000 data points recorded at 0.25s 
intervals, but use an analysis technique which they state 
is not valid for thicknesses beyond 65 rim, and analyze 
only their first 70 points. Their analysis indicates that the 
refractive index varies by 20% and the extinction coeffi- 
cient by a factor of 5 over the range of thickness spanned 
by their 70 data points, and they conclude only that the 
optical properties show irregular behavior below 50 nm. 

The work we report in this paper has two specific ob- 
jectives: (i) to study the optical properties of the depos- 
ited film to see whether they are as irregular as has been 
reported, and (it) to study the optical changes associated 
with electrochemical conversion of the film to see what 
ellipsometry can add to our understanding of the pro- 
cesses involved. Our objectives here are similar to those 
in our recent study of MnO._, films (10). A priori, we ex- 
pect electrochemical conversion to be a more compli- 
cated process in PbO2 than in MnO~, but the ease with 
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w h i c h  PbO~ can  b e  cyc led  s h o u l d  m a k e  it  pos s ib l e  to get  
b e t t e r  op t ica l  da ta  t h a n  can  be  o b t a i n e d  on  MnO~ films. 

Experimental 
Fi lms  were  d e p o s i t e d  on to  a p l a t i n u m  s ingle-crys ta l  

e l ec t rode  f r o m  a bu f f e r ed  lead  ace t a t e  so lu t i on  (1M in lead 
aceta te ,  s o d i u m  aceta te ,  ace t ic  acid) of  re f rac t ive  i n d e x  
1.3752 u n d e r  c o n d i t i o n s  Which  h a v e  b e e n  r e p o r t e d  to fa- 
vo r  t he  d e p o s i t i o n  of a l p h a  lead  d iox ide  (7,8, 11). 
E l e c t r o c h e m i c a l  c o n v e r s i o n  of  t h e  f i lms was  s t u d i e d  in a 
n e u t r a l  b o r a t e  bu f f e r  of  r e f rac t ive  i n d e x  1.3333, an  e lect ro-  
lyte  w h i c h  we  h a v e  u s e d  e x t e n s i v e l y  in anod ic  o x i d a t i o n  
s tud ies  a n d  w h i c h  P e t e r  (8) u s e d  to s t u d y  t he  r e d u c t i o n  of 
lead d ioxide .  T h e  opt ica l  cell  cons i s t s  of  a ho l low equi la t -  
eral  g lass  p r i s m  wi th  s t a n d a r d - t a p e r  j o in t s  for the  
w o r k i n g - e l e c t r o d e  holder ,  a p l a t i n u m  coun te re l ec t rode ,  a 
gas d i s p e r s i o n  tube ,  a n d  t he  m e r c u r y - m e r c u r o u s  su l fa te  
e lec t rode ,  to w h i c h  all po t en t i a l s  q u o t e d  in th i s  p a p e r  are  
r e f e r enced .  T h e  e lec t ro ly te  w as  m a i n t a i n e d  a t  r o o m  t em-  
p e r a t u r e  (22~ a n d  was  no t  d e a e r a t e d  in  t h e s e  exper i -  
m e n t s  s ince  t he  s a m p l e s  are e x p o s e d  to the  air  d u r i n g  
t r a n s f e r  f r o m  t h e  d e p o s i t i o n  cell to t he  cyc l ing  cell. The  
w o r k i n g  e l ec t rode  is in  t h e  fo rm of  a cy l i nde r  w i th  a flat 
on  one  s ide  for  op t ica l  m e a s u r e m e n t s ,  a n d  w h e n  it  is 
c l a m p e d  b e t w e e n  Tef lon w a s h e r s  in  i ts h o l d e r  a n d  
m o u n t e d  in t he  cell  i t  e x p o s e s  a ve r t i ca l  sur face  1.44 c m  2 
in t he  a rea  to t he  e lect rolyte .  

T h e  se l f -nul l ing  e l l i p s o m e t e r  u s e s  q u a d r a t u r e  F a r a d a y  
m o d u l a t i o n  d e c o d e d  b y  a t w o - p h a s e  lock- in  ampl i f ie r  
a n d  fed b a c k  to m i n i s t e p p i n g  d r ives  t h r o u g h  vol tage- to-  
f r e q u e n c y  conve r t e r s .  U n d e r  typ ica l  o p e r a t i n g  cond i t ions ,  
t he  i n s t r u m e n t  h a s  a r e s p o n s e  t i m e  of  a few t e n t h s  of  a 
s e c o n d  a n d  a r e s o l u t i o n  of  a few t h o u s a n d t h s  of a degree.  
The  ang le  of  i n c i d e n c e  is se t  a t  60 ~ to a c c o m m o d a t e  t he  
equ i l a t e ra l  cell, a n d  re f rac t ive  i n d e x  va lues  q u o t e d  he re  
are  for  a w a v e l e n g t h  of  632.8 nm,  t he  w a v e l e n g t h  of  t he  
h e l i u m - n e o n  lase r  source .  

A process-control computer operates the circuitry used 
with the cell and records current and potential along with 
polarizer and analyzer settings at specified time intervals. 
Potentials are digitized by a 16 bit analog-to-digital con- 
verter with a 25 tLs conversion time. The operation of the 
ellipsometer is monitored on a four-trace oscilloscope, 
and progress of the experiment is followed on two storage 
displays and an X-Y plotter, which are updated by the 
computer. 

Results and Discussion 
F i g u r e  1 s h o w s  t h e  opt ica l  r e su l t s  f r o m  a d e p o s i t i o n  ex-  

p e r i m e n t  ca r r i ed  o u t  at  a c u r r e n t  d e n s i t y  of  694/xA/cm 2. A 
po la r ize r  vs .  ana lyze r  (P-A) p lo t  of  t h e  e l l i p s o m e t e r  nu l l  
s e t t ings  is s h o w n  in t he  u p p e r  p o r t i o n  of  t he  figure,  a n d  
t h e  c o r r e s p o n d i n g  t h i c k n e s s  v a l u e s  are  p lo t t ed  vs .  accu-  
m u l a t e d  c h a r g e  in  t h e  lower  por t ion .  At  p o i n t  A, t he  sub-  
s t ra te  is f ree  of  film, a n d  t he  nu l l  s e t t i ngs  d e t e r m i n e  the  
re f rac t ive  i n d e x  N a n d  e x t i n c t i o n  coeff ic ient  K for  plati-  
n u m .  As  d e p o s i t i o n  p r o c e e d s ,  t h e  nu l l  s e t t i ngs  sp i ra l  out-  
w a r d s  in  a c lockwise  d i r ec t i on  on  t h e  P-A plot .  P -A 
cu rves  of th i s  t y p e  are  cha rac t e r i s t i c  of  t he  g r o w t h  of  a 
fi lm w h i c h  a b s o r b s  a smal l  a m o u n t  of  t h e  l igh t  pa s s ing  
t h r o u g h  it. A n  e l l i p s o m e t e r  m e a s u r e s  t he  c h a n g e  in polar-  
i za t ion  r e s u l t i n g  f r o m  i n t e r f e r e n c e  b e t w e e n  l igh t  re- 
f lec ted  at  t h e  e lec t ro ly te- f i lm a n d  f i lm-subs t r a t e  in ter -  
faces,  a n d  t he  g r o w t h  of  a t r a n s p a r e n t  f i lm p r o d u c e s  a 
" l o o p "  on  a P-A p lo t  w h i c h  c loses  w h e n  t he  p r o d u c t  of  
the  f i lm t h i c k n e s s  a n d  t h e  cos ine  of  t h e  ang le  of  refrac-  
t i on  is equa l  to  h a l f  t h e  w a v e l e n g t h  of  l igh t  in  t h e  film. I f  
t he  fi lm is s l igh t ly  a b s o r b i n g ,  t he  P-A locus  sp i ra ls  out-  
wa rd  at  a p i t c h  w h i c h  is a m e a s u r e  of  t he  e x t i n c t i o n  
coeff icient .  

The  op t ica l  da ta  t race  ou t  an  e s sen t i a l ly  c o n t i n u o u s  
curve,  a n d  t h e  c i rc les  i den t i fy  eve ry  t h i r d  po in t  f rom the  
se t  of  51 po in t s  at  equa l  c h a r g e  i n c r e m e n t s  u s e d  in t he  op- 
t ical  analys is .  T h e  ana lys i s  t e c h n i q u e ,  a l t h o u g h  s t ra igh t -  
fo rward ,  m e r i t s  s o m e  d i s c u s s i o n  s ince  it  leads  to conclu-  
s ions  w h i c h  are  qu i t e  d i f f e ren t  f r o m  t h o s e  r e a c h e d  b y  
Naege le  a n d  P l i e t h  (9). Opt ica l  m o d e l s  a s s u m e  t h a t  f i lms 
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Fig. 1. Galvanastatic deposition of PbO2 onto a platinum substrate 
at 694  txA/cm 2. The circles identify every third point from the set  
used in the optical analysis, and the calculated thicknesses are for a 
film with N equal to 2.03 and a mean K of 0.045. 
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are h o m o g e n e o u s  in c o m p o s i t i o n  a n d  u n i f o r m  in  th ick -  
ness ,  b u t  real  f i lms ra re ly  e x h i b i t  t h e s e  idea l  charac te r i s -  
tics. A n o d i c  ox ide  f i lms on  va lve  m e t a l s  owe t h e i r  uni -  
fo rmi ty  in t h i c k n e s s  to the  h i g h  field g r o w t h  process ,  b u t  
e l e c t r o d e p o s i t e d  f i lms are b o u n d  to be  s o m e w h a t  n o n -  
u n i f o r m  in  t h i c k n e s s  even  u n d e r  t he  b e s t  d e p o s i t i o n  con-  
d i t ions ,  a n d  an  ana lys i s  t e c h n i q u e  w h i c h  is h i g h l y  sen- 
s i t ive to f i lm n o n u n i f o r m i t y  is no t  l ike ly  to g ive  
m e a n i n g f u l  resul t s .  Naege le  a n d  P l i e t h  u se  an  i n s t r u m e n t  
w h i c h  m e a s u r e s  an  add i t i ona l  op t ica l  p a r a m e t e r ,  t he  
m e a n  ref lect ivi ty ,  a n d  t h e i r  ana lys i s  t e c h n i q u e  e n a b l e s  
t h e m  to d e t e r m i n e  a u n i q u e  v a l u e  for  N, K, a n d  t h e  f i lm 
t h i c k n e s s  D f rom a m e a s u r e m e n t  at  a s ingle  f i lm th i ck -  
ness  in  a n  idea l  sys tem.  Th i s  t e c h n i q u e  is use fu l  w h e n  
m e a s u r e m e n t s  c a n n o t  be  p e r f o r m e d  at m o r e  t h a n  one  
t h i cknes s ,  b u t  t he  c o n c l u s i o n  t h a t  N va r i e s  by  20% a n d  K 
b y  a fac tor  of  5 ove r  a re la t ive ly  n a r r o w  t h i c k n e s s  r a n g e  is 
more  l ike ly  a c o n s e q u e n c e  of  t he  l im i t a t i ons  of  t h e  m e a n  
ref lec t iv i ty  ana lys i s  t e c h n i q u e  t h a n  of  i r r egu la r i ty  in  t he  
opt ica l  p r o p e r t i e s  of  t he  fi lms t h e m s e l v e s .  

In  t h e  ana lys i s  t e c h n i q u e  u s e d  here ,  a se t  of  p o i n t s  at  
equa l  c h a r g e  i n c r e m e n t s  is se l ec ted  f rom the  data ,  a n d  
sets  of  K a n d  D va lues  are  ca l cu la t ed  f rom the  da ta  for 
va r ious  va lues  of  N. The  v a l u e  of  N w h i c h  we  j u d g e  to fit 
t he  da ta  b e s t  is one  for  w h i c h  b o t h  t h e  s t a n d a r d  d e v i a t i o n  
in K a n d  t he  dev i a t i on  f rom a l i nea r  d e p e n d e n c e  of  D on 
Q are as  sma l l  as  poss ib le .  We cou ld  equa l ly  wel l  fix t h e  
va lue  of  K a n d  e x p r e s s  g o o d n e s s  of  fit  in  t e r m s  of  t he  
s t a n d a r d  dev i a t i on  in N, b u t  t he  m o s t  m e a n i n g f u l  mea-  
sure  of  t he  s t a n d a r d  dev i a t i on  in b o t h  N a n d  K is o b t a i n e d  
b y  c o m p a r i s o n  w i t h  t he  va lues  w h i c h  p r o v i d e  the  b e s t  fit 
to o the r  d e p o s i t i o n  runs .  

Ana lys i s  of  t h e  opt ica l  da ta  in Fig. 1 shows  t he  b e s t  fit 
is o b t a i n e d  w h e n  N is equa l  to 2.03. A t  th i s  va lue ,  t he  
m e a n  of  t he  f i t ted K va lues  is 0.045 w i t h  a s t a n d a r d  
dev i a t i on  of  0.01, a n d  t he  s t a n d a r d  dev i a t i on  in t he  D vs. 
Q s lope  is 0.1%. O t h e r  d e p o s i t i o n  r u n s  a t  t h e  s a m e  c u r r e n t  
dens i ty  give N va lues  b e t w e e n  2.03 a n d  2.05, K va lues  be-  
t w e e n  0.045 a n d  0.053, a n d  D vs. Q s lopes  w h i c h  differ  b y  
as m u c h  as 1.5%. The  v a r i a t i o n  in K is c o n s i s t e n t  w i t h  a 
s t a n d a r d  d e v i a t i o n  of  0.01, a n d  t h e  r u n - t o - r u n  D vs. Q 
s lope v a r i a t i o n  is n o t  s u r p r i s i n g  s ince  i t  is s ens i t ive  to var-  
i a t ions  in  r o u g h n e s s  factor .  In  t he  l ower  po r t i on  of Fig. 1, 
D is p lo t t ed  vs .  Q, a n d  i t  can  b e  s een  t h a t  t he  ana lys i s  
s p a n s  t he  t h i c k n e s s  r a n g e  f rom 0 to ove r  600 nm.  I f  we fit 
on ly  over  t he  t h i c k n e s s  r a n g e  f r o m  0 to 80 nm,  t he  fit ge t s  
be t ter ,  n o t  w o r s e  ( the s t a n d a r d  d e v i a t i o n  in K is halved) ,  
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and hence our films do not show the irregular optical 
properties below 50 nm which have been reported else- 
where (9). 

The slope of the D vs.  Q plot enables us to calculate the 
density of the film if we assume that the efficiency and 
roughness factors are unity, and that the film is entirely 
PbO2 deposited by a two electron per molecule process. 
Under these assumptions, we get a value of 7.13 g/cm 3 for 
the density of the deposited film, a value which is about 
75% of the value we would expect for a compact crystal- 
line film. Peter (7) obtained a value of 6.85 g/cm 3 from 
interferometric data by assuming a refractive index equal 
to the bulk value of 2.23 at 600 nm, but this assumption is 
not consistent with a density which is substantially lower 
than the bulk value. Our measured value for the refractive 
index, 2.03, appears consistent with a density which is 
75% of the bulk value, but there are other factors to be 
considered. Neutron diffraction (12-14) and inelastic scat- 
tering (15) studies indicate that electrochemically depos- 
ited films, whether  alpha, beta, or amorphous in struc- 
ture, undoubtedly contain some hydrogen. Further, the 
Pb:O ratio appears to be very close to 0.5, and if hydrogen 
is incorporated in crystalline material as lattice water or 
hydroxyl ions, the oxygens occupy normal lattice sites. 
The presence of hydrogen in the film, although 
insignificant in terms of its effect on formula weight, 
may lower the average number of electrons transferred 
per molecule deposited below the value of 2 which we as- 
sumed in the density calculation. If it does, then our cal- 
culated value of 7.13 g/cm 3 will be an underestimate of the 
density of the deposited film. We will return to this point 
when we discuss the results of the cycling experiments. 

The cycling experiments are all carried out at a current 
density of 173 /xA/cm 2 in the borate buffer electrolyte. 
Film deposition from acetate electrolyte (at 694 t~A/cm 2) is 
followed optically, and when the desired film thickness 
is reached the circuit is opened. When no further optical 
changes are noted, a cell containing borate buffer is 
mounted on the ellipsometer table, the sample is trans- 
ferred to this cell, and the ell ipsometer is prepared to fol- 
low the optical changes associated with the galvanostatic 
conversion cycles. The anodic cycles extend all the way 
to the oxygen evolution potential, but the cathodic cycles 
have to be restricted to avoid damage to the sample. (The 
choice of the cathodic turning point is dealt with below in 
the discussion of Fig. 8.). 

Figure 2 shows the potential-time plot from a cycling 
experiment on an 80 nm thick film. The as-deposited 
film has an anodic current applied to it at A to drive it to 
the anodic end point at B, then two complete cathodic- 
anodic cycles, B-C-D and D-E-F, are applied followed by 
two cycles with restricted cathodic end point, F-G-H and 
H-I-J. The film is then cycled to the cathodic end points 
so that a cycle with a restricted anodic end point, K-L-M, 
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Fig. 2. Galvanostatic cycling of an 80 nm film of PbO~ at 173/~A/cm 2 
in borate buffer electrolyte. 
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Fig. 3. Optical data on the deposition of an 80 nm film of PbO~ 
(A-B) and its subsequent  cycling in borate buffer (C-D-E). C-D-E indi- 
cates  the same cycle in Fig. 3 as it does in Fig. 2. 

can be applied. Although quantitative analysis of multi- 
ple-cycle experiments of this kind is complicated by a 
progressive irreversible change in the film, qualitative 
features change fairly slowly from cycle to cycle, and the 
advantages of having a complete set of measurements on 
the same sample outweigh the disadvantages. 

Figure 3 shows the optical data obtained during deposi- 
tion of the film which was subsequently subjected to the 
cycles shown in Fig. 2. The optical data from the first full 
anodic-cathodic cycle in Fig. 2, C-D-E, are also shown in 
the figure, and, although the change in refractive index 
between the deposi t ion and cycling electrolytes intro- 
duces a small offset between the two sets of data, the 
magnitudes of the optical changes associated with the 
film growth and film conversion processes can be com- 
pared directly. The conversion curve has a complex struc- 
ture with well-defined inflection points, and the irrevers- 
ible optical changes which offset the final point E from 
the initial point C are clearly much smaller than the re- 
versible optical changes which occur during the cycle. 

Optical results from a similar exper iment  on a 274 nm 
film are shown in Fig. 4 on the same scales as used in 
Fig. 3. The deposition follows the curve in Fig. 1, and the 
conversion curve exhibits the same amount of structure 
as the curve in Fig. 3, and again the irreversible optical 
changes are small, but the detailed shape of the conver- 
sion curve reflects the fact that the film is more than 
three times as thick as in Fig. 3. Corresponding inflection 
points can easily be identified in Fig. 3 and Fig. 4, and, 
since the thickness ratio is known, unique N and K values 

7O 
I 8 I 

6 0 -  

~so 

4O 

30 I I I 
0 20 40 60 80 

POLARIZER DE[; 
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(A-B) and its subsequent cycling in borate buffer (C-D-E). The cycle 
has the same end points as the 80 nm film cycle in Fig. 3. 
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can be calculated if it is assumed that the film is a single 
homogeneous layer at these points. 

The detailed shape of the optical cycle in Fig. 3 and its 
correlation with the potential-time plot in Fig. 2 are 
shown in Fig. 5. Point X, at which the deposition was ter- 
minated (corrected for the difference in electrolyte index), 
and point Y, at which the cycling began, are included in 
the plot of the optical data in the upper portion of the 
figure. When the circuit is opened to terminate the depo- 
sition, optical changes continue in the X-Y direction at a 
decreasing rate. Although this is the direction of contin- 
ued film growth, comparison with experiments at other 
film thicknesses shows that the magnitude of the shift is 
proportional to the film thickness, and hence the change 
in the optical properties must be due to a relaxation pro- 
cess of some kind involving the entire film. The curve is 
similar in slope and curvature to segment G-H of the cy- 
cling data in this region, and hence the processes produc- 
ing the optical change in these regions may be related. 

Point A, the initial point of the cycle plotted in Fig. 5, is 
the point which was identified as C in Fig. 2 and Fig. 3. 
The potential-time plot exhibits an initial overshoot be- 
tween A and B when the current is made anodic, then 
rises progressively toward point C just  past the midpoint  
of the cycle. Beyond C, the potential decreases slightly 
before rising steadily through D then increasing rapidly 
to the oxygen evolution potential at E. The cathodic seg- 
ment  of the cycle shows somewhat less structure: the po- 
tential falls rapidly at first, then at a steady rate through 
F and G to a plateau between G and H. The P-A locus in 
the upper portion of the figure is a complex curve with 
several sharp inflection points. The time dependence of 
the optical data is not plotted explicitly, but estimates can 
be made using the time intervals between corresponding 
points on the voltage-time plot. (The most notable feature 
of time dependence is the very rapid shift from E toward 
F when the current is reversed.) 

Optical cycling data are expected to exhibit cusps or 
sharp inflections at the points where the current is re- 
versed, but cusps at points such as F and G where the 
voltage-time plot is featureless are quite unexpected.  
These cusps add a vertex in the X-Y-F-G region to the 
vertices at A and E to give the P-A plot a triangular struc- 
ture. The first half of the anodic cycle and the second 
half of the cathodic cycle both exhibit  the optical behav- 
ior characteristic of film conversion by a single electro- 
chemical process. One might expect  the initial anodic and 
final cathodic processes to be converses of each other, 

but the optical data show that this is not the case here. 
The second half of the anodic P-A locus traces out a tight 
loop with no cusp, behavior which we think is character- 
istic electrochemical processes operating in parallel 
rather than in sequence, but which we make no at tempt 
to model here. The cusps at F and G divide the cathodic 
cycle into three segments, but this does not necessarily 
mean that three different processes are involved. The 
voltage-time data appear more consistent with two 
overlapping cathodic processes, one operating between E 
and G and the other between F and H. In a two-process 
model, X becomes the vertex toward which the first pro- 
cess is directed, and the locus followed between F and G 
is the result of superp0sition. (If the vertex at X can only 
be reached under deposition conditions, it is not surpris- 
ing that the film relaxes in the direction of Y when the 
circuit is opened.) 

We can carry out a quantitative optical analysis of the 
data in Fig. 5 if we make use of the data in Fig. 4 and as- 
sume that corresponding points all have the same thick- 
ness ratio. If the cusps at F and G result from the overlap 
of two cathodic processes, the only points likely to be 
identified with homogeneous films of corresponding 
compositions are the vertices X, E, and H (or A). The anal- 
ysis of the deposition data indicates that N = 2.03, K = 
0.061, and D = 80.68 nm at X, and analysis of correspond- 
ing points gives N = 2.157, K = 0.103, and D = 81.97 nm at 
E, and N = 2.051, K = 0.033, and D = 85.88 nm at H. Since 
only two data sets are involved in the analysis, it is 
difficult to assign error limits to these values, and it is 
safest to conclude only that at E both N and K are higher, 
and at H K is lower and D is higher than the correspond- 
ing values for the as-deposited film. 

Quantitative optical analysis also has something to say 
about the nature of the film-conversion processes. In re- 
gions B-C and G-H, conversion appears to be a homoge- 
neous rather than heterogeneous process, and takes place 
uniformly throughout the film rather than by working in- 
wards from the electrolyte interface. We have attempted 
no quantitative modeling between C and E, and between 
E and F it is more the rate of change than the shape of the 
locus which requires explanation. 

Cycles with restricted anodic and cathodic end points 
provide information which helps us distinguish between 
the effects of the various processes. Figure 6 shows a cy- 
cle (identified as F-G-H in Fig. 2) in which the anodic cur- 
rent is reapplied at a point which is just past G on the cy- 
cle in Fig. 5. At this point, the first cathodic process 
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s h o u l d  be  comple t e ,  and  w h e n  t he  c u r r e n t  is m a d e  a n o d i c  
we see  first a sh i f t  i n d i c a t i n g  par t ia l  r eversa l  of t h e  first  
c a thod i c  process ,  t h e n  a h o o k  in t he  opt ica l  locus  as t h e  
s e c o n d  ca thod i c  p roces s  b e g i n s  to reverse ,  a cusp  at  D 
w h e n  reve r sa l  of  t h e  s e c o n d  ca thod i c  p r oce s s  is comple t e ,  
and  f inal ly  a c o n t i n u a t i o n  of  t h e  in i t ia l  sh i f t  w h e n  rever-  
sal  of  t he  first  c a thod i c  p r oce s s  is t he  on ly  p roces s  oper-  
at ing.  Th i s  b e h a v i o r  appea r s  to i nd i ca t e  t h a t  the  first  
c a thod ic  p roce s s  p r o d u c e s  opt ica l  c h a n g e s  w h i c h  are  pro- 
po r t i ona l  to c h a n g e s  in o v e r p o t e n t i a l  or e lectr ic  field a n d  
r equ i r e  ve ry  l i t t le  c h a r g e  t ransfe r .  T he  s e c o n d  ca thod i c  
p roces s  a p p e a r s  to be  a m o r e  n o r m a l  e l e c t r o c h e m i c a l  pro- 
cess in  w h i c h  c h a n g e s  in t he  o x i d a t i o n  s ta te  of  t h e  f i lm 
are p r o p o r t i o n a l  to t he  c h a r g e  t r ans fe r r ed .  

A cycle  w i t h  a r e s t r i c t ed  a n o d i c  e n d  p o i n t  is s h o w n  in  
Fig. 7. The  cycle  is the  s a m e  one  iden t i f i ed  as K-L-M in  
Fig. 2. The  d i s p l a c e m e n t  b e t w e e n  t he  anod ic  a n d  cath-  
odic  s e g m e n t s  of  t h e  P-A locus  p r o v i d e s  a m e a s u r e  of  t he  
e l e c t r o c h e m i c a l  i r r evers ib i l i ty  of  t h e  p r o c e s s e s  invo lved .  
The  s a m e  q u a n t i t a t i v e  op t ica l  ana lys i s  w h i c h  i n d i c a t e d  
t h a t  A-B is cha rac t e r i s t i c  of  a h o m o g e n e o u s  p roce s s  
shows  t h a t  i f  a s ingle  p roces s  ope ra tes  a long  B-C it  m u s t  
be  an  i n h o m o g e n e o u s  p r oce s s  w h i c h  p r o c e e d s  i n w a r d  in  
f rom the  e lec t ro ly te  in terface .  

The  cycle  in  Fig. 7, t he  f inal  cycle  of  the  s e q u e n c e  
p lo t t ed  in Fig. 2, was  fo l lowed b y  two add i t i ona l  cycles  
w i th  r e s t r i c t ed  a n o d i c  e n d  points ,  a n d  t he  s e c o n d  of 
these ,  s h o w n  in  Fig. 8, h a d  i ts  c a thod i c  r a n g e  e x t e n d e d  to 
d e m o n s t r a t e  t he  effects  of f i lm b r e a k d o w n .  B e y o n d  C, 
t he  p o i n t  a t  w h i c h  ca thod ic  cycles  n o r m a l l y  t e r m i n a t e ,  
t he re  is an  a d d i t i o n a l  r e d u c t i o n  wave  w h i c h  r eve r se s  t he  
c u r v a t u r e  of  t h e  P-A locus,  b u t  b e y o n d  D the  e l l i p s o m e t e r  
nu l l  s igna l  de t e r io ra t e s  rapidly ,  a n d  t h e  film b e g i n s  to 
b r e a k  u p  at  p o i n t  E. C was  c h o s e n  i n s t e a d  of  D as t h e  
ca thod ic  cycle  e n d  p o i n t  in o rde r  to r e d u c e  the  poss ib i l i ty  
of  a c c i d e n t a l  d a m a g e  to t he  film. T he  add i t i ona l  c h a r g e  
r equ i r ed  to r e a c h  D can  be  e s t i m a t e d  f rom Fig. 8, b u t  i t  
m u s t  be  r e m e m b e r e d  t h a t  t he  cycle  is t he  final one  in an  
e x t e n d e d  s equence ,  a n d  t h e  r e su l t  m a y  no t  be  a ve ry  ac- 
cu ra te  e s t i m a t e  of  t he  c o r r e s p o n d i n g  cha rge  for t he  ear ly  
cycles.  

The  o x i d a t i o n  s ta te  of  l ead  d i ox i de  f i lms is u sua l ly  ex- 
p r e s s e d  in  t e r m s  of  t he  va lue  of x in  PbO~, b u t  s ince  the" 
o x y g e n  c o n t e n t  of  t h e  fi lm does  no t  in  fac t  va ry  apprec ia -  
bly, i t  m i g h t  be  b e t t e r  to def ine  x as ha l f  of t he  ave rage  
va l ence  of  t h e  lead in  t he  film. I f  we a s s u m e  t h a t  t h e  de- 
pos i t ed  f i lm has  x = 2, we f ind t h a t  x = 1.17 at  p o i n t  D in 
Fig. 8, a n d  th i s  is t he  lowes t  v a l u e  we can  r e a c h  w i t h o u t  
de s t roy ing  t h e  sample .  We can  lower  t he  m i n i m u m  x esti- 

POLARIZER DEG 

4 4  5 0  5 8  B 2  fib 
I I I B3 

.B 53 

- .E  I I I 
50 iOO 150 200 

TIME SECONDS 

Fig. 7. A cycle with a restricted anodic end point (cycle K-L-M from 
Fig. 2). 
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Fig. 8. A cycle with a restricted anodic end point and a cathodic 
end point beyond the point at which the film begins to break up (point 
E). 

m a t e  to a b i t  b e l o w  1.17 i f  we c o m p e n s a t e  for  effect  of  
m u l t i p l e  cycl ing  on  t he  da ta  in  Fig. 8, b u t  e v e n  w i t h o u t  
th i s  co r rec t ion  we are close to t he  1.15 va lue  w h e r e  P e t e r  
(8) a t t r i b u t e s  i r r eve r s ib l e  c h a n g e  to n u c l e a t i o n  of a fi lm 
of  lead. 

We do no t  t h i n k  it  l ike ly  t h a t  t h e  a s -depos i t ed  fi lm ac- 
tua l ly  ha s  an  x v a l u e  of 2. I f  we e s t i m a t e  t he  c h a r g e  re- 
q u i r e d  to r e a c h  the  opt ica l  e n d  p o i n t  o n  t he  ini t ia l  a n o d i c  
cycle in  Fig. 2, a n d  a s s u m e  x = 2 at  th i s  point ,  we  con-  
c lude  t h a t  t he  d e p o s i t e d  f i lm h a s  x = 1.892, a va lue  w h i c h  
cou ld  b e  a c h i e v e d  w i t h  a h y d r o g e n  c o n t e n t  of  0.216 a t o m s  
pe r  PbO2 uni t .  This  r e su l t  is in  close ( t h o u g h  p e r h a p s  for- 
tu i tous )  a g r e e m e n t  wi th  t he  0.21 h y d r o g e n  a t o m s  pe r  
PbO~ u n i t  d e t e c t e d  in beta-PbO=, b y  i n c o h e r e n t  n e u t r o n  
sca t t e r ing  (12). I f  we  a s s u m e  t h a t  t he  h y d r o g e n  c o n t e n t  is 
a m e a s u r e  of t he  a m o u n t  of  t he  f i lm d e p o s i t e d  b y  a one  
e l ec t ron  pe r  m o l e c u l e  process ,  we ca lcu la te  t he  dens i ty  of  
the  f i lm to b e  8.00 g/cm 8, a v a l u e  w h i c h  is s o m e w h a t  
h i g h e r  t h a n  t he  v a l u e  we ca l cu la t ed  above .  

I f  we  a s s u m e  for  the  cycle  in  Fig. 5 t h a t  the  x v a l u e  is 
2.00 at  t he  a n o d i c  e n d  po in t ,  t h e n  it  is 1.35 at  t he  in i t ia l  
po in t  on  t he  a n o d i c  cycle, 1.93 at  t he  first  c a thod ic  cusp ,  
a n d  1.83 at  t he  second .  The  va lues  at  t he  ca thod ic  c u s p s  
b r a c k e t  t he  va lue  for the  d e p o s i t e d  fi lm as t h e y  m u s t  in  a 
m o d e l  w i th  two  o v e r l a p p i n g  c a t h o d i c  p rocesses .  The  
p r e s e n c e  of  h y d r o g e n  in t he  d e p o s i t e d  f i lm m a y  exp l a in  
w h y  t he  opt ica l  ef fects  a s soc ia t ed  w i t h  t he  two ca thod i c  
p roces se s  are  so ve ry  di f ferent .  I f  t he  h y d r o g e n  incorpora -  
ted  in  t he  f i lm d u r i n g  d e p o s i t i o n  t akes  p a r t  in e lectro-  
c h e m i c a l  o x i d a t i o n  a n d  r e d u c t i o n  b u t  is no t  e x c h a n g e d  
w i t h  t he  e lec t ro ly te ,  it m a y  p r o d u c e  re la t ive ly  large  op- 
t ical  e f fec ts  at  low c o n c e n t r a t i o n s ,  a n d  m a y  a c c o u n t  for  
t he  ve ry  r ap id  opt ica l  c h a n g e s  o b s e r v e d  d u r i n g  t he  first  
c a thod ic  process .  The  h y d r o g e n  w h i c h  en t e r s  the  fi lm 
d u r i n g  t he  s e c o n d  ca thod ic  p roce s s  m u s t  o c c u p y  a differ- 
en t  t ype  of  si te  in  the  s t r u c t u r e  a n d  mig ra t e  b a c k  to t he  
e lec t ro ly te  on  t he  s u b s e q u e n t  a n o d i c  cycle. 

The  d i s c u s s i o n  in t he  p r e v i o u s  p a r a g r a p h  is b o t h  specu-  
la t ive  a n d  r a t h e r  far  r e m o v e d  f rom t h e  e l l i p somet r i c  mea-  
s u r e m e n t s  on  w h i c h  it  is based .  We are  on  m u c h  f i rmer  
g r o u n d  w h e n  we  c o n c l u d e  t h a t  e l l i p s o m e t r y  p rov ides  a 
c lear  p i c tu r e  of  t h e  e l e c t r o d e p o s i t i o n  p roce s s  a n d  offers  
p r o m i s e  as a t e c h n i q u e  for s t u d y i n g  t he  e l e c t r o c h e m i c a l  
c o n v e r s i o n  of lead d iox ide  films. 
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ABSTRACT 

Vacuum-evaporated palladium was used as catalyst for electroless Ni-P deposition on polyimide and alumina sub- 
strates. The effect that varying amounts of Pd had on the early stages of electroless plating was investigated by means of 
Rutherford backscattering spectrometry and transmission electron microscopy. No significant diffusion of the catalyst 
into the Ni-P film was observed; in some cases, a small amount  of Pd tended to diffuse into the deposited Ni-P film, 
particularly on po]yimide substrates. The deposition rate of the Ni-P film on po]yimide was always less than that on alu- 
mina. An increased amount  of catalyst decreased the deposition rate significantly without altering the stoichiometry of 
the plated film. When less than 10 TM Pd at./cm 2 were evaporated onto the substrate, the catalyst formed clusters of palla- 
dium particles on the surface, whereas larger amounts of Pd (e.g., 2 • 10 TM at./cm'-') settled as a continuous film at the 
substrate. 

The catalyst determines to a great extent  the quality of 
the finished product  of electro]ess plating, owing to both 
its influence on the adhesion of the plated layer to the 
substrate, and the way it controls the appearance of the 
film (i.e., pinhole abundance, film thickness, and crystal- 
lite size). Palladium is also an expensive metal, and there- 
fore the consumption of catalyst will be significant for 
the cost effectiveness of the electroless plating as a whole. 
The most extensively investigated catalytic systems for 
electroless plating have been the two-step method with a 
tin sensitizer and a palladium activator, and the mixed 
catalyst where Pd and Sn are in the same solution (1-11). 
The discussion about the catalyst mechanism (1, 2), im- 
provement  in sensitizer (3), and the properties of active 
site (4) has been done by some workers. The combination 
of UV ray irradiation with the catalyst (5, 6) has also been 
studied. There have been a few published results on the 
evaporated Pd catalyst (12) despite its increasing com- 
mercial importance. Recently, we have reported some 
new findings (13, 14) on the behavior of a commercial  Pd 
catalyst evaporated on a polyimide substrate when used 
with a nickel alloy plating bath. The present communica- 
tion discusses the results of our continued investigation 
of the evaporated Pd catalyst on polyimide and alumina. 

Experimental 

Preparation of catalytic substrates.--Palladium was 
evaporated by an electron-beam evaporator onto two 
types of substrates: 96% alpha-alumina ceramics from 
NGK Spark Plug Company Limited, and 75 t~m thick 
polyimide from Torey Company Limited. The conditions 

*Electrochemical Society Active Member. 

were as follows: substrate temperature 25~ pressure less 
than 10 -4 torr, and target 99.99% Pd. The amount of Pd on 
the substrate was controlled by varying the evaporation 
time from 20 to 90s. For the TEM studies, evaporation 
times of 10 and 180s were added. For reference, substrates 
were prepared by the repeated two-step technique where 
the sample is first in a Sn sensitizer solution, then in a Pd 
activator solution, and repeating both dips (13). 

Plating.--The prepared catalytic substrates were plated 
with the same ammoniacal citrate bath as the one called 
Ni-P(b) in Ref. (13). The bath consists of 0.027 mol/liter 
NiSO4, 0.068 mol/liter (NH~,,SO4, and 0.066 mol/liter NaH~PO~, 
at pH 9.0 by NaOH, and plates at 90~ For each type of 
catalytic substrate, as listed in Table I, deposition periods 
of 10, 20, 40, and 100s were adopted. The deposition time 
of Ni-P film is the real t ime for deposition and excludes 
the 1 - 2s induction time before plating starts, i.e., when 
the first hydrogen bubble appears. 

RBS analysis.--A very brief introduction to Rutherford 
backscattering spectroscopic (RBS) analysis is given in 
Ref. (13). The RBS results were obtained by irradiating 
each sample with 2.0 MeV 4He~ ions to a preset beam dose 

Table I. Catalysts and substrates investigated by RBS 

Pd evaporation 
Catalyst time (s) Substrate used 

20Pd 20 Alumina and polyimide 
50Pd 50 Alumina and polyimide 
90Pd 90 Alumina and polyimide 
SrgPd Repeated two step Polyimide only 
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Fig. 1. Sections of RBS spectra showing the relation to the 20Pd, 
90Pd, and Sn/Pd catalysts on polyimide and alumina. All samples have 
been plated 40s with electroless NI-P prior to investigation, a: Alu- 
mina substrate; solid line 20Pd, dotted line 90Pd. b: Polyimide sub- 
strate; solid line 20Pd, dotted line 90Pd. c: Polyimide substrate with 
Sn/Pd catalyst. 

and  d e t e c t i n g  t h e  b a c k s c a t t e r e d  a l p h a  par t ic les ,  u s i n g  a 
su r face -ba r r i e r  de t ec to r  s i t ua t ed  at  an  ang le  of 161 ~ rela- 
t ive  to t he  i n c o m i n g  beam.  T he  p r e s s u r e  was  k e p t  b e l o w  
5 • 10 -7 torr.  

TEM observation.--Acetylcellulose, w h o s e  sur face  con-  
d i t ions  are v e r y  s imi la r  to t h o s e  of  po ly imide ,  was  u s e d  as 
s u b s t r a t e  for  t h e  Pd-ca t a lys t s  i n v e s t i g a t e d  by  t r ansmis -  
s ion e l ec t ron  m i c r o s c o p y  (TEM). Af te r  h a v i n g  d e p o s i t e d  
P d  on  ace ty lce l lu lose ,  c a r b o n  was  e v a p o r a t e d  on  t op  a t  
less t h a n  10 -~ torr .  T he  s u b s t r a t e  was  t h e n  m o u n t e d  on  a 
TEM m e s h  a f te r  t he  ace ty lce l lu lose  r e m o v e d  in a 
m e t h y l a c e t a t e  solut ion.  

Results and Discussion 

Amount and behavior of Pd catalyst.--Figure 1 s h o w s  
typ ica l  R B S  spec t r a  of  t h e  P d  ca ta lys t  on  a l u m i n a  a n d  
po ly imide .  Fo r  all t h e  spec t r a  shown ,  t he  in teg ra l  b e a m  
dose  was  20/~C, b u t  t he  m a x i m u m  yield  var ies  n o t i c e a b l y  
(d i f fe rent  un i t s  on  t he  ord ina tes) .  All t he  s u b s t r a t e s  
s h o w n  in t he  f igure  h a v e  b e e n  p l a t e d  for  40s in  t he  Ni-P 
ba th .  W i t h o u t  t he  me ta l  layer  on  top  of  t he  catalyst ,  t h e  
peaks  w o u l d  h a v e  b e e n  loca t ed  oppos i t e  t he  r e s p e c t i v e  
a r rows  on  t he  absc i ssa .  In  Fig. lc,  t h e  l ower  ene rgy  pa r t  of  
the  d o u b l e  p e a k s  s t e m s  f rom P d  a n d  t h e  h i g h e r  f rom Sn.  
In  th i s  case,  t he  P d  s h o u l d e r  w o u l d  occu r  w h e r e  t he  ar- 
row ind ica tes ,  a n d  t he  S n  s h o u l d e r  w o u l d  occu r  at  a n  
even  h i g h e r  energy.  T he  fo l lowing  conc l u s i ons  can  i m m e -  
d ia te ly  b e  d rawn .  

1. The  p e a k s  f rom the  same  e v a p o r a t i n g  t ime  on  alu- 
m i n a  a n d  p o l y i m i d e  are a lways  l a rger  a n d  n a r r o w e r  on  
po ly imide  ( c o m p a r e  t he  y ie lds  in  Fig. l a  a n d  lb).  

2. The  m a x i m a  in  Fig. l a  are  loca ted  at  the  s ame  en- 
ergy, b u t  in  Fig. l b  t he  m a x i m u m  of t h e  smal l e r  p e a k  is 
s i tua ted  a t  l ower  energy.  This  f ind ing  shows  t h a t  t he  
Ni-P layers  d e p o s i t e d  on  top  of  t he  ca ta lys t  b o t h  h a v e  t he  
s ame  t h i c k n e s s  in  Fig. la,  b u t  in  Fig. l b  t he  lesser  a m o u n t  
of  P d  has  a t h i c k e r  Ni-P layer  on  top.  

Table II. Amount of catalyst on various substrates 

Amount of Pd 
or Pd + Sn 
measured 

Substrate with RBS 
Catalyst used (• 10 ''~ at./cm 2) 

Converted 
thickness 

(A) 

20Pd Polyimide 11.1 -+ 0.7 
20Pd Alumina 6.9 -+ 0.6 
50Pd Polyimide 21.2 -+ 1.3 
50Pd Alumina 15.4 _+ 1.8 
90Pd Polyimide 34.3 _+ 2.2 
90Pd Alumina 30.3 -+ 2.0 
Sn/Pd Polyimide 2.6 -+ 0.3 ~ 
Sn/Pd Alumina 2.6 _~ 0.4 a 
SrgPd Carbon 30.0 -+ 2.2 ~, h 
Torey Polyimide 2.5 -+ 0.3 h 

16.3 -+ 1.0 
10.2 -+ 0.9 
31.2 -+ 2.0 
22.7 -+ 2.6 
50.4 -+ 3.2 
44.5 +- 2.9 

a Includes both the Sn and Pd signals. 
b Previous data from Ref. (13). 

3. In  all t h r e e  cases Fig. la,  lb ,  a n d  lc,  t h e r e  is a sma l l  
f rac t ion  of  t he  ca ta lys t  g iv ing  a s igna l  s t e m m i n g  f rom the  
surface,  e spec ia l ly  w h e n  u s i n g  a l u m i n a  as subs t ra te ,  i n  
general ,  t h e  P d  p e a k  is w i d e r  a n d  tai ls  off m o r e  s lowly on  
t he  low e n e r g y  s ide w h e n  o r ig ina t i ng  f r o m  a l u m i n a  sub-  
s t rates .  

The  re su l t s  c o n c e r n i n g  t he  ca ta lys t s  are quan t i f i ed  in  
Tab le  I~ t o g e t h e r  w i t h  p r e v i o u s  da ta  f rom Ref. (13). In  
RBS,  t he  t h i c k n e s s  of a l ayer  is m e a s u r e d  in a t o m s  pe r  
s q u a r e  c e n t i m e t e r  as in  c o l u m n  2. This,  however ,  can  b e  
c o n v e r t e d  in to  a m o r e  " c o m m o n "  l inea r  t h i c k n e s s  b y  as- 
s u m i n g  a dens i t y  for the  layer.  I n  o b t a i n i n g  c o l u m n  3, a 
t a b u l a t e d  d e n s i t y  for  P d  was  used .  The  t ab le  on ly  s ta tes  
one  t h i c k n e s s  for e ach  c o m b i n a t i o n  of s u b s t r a t e  a n d  cata- 
lyst  b e c a u s e  it r e m a i n s  t he  s ame  w i t h i n  t he  e x p e r i m e n t a l  
error,  i r r e spec t ive  of  t he  p l a t i ng  per iod .  By  c o m p a r i n g  t he  
n u m b e r s  in  c o l u m n  2 one  f inds  the  fol lowing.  

First ,  w i t h i n  t he  e x p e r i m e n t a l  e r ror  t he  d i f f e rences  in  
the  i n t eg ra l  s igna ls  on  p o l y i m i d e  a n d  a l u m i n a  are the  
s ame  w h e n  c o m p a r i n g  s a m p l e s  t h a t  h a v e  b e e n  evapo-  
r a t ed  for  t he  s a m e  pe r iod  of  t i m e  (20, 50, and  90s), w i t h  
t he  a m o u n t  on  a l u m i n a  a lways  b e i n g  t he  lower.  A h igh ly  
p r o b a b l e  e x p l a n a t i o n  of th i s  is t h a t  t he  r u g g e d  sur face  of 
the  s i n t e r e d  a l u m i n a  causes  a ce r t a in  p r o p o r t i o n  of  t h e  
ca ta lys t  to be  h i d d e n  f rom de tec t ion .  

Second ,  t he  a m o u n t  of  ca ta lys t  is t he  s a m e  on  b o t h  
types  of  s u b s t r a t e  w h e n  u s i n g  t he  c h e m i c a l  rou te  to p lace  
ca ta lys t  on  p o l y i m i d e  and  in  a lumina .  This  s imi la r i ty  also 
ho lds  for t he  ra t io  of S n  to Pd .  

Third,  t h e  a m o u n t  e v a p o r a t e d  or s p u t t e r e d  b y  Torey  
on to  t h e i r  p o l y i m i d e  s u b s t r a t e s  is less t h a n  one - fou r th  of 
t h a t  w h i c h  we  f o u n d  n e c e s s a r y  to r e n d e r  p o l y i m i d e  cata-  
lyt ic (20s e v a p o r a t i n g  t ime).  Also,  t he  b e h a v i o r  of  t he  
c o m m e r c i a l  To rey  catalyst ,  as d e s c r i b e d  in Ref. (13), can  
only  b e  d e s c r i b e d  by  d i s so lu t i on  of P d  ir~to t he  Ni-P layer.  
A s imi la r  s t a t e m e n t  c a n n o t  be  jus t i f i ed  on  the  bas i s  of  
t he  smal l  su r face  s ignals  f o u n d  in th i s  inves t iga t ion ,  as 
t h e y  m i g h t  wel l  re la te  to i m p e r f e c t i o n s  in  t he  Ni-P layer.  

Effect of evaporated Pd catalyst on deposited Ni-P 
film.--Two t yp ica l  R B S  spec t ra  are  s h o w n  in Fig. 2. The  
top  one,  2a, re la tes  to a po ly i rn ide  subs t ra t e ,  a n d  t he  bot-  
t o m  one,  2b, to a lumina ;  b o t h  spec t r a  are o b t a i n e d  w i t h  
an  in t eg ra l  b e a m  dose  of  20/~C. In  b o t h  cases,  t he  evapor -  
a t ing  t i m e  for  t he  P d  ca ta lys t  was  20s a n d  t he  prec ip i ta -  
t i on  t i m e  for  t he  Ni-P layer  10s. W h e n  u s i n g  a l u m i n a  sub-  
s t rates ,  all t h e  p e a k s  (P, Ni, a n d  Pd)  are  ob l ique  t o w a r d s  
lower  energ ies ,  w h i c h  sugges t s  p l a t i ng  in  the  po re s  of t h e  
surface,  w h e r e a s  p l a t i ng  on  p o l y i m i d e  fo rms  a flat  sur-  
face layer.  The  s t o i c h i o m e t r y  is read i ly  o b t a i n e d  f r o m  
s u c h  spect ra .  The  resu l t s  of t he  p r e s e n t  i nves t i ga t i on  are  
l i s ted  in Tab le  I I I  t o g e t h e r  w i th  two resu l t s  f rom Ref. (14); 
t he re  is good  a g r e e m e n t  b e t w e e n  t he  s to i ch iome t r i e s  
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Fig. 2. Complete RBS spectre of 20Pd on alumina (a) and 20Pd on 
polyimide (b). Both plated lOs with electroless Ni-P prior to investiga- 
tion. 
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Table III, Stoichiometry of Ni-P films 

Catalyst Substrate Ni (a/o) P (a/o) 

20Pd Polyimide 81.4 • 1.0 18.6 -+ 3.8 
50Pd Polyimide 77.9 _+ 3.8 22.0 • 3.8 
90Pd Polyimide 81.2 • 1.1 18.8 • 1.1 
SrgPd Polyimide 79.3 • 0.5 20.7 • 0.5 
Torey Polyimide 83.7 -+ 1.1 16.3 -+ 1.1 ~ 
20Pd Alumina 81.5 • 4.6 18.5 +- 4.6 
50Pd Alumina 77.7 -+ 1.9 22.3 -+ 1.9 
90Pd Alumina 78.7 • 1.6 21.3 _+ 1.6 
SrgPd Alumina 80.1 • 1.7 19.9 _+ 1.7 ~ 

Previous data from Ref. (14). 

Table IV. Deposition rate measured by RBS on the Ni signal 

Deposition 
Catalyst Substrate rate (A/s) 

20Pd Polyimide 12.7 
20Pd Alumina 18.5 
50Pd Polyimide 8.2 
50Pd Alumina 16.3 
90Pd Polyimide 8.3 
90Pd Alumina 17.2 
SzYPd Polyimide 12.1 
Torey Polyimide 11.1" 

a Previous data from Ref. (14). 

f r o m  t h e  two  inves t iga t ions ,  a l t h o u g h  t he  P c o n t e n t  
s eems  to be  s l igh t ly  h i g h e r  in  t he  p r e s e n t  one. Th e  s ame  
e n h a n c e m e n t  of  t he  P c o n t e n t  o b s e r v e d  for  t he  ve ry  early 
s tages  in  Ref. (14) h a s  also b e e n  r e g i s t e r e d  in  t he  p r e s e n t  
inves t iga t ion .  T h e  re su l t s  in  T a b l e  I I I  d e m o n s t r a t e  
f inal ly  t h a t  the  s t o i c h i o m e t r y  is no t  a f fec ted  b y  t h e  
a m o u n t  of ca ta lys t  p re sen t .  

Behavior of  the deposition rate.--Nickel-phosphorus 
f i lms are  f o u n d  to depos i t  f as te r  on  a l u m i n a  t h a n  o n  
po ly imide ,  in  a g r e e m e n t  w i t h  p r e v i o u s  r e su l t s  (14). T a b l e  
IV  s u m m a r i z e s  t he  f i nd ings  on  d e p o s i t i o n  rate.  T h e s e  
s h o w  n e a r l y  50% h i g h e r  d e p o s i t i o n  ra t e  o n  a l u m i n a  t h a n  
on  p o l y i m i d e  for  t h e  20Pd cata lys t ,  a n d  a p p r o x i m a t e l y  
100% e n h a n c e m e n t  for  50Pd a n d  90Pd. The  d e p o s i t i o n  
ra te  on  a l u m i n a  s tays  a l m o s t  t he  s a m e  i r r e spec t ive  of  t h e  
a m o u n t  of  Pd ,  b u t  o n  p o l y i m i d e  t h e r e  is a dras t ic  ch an g e ,  
as can  be  s e e n  in Fig. 3. The  r e su l t s  f rom the  P d / S n  cata-  
lyt ic  s y s t e m  are  a lso i n c l u d e d  a n d  fo l low a b o u t  t h e  s a m e  
s lope as does  t he  20Pd e v a p o r a t e d  cata lys t ;  h e n c e ,  a la rge  
a m o u n t  of  e v a p o r a t e d  P d  d e c r e a s e s  t he  d e p o s i t i o n  ra t e  on  
po ly imide .  

Sn/Pd 
- - - - e - - - -  20Pd  

1500 . . . .  ~'---- 50 Pd 
........ o ........ 90 Pd / ~  

~ 1 o o o  

0 / , , , I , , I 

o 50 lOO 
Deposition t i m e / s e c  

Fig. 3. The relation between type of catalyst and the initial deposi- 
tion rate of Ni-P on polyimide substrates. 

Fig. 4. TEM micrographs of 20Pd and 90Pd on acetylcellulose. 

TEM observations of  Pd catalyst on acetylcellulose.--A 
r a n g e  of  ace ty lce l lu ]ose  s a m p l e s  w i t h  P d  e v a p o r a t e d  on to  
t h e m  for  10, 20, 50, 90, a n d  180s we re  i n v e s t i g a t e d  u n d e r  
TEM. F i g u r e  4 s h o w s  typ ica l  t r a n s m i s s i o n  e l ec t ron  micro-  
g r a p h s  of  20Pd  a n d  90Pd samples .  T h e  su r face  c o n d i t i o n s  
of  ace ty lce l lu lose ,  w h i c h  is a d o p t e d  b e c a u s e  it  d i sso lves  
m o r e  easi ly  t h a n  po ly imide ,  are  a s s u m e d  to b e  a l m o s t  
iden t ica l  for  t h e  two po lymer s .  T h e  10Pd a n d  20Pd  
s amp l e s  d i sp lay  n e a r l y  t h e  s a m e  su r face  s t r u c t u r e  of  clus-  
te rs  of  par t ic les ,  w i t h  a c lu s t e r  size of  0.1-0.2 ~ m  across .  
T h e  r e m a i n i n g  s a m p l e s  50Pd,  90Pd,  a n d  180Pd all  a p p e a r  
w i th  a c o n t i n u o u s  P d  layer.  Th i s  imp l i e s  t h a t  e v a p o r a t i n g  
less  t h a n  ca. 101~ at . /cm 2 ( f rom T a b l e  II) on to  a p o l y m e r  
gives d i s c o n t i n u o u s  i s l ands  of par t ic les ,  b u t  la rge  
a m o u n t s  of  e v a p o r a t e d  p a l l a d i u m  (> 2 • 101~ at./crn'-') f o r m  
layers  of  c o n t i n u o u s  film. T h e  d e p o s i t i o n  ra te  of  Ni-P 
film on  p o l y i m i d e  cor re la tes  w i t h  t h e  T E M  resul ts ,  so t he  
P d  ca ta lys t  in t h e  fo rm of  c lus t e r s  of  par t ic les  p r o m o t e s  
t h e  d e p o s i t i o n  ra te  of  e lec t ro less  Ni -P  p l a t i n g  a n d  m i g h t  
also h a v e  a t e n d e n c y  to m o v e  in to  t h e  Ni-P film. Fo r  t he  
c o n t i n u o u s  P d  catalyst ,  b o t h  are  less p r o n o u n c e d .  

Conclusion 
T h e  resu l t s  o b t a i n e d  by  c o m b i n i n g  R B S  a n d  T E M  tech-  

n i q u e s  s h o w  a c lear  co r re l a t ion  b e t w e e n  t h e  ca ta ly t ic  ac- 
t iv i ty  of  e v a p o r a t e d  P d  a n d  its c o n d i t i o n s  on  the  sur face ;  
a p a r t i cu l a t e  l ayer  of  e v a p o r a t e d  P d  causes  fas te r  e lectro-  
less p l a t i n g  in t h e  ear ly  s tages,  as does  a sol id layer.  Be- 
cause  of  t h e  r u g g e d  sur face  of  s i n t e r e d  a lumina ,  a sol id 
layer  of  P d  will  n o t  f o r m  as r ead i ly  o n  th i s  su r face  as  on  a 
s m o o t h  p o l y i m i d e  surface;  h e n c e ,  o n e  m u s t  e x p e c t  t he  
p l a t i ng  ra te  to r e m a i n  a p p r o x i m a t e l y  t h e  s a m e  on  alu- 
mina .  Th i s  is i n d e e d  t h e  case.  W h e n  t h e  e v a p o r a t e d  P d  
ca ta lys t  is in  i ts p a r t i cu l a t e  s tate ,  i t  is as eff ic ient  a cata-  
lys t  as t h e  Ni -P  layer  a n d  t h e  d i s s o l u t i o n  of  P d  ca ta lys t  
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into the  bath  is not  affected by the  state of  the  catalyst,  
but  the  resul ts  m igh t  sugges t  that  a par t icula te  Pd  cata- 
lyst  diffuses more  easily into the  Ni-P film, especial ly  if  
one takes  the  resul ts  in Ref. (13) into account .  

Manuscr ip t  r ece ived  March  22, 1985. 

Waseda University assisted in meeting the publication 
costs of this article. 
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Kinetic Investigations of the Primary Step of Electrochemical Coal 
Oxidation 

Gerhard Kreysa* and Wolfgang Kochanek 
Dechema-Institute, D-60OO, Frankfurt am Main 90, Germany 

A B S T R A C T  

Elec t rochemica l  coal ox ida t ion  in sulfuric acid has been  inves t iga ted  by a control led  potent ia l  cou lomet r ic  tech- 
nique.  Both  kinet ic  and analyt ical  resul ts  indicate  that  the  p r imary  step of  e lec t rochemica l  coal ox ida t ion  may  be con- 
s idered as an indi rec t  one in wh ich  h y d r o q u i n o n e  groups  are oxidized to qu inone  groups  by Fe 3~, wh ich  is p resent  unde r  
the  expe r imen ta l  condi t ions  because  of  the  dissolut ion of the  pyri te  conten t  of  the  coal. 

In recent  years,  there  has been  a genu ine  interes t  in the  
d e v e l o p m e n t  of  n e w  processes  for coal convers ion.  Sev-  
eral s tudies f rom other  authors  have  shown  that, in addi- 
t ion to conven t iona l  chemica l  methods ,  e l ec t rochemis t ry  
is also of  in te res t  in this regard. Present ly ,  th ree  main  
routes  are d i scussed  in the l i terature:  (i) e l ec t rochemica l  
coal gasif icat ion wi th  format ion  of hyd rogen  and carbon  
d ioxide  (1-6); (ii) modif ica t ion  of  coal s t ruc ture  and its 
compos i t ion  by e lec t rochemica l  ox ida t ion  (7-11) or reduc-  
t ion (12-24); and (iii) anodic  degrada t ion  of  the  h igh ly  con- 
densed  coal s t ruc ture  under  fo rmat ion  of  lower  molecu la r  
substances ,  wh ich  are able to unde rgo  cathodic  hydro-  
genat ion  (25). 

Earl ier  repor ts  have  stated that  a coal s lurry can be oxi- 
dized in the  anodic  c o m p a r t m e n t  of  an e lec t rochemica l  
cell unde r  fo rmat ion  of COx, CO, and humic  acids in 
var ious  yie lds  depend ing  on the  electrolyte,  e lectrolysis  
t ime, t empera tu re ,  and e lec t rode  mater ial  (3, 4, 10, 11). 

F igure  1 shows anodic  polar izat ion curves  obta ined  
with  a coal  s lurry in sulfuric acid (curve 1). I f  the  coal is 
de tached  f rom such a slurry before  electrolysis,  the  pure  
e lect rolyte  shows  the  polar izat ion curve  2. Curve 3 is ob- 
ta ined again wi th  an acid coal slurry; however ,  for this ex- 
per iment ,  a coal was used  which  was carefully washed  
free of  pyr i te  as long as no iron could  be  de tec ted  in the  
e lect rolyte  by  a tomic  absorpt ion.  A compar i son  be tween  
these  curves  indicates  that  the e lec t roac t ive  species is not  
the  coal bu t  the  d isso lved  Fe 2~. The  same conclus ion  was 
d rawn by Okada  et al. (26) and Ba ldwin  et al. (27), who  
carried out  s imi lar  polar izat ion exper iments .  However ,  
Ba ldwin  et al. found  a residual  cur ren t  dens i ty  ten  t imes  
h igher  than  that  of  curve  3 in Fig. 1. This  may  be due  to a 
small  r emain ing  iron con ten t  of  the  coal after the  wash ing  
procedure. The general role of Fe ~ during anodic coal ox- 
idation has also been shown by Coughlin and co-workers 
(28). 

A potent ios ta t ic  current  t ime  t rans ient  wi th  addi t ion  of  
Fe  ~ obta ined  by a slurry electrolysis  of  the  nat ive  coal is 
shown in Fig. 2. The  a m o u n t  of 18,500C charge which  was 
consumed  dur ing  this e x p e r i m e n t  is m u c h  h igher  than  
the 680C which  wou ld  be expec t ed  if  only all d isso lved  

*Electrochemical Society Active Member. 

iron of the  coal wou ld  be oxidized.  This requires  the con- 
clusion tha t  the  coal is ox id ized  in an indi rec t  m e c h a n i s m  
wi th  Fe'WFe 2. as a redox  media tor .  Accord ing  to this re- 
sult, anodic  coal oxida t ion  in acid media  can be descr ibed  
by the  fo l lowing react ion s cheme  

Fe 3~ + coal ~ Fe  z§ + oxid ized  products  [1] 

Fe  ~ ~ Fe  3~ + e -  [2] 

In  this communica t ion ,  we  shall  repor t  on our  invest i-  
gat ions of  the  kinet ics  of this reaction.  The results  pub- 
l ished here  have  been  original ly p resen ted  at A C H E M A  
1982 (25). However ,  somewha t  later, bu t  i ndependen t ly  of 
our work,  Dhooge  et al. (29, 30) pub l i shed  their  invest iga-  
t ions about  the  same  topic. They did employ  a qui te  simi- 
lar expe r imen ta l  t e chn ique  and also found an indi rec t  
e lec t rochemica l  m e c h a n i s m  of coal s lurry oxidat ion.  

Fundamenta ls  of the  Exper imenta l  M e t h o d  
Consider ing  a react ion l ike react ion [1], the conven-  

t ional k inet ic  examina t ion  wou ld  be  done  by adding  coal 

2 .5  

2 . 0  

1.5 

1 ,0  

.5 

0 ,0  

- , 5  

i /mA. crn -2 

/ 
~f 

500.0  

i 
I 

/ 
/ 

.: ; ; : ; . : ~ - ~  . . . . . . . . .  ~ .~ . .  ................... ~ . /  

/ 2 . . . . . . .  " ' ,'i 

1 I l 
E/mY (SHE) 

1000.0  1500,0  2000 ,0  

Fig. 1. Anodic polarization curves of coal slurries at a rotating 
glassy carbon electrode, 500 rpm. Curve 1: 20g native coal in 200 
crn 3 1M H2SO4 at 20~ Curve 2: detached electrolyte. Curve 3: 20g 
coal which was washed free of iron. 
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Fig. 2. Potentiostotic current time transient for anodic cool oxida- 

tion with addition of Fe 3", 309 native coal and 0.3 mol Fe 3~ in 300 
cm 3 1M H~S04 (~co2 was found to be less than 3%). Working elec- 
trade: expanded metal Ti/Pt with a geometric area of 256 cm 2, 80~ 
Esc E = +1250 mV. 

to a solution of Fe 3" and registration of the Fe 3+ concentra- 
tion with time. If  a possible consecutive reaction after the 
primary step cannot be excluded, such a procedure has 
the disadvantage that in an early state the observed kinet- 
ics will be influenced by the consecutive reaction. This 
effect may be diminished by starting the reaction with a 
very small concentration of Fe ~. In the controlled poten- 
tial coulometry described by Bard et al. (31, 32) and also 
applied by Dhooge (29), the system is started without Fe 3§ 
but with a certain amount  of Fez*, which is electrochemi- 
cally converted to Fe 3~ with a current density correspond- 
ing to the actual concentration of Fe ~+. 

The theoretical fundamentals of the method are briefly 
summarized in the following, since there are some modi- 
fications and generalizations compared with Bard (31, 
32). 

This kinetic method, which does not need any conven- 
tional analytical determination of concentrations, makes 
use of the circumstances that for a diffusion-controlled 
electrochemical reaction the current density contains 
simultaneously information about the actual concentra- 
tion and its t ime derivative too. This may be expressed by 
the following equations 

i = kFzc [3] 

VzF 
i = dc/d t  [4] 

A 

Considering a stirred tank reactor with a homogeneous 
concentration, the combination of these equations yields 
the well-known electrochemical batch reactor differential 
equation (33) 

dc/dt  = -Askc  [5] 

Integration of Eq. [5] with the boundary condition it = o = 
io results in the expression [4] 

i = io exp ( -Askt)  [6] 

According to Eq. [6], the current t ime transient for a 
diffusion-controlled reaction, e.g., a one-electron oxida- 
tion of  S 

S--~S ~ + e -  [7] 

can be described by an exponential  function as illustrated 
in Fig. 3 by curve 1. 

Let us now consider a more complex system with a 
chemical side reaction of S or S + with an electron ae- 
ceptor or donor, respectively 

S --~ S ~ + z~e- [8] 

S ~ + z~A- ~ S + z~A [9] 

In this system the reaction rate of S is given by 

I{t) I: d(~ttS~c = 0 

~. 2: d~tS)c > 0 

\ \ ~ I 

3~\ \ \ ~ "  ~.~__~ 

t 

Fig. 3. Principal shapes of the I(t) curves in a system with a parallel 
chemical side reaction of the electrochemical active species. 

d.Cs / ( d c s t  ( d_c~ 1 [10] 
d t / t  = \ d t / ~  + \ d t / e  

Contrary to Bard's treatment of the controlled potential 
coulometry, we do not assume cA >>  CsZs+. This seems to 
be more realistic and means that no steady-state current 
results. Therefore, the chemical rate constants cannot be 
derived from steady-state current and another method for 
evaluation of data is required. 

By combining Eq. [3] and [5], the electrochemical term 
may be written as 

( d c ~  = -  i(t) [11] As 

dt / ~ zsF 

whereas the total change of concentration is given by the 
time derivative of Eq. [3] 

(dc~ 1 1 di 
---~-), = kFzs " - ~  [12] 

Inserting Eq. [11] and [12] into Eq. [10] and rearranging 
yields 

( dcs~ 1 di As 

dt /~ kFzs dt + Fzs 
i(t) [13] 

This equation allows the determination of the reaction 
rate of the chemical step by the measurement  of the po- 
tentiostatic current t ime t ransient- in  a batch reactor. 
Thereby it is presumed that the only electroactive species 
is S, and no direct electrochemical conversion of A and 
A -  occurs. Figure 3 illustrates the three principal cases of 
the i(t) curves as they may be obtained with the described 
system. 

In general, for a reaction system consisting of n species, 
the complete kinetics can be described by n differential 
equations. This means that the concentration of m species 
has to be measured if n - m independent  balance equa- 
tions are available. In the case of electrochemical or redox 
reactions for each elementary species which may occur in 
different oxidation states, one balance equation can be 
stated. Additionally, if electrochemical reactions are in- 
volved, a further charge balance equation is given; e.g., 
for the reaction system [8]-[9] the following equations re- 
sult 

for S/S ~ mass balance 

Cs" + Cs+"= cs(t) + Cs.(t) [14] 

for A/A-  mass balance 

CA" + CA -''= CA(t) + CA--(t) [15] 

for charge balance 

Q(t) = z~FV(cs"- cs(t)) + zAFV(cA" -- cA(t)) [16] 

Because four species are present in the reaction system 
[8]-[9], only the concentration of one species has to be 
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measured .  I f  S is se lec ted  for this purpose ,  this can be 
done  by record ing  the  current  density,  wh ich  is in accord-  
ance to Eq.  [3] p ropor t iona l  to the concen t ra t ion  of  S. 

Exper imental  
The e lec t rochemica l  cell shown in Fig. 4 was e m p l o y e d  

for current  t ime  t rans ient  m e a s u r e m e n t  unde r  potent io-  
static condi t ions.  The  anodic  potent ia l  was kep t  wi th in  
the d i f fus ion- l imi ted  cur ren t  dens i ty  range of  the  Fe  ~- 
ox ida t ion  (EscE = 1250 mV). The  anode  c o m p a r t m e n t  (190 
cm 3) con ta ined  a rota t ing p la t inum disk  e lec t rode  (2000 
rpm) wi th  an area of  1 cm ~. The  anode  c o m p a r t m e n t  was 
separa ted  f rom the  ca thode  c o m p a r t m e n t  (15 cm 3) by a ce- 
ramic  d i a p h r a g m  to avoid  contac t  be tween  the  anolyte  
and the  fo rmed  hydrogen.  

The ca thode  was made  of  a 7 cm long p la t inum wire  
0.25 m m  in d iameter ,  and the  cell  was t he rmos ta t ed  by a 
heat ing jacket .  In  order  to p r e v e n t  Fe  2~ f rom being  oxi- 
dized by oxygen,  the  anode  c o m p a r t m e n t  was f lushed 
wi th  ni t rogen.  A suspens ion  of  coal  (Westerholt  Kohle,  
Germany;  < 500 mesh)  in 1M sulfuric acid con ta in ing  
0.05M FeSO4 was  used  as anolyte.  The  coal was washed  
free of i ron by boi l ing unde r  ref lux in 0.1M sulfuric acid  
for a for tn ight  wi th  daily change  of  the  acid unti l  no fur- 
ther  iron could  be  analyzed by a tomic  absorpt ion.  The  
electrolysis  was carr ied out  us ing  a Wenking  Model  P O S  
73 potent ios ta t .  

Results and Discussion 
S o m e  t ime  t rans ients  of  the  cur ren t  densi ty,  as ob ta ined  

by this method ,  f rom coal s lurr ies  and FeSO4 at var ious  
t empera tu res  and coal concen t ra t ions  are shown in Fig. 5 
and 6. The change  in the initial cur ren t  dens i ty  wi th  varia- 
t ion of  the  coal concen t ra t ion  can  be  only caused by a di- 
rect  e l ec t rochemica l  react ion of  the  coal par t ic les  or  by an 
e n h a n c e m e n t  of  the  mass- t ransfer  coeff ic ient  of Fe  2. oxi- 
dat ion due  to the  p resence  of  the  particles.  However ,  ac- 
cord ing  to the  polar izat ion curves  shown in Fig. 1, a d i rect  
e l ec t rochemica l  react ion of  the  coal par t ic les  can be ex- 
c luded.  The  mass4 rans fe r  e n h a n c e m e n t  by the  p resence  
of  iner t  par t ic les  in the  e lec t ro lyte  is wel l  k n o w n  (34). 

A t t empt s  were  made  to fit var ious  kinet ic  models  to 
the  expe r imen t a l  data and it  was found  tha t  the current-  
t ime  t rans ients  can be wel l  desc r ibed  by a revers ib le  
second-order  reac t ion  as the  ra te -de te rmin ing  step 

k, 
Fe  3~ + coal (C) ~ Fe  ~ + ox id ized  p roduc t  (P) [17] 

I n d e p e n d e n t  of  the  ra te -de te rmin ing  step, in the  overal l  
react ion the  p r imary  ox ida t ion  of coal may  be a z e lec t ron  
step. Acco rd ing  to Eq.  [17], the  reac t ion  rate of  Fe  '-'~ is 

WE (~ t 

REF N2 | N2~, ,~ ~ CE 

I 

Fig. 4. Scheme of the applied electrochemical cell. REF: Reference 
electrode. WE: Working electrode. CE: Counterelectrode. 
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Fig. 5. Current density time curves as obtained by the transient 
method, a: log  coal. b: 5g coal. c: No coal. T = 70~ Crosses, aster- 
isks and dots recorded. Curves: calculated. 

given by 

d C F e 2 *  
- k,c~e'~-Cc - k . 2CFe2+Cp  [18] 

d t  

where  cc represen t s  the  concen t ra t ion  of  the  reac t ive  
centers  at the  coal, and ce those  of  the  oxid ized  product .  
The  u n k n o w n  concent ra t ions ,  cc and cp, can be e l imina ted  
by mak ing  use  of  Eq. [16]. Fo r  the  i ron system, Zs = 1 is 
valid, whereas  zA is no ted  as z in the  fo l lowing 

_ f t  i(t)AE 1 
cp = --jo z V F  d t  + (c~.~..,+ ~ - c~e.2+)--z + ce~ [19a] 

= _ f t  i(t)AE + 1 (to - i ( t ) ) l  + cP ~ [19b] 
ce Jo z V F  d t  k F  z 

With the  subs t i tu t ion  

F i( t )AE 1 
-~F (to U(t) - J o ~ d t +  - i ( t ) )  = 

Eq. [19] may  be  wr i t ten  as 

[20] 

U ( t )  
cp = + cp" [21] 

Z 

Rearranging of Eq. [15] and introducing Eq. [21] results 
in 

U ( t )  
c(, = co"  - - -  [22] 

4~ 

3O 

t0  

i 
o o ~o~ ~oo ~o~ 

m 
tlmm 

Fig. 6. Current density time curve as obtained by the transient 
method, lOg coal; 20~ Crosses: recorded. Curve: calculated. 
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Table I. Experimentally obtained kinetic parameters of coal oxidation by Fe 3. 

Experimental conditions Concentration of reactive 
amount of coal T centers at the coal 

(g) (~ (mmol/liter) k, [liter(s-mol)-'] k~ [liter(s-mol)-'] 

5 70 14.8 
10 70 33.7 
10 20 30.0 ~ 

2.15 x 10 -3 9.57 x 10 -3 
2.25 x 10 -3 9.52 x 10 -~ 
2.32 x 10 -~ 1.74 x 10 -3 

Fixed value. 

In  a c c o r d a n c e  w i t h  Eq. [3] a n d  [14], c~3+ m a y  be  subs t i -  
t u t e d  b y  

1 
CF~3+ = ~ (to -- i(t)) [23] 

/r 

I n t r o d u c t i o n  of  Eq. [21], [22], a n d  [23] in to  t he  k ine t i c  
ra te  Eq.  [18] a n d  S u b s t i t u t i o n  of  c~2+ u s i n g  Eq. [3] r e su l t s  
in  

dcr~',.+ 

d t  

( i,, - i ( t )  ~ . / io - i(t) ~ U(t) 
- k,c~,, \ - - U ~ - - J  - ~ l t ~ )  7 

i(t)U(t) k2cp ~ [24] 
k2 k F ~  

U s i n g  Eq.  [13] a n d  [24] y ie lds  

1 di  + A~ i(t) 
kF  dt  F 

( t o -  i(t) ~ ( t o -  i(t) l U(t) 
= k,cc<' \ ~ 1  - k r \  k F  I z 

i(t) U(t) i(t) 
k.z k F ~  k2cp(' k~F- [25] 

The  coeff ic ients  kicc", k,, k=>, a n d  k2%" m a y  be  deter -  
m i n e d  b y  a l i nea r  r e g r e s s i o n  ana lys i s  of t h e  e x p e r i m e n t a l  
i(t) data  as g i v e n  in Fig. 5 a n d  6, w h e r e a s  U(t) is de f ined  
b y  Eq.  [20]. The  c h a r g e  n u m b e r  z of  t he  overa l l  o x i d a t i o n  
of  coal  was  se t  to  2 a c c o r d i n g  to t he  m e c h a n i s m  sug-  
g e s t e d  be low.  The  r e su l t i ng  k i ne t i c  p a r a m e t e r  va lues  of  
k,, k~, a n d  cJ '  are s u m m a r i z e d  in Tab le  I. A t  20~ cc ~' was  
f ixed at  t he  s a m e  c o n s t a n t  va lue  of  30 mmoYl i te r  as i t  
was  f o u n d  for  70~ for a r e a s o n a b l e  m a t h e m a t i c a l  t rea t -  
m e n t  of  t h e  e x p e r i m e n t a l  data.  This  was  n e c e s s a r y  to 
avo id  phys i ca l l y  u n r e a s o n a b l e  resu l t s  of  nega t i ve  concen -  
t r a t ions  a n d  ra te  c o n s t a n t s  b y  t he  f i t t ing p r o c e d u r e  a n d  
can  be  jus t i f i ed  by  t he  e x p e r i m e n t a l  c o n d i t i o n s  g iven  in  
Tab le  i. The  c o n c e n t r a t i o n  of  t h e  ox id ized  cen te r s  %o was  
f o u n d  to b e  a p p r o x i m a t e l y  zero. 

In  Fig. 7 a n d  8, e x p e r i m e n t a l  r e ac t i on  ra te  t r a n s i e n t s  as 
ca lcu la ted  by  Eq. [13] are c o m p a r e d  w i t h  t he  r e su l t  of  a 

12'~ 
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Fig. 7. Experimental (data points) and calculated (curves) time de- 
pendencies of the reaction rate. Curve a: lOg coal. Curve b: 5g coal. 
T = 70~ 

digi ta l  s i m u l a t i o n  of  Eq. [18] u s i n g  t he  k ine t i c  p a r a m e t e r s  
g iven  in T a b l e  I. 

A c o m p a r i s o n  of  t h e  s i m u l a t e d  a n d  e x p e r i m e n t a l  cur-  
r en t  d e n s i t y  t i m e  cu rves  in  Fig. 5 a n d  6 s h o w s  a sa t i s fy ing  
a g r e e m e n t .  Wi th  t h e  e x p e r i m e n t a l  r a t e  c o n s t a n t s  of  Tab le  
I, t h e  a c t i v a t i o n  e n e r g y  of  t h e  r e a c t i o n s  can  be  e s t i m a t e d  
by  A r r h e n i u s '  l aw as 

EAk, = 18.1 kca l /mo l  

Egk2 = 6.8 kca l /mo l  

F r o m  t h e  o b t a i n e d  cc ~ va lues  a n d  t he  app l i ed  coal  concen -  
t ra t ion ,  the  m o l e c u l a r  w e i g h t  p e r  one  reac t ive  c e n t e r  a t  
t he  coal  is e s t i m a t e d  to be  a b o u t  1700 g/mol.  This  va lue  is 
va l id  for  t he  app l i ed  par t i c le  d i a m e t e r  of  < 500/~m. 

A n o t h e r  e x p e r i m e n t  ass i s t s  t he  a s s u m p t i o n  of a revers-  
ib le  r eac t ion  b e t w e e n  Fe  3~ a n d  coal. I f  a f te r  a ce r t a in  reac- 
t ion  t i m e  a f u r t h e r  q u a n t i t y  of  Fe  ~ is a d d e d  to t he  reac-  
t ion  sys tem,  t he  o b s e r v e d  c u r r e n t  d e n s i t y  t i m e  cu rve  r u n s  
be low the  t heo re t i c a l  b a t c h  r eac to r  c u r v e  ( c o r r e s p o n d i n g  
to cu rve  1 in  Fig. 3), as s h o w n  in  Fig. 9. The  ac tua l  c u r r e n t  
t r a n s i e n t  (b) a f te r  a d d i t i o n  of Fe  ~ s h o w s  t he  s ame  b e h a v -  
ior  as c u r v e  3 in  Fig. 3. Th i s  c a n  be  wel l  e x p l a i n e d  by  t he  
m e c h a n i s m  d e s c r i b e d  above.  In  t he  b e g i n n i n g ,  t he  con-  
c e n t r a t i o n  of the  r e d u c i b l e  spec ies  P is a p p r o x i m a t e l y  
zero. This  i n c r e a s e s  d u r i n g  r eac t i on  t ime.  Af te r  a r e n e w e d  
add i t i on  of  Fe  2~, t he  b a c k  reac t ion  b e t w e e n  P a n d  Fe  ~ 
will  d o m i n a t e  a n d  t he  c u r r e n t  dens i t y  t i m e  cu rve  runs  be-  
low t h e  t heo re t i ca l  b a t c h  reac to r  curve .  

In  t he  coal  s t r u c t u r e  m o d e l s  as p r o p o s e d  by  m a n y  au- 
t ho r s  (35, 36), t h e  on ly  g r o u p  w h i c h  is ab le  to u n d e r g o  a 
r eve r s ib l e  r e d o x  r eac t ion  in t h e  p o t e n t i a l  r a n g e  of  t he  
F e ~ / F e  2" s y s t e m  is t he  q u i n o n e / h y d r o q u i n o n e  sys tem.  A 
poss ib l e  m e c h a n i s m  as s u g g e s t e d  by  V e t t e r  (37) for  th i s  
s y s t e m  is s h o w n  in Fig. 10. The  e x p e r i m e n t a l l y  o b s e r v e d  
inc rease  of  t he  c o r r e s p o n d i n g  C = O  IR b e n d  (-~ 1600 
c m - ' ;  1100-1400 c m  - ' )  a n d  t h e  para l le l  r e d u c t i o n  of t he  
OH IR  b e n d  ( =  3400 c m - ' )  a f te r  e l e c t r o c h e m i c a l  coal oxi- 
da t ion  (28) is in  a c c o r d a n c e  w i t h  t h i s  m e c h a n i s m .  Fur -  
t h e r m o r e ,  th i s  m e c h a n i s m  r e q u i r e s  a dec rea se  of  t h e  H:C 
rat io d u r i n g  e lec t ro ly t ic  ox ida t ion .  F o r  an  e x p e r i m e n t  
r u n n i n g  for a l onge r  per iod ,  t he  e l e m e n t a r y  ana lyses  of  
t he  coal  be fo re  a n d  af te r  t he  o x i d a t i o n  b y  Fe  ~ are  s u m m a -  
r ized in Tab le  II. A p a r t  f r om an  i n c r e a s e  of  t he  O:C ra t io  
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Fig. 8. Experimental (data points) and calculated (curve) time de- 
pendency of the reaction rate for log coal. T = 20~ 
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Fig. 9. Current density time curve after further addition of Fe z§ at t 
= 750s. Curve a: no coal. Curve b: lOg coal. 70~ 
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Fig. 10. Possible mechanism far the primary step of anedic coal 
oxidation. 

due to a h ighe r  ox ida t ion  a decrease  of  the  H:C ratio is ob- 
served. The fact  that  the  concen t ra t ion  of  the  reduc ib le  
species (quinone)  is found to be app rox ima te ly  zero at the  
beg inn ing  of  the  reac t ion  migh t  be  due  to the  wash ing  
procedure .  Thereby,  pyr i te  is par t ia l ly  d isso lved  to Fe  ~ 
which  can reduce  all qu inone  groups  wh ich  may  be pres- 
ent  in the  nat ive  coal. An  increase  of  the  H:C ratio of  
about  1.7% should  be expec ted  for this reaction,  if  the  
concen t ra t ion  of  such groups  is cons idered  to be  1 tool 
per  1700g of  coal  (see above). The  obse rved  increase  g iven  
in Table  II is in ag reemen t  with this va lue  wi th in  experi-  
men ta l  accuracy.  Acco rd ing  to the  expe r imen ta l  results,  
e l ec t rochemica l  coal ox ida t ion  in acid media  fol lows an 
indirect  m e c h a n i s m  of charge  t ransfer  via Fe~+/Fe% It 
seems that  this react ion causes no s ignif icant  modif ica-  
t ion of  the  coal s tructure.  More than  90% of the  charge  
which  the  coal has c o n s u m e d  dur ing  the  expe r imen t  
shown in Fig. 2 may  be  exp la ined  by the  ox ida t ion  of hy- 
d roqu inone  groups .  Of  course,  also h igher  and o ther  oxi- 
dized p roduc t s  are possible,  bu t  only a ve ry  small  a m o u n t  
of  COx is formed.  

The ind i rec t  m e c h a n i s m  of e l ec t rochemica l  coal oxida- 
t ion offers the  poss ibi l i ty  of  us ing  o ther  r edox  sys tems as 
med ia to r  in o rder  to ge t  h ighe r  oxid ized  p roduc t s  or  a 
h igher  reac t ion  rate. Therefore ,  fur ther  expe r imen t s  have  
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Fig. 11. Potentiostatic current time transient for anodic coal oxida- 
tion by Ce 4§ 30g coal and 5g Ce(S04)2 �9 4H20 in 300 cm a 1M H~S04. 
T = 92~ Working electrode: expanded metal Ti/Pt with a geometric 
area of 256 cm~; EscE = +142S inV. 

been carr ied out  also wi th  the  Ce3§ 4~ system, wh ich  has 
been  inves t iga ted  also by others  (29, 30). The  cor respond-  
ing cur ren t  t ime  curve  is shown  in Fig. 11, In  contras t  to 
the  expe r imen t s  wi th  F e %  a comparab le  large a m o u n t  of  
COz is fo rmed  dur ing  electrolysis  and the  ex t rac t ion  yield 
in a 1:1 mix tu re  of  e thanot : to luol  is increased  by a factor 
of  2 compared  wi th  the  nat ive  coal. 

Conclusions 
It  has been  shown that  as the  p r imary  step of  electro- 

chemica l  coal  ox ida t ion  the  ox ida t ion  of  hyd roqu inone  
groups  can be  considered.  This react ion follows an indi- 
rect  mechanism via Fe 3". This result is supported by a ki- 
netic analysis using a current transient method, results of 
IR spectroscopy, and elementary analysis. Due to the in- 
direct mechanism, it is obvious that the electrochemical 
coal conversion is limited by the redox potential of the 
mediator system. On the other hand, this mechanism of- 
fers the possibility of applying other redox systems in or- 
der to change the reaction rate or of getting other prod- 
ucts. Furthermore, the limitation in space-time yield, 
which is typical for any suspension electrolysis, may be 
overcome by a high concentration of the redox mediator 
system. 
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L I S T  OF S Y M B O L S  

A e lec t rode  area (cm'-') 
As specific e lec t rode  area ( c m - 0  
cj concen t ra t ion  of  the  species  j (mol - l i t e r -b  
c; ) concen t ra t ion  of  the  species  j at  t = o (tool-liter -~) 
(dcs/dt)t total  react ion rate of  S (mol-liter-~-s -~) 
(dcs/dt)~ chemica l  reac t ion  rate  of S (mo]-liter-~-s -1) 
(dcs/dt)e e lec t rochemica l  react ion rate  of  S (mol- 

l i t e r - ' - s - ' )  
F 
I 

Table II. Elementary analysis of the coal Io 
after anodic oxidation by Fe 3~ i, i(t)  

io 
Sample C H O N S k 

kl, k~ 
Q(t) 

Native coal 100 79.8 9.4 1.3 0.5 T 
Coal after 100 80.9 8.6 1.7 0.8 t 

boiling in V 
IM H~SO4 z 
for 25h flco.~ 

Anodic oxidized 100 72.2 11.7 1.8 0.5 ENHE,SCE 
coal 

Faraday ' s  cons tan t  (C-mol- ' )  
cur ren t  (mA) 
cur ren t  at t = o (mA) 
cur ren t  dens i ty  (mA-cm -'2) 
cur ren t  dens i ty  at t = o (mA-cm -~) 
e l ec t rochemica l  mass t ransfer  coeff icient  (cm-s - ' )  
reac t ion  rate constants  ( l i t e r - sec - ' -mo l - ' )  
c o n s u m e d  a m o u n t  of  charge  (C) 
t empe ra tu r e  (~ 
t ime  (s) 
reac tor  v o l u m e  (cm 3) 
n u m b e r  of  e lectrons ,  charge  n u m b e r  (1) 
CO2 cur ren t  eff ic iency a s suming  a 4e-  step (%) 

work ing  potent ia l  wi th  respec t  to a re ference  
e lec t rode  (mV) 
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Mo6Se6: A New Solid-State Electrode for Secondary Lithium 
Batteries 
J. M. Tarascon 

Bell Communications Research, Murray Hill, New Jersey 07974 

ABSTRACT 

The practical utilization of nonaqueous secondary l i thium cells has never been realized, mainly because of electrode 
problems such as the absence of suitable cathode materials or dendritic regrowth of the l i thium on the anode short cir- 
cuiting the cell. Over the last few years, the cathode problem has been overcome by the discovery of new materials such 
as TiS.,, NbSe~, V~O,3, etc. The crystallographic structural feature that makes these compounds attractive for batteries is 
that they can act as "hosts," incorporating lithium atoms between the layers (TiS.2), chains (NbSe:~), or into the channels 
(V60~z) without a irreversible change in crystal structure. However, in spite of intensive research, the anode problem still 
remains. We have undertaken research in this direction. Initial results of this early work are the subject of this paper. 
This study reports a new solid-state electrode material (MosSes) which can be used both as cathode and anode in second- 
ary lithium cells. Mo~Se6 can take up reversibly nine lithium atoms per Mo6Se6 without losing its linear chain structure, 
leading to a theoretical volume energy density of about 1.1 Wh]cm 3, compared to 1.2 for TiS~ cathodes. Another impor- 
tant promising possibility which arises from this work is the use of the lithiated compounds Li~Mo6Se~ as the anode in- 
stead of l i thium metal in secondary l i thium cells. 

Over the last decade, the continuous need for high en- 
ergy storage devices prompted the study of several new 
types of secondary rechargeable batteries. This work led 
to the discovery of several promising battery systems 
based on li thium (1, 2). However, their practical utilization 
has never been realized, mainly because of electrode 
problems such as absence of suitable cathode materials or 
dendritic regrowth of lithium on the anode shol"t cir- 
cuiting the cell after several cycles. 

In recent years, the cathode problem has been over- 
come by the discovery of new solid-state electrode mate- 
rials. Among them are the class of early transition metal 
dichalcogenides such as TiS~ or VS~, which, due to their 
open layered crystal structure, can accommodate  li thium 
reversibly (e.g., l i thium can enter into the structure and 
be removed easily) (3). These intercalation reactions are 
not limited to layer compounds, but also can occur within 
three-dimensional structures having large open channels 
such as in V60,:~ (4) or in the Chevrel phases Mop,X8 (5-7). 
Another class of materials capable of intercalating l i thium 
are the trichalcogenides of Group IVB or VB transition el- 
ements such as TiS:~ or NbSe~. Their structures (8) can be 
thought of consisting of parallel chains, each only a few 

atoms thick and loosely bonded to the chains around it. 
On discharge, three li thium ions are absorbed between 
the chains, giving to NbSe:~ one of the highest theoretical 
volume energy densities (1.6 Wh/cm ~3) (9-10). However, 
none of these materials is being used commercially be- 
cause of the short cycling life of the l i thium anode as al- 
luded to above. In spite of an intensive research currently 
focused on decreasing the reactivity of the li thium anode 
by alloying it with other metals, the anode problem still 
remains. 

In a recent study (11), we reported the synthesis of a 
new metastable ternary molybdenum chalcogenide of for- 
mula Li2Mo~Se~ whose structure can be thought of as 
composed of (Mo~Se~)~ ~ chains separated by two rows of 
li thium atoms. The similarity of this structure to that of 
NbSe:~ led us to embark on a study of the chemical and 
electrochemical insertion of l i thium into Mo6Se6. We 
found that Mo6Se6 is a good cathode material, and we 
showed that  the fully lithiated compound Li~Mo,Se6 can 
be used as an anode, replacing l i thium metal. 

Mo6Se6 was synthesized at a temperature of 420~ by 
oxidation of In2Mo6Se~ (prepared by direct reaction of In, 
Mo, and Se powder in an evacuated silica tube at ll00~ 
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under  an HC1 flow (12). The indium chloride formed dur- 
ing this reaction condensed at the colder part of the tube, 
leaving behind pure Mo,Se~. The course of the reaction 
was followed by the weight change. The reaction was 
complete after 24h. This was confirmed by x-ray fluores- 
cence analysis, which showed no trace of indium in the 
Mo6Se6 after such treatment. Prior to its use in electro- 
chemical cells, the Mo6Se6 was baked at 400~ under vac- 
uum to ensure the absence of gas molecules trapped be- 
tween particles. The Mo6Se~ powder is composed of thin 
needle-like crystals which tend either to aggregate at one 
point more like a fan or to entangle much like a wool ball 
as illustrated in Fig. 1. 

Fig. 1. Scanning electron micrographs of 53/~m sieved Mo~Se6 powder 
prior to being used as the cathode material, a: Fanlike aggregates of 
Mo6Se~ crystals, b and c: Wool ball aggregate of Mo~Se~ crystals. 

Li/Mo~Se6 electrochemical swagelock test cells (13) were 
assembled in a hel ium atmosphere using a li thium metal 
disk anode separated from the cathode (Mo6Se6) by po- 
rous glass paper soaked in 1M LiAsFJ2Me THF electro- 
lyte. Propylene carbonate commonly used as solvent in 
all secondary l i thium cells was not used in this work be- 
cause we previously reported (14) its ability to solvate the 
lithiated materials LixMo~SeG. 

The cells described above were cycled with a current 
density of 1.0 mA/cm ~ and with known amounts of pure 
Mo~S% The preliminary cycling data summarized in Fig. 
2 reveal interesting features. The discharge curves (Fig. 
2a, 2c, 2d, and 2e) indicate that approximately 2.3, 3.2, 5, 
and 7 li thium atoms per formula unit are used on dis- 
charge to 1, 0.6, 0.49, and 0.4V, respectively. These cells 
are reversible and retain their capacity over many cycles. 
A loss of approximately 10% in capacity is observed after 
the first cycle, then the cells could be recharged to 100% 
of capacity for several cycles (15, 10, and 2 are the maxi- 
mum that we have tried down to 1, 0.6, and 0.49V, respec- 
tively). Such loss in capacity after the first cycle, fre- 
quently observed in secondary l i thium cells, is generally 
due to a small amount  of intercalated lithium trapped by 
defects which still remain in the structure after recharg- 
ing the battery. The voltage composition curves do not 
exhibit  plateaus, but do exhibit several slopes suggesting 
the existence of a single phase region over the entire 
range of composit ion 0 < x < 7. However, some caution 
should be exercised in so interpreting the data since the 
small change in potential observed in the range 0 < x < 1 
or 2.4 < x < 3.2 may also be the result of kinetic effects 
(e.g., too high current densities). Another interesting fea- 
ture of Fig. 2 is the rapid drop in voltage over a narrow 
range of composition beyond x = 1.5. In some cases, the 
voltage of a l i thium insertion cell is mainly determined by 
the electronic energy of the charge transferred electrons 
(e.g., the electronic structure of the host material). A rapid 
decrease in voltage may then indicate the presence of an 
energy gap. It is important to note that the position of the 
voltage drop around x = 2 -+ 0.3 Li § (e.g., 2 _+ 0.3 electrons) 
is strongly correlated to the band structure of these mate- 
rials established by Hoffman et aI. (15). Indeed, the au- 
thors predict that Mo6Se6 with two extra electrons should 
have a closed-shell electronic structure (e.g., a semicon- 
ducting behavior). This point will be discussed in more 
detail elsewhere. One can also remark that the smooth 
voltage drop around x = 3.2 present in all discharge 
curves vanishes when the cell is recharged. The origin of 
such behavior remains a puzzle. Another  point is the 
slight bending in the voltage composition curve, present 
in the first discharge, which vanishes on subsequent cy- 
cles. We found that the amplitude of this anomaly, which 
changes from sample to sample, is strongly dependent  on 
the preparation temperature of the first In~Mo6Se~ and 
the Mo~Se6 prepared from it. 

To further probe the reversibility of the Li/Mo6Se~ sys- 
tem at low potential as suggested above, a cell, after being 
cycled ten times from 2.7 to 0.6V was discharged to 0.25V 
and then cycled several times. Figure 3 shows that the 
cell, recharged from 0.3 to 0.8V (cycle a) discharged with- 
out losing its capacity. However, over subsequent cycles 
between 0.25 and 0.80V one notes a loss in capacity. This 
behavior may result from side reactions (electrolyte de- 
composition or reactions with cell containers) which oc- 
cur quite frequently at these low potentials as previously 
reported (16). 

Based on the electrochemical stoichiometry, the vol- 
ume energy density of the Li]Mo~Se6 cell is 1.1 Wh/cm 3, 
compared to 1.2 Wh/cm 3 for the Li/TiS~ system. This 
makes Mo6Se~ a good candidate for use as a cathode mate- 
rial in secondary lithium cells. Furthermore,  the reversi- 
bility of these cells down to 0.3V suggests the possibility 
of using the fully lithiated phase as the anode material in- 
stead of li thium metal. The following describes prelimi- 
nary data obtained with LixMo~SeJMo6Se6 cells. 

Two anode materials Li6Mo,Se~ and Li~Mo6Se~ prepared 
chemically and electrochemically, respectively, were in- 
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vest igated.  F igure  4 shows the  cycl ing resul ts  col lected 
for the  Li6Mo~SeJMo~Se~ cell, in wh ich  twice  the  a m o u n t  
of ca thode  than  anode  mater ial  was used.  The  cell  was cy- 
cled with  a cur ren t  dens i ty  1 m A / c m  ~ b e t w e e n  1.9 and 
0.2V. One may  note  again the  reversibi l i ty  of  the intercala- 
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Fig. 4. The electrochemical behavior of a LiMo6Se6/Mo~Se6 cell. The 
cell contained 41 mg of Mo6Se6 and 20 mg of Li6Mo~Se~, end it was cy- 
cled with o current density of ] mA/cm 2. 

t ion react ion in this  sys tem as well  as the  small  loss in ca- 
paci ty after several  cycles  (10% after 10 cycles). However ,  
the capaci ty  is qu i te  low, since wi th  this  nar row range of 
potent ia l  (potential  l imi ted by the potent ia l  of  the  anode  
Li~Mo6Se~ t aken  as zero), Mo~Se~ can take  up only 1.2 
l i thium. 

A larger potent ia l  for d ischarge  requi res  a l i thiated 
phase  with  a greater  l i th ium content .  Li~Mo~Se~ was ob- 
ta ined by d ischarg ing  a Li/Mo~Se~ cell  to 0.25V. Then  the  
cell  was o p e n e d  in the  dry box  and the  l i th ium was re- 
p laced by fresh Mo~Se,~. The  resul t ing Li~Mo~SeJMo,~Se,~ 
cell, conta in ing  equa l  amoun t s  of  ca thode  and anode  ma- 
terial after charg ing  and recharging,  behaves  as repor ted  
in Fig. 5. Its capaci ty  is greater  than  that  of  the  previous  
cell, s ince Mo~Se~ can n o w  take up  revers ib ly  two lithi- 
u m s  on discharge.  The  reversibi l i ty  of  the  above  two cells 
wi thou t  s ignif icant  loss in capaci ty  on cycl ing is qui te  
p romis ing  and seems to confirm the  poss ible  use of 
LixMo,~Se~ ins tead  of l i th ium as anode  in secondary  lith- 
ium cells based  on 1Vio~Se~. The  loss in capaci ty  a l luded to 
above  is less than  that  measu red  after  ten  cycles on iden- 
tical test  cells based  on TiS~ as ca thode  materials.  

Finally, react ions  of  Mo~Se,~ wi th  n -BuLi  (1.6M in hex-  
ane) and l i th ium in l iquid  a m m o n i a  were  used to mimic  
the d ischarge  curves,  and the  final mater ia l  was charac- 
ter ized by x-ray diffract ion and a tomic  absorp t ion  analy- 
sis to de t e rmine  the  l i th ium content  in the  resul t ing  prod- 



2092 J. Electrochem. Sac.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  September 1985 

3.0 

2.4 

v | �9 

> 12 %,, xxx 

\..% 
o.o 4 I I 

O0 .6 ~ .2 ~.8 2.4 3.0 

• IN LixMO6Se6/Li9Mo6Se 6 

Fig. 5. Typical cycling behavior of a Li~Mo~Se~/Ma6Se~ cell. Cucrent 
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uct. We found that the lithium content does not deviate 
too much (_+4%) for the nominal composition. Even with a 
large excess of n-BuLi, Mo6Se6 incorporates only 2.5 lith- 
ium atoms per Mo,Se6. Based on the electrochemical data, 
using n-BuLi as the reducing agent with a reduction po- 
tential of IV, one might expect to intercalate at least 2.3 
lithiums. The chemical and electrochemical results agree 
quite well. The lowest value obtained electrochemically is 
not unusual and is generally attributed to the fact that 
during the battery discharge some of the cathode par- 
ticles are electrically isolated. Then the experimental ca- 
pacity for lithium insertion is less than that expected 
from the total mass of the electrode and the known maxi- 
mum possible lithium content. By using lithium in liquid 
ammonia, we lower the reduction potential and therefore 
insert more lithium atoms. So far, we have inserted up to 
six lithium atoms by this method. Further experiments in 
progress should confirm a greater intercalation as sug- 
gested electrochemically. 

The electrochemical data suggest that stoichiometries 
as high as 9 Li/Mo6Se6 can be taken up reversibly without 
any structural change. X-ray powder diffraction patterns 
of the lithiated compounds were collected at room tem- 
perature using Cu Ks, radiation, in the hope of shedding 
some light on the intercalation process. Since these com- 
pounds are extremely moisture sensitive, they were al- 
ways handled in a helium atmosphere, and an x-ray 
holder which can be evacuated was used for obtaining the 
x-ray data. Figure 6 shows some of these diffraction pat- 
terns. The lithiated phases exhibit very weak diffraction 
peaks as used as few lines. Poor quality x-ray powder pat- 
terns are not surprising since they are commonly found in 
solids formed near ambient temperature even if the com- 
pound is crystall ine.  For  Mo,Se~, we  bel ieve  that  the  weak  
diffuse x-ray diffract ion pat tern  resul ts  f rom a high de- 
gree  of d isorder  in the  structure.  In  the  absence  of the  ter- 
nary e lement ,  the  (Mo:~Se3)= ~ chains are loosely b o n d e d  
(van der  Waals- type forces), and, conceivably ,  they  can 
m o v e  wi th  respec t  to each other. Such  disorder  would  
lead to weak  dif f ract ion peaks  as observed  exper imen-  
tally. On the  basis of  the  hexagona l  uni t  cell, the  two 
s t ronger  lines p resen t  in all pat terns  and s i tuated in the  
range of  20 = 12 ~ and 20 = 40 ~ are the  (100) and (002) 
reflections,  respect ively .  They reflect direct ly  the  varia- 
t ion of bo th  hexagona l  ah and ch lat t ice parameters .  One 
can note  that  ah decreases  w h e n  In  is r e m o v e d  from the  
structure,  f rom 8.85 to 8.37A, t h e n  increases  w h e n  l i th ium 
is absorbed  b e t w e e n  the chains  to reach  values  of  8.82 
and 9.90J~ w h e n  x = 2.5 and 6, respect ively .  Simul ta-  
neously,  the  cb axis  decreases  f rom 4.49 to 4.45~, and then  
increases  again to 4.47J~ at x = 6. The  large in terchain  in- 
crease observed  be tween  x = 2.5 and 6 may  suggest  that  
some a m m o n i a  molecu les  remain  t rapped  be tween  the  
chains after the l iquid  a m m o n i a  reaction.  Fur the r  work  is 
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presently directed to check this possibility. It is interest- 
ing to note that the x-ray diffraction pattern of the cath- 
ode of a Li/Mo6Se~ cell after being discharged to 0.3V and 
recharged to 2.7V is identical to that of the starting mate- 
rial Mo6Se6. Based on the above findings, although very 
weak, the x-ray diffraction patterns clearly indicate that 
Mo~Se6 reacts reversibly with li thium without any major 
structural change (e.g., the basic chain structure is main- 
tained on lithiation). The great ability of linear chain com- 
pounds to undergo topochemical reactions with lithium, 
as previously shown for NbSe3 (10) and more recently for 
transition metal pentachalcogenides of formula MX 5 (17), 
is again confirmed with Mo6Se6. Preliminary electro- 
chemical experiments with Mo6Te6 indicate a behavior 
very similar to that of Mo~Se~. 

In summary, this study reports a new solid-state elec- 
trode material (Mo6Se6) which can be used both as cath- 
ode and anode in secondary l i thium cells. Mo~Se~ can take 
up reversibly nine lithium atoms, without loosing its lin- 
ear chain structure, leading to a theoretical volume en- 
ergy density of about 1.1 Wh/cm 3 compared to 1.2 for TiS~ 
cathodes. This research also indicates another important 
promising possibility, namely, the use of the lithiated 
compounds LixMoGSe6 as anodes instead of l i thium metal 
in secondary l i thium cells. 
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Kinetics of Electrochemical Doping and Undoping of Polyacetylene 
Fritz G. Will* 

General Electric Company, Corporate Research and Development, Schenectady, New York, 12301 

ABSTRACT 

The kinetics of anodic doping and cathodic undoping of p-type doped polyacetylene electrodes is studied in organic 
solutions of LiBF4 in sulfolane. The galvanostatic pulse technique is employed to obtain potential-time transients at 
various currents, from which the double layer capacitance and the kinetic parameters are determined. The observed ca- 
pacitance shows that only the exterior surface of the microporous polyacetylene films is wetted with electrolyte. 
Polyacetylene is found to have rather slow kinetics, with the solid-state diffusion of the p-dopant, BF4, into and out of 
the polyacetylene structure controlling the rate. The rate of dopant transfer across the electrode-electrolyte interface is 
comparable to that of one-electron redox reactions on metals in aqueous solutions. The transfer coefficient shows con- 
siderable asymmetry of the energy barrier to charge transfer at the interface, favoring the anodic doping while impeding 
the cathodic undoping. 

Polyacetylene is the simplest linear conjugated poly- 
mer. The first synthesis was mentioned as early as 1958 
(1), but the preparation of well-characterized films was 
only reported in 1974 (2). Much of the intense interest in 
polyacetylene was stimulated by the finding that the 
polymer can be doped with electron donors and acceptors 
(3) with a concurrent  rise in the room temperature con- 
ductivity of up to 12 orders of magnitude (4-6). It has been 
demonstrated that doping can be achieved electrochem- 
ically and reversibly (7). This opens the interesting possi- 
bility of employing polyacetylene as electrodes in 
rechargeable batteries (8). 

Charge and discharge curves of various types of cells 
with at least one polyactylene electrode (8-10) and cyclic 
voltammograms of polyacetylene electrodes (11) have 
been published. Other studies have been concerned with 
determining the diffusion coefficients of the p-dopants I 
(12-15), C104 (16), and BF4 (17), as well as that of the 
n-dopant Li (16, 18, 19) in polyacetylene. However, values 
reported by different authors vary by more than nine or- 

* Electrochemical Society Active Member. 

ders of magnitude. Such large discrepancies appear to re- 
sult from the fact that the degree of wetting of the 
microporous fibrillar structure of polyacetylene and, 
hence, the surface area active for diffusion, was unknown 
(17). Regarding the kinetics of the charge transfer process 
at the interface polyacetylene/electrolyte, this issue has 
apparently not been addressed in the past. Yet, a knowl- 
edge of the electrode kinetics is necessary to evaluate the 
inherent rate capability of polyacetylene and to provide 
guidance in improving the physical properties of 
polyacetylene electrodes with respect to improved per- 
formance in electrochemical cells and batteries. 

The following study determines the rate of the charge 
transfer reaction at the polymer electrode/organic electro- 
lyre interface and the diffusion coefficient of the 
p-dopant BF4 in polyacetylene. The wetted surface area is 
determined from the measured double layer capacitance; 
problems arising from the diffusion of dopant in the 
micropores between fibers (interfibrillar diffusion) are 
avoided by essentially eliminating electrolyte penetration 
of the polyacetylene interior. 
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Experimental  
Polyacetylene film had been prepared by the R0hm 

and Haas Company using the standard Shirakawa tech- 
nique (2) at -78~ Details regarding the synthesis condi- 
tions have been published elsewhere (20). Elemental anal- 
ysis yielded 90.54% C, 7.35% H, and 1.69% O. The film 
had a thickness of 8.9 • 10 -3 cm or 89 tLm, a surface area 
of 40 m2/g, and an apparent density of 0.56 g/cm 3, as calcu- 
lated from the weight and dimensions of the film. This 
constitutes 48% of the theoretical density of polyacetyl- 
ene, as determined by x-ray diffraction measurements on 
cis polyacetylene films (21). The discrepancy is due to the 
known fibrillar morphology (2, 22) of polyacetylene, 
which results in micropores of several hundred ang- 
stroms dimensions between individual fibers. Fiber di- 
ameters are in the range from 200 to 400~. Film character- 
ization by infrared spectroscopy (20) showed the films to 
consist initially overwhelmingly of the cis isomer. 

Electrodes were prepared from circular films of 1.6 cm 
diam (2 cm 2 area) by sputtering of an Au film of 1000A 
thickness on the back side. Electrode contact was made 
by pressing a coiled Au wire against the Au film. 

As air exposure at room temperature for even short pc- 
riods of t ime has been shown to lead to oxidative degra- 
dation of polyacetylene (23-26), air exposure during poly- 
mer synthesis and subsequent handling was minimized. 
Samples, once prepared, were stored in dry Ar or under 
vacuum. Transfer into the sputtering apparatus required 
air exposure for a few minutes. Cell assembly and all sub- 
sequent measurements  were carried out in a high quality 
Ar-filled dry box. 

Measurements were performed at room temperature 
(-20~ in a rectangular Teflon | polymer cell employing 
a Li counter- and a Li reference electrode. The latter was 
spaced from the polyacetylene electrode at a distance of 
approximately 3 ram. A schematic diagram of the cell is 
shown in Fig. 1. The electrolyte was a 30% by weight solu- 
tion of LiBF4 in sulfolane. This electrolyte has very high 
viscosity. Solute and solvent had been carefully purified 
by recrystallization and double distillation. 

The galvanostatic pulse technique was employed to de- 
termine the electrode kinetics. Constant current pulses 
were generated with a Princeton Applied Research (PAR) 
Model 175 universal programmer and applied to the cell 
with a PAR Model 173 galvanostat/potentiostat. The 
pulses had a risetime of 1 t~s. Potential-time transients 
were recorded and stored on a Nicolet Model 206 oscillo- 
scope and, with suitable expansion of the time and volt- 
age scales, reproduced on a Hewlett-Packard Model 
7046A X-Y recorder. Pulse widths were varied from 100 
t~s to 100s and currents from 0.1 to 5 mA. Before applying 
cathodic (discharge) pulses, the electrode was doped 

o 

L i L i B F4/(C H 2)4SO2 (C H)x 
Foil Electrolyte Film Au 

I / .'Film 

o| 

D o p i n g  
(CH) x + BF~- " [ (CH)xBF4]  + e -  

Undoping 

R ~ 0 + e -  

Fig. 1. Cell schematic with reaction scheme 

anodica]ly with 7 mole percent (m/o) BF4. Redoping was 
performed occasionally between discharge pulses to 
maintain the doping level at aproximately 7 rn/o. The 
doping level was maintained between 4 and 6 m/o during 
anodic (charge) pulse measurements. 

Results 
The overall reaction occurring during the electrochemi- 

cal doping (anodic oxidation or charging) and undoping 
(cathodic reduction or discharging) of polyacetylene with 
an electron acceptor, such as BF4, is shown in Fig. 1. 

Cathodic potential-time transients, resulting from the 
application of cathodic current pulses of 100 ms width 
and -0.1 to -3  mA amplitude, are presented in Fig. 2. The 
horizontal t ime axis is expanded by a factor of 32; and 
only the first 6 ms of the transients are displayed. The 
potentials on the ordinate are the deviations of the elec- 
trode potential E, under current flow, from its open- 
circuit value Eo (both measured against the Li reference 
electrode) and include the ohmic voltage drop in the elec- 
trolyte between test and Li reference electrodes; Eo for 7 
m/o doping with BF4 is approximately 3.8V. The tran- 
sients exhibit a very fast initial rise followed by a gradual 
increase in cathodic potential with time. Application of 
pulses with widths of only 100 tLs showed the initial rise 
to be of the order of microseconds and to be controlled by 
the risetime of the oscilloscope. 

In order to evaluate the kinetics of slower steps in the 
electrode reaction, cathodic current pulses of 100s width 
were applied. Figure 3 shows the resulting cathodic po- 
tential transients over the entire pulse duration of 100s. 
To accommodate  the transients from -0.1 to - 4  mA on a 
single graph, the potential scale was changed from 20 
mV/cm for the lower currents to 160 mV/cm for the 
highest currents. After the initial instantaneous potential 
rise, the transients exhibit steadily increasing potential 
over the entire time span of 100s. In fact, in longer-term 
experiments it was found that the potentials do not stabil- 
ize even in the course of many hours. With increasing 
cathodic current, the rate of potential change increases. 
With the exception of the -4 mA curve, all transients 
have concave curvature throughout the 100s observation 
time. 

Anodic current pulses of i00 ms duration or shorter 
lead to anodic potential transients which are a mirror im- 
age of the cathodic transients shown in Fig. 2. Anodic 
transients for 100s pulse width and amplitudes from 0.i to 
5 mA are presented in Fig. 4a and 4b. While the character 
of cathodic and anodic transients is generally the same, 
closer examination reveals that the anodic transients re- 
sult in smaller potential changes E - Eo for identical cur- 
rents. This is particularly evident for currents of 3 mA 
and larger. It is also noted that the anodic transients at 4 
and 5 mA do not exhibit a change in curvature. In agree- 
ment with the observations made with cathodic polariza- 

E 
I 

1 

Time t/msec 
1 2 3 4 5 6 

i r i i i 

-0.1 mA, 20 mV/cm 

-0,2 mA, 20 mV/cm 

. . . . . . .  I -0.3 mA, 20 mV/cm 

-0.5 mA, 20 mV/cm 
-1  mA, 40 mV/cm 
- 2  mA, 80 mV/cm 

1-3  mA, 80 mV/cm 

Fig. 2. Potential-time transients following cathodic current pulses 
(undoping) of 100 ms duration; dopant level 7 m/o. 
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Time t/sec 
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I l l l  
100 

I 

-0.1 mA, 20 mV/cm 

- 0 . 2  mA, 20 mV/cm 

- 0 . 3  mA, 20 mV/cm 

- 3  mA, 160 mV/cm 

- 2  mA, 80 mV/cm 
- 1  mA, 40 mV/cm 
- 0 . 5  mA, 20 mV/cm 
- 4  mA, 160 mV/cm 

Fig. 3. Potential-time transients following cathodic current pulses 
(undoping) of 100s duration; dopant level 6-7 m/o. 

tion, the anodic potentials continued to rise indefinitely 
after applying a current pulse. 

Discussion 
Mathematical anaIysis.--The potential- t ime transients 

observed in this s tudy have the typical  shape shown sche- 
matically in Fig. 5. Such transients are observed in cases 
of electrode reactions involving an initial ohmic voltage 
drop followed by charging of the double layer capaci- 
tance and simultaneous slow rate of charge transfer and 
diffusion. 

The mathematical  equations describing this case were 
solved by Berzins and Delahay (27) for a reaction 

/ 
CD / 

"--I~.*"~0 ~ ~ ~ ~ 1 0  

I?' 
E~ 0 

Time t 
Fig. 5. Schematic of potential-time transients, showing predominant 

influence of ohmic vo!tage drop, double layer capacitance CD, exchange 
current density io, and diffusion coefficient D o. 

involving a single rate-determining electron exchange of 
the type 

R = 0 + e -  [1] 

The doping and undoping of polyacetylene involving the 
oxidation and reduction of the monovalent  anions BF4-, 
AsF4-, and C104- are of that  type. The assumptions appli- 
cable to that  mathematical  analysis are (i) electron trans- 
fer at the polymer/electrolyte interface across an energy 
barrier  and (ii) the use of planar  electrodes with homoge- 
neous bulk propert ies  in unst irred solution with diffusion 
as the sole mode of mass transfer. Hence, the analysis per- 
tains to the case of semi-infinite linear diffusion. These 
assumptions are tantamount  to nonwett ing of the 
interfibrillar micropores with electrolyte. It will be 
shown that  this assumption applies well to the present  
case of a very high viscosity electrolyte. 

Only the boundary  conditions and the final mathemat-  
ical solution of the analysis will be presented here; for 
more detail, the reader  is referred to the original paper 
(27). 

At any given time, the total current  densi ty (it) is the 
sum of the faradaic (it) and the capacitive component  (ic) 

it = iF + ic [2] 
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Fig. 4. Potential-time transients following anodic current pulses (doping with BF 4) of lOOs duration; dopant level 4-6 m/o 
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v(t) = (RT/nF) i t  

J .  E l e c t r o c h e m .  Soc . :  

The  faradaic current  densi ty  is g iven  by 

i~ = io[ c~ e x p  (~nF~?/RT) - c R e x p  ( - ( 1 -  a ) n F ~ / R T )  ~c~ 

[3] 

and the  capaci t ive  current  dens i ty  by 

ic = ( C J A )  d~?/dt [4] 

In these  equat ions ,  Co and oCo are the  concent ra t ions  of  
the oxid ized  species  (BF4 in the  polymer)  at the e lec t rode  
surface and  in the  bu lk  po lymer  respect ively ,  cR and  ocR 
are the  cor respond ing  concent ra t ions  of  the  r educed  spe- 
cies (BF4- in the  electrolyte),  ~ is the  t ransfer  coefficient,  
n the  n u m b e r  of e lectrons exchanged ,  F the  Faraday  con- 
stant, ~ the  overvol tage  (E - Eo, wi th  ohmic  electrolyte  
loss subs t rac ted  out), R the  gas constant ,  T the  absolu te  
tempera ture ,  and io the  e x c h a n g e  cur ren t  density.  The  lat- 
ter  is g iven  by 

io = nFkoco ~ cR ~ -~  [5] 

where  k is the concen t r a t i on - independen t  rate constant.  
The  t ime d e p e n d e n c e  of  the  concent ra t ions  is g iven by 
Fick ' s  law of diffusion 

6Co/6t = - Do62Co/6X "2 [6a] 

6cR/6t = -- DR62CR/6X 2 [6b] 

Here  x is the  d is tance  pe rpend icu la r  to the  e lec t rode  sur- 
face (x = 0) into the  po lymer  (x > 0) and into the  electro- 
lyte (x < 0), respect ively ,  t is the  t ime  counted  f rom pulse  
init iation, and Do and DR are the  diffusion coeff icients  of  
the oxid ized  species  in the  po lymer  and of  the  r educed  
species in the e lec t ro lyte  solution,  respect ively .  

The per t inen t  init ial  and bbundary  condi t ions  are 

co = oCo for x ->- 0 and t = 0 [7a] 

c R = o c R f o r x - < 0 a n d t  = 0 [7b] 

co = oCo for x ~ = and all t [8a] 

cR = oc, for x --> - ~  and all t [8b] 

i~ = nFDo(6Co/6X)~=o = -nFDR(ScR/~x)~=o [9] 

Solu t ion  of  Eq.  [2], [3], [4], and [6] wi th  the  initial and 
boundary  condi t ions  [7], [8], and [9] in c losed form is not  
possible.  For  small  overvol tages  ~? < <  R T / n F ,  not  too 
short  t imes  (27), and for a certain range  of  va lues  of i. as 
compared  to the  values  of D and c (27), the  fol lowing 
closed-form solut ion for the overvol tage  as a func t ion  of  
t ime has been der ived  (27) 

I ( 2 / n F @ )  (1/oCoX/'~o + 1/oCax/-D-RR) ~ ] 

- (RT /n3F  ~) (1 /oCo~o  + 1/oCRX/-DR)"- C J A  

+ 1/io 

[10] 

D e t e r m i n a t i o n  o f  k i ne t i c  p a r a m e t e r s . - - - A n  evalua t ion  of  
overvo l tage- t ime  t ransients  accord ing  to Eq. [10] al lows 
the  de te rmina t ion  of the  diffusion coefficient  of  the  
dopan t  BF4 in po lyace ty lene  and the  rate  cons tant  of  the  
d ischarge  reac t ion  of  BF4-  at the  po lymer /e lec t ro ly te  in- 
terface. The  dopan t  concen t ra t ion  in the  po lymer  (oCo), the  
solute concen t ra t ion  in the electrolyte,  oCR, and its diffu- 
sion coefficient,  DR, mus t  be  known.  The  ohmic  vol tage  
drop and the  doub le  layer capaci ty  can  be de t e rmined  
f rom the  t rans ient  curves  at t imes  near  zero wi thou t  us ing  
Eq. [10]. 

O h m i c  vo l tage  d r o p . - - T h e  tr ivial  ohmic  vol tage drop in 
the  e lec t ro lyte  that  resul ts  in the  s teep rise of  the 
potent ia l - t ime t rans ient  at t ime  t = 0 (see Fig. 5) is not  in- 
c luded  in Eq. [10]. An eva lua t ion  of  the  initial potent ia l  
rise (at 50/zs) as a func t ion  of  the  appl ied  current  dens i ty  
in the  shor t -dura t ion  t rans ients  of  Fig. 2 should  yield a 
straight l ine wi th  a s lope propor t iona l  to the electrolyte  
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Fig. 6. Ohmic voltage drop vs. current density 50/~s after applying 

current pulse. 

resis t ivi ty 

p = d(E - Eo)/di/L [11] 

The  plot  in Fig. 6 shows that  a s t raight  l ine is obtained,  
and f rom the  s lope of 824 s  2 and the  d is tance  L = 0.3 
cm be tween  reference  and tes t  e lectrode,  a resist ivi ty of  
2750 t2-cm is calculated,  in close a g r e e m e n t  wi th  conduc-  
t ivi ty cell  measurement s .  

Double  layer  c a p a c i t a n c e . - - I f  rate of diffusion and charge 
t ransfer  were  infini tely fast, the  initial s tep rise in poten-  
tial would  be fo l lowed by a l inear rise wi th  t ime, as repre-  
sented  by the  dashed  line in Fig. 5. The  slope of  the  
straight  l ine is inverse ly  porpor t iona]  to the  double  layer 
capaci tance.  For  finite rates of  charge  t ransfer  and diffu- 
sion, the  potent ia l  rises more  slowly, and the  double  layer 
capaci tance  may  be  de te rmined  f rom the  s lope of  the  
curves  at t = 0, obta ined  at var ious  current  densities.  Ac- 
cord ing  to Eq.  [4], a s t raight  l ine should  resul t  in a plot  of  
d ~ / d t  against  i~ ~ i t ,  whose  s lope is inverse ly  propor t ional  
to CD/A. The va lue  of CD/A = 11 /zF/cm 2 is der ived f rom 
the  s lope of the  s t raight  l ine in Fig. 7, where  A is the  pro- 
j ec ted  e lec t rode  area. This  value  falls wi th in  the  range of  
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Fig. 7. Initial slope of cathodic or anodic potential- t ime transients at 

50/~s vs. current density to determine CD. 
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10-40 /~F/cm ~, which are the capacitance values for the 
ionic double layer observed on various metal surfaces in 
aqueous electrolytes (28). Similar values are observed for 
metals in organic electrolytes. The finding of 11 /~F/cm'-' 
of projected polyacetylene area is important  evidence that 
in fact only the exterior surface of the microporous 
~brillar polyacetylene electrode facing the electrolyte is 
wetted by electrolyte. Considering the high viscosity of a 
30% solution of LiBF4 in sulfolane and the very small pore 
size (several hundred angstroms) of the electrode, this 
finding is not surprising. To which extent  the wetted 
area deviates from the projected area is uncertain. The 
"roughness factor," i.e., wetted/projected area, is deter- 
mined by the accessible surface area of the polyacetylene 
fibers at the exterior face of the electrode. 

If the internal surface area of the microporous 
polyacetylene fiber structure were wetted with electro- 
lyte, one would derive a value of only 0.0055 /~F/cm 2 of 
true surface area. This value follows from the BET sur- 
face area of 40 m2/g and the polyacetylene electrode 
weight of 0.005g, from which one determines a ratio of to- 
tal true area to projected area of 2000. A value of 0.0055 
/~F/cm 2 is unreasonably small. It can be associated neither 
with the ionic double layer nor with the polyacetylene. 

The capacitance associated with a charge depletion or 
accumulation layer in the polyacetylene is expected to 
have a value in excess of 10 t~F/cm 2. This estimate follows 
from the high dopant density of 3 x 10-3 mol/cm 2 or 1.8 x 
10 ~' dopant molecule/per cm 3 for any dielectric constant 
larger than 9 and any flatband potential smaller than 1V 
(29). For larger dielectric constants and smaller flatband 
potentials, the capacitance attains values larger than 10 
/~F/cm 2. Such values are clearly incompatible with a value 
of 0.0055 /~F/cm ~ resulting from complete wetting of the 
microporous electrode interior. 

Diffusion coefficient of dopant in polyacetylene.--Ac- 
cording to Eq. [10], straight lines should result in a plot of 
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Fig. 8. Polarization (undoping) vs. ~/t-for cathodic current pulses of 
100s duration. Plot according to Eq. [10] to determine Do and io. Elec- 
trode area 2 cm 2. 

the overvoltage against ~ -  for not too large values of ~. 
The slopes should be proportional to the diffusion 
coefficient and the applied current density. Figure 8 
shows the cathodic voltage transients of Fig. 3 as a func- 
tion of v/t. Straight lines result from which a diffusion 
coefficient of BF4 in the polymer, Do = 5.7 x 10 -'2 cm2/s is 
determined. The following values for the other parame- 
ters were used: dopant concentration oCo = 3.1 tool/liter or 
7.1 m/o; electrolyte concentration of BF4-, oCR = 4.6 
tool/liter; diffusion coefficient of BF4- in the electrolyte, 
DR = 1.2 x 10 -8 cm2/s. The latter value was calculated 
from the measured conductivity, using the Nernst- 
Einstein relationship. 

Similarly, Fig. 9 shows the anodic voltage transients of 
Fig. 4a in a plot of V against x/{. The resulting straight 
lines yield the same value for the diffusion coefficient 
with the known dopant concentration of 1.8-2.7 tool/liter, 
corresponding to between 4.1 and 6.2 m/o. 

Figure 9 shows a deviation from straight line behavior 
at larger values of ~?. This is expected since Eq. [10] is an 
approximation valid only for ~ <<  RT/F. 

The good agreement between calculated and experi- 
mental curves, evidenced by Fig. 8 and 9, demonstrates 
the validity of a simple linear diffusion model with simul- 
taneous charge transfer hindrance. There is no need to 
invoke a field-enhanced diffusion model  as it has been 
postulated recently (16). In fact, the application of such a 
model to polyacetylene doped sufficiently high to be in 
the metallically conducting regime is questionable, as the 
Debye length (electronic screening length) is much 
smaller than the polymer fiber radius. The doping levels 
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app l i ed  in t he  p r e s e n t  s tudy,  name ly ,  7 m/o, p lace  
p o l y a c e t y l e n e  wel l  in to  the  metal l ic  reg ime.  

The  v a l u e  of  5.7 • 10 -'~ cm'-'/s for  t he  d i f fus ion  
coeff ic ient  fo l lows f rom t he  7 vs. x / t - t r an s i en t s  if  on ly  t he  
ex te r io r  su r face  of  t he  e l ec t rode  is w e t t e d  w i t h  electro-  
lyte. I den t i ca l  t r a n s i e n t s  w o u l d  h a v e  b e e n  o b s e r v e d  i f  t he  
in te r io r  were  also w e t t e d  a n d  the  d i f fus ion  coeff ic ient  
we re  c o r r e s p o n d i n g l y  smal ler ,  as d e t e r m i n e d  b y  A~/Foo = 
const .  As t h e  i n t e r io r  su r face  is 2000 t i m e s  la rger  t h a n  t he  
p ro j ec t ed  area,  t he  d i f fus ion  coef f icent  w o u l d  t h e n  h a v e  
a va lue  of  on ly  1.4 • 10 - ' s  cm~/s. B a s e d  u p o n  t h e  capaci-  
t ance  m e a s u r e m e n t s ,  we  r e g a r d  th i s  case  as inapp l icab le .  

The  d o m i n a n t  i n f luence  w h i c h  d i f fe ren t  degrees  of  
we t t i ng  of t he  la rge  in te r io r  su r face  of p o l y a c e t y l e n e  obvi-  
ous ly  h a v e  on  t he  m a g n i t u d e  of t h e  d i f fus ion  coef- 
f icients,  as d e t e r m i n e d  f rom t r a n s i e n t  m e a s u r e m e n t s ,  
m a k e  it m a n d a t o r y  to e s t a b l i s h  t h e  d e g r e e  of  w e t t i ng  in- 
d e p e n d e n t l y .  The  fac t  t h a t  th i s  h a s  no t  b e e n  done  in pre-  
v ious  s tud ie s  m a y  exp la in  t h e  large  d i s c r e p a n c i e s  in  t he  
va lues  of d i f fus ion  coeff ic ients  r e p o r t e d  by  d i f fe ren t  
au thors .  

Severa l  g r o u p s  (12-16) h a v e  s t ud i ed  t he  d i f fus ion  of  t he  
p - d o p a n t s  I a n d  C1Q in  po lyace ty lene .  By  m e a s u r i n g  t he  
I2 a b s o r p t i o n  a n d  d e s o r p t i o n  f rom ve ry  d i lu te  so lu t ions  of  
Iz in  p e n t a n e ,  " m a c r o s c o p i c "  d i f fus ion  coeff ic ients  in  t he  
r a n g e  f rom 2,1 • 10 -j~ to 2.8 • 10 -3 cm~/s were  deter-  
m i n e d  (12), as  r e l a t ed  to t he  p r o j e c t e d  po lyace ty le r te  f i lm 
area. T h e s e  va lues  do no t  reflect  t he  i n h e r e n t  d i f fus ion  
coeff ic ient  of  I in  p o l y a c e t y l e n e  as t h e y  con t a i n  t he  ef- 
fects  of  t he  fas t  d i f fus ion  (10-5 cm3/s) of  I2 t h r o u g h  the  so- 
l u t i on  t h a t  ha s  p e n e t r a t e d  b e t w e e n  t he  f ibers  (inter- 
f ibri l lar  d i f fus ion)  (13). In  good  a g r e e m e n t  w i th  t he  
p r e s e n t  s tudy ,  a va lue  of  3 • 10 -'3-' cm~/s was  la te r  re- 
p o r t e d  by  t he  s a m e  g roup  (15) on  t he  bas i s  of m i c r o w a v e  
m e a s u r e m e n t s  of  t he  e lec t r ica l  c o n d u c t i v i t y  of  I -doped  
po lyace ty lene .  This  s t u d y  p o i n t e d  ou t  t he  n e e d  of 
avo id ing  fas t  I~ t r a n s p o r t  t h r o u g h  t he  in te r f ibr i l l a r  vo id  
space.  The  la rge  v a l u e  of 1.5 • 10" cm2/s r e p o r t e d  for  I dif- 
fus ion  in po ]yace ty l ene  on  t he  bas i s  of  shor t - c i r cu i t  cur-  
r e n t  decay  m e a s u r e m e n t s  on  a sol id e lec t ro ly te  cell (14) 
m a y  h a v e  b e e n  a f fec ted  b y  fas t  in te r f ibr i ] la r  I~ t r anspo r t ,  
pos s ib ly  in t he  gas  phase ,  as no  l iqu id  e lec t ro ly te  was  be- 
ing  used.  

K a u f m a n  et al. (16) e s t i m a t e d  d i f fus ion  coeff ic ients  in  
t he  o rde r  of  4 • 10 -~8 cm2/s for  b o t h  C]O4 a n d  Li, b a s e d  
u p o n  open -c i r cu i t  vo l t age  decay  m e a s u r e m e n t s  fo l lowing  
c h a r g i n g  in LiC104-  p r o p y l e n e  c a r b o n a t e  electrolyte.  
C o m p l e t e  we t t i ng  of  t he  in te r io r  su r face  h a d  b e e n  as- 
s u m e d  to a r r ive  at  s u c h  low, n u m b e r s .  I f  one  a s s u m e s  
we t t i ng  of  t he  ex t e r io r  su r face  on ly  (17), t h e n  t he  da ta  
yie ld  a va lue  of  10 -r-' cm~/s, in  good  a g r e e m e n t  wi th  t he  
va lue  of 3 • 10-'2 cm2/s d e t e r m i n e d  in  th i s  paper .  

O the r  s tud ies  of  Li  d i f fus ion  in  po lyace ty ]ene  give 
va lues  of  10 TM cm'-'/s a t  83~ (18) a n d  2 • 10 - '7 cm'-'/s (19). 
The  f o r m e r  v a l u e  was  d e t e r m i n e d  f rom t h e  open -c i r cu i t  
po ten t i a l  r e c o v e r y  of  L i -doped  p o l y a c e t y l e n e  a f te r  charg-  
ing of  a sol id p o l y m e r  e lec t ro ly te  b a t t e r y  (18). E S R  resu l t s  
of  Li a b s o r p t i o n  f rom so lu t ions  of  Li  b e n z o p h e n o n e  in 
T H F  are i n t e r p r e t e d  in t e r m s  of  a n  in te r f ib r i l l a r  d i f fus ion  
coeff ic ient  of 10 -9 cm2/s a n d  a n  in t r in s i c  in t ra f ibr i l l a r  
d i f fus ion  coeff ic ient  of  2 • 10 - '7 cm~/s (19). 

Kinet ics  o f  interface react ion . - -Doping a n d  u n d o p i n g  
r equ i r e  t he  t r a n s f e r  of BF4-  ions  f rom t he  o rgan ic  solu- 
t ion  p h a s e  to t h e  sol id  p o l y a c e t y l e n e  p h a s e  a n d  vice 
versa .  I t  is l ike ly  t h a t  the  t r a n s f e r  of  a n  e l ec t ron  f rom the  
ion  to t he  p o l y m e r  cha in  occurs  at  t he  interface.  This  ex- 
p e c t a t i o n  de r ives  f rom t he  h i g h  e l ec t ron ic  c o n d u c t i v i t y  of  
p o l y a c e t y l e n e  w h e n  d o p e d  w i th  d o p a n t  levels  e x c e e d i n g  
the  i n s u l a t o r - m e t a l  t r a n s i t i o n  t h r e s h o l d  (4-6). T he  d o p a n t  
c o n c e n t r a t i o n s  e m p l o y e d  in  th i s  s t u d y  are  wel l  in to  t he  
s e m i m e t a l  c o n d u c t i o n  state.  T he  ra te  of  t he  cha rge  t rans-  
fer  r eac tmn ,  as e x p r e s s e d  by  the  e x c h a n g e  c u r r e n t  den-  
sity, io, c an  be  d e t e r m i n e d  f rom the  n vs. k i t  t r a n s i e n t s  
s h o w n  in  Fig. 8 a n d  9. B a s e d  on  Eq.  [10], t he  i n t e r c e p t  of  
the  e x t r a p o l a t e d  s t r a igh t  l ines  w i t h  t he  axis  x/}- = 0 is pro- 
po r t iona l  to i/io, so t h a t  for  a n y  a p p l i e d  i t h e  e x c h a n g e  

c u r r e n t  dens i t y  io c a n  be  d e t e r m i n e d .  We find an  ave rage  
va lue  of io = 8 x 10 -~ A /cm 2 f r o m  b o t h  ca thod ic  a n d  
anod ic  t r a n s i e n t s  for  a BF4-  c o n c e n t r a t i o n  of 4.6 x 103 
molJcm 3 a n d  a BF4 d o p a n t  c o n c e n t r a t i o n  of 3.1 x 10 -3 
m o l / c m  3. T h e  v a l u e  of io is r e f e r r ed  to t he  p ro jec t ed  area 
of  t he  p o l y a c e t y l e n e  e lec t rode ,  c o n s i s t e n t  w i t h  t he  d o u b l e  
layer  c a p a c i t a n c e  a n d  the  d i f fus ion  coefficient .  

The observed exchange current density of the reaction 
(CH)x + BF4- = (CH)~BF4 + e- on polyaeetylene is com- 
parable to values of io for simple one-electron redox reac- 
tions on inert metal electrodes. Thus, values for the reac- 
tions TP § = Ti 4+ + e-, Ce 3§ = Ce 4~ + e-, and Mn 2~ = Mn 3~ + 
e- are 3 • 10 -4 (30), 2 • 10 -4 (31), and 2 • i0 -~ A/cm 3 (32), 
respectively, for concentrations of the redo• species of 
the order of i0-5-i0 -3 mol/cm 3. Similar features between 
redox reactions and doping-undoping reactions of poly- 
acetylene pertain to the diffusion of oxidized and reduced 
species, both present in a large possible concentration 
range. It is recognized, however, that the transfer of spe- 
cies from a liquid electrolyte into a solid polymer of crys- 
talline nature constitutes a major difference from a true 
redox reaction. 

The anodic transfer coefficient a of the reaction cannot 
be determined from the 7-x~-transients in Fig. 8 and 9 
since ~ does not occur in Eq. [i0] owing to the 
linearization of the exponential terms in Eq. [3]. However, 

can be determined from an appropriate solution of the 
equations valid for large values of 7; the solution in this 
case (33) is 

RT 
~1 = ~ [In(i/to) + ln(1 + x/}~)] [12] 

w h e r e  
r = (r#4)DoF"c'2/i3 [13] 

The  a n o d i c  t r a n s f e r  coeff ic ient  is d e t e r m i n e d  f rom a p lo t  
of 7 vs. log (1 + x / t~ )  w h i c h  s h o u l d  yie ld  a s t r a igh t  l ine  
w i t h  s lope  p r o p o r t i o n a l  to  1/a. F i g u r e  10 s h o w s  t h a t  a 
s t r a igh t  l ine  is i n d e e d  ob ta ined ,  a n d  a va lue  of ~ = 0.19 is 
d e t e r m i n e d  f r o m  the  slope. The  da ta  in Fig. 10 are t h e  
same  as t h o s e  in Fig. 9 for  i = 0.5 mA/cm'-'. In  the  l a t t e r  
figure,  t he  da ta  dev ia te  f r o m  s t r a igh t  l ine  b e h a v i o r  for  
large  V s ince  a p p l i c a t i o n  of Eq. [10] is i n a p p r o p r i a t e  for  
large  7. 

The  anod ic  t r a n s f e r  coeff ic ient  is qu i t e  small ,  m e a n i n g  
t ha t  t he  e n e r g y  ba r r i e r  for c h a r g e  t r a n s f e r  is qu i t e  a sym-  
met r ica l ,  f avo r ing  t he  a n o d i c  d o p i n g  r eac t ion  wh i l e  
i m p e d i n g  t he  c a t h o d i c  u n d o p i n g .  A s y m m e t r y  of  t he  
e n e r g y  ba r r i e r  to t he  e x t e n t  f o u n d  h e r e  is no t  unusua l ,  
however .  Va lues  for  (1 - ~) of  0.25 a n d  0.28 h a v e  b e e n  ob- 
s e rved  in t he  r eac t i ons  Ce 3. = Ce 4. + e -  a n d  M n  2+ = M n  3. 
+ e - ,  r e s p e c t i v e l y  (31, 32). 

The  c o n c e n t r a t i o n - i n d e p e n d e n t  ra te  c o n s t a n t  k c an  b e  
d e t e r m i n e d  f rom the  e x c h a n g e  c u r r e n t  dens i t y  io w i t h  a 
k n o w l e d g e  of  ~ a n d  of  t he  c o n c e n t r a t i o n s  oco a n d  oc,. The  
va lue  c o m p u t e d  f rom Eq. [5] is 2.5 • 10 -'~ cm/s.  
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Conclusions 
Application of an electrode kinetic analysis involving 

semi-infinite linear diffusion, double layer capacitance 
charging, and charge transfer at the po]yacetylene/elec- 
trolyte interface has led to quantitative agreement with 
experimental results on the doping and undoping of 
polyacetylene with BF4 using controlled current pulses. 
The observed double layer capacitance, 11 ~F/cm ~ of pro- 
jected area, is a measure for the wetted surface area of the 
microporous fibrillar polyacetylene and shows that only 
the exterior surface is wetted with electrolyte. This 
justifies application of a semi-infinite linear diffusion 
model to determine the diffusion coefficient of the 
dopant BF4 in polyacetylene as 5.7 x 10 -1~ cmVs. Using 
studies which do not independently establish the wetted, 
electrochemically active surface area, one cannot arrive at 
a valid diffusion coefficient. Thus, if the erroneous as- 
sumption of complete wetting of the interior surface were 
made, the diffusion coefficient would have the exceed- 
ingly small value of 1.4 x 10 -1~ cm2/s. 

Even with the observed value of 5.7 x 10 -12 cm2/s, solid- 
state dopant diffusion is the rate-determining step in the 
charge and discharge of polyacetylene electrodes and ex- 
plains the known sluggishness of polyacetylene in at- 
taining steady-state potentials during charge, discharge, 
and open circuit. The rate of dopant transfer across the 
polyacetylene electrolyte interface is determined as 8 x 
10 -4 A/cm '2, equivalent to a rate constant of 2.5 x 10 -6 
cm2/s. Such values are comparable to those found for a 
variety of one-electron redox reactions on metals in aque- 
ous solutions. The anodic transfer coefficient is 0.19, cor- 
responding to a quite asymmetrical energy barrier that fa- 
vors p-doping or charging while impeding undoping or 
discharging. 
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A B S T R A C T  

The presen t  repor t  summar izes  the  pe r fo rmances  of  the  solid-state batteries us ing  a super ionic  conduc to r  as solid 
e lectrolyte  and po lyace ty lene  as e lec t rode  material .  Two types  of cells have  been  tested.  A first class uses the  mixed  
ionic solid RbAg4I~ toge ther  wi th  a s i lver  anode.  The  second one uses fi"-A1203, xNa20 toge ther  wi th  sod ium-doped  
(CH)~. Both  fulfill the  objec t ive  of  be ing  able to d ischarge  at r o o m  temperature .  In  addi t ion to the  usual  pe r fo rmances  
such as voltage,  current ,  capacity,  weight ,  shape, etc., we give the  resul ts  over  4 yr  of  invest igat ions  on the  discharge life 
and s torage life. Many pract ical  p r o b l e m s  have  been  encoun te red ,  especial ly  in t he  case of  the  sod ium-polyace ty lene  
battery.  They  are also reported,  as wel l  as some i m p r o v e m e n t s  made  dur ing that  per iod such  as encapsulat ion,  diffusion 
inhibi tors ,  and separa t ion  of  the  c o m p o n e n t s  unti l  the  first charge.  The  conclus ion  is that  polyace ty lene  is p roved  to be 
a useful  e lec t rode  mater ia l  in solid-state bat ter ies  at the  labora tory  level. The poss ible  fur ther  d e v e l o p m e n t  to reach the 
industr ia l  s tage is d iscussed  in te rms  of  l i fe t ime energy,  densi ty,  and cost. 

The conduc t ing  organic  po lymers  l ike po lyace ty lene  (1) 
or po lypa rapheny lene  (2) are a t t ract ing more  and more  in- 
terest  f rom the  bat tery,  energy  convers ion,  and energy 
storage industr ies .  Such  appl icat ions  have  been  pio- 
neered  by MacDia rmid  and his group wi th  the  d iscovery  
that  doped  po lyace ty lene  could  be used  as e lec t rode  ma- 
terial toge ther  wi th  an organic  solvent  to form an electro- 
chemica l  bat tery  (3). This fo l lowed the  pr ior  d iscovery  by 
the  same group  (4) that  (CH)x presen t s  a high electrical  
conduc t iv i ty  after  sui table doping  (5) by a n u m b e r  of  pos- 
sible foreign molecu les  (I~, AsF~, Na, K . . . .  ). Also, after 
this discovery,  we took interes t  in the  doping mecha-  
n isms of  po lyace ty lene  by  iod ine  us ing  radioact ive  tech- 
n iques  (6) as wel l  as p roposed  that  the  conduc t ing  organic 
po lymers  can be  used  also in sol id-state batteries (7) 
work ing  at room tempera ture .  At  the same time, Chiang 
(8) repor ted  an al l -polymeric  solid-state bat tery us ing 
both  polyace ty]ene  and po lye thy lene -ox ide  which  can op- 
erate above  60~ 

The doping  process  is essent ial  in all those  applications.  
In mos t  cases, doping  is even  achieved  dur ing  the charge 
of  the battery. A p iece  of  po lyace ty lene  a lone can easily 
be doped  f rom a vapor  source w h e n  the  dopant  is volat i le  
l ike iodine  (9) or ins ide  a l iquid solut ion l ike iodine in 
pentane  or sod ium-naph ta l ide  in T H F  (10). However ,  elec- 
t rochemica l  doping  deve loped  by Nigrey  et al. (11) is 
more  conven ien t  for e lec t rochemica l  appl icat ions as it 
gives a be t ter  control  of  the  concentra t ion.  Moreover ,  
e lec t rochemica l  doping  can serve as the  charge  i tself  (12, 
13). This  is the  case in the  solid-state bat ter ies  we have de- 
ve loped  (7) and  tha t  we  are descr ib ing  in the  present  pa- 
per  after 4 yr  of invest igat ion.  

Basic Principles 
A superionic conductor used as solid electrolyte is com- 

bined with a conducting polymer used as the cathode 
and/or the anode material. The polymer is doped by suita- 
ble impurities which enable the polymer to conduct elec- 
tricity and which will, at the same time, be the active ma- 
terial(s) of the electrochemical reaction. Until now, the 
choice has been limited to polyacetylene as for the elec- 
trode material. Because of its fibrillar morphology, it can 
absorb considerable amounts of active material. As for 
the solid electrolyte, we have set the objective that our 
cells should operate around the room temperature. This 
r e q u i r e m e n t  restr icts  the  choice of the  solid electrolytes  
exhib i t ing  a h igh  ionic conduct iv i ty  wi th  pract ical ly no 
electronic  conduc t iv i ty  at room t empera tu re  to (i) 
RbAg4I.~ (which can  be  used  even  s o m e w h a t  be low the  
phase  t ransi t ion at 27~ The conduc t iv i ty  is due  to the  
A g  + ions, or (it) beta-a lumina  such as fl"-A120~, xNa~O. The 
carrier here  is Na% Both  are used  in the  two types  of cells 
which  are cons idered  in the  p resen t  paper.  

The obvious  advan tage  of a solid-state bat tery is to pro- 
v ide  a wa te rp roof  component .  We found  it necessary  to 
encapsu la te  our  cells inside a resin coating. This  precau- 
t ion is par t icular ly  impor t an t  in the case of  the  sodium- 

doped  (CH)x anode  in order  to p reven t  oxida t ion  of  so- 
dium. Ano the r  crucial  feature of our  cells is possible  
s torage in the  uncha rged  state. The  po lymer  remains  
u n d o p e d  for any per iod  of  t ime,  over  years,  i f  required.  
Dur ing that  period,  obviously,  no degradat ion  due to 
chemica l  in te rac t ion  be tween  the  po lyace ty lene  and the  
dopan t  can occur.  It  is the  first charge which  by electrol- 
ysis decomposes  a part  of the  e lec t ro ly te  into the  prod- 
ucts  which  dope  by diffusion the  conduc t ing  polymer.  
After  this  stage, the  product(s) having  doped  the po lymer  
form the  act ive  mater ial  of the battery,  which  is t hen  
ready  to discharge.  The  s torage life of  the  bat tery is 
great ly increased.  

Materials Preparation 
Polyacetylene.--We have  used  po lyace ty lene  samples  

synthesized e i ther  by the group of  Schu~ at the  Univer-  
sity of  Montpe] l ier  (France) or in our  laboratory,  in both  
cases fo l lowing Shi rakawa ' s  method.  

In the  case of  the  sod ium battery,  the  po lyace ty lene  
film has to be  synthes ized  upon  the  surface of  the  alu- 
mina  itself. For  tha t  purpose,  the  a lumina  disks of  the bat- 
tery are in t roduced  in the  reactor.  The  catalyst  AlEt:J 
Ti(OBu)4 is sprayed  upon  one or two of the  main  surfaces 
so that  a (CH)~ film grows on the  solid electrolyte.  The 
th ickness  is then  a li t t le less than  10 tzm. 

The (CH)x ca thode  used  in the  silver or sod ium bat tery 
is p repared  separately.  Though  p repa red  at -70~ and 
therefore  in the  cis form, the  fur ther  use at room tempera-  
ture as wel l  as the doping process  induce  the  cis-trans 
i somer iza t ion  (14, 15). We have  tes ted  all sorts of  films of  
densi ty  vary ing  f rom 0.1 g-cm -3 up to the  a lmost  nomina l  
densi ty  with cor responding ly  largely var iab le  th icknesses  
in the  range 10-1000 ~m. One or more  films are intro- 
duced  in a Pascal  press  and compres sed  to a m a x i m u m  
pressure  of 5 • 10 ~ Pa. 

fl-Alumina.--We use the  fl"-alumina doped  wi th  Na20 
synthes ized  at Marcoussis  (France) by the Compagn ie  
G~n~rale d 'Elect r ic i t~  for the  expe r imen ta l  sodium-sul fur  
battery.  The h igh  ionic conduc t iv i ty  in this mater ial  is 
due to the  fast mot ion  of  the Na ~ ions. In  a separate  s tudy  
(16), the  mobi l i ty  and the  flux of s o d i u m  ions th rough  the  
a lumina  samples  were  measu red  by us ing  radioact ive 
Na-22 as a t racer  and a sect ioning technique .  This 
conf i rmed di rec t ly  the  expec ted  fast mobi l i ty  of sod ium 
which  was measured .  Even  at room tempera ture ,  the  re- 
s is tance of the  solid e lect rolyte  is only 100~. Disks 
(slightly bent) of  a th ickness  of  1 m m  and of  13 m m  diam 
are shaped f rom large f l-alumina tubes.  

RbAg4I=,.--The si lver  conduc t ing  e lec t ro lyte  is p repared  
by mix ing  s to ich iomet r ic  amount s  of  AgI  and RbI  to- 
ge ther  wi th  a small  p ropor t ion  of  si lver p o w d e r  in water.  
When a th ick  paste  is obtained,  the wate r  is evapora ted  by 
heat ing  at 120~ for 20h. The  dry pas te  is t hen  ground.  
The  resul t ing p o w d e r  is in t roduced  in a glass tube,  sealed 
under  vacuum,  hea ted  at 350~ for 20 rain and slowly 
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cooled down to room temperature. The electrolyte is then 
ground again and kept at 160~ under vacuum for 24h. ! 
After that preparation, the material is stored at 70~ under 
vacuum before use. The x-ray powder diffraction diagram c~ 
is in excellent agreement with the data reported by Geller i 
(17). The present mode of preparation of a-RbAg4I~ is in- o.5 
tended to prevent  moisture and thermal decomposition. 
Silver atoms are added in order to act as a getter for the 
iodine molecules, which tend to diffuse from the cathode 0.4 

to the anode through the electrolyte. 

S i l ve r  a n o d e . - - T h i n  powder of silver is mixed with o.3 
some graphite powder and pressed together as a disk of 
13 mm diam at a pressure of 2 • 108 Pa. The graphite is 
used to improve the electrical contacts. 0.2 

Silver Battery o.~ 
Cell a s s e m b l y . - - T h e  polyacetylene-silver battery is 

schematically shown in Fig. 1. It has a cylindrical form of 
13 mm diam and 2 mm thickness. It is prepared in a pres- 
sure chamber of that diameter in which are successively 
pressed the silver powder with a little graphite (anode), 
the electrolyte a-RbAg415 containing silver, the polyacety- 
lene, and finally the graphite. The electrical contacts are 
taken by metallic wires embedded inside the graphite. 
The whole element  is thereafter encapsulated inside an 
epoxide resin coating. 

Piles of, generally, three elements are prepared in the 
same way by successive pressing. A lead sheet separates 
adjacent elements to prevent iodine from diffusing from 
one to the next  element. They deliver a voltage of 2V. 

Though it is possible to start with a polyacetylene cath- 
ode already doped with iodine, the battery is generally as- 
sembled with pure polyacetylene. The polymer is later 
doped electrochemically i n  s i tu  by forcing a charge of 
electricity which creates a partial electrolysis of RbAg4I~ 
(18) according to the reaction 

2RbAg415 -~ Rb2AgI3 + 7Ag + 7/2 I2 [I] 

and the subsequent  doping of (CH)x 

(CH)~ + y/2 Ix --~ (CHIy)~ [II] 

The charge is proceeded at a constant current of, typi- 
cally, 10-~A. The electrolysis is adjusted to reach a doping 
level such that y = 0.2. For a typical mass of 20 mg of 
(CH)x, a charge of 28 Cb is needed, i.e., 8.2 • 10 -3 Ah, 
which is reached after 82h in the experimental  cells. 
Higher currents can be used to reduce the time of the 
charge. The cell becomes Ag/RbAg4IJ(CHI~)x ready to 
supply electricity. 

I n t e r n a l  r e s i s t a n c e . - - A  battery is allowed to discharge 
on loads varying from 1 to 10Kl. The current I and poten- 
tial U are measured immediately before any polarization 
occurs. A characteristic U vs. I curve is shown in Fig. 2. 
The internal resistance r is derived from Pouillet 's equa- 
tion: U = E - rI, where E is the electromotive force, that 
is from the slope of the straight line of Fig. 2. This param- 
eter changes from cell to cell in the range 10-4012. The ~v 
best cells are those where r is minimum. The summation 
of the separate resistances of the individual components 
gives a much lower value: the electrolyte disk whose area 
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Fig. 1. Prototype of the polyocetylene-silver battery. 1: Leads. 2: 
Silver point. 3: Graphite. 4: Silver. 5: RbAg41~. 6: CHx. 7: Resin coat- 
ing. 
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Fig. 2. Galvanostatic measurement of the voltage of a polyacety- 
lene-silver battery. R = 30D,, Eoc = 0.625V. Icc = 21 mA. 

and thickness are 1.3 cm ~ and 0.1 cm, respectively, con- 
tributes for less than 1~. The internal resistance of the 
doped (CH)~. has been measured in the same conditions, 
namely, inside its coating of resin. This was made possi- 
ble by a microwave technique which avoids using any 
electrode (19). Again, this contributes for less than l~l. 
Last, when both RbAgfl5 and (CH)~ are removed from the 
battery the overall resistance of all the leads and contacts 
is found to be about 1~. To conclude, the cell resistance is 
mainly due to the interfacial resistance, which depends 
on the pressing conditions. Nevertheless, it is quite ac- 
ceptable when compared to the dry batteries. 

EMF at  cons tan t  t e m p e r a t u r e . - - T h e  electromotive force 
depends on the temperature and on the iodine activity. 
The influence of this later parameter at the constant tem- 
perature of 30~ is shown in Fig. 3. The EMF E is mea- 
sured as a function of the concentration of iodine inside 
(CH)x and reported as E vs. y, y being the iodine content 
corresponding to the formula (CHIy)x, i.e., close to the 
mole fraction. E has been measured in three distinct 
ways: (i) in separate cells using chemically doped (CHI~) 
cathodes, (ii) in separate cells using electrochemically 
doped (CHIu) cathodes, and (iii) in the same cell with an 
original y = 0.07, allowed to partially discharge and mea- 
sured after 24h to reach the equilibrium value. 

The good agreement between the results is to be no- 
ticed, as it gives clear evidence that iodine formed by de- 
composition of RbAg~I~ smoothly diffuses into (CH)~ 
though it is pressed. 

The experimental  results on Fig. 3 also show that the 
EMF is E = 0.660V for y = 0.30 at 30~ This is quite simi- 
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Fig. 3. Influence of the iodine content y of the (CHly)~ cathode on 
the electromotive force at 30~ The data points correspond to chemi- 
cally doped (CHI,)~ cathodes (open circles), electrochemically doped 
cathodes (filled circles), and same cell after partial discharges (stars). 
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Fi 9. 4. Temperature dependence of the electromotive force of a 
polyacetylene-silver cell with y = 0.07. 

lar  to t he  v a l u e  o b s e r v e d  in  t he  O w e n s  b a t t e r y  (20), w h i c h  
u s e d  a c h a r g e  t r a n s f e r  c o m p l e x  i n s t e a d  of  t he  pres-  
en t  c o n d u c t i n g  po lymer .  This  v a l u e  c o m p a r e s  wel l  w i t h  
t he  EMF a s s o c i a t e d  wi th  t he  r e a c t i o n  Ag § 1/2 I~ --, AgI  
w h i c h  w o u l d  h a v e  g iven  f rom N e r n s t  e q u a t i o n  a n d  the  
s t a n d a r d  free  e n e r g y  of  f o r m a t i o n  of AgI:  E '~ = 0.687V. 
The  e lec t ro ly te  w o u l d  serve  solely as an  i ne r t  e lec t ro ly te  
(21). Th i s  w o u l d  also m e a n  t h a t  t he  e f fec t ive  r e a c t a n t  is io- 
dine,  e i t h e r  phys i ca l l y  a d s o r b e d  at  t he  su r face  of t he  
fibrils of  (CH)x (and  weak ly  b o n d e d )  or e v e n  as i od ine  gas  
p r e s e n t  in  t h e  po re s  of the  in te r f ib r i l l a r  space  a n d  in  
e q u i l i b r i u m  wi th  t he  i od ine  of  t he  fibrils.  

However ,  one  m a y  c o n s i d e r  a c o m p l e t e  cha rge  t r a n s f e r  
b e t w e e n  I., a n d  (CH)~, w h i c h  s h o u l d  be  t h e n  w r i t t e n  as 
[(CH) ~+ (I-),]x or [(CH) y+ (I..~-),]~. T he  ca thod ic  r eac t i on  
would  t h e n  be  t he  r e d u c t i o n  (CH).~. + + e -  ~ (CH)x; t he  io- 
d ide  (or po ly iod ide)  ion  w o u l d  p lay  at  t he  s a m e  t i m e  t he  
role of  a coun t e r i on .  But ,  t a k i n g  t he  r e d u c t i o n  po t en t i a l  of  
(CH)~ as m e a s u r e d  by  S h a c k l e t t e  et al. (22) wou ld  give a 
m u c h  h i g h e r  EMF.  I t  m i g h t  also b e  s u p p o s e d  tha t ,  in  t h a t  
case, t he  e lec t ro ly te  w o u l d  be  d e c o m p o s e d  a n d  t h a t  one  
w o u l d  t h e n  o b s e r v e  the  d e c o m p o s i t i o n  po t en t i a l  of 
RbAg415 a c c o r d i n g  to r eac t i on  [I], w h i c h  is ve ry  close to 
the  d e c o m p o s i t i o n  po t en t i a l  of  AgI  at  27~ 

In f luence  o f  t e m p e r a t u r e . - - T h e  i n f luence  of t e m p e r a -  
tu re  has  b e e n  carefu l ly  m e a s u r e d  in o rde r  to d e t e r m i n e  as 
accu ra t e ly  as p o s s i b l e  the  t h e r m o d y n a m i c  p a r a m e t e r s  en- 
tha lpy ,  en t ropy ,  a n d  free  ene rgy  of  t he  e l e c t r ochemica l  re- 
act ion.  As E d e p e n d s  b o t h  on  t e m p e r a t u r e  0 a n d  iod ine  
c o n t e n t  y, t he  open -c i r cu i t  vo l tage  was  m e a s u r e d  as a 
f u n c t i o n  of  t e m p e r a t u r e  in  s e v e n  cells for  va r ious  y rang-  
ing  f rom y = 0.053 to y = 0.21 in  t he  t e m p e r a t u r e  r a n g e  
- 3 0  ~ ~< 0 ~< + 30~ T he  da ta  E vs. 0 (Fig. 4) s h o w  the  ex- 
p e c t e d  s t r a igh t  l ine.  T he  e n t h a ] p y  a n d  e n t r o p y  are de- 
r ived  f rom t h e  e q u a t i o n s  

AH = - F I E  - T(~E/aT)] 

AS = F(OE/aT) 

The  va lues  for AH a n d  ,iS r e p o r t e d  in Tab le  I i nd i ca t e  a 
c o n t i n u o u s  d e c r e a s e  of  AH a n d  AS as y increases .  They  
are to be  c o m p a r e d  w i th  t he  p a r a m e t e r s  of t he  r eac t ion  

A g c , +  1/2 I~s ~ --, AgI,~ [III] 

w h i c h  at 30~ are h H  = -14.91 kca l -mol  ~, AS = 3.14 
cal /K-~-mol  -~, AG = -15 .86  kca l -mo]  -~, g iv ing  E = - A G / F  
= 0.687V. As a m a t t e r  of fact,  t he  Ag/I2 b a t t e r y  u s ing  p u r e  
solid iod ine  (in e q u i l i b r i u m  wi th  i ts  vapor )  at  t he  c a t h o d e  
w i t h o u t  (CH)~ or any  o the r  cha rge  t r a n s f e r  c o m p l e x  does  
give E = 0.687V (23). M a k i n g  t he  a s s u m p t i o n  of  Owens  
(21) t h a t  t he  e lec t ro ly te  RbAg4I~ p lays  no  e l ec t rochemica l  
role in  t h e  d i s c h a r g e  w h i c h  s h o u l d  t h u s  b e  w r i t t e n  as 

Ag + (CHIv)j. -~ AgI  + (CH)~ [IV] 

t he  d i f f e rence  b e t w e e n  the  r eac t i ons  [III] a n d  [IV] is t he  
r eac t i on  of  f ixa t ion  of  iod ine  on  t he  fibri ls  (namely ,  reac- 
t ion  [II]). Th i s  a l lows  e s t i m a t i o n  of t he  t h e r m o d y n a m i c  
p a r a m e t e r s  of t he  a b s o r p t i o n  process .  For  y = 0.07 a n d  0 
= 25~ one  ob t a in s  i S  = 0.74 c a l - K - l - m o l  -~ a n d  h H  = 
-1 .84  kca l -mol  -~ (i.e., 0.08 eV). One  w o u l d  c o n c l u d e  t h a t  
the  d o p i n g  b y  iod ine  is a n  e x o e n e r g e t i c  process ,  as i t  
m i g h t  have  b e e n  expec t ed ,  b u t  on ly  sl ightly.  In  o the r  
words ,  t h e  i n t e r a c t i o n  s eems  to b e  qu i t e  weak.  

In f luence  o f  the iod ine  c o n t e n t . - - T h e  i n f luence  of  t he  
iod ine  c o n t e n t  y on  E (Fig. 3) is d i f f icul t  to in te rp re t .  
T h e r e  are  no  real  success ive  s teps  as one  w o u l d  h a v e  ex- 
p e c t e d  f rom the  s t r u c t u r e  s tud ies  of B a u g h m a n  et al. (24), 
w h o  a s s u m e  a n u m b e r  of  success ive  i n t e r ca l a t ed  layers  
for g iven  va lues  of  y = 0.056-0.079-0.13-0.20-0.39 (first, sec- 
ond,  a n d  t h i r d  s tages  w i th  full  a n d  half-f i l led planes) .  A 
pos s ib l e  e x p l a n a t i o n  w o u l d  invo lve  t he  e x p e r i m e n t a l  con- 
d i t ions  a n d  t he  fact  t h a t  e q u i l i b r i u m  is no t  r e a c h e d  so 
t h a t  t he  i n t e r c a l a t e d  c o m p o u n d  was  no t  g iven  e n o u g h  
t ime  to be  fo rmed .  To avoid  th is ,  t h e  m e a s u r e m e n t s  are  
sepa ra t ed  b y  at  l eas t  two days. S u c h  a long  t ime  was  also 
f o u n d  n e c e s s a r y  for d o p i n g  by  C104- (25). This  pe r iod  
w o u l d  c o r r e s p o n d  to the  t i m e  n e c e s s a r y  for  t he  d o p a n t  to 
r e a c h  t he  c e n t e r  of  t he  fibril. A n y  e s t i m a t i o n  of th i s  t i m e  
r equ i r e s  k n o w l e d g e  of t he  d i f fus ion  coefficient .  The re  is 
some  d i s c u s s i o n  in the  l i t e ra tu re  d e p e n d i n g  on  the  
m e t h o d  of m e a s u r e m e n t .  The  overa l l  d i f fus ion  coeffi- 
c ien t  a s s u m i n g  (CH)x as a b u l k  ma te r i a l  is obv ious ly  or- 
ders  of  m a g n i t u d e  l a rger  (see e.g., r e su l t s  s h o w n  in Fig. 
18) t h a n  t h e  m i c r o s c o p i c  d i f fus ion  coeff icient .  T a k i n g  a 
cy l indr ica l  f ibri l  of  r ad ius  r = 100~ a n d  t he  mic ro scop i c  
d i f fus ion  coeff ic ient  D - 5 • 10 -~s cm'-'-s - '  m e a s u r e d  w i th  
t r ace r s  (6), t he  d i f fus ion  t i m e  w o u l d  be  

r = r-'/5.78D ~ 10h 

One  can  c o n s i d e r  t h o s e  fibri ls  h o m o g e n e o u s l y  d o p e d  
af ter  a p p r o x i m a t e l y  5r, w h i c h  c o r r e s p o n d s  wel l  to t he  
t i m e  in te rva l  of 2 days  b e t w e e n  t he  m e a s u r e m e n t s .  

The  e x p e r i m e n t a l  d e p e n d e n c e  E vs. y fol lows a logar i th-  
mic  fo rm s h o w n  in  Fig. 5. In  fact  two r a n g e s  are obse rved .  
For  y < 0.08, t he  r e su l t s  are d e s c r i b e d  by  t he  empi r i ca l  
e q u a t i o n  

E = 0.515 • 0.12 log y 

Th i s  reca l l s  t he  N e r n s t  e q u a t i o n  E = E ~ + 0.06 log C 
t h o u g h  t he  coeff ic ient  is far f rom the  theo re t i ca l  va lue  of  
0.060 at  30~ T h e  s a m e  empi r i ca l  d e p e n d e n c e  was  ob- 
s e rved  for d o p i n g  b y  C104- by  K a n e t o  et al. (25) w i t h  an  
even  h i g h e r  coeff icient :  E = 3.43 + 0.32 log y. S h a c k l e t t e  
et al. (22) also o b s e r v e  a d e p a r t u r e  f rom N e r n s t  e q u a t i o n  
(for l i t h i u m  a n d  sod ium)  w i th  a p l a t eau  in t he  r a n g e  y = 
0.01-0.05. 

Discharge  a t  cons tan t  cu r ren t  . - -Cel ls  k e p t  in  a 
t h e r m o s t a t  are  le t  to d i scha rge  w i t h  a ga lvanos ta t ,  whi le  
the  vo l tage  is r e c o r d e d  w i t h  a h i g h  i m p e d a n c e  se tup .  A 
c o m p l e t e  d i s c h a r g e  at  I = 66 • 10-~A is s h o w n  in Fig. 6. 
One no t i ce s  t h e  good  s tab i l i ty  un t i l  t h e  f inal  d rop  w h i c h  

Table I. Entropy and enthalpy change in the electrochemical reaction of the polyacetylene-silver battery 

y 5.3 5.7 7.09 7.78 7.85 8.02 21 
tx 100) 

AS 5.22 4.85 3.88 3.60 2.88 2.79 1.57 
(cal-K-'-moI-') 

~H 12.32 -12.51 -13.07 -13.26 -13.49 -13.55 -14.44 
(kcal-moI -t) 
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Fig. 5. Semilogarithmic representation of E vs. log y 

quantitatively corresponds to the full consumption of io- 
dine. In other words, the Faraday efficiency for relatively 
low currents approaches unity. It seriously diminishes 
over 100 ~A. Figure 7 shows the voltage as a function of 
capacity in milliampere-hours. The cell is charged at the 
constant current I = 0.25 • 10-'~A (the corresponding volt- 
age being also shown) and then let to full discharge. Re- 
sults for I = 0.4 and 0.6 • 10-~A are shown. The Faraday 
efficiency subsequently drops down to 80 and 54%, re- 
spectively. 

The energy efficiency is also calculated as the ratio 
WJWc, with 

W c = I c f U e d t  

and 

W~ = Id ~ Ud dt 

with Uc and Ud being the voltages during the charge and 
discharge. The respective energy efficiencies are 60 and 
43% and continuously decrease with increasing current. 

Charge-discharge cycles.--We have investigated the re- 
versibility of the cell to determine to which extent it 
could be considered as a rechargeable or secondary bat- 
tery. Two sets of tests have been performed. 

Partial discharge.--A cell having a capacity of 5 mAh was 
submitted to sequences of partial charges and discharges 
of 6 rain each. This was done at the constant temperature 

V 
volt 

I I I I ) / ~  
2 0  4 0  6 0  8 0  hoursmO 

Fig. 6. Full discharge as a function of time of a polyacetylene-silver 
cell at I = 66 • 10-4A and 30~ 

V 
volt~ 

1.0,  

0.5, ~ 

I , 
1 S mAh 

Fig. 7. Full discharges as a function of capaclty of a polyacetylene- 
silver cell at higher currents: 4 • I 0 - 4 A  (a) and 6 • I 0 -4A  (b). The 
charge (dotted line) is made a t /  = 2.S • 10-4A. 

0 = 30~ and for various values of the current kept con- 
stant with a galvanostat. This corresponds approximately 
to 2% of the capacity (full charge). This is shown on Fig. 8 
for several currents (0.5, 0.76, and 1.52 mA) and two com- 
plete cycles. One observes the good behavior of the cell: 
reproducibility in the cycles, almost uniform voltage, and 
small polarization. However, for higher current, > 3 mA 
(Fig. 9), the voltage dramatically drops down and the cy- 
cles are no longer reproducible. We have therefore used 1 
mA for the systematic tests; then, the good 
reproducibility is obtained over only 100 cycles. It is be- 
lieved that the partial electrolysis of RbAg41~ during the 
charge gives Rb2AgI3, which is a very poor conductor (26) 
and, in addition, is not fully decomposed to regenerate 
the electrolyte during the charge. 

Full discharge.--The reversibiliW was also tested for com- 
plete discharge cycles using smaller currents, typically 0.1 
mA. A perfect reproducibility is observed for the first cy- 
cles with an excellent efficiency. Unfortunately, this is 
not the case after a score of cycles. The cells contain lg  of 
electrolyte, and each full charge corresponds to the elec- 
trolysis of about 5% of RbAg4I~. Therefore, after 20 cycles 
the complete amount  of electrolyte would have suffered 
decomposition. The fact that the cell does not operate aft- 
erwards proves that the decomposition is not reversible. 

To conclude these tests, the polyacetylene-iodine cath- 
ode seems to provide an efficient reversible electrode. 
However the duration of the cell is l imited by the lifetime 
of the electrolyte RbAg4I.~ ---> Rb.,AgI:~ which prevents its 
use as a real secondary battery. Some other electrolytes 
could be better in that respect, possibly silver 01~thophos - 
phate, Ag3PO4 or Ag~PO414 (27). 

Kinetics.--The kinetica] study of the discharge was also 
performed on the same cells containing approximately 10 
mg of CHx doped by a first charge for various values of y. 
In fact, the kinetics depend on the doping level. The cell 
is thereafter let to discharge on a resistance Oft) much 
smaller than the internal resistance so that the dis- 

,J 
r I c :o.s  ml ID : O.SSml 

"f I c : 0.7 �9 mt t D : D.~2 w 

>o Charge Decharge 

__2 
IIJ Ic : 1.S= mA I D : 1.6S mA 

T i m e  (Mn) 
Fig. 8. Partial charge-discharge cycles of a polyacetylene-silver cell 

for I = 0.S, 0.76, and i .$2 mA. 
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Fig. 9. Partial charge-discharge cycles for I = 3 mA 
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cha rge  is p rac t i ca l ly  a s h o r t  circuit .  T he  c u r r e n t  can  t h e n  
b e  r e c o r d e d  as a f u n c t i o n  of t i m e  (Fig. 10). The  ana ly t i ca l  
f o rm  of  I = f(t) d e p e n d s  on  y. F o r  y < 0.08, t he  c u r r e n t  
var ies  as 1/Vt, as s h o w n  in  Fig. 11. Th i s  b e h a v i o r  fol lows 
Cotrel l ' s  e q u a t i o n  ~(,.A) 

I = ZFSCo ~ [1] 20 

w h e r e  F is t h e  Fa raday ,  S t h e  area  of  t h e  in terface ,  Co t he  
c o n s t a n t  c o n c e n t r a t i o n  of iod ine  t h r o u g h o u t  t h e  elec- 
t rode ,  a n d  D t h e  d i f fus ion  coeff icient .  This  i nd ica t e s  t h a t  
the  l imi t ing  p r o c e s s  of t he  d i s c h a r g e  is t he  d i f fus ion  of  
the  ac t ive  spec ies  ( iodine) f rom t he  (CH)x c a t h o d e  t o w a r d s  
the  e l ec t rode /e l ec t ro ly te  in ter face ,  w h e r e  i t  reacts .  How- 
ever,  w h e n  y > 0.08, t h e  c u r r e n t  r e m a i n s  h i g h  for  the  first  
m i n u t e  (Fig. 12) a n d  t h e  t ime  v a r i a t i o n  depa r t s  f r o m  t -']~ 
(Fig. 13). S u c h  a c h a n g e  for t he  cr i t ical  va lue  of y = 0.08 is 
to be  c o n n e c t e d  w i th  t he  two d i f f e ren t  r eg i m es  o b s e r v e d  
for  E vs. y (Fig. 3 a n d  5) b e l o w  a n d  a b o v e  th i s  cri t ical  
value.  I t  favors  t h e  a s s u m p t i o n  of  an  i n t e r ca l a t ed  com-  
p o u n d  for y - 0.08. T he  k ine t i c s  of  t he  p h a s e  t r ans fo rma-  
t ion  wou ld  t h u s  be  a d d e d  to t he  overal l  k inet ics ,  a ccoun t -  
ing  for t he  re la t ive  s lowness  of the  k ine t i c s  ob- 
se rved  a b o v e  y = 0.08. 

In  o rde r  to de r ive  t he  d i f fus ion  coeff ic ient  D f r o m  Eq.  
[1], we  h a v e  c h o s e n  its d o m a i n  of  appl icab i l i ty ,  namely ,  y 
< 0.08. Cotre l l ' s  e q u a t i o n  con t a in s  t he  ini t ia l  cond i t i on  
t h a t  C = Co for  t = 0 a n d  t he  b o u n d a r y  c o n d i t i o n s  C = Co 15 1 
far f r o m  t h e  in t e r f ace  a n d  C = 0 at  t he  in te r face  x = 0. "~ 
This  c o n d i t i o n  can  be  c h e c k e d  by  m e a s u r i n g  the  c u r r e n t  I 
i m m e d i a t e l y  af te r  a p re se t  vo l tage  U wi th  a po ten t ios t a t .  
The  re su l t s  I vs. U are  s h o w n  on  Fig. 14. Whereas  for U > 
0.3V, the  c u r r e n t  d e p e n d s  on  t he  vol tage ,  I is a l m o s t  con- lc 
s t an t  for  U < 0.3V. This  c o r r e s p o n d s  to a c o n c e n t r a t i o n  of  
iod ine  C ~ 0 at  x = 0. T he  k ine t i c s  we re  d e t e r m i n e d  b y  

4 

111 

- - I  11 m Y  

t = l  

i i I i 
1 2 3 t (/Tin) 4 

Fig. 10. Short-circuit discharge of a polyacetylene-silver cell with 
initial y = 0.08�9 
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Fig. 11. Time dependence of the short-circuit current I vs, t - l j ~  

with  initial  y = 0 . 0 8 .  
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Fig. 12. Short-circuit discharge of a polyacetylene-silver cell with 
initial y = 0.12. 
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Fig. 13. Time dependence of the short-circuit current I vs. t - l r z  

with initial y = 0.12. 

fo l lowing  35 s h o r t  d i s c h a r g e s  on  a res i s to r  of  1~. The  
shor t -c i rcu i t  c u r r e n t  ( typical ly  a r o u n d  10 m A  for a cross  
sec t ion  of  1 c m  2) was  m e a s u r e d  b y  r e c o r d i n g  the  vo l tage  
d rop  b e t w e e n  t he  e n d s  of  t h a t  res i s tance .  This  m e t h o d  
gives p rac t i ca l ly  t he  s a m e  resu l t s  as t he  po ten t io s t a t i c  
m e t h o d  s ince  t he  vo l t age  r e m a i n s  ve ry  m u c h  smal l e r  t h a n  
0.3V a n d  t h e r e f o r e  t he  c u r r e n t  does  no t  d e p e n d  on  t he  
vol tage.  

A long  t i m e  (severa l  days)  is n e c e s s a r y  b e t w e e n  two 
success ive  d i s c h a r g e s  to get  t he  n e w  h o m o g e n i z a t i o n  of  
iod ine  in s ide  t h e  po lymer .  W h e n  t he  iod ine  c o n t e n t  Co 
was  s u p p o s e d  un i fo rm,  t he  n e x t  d i s c h a r g e  was  r e c o r d e d  
w h i c h  m a d e  Co (or y) to decrease .  Th i s  was  r epea t ed  35 
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Fig. 14. Potentiostatic measurement of the current of a polyacety- 
lene~ battery. 
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Fig. 15. Short-circuit current as a function of t -1/~ at constant tem- 
perature (30~ for the following iodine cathode contents: y = 0.058 
(circles), 0.047 (squares), 0.03 (filled triangles), and 0.014 (open tri- 
angles). 

t imes  unti l  Co - 0. S o m e  of the  resul ts  are shown in Fig. 
15. They all obey  the  t ime  d e p e n d e n c e  of Eq. [1]. The  
slope of the  s t ra ight  l ines should  thus  be  equal  to 

- YP ~/D/---~ [2] d(I) _ ZFSCo  ~/D/~r = F S  ~ - -  
d(t-,l~) 

where  p is the  specific mass  of  pressed  (CH)~ and M the  
mass of  a CH uni t  (13g). The  l inear  d e p e n d e n c e  of  tha t  
s lope a as a func t ion  of  y (Fig. 16) is in a g r e e m e n t  wi th  the  
theore t ica l  equat ion .  The diffusion coeff ic ient  de r ived  
f rom Eq. [2] is D = 1.5 • 10 -9 cm2-s -1 for that  cons tant  
t empe ra tu r e  of  30~ 

This resul t  compares  wel l  wi th  the  diffusion coefficient  
measu red  in the  desorp t ion  of  iod ine  out  of (CHIy)~ with  a 
radioact ive  t e c h n i q u e  (6). One must ,  however ,  emphas ize  
that  this  coeff ic ient  is not  the  di f fus ion coeff icient  of  Ix 
into the  crysta l l ine  part  of  (CH)x. It is the  overal l  coeffi- 
c ient  wh ich  in tegra tes  all the  p h e n o m e n a  invo lved  in the  
t ransfer  of  iod ine  f rom the  polymer :  intrafibri l lar  diffu- 
sion, diffusion in the  interf ibri l lar  spaces,  desorp t ion  
f rom the  surface, etc. I t  is s imply  no t ewor thy  that  a t racer  
t e c h n i q u e  and an e lec t rochemica l  m e t h o d  give independ-  
ently the  same result ,  also in a g r e e m e n t  wi th  the  overal l  
diffusion coeff ic ient  of  profiles measu red  wi th  the  elec- 
t ron mic rop robe  (28, 29). 

A c t i v a t i o n  e n e r g y  o f  d i f f u s i o n . - - T h e  same potent iosta-  
t ic m e a s u r e m e n t s  were  p e r f o r m e d  as a func t ion  of  tem- 
pera ture  in the  range  - 2 0  ~ to +40~ A b igger  cell wi th  33 
m g  of  (CH)x was init ial ly charged  at the  level  y = 0.06. The  
d i scharge  I = f i t )  was fol lowed for 10s at several  t empera-  
tures. B e t w e e n  two runs  the  t empe ra tu r e  was raised at 
30~ for 24h or  more  unti l  equ i l i b r ium was reached  again. 
The  l inear  d e p e n d e n c e  of  I vs.  t -'~2 is observed  for all the  
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Fig. 16. Influence of the iodine cathode content on the short-circuit 
current (plotted as the slopes of the straight lines such as those of Fig. 
15vs. y). 

t empera tu res  e x c e p t  40~ (Fig. 17), which  means  that  
above  30~ diffusion of iod ine  is no longer  the  only rate- 
control l ing mechan i sm.  The diffusion coeff icient  der ived  
f rom Eq. [2] is p lo t ted  on Fig. 18 as In D vs.  the  reciprocal  
tempera ture .  It  obeys  the  Arrhen ius  equa t ion  

D = 85 exp  (-0.607/kT) cm2-s - '  

The  relat ively large act ivat ion energy  of  0.607 eV proba- 
bly measures  the  energy  of  migra t ion  ins ide  the  fibrils, 
wh ich  wou ld  be the  ra te-control l ing mechan i sm.  

S e l f - d i s c h a r g e . - - T h e  main cause of self-discharge is the  
diffusion of  molecu la r  iod ine  t h roughou t  the  solid elec- 
trolyte. As a ma t t e r  of  fact, RbAg4I~ is unde r  the  form of a 
s intered powder  wh ich  al lows iod ine  to diffuse th rough  
the  pores  (21, 30). We adopted  the  r e m e d y  proposed  by 
Owens (20, 21), consis t ing in mix ing  a l i t t le si lver powder  
wi th  the  e lec t ro ly te  so that  the  escaping  iodine  wou ld  be  
t rapped  by the  si lver a toms encoun te r ed  ins ide  the  elec- 
t rolyte  to give si lver iodide. The  theore t ica l  equat ions  of  
this diffusion m e c h a n i s m  have  been  es tabl ished by 
Oldham and Owens  (21). We have  carr ied out  the experi-  
menta l  inves t iga t ion  of  the  diffusion of  iodine  into 
RbAg415 us ing  radioact ive  1-125. 

P ressed  pel le ts  of  RbAg415 are p repa red  wi th  the  main  
surface of  area equa l  to 0.75 cm ~, accura te ly  smoo thed  
with  a mic ro tome .  The  diffusion of  iod ine  is then  let  to 
occur  at cons tan t  tempera ture .  The iod ine  source  is a 
mix tu re  of  natural  and radioact ive  iodine  in a precisely 

* 40  "c * 

30  I r  ~. 30  "c  �9 - " * 

i 20  "C " * 

10 "C " '" 
0 "r , ' "  

- lO "c J *  

z o  o ~1  

l o  

Fig. 17. Short-circuit current as a function of t - ' ~  at constant io- 
dine content (y = 0 .06)  for the several temperatures indicated. 
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Fig. 18. Arrhenius plot of the overall diffusion coefficient of trans- 
fer of iodine in (CH)~,. 

k n o w n  ratio. The  c o n c e n t r a t i o n  of  i od ine  is t he rea f t e r  
read i ly  de r ived  f rom the  m e a s u r e m e n t  of  t he  radioac t iv-  
ity. Af te r  d i f fus ion ,  t he  s a m p l e  is s e c t i o n e d  w i th  a micro-  
t o m e  in para l le l  s ec t ions  of a t h i c k n e s s  usua l ly  equa l  to 20 
/~m. The  r ad ioac t i v i t y  due  to t he  g a m m a - r a y s  emi t t ed  by  
1-125 is m e a s u r e d  in each  sec t ion  w i t h  a n  a u t o m a t i c  coun-  
ter. As  a n  example ,  t he  d i f fus ion  prof i le  at  0 = -10~ is 
s h o w n  in  Fig. 19. T he  fo l lowing  c o n c l u s i o n s  are d rawn.  

1. The  c o n c e n t r a t i o n  at  t he  or ig in  is a b o u t  0.2 g-cm -3, 
a n d  th i s  va lue  is f o u n d  c o n s t a n t  in  t he  t e m p e r a t u r e  r a n g e  
- 2 0  ~ to +20~ Th i s  qu i t e  la rge  c o n c e n t r a t i o n  c o r r e s p o n d s  
a l m o s t  exac t ly  to t he  c o m p l e t e  fi l l ing of  t he  pores  be-  
t w e e n  t he  g ra ins  of t he  p r e s s e d  e lect rolyte .  T he  theore t i -  
cal dens i t y  of  RbAg415 is 5.38 g-cm -3. T he  m e a s u r e d  den-  
si ty of  our  s a m p l e s  is 5.23 g-cm -3, w h i c h  gives  a poros i ty  
of  3%. The  po re s  are t h e r e f o r e  filled at  the  in te r face  w i t h  
c o n d e n s e d  iod ine  w h i c h  di f fuses  f u r t h e r  in to  t he  crystal .  

2. The  in i t ia l  c o n d i t i o n  b e i n g  C~ _ 0~ = Co, one  w o u l d  ex-  
pec t  the  d i f fus ion  prof i le  to fo l low t h e  c o m p l e m e n t a r y  
e r ror  f u n c t i o n  C = Co [1 - e r f  (x/2 ~-D-t)]. In  fact, no  pro- 
file cou ld  b e  f i t ted w i th  th i s  equa t ion .  I t  was  t h e n  ex- 
a m i n e d  w h e t h e r  a r eac t ion  of  f ixa t ion  of  iod ine  is also oc- 
cu r ing  d u r i n g  t he  di f fus ion.  One  m i g h t  t h i n k  e i t h e r  of a 
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Fig. 19. Diffusion profile of I~ into a RbAg41~ pressed pellet at 
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r eac t ion  of c h e m i s o r p t i o n  or a l t e rna t ive ly  of a t rue  chemi-  
cal r eac t ion  l ike 

RbAg415 + I~ ~ RbI3 + 4AgI 

The  d i f fus ion  prof i le  wou ld  t h e n  b e  g i v e n  by  

C - Co exp  (-x~ffk/D) 

w h e r e  D is t h e  d i f fus ion  coeff ic ient  a n d  k t he  ra te  con-  
s t a n t  a s s u m i n g  t he  k ine t i c s  of  t h e  first  order .  Unfor tu -  
na te ly  t h e  f i t t ing was  no t  i m p r o v e d  b y  a large  ex ten t .  
The  d i f fus ion  m e c h a n i s m  r e m a i n s  to b e  c lear ly  eluci-  
da ted .  

3. B e c a u s e  of  t h e  poo r  qua l i ty  of t he  fi t t ing, only  a 
r o u g h  e s t i m a t i o n  of  D can  b e  made :  1O-.' < D < 10 -~ 
cm~-s - ' .  The  m o s t  i n t e r e s t i n g  fea tu re  is t h a t  D h a r d l y  de- 
p e n d s  on  t e m p e r a t u r e .  Th i s  c lear ly  con f i rms  t h a t  t he  
p e n e t r a t i o n  of i od ine  is no t  a so l id-s ta te  d i f fus ion  mecha -  
n i sm.  Ins tead ,  one  can  c o n c l u d e  t h a t  d i f fus ion  is con- 
t ro l l ed  b y  d i f fus ion  of  gaseous  iod ine  t h r o u g h  t he  pores ,  
fo l lowed by  s o m e  d i f fus ion  in to  t he  grains .  

The  gene ra l  c o n c l u s i o n  of  t h a t  s t u d y  was  t he  necess i ty  
of t he  p r o c e d u r e  u s e d  to p r e v e n t  se l f -discharge,  con- 
s i s t ing  in fi l l ing t he  pores  b y  s i lver  t h i n  par t ic les  w h i c h  
eff ic ient ly  t r ap  t he  iod ine  molecu les .  

Sodium Battery 
The  gene ra l  c o n c l u s i o n  a b o u t  t he  po lyace ty lene - s i lve r  

ba t t e ry  is t h a t  it is a good  sys tem,  at  l eas t  f r om the  elec- 
t r o c h e m i c a l  p o i n t  of  view. However ,  w h e n  c o m p a r e d  to 
t he  o the r  p r i m a r y  cells - -  pa r t i cu la r ly  t h a t  of Lec lanch~  - -  
i ts  e n e r g y  cos t  m a y  s e e m  too high.  I t  obv ious ly  c o m e s  to 
m i n d  t h a t  t he  s u b s t i t u t i o n  for s i lver  b y  an  alkal i  m e t a l  
w o u l d  dras t ica l ly  cu t  d o w n  th i s  cost.  As a m a t t e r  of  fact,  
s i lver  is a ve ry  h e a v y  a n d  ve ry  e x p e n s i v e  metal ,  w h i c h  en- 
ters  the  c o m p o s i t i o n  of  b o t h  the  a n o d e  a n d  t he  electro-  
lyte. So, a n o t h e r  p r o t o t y p e  p o l y a c e t y l e n e - s o d i u m  was  
s i m u l t a n e o u s l y  s tud ied .  S o d i u m  was  c h o s e n  b e c a u s e  of  
the  ava i lab i l i ty  of  t he  s o d i u m  ion  c o n d u c t i n g  solid elec- 
t rolyte ,  n a m e l y  be t a -a lumina .  Ch iang  (8) i nves t i ga t ed  t h e  
cell (CHNa,)x/PEO-NaI/(CHIu,)x a b o v e  60~ The  a d v a n -  
tage  of  f i -a lumina  is i ts  pos s ib l e  use  at  r o o m  t e m p e r a t u r e  
(31). L i t h i u m  w o u l d  give a n  e v e n  h i g h e r  e n e r g y  dens i ty ,  
b u t  un t i l  n o w  t h e r e  is no  sa t i s fac to ry  sol id e lec t ro ly te  
c o n d u c t i n g  by  t he  l i t h i u m  ions  at  r o o m  t e m p e r a t u r e .  So- 
d i u m  has  a l r eady  a d v a n t a g e s  over  s i lver  as t he  a n o d e  (1F 
for 23g i n s t e a d  of  130g) as wel l  as  t h e  e lec t ro ly te  (a m e m -  
b r a n e  of 0.2g can  b e  u s e d  i n s t ead  of  lg  of RbAg4Is). Last ,  
h i g h e r  vo l tages  are  e x p e c t e d  also c o n t r i b u t i n g  to increas-  
ing  t he  p o w e r  dens i ty .  

Cell Na/fl-Al.,O:~/(CHI,)x.--This cell  was  f o r m e d  b y  as- 
s e m b l i n g  t he  c a t h o d e  s h o w n  on  Fig. 20 w i th  p u r e  s o d i u m  
ins ide  t he  g love  b o x  in a r g o n  a t m o s p h e r e .  One  f inds  Vow. 
= 2 . 7 6 V a n d  I~. = 35 • 10-6A at  25~ 

F r o m  the  t ab les  of  t h e r m o d y n a m i c  cons t an t s ,  one  de- 
r ives  t he  G i b b s  free e n e r g y  of  f o r m a t i o n  of NaI  at  25~ of  
•176 = -69 .99  k c a l - m o l - '  a n d  h e n c e  the  s t a n d a r d  po- 
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Fig. 20. Solid-state electrochemical doping of polyacetylene. 1: 
Cathode. 2 and 5: Waterproof coatings of resin. 3: Polyacetylene. 4: 
fl"-AI20:~, xNa~O. 6: Sodium source. 7: Anode. 
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tent ial  associa ted  wi th  the  fo rmat ion  of  NaI: E ~ = 2.95V. 
The e l ec t romot ive  force of the  cell  wou ld  then  be  E = 2.95 
• 0.059 log a,, where  a, is the  ac t iv i ty  of  iodine  ins ide  
(CH)~. Tak ing  a, = 0.07 leads to E = 2.88V, so that  the  ex- 
pe r imenta l  E = 2.76V is well  accoun ted  for. However ,  the  
cell  cannot  keep  the  charge  for more  than  l h  because  we 
could  not p r even t  oxida t ion  of  sodium.  This  forced us to 
use (CH)~. on bo th  sides, i.e., at the  nega t ive  as well  as at 
the posi t ive  e lectrode.  

Preparation of the polyacetylene-sodium anode.--We 
have found  a s imple  and cheap m e t h o d  to dope  (CH)~ 
with  Na ins ide  a res in  coat ing so tha t  ox ida t ion  of  sod ium 
by air is p reven ted .  S o d i u m  is a l lowed to dope  the  film of  
pure  (CH)x by an e lec t rochemica l  m e t h o d  th rough  the  
solid e lec t ro ly te  l ike that  in Fig. 20. Severa l  sources  of  so- 
d i u m  were  tried: aqueous  solut ion of  NaOH, aqueous  so- 
lu t ion of  NaNO:~ in ethanol,  and solut ion of  NaI in 
N-methy lace tamide .  Electrolysis  is pe r fo rmed  at a con- 
stant voltage.  The  dependence  of the  current  on t ime  al- 
ways follows the  same  trend:  ve ry  smal l  current  dur ing 
the first hours  before  a s u d d e n  abrup t  rise. At first, it 
was a s sumed  tha t  the  current  is init ial ly l imi ted  by the  
high electr ical  res is tance of  the  u n d o p e d  (CHL.. After  a 
m i n i m u m  a m o u n t  of  sodium,  the  conduc t iv i ty  increases 
drastically, wh ich  accelerates  the  doping.  The  vol tage 
mus t  exceed  3V, which  is the  decompos i t i on  potent ia l  of  
NaI. Cracks can be observed  in the  a lumina  m e m b r a n e  
after some  use  of  the  battery.  We n o w  th ink  that  the  ini- 
tial s tage cor responds  to the  t ime  necessary  for the  cracks 
to form, propagate ,  and to be filled wi th  metal l ic  sodium,  
which  wou ld  even tua l ly  short-circui t  the  membrane .  

So, the  final goal is reached:  (CH)x can be  doped  by a 
solid-state e l ec t rochemica l  method ,  ins ide  a protect ing 
coat ing of  resin, which  provides  an efficient  and cheap 
m e t h o d  of  doping.  A m o n g  the  var ious  electrolyt ic  solu- 
tions, the  organic  solut ion of NaI in N-methy lace t amide  
gives the best  results.  The  aqueous  solut ions are to be 
avoided  because  they  damage  the  A120:~ e lect rolyte  more  
qu ick ly  and also the  subsequen t  gra in  boundary  diffusion 
of  water  molecu les  mus t  be  forbidden.  

Study of the (CHNa,)~/fl"-AI~O3/(CHI~,)~ battery.--One 
more  p r o b l e m  arose when,  after a s sembl ing  the  cell wi th  
a sod ium-doped  anode  and an iod ine-doped  cathode,  it 
was only poss ib le  to draw a very  small  current .  As a mat-  
ter  of  fact, the  in ternal  res is tance was > 10~t~ ins tead of  
the 1 0 ~  e x p e c t e d  with  this e lec t ro ly te  at 25~ The major  
part  of  the  res is tance  was supposed  to take  place in the  
anode/e lec t ro ly te  interface.  The  traces of  oxygen  or water  
molecu les  adsorbed  on the  fibrils wou ld  form a h ighly  re- 
s is t ive film of s o d i u m  oxide. A great  i m p r o v e m e n t  was 
found when,  ins tead  of a s sembly ing  the  (CH)x anode  and 
the e lec t ro lyte  as separa te  e lements ,  the  po lymer  was syn- 
thesized di rec t ly  upon  the  surface of the  be ta-a lumina  
membrane .  Finally,  the  measured  in ternal  res is tance is 
typical ly 10'~t2, still a large value,  bu t  p rov id ing  a more  ac- 
cep tab le  cur ren t  of  about  10-'~A. The m a x i m u m  short- 
circui t  cur ren t  of  ~10-'~A was obse rved  in a cell wh ich  
p resen ted  cracks. 

Two dif ferent  types  of  discharge curves  were  observed.  
The  first one is g iven  in Fig. 21. The  initial open-circui t  
vol tage reaches  2.94V, cor responding  exact ly  to format ion  
of  NaI. However ,  it rapidly decreases  d o w n  to 0.8V in a 
few hours  wi thou t  any cur ren t  hav ing  been  drawn. The 
examina t ion  of  such  cells revea led  cracks  th roughou t  the  
solid electrolyte.  The  cracks  therefore  a l lowed metal l ic  
sod ium to be fo rmed  dur ing the  charge,  bu t  at the  same 
t ime gave  an obvious  way  for the act ive species to diffuse 
and react  wi thou t  p roduc ing  electr ici ty.  This accounts  
both for the  h igh  init ial  open-ci rcui t  vol tage  and fast self- 
discharge.  The  second type  of  d ischarge  is more  interest-  
ing (Fig. 22): the  open-c i rcui t  vol tage  of 1.3V is lower  but  
pract ical ly s table over  several  days. The  short-circui t  cur- 
rent  is l imi ted  by the  internal  res is tance  of the  cell. Typi- 
cal va lues  of  20 t~A are found.  

In the  case of  the  e lec t rochemica l  dop ing  in an aqueous  
or organic  solution,  the  dopants  t ransfer  their  charges  and 
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Fig. 21, Open-circuit voltage of a CHNo~;ffl"-AI203/CHI ~ battery 
charged at high voltage. 

remain  in the po lymer  as s imple  counter ions  such as Na t 
or I:~- 

(CH)~ + Na ~ (CH)x-Na ~ 

at the nega t ive  electrode,  and 

(CH).~ + 1/2 I~ ~ ( C H ) j I -  

at the posi t ive  electrode.  
The fur ther  e lec t rochemica l  dop ing  would  thus be  sim- 

ply reduc t ion  of  (CH).r at the  anode  and ox ida t ion  of (CH)~ 
at the  cathode.  The  free energy  is the  sum of the  oxida- 
t ion and reduc t ion  energies,  which  theore t ica l ly  co inc ides  
wi th  the  energy  gap which  is 1.3V in (CHL. The electro- 
mot ive  force should  thus  be equal  to 1.3V (32), wh ich  is in 
good a g r e e m e n t  wi th  the  p resen t  resul ts  observed  w h e n  
the  t h e r m o d y n a m i c a l  equ i l ib r ium is reached.  It is note- 
wor thy  that  the  l iquid  state (CH)x bat ter ies  also give E = 
1.3V (32). 

Energy density.--As an examp]e,  the  bat tery  of initial 
compos i t ion  (CHNa0 ,)x/fl"-A120~, Na~O/(CHI0.,)~ and a volt-  
age of 1.3V has an energy  dens i ty  of  95 Wh/kg. The  weight  
of the  solid e lec t ro lyte  as well  as container ,  resin, and 
leads has obvious ly  to be taken  into account .  All these  
factors m a k e  the  energy  dens i ty  decrease  down  to 20 
Wh/kg. This is only  one-hal f  the ene rgy  dens i ty  of  the lead 
battery. S o m e  gain on the  weight  could  be  expec ted  by 
decreas ing  the  th ickness  of  the electrolyte,  increas ing  the  
doping level, subs t i tu t ion  of sod ium by l i th ium if a solid 
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1 

0 5() I00 150' 2()0 h . . . .  

Fig. 22. Open-circuit voltage of a CHNo~/fi"-AI20:JCHI~ battery 
charged at low voltage. 
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electrolyte conducting by the l i thium ions was discov- 
ered. Substi tut ion for iodine by a lighter acceptor impu- 
rity is also desired. 

Conclusion 
The present study has shown that polyacetylene can be 

used as the electrode material in solid-state batteries 
working at room temperature, at least in two prototypes 
at the laboratory level. The obvious question is will such 
polyacetylene solid-state batteries ever reach the indus- 
trial level? Some important steps have been made. 

1. A battery with pure (CH)x and a solid electrolyte can 
be stored for any period of time. A partial electrolysis of 
the solid electrolyte leads after solid-state electrochemical 
doping of the polymer to making the battery ready for use 
only when needed. The consequence is a very long life- 
time. 

2. It is vital to insure a good electrical contact between 
the polymeric electrodes and the solid electrolyte, for in- 
stance, by synthesizing the polymer directly on the solid 
electrolyte. 

However, there remain many improvements to achieve 
before one could hope to reach the commercial stage: 

1. The current density -10 -4 A-cm -~ restricts the possi- 
ble market to the supply of the electronic devices and liq- 
uid crystal displays. 

2. The energy cost has to be reduced: both the solid 
electrolytes used here are quite expensive, either because 
of the materials (Ag and Rb in RbAg4I~) or because of the 
high technology of Al~O3, xNa20. 

3. The energy density has to be increased. 
The final conclusion is that we have shown that poly- 

acetylene (or any other conducting polymer) solid-state 
batteries are promising. However, new solid electrolytes 
would be desired to improve the performances. 
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Heterojunction Photoelectrodes 
II. Electrochemistry at Tin-Doped Indium Oxide/Aqueous Electrolyte Interfaces 
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ABSTRACT 

Redox electrochemistry at Pt- and tin-doped indium oxide (ITO) electrodes was studied in a comparative manner in 
aqueous electrolytes. This study was prompted by the applicability of ITO thin films as corrosion inhibiting agents in 
photoelectrochemical systems. Cyclic vol tammetry and steady-state polarization measurements were used to probe the 
relative facility of charge transfer at the two electrode/electrolyte interfaces. The candidate redox systems were Fe(CN)~ 4-~3-, 
I-/I3_, and Fe 2.~'~, the latter in the presence and absence of C1- ion catalysts. The key finding of this study is that differ- 
ences in kinetic facility between Pt and ITO manifest to varying degrees, which depend critically on the intrinsic kinet- 
ics of the particular redox couple. 

A major obstacle confronting photoelectrochemical 
(PEC) methods of solar energy conversion is the procliv- 
ity of most narrow bandgap semiconductor  electrodes to 
corrosion and passivation. Corrosion is a particularly se- 
vere problem in aqueous electrolytes. Of the approaches 
considered thus far for protection of semiconductor  sur- 
faces, the strategy of using some type of overlayer or coat- 
ing has proved to be effective. The materials comprising 
such overlayers have been generally of three types: poly- 
mers, wide bandgap oxides, and metals (2). Early at- 
tempts to use oxides such as TiO~ did not yield encourag- 
ing results because of the relatively high resistivity of 
these materials and the consequent  need to use very thin 
layers (3). Such layers are prone to pinhole formation and 
electrolyte "undercut t ing" problems. Problems of similar 
nature occur with metal coatings, whose high optical ab- 
sorptivities require the use of very thin layers. 

Compounds such as heavily-doped SnO2 and In,203 in 
thin film form, however, are unique in that they combine 
good optical transparency to the visible spectrum with 
low electrical resistivity (4). The use of these materials as 
coatings for PEC electrodes, therefore, is not restricted to 
very thin layers and associated complications as with the 
materials discussed above. With this rationale in mind, 
electrode structures comprising Si and coated with Sn- 
doped In2Q (ITO) thin films were fabricated in previous 
studies in this laboratory (1). These electrodes have 
shown excellent  stability in aqueous media, even under  
testing conditions typical of a C1.2 containing ambient 
(1, 5). 

The juxtaposit ion of two interfaces, namely, semicon- 
ductor/surface layer and surface layer/redox electrolyte, 
in a heterojunction photoelectrode structure (cf. Fig. 1), 
alters the picture considerably from the classical semi- 
conductor/electrolyte case. As with the metal-filmed elec- 
trode structures considered by previous authors (6), the 
photovoltaic junct ion is already "built  in," for example, at 
the Si/ITO interface'  and the electrolyte ideally should 
not influence this electrostatic barrier. However, electro- 
chemical kinetics at the ITO/redox electrolyte interface 
should play a key role since the two interfaces are in 
series (cf. Fig. 1). This expectation is realized in terms of 
the vastly superior photoresponse of the p~Si/ITO hetero- 
junction photoelectrode in contact with the Fe(CN)64-~3- 
redox system, as compared to another redox couple with 
a virtually identical E ~ namely, the I-/I:3- system. Rele- 
vant data are presented in Fig. 2; they were culled from 

*Electrochemical Society Active Member. 
~Note that the Si/ITO junction characteristics are dependent 

on the method of its fabrication. For example, neutralized Ar ~- 
ion beam sputtering of ITO yields a rectifying barrier on p-Si 
and an ohmic contact on n-type Si. Just the opposite is observed 
when the ITO thin film is prepared by spray pyrolysis. This be- 
havior has been rationalized in terms of the formation of a dam- 
aged n-type Si layer just underneath the ITO during sputtering 
(i.e., a "buried" homojunction is induced) (7). In spite of this 
subtlety, the term "heterojunction photoelectrode" is retained 
here regardless of whether the substrate is n- or p-type. This is 
done merely for the sake of brevity. 

previous studies in this laboratory (1). The redox kinetics 
of Fe(CN)64-/3- on the ITO surface are obviously much 
better than in the case of the polyiodide couple, as also il- 
lustrated by steady-state (polarization) measurements on 
ITO electrodes (cf. Fig. 2). These aspects related to the 
electrochemistry at the ITO/redox electrolyte interface, 
are probed in more detail in this study, primarily via cy- 
clic voltammetry (CV). Three model redox 
couples--Fe(CN)64-/3-, I-/I3-, and Fe2~i3~--in suitable sup- 
porting electrolytes were chosen for this purpose. These 
new measurements were prompted by the sparsity of 
electrochemical data on conducting and transparent ox- 
ide surfaces in general, and on ITO in particular (see 
below). 

Electrochemistry of Conducting and Transparent Oxide 
Thin Films 

The majority of the literature data pertain to SnO~ and, 
as such, are summarized here, since these data also 
should be fairly indicative of the behavior to be expected 
from ITO. Early researchers stressed the advantages over 
Pt or Au in the use of thin film electrodes such as 
Sb:SnO2 in terms of high 02 overpotential and lack of sur- 
face oxidation phenomena (8). These advantages were 
utilized in later studies for anodic electroanalytical chem- 
istry (9). Particularly pertinent to the present work are 
studies from the same group (10) on the kinetics of model 
redox processes at Sb:SnO2 thin film electrodes. Interest- 
ingly enough, Pt  was used as the thin film substrate for 
these electrochemical studies. While highly doped (ND = 
--1020 cm -~) SnO2 specimens exhibited reversible behavior 
for Fe(CN)64-~3- and Fe(o-phen):~ ~/3~ (o-phen: o-phenan- 
throline) redox couples, the cyclic vol tammograms 
showed pronounced asymmetry for thin films of higher 
resistivity. This trend was interpreted in terms of the 
width of the space-charge region in Sb:SnO=, and its de- 
pendence on doping level. At high doping, the barrier be- 
comes transparent to the flow of electrons in either direc- 
tion, whereas at a value of ND equal to ca. 10'gcm -:~, the 
oxidation process becomes tunnel limited. Similar trends 

S Electrolyte 

Aluminum / \ ~ Indium Tin Oxide 
Ohmic contact p-Si 

semiconductor 
Fig. 1. Schematic of the p-Si/ITO heterojuncfion photoelectrode structure 
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Fig. 2. Steady-state current-voltage characteristics under solar illu- 
mination for a p-Si/ITO electrode in contact with (a) 0.5M Fe(CN)~ ~-/:~- 
and (b) 1M KI/O.O5M I~ redox couples. The corresponding electro- 
catalytic activity towards the respective redox couples (curves c and 
d) of an ITO thin film is superimposed on the photocharacteristics [cf. 
Ref. (1)]. (Reprinted with permission from the Journal of American 
Chemical Society, 105, 324 (1983). Copyright ( i 983) American Chemical 
Society.) 

are apparent for the Fe 2~3T redox process in a more recent 
study (11) on the photogalvanic applications of thin film 
SnO.2 electrodes. 

Similar irreversibility (relative to Pt) has been observed 
on SnO2 thin film electrodes in molten LiC1-KC1 eutectic 
towards 02- and C1- oxidation (12). In spite of this trend, 
however, the metal-like nature of these electrodes (in 
terms of their electrochemical behavior) toward a wide 
variety of redox reactions in molten salt electrolytes (13) 
was verified. The potential distribution across the 
SnOgelectrolyte interface has been analyzed via capaci- 
tance measurements  both for nonaqueous (molten salt) 
(14) as well as for aqueous electrolyte cases (15, 16). 

Other studies on the electrochemistry of conducting 
and transparent oxide thin films describe electrochemi- 
cal platinization of SnO2 surfaces (17a) and subsequent 
characterization by photoelectron spectroscopy (17). 
Photoelectron spectroscopy has also proved useful for 
probing changes in the surface composit ion of Sb:SnO~ 
and ITO electrodes after electrochemistry (18). In the 
same study, the authors present the current-voltage (i-E) 
behavior of ITO thin film electrodes in 1N H2SO4. To our 
knowledge, this is the only published report on the elec- 
trochemical behavior of ITO thin film electrodes. 

Experimental  
Instrumentat ion for CV and steady-state (Tafel) mea- 

surements has been described elsewhere (19). Addition- 
ally, an EG & G Model 264 electrochemistry system was 
also used in some cases. Standard three-electrode cell ge- 
ometry with positive feedback iR compensation (80-90%) 
was employed for all measurements;  these were per- 
formed at ambient  temperature. The working electrode 
was either ITO or a Pt disk (IBM Instruments,  Incorpora- 
ted; geometric area: 0.20 cm~). A Pt  spiral was used as 
counterelectrode. Either a saturated calomel electrode or 
an Ag/AgC1 electrode was used as reference. All poten- 
tials below, however, are quoted with respect to the latter 
reference. The cell contents were thoroughly purged with 
prepurified N~ for ca. 10 min prior to an experiment  to 
preclude interference from O., electrochemistry. All redox 
chemicals were reagent grade and were used as received. 
Triply distilled water was used for electrolyte preparation 
in all cases. 

The ITO electrodes were fashioned out of wafers on 
glass slides. These thin films of ITO were deposited ei- 
ther by spray-pyrolysis or neutralized ArC-ion beam sput- 
tering, according to procedures described elsewhere 
(4, 20, 21). No differences in electrochemical behavior 
were observable between the films prepared by these 
two methods, such that further differentiation is not 
made for the data to be discussed below. The ITO films 

utilized in this study had a nominal resistance of 7.5 ~1/[~ 
and were ca. 0.5 tLm thick. These films contained 9 mole 
percent (m/o) SnO2 and had a nominal carrier concentra- 
tion of ca. 102' cm -3. Conducting Ag epoxy (Epotek, Bil- 
lerica, Massachusetts) was used for electrical connection 
to the ITO film surface. The requisite electrode area for 
voltammetric measurements (which was in the range 
0.2-0.3 cm 2) was defined by careful application of insulat- 
ing epoxy resin. 

In electrochemical measurements  employing solid elec- 
trodes, the nature of the electrode surface obviously is a 
key factor in controlling reproducible behavior for a 
given redox system (22). In preliminary survey experi- 
ments, wide variability in CV peak separation hEp and 
values much higher than the theoretical value of 59 mV 
were observed for the Fe(CN),~ 4-~3- system on Pt, con- 
firming the findings of earlier authors on the extreme 
sensitivity of charge transfer kinetics of this redox couple 
to heterogeneous (surface) effects (24). A standard clean- 
ing procedure, therefore, was established for subsequent 
experimentation on Pt as follows. 

After the usual degreasing procedure (detergent fol- 
lowed by an organic solvent rinse), the Pt  electrode was 
thoroughly washed with dichromate-sulfuric acid mix- 
ture. An electrochemical pretreatment followed in a 1M 
K N Q  solution. The electrode was poised at -0.6V for ca. 
10 rain in this solution. Vigorous H2 evolution at the elec- 
trode surface was noted. The potential was then moved 
slightly positive (ca. +0.1V) to oxidize any adsorbed hy- 
drogen species on the electrode surface. Finally, the elec- 
trode was washed in deionized water several times. 

The efficacy of the above t reatment  procedure was 
checked by monitoring AEp for the particular electrode in 
Fe(CN)6 ~-~:~- redox medium. A value close to 60 mV was 
taken as a diagnostic criterion for the "cleanliness" of the 
Pt  electrode surface. 

For the ITO electrode, a washing sequence comprising 
deionized water-mild detergent-deionized water-methyl 
alcohol was employed followed by air-drying. 

Results and Discussion 

Behavior  in support ing electrolyte . --Background 
voltammograms on ITO in neutral electrolytes (e.g., 1M 
KNO3) are relatively featureless, as shown by a typical ex- 
ample in Fig. 3. The absence of "surface waves" at a vari- 
ety of scan rates ranging from 0.001 to 0.20V/s is indica- 
tive of a relatively low degree of surface hydroxylation 
and oxidation of the electrode surface. High O~ over- 
potentials are also typical on the ITO surface (cf. Fig. 3). 
(The behavior of a Pt electrode is included for compari- 
son in the same figure). The absence of significant oxi- 
dative electrochemistry on ITO (a behavior which con- 
trasts with that of an Au electrode, for example) is 
reminiscent of observations by previous authors on Sb- 
doped SnO~ electrodes (8410). The enhancement  in the 

qTO 

j 

lO  06  0 2  - 0 2  - 0 8  - z 2  

Potential, V vs Ag/Ag Cl 

Fig. 3. Background voltammograms for Pt and ITO electrodes in IM 
KNOs. Potential scan rate: 0.001 V/s. 
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Fig. 4. Steady-state voltammograms for ITO in |M KNOa. Curve a 
is o scan between - 0 . 4  and - 1 . 0 V .  Curve b is a scan between the 
same limits after holding the electrode at - 1.0V for ca. 30s. 

available potential window (relative to Pt or Au) on SnO._, 
and ITO also has been emphasized by previous authors 
(8-10, 18). A mechanism based on carrier depletion in the 
film at positive potential excursions [cf. Ref. (10-16)] 
would account for the relative sluggishness of anodic 
charge transfer at ITO and seems particularly appropriate 
to the Fe '-'+ oxidation case discussed in detail below. On 
the cathodic side, voltammograms are characterized by hy- 
drogen adsorption prewaves, which become particularly 
noticeable at moderate to high scan rates (> 0.I0 V/s) and 
on holding the electrode at a potential into the H2 evolution 
regime. Representative behavior is shown in Fig. 4. 

As discussed by previous authors (10a, 18) and con- 
firmed by us, prolonged use of ITO electrodes at poten- 
tials beyond the limits shown in Fig. 3 is deleterious in 
terms of electrode stability. Specifically, irreversible loss 
of Sn and O species proceeds at extreme positive and 
negative potential excursions, respectively. In this re- 
spect, these electrodes behave similarly to the Sb:SnO~ 
system (19). Interestingly enough, changes in carrier con- 
centration and electrode resistance should ensue as a re- 
sult of these corrosion processes. Work is under way to 
elucidate these effects. 

Behavior  in Fe(CN)64-~a- redox electrolyte.--Figure 5 
s h o w s  cycl ic  v o l t a m m o g r a m s  on  P t  (Fig 5a) a n d  ITO (Fig. 
5b) for  Fe(CN),  4-~a- r e d o x  e l e c t r o c h e m i s t r y .  ~ R e l e v a n t  pa-  
r a m e t e r s  f rom t h e s e  da ta  are  a s s e m b l e d  in  Tab le  I. Per t i -  
n e n t  h e r e  is t h e  re la t ive  m a g n i t u d e  of  zXEp on  P t  a n d  ITO. 

2Note that, for the comparison in Fig. 5 (as well as for the cy- 
clic vol tammograms presented in Fig. 6 and Fig. 8-10), the geo- 
metric areas of the Pt and ITO electrodes that  were exposed to 
the electrolyte were slightly different. 

(a) (b) 

* pA ~A 

0~ 0~ o 04 "~ o~ 

eo,~.,,al v ~ Ag/A0Cl 

Fig. 5. Comparison of cyclic voltammogroms for the Fe(CN)64-/;- 
redox couple in 1M KNOa at (o) Pt and (b) ITO electrodes. 

In  e a c h  case,  hE,  i nc reases  w i th  t he  p o t e n t i a l  s c a n  rate,  
v - - a  t r e n d  c o n s i s t e n t  w i t h  the  quas i - r eve r s ib l e  b e h a v i o r  
wel l  e s t a b l i s h e d  in  t he  l i t e ra tu re  for  t he  Fe(CN)64-~3- cou- 
ple (23). B u t  m o r e  i m p o r t a n t l y ,  hE, is a lways  h i g h e r  for  
the  ITO case. Th i s  d i f fe rence  is s ta t i s t i ca l ly  s ign i f ican t  in  
t h a t  e l ec t rode - to -e l ec t rode  v a r i a t i o n s  in  hE ,  on  ITO (+_2 
mV) is a lways  m u c h  less t h a n  t h e  o b s e r v e d  d i f fe rence  be-  
t w e e n  P t  a n d  ITO. I t  s h o u l d  b e  p o i n t e d  out,  howeve r ,  t ha t  
t he  P t  su r face  e x h i b i t e d  w ide  va r i ab i l i ty  in  hE ,  at  a g iven  
v, un l e s s  t he  sur face  was  " p r o p e r l y "  p r e c o n d i t i o n e d  (cf. 
E x p e r i m e n t a l  sect ion).  The  va lue  t h u s  m e a s u r e d  af te r  
op t im iza t i on  is v e r y  close to t he  t heo re t i ca l  va lue  of  59 
m V  (at 25~ pa r t i cu la r ly  at  low v. T h e s e  o b s e r v a t i o n s  
w i th  t he  Fe(CN)64<3- coup le  on  P t  con f i rm  the  f ind ings  
of p r e v i o u s  a u t h o r s  (23) o n  t he  e x t r e m e  sens i t iv i ty  of 
Fe(CN)64<'~- r e d o x  c h e m i s t r y  to sur face  effects.  

The  o t h e r  CV p a r a m e t e r s  (e.g., p e a k  c u r r e n t  rat io)  in  
Tab le  I r evea l  fair ly s t r a i g h t f o r w a r d  t r e n d s  a n d  n o  signi-  
f icant  d i f f e rences  b e t w e e n  P t  a n d  ITO for  t h e  
Fe(CN)~ 4-/3- r e d o x  sys tem.  

Behavior in the polyiodide redox electrolyte.--Let us  
cons ide r  n e x t  t he  I - / I a -  r e d o x  sys tem.  F igu res  6a a n d  6b 
are the  c o u n t e r p a r t s  of  Fig. 5a a n d  5b for  th i s  r e d o x  sys- 
tem.  I m m e d i a t e l y  obv ious  is the  d ras t i c  d i f fe rences  in  CV 
p e a k  s h a p e s  in  b o t h  cases  re la t ive  to t h e  Fe(CN)64-~3- 
r e d o x  sys tem.  E x t e n s i v e  l i t e ra tu re  (24-27) ex i s t s  for ad-  
so rp t i on  effects  on  P t  for  t he  I - / I a -  r e d o x  couple.  A n  ad- 
so rp t i on  " s p i k e "  ( the m a g n i t u d e  of  w h i c h  is d e p e n d e n t  
on  v) is a lways  p r e s e n t  on  t he  a n o d i c  wave  on  P t  a n d  ab- 
s en t  on  ITO. The  re la t ive  s h a r p n e s s  of  t he  CV p e a k s  o n  
the  la t ter ,  h o w e v e r ,  is typ ica l  of s t r o n g  a d s o r p t i o n  b e h a v -  
ior. In  b o t h  cases,  t h e  ca thod ic  p e a k  s h a p e s  are charac ter -  
ist ic for r e d u c t i o n  of  s t rong ly  a d s o r b e d  spec ies  (Ix in  th i s  
case). The  p e a k  c u r r e n t  ra t ios  in  Tab le  II  for va r ious  v 
va lues  i l lus t ra te  t he  non idea l i t y  of  th i s  r e d o x  coup le  in  
th i s  regard.  Nonze ro  i n t e r c e p t s  in  i, vs. v "'2 plo t s  (cf. Fig. 
7) are also cha rac t e r i s t i c  of s t rong  a d s o r p t i o n  of  iod ine  on  
P t  a n d  ITO surfaces .  

N o t w i t h s t a n d i n g  t h e  a b o v e  s imi la r i t i es  in  I - / I a -  r e d o x  
c h e m i s t r y  o n  P t  a n d  ITO, i m p o r t a n t  d i f f e rences  exis t  in  
t h e  k ine t i c s  a n d  s y m m e t r y  of  cha rge  t r ans f e r  in  t he  two 
cases. The latter manifests again in the relative magni- 
tude of hE, values for the two electrodes (cf. Table II). For 
example, AE, is as high as 1.20V (!) at v = 0.20 V/s on ITO. 

Behavior  in the Fe "z~a~ redox electrolyte.--Figure 8 il lus- 
t r a tes  cycl ic  v o l t a m m o g r a m s  on  P t  a n d  ITO for  t he  n e x t  

Table I. Cyclic voltammetry data for Pt and ITO electrodes in 1M KNOa containing 10 mM Fe(CN)u a-  

Pt ITO 
Scan rate 

v AE, i,~ ip~ i,Jv"-' AE, i,r ipa i , jv  '~'- 
(V/s) (V) (10~A) (10~A) i,,Ji~ (10aA x s ,~/V ,,~) (V) (10~A) (10~A) i,,Ji,,r (10:% x s~,~/V ,,-') 

0.01 0.060 144 132 0.92 1.44 0.070 95 94 1.12 0.95 
0.02 0.065 200 200 1.00 1.41 0.073 137 142 1.11 0.97 
0.05 0.070 314 330 1.05 1.40 0.085 210 226 1.08 0.94 
0.10 0.080 430 454 1.05 1.36 0.090 285 316 1.04 0.90 
0.20 0.092 580 628 1.09 1.30 0.105 390 439 0.99 0.87 
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Table II. Cyclic voltammetry data for ITO and Pt electrodes in 1M KNO~ containing 10 mM KI 

Pt ITO 
Scan rate 

v ' AE~ i~ i~  i ,Jv  .~ hE, i~  ina i~J vwz 
(V/s) (V) (10~A) (10~A) i,Ji~r (10~A • s ~ / V  ~'~) (V) (10~A) (10~A) ipJi,o (10:~A • s~'~/V ~) 

0.01 0.095 110 19.0 0.17 1.90 ~ a a a a 

0.02 0.105 131 21.5 0.16 1.52 1.00 410 220 0.54 1.56 
0.05 0.115 177 42.0 0.24 1.88 1.08 586 360 0.61 1.61 
0.10 0.130 221 59.0 0.27 1.86 1.12 740 520 0.70 1.64 
0.20 0.145 279 84.0 0.30 1.88 1.20 910 730 0.80 1.64 

Data not available. 

Table III. Cyclic voltammetry data for ITO and Pt electrodes for 5 mM Fe z+ in O.5M KNO~ and 0.2SM H~SO~ 

Pt ITO 
Scan rate 

v AE~ i,~ i~  i , j v  ''~ hE, i,~ i,~ i~jv m 
(V/s) (V) (10~A) (10eA) i , , / i~ (10~A • s"-'/V '~) (V) (10SA) (10~A) i,~/i,~ (10~A • s'~/V '~) 

0.01 0.088 49 55 1.12 0.55 0.57 19 29 1.53 0.29 
0.02 0.100 70 75 1.07 0.52 0.67 28 40 1.43 0.28 
0.05 0.120 117 110 0.94 0.49 0.78 50 60 1.20 0.26 
0.10 0.155 161 145 0.91 0.46 0.90 73 83 1.14 0.26 
0.20 0.170 240 200 0.83 0.45 0.96 104 115 1.11 0.24 

c a n d i d a t e  sys tem,  n a m e l y  Fe  ~ '~ .  A c c o m p a n y i n g  CV da ta  
m a y  be  f o u n d  in Tab le  III. Again ,  ve ry  h i g h  hE ,  va lues  o n  
ITO (re la t ive  to Pt)  d e m o n s t r a t e  the  ineff icacy of  c h a r g e  
t r ans f e r  at  t h i s  e l ec t rode  sur face  for  an  in t r ins ica l ly  slug- 
g ish  r e d o x  s y s t e m  (see below).  T he  p e a k  c u r r e n t  ra t ios  
d e p a r t  f r o m  u n i t y  at  s low scan  ra t e s  on  ITO a l t h o u g h  t he  

(a) 

Fig. 6. 
couple in 
as in Fig. 
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Comparison of cyclic voltammograms for the I-/1:~- redox 
1M KN03 at (a) Pt and (b) ITO electrodes. Curve notation 
5. Curve a' in a corresponds to a scan initiated at +O.9V. 
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Fig. 7. Dependence of CV peak current, ip on (scan rate) ~/~ for 
Fe(CN)~4-"! - ,  I:~-/I-, and Fe ~3~ redox couples at (a) Pt and (b) ITO 
electrodes. Relevant data are from Fig. 5, 6, and 8. 

ratio,  ip/v "2, is re la t ive ly  cons t an t ,  as in  t he  P t  case  (see 
also Fig. 7). 

K ine t i c s  in  t he  Fe  2~3~ r e d o x  s y s t e m  are pa r t i cu la r ly  
a m e n a b l e  to i m p r o v e m e n t  b y  " m a t r i x "  mod i f i ca t ion  ef- 
fects  (28). C h a r g e  t r a n s f e r  b e c o m e s  faci le  on  a d d i n g  C1- 
ions  to t he  e lect rolyte ,  as i l l u s t r a t ed  in  Fig. 9a a n d  10a for 
Pt.  The  i m p r o v e m e n t  in  k ine t i c s  is less  d r a m a t i c  on  ITO, 
as exemp l i f i ed  b y  da ta  in  Fig. 9b, 10b, a n d  11. Note  t he  
sys t ema t i c  sh i f t  in p e a k  po ten t i a l s  w i th  v for  ITO e v e n  at  
re la t ive ly  h i g h  C1- c o n c e n t r a t i o n s  a n d  t h e  " f l a tness"  of 
t he  p e a k  po t en t i a l  r e s p o n s e  on  P t  (cf. Fig. 12). 

The  a s y m m e t r y  in cha rge  t r a n s f e r  at  ITO, a l luded  to in  
a p r e c e d i n g  p a r a g r a p h ,  is pa r t i cu l a r ly  wel l  typi f ied  b y  
t h e  cycl ic  v o l t a m m o g r a m  in  Fig. 13, cu rve  1. S o m e  d e g r e e  
of  a n o d i c  c u r r e n t  " recovery" ,  howeve r ,  is a f fo rded  by  ad- 
d i t ion  of  H~SO4 to t he  e lect rolyte ,  c u r v e s  2-4, Fig. 13. S imi-  
lar  rec t i f i ca t ion  in  Fe  ~ '~  r e d o x  c h e m i s t r y  ha s  b e e n  n o t e d  
by  p r e v i o u s  a u t h o r s  at  SnO~ e l ec t rodes  in  s tud ies  (11) re- 
l a ted  to p h o t o g a l v a n i c  app l ica t ions .  

C o m p a r i s o n  o f  r e d o x  k ine t i c s  on P t  a n d  I T O . - - T o  c o u c h  
t he  a f o r e m e n t i o n e d  d i f fe rences  in  k ine t i c  faci l i ty  at  P t  
a n d  ITO e l ec t rodes  in  m o r e  q u a n t i t a t i v e  t e rms ,  the  
N icho l son  m e t h o d  (29) was  used.  Th i s  m e t h o d  cor re la tes  
the  m e a s u r e d  hEp va lues  in  CV e x p e r i m e n t s  w i t h  ko v ia  
the  use  of a p a r a m e t e r ,  ~ def ined  b y  Eq.  [1] 

= 7~kol~/Tr aDo [1] 

Here  7 = (Do~DR) '~2 a n d  a = n F v / R T .  (Othe r  symbo l s  h a v e  
the i r  usua l  e l e c t r o c h e m i c a l  ident i ty . )  M a s t e r  p lots  we re  
ut i l ized to de r ive  va lues  for  ~ f r o m  hEp, a n d  Eq.  [1] was  
t h e n  u s e d  to c o m p u t e  ko. The  a s s u m p t i o n  m a d e  he re in ,  
namely ,  t h a t  7 = 1, does  no t  affect  t he  resul ts ,  a t  l eas t  in  a 

(b) 

T 
'5; 

0 7  0 ~  0 ~  1 8  l Z  O 8  0 4  0 - 0 ~  

Pot~t,a~. V ~ Aq~Ag Cl 

Fig. 8. Comparison of cyclic voltammograms for the Fe 24''~ redox 
couple at (a) Pt and (b) ITO electrodes. Curve notation as in Fig. S. 
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50 ~A 
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(b)  

2 

t J , , 
0.8 0.4 0 

P o t e n t m l ,  V vs Ag / AgCI 

Fig. 9. Examples of chloride ion catalysis on redox chemistry of 
Fe 2~/~ couple at (o) Pt and (b) ITO electrodes. In each case, curves 1, 
2, and 3 refer to 0.Shi H~SO4, 0.Sh( H2SO4 + 3ht NaCI, and ]hi HCI 
+ 5M LiCI electrolytes, respectively. The Fe '-'4 concentration was 5 
rnht in all the cases. 

(e )  ~ (b )  

a 

i ol9 i i i _ i 
05 01 1(} O6 (}2 -O2 

Potential, v v~ Ag/Ag CI 

Fig. 10. Comparison of scan rote dependence of peak potentials at 
(a} Pt and (b) ITO electrodes for 5 mhi FeSO4 in ]hi HCI + 5ht LiCI. 
Curve notation as in Fig. 5. 

10 mM Fe SO4 

~-'-'-'-~ E p~ V 

(a) 
0.6 

0.4 

O.2 

I - -  
0 0 0.1 0.12 

f 
o11 4 2  

V, V/s 

Fig. 11. Variation of peak separation, AEp with scan rate and the 
influence of C I -  concentration for (a) Pt and (b) ITO electrodes. 
Curve notation as in Fig. 9. 
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0.62 
0 
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I I 1 I 

0.08 0.16 

v, V/s 

0.52 

0.48 

0.44 

0.40 

Fig. 12. Dependence of peak potentials on scan rate for the CV ex- 
periments corresponding to Fig. 10 in amplified form for (a) Pt and (b) 
ITO electrodes. 

regime.]  E v e n  at h igh  C1- co n cen t r a t i o n s  (5M), k,, values  
for P t  are four  to five t imes  h igher  t h a n  those  on ITO. 
This has  i m p o r t a n t  c o n s e q u e n c e s  for p h o t o e l e c t r o c h e m -  
istry, as we  shall  a t t e m p t  to s h o w  in the  c o m p a n i o n  p a p e r  
(31). S o m e  overes t ima t ion  is u n d o u b t e d l y  invo lved  in the  
ko va lues  c o r r e s p o n d i n g  to the  C1- con ta in ing  electro-  
lytes,  via the  a s s u m p t i o n  tha t  t he  Do value  [0.45 x 10 -5 
cm2/s, cf. Ref. (32)] is u n c h a n g e d  f rom the  1M H~SO4 case. 
(The Do value  is l ikely to be  lower  in the  v iscous  LiC1 ma- 

relat ive sense .  The I - / I0-  r e d o x  s y s t e m  was  e x c l u d e d  
f rom these  c o m p u t a t i o n s  b e c a u s e  of  a d s o r p t i o n  compl ica-  
t ions  (see above).  

The resu l t s  of  t hese  ca lcula t ions  are a s s e m b l e d  in 
Tables  IV and  V for Fe(CN), 4-~:3- and  Fe  ~~ couples ,  re- 
spect ively.  The d i f fe rences  in hE,  va lues  t rans la te  to an 
o rde r -o f -magn i tude  increase  in ko va lues  on  P t  relat ive to 
ITO for the  Fe(CN), 4-"~- couple .  The ko values  on P t  ac- 
cord well  wi th  t h o s e  r epo r t ed  by  p rev ious  au thors  for a 
ro ta t ing P t  d isk  e l ec t rode  (30). Fo r  the  case  of Fe  2+~:~ in t he  
absence  of a d d e d  CI- ,  c o m p u t a t i o n  of  ko is p r e c l u d e d  for 
ITO because  the  hE,  va lues  lie ou t s ide  the  range  of valid- 
ity of  the  N icho l son  me thod .  [Note tha t  th is  m e t h o d  
appl ies  only to a relat ively res t r i c t ed  AEp range  
(65-160mV) in the  quas i - revers ib le  charge  t ransfer  

Table IV. Kinetics parameters for 10 mM Fe(CN), ~- 
(1M KNO:~) from cyclic voltammetry 

Scan rate Pt ITO 
V 

(V/s) AEp (V) k,, (cm-s-') AE, (V) ko (cm-s-') 

0.01 0.060 a 0.070 7.6 x 10 -:~ 
0.02 0.065 2.2 x 10 -2 0.073 7.5 • 10 -a 
0.05 0.070 1.7 x 10 -2 0.085 6.4 x 10 -:~ 
0.10 0.080 1.0 x 10 -2 0.090 7.7 • 10 -:~ 
0.20 0.092 1.0 x 10 -~ 0.105 6.8 x 10 -a 

"Beyond the range of validity of the Nicholson method [cf. Ref. 
(29)]. 
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Table V. Kinetics parameters from cyclic voltammetry for the Fe ~ redox system 

5 mM FeSOJ0.5M H~SO~/3M NaC] 5 mM FeSOJ1M HCY5M LiC1 
v (V/s) v (V/s) 

Redox electrolyte 0.01 0.02 0.05 0.10 0.20 0.01 0.02 0.05 0.10 0.20 

AE, (V) 0.10 0.11 0.15 0.18 0.21 0.07 0.08 0.09 0,10 0.11 
Pt 

ko (10 :< cm-s -~) 1.4 1.7 1.3 1.1 1.1 6.3 4.5 5.4 5.5 5.7 

hE, (V) 0.36 0.41 0.46 0.52 0.59 0.16 0.18 0.21 0.26 0.32 
ITO 

ko (10 :~ cm-s -~) . . . . .  1.2 1.1 1.1 ~ 

Beyond the range of validity of the Nicholson method [cf. Ref. (29)]. 

trix). However ,  t h i s  d i f fe rence  is no t  of se r ious  conse-  
quence ,  s ince  we are i n t e r e s t e d  he re  on ly  in re la t ive  mag-  
n i t u d e s  on  P t  a n d  ITO e lec t rodes .  Again ,  t he  ko va lues  at  
P t  for t he  Fe  z~j:~+ r e d o x  s y s t e m  in Tab le  V fall w i t h i n  t h e  
r a n g e  r e p o r t e d  in p r e v i o u s  s tud ies  (33). 

The  s t eady- s t a t e  m e a s u r e m e n t s  y ie lded  da ta  w h i c h  are 
c o n s i s t e n t  w i th  t he  t r e n d s  d i s c u s s e d  a b o v e  for  CV. Thus ,  
Tafel  ana lyses  revea l  va lues  for jl.a,J~.c,Jo, a n d  a on  ITO 
e lec t rodes  w h i c h  we re  s ign i f ican t ly  lower  t h a n  for Pt .  
Only  t he  Fe(CN),  4 -~-  a n d  Fe  ~-j3+ r e d o x  s y s t e m s  ( the la t te r  
in  the  p r e s e n c e  a n d  a b s e n c e  of CI-)  were  i n c l u d e d  for  
t h e s e  c o m p a r a t i v e  e x p e r i m e n t s .  

The  a f o r e m e n t i o n e d  re la t ive  t r e n d s  in  r e d o x  electro-  
c h e m i s t r y  on  P t  a n d  ITO c a n n o t  b e  ra t iona l ized  s imp ly  in 
t e r m s  of d i f f e rence  in  u n c o m p e n s a t e d  r e s i s t ances  a n d  
o the r  iR drop  effects  in  t he  two cases.  Fo r  example ,  analy-  
ses of  CV da ta  in t e r m s  of  (E,~.~ - E,) vs. ip a n d  Eo.85~7i, vs. 
i ,  p lots ,  in  t he  m a n n e r  p r e s c r i b e d  by  p r ev ious  a u t h o r s  
(34), y ie ld  va lues  for t he  overa l l  r e s i s t ance ,  R, (i.e., c h a r g e  
t r a n s f e r  p lu s  u n c o m p e n s a t e d  e lec t ro ly te  res i s tance)  
w h i c h  are  d i f f e ren t  for Fe(CN)~ 4-"~- a n d  Fe  ~+j3~ r e d o x  sys- 
t ems .  Whi le  va lues  of R for a g iven  ITO e l ec t rode  ag reed  
to w i t h i n  _+10~ for  t he  two types  of  analyses ,  order-of-  
m a g n i t u d e  d i f f e rences  (e.g. 60 vs. 920~) are  rou t ine ly  ob- 
s e rved  for  Fe(CN),  4-/3- a n d  Fe  ~+~3§ r e d o x  couples ,  respec-  
tively. 

F igu re  14 s u m m a r i z e s  t he  i m p o r t a n t  fea tu res  of  r e d o x  
e l e c t r o c h e m i s t r y  o n  P t  a n d  ITO e l ec t rodes  as r evea l ed  b y  
CV e x p e r i m e n t s .  The  key  f ind ing  he re  is t h a t  d i f f e rences  
in  k ine t i c  faci l i ty  b e t w e e n  P t  a n d  ITO e l ec t rodes  are 
c losely  c o u p l e d  w i t h  the  in t r in s i c  k ine t i c s  of  t h e  par t icu-  
lar  r e d o x  s y s t e m  i n v o l v e d  (cf. Fig. 14). This  f ind ing  
u n d e r l i e s  t he  i m p o r t a n c e  of  c h o o s i n g  a fas t  (p re fe rab ly  
one-e lec t ron)  r e d o x  coup le  in  P E C  r e g e n e r a t i v e  s y s t e m s  

o2 

I 

[ 20.A l 

I I i I I I 
1,6 1.2 0.8 0,4 0 -0,4 

Potential, V vs Ag/Ag Cl 

Fig. 13. Effect of acid concentration on the redox chemistry of the 
Fe 2+~3+ couple at ITO. In each case the redox concentrotion was 1 mM 
in 1M KNO.~. Curves 1-4 denote H~SO4 of 0, 0.5, 1, and 2 raM, re- 
spectively. 

b a s e d  on  t he  h e t e r o j u n c t i o n  p h o t o e l e c t r o d e  concept .  (Ob- 
viously ,  s u c h  a cho ice  w o u l d  be  o p t i m a l  for " c o n v e n -  
t iona l "  P E C  s y s t e m s  also, a l t h o u g h  t he  r a n g e  of  ava i l ab le  
r e d o x  c a n d i d a t e s  m a y  be  b ru i t ed  by  e l ec t rode  s tab i l i ty  
c o n s i d e r a t i o n s  in  s u c h  cases).  The  re la t ive  t r e n d s  in Fig, 
14 a n d  t he  da ta  d i s cus sed  in  t he  p r e c e d i n g  sec t ion  also 
expla in ,  in  a q u a n t i t a t i v e  m a n n e r ,  w h y  t he  Fe(CN)~ ~--3- 
r e d o x  coup le  was  ef fec t ive  in t he  Si / ITO s y s t e m  wh i l e  t h e  
po ly iod ide  e lec t ro ly te  was  no t  [cf. Fig. 2 a n d  Ref. (1)] Fur -  
t h e r  de t a i l ed  ana lyses  of  p h o t o e ] e c t r o c h e m i c a l  a spec t s  as 
wel l  as a cr i t ical  e x a m i n a t i o n  of  t he  h e t e r o j u n c t i o n  pho to -  
e l ec t rode  concep t ,  are de f e r r ed  to t he  c o m p a n i o n  p a p e r  
(31). 

Causal fac tors  in kinet ics  dif ferences between Pt  and 
ITO and further  comparisons wi th  Sb:SnO.z electrodes. 
- -We  n o w  a t t e m p t  to p r o b e  t he  causa l  fac tors  for t he  ob- 
s e rved  d i f f e rences  in  c h a r g e  t r a n s f e r  k ine t i c s  at  P t  a n d  
ITO e lec t rodes  (cf. Tables  IV a n d  V). I t  is p e r t i n e n t  to  

~Ep,V 

1.2 

1.0 

0.8 

0.6 

,A,[~ : ITO 

/ O,G-Fe (CN):-/3- 
~ Z ~ - -  Fe 2+/3+ 

,~' U,rG-I-/ l~ 

o2i  
0 I I 

0 0.1 0.2 

v, VIs 

Fig. 14. Dependence of CV peak separation, Ep on scan rate, v for 
Fe(CN)~ 4-~3-, Fe ~§ and I-/1:~- redox couples on Pt and ITO elec- 
trodes. In each case, the concentration of active species was 10 mM 
and the supporting electrolyte was 1M KNO:~. 
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point out here that, aside from this work, comparisons 
have been previously made for Pt and Sb:SnO~ electrodes 
by other authors (10b). The findings of these authors es- 
sentially parallel ours: namely, that no correlation exists 
between E ~ and electrochemical reversibility on ITO and 
Sb:SnO~ for the various redox couples that were tested in 
these two studies. Furthermore, Fe(CN)~ 4-j3- is electro- 
chemically reversible on both ITO as well as on Sb:SnO~. 
The interpretation forwarded by previous authors for 
their observations on the latter system is that couples which 
show reversible behavior "have bulky ligands which may 
prevent a surface interference effect" (10b). We believe, 
however, that by and large (i.e., unless adsorption effects 
are present), all one-electron outer-sphere redox couples, 
which are intrinsically fast at Pt, will show reversible be- 
havior at these oxide electrode surface~ also. Support for 
our assertion is provided by our recent studies on a vari- 
ety of organic and organometallic one-electron redox cou- 
ples at the ITO/nonaqueous electrolyte interfaces (35) and 
by the comparisons of the kinetics behavior at Pt and 
Sb:SnO=, electrodes that have been presented by other au- 
thors for phenothiazine and benzoquinone redox systems 
in acetonitrile (36). 

While the above interpretation is appealing from a 
phenomenological viewpoint, the mechanistic aspects of 
electron transfer at heavily doped metal oxide/electrolyte 
interfaces, and the behavior of these interfaces vis-a-vis 
the metal case, need to be further addressed. Arguments  
against a "semiconductor model" (based on depletion 
layer effects) have been advanced by previous authors 
(10b, 37) for heavily doped material (ND = 10's-10 '9 cm-3). 
Instead, the redox behavior of Fe :~3- and Ce 3~j4~ at Sb or 
Ru:SnO2 has been rationalized in terms of an electron hop- 
ping mechanism from the conduction band to surface 
states via deep lying donor states (37). It is plausible that a 
similar model can be applied to the ITO system 
considered here. The reversible behavior observed in ace- 
tonitrile for a series of redox couples spanning a signifi- 
cant portion of the ITO bandgap (35), however, necessi- 
tates invoking a uniformly high density of surface states 
right across the ITO bandgap at the interface. In any 
event, further speculation is clearly not warranted by the 
depth of information that is currently available on this 
aspect. 
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ABSTRACT 

We have developed photoelectrochemical cells with rectifying junctions between n-Si electrodes and thin film sol- 
vent free polymer solid electrolytes based on poly(ethylene oxide). We describe various surface modifications applied to 
the n-Si electrode which overcome a high activation energy barrier for efficient charge transfer to redox ions in the 
polymer solid electrolytes. We show that the efficiency of the present cells is limited by a high surface recombination 
velocity associated with surface states of the n-Si. 

Solvent-free polymer solid electrolytes represent an im- 
portant new class of ionically conducting materials (1). 
Their compatibility with thin film technology makes 
them potential candidates for a wide variety of techno- 
logical applications. 

We have developed a new type of photoelectrochemical 
cell (PEC) based on rectifying junctions between semi- 
conductor electrodes and thin film polymer solid electro- 
lytes. The absence of solvents in this system holds out the 
hope of being able to manufacture all thin film solid-state 
PEC's without the semiconductor surface corrosion prob- 
lems associated with liquid electrolyte PEC's, thereby 
deriving the benefits both from the stability of solid-state 
systems and the ease of fabrication as well as the lack of 
susceptibility to grain barriers of electrochemical junc- 
tions. In addition, it allows for a conceptually easy con- 
struction of multispectral thin film cells based on more 
than one semiconductor in optical and electrical series (2). 

Our present study has focused on surface modification 
techniques for improving the rates of charge transfer be- 
tween semiconductor  electrodes and redox ion couples in 
polymer solid electrolytes (3-5). Specifically, we have 
shown that surface modifications of n-Si electrodes with 
thin films of polypyrrole can dramatically reduce the 
large activation energy barrier against efficient charge 
transfer between bare semiconductor electrodes and 
polymer solid electrolytes. 

Polymer Solid Electrolytes 
Linear polyethers like poly(ethylene oxide) (CH~-CHs-O) 

(PEO) give conducting complexes with alkali metal salts 
(1). Such adducts are either crystalline materials or 
amorphous elastomers. The cations are solvated by a frac- 
tion of the ether oxygens, and a limited stoichiometry of 
four oxygen atoms per cation has been observed. Typi- 
cally, both the cations and the anions move in the poly- 
mer matrix. The transference number  of iodide, which is 
relevant to our study, has been measured to be in the 
range of 0.2-0.4 (6). 

The conductivity of these electrolytes is relatively low 
at room temperature, typically in the 10 -s (ll-cm) -1 range 
and increases to 10 -4 (ll-cm) -1 at 50~176 Devices there- 
fore require thin films. 

PhOtoelectrochemical Cell Fabrication 
The PEO electrolyte films used in the present study 

were solution cast from MeOH, in which were dissolved 
the PEO (Aldrich; molecular weight 600,000) and the com- 
plexing salt. The ion concentration, as given by the ratio 
of oxygen atoms in the polymer backbone to cations, was 
8. 

For the PEC's, we used thin films (ca. 0.5 ~m) of PEO 
complexed with KI and Is to generate the iodide/triiodide 
redox couple. The thickness of the PEO films could be 

varied by changing the viscosity of the solution and the 
rotation speed of the photoresist spinner. Fabrication of 
cells with films thinner than 0.5 t~m became practically 
difficult. The films were spin coated onto a transparent 
conducting substrate, indium-tin oxide (ITO) on glass, 
and subsequently dried by heating under  vacuum. The 
cell is completed by contacting the PEO with a 1 cm s n-Si 
chip by heating with light pressure under vacuum. It was 
found necessary to deposit 5-20A of Pt  on the ITO surface 
for greatly improved charge transfer between the ITO and 
the iodide/triiodide redox ions. Bare ITO is a highly irre- 
versible electrode for iodide oxidation and reduction (4). 
Figure 1 shows a schematic cell configuration and an en- 
ergy level diagram of the PEO based PEC. 

Semiconductor Surface Modification 
Our primary interest in this paper was to study various 

methods of interface modification between the semicon- 
ductor and the PEO electrolyte in order to reduce or elim- 
inate the high activation energy barrier against efficient 
charge transfer of minority carriers from the n-Si to redox 
ions in the PEO electrolyte. 

The effect of various types of Si surface modifications 
on the efficiency of charge transfer across the interface 
with the PEO electrolyte was studied by monitoring the 
photocurrent as a function of the surface modification 
under constant illumination. 

The n-Si surface modifications we have studied in- 
clude the following: (i) bare n-Si (etched in HF only), (ii) 
n-Si coated with 200-400]~ polypyrrole �9 BF4, (iii) n-Si 
coated with 10-20~ electron beam-evaporated Pt, (iv) n-Si 
coated with 10-20~ Pt followed by deposition of polypyr- 
role �9 BF4, and (v) n-Si with 10-20A Pt  followed by deposi- 
tion of polypyrrole - iodide. The n-Si was always etched 
in HF before the surface modification. The polypyrrole 
films were grown on the n-Si surface with the technique 
of photoassisted electrochemical oxidation (7). 

Figure 2 shows the effect of the surface preparations on 
the photocurrent  density measured under constant illu- 
mination. A high activation energy barrier against charge 
transfer across the interface will result in a decreased 
photocurrent at a given light intensity. 

As shown in Fig. 2, bare n-Si is a highly irreversible 
electrode for iodide oxidation in this medium. A similar 
high degree of electrochemical irreversibility has also 
been observed with bare semiconductor surfaces of II-VI 
and III-V compounds and polysulfide electrolytes (2, 8). 

By polymerizing a thin coating (200-400A) of polypyr- 
role - BF4 on the n-Si surface the charge transfer charac- 
teristics of the interface are improved by more than one 
order of magnitude. The addition of 10-20A of Pt by elec- 
tron beam gun evaporation onto the n-Si surface prior to 
the electrochemical growth of the polypyrrole �9 BF4 film 
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ELECTROCHEMICAL PHOTOVOLTAIC CELL 
WITH SOLID POLYMER ELECTROLYTE 

I 

n-Si ? PEO (KIll 2) 

Pt/ ITO 

hl# 

�9 

t hzJ 

n-Si PP PEO(KT/.T. 2 ) Pt / ITO 

2h+ +31---I~ 2e-+13--- 31- 

Fig. 1. a(left): Schematic cell configuration, b(right): Energy level diagram. Both of photoelectrochemical cell with polymer solid electrolyte and 
iodide/triiodide redox couple. 

improves  the  e lec t ronic  coupl ing  b e t w e e n  the  n-St and 
the polypyrrole ,  leading to more  eff icient  scavenging  of  
minor i ty  carr iers  f rom the  n-St. This  has also been  ob- 
se rved  as i m p r o v e d  junc t ion  character is t ics  measu red  in 
the  solid state, as shown in the  i m p r o v e m e n t  in the  qual- 
i ty factor  of  the  junc t ion  f rom 2.2 to 1.4 (9). 

As shown  in Fig. 2, the  mos t  eff icient  in terfaces  incor- 
pora te  iod ide  as t he  anion dopan t  in the  polypyrrole .  With 
the  P t -po lypyr ro le  �9 iodide  coating,  the  charge  t ransfer  
character is t ics  re la t ive  to bare n-St are i m p r o v e d  by about  
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Fig. 2, Short-circuit photocurrent of PEO-iodide photoelectrochemi- 

cal cells with varying surface preparation of the n-Si photoelectrodes 
under constant illumination of I 00  mW/cm "~ unfiltered tungsten halo- 
gen light. 

three  orders  of  magni tude .  The enhanced  eff ic iency with  
iod ide-doped polypyrro]e  could  be  due  to specific iod ide  
adsorp t ion  on the  pla t inized Si surface. S ince  iod ide  is 
k n o w n  to have  a s t rong specific adsorp t ion  on Pt, this 
could  resul t  in efficient  oxidat ion,  or minor i ty  carrier  
scavenging.  

Po lypyr ro le  - iod ide  can be  synthes ized  f rom acetoni-  
trile solut ion conta in ing  t e t r a e t h y l a m m o n i u m  iod ide  or 
KI  c o m p l e x e d  wi th  P E O  to improve  solubil i ty.  Alterna-  
tively, to avoid  the  large parasi t ic  currents  associated 
with  iod ide  oxidat ion,  po lypyr ro le  - iod ide  can be gener-  
ated by ion e x c h a n g e  of  po lypyr ro le  �9 BF4 wi th  iodide.  I f  
iodide is the  only anion in the  electrolyte,  it will  be  incor- 
pora ted  into the  po lypyr ro le  mat r ix  for charge  neutra l i ty  
as the  po lypyr ro le  film grows in its ox id ized  state. The 
cyclic v o l t a m m o g r a m  in Fig. 3 clearly shows the  signa- 
ture  of the iodide anion in the region where the polypyr- 
role is highly conductive. The iodide signal is superim- 
posed on the capacitive charging current of the 
polypyrrole in its oxidized state, which is large due to the 
porosity and consequently large surface area of the poly- 
pyrrole film (I0). The peak heights are linear with scan 
rate, characteristic of a surface bound species. 

The cyclic voltammogram of polypyrrole �9 iodide is per- 
formed in an aqueous KCI electrolyte where iodide is sol- 
uble. After an initial reduction of about 40% during the 
first two scans, the peak heights are stable for multiple 
scans, indicating that besides a certain fraction of surface- 
bound iodide, most of the iodide is tightly bound to the 
polypyrrole matrix. 

Current-Voltage Characteristics 
The i l lumina ted  current -vol tage  character is t ics  of  a 

PEC with  PEO-iodide / t r i iod ide  e lec t ro ly te  and n-Si]Pt/ 
po lypyr ro le  �9 iod ide  pho toanode  is shown in Fig. 4. The  
size of  the  Si chip  was 1 cm'-' and  the  i l lumina t ion  was  100 
mW/cm ~ unf i l te red  tungs ten-ha logen  whi te  light. 
Not iceab ly  d i f ferent  I-V character is t ics  are observed  
w h e n  different  size areas are i l luminated .  Decreas ing  the  
i l lumina ted  area by a factor  of  t en  f rom 0.2 to 0.02 cm ~ in- 
creases bo th  the  short-circui t  cur ren t  dens i ty  and the  fill 
factor, def ined as the  fract ion of  the  theoret ica l  maxi-  
m u m  eff iciency wi th  a g iven  shor t -c i rcui t  cur ren t  and 
open-c i rcui t  vol tage.  With an i l lumina ted  area of 0.02 cm ~, 
the  fill factor  was 0.5 and the  energy  convers ion  
eff ic iency abou t  2%, or  3.6% cor rec ted  for absorp t ion  in 
the  PEO/ITO.  



2118 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  September I985 

400 ~. POLYPYRROLE �9 iODIDE 

O.IM KCl AQUEOUS 

5 0  mV/sec 

20~A 

0.6  

350 ,~ POLYPYRROLE.  C104 [ 
PYRROLE-TEAP-CH3CN 

0 

I c i 0 g  ~ 
,r", 
0 
"1" 

_ o 

5020 mV/sec I 
' ~  

5 

-0.8 -0 .6  -0.4 -0 .2  0 0.2 0.4 0 0.2 0,4 

E (V) vs SCE E(V) vs SCE 
Fig. 3. Cyclic voltammogram of (a, left) polypyrrole �9 perchlorate in a MeCN-TEAP electrolyte containing pyrrole monomers, which are not 

electroactive in the region scanned, and (b, right) polypyrrole - iodide in aqueous KCI electrolyte. 

The fill factor is s t rongly d e p e n d e n t  on the  series re- 
s is tance of  the  cell. The  forward I-V character is t ics  ex- 
hibi t  series res is tance  of the  order  of  100 gt/cm ~. This is a 
cont r ibut ing  factor  to the  l imit  of  the  ou tpu t  efficiency, 
since photocurrents and fill factors are reduced for series 
resistances larger than a few ohms per square centimeter 
(Ii, 12). 

The degraded response for larger illuminated areas are 
due to the inhomogeneities of the 1 cm 2 contact area be- 
tween the Si and the PEO due to the thinness of the PEO 
film. Smal le r  i l lumina ted  areas (< 1 m m  ~) resul t  in even  
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Fig. 4. Illuminated current voltage characteristics of a PEC with 

PEO - iodide/triiodide electrolyte and n-Si/Pt/polypyrrole - iodide pho- 
toanode. The Si chip was 1 cm ~, and the sizes of the illuminated areas 
are indicated on the graph. 

larger pho tocu r r en t  densit ies,  sugges t ing  that  technologi-  
cal op t imiza t ion  will  lead to more  efficient  cells. 

If  the  surface had  been  homogeneous ,  the fill factor  
would  be expec t ed  to decrease  u p o n  i l luminat ing a 
smal ler  surface  area s ince the  dark  cur ren t  stays the  same 
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n-Si/Pt/polypyrrole �9 iodide photoanode. Maximum incident light intensity was 100 mW/cm 2 unfiltered tungsten halogen light, and reduced light 
intensity was achieved with neutral density filters. 

but the photocurrent  is reduced. The fact that the fill fac- 
tor improves with smaller i l luminated areas demonstrates 
that the interface is inhomogeneous.  

As can also be seen from the figure, there are substan- 
tial reverse bias dark currents which are attributed to low 
shunting resistance due to edge effects of the Si chip. It is 
believed that better etching procedures will improve the 
shunt characteristics. 

The effect of removing the PEO film is to reduce both 
the short-circuit current and the open-circuit voltage. The 
open-circuit voltages of n-Si/Pt/PP/ITO cells are consist- 
ently less than 0.2V, demonstrating the necessity of the 
n-Si/PEO electrochemical Schottky barrier junction for 
high efficiency cells. 

Spectral Response 
Figure 5 shows the wavelength dependence of the 

transmission of the PEO/ITO and the spectral response of 
the short-circuit photocurrent  as determined by cutoff 
filters and normalized by the transmission of the individ- 
ual filters. 

The transmission of the PEO/ITO drops from about 50 
to about 30% between 500 and 400 nm because of the 
iodide absorption in the PEO-iodide/triiodide electrolyte 
film. The drop in the photocurrent  is much sharper than 
that of the transmission for wavelengths below 500 nm, or 
photon energies above 2.5 eV. We attribute the sharp drop 
in the photocurrent  to high surface recombination veloci- 
ties associated with a high density of surface states of the 
Si. Since the absorption constant of the Si increases with 
increasing photon energy, the higher energy photons are 
absorbed closer to the surface where the high recombina- 
tion velocities decrease the carrier lifetimes, resulting in a 
decreased blue response (11). 

Light Intensity Dependence of Photocurrent and 
Photovoltage 

The dependence of the photocurrent  and the photovolt- 
age on the intensity of incident white light is shown in 
Fig. 6a and 6b, respectively. The open-circuit voltage in- 
creases logarithmically with light intensity over the al- 
most two orders of magnitude studied using neutral den- 
sity filters to reduce the incident light intensity from a 
maximum of 100 mW/cm ~. This is in accordance with the 
abrupt junction model (12). The open-circuit voltage in- 
creases by 90 mV for each decade increase in the light in- 
tensity, corresponding to a quality factor (ratio to 2.3kT/q) 
of 1.5 for the barrier. A quality factor greater than 1.0 may 

imply the existence of deleterious surface states acting as 
recombination centers (11, 12). This will reduce the open- 
circuit voltage by pinning the Fermi level to the surface 
states and limit the photocurrent by recombination of 
charge carriers. 

The short circuit photocurrent  is proportional to L ~ 
where L is the light intensity and a = 1.07 at low light in- 
tensities (up to 50 mW/cm 2) and 0.70 at higher light inten- 
sities. The nonlinear behavior at higher light intensities 
indicates a decreasing quantum efficiency with increas- 
ing light intensity. The change in behavior at higher light 
intensities can be understood in a mode] where the quasi- 
Fermi level of the majority carriers reaches a higher den- 
sity of interface states as it sweeps through the bandgap 
with increasing light intensity. As the Fermi level sweeps 
through the interface states, they are converted to recom- 
bination centers, thereby increasing the rate of recombin- 
ation of charge carriers and lowering the quantum effi- 
ciency (13). 

Summary 
In summary, we have demonstrated techniques for 

derivatizing semiconductor surfaces which overcome the 
large activation energy barriers to efficient charge trans- 
fer between semiconductors and redox ions in PEO elec- 
trolytes. We believe these surface modification tech- 
niques represent an important advance in the control of 
charge transfer between semiconductor  electrodes and 
polymer solid electrolytes. 

The particular coupling of electronically and ionically 
conducting polymers to achieve efficient charge transfer 
which these techniques demonstrate is compatible with 
thin film technology and could, therefore, have impor- 
tant technological implications. 

The energy conversion efficiency of the present- 
generation cells is limited by a high density of surface 
states on the n-Si electrode, and possibly by a high series 
resistance, and no longer by high activation energy barri- 
ers against efficient charge transfer from the semicon- 
ductor electrode to the redox ions in the PEO solid elec- 
trolyte. The continuation of this work will deal explicitly 
with the surface preparation of the n-Si in an at tempt to 
eliminate the high density of surface states which de- 
grade the behavior of the present photoelectrochemical 
cells. 
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ABSTRACT 

The visible electroreflectance (ER) technique coupled to capacitive and voltammetric measurements has been used 
to characterize the redox properties of water-soluble porphyrins [the meso-tetrakis (4-N-methylpyridyl) porphine tetra- 
chloride (TMPyP) and the meso-tetrakis (4-N-methylpyridyl) porphine cobalt (III) pentachloride (Co(III)TMPyP)] in the 
potential range where they are irreversibly adsorbed on Au electrodes. The spectral features are analyzed in terms of 
reflectivity difference between the oxidized and reduced species and compared with optical properties of the bulk spe- 
cies. The ER spectra give direct evidence for the location of a reversible electron transfer reaction and allow us to deter- 
mine the redox potentials of the Co(III)/Co(II) and Co(II)/Co(I) systems in their adsorbed state. The Co(III)/Co(II) couple 
is detected in an acidic solution (0.1M HC1Q) at E1 = 0.45 V/SCE, and the Co(II)/Co(I) system is determined in neutral so- 
lution (0.02M KC104) at E~ = -0.70 V/SCE. These potentials do not differ from the values obtained for the unabsorbed 
metalloporphyrin. These results provide evidence for the ability of a gold electrode covered with adsorbed porphyrin to 
constitute a modified electrode with well-defined redox properties. 

Modified electrodes are electrochemical tools for 
which many methods of preparation and investigation 
have been described during the last years (1). Relatively 
few applications in the field of electrochemical catalysis 
have been proposed. Developments in this field necessi- 
tate extensions of the fabrication procedures to other 
modified surfaces or research of new catalytic reactions 
with the well-known modified electrodes. For this pur- 
pose, in situ methods of investigation are very useful. The 
most investigated catalytic reaction is the oxygen reduc- 
tion, for which many coordination compounds have been 
proposed as catalysts, among them, cobalt porphyrins 
(lb, 5) and phtalocyanines (4). Kuwana (3), Anson (2, 6), 
and Murray (lb, 5) have studied the electrochemical be- 

* Electrochemical Society Active Member. 

havior of adsorbed or linked porphyrins and 
phtalocyanines. Some in situ methods of investigation 
have been proposed for such electrode-adsorbed (or 
-linked) compounds (lb, 7-10). 

Water-soluble porphyrins of the tetramethylpyridyl or 
tetraphenylsulfonate type have not been so intensively in- 
vestigated as other porphyrins. Some chemical and elec- 
trochemical properties have been described (11-12), and it 
was shown that electrochemistry of these compounds is 
not as well defined as those of water-insoluble com- 
pounds and need to be completed. 

In the scope of new catalytic developments of these 
water-soluble porphyrins, we are interested in porphyrin- 
modified electrode and in situ methods of investigation 
of their electrochemical properties. Recent voltammetric 
study of Cytochrome C (22) and electroreflectance inves- 



Vol. 132, No. 9 W A T E R - S O L U B L E  P O R P H Y R I N S  2121 

6 0  

~. 4 C  
U .  

:> ,  

r 

2 0  

l ~ I I I J I 

q 

~ 2 

"3 

5 0  

> , 3 0  

lO: 

I I I 

1 

p z r  
& 

t ~, I ~ I I I I tl I 
- 0 .4  0 0 . 4  0 .8  - 0 .5  0 0 .5  

P o t e n t i a l  ( V )  P o t e n t i a l  ( V )  

Fig. 1. Capacity-potential curves for a polycrystalline gold electrode with the influence of thepH, a(left):pH = 1 in 0.1M HCI04. b(right):pH = 6 in 
O.02M KCI04. Curve 1: with a clean gold surface. Curve 2: with adsorbed Co(Ill)TMPyP. Curve 3: with adsorbed TMPyP. Frequency f = 15 Hz. 
Modulation amplitude ~E = 5 mV. Voltage sweep V = 5 mV-s -~. 

tigation on gold electrode (23) have shown the interest of 
coupled electrochemistry and spectrochemistry. 

Therefore, in this paper we examine the electrochemi- 
cal behavior of some water-soluble porphyrins adsorbed 
on a gold electrode by electroreflectance. 

Experimental  
The cobalt TMPyP and free-TMPyP were prepared by a 

modification (24) of the published method (25, 26). 
The electrodes were polycrystalline gold disks with a 

surface of 0.65 cm ~. After mechanical polishing, the elec- 
trodes were rinsed first with concentrated H~SO4 and 
then with ultrapure water. 

Before each experiment,  an electrochemical cleaning 
procedure was performed in a supporting electrolyte 
(0.02M KC104) consisting of a set of slow voltage sweeps 
(20 mV-s- ' )  between two potential limits of -0.8 and + 1.2 
V/SCE. This procedure allows for the formation of a 
monolayer of oxide and its subsequent  reduction of each 
cycle. The voltage sweep was repeated until a satisfactory 
cleanliness of the interface was reached as revealed by 
the well-known vol tammogram and capacitive character- 
istics (27). Then the electrode was wetted with a drop of 
porphyrin for about 10 rain, followed by thorough wash- 
ing to remove the excess of porphyrin before introducing 
it into the experimental  cell containing the electrolyte 
(0.02M KC104 or 0.1M HC1Q). The extent  of the potential 
excursion was l imited so as to maintain the porphyrin ad- 
sorbed without its undergoing chemical degradation. The 
potential limits depend on the pH of the solution: it 
ranges between -1  and +0.5V at pH = 6 and between 
-0.5 and +0.7V at pH = 1. At the end of each experiment,  
the potential limit was extended to a more positive value, 
+1.2V, to oxidize the adsorbed layer and regenerate a 
clean gold surface. 

Potentials were measured vs. a mercurous sulfate elec- 
trode in order to avoid contamination of the gold surface 
by C1- anions, but they are quoted with respect to SCE 
(by adding 0.41V). 

Voltammograms were recorded at a variable voltage 
sweep in the range of 30-300 mV-s -1. Capacity and 

electroreflectance measurements  were made with a 15 Hz 
modulation voltage superimposed on a slow sweep of 3 
mV-s -1. Optical measurements were carried out at normal 
incidence with plane polarized light, in the wavelength 
range 300-600 nm. The procedure and apparatus for ob- 
taining the electrical capacity and optical signals (ER) 
have been described (27). 

All the electrochemical studies were performed in 
0.02M KC104 or 0.1M HClO4 solutions. Curves were ob- 
tained with a three-electrode potentiostatic system. 

A visible spectrum of porphyrin solutions (0.02M KC104 
or 0.1M HC104) was made from a Unicam SP 1800 ultravi- 
olet spectrophotometer.  Reduct ion of the Co(III) TMPyP 
to Co(II) TMPyP was effected by addition of sodium 
borohydride (NaBH~). All the experiments  were per- 
formed at 25~ 

Results 
Adsorption characterization.--The presence of Co(III) 

TMPyP molecules at the gold electrode surface is demon- 
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Fig. 2. Voltammogram for o modified gold electrode by adsorbed 

Co(Ill) TMPyP in aqueous solution of 0.]M HCIO4. The dashed curve 
indicates the behavior of a free gold surface (after desorption of porphy- 
rin) V = 300 mV-s -~. 
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strated by comparing the capacity of the gold interface 
after a cleaning treatment in the supporting electrolyte 
and after deposition of the porphyrin on the electrode 
surface. Capacity-potential curves in HC104 (pH = 1) and 
in 0.02M KC]O4 media (pH = 6) are presented in Fig. 1. In 
both media, the capacity is lowered in presence of por- 
phyrin in a potential range larger than 1V, showing that it 
remains irreversibly adsorbed in this region without un- 
dergoing any chemical degradation. 

Irreversible adsorption of the free-porphyrin (TMPyP) 
has been observed under the same conditions (Fig. 1). 

In situ characterization of adsorbed Co(III ) 
T M P y P . ~ . I M  HCI04 medium. - -The  voltammetric curve 
of adsorbed Co(III) TMPyP is shown in Fig. 2. Waves that 
are not well defined are visible near E = 0.45 V/SCE 
which corresponds to the peak in capacity-potential curve 
(see Fig. la). 

The ER spectrum shown in Fig. 3 relative to Co(III) 
TMPyP is obtained in a narrow potential region near Ep = 
0.45V with a maximum ampli tude at Ep. These structures 
completely disappear for any mean potential situated in 
more positive or negative region. 

These typical spectra can be interpreted in terms of a 
valence change process occurring in the adsorbed layer. 
The ER structures displayed in the 400-500 nm range are 
relative to the simultaneous presence of both oxidized 
and reduced forms characterized by slightly different op- 
tical properties which are revealed by the modulation 
technique. 

The adsorbance spectra of bulk Co TMPyP in the same 
acidic solution for both oxidized and reduced forms indi- 

cate that the typical ER spectrum at Ep = +0.45 V/ECS co- 
incides with the differential spectrum obtained by sub- 
stracting the spectrum of oxidized, Co(III) TMPyP, from 
that of the reduced Co(II) TMPyP form in solution (Fig. 
4). This demonstrates that the adsorbed species are prob- 
ably maintained in a configuration similar to that in the 
solution. 

The absence of any signal of adsorbed TMPyP (without 
metallic ion) in the same media, in the investigated poten- 
tial range, indicates that the redox process concerns the 
cobalt ion. Thus, the capacitive, voltammetric,  and elec- 
troreflectance signals are characteristics of the 
Co(III)/Co(II) system of the adsorbed porphyrin. 

The cyclic vol tammogram of the bulk Co TMPyP 
(Fig. 5) situates the apparent standard potential of the 
Co(III)/Co(II) couple at +0.45 V/ECS, in accordance with 
the value of Pasternak (19). Comparison between the elec- 
trochemical behavior of adsorbed and bulk Co TMPyP 
clearly shows that the redox couple Co(III)/Co(II) appears 
at the same potential in both adsorbed and bulk phases. 

Neutral O.02M KCI04 medium.--Capacity  and electrore- 
flectance study of the adsorbed Co(III) TMPyP in 0.02M 
KCIO~ gives also one typical spectrum at a potential value 
of ca. -0.7 V/ECS (out of the potential range available in 
0.1M HClO4). Unexpectedly, no typical signal was ob- 
served at the redox Co(III)/Co(II) potential value previ- 
ously identified in acidic solution. 

The ER spectrum of Co(III) TMPyP shown in Fig. 6 
was obtained in a narrow potential region near E, = 
-0.7V. It exhibited double signed features which did not 
fit with the differential spectra obtained by subtracting 
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t h e  s p e c t r u m  of  t h e  ox id ized  spec ies  f rom t h a t  of  t he  re- 
d u c e d  spec ies  in  so lu t ion  (0.02M KC104).' This  con f i rms  
t h a t  t he  typ ica l  E R  s p e c t r u m  o b t a i n e d  at  Ep = - 0 . 7 V  does  
no t  s t e m  f rom t h e  Co(III)/Co(II) r e d o x  process .  

' Absorbance properties of Co TMPy porphine (oxidized a n d  
reduced species) in 0.02M KC104 solution are similar to those ob- 
tained in 0.1M HC104. 
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Fig. S. Cyclic voltammogram of lO-4M Co(Ill) TMPyP on micro-gold 
electrode in 0.1M HCI04. v = 200 mV-s -1. 

U n d e r  the  s a m e  cond i t ions ,  t he  a d s o r b e d  free  T M P y P  
does  no t  give any  s ignal  in  t h e  capac i ty  a n d  e lec t rore-  
f lec tance  spec t r a  at  t he  c o r r e s p o n d i n g  potent ia l .  Com-  
p a r i s o n  of  the  r e su l t s  b e t w e e n  Co T M P y P  a n d  free por-  
p h y r i n  i nd i ca t e s  t h a t  the  r e d o x  p roce s s  at  - 0 . 7 V  is due  to 
coba l t  a n d  p r o b a b l y  to t h e  Co(II)/Co(I) sys tem.  

Cyclic  v o l t a m m o g r a m s  of t h e  Co(III)  T M P y P  in  solu- 
t ion  (0.02M KC104) p r e s e n t  a poor ly  de f ined  wave  nea r  E 
= +0.45V a n d  a m o r e  wel l -def ined  one  n e a r  E = - 0 . 7 V  
w h i c h  can  p r o b a b l y  be  a t t r i b u t e d  to t he  Co(III)/Co(II) a n d  
Co(II)/Co(I) r e d o x  sys tems .  

C o m p a r i s o n  of  t he  e l e c t r o c h e m i c a l  b e h a v i o r  of  ad  
s o r b e d  Co T M P y P  a n d  t h a t  of b u l k  p o r p h y r i n  c lear ly  
shows  t h a t  a r e d o x  couple,  w h i c h  can  b e  a t t r i b u t e d  to t h e  
Co(II)/Co(I) sys tem,  works  at  t he  s a m e  po t en t i a l  (Ep = 
-0 .7V)  in  b o t h  a d s o r b e d  a n d  b u l k  phase .  U n f o r t u n a t e l y ,  
ER spec t r a  of  a d s o r b e d  Co(III) T M P y P  at  - 0 . 7 V  c a n n o t  
b e  r igorous ly  co r r e l a t ed  to s p e c t r a  in  so lu t ion  p h a s e  due  
to t h e  l ack  of  t he  UV-v is ib ]e  one  of  r e d u c e d  (Co(I) 
T M P y P )  form.  S u c h  a r e d u c e d  fo rm has  n e v e r  b e e n  de- 
s c r ibed  to our  knowledge ,  p r o b a b l y  b e c a u s e  of  t he  
d e m e t a l a t i o n  of  t h i s  Co(I) p o r p h y r i n .  We h a v e  o b s e r v e d  
t h a t  t he  cha rac t e r i s t i c  v o l t a m m e t r i c  cu rves  of Co(III) 
T M P y P  so lu t ion  we re  mod i f i ed  w h e n  t he  p o t e n t i a l  of  t h e  
e l ec t rode  was  m a i n t a i n e d  at  a va lue  lower  t h a n  - 0 . 7 V  for  
a long  t ime.  The  coba l t  d e p o s i t  con f i rms  the  demeta l a -  
t ion  process .  S u c h  a p roces s  s e e m s  to occu r  in  t h e  ad- 
s o r b e d  s ta te  as o b s e r v e d  b y  t he  d i s a p p e a r a n c e  of  t h e  typi-  
cal E R  spec t r a  for  a long  nega t i ve  polar iza t ion .  

The  a b s e n c e  of  t h e  E R  spec t r a  a t  Ep = +0.45V in  neu t r a l  
so lu t ion  is n o t  ye t  c lear ly u n d e r s t o o d .  I t  s h o u l d  b e  ex- 
p l a ined  b y  a d ras t i c  c h a n g e  in con f igu ra t ion  of the  
Co(III) T M P y P  f rom a d s o r b e d  fo rm to b u l k  phase ,  or 
more  p r o b a b l y  b y  a sh i f t  of  the  r e d o x  po ten t i a l  
[Co(III)/Co(II)] in  a pos i t ive  r a n g e  ou t  of  t he  ava i l ab le  do- 
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main. It can be noted that the positions of this couple 
have not been precisely characterized in solution and 
have never been described in this neutral media. The dis- 
appearance of a redox system in porphyrin-modified 
electrode has been observed by Murray (9) for a cobalt- 
metaled (NH2)4 tetraphenylporphine attached to carbon or 
to plat inum electrodes. 

Conclusions 
Co(III) TMPyP and TMPyP are strongly adsorbed on a 

gold electrode in a large potential range, in neutral and 
acidic media. A modified electrode can be easily pre- 
pared by this simple method. 

Co(III) TMPyP behaves in the adsorbed form as in solu- 
tion in acidic media. The Co(III)/Co(II) couple appears at 
+0.45V, in a potential range described by Pasternack (19) 
and confirmed by our experimental  determinations. 
Thus, the catalytic applications of Co(III) TMPyP 
involving the Co(III)/Co(II) couple in such a medium 
should not be modified by linkage or adsorption on the 
electrode surface. 

Concerning the neutral medium, our ER study gives ev- 
idence for the Co(II)/Co(I) system which has never been 
previously determined by bulk voltammetric studies. 
However, the proximity of potentials corresponding to 
water reduction and the possibility of demetalation reac- 
tion complicate the characterization of the bulk system. 

Our results show that electroreflectance coupled with 
capacitance and voltammetric measurements appears to 
be a powerful technique in studying both spectroscopic 
and electrochemical properties of porphyrin derivative. 

Electroreflection allows the investigation of electrode 
modified by adsorbed species and might be applied to 
other modified electrodes with good reflectance proper- 
ties. 
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Electrochemical Activity in KOH Electrolyte of Carbon-Based Air 
Electrodes Containing Polymeric Iron Phthalocyanine by Direct 

Synthesis Methods 
Toshiro Hirai and Jun-ichi Yamaki* 

Nippon Telegraph and Telephone Corporation, Ibaraki Electrical Communication Laboratories, Tokai, Ibaraki-ken 
319-11, Japan 

ABSTRACT 

Polymeric iron phthalocyanine (poly-FePc) was synthesized directly onto carbon supports, and carbon-based elec- 
trodes were fabricated using the carbon supports. Three synthesis methods, melt, liquid-phase, and gas-phase, were 
studied. Then activity on O~ reduction in KOH solution was compared among three electrodes. The electrode obtained 
by melt synthesis showed the lowest polarization and maintained the most positive potential at a 10 mA/cm ~ discharge. 
The activity of poly-FePc was in the order: melt > liquid-phase > gas-phase synthesis methods. Comparing the activity 
of poly-FePc for the melt synthesis electrode with that for the electrode-impregnated po]y-FePc from poly-FePc/conc. 
H2SO4 solution, the former showed a lower polarization and a smaller potential drop for a 10 mA/cm 2 discharge. 

Polymeric iron phthalocyanine (poly-FePc) is reported 
to be a better catalyst for oxygen reduction than 
monomeric FePc (1). For this reason, poly-FePc as well as 
monomeric FePc has been examined by many authors 
(2-6). In these studies, poly-FePc was supported on car- 
bon either by in situ gas phase methods or by an impreg- 
nation method. 

Kreja and Plewka (7, 8) examined the catalytic activity 
of poly-FePc directly synthesized on carbon supports by 
a melt method. They synthesized a poly-FePc, which had 
few units lacking Fe central atoms, by increasing the ratio 
of FeC13/pyromellitic dianhydride (PA). They showed that 
the electrochemical activity of poly-FePc increased with 
an increase in this ratio. However, the activity and stabil- 
ity of poly-FePc using this method were almost the same 
as those of impregnated poly-FePc from poly-FePc/conc. 
H~SO4 solution (8). 

In this paper, the excellent catalytic effect of poly-FePc 
on the carbon supports deposited by a direct synthesis 
method different from that adopted by Kreja and Plewka 
is reported. Although several methods have been previ- 
ously given for the synthesis of polymeric metal phthalo- 
cyanines (9-11), in this case 1,2,4,5-tetracyanobenzene 
(TCB) was used as one of the reactants instead of PA in 
order to increase the poly-FePc yield. We then examined 
the influences of different synthesis methods, opt imum 
synthesis condition, and opt imum poly-FePc loadings by 
polarization and discharge measurements.  Furthermore, 
it was shown that the direct synthesis method leads to a 
higher electrochemical activity and stability of poly-FePc 
than the impregnation method. 

Experimental 
Catalyst preparation methods.--Catalysts were sup- 

ported in two different ways. 
The first way was direct synthesis, for which the fol- 

lowing three methods were adopted. (i) The melt method, 
where TCB, FeCI~ (Tokyo Chemical Industry  Company), 
urea (Kanto Chemical Company), and carbon supports 
were mixed and heated in an N~ atmosphere. TCB was 
prepared from PA (Tokyo Chemical Industry Company), 
urea, and SOC1.2 (Kanto Chemical Company) according to 
the method reported by Epstein et al. (10), except using 
SOCI~ instead of COC12. The synthesis was carried out un- 
der all combinations of temperature (300 ~ 350 ~ 400 ~ 450 ~ 
and 500~ and reaction time (18, 40, 70, and 140h). The re- 
action was then continued at a temperature 50~ higher 
for an additional 2h. The product was finally extracted 
with pyridine and then with methanol  unti l  the washing 
solvent became colorless. (it) The liquid-phase method, 
where the same materials as used in the melt method 
were mixed with 100 ml of ethylene glycol and heated at 

*Electrochemical Society Active Member. 

190~ for reaction times of 18, 40, 70, and 140h. Water 
(500 ml) was then added to the suspension, and the solu- 
tion was filtered. The product was then washed with 
water until  the filtrate became colorless. Finally, the 
product was washed with acetone. (iii) The gas-phase 
method, where ferrocene, TCB, and the carbon supports 
(14:7:24 weight ratio) were mixed and heated at 250~ for 
20h in an evacuated sealed tube (3). The product was 
washed with pyridine and methanol as in method (i). 

The second way was by impregnation, where 8g of the 
carbon supports were added to 200 ml of 96% H=,SO4 con- 
taining 0.3g of poly-FePc. The poly-FePc was then precip- 
itated onto the supports by pouring the mixture into 2 li- 
ter of ice water. After filtering, the carbon supports 
impregnated catalyst were washed with water until  the 
pH of the filtrate reached 7. 

Poly-FePc was synthesized from TCB, FeC1..,, and urea. 
The starting materials for poly-FePc synthesis were 
mixed and heated at 300~ for 18h in an N~ atmosphere. 
The temperature was then raised to 350~ and heated for 
an additional 2h. The product was purified according to 
the method reported by Epstein et al. (10). 

Electrode preparation.--Carbon powder (C, Nippon 
Carbon Company), acetylene black (AB, Denki Kagaku 
Kogyo Company), and Ketjen black EC (EC, Akzo 
Chemic Company) were used as carbon supports for the 
air electrodes in a 1:3:4 weight ratio (12). The catalysts 
were prepared on the carbon supports by the methods de- 
scribed above. The catalyst-prepared carbon supports 
were then mixed in a ratio of 9:5 with polytetra- 
fluoroethylene (PTFE) emulsion (60 weight percent [w/o] 
solution, Mitsui Florochemicals Company) and kneaded 
with ethanol and water. The mixture was rolled into a 
sheet and a Ni screen (Exmet Company, 3Ni7-3/0) to- 
gether with a porous PTFE sheet (Nitto Denko Company, 
NTF5205) was applied to one side and pressed at 82.5 
kg/cm2/250~ for 30 min. 

Electrochemical measurements.--Polarization.--The air 
electrode (2 cm 2) was placed into a polytetrafluoroethyl- 
ene (PTFE) cell with a Pt foil counterelectrode, 1N KOH 
(Kanto Chemical Company, f = 1.002) electrolyte, and a 
saturated calomel reference electrode (SCE). One side of 
the electrode was contacted with electrolyte, and an- 
other side was contacted with atmospheric air. Polariza- 
tion measurements  were carried out in atmospheric air 
at room temperature  (20~176 Polarization curves were 
recorded galvanostatically with a stepwise increasing 
current  density up to 100 mA/cm ~, followed by a step- 
wise decrease back to zero. 

Rotating ring-disk electrode measurements.--The carbon 
supports with poly-FePc were mixed with a spectroscop- 
ically pure paraffin wax (Uvasol, Aldrich Company) in a 
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Fig. 1. Reaction time dependence on polarization characteristics of melt synthesis electrodes. Reaction temperature is 300~C (a, left) and 
400~ (b, right). 

2:1 w e i g h t  ra t io .  T h e  m i x t u r e  was  i n t r o d u c e d  in to  t h e  
d isk  cavi ty  (8.00 m m  diam) a n d  was  s m o o t h e d  w i th  a razor 
b lade  (13). The  r ing  e l ec t rode  c o n s i s t e d  of gold (8.00 m m  
id a n d  12.16 m m  od). A p l a t i n u m  s h e e t  coun te r e l ec t rode ,  
t he  SCE,  a n d  a 0.1N K O H  (Kanto  C h e m i c a l  C o m p a n y ,  f = 
1.001) e lec t ro ly te  we re  used.  T he  ca lcu la ted  co l lec t ion  
eff ic iency of t he  R R D E  was  0.366. Befo re  m e a s u r e m e n t s ,  
N~ gas was  b u b b l e d  in to  the  e lec t ro ly te  to p u r g e  t he  O2 in  
t h e  e lec t ro ly te ,  a n d  ve ry  smal l  or no  re s idua l  c u r r e n t  for  
r ing a n d  d i sk  e l ec t rodes  was  checked .  T he  m e a s u r e m e n t s  
were  ca r r i ed  ou t  b u b b l i n g  02 gas  in to  t he  e lec t ro ly te  (O.2 
c o n c e n t r a t i o n  was  1.21 • 10 -:~ tool/li ter).  T he  po t en t i a l  of  
r ing  e l ec t rode  (ER) was  m a i n t a i n e d  at  +0.20V vs. SCE, 
w h e r e  t he  d i f fus ion  l imi t ing  c u r r e n t  for t he  ox ida t i on  of  
p e r o x i d e  was  o b s e r v e d  (14). 

All p o t e n t i a l  va lues  for po la r i za t ion  a n d  R R D E  mea-  
s u r e m e n t s  we re  e x p r e s s e d  in t h o s e  vs. SCE. 

Resul ts  a n d  D iscuss ion  
Synthesis conditions f o r  poly-FePc by the melt and liq- 

uid phase methods.--Direct s y n t h e s i s  of  po ly -FePc  onto  
the  c a r b o n  s u p p o r t s  b y  t he  me l t  m e t h o d  ha s  b e e n  exam-  
ined  (8). However ,  t he  p o l y - F e P c  cou ld  no t  be  s yn the s i zed  
u n d e r  t he  s a m e  c o n d i t i o n s  as t h o s e  for  po ly -FePc  syn the -  
sis alone,  s u g g e s t i n g  t h a t  t he  c a r b o n  s u p p o r t s  ac ted  as 
syn thes i s  inh ib i to r s .  Therefore ,  the  s y n t h e s i z i n g  condi-  
t ions  for t he  m e l t  m e t h o d  a n d  t h e  l iqu id  p h a s e  m e t h o d  
were  e x a m i n e d .  P o t y - F e P c  was  s y n t h e s i z e d  d i rec t ly  on to  
the  c a r b o n  s u p p o r t s  u s i n g  d i f fe ren t  r eac t ion  t i m e  a n d  
t e m p e r a t u r e  cond i t ions .  T he  s y n t h e s i s  c o n d i t i o n  of  poly- 
F e P c  was  d e c i d e d  as a r e su l t  of  t he  ca thod i c  po la r i za t ion  
of t he  va r ious  e lec t rodes .  

Melt synthesis method.--The r e l a t i o n s h i p  b e t w e e n  t h e  re- 
ac t ion  t i m e  a n d  t h e  c u r r e n t  dens i ty  at  a c o n s t a n t  po ten t i a l  
is s h o w n  in Fig. 1. For  t he  s a m p l e s  s y n t h e s i z e d  at  300~ 
t he  c u r r e n t  dens i t i e s  at  c o n s t a n t  p o t e n t i a l  i n c r e a s e d  w i t h  
i n c r e a s i n g  a r e a c t i o n  t i m e  u p  to 50h (Fig. la). In  t he  r a n g e  
300~ 50h, c u r r e n t  dens i t i e s  we re  i n d e p e n d e n t  of  reac-  
t ion  t ime.  However ,  w h e n  p o l y - F e P c  was  s yn t he s i zed  at 
t e m p e r a t u r e s  h i g h e r  t h a n  350~ no  s ign i f ican t  d i f f e rence  
in the  ac t iv i ty  in  r e s p e c t  to r eac t i on  t i m e  a n d  t e m p e r a t u r e  
was  obse rved .  The  re su l t  a t  400~ as a typ ica l  case,  is 
s h o w n  in Fig. lb .  C o n s e q u e n t l y ,  we s ugges t  t h a t  poly- 
F e P c  s h o u l d  b e  s y n t h e s i z e d  on  c a r b o n  s u p p o r t s  by  the  
me l t  m e t h o d  u n d e r  300~ 50h or 350~176 20h 
cond i t ions .  

Liquid phase synthesis method.~Polarization charac te r i s -  
t ics  we re  t h e  s a m e  at - 0 .4  a n d  - 0 . 5 V  for d i f fe ren t  
s amples  (Fig. 2). C u r r e n t  dens i t i e s  at  -0 .2  a n d  - 0 . 3 V  in- 

creased with increasing reaction time. The current densi- 
ties in the range of < 100h were larger than those at -0.2 
and -0.3V in the range of < 40h in Fig. la. We judged this 
tendency was due to an increase in amount of poly-FePc 
synthesized onto carbon supports. The difference of cur- 
rent densities in the range of -0.5 to -0.7V may be due to 
the difference in electrode structure, for example, pore 
size and number of pores. In this method, it is suggested 
that poly-FePc should be synthesized on the carbon sup- 
ports under 190~ 20h conditions. 

Thermogravimetric measurements were carried out for 
the carbon supports on which the poly-FePc was synthe- 
sized by all three methods. The results are shown in 
Table I. The temperature where sample weight decreased 
rapidly was in the range of 372~176 which was slightly 
higher than, or equal to, the decomposition temperature 
of the poly-FePc synthesized by the corresponding 
method. However, the temperature was higher than that 
for the monomeric FePc (335~ and was far higher than 
the decomposition temperature of TCB (248~ The re- 
sults indicated that poly-FePc was the material supported 
on the carbon surface. 
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Table I. Decomposition temperature of poly-FePc 

Synthesis method 

Sample 

Carbon supports 
Poly-FePc containing poly-FePc 

(~ (~ 

Melt 370 372 
Liquid phase 372 380 
Gas phase 372 378 

Table II. Poly-FePc electrodes 

Synthesis conditions Poly-FePc 
weight on 

Synthesis Temperature Time carbon supports 
method (~ (h) (g/m 2) 

500 40) 
Melt k550 7.88 • 10 -4 

Liquid phase 190 140 1.28 • 10 -~ 
Gas phase 250 20 > 4.00 • 10 -4 

E~ectrochemicaL characteristics of direct synthesis 
electrodes.--As a r e su l t  of  t he  e x p e r i m e n t s  c o n d u c t e d  
above ,  t h e  e l ec t rode  p r e p a r a t i o n  c o n d i t i o n s  u s e d  we re  se- 
l ec ted  as l i s t ed  in  Tab le  II. Fo r  t he  gas  p h a s e  s y n t h e s i s  
e l ec t rode  (e lec t rode  3), t he  co r r ec t  a m o u n t  of  p o l y - F e P c  
cou ld  no t  be  e v a l u a t e d  b e c a u s e  of t he  loss  of c a r b o n  sup-  
por t s  d u r i n g  t he  e v a c u a t i o n  p r o c e d u r e .  J u d g i n g  f rom re- 
sul ts  of  t he  d e p e n d e n c e  of  a m o u n t  of  F e P c  on  act iv i ty  
(15), t he  p o l y - F e P c  a l m o s t  en t i r e ly  cove r ed  t he  c a r b o n  
suppor t s .  

Po l a r i za t i on  c u r v e s  are  s h o w n  in  Fig. 3. T he  po ly -FePc  
e l e c t r o d e  p r e p a r e d  by  t he  m e l t  m e t h o d  (e lec t rode  1) ex-  
h i b i t e d  the most positive potential. No polarization hyste- 
resis of electrode 1 was observed. The hysteresis of elec- 
trode 2 was in the opposite direction. (That of curve 3 in 
Fig. 7 was also in the same direction.) The behavior may 
be rest of solvent (ethylene glycol) in micropores of car- 
bon supports (or less wettability of bare carbon surface), 
although we cannot surely show that. We are now en- 
gaged in experiments about the behavior. 

The potential-time curves at I0 mAJcm=' discharge are 
shown in Fig. 4. Electrode 1 retained the most positive po- 
tential for 300h. The potential drop after a 300h discharge 
was as follows: for electrode 1 it was 0.01V; for the liquid 
phase method electrode (electrode 2) 0.08V, and for the 
gas phase method electrode (electrode 3) 0.067V. 

As seen from the results, poly-FePc directly synthe- 
sized on the carbon supports by the melt method showed 
the most active catalytic effect, low polarization, and an 
excellent stability of activity. 
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E l e m e n t a l  ana lys i s  was  car r ied  ou t  for  po ly -FePc  a n d  
the  c a r b o n  s u p p o r t s  d e p o s i t e d  po ly -FePc  b y  th r ee  syn the -  
sis m e t h o d s .  The  resu l t s  are  g iven  in  Tab les  III  a n d  IV. 
The  N/Fe rat io  of  t h e  c a r b o n  s u p p o r t s  c o n t a i n i n g  poly- 
F e P c  b y  m e l t  s y n t h e s i s  m e t h o d  was  8.8. The  v a l u e  was  
close to t h a t  of po ly -FePc  in T a b l e  III.  This  sugges t s  t h a t  
the  po ly -FePc  on  t he  c a r b o n  s u p p o r t s  cons i s t ed  of  a l m o s t  
all l i gand  un i t s  w i t h  a cen t r a l  Fe  metal .  In  a n o t h e r  s t u d y  
(8), a po ly -FePc  w i t h  few l igand  u n i t s  c o n t a i n i n g  no  Fe  
a toms  was  s y n t h e s i z e d  d i rec t ly  on to  c a r b o n  s u p p o r t s  
u s i n g  a l a rger  a m o u n t  of  FeCI:~ t h a n  for  t he  s t o i ch iome t r i c  
rat io  of F e C l J P A .  In  t he  p r e s e n t  work ,  howeve r ,  poly- 
F e P c  w i th  few Fe  defec t  un i t s  was  s y n t h e s i z e d  d i rec t ly  on  
s u p p o r t s  by  i n c r e a s i n g  r e a c t i o n  t i m e  a n d  t e m p e r a t u r e  
wi th  TCB a n d  FeC]2 in  a s t o i ch iome t r i c  ratio. Neve r the -  
less, l i qu id  a n d  gas p h a s e  s y n t h e s i s  r e su l t ed  in  c a r b o n  
s u p p o r t s  c o n t a i n i n g  po ly -FePc  w i th  m a n y  l igands  l ack ing  
Fe  a toms ,  wh i l e  t he  c o r r e s p o n d i n g  p o l y - F e P c  in  Tab le  I I I  
had  a few l igands  w i t h  no  Fe  a toms .  T h o u g h  t he  ca ta lys t  
ac t iv i ty  has  co r r e l a t i on  w i th  c o n d u c t i v i t y  (16), we be l i eve  
t h a t  t he  e x c e l l e n t  ac t iv i ty  o b s e r v e d  in  t h e  m e l t  m e t h o d  
m a i n l y  r e su l t s  f rom the  s y n t h e s i s  of p o l y - F e P c  c o n t a i n i n g  
fewer  u n i t s  w i th  no  Fe  metal .  

The  q u a n t i t y  of  Fe  a t o m s  in p o l y - F e P c  was  e v a l u a t e d  
by  a t o m i c  a b s o r p t i o n  analys is .  In  one  t r e a t m e n t ,  t he  car- 
b o n  s u p p o r t s  w i t h  po]y -FePc  were  py ro lyzed  at  500~ for  
2h a n d  t h e n  p l aced  in  conc.  HC1 a n d  fil tered. In  a n o t h e r  
t r e a t m e n t ,  t h e y  were  p l aced  in  conc.  H2SO~ for  5h, a n d  
t h e n  we re  f i l tered.  The  a m o u n t s  of  po ly -FePc  d i s so lved  
in conc.  H2SO4 were  e v a l u a t e d  f rom the  ra t io  of  Fe  con-  
t e n t  o b t a i n e d  b y  t he  la t te r  t r e a t m e n t  to t h a t  b y  t he  f o r m e r  
t r e a t m e n t .  T h o s e  we re  59.2 w/o for  t he  m e l t  m e t h o d ,  81.3 
w/o for  t he  l i qu id  p h a s e  m e t h o d ,  a n d  43.9 w/o for  t he  gas  
p h a s e  m e t h o d .  This  sugges t s  t h a t  l a rge  p o t e n t i a l  d rop  
af ter  300h for e l ec t rode  2 m a y  be  co r re l a t ed  w i th  the  solu- 
bi l i ty  of  l iqu id  p h a s e  po ly-FePc .  

Table III. Elemental analysis of poly-FePc 

C H N Fe 
Sample ~ (%) (%) (%) (%) C/N N/Fe 

Melt 61.3 2.5 24.5 11.7 2.92 8.4 
Liquid phase 66.1 3.2 22.6 8.0 3.41 11.3 
Gas phase 65.1 5.2 19.8 9.2 3.84 8.6 

Synthesis conditions (temperature and reaction time) are for the 
melt (300~ 20h) + (350~ 2h), for the liquid phase 190~ 70h, and 
for the gas phase 250~ 20h. 

Table IV. Elemental analysis of carbon supports 
containing poly-FePc 

C H N Fe 
Sample (%) (%) (%) (%) N/Fe 

Without poly-FePc 98.1 <0.2 <0.2 0.046 - -  
Melt 90.8 0.26 6.11 2.78 8.8 
Liquid phase 94.0 1.92 3.54 0.27 52.3 
Gas phase 91.5 1.01 6.32 0.15 167.9 
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Effect of poly-FePc amount on activity.--The depen-  
dence  of  the  a m o u n t  of  po ly-FePc  on e lec t rode  act ivi ty  
for the mel t  synthesis  m e t h o d  was examined .  This  
a m o u n t  was contro l led  by changing  the  ratio of  the  start- 
ing materials  to the  carbon supports .  The react ion tem- 
pera ture  was main ta ined  at 500~ for 40h, fo l lowed by 
550~ for an addi t ional  2h. E lec t rode  potent ia ls  at con- 
stant  current  dens i ty  for e lec t rodes  wi th  var ious  amoun t s  
of po]y-FePc are shown in Fig. 5. The  potent ia l  b e c a m e  
more  pos i t ive  wi th  increas ing coverage  of  po ly-FePc  in 
the  range of 0.89 • 10 -4 to 6 x 10 -4 g/m ~. Above  this range  
(6 x 10 -4 to 9.3 • 10 -4 g/m~), the  potent ia ls  changed  li t t le 
wi th  the  a m o u n t  of  po ly-FePc  present .  It  appears  that  the  
carbon suppor ts  were  comple te ly  covered  with  po ly-FePc  
molecu les  w h e n  more  than  6 • 10 -4 g/re'-' of  po ly-FePc  
was suppor ted .  The  o p t i m u m  poly-FePc  coverage  for 
mel t  synthes is  e lect rodes  was 7.9 • 10 -4 g/re'-'. Po ly -FePc  
was suppor t ed  on the carbon  suppor t s  in a monolayer ,  
based on the  calcula ted va lue  of 6.6 • 10 -4 g/m '2. As can be 
seen, the  expe r imen ta l  o p t i m u m  is close to the  calculated 
value.  

V o l t a m m e t r y  curves  at 1000 rpm for samples  wi th  dif- 
ferent  loadings  of  po ly-FePc  are i l lustrated in Fig. 6. The 
O2 reduc t ion  occur red  in the  range of  < -0 .1V vs. SCE on 
the  disk e lec t rode  with  poly-FePc,  whi le  wi thou t  catalyst  
O~ reduc t ion  occur red  in the  potent ia l  range  of < -0 .25V 
vs. SCE. A r ing current ,  I,{, was obse rved  in the  potent ia l  
range of  < -0 .25V vs. SCE. IR decreased  wi th  an increase  
in the  a m o u n t  of  po ly-FePc  on the  carbon  supports .  The  

�9 ~ ER= 0.20V 
I 0 ' 5mA ~ 20mY/see 

c ~ _.__I j / a: Without Catalyst 
b ~ ~  b: 8.90X lO-,ScJ/m2 

~ c  : 4.51 x 10-'* g/m L 
a ~ S m A  d: 9.32x 10-4 cj/m 2 

Fig. 6. Rotating ring-disk (RRDE) data for O~ reduction on carbon 
supports with various amounts of poly-FePc in 1N KOH. Scan rate: 20 
mV/s. Ring potential: +0 .20V vs. SCE. Rotation speed: 1000 rpm. 
Calculated RRDE collection efficiency: N = 0.366. 0~ concentration: 
1.21 x 10 -:~ mol/liter. 

ratio of IR to the  disk current ,  ID, was the smallest  at a 
po ly-FePc  loading of  9.32 x 10 -4 g/re'-'. 

Comparison of the direct synthesis method with im- 
pregnation method on the catalytic effects of poly- 
FePc.--When the  impregna t ion  m e t h o d  was used,  poly- 
F e P c  was suppor ted  on the  carbon  surface less un i fo rmly  
because  of  its low solubility. Fur the rmore ,  by analogy 
with resul ts  for m o n o m e r i c  F e P c  (15), it is poss ible  that  
the  act ivi ty  of  po ly-FePc  suppor ted  by the impregna t ion  
m e t h o d  decreases  wi th  time. Consequent ly ,  po ly-FePc  
suppor ted  on the  carbon  by the  m e t h o d  of Kreja  et al. 
showed  insuff ic ient  e lec t rochemica l  activity.  

Polar izat ion character is t ics  for O~ reduc t ion  for poly- 
F e P c  e lec t rodes  m a d e  by the impregna t ion  and direct  
synthesis  (melt) me thods  are shown in Fig. 7. The  elec- 
t rode  p repared  by the  lat ter  m e t h o d  showed  more  nega- 
t ive open-c i rcui t  potent ia l  than  the fo rmer  electrode,  al- 
t hough  it showed  more  posi t ive  potent ia l  at current  
densi t ies  h igher  than  2 mA/cm'-'. In  addit ion,  the  polariza- 
t ion hysteresis  was smal ler  in the lat ter  than  in the  
former.  

Discharge  m e a s u r e m e n t s  as a func t ion  of  t ime were  
carr ied out  at 10 mA/cm 2. Resul ts  are shown in Fig. 8. The 
e lec t rode  p repared  by direct  synthesis  main ta ined  more  
posi t ive  potent ia l  than that  p repa red  by impregnat ion .  
The potent ia l  drop after  d ischarge  over  200h was -0 .140V 
for the  lat ter  e lectrode,  whereas  the  fo rmer  e lect rode 
showed  no potent ia l  drop over  the  same  period.  Poly-  
FePc  synthes ized  on the carbon  suppor ts  therefore  
showed  exce l len t  stabil i ty in its e lectrocatalyt ic  act ivi ty  
for O~ reduc t ion  in KOH solution. 

Conclusion 
Poly -FePc  was synthes ized  on carbon  suppor ts  by three  

me thods  (melt, l iquid  phase,  and gas phase) to e x a m i n e  
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the catalytic effects on oxygen reduction in KOH solu- 
tion. 

Poly-FePc was successfully synthesized on the carbon 
supports under 300~ 50h or 350~176 20h condi- 
tions for the melt method and 190~ 20h for the liquid 
phase method. From elemental analysis, the N/Fe ratio of 
poly-FePc supported on the carbon by the melt method 
was 8.8. The poly-FePc, therefore, consisted almost en- 
tirely of ligands with a central Fe metal. 

The melt  synthesis electrode showed the lowest polari- 
zation and maintained the most positive potential for a 
period of at least 300h at a 10 mA/cm 2 discharge. The ac- 
tivity of the poly-FePc was in the order of melt > liquid 
phase > gas phase synthesis. It is suggested that the 
highest activity of poly-FePc made by the melt method is 
due to the presence of a few monomer  units with no cen- 
tral Fe metal. From the dependence of the poly-FePc 
amount on polarization, poly-FePc synthesized by the 
melt method entirely covered the carbon supports in the 
range of > 6 • 10 -4 g/m s. The opt imum poly-FePc cover- 
age for the activity of melt synthesis electrodes was 7.9 • 
10 -4 g/m 2, which was nearly equal to the calculated value 
(6.6 x 10 -4 g/m 2) of a poly-FePc monolayer. The RRDE re- 
sults suggest that the excellent polarization characteris- 
tics obtained with this poly-FePc coverage are due to the 
predominant  occurrence of the four-electron O.2 reduction 
process on poly-FePc electrodes. 

The melt  synthesis electrode with poly-FePc showed 
lower polarization in the range of 2-100 mA]cm ~ and a 
smaller potential drop over 200h during 10 mA/cm 2 dis- 
charge tests than that for the electrode made by impreg- 
nation. It is concluded that the poly-FePc melt synthesis 
electrode showed the higher electrochemical activity and 
stability for O~ reduction in KOH solution. 
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Preparation and Properties of Electrodes Modified by Polymeric 
Films with Pendant Anthraquinone Groups 

P. M. Hoang, Steven Holdcroft, and B. Lionel Funt* 
Department of Chemistry, Simon Fraser University~ Burnaby, Vancouver, British Columbia, Canada V5A 1S6 

ABSTRACT 

Polymeric films of poly-[p-(9,10-anthraquinone-2-carbonyl)styrene]-co-styrene were deposited on Pt  by evaporation 
of solvent from toluene solutions. The films were insolubilized and stabilized by cross-linking reactions initiated by UV 
irradiation. The voltammetric  reduction to the radical anion is reversible in dimethylsulfoxide solution containing tetra- 
e thytammonium perchtorate. The redox peaks occur at identical potentials and show the linear current dependence on 
scan rate characteristic of adsorbed systems. Spectroelectrochemistry of successive reduction cycles confirmed the re- 
versible formation of the radical anion and dianion. The electrocatalytic reduction of 02 was conducted with these 
modified electrodes. 

Electrodes modified with quinoid compounds have 
been utilized for electrocatalytic purposes. The oxidation 
of NADH and of ascorbic acid mediated by catechols 
have been described (1-4). The covalent attachment of 
naphthoquinone to semiconductors was utilized by 
Wrighton and co-workers in photoelectrochemical  reduc- 
tions (5, 6). Degrand employed an adsorbed film of an an- 
thraquinone polymer with an amine backbone for electro- 
catalytic reduction of 02 (7). 

We previously reported the preparation of a series of 
polymers with pendant electroactive anthraquinone 
groups and investigated the electrochemical response of 
these polymers in solution (8). The electroactive units re- 
sponded independently,  and the spacing of electroactive 
units on the chain could be changed without affecting 

*Electrochemical Society Active Member. 

their electrochemical behavior. Previous work indicated 
that such systems could conform to theoretical expecta- 
tions as polymeric films (9). 

In this report, we describe the preparation of these 
films and their stabilization and insolubilization by cross- 
linking reactions produced by irradiation of the film. The 
reversibility and stability of the modified electrodes is 
explored by electrochemical and spectroelectrochemical 
techniques, and the effects of spacing of electroactive 
units on the backbone chain and of overall film thickness 
are examined. These modified electrodes are utilized for 
the mediated reduction of O~ in a nonaqueous medium. 

Experimental 
The synthesis of a model  compound 2-(p-ethyl-ben- 

zoyl)-9,10-anthraquinone (EBAQ) and of the polymer 
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po ly - [p - (9 ,10 -an th raqu inone-2 -ca rbony l ) s ty rene ] -co - s ty -  
rene  (PAQ) was  desc r ibed  p r ev ious ly  (8) 

CH3~ 0 "-(CH2~ )m ~CH~-CH}'R-nO~ 
O//C~ o//C~ 

0 0 

EBAQ PAQ 

Dimethy l  su l foxide  (DMSO) was f ract ional ly  disti l led 
and stored over  molecu la r  s ieve 4~, wh ich  had been  acti- 
va ted  by hea t ing  for several  days at 300~ in vacuum.  
T e t r a e t h y l a m m o n i u m  perchlora te  (TEAP) was recrystal-  
lized twice  f rom dist i l led wate r  and dr ied  in vacuum.  

Film preparation.---A measu red  v o l u m e  of to luene  so- 
lut ion of  the  po lymer  was p laced on the  surface of the  
work ing  e lec t rode  and the  solvent  was a l lowed to evapo- 
rate slowly. The  e lec t rode  was subsequen t ly  dried in 
vacuo for 5 rain. The  film th ickness  was es t imated  f rom 
the quan t i ty  of  po lymer  initially p resen t  in the  solution. 

The films were  cross- l inked by i r radiat ing the  coated 
electrode,  wh ich  was i m m e r s e d  in isopropanol ,  wi th  l ight  
f rom a 100W Hg lamp (Engelhard Hanovia).  The  e lec t rode  
was subsequen t ly  dr ied in vacuo for 10 rain. 

Electrochemistry.--A t h r ee - compar tmen t  cell  was used  
which  had a 5 m m  (5 Pt  work ing  e lec t rode  (Beckmann),  a 
P t  wire  countere lec t rode ,  and a SCE reference.  The work-  
ing e lec t rode  was pol i shed  success ive ly  wi th  SiC 600, 3 
/zm d iamond  pas te  and 2, 0.1, and 0.05 /zm a lumina  and 
then  sonica ted  in dist i l led water  for 10 rain. The  reference  
e lect rode was p rov ided  with  a salt br idge  of  0.1M 
T E A P / D M S O  in the  Luggin  capillary. The  stabil i ty of the  
background  cur ren t  indica ted  that  insignif icant  contami-  
nat ion by water  occur red  wi th in  the  t ime  scale of the  ex- 
per iments .  Before  each set of  runs, p o l y m e r  f rom the  pre- 
v ious  expe r imen t  was r e m o v e d  wi th  t i ssue paper  and the  
e lec t rode  was then  c leaned chemica l ly  and electro- 
chemica l ly  as descr ibed  in the  l i terature (10). 

The solut ions were  f lushed with Ar  and an Ar  atmo- 
sphere  was main ta ined  th roughou t  the vo l t ammet r i c  
measurements .  A P A R  170 e lec t rochemica l  sys tem wi th  
IR  compensa t ion  was used  for s ta t ionary vo l tammet ry ,  
and a P ine  I n s t r u m e n t  rota t ing r ing-disk e lec t rode  and 
ancil lary po ten t ios ta t  and control ler  were  used  for the  dy- 
namic  studies.  An  Apple  II mic rocompu te r -based  data ac- 
quis i t ion sys tem was e m p l o y e d  for step funct ion  Cottrell  
exper iments .  

PTWIRE 
(COUNTER ELECTRODE). I SCE 

~ ~l WORKING ELECTRODE 
Ar INLET / I]1 [ /  

Ar OUTLET 

~ 4"TEFLON CAP 

0.1M TEAP/DMSO " '"  
SOLUTION 

/ 
SINTERED GLASS 

I 
-TIN OXIDE-COATED GLASS 

Spectroelectrochemistry.--A 1 x 1 x 4 cm square  cross- 
sect ional  opt ical  cuvet te ,  wi th  a quartz-to-glass seal to a 
1.2 (h x 5 cm tube,  was fit ted with  a Teflon cap wi th  
ports  for a SCE, min ia ture  eountere lec t rode ,  and Ar in- 
lets, as shown  in Fig. 1. The work ing  e lec t rode  was a 
sheet  of  t in oxide-coa ted  glass (VWR Scientific) on which  
the  po lymer  sample  was deposi ted.  Electr ical  connect ions  
were  m a d e  us ing s i lver  dag, wh ich  was  subsequen t ly  cov- 
ered wi th  epoxy  resin. Visible spectra  were  recorded  on a 
U n i c a m  S P  8000 spec t ropho tomete r .  

I 5 0 p A  

(a) 

V 

llO A l/ .can 

. . . . . . . . .  ..... . . . j "  ',.: 

l O p A  

c )  

POLYMERFILM~ , ~  "~/G'/'/7"~7./. / 

Fig. 1. Spectroelectrochemical cell 

t l , , l ~  I I I J , t i ,  i ,  I , i  
0 . 0  - 1 . 0  

E / V  ( 8 C E )  
Fig. 2. Cyclic voltammograms of 3.47 mM EBAQ (a), unirradiated 

PAQ-coated electrode (b), and irradiated PAQ-coated electrode 
(1000~ thick) (c). Scan rate S0 mV-s-~; 0.1M TEAP in DMSO. 
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Resul ts  
The voltammetry of the polymer films and of the 

model compound, EBAQ, is shown in Fig. 2. A cyclic 
voltammogram of the model compound at a bare Pt elec- 
trode shows two well-defined nernstian peaks. An elec- 
trode coated with PAQ, which had not been cross-linked, 
produced successive peaks which decreased in magni- 
tude due to desorption of the polymer, and deviations 
from nernstian response were also evident. 

The electrode could be stabilized by cross-linking the 
polymer chains through exposure to UV radiation. Figure 
2c shows the effect of i0 rain irradiation. Only a minor de- 
crease in peak current or in integrated charge is found 
after 50 cycles. The electrochemical activity was main- 
tained for a period of many days. Moreover, the first and 
second reduction potentials of the AQ groups in the poly- 
mer film were essentially identical with those of the 
model compound, EBAQ, in solution. In contrast to our 
experiments with poly(vinylbenzophenone) films, where 
cycling above the second reduction potential leads to a 
loss of electroactivity, the PAQ films remain physically 
and chemically stable on repeat cycles to the doubly 
charged anion. 

The effect of varying the period of UV irradiation was 
investigated in order to optimize film preparation. Obvi- 
ously, too much irradiation will lead to destruction of 
electroactive centers and excessive cross-linking of 
chains, whereas insufficient irradiation will result in 
desorption from the electrode. The data in Fig. 3 show 
that maximum peak currents were obtained after I0 rain 
exposure. This condition was chosen for all film prepara- 
tions reported here. 

Spectroelectrochemistry.--The PAQ= radical anion is 
green, and the dolibly charged PAQ = is blue. The spectra- 
electrochemistry of successive reduction cycles was ex- 
amined in order to characterize the films and to probe 
their stability and reversibility. Polymeric films were de- 
posited on conducting glass in the apparatus shown in 
Fig. 1. The films were potentiostated at a chosen poten- 
tial until maximum optical absorption was exhibited. The 
results are presented in Fig. 4. Below -0.7V, no effect is 
obtained. Between -0.7 and -I.2V, a strong absorption 
develops at 690 nm, which corresponds to the formation 
of  P A Q  ~ radical  anions.  F u r t h e r  inc rease  to -1 .3V and  
more  ca thod ic  va lues  p r o d u c e s  a n e w  peak  at 595 nm,  
(PAQ =) and  a dec rease  in the  690, 415, and  392 n m  peaks.  
The  p rocess  is revers ib le  and  rep roduc ib le ,  and  s imilar  
in tens i t i es  w e r e  ob t a ined  on  success ive  cycles.  

Charge transport.--The in f luence  of  film th i cknes s  on 
the  e l ec t rochemica l  p e r f o r m a n c e  was  d e t e r m i n e d  (Table 
I). For  a 100A film, the  v o l t a m m o g r a m  s h o w n  in Fig. 5 
was  obta ined .  The pos i t ions  of the  anodic  to ca thod ic  
peaks  a lmos t  coincide ,  as e x p e c t e d  theore t ica l ly  for a 

ipo(l~) 

20 

O0 10 2 

UV irradiation time/min. 
Fig. 3. Effect of time of UV irradiation on the cathodic peak current 

of PAQ 200(2)-coated electrodes, film thickness 1000~. Scan rate 50 
mV-s-~; 0.1M TEAP in DMSO. 
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Fig. 4. Spectroelectrochemistry of film of PAQ 200(2); 0.1M TEAP 
in DMSO. 
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Fig. 5. Cyclic voltammogrom of 100~ thick PAQ 200(2)-coated 
electrode. Scan rate 50 mV-s-l; 0.1M TEAP in DMSO. 

highly  a d s o r b e d  subs t ra te .  The peak  wid th  at ha l f -height  
is 98 mV, w h i c h  is in good a g r e e m e n t  wi th  the  theoret ica l  
value of 90.6 m V  (11). 

Even  a 100-fold inc rease  in film th i cknes s  to 10,000~ 
did no t  lead to major  devia t ions .  The peak  separa t ion  be- 
came 16 m V  and  the  w i d t h  at ha l f -he igh t  112 rnV for t h e s e  
th ick  films. 

The d e p e n d e n c e  of  peak  cur ren t  on t h i cknes s  for the  
var ious  films is s h o w n  in Fig. 6. 

Table I, Voltammetric characteristics of PAQ films 

F o b ~  F o b s  

Poly- Thickness hE 6 i,,. (nmol- % 
mer AQ% (x 1000s (mY) (mV) (/zA) cm -2) F~ 

200(2) 28.0 0.1 0 98 8.1 1.3 79 
200(2) 28.0 0.5 0 110 12.2 1.9 22.6 
200(2) 28.0 1 16 112 18.4 2.7 16.4 
200(2) 28.0 5 16 112 72 9.7 11.8 
200(2) 28.0 10 16 112 110 14.9 9.0 
200(2) 28.0 15 20 112 156 21.0 8.3 
200(2) 28.0 20 25 116 174 23.4 7.1 
200(2) 28.0 30 32 112 184 24.8 5.0 

200(1) 19.5 1 16 116 15.0 2.2 19.2 
200(2) 28.0 1 16 112 18.4 2.7 16.4 
200(3) 47.4 1 36 116 29.2 4.3 15.4 

0.1M TEAP/DMSO; 50 mY-s-J; UV irradiation time 10 rain. 
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Fig. 7. Cottrell plot for PAQ 200 (2) film; 0.1M TEAP in DMSO 

0 ~ / -  . - - - - - - O ~  
0.0 0:2 0:4 

SCAN R A T E / M s  -1 

Fig. 6. Effect of scan rate for films of PAQ 200(2) of various thick- 
nesses. Film thickness for curves from top to bottom: 3 • 104, 2 • 
104,1 • 104 ,5 •  lff  ~,1 • 10 ~ , 5 •  10 ~,and 1 • 102/~;0.1MTEAP 
in DMSO. 

The  c o n c e n t r a t i o n  of  e l ec t roac t ive  un i t s  in  a u n i t  vol- 
u m e  is d e t e r m i n e d  b y  the  s p a c i n g  of  AQ g r o u p s  on  t he  
b a c k b o n e  cha in .  All t he  P A Q  p o l y m e r s  were  p r e p a r e d  
f rom a p a r e n t  s t y r e n e  p o l y m e r  of 200 u n i t  ave rage  cha in  
l eng th .  The  c o n c e n t r a t i o n s  of AQ g r o u p s  r a n g e d  f rom 
19.5 to 47.4% AQ. The  v o l t a m m e t r i c  cha rac te r i s t i c s  ob- 
t a i n e d  at  a sweep  ra te  of 50 m V - s - '  are s u m m a r i z e d  in 
Tab le  I. No s u b s t a n t i v e  c h a n g e s  in r eve r s ib i l i ty  or p e a k  
s h a p e  are  appa ren t .  T he  rat io  FoJF0a~ is t he  rat io  of  
e lec t roac t ive  cen t e r s  w h i c h  u n d e r g o  r e d o x  p roces se s  to 
t h a t  e x p e c t e d  for  t he  a m o u n t  of  p o l y m e r  d e p o s i t e d  on  the  
e lect rode.  This  ra t io  r e m a i n e d  i n s e n s i t i v e  to AQ c o n t e n t  
in t he  1000}~ film. 

The  p roce s s  of  c h a r g e  t r a n s p o r t  in  t he  fi lm was  inves t i -  
ga ted  b y  c h r o n o a m p e r o m e t r y .  The  p o t e n t i a l  was  s t e p p e d  
f rom -0 .2  to - 0 . 9 V  to p r o d u c e  t he  r e d u c t i o n  to t he  radica l  
anion.  A Cot t re l l  p lo t  (12) of  t he  da ta  is s h o w n  in  Fig. 7. I t  
y ie lded  a d i f fus ion  coeff ic ient  D(:T = 5.1 >< 1 0 - "  cm'-'-s- '  
f r om the  l inea r  p o r t i o n  of  t he  curve.  P r ec i s e  c o m p a r i s o n s  
are no t  pos s ib l e  b e c a u s e  of  t he  c u r v a t u r e  e x h i b i t e d  in  
t he se  plots .  However ,  s imi la r  va lues  we re  o b t a i n e d  w i th  
ca t ions  of d i f fe r ing  size, i.e., K ~ a n d  (C~H04N ~. Closer  
spac ing  of  AQ g r o u p s  a long  t he  cha in  d id  no t  p r o d u c e  
any  d e t e c t a b l e  sh i f t  in  DoT. The  v a l u e  of  th i s  d i f fus ion  
coeff ic ient  is c o m p a r a b l e  to t h a t  o b t a i n e d  by  M u r r a y  a n d  
co-workers  for  c o b a l t  p o r p h y r i n - m o d i f i e d  e lec t rodes  (13). 
Tab le  II  s u m m a r i z e s  t he  da ta  ob ta ined .  

Electrocatalysis . --The cata lyt ic  r e d u c t i o n  of  O~ to O~- 
was  a t t e m p t e d  at  a P A Q - c o a t e d  e l ec t rode  i m m e r s e d  in 
0.1M t e t r a e t h y l a m m o n i u m  p e r c h l o r a t e  so lu t ion  in DMSO. 
F igu re  8 s h o w s  t h e  r e d u c t i o n  of  a n  O~ s a t u r a t e d  so lu t ion  
(2.1 mM) at  b o t h  a ba re  a n d  a coa t ed  e lec t rode .  At  a ba r e  
P t  e lec t rode ,  a quas i - r eve r s ib l e  cu rve  is o b t a i n e d  w i t h  E,r 
= -0 .88V a n d  Ep a = -0 .66V vs. SCE.  T he  large  p e a k  sepa-  
ra t ion  po ten t ia l ,  bE  = 222 mV,  ind ica t e s  t h a t  the  e l ec t ron  
t r a n s f e r  is n o t  fast,  a n d  t h e  r e su l t s  are  c o n s i s t e n t  w i t h  
t hose  r e p o r t e d  b y  S a w y e r  a n d  R o b e r t s  (14). 

At  t he  P A Q - c o a t e d  e lec t rode ,  t he  sma l l e r  p e a k  separa-  
t ion  (AE = 68 m V  a n d  Ep c = - 0 . 7 8 V  a n d  E,~ -0 .71V) indi-  
cates  i m p r o v e d  revers ib i l i ty .  Of g rea t e r  i n t e r e s t  is the  98 
m V  pos i t ive  sh i f t  of  t he  ca thod ic  peak .  This  i nd ica t e s  t he  
ca ta ly t ic  r e d u c t i o n  of  O., by  P A Q  a n d  shows  t h a t  t he  elec- 
t r on  t r a n s f e r  f rom P t  to 02 in  so lu t ion  via  the  P A Q  film is 
fas te r  t h a n  d i rec t  e l ec t ron  t r a n s f e r  f rom the  e lect rode.  
The  a b s e n c e  of  a p e a k  at  - 0 . 8 8 V  in  Fig. 8d shows  t h a t  
t h e r e  is l i t t le  02 p r e s e n t  at  t he  e l ec t rode  sur face  at  th i s  po- 
t en t ia l  a n d  i nd i ca t e s  t h a t  i t  h a s  all b e e n  r e d u c e d  by  t he  
P A Q  film. 

The  p r e s e n c e  of  a s ingle  wave  is c o n s i s t e n t  w i th  a rap id  
e lec t roca ta ly t ic  r educ t ion ,  as f o u n d  w i th  h o m o g e n e o u s  
cata lyt ic  s y s t e m s  (15). A s low p roces s  s h o u l d  e x h i b i t  two 
p e a k s  a s soc i a t ed  w i th  t he  ca ta ly t ic  a n d  d i rec t  r e d u c t i o n  
steps,  r espec t ive ly .  Converse ly ,  a v e r y  fas t  r e d u c t i o n  
s h o u l d  e x h i b i t  a p reca ta ly t i c  w a v e  due  to t he  e lectro-  
ca ta lys is  of  O._, a n d  a s e c o n d  p e a k  a s soc i a t ed  wi th  t h e  re- 
d u c t i o n  of  t he  p o l y m e r  film. 

D y n a m i c  m e a s u r e m e n t s  were  p e r f o r m e d  wi th  a poly- 
mer -coa ted ,  r o t a t i ng  d i sk  e lec t rode .  A shi f t  of  60 m V  in 
ha l f -wave  p o t e n t i a l  was  obse rved .  Th i s  c o m p a r e s  wi th  a 
shi f t  of  98 m V  in p e a k  p o t e n t i a l  o b t a i n e d  w i th  s t a t i ona ry  
cyclic v o l t a m m e t r y .  

Discussion 
Desp i t e  the  s imi la r i ty  of  t he  P A Q  p o l y m e r  a n d  t he  an- 

t h r a q u i n o n e  p o l y m e r  u t i l ized  b y  D e g r a n d  a n d  Mil ler  (16), 
s ign i f ican t  d i f f e rences  exist .  The i r  p o l y m e r  was  b a s e d  on  
a s t r u c t u r e  

--(CH2--N--CH~)x--(CH~ --N--CH~)y 

I 
AQ 

The  p r e s e n c e  of a m i n o  g r o u p s  in  t h e  m a i n  cha in  con-  
fe r red  h y d r o p h i l i e  p r o p e r t i e s  to t he  p o l y m e r  w h i e h  per-  

Table II. Effect of AQ loading in 1000~ films 

Supporting 
electrolyte DOT X 10 II 

Polymer AQ% (0.1M) (cm'-'-s-') 

200(1) 19.5 TEAP 6.8 
200(2) 28.0 TEAP 5. I 

KC104 3.6 
200(3) 47.4 TEAP 5.4 

In DMSO, at 25~ UV irradiation time i0 min. 
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Fig. 8. Reduction of 02: Pt electrode under N~ (a); as (a) but O2 sat- 
urated (b); PAQ 200(2)-coated electrode (film thickness 100~), N2 
saturated (c), as (c) but 02 saturated (d). Scan rate 50 mY-s-'; 0.1M 
TEAP in DMSO. 

mitted its utilization in aqueous media. In contrast, the 
PAQ polymer is inactive in water. More surprisingly, the 
layer-to-layer conductivity is higher, as demonstrated in 
the behavior of thick films of PAQ. The difference in 
conductivity may result from the single-electron transfer 
process found in this work, in contrast to the two- 
electron, two-proton transfer found in Miller's more com- 
plex reaction (15). Furthermore, peak broadening is not 
found at higher anthraquinone loadings with PAQ, but 
was obtained with the amino-linked polymer. These re- 
sults reflect the influence of the conformation and struc- 
ture of the backbone chain on ion migration and electron 
hopping processes. 

The voltammetric results with PAQ polymers show that 
the I00}~ films are in accord with theoretical expectations 
for highly adsorbed material. The symmetry, scan rate de- 
pendence, and coulometry reflect essentially ideal behav- 
ior. For films of increased AQ content, there is little indi- 
cation of deviation due to interference between neigh- 
boring groups. However, an increase in overall conduc- 
tivity could be expected as electron hopping between 
neighboring sites is facilitated. This, as Murray has re- 
cently stated (17), is an oversimplification. To be exact, 
each site removed in a dilution process, or replaced in a 
loading process, should be comparable in size, polarity, 
morphology, etc., in order to ensure that distance be- 
tween groups rather than chain conformation is the domi- 
nant factor. The dependence of D(,T on concentration has 
been expressed analytically (18) for Os and Ru contained 
in copolymer compositions. However, Buttry and Anson 
(19), Facci (20, 21), and Kuo (22) found Dcr to be indepen- 
dent of concentration or to decrease at high concentra- 
tions (17). 

In our work, the interpretation is further complicated 
by an extraneous factor. The UV irradiation of the films 
may lead to increased cross-linking at higher AQ loadings 
with identical irradiation conditions. With this proviso in 
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mind, the failure to observe an increase in F0~,~/Fca,~ ratio in 
Table I may indicate that competing effects balance out 
the expected increase in electron transport due to smaller 
distances between electroactive groups. 

A similar analysis applies to the effect of increase in 
film thickness. The change in peak current is not propor- 
tional to the total AQ content of the films. The percent- 
age of AQ groups reduced electrochemically drops from 
79 to 5.0% for a 300-fold increase in film thickness from 
100 to 30,000~. If reduction occurred by slow progression 
through successive layers, then, presumably, a limiting 
thickness would be encountered at which further reaction 
would not occur, Such a model should not show the in- 
crease of current with thickness shown in Fig. 6. 

We suggest that the orientation of the polymer chains in 
the film leads to preferred pathways or channels for elec- 
trical conductivity. It is recognized that long chain mole- 
cules can be oriented by stretching and that such orienta- 
tion results in higher crystallinity and regularity in the 
polymer. Thus, for films thicker than 100~, some regions 
may be completely reduced in channels from the elec- 
trode to the solution interface, while other regions may 
only be reduced in the first IOOA or so layer. Such a 
model is consistent with the finding that films of greater 
thickness yield currents whose increase is not propor- 
tional to the total AQ content. 
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Tri-and Tetravalent Phthalocyanine Thin Film Photoelectrodes: 
Comparison with Other Metal and Demetallated Phthalocyanine 

Systems 
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ABSTRACT 

A series of trivalent and tetravalent metal phthalocyanines (Pc) has been examined in thin film form on metal sub- 
strates by electron microscopy, UV-visible spectrophotometry, and electrochemical and photoelectrochemical tech- 
niques. These Pc's are compared with other divalent metal and demetallated phthalocyanines. The tri- and tetravalent 
phthalocyanines show enhanced photoresponses vs. the divalent metal and demetallated systems. This enhanced activ- 
ity correlates with their broadened and red-shifted visible spectra and their tendency to grow as block-like or platelet- 
like microcrystals in the thin film. The divalent and demetallated Pc's  grow as smaller, needle-like deposits with poor 
photoresponses. The trivalent and tetravalent Pc's  have been grown in this study as thin films that act as highly doped 
p-type photoelectrodes or as nearly intrinsic photoconductors,  exhibiting both positive and negative photopotentials, 
depending upon the E ~ of the redox couple. 

There continues to be interest in the use of thin film or- 
ganic materials for photovoltaic (PV) and photoelectro- 
lytic (PE) applications (I-15). PV applications include dry 
cell materials, where the chromophore is sandwiched by 
itself or in a polymer matrix between two conductive sub- 
strates of dissimilar work functions (1-3, 16, 17). Wet cell 
PV and PE applications include the use of an electrolyte 
solution in contact with the photoactive organic material 
and a counterelectrode to complete the cell. Phthalocya- 
nines (Pc) have been used in many instances as the light- 
sensitive, charge separating medium for these applica- 
tions (5-15, 26-33). They also continue to be of interest as 
the primary photoreceptors in electrophotography and in- 
formation processing applications, along with several 
other chromophores of the merocyanine, cyanine, and 
squarane families (34-39). 

Thin film inorganic solar cells (e.g., a-SiHx) have been 
proposed by several researchers, which all take the same 
general form (Fig. i) (16, 17, 40, 41). To the extent that or- 
ganic thin film materials can be described by an energy- 
band model, this will apply as well to their application. 
Two contacting phases (labeled 1 and 3 in the figure) of 
dissimilar work function (or differing electrochemical po- 
tential) are sandwiched around a photoconductive mate- 
rial (labeled as 2 in the figure) of thickness d. This mate- 
rial is nearly intrinsic, but is doped to a density that must 
be able to support the development of a space-charge or 
depletion layer (of thickness 8) at both interfaces (hole 
blocking contacts, Fig. la, interface between 1 and 2; and 
electron blocking contacts, Fig. la, interface between 2 
and 3). The direction of the electric field gradient within 
the photoconductive film depends upon the dopant den- 
sity in the photoconductor (initial position of the Fermi 
level before contact), the thickness of the Pc film, and 
the relative electron affinities of the photoconductor and 
the two contacting phases (29-32). Two of several possible 
limiting cases are shown in Fig. la and b, both of which 
produce a net potential gradient which affect the 
photoresponse within the film and drive photogenerated 
holes to the interface between phases 2 and 3. These dia- 
grams are discussed further below. Aqueous and 
nonaqueous electrolyte solutions are recognized to be 
good candidates as one of the contacting media in these 
cells (20-25). By changing the thermodynamic formal po- 
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tential, E ~ of the redox couple in solution, it is possible 
to change the effective work function of a contacting 
phase (e.g., phase 3) and systematically vary the sign and 
magnitude of the potential gradient in phase 2, and thus 
vary the photopotential. 

Several limitations arise with the use of organic photo- 
electrode materials such as phthalocyanines. Rose has set 
forth some of the objectives for the use of any thin film 
photoconductor material sandwiched between two 
phases of dissimilar work function (16, 17); (i) the films 
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Fig. 1. Energy level schematic of an intrinsic photoconductor (phase 
2) sandwiched between two contacting phases (phase 1 and phase 3). 
Left Side: Before contact, flatband condition. Right Side: After con- 
tact, equilibrium condition. A: Fermi levels of phases 1, 2, and 3 
arranged in descending order (electron affinities increase from 1 
through 3). B: Fermi level of phase 2 above either phase 1 or phase 3. 
Energy vs .  electron in vacuum increases negatively in downward direc- 
tion, electrochemical formal potentials increase in downward direc- 
tion. Voc is the maximum obtainable photopotential at open circuit. 
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must possess strong light absorptivity over a large wave- 
length range (centered in the red), so that a thin film can 
capture most of the available visible wavelength l ight--  
this is generally attainable with Pc thin films; (it) defect 
densities must be low enough to permit  efficient trans- 
port of charge across the entire thin film in less time, Td, 
than the lifetime before recombination, ~-r--Pc films have 
traditionally shown excessive defect densities and ineffi- 
cient charge transport; and (iii) nearly ohmic contact of 
the photoconductor  with phases 1 and 3 (Fig. I). This 
last point requires some additional modification since 
one of the contacts must be blocking for electrons and the 
other contact blocking for holes and the two contacts 
must have sufficiently dissimilar work functions to pro- 
vide the driving force for charge separation. 

Our studies of phthalocyanines have concentrated re- 
cently on chlorogallium phthalocyanine (GaPc-C1), which 
exhibits unusual optical and electronic properties relative 
to many Pc's  that have been studied previously (27-33). 
Films of GaPc-C1 (ca. 1 ~m thick) grown very slowly on 
Au, and in contact with a variety of electrolyte solutions, 
can behave as expected for a nearly intrinsic semiconduc- 
tor. The Fermi level (of several of the films studied to 
date) is at least 0.7 eV above the valence bandedge (29, 
30). Both positive and negative photopotentials have been 
observed for these slowly grown films, with absorbed 
light photoelectrochemical  quantum efficiencies of ca. 
2-10%. Much thinner films of GaPc-C1 grown more rap- 
idly on Au. (ca. 200-500 nm thickness) have shown much 
smaller photopotentials, but showed the same high pho- 
toconductivity and high contrast between light and dark 
electrochemical response (27). These films also showed 
an unusually red-shifted and broadened absorbance spec- 
trum. Preliminary electron micrographs showed a high 
degree of long-range ordering in the microcrystalline de- 
posits comprising each thin' film. We have recently ex- 
tended these studies to include several other trivalent and 
tetravalent metal phthalocyanines which also exhibit  
strong red shifting of their solution absorption spectra 
over most of the visible and near-IR regions. Some of 
these same phthalocyanines, embedded in polymer matri- 
ces, have been recently used in solid-state thin film pho- 
tovoltaic cells (6-8, 42). 

In this publication, we compare these tri- and tetrava- 
lent metal phthalocyanines with demetallated and diva- 
lent metal Pc's (the focus of the most previous photoelec- 
trochemical studies) using (i) scanning electron 
microscopy (SEM) of both the bulk and thin film materi- 
als, (~i) UV-visible absorption spectroscopy of thin films, 
and (iii) electrochemical and photoelectrochemica] activ- 
ity of both thin (0.3-0.5 t~m) and thick (->- 0.7 ~m) Pc films 
grown at different rates on metallized polymer substrates. 
Many of the tri- and tetravalent metal phthalocyanines (in 
comparison to phthalocyanines of divalent metals) show a 
superior photoresponse. We believe this is in part due to 
structural differences in the cofacial stacking of the Pc 
rings, and in part to the enhanced electrical contact with 
the conductive substrate. 

Advantages are also observed in the use of an electro- 
lyte solution as the third contacting phase, instead of a 
metal or semiconductor.  Many of the defect and pore sites 
(short-circuit sites) of the Pc film are effectively ignored 
by an electrolyte with a low charge density, relative to the 
situation that would prevail with a contacting metal 
phase. 

Experimental 
The phthalocyanines (Pc) used, except  for GaPc-CI, 

were purchased commercially and purified by sublima- 
tion. Generally, two to three sublimations were required 
to purify the Pc to an acceptable level (with no detectable 
impurities found using UV-visible or infrared spectropho- 
tometry). 

Our synthesis method for GaPc-C1 has been described 
in detail elsewhere (43). In summary, GaCI:~ was dissolved 
in dry benzene while in a dry glove box. This was added 
dropwise to a solution of phthalonitrile dissolved in nitro- 

benzene with the temperature kept at the boiling point of 
nitrobenzene (210~ A bluish-black mass resulted, which 
was Soxhlet  extracted with benzene followed by ethanol. 
The final product required three sublimations to obtain a 
very pure sample of GaPc-C1. The absorbance spectrum 
in pyridine was identical to previously prepared samples 
and to published spectra. 

The following reagents were used in this work. 
Electroactive species were the following: benzoquinone 
(BQ) (Eastman Kodak) sublimed twice at atmospheric 
pressure; hydroquinone (H2Q)  (Eastman Kodak) 
recrystallized twice from H20; potassium ferricyanide 
K3Fe(CN)G (MCB, reagent ACS) used as obtained; potas- 
sium ferrocyanide K4Fe(CN)~ �9 3H20 (Mallinckrodt, ana- 
lytical reagent) used as obtained. Buffers and electrolytes 
were the following: potassium hydrogen phthalate (KHP) 
(MCB, reagent ACS) used as obtained; nitrogen N2 (local 
supplier, electrochemical grade) passed through a molec- 
ular sieve and catalyst (Chemalog R3-11) to remove resid- 
ual 02; pyridine (Py) (Fischer, certified ACS) used as ob- 
tained; and water H~O (TDW) triply distilled with second 
distillation from permanganate. 

Most solutions were a pH = 4 buffer of 0.2M KHP. 
Redox couples were generally 1 mM in concentration. 
Special solutions were occasionally required for electrode 
surface modification. Solutions of  0.1M phenol, or a 0.1M 
fl-napthol, and 0.3M NaOH in methanol  were used for 
electrochemical polymerization to give an insulating layer 
of polyphenol or polynaphthol, m-Aminophenols  were 
electropolymerized from the normal pH = 4 aqueous elec- 
trolyte. 

Oxygen was removed from the solutions before use. For 
stationary electrode cells, a vacuum degassing bulb was 
used and electrochemical-grade nitrogen used to 
overpressure the solutions into the cell. 

Electrode prepara t ion . - -Meta l l i zed  plastic optically 
transparent electrodes (MPOTE), gold substrates, were 
obtained from Sierracin Corporation. They consisted of a 
vapor deposited, thin (300•), gold film on a transparent 
polyester sheet (Au-MPOTE) (44, 45). The platinum coun- 
terpart to this (Pt-MPOTE) was produced by a sputtering 
process on similar polyester sheets by Len Raymond at 
the Microelectronics Laboratory at the University of 
Arizona. The substrate electrodes were rinsed briefly in 
absolute ethanol, then in water, and allowed to air dry. 
Deposition of the Pc films occurred in a 75 mm diam 
glass cylinder, with several milligrams of Pc spread 
evenly across the bottom. The electrodes were suspended 
1.75 in. above the bottom, by an aluminum (or Teflon) 
fnasking plate, held in place by indentations in the wall of 
the vessel. The masking plate was a 1/16 in. thick alumi- 
num disk with seven 3/8 in. diam holes. The vessel was 
placed in a 500 ml heating mantle (Glas-Col), and glass 
wool was packed around the vessel, filling the volume of 
the mantle. The temperature was measured by a ther- 
mometer  inserted through the glass wool to as near the 
base of the vessel as possible. The vessel was evacuated 
to ca. 10-7-10 -~ torr and the temperature increased, at typ- 
ically 10~ until a steady state of about 275~ was ob- 
tained. Rapid heat-transfer to the dye at the bottom of the 
vessel was necessary with adequate cooling of the glass 
near the template to prevent excessive heating of the sub- 
strates. Sublimation took place over a period of 2-8h 
(Type A films, see below) or 24-100h (Type B and C 
films, see below). Sublimation rates of 0.3-0.5 equivalent 
monolayers per minute (EQM/min) resulted for the Type 
B and C films and rates of 1-10 EQM/min for the Type A 
films. The vessel was allowed to cool before opening, and 
the electrodes were stored covered in ambient atmo- 
sphere. 

The surface coverage was obtained by dissolving the 
dye from the substrate with a measured volume of pyri- 
dine and comparing the peak absorbance at 670 nm to 
standards prepared from a fresh GaPc-C1/Py stock solu- 
tion. Film thickness is defined, in these studies, as the 
number  of equivalent  closest packed monolayers (EQM). 
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If each GaPc-C1 molecule is assumed to occupy a 160 ~'-' 
surface when lying flat, then one EQM corresponds to 
1.11 • 10 -l~ mol/cm 2. 

Various light sources were used, including a 450W xe- 
non arc lamp (Oriel) powered by an Electro-Powerpacs 
power supply or an Oriel power supply. The output of the 
lamp was focused through a 4 in. IR water filter, and a 
long pass 470 nm filter (LP47) for polychromatic illumi- 
nation (470-900 nm) in the visible region. The output of 
the lamp, at the point of electrode illumination, was about 
100-150 mW/cm ~, with about half of this being heat not ef- 
fectively blocked by the IR filter. Lamp output power 
was measured with a Coherent 210 powermeter.  

Electrochemistry.--Open-circuit photopotentials were 
measured by two methods: (i) the potential difference 
(measured from the voltammograms) between the equi- 
librium potential of a redox couple measured at the 
photoelectrode and the same redox couple measured at a 
bare Pt or Au electrode, and (it) the open-circuit potential 
was measured using a high input impedance voltmeter  
between the il luminated photoelectrode and bare Pt or 
Au electrodes in contact with the redox couple. In gen- 
eral, the two measurements  agreed to within a few milli- 
volts. 

Electron microscopy.--Scanning electron micrographs 
were taken with an ISI DS-130 electron microscope, using 
Polaroid Type 55 positive/negative 4 • 5 Land film. Elec- 
trodes were mounted via double-stick tape onto the regu- 
lar SEM stub and were grounded at the edge with a car- 

bon cement. The electrode samples were then sputter 
coated with a 300~ film of a Au-Pd alloy. This overlayer 
was necessary to prevent charging of the sample, which 
otherwise distorts the image and causes contrast prob- 
lems. The Au-Pd film was sufficiently thin that it did not 
alter the appearance of any structure observed at the 
magnifications used (10,000-34,000x). 

Results and Discussion 
Scanning electron microscopy of bulk and thin film 

deposits.--Table I lists all of the Pc's that have been ex- 
amined for this report, and Fig. 2a-d show selected SEM's 
of several of the Pc's explored. Figure 2a was obtained 
from bulk, purified FePc, simply coated onto the SEM 
sample stub. Needle-like phases were formed most read- 
ily for FePc as well as for H2Pc, CoPc, CuPc, CrPc, ZnPc, 
MgPc, NiPc, PdPc, and PtPc (Class II Pc's). The needles 
(probably representative of the s-phase form) that are ob- 
tained after a simple sublimation purification at high 
sublimation rates are generally long (up to 50 tLm) and 
narrow (generally < 0.5 ~m). In contrast, the structures 
formed by bulk, tri- and tetravalent Pc's (Class I) during 
the purification process show a clear tendency to sponta- 
neously form block-like or platelet-like structures. The 
structure of VOPc crystallites generally gives large struc- 
tures with an assembly of stacked platelets. The bulk 
phase InPc-C1 tends to form in very large platelets whose 
dimensions can exceed 50 ~m, with several additional 
platelets stacked at angles and with smaller dimensions. 

Fig. 2. Scanning electron micrographs of various phthalocyanines, a: Bulk powder of FePc. b and c: Thin films on Au- MPOTE's of InPc-CI, in 
two different coverages, produced by different deposition rates (see text), d: Thin film of GoPc-CI on a Au-MPOTE. 
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Table I. Classification of Pc's according to film morphology, 
absorbance spectra, and phofoelectrochemical activity 

Class I. Block-like crystallites, broadened and red-shifted 
visible absorbance spectra, rapid photoelectrochemical redox 

reaction rates, with sizable photopotentials 

A1Pc-C1 ~ InPc-C1 ~. 
GaPc_F a VOPc a, e 
GaPc_C1 a. h. e TiOPc ~ 
GaPc-I a 

Class II. Needle-like crystallites, broadened, blue-shifted 
visible spectra (or no spectral shift), 
poor photoelectrochemical activity 

AIPc-F a. ~ CuPc ~ P d P d  
SiPc ~ H~Pc ~ P t P d  
FePc ~ MgPc ~ NiPd 
CoPc ~ 
CrPd 

a Type A films examined (see text). 
h Type B films examined. 
c Type C films examined. 
r Previous x-ray data predicts a structure and behavior like that of 

A1Pc-F, Class II (57). Our studies place it in this Class I. 
e Monomer, dimer, trimer, and polymers of cofacially stacked 

molecules studied as thin films (60). 
f Studied by SEM only. 

The  GaPc-C1 a n d  A1Pc-C1 s y s t e m s  t e n d  to favor  a la rge  
b lock- l ike  or r h o m b o h e d r a l  s t r u c t u r e  in  t h e  b u l k  phase .  

M a n y  of  t h e  a b o v e  Pc ' s  we re  s u b l i m e d  as t h i n  f i lms on  
M P O T E  subs t r a t e s ,  as wel l  as seve ra l  o the r  subs t ra t e s ,  
w i t h  c o n d i t i o n s  k n o w n  to favor  f o r m a t i o n  of  f i lms desig- 
n a t e d  Type  A (depos i t i on  ra tes  of  -< 10 A/rain, 2-8h) or  
f i lms d e s i g n a t e d  Type  C (depos i t i on  ra t e s  of -<1 ]~/min, 
1-5 days)  w h i c h  are  d i s t i n g u i s h e d  below.  As d i s c u s s e d  
later,  t h i s  d i s t i n c t i o n  b e t w e e n  Types  A a n d  C f i lms can  
b e  s o m e w h a t  a rb i t r a ry  d e p e n d i n g  u p o n  o the r  v a c u u m  
depos i t i on  factors .  Neve r the l e s s ,  we  u s e  t h i s  n o t a t i o n  
he re  to d e s i g n a t e  d i f f e rences  in  c rys ta l l i t e  size t h a t  occu r  
w i t h  d i f fe ren t  d e p o s i t i o n  cond i t ions .  R e p r e s e n t a t i v e  
S E M ' s  of  f i lms are  s h o w n  in  Fig. 2b, 2c, a n d  2d for  t h e  
InPc-C1 a n d  GaPc-C1 films. O t h e r  S E M  e x a m p l e s  of  the  
Type  A a n d  Type  C GaPc-C1 f i lms h a v e  b e e n  r e p o r t e d  
p rev ious ly  (29, 30). T he  tri- a n d  t e t r a v a l e n t  P c  f i lms t h a t  
are f o r m e d  o n  t h e  M P O T E  s u b s t r a t e s  cons i s t  aga in  of  
b lock- l ike  or p la te le t - l ike  c rys ta l l i tes  w i t h  ave r age  d i m e n -  
s ions  of  0.3-0.5 ~ m  (Type  A films, Fig. 2c) a n d  0.8-1.0 ~ m  
(Type C films, Fig. 2b a n d  2d), a n d  a p p e a r  to be  t i gh t ly  
p a c k e d  over  t he  s u b s t r a t e  surface.  T h e r e  is still  occas ion-  
al ly a t e n d e n c y  to g row m o r e  t h a n  one  layer  of c rys ta l l i tes  
i f  t he  d e p o s i t i o n  ra tes  are too fas t  (as d i s c u s s e d  in  t he  
p h o t o e l e c t r o c h e m i s t r y  sect ion).  M a n y  of  the  crys ta l l i tes  
also a p p e a r  to  b e  c o m p o s e d  of  layers  of  sma l l e r  u n i t s  
w h i c h  h a v e  coa l e sced  in  t he  g r o w t h  process .  One  of  t he  
t a rge t s  in  t h e  g r o w t h  of  t h e s e  f i lms for  a n y  e n e r g y  con-  
ve r s i on  a p p l i c a t i o n  is t he  f o r m a t i o n  of  a s ingle  layer  of  
we l l -o rde red  crysta l l i tes .  

While  p r o d u c i n g  Type  C fi lms at  s h o r t e r  d e p o s i t i o n  
t imes ,  it is p o s s i b l e  to o b s e r v e  i so la t ed  crys ta l l i tes  o n  t he  
M P O T E  sur face  w h i c h  leave  e x p o s e d  m e t a l  s u b s t r a t e  be- 
t w e e n  t h e m  (Type  B films) (30). T he  p r o b l e m s  a s soc ia t ed  
w i th  t he  p h o t o e l e c t r o c h e m i c a l  p r o p e r t i e s  of  s u c h  p o r o u s  
f i lms are  d i s c u s s e d  below.  

T h i n  f i lms of  (FePc ,  CoPc,  H2Pc, etc.) u n d e r  t h e  g r o w t h  
c o n d i t i o n s  u s e d  for  t he  tri- a n d  t e t r a v a l e n t  f i lms s h o w n  
a b o v e  s h o w e d  a m u c h  m o r e  po lyc rys t a l l i ne  t h i n  f i lm de- 
posi t .  The  i n d i v i d u a l  c rys ta l l i t es  w e r e  ve ry  di f f icul t  to 
o b s e r v e  w i t h  t h e  SEM, h a v i n g  d i m e n s i o n s  less  t h a n  
500-1000A. W h e r e  t h e y  cou ld  be  obse rved ,  i t  was  c lear  t h a t  
t he  need le - l ike  m o r p h o l o g y  h a d  b e e n  re ta ined .  The  de- 
pos i t s  we re  n o t  t i gh t ly  p a c k e d  crysta l l i tes ,  a n d  a t t e m p t s  
to v a r y  t he  d e p o s i t i o n  c o n d i t i o n s  so as to fo rm t igh t ly  
p a c k e d  depos i t s  h a v e  b e e n  u n s u c c e s s f u l .  T h e r e  is a t end-  
e n c y  in t h e  tri- a n d  t e t r ava ] en t  P c  s y s t e m s  to fo rm a low 
sur face  to v o l u m e  rat io film, w i t h  m o r e  i n t i m a t e  c o n t a c t  
b e t w e e n  t h e  s u b s t r a t e  a n d  t he  P c  (and  w i t h  f ewer  " sho r t -  
c i rcu i t "  sites). 

Of  p a r t i c u l a r  no t e  is t h a t  t he  Type  C fi lms of  t h e  qual-  
i ty s h o w n  a b o v e  h a v e  on ly  b e e n  g r o w n  on  meta l l i zed  
p o l y m e r  s u b s t r a t e s  (MPOTE).  D u r i n g  t h e  cou r se  of  t h e s e  
s tud ies ,  SEM s t r u c t u r e s  of  t h e  t y p e  s h o w n  a b o v e  for  t h e  
Class  I Pc ' s  we re  o b t a i n e d  on  b o t h  c o m m e r c i a l l y  avail- 
ab le  a n d  i n - h o u s e - p r o d u c e d  M P O T E ' s  (Au, Pt ,  Ag) a n d  o n  
i n d i u m - t i n  ox ide  (ITO) r a n g i n g  in t h i c k n e s s  f rom 300~ to 
1 ~m.  S u b s t r a t e s  s u c h  as p o l i s h e d  glass,  va r ious  m e t a l  
foils a n d  p o l i s h e d  b u l k  meta l s ,  a n d  m e t a l  ox ides  s u c h  as 
SnO2 a n d  ITO on  glass  subs t ra t e s ,  we re  all u n s u c c e s s f u l  in  
p r o d u c i n g  t h e  o p t i m u m  Type  A or  C film s t ruc tu re .  In  
m o s t  cases,  e v e n  w i t h  t h e  Class  I Pc ' s ,  a ve ry  polycrys ta l -  
l ine  depos i t  was  f o r m e d  on  t h e s e  subs t r a t e s ,  w i th  crystal-  
l i te d i m e n s i o n s  of  <0.2 ~m.  I n  s o m e  cases,  i t  was  ob-  
s e r v e d  t h a t  l a rge  c rys ta l l i tes  we re  f o r m e d  o n  t he  
subs t ra t e ,  b u t  we re  s u r r o u n d e d  b y  depos i t s  of  m u c h  
smal l e r  c rys ta l l i t es  (43). T h e s e  all led  to u n i f o r m l y  p o o r  
pho toac t iv i ty .  

P r e v i o u s  w o r k  in th i s  l a b o r a t o r y  ha s  s h o w n  t h a t  t he  
sur face  c o m p o s i t i o n  of  t h e s e  me ta l l i zed  p o l y m e r  f i lms is 
no t  p u r e  m e t a l  (44, 45). D u r i n g  t he  f o r m a t i o n  of  t he  metal-  
l iza t ion layer,  t h e r e  is some  a d m i x t u r e  of  p o l y m e r  cons t i t -  
u e n t s  w i th  t he  m e t a l  film. The  r e s u l t a n t  su r face  h a s  
m o n o l a y e r  c o n c e n t r a t i o n s  of  c a r b o n - o x y g e n  molecu les ,  
s o m e  of  w h i c h  can  b e  ac t i va t ed  b y  i o n - b e a m  e t c h i n g  to 
f o r m  e l e c t r o c h e m i c a l l y  ac t ive  g roups .  S tud ie s  are  cur-  
r en t ly  u n d e r w a y  to a sce r t a in  if  t h e s e  sur face  func t iona l -  
i t ies p r o v i d e  the  in i t ia l  n u c l e a t i o n  s i tes  for d e p o s i t i o n  of  
the  aggrega te  P c  layers .  The  m o r p h o l o g y  of  t h e  M P O T E  
sur face  is s m o o t h  d o w n  to t he  level  of  250-500A. S E M  
s tud ie s  w e r e  no t  ab le  to r e so lve  t h e  su r face  r o u g h n e s s  o n  
th i s  scale, in  c o n t r a s t  to all o t h e r  subs t r a t e s .  The  d e g r e e  
of  po lyc rys ta l l in i ty  of t h e s e  P c  f i lms is p r e s u m e d  to b e  
due  to t h e  n u m b e r  of  Pc  nuc le i  t h a t  f o rm  pe r  u n i t  su r face  
area  a n d  t h e  g r o w t h  ra te  of  t h e s e  nuc l e i  (46, 47). T h e r e  
s e e m s  to b e  an  i n v e r s e  co r r e l a t i on  b e t w e e n  g r o w t h  ra tes  
a n d  final  c rys ta l l i t e  sizes a n d  dens i t i e s  in  t he  f in i shed  
films. N u c l e a t i o n  t h e o r y  i nd i ca t e s  t h a t  low ra tes  of  depo-  
s i t ion  are  e s sen t i a l  for  t h e s e  large  m o l e c u l e s  (46, 47). L o w  
rates  of  e n c o u n t e r  b e t w e e n  d e p o s i t i n g  P c  molecu les ,  w i t h  
h i g h  s u b s t r a t e  t e m p e r a t u r e s ,  s e e m s  to i n s u r e  a m i n i m a l  
n u m b e r  of  nuc le i  will  f o rm  on  t h e  s m o o t h  surface.  T h e s e  
nuc le i  can  g row in to  re la t ive ly  s izab le  c rys ta l l i t es  as long  
as t h e y  do no t  i n t e r s e c t  in  t he  process .  The  ave rage  maxi -  
m u m  size we h a v e  a t t a i n e d  t h u s  far  h a v e  l eng th ,  wid th ,  
a n d  d e p t h  of  0.7-1.0 ~ m  befo re  t h e y  in te rsec t .  

UV-visible spectrophotometric assay of Pc thin films. 
- - F i g u r e s  3a-3f s h o w  the  v i s ib l e  w a v e l e n g t h  so lu t ion  a n d  
solid fi lm spec t r a  of  severa l  of  t h e  P c  films. The  p h t h a l o -  
c y a n i n e  c h r o m o p h o r e  ha s  two d i s t i nc t  e l ec t ron ic  t rans i -  
t i ons  in  t h e  UV-v i s ib l e  region,  the  So re t  b a n d  at 300-350 
nm,  a n d  t h e  Q - b a n d  reg ion  at  ca. 600-700 nm.  The  Sore t  
t r a n s i t i o n  ar ises  f r o m  a 7r ~- ~* e x c i t a t i o n  w h i c h  is 
s t rong ly  loca l ized  on  t he  P c  r ing  a n d  s h o w s  l i t t le  d e p e n -  
d e n c e  on  t he  c h a n g i n g  e n v i r o n m e n t  of  t h e  mo lecu l e  (48- 
52). The  Q - b a n d  t r a n s i t i o n  is a 7r --* ~r* t r a n s i t i o n  of  lower  
energy.  In  m a n y  in s t ances ,  w i t h  t he  a p p r o p r i a t e  m e t a l  
center ,  me ta l - to - l igand  or l igand- to -meta ]  c h a r g e  t r a n s f e r  
t r an s i t i ons  can  also b e  i n v o l v e d  (57). The  m a j o r  b a n d  in 
so lu t ion  is gene ra l ly  a c c o m p a n i e d  by  one  or more  w e a k e r  
t r a n s i t i o n s  sh i f t ed  to s l ight ly  h i g h e r  ene rg i e s  c o r r e s p o n d -  
ing to h i g h e r  v i b r o n i c  m o d e s  of  t he  g r o u n d  s ta te  part ic i-  
pa t ing  in t he  ~r ~ 7r* exc i t a t i on  (52). In  m a n y  cases,  it h a s  
b e e n  f o u n d  t h a t  th i s  Q - b a n d  reg ion  is ve ry  sens i t ive  to t he  
e n v i r o n m e n t  of  t h e  molecu le ,  a n d  is also m o r e  sens i t i ve  
to c h a n g e s  in  n u m b e r  a n d  o r i e n t a t i o n  of n e a r e s t  n e i g h b o r  
Pc ' s  in  t he  sol id  state.  

F igu res  3a a n d  3b are  r e p r e s e n t a t i v e  of t he  v i s ib le  
a b s o r b a n c e  spec t r a  of  t he  d iva l en t  m e t a l  p h t h a l o c y a n i n e s  
w h e n  p r e p a r e d  as t h i n  f i lms of  t h i c k n e s s  <0.5 ~ m  (Type  
A condi t ions) .  The  opt ica l  dens i t y  of  t h e  P c  layer /meta l -  
l ized p o l y m e r  s u b s t r a t e  is <1.0, m a k i n g  t r a n s m i s s i o n  
spec t ra  poss ib le .  C o m p a r i n g  t h e s e  t h i n  f i lm spec t r a  w i th  
t he  spec t r a  in  p y r i d i n e  or  c h l o r o n a p h t h a l e n e  so lu t ions  
shows  t h a t  t he  Q - b a n d  reg ion  is b r o a d e n e d  a n d  t h e  maxi -  
m u m  a b s o r b a n c e  b lue  shif ted.  The  so lu t i on  s p e c t r u m  of  
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Fig. 3. Visible absorption spectra of solutions and thin films repre- 
sentative of the divalent metal, demetaHated, and tri- and tetravalent 
metal phthalocyanines. Because of the various coverages and solution 
concentrations used, the absorbance units are arbitrary. Each of the 
thin films studied was in the range of 300-500 nm thickness, and the 
absorbence values were less than 1.0. 

H._,Pc (Fig. 3c) is split in the Q-band region because of the 
reduction of symmetry in this molecule from D4h to Dzh by 
removal of the metal center (48-52). In the thin film (Fig. 
3c), the Q-band region is again broadened and the maxi- 
mum absorbance blue shifted (away from the region of 
maximum solar flux). Recent IR studies of H~Pc thin 
films in this laboratory indicate that the "a-phase" is pre- 
dominantly formed under  these growth conditions (53). 

Figures 3d and 3e are representative of the solution and 
thin film spectra of the trivalent Pc's, and Fig. 3f shows 
the solution and thin film spectra for the tetravalent van- 
adyl phthalocyanine. In contrast to all of the Class II Pc's 
studied, these Pc systems in the solid state show strongly 
red shifted and broadened visible spectra. In the case of 
the VOPc (33) and InPe-Cl, this absorbance is shifted well 
into the near-IR, with high absorptivities. 
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Crys ta l lographic  s t ructures  have  n o w  been  so lved  for 
several  ph tha locyan ines  (39, 54-59) inc lud ing  GaPc-C1, 
VOPc,  A1Pc-F, A1Pc-C1, and several  o ther  Pc ' s  in the  
Class II ca tegory as wel l  as di f ferent  po lymorphs  of  H~Pc 
(39, 57, 58). Severa l  forms of  s i l icon and g e r m a n i u m  
ph tha locyan ine  cofacial]y s tacked  po lymers  have  also 
been  charac ter ized  (54-56). The  po lymer i c  S iPc  and G e P c  
species are cons t ra ined  to s tack in an aligned, cofacial  ori- 
entat ion by v i r tue  of  the  bond  be tween  the  central  si l icon 
and the  axial  oxygens  of each  molecule .  When the  
s tacking of these  adjacent  Pc ' s  is conf i rmed  to be  in this 
orientat ion,  wi th  only rota t ion about  the  central  molecu-  
lar axis a l lowed,  the  Q-band region of  the  vis ib le  spec- 
t rum appears  to be  blue shif ted and the  ent ire  absorbance  
spec t rum broadened .  In  such sys tems  (as subl imed thin  
films), we have  seen un i fo rmly  low pho toe lec t rochemica l  
act ivi ty  (60). 

A sl ip-stack or ienta t ion of ad jacent  Pc ' s  has been  found 
for several  Pc 's ,  s tar t ing first wi th  H2Pc and CuPc  (61, 
62). Other  s imilar  po lymorphs  were  found  and character-  
ized in the  VOPc  sys tem by Griffi ths and co-workers  (39). 
X-ray s t ructures  have  shown that  the central  meta l  a tom 
is d isp laced  out  of  the  p lane  of  the  Pc  ring and that  the  
axial oxygen  coun te r ion  p reven ts  a perfect  cofacia] 
s tacking of the  ad jacent  Pc  rings. Two types  of  s t ruc ture  
appear  possible;  those  e i ther  wi th  the  oxygen  double  
bonds  or ien ted  toward  the  adjacent  ring, or wi th  those  
bonds  or ien ted  away  f rom the  ad jacen t  rings. Their  re- 
por ted  vis ib le  spectra  of  VOPc  thin  films, which  proba- 
bly conta in  bo th  of these  po lymorphs ,  agree well  with the  
spec t rum shown  in Fig. 3f (33). There  is little ques t ion  
that  the  typical  VOPc  thin films are not  solely of one 
phase  (more than  one sl ip-stack or ienta t ion  may  be  possi- 
ble). Annea l ing  the  films at h igh t empera tu re  after 
g rowth  causes  a fur ther  red shift ing of  the  Q-band due to 
phase  changes  in the  film (39). 

A crys ta l lographic  s tudy of one of  the  stable configura- 
t ions of  the  GaPc-C1 sys tem has been  recent ly  solved by 
Wynne (58). As wi th  the  VOPc  system, the  Ga a tom sits 
0.439A out  of  the  p lane  of  the  Pc  ring and the  C1 
counte r ion  is not  invo lved  in cofacial  s tacking of  the  adja- 
cent  rings. The  uni t  cell that  was so lved  shows the  adja- 
cent  Pc  rings s l ipped so as to force over lap  of  the  outer  
phenyl  por t ions  of each  Pc ring. The  A1Pc-C1 sys tem was 
also e x a m i n e d  and appeared  to align similarly (58). It  is 
in teres t ing  to note  that  p rev ious  crys ta l lographic  s tudies 
of  the  A]Pc-F and GaPc-F  sys tems  had shown t h e m  to be 
al igned in a cofacial  fashion wi th  the  M-F bonds  pos- 
sessing a s t rong enough  dipole  to favor  an electrostat ic  in- 
te rac t ion  of  the  type  (M~-F . . .  Me-F - . . .  M~-F - . . . )  (57). 
This resu l ted  in a geomet ry  s imilar  to the  si l icon and ger- 
m a n i u m  ph tha locyan ine  po lymers  (54-56). For  A1Pc-F 
thin films, we have  prev ious ly  repor ted  that  the Q-band 
region was indeed  b roadened  and s l ight ly blue shif ted 
f rom the  solut ion spec t rum,  and tha t  the  pho to response  
was poor  (63). The  GaPc-F  sys tem seemed  to behave  l ike 
the GaPc-C1 system, wi th  a red-shif ted vis ib le  absorbance  
and pho to r e sponse  comparab l e  to that  of  the GaPc-C1 
thin films (63). 

There  have  been  several  s tudies on cyanine,  merocy-  
anine, and squarane- type  dyes  (all p lanar  aromat ic  sys- 
tems) that  show the  t endency  for these  sys tems to aggre- 
gate in sl ipped~stack conf igura t ion  in the solid state (2, 
59). Calculat ions  have  shown that  the ex ten t  of  over lap 
and the  relat ive p l acemen t  of  the  ad jacent  aromatic  cen- 
ters controls  the  d i rec t ion  and ex ten t  of  spectral  shif t ing 
observed  in thei r  absorbance  spectra  in the  600-850 n m  re- 
gion. Ex t ens ive ly  "s l ipped  s tacks"  of  these  p lanar  mole-  
cules resul t  in a " J  aggregate"  wi th  a s t rongly red-shif ted 
and na r rowed  absorbance  spec t rum (2, 59). By inference,  
we as sume  that  the  Class II Pc 's  be long  to a similar  cate- 
gory as the  J aggregates ,  bu t  are more  disordered.  

Photoelectrochemical s tud ie s . - -The  cyclic vo l t ammet r i c  
response  of  the  Pc  thin films in con tac t  wi th  an electro-  
lyte have  been  s tud ied  in a n u m b e r  of  ways. The  s tudies  
have been  genera l ly  d iv ided  be tween  t echn iques  wh ich  

involve  s t i r red solut ions and rotated e lect rodes ,  or  qu ie t  
solutions and s tat ionary e lec t rodes  (29). The  last tech- 
n ique  is the mos t  c o m m o n  approach  and was used  in the  
studies repor ted  here.  

F igure  4a shows the  current -vol tage  response  for the  
electrolysis of the hydroquinone/benzoquinone (H~Q/BQ) 
redox couple (a two-electron, two-proton, chemically re- 
versible redox process). On the bare Au electrode, there is 
no photoactivity and the current-voltage response is 
drawn out, well away from the E ~ for both the oxidation 
of H2Q and the reduction of BQ. The E ~ lies roughly mid- 
way between the potentials of oxidative and reductive 
peak currents and is an approximate measure of the ther- 
modynamic reactivity of the probe molecules to holes or 
electrons which might be produced at a photoactive sur- 
face. Figure 4a also shows the light and dark response for 
the same redox couple in contact with a Au/GaPc-Cl 
(Type A) electrode. Figure 4b shows the same responses 
for a Au/GaPc-I electrode (Type A). These responses are 
typical of our earliest Type A, Class I, Pc films (27). The 
dark current  r e sponse  in the  v ic in i ty  of  the  E ~ is negligi-  
ble at the cur ren t  sensi t ivi t ies  shown,  and the  contrast  be- 
tween  l ight  and dark pho to re sponse  is greater  than  100:1. 

I l lumina t ion  of  the  Type  A film wi th  po lychromat ic  
l ight  (470-900 nm) of  ca. 100 mW/cm'-' p roduces  a cur ren t  
response  in the  v ic in i ty  of the  E ~ wh ich  is a factor of 
20-50 h igher  than  on the  bare Au substrate.  Surface  
deact iva t ion  of  the  bare Au (which does not  occur  at the 
Pc  film) seems  to be pr imar i ly  respons ib le  for the loss of 
e lec t rochemica l  act ivi ty  on Au for r edox  react ions  of  or- 
ganic  sys tems such  as the  qu inones  (43). For  r edox  sys- 
tems such  as ferr i / ferrocyanide,  there  are only small  dif- 
fe rences  in m a x i m a l  response,  so that  surface  di f ferences  
cannot  be the  cause  of  the  above  behav ior  for qu inone  
systems. 

Of par t icular  note  is the  fact that  for these  Type A 
GaPc-C1 films unde r  i l luminat ion  only small  shifts in the  
zero cur ren t  potent ia l  (apparent  E ~ away f rom the  va lue  
observed  on the  bare  meta l  subs t ra te  were  observed.  The  
pho tocur ren t  response  was di rec t ly  d e p e n d e n t  upon  the  
flux of  pho tons  to the  surface, only  smal l  photopoten t ia l s  
for the  H~Q/BQ and ferr i / fer rocyanide redox  couples  were  
observed,  even  at the  h ighes t  i l lumina t ion  intensit ies.  

F igure  4c is representa t ive  of the  Type  A VOPc film on 
the same Au substra te  (33). Nonporous  films of VOPc  
show a dark ox ida t ion  of  H20, bu t  the  reduc t ion  of  BQ is 
suppressed.  U p o n  i l luminat ion,  the  reduc t ion  of  BQ is ac- 
t ivated and the  r edox  process  appears  reversible .  Redox  
couples  wi th  the  nega t ive  of E ~ for H2Q/BQ are inact ive  in 
the dark. U p o n  i l luminat ion,  the  potent ia l  for photocur-  
rent  onse t  is shif ted posi t ively  to a va lue  very  near  that  
shown for the  reduc t ion  of BQ. R e d o x  couples  posi t ive of  
the  E ~ for H~Q/BQ show un i fo rmly  un inh ib i t ed  
ox ida t ion / reduc t ion  react ions in the  dark and lit t le photo-  
act ivat ion (33). The  Type A VOPc  film is behav ing  l ike it 
is a h ighly  doped  p- type s emiconduc to r  e lec t rode  with  a 
f la tband potent ia l  near  +0.3V vs. Ag/AgC1. Similar  con- 
clusions regard ing  e lec t rochemica l  proper t ies  have  been  
repor ted  prev ious ly  for o ther  Pc  films (10-14). The  accep- 
tor  dens i ty  in these  VOPc  films has  been  measured  f rom 
Mot t -Schot tky  capac i tance  plots to be ca. 6 • 10 TM cm-: ' .  
This  dens i ty  is apprec iab ly  h igher  than  our  es t imates  for 
the  acceptor  densi t ies  in the  typical  Type  C t r ivalent  
meta l  Pc  films (<10 '7 cm-3; see d i scuss ion  below). 

F igure  4d shows the current -vol tage  response  of a Type  
A H~Pc film in contac t  wi th  the  same redox  electrolyte.  
The dark cur ren t  was u n c h a n g e d  from that  of  the  bare 
gold substra te  (see Fig. 4a). When the  Pc  films are po- 
rous, the  p robe  molecu le  diffuses to the  exposed  meta l  
substra tes  such  that  the peak  currents  and peak  poten-  
tials at low scan rates are those  due  to the  bare  meta l  sub- 
strate (30, 64). U p o n  i l luminat ion,  the  oxida t ion  of  H~Q re- 
mains  v i r tua l ly  unaffected.  The  reduc t ion  of BQ, how- 
ever,  is enhanced  in the  reg ion  of  the  E ~ (as for the  above  
Pc's),  but  the  original  dark cur ren t  process  is still ob- 
served. As the  i l luminat ion  in tens i ty  was changed  the  ra- 
tio of pho tocu r ren t  current  (1) to dark  cur ren t  (d) was also 
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Fig. 4. Cyclic voltammograms of various thin film Pc's in contact 
with aqueous solutions of hydroquinone (H2Q) and benzoquinone 
(BQ), The potential of the electrode was varied at a rate of 50 mV/s. 
The potential is plotted against the potential of the Ag/AgCI refer- 
ence electrode, a" Bare Au substrate in contact with the electrolyte 
(10-3M, H2Q, KHP = 0.1M, pH = 4) and the dark and illuminated 
activity of the GaPc-CI electrode, b through f: As above for the Type 
A GaPc-I, VOPc, H2Pc, FePc, and CuPc electrodes, respectively. 

propor t ional ly  changed.  There  is d i rect  compet i t ion  be- 
tween  the  l ight-act ive HzPc sites and the  exposed  Au sites 
for the  BQ molecule .  When the  l ight  in tens i ty  was h igh  

enough,  it could  be  seen that  the  H~Pc thin-fi lm is act ing 
as a p- type  semiconduc tor ,  as seen  in prev ious  s tudies  (5, 
10). U n d e r  our  condi t ions  of  Type  A film format ion,  we 
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were  never  able  to p roduce  a t ru ly  nonporous  film of 
H2Pc. Because  of  its poor  absorp t iv i ty  above  650 nm, we  
have  not  pu r sued  its use as a photoe lec t rode .  

F igures  4c and 4f  show the  cur ren t  vol tage  behav io r  of  
F e P c  and  CuPc  Type  A films, typical  of  the  r ema inde r  of  
the  Class II  Pc 's .  In  the  dark,  the  cur ren t  vol tage  act ivi ty  
was v i r tua l ly  u n c h a n g e d  f rom tha t  of  the  Au and showed  
little ac t iva t ion  u p o n  i l luminat ion.  F i lms  of  FePc ,  CoPc,  
CuPc,  etc., were  qui te  porous  and gave  low photore-  
sponses.  Of the  three  Pc ' s  men t ioned ,  CuPc  r e sembled  
mos t  c losely the  response  obse rved  for H2Pc w h e n  it was 
poss ible  to p roduce  a film wi th  only  part ial  porosi ty.  In  
those  cases, the  vo l t ammet r i c  r e sponse  was cons is ten t  
wi th  the  no t ion  that  the  CuPc  film was also act ing as a 
p- type semiconduc to r .  

F igure  5 shows the  vo l t ammet r i c  act ivi ty  for the  reduc-  
t ion of AQ on a recent ly  deve loped  Type  A, nonporous  
InPc-C] film (ca.  0.3 k~m thick), s imilar  in s t ruc ture  to that  
shown in the  SEM of Fig. 2g. On bare  gold, this r edox  
couple  has an E ~ of  ca .  -0 .5V v s .  Ag/AgC1. The dark cur- 
rent  act ivi ty  of the  Au/InPc-C1 e lec t rode  is qui te  small  
and featureless.  U p o n  i l luminat ion  of  the  Pc/e lec t ro ly te  
interface,  a sizable shift  in the  cur ren t -vol tage  curve  (the 
apparen t  f ia tband potent ia l  for this system) is seen  at 
+0.2V. In  a pho tovol ta ic  device,  an open-ci rcui t  photopo-  
tent ial  (V,,~) of  +O.7V v s .  a bare  Au or P t  coun te re lec t rode  
was observed.  The e lec t rochemica l  behavior  of  an 
InPc-C1 film g rown  under  these  condi t ions  again points  
to p- type  s emiconduc t ing  propert ies .  In  the  case of  the  
InPc-C1 and VOPc  films g rown  ih this manner ,  we have  
also observed  a s t rong direct ional i ty  of  the  photoef-  
f ec t - -one  d e p e n d e n t  upon  which  of  the  interfaces  is illu- 
mina ted  first. I f  the  Au/Pc  in ter face  is i l lumina ted  first 
(back side), t h e n  the  photoef fec t  is d iminished,  wi th  a 100 
mV drop in the  open-ci rcui t  photovo] tage  (V'o0 v s .  Voc). 
This k ind  of  di rect ional i ty  is even  more  ev iden t  in the  
VOPc  films w h e n  the  pho tocu r ren t  is mon i to red  as a 
func t ion  of wave l eng th  (33). The  reasons  for this have  
been  pos tu la ted  first by  Bard  and  co-workers  (11) and ap- 
pear  to arise f rom the  format ion  of  a mul t ip le -phase  crys- 
tall i te layer on the  substrate ,  g iv ing rise to at least  two Pc  
layers of  d i f ferent  photoact ivi ty .  In the  InPc-C1 and VOPc  
films, m a d e  u n d e r  these  Type  A condi t ions ,  the  layer ad- 
jacent  to the  Au interface  appears  to be  less pho toac t ive  
(for t ranspor t  of the  pho togene ra t ed  electrons).  This  layer 
absorbs  some  of the  l ight  that  needs  to reach and exci te  

the molecu les  at the  Pc/solu t ion  interface.  The  metal] 
po lymer  subs t ra te  is sufficiently t r ansparen t  that  reflec- 
t ion of  l ight  f rom the  back  interface cannot  be the  cause 
of the  d i f ference  in photoact ivi ty .  Recen t  expe r imen t s  
show that, i f  bo th  interfaces can be  i l lumina ted  simulta- 
neously,  this effect  can be  part ial ly ove rcome  and the  
pho tocur ren t s  and photopoten t ia l s  inc reased  (65). The  or- 
igin of  the  d i f ferent  layers in these  films and the  na ture  
of the  depos i t ion  parameters  wh ich  leads to this p- type 
behav io r  is cur ren t ly  unde r  explorat ion.  

F igure  6 shows the  e lec t rochemica l  response  typical  of  
the  Type  C, GaPc-C] films c o m p a r e d  to a bare  Au sub- 
strate. F igure  6a shows the  dark current -vol tage  response  
of Fe(CN),-:VFe(CN), -4 on bare Au or Pt. F igure  6a also 
shows the dark (d) and i l l umina ted  current -vol tage  re- 
sponses  for the  Au/GaPc-C1, Type  C film. In  the  dark,  lit- 
t le current  is seen, indicat ive  of  the  nonporous  nature  of  
the  film. U p o n  i l luminat ion,  the  current -vol tage  response  
is great ly enhanced ,  having  the  same genera l  appearance  
as on the  Au substrate.  The s lope of  the  current -vol tage  
response  near  the  zero-current  in te rcep t  is less s teep than  
on bare  Au and direct ly  d e p e n d e n t  u p o n  the  i l luminat ion  
intensi ty.  The  cur ren t  at any potent ia l  is lower  because  of  
the  lower  pho toconduc t iv i t y  of the  Pc  film. The  ent i re  
current -vol tage  curve  however ,  has been  shifted nega- 
t ively  to c a .  +0.075V. We have  p rev ious ly  demons t ra t ed  
that  this potent ia l  shift  will  occur  to a l imit  which  is the  
app rox ima te  f la tband potent ia l  of  each Au/GaPc-C1 sys- 
t em and tha t  this effect  can be due  in par t  to the  work  
func t ion  of  the  subs t ra te  (phase 1, Fig. 1) wi th  respec t  to 
the reference  e lec t rode  potent ia l  (29, 16, 41). In  a PV cell, 
wi th  a Au/GaPc-C1 anode  and a bare  Au  cathode,  an open-  
c i rcui t  pho topo ten t i a l  [Voe(Au) = ca .  0.3V) is measured .  
The  m a g n i t u d e  and  di rec t ion  of  the  pho topo ten t i a l  is also 
var ied  by s imply  changing  the  r edox  couple  and its E ~ 
(i.e., chang ing  the  work  func t ion  of  the  contac t ing  phase  
3, Fig. 1) (29). In  those  cases, the  Type  C GaPc-C1 films 
behave  as near ly  intr insic  pho toconduc to r s .  The  Fe rmi  
level  is apparen t ly  close e n o u g h  to the  midd le  of  the  
bandgap  to p e r m i t  both  posi t ive  and  nega t ive  photopo-  
tent ial  excurs ions .  

F igures  6b and 6c show the  cur ren t -vol tage  response  of  
the  Pt/GaPc-C1 Type  C film in con tac t  wi th  the  same  
electrolyte.  The  dark cur ren t  process  in Fig. 6b is en- 
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Fig. 5. Dark and illuminated current voltage activity for the 
Au/InPc-CI system, in contact with 10-:~M aqueous, pH = 7 anthra- 
quinone sulfonate (AQ) solution. The activity for the bare Au sub- 
strate is shown and forms the reference point for computation of 
open-circuit photopotentials. Potentials were varied at a rate of 50 
mV/s. Voc represents the approximate open-circuit photovoltage ex- 
pected [using front side illumination (FS)] vs. a bare Au counterelec- 
trode. V'oc represents the same photopotential with illumination of the 
Au/InPc-CI interface (BS) first. 
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Fig. 6. Dark (d) and illuminated voltammograms for Type C 
GaPc-CI electrodes on Au and Pt substrates in contact with 10-3M so- 
lutions of ferricyanide and ferrocyanide, pH = 4 electrolyte, a: 
Voltammetric activity of the bare Au or Pt substrate and the dark and 
light activity of the Au/GaPc-CI Type C thin film. b: Dark and light 
activity of the Pt/GaPc-CI Type C thin film. c: Dark and light activity 
of another Pt/GaPc-CI electrode with diminished porosity and lower 
dark current. 



2142 J.  E l e c t r o c h e m .  Soc.:  E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  S e p t e m b e r  1985 

h a n c e d  over  t h a t  s een  on  t he  AtYGaPc-C1 e lec t rode  (Fig. 
6a). The  d a r k  c u r r e n t  process '  in  Fig. 6c has  b e e n  d imin -  
i shed  b u t  at  s o m e  sacrif ice to the  p h o t o c u r r e n t  act ivi ty.  
Our  effor ts  t h u s  far  h a v e  no t  y ie lded  a to ta l ly  n o n p o r o u s  
fi lm on t he  P t - M P O T E  subs t ra t e s .  T he  pore  sizes are  
smal l  e n o u g h  t h a t  t h e  d a r k  c u r r e n t  ac t iv i ty  is g rea t ly  sup-  
p r e s s e d  as c o m p a r e d  to t h a t  of  t he  ba re  subs t ra te .  We esti- 
ma te  t h a t  t h e  su r face  is g rea t e r  t h a n  90% cove r ed  w i t h  the  
Pc  fi lm (64). 

Of pa r t i cu l a r  no t e  is tha t ,  for t he  s a m e  r e d o x  couple ,  t he  
en t i re  c u r r e n t - v o l t a g e  r e s p o n s e  on  t h e  Pt /GaPc-C1 elec- 
t rode  is n o w  sh i f t ed  pos i t ive ly  f rom t he  E ~ on  t he  ba re  
metal .  Th i s  is c o n s i s t e n t  w i th  t h e  fac t  t h a t  the  P t  sub-  
s t ra te  h a s  a h i g h e r  w o r k  f u n c t i o n  t h a n  b o t h  A u  a n d  t he  
e l ec t rochemica l  po t en t i a l  of  t h e  e lec t ro ly te .  I t  is u n d e r -  
s tood  t h a t  t he  P t  w o r k  f u n c t i o n  is h i g h  e n o u g h  to pos i t i on  
the  F e r m i  level  of t h e  P t  in  t he  v a l e n c e  b a n d  reg ion  for  
the  P c  film. This  m a y  no t  p r o d u c e  a ho le  b l o c k i n g  con-  
tac t  t h a t  w o u l d  be  r e q u i r e d  to p r o d u c e  t he  cu r ren t -  
vo l tage  r e s p o n s e  seen  (16, 17, 29, 66). T he  ef fec t ive  w o r k  
f u n c t i o n  of  P t  is eas i ly  c h a n g e d  (lowered),  howeve r ,  b y  
the  p r e s e n c e  of  su r face  i m p u r i t i e s  (67). We feel t h a t  t h e  
ze ro -cu r r en t  p o t e n t i a l  n o t e d  for t he  i l l umina t ed  
Pt /GaPc-C1 s y s t e m s  r e p r e s e n t s  t h a t  ef fec t ive  w o r k  func-  
t ion  value.  

These  r e su l t s  d e m o n s t r a t e  the  poss ib i l i ty  of  a P V  cell 
f o r m e d  b y  two  e lec t rodes  c o n s i s t i n g  of  t he  s a m e  pho to -  
c o n d u c t o r  on  m e t a l  s u b s t r a t e s  of d i f f e ren t  w o r k  func t ion ,  
i m m e r s e d  in an  e lec t ro ly te  (M,/Pc/Ox, red/Pc/M~) (16). Un-  
de r  s i m u l t a n e o u s  p o l y c h r o m a t i c  i l l u m i n a t i o n  (ca. 75-100 
m W / c m  2) of  b o t h  e l ec t rodes  w i th  i l l u m i n a t i o n  of the  solu- 
t ion  in t e r f ace  first  for  the  Au/GaPc-C1 e lec t rode ,  a n d  illu- 
m i n a t i o n  of  t he  me ta l /Pc  i n t e r f ace  first for  t he  
Pt /GaPc-C1 e le lc t rode ,  open -c i r cu i t  p h o t o p o t e n t i a l s  of  ca. 
0.55-0.65V were  ob ta ined .  Shor t - c i r cu i t  p h o t o c u r r e n t s  of  
ca. 0.1-0.2 mA/cm=' were  o b s e r v e d  w i t h  fill fac tors  n e a r  
0.5, s u c h  t h a t  p o w e r  c o n v e r s i o n  eff ic iencies  of  ca. 0.05% 
were  o b t a i n e d  (68). The  shor t - c i r cu i t  cu r ren t s ,  or c u r r e n t s  
at  any  load  res i s tance ,  were  l i m i t ed  b y  t he  p h o t o n  flux, 
i.e., Pc-f i lm res i s tance .  

In  t he  case  w h e r e  the  p ro jec t ed  a rea  of  t h e  Pc  micro-  
c rys ta ls  does  no t  to ta l ly  b l o c k  t he  sur face  of  t he  me ta l  
s u b s t r a t e  to so lu t i on  contac t ,  t h e  p h o t o e l e c t r o c h e m i c a l  
process ,  e.g., t h e  o x i d a t i o n  of  R to Ox at  t he  Pc  sites, is 
offset  b y  t h e  oppos i t e  reac t ion ,  Ox ~ R, at  t he  e x p o s e d  
meta l l i c  sites. On  a Au/GaPc-C1 film, t he  i l l u m i n a t e d  
M/Pc / so lu t ion  s i tes  are typ ica l ly  po i sed  at  po t en t i a l s  nega-  
t ive  of  t he  E ~ for t he  r e d o x  couple ,  so t h a t  if ba re  me ta l  
s i tes  are  nea rby ,  t h e  p r o d u c t  (Ox) can  m o v e  to th i s  r eg ion  
a n d  u n d e r g o  b a c k  reac t ion .  The  oppos i t e  case  p e r t a i n s  to 
p h o t o a s s i s t e d  r e d u c t i o n  processes .  T he  r e su l t  of  th i s  is to 
lower  the  n e t  p h o t o c u r r e n t  at  any  p o t e n t i a l  a n d  also to re- 
duce  t he  m a g n i t u d e  of  t he  p h o t o p o t e n t i a l  a t  e v e n  low cur- 
r en t  loads  (30). This  s i t ua t ion  is e v e n  m o r e  of  a p r o b l e m  
w h e n  t h e  c o n t a c t i n g  p h a s e  (phase  3 in  Fig. 1) is a me ta l  
r a t h e r  t h a n  an  e lec t ro ly te  so lu t ion .  T he  c h a r g e  dens i ty  of 
a me ta l  ove r l aye r  is s ign i f i can t ly  h i g h e r  t h a n  the  m o s t  
c o n c e n t r a t e d  e lec t ro ly te  so lu t ions .  " S h o r t - c i r c u i t "  s i tes  in  
i n t i m a t e  c o n t a c t  w i th  a me ta l  ove r l aye r  m a y  p r e v e n t  t he  
f o r m a t i o n  of  any  p h o t o p o t e n t i a l  u n d e r  e v e n  i n t e n s e  illu- 
m ina t i on .  We h a v e  t h u s  far  b e e n  u n a b l e  to avo id  ser ious  
shor t  c i r cu i t i ng  of  m e t a l / Pc / m e t a l '  c o m p o s i t e s  ( m a d e  by  
e v a p o r a t i o n  of  a n o t h e r  me ta l  layer  over  t he  Au /Pc  film), 
p r e s u m a b l y  b e c a u s e  of  t he  s h o r t  c i rcu i t ing  of t he  two 
h igh ly  c o n d u c t i v e  me ta l  phases .  This  is a p p a r e n t l y  due  to 
the  c r ea t i on  of  po re  s i tes  w i t h i n  t he  Pc  layer  d u r i n g  t he  
d e p o s i t i o n  of  t he  s e c o n d  m e t a l  phase ,  a n d  t he r e fo re  m a y  
be  u l t i m a t e l y  r e m e d i e d  b y  mod i f i ca t i on  of  th i s  step. 

In  e lec t ro ly te  so lu t ions ,  as long  as t h e  e x p o s e d  sub-  
s t ra te  area  is b e l o w  10% of t he  g e o m e t r i c  area  of  t he  sur-  
face ( e s t i m a t e d  f r o m  v o l t a m m e t r i c  cur rents ) ,  t h e  s h o r t i n g  
r eac t ions  c a n n o t  keep  u p  w i th  t he  p h o t o e l e c t r o c h e m i c a l  
process ,  a n d  a p h o t o p o t e n t i a l  c an  b e  gene ra t ed .  Re fe r r i ng  
b a c k  to Fig. 6b a n d  c, to t he  d a r k  a n d  i l l u m i n a t e d  cu r ren t -  
vo l tage  c u r v e s  on  Pt /GaPc-C1 e lec t rodes  of  d i f fe r ing  po- 
rosi t ies ,  i t  c an  b e  seen  t h a t  as t he  d a r k  c u r r e n t  on  t he  ex- 
posed  me ta l  s i tes  decreases ,  t h e  i l l u m i n a t e d  i/V cu rves  

are shifted more positively and the open-circuit photopo- 
tentials are increased [Voc(Pt) ~ vs. Vo~.(Pt)' in Fig. 6]. 

Electrochemical polymerization of easily oxidized or re- 
duced molecules to form nonconductive surface films 
have been explored for some time and offer a potential 
solution to the problem of short circuiting (69). We have 
used phenol, fi-naphthol, and m-aminophenol at O.IM con- 
centrations, electrochemically oxidized in the dark, to 
form insulating polymers (layers 20-40 nm thick). These 
polyphenoxide films have been used to seal off exposed 
metal sites on porous GaPe-CI and VOPc films (30, 70). 
Porous Pc films treated in this fashion show signifi- 
cantly decreased porosity to solution components (lower 
dark currents), but also show a current/voltage response 
indicative of a more resistive film (similar to that shown 
in Fig. 6c). The contrast between light and dark activity is 
increased over the untreated films, but the overall 
photoactivity may be lowered. During the electropolym- 
erization process, there is apparently some etching and/or 
deterioration of the Pc/metal interface which leads to this 
more resistive film and hence a poorer photoresponse. 
Postmortem visible spectroscopy of these films does not 
indicate loss of phthalocyanine. Electron micrographs 
show s o m e  s m o o t h i n g  of  t he  po lyc rys t a l l i ne  mater ia l ,  in- 
d i ca t ing  t h a t  e t c h i n g  of  t h e  sur face  layers  occu r r ed  w h i c h  
m a y  be  pa ra l l e l ed  b y  a t t a c k  of  t h e  P c / m e t a l  in te r faces .  I t  
is c lear ly  m o r e  de s i r ab l e  to a t t e m p t  to a ch i eve  a 
n o n p o r o u s  fi lm f r o m  the  in i t ia l  v a c u u m  g r o w t h  stage,  
s u c h  as w i t h  ou r  be s t  Type  C GaPc-C1 films. 

Conclusion 
The trivalent and tetravalent phthalocyanines should 

give a superior photoresponse when compared to the di- 
valent and demetallated phthalocyanines prepared under 
the same conditions. These new systems are distin- 
guished by crystallites in the thin films that are larger 
and generally have a lower aspect ratio (ratio of length to 
width) than the Class II Pc's. Their spectral responses are 
all uniformly broadened and red shifted, which we feel 
correlates with their tendency to stack eofacially in orien- 
tations that cause overlap in a staggered fashion (37-39, 
58, 59, 61, 62). This slip-stack configuration is apparently 
assisted by the presence of the central metal-counterion 
which does not favor direct cofaeial stack of the adjacent 
Pc centers (39, 58). There is a clear need for the study of 
the electrical and photoconductivity properties of single 
crystals of these materials. 

Within the tri- and tetravalent metal Pc series, we have 
observed two basic types of photoelectrochemical re- 
sponse. Certain film growth conditions lead to photoelec- 
trochemistry similar to that of a p-type semiconductor, 
with only positive photopotentials observed in films 
thinner than 0.5 ~m. Other slower growth rates lead to Pc 
films that behave more as intrinsic semiconductors (as in 
Fig. i), with both positive and negative photopotentials 
possible. 

Under the appropriate growth conditions, the VOPc, 
TiOPc, InPc-Cl Type A films can behave as p-type mate- 
rials with high acceptor concentrations. Recent surface 
analysis studies have indicated that the source of the 
higher acceptor concentration in VOPc films may be the 
presence of oxygen entrained in the Pc film for which 
VOPc films have a high affinity (33). The thinner ver- 
sions of the GaPc-Cl and GaPc-I films, as grown under 
the conditions described here, are apparently nearly in- 
trinsic and show only small photopotentials for molecules 
with E ~ values near H.,Q/BQ and ferri/ferrocyanide. For 
thin Pc films such as the VOPc or InPc-Cl Type A vari- 
ety, the acceptor density may be high enough that a 
space-charge layer can form in less than the thickness of 
the film (30-32). However, this precludes the observation 
of both positive and negative photopotentials, since the 
material becomes strongly p-type. Work currently in 
progress in our laboratory indicates that the electrochem- 
ical properties of GaPc-Cl and InPc-Cl films can be fur- 
ther varied between the extremes of behavior shown in 
Fig. 5 and 6 through variation of the growth rate, sub- 
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strate temperature, and O=, treatments of each film. Pho- 
toelectrochemical efficiencies have improved considera- 
bly through the use of these tri- and tetravalent Pc's. 
There is still an incomplete understanding,  however, of 
the manner  in which substrate chemistry, entrained 
dopants, and the deposition of the first layers of Pc affect 
the electrical properties of the entire film. 

We have recently demonstrated that for the GaPc-C1, 
Type C thin films, the photocurrents are limited by 
trapping and recombination sites, which form at the inter- 
face between the Pc and metal substrate, the bulk of the 
Pc crystallites, and also at the surface and intersection of 
the individual microcrystallites (28, 31, 32). Figure lb  
shows the consequence of the deposition of an intrinsic 
photoconductor film on a metal surface such as Au, 
where the Fermi energies before contact are not arranged 
in descending order, as shown in Fig. la. Provided that 
sufficient charge exchange pathways exist within the 
film so that equilibrium can be reached, this mismatch of 
Au and Pc work functions leads to a potential inversion at 
the interface which can act as trap for photogenerated 
charge, accelerating the recombination rate of electron- 
hole pairs in that region. It must  also be assumed that the 
surface of the Pc microcrystals are chemically distinct 
from the bulk (e.g., adsorbed O~ would raise the electron 
affinity of the surface Pc's). It is expected that the inter- 
section points of the Pc microcrystals will also lead to 
these potential inversions and regions of trapped charge. 

Rose has demonstrated that the tolerable defect site 
density in polycrystalline thin films of this type is ca. 
10'Ycm 3 or about 3-4 orders of magnitude above those tol- 
erated in single-crystal materials (16, 17). Examining the 
average SEM of a Type C, Class I Pc film and estimating 
the projected surface area of the average crystal, and the 
number  of surface Pc's per crystallite (ca. 160 
•2/molecule), we calculate that the defect site density due 
to chemically distinct Pc's is ca. 10~S/cm3. Compared to 
the average Class II Pc film, this is an improvement  of 
2-3 orders of magnitude, consistent with the improve- 
ments noted in the photoelectrochemical responses and 
the decrease in surface-to-volume ratio of these films. 
This analysis does not account for the defects from disor- 
der within the bulk of each of the Pc microcrystals and at 
the metal substrates. A decrease of at least one more or- 
der of magnitude in defect densities in these films is 
needed to lead to PV cells with power conversion 
efficiencies of 1% or higher. 
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ABSTRACT 

The electrochemical properties of solid films of Mt-2,3,9,10,16,17,23,24-octacyanophthalocyanine 2 [Mt = 2H, Zn(II), 
Cu(II)] were studied by cyclic vol tammetry in aqueous electrolytes. The thin (10-100 rim) film electrodes show remarka- 
bly stable electrochromic redox behavior, and the charge exchanged in the cathodic and anodic waves, respectively, was 
found to be between 2 and 3 F/tool for scan rates up to 400 mV/s. For charge compensation, the intercalation of cations is 
required. At low pH values (intercalation of protons), nernstian behavior was observed, while in alkaline solutions the 
intercalation of the cations LP, Na t, or K ~ into the solid film was found to be the rate-determining step. From the half- 
width of the current waves, the number  of electrons involved in the overall reaction was inferred and found to be differ- 
ent in acid and alkaline solutions. Compared to unsubsti tuted phthalocyanines 1, the characteristic qualities of the 
electrodes are associated with the high electric conductivity of 2 and the electron accepting properties of the substitu- 
ents of the ligand. 

Monomeric phthalocyanines 1 and their polymeric ana- 
logues (1, 2) exhibit  a variety of interesting physicochem- 
ical properties. A great deal of work has been published 
on their semiconducting properties, and even metallic 
conductivity has been observed following the doping 
with acceptors (3-9). The properties of phthalocyanines as 
catalysts for the dioxygen reduction in fuel cells have 
been investigated intensively [(10-16), cf. Ref. (2)]. Tita- 
nium electrodes covered with thin layers of polymeric 
phthalocyanines were found to exhibit  faradaic activity 
comparable with platinum in redox electrolytes like 
[Fe(CN)6]4-/[Fe(CN)6] 3- (17, 18). The effect of spectral sen- 
sitization of inorganic semiconductors by phthalocya- 
nines on their photoelectrochemical and photovoltaic 
properties has been studied extensively (19-25). 

Detailed investigatiorm of the redox behavior of dis- 
s o l v e d l  have been reported (15, 16, 22, 26-28). As many as 
four reversible ligand reductions and two ligand oxida- 
tions were determined by electrochemical methods. Cor- 
responding to the redox behavior in solution a reduction 
or oxidation of solid semiconducting layers of 1 can be 
expected. Such processes are of interest for the study of 
reversible charge storage and electrochromism (29-32). 
Cyclic voltammetric measurements of thin films of i (Mt 
= metal ion) on gold electrodes in contact with an aque- 
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ous electrolyte resulted in the oxidation and the subse- 
quent reduction of the films with one to two electrons 
per molecule under intercalation of anions (29). The 
charge storing capability dropped rapidly with the num- 
ber of cycles. The electrode processes are impeded by the 
low electronic conductivity of the layers. 

2,3,9,10,16,17,23,24-Octacyanophthalocyanine 2 (33) 
shows a high conductivity and a more positive redox po- 
tential than 1. Depending on the central ion, e.g., Mt = 2H, 
Zn, Cu, conductivities for the polycrystalline materials 
range from 10-' to 10 -8 t l - l -cm -1 for2 (2) and from 10 -9 to 
10 -1~ l l - l - cm -~ for 1 (3). In the solvent system DMF/0.1M 
TBAP, the first standard redox potential was found to be 
E ~ = 0.09V vs. NHE for the couple [2]/[2]- (Mr = Zn) and 
E ~ = -0.62V vs. NHE for the couple ~/[1]- (Mt = Zn) in 
Ref. 34. In the case o f l  with other central metal ions, E ~ 
values between -0.42 and -0.65V vs. NHE have been re- 
ported (27). 2 therefore appeared to be suitable for a study 
of the reduction and reoxidation of solid films in contact 
with an aqueous electrolyte. The aim of the present work 
was to develop stable thin film electrodes, which could 
undergo reduction and reoxidation cycles not limited by 
diffusion processes, up to relatively fast voltage scans. 
The intensely studied properties of electrodes coated 
with redox active organic layers (35-39) are less satisfac- 
tory in these respects. 
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Exper imenta l  
Metal  free, copper ( I I )  a n d  z i n c ( I I ) o c t a c y a n o p h t h a l o -  

c y a n i n e  _2 we re  s y n t h e s i z e d  fo l lowing  WShr le  et al. (33). 
All  c h e m i c a l s  w e r e  ana ly t i ca l  g r a d e  (Merck).  All a q u e o u s  
so lu t i ons  we re  p r e p a r e d  f r o m  d o u b l y  d is t i l led  water .  The  
so lvent ,  N - m e t h y l p y r r o l i d o n e ,  was  pur i f i ed  b y  dist i l la-  
t i on  u n d e r  n i t r o g e n  a n d  r e d u c e d  p res su re .  

T h e  w o r k i n g  e l ec t rodes  w e r e  p r e p a r e d  f rom 0.8 c m  
d i am gold  d i sks  (99.99%,Degussa).  T h e y  were  g r o u n d  a n d  
p o l i s h e d  (1200 m e s h  e m e r y  paper ,  1 ~m,  0.3 ~ m  a lumina) ,  
c l e aned  in c h r o m e  su l fur ic  acid (10 min) ,  a n d  t h e n  r i n s e d  
in d is t i l led  w a t e r  in  an  u l t r a son ic  ba th .  P r io r  to t he  depo-  
s i t ion  of  2, t he  go ld  s u b s t r a t e  was  e t c h e d  in  a q u a  regia  
for  2s, t h e n  r i n s e d  in  d is t i l led  w a t e r  a n d  d r i ed  in  air. Fo r  
t he  fi lm depos i t i on ,  10 -6 m o l  of 2 we re  d i s so lved  in  1 ml  
N - m e t h y l p y r r o l i d o n e .  1 to  10 ~ l i te r  c o n t a i n i n g  10 -9 -10 -s 
tool  of  2 w e r e  s p r e a d  on to  t h e  e l e c t r o d e  surface.  U p o n  
e v a p o r a t i o n  of  t h e  s o l ven t  u n d e r  v a c u u m  (0.1 Pa), t he  de-  
pos i t ed  g r e e n  f i lm was  t e m p e r e d  for  l h  at  473 K w i t h i n  
t he  s a m e  vessel .  T he  e lec t rodes  we re  s to red  in  v a c u u m  
un t i l  use.  F r o m  th e  specif ic  g rav i ty  of  t he  b u l k  mate r ia l  
(1.49 g/cm:~), t he  f i lm t h i c k n e s s  was  ca l cu la t ed  to be  be- 
t w e e n  10 a n d  100 n m .  T r a n s m i s s i o n  e l e c t r o n  m i c r o g r a p h s  
c o n f i r m e d  t he  f o r m a t i o n  of h o m o g e n e o u s  f i lms and,  in  
c o n t r a s t  to e v a p o r a t e d  layers  of  1, no  mic roc rys t a l l i t e s  
cou ld  be  o b s e r v e d  w i t h i n  the  r e s o l u t i o n  of  t he  micro-  
scope  (< 5 rim). 

T h e  e l ec t rodes  we re  m o u n t e d  in  t h e  w i n d o w  of a P T F E  
ho lder ,  e x p o s i n g  a n  area  of 0.5 c m  2 to t he  e lectrolyte .  
Elec t r ica l  c o n t a c t  w as  e s t a b l i s h e d  b y  a go ld  wi re  p r e s s e d  
on to  t h e  b a c k  of  t he  e lec t rode .  

Cyclic  v o l t a m m e t r y  was  ca r r ied  ou t  u s i n g  a Mode l  1003 
T-NC Ja i s s l e  p o t e n t i o s t a t  a n d  a W e n k i n g  V S G  72 vo l tage  
scan  gene ra to r .  T h e  da ta  we re  r e c o r d e d  on  a H P  7004B 
X-Y recorder ,  a n d  for  fas t  s cans  on  a 7623 A T e k t r o n i x  
s to rage  osc i l loscope .  T he  e x p e r i m e n t s  we re  ca r r i ed  ou t  in  
d e o x y g e n a t e d  so lu t i ons  u n d e r  n i t r o g e n  a t  298 K in  a two- 
c o m p a r t m e n t  P T F E  cell  (80 ml), e q u i p p e d  w i t h  a Ag/AgCI 
r e f e r ence  e l e c t r o d e  (205 m V  vs. NHE),  t he  a p p r o p r i a t e  
w o r k i n g  e lec t rode ,  a n d  a P t  c o u n t e r e l e c t r o d e .  T he  refer-  
ence  e l ec t rode  was  k e p t  at  a d i s t a n c e  less t h a n  0.1 m m  
f rom the  dye  f i lm b y  m e a n s  of  a H a b e r - L u g g i n  capil lary.  

The  color  c h a n g e  of  t h e  f i lm u n d e r g o i n g  r e d o x  cycles  
was  c h a r a c t e r i z e d  b y  U V / V I S  t r a n s m i s s i o n  spec t roscopy .  
Fo r  t h i s  p u r p o s e ,  100 n m  t h i c k  f i lms of  2 (Mt = 2H) de- 
pos i t ed  on  q u a r t z  p la t e s  w e r e  c h e m i c a l l y  r e d u c e d  b y  S n  ~+ 
ions  (50 m m o l  SnC1.2 in  IM HCI). 

Results 
Measurements  in acid eIectrolyte.--A t yp ica l  cycl ic  

v o l t a m m o g r a m  for  t he  s e c o n d  cycle  is d e p i c t e d  in  Fig. l a  
for  a 100 n m  meta l - f ree  f i lm of_2 ( total  a m o u n t  of_2 was  
10 -9 mol)  in  1M HC1. T he  r e d o x  cycles  r u n  b e t w e e n  495 
a n d  - 2 3 5  m V  vs. Ag/AgC1. B e t w e e n  195 a n d  - 1 0 5  mV,  t he  
en t i r e  f i lm is r e d u c e d ,  r e q u i r i n g  t h e  i n t e r c a l a t i o n  of  
c h a r g e  c o m p e n s a t i n g  ca t ions ,  a n d  t w o  p e a k  c u r r e n t s  c an  
be  o b s e r v e d  at  +81 a n d  +20 m V  (vs. Ag/AgC1) for t h e  sec- 
ond  cycle  (Tab le  I). Aga in ,  two p e a k  c u r r e n t s  a p p e a r  dur-  
ing  t he  r e o x i d a t i o n  of  t h e  f i lm at  100 a n d  33 inV. A b road -  
e n i n g  of  t h e  c u r v e  a n d  t he  a p p e a r a n c e  of  m o r e  
p r o n o u n c e d  a n o d i c  p e a k s  c a n  b e  o b s e r v e d  fo l lowing  t h e  
f irst  cycle.  U p  to t h e  m e a s u r e d  600 cycles ,  no  f u r t h e r  
c h a n g e  or loss  of  e l e c t r o c h e m i c a l  ac t iv i ty  occurs ,  d e m o n -  
s t r a t ing  t he  h i g h  e l e c t r o c h e m i c a l  s t ab i l i ty  of  t he  sys tem.  
T h e  s e p a r a t i o n  of  t h e  c o r r e s p o n d i n g  c a t h o d i c  a n d  anod ic  
c u r r e n t  m a x i m a  is less  t h a n  30 mV,  i n d i c a t i n g  t h e  revers i -  

a)Mt=2H 

o,z, 

b)Mt=Zn 

I! 

0, 5m~ 

0,4 0,3 ~ 0,1 

E ,V vs Ag/AgC[ \ /.. / 
V v  v= 40 mV/s 

c ) M ~  

Fig. 1. Cyclic voltammograms (second cycle) of different films of 
octacyanophthalocyanine 2__ (10 -*  mol on O.S cm 2 gold electrodes) in 
acid electrolyte (1M HCI). a: 2 (Mr = 2H). b: 2 (Mt = Zn). c. 2 (Mr 
= Cu). Scan rate: 40 mV/s. 

bi] i ty of t he  so l id-s ta te  e l e c t r o c h r o m i c  r e d o x  p roce s s  
(Tab le  I). 

The  color  c h a n g e s  b e t w e e n  g reen  a n d  d a r k  b r o w n  dur-  
ing t h e  r e d o x  cycle  c an  also b e  e s t a b l i s h e d  b y  c h e m i c a l  
r e d u c t i o n  w i t h  Sn(II)  in  1M HC1. T h e  c o r r e s p o n d i n g  
t r a n s m i s s i o n  spec t r a  are dep i c t ed  in Fig. 2. The  kmax v a l u e  
of  t h e  Q b a n d  shi f t s  f rom 650 to 580 rim. 

The  c h a r g e  u n d e r  t he  c u r v e  c o r r e s p o n d s  to 2.8 
e l e c t r o n / m o l e c u l e  or to 2.8 F /mo l  for  t h e  ca thod ic  as wel l  
as for  t he  a n o d i c  b r a n c h  of  t he  s e c o n d  cycle,  a f te r  correc-  
t i on  for  t h e  d o u b l e  l ayer  c a p a c i t a n c e  of  t h e  t h i n  f i lm elec- 
t rode.  Th i s  v a l u e  was  r o u g h l y  e s t i m a t e d  f rom the  l inea r  
d e p e n d e n c e  of  t h e  c o n s t a n t  r e s idua l  c u r r e n t  on  t he  s c a n  
ra te  in  t he  a n o d i c  r eg ion  of  t h e  s c a n  w h e r e  no  fa rada ic  ac- 
t iv i ty  is o b s e r v e d .  F i g u r e  3 dep ic t s  t he  d e p e n d e n c e  of  t he  
s to red  cha rge  o n  t h e  t h i c k n e s s  of  t h e  fi lm of  2 (Mr = 2H). 
The  e x c h a n g e d  c h a r g e  of  a b o u t  3 F/ tool  does  n o t  d e p e n d  
on  t he  fi lm t h i c k n e s s  b e t w e e n  10 a n d  100 n m  (0.2-2 • 
10-9 mol/cm~). 

F i g u r e  4 d e p i c t s  t h e  d e p e n d e n c e  of  t h e  ca thod i c  p e a k  
c u r r e n t  on  t h e  s c a n  ra te  v for  a 100 n m  film. No m a r k e d  
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Table I. Peak potentials of stable cycles for reduction and reoxidation of different films of 2 
(10 -8 mol; film thickness - 100 nm) in various electrolytes; scan rate 40 mV/s 

Peak potentials (mV vs. Ag/AgC1) Charge storage 
Film of 2 Electrolyte E,,ed I Eox I Ered I1 Eox" (F/tool) 

Mt = 2H 1M HC1 81 100 20 33 2.8 
0.1M LiOH/1M LiC1 -731 -671 -846 -826 2.7 
0.1M NaOH/1M NaC1 -765 -7t(} -865 -830 2.7 
0.1M KOH/1M KC1 -756 -701 -866 -811 2.4 

1M HC1 - 63 - 25 2.7 
0.1M LiOH/1M LiC1 -506 -451 -996 -916 1.5 
0.1M NaOH/1M NaC] -681 -581 -971 -871 1.8 
0.1M KOH/1M KCI -681 -636 -961 -906 1.75 

1M HCI 50 85 - 38 - 10 2.7 
0.1M NaOH/1M NaC1 a -328 -235 -640 -575 3.0 

Mt = Cu 

Mt = Zn 

a E red  m = _ 9 0 5 ,  Eox n] = - 8 4 5  m V  v s .  Ag/AgC1. 

dev ia t ion  f r o m  l inea r i ty  c an  be  o b s e r v e d  in t he  r a n g e  
f rom 20 to 400 mV/s.  T he  s a m e  r e l a t i o n s h i p  h o l d s  for t he  
anod ic  p e a k  cu r ren t .  The  t i m e  c o n s t a n t  of  t h e  f i lm reduc-  
t ion  was  e s t i m a t e d  to be  b e l o w  5 m s  f rom po ten t i a l  s tep  
m e a s u r e m e n t s .  Th e  cha rge  e x c h a n g e d  d u r i n g  t h e  cycle  
does  no t  d e p e n d  on  the  s can  ra te  in th i s  range.  The  ob- 
se rved  s e p a r a t i o n  b e t w e e n  t he  c a t h o d i c  a n d  t he  corre-  
s p o n d i n g  a n o d i c  p e a k  c u r r e n t  r e m a i n e d  w i t h i n  the  IR  
d rop  b e t w e e n  t he  L u g g i n  cap i l la ry  a n d  t h e  e l ec t rode  sur-  
face for  all  e x p e r i m e n t s  d e p i c t e d  in Fig. 3 a n d  4 a n d  l i s ted  
in Tab le  I. 

C o m p a r e d  to 2 (Mt = 2H), a s imi la r  v o l t a m m o g r a m ,  
however ,  w i t h  a m o r e  p r o n o u n c e d  d o u b l e  p e a k  profile, 
was  o b s e r v e d  for f i lms of t h e  Z n  che l a t e  of  2 (Fig. lb) .  
The  r e d u c t i o n  a n d  r e o x i d a t i o n  p o t e n t i a l s  are sh i f t ed  in to  
t he  n e g a t i v e  d i r ec t i on  b y  a b o u t  30-45 m V  (Table  I). The  
cha rge  u n d e r  t he  ca thod ic  a n d  t h e  a n o d i c  b r a n c h  was  
f o u n d  to b e  2.7 F /mo l  a f te r  c o r r e c t i o n  for  t h e  d o u b l e  l ayer  

Ere 

a 

s sGo 6Go 76o 86o x(.~~176 

Fig. 2. Transmission spectrum of 50/~g__2 (Mr = 2H)deposited on a 3 
cm ~ quartz plate (a)and following chemical reduction (5 • 10-~M SnCI,2 
in IM HCI)(b).  

3 - ~ c -  
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amount  2 (10-  a mole /era  2 ] 

Fig. 3. Charge exchanged per mol of 2 (Mt = 2H) in either branch of 
the cyclic voltammogram in dependence on the amount of__2. Scan rate: 
40 mV/s; acid electrolyte (1M HCI). 

capac i t ance  a n d  i r r e spec t ive  of t he  s can  ra te  u p  to v = 400 
mV/s.  C o m p o u n d  2 (Mt = Zn)  e x h i b i t s  d i s t inc t  e lectro-  
c h r o m i c  b e h a v i o r  d u r i n g  t he  r e d o x  cycle. The  g reen  color  
of  t h e  layer  c h a n g e s  to i n t e n s e  b lue  ( r educ t ion  p e a k  I), 
a n d  t h e n  to b r o w n  ( r educ t ion  p e a k  II). 

In  t he  case  of  t h e  c o p p e r  che la te  of  2, no  d o u b l e  p e a k  
can  b e  o b s e r v e d  in  t he  v o l t a m m o g r a m  (Fig. lc). The  re- 
d u c t i o n  p e a k  c u r r e n t  is sh i f t ed  to a m o r e  nega t i ve  po ten-  
t ial  ( - 6 3  m V  vs. Ag/AgC1). Again ,  t he  s to red  c h a r g e  dur-  
ing t he  r e d o x  cycle  was  f o u n d  to b e  2.7 F /mol  a n d  d id  no t  
d e p e n d  on  the  s can  ra te  up  to 400 mV/s.  

In  t he  r ange  of low p H  va lues  u p  to p H  = 2.5, the  po ten-  
tial of  the  r e spec t ive  p e a k  c u r r e n t s  in  t he  v o ] t a m m o g r a m  
shows  a l inea r  d e p e n d e n c e  on  p H  of a b o u t  60 mV/pH.  

Measurements in alkaline electrolytes.---In orde r  to 
s t u d y  the  d e p e n d e n c e  of  t h e  r e d o x  b e h a v i o r  of  layers  of 2 
on  t h e  n a t u r e  of  t h e  ca t ion ,  w h i c h  ha s  to b e  i n t e r ca l a t ed  
for cha rge  c o m p e n s a t i o n ,  t he  fo l lowing  a lka l ine  e lectro-  
lytes  w e r e  used:  0.1M LiOH/1M LiC1, 0.1M NaOH/1M 
NaC1, a n d  0.1M KOH/1M KC1. The  re su l t s  are  d e p i c t e d  in  
Fig. 5 a n d  6. 

In  c o m p a r i s o n  to t he  acid e lec t ro ly te ,  t h e  po ten t i a l s  of 
t he  c a t h o d i c  a n d  a n o d i c  p e a k  c u r r e n t s  are  sh i f t ed  nega-  
t ive ly  (Tab le  I). I n  t he  case  of meta l - f ree  f i lms of 2, t h e  
c u r r e n t  p e a k s  in  t he  cyclic v o l t a m m o g r a m s  are cons ide ra -  
b ly  b r o a d e n e d  (Fig. 5a and  6b). As  f o u n d  w i t h  acid elec- 
t ro ly tes ,  t h e  c h a r g e  e x c h a n g e d  d u r i n g  t he  e l e c t r o c h r o m i c  
r edox  p roce s s  was  f o u n d  to b e  2.7 F/ tool  for  e i t he r  b r a n c h  
of t he  cycle. The  p e a k  cu r ren t s ,  h o w e v e r ,  do no t  d e p e n d  
l inear ly  o n  t h e  s can  rate,  even  in t h e  r a n g e  of  s low scans  
(v = 40-160 mV/s),  w h i c h  i nd i ca t e s  s o m e  h i n d r a n c e  of  t h e  
i n t e r c a l a t i o n  m e c h a n i s m .  

F igu re s  5c a n d  6c dep ic t  r e p r e s e n t a t i v e  cyclic 
v o l t a m m o g r a m s  o b t a i n e d  for  t h i n  f i lm e lec t rodes  of  2 (Mt 

A 

7- 

6 -  

5 -  
4" 
E ~- 

3- 
E 

cz 2 -  

I -  
~176176176 

' I ' 0 0  ' 2ha ' sbo 
Scan rate ( r n V / s  ) 

Fig. 4. Linear dependence of cathodic peak currentlp on the scan rate 
for a 100 nm film of_2 (Mr = 2H) = 10 -8 mol in acid electrolyte (1M 
Ha) .  
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o)Nt=2H 

E,V vs Ag/AgCt 
I I IA v= 40 mV/s 

b)Mt=Zn / /  

V IO, m  

Fig. 5. Cyclic voltammogroms (second cycle) of different films of 
octacyanophthalocyanine_2 (10 -8 mol on 0.5 cm 2 gold electrodes) in al- 
kaline electrolyte (0.1M NaOH/1M NaCI). a:_2 (Mt = 2H). b:2 (Mt = 
Zn). c: 2 (Mt = Cu). 
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= Cu) in  a lka l ine  e lec t ro ly tes .  C o m p a r e d  to -2 (Mt = 2H), a 
t en fo ld  i n c r e a s e  in  d o u b l e  layer  c a p a c i t a n c e  p o i n t s  to- 
w a r d s  a l a rge r  real  su r face  a rea  of  t h e  film. I n  c o n t r a s t  to 
acid e lec t ro ly tes ,  two clear ly  s e p a r a t e d  r e d o x  peaks ,  I a n d  
II, can  b e  o b s e r v e d .  T he  h e i g h t s  of  t h e  f irst  c a thod i c  (I) 
a n d  of  t h e  c o r r e s p o n d i n g  a n o d i c  p e a k  c u r r e n t  are  still l in- 
ear ly  d e p e n d e n t  o n  t he  s c a n  ra te  r ega rd l e s s  of t he  e lect ro-  
lyte. Fo r  t he  s e c o n d  ca thod i c  (II) a n d  c o r r e s p o n d i n g  
anod ic  peak ,  a n d  in  t h e  case  of  Li  + t h e  p e a k  c u r r e n t  is 
f o u n d  to d e p e n d  on  v '~2, w h i c h  is i n d i c a t i v e  of  a d i f fus ion-  
con t ro l l ed  p roce s s  (Fig. 6d). A d e v i a t i o n  f r o m  l inea r i ty  is 
also o b s e r v e d  in  a lka l ine  e lec t ro ly tes  c o n t a i n i n g  Na r or 
K *. A p e a k  cu r ren t -v  1~2 r e l a t ionsh ip ,  howeve r ,  cou ld  n o t  
be  e s t a b l i s h e d  in t h e  r a n g e  of  s can  ra tes  of  2.5-640 m V - s - '  
in  t h e s e  cases.  The  e x p e r i m e n t a l  r e su l t s  o b t a i n e d  in alka-  
l ine  L s  or  K ~ c o n t a i n i n g  e lec t ro ly tes  are  s u m m a r i z e d  in  
Tab le  II. Fo r  succes s ive  e x p e r i m e n t s ,  t h e  s can  ra te  was  
a lways  d o u b l e d .  The  ra t io  of  t h e  c o r r e s p o n d i n g  p e a k  cur-  
r en t s  I,,,,+,/I,., was  ca lcu la ted  a n d  also l i s ted  in t he  table .  
The  d e v i a t i o n  f r o m  l inea r i ty  is e v e n  less  p r o n o u n c e d  for  
the  a n o d i c  wave .  

The  p o s i t i o n  of  t h e  first  r e d o x  p e a k  Ered' d e p e n d s  on  
t h e  n a t u r e  of  t h e  cat ion.  A p r o n o u n c e d  sh i f t  can  be  ob- 
s e rved  c h a n g i n g  f rom Li  e to  Na  t c o n t a i n i n g  e lec t ro ly tes  
(Tab le  I). The  pos i t i on  of t h e  s e c o n d  r e d o x  p e a k  Er~d" is 
less a f fec ted  by  t he  cho ice  of  t he  ca t ion .  

Af ter  c o r r e c t i o n  for  t he  doub le - l aye r  capac i t ance ,  t h e  
cha rge  u n d e r  e i t h e r  b r a n c h  of  t he  cycl ic  v o l t a m m o g r a m  is 
f o u n d  to b e  less  t h a n  2 F/ tool  (Tab le  I) w i t h  a b o u t  25% of  
t he  c h a r g e  loca t ed  u n d e r  p e a k  I a n d  a b o u t  75% u n d e r  
p e a k  II  (Fig. 5c a n d  6c). A r e m a r k a b l e  f ea tu re  of  t he  
v o l t a m m o g r a m s  o b t a i n e d  in  Na ~ a n d  K § c o n t a i n i n g  elec- 
t ro ly tes  is t h e  sma l l  ha l f -wid th  of  t he  s e c o n d  peak,  AE,~ = 
55 m V  a n d  AE,~ = 40 mV,  respec t ive ly .  

Th ree  r e d o x  peaks ,  I, II, a n d  III,  can  b e  o b s e r v e d  in  t he  
cyclic v o l t a m m o g r a m  o b t a i n e d  for  e l ec t rodes  of  2 con- 
t a i n ing  Z n  as t h e  cen t r a l  a t o m  (Tab le  I, Fig. 5b). Also  in 
th i s  case,  t he  p e a k  p o s i t i o n s  do n o t  d e p e n d  on  t he  s can  
ra te  in  t he  r a n g e  of  40-160 mV/s.  A to ta l  of  3 F /mol  is ex-  
c h a n g e d  in  t he  e l e c t r o c h r o m i c  r e d o x  p r oce s s  in  e i t he r  

Fig. 6. Cyclic voltammograms of different films of octacyano- 
phthalocyanine 2 (10-S tool on 0.5 cm ~ gold electrodes) in alkaline elec- 
trolyte (0.1M LiOH/1M LiCI). a: Gold support, b: 2 (Mt = 2H) first and 
second cycle, 40 mV/s. c:_2 (Mt = Cu) first and second cycle, 40 
mV/s. d: Electrode c, Different scan rotes (80 and 160 mV/s). 

b r a n c h  of  t he  v o l t a m m o g r a m ,  w i th  m o s t  of t he  cha rge  lo- 
ca ted  in p e a k  III, wh ich ,  in  ana logy  to r e su l t s  o b t a i n e d  for  
2 (Mr = Cu), s h o w s  a r e m a r k a b l y  smal l  ha l f -w id th  of  AE,2 
= 50 m V  in  a s o d i u m  h y d r o x i d e  e lect rolyte .  

T h e r e  is a loss  of  c h a r g e  of  u p  to 10% f rom the  f irst  to 
t he  s e c o n d  cycle  for  all e l ec t rodes  (Fig. 6b a n d  6c). There -  
after,  t h e  c h a r g e  i n v o l v e d  in  t h e  ca thod i c  a n d  t he  a n o d i c  
waves ,  as wel l  as t he  pos i t i on  of t h e  peaks ,  r e m a i n s  
u n c h a n g e d  a n d  s h o w s  l i t t le  d e p e n d e n c e  o n  t h e  scan  ra te  
b e y o n d  t he  IR d rop  u p  to 160 mV/s  (Fig. 6d) a n d  on  t h e  
n a t u r e  of  t h e  ca t ion  invo lved ,  w i t h  t he  e x c e p t i o n  of  L s  
(Tab le  I). 

Discussion 
The  re la t ive ly  good  so lub i l i ty  of  o c t a c y a n o p h t h a l o -  

c y a n i n e s  _2 in  o rgan ic  so lven t s  as c o m p a r e d  to t h a t  of  t he  
u n s u b s t i t u t e d  c o m p o u n d s  1 a l lows  t he  p r e p a r a t i o n  of  
f i lms f rom c o r r e s p o n d i n g  so lu t i ons  b y  e v a p o r a t i o n  of  t he  
so lvent .  Th i s  is t he  on ly  way  for  t h e  p r e p a r a t i o n  of  solid- 
s ta te  f i lms of  2 s ince  s u b l i m a t i o n  w o u l d  lead to par t ia l  
t h e r m a l  d e c o m p o s i t i o n  of  t h e  mater ia l .  The  in f luence  of  
s u b s t i t u e n t s  on  t he  so l id-s ta te  p r o p e r t i e s  of  p o r p h y r i n s  is 
wel l  k n o w n  a n d  leads  to e x c e l l e n t  e l e c t r o c h e m i c a l  b e h a v -  
ior  in  t he  case  of  f i lms of 2. T h e y  were  f o u n d  to b e  
e l e c t r o c h e m i c a l l y  a n d  m e c h a n i c a l l y  s t ab l e  w i t h i n  t he  
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Table II. Dependence of the second cathodic peak current Ip 
(Fig. 6d) on the scan rate v for films of_2 (Mt = Cu; 

film thickness ~ 100 nm; electrode area 0.5 cm 2) 
in alkaline electrolytes 

Ratio of  
Scan rate Ip peak currents 

Electrolyte n (mY/s) (~A) I,~ ~ + z/I,. 

0.1M LiOH/1M LiC1 

0.1M KOH]IM KC1 

1 5 88 1.56 
2 10 137 1.64 
3 20 225 1.56 
4 40 350 1.57 
5 80 550 1.49 
6 160 820 1.43 
7 320 1175 1.40 
8 640 1650 
1 2.5 78 1.95 
2 5 152 1.84 
3 10 280 1.73 
4 20 485 1.86 
5 40 900 1.67 
6 80 1500 1.67 
7 160 2500 1.6 
8 320 4000 1.5 
9 640 6000 

range of potentials investigated. Up to scan rates of 2 • 
105 mV/s, films of 2 exhibit  electrochromic reduction and 
reoxidation processes in acid as well as in alkaline elec- 
trolytes. Up to the scan rates of 400 mV/s and 600 cycles 
investigated, the exchanged charge was found to be sta- 
ble in most cases for either branch of the cyclic 
voltammogram. 

Two processes characterize the reversible reduction 
and reoxidation of films of 2: injection of electrons at the 
Au/2 interface, followed by the transport of the charge 
through the film and intercalation of charge compensat- 
ing cations or their ejection during the redox cycle. The 
high intrinsic conductivity of_2 provides for a reversible 
charge transfer in acid electrolytes (intercalation of pro- 
tons) up to moderate scan rates. The electron attracting 
nitrile groups in 2 may be responsible for reduction easier 
than that of 1, which could not be reduced under the 
same experimental  conditions. 

In solution the reduction of_2 (Mt = Zn) proceeds in dis- 
tinct steps at -0.15, -0.50, -1.10, and -1.35 mV vs.  SCE 
(34). In the solid state, the potentials merge. For an ideal 
nernstian one-electron reaction of a solid thin film on an 
electrode surface, the model of Anson and Brown (40) 
predicts a half-width of the current peak of hE,2 = 90.6 
mV. AE~/~ values around 190 mV were measured for the 
films of _2 in acid electrolytes and might be explained by 
the close proximity of up to three one-electron steps. In 
the case of_2 (Mt = Zn), two neighboring peaks can even 
be distinguished (Fig. lb). The narrow half-widths ob- 
served for the most cathodic wave for films of _2 (Mt = 
Zn, Cu) in alkaline Na § and K ~ containing electrolytes can 
be accounted for by the exchange of 1.5 F/mol in one step 
(Fig. 5b, peak III and Fig. 5c, peak II, respectively). The 
observed asymmetry of these peaks in comparison with 
the corresponding anodic waves could be due to the inter- 
actions between the phthalocyanine molecules combined 
with the observed diffusion control in the behavior of the 
redox system in alkaline solutions. This interpretation 
follows a model put forward by Laviron and Roullier (41). 
The shape of the wave observed for the metal-free 2 (Mt 
= 2H) in the same electrolytes again appears to be due to 
the close proximity of one-electron steps. This could be 
explained by the existence of distinguishable energy lev- 
els for the successive intercalation of the charge 
compensating cations. 

At low pH values, a total charge of about 3 F/mol is 
consumed in the reduction and in the reoxidation of the 
phthalocyanine. It is well known that the nitrogen atoms 
in positions 6, 13, 20, 27 of the phthalocyanine can be 
protonated (42, 43). An acid base reaction might be the 
cause for the rapid intercalation of protons leading to the 
observed nernstian behavior of the electrodes. Up to p i t  

2.5 the potential of the peak current shifts 60 mV/pH 
(298 K) for any distinguishable peak. This pH-sensitive 
behavior can be expected for the exchange of protons ac- 
cording to the overall reaction 

M t P c + n H  § + n e - ~ M t P c H ,  ( n =  1, 2, 3) 

At high pH values, the transport of charge compensating 
cations other than protons may become the rate- 
determining step in the redox process. As a common fea- 
ture of the cyclic vol tammogram of_2 (Mt = Cu) in alka- 
line solutions, two peaks (I, II) have been established by 
the experiments (Fig. 6c and 6d). A dependence of the 
height of the cathodic peak II and the corresponding 
anodic peak on the square root of the scan rate is indica- 
tive of a diffusion-limited intercalation of the cation (40). 

In the observed range of scan rates the v 'j2 dependence 
is established clearly in case of Li ~ (ratio of successive 
peak currents Ip.,,+,/I,.~, ~ ~/2). A trend towards the linear 
dependence of the peak current on the scan rate v can be 
observed in the case of electrolytes containing the larger 
cations Na § and K ~ at least for the low range of scan rates 
(Ip.,+~/I,.~ ~- 2). This seems to reflect decreasing electro- 
static interaction with increasing size of the cation during 
migration through the phthalocyanine bulk. 

The properties and the shape of the first cathodic (I) 
and the corresponding anodic wave (Fig. 5c and 6c) could 
be due to the reduction of a surface layer, i.e., the creation 
of surface states for the adsorption of the cation. The de- 
pendence of the position of the peak on the nature of the 
cation is therefore no surprise, even though the trend can- 
not be explained at the present time. From the 
reproducibility of the cycles with respect to the charge, 
and to the position of the peak currents as we]] as the 
close proximity of the anodic and the cathodic peak cur- 
rents on the potential scale, nernstian behavior of the thin 
film electrodes without diffusion control can be inferred 
in the case of acid electrolytes. The pH dependence of the 
potential of the peak current lends additional support to 
this assertion. In the case of alkaline electrolytes, 
nernstian behavior with some diffusion limitation of the 
intercalation of the charge compensating cations cannot 
be distinguished from irreversible steps in the redox pro- 
cess, based on the available data. 

Conclusions 
Thin film electrodes of octacyanophthalocyanine 2 

were found to function as reversible solid-state redox sys- 
tems. The outstanding electrochemical properties appear 
to be due to a combination of the high intrinsic conduc- 
tivity and the electron accepting properties of the substit- 
uents of 2. The choice of the cation in the ligand of_2, of 
the cation in the electrolyte, and eventually of the substit- 
uents determines the potential range for the solid-state 
redox processes. Applications in batteries, in redox active 
membranes, and in memory devices can be envisaged. 
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Indirect Electrochemical Processes at a Rotating Disk Electrode 

Oxidation of Sulfite Catalyzed by Iodide 

Shi-Chern Yen and Thomas W. Chapman 
Department of Chemical Engineering, University of Wisconsin-Madison, Madison, Wisconsin 53706 

ABSTRACT 

The anodic oxidation of sulfite in sulfuric acid solution is catalyzed by small amounts of iodide ion. The mechanism 
of this process is viewed as the electrochemical oxidation of iodide followed by the homogeneous oxidation of sulfite 
by iodine. The homogeneous reaction is too fast for its rate to be measured conveniently by cyclic voltammetry so the 
enhancement  by sulfite of the iodide limiting current to a rotating disk electrode is used to determine the second-order 
rate constant (7.5 • 109 cm3/mol/s at 22~ A collocation technique is used to simulate the electrochemical-chemical pro- 
cess. The electrode kinetics parameters of iodide oxidation on pyrolytic graphite are also determined. The collocation 
model is successful in predicting anodic polarization curves in the sulfite-iodide system. The sulfite anode is depolar- 
ized by as much as 400 mV by the iodide catalyst. 

The oxidation of sulfur dioxide has been investigated 
extensively in recent years. Most studies have been di- 
rected at direct electrochemical oxidation of SO2 on plati- 
num, gold, alloy, carbon, or graphite electrodes (1-17). A 
few investigations (18-24) were performed by using a 
chemical depolarizer, such as a halide ion, to facilitate the 
anodic oxidation of sulfur dioxide. This paper considers 
the anodic oxidation of SO~, its depolarization by iodide, 
and the rate of the homogeneous reaction between SO2 
and iodine. 

The oxidation of SO2 has both theoretical interest and 
practical applications. Besides its electroanalytical use, it 
offers the following potential applications: (i) anode depo- 
larization in electrowinning of copper and other metals 
(25, 26), (ii) hydrogen production with SO2 as an interme- 

diate in an electrochemical-thermochemical water-split- 
ting cycle (27-29), (iii) production of sodium hydroxide 
and sulfuric acid (14, 15), and (iv) electrochemical treat- 
ment for SO~ removal from flue gas (29). 

The anodic oxidation of SO~ on plat inum and many 
other materials in sulfuric acid solution is inhibited by 
the formation of a surface oxide layer or by reaction- 
product adsorption (9). Therefore, the electrochemical ox- 
idation rate of SO~ decreases with time, and at steady 
state the reaction is quite irreversible. If a suitable depo- 
larizer can be added to the system, one may hope to accel- 
erate the steady-state reaction rate. Here, we employ io- 
dide ion because its electrode potential is close to the SO2 
oxidation potential, its electrode kinetics are nearly re- 
versible, and its reaction product, iodine, reacts very rap- 



2150 J. Electrochem. Sac.: E L E C T R O C H E M I C A L  SCIENCE AND T E C H N O L O G Y  September 1985 

idly with SOs to regenerate iodide and produce sulfuric 
acid. 

Figure 1 shows anodic polarization curves for a vertical 
graphite electrode, which were obtained in a study of an- 
ode depolarization in electrowinning cells (30). Curve 1 is 
the potential obtained for oxygen evolution at 50~ in 
0.2M sulfuric acid. Curve 2 is the anode potential when 0.1 
sodium sulfite is added to the solution. Curve 3 is the an- 
ode polarization curve when 1.0 g/liter sodium iodide is 
added to the sulfite solution. It is seen that the iodide cat- 
alyzes, or depolarizes, the sulfite anode and reduces the 
anode potential by almost 300 mV at high current densi- 
ties. Furthermore,  this potential is almost 900 mV less 
anodic than that of the oxygen electrode. Thus, the 
iodide-catalyzed sulfite anode offers interesting energy 
saving possibilities in the applications listed above. The 
purpose of this paper is to examine the behavior of the 
sulfite-iodide electrode. A specific objective is to present 
methods for modeling and measuring the kinetics of a 
fast homogeneous reaction that is coupled with an elec- 
trode reaction. 

The electrochemical oxidation of iodide has been stud- 
ied by many investigators (31-43), but its mechanism has 
not been definitely established. Vetter (44) proposed a 
mechanism for the iodide-iodine redox reaction on plati- 
num with electron transfer as the rate-determining step. 
This was confirmed by Newson and Riddiford (39). The 
anodic transfer coefficient reported by Vetter was 0.78, 
but Newson and Riddiford found that the transfer coeffi- 
cient depended on the concentrations of iodine and io- 
dide and on the rotation speed of the rotating disk elec- 
trode, which they attributed to surface nonuniformity. 

Swathirajan and Bruckenstein (45, 46) have recently in- 
vestigated the behavior of the iodide electrode under con- 
ditions where iodine films form on a platinum anode. 
This phenomenon occurs when the iodide concentration 
exceeds 5 raM. The iodide concentrations used in this 
study were all 0.001M or lower. 

In this paper, we report studies on the anodic oxidation 
rates of sulfite and iodide on rotating platinum and pyro- 
lytic graphite disk electrodes. The depolarization of the 
sulfite anode by small concentrations of iodide is 
modeled as the electrochemical discharge of iodide cou- 
pled with a second-order homogeneous reaction between 
iodine and sulfite. The kinetics of the iodide electrode on 
pyrolytic graphite and of the homogeneous reaction are 
determined quantitatively. 
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Fig. 1. Anodic polarization curves on a vertical graphite electrode 
in 0.2M sulfuric acid at 50~ Curve I is oxygen evolution. Curve 2 is 
sulfite oxidation when sodium sulfite is present at 0.1M. Curve 3 is 
obtained when 1.0 g/liter sodium iodide is added to the sulfite solu- 
tion. 

Experimental Methods 
All chemicals were of analytical grade, and solutions 

were prepared with double-distilled water. Sodium sul- 
rite was used as a source of SOs in solution. A saturated 
calomel electrode was employed as the reference elec- 
trode, and a platinum counterelectrode was used. Poten- 
tiostatic and potentiodynamic measurements were taken 
by using a PAR Model 170 electrochemical instrument 
and a PIR disk electrode rotator from Pine Instrument 
Company. A diagram of the apparatus is shown in Fig. 2. 

Pyrolytic graphite and smooth platinum electrodes 
(Pine Instrument) served as working electrodes, each 
with an area of 0.485 cm 2. Prior to polarization experi- 
ments, the working electrodes were prepared by the fol- 
lowing procedure: (i) immersion in chromic acid cleaning 
solution for 5 min and rinsing with redistilled water, (ii) 
immersion in 6M H2SO4 solution for 5 rain and then rins- 
ing with redistilled water, (iii) placement of the electrode 
in the test solution (IM H2SO4) and passage of nitrogen 
through the solution, (iv) application of potential at -0.2V 
(SCE) for 1 rain and then three cyclic scans at 10 mV/s 
from -0.2 to 1.2V (SCE), and (v) changing the potential 
from -0.2V (SCE) to slightly anodic, +0.4V ~SCE), to 
reoxidize any absorbed hydrogen on surface, then per- 
formance of the measurements. 

The temperature was approximately 22~ (room tem- 
perature), and IR compensation was applied to the rotat- 
ing disk electrode measurements. 

Characterization of the Iodide Electrode 
Slow potentiodynamic scans were made on the rotating 

platinum and graphite electrodes with solutions of so- 
dium iodide in 1.0M sulfuric acid. Typical results are 
shown in Fig. 3 and 4. Although some hysteresis was ob- 
served when the potential was scanned in the negative di- 
rection after anodic polarization because of iodine forma- 
tion and possible surface oxidation, it is clear that the 
iodide reaction is quite reversible on both platinum and 
pyrolytic graphite. 

Steady-state limiting currents were observed for iodide 
oxidation on the rotating graphite electrode at 0.6V (SCE) 
in 1.0M sulfuric acid solutions over a range of rotation 
speeds and iodide concentrations. The results shown in 
Fig. 5 verify that the limiting current is proportional to 
reactant concentration. Although iodide may be oxidized 
by sulfuric acid on standing, the linearity of the limiting 
current data seen in Fig. 5 indicates that there was negli- 
gible loss of iodide during the course of the experiments.  
Application of the Levich equation to the limiting cur- 
rents yields an iodide diffusivity value of  1.46 • 10 --~ 
cm2/s. Cathodic limiting currents were also observed with 
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Fig. 2. The rotating disk electrode apparatus 
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Fig. 3. Anodic polarization curves on a platinum disk electrode ro- 
tating at 1600 rpm. Area was 0.4845 cm ~, and scan rate was 1.0 
mV/s. Curve 1: 1.0M sulfuric acid. Curve 2 : 2  • 10-5M sodium io- 
dide in 1.0M sulfuric acid. 
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Fig. 4. Anodic polarization curves on a pyrolytic graphite disk elec- 

trode rotating at 1600 rpm. Scan rote was 1.0 mV/s, and electrode 
area was 0.4845 cm 2. Curve 1 :1 .0  n~4 sodium iodide in | .0M sulfu- 
ric acid. Curve 2 : 1 . 0  ~ sodium iodide and 19 ~ sodium sulfite in 
1.0M sulfuric acid. 

iodine  solu t ions  f rom which  the  iod ine  diffusivi ty was de- 
t e r m i n e d  to be  0.93 • 10 -5 cm2/s. These  va lues  are based  
on a k inemat i c  v iscos i ty  va lue  of  0.96 cm2/s for 1.0M sulfu- 
ric acid. 

The  k ine t ics  of  the  iodide  e lec t rode  on pyrolyt ic  graph- 
ite in 1.0M sulfur ic  acid were  de t e rmined  quant i ta t ive ly  
by obse rv ing  the  polar izat ion curve  potent ios ta t ica l ly  at 
var ious  potent ia l  values.  The  bu lk  solut ion con ta ined  
0.001M s o d i u m  iodide  and 0.001M iodine  in the  sulfuric 
acid. For  data-fi t t ing purposes ,  it was a s sumed  tha t  the  
r edox  e lec t rode  kinet ics  fo l lowed a s imple  But l e r -Volmer  
form, wh ich  may  be  wr i t ten  as 

aF(E -- Eo) C C 112 -(I - a)F(E - Eo) ] 
= Fkar[C[z e ~Y i:~ ,.2,o e RT i, Ci,_,, ~'/~ [1] ] 

where  Eo is the  equ i l i b r ium e lec t rode  potent ia l  for Q = -  
= Q.~.= = 0.001M [Eo = 0.4535V (SCE)], a is the  anodic  
t ransfer  coefficient ,  and k /  is a specific anodic  rate con- 
stant  referred to the  equ i l ib r ium potent ia l  E0. 

The eva lua t ion  of  the  kinet ic  pa ramete r s  was done  by 
fol lowing the  p rocedures  ou t l ined  by Gi leadi  (47). The  
surface concen t ra t ions  of iodide  and iod ine  are expressed  
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Fig. 5. Limiting anodic current density on a rotating pyrolytic- 
graphite disk electrode as e function of rotation speed and iodide con- 
centration in | .0M sulfuric acid. 

in te rms  of  the i r  respec t ive  bu lk  va lues  and l imi t ing cur- 
rents.  For  e x a m p l e  

where  C~=- is the  bu lk  iod ide  concen t ra t ion  and iL,a is 
the  anodic  l imi t ing  cur ren t  dens i ty  for iod ide  oxidat ion.  
Subs t i tu t ing  for the  interfacial  concen t ra t ions  in this  
form, one m a y  rewri te  Eq.  [1] as 

1 ( 1 _  i n / ' / 2  
i 1)_  io 

- F ( E - E o ) l } - =  in (k~) exp  ~ -  - 

aF  
- ( E  - E o )  - I n  ( k / )  [ 3 ]  

RT 

where  E is the  e lec t rode  potent ia l  at wh ich  the  cur ren t  
dens i ty  in is measured .  

F igure  6 is a plot  vs. overpotent ia l ,  E - Eo, of  the  left- 
hand  side of  Eq.  [3], ca lcula ted for several  levels  of  anodic  
polar izat ion and abbrev ia ted  ka. In  a g r e e m e n t  wi th  Eq.  
[3], the  data fall on  a s t raight  line. The  in te rcep t  and s lope 
indicate  the  va lues  of  ka r and a to be  6.18 • 10 -3 cm/s and 
0.80, respect ively .  This rate cons tan t  va lue  cor responds  to 
an exchange  cur ren t  dens i ty  of  0.6 m A / c m  2 for the  iod ide  
e lec t rode  at these  bu lk  concentra t ions .  

2.5 I I I I 

2 D  O 
._I 
I 

1.5 q I I I 
0 0.01 0.02_ 0 .03  0 .04  0 .05  

O V E R P O T E N T I A L  ~7 = E - E = ,  V o l t  

Fig. 6. Plot of anodic polarization data for iodide oxidation r pyro- 
lytic g r a p h i t e  a c c o r d i n g  to  t h e  form o f  Eq. [3]. 
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Mathematical Model of Steady Current to a Rotating 
Disk Electrode with a Catalytic Chemical Reaction 

The  a n o d i c  o x i d a t i o n  of  su l fu r  d i o x i d e  ca ta lyzed  b y  io- 
d ide  is cal led an  i n d i r e c t  e l e c t r o c h e m i c a l  p rocess ,  an  elec- 
t r o c h e m i c a l  r e a c t i o n  c o u p l e d  w i t h  a ca ta ly t ic  chemica l  re- 
act ion,  a n d  i t  is r e p r e s e n t e d  by  t h e  fo l lowing  r eac t i on  
s c h e m e  

R ~ a O + n e -  

on  e l ec t rode  su r face  a n d  

a O + bS k R + p r o d u c t s  

d 2 0 o 
_ _  + 3~0x 2 dOo = 0, for  0 ~< x ~< xR [8] 
d x  2 d x  

d20~ dos 
dx----- T + 3a~x ~- ~ = 0, for  xR < x < co [9] 

w h e r e  0o = (Co/CRy), OR = (CR/CR.~), a n d  0~ = (CJCR~) are 
t he  d i m e n s i o n l e s s  c o n c e n t r a t i o n s ,  ao = (DR/Do) a n d  a~ = 
(D,JDs) are  d i m e n s i o n l e s s  d i f fus iv i ty  rat ios,  x = z/8, CR.~ is 
t he  b u l k  c o n c e n t r a t i o n  of  spec ies  R, xR is t he  d i m e n s i o n -  
less p o s i t i o n  of  t h e  r eac t i on  p lane ,  a n d  8 is t he  t h i c k n e s s  
of t he  d i f fus ion  layer  a d j a c e n t  to t he  ro t a t i ng  e lec t rode ,  
w h i c h  is 

in  so lu t ion ,  w h e r e  R is a r e d u c e d  species ,  s u c h  as iodide,  
O is an  ox id i zed  species ,  s u c h  as iodine ,  S is an  e lect ro-  
c h e m i c a l l y  i nac t i ve  reac tan t ,  s u c h  as SO2, k is a second-  
o rde r  r eac t i on  ra t e  cons t an t ,  a n d  a, b, a n d  n are s to ichio-  
me t r i c  coeff ic ients .  T he  r e d u c e d  spec ies  R is r e g e n e r a t e d  
in so lu t ion  a n d  t h e n  t r a n s p o r t e d  to t he  e l ec t rode  sur face  
to be  oxidized.  Th e  ox id ized  spec ies  O is t r a n s p o r t e d  ou t  
to r eac t  w i th  t he  r e a c t a n t  S in so lu t i on  to a c h i e v e  t he  
overal l  r e ac t i on  

b S  --> p r o d u c t s  + h e -  

For  SO2 + 2H~O ~ H2SO 4 + 2H ~ + 2e- ,  t he  s t o i ch iome t r i c  
coeff ic ients  are  a = b = 1/2 a n d  n = 1. 

In  o rde r  to  f o r m u l a t e  a m o d e l  of  t h i s  e l ec t rochemica l -  
c h e m i c a l  r e a c t i o n  s y s t e m  on  a r o t a t i n g  d i sk  e lec t rode ,  we 
a d o p t  the  fo l lowing  a s s u m p t i o n s :  (i) t h e  e l e c t r o c h e m i c a l  
r eac t ion  ra te  c o n t r i b u t e d  b y  t he  d i rec t  SO., e l ec t rode  reac-  
t ion  is negl ig ib le ;  (ii) t he  ef fec t  of  e lec t r ica l  m i g r a t i o n  is 
neg l ig ib le  b e c a u s e  of  t he  h i g h  ac id  c o n c e n t r a t i o n ;  (iii) t h e  
d i f fus iv i t ies  of  all spec ies  are cons t an t ;  a n d  (iv) t h e  h o m o -  
g e n e o u s  c h e m i c a l  r eac t i on  is of  s e c o n d  o rde r  a n d  irre- 
vers ible .  The  first  case  to be  t r e a t e d  is t h a t  w h e r e  t h e  ap- 
p l ied  po t en t i a l  is h i g h  e n o u g h  to force  l im i t i ng  cur ren t .  

The  ana lys i s  of  a s t eady- s t a t e  e l e c t r o c h e m i c a l  r eac t i on  
coup l ed  w i t h  a h o m o g e n e o u s  ca ta ly t ic  c h e m i c a l  r eac t ion  
on  a ro t a t i ng  d i sk  e l ec t rode  ha s  b e e n  c o n d u c t e d  by  sev- 
eral  i n v e s t i g a t o r s  (48-50). L e v i c h  t r e a t e d  f i r s t -order  cata-  
lyt ic e l e c t r o c h e m i c a l  p r o c e s s e s  analyt ica l ly .  U l s t rup  (51) 
a n d  H o l u b  (52) i n v e s t i g a t e d  a n  e l e c t r o c h e m i c a l  p roces s  
w i th  a ca ta ly t ic  r eac t ion  in w h i c h  t he  e lec t roac t ive  
r e a c t a n t  is r e g e n e r a t e d  b y  d i s p r o p o r t i o n a t i o n .  Posp i s i l  
(53) d e t e r m i n e d  t h e  ra te  c o n s t a n t  of  t h e  r eac t ion  b e t w e e n  
t he  fe r rous  ion  a n d  h y d r o g e n  p e r o x i d e  b y  t he  polaro-  
g raph ic  m e t h o d .  Genera l ly ,  a n  e l e c t r o c h e m i c a l  p roces s  
coup l ed  w i t h  a s e c o n d - o r d e r  ca ta ly t ic  r eac t i on  m u s t  b e  
ana lyzed  numer i ca l ly .  

The  g o v e r n i n g  e q u a t i o n s  of  t h e  a b o v e  e l e c t r o c h e m i c a l  
s y s t e m  at  s t e a d y  s ta te  are e x p r e s s e d  as fol lows (48, 54) 

dCo = D d2C~ 
v~ ~ o ~ - akC~Co [4] 

dCR D d2CR + kC~Co 
v~ ~ = ~ dz '  

dC~ d2C~ 
vz ~ = D~ ~ - bkC~Co 

( 3 D R  1,13 

The  b o u n d a r y  c o n d i t i o n s  are  

[10] 

dOo dOR 
a t x =  0 , 0 R = 0 ; - ~ x  + a a O - ~ x  = 0  [11] 

at  x = co, 0~ = 0~| 0R~ = 1 [12] 

a t  x = xR, 6~(xR) = 0; 0o(XR) = 0 [13] 

dO~dx ~'R --~x , b Do = - h  ~R" h -  a D~ [14] 

E q u a t i o n s  [7]-[9] w i th  t he i r  b o u n d a r y  cond i t ions ,  Eq. 
[10]-[14], m a y  be  so lved  to yie ld  t h e  c o n c e n t r a t i o n  pro-  
files for e ach  spec ies  as 

OR = e -~3 d x /  e -x3 dx ,  for 0 ~< x ~< xR [15] 

0R= 1, f o r x  />xR 

f'" f;v- Oo = a~o e "~ d x /  dx ,  for  0 < x < xR 

[16] 

[17] 

0o = 0, for  x /> x ,  [18] 

f /  i. o Os = Os~ e -'~'3 d x /  e -~'~:~a dx,  for  x >/xR [19] 
'R r 

0~ = 0, for  O < x < xR [20] 

The  pos i t i on  of  t h e  r eac t ion  p lane ,  xR, c an  b e  f o u n d  by  
solv ing t h e  fo l lowing  e q u a t i o n  

f ~ t-'21~e -t d t  
0~(a s ) ' ~  _ e(~_ ~o)XR' ~R;~ [21] 

aaoh fo''e -t t -2~3 dt  

w h i c h  is o b t a i n e d  f rom Eq. [14]. 
[5] F r o m  the  c o n c e n t r a t i o n  prof i le  of  spec ies  R n e a r  t he  

e lec t rode ,  one  can  ca lcu la te  t he  l imi t ing  c u r r e n t  a n d  s h o w  
t h a t  it e x c e e d s  t h a t  e x p e c t e d  for spec ies  R in t he  a b s e n c e  
of spec ies  S. T h e  e x t e n t  of  t he  l im i t i ng  c u r r e n t  e n h a n c e -  

[6] m e n t  m a y  be  e x p r e s s e d  b y  de f in ing  a m a s s  t r a n s f e r  en- 
h a n c e m e n t  fac to r  (MTEF) as 

w h e r e  vz = -aTt(~/[~/~]z)  2, a'  = 0.51023, 12 is the  ro t a t i ng  
speed,  , is t h e  k i n e m a t i c  viscosi ty ,  z is t he  n o r m a l  dis- 
t ance  f rom t h e  r o t a t i n g  d i sk  e lec t rode ,  Ci a n d  Di s t a n d  for  
c o n c e n t r a t i o n s  a n d  d i f fus iv i t ies  of  the  species .  

We m a y  first  c o n s i d e r  a spec ia l  case,  t he  i n s t a n t a n e o u s  
h o m o g e n e o u s  reac t ion .  

For  t he  case  of  a n  inf in i te  ra te  cons t an t ,  t h e  r e d u c t i o n  
occurs  a t  a p lane ,  a n d  an  ana ly t i ca l  so lu t ion  m a y  b e  ob- 
t a i n e d  by  m o d i f y i n g  Eq. [4]-[6] a n d  m a k i n g  t h e m  d i m e n -  
s ion less  

d20R + 3x. ~ dOR = 0, for  0 ~< x ~< XR [7] 
d x  ~ d x  

M T E F  = iL(with c h e m i c a l  r eac t ion)  
/ , . (without c h e m i c a l  reac t ion)  [22] 

w h e r e  t he  l im i t i ng  c u r r e n t  w i t h o u t  r eac t i on  refers  to  t h a t  
of species  R alone.  

The  M T E F  for  t he  case  of  i n s t a n t a n e o u s  c h e m i c a l  reac- 
t ion  can  be  e x p r e s s e d  as a f u n c t i o n  of  t he  pos i t i on  of  t h e  
r eac t ion  p l an  as 

F(4/3) 17(1/3) 
M T E F  = f . 'R  = F(1/3, xR'~) [23] 

L e - ~  d x  
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where  F(1/3) is the  g a m m a  func t ion  of  1/3, and F(1/3, xR 3) 
is an i n c o m p l e t e  g a m m a  funct ion.  I f  all diffusivit ies are 
equal  (i.e., ao = a, = 1), then  

F(1/3, xR3) = F(1/3)/(a~ + 1) [24] 

Combin ing  Eq. [23] and [24] gives 

M T E F  = 1.0 + O J b  [25] 

This  resul t  means  that  the  e n h a n c e d  l imi t ing  cur ren t  is 
equ iva len t  to tha t  for the  di rect  e lec t rode  react ion of  spe- 
cies S, if  i t  we re  possible,  plus that  of  the  i n d e p e n d e n t  
l imi t ing cur ren t  of  the  depolar izer  R itself. This  special  
l imi t ing case for an ins tan taneous  chemica l  react ion indi- 
cates the  m a x i m u m  poss ible  mass  t ransfer  e n h a n c e m e n t  
p rov ided  by a h o m o g e n e o u s  reaction.  

For  a finite rate of  the  second-order  h o m o g e n e o u s  reac- 
tion, one  may  m a k e  Eq. [4]-[6] d imens ion less  as follows 

d20R "2 dOR 
+ " + O0~Oo = 0 d x  2 3 x  

d20o dOo 
- -  + 3 ~ o X  ~" aao~O~Oo = 0 

d x  2 ~ x  

d20~ dO~ 
- -  + 3asx  2 - ba~OOsO o = 0 
d x  ~ - ~ x  

where  ~ is a d imens ion less  rate cons tan t  def ined as 

_ kCR~  6. ~ 

DR 

The b o u n d a r y  condi t ions  are 

a t x =  0 ,0R= 0 

dOR _ 0 
d x  

and 

and 

dOo dOR 
- -  + ao~ o, 0 

d x  "-d-~x = 

a t x = ~ , 0 o = 0 , 0 R =  1 , 0 ~ = 0 ~  [33] 

This set of  s imul taneous  different ial  equa t ions  can be  
solved numer i ca l ly  by the  o r thogona l  col locat ion m e t h o d  
(55). The  first- and second-order  der iva t ives  of  Eq.  
[26]-[32] can be  represen ted  by means  of  the  associa ted A 

and B matr ices ,  and  the  equa t ions  can  be  t r ans fo rmed  

into a set of  a lgebra ic  equa t ions  

and 

at i = n + 1 (i.e., x = ~), 0R,~+, = 1, 0o.~+1 = 0, 0~.,§ = 0~ 
[40] 

Equa t ions  [34]-[40] cons t i tu te  3n + 6 s imul taneous  alge- 
braic equa t ions  wi th  3n + 6 u n k n o w n s  so they  can be  
solved numer ica l ly  by s tandard  numer i ca l  methods .  The  
resul t  represen ts  an app rox ima te  solut ion to the  or iginal  
different ial  equat ions .  

The  mass  t ransfer  e n h a n c e m e n t  factor  (MTEF), wh ich  
now depends  on the  d imens ion less  rate  cons tant  0 as wel l  
as the  bu lk  concen t ra t ion  ratio 0~, is calculated f rom 

dOa 
- -~ - ]  ~ = 0 (with reaction) 

M T E F  = [41] ( dOR (wi thout  reaction) 
d x / ~  = o 

n Z4- 1 �9 �9 

A o  j ORj 
j = o  

[26] 1.1198465 

The M T E F  can be  found if  k (i.e., $) is known,  and v ice  
[27] versa.  C o m p u t e d  resul ts  are g iven  in Fig. 7 for ao = 1.6, aR 

= 0.8, and a = b = 1/2, which  co r re spond  to the  proper t ies  
of  the  iodide- iodine-sul furous  acid system. Note  that  the  

[28] l imits  for large $ cor respond  to the  resul t  g iven  in Eq. [23] 
for an ins tan taneous  reaction.  The  large 0 a sympto tes  in 
Fig. 7 do no t  agree exact ly  wi th  Eq. [25] because  the  lat ter  
is ob ta ined  only for ao = as = 1. 

The  above  case was taken  to be  at the  l imi t ing cur ren t  
[29] where  0R(0) = 0. Be low the  l imi t ing  current ,  the  zero- 

concen t ra t ion  b o u n d a r y  condi t ion  at the  e lec t rode  sur- 
face m u s t  be  rep laced  by the  e lec t rode  kinet ics  of  the  
e lec t roact ive  species  R. The  e lec t rode  kinet ics  of the  

[30] iodide- iodine  r edox  reaction,  as g iven  in Eq.  [1], p rov ide  
the  appropr ia te  bounda ry  condi t ion  to relate  cur ren t  den-  

[31] sity to e lec t rode  potential .  I t  is a s sumed  in this analysis  
that  any sulfi te (species S) reach ing  the  e lec t rode  surface  
is not  e lec t roac t ive  in the  potent ia l  range  of  interest .  
Thus,  at the  e lec t rode  surface,  ins tead  of  0R = 0, the  
boundary  condi t ion  in Eq. [30] and [37] is changed  to 

[32] 

dOR k a r 8  a~FdE Eo) 

d x  x = o -- D R  ORoeR7 

-(i - a)F 
- -  (E - Eo) 

. ,  RT ~ +~ 1 

Z Oo.o'-e Oo.J ~'~ = AojOR.~ [42] 
j = O  

Then,  in a m a n n e r  s imilar  to that  used  in the  l imi t ing  
cur ren t  case, the  set  of  different ial  equa t ions  can be  

, ~ 1  (3xi~A~ + Bij)ORj + $0~.,0o.i = 0; i = 1, . . . ,  n [34] 
j = 0  

' ~ '  (3C~oXi2Aij + Bij)Oo.j - a o ~ o q l O s , i O o , i  = O; i = 1, . . . , n [35] 
j = 0  

" ~ '  (3asxi2Aij + Bij)O~,~ - basqJOs,iOo,~ = 0; i = 1 , . . . ,  n [36] 
j = 0  

inc lud ing  the  b o u n d a r y  condi t ions  

at i = 0 (i.e., x = 0), 0~.o = 0 [37] 

hi... I~ 1 , , 
(Oo,j + ac~oORj)Aoj = 0 [38] 

j = 0  

Ao j0R j = 0 [39] 
j = O  

and 

1.2 i I 

M T E F -  I 1.0 8so= ~ / f f  

~ s ~ ' Z b  0 . 8  0 . 3 3 7  / /  / / / 
hO 
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0 . 6  
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Fig. 7. Plot of the moss transfer enhancement factor (MTEF), de- 
fined by Eq. [22], for an anodic limiting current computed for the case 
when o second-order homogeneous reaction regenerates the reduced 
form of the electrooctive species. Computed for a a = 1.6, aR = 0.8, 
ando = b  = 1/2. 
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solved approximately for specified values of the chemi- 
cal rate constant, the electrode rate constant, and the disk 
rotation speed. The current density at each applied poten- 
tial can then be calculated, and the entire polarization 
curve may be simulated. 

Determination of the Homogeneous Reaction Rate 
The second-order rate constant k for the homogeneous 

reaction between sulfur dioxide and iodine in 1.0M sulfu- 
ric acid was determined by measuring anodic limiting 
currents on the rotating disk in solutions containing io- 
dide and sulfite. Forty-five limiting current values were 
measured on the pyrolytic graphite electrode over a range 
of rotation speeds from 400 to 4900 rpm and at various 
concentrations of iodide (2 • 10 -5 to 2 • 10-4M) and 
sulfite (10 -4 to 5 • 10-4M). In all experiments with 
sulfite, a closed cell was used to prevent  loss of sulfur 
dioxide. 

For each limiting current measurement  the MTEF was 
calculated by comparison with the limiting current of io- 
dide in the absence of sulfite. Figure 7 was then used to 
determine the corresponding value of k. Some of the re- 
sults are shown in Fig. 8, where the calculated value of k 
for various determinations is plotted vs. the disk rotation 
speed. It is seen that the value of the rate constant is inde- 
pendent  of rotation speed. This indicates that the as- 
sumptions of second-order kinetics and negligible elec- 
trochemical oxidation of sulfite yield an adequate 
description of the electrode processes on graphite. The 
average value of the rate constant determinations is 7.5 • 
109 cm3/mol/s. 

Similar measurements  were made on the platinum elec- 
trode. The results are shown in Fig. 9. It is seen that on 
platinum the apparent homogeneous rate constant falls in 
the same magnitude range but exhibits a dependence on 
rotation speed. In this case, it is likely that the sulfite 
does react on the electrode to some extent, enhancing the 
current at high rotation speed and possibly blocking the 
surface at lower rotation speeds. 

Depolarization of the Sulfite Anode 
Figure 10 shows several anodic polarization curves ob- 

tained on.the rotating pyrolytic graphite electrode at 22~ 
and a scan rate of 1.0 mV/s. Curve 1 is that observed with 
only sulfuric acid in the cell. At potentials up to 1.2V 
(SCE), no significant current is observed because of the 
slow kinetics of the oxygen electrode. Curve 2 is that ob- 
tained With 19 x 10-3M sodium sulfite present in the so- 2 0  
lution. Significant current passes only at potentials in ex- 
cess of 1.0V, although the reversible sulfite potential 
should be near 0.0V (SCE). These results may be com- 
pared with the higher temperature data shown in Fig. 1. 1 6  

10H I I I I I I 
I0 "4 No2S03; 1.0 V(SCE) I �9 5x  12 

=o i.,�9 i x 10"4 Na2S03; 0.9 V (SCE) 

i " . �9 
">" - i i (-> 

o �9 �9 4 

1 0 9 1  I I I 1 I I 0 
400 900 1600 2500 3600  4900  

ROTATION SPEED,  RPM 
Fig. 8. The second-order rote constant for reaction of iodine with 

sulfite as determined from the enhancement of the anodic iodide lim- 
iting current to the rotating pyrolytic graphite disk electrode at 
various operating conditions. 

6xlO iO 

t) 

lOlO 

i 
2x1091 

_ t I i i i .~ j 

i /  �9 2xlO'SM NQI 
F �9 5.SxlO'SM Na! 

~/ �9 8.txIO'SM NaI 

I I I I I I 
400  900  1600 2500  3600  4900  

R O T A T I O N  SPEED,  RPM 
Fig. 9. The second-order rate constant for reaction of iodine with 

sulfite as determined from the enhancement of the anodic iodide lim- 
iting current to the rotating platinum disk electrode at various 
operating conditions. 

Curve 3 in Fig. 10 is that obtained when 0.2 • 10-~M so- 
dium iodide is added to the sulfite solution, and curve 4 
is that with 10-3M iodide. It is seen that the iodide is quite 
effective in catalyzing the sulfite oxidation. That sulfite 
is reacting is indicated by the fact that only a small frac- 
tion of the limiting current observed on curve 4 can be 
provided by the low concentration of iodide in the solu- 
tion. 

With the transport-reaction model presented in Eq. 
[26]-[32] and the values of relevant system parameters, 
one can compute the anodic polarization curve expected 
on the rotating disk electrode. Curve 5 shows the result of 
this calculation when Eq. [42], for iodide oxidation kinet- 
ics, was used as the boundary conditions on the electrode 
surface. This calculation used the kinetics and transport 

I I I I I I 1 I 1 1 

i //J 
//2 

- i / 1 2 / / -  
0.2 0 .4  0 .6  0 .8  1.0 1.2 

A N O D E  P O T E N T I A L ,  V O L T ( S C E )  
Fig. |0 .  Experimental and computed anodic polarization curves for 

the rotating pyrolytic-graphite disk electrode, oleo = 0.485 cm ~. Ex- 
per imental  scan rate = 1.0 mV/s. Dashed curves ale computed for 
steady-state polarization. 
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properties of the system as obtained in the experiments 
described in earlier sections. The diffusivity of sulfite 
was taken to be 1.8 • 10 -5 cmZ/s (56). It is seen that excel- 
lent agreement is obtained between the computed and ex- 
perimental polarization curves. 

Curve 6 shows the computed polarization curve corre- 
sponding to curve 4 obtained when an iodide-iodine equi- 
librium (Nernst equation) was used as a boundary condi- 
tion on the electrode instead of the electrode kinetics 
expression. Although the iodide electrode reaction exhib- 
its fast kinetics, they are finite and do affect the sulfite- 
iodide polarization at these concentrations and tempera- 
ture. 

In the analysis of this system, we have treated iodide, 
iodine, and sulfite each as single species. At the low con- 
centrations considered, formation of triiodide should not 
be extensive so it has been neglected. The "sulfite," or 
dissolved sulfur dioxide, should be primarily in the form 
of undissociated sulfurous acid in these strong acid solu- 
tions. Therefore, the effective second-order rate constant 
that we report refers to the reaction of that species with 
iodine. 

Conclusions 
The work reported here has verified that iodide is ef- 

fective in catalyzing the sulfite anode on pyrolytic graph- 
ite. Figure 10, for example, shows that a small amount  of 
iodide reduces the sulfite anode potential by as much as 
400 mV or more. The model, and its associated parame- 
ters, make possible a quantitative prediction of the effects 
of species concentrations and mass transfer conditions on 
the anode polarization. Although the parameter determi- 
nations were done at room temperature (22~ the trans- 
port model permits extrapolation to higher temperatures. 
At higher temperature, the kinetics of both the electrode 
and the homogeneous reactions should become faster. In 
that case, the polarization curve should approach the po- 
tential behavior of the reversible iodide-iodine electrode 
and a l imi t ing  current given by Eq. [25]. 

The more general result of this work is the develop- 
ment of the collocation model for mass transfer to a 
rotating disk electrode accompanied by a homogeneous 
reaction. The model may be modified to treat various re- 
action stoichiometrics and kinetics laws. The resulting 
prediction of a limiting current mass transfer enhance- 
ment  factor, such as that given in Fig. 7, may be used to 
determine the kinetics of reactions that are too fast to 
measure by more conventional techniques. Use of this 
method requires that experimental observation of limit- 
ing currents must  be possible, but  if it is the method is 
otherwise independent  of electrode kinetics behavior. 

Manuscript submitted Dec. 6, 1984; revised manuscript  
received May 1, 1985. 
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LIST OF SYMBOLS 

collocation coefficients for first derivatives of 
the first-order derivatives 
stoichiometric coefficient 
velocity profile constant (a' = 0.51023) 
collocation coefficients for second-order deriva- 
tives 
concentration of species i (mol/cm 3) 
diffusion coefficient of species i (cm'-'/s) 
electrode potential (V) 
equil ibrium electrode potential (V) 
Faraday's constant (96,487 C/eq) 
current density on electrode (anodic current is 
positive) (A/cm ~) 
second-order homogeneous reaction rate con- 
stant (cm3/moYs) 
argument  of in on left-hand side of Eq. [3] (cm/s) 
anodic rate constant referred to the equilibrium 
potential (cm/s) 
mass transfer enhancement  factor 
stoichiometric number  of electrons 
oxidized species 
reduced species 
temperature (K) 
velocity in z direction (crrgs) 

x dimensionless distance from electrode 
xR position of reaction plane, dimensionless 
z distance from electrode surface (cm) 

Greek Symbols 

So, ~ ratios of diffusion coefficients 
a anodic transfer coefficient 

thickness of diffusion layer (cm) (see Eq. [10]) 
01 dimensionless concentration of species i 
X flux ratio defined in Eq. [14] 

kinematic viscosity (cm2/s) 
dimensionless second-order rate constant (see 
Eq. [29]) 

fl rotation speed (rad/s) 

Subscripts 

O at electrode surface 
in bulk solution 

L limiting current 
a anodic 
c cathodic 
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Transport Numbers in the Basic Aluminum Chloride-l-Methyl-3- 
Ethylimidazolium Chloride Ionic Liquid 

Charles L. Hussey* and John R. Sanders 
Department of Chemistry, University of Mississippi, University, Mississippi 38677 

Harald A. Oye* 
Institutt for Uorganisk Kjemi, Norges Tekniske Hcgskole, N-7034 Trondheim, Norway 

ABSTRACT 

Transport numbers  were measured for the Lewis basic aluminum chloride-l-methyl-3-ethylimidazolium chloride 
ionic liquid over the range of A1C13 mole fractions, 0.50 > xA, > 0.30. The 1-methyl-3-ethylimidazolium cation external 
and internal (relative to chloride) transport numbers were found to be independent  of melt  composition; average values 
for these parameters were 0.71 _ 0.02 and 0.99 -+ 0.02, respectively, at the 95% confidence level  Numerical models de- 
rived for the anionic constituents of these melts suggest that the A1C14- and C1- ionic mobilities are approximately 
equal. Factors that may lead to these results are discussed. 

Chloroaluminate molten salts which are liquid at room 
temperature have become popular solvents for electro- 
chemical and spectroscopic studies (1, 2). The relatively 
high intrinsic conductivity and the variable Lewis acid- 
base properties of these melts have contributed signifi- 
cantly to their popularity. Familiar examples of these 
ionic liquids are mixtures of a luminum chloride with 
1-n-butylpyridinium chloride (BPC) or 1-methyl-3- 
ethylimidazolium chloride (MEIC). Both systems have 
been studied with 27A1 NMR spectroscopy (3-5), while the 
former liquid was also investigated by using Raman spec- 
troscopy (6). It was concluded from these studies that 
A1C14- and A12C17- are the principal anionic components 
of acidic melts in the range of a luminum chloride mole 
fractions, 0.50 < xA, < 0.67, while A1C14- and C1- are the 
extant anions in basic melt (0 < XA, < 0.50). 

Although the ionic speciation in these melts has been 
probed, very little is known about charge transport by the 
ions in these systems. In a previous paper (7), we reported 
the external and internal transport numbers of the or- 
ganic cation in the acidic composit ion range of the A1C13- 
MEIC melt and presented models for the external trans- 
port numbers  of A1C14- and A12C17-. The external 
transport number  of the organic cation was determined to 
be 0.71 +_ 0.03, while the internal transport number  of the 
cation relative to chlorine was found to be 1.01 - 0.04. 
The ionic mobilities of A1C14- and AI~C17- appeared to be 

*Electrochemical Society Active Member. 

approximately equal. The present study extends the 
study of transport numbers in the A1C13-MEIC ionic liq- 
uid to the basic composition region. 

Experimental 
The procedures followed for purification of chemicals, 

the method used to determine melt composition, and the 
experimental  methodology employed during this study 
are essentially the same as those described in a previous 
publication (7). The transference cell used over the range 
of melt compositions 0.40 < xA1 < 0.50 was identical to 
that used in acidic melts. The transference cell used with 
very basic melts, x,l < 0.40, was similar to this cell except  
that the porous areas of the fine porosity (4-8 ~m) fritted 
glass disk separators were slightly larger. This modifica- 
tion was necessary in view of the high viscosity and di- 
minished conductivity of melts with xA~ < 0.40. The hy- 
drostatic resistances of these separators were tested with 
the appropriate melt, and no correction for hydraulic 
flow was found necessary in the time interval which en- 
compasses a typical experiment.  As an additional precau- 
tion, the center compartment  of the cell [cf. Ref. (7)] was 
analyzed after each experiment.  The experimental  results 
were discarded if the composition of melt in the center 
compartment differed from the initial melt composition 
by more than twice the precision of the analysis. Trans- 
ference experiments were run at 25 ~ __+ 3~ The electroly- 
sis current density varied between 0.04 and 0.12 mA/cm ~, 
depending on the melt composition. 



V o l .  1 3 2 ,  N o .  9 1 - M E T H Y L - 3 - E  T H Y L I M I D A Z O L I U M  2157 

Results and Discussion 
The e l ec t rochemica l  reac t ion  tha t  occu r red  in t he  cath- 

ode  c o m p a r t m e n t  of  t he  t r a n s f e r e n c e  cell i m p a r t e d  an 
orange  co lora t ion  to the  mel t  and  did no t  resu l t  in the  
depos i t ion  of  a l u m i n u m  meta l  at t he  ca thode .  S ince  the  
na tu re  of  th is  r eac t ion  was  u n k n o w n ,  no a t t e m p t  was  
m a d e  to ob ta in  i n fo rma t ion  a b o u t  t r ans f e r ence  f rom the  
concen t r a t i on  changes  tha t  took  place  in th is  cell com-  
pa r tmen t .  A l u m i n u m  meta l  could be  anod ized  to alumi- 
n u m  ch lor ide  in basic  mel t  wi th  no obvious  s ide  reac- 
t ions.  However ,  t he  a l u m i n u m  anode  we igh t  loss  was  
a p p r o x i m a t e l y  5% larger t han  p r e d i c t e d  based  on the  
charge  passed .  Simi lar  effects  were  no t i ced  in acidic mel t  
and  were  a t t r i bu t ed  to cor ros ion  of  t he  a l u m i n u m  elec- 
t rode  by  oxid iz ing  impur i t i e s  in t he  melt ,  poss ib ly  hydro-  
gen  ion  (7). This  p h e n o m e n o n  has  b e e n  obse rved  in th is  
mel t  by  o the r  w orke r s  as wel l  (8). Also,  it  shou ld  be n o t e d  
tha t  the  ox ida t ion  of  a l u m i n u m  meta l  by  the  1-methyl-3- 
e thy l imidazo l ium cat ion appea r s  to be  t h e r m o d y n a m i c -  
ally favorab le  in bas ic  mel t  (9). However ,  trial ca lcula t ions  
ind ica ted  tha t  e r rors  in t he  me l t  c o m p o s i t i o n  and  w e i g h t  
tha t  may  arise f rom this  cor ros ion  p roces s  were  negl ig ib le  
c o m p a r e d  to t he  e s t ima ted  tota l  e r ror  assoc ia ted  wi th  a 
t r ans f e r ence  e x p e r i m e n t .  Therefore ,  the  effects  of  this  
corrosion process were ignored. 

Experimental transference data are collected in Table I. 
The precision with which the aluminum chloride mole 
fraction, x~, could be determined is listed for each melt 
and expressed as the relative average deviation from the 
mean for triplicate samples. The superscript o denotes 
the conditions in the anode compartment before charge 
was passed, while a denotes the conditions in the same 
compartment after electrolysis; w and Q represent the 
melt weights and the charge passed, respectively. 

E x t e r n a l  t r a n s p o r t  n u m b e r s . - - T h e  formal  ex te rna l  
t r a n s p o r t  n u m b e r s  for the  organic  c o m p o n e n t ,  ta, and  alu- 
m i n u m ,  t~, were  ca lcula ted  f rom the  data  l is ted in Table  I 
by us ing  Eq. [1] a n d  [2] (7) 

F r (1 - XA~~ ~ 

_ (A : x__ ,a)za .1 
XA~M~c~ + (i -- x~)M~cI I 

[1] 

3F I XA~~176 
tAl = ~ XAI~ + (1 -- XAI~ 

XAlaWa 1 
- XAIaMAIcI3 ~- (~  C XAIa)MRcl ~- 1 [2] 

The formal  ex t e rna l  t r anspo r t  n u m b e r  for  chlor ide,  tc~, 
was  ca lcu la ted  f rom t~ and  tA~ wi th  Eq. [3] 

t c ]= 1 - t~ - tA~ [3] 

The resul ts  of  t h e s e  calcula t ions  are r e c o r d e d  in Table  II. 
The t r a n s p o r t  n u m b e r s  for the  actual  anionic  spec ies  in 

t he  basic  A1C13-MEIC melt ,  i.e., A1C14- and  CI-,  are re la ted  
to tA~ t h r o u g h  the  fol lowing equa t i ons  

tAtcl4-- = -- 1/3 tAl [4] 

tcl- = 1/3(3tcl + 4tAl) [5] 

The t r a n s p o r t  n u m b e r  for the  organic  cation,  tR+, is synon-  
y m o u s  wi th  tR, and  the re fore  

tR§ + talc14- + tel- = 1 [6] 

F igure  1 s h o w s  plo ts  of tR§ tA lc l4 - ,  and  tcl- as a func t ion  
of xA~ ~ F r o m  this  plot,  it appea r s  tha t  tR~ is essent ia l ly  in- 
d e p e n d e n t  of  mel t  compos i t ion ,  whi le  talcs4- and  tc~- in- 
crease  and  decrease ,  respec t ive ly ,  wi th  increas ing  XA1 ~ 
Leas t  squares  analysis  of  tR~ v s .  XA~ ~ y ie lded  a s lope  of  
0.056 -+ 0.068 at t he  95% conf idence  level. This  conf i rms  
tha t  tR§ is essent ia l ly  i n d e p e n d e n t  o f  mel t  c o m p o s i t i o n  
wi th  an average  value of  0.71 - 0.02 at the  95% confi- 
d e n c e  level. S imi la r  c o n s t a n c y  was  f o u n d  for tR+ in acidic  
mel t  wi th  an average  value of  0.71 - 0.03 (7). The average  
values  of  tR§ m e a s u r e d  in acidic and  bas ic  mel t  do no t  ap- 
pear  to be s ignif icant ly  d i f fe ren t  at the  conf idence  level  
employed .  

The large ex te rna l  t r a n s p o r t  n u m b e r s  ob ta ined  for the  
organic  ca t ion  over  t he  range  of  c o m p o s i t i o n s  0.30 < xA~ < 
0.667 are u n e x p e c t e d  in v iew of  t he  large ionic rad ius  of  
this  spec ies  c o m p a r e d  to the  radii  o f  t h e  ex t an t  anions .  
The organic  cat ion may  func t ion  as the  major i ty  charge  
carr ier  b ecau s e  the  smal le r  an ions  are s t ruc tura l ly  con- 
s t ra ined  in t he  charge  t r anspo r t  p rocess .  

I n t e r n a l  t r a n s p o r t  n u m b e r s . - - T h e  t r anspo r t  n u m b e r s  
for t he  organic  c o m p o n e n t  re la t ive  to chlor ide  as the  ref- 
erence,  t'R, were  ca lcula ted  f rom the  da ta  l is ted in Table  I 
wi th  Eq. [7] (7) 

3F wa(xA~ a - xAI ~ 
t'R = [7] 

Q[XAlaMAlcI3 + (1 -- XAI~)MRcl](2XAI ~ + 1) 

The resu l t s  of  th is  ca lcula t ion  are co l lec ted  in Table  II. A 
plot  of  t'R v s .  xA~ ~ is s h o w n  in Fig. 1. Leas t  squa re s  analys is  
of  th is  p lo t  p r o d u c e d  a s lope  of  0.037 -+ 0.072 at the  95% 
conf idence  level. This  sugges t s  tha t  t'R is i n d e p e n d e n t  of  
mel t  c o m p o s i t i o n  wi th in  the  p rec i s ion  of  t he  e x p e r i m e n -  
tal data. The  average  value  of  t'R, 0.99 -+ 0.02 at  t he  95% 
conf idence  level, sugges t s  tha t  t'R = 1.00. Therefore ,  t he  
in ternal  t r a n s p o r t  n u m b e r  for a l u m i n u m  relat ive to chlo- 
ride, t'A~, m u s t  be  essent ia l ly  zero s ince  

t'R + t'M = 1 [8] 

Table II. Calculated transport numbers in basic AICI3-MEIC melt 

Experiment 
no .  XAI ~ tR tAl tcl t 'R 

Table I. Experimental transference data in basic AICI3-MEIC melt 

W o W a Q 

Run no. xAl ~ XAI a (g) (g) (C) 

1B 0.444 _+ 0.001 0.472 _+ 0.001 
2B 0.439 • 0.003 0.470 _+ 0.001 
3B 0.483 _+ 0.000 0.511 _+ 0.001 
5B 0.411 _+ 0.001 0.425 -+ 0.002 
6B 0.501 -+ 0.O01 0.532 _+ 0.001 
7B 0.506 _+ 0.001 0.533 -+ 0.002 
8B 0.403 +_ 0.001 0.431 -+ 0.001 
9]3 0.350 -+ 0.OOl 0.367 _+ 0.003 

l lB 0.424 _+ 0.002 0.446 _+ 0.000 
14B 0.325 -+ 0.O01 0.343 _+ 0.001 
1613 0.300 -+ 0.0Ol 0.322 _+ 0.000 
17B 0.463 _+ 0.001 0.489 -+ 0.001 
18B 0.296 -+ 0.002 0.323 +_ 0.001 
19B 0.461 _+ 0.001 0.504 _+ 0.001 
20B 0.308 -+ O.001 0.334 _+ 0.001 
22B 0.380 -+ 0.000 0.406 +_ 0.001 
23B 0.369 -+ O.001 0.394 _+ 0.001 

1B 0.444 
2B 0.439 

6.886 6.823 208 3B 0.483 
5B 0.411 

6.623 6.557 225 6B 0.501 
7.230 7.163 206 7B 0.506 
7.732 7.686 117 8B 0.403 
7.284 7.217 238 9B 0.350 
7.734 7.670 236 l lB 0.424 
7.978 7.843 255 14B 0.325 
7.709 7.649 167 16B 0.300 
8.241 8.168 217 17B 0.463 
9.047 8.941 196 18B 0.296 
9.264 9.125 263 1913 0.461 
7.859 7.805 217 20B 0.308 
7.504 7.377 278 22B 0.380 
7.864 7.750 358 23B 0.369 
8.296 8.199 263 
8.417 8.343 253 Mean value 
8.360 8.270 239 Standard deviation 

0.714 -0.697 0.984 1.003 
0.701 -0.675 0.975 0.992 
0.755 -0.784 1.029 1.025 
0.753 -0.751 1.035 1.036 
0.716 -0.751 1.035 0.974 
0.688 -0.666 0.978 0.928 
0.773 -0.399 0.627 0.980 
0.656 -9.386 0.729 0.935 
0.670 -0.479 0.809 0.922 
0.770 -0.366 0.596 1.014 
0.734 -0.274 0.540 0.970 
0.703 -0.779 1.076. 1.003 
0.671 -0.223 0.552 0.915 
0.727 -0.707 0.980 1.002 
0.687 -0.467 0.780 1.021 
0.675 -0.593 0.918 0.999 
0.717 -0.549 0.831 1.919 

0.712 0.985 
0.036 0.037 
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Fig. 1. Plots of t '  R (filled circles), tR + (open circles), tAlCl 4 -  

( s q u a r e s ) ,  and tc~- (open triangles) as a function of XA?. The solid 
lines were calculated from Model [lla] and t'R = 1.00. 

and t'c, is def ined as zero. These  resul ts  indicate  that  
t ranspor t  by the  anions in basic  mel t  is p resc r ibed  by the  
mel t  s to ichiometry .  S imi lar  results  were  obta ined  in acid 
mel t  (7). 

The resul t  that  t'R = 1.00 is also signif icant  in that  it 
permi ts  the  use  of  s implif ied formulas  to represen t  the  
re la t ionships  be tween  the potent ia l  of  a ch loroa lumina te  
concen t ra t ion  cell  and the  chemica l  potent ia l  of  alumi-  
n u m  chlor ide  in the  cell when  it conta ins  mel t  wi th  a 
compos i t ion  that  is wi th in  the  range spanned  by this and 
the prev ious  s tudy  (7). A detai led d iscuss ion  of  the  advan- 
tage af forded by this resul t  appears  in a prev ious  paper  
(7). 

Numerical models for the external transport n u m b e r s . -  
The in ternal  and ex te rna l  t r anspor t  n u m b e r s  for alumi-  
n u m  and the  organic  cat ion are re la ted to one ano the r  
th rough  the  fo l lowing equa t ions  (7) 

3 X A I  ~ 
t 'A1 = tAl + tc, [9] 

2xA~ ~ + 1 

1 - XA, ~ 
t'R = tR + tc, [10] 

2xA~ ~ + 1 

The resul ts  that  tR = 0.71, t'R ~ 1.00, and t'A, = 0 can  be 
used wi th  Eq.  [9] and [10] to give the  fol lowing mode l s  for 
the  formal  ex te rna l  t ranspor t  n u m b e r s  of the  organic  
componen t ,  a luminum,  and chlor ide  

3x,,  ~ 
tR = 0.71; tAl = --0.29 

1 - XA~ ~ 

2x.~ ~ + 1 
tc~ = 0 . 2 9 -  [I] 

] - -  XA[ ~ 

Models  for the  t ranspor t  n u m b e r s  of  the  actual compo-  
nent  ions in basic  A1CI~-MEIC mel t  (0.30 < XA, ~ < 0.50) can 
be obta ined  f rom the  mode ls  shown above  by the  appro-  
priate appl ica t ion  of Eq. [4] and [5] 

ts+ = 0.71; tA,C,4- = 0 . 2 9 -  
XAI ~ 

1 - x J "  

1 - 2xni ~ 
tcl- = 0 . 2 9 -  [IIa] 

1 - XA, ~ 

The solid l ines shown in Fig. 1 were  calculated f rom 
Model  [IIa] and t'R = 1.00. I t  can be seen that  this m o d e l  
provides  a reasonable  represen ta t ion  of  the  expe r imen ta l  
data. Model  [IIa] can be  fur ther  r educed  w h e n  it is consid-  
ered that  the  an ion  fract ions of  A1C14- and C1- in basic 
mel t  are g iven  by 

XAI 0 
XA~C~4- -- - -  [11] 

1 - XAf 

1 - -  2 X A I  ~ 
Xc,- - - -  [12] 

1 - x , l  ~ 

This resul ts  in 

tR§ = 0.71; tAlC,4- = 0.29XAIc14--; tcl--= 0.29Xcl-- [IIb] 

These  resul ts  indica te  that  the  mobi l i t ies  of  A1C14- and 
C1- are ident ica l  in basic  mel t  wi th in  the  prec is ion  of  the  
expe r imen ta l  data. It  should  be  no ted  tha t  equal  mobil i-  
t ies were  also found  for A1CI~- and A12C17- in acid mel ts  
(7). The  equal  mobi l i t ies  of  CI- ,  A1C14-, and A12C17- in the  
l -methy l -3-e thy l imidazo l ium ch lo roa lumina te  mel t  is sur- 
pris ing and of  fundamen ta l  significance.  This  f inding 
rules out  a s imple  i n d e p e n d e n t  hopp ing  m e c h a n i s m  
which  is d e p e n d e n t  on the  size of  the  anions,  because  a 
m e c h a n i s m  of  this  type  ,would  be  expec ted  to lead to 
mobi l i t ies  in the  fol lowing order  C1- > A1CI4- > A12C17-. 

A poss ib le  cause  of  the  equa l  mobi l i ty  p h e n o m e n o n  is 
ion-pair  in teract ions .  For  example ,  s t rong ion-pair  inter- 
actions be tween  the  organic  cat ion and the  more  polar- 
izing C1- ion in the  basic mel ts  may  counterac t  the size 
advantage  of this ion  whi le  the  compara t ive ly  weaker  ion- 
pair  in terac t ions  be tween  the  cat ion and A1C14- may  re- 
sult  in grea ter  re la t ive  mobi l i ty  for the  latter. Ion-pair  
format ion  has also been  p roposed  f rom pro ton  NMR stud- 
ies of ca t ion-anion in terac t ions  in the  A1C13-MEIC me l t  
(10, 11) and  the  re la ted A1C13-BPC sys tem (12). 

Ano the r  exp lana t ion  for these  resul ts  is s t rong coupl ing  
of  the ion  movemen t s ,  i.e., a d i sp l acemen t  of  the  cat ion is 
a ccompan ied  by a s t ructura l  r ea r r angemen t  of  the  anions  
in the  o ther  d i rec t ion  p ropor t iona l  to thei r  concentra-  
tions. The  m o v e m e n t  of  the  an ion  m a y  hence  be  consid-  
ered a quasi- la t t ice  m o v e m e n t  accompl i shed  by br idge  
and apical  C1- exchange .  
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ABSTRACT 

A mathematical  model of the current oscillations observed in the potentiostatic electrodissolution of a Cu rotating 
disk electrode is described and analyzed. The model predicts the conditions under  which a CuC1 film of constant thick- 
ness exists on the Cu surface, along with the conditions under  which the film thickness and current density will be os- 
cillatory (in some cases periodic) functions of time. The theoretical predictions are in excellent qualitative agreement 
with experimental  results. 

The electrodissolution of copper, iron, and other metals 
in acidic media is known to give rise to anodic film for- 
mation and oscillatory behavior during polarization [(1-7) 
and references cited by Hedges (8, 9) and Wojtowicz (10)]. 
Our recent potentiostatic experiments with a Cu rotating 
disk electrode in aqueous HC1/NaC1 electrolyte show that 
these current oscillations can be obtained over a wide 
range of potential, rotation rate, and chloride ion concen- 
tration (11). 

Previous efforts to model oscillatory behavior in elec- 
trochemical systems under nominally steady (e.g., poten- 
tiostatic or galvanostatic) conditions include Ref. (1, 2, 4, 
5, 12, 13). These and other works have been reviewed by 
Cooper et al. (2) and Wojtowicz (10). As previously dis- 
cussed [Ref. (10), pp. 65-66], most models have taken as 
given that oscillations occur, and have then presented dif- 
ferential equation models that exhibit  oscillatory behav- 
ior. These mathematical  models tend to be ordinary dif- 
ferential equations that are either linear and forced, or 
nonlinear. The forced linear systems are completely inad- 
equate to the task of explaining why oscillations occur 
under galvanostatic or potentiostatic conditions, and the 
nonlinear systems have had little capability to distinguish 
between conditions for which oscillations do or do not 
o c c u r .  

We propose here a detailed mechanism for the forma- 
tion and dissolution of a CuC1 film at the Cu electrode 
surface, and construct a simple mathematical  model in 
the form of a moving boundary problem, the solution of 
which predicts the steady film thickness and dissolution 
rate under  potentiostatic conditions. The model includes 
the kinetic scheme considered in the previous paper (11), 
and accounts for the diffusion of C1- through the film to 
the electrode. A linear stability analysis shows that the 
unique steady solution of the nonlinear partial differential 
equation system is sometimes unstable, and that a time- 
dependent  (and, under some conditions, periodic) solu- 
tion of the moving boundary problem must also exist for 
certain values of the parameters. The portions of the pa- 
rameter space in which the steady solution is unstable are 
compared to the portions in which current oscillations are 
observed experimentally. 

Mechanism and Description of Model 
We consider the one-electron process 

Cu(s) + Cl-(aq) = CuCl(s) + e [1] 

*Electrochemical Society Active Members. 
1Present address: IBM General Products Division, San Jose, 

California 95193. 

at the electrode followed by the elementary processes 

CuCl(s) + Cl-(aq) = CuCl~-(surface) [2a] 

CuC12-(surface) = CuC12-(aq) [2b] 

and 

CuC1 = CW~(aq) + Cl-(aq) + e [3] 

If the reaction product is not removed fast enough, a 
porous film of CuC1 forms at the electrode surface (1). If  
further reaction of the Cu electrode via reaction [1] is to 
occur, chloride ions (in the electrolyte) will have to dif- 
fuse through the CuC1 film to the Cu-film interface. Re- 
action [2a] is much faster than the desorption step [2b], 
and [2a] and [2b] together constitute a mass transfer- 
limited nonelectrochemical process, while [3] is a 
kinetically limited electrochemical reaction that is impor- 
tant only at relatively high applied potentials, as shown 
by rotating ring-disk electrode experiments (14). 

Mathematical Model 
Our one-dimensional model focuses on the diffusion of 

C1- through the porous film from the aqueous electrolyte 
phase to the Cu electrode, as shown in Fig. 1. This pro- 
cess is governed by the diffusion equation 

OC O~C 
= D~ g(t) < z < h(t) [4] 

at -~-  ' 

\ \ \ \ \ \ \ \ \ \ \  

Cu 

~ ~ ~  z=g( t )  

CuCI FILM 

z : h(t) 

HCl (aq) 

Fig. 1. One-dimensional idealization of the Cu rotating disk elec- 
trode end CuCI film. 
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where  C is the  C1- concen t ra t ion  in the film reg ion  
b o u n d e d  by g(t) and h(t). Here,  Df is the  effect ive dif- 
fusivi ty  of chlor ide  ions in the  porous  CuC1 film. 

This s imple  mode l  neglects  all non-Fick ian  t ranspor t  ef- 
fects, assumes  that  the  porosi ty,  pore  size distr ibut ion,  
and other  proper t ies  of the  film are un i fo rm across its 
thickness ,  neglects  the  d e p e n d e n c e  of  C1- diffusivi ty on 
porosity,  neglec ts  var ia t ions  in the  radial  and az imutha l  
directions,  a s sumes  that  both  interfaces  are planar  and 
pe rpend icu la r  to the  axis of rotat ion,  and assumes  that  re- 
actions [1]-[3] occur  only at the  ind ica ted  interfaces  and 
not  wi th in  the  film itself. 

Equa t ion  [4] will  be solved in the  doma in  shown in Fig. 
1; the  m o v i n g  locat ions of the  Cu-film and film-elec- 
t rolyte interfaces  are indica ted  by z = g(t) and z = h(t), re- 
spectively.  F i lm  is p roduced  by z = g(t) by react ion [1] 
and is des t royed  at z = h(t) by react ions  [2a, b] and [3]. 
These  react ions  are incorpora ted  into the  mode l  as auxil-  
iary condi t ions  appended  to [4]. 

As [4] is second  order  in the  spatial  coord ina te  z, two 
boundary  condi t ions  invo lv ing  the  C1- concen t ra t ion  
and/or  flux are needed:  one at the  Cu-film interface and 
the  o ther  at the  f i lm-electrolyte  interface.  

At  the  Cu-film interface,  the  CI -  f lux is related to the  
e lec t rochemica l  react ion rate by the  first bounda ry  con- 
di t ion 

oC[g(t),t] 
D r - -  - k~C[g(t),t] [5a] 

oz 

where  the  e lec t rochemica l  rate cons tan t  k~ is that  for the  
react ion [1] pe r  uni t  area of  exposed  electrode.  

At the  f i lm-electrolyte  interface,  the  chlor ide ion con- 
centra t ion in the  film at this boundary  is a s sumed  to be  
in equ i l ib r ium wi th  its concen t ra t ion  C= in the  bu lk  elec- 
trolyte. This  gives  the  second bounda ry  condi t ion  

C[h(t),t] = k~C~ [55] 

where  k .  is the  solute  d is t r ibut ion  coefficient.  
S ince  the  two interfaces m o v e  as the  Cu e lec t rode  and 

film dissolu t ion  processes  proceed ,  the  locat ions of  the  
two interfaces,  where  [5a, b] are to be applied,  are not  
known  in advance  but  mus t  be  de t e rmined  as par t  of the  
solut ion procedure .  These  two addi t ional  u n k n o w n s  re- 
quire  two addi t ional  equat ions ,  wh ich  are ob ta ined  by 
per forming  Cu balances  across the  Cu-film interface  

- -  - -  - k,C[g(t),t] 
Oc, dg(t)  

Mc,  d t  

and across the  film i tself  

Pcuc, d[h(t) - g(t)] 
- - ( 1  - �9 
Mc,cl d t  

Pc, dg(t)  
[~(~)C~ +k.]  

Mc, d t  

The f u n c t i o n a l f o r m s  of  a, k~, and k3 are g iven  by 

~(~) ~ ~,~ 

and 

[6a] 

n i F E ]  i = 1,3 [6b] ki = k ioexp [ R T  J 

where  n, and n3 are the  number s  of  e lec t rons  in [1] and [3]. 

Steady Film Solution 
The solut ion of  [4]-[5a-d] that  cor responds  to the  exist-  

ence  of  a " s t eady  state"  is s teady  only in the  sense that  
the  film th ickness  and react ion rate (and hence  the  cur- 
rent) do no t  va ry  with  t ime. Such  a s teady solut ion corre- 
sponds  to a film of  cons tant  th ickness  ho = h(t) - g(t) (see 
Fig. 1) as t ime  increases.  I f  Uo denotes  the  cons tant  speed  
at which  the  film moves  toward  the  bu lk  Cu, then  the  
gall i lean t r ans fo rmat ion  (15) 

gives 

and 

t' = t 

Z' = Z -- Uot 

OC oC dt '  oC dz '  oC OC 
_ _  - -  _ _  _ _  + - -  _ _  - -  _ _  U o - -  

Ot Ot' d t  oz' d t  ot' oz' 

oC OC dt '  oC dz '  oC 

oz or' dz  Oz' d z  Oz' 

Under  this t ransformat ion ,  [4]-[5a-d] b e c o m e  

~2 
OC OC = Df O~C O'(t') < Z < ho + h'(t ')  [7] 
or---~- - Uo ~ OZ '2 

oC[O'(t'),t'] 
Df - k,C[O'(t'),t'] [8a] 

Oz' 

--~cu dO'(t') UoJ = k~C[O'(t'),t'] [8b] 
dt '  

?cuc~(1 _ �9 dh'( t ' )  [dO' ( t ' )  ] 
d t  ~ - )'cu dt '  Uo - [aC~ + k3] [8c] 

C[Ao + A'(t'),t '] = C~k H [8d] 
[5c] 

where  ~i = pi/Mi, and 0' and A' deno te  poss ib le  devia t ions  
f rom the  s teady values  of  the  Cu-film and film-electro- 
lyte  in terface  locat ions,  respect ively .  

For  a solut ion that  is s teady in this frame, O'(t') = A'(t') 
= 0, and the s teady  concen t ra t ion  profi le C(z'), fi lm 
th ickness  A o and dissolut ion rate Uo satisfy 

d C  dsC 0 < z' < Ao [9] [5d] - Uo ~ = Df dz,---- 7 

where  �9 is the  vo id  fract ion of  the  porous  film, pcu is the 
densi ty  of  the  Cu electrode,  pcucl is the  dens i ty  of  crystal- 
l ine CuC1, Mcu and  Mcuc~ are the  molecu la r  weights  of  Cu 
and CuC1, respect ively ,  a(oJ) is the  rate (depending  on ro- 
tat ion rate co) of  the  mass  t ransfer - l imi ted  react ion [2a, b], 
and k3 is the  e lec t rochemica l  rate cons tan t  for the  film 
dissolut ion react ion [3], per  uni t  area of  film exposed  to 
the  ex te rna l  e lec t ro ly te  phase.  

The fact that  the  boundar ies  of  the  doma in  in wh ich  [4] 
is to be solved are  mov ing  is the  reason part ial  different ial  
equa t ions  of  this  type  are k n o w n  as m o v i n g  boundary  
problems.  The  fact  that  the  bounda ry  condi t ions  [5a, b] 
are to be appl ied  at u n k n o w n  locat ions  wh ich  m u s t  be de- 
t e rmined  as par t  of  the  solut ion procedure ,  and that  the  
rate at wh ich  the  boundar ies  m o v e  is d e p e n d e n t  on the  
solut ion of [4], as d isplayed in [5c, d], is wha t  makes  the  
p rob lem [4]-[5a-d] nonl inear ,  and is the  ma thema t i ca l  
source  of  the  s teady solut ion 's  instabil i ty.  

dc(o)  _ k ~ ( O )  D f ~ -  

~c,Uo = k~C(O) 

0 = ~'cuuo - [~C~ + k:~] 

C(Ao) = C=k,  

Therefore ,  f rom [9] 

C(z') = a + b exp  (-UoZ'/Df) 

[ 9 a ]  

[9b] 

[9c] 

[9d] 

[10] 

Appl ica t ion  of bounda ry  condi t ion  [9c] yields the dissolu- 
t ion rate 

aC~ + k~ 
Uo - - -  [113 

"/ cu 
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Subs t i tu t ion  of  [10] into [9a, b, d] gives  

and 

aC~ + ks 
a = T c u + - -  a n d b = - T c u  

k, 

ELECTRODISSOLUTION OF Cu 

h o DfTcu in Tcukl [12] 
aC~ + k3 C~(a -- k , k H )  + k,Tc~ + k3 

F r o m  this, it fo l lows that  there  is no film if  

a(o~) >= (k ,k~ - kgC~) 

so that  for any combina t ion  of  potent ia l  and [C1-], the  
mode l  predic ts  that  the  film can be  e l imina ted  by mak-  
ing the  ro ta t ion  rate o~, and hence  the  mass  t ransfer  coef- 
f icient  a, suff ic ient ly large. 

Finally,  s ince the  coeff icients  a and b in [10] are  
u n i q u e l y  de te rmined ,  there  is only  one  one-d imens iona l  
solut ion for wh ich  the  film th ickness  ha, d issolut ion rate 
uo, and concen t ra t ion  d is t r ibu t ion  C(z') are s teady in t ime.  

Linear Stability Analysis of the Steady Film Solution 
The stabil i ty of  the  s teady solut ion [9]-[9a-9d] wi th  re- 

spect  to small  d i s tu rbances  to the  concen t ra t ion  distr ibu- 
tion, in ter face  locat ions,  and film th ickness  depends  on 
whe the r  smal l  d i s turbances  g row or decay  in time. If  ev- 
ery suff icient ly small  d i s tu rbance  decays,  t hen  the  s teady 
solut ion is said to be  l inearly stable,  whereas  if  some 
small  d i s tu rbances  grow, the  s teady solut ion is defini tely 
unstable.  Because  of the  rest r ic t ion to small  d is turbances ,  
these  criteria are necessary  for stabil i ty and sufficient for 
instabili ty.  The  stabil i ty of  the  solut ion wi th  respect  to 
larger  d i s tu rbances  can be dec ided  only by non l inear  
methods .  

Equa t ions  [7]-[Sa-d] are recast  in n o n d i m e n s i o n a l  form, 
tak ing  the  nomina l ly  s teady film th ickness  ha as the  
length  scale and def ining the  d imens ion less  var iables  

C Z' t 'Df  
S -  y -  r =  

C~ ho A J  

A ~ 0 ~ 

8 -  X -  
ha ha 

and d imens ion less  parameters  

aC~ + k3 C~ Yc.cl(1 - e) 
~ - - -  r -  r  

k ,C~ Ycu ~'c. 

whe re /3  is a measu re  of  the  ratio of  the  film dissolu t ion  
rate to the  film fo rmat ion  rate, F is a d imens ion less  chlo- 
r ide ion concent ra t ion ,  and ~b is the  ratio of  the  film den- 
sity to the  dens i ty  of  Cu. This  cho ice  of  d imens ion less  pa- 
rameters  is not  un ique ,  bu t  has  several  impor t an t  
advantages .  One of  the  d imens ion less  pa ramete r s  (~) de- 
pends  on none  of  t he  opera t ing  var iables  (~o, E, C~), an- 
o ther  (F) depends  only on C~, and two  of the  opera t ing  
var iables  (o~ and E) appear  only in one  d imens ion less  pa- 
r amete r  (fl). Final ly ,  as shown later, this  nondimens iona l i -  
zation, wh ich  does not  involve  ks, enables  one  to c o m p u t e  
all of the  resul ts  (for arbi t rary kn) by us ing  kn = 1, fol- 
lowed  by a s imple  t ransformat ion .  Subs t i tu t ion  into [7]- 
[Sa-d] yields 

aS aS o'2S 
- -  - pflF - X(r) < y < 1 + 6(~) [13] ar ay ay "2 

aS[x(~),r] 
pS[x(r),r] [14a] 

ay 

dx(r___) _ p f l r  = -p rZ[x ( r ) , r ]  [14b] 
dr  

dS(r) dx(r) 
r d ~  dr  [14c] 
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S[1 + 6(r),r] = kH 

where  the  d imens ion less  film th ickness  is 

[14d] 

and 

&ok, 
[15a] P -  Df 

Df 1 
• = In [15b] 

k,~r F(~ - kH) + 1 

A s teady film solut ion can exis t  only if  

0 < F ( f l -  kH) + 1 < 1 [16] 

The  s teady  dissolut ion rate can be  wr i t ten  as uo = k,fiF. 
By supe r impos ing  d i s tu rbances  (pr imed quanti t ies)  on 

the  nomina l ly  s teady solut ion 

S(y,  r) =S(y )  + S'(y,T) 

x(r) = 0 + x'(~) 

~(r) = 0 + 8'(r) 

Subs t i tu t ing  these  representa t ions  into [13]-[14a-14d] and 
retaining only  t e rms  that  are l inear  in the  d i s tu rbance  
quant i t ies  gives the  l inear  pe r tu rba t ion  equa t ions  

aS' aS'  O2S ' 
- - - p f l F - -  - - -  0 < y < l  [17] 

ar Oy Oy "- 

oS'(O, z) d~S(O) [ 
+X'(r)  - -  - p [ S ' ( 0 , r )  

ay d y  z 

+ x'(~) K~(O) ] 

dx'(r) [ dS(O) ] 
d~ = - PFLS'(O,r) + X ' ( r ) - - ~ y  j 

[18a] 

[18b] 

dS'(r) dx'(r) 
~b - -  - [18c] 

dr  dr  

dS(1) 
S'(1,r) + &(r) = 0 [18d] 

d y  

where  the  nond imens iona l  s teady solut ion is 

S(y)  - - -  
C(z) 

C~ 
- fl + [1 - exp  ( -p f lFy)] /F  

In  the  b o u n d a r y  condi t ions  [18a, b, d], l inear izat ion re- 
sults in the  concen t ra t ion  and  flux be ing  evalua ted  at the  
nomina l  in ter face  locat ions y = 0, 1. 

Subs t i tu t ion  of  the  express ion  for S(y)  into [17]-[18a-d] 
yields a second  set of  l inear  pe r tu rba t ion  equa t ions  

aS' aS' o2S ' 
- - - p f l F - -  - - -  0 < y <  1 [19] 

O'r Oy Oy 2 

0S'(0,r) 

oy 
p~rx'(T) = p[S'(O,r) + pflx'(r)] [20a] 

dx'(z)  

dr  
- -  - pF[S'(O,r) + PflX'(r)] [20b] 

d6'(r) dx'(r)  
r - -  - [20c] 

dr  dr  

S'(1,r) + 6'(r)pfi exp  (-pf lF)  = 0 [20d] 

invo lv ing  only the  p rev ious ly  def ined d imens ion less  pa- 
rameters .  The  d is t r ibut ion  coeff ic ient  kH appears  in these  
equa t ions  (only) t h rough  p, as def ined in [15a, b]. 
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The  s t e a d y  so lu t ion  (S, x, 6) = (S, 0, 0,) of  [13]-[14a-d] wil l  
b e  l inea r ly  s t ab l e  if  eve ry  so lu t ion  (S', X', 6') 

S'(y,r) = e~[A~e  ~+y + A2e ~-y] [21a] 

X'(7) = A3e x~ [21b] 

~'(7) = A4e ~ [21c] 

of [19]-[20a-d] decays  in t ime.  T h a t  is, eve ry  t e m p o r a l  ei- 
g e n v a l u e  ~ m u s t  lie in  the  lef t  ha l f  p lane .  Here,  c~+ a n d  ~ 
are the  two  so lu t i ons  

or•  = 
- p f i F  +- [p2fl2F~ + 4X] v2 

o r  

0 " 2 + p f l F o - - k =  0 

S u b s t i t u t i o n  of  [21a-c] in to  [19]-[20a-d] y ie lds  four  l inea r  
e q u a t i o n s  in  t h e  u n k n o w n s  A,, A2, A3, a n d  A4. In  o rde r  for  
t he  s y s t e m  of  l i nea r  e q u a t i o n s  to h a v e  a so lu t ion ,  i t  is nec-  
essary  for t he  d e t e r m i n a n t  of  t h e  coeff ic ient  m a t r i x  to 
van i sh ,  f r om w h i c h  i t  fo l lows t h a t  

e-~(1 + 4~) . . . .  6{~?(r_e ~r~ - r+ e sr-) 

+ e~(1  - ~ + r_)  - esr-(1 - ~7 + r.)} [22] 

w h e r e  

a n d  

k 

- 1  -+ (1 + 4~) 'j2 
r •  = 

2 

For  a s t ab l e  s i tua t ion ,  all of t h e  t e m p o r a l  e igenva lues  
m u s t  lie in  t h e  lef t  h a l f  p lane .  F o r  a n  u n s t a b l e  s i tua t ion ,  
one  or  m o r e  t e m p o r a l  e i genva l ue s  l ie in  t he  r igh t  h a l f  
p lane .  Thus ,  m a r g i n a l  s tab i l i ty  c o r r e s p o n d s  to t he  s i tua-  
t ion  w h e r e  one  or  m o r e  e i g e n v a l u e s  lie o n  the  i m a g i n a r y  
axis,  a n d  all  o the r s  are  in t he  left  h a l f  p lane .  

R a t h e r  t h a n  c o m p u t i n g  t he  d e n u m e r a b l e  in f in i ty  of  so- 
l u t i ons  of [22] a n d  d e c i d i n g  w h e t h e r  or no t  any  of  t h e m  lie 
in  t he  r i gh t  h a l f  p lane ,  the  D - d e c o m p o s i t i o n  m e t h o d  of  
N e i m a r k  (16) wil l  b e  u s e d  to d i r ec t ly  c o m p u t e  p o i n t s  o n  
t he  s t ab i l i ty  b o u n d a r y .  The  s tab i l i ty  b o u n d a r y  is t h e  locus  
of  po in t s  t h a t  s epa ra t e s  r eg ions  in  w h i c h  t he  s t eady  solu- 
t ion  [10]-[12] is s t ab le  f rom reg ions  in w h i c h  t he  s t e a d y  so- 
l u t i on  is u n s t a b l e .  T he  t e c h n i q u e  ac tua l ly  e m p l o y e d  is a 
va r i a t i on  of  N e i m a r k ' s  m e t h o d  t h a t  h a s  b e e n  d e v e l o p e d  to 
deal  w i th  p r o b l e m s  in w h i c h  t he  p a r a m e t e r i z e d  va r i ab les  
a p p e a r  n o n l i n e a r l y  a n d  impl ic i t ly ,  r a t h e r  t h a n  in the  l in- 
ear  f a s h i o n  d i s c u s s e d  b y  Ne imark .  

B y  se t t i ng  V = 0, r+ = 0, r_ = 1, a n d  f rom [22], e -~ = 
- 6 e  -~. F r o m  this ,  i t  fol lows t h a t  6 = - 1 ,  w h i c h  is n o t  
m e a n i n g f u l ,  so V = 0 is no t  pos s ib l e  a n d  in s t ab i l i t y  does  
no t  ar ise  as a r e su l t  of  a t e m p o r a l  e i g e n v a l u e  c ross ing  in to  
the  r i gh t  h a l f  p l a n e  a long  t he  real  axis  (as s h o w n  in Fig. 
2a). 

Im t., l) 

Re (~) �9 

Im I~} 

,~ 1.0.o Re l'}) 

la) Ib) 

Fig. 2.(a) Instability arising as a single real eigenvalue crosses into 
the right half plane. (b) Instability arising as a pair of complex eigen- 
values cross into the right half plane (Hopf bifurcation). 

The  r e m a i n i n g  poss ib i l i ty  is t h a t  one  or m o r e  c o m p l e x  
c o n j u g a t e  pa i r s  of  t e m p o r a l  e i g e n v a l u e s  cross  t he  imagi-  
n a r y  axis  as s h o w n  in Fig. 2b [a H o p f  b i f u r c a t i o n  (17)], in  
w h i c h  case  i t  can  b e  s h o w n  t h a t  t he  s t e a d y  s ta tes  ly ing  on  
t he  u n s t a b l e  s ide  of  a n d  close to t he  s tab i l i ty  b o u n d a r y  
are u n s t a b l e  w i t h  r e spec t  to t ime-pe r iod ic  d i s t u r b a n c e s .  

E q u a t i o n  [22] is r e w r i t t e n  as  

w h e r e  

a n d  

f,(s,n) = 6 ~ ( s , n ) ~  + A(s,n)] 

f,(s,~?) = e-~(1 + 4~?) "2 

f2(s,v) = n ( r - e  ~+ - r+e sr-) 

[23] 

f3(s ,v)  = eSr~(1 -- V + r_)  -- e ' - ( 1  - n + r§ 

are f u n c t i o n s  of  t he  real  va r i ab l e  s a n d  t he  c o m p l e x  var ia-  
b le  V = i~o. 

S e p a r a t i n g  fi,  f2, a n d  f3 in to  rea l  a n d  i m a g i n a r y  par t s ,  
[23] c an  b e  w r i t t e n  as two real  e q u a t i o n s  

fir = ~ 2 ~  + f~r) [24a] 

a n d  

fi, = 6( r id  + f~) [24b] 

in  t he  two  real  va r i ab le s  s a n d  ~o. 
The re fo re  

f l , G  - L r f ~  
- [25] 

f2ifn. -- fllf'2r 

a n d  

f l r  
6 - - -  [26] 

f2r~ "~- f 3 r  

E q u a t i o n s  [25] a n d  [26] c an  b e  u s e d  to f ind t h e  s t ab i l i ty  
b o u n d a r y ,  for  f ixed  6, in t h e  fo l lowing  m a n n e r .  

Af ter  f ix ing 6, a va lue  of  ~o is chosen .  A n  ini t ia l  guess  
is m a d e  of  s, a n d  ~ a n d  6 are  c o m p u t e d  f rom [25] a n d  [26]. 
T h e n  s is i t e ra t ive ly  a d j u s t e d  u n t i l  t h e  des i red  va lue  of  6 
is ob ta ined .  

E q u a t i o n s  [15a] a n d  [15b] t h e  de f in i t ions  of  ~ a n d  fl g ive 
the  re la t ions  

1 + ~ : -  e-s 
F -  

kH 

a n d  

= ~/r 

There fore ,  o n c e  a v a l u e  of  s t h a t  g ives  t h e  des i r ed  4) is 
ob ta ined ,  F a n d  fl can  b e  c o m p u t e d  direct ly .  

By  a su i t ab l e  c h a n g e  of  var iab les ,  [19]-[20a-d] can  be  
t r a n s f o r m e d  in to  a f o r m  t h a t  d e p e n d s  on ly  on  p a n d  t he  
p r o d u c t  fiF. S i n c e  ks a p p e a r s  on ly  t h r o u g h  p, i t  is pos s ib l e  
to c o m p u t e  p o i n t s  on  the  s t ab i l i ty  b o u n d a r y  (for f ixed  r 
by  first  s e t t i ng  k~ = 1 a n d  t h e n  e x p r e s s i n g  t he  resu l t s  in  
t he  fo rm s h o w n  in Fig. 3(a)-(g), w h e r e  kH a p p e a r s  on ly  in 
t he  de f in i t ion  of  t h e  ho r i zon ta l  a n d  ve r t i ca l  axes .  B o t h  p 
and  flF are  i n v a r i a n t  u n d e r  t h e  c h a n g e  of  va r i ab l e s  (fl, F, 
kn) ~ ( f l lk , ,  r k , ,  1). 

E a c h  p o i n t  ( f i /k . ,  Fk~) c o m p u t e d  th i s  w a y  is a p o i n t  on  
t he  s t ab i l i ty  b o u n d a r y ,  a n d  i f  t h e  a b o v e  p roces s  is re- 
p e a t e d  for  d i f f e ren t  ~o, t he  s t ab i l i ty  b o u n d a r i e s  s h o w n  in 
Fig. 3(a)-(g) are  ob t a ined .  

Results and Discussion 
The  resu l t s  p r e s e n t e d  in  Fig. 3(a)-(g) are d e s c r i b e d  be- 

low a n d  re l a t ed  to our  e x p e r i m e n t a l  w o r k  (11), as wel l  as 
to t he  in s t ab i l i t y  m e c h a n i s m  p r o p o s e d  the re in .  

W h e n  a s t eady  so lu t ion  (S(y) ,  0, 0) of  [13]-[14a-d] exis ts ,  
i t  is un ique ,  as s h o w n  in t he  s ec t ion  o n  s t eady  f i lm solu- 
t ion.  I t  is wel l  k n o w n  t h a t  w h e n  a s y s t e m  s u c h  as [13]- 
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Fig. 3. Existence and stability of the steady film solution for various 
film porosities: (a )e  = 0 .96,  ch = 0.01;  (b)e  = 0 .92,  q~ = 0.02;  (c}e 
= 0 .80,  c~ = 0.05;  (d) �9 = 0 .60,  c h = 0.1; (e) �9 = 0 .41,  ch = 0.1S; 
( f ) � 9  = 0 .21,  ~ = 0.2; (g )e  = 0 .17,  ~ = 0 .21.  

[14a-d] has a unique steady solution that is also unstable, 
the full nonlinear equations m u s t  also admit at least one 
time-dependent solution. [For a discussion, see pp. 82-84 
of Ref. (18)]. On the basis of Hopf's theorem (17), it is 

known that if (FkH, fl/kH) is sufficiently close to the stabil- 
ity boundary, then the time-dependent solution is peri- 
odic for points (Fkm ~/kn) in the unstable region, and that 
the frequency and small amplitude approach 12o and zero, 
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respectively, as (Fkn, fl/kH) approaches the stability bound- 
ary. (Here gto is the magnitude of the imaginary parts of 
the two temporal  eigenvalues that cross the imaginary 
axis in Fig. 2b as the stability boundary  is traversed.) 

Based on what is known about the dynamical behavior 
of systems like [13]-[14a-d], it is likely that as one moves 
farther into the unstable region the small amplitude time- 
periodic solution will eventually become unstable itself 
and will be replaced by a temporally more complicated 
solution. Whether the new solution will also be periodic 
(typically with a longer period), or whether it will be al- 
most periodic or temporally chaotic, is a question that 
cannot be answered by our linear stability analysis. It is 
likely, however, that in the unstable region the only 
bounded solutions are in some sense oscillatory. "Oscilla- 
tions" and "oscillatory" behavior in the unstable region 
are discussed below without any intent to further catego- 
rize the temporal  behavior. 

Above the horizontal line labeled A at fl =km no steady 
solution exists, as seen by inspection of [15]. Therefore, 
the steady film solution cannot be unstable, and no oscil- 
lations are predicted by our model. In fact, our model pre- 
dicts that a "clean" electrode surface with no film will oc- 
cur for fi > kn. Similarly, it can be seen from [16] that a 
solution with constant positive film thickness does not 
exist for F > 1/(kH-fi) and, hence, to the right of and below 
the curve labeled B, our model predicts that there is 
no steady film solution. In this second region, the film 
forms faster than it can be dissolved, and no steady bal- 
ance is possible. This is confirmed by Fig. 4, which 
shows contours of constant dimensionless film thickness 
p in the (FkH - fi/k.) plane. As curve B is approached, the 
steady (time-independent) film thickness increases with- 
out bound, as does the time r0.9~ required to achieve, say, 
99% of the ultimate dimensionless steady film thickness 
p. As curve B is crossed, a steady film thickness is not 
approached asymptotically in time, and the film thick- 
ness apparently grows temporally without limit. 

For each 6 shown, the steady film solution exists and is 
linearly stable for values of FkH and B/ks above and to the 
left of the indicated stability boundary but lying below 
the horizontal line fl = kH. In the region lying below and to 
the right of each stability boundary (and to the left of and 
above curve B), the steady film solution exists but is un- 
stable, and oscillatory behavior is predicted. 

For each 6 shown, the appropriate value of the void 
fraction e, based on Pcu = 8.96 g-cm -3 and PcucJ = 3.53 
g-cm -3, is indicated. Since our experiments (11) do not 
provide any direct information as to the values of e and kH 
encountered experimentally, numerical results are pre- 
sented for a range of e, as shown in Fig. 3(a)-(g). Results 
for any value of k~ are included in each of Fig. 3(a)-(g). 

Before considering the physical interpretation of these 
results in terms of the operating parameters (rotation rate 
~, chloride ion concentration C~, and potential E), it 
should be noted that the rate of the electrochemical film 
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Fig. 4. Existence of the steady film solution and dimensionless 
thickness ~ )  of the steady film. 

dissolution reaction [3] depends more strongly on poten- 
tial than does the rate of the electrochemical film forma- 
tion reaction [1]. 

Thus, fi/kH is a monotonically increasing function of the 
rotation rate co, and FkH is independent  of co, so that in- 
creasing (decreasing) ~0 will result simply in moving up 
(down) in the FkH-fl/kH plane. On the other hand, fl/kH is a 
monotonically decreasing function of C~, while FkK in- 
creases monotonically with increasing C| Thus, increas- 
ing C~ results in moving down and to the right in the FkH- 
fl/kK plane, whereas an increase in C~ corresponds to a 
movement  up and to the left in the Fk~-fi/kH plane. 

The dimensionless chloride ion concentration F is inde- 
pendent  of potential, whereas fl varies nonmonotonically 
with E. At low E, the nonelectrochemical film dissolution 
reaction [2a, b] proceeds at its potential-independent rate, 
whereas the rates of the Cu electrode reaction [1] and 
electrochemical film dissolution reaction [3] are very 
slow. Therefore, at low E, fl is very large. At very high po- 
tentials, the electrochemical film dissolution (forming 
Cu § is the fastest, and fl is also very large for high E. At 
some intermediate potential, fi reaches a minimum. 
Therefore, increasing E may result in going up or down in 
the (FkH-fl/k,) plane depending on the actual potential. 

Beginning in the unstable region of the fl/kH-Fkn plane 
(i.e., the region in which the steady film solution exists 
and is unstable) for a given 6, large enough increases in 
the rotation rate result in vertical upward movement  into 
the stable film region [i.e., the region in which the steady 
film solution exists and is (linearly) stable]. Further in- 
creases in ~0 will eventually result in moving across the 
/~ = kH line and into the region in which no film exists 
(the filmless region). This behavior is exactly that which 
is shown in Fig. 2 and 4 of Ref. (11). 

Decreasing the chloride ion concentration results in a 
move up and to the left in Fig. 3. Lowering the chloride 
ion concentration sufficiently (i.e., reducing Fkn to a 
small enough value) will result in movement  far to the left 
of and outside of the unstable film region, into either the 
stable film region or the filmless region lying above 
curve A. In either case, the model predicts that there will 
be no current oscillations at sufficiently low chloride ion 
concentrations. 

As inferred from Fig. 3(f) and (g), the present model pre- 
dicts that the steady film solution (when it exists) is sta- 
ble for all values of 13/k~ and FkH if 6 exceeds approxi- 
mately 0.21, corresponding to a film void fraction of 
about 0.17. The existence of this "cutoff  void fraction" 
has an explanation which is consistent with both the 
mathematical model of the present paper as well as with 
the instability mechanism proposed previously (11). 

Neither the steady solution of [13]-[14a*d] nor the values 
of B/k~ and FkH for which the steady solution exists de- 
pend on 6, as shown in Fig. 4. The parameter 6 (and 
hence the void fraction e) do appear in the dynamic equa- 
tions [13]-[14a-d], and hence in the linear stability analy- 
sis. In the full nonlinear equations, 6 appears only in the 
boundary condition [14c], where it is the constant of pro- 
portionality that relates changes in the rate of Cu elec- 
trode dissolution to the rate of change in film thickness. 
In other words, if the rate of movement  of the Cu-film in- 
terface (dx/dz) is increased by one dimensionless unit, 
then 1/6 is the "amplification" factor that determines the 
magnitude of the increase in the actual film thickness (1 
+ ~ - X). Clearly, when the film is very porous and 6 is 
very small, the dissolution of one unit of Cu electrode will 
be translated (by 1/6) into a very large change in (1 + 8 - 
X), according to [18c]. This in turn will result in a major in- 
crease in the time required for diffusional communication 
of information concerning the altered conditions (in- 
creased Cu electrode dissolution rate) at the Cu-film in- 
terface out to the film-electrolyte interface. According to 
the instability mechanism proposed previously (11), this 
increase in the time lag associated with diffusi0nal com- 
munication across the suddenly thicker film will give 
rise to an "overshoot" type of instability. When e is too 
small (and hence 6 is large), 1/6 will be too small, and 
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hence even relatively large disturbances to the Cu elec- 
trode dissolution rate will not be amplified by [18c] into 
large changes in the film thickness. Thus, large changes 
in the film thickness (1 + ~ - X) are not possible, major 
changes in the time lag associated with diffusional com- 
municat ion of concentration information across the film 
do not occur, and the overshooting instability ("oversta- 
bility") proposed previously (11) is not predicted for large 
enough values of ~b. 

Thus, the progressive diminution, with increasing (b, of 
the unstable  film region in Fig. 3(a)-(g) [note the logarith- 
mic nature of the abscissa in Fig. 3(a)-(f) and the linear ab- 
scissa in Fig. 3(g)] is in complete agreement with the in- 
stability mechanism advanced previously (11) and is 
rooted in the physicochemical model described in the 
section on mechanism and description of the model. 

We are presently unable  to provide an explanation for 
the detailed shapes of the stability boundaries in Fig. 
3(d)-(g) (0.1 < ~b < 0.21), other than to say that the instabil- 
ity mechanism and physicochemical model both predict 
that the steady film solution will be stabilized by increas- 
ing ~b, and that stabilization of the steady solution implies 
a reduction in the size of the unstable region, which is ex- 
actly what the results show. As for the correctness of the 
specific value of q) above which instability is impossible, 
or the detailed shape of the unstable region for smaller 
values of ~b, little can be said. However, the general fea- 
tures of the stability boundaries are believed to be cor; 
rect, as they are in excellent qualitative agreement with 
our experimental  results (11), as discussed above. 

As for possible improvements to the model, two are 
suggested. The first would be to construct a model for 
which the porosity is treated in a more sophisticated man- 
ner. Such a model could consist of a dual porosity film 
with a chloride ion diffusivity Df that is dependent  on the 
porosity. A second improvement  would be to account for 
the fact that both of the film dissolution reactions occur 
not only at the film-electrolyte interface, but  also within 
the pores of the film itself, and that the rates per uni t  vol- 
ume will be proportional to the surface area per uni t  vol- 
ume, which will in turn be related to the local porosity. 

Conclusions 
The general form of the model considered here may be 

useful in the analysis of the oscillations observed in other 
electrodissolution processes involving the formation of 
anodic films. The detailed kinetics of the film formation 
and dissolution will, of course, be different, but  the for- 
mulation of the problem as a diffusion equation (or a sys- 
tem of diffusion equations) with moving boundaries, fol- 
lowed by the investigation of the existence and stability 
of the steady solution(s), seems to be a promising ap- 
proach to the study of these oscillations. 
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LIST OF SYMBOLS 

A~, A~, A:, A4 constants in Eq. [21a]-[21c] 

a 

b 
c ~  
C(z') 

D~ 
f , , f~, fJ 

f , .  fir, f:~ 
f ,,, f2i, fi, 
g(t) 

~C~ + k:3 
~/cu + k~ 
-~cu 
chloride ion concentration in electrolyte 
steady concentration distribution in moving 
film reference frame 
diffusion coefficient of C1- in film 
e-~(1 + 4~) 1~'-', n(r_e ~ - r.e~-), e~*(1 - ~ + r_) 
- e ~ - ( 1  - ~ + r§  

real part off,, f.,, fi 
imaginary part off,, f2, f~ 
position of Cu-film interface 

h(t) 
ICH 
kl, k~ 

Mc,, Mc,cl 
P 
r_+ 
s 

S(y, r) 
S(y) 

S'(y, ~) 
t 
t' 
Uo 
y 
Z 

Z ~ 

position of film-electrolyte interface 
solute distribution coefficient 
electrochemical rate constants of reactions 
[1], [3] 
molecular weights of Cu, CuC1 
dimensionless constant film thickness 
[-1 • (1 + 4~?)'J~]/2 
P~ 
dimensionless concentration variable 
dimensionless steady-state concentration in 
moving film reference frame_ 
deviation of S(y, r) from S(y) 
time variable 
time variable in moving film reference frame 
steady speed of film movement  
dimensionless position variable 
position variable 
position variable in moving film reference 
frame 

Greek Letters 

a(oJ) rate of reaction [2a, b] 
fi dimensionless constant ratio of film forma- 

tion and dissolution rates 
Ycu, Ycucl pcu/Mc, and Pcucl/Mcucl 
F dimensionless-constant  chloride ion concen- 

tration 
3 ( r )  dimensionless deviation of film thickness 
3'(r) deviation of 8(r) from zero 
A'(t') deviation of film-electrolyte interface loca- 

tion, in moving film reference frame, from 
nominal ly steady value 

Ao steady film thickness 
e void fraction of porous film 
~? )~p-2~:-2 
O'(t') deviation of Cu-film interface, in moving 

film reference frame, from nominally steady 
value 

h temporal eigenvalue in stability analysis 

Pcu, Pcucl densities of crystalline Cu, CuC1 

- p E r  • [p2~r'- '  + 4x] 1~2 
O'_+ 

2 

dimensionless time variable 
ratio of film and Cu densities 

x(r) dimensionless deviation of Cu-film interface 
location 

X ' ( r )  deviation of x(r) from zero 
o~ rotation rate 
~o - i T  
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Proton Conductivity in Mixed Solvents 
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A B S T R A C T  

The equ iva len t  conduc t iv i ty  at infinite d i lu t ion of  an inorganic  acid (HC104) and its salt (LiC104) were  compared  in 
mix tures  of  water  wi th  two aprot ic  solvents  (acetonitr i le  and te t rahydrofuran) .  The  var ia t ion of  the  ratio of  equ iva len t  
conduct iv i t ies  wi th  so lvent  compos i t ion  reflects di rect ly  the  anomalous  conduc t iv i ty  of  H30 +, all o ther  factors such  as 
the  changes  in v i scos i ty  and dielectr ic  f r ic t ion be ing  au tomat ica l ly  compensa ted .  The  anomalous  conduc t iv i ty  of  the  
pro ton  is not  obse rved  unt i l  the  concen t ra t ion  of water  exceeds  ca. 10 v o l u m e  pe rcen t  wh ich  cor responds  to a mole  frac- 
t ion of  0.24. When plo t ted  as a func t ion  of  the  mole  f ract ion of  water ,  the  ratio of  equ iva len t  conduct iv i t ies  at infinite di- 
lut ion is a lmos t  the  same for mix tu res  of  water  wi th  AN and wi th  THF,  ind ica t ing  that  the  aprotic so lvent  acts only as a 
diluent,  increas ing  the  d is tance  b e t w e e n  wate r  molecu les  and des t roying  shor t - range order  which  m a y  exis t  in water. 
When the  same  ratio is p lot ted  as a func t ion  of  the  average  dis tance  be tween  water  molecules ,  it is found  that  hopp ing  
can no longer  occur  to a s ignif icant  ex ten t  w h e n  the  average  dis tance  is m o r e  than  2.2 t imes  its va lue  in pure  water.  A 
similar  effect  was obse rved  recent ly  in s tudies of  the  conduc t iv i ty  of  B r -  in l iquid  b romine  and its mix tu res  wi th  nitro- 
benzene.  The  Walden p roduc t  for the  p ro ton  decreases  s ignif icant ly u p o n  the  addi t ion  of  relat ively small  amounts  of  
the aprot ic  solvent ,  and can decrease  by a factor of two w h e n  the  mole  fract ion of  water  decreases  f rom un i ty  to 2/3. Fur- 
ther  s tudies in m i x e d  solvents  could  shed  l ight  on the  m e c h a n i s m  of p ro ton  conduc t iv i ty  in protic solvents  and possibly 
on the s t ruc ture  of  water.  

The anoma lous  high conduc t iv i ty  of  acids and bases  
has been  obse rved  over  150 years ago. Acco rd ing  to Grott-  
huss,  this is due  to the  hopp ing  of  pro tons  f rom H30 ~ ions 
to water  molecu les  or f rom water  molecu les  to O H -  ions. 
The field was r ev iewed  by Conway  (1) in 1964, by Erdey-  
Gruz and Lengye l  (2) in 1977, and recent ly  by Lengye l  
and Conway  (3) in 1983. At  25~ the  equ iva len t  conduc-  
t ivi ty at infinite di lut ion ~~ is 349.8 for H30* and 198.1 for 
OH- .  This should  be compared  to values  of  37.5, 50.1, and 
73.6 for Li  ~, Na ~, and K ~, respect ively ,  and to 76.4 and 68.1 
for C1- and  C10~-, respect ive ly ,  all in cm2-~-~-eq - ' .  

A smal le r  bu t  still  d is t inct  effect  is obse rved  for D30 ~ in 
D~O (242.4 vs.  41.5 for Na § in D~O) and in s imple  a lcohols  
such as m e t h a n o l  and e thanol  (4-6). The  anomalous  con- 
duct iv i ty  of  H30 + decreases  wi th  increas ing  t empera tu re  
and wi th  increas ing  concen t ra t ion  of  a suppor t ing  electro-  
lyte (7, 8). A decrease  of  the  t ransfe rence  n u m b e r  for the  
posi t ive  ion  wi th  increas ing  concen t ra t ion  of  HC1 (which 
is t a n t a m o u n t  to a decrease  in the  anomalous  conduct iv-  
ity) was also observed  (9). On the  o ther  hand,  anoma-  
lously high conduc t iv i ty  was found in concen t ra ted  sulfu- 
ric (10) and phosphor ic  acids (11). This  was associated 
with  h o p p i n g  of the  p ro ton  f rom a p ro tona ted  acid H3SO4 ~ 
to a neut ra l  acid  molecu le  or  f rom an acid molecu le  
H3PO4 to a nea rby  ion H2PO~-. 

The anomalous  conduc t iv i ty  was measu red  in m i x e d  
solvents,  mos t ly  in wa te r  and an a lcohol  or  in water  and 
d ioxane  (12-15). The  p roduc t  of  v iscos i ty  and equ iva len t  
conduc t iv i ty  (the Walden product)  should  be  i n d e p e n d e n t  
of the  compos i t ion  of  the  so lvent  if  s imple  m o v e m e n t  of  
the  ions t h rough  the  v i scous  fluid is assumed.  For  acids, 
the  Walden p roduc t  is found  to increase  first wi th  the  ad- 
di t ion of  a lcohols  to water ,  then  decrease  be low the  va lue  
for pure  wate r  and increase  again in pu re  or a lmos t  pure  
alcohol.  The  m a x i m u m  obse rved  can be associa ted  wi th  
the  m a x i m u m  in v iscos i ty  of  the  mix ture ,  as will be  dis- 
cussed below. The  increase  in the  Walden p roduc t  in pure  
or a lmos t  pu re  a lcohol  is due  to hopp ing  which  can occur  
in this solvent .  

The hopp ing  of  the  p ro ton  has been  associa ted in one 
way  or ano ther  to the  format ion  of  hyd rogen  bonds  in all 
the  solvents  d i scussed  above.  While this may  be the  case, 
it has been  shown  recent ly  by Rub ins t e in  et al. (16) that  
an anomalous  conduc t iv i ty  occurs  also in solutions of  B r -  
in pure  b romine  or  in m ix tu r e  of  b r o m i n e  and ni t roben-  
zene. 

In  the  p resen t  work,  the  anomalous  conduc t iv i ty  of  
H:~O ~ in m i x t u r e s  of  acetoni t r i te  and wate r  was de t e rmined  
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by  compar ing  the  equ iva len t  conduct iv i t ies  of LiC104 and 
HC104 at infinite dilution. Because  acetoni t r i le  is an 
aprot ic  solvent,  its only  effect  should  be to break  up the 
regular  s t ruc ture  of  water  and to increase  the average  dis- 
tance  be tween  wate r  molecu les  to the  point  that  hopp ing  
can no longer  occur.  In  pure  water ,  the  ratio of  equ iva len t  
conduct iv i t ies  at infinite di lut ion is 417.9/105.6 = 3.96, 
whi le  in pure  acetoni t r i le  it is ve ry  close to unity. Thus, a 
mode ra t e  accuracy  in the  de t e rmina t ion  of  the  equiva len t  
conduct iv i t ies  is suff icient  to show the  effect  of  so lvent  
compos i t ion  on the  equ iva len t  conduct iv i t ies  and particu- 
larly on  their  ratio. 

Acetoni t r i le  (AN) and wate r  are comple t e ly  misc ib le  but  
do not  form an ideal  solution.  This  is shown by a nonzero 
v o l u m e  of  mix ing  and by the  fact  that  the  viscosi ty  of  
mix tu res  of  these  two solvents  is no t  a l inear  funct ion of 
compos i t ion  (17). For  this reason,  m e a s u r e m e n t s  were  
also t aken  in m ix tu r e  of t e t rahydrofuran  (THF) and water  
for compar ison.  A l though  this so lvent  is less sui table  be- 
cause of  its re la t ively low dielectr ic  constant ,  the  results  
were  qual i ta t ively  the  same  as in AN/wate r  mixtures ,  
showing  no major  specific effect  of  the  aprot ic  solvent.  

Experimental 
Solut ions  were  m a d e  wi th  deionized water  wh ich  was 

dist i l led and had a conduc t iv i ty  of  1.0 ~ m h o - c m  -1 or less. 
Acetoni t r i le  (Fluka AR) was dist i l led over  molecu la r  
sieves (4A), and the  fract ion boi l ing be tween  80.5 ~ and 
81.5~ was col lected.  Te t rahydrofu ran  (Merck AR) was 
t reated wi th  LiA1H4 to r e m o v e  pe rox ides  and was dis- 
tilled. The  fract ion boil ing be tween  66.5 ~ and  67.5~ was 
collected.  Other  chemicals ,  used  as obtained,  were  LiC104 
(Buchs SG, AR), HC104 70% (Merck AR), KC1 (Merck AR), 
and LiA1H4 (Fluka,  pure). Note  tha t  the  acid  e m p l o y e d  
conta ins  ca. 2.4 molecu les  of  wa te r  pe r  molecu le  of  acid. 
Thus,  even  in p u r e  AN or THF,  there  is always e n o u g h  
water  to fo rm H:10% 

Conduct iv i t ies  were  measu red  wi th  a Rad iome te r  CDM 
2e c o n d u c t o m e t e r  wh ich  opera tes  at 3000 Hz for conduc-  
t ivit ies above  500 ~ m h o  and at 70 Hz for lower  conduct iv i -  
ties. The  accuracy  of  m e a s u r e m e n t  was • 1%. The cell has  
two flat P t  e lect rodes ,  s i tuated about  0.3 cm apart. Tem- 
pera tures  were  contro l led  to • 0.1~ above  room tempera-  
ture  (Haake Type  E52 thermosta t )  and  to • 0.2 ~ be low 
room t empera tu r e  (Neslab Type  RTE-3 cool ing 
thermostat) .  S ince  the  conduc t iv i ty  c h a n g e d  wi th  so lvent  
compos i t ion  by 50% for the  salt  and as m u c h  as 120% for 
the acid (cf. Fig. 1), this  level of  accuracy  was cons idered  
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Fig. 1. The equivalent conductivities at infinite dilution (a) and their 
ratio (b) as a function of the v/o of water in AN. �9 : LiCI04. � 9  HCI04. C 
= 0.93 mM. 
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Fig. 2. The viscosity of mixtures of AN/H20 and THF/H20 as a func- 
tion of the v/o of water. 

sufficient to bring out the significant features of the 
mixed solvents employed in this work. 

Transference numbers  were determined by the Hittorf 
method in a conventional, three-compartment  cell, em- 
ploying platinized Pt  electrodes. The constant current 
was applied with an Elron Type CHG-1 galvanostat and 
measured with a four-digit mult imeter  (Data Precision). 
The change in acid concentration in the anode and cath- 
ode compartments  was determined by following the 
changes in conductivity with two auxiliary electrodes in 
each compartment,  following proper calibration. A typi- 
cal exper iment  lasted 2-4h at a current of 1.5-3.0 mA. The 
data points shown in Fig. 7 are average values of four to 
eight experiments at each composition of the solvent. 

The apparent energies of activation were determined by 
measuring the equivalent conductivities of 0.1 mM solu- 
tions of HC104 or LiC104 in different solvent mixtures at 
5~ intervals between 5 ~ and 50~ 

Results 

The equivalent conductivity in AN/H~O mixtures.--The 
equivalent conductivity of solutions of LiC104 and HC1Q 
in the range of concentrations of 1.0-5.0 mM was mea- 
sured as a function of solvent composit ion in AN/water 
mixtures. In Fig. la, the values for the acid A"A and for the 
salt A"s, evaluated by plotting A vs. c 'j'2 and extrapolating 
to zero, are shown as a function of the volume percent 
(v/o) of water in the solvent mixture. A"s decreases ini- 
tially from its value in pure AN as the amount of water is 
increased and remains constant above 60 v/o water. For 
HC104, we find A"A decreasing initially, but above ca. 10 
v/o water it increases steadily to its maximum value in 
pure water. In Fig. lb, the ratio A%/A% is plotted in the 
same way. Note that up to about 10 v/o water (5.5M) the 
ratio is close to unity and independent  of the amount of 
water present. 

A plot of the viscosity v of the solvent mixture vs. com- 
position is shown in Fig. 2 (17). For the salt, the product 

~A~ (the Walden product) should be constant to the ex- 
tent that the effective Stokes radius of hydration is con- 
stant. In Fig. 3, we note a moderate increase in the 
Walden product for the salt in passing from pure AN to 
pure water, implying a 35% decrease in effective Stokes 
radii of the ions. For the acid, the Walden product in- 
creases by a factor of six; this is associated with the hop- 
ping mechanism of the proton in pure water or in solvent 
mixtures rich in water. 

The equivalent conductivity in THF/H20 mix- 
tures.--Since it is evident that mixtures of water and 
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Fig. 3. The Walden product for LiCI04 (0)  and for HCI04 (El) at 
infinite dilution as a function of composition in AN/water mixtures. 
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acetonitrile do not form ideal solutions, it is important to 
repeat the measurements presented above, replacing AN 
with another aprotic solvent which is completely miscible 
with water to identify features which may be due to spe- 
cific interactions between water and acetonitrile. 
Tetrahydrofuran (THF) was chosen for this purpose. In 
the range of 10-100 v/o water, the equivalent conductivity 
was measured for concentrations of 1.0-6.0 mM and values 
at infinite dilution were obtained as before, by plotting 
AA or As vs. c ]r~ and extrapolating back to zero. However, 
due to the relatively low value of the dielectric constant of 
THF (7.58), this procedure is inadequate when the con- 
centration of water is below 10 v/o. For the range of 2-20 
vlo water, the concentrations of salt and acid were 
0.030-0.3 raM, respectively, and the equivalent conductiv- 
ity at infinite dilution was determined employing the 
methods developed by Fuoss and Kraus (18, 19) for strong 
electrolytes in solvents of low polarity. The equivalent 
conductivities at infinite dilution in this range of solvent 
composition are shown in Fig. 4a, and the ratio A%/A% is 
plotted in Fig. 4b. The ratio of equivalent eonductivities is 
close to unity up to i0 v/o water as in AN/H20 mixtures. 
The plots of equivalent conductivities at infinite dilution 
and their ratio over the full range of water composition 
are shown in Fig. 5. 
The viscosity is plotted as a function of the composition 

of the solvent (20) in Fig. 2. The high maximum observed 
shows that this solvent mixture deviates significantly 
from ideality. The peak in the ratio of conductivities at 
infinite dilution shown in Fig. 5 is caused by the peak in 
viscosity, as will be discussed below. The Walden product 
at infinite dilution is plotted as a function of composition 
of the solvent in Fig. 6. For the salt, the Walden product 
increases by a factor of 2.5 as the water content changes 
from 4 to I00 v/o, while for the acid it increases by a factor 
of over nine in the same region. 
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Fig. 5. Same as Fig. 4 for the whole range of solvent composition. 
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Measurement of  transference numbers.--The transfer- 
ence number  of C104- in HC104 was determined in 0.01M 
HC104 as a function of the composition of the solvent, in 
mixtures of AN/H20, by the Hittorf method. The results 
are shown in Fig. 7. The transference number  for C104- 
declines from 0.56 • in 10% water to 0.16 • in 
pure water. Since the transference number  does not 
change significantly with concentration of the electrolyte 
below 0.01M, one can use the data in Fig. 7 to calculate 
the equivalent conductivities of the ions (X%m+ and 
XOcio4_). From ~~ and A'%, the value for X"u. is derived. 

The equivalent conductivities at infinite dilution for 
the three ions used in the above measurements,  in mix- 
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Fig. 4, The equivalent conductivity (a) and ratio of equivalent 
conductivities (b) as o function of the v/o of water in tetrohydrofuran 
(THF). �9  LiCI04. Ell: HCI04. 
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Fig. 7. Transference numbers for H30 + and for CIO4-  in 0.01M HCIO4 
as a function of composition in AN/water mixtures. 

tures of AN and water, are shown in Fig. 8. The corre- 
sponding Walden products (~X ~ are shown in Fig. 9. Al- 
though measurements  of Hittorf numbers were not 
conducted at concentrations of water below 10 v/o (be- 
cause of the relatively high solution resistance), it is safe 
to assume, based on the data in Fig. 1, that the values of 
the Walden products shown in Fig. 9 are essentially con- 
stant from 0 to 10 v/o water. 

The apparent energy of activation as a function of sol- 
vent composition.--The equivalent conductivity was mea- 
sured as a function of temperature between 5 ~ and 50~ at 
5 ~ intervals. All measurements  were taken in 1.0 mM solu- 
tions of acid or salt in different mixtures of AN and water 
from 2 v/o to pure water. The apparent energies of activa- 
tion were calculated from plots of log (A/T) vs. (l/T). The 
change in molar concentration resulting from the change 
of volume of the solvent mixture with temperature was 
taken into account. The difference in energies of activa- 
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Fig. 8. Equivalent conductivity of single ionic species at infinite dilu- 
tion as a function of composition in AN/water mixtures. 
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Fig. 9. The Walden product for the single ionic species at infinite dilu- 
tion as a function of composition in AN/water mixtures. 

tion of the salt and the acid was obtained by plotting log 
(AA/As) vs. (l/T). In this way, the effect of the change of 
viscosity with temperature is eliminated and the differ- 
ence (dM-/#) reflects the difference in the mechanism of 
conductivity of Li § and H30 + ions, as a function of water 
content of the solvent. The results of these measurements  
are summarized in Fig. 10. 

Discuss ion  
The ratio of equivalent conductivities.--The anomalous 

conductivity of H30 + can be represented by plotting the 
ratio of equivalent  conductivities of an acid and its salt, or 
the difference between these quantities, as a function of 
the water content  of the solvent. In the present work, the 
former representation was chosen. By considering the ra- 
tio of equivalent conductivities, changes of viscosity or 
any other factor affecting the hydrodynamic movement  of 
ions through the solvent mixture are systematically can- 

"r 

"3 

E 

3 
0 

,,e" 
+-. 

"1- 

'+I 
12 

I0 

6 

2 

I I I o / q ~ o ~ , .  

/o 

0 

�9 
�9 �9 

/r 
/ o 

I I l I 
0 20 40 60 80 I00 

Vol % H20 in AN 

Fig. 10. The apparent heat of activation AH # for conductance as a 
function of composition in AN/water mixtures. �9  LiCIO4. I :  HCIO4. A: 
Difference. 



2170 J.  E lec t rochem.  Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  S e p t e m b e r  1985 

celed, and the departure of the ratio A%/A~ from a con- 
stant value (close to unity in an aprotic solvent) can be at- 
tributed in full to the Grotthuss-type hopping mechanism 
of conduction of the proton. Any artifact arising from in- 
complete dissociation of the electrolyte is eliminated by 
determining the equivalent conductivities at infinite di- 
lution. In mixtures of H20/THF, the determination of 
equivalent conductivity at infinite dilution is less accu- 
rate at low concentrations of water due to the low dielec- 
tric constant of the medium. However, it turns out that in 
this region AA is close to As and their ratio is quite inde- 
pendent  of concentration below 1.0 mM at a constant 
composition of the solvent. 

The most striking feature in Fig. 1 is that the ratio of 
equivalent conductivities is close to unity and is essen- 
tially independent  of the concentration of water up to ca. 
10 v/o, while A% and A~ both vary significantly in the 
same region. It can be concluded that in this region the 
H30 § ion behaves just like the Li t ion, moving through the 
solvent mixture in a simple hydrodynamic mode. This is 
rather surprising in view of the high molar concentration 
of water (at 10 v/o the mole fraction of water is ca. 0.24). If  
the anomalous proton conductivity is due to short-range 
order in liquid water, it could be argued that such struc- 
ture is completely absent when water molecules consti- 
tute one out of four solvent molecules or less. Even when 
two out of three solvent molecules are water (40 v/o), the 
ratio of equivalent conductivities is only two (compared 
to four in pure water) showing that the anomalous con- 
ductivity is very sensitive to the structure of water. 

The Walden product plotted in Fig. 3 as a function of 
solvent composition shows that even LiC104 does not fol- 
low the simple Walden rule and the product ~A~ in- 
creases from 60 to 92 cm2-eq-Lt~-LcP from pure 
acetonitrile to pure water. This observation shows the ad- 
vantage of considering the ratio of equivalent conduc- 
tivities rather than their absolute value. 

The effect of the aprotic solvent.--Replacing acetonitrile 
(AN) with another aprotic solvent, tetrahydrofuran (THF), 
should have no effect if this solvent acts only as a "spa- 
cer" diluting the water, increasing the average distance 
between water molecules and thus destroying the short- 
range order which exists in pure water. Comparing Fig. 3 
to Fig. 6, we note that for the salt the Walden product is 
almost the same in the two solvent mixtures. For the acid, 
the difference is large. This difference is also evident 
when the ratios of equivalent conductivities in Fig. lb  
and 5b are compared. Such comparison ignores, however, 
the differences of density and molecular weight between 
AN and THF. A better comparison between the effect of 
the two aprotic solvents is made when the ratios of equiv- 
alent conductivities are plotted as a function of the mole 
fraction of water, as shown in Fig. 11. Up to a mole frac- 
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Fig. 1 | .  The ratio of equivalent conductivities at infinite dilution as a 
function of the mole fraction of water in AN (G) and in THF (0 ) .  

tion of 0.85, the two aprotic solvents have the same effect, 
within experimental  error. 

An alternative way of presenting the same data is to 
plot the ratio A%/A~ as a function of the average distance 
between water molecules, based on the molar concentra- 
tion of water in the solvent, ignoring the properties of the 
other component.  This is shown in Fig. 12. It is of interest 
to note that when the average distance between water 
molecules exceeds about 2.2 times its value in pure water 
hopping of the proton no longer occurs. In an earlier 
study by Rubinstein et al. (16), the conductivity of Br -  in 
liquid bromine and its mixtures with nitrobenzene were 
determined. A very similar phenomenon was observed. A 
hopping mechanism of conductivity was found for the 
B r -  ion in bromine-rich solvent. This mechanism became 
inoperative when the concentration of bromine was be- 
low ca. 2M, which corresponds to an average distance 2.2 
times that in pure bromine, as in the case of AN/H20 and 
THF/H20 mixture. 

The effect of  viscosi ty .--The maxima observed in 
THF/H20 mixtures (Fig. 5b, 6, 11, 12) is associated with 
the large maximum in viscosity of this mixture, shown in 
Fig. 2. For the salt, the conductivity is inversely propor- 
tional to the viscosity, hence the Walden product (cf. Fig. 
6) is not significantly dependent  on the viscosity. If pro- 
ton hopping depends on the structure of water and does 
not require movement  of ionic species through the vis- 
cous fluid, it should not decrease significantly with in- 
creasing viscosity. It is indeed seen that A% increases 
steadily with water content (Fig. 5a), with no significant 
change in its rate of increase around 60 v/o water, where 
the viscosity reaches its maximum. Thus, multiplying A% 
by ~ constitutes an "overcorrection" and the resulting 
maximum in the upper curve in Fig. 6 reflects mainly the 
max imum in viscosity. The same applies to the maxima 
in the plots of A%/A~ vs. solvent composition. In AN/H~O 
mixtures, the max imum in viscosity is rather small and 
its effect is obscured by the steady increase in A% with 
water content. 

The above observations indicate that anomalous proton 
conductivity in THF/H20 mixtures occurs by a mecha- 
nism in which the rate-determining step is not dependent 
on the viscosity of the solvent. This would probably ex- 
clude rotation of a water molecule or of aggregates of 
water molecules as the rds. 
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Fig. 12. Same as Fig. 11, but plotted as a function of the average dis- 
tance between water molecules (d), divided by the average distance (do) 
in pure water. 
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The equivalent  conductivity of ions at infinite dilution 
in pure water as a function of temperature shows a simi- 
lar effect. For Na ~ and K ~, the Walden product increases 
by only a factor of 1.05 and 1.24, respectively, as the tem- 
perature is decreased from 100 ~ to 0~ For H30 ~ the 
Walden product  increases by a factor of 2.4 in the same 
temperature range. For the OH-  ion the increase is by a 
factor of 1.5. It was also observed that for Br -  in Br2 (16) 
and for I -  in liquid iodine (21) the Walden product  in- 
creases with decreasing temperature. It can be stated that 
a significant increase in the Walden product  with increas- 
ing viscosity (be it as a result of a decrease in temperature 
in a pure solvent or as a result of a change in solvent com- 
position in a mixture of solvents) is indicative of a non- 
stokesian mechanism of conductivity. 

In a recent study of the conductivity of solution of 
AI~Br~ and KBr in aromatic hydrocarbons (22), the Walden 
product was found to increase with decreasing tempera- 
ture in concentrated solutions, where a hopping mecha- 
nism of conductivity prevails (23, 24). 

Transference numbers and the equivalent conductivities 
of  single ions.--Employing the transference numbers 
found in HC104 (Fig. 7), we can proceed to calculate the 
equivalent conductivities of each of the ions at infinite 
dilution (Fig. 8) and the corresponding Walden products 
(Fig. 9). The tendency of the Walden product  to level off 
for H30 ~ at high concentrations of water is due to the 
max imum in the viscosity, as discussed above. For lith- 
ium, the Walden product increases from 24 cm~-eq - ' -  
~ - l - cP  in 10 v/o water to 30 cm~-eq-l-~- ' -cP in pure 
water, and for the perchlorate ion the change is from 36 to 
58 cm~-eq-~-~-l-cP in the same range of solvent composi- 
tion. In pure AN, the Walden product  for most inorganic 
ions is reported to be significantly lower than in pure 
water (25, 26). This can be attributed to a higher radius of 
so]vation. The largest effect is observed for ions such as 
Cs ~, Rb ~, I - ,  Br- ,  C]O4- which have a solvation number  
close to zero in pure water. Due to the higher dipole mo- 
ment of AN (3.97 vs. 1.84 for water), such ions may be ex- 
pected to have a higher solvation number  in AN than in 
water. The Walden products for C104- and for LP ob- 
served here in 10 v/o water in AN are equal to those re- 
ported in pure AN (25, 26). 

It should be noted that the above interpretation for the 
variation of the Walden products with composition, 
which is commonly used in the literature (25), is not en- 
tirely consistent with the results obtained in this work. 
Thus, comparison of Fig. 3 and 6 shows that the Walden 
product for the salt (vA"s) is essentially the same in 
AN/H~O and THF/H20 mixtures. This would seem to 
render any interpretation based on specific interactions 
of the ions with the aprotic solvent incomplete, in view of 
the significant differences between AN and THF. 

The heat of  activation for electrolytic conductiv- 
i ty . - -The  heats of activation for conductivity (at infinite 
dilution) are shown for the salt and for the acid in Fig. 10. 
At low water content the values for the acid and the salt 
are almost the same (the difference is about 0.5RT at room 
temperature). Since the energy of activation for the con- 
ductivity of the salt represents approximately that for the 
viscosity, it may be inferred from Fig. 10 that the Walden 

product for the acid will increase with decreasing temper- 
ature in solvent mixtures as well as in pure water. The ex- 
tent of this increase or the difference between the values 
of M-/s # and M/A # is a good indication of the contribution 
of hopping to the mechanism of electrolytic conductivity 
of the acid in different solvent mixtures. 
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In their  note  on the  in te rpre ta t ion  of Mot t -Scho t tky  
plots de t e rmined  at semiconduc tor /e lec t ro ly te  systems,  
De Gryse  et al. (1) demons t r a t ed  theore t ica l ly  that  a l inear  
re la t ionship  be tween  C -~ and V can be  found expe r imen-  
tally even  w h e n  the  inequal i t ies  

C~ < <  CH [1] 

I~d >> [~1 [2] 

do not  hold. Here,  C represents  the  differential  capaci- 
tance  of  the  semiconduc tor /e lec t ro ly te  sys tem unde r  cir- 
cums tances  whe re  a dep le t ion  layer exists  at the semicon-  
duc tor  surface  and V represents  the  vo l tage  appl ied to the  
s emiconduc to r  e lec t rode  and exp re s sed  wi th  respect  to a 
re ference  e lectrode.  C~c and Cs are the  differential  capaci- 
tances  per  square  cen t ime te r  of  the  deple t ion  layer of  the  
s emiconduc to r  and of  the  He lmhol tz  layer  at the  semicon-  
duc tor  surface, respect ively ,  r is the  potent ia l  drop over  
the dep le t ion  layer, and ~b H the  change  in He lmhol tz  po- 
tent ia l  drop caused  by the  appl ied  voltage.  

The inequal i t ies  [1] and [2] will  be  satisfied w h e n  the  
doping level  of  the  s emiconduc to r  is low. When this is the  
case, C = C~, t hen  the  Mot t -Schot tky  re la t ionship  

crystals, in absence  of  a gel layer, was g iven  by Smi t  et aI. 
(11-13). The  adsorp t ion  of anions  in dependence  on solu- 
t ion pH and adsorba te  concen t ra t ion  was measu red  by 
the  rad io t racer  m e t h o d  on TiO2 e lec t rode  (14) and for B r -  
ions on a-A1203 (12, 13). 

In the  s i te-dissociat ion site b ind ing  model ,  the  follow- 
ing ampho te r i c  ionizat ion react ions of  surface sites 

SOH2 ~ ~ SOH + H~ ~ [4] 

SOH ~ S O -  + Hs ~ [5] 

are cons idered  together ,  fo l lowing Davis  et al. (9), wi th  
the  surface  c o m p l e x  ionizat ion react ions  

SOH + K~* ~ S O - - K "  + Hs" [6] 

SOH + H~ ~ + A t -  ~ SOH2~-A - [7] 

Here,  s refers to surface values,  K + is a cation, and A -  a n  

anion. S O - - K  ~ is a neutra l ized S O -  site, and SOH.?-A-  a 
neutra l ized SOH2 ~ site. The surface  charge  density,  as 
measu red  by ti tration, is g iven  by 

o-o = F{[SOH~ ~] + [SOH2~-A -] - [SO-]  - [SO--K~]} [8] 

C -2 = (2/eoeqNo)(V - VF~ -- kT/q)  [3] 

can represen t  the  C -2 vs. V data. Here  VFB is the  f la tband 
potential ,  and we cons ider  an n- type s emiconduc to r  wi th  
donor  dens i ty  No. 

In  this note, we discuss,  l ike De Gryse  et al. (1), those  
cases where  ND > 1019 cm -3. We also a s sume  absence  of  a 
redox  sys tem in the  e lect rolyte  solution.  Such  solut ions 
are f r equen t ly  indica ted  as " indi f fe ren t  e lectrolyte"  solu- 
tions. In  their  der iva t ion  of  the  equa t ion  for these  condi-  
tions, De Gryse  et al. as sumed  that  ion adsorp t ion  on 
s emiconduc to r  e lect rodes  like n-TiO2 is absent,  even  at 
the  h igh  - -  f rom a colloid chemica l  po in t  of  v iew - -  elec- 
t rolyte concent ra t ions  usual ly  used  [0.25M K2SO4 + buffer  
(2), 0.33M phospha t e  buffer  (3, 4)]. 

We n o w  direct  our  a t tent ion  to s o m e  colloid chemica l  
aspects  of  the  oxide/e lec t ro ly te  interface.  For  such  sys- 
tems,  ve ry  large surface charge densi t ies  compared  to the  
mercu ry  or AgI  surface are found accompan ied  by qui te  
modes t  va lues  of  t he  e lec t rokinet ic  potent ia l  (5). The very  
large surface  charges,  obta ined  f rom t i t ra t ion data, can be 
expla ined  by the  porous  gel mode l  (6) of  the  oxide-solu- 
t ion interface.  This  model ,  however ,  cannot  be appl ied  
w h e n  such  a gel layer is absent,  as was p roved  for TiO2 
surfaces by Yates et al. (7) by t r i t ium exchange  studies.  
An a l ternat ive  m o d e l  for such  cases is the  site-dissocia- 
t ion site b ind ing  mode l  (8-10) wh ich  involves  a direct  
b ind ing  of  counte r ions  to the surface  charges.  This mode l  
compromises  the  no t ion  of  " indi f fe ren t  electrolyte ."  Ex-  
pe r imen ta l  ev idence  for the  adsorp t ion  of  sod ium ions in 
the  c o m p a c t  layer  of  v i t reous  silica and of  a-AI~O.~ single 

The charge  dens i ty  of  the  adsorbed  ions, which  are lo- 
cated in the  inner  He lmhol tz  plane, is g iven  by 

o-~ = F{[SO--K ~] - [SOH2+-A-]} [9] 

In the  or iginal  ideal ized p lanar  surface  mode l  (9), the  in- 
ner  C, and outer  C2 capaci tances  of  the  compac t  layer and 
the  diffuse layer  capaci tance  are pu t  in series. Values  of  
a round 20 ~F-cm -~ for C2 are genera l ly  found to be satis- 
factory for the  s i te-dissociat ion site b ind ing  model .  S ince  
C, is m u c h  larger  than  C2, the apparen t  compac t  layer ca- 
pac i tance  CH will  also be a round 20 ~F-cm -2. However ,  
f rom capaci ty  m e a s u r e m e n t s  on s emiconduc to r  elec- 
t rodes  an u n e x p e c t e d l y  low value  of  the  He lmhol tz  layer 
capaci tance  (3-6 ~F-cm -2) was found as a c o m m o n  feature  
(15, 16). Dewald  (16) ques t ioned  the use  of a CH value  
taken  f rom work  wi th  the mercu ry  electrode,  for ZnO. 

In our  laboratory,  we pe r fo rmed  coulosta t ic  pulse  relax- 
at ion expe r imen t s  on oxidized Ti /electrolyte  interfaces 
[see Van L e e u w e n  (17, 18) for a d i scuss ion  of  the method].  
The  potent ia l  t ransients  can be  t r ans fo rmed  to complex  
i m p e d a n c e  va lues  Z(j~o). These  i m p e d a n c e  data are fit ted 
to equiva len t  c ircui ts  conta ining f r equency  i n d e p e n d e n t  
e lements  [aperiodic equ iva len t  c i rcui t  (19, 20)] by analysis 
wi th  complex  nonl inear  least squares  (21, 22). 

In the  expe r imen t s  on oxid ized  Ti, where  more  than  
80% of the  re laxa t ion  signal came  f rom the  e lect rolyte  
side of  the  interface,  we found  at least  six re laxat ion  
t imes,  among  t h e m  a diffusional  re laxa t ion  in the  electro- 
lyte. The  equ iva len t  circuits  to be cons idered  are ra ther  
complicated.  We have  no t  yet  f inished the  evaluat ion  of  
our  data, but  two facts have  a l ready been  establ ished.  
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First, the equivalent circuit on the electrolyte side is ~ .  5 
composed of at least two impedances in parallel. This is 
in agreement with circuits proposed by Gerischer (23) and 
Bousse and Bergveld (24), and with the aperiodic equiva- I 
lent circuit for adsorption of electroinactive species with h 
slow adsorption step and negligible charge transfer, as de- 
duced theoretically by Pilla (20). Second, the value of the %" 
Helmholtz layer capacitance is much lower than 20 
gF.cm-2. (~ i .  5 

We proposed a modification of the site binding model I 
(25) in order to reconcile this model with these experi- O 
mental facts. When this model is applied with Cro and elec- o i trokinetic potential data obtained on a-A120~ single crys- 
tals (13), lower (outer) compact layer capacitances are 
indeed required to fit the data. 

We now return to the Mott-Schottky plots. In the fol- I �9 
lowing sections, we propose our modification of the (~ 
treatment by De Gryse et  al.  (1). This modification is v~ 
based on our modified site binding model. 

We consider a surface area of 1 cm ~-. The total surface 0 
charge density ~o is given by Eq. [8]. Two kinds of - ~  
charged surface sites can be recognized: (i) sites SOH24 
and SO-, which can influence the charge in the diffuse 
layer directly, and (ii) sites SOH~-A - and SO--K ~, in 
which charges are shielded by the adsorbed ions. This 
also holds for the charges in the semiconductor. 

For calculation purposes, we think the shielded sites 
moved to one part of the surface and the other sites: 
mainly SOH[, SO-, and SOH, to the remaining part. In 
this way, we obtain two parallel capacitance branches. 
The fraction of the total surface occupied by incomplex- 
ated sites is given by 

f ~ ([SOH2 *] + [SOH] + [SO-])/N~ [10] 

where N~ = surface site density (mol-cm-% 
The capacitance between the surface area f of the un- 

complexated sites and the outer Helmholtz plane is the 
real Helmholtz capacitance CH (~F/f-cm 2 of the 1 cm 2 con- 
sidered). 

We introduce the following assumptions: (i) the surface 
potential at the semiconductor surface is the same every- 
where. Thus, the potential drop 6~c over the depletion 
layer is also the same everywhere; (ii) the potential drop 
in the Gouy layer can be neglected; (i i i)  the variation of 
Cs as a function of the change of the potential drop 6H 
over this capacitance is negligible. (Experimentally, we 
found some potential dependency, see Fig. 2); and (iv) the 
fraction f does not depend on the variation of the applied 
potential. 

The last assumption is supported by the work of Kaz- 
arinov et  al .  (14), who found that the potential variation 
has virtually no effect on the amount  of adsorbed anions. ~,  

The applied voltage (with respect to the flatband situa- 
tion) can follow two pathways: over the complexated sites 
and over the uncomplexated sites. We follow the latter 

path 4, 6 
V - V~B = (b~o + 6 .  [11] 

b. 
In the case considered, one has V > V~B, (~c > 0, and ~bH > :1 
0. In  the Mott-Schottky approximation [exp ( - q ~ J k T )  << 
1], the space charge q~c in the semiconductor is given by "% 4.  4 

q~ = (2eeoND)~/2(~b~ - k T / q )  ~12 [12] -r 

per square centimeter. (9 
However, behind the surface area f, this charge is fqs~. 4 . 2  I 

We take the charge in surface states q,,,f in the surface 

I area f and the charge in the uncomplexated sites Cro.f to- 
gether 

Q~ = q~.~ + Cro,~ [13] 4 

Since we have now based the charges and the capacitance 
on the same surface area f, we can write 

r = (fq~o + Q ~ ) / C .  [14] 

From Eq. [13] and [14], the following relationship between 
6 .  and (b~ follows 

I I I I I I 

I1' 
, 9.25 H KNO 3 a' 

"U 
, 9 .9 i  M KNO 3 , '  

RH 3 i a .  

4'. 
, .  

6 + 
, 

~ 4, '1'', 

~ "~ 
~ ,~ 

~ o, 
~ ~ 

~ ~ ~ , ,  

I . . - ' ' " 1  I . . , ' ' "  I I I 

-1 0 1 
E / V(S.C.E. ) 

I 

~ 

2 

Fig. 1. Fit of Eq. [22] to Csc -2 vs. applied potential data. Oxidized 
and activated Ti; A = 4 cm2; in 0.01M (crosses) and 0.25M (squares) 
KNO3 atpH 3.0. 

~H = 2fa(6so m k T / q )  '~2 + Qss/Cn [15] 

where 

a = ( e e o q N J 2 C .  2) [16] 

Inserting Eq. [15] into Eq. [11] and subtracting k T / q  from 
both sides, the following quadratic equation in (6s~ - 
k T / q )  112 is obtained 

V - VFB - k T / q  = ~s~ - k T / q  + 2fa(~sc - k T / q )  '~2 + Q J C H  
[17] 

Hence 

(~sc - k T / q )  "2 = - f a  + [(fa) 2 + (V  - V~B -- k T / q  - QJ CH)]  ~2 
[18] 

Since 6~c is assumed constant over the whole surface of 
the semiconductor, the 6~c calculated with Eq. [18] can be 
inserted in the Mott-Schottky relationship 

C~ -2 = (2 /eeoqN~A2)(~  - k T / q )  [19] 

I I I I I I I I I 

. . ,  KNO 3 pH 3 

""'"'.. 4'II 
,%, " '~ , ,  

�9 ~ i~ "% 
�9 ~ ~176 �9 

%~ %~ o �9 
4, "".... �9 ~ �9 

b... . .  ...... , 
...... .,I,.. "".g,... 

"%'~176 "~ 
~",,o,,,, "%,,%~ 

� 9  o .  2s ...... 

4,0.01 M 

I I I I ! I I I I 

,3 .5 ,7 ,9 1,1 1,3 
E / V(S.C.E. ) 

Fig. 2. Helmholtz capacitance vs. applied potential plots obtained 
by pulse relaxation experiments on oxidized and activated Ti. A = 4 
cm 2, in 0.01M (crosses) and 0.25/,4 (squares; two runs) KNO:~ at pH 
3.0. 
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Table I. Parameters and estimated uncertainties found by least squares fitting of Eq. [22] to C~ data 
Oxidized and activated Ti; A = 4 cm~; e = 100; KNO~ atpH 3 

VFB 
M Fit (V vs .  SCE) 10 -'9 ND (cm -~) CH (~F) ~ Q~~ (C) ~ P (V -~) f 

0.25 1 -1.58 -+ 0.67 6.1 _+ 1.6 1.58 -+ 0.48 -0.3 -+ 1.0 -2.9 -+ 24 0.81 • 0.24 
0.25 2 -1.22 -+ 0.66 5.8 -+ 1.6 1.29 _+ 0.44 -0.5 • 0.8 -4.4 • 12 0.62 -+ 0.20 
0.01 1 -0.52 -+ 0.66 6.1 _+ 2.8 1.52 _+ 0.80 -0.3 • 0.9 5.1 • 10 0.71 • 0.34 
0~01 2 -0.71 • 0.62 5.3 -+ 2.8 1.34 • 0.72 0.03 • 0.6 -30 • 175 0.72 _+ 0.40 

Refers to fract ionf  of i cm 2 surface area. 

w h e r e  we  i n t r o d u c e d  t he  sur face  area  A of  the  e l ec t rode  
e x p o s e d  to t h e  so lu t ion .  

I n t r o d u c t i o n  of Eq. [18] in  Eq. [19] y ie lds  

Csc -~ = (2/eoeqNoA'2){V - VFB -- k T / q  - Q J c H  + 2(af)  ~ 

- 2 a f [ ( a f )  ~ + ( Y  - V~B - k T / q  - Q J C R ) ]  ~j'2} [20] 

Q~ can  be  d e p e n d e n t  on  r162 In  o rde r  to keep  t he  calcula-  
t ions  m a n a g e a b l e ,  we i n t r o d u c e d  a l inea r  d e p e n d e n c y  of  
Q~ o n  r  

Q~s = Q J  + PQ~~ - k T / q )  [21] 

With  th i s  Q~s i n t r o d u c e d  in Eq. [14], we ar r ive  at  

C~r -2 = (2 / eoeqN~A~B2){B(V  - V~,B - k T / q  - Q~~ + 2(af) 2 

- 2af[(a f )"-  + B ( V  - V~B - k T / q  - Qs# ' /C.)]  '~'2} [22] 

w h e r e  

B = (CH + PQs~~ 

For  our  e x p e r i m e n t s  w i th  t h e  pu l se  r e l a x a t i o n  m e t h o d ,  i t  
is no t  n e c e s s a r y  to c o m b i n e  C= w i t h  a c o m p a c t  layer  ca- 
pac i t ance  in to  a c apac i t ance  C, as d o n e  b y  De Gryse  e t  a l .  

(1). Two of  t he  r e l axa t i ons  can  be  a t t r i b u t e d  to t h e  semi-  
c o n d u c t o r  side. We t u r n e d  t h e  two RC c i rcui t s  in  ser ies  
(Voigt  c i rcui t )  in to  t he  Maxwel l  c i rcu i t  as u s e d  b y  Tom-  
k iewicz  (3, 4). One  of  t he  two c a p a c i t a n c e s  shows  Mott -  
S c h o t t k y  b e h a v i o r  a n d  is C~; t he  o t h e r  c a p a c i t a n c e  is pre-  
s u m a b l y  C~. F r o m  our  c i rcui t  ana lys is ,  we also f ind a 
va lue  for  CH as u s e d  in  the  e q u a t i o n s  above .  

However ,  we  f i t ted Eq. [22] w i th  V~B, Cm ND, fi Q~~ a n d  
P as p a r a m e t e r s  to t he  e x p e r i m e n t a l  da ta  by  a non l in -  
ear  l eas t  s q u a r e s  c o m p u t e r  p r o g r a m ,  u s i n g  a M a r q u a r d t  
a l g o r i t h m  (26). T h e n  we  can  c o m p a r e  t he  p r e d i c t e d  CH 
va lues  w i t h  t h e  e x p e r i m e n t a l  ones.  

We shal l  n o w  a p p l y  Eq.  [22] "to C= v s .  V(SCE) da ta  ob- 
t a i n e d  on  ox id i zed  Ti [30 ra in  in  O2 at  700~ fo l lowed by  
ac t iva t ion  at  600~ for  30 m i n  in 1:7 H.#N., (27)1 in  KNO:~ 
so lu t ions  at  p H  3. F igu re  1 s h o w s  C~-'-'  v s .  V(SCE) plots .  
The  po t en t i a l  r eg ion  access ib le  to m e a s u r e m e n t  was  lim- 
i ted  b y  b r e a k d o w n .  T he  C~ da ta  are  m o d e r a t e l y  accu ra t e  
b e c a u s e  less t h a n  20% of t he  r e l a x a t i o n  s ignal  in  t h e s e  ex- 
p e r i m e n t s  o r i g i n a t e d  f rom t he  s e m i c o n d u c t o r  s ide of  t he  
in ter face .  This  is r e l a t ed  to t h e  low CH c a p a c i t a n c e  a n d  
t he  h i g h  d o n o r  c o n c e n t r a t i o n  in t he  s e m i c o n d u c t i n g  ox- 
ide  layer.  T h e  va lues  of  CH as f o u n d  b y  ana lys i s  of  t he  
pu l se  r e l a x a t i o n  da ta  are s h o w n  in Fig. 2. Ful l  de ta i l s  of  
t h e s e  e x p e r i m e n t s  wil l  be  p r e s e n t e d  e l sewhere .  I n  Fig. 1, 
fits of  Eq. [22] to  t he  e x p e r i m e n t a l  da ta  are shown.  The  
e x p o s e d  su r face  a rea  A = 4 cm'-' a n d  e = 100 was  u s e d  in 
t he  ca lcu la t ions .  The  final  va lues  of  t he  p a r a m e t e r s  
f o u n d  b y  t he  leas t  s q u a r e s  f i t t ing p rocedure ,  s t a r t ing  
f rom two  d i f f e ren t  sets  of in i t ia l  va lues ,  are s h o w n  in 
Tab le  I, t o g e t h e r  w i th  t he  u n c e r t a i n t y  of  t h e s e  values.  In  
the  co r r e l a t i on  ma t r ix ,  t he  co r r e l a t i on  coeff ic ient  be-  
t w e e n  t he  V ~  a n d  Q~#' p a r a m e t e r s  is h i g h e s t  (> 0.6). Wi th  
t h e s e  p a r a m e t e r s ,  ~b~c can  be  so lved  f rom Eq. [17] or Eq.  
[18]. I n  Fig. 3, t h e  C~ -x da ta  are  p l o t t ed  v s .  t h e s e  cb~ 
values .  The  e x t r a p o l a t e d  l inea r  l eas t  s q u a r e s  l ines  in ter -  
sec t  t he  h o r i z o n t a l  axis  at  4 ~  = k T / q ,  c o n f o r m  Eq. [19]. 
The  d i f f e rences  in  s lope  are r e l a t ed  to t h e  u n c e r t a i n t i e s  in  
ND. A c c o r d i n g  to t h e s e  ca lcu la t ions ,  less  t h a n  10% of t he  

vo l tage  app l i ed  to t h e  e l ec t rode  is f o u n d  b a c k  as a c h a n g e  
in ~b=. 

F r o m  Fig. 2, one  can  see t h a t  CH var ies  f rom 1.17 to 1.03 
~ F - c m  -2 (A = 4 c m  ~) in  t he  app l i ed  vo l t age  interval .  The  
m e a n  value ,  1.1 /xF-cm-'-', is w i t h i n  t he  e s t i m a t e d  unce r -  
t a in t i es  equa l  to t h e  CH va lues  of  Tab le  I. Thus ,  t he  m o d e l  
is w i t h  r e s p e c t  to C .  c o n s i s t e n t  w i th  t he  e x p e r i m e n t a l  
facts.  As  t h e  p a r a m e t e r  f conce rns ,  i t  is a s u p p o r t  for  t h e  
mode l  to see  t h a t  t he  va lues  f o u n d  by  the  curve- f i t t ing  
are i n d e e d  f rac t ions ,  a l t h o u g h  w i t h  t he  u n c e r t a i n t i e s  
u n i t y  can  be  exceeded .  T h e s e  unce r t a in t i e s ,  un fo r tu -  
nate ly ,  m a k e  it i m p o s s i b l e  to d r a w  c o n c l u s i o n s  a b o u t  t he  
e x t e n t  of  a d s o r p t i o n  f rom t h e s e  p a r a m e t e r s .  We a t t r i bu t e  
t h e  sh i f t  of  VrB to m o r e  nega t i ve  p o t e n t i a l s  on  an  inc rease  
of  t he  KNO3 c o n c e n t r a t i o n  to a h i g h e r  a d s o r p t i o n  of  NO3- 
ions.  A p p r o x i m a t e l y  the  s a m e  sh i f t  was  f o u n d  in  KC1 so- 
lu t ions  at  pH 3. This  i nc r ea se  of  a d s o r p t i o n  of  e lec t ro ly te  
ions  w i t h  i n c r e a s i n g  b u l k  e lec t ro ly te  c o n c e n t r a t i o n  can  
also be  de r i ved  f r o m  the  c i rcu i t  e l e m e n t s  on  t he  e lectro-  
lyte  s ide  of  t h e  to ta l  e q u i v a l e n t  c i rcu i t  of  t h e  in terface .  

The  Q~s va lues  ca lcu la ted  w i t h  Eq. [21] are negat ive ,  set- 
t ing  as ide  t h e i r  unce r t a in t i e s .  F r o m  our  zeta  po t en t i a l  
m e a s u r e m e n t s  on  t h e  s a m e  ox id ized  Ti p la tes ,  we f o u n d  
t h a t  p H  3 is b e l o w  the  i soe lec t r ic  p o i n t  (28). On  i so la tor  
ox ides  l ike  a-A1203, (ro.f is equa l  to m i n u s  t he  cha rge  in t h e  
d i f fuse  layer  a n d  is of  t h e  o rde r  of  txC-cm -~. B e l o w  the  
i soelec t r ic  poin t ,  (ro,f is pos i t ive  for  s u c h  oxides.  I f  th i s  re- 
m a i n s  t rue  for t he  TiO~ e lec t rodes ,  t h e n  t he  nega t ive  Qs~ 
va lues  w o u l d  p o i n t  to nega t ive ly  c h a r g e d  sur face  states.  

Conclusions 
The  m o d e l  u s e d  is an  e x t e n s i o n  of  t he  t r e a t m e n t  by  De 

Gryse  e t  a l .  (1). The  m o d e ]  p r ed i c t s  f r o m  the  C =  -'~ v s .  ap- 
p l ied  vo l t age  cu rves  C~ va lues  w h i c h  are  c o n s i s t e n t  w i t h  
e x p e r i m e n t a l l y  f o u n d  CH values .  The  m o d e l  is b a s e d  on  a 
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modified colloid chemical site-dissociation site binding 
model. This modification was introduced to reconcile the 
original model with experimental facts found at semicon- 
ductor/electrolyte electrodes: low values of the Helmholtz 
layer capacitance and at least two parallel impedance 
branches on the electrolyte side. 

Manuscript received Jan. 2, 1985. 
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Economic Optimization of Electrolyzers by an Extension of Ibl's 
Formula 

Thomas Z. Fahidy* 
Department  of  Chemical Engineering, University of  Waterloo, Waterloo, Ontario, Canada, N2L 3G1 

The well-known optimization formula of Ibl (1) 

= [1] 

is based on the assumptions that (i) a linear relationship 
between cell potential V and current density i exists 

V = V1 + Ri [2] 

(ii) the variable investment  cost and time are linearly re- 
lated 

K = aAt [3] 

and (iii) the current efficiency (at the cathode) is inde- 
pendent  of current density. In  an electrorefining process 
where V, may be negligible, the sum of the investment  
cost and the cost of electricity may be written, in conse- 
quence, as 

CT ~ At(Rbi 2 + a) 

or, removing time as an explicit variable 

zFm 

If ec = const., Eq. [1] immediately follows by setting 
dCT/di = 0. 

The third condition, independence of current effi- 
ciency of current density, is obeyed only in a limited 
number  of electrodeposition processes; in faet, ec may be 
a distinct function of i, all other parameters being con- 
stant (e.g., in the electrowinning of zinc). Under such cir- 
cumstances, Eq. [1] either underestimates or overesti- 
mates the true optimum, as illustrated in Fig. 1. The 

*Electrochemical Society Active Member. 

opt imum current density is found by differentiating Eq. 
[4] and setting it to zero 

dCT _ ( oCvl ( OCTI dec 
\ - - ~  ].c + \-~-~o J , T = o [5] 

Upon rearrangement, the expression 

( - ~ + R b ) e c = ( ~ + R b i )  deCdi 

is obtained; the final form of the optimization formula 

d log ec Rbi"- - a 
- - - F ( i ) -  - -  [ 6 ]  

d log i Rbi ~ + a 

replaces Eq. [1]. As shown in Fig. 1, the intersection of 
the experimental d log edd log i curve with F(i) yields the 
optimal current density. The procedure is simpler if the 
current efficiency is a power function of the current den- 
sity of the form ec = A / i  m or ec = Ai  ~" where A and m are 
empirical parameters. Then, d log eJd log i equals - m  or 
+m, respectively, and defines a straight line parallel to 
the/-axis.  In fact, the analytical solution 

i* (1 -+  m~"-' ( a ~1/2 
= \ 1 ~ - m /  \-b-R-/ [7] 

in such cases obviates a graphical solution. 
To il]ustrate the magnitude of error introduced by 

using Eq. [1] instead of Eq. [6] when the latter is war- 
ranted, consider a copper electrorefining process where 
the mild dependence 

ec = 95.94 - 6.25i% [8] 

[i]: kA/m ~ 
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+ 1 - -  

d log ec 

Current density 

Fig. |. Optimal current density via Ibl's formula (Eq. [1]) and its ex- 
tension (Eq. [6]). 

is assumed to be empirically known. Using Ibl's estimates 
(1) of a = 6.29 • 10 -3 $/m2-h, b = 1 • 10 -~ $/Wh, and R = 9 
• 10 -4 ~-m, the expressions 

d log ec/d log i = -6.25//(95.94 - 6.25i) 

and 

F(i) = (9i ~ - 6.29)/(9i 2 + 6.29) 

are obtained. Then, a graphical construction yields i* 
792 A/m 2, which is 44 A/m'-' less than the estimate via Eq. 
[1]. If  er is a sharper function of i, the error could be much 
larger. The extended Ibl formula is recommended for 
optimization problems where the er relationship cannot 
be ignored and the optimum is narrow, but more sophisti- 
cated optimization procedures (e.g., 2, 3) are not 
warranted. 

Manuscript submitted Oct. 22, 1984; revised manuscript 
received Feb. 4, 1985. This was Paper 411 presented at the 
Toronto, Ontario, Canada, Meeting of the Society, May 
12-17, 1985. 
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LIST OF SYMBOLS 

A total electrode area 
a investment  cost per unit electrode area and unit 

t ime 
b specific energy price 
CT sum of the variable investment  cost and the cost of 

electricity 
ec current efficiency 
i current density; i* is its optimal value 
K variable investment  cost 
M molar mass of electrolytic product 
m amount  of electrolytic product 
R cell resistance per unit electrode area 
V cell potential; V, is its zero-current value 
t t ime 
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Visible Absorption Spectra of Solid Thionine on an Sn02 Substrate 
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Thionine-coated electrodes have received some atten- 
tion (1-3) because of their possible use as converters of so- 
lar energy to electricity. Thionine has been electrochemi- 
cally deposited on conducting electrodes held at static (1, 
4) or cycled (2, 3) potentials. Unfortunately, little is known 
of the structure of the stable thionine layers deposited by 
these methods. 

It has been suggested (2) that the layers consist of thio- 
nine molecules linked by carbon-nitrogen bonds; how- 
ever, surprisingly little spectroscopic information is avail- 
able to substantiate this suggestion. Albery et al. (1) have 
reported a broad absorption between 400 and 600 nm for 
layers deposited on SnO~ at a fixed potential. This spec- 
trum is largely unresolved, but it does indicate a general 
maximum between about 560 and 640 nm. 

Thionine in aqueous solution absorbs with a relatively 
narrow peak centered at 600 nm with a shoulder absorp- 
tion at 575 nm due to the presence of a labile dimer (5). It 
is clearly important to obtain more highly resolved ab- 
sorption spectra for the electrochemically deposited thio- 
nine and to ascertain whether  there are spectral differ- 
ences between the layers deposited at static and cycled 
potentials. No absorption spectra have been previously 
reported for layers deposited by the latter method. 

The purpose of the present paper was to obtain absorp- 

tion spectra for both types of electrochemically deposited 
layers and to compare these with the spectra of solid thio- 
nine layers deposited by several different methods. 

Materials and Methods 
All reagents used in the present study were of analytical 

reagent grade, except  for SbCI~, which was of reagent 
grade, ethanol, which was of spectroscopic quality (Ajax 
Chemicals, Spectrosil grade), and thionine, which was of 
biological grade (Gurr). The method of purification of the 
thionine and the purity checks carried out have been de- 
scribed previously (3). All solutions were prepared with 
water which had been redistilled once after distillation 
from alkaline permanganate. Argon gas was ICI Special 
Grade and contained less than 7 ppm of 02. Conducting 
SnO,., electrodes were prepared by the method described 
previously (3). 

Visible absorption spectra were determined with a 
Hewlett-Packard 8450A absorption spectrophotometer 
and fluorescence spectra were determined with a Perkin 
Elmer 650-40 fluorescence spectrophotometer. The 
cycled-potential deposition of thionine layers was carried 
out with the cyclic vol tammetry equipment  described 
previously (3), except  that the working electrode com- 
prised an 8 • 5 cm plate of conducting SnO~ glass and the 
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counterelectrode was a polymethylmethacrylate plate of 
the same size coated with a thick layer of vacuum-de- 
posited gold. The potential was cycled between 0.05 and 
1.40V (NHE) during the deposition. A potential of 1.40V 
(NHE) was maintained for the static-potential deposi- 
tions. Solutions for the electrochemical deposition of thi- 
onine contained 0.050 mol-dm -3 H2SO4 and 6 x 10 -5 
mol-dm -~ thionine in water. 

In order to enable the subtraction of the background 
absorbance of the uncoated SnO2 plate, only half of the 
electrode was immersed in the deposition solution. 

Absorption spectra were then measured at a min imum 
of five positions across the coated portion of the plate 
and at the same number  of positions across the uncoated 
portion. The coated plates were washed in distilled water 
and dried in a vacuum desiccator before the spectra were 
measured. 

Oxygen-free thionine depositions were carried out un- 
der an argon atmosphere inside a glove bag which was 
maintained under  a positive pressure of argon during the 
deposition (ca. 12h). All solutions were thoroughly deoxy- 
genated prior to use. Thionine was evaporated from aque- 
ous solution in a polymethylmethacrylate "boat" con- 
structed with an SnO2 base. The evaporation process was 
carried out at 333 K inside the glove bag. Absorption mea- 
surements were also carried out in an argon atmosphere 
in these cases. 

Results and Discussion 
Figure 1 shows the progressive growth of the absorp- 

tion spectrum of the SnO2 electrode as thionine is depos- 
ited thereon by the cycled-potential method. Figure 2A 
shows the absorption spectra after 7h of deposition by the 
cycled-potential (curves 1-3 in Fig. 2A) and static- 
potential (curve 4 in Fig. 2A) methods. The differences be- 
tween the spectra for the two modes of electrochemical 
deposition are not significant and are about the same or- 
der of magnitude as the reproducibili ty of the spectra. 

The electrochemically deposited layers of thionine are 
compared with the layers of thionine deposited by evapo- 
ration of an aqueous thionine solution in Fig. 2C. The lay- 
ers deposited by bulk evaporation did not differ signifi- 
cantly from layers obtained by spraying the electrode 
with an aqueous or ethanolic solution of thionine, and the 
spectra were not significantly different when the deposi- 
tions were carried out in the absence of oxygen. 

The electrochemically deposited layers in Fig. 2A 
mainly differ from the evaporated layers in the 490-500 
nm region, where the electrochemical deposition has pro- 
duced a prominent  peak. Extensive leaching of the elec- 
trochemical layers with water, ethanol, dimethylene chlo- 
ride, n-hexane, and toluene did not substantially reduce 
the peak at 495 nm, whereas the solid thionine peaks at 
longer wavelengths were largely removed after ethanol 
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Fig. 1. Absorption spectra showing the progressive growth of layers 
of solid thionine deposited on Sn02 by the cycled-potential method. 
Deposition potential = 0.05-1.40V (NHE). Sweep rate = 100 
mV-s-'. Spectra were recorded after 20, 60, 120, 240, and 420 min 
of cycling (curves 1, 2, 3, 4, and 5 respectively). Each error bar repre- 
sents the 50% confidence interval associated with the mean of five 
absorbances determined at different positions on the Sn02 electrode. 
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Fig. 2. Region A: Absorption spectre of thionine electrochemically 
deposited on Sn02 by the cycled-potential method (curves 1-3) and by 
the static-potential method (curve 4). Spectra were recorded after 
420 min of deposition and have been normalized to the same ob- 
sorbance at 495 nm. Region B: Absorption spectra of solid thionine 
deposited on Sn02 by the cycled-potential method (420 min) after two 
types of extractive treatment. Curve 1: by solvent extraction in etha- 
nol of the layer in Fig. 2A, curve 1. Curve 2: by voltage cycling of the 
layer in Fig. 2A, curve 2 in 0.050 mol-dm -3 H2S04 for 26h between 
0.05 and 1.40V (NHE) at 100 mV-s -1. Each error bar in regions A 
and B represents the 50% confidence interval associated with the 
mean of five absorbances determined at different positions on the 
Sn02 electrode. Region C: Absorption spectrum of solid thionine de- 
posited on Sn02 by the evaporation of aqueous thionine in air at 
333 K. The spectrum is the mean of the spectra of four different 
evaporated samples normalized to the same average absorbance, and 
the error bars represent 50% confidence intervals in the means. 

leaching (Fig. 2B, curve 1). The eluent from the ethanol 
extraction had the same fluorescence excitation spec- 
trum and fluorescence emission spectrum as thionine so- 
lution. The amount  of fluorescent solute removed from 
the layer was in the vicinity of 4 x 10 -,1 mol-cm -2, which 
suggests that about 45% of the layer is soluble when one 
obtains an estimate of the layer thickness (45-50 mona- 
layers) by cyclic voltammetry. Thionine deposited by 
evaporation from bulk solution or by spraying an SnO2 
glass surface was completely removed by ethanol. 

Repeated voltage cycling (0.05 to 1.40V (NHE) at 100 
mV-s- ' )  of the electrochemically deposited layers in 0.050 
mol-dm -3 H2SO4 almost completely removed the solid thi- 
onine peaks in the 550-650 nm region, while the peak at 
around 495 nm was not substantially decreased, even 
after 26h of voltage cycling (Fig. 2B, curve 2). 

The above observations indicate that the electrochemi- 
cally deposited thionine layers contain a solvent extracta- 
ble component  which is probably occluded thionine and 
a strongly bonded component  with a prominent  absorp- 
tion peak around 495 nm. 

The variability of the solvent extractable thionine re- 
gion (550-650 nm) in the layers in Fig. 2A suggests that 
electrochemical deposition causes the occlusion of vary- 
ing amounts of loosely bonded thionine. 

The strongly bonded material absorbing around 495 nm 
has an extinction coefficient of (1.7 -+ 0.I) x I0 :~ m~-mol -,. 
This determination required the layer thickness, which 
was measured by cyclic voltammetry on the coated elec- 
trode in a background electrolyte comprising 0.050 
mol-dm -:~ H.2SO4. The layer thickness was obtained using 
the background-corrected charge enclosed by the cyclic 
voltammogram. It was assumed that the reduction and 
oxidation of the layer occurred by a process involving 
two electrons per monomer unit and that all the material 
in the layer was electrochemically active. If these assump- 
tions do not hold, then the replication error shown for the 
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extinction coefficient may be an underestimate of the ac- 
tual error. 

The solvent-resistant material absorbing around 495 nm 
appears only in the electrochemically deposited layers 
and does not appear in the spectrum of evaporated thio- 
nine layers. This material is probably the thionine poly- 
mer, which Bauldreay and Archer (2) suggest is deposited 
by the electrochemical process. 
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The rotating ring-disk electrode (RRDE) is a very useful 
tool for studying chemical corrosion in the dark and light- 
stimulated corrosion of semiconductor  materials im- 
mersed in liquid media (1-3). This method is most often 
used to evaluate the extent to which the capture of 
photogenerated minority carriers by soluble redox spe- 
cies competes with surface corrosion. The resolution of 
this problem is critical to the development  of photoelec- 
trochemical solar cells, especially for readily corrodable 
low bandgap n-type covalent materials (4-10). In this case, 
the efficiency of the protective reductant is measured by 
the stabilization factor, S, defined as the ratio of the cur- 
rent resulting from the oxidation of the reducing agent, 
iox, to the total photocurrent  ip~oto = iD, obtained at the 
semiconductor disk electrode. The value of iox is calcu- 
lated by dividing the ring current iR by the collection 
efficiency N of the RRDE. Therefore, we must know the 
latter quantity accurately. 

For a metal-metal RRDE, the evaluation of N is easily 
obtained from the geometric parameters of the electrode 
(11) or from the slope of the iR VS. iD curve. With a semi- 
conductor disk, the problem is more complex. The first 
method is oftet] inconvenient  because of the low geomet- 
rical definition of round hand-machined semiconductor 
disks. The second method requires the use of a fully pro- 
tective fast redox couple (S = 1) whose existence has to 
be proved beforehand, for example, by RRDE. There is 
therefore an obvious need for a method which does not 
imply the existence of such a couple. In this paper, we 
suggest a new method which consists in an in situ provi- 
sional metallization of the n-type semiconductor disk and 
the use of this Schottky diode, forward biased in the dark, 
to monitor the reduction of an oxidant. The value of N is 
then obtained by measuring the ring electrode current 
used in collection (oxidation) or shielding (reduction) of 
the oxidant being reduced at the metallized disk elec- 
trode. The thin metal layer deposited on the semicon- 
ductor protects its surface from possible chemical corro- 
sion, by hole injection, from the dissolved acceptor 
species. Additionally, it can also protect it against reduc- 
tive decomposit ion under the negative biases used here. 
Thus, the n-type semiconductor,  being in the dark and 
cathodically polarized, is protected against any kind of 
corrosion. 

To check this method, we have considered a corrodable 
n-type semiconductor material, n-GaAs, the photoprotec- 
tion of which involved the use of strong air-sensitive 
reductants (8-12). The oxidizing agent was an aqueous so- 
lution of ferricyanide, and the deposited metal was gold. 
The ring electrode was also made from gold in order to 
avoid masking steps during plating. 

*Electrochemical Society Active Member. 

The experimental  data presented here lead to a collec- 
tion factor which tallies well with that calculated on a 
carefully and geometrically well-defined electrode. As 
the deposited metal can be eliminated later by polishing 
and etching, the checked electrode can then be used for 
further experiments.  This technique can evidently be 
adapted to other semiconductor materials. 

Experimental  
Our rotating ring-disk electrode consists of a demount- 

able setup as first conceived by Menezes et al. (9). The 
semiconductor disk is cut from n-GaAs <100> single- 
crystal slices (MCP Electronic Materials Limited; thick- 
ness = 500 tLm; ND = 2 • 10 TM cm-'~). 

Rear-side ohmic contacts are formed by melting a Sn 
and NH4C1 mixture at 350~ under N~ flow. The semicon- 
ductor is carefully centered in the system and threaded to 
planarity to the ring. The remaining gap between the disk 
and the ring is then filled with a cyanoacrylate (Loctite 
IS 430). Excess adhesive is removed with dimethylforma- 
mide (DMF), and the ring and disk made coplanar by pol- 
ishing with 3 and 1 ~m diamond pastes before each ex- 
periment. Samples are etched twice with H:~PO4:H202:H20 
(1:1:18 volume ratio, 15~ solutions and then dipped for a 
few seconds in HCI:CH:~OH (1:1 volume ratio) mixture. To 
dismount the disk, the adhesive is dissolved in an ul- 
trasonically agitated bath containing DMF at 40~ 
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Fig. 1. I-E curves at rotating disk electrodes in Fe(CN)6 :}-, 10-3M, 
pH 5 (acetate b u f f e r ) ,  co = 600 rprn. Curve a: n-GeAs/Au (photoos- 
slsted rnetollization). Curve b: n-GoAs/Au (electrolytic deposition). 
Curve c: gold electrode. 
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Electrolytic solutions are prepared from reagent-grade 
chemicals (Merck and Prolabo) and distilled water. The 
ferricyanide solution is 10-~M at pH 5 (acetate buffer). We 
use a two-compartment  cell containing 80 cm 3 of solution. 

This cell is fitted with a saturated calomel electrode 
(SCE), a platinum counterelectrode, and an optical flat 
window at the bot tom to allow the disk to be il luminated 
by light conducted by an optical fibre. The electrode is 
driven by an Oxford variable rotation speed motor. Cur- 
rent-voltage curves are obtained with a Tacussel bipoten- 
tiostat and an HP plotter monitored by an Apple IIe mi- 
crocomputer.  

Nominal dimensions are (r3/r,) = 1,467 and (r2/r,) = 
1,195. The corresponding theoretical collection factor is N 
= 0.328. 

Photoassisted deposition of gold is realized by illumina- 
tion of the electrode immersed in a 3 • 10-3M AuC13/0.1N 
HC104 solution for a few minutes. The surface is then 
rinsed with distilled water and blown dry. The thin film 
obtained does not seem to be uniform, and, following the 
statement of Frese et  al. ,  the estimated gold thickness is 
around 200~ (14). 

For electrolytic gold deposition, we use a 20 g-l i ter- '  
KAu(CN)~, 100 g-l i ter- '  sodium citrate aqueous solution at 
pH 5 maintained at 70~ The density of current is 10 
mA-cm -~, and the duration 15s. The electrode is then 
washed and dried as above. With a faradaic efficiency of 
100%, the metal thickness should be close to 1500~. The 
deposit is adherent and quite uniform. 

Resul ts  and  D iscuss ion  
The behavior of n-GaAs in ferricyanide solutions, at 

various pH values, has been studied in prior works (1, 2, 
13-15). This redox system is pH independent  above pH 4, 
and its Fermi level is located below the valence bandedge 
of GaAs at pH 14 and within its forbidden bandgap at pH 
6 (1, 2). In an alkaline medium, hole injection is thus 
possible, and we do observe corrosion in such conditions 
in the dark. At pH 6, corrosion apparently stops. These re- 
sults, as well as the general features of the current-voltage 
curves (not reported here), are in full accord with the ex- 
perimental results of the above-cited works. After gold 
deposition, chemical corrosion is no longer observed. 
Such improvement  in the stability of gold-covered GaAs 
has been previously noted by Frese et al.  with other 
redox couples, even under il lumination (14). These inter- 
faces behave like Schottky diodes with a barrier height of 
several hundred millivolts (16) in series with the solution, 
as proved by Menezes et  al.  (15). The dark current-voltage 
curves obtained in 10-'~M Fe(CN)6 '~- at pH 5 with the gold- 
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Fig. 2. iR-i D curve in Fe(CN)63- i 0 - ~ M ,  pH 5 (acetate buffer) at 
n-GaAs/Au electrode (photoassisted metallization). ED = - 0 . 4 V  vs. 
SCE, ER = 0.6V vs. SCE, co = from 0 to 1600 rpm collection effi- 
ciency, N = 0.310.  
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plated GaAs electrodes are compared with the curves ob- 
tained on a pure gold electrode in Fig. 1. With GaAs/Au 
electrodes, the curves normally shift toward negative 
voltages due to the solid-state Schottky barrier formed. 
The better barrier is clearly obtained with the electrolytic 
deposition of gold. As the shape of these curves has no 
influence on the precision of the S calculation, we do not 
try to optimize them. 

Figure 2 shows the iR VS. iD plot obtained for the first 
type of metallization (photoassisted deposition). The 
slope yields a collection efficiency of 0.310, close to its es- 
t imated nominal  value. The iR vs .  i ,  curve obtained with 
the second method of metallization is represented in Fig. 
3. The slope of this straight line gives a collection factor 
equal to 0.320, which seems very reliable. 

After removing the protective thin gold layer by succes- 
sive polishing and etching of the surface, the bare elec- 
trode can again be used for classical electro- or photoelec- 
trochemical studies. The provisional gold deposition 
appears to have no remaining influence on the subse- 
quent electrode behavior. This is proved by the iD-ED and 
iR-ED curves obtained with our electrode, in 7M NaI, 
10-~M HI under  photon flux-limited conditions, (Fig. 4), 
as these curves are absolutely the same before and after 
gold treatment and subsequent  cleaning. The highly con- 
centrated iodide solution is used to suppress the semicon- 
ductor photocorrosion process by promoting hole trans- 
fer to the solution (17, 18). In the dark, the reverse disk 
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Fig. 3. iR'ib curve in Fe(CN)63- 10-3M, pH 5 (acetate buffer) at 
n-GaAs/Au electrode (electrolytic metallization). ED = - 0 . 4 V  vs. 
SCE, ER = 0.6V vs. SCE, co = from 0 to 2400  rpm collection effi- 
ciency, N = 0.320.  
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Fig. 4. iD-ED and ie-E,  curves at RRDE (recovered disk) in Hal 7M, 
HI 10-2M under photon flux-limited conditions, co = 600 rpm. ER = 
- 0 . 2 V  vs. SCE. The insert shows the corresponding iR-iD curve for this 
electrode, under illumination, in the same medium. 
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current is negligible (good Schottky barrier at the semi- 
conductor/electrolyte interface). The residual ring current 
corresponds to the reduction of the iodine quickly formed 
in such highly concentrated iodide solution. The iR vs. iD 
plot in the insert of Fig. 4 is linear with slope N = 0.317, 
agreeing with the above. Inversely, this conformity 
proves that a good photo stabilization of GaAs is obtained 
in such media. These results will be discussed elsewhere. 

Conclusion 
The analysis of the reduction dark current generated at 

the metallized n-type semiconductor disk of a RRDE al- 
lows its collection efficiency to be determined reliably. 
The salient point is that this provisional gold metalliza- 
tion can be easily and completely removed when the mea- 
surement of the collection factor has been made. The re- 
covered electrode can thus be successfully used for 
further photoelectrochemical quantitative experiments 
requiring knowledge of the collection efficiency. 
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A B S T R A C T  

S ing le  c rys ta l s  of  n - type  SnS~Se2_x (x = 1.04) o b t a i n e d  b o t h  b y  t r a n s p o r t  a n d  B r i d g m a n  m e t h o d s  e x h i b i t  a n  ene rgy  
gap  of 1.53 eV. T h e  f l a tband  p o t e n t i a l  is p H  d e p e n d e n t ,  a n d  i ts  va lues  in  ac id ic  a n d  a lka l ine  so lu t ions  are, respec t ive ly ,  
0.06 a n d  - 0 . 6 V  (SCE). In  t he  dark,  S n S S e  is s t ab le  in  ac id ic  m e d i u m ,  b u t  t he  s tab i l i ty  dec rea se s  as  p H  increases .  It  is 
also u n s t a b l e  in  ac id ic  so lu t ions  c o n t a i n i n g  t he  ox id iz ing  f o r m  of  a r e d o x  r e a g e n t  w i t h  a suff ic ient ly  pos i t i ve  r e d o x  po- 
t en t i a l  (ca. m o r e  pos i t ive  t h a n  0.8V/SCE). T he  p r e s e n c e  of  a n  ox id iz ing  fo rm of  a r e d o x  c o u p l e  in  a lka l ine  m e d i u m  en- 
h a n c e s  t he  a l r eady  ex i s t i ng  co r ro s ion  reac t ion .  T he  co r ros ion  r eac t ion  is a c c o m p a n i e d  w i t h  a n  a n o d i c  cu r ren t .  The  cor- 
ros ion  ra te  as wel l  as t h e  m a g n i t u d e  of  t h e  anod ic  c u r r e n t  d e p e n d s  on  p H  a n d  t he  c o n c e n t r a t i o n  of  t he  ox id iz ing  s ta te  of  
the  couple .  L i g h t - d r i v e n  r eac t i ons  in  b o t h  ac id ic  a n d  a lka l ine  m e d i a  are co r ros ion  reac t ions .  Howeve r ,  d e c o m p o s i t i o n  
m a y  be  avo ided  in  ac id ic  so lu t ion  c o n t a i n i n g  p o t a s s i u m  iodide.  

The  so l id  so lu t i on  SnSxSe2_x can  b e  p r e p a r e d  over  the  
en t i r e  c o m p o s i t i o n  r a n g e  f rom SnS2 to SnSe2. Com- 
p o u n d s  o b t a i n e d  are  l aye red  s e m i c o n d u c t o r  w i t h  CdI.,- 
t ype  s t ruc tu re .  Opt ica l  p r o p e r t i e s  of  t h e  m i x e d  ser ies  
SnSxSe2 x ( w h e r e  0 < x < 2) h a v e  a l r eady  b e e n  s t ud i ed  (1). 
I n d i r e c t  e n e r g y  gaps  o b t a i n e d  v a r y  l inear ly  b e t w e e n  
SnSe2 (1.09 eV) a n d  SnS,.sSe0.5 (1.75 eV). A dev i a t i on  f rom 
l inea r i ty  is o b s e r v e d  b e t w e e n  SnS1.sSe0.5 a n d  SnS~ (2.22 
eV). P h o t o e l e c t r o c h e m i c a l  p r o p e r t i e s  of  SnS2 h a v e  al- 
r eady  b e e n  s t u d i e d  (2), a n d  i t  s e e m s  i n t e r e s t i n g  to con-  
s ider  t he  t e r n a r y  c o m p o u n d .  

A l t h o u g h  th i s  t e r n a r y  c o m p o u n d  cou ld  p r e s e n t  a par t ic -  
u la r  i n t e r e s t  in  so lar  e n e r g y  c o n v e r s i o n  b e c a u s e  of  i ts  ad- 
j u s t a b l e  e n e r g y  gap,  it h a s  no t  ye t  r e ce ived  a t t e n t i o n  in 
p h o t o e l e c t r o c h e m i s t r y .  SnSSe ,  w h o s e  r e p o r t e d  e n e r g y  
gap  is 1.52 eV (1), w h i c h  is an  o p t i m u m  va lue  for  solar  
s p e c t r u m ,  c o u l d  b e  a n  i n t e r e s t i n g  c a n d i d a t e  for  solar  en- 
e rgy  c o n v e r s i o n  in to  e lect r ica l  or c h e m i c a l  energy.  

Experimental 
SnSxSe2_x s ing le  c rys ta l s  we re  o b t a i n e d  b o t h  b y  t r ans -  

po r t  a n d  B r i d g m a n  m e t h o d s .  In  b o t h  cases,  s t o i ch iome t -  
ric a m o u n t s  of pur i f i ed  t in  su l fu r  a n d  s e l e n i u m  were  
used.  In  t he  t r a n s p o r t  m e t h o d ,  i od ine  a n d  b r o m i n e  we re  
the  t r a n s p o r t i n g  agen ts .  T he  c h a r g e  zone  was  at  630~ a n d  
t he  t r a n s p o r t  zone  at  580~ S ing le  c rys ta l s  of  SnS~Se2 x (3 
• 3 • 0.1 ram)  we re  o b t a i n e d  w i t h i n  a week.  In  t h e  
B r i d g m a n  m e t h o d ,  t h e  t r a n s p o r t  zone  was  f ixed at  780~ 
a n d  t he  t e m p e r a t u r e  g r a d i e n t  was  70~ Ingo t s  of  10 c m  
l e n g t h  w i t h  1 c m  d i a m  were  ob ta ined .  M i c r o p r o b e  analy-  
sis i n d i c a t e d  t h a t  t he  c o m p o s i t i o n  of  t h e  s a m p l e s  pre-  
p a r e d  b y  t r a n p o r t  was  x = 1.04. F o r  t h o s e  p r e p a r e d  b y  
B r i d g m a n  t e c h n i q u e ,  t he  s a m e  c o m p o s i t i o n  was  f o u n d  
for t he  h i g h e r  p a r t  of  t h e  t u b e  (x = 1.05). The  c o m p o s i t i o n  
for  t h e  l ower  a n d  t h e  cen t r a l  pa r t s  of  t he  t u b e  was  ap- 
p r o x i m a t e l y  x = 1.2. Hal l  m e a s u r e m e n t s  gave  a ca r r i e r  
c o n c e n t r a t i o n  of  6 • 10 '7 c m  -~3 a n d  a res i s t iv i ty  of  0.36 
~ - c m  at  r o o m  t e m p e r a t u r e  for  s a m p l e s  p r e p a r e d  b y  t r ans -  
por t  m e t h o d ,  a n d  a ca r r i e r  c o n c e n t r a t i o n  of 2 • 10 '" c m  -:~ 
a n d  a r e s i s t iv i ty  of  200 ~ - c m  for  t h o s e  p r e p a r e d  b y  
B r i d g m a n  m e t h o d .  Elec t r ica l  c o n t a c t  was  a c h i e v e d  u s i n g  
In -Ga  eu tec t i c  a n d  s i lver  pas te .  S a m p l e s  we re  m o u n t e d  
on  a c o p p e r  p la t e  c l eaved  a n d  i n s u l a t e d  w i t h  Dow 
C o m i n g  glue. On ly  t he  v a n  de r  Waals  sur face  was  ex-  
p o s e d  to t he  so lu t ion .  E l e c t r o c h e m i c a l  e x p e r i m e n t s  we re  
p e r f o r m e d  u s i n g  c lass ical  m e t h o d s .  Capac i t ance -vo l t age  

m e a s u r e m e n t s  w e r e  p e r f o r m e d  u s i n g  5206 E.G.E. lock- in  
ampl i f ie r  w i th  a n  i n c o r p o r a t e d  f r e q u e n c y  genera to r .  A 
250W t u n g s t e n  h a l o g e n  l a m p  was  u s e d  as l igh t  source .  
S a m p l e s  were  i l l u m i n a t e d  b y  m o n o c h r o m a t i c  l igh t  (~ = 
600 nm,  100 ~W-cm-~),  u s i n g  a J O B I N - Y V O N ,  m o n o c h r o -  
mator .  Fo r  t h e  l i gh t -d r iven  co r ro s ion  s tud ie s  a n d  pho to -  
po t en t i a l  d e t e r m i n a t i o n ,  w h i t e  l igh t  was  u s e d  (200 
mW/cm~). Ana ly t i ca l -g rade  c h e m i c a l s  a n d  de ion i zed  w a t e r  
we re  u s e d  for  t h e  p r e p a r a t i o n  of  t h e  so lu t ions .  Resu l t s  in  
th i s  p a p e r  c o r r e s p o n d  to t he  c rys ta l  w i t h  a c o m p o s i t i o n  x 
= 1.04 g r o w n  b y  B r i d g m a n  t e c h n i q u e  d e s i g n a t e d  as 
S n S S e  in t h e  text .  

All p o t e n t i a l s  are  r e f e r r ed  to t he  s a t u r a t e d  ca lomel  elec- 
t rode .  

Results 
Electrode reactions in the dark . - -SnSSe  has  a d iode- l ike  

b l o c k i n g  b e h a v i o r  in  acidic  so lu t ions  ( the  d a r k  c u r r e n t  
b e i n g  e q u a l  to 4 x 10 -7 A-cm -2 at  a n o d i c  potent ia ls ) ;  how-  
ever,  t h e  d a r k  c u r r e n t  i nc r ea se s  w i th  i n c r e a s i n g  pH,  a n d  
at  p H  = 14 a s u b s t a n t i a l  i nc r ea se  in a n o d i c  c u r r e n t  is ob- 
served.  F igu re s  1 a n d  2 d e m o n s t r a t e  t he  b e h a v i o r  of  
S n S S e  in ac id ic  a n d  a lka l ine  media .  The  va r i a t i on  of  
anod ic  c u r r e n t  at  1.0V (SCE as a f u n c t i o n  of  p H  is s h o w n  
in  Fig. 3). A s h a r p  inc rease  in  c u r r e n t  is o b s e r v e d  at  p H  
va lues  g r ea t e r  t h a n  7. The  a n o d i c  c u r r e n t  is a c c o m p a n i e d  
w i t h  t he  co r ro s ion  of t he  sample .  The  co r ro s ion  in  alka- 
l ine  so lu t ion  is e n h a n c e d  u p o n  a d d i t i o n  of  t h e  ox id i zed  
s ta te  of  a r e d o x  r e a g e n t  s u c h  as Fe(CN)~ ~-. The  cor ros ion ,  
as wel l  as t he  d a r k  cu r ren t ,  d e p e n d s  o n  t he  c o n c e n t r a t i o n  
of  t h e  ox id i zed  f o r m  of t he  r e d o x  couple .  The  da rk  cur-  
r e n t  a n d  t h e  co r ro s ion  i n t e n s i t y  i n c r e a s e  w i t h  i n c r e a s i n g  
c o n c e n t r a t i o n  of Fe(CN)~ :3-. F i g u r e  4 d e m o n s t r a t e s  t he  
va r i a t i on  of a n o d i c  c u r r e n t  as a f u n c t i o n  of  Fe(CN)j  ~- con-  
c e n t r a t i o n  in K O H  (pH = 14). In  acidic  m e d i u m ,  
Fe(CN)6 '~- c o n t r i b u t e s  ve ry  l i t t le  to t h e  i nc rease  of  a n o d i c  
c u r r e n t  (8 • 10 -~ A - c m  -2) a n d  co r ros ion  of  t he  e lec t rode ,  
w h e r e a s  Ce 4~ d e c o m p o s e s  t he  e l ec t rode  w i t h  a h i g h e r  ra te  
a n d  a n  a n o d i c  c u r r e n t  is e s t a b l i s h e d  u p o n  a d d i t i o n  of  
Ce 4~. The  c u r r e n t  is a f u n c t i o n  of  t h e  c o n c e n t r a t i o n  of ce- 
r i u m  ion  (Fig. 5). The  co r ro s ion  p r o d u c t  in  a lka l ine  me-  
d i u m  c o n t a i n i n g  Fe(CN)6 :~- a n d  ac id ic  m e d i u m  c o n t a i n i n g  
Ce 4~ is a y e l l o w - b r o w n  layer  w h i c h  depos i t s  o n  t he  surface .  

C a t h o d i c  po l a r i za t i on  of  S n S S e  l eads  a lso to a decom-  
pos i t i on  reac t ion .  H y d r o g e n  e v o l u t i o n  does  no t  t ake  p lace  
due  to t he  ene rge t i c  pos i t i on  of  t h e  c o n d u c t i o n  b a n d .  The  
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Fig. I .  Photocurrent and dark current vs .  electrode potential in H.zS04 
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Fig. 2. Photocurrent and dark current vs. electrode potential in KOH 
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Fig. 4. Variation of dark current as a function of potassium ferricya- 
nide concentration at p H 14 (V = + IV) .  
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Fig. 5. Variation of dark current as a function of Ce ~ concentration in 
H._,S04 O.5M (V = + 1V). 
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Fig. 3. Logarithmic variation of dark current as a function of solution's 

pH (V = + I V ) .  

d e c o m p o s i t i o n  p r o d u c t  w h i c h  covers  t he  e lec t rode  sur- 
face was  p r o v e d  to be the  lower  ox ide  of  t in  (SnO) by  
x-ray analysis .  

F igures  6 and  7 d e m o n s t r a t e  the  Mot t -Scho t tky  p lo ts  
for samples  p r e p a r e d  by B r i d g m a n  and  t r anspor t  meth-  
ods, respect ive ly ,  f l a tband  potent ia l  shif ts  to more  nega- 
tive value as p H  increases .  The s lopes  ( a s suming  e = 10) 
gave a carr ier  concen t r a t i on  of  1.3 x 10 TM and  4.6 x 10 '7 
cm -:~ for B r i d g m a n  and  t r anspo r t  samples ,  respect ively .  
These  values  are in a g r e e m e n t  wi th  t hose  d e t e r m i n e d  by  
Hall m e a s u r e m e n t s .  

Electrode reactions under ittumination.--I(V) curves  are  
d e m o n s t r a t e d  in Fig. 1 and  2. A nega t ive  d i s p l a c e m e n t  of  
p h o t o c u r r e n t  onse t  in alkal ine m e d i u m  is observed .  The  
f la tband po ten t ia l  values  are con f i rmed  by a plot  of  
square  of  p h o t o c u r r e n t  as a func t ion  of  potent ia l  at 760 
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Fig. 6. Matt Schottky plots, a: in H2S04 0.SM. b: in KOH 1M 
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Fig. 7. Matt Schottky plot in H~S04 0.SM 

n m  w h e r e  the  cond i t ion  ~w < <  1 and  a l p  < <  1 is 
satisfied, Fig. 8. 

The spect ra l  d e p e n d e n c e  of the  p h o t o c u r r e n t  at con- 
s t an t  p h o t o n  flux is s h o w n  in Fig. 9. A p lo t  o f  (I,hhv) ~''~ 
as a func t ion  of  h ,  yields  the  va lue  of  1.53 eV as the  first 
ind i rec t  t rans i t ion ,  w h i c h  is in a g r e e m e n t  wi th  the  value 
found  in t he  l i te ra ture  (1). When  e l ec t rodes  were  illumi- 
na t ed  u n d e r  wh i t e  l ight  (200 mW/cm 2) at 0.5-1V polariza- 
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Fig. 8. Square of photocurrent at 760 nm vs. applied voltage, a: H:SO~ 
0.SM. b: KOH 1M. 
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,, Fig. 9. Spectral response of SnSSe in H2S04 O.SM. a: Ip~ vs. light en- 
ergy. b: (hv Iph) '/2 vs. light energy. 

t i on  in  e i t h e r  ac id ic  or bas ic  so lu t ion ,  a b r o w n  layer  was  
f o r m e d  a f te r  a p p r o x i m a t e l y  30 rain.  There fore ,  t he  l ight-  
i n d u c e d  r e a c t i o n s  in  ac id ic  a n d  a lka l ine  so lu t ions  are cor- 
ro s ion  reac t ions .  T he  s a m e  co r ros ion  layer  was  f o u n d  in  
t he  d a r k  in t he  p r e s e n c e  of  t h e  ox id i zed  fo rm of a r edox  
couple .  The  s tab i l i ty  of  t he  e l ec t rode  can  b e  s u b s t a n t i a l l y  
i m p r o v e d  in  ac id ic  so lu t ion  c o n t a i n i n g  2M p o t a s s i u m  io- 
dide.  The  p r e s e n c e  of  I:~- in  ac id ic  m e d i u m  shi f ts  t h e  
f l a t b a n d  p o t e n t i a l  a n d  t h e  p h o t o c u r r e n t  o n s e t  to m o r e  
nega t i ve  va lues  as in  t he  case  of  s o m e  o t h e r  d i cha lcogen-  
ides.  The  n e g a t i v e  sh i f t  d e p e n d s  on  t he  c o n c e n t r a t i o n  of  
I3-. The  sh i f t  ha s  b e e n  c o n s i d e r e d  to b e  due  to I3- adso rp -  
t ion  (2-5). P h o t o p o t e n t i a l s  (Tab le  I) are  sma l l  a n d  do  no t  
va ry  w i th  r e d o x  coup les '  p o t e n t i a l  as theore t i ca l ly  pre-  
d ic ted.  

The  e n e r g y  d i a g r a m  of  S n S S e  a n d  t he  pos i t i on  of  differ- 
en t  r e d o x  r e a g e n t s  w i t h  r e s p e c t  to e n e r g y  b a n d s  is dem-  
o n s t r a t e d  in  Fig. 10. I t  can  b e  seen  t h a t  t he  r e d o x  po ten-  
t ials of  all coup l e s  u s e d  in  th i s  e x p e r i m e n t  are s i t ua t ed  in  
the  b a n d g a p  region.  

Discussion 
Cor ros ion  r e a c t i o n  in  t h e  d a r k  in t he  p r e s e n c e  of  r e d o x  

r e a g e n t s  h a s  a l r eady  b e e n  r e p o r t e d  in  t he  case  of  CdS,  
CdSe,  a n d  SnS~ (3, 6, 7). In  t he  case  of  CdSe,  t he  co r ros ion  
is i n d e p e n d e n t  of  p H  a n d  r e d o x  c o u p l e  c o n c e n t r a t i o n ,  
a n d  i t  d e p e n d s  p r i m a r i l y  on  t he  r e d o x  coup le ' s  po ten t ia l ,  
w h i c h  s h o u l d  be  suf f ic ien t ly  pos i t ive .  T he  d a r k  a n o d i c  
c u r r e n t  was  n o t  a f fec ted  for  C d S e  or for  CdS. Cor ros ion  
of  SnS2 is i n d e p e n d e n t  of  p H  in  so lu t ions  no t  c o n t a i n i n g  
r e d o x  couples ,  b u t  i t  d e p e n d s  on  t h e  c o n c e n t r a t i o n  of  
r e d o x  r e a g e n t s  u s e d  a n d  i t  is a c c o m p a n i e d  w i th  a n  a n o d i c  

Table I. Difference between light and dark steady-state Vo~ 

Medium Photopotential (mV) 

0.5M H2SO4 + I-/I~ 210 
0.5M H~SO~ + Fe(CN), 4-''~- 260 
0.5M H2SO4 + Fe '2~3~ 220 
0.5M H..,SO4 + Br-/Br2 250 
0.5M H.~SO4 + Ce 3~j4~ 240 
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Fig. 10. Energy scheme of SnSSe in H2SO 40.5M and in KOH 1M (pH 
= 14). 

cur ren t .  Cor ros ion  of S n S S e ,  h o w e v e r ,  d e p e n d s  on  t h e  
pH,  a n d  a s u b s t a n t i a l  i n c r e a s e  in t he  d a r k  c u r r e n t  is ob- 
s e rved  w h e n  p H  is inc reased .  A t  p H  = 14, t he  ana lys i s  of  
t he  so lu t ion  i n d i c a t e s  t h a t  s e l e n i u m ,  sulfur ,  a n d  t in  dif- 
fuse  ou t  in to  t h e  solut ion.  The  co r ro s ion  p r o d u c t  w h i c h  
s tays  b a c k  on  t he  sur face  was  also d i s so lved  in  K O H  a n d  
the  ana lys i s  i n d i c a t e d  t h a t  i t  was  c o n s t i t u t e d  of a m i x t u r e  
of  s e l e n i u m ,  sulfur ,  a n d  t in.  I t  s e e m s  t h a t  .in a lka l ine  me-  
d ium,  h y d r o x i d e  ions  r eac t  w i t h  t he  s e m i c o n d u c t o r  in  
s u c h  a way t h a t  s e l e n i u m  a n d  su l fu r  are s u b s t i t u t e d  by  
t h e s e  ions  in  a r eac t i on  s u c h  as 

S n S S e  + 4 O H -  --~ Sn(OH)4 + S = + S ~  [1] 

F r o m  the  fac t  t h a t  t he  co r ros ion  r eac t i on  is accom-  
p a n i e d  w i th  an  a n o d i c  cu r r en t ,  i t  is r e a s o n a b l e  to a s s u m e  
t h a t  a p a r t  of  S = a n d  Se = f o r m e d  a c c o r d i n g  to r eac t ion  [1] 
w h o s e  ene rg i e s  are  suf f ic ien t ly  h i g h  c a n  in jec t  e l ec t rons  
in to  t he  c o n d u c t i o n  b a n d  a n d  a pa r t  d i f fuse  ou t  in to  t he  
so lu t ion  a c c o r d i n g  to t h e  fo l lowing  r eac t i ons  

S = ---, S -+ 2e -  S- + H20 ---> S H -  + O H -  
[2] 

S e - ~ S e +  2e -  Se  = + H 2 0 ~ S e H -  + O H -  

On t he  o t h e r  h a n d ,  t h e r m o d y n a m i c  c o n s i d e r a t i o n  indi-  
ca tes  t h a t  Sn(OH)~ d isso lves  pa r t l y  to SnO:~ = in a lka l ine  
m e d i u m  (8) 

2Sn(OH)4 ~ SnO3- + SnO2 + 3H~O + 2H ~ [3] 

The  p r e s e n c e  of  sulfur ,  s e l e n i u m ,  a n d  t in ,  b o t h  in t he  
so lu t ion  a n d  in  t he  layer  w h i c h  depos i t s  on  t h e  surface,  
a n d  t he  fac t  t h a t  t he  to ta l  c h a r g e  c o n s u m e d  d u r i n g  t he  
e lect rolys is  is s ix  t i m e s  sma l l e r  t h a n  t h e  c o n c e n t r a t i o n  of  
d i s so lved  t in ,  w o u l d  s u p p o r t  t h i s  i n t e rp r e t a t i on .  The  addi-  
t i on  of  Fe(CN)63- to t he  a lka l ine  so lu t i on  inc reases  t h e  
anod ic  c u r r e n t  a n d  t he  co r ros ion  rate.  T h e  m a g n i t u d e  of  
t he  a n o d i c  c u r r e n t  a n d  t h e  co r ro s ion  ra te  d e p e n d  on  t h e  
c o n c e n t r a t i o n  of  Fe(CN)63-. C o r r o s i o n  leads  to t h e  forma-  
t ion  of  a y e l l o w - b r o w n  layer  on  t he  sur face ,  a n d  in  t h i s  
case  i t  p r i m a r i l y  cons i s t s  of  su l fu r  a n d  se l en ium.  

The  a m o u n t  of  t in  f o u n d  in t he  sur face  layer  was  v e r y  
small ,  a n d  t he  ana lys i s  of  t he  so lu t i on  i n d i c a t e d  t h a t  i t  dif- 
fuses  ou t  in to  t h e  solut ion.  As in  t he  p r e c e d i n g  case,  t he  
to ta l  c h a r g e  p r o d u c e d  d u r i n g  t he  overa l l  r e ac t i on  was  six 
t i m e s  smal l e r  t h a n  t he  c o n c e n t r a t i o n  of S n O ~  f o u n d  in  
t he  solut ion.  The  s ame  p h e n o m e n o n  was  o b s e r v e d  in  t he  
case  of  SnS2 (3), a n d  it s eems  t h a t  t he  s a m e  m e c h a n i s m  
for t he  co r ro s ion  r e a c t i o n  in  the  d a r k  c a n  b e  c o n s i d e r e d  

S n S S e  + 2(1 + x) Ox + 3H=,O ~ SnO:S 

+ 6H ~ + S + S e +  2 ( l + x )  R e d + 2 ( 1 - x ) e -  [4] 

A c c o r d i n g  to r e a c t i o n  [4], (Ox) in jec t s  a ho le  in  t he  su r face  
s ta tes  s i t ua t ed  in  t he  b a n d g a p  r eg ion  (Fig. 11), b r e a k i n g  a 
c h e m i c a l  b o n d  in  a first  s tep.  In  a s e c o n d  step,  a pa r t  of  
t he  i n t e r m e d i a t e  p r o d u c t  f o r m e d  in jec t s  an  e l ec t ron  in to  
the  c o n d u c t i o n  b a n d .  2(1 - x)e- w o u l d  c o r r e s p o n d  to t h e  
a n o d i c  c u r r e n t  obse rved .  The  c o r r o s i o n  p r o d u c t  in  th i s  
case  is i den t i ca l  to t h a t  u n d e r  i l l u m i n a t i o n  a n d  t in  is com- 
p le te ly  d i s so lved  a n d  pas ses  in to  t h e  so lu t ion ,  in  c o n t r a s t  
to co r ro s ion  in  p u r e  KOH. Th i s  m a y  b e  due  to the  fac t  
t h a t  (Ox) can  in jec t  a ho le  w h i c h  is e q u i v a l e n t  to a pho to -  
i n d u c e d  hole.  

In  ac id ic  so lu t ion ,  Fe(CN)~ 3- c o n t r i b u t e s  ve ry  l i t t le  to 
t he  i nc r ea se  of  a n o d i c  c u r r e n t  a n d  to t he  co r ros ion  reac- 
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Fig. 11. Redox potential of Ce :~/4~ and Fe(CN)~ 4-/3- relative to the 
bandedges in H2S04 O.SM and KOH 1M. The values of k have been 
taken from Ref. (10). 

tion. This m a y  be  due  to the  pos i t ive  shift  of  the  f la tband 
potent ia l  so that  a p roper  over lap does not  exis t  be tween  
surface states and the  energy  level  of the  oxid ized  form of 
this couple  for wh ich  k = 0.6 eV (Fig. 11). However ,  the 
oxidized form of a couple  wi th  a more  posi t ive  potential ,  
such as Ce% produces  a corros ion react ion and increases 
substant ia l ly  the  anodic  current  in acidic  solution. It  can 
be seen f rom Fig. 11 that  an over lap  exists  be tween  sur- 
face states and the  oxidized form of  ce r ium for wh ich  k = 
1.25 eV. Note  that  only  d is t r ibut ion  funct ions  of  oxidized 
species (Fe(CN)63- and Ce 4~) are p lo t ted  in Fig. 11. 

As was ment ioned ,  the e lec t rode  undergoes  a ca thodic  
decompos i t i on  react ion at ca thodic  potent ials ;  the  reac- 
t ion p roduc t  is the  lower  oxide  of  t in (SnO) which  depos- 
its on the  e lec t rode  and has been  ident i f ied  by x-ray anal- 
ysis. The  fo l lowing react ion can be cons idered  for 
cathodic  decompos i t i on  in acidic med ium.  

S n S S e  + H20 + 2H ~ + 2e-  ---> SnO + H2S + H=,Se [5] 

We shall  now discuss  the  e lec t rode  react ions unde r  illu- 
minat ion.  These  react ions are decompos i t i on  react ions in 
both  acidic  and alkal ine media.  In  both  cases, t in diffuses 
out  into the  solut ion and a m ix tu r e  of  sulfur  and se len ium 
stays on the surface  according  to the  react ions 

S n S S e  + 4h § ~ Sn 4~ + S + Se [6] 

S n S S e  + 4h* + 3H20 --> SnO3= + S + Se + 6H ~ [7] 

As p rev ious ly  ment ioned ,  corros ion p roduc t s  are iden- 
tical to those  found dur ing  the  e lec t rode  decompos i t ion  
in the  dark in the  p resence  of  r edox  reagents.  Substant ia l  
i m p r o v e m e n t  can be ach ieved  in the  stabil i ty in acidic so- 
lu t ion conta in ing  po tass ium iodide.  The  anodic  polariza- 
t ion (+ 1V) u n d e r  whi te  l ight  (200 mW-cm -2) for 4h in a 2M 
I - ,  0.05M I2, and 0.5M H~SO4 solut ion did not  lead to cor- 
rosion. The analysis of  the  solut ion did not  show any 
trace of  tin, and cur ren t  s tayed stable at 7 mA-cm 2. 

Shifts in pho topoten t ia l s  do not  fol low the redox cou- 
ple 's  potential .  This is due to the  ex is tence  of  dark cath- 
odic cur ren t  at potent ia ls  pos i t ive  to the f la tband posi- 
tion. Surface  states should  be at the  origin of the  dark 
current  onse t  at potent ials  pos i t ive  to VrB. On the  o ther  
hand,  in the  case of  Ce 4~ and Br3-, the  anodic  current,  due 
to corrosion,  l imits  the  band  bending;  therefore,  in the 
p resence  of  Ce 3~/4~ and Br- /Br3- ,  the  band  bending  in the  
dark is m u c h  smal ler  than expec ted ,  leading to approxi-  
mate ly  the  same  pho topo ten t i a l  as in the presence  of  
Fe  2+/3~ and Fe(CN)~ 4-~-.  The  same p h e n o m e n o n  has been  
observed  prev ious ly  in the  case of  SnS2 and ZrS3 (1, 9). As 
the  anodic  and ca thodic  dark  currents  d e p e n d  on the  con- 
cent ra t ion  of  the  r edox  species in the  solution,  it is wor th  
men t ion ing  that  photopotent ia l ,  par t icular ly  in the  pres- 
ence  of  Ce 3§ and Br- /Br3- ,  decreases  wi th  increas ing 
concent ra t ion  of  the  above  reagents.  

Conclusion 
It  has been  shown  that  SnSSe ,  a layered- type  semicon-  

duc tor  wi th  an energy  gap of  1.53 eV, has a diode-l ike be- 
havior.  A l t h o u g h  l ight -dr iven react ions  are corros ion re- 
actions, the stabil i ty can be i m p r o v e d  substant ia l ly  in the  
p resence  of  an acidic solut ion conta in ing  po tass ium io- 
dide. 
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Reduction in Polysilicon Oxide Leakage Current by Annealing prior 
to Oxidation 

K. Shinada, S. Mori, and Y. Mikata 
Toshiba Corporation, Semiconductor Device Engineering Laboratory, Saiwai-ku, Kawasaki, Japan 

ABSTRACT 

The mechanism of leakage current reduction in phosphorus-doped po]ysilicon oxide by high temperature annealing 
prior to low temperature oxidation was investigated by bias polarity dependence of oxide leakage current, polysilicon 
grain size measurement,  and polysilicon surface observation. Increased phosphorus concentration in polysilicon makes 
the grains larger and smoothens the surface roughness; consequently, the highest electric field is obtained at the phos- 
phorus concentration of about 6 • 102~ cm-'~. Even at the opt imum concentration, leakage current due to field enhance- 
ment at the interface between polysilicon oxide and polysilicon is still high. Leakage current can be reduced remarkably 
by high temperature annealing prior to oxidation, especially at the optimum concentration. The annealing effect is ex- 
plained by interface flatness improvement  due to grain growth during annealing and increase of phosphorus atoms in 
grains. Phosphorus atom migration from the grain boundaries inside the grains is considered to enhance the grain 
growth. 

Thermal oxide grown on heavily doped polysilicon is 
commonly used as the dielectric of MOS LSI's. Particu- 
larly, in a floating polysilicon gate EPROM's and 
EEPROM cells polysilicon oxide (poly-oxide) hardness to 
the electric field plays an important role in determining 
data retention characteristics. However, poly-oxide is well 
known to be more conductive than bulk silicon oxide, 
which has been attributed mainly to surface roughness at 
the poly-oxide/polysilicon interface. 

A smoother interface is obtained by oxidizing polysili- 
con at higher temperatures (1), where the viscous flow of 
the oxide and the small dependence of oxidation rate on 
polysilicon orientation can moderate the surface rough- 
ness generated by oxidation. A similar improvement  in 
the surface roughness is attained by using polysilicon 
with amorphous structure (2). Also, high temperature an- 
nealing just  after polysilicon oxidation improves the 
breakdown field (3). This improvement  is explained by 
the release of stress in the structure, which prevents fur- 
ther flawing induced after the oxidation and thermal 
cycling. 

In this paper, the role and mechanism of high tempera- 
ture annealing prior to oxidation of phosphorus-doped 
polysilicon is investigated as an effective means  of im- 
proving the reliability of low temperature oxidized poly- 
oxide. The bias polarity dependence of Fowler-Nordheim 
tunnel ing current  through poly-oxide, measurement of 
the polysilicon grain size, and observation of the oxidized 
polysilicon surface using TEM and replica techniques are 
reported. 

Experimental 
Polysilicon films with thickness of 0.40 ~m were de- 

posited by low pressure chemical vapor deposition 
(LPCVD) at 620~ onto thermally oxidized Si substrates 
and were doped with phosphorus by diffusion at 900~ 
from a POC13 source. Prior to oxidation, 0.30 ~m thick 
CVD oxide films were deposited onto the doped polysili- 
con films, and annealing was performed at 950 ~ and 
ll00~ for 10 min in N~ atmosphere. Some of the Si sub- 
strates remained unannealed,  as shown in the experimen- 
tal procedure of Fig. 1. High temperature annealing with- 
out CVD film in inert gas atmosphere causes the 
outdiffusion of phosphorus and sometimes results in 
grain growth in the vertical direction, which enhances the 
surface roughness. After annealing, CVD oxide film was 
removed and 400-500~, thick poly-oxide was formed at 
950 ~ and 1000~ in dry O2 atmosphere. The upper doped 
polysilicon electrodes were formed to fabricate polysili- 
con]poly-oxide/polysilicon capacitors. The capacitor area 
was 250 x 400 ~m ~. 

The Fowler-Nordheim current through poly-oxide was 
measured by applying positive and negative bias voltage 
to the upper polysilicon electrodes, and effective barrier 

height (~B)e, for the poly-oxide was calculated from 
Fowler-Nordheim plots, using the well-known equation 
[1] (4) 

j/E2=exp ( 4(2m)~(qbB)eff 3z2 1 )  
- -  3eh ; m = 0.4mo [1] 

It is said, based on photocurrent measurements,  that the 
barrier height for poly-oxide is comparable to that for ox- 
ide grown on single Si substrate (5), but  it is speculated 
that the electrical barrier height is lowered by field en- 
hancement  at the poly-oxide/polysilicon interface. 

The critical electric field for the poly-oxide was esti- 
mated from the applied positive voltage to provide 10 -9 
AJmm 2 low level leakage current. Grain size and surface 
roughness of the oxidized polysilicon were investigated 
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Fig. 1. Experimental procedures and capacitor structure 
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in polysilicon. Critical field is defined as applied positive voltage, 
which provides 10 -9 A/mm 2, divided by poly-oxide thickness. 

by means of TEM and replica observations. The poly- 
oxide thickness was obtained by capacitance measure- 
ment. The phosphorus concentration in polysilicon was 
analyzed by AES. In these experimental  conditions, the 
concentration profiles are nearly uniform in the poly- 
silicon films even after phosphorus diffusion from a 
POC13 source, because of the high diffusivity along grain 
boundaries. 

Results and Discussion 
A critical electric field depends upon phosphorus con- 

centration in the polysilicon. An optimum concentration 
exists at about 6 • 1020 cm-% and the critical field de- 
creases in regions of both lower and higher concentration, 
as shown in Fig. 2. This result agrees with the data of pre- 
vious reports (6, 7). Oxidation was performed at 950~ 

Fowler-Nordheim plots for the poly-oxide leakage cur- 
rent at 2.5 x 102o cm -3 and a photograph of the oxidized 
polysilicon surface obtained by replica technique are 
shown in Fig. 3. Poly-oxide is first removed in NH4F in 
order to observe the interface between poly-oxide and 
polysilicon by this technique. When a positive bias is ap- 
plied to the upper polysilicon electrode, the poly-oxide is 
more conductive, owing to electron emission from the 
lower polysilicon. This phenomenon can be explained by 
surface roughness at the poly-oxide/polysilicon interface, 
as indicated by the polysilicon surface photograph. Thus, 
the Fowler-Nordheim current is determined by low effec- 
tive barrier height induced by local field enhancement at 
the asperity. 

The grain size is larger and the surface roughness be- 
comes smoother with increasing phosphorus concentra- 

Fig. 4. Fowler-Nordheim plots for poly-oxide leakage current and 
photograph of oxidized polysilicon surface. Oxidation at 950~ Phos- 
phorus concentration: 5.7 • 10 ~~ cm -3. 

tion in polysilicon, as clearly shown in Fig. 4. The grain 
and grain boundary are clearly distinguished in the po]y- 
silicon surface photograph. This surface flatness im- 
provement is based on grain growth due to incorporation 
of more phosphorus atoms into the grains during the pe- 
riod of phosphorus diffusion from POC13. As a result, the 
critical electric field increases and the maximum value of 
3.5 MV/cm is obtained at the optimum concentration of 
about 6 • I0 ~~ cm -3. However, electron emission from the 
lower polysilicon is still higher than that from the upper 
polysilicon, even at the optimum concentration. On the 
other hand, in the case of oxidation at 1000~ effective 
barrier heights at (+) and (-) bias are 1.14 and 1.63 eV, re- 
spectively, and the bias polarity dependence of Fowler- 
Nordheim current is small compared to that at 950~ oxi- 
dation, because high temperature oxidation improves the 
surface flatness. 

At concentrations higher than about 6 • 1020 cm -3, the 
critical electric field decreases with phorphorus concen- 
tration, in spite of better surface flatness. There is no bias 
polarity dependence of leakage current through poly- 
oxide, as shown in Fig. 5. This means that the critical 
electric field is not necessarily determined by the surface 
roughness. A possible interpretation of the phenomenon 
is poly-oxide degradation, caused by phosphorus and/or 
others clusters in the poly-oxide. Precipitation of a large 
number of phosphorus atoms at the grain boundary, 
which exceeds the solid solubility of about 6 • 1020 cm -3 
at 950~ (8), must  play an important  role in forming such 
clusters. 

The critical electric field becomes higher when the 
sample is annealed at temperatures higher than the phos- 
phorus doping temperature prior to oxidation, as shown 
in Fig. 6. Phosphorus concentration is 5.7 • 102o cm-'% 
Figure 7 shows the relation between the critical electric 
field and phosphorus concentration, for ll00~ annealing 
and no annealing. Solid and dashed lines represent the re- 
lations with and without annealing, respectively. Ira- 

Fig. 3. Fowler-Nordheim plots for poly-oxide leakage current and 
photograph of oxidized polysilicon surface. Oxidation at 950~C. Phos- 
phorus concentration: 2.5 • 102~ cm -3. 

Fig. 5. Fowler-Nordheim plots for poly-oxide leakage current and 
photograph of oxidized polysilicon surface. Oxidation at 950~C. Phos- 
phorus concentration 8.6 • 10 ~~ cm -~. 
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provement  in the critical electric field is attained inde- 
pendent  of the phosphorus concentration. In particular, 
poly-oxide leakage current drastically decreases at the op- 
t imum concentration and the critical field of 4.6 MV/cm 
is obtained, which approaches the critical field of - 7  
MV/cm for oxide grown on single-crystal silicon. 

Fowler-Nordheim plots for poly-oxide leakage current 
at the opt imum concentration for ll00~ annealing and 
no annealing are shown in Fig. 8. The leakage current of 
the annealed sample is almost independent  of the polarity 
of the applied bias voltage. By this annealing, the effec- 
tive barrier height increases from 0.83 to 1.21 eV. This 
phenomenon can be understood by more reduction of 
surface roughness of the grain due to grain growth during 
high temperature annealing, as clearly indicated in 
polysilicon surface photographs of Fig. 4 and 8. The rela- 
tion between the critical electric field and average grain 
size of samples with and without ll00~ annealing is 
shown in Fig. 9. It is clearly seen that the critical electric 
field correlates with the grain size in the phosphorus con- 

Fig. 8. Fowler-Nordheim plots for poly-oxide leakage current and 
photograph of oxidized polysilicon surface. Solid line is for 1100~C 
annealing, and dashed line is for no annealing. 

centration region below about 6 x 1020 cm -3 and high 
temperature annealing plays an important  role in increas- 
ing the grain size. The ratio of phosphorus atoms in the 
grains to the total phosphorus atoms in polysilicon, NJN 
is represented by solid and open circles for ll00~ anneal- 
ing and no annealing in Fig. 10. NG is defined as the num- 
ber of carriers estimated from the po]ysilicon sheet resis- 
tivity and Hall mobility, and N is the number  of 
phosphorus atoms obtained from AES analysis. Values of 
NUN for the samples with and without 1100~ annealing 
are 0.87 and 0.74, respectively, at a phosphorus concentra- 
tion of 5.7 x 1020 cm -3. In the case of 2.5 x 1020 cm ~, 
values of NG/N are 0.80 and 0.41 for the samples with and 
without 1100~ annealing, respectively. These values are 
in good agreement with calculated values as a function of 
annealing temperature for experimental  grain size, using 
Mandurah's segregation model (9). The calculated values 
are represented by solid and dashed lines in Fig. 10. En- 
tropy factor of 1.5 and heat of segregation of 10 kcal/mo] 
are used in this calculation. From these results, phospho- 
rus atom migration from the grain boundaries inside the 
grains is considered to enhance the grain growth during 
high temperature annealing. It is concluded that high 
temperature annealing prior to oxidation can make phos- 
phorus atoms doped into the polysilicon efficiently con- 
tribute to the surface flatness improvement.  

Figure 11 shows critical electric fie]d histograms for 
the samples oxidized at 950 ~ and 1000~ In the case of 
950~ oxidation, the distribution peak for the annealed 
samples clearly moves toward higher electric field and 
the critical electric field for this annealed sample is 
higher than that for unannealed samples oxidized at 
1000~ 
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Conclusion 
Leakage current characteristics of the phosphorus- 

doped polysilicon oxide formed at low temperature are 
studied by bias polarity dependence of leakage current, 
polysilicon grain size measurement,  and polysilicon sur- 
face observation. 

Increased phosphorus concentration in polysilicon 
makes the grains larger and smoothens the surface rough- 
ness. Simultaneously, the leakage current decreases in 
the concentration region below about 6 • 102~ cm -3. The 
highest electric field is obtained at about 6 • 10 ~~ cm -3. 
However, leakage current due to field enhancement  at 
the interface between poly-oxide and polysilicon is still 
high. At concentrations of greater than about 6 • 1020 
cm -3, leakage current is not determined by the surface 
roughness but  presumably is due to poly-oxide degrada- 
tion. Leakage current can be reduced remarkably by high 

100 

950~ OXIDE 
NOT ANNEALED 

9 5 0 ~  OXIDE 
ANNEALED 

(1100~ 

I000 ~ OXIDE 
NOT ANNEALED 

8O 
Ld 
J 

60 

03 
,,_ 40 
o 

~ 2O 

I l I i I I i I I I [ 

0 1 234 5 01 234 5 01 23 45 

CRITICAL ELECTRIC FIELD (MV/crn) 
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temperature annealing prior to oxidation, especially at 
about 6 x 10 '-'~ cm -~. This annealing effect is explained by 
surface flatness improvement due to grain growth during 
annealing and increase of phosphorus atoms in grains. 
Phosphorus atom migration from the grain boundaries in- 
side the grains is considered to enhance this grain 
growth. 
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ABSTRACT 

The kinetics of thermal nitridation of silicon dioxide in ammonia ambient has been studied. SiO2 films of 100-1000~ 
thick were thermally nitrided at 950~176 for times from 15s to 2h. Our experimental  results based on etch rate and 
Auger electron spectroscopy measurements  clearly indicate the multilayer structure of nitrided-oxide films. Nitrogen- 
rich layers are formed at the surface and interface regions at a very early stage of the nitridation process. After a few 
minutes, the nitridation reaction mainly goes on in the bulk region, with the surface and interface nitrogen content re- 
maining fairly constant. The Auger depth profiles show that the interface moves away from the nitrogen-rich layer as 
the nitridation proceeds. In addition, our results indicate the formation of an oxygen-rich layer underneath the nitrogen- 
rich layer whose thickness increases with nitridation time. The formation of this oxide-like layer can be attributed to a 
slow oxidation of the silicon substrate at the nitroxide/silicon interface by the oxygen which is a by-product of the bulk 
exchange reaction between NH3 (or nitrogen containing species) and SiO2. The results of this work can be qualitatively 
used to explain effects such as enhanced boron and phosphorus diffusion and growth of stacking faults in the silicon 
substrate during nitridation of oxide. 

Thermally grown silicon dioxide films have many ob- 
vious applications in silicon devices and technology in- 
cluding gate insulators of IGFET's  and tunnel insulators 
for nonvolatile memories such as E2PROM. In VLSI, the 
trend towards smaller device dimensions and higher inte- 
gration density implies that very thin (<- 100~) gate and 
tunnel insulators will be required in future devices. For 
instance, megabit  DRAM and high density FLOTOX 
E2PROM devices will need gate or tunnel insulators in the 
subhundred angstrom region. There are, however, several 
technological and reliability problems with silicon diox- 
ide in the very thin regime. The fact that very thin layers 
of thermal SiO2 are poor masks against impurity diffusion 
places additional constraints on processing steps follow- 
ing the growth of gate or tunnel oxides. Moreover, the 
growth of high quality very thin layers of SiO2 is rather 
difficult due to defect density, integrity, and yield prob- 
lems. It is also known that high energy radiation can gen- 
erate a high density of interface states in the oxide, re- 
sulting in degradation of device performance. 

Thermal nitridation of silicon and silicon dioxide is an 
alternative approach for growing very thin gate and tun- 
nel insulators. It  has been observed that thermal nitri- 
dation of silicon dioxide films results in the formation of 
a nitrided-oxide or nitroxide layer with a composition 
profile that varies with depth. It has also been reported 
that both thickness and refractive index of thin oxide 
films are increased after high temperature nitridation in 
ammonia (1, 2). The changes in composit ion of the initial 
oxide film after nitridation in ammonia have been stud- 
ied using several techniques such as Auger electron spec- 
troscopy (AES), etch rate, Rutherford backscattering 
spectroscopy, infrared transmittance spectroscopy, and 
oxidation resistance measurements  (1, 3-6, 11, 13-16). Ito 
et al. observed that, after nitridation of a 500A oxide at 
1200~ a nitrogen-rich layer is formed at the surface and 
nitrogen gradually decreases moving farther from the sur- 
face of the film (3). However, their AES data did not 
show the presence of significant amounts of nitrogen 
near the silicon interface. Therefore, Ito et al. concluded 
that direct nitridation occurs predominantly at the sur- 
face of SiO2 rather than at Si/SiO2 interface. 

Their conclusion that there is no pile-up of nitrogen 
close to the silicon interface is surprising, since we have 
evidence for the presence of nitrogen-rich layers both at 
the surface and interface regions for films nitrided under 
a wide range of nitridation conditions, consistent with the 
findings of several other investigators. Since their AES 
data were for 500A thick oxides nitrided at 1200~ for lh, a 

1Present address: AG Associates, Palo Alto, California 94303. 
*Electrochemical Society Active Member. 

possible reason for their conclusion was the relatively 
high temperature used for nitridation. At 1200~ for lh, 
the amount of nitrogen incorporated into the bulk is quite 
significant, and therefore the level of the bulk signal and 
Auger broadening effects associated with the interface 
could easily mask the interface nitrogen. 

Wong et al. performed nitridation of 100~ oxides at rela- 
tively low temperatures (925~ and low pressures in am- 
monia and an ammonia plasma ambient  (4). Their AES 
data for 100~ SiO2 nitrided at 925~ show nitrogen peaks 
at the surface and the interface regions, with negligible 
nitrogen in the bulk. Their data also indicated that more 
nitrogen was present at the interface than at the surface 
and that the interface nitrogen belongs to a more stoichio- 
metric Si3N4 layer as opposed to the surface layer. The 
fact that after nitridation of oxide there is a relatively high 
concentration of nitrogen at the outer surface and inter- 
face regions with a smaller concentration in the bulk of 
the film now is well established and confirmed (5, 6). 
Aucoin et al. attributed the enhanced nitridation of oxide 
at the surface to reconstruction of the SiO2 surface by am- 
monia (7). Their work indicates that the equivalent nitride 
thickness at the surface is fairly independent  of nitrida- 
tion t ime and is saturated after a short time. This is also 
confirmed by the results of this work. 

It has also been observed that the ammonia partial pres- 
sure has a significant effect on composit ion of nitrided- 
oxide films (1). Higher ammonia partial pressure results 
in an increase in the nitrogen content of the films, as 
shown by the etch rate and oxidation resistance data of 
Hayafuji and Kajiwara (1). Their AES data for 100~ oxide 
nitrided at 1000~ for 5h did not show however any peak 
nitrogen concentration at the surface. This nitrogen peak 
at the interface was not observed, possibly because of the 
high level of bulk nitrogen and broadening effects. 

The influence of nitridation of SiO~ on impurity diffu- 
sion and stacking fault growth in the silicon substrate 
have also been studied, and it has been observed that the 
length of preexisting stacking faults increased during 
nitridation of oxidized silicon (2). The growth was ob- 
served to be linear with nitridation t ime even after 10h of 
nitridation. Moreover, for a given set of nitridation condi- 
tions, an increase in the thickness of the initial oxide in- 
creased the growth rate of the stacking faults. 

Consistent with stacking fault data, nitridation of SiO~ 
films thermally grown on Si substrate enhances diffusion 
of P and B and retards the diffusion of Sb dopant pro- 
files located in the Si substrate underneath the nitroxide 
film (8, 9). These phenomena are similar to those ob- 
served during oxidation processes (oxidation-enhanced 
diffusion or OED) and have been attributed to injection of 
silicon interstitials into the Si substrate during nitridation 
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of oxide (8, 9). However, the actual physical mechanism 
responsible for these phenomena has not yet been firmly 
established. The results of this work indicate that the 
most possible physical mechanism responsible for these 
phenomena is the liberation of oxygen species in the bulk 
of the oxide, which reoxidizes the interface to the silicon 
similar to what occurs during oxidation of silicon. 

Vasquez et al. (10) used x-ray photoelectron spectros- 
copy (XPS or ESCA) to study the composition of 100~ 
thermal SiO2 nitrided in pure ammonia at atmospheric 
pressure at 1000~ for 4h. In order to preserve the original 
chemical composition, they used depth profiling by 
chemical etching instead of ion sputtering. Back-side etch 
of the Si bulk by XeF~ was used to verify the structure of 
the film at the interface. It was observed that nitrogen 
was distributed throughout the film with a higher con- 
centration at the surface and interface regions. XPS re- 
sults show that the peak nitrogen concentration close to 
the interface was about 25~ away from the silicon/film in- 
terface. The results indicated the presence of a relatively 
oxygen-rich layer within 15~ of the interface. However, 
they found that, while the interface is oxygen-rich relative 
to the rest of the film, a significant amount  of nitrogen is 
incorporated in this interfacial layer. They suggested that 
the strained interfacial SiO2 is more reactive to ammonia 
than the bulk oxide, resulting in the formation of a 
nitrogen-rich layer. They also suggested that the forma- 
tion of the relatively oxygen-rich layer at the interface is 
due either to the reaction of a nitrogen species with the 
top layer of the strained region or to reaction of the 
nitridation by-products with the silicon substrate. The re- 
sults of our kinetics studies are in favor of the latter and 
rule out the reaction with top strained region as the only 
cause of the presence of an oxygen-rich interfacial layer. 

Yoriume has also studied the distribution of nitrogen in 
thermally nitrided SiO2, using AES and other techniques 
(II). For I00~ oxide nitrided at II00~ for 2h, the 
nitrogen-to-oxygen concentration ratio at the surface was 
estimated to be about I. The data showed that the maxi- 
mum nitrogen Auger signal strength at the interface was 
relatively temperature independent and that a highly ni- 
trided layer was formed at the interface. The surface ni- 
trogen concentration decreases slightly with the film 
thickness, and the temperature dependence was observed 
to be rather small. For nitridation at 900~ the bulk nitro- 
gen concentration was negligible even after 2h of nitrida- 
tion. The results also indicated that the surface nitrogen 
pile-up occurs in the early stages of nitridation (-< 30 rain) 
and nitrogen permeates through the oxide films even as 
thick as I000~ at 900~176 However, his calculation of 
the diffusion coefficient of the nitrogen species from the 
profile near the surface assuming a complementary error 
function distribution may be erroneous since the effect of 
AES broadening on the nitrogen profile was not taken 
into account. 

This paper follows our earlier published letter on time- 
dependent compositional variation in SiO., films nitrided 
in ammonia (12). Two of the major new results reported in 
that letter were the quantitative observation of oxygen 
depletion in the nitroxide "bulk" region and the reoxida- 
tion of the interface by oxygen presumably liberated by 
the bulk exchange reaction. In this study, we have inves- 
tigated the time evolution of the nitridation process of 
SiO~ in atmospheric ammonia at temperatures from 950 ~ 
to 1200~ The SiO2 thickness varied from I00 to 1000fl~. 
Special attention has been given to the interfacial oxygen- 
rich layer observed by Vasquez et al. A model for the 
nitridation process will be given based on the findings. 

Experimental 
The oxide films used in this work were thermally 

grown in dry O~ at 900~ to a thickness of 95/~ and at 
1000~ to thicknesses of 270, 405, and 1021A, on 5-10 s 
(I00) silicon wafers. The thermal nitridation experiments 
were performed for times from 15s to 2h at 950 ~ and 
II00~ in pure ammonia at atmospheric pressure. All the 
short-time nitridations (15s-4 rain) were performed in a 

lamp-heated rapid thermal annealing (Heatpulse 210) sys- 
tem manufactured by AG Associates (Palo Alto, Califor- 
nia). In each of  the rapid thermal nitridation (RTN) exper- 
iments, the system was purged, first in pure argon and 
then in pure ammonia after loading the wafer. After es- 
tablishing a pure flowing ammonia ambient  in the quartz 
chamber, the temperature was ramped up to the desired 
process temperature in pure ammonia. At the end of all 
rapid thermal nitridation experiments,  the temperature 
was ramped down while ammonia was still flowing. 
Finally, the wafer was unloaded after purging the system 
in argon flow. The ramp-up and ramp-down times at the 
beginning and at the end of each rapid thermal nitrida- 
tion cycle were usually very fast (~ 10s) and much shorter 
than the actual nitridation time. As a result, the effects of 
ramp-up and ramp-down times on rapid nitridation kinet- 
ics were expected to be insignificant. The longer nitri- 
dation experiments were carried out in a cold-wall RF- 
heated reactor which has been described elsewhere (5). 
After loading the wafers, the system was purged first in 
pure nitrogen and then in pure ammonia. Temperature 
was then ramped up to the nitridation temperature while 
ammonia was flowing, and at the end of the nitridation, 
the temperature was ramped down while ammonia was 
still flowing. The wafers were unloaded after purging the 
system in nitrogen. The ramp-up and ramp-down times 
for nitridation experiments performed in the RF-heated 
reactor were relatively fast (~ 2 rain) and usually much 
shorter than the minimum nitridation time (the shortest 
nitridation time in the RF-heated reactor was 15 rain) for 
the experiments in the reactor. Therefore, the effects of 
ramp-up and ramp-down times on the kinetics data in- 
cluding those for 15 rain nitridation were expected to be 
negligible, similar to the rapid thermal nitridation experi- 
ments. 

The nitrided oxide films were investigated using step- 
by-step etch rate measurements and Auger electron spec- 
troscopy. In the etch-rate measurements, the thickness of 
the remaining film was measured using single-wave- 
length ellipsometry after step-by-step etching in 50:1 DI 
H20:HF. The wavelength of the laser was 6328~ incident 
at 70 ~ from the normal to the surface of the film. In all the 
ellipsometry measurements the refractive index used for 
the single-crystal Si substrate was 3.85-0.02i. 

The system for the Auger sputter profiling analyses 
was a Varian 2730 spectrometer, which uses an integral 
electron source located coaxially with a single-pass cylin- 
drical mirror analyzer (CMA). The electron gun was oper- 
ated at 4.5 keV and at 3 txA rastered over a 900 • 900 tLm 
area. These conditions were chosen to reduce any elec- 
tron-beam damage, stimulated desorption, and electron- 
beam-induced diffusion to the surface. The samples to be 
analyzed were located at the focus of the CMA and tilted 
30 ~ from the normal surface of the electron beam. The res- 
olution of the CMA was set to 1.2% for these studies and a 
2V peak-to-peak modulation voltage with lock-in detec- 
tion was used. The concentrations of elements were ob- 
tained by comparing the peak-to-peak heights of the de- 
rivative Auger spectra with those of a standard sample. 
This standard calibration sample consisted of 500~ of 
LPCVD stoichiometric silicon nitride deposited on oxi- 
dized silicon with 100 and 1000~ initial thermal oxides. 
Depth profiles of the samples were obtained by sputter 
etching with Ne ~ ions during the Auger analyses. The ion 
beam was operated at 1 keV, 49 ~ incidence, and rastered 
over a 0.5 • 0.5 cm ~ area. The effective current density of 
the ion beam was 36 ~A/cm'-', which provided a sputtering 
rate of nearly 20 A/min  for SiO2. In addition to the 
standard and samples investigated using these two tech- 
niques, selected nitroxide samples were studied using a 
hybrid wet etch/sputter etch technique to assess the ef- 
fects of sputter-induced artifacts in the profiles. 

Results and Interpretation 
Auger electron spectroscopy.--To calibrate the relative 

sensitivity factors, a Si3NJSiO2 standard was used. It was 
a 500]~ thick CVD SigN4 film on a layer of 1000A thick 
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Fig. 1. The AES depth profile for e 500~ CVD Si~N~ on 1000~ SiO~ 
on Si. This was used as a standard to calibrate the relative sensitivity 
factors for oxygen and nitrogen. 

SiO2 thermally grown on Si. The profile we obtained for 
this sample is shown in Fig. 1. Since both the nitride and 
the oxide are of known stoichiometry and hence of 
known oxygen and nitrogen concentrations, we were able 
to calibrate the concentrations of elements in the ni- 
troxide samples using this result. The horizontal axis of 
the profile is the sputtering t ime of the analysis. Assum- 
ing a uniform sputtering rate in each region of the 
sample, this axis can easily be converted to the depth 
from the surface. The sputtering rate for each material 
was calculated by specifying the location of interfaces 
from the 50% transition positions in the Auger depth 
profiles (and the corresponding sputtering times) and the 
nitride and oxide thicknesses measured by ellipsometry. 
For our conditions, the sputtering rate in the SiO~ 
(depth/time) is about 30% faster than the rate in Si3N4. The 
sputtering rate is proportional to the ion flux of the inci- 
dent ions; hence, various factors such as the Ne pressure 
inside the chamber, the contamination on the surface of 
the ion gun filament, and the warn]up t ime of the ion gun 
may affect the current density of the ion beam. Our expe- 
rience has shown that this sputtering rate may vary by 
10% over a typical run. Similarly, the vertical scale may 
fluctuate by as much as 15% because of varying electron- 
beam intensities and sample charging which may affect 
the energy analyzer collection efficiency. In the presenta- 
tion of the data below, all of our profiles were normalized 
such that the samples with the same insulator film thick- 
ness have the SiLvv (92 eV) transition 50% point located at 
the same point. Also, the peak intensities of the SiLvv (92 
eV) transition are normalized to the same value. 

Figure 2 shows the results from three nitroxide samples 
with different starting SiO2 thicknesses all nitrided in 
NH3 for 15 min. We identify three obviously distinct re- 
gions in the profiles of 405 and 270~ samples. (These are 
the initial oxide thicknesses, not necessarily the total 
thickness.) Two of these regions originate from rapid 
thermal nitridation at the SiO~ surface and at the SiJSiO2 
interface. Similar results have been observed by other in- 
vestigators (10). In addition, nitridation at a much slower 
rate is observed in the bulk of the SiO~. This nitrogen con- 
centration remains approximately constant with depth in 
the bulk. The 95]~ sample, however, shows a merging of 
the surface and the interface peak, and the bulk region is 
not clearly observed. The apparent loss of this bulk re- 
gion is probably an artifact of instrumental  broadening 
rather than a real physical effect, as will be shown below. 
In principle, by measuring the sputtering time to the in- 
terface the film thickness can be determined. However, 
the difference in sputtering rate between Si.~N4 and SiO~ 
(30%) and the normal experimental  uncertainty in the ion 
flux (5%) makes this determination difficult. Within 
these limits, the film thickness does not appear to change 
significantly after nitridation; however, other experimen- 
tal evidences (5, 1, 2) from ellipsometry measurements  
(with single wavelength 6328~ laser) and etch rates sug- 
gest some increase in the thickness and effective refrac- 
tive index, specially for the thinner initial oxides, which 
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Fig. 2. The AES date for different SiO2 thicknesses (95, 270,  and 
4 0 5 ~ )  all nitrided at 1100~ for 15 rain. 

would be within the limits of the sputter t ime measure- 
ments. Considering the fact that nitroxide has an inho- 
mogeneous structure, ellipsometry measurements  yield 
values for effective refractive index and thickness calcu- 
lated from measured values of ell ipsometry parameters 0 
and h. In single-wavelength ellipsometry, the mapping 
from @-h plane to thickness-refractive index plane is done 
based on the assumption that the film has a homogene- 
ous structure. This could introduce some error into the 
calculated values; however, the error is expected to be 
rather small for nitroxide films because they have a fairly 
homogeneous structure throughout most of the bulk re- 
gion in the dielectric (as will be described later). Some nu- 
merical calculations are being performed to study the er- 
rors introduced into the thickness and refractive index 
measurements  in single-wavelength ellipsometry of in- 
homogeneous materials such as nitroxide. Meanwhile, the 
data obtained from high resolution cross-sectional TEM 
results have been in fairly good agreement with our 
ellipsometry results. As a check for other sputter-induced 
artifacts in our profiles, we examined several samples 
that were chemically etched back before the Auger sput- 
ter profile analysis. The results from these etched-back 
samples were consistent with the profiles in Fig. 2, indi- 
cating negligible sputter-induced distortion in the Auger 
depth profiles. 

Since the three regions were best separated in the 405~ 
sample, we will describe a detailed study of these 
samples. Three samples from each nitridation condition 
were analyzed to improve the reliability of the collected 
Auger data and give a fair statistical average. The results 
from these samples are shown in Fig. 3. The Auger pro- 
files were each calibrated with respect to the standard 
sample of Fig. 1. The profiles for each element are 
plotted separately with the nitridation t ime as the param- 
eter for each curve. Initially, the nitrogen peaks at the sur- 
face and at the interface grow rapidly. As will be dis- 
cussed, the surface peak and the interface peak both 
saturate before 15 min of nitridation. The bulk nitrogen 
level also increases with nitridation time, but at a much 
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Fig. 3. The AES data for 405~ initial SiO~ samples nitrided at 
1100~ for various nitridation times (30s-2h). The Auger profiles 
were each calibrated with respect to the standard sample of Fig. 1. 

slower rate than at the surface or interface. Even after 2h 
of nitridation at ll00~ the nitrogen level is still increas- 
ing and no apparent saturation of the nitrogen concentra- 
tion is observed. This bulk nitrogen increase is also 
accompanied by a decrease of the oxygen concentration 
in the same region. The apparent increase in the oxygen 
level in Fig. 3 for the 2h sample is probably due to uncer- 
tainties in the normalization. Another  interesting feature 
in the profile is the observed shift of the nitrogen pro- 
files at the interface. The instrumental  broadening ef- 
fects make quantifying the physical effect in this region 
difficult. An attempt was made to model  the interfacial 
nitrogen profile by assuming a superposition of a step 
function profile and a narrow high concentration peak at 
the interface, as to be discussed in the next  section. 

Figure 4 shows the ratio of the nitrogen to oxygen con- 
centrations at the surface vs. nitridation time from 30s to 
2h calculated from AES data. There is a rapid increase in 
the ratio for very short nitridation times, as shown by the 
data points for 30 and 60s of nitridation. However, the 
data for 15 min or longer nitridation times show that the 
surface nitrogen concentration saturates very rapidly. 
Also shown are two data points for 95 and 270A oxide ni- 
trided at 1100~ for 15 rain. Data indicate that at a given 
nitridation temperature the surface nitrogen concentra- 
tion is almost independent  of the initial oxide thickness 
and saturates rapidly with nitridation time. 

Using the data from AES, the nitrogen to oxygen con- 
centration ratio in the bulk was calculated vs. nitridation 
time for 405A thick oxide samples nitrided at 1100~ The 
results are illustrated in Fig. 5. It shows that the bulk ni- 
trogen concentration increases monotonically with nitri- 
dation time. After 2h of nitridation, the ratio is about 0.30. 
The rate of increase in the ratio in the bulk decreases with 
nitridation time; however, there is no saturation after 2h. 
The dependence of bulk oxygen concentration on nitrida- 
tion time is shown in Fig. 6 for 405A oxide nitrided at 
1100~ For  comparison, this figure also illustrates the de- 
pendence of the bulk nitrogen ([N]) on nitridation time. It 
indicates a monotonic decrease in oxygen content of the 
bulk due to continuing exchange reaction of bulk oxide 
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surface of nitroxide vs. nitridafion time, from 30s to 2h for 405~ ini- 
tial oxide nitrided at 1100~ for various nitridation times. 

with nitridation species, similar to what is observed from 
Fig. 5. Another  interesting feature in the nitrogen Auger 
profiles shown in Fig. 3 is the shift observed in the peaks 
of nitrogen profiles at the interface. As the nitridation 
time increases, the peaks shift farther away from the in- 
terface toward the surface. Instrumental  broadening ef- 
fects make quantifying this behavior difficult. However, 
as we show below, this effect cannot be completely ex- 
plained by instrumental  broadening and appears to corre- 
spond to the growth of an oxygen-rich layer right at the 
interface to the Si substrate. 

Etch profile.--Precision etch profiling is an accurate 
measurement  tool for studying the composition of the 
nitroxide films without significant measurement  arti- 
facts such as ion knock-on and broadening effects in 
AES. The etch profiles were obtained by measuring both 
refractive index and thickness independently until the 
thickness was below about 100•, for which the refractive 
index was fixed at 1.46. Our experimental  ellipsometry 
data for subhundred angstrom nitride and nitroxide 
films and also some preliminary calculations based on 
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nitroxide vs. n i t r i d a t i o n  time. The solid curve is for 405~ oxide ni- 
trided at 1100~ 
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the fundamental  ell ipsometry equations indicate that the 
error introduced in the measured thickness due to varia- 

tions in the refractive index is rather small, and that the 
thickness measurement  sensitivity to refractive index be- 
comes less as the insulator thickness is reduced. The 
thickness measurement  based on a measured or prefixed 
average value for effective refractive index seems to work 
fairly well for the purpose of this work. The results are in 
close agreement with the thickness measurement  with 
high resolution cross-sectional TEM. The original pur- 
pose of chemical etch profiling in this work was a quali- 
tative study of the compositional changes in the nitroxide 
insulators; therefore, some possible small errors intro- 
duced into the ellipsometry measurement  results due to 
the inhomogeneous nature of the films will not have any 
effect on our fundamental  conclusions regarding the ki- 
netics of nitridation of oxide. 

Figure 7a shows a typical step-by-step etch profile for 
an oxide film of 405A thick nitrided at ll00~ for 2h. This 
etch profile was obtained by a precision step-by-step 
etch and thickness measurement  which enables us to de- 
tect the details of changes in composit ion of the nitroxide 
layer. Six different regions are observed in the nitroxide 
etch profile shown in Fig. 7a. The data indicate that for 
over 320A in the bulk of the film the etch profile is fairly 
uniform and the etch rate is nearly constant. Figure 7b il- 
lustrates an expanded picture of the surface etch profile 
from the surface to the point where about 100A of the 
film has been removed. This figure shows the three dif- 
ferent regions including the bulk. The etch rate at the top 
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surface is re la t ively fast and is close to that  for pure  S i Q .  
The  two dashed  l ines are the  expe r imen ta l  reference  e tch  
profiles for pure  the rmal  oxide  and CVD nitride. The  fast 
e tch  rate at the  top surface can be due  to adsorp t ion  of  
mois ture  and oxygen  at the  surface after  un loading  the 
wafers f rom the  ni t r idat ion reactor  and dur ing  the s torage 
time. 

Fol lowing the  top layer, there  is a thin layer whose  e tch  
rate is b e t w e e n  the  e tch  rates for pure  SiO~ and depos i ted  
silicon nitride.  For  this surface n i t rogen-r ich  layer, the  ac- 
tual  th ickness  is ve ry  small  and  jus t  a few (~  5~) 
angst roms,  as i l lustrated in the  e tch  profile. The  fact  that  
the surface n i t rogen-r ich  layer is ve ry  thin impl ies  that  
the surface reac t ion  is a resul t  of  surface  react ion only on 
the top a tomic  layer, as p roposed  by Auco in  et al. (7). 
Finally, the  e x p a n d e d  surface e tch  profi le in Fig. 7b 
shows a t rans i t ion  f rom the  surface n i t rogen-r ich  layer to 
the bulk  region,  in wh ich  the  e tch  rate is a lmost  constant.  

The e tch  profi le expe r imen ta l  m e a s u r e m e n t  resul ts  in- 
dicate that  the  e tch rate t h roughou t  mos t  of  the  bu lk  re- 
gion is constant .  Fo r  the 405~ ox ide  n i t r ided  at 1100~ for 
2h, the  bu lk  e tch  rate is s o m e w h a t  s lower  than  that  for 
oxide  and m u c h  faster than  that  for s to ichiometr ic  ni- 
tride. The  change  in chemica l  e tch  rate  is clearly an indi- 
cat ion of  change  in composi t ion .  However ,  the  relation- 
ship be tween  e tch  rate and fract ional  n i t rogen  concentra-  
t ion is not  l inear  and not  exact ly  k n o w n  for n i t r ided 
oxide,  and, therefore ,  no quant i ta t ive  data regard ing  ex- 
act va lues  of  n i t rogen  concen t ra t ion  may  be  ext rac ted  
f rom the  etch-profi le  data. The  etch-profi le  data can be 
used  to es t imate  the  th icknesses  of  var ious  layers in the  
film. 

F igure  7c shows the e x p a n d e d  p ic ture  of  the  e tch  pro- 
file close to the  interface reg ion  for the  sample  wi th  the  
same etch profi le as that  in Fig. 7a. As shown in this 
figure, fo l lowing the  relat ively th ick  bu lk  region there  is 
a thin layer (-< 20~) whose  e tch rate is m u c h  s lower  than  
that  for oxide  and is ve ry  close to the  e tch  rate for stoichi- 
ometr ic  nitride. The  e tch  profiles for pure  the rmal  ox ide  
and L P C V D  ni t r ide  are shown in the  p ic ture  for refer- 
ence.  The  fact that  the  e tch  rate in this th in  layer is ve ry  
close to that  for s to ichiometr ic  n i t r ide  impl ies  that  this 
layer is near ly  s to ich iomet r ic  nitride.  Unde rnea th  this 
thin, near ly  s to ichiometr ic  nitride,  there  is ano ther  th in  
layer whose  e tch  rate is faster  than  that  for near ly  stoichi- 
omet r ic  n i t r ide  layer  but  s lower  than  that  in the bulk  re- 
gion. The  fact that  the  e tch rate of  this interfacial  layer is 
faster than  tha t  of  the  top ni t r ide  layer impl ies  that  it has 
more  oxygen.  Therefore ,  we call this an oxide-r ich layer. 
Finally,  the  e tch  profi le ends  wi th  a reg ion  whose  e tch  
rate is s o m e w h a t  s lower  than  that  of  the  s to ich iomet r ic  
nitride. The  s low etch rate in this final layer may  be due  
to h igh  n i t rogen  con ten t  or h igh  a m o r p h o u s  si l icon con- 
tent  in that  layer or an artifact  of  e l l ipsomet ry  measure-  
ments .  The  bu lk  e tch  rate is fairly cons tan t  in more  than  
320~ of n i t roxide .  Therefore ,  the  bu lk  n i t rogen  concentra-  
t ion is fairly un i fo rm and constant .  The  e tch rates mea- 
sured for cont ro l  ox ide  samples  g rown  at 900 ~ and 1000~ 
was about  0.83 A/s and for L P C V D  ni t r ide  was 0.063 ]~/s. 
The average  bulk  e tch  rate of  this  n i t rox ide  sample  is 
more  than  -seven t imes  of  that  for CVD ni t r ide and about  
half  of  that  for oxide.  

The six d i f ferent  regions de tec ted  f rom etch-profi le  
data are s h o w n  schemat ica l ly  in the  inser t  of  Fig. 8. Corre- 
spondingly ,  the  etch-rate  profi le wh ich  is the der ivat ive  
of  the  s tep-by-s tep e tch  profi le wi th  respec t  to e tch  t ime  
vs. the  th ickness  of  film r ema ined  is shown in Fig. 8. This  
etch-rate  profi le was calcula ted f rom the  e tch  profi le of  
Fig. 7a. Based  on a near ly  cons tan t  e tch  rate in each  re- 
gion, we migh t  a s sume  a un i fo rm compos i t ion  in each re- 
gion, wh ich  is a reasonable  a s sumpt ion  for s implif ied 
mode l ing  of  the  kinet ics  of ox ide  nitr idation.  

Calcula ted accord ing  to the  etch-rate  profile, the  ap- 
p r o x i m a t e  th icknesses  of  t he  di f ferent  layers in the  ni- 
t rox ide  sample  p repa red  by n i t r ida t ion  of  a 405~ ox ide  at 
l l00~ for 2h are shown in Table  I. For  compar ison ,  the  
th icknesses  of  var ious  layers ob ta ined  f rom the  A E S  data 

Table I. Layer thicknesses 

Layer 

(AES 
(Etch profile data) data) 

Etch rate Thickness Thickness 
(~/s) (A) (•) 

Adsorbed layer 0.69 7 - -  
Surface nitrogen rich 0.15 5 10 
Bulk region 0.45 324 - -  
Interface nitrogen rich 0.09 18 9 
Interface oxygen rich 0.17 27 30 
Transition region 0.04 19 a - -  

a This thickness is partially due to the measurement offset intro- 
duced by eIlipsometry. 

(as will  be  desc r ibed  later) are also shown in the  table. 
The  a g r e e m e n t  be tween  these  two sets of  data  is fair and 
reasonable.  

Owing to the  mul t i layer  s t ruc ture  of  the  ni t roxide,  the 
refract ive  i n d e x  measu red  by e l l ipsomet ry  is an effect ive  
refract ive i ndex  of  the  mul t i ]ayer  s tructure.  For  the  405~ 
oxide  n i t r ided  at 1100~ the  effect ive  refract ive index  
was fairly cons tan t  and equa l  to 1.55 for all the  refract ive 
index  m e a s u r e m e n t  range (400-140J~). However ,  as Fig. 9 
i l lustrates,  the  effect ive  refract ive  i ndex  of  the  270~ oxide  
sample  n i t r ided  at l l00~ for 2h is more  than  that  of  ox- 
ide. Its va lue  depends  on the  th ickness  of  the  top layer re- 
m o v e d  by etching.  Be low about  150A, accura te  indepen-  
dent  m e a s u r e m e n t  of  refract ive index  was not  possible.  
Using the  s impli f ied mul t i layer  m o d e l  and e l l ipsomet ry  
equat ions ,  it should  be poss ible  to s imula te  the  depen-  
dence  of  the  effect ive  refract ive  i ndex  on th ickness  of the  
film after  s tep-by-s tep e tch ing  and compare  it to the  ex- 
pe r imen ta l  results.  This may  be  ano ther  approach  to ver- 
ify the compos i t ion  and th ickness  of  var ious  layers in a 
g iven model .  However ,  because  of  the  i nhomogene i t y  of  
the  n i t rox ide  films, it wou ld  seem hazardous  to draw ma- 
jor  conclus ions  f rom effect ive ref rac t ive  index  profiles 
such as that  shown  in Fig. 9, un less  all the  i n h o m o g e n e i t y  
effects on s ing le-wavelength  e l ] ipsometry  m e a s u r e m e n t  
resul ts  are careful ly  taken  into account .  

Discussion 
F r o m  the  resul ts  presented ,  i t  is clear that  the  s t ructure  

resul t ing f rom the  n i t r ida t ion  of  SiO~ is a compl ica ted  
one. In  this section,  we  will  p resen t  a compar i son  of  the  
etch-rate  and A u g e r  profi l ing resul ts  and discuss h o w  
these  relate to the  f indings of  o ther  invest igators .  Our 
discuss ion will  center  on the  m o d e l  shown  in the  inser t  of 
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Fig. 8. Five  d is t inc t  regions  p lus  a ve ry  thin  interfacial  re- 
g ion r ight  at the  Si subs t ra te  surface  are observed.  In  ad- 
dition, the  outer  reg ion  wi th  the  h igher  e tch  rate on the  
surface is p robab ly  due  to o x y g e n  absorbed  on the  sur- 
face after  the  n i t r ida t ion  was  c o m p l e t e d  and the  sample  
exposed  to air. This  leaves four  regions  of  interest:  the  
surface  n i t rqgen- r ich  region, the  bulk,  the  near- interface  
n i t rogen-r ich  region,  and the  in ter face  oxygen- r ich  re- 
gion. All of  t hese  regions  are obse rved  in the  etch-rate  
data, whereas  only the  first th ree  are observed  in the  Au- 
ger  profi l ing results .  In  addit ion,  for the  th innes t  sample  
invest igated,  the  bu lk  region could  not  be dis t inct ly  sepa- 
rated. As we  will  show, this is due  to b roaden ing  inhe ren t  
in the  spu t te r  profi l ing expe r imen t s ;  w h e n  this is ac- 
coun ted  for, a g r e e m e n t  be tween  the  two t echn iques  is ob- 
tained.  

As a first app rox ima t ion  to the  ins t rumenta l  broad- 
en ing  due  ma in ly  to the  spu t te r ing  process,  the  actual  
concen t ra t ion  profi les appear  convo lved  wi th  a gauss ian  
to yield the  measu red  profiles. Within this approx ima-  
tion, a step func t ion  profi le p roduces  an error  func t ion  
profile af ter  the  broadening,  and a th in  layer p roduces  a 
gaussian profile. As a s tar t ing po in t  for mode l ing  the  ni- 
t rogen  profiles, we  as sume  that  the  bu lk  n i t rogen  con- 
cent ra t ion  is constant ,  and that  near  the  interface there  is 
a thin reg ion  of  s to ich iomet r ic  Si:{N4. A l though  this la t ter  
a s sumpt ion  is clearly an idealizat ion,  it p rovides  a lower  
l imit  on the  th ickness  of this  region.  We are in te res ted  in 
the  in ter face  region,  so the  surface  n i t rogen  peak  has 
been  neg lec t ed  in this analysis.  The  mode l  is shown in 
Fig. 10a. This  profi le can then  be convo lved  wi th  a gauss-  
ian to fit the  measu red  profiles. A typical  fit is shown in 
Fig. 10b for the  15 rain n i t r ided  sample.  The  full wid th  at 
ha l f  m a x i m u m  of the  gauss ian  b roaden ing  func t ion  was 
47]< In the  fits to the  other  profiles, this was kep t  con- 
stant  and the  th ickness  of the  th in  n i t r ide  layer and the  
d is tance  away  f rom the  interface  were  adjusted.  A plot  of 
the  interfacial  n i t r ide  th ickness  and the  separa t ion  of  the  
th in  layer  f rom the  Si in terface  is shown  in Fig. 11. The  
error  bars are no t  shown  in Fig. 11 because  the  curve-  
fit t ings were  pe r fo rmed  on the  ave raged  n i t rogen and ox- 
ygen profi les  for each n i t r ida t ion  condi t ion  and as a re- 
sult  s ingle va lues  of  interfacial  n i t r ide  and ox ide  thick-  
nesses  w e r e  ca lcula ted  for each  ni t r idat ion condi t ion  
(instead of  pe r fo rming  three  separa te  curve  fitt ings for 
Auge r  dep th  profi les  ob ta ined  f rom three  Auge r  mea- 
su remen t s  of  n i t rox ide  samples  hav ing  the same nitrida- 
t ion condit ions) ;  however ,  these  error  bars are es t imated  
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to be a small  f ract ion of the  abso lu te  th ickness  va lues  of  
the  interfacia]  ox ide  and ni t r ide  layers.  F r o m  this figure, 
we see that  the  interfacial  n i t rogen-r ich  layer  saturates  (in 
te rms  of  the  p roduc t  of  the  n i t rogen  concen t ra t ion  and 
the  th ickness)  ve ry  quickly.  However ,  the  separa t ion  be- 
tween  this reg ion  and the  Si in terface  increases  mono ton-  
ically wi th  t ime  up to 30 i  af ter  2h at l l00~ These  re- 
sults, a l though  s o m e w h a t  ambiguous  in themselves ,  are 
consis tent  wi th  the  etch-rate data, wh ich  give an 18t 
th ickness  for the  ni t rogen-r ich reg ion  compared  to 9}~ 
from the  Auge r  data and a 27• th ickness  for the  interfa- 
cial oxygen- r ich  layer compared  to 30~ for the  Auge r  
data. The  d i sc repancy  of interfacial  n i t r ide  th ickness  
values  ob ta ined  f rom Auger  and chemica l -e tch  data may  
be  a t t r ibuted to the  combina t ion  of  var ious  expe r imen ta l  
uncer ta in t ies  p resen t  in both  t echn iques .  High resolut ion 
cross-sect ional  T E M  is be ing  e m p l o y e d  to s tudy the  
th icknesses  of  these  var ious  layers in n i t rox ide  and corre- 
late t h e m  to those  f rom Auge r  and e tch-ra te  data. S imi la r  
fits to the oxygen  profiles are also cons is ten t  wi th  the  in- 
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t e rpre ta t ion  that  the region r ight  nex t  to the  Si in terface  
is oxygen  rich. 

Our f indings indicate  that  the  SiO2 ni t r idat ion occurs  
by three  processes .  U p o n  exposu re  to NH~, the  SiO2 sur- 
face is n i t r ided very  rapidly  (see Fig. 4). The  e tch rate pro- 
file in Fig. 7b indicates  that  the  surface  layer wi th  s low 
etch rate is ve ry  thin,  about  5~ thick. This suggests  that  
the  enhanced  surface  react ion occurs  jus t  on  an a tomic  
scale and is res t r ic ted  to the  top surface. A l though  the  in- 
terface n i t r ida t ion  react ion occurs  more  slowly, it is 
clearly due  to rapid diffusion of  the  n i t rogen  conta in ing  
species t h rough  the  SiO~ and reac t ion  at the interface.  
The  average  concen t ra t ion  of  the  n i t rogen  in this interfa- 
cial reg ion  saturates  at 1.7 • 10 TM cm -2 for the  l l00~ case 
in less than  15 rain. 

F r o m  the  etch-rate  as wel l  as Auge r  data  it is clear that  
ano ther  layer  b e t w e e n  the  h igh  n i t rogen  concen t ra t ion  re- 
gion and si l icon grows slowly with  n i t r idat ion t ime.  I f  we 
look at the compar i son  of  this g rowth  rate and the  rate of 
exchange  be tween  n i t rogen and oxygen  in the bulk,  we  
see the  t ime  scales are ident ical  (Fig. 5 and 11). Moreover ,  
it is clear that  this region is o x y g e n  rich. These  f indings 
give s t rong ev idence  for a m e c h a n i s m  whereby  oxygen  
l iberated by the  bu lk  react ion diffuses to the  in terface  
where  the  s i l icon there  is oxidized.  

The A E S  data for the  n i t rox ide  samples  p repa red  by 
shor t - t ime n i t r ida t ion  indicate  that  the  n i t rogen  peak  is 
not  loca ted  in the  oxide  and is in be tween  the oxide  and 
the  s i l icon substrate .  This is due  to the  fact that  the inter- 
facial n i t rogen  peak  locat ion is obse rved  to be well  af ter  
the  pos i t ion  of the  50% poin t  on the  fal l ing edge  of  the  ox- 
ygen  profi le  and nex t  to t he  subs t ra te  Si signal. The  A E S  
da ta  also indica te  that  for ve ry  shor t - t ime ni t r idat ion of  
oxide  (~ 60s) there  is a ve ry  thin  layer of  nearly stoichio- 
metr ic  si l icon ni t r ide at the  interface.  There  are several  
reasons to be l ieve  that  the  interfacial  n i t r ide  layer is actu- 
ally "near ly  s to ich iometr ic . "  The  obvious  ev idence  comes  
f rom our  e tch-rate  data that  show that  the  e tch rate for 
the interfacial  th in  ni t r ide layer  is ve ry  close to that  of  
s to ich iomet r ic  L P C V D  sil icon nitride.  The s t rong possi- 
bil i ty that  the  interfacial  n i t r ide  layer  is formed by initial 
react ion of  a m m o n i a  (and/or n i t rogen  conta in ing species) 
wi th  the  s i l icon substra te  unde r  the  th in  SiO2 also sug- 
gests tha t  this layer should be near ly  s to ich iomet r ic  sili- 
con ni t r ide  (with low oxygen  content) .  Based  on oxida-  
t ion res is tance  expe r imen t s  on e tched  back  n i t rox ide  
samples ,  Wong et al. (4) sugges ted  that  the  interracial  ni- 
t r ide layer resembles  s to ichiometr ic  Si:~N4, wh ich  is 
known  to be more  resis tant  to ox ida t ion  than  ox ide  or 
oxyni t r ide  layers. 

For  the  samples  n i t r ided at l l00~ for ve ry  short  t imes  
(-< 60s), the  A E S  data indicate  that  the  bu lk  n i t rogen con- 
tent  is a lmos t  negl igible .  This impl ies  that  the bulk  reac- 
t ion rate is m u c h  s lower  than  that  for interface and sur- 
face n i t rogen-r ich  layers. In  fact, at t empera tu res  be low 
950~ or so the  bulk  react ion is not  ac t iva ted  even  for long 
ni t r idat ion t imes  (4). 

F igure  3 shows the  A E S  data for 405/~ oxide  ni t r ided for 
30s, 15 min,  30 min,  lh ,  and 2h super imposed .  It  can be 
observed that as the nitridation goes on for longer nitrida- 
tion times the bulk nitrogen concentration is increased so 
that, for instance, after 2h of nitridation at ll00~ more 
than 30% of the oxygen in the bulk has been exchanged 
with nitrogen. Moreover, as the nitridation goes on, the 
amount of oxygen in the bulk is reduced. This implies 
that the increase in nitrogen content of the bulk is respon- 
sible for the decrease of the oxygen concentration in the 
bulk. Therefore, this is a strong evidence for the ex- 
change nature of the reaction in the bulk region which 
was also suggested by Ito et al. (3) and Habraken et al. 
(13) 

SiO~ + NH,. --~ SixO~N~ + Hu.O [1] 

where  v, w, x, y, and  z d e p e n d  on the  n i t r idat ion process .  
Af ter  2h o f  ni tr idat ion,  the  bu lk  has  acqu i red  a n i t rogen  
concen t ra t ion  of  1.42 x 1022 cm -3 vs. a loss of  0.81 x 10 ~ 
cm -3 of  oxygen.  This resul t  indica tes  that  the gain of  ni- 

t rogen in the  bulk  seems to be greater  than  the loss of  ox- 
ygen. This implies that the replacement of oxygen with 
nitrogen is not quite one to one. Since the Auger mea- 
surement uncertainty for the bulk oxygen loss is much 
greater than the uncertainty observed for the nitrogen 
gain in the bulk (as shown by the arrow bars in Fig. 6), 
more exact measurement of oxygen loss is needed to 
draw any firm conclusion regarding the ratio of oxygen 
loss to nitrogen gain in the bulk. If the nitrogen gain is ac- 
tually greater than oxygen loss, it could be attributed to 
additional incorporation of nitrogen into the bulk of the 
film in addition to the replacement reaction. 

Another important phenomenon observed in the AES 
data is that, as the nitridation proceeds for longer times, 
the silicon-film interface moves away from the nitrogen 
peak inside the oxide. A nitridation reaction at the oxide- 
nitride interface cannot be the reason for this phenome- 
non because it is fairly well known that the interfacia] ni- 
tride is very thin. However, the data indicate the growth 
of an oxide-rich layer underneath the originally formed 
nitride-rich layer. The shift of the nitrogen peak implies 
that the thickness of this interfacial oxygen-rich layer in- 
creases slowly with nitridation time. Throughout these 
experiments, we tried to eliminate any possible source of 
oxygen or water contamination in the nitridation ambi- 
ent. Because of the ultrahigh purity of the gases used for 
purg ing  and nitr idation,  and also the  fact  that  the  reactor  
is c losed t u b e  and cold wall  (resul t ing in negl ig ible  con- 
t amina t ion  f rom outs ide  the  quar tz  tube), the oxygen  and 
water  con tamina t ion  of  the  n i t r ida t ion  ambien t  were  esti- 
ma ted  to be  wel l  be low 1 ppm.  Cons ider ing  the  fact  that  
the  n i t r ida t ion  ambien t  is ve ry  pu re  and oxidant  free, the  
only source  that  can p rov ide  oxygen  for the  oxida t ion  of  
the  s i l icon subst ra te  is the  or iginal  oxide.  S o m e  of the  re- 
act ion by-produc ts  of  the  bu lk  e x c h a n g e  react ion wi th  the  
n i t r idat ion species,  diffuse into the  film, and fur ther  oxi- 
dize the s i l icon substrate.  I t  seems  tha t  the  interfacial  
nearly s to ich iomet r ic  ni t r ide is so th in  (-< 20~) that  it does  
not  b lock  the  diffusion of  these  e x c h a n g e  react ion by~ 
products .  It  is also sugges ted  tha t  s o m e  of the  exchange  
react ion by-products  diffuse away and go into the  nitrida- 
t ion ambient .  

F igure  12 summar izes  the  n i t r ida t ion  sequence  f rom 
very  short  t imes  to long ni t r idat ion t imes  (from seconds  
to hours). The  s e q u e n c e  i l lustrates the  fast react ion of  am- 
monia  with the top surface of the oxide and also the rapid 
diffusion of the ammonia (and/or other nitrogen con- 
taining species such as NH and NH~) through the oxide 
and the formation of a nearly stoichiometric nitride layer 
at the interface. For longer nitridation times, the surface 
nitrogen concentration saturates and the exchange bulk 
reaction and the oxidation of the silicon substrate by the 
exchange reaction by-products continue. Auger electron 
spectroscopy does not allow detection and measurement 
of the hydrogen content of nitroxide. Habraken et al. (17) 
measured the hydrogen content of nitroxide films by 
means of resonant nuclear reaction. Their results indica- 
ted that the hydrogen concentration amounts to less than 
1-3 atom percent in the bulk of nitroxide. Hydrogen has 
an essential role in the bulk exchange reaction. This is 
also supported by the fact that, in contrast to ammonia, 
N2 does not react with SiO2 in the typical temperature 
range of thermal nitridation processes. Ito et al. (3) and 
Habraken et al. (13) suggested that the rupture of Si-O 
bonds in the bulk of nitroxide occurs under the action of 
hydrogen. Rupture of Si-O bonds results in subsequent 
incorporation of nitrogen atoms in the bulk of nitroxide. 

Our model for the kinetics of nitridation of oxides can 
explain the physical mechanisms responsible for oxyni- 
tridation-enhanced diffusion of boron and phosphorus 
and also the growth of stacking faults. The mechanism re- 
sponsible for the injection of silicon interstitials into the 
silicon substrate during the nitridation of oxide should be 
closely related to the oxidation of the silicon substrate by 
the exchange reaction by-products. However, according 
to the etch-rate data and the AES-profile for the 405]~ ox- 
ide nitrided at II00~ the thickness of the interfacial 
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Fig. 12. The simplified model for the nitridafion sequence from very 
short to long nitridation times. 

oxide-rich layer grew to 30A after 2h of nitridation. A 
comparable oxidation process for the growth of a thermal 
oxide with the same thickness has much less influence 
on impurity diffusion or stacking faults. As a result, the 
growth of the interfacial oxygen-rich layer during the 
nitridation of oxide is much more efficient in injecting 
interstitials into the substrate than a comparable normal 
oxidation process. The thickness of the interfacial oxide 
obtained from the position of the nitrogen peak with re- 
spect to the silicon interface and from the etch-rate data 
increases slowly and monotonically with nitridation time. 
There is no indication of saturation after 2h of nitridation. 

Summary 
In summary, the kinetics of thermal nitridation of SiO2 

and the composition of nitroxides have been studied. The 
results clearly indicated the multilayer structure of ni- 
troxide films. The formation of the nitrogen-rich layers at 
the surface and interface regions occurs at the very early 
stage of the nitr idation process. The nitrogen contents of 
the surface and interface regions saturate in the first few 

minutes of the nitridation. Then the nitridation reaction 
slowly goes on in the bulk region. The movement  of the 
interface away from the interfacial nitrogen-rich layer in- 
dicated the slow growth of an oxygen-rich layer under- 
neath the nitrogen-rich layer. The formation of this 
oxygen-rich layer is due to the slow oxidation of the sili- 
con substrate by a fraction of the oxygen containing spe- 
cies which are liberated in the bulk of nitroxide by the ex- 
change reaction. The results can have important impli- 
cations for understanding the effects of thermal nitri- 
dation processes on bulk and interfacial electrical charac- 
teristics of oxides and subsequent  nitroxides. 
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S. Murakami, Y. Misawa, and N. Momma 

Hitachi Limited,  Hitachi Research Laboratory, Hitachi Ibaraki,  Japan 

A B S T R A C T  

A new type  of  gate-control led  d iode  to inves t igate  the  leakage  currents  of a th ick  zinc-borosi l icate  glass pass ivated 
p*-n junc t ion  is descr ibed.  Using this diode,  t empera tu re  dependenc ie s  of  surface  and bulk  c o m p o n e n t s  of  the leakage 
current  were  measu red  at different  va lues  of the  reverse  voltage.  It was revea led  that  the  surface genera t ion  current  
c o m p o n e n t  cannot  be  ignored,  as compared  with  bulk  current  componen t ,  even  at t empera tu res  above  100~ The sur- 
face r ecombina t ion  ve loc i ty  at r o o m  t empera tu re  in glass/si l icon sys tem calcula ted  f rom surface genera t ion  cur ren t  com- 
ponen t  exh ib i t ed  a larger  va lue  o f  300-400 cm/s than did t he  SiO~/silicon system,  and it t ended  to decrease  wi th  de- 
creases in reverse  vol tage  or  wi th  increases  in junc t ion  tempera ture .  

Surface  pass iva t ion  t echn iques  us ing  glasses (1, 2) have  
been  appl ied  to the fabricat ion of  a wide var ie ty  of  power  
s emiconduc to r  devices.  These  t echn iques  can offer such  
advantages  as res is tance against  the  en t ry  of  mois tu re  
and ionic impur i t ies  that  affect electr ical  per formance .  
A m o n g  the  var ious  glass materials ,  zinc borosi l icate  glass 
have  been  wide ly  used  because  of its electr ical  stabil i ty at 
h igh t empera tu res  and in h igh  electr ic  fields (3, 4). Prop-  
erties of the  sil icon/glass interface have  been  inves t iga ted  
for z inc-borosi l icate  glasses by us ing metal-glass-semi-  
conductor capacitors (5, 6). Although there have been 
many reports concerning those materials themselves and 
applications to raise breakdown voltage of p+-n junctions, 
little has been done with leakage currents and their tem- 
perature dependence. In the case of planar-diffused p-n 
junction having a silicon dioxide/silicon system, several 
types of gate-controlled diode (GCD) have been exten- 
sively used to investigate surface leakage currents (7-9). 
As for zinc borosilicate glass passivated p-n junctions, a 
GCD was applied to investigate the surface stability from 
the viewpoint of operational stress (3). The present work 
seeks to offer a suitable GCD structure with a thick 
glass/silicon system, which allows a more detailed exami- 
nation of temperature dependence of separated surface 
and bulk  leakage  current  componen t s  in a zinc borosili-  
care glass pass iva ted  p*-n junct ion .  

Experimental 
Device prepara t ion .~A  cross-sect ional  v iew of the  

GCD is shown in Fig. 1. This GCD was des igned with  the  
fol lowing considerat ions .  (i) Sur face  dep le t ion  layer  
spreading  wou ld  occur  at the n-type s i l icon surface on ap- 
pl icat ion of  a reverse  vol tage or a nega t ive  gate  voltage.  In  
es t imat ing  the  surface r ecombina t ion  veloci ty,  the  surface 
deple ted  area mus t  be def ined as constant .  The  lateral  
deple t ion  layer s topper  n * region shown in Fig. 1 se rved  
to hold the  surface deple ted  area constant ,  the reby  mak-  
ing it easy to measure  the character is t ics  of the  GCD 
wi thou t  use of  a guard ring vol tage as was necessary  in 
prev ious  w o r k  (7). (it) The deep  groove  s t ruc ture  m a d e  it  
possible  to fabr icate  a GCD hav ing  a th ick  glass/sil icon 
system. By control l ing the  a m o u n t  of  glass powder ,  the  
surface of  the  fired glass could  be f lat tened,  which  m a d e  
it easier  to form both  gate  and anode  e lect rodes  us ing a 
conven t iona l  l ift-off process.  (iii) The gate e lec t rode  was 
ar ranged on the  glass surface so as to over lap the  p*-n and 
n-n + junc t ions .  

The GCD was fabr icated by us ing  68 t~-cm, 475 ~m 
thick, phosphorous -doped  n-type substra te  wi th  (111) ori- 
entat ion.  The  wafers  were  first oxid ized  and pa t te rned  to 
give a circular  70 /~m select ive  boron  diffusion, wh ich  
served as the  anode  region. A second the rmal  ox ida t ion  
was then p e r f o r m e d  and pa t te rned  to give an annular  40 
~m se lec t ive  phospho rous  di f fus ion which  served  as the  
s topper  for lateral  deple t ion  layer  spread ing  at the  sur- 
face. The  back  (cathode n* region) was diffused simulta-  
neous ly  wi th  this phosphorous  diffusion.  After  fo rmat ion  

of  the  p+ reg ion  and n ~ region men t ioned  above,  the  
the rmal  s i l icon d ioxide  fo rmed  dur ing  the  diffusion pro- 
cess was se lec t ive ly  removed.  Then  the  exposed  si l icon 
surface was e tched  by U01 e tchan t  [200 cm :~ HF:800 cm :~ 
HNO:~:19g, CO(NH=,)~] to obtain  a deep groove  (20 _+ 2 tLm) 
for 45s at 10~ An e lec t rophore t ic  m e t h o d  was used  to 
place glass powders  of  ZnO (65 we igh t  pe rcen t  [w/o]), 
B~O:~ (25 w/o), and SiO2 (10 w/o) compos i t ion  into the  
groove.  Fi r ing  was then  carried out  in a n i t rogen  atmo- 
sphere  at 700~ for 30 rain. The  a l u m i n u m  elect rodes  of  
gate  and anode  were  fo rmed  by evapora t ing  and subse-  
q u e n t  pa t t e rn ing  us ing  the  conven t iona l  l ift-off process  in 
a n i t rogen a tmosphe re  for 20 rain at 470~ The ca thode  
e lect rode was fo rmed  by evapora t ing  chromium-nicke l -  
silver, in that  order.  

Measurements . - -All  leakage current  measu remen t s  
were  carr ied out  by placing the  gate-control led  d iode  in 
an electr ical ly sh ie lded  l ight- t ight  box.  The  currents  were  
measu red  us ing a Takeda  Riken  Indus t ry  Company  Lim- 
Red e lec t ronic  p i c o a m m e t e r  Type  TR 8641, which  is capa- 
ble of detecting currents as small as 5 • 10-'4A. 

Results and Discussion 
Leakage current-4~ate voltage characteristics at room 

temperature.--Figure 2 shows  typical  leakage current-  
gate  vo l tage  character is t ics  measu red  at a f ixed reverse  
voltage,  Va = 1V. The character is t ic  of  the  SiO.,-passivated 
GCD in which  SiO~ was fo rmed  in the junc t ion  diffusion 
process  is also shown.  The lat ter  s t ruc ture  is planar,  hav- 
ing no groove.  The  fundamen ta l  leakage  current  /,/-gate 
vol tage Vc character is t ics  have  three  cur ren t  regions  ac- 
cording to the  values  of the  carr ier  densi t ies  at the n layer 
surface. Genera l  express ions  of t he  leakage currents  IR 
are as follows. 
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Fig. 2. IR-V o characteristics for gate-controlled diodes passivated by 

zinc-borosilicate glass and SiO._, (V R = 1V). 
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Region A: accumulation 

I~ - L~.M.T [1] 

Region B: depletion or weak inversion 

IR : IR,M,I  + II{,1-"IJ (Xd) + Ir..,s [ 2 ]  

Region C: strong inversion 

Ii~ = I,~.~u + IJ~.vi, (X,lm~0 [3]  

In these equations, IR,Mj is the current flowing across 
the metallurgical junction, which consists of the genera- 
tion current [zen,UJ due to electron-hole pairs generated 
within the junction depletion region and diffusion current 
IdimMj due to minority carriers generated within the neu- 
tral n and p regions. Assuming that the amount of minor- 
ity carrier is negligibly small within the p~ region, IR,MJ 
can be expressed as follows (10) 

IR.MJ = Igen,MJ + /diff, MJ 

- 2 q - WAMj + q x AMj [4] 
To,M. I Tp o 

where To,MJ is the effective lifetime within a reverse 
biased metallurgical p§ junction, W the depletion layer 
width of metallurgical p*-n junction, D~, % the diffusion 
constant and lifetime of minority carrier within the neu- 
tral n region, respectively, ND the impurity concentration 
of n region, and n~ the intrinsic carrier density. The intrin- 
sic carrier density n~ is expressed as following function of 
absolute temperature T (11) 

n , =  3.87x 10"~T:~'~ exp ( 7.02x 10':~_) [5] 

If  the bulk generation-recombination centers are indeed 
located near the intrinsic Fermi level, the temperature de- 
pendence of IR.Mj is mainly proportional to n, (first term) 
and n~ ~ (second term). When the surface under the gate 
electrode is inverted, the field-induced junction is 
formed between inverted p region and underlying sub- 
strate. Based on ImMj, we obtain the following equation for 
the field-induced junction 

IR,FIJ = IgenJqJ + /diff,FlJ 

1 n~ . /  Dp n #  
= ' ~ q -  xdA~+ q v - -  x A [6] 

TO ~b'IJ Tim NO *~S 

where T,,.Fu is the effective lifetime within the surface de- 
pletion layer, xd the surface depletion layer depth, and A, 
the surface area of the n substrate under the gate elec- 
trode. The first term is the generation component  which 
arises from generation carriers within the surface deple- 
tion layer. The second term is diffusion component  due to 
minority carriers being diffused from the neutral n sub- 
strate to the surface depletion layer edge. If the surface is 
depleted, surface generation is caused by surface states, 
resulting in the flow of surface generation current I~en,s. If 
the surface generation-recombination centers are located 
near the intrinsic Fermi level, the surface generation cur- 
rent is usually defined (I0) as 

I~ .... = 1/2 qn,soA~ [7] 

where so is the surface recombination velocity. 
At the completely depleted surface, the surface leakage 

current I~,s (third term of Eq. [2]) is mainly due to I~,.,~. In 
the 1R-VG curve of the GCD, the maximum leakage current 
is observed when the surface is depleted and the surface 
carrier density reaches the intrinsic. This means that the 
surface generation current begins to decrease as soon as 
the surface potential exceeds the Fermi level. Generally 
diffusion components  of leakage currents at room tem- 
perature can be neglected as very small in comparison 
with generation currents. As is shown in Fig. 2, surface 
generation current I~ . . . . .  of the glass passivation is one or- 
der of magnitude larger than that of SiO~ passivation. 
From the definition of s (Eq. [6]), its values are 320 cm/s 
for the glass passivation, and 38 cm/s for SiO passivation. 
Although the latter system has a smaller s value, an anom- 
alous current increase is observed with increase in posi- 
tive gate voltage. This phenomenon was described previ- 
ously and was attributed to inversion layer and surface 
crystal imperfections on the p layer surface (12). 

�9 | , i | , 

VR(V) 
165 ...... 10 

.-S:-"Q', o.1 
. . . .  T(~ 

168 !  ........ -" / / / . . . .-- . . , \ / . ,  ",,,. 

: " "  ' "  \ i " . . . . .  150 

i ory - 
1 

I~L . . . . . . . .  "~ , 
- 4 0 0 - 3 0 0 - 2 0 0  -100 0 100 200 300 

vG(v) 
Fig. 3. I~-Vc, characteristics at different temperatures and reverse 

voltages. 
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Fig. 4. Temperature dependence of ImMj at different reverse voltages 

Temperature dependence of I~-V~ characteristics.--The 
I,-Vo measurements  at various temperatures are de- 
scribed next. As shown in Fig. 3, leakage current in the 
range of the positive gate voltage exhibits the I,.Mj compo- 
nent. Leakage current begins to include the surface gen- 
eration component  with increasing negative gate volt- 
ages, 'and has its maximum value in the vicinity of V(: = 

10-5 

6 ' 10 ', 
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Fig. 5. Temperature dependence of I H , F I  J at different reverse voltages 

-120V. This surface current component  cannot be ignored 
as compared with bulk current component,  even at tem- 
peratures above 100~ The gate voltage value which 
shows the maximum leakage current does not vary sig- 
nificantly with the temperature and reverse voltage. This 
indicates that the values of the gate voltage needed to in- 
duce the inversion layer should be invariable for the tem- 
perature ranges studied. 

Separated leakage currents and their temperature de- 
pendence.--Figure 4 shows the temperature dependence 
of IR.Mj, which is derived from the accumulation region A 
of IR-V(: curve shown in Fig. 3. According to Eq. [4], the 
currents flowing across the metallurgical junction IR.Mj 
can be separated into two components.  One is the genera- 
tion component  in the depletion region, which shows the 
same temperature dependence as n~. The other is the dif- 
fusion component,  which has the same temperature de- 
pendence as nf. At low temperatures, the generation com- 
ponent is dominant, while the diffusion component  
becomes dominant  at temperatures above 100~ 

I~e,,Mj is approximately proportional to the depletion 
layer width W, assuming a one-sided abrupt junction 

W = ~ 2e~(Vi)i + V~) [8] 
qND 

where Vbi is the built-in voltage and es the permittivity of 
silicon. 

At room temperature, the value of I~,.Mj for each re- 
verse voltage is approximately proportional to the square 
root of VR, except  for V, = 0.1V. This value is 40% less 
than the extrapolated value from the data at VR = 1 and 
10V. This is attributed to the decrease in carrier genera- 
tion rate within the depletion layer (13). However, since 
Id~ff.Mj is independent  of the reverse voltage, these three 
curves should possess the same diffusion component  as 
dotted line for n~ in Fig. 4. By combining the first term of 
Eq. [4] with Eq. [8], we estimate the effective lifetime u 
= 33 /~s. However, using the second term of Eq. [4] and 
employing Dp = 11.1 cm2/s (11), a value of % = 164s is 
found. 

Figure 5 shows the temperature dependence of IR,~u, for 
data derived from the leakage currents in the strong in- 
version region, subtracted by IR.Mj. The temperature de- 
pendence of IR,~I,, is similar to that of I,.Mj. That is, at low 
temperatures the generation component  is dominant, 
while the diffusion component  becomes dominant at tem- 
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Fig. 6. Temperature dependence of Ig . . . .  at different reverse voltages 
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Fig. 7. Temperature dependence of surface recombination velocity 
at different reverse voltages. 

borosilicate glass passivated p~-n junction. In this GCD, 
the n layer of the p~-n junction was surrounded by the 
highly doped n region which repressed lateral depletion 
layer spreading. Moreover, a semiplanar structure having 
a deep groove made possible the easy fabrication of the 
GCD. Using this diode, it was revealed that the surface 
generation current component  cannot be ignored as com- 
pared with bulk current component  even at temperatures 
above 100~ The surface recombination velocity in the 
glass/silicon system, calculated from surface generation 
current component  exhibited a larger value of 300-400 
cm/s, in comparison with that of a SiO2/Si system, and 
was dependent  on temperature and reverse voltage. 
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peratures above 100~ Estimation of I~ .... in conjunction 
with IR.m is as follows. As we mentioned in the previous 
section, the max imum leakage current can be observed 
when the surface begins to invert. Therefore, the maxi- 
mum current, which shows the peak value in the IR-I~ 
curve, involves the sum of IR.~u (weak inversion), IR~FU, and 
IR,~,j (maximum). Supposing IR.FIJ (weak inversion) is ap- 
proximately equal to IR.Fu (strong inversion), Ig .... is de- 
fined as the subtraction of the sum of IR.MJ and Imnj 
(strong inversion) from the peak value. Figure 6 shows 
the temperature dependence of I~ ..... which has approxi- 
mately the same temperature dependence as ni. Using Eq. 
[6], surface recombination velocity so is estimated as 
shown in Fig. 7. It tends to decrease with increases in 
temperature. A possible explanation is that the energy 
level Et of the main surface generation-recombination 
center is not located exactly at the intrinsic Fermi level. 
Also, as is shown in Fig. 7, so tends to decrease with de- 
creases in reverse voltage. This reverse voltage depen- 
dence suggests that surface recombination velocity is 
subjected to a decrease in surface potential under the re- 
verse biased nonequil ibr ium condition. 

Conclusions 
A new type of gate-controlled diode (GCD) was pro- 

posed to investigate the leakage currents of a thick zinc 

Hitachi Limited assisted in meeting the publication 
costs of this article. 
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Process-Induced Interface and Bulk States in MOS Structures 

K. Hofmann and M. Schulz* 

Institute of Applied Physics, University of Erlangen-Niirnberg, D-8520 Erlangen, Germany 

ABSTRACT 

The effect of processing on the generation of interface states and bulk states is analyzed in MOS structures. Simple 
process steps are simulated by postoxidation annealing in nitrogen ambient  at temperatures in the range TA = 
600~176 Interface-state and bulk-trap densities are measured by constant capacitance DLTS. Interface and bulk 
states are strongly generated at anneal temperatures below 900~ The interface-state density changes from a distribu- 
tion showing a gradual decrease from the conduction bandedge to a distribution having a broad maximum near midgap. 
For the bulk traps at energy Ec - Er = 0.5 eV, the density steeply increases within 100 nm from the interface. Densities 
up to NT = 10 '6 cm -3 are measured after 600~ annealing. 

Adequate control of electronic traps in the SiO2-Si inter- 
face region, e.g., interface states and bulk states in the sili- 
con substrate, is an essential requirement  for the produc- 
tion of MOS integrated circuits. Many studies have shown 
(1-4) that oxidation and postoxidation annealing condi- 
tions strongly affect the trap densities at the SiO2-Si inter- 

*Electrochemical Society Active Member. 

face. Annealing in a H.2 containing atmosphere (1, 3-5) or 
other annealing procedures (6, 7) are employed for inter- 
face-state density reduction. Although the fabrication 
technology could be improved to achieve interface-state 
densities at a concentration below D i t  = 101~ cm-2-eV - ' ,  
the current understanding of the structure of these elec- 
tronic defects and their generation kinetics is still specu- 
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lative, because too many interacting parameters exist in 
device processing. Less well studied are the interface- 
state and bulk-trap generation kinetics for growth and an- 
nealing sequences of the SiO~-Si system at low tempera- 
tures as required for VLSI technology. This domain will 
be especially characterized in this paper. 

Several models have been proposed for the microscopic 
structure of SiO~-Si interface defects (I, 5, 9-11) to explain 
various aspects of observed annealing effects and electri- 
cal properties. For the perfect SiO2-Si interface, i.e., when 
all the Si surface bonds are saturated, no intrinsic defects 
should appear within the silicon bandgap (12, 13). At pres- 
ent, it is widely accepted that interface states are due to 
imperfections in the SiO~-Si interface, i.e., to bonding de- 
fects, such as dangling bonds or strained bonds, or to im- 
purity atoms. In all the cases, a strong dependence of the 
interface-state density on different process variables is 
expected. 

In this paper, we report a detailed experimental study 
of the interface-state density distribution and the bulk- 
state density in n-type MOS structures subjected to a 
postoxidation anneal (POA) in N2 ambient at tempera- 
tures in the  range  600~176 to s imula te  s imple  dev ice  
process ing  steps. S imple  MOS capaci tors  have  been  em- 
p loyed in this inves t iga t ion  ra ther  than  complex  devices  
in order  to r educe  the  n u m b e r  of  process  steps for sample  
preparat ion.  

The e lec t ronic  proper t ies  of the  SiO~-Si interface have  
been  charac ter ized  by cons tan t  capac i tance  deep  level  
t ransient  spec t roscopy  (CC-DLTS) (14, 15). Compared  to 
the quasis ta t ic  capaci tance  vol tage  (CV) m e t h o d  (16), 
c o m m o n l y  used  in MOS interface-state  analysis, CC- 
D L T S  is advan tageous  because  of its sensi t ivi ty  and abil- 
ity to d is t inguish  be tween  interface  states and bulk  traps 
in the s i l icon substrate.  The  expe r imen ta l  results  pre- 
sented  in the  fol lowing sect ions show that  interface states 
and bu lk  states of  intr insic origin are genera ted  dur ing  
POA t rea tment ,  especia l ly  at t empera tu re s  be low 900~ It  
appears  that  the  anneal ing  behav io r  of  interface states in 
the v ic in i ty  of  t he  conduc t ion  bandedge  is different  than  
that  of  states in the  midgap  region.  

Exper imenta l  

Sample preparation.--MOS capaci tors  were  fabricated 
on (100) sil icon wafers  (Czochralski-grown or epitaxial)  of 
both  n- and p-conduc t iv i ty  type  and different  resist ivity.  
The  s tandard  p reox ida t ion  c leaning  sequence  consists  of  
hot  NH.yH._,O._,, hot  HCYH202, and H F  with  r inses in deion-  
ized water.  The wafers  were  the rmal ly  oxidized in nomi-  
nally dry oxygen  a tmosphe re  at t empera tu re s  of 920 ~ 
1020 ~ and 1120~ to film th icknesses  of  60-70 nm and an- 
nealed in a rgon for 15 rain at the  same tempera ture .  The  
samples  were  pu l led  f rom the furnace  and cooled in ar- 
gon ambient .  The  gases were  used  as de l ivered  by the  
suppl ier  (< 5 p p m  H.20), wi thou t  in tent ional ly  increas ing  
the  H20 content .  The  sample  and ox ida t ion  data are sum- 
marized in Table  I. The  o ther  process  pa ramete rs  were  
comparab le  to s tandard  MOS fabricat ion.  

I sochronal  pos tox ida t ion  anneal ing  was pe r fo rmed  for 
30 rain in N~ a tmosphe re  at t empera tu res  in the  range of  

Table I. Sample and oxidation data 

Oxidation Oxidation Oxide 
temperature time thickness 

Material To~ (~ tax (min) d~ (rim) 

n-Type Epi 920 270 70 
(1-2 fl-cm) 

p-Type CZ 920 270 67 
(3-6 11-cm) 

n-Type CZ 1020 80 61 
(0.2-0.3 fl-cm) 

p-Type CZ 1020 80 58 
(3-6 12-cm) 

n-Type CZ 1120 15 57.5 
(0.2-0.3 ~l-cm) 

p-Type Epi 1120 15 58.5 
(5-7 ~l-cm) 

600~176 The anneal ing  t ime  was chosen  to be compa-  
rable wi th  hea t - t rea tments  c o m m o n l y  used  in implanta-  
t ion damage  anneal ing.  After  anneal ing,  the  samples  were  
pul led  f rom the  furnace  at cool ing rates of greater  than 
300 K/rain. Rapid  cool ing was used  to avoid  genera t ion  or 
anneal ing  of  defects  at in te rmedia te  tempera tures .  

Subsequen t ly ,  gate  e lect rodes  were  fabr icated by E-gun 
evapora t ion  of  a l u m i n u m  dots,  200 n m  th ick  and of ap- 
p rox ima te ly  0.6 m m  diam. As a substra te  contact,  an alu- 
m i n u m  layer  was un i fo rmly  depos i t ed  on the  back sur- 
face. Finally,  the  A1 contacts  were  baked  at 450~ in N.2 
a tmosphe re  for 30 rain. On the  wafer  oxidized at 920~ 
addi t ional  capaci tors  having a guard  ring with approxi-  
mate ly  5 /~m spacing f rom the  gate  e lec t rode  were  fabri- 
cated. 

The gate  ox ide  was r e m o v e d  after metal l izat ion in an 
H F  e tch  on a por t ion  of the  wafers  to form Scho t tky  di- 
odes by Au or A1 evapora t ion  on n- or  p- type substra te  
material ,  respect ively ,  for the  m e a s u r e m e n t s  of  bu lk  lev- 
els and doping.  

Evaluation procedure.--The dens i ty  of  in terface  states 
and bulk  states in the  SiO2-Si in ter face  region is deter- 
m i n e d  by CC-DLTS.  The m e a s u r e m e n t  t e chn ique  is de- 
scr ibed in detai l  e l sewhere  (14, 15, 17, 18). The  basic prin- 
ciple is exp la ined  in Fig. 1. In ter face  states and bu lk  
states are filled with  major i ty  carriers (electrons in Fig. 
1), w h e n  the  gate  is pu l sed  to accumula t ion .  After  the  
filling pulse,  the  SiO2-Si in terface  is b iased into dep le t ion  
and the  init ial ly occupied  states recruit  the t rapped  
charge  with  a t ime  constant ,  r (19). For  n- type mater ia l  

[ Eo- Et] T1 _ _  GnVnNe exp  k-T d [1] 

where  or, is the  cap ture  cross section,  v,  is the  the rmal  ve- 
loci ty of  e lectrons,  N,. is the  effect ive dens i ty  of states in 
the  conduc t ion  band,  Er - E t is the  trap energy  in the  sili- 
con bandgap,  k is the  Bo l t zmann  constant ,  and T the 
sample  t empera tu re .  

In  the  CC-DLTS  technique ,  the  dep ic t ion  capaci tance,  
i.e., the  band  bend ing  is kep t  cons tan t  dur ing  the  emis-  
sion per iod  by adjus t ing  the  gate  voltage.  The  gate  volt- 
age t rans ient  measu red  at two delay t imes  t~ and t2 after 
the filling pulse  compr ises  the  cont r ibu t ion  of  the  contin- 
uous ly  d i s t r ibu ted  interface-state  dens i ty  Dit and the 
bulk- t rap dens i ty  NT. The CC-DLTS signal AVg is g iven  by 

= " + NT AVg(EFs, T, r) q , e,,x. E~, 

L [exp ( - t , / r )  - exp  (-t._,/r)] dx + Dit(E ) 
6ox 

[exp (-t,&) - exp (-tJ~)]  dE 

I AX BULK TRAPS 

l ~ . . . . . . . ~  AE. INTERFACE STATES 

[ EF * i -- '- '- '- '- '-ET 
-- -II . . . .  EF 

,, ' 
i = 

d Yr Xr 
Fig. 1. Schematic band diagram of an MOS structure (n-type) in de- 

pletion, illustrating the principle of the CC-DLTS measurement. Far a 
filling pulse to accumulation, the emission of carriers from interface 
states in the energy interval AE and from bulk states in the depth 
range ~X contribute to the CC-DLTS signal. The intervals AE and AX 
are defined by the interface Fermi level EFs and the Fermi level cross 
point Yr. The width of the space charge region X, varies with the gate 
voltage Vg applied to the MOS structure. 



Vol. 132, No. 9 MOS S T R U C T U R E S  2203 

where  q is the  e lec t ronic  charge,  dox is the  ox ide  thick-  
ness, Cox and es are the  ox ide  and subst ra te  permit t ivi t ies .  
For  the  o ther  abbreviat ions ,  refer  to Fig. 1. 

In the  m e a s u r e m e n t  of  the  spec t rum,  the  CC-DLTS  sig- 
nal is r ecorded  at f ixed delay t imes  tl, t~ as a func t ion  of 
t empera ture .  In te r face  states are observed  in the  CC- 
D L T S  spectra  as a c o n t i n u u m  and bu lk  states occurr ing  
at discrete  ene rgy  posi t ions in the  gap are observed  as 
peaks.  The  energy  posi t ion Eo = E(~ - Et of  trap levels  mea- 
sured at t e m p e r a t u r e  T ,  is ca lcula ted f rom Eq. [1], where  
the  emiss ion  t ime  cons tant  is def ined by the  D L T S  delay 
t imes  (19) 

Eo = kTo i n  (O-nVnN ,. t2 - -  el t [3] 
\ In (t . / t l)  / 

The interface-s ta te  dens i ty  and the bulk- t rap concentra-  
t ion can be eva lua ted  f rom the  C C - D L T S  signal by 

co, aVe(T,,) 
Dit(Eo) - [4] 

d,,x qkT, ,  In (t.,/tl) 

2esC,,• 
NT( Eo) - - -  

ZW,n,x(T,,) [5] 
[exp ( - t l / ~ )  - exp (tJT)] (2ee,Ay,.  + CoxYr'-') 

where  C,,x is the  oxide  capac i tance  and A is the  capaci tor  
area. hVmax is the  peak  m a x i m u m  at t r ibuted  to bu lk  
states. In  order  to conver t  the  C C - D L T S  spectra  recorded  
as a func t ion  of  t empera tu re  into an energy  spec t rum,  a 
cons tan t  cap ture  cross sect ion ~p = ~, = 10 's cm'-' is as- 
sumed  in the  evaluat ions  of Eq. [3] and [4]. 

R e s u l t s  

I n t e r f a c e - s t a t e  d e n s i t y  d i s t r i b u t i o n . - - T h e  interface-  
state dens i ty  d is t r ibu t ion  in the  si l icon bandgap  is shown  
in Fig. 2 for as-oxidized samples .  States  in the  upper  half  
of  the  bandgap  are measu red  on n- type samples,  and 
states be low midgap  on p- type samples .  The  peaks  near  
midgap  s u p e r i m p o s e d  on the  con t inuous  spectra  of  inter- 
face states are caused  by bulk  states in the  SiO=-Si inter- 
face space  charge  region. These  peaks  will  be fur ther  dis- 
cussed  in the  fo l lowing section. 

The interface-s ta te  d is t r ibut ion  varies  significantly 
wi th  the  ox ida t ion  t empera tu re .  For  MOS capaci tors  oxi- 
dized at 920~ the  interface-state  dens i ty  decreases  con- 
t inuous ly  f rom the  conduc t ion  b a n d e d g e  to the va lence  
bandedge ,  whi le  for the  h igher  ox ida t ion  t empera tu re  of  

10111 ~ ~  ~'/1020~ N-TYPE 920 oct-TYPE 

A 
,> 

,~- 101~ I 

109~ 
I I I I I I I I 

O0 02 0.4 06 0.8 10 
Ec - Elt(eV) 

Fig. 2. Interface-state densities in the silicon bandgap for MOS 
structures oxidized at 920% 1020% and 1120~ States in the upper 
half of the bandgap were observed on n-type MOS capacitors, and 
those below midgap on p-type samples. 

1120~ a b road  m a x i m u m  in the  midgap  region appears.  
The  decrease  in interface-state  dens i ty  towards  the  val- 
ence bandedge  vis ib le  in Fig. 2 is f requen t ly  observed  in 
D L T S  exper imen t s  (5, 20-22). This decrease  is in contrast  
to the U-shaped  interface-state  d is t r ibut ion  observed  in 
quasi-stat ic CV data for the as-oxidized SiO~-Si interface 
(3). In quasi-stat ic  CV m e a s u r e m e n t s  taken  on the  
samples  of  Fig. 2, we obtain a flat interface-state  dis tr ibu-  
t ion in the midgap  region (E, -+ 0.3 eV) at densi t ies  of Dit = 

1-4 x 10 TM cm-2-eV-1.  A decrease  in dens i ty  be low midgap  
is not  observed.  The reason for this d i sc repancy  is still 
not  clear. It  may  be caused by the  l imi ted  accuracy  of the  
CV t echn ique  or by the  p resence  of  s low states near  the  
va lence  bandedge  as repor ted  by Sher  et  a l .  (23). 

S low states wh ich  do not  emi t  the  t rapped  charge  at 
t ime cons tants  of  less than  100 ms do not  cont r ibu te  to 
the CC-DLTS  signal, but  they  can still be measured  by 
the quasi-stat ic  CV method.  Near  the  conduc t ion  band-  
edge,  s low states are not  reported.  The  anneal ing  data are 
therefore  only p resen ted  for n- type samples.  

The interface-s ta te  dens i ty  d is t r ibu t ion  for MOS capaci- 
tors oxid ized  at Tox = 920~ and annea led  at var ious  tem- 
pera tures  pr ior  to metal l izat ion are shown in Fig. 3. The  
spectra  were  recorded  at D L T S  delay t imes  of  tJt., = 2/4 
ms and t]t.~ = 20/40 ms, respect ively .  Peaks  appear ing  
near  midgap  are a t t r ibuted  to bu lk  traps as men t ioned  
above. C o m p a r e d  to the  unannea l ed  reference  sample,  the  
interface-state  dens i ty  is r educed  by a pos tox ida t ion  an- 
neal  in n i t rogen  at a t empera tu re  Ta = 1075~ h igher  than  
the  ox ida t ion  tempera ture .  Only a s l ight  s lope towards  
h igher  va lues  at the conduc t ion  b a n d e d g e  is observed.  
For  anneal ing  t empera tu re  TA = 600~ P O A  results  in an 
increased  t rap dens i ty  near  midgap;  however ,  near  the  
conduc t ion  bandedge ,  the  interface-s ta te  dens i ty  is the  
same as before  anneal ing.  I t  is no ted  that  the  shape of  the  
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Fig. 3. Interface-state density distribution for MOS capacitors oxi- 

dized at To, = 920~ and subjected to different POA treatments: 
without POA (top), POA at 1075~ (middle), and POA at 600~ (bot- 
tom). The CC-DLTS spectra were recorded at delay times of t l / t 2  = 
2/4 and 20/40 ms, respectively. An approximate energy scale is given 
at the top. 
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e n e r g y  d i s t r i b u t i o n  of in t e r f ace - s t a t e  dens i ty  c h a n g e s  
c o n s i d e r a b l y  w i th  t he  P O A  t e m p e r a t u r e  f rom a decreas -  
ing to an  i n c r e a s i n g  d i s t r ibu t ion .  

I n  o rde r  to cha rac t e r i ze  the  a n n e a l i n g  effects,  we h a v e  
p lo t t ed  in  Fig. 4-6 t he  in t e r f ace - s t a t e  d e n s i t y  at  two en- 
ergy pos i t i ons  of  Ec - 0.4 eV a n d  Ec - 0.15 eV as a func-  
t ion  of  t h e  P O A  t e m p e r a t u r e  for  s a m p l e s  ox id ized  a t  920 ~ 
1020 ~ a n d  1120~ respec t ive ly .  

The  C C - D L T S  spec t r a  of  all t h e  s a m p l e s  i nd i ca t e  a 
s m o o t h  c o n t i n u o u s  in t e r f ace - s t a t e  d i s t r i b u t i o n  w i t h o u t  
any  d i s t i nc t  s t ruc tu re .  I n d e p e n d e n t  of  o x i d a t i o n  condi -  
t ions ,  t he  l owes t  m i d g a p  va lues  of  D i t  a r e  m e a s u r e d  for  
s amp le s  w h i c h  r ece ived  a P O A  at  t e m p e r a t u r e s  of  
900~176 a n d  a n  i n c r e a s e d  d e n s i t y  is o b s e r v e d  for P O A  
t e m p e r a t u r e s  of less  t h a n  800~ a n d  h i g h e r  t h a n  1000~ A 
s imi la r  t e m p e r a t u r e  d e p e n d e n c e  is o b s e r v e d  for t he  shal-  
low in t e r f ace  s ta tes  (Ec - 0.15 eV) on  MOS s t r u c t u r e s  oxi- 
d ized  at  920 ~ a n d  1120~ T he  sha l low in t e r f ace  s ta tes  in  
s amp le s  ox id ized  at  1020~ are  no t  a f fec ted  by  POA. How-  
ever ,  i n  all  t h e  cases  t he  i n t e r f a c e - s t a t e  d e n s i t y  is l o w e r  
n e a r  t he  c o n d u c t i o n  b a n d e d g e  t h a n  n e a r  m i d g a p  a f t e r  
600~ a n n e a l i n g .  In  genera l ,  t h e  e f fec t  of a P O A  t rea t -  
m e n t  on  s h a l l o w  i n t e r f a c e  s t a t e s  is w e a k e r  t h a n  t h a t  on  
d e e p  i n t e r f a c e  s ta tes .  

Midgap interface-state density and oxide charge.-  
In t e r f ace - s t a t e  dens i t i e s  a n d  f l a tband  vo l tages  eva lua t ed  
f rom s t a n d a r d  h i g h  f r e q u e n c y  a n d  quas i - s t a t i c  CV cu rves  
are s h o w n  in  Fig. 7 a n d  8, r espec t ive ly .  S ince  re l iab le  
in t e r f ace - s t a t e  dens i t i e s  nea r  t he  b a n d e d g e s  c a n n o t  be  de- 
t e r m i n e d  by  th i s  t e c h n i q u e ,  on ly  m i d g a p  va lues  of  Dit are  
p r e s e n t e d  in  Fig. 7 for s a m p l e s  ox id i zed  a n d  a n n e a l e d  at  
va r ious  t e m p e r a t u r e s  as ind ica ted .  T he  t r ap  dens i t i e s  de- 
d u c e d  f rom CV m e a s u r e m e n t  ag ree  qu i t e  wel l  w i t h  t he  
CC-DLTS  resu l t s  of  Fig. 4-6 for  m i d g a p  states.  In  t he  t em-  
p e r a t u r e  r a n g e  TA < 900~ w h e r e  the  in te r face - s t a t e  den-  
si ty inc reases ,  a la rge  sh i f t  in  f l a t b a n d  vo l t age  u p  to - 1 0 V  
is obse rved .  A sh i f t  in  f l a tband  vo l t age  of  AV~,B = - 1 V  
c o r r e s p o n d s  to a n  i nc r ea se  in ox ide  cha rge  of approx i -  
m a t e l y  Qox = - <  Cox/A AV~,R = 3 x i0" c m  -~, a s s u m i n g  
t h a t  the  c h a r g e  c e n t r o i d  is loca ted  in  t h e  v ic in i ty  of  t he  
SiO2-Si i n t e r f ace  (2). The  CV c u r v e s  t a k e n  at  r o o m  tern- 
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Fig. 4. Interface-state densities at energy positions of Ec - E,t = 
0.4 eV and E~ - Eit = 0.15 eV for samples oxidized at 920~ and an- 
nealed at temperatures TA = 600~176 

'>. 

o 
O x-.- 

x 

25 

20 

15 

10 
E3 

/ 
m � 9  

OXIDATION 1020 ~ 
(DRY) 

�9 Ec- 0.4 eV 

�9 Ec-0.15 eV 

\ 
�9 \ �9 

\ .  

0 l I I I I I I I I 

400 600 800 1000 1200 1400 
ANNEAL TEMPERATURE (~ 

Fig. 5. Interface-state density as a function of POA temperature for 
MOS capacitors oxidized at 1020~ 

p e r a t u r e  s h o w  no  hys t e r e s i s  a n d  no  sh i f t  in f l a tband  volt-  
age d u r i n g  b ias  s t ress ing ,  t h u s  i n d i c a t i n g  t h a t  on ly  a neg-  
l igible  a m o u n t  of  m o b i l e  ox ide  c h a r g e  is p r e s e n t  at  th i s  
t e m p e r a t u r e .  A m o b i l e  ox ide  c h a r g e  c a u s e d  b y  s o d i u m  or 
h y d r o g e n  ions  (2) can  t he r e fo re  be  ru l ed  out. 

Bulk states.--Bulk s ta tes  in t he  space  c h a r g e  r eg ion  of 
the  s i l icon s u b s t r a t e  of  MOS s t r u c t u r e s  cause  d i sc re te  en- 
e rgy  levels  in  t he  b a n d g a p  a n d  are  t he r e fo re  o b s e r v e d  as 
peaks  in t he  C C - D L T S  spect ra .  The  p e a k  h e i g h t  of  b u l k  
levels  is p r o p o r t i o n a l  to t he  m e a s u r e m e n t  vo lume ,  i.e., t h e  
w i d t h  of  the  space  cha rge  reg ion  (see Fig. 1). The  peak  
h e i g h t  is t he r e fo re  d e p e n d e n t  on  t he  su r face  po t en t i a l  Os 
or t he  s a m p l e  capac i t ance  Cr. The  CC-DLTS  spec t r a  
s h o w n  in  Fig. 9 are  o b t a i n e d  on  an  MOS s t r u c t u r e  h a v i n g  
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Fig. 6. Interface-state density as a function of POA temperature for 

MOS capacitors oxidized at 1 1 2 0 ~  
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Fig. 7. Midgap interface densities measured by the quasi-static CV 

method for the samples of Fig. 4-6. 

a guard  e lectrode.  Surface  potent ia ls  are de te rmined  by 
high f r equency  CV measurement s .  By  applying a guard  
e lec t rode  vol tage  V, = -8V,  the  invers ion  capac i tance  is 
r educed  f rom 105 to 89 pF,  thus  ind ica t ing  that  deep de- 
p le t ion is ach ieved  at the in terface  and that  minor i ty  car- 
rier bu i ldup  in an invers ion  layer  can be neglected.  The  
peak  of  bu lk  t raps  appear ing  at app rox ima te ly  270 K is 
ve ry  sens i t ive  to the  var ia t ion of  the  qu iescen t  capaci- 
tance  C~ in the  CC-DLTS  measu remen t .  The  peak  temper -  
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Fig. 8. Flatband voltages derived from high frequency CV measure- 
ments for the samples oxidized and annealed at different tempera- 
tures as indicated. 
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Fig. 9. CC-DLTS spectra for a MOS capacitor (Tax  = 920~ having 
a guard ring. Measurements are obtained at different sample capaci- 
tances Cr (i.e., different surface potentials)�9 V~ is the voltage applied 
to the guard electrode. The peak appearing in the spectra is due to a 
deep bulk trap. The energy position of the hulk trap (Ec - ET = 0.5 
eV) is derived from the Arrhenius plot of the emission time ~- shown in 
the insert. The emission time ~" is determined from DLTS results by 
the relation T = (t~ -- tJ/ In ( t~ l t , ) .  

ature posit ion,  however ,  is i n d e p e n d e n t  of  the  capaci- 
tance  in all the  three  spectra,  thus  ind ica t ing  the  absence  
of  r ecombina t ion  effects in the  D L T S  spectra.  The  
Arrhen ius  plot  of  the  peak  t e m p e r a t u r e  vs. the  emiss ion  
t ime cons tan t  is shown in the  insert .  A trap energy  of  Ec - 
E~ = 0.5 eV and a capture  cross sect ion ~n = 6 x 10 T M  cm 2 
is de r ived  f rom the  slope. The  bulk- t rap  dens i ty  calcu- 
lated by Eq. [5] is N~ = 6 x 10 TM cm -3. A detai led analysis  
of  the  peaks  obse rved  in the  CC-DLTS  spectra  (see Fig. 2 
and 3) shows that  bu lk  traps are p resen t  in near ly  all the  
MOS s t ructures  used  in this s tudy.  These  bulk  traps are 
located deep in the  bandgap  excep t  in two samples,  
where  two addi t ional  shal low traps are observed.  

The trap level  energ ies  and the  cor respond ing  trap den-  
sities are summar i zed  in Fig. 10 and 11. The deep  bu lk  
traps have  ident ical  energy  posi t ion (E~ - E~ = 0.5 -+ 0.03 
eV) wi th in  the  overal l  error  i n d e p e n d e n t  of ox ida t ion  and 
POA condit ions.  We therefore  conc lude  that  the  origin of 
the  deep  traps is identical .  A corre la t ion be tween  a spe- 
cial process  pa rame te r  and a specific t rap level  could  no t  
be observed.  

In MOS capaci tors  annea led  at 900~ no bu lk  traps 
were  reso lved  by CC-DLTS.  The de tec t ion  l imit  for deep  
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Fig. 10. Energy position of the bulk traps observed in the MOS 

structures after various oxidation and anneal treatments. 
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Fig. 11. Bulk-trap density in the immediate vicinity of the SiO~-Si 
interface ( <  100 nm). Only the density of the deep states (E~ - ET 
0.5 eV) in Fig. 10 are depicted. 

bulk traps is rather high, approximately N.r = 5 • i0 ':~ 
cm :~, because of the narrow depletion region in MOS 
structures. The density values in Fig. ii represent traps 
located in the immediate vicinity (< 0.I tLm) of the SiO2-Si 
interface. In order to measure concentrations of bulk 
traps deeper in the substrate, CC-DLTS measurements 
were performed on Schottky diodes. These spectra show 
no bulk- t rap densi t ies  larger than  NT = 5 • 10 '2 cm -:~ in a 
depth  range  of  0.2-1 ~ m  f rom the  meta l  electrode.  The  
deep  traps obse rved  in MOS s t ructures  seem to appear  
only in the i m m e d i a t e  SiO=,-Si in ter face  region. The  trap 
densi ty  decreases  by more  than  three  orders  of  magni-  
tude  wi th in  the first 2000s f rom the  interface  in samples  
annealed at 600~ 

Discussion 
Annealing of interface states.--Data repor ted  in the lit- 

erature  show that  there  is still a cont rovers ia l  d i scuss ion  
on the  anneal ing  behav io r  of  t rap states at the SiO~-Si in- 
terface in contras t  to anneal ing  effects for oxide  charges 
where  be t te r  ag reemen t  is establ ished.  It  has been  em- 
phasized by Razouk  et al. (3, 24) that  the  final interface- 
state densi ty  d is t r ibut ion  in the SiO2-Si sys tem depends  
on a variety of  process  variables,  such  as oxidat ion  and 
pulYcool condit ions,  in situ POA, POA in argon or nitro- 
gen ambient ,  anneal  t ime, metal l izat ion procedure,  and 
pos tmeta l l iza t ion  anneal  (PMA). 

The  interface-s ta te  dens i ty  d is t r ibut ions  presen ted  in 
this paper  as shown in Fig. 2 do not  r ep resen t  the  proper-  
ties of a s imple  as-oxidized SiO2-Si interface.  The 15 rain 
in situ P O A  inc luded  in the  oxida t ion  process  is bel ieved 
to cons iderably  r educe  the  interface-state  dens i ty  in the  
upper  half  of  the  bandgap  (25), compared  to that  of the as- 
oxid ized  cases. Various hydrogen  species needed  for 
interface-state annihi la t ion  by c o m p l e x i n g  at low temper-  
atures (500~ (6) are genera ted  by the react ion of  alumi- 
n u m  wi th  water  vapor  absorbed  in the  oxide  (4). This as- 
sumpt ion  is s u p p o r t e d  by the  observa t ion  of  the  fiat 
interface-state d is t r ibut ion  de tec ted  on samples  oxidized 
at 1020~ (see Fig. 2). The interface-state  spectra  are in 
ag reement  wi th  resul ts  pub l i shed  in Ref. (3) for MOS 
structures  after a hyd rogen  anneal.  

An oxida t ion  t empera tu re  effect  v is ib le  in Fig. 2 indi- 
cates that  the  P M A  process  is not  comple te ly  control l ing 
the interface-s ta te  d is t r ibut ion  and that  the oxida t ion  con- 
dit ions prior  to the  anneal ing  affect the  density. In  partic- 
ular, for samples  ox id ized  at t empera tu re s  be low 1000~ 
an interface-s ta te  dens i ty  increas ing towards  the  conduc-  

t ion bandedges  was also found in p rev ious  inves t iga t ions  
of MOS s t ructures  annea led  in fo rming  gas (27) or  sub- 
j ec ted  to hyd rogen  " layer"  annea l ing  (5, 8). 

Ni t rogen P O A  at e levated t empera tu re s  is c o m m o n l y  
appl ied in device  process ing  to r educe  fixed ox ide  
charges (Qo~). However ,  for p ro longed  N~ anneal  an in- 
crease in the  values  of Q,,~ after an initial decrease  has 
been repor ted  (24, 28-30), wh ich  is exp la ined  by the for- 
mat ion  of SixN, at the interface.  For  our  samples ,  a seri- 
ous effect o f  such  n i t rogen  reac t ion  is no t  expec ted  be- 
cause a th ick  oxide  layer (60-70 nm) is used  and because  
only short  annea l ing  t imes  (30 rain) are applied. 

Recent ly ,  it has been  shown by A k i n w a n d e  et al. (31) 
that  long anneal  t imes  of  up to several  hours  have  to be  
used  to reach steady-state  values  of  Q,,~ for argon anneal- 
ing at t empera tu re s  below 800~ The resul ts  p resen ted  in 
Fig. 8 for the  f la tband voltage,  a l though showing  a simi- 
lar t empera tu re  d e p e n d e n c e  as the  data in Ref. (31), may  
therefore still deviate from that for the equilibrated 
SiO2-Si interface. We believe that the same argument is 
probably valid for the interface-state density values of the 
samples annealed at temperatures TA < 900~ because a 
strong correlation between interface-state density and ox- 
ide charges is established in Fig. 4-8. For nitrogen POA, a 
correlation of Di~ and Qo• values is, however, not generally 
observed by other authors (4, 24). We do not know the dif- 
ferences in the material and processing data that cause 
the differing behavior, and thus we cannot comment on 
this discrepancy. 

Our results show that POA affects the residual inter- 
face-state density, even when PMA is applied. This obser- 
vation is confirmed by two-step annealing experiments, 
where the annealing sequence consists of an initial anneal 
at 1150 ~ or 700~ followed by an anneal at the oxidation 
temperature of 920~ The CC-DLTS spectra of samples 
without POA, with one-step annealing, and with two-step 
annealing clearly show variations due to the various pro- 
cess steps. The residual interface-state density distribu- 
tion is therefore determined by the entire processing his- 
tory and not only by the final high temperature process. 
The annealing behavior of interface states illustrated in 
Fig. 4-6 is mainly caused by the nitrogen POA. 

The essential result of our study is the difference in an- 
nealing behavior for interface states near midgap and 
those near the conduction bandedge. For low POA tem- 
peratures (T, = 600~ the interface-state density de- 
creases towards the conduction bandedge independent of 
oxidation conditions, while after high temperature POA 
(TA > 900~ the interface-state density increases. The 
lowest density values were observed after POA at 
900~176 in accordance with observations of Yeow 
et al. (26). 

Origin of interface states.--It is clear that microscopic 
models for the origin of interface states cannot be de- 
duced unambiguously from electrical measurements such 
as CC-DLTS. We can only give some arguments to rule 
out unintentional impurities introduced during oxidation 
and annealing as an origin for the observed effects. 

Contamination with alkali ions, especially Na ~, cannot 
explain the large negative shift of the flatband voltage 
observed after low temperature annealing (T, < 900~ 
Although there is some evidence for the presence of elec- 
trically inactive Na + ions in the SiO~-Si system (24), we do 
not believe that complete passivation of Na t occurs after 
annealing at high temperatures, where low negative fiat- 
band voltages are observed. Na + ions are also assumed to 
cause a band tail of interface states near the conduction 
bandedge (14, 32), which is not observed in our measure- 
ments. We therefore conclude that the alkali-ion contami- 
nation level is sufficiently low in our samples not to af- 
fect the interface-state density. 

Other possible contaminations are metallic impurities 
which may act as charges in the oxide (24) or as electronic 
traps in the SiO2-Si interface region (33-35). For impurities 
introduced during processing, we expect an increased 
contamination level at elevated temperatures and diffu- 
sion of the contaminant into the substrate. If impurities 
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are present, the well-known trap levels related to metallic 
impurities should be detected in the CC-DLTS spectra of 
the Schottky diodes. Such trap levels were not resolved at 
concentrations exceeding the detection limit of NT = 5 
• 10 ~'-' cm -'~. Metallic impurities are therefore believed to 
cause only a negligible distortion in the interface-state 
distribution. The MOS structures studied in this work are 
assumed to exhibit  the properties of the intrinsic SiO~-Si 
interface. 

It is widely accepted that interface states of intrinsic 
type are associated with structural defects in a disordered 
interfacial transition layer (24, 36). The presence of inter- 
facial layers has been demonstrated with various analyt- 
ical techniques by several authors (37-39). Structural de- 
fects, e.g., strained bonds or dangling bonds residing in 
the interfacial region, may cause electronic traps as well 
as fixed oxide charges. The correlation of interface-state 
density and oxide charge observed during POA supports 
an interpretation by the same origin. According to Akin- 
wande et al. (31), the distinct breakpoint at annealing tem- 
perature of TA ~ 900~ for interface-state density and ox- 
ide charge observed indicates a change in the generation 
process, e.g., by the formation of mechanical stress. This 
breakpoint at about 900~ nearly coincides with the vis- 
cous flow threshold of thermal oxides T~ ~ 965~ (40). 
Stress in the oxide and interface defects related to it is 
not removed by elastic flow when annealing is carried 
out at temperatures below 900~ It is also possible that 
defects are generated during annealing in the presence of 
mechanical stress. A direct correlation between stress dis- 
tribution at the SiO2-Si interface and generation has been 
reported for radiation-induced interface states (41). 

Bulk states.--We also observe a steep increase in bulk- 
trap density in the same temperature range (< 900~ 
where interface states and oxide charges are generated 
during POA. All the three types of defects, oxide charge, 
interface traps, and bulk traps are therefore correlated. 
The trap density profiles measured depict a maximum in 
trap density right at the interface, thus indicating that the 
deep trap levels (Ec - E i t  ~ 0 . 5  e V )  may be attributed to a 
specific interface defect. At an energy position near 
midgap, oxidation-induced defects (42) and interface de- 
fects in MOS structures (18, 43) are frequently reported. 
Interstitial silicon atoms generated during oxidation may 
also cause a deep trap level at the SiO~-Si interface (44). 
The concentration of interstitial silicon in the interface re- 
gion increases with oxidation rate (45), i.e., higher oxida- 
tion temperature. Because this dependence on oxidation 
temperature was not observed in Fig. 11, we conclude 
that the deep traps detected at energy Ee - ET = 0.5 eV are 
not directly related to interstitial silicon atoms. A possible 
origin for the deep bulk traps associated with structural 
defects in the SiO._,-Si interface region are silicon dangling 
bonds (12). This assumption would easily explain the 
strong correlation between interface states and bulk 
states mentioned above. At present, we can only specu- 
late on the exact nature of bulk traps because the data are 
insufficient for the drawing of further conclusions. 

Summary 
The CC-DLTS technique was applied to study the inter- 

face-state distribution and the bulk-state density in MOS 
structures after oxidation and postoxidation nitrogen an- 
nealing. Oxidations were performed in dry oxygen ambi- 
ent at temperatures of 920 ~176 The interface-state dis- 
tribution was not found to be U-shaped in the silicon 
bandgap. Instead, for 920~ oxidation, the interface-state 
density decreases monotonically from the conduction 
bandedge to the valence bandedge, and, for 1120~ oxida- 
tion, a fiat max imum was observed near midgap. 

The postoxidation annealing behavior of interface 
states and bulk states in the upper half of the bandgap 
was investigated in the temperature range of 600~176 
Annealing at temperatures TA < 900~ generates both in- 
terface states and bulk states. The increase in interface- 
state density is more pronounced for states near midgap 

than for states near the conduction bandedge. After a 
600~ temperature treatment, the interface-state density 
decreases towards the conduction bandedge. For anneal- 
ing at elevated temperatures TA > 1000~ the slope in the 
energy distribution is reversed. 

Deep bulk traps at an energy of E~ - ET ~ 0.5 eV are de- 
tected in the immediate vicinity of the SiO~-Si interface 
by CC-DLTS. Specific process parameters which cause 
these trap levels could not be identified. The bulk-trap 
densities up to N.r = I0 TM cm -:~ have been measured in the 
region within i000~ of the interface after 600~ annealing. 
A strong correlation in the annealing effects of fixed ox- 
ide charges, interface-state density, and bulk-trap density 
has been established. 
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An Analysis of Particle Adhesion on Semiconductor Surfaces 

R. Allen Bowling* 
Texas Instruments Incorporated, Materials Science Laboratory, Dallas, Texas 75265 

ABSTRACT 

This paper constitutes an analysis of the forces of adhesion of small particles to surfaces, most specifically as ap- 
plied to semiconductor  surfaces. The primary forces of adhesion of small, less than 50 ~m diam particles on a dry sur- 
face are van der Waals forces. These van der Waals forces of adhesion can increase as a function of t ime due to particle 
and/or surface deformation which increases the contact area; micron-size particles can be held to surfaces by forces ex- 
ceeding 100 dyn, which corresponds to pressures of 109 dyn/cm'-' or more. Total forces of adhesion for micron-size 
particles exceed the gravitational force on that particle by factors greater than 106. Electrostatic forces only become im- 
portant and predominate for particles larger than 50 ~m diam. Immersion of the adhered particle system can, in some 
cases, greatly reduce the total adhesion force, first by shielding of the electrostatic and van der Waals attractions, and 
also by adding double layer repulsion because of dipolar alignment of liquid molecules or dissolved ions at the surfaces. 
Double layer interactions may, however, also add to the attractive forces if dipoles align properly for attraction. An im- 
portant consideration is the possibility that if the particles are not removed by the liquid immersion, then a liquid bridge 
can be formed by capillary action between the particle and surface upon removal from the liquid. This would add a very 
large capillary force to the total force of adhesion. This capillary force has been shown to remain, in some cases, even 
when the system is baked at above the liquid boiling point for more than 24h. Removal of these small particles from sur- 
faces is in theory possible but is in practice extremely difficult. It is clear that emphasis should be placed on prevention 
of particle deposition rather than on counting on achieving subsequent  removal. 

A basic understanding of particle adhesion is vital to 
the search for ways to insure the particle-free semicon- 
ductor processing needs of the future. It may be very im- 
portant in increasing our understanding of how to better 
remove particulates from wafer and IC surfaces. Particles 
are known to have, even at present, a very dramatic effect 
on the manufacture of IC's and are a major yield loss fac- 
tor. Particles will only become more important as the size 
of individual semiconductor operational units decreases 
(1). The present analysis was undertaken with those 
thoughts in mind, principally to try to understand ways of 
most effective particle removal from silicon wafers. As 
will become apparent from the presentation of the find- 
ings, it is probable that the most effective efforts may be 
to prevent particle adhesion in the first place. Informa- 
tion about particle adhesion mechanisms can also aid one 
in more effective particle prevention. A general summary 
of some basic concepts about particles is given below, fol- 
lowed by discussions of the forces which control basic 
particle adhesion to surfaces. 

General particle information.--Particles are present all 
around us in the atmosphere in great abundance. They in- 
clude, for example, pollens, dusts, fibers, metals, metal 
oxides, hydrocarbons, and organic matter. They are gen- 
erated by several means, including mechanical abrasion, 
chemical reactions, and combustion processes. People are 
large sources of particles in a semiconductor  production 
facility, e.g., from their clothes, from their skin and hair, 
and from their breath, particularly if they smoke. Par- 
ticles adhere to surfaces with great tenacity. One needs 
only to invert a surface with adhered particles to realize 
that, even for particles that are quite large, the adhesion 
force is greater than the gravitational force on those 
particles. Similarly, vigorous blowing of the surface only 
manages to dislodge relatively few of the largest particles 
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(2, 3). The total adhesion force on a particle, as will be 
shown later in this paper, decreases approximately line- 
arly as a function of the diameter of the particle. On the 
other hand, the weight of a particle decreases as a func- 
tion of the diameter cubed, i.e., volume reduction. This 
means that, for most particles, the adhesive force is about 
equal to the weight of the particle for particles with diam- 
eters ranging from about 0.01 to 1 mm. For a 1 ~m diam 
particle, the force of adhesion easily exceeds the force 
due to gravity by a factor greater than 106 (4). 

The term adhesion describes particle attachment to a 
surface, and general particle-particle attachment is called 
agglomeration. Due to adhesion of particles to each other, 
agglomerates are more frequently encountered than indi- 
vidual particles. Smaller particles, less than 0.5 ~m diam, 
exhibit  more violent Brownian motion in air and thus 
have greater opportunity to collide to form an agglomer- 
ate or flocculated mass (5). Particle deposition and re- 
moval are also distinctly different. Removal is further 
complicated over the original deposition because of de- 
formation of the particle at the point of contact, which 
causes increased contact area and allows chemical bond 
formation (6). 

Typical particles are also not spherical. They are more 
often agglomerated chains or flocculates of nonuniform 
shapes. Mechanically generated particles from abrasion 
processes tend to be quite large, usually greater than 1 
~m diam. Vaporization generated particles, e.g., from 
chemical reactions and combustion processes, are gener- 
ally very small, typically less than 0.5 ~m diam. The dis- 
tribution of particles in the atmosphere typically reflects 
these facts by being bimodal with a large number  of par- 
ticles peaking in the range 0.2-0.3 ~m diam and a large 
number  of particles peaking at 10-20 ~m diam. Also, in 
general, the smaller the particle, the greater the number  
of particles of that size in the atmosphere; the number  of 
particles increases as particle sizes decrease as a function 
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of  the  rec iproca l  d i amete r  cubed,  d -3. This  increase  in 
n u m b e r  of  par t ic les  as par t ic le  size decreases ,  however ,  
p robably  beg ins  to tu rn  d o w n  at d iameters  ranging f rom 
0.01 to 0.1 ~ m  due  to agg lomera t ion  (7, 8). 

F i l t ra t ion  of  gases and l iquids  is ve ry  impor tan t  in semi-  
conduc to r  p roduc t ion .  Fi l t ra t ion r emova l  of  part icles  
f rom gases is ach ieved  as the  resul t  of  th ree  basic mecha-  
nisms,  in te rcep t ion  in wh ich  the  par t ic le  is larger  than  the  
filter "po re"  sizes, inert ial  impac t ion  of  part icles  into the  
filter mater ia l  or strands,  and  diffusion, i.e., Brownian  
statist ical  m o v e m e n t ,  with s u b s e q u e n t  adhes ion  to the  
filter material .  This differs drast ical ly f rom fluid filtra- 
t ion which  is ach ieved  only by par t ic le  in tercept ion.  Thus  
the  fi l tration of  gases is genera l ly  mos t  effect ive  for ve ry  
small  par t ic les  wi th  high diffusive m o v e m e n t ,  and for 
larger  par t ic les  that  can be  easi ly in te rcep ted  or impac ted .  
The  par t ic le  d i ame te r  region of  least  eff iciency fpr 
s tandard  H E P A  1 filters is typical ly  a round  0.3 tLm or less 
(9, 10). Also, cons tan t  point-of-use rec i rcula t ing  fi l tration 
of  process  l iquids  can be vi tal  to the  reduc t ion  of par t ic les  
on devices  as a resul t  of  l iquid  process ing.  We a l ready 
seem to realize the  need  for cons tan t  air refi l trat ion and 
cons tan t  d o w n w a r d  air f low in the  reduc t ion  of part icles  
f rom the  a t m o s p h e r e  in c lean rooms.  These  are both  best  
unde r s tood  by cons ider ing  the  gravi ta t ional  set t l ing rates 
of  par t ic les  in solut ions and in air. A typical  1 tzm-diam 
part ic le  w o u l d  requ i re  about  50 rain to set t le  1 ft in air 
and wou ld  requ i re  over  5000 min  to set t le  1 ft in water .  
Thus,  one can see that  natura l  r emova l  of part icles  by 
their  own gravi ta t ional  fall does  no t  work.  Consc ious  ef- 
forts mus t  be  m a d e  to r e m o v e  t h e m  and to con t inue  to re- 
m o v e  t h e m  as n e w  part ic les  are be ing  added  to the  pro- 
cess ing med ium.  

Particle adhesion mechanisms.--There are, to date, 
pract ical ly  no phys ica l  models  of  adhes ion  which  relate  
adhes ive  s t rength  to es tabl i shed fields of  physics.  The  
difficult ies arise f rom the  fact  that  adhes ion  s t rength  is a 
mix tu re  of  phys ica l  and chemica l  forces and mechan ica l  
strains and stresses,  all at  and a round  the  adhes ive  inter- 
face. Also,  adhes ion  forces can only be  measu red  destruc-  
tively. Therefore ,  an adhes ion  m e a s u r e m e n t  does not  rep- 
resent  an equ i l i b r i um situation,  so that  a k inet ic  mode l  of  
adhes ion  is required .  Adhes ion  m u s t  thus  usual ly  be  ap- 
p r o x i m a t e d  geomet r ica l ly  by a sphere  on a flat surface 
(11). The  d iscuss ions  be low on adhes ion  m e c h a n i s m s  all 
init ial ly a s s u m e  a spher ical  par t ic le  on a flat surface. The  
effects of  nonspher i ca l  part icles  and rough  surfaces are 
d iscussed  and quant i f ied  w h e n  possible.  The  discuss ions  
are also p r imar i ly  theore t ica l  because  of  the  p rob l ems  in 
mak ing  m e a s u r e m e n t s  of  adhes ive  force for ve ry  small  
particles.  A typical  m e a s u r e m e n t  m e t h o d  is to apply  a 
force for r emova l  by sp inning  the  surface  wi th  the  at- 
t ached  part icles  and moni to r ing  the  ro ta t ion rate at wh ich  
part icles  are r emoved .  R e m o v a l  of  1 fzm diam particles,  
however ,  are imposs ib le  by this me thod ;  they  wou ld  re- 
quire  forces grea ter  than  107g, wh ich  cor responds  to rota- 
t ion rates grea ter  than  10 ~ rota t ions  per  minute ,  a rate not  
ob ta inable  for k n o w n  materials.  This  fact emphas izes  the  
m a g n i t u d e  of  adhes ive  forces, wh ich  can be  qui te  large 
for par t ic les  even  as large as 10-50 tzm in diameter .  

Total  forces of  adhes ion  of  smal l  par t ic les  to surfaces 
can range f rom a total  of  10 -5 to 102 dyn. This  total  force 
can cor respond  to a t r e m e n d o u s  force per  uni t  area of  up 
to >10 '~ dyrgcm 2 for micron-size particles.  In te rac t ions  be- 
tween  solids wh ich  br ing about  adhes ion  can be  classed 
into several  groups.  Group  I inc ludes  long-range attrac- 
t ive in te rac t ions  wh ich  act to br ing  the  par t ic le  to the  sur- 
face and es tabl ish  the  adhes ive  contac t  area. These  in- 
c lude  van der  Waals forces, e lect ros ta t ic  forces, and 
magne t i c  at tract ions.  Elect ros ta t ic  a t t ract ions inc lude  
both  bu lk  excess  charge  image  forces and e lect ros ta t ic  
contac t  potent ia ls ,  also k n o w n  as electr ical  double  layer 
forces. Group  II inc ludes  o ther  forces which ,  a long with  
group I forces, es tabl ish  the  adhes ive  area. This group of  
interfacial  reac t ions  inc ludes  s inter ing effects such as dif- 
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fus ion and condensa t ion ,  diffusive mixing,  and mutua l  
d issolut ion and al loying at the  interface.  This ca tegory  
also inc ludes  the  e s t ab l i shment  of  l iquid  and solid 
br idges  be tween  par t ic le  and surface,  and the  consequen-  
tial capi l lary forces associa ted wi th  these  phenomena .  
Group  III  inc ludes  very  short  range  in terac t ions  wh ich  
can add to adhes ion  only after the  es t ab l i shment  of  an ad- 
hes ive  contac t  area. I t  inc ludes  chemica l  bonds  of all 
types  and in t e rmed ia t e  bonds  such  as hydrogen  bonds  
(11, 12). 

In  general ,  the  quant i ta t ive  t r ea tmen t  of  group II and 
III  adhes ive  forces are ve ry  difficult  because  they  are pri- 
mar i ly  specific to each case, be ing  d e p e n d e n t  u p o n  the  
part ic le  and surface  materials .  The  sect ions  be low will  
thus  p r imar i ly  t rea t  group I only. The  effects of  capi l lary 
forces, f rom group II, will  also be  d i scussed  and quant i -  
ta t ively treated.  This essent ia l ly  ignores  a general  treat- 
m e n t  of  c o m p l e x  chemica l  bond ing  to surfaces. We do 
know,  however ,  that  chemica l  bonds  play an impor t an t  
role in par t ic le  adhes ion  on si l icon surfaces.  For  example ,  
it has been  shown that  s i l icon part icles  on a si l icon sur- 
face can oxidize along with  the  surface  and effect ively  be- 
c o m e  en t r apped  in the  oxide;  H F  c leaning  can be impor-  
tant  to the  r emova l  of  the  oxide,  thus  a l lowing the  par t ic le  
to be  r e m o v e d  by other  means.  The  outer  surface of sili- 
con is also k n o w n  to have  a large n u m b e r  of  "dang l ing"  
~ H  groups,  cal led a si lanol surface. Molecules  wh ich  
themse lves  have  - - O H  groups  can fo rm s t rong estersi l  
bonds  with  this si lanol surface. The  remain ing  S i l O - - S t  
surface of s i l icon can also hold  m a n y  species by hyd rogen  
bond ing  at the  e lec t ronega t ive  oxygen  atoms.  All these  ef- 
fects m u s t  be cons idered  w h e n  t ry ing to r e m o v e  part icles,  
but  none  of  these  bond ing  factors are genera l  enough  to 
be t reated in a quant i ta t ive  m a n n e r  as a funct ion  of  
par t ic le  size. One  impor tan t  factor in ignor ing  these  in a 
general  t r e a t m e n t  is that  bond ing  and interfacial  reac- 
t ions are not  general ly  very  act ive  at r o o m  tempera ture .  
Higher  t empera tu re s  are r equ i red  for mos t  materials  be- 
fore these  b e c o m e  significant.  

The p r imary  forces wh ich  act to br ing  part icles  to a sur- 
face and then  hold  t h e m  there  are van  der  Waals forces 
and e lect ros ta t ic  forces. Elec t ros ta t ic  forces p r e d o m i n a t e  
for large particles,  i.e., greater  than  about  50 tzm diam. 
Van der  Waals forces,  however ,  p r e d o m i n a t e  for smal ler  
particles.  Elec t ros ta t ic  forces are compr i sed  of  two types  
of  forces, excess  charge  image  forces and electrostat ic  
contac t  potent ials ,  also k n o w n  as electr ical  doub le  layer  
forces. For  dry uncha rged  par t ic les  on a dry u n c h a r g e d  
surface, only  van  der  Waals and electr ical  double  layer  
forces will  act to hold the  part icles  on the  surface,  i.e., 
specifically if  no bond ing  or o ther  interfacial  reac t ions  
can occur  for the  materials .  Charged  part icles  and/or  
charged  surfaces then  add an addi t ional  e lectrostat ic  im- 
age force. Wet sys tems  can then  have  an addi t ional  capil- 
lary force act ing to hold  the  particles,  and i m m e r s e d  sys- 
tems m a y  expe r i ence  a sh ie ld ing of  each  of  these  forces 
so that  the  total  force ho ld ing  the  part icles  is reduced.  As 
follows, the  ind iv idua l  forces for dry part ic le  sys tems  will  
be  descr ibed  fo l lowed by a t r ea tmen t  of  we t  and im- 
mersed  systems.  

Van der Waals Forces.--Van der  Waals forces can be un- 
ders tood  as follows. Even  at abso lu te  zero tempera ture ,  
solids can conta in  local e lectr ic  fields which  originate  
f rom polar izat ions  of the  cons t i tuen t  a toms and mole-  
cules. A b o v e  zero degrees,  addi t ional  cont r ibut ions  c o m e  
f rom the rmal  exci ta t ions  of  the  a toms and molecules .  As 
exp la ined  by q u a n t u m  theory,  the  e lect rons  of  an electric- 
ally neut ra l  solid do not  occupy  f ixed states of  a sharply  
def ined m i n i m u m  energy  which  resul ts  in spon taneous  
electric and magne t ic  polar izat ions  vary ing  qu ick ly  with  
t ime  (11). Van der  Waals forces thus  inc lude  forces be- 
tween  molecu les  possess ing  dipoles  and quadrapo les  
caused by the  polar izat ions of  the  a toms and molecu les  in 
the  material .  This  can inc lude  both  natura l  as wel l  as in- 
duced  ins t an taneous  dipoles and quadrapoles .  The  non-  
polar  van  der  Waals forces are also referred to as London-  
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v a n  d e r  Waals  d i s p e r s i o n  forces  b e c a u s e  L o n d o n  asso- 
c ia ted  t h e s e  forces  w i th  t h e  cause  of  op t ica l  d i spers ion ,  
i.e., s p o n t a n e o u s  po la r i za t ions  (5, 13, 14). This  d i s p e r s i o n  
force will  m a k e  t he  m a j o r  c o n t r i b u t i o n  to t he  in t e rmolec -  
u la r  force,  e x c e p t  in  t he  ease  w h e r e  t he  po la r izab i l i ty  is 
smal l  a n d  t h e  d ipo le  m o m e n t  is large. These  forces  are 
p o s t u l a t e d  by  s o m e  to be  add i t i ve  for  a s s e m b l i e s  of  a t o m s  
a n d  molecu les .  This  a s s u m p t i o n  ha s  b e e n  u s e d  to calcu-  
la te  t he  v a n  de r  Waals force u s i n g  a m i c r o s c o p i c  a p p r o a c h  
w h i c h  s ta r t s  f rom i n t e r ac t i ons  b e t w e e n  i n d i v i d u a l  a t o m s  
or molecu le s  a n d  ca lcu la tes  t he  a t t r a c t i o n  b e t w e e n  la rger  
bod ie s  as a n  i n t e g r a t i o n  over  all pa i rs  of  a t o m s  a n d  mole-  
cules  (2, 3, 5). Th i s  m e t h o d  ha s  b e e n  u s e d  b y  H a m a k e r  
(15). His  m e t h o d  uses  the  so-cal led H a m a k e r  cons t an t ,  A, 
w h o s e  v a l u e  is no t  m e a s u r a b l e  a n d  is de f inab le  by  o rde r  
of m a g n i t u d e  only. This  a p p r o a c h  ha s  seve re  s h o r t c o m -  
ings  b e c a u s e  l inea r  add i t iv i ty  is ac tua l ly  no t  correct ,  as i t  
does  no t  c o n s i d e r  cross  co r r e l a t i on  of  c h a r g e  (11, 16). One  
a u t h o r  ha s  s t a t ed  t h a t  t he  H a m a k e r  a p p r o a c h  is in  ce r t a in  
cases " n o t  on ly  i n a c c u r a t e  b u t  also d o w n r i g h t  m i s l e a d i n g  
as to the  laws of force"  (6). A m o r e  sa t i s fac tory  macro-  
scopic  a p p r o a c h  was  d e v e l o p e d  b y  Lifshi tz ,  w h o  s t a r t ed  
d i rec t ly  f rom the  b u l k  opt ica l  p r o p e r t i e s  of t he  i n t e r a c t i n g  
bod ies  (17). In  th i s  app roach ,  t he  dec i s ive  ma te r i a l  va lue  
is the  L i f sh i t z -van  de r  Waals  cons t an t ,  h, w h i c h  is de f ined  
as an  i n t eg ra l  f u n c t i o n  of t h e  i m a g i n a r y  par t s  of t he  di- 
e lectr ic  c o n s t a n t s  of  t he  a d h e r i n g  ma te r i a l s  (6, 11, 16, 18). 

This  c o n s t a n t ,  h, d e p e n d s  on ly  on  t he  ma te r i a l s  in- 
volved,  p r o v i d e d  t h e  s e p a r a t i o n  d i s t a n c e  is ve ry  small .  
U n d e r  s o m e  cond i t ions ,  the  L i f sh i t z -van  de r  Waals con-  
s t an t  m a y  be  r e l a t ed  to t he  H a m a k e r  c o n s t a n t  by  t h e  
equa t ion ,  h = 4IIA/3 (4). This  L i f sh i t z -van  de r  Waals con-  
s t an t  genera l ly  r a n g e s  f rom a b o u t  0.6 to 9.0 eV, d e p e n d i n g  
on  t he  ma te r i a l s  c o m b i n a t i o n  (16). Qual i ta t ive ly ,  s ince  th i s  
c o n s t a n t  is r e l a t ed  to t he  opt ica l  a b s o r p t i v i t y  of a ma te -  
rial, ma te r i a l s  w i t h  s t rong  opt ica l  a b s o r p t i o n  h a v e  s t rong  
s p o n t a n e o u s  fields a n d  t h u s  s h o u l d  b e  b o u n d  b y  g rea t e r  
forces of  a d h e s i o n  due  to v a n  de r  Waals  (vdW) a t t r ac t ions .  
The  force pe r  u n i t  a rea  b e t w e e n  two para l le l  flat su r faces  
in con t ac t  can  be  exac t ly  ca lcu la ted  to b e  

F(vdW) h 

cm ~ 8II~z .~ 

w h e r e  z is t he  a t o m i c  s e p a r a t i o n  b e t w e e n  the  sur faces  
(11, 16, 12). The  v a n  de r  Waals a d h e s i o n  force b e t w e e n  a 
sphe r i ca l  par t ic le  a n d  a flat su r face  r e d u c e s  in  approx i -  
m a t i o n  to 

h r  
F(vdW) = - -  

8Ilz ~ 

w h e r e  r is t he  par t i c le  radius .  This  f o r m u l a  t r ea t s  t he  
force of  a d h e s i o n  as t he  force  n e c e s s a r y  to r e m o v e  t he  
par t ic le ,  a n d  as s u c h  it  is a m a x i m u m  force  u n d e r  idea l  
c o n d i t i o n s  for a pe r fec t ly  sphe r i ca l  par t ic le  on  a flat  sur-  
face. Th i s  f o r m u l a  can  be  f u r t h e r  r e d u c e d  by  s u b s t i t u t i n g  
d/2 for r, a n d  a s s u m i n g  an  a d h e s i o n  d i s tance ,  z, of  a b o u t  
4A. The  f o r m u l a  b e c o m e s  

F(vdW) = 2hd m d y n  

w h e r e  d is t h e  par t i c le  d i a m e t e r  in  mic rons .  The  cons t an t ,  
h, r a n g e s  f r o m  a b o u t  0.6 eV for p o l y m e r s  to a b o u t  9.0 eV 
for me ta l s  s u c h  as s i lver  and  gold. In  Tab le  I are s h o w n  
s o m e  typ ica l  pa r t i c l e / su r face  v a n  de r  Waals cons t an t s .  

F r o m  a 1 /xm-d i am par t ic le  w i t h  a c o n s t a n t  of  0.6 eV to a 
100 tLm-diam par t i c le  w i th  a c o n s t a n t  of  9.0 eV, t he  v a n  
de r  Waals force  c an  r a n g e  f rom a b o u t  1 m d y n  to 1800 
m d y n .  Th i s  c o r r e s p o n d s  to a force  p e r  u n i t  a rea  of  f r o m  
a b o u t  0.2 x 109 to 3.0 x 10 ~ d y n / c m  ~. These  are t r e m e n -  
dous  p re s su re s ,  a n d  m o s t  par t ic les  and /o r  sur faces  can  b e  
d e f o r m e d  by  s u c h  forces.  T he  a m o u n t  of  d e f o r m a t i o n  de- 
p e n d s  on  t he  h a r d n e s s  of  t h e  pa r t i c l e  a n d  surface ,  a n d  
th i s  d e f o r m a t i o n  can  inc rease  wi th  l e n g t h  of  t i m e  t h a t  the  
force ac ts  on  t he  par t i c le  a n d  surface.  F r o m  this ,  i t  can  be  
readi ly  s een  t h a t  t he  t i m e  to r e m o v e  par t ic les  is as soon  as 
poss ib l e  a f te r  t h e y  are  depos i t ed .  A t i m e  de lay  can  a l low 

Table I. Empirically determined kifshltz-van der Waals constants 
[data from Ref. (4) and (11)] 

Particle Surface h (eV) 

polymer polymer 0.6-0.9 
KBr K_Br 2.0 
AI~O:, AI~O:~ 4.0 
Ge Ge 6.6-7.6 
Si Si 6.8-7.2 
Ge Si 7.5 
graphite graphite 7.2 
graphite Si 6.8 
Cu Cu 8.5 
Ag Ag 9.0 

t he  force of a d h e s i o n  to i nc rease  d ramat ica l ly .  The  addi-  
t iona l  v a n  de r  Waals  force due  to d e f o r m a t i o n  is a func-  
t ion  of  t he  i n c r e a s e d  con t ac t  area  c a u s e d  by  th i s  de fo rma-  
t ion  a n d  is g iven  by  

hp 2 
F(vdW deform.)  - 

8/Iz:~ 

w h e r e  p is t h e  r a d i u s  of  t h e  a d h e s i v e  sur face  area.  Th i s  
r educes ,  for  z of  4~, to 

F (vdW deform.)  = 9.96 • ]0 :~ hp"- m d y n  

for p in  mic rons .  The  tota l  v a n  de r  Waals  force is t h e n  

F(vdW total)  = F(vdW) + F(vdW deform.)  

I f  t he  c o n t a c t  of  a 5 ~ m - d i a m  par t ic le  is i n c r e a s e d  f r o m  
po in t  c o n t a c t  to a 0.05 /~m rad ius  a rea  by  de fo rma t ion ,  
a n d  a s s u m i n g  h is 7 eV, the  F (vdW deform.)  can  b e  174 
mdyn ,  w h i c h  is m u c h  g rea t e r  t h a n  t he  70 m d y n  n o r m a l  
F(vdW) of  t h e  sys tem.  This  is on ly  a 2% d e f o r m a t i o n  of  
the particle, i.e., the 5 /~m-diam particle is flattened only 
to the point of having a 0.1 /zm-diam contact area. The 
F(vdW deform.) would increase by a factor of five if the 
deformation were increased to a 0.5 ftm-diam area, or 10%. 
This new contact area, and thus the F(vdW deform.), de- 
pends on the hardness of the particle and surface materi- 
als. Softer materials yield to greater deformations and 
thus greater forces of adhesion. In general, the constant, 
h, is also much smaller for soft materials. This means that 
the greatest forces of adhesion are generally for soft mate- 
rials bound to a metal. The metal gives the combination a 
greater h and the soft material gives greatest added defor- 
mation. A hard oxide layer on a metal surface, on the 
other hand, tends to reduce adhesion of hard particles to 
that surface. Figure 1 is a graph of F(vdW) and F(vdW de- 
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form.) vs .  par t ic le  d iamete r  for mater ia ls  combina t ions  of  
4 eV and 8 eV and 1% and 5% deformat ion .  I t  shows the  
F(vdW) wi thou t  de format ion  for h equa l  to 4 eV and 8 eV, 
plus  the  addi t ional  force due  to de fo rmat ion  of 1% and 5% 
for h equa l  to 8 eV. I t  clearly shows that  de format ion  can 
add t r e m e n d o u s l y  to the  total  force of  adhesion.  A first 
look at these  plots  should  not  be  incorrec t ly  in te rpre ted  
that  the  forces of  adhes ion  s imply  decrease  wi th  decreas-  
ing par t ic le  d iameter .  A l t h o u g h  the  total  force does de- 
crease, the  force per  uni t  area increases  wi th  decreas ing  
part ic le  size, and the  force of  adhes ion  also increases  rela- 
t ive to the  gravi ta t ional  force act ing on the  particle.  These  
re la t ionships  wil l  be  fur ther  d i scussed  later. 

E l e c t r o s t a t i c  f o r c e s . - - T w o  types  of  e lectrostat ic  forces 
may  act to ho ld  par t ic les  to surfaces.  The  first is due  to 
bu lk  excess  charges  p resen t  on the  surface  and]or par t ic le  
wh ich  p roduce  a classical  cou lombic  a t t ract ion k n o w n  as 
an e lect rosta t ic  image  force. This  a t t ract ive  force is g iven  
by the  equa t ion  

q2 
F(i) - - -  

4UEoEI"- 

where  E is the  dielectr ic  cons tan t  of  the  m e d i u m  be- 
tween  the  par t ic le  and surface,  Eo is the  permi t t iv i ty  of  
free space,  q is the  charge,  and l is the  d is tance  b e t w e e n  
charge  centers .  The  dis tance  b e t w e e n  charge  centers  is in 
this case app rox ima te ly  equal  to 2r, whe re  r is the  par t ic le  
radius,  and q can be expressed  as a func t ion  of the  
part ic le  radius  by the  express ion  

q = C U  = 4IIEorU 

where  C is capaci tance,  and U is the  potent ia l  in volts.  
The  capac i tance  has  been  expres sed  as a func t ion  of  r via 
an a p p r o x i m a t i o n  of  the  Eule r  equat ion .  The  express ion  
for total  image  force then  reduces  as a func t ion  of par t ic le  
diameter ,  d, in app rox ima t ion  to 

F(i) = 3 • 10 -2 d 2 m d y n  

where  d is the  par t ic le  d iamete r  in microns.  This equa t ion  
assumes  a charge  dens i ty  of  10 e lec t ronic  charges  per  
square  micron,  wha t  migh t  be  cons ide red  a typical  large 
charge.  The  m a x i m u m  charge dens i ty  normal ly  poss ible  
is abou t  100 e lec t ronic  charges  per  square  micron,  wh ich  
cor responds  to a f lashover  potent ia l  of  about  20,000 
V/crm It  is impor t an t  to note  that  for conductors ,  these  
excess  charges  are  ba lanced  by contac t  charge  f low so 
that  adhes ive  forces by e lect rosta t ics  is small. On the  
o ther  hand,  for nonconduc to r s ,  e lect ros ta t ic  a t t ract ion is 
significant.  

The  more  impor t an t  e lect ros ta t ic  force for ve ry  small  
part icles  is e lect ros ta t ic  contac t  potent ia l  i nduced  electri-  
cal doub le  layer  forces. Two di f ferent  mater ia ls  in contac t  
deve lop  a contac t  potent ia l  caused  by dif ferences  in the  
local energy  states and e lec t ron  w o r k  functions.  E lec t rons  
are t ransfer red  f rom one solid to ano the r  unt i l  an equi l ib-  
r ium is reached  where  the cur ren t  flow in both  di rect ions  
is equal.  The  resul t ing  potent ia l  d i f ference  is called a con- 
tact  potent ia l  difference,  U, wh ich  genera l ly  ranges  f rom 0 
to about  0.5V. I t  sets up a so-called doub le  layer charge  
region. In  the  case of  two meta ls  in contact ,  only the  sur- 
face layer  carries contac t  charges.  For  s emiconduc to r s  
and insulators ,  these  regions  may  e x t e n d  into the bu lk  up  
to 1 ~m or deeper .  For  a par t ic le  on a surface,  this double  
layer force can be  calculated as 

IIEorU 2 
F(el) - - -  dyn 

Z 

which  reduces  to 

F(el) = 4dU"- m d y n  

where  d is in mic rons  and U is in volts.  For  a m a x i m u m  of 
potent ia l  d i f fe rence  of  0.5V, F(el) is app rox ima te ly  equal  
to d m d y n  (4, 11 19). F igure  2 is a compar i son  of  the  van  
der  Waals forces and e lect rosta t ic  forces of  par t ic le  adhe-  

- - F ( v d W )  8eV / /  
- - - F ( v d W )  4 e V  / / / 
- - - -  F ( e ] )  c o n t  o o t  0 5 V  / . /  4 
. . . . .  F ( e ] )  i m a g e  # o r c e  / / r  / i  

/ / / 

/ / / 

100. O / / - -  
iiiiii . / / / / / ~ _  

~>. / / - 

/ ,," / /  
/ ,; / 

iO.O / /  / ,' 

/ / / ,' ///// / / / / / /  ,,,,","" 
/ /  / i 

/ / , 
~.o , , , ,,,,,I/ I I L I,i Ill I I qll 

O. 1.0 IO, O 10O. O 

PARTTCLE DIAMETER, d (m~cnons) 

Fig. 2. F(vdW) in comparison to electrostatic forces of adhesion as 
a function of particle diameter. 

sion vs .  part ic le  diameter .  I t  is clear, at  least  for these  
ideal  calculat ions,  that  the  van  der  Waals forces p redomi-  
nate  over  e lect ros ta t ic  forces for ve ry  small  particles.  
Doub le  layer  e lectrostat ic  forces also general ly  p redomi-  
nate  over  e lect ros ta t ic  image  forces for small  part icles.  
Materials  tha t  can carry charges  h igh  enough  to a l low 
electrostat ic  forces to cont r ibu te  s ignif icantly to the  total  
force of  adhes ion  are genera l ly  po lymer s  of  poor  conduc-  
t ivi ty or o ther  ex t r eme  insulators.  

It  is ve ry  impor t an t  in this case to po in t  out  again that  
these  first cons idera t ions  have  been  for spheres  on flat 
surfaces. Elec t ros ta t ic  forces can in fact  p r edomina t e  over  
van  der  Waals forces in the case whe re  surface asper i t ies  
of  the  par t ic les  are s ignif icant  e n o u g h  to r e m o v e  the  bu lk  
of  the  par t ic le  f rom the  contac t  point .  This  is due  to the  
rapid decrease  in F(vdW) wi th  increas ing  d is tance  be- 
tween  the  adherents .  In  the  p resence  of  surface asperit ies,  
ca lcula t ion of the  van  der  Waals force should  not  be  based  
on the  full  radius  of  the  particle,  bu t  ra ther  on the  radius  
of  curva ture  of  the  surface e leva t ion  at which  the  adher-  
ents are in contact .  Conversely,  e lect ros ta t ic  forces do no t  
change  m u c h  wi th  asperit ies;  at not  too large devia t ions  
f rom spherical ,  the  effect ive  radius  for e lectrostat ic  forces 
is app rox ima te ly  equal  to the  t rue  radius.  This compar i -  
son can be  qui te  complex ,  especia l ly  w h e n  cons ider ing  
that  mul t ip le  asperi t ies  may  be  p resen t  and thus  mul t ip l e  
contac t  po in t  may  be  fo rmed  so that  F(vdW) once  again 
predomina tes .  Also,  deformat ion  of  part icles  and]or sur- 
faces after a pe r iod  of  t ime  may  change  these  asperi t ies  at 
the contac t  po in t  so that  F(vdW) again also p redomina te s  
(4, 11, 19). 

For  a dry system, the  total forces of  adhes ion  are thus  a 
combina t ion  of  van  der  Waals forces and e lect rosta t ic  
forces. As s ta ted before,  for par t ic les  less than  50 t~m 
diam, this total  adhes ion  force great ly  exceeds  the  force 
due  to gravi ty  for a g iven par t ic le  size. For  a 1 ~m-d iam 
sil icon par t ic le  on a dry si l icon surface,  the  total  force of  
adhes ion  exceeds  the  gravi ta t ional  force by a factor of  
greater  than  107. A compar i son  of  the  total  force of adhe-  
sion for a dry  sys tem vs .  the  ratio of  total  force of  adhe- 
sion to gravi ta t ional  force is m a d e  in Fig. 3. The  total  
force of  adhes ion  l ine is ca lcula ted  for a van  der  Waals 
cons tan t  of  8 eV and 1% par t ic le  deformat ion ,  a s suming  a 
contac t  potent ia l  of  0.5V and an image  force f rom Fig. 2. 
The  gravi ta t ional  a t t ract ion is ca lcula ted for a part icle 
densi ty  of  si l icon (2.33 g/cm 3) based on the  equa t ion  

F(grav.) = 4/3IIr3p 

where  p is the  dens i ty  and r is the  par t ic le  radius. Fo r  
part icles  less than  about  20 t~m diam it can be  seen that  
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the  total  force of  adhes ion  exceeds  the  gravi ta t ional  force 
by a factor  of  at least  10 s. 

Effects of humidity and liquids on adhesion.--Due to 
h igh  humid i ty  or to an adhered  part ic le/surface sys tem 
having  been  i m m e r s e d  and then  w i t h d r a w n  f rom a l iquid,  
a l iquid  film can be  fo rmed  by capi l lary condensa t ion  or  
capil lary ac t ion  be tween  the  par t ic le  and surface. The  re- 
sul t ing capi l lary force can m a k e  a large cont r ibu t ion  to 
the  total  force of  adhesion.  The  capi l lary force is a func- 
t ion of the  par t ic le  radius and l iquid  surface tens ion  (sur- 
face t ens ion  of  water  at 18~ is 73.0) as shown by the for- 
mula  

F(cap.) = 4IIr~ dyn 

where  r is the  part ic le  radius,  and ~, is the  l iquid  surface 
tension.  This  reduces  to 

F(cap.) = 0 .63d , /mdyn  

where  d is the  part ic le  diameter .  There  is ev idence  that  a 
capil lary force may  remain  even after baking  at above  the  
boi l ing po in t  of  the  l iquid,  even  for as long as 24h. I f  the  
l iquid  contains  subs tances  that  can crystall ize upon  evap- 
oration, a solid crystal l ine br idge  migh t  also form dur ing  

drying. It  should  be poin ted  out  that  hyd rophob ic  sur- 
faces are not  genera l ly  affected by capi l lary forces. F igure  
4 shows the  m a g n i t u d e  of a capi l lary force, for water  as 
the  l iquid,  in compar i son  to the  van  der  Waals forces for h 
equal  to 4 eV and for 1% deformat ion  of  the  particle.  It 
can be  seen that  the  capil lary force can be p r e d o m i n a n t  
over  o ther  forces for small  partieles.  A compar i son  of  the  
total  wet  force of  adhesion,  as a combina t ion  of r educed  
van der  Waals force and capi l lary force, to the gravita- 
t ional  force is g iven  in Fig. 5. As will  be d iscussed later, 
par t ic le  forces may  be r educed  by i m m e r s i o n  in l iquids,  
par t icular ly  for large particles,  bu t  if  the  part icles  are not  
r e m o v e d  in the l iquid,  then  the  added  capil lary forces 
which  remain  u p o n  remova l  f rom the  l iquid  can increase 
the  total  adhes ion  force by an order  of  magn i tude  or 
more.  

Immersion effects on adhesion.--By immers ion  of  ad- 
he ren t  par t ic les  in a l iquid,  the  van  der  Waals force can be 
r educed  by, ir~ mos t  cases, about  a factor  of  two, s ince the  
l iquid  part ial ly shields the  attraction.  For  calculat ion pur- 
poses,  the  van  tier Waals constant ,  h, mus t  be rep laced  by 
an i m m e r s e d  van  der  Waals constant ,  h(im.). Table  II  
shows some  typical  h(im.) va lues  as compared  to h va lues  
(11). Elec t ros ta t ic  image  forces are more  or less elimi- 
nated by immers ion ,  and e lect rosta t ic  contact  potent ia l  
forces are great ly  reduced.  The electrostat ic  forces gener-  
ally t end  to b e c o m e  negl igible  because  of  the  enhanced  
static dielectr ic  cons tan t  of  the  l iquid,  as compared  to a 
gaseous or  v a c u u m  env i ronment ,  and because  of  the  sorp- 
t ion p h e n o m e n a  which  t end  to shield the  charges.  

I m m e r s i o n  does not  necessar i ly  a lways cause a reduc-  
t ion in adhes ion  pure ly  because  of  its shie lding effect  of  
charges.  The l iquid  molecu les  and/or  ionic impur i t ies  in 
the l iquid  can actual ly  add to the  total  adhes ive  force. 
Likewise ,  in some cases, the r educ t ion  in total adhes ion  
force by i m m e r s i o n  is greater  than  p red ic ted  by shie lding 
alone. To unde r s t and  these  possibi l i t ies ,  one mus t  con- 
sider  the  in te rac t ive  forces be tween  the  boundary  layers 
present at all solid-liquid interfaces of the adherents 
(these same discussions can apply to the humid and wet 
situations described above). Molecules of a liquid are of- 
ten adsorbed at the solid surfaces and are polarized 
and/or oriented in a certain direction so that an electrical 
double layer is formed at each solid-liquid interface. If the 
processes occur in the same way on all surfaces, dipole 
layers can cause repulsive forces, thus adding to the re- 
duction in adhesive force, and in some cases actually 
cause removal. If the liquid itself is dissociable into ions 
and/or if the liquid contains dissolved species which are 
present as ions, again dipolar alignments on surfaces can 
occur to cause double layer attractions or repulsions. 
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Table II. Comparison of immersed and nonimmersed 
van der Waals constants [from Ref. (11)] 

Particle-liquid-surface h (eV) h (ira.) (eV) 

polystyrene-water- 0.6 0.1 
polystyrene 

silicon-water-silicon 6.8-7.2 3.49 
copper-water-copper 8.5 4.9 
silver-water-silver 9.0 7.76 

These forces can be approximated by the formula for 
electrostatic contact potentials if the contact potential dif- 
ference is determinable. For a particle on a surface, the re- 
pulsive or attractive force due to these charge double lay- 
ers, for a certain charge density in solution, can be 
alternatively approximated by the formula 

F = + / -  64IIrNkT8 

where r is the particle radius, T is the temperature in de- 
grees Kelvin, N is the charge density in charges per cubic 
centimeter, and 8 is the double layer thickness, which is 
typically about 50s This reduces to approximately 

F = + / -  7 x 10 -2~ dTN 

For 0.1 g/liter NaC1, N is 2 x 10 's charges/cm:L The charge 
density depends on the charge of the ions as well as on 
the number  of ions produced. Whether the force is attrac- 
tive or repulsive is completely system dependent. For 
particles which are the same materials as the surface, 
charges generally form double layers the same on both 
surfaces so that the double layer interactions are repul- 
sive. Different ions may, however, collect differently at 
unlike surfaces so that either attractive or repulsive forces 
are possible depending on their alignment. 

Figure 6 is a comparison of the total wet and total dry 
adhesion forces, as given in Fig. 3 and 5, to the possible 
repulsive forces from double layer formation. (Although 
these are described as repulsive forces, they should also 
be considered as potentially attractive forces which 
would add to the total force of adhesion.) First, assuming 
a very large contact potential of 5V, using the contact po- 
tential force equation, the possible repulsive force ex- 
ceeds either of the two total adhesion forces. This poten- 
tial, however, exceeds the normal maximum possible 
potential difference by a factor of ten, so that this possi- 
bility is totally unreasonable, but it does effectively point 
out the difficulty in removal of particle by charging. In 
principle it would be possible to charge the particle 
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Fig. 6. Total wet and dry forces of adhesion compared to the calcu- 
lated possible repulsive forces from double layer formation for the 
specified parameters. 

and/or surface, unimmersed,  so that repulsion would 
cause particle removal, so-called electrostatic removal. 
This is, however, quite difficult because of the large 
charges which must be placed on the small particles. Sec- 
ond, a solution with 1N ions, in which the ions align 
themselves correctly for repulsion, at 373 K is needed to 
balance the total wet force of adhesion. This is a concen- 
trated solution which itself may cause more problems 
than it solves by particle removal. Also, because the solu- 
tion is so concentrated, it is highly unlikely that large po- 
tential differences will result, so that this calculation is 
probably not valid at such high concentrations. Although 
unrealistic, it again points out the extremes needed for re- 
moval of small particles. 

Detergency.--One final topic for consideration is aque- 
ous and nonaqueous detergency. It is known that adhered 
colloidal particles below about 0.2 ~m diam are virtually 
impossible to remove and that removal is difficult even 
for particles as large as 10 ~m diam or more. One paper 
has reported that significant detachment  of small 
particles can occur in nonaqueous surfactant media by 
polymeric detergency (20). The exact mechanism of this 
action is not known, but it has been referred to as an 
endropic repulsion mechanism where it has been hypoth- 
esized that the polymeric detergent may act as a "molecu- 
lar wedge." Endropic action implies that the source of re- 
pulsion which counteracts particle adhesion is the 
reduction in configurational entropy of the adsorbed 
polymer chains when they are compressed in the space 
between particle and surface. The detergent molecule 
must not only be small enough to be able to be adsorbed 
between the adhered particle and solid surface, but also 
must be large enough to exert an effective entropic repul- 
sion. Therefore, the size of the detergent molecule is very 
critical (20). These considerations imply that each particle 
size will be most effectively removed by a different deter- 
gent molecule size which is optimized for that particle 
size. Also, deformed systems in which the particle and/or 
surface have an extended contact area may not be so af- 
fected by this detergency, so that the longer the deforma- 
ble particles are left on the surface, the less effective de- 
tergency may be. 

C o n c l u s i o n  

It has been determined that small particles on a dry sur- 
face are primarily held by strong van der Waals forces 
which can increase in magnitude with t ime due to defor- 
mation of the particle and/or surface which increases the 
total contact area. Immersion generally significantly re- 
duces the total force of adhesion while the particle/sur- 
face system is still immersed. Upon removal from the liq- 
uid, however, predominating capillary forces of adhesion 
may be added due to the formation of liquid bridges be- 
tween particle and surface. The same phenomenon of 
capillary action may also occur in high humidity. The to- 
tal forces of adhesion for small particles are so large that 
they exceed the gravitational force on those particles by 
many orders of magnitude. Emphasis should be placed 
on prevention of particle deposition rather than counting 
on their subsequent  removal. All specific considerations 
of particle adhesion could not have been treated in a re- 
view such as this; however, hopefully this treatment has 
conveyed a general overview of the major considerations 
of particle adhesion. Additional references on particle ad- 
hesion not already cited in this paper appear in Ref. 
(21-26). 
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A B S T R A C T  

We have  used  a " leaky  tube"  diffusion sys tem to carry out  t in diffusion in p- type GaAs substrates in an a t t empt  to 
p roduce  n-p junc t ions  wi th  a low t empera tu re  process ing technique .  Sol id  SnS was used  as the  source  for the  tin, and 
the diffusions were  carr ied out  in the  t empera tu re  range 650~176 for t imes  vary ing  f rom 2 to 24h. Bo th  secondary  ion 
mass spec t rome t ry  (SIMS) and Ruther fo rd  backsca t te r ing  spec t romet ry  (RBS) showed  that  t in had  been  in t roduced  into 
the  substra tes  in concent ra t ions  as h igh  as 3.3E + 19 cm -'~ and to depths  as large as 2 ~m. However ,  e lec t rochemica l  car- 
r ier  concen t ra t ion  profi l ing revea led  that  the  diffused reg ion  r ema ined  p- type wi th  ne t  carrier  concen t ra t ion  barely  al- 
te red  by the  diffusion process.  The  reason  for this anomalous  behav ior  is not  unders tood ,  bu t  pair ing or some other  
compensa t ion  may  be taking place. 

The fabr icat ion of local p- type regions  in III-V semicon-  
duc tor  mater ia ls  is readily carr ied out  wi th  zinc or cad- 
m i u m  diffusion (1, 2) or ion implan ta t ion  (3). On the  o ther  
hand,  a s imilar  fabr icat ion of  local n- type areas in III-V's 
can only be done  with  ion implanta t ion .  Local ized n- type 
diffusion in c o m p o u n d  semiconduc to r s  has always been  a 
difficult  p rocedure  and the  d e v e l o p m e n t  of a v iable  
n- type diffusion t echno logy  for III-V's  wou ld  be  mos t  val- 
uable. This t echno logy  could be used  to genera te  shal low 
n layers for ohmic  contac t  format ion,  in self-al igned gate 
F E T  fabricat ion,  for isolat ion regions in III-V bipolar  cir- 
cuits, and so on. The  purpose  of this w o r k  was to estab- 
lish a low t empera tu r e  n- type diffusion process  for GaAs 
using a solid tin source  in a nove l  diffusion system. 

Various workers  have  carr ied out  t in diffusion into 
GaAs in the  past. Golds te in  and Kel ler  (4) pe r fo rmed  tin 
diffusions into GaAs in closed tubes  at 1060~176 
Pain t -on  rad ioac t ive  ":~Sn was used  as the  impur i ty  
source. The  d is t r ibut ion  profi le  was found to satisfy 

* Electrochemical Society Student Member. 

F ick ' s  equa t ion  with  fixed source  bounda ry  condi t ions.  
Fane  and Goss (5) also carr ied out  c losed tube  tin diffu- 
sions into GaAs f rom an e lementa l  t in source  at 1100 ~ 
1150~ " S l o w "  and "fast"  c o m p o n e n t s  of the  diffusion 
were  obse rved  wi th  only the  f6 rmer  be ing  electr ical ly ac- 
tive. Von  M u e n c h  (6) used  t in -doped  oxides  as a source  of  
the  impur i ty  and as a p ro tec t ion  layer  for the surface.  
Open- tube  ox ide  depos i t ion  and c losed- tube  diffusion 
t empera tu res  were  700 ~ and 1000~ respect ively.  The dif- 
fusion profi les satisfied the  infinite source  solut ions of  
Fick ' s  equat ion .  Average  carr ier  concen t ra t ions  of 3.0E + 
18 cm -:~ were  obtained.  G ibbon  and Ke t chow (7) used  
doped-ox ides  and an open- tube  diffusion sys tem at 
850~176 Average  carrier  concent ra t ions  of  6.0-8.0E + 
18 crn -~ were  obtained.  

More recen t  work  has been  carr ied out  by Bal igha and 
Ghandh i  (8), who  obta ined  planar  se lect ive  diffusions 
f rom t in -doped  oxides  wi th  phosphos i l i ca te  glass film 
masks.  Diffus ions  were  carr ied out  in c losed tubes  at 
1010~ Arnold  et al. (9) obta ined  step-l ike doping  pro- 
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files f rom u n e x h a u s t e d  sp in -on  e m u l s i o n  source  layers.  
The  d i f fus ion  coeff ic ient  was  f o u n d  to b e  a pa rabo l i c  
f u n c t i o n  of  t h e  c o n c e n t r a t i o n .  N i s s i m  et al. (10) also u s e d  
sp in -on  s o u r c e  layers  for  t in  d i f fus ion .  The  ma jo r i t y  of  t h e  
t in  was  f o u n d  to b e  e lec t r ica l ly  i nac t i ve  un t i l  a f u r t h e r  an-  
nea l  was  p e r f o r m e d .  A r n o l d  a n d  H e i m e  (11) h a v e  em-  
p loyed  sp in -on  t in  e m u l s i o n s  a n d  h a v e  m e a s u r e d  sur face  
c o n c e n t r a t i o n s  to b e  2.OE + 18 c m  -'~. 

In  th i s  work ,  we  h a v e  a t t e m p t e d  to p r o d u c e  n-p  j unc -  
t ions  u s i n g  a so-cal led  " l e a k y  t u b e "  d i f fus ion  furnace .  
This  s y s t e m  has  b e e n  s h o w n  to b e  e x t r e m e l y  re l iab le  for  
t he  d i f fus ion  of z inc  in to  GaAs;  de ta i l s  a b o u t  th i s  s y s t e m  
h a v e  b e e n  p u b l i s h e d  p rev ious ly  (12). A ser ies  of  diffu- 
s ions  in to  p - t y p e  G a A s  s u b s t r a t e s  w e r e  ca r r ied  ou t  u s i n g  
solid S n S  as t he  sou rce  of  t in,  a n d  t h e  d i f fused  wafers  
were  c h a r a c t e r i z e d  b y  opt ica l  i n spec t i on ,  e l e c t r o c h e m i c a l  
profi l ing,  s e c o n d a r y  ion  m a s s  s p e c t r o m e t r y  (SIMS),  a n d  
R u t h e r f o r d  b a c k s c a t t e r i n g  s p e c t r o m e t r y  (RBS). B o t h  
S I M S  a n d  R B S  d e m o n s t r a t e d  t h a t  la rge  c o n c e n t r a t i o n s  of 
t in  w e r e  i n t r o d u c e d  in to  t he  s u b s t r a t e s  d u r i n g  t h e  diffu- 
sion,  b u t  cur ious ly ,  the  e lec t r ica l  e x a m i n a t i o n  r evea l ed  
t ha t  no  n-p j u n c t i o n s  we re  fo rmed .  F u r t h e r  de ta i l s  a b o u t  
these  e x p e r i m e n t s  a n d  s p e c u l a t i o n s  a b o u t  t he  r e su l t s  con-  
s t i tu te  t he  res t  of  th i s  paper .  

Experimental Technique 
One of  t he  r e a s o n s  w h y  z inc  d i f fus ion  in to  I I I -V 's  is 

n o w  r o u t i n e  is t h a t  z inc ha s  a la rge  v a p o r  p r e s s u r e  at  rela- 
t ive ly  low t e m p e r a t u r e s .  I n  l eaky  t u b e  d i f fus ion ,  e l emen -  
tal  z inc is u s e d  as t he  source ,  a n d  at  a f u rnace  t e m p e r a -  
tu re  of  600~ t he  z inc v a p o r  p r e s s u r e  is nea r ly  10 torr.  On  
the  o t h e r  h a n d ,  it is a we l l -no ted  p r o p e r t y  of t in  t h a t  e v e n  
t h o u g h  its m e l t i n g  p o i n t  is r a t h e r  low, i ts v a p o r  p r e s s u r e  
is m i n i s c u l e  at  t e m p e r a t u r e s  b e l o w  1600~ C o n s e q u e n t l y ,  
e l e m e n t a l  t in  is a poo r  cho ice  for  a s o u r c e  wi th  t h i s  diffu- 
s ion t e c h n i q u e .  T h e r e  are a va r i e ty  of t in  c o m p o u n d s  w i t h  
h i g h  v a p o r  p r e s s u r e s  at  t e m p e r a t u r e s  in  t he  500~176 
r a n g e  w h i c h  h a v e  b e e n  u s e d  as t in  sou rces  for ion  i m p l a n -  
t a t i on  (13). T in  ha l ides  p o s s e s s  s u b s t a n t i a l  v a p o r  pres-  
sures  a t  low t e m p e r a t u r e s ,  b u t  we re  r e j ec ted  b e c a u s e  of  
t he  poss ib i l i ty  of h a l o g e n  e t c h i n g  of  t h e  subs t r a t e s .  Sol id  
S n S  was  c h o s e n  b e c a u s e  of  i ts  a d e q u a t e  v a p o r  p r e s s u r e  
[ a p p r o x i m a t e l y  1 to r r  a t  750~ (14)] a n d  m a n a g e a b l e  toxi-  
cology. 

P - t y p e  s u b s t r a t e s  w i t h  b o t h  (100) a n d  (111) o r i e n t a t i o n  
were  u s e d  in  t h e s e  e x p e r i m e n t s .  T h e y  were  d o p e d  w i th  
z inc to a c o n c e n t r a t i o n  of  5.0E + 16-2.0E + 17 cm -:~. Af te r  
b r o m i n e - m e t h a n o l  po l i sh ing  a n d  degreas ing ,  t he  wafe r s  
were  coa ted  w i t h  SiO2 d e p o s i t e d  by  R F  glow d i scha rge  
spu t te r ing .  I t  h a s  b e e n  o b s e r v e d  t h a t  d ie lec t r ic  p r o t e c t i o n  
of  t h e  GaAs  su r face  is r e q u i r e d  to p r e v e n t  t h e r m a l  de- 
c o m p o s i t i o n  in t he  l eaky  t u b e  sys tem.  In  t he  case  of  z inc 
d i f fus ion  at  600~ 50-75~ of  SiO~ is a d e q u a t e  (15). How- 
ever,  for t he  t in  d i f fus ion  it  was  d i s c o v e r e d  t h a t  t h i n  di- 
e lectr ic  layers  w o u l d  no t  suffice: t h e r e  was  d ras t i c  e tch-  
ing of  t h e  wafe r  surface,  p r e s u m a b l y  due  to t he  f o r m a t i o n  
of  vola t i le  ga l l i um a n d  a r s en i c  sulf ides,  p r o b a b l y  en- 
h a n c e d  b y  gas c o n v e c t i o n  effects.  Re la t ive ly  t h i c k  
(1000-3500}i) SiO~ layers  were  d e p o s i t e d  to p r e v e n t  t h e  de-  
c o m p o s i t i o n  of  t h e  s u b s t r a t e  surfaces .  I t  is i n t e r e s t i n g  to 
no te  t h a t  t h e  t h i c k  SiO2 f i lms d id  no t  act  as d i f fus ion  
m a s k s ;  t he  t in  d id  i n d e e d  r e a c h  t he  GaAs  surface.  As m a y  
be  e x p e c t e d ,  t h e  p e n e t r a t i o n  d e p t h  of  t h e  t in  in to  t h e  sub-  
s t ra tes  d i m i n i s h e d  w i th  i n c r e a s i n g  SiO.2 t h i c k n e s s ,  b u t  the  
t in  su r face  c o n c e n t r a t i o n  was  no t  a f fec ted  b y  t he  th ick -  
ness .  S o m e  d e t e r i o r a t i o n  of  t he  SiO~ d u r i n g  d i f fus ion  w as  
no t iced ,  b u t  th i s  was  i n c o n s e q u e n t i a l ,  as t he  d ie lec t r ic  
f i lms we re  s t r i p p e d  off be fo re  f u r t h e r  tes t ing .  

Af ter  a n  a d d i t i o n a l  c l ean ing  s tep,  t he  wafe rs  a n d  S n S  
c ruc ib l e  we re  l o a d e d  in to  t he  cold  e n d  of  t h e  furnace .  
P u r g i n g  of  t he  f u r n a c e  in u l t r a p u r e  h e l i u m  was  car r ied  
ou t  for  2h, a f te r  w h i c h  t he  boa t  h o l d i n g  the  wafers  a n d  
sou rce  was  p u s h e d  in to  t he  h o t  zone  of  t he  furnace .  Diffu- 
s ions  we re  p e r f o r m e d  for t i m e s  v a r y i n g  f rom 2 to 24h at  
t he  t e m p e r a t u r e s  of  650 ~ 700 ~ a n d  750~ A t  t he  e n d  of  t h e  
d i f fus ion ,  t he  boa t  was  p u l l e d  b a c k  to t he  cold  e n d  of  t h e  

fu rnace  a n d  t h e  wafers  we re  a l lowed  to cool  for severa l  
h o u r s  be fo re  un load ing .  

Results 
After  t h e  s a m p l e s  we re  r e m o v e d  f r o m  t h e  d i f fus ion  fur- 

nace  a n d  t h e  SiO~ layers  s t r i p p e d  in  bu f f e r ed  HF, t h e y  
were  c l eaved  a n d  s t a ined  for  op t ica l  i n spec t ion .  The  
s t a in ing  f luid was  a d i lu te  so lu t i on  of  K O H  a n d  
K:~Fe(CN)~ in  water .  T h e  c l eaved  a n d  s t a i n ed  (110) su r face  
of s a m p l e  LT096-B [24h, 700~ d i f fus ion ,  (100) o r i en ta t ion]  
is s h o w n  in Fig. 1. T h e  s ta in  c lear ly  revea l s  a l ine  approx i -  
m a t e l y  1.4 ~ m  b e l o w  t h e  surface;  th i s  t y p e  of  l ine  is gener -  
ally a s soc i a t ed  w i t h  a j u n c t i o n  or a d i f fus ion  front .  All  of  
t h e  s a m p l e s  in  th i s  w o r k  s h o w e d  s imi la r  s ta in  l ines,  a n d  
m o s t  were  as r egu la r  a n d  u n i f o r m  as t h a t  d i sp l ayed  in 
Fig. 1. 

The  n e t  ca r r i e r  c o n c e n t r a t i o n  (NA - No) of  e ach  s a m p l e  
was  m e a s u r e d  as a f u n c t i o n  of  d e p t h  w i th  a mod i f i ed  
P o l a r o n  e l e c t r o c h e m i c a l  profiler .  Th i s  a p p a r a t u s  c an  
m e a s u r e  c o n c e n t r a t i o n s  in  t h e  r a n g e  4.0E + 13-4.0E + 21 
c m  -3 w i th  a d e p t h  r e so lu t i on  as sma l l  as 35}i. F i g u re s  2a, 
2b, a n d  2c s h o w  t h e  car r ie r  prof i les  for  s a m p l e s  LT095-A, 
LT096-B, a n d  LT097-B, w h i c h  were  d i f fused  at  650~ 
(12h), 700~ (24h), a n d  750~ (12h), respec t ive ly .  In  all 
t h r e e  cases,  t h e  s a m p l e s  r e m a i n e d  p- type.  In  fact,  eve ry  
d i f fused  GaAs  wafe r  ( a p p r o x i m a t e l y  t h i r t y  s a m p l e s  in  to- 
tal) r e m a i n e d  p- type.  E a c h  of  t h e  t h r e e  r e p r e s e n t a t i v e  
s amp l e s  d i s p l a y e d  he re  do s h o w  s o m e  m i n o r  a l t e ra t ion  in 
t h e  n e t  c o n c e n t r a t i o n  nea r  t h e  surface ,  b u t  t h e r e  are  no  
i n d i ca t i o n s  of  t h e  f o r m a t i o n  of  a n  n - type  layer.  These  al- 
t e ra t ions ,  h o w e v e r ,  are r e l a t ed  to t h e  t in  d i f fus ion  in s o m e  
m a n n e r ,  b e c a u s e  con t ro l  s a m p l e s  s u b j e c t e d  to t h e  s a m e  
h e a t - t r e a t m e n t  w i t h o u t  t h e  t in  sou rce  s h o w e d  no  al tera-  
t ions  in  t h e  car r ie r  prof i le  wha t soeve r .  

The  a tomic  c o n c e n t r a t i o n  prof i les  for  t h e s e  s a m e  
s amp l e s  we re  t h e n  m e a s u r e d  u s i n g  a s e c o n d a r y  ion  m a s s  
s p e c t r o m e t e r  (Cameca  IMS3f). T h e  p r i m a r y  b e a m  con-  
s i s ted  of  pos i t i ve ly - cha rged  o x y g e n  ions  acce le ra ted  to 
12.5 keV; t h e  s e c o n d a r y  ions  we re  acce l e r a t ed  to 4.5 keV. 
D e p t h  prof i les  we re  o b t a i n e d  for a r sen ic  (mass ,  75), z inc 
(mass  64), a n d  t in  (mass  120). F i g u re s  3a, 3b, a n d  3c are  
the  S I M S  prof i les  for t h e  s a m p l e s  w h o s e  car r ie r  concen -  
t r a t ions  we re  p l o t t ed  in Fig. 2a, 2b, a n d  2c, respec t ive ly .  
The  d i s t a n c e  scale  was  c a l i b r a t e d  b y  u s i n g  a D e k t a k  sur- 
face p ro f i l o me t e r  to m e a s u r e  t h e  d e p t h  of t h e  S IMS cra- 
ter. No t i n - i m p l a n t e d  s a m p l e  was  ava i l ab le  for exac t  cali- 
b r a t i o n  of t h e  a t o m i c  c o n c e n t r a t i o n  scale,  b u t  an  approx i -  
ma te  ca l i b r a t i on  was  p e r f o r m e d  by  u s i n g  ra t ios  of  t he  
d o p a n t  s igna l s  to the  a r sen ic  s ignal  a n d  b y  r e fe r r ing  to 
the  R u t h e r f o r d  b a c k s c a t t e r i n g  s p e c t r o m e t e r y  (RBS)  da ta  
(to b e  d i s c u s s e d  later). 

Fig. 1. A photomicrograph of the cleaved and stained edge of a tin- 
diffused wafer (sample LTO96-B). 
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Fig. 2. Doping profiles from three tin-diffused samples as measured 
with electrochemical profiling, a: 12h, 650~ b: 24h, 700~ c: 12h, 
750~ 

SAMPLE LT095- A 

The SIMS analysis c]early demonstrates that the diffu- 
sion introduced tin into the GaAs substrates, with con- 
centrations perhaps as high as 3.0E + 19 cm-:L The tin 
concentrations were significantly larger than the zinc 
background concentrations, and the tin penetration was 
as deep as 2.2 ~m. In addition, the shape of the tin profile 
(most readily observed in Fig. 3a and 3c) is quite reminis- 
cent of the profile of zinc introduced into GaAs with the 
leaky tube system (12). That is, the profile has a relatively 
flat plateau region followed by a very steep drop-off at 
the diffusion front; this suggests that the tin diffusion 
coefficient is a function of the tin concentration and that 
the tin may also diffuse by means of the interstitial- 
substitution mechanism. 

Rutherford backscattering spectrometry was also em- 
ployed in the characterization of these samples. RBS was 
used to corroborate the SIMS measurements  and to ob- 
tain an estimate of  the tin concentration near the surface. 
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three samples whose doping profiles were shown in Fig. 2. 
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Table I .  

2217 

Diffusion 
Sample conditions NA 

Penetration (/~m) 

t~,., (A) [Sn]max (cm -:~) Optical SIMS 

LT095-A 12h 5.2 x 10'" cm -:~ 
650~ (111) 

LT096-B 24h 1.6 • 10 ~7 cm -:~ 
700~ (100) 

LT097-B 12h 2.6 x 10 ~7 cm -:~ 
750~ (100) 

1100 -1  x 10 t€ - -  2.2 

1500 - 3  • 10"" 1.4 1.8 

3500 3.3 x 10 '"h 1.1 1.3 

" Estimated from SIMS. 
~' RBS measurement. 

A l t h o u g h  R B S  is no t  genera l ly  app l i ed  in  t race  e l e m e n t  
de tec t ion ,  t h e s e  pa r t i cu la r  s a m p l e s  are  wel l  su i t ed  for t he  
t e c h n i q u e  b e c a u s e  of  t he  la rge  d i f f e rence  in mass  be- 
t w e e n  t he  t r ace  e l e m e n t  a n d  t he  ma t r ix .  H e l i u m  ions  w i th  
ene rg ies  of  3.78 MeV were  ut i l ized,  a n d  s igna l - to-noise  
f igures  we re  e n h a n c e d  b y  e m p l o y i n g  long  c o u n t i n g  
t i m e s  ( - 3 0  rain),  large  doses  ( - 1 0 0  tzC), a n d  pu l se  p i le-up 
r e j ec t ion  t e c h n i q u e s .  F i g u r e  4 s h o w s  t he  R B S  s p e c t r u m  
for  s a m p l e  LT097-B (750~ 12h), p l o t t ed  to e m p h a s i z e  t he  
t in  s ignal .  B y  u s i n g  s t a n d a r d  R B S  ana lys i s  p r o c e d u r e s  
(16), i t  was  d e t e r m i n e d  t h a t  t he  c o n c e n t r a t i o n  of  t in  at  t h e  
sur face  was  a p p r o x i m a t e l y  0.15 (-+0.03) a tomic  p e r c e n t  
(a/o), or, N~, ~ 3.3E + cm-:L Th i s  n u m b e r  was  ut i l ized in 
q u a n t i f y i n g  t he  S I M S  resu l t s  s h o w n  earl ier .  

The  re su l t s  of  t h e  cha r ac t e r i z a t i on  of  t h e s e  s a m p l e s  are  
s u m m a r i z e d  in Tab le  I. As  m e n t i o n e d  prev ious ly ,  t he  sur- 
face c o n c e n t r a t i o n  was  in t he  v ic in i ty  of  1-3.E + 19 c m  -:~ 
for  e ach  sample ,  a n d  is a p p a r e n t l y  i n s ens i t i ve  to t he  SiO2 
t h i c k n e s s .  On  t he  o t h e r  h a n d ,  t he  t in  p e n e t r a t i o n  d e p t h  
d e c r e a s e d  w i t h  i n c r e a s i n g  SiO~ t h i c k n e s s .  

Discussion 
I t  is c lear  f r o m  t he  a b o v e  p r e s e n t a t i o n  t h a t  t he  l eaky  

t u b e  d i f fus ion  s y s t e m  does  i n d e e d  i n t r o d u c e  t in  in to  t he  
p - type  GaAs  wafers .  The  t in  c o n c e n t r a t i o n  is qu i te  h i g h  
a n d  t h e  p e n e t r a t i o n  is subs t an t i a l .  Yet  i t  is also j u s t  as 
c lear  t h a t  t he  t in  ha s  a neg l ig ib l e  ef fec t  on  t he  e lec t r ica l  
p r o p e r t i e s  of  t h e  d i f fused  samples .  No n-p  j u n c t i o n s  h a v e  
b e e n  p r o d u c e d  w i t h  th i s  low t e m p e r a t u r e  p r o c e s s i n g  
s cheme .  W h a t  is no t  c lear  is t he  r e a s o n  for  t he  d i sc rep-  
ancy  b e t w e e n  t he  a tomic  c o n c e n t r a t i o n  a n d  t h e  e lectr ic-  
ally ac t ive  c o n c e n t r a t i o n  of  t he  t in.  F i gu r e s  3a-3c d e m o n -  
s t r a t ed  t h a t  t he  b a c k g r o u n d  dopan t ,  zinc, was  
r e d i s t r i b u t e d  b y  t h e  hea t - t r ea tmen t .  T h e  zinc concen t r a -  
t ion  was  i n c r e a s e d  at  t he  su r face  b y  p e r h a p s  1-2 o rde r s  of 
m a g n i t u d e  a b o v e  t h a t  in t he  bu lk .  B u t  th i s  i nc rease  is no t  
s u b s t a n t i a l  e n o u g h  to c o m p e n s a t e  the  t in  i n t r o d u c e d  b y  
t he  d i f fus ion .  

As p o i n t e d  ou t  in  t he  i n t r o d u c t i o n ,  va r ious  w o r k e r s  
h a v e  succes s fu l l y  d i f fused  t in  in to  GaAs  to p r o d u c e  
n - type  layers .  I t  is i n t e r e s t i n g  to note ,  howeve r ,  t h a t  v i r tu-  
al ly all of  t h e s e  d i f fus ions  h a v e  b e e n  ca r r ied  ou t  at  t em-  
p e r a t u r e s  e x c e e d i n g  1000~ I n  fact,  N i s s im  et al. (10) 
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Fig. 4. Backscattering profile for sample LTO97-B as measured with 
RBS. 

d e m o n s t r a t e d  t h a t  t in  can  be  i n t r o d u c e d  in to  GaAs  f rom a 
sp in-on  d o p a n t  s o u r c e  at  t e m p e r a t u r e s  as low as 700~ 
b u t  at  low t e m p e r a t u r e s ,  m o s t  of  t h e  t in  is e lec t r ica l ly  in- 
act ive.  F u r t h e r m o r e ,  i t  r e m a i n s  i nac t i ve  un t i l  a h i g h  t em-  
p e r a t u r e  (900~ a n n e a l i n g  s tep  is p e r f o r m e d .  Our  r e su l t s  
also d e m o n s t r a t e  t h a t  a low t e m p e r a t u r e  p r o c e s s i n g  cycle  
can  i n t r o d u c e  t in,  b u t  t in  t h a t  is e lec t r ica l ly  inact ive .  Due  
to e q u i p m e n t  l imi ta t ions ,  we d id  no t  a t t e m p t  any  h i g h  
t e m p e r a t u r e  annea l s .  

I t  a p p e a r s  t h a t  t in  d o p i n g  to p r o d u c e  n - type  layers  in  
GaAs  is v i ab l e  on ly  at  h i g h  p r o c e s s i n g  t e m p e r a t u r e s .  Why  
th i s  is t he  case  is no t  u n d e r s t o o d ,  b u t  a n u m b e r  of  scenar -  
ios are poss ib le .  (i) The  t in  m a y  res ide  p r e d o m i n a n t l y  on  
in te rs t i t i a l  s i tes  a n d  m a y  r e m a i n  e lec t r ica l ly  neu t r a l  un t i l  
a h i g h  t e m p e r a t u r e  s tep  is e m p l o y e d  to m o v e  t he  in te rs t i -  
tial t in  a t o m s  to d o n o r  sites. (ii) The  t in  m a y  b e h a v e  in  a n  
a m p h o t e r i c  m a n n e r  a n d  p r o d u c e  s e l f - c o m p e n s a t i o n  by  
the  f o r m a t i o n  of  a n  equa l  n u m b e r  of d o n o r s  a n d  accep t -  
ors. A h i g h  t e m p e r a t u r e  s tep  m a y  r e a d j u s t  the  d o n o r / a c -  
cep to r  rat io  in  favor  of  t he  donors ,  as in  t he  case  of  s i l icon 
in GaAs.  (iii) P e r h a p s  t in  c o m p l e x e s  are f o r m e d  at  low 
t e m p e r a t u r e s  w h i c h  are e lec t r ica l ly  inact ive .  (iv) Or per-  
h a p s  t he  t in  is b e i n g  c o m p e n s a t e d  by  s o m e  u n k n o w n  
deep  c e n t e r  t h a t  is ac t ive  on ly  at  re la t ive ly  low p r o c e s s i n g  
t e m p e r a t u r e s .  

One  las t  i n t e r e s t i n g  po in t  in  t h i s  d i f fus ion  p roces s  is t he  
b e h a v i o r  of  sulfur .  S t a n n o u s  sul f ide  was  the  sou rce  in 
t h e s e  e x p e r i m e n t s  a n d  it  was  e x p e c t e d  t h a t  if  su l fu r  we re  
to d i f fuse  in to  t he  wafers  a long  w i th  t h e  t in,  it w o u l d  also 
c o n t r i b u t e  to t he  f o r m a t i o n  of  an  n - type  layer. Wi th  t he  
a b s e n c e  of  n-p  j u n c t i o n s ,  i t  was  in i t ia l ly  be l i eved  t h a t  sul- 
fur  was  n o t  i n t r o d u c e d  in to  t he  s u b s t r a t e s  d u r i n g  t he  dif- 
fus ion.  However ,  S IMS d e p t h  profi l ing,  e m p l o y i n g  a ce- 
s i u m  b e a m ,  r evea l ed  t h a t  su l fu r  was  p r e s e n t  in  a v e r y  
sha l low su r face  layer,  w i th  a m a x i m u m  d e p t h  no t  exceed-  
ing 100~. A p p a r e n t l y ,  t he  d i s soc i a t i on  of  t h e  S n S  in  t he  
fu rnace  is nea r ly  comple te ,  a n d  t h e  vo la t i l e  su l fu r  col lec ts  
at  t he  co ld  e n d  of  t he  fu rnace  a n d  is u n a v a i l a b l e  for  ex-  
t en s ive  d i f fus ion .  

Summary 
We h a v e  e n d e a v o r e d  to deve lop  a low t e m p e r a t u r e  

n - type  d i f fus ion  p roce s s  for GaAs.  A l eaky  t u b e  d i f fus ion  
s y s t e m  was  e m p l o y e d  u s i n g  sol id  S n S  as t he  sou rce  for  
t he  t in  dopan t .  A l t h o u g h  b o t h  S I M S  a n d  R B S  d e m o n -  
s t r a t ed  t h a t  t in  d id  i n d e e d  d i f fuse  in to  the  GaAs  samples ,  
w i t h  c o n c e n t r a t i o n s  as h i g h  as 3.3E + 19 cm -:~ a n d  to 
d e p t h s  as large  as 2.2 t~m, e lec t r ica l  t e s t i ng  r evea l ed  t h a t  
no  n-p j u n c t i o n s  we re  p r o d u c e d .  I t  is s u s p e c t e d  t h a t  t he  
t in  fo rms  e lec t r ica l ly  ac t ive  d o n o r s  on ly  w h e n  t he  diffu- 
s ion t e m p e r a t u r e  (or a s u b s e q u e n t  a n n e a l i n g  t e m p e r a -  
ture)  e x c e e d s  1000~ (9-11). We are  p r e s e n t l y  p u r s u i n g  
T E M  a n d  p h o t o l u m i n e s c e n c e  cha rac t e r i z a t i on  of  t he  dif- 
f u sed  s a m p l e s  in  a n  a t t e m p t  to s h e d  m o r e  l igh t  on  th i s  
p h e n o m e n o n .  
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Silicon 

ABSTRACT 

The depth distribution of low energy boron implants in silicon are analyzed using secondary ion mass spectroscopy. 
The profiles for equivalent energy implants of B ~ (10-30 keV) and BF._? (50-120 keV) are compared. Fluorine trapping in 
BF2 ~ implants is also investigated. New range parameters are extracted from the measured profiles using a least squares 
fitting technique. The Pearson IV distribution provides an excellent representation of the doping profile in B § im- 
plants, while for BF2 ~ implants the profiles are better represented using a gaussian distribution with an attached expo- 
nential tail. 

The formation of shallow junctions in semiconductors 
using ion implantation is a well-established technique. 
Most process modeling aids use the results of LSS theory 
(1) to predict the dopant depth distribution. This tech- 
nique is strictly valid for implantation into amorphous 
media, even though in most applications implantation is 
carried out into crystalline substrates. For low implanta- 
tion energies, the conventional method of simulating an 
amorphous substrate by tilting the wafer a few degrees 
off normal is not sufficient and the doping profiles mea- 
sured are markedly different from theoretical profiles. 
More sophisticated theoretical distributions are required 
in these cases, with parameters fitted to carefully mea- 
sured experimental  data. In this paper, we report on a de- 
tailed study of B ~ and BF~ ~ implants in crystalline silicon 
at various doses and energies of interest in VLSI applica- 
tions. Similar work has already been reported by Wilson 
(2) and by us in a previous paper (3, 4), but for a smaller 
range of dose and energies, and only for Pearson IV dis- 
tributions. 

The doping profiles after implantation are measured 
using secondary ion mass spectroscopy (SIMS). Empir- 
ical range statistics are extracted from these profiles for 
the Pearson IV distribution and for the gaussian distribu- 
tion with an attached exponential  tail. 

We also investigate quantitatively the problem of 
fluorine trapping in the damaged layer produced by BF~ ~ 
implants for various rapid thermal annealing (RTA) and 
furnace annealing conditions. 

Sample Fabrication 
The starting wafers were 3-7 ~-cm n-type (phosphorus- 

doped) (100) CZ-grown silicon. Some wafers were oxi- 
dized in dry O~ at 1000~ to form approximately 40 nm of 
SiO2. Implants were carried out either into bare Si or 

through the 40 nm SiO~. The wafers that were to be an- 
nealed further received I00 nm of deposited SiO~ at 450~ 
before the annealing. 

The "B ~ was implanted at i0, 15, 20, 25, and 30 keV, and 
the 49BF2§ was implanted at 25, 50, 75, i00, and 120 keV. 
The implant doses were between 5 • 10 '4 and 5 • 10 ̀ 5 
cm -2. There is a 5:1 ratio of implant energy between the 
BF2 * and the B + implants since the ratio of the masses is 
very close to 5. All implants were done using a 7 ~ tilt angle 
at room temperature. The BF.? implants and the B ~ im- 
plants for energies greater than or equal to 20 keV were 
performed in a high current implanter using postaccelera- 
tion mass analysis. The remaining B ~ implants were done 
in a medium current implanter. In the case of the high 
current implanter, the wafer rotation was controlled and 
the rotation angle was 0 ~ for all implants. In case of the 
medium current implanter, initially the rotation angle 
was set to 0 ~ but it was randomly disturbed during the 
loading operation. No significant discrepancies in the re- 
sults due to this disturbance were observed. The ion cur- 
rent in case of BF~ ~ implants was I-5 mA. For B ~ implants 
done on the high current implanter, the current was 
500-700 t~A, and for those done on the medium current 
machine it was approximately 40 t~A. 

The slice temperature as determined through the use of 
thermal stickers attached to the back of the wafers did 
not rise significantly during implantation. It is estimated 
that the maximum temperature rise for the highest cur- 
rent implantations did not exceed 20~176 

The wafers implanted at 3 • 10 ''~ cm-2 were annealed ei- 
ther in a conventional furnace tube or in a tungsten halo- 
gen lamp rapid thermal annealer. Furnace anneals lasted 
20 min and took place at 925 ~ 1000 ~ or ll00~ Lamp an- 
neals lasted 12s and were carried out at 1050 ~ or 1150~ 
using a Heatpulse 210T rapid annealing system. 



Vol. 132, No.  9 B O R O N  I M P L A N T S  I N  S I L I C O N  2219 

M e a s u r e m e n t s  
For  each  sample ,  t h e  d e p t h  d i s t r i b u t i o n  prof i le  was  ob- 

t a i n e d  by  S I M S  u s i n g  a C a m e c a  I MS 3-f ion  m i c r o s c o p e  
w i th  8 keV  O~ * as t he  b o m b a r d i n g  species .  T he  s p u t t e r i n g  
b e a m  a n g l e  of  i n c i d e n c e  was  30 ~ . T he  c ra te r  d e p t h  was  
m e a s u r e d  u s i n g  a D e k t a k  s tylus ,  a n d  t h e  d e p t h  scale  was  
ca l i b r a t ed  b y  a s s u m i n g  a c o n s t a n t  s p u t t e r i n g  rate.  The  
c o n v e r s i o n  f rom ion  c o u n t s  to c o n c e n t r a t i o n  was  m a d e  b y  
integrating the profile and equating the result to the total 
implant dose. There are, however, several effects which 
may cause deviations of the measured profile from the 
original dopant distribution. Wittmaack (5) points out that 
a depth correction of about 1.4 nm/(keV/O atom) should 
be applied to the profile because of the reduction in ero- 
sion rate which occurs as the sample becomes loaded 
with oxygen. In our case, this correction amounts to 4.85 
nm. We have analyzed one sample of 3 • i0 '~ B*/cm'-' at I0 
keV implanted into silicon preamorphized with an im- 
plant of "-'~Si. We found that the measured profile can be 
described accurately with LSS range parameters. Since 
the correction is small and is of the order of the accuracy 
to which we can measure crater depths, we have not ap- 
plied it to the range parameters quoted in this paper for 
implantation into crystalline silicon. 

For  suf f ic ien t ly  h i g h  dose  a n d  e n e r g y  BF=, § i m p l a n t a -  
t ion,  an  a m o r p h o u s  r eg ion  is p r o d u c e d .  S ince  a m o r p h o u s  
s i l icon e t ches  s lowly  in  c o n c e n t r a t e d  HF,  we can  m e a s u r e  
t he  t h i c k n e s s  of  t h e  a m o r p h o u s  layer ,  X~o~p~ ..... b y  soak-  
ing t he  s a m p l e s  in  49% H F  for 2 days  a n d  t h e n  m e a s u r i n g  
the  h e i g h t  of t h e  r e su l t i ng  s tep  w i th  a n  i n t e r f e r e n c e  mi- 
c roscope .  We can  also in fe r  th i s  q u a n t i t y  f rom S IMS mea-  
s u r e m e n t  as d e s c r i b e d  in t he  n e x t  sec t ion .  

Resu l t s  of m e a s u r e m e n t s  of  X ..... ph .... t h e  j u n c t i o n  
d e p t h  Xj as d e t e r m i n e d  f rom t he  S I M S  profile,  a n d  t he  
pos i t i on  of  t h e  m a x i m u m  c o n c e n t r a t i o n  Xp~k are  l i s ted  in 
Tab le  I. 

Resul ts  
The  a d v a n t a g e  of  u s ing  BF~ ~ is t h a t  it a m o r p h i z e s  t h e  

sur face  of  t he  s i l i con  d u r i n g  i m p l a n t a t i o n  (at doses  a n d  
ene rg ies  of  i n t e r e s t  to V L S I  dev ice  fabr icat ion) .  This  
a m o r p h o u s  r eg ion  is c l a i m ed  to a n n e a l  at  a lower  t empe r -  
a tu re  t h a n  does  a heav i ly  d a m a g e d  c rys ta l l ine  s t r u c t u r e  
(6, 7). The  e x t e n t  of  t he  a m o r p h o u s  r eg ion  can  be  mea-  
s u r e d  before  a n n e a l i n g  by  e t c h i n g  in H F  as d e s c r i b e d  pre- 
v iously .  I t  can  also b e  i n f e r r ed  f rom t he  S IMS profi le  

Table I. X,e~k and Xamorph .... 

Xpeak Xamorphou s Xj 
Sample (~m) (~m) (~m) 

Designation SIMS SIMS HF SIMS 

af ter  annea l ing .  The  f luor ine  d i s t r i b u t i o n  is d o u b l e  
p e a k e d  a f te r  annea l ing ,  a n d  t h e  m i n i m u m  c o r r e s p o n d s  to 
the  d e p t h  of t h e  a m o r p h o u s  r eg ion  af te r  i m p l a n t a t i o n  
(Fig. 1). The  p e a k  of t h e  a s - i m p l a n t e d  d o p a n t  d i s t r i b u t i o n  
is a lways  s h a l l o w e r  t h a n  t he  a m o r p h o u s  region.  Af te r  an- 
nea l ing ,  one  p e a k  c o r r e s p o n d s  a p p r o x i m a t e l y  to t he  
r a n g e  of t h e  imp lan t ,  a n d  one  is l oca t ed  d e e p e r  t h a n  t he  
d e p t h  of a m o r p h i z a t i o n .  Th i s  ha s  b e e n  a t t r i b u t e d  to a 
p l a n e  of  damage ,  w h i c h  ac t s  as a ge t t e r  s i te  (8). In  BF~ ~- 
i m p l a n t e d  samples ,  b o t h  b o r o n  a n d  f luor ine  s h o w  a 
d o u b l e - p e a k  s t r u c t u r e  af te r  annea l ing .  The  pos i t i on  of 
t he se  p e a k s  is f ixed w i th  r e spec t  to t he  s i l i con  sur face  for 
a g iven  i m p l a n t  a n d  does no t  d e p e n d  o n  t he  annea l ing .  
We h a v e  i n v e s t i g a t e d  five ve ry  d i f f e ren t  a n n e a l i n g  condi-  
t ions ,  a n d  t h e  two m a x i m a  a n d  t h e  m i n i m u m  are a lways  
coincident, although their amplitudes may vary. 

Using the etching method, we have observed a well- 
delineated step in samples implanted with as little as 5 • 
i0 ~4 BF~ ~ ion/cm 2, indicating that this low dose is suffi- 
cient to produce amorphization. Table I compares the HF 
and the SIMS methods of evaluating the depth of the 
amorphous layer; agreement is excellent. 

In Fig. 2, we compare implantation of BF~ ~ into bare sil- 
icon with implantation through a 40 nm layer SiO2. The 
oxide layer was left on the sample for the SIMS analysis. 
The samples were not annealed. Both profiles were ana- 
lyzed under the same conditions, and the silicon profiles 
match exactly, far from the regions very close to the sur- 
face or the Si-SiO2 interface. The boron profiles show 
similar agreement. However, the fluorine count is lower 
for implantation through the oxide layer at every point in 
the silicon wafer. The evidence presented in Fig. 2 
implies that the presence of SiO~ on top of the Si sub- 
strate does not have a significant effect on theamount of 
boron channeling, at least at the oxide thickness used in 
this study, and that the range statistics presented for bo- 
ron in this paper can be used for implantation through a 
thin layer of SiO2. It also suggests that in the case of BFz ~ 
implants through SiO2 a measurable fraction of the 
fluorine is missing from the silicon wafer. We have not 
attempted to calibrate the profiles in the SiO~ layer to see 
whether the fluorine was trapped there or had escaped. 

After annealing, the fluorine and the boron redistribute 
themselves differently in the wafer (2, 8). If the fluorine 
profile after annealing is integrated, using the unan- 
nea led  profi le  as ca l ibra t ion ,  we  f ind for  the  925 ~ a n d  
1000~ 20 m i n  fu rnace  a n n e a l s  a n d  t h e  1050 ~ a n d  1150~ 
0.2 ra in  r a p i d  a n n e a l s  t h a t  20-100% of t h e  f luor ine  is sti l l  
p r e s e n t  in  t he  si l icon.  For  t he  l l00~ 20 ra in  annea l ,  t h e  
f luor ine  ha s  d e c r e a s e d  by  two o rde r s  of  m a g n i t u d e ,  leav- 
ing a f luor ine  dose  of  t h e  o r d e r  of  5 • 10 ~3 c m  -2 in  the  
crystal .  The  n a t u r e  of  t h e  c h e m i c a l  b o n d  w h i c h  b i n d s  t h e  
f luor ine  to t he  s i l icon a n d  t h e  b o r o n  is c u r r e n t l y  u n d e r  
inves t iga t ion .  D e p e n d i n g  on  t h e  a n n e a l i n g  cond i t ions ,  t he  

BF5E14-50C 0,029 - -  0.25 
BF5E14-75C 0,032 0.050 0.30 
BF5E14-100C 0,052 0.075 0.35 
BF5E14-50UC 0.041 0.070 0.25 
BF5E14-75UC 0,059 0.110 0.40 
BF5E14-100UC 0.081 0.110 0.45 

BF1E15-50C 0,031 0.030 0.20 
BF1E15-75C 0.033 0.045 0.35 
BF1E15-100C 0,041 0.090 0.40 
BF1E15-50UC 0.045 0.060 0.25 
BF1E15-75UC 0.065 0.100 0.40 
BF1E15-100UC 0.084 0.140 0.45 

BF3E15-50C 0.024 0.025 0.025 0.25 
BF3E15-75C 0.023 0.060 0.050 0.40 
BF3E15-100C 0.055 0.090 0.090 0.45 
BF3E15-50UC 0.050 0.070 0.060 0.35 
BF3E15-75UC 0.074 0.105 0.095 0.35 
BF3E15-100UC 0.090 0.130 0.130 0.45 

Note: A mnemonic has been used to describe the samples. B and 
BF mean a B § and a BF2 ~ implant, respectively. Next comes the dose 
(e.g., 3E15). Following the dash is the implant energy. C means im- 
plantation through a 40 nm oxide (cap), UC means implantation into 
bare silicon (uncapped). 

1E21 ~ j  F no anneal BF2 
l,'"~,~ F after anneal 3E15 /cm 2 

50 keV 
1E2( "-'~' ",~'~-~.~ 7 ~ tilt 

',,'\\ ~-\ 1050~ 12s \ l  "\ 
\ 'x 

~E 1E19 , \ '\ o \ \  , ~  B after anneal 

o 1E18 \,, ~ _ ~  \ 

1E16L  . '~", _ ,  Ikl/~ Y, I I 
011 012 0.3 0.4 04.5 

Depth (~m) 
Fig. 1. Depth distribution profiles for boron and fluorine before and 

after annealing. The implant dose was 3 • 10 t~ BF~ ~ crn -~ at 50 keV 
and annealing was carried out at 1050~ for 12s. The fluorine dose 
after annealing is 6.2 • 10 ~'~ cm -~. 
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Fig. 2. Uncalibrated SIMS results showing the comparison of boron 
and fluorine distribution profiles for implantation of BF2 ~ into bare sil- 
icon and through a 40 nm SiO~ layer. Solid line: Boron into bare sili- 
con. Dot-dash line: Boron through Si02. Dot-dot-dash line: Fluorine 
into bare silicon. Broken line: Fluorine through Si02. 

d e e p e r  p e a k  s o m e t i m e s  has  a l a rge r  i n t e n s i t y  t h a n  t he  
first  one. For  b o r o n ,  t he  s e c o n d  p e a k  is a lways  t he  lower  
one  for  t he  a n n e a l i n g  c o n d i t i o n s  t h a t  we  h a v e  s tud ied .  

Model ing 
B e c a u s e  of t he  c h a n n e l i n g  tails in  low e n e r g y  b o r o n  im- 

p lan ts ,  m o d e l i n g  of a s - i m p l a n t e d  prof i les  r equ i r e s  spec ia l  
a t t en t ion .  F i g u r e  3 s h o w s  a typ ica l  S IMS profi le  for  a low 
e n e r g y  b o r o n  i m p l a n t  (3 x 10 "~ cm -2, 10 keV) t o g e t h e r  
w i th  d i f f e ren t  theore t i ca l  profiles.  Prof i les  ca l cu la t ed  
u s i n g  L S S  r a n g e  s ta t i s t ics  are  c lear ly  in  d i s a g r e e m e n t  
wi th  m e a s u r e m e n t s .  I t  is also o b v i o u s  t h a t  even  a gaus-  
s ian  d i s t r i b u t i o n  f i t ted to t he  m e a s u r e d  profi le  c a n n o t  
a c c o u n t  for  t h e  " ta i l "  region.  A n o t h e r  m o d e l i n g  t e c h n i q u e  
appl ied ,  for example ,  in  S U P R E M - I I ,  u ses  a P e a r s o n  dis- 
t r i b u t i o n  w i th  an  e x p o n e n t i a l  tail. A l t h o u g h  th i s  tech-  
n i q u e  cou ld  d e s c r i b e  t he  profi le  correct ly ,  t he  c u r r e n t  
S U P R E M - I I  m o d e l  does  no t  give good  resul ts .  

A c o m p a r i s o n  of  e q u i v a l e n t  e n e r g y  i m p l a n t a t i o n  of  B ~ 
and  BF2 * is p r e s e n t e d  in  Fig. 4. T he  r a n g e s  of  t he  d i s t r ibu-  
t ions  can  be  m a t c h e d  by  a d j u s t i n g  t he  ra t io  of  the  i m p l a n t  
energ ies  for  t he  two spec ies  ( the  fac to r  5:1 t h a t  we  have  
u sed  is no t  exact ;  the re fore ,  t he  top  of  t he  profi les  do no t  
m a t c h  exact ly) ,  b u t  the  s h a p e s  of  t he  d o p i n g  profi les  are  
m a r k e d l y  d i f f e ren t  for B § a n d  for  BF.Z. We have  f o u n d  t he  
P e a r s o n  IV d i s t r i b u t i o n  (9) can  de sc r ibe  cor rec t ly  B ~ a n d  

1E21~ Boron 
3E15/cm z 

10 keY 
r \~k 7 ~ tilt 

1E2( \ ~ X  anannealed 

~E l~:~oE 1E171E18 Elc" \ i i / l ~ a ) / ~  I// I /I 

1E16 , I ~ , , I tl~ ) , 
0.1 0.2 0.3 0.4 0.5 

Depth (~m) 
Fig. 3. As-implanted profile of 3 x 10 '~ cm -~ B ~ at 10 keV (a), su- 

perimposed with the best-fit Pearson IV profile (b), the best-fit gauss- 
Jan profile (c), the Pearson IV profile in SUPREM-3 (d), and the LSS 
gaussian profile (e). 

B - BF 2 
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Depth (Fm) 
Fig. 4. Comparison of equivalent-energy B ~ and BF~ ~ implants. The 

dose is 3 x 10 's cm -2 in all cases. The samples have not been an- 
nealed. 

BF~ ~ prof i les  p r o v i d e d  t h a t  emp i r i ca l l y  d e t e r m i n e d  r a n g e  
p a r a m e t e r s  are used ,  b u t  t h e  p a r a m e t e r s  are  d i f fe ren t  for  
B ~ a n d  BF~ + i m p l a n t s  of  e q u i v a l e n t  energ ies .  We h a v e  also 
f o u n d  t h a t  BF.? i m p l a n t s  can  be  m o d e l e d  e v e n  b e t t e r  by  a 
gaus s i an  d i s t r i b u t i o n  w i t h  an  a t t a c h e d  e x p o n e n t i a l  tail. 

Pearson IV parameters for boron implants.--Parame- 
te rs  of  t h e  P e a r s o n  IV d i s t r i b u t i o n  for  b o r o n  i m p l a n t s  
were  e x t r a c t e d  f rom the  m e a s u r e d  profi les  t h r o u g h  a 
leas t  s q u a r e s  f i t t ing p rocedure .  The  qua l i ty  a n d  accu racy  
of  t he se  p lo t s  are d i s c u s s e d  in Ref. (3) a n d  are f o u n d  to b e  
ve ry  sa t i s fac tory .  Tab le  II  c o n t a i n s  a c o m p l e t e  se t  of da ta  
for 10-30 keV b o r o n  i m p l a n t s  w i th  doses  v a r y i n g  f rom 5 x 
10 '4 to 5 x 10 '~ c m  -~. The  da ta  for e a c h  of  t he  four  mo-  
m e n t s  of  P e a r s o n  d i s t r i b u t i o n  are p lo t t ed  sepa ra t e ly  in  
Fig. 5-8, t o g e t h e r  w i t h  t he  c o r r e s p o n d i n g  va lues  c u r r e n t l y  
u sed  in S U P R E M - 3 .  

C o m p a r i n g  t he  da ta  for t he  p ro j ec t ed  r a n g e  (Fig. 5) a n d  
t he  s t a n d a r d  dev i a t i on  (Fig. 6), we o b s e r v e  t h a t  the  empi r -  
ical p a r a m e t e r s  para l le l  t heo re t i ca l  da ta  h a v i n g  consis t -  
en t ly  h i g h e r  va lues .  The  i m p o r t a n t  d i f f e rence  b e t w e e n  
empi r i ca l  a n d  t heo re t i c a l  da ta  is in the  t h i r d  d i s t r i bu t i on  
m o m e n t ,  s k e w n e s s  (Fig. 7), w h i c h  m u s t  be  pos i t ive  to fit 
t he  e x p e r i m e n t a l  data.  This  r e su l t s  in  profi les  t h a t  are  
t i l ted t o w a r d s  t he  b u l k  a n d  t h e r e f o r e  p rope r ly  a c c o u n t  for  

Table II. Boron Pearson IV distribution parameters 

Dose 
Energy 5E14 1E15 2E15 3E15 5E15 Mean 

Rp(~rn) 
10 0.03940 0.04840 0.04052 0.04887 0.04232 0.04390 
15 0 .05971 0.05964 0.06617 0.06184 
20 0.07878 0.07892 0.08673" 0.08148 
25 0.09400 0.09746 0.09573 
30 0.11792 0.11481 0.11637 

~ , ( ~ m )  
10 0.02589 0.02709 0.02576 0.02489 0.02486 0.02570 
15 0.03128 0.03160 0.02973 0.03087 
20 0.03908 0.03731 0.03957" 0.03865 
25 0.04292 0.04146 0.04219 
30 0.05221 0.04499 0.04860 

Skewness 

I0 0.99515 0.80580 0.82332 1.18048 0.81259 0.92347 
15 0.87658 0.94349 1.00287 0.94098 
20 0.75461 0.76618 0.57269" 0.69783 
25 0.55395 0.37232 0.46314 
30 0.43368 0.35588 0.39478 

Ku~osis 
10 4.95270 4.27255 4.37026 6.62917 4.76621 4.99864 
15 4.83110 4.74503 4.98230 4.85281 
20 4.10034 4.15459 4.02233 ~ 4.09242 
25 3.89490 3.77105 3.83298 
30 3.62604 3.56133 3.59369 

"Mean of 11 profiles. 
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plants compared with the LSS values. 

the  d i s t r ibu t ion  tails. As a c o n s e q u e n c e  of  th is  d i f ference ,  
we  also o b s e r v e d  a d i f fe ren t  behav io r  for the  four th  mo- 
ment ,  kur tos i s  (Fig. 8). 

Pearson IV parameters for BF.Z implants.--Modeling of 
BF2 § i m p l a n t s  p r o v e d  to be  more  compl ica ted .  A l t h o u g h  
it was  poss ib l e  to obta in  good  fits in each  indiv idua l  case 
for t he  P e a r s o n  IV dis t r ibut ion ,  a cons ide rab le  sca t te r  in 
the  p a r a m e t e r s  was  ob ta ined ,  in par t icular ,  for s k e w n e s s  
and  kur tos is .  This  is because  the  BF~ + imp lan t  profi les 

6 I i I 

| n  

o 
4 

V 

" ~ f - - E m p i r i c a l  

2 I , I ~ I , 
5 15 25  35  

Energy (keV) 
Fig. 8. The kurtosis of the Pearson IV distribution for boron im- 

plants compared with the LSS values. 

t e n d  to be  concave  towards  the  bulk,  whi le  the  Pea r son  
IV d i s t r ibu t ion  is convex .  The fi t ted p a r a m e t e r s  are sum-  
mar ized  in Table  III. We can r easonab ly  desc r ibe  BF~ + im- 
p lants  wi th  th is  se t  o f  data  w h i c h  are m u c h  more  accura te  
t han  the  L S S  data. Once  Rp, hRp, and  s k e w n e s s  are deter-  
mined ,  the  s h a p e  of  the  profile is very  insens i t ive  to vari- 
a t ions of  the  kur tos is ;  therefore ,  the  h igh  values  o b t a ined  
for the  75 keV implan t s  can be  r ep l aced  by  an average  
value b e t w e e n  the  50 and  100 keV values  and  the  qual i ty  
of the  fit r ema i n s  excel lent .  

Gaussian distribution with an exponential tail for BF=, § 
implants.---Another mode l ing  t e c h n i q u e  used,  for exam-  
ple, in p ro ce s s  s imula t ion  p r o g r a m s  such  as S U P R E M ,  
uses  a s imp le  gauss ian  d i s t r ibu t ion  wi th  an e x p o n e n t i a l  
tail a t t ached  s o m e w h e r e  on  the  d i s t r ibu t ion  shoulder .  
The d r a w b a c k  of  this  ap p ro ach  in S U P R E M - I I  is the  use  
of  a f ixed tail wi th  its p a r a m e t e r s  i n d e p e n d e n t  o f  t he  im- 
p lan t  energy.  Our a p p r o a c h  is to genera l ize  the  d is t r ibu-  
t ion w h i c h  is n o w  charac te r ized  by  the  p ro jec ted  range  
Rp, the  s t a n d a r d  dev ia t ion  AR,, the  charac ter i s t ic  l eng th  of  
the  tail L, and  the  f ract ion p a r a m e t e r  F, w h i c h  is the  frac- 
t ion of  t he  peak  concen t r a t i on  w h e r e  the  exponen t i a l  tail 
is a t tached.  

The fo l lowing ma thema t i ca l  e x p r e s s i o n  desc r ibes  the  
profile used ,  w h e r e  Xtnt is the  i n t e r cep t i on  po in t  w h e r e  

Table Ill. BF2 + Pearson IV distribution parameters 

Dose 
Energy 5E14 1El5 3E15 Mean 

Rp (~m) 
25 0.02583 0.02583 
50 0.04751 0.03793 0.05286 0.04610 
75 0.05656 0.05598 0.06448 0.05901 

100 0.07757 0.06891 0.08019 0.07556 
120 0.08207 0.08207 

ARp 0xm) 
25 0.01446 0.01446 
50 0.02442 0.02397 0.02519 0.02453 
75 0.03155 0.03197 0.03036 0.03129 

100 0.04026 0.03710 0.03372 0.03703 
120 0.03490 0.03490 

Skewness 
25 -0.65139 -0.65139 
50 0.29530 -0.06825 -0.57686 -0.11660 
75 0.01694 -0.15746 -0.57125 -0.23726 

100 -0.04293 -0.14657 -0.38061 -0.19004 
120 -0.36106 -0.36106 

Kurtosis 
25 11.96689 11.96689 
50 4.52633 6.21693 8.06505 6.26944 
75 16.87185 1 8 . 2 6 4 3 4  1 1 . 2 9 2 6 9  15.47629 

100 7.62934 9.95231 5.64738 7.74301 
120 7.15967 7.15967 
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Fig, 9. Profile of an implant of 3 • 10 ~ BF~ ~ cm -~ at 120 keV 

compared with a fitted gaussian distribution and attached exponential 
tail. 

t he  e x p o n e n t i a l  tai l  is a t t a c h e d  to t he  g a u s s i a n  d i s t r ibu-  
t ion  

A 

ARp 

A 

AR, 

y(x) =~ 

exp  [ - ( x  - Ry-/2hRp"-]; 

e x p  [ - (xj , t  - R,)'z/2AR, ~] 

0 <: X ~ Xin t 

exp  [ - ( x  - xj,~)/L]; x > X~nt [1] 

and  w h e r e  L is the  cha rac t e r i s t i c  l e n g t h  of  t he  
exponen t i a l .  

The  coeff ic ient  A is d e t e r m i n e d  b y  i n t eg r a t i ng  the  
rOfile a n d  e q u a t i n g  the  resu] t  to t he  i m p l a n t  dose. The  
ac t ion  F of t h e  p e a k  c o n c e n t r a t i o n  w h e r e  the  e x p o n e n -  

tial tail  is a t t a c h e d  is g iven  b y  

F = y(x~t)/y~• [2] 

We h a v e  f o u n d  t h a t  th i s  t e c h n i q u e  is pa r t i cu la r ly  use fu l  in 
the  case  of  BF., ~ imp lan t s .  F igu re  9 i l lus t ra tes  t he  qua l i ty  
of fits o b t a i n e d  w i t h  th i s  approach .  T he  e x t r a c t e d  pa ram-  
e ters  for  th i s  d i s t r i b u t i o n  are  s h o w n  in  Tab le  IV, whi l e  

Table IV. BF.7 gaussian distribution 
with exponential tail parameters 

Dose 
Energy 5E14 1El5 3E15 Mean 

Rp (t~m) 
25 0.02191 0.02191 
50 0.04345 0.03998 0.05284 0.04542 
75 0.05990 0.05941 0.07085 0.06339 

100 0.08113 0.06969 0.09086 0.08056 
120 0.08732 0.08732 

hRp (tLm) 
25 0.01538 0.01538 
50 0.02435 0.02141 0.02410 0.02329 
75 0.02578 0.02845 0.02459 0.02627 

100 0.03722 0.03071 0.03166 0.03320 
120 0.02925 0.02925 

X~,~ (~m) 
25 0.07393 0.07393 
50 0.11221 0.09700 0.11792 0.10904 
75 0.12217 0.13968 0.14381 0.13522 

100 0.19583 0.16565 0.20110 0.18753 
120 0.18728 0.18728 

L (~m) 
25 0.01815 0.01815 
50 0.02444 0.02502 0.02408 0.02451 
75 0.03717 0.03891 0.03853 0.03822 

100 0.04499 0.04792 0.03569 0.04287 
120 0.04590 0.04590 

Fraction of peak 
25 0.00224 0.00224 
50 0.01629 0.01504 0.00894 0.01342 
75 0.02421 0.01142 0.00598 0.01387 

100 0.00814 0.00784 0.00252 0,00617 
120 0.00316 0.00316 

the  e n e r g y  d e p e n d e n c e  of  t h e s e  p a r a m e t e r s  is i l l u s t r a t ed  
in Fig. 10 to 13. 

Double gaussian profiles for  BF.2 ~ implants.--Dissocia- 
t ion  of  t h e  BF2 ~ m o l e c u l e  c aus ing  a b n o r m a l  b o r o n  distr i-  
b u t i o n  prof i les  has  b e e n  o b s e r v e d  p rev ious ly  (10). Al- 
t h o u g h  d i s soc i a t i on  p r o b l e m s  in t h e  b e a m  are neg l ig ib le  
in a p o s t a c c e l e r a t i o n  mass  ana lys i s  t y p e  of  imp lan t e r ,  l ike 
the  one  u s e d  in  th i s  s tudy ,  d i s soc ia t ion  ha s  b e e n  c l a imed  
to occu r  u p o n  i m p a c t  w i th  t he  s i l i con  wafe r  (6, 8). We 
have  i n v e s t i g a t e d  th i s  poss ib i l i ty  to exp l a in  t he  tail  of t he  
BF~ ~ profiles.  The  m o d e l  a s s u m e s  t h a t  s o m e  BF~" mole-  
cules  d i s soc ia te  to fo rm an  ion ic  fo rm of  BF. U n d e r  t h e s e  
cond i t ions ,  b o r o n  p e n e t r a t e s  w i th  11/49 a n d  11/30 of  t he  
i m p l a n t a t i o n  energy .  To r e p r e s e n t  th i s  cond i t ion ,  two 
g a u s s i a n  d i s t r i b u t i o n s  w i th  Rp~ = (49/30)R,~ h a v e  b e e n  
used.  The  s t a n d a r d  dev i a t i ons  a n d  t he  f r ac t ion  of t he  dose  
in the  s e c o n d  p e a k  are  left  as f i t t ing pa rame te r s .  Excel-  
l en t  a g r e e m e n t  w i t h  m e a s u r e d  prof i les  can  be  ob t a ined ,  
as d i s p l a y e d  in  Fig. 14. Th i s  o b s e r v a t i o n  is in  con t rad ic -  
t ion  w i t h  t he  c o m p l e t e  d i s soc ia t ion  of  t he  BF2 + m o l e c u l e  
at  the  s i l icon surface.  I f  t h i s  we re  t he  case,  all t h e  b o r o n  
s h o u l d  h a v e  11/49 of  t h e  i m p l a n t  energy .  

For  h i g h e r  e n e r g y  imp lan t s ,  t he  s e c o n d  profi le  does  
no t  m a t c h  t he  " h u m p "  exact ly .  I t  m a y  be  t h a t  f u r t h e r  dis- 
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Fig. |0. The range parameter Rp of the gaussian distribution for 
BF,~ ~ implants. 
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Fig. 11. The straggle ARp of the gaussian distribution for BF~ ~ im- 
plants. 
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Fig. 12. The characteristic length of the exponential tail attached 
to the gaussian distribution for BF~ ~ implants. 



Vol. 132, No. 9 BORON I M P L A N T S  IN S ILICON 2223 

0.05 

0.04 

g 
~ o.oa 

-~ 0.02 

0.01 

, = 1 :  E ,  [ , ,  i J  i , ~  i , i  i , , , I ~  

, r ~ T , , ~ , l ~  , , I , r ,  ~ ' ~ , ~ , ~ 1 ,  
25 50 75 100 125 

Energy (keV) 

Fig. 13. The fraction of the peak concentration where the exponen- 
tial tail is attached for BF~ ~ implants. 
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Fig. 14. Profile for an implant of 3 • 10 ~'~ BF~ § cm-'-' at 50 keV su- 
perimposed with a distribution consisting of 2 gaussian profiles, with 
parameters Rpl = 0.04645 /~m, AR,I = 0.02105 /xm, Rpe = 
(49/30)R,~, hR,~ = 0.04835/~m, and F, the fraction of the dose in 
the second peak, = 0.00462. 

sociation into B and F occurs, but we have not taken this 
process into account as it would greatly increase the num- 
ber of adjustable parameters. In all cases, the fraction of 
the dose in the second peak is between 0.1 and 0.5%. 

Conclusion 
We have compared B ~ and BF~ ~ implants in silicon at 

equivalent energies. Fluorine is trapped in the silicon 
after BF2 § implants, and very long anneals at high temper- 
atures are required to drive it out. These conditions are 
incompatible with VLSI processing techniques. 

The Pearson IV distribution fits B ~ implants into crys- 
talline silicon at a 7 ~ tilt angle, but  range parameters dif- 
ferent from those of LSS theory must  be used. BF~ ~ im- 
plants are adequately fitted with a Pearson IV distribu- 
tion, although the shape of the distribution does not 
match the profile exactly. A gaussian distribution to 
which an exponential  tail is attached gives a better fit to 
the profile. Two gaussian profiles corresponding to BF2 ~ 
and ionic forms of BF can reproduce the lower energy 
profiles extremely well, indicating that complex dissocia- 
tions are likely to happen on impact  with the silicon 
surface. 

These results significantly improve the accuracy of 
process simulation and are of special value when applied 
to such novel process techniques as rapid thermal anneal- 
ing, where limited diffusion means that a precise descrip- 
tion of the as-implanted profile is of particular impor- 
tance. 
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ABSTRACT 

The chemical state and oxide layer structure of the GaAs surface after reactive sputter etching (RSE) with CCl~F~ 
gas were investigated by angle resolved x-ray photoelectron spectroscopy (XPS). From the XPS results taken at a low 
take-off angle, an As-depleted layer exists in the top surface. The RSE-GaAs surface oxide is found to be composed of 
two layers consisting of a Ga2Q first layer and a Ga20:~ + As20:, mixed second layer. The thickness of the top Ga~O~ layer 
increases with increasing bias voltage from 0 to 7~, while the mixed layer thickness is rather likely to be reduced. The 
total oxide layer thickness of the RSE-GaAs surface grows gradually thicker with increasing bias voltage over the 0.2-0.8 
kV region and is nearly equal to that of the native oxide before etching unless the mirror gloss of the surface is de- 
stroyed by RSE. 

Dry etching technology for GaAs devices has been 
widely developed, e.g., ion beam etching for gate forma- 
tion in GaAs MESFET's  (1), selective dry etching of the 
A1GaAs-GaAs heterojunction (2), and plasma etching of 
Si:~N4 films on GaAs substrates (3). However, plasma sur- 
face treatment might cause damage to the GaAs surface 
as well as the Si surface (4). Various kinds of damage such 
as contamination, crystalline defects, and variations of 
the surface composition are observed on the GaAs sur- 
face after reactive sputter etching (RSE) (5) which is rep- 
resentative of dry etching technology. 

The dam-age of the GaAs surface assessed by Auger 
electron spectroscopy (AES) was found to depend on 
RSE conditions, especially on the gas species and bias 
voltage (5). The surface stoichiometry changes from Ga- 
rich to As-rich with different etching gas species, and the 
degree of damage is affected by bias voltage. However, 
the extreme surface chemical state was not understood 
from AES study. 

Many studies of GaAs surface oxides and metal-semi- 
conductor interfaces have been reported using x-ray 
photoelectron spectroscopy (XPS). Since a surface oxide 
study is important for the MOS structure and other de- 
vices, not only the initial oxidation state of the cleaved 
surface in ultrahigh vacuum (6, 7), but also the oxidation 
states of real surfaces such as native, thermal, and plasma 
oxides (8-10) have been studied. Although the damage 
caused by RSE may affect the surface oxide state, very 
few studies on the reactive-sputter-etched GaAs (RSE- 
GaAs) surface have been reported. 

The purpose of this paper is to clarify the extreme sur- 
face composition variation of the RSE-GaAs and the ox- 
ide layer structure which is formed by contact with air 
after RSE. It is desirable to establish the GaAs surface 
chemical state after contact with air because the usual de- 
vice fabrication processes are carried out in an air atmo- 
sphere. Angle-resolved XPS (ARXPS) was adopted as a 
very surface-sensitive technique, in addition to usual 
XPS. The oxidation state of the RSE-GaAs surface was 
compared with the native oxide in order to distinguish 
the RSE-GaAs surface from the non-RSE-GaAs surface. 

Experimental 
The RSE-GaAs (100) surface was investigated with XPS 

and ARXPS. RSE experiments were carried out using a 
diode RF sputter etching apparatus with a 100 mm diam 
target. CCI2F~ gas was used as an etching gas. This gas 
was found to selectively remove As atoms to make the 
GaAs surface Ga-rich (5). Our intent is to understand the 
oxide structure on this reactively etched surface which is 
formed by contact with air. The gas pressure was set at 
0.04 torr. The bias voltage was varied from 0.2 to 0.8 kV. 
Etching duration was 3 rain, and the target material 
which was selected was fused quartz. After RSE, the 

samples were placed in the XPS apparatus through air 
atmosphere. 

The XPS measurements  were performed using mono- 
chromatized A1 Ka x-ray from a rotating anode. For Ag 
3d5~2, the signal intensity of 3000 cps was obtained with an 
energy resolution of 0.9 eV full width at half maximum 
(FWHM). The samples were rotated from a take-off angle 
of e = 90~ ~ while the x-ray source and analyzer were 
fixed. Peak separation of the XPS spectra was accom- 
plished after smoothing and subtracting the background 
in order to determine the Ga 3d and As 3d intensities 
from the surface oxide and underlying substrate. 

Results and Discussion 
Dependence of surface composition variation on RSE 

bias voltage.--The XPS spectra, as shown in Fig. 1, re- 
vealed that the oxygen content on GaAs etched with 
CCl~F2 gas was larger than for the native oxide before 
RSE based on the relative intensity of the O ls to the Ga 
3d and As 3d bands. This indicates that the damaged sur- 
face of RSE-GaAs is more active toward oxidation. Since 
the chemical state of the surface oxide formed after RSE 
is thought to reflect that of the RSE-GaAs surface, the Ga 
3d and As 3d core levels were measured on the oxide to 
estimate the RSE-GaAs surface variation. 

The XPS spectra of Ga 3d and As 3d core levels in the 
GaAs substrate were obtained at 18.5 and 40.7 eV, respec- 
tively, in binding energy. Chemical shifts of Ga 3d (+1.0 
eV) and As 3d (+3.0 eV) were also observed, which corre- 
sponded to Ga~O:~ and As~O:~, respectively (11), but the As 
3d chemical shift of +5.0 eV corresponding to As~O~ (11) 
was not observed in this study. 
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Fig. 1. XPS spectra of GaAs surface before and after RSE with bios 
voltage at 0.6 kV. 
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and oxide states, and the intensity ratio of oxide/GaAs of As 3d and 
Ga 3d as a function of RSE bias voltage. 

The  to ta l  i n t e n s i t y  rat io  IAs,GaAs - O x i d e ) / / G a ( ( ; a A s  * O x i d e }  as wel l  
as t h e  ox ide - to -GaAs  i n t e n s i t y  ra t ios  IGaiO• a n d  
IA~CO~id~r we re  p l o t t ed  as a f u n c t i o n  of  R S E  b ias  vol t-  
age in  Fig. 2. T h e  f o r m e r  i n t e n s i t y  ra t io  i nd i ca t e s  t he  in- 
t en s i t y  ra t io  of  t h e  s u m  of  t h e  As  3d p h o t o p e a k s  in  GaAs  
a n d  ox ide  s ta tes  to  t h a t  of  t he  Ga  3d p h o t o p e a k s  in  GaAs  
a n d  ox ide  s ta tes .  T h e s e  m e a s u r e m e n t s  we re  ca r r ied  ou t  at  
0 = 90 ~ b e c a u s e  t he  deep  reg ion  was  des i r ed  to be  exam-  
ined.  IAs(GaAs + Oxide~IGa((;aAs + Oxide) d e c r e a s e s  f rom a b o u t  0.8 to 
0.6 w i t h  a n  i n c r e a s i n g  bias  vol tage ,  i n d i c a t i n g  t h a t  As is 
easi ly  r e m o v e d  f rom the  sur face  s u b j e c t e d  to R S E  w i t h  
an  ion  e n e r g y  h i g h e r  t h a n  0.4 keV. Th i s  e n e r g y  m i g h t  b e  
t he  cr i t ical  p o i n t  at  w h i c h  t he  G a A s  crys ta l  was  
des t royed .  

As b ias  vo l t age  increases ,  IA~Oxid~JlA~G,A~ d rops  r ap id ly  
a n d  r e m a i n s  cons t an t .  On  t he  o t h e r  h a n d ,  IC~O~iO~}Ir162 
i nc r ea se s  f r o m  a b o u t  0.8 to 1.5. T h e s e  r e su l t s  s ugges t  t h a t  
t h e  R S E - G a A s  su r face  ox ide  m i g h t  cons i s t  of  b o t h  a n  As  
c o n t a i n i n g  ox ide  a n d  a n  As-free ox ide  w h o s e  t h i c k n e s s e s  
s h o u l d  i n c r e a s e  w i t h  b ias  vol tage.  

Chemical states of RSE47~aAs surface.~ARXPS was  
u sed  in  o r d e r  to e x a m i n e  t he  o x i d a t i o n  s ta te  of  t h e  RSE-  
GaAs  e x t r e m e  su r face  region.  F i g u r e  3 s h o w s  A R X P S  
spec t r a  of  Ga  3d a n d  As 3d f r o m  ~ = 90~ ~ w h e r e  t he  

X - ray Detector 

Z 

;.0 eV- 1.O eV 

I I I I 1 

50 40 30 20 10 

BINDING ENERGY (~'~) 
Fig. 3. Angle-resolved XPS spectra of Ga 3d and As 3d from 90 ~ to 

25~ RSE bias voltage was at 0.6 kV. 
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3 0  60  9 0  

0 ( o )  

Fig. 4. Dependence of the intensity ratio of oxide for GaAs of Go 
3d and As 3d on detected angle; RSE bias voltage was at 0.6 kV. The  
dotted lines are from Kohiki et al. (8). 
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Fig. 5. a: Two-layer structure model of reactive-sputter-etched 

GaAs surface oxide, b: Calculated oxide thickness of RSE GaAs based 
on the two-layer structure model as a function of RSE bias voltage. 
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R S E  bias vol tage was set at 0.6 kV. No crystal l ine defects  
are found  by t ransmiss ion  e lec t ron  mic roscope  observa-  
tion, but  a s to ichiometr ic  var ia t ion is observed  on RSE-  
GaAs at this bias voltage. By increas ing the  bias voltage,  
the  As 3d in tens i ty  weakens  c o m p a r e d  with  Ga 3d, and 
the ox ide  pho topeaks  grow s t ronger  relat ive to the sub- 
strate signals. This  indicates  that  oxides  cover  most  of  the  
available surface area and that  As20:~ is deple ted  relat ive 
to Ga~O:; at the  ex t r eme  surface. 

Both  ox ide  and substra te  As 3d pho topeaks  are barely  

where  C is a propor t iona l  constant ,  n(x) is the  n u m b e r  of  
a toms per  uni t  v o l u m e  at a dep th  x, o- is the ionizat ion 
cross section, X(x) is the pho toe lec t ron  escape dep th  of  
each layer, and 0 is the take-off  angle.  The  X of both  Ga 3d 
and As 3d in Ga~O:~ are 13~ and that  in As~O:~ is 21~; they  
are calcula ted by the  m e t h o d  of  P e n n  (12). For  the X of Ga 
3d and As 3d in GaAs, 16 and 19~ were  adopted,  respec- 
t ively  (8). 

The in tens i ty  ratio equa t ions  of ox ide  to GaAs concern-  
ing Ga 3d and As 3d were  made  f rom Eq. [1] as 

I(~aOxlde~ n(;a'h(:J [ 1 -- exp  ( - t~ ) ]  + n(;aUX(;aii [ 1 _ exp  ( 
k(;2 sin 0 

t2 ) ]  e x p (  t, ~_) 
~Ga II sin 0 X(;a ~ sin 

[2] 
IGa((;aAs~ oxp( 0)exp( ~,.r~ sin 

observable  at 0 = 25 ~ where  the escape  depth  of  As 3d 
pho toe lec t rons  is calculated to be  about  5~ and surface- 
sensi t ive X P S  spectra  can be obtained.  Therefore,  the  ex- 
t r eme  surface reg ion  is found to abound  with  Ga.,O:, and 
be very  scarce  in As~O..~ and GaAs componen t s .  It  is ex- 
pec ted  that  the  surface oxide  layer after R S E  splits into 
two layers wi th  Ga2Q in the first layer and Ga.,O:, + As20:~ 
in the  second  layer. The fact that  the As 3d substrate  sig- 
nal is found in a ve ry  small  a m o u n t  of  0 = 25 ~ also sug- 
gests that  GaAs patches  remain  even  in the  second ox ide  
layer, and that  the  interface be tween  the  second layer  and 
the GaAs subst ra te  is not  fiat, or that  the  As~OJGa20:~ ra- 
tio in the  second  layer changes  f rom 1 at the  in terface  be- 
tween  the  second  layer and the  subs t ra te  to 0 at the inter- 
face b e t w e e n  the  first and the  second layer. 

F igure  4 shows  the  d e p e n d e n c e  of  the  Ga 3d and As 3d 
intensi ty  ratios of  the oxide  to the  GaAs substrate  on 
take-off  angle, compar ing  the ox ida t ion  state of the  RSE-  
GaAs surface wi th  the  nat ive  ox ide  before  R S E  in order  
to d is t inguish  the  RSE-GaAs  surface f rom the  non-RSE-  
GaAs surface.  The  solid l ine is f rom the  present  work  and 
indicates  the  ox ida t ion  state on the GaAs surface after  
R S E  with CC12F2 at 0.6 kV, and the  dot ted  l ine is f rom 
Kohik i  et al., who  repor ted  on the nat ive  oxide  of  the  
GaAs (100) surface (8). At  0 = 90 ~ /(;a(Oxide//Ga(CmAs) of RSE-  
GaAs is twice  as s t rong as that  of  nat ive  oxide,  whi le  
IAs(Oxid~/IA~(~A~) is a lmos t  the same va lue  in both RSE-GaAs  
and nat ive  oxide.  This indicates  that  the  ox ide  layer of  
RSE-GaAs  differs f rom the  na t ive  oxide  on two points ,  
i.e., that  the  ox ide  th ickness  on the  e tched wafer  is 
th icker  than  that  of  the  lat ter  and tha t  it also conta ins  a 
h igher  mole  f ract ion of Ga~O:,. 

The compar i son  of  RSE-GaAs  surface ox ide  wi th  the  
nat ive  oxide  at the  small  0 region shows that  the fo rmer  is 
more  easi ly ox id ized  than  the latter. Because  the  GaAs 
surface is a t tacked  by ions and radicals  der ived f rom 
CCI~F~ dur ing  RSE,  and As a toms are r e m o v e d  se lec t ively  
f rom the surface  region, m a n y  As- removed  holes  sur- 
round ing  the  Ga a toms exis t  in the  surface region. This 
results in the  surface  b e c o m i n g  an act ive  state, where  ox- 
ygen molecu les  are easily dissocia ted and adsorbed.  

A l though  the  IAs(Oxide)/IAs,(;aAs) of RSE-GaAs  is a lmos t  the  
same as that  of  na t ive  oxide  at 0 = 60~ ~ it begins  to in- 
crease more  than  the  I,~(o• of nat ive oxide  wi th  a 
decreas ing 0 f rom about  40 ~ This  resul t  impl ies  that  As 
atoms are also easi ly oxidized because  a small  a m o u n t  of 
Ga a toms are also r e m o v e d  and O a toms in t rude  the  
ne ighborhood  of  As atoms.  

Oxide layer structure.--The oxide  layer th ickness  of  the  
RSE-GaAs  surface was es t imated  f rom the  mode l  as 
shown in Fig. 5a. Here  we a s sumed  that  a Ga~O:~ homoge-  
neous  layer  exists  in the first layer  and a m i x e d  layer of  
Ga20:~ and As~O3 exists  in the  second  layer. The RSE-  
GaAs surface and the  interface be tween  the two layers are 
supposed  to be  flat. The  in tens i ty  of  photoe lec t rons  I is 
g iven by Eq. [1] as 

I = C f,[n(x) exp [-x/X(x) sin O] dx [1] 

IAs(Oxide) 

t, 0") 
k(~a' sin 

nAsIIkAs'| (1 -- exp ( ~AsII sin 0 
[3] 

Ins((;aAs) nA]"XA]" exp ( t2 ) 
hAs II sin 0 

Here,  t, and t2 are the th icknesses  of  the first and second 
layers, and R o m a n  number s  I, II, and  III  m e a n  the  first 
layer, second layer, and substrate,  respect ively.  The t, and  
t2 were  calcula ted by the  least  squares  m e t h o d  us ing  Eq. 
[2] and [3] and the  measu red  values.  

F igure  5b shows the calcula ted ox ide  th ickness  of RSE-  
GaAs based on the  two-layer  s t ruc ture  mode l  as a func- 
t ion of  bias voltage.  The Ga.,O:~ top layer enlarges  to about  
a 7s th ickness  wi th  bias vol tage,  though  it is apparen t  
that  an As-free ox ide  top layer does  not  exis t  on the  na- 
t ive ox ide  before  RSE.  On the  o ther  hand,  the  m i x e d  
layer th ickness  of  Ga20:~ and As20:~ is r educed  f rom 20 to 
13• by 0.2 kV RSE,  and remains  about  13A for the  bias 
vol tage increase.  

The total  ox ide  th ickness  on the  RSE-GaAs  surface be- 
comes  s l ight ly th inner  at 0.2 kV than  the nat ive  oxide,  
g rowing  gradual ly  th icker  wi th  a bias vol tage of  more  
than 0.4 kV. This t endency  will  accelera te  with increas ing 
bias vol tage above  0.8 kV, because  the damaged  layer  
spreads deeper  and the  mirror  gloss of  the  surface is lost. 
The reason the  total  ox ide  th ickness  becomes  th inner  at 
0.2 kV may  be  exp la ined  by the  fact that  only  the  nat ive  
oxide  on theGaAs  wafer  is e tched  by 3 rain R S E  at 0.2 kV. 

The GaAs surface after R S E  was oxid ized  immed ia t e ly  
by contac t  wi th  air because  of  its activity.  The  oxide  layer 
th ickness  was equa l  to that  of  the  natural  ox ide  layer be- 
fore R S E  if the mir ror  gloss of  the  surface was main ta ined  
under  R S E  condi t ions.  However ,  the  ox ide  layer after 
R S E  wi th  CCI~F2 spli t  into two layers, which  were  com- 
posed  of the  Ga20:~ top layer wi thou t  As a toms and the  
Ga20:~ + As20:~ m i x e d  under ly ing  layer. This  suggests  that  
dur ing R S E  of GaAs us ing CCI~F2, As a toms break  away 
first and then  the  remain ing  Ga a toms are released. 

Here  the  layers I and II were  a s sumed  to be homogene-  
ous and fiat. However ,  in the  real surface, the  in terface  
be tween  the  layers I and II, or the  layers t I  and III, may  
not  be fiat. The  As~OJGa.,O:~ ratio in the  layer II m a y  not  
be constant ,  and the  layer II may  conta in  bare GaAs 
patches.  

In  this paper ,  the  chemica l  states of GaAs surfaces 
e tched  wi th  CC12F2 and air oxid ized  were  de te rmined .  
These  resul ts  imply  that  the  ox ide  layer s t ruc ture  of  the  
RSE-GaAs  surface e tched  with CF4 and CC14 (which 
makes  the  GaAs surface Ga rich) as wel l  as CCl~F~ is 
Ga20:~/Ga.203 + As~O:~, and that  the  surface  e tched  wi th  
CHCI:~ (which makes  the  GaAs surface As rich) is 
As~O3/Ga~O:~ + As20:3. 

Conclusion 
The a i r -exposed  GaAs surface fo l lowing R S E  with 

CCI~F~ gas was inves t iga ted  us ing  angle-resolved XPS.  
The surface ox ide  layers split  into a two-layer  s t ruc ture  
consis t ing of  a Ga~Q top layer and a m i x e d  layer  of Ga~O;~ 
+ As~Q, i.e., no As a toms are found  to exis t  in the  top 
layer. The  th icknesses  of  these  layers were  calculated by 
means  of  pho toe lec t ron  in tens i ty  ratios and es t imated  es- 
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cape depths of Ga 3d and As 3d. The top Ga~O:~ layer 
thickness enlarges with bias voltage, whereas the mixed 
layer thickness of Ga~O:~ + As.,O~ diminishes somewhat. 
The total oxide thickness grows gradually thicker with a 
bias voltage over 0.4 kV, and is nearly equal to that of the 
native oxide before etching unless the mirror gloss of the 
GaAs surface is lost by RSE. 

When GaAs is reactive-sputter-etched with CC12F2 gas, 
Ga and As do not break away at the same time, but  rather 
Ga is released later following the release of As from the 
surface, which is exposed to a CCt2F~ plasma. Conse- 
quently, many As vacancies exist in the surface region 
and the RSE-GaAs surface becomes active to oxygen up- 
take. 
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Silicon Layers Grown by Differential Molecular Beam Epitaxy 
H.-J. Herzog and E. Kasper 

AEG-TELEFUNKEN Forschungsinstitut, D-7900 Ulm, Germany 

ABSTRACT 

We report on molecular beam epitaxy (MBE) of Si layers at 750 ~ and 550~ onto (100) Si substrates covered with a 
patterned oxide mask. Within the exposed substrate windows epitaxial growth and on the oxide-covered areas polycrys- 
talline growth take place at both temperatures. Different ratios of MBE film thickness to oxide thickness have been re- 
alized. The lattice perfection of the epitaxial layers, the grain size of the poly-Si, and the boundary between the single- 
crystalline and the polycrystal]ine Si at the oxide edges were investigated by scanning and transmission electron 
microscopy complemented by Nomarski microscopy and Secco etching. These differential MBE layers reproduce the 
oxide pattern and, with MBE films thinner  than the oxide, the layer on top of the oxide can be removed by a lift-off 
step. The electrical conductivity of Sb-doped differential MBE layers is measured by means of spreading resistance. As 
an example of device application, a molybdenum Schottky diode is prepared and electrically characterized. 

At present, the molecular beam epitaxy of silicon (Si- 
MBE) is capable of growing uniform layers on large area 
substrates (1, 2) with high crystal quality and, in particu- 
lar, with arbitrary doping profiles (3, 4). However, in inte- 
grated device fabrication, the uniform planar epitaxy is a 
very early step and subsequent  high temperature pro- 
cesses for preparation of lateral device dimensions limit 
or even destroy the advantage of the low temperature 
MBE process. Therefore, and also with respect to novel 
devices it may be promising to define lateral structures 
by the epitaxy process itself (5). This can be achieved by 
Si-MBE on a suitable prepatterned substrate surface 
without any change in growth parameters compared to 
uniform MBE layers. With VPE, for example, selective 
growth on a substrate with a SiO~ pattern can be attained 
when the growth conditions are balanced near equilib- 
rium by adding an etching gas such as SIC14 (6). Near- 
equil ibrium nucleation takes place only on the St; it does 
not on the SIO2. With MBE, the situation is completely 
different because growth always takes place under  heavy 
supersaturation. At the usual Si-MBE temperatures, the 
growth rate is temperature independent,  the desorption is 
negligible, and the condensation coefficient is near uni ty  
(7, 8). On the SiO2 surface, two reactions are possible: (i) 
impinging Si atoms react with SIO2, forming volatile SiO, 
and the velocity of this oxide consuming reaction being 
strongly dependent  (9); and (it) above a critical growth 
rate, the nonconsumed Si condenses on the SiO2 surface 
and suppresses reaction (i) by growing a polycrystalline 
layer on top of the oxide. A sketch of the possible results 
is given in Fig. 1. 

At high substrate temperatures (Fig. la) reaction (i) 
dominates up to growth rates ranging from 0.03 nm/s at 

850~ to 2 nm/s at 1000~ An epitaxial layer grows on the 
Si surface, whereas the oxide thickness decreases. De- 
pending on the initial oxide height, the resulting surface 
can be flat or the oxide layer can be consumed com- 
pletely. 

At the usual MBE temperature, reaction (i) is slow (Fig. 
lb  and lc). On the oxide surface, a polycrystalline layer 
forms, whereas on the substrate an epitaxial layer grows 
(10-12). For this growth mode of uniform deposition on 
SiO2 and Si but  selective epitaxy on St, the terms differ- 
ential epitaxy (10) or patterned epitaxy (11) are used. 
Here, two cases can be distinguished: with thick oxides 
(oxide layer thicker than epitaxial layer, Fig. lb) the poly- 
and single-crystalline layers are separated and, if neces- 
sary, the poly-Si can be removed by a lift-off procedure 
(11). With thin oxides (Fig. la), there is an interface be- 
tween the epitaxial layer and the poly~Si film. Employing 
additional technological steps (etching, ion implantation), 
the po]y-Si layer can be utilized for structures such as re- 
sistors and contact connections. 

In the present study, differential epitaxial growth of 
undoped and Sb-doped films was carried out at growth 
temperatures of 750 ~ and 550~ onto Si substrates pro- 
vided with a patterned mask of SiO~. Particular attention 
was directed to the two cases: MBE layer thinner than the 
SiO~ and MBE layer thicker than the SiO~. 

The lattice perfection of the epitaxial layers, the grain 
size of the polycrystalline St, the boundary between the 
single- and polycrystalline films, and the pattern distor- 
tion, i.e., change of lateral dimensions of the mask pattern 
after layer deposition, were investigated by scanning elec- 
t ronmicroscopy (SEM) and transmission electron micros- 
copy (TEM) assisted by Nomarski interference micros- 
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SI- MBE Fdm 

; ; I  olysi- 
tf 

,o4  5,02 

(c) low temperature, tow oxide thickness to• < tf 

Si beam S~-MBE Film - 1  

~ i poLy Si 

(b) low temperature, h~gh oxide thickness tax > tf 

Si beam 

SI-MBE Film - - ~  

s,o2 

{a) high temperature reaction 

Si § 5102 (S) ~ 2510(g) 

Fig. 1. Sketch of different cases of Si MBE deposition on a pat- 
terned Si substrate, a: High temperature case marked by Si02 con- 
suming reaction, b: Low temperature case with SiO~ thickness t,,• > 
MBE film thickness tr. c: Low temperature case with t,,~ < tf. 

Fig. 2. Grain size dependency on the layer thickness of poly-Si in 
different MBE layers grown at 750~ Two typical TEM micrographs 
are inset. 

s u b s t r a t e  f r o m  t h e  casse t t e  in to  t h e  s u b s t r a t e  hea te r ,  t he  
ep i t axy  p ro ce s s  s tar ts  a t  a to ta l  p r e s s u r e  in t h e  10 -H P a  
r a n g e  w i th  an  a n n e a l i n g  s tep  (5 ra in  at  900~ The  sub-  
s t ra te  t e m p e r a t u r e  is t h e n  r e d u c e d  to t h e  des i r ed  ep i t axy  
t e m p e r a t u r e  a n d  t h e  s h u t t e r s  a b o v e  t h e  p r e a d j u s t e d  mo-  
l ecu la r  b e a m  sources  are opened .  

copy  a n d  Secco  e tch ing .  The  s t r a in  of  a poly-Si  fi lm was  
d e t e r m i n e d  b y  m e a n s  of x-ray d i f f rac t ion .  The  e lect r ica l  
c o n d u c t i v i t y  of  S b - d o p e d  layers  was  e x a m i n e d  b y  
s p r e a d i n g  r e s i s t a n c e  m e a s u r e m e n t .  As  an  e x a m p l e  of  de- 
vice  app l i ca t ions ,  a m o l y b d e n u m  S c h o t t k y  d iode  was  pre-  
pared.  

Sample Preparation 
S t a n d a r d  3 in. d i a m  (100) s i l icon s u b s t r a t e s  of  1000 

~ - c m  p- type  a n d  1 m ~ - c m  n- type  res i s t iv i ty  were  used.  
T h e r m a l l y  g r o w n  SiO~ wi th  t h i c k n e s s e s  r a n g i n g  f rom 0.1 
to 0.5 ~ m  was  c h o s e n  as m a s k i n g  mater ia l .  Two d i f fe ren t  
m a s k  pa t t e rn s ,  one  cons i s t i ng  of a s i m p l e  l ayou t  of c i rc les  
r a n g i n g  f r o m  3 to 10 ~ m  in d i a m e t e r  a n d  a n o t h e r  m o r e  
c o m p l e x  m e m o r y - t e s t  layout ,  we re  t r a n s f e r r e d  b y  opt ica l  
l i t hography .  The  0.1 ~ m  t h i c k  SiO2 was  on ly  we t  chemi -  
cally e t ched .  In  cont ras t ,  t he  0.5 ~ m  t h i c k  SiO2 was  reac-  
t ive  ion  e t c h e d  in a f luor ine  p l a s m a  to ach ieve  ox ide  
walls  as ve r t i ca l  as poss ib le .  T h e  p l a s m a  e t ch in g  was  
s t o p p e d  30-50 n m  befo re  r e a c h i n g  t he  o x i d e - s u b s t r a t e  in- 
terface.  Thus ,  a n y  c o n t a m i n a t i o n  a n d  d a m a g e  c a u s e d  b y  
the  reac t ive  e t ch  was  avoided .  A f inal  we t  c h e m i c a l  e tch-  
ing s tep  u s i n g  bu f f e r ed  H F  was  p e r f o r m e d  to c o m p l e t e l y  
open  t he  w i n d o w s .  Befo re  l oad ing  in to  t he  M B E  appara -  
tus,  all wafe r s  we re  s u b j e c t e d  to a c o n v e n t i o n a l  c l ean ing  
p r o c e d u r e  [RCA e t ch  (13)]. 

The  h i g h  t h r o u g h p u t  M B E  a p p a r a t u s  u s e d  for t h e s e  ex- 
p e r i m e n t s  is d e s c r i b e d  in  deta i l  e l s e w h e r e  (2). A b r i e f  de- 
s c r i p t i on  is as follows. A sepa ra te ly  U H V - p u m p e d  s torage  
c h a m b e r  w i th  a t en -wafe r  casse t t e  for  3 in. s t a n d a r d  sub-  
s t ra tes  is c o n n e c t e d  w i th  t he  g r o w t h  c h a m b e r  b y  a p n e u -  
ma t i c  gate  valve.  The  m a i n  e l e m e n t s  of  t h e  ep i t axy  c h a m -  
be r  are a U H V - p u m p  sys tem,  a r a d i a t i o n - h e a t e d  s u b s t r a t e  
hea te r ,  an  e l ec t ron  g u n  for  si l icon,  e f fus ion  cells for  
d o p a n t  e v a p o r a t i o n  (all b e a m  sources  p r o v i d e d  w i th  shu t -  
ters), a n d  in s i tu con t ro l  faci l i t ies  s u c h  as a t h i c k n e s s  
moni to r ,  a q u a d r u p o l e  mass  s p e c t r o m e t e r ,  c h a r g e d  par-  
t icle de tec to r s ,  a n d  t e m p e r a t u r e  sensors .  Af te r  l oad ing  a 

Fig. 3. Top view SEM micrographs of differential MBE layers around 
an oxide step with layer thickness (0.2/~m) smaller than oxide thick- 
ness (0.5/~m).  Epitaxy temperatures are 750 ~ (a) and 550~ (b). 
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Fig. 4. Mesa-like epitaxial islands of 0.2 t~m height onto the sub- 
strates after lift-off of the surrounding layer parts. Epitaxy tempera- 
tures are 750 ~ (a) and 550~ (b). 

Results 
MBE layers were  g rown at ep i t axy  t empera tu res  of  750 ~ 

and 550~ and with  different  ratios of  layer th ickness  to 
oxide  thickness .  As an essent ia l  result ,  it is found  tha t  at 
both  ep i taxy  t empera tu res  s ingle-crystal l ine growth  takes  
place onto the  exposed  subst ra te  areas. The  layers on top 
of the oxide exhibit polycrystalline growth, as shown by 
TEM analysis. The grain size was found to depend on 
epitaxy temperature and layer thickness as well. In Fig. 2, 
typical TEM micrographs of layers grown at 750~ are in- 
set in the diagram showing an almost linear increase of 
the average grain size from 0.1 ~m at a layer thickness of 
0.2 tLm to 0.75 t~m at a thickness of 3 tLm. At 550~ the av- 
erage grain sizes range from 30 nm at a layer thickness of 
0.2 ~m to 40 nm at 0.7/xm. A similar dependency of grain 
size on film thickness was reported recently by Lu and 
co-workers (14) for LPCVD poly-Si layers grown at 620~ 
on thermal oxide. On fused quartz, Matsui et al. (15) re- 
ported growth of polycrystalline films by molecular 
beam deposition (MBD) down to 400~ 

One goal of this work was to study the transition re- 
gions between the single-crystalline layer in the windows 
and the polycrystalline layer on top of the oxide. In Fig. 3, 
two top-view SEM micrographs of differential MBE lay- 
ers are shown with an oxide thickness of 0.5 t~m and a 
layer thickness of 0.2 t~m grown at epitaxy temperatures 
of 750 ~ (Fig. 3a) and 550~ (Fig. 3b) representing the case 
of layer thickness smaller than the oxide thickness. Both 
single-crystalline films are completely smooth and, as re- 
vealed by Secco etching, free of detectable crystal de- 

Fig. 5. Cross-sectional SEM micrographs of differential MBE layers 
around an oxide step with layer thickness (0.8 t~m) larger than oxide 
thickness (0.5 tLm). Epitaxy temperatures are 750 ~ (a) and 550~ (b). 

fects. Owing to the  di f ference in grain sizes the poly-Si  in 
Fig. 3a exhib i t s  a ra ther  gra iny surface structure,  whereas  
the  poly-Si in Fig. 3b shows a fine roughness  only. A sub- 
sequen t  t r ea tmen t  in an ul t rasonic  H F  acid bath for 10-20 
rain comple te ly  lifts off  the  poly-Si  layer parts by dissolv- 
ing the SiO~ and produces  mesa- l ike  s ingle-crystal l ine is- 
lands on the  substrate .  The  lift-off wi th  the  circular  pat- 
t e rned  SiO~ is shown  in Fig. 4a and Fig. 4b for layers 
g rown at 750 ~ and 550~ respect ively .  The  mask  pa t te rn  is 
exact ly  r e p r o d u c e d  leaving epi taxia l  disks  of  3 t~m diam 
and 0.2 t~m he igh t  on the subs t ra te  surface. The  no tches  
at the r im of the  mesa  in Fig. 4a may  be due  to a shadow- 
ing effect  dur ing  the  growth  by ove rhang ing  grains. 

As a second  impor t an t  case, we p repa red  samples  wi th  
oxide  th ickness  smal ler  than  the  M B E  layer thickness .  In  
Fig. 5, SEM micrographs  of  the  cross sect ion of M B E  lay- 
ers g rown  at 750 ~ (Fig. 5a) and 550~ (Fig. 5b) are given. 
The th icknesses  of the  mask ing  ox ide  and the  MBE layer 
a m o u n t  to 0.5 and 0.8 tLm, respect ively .  That  means  that  
above the  ox ide  edge  the  s ingle-crysta l l ine  film comes  in 
contac t  wi th  the  polycrys ta l l ine  layer. Af te r  pol i sh ing  the  
cross section,  the  samples  were  t reated by Secco  e tch  for 
5s to in tens i fy  the contras t  in the  micrographs .  The  MBE 
layers reveal  on the  surfaces an exac t  repl ica  of  the  oxide  
step wi thou t  any signif icant  pa t te rn  dis tor t ion equa l ly  in 
the lateral  d i rec t ion  and in the  ver t ica l  direct ion.  The mi- 
croscopic  s t ruc ture  of  the  t ransi t ion region polycrystal-  
l ine/s ingle-crystal l ine layer is demons t r a t ed  by the top- 
v iew TEM mic rograph  in Fig. 6. The  layer sequences  are 
0.1 ~m th ick  ox ide  and 0.2 ~m th ick  MBE film g rown  at 
750~ There  is a sharp t ransi t ion be tween  the  polycrystal-  
l ine and the  s ingle-crystal l ine Si. With excep t ion  of  some  
small  s tacking  faults or twin  faults at the boundary ,  no 
crystal  defects  were  found wi th in  the  crystal l ine film. By  
prepar ing  a sample  wi th  a pa t t e rned  oxide  layer  of  0.14 
t~m fol lowed by a 3 t~m thick MBE layer  g rown  at 750~ it 
is i l lustrated that  the  pa t te rn  dis tor t ion is by far smal ler  
than the  film height.  In  Fig. 7 a top-v iew Nomarsk i  mi- 
c rograph  of  this different ial  MBE layer and a correspond-  
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Fig. 6. Top-view TEM microgroph showing some stacking faults or 
twin faults at the single-crystalline/polycrystalline boundary. Layer 
thickness: 0.2 ~m. Oxide thickness: 0.1 ~m. Epitaxy temperature: 
750~ 

ing cross-sectional SEM micrograph are given. The cross- 
sectional sample has been etched for 5s in Seceo etch. Of 
course, there is a strong interlocking between the single- 
crystalline and polycrystalline layer, but the boundary 
runs almost vertically from the oxide edge to the layer 
surface. From the SEM micrograph~ the pattern distortion 
on the layer surface can be estimated to be about 0.5/~m. 

With a wafer having the same thickness sequence as in 
Fig. 7, but an unpatterned oxide, an analysis of the strain 
in the layer was performed. Since a strained layer causes 
a bending of the substrate-overgrowth structure, the cur- 
vature k of the sample was measured by means of x-ray 
diffraction (16, 17) before and after Si-MBE. The film 
strains ef were calculated in te rms  of subst ra te  th ickness  t~ 
and  film th ickness  tf us ing  the relat ion (18) 

Ef -- 6tf 

It is found that both the SiOz film and the polycrystal- 
line layer are under compressive strain of -2.85 • 10 -~ 
and -0.5 x I0 -:{, respectively. Accordingly, the strain in 
the poly-Si layer is more than a factor five smaller than in 
the oxide film. 

With respect to the preparation of Schottky diodes as 
an example for device application of this differential 
growth technique, Sb-doped layers with thicknesses 
ranging from 0.2 to 0.8/~m were grown at 550~ on n ~ sub- 
strates. The pattern in the 0.5 #m thick masking oxide 
consisted of circular windows. The conductivity of these 
layers was measured using a spreading resistance probe. 
The resistivity within the single-crystalline parts amounts 
to 6.5 • 10 -2 s corresponding to a doping level of 1.5 
x i0 ~7 cm-% In contrast, the spreading resistance of the 
poly-Si layers on top of the oxide was found to be beyond 
the measuring range (i0'~) of the apparatus used. Hence 
it follows that the resistivity of the poly-Si is as much as 
five orders of magnitude higher than that of the adjoin- 
ing single-crystalline St. This considerably deviates from 
the result of differential IV[BE given by Ota (10), who re- 
ported a change in resistivity of about two magnitudes. 
However, this may be due to the higher epitaxy tempera- 
ture of 800~ and/or the other dopant type and doping 
technique, namely, B doping by ion implantation. The 
doping profile as calculated from the spreading resist- 

Fig. 7. Comparison of o Nomarski micrograph (a) with a correspond- 
ing cross-sectional SEM microgroph (b) of a differential MBE layer 
grown at 750~ MBE layer thickness: 3 /~m. Oxide thickness: 0.14 
~m. The pattern distortion is estimated from Fig. 7b to be about 0 3  
/~m. 
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Fig. 9. a: Schematic setup of the Schottky diodes using differential 
Si-MBE. b: Current-voltage characteristic of a diode (horizontal scale: 
2V-division-I; vertical scale: 2 mA-division-1). 

ance in the single crystalline areas is shown in Fig. 8, 
demonstrating that an abrupt transition occurs at the in- 
terface between substrate and MBE layer followed by a 
flat Sb profile of n = 1.5 x 101~ cm -3 within the layer. 

As Schottky barrier material, a Mo-Ti-Au metallization 
was deposited onto differential MBE layers and struc- 
tured by optical l i thography and chemical etching. A 
cross-sectional view of a Schottky diode with a 0.2 ~m 
thick MBE film grown at 550~ is sketched in Fig. 9a. 
The I-V curve of such a Schottky diode is shown in Fig. 
9b, clearly revealing forward and reverse characteristics. 
The reverse breakdown voltage is typical for the film 
thickness and doping density. 

Conclusion 
Si-MBE layers were grown at two different tempera- 

tures on Si substrates covered with a mask oxide. Thick- 
nesses of the Si and SiO~ films ranged from 0.2 to 3 /xm 
and from 0.14 to 0.5 ~m, respectively. The following re- 
sults are obtained from these differential MBE layers. 

At both epitaxy temperatures of 750 ~ and 550~ epi- 
taxial growth with good crystal perfection takes place on 
the exposed substrate areas. 

On the oxide polycrystalline growth is obtained. The 
grain sizes of layers grown at 759~ are found to increase 
almost linearly from 0.1 ~m at 0.2 ~m film thickness to 

0.75 ~m at 3 /~m film thickness. At 550~ the grain sizes 
amount to 30 nm at 0.2 ~m film thickness and 40 nm at 
0.7 ~m, respectively. 

With layer thickness smaller than the oxide thickness, 
the single-crystalline film is separated from the sur- 
rounding polycrystalline layer provided that the oxide 
walls are nearly vertical. If  desired, the poly-Si can be 
lifted off by dissolving the oxide. By that means mesa- 
like epitaxial layers are obtained which exactly reproduce 
the pattern of the oxide. 

With layer thickness larger than the oxide thickness, 
the single-crystalline film is interlocked with the sur- 
rounding oxide overlayer. However, the boundary pro- 
ceeds almost vertically from the oxide edge to the layer 
surface. Hence, the pattern distortion is by far smaller 
than the film height even if the thickness ratio between 
MBE and oxide is 3-0.14 ~m. 

The poly-Si is under compressive strain. This strain for 
3 um thick layers grown at 750~ amounts to 5 x 10 -4, 
which is more than five times smaller than the compres- 
sive strain in the underlying oxide. 

Differential Si-MBE layers intentionally doped with Sb 
to n = 1.5 x 1017 cm -'~ were analyzed by spreading resist- 
ance. A sharp transition and a flat profile are obtained in 
the single-crystalline regions. On the other hand, in the 
polycrystalline films up to a thickness of 0.8 ~m the resis- 
tivity is found to be as much as five decades higher in 
comparison to the adjoining single crystal. 
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Instrumental Neutron Activation Analysis of Processed Silicon 
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ABSTRACT 

Instrumental  neutron activation analysis has been applied to the surfaces of processed silicon wafers with analytical 
sensitivity down to parts per million of a monolayer. Residual contamination with gold, copper, and sodium has been 
shown to be consistently present in the range 4-500 ppm of a monolayer. Copper and sodium are added to the surface 
from oxidation furnaces. 

The electrical properties of Si, and, therefore, the yield 
of usable devices fabricated from Si, are dependent  upon 
impurity concentrations in the range of subparts-per- 
billion to parts-per-million. In order to determine impu- 
rity concentrations at these levels in small samples, it is 
necessary to use a very sensitive analytical technique. In- 
strumental neutron activation analysis (INAA) fulfills 
most of the requirements necessary for this analysis. The 
present work is an application of INAA as a monitor for 
silicon device processing. 

The sensitivity of INAA for key elements such as gold, 
copper, and sodium allows detection at concentration lev- 
els which are too low to distinctly impact  device perform- 
ance. Therefore, it is desirable to determine an acceptable 
base line of impurity levels in manufacturing. This base 
line was established by collecting data over a 2.5 yr pe- 
riod, incorporating data from a wide range of cleanup and 
oxidation process steps. The great sensitivity of INAA al- 
lows for the realization of changes in impurity concentra- 
tions before they cause measurable yield loss in a moni- 
tored process. As might be expected, there is a great deal 
of scatter in the data when very low concentrations are 
measured. Nevertheless, enough data have been acquired 
to justify a statistical analysis. This provides a basis for 
understanding when a contamination level is out of con- 
trol as well as a means of determining when trends arise 
or when significant changes in contamination levels have 
occurred. 

Neutron activation is especially applicable for samples 
in which the matrix does not become highly activated, 
such as high purity Si or graphite. More than 40 elements 
undergo neutron capture to produce radioactive products 
which are readily detectable by gamma-ray spectroscopy. 
Quantitation in INAA requires a knowledge of the neu- 
tron flux to which the samples are exposed. The flux 
can be determined using one of several single-flux moni- 
tor procedures (1-4). In the present work, the average 
flux was initially derived from the use of a single Au and 
Co monitor (2). This method of flux determination, in 
conjunction with the Westcott formalism (5) for obtaining 
effective (thermal/epithermal) neutron cross sections, has 
been shown to be a valid quantitative technique (2), if the 
energy distribution of the reactor's neutron flux is stable. 

Experimental  
The utilization of INAA as a monitor for wafer pro- 

cessing is done best using relative measurements to com- 
pare unprocessed wafers (as controls), with processed wa- 
fers. Both N < l l l >  and P<100> 3 in. wafers were 
monitored. Pilot wafers were processed in several differ- 
ent types of equipment  for each procedure so that indi- 
vidual oxidation furnaces and cleanup apparatus could be 
compared. 

It is important  to remember  that any contamination in- 
troduced after the irradiation will not affect the analysis, 
since it is not radioactive. Handling through completion 
of the test up to the irradiation is the critical step. A set of 
pilot wafers was selected from N < l l l >  and P<100> un- 
processed starting material, with controls for each group 
being set aside at this point. The pilot wafers were pre- 
pared for testing in a class 100 clean room. Some of these 

*Electrochemical Society Active Member. 

wafers were used to test the effectiveness of the various 
clean-up procedures and apparatus. The remaining wa- 
fers were then subjected to the standard preoxidation 
cleanup, which is described below, and used to test oxi- 
dation furnaces. The flow of test wafers is depicted in 
Fig. 1. 

Upon completion of the tests, the wafers were scribed, 
broken, and placed in a clean 2 in. quartz dish. This work 
was done in an area with less than 1500 particle/ft '~. Prior 
to use, the quartz dish was cleaned by (i) soaking in 
H2SO4:H202 (7:4) mixture for 10 min, (ii) rinsing with de- 
ionized (DI) water for 10 rain, (iii) soaking in 10% HF for 1 
min, (iv) rinsing with DI water for 10 rain, (v) soaking in 
HCI:H~O=,:H~O (4:1:5) for 2 min, and (vi) finally rinsing for 
10 rain in DI water. The individual wafers were separated 
by clean 2 in. Si slices. The wafers were held in place by a 
piece of compressed Zr foil to minimize breakage. The 
quartz dish was then wrapped in A1 foil and placed inside 
an A1 irradiation container. The A1 container was sealed 
with epoxy to avoid leakage of reactor cooling water onto 
the samples. 

I J Incoming Wafers N <111 > & P <100> 

. . . . . . . . . . . . .  I I A o t o m a t e .  c. . . . .  " l l  .oodC, . . . .  p I 

I I  . . . . . .  I I  ........ I 
Controls PeroxFde / ~ N  <111> P <100> 

SiIrcon Surface I Butk Sillcon Slhcon SuHace 

Instrumental Neutron 
Activatmn Analyszs 

p ~ 

i cool,o, c, 0 .... . . . .  

Instrumental Neutron J 
Activation Analysis 

Oxcde Layer 
BuJk Slhcon 

I 

Fig. 1. A diagram of the materials flow for INAA testing. Incoming 
N < I  11> and P<100> wafers were sampled as controls. P < i 0 0 >  
wafers went through an automated cleanup using peroxide-based 
chemicals. N < 1 1 1 >  and P<100> wafers went through a conven- 
tional cleanup hood in which nitric acid served as the inorganic 
cleanup step, and then went on to test oxidation furnaces. Some 
N < I  ! I > ,  but no P<100>,  wafers were tested by INAA following 
the hood cleanup. The control wafers are compared to cleaned wafers 
in Fig. 2 and 3. Cleaned wafers are compared to wafers from oxida- 
tion furnaces in Table II. 
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The  s a m p l e s  w e r e  i r r ad ia t ed  a t  t he  Texas  A & M  Nuc lea r  
Sc i ence  C e n t e r  r e s e a r c h  r eac to r  for  14h at  a n o m i n a l  f lux 
of  1.5 • 1013 neutronJcm~-s.  T he  m a x i m u m  s a m p l e  size is a 
cy l inde r  a p p r o x i m a t e l y  5 cm in d i a m e t e r  b y  2.5 c m  in  
he ight .  Ana lys i s  b e g i n s  a b o u t  12h a f te r  i r rad ia t ion ,  al- 
lowing  t he  d e t e c t i o n  of  shor t - l ived  i so topes  s u c h  as ~4Cu 
a n d  ~4Na in  t he  ox ide  a n d  su r face  layers .  Th i s  decay  t i m e  
al lows the  ac t iv i ty  of  t h e  3'Si (t1~2 = 2.62h) m a t r i x  a n d  
~8A1 (t,j~ = 2.24 min) ,  w h i c h  is f o r m e d  f rom '-'8Si, to 
decay  to a safe  level.  Once  t h e  s a m p l e s  are  rece ived ,  t hey  
are  r i n s e d  t h r e e  t i m e s  w i t h  an  HCYCH:,OH m i x t u r e  to re- 
m o v e  any  su r face  c o n t a m i n a t i o n  t h a t  m a y  h a v e  i nadve r t -  
en t ly  b e e n  i n t r o d u c e d  d u r i n g  t he  p a c k a g i n g  p r o c e d u r e .  I f  
t he  su r f ace  of  t h e  s a m p l e  is to be  ana lyzed ,  t he  b a c k  of  
t he  s a m p l e  is p r o t e c t e d  w i th  ac id - r e s i s t an t  tape.  The  ox- 
ide  layer,  i f  any,  is r e m o v e d  w i th  50% HF,  a n d  t he  e t ch  so- 
l u t i on  is a n a l y z e d  to d e t e r m i n e  c o n t a m i n a t i o n  levels  in  
t he  oxide.  Next ,  a p p r o x i m a t e l y  2 t~m of  ma te r i a l  is re- 
m o v e d  by  e t c h i n g  the  s a m p l e  for  30s in  p l a n a r  e t ch  
(2HF:15HNO3:5 acet ic  acid). This  e t c h  so lu t ion ,  w h i c h  
r e p r e s e n t s  a s a m p l e  of  t he  su r face  c o n t a m i n a t i o n ,  is t h e n  
analyzed.  T h e  r e m a i n d e r  of t h e  s a m p l e  is e t c h e d  t h r e e  
t imes  in an  HF:HNO:~ (1:3) so lu t ion ,  a n d  t h e n  in a w a r m  
A u r a  e t ch  so lu t i on  (1% NaOH,  1% EDTA,  2.5% p - n i t r o b e n -  
zoic acid,  a n d  1% NaCN) to r e m o v e  a n d  c o m p l e x  any  fur- 
t h e r  su r face  c o n t a m i n a n t s .  T he  e t c h e d  wafe r  is t h e n  ana-  
lyzed  as a solid,  g iv ing  a good  m e a s u r e  of  t h e  qua l i ty  of  
t he  b u l k  mater ia l .  

The  o x i d e  a n d  sur face  so lu t i ons  are  c o u n t e d  a t  app rox i -  
m a t e l y  15h a f te r  t h e  e n d  of  i r r ad ia t ion ,  wh i l e  t he  b u l k  
s a m p l e s  are  c o u n t e d  at  30h a n d  aga in  at  60h af ter  t h e  e n d  
of  i r rad ia t ion .  T h e  b u l k  s a m p l e s  are  c o u n t e d  a t  two differ- 
en t  t i m e s  to g ive  m a x i m u m  sens i t i v i t y  for  b o t h  shor t -  
(64Cu, ~Na,  etc.) a n d  long- l ived  ('~gFe, 6~ etc.) species ,  as 
wel l  as to e n s u r e  t h a t  t he  e l e m e n t a l  i den t i f i ca t ion  is cor- 
rect .  ( E l e m e n t s  a re  iden t i f i ed  by  b o t h  half-l ife a n d  gam-  
ma- ray  energy. )  

The  s a m p l e s  are  c o u n t e d  for  pe r i ods  of  8000s each  on  
each  of  t h r e e  l a rge  v o l u m e  Ge(HP)  de tec to rs .  T h e s e  de- 
t ec to r s  h a v e  > 20% re la t ive  ef f ic iency at  1.3 MeV, w i t h  a n  
e n e r g y  r e s o l u t i o n  of  1.8 k e V  F W H M  at  1332 keV. T h e  so- 
l u t i ons  are  c o u n t e d  in  a s t a n d a r d  geome t ry ,  w h i c h  is di- 
rec t ly  a g a i n s t  t he  face of  t h e  de tec to r .  E a c h  de t ec to r  is 
h o u s e d  i n s i d e  a g r a d e d  P b  sh ie ld  to  m i n i m i z e  b a c k -  
g r o u n d  rad ia t ion .  T he  s y s t e m s  are ca l i b r a t ed  for e n e r g y  
a n d  e f f ic iency  w i th  an  a b s o l u t e l y  ca l i b r a t ed  m i x e d -  
r a d i o n u c l i d e  s o u r c e  of  t h e  s a m e  g e o m e t r y  as t h e  e t ch  so- 
lu t ions .  The  da ta  are  a c q u i r e d  w i t h  a c o m p u t e r - b a s e d  
m u l t i c h a n n e l  ana lyzer ,  a n d  s to red  on  local  f loppy disk.  
Once  a c q u i s i t i o n  is comple t e ,  t h e  spec t r a l  da ta  are  t r ans -  
fe r red  f r o m  the  m u l t i c h a n n e l  ana lyze r  to a V A X  11-750, 
w h e r e  t he  da ta  r e d u c t i o n  is p e r f o r m e d .  

C o n c e n t r a t i o n s  of  c o n t a m i n a n t s  are  d e t e r m i n e d  b y  cal- 
cu l a t i ng  t he  v o l u m e  of  Si p r e s e n t  f r o m  t he  a m o u n t  of  3'Si 
ac t iv i ty  (4). Th i s  e l i m i n a t e s  t h e  n e e d  to p rec i se ly  deter -  
m i n e  t he  n e u t r o n  f lux for  e a c h  i r rad ia t ion ,  s ince  every-  
t h i n g  is m e a s u r e d  re la t ive  to t h e  c o u n t i n g  ra te  of  t he  1266 
keV  g a m m a  ray  f r o m  t he  decay  of  '~'Si. T h e  d r a w b a c k  to 
th i s  t e c h n i q u e  is t h a t  the  a b s o l u t e  a c c u r a c y  of  c o n t a m i n a -  
t ion  levels  is on ly  as good  as t h e  a c c u r a c y  of  t h e  3~ 

Table I. The frequency of detection of eight elements 
in silicon surfaces (times detected/times analyzed). 

The top two rows list the maximum and minimum level 
detected in parts per million of a monolayer 

Au Cu Na As Sb Cr Co a W 

Maximum 430 4410 1920 200 2560 2310 370 13 
Minimum 1.2 14 20 0.9 0.7 1540 49 1.4 
N-control 21/21 21/21 20/21 13/21 19/21 1/21 3/21 6/21 
N-cleaned 22/22 20/22 22/22 9/22 19/22 1/22 3/22 1/22 
P-control 23/23 21/23 22/23 12/23 14/23 0/23 0/23 0/23 
P-cleaned 22/22 21/22 22/22 8/22 15/22 0/22 2/22 1/22 

The detection limit for iron under these conditions for INAA is 
approximately 700 times worse than for cobalt. 

t h e r m a l  c ross  s ec t ion  a n d  r e s o n a n c e  in tegral ,  as wel l  as 
the  Cd ratio.  We feel  t h e s e  e r ro rs  are  c o n s t a n t  a n d  insig-  
n i f ican t ly  l a rger  t h a n  t he  e r ro rs  e n c o u n t e r e d  in 
m e a s u r i n g  t h e  f lux w i th  e x t e r n a l  m o n i t o r s  (2). Fo r  b u l k  
s i l icon samples ,  t h i s  m e t h o d  also avo ids  t he  e x p e r i m e n t a l  
e r ro rs  g e n e r a t e d  in d e t e r m i n i n g  t h e  a b s o l u t e  c o u n t i n g  ef- 
f ic iency for  e ach  d i f fe ren t  s a m p l e  shape .  Su r face  con-  
t a m i n a t i o n s  in  un i t s  of  a t o m s  pe r  s q u a r e  c e n t i m e t e r  we re  
c o m p u t e d  u s i n g  t he  c o n c e n t r a t i o n s  de r ived  f rom I N A A  
(a toms  pe r  c u b i c  cen t ime te r )  a n d  t h e  m e a s u r e d  w e i g h t  
a n d  t h i c k n e s s  of  the  sample ,  a s s u m i n g  a dens i t y  of  2.32 
g /cm 3 for si l icon.  C o n t a m i n a t i o n  levels  m e a s u r e d  in  t h e s e  
un i t s  were  f o u n d  to be  i n d e p e n d e n t  of  t he  t h i c k n e s s  of  
" su r f ace  s a m p l e "  r e m o v e d  b y  e tch ing .  

Results and Discussion 
Sur face  c o n t a m i n a n t s  can  be  b r o a d l y  classif ied as ei- 

t h e r  o rgan ic  or inorgan ic .  Mos t  o rgan ic  c o n t a m i n a n t s  are  
r e s idua l  ma te r i a l s  s u c h  as waxes ,  res ins ,  oils, a n d  t r ace  
r e s idues  f r o m  so lvents .  Laye r s  of  s u c h  organ ic  i m p u r i t i e s  
are  u sua l ly  c h e m i s o r b e d  to t he  surface .  However ,  inor-  
gan ic  c o n t a m i n a n t s  s u c h  as su l fa te  ion,  sod ium,  copper ,  
a n d  gold  are  e i t he r  phys ica l ly  a d s o r b e d ,  e l e c t rochem-  
ically d e p o s i t e d  on  t he  sur face  or e n t r a p p e d  in  t he  ox ide  
fi lm (6). 

The  s e q u e n c e  of  sur face  c l ean ing  m u s t  fol low a logical  
course:  (i) o rgan ic  c o n t a m i n a n t s  m u s t  b e  r e m o v e d  be fo re  
s u b s e q u e n t  r e a g e n t s  can  c o n t a c t  t he  u n d e r l y i n g  surface;  
(ii) nex t ,  t h e  n a t i v e  ox ide  on  ba re  s i l i con  or t he  ou t e r  
100-200• of  ox ide  on  an  ox ide  f i lm m u s t  be  r e m o v e d ;  (iii) 
t h e n  it  is pos s ib l e  to r e m o v e  i n o r g a n i c  c o n t a m i n a n t s  (7). 

In  t he  p r o c e s s e s  t e s t ed  here ,  a m i x t u r e  of  su l fur ic  ac id  
a n d  h y d r o g e n  p e r o x i d e  was  r o u t i n e l y  u s e d  for t h e  re- 
m o v a l  of  o rgan ic  c o n t a m i n a n t s .  Ox ide  r e m o v a l  was  d o n e  
w i t h  hyd ro f luo r i c  ac id  d i lu t ed  10:1 w i t h  de ion ized  water .  
I n o r g a n i c  r e m o v a l  was  d o n e  w i t h  one  of  two  a l t e rna t e  
m e t h o d s .  T h e  first  m e t h o d  u s e d  n i t r i c  ac id  p r e c e d e d  a n d  
fo l lowed w i t h  e x t e n s i v e  r i n ses  in  d e i o n i z e d  water .  The  
s e c o n d  m e t h o d  u s e d  a s e q u e n c e  of  a m m o n i u m  h y d r o x i d e  
w i th  h y d r o g e n  p e r o x i d e  a n d  h y d r o c h l o r i c  ac id  w i t h  hy-  
d r o g e n  p e r o x i d e  (7). 

All  N < l l l >  wafe r s  a n d  all P < 1 0 0 >  wafers  b e i n g  pre-  
p a r e d  for f u r n a c e  t e s t s  r ece ived  t he  first  m e t h o d  for  re- 
m o v a l  of i n o r g a n i c  c o n t a m i n a t i o n .  Th i s  p roces s  is ident i -  
fied in  Fig. 1 as t he  " h o o d  c l e a n u p "  s ince  all of t h e s e  
c l e a n u p s  we re  p e r f o r m e d  m a n u a l l y  in  t r ad i t i ona l  c l e a n u p  
hoods .  T h e  P < 1 0 0 >  wafe r s  t e s t e d  a f te r  c l e a n u p  r ece ived  
t h e  s e c o n d  m e t h o d  for r e m o v a l  of  i n o r g a n i c  c o n t a m i n a -  
t ion.  Th i s  s tep  was  ca r r ied  ou t  in  a u t o m a t e d  e q u i p m e n t  
m a n u f a c t u r e d  b y  FSI  I n c o r p o r a t e d  a n d  i s - i den t i f i ed  in  
Fig. 1 as t h e  a u t o m a t e d  c leanup .  

I n  o rde r  to p lace  t he  levels  of  c o n t a m i n a t i o n  b e i n g  mea-  
s u r e d  in  pe r spec t i ve ,  c o n s i d e r  t h a t  one  a t o m i c  layer  on  a 
<100>  s i l icon  sur face  s h o u l d  idea l ly  cons i s t  of  6.8 • 10 '4 
at./cm'-', w h i l e  one  a t o m i c  layer  on  a < 1 1 1 >  s i l icon sur face  
s h o u l d  cons i s t  of  7.8 x 10 '4 at./cm'-' on  t he  bas i s  of  a p u r e l y  
g e o m e t r i c  a r g u m e n t .  N o r m a l i z i n g  to u n i t s  of  m o n o l a y e r s  
shows  t h a t  t he  su r face  c o n c e n t r a t i o n s  m e a s u r e d  in I N A A  
are  p p m  of  a mono]ayer .  T h e  fo l lowing  d i s c u s s i o n  wil l  
m a k e  u se  of  t h e s e  uni t s .  

The  b u l k  c o n t a m i n a t i o n  levels  for  Cu, Au,  As, a n d  S b  
r a n g e d  f rom a low of  1 • 10 '~ a t . /cm :~ for  A u  to a h i g h  of  
6 • 10 '~ a t . /cm 3 for  As. The  b u l k  d e t e c t i o n  l imi ts  for  Fe  
a n d  Z n  are  1 • 10 TM a n d  2 • 10 TM at . /cm 3, respec t ive ly .  
T h e s e  leve ls  .of c o n t a m i n a t i o n  in  t he  b u l k  are  c o n s i s t e n t  
w i th  t he  r e p o r t e d  c o n c e n t r a t i o n  g r a d i e n t  (13) b e t w e e n  
sur face  a n d  b u l k  ma te r i a l  w h i c h  is m a i n t a i n e d  d u r i n g  
h i g h  t e m p e r a t u r e  p rocess ing .  S ince  t he  p u r p o s e  of t h i s  
w o r k  was  to s t u d y  t he  i n t r o d u c t i o n  a n d  r e m o v a l  of  sur-  
face c o n t a m i n a t i o n ,  on ly  the  ox ide  a n d  sur face  da ta  wil l  
be  d i s c u s s e d  here .  E i g h t  e l e m e n t s ,  l i s t ed  in  Tab le  I, were  
de t ec t ed  in  t h e s e  samples .  T a b l e  I l is ts  t he  f r e q u e n c y  
w i t h  w h i c h  t h e s e  e l e m e n t s  were  d e t e c t e d  a n d  t he  max i -  
m u m  a n d  m i n i m u m  sur face  c o n c e n t r a t i o n  de tec ted .  
B a s e d  on  Tab le  I, gold, copper ,  a n d  s o d i u m  were  se lec ted  
for  s ta t i s t ica l  analys is .  C h r o m i u m ,  cobal t ,  a rsenic ,  a n d  
t u n g s t e n  were  d e t e c t e d  far  too i n c o n s i s t e n t l y  for stat is-  
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t ical  analys is .  A n t i m o n y  was  usua l ly  de t ec t ed  nea r  t he  
m i n i m u m  v a l u e  g i v e n  in Tab le  I, w i t h  t he  s ta ted  u p p e r  
l imi t  b e i n g  a n  i so la t ed  occur rence .  

A n  i m p o r t a n t  d i m e n s i o n  of  a n y  t race  e l e m e n t  ana lys i s  
t e c h n i q u e  is t he  d e t e r m i n a t i o n  of  a d e t e c t i o n  l imi t  w h e n  
an  e l e m e n t  is no t  obse rved .  T he  f o r m u l a t i o n  of Cur r i e  
(8, 9) is u s e d  to ca lcu la te  b o t h  a l imi t  of  qua l i t a t ive  detec-  
t ion,  as wel l  as a l imi t  of  q u a n t i t a t i v e  d e t e r m i n a t i o n .  De- 
t ec t ion  l imi t s  we re  no t  e n t e r e d  in to  t he  da ta  sets  for  sta- 
t i s t ical  ana lys is .  The  n u m b e r  of  da ta  po in t s  ana lyzed  for 
any  pa r t i cu l a r  set,  the re fore ,  is less t h a n  or equa l  to t he  to- 
tal  n u m b e r  of  i r r ad i a t i ons  ca r r ied  ou t  d u r i n g  t he  tes t  pe-  
riod. The  s ta t i s t ica l  i n t e r p r e t a t i o n  a n d  p r e s e n t a t i o n  of  t he  
INAA da ta  are  b a s e d  on  t he  m e t h o d s  p r e s e n t e d  in  Ref. 
(10). 

F igu re  2 c o m p a r e s  t he  N < l l l >  con t ro l  wafers  w i t h  t he  
N <  111 > wafe r s  a f te r  wa te r -n i t r i c -wa te r  i no rgan i c  c l e a n u p  
wi th  r e s p e c t  to t h e  e l emen t s ,  sod ium,  copper ,  a n d  gold. 
Fo r  b o t h  t he  long- a n d  t h e  s h o r t - t e r m  t-test ,  no  signifi- 
can t  d i f f e rence  is o b s e r v e d  for  t he  levels  of c o p p e r  a n d  
gold  be fo re  a n d  a f te r  c leanup .  A s ign i f i can t  i m p r o v e m e n t  
af ter  c l e a n u p  is o b s e r v e d  for  s o d i u m  in t h e  long  te rm.  
The  s h o r t - t e r m  d i f fe rence  is less  c lear ly  e s t ab l i shed .  Fig- 
u re  3 p r e s e n t s  t he  s a m e  c o m p a r i s o n  for  P < 1 0 0 >  mater ia l .  
Fo r  t he se  wafei~s, t h e  p e r o x i d e - b a s e d  i no rgan i c  c l e a n u p  
was u s e d  in an  a u t o m a t e d  sys tem.  Aga in ,  t he  e l e m e n t s  so- 
d ium,  copper ,  a n d  go ld  are  p r e s e n t e d .  Ove r  b o t h  t h e  s h o r t  
and  t h e  long  te rm,  s ign i f ican t  i m p r o v e m e n t  af ter  c l e a n u p  
is s een  for  s o d i u m  a n d  gold. T he  s h o r t - t e r m  d i f fe rence  for  
c o p p e r  is also s ignif icant .  

With r e spec t  to the  in i t ia l  po in t s ,  t he  las t  few p o i n t s  are  
"ou t  of  c o n t r o l "  for  all t h r e e  e l e m e n t s  o n  t h e  P < 1 0 0 >  con-  
t ro l  wafe r s  (Fig. 3). T h e s e  las t  p o i n t s  ref lect  a c h a n g e  in  
p o l i s h i n g  p r o c e d u r e s  by  t he  wafe r  s u p p l i e r  w h i c h  ap- 
pears  to h a v e  h a d  a f avo rab l e  impac t .  B o t h  t he  N < 1 1 1 >  
wafers  a n d  t h e  P < 1 0 0 >  wafe r s  r e p o r t  po in t s  ou t  of  con-  
t rol  for copper .  The  loss of  con t r o l  ove r  c o p p e r  is espe-  
cial ly i m p o r t a n t  for  t he  P < 1 0 0 >  p r oce s s  s ince  it  is th i s  
w h i c h  cas ts  d o u b t  u p o n  t he  l o n g - t e r m  d i f fe rence  b e t w e e n  
con t ro l  a n d  p o s t - c l e a n u p  samples .  
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Fig. 2. A comparison of surface contamination on cleaned N <  | ] | > 
wafers with "as-received" control wafers. The vertical scale is loga- 
rithmic with the labels in units of parts per million of a monolayer. 
The horizontal scale is linear in time. Asterisks indicate points which 
ore "out of control" on a statistical basis. For sodium, a t-test shows 
an 80% probability of a true difference between the control wafers 
and cleaned wafers in the short term and 90% probability of a true 
difference in the long term. For copper and gold, the same test shows 
no significant difference. 
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Fig. 3. A comparison of surface contamination on cleaned P<100> 

wafers with "as-received" control wafers. The vertical scale is loga- 
rithmic. Asterisks indicate points which are "out of control" on a sta- 
tistical basis. The points out of control for the control wafers reflect 
a change in palishing procedure by the wafer supplier. For sodium and 
gold, a t-test shows 99.9% probability of a true difference between 
the cleaned wafers and the control wafers in both the short and the 
long term. For copper, the significance of the difference is 90% in the 
short term and 80% in the long term. 

A c o m p a r i s o n  of t h e  N <  111 > con t ro l  wafe rs  (Fig. 2) a n d  
t he  P < 1 0 0 >  con t ro l  wafers  (Fig. 3) sugges t s  t h a t  t he  
P < 1 0 0 >  wafe r s  we re  c o n s i s t e n t l y  m o r e  c o n t a m i n a t e d  u p  
un t i l  t h e  c h a n g e  in po l i sh ing  p r o c e d u r e s .  S c h m i d t  et al. 
(11) o b s e r v e d  t h a t  P < 1 0 0 >  wafers  are  m o s t  p r o n e  to con-  
t a m i n a t i o n  d u r i n g  po l i sh ing ,  wh i l e  N < l l l >  wafers  ap-  
p e a r e d  to be  t he  less  read i ly  c o n t a m i n a t e d .  T h a t  t r e n d  is 
re f lec ted  here .  S ince  the  c h e m i c a l s  u s e d  in t he  c l e a n u p s  
a n d  t he  m e t h o d  of  a p p l y i n g  t h o s e  c h e m i c a l s  ( m a n u a l  vs. 
a u t o m a t e d )  differs,  t he  i m p a c t  of or ienta t i '~n or t ype  u p o n  
ease  of  c l e a n u p  c a n n o t  be  d e t e r m i n e d .  In  genera l ,  t h e  
c l e a n u p s  we re  successfu l .  The  i m p u r i t y  levels  o b s e r v e d  
on  c l eaned  < 1 1 1 >  a n d  <100>  s l ices  are  c o m p a r a b l e  a n d  
a p p e a r  to r e p r e s e n t  ve ry  c lean  s i l icon surfaces .  

Tab le  II  c o m p a r e s  ave rage  re su l t s  ove r  the  tes t  p e r i o d  
f rom the  m o n i t o r i n g  of  t h r e e  fu rnaces  u s e d  to p r o c e s s  

Table II. Surface impurity concentrations in parts per million 
of a monoloyer for gold, copper, and sodium in cleaned wafers, 

and for test wafers from six oxidation furnaces 

Wafer type process step Gold Copper Sodium 

N < l l l >  hood cleanup 13 140 120 
P<100> automated cleanup 23 100 200 
Average cleaned wafer 18 120 160 
Furnace N-type 1 oxide 0.2 19 180 

Surface 3.5 86 81 
Total 3.7 105 261 

Furnac ~, N-type 2 oxide 0.3 15 280 
Surface 5.0 100 70 
Total 5.3 I15 350 

Furnace N-type 3 oxide 0.3 27 380 
Surface 16 420 120 
Total 16.3 447 500 

Furnace P-type 1 oxide 0.2 27 220 
Surface 8.0 260 86 
Total 8.2 287 306 

Furnace P-type 2 oxide 0.2 30 140 
Surface 5.0 190 66 
Total 5.2 220 206 

Furnace P4ype 3 oxide 0.1 22 200 
Surface 8.0 190 86 
Total 8.1 212 286 
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Fig. 4. Variations in time of copper contamination on pilot wafers 

processed in six furnaces. The data are for the silicon surface under 
the oxide layer. Three furnaces were used to process N < I  11> wa- 
fers, and three processed P< 100> wafers. The vertical scale is loga- 
rithmic. Asterisks indicate points which are "out of control" on a sta- 
tistical basis. 
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Fig. 5. Variations in time of sodium contamination on pilot wafers 
processed in six furnaces. The data are for the oxide layer. Three fur- 
naces were used to process N < 1 1 1 >  wafers, and three processed 
P< IO0>  wafers. The vertical scale is logarithmic. Asterisks indicate 
points which are "out of control" on a statistical basis. 

N-type  <111>  wafe r s  a n d  t h r e e  fu rnaces  u s e d  to p roce s s  
P - t y p e  < 1 0 0 >  wafe r s  w i th  c l e a n e d  wafers .  T he  re su l t s  for  
c l e a n e d  wafe r s  are  t he  da ta  f rom Fig. 2 a n d  3. P - type  
<100>  wafe r s  w e r e  c l eaned  a long  w i th  t he  N- type  < 1 1 1 >  
mate r i a l  for  f u r n a c e  tes t s  (Fig. 1). However ,  no  P - t y p e  wa- 
fers  we re  se t  as ide  af te r  c l eanup .  

Af te r  i r r ad ia t ion ,  t he  ox ide  layers  a n d  t he  s i l icon u n d e r  
t he  ox ide  we re  s e p a r a t e d  b y  e t c h i n g  a n d  i n d i v i d u a l l y  ana-  
lyzed. B o t h  r e su l t s  are  i n c l u d e d  in  Tab le  II. S o d i u m  ap- 
pea r s  m o s t l y  in  t he  ox ide  sample ,  wh i l e  c o p p e r  a n d  gold  
a p p e a r  to a g rea t e r  e x t e n t  in  t he  s i l i con  sur face  sample .  
This  r e su l t  is p r o d u c e d  d u r i n g  t he  ox ide  r e m o v a l  s tep  b y  
t he  t e n d e n c y  of  c o p p e r  a n d  go ld  to depos i t  on  a s i l icon 
sur face  f r o m  acid  so lu t ion  (6, 11). Sod i um ,  b e i n g  read i ly  
wa te r  so lub le ,  is e f fec t ive ly  r e m o v e d  w i t h  t he  oxide.  Non-  
r ad ioac t ive  c o p p e r  a n d  go ld  car r ie rs  a d d e d  to t h e  p l a n a r  
e t ch  u s e d  for  s i l icon r e m o v a l  h e l p e d  r e d u c e  th i s  "p la te -  
b a c k "  ef fec t  d u r i n g  t he  su r face  s amp l ing .  Neve r the l e s s ,  
t he  m e a s u r e d  c o p p e r  a n d  go ld  levels  are  p r o b a b l y  con-  
s i s t en t ly  u n d e r e s t i m a t e d  due  to th i s  effect.  S i n c e  t he  
c o m p a r i s o n  he re  is b e t w e e n  c l e a n e d  sur faces  a n d  pro- 
ce s sed  sur faces ,  w h i c h  we re  all  ana lyzed  in  a c o n s i s t e n t  
m a n n e r ,  any  e r ror  d u e  to "p l a t e  b a c k "  or  s a m p l e  p repa ra -  
t ion  p r io r  to i r r ad i a t i on  s h o u l d  be  sys temat i c .  

One  w o u l d  u sua l l y  e x p e c t  su r face  c o n t a m i n a t i o n  car- 
r ied  in to  t h e  f u r n a c e  on  t he  wafe r s  or d e p o s i t e d  on  t he  
wafers  d u r i n g  t he  f u r n a c e  s t ep  to a p p e a r  in  t he  o x i d e  
sample .  B e c a u s e  of  t h e  s a m p l i n g  p r o b ] e m  d u r i n g  ox ide  
r emova l ,  i t  is p r e f e r a b l e  to c o m p a r e  t he  c l e aned  su r faces  
w i t h  t he  s u m  of  i m p u r i t i e s  in  t he  ox ide  a n d  t h e  sur face  
samples .  Th i s  is d o n e  in rows  l abe l ed  " to ta l "  in  Tab le  II. 

Af te r  ox ida t ion ,  the  level  of  go ld  c o n t a m i n a t i o n  is con-  
s i s t en t  w i t h  c l e a n e d  wafers .  S o d i u m  is c lear ly  h i g h  com- 
p a r e d  to c l e a n e d  wafe r s  for  N- type  3 a n d  N- type  2. Two 
fu rnaces  u s e d  for N- type  <111>  wafers ,  N- type  1 a n d  2 in  
Tab le  II, m a i n t a i n  c o p p e r  leve ls  s imi la r  to c l e aned  wafers .  
The  r e m a i n i n g  four  f u r n a c e s  give e v i d e n c e  of  c o p p e r  con-  
t a m i n a t i o n .  The  v a r i a t i o n s  in  c o p p e r  c o n t a m i n a t i o n  w i th  
t i m e  for  t h e  six fu rnaces  are  s h o w n  in Fig. 4. T he  t i m e  de- 
p e n d e n c e  of s o d i u m  c o n t a m i n a t i o n  is s h o w n  in Fig. 5. 

C h a n g e s  over  t he  t e s t  p e r i o d  s u c h  as c o p p e r  in  P - t y p e  1 
are readi ly  seen,  b u t  t he  t - tes t  u s e d  on  Fig. 2-3 p r o v i d e s  a 
f i rm bas i s  for  d e t e r m i n i n g  w h e n  t h e r e  is a real  differ- 
ence.  F i g u r e  6 c o m p a r e s  c o p p e r  o b s e r v e d  on  t he  s i l i con  
sur face  for  P - t y p e  1 a n d  s o d i u m  o b s e r v e d  in  t he  o x i d e  
layer  f r o m  P - t y p e  2 in t he  p e r i o d  M a r c h - N o v e m b e r  1981 
and  D e c e m b e r  1981-May 1983. The  exac t  m o n t h  in w h i c h  

7110 

e r  
i i i  

z 21 
0 

6810 

Q. 
a .  

2.1 

P-TYPE 1 Cu ] ~  A 

42o 
V 79 

P-TYPE 2 Na A A  
270/  V ~ 

/ 

3/81 11/81 12/81 5/83 
I I I 

TIME 
Fig. 6. A comparison of copper and sodium contamination on pilot 

wafers processed in furnace P-type 1 and P-type 2. The left-hand side 
represents the period from May 1981 to November 1981. The right- 
hand side represents the period from December 1981 to May 1983. 
The date chosen to define subsets of the test period is not exact. The 
t-test indicates that the level of copper is different for the two time 
periods with a 90% significance in the short term and 80% signifi- 
cance in the long term. The difference for sodium is 99.9% certain in 
the short term and 98% certain in the long term. The vertical scale is 
logarithmic. 
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Table III. Operating conditions for the six furnaces tested by INAA. Column 1 lists the furnaces. 
Column 2 lists the gas flowing between the inner and outer quartz liner. Column 3 lists the maximum operating temperature 

in the center zone in degrees C. Columns 4-7 list the sequence of gasses used in each oxidation 

1 2 3 4 5 6 7 

N-type 1 Oxygen-HC1 1100 Oxygen Oxygen-HC1 Nitrogen Oxygen 
N-type 2 Oxygen-HC1 1100 Oxygen Oxygen-HC1 Nitrogen Oxygen 
N-type 3 Oxygen-HC1 950 Oxygen Steam Nitrogen Oxygen 
P-type 1 Nitrogen 900 Oxygen Steam Nitrogen 
P-type 2 Oxygen-HC1 1100 Oxygen a Nitrogen 
P-type 3 Oxygen-HC1 1100 Oxygen a Nitrogen 

a Occasional use of POC]:~. 

one  p e r i o d  e n d s  a n d  a n o t h e r  b e g i n s  is no t  clear.  T he  t - tes t  
con f i rms  t h a t  t he re  is a real  d i f f e rence  b e t w e e n  t he  aver-  
age va lues  for t he  se lec ted  per iods .  Whi le  d i f f e rences  w i t h  
t ime  were  seen  for  severa l  fu rnaces ,  t he  d i f f e rences  of  
g rea t e s t  s ign i f i cance  are  s h o w n  in Fig. 6. The  t - tes ts  also 
show t h a t  c o p p e r  levels  in  P - t y p e  2 i n c r e a s e d  b e t w e e n  
M a r c h - N o v e m b e r  1981 a n d  D e c e m b e r  1981-May 1983 a n d  
s o d i u m  i n c r e a s e d  in  N- type  1 b e t w e e n  M a r c h  1981-Jan- 
ua ry  1982 a n d  F e b r u a r y  1982-May 1983. N o n e  of  t h e s e  
c h a n g e s  m a r k e d  a c lear  t r a n s i t i o n  f rom "c l ean"  (as com- 
p a r e d  to c l e a n e d  wafer)  to  c o n t a m i n a t e d ,  as is t h e  case  
w i t h  P - t y p e  1 a n d  P - type  2. 

C o n t a m i n a t i o n  cou ld  arise f rom t he  quar t z  fu rnace  lin- 
ers, t he  h e a t i n g  e l e m e n t s  (by d i f fus ion  t h r o u g h  t he  quar tz  
l iners),  boats ,  or rods  i n t r o d u c e d  in to  t he  furnace ,  or am- 
b i e n t  gases.  I N A A  tes t s  i nd i ca t e  t h a t  t he  c l e a n u p s  are no t  
at  fault.  The re  is no  s t rong  e v i d e n c e  to i nd i ca t e  t h a t  the  
quar tz  fu rnace  l ine rs  are at  fault .  I N A A  of qua r t z  con-  
f i rms th i s  be l i e f  (11). 

The  o p e r a t i n g  c o n d i t i o n s  for t he  six fu rnaces  are  l i s t ed  
in  Tab le  III. I f  a d i f fus ion  m e c h a n i s m  is t he  cause  of  con-  
t a m i n a t i o n ,  t he  fu rnaces  ope ra t i ng  at  h i g h e r  t e m p e r a t u r e s  
s h o u l d  b e  m o s t  effected.  As  c a n  b e  s een  in Tab le  III ,  t h i s  
is no t  t he  case. A n  oxygen-HC1 gas  a m b i e n t  b e t w e e n  t he  
i n n e r  a n d  ou t e r  l ine r  is o f ten  u s e d  to b l o c k  s u c h  d i f fus ion  
(12). A c o m p a r i s o n  of  N- type  3 a n d  P - t y p e  1 shows  t h a t  
m o r e  c o n t a m i n a t i o n  r e su l t ed  w h e n  an  oxygen-HC1 ba r r i e r  
was  in u se  t h a n  w h e n  it  was  omi t t ed .  This  is t rue  for  so- 
d i u m  t h r o u g h o u t  the  tes t  p e r i o d  a n d  for  c o p p e r  d u r i n g  
t he  ear ly  p o r t i o n  of  t h e  tes t  per iod .  T he  o b s e r v e d  t r e n d s  
are  oppos i t e  of  w h a t  m i g h t  be  e x p e c t e d  i f  i m p u r i t y  diffu- 
s ion f rom sou rce s  ou t s ide  t he  quar t z  l iner  we re  a m a j o r  
sou rce  of  c o n t a m i n a t i o n  for t h e s e  fu rnaces .  

I f  a m b i e n t  gases  are a factor ,  t r e n d s  in  c o n t a m i n a t i o n  
s h o u l d  co r re la t e  w i t h  c o l u m n  five of  T a b l e  III ,  w h i c h  
lists the  d i f f e rences  in  gases  used .  With  r e s pec t  to so- 
d ium,  t he  m o s t  c o n t a m i n a t e d  f u r nace  is N- type  3, fol- 
lowed  b y  N- type  2, a n d  P - type  1. F r o m  Tab le  III,  t h e  b e s t  
r esu l t s  for  s o d i u m  c o n t a m i n a t i o n  w e r e  o b t a i n e d  in  fur- 
naces  u s i n g  POC13 a n d  oxygen-HC1. Resu l t s  no t  so good  
were  o b t a i n e d  in  fu rnaces  u s i n g  oxygen-HC1 a n d  s team.  
Fo r  copper ,  t he  m o s t  c o n t a m i n a t e d  f u r nace  is N- type  3. 
The  n e x t  w o r s t  is P - t y p e  1, b u t  on ly  for  t he  la t te r  p o r t i o n  
of t h e  t e s t  per iod .  P - type  2 a n d  3 s h o w  s l igh t  c o p p e r  con-  
t a m i n a t i o n ,  a n d  N- type  1 a n d  2 are c o n s i s t e n t l y  clean.  
Aga in  f r o m  Tab le  III,  t h e  l o w e s t  c o p p e r  c o n t a m i n a t i o n  
was  s een  in f u r n a c e s  u s i n g  oxygen-HCI  a n d  s t eam.  T h e  
h i g h e s t  levels  of  c o p p e r  c o n t a m i n a t i o n  occu r  w h e r e  
s t e a m  is used .  S l igh t  c o p p e r  c o n t a m i n a t i o n  a p p e a r s  
w h e r e  POC13 is used.  

Summary and Conclusion 
Table  I i n d i c a t e s  t h a t  gold, copper ,  a n d  s o d i u m  are  t he  

m o s t  c o n s i s t e n t l y  occu r r i ng  c o n t a m i n a n t s ,  as seen  b y  
INAA,  fo l lowed  by  a n t i m o n y  a n d  arsenic .  O t h e r  t rans i -  
t ion  m e t a l s  s u c h  as c h r o m i u m  a n d  coba l t  we re  de tec ted ,  
b u t  n o t  as c o n s i s t e n t l y  as copper .  I t  is r e a s o n a b l e  to as- 
s u m e  t h a t  i ron  a n d  zinc are also p r e s e n t  b e l o w  t he  detec-  
t i on  l im i t  for  I N A A  in  t h e s e  e x p e r i m e n t s .  T h e  leve ls  re- 

ported here constitute a base line which production of 
2.5-5.0 t~m geometry NMOS and PMOS devices tolerated. 

The worst results for both copper and sodium corre- 
spond to the use of steam. The best results with respect to 
copper correspond with the use of oxygen-HCl. The re- 
moval of copper from a silicon surface requires oxidation 
and a complexing agent (7). Therefore, oxygen-HCl would 
be expected to show cleaning action, as these data 
suggest. 

The ambient gases may impact contamination as cor- 
roders, transporters, or cleaners. There is evidence for all 
three processes in this case. Surface contamination from 
sodium is water soluble and therefore readily transporta- 
ble by steam. These results suggest that steam introduces 
sodium rather than removes it. POC]3 is not a likely clean- 
ing agent. There is no evidence that it introduces sodium. 
The mixed results for sodium in furnaces using oxygen- 
HCI suggests that there was no casual connection with so- 
dium contamination. In the presence of water vapor, ei- 
ther HCI or POCI:~ should initiate corrosion of metals such 
as brass or steel, or even stainless steel. The corrosion 
products could then be transported, perhaps as very fine 
particles by the more common gases such as nitrogen and 
oxygen. 
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Self-Compensation in Rapid Thermal Annealed Silicon-Implanted 
Gallium Arsenide 
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ABSTRACT 

This paper describes the regrowth and activation characteristics of Si-implanted GaAs resulting from rapid thermal 
annealing (RTA) using optical radiation heating. Activation of Si in GaAs by RTA is observed to increase with tempera- 
ture up to a max imum value, then decrease sharply for additional increases in temperature. The opt imum annealing 
temperature is dependent  on both implant dose and annealing time. This activation behavior in RTA time regimes is ex- 
plained by the competit ion between kinetic and thermodynamic factors. From Arrhenius plots of the activation data, re- 
growth under these conditions is shown to be a thermally activated process. Electrical and photoluminescence measure- 
ments demonstrate that Si self-compensation limits activation at high annealing temperatures. 

Ion implantation has become the most viable method 
available for controllably and reproducibly introducing 
shallow conductive layers into GaAs for application to 
digital and monolithic microwave integrated circuit fabri- 
cation. A requisite step in ion implantation processing is a 
high temperature anneal to reduce the ion damage pro- 
duced in the crystal during implantation and to activate 
the implanted dopant. Furnace annealing at about 850~ 
for 15-20 rain with the use of arsenic overpressure or en- 
capsulating layers is normally employed for activating 
implants. Rapid thermal annealing (RTA) has been shown 
to yield higher peak carrier concentrations and sharper 
dopant profiles than furnace annealing (1). More impor- 
tantly, RTA has greater application for annealing self- 
aligned n + implants in MESFET and HEMT devices and 
for implanted contact layer activation in other structures 
where long duration furnace anneals can cause degrada- 
tion. Silicon has been studied here, as it is the most com- 
monly employed n-type species for GaAs implantation. 
Because of the amphoteric nature of Si in GaAs, its acti- 
vation behavior can be strongly dependent  on the param- 
eters of the annealing process. In this work, the regrowth 
and activation characteristics of Si-implanted GaAs and 
the carrier loss due to self-compensation under RTA con- 
ditions are studied and discussed. 

Experimental 
In the present work, a tungsten halogen lamp system 

(HEATPULSE,  A.G. Associates) was used to activate 29Si+ 
in semi-insulating LEC GaAs. Figure 1 shows a schematic 
diagram of the rapid annealing system. An extra quartz 
plate has been introduced in the system for better uni- 
formity and to collect As lost from slice backsurfaces dur- 
ing anneal. The GaAs wafers were placed face up on a 4 
in. Si wafer during the anneal. The temperature was mea- 
sured using a thermocouple attached to a small Si wafer 
placed near the substrate. The thermocouple was cali- 
brated using glasses of known melting point (Omegalaq, 
Omega Engineering, Incorporated). Plasma-deposited sili- 
con nitride and reactively sputtered aluminum nitride 
encapsulants were used; both were about 500]~ thick. 
Both materials had excellent adhesion to GaAs and re- 
tained their  integrity during anneal. After annealing, the 
encapsulants were stripped using HF or phosphoric acid 
to yield undamaged mirror surfaces. 

A RF cold cathode discharge source was employed for 
~'gSi+ ion generation from implantation-grade SiF 4. Diag- 
nostic mass scans of the SiF4 source plasma were exam- 
ined to assure ion beam purity. The implants were carried 
out in a random equivalent orientation to avoid axial 
channeling. All implants were performed at room temper- 
ature. Implant  activations were determined using a 
contactless sheet conductivity probe (Model 1200XR, 
Lehighton Electronics, Incorporated). For some samples, 
contactless conductivity values were checked using trans- 
mission line (2) and van der Pauw Hall effect (3) measure- 
ments. Reported mobility values were also determined 

using Hall effect measurements.  Photoluminescence (PL) 
measurements were carried out at 4.2 K using an argon 
ion laser at 488 nm as the excitation source. Spectra were 
recorded at 10 W/cm 2 excitation power densities using a 
lm  Czerny-Turner monochromator  at 0.3 nm resolution. 
A S-1 photocathode photomultiplier  tube and synchro- 
nous demodulat ion electronics were used for signal 
detection. 

Results and Discussion 
Figure 2 shows the sheet conductivity vs. temperature 

behavior of samples implanted over a range of doses, 
after RTA for 10s. From the figure it can be seen that the 
Si activation increases to a maximum value and then de- 
creases sharply on the high temperature side of the maxi- 
mum. The opt imum annealing temperature is seen to 
shift to higher temperature with increasing dose. As lat- 
tice damage increases with increasing dose, the opt imum 
anneal t ime-temperature product is expected to increase 
with increasing dose. The decrease in activation observed 
at temperatures above the opt imum is more abrupt than 
is found for furnace anneals where Si activation remains 
constant or decreases slightly at temperatures above 
850~ Similar behavior is seen in uncapped anneals. 
However, very high temperatures are not generally used 
in uncapped anneals for fear of arsenic loss; therefore; the 
effect is less prominent.  This decrease in activation above 
the opt imum temperature in thermal pulse anneals has 
been attributed to As loss by some authors (1). However, 
Auger measurements  on these samples do not show As in 
the encapsulant after RTA. Furthermore,  photolumines- 
cence measurements  do not show any evidence of arsenic 
vacancies in the RTA samples. The absence of As loss 
from the front sample surface has been confirmed in 
both Si:~N4- and A1N-encapsulated annealed samples. Ac- 
tivation results are nearly identical for the two encap- 
sulants. 

From thermodynamic considerations, the decrease in 
activation at temperatures above the opt imum annealing 
temperature can be explained due to an increase in Si 
self-compensation. Under equil ibrium conditions, the 
concentration of Si on Ga, Si(Ga), and Si on As sites, 
Si(As), is related to the corresponding vacancy concentra- 
tions. Thus the ratio, R, of Si on As sites to those on Ga 
sites is directly related to the ratio of As vacancy, V(As), 
to Ga vacancy, V(Ga), concentration 
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Fig. 1. Schematic diagram of the HEATPULSE annealing system 
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As exces s  As  v a p o r  p r e s s u r e  is n o t  i n v o l v e d  in t h e s e  an- 
neals ,  i t  is a s s u m e d  t h a t  t he  v a c a n c y  c o n c e n t r a t i o n s  at  
e q u i l i b r i u m  are  for  t he  Ga- r i ch  s ide  of  t he  l i qu idus  l ine.  
The  c o n c e n t r a t i o n s  of  V(Ga) a n d  V(As) u n d e r  t he se  condi-  
t ions  are g i v e n  b y  (4) 

[V(Ga)] = 3.33 x 10'* exp  (-0.4/kT) 

IV(As)] = 2.22 x 102~ exp  (-0.7/kT) 

o r  

R = [Si(As)]/[Si(Ga)] = 66 exp  (-0.3/kT) 

Therefore ,  a t  e qu i l i b r i um ,  t he  ra t io  R i n c r e a s e s  
e x p o n e n t i a l l y  as a f u n c t i o n  of  t e m p e r a t u r e .  R e g r o w t h  is 
e x p e c t e d  to d r ive  t he  la t t ice  t o w a r d  t h e  e q u i l i b r i u m  va- 
cancy  c o n c e n t r a t i o n s .  At  h i g h  t e m p e r a t u r e s ,  Si s h o u l d  
h a v e  an  i n c r e a s i n g  t e n d e n c y  to o c c u p y  As sites, a n d  at  
ve ry  h i g h  Si c o n c e n t r a t i o n s  t he  ma te r i a l  s h o u l d  b e  a l m o s t  
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Fig. 3. Conductivity and mobility as a function of annealing tempera- 
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Fig. 4. Photoluminescence spectrum of a sample Si implanted at 180 

and 50 keV with doses of 1.25 x 101~ and 0.35 x 10 rz cm -~, respec- 
tively, after 10s anneals. 

ful ly c o m p e n s a t e d  (5, 6). T r a n s p o r t  a n d  p h o t o l u m i n e s -  
cence  m e a s u r e m e n t s  d e m o n s t r a t e  conc lus ive ly  t h a t  self- 
c o m p e n s a t i o n  is r e s p o n s i b l e  for t he  d e c r e a s e  in ac t i va t i on  
on  t he  h i g h  t e m p e r a t u r e  s ide  of m a x i m u m  ac t iva t ion .  Fig- 
u r e  3 s h o w s  t h e  s h e e t  c o n d u c t i v i t y  a n d  ave rage  m o b i l i t y  
of  a s a m p l e  af te r  a n n e a l i n g  ove r  a r a n g e  of  t e m p e r a t u r e s .  
The  d rop  in ave r age  mob i l i t y  w h i c h  t r acks  the  d rop  in 
c o n d u c t i v i t y  con f i rms  a n  inc rease  in  c o m p e n s a t i o n ,  al- 
t h o u g h  t he  c o m p e n s a t i o n  ra t io  c a n n o t  be  c o m p u t e d  f rom 
t h e s e  da t a  a lone  (7). A d d i t i o n a l  c o n f i r m a t i o n  of self-- 
c o m p e n s a t i o n  c o m e s  f rom p h o t o l u m i n e s c e n c e  measu re -  
men t s .  F i g u r e  4 s h o w s  a cha rac t e r i s t i c  P L  s p e c t r u m  of  a 
S i - imp lan ted ,  R T A  sample .  The  free e lec t ron- to-Si  ac- 
cep to r  b a n d  [F-A(Si)] a t  1.4843 eV is of  p r i m a r y  i n t e r e s t  in  
t he  c u r r e n t  analys is .  The  b a n d  at  1.515 eV is a n  e n v e l o p e  
of  b o u n d  e x c i t o n  s ta tes  w h i c h  are  no t  r e so lvab le  u n d e r  
t h e s e  cond i t ions ,  a n d  t he  b a n d  a t  1.4915 eV is d o n o r  to ac- 
cep to r  in  na tu re .  The  Si a c c e p t o r  b a n d  is f o u n d  to in- 
c rease  m o n o t o n i c a l l y  w i th  a n n e a l i n g  t e m p e r a t u r e  for  a 
g iven  dose  u n d e r  R T A  cond i t ions .  Th i s  b e h a v i o r  of t he  
F-A(Si) b a n d  w i t h  R T A  t e m p e r a t u r e  is s h o w n  in Fig. 5 for  
two i m p l a n t  cond i t ions .  

F igu re  6 s h o w s  an  A r r h e n i u s  p l o t  of  d o n o r  ac t i va t i on  vs. 
a n n e a l  t e m p e r a t u r e  for  t h r e e  Si doses.  The  da ta  fit t he  
A r r h e n i u s  fo rm at  low t e m p e r a t u r e s ,  i n d i c a t i n g  t h a t  sili- 
con  ac t i va t i on  u n d e r  R T A  c o n d i t i o n s  is k ine t i ca l ly  l im- 
i ted  on  t he  low t e m p e r a t u r e  s ide of  t h e  m a x i m u m  act iva-  
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(X) band intensity vs. annealing temperature for lOs anneals. 
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tion temperature.-The activation energy for the rate- 
limiting step as determined from Fig. 6 is 0.76 eV. This ac- 
tivation energy cannot correspond to vacancy generation, 
as the value is too low, and vacancies are present in large 
numbers in ion-implanted material. Diffusion in the dam- 
aged material may be important for maximizing Si donor 
activation; however, the contribution of enhanced diffu- 
sion in damaged material containing local stoichiometric 
disturbances (8, 9) cannot be assessed, as these activation 
barriers are not known. Activation energies for self- 
diffusion and vacancy diffusion in single-crystal GaAs 
(I0, ii) are, however, clearly too large for these processes 
to contribute to the rate-determining step. The activation 
energy of 0.76 eV may therefore correspond to local reor- 
dering needed for regrowth. In summary, at low tempera- 
tures, Si activation is kinetically limited, as is shown by 
the Arrhenius activation behavior. At high temperatures 
Si activation does not show Arrhenius behavior, as the Si 
starts to prefer As sites, because of thermodynamic rea- 
sons described earlier. The overall activation behavior of 
Si in GaAs is a competit ion between kinetic and thermo- 
dynamic factors. 

Shown in Fig. 7 is the opt imum anneal t ime needed for 
maximum donor activation as a function of anneal tem- 
perature for a range of Si doses. Also included in the 
figure are literature data points plotted in the same for- 
mat. It is interesting that the slope of these lines is nearly 
equal over the large range of schedules shown in Fig. 6. 
This is evidence that the activation process is indepen- 
dent of dose and is not affected by damage and stoichio- 
metric disturbances. 

Conc lus ions  
This paper provides the first mechanistic explanation 

of the activation behavior of Si in GaAs as a competit ion 
between kinetic and thermodynamic factors. Arrhenius 
fits of the activation data provide information about the 
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Fig. 7. Optimum anneal times as a function of optimum anneal temper- 
ature for a range of Si doses. Numbers enclosed by circles are literature 
data points. 

kinetics of the activation process. Also, guidelines for an- 
nealing conditions over a range of implant conditions are 
presented. Finally, electrical and photoluminescence 
measurements demonstrate that Si self-compensation 
limits activation at high annealing temperatures. 
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ABSTRACT 

Because of its low resistivity and excellent thermal stability, TiSi2 is finding widespread application as an intercon- 
nect material in novel schemes such as the salicide structure. The Ti-Si reaction is complex and has been studied previ- 
ously in certain regimes. This investigation shows that the ambience in which the reaction is conducted influences the 
reaction considerably. We show that after the commencement  of the interfacial reaction, i.e., after reduction of interfa- 
cial oxides, the initial stage of the reaction proceeds rapidly. The extent to which it proceeds depends on the nature of 
the Ti ambient  gas interaction. A final stage of the reaction begins when the silicide phase and the ambient species 
phase interfere; the reaction then proceeds relatively slowly at a rate depending on the nature of the ambient species. 
Some important implications of these observations for device processing applications are pointed out. 

Scaling of VLSI devices into the submicron domain, 
puts increased demands on the contact and interconnect 
technologies. In MOS devices, one needs to simulta- 
neously reduce the sheet resistance of the polysilicon gate 
and areas of the single-crystal source and drain diffu- 
sions, as well as the contact resistance associated with the 
source and drain. One method that has been proposed (1) 
is the self-aligned silicide (salicide) technology. In this 
method, metal deposited over a FET structure with oxide 
sidewall insulation along the gate, is reacted with the ex- 
posed silicon areas on the source and drain, as well as the 
exposed polysilicon areas on the gate, to form a silicide. 
The unreacted metal is then selectively etched away. 
TiSi2 proposed by Ting et al. (2) and also pursued by Lau 
et al. (3) and Park et al. (4), is by far the most promising 
material for this technology. This is due to its low resistiv- 
ity, high thermal stability, a demonstrated contact metal- 
lurgy, and compatibility with submicron processing tech- 
nology. We have, therefore, investigated the Ti-Si 
interaction in more detail in order to determine the im- 
portant parameters that govern the reaction. 

The Ti-Si reaction has been studied in various aspects. 
Bower and Mayer (5) concluded that the Ti-Si reaction 
followed diffusion-limited kinetics. Chu et al. (6) showed 
that silicon was the dominant moving species. Recently, 
Hung et al. (7) investigated the reaction with both 
amorphous and single-crystal silicon in vacuum, and 
confirmed the diffusion-limited reaction. Bene and Yang 
(8) and Kato and Nakamura (9) have reported on the 
phases that are nucleated during the interaction including 
some metastable phases observed at low film thickness. 
Butz et al. (10) have also reported on the initial stages of 
silicide formation and silicon motion to the surface in 
UHV conditions. 

It is clear from the above work that the Ti-Si interaction 
is very complex. This, to a major extent, is due to the ex- 
treme reactivity of Ti. As a result, it not only readily ab- 
sorbs various gases, but can also reduce other compounds 
(11). Furthermore,  analysis of the Ti-Si reaction by con- 
ventional means is often rendered difficult because of 
the nonuniformity of the interface. 

This study was undertaken to examine the influence of 
the ambient gas on the Ti-Si reaction. As is recognized by 
all workers in the field, the purity of the reacting gas is 
very important. Impurities such as oxygen have been ob- 
served to cause an increase in resistivity of the TiSi2 film 
and also reduced thermal stability. However, we have 
found that the influence of the ambient  gas is much more 
far reaching and subtle. Even so-called inert gases like He 
appear to exert considerable influence on the nature, 
rate, and extent  of the Ti-Si interaction. The extent of the 
reaction both in the growth direction and laterally, the de- 
pendence on film thickness, and the effect of the am- 
bience on the resistivity discussed in terms of the three- 
stage reaction model we propose. 

Experimental 
P-type silicon wafers with a (100) orientation and a re- 

sistivity between 2 and 10 ~-cm were used in this study. 
*Electrochemical Society Active Member. 

The wafers were cleaned using standard processes and 
dipped in buffered hydrofluoric acid prior to loading in 
the evaporator. High purity Ti was then evaporated onto 
the wafers. The base pressure used was about 25 ~Pa. The 
substrates were held at 150~ during evaporation. The 
evaporation was done by resistive heating, the deposition 
rate was between 0.8 and 1.2 nm/s. Film thickness be- 
tween 30 and 400 nm were used in this experiment. 

The Ti-Si samples were then annealed in an ultraclean 
furnace. Different ambient gases were used. He that was 
purified by passing over heated Ti granules, 99.999% 
pure argon also purified by passing over Ti granules, and 
house nitrogen were used in this study. The samples were 
annealed in these ambiences for times between 30 and 
120 rain at temperatures between 600 ~ and 800~ In addi- 
tion, some samples were soaked in nitrogen at 500~ and 
subsequently annealed in helium. Some general com- 
ments regarding the purity of the ambient gas are in order 
here. Using a residual gas analyzer (mass spectrometer 
type) it is observed that at high enough flow rates, as 
used in these experiments,  no oxygen is detectable. This 
translates to less than 10-' Pa partial pressure of oxygen. 
Clearly, therefore, we cannot exclude the effect of these 
impurities. 

The reacted films were analyzed by Rutherford back- 
scattering spectroscopy, and the amount  of silicide phase 
formed was determined using standard techniques. In the 
Ti-Si reaction, the various interfaces, which are used to 
determine the amount of silicide and of unreacted Ti are 
not easily delineab]e because of the nonuniformity of the 
interfaces and the consequent smearing of the backscat- 
tering spectra. The nonuniformity of the silicide-silicon 
interface, easily seen by stripping off the TiSi2 and also in 
cross-sectional transmission electron spectroscopy, is be- 
lieved to arise because of the importance of the nuclea- 
tion mechanism in the process of silicide formation (16). 
In order to increase the accuracy of the RBS analysis, we 
have developed a novel technique of selective etching of 
the unreacted Ti. In this method, the films are reacted 
and first analyzed by RBS in the conventional manner, 
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Fig. 1. RBS spectra of 200 nm Ti on Si annealed at 600~ for 120 

rain. 

2240 



Vol. 132, No. 9 R E A C T I O N  O F  T I T A N I U M  W I T H  S I L I C O N  2241 

i.e., t h e  to ta l  a m o u n t  of  Ti p r e s e n t  is e s t i m a t e d  f rom the  
n u m b e r  of c o u n t s  u n d e r  the  Ti peak .  T he  s a m p l e  is t h e n  
e t c h e d  in a se l ec t ive  e t ch  d e s c r i b e d  p r e v i o u s l y  (2) w h i c h  
d i s so lves  all  t h e  u n r e a c t e d  Ti, l e av ing  b e h i n d  on ly  t he  re- 
ac ted  phase .  Th i s  is ana lyzed  by  R B S  again,  a n d  t he  
c o u n t s  u n d e r  t h e  Ti p e a k  n o w  r e p r e s e n t  t he  r eac ted  Ti. 
F i g u r e  1 s h o w s  t he  R B S  spec t r a  for  a 200 n m  Ti fi lm re- 
ac ted  w i t h  Si a t  600~ for 120 rain,  b o t h  before  a n d  af te r  
e tch ing .  T h e  c lean  e t ch i ng  of t h e  u n r e a c t e d  Ti is c lear ly  
seen.  T h e  e t c h i n g  p r o c e d u r e  t akes  off  t h e  n i t r i de  p h a s e s  
of  Ti ( w h e n  p r e s e n t )  as well.  

In  add i t ion ,  we  h a v e  also m o n i t o r e d  t he  s h e e t  resist-  
ance  of  t h e  r e ac t ed  f i lms a f te r  a n n e a l i n g  in va r ious  ambi -  
en t  gases  at  d i f f e ren t  t e m p e r a t u r e s  a n d  for  va r ious  s p a n s  
of  t ime.  

Final ly ,  t he  a m b i e n c e  also i n f luences  t h e  la tera l  forma-  
t ion  of s i l ic ide  w h i c h  is e x a m i n e d  b y  e l ec t ron  micros -  
copy.  

Results  end  Discussion 
On t h e  bas i s  of  o u r  s tud ies ,  we h a v e  f o r m u l a t e d  a m o d e l  

for t he  Ti-Si  i n t e r a c t i o n  in t h e  p r e s e n c e  of  an  a m b i e n t  
species .  We shal l  f irst  p r e s e n t  th i s  m o d e l  a n d  p o i n t  ou t  
t he  c o n s e q u e n c e s .  We shal l  t h e n  p r e s e n t  e x p e r i m e n t a l  re- 
sul ts  to s u p p o r t  t he  m o d e l  i n c l u d i n g  s o m e  k ine t i c  data .  
The  ef fec t  on  res i s t iv i ty  of  t he  f i lm wil l  also b e  d i scussed .  
Final ly ,  t he  ef fec ts  of  t he  a m b i e n t  gas  on  t he  la tera l  for- 
m a t i o n  of  TiSi2 wil l  b e  d i scussed .  

The model.--We p r o p o s e  t h a t  t h e  Ti-Si r eac t i on  pro-  
ceeds  in t h r e e  s tages .  T he  first  s t age  is t he  in i t i a t ion  of  
t he  reac t ion .  S i n c e  t he  s i l i con  su r face  is usua l ly  cove red  
w i t h  a n a t i v e  oxide,  typ ica l ly  1-2 n m  th ick ,  th i s  ha s  to b e  
r e d u c e d  p r io r  to t he  d i rec t  s i l ic ide  fo rma t ion .  Genera l ly ,  
t he  r e d u c t i o n  can  t ake  p lace  at  t e m p e r a t u r e s  b e l o w  the  
s i l ic ide f o r m a t i o n  t e m p e r a t u r e .  A t  t he  s i l ic ide f o r m a t i o n  
t e m p e r a t u r e ,  t he  t h i n  na t ive  ox ide  is c o n s u m e d  qu i t e  
swift ly;  t he  ox ide  r e d u c t i o n  t i m e  d e p e n d s  on  t h e  n a t u r e  
of  t h e  su r face  t r e a t m e n t  p r io r  to t he  d e p o s i t i o n  of  t h e  
meta l .  

The  s e c o n d  s tage  of  t he  t i t a n i u m  si l ic ide  r eac t i on  be- 
g ins  now.  Here ,  we recogn ize  t h a t  t h e r e  are  ac tua l ly  two  
in t e r f aces  to cons ider .  This  is s h o w n  in  Fig. 2a. At  t he  bot-  
tom,  we h a v e  t he  Ti-Si in te r face ,  a n d  at  t he  top  we h a v e  
t he  Ti-A in te r face ,  w h e r e  A refers  to t h e  a m b i e n t  species .  
A t  th i s  po in t ,  t h e  en t i r e  Ti f i lm is s u b s t a n t i a l l y  .free f r o m  
any  a m b i e n t  gas i m p u r i t i e s  (o the r  t h a n  t h o s e  w h i c h  we re  
i n c o r p o r a t e d  d u r i n g  the  e v a p o r a t i o n  of the  f i lm a n d  
t h o s e  w h i c h  d i f fused  in  d u r i n g  t he  first  stage). As t i m e  
p roceeds ,  h o w e v e r ,  two i n t e r a c t i o n s  progress .  One,  of  
course ,  is t he  Ti-Si i n t e r a c t i o n  at  t he  b o t t o m  in t e r f ace  re- 
su l t ing  in t he  f o r m a t i o n  of  t h e  s i l ic ide  phase .  S imul t a -  
neous ly ,  t h e  a m b i e n t  gas spec ies  i n t e r ac t s  w i t h  t h e  Ti 
fi lm at  t h e  top  in te r face .  T he  n a t u r e  a n d  e x t e n t  of  th i s  
top  in t e r f ace  i n t e r a c t i o n  d e p e n d s  on  t he  spec ies  A. We 
shal l  d i s cuss  th i s  in  m o r e  de ta i l  be low.  Thus ,  we h a v e  two 
i n t e r a c t i o n s  p r o c e e d i n g  f rom o p p o s i t e  d i r ec t i ons  t o w a r d s  
each  other .  T h e  final  s tage of  t h e  r e a c t i o n  is w h e n  t h e  
Ti-Si a n d  t h e  Ti-A p h a s e  in te rac t .  Of course ,  t he  in te rac -  
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Fig. 2. Schematic diagram of the different stages in the Ti-Si inter- 
action in the presence of an ambient gas. a: Prior to reaction, b: Ti-A 
interaction and Ti-Si interaction proceed towards each other, c: Ti-A 
interface meets Ti-Si interface, d: Third stage of reaction. 

t i on  d e p e n d s  on  t he  A spec ies  a n d  we recogn ize  t h a t  one  
of  t h r e e  poss ib i l i t i e s  m a y  occur :  (i) t h e  s i l ic ide  p h a s e  
g rows  at  t he  e x p e n s e  of  t he  Ti-A phase ;  (ii) t h e  Ti-A 
p h a s e  g rows  at  t h e  e x p e n s e  of  t h e  s i l ic ide  phase ;  or (iii) 
t h e  two  p h a s e s  i n t e r ac t  to fo rm a t h i r d  n e w  phase .  Th i s  is 
s h o w n  s c h e m a t i c a l l y  in  Fig. 2d. 

The  o u t c o m e  d e p e n d s  on  b o t h  t h e r m o d y n a m i c  a n d  ki- 
ne t ic  cons ide r a t i ons .  Our  i n t e r e s t  h e r e  is p r imar i l y  t h o s e  
s i tua t ions  w h e r e  t he  s i l ic ide  p h a s e  grows.  The  de ta i l s  of  
th i s  t h i r d  s tage  of  t he  r eac t i on  d e p e n d  on  t he  n a t u r e  of 
t h e  spec ies  A a n d  h o w  well  i t  is b o u n d  to t he  Ti. In  t h e  
t h i r d  stage,  one  n e e d s  to r ecogn ize  t h a t  t he  a m b i e n t  spe- 
cies m a y  h a v e  r eac t ed  phys ica l ly ;  for  i n s t ance ,  i t  m a y  b e  
in so lu t ion .  Thus ,  for example ,  in  t he  case  of  n i t rogen ,  
w h i c h  no t  on ly  d i s so lves  in  Ti b u t  a lso r eac t s  w i t h  i t  to 
fo rm a va r i e ty  of  phases ,  t he  t h i r d  s tage  wou ld  be  m u c h  
m o r e  complex .  

We n o w  d i scuss  in  m o r e  de ta i l  t h e  s e c o n d  a n d  t h i r d  
s tages  of  t h e  r eac t i on  w i t h  t he  he lp  of  our  e x p e r i m e n t a l  
resul ts .  This  is s h o w n  in  Fig. 2b, w h e r e  t he  p u r e  Ti is 
b o u n d e d  b y  t he  Ti-A p h a s e  on  t h e  t op  a n d  t h e  Ti-Si p h a s e  
at  t he  b o t t o m .  The  i m p o r t a n t  cha rac t e r i s t i c  of  th i s  s e c o n d  
s tage of  t h e  r e a c t i o n  is t h a t  the  s i l icon is r eac t ing  w i th  a 
re la t ive ly  p u r e  Ti film. 

The  e x t e n t  to w h i c h  th i s  s tage  of t h e  r eac t i on  p r o c e e d s  
d e p e n d s  on  h o w  fas t  the  Ti-A in t e r f ace  advances .  W h e n  
t he  two in t e r f aces  mee t ,  as s h o w n  in Fig. 2c, th i s  s tage  of  
t he  r eac t i on  is t e r m i n a t e d .  

Helium anneals.--In Fig. 3, we  h a v e  s h o w n  the  R B S  
spec t ra  for  a 100 n m  film a n n e a l e d  in  h e l i u m  at 600~ for  
30, 60, a n d  90 rain,  respec t ive ly .  I t  is c lear ly  seen  t h a t  t h e  
r eac t ion  is n o t  c o m p l e t e  e v e n  at  90 rain.  Us ing  b a c k s c a t -  
t e r ed  c o u n t s  u n d e r  t he  Ti p e a k  to d e t e r m i n e  t he  to ta l  
a m o u n t  of  Ti a n d  our  se lec t ive  e t c h i n g  m e t h o d  to de ter -  
m i n e  t he  a m o u n t  of  r eac t ed  Ti, we h a v e  p lo t t ed  in Fig. 4 
for  two d i f f e ren t  in i t ia l  Ti t h i c k n e s s e s ,  t he  e q u i v a l e n t  
t h i c k n e s s  s q u a r e d  of  Ti r e ac t ed  ( w h i c h  is p r o p o r t i o n a l  to 
t he  s i l ic ide  t h i c k n e s s  squa red )  vs. t h e  r eac t i on  t ime.  Th i s  
t ype  of  sca l ing  ( r a the r  t h a n  l i nea r  scal ing)  p r o v i d e s  t h e  
b e s t  fit to  ou r  da ta  a n d  ind ica t e s  a d i f fus ion-con t ro l l ed  
reac t ion .  More  i n t e r e s t i n g  is t he  fac t  t h a t  t he  r eac t ion  ra te  
is a l m o s t  twice  as fas t  for  t he  200 n m  fi lm as for t he  100 
n m  film. 

Nitrogen and argon anneals.--In Fig. 5, we s h o w  the  
R B S  spec t r a  for  a 100 n m  fi lm a n n e a l e d  in  N2 at  600~ for 
30, 60, a n d  90 rain.  In  Fig. 6, we  s h o w  the  spec t r a  for  an- 
nea l i ng  at  650~ for  t he  same  t h i c k n e s s  a n d  t imes .  In  th i s  
figure, we c lear ly  see  a d i s t inc t  su r face  p h a s e  w h i c h  was  
ident i f ied  by  A u g e r  spec t r a  to be  n i t r id ized .  In  t he  case  
of a rgon  annea l s ,  we see r e su l t s  ve ry  s imi la r  to t he  N~ 
case. 

The  i n f l uence  of  a n o b l e  gas  spec ies  on  t he  Ti-Si reac-  
t ion  is, i ndeed ,  qu i t e  su rpr i s ing .  I t  is wel l  k n o w n  (12) t h a t  
t he  n o b l e  gas  spec ies  are u n s t a b l e  in  m o s t  meta ls .  In  fact,  
t h e  e q u i l i b r i u m  c o n c e n t r a t i o n  of  He in Ti at  t h e s e  t e m p e r -  
a tu res  is no t  e x p e c t e d  to b e  s igni f icant ,  a l t h o u g h  t he  

zoo 
I 

- -  30 '  

~ 60 '  

90 '  

(/3 

z 

�9 

(DoJ 
~k 

i 

\ 
.% 

~ ' 1:2 ~ 1.8 
B a c k s c a t t e r i n g  

~o ,~o 

/ 
l~ 

Energy  ( MeV ) 
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diffusivi ty of  He th rough  the film may  be  qui te  high. Fur-  
thermore ,  it is k n o w n  (12) that  the  He  a tom binds  ve ry  
s t rongly to vacanc ies  wi th  energies  of  several  e lectron-  
volts. Therefore ,  we can only specula te  on the reason for 
our  results.  S ince  the  sil icide react ion is diffusion l imited,  
the  ambien t  species obvious ly  in terferes  wi th  Si diffusion 
th rough  the  a l ready fo rmed  TiSi~, perhaps  by tying up va- 
cancy sites. We mus t  not  exc lude  the  possibi l i ty  of un- 
known  impur i t i es  caus ing  the obse rved  effects. Fo r  ex-  
ample,  hydrogen ,  wh ich  can occur  in He, has s ignif icant  
solubil i ty (~ 8%) in Ti (12) and m a y  also p roduce  s imilar  
results.  Certainly,  more  expe r imen t s  are needed  to ver i fy  
the detai ls  of  the  m e c h a n i s m s  involved.  

The d e p e n d e n c e  on th ickness  in the  he l i um case sug- 
gests that  the  top surface plays an impor tan t  role. We be- 
l ieve that  the  top surface is sealed, perhaps  by impur i t ies  
that, unfor tunate ly ,  always occur  in the  ambience ,  in a 
short  t ime.  Thus,  the  impur i ty  that  affects the  react ion is 
t rapped  in the  film and occurs  in di f ferent  concentra-  
t ions in films of  different  th icknesses .  Thus,  th icker  
films with  a lower  impur i ty  concen t ra t ion  may  react  
faster. This impl ies  that  the Ti-Si react ion in this case oc- 
curs  p r e d o m i n a n t l y  dur ing  the th i rd  stage. 

What is more  impor t an t  is that  argon,  ano ther  inert  gas, 
behaves  qui te  differently.  Size di f ferences  may  play a role 
here. A l though  nomina l ly  of  the  same purity, we cannot  
exc lude  the  probabi l i ty  that  argon may  conta in  h igher  
concent ra t ion  of  ni t rogen.  

The behav io r  of  n i t rogen is perhaps  mos t  logical. Diffu- 
sion of  N2 into the  film occurs  rapidly to solid solubi l i ty  
l imits  ~ 19% (12). S imul taneous ly ,  a ni t r idized phase  
grows at the  surface.  Ni t rogen occupies  interst i t ial  sites in 
Ti and has  been  observed  to segregate  outs ide  the  si l icide 
phase  (15), s imilar  to the  observa t ions  of  Bert i  et al. (14) 
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Fig. 5. RBS spectra for 100 nm Ti on Si annealed at 600~ for 30 
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for oxygen.  The  react ion occurs  ex t r eme ly  fast unt i l  the  
interface reaches  the  ni t r idized phase.  Thereafter ,  the  re- 
act ion does not  p roceed  at all; in fact, t h e r m o d y n a m i c  
cons idera t ions  favor  the  g rowth  of  the  ni t r ide phase.  

Comparison of different ambiences.--Figure 7 shows 
the  R B S  spectra  for a 100 n m  film annea led  at 600 ~ for 30 
min  in He, N~, and Ar. The  t r e m e n d o u s  impac t  of the  two 
types of  amb iences  is clearly seen. In  the  case of  He, the 
si l icide/Ti in terface  is less clearly defined. The reac t ion  
in the  case of  N~ and Ar  is more  uni form.  The si l icide re- 
act ion in the  N2 and Ar  cases has also p roceeded  to a 
m u c h  greater  extent .  F igure  8 shows the results  of an in- 
teres t ing anneal ing  sequence .  We first soak the samples  
at 500~ in n i t rogen  for 60 min.  F igure  8a shows for a 100 
n m  thick Ti film that  the effect  of the  soak is to conver t  
the top  Ti layer into a ni tr idized phase.  This is seen f rom 
the decrease in the  surface peak  of  the Ti spect rum.  No 
not iceable  sil icide phase  has  formed.  In Fig. 8b is shown 
the R B S  spec t rum of a 200 n m  film annealed  in He at 
600~ for 30 min  and also one w h e n  the sample  is first 
soaked in N~ at 500~ for 60 rain and then  annealed  in He 
at 600~ for 30 min. It  is seen that  the  soaked sample  
shows signs of s i l icide react ion to a grea ter  ex ten t  than  
does  the  unsoaked  one. This  is unde r s tood  f rom the  fact  
that  the  ni t r idized surface layer screens  the  rest  of  the  Ti 
layer from the  ambien t  gas (in this case He) and thus  ex- 
t ended  the  second-s tage  reaction. In Fig. 8c and 8d are 
shown the  spectra  after 60 and 90 min  anneal ing,  respec- 
tively, in He. It  is seen that  the  react ion has p roceeded  
into the third stage. In the  case of  the  n i t rogen  soak, the  
react ion has s lowed down  m u c h  more  (as would  be ex- 
pec ted  wi th  a s t rong Ti-N bond) than  in the case of  the  
pure  He anneals .  The  react ion cont inues ,  unt i l  at 90 rain 
the  two cases are a lmos t  identical.  

Effect of film thickness.--The effect  of  the  amb ience  
also in t roduces  a d e p e n d e n c e  of  the  ex ten t  of  the  react ion 
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1 1.2 1.4 ~ .6 1 .8  
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Fig. 7. RBS spectra for 100 nm Ti on Si annealed at 600~ for 30 
min in various gases. 
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on the thickness of the film. This is clearly seen in Fig. 9, 
where the RBS spectra for 100 and 200 nm thick films an- 
nealed in N~ at 600~ for 30 rain are shown. Note that the 
surface nitridized layer is about the same in both cases. 
Thus the pure Ti layer is much greater in the case of the 
thicker film than in the case of the thinner one. In the 
thermal cycles considered here, we find that the amount  
of silicide formed is l imited only by the nitridized surface 
phase. We have already mentioned that in the case of He 
the reaction rate depends on the film thickness which is 
also the case for films annealed in Ar. Figure 10 shows 
that by using the selective etching technique of analysis 
and plotting the Ti counts representing the reacted Ti 
with film thickness for different thermal cycles. An al- 
most linear increase of reacted Ti on film thickness is 
seen in the regime investigated. A temperature depen- 

2~ i 27 . . . . . . .  t0 - -  - i ; i A. I 

-e~ ~000 f~ 
�9 - e -e -  zooo  ~ , ~ , , I  

7 

o t I 

1.2 1.4 1.6 1.8 

Backsca f fe r ing  Energy ( MeV ) 

Fig. 9. RBS spectra for Ti films of different thicknesses on Si after 
annealing at 600~ far 30 min in N~. 

dence is also noted, indicating that at higher tempera- 
tures thicker films react to a greater extent. 

Effect on resistivity.--The sheet resistance of the re- 
acted films is also expected to reflect the effects of the 
ambience. However, interpretation of the sheet resistance 
data is not a reliable method of studying the reaction. The 
aggregate sheet resistivity is sensitive to (i) the amount of 
the silicide phase, (ii) the extent of the Ti-A phase, (iii) 
the free Ti, (iv) defects in all of these films, and (v) other 
unaccounted impurities. Figure ii shows the sheet resis- 
tivity behavior for different thermal cycles and different 
ambiences for a 200 nm Ti film on Si. 

The 600~ data are considered here. In the case of He 
anneals, a slow but steady drop in sheet resistivity after a 
slight initial increase is seen. In the case of Ar, the initial 
increase is not significant and the subsequent drop oc- 
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Fig. 10. RBS counts representing reacted Ti plotted against film 

thickness. Squares: 700~ 30 min. Asterisks: 650~ 30 min. Circles: 
600~ 30 min. All anneals were done in argon. 
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curs  fair ly rapidly .  In  the  case  of  n i t r o g e n  annea l s ,  t h e  ini- 
tial i nc rease  is no t  seen  in t he  t i m e  r e s o l u t i o n  here .  T h e r e  
is first a r ap id  dec rease  in s h e e t  res is t iv i ty ,  a n d  t h e n  a 
s lower  decrease .  I n  t he  case  of  He a n n e a l s  w i th  a p rean-  
nea l  n i t r o g e n  soak  the  resu l t s  are  s imi la r  qua l i t a t ive ly  to 
t h a t  of  t he  n i t r o g e n  annea l s ,  as d i s c u s s e d  earlier.  

The effect on lateral diffusion.--In IC p rocess ing ,  i t  is 
n e c e s s a r y  to l imi t  t he  e x t e n t  of  s i l ic ide  f o r m a t i o n  to a cer- 
t a in  e x p o s e d  s i l icon area. This  is t r ue  in the  ca~e of  
S c h o t t k y  or o h m i c  con t ac t s  as wel l  as in  the  sa l ic ide  case,  
where lateral diffusion must be minimized to prevent 
bridging (short circuiting) of the gate with the source or 
drain areas. The ambience in which the reaction proceeds 
plays an important role in determining the lateral extent 
of the reaction. 
Consider the situation shown in Fig. 12a, where we 

have a window in the oxide exposing silicon. Ti is then 
evaporated over this structure and reacted. While most of 
the reaction occurs in the window, since the reaction pro- 
ceeds predominantly by silicon motion, the silicon may 
diffuse through the a]ready formed silicide laterally onto 
the oxide, leading to silicide formation there. As we have 
seen, the diffusivity of silicon as well as the reactivity be- 
tween Si and Ti is dependent on the nature of the impu- 
rity in  t he  Ti film. O n  t he  SiO~, t h e  r eac t i on  of  s i l icon is 
d i f ferent ;  t he  a m b i e n t  spec ies  does  n o t  h a v e  to c o m p e t e  
w i t h  free s i l i con  for  t he  Ti. Hence ,  t he  Ti film c o n t a i n s  
m u c h  more  of t he  a m b i e n t  species ,  a n d  t ha t  is wel l  
b o u n d .  The  Ti f i lm on  t he  ox ide  is t h u s  e i the r  s tuf fed  
w i th  n i t r o g e n  or fo rms  t in  on  the  top  a n d  no  longe r  reacts  
w i th  s i l icon easily. Consequen t ly ,  l a te ra l  s i l ic ide forma-  
t ion  is inh ib i t ed .  

In  the  ease  of  i n e r t  spec ies  s u c h  as He, we o b s e r v e  t h a t  
la tera l  d i f fus ion  p r o c e e d s  fair ly rapidly .  The  p r e s e n c e  of  
i m p u r i t i e s  s u c h  as O~ in t he  h e l i u m  has  t he  effect  of  
s lowing  the  la tera l  e x t e n t  of  t h e  r eac t i on  s o m e w h a t ,  a n d  
t he  c o n d u c t i v i t y  of  t h e  TiSi~ f o r m e d  is poor.  Reac t ive  spe- 
cies h a v e  a n  i n h i b i t i n g  effect  on  t h e  la tera l  e x t e n t  of  t h e  
reac t ion .  

In  t h i s  case,  a 400 n m  fi lm of  Ti was  used.  Af te r  reac-  
t ion,  the  u n r e a c t e d  Ti was  se lec t ive ly  e t c h e d  away  a n d  
t he  s a m p l e s  e x a m i n e d  in an  e l ec t ron  mic roscope .  This  re- 
ac t ion  was  d o n e  at  600~ for  8h. Clearly,  t h e r e  is signifi- 
can t ly  less  la tera l  d i f fus ion  in t he  case  of  t he  N~ annea l s .  
The  i n h i b i t i n g  effect  of  N~ over  He  is also seen  in electr i -  
cal data ,  a n d  t h e  benef ic ia l  effect  of  N~ in  local iz ing t h e  
r eac t ions  h a s  b e e n  r e p o r t e d  in  o t h e r  l abora to r i e s  as wel l  
(3, 4). 

S u m m a r y  and  C o n c l u s i o n s  
We h a v e  s h o w n  t h a t  t he  gas a m b i e n c e  p lays  a s u b t l e  

a n d  i m p o r t a n t  role  on  t he  Ti-Si in t e rac t ion .  Th i s  is d u e  to 
t he  e x t r e m e  reac t iv i ty  of  Ti a n d  also t h e  abi l i ty  of t h e  in- 
t e r a c t i n g  a m b i e n t  spec ies  to a l t e r  t h e  p r o p e r t i e s  of t h e  
film. Th i s  r e su l t s  in  a r e d u c t i o n  of  t h e  n u m b e r  of  diffu-  
s ion  p a t h s  in  t he  Ti, su r face  p a s s i v a t i o n  of  t he  Ti fi lm as 
some  of  t he  ef fec ts  of  a m b i e n c e .  C o n s e q u e n t l y ,  t h e s e  ef- 
fects  af fec t  r e a c t i o n  ra te  a n d  e x t e n t  b o t h  in t he  f i lm a n d  

~ REACTED Ti 
ETCH UNREACTED Ti 

Fig. 12. Lateral formation of TiSi~. a: Structure. b: SEM micro- 
graphs for 4000~. Ti on a 1000A thick SiO2 window after 8h at 600~ 
and Ti etch. The N=, annealing arrests lateral migration completely, as 
campared to He annealing. Nate that the N~ annealed surface exhib- 
its a rough surface morphology. 

la teral  f o r m a t i o n  as well. They  also i n t r o d u c e  a thicl~ness 
d e p e n d e n c e .  

The  effect  of o x y g e n  i m p u r i t i e s  o n  o u r  i n t e r p r e t a t i o n s  
n e e d s  to b e  e v a l u a t e d  m o r e  carefully.  O u r  ana lys i s  s h o w s  
t h a t  o x y g e n  if  p r e s e n t  occurs  on ly  in t r ace  quan t i t i e s .  I t s  
effect  is qua l i t a t ive ly  at  least ,  s imi la r  to t h a t  of  n i t rogen .  
We h a v e  also o b s e r v e d  t h a t  o x y g e n  c o n t a m i n a t i o n  in  
m o r e  t h a n  t r ace  a m o u n t s  r e su l t s  in  s i l ic ide  f i lms w i t h  
ve ry  poo r  e lec t r ica l  charac te r i s t i cs .  T h e  f i lms u s e d  in our  
ana lys i s  h a d  e x c e l l e n t  e lec t r ica l  cha rac te r i s t i c s ,  a n d  t h e  
a m b i e n t  effects  we  h a v e  o b s e r v e d  are  ce r t a in ly  n o t  a t t r ib-  
u t a b l e  to  an y  s ign i f i can t  level  to  i n a d v e r t e n t  impur i t i e s .  

The  a b o v e  effects  h a v e  an  ef fec t  on  t h e  fi lm qual i ty ,  re- 
sist ivi ty,  a n d  t h e r m a l  s tabi l i ty .  Fo r  sa l ic ide  app l ica t ions ,  
N2 or Nz-based fo rmi n g  gas  are  a t t r ac t ive  a n n e a l i n g  
a m b i e n c e s .  T h e y  offer  the  a d v a n t a g e  of  g rea te r  p roce s s  
r ep roduc ib i l i t y ,  sma l l  sens i t iv i ty  to  i m p u r i t i e s  in  t h e  gas, 
bes ides  b e i n g  c ruc ia l  in  p r e v e n t i n g  la tera l  d i f fus ion.  T h e y  
also a l low for t h e  r eac t i on  of a g rea t e r  p a r t  of  t h e  fi lm in  a 
g iven  t i m e  t h a n  h e l i u m  l ead ing  to l ower  shee t  res is t iv i ty .  

In  add i t ion ,  t h e  above  w o r k  also s t r e s ses  t h e  impor -  
t a n c e  of  t h e  in i t ia l  pu r i t y  of t h e  f i lm a n d  t h e  d e p o s i t i o n  
m e t h o d s .  Si l ic ides  f o r m e d  f rom fi lms d e p o s i t e d  b y  spu t -  
t e r ing  usua l ly  l o a d e d  wi th  t h e  s p u t t e r i n g  gas, o f ten  Ar, 
a n d  t h e r e f o r e  to h a v e  d i f fe ren t  p r o p e r t i e s  f rom s i l ic ides  
f o r m e d  f rom f i lms d e p o s i t e d  b y  e v a p o r a t i o n  ( spu t t e r  
d e p o s i t i o n  are  usua l ly  p r e c e d e d  b y  an  ene rge t i c  su r face  
c l ean ing  s tep,  an d  th i s  m u s t  b e  t a k e n  in to  account ) .  The  
cho ice  of  t h e  gas a m b i e n c e  wil l  b e  d i c t a t ed  by  t h e  cons id-  
e ra t ions  d i s c u s s e d  in th i s  paper ,  a n d  p r o p e r  con t ro l  of  t h e  
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ambience is crucial to process reproducibility and relia- 
bility. 
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Properties of Tungsten Film Deposited on GaAs by RF Magnetron 
Sputtering 

Nobuhiko Susa, Seigo Ando, and Sadao Adachi 
Nippon Telegraph and Telephone Corporation, Musashino Electrical Communication Laboratory, Musashino-shi, Tokyo 

180, Japan 

ABSTRACT 

The crystalline and electrical properties of W films are studied with regard to their relation to Ar sputtering pres- 
sure. An a-W phase is formed at a pressure below 5 x 10 -~ torr, and its density is 19.2 g/cm 3, independent  of the pressure. 
Above 5 x 10 -2 torr, the fl-W phase and WO:~ are detected by x-ray diffraction, and the oxygen and carbon are detected 
by SIMS. The RIE etching rate is found to be independent  of the pressure for the a-W phase. This rate increases with Ar 
pressure after fi-W phase formation, and the etching characteristic suffers from aging after deposition. Resistivity is 
found to be related to density rather than grain size. The W-GaAs Schottky characteristics are somewhat influenced by 
the pressure. Degradation in carrier density, barrier height, and dark current caused by sputtering damage can be recov- 
ered by annealing. 

Refractory metals such as tungsten are attractive for 
use as interconnections in VLSI's because of their low re- 
sistivity and fine patternability (1-4). Recently, W films 
have also been used as bases embedded in a GaAs 
epitaxial layer, thus facilitating the fabrication of GaAs 
permeable base transistors (PBT) (5, 6). In these papers, 
no changes in W Schottky characteristics were observed 
at MO-CVD growth temperatures of 600~176 (7). Al- 
though W films have received much attention as inter- 
connections for LSI's, only a few studies have been 
carried out on their electrical properties when applied as 
Schottky contacts deposited on GaAs (8, 9). 

Tungsten films have been fabricated by CVD (10, 11), 
electron-beam evaporation (12), and sputtering (13, 14). 
The properties of W films deposited by sputtering are 
known to depend on the sputtering pressure. In the pres- 
ent experiment,  the crystalline and electrical properties of 
W films prepared by RF magnetron sputtering were stud- 
ied, especially the characteristics of W Schottky contacts. 
The observed characteristics were then analyzed in terms 
of their relations to the Ar sputtering pressure. 

Film Deposition and Crystalline Properties 
Film deposition.--The W films were prepared by RF 

magnetron sputtering (ULVAC, SBR-1304E) at an Ar 
pressure ranging from 1 x 10 -2 to 2 x 10 -1 torr. Prior to 

Ar gas introduction, the chamber was evacuated on the 
order of 10-7 torr with a He cryogenic pump. The W target 
was cleaned by presputtering for 30 min at 200W. During 
deposition, the RF power was set at 50W. The substrate 
bias was 0 V, and no substrate was intentionally heated. 

At a 50W input, however, the substrate temperature in- 
creased to about 100~ during the deposition. Film thick- 
nesses were measured with a mechanical stylus. The W 
films on the substrates were partially lifted off by photo- 
lithography in order to measure the thickness. Film thick- 
nesses were in the range of 500-6000•. 

The deposition rate increased with Ar pressure, as 
shown in Fig. la. When the Ar pressure exceeded 1 x 10-' 
torr, the deposition rate increased sharply. This is primar- 
ily due to the increase in the ion flux rather than the re- 
duction in density, because the films deposited above 1 
x 10 -I torr were heavier than those prepared at low pres- 
sures for an identical deposition time. 

It is well known that stress in W fi]ms is compressive at 
low Ar pressures, while being tensile at high pressures (4). 
Cracks are sometimes observed in thick W films depos- 
ited on GaAs substrates due to this stress. The use of 
thick films, however, is required to control the device 
characteristics of a PBT, which has a W Schottky elec- 
trode embedded in the GaAs as described before. The ex- 
istence of cracks was examined in relation to Ar pressure 
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Fig. 1. Deposition rate (a, top left), existence of cracks, (b, top right) 
tering pressure. 

and  film t h i c k n e s s ,  a n d  t h e  r e su l t s  are s h o w n  in Fig. lb .  
F i lms  t h i c k e r  t h a n  1000s c a n n o t  b e  o b t a i n e d  at  low Ar  
p re s su res ,  wh i l e  t h i c k  f i lms c o n t a i n i n g  no  c racks  can  b e  
d e p o s i t e d  at  h i g h e r  p re s su res .  

The  r e a s o n  for th i s  is no t  clear.  T he  s u b s t r a t e  t e m p e r a -  
t u r e  rose  to a b o u t  100~ e v e n  w h e n  t he  s u b s t r a t e  was  no t  
i n t e n t i o n a l l y  hea ted .  T h e r m a l  e x p a n s i o n  coeff ic ients  are 
4.2 • 10 -~ a n d  6.0 • 10 -~ ~ -~ for W (15) a n d  GaAs  (16), re- 
spect ively .  S ince  t he  t e m p e r a t u r e  of  t he  s u b s t r a t e  is 
cooled  f rom 100~ to r o o m  t e m p e r a t u r e  af te r  depos i t i on ,  
c o m p r e s s i v e  s t ress ,  c aused  b y  t he  d i f f e rence  in t h e r m a l  
e x p a n s i o n  coef f ic ien ts  b e t w e e n  W a n d  GaAs,  is i n d u c e d  
in t he  W films. Th e  c o m p r e s s i o n  in i t ia l ly  ex i s t ing  in t he  
W film d e p o s i t e d  at  a low Ar  p ressu re ,  due  to t he  p e e n i n g  
effect,  i n c r e a s e s  d u r i n g  th i s  cool ing  per iod .  However ,  ten-  
s ion in t h e  f i lms p r e p a r e d  at  t he  h i g h e r  p r e s s u r e  was  re- 
d u c e d  af te r  depos i t ion .  T he  W fi lms d e p o s i t e d  at  t h e  
lower  p r e s s u r e s  suf fer  f rom la rge r  c o m p r e s s i v e  s t ress  a n d  
m a y  con t a in  cracks .  T he  dens i t i e s  of  t h e  f i lms d e p o s i t e d  
at  t he  h i g h e r  p r e s s u r e s  we re  sma l l e r  t h a n  t h o s e  for t he  
lower  p ressu re ,  as wil l  be  d e s c r i b e d  in the  fo l lowing  sec- 
t ion.  F i l m s  p r e p a r e d  at  h i g h e r  p r e s s u r e s  m a y  be  po rous  
and  m a y  w i t h s t a n d  g rea te r  s t ress  t h a n  fi lms p r e p a r e d  at  
t he  lower  p re s su re s .  

Density and grain size.--Densities of t h e  W fi lms de- 
pos i t ed  on  glass  p la tes  are  s h o w n  in Fig. l c  as a f u n c t i o n  
of t he  s p u t t e r i n g  p ressure .  T he  dens i t y  was  o b t a i n e d  f rom 
the  w e i g h t  i n c r e a s e  a n d  film v o l u m e  af te r  W depos i t ion .  
Dens i t i e s  we re  19.2 g/era :~ a n d  were  i n d e p e n d e n t  of  t he  Ar  
p r e s s u r e  in  t h e  r a n g e  of  1-5 • 10-=' torr;  howeve r ,  t hey  de-  
c r eased  a b o v e  th i s  range.  T he  W fi lms we re  r evea l ed  to 
be  in t he  a-W p h a s e  for  t he  Ar  p r e s s u r e  of  1-5 • 10 -~ torr,  
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density (c, botton left), and grain size (d, bottom right), as functions of sput- 

whi l e  t he  fl-W p h a s e  was f o r m e d  a b o v e  5 • 10 -5 torr,  as 
s h o w n  in Fig. 2. 

The  sma l l e r  d e n s i t y  o b t a i n e d  for t he  h i g h  Ar  p r e s s u r e  is 
r e l a t ed  to t h e  e x i s t e n c e  of  t h e  fi p h a s e  r a t h e r  t h a n  t he  
gra in  size. This  is b e c a u s e  t h e  W fi lms h a v i n g  the  a p h a s e  
a n d  p r e p a r e d  at  1-2 • 10 ~ to r r  s h o w e d  a large  dens i t y  of 
19.2 g /cm :~ e v e n  w h e n  t he  gra in  size was  small ,  as s h o w n  
in Fig. ld .  However ,  t he  e x i s t e n c e  of  t h e  fl p h a s e  a lone  
c a n n o t  e x p l a i n  t he  lower  dens i ty ,  as d e s c r i b e d  below.  The  
a-W p h a s e  ha s  a b o d y - c e n t e r e d  c u b i c  s t r u c t u r e  w i th  a 
3.16~ la t t ice  cons t an t .  The  B-W p h a s e  s t r u c t u r e  is an  
A-15-type s t r u c t u r e  h a v i n g  a 5.04~ la t t ice  cons t an t ,  a n d  is 
b o d y - c e n t e r e d  cub ic  h a v i n g  two  a t o m s  o n  each  of its {100} 
p l anes  (17). Dens i t i e s  ca lcu la ted  f rom the  a b o v e  pa rame-  
ters  for  t he  a a n d  ~ p h a s e s  are qu i t e  s imilar :  19.4 a n d  19.1 
g /cm ~, respec t ive ly .  Thus ,  t he  p r e s e n c e  of the  fl p h a s e  
a lone  c a n n o t  cause  t he  lower  dens i ty .  

S ince  WO;~ ha s  a lower  dens i t y  t h a n  t h a t  of  meta l ,  i t  is 
pos s ib l e  t h a t  t he  WO:, w h i c h  was  a lways  d e t e c t e d  b y  
x-ray d i f f r ac t ion  for  s amp le s  c o n s i s t i n g  m a i n l y  of  t he  fl-W 
phase ,  is r e s p o n s i b l e  for the  low dens i ty .  The  la rger  depo-  
s i t ion  ra te  m a y  also cause  t he  low dens i t y  b y  m a k i n g  t he  
d e p o s i t e d  f i lm porous .  

The  gra in  sizes of  t h e  W fi lms we re  d e t e r m i n e d  f rom 
x-ray l ine  b r o a d e n i n g  ana lys i s  a n d  are  p lo t t ed  in Fig. lc .  
The  (110) a p h a s e  d i f f rac t ion  p a t t e r n s  we re  u s e d  for analy-  
sis. The  g ra in  size b e c a m e  smal l  w h e n  t he  fl-W p h a s e  was  
fo rmed ,  as r e p o r t e d  in  a p r e v i o u s  p a p e r  (14). G r a i n  size, 
howeve r ,  was  also sma l l  for  t h e  f i lms p r e p a r e d  at  1-2 z 
10 -'2 torr,  i n  sp i te  of  t h e  p r e s e n c e  of t he  a-W phase .  T h e  
in f luence  of g r a i n  size on  res i s t iv i ty  wil l  be  d i s c u s s e d  
later.  
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Fig. 3. Impurity profiles measured by SIMS for W films prepared on 
GaAs at 4 • 10 -2 , 5 • 10 -2, 8 • 10 -2 , and 1.5 • 10 -2 torr. 

Orientation and impurity.The x-ray d i f f rac t ion  p a t t e r n  
for t he  W fi lms d e p o s i t e d  on  GaAs  c h a n g e d  w h e n  t he  Ar  
s p u t t e r i n g  p r e s s u r e  was  var ied,  as s h o w n  in Fig. 2. B e l o w  
a 5 • 10 -2 t o r r  Ar  p ressu re ,  d i f f rac t ion  f r o m  the  ~(110), 
~(211) p l a n e s  was  obse rved .  The  i n t e n s i t y  ra t ios  of  ~(211) 
to ~(110) x- ray  d i f f rac t ions  we re  0.08 a n d  0.2 for t he  pres-  
en t  e x p e r i m e n t  a n d  for  t he  A S T M  da ta  on  W powder ,  re- 
spec t ive ly .  This  impl ies  t h a t  the  f i lms d e p o s i t e d  at  b e l o w  
5 • 10 -2 t o r r  we re  wel l  o r i en t ed  in the  <110>  d i rec t ion .  

The  fl(200) d i f f rac t ion  was  o b s e r v e d  for f i lms p r e p a r e d  
at  a b o v e  5 • 10 -2 torr,  a n d  WO:~ d i f f rac t ion  also was ob- 
served.  The  WO:~ was  a lways  d e t e c t e d  w h e n  t he  fl-W 
p h a s e  was  fo rmed .  These  r e su l t s  are  c o n s i s t e n t  wi th  pre-  
v ious  r epor t s  s u g g e s t i n g  t h a t  o x y g e n  s tabi l izes  t he  fl 
p h a s e  (12, 13, 18). E t c h i n g  charac te r i s t i cs ,  dens i ty ,  g ra in  
size, a n d  i m p u r i t y  c o n t e n t  c h a n g e d  owing  to t he  exist-  
ence  of  the /3-W phase ,  as will be  d e s c r i b e d  below.  

I m p u r i t i e s  in t he  W fi lms d e p o s i t e d  on  t he  GaAs  s u c h  
as o x y g e n  a n d  c a r b o n  were  ana lyzed  by  s e c o n d a r y  ion 
mass  s p e c t r o s c o p y  (SIMS), a n d  t he  f i lms were  bom-  
b a r d e d  b y  a Cs ~ ion  beam.  The  b o m b a r d e d  area  was  60 
/~m in d iamete r .  The  resu l t s  are  s h o w n  in Fig. 3. The  W 
films w i t h  a 2000-6000~ t h i c k n e s s  we re  s p u t t e r e d  b y  Cs* 
ions.  Da ta  on  t he  W-GaAs in t e r f ace  we re  no t  ve ry  accu-  
rate,  b e c a u s e  t he  W film surface,  s p u t t e r e d  by  t he  Cs ~ 
ions,  b e c a m e  r o u g h  d u r i n g  t he  s p u t t e r  e tch ing .  W h e n  t he  
W film was  d e p o s i t e d  a t  a h i g h  Ar  p ressu re ,  o x y g e n  a n d  
c a r b o n  c o n t e n t s  inc reased .  In  par t i cu la r ,  o x y g e n  in- 
c reased  r ap id ly  w i th  an  i nc r ea se  in t he  Ar  p ressure .  The  
e x i s t e n c e  of  o x y g e n  was  also d e t e c t e d  b y  t he  x-ray dif- 
f rac t ion  as a pa r t  of  t he  WO:~. 

At  t h e  W-GaAs in ter face ,  C a n d  O c o n c e n t r a t i o n s  we re  
large, as in t he  case  for  GaAs  ep i t ax ia l  layers  g r o w n  on a 
GaAs  subs t ra t e .  They  are p r o b a b l y  due  to the  e x i s t e n c e  of 
the  GaAs  sur face  ox ide  layer  a n d  also due  to C con tami -  
n a t i o n  be fo re  W depos i t ion .  

For  t he  a p p l i c a t i o n  to dev ice  fabr ica t ion ,  the  e t ch ing  
ra te  for  r eac t ive  ion e t ch ing  (RIE) u s i n g  CF~ was  s t ud i ed  
wi th  r e spec t  to t he  W d e p o s i t i o n  p r e s s u r e  d e p e n d e n c e .  
The  e t ch ing  ra te  for  RIE  is s h o w n  in Fig. 4 as a f u n c t i o n  
of  p ressu re .  The  W fi lms we re  e t c h e d  u n d e r  t he  condi-  
t ions  of 50W a n d  10 P a  (7.5 • 10 -2 torr). The  e t c h i n g  ra te  
was  c o n s t a n t  for the  W fi lms d e p o s i t e d  at  b e l o w  5 • 10 -2 
to r r  Ar  p r e s s u r e  a n d  was  i n d e p e n d e n t  of  t i m e  af te r  depo-  
si t ion.  On  t h e  o t h e r  h a n d ,  the  e t c h i n g  ra te  i n c r e a s e d  w i t h  
an  i nc r ea se  in  t he  s p u t t e r i n g  p r e s s u r e  a b o v e  5 • 10 -~ torr.  
This  e t c h i n g  rate,  howeve r ,  d e c r e a s e d  a f te r  2 m o n t h s .  The  
e t ch ing  ra te  i n c r e a s e d  w h e n  the  fi-W p h a s e  was  f o r m e d  
a n d  t he  f i lm d e n s i t y  decreased .  A l t h o u g h  the  r e a s o n  for 
t he  r e d u c t i o n  in the  e t c h i n g  ra te  a f te r  2 m o n t h s  is no t  
clear,  it s e e m s  to be  re la ted  to t he  e x i s t e n c e  of  t h e  fi-W 
phase .  
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Electr ical  Propert ies 
Resistivity.--The res i s t iv i ty  of W fi lms depos i t ed  on  

s emi - in su l a t i ng  GaAs  is also s h o w n  in  Fig. 4. A four -po in t  
p r o b e  was u s e d  for  t he  m e a s u r e m e n t .  T h e s e  r e su l t s  were  
s imi la r  to t h o s e  for  W fi lms p r e p a r e d  on  glass  plates.  The  
a-W films e x h i b i t e d  lower  res i s t iv i ty  t h a n  t h o s e  in  t he  
fl-W p h a s e  (14, 19). Res i s t iv i ty  d e c r e a s e d  s l ight ly  w h e n  t he  
depos i t i on  p r e s s u r e  i n c r e a s e d  in  t he  r a n g e  of  1-2 • 10 -2 
torr.  This  was  p r o b a b l y  due  to t he  smal l e r  g ra in  size as 
s h o w n  in  Fig. Ic. 

Res i s t iv i ty  is p l o t t e d  in Fig. 5 as a f u n c t i o n  of W fi lm 
dens i ty .  I t  c an  be  s een  t h a t  r es i s t iv i ty  is r e la ted  to t he  
fi lm d e n s i t y  as wel l  as v o l u m e  f r ac t ions  of fl- a n d  ~-W 
phases .  

F igu re  5 s h o w s  res i s t iv i ty  as a f u n c t i o n  of g ra in  size cal- 
cu la t ed  f rom the  x- ray  d i f f rac t ion  pa t t e rn .  Da ta  for t he  
a-W p h a s e  are s o m e w h a t  i n f l u e n c e d  b y  the  gra in  size, 
c o n t r a r y  to a p r e v i o u s  r epo r t  (14). T he  res i s t iv i ty  is 5 x 
10 -5 ~l-cm w h e n  g ra in  size is e x t r a p o l a t e d  to zero. S ince  
th i s  va lue  is la rger  b y  a b o u t  one  o rde r  of  m a g n i t u d e  t h a n  
t ha t  for the  bu lk ,  i t  is c o n c l u d e d  t h a t  s ca t t e r i ng  r e su l t i ng  
f rom i m p u r i t i e s  a n d  defec ts  is la rger  t h a n  t h a t  caused  by  
the  g ra in  b o u n d a r y .  

Schottky characteristics.--When t h e  W film is app l i ed  
to dev ices  s u c h  as a PBT,  S c h o t t k y  cha rac t e r i s t i c s  are im- 
p o r t a n t  Zor rea l iz ing  good - dev i ce  p e r f o r m a n c e .  T u n g s t e n  
fi lm was  d e p o s i t e d  on  a GaAs  ep i t ax ia l  layer  g r o w n  on  a 
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n+-GaAs subs t r a t e .  The  ep i t ax ia l  layer  was  2.6 ~ m  th ick ,  
a n d  its car r ie r  c o n c e n t r a t i o n  was  1 • 10 '7 cm-: ' .  O h m i c  
con t ac t s  (a l loyed Au-Ge-Ni)  w e r e  f o r m e d  on  the  n+-GaAs 
subs t ra t e s .  A W S c h o t t k y  c o n t a c t  of  200 ~ m  d i am was  de- 
pos i t ed  t h r o u g h  me ta l  mask .  Idea l i t y  factor ,  n ,  a n d  ba r r i e r  
he igh t ,  @Bn, o b t a i n e d  f rom the  fo rwa rd  c u r r e n t  a n d  volt-  
age cha rac t e r i s t i c s  (20), are s h o w n  in Fig. 6. The  ideal i ty  
fac tor  i n c r e a s e d  f r o m  1.03 to 1.06 w h e n  the  s p u t t e r i n g  
p r e s su re  was  va r i ed  f rom 1 • 10 -2 to 2 • 10- '  torr.  How- 
ever,  t he  b a r r i e r  h e i g h t  was  0.6 eV, a n d  was c o n s t a n t  in  
t he  r a n g e  of  1-5 • 10 -2 torr,  w h e r e  t he  ~-W p h a s e  ex is ted .  
The  ba r r i e r  h e i g h t  i n c r e a s e d  to 0.64 eV for  a 2 • 10 - '  t o r r  
Ar  p ressu re .  

L e a k a g e  c u r r e n t s  for  d iodes  w e r e  l a rger  at  a r eve r s e  
b ias  vo l t age  b y  severa l  o rders  of  m a g n i t u d e  t h a n  t h o s e  for  
d iodes  w i t h  a Au  S c h o t t k y  c o n t a c t  p r e p a r e d  by  A u  vac- 
u u m  evapora t ion .  The  ca r r i e r  c o n c e n t r a t i o n  profile,  
ca lcu la ted  f rom the  C-V charac te r i s t i c s ,  s h o w e d  t h a t  t he  
car r ie r  d e n s i t y  d e c r e a s e d  a t  t he  W-GaAs in t e r f ace  as a re- 
su l t  of  s p u t t e r i n g  d a m a g e  to t he  ep i t ax ia l  layer  su r face  
d u r i n g  t he  depos i t ion .  I n  o rde r  to i m p r o v e  t h e  crys ta l  
qual i ty ,  an  a t t e m p t  to a n n e a l  GaAs  d e p o s i t e d  w i t h  W fi lm 
was ca r r i ed  ou t  at  430~ 

Annealing.--The GaAs  d iodes  h a v i n g  W S c h o t t k y  con- 
t ac t s  we re  a n n e a l e d  at  430~ in  a 10% H2-90% He  gas flow. 

Carr ier  c o n c e n t r a t i o n  prof i les  o b t a i n e d  f rom the  C-V 
cha rac t e r i s t i c s  are  s h o w n  in  Fig. 7. A s a m p l e  was  an- 
n e a l e d  for  3 ra in  at  430~ The  ca r r i e r  d e n s i t y  was  r e d u c e d  
at  t he  W-GaAs in t e r f ace  b y  s p u t t e r i n g  d a m a g e  for the  as- 
d e p o s i t e d  diodes .  Af te r  annea l ing ,  t he  r e d u c t i o n  in t he  
car r ie r  was  r e c o v e r e d  by  p e r f o r m i n g  a re la t ive ly  s h o r t  an-  
nea l ing  process .  

Da rk  c u r r e n t s  for d iodes  w i t h  a s -depos i t ed  a n d  an- 
n e a l e d  (2 min)  W con tac t s  as wel l  as a r e fe rence  (Au 
S c h o t t k y )  c o n t a c t  are  s h o w n  in Fig. 8a as a f u n c t i o n  of  re- 
ve r se  b ias  vol tage .  T h e  d a r k  c u r r e n t  can  be  r e d u c e d  b y  
a b o u t  one  o rde r  of m a g n i t u d e  as a r e su l t  of  annea l ing .  
However ,  no  f u r t h e r  d a r k  c u r r e n t  r e d u c t i o n  was  o b s e r v e d  
for a n n e a l i n g  of  ove r  2 rain.  T h e  d a r k  c u r r e n t s  for  an- 
nea l ed  diodes ,  howeve r ,  were  sti l l  l a rger  t h a n  t h o s e  for  
t he  re fe rence .  

F o r w a r d  c u r r e n t s  for d iodes  w i t h  a s - s p u t t e r e d  a n d  an- 
n e a l e d  W con tac t s  are  s h o w n  in Fig. 8b. The  W film was  
p r e p a r e d  at  4 • 10 -2 torr.  Da t a  for  t h e  d iode  h a v i n g  the  
Au  e v a p o r a t e d  S c h o t t k y  con t ac t  are  also s h o w n  for refer-  
ence.  The  ba r r i e r  h e i g h t  i n c r e a s e d  f r o m  0.55 to 0.61 eV 
owing  to annea l ing .  A s imi la r  i m p r o v e m e n t  in ba r r i e r  
h e i g h t  ha s  b e e n  r e p o r t e d  b y  S i n h a  (9). The  ba r r i e r  h e i g h t  
o b t a i n e d  f rom t h e  I-V cha rac t e r i s t i c s  a g r e e d  w i th  t h a t  cal- 
cu la t ed  f rom the  C-V charac te r i s t i c s .  However ,  ba r r i e r  
h e i g h t  for  a s -depos i t ed  d iodes  ca l cu la t ed  f rom the  C-V 
cha rac t e r i s t i c s  (0.66 eV) was  h i g h e r  t h a n  t h a t  o b t a i n e d  
f rom t h e  I-V cha rac t e r i s t i c s  (0.55 eV). The  va lues  o b t a i n e d  
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Fig. 7. Carrier concentration profiles for GoAs diodes with as- 
sputtered and annealed W contacts. 
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Fig. 9. Ideality factor and barrier height as a function of annealing 
time. 

from the C-V measurement  became much larger than 
those for the C-V characteristics when the damage was se- 
riously increased. This suggests that an insulator layer 
was formed by sputtering deposition (21). 

The ideality factor decreased slightly from 1.08 to 1.04 
owing to annealing. No further improvement  in the ideal- 
ity factor or barrier height was observed for a heat- 
treatment of longer than 3 rain, as shown in Fig. 9. 

Conclusion 
Properties of W films deposited by RF magnetron sput- 

tering were investigated in terms of their relation to Ar 
sputtering pressure, which ranged from 1 x 10 -2 to 3 x 
10-' torr. Below 5 • 10 -~ torr, an a-W phase was formed 
and the density was 19.2 g/cm 3, independent  of the Ar 
pressure. The fl-W phase and WO:~ were detected by x-ray 
diffraction for films prepared at pressures above 5 • 10 -3 
tort. Oxygen and carbon contained in the W films as im- 
purities increased with the pressure. The RIE etching rate 
was found to be independent  of the pressure for the a-W 
film. This rate increased with an increase in ~-W phase 
content in W films and was dependent  on time after 
deposition. 

Resistivity increased sharply when the volume frac- 
tions for the fi-W phase and WO3 were increased. Density 
rather than grain size was found to affect the resistivity. 

The Schottky characteristics of W-GaAs diodes were 
studied. The barrier he igh t  and ideality factor were in- 

fluenced somewhat  by the sputtering pressure. Degrada- 
tion of barrier height, carrier concentration, as well as the 
increase in dark current due to sputtering damage, can be 
recovered by carrying out annealing at 430~ for 2-3 rain. 
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An Experimental and Theoretical Study of the Infrared Reflectance 
of Thin Oxide Films on Metals 

David K. Ottesen 

Sandia National Laboratories, Livermore, California 94550 

ABSTRACT 

External reflectance infrared spectroscopy has been used to study the formation of oxide films on chromium and 
iron alloys. Experimental  data have been acquired with an FTIR spectrometer using a polarized beam at high angles of 
incidence to the surface normal. Theoretical calculations have been made for these systems and are compared with the 
experimental  results. Particular attention is given to the quantitative calculation of film thickness. Complications which 
arise from distortions in band shape, frequency shifts, the appearance of additional reflectance minima, and beam di- 
vergence and state of polarization are discussed in detail. 

This paper presents an experimental  and theoretical 
study on the applicability of Fourier transform infrared 
(FTIR) reflectance spectroscopy for the study of oxide 
films formed on binary iron-chromium alloys. A thor- 
ough understanding of these results is a vital step leading 
to the study of more complex ferrous alloys, such as the 
stainless steels. The quantitative study of metal alloy oxi- 
dation and corrosion using this technique requires a de- 
tailed understanding of the physical processes governing 
the optical properties of such layered systems. We have 
also sought to determine the effect of nonidealities, such 
as the roughness of films and substrate, and variations in 
experimental  parameters, such as the angle of incidence, 
beam divergence, and state of polarization. 

Infrared spectroscopy has played an increasingly im- 
portant role over the past few years in the chemical char- 
acterization of surfaces. In particular, external reflection 
spectroscopy at large angles of incidence has been of spe- 
cial value in examining thin, dielectric films on metallic 
substrates. The usefulness of this technique was first 
noted by Berreman (1) and later popularized by Greenler 
under the name "reflection-absorption spectroscopy" 
(2-4). 

Reflection-absorption spectroscopy has much in com- 
mon with ellipsometry, another surface-sensitive optical 
technique. While both approaches utilize linearly polar- 
ized light, visible wavelength ellipsometry has generally 
been acknowledged to be the more sensitive technique to 
small changes in surface coverage. This is due to the 
clearly observed changes in phase angle of light reflected 
from a substrate covered by a dielectric film only a few 
angstroms thick. This advantage, however, has been off- 
set somewhat by recent developments in double-modula- 
tion FTIR reflectance spectroscopy (5). 

The outstanding advantage of reflection-absorption 
spectroscopy lies in the positive identification of chemi- 
cal species in surface films through the spectral structure 
in the observed reflectance. In general, ellipsometry suf- 
fers from the lack of spectral data in single wavelength 
measurements,  with the consequent  assumption of sur- 
face species and their optical constants. Even scanning 
ellipsometric measurements in the visible region can be 
relatively featureless, resulting in unavoidable ambigui- 
ties in the determination of surface species (6). 

Reflection-absorption spectroscopy has been success- 
ful in a large number  of recent qualitative investigations. 
Interest has centered primarily on the characterization of 
chemisorbed gases (5, 7) and thin layers of organic com- 
pounds deposited on metals (7-13). Reference (7) is a par- 
ticularly useful review article of results up to 1976. 

Investigations of inorganic thin films on metallic sub- 
strates have also been numerous (1, 4, 14-24). These re- 
sults are qualitatively quite different from the studies of 
chemisorption and thin organic films. The interpretation 
of the resulting reflectance spectra for these systems is 
complicated by distorted band shapes and frequency 
shifts for thin films when compared to absorption spec- 
tra of the pure, bulk material. This behavior is generally 
caused by the large values of refractive index and absorp- 
tion coefficient associated with the absorbing film and 
the metallic substrate and the complex interaction of 
these optical properties with the electric field of the inci- 
dent infrared beam. In addition to our own experimental  
work on metal oxides, we will draw on earlier spectro- 
scopic studies of the high temperature oxidation of iron 
(14, 18) and chromium (24). 

Theoretical 
We will adopt the nomenclature of Heavens (25) in our 

treatment of the interaction of light r  a thin film on a 
bulk substrate. This is shown for an n-layer film in Fig. 1. 
Here n,n and k,,, are the refractive index and absorption 
coefficient, respectively, d,,, is the thickness of the layer, 
and @o is the angle of incidence, while @,, (m > 0) is the 
angle of refraction within a layer, m. For absorbing media, 
we also note that the refractive index and angle of refrac- 
tion are in general complex. In this case, the so-called 
complex refractive index is defined as 

~i,,, = n,, - ik,, [1] 

The amplitude of the electric field both incident and 
reflected from this system of layers can be expressed by 
solving Maxwell 's equations in terms of these quantities. 
Using the boundary conditions that the tangential compo- 
nents of both the electric and magnetic vectors be contin- 
uous at each layer interface, we arrive at the expression 
shown in Eq. [2] and [3] for the ratio of the electric field 
amplitudes in the plane where layer m is in contact with 
layer m + 1 

E-,,,/E+~, = [(~/~, cos q~m + ,) - 0i,,, +, cos qb,,)]/[(r~m cos qbm + ,) 

+ (r~,, + , cos ~Pm )] [2] 

E-,nJE%~ = [(,/m cos ~,,) - (~/,n + , cos ~,,, + ,)]/[(~m cos era) 

+ (~m + ~ cos r + ,)] [3] 

These ratios are more commonly known as the Fresnel 
reflection coefficients, rm, and r~, where P and S refer to 
the polarization of the light. The change in phase of the 



Vol.  132, No .  9 T H I N  O X I D E  F I L M S  O N  M E T A L S  2251 

Layer m-1 
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E * * , ~  E~,+, 

Fig. 1. Nomenclature for reflectance in o multilayer system 
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light, 3,,,, wi th in  layer m as a func t ion  of  wavelength ,  X, is 
def ined as 

8,, = (2~/x)~,,~d,, cos ((P,,) [4] 

Fo r  a s ingle absorb ing  layer on a substrate ,  the  ref lected 
electr ic  field a m p l i t u d e  can then  be  expressed  

= [r, + (r.,e-"-~,)]/[1 + (r,r~e-"-i~,)] [5] 

where  it is unde r s tood  that  ~ will  be  appropr ia te  for ei- 
ther  P- or S-polar ized light, d e p e n d i n g  upon  the  va lues  of  
the  Fresne l  coeff icients  used  in Eq. [5]. 

The expe r imen ta l l y  measu red  ref lec tance  is the  energy  
of  the  ref lected beam,  and this is re la ted to ~ by 

R = 9 ~ *  [6] 

We have  wr i t ten  a c o m p u t e r  p rog ram to calculate  the  
ref lectance as a func t ion  of optical  constants  for up to 
three  absorb ing  dielectr ic  layers  on an absorb ing  sub- 
strate. The  m e t h o d  can be easi ly ex t ended  to addi t ional  
layers, s ince Eq. [5] is eva lua ted  f rom a p roduc t  of  matri-  
ces, each  ma t r ix  co r respond ing  to one  layer  in the  film. 
Values for the  refract ive  index  and absorp t ion  coeff icient  
are suppl ied  for each  layer and the  substrate.  The  films 
may  be  e i ther  opt ical ly  isotropic  or anisotropic.  In  the  
case of  an an iso t ropic  med ium,  however ,  the  Fresne l  coef- 
ficients mus t  be  redef ined (Eq. [2] and [3]). These  rela- 
t ions are g iven  in Ref. (25) and they  are, as that  au thor  
states, " c o m p l e x  and depress ing ly  compl ica ted ."  Other  
inpu t  data are the  angle  of  inc idence  and state of  polariza- 
t ion of  the  infrared beam. These  are de te rmined  by the  
expe r imen ta l  condi t ions  wh ich  are d iscussed  below. 

We have  also inc luded  the  capabi l i ty  of  averaging  the  
calculated ref lec tance  over  a n u m b e r  of  angles  of  inci- 
dence  to s imula te  an inc ident  b e a m  which  has been  fo- 
cused to a smal l  image  on the  sample  surface. In these  
calculat ions,  we as sume  that  our  expe r imen ta l  inf rared 
source  is a l amber t i an  emit ter .  This  impl ies  that  the  inten- 
sity of  the  l ight  inc ident  on a sample  at an angle  0 f rom 
the  pr incipal  opt ical  axis will  be a t t enua ted  by a factor  
equal  to cos 0. The  d ive rgence  of the  infrared b e a m  f rom 
the  opt ical  axis  is de t e rmined  expe r imen ta l l y  for each set 
of  auxi l ia ry  ref lec tance  optics.  

A prov is ion  has been  m a d e  to mode l  losses in the  re- 
f lected l ight  due  to scat ter ing on a rough  surface by in- 
c luding a f r e q u e n c y  d e p e n d e n t  term. The effect  of  scat- 
ter ing is especia l ly  not iceable  in the  decrease  of  
ref lectance wi th  increas ing wave  number .  Our data  are 
fit wel l  by  mul t ip ly ing  the  ca lcula ted  ref lectance at a 
g iven f r e q u e n c y  by a t e rm which  is p ropor t iona l  to 1/[1 + 
(cv)~], where  c is a constant .  S ince  the  size of  the  crystal- 
lites fo rmed  on the  meta l  surfaces is, at most,  on the  order  
of  a few m i c r o m e t e r s  in our  s tudy,  this behavior  of  the  
scat ter ing coeff ic ient  is in good a g r e e m e n t  wi th  p rev ious  
studies of  diffuse ref lectance (26). This  approach  is simi- 

lar to that  t aken  by Allen and Swal low in their  s tudy  of  
oxide  films on Cr substra tes  (24). 

Ano the r  character is t ic  of real th in  films is a var iabi l i ty  
in the  layer  th icknesses .  Our  mode l  takes  this into ac- 
count  by pe r fo rming  a we igh ted  average  of  calculat ions  
for a g iven  d is t r ibut ion  of layer th ickness .  The  general  ef- 
fect  of  this  r e f inement  is to b roaden  and shift  the  posi- 
t ion of ref lect ion minima.  Par t icular ly  s t r iking changes  
may  occur  for var ious  spectral  features,  and this is dis- 
cussed in s o m e  detai l  for iron ox ide  films. 

The calcula ted ref lectance is op t imized  with  respect  to 
the  expe r imen ta l  data  by vary ing  the  order  of  the  layers, 
their  th icknesses ,  and the  coeff ic ient  in the  scat ter ing 
term. For  s i tuat ions where  good data were  avai lable for 
the optical  constants  of the  absorb ing  layers, the  use  of  
expe r imen ta l  m e a s u r e m e n t s  at d i f ferent  angles of inci- 
dence  and polar izat ion p roduced  rapid  and u n a m b i g u o u s  
fits of  the  observed  spectra. 

Experimental 
Specu la r  ref lectance of oxidized meta ls  and alloys was 

measured  us ing  a Digi lab FTS-14 spec t rome te r  equ ipped  
wi th  a CsI/Ge beamspl i t ter ,  TGS detector ,  and wire grid 
polarizers. This a r r angemen t  pe rmi t t ed  a usable  band- 
wid th  of 250-1500 c m - L  Two auxi l iary  optical attach- 
ments  were  used  to p rov ide  a s ingle ref lect ion at angles  
of inc idence  of  22 ~ and 73 ~ re la t ive  to the  surface normal .  
Mount ing  the  sample  ho lder  on t rans la t ion stages a l lowed 
the precise  cen te r ing  and focus ing  of  the  inc ident  b e a m  
on the  sample.  The  m i n i m u m  d i m e n s i o n  of the  b e a m  on 
the sample  was 4-6 mm,  d e p e n d i n g  on the  focusing op- 
tics. Half-angles of  d ivergence  for the  two a t t achments  
were  20 ~ and 12 ~ respec t ive ly  (21). All  data p resen ted  here  
were  acqu i red  wi th  a spectra l  reso lu t ion  of  4 c m - ' .  

Samples  were  p repared  f rom the  fo l lowing h igh  pur i ty  
metals  and meta l  alloys [all pe rcen tages  are g iven  as 
weight  pe rcen t  (w/o)]: Cr, Fe-10% Cr, and Fe-15% Cr. Af te r  
being cut  to a typical  12 m m  square  size, the  samples  
were  po l i shed  to at least  600 gri t  finish and ul t rasonical ly  
c leaned in acetone.  Pure  c h r o m i u m  substra tes  were  oxi- 
dized in air at 700~ while  the  Fe-10% Cr and Fe-15% Cr 
binary alloys were  oxid ized  in air at 850~ Oxidat ion  
t imes  var ied  f rom a few minu tes  to several  hours.  

Refe rence  ref lectance spectra  were  ob ta ined  us ing ei- 
ther  unox id ized  meta l  samples  po l i shed  to a 600 gri t  
finish, or  first surface  mirrors  of  gold or a luminum.  The 
use of  gold or a l u m i n u m  refe rence  mir rors  is preferable  
for cal ibrat ion purposes ,  s ince the  ref lectance va lues  for 
these  mater ia ls  are well  k n o w n  and are very  close to 1. 
However ,  this approach  somet imes  p r o d u c e d  a res idue  of 
u n c o m p e n s a t e d  curva ture  and s t ruc ture  in the  base l ine 
due to nonl inear  abbera t ions  in the  ref lectance attach- 
men t  optics. In those  cases, rat ioing sample  spectra to 
that  of an unox id ized  substrate gave re la t ive  reflectance 
values  in wh ich  the spec t rometer  i n s t rumen t  funct ion 
was largely e l iminated.  

The expe r imen ta l  ref lectance values  we  presen t  in this 
paper  are those  data  which  exh ib i t ed  the  least  u n c o m p e n -  
sated i n s t rumen t  function.  They  have  been  scaled l inear ly  
so that  nonabso rb ing  regions  of  the  s p e c t r u m  at low wave  
n u m b e r  yield ref lectance values  in a g r e e m e n t  wi th  our  
theoret ical  calculat ions.  This  normal iza t ion  p rocedure  
may  produce  a sys temat ic  offset of the base  line by a few 
percent ,  but  should  have  little or no effect  on the relat ive 
behavior  of the absorb ing  regions of  the  spectrum.  

Results and Discussion 
Theoretical calculations for  single-phase thin f i l m s . -  

Before  cons ider ing  the  complex i t i e s  of  real th in  films 
with  m a n y  absorp t ion  modes ,  it is profi table  to note  the  
effect  of  angle  of  incidence,  fihn thickness ,  and state of  
polar izat ion on the  ref lectance of  a s imple,  s ingle-phase  
thin film. I t  is impor t an t  to be  aware  of  these  relation- 
ships since the  resul t ing  ref lec tance  of  a h ighly  absorb-  
ing ox ide  film may  resul t  in ra ther  bizarre "d is tor t ions"  
of band shape and posit ion.  

For  the  purposes  of i l lustration,  we cons ider  a hypo-  
thet ical  mater ia l  hav ing  two act ive  infrared modes  with  
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Table I 

Resonance center Damping constant 
(cm-') (cm-') Band strength 

400 15 0.30 
600 25 0.05 

t he  opt ica l  p rope r t i e s  s h o w n  in Tab le  I. These  va lues  are 
r e p r e s e n t a t i v e  of  m a n y  m e t a l  oxides .  We ca lcu la te  n a n d  k 
va lues  as a f u n c t i o n  of  wave  n u m b e r  u s i n g  the  c lass ical  
d i spe r s ion  e q u a t i o n  

e = e~ - ie2 = e~ + ~ (47rpyj~)/[(v~ 2 - v ~) + i%)] [7] 
J 

and  t he  r e l a t i on  of  t he  re f rac t ive  i n d e x  a n d  a b s o r p t i o n  
coeff ic ient  to t h e  die lect r ic  c o n s t a n t s  

~i = n - i k  = (el - ie2) lj'z [8] 

In  th i s  f o rmu la t i on ,  e~ is t he  v a l u e  of t h e  h i g h  f r e q u e n c y  
d ie lec t r ic  cons t an t ,  ,j is t he  f r e q u e n c y  at  t he  b a n d  center ,  
pj is a d i m e n s i o n l e s s  b a n d  s t r e n g t h ,  a n d  % is a c o n s t a n t  
d a m p i n g  coeff ic ient  a s soc ia t ed  w i t h  m o d e  j. Va lues  of n 
and  k u s e d  for t he  s u b s t r a t e  are  t h o s e  of  meta l l i c  chro-  
m i u m  (27). Th i s  is p e r h a p s  t h e  s i m p l e s t  m o d e l  for  der iv-  
ing va lues  of  n a n d  k f rom t he  opt ica l  cons t an t s ,  a n d  it  
h a s  t he  a d v a n t a g e  t h a t  the  d a m p i n g  c o n s t a n t s  c an  be  re- 
l a ted  to b a n d w i d t h s  at  ha l f -he igh t  for t he  i m a g i n a r y  
po r t i on  of t he  d ie lec t r ic  cons tan t ,  e2. Ca lcu la ted  va lues  for  
n a n d  k are s h o w n  in  Fig. 2. 

We ca lcu la te  t he  re f l ec tance  for  a P-po la r ized  b e a m  at  
n o r m a l  i n c i d e n c e  for t h r ee  d i f f e ren t  t h i c k n e s s e s  as s h o w n  
in Fig. 3. The  two t h i n n e r  f i lms p r o d u c e  ref lec t ion  min -  
ima  n e a r  t he  m o d e  cen te rs ,  as one  w o u l d  in tu i t i ve ly  ex-  
pect .  We do o b s e r v e  a sh i f t  in  t he  b a n d  cen te r s  t o w a r d  
lower  e n e r g y  as t h e  t h i c k n e s s  i nc r ea se s  f rom 0.5 to 1.0 
fxm. The  f i lm of  2.0 ~ m  t h i c k n e s s ,  h o w e v e r ,  p r o d u c e s  ad- 
d i t iona l  m i n i m a  w h i c h  h a v e  no  a p p a r e n t  c o n n e c t i o n  w i t h  
the  two spec i f ied  v i b r a t i ona l  modes .  In  add i t ion ,  no  re- 
f l ec tance  m i n i m u m  is o b s e r v e d  at  t he  600 c m  -~ m o d e  
c e n t e r  of  t h e  s e c o n d  band .  Th i s  s i t ua t ion  b e c o m e s  m o r e  
c o n f u s i n g  a n d  c o m p l e x  as the  t h i c k n e s s  of t he  layer  in- 
creases .  

As p o i n t e d  ou t  b y  Swa l low a n d  Al len  (23), t h i s  p h e n o m -  
e n o n  is c a u s e d  b y  t he  r ap id ly  c h a n g i n g  va lues  of  n a n d  k 
in t he  r eg ion  of  t he  m o d e  cen te rs .  As the  va lue  of  n in- 
creases,  i n t e r f e r e n c e  due  to m u l t i p l e  re f lec t ions  occurs ,  
and for  suf f ic ien t ly  t h i c k  f i lms one  or m o r e  f r inges  m a y  
be observed near the band centers. This effect should al- 
ways be considered as a possibility when complex spec- 
tral features appear as surface films increase in thick- 
ness. The assumption that additional observed bands are 
due to different chemical species may not be warranted in 
many cases. 
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Fig. 3. Calculated P-polarized reflectance of a thin film showing the 
effect of layer thickness. 

Swal low a n d  Al len  p r e s e n t  a de ta i l ed  a n d  luc id  exami -  
n a t i o n  of  t h e s e  effects  a n d  t h e i r  d e p e n d e n c e  on  m o d e  fre- 
quency ,  b a n d  s t r eng th ,  a n d  d a m p i n g  coeff icient ,  a n d  t he  
r e a d e r  is r e f e r r ed  to t h e i r  a r t ic le  (23). The i r  t r e a t m e n t  is 
b a s e d  on  a p p r o x i m a t e  equa t ions  for  n o r m a l  inc idence ,  
however ,  a n d  t h e y  d id  no t  cons ide r  t he  effects  of  ang le  of  
i n c i d e n c e  a n d  s ta te  of polar izat ion.  T h e s e  va r i ab les  pro- 
found ly  in f luence  t he  r e s u l t i n g  ref lec tance ,  a n d  t hey  are 
e x a m i n e d  below.  

The  ef fec t  of  a n g l e  of  i n c i d e n c e  is s h o w n  in Fig. 4. We 
c o n s i d e r  h e r e  f i lms of 0.5 txm t h i c k n e s s  a n d  a P -po la r i zed  
b e a m  i n c i d e n t  at  ang les  of  0 ~ 22 ~ a n d  73 ~ ( the l a t t e r  two  
va lues  c o r r e s p o n d i n g  to our  e x p e r i m e n t a l  condi t ions) .  
Two a d d i t i o n a l  re f lec t ion  m i n i m a  a p p e a r  a n d  g row in in- 
t en s i t y  as t he  ang le  i n c r e a s e s  f rom n o r m a l  i nc idence .  
B e r r e m a n  (1) ha s  s h o w n  t h a t  t h e s e  f ea tu re s  a re  c o i n c i d e n t  
wi th  t he  l o n g i t u d i n a l  opt ic  (LO) p h o n o n  m o d e s  w h i c h  are  
i n f r a red  f o r b i d d e n  for b u l k  c rys ta l l ine  ma te r i a l  a t  any  an- 
gle of  i nc idence .  The  b o u n d a r y  c o n d i t i o n s  i m p o s e d  b y  
the  t h i n  f i lm-subs t r a t e  g e o m e t r y  on  Maxwel l ' s  e q u a t i o n s  
a l low t h e s e  m o d e s  to be  o b s e r v e d  as re f lec t ion  m i n i m a  
for P -po la r i zed  l igh t  w h e n  t h e  ang le  of  i n c i d e n c e  is 
g rea t e r  t h a n  zero. 

These  a d d i t i o n a l  m o d e s  are no t  p r e d i c t e d  to o c c u r  for  
e i t he r  po la r i za t ion  at  n o r m a l  i nc idence .  Hence ,  s o m e  au- 
t ho r s  w h o  h a v e  u s e d  s impler ,  a p p r o x i m a t e  e q u a t i o n s  for  
r e f l ec tance  at  n o r m a l  i n c i d e n c e  (23, 24) h a v e  f o u n d  i t  nec-  
e s sa ry  to p o s t u l a t e  a s c a t t e r i n g  ef fec t  in  o rde r  to  p r o d u c e  
these  m i n i m a .  Th i s  is no t  necessa ry ,  s ince  t h e y  are  a na tu -  
ral  c o n s e q u e n c e  of  r e f l ec tance  ca l cu la t ions  at  non -  
n o r m a l  i n c i d e n c e  for  P -po la r ized  l igh t  at  even  r a t h e r  
smal l  ang les  of i nc idence .  T h u s  t he  s t r a i g h t f o r w a r d  re- 
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Fig. 2. Calculated values of n and k for a hypothetical material with 
two infrared active modes. 
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flectivity equations for normal incidence are not ade- 
quate to interpret all features of the experimental  results. 

Experimental measurements for chromium oxide 
forming alloys.--Accurate determinations of optical con- 
stants are available for several transition metal single- 
phase oxides. We have used previous work on metal ox- 
ides for our calculations on Cr~O:~ (28) and Fe~O3 (29), and 
data for chromium and iron metals (27). 

Reflectance spectra at near-normal incidence for Cr~O~ 
grown on bulk chromium substrates by thermal oxida- 
tion in air have been reported by Allen and Swallow (24) 
for relatively thick films (0.3-7.5 ~m), and by Mertens (18) 
for films between 0.05 and 0.4 ~m thick. In fitting their 
experimental  data, Allen and Swallow found it necessary 
to modify the literature values of optical constants for 
chromium oxide given by Renneke and Lynch (27). These 
changes were quite small and resulted in a set of con- 
stants which effectively assumed that the oxide was iso- 
tropic in its optical properties. We have also measured the 
reflectance of thermally grown oxide films on chromium 
substrates in the same thickness range as Mertens. Esti- 
mates of thickness were made by weight-gain measure- 
ments and ranged from 0.04 to 0.40 ~m. 

Reflectance measurements  for these very thin films 
were made using P-polarized light at an angle of inci- 
dence of 73 ~ Agreement  with Allen and Swallow's results 
for films of 0.4 ~m thickness at near normal incidence is 
relatively good, with the exception of the intensity of the 
band at 735 cm -1. Since this band is coincident with an 
LO optical phonon, its intensity is expected to greatly in- 
crease with increasing angle of incidence as shown above. 
Our data agree more closely with those of Mertens, and 
this is expected since he utilized an experimental  angle of 
incidence similar to ours. 

The set of optical constants used by Allen and Swallow 
also fit our observed data very well over the entire range 
of thickness, and a plot of experimental  and calculated 
spectra are shown in Fig. 5 for a thickness of 0.39 ~m. Op- 
tical constants for metallic chromium (27) were used for 
the substrate. Agreement  between calculated and mea- 
sured frequencies and their relative intensities is quite 
good for these films. The observed bands, however, are 
generally broader than their calculated counterparts and 
are asymmetric. Broadening reduces the observed split- 
ting beween bands near 415 and 600 cm- ' ,  and the 735 
c m - '  band is noticeably asymmetric on the low energy 
side. 

Other investigators have pointed out (25) that this 
broadening probably stems from large anharmonicities in 
the thin film lattice modes in contrast to bulk crystals 
from which the optical constants were taken. These dif- 
ferences tend to arise from imperfections in the oxide 
structure and may broaden the lattice phonons considera- 
bly. Band asymmetry has been shown (1) to result from 
the use of a frequency-dependent  damping term, ~,(v), in 

contrast to the constant term used in Eq. [7] above. This 
results from the rapid fluctuation in the value of ~/near 
the mode center. Furthermore, large changes of ~/in re- 
gions not near lattice mode frequencies resulted in the 
observation of weak reflection minima for a thin film of 
LiF on silver (1). This may be an additional cause of the 
pronounced asymmetry in the 735 cm -1 band for our thin 
Cr~O3 films. 

The calculated thickness for a given film may be ob- 
tained in a straightforward manner by the comparison of 
the theoretical and experimental min imum reflectance 
for several bands. This is a rather simple process for very 
thin films where the base line is well defined. However, 
for increasingly thicker layers it becomes more difficult 
to precisely locate the base line in the region of the strong 
bands (for instance, see Fig. 5). Our experimental  data for 
the thicker chromium oxide films generally possess a 
rather flat character in the transparent regions below 400 
and above 800 cm -1, and linear base lines were drawn 
connecting these two regions. 

Some authors (18) suggest that a logarithmic relation 
(analogous to absorbance) in some cases would offer a lin- 
ear correlation with film thickness. In Fig. 6, we show a 
plot of calculated - l o g  Rmi, values for the band near 735 
cm -1. Evidently, a linear increase in this function does ex- 
ist for films thinner than 0.1 ~m. This reflectance func- 
tion goes through a maximum for films near 0.18 ~m, and 
gradually rolls off with increasing thickness. 

We also present experimental  data for oxide films 
grown on bulk chromium in air at 700~ These are given 
in Fig. 6 as circles, and they also exhibit  an initial linear 
region with a slope identical to that of the theoretical plot. 
A positive linear offset in the measured film thickness 
from the theoretical curve is clearly observable. The 
thicknesses for these films were calculated from weight  
gain measurements,  and it is quite probable that en- 
hanced growth at the sample edges caused an overestima- 
tion of the average thickness on the flat surface. This 
seems especially likely in that the experimental  values do 
not extrapolate to 0.03 (the value for bare chromium) at 
thickness equal to zero. We therefore attribute the sys- 
tematic positive offset in experimental  points from the 
theoretical curve to this cause. 

In performing these calculations for thin films, it is of 
crucial importance to include the effects of infrared beam 
divergence. Most experimentalists use a highly focused 
beam in order to improve sensitivity and minimize 
sample dimensions by reducing the spot size to a few mil- 
limeters in cross section. This means, however, that the 
infrared radiation will be incident on the sample over a 
range of angles rather than a single value. The theoretical 
curve presented in Fig. 6 was evaluated using an angle of 
incidence of 73 ~ and a half-angle of divergence of 12 ~ The 
effects of disregarding beam divergence are shown in Fig. 
7. The reflectance minimum is extremely sensitive to the 
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Fig. 5. Experimental and calculated P-polarized reflectance of 0 .39  
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angle of incidence, and the value of -log.Rmj, is shown to 
strongly increase around a thickness of 0.18 /~m for a 
beam which is collimated at 73 ~ angle of incidence. 

Other bands in the reflectance spectrum also exhibit 
characteristic increases in intensity with film growth, 
and they may also be used to calculate film thicknesses. 
In Fig. 8, we show the composite theoretical and experi- 
mental behavior for three vibrational modes: the mode 
coincident with the bulk LO phonon discussed above, 
and two transverse optic (TO) modes near 530 and 415 
cm -I. 

The 530 cm-' mode seems to be especially well suited 
for thickness determinations. Indeed, the scatter in exper- 
imental data for films greater than 0.2/~m thick is consid- 
erably less than that for the much more intense 735 cm-' 
band discussed above. We note, however, that this band 
exhibits a very different characteristic behavior and 
shows no linear region of growth for -log Rmin. Although 
the data for the band near 415 cm-' also seem to agree 
well with theory, its use is more problematic for two rea- 
sons. First, it is of quite low intensity, and, second, it is a 
"forbidden" mode (27) and shows a considerable intensity 
variation in relation to the other bands depending on the 
conditions of film preparation. 

Finally we observe that for layers thinner than 0.05/~m, 
only the band at 735 cm-' is observed with any substan- 
tial intensity. Thus any departure of the film's optical 
constants from the input values will have a serious effect 
on calculated thicknesses since only one band is being 
fit. 

Air oxidation of Fe-15% Cr alloys at high temperatures 
tends to form an oxide scale which is predominantly 
Cr20..~. The P-polarized reflectance spectrum of the 
sample heated for 3h is shown in Fig. 9. The resemblance 
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Fig. 8.  C a l c u l a t e d  P-polar ized re f l ec tance  for three  bands of C r 2 0 3  

fi lms on Cr .  

to the films grown on pure chromium substrates is obvi- 
ous, and we fit the observed spectrum to the calculated 
reflectance for a 0.31 ~m thick layer of Cr~O:~. The princi- 
pal deviation of the calculated curves from the measured 
spectra is again the breadth of the bands and the asym- 
metry of the 735 cm ' band. We note, however, that the 
degree of asymmetry for this band is far more pro- 
nounced than in the spectra of the oxides grown on the 
pure chromium substrates. 

An additional mechanism for producing absorbance in 
the region between 660 and 735 cm ' is the substitution of 
Fe for Cr in the Cr~O:~ layer. Chang and Mitra (30) have 
studied the behavior of optic mode frequencies in certain 
classes of mixed crystals. They have shown that these fre- 
quencies vary continuously and approximately linearly 
with concentration from the frequency characteristic of 
one end member to that of the other end member for sev- 
eral mixed oxides. Unpublished work by Ottesen and 
Nage]berg at this laboratory has confirmed that the 
mixed oxide, (Fe, Cr).,O3, exhibits this behavior. The pres- 
ence of a small amount of iron in our thin chromium ox- 
ide films would be expected to produce absorptions pre- 
cisely in the region between 660 and 735 cm-'. The exact 
nature of the resulting reflectance spectrum would de- 
pend on the manner in which the ironatoms were distrib- 
uted throughout the predominantly Cr~Q thin film. 

We now wish to determine layer thicknesses for these 
films grown on Fe-15% Cr alloys and to fit the calculated 
thicknesses to an experimental kinetic rate law plot. 
While optimum fits of theoretical calculations to experi- 
mental data are obtained by using a nonlinear least 
squares analysis, an approach based on minimum band 
reflectance has much to recommend it in terms of both 
simplicity and speed. Provided that the limits of applica- 
bility can be accurately quantified, this method of 
determining film thicknesses is of great potential value 
to a variety of users. 

Using the theoretical curves for -log Rmi, determined 
above for bands near 735 and 530 cm-', we calculate 
thicknesses for our six samples. Assuming that the oxida- 
tion process is diffusion controlled, the calculated thick- 
ness data are plotted vs. the square root of oxidation time 
in Fig. i0. 

Initially the fit to a parabolic rate law is reasonably 
good (indicated by the straight line). However, as the film 
thickness increases, this interpretation becomes less 
clear. This is primarily due to the scatter of the data 
points for the four greatest thicknesses determined using 
the 735 cm-' band. This scatter is not unexpected. Tradi- 
tional analytical methods (31) have shown that the maxi- 
mum accuracy in spectroscopic measurements is ob- 
tained for linear absorbance measurements in the vicinity 
of 0.43. Accuracy for our -log Rmin measurements is ex- 
pected to degrade seriously below 0.2 and above 0.7, and 
the four points mentioned above all have values above 
0.8. 
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U s i n g  th i s  c r i t e r ia  for accuracy ,  a c c e p t a b l e  l imi ts  for 
d e t e r m i n i n g  f i lm t h i c k n e s s  u s i n g  t he  735 c m  -1 b a n d  are 
0.01-0.07 /~m. Fo r  t he  530 c m - '  b a n d ,  t h e s e  l imi ts  are 
0.20-0.38/~m. Th i s  also avo ids  t he  m a j o r  u n c e r t a i n t y  in t he  
d e t e r m i n a t i o n  of  t he  e x p e r i m e n t a l  ba se  l ine  d i s cus sed  
above .  The  a rea  of  g r ea t e s t  u n c e r t a i n t y  l ies in  the  v ic in i ty  
of  the  530 c m - '  b a n d  w h e n  it is qu i t e  w e a k  a n d  t he r e fo re  
u n r e l i a b l e  for t h i c k n e s s  d e t e r m i n a t i o n s .  

T h u s  we m a y  e x p e c t  a r e a s o n a b l y  accu ra t e  d e t e r m i n a -  
t ion  of  Cr.20:~ f i lm t h i c k n e s s e s  u s i n g  t h e s e  two b a n d s  over  
a r a n g e  of  0.01-0.38 ~ m  wi th  s o m e w h a t  g rea te r  unce r -  
t a i n t y  in  t he  i n t e r m e d i a t e  r a n g e  of  0.07-0.20 ~m. 

Fo r  t h i c k e r  fi lms, i t  m a y  b e  b e s t  to u s e  the  i n t e r f e r e n c e  
f r inges  in  t h e  t r a n s p a r e n t  r eg ion  for  t h i c k n e s s  d e t e r m i n a -  
t ions.  T h e s e  b e c o m e  m o r e  c lose ly  s p a c e d  a n d  i nc r ea se  in 
i n t e n s i t y  as t he  ox ide  fi lm g rows  in t h i c k n e s s ,  a n d  t h e i r  
use  in  s u c h  d e t e r m i n a t i o n s  ha s  b e e n  d e m o n s t r a t e d  else- 
w h e r e  for  c h r o m i u m  ox ide  (24), a n d  wil l  be  d e s c r i b e d  be- 
low for  i r on  ox ide  f o r m i n g  alloys.  Fo r  layers  t h i n n e r  t h a n  
0.01 /~m, c o n s i d e r a b l e  care  m u s t  b e  t a k e n  in d e t e r m i n i n g  
t h i c k n e s s e s  u s i n g  in f r a red  r e f l ec t ance  data.  Our  ap- 
p r o a c h  is p r e d i c a t e d  on  t he  u n d e r l y i n g  a s s u m p t i o n  of  
u n i f o r m  su r f ace  cove rage  a n d  opt ica l  c o n s t a n t s  w h i c h  do 
no t  c h a n g e  w i t h  f i lm t h i c k n e s s .  B o t h  of  t h e s e  cr i te r ia  be- 
c o m e  i n c r e a s i n g l y  d e b a t a b l e  for  s u c h  t h i n  layers ,  a n d  t h e  
q u a n t i t a t i v e  u se  of  e x t e r n a l  r e f l ec tance  m u s t  b e  bu t -  
t r e s s e d  b y  ca re fu l  ca l ib ra t ion  a n d  i n d e p e n d e n t  m e a s u r e -  
m e n t s  b y  o t h e r  su r face  sc i ence  m e t h o d s .  

Experimental measurements for iron oxide forming 
alloys.--Binary al loys c o n t a i n i n g  sma l l e r  a m o u n t s  of  
c h r o m i u m  e x h i b i t  s t r ik ing ly  d i f f e ren t  b e h a v i o r  d u r i n g  
t h e r m a l  ox ida t ion .  P r e v i o u s  w o r k  ha s  s h o w n  t h a t  t he  oxi- 
d a t i o n  m e c h a n i s m  a n d  ox ide  f i lm c o m p o s i t i o n  for  a 
g iven  al loy d e p e n d  s t rong ly  on  t he  c h r o m i u m  c o n t e n t  of  
t he  subs t r a t a ,  t he  t e m p e r a t u r e ,  a n d  t h e  o x y g e n  par t i a l  
p r e s s u r e  (32). 

We h a v e  s t u d i e d  t h e  o x i d a t i o n  of  a n  Fe-10% Cr al loy in  
air  f r om 700 ~ to 850~ At  850~ m u c h  t h i c k e r  f i lms are  
g r o w n  on  th i s  al loy c o m p a r e d  to Fe-15% Cr. T he  reflec- 
t ance  spec t r a  of  a c o u p o n  ox id ized  for  l h  are s h o w n  in  
Fig. 11 a n d  12. No te  t he  s t r o n g  f ea tu re s  in  t h e  S-po la r ized  
s p e c t r u m  as c o m p a r e d  to t h e  flat, f ea tu re le s s  c u r v e s  
w h i c h  o c c u r  for  ve ry  t h i n  f i lms (2). T he  osc i l la t ions  in  
b o t h  S- a n d  P-po la r i zed  s pec t r a  a b o v e  700 cm - '  are  d u e  to 
i n t e r f e r e n c e  f r inges .  T he  s pac i ng  b e t w e e n  t he  f r inges  de- 
c reases  in  t he  v ic in i ty  of  700 c m - '  due  to t he  r ap id  var ia-  
t ion  in t he  f i lm 's  r e f rac t ive  index .  

T h e s e  e x p e r i m e n t a l  spec t r a  w e r e  fit u s i n g  ca l cu la t ed  
da ta  for  h e m a t i t e  (a-FarO:3). Opt ica l  c o n s t a n t s  of  i ron  we re  
u s e d  for t h e  s u b s t r a t a  (27), a n d  op t ica l  c o n s t a n t s  for  h e m -  
at i te  we re  o b t a i n e d  f r o m  t he  l i t e r a tu re  (29). S i n c e  th i s  ma-  
ter ia l  is s t r o n g l y  an i so t rop ic ,  we  were  n o t  ab le  to con-  
s t r u c t  a se t  of  " a v e r a g e "  opt ica l  c o n s t a n t s ,  as was  t h e  case  
for  Cr.,O:~. Our  c o m p u t e r  p r o g r a m  a c c o m m o d a t e s  aniso-  
t ropic ,  u n i a x i a l  a b s o r b i n g  m e d i a  as long  as t he  s y m m e t r y  
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Fig. 12. Experimental and calculated S-polarized reflectance for an 
8 .4 /~m film of ~-Fe20:~ on an Fe - lO% Cr substrata. 

axes  of t h e  c rys ta l  are  a l igned  n o r m a l  or para l le l  to t he  
surface.  S i n c e  h e m a t i t e  p o s s e s s e s  t r i gona l  c rys ta l  s y m m e -  
try, we a p p r o x i m a t e d  a r a n d o m  o r i e n t a t i o n  of micro-  
c rys ta ls  on  t he  su r face  by  a v e r a g i n g  ca l cu la t ions  for  lay- 
ers  w i t h  t he  c rys ta l  c axis  para l le l  a n d  p e r p e n d i c u l a r  to 
t he  su r face  ( s h o w n  s c h e m a t i c a l l y  in  Fig. 13). 

I f  t h e  two  c o n d i t i o n s  w i t h  t h e  c rys ta l  c axis  para l le l  to 
the  su r face  are equ iva len t ,  t h e n  t h e  i n t e r a c t i o n  of t he  inci-  
d e n t  i n f r a r e d  r ad i a t i on  w o u l d  r e su l t  in  the  e lect r ic  
vec to r ' s  b e i n g  p e r p e n d i c u l a r  to t he  c axis  twice  as o f t en  
as i t  w o u l d  be  para l le l  to the  c axis.  Acco rd ing ly ,  we cal- 
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Fig. 13. Schematic orientation of c~-Fe20:~ crystal symmetry axis 
with respect to the substrate and incident infrared beam. 
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culated reflectance spectra for these different orienta- 
tions and performed a weighted average in our compari- 
son with experimental  results. 

The calculations for P- and S-polarizations for a 
0.67/0.33 mixture of the orientations given above are also 
shown in Fig. 11 and 12. The agreement between calcu- 
lated and experimental  data in the absorption region is 
extremely good with two exceptions. A weak, broad band 
in the experimental  spectra at 620 cm -1 is not present in 
the calculated curves. Also, the detailed structure of the 
strong doublet centered at 710 cm -1 in the P-polarized ex- 
perimental spectrum is calculated as a slightly narrower 
singlet. We attribute these differences primarily to a small 
amount of (Fe3-xCr~)O4 oxide phase in the experimentally 
grown oxide film. Previous work (32) suggests that this 
phase should be present as a thin layer between the hem- 
atite film and the substrate. 

Earlier experimental  studies of similar oxide films (21) 
noted the lack of reliable optical constants in the refer- 
ence literature for complex oxide phases, and the present 
theoretical t reatment of these systems serves to empha- 
size this deficiency. This situation prevents a complete 
interpretation of our external reflectance measurements.  

The calculated spectra presented in Fig. 11 and 12 also 
include an assumption of -+0.4 ~m standard deviation in 
film thickness. This was modeled by assuming a gaus- 
sian distribution of layer thicknesses about the mean, and 
performing a weighted average of five calculations in 
which the layer thickness was varied in equal increments 
from 7.9 to 8.9 ~m. The assumption of surface roughness 
was necessary to adequately fit the shape of the experi- 
mentally observed interference fringe region. This was 
particularly important for the S-polarized component,  
and a comparison of the rough surface calculation and a 
smooth surface calculation is shown in Fig. 14. This 
shows that the assumption of a uniformly thick oxide 
layer would be seriously in error for this system. 

We find, however, that the assumption of a single angle 
of incidence of the infrared beam results in a very good 
approximation to the observed data in contrast to the re- 
sults for thin chromium oxide films discussed above. 
Calculated spectra for a P-polarized spectrum taken at 73 ~ 
angle of incidence assuming no angular spread and -+ 12 ~ 
half-angle of divergence show no significant difference. 

Finally, we note that although the correct spacings and 
shapes of the interference fringes are calculated by our 
present model, their relative intensities and the treatment 
of the base line leave something to be desired. The princi- 
pal cause for this is most likely our simple approach to 
modeling scattering phenomena with a single v ~ term. 
While this may be satisfactory for the thinner chromium 
oxide films presented earlier, electron micrographs for 
these thicker films clearly show a complex microcrystal- 
line morphology which might be expected to exhibit be- 
havior intermediate between specular and diffuse reflec- 
tion. 
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Fig. 14. Calculated S-polarized reflectance for c~-Fe203 on an 

Fe-IO% Cr substrate showing the effect of surface roughness. 
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Quantitative film thickness determination.--One of the 
most significant uses of external infrared reflectance 
would seem to be the monitoring of film thickness dur- 
ing an industrial process. In a previous paper, Mertens 
(18) addressed precisely this feature of the method, and a 
set of calibration factors was derived for four transition 
metal oxides which related thickness to the measured 
negative logarithm of reflectance for the most intense 
band in the spectrum. As we noted above, this band cor- 
responds to the position of the highest LO mode in the 
bulk oxide, and its - l o g  Rmjn function exhibits roughly 
linear behavior for very thin layers. 

We derive analogous calibration factors from our exper- 
imental data and calculated spectra for chromium oxide 
and from a theoretical t reatment for the oxides of iron 
and nickel. The calculations for chromium and iron have 
been discussed in detail above; optical constants for NiO 
and Ni metal have been taken from the literature for simi- 
lar calculations (33, 27). The results for each oxide's 
highest energy mode are shown in Fig. 15 for films be- 
tween 0.001 and 0.5 ~m in thickness. All three of these 
modes show similar qualitative behavior: linearly increas- 
ing - l o g  Rmjn for thin films with a gradually increasing 
negative deviation from this straight line behavior. Slopes 
of the initial portion of the curve are taken, and calibra- 
tion factors analogous to those of Ref. (18) in units of ang- 
stroms per - l o g  Rml, are derived. Those values are ex- 
pressed in units of angstrom/absorbance/reflection, 
where the term "reflection" refers to the number  of ex- 
ternal reflections in a multiple-pass experimental  appara- 
tus. 

These values are compared in Table II, and we see that 
there is a very large discrepancy between the two sets. 
The disagreement becomes progressively less as the lin- 
ear region for - l o g  Rmln increases. Thus the values for 
chromium oxide differ by a factor of 10, those for nickel 
oxide by a factor of 2.7, and those for iron oxide by a fac- 
tor of 3. One factor which complicates the earlier results 
(18) is the calculation of intensity factors using data from 
films whose thicknesses have entered the nonlinear re- 
gion for - l o g  Rmi,. This is especially the case for chro- 
mium oxide and may account for the astounding degree 
of difference between the two approaches. 

This may account for much of the disagreement for 
nickel oxide and iron oxide calibration factors as well. It 
is not a simple matter to quantitatively reconcile this pre- 
vious study with our present investigation, however. The 
principal obstacle to this lies in Mertens' use of multiple 
reflectance sampling optics which were designed to 
maximize optical sensitivity for extremely thin films 
(18, 19). That experimental  arrangement consists of two 
rectangular sample (or reference) surfaces which are 
arranged parallel and very close to each other. The infra- 
red beam is then focused on the space between the two 
surfaces, and the resultant reflected light is collected at 
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Fig. 15. Calculated P-polarized - log Rmi n of the highest energy in- 

frared active mode for thin films of transition metal oxides on metallic 
substrates. 

1.6 



Vol. 132, No. 9 T H I N  O X I D E  F I L M S  ON M E T A L S  2257 

Toble II 

Calibration factor 
Infrared (~/-log Rmi~) 

Metal oxide band (cm-') Ref. (18) This work 

a-Fe2Q 655 5000 16.95 
NiO 582 5900 2200 
Cr.~Q 733 9800 1030 

the other end. Since the beam is incident on the sample 
surface over a range of angles, the number  of reflections 
at the sample surface depends on both the angle of inci- 
dence and the spacing between the surfaces. 

The angles of incidence used in that experiment thus 
range about 72 ~ for the initial reflection. The net effect is 
to accentuate the lower angles of incidence which experi- 
ence more reflections for a given sample length than the 
higher angles of incidence. We noted above that the incor- 
poration of a range for the angle of incidence generally re- 
sults in a lowering of the peak - log  Rm~n values (see Fig. 
7). We assume that the effective skewing of this distribu- 
tion to lower angles, as would be the case for the multiple 
reflectance apparatus, would lower the resulting peak 
values even more. 

Whatever the specific behavior of the measured "ab- 
sorbance" might be, the lower values of - log  Rmin would 
certainly result in correspondingly higher values for the 
calibration factors than those which we obtain from the 
strictly linear region of - log  Rm~, and a complete 
reflection calculation. The present work thus serves as a 
warning to experimentalists using multiple reflectance 
optics. Although these sampling attachments do indeed 
enhance the sensitivity of the technique, the resu]ting 
measurements are not simply related to single reflec- 
tance measurements,  and they will certainly have a de- 
pressingly complicated dependence on the beam angular 
divergence. 

Potential users should keep in mind that linear calibra- 
tion factors derived from external reflectance studies will 
be transferrable to other measurements only when pre- 
cisely similar sampling optics are used. This is true of our 
single reflection measurements as well, although in this 
case theoretical confirmation is much more  straight- 
forward. 

Conclusions 
External reflectance infrared spectroscopy has been 

shown to be a reliable technique for the study of thin ox- 
ide films formed on air oxidized Fe-Cr al]oys. A com- 
puter program has been written to calculate the external 
reflectance for these films using optical constants from 
the reference literature for the oxides. This method is use- 
ful in the determination of both composition and film 
thickness of simple oxide films, and extends over a wide 
range of layer thickness (0.01-I0 tLm for Cr20~). 

Many of the features observed in the reflectance spec- 
tra of these thin films can be misleading when compared 
to absorption spectra. These complications arise primar- 
ily from the large (and rapidly varying) indexes of refrac- 
tion for metal oxides, the rough nature of the oxide films, 
the presence of complex oxide phases, and several exper- 
imental parameters (angle of incidence, angle of diver- 
gence, beam polarization). 

Finally, theoretical calibration factors for the determi- 
nation of film thickness have been derived for three tran- 
sition metal oxides. These factors utilize the most intense 
oxide reflectance band and are useful in a region where 
the negative logarithm of the reflectance band increases 

linearly with film thickness. These values are in marked 
contrast to those of an earlier study (18), and this discrep- 
ancy is attributed to differences in the experimental re- 
flectance optics used in the two investigations. 

Acknowledgments 
I would like to thank Karen Siegfriedt, who prepared 

many of the experimental samples for this investigation, 
and who also collected some of the experimental data in 
addition to incorporating several modifications in the 
reflectance optics. I would also like to thank John 
Hamilton for kindly providing the thin chromium oxide 
films grown on bulk chromium substrates, and Alan 
Nagelberg for his helpful discussion of metal oxidation. 
This work as supported by the U.S. Department of En- 
ergy under  Contract DE-AC04-76DP00789. 

Manuscript submitted Jan. 21, 1985; revised manuscript  
received April 22, 1985. 

Sandia National Laboratories assisted in meeting the 
publication costs of this article. 

REFERENCES 
i. W. D. Berreman, Phys. Rev., 130, 2193 (1963). 
2. R. G. Greenler, J. Chem. Phys., 44, 310 (1966). 
3. R. G. Greenler, ibid., 50, 1963 (1969). 
4. R. G. Greenler, J. Catal., 23, 42 (1971). 
5. W. G. Golden, J. Phys. Chem., 82, 843 (1978). 
6. R. M. A. Azzam and N. M. Bashara, "Ellipsometry and 

Polarized Light," North Holland, Amsterdam (1977). 
7. J. Pritchard and T. Catterick, "Experimental Methods 

in Catalytic Research," Vol. 3, p. 281, Academic 
Press, New York (1976). 

8. G. W. Poling, This Journal, 114, 1209 (1967). 
9. M. Ito and W. Suetaka, J. Catal., 54, 13 (1978). 

i0. J. F. Blanke, Spectrochim. Acta, 32A, 163 (1976). 
II. F. J. Boerio and S. L. Chen, Appl, Spectrosc., 33, 121 

(1979). 
12. D. L. Allara, Macromolecules, II, 1215 (1978). 
13. A. E. Dowrey and C. Mareott, Appl. Speetrosc., 36, 414 

(1982). 
14. G. W. Poling, This Journal, 116, 958 (1969). 
15. C. M. Phi]lippi and S. R. Lyon, Phys. Rev. B, 3, 2086 

(1971). 
16. A. J. Maeland, Thin Solid Films, 21, 67 (1974). 
17. F. J. Boerio and L. Armogan, Appl. Spectrosc., 32, 509 

(1978). 
18. F. P. Mertens, Corrosion, 34, 359 (1978). 
19. F. P. Mertens, Surf. Sci., 71, 161 (1978). 
20. R. J. Thibeau, Appl. Spectrosc., 32, 532 (1978); R.J .  

Thibeau, This Journal, 127, 37 (1980). 
21. D. K. Ottesen and A. S. Nagelberg, Thin Solid Films, 

73, 347 (1980). 
22. M. Handke, Mater. Chem., 5, 199 (1980); M. Handke, J. 

Mater. Sci., 16, 307 (1981); M. Handke and J. 
Dziedzic, J. Mol. Struc., 79, 43 (1982). 

23. G. A. Swallow and G. C. Alien, Oxid. Met., 17, 141 
(1982). 

24. G. C. Allen and G. A. Swallow, ibid., 17, 157 (1982). 
25. O. S. Heavens "Optical Properties of Thin Solid 

Films," pp. 46-95, Dover Publications, New York 
(1965). 

26. W. W. Wendlandt and H. G. Hecht, "Reflectance 
Spectroscopy," p. 67, Interscience Publishers, New 
York (1966). 

27. A. S. Siddiqui and D. M. Treherne, Infrared Phys., 17, 
33 (1977). 

28. D. R. Renneke and D. W. Lynch, Phys. Rev., 138, A530 
(1965). 

29. S. Onari, Phys. Rev. B, 16, 1717 (1977). 
30. I. F. Chang and S. S. Mitra, Phys. Rev., 172, 924 (1968). 
31. F. Twyman and C. B. Allsopp, "Practice of Absorp- 

tion Spectrophotometry,: '  A. Hilger, London (1934). 
32. N. Birks and G. H. Meier, Introduction to High Tem- 

erature Oxidation of Metals," Edward Arnold 
ubl., London (]983). 

33. P. J. Gielisse, J. Appl. Phys., 36, 2446 (1965). 



Electrochemical Determination of Standard Gibbs Energies of 
Formation of Rare-Earth Oxysulfides and Oxysulfates 
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ABSTRACT 

The oxygen chemical potentials established by the equilibrium reactions between the rare-earth (La, Ce, Nd, Gd, 
and Y) oxysulfide and the corresponding rare-earth oxide or oxysulfate were measured in the temperature range 
1200-1500 K using the cell 

Au, oxysulfide, oxide or oxysulfate, S-O gas (= 1 atm)lZrO~(+ CaO)lair, Pt 

where S-O gas represents the gas mixture whose species consist of only sulfur and oxygen. The sulfur chemical poten- 
tials were determined by calculations on the complex equil ibrium reactions among gas species under the restriction of 
the constant total pressure. The standard Gibbs energy changes for the reactions were calculated from these results re- 
garding that the activities of the participating solid components were unity. The standard Gibbs energies of formation of 
Ce~O~S, Nd~O~S, Gd.,O2S, Y20.,S, Nd202SO4, and Gd202SO4 were determined from these data. The standard Gibbs ener- 
gies of formation of Ce~O2S obtained in this study were slightly more negative than that determined with gas equilib- 
rium method by Fruehan. The Gibbs energies of formation of oxysulfides estimated by Gschneidner et al. were found 
to agree fairly well with the present experimental  results. 

Rare-earth elements have been widely used in the in- 
dustrial material production processes as additives to im- 
prove the properties of the product. In these applications, 
rare-earth elements are sometimes used in the environ- 
ment  where the oxygen and sulfur are both contained as 
the components. For example, they are used as deoxidi- 
zer, desulfurizer, and modifier of the morphology of in- 
clusions in the steel production, are used to control the 
graphite morphology in the production of cast iron, and 
are used as the additives to improve the high temperature 
corrosion resistance properties. To use them efficiently 
in these applications, it is important to understand the 
thermodynamic aspects of the system containing both 
sulfur and oxygen. However, thermodynamic data of rare- 
earth compounds with sulfur and oxygen are very lim- 
ited. Especially, the temperature dependence of the 
Gibbs energies of formation of rare-earth oxysulfides are 
not known except  for Ce~O2S (1), in spite of those indus- 
trially important as rare-earth-doped phosphors. 

It has been ascertained that the EMF method em- 
ploying the stabilized zirconia solid electrolyte is a useful 
tool for investigating the thermodynamic properties of 
the systems containing both sulfur and oxygen as the 
components. The present authors have utilized this 
method on the thermodynamic studies of the system 
Bi-S-O (2, 3), Ag-S-O (4), and Pb-S-O (5) and have gotten 
satisfactory results. In the present work, the same method 
was applied to RE-S-O systems (RE = La, Ce, Nd, Gd, and 
Y) to determine the Gibbs energies of formation of oxy- 
sulfides and oxysulfates of these elements. 

Recently, Dwivedi and Kay (6) measured the oxygen 
partial pressures corresponding to the oxysulfide/oxy- 
sulfate equilibrium using a similar EMF method; they de- 
termined the Gibbs energy changes for the reactions be- 
tween the oxysulfides and the respective oxysulfates. 
However, the Gibbs energies of formation of either com- 
pound could not be determined. For Ce and Y, they also 
measured the oxygen partial pressures corresponding to 
the oxide/oxysulfide equilibrium in the condition that Ag 
and AgeS coexisted (7); the Gibbs energies of formation of 
Ce202S and Y~O~S were determined based on those of ox- 
ides, but their temperature dependences could not be ob- 
tained because the cells operated successfully over a very 
limited temperature range. 

In the present experiment,  the oxygen partial pressures 
corresponding to the oxide/oxysulfide equilibrium were 

1Present address: Department of Material Engineering, Na- 
goya Institute of Technology, Gokiso-cho, Showa-ku, Nagoya 
466, Japan. 

2Present address: Nippon Steel Corporation, Tokai, Nagoya 
476, Japan. 

measured in "quasi isobaric closed" conditions. The equi- 
l ibrium sulfur pressures were determined by calculations 
on the complex equilibrium reactions among gas species. 
The Gibbs energies of formation of oxysulfides, there- 
fore, could be determined directly from those of oxides 
for more wide temperature range. The Gibbs energies of 
formation of oxysulfates were also determined from these 
data. 

Theory 
A metal-sulfur-oxygen system at a constant tempera- 

ture may be thermodynamically characterized by the 
equilibrium oxygen and sulfur partial pressures. In these 
two variables, the oxygen partial pressure may be mea- 
sured preferentially with the coexisting sulfur partial 
pressure by using oxygen galvanic cell employing stabil- 
ized zirconia as solid electrolyte (8). When the equilibrium 
oxygen partial pressure is known, the equilibrium sulfur 
partial pressure may be determined by calculation if the 
gas phase.consists of the species made only from oxygen 
and sulfur atoms and if its total pressure was known. 
Since this method was first used by Larson and Elliott (9) 
to determine the Gibbs energies of formation of several 
sulfides, it has been used to measure the Gibbs energies 
of formation of sulfates (10-13), to measure the activities 
of sulfur in liquid melts (2, 4), and to study the phase 
equilibria in metal-sulfur-oxygen systems (5, 14, 15). In 
those experiments,  it was most of the cases that the gas 
phase may be substantially regarded to be pure SO~ or S~. 
Even if this condition is not satisfied, sulfur partial pres- 
sure can be determined by calculation when the thermo- 
dynamic data of all coexisting gas species is known, as is 
explained below. 

According to the phase rule, the degree of freedom is 
two when three phases are contained in a system which is 
composed of three elements, RE, S, and O (RE = La, Ce, 
Nd, Gd, and Y). In these systems, the unique oxygen par- 
tial pressure is, therefore, established when the two con- 
densed phases and a gas phase coexist in the equilibrium 
state at a given temperature and a given total pressure. 
The oxygen partial pressure established over the two con- 
densed phases may be measured by the following gal- 
vanic cell 

Pt, Au, oxysulfide, oxide or oxysulfate, 

S-O gas (= 1 atm)lZrO~ (+CaO)lair, Pt [1] 

When the ionic transport number  of the solid electrolyte 
may be considered to be 1--and this condition is satisfied 
in the present experiment  (16)---EMF of the above cell is 
given as 
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E = -(1/4F)  R T  in  (PoJ0.21) [2] 

where ,  E is t he  r e v e r s i b l e  cell, EMF,  R is t h e  gas cons t an t ,  
T is t he  t e m p e r a t u r e  of  t he  cell, a n d  Po., is t he  e q u i l i b r i u m  
o x y g e n  par t i a l  p r e s s u r e  of  t h e  lef t  e l ec t rode  (17). There -  
fore, t he  o x y g e n  par t i a l  p r e s s u r e  at  t h e  lef t  e l ec t rode  m a y  
be  d e t e r m i n e d  b y  m e a s u r i n g  t he  E M F  of  the  cell. T h e  par-  
tial p r e s s u r e s  of  o t h e r  gas  species ,  S, ,O, ,  (e.g., SOs_,, SO3, 
etc.) m a y  b e  r e p r e s e n t e d  in a f u n c t i o n  of  su l fu r  par t ia l  
p r e s s u r e  a n d  o x y g e n  par t i a l  p r e s s u r e  u s i n g  t he  fo l lowing  
e q u i l i b r i u m  re l a t ions  

(m/2) S., + (n/2) 02 - S,,O, [3] 

Ps,,o,/(Ps.,)'2(Pos) "12 = exp  ( -AG"~RT) [4] 

where ,  AG% is t he  s t a n d a r d  G i b b s  e n e r g y  of  f o r m a t i o n  of  
S,,O,. On t he  o t h e r  h a n d ,  f rom t he  c o n d i t i o n  t h a t  t he  to ta l  
p r e s s u r e  is k e p t  c o n s t a n t  

Ps,,o, = Ptotal [5] 

The  su l fu r  p r e s s u r e  may,  the re fo re ,  b e  ca lcu la ted  b y  
so lv ing  Eq. [4] a n d  [5] s i m u l t aneous l y .  T he  de ta i l  of  th i s  
ca l cu la t ion  was  a l r eady  r e p o r t e d  e l s e w h e r e  (2). 

When pure condensed phases RE~S,~O~., and 
RE~2S~20~ are in equilibrium with gas phase of the total 
pressure Pto~, the equilibrium reaction may be repre- 
sented by 

RE~,S~,O:,  + [(x,y.., - x.~y,)/2x~] Ss 

+ [(X,Zs - XsZ,)/2x2] 0._, = (x,/x.~) RE.~2S~20~ " [6] 

The  G i b b s  e n e r g y  c h a n g e  of  th i s  r e a c t i o n  m a y  b e  g iven  in 
t e r m s  of  t h e  c h e m i c a l  p o t e n t i a l  of  o x y g e n  a n d  t h e  chemi -  
cal p o t e n t i a l  of su l fu r  b y  

AG ~ = [(x~ys - x.2y,)/2Xs] R T  in  (Ps..,/Pt,,ta~) 

+ [(x,z,2 - x..,z~)/2xs] R T  in  (PoJPtotal) [7] 

In  t he  p r e s e n t  ca lcu la t ions ,  SOs, S~O, SO:, S, $2, S:~, $4, 
S~, S,, $7, Ss, O, Os, a n d  O:~ are  c o n s i d e r e d  as  t he  coexis t -  
ing  gas species .  The  G i b b s  ene rg i e s  of  f o r m a t i o n  of  t h e s e  
gas  c o m p o n e n t s ,  e x c e p t  t h a t  of  SO~, we re  a d o p t e d  f rom 
the  c o m p i l e d  da ta  of  B a r i n  a n d  K n a c k e  (18). Fo r  t h e  f ree  
e n e r g y  of  f o r m a t i o n  of  SOs, t he  ca l cu l a t ed  va lues  b a s e d  
on  t he  C O D A T A  key  va lues  hH"2,s a n d  hS'%s (19) a n d  t he  
da ta  of  ACp c o m p i l e d  b y  T P R C  (20) we re  used.  These  
da ta  are  s h o w n  in  Tab le  I. 
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t he  La-S-O sys t em,  ox ide  a n d  sulf ide  p h a s e s  were  u s e d  
as t he  c h a r g i n g  mater ia l s .  

A p p a r a t u s . - - T h e  s c h e m a t i c  d i a g r a m  of  t he  a p p a r a t u s  
a n d  t h e  cell  a s s e m b l y  are i l l u s t r a t ed  in  Fig. 1. A n  11 m o l e  
p e r c e n t  (m/o) CaO s tab i l ized  z i rconia  t u b e  (5 m m  id, 8 m m  
od, a n d  300 m m  leng th )  c losed  at  one  e n d  supp l i ed  f rom 
N i p p o n  K a g a k u  Togyo  C o m p a n y  L i m i t e d  was  u s e d  as t he  
solid e lec t ro ly te  of  t h e  cell. A i r -P t  r e f e r e n c e  e l ec t rode  was 
p r e p a r e d  on  t he  ou t s ide  of t h e  c losed  e n d  of t he  t u b e  b y  
p a i n t i n g  p l a t i n u m  pas t e  a n d  h e a t i n g  it in a i r  a t  1300 K. Ai r  
was  f lowed a t  t h e  r a t e  0.8 cm:Vs ove r  t he  r e f e r e n c e  
e lec t rode .  Gold,  w h i c h  is v i r tua l ly  i nac t ive  to b o t h  su l fu r  
a n d  oxygen ,  was  u s e d  for the  ma te r i a l  of  t he  w o r k i n g  
e l ec t rode  b e c a u s e  t he  electr ic  c o n d u c t i v i t i e s  of  t h e s e  
s a m p l e s  are v e r y  low. I r i d i u m  wire  spo t -we lded  to Kan-  
tha l  wi re  was  u s e d  as t he  lead wi re  to t he  w o r k i n g  elec- 
t rode ,  w h i c h  was  p r o t e c t e d  f rom co r ro s ion  by  su l fu r  a n d  
o x y g e n  u s i n g  a l u m i n a  s h e a t h  a n d  a l u m i n a  cement .  Tem-  
p e r a t u r e  was  m e a s u r e d  b y  the  P t - P t  13% R h  t h e r m o c o u -  
ple  in  t he  p r o t e c t i n g  t u b e  w h i c h  is t o u c h e d  to t he  b o t t o m  
of the  z i rcon ia  tube .  A K a n t h a l - w o u n d  fu rnace  a n d  a n  
e lec t ron ic  c o n t r o l l e r  were  u sed  to m a i n t a i n  t he  t empe ra -  
t u r e  of t he  cell  w i t h i n  _+ 1 K to t h e  se lec ted  values .  

P r o c e d u r e . - - I n  t h e  p r e s e n t  work ,  all m e a s u r e m e n t s  are  
on  t he  t w o - c o n d e n s e d  p h a s e  equi l ib r ia .  I t  is n o t  n e c e s s a r y  
tha t  t he  rat io  of  t h e  a m o u n t s  of  c h a r g e  ma te r i a l s  be  cho-  
sen  r ig id ly  to a ce r t a in  value .  The  ra t io  of  oxysu l f ide  to 
ox ide  is se l ec ted  to be  a b o u t  2:1, b e c a u s e  t he  su l fu r  is 
t r a n s f e r r e d  to gas  p h a s e  b y  s u b l i m a t i o n  or the  r eac t ion  
w i th  t he  o x y g e n  p e r m e a t e d  t h r o u g h  t h e  z i rconia  electro-  
ly te  owing  to i ts sma l l  e l ec t ron ic  conduc t i on .  A s l ight  
a m o u n t  of  p u r e  su l fu r  was  a d d e d  to t h e m  in t he  severa l  
s y s t e m s  e x h i b i t i n g  t he  re la t ive  h i g h  par t ia l  p r e s s u r e  of  
su l fu r  to c h e c k  t he  re l iab i l i ty  of  t he  E M F  data.  They  were  
wel l  m i x e d  in a mor ta r ,  a n d  0.6g of  t h e m  were  u s e d  as t he  
cha rge  mater ia l .  A b o u t  l g  of  p u r e  go ld  b e a d  was loaded  a t  
the  b o t t o m  of  t h e  z i rconia  tube ,  a n d  t h e  lead  wi re  was  se t  
to t o u c h  it. The  s a m p l e  was  t h e n  c h a r g e d  over  t he  gold 
a n d  t he  z i r con ia  c r u c i b l e  was  wel l  t a p p e d  to e n s u r e  t he  
d e n s e  pack ing .  

The  r eac t i on  c o m p a r t m e n t  of t he  cell  was  first  evacu-  
a ted  at  473 K to a v a c u u m  of 0.1 Pa,  a n d  t h e n  pur i f ied  
SO~ was  i n t r o d u c e d .  SOs was  a l l owed  to overf low 

Experimental 
M a t e r i a l s . - - R a r e - e a r t h  ox ides  (La._,Q, CeO~, Nd20:~, 

GdsO:~, a n d  Y20:~) were  all s u p p l i e d  f rom S h i n e t s u k a g a k u  
C o m p a n y  L imi t ed .  T he  pur i t i e s  of t h e s e  ox ides  are  
99.99% for La  a n d  Y a n d  99.9% for Ce, Nd, a n d  Gd. Ma in  
i m p u r i t i e s  w e r e  t he  o t h e r  r a re -ea r th  oxides .  All  r a r e - ea r th  
oxysu l f ides  e x c e p t  La202S were  p r e p a r e d  by  h o l d i n g  the  
r e s p e c t i v e  ox ide  p o w d e r s  in  t h e  a l u m i n a  c ruc ib l e  at  
1473 K for  10,800s u n d e r  f lowing H~S a t m o s p h e r e .  The  
p r o d u c t  p h a s e s  are  iden t i f i ed  by  x- ray  d i f f rac t ion  analy-  
sis. Fo r  l a n t h a n u m ,  oxysu l f ide  p h a s e  was  no t  f o r m e d  b y  
t he  a b o v e  cond i t i ons ,  b u t  La2S3 was  o b t a i n e d  by  h o l d i n g  
at  913 K for  3600s w i th  t he  s a m e  p r o c e d u r e .  Therefore ,  for  

Table I. Standard Gibbs energy changes of the reactions 
used in the calculation 

Reactions 5G ~ (J) Ref. 

(1/2)S~ + O~ = SO2 -361,540 + 72.92 
(1/2)S, + (1/2)O~ = SO -57,550 - 5.32 
S~ + (1/2)O~ = $20 -168,600 + 63.19 
(1/2)S~ + (3/2)O._, = SO:~ -457,900 + 164.10 
(1/2)$2 = S 218,800 + 60.15 
(3/2)S._, = S:~ -44,570 + 63.02 
2S~ = $4 -58,850 + 114.6 
(5/2)S~ = S~ -199,000 + 231.9 
3S~ = So -269,200 + 302.9 
(7/2)S.2 = $7 -324,900 + 370.4 
4S~ = $8 -388,500 + 444.6 

T (19, 20) 
T (18) 
T (18) 
T (18) 
T (18) 
T (18) 
T (18) 
T (18) 
T (18) 
T (18) 
T (18) 

Kanthal w i r e -~  

Pt wire 

Mullite tube 

Furnace 

Pt- paste 

Ir w i r e /  

Rubber stopper 

S02 

  Vocoum 

uid paraffir 

!-nL--ZrO~ (+COO) tube 

~ Sample 

Au 

Fig. 1. Schematic diagram of cell assembly 
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t h r o u g h  t h e  l iqu id  para f ine  b u b b l e r  loca ted  nea r  t he  gas 
in l e t  of t h e  a p p a r a t u s  as s h o w n  in  Fig. 1 to keep  t he  total  
p r e s s u r e  equa l  to t he  a t m o s p h e r i c  p ressure .  In  s u c h  
" q u a s i  i sobar ic  c losed"  cond i t ions ,  t he  cell  was  h e a t e d  to 
the  t e m p e r a t u r e s  to be  s tudied .  T he  c o n d i t i o n  m e n t i o n e d  
in t he  t heo re t i c a l  sect ion,  i.e., gas  p h a s e  m u s t  b e  m a d e  
f rom the  spec ies  w h i c h  cons i s t  of on ly  su l fu r  a n d  o x y g e n  
and  the  to ta l  p r e s s u r e  m u s t  be  k e p t  cons t an t ,  cou ld  be  
sat isf ied by  t h i s  m e t hod .  This  is a s c e r t a i n e d  in o the r  
works  of t he  a u t h o r s  by  c o m p a r i n g  t he  da ta  b y  th i s  
m e t h o d  w i th  t h o s e  b y  o the r  m e t h o d s  (2-5). The  cell 
s h o u l d  first b e  h e a t e d  to t he  t e m p e r a t u r e  over  the  melt-  
ing  po in t  of go ld  to e s t ab l i sh  t he  good  c o n t a c t  b e t w e e n  
gold and zirconia solid electrolyte; the lead wire was low- 
ered until it touched the liquid gold electrode; the tem- 
perature was changed to the preselected one; and the 
EMF measurement was started. The EMF was recorded 
with time, and, when at a given temperature EMF main- 
tained a constant value within 0.2 mV for at least 1800s, 
the value was adopted as a data. The measurement was 
performed within the temperature range 1200-1500K. 
Thermoelectromotive force between Kanthal and plati- 
num lead wires was measured beforehand, and the EMF 
of the cell was corrected according to the data. All EMF 
values in this paper are these corrected values. The atmo- 
spheric pressure was measured by a mercury manometer. 
The total pressure of the reaction compartment of the cell 
was taken to be equal to the atmospheric pressure. The 
effect of the daily change of atmospheric pressure on the 
EMF of the cell was found to be negligibly small. After 
the measurement was completed, the cell was pulled out 
from the furnace at appropriate temperature and cooled 
swiftly in air. The quenched samples were subjected to 
the x-ray analysis for the identification of the phases at 
each equilibrium. 

Results and Discussion 
Cell performance.--When t h e  cell  was  first  h e a t e d  f rom 

the  r o o m  t e m p e r a t u r e  to t he  p r e s e l ec t ed  one  a b o u t  
1350 K, i t  t o o k  a p p r o x i m a t e l y  12,000s to ge t  a s t ab le  EMF 
af ter  t he  cell t e m p e r a t u r e  was  s tabi l ized.  Af te rwards ,  t he  
e q u i l i b r i u m  t i m e  was  a b o u t  2000s for t he  s u b s e q u e n t  
c h a n g e  of  t e m p e r a t u r e  by  a b o u t  30 K in e i the r  a s c e n d i n g  
or d e s c e n d i n g  d i rec t ion .  The  i n n e r  r e s i s t ance  of t h e  cell 
was  eva lua t ed  b y  m e a s u r i n g  the  E M F  c h a n g e  w h e n  a 
smal l  c u r r e n t  was  i m p r e s s e d  f r o m  an  e x t e r n a l  p o w e r  
source  t h r o u g h  it. Mos t  of  t he  cells h a d  t he  i n n e r  resist-  
ances  be low 1 k~ ;  s t ab le  va lues  of E MF were  o b t a i n e d  
u s i n g  t h e s e  cells. A few cells  e x h i b i t  t he  i n n e r  r e s i s t a n c e  
more  t h a n  100 k~ ;  s t ab le  E M F ' s  were  no t  o b t a i n e d  w i th  
t he se  cells, a n d  t he  r e s u l t i n g  data  were  d i sca rded .  The  re- 
ve r s ib i l i ty  of  t he  cell  was  c h e c k e d  by  pa s s i ng  a c u r r e n t  
for a sho r t  t i m e  t h r o u g h  t h e  cells e x h i b i t i n g  t he  s tab le  
EMF;  t he  E M F  was  o b s e r v e d  to r e t u r n  to t he  or iginal  
va lue  in a sho r t  t ime.  

The  w h o l e  gas p h a s e  does  no t  c o m e  to t he  e q u i l i b r i u m  
in  th i s  m e a s u r e m e n t  b e c a u s e  it  e x t e n d s  to t he  r o o m  tem-  
p e r a t u r e  zone.  The  c o n d i t i o n  of t he  m e a s u r e m e n t  is 
sat isf ied w h e n  t h e  gas p h a s e  a r o u n d  t he  c o n d e n s e d  
p h a s e  c o m e s  to equ i l i b r ium.  To con f i r m  it  was  the  case, 
t he  f low ra te  of  t h e  over f lowing  SO~ was  va r i ed  a n d  t h e  
loca t ion  of t h e  gas ou t le t  was  c h a n g e d ;  t he  E M F ' s  we re  
no t  a f fec ted  b y  t h e s e  mat te r s .  F u r t h e r m o r e ,  in s o m e  ex-  
p e r i m e n t s ,  t h e  q u a n t i t i e s  of  t he  p u r e  su l fu r  a d d e d  to t he  
s p e c i m e n s  we re  va r i ed  in  s epa ra t e  runs ;  t he  r e s u l t i n g  
da ta  d id  no t  e x h i b i t  t he  s ign i f i can t  d i f f e rences  a m o n g  
these  runs .  T h e  m e a s u r e m e n t s  we re  p e r f o r m e d  wi th  b o t h  
a s c e n d i n g  a n d  d e s c e n d i n g  t e m p e r a t u r e s ;  t he  overal l  re- 
p r o d u c i b i l i t y  of  t h e  E M F  va lues  was  exce l len t .  F r o m  
t h e s e  facts,  i t  was  c o n c l u d e d  t h a t  t h e  e q u i l i b r i u m  be- 
t w e e n  t h e  s p e c i m e n  a n d  t he  gas p h a s e  a r o u n d  it  we re  es- 
t a b l i s h e d  u n d e r  1 a t m  to ta l  p ressure .  

The  gas c o m p o s i t i o n  a r o u n d  t he  s p e c i m e n  m a y  be  esti- 
m a t e d  by  ca l cu l a t i ons  on  the  c o m p l e x  e q u i l i b r i u m  reac- 
t ions .  Typica l  e x a m p l e s  of  t he  r e su l t  are i n d i c a t e d  in 
Tab le  II. Case  1 is for  t he  m e a s u r e m e n t  on  Ce-S-O at  
1191 K; i t  is t he  m o s t  r e d u c e d  s ta te  a m o n g  the  p r e s e n t  ex-  

Table II. Typical examples of calculated gas composition 

Species Case 1 (%) Case 2 (%) 

SO2 5.9991 99.6020 
SO 0.0158 0.0985 
S~O 0.2939 0.0191 
SO:~ Trace 0.0006 
S 0.00003 0.00005 
S~ 89.7096 0.2795 
S:~ 3.9108 0.0003 
$4 0.0382 Trace 
S~ 0.0312 Trace 
S, 0.0070 Trace 
$7 0.0005 Trace 
$8 0.00004 Trace 
O Trace Trace 
O~ Trace Trace 
O:~ Trace Trace 

Table III. Least squares analysis of cell EMF data 

Equilibrium Standard Temperature 
condensed EMF (mV) = A + BTdeviation range 

phases A (mV) B (mV/K) (mV) (K) 

La~O~SO4, La~O2S 1173 .5  -0.4442 2.4 1190-1510 
CeO~, Ce~O.,S 1087.8 -0.2945 1.2 1180-1530 
Nd~O2SO~, Nd20~S 1134.0  -0.4314 1.2 1170-1400 
N d._.O:~, Nd~O,S 728.3 -0.1413 0.4 1400-1510 
Gd20:,, Gd~O~S 710.5 -0.0795 2.0 1250-1510 
Y~O:~, Y~O~S 747.9 -0.1351 1.8 1190-1500 

p e r i m e n t s ;  t he  m a i n  gas  spec ies  is S~. Case  2 is for the  
m e a s u r e m e n t  on  Nd-S-O at 1400 K; it is a m o r e  ox id ized  
state;  SOs is t he  m o s t  p r e d o m i n a n t  species .  

The  s p e c i m e n s  of  t he  q u e n c h e d  cells we re  easi ly  sepa-  
r a t ed  f r o m  its e lec t rolyte ;  careful  i n s p e c t i o n  of t h e m  
s h o w e d  t h a t  n o  r eac t i ons  b e t w e e n  t he  s p e c i m e n  a n d  t he  
e lec t ro ly te  occur red .  Fo r  all t h e  r e l a t ed  c o m p o u n d s ,  the  
x-ray p a t t e r n s  o b t a i n e d  f rom the  s p e c i m e n s  af te r  t he  mea-  
s u r e m e n t s  c o r r e s p o n d e d  closely to t he  s t a n d a r d  A S T M  
I n d e x  pa t t e rn s  no ted .  Th i s  e v i d e n c e  i nd i ca t e s  t h a t  the  ac- 
t iv i t ies  of the  c o n d e n s e d  p h a s e s  d id  no t  dev ia te  so great ly  
f rom un i t  ones  af te r  the  r eac t ions  in  t he  m e a s u r e m e n t s .  
In  v iew of  t he  fac t  t h a t  t he  e r rors  i n t r o d u c e d  f rom the  
c o n t a m i n a t i o n  of t h e  c o n d e n s e d  p h a s e  are re la t ively  
small ,  all t h e  c o m p o u n d s  were  r e g a r d e d  to b e  at  un i t  ac- 
t iv i ty  in  t he  ca l cu l a t i on  of the  G i b b s  e n e r g y  c h a n g e  for 
the  reac t ions .  

The  r e su l t s  for t he  i n d i v i d u a l  s y s t e m  will  b e  s t a t ed  sep- 
a ra te ly  be low.  

La-S-O system.--Powdered La~S:~ a n d  La~O:~ were  u s e d  
as the  c h a r g e  mater ia l s .  The  E M F  m e a s u r e d  is s h o w n  in 
Fig. 2 a n d  t he  e q u a t i o n  of leas t  s q u a r e  r eg re s s ion  ana lys i s  
is g iven  in Tab le  III.  I t  was  a s c e r t a i n e d  f rom x-ray analy-  
sis t h a t  t he  p h a s e s  ex i s t i ng  at  t he  equ i l ib r i a  were  La~O.,S 
a n d  La20=,SO4. The  e q u i l i b r i u m  r eac t i on  m a y  b e  repre-  
s e n t e d  b y  

800 , , , , 
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Fig. 2. Variations of EMF with temperature for the cells [Pt, CeO~, 
CezO2StZrO.l+CaO)lair, Pt] and [Pt, La.~02S04, La202SJZr02 (+  
CaO)Jair, Pt]. The different symbols represent the separate runs of 
experiments. 



Vol. 132, No.  9 R A R E - E A R T H  O X Y S U L F I D E S  A N D  O X Y S U L F A T E S  

La._,O2S + 2 O2 = La,,O2SO4 [8] 

When  bo th  phase s  were  cons ide red  to be  pure ,  the  Gibbs  
ene rgy  change  may  be r e p r e s e n t e d  by 

AG~ = 2RT in Po2 [9] 

These  va lues  w e r e  ca lcula ted  f rom the  m e a s u r e d  o x y g e n  
part ial  p r e s s u r e s  and  are r e p r e s e n t e d  as a func t ion  of  tem-  
pe ra tu re  in Table  IV. 

This s y s t e m  was  recen t ly  s tud ied  by  Dwivedi  and  Kay 
(6) based  on the  m e t h o d  s imi lar  to ours.  They  m e a s u r e d  
the  equ i l i b r ium oxygen  part ia l  p r e s su re s  of reac t ion  [8] 
u n d e r  the  c o e x i s t e n c e  of  La:O:~. The  total  p r e s s u re  of  
S,,O, in the i r  e x p e r i m e n t a l  cond i t i on  m u s t  be very  low as 
c o m p a r e d  With the  p r e s e n t  m e a s u r e m e n t .  Their  data  are 
also s h o w n  wi th . a  da shed  l ine in Fig. 2. As is seen  in the  
figure, the  a g r e e m e n t  b e t w e e n  two m e a s u r e m e n t s  is very  
good, w h i c h  s h o w s  tha t  the  "quas i  i sobar ic  c losed"  condi-  
t ions  m e n t i o n e d  in the  Theory  sec t ion  are sat isf ied in the  
p r e s e n t  m e a s u r e m e n t .  

In the  t e m p e r a t u r e  range  s tud ied ,  La20:, was  no t  in 
equ i l i b r ium wi th  oxysul f ide  phase .  The Gibbs  energ ies  
of  fo rma t ion  of  e i ther  La202S or La202SO4, therefore ,  
could  no t  be d e t e r m i n e d  in th is  s tudy.  

Ce-O-S system.--CeO~ and  Ce202S were  used  as the  
charge  mater ia ls .  The m e a s u r e d  E M F ' s  are s h o w n  in Fig. 
2; the  resu l t  o f  t he  r eg ress ion  analys is  is g iven in Table  
III. The x-ray analys is  of  the  q u e n c h e d  s p e c i m e n  s h o w e d  
tha t  the  coex i s t ing  phase s  w e r e  CeOz and  Ce202S. The 
equ i l ib r ium reac t ion  is r e p r e s e n t e d  as 3 

2CEO2 + (1/2)$2 = Ce202S + O2 [10] 

As b o t h  c o n d e n s e d  phase s  may  be  c o n s i d e r e d  to be pure,  
the  Gibbs  ene rgy  change  of  the  reac t ion  may  be  repre-  
s en t ed  by 

AG~ = - R T  In (Po.JPs2,2) [11] 

The va lues  of  AG~ were  eva lua ted  us ing  the  m e a s u r e d  
oxygen  part ia l  p r e s s u r e  and  the  su l fur  part ial  p r e s s u r e  
ca lcula ted  by  the  m e t h o d  m e n t i o n e d  earlier. The least  
squares  analys is  gave the  equa t i on  as a func t ion  of  tem-  
pera tu re  l i s ted  in Table  IV. The s t anda rd  Gibbs  ene rgy  of  
fo rma t ion  of  C%O~S was  ca lcula ted  f rom these  resul ts  
us ing  the  Gibbs  ene rgy  of  fo rma t ion  of  CeO2 recom-  

3Strictly speaking, cerium oxide must be represented by 
CeO~ .~, where x is a function of the equilibrium oxygen partial 
pressure. It was ascertained, however, that the error introduced 
from neglecting this effect is so small that CeO2 was assumed in 
this study. 
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m e n d e d  by  G s c h n e i d n e r  et al.; the  resul ts  are s h o w n  in 
Fig. 3, and  the  least  squares  equa t ion  is l i s ted  in Table  V. 
In  the  figure, the  m e a s u r e d  value  by  F r u e h a n  (1), who  
used  gas -equ i l ib r ium me t h o d ,  is also s h o w n  wi th  a dot-  
d a s h ed  line. The p r e s e n t  resul ts  are 7.5 k J  nega t ive  t h a n  
theirs.  The do t t ed  l ine s h o w s  the  e s t ima ted  value  by  
G s c h n e i d n e r  et al. (21). A g r e e m e n t  wi th  the  p r e s e n t  resu l t  
is fairly good  in v iew of  t he  large e s t ima ted  unce r t a in ty  
(60 k J) g iven  to the i r  values.  In  Fig. 3, t he  value r epo r t ed  
by Dwived i  and  Kay (7) is also shown.  They  used  the  re- 
ac t ion b e t w e e n  Ag and  Ag2S to fix the  part ia l  p r e s su re  of  
sulfur.  The rel iabil i ty of  the  value, therefore ,  d e p e n d s  on 
the  data  of  t he  Gibbs  ene rgy  of fo rma t ion  of  Ag2S. How- 
ever, the  ex t r apo la t ed  value of t he  p r e s e n t  resu l t  agrees  
wi th  it very  well  w i th in  the  error  of  only  4 kJ .  

Nd-S-O system.--The charge  mater ia l s  were  Nd20:~ and  
Nd202S. The m e a s u r e d  EMF's  are s h o w n  in Fig. 4; the  re- 
sult  o f  the  r eg ress ion  analysis  is g iven in Table III. As can 
be seen  f rom this  figure, t he re  is f o u n d  a m a r k e d  b reak  
in the  t e m p e r a t u r e  d e p e n d e n c e  of  EMF a round  1400 K. 
One may  infer  tha t  one  of  t he  equ i l ib r ium p h as e s  is t rans-  

Table IV. Standard Gibbs energy changes of the reactions determined in the present work 

Estimated Temperature 
Reaction AG ~ (J) uncertainty (J) range (K) 

LabOrS + 2 O~ = La202SO4 
2CeO~ + (1/2)$2 = Ce.zO2S + O2 
Nd203 + (1/2)S~ = Nd202S + (1/2)O2 
Nd2Q, S + 2 02 = Nd202SO~ 
Gd~O3 + (1/2)$2 = GdzO2S + (1/2)O~ 
Y20~ + (1/2)$2 = Y.~O~S + (1/2)O2 

-905,880 + 317.2 �9 T • 1190-1510 
423,910 - 104.5 �9 T • 1180-1530 

60,800 + 10.10. T • 1400-1510 
-875,400 + 307.4 . T • 600 1170-1400 

73,060 + 12.89. T • 1250-1510 
65,330 + 33.87 �9 T • 1190-1500 

Table V. Standard Gibbs energy changes of formation for oxysulfides and oxysulfates 

Estimated Temperature 
Reaction AG ~ (J) uncertainty (J) range (K) 

2Ce(1) + O~(g) + (1/2)$2(g) = Ce202S(s) 
2Nd(1) + O~(g) + (1/2)$2(g) = Nd202S(s) 
2Gd(s) + O2(g) + (1/2)$2(g) = Gd202S(s) 
2Y(s) + O2(g) + (1/2)$2(g) = Y~O2S(s) 
2Nd(s) + 3 O2(g) + (1/2)$2(g) = Nd202SO4(s) a 
2Nd(1) + 3 O2(g) + (1/2)$2(g) = Nd20~SO4(s)" 
2Gd(1) + 3 O2(g) + (1/2)$2(g) = Gd202SO4(s) a 

-1,753,500 + 311.4- T 
-1,753,400 + 300.0 T 
-1,741,000 + 288.7 T 
-1,828,000 + 312.5 T 
-2,616,300 + 599.5 T 
-2,629,500 + 609.7 T 
-2,631,700 + 615.6 T 

• 1180-1530 
• 1400-1510 
• 1250-1510 
• 1190-1500 
• 1170-1289 
• 1289-1400 
• I000-1250 h 

a Phase transformations observed in solid Nd203, Nd, and Y20:, are ignored because the accompanied entha]py changes are too small 
compared with the experimental errors. 

b Based on the standard Gibbs energy change for the reaction Gd~O2S + 2 O2 = Gd20~SO4 measured by Dwivedi and Kay. 
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formed to another at the temperature. The x-ray analysis 
was performed for the specimens quenched from higher 
and lower temperatures than this point; it was found that 
the equil ibrium phases were Nd~O:~ and Nd202S for higher 
temperature and Nd202SO4 and Nd202S for lower temper- 
ature, respectively. The equilibrium reactions may, there- 
fore, be represented by 

Nd~O:, + (1/2)$2 = Nd.,O2S + (1/2)O~ (1400 < T < 1500 K) 
[12] 

(1/2)Nd~O2SO4 = (1/2)Nd=O2S + O2 (1150 < T < 1400 K) 
[13] 

The Gibbs energy changes for reactions [12] and [13] were 
calculated from the measured oxygen partial pressures 
and the calculated sulfur partial pressures and are listed 
in Table IV as a function of temperature.  The Gibbs en- 
ergy of formation of Nd._,O2S was calculated using the data 
of Gibbs energy of formation of Nd203 recommended by 
Gschneidner et al. and is shown in Table V. By extrapo- 
lating this value to lower temperature, the Gibbs energy 
of formation of Nd~O2SO4 was also determined by 
combining the measured value for reaction [13] and is 
listed in Table V. 

The EMF values measured by Dwivedi and Kay on the 
reaction between the oxysulfide and the oxysulfate with 
the coexistence of the oxide (6) are shown in Fig. 4. The 
good agreement  between two measurements  shows also 
that the conditions mentioned in the Theory section were 
satisfied in the present experiments.  

Gd-S-O and Y-S-O system.--The oxides and the oxysul- 
tides were used as the charge materials in both systems. 
The measured EM_F's for Gd-O-S system and Y-S-O sys- 
tem are shown in Fig. 5. The results of regression analysis 
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Fig. 5. Variations of EMF with temperature for the cells [Pt, Gd20:, 
GdzO2SIZrO2(+CaO)lair, Pt] and [Pt, Y20:, Y~O2SIZrO2 (+CaO)lair, 
Pt]. The different symbols represent the separate runs of experiments. 

are given in Table III. In the measured temperature 
range, the experimental  points show the linear depen- 
dence on temperature. It was ascertained from the x-ray 
analysis of the quenched samples that the equilibrium 
phases were the oxysulfide and the sesquloxide of each 
element for both systems. The equilibrium reactions may 
be written, respectively, as 

Gd20:~ + (1/2)$2 = Gd202S + (1/2)O2 [14] 

Y20:, + (1/2)$2 = Y202S + (1/2)O2 [15] 

The Gibbs energy changes for these reactions were calcu- 
lated from the measured oxygen partial pressures. The 
calculated sulfur partial pressures are listed in Table IV. 
The Gibbs energies of formation of oxysulfides of these 
elements were calculated based on the Gschneidner's rec- 
ommended values for the Gibbs energies of formation of 
oxides and are shown in Table V. For the Gd-S-O system, 
Dwivedi and Kay (6) have reported the data of the Gibbs 
energy change for the reaction 

(1/2)Gd20~S + 02 = (1/2)Gd~O2SO4 [16] 

Based on their value and the present results, the Gibbs 
energy of formation of Gd202SO4 was determined. The 
calculated value is shown in Table V. 

The Gibbs energy of formation of Y202S is shown in 
Fig. 3. The data of Dwivedi and Kay (7) are 9.4 kJ  more 
positive than ours. The broken line indicates the esti- 
mated value by Gschneidner et al., which agrees fairly 
well with the present result in view of the large uncer- 
tainty given in their report. 

Estimated uncertainty.--In the present measurements 
of the Gibbs energy changes of the reactions, some errors 
are introduced from the uncertainties of the thermody- 
namic data used in the calculation of sulfur chemical po- 
tentials. These errors are estimated as follows. First, we 
assumed the errors of the formation energies of SO~, $20, 
and S, which are considered to have the most serious ef- 
fect on the result of the calculations, to be -+4200, -+2100, 
and -+2100J, respectively. Then, the uncertainties of the 
calculated results were evaluated. The typical values in- 
troduced from this effect were _+4150J for Nd (reaction 
[12]) and -+450J for Ce (reaction [10]). The uncertainties in- 
troduced from the EMF measurement  were added to 
these values and the total uncertainties are shown in 
Table IV. The uncertainties of the free energies of forma- 
tion of oxysulfide and oxysulfate given in Table V are 
considerably large. The main reason for this large uncer- 
tainty comes from the low accuracy of the Gibbs energy 
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Fig. 6. Standard Gibbs energies of formation of Ce202S, Gd202S, 
NdzO2S, Y202S, Gd~O~SO4, and Nd~O2SO4 as a function of 
temperature. 
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of formation of oxides used as the basis of the 
calculations. 

The-thermodynamic stabilities of oxysulfides and oxy- 
sulfates.--The Gibbs energies of formation of oxysul- 
tides and oxysulfates determined in this s tudy are sum- 
marized in Fig. 6. The s tandard entropies of formation of 
oxysulfide and oxysulfate do not vary significantly from 
one rare-earth element  to another,  and have values of 
about -300 and -610 J/K-tool, respectively. Gschneidner  
et al. est imated that  the stabili ty of oxysulfide increases 
as the atomic number  of the consti tuent  rare-earth ele- 
ment  increases. The present  data also may show essen- 
tially a similar trend, but  it is not much clearer. On the 
other hand, the stabili ty of Nd202SO4 is almost the same 
or a little larger than that  of the heavier  rare-earth oxysul- 
fate Gd~O~SO4. Considering that  the oxysulfate of lantha- 
num did not decompose  at the highest  temperature  of the 
present  measurement ,  it appears that  the stabili ty of 
oxysulfate decreases as the atomic number  of the constit- 
uent rare-earth element  increases. These considerations 
explain the fact that  the stabili ty of the oxysulfate with 
respect  to the oxysulfide shows the more obvious depen- 
dence on the atomic number  of the constituent,  which 
was repor ted by Dwivedi and Kay (6). 

The phase equilibrium relations.--The Ps~-Po,2 potential  
diagrams for Nd-S-O system, in which the free energies of 
formation of oxysulfide and oxysulfate were determined 

in the present  work, were made for 1300 and 1500 K, as 
shown in Fig. 7. The thermodynamic  data  for normal sul- 
fate are based on the recommended  value by Kellogg (22). 
In Fig. 7, the condit ion of P t o t a l  - -  1 atm is shown by the 
dashed line. The present  exper imental  condit ion is repre- 
sented by point  A for 1300 K and by point  C for 1500 K. 
The exper iment  of Dwivedi and Kay (6) is of the three 
condensed phase equilibria. Their exper imental  condi- 
tion for 1300 K may be represented by point  B. At 1500 K, 
the condit ion represented by point  D is located at the to- 
tal pressure of more than 1 atm. The decomposit ion of 
oxysulfate observed by Dwivedi and Kay (6) may be ex- 
plained by the above considerations. 
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Hot Corrosion of Nickel in Na2SO,-CaS04 Mixtures 
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ABSTRACT 

The hot corrosion of pure nickel was studied in Na2SO4-CaSO4 salt mixtures at 900~ in purified oxygen. The kinet- 
ics of the reactions and the microstructures of the reaction products were examined. The effect of pure CaS04 was 
shown to be only slightly different than simple oxidation. The addition of Na2SO4, which resulted in lower melting de- 
posits, significantly enhanced the corrosion. Both V20.~ and PbO additions to the salt resulted in reduced corrosion 
compared with the Na2SO4 salt. These results are correlated with existing models for hot corrosion. 

Nickel-based superalloys have been proposed as candi- 
date materials for heat-transfer tubes in fluidized bed 
coal combustors (fbcc) (1). Sulfur emissions in fbcc's can 
be minimized by adding limestone, which reacts with sul- 
fur impurities to form the stable solid CaSO4, which con- 
denses on the heat-transfer tubes and forms a dense, ad- 
herent deposit. In one test fbcc, a 50 ~m thick deposit was 
formed after only 500h of operation (2). Accelerated corro- 
sion of heat-transfer tubes has been observed in some test 
fbcc's. In one test fbcc, nickel-based superalloy and stain- 
less steel tubes were found to corrode with a linear rate 
(3). Significant amounts of CaSO4 deposit  were found 
above the corrosion product. The extent  to which CaSO4 
itself is responsible for the observed corrosion in fbcc's is 
not clear. Also contributing may be a reducing/sulfidiz- 
ing environment,  which is thought to result from a low 
oxygen potential at the deposit/scale interface or from 
high carbon concentration due to uneven coal/air distri- 
butions in the fbcc (4). The reducing/sulfidizing environ- 
ment  may be solely responsible for the observed corro- 
sion or may increase the corrosive activity of the CaSO4 
deposit. Other corrosive impurities found in coal itself, 
such as sodium, potassium, lead, and vanadium may also 
play a role (5). 

The study of high temperature corrosion of transition 
metals in the presence of molten salts, particularly 
Na2SO4, has been the subject of many investigations (1, 6, 
7). A variety of different models have been proposed, 
among which the acid-basic fluxing model of Goebel et 
al. (12) that was extended later by Rapp and Goto (7) ap- 
pears the most promising. Goebel et al. (12) have pro- 
posed a model based upon the fluxing or dissolution of 
the protective scale by the basic or acidic component  of 
Na2SO4. Basic fluxing is associated with the generation 
of a high concentration of oxide anions (0-2), whereas 
acidic fluxing is generally achieved by the dissolution of 
MOO;, WO3, or other acidic oxide from the corrosion prod- 
ucts on the alloy. Rapp and Goto (7) suggested that 
fluxing of an oxide can only be self-sustained by the es- 
tablishment of a negative solubility gradient at the 
oxide/salt interface. Localized electrochemical half- 
reactions spatially separated are used to describe the cor- 
rosion reactions. 

This study compares the corrosion due to CaSO4 and 
Na2SQ-CaSO4 mixtures with that due to Na2SO4. Pure 
nickel was chosen as the test alloy for a number  of rea- 
sons. First, nickel is the base metal of most superalloys. A 
complex superalloy B-1900 was also studied for a compar- 
ison; the results are reported in a separate publication 
(17). Second, nickel is an excellent model  system, because 
only a limited number  of reaction products (NiO, Ni~S~, 
and NiS) are possible. 

Experimental Procedure 
Standard thermogravimetric  analysis (TGA) supple- 

mented with scanning electron microscopy (SEM) and en- 
ergy dispersive x-ray analysis (EDAX) were employed in 
the experiments.  Samples were prepared from high pu- 
rity nickel rods (Table I). The rods were cut into disks of 
0.5 cm diam and of approximately 0.22 cm thickness. 

1Deceased. 

Each sample had a 0.16 cm hole drilled for suspending in 
the TGA rig. Typical total area of each sample was 0.80 
cm2/g. Samples were then annealed at 900~ for lh  (in 
static air) to remove the residual stresses. They were sub- 
sequently ground to 600 grit and degreased. Samples 
were finally preheated to 300~ and sprayed with an 
aqueous salt mixture, producing a salt coating layer cor- 
responding to 2 mg/cm ~. 

The effects of four chemical compounds,  i.e., Na2SO4, 
CaSO4, V~O~, PbO, and mixtures thereof, on the corrosion 
of nickel were studied. Among the four, only Na~SO4 is 
highly soluble in distilled water. The solubility of CaSO4 
is only about 2.09 g/liter of H20. In order to obtain a ho- 
mogeneous solution, the ratio of CaSO4 to water was 
closely controlled. Solubilities of PbO and V.,Q in water 
are very low. Therefore, a solution of the former in ace- 
tone was used and the mixture of the latter in water was 
carefully homogenized prior to each application. 

Since the first few minutes of high temperature expo- 
sure of samples to an oxidizing atmosphere were found to 
be extremely critical in these experiments,  all samples 
were kept out of the hot zone of furnace (at 300~ and in 
1 arm of purified argon during the elementary steps of 
preparing the system for a run. After a run was com- 
pleted, corroded samples mounted and cross sections 
through the corrosion product were polished to 3 t~m grit 
for morphological studies. All samples were oxidized in 
1 atm of oxygen. 

Results and Discussion 
For pure Na2SO4-coated samples, extensive corrosion 

was noticed when the samples were exposed to 1 atm ox- 
ygen at 900~ The melting point of Na~SO4 is 884~ 
Samples coated with 2 mg/cm ~ had weight  gains in excess 
of 20 mg/cm 2 before the accelerated growth came to an 
end (Fig. 1). Goebel et al. (6) have obtained similar results 
for the hot corrosion of Ni in the presence of 0.5 mg/cm 2 
Na2SO4 at 1000~ That study shows a similar termination 
after a weight gain of only 4 mg/cm 2. This significant dif- 
ference emphasizes the role of salt quantity in determin- 
ing the extent  of hot  corrosion (6). It was also noticed that 
when a sample was exposed to additional Na2SO4 coating 
after the termination of the first accelerated growth and 
initiation of stage three (after 70 rain), rapid linear growth 
was again observed. These results are in agreement with 
the point of view expressed by Stringer (1), who noted 
that even though the basic fluxing model is not self- 
sustaining, it should not be excluded as a possible expla- 
nation for catastrophic hot corrosion of alloys. 

Table I. Concentration of impurities in the nickel samples 

Element ppm 

Iron <3 
Aluminum <1 
Calcium < 1 
Chromium < 1 
Copper <1 
Magnesium <1 
Silicon < 1 
Silver < 1 
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Fig. 1. Variations of weight gain with time for nickel samples ex- 
posed to 1 atm of oxygen at 900~ A: coated with 2 mg/cm ~ of 
Na~S04. B: simple oxidation. 

Samples coated with 2 mg/cm 2 of CaSO4 and in 1 arm of 
oxygen did not experience any considerable hot  corro- 
sion attack. The TGA results in this case were compara- 
ble to that of simple oxidation, which is shown as curve B 
in Fig. 1. The crucible experiments with 2g of CaSO4 pro- 
duced similar results. The melting point of this salt is 
1450~ i.e., considerably above the experimental  temper- 
ature of 900~ and molten salt was not observed at any 
time in these experiments.  Thus, according to any of the 
fluxing models, the occurrence of extended hot corro- 
sion is not expected at 900~ 

The TGA results for nickel coated with 2 mg/cm 2 of 
Na~SO4-CaSO4 mixtures are shown in Fig. 2 and 3. The 
curves indicate that as the CaSO4 content in the mixture 
increases, the extent  of weight gain decreases. For 40% 
CASO4-60% Na2SO4, 2 however, the extent  of weight gain 
compared to the immediate  curves is higher, i.e., for this 
mixture, a relative maximum of attack exists. Beyond the 
above mixture, the degree of attack decreases uniformly, 
and for mixtures containing 80% or more of CaSO4, the 
TGA results correspond to that of simple oxidation. Ac- 
cording to the CaSO4-Na~SO4 phase diagram (16), for com- 
positions greater than 3% CaSO4, a liquid phase does not 

2Unless otherwise specified, numbers preceding a compound 
indicate its weight percentage in the mixture. 
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Fig. 2. Variations of weight gain with time for nickel samples ex- 
posed to 1 atm of oxygen at 900~C and coated with 2 mg/cm 2 of 
100% Na2S04 (A) and 90% Na2S04-10% CaS04 (B). 
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Fig. 3. Variation of weight gain with time for nickel samples ex- 
posed to 1 atm of oxygen at 900~ and coated with 2 mg/cm ~ of: A, 
80% Na~S04-20% CaS04; B, 70% Na~S04-30% CaS04; C, 60% 
Na~S04-40% CaS04; D, 50% Na~S04-SO% CaSO~. Note the exist- 
ence of a relative maximum weight gain for the eutectic salt 
composition. 

exist at 900~ The eutectic composit ion of this system is 
a 39% CASO4-61% Na~SO4 mixture which melts at 913~ 
Therefore, the phase diagram indicates that the salt de- 
posit should have remained solid and that hot corrosion 
of nickel beyond 3% CaSO4-Na~SO4 should have been 
quite low. However, the possibility of the presence of 
other compounds has not been included in the above 
analysis. 

If the salt does not melt at 900~ then the high tempera- 
ture oxidation of the sample will proceed initially and the 
formation of NiO will introduce a third compound in ad- 
dition to Na~SO4 and CaSO4. Gupta and Rapp (13) have 
shown that there is a high degree of solubility of NiO in 
Na~SO4 when aNa.2o > 10 -4 at 927~ These basic conditions 
have been shown to exist in Na~SO4 melts at 900~ under 
certain conditions (6, 7). The dissolution of NiO in the salt 
may lead to a decrease in the melting point of the Na2SO4- 
CaSO4 mixture, which in turn will result in the acceler- 
ated attack to the sample. Considering that most CaSO4- 
Na2SO4 mixtures are solid salt layers at 900~ in contrast 
to pure Na.2SO4, Ni transport must occur in the solid layer 
or at local regions where there is melting of Na2SO4 for 
the above argument to be valid. 

Even though a simple binary phase diagram did not 
suggest the presence of a liquid phase, molten salt was 
observed both in the crucible experiments and on the sur- 
face of those samples coated with a variety of Na~SO4- 
CaSO4 mixtures, including those containing more than 
40% CaSO4. An EDAX analysis of the latter samples 
showed that the solid salt remaining on the surface of the 
samples did not contain any detectable amount of 
Na~SO4. This suggests that the presence of CaSO4, only in- 
creases the melting temperature of the salt mixture, but  
otherwise it does not influence the hot corrosion mecha- 
nism at 900~ 

A relative maximum weight gain was recorded for a 
nearly eutectic salt mixture (Fig. 1-3), while at all other 
experimental  salt compositions there was a uniform de- 
crease of weight gain as the ratio of CaSO4 to Na,,SO4 in- 
creased. Therefore, the extent  of attack is an increasing 
function of the concentration of Na2SO4 mixture and is 
enhanced if a liquid phase is formed. 

The weight gain vs. t ime curves are generally composed 
of three distinct regions: (i) the incubation period, (it) the 
linear accelerated period, and (iii) the plateau. It was not 
possible to determine a common equation which could 
fit all three regions. It was concluded that the mecha- 
nism of scale growth differs from one period to another. 
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Fig. 4. Micrograph of a nickel coated with Na2SO~ and exposed to 1 atm of oxygen at 900~ for 24h (SEM secondary electron image) (right). 
Sulfur K~ plot illustrating the sulfur distribution in the area shown (left). 

The incubation stage was most pronounced in the case of 
pure Na2SO4, while in the case of 100% CaSO4 its absence 
is compatible with the attribution of the observed corro- 
sion to simple oxidation. In most cases, the incubation 
period lasts up to 2 rain, while for pure Na~SO4 an average 
incubation period of i0 rain was observed. The linear ac- 
celerated period occurs for 2 < t ~< 4.5 min of the experi- 
ment, with an exception for the case of pure Na~SO4, 
where the longer incubation period shifts it to I0 ~< t ~< 16 
min. The rate of oxygen uptake in this stage is in the 
range of 1.3 x 10 -3 to 3.6 • i0 -:~ mg/cm'-'-s. This region be- 
comes less distinct as the CaSO4 content of the salt mix- 
ture increases. The rate of weight gain in the accelerated 
stage continuously decreases until a plateau is reached. 
This' transition shows a parabolic behavior, and it contin- 
ues for up to 14-16 min. The slopes of the plateaus for dif- 
ferent curves are between 3.3 • 10 -~ and 4.5 x i0 -~ 
mg/cm~-s. The behavior of the attack after the accelerated 
stage resembles that of simple oxidation. It is observed 
that simple oxidation of nickel consists of two stages: 3 an 
initial parabolic growth and a plateau. The parabolic 
stage lasted for 13 min (comparable to 14-16 rain of the 
former situation) and the slope of the plateau was 2.5 • 
10 -5 mg/cm~-s. Thus, it may be concluded that the termi- 
nation of the accelerated stage corresponds to the onset of 
simple oxidation of the corroded sample, i.e., a protective 
scale forms beneath the nonprotective scale. However, a 
considerable difference between the slopes of the para- 
bolic regions of the transition period in the presence of 
salt and simple oxidation of salt-free samples is noticed. 
In  t he  f o r m e r  case,  the  s lopes  a s s u m e  a n  ave rage  va lue  of  
0.4 mg/cm='-s 1'~, wh i l e  in  t he  l a t t e r  it is as low as 0.04 
mg/em2-s I/2. 

The  s lope  of  t h e  p l a t eaus  r e m a i n e d  c o n s t a n t  for  a pe-  
r iod of  48h e x c e p t  for a few i n s t a n c e s  w h e n  it  s l ight ly  in- 
creased.  Th i s  i nc rease  was  f o u n d  to b e  due  to the  crack-  
ing of  t he  scale,  as d e t e r m i n e d  b y  t he  opt ica l  analysis .  

Me ta l l og raph i c  ana lyses  i n d i c a t e d  t h a t  a p ro t ec t ive  a n d  
c o h e r e n t  ox ide  layer  (NiO) is f o r m e d  a d j a c e n t  to the  
n icke l  s u b s t r a t e  d u r i n g  h i g h  t e m p e r a t u r e  s i m p l e  oxida-  
t ion  and  its t h i c k n e s s  is nea r ly  u n i f o r m  eve rywhere .  The  
re su l t s  of c o r r o s i o n  in p u r e  Na2SO4 are s h o w n  b y  Fig. 4, 
w h e r e  a typ ica l  p o r t i o n  of  t h e  c o r r o d e d  s a m p l e  h a s  b e e n  

3A completely parabolic growth of the scale in the case of sim- 
ple oxidation was not registered owing to the lack of apparatus 
precision for small weight gains. However, since both cases are 
affected equally, a comparison of the results is possible. 

p h o t o g r a p h e d .  A layer  of n icke l  sul f ide  f o r m e d  i m m e d i -  
a te ly  a d j a c e n t  to t h e  n icke l  subs t r a t e .  T h e  phys ica l  fo rma-  
t ion  of  t h e  layer,  i.e., its c o h e r e n t  c o n t a c t  w i t h  b o t h  the  
s u b s t r a t e  a n d  t h e  ox ide  layer  a b o v e  it, as wel l  as i ts  abi l i ty  
to fill all gaps,  sugges t s  t h a t  a t  900~ t h e  sulf ide  is 
mel ted .  B a s e d  o n  th i s  o b s e r v a t i o n  a n d  E D A X  resul ts ,  t he  
sulfide layer is thought to be essentially Ni:~S~. 

Above the sulfide layer, a thick layer of NiO has been 
formed. The porosity of this layer is less than what is ex- 
pected from the literature (6), and its thickness increases 
at certain limited areas. These areas of higher corrosion 
differ morphologically from other parts of the scale (Fig. 
5). The outer NiO is layered and porous, and further in- 
ward a more uniform and compact oxide similar to that 
found in the rest of the scale exists. Goebel and Pettit (6) 
have reported this latter type of scale to be dominant for 

Fig. 5. Area of higher corrosion on a nickel sample coated with 
Na~SO4 and exposed to 1 arm of oxygen at 900~ for 24h (SEM sec- 
ondary electron image). This morphology is typical of high corrosion 
areas on different samples. 
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Na2SO4 corroded nickel base alloys, and their theory of 
basic fluxing is partly based on similar observations. As 
in the case of pure Na2SO4, the scale for any of the salt 
mixtures with a CaSO4 content of less than 80% consists 
of a sulfide and an oxide layer. The uniformity of the 
scale generally increases as the amount  of Na~SO4 in the 
salt decreases. The NiO regions closer to the nickel sub- 
strate are less porous than the outer sections. This is in 
accordance with our earlier discussion, where a compari- 
son with the TGA results for simple oxidation of nickel 
showed that after the accelerated attack, which results in 
the formation of a porous oxide, a more protective thick 
oxide layer similar to the scale on the salt-free samples is 
formed. Also, the scale includes some sulfide particles, 
which are nonuniformly dispersed. This indicates that the 
oxygen partial pressure in the oxide layer can be low 
enough to permit  the formation of intermixed scales (14, 
15). 

For those salt mixtures containing 80% or more CaSO4, 
the sulfide layer was virtually absent and sulfide 
particles were dispersed in the oxide layer. Therefore, we 
concluded that for such salt mixtures the sulfur diffusing 
through the initial oxide was totally consumed by nickel 
sulfide (Ni3S.2) formation within the oxide layer and did 
not reach the Ni-NiO interface. This suggests that the ini- 
tial formation of Ni3S2 occurs in the oxide layer, probably 
creating an easy path for sulfur diffusion, as pointed out 
by Giggins and Pettit (14) and Birks (15), in previous 
cases where a sulfide layer was formed. The extent of 
corrosion for high CaSO4 salts and especially in the case 
of pure CaSO4 resembles simple oxidation of nickel ex- 
cept for some sulfidation, which implies limited solid- 
state decomposition of CaSO~ at the salt/scale interface. 

The occurrence of the local areas of higher attack may 
be due to one or more of the following reasons. 

i. During the coating of the sample with a salt mixture, 
it was noted that upon the complete evaporation of water 
more salt remained in the hole drilled through the sample 
than any other place. The extent of corrosion in this re- 
gion was high and the overall morphology resembled that 
of Fig. 5 and 6. Therefore, some geometrical variation on 
the surface, caused during the sample preparation (such 
as a pit), may lead to a region of high salt buildup and 
eventually into a region of more extensive hot corrosion. 

2. Since Na2SO4 is soluble in water and CaSO4 is not, the 
latter will precipitate on the surface of the preheated 
sample before the complete evaporation of water. This 

can result in the local segregation of the two compounds; 
local regions rich in Na2SO4 may suffer enhanced attack. 
However, the uniform thickness of the salt layers left on 
the corroded sample, the absence of such areas of higher 
corrosion on samples coated with salt mixtures con- 
taining V~O~ and PbO (see below), and the increase in the 
uniformity of the scale with increasing the CaSO4 concen- 
tration as mentioned above indicate that additional fac- 
tors may be involved. 

3. Finally, sample variations such as different grain 
structures can have a strong effect on the extent of hot 
corrosion attack and on the final corrosion morphology. 

The general morphology of the samples contradicts cer- 
tain aspects of the theory of simple basic fluxing based 
on sulfidation. This theory assumes that sulfur is gener- 
ated from the melt and is transported to the metal where 
sulfidation occurs. As a consequence, the melt increases 
in oxygen anion activity and attacks the protective NiO. 
An examination of the areas of higher corrosion shows 
that the thickness of the sulfide layer is either less than 
or equal to that of other regions where the attack was uni- 
form and slower (Fig. 6). However, according to simple 
basic fluxing, the contrary is expected; i.e., higher corro- 
sion rates should be accompanied by higher sulfidation. 
Thus, sulfidation is one of the reduction reactions, but 
not the only one. This view is consistent with the treat- 
ment of Rapp and Goto (7). 

The effects of V.20~ and PbO impurities.--A 
CaSO~:Na2SO4 ratio of 1.5, which is close to the eutectic 
composition, was selected for this part of the study. Other 
mixtures were shown to produce similar results. 

V.,Os.--In order to preserve a Na~SO4:CaSO~ ratio of 1.5 
in the presence of the impurity, mixtures of 57% 
Na~SO4-38% CASO4-5% V~O.5 and 59% Na2SO4-39% 
CASO4-2% V~O5 were used. For 2% V.,O~, no differences in 
the TGA or the metallographic analysis were noticed 
compared with the vanadium-free mixture. With 5% V20~, 
the extent of attack was reduced to a level comparable to 
simple oxidation (Fig. 7). The micrographs of such 
samples also indicated a very limited attack. Immediately 
above the substrate, a thin layer of NiO was formed. This 
scale was coherent and compact and consisted of three re- 
gions. The interior layer, adjacent to the substrate, was 
pure NiO. Above it was a second layer containing Ni, V, 
and O, presumably nickel vanadate. The third layer, adja- 
cent to the salt phase, was again NiO, but it contained 
considerable amounts of calcium and sulfur as solid solu- 
tions. The V20~-NiO phase diagram (16) indicates that at 
900~ for more than 75% NiO a solid nickel vanadate 

Fig. 6. Area of higher corrosion on a nickel sample coated with 
85% Na2SO4-15% CaSO4 and exposed to 1 atm of oxygen at 900~ 
for 24h (SEM secondary electron image). The thickness of Ni~S~ layer 
in such areas is either less or equal to that of the same layer in less 
corroded areas. 
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Fig. 7. Variations of weight gain with time for nickel samples ex- 
posed to 1 atm of oxygen at 900~ and coated with 2 mg/cm ~ of: A, 
60% Na2SO4-40% CaSO4: B, 57% Na2SO4-38% CASO4-5% V20.~; C, 
59% Na2SO4-39% CASO4-2% PbO. 
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Ni3(VO4)~ and nickel oxide phase exists. Also, based on a 
study of the effects of V~O~ on the high temperature oxi- 
dation of nickel, Bornstein and DeCresente (10) have re- 
ported that  in 1 atm of oxygen the formation of a nickel- 
vanadium oxide on nickel samples coated with V~O.~ 
considerably decreased the extent of oxidation. There- 
fore, in the case of the present study, the formation of a 
solid and compact  Ni:~(VO4)2 + NiO layer is considered to 
be similarly responsible for the protection of the sample 
from an otherwise accelerated attack. No localized areas 
of enhanced corrosion were detected. 

Finally, it must be noted that even though the presence 
of 2% V~O5 also results in the formation of Ni:~(VO4)~, the 
quantity of the product is not high enough to form a pro- 
tective layer. 

PbO.---A mixture of 59% Na~SO4-39% CaSO4-2% PbO 
was used for this experiment.  According to the TGA re- 
sults (Fig. 7) and the SEM analysis, the extent of corro- 
sion is reduced to that of simple oxidation in the presence 
of a 2% PbO mixture. The reasons for an inhibiting effect 
have not been understood yet, especially since it was ob- 
served that pure PbO enhances the high temperature oxi- 
dation of nickel, both in the present study and elsewhere 
(11). On the other hand, Chatterji et al. (9) have noticed 
the same inhibitory effect of PbO when they studied the 
hot corrosion of nickel samples coated with 1% PBO-99% 
Na~SO4 (mole percentages are indicated). The morphol- 
ogy reported from their investigation resembles the mor- 
phology observed in the present study, i.e., the presence 
of a sulfide-free, dense oxide layer. 

Summary 
The high temperature corrosion of nickel induced by 

various salt deposits was studied at 900~ in an environ- 
ment of pure oxygen by the use of TGA and metallo- 
graphic techniques.  The salt deposits were Na2SO4, 
CaSO4, various mixtures of Na2SO4-CaSO4, and mixtures 
of the Na2SO4-CaSO~ eutectic to which small amounts of 
V~O.~ or PbO were added. Enhanced attack relative to sim- 
ple oxidation was observed when the deposit, or a portion 
of it, melted. Thus, fast attack was observed for pure 
Na~SO4 and mixtures containing up to 50% CaSO4. Pure 
CaSO4 and 80% CaSO4-20% Na~SO4 did not melt and did 
not exhibit  enhanced attack. The addition of 2% PbO or 
5% V20~ to the eutectic Na~SO4-CaSO4 mixture greatly in- 
hibited the rate of  attack. In the case of the V20~ addition, 

a protective layer of nickel vanadate formed. PbO appar- 
ently plays a different, but as yet not understood, inhibi- 
tory role. 

Manuscript submitted Feb. 16, 1983; revised manuscript 
received Feb. 26, 1985. 
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Carburization Mechanisms of High Chromium Alloys 
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ABSTRACT 

Carburization is a major mode of corrosive degradation of high chromium alloy materials in many high temperature 
processes. The process generally involves the transfer of carbon from the gas phase onto the alloy surface followed by 
diffusion of carbon to the alloy interior with concurrent precipitation of chromium-rich carbide phases. The kinetics of 
this overall process has been determined by thermogravimetry in the temperature range 1173-1373 K using Fe-20 Cr and 
Ni-30 Cr model alloy systems and H~-CH4 gas mixtures to provide the carburizing medium. Mathematical expressions 
for the overall kinetics have been developed in terms of surface reaction and diffusion steps. Both processes contribute 
to carburization, the influence of the surface reaction step increasing with increase in temperature. Additions of sulfur 
as H2S to the gas phase slows down the surface reaction step sufficiently so that the whole carburization process can be- 
come surface reaction controlled. 

High chromium alloys used in high temperature service 
are susceptible to carburization in environments with 
high carbon activity. This form of corrosion leads to the 
precipitation of chromium-rich carbide phases, M2~C6 and 
M7C3, in the alloy interior with resultant degradation of 

*Electrochemical Society Active Member. 
1Present address: Los Alamos National Laboratory, Los Ala- 

mos, New Mexico 87545. 

the high temperature mechanical properties of the alloy 
(1, 2). Schnaas and Grabke (3-5) have described the carbu- 
rization process in H~-CH~ gas mixtures, in the absence of 
a surface oxide layer, as being controlled by the diffusion 
of carbon in the alloy, the kinetics obeying a parabolic 
rate law. 

Grabke and co-workers (6-11) have also investigated the 
kinetics of decomposit ion of CH4 on iron surfaces at ele- 
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va ted  t empera tu re s  using ex t r eme ly  thin foils so as to 
avoid diffusion as a rate l imi t ing  step. Addi t ions  of  small  
amount s  of  sulfur  as H2S to CH4-H2 gas mix tu res  had  a re- 
tarding effect  on the  me thane  decompos i t i on  kinetics.  

In the  p resen t  work,  the  k inet ics  of carbur izat ion of  
mode l  Fe-20 Cr and Ni-30Cr alloys have  been  de t e rmined  
in t he  900~176 t empera tu r e  range,  us ing  H~-CH4 gas 
mix tu re  as the  carbur iz ing med ium.  Fur ther ,  the  effect  of 
adding  small  quant i t ies  of  H._,S be low the  stabil i ty l imi t  of  
CrS was invest igated.  The  a im of the  s tudy  is to deve lop  
an unde r s t and ing  of  the  con t r ibu t ion  f rom surface reac- 
t ion and dif fus ion to the  overal l  corrosion.  

Exper imenta l  Procedure 
The inves t iga t ions  were  c o n d u c t e d  on two  mode l  al- 

loys, Fe-20 Cr and Ni-30 Cr. The  fo rmer  has  a body- 
cen tered  cubic  s t ructure ,  whi le  the  la t ter  is face-centered  
cubic. Fur ther ,  the  t endenc ies  of  Fe  and Ni to par t i t ion 
be tween  the  meta l  mat r ix  and the  carbide  prec ip i ta tes  is 
expec ted  to be  different.  The  alloys were  obta ined  in the  
cast form; Fe-20 Cr alloy samples  were  cut  f rom a region 
hav ing  an average  grain size of  - 100 /~m.  In  the Ni-30 Cr 
alloy samples ,  the  grain size var ied  f rom about  50/~m near  
the sample  surface  to ~250/~m in the  sample  center.  The  
samples  had  rec tangular  g e o m e t r y  wi th  d imens ions  of  2 
cm • 1 cm • 2 ram. The samples  were  g round  to a 600 
grit  SiC finish and c leaned ul t rasonical ly  in acetone.  

The p rocedure  used  in the  s tudy  was to first es tabl ish 
the  k inet ics  of  carbur izat ion of  the  se lec ted  alloys in a 
pure ly  carbur iz ing  e n v i r o n m e n t  and  then  add predeter-  
m i n e d  a m o u n t s  of  sulfur  as H2S and r ede t e rmine  the  car- 
bur izat ion kinet ics .  The  inves t iga t ions  were  carried out  in 
the t empera tu re  range,  1173-1373 K. S ince  small  amoun t s  
of  oxygen  in the  e n v i r o n m e n t  can lead to the  format ion  of 
Cr~O:, on the  surface  of  h igh  c h r o m i u m  alloys, it was es- 
sential  to r e m o v e  t race oxygen  impur i t y  f rom the  car- 
bur iz ing gas. This  was done  by pass ing  the  gas over  an ac- 
t ivated copper  catalyst  at ~200~ and subsequen t ly  
drying by pass ing  th rough  a c o l u m n  of anhydrous  cal- 
c ium sulfate.  The  Hz-2000 p p m  H~S s t ream was dr ied  only 
and then  m i x e d  wi th  the carbur iz ing  gas. The  format ion  
of a chromia  layer  wou ld  decrease  the  carbur izat ion rate 
of the alloy and wou ld  m a k e  it diff icult  to separate  the  
inf luence of  sulfur  on the  carburizat ion rate f rom that  of  
c h r o m i u m  oxide.  

A H~-CH4 gas mix tu re  was used  as the  carbur iz ing me- 
dium. The  ca rbon  act ivi ty  in this gas m ix tu r e  is f ixed by 
the equ i l i b r ium 

CH4 = C + 2H~ [1] 

w h e r e b y  

ac = KIPcH4/PH.~"- [2] 

where  K~ is t he  equ i l i b r ium cons tan t  for react ion [1]. The  
gas mix tu re s  used  in this inves t iga t ion  had  a carbon  ac- 
t ivi ty of  0.9 re la t ive  to pure  graphi te  as the  s tandard  state. 

When it was des i red  to  fix a part ial  p ressure  of  sulfur  in 
the  carbur iz ing  gas mixture ,  a p rese lec ted  a m o u n t  of  H2S 
was added.  The  sulfur  p ressure  is then  fixed by the  
H~-H~S equ i l i b r i um 

H~S = H2 + 1/2 S~ [3] 

w h e r e b y  

Ps2 = K:~"PH2s/PH2 [4] 

Prec i se ly  cont ro l led  gas m ix tu r e  compos i t ions  were  ob- 
ta ined by cont ro l led  flow of H2-10% CH4, H2-2000 p p m  
H2S and H2 th rough  Tylan mass flow controllers.  

The kinet ics  of  carbur iza t ion  in the  p resence  and ab- 
sence  of  su l fur  were  de t e rmined  the rmograv ime t r i ca l ly  in 
a Cahn 1000 the rmograv ime t r i c  uni t  shown  in Fig. 1. The  
alloy sample  was h u n g  f rom the  Cahn Elec t roba lance  by a 
P t  suspens ion  wire. A ver t ica l  quar tz  reactor  tube  sur- 
r ounded  the  sample.  A p rehea ted  p l a t inum resis tance fur- 
nace could  be m o v e d  up to su r round  the  quar tz  reactor  
tube  and br ing the  spec imen  to the  react ion t empe ra tu r e  

~ P Electrobalance 

Arg~ I 
Flexible [ [[ 

Connector~ ~,J ] 
I ElectrObalance I 

Pt Suspension~ I Control J 
Argon 

Thermocouple ~ ~  Carburising Gas 

 1111, 
~ J[~~~,-Pt Resistance Furnace 

Quartz I I ~Sample 
Reactor "l'ube~ t 

Carburising Gas----~ ~ 
Fig. 1. Thermogravimetric assembly used for the determination of 

corburizotion kinetics. 

in minutes .  The  react ive  gases en te red  the  quar tz  reactor  
at the  bo t tom and ex i ted  at the  top along with  an argon 
s t ream used  to p rov ide  an iner t  e n v i r o n m e n t  wi th in  the  
e lectrobalance.  At  the start  of  an exper iment ,  the sample  
was suspended  from the e lec t robalance  and an argon 
s t ream was i n t roduced  into the  quar tz  reactor  tube.  When 
the  furnace  t empe ra tu r e  reached  the  des i red  value,  the ar- 
gon s t ream was replaced  by the  carbur iz ing  gas s t ream 
and after an in terval  of  - 3 0  rain the  furnace  was raised to 
heat  the  sample.  Sample  we igh t  gain data were  col lected 
and analyzed us ing  a Hewle t t  Packa rd  9845 T computer .  

Results 
Invest igations on Ni-30 Cr al loys . --Most  inves t igat ions  

of  Ni-30 Cr alloys were  carr ied out  at 1173 K at a carbon 
act ivi ty  of  0.9. The  carbur izat ion kinet ics  in the  absence  
of H~S, and for three  di f ferent  H,~S levels,  are shown  in 
Fig. 2. 

The carbur ized  micros t ruc tu re  co r respond ing  to the  
sulfur-free case in Fig. 2 is shown in Fig. 3. The  a t tack is 
internal;  carb ide  precipi ta tes  can be  seen both  wi th in  al- 
loy grains and at alloy grain boundar ies .  The  grain bound-  
ary carbides  have  pene t ra ted  m u c h  deepe r  into the  alloy. 
The grain boundar ies  can act both  as prefer red  nuc lea t ion  

Temperature : 1173~ 
Alloy : Ni-30 Cr PH2S/PH2 = 0 
Environment : H=:CH4 (ac=0.9)  ~ o  ~ ~  

A 3 / o - -  
_ / o  PH=S/PH2 = 10 -s 

,~ / / . ~ o  PH2S/PH, = 3.2 • 10 -s 

2 4 6 8 10 12 14 16 18 20 22 24 

Time (Hours) 
Fig. 2. Carburization data for Ni-30 Cr at 1173 K and ac = 0.9 as 

a function of PH~PH2. 
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Fig. 5. Carburization kinetics of Ni-30 Cr alloy at l 173 K at higher 
PH,,JPHz values. 

Fig. 3. Typical carburized microstructure of Ni-30 Cr 

sites for carbides  and high diffusivi ty paths  for carbon 
transport .  

The compos i t ion  of the  carbide  phase  at var ious  dep ths  
was de t e rmined  using a scanning  Auger  analyzer. The  
carbide  compos i t ion  was found to be  i n d e p e n d e n t  of  
depth  wi th in  the  sample;  a typical  A u g e r  spec t rum is 
shown in Fig. 4. The ca rbon- to -chromium ratio as deter- 
mined  f rom the  Auge r  spec t rum cor responds  to CrTC:~. 

U p o n  adding  H.,S to the  carbur iz ing  gas med ium,  the  
rate of carbur iza t ion  weigh t  gain (Fig. 2) decreased,  wh ich  
is also ref lected as a decrease  in the dep th  of carburiza- 
tion. In  Fig. 2, the  kinet ic  carbur izat ion curves  changed  
from a near ly  parabol ic  t ime  d e p e n d e n c e  in the  absence  
of sulfur to a l inear  rate at h ighe r  levels  of  sulfur. At  a 
PH.JPH~ ratio of  ~9 • 10 -~ in the  gas, a th in  layer of  chro- 
m i u m  sulfide, CrS, prec ip i ta ted  on the  alloy surface as 
de tec ted  by energy  dispers ive  x-ray analysis. Thus  the  
line in Fig. 2, cor responding  to a PHJPH.,. ratio of  9.4 • 10 -~ 
does not  descr ibe  carbur izat ion alone. For  the kinet ics  
plot  for PH._,s/PH'2 = 5 • 10 -~ in Fig. 5, no CrS format ion  
occurred;  the  ex t r eme ly  small  l inear  we igh t  gain in this 
case only resul ted  f rom carburizat ion.  For  a ratio of 7.5 • 
10 -'~ (Fig. 5), wh ich  is also be low the  stabil i ty l imit  of  CrS, 
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Fig. 4. Auger spectrum of Cr7C:~ carbide 
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no carbur izat ion weigh t  gain could  be detected.  U p o n  ex- 
ceeding a PHJPH.., ratio of 10 -4, the  alloy cor roded  by sul- 
f idation (Fig. 6). Kinet ic  curves  for carbur izat ion of  Ni-30 
Cr at 1273 K are shown in Fig. 7; only one H~S/H~ ratio 
was inves t iga ted  at this t empera ture .  

Investigations of Fe-20 Cr alloys.--The expe r imen t s  on 
Fe-20 Cr alloys covered  three  d i f ferent  tempera tures ,  
namely  1173, 1273, and 1373 K. Carbur izat ion kinet ics  at 
1173 K in sulfur-free and sulfur conta in ing  env i ronmen t s  
are p resen ted  in Fig. 8. F igure  8 bears some similari t ies 
to Fig. 2 in the  sense  that  at h igher  sulfur  levels,  the  car- 
bur izat ion weigh t  gain approaches  a l inear  rate law. At  
PH~s/PH.~ = 7.5 • 10 -5 some carbur izat ion was observed  in 
the  Fe-20 Cr alloy, bu t  none  for Ni-30 Cr (Fig. 2). The  car- 
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Fig. 6. Sulfidation of Ni-30 Cr alloy at 1173 K atpH.jpH~ = 1.75 
• 10 -4. 
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Fig. 7. Corburizotion kinetics of Ni-30 Cr at Oc = 0.9 at 1273 K 
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1.3 
1.2 / PH=S/PH==0 Fe-20 Cr 
1.1 D ac=0 .9  

1173~ 
1.0 PH2S/PH= = 10-  ~,, / 

~' 0.9 \ / o  o / ~  
5 0.8 \ 
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Fig. 8. Corburizotion kinetics of Fe-20 Cr alloy at 1173 K at 

various PH~s/PH,2 ratios. 

bur ized  mic ros t ruc tu re  for Fe-20 Cr, Fig. 9, was similar  to 
that  for the  Ni-30 Cr excep t  that  the carbide  was of  the  
M~:~C~ type,  M c o m p r i s e d  of - 7 5 %  Cr and  - 2 5 %  Fe. The  
carb ide  par t ic les  at the  surface  (Fig. 9), however ,  were  
MTC:~ type. U p o n  in t roduc ing  a gas m ix tu r e  wi th  PH.JPH~ 
= 1.5 • 10-4, CrS was fo rmed  at the  alloy surface (Fig. 10). 

When the  t empe ra tu r e  was raised to 1273 K, the  kinet ic  
curves  ob ta ined  were  s imilar  to those  at 1173 K, but  
h igher  H2S levels  were  r equ i red  to l imit  carbur izat ion to 
the same level  as shown in Fig. 11. Again,  the  approach  to 
a l inear  k inet ics  at h igher  H2S levels  is evident .  U p o n  ex- 
ceed ing  a H~S/H~ part ial  p ressure  ratio of  1.5 • 10 -4 at 
1273 K, sulf idat ion occur red  in addi t ion  to carburizat ion,  
leading to larger  we igh t  gains. The  effect  of  sulfur  on car- 
bur izat ion becomes  less p r o n o u n c e d  u p o n  increas ing  the  
react ion t e m p e r a t u r e  to 1373 K (Fig. 12). 

A compar i son  of the  kinet ic  curves  at 1173, 1273, and 
1373 K for the  sulfur-free expe r imen t s  (Fig. 8, 11, 12) 
shows that  there  is a devia t ion  f rom parabol ic  kinet ics  
wi th  increase  in t empe ra tu r e  even  in the  absence  of  sul- 
fur. 

Discussion 
In  the  h igh  t empe ra tu r e  carbur izat ion of an alloy, th ree  

dis t inct  k ine t ic  s teps are involved.  1. The  t ransfer  of  car- 

Fig. 10. Formation of chromium sulfide phase on Fe-20 Cr alloy at 
PHjPM2 = 1.5 • 10  - 4  at 1173 K. 

bon from the gas phase to the alloy surface and the forma- 
tion of an adsorbed, carbon containing complex. 2. The 
diffusion of carbon from the alloy surface into the alloy 
interior. 3. The reaction of carbon with chromium to form 
chromium carbide phases in the alloy interior. 

Kinetics controlled by diffusional processes with time 
independent boundary concentrations have a parabolic 
time dependence, whereas kinetics controlled by a sur- 
face reaction obey a linear rate law. The parabolic nature 
of the carburization weight gain vs. time curves in the ab- 
sence of sulfur at the lower temperatures (Fig. 2 and 8) 
suggests that under these conditions carbon diffusion 
into the alloy controls the rate of carburization. The grad- 
ua] approach to linear kinetics upon sulfur additions (Fig. 
2, 7, 8, and 11) or increase in carburization temperature 
(Fig. 12) indicates that step 1 in the aforementioned se- 
quence of steps becomes increasingly important. Thus, 
sulfur tends to retard the kinetics of step 1 sufficiently so 
that it becomes the slowest step in the sequence. Sulfur 
cannot penetrate the alloy rapidly enough to influence 
the kinetics of step 3. Further, one can conclude that an 
increase in temperature has a larger influence on the dif- 
fusion step as compared with the surface reaction step. 

Fig. 9. Typical carburized microstructure of Fe-20 Cr alloy 
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Fig. 11. Corburization kinetic data for Fe-20 Cr alloy at 1273 K 
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It is a s sumed  in the  d iscuss ion be low that  the overal l  
process  of  carbur izat ion is cont ro l led  by the carbon trans- 
fer reac t ion  at the alloy surface and carbon  diffusion into 
the alloy bulk,  step 3 being re la t ively rapid. The  overal l  
surface reac t ion  t ransferr ing carbon  onto the  alloy surface 
can be  r ep resen ted  as 

CH4(g) = C + 2H., (g) [5] 

where  C represen ts  carbon d isso lved  in the  alloy. The  ki- 
netics of react ion [5] can be  represen ted  by the  express ion  
(7) 

dnc 
dt - A(k,pcn4" pH2 ~ - k2pn2 "-~" ac ~) [6] 

where k, and k2 denote  the forward  and backward  rate 
constants  for react ion [1], ac ~ is the  act ivi ty  of  carbon  on 
the  alloy surface,  dnc/dt is the  n u m b e r  of  moles  of carbon  
t ransferred to the alloy f rom the  gas phase  per  uni t  t ime, 
A is the  surface  area, and the  va lue  of  v depends  u p o n  
which  of  several  poss ible  rate l imi t ing steps is 
controll ing.  U n d e r  condi t ions  of  t h e r m o d y n a m i c  equi l ib-  
r ium, dnc/dt = 0, so that  

k,pcn4Pn2 ~ = k2pn.22~ ac ~ [7] 

where  ac ~ is the  equ i l ib r ium act ivi ty  of  carbon on the  al- 
loy surface. Subs t i tu t ing  Eq. [7] into Eq. [6] 

1 dnc 
--A dt = k(ac~ - ac~) [8] 

2---~ where  k equa ls  k~pH~ . 
The different ial  equa t ion  desc r ib ing  carbon  diffusion 

into the  alloy can be  expressed  in t e rms  of  F ick ' s  second  
law as 

aCc _ Dc ( O~Cc t 
Ot \-~-x"- / [9a] 

where  Dc is the  diffusivi ty of  carbon  in the  alloy and x is 
the  d is tance  coord ina te  pe rpend icu la r  to the  surface.  
Equa t ion  [9a] assumes  a concen t r a t i on - independen t  diffu- 
sion coefficient,  Dc. Further ,  if  a concent ra t ion-  
i n d e p e n d e n t  act ivi ty  coefficient,  7c, is assumed,  Eq. [9a] 
can be rewr i t t en  

aac _ Dc ( O~ac t at k ~ /  [9b] 

Dur ing carburizat ion,  the  carbon  furn ished  by the  sur- 
face react ion in accordance  wi th  Eq.  [8] mus t  diffuse into 
the alloy interior.  Mathemat ica l ly  s tated 

1 dnc _ k ( a c  e _ acS) = _ D{. ( O a c )  
A dt ,/~f \--~-x/~.=o 

o r  

0ac t - kTc 
--gZ] . . . .  = D----~. '(a~'~ - a'~) [10] 

where x = 0 represen ts  the  surface  of  the  alloy. Addi t ion-  
ally, one has the  initial condi t ion  

ac = 0 a t x  />0, t = 0 [11] 

The  solut ion which  satisfies Eq.  [9-11] is g iven by 

ac = ac~ {erfe ( ~ ) .  - exp  ( kTCXDc + k"-Tc"-t)Dc 

[ e r f c (  x t 

where  erfc is the  c o m p l e m e n t a r y  er ror  function.  The ac- 
t ivi ty of carbon  at the  surface is ob ta ined  by set t ing x = 0 
in Eq. [12]. Thus  

U p o n  c o m b i n i n g  Eq. [10], [12], and [13] 

1 dnc _ k a c ~ e x p ( k " - 7 ( 2 t ~ e r f c [ k T c . ~ -  ~ [14] 
\ ~] Dc] A dt \ Dc / 

Equa t ion  [14] can be t rans formed  into an express ion  for 
carbur izat ion we igh t  gain per  uni t  area us ing the  relat ion 

AW 12 f t  dnc 
A - A J,, dt  dt [15] 

where  AW/A is the  weigh t  gain by carbur izat ion per  uni t  
area of  the  spec imen.  On combin ing  Eq. [14] and [15] and 
per forming  the  necessary  in tegra t ion  

m 

• 12 D c [ k"~cZt ~ erfe kTc 
A kTc ~ ac ~ e x p \  Dc / 

i 

+ (2/V~r) k'/c ~ . -  1 [16] 

Two l imi t ing cases of  Eq.  [16] can now be examined .  
When the  rate of  carbon  t ransfer  react ion at the alloy sur- 
face is ex t r eme ly  fast, i.e., k"Tc"-t > >  Do one  has diffusion- 
control led  carbur izat ion and Eq. [16] simplif ies to 

AW _ 24 ac~ X/Dot [17] 
A 7r 7c 

When the  surface react ion is s low compared  wi th  diffu- 
sion, i.e., k27c"-t < <  Do then  

5W 
- 12 k acet [18] 

A 

Equa t ion  [17] applies  to the s i tuat ion where ,  in the  ab- 
sence  of sulfur  in the env i ronment ,  and at the  lower  tem- 
peratures,  parabol ic  kinet ics  have  been  observed.  At  rela- 
t ively  h igh  sulfur  levels  where  l inear  kinet ics  have  been  
observed,  Eq.  [18] applies.  At  in t e rmed ia t e  levels  of  sulfur 
or h igher  carbur izat ion tempera tures ,  one  mus t  take into 
account  both  surface react ion and carbon  diffusion in de- 
scr ibing the  kinet ics  of carbur izat ion and Eq. [16] mus t  be 
used. F igure  13 shows the  carbur iza t ion  we igh t  gain vs. 
t ime  plot  for such  a " m i x e d  cont ro l"  s i tuat ion at a PHjPs.,. 
ratio of 10 -a for Fe-20-% Cr carbur ized  at 1173 K. Also 
shown in Fig. 13 are the calcula ted points  us ing Eq. [16]; 
the a g r e e m e n t  is ve ry  good. A similar  s i tuat ion for the 
carbur iza t ion  of  Ni-30% Cr at 1173 K is shown in Fig. 14. 

It was po in ted  out  earl ier  that  sulfur  retards carburiza- 
t ion as long as the  level  of  sulfur  in the  gas is be low that  
at wh ich  c h r o m i u m  sulfide forms as a surface phase.  
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Fig. 13. Comparison of experimental carburizotion data with pre- 
diction based on mathematical model for Fe-20 Cr at 1173 K. 
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Fig. 15. Auger spectrum for adsorbed sulfur on Fe-20 Cr alloy ex- 
posed to carburizing environment containing sulfur. 
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Fig. 14. Comparison of experimental carhurization data with pre- 
diction based on mathematical model for Ni-30 Cr at 1173 K. 

Above this critical sulfur level, rapid sulfidation can oc- 
cur since chromium sulfide does not form a protective 
scale. Based on thermodynamic grounds, the critical sul- 
fur activity at which chromium sulfide formation is initi- 
ated increases with temperature. 

The surface of alloys exposed to carburizing environ- 
ments at sulfur concentrations below the critical level 
was examined using Auger spectroscopy. The Auger 
spectrum indicated the presence of adsorbed sulfur in all 
the cases. A typical example is shown in Fig. 15. 

The above findings lead to the hypothesis that ad- 
sorbed sulfur on the alloy surface blocks potential sites 
where the carbon transfer reaction occurs, thereby 
reducing the speed of this reaction. A similar conclusion 
was reached by Grabke and co-workers (10, 11), who stud- 
ied CH4 decomposit ion on thin foils of iron in the pres- 
ence of H2S. A schematic representation of the sulfur ef- 
fect is shown in Fig. 16~ In the absence of sulfur (Fig. 16a) 
there is a high concentration of carbon in the adsorption 
layer; thus carburization is controlled by the rate at which 
carbon diffuses from the alloy surface into the bulk. At 
sulfur concentrations just below the level at which chro- 
mium sulfide formation is possible, there is a high con- 
centration of sulfur in the adsorption layer (Fig. 16b). The 
concentration of carbon in this layer is therefore ex- 
tremely small and is limited by the rate of the carbon 
transfer reaction at the surface. No significant gradient in 
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Fig. 16. Schematic mechanism of inhibition of carburization by sulfur 

carbon concentration exists between the surface and the 
bulk and the overall carburization process is surface reac- 
tion limited. 

Summary 
The influence of sulfur on the carburization of high 

temperature alloys has been investigated by exposing 
model Ni-30 Cr and Fe-20 Cr alloys to high carbon activity 
(-0.9) environments in the temperature range 1173-1373 K 
at predetermined levels of sulfur as H2S. The following 
conclusions are reached from the present study. 1. Sulfur 
inhibits the carburization of high temperature alloys; this 
effect becomes less pronounced at higher temperatures. 
2. The extent of inhibition increases with increase in the 
amount of sulfur added until the thermodynamic stability 
limit of chromium sulfide, CrS, is reached. At higher con- 
centrations of sulfur, sulfidation attack is initiated. 3. 
Sulfur inhibits carburization by decreasing the kinetics of 
the reaction which transfers carbon from the gas phase 
into the alloy surface. 
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Chemical Vapor Deposition of Erosion-Resistant TiB 2 Coatings 

A. J. Caputo, W. J. Lackey, I. G. Wright, 1 and P. Angelini 

Oak Ridge National Laboratory, Metals and Ceramics Division, Oak Ridge, Tennessee 38731 

ABSTRACT 

Erosion- and wear-resistant coatings are needed for numerous applications, including valve and pump components 
for coal l iquefaction and gasification plants. Titanium diboride is unusually hard and stable and offers considerable 
promise for use in highly erosive and corrosive environments.  We deposited TiB2 coatings by hydroge~ reduction of 
TiCt4 and BCI:,. Our objective was to correlate process variables with coating structure and properties, with emphasis on 
obtaining coatings having high erosion resistance. We varied deposition temperatures from 750 ~ to 1050~ and the TIC14 
and BCI:~ flow rates. Commercial cemented carbides and experimental  nickel-bonded TiB~ were used as substrates. 
After structural characterization, the resistance of the deposited coatings to erosion was determined by a hot coal-oil 
slurry impingement  test. The deposition rate was very temperature dependent,  ranging from 0.1 to 2.9 ~m/min between 
750 ~ and 950~ The surface of the coatings showed nodules increasing in size with temperature. The coatings were 
dense and adherent. The grain size varied with deposition conditions. Often, the grains were too small to resolve opti- 
cally, but transmission electron microscopy showed the grain size to be very small (2-300 nm) and to increase with dis- 
tance from the substrate. Electron microscopy and x-ray diffraction showed only single-phase TiB=,, and ion microprobe 
analysis revealed a constant Ti:B ratio across the coating thickness. Energy-dispersive fluorescence analyses showed 
more chlorine in coatings deposited at 800~ than in coatings deposited at higher temperatures. The Knoop microhard- 
nesses of coatings deposited at 800 ~ and 900~ were 15 and 33 GPa, respectively. Coatings deposited at 850~ or below 
eroded extensively (up to 30 ~m deep craters during a lh test), while those deposited at 900~ showed very little or no 
erosion (0-3 ~m). 

In the past several years there has been an increasing 
interest in the use of t i tanium diboride (TiB2), in the form 
of both ceramic bodies (1) and coatings prepared by 
chemical vapor deposition (CVD) (2-4). This interest is the 
result of favorable properties: high hardness; moderate 
strength, toughness, and electrical conductivity; and ex- 
cellent resistance to erosion, wear, and corrosion. These 
desirable properties are retained by TiB~ even at high 
temperature. Such properties make the application of 
TiB~ desirable in several areas of coal conversion plants, 
but especially so in coal liquefaction plants, where ero- 
sion of letdown valves is still one of the most serious ma- 
terials problems. In this case, a high flow of a coal-oil 
slurry must pass through a small orifice to produce the 
required 10-15 MPa (1500-2000 psi) pressure drop. In this 
application, the life of valve trim and seat material may be 
hours, days, or a few weeks. Their high hardness, wear re- 
sistance, and chemical stability also make TiB~ coatings 
attractive for use as metal cutting tools and other applica- 
tions. 

Previously, hot-pressed nickel-bonded TiB2 substrates 
produced at Oak Ridge National Laboratory (Oak Ridge, 
Tennessee) were coated with CVD TiB~ at Sandia Na- 
tional Laboratories (Albuquerque, New Mexico) (5). In 
erosion tests of these coatings, some samples eroded rap- 
idly, while others experienced essentially no erosion. The 
low erosion results were extremely encouraging, but the 
inconsistency of the results (all specimens were coated in 
the same run) indicated the need for further development. 

The TiB~ coatings were deposited according to the reac- 
tion 

TIC14 + 2BCI:~ + 5H~ --* TiB._, + 10 HC1 [1] 

This reaction has been used by various researchers (2-4, 6) 
to deposit TiB2. The thermodynamics and kinetics of the 
reaction have been studied extensively (7, 8). Lower depo- 

'Battelle Columbus Laboratories. Columbus, Ohio 43201 

sition temperatures are possible by use of TiCl4 and di- 
borane as reactants (9), but diborane is very toxic and can 
burn explosively in air. The lower deposition tempera- 
tures were not judged to be a sufficient advantage for 
this study to offset the safety hazard. 

The purpose of our work was to investigate by use of a 
statistically designed experiment the influence of deposi- 
tion conditions and substrate type on the structure and 
properties, particularly erosion resistance, of the TiB~ 
coatings. 

Materials, Experimental Apparatus, and Procedure 
The coating runs were made with the equipment shown 

schematically in Fig. I. The graphite coating chamber 
was heated with a graphite resistance heating element 
within a water-cooled, metal-wall furnace. The substrate 
was held by a support rod in the center of the coating 
chamber. The temperature of the outside surface of the 
coating chamber wall at the same elevation as the speci- 
men was measured with an optical pyrometer sighted 
through a silica glass window. Because blackbody condi- 
tions were closely approximated (viewing the graphite 
chamber through a slot in the graphite heating element), 
no emissivity correction was made. The flow of TiCl4 out 
of a heated reservoir was controlled by the flow rate of 
hydrogen carrier gas and the temperature of a reflux con- 
denser on the exit line from the reservoir. Hydrogen in 
excess of that needed for the TiCl4 flow was added sepa- 
rately. The heated BCI:~ flow was controlled by a flow- 
meter, and the header of mixed inlet gases was heated to 
prevent condensation until entry into the coating 
chamber. 

This study was divided into three sets of coating runs. 
The first set of 18 runs was a statistically designed exper- 
iment as shown schematically in Fig. 2 and Table I. From 
prior work and several exploratory coating runs, the "cen- 
ter point" process gas flow rates (cm3/min) for this design 
were established: TiCl4, 40; BCI:, 240; and total H~, 2200. 
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Fig. 1. Equipment for TiB 2 deposition 

Variables  in t he  e x p e r i m e n t a l  des ign  were  t e m p e r a t u r e  
(800 ~ and  900~ TIC14 flow rate  (20, 40, and  60 cm3/min), 
and  BCI:~ flow rate  (120, 240, and  360 cm'~/min). These  pro- 
cess  cond i t i ons  resul t  in bo ron- to - t i t an ium rat ios for the  
reac tan ts  r ang ing  f rom 2 to 18 and  hyd rogen : t o - t i t an i u m 
ratios of  34 to 117, w h i c h  pr ior  work  had  ind ica ted  w o u l d  
be w o r t h y  of  inves t iga t ion .  Eros ion  tes t ing  of se lec ted  
s am p le s  of  this  ser ies  (see Table I) i nd ica ted  the  deposi-  
t ion t e m p e r a t u r e  to be the  m o s t  s ignif icant  var iable  af- 
fec t ing  the  e ros ion  pe r fo rmance .  Thus,  a s econd  series of 
e ight  runs  was  made ,  in w h i c h  the  depos i t ion  t empera -  
ture  was  var ied  in 50~ i n c r e m e n t s  f rom 750 ~ to 1050~ 
The data  for th is  t e m p e r a t u r e  series are s h o w n  in Table  
II. The s u b s t r a t e  type  for each  coat ing  run  in the  first 
and  s econd  se t  o f  runs  was  a commerc i a l l y  available ~ ce- 
m e n t e d  ca rb ide  (WC-TaC-TiC-Co) m a c h i n i n g  tool  inser t .  
These  inse r t s  are square  in cross  sec t ion  (12.7 m m  edge  
leng th  and  4.8 m m  height) .  A th i rd  set  of  th ree  coat ing  
runs  was  m a d e  at 900~ to s tudy  the  effect  of subs t r a t e  
type.  The data  are s h o w n  in Table  III. 

~Grade GE-370, General Electric Company. 
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Fig. 2. Statistically designed experiment for TiB~ deposition 

The subs t r a t e s  s tud ied  are d e s c r i b e d  in Table III and  
inc luded  var ious  grades  of commerc i a l ly  available ce- 
m e n t e d  ca rb ides  and  two e x p e r i m e n t a l  fo rmula t ions  of  
ho t -p ressed ,  n i c k e l - b o n d e d  TiB2. These  subs t ra tes  
p e r m i t t e d  inves t iga t ion  of  t he  in f luence  of subs t ra te  
the rmal  e x p a n s i o n  coeff icient  and  c o m p o s i t i o n  on coat- 
ing s t ruc ture  and  proper t ies .  

The e ros ion  tes t  p r o c e d u r e  and  e q u i p m e n t  are m o r e  
fully d e s c r i b e d  e l s ewhe re  (10). In  s u m m a r y ,  it is a l h  tes t  
in w h i c h  a ho t  (315~ h igh  ve loc i ty  (100 m/s) coal-oil 
s lurry (8% sol ids  in an th racane  oil) is i m p a c t e d  on the  tes t  
s p e c i m e n  at an angle  of  20 ~ (Fig. 3). Eros ion  r e s i s t ance  
was d e t e r m i n e d  by  m e a s u r i n g  (using prof i lomete r  t races)  
the  d e p t h  of  the  e ros ion  crater.  For  t h o s e  coat ings  tha t  ex- 
h ib i t  very  li t t le wear,  d i s t ingu i sh ing  the  cra ter  d e p t h  f rom 
the  n o rma l  f luc tua t ions  of t he  a s -depos i t ed  coat ing sur- 
face was  difficult,  and  d i s t ingu i sh ing  b e t w e e n  cra ter  
d e p t h s  in the  range  of  0-2 ~m was  s o m e t i m e s  difficult.  

Results and Discussion 
Deposition rate.--The depos i t ion  rate  of  TiB2 was  m o s t  

d e p e n d e n t  on the  t empera tu re .  The c h a n g e  in depos i t i on  
rate  as a func t ion  of  t e m p e r a t u r e  is s h o w n  in Fig. 4. The 

Table I. Deposition conditions and erosion results of TiB~ coatings a from the first series 

Flow (cm:Vmin) Flow ratio 

Run TiC] 4 BCl:~ H~ B/Ti HJTi 
Weight gain Coating thickness ~ Erosion crater 

(mg) (~m) depth (~m) 

399 20 120 2340 
406 20 240 2220 
400 20 360 2100 

401 40 120 2320 
394 40 240 2200 
402 40 360 2080 

397 60 120 2300 
405 60 240 2180 
403 60 360 2060 

407 20 120 2340 
409 20 240 2220 
398 20 360 2100 

411 40 120 2320 
391 40 240 2200 
404 40 360 2080 

412 60 120 2300 
408 60 240 2180 
410 60 360 2060 

Deposited at 800~ 
6 117 20 8 

12 111 20 8 
18 105 18 7 

3 58 11 4 5.2 
6 55 18 7 11.4 e 
9 52 12 5 8.7 
2 38 8 3 
4 36 12 5 
6 34 12 5 

Deposited at900~ 
6 117 64 26 

12 111 69 28 
18 105 115 46 

3 58 54 22 ~0" 
6 55 73 29 -0  ~ 
9 52 60 25 -0  ~ 

2 38 66 26 
4 36 78 31 
6 34 89 36 

a For each coating run, the substrate was Type GE-370 cemented carbide, and the run time was 20 min. 
"Calculated from weight gain. 
r Three additional runs (one of which used a nickel-bonded TiB~ substrate) were made at this condition, except longer run times were 

used to produce thicker coatings. Erosion crater depths ranged from 23 to 83 tzm, comparable to the coating thicknesses. 
d Crater depths were of the same order of magnitude as surface roughness, so the detection limit is in the range of 0-2 ~m. 
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EROSION BEHAVIOR OF TIR 2 COATINGS WAS DETERMINED BY HIGH-VELOCITY 
COAL-OIL SLURRY EXPOSURE {350~ 1 h, 100 m/s, 20 ~ INCIDENCE ANGLE} 

~AS.ER "E~ER 

/~,~///A K/////A _j~_..___-- METALLIC SEAL 

/ ~',. . f . . . .  : ' . : .  ~ 3 @ - ~ f j j . ~ - -  o . . . . . . . . . . . . .  

CA l iE  ORIFICE 

BBER 
TEST SPECIMEN ~ /  "0"  RINGS 

SPEC[IV)E N HOLDER 

Fig. 3. Schematic diagram of the specimen fixturing for the slurry ero- 
sion test. 

data points represent runs in which the centerpoint TIC14 
and BCI:~ flow rates were used, i.e., 40 and 240 cm:Vmin, 
respectively. The bars represent the variation in deposi- 
tion rate for the runs using other flows of TiCl4 and BCI:~ 
(see Table I). Although the gas flow rate affects the depo- 
sition rate at a given temperature, the dominant effect is 
that of temperature. The deposition rate increased with 
increasing temperature up to 950~ and then decreased. 
The decrease in deposition rate above 950~ was probably 
caused by deposition on the hot wall of the reaction 
chamber and gas phase reactions which depleted the 
TiCl~ and BCI:~ contents of the gas mixture before contact 
with the substrate. Indeed, a considerable amount of TiB~ 
p o w d e r  was  fo rm ed  in these  runs,  especia l ly  at 1050~ 

Table II. Deposition conditions ~' and erosion results of 
second series of TiB~ coatings--temperature variation 

Run 

Erosion 
Deposition Deposition Weight Coating ~' crater 
temperature time gain thickness depth 

(~ (min) (rag) (~m) (~m) 

449 750 40 9 4 6.6 
443 800 20 20 8 7.0 
447 850 20 22 9 9.7 
450 850 30 36 14 17.4 
442 900 10 37 15 5.5 
445 950 10 72 29 8.3 
446 1000 10 59 24 5.1 
451 1050 10 37 15 5.1 

"Reactant flows (cm:Vmin): TIC14, 40; BCI:~, 240; H.2, 2200. Sub- 
strate for all runs: WC TaC-TiC-Co (GE-370). 

h Calculated from weight gain. 

3o L I L I I /--, �9 TiCI 4 40, BCI 3 240cm3/min ~. 
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Fig. 4. Influence of temperature on the TiB.2 deposition rate 
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Surface morphology.--The coat ings  depos i t ed  at  and  
be low 850~ were  br igh t  and  smooth ,  whi le  those  depos-  
i ted at 900~ and  above  t e n d e d  to be dull  and  rough,  espe-  
cially, t he  1000 ~ and  1050~ coat ings.  Scann ing  e lec t ron  
m i c r o s c o p y  clearly s h o w e d  the  surface  m o r p h o l o g y  to de- 
p e n d  on t empe ra tu r e .  F igure  5 s h o w s  the  surface nodu le s  
to be smal l  (2-3 ~m) at 800~ s o m e w h a t  larger (5-10 ~m) at 
900~ and  large (20-40 ~m) pla te le ts  at 1000~C. Reac tan t  
gas flow rates  had  less ef fect  on sur face  morpho logy ,  as 
s h o w n  in Fig. 6. At  900~ and  a TIC14 f low ra te  o f  40 
cm~/min, the  surface  m o r p h o l o g y  b e c a m e  finer t e x t u r e d  
as the  BCl:~ flow rate  increased.  

Microstructure.--Optical m i c r o s c o p y  s h o w e d  the  coat- 
ings to be d e n s e  and  well  b o n d e d  3 to the  subs t ra te ,  as 
s h o w n  in Fig. 7. Coat ing th i ckness  was  surpr i s ing ly  uni-  
fo rm at sha rp  co rne r s  bu t  s o m e t i m e s  var ied  f rom one  s ide  
of a s p e c i m e n  to another .  

The TiB~ grains  were  typical ly c o l u m n a r  and genera l ly  
small  (<2 ~m in width).  The grain size, however ,  va r i ed  
cons ide rab ly  f rom one s p e c i m e n  to an o t h e r  (Fig. 8) and  
was not  cor re la ted  wi th  depos i t i on  t e m p e r a t u r e  or 
reac tan t  gas flow rates.  The grain size for the  f iner  
gra ined  mater ia l  was in the  range  2-300 nm.  General ly,  the  

Coating adherence was not evaluated quantitatively, but de- 
bonding was neither observed in the metallography specimens 
nor experienced during handling, erosion testing, or reheating 
to 1000~ Debonding was, however, sometimes observed during 
attempts to use the coated specimens as machine tool inserts. 

Table III. Deposition conditions a and erosion results of third series of TiB~ coatings--temperature variation 

Specimen Grade 

Substrate h 

Thermal Erosion 
expansion crater 

Composition coefficient depth 
Source (w/o) (K-') (~m) 

452A K-701 Kennametal WC-10Co-4Cr 6.5 • 10-" 2.8 
452B GE-883 GE WC-6Co 4.5 2.9 
452C GE-370 GE WC-11TaC-8TiC-9Co 5.8 0-F 

453A K-703 Kennametal WC-5,5(Co, Cr) 4.5 7.6 
453B NT-90AD ORNL TiB=,-Ni 8.8 2.0 
453C GE-370 GE WC-11TaC-8TiC-9Co 5.8 0-T 

454A I~-15 IA Kennametal TiC~Ni 8.3 21.0 
454B NT-80K ORNL TiB~Ni 8.8 0 e 
454C GE-370 GE WC-11TaC-RTiC-9Co 5.8 17.8 

" Reactant flows (em:Vmin): TIC14, 40; BCI:~, 240; H._,, 2200. Deposition time, 20 min; deposition temperature, 900~ Coating thicknesses 
were in the range 15-20 vm- 

b For comparison, the thermal expansion coefficient of chemically vapor-deposited TiB.2 is 8.0 • 10-" K ' 
~" Crater depths were of the same order of magnitude as surface roughness, so the detection limit is in the range of 0-2 vm. 
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Fig. 5. Surface morphology of TiB2 coatings are temperature dependent. Flow rates (cm'~/min): TiCI4, 40; BCI:~, 240; and H~, 2200. (a) 800°C. (b) 
900°C. (c) 1000°C. 

Fig. 6. The BCI:~ flow rate influences coating surface texture. Deposition temperature, 900°C; TiCI4 flow ra~te, 40 cm3/min. BCI:~ flow rate (a) 120, (b) 
240, (c) 360 cm:Vmln. 

Fig. 7. The TiB2 coatings were dense, adherent, and of uniform thickness. Deposited at (a) 900°C, (b) 800°C 
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Fig. 8. Polarized light shows (a) no grain structure, (b) some structure, and (c) structure throughout the TiB2 coatings 

grain size increased  with  d is tance  f rom the  substrate  (Fig. 
9). Somet imes ,  however ,  the grain size changed  abrupt ly  
(either dec reased  or increased) across the  th ickness  of the  
coating,  p roduc ing  a banded  or s tr iated s t ruc ture  (Fig. 8). 
For tunate ly ,  as will  be apparen t  later, these  var ia t ions  in 
grain size did not  appear  to inf luence the  eros ion resist- 
ance of the  coatings.  

X-ray diffract ion and t ransmiss ion  e lec t ron mic roscopy  
results  showed  only single phase  crystal l ine TiB2 to be  
present.  P re fe r red  or ienta t ion occur red  in mos t  speci- 
mens,  but  the  prefer red  plane  and the  degree  to wh ich  a 
g iven crys ta l lographic  p lane  was pre fe r red  var ied  wi th  
deposi t ion  condi t ions.  

Selec ted-area  e lectron diffract ion pa t te rns  of  th in  sec- 
t ions paral lel  to the  substra te  of  a f ine-grained spec imen  
depos i ted  at 800~ (Fig. 10) showed  prefer red  or ienta t ion  
of the  grains. The  ex ten t  of  prefer red  or ienta t ion and 
grain size increased  with  d is tance  f rom the  substrate.  The  
diffract ion pa t te rns  also showed  the  TiB~ to be h ighly  
crystal l ine and ra ther  defect  free. 

Chemical homogeneity, composition, and impurity con- 
tent.--Ion mic rop robe  analyses  indica ted  a cons tan t  
t i t an ium-to-boron  ratio across the  coat ing thickness .  The  
only impur i ty  de tec ted  by energy-d i spers ive  x-ray fluo- 
rescence  analysis was chlorine.  A l though  actual  concen-  
trat ions were  not  obtained,  the chlor ine- to- t i tanium intern 
sity ratio for coat ings  depos i ted  at 800 ~ 900 ~ and 1000~ 
were  0.187, 0.021, and 0.008, respect ively .  We do not  k n o w  
if  this is free ch lor ine  or a subch lor ide  of  the reactants  in 
a concen t ra t ion  too low for x-ray diffract ion to detect .  
This is one  of  the  few dif ferences  in the  coat ings  depos- 
i ted at 800 ~ and 900~ and the  poss ible  inf luence of chlo- 
r ine con ten t  on hardness  and eros ion  resul ts  is d iscussed  
in a later  section.  

Microhardness.~Knoop microha rdness  data  for the  
first set  of  coat ings  depos i ted  at 900~ (coatings depos-  
i ted at 800~ were  too thin for measu remen t )  are shown in 
Fig. 11. The  data show that  the  TiB., coat ings  at the center  
point  process  condi t ion  (TiCl~ and  BCI:~ flow rates of  40 
and 240 cm:Vmin) had a hardness  of  33 GPa,  as compared  

Fig. 9. Transmission electron microscopy shows that the grains are small and increase in size with distance from the substrate. (a) Grain size 2-20 nm, 
0.2/~m from substrate. (b) 20-300 nm at 3 ~m. 
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Fig. 10. Selected-area diffraction patterns show increasing grain size and preferred grain orientation with distance from substrate: (a) 0.2, (b) 2, and 
(c) 3/xm. 

wi th  the  c e m e n t e d  ca rb ide  s u b s t r a t e  of  19 G P a  at t h e  
s ame  i n d e n t o r  load  of  100g. The  da ta  in  Fig. 11 also s h o w  
the  fol lowing.  

1. The  m a x i m u m  h a r d n e s s  va lues  o c c u r r e d  at  the  
c e n t e r p o i n t  p r o c e s s  cond i t ions .  

2. At  a TIC14 flow of 40 cm3/min c h a n g i n g  the  BCI:~ f low 
f rom 240 to e i t h e r  120 or 360 cm:Vmin h a d  l i t t le  ef fec t  on  
h a r d n e s s .  

3. A t  TIC14 flows of 20 or 60 cm'Vmin, t he  h a r d n e s s  
va lues  we re  l ower  a n d  were  s ign i f i can t ly  a f fec ted  b y  t h e  
BCI:~ flow. 

4. As  e x p e c t e d ,  t he  h a r d n e s s  va lues  w e r e  i n f luenced  by  
t he  load  on  t he  h a r d n e s s  i n d e n t o r .  The  h a r d n e s s  va lues  at  
the  25 a n d  50g load  are  h i g h e r  t h a n  n o r m a l l y  r e p o r t e d  b u t  
are s h o w n  to e m p h a s i z e  t he  fact  t h a t  t he  i n d e n t o r  load  
m u s t  be  k n o w n  be fo re  h a r d n e s s  va lues  can  be  c o m p a r e d  
a n d  to s h o w  the  gene ra l  t r e n d  of  h a r d n e s s  at  the  va r ious  
flow cond i t ions .  

A d d i t i o n a l  m e a s u r e m e n t s  i n d i c a t e d  t h a t  coa t ings  de- 
pos i t ed  a t  800~ were  no t  nea r ly  as h a r d  as t hose  depos-  
i ted  at  900~ (15 vs. 33 G P a  for  a 100g i n d e n t o r  load). T h e  
h a r d n e s s  da ta  for t h e  s e c o n d  set  of  r u n s  ( the t e m p e r a t u r e  
series)  aga in  s h o w e d  t h a t  d e p o s i t i o n  t e m p e r a t u r e  affects  
h a r d n e s s .  Coa t ings  d e p o s i t e d  a t  850~ a n d  be low were  n o t  
as h a r d  as t h o s e  d e p o s i t e d  at  t he  a b o v e  900~ Fo r  deposi -  
t i on  t e m p e r a t u r e  in t he  r a n g e  900~176 h a r d n e s s  
va lues  are  in  t he  r a n g e  32-44 G P a  for  a 50g i n d e n t o r  load. 
I t  is no t  c lear  w h e t h e r  900 ~ or 1000~ yie lds  t he  h a r d e r  
coat ings ,  b u t  i t  s h o u l d  be  n o t e d  t h a t  all coa t ings  depos-  
i t ed  in t he  900 ~ to 1000~ r a n g e  we re  ve ry  hard .  However ,  
coa t ings  d e p o s i t e d  at  900~ are p r e f e r r e d  b e c a u s e  t h e y  are  
smoo the r .  
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Fig. 11. Microhardness of TiB~ coatings deposited at 900~ as a func- 
tion of reactant gas flow rates and indentor load. For comparison, the 
curve labeled WC-TaC-TiC-Co shows data for the GE-370 substrate. 

Erosion resistance.--Six s p e c i m e n s  f r o m  t h e  first  ser ies  
were  c h o s e n  for  e ros ion  tes t ing .  T h e s e  were  t h e  t h r e e  
s a m p l e s  coa t ed  w i t h  a TIC14 f low ra te  of  40 cm:Vmin at  
800~ a n d  t h e  t h r e e  w i th  t h e  s a m e  flow ra te  at  900~ (see 
Fig. 2 a n d  Tab le  I). However ,  t h e  800~ s amp l e s  h a d  a 
coa t ing  t h i c k n e s s  of  on ly  4-7 txm as c o m p a r e d  w i th  20-30 
~ m  for t h e  900~ samples .  There fore ,  t h r ee  m o r e  r u n s  
were  m a d e  at  800~ wi th  t h e  c e n t e r p o i n t  flow rates ,  b u t  
the  r u n  t i m e  was  i n c r e a s e d  f rom 20 ra in  to 2 to 4h. Th i s  
p r o v i d e d  s a m p l e s  coa ted  at  800~ wi th  coa t ing  t h i c k n e s s  
in  the  s a m e  r a n g e  as t h e  900~ coa t ings .  Also,  one  of  t h e s e  
runs  was  m a d e  w i th  a h o t -p r e s s ed ,  n i c k e l - b o n d e d  TiB2 
subs t ra t e .  

As s h o w n  in Tab le  I, all t h e  coa t ings  d e p o s i t e d  a t  800~ 
were  c o m p l e t e l y  p e n e t r a t e d  d u r i n g  t h e  test ,  r ega rd le s s  of  
the  coa t ing  t h i c k n e s s  (4-25 txm), gas  f low rate,  or sub-  
s t ra te  type.  In  cont ras t ,  n o n e  of  t h e  coa t ings  d e p o s i t e d  at  
900~ s h o w e d  u p  a p p r e c i a b l e  e ros ion  for the  coa t ing  
t h i c k n e s s e s  (22-29 ixm) or gas  f low ra tes  inves t iga ted .  

The  s e c o n d  ser ies  of coa t ing  r u n s  was  m a d e  to p e r m i t  
f u r t h e r  i n v e s t i g a t i o n  of t h e  in f luence  of  d e p o s i t i o n  t em-  
pera tu re .  T h e  d e p o s i t i o n  c o n d i t i o n s  a n d  e ros ion  r e su l t s  
for th i s  se t  of  s a m p l e s  are s h o w n  in Tab le  II. These  re- 
sul ts  aga in  i n d i c a t e  an  effect  of  d e p o s i t i o n  t e m p e r a t u r e  
on  coa t ing  e ros ion  res i s tance .  Coa t ings  d e p o s i t e d  at  850~ 
or lower  (4-14 ~ m  th ick)  were  e s sen t i a l ly  c o m p l e t e l y  
p en e t r a t ed ,  b u t  coa t ings  d e p o s i t e d  a t  900~ a n d  a b o v e  
were  on ly  par t ia l ly  p e n e t r a t e d .  F o r  coa t ings  d e p o s i t e d  at  
900~ a n d  above ,  t h e  c ra t e r  d e p t h s  w e r e  g rea te r  t h a n  ex-  
p e c t e d  f rom the  first  set  of  resul ts .  However ,  s o m e  of  t he  
d i s c r e p a n c y  is p r o b a b l y  due  to t h e  m e a s u r e m e n t  t ech-  
n ique ,  in w h i c h  c ra te r  d e p t h s  are  d e t e r m i n e d  f rom 
p ro f l l ome te r  t races .  Coa t ings  d e p o s i t e d  at  t h e  h i g h e r  
t e m p e r a t u r e s  are  e ros ion  r e s i s t an t  b u t  h a v e  r o u g h e r  sur-  
faces, so t h e  c ra te r  d e p t h  to be  m e a s u r e d  is smal l  a n d  
close to the  m a g n i t u d e  of  t h e  v a r i a t i o n  in t h e  sur face  of  
the  a s -d ep o s i t ed  coat ing.  This  i nc r ea se s  the  u n c e r t a i n t y  
of t h e  c ra te r  d e p t h  m e a s u r e m e n t .  

The  t h i r d  ser ies  of  coa t ings  was  m a d e  to i nves t i ga t e  t he  
effect  of  s u b s t r a t e  on  coa t ing  e ros ion  res i s tance .  The  sub-  
s t ra tes  t e s t e d  we re  five c o m m e r c i a l l y  ava i l ab le  g rades  of  
c e m e n t e d  ca rb ides  a n d  two e x p e r i m e n t a l  f o r m u l a t i o n s  of  
n i c k e l - b o n d e d  TiB2 (see Tab le  III). T h e  coa t ing  condi-  
t ions ,  s u b s t r a t e s ,  a n d  e ros ion  re su l t s  are  s u m m a r i z e d  in 
Tab le  III. No te  t h a t  in e a c h  of  t h e  coa t ing  runs  452, 453, 
a n d  454 t h r e e  s u b s t r a t e s  we re  s i m u l t a n e o u s l y  coa t ed  a n d  
tha t ,  for e a c h  of  t h e s e  runs ,  one  of  t h e  s u b s t r a t e s  was  t he  
GE-370 g rade  of  c e m e n t e d  carb ide ,  w h i c h  se rved  as a 
s t anda rd .  T h e  e ros ion  resu l t s  for  t h e  coa t ings  d e p o s i t e d  
on  t h e  s t a n d a r d  GE-370 s u b s t r a t e  i n d i c a t e d  t h a t  coa t ing  
r u n s  452 a n d  453 were  no rma l ,  good  runs ,  b u t  r u n  454 was  
s o m e w h a t  suspec t .  S u b s t r a t e  t y p e  does  no t  a p p e a r  to 
s t rong ly  in f luence  e ros ion  res i s tance ,  a l t h o u g h  th i s  con-  
c lus ion  is c l o u d e d  b y  sca t t e r  in  t h e  data .  T h e r e  is some  in- 
d i ca t ion  t h a t  t h e  GE-370 g rade  of  c e m e n t e d  ca rb i de  a n d  
the  n i c k e l - b o n d e d  TiB2 m a y  b e  p re fe rab le .  E x a m i n a t i o n  
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of the data in Table III leads to the conclusion that ero- 
sion resistance does not appear to correlate with how 
closely the thermal expansion coefficient of the substrate 
matches that of TiB2. 

Summary and Conclusions 
The most significant conclusion that can be reached 

from this investigation is that properly deposited CVD 
coatings of TiB2 have shown little or no erosion during ac- 
celerated testing. Thus TiB=, coatings appear to be very 
promising for highly erosive environments such as those 
encountered by valve trim material and pump compo- 
nents in coal liquefaction processes. Low erosion rates 
were demonstrated for TiB., coatings deposited on differ- 
ent substrates (various grades of cemented carbides and 
nickel-bonded TiB~) for a range of temperatures and flow 
rates of reactants. 

Deposition temperature is the most important process 
variable in determining the erosion performance of the 
coatings. Coatings deposited at 900~ or higher exhibit  
very low erosion rates, but coatings deposited at 850~ or 
lower exhibit  very high erosion rates. The property that 
most obviously correlates with the deposition tempera- 
ture and therefore with erosion resistance is hardness. 
Coating hardness increased with increasing deposition 
temperature, at least up to 900~ and perhaps to 1000~ 
Coatings deposited at 900~ had hardness values of about 
33 GPa, whereas coatings deposited at 800~ had hard- 
ness values of about 15 GPa for a 100g indentor load. 

Another significant difference between the 800 ~ and 
900~ coatings was the chlorine content. Raising the dep- 
osition temperature from 800 ~ to 900~ lowered the chlo- 
rine content by a factor of 9. Increasing the temperature 
from 900 ~ to 1000~ further lowered the chlorine content 
by a factor of 2.6. Whether or not the chlorine content is a 
significant factor affecting the erosion performance of 
the coating is not yet known. 

Other conclusions follow. 

1. The deposition rate increased as the temperature in- 
creased from 750 ~ to 950~ but then decreased as the tem- 
perature continued to increase to 1050~ 

2. The surface morphology of the coatings was strongly 
temperature dependent. The coating surface had small 
nodules at the lower temperatures (800~ somewhat 
larger nodules at the intermediate temperatures (900~ 
and a platelet structure at the higher temperatures. 
Changing the gas flows had only slight effect on the sur- 
face morphology. 

3. The coatings were fine-grained, adherent, and of uni- 
form thickness. Varying degrees of preferred grain orien- 
tation were observed. The grain size did not appear to 
correlate with any of the process variables. Both fine- 
grained and coarser-grained specimens exhibited excel- 
lent erosion resistance. 

4. X-ray diffraction indicated the presence of only TiB2, 
with no unidentified peaks, and ion microprobe analyses 

indicated a constant titanium-to-boron ratio across the 
coating thickness. 
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ABSTRACT 

Reflectivity and photoluminescence (PL) spectra of stoichiometric CuInSe., and of two nonmolecular  defect struc- 
tures tied to the liquidus composition Cufln~Se, and Cufln4Se7 are presented. At room temperature the fundamental  gap 
and high energy features in the reflectivity spectra show only a very weak dependence on the stoichiometry of the com- 
pounds, while the PL spectra exhibit  distinct differences. The PL of the stoichiometric material is dominated by free 
exciton emission, but the defect structures are characterized by broad deep luminescence bands of currently unknown 
origin. 

The ternary compound semiconductor  CuInSe2 has at- 
tracted attention in the context of photovo]taic devices, 
optical detectors, and light emitt ing diodes (1, 2). In par- 
ticular, CuInSe~-based solar cells with power conversion 
efficiencies in excess of 10% at AM1 and excellent  resist- 
ance against degradation under  operating conditions have 
been reported (3-5). Conflicting experimental  data and 
analyses of the experimental  results have been published 
(6-10) concerning the relation between the optical proper- 
ties of copper indium diselenide and point defects in this 
material that is characterized by a wide homogeneity 
range. In the opinion of the authors, the primary cause for 
this confusion is a lack of control over the point defect 
chemistry and surface preparation conditions. In this pa- 
per, we report on the reflectivity and photoluminescence 
(PL) of stoichiometric CuInSe~ and of related defect 
structures of well-defined composition. 

Experimental Procedure 
Bulk single crystals of stoichiometric CuInSe2, which is 

an incongruently melting material, were grown from the 
appropriate ]iquidus composition as described elsewhere 
(11). In addition, single crystals of the defect structures ty- 
ing to the liquidus compositions Cu:~In.~Ses and Cufln4Se7 
were prepared. Crystals prepared from these liquidus 
compositions were previously described as separate solid 
phases of same composition (12, 13). This contention is 
certainly wrong, since detailed phase diagram studies (11) 
show no evidence for the existence of a solid phase 
Cu:~In~Se,. As determined by electron microprobe analy- 
ses, both liquidus compositions tie to different solidus 
compositions, i.e., Cufln4SeT(1) to Cuq,.E,In~.~gSe,~.~(s) and 
Cu:~In.~Se,(1) to Cu~,.2,Inc,.~,Se,).~c,(s) corresponding to atom 
ratios Cu:In = 0.66 and 0.72 and (Cu + In):Se = 0.92 and 
1.00, respectively. 

Samples for the optical measurements  were prepared 
by cleaving on (110) for the stoichiometric CuInSe2. As- 
grown natural (112) faces were used for the evaluation of 
the defect structures. Cutting, mechanical polishing, and 
chemical etching significantly alter the surface composi- 
tion and optical response of the samples and was avoided 
in our work. The PL spectra were recorded in the temper- 
ature range 9 K ~ T ~ 60 K using a closed cycle He cryo- 
stat. The 514.5 nm Ar ion laser line at 150 mW incident 
power was used as excitation source and the emitted PL 
radiation was analyzed by means of an Instruments SA 
Model HR 320 monochromator.  A 1200 g/ram holographic 
grating affording a spectral resolution of ~< 3~ was util- 
ized in conjunction with either a Ge photodiode or a S1 
photomultiplier  tube. The data acquisition]signal pro- 
cessing system consisted of a PAR Model 192 chopper, a 
PAR Model 5206 lock-in analyzer, and a Tek 4052 com- 
puter. A similar setup was used for the reflectivity mea- 
surements using a Xe lamp as light source and, in the UV 
region, an alternative holographic grating with 1800 g/ram 
plus a R955 photomultip]ier tube. 

Results and Discussion 
Figure 1 shows the reflectivity of CuInSe2 and of the 

defect structure materials. The fundamental  gap and the 
*Electrochemical Society Active Member. 

transitions at 3.9 and 4.5 eV do not show significant shifts 
for all samples, while the feature near 2.9 eV exhibits a 
dependence on composition. The nature of the high en- 
ergy transitions is presently not understood. In Ref. (14) 
and (15), they are characterized as transitions from Cu d 
levels to the conduction band or E,-like transitions from 
the upper valence band or pseudodirect  transitions. The 
above result indicates that the bandgap at room tempera- 
ture is not significantly affected by deviations from mo- 
lecularity. This finding is corroborated by the location of 
the low energy cutoff in the spectral response of liquid 
junction solar cells of the defect structure materials tied 
to liquidus compositions Cufln~Se, and Cu=,In4SeT, respec- 
tively, shown in Fig. 2. 

Figure 3 shows the PL spectra of stoichiometric 
CuInSe2 at four different temperatures. A dominant peak 
at 1.03 eV and four additional peaks at 1.02, 0.97, 0.94, and 
0.90 eV are observed. Note that the FWHM for the peak at 
1.03 eV decreases upon increase of the temperature from 
10 to 30 K. This shows that the 1.02 eV transition visible 
as a shoulder on the low energy side of the peak at 1.03 eV 
is strongly quenched. The 9 meV FWHM peak at 1.03 eV 
is assigned to the free exciton that is located 20 meV be- 
low the conduction bandedge (CBE) (17). The bandgap is 
1.05 eV in agreement  with the previous data of Ref. (7) 
and (8). The absence of significant deep emission fea- 
tures in the PL spectrum of the stoichiometric CuInSe2 
sample of this study shows that it has substantially lower 
concentration of point defects than the heretofore re- 
ported CuInSe~ crystals. For such high purity material, 
the transition probability for the free exciton is much 
higher than for band-to-band transition, which could be 
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n ~  

0 i i i I i i i i i 

1 2 3 4 5 
Photon Energy / eV 

Fig. 1. Reflectlvity vs. photon energy af CulnSe2 (solid line) and re- 
lated campounds tied to the liquidus composition Cu:ln4Se7 (dashed 
line) and Cu31nsSe. (dot-dash line). 
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%~ 

. o  

............. �9 . Cu21n4SeT(L) 
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Fig. 2. Spectral response of defect structure materials tied to 
Cu~ln4SeT(I) and Cu:~ln~Se~(I) in a V*4/V ~ ,  HCI, aqueous redox sys- 
tem. The position of the fundamental gap of CulnSe2 is denoted by an 
arrow. 

observed in the high energy region (16), but is not re- 
solved in Fig. 2. A temperature increase by 50 K shifts the 
free exciton peak position by 5 meV, which is in good 
agreement with the previous results of Won Yu (8). 
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I I  

1.02 e V i l  

a .O,eV Ill 

4 3  
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Fig. 3. Photoluminescence spectra for CulnSe2 from a cleaved (110) 

surface for different temperatures showing five transitions. 
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Fig. 4. Energy level diagram for CulnSe2 indicating the acceptor 
and donor levels, the position of free excition level (FE), and the fun- 
damental gap. 

In  a p r e v i o u s  c o m m u n i c a t i o n  (19), we r e p o r t e d  comple-  
m e n t a r y  f ea tu res  in  t he  P L  a n d  p h o t o c o n d u c t i v i t y  spec-  
t ra  of  a s a m p l e  of  a t o m  ra t ios  Cu : In  = 1.01 a n d  (Cu + 
In) :Se  = 1.04 t h a t  were  e x p l a i n e d  by  t he  p r e s e n c e  of two  
accep to r  s t a tes  at  40 and  80 m e V  a b o v e  the  va l ence  
b a n d e d g e  (VBE) a n d  one  d o n o r  s ta te  at  70 m e V  be low the  
CBE. T h e s e  s ta tes  we re  r e l a t ed  to Cu on  In  ant i s i tes ,  In  
vacanc ies ,  a n d  Se vacanc ies ,  r espec t ive ly .  In  acco rd  w i t h  
th i s  mode l ,  t h e  0.94 a n d  0.90 eV t r a n s i t i o n s  o b s e r v e d  for 
t he  s t o i c h i o m e t r i c  c o m p o u n d  are  i n t e r p r e t e d  as D-A t ran-  
s i t ions  b e t w e e n  t he  Se  v a c a n c y  level  a n d  the  Cu,. an t i s i t e  
and  t h e  In  v a c a n c y  levels ,  r espec t ive ly .  The  smal l  p e a k s  
at  0.90 a n d  0.94 in Fig. 1 are p r o b a b l y  of  t he  s a m e  origin.  
The  a d d i t i o n a l  p e a k  at  0.97 eV is i n t e r p r e t e d  as a CBE to 
t he  80 m e V  a c c e p t o r  level  as i n d i c a t e d  in t he  e n e r g y  level  
d iagram,  Fig. 4. I t  has  b e e n  o b s e r v e d  in  o the r  s a m p l e s  of  
CuInSe~ .p rev ious ly  a n d  ha s  b e e n  cha rac t e r i zed  as a D-A 
t r a n s i t i o n  b y  o the r s  (8, 18). 
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Fig. 5. Photoluminescence spectra of nonstoichiometric crystals tied 
to Cu:~ln~Se, liquid from the free (112) surface for different tempera- 
tures showing broad-band emission. 
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Fig. 6. Photoluminescence spectra of nonstoichiometric crystals tied 
to Cu~ln4Se7 liquid from the (112) surface for different temperatures 
showing broad emission. 

Figures 5 and 6 show the PL spectra for the nonmolecu- 
lar samples grown from Cu:~In~Se~ and Cufln4Se7 liquidus 
compositions, respectively. In  both cases, the PL is domi- 
nated by broad deep emission, the location of which with 
regard to the bandedges cannot be assigned at this time. 
Since the solidus composition of the two cases consid- 
ered correspond to Cu:In ratios < 1 and to metal:selenium 
ratios ~ 1, other defects are likely to dominate the recom- 
bination in this case than those considered in the discus- 
sion of Fig. 1. Both Cu-vacancy acceptors and In on Cu 
antisite donors are likely contributing defects, but need 
positive identification. Clearly, at low temperature the 
bandgaps of the two nonmolecular crystals are shifted to 
significantly higher energy than observed for stoichio- 
metric CuInSe~, which is consistent with the observations 
of others who reported larger energy gaps for crystals of 
nominal composition CuInSe~ grown from melt composi- 
tions that could have tied into In-rich material (11, 20). 

Summary 
Reflectivity and photoluminescence data have been re- 

ported for stoichiometric CuInSe~ and for nonmolecular 
defect structures tied to the liquidus compositions 
Cu3In~Se~ and Cu~In~SeT. At room temperature, the loca- 
tion of the critical points corresponding to high energy 
transitions at 3.9 and 4.5 eV and the fundamental  gap are 
not significantly affected by the point defect chemistry. 
However, substantial differences in both the bandgaps 

and the dominant  PL features are observed for stoichio- 
metric CuInSe2 and nonmolecular defect structures at 
low temperature. 
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Photoelectrochemical Defect Delineation in GaAs Using 
Hydrochloric Acid 

R. Bha t *  

Bell Communications Research, Murray Hill, New Jersey 07974 

A n u m b e r  of  d i f fe ren t  de fec t  d e l i n e a t i o n  t e c h n i q u e s  - -  
c h e m i c a l  (1, 2), e l e c t r o c h e m i c a l  (3), a n d  pho toe lec t ro -  
c h e m i c a l  (PEC) (4) - -  have  b e e n  r e p o r t e d  for ga l l i um ar- 
senide.  The  a d v a n t a g e  of  an  e l e c t r o c h e m i c a l  a n d  P E C  
e t ch  over  a c h e m i c a l  e t ch  is t h a t  t he  d e p t h  of  e t c h i n g  is 
easi ly  m o n i t o r e d  a n d  cont ro l led .  This  enab l e s  one  to eval- 
ua te  t h i n  layers  a n d  also specif ic  layers  in  a m u l t i l a y e r  
s t ruc tu re .  In  th i s  note,  we  r e p o r t  o n  a P E C  t e c h n i q u e  
u s i n g  d i lu t e  h y d r o c h l o r i c  acid and  i l l umina t ion .  Hydro-  
chlor ic  ac id  was  c h o s e n  as t he  e lec t ro ly te  b e c a u s e  (i) i t  is 
c o m m o n l y  avai lable ,  (ii) t he  a n o d i c  ox ide  w h i c h  is 
f o r m e d  c o n t i n u o u s l y  d i sso lves  in it, a n d  (iii) i t  does  n o t  
a t t ack  ga l l i um a r s e n i d e  apprec iab ly .  

Experimental  
A P o l a r o n  prof i le  p lo t t e r  1 (Model  PN4100) was  u s e d  to 

m o n i t o r  t he  cu r r en t -vo l t age  b e h a v i o r  of  a n  n~-GaAs elec- 
t r ode  in  1HCl:10H20 electrolyte .  The  s a m e  i n s t r u m e n t  
was  also u s e d  for de fec t  de l inea t ion .  The  s a m p l e  was  he ld  
aga ins t  a sea l ing  r ing  m o u n t e d  on  one  s ide  of  a n  e lectro-  
c h e m i c a l  cell m a d e  of  Tef lon by  a sp r ing - loaded  p lunger .  
The  sea l ing  r ing  e x p o s e d  a p p r o x i m a t e l y  0.1 cm 2 of  t h e  
s a m p l e  su r face  to the  e lectrolyte .  O h m i c  con t ac t s  were  
f o r m e d  on the  b a c k  of  t he  s a m p l e  b y  a p p l y i n g  a 40V, 60 
Hz supply ,  t h r o u g h  a c u r r e n t  l imi t ing  res is tor ,  for 150 ms  
to two t in -p l a t ed  p r o b e s  c o n t a i n e d  w i t h i n  t he  p lunger .  
The  cell c o n t a i n e d  a s a t u r a t e d  ca lome l  r e fe rence  elec- 
t rode  a n d  a c a r b o n  ca thode .  L i g h t  f rom a 150W t u n g s t e n  
l a m p  was f i l tered u s i n g  a s h o r t  pass  fi l ter w i t h  a cu to f f  
w a v e l e n g t h  of  a b o u t  550 n m  a n d  t h e n  focused  on  to t h e  
s a m p l e  t h r o u g h  a P lex ig las  w i n d o w  on  t he  cell. The  op- 
t ics  we re  a d j u s t e d  to give u n i f o r m  i l l u m i n a t i o n  over  a n  
area w i th  a d i a m e t e r  of a p p r o x i m a t e l y  ] cm. T h e  a r range-  
m e n t  is s imi la r  to t h a t  r e p o r t e d  in Ref. (5). S o m e  exper i -  
m e n t s  we re  also d o n e  u s i n g  a 250W h i g h  p r e s s u r e  mer-  
cu ry  arc l a m p  f rom a p h o t o r e s i s t  e x p o s u r e  s y s t e m  a n d  a 
la rger  cell. This  e n a b l e d  defec t  cha r ac t e r i z a t i on  of  en t i r e  
wafers  as la rge  as 50 m m  in d iamete r .  

A typ ica l  p lo t  of  cu r r en t -vo l t age  cha rac te r i s t i c s  is 
s h o w n  in  Fig. 1. Fo r  de fec t  reve la t ion ,  we se lec ted  a b ias  
po in t  s u c h  as A in  Fig. 1. The  e t ch ing  was  more  se lec t ive  
w h e n  it was  d o n e  w i th  an  u n s a t u r a t e d  p h o t o c u r r e n t  
(po in t  A) r a t h e r  t h a n  w i t h  a s a t u r a t e d  p h o t o c u r r e n t  (po in t  
B). Th i s  r e s u l t  is s imi la r  to t h a t  r e p o r t e d  b y  F a k t o r  a n d  
S t e v e n s o n  (3) for  P E C  e t c h i n g  of  G a A s  u s i n g  0.5M Tiron.  
A N o m a r s k i  i n t e r f e r e n c e  c o n t r a s t  p h o t o m i c r o g r a p h  of  a n  
e tched ,  S i -doped  (N ~ 2 • 10 's cm -~) GaAs  s u b s t r a t e  ori- 
e n t e d  6 ~ off  t he  (100) t o w a r d  t he  ( l l l ) A  is s h o w n  in Fig. 2. 
The  e t c h i n g  was d o n e  u n d e r  c o n d i t i o n s  s imi la r  to p o i n t  A 
in  Fig. 1 by  a p p r o p r i a t e l y  choos ing  t he  b ias  a n d  l igh t  in- 
tens i ty .  The  e t c h i n g  t ime  was  30-35 rain,  r e su l t i ng  in  a n  
e t c h e d  d e p t h  of  a p p r o x i m a t e l y  0.6 ~ m  of  GaAs.  F igu res  
3a a n d  3b s h o w  the  s a m e  reg ion  of t he  wafe r  e t c h e d  u s i n g  
m o l t e n  K O H  (2) a n d  P E C  e tches ,  respec t ive ly .  A one-to-  
one  co r re l a t ion  b e t w e e n  the  h e x a g o n a l  a n d  conica l  pi ts  in  
Fig. 3a a n d  t he  ra i sed  fea tu res  in  Fig. 3b is seen.  However ,  

*Electrochemical Society Active Member. 
lPolaron Equipment  Limited, England. 

some  l inea r  f ea tu res  s u c h  as the  r e c t a n g u l a r - s h a p e d  one  
loca ted  close to t h e  l e f t -hand  edge  of t h e  p h o t o g r a p h  (Fig. 
3b) a p p e a r  on ly  as two h e x a g o n a l  pi ts  in  Fig. 3a. The  rea- 
son  for th i s  d i f f e rence  is no t  c lear  at  p r e sen t .  I n  add i t ion ,  
it is s een  t h a t  t h e  P E C  t e c h n i q u e  n o t  on ly  revea ls  dis loca-  
t ions  b u t  also revea l s  b a n d s  or s t r ia t ions .  Final ly ,  we h a v e  
f o u n d  t h a t  w o r k  d a m a g e  s u c h  as t h a t  c a u s e d  by  chemi -  

1.0, 

0 .8  

Q6 

0.4 

Q2 

I- 
g 0 
o > 

-0.2 

-0.4 

-0.6 

- 0 . 8  

-1.0 
0 

I I ] I I I I I I I 

~,.,/ WITHOUT 
ILLUMINATION 

~D,,,~ 
WIT H 

LUMINATION 

I I ] I I I I I I I 
20 40  60 80 400 120 140 160 180 200 220 

,u.A 

Fig. 1. Typical current-voltage characteristics of an n~-GaAs elec- 
trode in 1 HCI:IO H~O electrolyte. Voltages are measured with re- 
spect to a saturated calomel electrode. 

Fig. 2. A Nomorski interference contrast photomicrograph of o pho- 
toelectrochemically etched n* GaAs substrate (approximately 0.6/~m 
of GaAs has been etched). 

2284 



Vol. 132, No. 9 D E F E C T  D E L I N E A T I O N  I N  G a A s  2285 

though  no such  pat te rn  is v is ib le  pr ior  to e tch ing  even  
wi th  a Nomarsk i  in te r fe rence  contras t  microscope .  

The P E C  t e c h n i q u e  is sensi t ive  to all hole  traps and re- 
combina t ion  centers  (4) regardless  of  thei r  origin. These  
regions are not  e tched  as rapidly as the  rest  of  the  region, 
s ince the  holes  needed  for the  react ion are no t  readily 
a v a i l a b l e a t  these  centers  due to r ecombina t ion  or trap- 
p ing  of  holes. Hence,  the  PEC t echn ique  del ineates  dislo- 
cations and w o r k  damage  as raised features.  Further ,  the  
var ia t ion in hole  l i fe t ime caused by a f luctuat ion in the  
impur i ty  incorpora t ion  dur ing  crystal  g rowth  is also re- 
vealed,  and this appears  as bands  or str iat ions as seen in 
Fig. 3b (4). In  contrast ,  the  mol ten  K O H  etch  reveals  dislo- 
cations only as pits. Fur ther ,  the e lec t rochemica l  tech- 
n ique  also reveals  dis locat ions as pits because  e tch ing  oc- 
curs p r imar i ly  at defect  sites where  holes  are genera ted  
by impac t  ionization.  This t echn ique ,  however ,  has been  
shown not  to be as sensi t ive  as the  P E C  t echn ique  (4). 
Therefore,  the  PEC e tch  is p re fe r red  to the  mol ten  K O H  
and e lec t rochemica l  etches.  

Conclusions 
In  summary ,  a s imple  defect  de l inea t ion  t echn ique  

using dilute hydroch lor ic  acid has  been  shown to be  a 
sensi t ive t e c h n i q u e  to evaluate  n- type  GaAs wafers.  A 
corre la t ion be tween  the c o m m o n l y  used  mol ten  KOH 
etch and the  e lec t rochemica l  t e c h n i q u e  has been  estab- 
l ished. 

Fig. 3. Nomarski interference contrast photomicrographs of the 
same region of an n ~ GaAs substrate showing defects revealed by mol- 
ten KOH etching (top) and photoelectrochemical etching (approxi- 
mately 0.5/~m of GaAs has been removed) (bottom). 

mechan ica l  po l i sh ing  can also be revealed.  This damage  
shows up as a ne twork  of  raised, cr iss-crossed lines, al- 
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Dry Cleaning of Contact Holes Using Ultraviolet (UV) Generated 
Ozone 

H. Norstr~m, M.  Ostl ing,*  R. Buchta, and C. S. Petersson* 

Institute of Microwave Technology, Stockholm, Sweden 

The reduc t ion  in m i n i m u m  feature  size of  c i rcui t  ele- 
ments  to be low 2 ~ m  in m o d e r n  IC t echno logy  has m a d e  
dry e tch ing  a wel l -es tabl ished t e c h n i q u e  for pat tern  trans- 
ference.  However ,  to fur ther  explo i t  the  inhe ren t  poten-  
tial of  dry process ing,  many  of the  present ly  used  wet  
c leaning steps m u s t  be replaced  or  comple t ed  with gas 
phase  c leaning  techn iques ,  because  a h igh  surface ten- 
sion toge the r  wi th  a t endency  to bubb le  format ion  wi th in  
l iquid  agents  wil l  resul t  in an inef fec t ive  c leaning of  nar- 
row openings .  Consequent ly ,  i m m e r s i o n  of  si l icon wafers  
in an oxygen  g low discharge  has been  used  for r emov ing  
p o lymer  fo rmat ions  as wel l  as for photores i s t  t r i m m i n g  
(descumming)  and remova l  (ashing). 

*Electrochemical Society Active Member. 

In the fol lowing,  we  will  show that  UV-ozone equip-  
men t  can be a versat i le  c o m p l e m e n t  or  r ep lacemen t  for 
the  more  expens ive  and "muscu l a r "  p lasma ashers. 

Experiments and Results 
Two types  of  commerc ia l ly  avai lable  UV-ozone sys- 

t ems  1 were  evaluated.  Both  were  e q u i p p e d  with  low pres- 
sure m e r c u r y  U V  lamps.  No signif icant  differences in 
pe r fo rmance  could  be observed  for the  two sys tems un- 
der  ident ical  condi t ions.  

Ozone was genera ted  by the  m e r c u r y  lamps  th rough  the  
IMode] TO306, UVOCS, Incorporated, Montgomeryville, 

Pennsylvania 18936; Model 88-9660-02, BHK, Incorporated, 
Monrovia, California 91016. 
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interaction of 185 nm radiation and oxygen in the air (I-4). 
As shown by Vig (I), the UV intensity on a surface posi- 
tioned at a distance d from the lamp is related to the 
source intensity (Io) according to the expression 

I = I. exp  ( - 1 3 0 p d )  [1] 

w h e r e  p equa l s  t h e  average  par t i a l  p r e s s u r e  of ozone  be- 
t w e e n  t he  l a m p  a n d  t he  subs t r a t e .  C o n s e q u e n t l y ,  a low 
power  U V  source  can  be  used ,  p r e s u m i n g  t he  s a m p l e s  to 
be  c l eaned  are  p o s i t i o n e d  in close v ic in i ty  to t he  lamp.  

In  v iew of t he  foregoing,  all wafers  to be  ozone  t r e a t ed  
were  p l aced  at  a f ixed d i s t ance  of  5 m m  f r o m  t he  lamp.  
P r io r  to any  wafer  c leaning ,  the  in te r io r  of  t he  enc losure ,  
f ixtures,  etc., we re  ozone  c l eaned  in  a " d r y  r u n "  for  15 
ra in  to r e m o v e  any  poss ib l e  o rgan ic  c o n t a m i n a t i o n .  

Reac t ive  s p u t t e r  e t ch i ng  (RSE) was  p e r f o r m e d  in  a 
h o m e m a d e  s y s t e m  e q u i p p e d  w i th  a 150 m m  d i a m  quar t z  
cove red  ca thode ,  capac i t ive ly  c o u p l e d  to a 13.56 MHz R F  
p o w e r  s u p p l y  (5). Befo re  a d m i s s i o n  of  t h e  CHF:~ gas, t he  
s y s t e m  was  e v a c u a t e d  to b e l o w  10-6 torr ,  u s i n g  a 750 li- 
ter/s d i f fus ion  p u m p .  All e x p e r i m e n t s  we re  p e r f o r m e d  a t  
a c o n s t a n t  flow ra te  of  20 sccm,  a par t ia l  p r e s s u r e  of 20 
mtor r ,  a n d  a p o w e r  dens i t y  of  0.5 W/cm 2. 

Two se ts  of  s a m p l e s  we re  u s e d  in  t h e  e x p e r i m e n t .  For  
the  in i t ia l ly  p e r f o r m e d  nuc l ea r  r e s o n a n c e  m e a s u r e m e n t s ,  
ba r e  p- type,  16-24 s (100)-oriented s i l icon wafers  we re  
reac t ive ly  s p u t t e r  e t c h e d  for 10 ra in  in  CHF3. 

I m m e d i a t e l y  af te r  r eac t ive  s p u t t e r  e tch ing ,  the  refer-  
ence  s a m p l e s  we re  s p u t t e r  coa t ed  w i t h  a t h i n  layer  of  t i ta- 
n i u m  (800A) to seal  t he  in te r fac ia l  c a r b o n  f rom any  f u r t h e r  
c o n t a m i n a t i o n  (6) d u r i n g  t r a n s p o r t a t i o n  to t he  accelera-  
tor. The  s a m e  p r o c e d u r e  was  r e p e a t e d  for the  ozone- 
t r e a t ed  s p e c i m e n s .  

The  c a r b o n  ana lys i s  was  car r ied  ou t  in  a t a n d e m  v a n  de  
Graa f f  acce l e r a to r  u s i n g  the  ~C(a, ~) r"c r e s o n a n c e  at  4.26 
MeV. A t h o r o u g h  de s c r i p t i on  of  t h e  t e c h n i q u e  ha s  b e e n  
the  s u b j e c t  of  a p a p e r  by  Ost] ing et al. (7). This  t e c h n i q u e  
inc reases  t h e  re la t ive  sens i t iv i ty  for  a l igh t  e l ement ,  s u c h  
as ca rbon ,  in a h e a v i e r  m a t r i x  b y  a fac to r  of  200 c o m p a r e d  
to c o n v e n t i o n a l  C o u l o m b  sca t te r ing .  

The  resu l t s  of t h e  c a r b o n  ana lys i s  for two typ ica l  
samples ,  viz., one  r e fe rence  a n d  one  for  15 ra in  t r e a t ed  
spec imen ,  are  d e p i c t e d  in Fig. l a  a n d  lb .  The  e n e r g y  of  
the  a -par t i c les  was  i n c r e a s e d  to 4.28 MeV to c o m p e n s a t e  
for an  e n e r g y  loss  caused  by  the  sur face  t i t a n i u m  layer,  
t h e r e b y  fulf i l l ing the  c o n d i t i o n s  of r e s o n a n c e  at  t he  
s i l i con - t i t an ium in ter face .  The  l abe led  a r rows  i n c l u d e d  in  
the  g r a p h s  i nd i ca t e  t he  sur face  pos i t i on  of  t he  r e spec t ive  
e l ement s ,  a n d  t h e  i n se t  s h o w s  t he  ana lyzed  s t ruc ture .  As 
the  s c a t t e r i n g  cross  sec t ion  no  longe r  fol lows the  s i m p l e  
re la t ion  of C o u l o m b  sca t te r ing ,  a n  i r r egu la r  b e h a v i o r  of  
the  s i l icon s igna l  can  be  obse rved .  

In  Fig. la,  two  c a r b o n  p e a k s  are eas i ly  d i s t i ngu i shed .  
The  one  w i th  a s l ight ly  lower  i n t e n s i t y  at  h i g h e r  ene rgy  is 
due  to sur face  c a r b o n  on  t he  t i t a n i u m  film. A lower  de- 
t ec t ed  i n t e n s i t y  for  t he  sur face  c a r b o n  film does  no t  nec- 
essar i ly  i nd i ca t e  a lower  con ten t ,  b u t  is solely due  to a 
lower  s ca t t e r ing  cross  sect ion,  as r e s o n a n c e  o c c u r r e d  for 
in te r fac ia l  ca rbon .  A s imi la r  p e a k  b e l o n g i n g  to sur face  
c a r b o n  is also s een  on  t he  s e c o n d  sample ,  Fig. lb ;  i t  re- 
sul ts  f r om c o n t a m i n a t i o n  d u r i n g  t r a n s p o r t a t i o n  a n d  in- 
s ta l l a t ion  in to  t h e  acce le ra to r  as wel l  as c a r b o n  b u i l d u p  
by  t he  b e a m  d u r i n g  analysis .  

As p o i n t e d  ou t  above ,  t he  r e s o n a n c e  sca t t e r ing  cross  
sec t ion  no  longe r  fol lows t he  re la t ion  of  C o u l o m b  scat ter-  
ing (i.e., is i n v e r s e l y  p r o p o r t i o n a l  to t he  e n e r g y  square) ;  
ins tead ,  i ts  d e p e n d e n c e  on  the  e n e r g y  of  t he  i n c o m i n g  
a-par t ic les  is m u c h  m o r e  complex .  A ca l ib ra t ion  proce-  
dure ,  s imi la r  to t h e  one  d e s c r i b e d  in  Ref. (7) - -  u s i n g  
p l a s m a - d e p o s i t e d  a m o r p h o u s  c a r b o n  fi lms (8, 9) w i th  
va r ious  t h i c k n e s s e s  as a n  i n t e rna l  s t a n d a r d  - -  was  the re -  
fore p e r f o r m e d  to r e n d e r  i t  poss ib le  to e s t ima te  t he  car- 
b o n  film t h i c k n e s s .  

The  low e n e r g y  c a r b o n  s ignal  (Fig. la)  p o s s e s s i n g  a 
la rger  i n t e n s i t y  o r ig ina tes  f rom c a r b o n  at  the  s i l icon ti ta- 
n i u m  in ter face .  T h e  t h i c k n e s s  of  th i s  c a r b o n  layer  was  es- 
t i m a t e d  to b e  r o u g h l y  40~. As  ver i f ied  by  Fig. lb ,  th i s  low 
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Fig. 1. a (top): Backscattering spectrum of a reference sample, i.e., 
sample without ozone treatment. The energy of the alpha particles 
was 4.28 MeV. This corresponds to a carbon resonance energy of 
4.26 MeV at the titanium-silicon interface, b (bottom): Backscattering 
spectrum of a sample after a 15 min ozone treatment. The alpha 
particle energy was the same as in la. Only surface carbon on the ti- 
tanium film can be observed. 

energy peak has vanished after a 15 min ozone treatment. 
However, similar results were obtained for a shorter (i0 
rain) ozone treatment. It is therefore anticipated that if 
this technique results in the removal of roughly 40A of 
carbon within 10 rain, the longer time (15 rain) would pro- 
duce a practically clean surface. 

To further evaluate the effectiveness of ozone cleaning 
of carbon residues, holes were patterned with a photore- 
sist mask and defined by RSE through a 6000~ SiO., 
layer. Two sets of samples were compared: one set re- 
ceived only the standard wet cleaning (i0), whereas the 
other was completed with a .15 min O:~ cycle. After the 
cleaning, both sets were metallized in parallel with a 
titanium/titanium nitride layer (300/I000~) (ii). The 
samples were then examined under a light microscope. 
The results are shown in Fig. 2a and 2b. It is evident that 
the samples which did not receive the ozone treatment 
exhibited a weak metal-to-silicon bond, whereas the 
ozone-treated ones showed an excellent adhesion. This 
shows that the originally present polymer film in the 
contact openings was removed by the O:~ treatment. 

Considering device operation, it is essential that the re- 
sultant oxide layer subsequent to the ozone treatment 
should not be too thick, as this would result in a poor 
metal-semiconductor contact with high intrinsic series 
resistance. 

To confirm that no embarrassing oxide growth 
occurred as a result of the ozone treatment, the SiO~ film 
thickness was monitored with an automatic ellipsometer 
using a program with fixed refractive indexes. The re- 
corded data are presented in Fig. 3 in the form of differ- 
ences. These were obtained by subtracting the previously 
measured native oxide thickness from the one recorded 
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Fig. 3. The difference in oxide film thickness as a function of the 
ozone cleaning time. 

Fig. 2. a (top): Optical micrograph of a Ti/TiN (300/1000/~) metal- 
lized water following RSE in CHF:~ and standard wet cleaning. The 
marker is equal to 250 ~m. b (bottom): The same preparation and 
scale as in the previous figure, but cleaning completed with a 15 min 
ozone treatment. 

af ter  ozone  c lean ing .  I t  s h o u l d  be  p o i n t e d  ou t  t h a t  the  
p r e s e n t e d  da ta  are l imi ted  b y  t he  a c c u r a c y  in the  mea-  
s u r e m e n t s ,  b u t  t h e  t e n d e n c y  was  jus t i f i ed  by  severa l  re- 
pe t i t ive  m e a s u r e m e n t s .  

F o r  s h o r t  c l ean ing  t imes ,  up  to 10 rain,  a d e c r e a s i n g  
t h i c k n e s s  c an  be  obse rved .  Th i s  is due  to t he  r e m o v a l  of  a 
t h i n  o rgan ic  l ayer  or ig ina l ly  p r e s e n t  o n  t he  s i l icon sur-  
face. However ,  a f te r  a p r o l o n g e d  t r e a t m e n t ,  a pos i t ive  dif- 
fe rence ,  i n d i c a t i n g  a m i n u t e  ox ide  g rowth ,  is obse rved .  I t  
is t h e r e f o r e  c o n c l u d e d  t h a t  even  a n  e x t e n s i v e  ozone  t reat-  
m e n t  wil l  c ause  on ly  v a n i s h i n g l y  smal l  ox ide  t h i c k e n i n g ,  
w h i c h  s h o u l d  b e  of  no  h a r m  if  a p r o p e r  me ta l l i za t ion  
s c h e m e  is se lec ted .  This  is, howeve r ,  no t  a lways  t rue  for  
t he  m u c h  m o r e  i n t e n s i v e  p l a s m a  s t r ippers ,  w h e r e  a sig- 
n i f ican t  o x i d a t i o n  can  occur.  

Conclusion 
I t  is s h o w n  t h a t  ozone,  g e n e r a t e d  v ia  t he  i n t e r ac t i on  of  

185 n m  U V  r a d i a t i o n  w i th  o x y g e n  in t he  air, is an  effec- 
t ive  c a r b o n  s c a v e n g e r  a n d  t he r e fo re  can  b e  u s e d  to c lean  
n a r r o w  con t ac t  ho les  def ined  by  R S E  in CHF:~. 

The  o x i d a t i o n  of  s i l icon c a u s e d  by  the  ozone  t r e a t m e n t  
was  f o u n d  to be  ve ry  smal l  a n d  is t h e r e f o r e  a n t i c i p a t e d  
no t  to cause  any  co n t ac t  r e s i s t a n c e  p r o b l e m s .  A n  im- 
p r o v e d  meta l - to-s i l i con  a d h e s i o n  was  o b s e r v e d  if  t he  
s t a n d a r d  w e t  c l ean ing  t e c h n i q u e  was  c o m p l e t e d  w i t h  a 15 
ra in  ozone  t r e a t m e n t .  We have ,  howeve r ,  n o t  e x a m i n e d  
w h e t h e r  t h e  U V  rad i a t i on  wil l  h a v e  an y  d e t r i m e n t a l  ef- 
fects  on  t h e  p r o p e r t i e s  of  t h e  MO S sys tem,  no t  b e i n g  an- 
nea l ed  ou t  d u r i n g  s u b s e q u e n t  p rocess ing .  N e i t h e r  h a v e  
any contact resistance measurements comparing plasma- 
and UV-O;rcleaned contact openings been performed. 
Further investigations regarding this eventual problem 
should therefore be undertaken. 

Manuscript submitted Feb. 8, 1985; revised manuscript 
received June 11, 1985. 

Institute of  Microwave Technology assisted in meeting 
the publication costs of  this article. 
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Boron Diffusion Profile in Silicon and Data Analysis 

F. G~iseanu 

Research and Development Center for  Semiconductors (CCSIT-S), R-72996 Bucharest, Romania 

On the basis of the assumption that a vacancy mecha- 
nism should operate during the boron diffusion in silicon, 
it has been suggested (i) that the diffusion coefficient D 
would depend linearly on the boron concentration C, for 
C > n i (hi being the intrinsic carrier concentration). How- 

ever,  it h a s  b e e n  s h o w n  recen t ly  t h a t  t h e  h i g h  concen t r a -  
t ion  prof i le  (2), t h e  d i f fus ion  dep th ,  a n d  t h e  b o r o n  
a m o u n t  a f te r  the  d i f fus ion  f rom a l i qu id  BBr~ sou rce  (3) is 
wel l  d e s c r i b e d  i f  D - C 1/2. I n  th i s  paper ,  a n  ana lys i s  of  t h e  
b o r o n  prof i le  o b t a i n e d  a f te r  d i f fus ion  f rom a solid sou rce  
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(BN) b y  t h e  H2 in j ec t i on  t e c h n i q u e  is p r e s e n t e d .  The  re- 
su l t s  are  c o m p a r e d  w i th  t h o s e  of  t he  d i f fus ion  f rom a 
SBr:3 source .  

Experimental 
Dislocation-free, (lll)-oriented, phosphorus-doped, 5 

t2-cm silicon wafers were used. The wafers were polished 
on both sides and underwent the following deposition cy- 
cle: 5 rain O., + N2, 2 rain H~ + 02 + N~, and 120 rain 
flowing N._,, at II00~ After the removal of the borosili- 
cate glass (BSG), successive sectionings by chemical 
etching in a mixture of HF, HNO:~, and CH:~COOH suitable 
to maintain the luster of the silicon surfaces were made. 
The sheet resistivity was measured each time by the four- 
point method and converted afterward into a correspond- 
ing concentration value (4). 

A chemical method consisting of dosing of the boron 
amounts from the etching solutions by emission spectrog- 
raphy (5) was also applied for the profile determination. 

Data Analysis and Discussion 
D i f f u s i o n  p r o f i l e . - - T h e  m e a s u r e d  c o n c e n t r a t i o n  pro- 

file is s h o w n  in Fig. 1. The  a g r e e m e n t  (wi th in  -+7% er ror  
l imits)  b e t w e e n  t h e  two da ta  sets  a l lows a u n i q u e  repre-  
s e n t a t i o n  of  t h e  curve.  One  may,  c o n s e q u e n t l y ,  cons ide r  
t h a t  w i t h i n  t he  e x p e r i m e n t a l  e r ro r  l imi ts  t he  w h o l e  b o r o n  
a m o u n t  p r e s e n t  in  s i l icon is e lec t r ica l ly  act ive.  

The  B o l t z m a n n - M a t a n o  ana lys i s  w as  app l i ed  to t he  dif- 
fus ion  profile.  This  p r o v e d  to be, in  th i s  case, suffi- 
c ien t ly  a c c u r a t e  b e c a u s e  of  t he  pa r t i cu l a r  s h a p e  of t he  
profile. The  r e su l t  is p r e s e n t e d  in Fig. 2, s h o w i n g  a l i nea r  
va r i a t ion  of D in  t he  c o n c e n t r a t i o n  r a n g e  of a b o u t  
(6 • 10'9-2 • 10 ~~ c m  -'~. Th i s  r e su l t  e x p e r i m e n t a l l y  sup-  
por t s  Fa i r ' s  ear l ie r  a s s u m p t i o n  (1), i.e., D ~ C, a n d  is char-  
ac te r i s t ic  of a d i f fus ion  m e c h a n i s m  b y  s ing le  c h a r g e d  
m o n o v a c a n c i e s  (1). 

A n  a p p r o x i m a t e  so lu t ion  of  t he  d i f fus ion  e q u a t i o n  in 
th is  case  is (6) 

1-1.25y = 0.78(C/Co) + 0.152(C/C.y'  [1] 

w h e r e  y = z /2 (D, t )  'j'~, Do = D ( x  = 0), a n d  t is the  d i f fus ion  
t ime,  a l lowing  an  easy  d e t e r m i n a t i o n  of  t he  d e p t h  x of  an  
i s o c o n c e n t r a t i o n  plane .  

A d e v i a t i o n  of  t he  b o r o n  c o n c e n t r a t i o n  profi le  nea r  t he  
s i l icon sur face  w i th  r e s pec t  to t h e  b o r o n  d i f fus ion  prof i le  
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concentration deduced from the Boltzmann-Matano analysis of the ex- 
perimental diffusion profile. 

in  t he  s i l icon b u l k  reg ion  m a y  b e  no t i c ed  (Fig. 1), s h o w i n g  
a rap id  i nc r ea se  of  t he  b o r o n  c o n c e n t r a t i o n  to the  s i l icon 
surface.  Th i s  i nc r ea se  is co r r e l a t ed  w i t h  a c o r r e s p o n d i n g  
dec rease  of  t he  b o r o n  d i f fus ion  coeff ic ient  (Fig. 2). 

C o m p a r a t i v e  d a t a  ana lys i s . - - - In  sp i te  of  t he  two differ- 
en t  r e su l t s  - -  (i) D - C '~2 (2, 3), a n d  (it) D ~ C (in th i s  analy-  
sis) - -  t h e  b o r o n  d i f fus ion  into t he  s i l icon b u l k  s h o u l d  be  
d e s c r i b e d  by  a s ing le  d o m i n a n t  m e c h a n i s m ,  i n d e p e n d e n t  
of  t he  d o p i n g  sou rce  a n d  of t he  a m b i e n t  a t m o s p h e r e  of  
t he  d e p o s i t i o n  process .  Th i s  p o i n t  m a y  b e  d i s c u s s e d  as 
follows. 

In  t he  ana lys i s  l ead ing  to r e su l t  (i), t h e  m e a s u r e d  sur-  
face c o n c e n t r a t i o n  was  c o n s i d e r e d  as a r e fe rence  va lue  
(2, 3). For  t he  d i s c u s s i o n  of r e su l t  (ii), we d i spose  of  two 
types  of  e x p e r i m e n t a l  data:  some  of  t h e m  o b t a i n e d  af te r  
d i f fus ion  f rom the  B N  source  by  d i f f e ren t  t e c h n i q u e s  
[that of this paper and, for instance, that of Ref. (7), where 
it clearly appears that the boron diffusion depends on the 
ambient atmosphere in the furnace tube], and others ob- 
tained by diffusion from BBr:~ source. Whereas, for some 
experimental data belonging to the first type, a diffusion 
"kink" near the silicon surface may be observed [Fig. 1 
and Fig. 1 of Ref. (7)] that for the second type is not evi- 
dent Therefore, considering that the specific properties 
of the BSG-Si system perturb the boron diffusion near 
the silicon surface in both cases (i.e., the profile near the 
surface is a product of this perturbation) then an analysis 
of all these data in terms of solid solubility of boron in sil- 
icon may be done. 

In Fig. 3, some collected experimental data (8) and our 
o w n  are  r e p r e s e n t e d  as C/Co vs.  x / x j ,  w h e r e  Co = C(x  = O) 
a n d  xj is d e p t h  for  w h i c h  C = 10 TM cm-:L If  one  c o n s i d e r s  
t ha t  Co w o u l d  be  the  m e a s u r e d  su r face  value,  t h e n  t he  col- 
lec ted  da ta  m a y  b e  r e p r e s e n t e d  b y  t he  d a s h e d  c u r v e  
p lo t t ed  in Fig. 3. This  c u r v e  was d e d u c e d  f rom Fa i r ' s  uni-  
ve rsa l  c u r v e  [ re la t ion  [5] in  Ref. (1)], a n d  it  is c lose to t he  
cu rve  o b t a i n e d  a f te r  a p r o p e r  so lv ing  of  t he  d i f fus ion  
e q u a t i o n  (2), b y  u s i n g  the  r e su l t  (i) [see Fig. 1 of Ref. (2)]. 
C o n s i d e r i n g  n o w  t h a t  C~ w o u l d  b e  the  sol id so lubi l i ty  of  
b o r o n  in s i l icon at t he  d i f fus ion  t e m p e r a t u r e ,  t h e n  b o t h  
t he  co l l ec ted  a n d  our  e x p e r i m e n t a l  da ta  are th i s  t i m e  wel l  
d e s c r i b e d  b y  t he  c u r v e  p lo t t ed  as  a ful l  l ine  in  Fig. 3. Th i s  
c u r v e  was  d e d u c e d  f rom Eq. [1] b y  u s i n g  t he  r e su l t  (it), 
a n d  it  is v e r y  c lose  to the  c u r v e  o b t a i n e d  f rom G u o ' s  com- 
p u t e d  c u r v e  [Eq. [16] of  Ref. (9)]. 
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line). The experimental conditions of the collected data (8) were: 
7.2% 02, 0.04% BBr3 (squares), and 1.8% 0~, 0.04% BBr:l 
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The solid solubi l i ty  Co = 1.2 x 10 ~~ cm -:~ of  boron  in sili- 
con at the  diffusion t empera tu re  T = 1000~ prev ious ly  re- 
por ted  (8) was t aken  into accoun t  as a reference  va lue  to 
r ep resen t  in Fig. 3 the  col lec ted  expe r imen t a l  data. These  
data resu l ted  f rom success ive  shee t  res is t ivi ty  measure-  
ments  after the  boron  diffusion f rom a l iquid  BBr:~ source,  
carr ied out  unde r  two dif ferent  amb ien t  condi t ions  (see 
the  l egend  of  Fig. 3). The reference  va lue  C(, = 2.2 x 102o 
cm -'~ ob ta ined  by the  best  fit t ing of  the  curve  deduced  
f rom Eq. [1] wi th  our  expe r imen ta l  data  r ep resen ted  as 
C/Co vs. x / x j  as in Fig. 3 cons ide red  as solid solubil i ty of  
boron  in s i l icon at the  t empe ra tu r e  T = ll00~ 

The resul t  of  this analysis br ings  into accord  Fair 's  pre- 
v ious  a s sumpt ion  (i.e., D ~ C) with  the  expe r imen ta l  data  
exhib i t ing  the  boron  diffusion profi le in si l icon bulk.  

Summary and Conclusions 
A chemica l  dos ing m e t h o d  was appl ied  as a t e c h n i q u e  

for the  boron  profile de te rmina t ion  after  the  boron  diffu- 
s ion in si l icon f rom a BN solid source  by H., inject ion.  Di- 
rect  compa r i son  be tween  the  expe r imen ta l  resul ts  and 
those  obta ined  by electr ical  m e a s u r e m e n t s  shows that  the  
boron  a toms in si l icon migh t  be cons idered  as whol ly  
ionized. 

F r o m  the  analysis of  the  expe r imen ta l  diffusion profile, 
a dependence ,  D - C, character is t ic  to a diffusion mecha-  
n ism by m o n o c h a r g e d  vacancies  for C > ni was empha-  
sized in a si l icon bu lk  region. An  app rox ima te  solut ion of  
the diffusion equa t ion  under  these  condi t ions  is given, al- 
lowing the  es t imat ion  of  the  boron  diffusion profile. An  
increase of  the  boron  concen t ra t ion  and a co r respond ing  
decrease  of  the  boron  diffusion coeff ic ient  near  the  sili- 
con surface wi th  respect  to their  behav io r  in the sil icon 
bulk were  also po in ted  out. 

The compara t ive  analysis of  the  data  resul t ing f rom the  
boron  diffusion f rom the BN solid source  and those  ob- 
ta ined after  the  boron  diffusion f rom a l iquid  BBr:~ source  
under  di f ferent  ambien t  condi t ions  shows  that  the boron  
diffusion in the  s i l icon bulk  may  be  descr ibed  consider-  
ing that  D - C, i r respect ive  of the  dop ing  source and/or of 
the  a tmosphe re  of  the  depos i t ion  process ,  i f  one admits  
that  the  specific proper t ies  of  the  BSG-S i  sys tem per turb  
the diffusion near  the  si l icon surface in all these  cases. 

Manuscr ip t  submi t t ed  Jan.  14, 1985; revised manusc r ip t  
r ece ived  Apri l  4, 1985. 
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A, N. Dey: 1 In  t h i s  paper ,  t h e  a u t h o r s  s u g g e s t e d  t h a t  t he  
c a t h o d i c  e l ec t ro ly s i s  of  1.0 too l -d in  -'~ of  LiC104 in  a n  
e q u i v o l u m e  m i x t u r e  of  p r o p y l e n e  c a r b o n a t e  (PC) a n d  
1,2 d i m e t h o x y e t h a n e  p r o d u c e s  an  i n t e r c a l a t i o n  com-  
p o u n d  of  l i t h i u m  a n d  ca r bon ,  LiC.~, w h e n  " a c t i v e  car- 
b o n "  is u s e d  as a c a thode .  T he  e x p e r i m e n t a l  e v i d e n c e s  
p r o v i d e d  in t h e  p a p e r  are  (i) x - ray  d i f f r ac t i on  s p e c t r a  of  
t h e  ac t ive  c a r b o n  e l e c t r o d e  b e f o r e  a n d  a f t e r  d i s c h a r g e  
a n d  (i i)  t h e  r e l a t i o n  b e t w e e n  t h e  a m o u n t  of  Li* d e t e c t e d  
in  t he  c a t h o d e  a n d  t h e  c h a r g e  pa s s ed .  

Le t  us  f irst  c o n s i d e r  t he  x - ray  d i f f r ac t i on  s p e c t r a  of  
t he  d i s c h a r g e d  c a r b o n .  A cr i t i ca l  e x a m i n a t i o n  of t he  
s p e c t r a  i n d i c a t e s  t h a t  all  t h e  n e w  p e a k s  t h a t  a p p e a r e d  as 
a r e s u l t  of  d i s c h a r g e  c o i n c i d e  w i t h  t h e  m a j o r  p e a k s  of  
Li2CO:~. We f o u n d  ear l ieV t h a t  c a t h o d i c  e l ec t ro lys i s  of  
L i C 1 Q  in  P C  o n  g r a p h i t e  r e s u l t e d  in  t h e  d e c o m p o s i t i o n  
of  PC to f o r m  Li~CO:~ a n d  CH:~--CH=CH2 q u a n t i t a t i v e l y .  
The re fo re ,  we  s u s p e c t  t h a t  t he  s a m e  r e a c t i o n  is occur -  
r ing  in t h i s  case  as wel l  a n d  t h a t  t h e  r e a c t i o n  p r o d u c t  is 
Li.,CO3 a n d  no t  LiC~. I r e c o m m e n d  t h a t  t he  a u t h o r s  t e s t  
t h e i r  d i s c h a r g e d  c a t h o d e  for  e v o l u t i o n  of COs o n  
ac id i f i ca t ion  in  o r d e r  to c o n f i r m  th i s  poss ib i l i ty .  

The  e v i d e n c e  in  r e g a r d  to t h e  r e l a t i o n s h i p  b e t w e e n  t h e  
a m o u n t  of  Li  d e t e c t e d  in  t h e  c a t h o d e  a n d  t h e  c h a r g e  
p a s s e d  m a y  b e  fo r tu i tous ,  s ince  t h e  a u t h o r s  u s e d  P t  d i s k  
for  e s t a b l i s h i n g  e l ec t r i ca l  c o n t a c t  w i t h  t h e  c a r b o n  pel le t .  
We d i s c o v e r e d  ea r l i e r  :~ t h a t  P t  f o r m e d  i n t e r m e t a l l i c  com-  
p o u n d  w i t h  Li  w h e n  s u b j e c t e d  to c a t h o d i c  e l ec t ro lys i s  
in  o rgan i c  e lec t ro ly te .  I t  is q u i t e  p o s s i b l e  t h a t  t he  l i nea r  
r eg ion  of  Fig. 3 of  t h i s  p a p e r  c o r r e s p o n d s  to t he  d e c o m -  
p o s i t i o n  of  P C  a c c o r d i n g  to 

P C  + 2Ls  + 2e --) L i 2 C Q  + CH:~ - CH = CH~ [1] 

a n d  t h e  s u b s e q u e n t  n o n l i n e a r i t y  is d u e  to t he  loss  of  Li  
as Li:~Pt~ i n t e r m e t a l l i c  c o m p o u n d  w h i c h  ha s  n o t  b e e n  
a n a l y z e d  for  Li. I r e c o m m e n d  t h a t  t h e  a u t h o r s  i m m e r s e  
t h e i r  P t  d i sk  in  w a t e r  a f t e r  t h e  d i s c h a r g e  a n d  t e s t  t h e  
a q u e o u s  s o l u t i o n  for  a lka l i n i t y  in  o r d e r  to ve r i fy  t h e  pos-  
s ib le  f o r m a t i o n  of  Li:~Pt2 i n t e r m e t a l l i c  c o m p o u n d .  

u  T a k a s u ,  M. S h i i n o k i ,  a n d  Y. M a t s u d a :  4 Dr. Dey h a s  
a t t e m p t e d  to e x p l a i n  ou r  r e s u l t  o n  t h e  c a t h o d i c  b e h a v i o r  
of  t h e  ac t ive  c a r b o n  e l e c t r o d e  ,~ b a s e d  on  h i s  i nves t i ga -  

'Duracell Incorporated, Duracell Research Center, Needham, 
Massachusetts 02194. 

2A. N. Dey and B. P. Sullivan, This  Journal ,  117, 222 (1970). 
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t i ons  u s i n g  a g r a p h i t e  c a t h o d e .  "'7 H o w e v e r ,  h i s  e x p l a n a -  
t i ons  are  n o t  in  c o n f o r m i t y  w i t h  t h e  f i nd ings  in  ou r  
s tudy .  

W h e n  we  u s e d  a g r a p h i t e  c a t h o d e  for  c o m p a r i s o n ,  t h e  
e l e c t r o d e  p o t e n t i a l  d r o p p e d  r a p i d l y  a n d  s h o w e d  ca.  
- 1 . 9 4 V  (vs .  SCE)  w i t h  t he  d i s c h a r g e  as s h o w n  in  Fig. 2, 
c u r v e  b, in  t h e  p r e v i o u s  paper .  '5 D u r i n g  t h e  g a l v a n o s t a t i c  
d i s cha rge ,  a s u b s t a n t i a l  e v o l u t i o n  of  gas  was  also ob-  
s e r v e d  on  t h e  g r a p h i t e  c a thode .  B o t h  t h e  c a t h o d i c  per-  
f o r m a n c e  of  t h e  g r a p h i t e  e l e c t r o d e  a n d  t h e  gas  e v o l u t i o n  
c o r r e s p o n d  to t h e  r e s u l t  r e p o r t e d  b y  Dey a n d  h is  co- 
w o r k e r s 2  Bu t ,  we  f o u n d  no  i n d i c a t i o n s  of  gas  e v o l u t i o n  
on  t h e  ac t ive  c a r b o n  ca thode .  M o r e o v e r ,  t h e  p o t e n t i a l  
d r o p p e d  g r a d u a l l y  w i t h  d i s c h a r g e  to ca .  0.3 Ah-g  -1 of  
d i s c h a r g e  (Fig. 2) c u r v e  b. '~ I t  m u s t  also b e  n o t e d  t h a t  t he  
p o t e n t i a l  d id  no t  d rop  b e l o w  -1 .4V.  To c h e c k  t he  
i n f l u e n c e  of  c a r b o n a t e  ions ,  we  p e r f o r m e d  t he  ga lvano -  
s ta t ic  d i s c h a r g e  of  t h e  ac t ive  c a r b o n  e l e c t r o d e  in v a r i o u s  
e l ec t ro ly t e  s o l u t i o n s ,  i .e . ,  D M E  ( 1 , 2 - d i m e t h o x y e t h a n e ) ,  
T H F  ( t e t r a h y d r o f u r a n ) ,  PC,  a n d  PC �9 D M E  (1:1), e a c h  of  
w h i c h  c o n t a i n e d  1.0 m o l - d m  -'~ of  L iC1Q.  T h e  c a t h o d i c  
p e r f o r m a n c e  of  t h e  ac t ive  c a r b o n  e l e c t r o d e  in t h e  THF-  
L i C 1 Q  was  no t  m u c h  in fe r io r  to t h o s e  of  PC-LiC10~ a n d  
PC - D M E  (l : l ) -LiC104;  m o r e o v e r ,  t h a t  in  t h e  D M E -  
L i C 1 Q  was  a lso  m u c h  b e t t e r  t h a n  t h a t  of  t h e  g r a p h i t e  
e l e c t r o d e  in  P C  �9 DME(I:I) -LiC10~.  I t  is d i f f icu l t  to as- 
s u m e  t h a t  c a r b o n a t e  ions  a re  f o r m e d  eas i ly  b y  d e c o m p o -  
s i t ion  of e i t h e r  T H F  a n d  DME.  T h e s e  f i nd ings  s h o w  
t h a t  t h e  m a i n  c a t h o d i c  r e a c t i o n  of t he  ac t ive  c a r b o n  
c a t h o d e  was  n o t  t h e  f o r m a t i o n  of  Li,2CQ. As  p o i n t e d  ou t  
b y  Dey, t h e  n e w  p e a k s  on  t h e  x- ray  d i f f r ac t i on  s p e c t r u m  
of  t h e  d i s c h a r g e d  a c t i v e  c a r b o n  e l e c t r o d e  ~ c o i n c i d e  w i t h  
t h e  m a j o r  p e a k s  of  Li~CO3. We t h i n k  t h a t  s u c h  Li2CO:~ 
m u s t  b e  f o r m e d  e i t h e r  b y  a s ide  r e a c t i o n  at  t h e  c a t h o d e  
or b y  t h e  r e a c t i o n  of  t h e  i n t e r c a l a t e d  (or a d s o r b e d )  l i th-  
i u m  w i t h  c a r b o n  d i o x i d e  in a i r  b e c a u s e  t he  d i s c h a r g e d  
c a t h o d e  was  a n a l y z e d  b y  t he  x- ray  d i f f r a c t o m e t r y  in  air. 

As to t he  l ack  of  e v i d e n t  i n c r e a s e  in l i t h i u m  d e t e c t e d  
in t h e  d i s c h a r g e d  c a t h o d e  b e y o n d  ca .  0.3 A h - g - ' ,  we  
h a v e  c o n f i r m e d  t h a t  th i s  p h e n o m e n o n  was  c a u s e d  by  
d e c o m p o s i t i o n  of  t h e  e l ec t ro ly t e  s o l u t i o n  a t  t h e  plat i -  
n u m  a n o d e  as d e s c r i b e d  in  t h e  p r e v i o u s  paper .  5 T h a t  is, 
t h e  g r a d u a l  i n c r e a s e  of  t h e  c a t h o d e  p o t e n t i a l  b e y o n d  ca .  
0.3 A h - g - '  d i s c h a r g e  '5 c o u l d  n o t  b e  f o u n d  w h e n  we  u s e d  
a l i t h i u m  p l a t e  as t h e  anode .  I n  o r d e r  to r evea l  t h e  e f fec t  
of  s o m e  o r g a n i c  spec ies ,  w h i c h  m i g h t  b e  f o r m e d  at  t h e  
p l a t i n u m  a n o d e ,  t h e  fo l lowing  e x p e r i m e n t  was  made .  
T h e  e l ec t ro ly t e  s o l u t i o n  of PC �9 DME( l : l ) -L iC104  (1.0 
too l -d in  -3) was  p r e - e l e c t r o l y z e d  w i t h  a n  H - t y p e  cel l  hav -  
ing  a n i c k e l  ne t  c a t h o d e  a n d  a p l a t i n u m  p la te  a n o d e  sep-  
a r a t e d  b y  a c a t i o n  e x c h a n g e  m e m b r a n e .  T h e  q u a n t i t y  of  
e l ec t r i c i ty  p a s s e d  c o r r e s p o n d e d  to t h a t  p a s s e d  b e f o r e  
t he  p o t e n t i a l  of  t h e  ac t ive  c a r b o n  c a t h o d e  b e g a n  to in-  
c rease ,  i .e . ,  ca .  0.4 A h - g - '  d i s c h a r g e .  T h e n  on ly  t h e  pre-  
e l e c t ro lyzed  a n o l y t e  was  u s e d  as  t h e  e l ec t ro ly t e  s o l u t i o n  

6A. N. Dey and B. P. Sullivan, ibid. ,  liT, 222 (1970). 
7A. N. Dey, ibid. ,  118, 1547 (1971). 
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of the galvanostatic discharge of the active carbon elec- 
trode. On discharge, the cathode potential  immedia te ly  
dropped to -0 .5V and then increased to ca. -0 .2V after 
3.0 Ah-g -~ discharge. The x-ray diffraction spectrum of 
this discharged cathode (3.1 Ah-g- ' )  gave no evident  
new peaks, and the amount  of l i thium detected in the 
discharged cathode was only 4.7 • 10 -3 mol-g -~ (active 
carbon). These findings strongly suggest  that some or- 
ganic ions formed by the decomposi t ion  of the electro- 
lyte solution at the plat inum anode mainly took part in 
the reaction on the cathode after the intercalation of lith- 
ium (or adsorption) into the active carbon reached satu- 
ration (Q ~ 0.3 - 0.4 Ah-g-~). The UV spectrum of PC �9 
DME(l:l)-LiC104 electrolyte solution after the electroly- 
sis using the active carbon cathode and plat inum anode 
showed that  PC was partly decomposed;  i.e., the peak at 
243 nm, which is characteristic peak of PC, was reduced 
after the electrolysis. On the other  hand, the used elec- 
trolyte solution using the active carbon cathode and the 
l i thium anode gave little evidence of decomposit ion.  
The formation of Li~Pts on the p la t inum disk, which was 
used for the electrical contact  with the active carbon pel- 
let, was not confirmed by our experiment .  

Electrochemical Conversion of Cr02 

D. Fousse, V. Jovancicevlc, and F. Tissler 

(pp. 2734-2736, Vol. 131, no. 11) 

F. Beck: 8 The cyclovol tammograms Fig. 1 and 2 have 
been per formed with pressed powder  layers 0.1 turn 
thick on pla t inum in phosphate  buffer o f p H  7. This cor- 
responds to about  0.5 mmo] CrO~/cm=', and, with a total 1 
e - /mol  conversion, about 50 As/cm ~. The measured re- 
duct ion charges have been 5 • 10 -~ As/cm'-', if  the ordi- 

8Gesamthochschule Universit~it, Duisburg, D-4100 Duisburg 1, 
Germany. 

nate reads in 0.01 /~A/cm 2 units, or 5 • 10 -~ As/cm ~ if 100 
t~A/cm'-' is the correct  scale. Nevertheless,  in both cases 
conversion of oxide is ext remely  low, i.e., 10 -s or 10-~%. 
By this way, an impuri ty  effect seems to be reasonable. 

I do not know what  SSE-standard electrode means. If 
it means "standard silver chloride electrode" or "satu- 
rated silver chloride electrode," then the oxidation po- 
tential for Cr~CO:~ ~ CrO:3 follows from Fig. 1 and 2 to be 
about +0.3V vs. SHE. However,  we have found at pH 7 
+0.93 and +1.58V2 

D. F o u s s e ,  TM V. J o v a n c i c e v i c ,  H a n d  F.  T i s s i e r :  ~~ CrO2 is a 
quite new material  from an electrochemical  point  of 
view, and its behavior  is not yet fully understood.  Never- 
theless, the evidence for e lectrochemical  stability and 
oxidat ion-reduct ion processes taking place at the oxide 
surface seem to be very convincing. 

The calculations given by Beck concerning the 
amount  of charge for the conversion of 0.1 mm thick 
CrO2 is correct. However,  we disagree with his interpreta- 
t ion to account  for a small conversion of oxide where  
the impuri ty  effect is put  forward. On the one hand, it is 
highly unl ikely that impuri ty  effects are the same in 
CrO2 and Cr~O3. It is also improbable  that  impuri ty  is re- 
sponsible for the two-step reversible oxidation-reduc- 
tion process observed in vol tammograms.  On the other 
hand, the conversion is ascribed as a surface and not 
bulk reaction and, consequently,  the participation of 
only 10-2% of CrO~ in the reaction seems to be reasona- 
ble. The consecut ive oxidations of reduced CrO~ back to 
Cr(IV) and Cr(VI) are consistent  with observed results. 

The reference electrode SSE means "Saturated mer- 
curous sulfate electrode." 

9F. Beck and H. Schulz, Bet. Bunsenges. Phys. Chem., 88, 155 
(1984), especially Table 1. 

'"Centre de Reeherehes du Fer Blanc, 57103 Thionville, 
France. 

ltDepartment of Chemistry, Texas A&M University, College 
Station, Texas 77843. 
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On the Preferred Dissolution of Iron from Thin Films of Permalloy 

M. K'ohler, A. Wiegand, and A. Lerm 
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The spontaneous d i s s o l u t i o n  behav iou r  
o f  a l l o y s  i s  o f  impor tance  in  c o r r o -  
s ion  processes and e t c h i n g  t e c h n o l o g y .  
E l e c t r o c h e m i c a l  i n v e s t i g a t i o n s  show 
t h a t  s e l e c t i v e  d i s s o l u t i o n  o f  s i n g l e  
components i s  p o s s i b l e .  The enr i chment  
of  No at  the su r f ace  was observed in  
e l e c t r o c h e m i c a l  d i s s o l u t i o n  e x p e r i -  
ments w i t h  s t e e l  ( 1 ) .  Zn i s  s e l e c -  
t i v e l y  d i s s o l v e d  a t  the beg inn ing  of  
the anod ic  d i s s o l u t i o n  of  a c o p p e r /  
z i n c  a l l o y  i n  a c h l o r i d e  c o n t a i n i n g  
bath ( 2 ) .  S tud ies  on r o t a t i n g  r i n g  
d i s k  e l e c t r o d e s  of  a Cu-Ni  a l l o y  show 
s e l e c t i v e  d i s s o l u t i o n  of  Ni a t  low 
p o t e n t i a l s  ( 3 ) .  

P r e f e r r e d  d i s s o l u t i o n  i s  observed when 
d i s s o l v i n g  F e - N i - a l l o y  t h i n  l a y e r s  i n  
an e t c h i n g  bath under open c i r c u i t  
c o n d i t i o n s .  The d i s s o l u t i o n  behav iou r  
o f  such f i l m s  i s  c h a r a c t e r i s e d  by a 
t y p i c a l  t ime dependence of  the open 
c i r c u i t  p o t e n t i a l .  A l t e r a t i o n s  in  the 
open c i r c u i t  p o t e n t i a l  are caused by 
inhomogeneous d i s s o l u t i o n  o f  compo- 
nents  of  the a l l o y .  The e t c h i n g  p r o c -  
ess was i n t e r r u p t e d  a f t e r  d i f f e r e n t  
t ime i n t e r v a l s  i n  o rde r  to i n v e s t i g a t e  
the d i s s o l u t i o n  b e h a v i o u r .  The re -  
s u l t i n g  e t c h i n g  s o l u t i o n s  were 
ana lyzed  p o l a r o g r a p h i e a l l y .  The 
r e l a t i v e  c o n c e n t r a t i o n s  o f  i r o n  and 
n i c k e l  in  these e t c h i n g  s o l u t i o n s  
d i f f e r  c o n s i d e r a b l y  from the compo- 
s i t i o n  o f  the a l l o y  ( F i g ,  l a ) .  The 
measurements show t h a t  a t  the beg in -  
n ing of  the d i s s o l u t i o n  process i r o n  
i s  the component wh ich  i s  d i s s o l v e d  
p r e f e r e n t i a l l y  ( s tage  I ) .  In  the 
second s tage ( I I )  the r a t e s  of  d i s -  
s o l u t i o n  o f  i r o n  and n i c k e l  remain 
n e a r l y  c o n s t a n t ,  but a somewhat h i g h e r  
d i s s o l u t i o n  r a t e  o f  i r o n  i s  observed.  
Dur ing the l a s t  s tage ( I I I )  on l y  
n i c k e l  i s  d i s s o l v e d ,  because a l l  i r o n  

had been d i s s o l v e d  du r i ng  s tages I 
and I I .  

The a n a l y t i c a l  data of  the e t c h i n g  
s o l u t i o n s  c o r r e l a t e  w i t h  the observed 
open c i r c u i t  p o t e n t i a l s  ( F i g .  l b ) .  A t  
the beg inn ing  of  the f i r s t  s tage the 
p o t e n t i a l  decreases.  Th is  decrease i s  
connected w i t h  a preferred d i s s o l u -  
t i o n  of i r o n .  In  t h i s  way n i c k e l  i s  
e n r i c h e d  at  the s u r f a c e .  The d i s s o l u -  
t i o n  of  nickel begins  a f t e r  a f i f t h  
o f  the e t c h i n g  t ime ,  whereby the 
p o t e n t i a l  i n c reases  s l o w l y .  The 
f o l l o w i n g  c o n s t a n t  p o t e n t i a l  i s  
caused by c o n s t a n t  d i s s o l u t i o n  ra tes  
o f  i r o n  and n i c k e l ,  r e s p e c t i v e l y .  
P robab l y ,  the r a t i o  of  i r o n  and 
n i c k e l  a t  the su r face  remains con-  
s t a n t  in  t h i s  s t age .  Th is  means t h a t  
the e n r i c h e d  nickel is d i s s o l v e d  w i t h  
a s l owe r  s p e c i f i c  r a t e  than iron. The 
r a p i d l y  i n c r e a s i n g  p o t e n t i a l  a t  the 
end of  the e t c h i n g  process i s  caused 
by the complete  consumpt ion of  i r o n .  
The i n c r e a s i n g  p o t e n t i a l  causes an 
i n c r e a s i n g  r a t e  of  d i s s o l u t i o n  of  the 
remain ing  n i c k e l .  

Measurements of the open circuit 
potential during the etching of thin 
p e r m a l l o y  f i l m s  of  v a r i o u s  t h i c k n e s s  
are shown in  F i g .  2. As may be seen 
the d u r a t i o n  of  s tage I i s  n e a r l y  
independent  o f  the f i l m  t h i c k n e s s ,  in  
c o n t r a s t ,  the l e n g t h  of  s tages  ! I  and 
! I I  i n c reases  w i t h  the t h i c k n e s s .  
Stage I I  i s  m iss ing  when 0.3 /um t h i c k  
f i l m s  are e t ched .  Thus, we can con-  
c lude  t h a t  the enr i chment  of  n i c k e l  
i s  a su r f ace  e f f e c t .  O b v i o u s l y ,  the 
p r e f e r r e d  d i s s o l u t i o n  of  i r o n  takes 
p lace  in  the upper 0 .2  to  O.3/um of  
the film. 
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F i g .  2. Open c i r c u i t  p o t e n t i a l  s i n  
dependence on the e t c h i n g  t ime t f o r  
three permalloy films of different 
thickness. 
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F i g .  l a .  R e l a t i v e  amount o f  d i s s o l v e d  
i r o n  and n i c k e l ,  r e s p e c t i v e l y ,  i n  
dependence on the n o r m a l i z e d  e t c h i n g  
t ime .  4 t / t  = $ i s  e q u i v a l e n t  to  a 
completely dissolved permalloy film. 

F i g .  l b .  Open c i r c u i t  p o t e n t i a l  
v e r s u s  n o r m a l i z e d  e t c h i n g  t ime ~ t / t .  

Manuscript received April 12, 1985. 

I t  i s  p o s s i b l e  to  e s t i m a t e  the 
amount o f  n i c k e l  a t  the s u r f a c e  
d u r i n g  s tage  i i  by compar i son  of  the 
open c i r c u i t  p o t e n t i a l  w i t h  the 
c u r r e n t - v o l t a g e  dependence o f  b u l k  
pure i r o n  or  n i c k e l ,  r e s p e c t i v e l y .  
From such measurements a n i c k e l  con -  
c e n t r a t i o n  o f  about  80,ej was e s t i m a t e d .  

~ x  ~ r 3  _ _XP~,,IHENTAL 

The t h i n  F e N i - f i l m s  ( 5 0 / 5 0  wt% ) on 
copper  coa ted  g l a s s  s u b s t r a t e s  were 
p r e p a r e d  by h igh  r a t e  s p u t t e r i n g .  
The open c i r c u i t  p o t e n t i a l  was 
measured i n  aqueous s o l u t i o n s  con-  
t a i n i n g  0 .1  M NH4F and 0 . 4 5  M 
(NH4)2S208 a t  room t e m p e r a t u r e .  The 
c o n c e n t r a t i o n s  o f  the d i s s o l v e d  
me ta l s  were d e t e r m i n e d  by means o f  
the p o l a r o g r a p h  OH 105 ( R a d e l k i s ) .  
Cyc!ovol tammograms f o r  the e s t i m a t i o n  
of  the n i c k e l  e n r i c h m e n t  were 
r eco rded  by moans o f  the p o t e n t i o s t a t  
PS 4 ( M e i n s b o r g ) .  
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Loading Effect of Ashing Rate Observed in Cr Mask Fabrication 

Fumio Mizuno, Yoshihiko Okamoto, Makoto Kato, and Katsuro Sugawara* 
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INTRODUCTION 

For LSI's with higher density and higher 
performance, precise control of mask making has 
been required in addition to that of wafer 
processing. One problem is how to control the 
etching of Cr masks. An accurate "in process" 
method was reported in the case of the mask 
making using spray etching (i). Another 
problem is how to remove the residue of the 
resist which is often observed after developing 
the resist film. An ashing treatment is used 
to remove this kind of the residue. It gives 
influence on the thickness of the resist film 
and also on dimension of the mask through 
thinning the resist In this treatment, a new �9 

phenomenon was observed which showed that Cr 
film on the mask acted as a load for the ashing 
rate in the case of Cr mask making. In this w 
note, this novel effect and experimental 
results will be reported in the following. 

I 
< 

RESULTS AND DISCUSSION 

Specimens used in this experiment were low 
expansion glass substrates of 5 inches in 
square with electron-beam negative resist, 
PGMA, polycidylmethacrylate (2) of 4000A in 
thickness and with or without Cr film of 800A 
in thickness. Ashing conditions were as 
follows. Ashing was carried out in a reactor 
of parallel plate type which consisted of 200~ 
diameter stainless steel watercooled electrodes 
run at 13.56MHz and RF power of 40W. The 
reactor was evacurated, ashing gas, 02 was fed 
in and the pressure was kept at 67 Pa (0.5 
Torr). Ashing was done for 2 min. 
Ashing rate was determined as a difference of 
the resist film before and after the ashing 
treatment, measured by using an automatic thin 
film thickness measurement system for selected 
small area, NANOSPEC/AFT. 

*Electrochemical Society Active Member. 
Keywords:photo-mask, ashing of resist film, 
precise control of dimension, electron beam 
technology. 
Manuscript received June 3, 1985. 

Figure 1 is the ashing rate of the resist 
film coated on Cr mask. It shows the ashing 
rate increased as area ratio of the resist 
pattern on the mask increased. This tendency 
was also observed under different ashing con- 
ditions such as moistured air instead of O~ 
and a barrel type reactor instead of the 
parallel reactor. This trend is quite contra- 
ry to the usual loading effect observed in 
plasma etching (3). 
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Fig. 1 Dependence of ashing rate to area ratio 
of resist pattern in the case of Cr 
mask. 

To explain this new phenomenon, following 
experiments were tried. 

At first, the difference between Cr mask and 
glass substrate of the mask was examined. 
Fig. 2 is the result of the ashing rate in the 
case of the glass substrate of the mask done 
under the same ashing condition. As the area 
of the resist pattern on the glass substrate 
increased, the ashing rate decreased. This 
tendency was quite similar to that of the 
conventional plasma etching (3). The second 
evidence was the result of Auger electron 
spectroscopy analysis. 
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Fig. 2 Dependence of ashing rate to area ratio 
of resist pattern in the case of glass 
substrate. 

Fig. 3 shows sputter profiles of chromium and 
oxygen measured with Ar sputtering. There was 
a remarkable difference of the oxygen distri- 
bution before and after the ashing treatment; 
Fig. 3(a) and 3(b) are the profiles before and 
after the ashing, respectively. After the 
ashing, oxygen content increased at the surface 
of the Cr mask. This phenomenon may be ex- 
plained as follows. In the case of the glass 
substrate, PGMA, (C~HI~O,)n may be reacted by 
the excited O* as 

(C~H,~O~)n + 17nO*-~7nCO2 + 6nH20 [i]. 
As the area of the resist patterns increases 
the ashing rate becomes decreased as the result 
of consuming larger amount of the excited O*. 
In the case of the Cr mask, following reactions 
may be occurred in addition to Eq. [i] 

xCr + yO*-+CrxOy [2] 
20*-+02 on Cr film [3]. 

At the large ratio of the Cr pattern = the 
small ratio of the resist pattern, the excited 
0 may be more reacted by Eq. [2] and Eq. [3] 
than by Eq. [i], therefore, the increasing 
tendency of the ashing rate may be brought 
about. 

SUMMARY 

In Cr mask fabrication, an ashing process 
was adapted to remove the residue of the resist 
and novel loading effect was observed, which 
showed Cr film acted as the load. This may be 
explained by a stronger reaction between Cr and 
oxygen radical than the conventional reaction 
between the resist film and oxygen radical. 
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Fig. 3 Component sputter profiles of Cr mask 
measured by Auger electron spectroscopy. 
(2) Before ashing 
(b) After ashing 
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Transient Photoconductivity Profiles of Electrochemical Interfaces: 
The a-Si:H Aqueous Electrolyte Contact 
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Transient photoconductivity measurements 
using the technique of the t ime-o f - f l igh t  
(TOF) method I are demonstrated for the hy- 
drogenated amorphous s i l icon (a-Si:H)/aqueous 
electro lyte junction. Our results indicate 
that local surface variat ion achieved by in 
s i tu  al terat ion of the interracia l  oxide by 
solution composition is c lear ly  reflected in 
the time dependence of the photoconductivity. 

A block diagram of the experimental arran- 
gement is shown in f ig .1 .  A voltage pulse 
(typical duration tv=3OO~s ) is applied to the 
working electrode via a pulse generator. 
Within a period considerably shorter than the 
d ie lec t r i c  relaxation time of the a-Si:H 
f i lms (here t yp ica l l y  Ims) a nanosecond laser 
pulse (Excimer Laser, Lambda Physics) of 8ns 
duration with X=308nm f a l l s  onto the sample. 
The generation of electron-hole pairs occurs 
in the surface near region due to the high 
absorption of the semiconductor at that wave- 
length. One type of carr ier  (electrons when 
the working electrode is posit ive) then d r i f t s  
in the applied f i e ld  to the back contact g i -  
ving r ise to a photocurrent which is recorded 
using a Tektronix 7912AD d ig i t i ze r .  The pho- 
togenerated charge is not greater than 
~10-10Ccm -2 per pulse which is low enough to 
avoid space charge effects. 

The electrochemical ce l l ,  especially de- 
signed for photocurrent transient measure- 
ments 2, consists of the a-Si:H working elec- 
trode, a carbon counterelectrode ring and a 
saturated calomel electrode (SCE). Solutions 
were prepared from analytical grade chemicals 
and d i s t i l l e d  water. The a-Si:H f i lms were 
prepared in a conventional r f  glow discharge 
in SiH 4 3 onto stainless steel ;  substrates 
were held at T=270~ The f i lms were undoped 
but were provided with a 200A thick n + layer 
to establish an ohmic contact. The f i lm 
thickness ranged between 2.5 and 3~m. 

Manuscript submitted April 9, 1985; re- 
vised manuscript received June ii, 1985. 

Hahn-Meitner-lnstitut f~r Kernforschung 
Berlin assisted in meeting the publication 
costs of this article. 

The time dependence of the photocurrents in 
a solution made of IM NH4F in H20 4 is dis- 
played in f ig.2 for a series of bias voltages. 
Similar results have been obtained in a solu- 
tion made of 5M LiCl and IM NH4F. We note that 
a d is t inc t  voltage dependence of the photo- 
current transients is observed. The general 
shape of the logl vs. logt plots is characte- 
rized by a constant current, a bend and a 
pronounced current decrease at larger t .  The 
time regime of constant photocurrent is 
interpreted as the col lect ion of the d r i f t i ng  
photogenerated excess carr iersin the applied 
f i e ld .  The bend indicates the termination of 
the primary carr ier  d r i f t  and the t a i l  at 
larger t is considered to arise from detrap- 
ping and subsequent d r i f t .  Up to ~4V, a l i -  
near increase of I with bias voltage is 
observed. For Vb>4V the photocurrent 
saturates. The t ransi t  times, t T, show the 
expected behavior, i .e .  faster d r i f t  at 
higher f ie lds .  The changes of I with V b and 
the differences in t T indicate that the ex- 
ternal voltage drops across the semiconductor 
bulk. The ~istence of a current at OV bias 
can be attr ibuted to an internal e lect r ic  
f i e ld  at the interface most l i ke l y  due to 
trapped charge. From the transient behavior 
at high voltages the d r i f t  mobi l i ty of elec- 
trons can be determined. With ~D=I2/VtT where 
l denotes the semiconductor thickness we ob- 
tain ND:3cm2/Vs in accordance with measure- 
ments using evaporated metal contacts I .  

A pronounced change in transient behavior 
is noted in the absence of NH4F. Fig.3 shows 
measurements equivalent to those in f ig.2 but 
performed in supporting electro lyte (5M LiCl) 
only. Here, photocurrent saturation occurs 
already at external voltages of ~IV and no 
t rans i t  time dependence is observed. The com- 
parison with f ig.2 shows that the t ransi t  
time for IV in f ig .3 corresponds to the 
expected value in f ig .2 but beyond that vol-  
tage no decrease in t T is achieved in f ig .3.  

In a f i r s t  tentative interpretation, these 
results indicate d i f ferent  e lect r ic  f ie lds  to 
be ef fect ive at the surface and in the bulk 
of the sample, depending on solution composi- 
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t ion. Electrochemical measurements on single 
crysta l l ine and amorphous s i l icon show pro- 
nounced differences in electrode behavior in 
the presence or absence of NH4F 4,5. In par- 
t icu lar ,  a dark current is observed in NH4F 
after immersion of the electrode, whose ma- 
gnitude and time dependence is linked to the 
thickness of inter facia l  Si02-SiO x species. 
In a separate combined electrochemical and 
XPS experiment 4 i t  was found that a-Si:H in 
supporting electro lyte LiCl is covered by 
SiO 2 mainly. In NH4F, however, the surface 
appears to be free of oxygen and f luorine 
within the XPS resolution l imi t .  We therefore 
at t r ibute the differences observed with TOF 
to the d i f ferent  surface conditions with and 
without oxide. Although the determination of 
the actual f i e ld  d ist r ibut ion has to await 
further detailed investigation, we have shown 
the appl icab i l i ty  of TOF for analysis of mic- 
roscopic interracial  changes. The applicabi- 
l i t y  appears, however, to be restr icted to 
in t r ins ic  or almost in t r ins ic  material and, 
in the case of monitoring surface or inter fa-  
ce changes, to effects of these surface con- 
dit ions on the internal f i e ld  d is t r ibut ion in 
the in t r ins ic  semiconductor. Since the f ie ld  
d ist r ibut ion in semiconductors is sensitive 
to even small changes in the surface, the TOF 
method in this form might be successfully 
applied in si tu in a variety of suitable sy- 
stems. 
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Indium Oxide, Oxgyen Photoanode of High Quantum Efficiency 
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To date, high quantum efficiencies 

(~ 100%) for transition-metal-oxide oxygen- 

photoanodes have been reported only for TiO 2 

(I), WO 3 (2), SrTiO. (3) and SnO^ (4). To 
this list we now add a thin film form of 

In203. 
We have formed thin films of indium 

oxide by thermal oxidation of thin indium 

metal films which reproducibly display 
quantum efficiencies close to 100% at the 

absorption maximum of 310 nm (4.0eV). The 
technique used for making these thin oxide 

electrodes involves depositing indium metal 
films by sputtering from a 6" diameter 
indium metal target6 The films are 

deposited in 1.0 x 10 torr of argon to an 
O 

average thickness of about 800A onto indium 
tin oxide (ITO) substrates held at 350~ 
Following deposition of the metal, the 

plasma is shut off, the argon flow stopped 

and oxygen bled into the bell ja~ The 

substrates are then left in 1.0 x 10 torr 

of oxygen for 30 minutes at 350~ after 

which the oxygen flow is stopped, the bell 
jar evacuated, and the substrates cooled 

down to room temperature over 4 hours. An 
indium metal~film of mean thickness of about 

800~ will oxidize to form an In203 film of 
mean thickness % I000~. However, SEM 

studies show that the resulting oxide is not 
flat but consists of a series of 

hemisph@rical structures of mean radius % 
3.0xi0-- D cm. Transmission studies of these 

films deposited directly onto quartz showed 
less than 10% transmission of the incident 

light for I < 325nm. 
Photoelectrochemical and impedance pro- 

perties of these films have been determined 
using a PAR model 170 Electrochemical System 
along with a focused xenon lamp carefully 
calibrated using the iron oxalate 
actinometer system. The experimental 
arrangement has already been described in 
some detail (5,6). The quantum efficiency, 
(~), was calculated using the expression 

=1.2408J/Io , where J is the photocurrent 
2 

density in ~A/cm , 1.2408 a conversion 

*Electrochemical Society Active Member. 

factor relating photon flux density to 

power flux density and 2 Io is the power 
flux density in mW/cm at wavelength 
(expressed in nm) incident upon the 

photoelectrode surface. No corrections 

were made for reflection and transmission 
losses at the electrode. As a further 
check on the accuracy of our quantum 

efficiencies, such measurements were made 

for a thin film TiO 2 electrode which had 
previously been compared to a single 

crystal electrode (7). Our present 

calibration places the maximum TiO 2 single 
crystal quantum efficiency at 80%, in good 

agreement with the value of 81% obtained 
by Mavroides et. al. (I). 

Figure I shows the measured quantum 
efficiency for a thermally oxidized indium 

metal layer at a bias potential of + 0.50 

V(SCE) in 0.10 M NaOH. Figure 2 shows the 
d.c. photocurrent response at 310 nm of 
this same electrode. The photocurrent 

onset of -0.25 V(SCE) agrees very well 
with that reported for single crystal 

n-In20 (8), -0.20 V(SCE) in 1.0M NaOH. 
While 3 the maximum in the quantum 

efficiency for these thermally oxidized 
metal films occurs at the same wavelength 

(310 nm) as that for the only single 

crystal studied (8), the increase in 
quantum efficiency from 25% for the 

single crystal to 90% for these thermally 
oxidized films is quite dramatic. The 
electrode response was stable under 
constant illumination for 3 days at +0.5 

V(SCE) bias in 0.10 M NaOH. Measurements 

on a blank ITO substrate showed no 
photocurrent indicating that the observed 
photoresponse is due entirely to the 

thermally oxidized In203. They were 
checked periodically over several weeks 
and no sign of corrosion or instability 
was detected. The poor behaviour of the 

single crystal has been attributed by 
Bockris et. al. (8) to high recombination 
rates due to the presence of a high 
density of impurity centres incorporated 
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into the crystal lattice during crystal 
growth. The technique used to produce these 
thin n-In 0 films, has advantages over 

2 3 
single crystal growth. These oxide films 
can be formed within at most 30 minutes of 
metal deposition, compared to several da~s, 
and at the much lower temperature of 350-C, 
compared to 950~ for single crystal growth. 
Fur thermore, the fabrication procedure 
minimises contamination. Further studies 
are underway to characterise the photo- 
electrochemical, optical, morphological and 
impedance properties of indium oxide films 
produced in this way. 
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ABSTRACT 

Pressure-temperature-voltage relationships in hermetically sealed high rate Li/SOC12 cells have been studied using 
specially ins t rumented C-size cells. The cells generated considerably lower pressures than those expected on the basis 
of established discharge reactions. This is believed to be due to the SO2 generated being complexed by LiA1C14 and/or 
absorbed by the carbon cathode. Li-limited cells produced lower internal temperatures and pressures towards the end of 
discharge and during voltage reversal than cathode-limited cells. In high rate discharge involving >10 mA/cm ~, Co-TAA- 
catalyzed cathode cells exhibited higher capacities and lower IR heating than uncatalyzed cells. Li-limited Co-TAA cata- 
lyzed cathode cells appear to be a desirable design for high rate applications. 

The Li/SOC12 battery is a very attractive high energy 
density system for many high power applications since it 
can provide load voltages near 3.0V under  high current 
drains. However, high rate applications are generally lim- 
ited by safety hazards that occur under  certain conditions 
of operation such as forced overdischarge or by poor 
cathode performance. Several recent papers have exam- 
ined some of the factors that can affect cell performance 
and safetY in SOC12 cells. Cell design is one such factor. 
Early studies with spirally wound cells revealed that 
some anode-limited cells exhibited hazardous behavior 
during forced overdischarge at low rates (1, 2). These ceils 
were considered anode limited rather than Li limited 
since substantial amounts of Li remained on the anode 
despite anode ~ potentials greater than 4.0V. This was at- 
tributed to poor electrical contact between the Li and the 
anode grid. Recent studies confirm that during high rate 
cell reversal, cathode-limited cells were more hazardous 
than those Of Li-limited design (3). 

A great deal of work has also been devoted to improv- 
ing cell performance via the use of catalysts. Studies 
show that both organic macrocyclic (4) and inorganic (5) 
additives substantially improve cathode performance, es- 
pecially at low temperatures. Recently, the use of cobalt 
tetraazaannulene complexes as catalysts has been pro- 
posed to enhance the safety of the SOC12 system by al- 
tering the discharge mechanism so that no pressure 
building SO~ prodtfct is generated (6). 

The presence of water as a safety factor in SOC12 cells 
has received little attention. Studies have primarily ad- 
dressed the effect of water on voltage delay or hydrolysis 
reactions that produce HC1 or H2 gas (7-9). Water has been 
shown to increase cell capacity of reverse polarity SOCI~ 
ceils following storage at room temperature (10). 

Despite the fact that no energetic products capable of 
causing detonations have been found, occasionally SOCI~ 
cells have exhibited explosive behavior. Indeed the 
mechanism of generating safety hazards is still not well 
understood. 

*Electrochemical Society Active Member. 

To date, very little has been reported on the physio- 
chemical characteristics of Li/SOCI2 cells discharged un- 
der high rate regimes. In  particular, a detailed knowledge 
of the cell's internal pressure-temperature-electrode po- 
tential behavior and its dependence on discharge rates, 
depth of discharge, and environmental  temperatures are 
extremely important  for the ultimate description of safe 
cells. 

By using specially instrumented cells, we have reex- 
amined the effects of cell design, catalysis, and water on 
the performance-chemistry-safety relationship of 
Li/SOCI.~ cells. 

Experimental 
Cell construction .--Specially instrumented,  spirally 

wound C-size Li/SOCI~ cells, manufactured by Hellesens 
Battery Engineering, Incorporated (Hyde Park, Massa- 
chusetts), were used in this study. Each cell contained a 
vent mechanism designed to vent  at L250 psig. A stain- 
less steel threaded bushing fitted with a removable plug 
was incorporated into the cell top. This allowed electro- 
lyte sampling and the installation of a pressure trans- 
ducer (Precise Sensor, Incorporated, Monrovia, Cali- 
fornia) capable of measuring the internal pressure of the 
cell in the 0=500 psig range. The temperatures at two dif- 
ferent points on a horizontal plane perpendicular to the 
cell wall were measured using internal and external iron- 
constantan thermocouples. The internal thermocouple 
was 0.010 in. diam with a 304 stainless steel sheath placed 
in a 0.020 in. id-0.040 in. od closed tube positioned at the 
core of the spiral electrode package halfway down the 
electrode length. This permitted the thermocouple to be 
isolated from the electrolyte yet provided rapid response 
to temperature changes. The cell skin temperature was 
measured by an external thermocouple held in place at 
the middle of the cell height by the heat-shrinkable cell 
jacket. Each cell contained a Li reference electrode to en- 
able measurements of individual electrode potentials dur- 
ing discharge. All other components had conventional 
characteristics of commercial cells. 
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Cell specifications.--Cells were designed as cathode 
and Li limited. The specifications of the cathode-limited 
cells were as follows: dimensions of the Li anode were 
0.058 • 29.2 • 3.8 cm: Li weight of 2.4 -+ 0.2g. The dimen- 
sions of the cathode were 0.064 • 25.4 x 3.8 cm; the car- 
bon weight was 3.3 -+ 0.5g. The electrolyte was 1.8M 
LiA1C14 in SOC12; its weight was 19.5-20g. The void vol- 
ume was 1.5-1.8 ml based on electrolyte deletion. The av- 
erage weight of the cathode-limited cell was 63g. The cell 
volume was 29.5 cm ~. 

The specifications of the Li-limited cells were as fol- 
lows. The dimensions of the Li anode were 0.023 • 37.5 • 
3.8 cm; the Li weight  was 1.10 -+ 0.15g. The dimensions of 
the cathode were 0.064 • 33 • 3.8 cm; the carbon weight 
was 4.3 _+ 0.5g. The electrolyte was 1.8M LiA1C14 in SOC12, 
and its weight was 24.5-25g. The void volume was 1.5-1.8 
ml based on electrolyte deleiion. The average weight of 
the Li-limited cell was 68g, and the cell volume 29.5 cm 3. 

Dry electrolyte, containing less than 10 ppm of water, 
was used for all cells. The "dry" cells contained -50  ppm 
water. "Wet" cells containing -500 ppm of water were 
prepared by adding water to the dry electrolyte in a 
controlled manner. 

Catalyst.--Cathodes were prepared from Shawinigan 
acetylene black. In addition to the regular cathodes, those 
containing 5 weight percent of dibenzotetraazaannulene 
complex of cobalt (Co-TAA) as a catalyst additive were 
used. The catalyzed cathodes were prepared by mixing 
the carbon with the catalyst and then heat-treating the 
mixture at 500~ under inert gas. After cooling, this mix- 
ture was made into a paste with water, isopropanol, and 
Teflon binder, and then dried below 100~ The mixture 
was cured by heating to ~275~ under inert gas. At no 
time was the catalyst heated above 100~ in air. The possi- 
bility exists that the catalyst undergoes structural pertur- 
bations during the heat-treatment at 500~ however, we 
did not investigate this. 

Testing and analysis.--Prior to electrochemical experi- 
ments, the cell was housed inside a specially designed 
test chamber (11) provided with feedthroughs for electri- 
cal connections and ports for collecting gases and liquid. 
A stainless steel capillary tubing with 0.5 cm '~ of void vol- 
ume connected the pressure transducer located on the 
outside of the chamber  to the cell inside. The chamber 
was housed in a constant temperature environmental  
chamber prior to electrochemical tests. Standard electro- 
chemical equipment  was used. Data collection and re- 
trieval were done with Bascom-Turner Instruments 
Series 8000 recorders equipped with microprocessor ac- 
cessories. 

Cell postmortem and sample collection for analyses 
were done in a Vacuum Atmospheres dry box maintained 
with an Ar atmosphere. Infrared (IR) spectra were re- 
corded on a Beckman Acculab-5 double-beam spectrome- 
ter. X-ray data were obtained by the Debye-Scherrer tech- 
nique. Gas chromatographic (GC) analysis of volatile 
materials from the cells were performed on a Varian 920 
Gas Chromatograph equipped with a thermal conductiv- 
ity detector and a 6 ft chromosorb Analabs column. 

The water content of the cells was measured by remov- 
ing electrolyte samples from cells stored one week. The 
hydrolysis products present were analyzed using infrared 
spectroscopy and quantitatively measured against IR cali- 
bration curves prepared from samples of the dry electro- 
lyte containing known amounts of water. 

Results and Discussion 
The discharge and overdischarge data and the related 

pressure-temperature behavior for cathode-limited cells 
containing uncatalyzed cathodes are given in Fig. 1 and 2. 
The temperature and pressure changes which accompany 
the discharge and overdischarge at 0.2A (~1 mA/cm '~) are 
rather minor. The temperature and pressure increase 
slightly at the end of discharge when the cell potential ap- 
proaches 0 V. The internal pressure after the voltage re- 
versal remains at a slightly higher value than that during 
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Fig. 1. Temperature, pressure, and voltage data for on uncatalyzed 

cathode-limited Li/SOCI2 cell discharged at 0.20A at room temperature. 

normal discharge. The data in Fig. 2 for the discharge and 
overdischarge at 2A (-10 mA/cm'-') show that the internal 
temperature increased to -50~ during the course of the 
first 15% of discharge and remained at this value until 
the end of the normal discharge. The internal pressure in- 
creased slightly during the course of the normal dis- 
charge, but  attained a maximum of only -25  pounds per 
square inch (psi) at the 100% depth-of-discharge stage to a 
2.0V limit. 

By using the following information and the cell geome- 
try and specifications given in the Experimental  section, 
we have calculated the internal pressure of the cells on 
the basis of the generally accepted cell discharge reaction 
given below 

4Li + 2SOC12 ~ SO., + S + 4LiC1 [1] 

The vapor pressure of SO~ at 50~ is about 130 psi (12). 
The solubilities of SO.~ in SOCI~ and SOC12fLiA1C14 are 
given in Ref. (13). The calculated volume reduction which 
accompanies the Li]SOCI~ cell discharge is 0.56 mYAh 
(14). 

The pressure of the cell discharged at 2A was calculated 
to be at least 130 psi from the 75% depth-of-discharge 
stage onwards. The observed pressures were much lower. 
In addition, the internal temperature increases to -115~ 
during the early stages of voltage reversal. At this temper- 
ature, an amount  of SO~ produced according to Eq. [1] 
would have generated a pressure of at least 500 psi. The 
measured max imum pressure is only -140 psi, slightly 
lower than the cell venting pressure of -250 psi. As the 
data in Table I show, the internal pressures are 
significantly lower than that expected on the basis of the 
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Table I. Averaged pressure-temperature behavior and safety characteristics of uncatalyzed/i/SOCI 2 C-cells 

2303 

Discharge Environmental Capacity (Ah) ~ Extent of 
current temperature to overdischarge Maximum internal 

Cell type ~ (A) (~ 2.0V 0.0 V (Ah) temp. (~ ~ 
Maximum internal 

pressure (psig) r 

A-W 2.0 20 2.54 2.63 >5 79 73 
A-W 2.0 - 12 2.20 2.37 >5 54 b 
A-D 0.2 20 2.90 3.0 >5 30 b 
A-D 2.0 20 2.66 2:95 >5 73 70 
A-D 2.0 -12 2.63 2.90 >5 53 b 
A-D d 3.0 20 2.61 2.90 >5 95 72 
C-D 0.2 20 4.75 4.85 >7 30 7 
C-D 0.2 - 12 2.70 2.88 >5 b b 
C-D 2.0 20 3.45 3.59 >7 102 138 
C-D 2.0 -12 1.60 2.16 >7 58 b 
C-D 3.0 20 2.25 2.4 >7 130 153 
C-W 2.0 20 3.26 3.42 >7 117 158 
C-W 2.0 -12 1.74 2.10 >7 71 

A-W: Li-limited wet cells containing 500 ppm added H~O. A-D: Li-limited dry cells. C-D: cathode-limited dry cells. C-W: cathode-limited 
wet cells containing 500 ppm added H20. 

b Pressure transducer response at -12~ was poor, so pressure data were unreliable. 
c Average of five cells for each test current. No cells vented. 

At a 3.0A rate, cell became cathode limited and vented after ~3 Ah overdischarge. 

SO~ s t o i c h i o m e t r y  of  Eq.  [1]. C o m p l e x a t i o n  of t h e  SO2 b y  
LiA1C14 (15), t h e  a b s o r p t i o n  of SO~ b y  c a r b o n  (10), and /o r  
the  p r e s e n c e  of  a s ign i f i can t  a m o u n t  of  t he  low vola t i l e  
(SO)x r a t h e r  t h a n  its d e c o m p o s i t i o n  p r o d u c t s  S a n d  SO~ 
m a y  b e  o c c u r r i n g  (16). T he  m i n i m u m  a m o u n t  of  LiA1C14 
in  ou r  cells  is -0 .02  tool, w h i c h  is suf f ic ien t  to c o m p l e x  
all t h e  SO2 p r o d u c e d  a t  t he  2.0A ra te  a c c o r d i n g  to Eq.  [1] 
to f o r m  a n  a d d u c t  of  t h e  c o m p o s i t i o n  [Li~(SO~)2A1C14~]. 
R a m a n  s p e c t r o s c o p i c  s tud ies  h a v e  r evea l ed  t h e  e x i s t e n c e  
of s u c h  c o m p l e x e s  in  LiA1C14 so lu t ions  in  SO~ (15). How-  
ever,  t h e r e  is s t r o n g  e v i d e n c e  for s ign i f ican t  a b s o r p t i o n  
of  SO2 b y  S h a w i n i g a n  c a r b o n  (10). T h e  d e s o r p t i o n  of  th i s  
SO2 gas  is r e f l ec ted  in  t he  r ap id  p r e s s u r e  r ise  a c c o m p a -  
n y i n g  t he  t e m p e r a t u r e  i nc rease  s een  in  t he  ear ly  s tages  of  
overd i scharge .  I f  i t  we re  no t  for  a bu i l t - i n  SO2 s c a v e n g i n g  
m e c h a n i s m ,  t he  Li/SOC12 cell wou ld  p r o d u c e  excess ive  
in t e rna l  p r e s s u r e s  c a p a b l e  of  po ten t i a l ly  v io l en t  ven t ing ,  
espec ia l ly  d u r i n g  ear ly  s tages  of  cel l  reversal .  I f  t he  
s c a v e n g i n g  m e c h a n i s m  invo lves  t he  f o r m a t i o n  of  SO~ ad- 
duc t s  w i t h  LiA1C14, t h e n  t he  sal t  c o n c e n t r a t i o n  is critical:  
cel ls  w i t h  h i g h e r  sa l t  c o n c e n t r a t i o n s  s h o u l d  b e  safer.  
However ,  a l o w e r  sa l t  c o n c e n t r a t i o n  is a w ide ly  recog-  
n ized  r e m e d y  for  a l l ev ia t ing  vo l t age  de lays  in t h e  
Li/SOCI2 cell (16). 

S o m e  typ ica l  da ta  for u n e a t a l y z e d  cells  are g iven  in  
Tab le  I. The  t e m p e r a t u r e  a n d  p r e s s u r e  m a x i m a  r e a c h e d  
in t he  L i - l imi ted  cells  were  c o n s i d e r a b l y  lower  t h a n  the  
c a t h o d e - l i m i t e d  cel ls  as i l l u s t r a t ed  b y  a c o m p a r i s o n  of  t h e  
da ta  in  Fig. 2 a n d  3. A s u b s t a n t i a l  f r ac t ion  of  t he  i n t e rna l  
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Fig. 3. Temperature, pressure, and voltage data for an uncatalyzed Li- 
limited Li/SOCI~ cell discharged at 2.0A at room temperature. 

h e a t i n g  at  t he  e n d  of  cell  l ife in  c a t h o d e - l i m i t e d  cells  a t  
b o t h  20 ~ a n d  -12~  was  a s soc i a t ed  w i t h  c a t h o d e  polar iza-  
t ion.  Very  l i t t le  c a t h o d e  po l a r i za t i on  o c c u r r e d  in Li- 
l imi t ed  cells. 

The  effects  of  e n v i r o n m e n t a l  t e m p e r a t u r e  a n d  t h e  addi-  
t i on  of 500 p p m  H~O on  u n c a t a l y z e d  cell  p e r f o r m a n c e  are 
also t a b u l a t e d  in  Tab le  I. The  da ta  are  a v e r a g e d  over  five 
d i s cha rges  for  e a c h  t y p e  of  cell. S o m e  of  t h e  o b s e r v a t i o n s  
follow. 

1. A d d i t i o n  of w a t e r  s h o w e d  no  a d v e r s e  affect  on  volt-  
age de lay  at  e i t h e r  20 ~ or -12~ Cells  w i t h  a n d  w i t h o u t  
t he  a d d e d  w a t e r  s h o w e d  s u b s t a n t i a l  vo l t age  de lays  w h e n  
d i s c h a r g e d  at  > 10 m A / c m  2 at  -12~ I n  b o t h  t ypes  of  cells, 
t he  vo l t age  de lay  e x c e e d e d  60s of  t i m e  to r ecover  to 2.0V. 
P r e v i o u s  s tud ie s  h a v e  e x a m i n e d  t he  effects  of  sma l l e r  ad-  
d i t ions  of  w a t e r  on  vo l t age  de lay  a f te r  s torage  at  23 ~ a n d  
55~ S u b s e q u e n t  to r o o m  t e m p e r a t u r e  s to rage  for  1 
m o n t h ,  cel ls  c o n t a i n i n g  an  a d d i t i o n a l  100 p p m  w a t e r  dis- 
p l ayed  a d e c r e a s e d  d d a y  a n d  a t t a i n e d  t h e i r  r u n n i n g  po- 
t en t ia l s  f a s t e r  (10). In te res t ing ly ,  pa r t i a l ly  d i s c h a r g e d  a n d  
s to red  cells  b e h a v e d  as wel l  as f r e sh  cells. T h u s  cells dis- 
charged for 1 Ah at 2.0A and stored 4 months at ambient 
room temperature experienced no voltage delay on 
redischarge at 2.0A (14 mA/cm 2 Li) at room temperature. 
The same type of cells redischarged at 3.0A (27 mA]cm ~ 
Li) did exhibit a voltage delay. 

2. The internal temperature and pressure maxima at 2A 
at - 12~ were substantially lower than that found at 20~ 
The internal temperature of cathode-limited cells was al- 
ways higher in the presence of added water. Data for a 
cathode-limited cell overdiseharged at -12~ are illus- 
trated in Fig. 4. 

3. As seen in Table I, the capacity of the Li-iimited cells 
was d e c r e a s e d  - 1 1 %  at  20~ a n d  - 1 8 %  at  -12~ b y  addi-  
t i on  of  t h e  wate r .  

4. Two cel ls  e a c h  f r o m  t h e  four  t y p e s  of  u n c a t a l y z e d  
cells we re  s to red  4 m o n t h s  af te r  h a v i n g  b e e n  d i s c h a r g e d  
for 1 A h  at  2.0A cur ren t .  T h e  p r e s s u r e  g e n e r a t e d  a f te r  4 
m o n t h s  s to rage  was  42% g rea t e r  in  t h e  " w e t "  cells. 

In  genera l ,  t h e  u n c a t a l y z e d  ca thode -  a n d  L i - l imi ted  
cells e x h i b i t e d  safe b e h a v i o r  d u r i n g  e x t e n d e d  pe r iods  of  
fo rced  o v e r d i s c h a r g e  at  b o t h  t he  0.2 a n d  2.0A rates .  No 
cells ven t ed .  

Effect of Co-TAA catalyst.--The bene f i t s  of  Co-TAA ca- 
ta lysis  in  1/2 A A  LYSOC12 cells  h a v e  b e e n  r ecen t l y  ci ted.  
T h e s e  i n c l u d e  s u p e r i o r  cell  p e r f o r m a n c e ,  s ign i f ican t  re- 
d u c t i o n  in  vo l t age  delay,  a n d  a n e w  SO~-free r e d u c t i o n  
m e c h a n i s m  (6, 17). Our  s tud ies  r evea led  t h a t  t he  a d d i t i o n  
of  Co-TAA af fec ted  t h e  b e h a v i o r  of Li/SOC12 cells  in  the  
fo l lowing  m a n n e r .  

1. Increased voltages.--The ca ta lys t  g ives  r i se  to  h i g h e r  
load vo l t ages  at  t he  2.0A a n d  h i g h e r  d i s c h a r g e  rates .  Typi-  
cal d i s cha rge  a n d  o v e r d i s c h a r g e  da ta  a t  2.0A at  20~ for  
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Fig. 4. Temperature, pressure, and voltage data for on uncotolyzed 

cathode-limited Li/SOCI~ cell containing 500 ppm H20 discharged at 
2.0A at -12~ Because of the poor response of the transducer, the 
pressure reading may not be accurate. 

c a t h o d e  a n d  L i - l imi ted  cells a r e d e p i c t e d  in Fig. 5 a n d  6, 
r e spec t ive ly .  T h e  c a t h o d e  po t en t i a l  prof i les  vs. t h e  lith- 
i u m  r e f e r en ce  e l ec t rode  ind ica t e  t ha t  t he  h i g h e r  vo l t age  
r e su l t s  l a rge ly  f r o m  i m p r o v e m e n t s  in c a t h o d e  load 
v o l t a g e s - - p o l a r i z a t i o n  of t he  c a t a l y z e d  c a t h o d e s  at  t he  
h i g h e r  c u r r e n t s  is c o n s i d e r a b l y  lower  t h a n  in  t he  
u n c a t a l y z e d  cells.  I n  genera l ,  for  b o t h  we t  a n d  d ry  cells  
d i s c h a r g e d  at  - 1 2  ~ a n d  20~ t he  a v e r a g e  m i d d i s c h a r g e  
vo l t age  was  - 1 0  a n d  20% h i g h e r  in  ca thode -  a n d  Li- 
l imi ted  cells, r e spec t ive ly ,  w h e n  t he  ca t a lys t  was  p resen t .  

2. Increased performance.--The effec t  of  ca ta lys t  on  in- 
c r eas ing  t h e  a v e r a g e  cell capac i ty  is s h o w n  in Tab le  III. 
T h e  da ta  i n d i ca t e  t ha t  we t  c a t h o d e - l i m i t e d  cells  dis- 
c h a r g e d  a t  h i g h  ra tes  a n d  low t e m p e r a t u r e s  benef i t  m o s t  
f rom th e  cata lys t .  

Th e  cells d i s c h a r g e d  a t  low t e m p e r a t u r e s  e x h i b i t e d  t he  
m o s t  p r o n o u n c e d  effect  of  t he  cata lys t .  E v e n  at  low ra tes ,  
w h e r e  no  benef ic ia l  ef fect  was  e x p e c t e d ,  c a thode - l im i t e d  
cells d i s c h a r g e d  at  -12~  at  0.2A (0.8 m A / c m  '2) s h o w e d  a 
55% i m p r o v e m e n t  in  cell capaci ty .  As  Tab le  III ind ica tes ,  
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Fig. 5. Temperature, pressure, and voltage data for o catalyzed 
cathode-limited Li/SOCI2 cell discharged at 2.0A at room temperature. 

at  the  2.0A ra te  at  -12~  t h e s e  cells h a d  a p p r o x i m a t e l y  a 
74% a v e r a g e  i n c r e a s e  in  cell capaci ty .  A t  d o u b l e  t he  rate,  
4.0A, t h e  s a m e  cells  c o n t a i n i n g  ca t a lys t  h a d  a 28% larger  
ave rage  capac i ty  at  -12~  t h a n  u n c a t a l y z e d  cells dis- 
c h a r g e d  a t  on ly  a 2.0A rate.  I n d e e d ,  t he  ca ta lys t  w a s  m o s t  
e f fec t ive  at  h i g h e r  d i s c h a r g e  ra tes .  D ry  c a t h o d e - l i m i t e d  
cells d i s c h a r g e d  at  20~ at  0.2, 2.0, a n d  3.0A ra tes  s h o w e d  
a 8.6, 20.3, a n d  61.2% inc rease ,  r e spec t ive ly ,  in cell capac-  
ity wi th  a d d e d  ca ta lys t .  

I n t e r e s t i ng ly ,  as Tab le  III i nd ica t e s ,  t he  ca ta lys t  w a s  
m o s t  e f fec t ive  in  e n h a n c i n g  t h e  c a pa c i t y  of  cells con-  
t a i n ing  500 p p m  H20. In  L i - l imi ted  cells,  t he  ca ta lys t  ap- 
pea r s  to h a v e  n e g a t e d  t h e  d e t r i m e n t a l  e f fec t  of  water ,  per-  
h a p s  b p  i n h i b i t i n g  c o r ro s ion  of  t h e  anode .  T h e  wa te r  or 
h y d r o l y s i s  p r o d u c t s  m a y  p lay  a role in t he  ca ta lys i s  m e c h -  
a n i s m  to i n c r e a s e  t h e  capac i ty  of  c a t h o d e - l i m i t e d  cells. 

3. Lower internal temperatures and pressures.--Catalyzed 
cells e x h i b i t e d  lower  ave rage  i n t e rna l  t e m p e r a t u r e s  
( -40~ d u r i n g  d i s c h a r g e  c o m p a r e d  wi th  u n c a t a l y z e d  
cells (-50~ Th i s  d i f fe rence  w a s  also ref lec ted  in  t he  
t e m p e r a t u r e  m a x i m u m  a c c o m p a n y i n g  cell reversa l .  T h e  

Table II. Pressure-temperature behavior and safety characteristics of catalyzed Li/SOCI2 C-cells 

Cell type a 

Discharge Environmental Capacity (Ah) c Extent of 
current temp. to overdischarge Maximum internal Maximum internal 

(A) (~ 2.0V 0.0 V (Ah) temp. (~ r pressure (psig) r 

C-A-D 0.2 20 3.20 3~24 >5 31 20 
C-A-D 2 20 2.92 2.98 >5 65 57 
C-A-D 2 - 12 2.94 2.90 >5 43 b 
C-A-W 2 20 3.05 3.15 >5 65 55 
C-A-W 2 - 12 2.91 3.17 >5 45 b 
C-A-D d 3 20 2.86 2.92 >5 74 b 
C-A-D d 4 20 2.93 3.06 >5 131 140 
C-A-W e 4 20 2.98 3.02 >5 145 b 
C-A-W e 5 20 2.99 3.02 2 >200 190 
C-C-D 0.2 20 5.15 5.20 >7 37 20 
C-C-D 0.2 -12 4.60 4.72 >7 4 b 
C-C-D 2 20 4.16 4.32 >7 102 74 
C-C-D e 3 20 3.80 3.95 >7 150 236 

C-C-D d 4 20 3.14 3.53 >7 150 350 

C-C-D 2 - 12 3.23 3.51 >7 69 b 
C-C-D 3 - 12 3.12 3.40 >7 130 b 

C-C-W 2 - 12 3.52 3.87 >7 68 b 
C-C-W 2 20 4.39 4.52 >7 84 76 
C-C-W e 3 20 3.82 3.97 >7 146 218 

C-C-W f 4 20 3.38 3.53 2 >200 >300 

a C-A-D: catalyzed Li-limited dry cells. C-A-W: catalyzed Li-llmited wet cells. C-C-D: catalyzed cathode-limited dry cells. C-C-W: catalyzed 
cathode-limited wet cells. 

b Pressure transducer response at -12~ was too poor to obtain reliable data. 
~ Average of three or four cells for each current. 
d Only one or two cells used in this category. 
e One cell vented. 
f Two out of two cells vented. 
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Fig. 6. Temperature, pressure, and voltage data for a catalyzed Li- 
limited Li/SOCI2 cell discharged at 2.0A at room temperature. 
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data in Tables I and II reveal that addition of catalyst to 
cathode-limited wet cells reduced the average internal 
temperature ~28% during overdischarge at room temper- 
ature. 

Cells which experienced lower internal temperatures 
also displayed lower pressure maxima. Upon addition of 
the Co-TAA catalyst, the average pressure maxima in 
type A-D, A-W, C-D, and C-W cells were reduced 19, 25, 
46, and 52%, respectively. 

Our results so far indicate that the catalyst is ineffective 
in reducing the resistive heating which accompanies the 
steep drop in cell voltages at the end of discharge and 
during early stages of cell reversal. On the other hand, the 
catalyst appears to be effective in lowering cell polariza- 
tions during high rate discharge. As a result, the catalyzed 
cells maintain an overall lower internal temperature pro- 
file relative to uncatalyzed cells. 

Indeed, the pressure-temperature profiles which ac- 
company cell reversal at high rates were significantly 
better in the Li-limited cells. Since Co-TAA catalyzed 
cells exhibited lower cathode polarizations and higher 
capacities, Li-limited catalyzed cells are a highly desirable 
design for high rate applications with practically attrac- 
tive capacities. It should be noted that our Li-limited test 
cells were not optimized. Larger anodes would have pro- 
vided additional capacity. 

Discharge data for one of the lithium-limited catalyzed 
cells tested at a constant current of 4.0A are given in Fig. 
7. None of the dry Li-limited cells vented at the 4.0A rate. 
Similar cells have been discharged and forced overdis- 
charged at currents up to 5.0A to monitor their pressure- 
temperature profiles and safety characteristics. 

Co-TAA catalyzed cathode-limited cells have also 
shown higher useful capacities and lower polarizations at 
the 3.0 and 4.0A discharge rates. However, in this design, 
the internal temperature during reversal at 4.0A rises to 
very high values, approaching the melting point of Li. 
One of the catalyzed cathode-limited cells tested at 3.0A 

Table III. Effect of catalyst on increasing the average cell capacity 

Increase in 
average cell capacity 

Discharge Cell (%) 
Temp. (~ rate (A) balance a Dry Wet 

20 2.0 A 1 20 
20 2.0 C 20 32 
20 3.0 C 61 - -  

-12 2.0 A 0 34 
- 12 2.0 C 63 84 

A = Li limited. C = cathode limited. 
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Fig. 7. Temperature, pressure, and voltage data for a catalyzed Li- 
limited Li/SOCI2 cell discharged at 4 .0A at room temperature. 

and two cells tested at 4.0A vented following reversal. 
The venting occurred during the high temperature excur- 
sion. Typically, the cells first vented relieving the inter- 
nal pressure. Soon after, a second highly exothermic reac- 
tion seemed to take place increasing the internal 
temperatures to excessively high values (Fig. 8). A num- 
ber of products have been identified in the gases col- 
lected from vented cells (vide infra). 

Constant current vs. constant load discharge.--The 
pressure-temperature behavior observed at the end of cell 
discharge would be different in constant current and con- 
stant load discharges. Since the current decreases sub- 
stantially as the voltage falls towards 0.0 V in a constant 
load discharge, cell heating would be much less com- 
pared to a constant current discharge. This is illustrated 
in Fig .  9 for a catalyzed cell discharged through a 1.012 
load. The constant current data are most relevant to cells 
in series connected batteries. 

Cell chemistry.--Gas analysis .--Vapor phase IR spectra 
and GC analysis were performed on collected gases. The 
results indicate: (i) SO~ is a discharge product of catalyzed 
cells; (ii) HC1 gas was most often found in wet cells with 
high internal temperatures; and (iii) cells exhibiting the 
largest temperature rise generated the largest amount of 
the carbonaceous gases, COS, COx, and CS~; specifically, 

t h e y  were cells discharged at high rates, cathode-limited 
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Fig. 8. Temperature, pressure, and voltage data for a catalyzed 
cathode-limited cell discharged at 3 .0A at room temperature. 
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Table IV. X-ray diffraction data for cathodes from uncatalyzed cells at 2 .0A at 20~ 

October 1985 

Cell dis- Cathode-l imited Li-l imited S (rhombo- 
charged 50% cell ~ cell a LiCP hedral)  ~ LiAlCl4 b Li~O h 

d (~) Ilia d (~) Ilia d (A) I/I o d (/~) Ilia d (A) Ilia d (A) Ilia d (A) 1/Io 

5.71 40 9.98 Diffuse r 
5.09 40 8.44 Diffuse c 
3.78 60 5.90 Diffuse r 5.40 60 
3.61 60 5.06 
3.21 100 3.82 30 3.87 80 3.89 100 

3.39 10 3.45 30 3.42 80 
3.05 10 2.99 10 3.21 10 
2.92 20 2.95 100 2.96 40 2.97 100 
2.72 10 2.70 40 2.72 100 2.71 100 
2.52 40 2.56 100 2.56 60 2.57 86 
2.27 70 2.49 20 

2.28 10 
2.16 30 2.21 50 
2.03 60 
1.95 20 2.11 5 2.21 40 
1.92 50 2.03 10 2.08 20 
1.80 20 1.90 20 1.92 80 2.02 80 

1.81 90 1.86 10 1.95 40 
1.74 50 1.55 80 1.81 30 1.82 58 1.92 80 
1.65 10 1.48 70 1.71 20 1.82 80 
1.63 10 1.28 50 1.68 10 1.72 40 
1.50 20 1.21 30 1.57 90 1.65 80 
1.47 30 1.17 60 1.54 10 1.55 29 1.56 80 

1.15 70 1.48 10 1.48 16 1.49 80 
1.40 10 1.42 5 

1.37 10 1.36 60 1.35 60 
1.35 10 1.33 10 1.32 20 
1.31 20 1.28 20 1.28 4 
1.22 40 L21 70 1.23 10 

1.18 10 1.18 10 1.19 20 
1.15 10 1.15 12 1.17 20 

a Forced overdischarged > 150% of the  discharge capacity. 

5.82 50 
4.88 40 
4.76 50 
4.60 50 
3.25 75 
3.00 60 
2.89 100 
2.86 75 
2.83 75 
2.73 20 

2.66 100 

2.22 25 
2.19 35 

1.63 40 

1.39 16 

b Literature data  f rom the ASTM files. In  contras t  to rhombohedra l  sulfur,  the  monocl inic  form has  primarily three s t rong lines at 6.6 (25), 
3.74 (20), and  3.29~ (100%). 

c The  diffuse l ines at h igh  d va lues  are carbon background lines. 

ce l l s ,  a n d  ce l l s  t h a t  v e n t e d .  C o m p a r i s o n  o f  F ig .  7 a n d  8 re-  
v e a l s  c a t h o d e - l i m i t e d  ce l l s  h a v e  h i g h e r  i n t e r n a l  t e m p e r a -  
t u r e s .  

G a s e s  c o l l e c t e d  f r o m  c a t h o d e - l i m i t e d  ce l l s  f o r c e d  ove r -  
d i s c h a r g e d  a t  > 3A  s h o w e d  s m a l l  a m o u n t s  o f  C O S  a n d  
CO2, in  a d d i t i o n  to  SOC]2 a n d  SO~. A p p r e c i a b l e  q u a n t i t i e s  
o f  t h e s e  c a r b o n  c o n t a i n i n g  g a s e s  a n d  s o m e  CS~ w e r e  
found in all ceils that vented during forced overdischarge. 
The cells that vented at high discharge rates generally 
were those containing the 500 ppm of water. These cells 
displayed the greatest amounts of HCI. 

The formation of these gases typically accompanied or 
followed the large temperature increase which occurred 
in the early stages of voltage reversal. It appears the car- 
bonaceous gases are produced in thermally initiated reac- 

CATHODE VS. LI REFERENCE 

z ~-~ 

k- ANODE VS. LI REFERENCE 
z 

-1 80 - 
D. 

INTERNAL 

-4 2 0 -  50 

, q - - '  i i 0 
o 1 2 3 4 

TIME, HR 
Fig. 9. Temperature, pressure, and voltage data for a catalyzed 

cathode-limited cell discharged through a 1 ~  load at room temperature. 

t i o n s  o f  c a r b o n  w i t h  S a n d  SO2. E v i d e n t l y ,  r a t h e r  h i g h  
t e m p e r a t u r e s  a r e  r e q u i r e d  for  t h e  f o r m a t i o n  o f  t h e s e  m a -  
t e r i a l s .  H e n c e ,  t h e  c a r b o n  c a t h o d e  s e e m s  to p l a y  a m a j o r  
ro le  in  t h e  s a f e t y  h a z a r d s .  

A n a l y s i s  o f  so l ids . - -Tab les  I V  a n d  V s u m m a r i z e  x - r a y  
d a t a  o n  c a t h o d e s  t a k e n  f r o m  v a r i o u s  d i s c h a r g e d  a n d  
o v e r d i s c h a r g e d  u n c a t a l y z e d  a n d  c a t a l y z e d  ce l l s .  R e c e n t  
x - r a y  s t u d i e s  o n  o v e r d i s c h a r g e d  (19) a n d  100% d i s c h a r g e d  
(20) ce l l s  h a v e  b e e n  i n t e r p r e t e d  to  i n v o l v e  t h e  f o r m a t i o n  
o f  Li202 u n d e r  t h o s e  c i r c u m s t a n c e s .  I t  s h o u l d  b e  n o t e d  
t h a t  t h e  x - r a y  d a t a  fo r  Li202 c a n  b e  a c c o u n t e d  fo r  b y  t h e  
c o m b i n e d  x - r a y  p o w d e r  p a t t e r n s  o f  LiC1 a n d  r h o m b o h e -  
d r a l  s u l f u r .  I t  h a s  b e e n  p r o p o s e d  t h a t  t h e  C o - T A A  c a t a l y s t  
a l t e r s  t h e  m e c h a n i s m  o f  SOC12 r e d u c t i o n  to f o r m  Li~O (6) .  

Table V. X-ray diffraction data of cathodes 
from catalyzed cathode-limited cells 

Discharged at 3A to 0.0V 
at room tempera tu re  

Forced overdischarged at 
2A at room tempera ture  

d (]~) [IKo d (~) Ilia 

9.38 Diffuse 9.94 Diffuse 
8.09 Diffuse 8.53 Diffuse 
5.61 Diffuse 5.67 Diffuse 
4.88 Diffuse 5.13 Diffuse 
3.87 20 3.82 30 

3.40 10 2.96 100 
3.17 10 2.70 90 
3.04 5 2.56 100 
2.93 100 2.20 10 
2.81 5 1.91 10 

2.53 100 1.81 80 
2.09 5 1.56 20 
1.80 90 1.54 50 
1.54 80 1.48 50 
1.47 60 1.36 40 

1.28 50 1.28 10 
1.17 60 1.21 10 
1.15 70 1.17 50 

1.09 50 
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The x-ray data in Table V give little evidence for this and 
are generally in good agreement  with the x-ray patterns 
for LiC1 and S. 

In general, the catalyzed and uncatalyzed cells exhibit 
the same discharge products. While the relative intensi- 
ties of the LiC1 peaks show good agreement  to the litera- 
ture data, the sulfur peaks do not. This may be due to 
poor crystallinity of the sulfur and/or the existence of 
more than one allotropic form of S. Furthermore,  S exhib- 
its substantial solubility in SOCL and, as a result, only 
small amounts would probably be present in the solid 
state in partially discharged cells. 

Additional x-ray lines are present in the cathodes of 
partially discharged cells. These may arise from crystal- 
lized solvates of LiA1C14 Containing SO~, SOCI~, or SO2C12. 
Evidence for solvates in overdischarged Li-limited cells 
comes from both the x-ray data and IR spectra. 

When the electrolyte solution from overdischarged cells 
was collected and dried by pumping off the volatiles un- 
der vacuum, a glassy solid formed. These extracted salts 
were examined by IR analysis. Catalyzed and uncatalyzed 
cells gave identical spectra. However, as observed with 
the x-ray data, the Li-limited cells displayed a more com- 
plex spectral pattern than cathode-limited cells. The IR 
spectrum of the salt extracted from an overdischarged Li- 
limited cell is given in Fig. 10. The major absorptions at 
1330 and 1070 cm - '  are attributed to the complex 
Li~[(SO2)~ (SO2CL.)~]A1C14-. Such a complex has recently 
been proposed (18). The peak at 1195 c m - '  may be the 
S--O absorption associated with Li~(SOCI~).~AICI4 - and 
agrees with the strong band reported for LiAICI4 - 2SOC1~ 
(21). The fact that SO2C1~ is commonly reported in over- 
discharged Li-limited cells supports the proposed first 
complex. Additionally, the 1070 and 1195 c m - '  bands 
were not present in the IR spectra of the salts extracted 
from the overdischarged cathode-limited cells. The peaks 
at 825 and 695 c m - '  are probably due to an oxychloro- 
aluminate salt (18, 22). Studies indicate that the relative 
amounts of the various materials formed during anode- 
limited reversal depend on a number  of factors including 
the amount of electrolyte (i.e., flooded or starved cells), 
the extent of overdischarge, and current density (2, 18, 
23). 

We also identified Li2S~O4 in the cathodes of some 
overdischarged cathode-limited cells via qualitative tests 
with naphthol yellow-S (24). IR spectra of the cathode did 
not show the characteristic absorptions of Li~S.~O4 (11, 25), 
indicating it was a minor product. A band at 1015 cm -~ 
appeared only in catalyzed overdischarged cathode- 
limited cells and may be associated with the catalyst. 

9 0 t ' 1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 1 '  
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Fig. | 0. Infrared spectrum of the glassy solid obtained by evaporating 

the liquid products from forced overdischarged "dry" cells. Curve A: 
cathode limited. Curve B: Li limited. 

20 

Infrared spectra of the liquid collected from extensively 
overdischarged cells, with or without catalyst, did not dif- 
fer from the spectra obtained prior to the overdischarge. 
SO2 was the only product in the liquid. Previous studies on 
electrolyte flooded cathode-limited cells showed ev i -  
dence for LiA1SCI~ formation (2). 

The ability of Li-limited cells to sustain extensive peri- 
ods of overdischarge, as evidenced by their overdischarge 
voltage profiles, seem to indicate regenerative processes 
similar to those previously characterized (2). 

Cathode-limited cells that were forced overdischarged 
for extended periods exceeding the amount  of Li origi- 
nally present in the cell suggests cell short-circuiting ac- 
companying plating of li thium onto the cathode. The 
short-circuited cell apparently shunts current as if it were 
a resistor. The fact that a substantial amount  of Li re- 
mains on the anodes of extensively overdischarged cells 
supports this hypothesis. 

Several cathode-limited cells experienced premature 
anode polarization during discharge. A typical pattern of 
behavior can be seen in Fig. 4. Polarization of the anode 
begins after achieving - 1  Ah capacity, initiates a corre- 
sponding temperature rise, and appears to trigger the on- 
set of cathodic polarization. This phenomenon was unpre- 
dictable, and most frequently occurred in uncatalyzed 
cells discharged at low temperatures (-12~ and usually 
at 2.0A rates or higher. Occasionally, the anode polarized 
at low rates as shown in Fig: 11. This event was fre- 
quently characterized by a subsequent  (ganging) or possi- 
bly simultaneous (mimicking) failure of  the cathode and 
by the unexplained recovery of the anode to 0 V. It ap- 
pears that a continuously growing LiC1 anode film dur- 
ing discharge or crystallized LiA1C14 on the surface of the 
anode as a result of ionic concentration gradients in the 
cell increases the resistance to Li ~ transport across the 
anode/solution interphase. Higher current densities and 
low temperature increase the associated resistance polari- 
zation of the anode. Eventually, the voltage of the Li an- 
ode recovers, indicating that a disruption or dissolution of 
the film has occurred. However, the mechanism of this 
interesting process is not well understood. Lithium has 
been recently shown to undergo anodic passivation in re- 
search cells (26). It has also been shown that a greater 
passivation occurs when LiC1 films are grown quickly 
(27). A temporary film has been recently shown to exist 
during anodization of l i thium in the SOs system (28). Ad- 
ditional studies are warranted to characterize this inter- 
esting phenomenon.  

Conclusions 

The pressure generated in Li/SOC12 cells has been 
found to be significantly less than that predicted on the 
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basis of the accepted discharge reaction. This is believed 
to be due to the complexation of the generated SO2 by 
LiA1C14 and/or the absorption of SO2 by the carbon 
cathode. The highest internal heating was observed to- 
wards the end of constant current discharge and during 
early stages of cell reversal. Cathode polarization was 
identified as the major contributing factor to this type of 
internal heating. Runaway reactions and venting were ob- 
served in some cathode-limited cells in which the heating 
caused the internal temperature to exceed the melting 
point of Li. The generation of CO2, COS, and CS~ ap- 
peared to be a function of internal temperature--the 
higher the temperature, the greater the amount  of the car- 
bonaceous gases that were produced. Li-limited cells 
show very little or no cathode polarization towards the 
end of cell discharge, and they produce considerably less 
heat than cathode~limited cells. Premature anode polari- 
zation has also been observed. This is proposed to be due 
to a growing anode film or ionic concentration gradients 
which increases the resistance of Li + transport across the 
anode-solution interface. The addition of water appeared 
to have no significant effect in voltage delay but  gener- 
ally lowered the capacity of uncatalyzed Li-limited cells, 
generated greater pressures in stored cells, increased the 
temperature of cathode-limited cells, and enhanced 
venting at high rates. Cells incorporating Co-TAA cata- 
lyzed cathodes exhibited higher capacities and less inter- 
nal heating than uncatalyzed cells, especially at low tem- 
peratures. Li-limited cells with Co-TAA-catalyzed 
cathodes appear to be highly desirable for high rate 
applications. 
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Electronmicroscopic Examination of Corroded Aluminum-Copper 
Alloy Foils 

D. Y. Jung,* I. Dumler, and M. Metzger* 
Department  of  Metallurgy and Mining Engineering and Materials Reserach Laboratory, University of  Illinois at 

Urbana-Champaign, Urbana, Illinois 61801 

ABSTRACT 

The formation of particles of copper through selective dissolution of dilute A1-Cu solid solutions in sulfuric acid was 
studied by transmission electron microscopy of foils prethinned before corrosion. A technique was employed for pre- 
thinning without surface enrichment. At -500 mV vs. SCE, a significant fraction of the copper made available by selec- 
tive dissolution appeared as particles, but not at -100 mV vs. SCE. The results are discussed with reference to concur- 
rent AES observations on the Cu-enriched solid solution beneath the anodic film over the main body of the electrode. 

Selective dissolution during corrosion of A1-Cu alloys 
may lead to the formation of metallic copper on the sur- 
face and a large enhancement  of the cathode reaction rate 

* Electrochemical Society Active Member. 

(1). In HC1 solutions, this is displayed through rapid and 
accelerating pitting corrosion (2, 3). One of the surface re- 
actions in the selective dissolutiOn was recently identi- 
fied by Strehblow and co-workers (4, 5), who showed by 
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Rutherford backscattering and ion scattering spectrom- 
etry that anodic sweeps of A1-Cu alloys in buffer solutions 
o f p H  5.0-9.2 produced an undoped alumina film with en- 
r ichment in Cu of the substrate beneath the film. The ob- 
servations reported in this paper, which are part of a 
study that included electrochemical and AES measure- 
ments, were concerned with the formation of particles of 
copper metal on the surface. The identification, distribu- 
tion, and crystallography of these particles can be exam- 
ined by TEM with high spatial resolution. The corrosion 
was performed in sulfuric acid in order to maintain 
passive conditions and with the intent to employ the 
body of information on anodic films as an aid in inter- 
preting film behavior. Specimens were thinned to near 
electron transparency and then exposed to corrosion to a 
small depth. A problem of specimen preparation arises 
with these alloys in that electropolishing, which is re- 
quired to thin specimens properly for microscopy, itself 
produces surface enrichment  in Cu. A procedure was de- 
vised to deal with this. 

Experimental  
The high purity binary alloys, in the form of 1 or 0.1 

m m  sheet, contained 0.06, 0.20, 0.60, or 2.0% Cu. They 
were given a f i n a l  a n n e a l  at 580~ to yield solid solutions 
of grain size >2 mm and water quenched. Testing was 
done in 2.4M H2SO4 at 25.0 ~ • 0.2~ without deaeration or 
stirring, at -500 or -100 mV vs. SCE. Before switching on 
the control potential, the rest potential was monitored for 
a few minutes as a check on specimen surface cleanliness. 
In all cases, the initial rest potential was ~< -950 mV vs. 
SCE and near that of 99.999% A1, there being negligible 
corrosion in this interval. Specimens for electrochemical 
testing were polished mechanically to avoid initial sur- 
face copper enrichment. Mechanical polishing cannot be 
employed to thin specimens for TEM. Several electro- 
polishing baths were tested and all produced severe sur- 
face enr ichment  in Cu. It was found that the enriched re- 
gion could be removed by sputtering. This was possible 
because of the apparent absence of preferential sput- 
tering under  the conditions employed, as seen in the AES 
work. A procedure for thinning from one side, as dia- 
gramed in Fig. 1, was developed. After dishing a 0.12 
m m  sheet just  to perforation by electropolishing in a 

mechanical polish, 2 sides 

{ 

electropolish 
to perforation 1 

sputter + AES ], 
W 

potentiostetic 1 
corrosion 

punchJ 
5 mm dish 

Fig. 1. Preparation of aluminum-copper corrosion specimens for trans- 
mission electron microscopy. 

HNO3-H20 bath, the specimen was inserted into the Phys- 
ical Electronics 545 Auger unit and sputtered with 1 keV 
Xe* over a region larger than the dish. The Cu peak at 918 
eV was monitored, and the sputtering continued until the 
Cu signal was indistinguishable from the bulk value as 
determined on a mechanically polished specimen. After 
sputtering, both sides of the sheet were exposed in sulfu- 
ric acid for a period which would make the equivalent of 
a few monolayers of Cu available by selective corrosion of 
the solid solution. In the 0.60% Cu alloy, on which most of 
the work was done, this required only a fraction of a mi- 
crometer depth of corrosion. This, being small and rela- 
tively uniform, enlarged the original hole but usually left 
sufficient thin region for examination. 

Observations were made either on a Phillips 400 micro- 
scope at 120 kV or a JSEM 200B microscope at 200 kV, 
both equipped with EDS capability for chemical analysis. 

It was confirmed by electron diffraction of the matrix 
material that a single-phase solid solution was retained by 
quenching in all the alloys. Even the 2.0% Cu alloy aged 
one week at room temperature showed a diffraction pat- 
tern in the [100] orientation with no streaking indicative 
of the formation of Guinier-Preston zones. With this alloy, 
difficulties were anticipated in completely removing se- 
vere surface enrichment  without metallurgical changes in 
the foil corrosion specimens, and it was not examined. 

Results and Discussion 
-500 m V  vs. S C E . - - A t  this potential, no loss of Cu from 

the solid solution by direct dissolution would be ex- 
pected. Cu particles or rounded patches were visible in 
the thinner regions of the corroded foil as dark areas 4-35 
n m  across (Fig. 2a and 2b). These remained visible during 
tilting, i.e., they were visible by mass thickness contrast 
even in the absence of diffraction contrast and thus had 
thicknesses substantial fractions of their diameters. The 
particle density was relatively uniform from one field to 
another and from one foil to another though showing lo- 
cal variations within one field (Fig. 2). There was a tend- 
ency for alignment or clustering of particles in the walls 
of a topographic cell structure. 

Figure 3a is a micrograph of the alloy of Fig. 2b after 
twice as much corrosion. It is seen that the particle den- 
sity increased but the range of particle diameters re- 
mained about the same. 

EDS observations in the thinner regions of the foil, em- 
ploying the ratio of the Cu K~ peak height to that of the 
A1, readily confirmed the presence of Cu in excess of the 
bulk value. Observations with selected areas of 0.1 ~m 
diam (Fig. 3) confirmed that local regions of higher 
particle density gave higher Cu/A1 ratios (Fig. 3b and 3c). 

The micrographs of copper particles were similar in 
general appearance to micrographs shown by Tomashov 
et al. (6) of palladium particles in extraction replicas from 
a steel containing 25% Cr and 0.5% Pd. These were, how- 
ever, produced under different conditions, i.e., by a few 
m i n u t e s  of active dissolution in sulfuric acid. 

Selected-area diffraction in regions containing a num- 
ber of particles (Fig. 4) showed full rings of very fine 

Fig. 2. Transmission micrographs showing copper particles in AI-Cu 
foils after corrosion at - 5 0 0  mV vs .  SCE. a: 0.06% Cu, 12h. b: 0.60% 
Cu, 2h. 
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sion current for pure Cu, i.e., ~ 80 tLA/cm ~ as indicated by 
data of Ghandehari et al. (7). Thus, any metallic Cu ex- 
posed to the acid would suffer some corrosion and would 
be removed unless it grew faster than it dissolved. The 
severest case examined was that of the 0.60% Cu alloy ex- 
posed 4h at -100 mV vs. SCE with a depth of corrosion 
0.66 t~m and with the amount  of Cu which would have 
been made available by selective corrosion of the A1 
equivalent to a 1.2 nm thick layer, far greater than in Fig. 
2b or 3a. No Cu particles were detected in electron micro- 
graphs (Fig. 5a), and an intensive search of thin regions of 
the foils failed to reveal any Cu or Cu20 rings in the dif- 
fraction pattern. 

The topographic cell structure seen in Fig. 5a for 0.60% 
Cu is characteristic of the potential rather than the copper 
content since it appeared also with 99.999% A1 (Fig. 5b). 
Impedance data showed that the presence of this struc- 
ture did not indicate severe surface roughening, as may 
accompany selective dissolution in some cases (8). 

Fig. 3. Analytical examination of 0.60% Cu foil after 4h at - 5 0 0  mV 
vs. SCE. a: Transmission electron micrograph, b: EDS spectrum of region 
A. c: EDS spectrum of Region B. 

grained Cu20 and spotty rings of Cu together with the 
single-crystal spot pattern (incomplete cross grating) from 
the selected grain of the aluminum substrate. A layer of 
Cu20 would have formed on the surface of the Cu when 
the specimen was removed from the acid bath and rinsed 
with water. A12Cu was not observed. Darkfield micro- 
graphs employing portions of Cu rings imaged the par- 
ticles. All diffraction patterns represented regions well 
within a single grain of the substrate so that the observa- 
tion of closely spaced spots on the Cu rings indicated that 
a large number  of Cu particle orientations arose from a 
single orientation of the A1-Cu solid solution substrate. 

-100 m V  vs. S C E . - - A  second test potential of -100 mV 
vs. SCE was chosen as one at which there is a small c o r r o -  

Further Discussion 
Quant i t y  of  copper in par t ic les . - - In  many of the micro- 

graphs, particles were visible down to projected diame- 
ters of about 4 nm. Examination of the micrographs indi- 
cated that any smaller particles present probably would 
have been indistinguishable from the faint phase contrast 
background, owing to the presence of the amorphous alu- 
mina surface film. The distribution of particle diameters 
had a maximum at 11-14 nm and fell more or less sharply 
for smaller diameters. It was concluded that in any case 
only a small fraction of the volume of copper would have 
been in undetected particles below 4 nm diam. 

An estimate of the amount  of copper appearing as par- 
ticles was made from the measured distribution in bright 
field images. The particles being mainly noncircular in 
section, a diameter was assigned to each particle to give 
an equal area. For purposes of estimation, the particles 
were assumed to be hemispheres and the volume of 
particles in each size class was calculated and summed. 
The results for three specimens are compared in Table I 
with the total copper which would have been made avail- 
able by selective dissolution. The latter was obtained by 
integrating the partial anode current during the exposure 
at -500 mV vs. SCE. The estimates show that under the 
conditions of these experiments a significant fraction up 
to perhaps one-half of the available copper appeared as 
particles. It may be noted that an analogous calculation 
was made for the total surface area of the copper particles 
in the micrographs. The results were in rough agreement 
with copper area figures deduced from capacitance mea- 
surements and from cathodic polarization data, thus sup~ 
porting the validity of the TEM data. 

An additional portion of the copper made available by 
selective corrosion should be in the Cu-enriched solid so- 
lution beneath the film over the main body of the elec- 
trode, according to the results of Strehblow et al. (4). To 
discuss this point, some pertinent results are cited below 
from the companion AES study, which will be reported 
separately. 

Fig. 4. Diffraction pattern in an area containing many particles and Fig. 5. Transmission electron micrographs of foils after corrosion at 
indexing oftheringsasCu and C,20.0 .60%Cu,-500mVvs.  SCE,4h. - 1 0 0  mV vs. SCE. a: 0.60% Cu, 4h. b: 99.999% AI, 12h. 
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Table I. Quantity of copper metal produced by 
selective corrosion at - 5 0 0  mV vs. SCE 

Estimated 
Calculated Cu as 

weight Available particles, Fraction 
Cu content Time loss Cu TEM data ~ Cu in 

(w/o) (h) (g/cm 2) (g/cm'-') (g/cm 2) particles 

-500 rnVsc E -I00 mVsc E 

Cu Patch Trapping of 
Porous " ~  Undercut Cu 

0.06 12 3.9 • 10 -4 2.4 • 10 -7 9 • 10 -s 0.4 
0.60 2 4.9 • 10 -~ 3.0 • 10 -7 1.6 • 10 -7 0.5 
0.60 4 9.0 • 10 -'5 5.4 • 10 -7 2.3 • 10 -7 0.4 

(a) (b) 

Fig. 7. Schematics of proposed surface conditions after exposure at 
- 5 0 0  mY vs .  SCE (a) and - 1 0 0  mV vs .  SCE (b). 

Particles assumed hemispherical. 

A E S  observat ions.--Figure 6 p r e s e n t s  for  i l l u s t r a t ion  
some  A E S  d e p t h  prof i les  for  t he  0.60% Cu alloy. The  en- 
r i c h m e n t  in  Cu of  sur faces  of  A1-Cu al loys p r e p a r e d  by  
e l ec t ropo l i sh ing ,  w h i c h  h a s  b e e n  n o t e d  p r e v i o u s l y  for  a n  
al loy of  h i g h e r  c o p p e r  c o n t e n t  (9), is s h o w n  in  Fig. 6a. 
This  e n r i c h m e n t  a p p e a r s  g rea t e r  t h a n  t h a t  of  the  m e c h a n -  
ical ly p o l i s h e d  s p e c i m e n  e x p o s e d  to su l fur ic  ac id  at  - 5 0 0  
m V  vs. SCE (Fig. 6b), b u t  t he  e f f ic iency  of  e n r i c h m e n t  
was  ac tua l ly  m u c h  g rea t e r  in  t he  l a t t e r  case,  w h i c h  was  
p r o d u c e d  b y  co r ro s ion  to a d e p t h  two  o rde r s  of  magni -  
t u d e  smal ler .  The  d e p t h  profi les  in  Fig. 6 show a maxi -  
m u m  in  t h e  c o p p e r  s ignal  a t  t he  o x i d e - m e t a l  in ter face ,  in- 
d ica t ive  of  a n  e n r i c h e d  zone  b e n e a t h  t h e  film. T h e s e  da t a  
do no t  revea l  t h e  la tera l  d i s t r i b u t i o n  of c o p p e r  or t he  
p h a s e s  p r e sen t .  I n  i n t e r p r e t i n g  t h e s e  d e p t h  profiles,  i t  
m u s t  b e  b o r n e  in  m i n d  t h a t  t he  e n r i c h e d  zone  wil l  a p p e a r  
t h i c k e r  t h a n  i t  ac tua l ly  is. T he  m i x i n g  effect  of  ion  b o m -  
b a r d m e n t  (i) c a u s e s  t h e  e n r i c h e d  zone  to b e  s e n s e d  be fo re  
t he  n o m i n a l  s p u t t e r e d  d e p t h  h a s  ac tua l ly  r e a c h e d  t h e  
ou te r  l imi t  of  t h e  zone,  a n d  (ii) dr ives  s o m e  of  t h e  excess  
c o p p e r  i n w a r d  so t h a t  an  e x c e s s  c o p p e r  s ignal  pe rs i s t s  be- 
y o n d  t h e  o r ig ina l  m a x i m u m  d e p t h  of  t he  e n r i c h e d  zone.  

Sur fac  e at -500 m V  vs. S C E . - - T h e  Cu par t ic les  f o r m e d  
at  th i s  p o t e n t i a l  we re  u p  to 25 n m  across  a n d  t h u s  we re  
too large  to b e  cove r ed  b y  t he  a l u m i n a  f i lm (e s t ima ted  as 
->- 4 n m  thick) .  E v e n  if  t h e y  h a d  or ig ina l ly  f o r m e d  b e n e a t h  
it, t h e  ove r ly ing  f i lm w o u l d  d i s a p p e a r  b y  s low c h e m i c a l  
d i s so lu t i on  in  t h e  ac id  s ince  t h e  c o p p e r  b locks  i ts re- 
newal .  T h e  e x p o s e d  c o p p e r  m e t a l  w o u l d  b e  s tab le  at  th i s  
i m m u n e  po ten t i a l .  T he  al loy su r face  at  a pa r t i cu l a r  expo-  
sure  t i m e  is t h e n  mode l ed ,  as s h o w n  s c h e m a t i c a l l y  in  Fig. 
7a, as i so l a t ed  p a t c h e s  of  c o p p e r  c o v e r i n g  a few p e r c e n t  of  

olishe( I ~ "  Mech. polish 

[ . , ~  -500 mVscE, 2h 

o b 

y 
z A~AI AI- 0.6% Cu 

-I00 mVsc E, 2h 

c 

to zo ~ 4o so 6o 70 so 9o Ioo 
Sputlering Time (minutes) 

Fig. 6. Auger depth profiles of 0.60% Cu alloy after various treat- 
ments. Sputtering was performed with 0.5 keV Xe +. a: Electropolished in 
20% perchloric acid in ethanol, b: Mechanically polished and exposed in 
2.4M H2SO4, - 5 0 0  mV vs. SCE, 2h. c: Mechanically polished and ex- 

posed in 2.4M H~SO4, - 1 0 0  mY vs. SCE, 2h. 

t h e  su r f ace  w i t h  t h e  r e m a i n d e r ,  in  l ine  w i t h  S t r e h b l o w ' s  
model ,  c o n s i s t i n g  of  an  u n d o p e d  a l u m i n a  f i lm ove r ly ing  
a few layers  of e n r i c h e d  sol id so lu t ion .  A n  A E S  d e p t h  
profi le  of  s u c h  a sur face  w i th  a 0.03 m m  2 e l e c t r o n - b e a m  
s a m p l i n g  m a n y  par t ic les  w o u l d  s h o w  a c o p p e r  concen t r a -  
t ion  of  a f ew p e r c e n t  at  t h e  e x t e r n a l  su r face  c o n c u r r e n t  
w i t h  t h e  o x i d e  f i lm s igna ls  a n d  t h e r e  w o u l d  b e  a maxi -  
m u m  at  t he  f i lm-subs t r a t e  in te r face ,  c o n s i s t e n t  w i t h  Fig. 
6b. The  c o p p e r  d e p t h  profi le  does  no t  y ie ld  a s e p a r a t i o n  
of  t h e  c o n t r i b u t i o n s  f rom par t i c les  a n d  e n r i c h e d  zone.  Es- 
t ima t e s  of  t h e  to ta l  exces s  c o p p e r  in  t h e s e  prof i les  are  
sub j ec t  to s o m e  u n c e r t a i n t y ,  b u t  do sugges t  t h a t  a sub-  
s tan t ia l  or  la rge  f r ac t ion  of  t h e  c o p p e r  m a d e  ava i l ab le  by  
co r ros ion  r e m a i n s  on  t he  e l ec t rode  at  th i s  potent ia l .  

A l t h o u g h  t h e  c o p p e r  me ta l  pa r t i c les  a re  i m m u n e  at  th i s  
po ten t ia l ,  t h e r e  w o u l d  b e  a t e n d e n c y  for  t h e m  to b e  un-  
d e r c u t  a n d  r e l ea sed  in  t he  cou r se  of  c o n t i n u e d  cor ros ion .  
The  sma l l e s t  par t ic les  w o u l d  b e  m o s t  s u s c e p t i b l e  to 
u n d e r c u t t i n g ,  t he  ones  w h i c h  ach i eve  l a rger  d i a m e t e r s  
su rv iv ing  longer .  Th i s  cou ld  exp l a in  w h y  t h e  par t ic le  size 
f r e q u e n c y  d e c r e a s e s  a t  t h e  sma l l e r  d i ame te r s .  

Surface at  -1 O0 m V  vs. S C E . - - T h e  p r o c e s s e s  o c c u r r i n g  
at  th i s  po t en t i a l  are  c o n s i d e r e d  to b e  t h e  s a m e  as at  - 5 0 0  
m V  vs. SCE, e x c e p t  for  t he  p r e s e n c e  of  a s ign i f ican t  dis- 
so lu t ion  c u r r e n t  for  copper .  The  cell  c u r r e n t  was  h i g h e r  
a n d  t he  f i lm th i cke r .  

C o n s i d e r a t i o n  is g iven  first  to t he  spec ia l  case  of  t he  
0.60% Cu alloy. The  A E S  d e p t h  prof i le  in  Fig. 6c s h o w s  a 
C u - e n r i c h e d  zone  b e n e a t h  t h e  film, b u t  also s h o w s  a 
smal l  c o p p e r  s igna l  c o n c u r r e n t  w i th  t h e  o x y g e n  s ignal  
t h r o u g h  t he  f i lm region.  The  la t t e r  w o u l d  b e  con t r a ry  to 
S t r e h b l o w ' s  m o d e l  i f  s u c h  s igni f ied  d o p i n g  of  t he  f i lm 
s t r u c t u r e  w i th  c o p p e r  ions.  The  c o p p e r  s ignal  f r o m  w i t h i n  
t he  f i lm c a n n o t  b e  a t t r i b u t e d  s i m p l y  to  c o p p e r  m e t a l  
par t ic les  of  t h e  size a n d  n a t u r e  d i s c u s s e d  in  t he  p r e v i o u s  
sec t ion  b e c a u s e  no  Cu or Cu20 was  d e t e c t e d  in t h e  T E M  
o b s e r v a t i o n s  a n d  t h e  c a t h o d e  po l a r i za t i on  da ta  we re  also 
no t  c o n s i s t e n t  w i th  this .  The  b e h a v i o r s  of  99.999% A1 a n d  
99.999% Cu in  th i s  ac id  are  s u c h  t h a t  an  a rea  f r ac t ion  of  
e x p o s e d  c o p p e r  of  on ly  10 -5 w o u l d  p r o d u c e  c a t h o d e  cur-  
r e n t s  an  o rde r  of  m a g n i t u d e  g rea t e r  t h a n  t h o s e  of  t he  p u r e  
a l u m i n u m .  I t  is c o n c e i v a b l e  t h a t  t he  f i lm f o r m e d  on  th i s  
al loy c o n t a i n s  f r a g m e n t s  of  copper ,  or of  coppe r -a lumi -  
n u m  alloy f rom t h e  e n r i c h e d  zone,  w h i c h  h a v e  b e e n  un-  
d e r c u t  f rom the  s u b s t r a t e  a n d  t r a p p e d  in  t he  film, w h i c h  
at th i s  p o t e n t i a l  is ->- 20 n m  th ick .  S u c h  f r a g m e n t s  are  pre-  
s u m a b l y  su f fe r ing  s low co r ros ion  in t h e  p o r o u s  film. The  
m o d e l  is r e p r e s e n t e d  s c h e m a t i c a l l y  in  Fig. 7b. S o m e  smal l  
pa r t i c l e s  or  c lu s t e r s  y ie ld ing  t h e  smal l  (-< 0.6%) Cu s ignal  
in  Fig. 6c cou ld  be  u n d e t e c t e d  b y  e l ec t ron  mic roscopy ,  
and,  b e i n g  i so la t ed  f rom the  s u b s t r a t e  b y  a n  a l u m i n a  film 
of  low e l ec t ron ic  conduc t iv i ty ,  t h e y  w o u l d  no t  be  effec- 
t ive  ca thodes .  

In  t he  0.20 a n d  0.06% Cu alloys e x p o s e d  at  - 1 0 0  m V  vs. 
SCE,  t he  A E S  d e p t h  prof i les  s h o w e d  no  d e t e c t a b l e  cop-  
pe r  s igna l  f rom w i t h i n  t h e  f i lm (0.20% Cu still  s h o w e d  
c o p p e r  e n r i c h m e n t  b e n e a t h  t h e  film). Th i s  is i n t e r p r e t e d  
as a c o n s e q u e n c e  of  a lower  ra te  of  pa r t i c le  f o r m a t i o n  a n d  
g r o w t h  in t h e s e  al loys so t h a t  any  c o p p e r  or  c o p p e r  con-  
t a i n ing  p a t c h e s  e x p o s e  d at  t h e  su r f ace  wou ld  h a v e  dis- 
so lved  before  t h e y  cou ld  b e  u n d e r c u t .  Overall ,  i t  is con-  
c l u d e d  t h a t  t he  p r e s e n c e  of  a Cu s igna l  f rom w i t h i n  t he  
fi lm m a y  ar i se  f r o m  p roces se s  o t h e r  t h a n  d o p i n g  of  t h e  
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film structure with copper ions and that the present AES 
observations are not necessarily inconsistent with Streh- 
blow's model. 

Orientation relationships.--The dissolution in this sys- 
tem is highly selective at -500 mV vs. SCE and it would 
be expected that the nucleus of a particle of copper metal 
would have to form by a solid-state process from copper 
atoms in the alloy and would thus tend to be coherent 
with the substrate and of the same crystal orientation. 
This is expected whether the nucleation occurs through 
aggregation of copper atoms in the enriched zone under 
the film or if it occurs in conjunction With film break- 
down and transient pitting processes. The orientation 
would persist during growth although misfit dislocations 
would form. Forty and Durkin (10) made a TEM study of 
selective dissolution in (111) orientation thin foils of 
Ag-Au solid solutions and found the substrate orientation 
retained in the gold-enriched regions; it may be noted 
that this is a system with minimal coherency strains be- 
cause the lattice parameter varies by less than 0.2%. How- 
ever, in the well-formed copper particles noted in the 
present work, many orientations were present within a 
single grain of the alloy. Also, in many cases (e.g., Fig. 2b), 
the particle images showed internal structure indicating 
that they were not generally monocrystalline. Multiple 
orientations could have come from nuclei forming in twin 
relation to the substrate and from growth twinning. The 
copper requires a strain of 12% to remain coherent with 
the substrate. It is conceivable that the copper particles 
do not necessarily nucleate as thin coherent plates but 
may nucleate in the enriched solid solution beneath the 
film as incoherent  entities too thick to be coherent. The 
distribution of orientations of the copper particles and its 
origin needs further study. It is thought  unlikeIy that nu- 
cleation at this potential involves transport through the 
electrolyte. Mechanisms of particle growth will be dis- 
cussed elsewhere. 
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Anodic Oxide Films on CrSi2 

A. J. Barcz,' M. Bartur,* T. Banwell, and M-A. Nicolet* 
California Institute of Technology, Pasadena, California 91125 

ABSTRACT 

Oxide layers on chromium disilicide of thicknesses up to several thousand angstroms are formed by constant cur- 
rent anodization in ethylene glycol containing different amounts of water. For low H20 concentrations (1-10%), the films 
have essentially uniform composition of about 92% SiO2 and 8% Cr203; the chromium being dissolved in the electrolyte 
during the anodic oxidation at a rate of one Cr atom per seven oxygen atoms incorporated. Greater H~O content leads to 
increased current efficiency and higher angstrom per volt values for the anodization. In a 50% H~O electrolyte, Cr-free 
SiO2 films can be grown up to a limited thickness. These results are compared with the anodic oxidation of Si and the 
thermal oxidation of CrSi.2. 

It is expected that silicides will be applied to intercon- 
nection lines in VLSI technology due to silicides, low re- 
sistivity relative to the commonly used polysilicon (1) as 
well as their ability to form insulating layers upon 
thermal oxidation (2). An exciting feature of the oxidation 
of most silicides is that the growing oxide appears to be 
pure SiO~ while the integrity of the silicide is being pre- 
served. From a purely thermodynamic point of view, as- 
suming equil ibrium and unlimited supply of the 
reactants, one might expect  that both silicon and the 
metal will oxidize since the heat of formation of the sill- 
cides is small compared to those of the respective metal 
oxides [see, for example, the data tabulated per metal 
atom in ReL (1)]. The calculations fall closer to the experi- 
mentally observed results when the corresponding heats 
of reaction are taken per one oxygen atom (3). Neverthe- 
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Warsaw, Poland. 

less, it seems that kinetic factors such as oxygen trans- 
port through the oxide and the rapid migration of Si and 
metal atoms through the silicide at the temperature of ox- 
idation play a key role in the mechanism which leads to 
the formation of the metal-free oxide. Several possibilities 
concerning the mass transport across the silicide layer are 
discussed in Ref. (2). 

In this paper, we report on a study of the formation of 
anodic oxides on CrSi2 grown in an ethylene glycol con- 
taining small quantities of KNO3 and H20, an electrolyte 
known to produce high quality, compact SiO2 films when 
applied to silicon (4). This study gives an interesting op- 
portunity to verify concepts adopted to explain the 
thermal oxidation processes and, specifically, to identify 
what is common and what is different in the thermal vs. 
electrochemical mechanism of the oxidation of silicides. 
First, in anodic oxidation carried out at room temperature 
any atomic transport across the remaining silicide can be 
ignored. Second, ionic movement  in the high electric 
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field within the oxide includes usually both cationic and 
anionic components  (5), in contrast to the thermal oxida- 
tion of St, in which the mobile species in the oxide is an 
oxygen containing molecule. 

Finally, we point out that the potential advantages of 
using anodic vs. thermal oxides of a silicide could be (i) a 
higher dielectric constant results if  the metal oxide is 
present in the SiO~ film, and (it) that the silicon-silicide 
interface is not being affected by the high temperature 
treatment. 

Experimental  Procedure 
Chromium films about 750]~ thick were deposited in an 

oil-free vacuum of -10  -7 torr by electron-beam evapora- 
tion onto Si <111> substrates. The wafers were then heat- 
treated in a vacuum furnace (600~ 20 min, 10 -7 torr 
range) to form -2300~ of the stoichiometric chromium 
disilicide. The samples to be oxidized were degreased 
with trichloroethylene, rinsed in deionized water, and 
blown dry prior to being placed as anodes in an electro- 
lytic cell. The samples were masked so that a limited area 
(0.3 cm9 was in contact with the electrolyte. A platinum 
cathode was positioned about 2 cm from the anode, and 
the electrolyte was stirred. The solution used in the pres- 
ent experiment  was anhydrous ethylene glycol containing 
0.5 weight percent (w/o) KNO3 with different quantities of 
water: 1, 2, 10, 20, and 50 w/o. Oxidations were performed 
at a constant anode current density of 3 mAJcm 2 up to a 
predetermined voltage (Vmax) followed by a current decay 
at the maintained voltage Vmax down to one-quarter of its 
initial value. After the oxidations, the samples were 
rinsed in acetone and high resistivity water. Also, some 
oxidations were made using either 2 atom percent KNO3 
in the electrolyte or 0.5 mA/cm 2 current density. No de- 
tectable influence of these parameters changes on the 
composition of the films was found. Complementary 
thermal oxidations of CrSi~ were performed in an open- 
tube furnace at 900~ by steam oxidation. The samples 
were introduced into the furnace with high N~ flow to 
minimize oxidation during the temperature rise of the 
sample. After the sample had reached the desired temper- 
ature, O2 bubbled through 96~ water was introduced. 

It is important  to note that the as-evaporated Cr con- 
tains about 7 a/o oxygen (6). Also, after thermal oxidation 
a thin layer of Cr oxide was always observed on t h e  
sample surface. 

Elemental analysis of the oxidized layers was per- 
formed using 2 MeV 4He~ backscattering spectrometry 
(BS). Samples were positioned normal to the primary 
beam, and backscattered ions were detected at an angle 
of 170 ~ The backscatter analysis provides full information 
about the composit ion of the films, since, owing to a 
large mass difference, signals corresponding to the three 
components St, Cr, and O can be independently observed. 
From these, we derive such quantities as stoichiometric 
ratios and overall oxygen content. Also, owing to the ex- 
isting reference plane at the Si-CrSi2 interface, it its possi- 
ble to detect the loss of Si or Cr atoms by comparing th e 
respective count integrals before and after the anodic pro- 
cessing. The masked edge enables reliable comparison of 
oxidized and unoxidized CrSi2 at adjacent spots on the 
sample. 

Results 
Most oxidations were performed with either 1 or 10 w/o 

H20 electrolytes. In these conditions, laterally uniform 
anodic films were reproducibly grown up to cell voltages 
of about 125V. Occasionally, it was possible to obtain 
Vm~ as high as 200V (1% H20) before the initial reaction 
ceased. Typical voltage-time curves for CrSi2 and pure Si 
substrates oxidized in the above electrolytes are shown in 
Fig. 1. There is a pronounced difference in the slope of 
the two curves corresponding to CrSi2, while the curves 
for Si seem to overlap except  for the initial potential rise. 
Figure 2 depicts the BS spectra of the CrSi2 oxide re- 
sulting from the oxidation in the 10% H20 glycol to V~a~ 
= 50V; the solid line represents the spectrum of the initial 
silicide. First, we noticed that the surface film contains 
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Fig. 1. Voltage-time curves for CrSi2 and Si anodization in glycal with 

water percentage of either 1 or 10% at constant current density of 3 
mA/cm% 

oxygen, silicon, as well as chromium atoms. The integral 
over the O peak yields 1.2 • 10 TM at./cm ~ of incorporated 
oxygen. Furthermore,  the stoichiometry ratios calculated 
on the basis of the signal heights give O/St = 2.27 and 
Cr/Si = 0.17. It is thus clear that the oxide grows 
deficient in chromium with regard to the elemental pro- 
portions in the silicide (Cr/Si = 0.5). The difference in the 
Cr integrals confirms the net loss of chromium atoms 
equal to 1.8 • 10 '7 at./cm ~, i.e, one Cr atom lost per seven 
O atoms incorporated. No loss of silicon atoms is de- 
tected. We also note that the composit ion profile is uni- 
form and that the oxide-silicide interface is, and Si- 
silicide interface remains, sharp. A similar picture 
presented in Fig. 3 concerns the anodization to Vmax = 
75V in a solution containing smaller amounts of water 
(1 w/o). Here, the resultant oxygen content is 4.9 x 10 '7 
at./cm 2 with a stoichiometry profile comparable to the 
previous case. A slight Cr enrichment at the surface be- 
comes more evident for the anodic runs in which the elec- 
trolyte was not stirred (broken line in the figure). Without 
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< .  . . . . . . . . . .  ANODJCACLY O• 

,~.~. ~o lO~o H,O. Vmox: 50 V 
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L I I 
0.6 0.8 1.0 1.2 114 1.6 

ENERGY (MeV) 
Fig. 2 .2  MeV 4He§ backscattering spectra of CrSi2 on Si before (solid 

line) and after anodic oxidation in 10% H20 electrolyte to a voltage of 
SOV (full dots). 
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Fig. 3. Bockscattering spectrum corresponding to CrSi~ oxide obtained 
by oxidation in glycol containing 1% water to Vmax = 7SV (dots), when 
no stirring was applied to the electrolyte (broken line), and with CrSi#Si 
substrate (solid line). 

stirring, the current decay stage proceeded down to one- 
tenth (instead of one-quarter) of its nominal 3 mA/cm 2, 
and the Cr appeared at even higher concentrations 
reaching the ratio of Cr/Si = 0.5. 

Considering the above two figures, it is evident that the 
water content has a large effect on the outcome of the 
anodization: the sample oxidized in 10% H~O to a lower 
voltage contains 2.4 times more oxygen than the one oxi- 
dized to the higher voltage in the 1% H20 electrolyte. This 
trend is clearly appreciable in Fig. 4, where the oxygen 
content in atoms per square centimeter is plotted against 
the maximum effective potential drop AV in the oxide 
(AV = Yma x minus initial potential rise). For comparison, 
data for pure Si are also shown. In all cases, the depen- 
dence appears to be linear; for CrSi2, the slope for oxida- 
tions carried out at 10% H20 is significantly higher than 
that for the 1% H20 electrolyte. Both slopes for CrSi2 are 
greater than that of Si, which oxidizes at a rate which is 
nearly independent  of the H~O content. These slopes can 
be expressed in terms of convenient  "electrochemical" 
units of angstroms per volt by assuming atomic concen- 
tration of the oxygen atoms equal to that of pure SiO~ 
which is justified by a relatively small contribution of the 
Cr oxide. The corresponding values are 5.2/~fV for Si, 18.5 
MV for CrSi.2 (1% H20), and 65 A/V for CrSi~ (10% H20). 

Anodization in solutions of increasingly aqueous char- 
acter leads to further increase in the angstroms per volt 
value and to a more efficient Cr dissolution. At the same 
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Fig. 4. Amount of oxygen incorporated during oxidation vs. effective 
potential drop in the film for CrSi 2 and Si, processed at constant current 
density of 3 mA/cm 2 in 1 and 10% H20 glycol. 

q 
LO 

- -  2300 Z', CrSi2/ <Si> 

........ ANODIC OXIDE 
50% H20, Vma• 12 V 

6 

i ~ 

4 .~, 

ISi Cr 
~, " �9 

~ o 

I i h . .  i 

0.5 0.8 1.0 1.2 1.4 1.6 
ENERGY (MeV) 

Fig. S. Backscattering spectra of CrSi2 (solid line) and CrSi2 oxide 
(dots) produced in S0% H~O glycol; Vmax = 12V. 

time, the maximum voltage that the film can sustain is 
reduced to 10-20V. An example of this type of behavior is 
shown in Fig. 5, where the anodic growth proceeded only 
to Vmax = 12V (from the starting potential of 7.5V, V = 
4.5V). The oxide layer is practically free of Cr and consti- 
tutes a pure SiO2 of a thickness of about 850/L This result 
is thus similar to thermally grown oxides except that the 
silicide is not preserved as a whole, and Cr is lost into the 
solution. 

Additional information about the growth mechanism 
can be acquired by analyzing an oxide layer produced by 
anodic followed by thermal oxidation. In Fig. 6, 
backscatter spectra are shown for the individual oxida- 
tions of CrSi2: anodic oxidation (10% H~O, Vmax = 30V 
producing incorporation of 5 x 10 ~7 O at./cm2), thermal ox- 
idation (900~ wet, 30 rain) resulting in an oxide with 8.5 
x 10 '7 O at./cm ~, together with the spectrum resulting 
from thermal oxidation of the already preformed anodic 
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Fig. 6. Schematic BS spectra of chromium disiliclde oxides. Anodic: 

10% H20; V~a• = 30V. Thermal: 90~ wet, 30 min. Anodic followed by 
thermal. 
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oxide (11.5 • 10 '7 O at./cm ~ incorporated). A most interest- 
ing feature in these spectra is the observation of the Cr 
exclusion within the films. As far as the concentration 
level of Cr in the anodic oxide is concerned, only a trace 
amount is detected at the surface in the thermal case. In 
the double-oxidized sample, the Cr profile in the oxide 
seems to be divided into two regions: a surface region 
(1.4-1.45 MeV) with similar Cr concentration as in the 
anodic oxide, and a chromium-free layer underneath 
(1.35-1.4 MeV). The deleterious effect of the heat- 
treatment on the Si-CrSi2 interface is also visible in the 
bottom spectra as broadening of the step at 0.85 MeV. 

For a sample that was initially oxidized thermally, fol- 
lowed by anodic oxidation and finally thermal oxidation 
again, Cr was not detected in the oxide layer. 

Discussion and Conclusion 
The experiment  described in this paper gives evidence 

that thick uniform oxides can be grown on chromium 
disilicide by anodic oxidation in ethylene glycol + potas- 
sium nitrate + water electrolyte. This may be regarded as 
the main result of this work. In view of a still inadequate 
understanding of the anodic processes, it is not possible 
to rigorously predict whether  a given material in a given 
oxidizing medium will yield substantial oxide films (7, 8). 
Apart from valve metals such as A1, Hf, or Ta that oxidize 
with 100% current  efficiency to voltages of at least 200V 
and sustain high electric fields (>106 V/cm), there exist 
many other materials that only partially fulfill these crite- 
ria. Such behavior is exhibited by silicon, which in or- 
ganic electrolytes can be oxidized to several hundreds 
volts, though exhibiting a poor current efficiency sug- 
gesting the evolution of an appreciable amount  of oxygen 
(9). On the other hand, chromium, which passivates to 
form Cr~O3 (10), has not been reported to produce thick 
oxides. In the electrolytes employed here, anodization of 
a pure Cr film does not induce any potential buildup, and 
creates a black spot on the Cr film surface containing no 
oxygen detectable by He backscatter spectrometry. Con- 
sequently, the CrSi2 compound seems to be a rather com- 
plicated system as far as its anodic behavior is concerned. 
It i s  known that compounds or single phase alloys com- 
posed of valve or near-valve metals oxidize easily (11). 
The general situation becomes more complicated. Exten- 
sive studies on the anodization of GaAs (12), for example, 
show that several factors (e.g., current density, oxide 
thickness) determine the composit ion and quality of the 
compound Oxide formed. As for silicides, data on anodic 
oxidation are not available; the corrosion study of Cu, Co, 
and Ni silicides published in Ref. (13) was oriented pri- 
marily toward electrorefining and electrowinning from 
ores. 

Summarizing the oxidation of CrSi~ in glycol with a 
water content ranging from 1 to 10%, it can be concluded 
that the oxide has a fixed composit ion with a relative 
concentration of the constituents given by O/Si = 2.27 and 
Cr/Si = 0.17. Assuming that the film is composed of SiO2 
and Cr203 molecules, these numbers are consistent with a 
composit ion of 92% SiO~ and 8% Cr203. This indicates that 
during the film formation, a substantial segregation takes 
place; preservation of the Cr/Si proportion in the silicide 
would require an oxide composition of 83% SiO2, and 17% 
Cr~O3. Undoubtedly,  the excess Cr is dissolved in the elec- 
trolyte. From the corrosion behavior of chromium, it is 
known that at higher potentials Cr atoms enter the elec- 
trolyte as CrO4 ~- anions (14). Also, chromium tends to 
lose its passivity rather easily in the presence of certain 
contaminants, especially chloride ions (9). The accumula- 
tion of Cr at the oxide surface observed when the 1% H~O 
electrolyte was not stirred during the anodization sug- 
gests that the dissolution could be further reduced by 
saturating the solution with Cr ions. Alternatively, more 
Cr atoms are leached out of the film for electrolytes with 
greater water content. Hence, the Cr-to-Si ratio in the ox- 
ide can be controlled by choosing adequate experimental  
conditions. 

The current efficiency for oxide formation on CrSi2 in- 
creases from 3 to 16% when the H20 content of the elec- 
trolyte is raised from 1 to 10%. This is probably associated 
with enhanced field-assisted ionic transport across the 
(porous) oxide. It is unlikely that there is suppression of 
the current contribution from parasitic reactions and/or 
electronic conduction, since the oxide breakdown voltage 
dropped with increasing H20 content as one might antic- 
ipate (15). The ionic current associated with Cr dissolu- 
tion also degrades the current efficiency. 

Anodic vs.  Thermal 
Comparison between anodic and thermal oxidation 

gives further insight to the prevailing processes. 
1. In both cases, the silicide dissociates readily. In 

thermal oxidation, the excess Cr diffuses through the sili- 
cide to the Si substrate, where it reacts and reforms sili- 
cide, hence preserving the silicide (16). But, during anodic 
oxidation, Cr diffuses through the growing oxide and a 
fraction of the dissociated Cr oxidizes while the rest is 
dissolved in the electrolyte. 

2. Increasing the water content in the oxygen gas dur- 
ing thermal oxidation increases the oxidation rate. In 
anodic oxidation, a higher water content also results in a 
higher oxide formation rate. Possibly, it has to do with 
the oxygen containing molecule that diffuses through the 
oxide. In the thermal oxidation case, the effective diffu- 
sion coefficient changes, while in anodic oxidation it 
may be only the boundary condition at the oxide/electro- 
lyte interface. 

3. With the assumption that the heat Capacity of the 
reactants and products are similar, the heat of the reac- 
tion AH at room temperature and at high temperatures 
(for thermal oxidation) never exceeds 3 kcaYgatom (17). 
So the thermodynamic predictions (3) are the same by 
definition for anodic and thermal oxidation. The ob- 
served different results are due to different kinetic 
limitations. 

4. From the sequential thermaYanodic oxidation results, 
we conclude that (i) chromium cannot diffuse through 
thermal SiO2 (see Fig. 6 and also the results of thermal/ 
anodic/thermal), and (ii) an oxygen containing molecule 
diffuses through the anodic oxide driving wet oxidation 
faster than through thermal oxide. This conclusion is 
reached with the assumption that the thermal oxidation is 
parabolic rate limited. The predicted oxygen content of 
anodic and thermal oxides, assuming the same diffusion 
coefficient in anodic and thermal oxides, is 10 '7 (52 + 
8.52) "~ = 9.9 • 10 '7 O at./cm2; while we get 11.5 • 10 '7 O 
at./cm ~, which is indicative of a faster diffusion rate in the 
anodic oxide. 

Since no electrical characterization of the layers was 
conducted and no data on insulating properties of anodic 
Cr203 have been published, it is difficult to predict dielec- 
tric constant e or breakdown voltage of the films. There 
are indications, however (9), that the anodic oxide of Cr, 
having a low formation field, should have a high e value 
(> 40), as it is known that low e values (e.g., SiO2) tend to 
be associated with high anodization fields and vice versa. 
Additionally, the breakdown voltage can be roughly esti- 
mated from the angstrom per volt values because they are 
nearly linearly correlated (18). (However, it is uncertain 
how the individual properties of SiO2 and Cr203 will con- 
tribute in the mixed oxide.) 
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Application of Kramers-Kronig Transforms in the Analysis of 
Electrochemical Systems 

I. Polarization Resistance 

Digby D. Macdonald* and Mirna Urquidi-Macdonald 
Chemistry Laboratory, SRI International, Menlo Park, California 94025 

ABSTRACT 

A Kramers-Kronig transform that is useful for validating electrochemical and corrosion impedance data is employed 
to calculate the polarization resistance from the frequency-dependent imaginary component. Applications of the trans- 
form in the analysis of experimental impedance data for TiO2-coated carbon steel in HCYKCt solution at ambient  tem- 
perature and for a luminum and AI:0.1P-0.1In-0.2-Ga-0.01T1 alloy in 4M KOH solution at 25~ are discussed. 

Electrochemical techniques are now used extensively 
for investigating the mechanisms of electrochemical and 
corrosion processes, and for the measurement  of corro- 
sion rates (1-4). With respect to the latter, the advantages 
offered by electrochemical methods are that they can be 
applied in situ in hostile environments and that they re- 
quire minimal manipulat ion of samples or post-test analy- 
ses. In all electrochemical methods for estimating corro- 
sion rates, the objective is to measure the polarization 
resistance (Rp), from which the corrosion current and cor- 
rosion rate may be calculated using the Stern-Geary rela- 
tionship (5, 6), provided that the Tafel constants are 
known. 

A widely used technique for measuring R, is impedance 
spectroscopy (1-3), in which the impedance of the 
corroding interface is measured over an effectively 
infinite bandwidth. The polarization resistance is there- 
fore given by 

Rp = ] Z(fio)I~,, - [ Z(j~o)I~ [1] 

= Re [Z(j~)]~,, - Re [Z(jt~)]~ [2] 

where Re denotes the real part of the complex impedance 
Z(j~). In other words, the polarization resistance may be 
obtained from only the real component  of the impedance, 
provided that it is measured over a sufficiently wide fre- 
quency range. 

A critical problem in any impedance analysis involves 
validation of the data. This is particularly true because of 
the need to employ low amplitude excitations, and when 
working with inherently "noisy" systems. In this paper, 
we describe how Kramers-Kronig transforms may be 
used to estimate Rp from the imaginary component  of the 
impedance. We also argue that comparison of the R, value 
computed from the imaginary component  via the K-K 
transforms with that derived directly from Eq. [2] repre- 
sents a simple and convenient test of the validity of corro- 
sion impedance data. 

*Electrochemical Society Active Member. 

Kramers-Kronig Transforms 
Derivation of the Kramers-Kronig transforms (7-11) is 

based upon four quite general conditions of the system 
being fulfilled. 

Causality.--the response of the system is due only to 
the perturbation applied, and does not contain 
significant components from spurious sources. 

Linearity.--the perturbation/response of the system is 
described by a set of linear differential laws. Practically, 
this condition requires that the impedance be indepen- 
dent of the magnitude of the perturbation. 

Stability.--the system must  be stable, in the sense that 
it returns to its original state after the perturbation is 
removed. 

Impedance values.--the impedance must  be finite 
valued at ~--~o and ~--->~, and must  be a continuous and 
finite valued function at all intermediate frequencies. 

Provided that the above conditions are satisfied, the 
K-K transforms are purely a mathematical result, and do 
not reflect any other physical property or condition of 
the system. The transforms have been used extensively in 
the analysis of electrical circuits (9), but  only rarely in the 
case of electrochemical systems (10-14). 

Two of the more important  transforms may be stated as 
follows (9, 11) 

Z'(~) - Z'(~) = J,, x 2 ~,2 dx [3] 

Z"(x) - Z"(o~) x 2 _ ~2 

where Z' and Z" are the real and imaginary components 
of the impedance, respectively. Therefore, according to 
Eq. [2], the polarization resistance simply becomes 
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f~ 1 .... R,= (-~) ,to L-----~3 d x  ~ ( - ~ )  f m,o dx [5] 

The forms of Eq. [3]-[5] deserve brief comment.  First, it 
is evident that if the integral in Eq. [5] is to be convergent 
and finite, then Z"(x ) / x  ---> 0 as x ---> x~in ---> 0 and x ~ xm~ 
--~ ~. The approximation is valid when the integrals from 
x = 0 to x~m and from Xmax to ~ are negligible compared 
with the integral from xmm to x ~ .  Second, it appears 
that the functions beneath the integrals in Eq. [3] and [4] 
contain singularities at x = o~. However, as we show later 
(16), expansion of (x 2 - co2) - '  reveals that no singularity 
actually exists, and hence that the precision of integration 
is not compromised on passing through x = ~, as is some- 
times claimed. 

In this study, we evaluate the integral in Eq. [5] in a 
piece-wise fashion by fitting a fifth-order polynomial to 
experimental  Z" v s .  frequency (x) data using a least 
squares technique 

Z"(x)  = ao + a , x  + a2 x2 + a3x ~ + a 4 x  4 + a s x  5 [6] 

The segments over which the integral is evaluated are 
chosen to coincide with changes in the sign of Z"(x) 
and]or with changes in the gradient of Z"(x)  v s .  frequency. 
The total integral is then evaluated as 

R, ~ ~ a o l n x + a l x +  

a s x  3 a 4 x  4 asx,5 ] x~+l 

+ - - 3 - + - 4  + - - ~  ~, [7] 

where i is the segment number.  The limitation on the size 
of the segment is that the number  of data points must  ex- 
ceed the highest order of the polynomial; we have found 
that a fifth-order polynomial is well suited for the cases 
discussed later in this paper. 

The use of Eq. [5] in the analysis of impedance data for 
corroding systems has also been proposed by Kendig and 
Mansfeld (12) and was subsequently used by Mansfeld et  
al .  (13). However, these workers propose that this equa- 
tion is a basis for es t imat ing polarization resistance data 
from the imaginary component  of the interfacial imped- 
ance at high frequencies, thus avoiding the need to obtain 
impedance data at t ime consuming low frequencies. As 
noted by Kendig and Mansfeld (12), this approach is valid 
only if the plot of Z" vs .  log co (e.g., see Fig. 2) is symmetri- 
cal. This is true only for those systems that exhibit single 
semicircles in the complex plane that are either de- 
pressed or centered on the real axis; it is generally not 
valid for systems that exhibit  multiple resistive/capacitive 
or resistive/inductive relaxations or for those systems that 
are best described in terms of a diffusional impedance or 
a transmission line. Accordingly, the method described 
by these workers is not expected to be generally applica- 
ble to experimental  impedance data, except  in those 
cases for which the condition noted above holds. 

In this work, we adopt a more general approach in the 
application of Eq. [5], in that the integration is carried out 
over the entire frequency range and not just  over the high 
frequency arm of the Z" vs .  log oJ region, as proposed by 
Kendig and Mansfeld (12). Accordingly, our analysis is 
not restricted by the shape of the Z" vs .  log co correlation, 
but should be applicable to all impedance data, provided 
that the four general conditions for a valid impedance are 
fulfilled and that the integral in Eq. [5] can be evaluated. 
This then forms the basis for using Eq. [5] as a diagnostic 
criterion for determining the validity of impedance data. 

Ana lys is  of E x p e r i m e n t a l  D a t a  
In order to illustrate the application of the K-K transfor- 

mation method for validating polarization resistance mea- 
surements in particular and for verifying impedance data 
in general, we consider three systems: TiO2-coated steel 
in a HC1/KC1 solution of pH = 2 at 25~ A1-0.1P-0.1In- 
0.2Ga-0.01T1 alloy in 4M KOH at 25~ and pure aluminum 
(99.99%) also in 4M KOH at 25~ The first system was 

chosen because it is characterized by an extensive (Z', Z") 
vs .  frequency data set that appears to satisfy the four con- 
ditions listed previously for a valid impedance. The sec- 
ond and third systems are included because aluminum 
corrodes rapidly in KOH solution, so that the condition of 
stability may not be satisfied. Furthermore,  the third sys- 
tem exhibits characteristics that suggest the presence of 
experimental  artifacts in the experimental  impedance 
data. Accordingly, this system affords an opportunity to 
examine the sensitivity of the transform currently being 
considered to apparently "bad" data. 

The complex plane plot for TiO2-coated carbon steel in 
HC1/KC1 solution, pH = 2, at 25~ is shown in Fig. 1. The 
high frequency region exhibits a slope of - 7r/4, indicating 
that the interfacial properties are dominated by a mass- 
transfer process. At lower frequencies, the locus of data 
points curls over and ultimately intercepts the real axis at 
a frequency of less than 0.01 Hz. The measured polariza- 
tion resistance is readily computed from the high fre- 
quency and low frequency intercepts as R~ = 158.48-1.35 
= 157.13~. The experimental  Z" vs .  log,0 x (x = frequency 
in hertz) data are plotted in Fig. 2, and demonstrate that 
this system exhibits a single dispersed relaxation cen- 
tered about x = 0.58 Hz. Also plotted on this figure are 
data calculated from the least squares piecewise fit of Eq. 
[6] to the experimental  data. In this case, five segments 
were used, corresponding to one for x < 0.58 Hz and four 
for x > 0.58 Hz. The value of Rp calculated from the inte- 
gral (Eq. [7]) was found to be 158.20~ which differs from 
the experimental  value noted above by less than 0.7%. 
This error is of the same order (1-1.5%) as that found by 
transforming data calculated from equivalent electrical 
circuits; systems that we know a p r i o r i  Satisfy the condi- 
tions for a valid impedance. Thus, the observed error may 
be attributed principally to the algorithm itself. 

In the second case Ai-0.1P-0.1-In-0.2-Ga-0.01T1 alloy in  
4M KOH at 25~ (Fig. 3 and 4), both the complex plane 
and the Z" vs .  log,0 x plots demonstrate the existence of 
resistive/capacitive and resistive/inductive relaxations at 
high and low frequencies, respectively. The data plotted 
in Fig. 4 were analyzed in three segments: A-B, B-C, and 
C-D. Agreement  between the experimental  data and that 
recalculated from Eq. [6] is clearly less exact in this case 
than in the previous one. Also, it was necessary to use 
much wider segments in the evaluation of the integral in 
Eq. [5]. The calculated Rp value was found to be 82.4~ 
compared with 90 -+ 512 obtained by  extrapolating the 
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Fig. 1. Complex plane impedance plot for TiO2-coated carbon steel 
in HCI/KCI solution, pH = 2. T = 25~ The numbers refer to fre- 
quencies in hertz. 
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Fig. 2. Plot of Z"  vs. Iogto x (x in hertz) for TiO2-coated carbon 
steel in HCI/KCI solution, pH = 2. T = 25~ Dashed line: polynomial 
fit (Eq. [6]). Solid-line: experimentol dota. 
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Fig. 3. Impedance diagram for ll-O.1 P-0. ! In-0.2Ga-0,01TI alloy in 
4M KOH at 25~ and at the open-circuit potential ( - ! . 7 6 0 V  vs. 

Hg/HgO). Numbers next to the experimental points are frequencies in 
hertz. 
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Fig. 4. Plot of Z "  vs. log x (x in hertz) for AI-0.IP-0.lln-0.2Ga- 
0.0ITI  alloy in 4M KOH at 25~ under open-circuit conditions (E = 
- 1 . 7 6 V  vs. Hg/HgO). Dashed line: polynomial fit (Eq. [6]). Solid line: 
experimental data. 

measured impedance to intercept the real axis in the limit 
of zero frequency. We believe that the difference is 
significant, and that it reflects not only an overall lower 
quality of data, as expected for a rapidly corroding sys- 
tem, but also a less extensive data set, particularly in the 
critically low frequency region. Nevertheless, the trans- 
form is quite satisfactory, considering the dubious 
fulfillment of the stability condition. 

The final case considered in this paper (Fig. 5 and 6) 
was chosen because the system apparently exhibits a neg- 
ative resistance at high frequencies and multiple inter- 
secting loops at low frequencies. This latter characteristic 
is frequently observed experimentally, and is predicted 
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Fig. S. Complex plane impedance plot for pure AI (99.99%) in 4M 
KOH at 25~ E = - 1 . 5 6 V  vs. Hg/HgO. Numbers next to the experi- 
mental points are frequencies in hertz. 
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Fig. 6. Plot of Z "  vs. Iogto x (x in hertz) for AI in 4M KOH at 25~ 
E = - 1 . 5 6 V  vs. Hg/HgO. Dashed line: polynomial fit (Eq. [6]). Solid 
line: experimental data. 

theoretically for certain dissolution reactions (12), so that 
verification that data of this type correctly transform is a 
matter of considerable interest. The negative resistance at 
high frequencies is almost certainly an experimental arti- 
fact, presumably arising from poor cell design. In carry- 
ing out the transformation, a three-segment (A-B, B-C, 
C-D, Fig. 6) integration was used to yield an R, value of 
7.55t2. This value is significantly lower (by 18%) than the 
value of 9.2~ obtained by extrapolating the high and low 
frequency arms to the real axis. Part of the difference 
may be due to the fact that the data were not obtained at a 
sufficiently low frequency to detect an inductive loop; 
note that the data point at 0.01 Hz does in fact lie below 
the real axis. However, a more likely explanation is that 
the real component  of the impedance is distorted by some 
cause that results in the appearance of an apparent nega- 
tive resistance at high frequency. Indeed, if it is assumed 
that the high frequency data intersects the real axis at the 
origin, then an experimental value for Rp of 8.2 _+ 0.5~ is 
obtained. This value is in much better agreement with 
that calculated above using the K-K transform. 

Discussion 
The analyses described above demonstrate that the 

Kramers-Kronig transform, as embodied in Eq. [5], is an 
accurate and convenient  tool for assessing the validity of 
electrochemical impedance data. 

From the present analysis, it is evident that the quality 
of electrochemical impedance studies depends heavily 
upon the size and accuracy of the experimental data set, 
as exemplified by the first example analyzed in this 
study. It is also apparent that psuedoinductive imped- 
ances (second case), and possibly those exhibiting inter- 
secting loops (third case), also transform correctly, and 
hence may be regarded as valid characteristics of an ob- 
served impedance function. Finally, the transform appar- 
ently is sensitive to experimental artifacts that may, for 
example, lead to the distortion of one component; in the 
third case analyzed here, the distortion results in negative 
resistance at high frequencies. It is important to note, 
however, that the entire weight of the validation test af- 
forded by Eq. [5] is placed on a knowledge of the real and 
imaginary components of the impedance over an effec- 
tively infinite frequency bandwidth. Since reliable im- 
pedance data for the low frequency region are not always 
available, considerable care must  be exercised in ap- 
plying Eq. [5] as a quantitative validity test. It is possible 
that more accurate and convenien_t validation analyses 
might be developed by considering the full set of K-K 
transforms, including Eq. [3] and [4], in order to de: 
emphasize the importance of the low frequency region. 
This possibility is currently being explored, and will be 
discussed in the second part of this series (16). 
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Anodic Oxide Growth on Aluminum in the Presence of a Thin 
Thermal Oxide Layer 

Walter J. Bernard* and Steven M. Florio 

Sprague Electric Company, North Adams, Massachusetts 01247 

ABSTRACT 

The presence of a thin film of thermal oxide on the surface of a luminum promotes the growth of additional crystal- 
line (~'-A1203) oxide during subsequent  anodization in an aqueous phosphate solution. It was shown through the use of 
phosphorus-32 tracer and chemical thinning procedures that the anodic crystalline oxide is formed beneath a discrete, 
continuous layer of amorphous oxide, and that the original thermal oxide is incorporated in the anodic crystalline film. 
The concentration of phosphorus in the amorphous layer is greater than that which occurs in the absence of crystalline 
oxide. Evidence is given that the occluded phosphorus species has some ionic mobility in both oxides. 

The anodic oxidation of a luminum in aqueous borate or 
phosphate solutions generally results in the growth of ox- 
ide films that appear amorphous by x-ray or electron dif- 
fraction. Under  some conditions, however, these dielec- 
tric films may display some degree of crystallinity. For 
example, if the metal is treated with hot water before an- 
odic oxidation to a high voltage in aqueous borate, a 
portion of the dielectric contains crystals of ~'-Al~O3 (1, 2). 
This has been studied in some detail. Low voltage films 
grown in citric acid after a boiling water treatment have 
also been shown to have a partial crystalline character (3). 

Crystalline oxide growth may also be promoted by the 
use of a brief thermal oxidation prior to the anodic oxida- 
tion (4, 5). The thermal oxide, identified as :r (6), has 
been shown (7, 8) to consist of small crystallites that nu- 
cleate below the pre-existing amorphous oxide, spreading 
laterally to cover the entire metal surface. 

The presence of the thermal oxide modifies the mecha- 
nism of anodic oxidation so that the growth of additional 
crystalline oxide is promoted, and it may also affect the 
composit ion of the layers of oxide that comprise the over- 
all complex film structure. That such compositional 
modification can be brought about by the presence of an 
existing film was shown (9) in the case of anodic oxida- 
tion of a luminum in an aqueous phosphate solution. 
When the surface is free of oxide the dielectric contains 
substantial amounts  of phosphorus (10, 11), but when the 
foil is first covered with a hydrous oxide layer the subse- 
quently formed anodic oxide is essentially free of phos- 
phorus. One purpose of this study was to see if the ther- 
mal oxide behaves analogously. 

The location of the thermal oxide during anodization 
may be conveniently observed by the use of a pretreat- 
ment  of the foil in hot phosphoric acid containing 3~p. As 
a result of this treatment, the aluminum surface becomes 
covered with a monolayer of the acid (or other phosphate 
species). This phosphorus is retained during thermal oxi- 
dation, becoming incorporated into the thin thermal film 
and thereby acts as a marker during the following 
anodization. The location of the tagged thermal oxide 
may be determined by measuring the amount of residual 
32p during chemical sectioning of the composite films. 

Further information on the mechanism of the reaction 
was obtained by carrying out the foil pretreatment in non- 
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radioactive phosphoric acid; in this case, the thermal step 
was followed by anodization in a radioactive solution of 
ammonium dihydrogen phosphate. 

Experimental 
The aluminum specimens were cut from 76 /zm thick 

Alcoa foil of 99.99% purity. Prior to phosphoric acid treat- 
ment, the specimens were electropolished in a perchloric 
acid/acetic anhydride mixture for 150s at 10 mh/cm ~, and 
then rinsed with distilled water and dried with acetone. 
This electropolishing procedure produces a smooth metal 
surface covered with a very thin (<20~) oxide film (12). 

Carrier-free 3~p isotope was obtained from New Eng- 
land Nuclear as H3PO4 in water. A 2.0 mCi portion of this 
acid was incorporated into a 0.01M solution of H3PO4; a 
similar 0.01M H3PO4 solution without tracer was also pre- 
pared. A second 2.0 mCi portion of the radiolabeled acid 
was incorporated into a 0.01M solution of ammonium di- 
hydrogen phosphate (ADP); a similar 0.01M ADP solution 
without tracer was also prepared. 

Standards for determining activity were prepared by 
the uniform distribution of an aliquot (either 50 or 100 
~liter) of the active solutions, in small droplets, over an 
area of a luminum equivalent to that used for counting ex- 
perimental specimens. The phosphoric acid for these 
standards was neutralized with 0.01N NaOH before use. 
The foils were then dried at 60~ before counting. 

For all radioactive specimens, a circular area of 7.9 cm ~ 
was measured with a Geiger-Muller counter. A tantalum 
mask, 0.76 mm thick, served to define the counting area. 
The aluminum foil itself was transparent to fl-radiation 
emitted by 32p, and hence both sides of the experimental  
samples were counted simultaneously. 

Acid pretreatment was carried out in vigorously boiling 
solutions of 0.01M H:~PO4 for 90s. These foils were then 
thoroughly washed with distilled water, dried with ace- 
tone, weighed, and counted when applicable. The weight 
changes for this step and all subsequent  operations were 
determined with a digital microbalance. Specimens were 
oxidized in air at 600~ for 5 min, and then reweighed and 
counted. 

After thermal oxidation, the active specimens were ano- 
dized in nonactive 0.01M ADP solution; foils that had 
been pretreated with nonradioactive H3PO4, on the other 
hand, were anodized in ADP solutions containing the 3~p 
tracer. 
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Anodizations were performed in glass-jacketed cells, 
using Teflon supports for platinized-platinum counter- 
electrodes. Stirring of the electrolyte was accomplished 
with a magnetically driven stirring bar. A constant-tem- 
perature liquid pumped through the cell jacket main- 
tained the anodizing solution at 85 ~ - 0.2~ The current 
density was 1.0 mA/cm ~, and during the c0nstant-voltage 
period it was allowed to decay to 0.05 mA/cm 2. 

Measurements of series capacitance, at 120 Hz, were 
made in a similar cell using aqueous ammonium borate at 
25~ 

The distribution of radiotracer in the films was deter- 
mined by dissolving the films stepwise in a stirred solu- 
tion of 2% CrOJ5% H:~PO4 at 65~ This solution has been 
shown to attack amorphous Al~O3 uniformly at a moder- 
ately fast rate, with extremely little attack on the metal 
(13). However, the rate of attack on crystalline AlzO~ has 
been shown to be much slower (14, 15). As such, this pro- 
cedure is effective for discriminating between the two 
types of oxide. 

In addition to the determination of weight loss and re- 
sidual radioactivity following the chemical sectioning 
steps, capacitance and remaining barrier voltage were ob- 
tained to give a measure of the film thickness. The bar- 
rier voltage was determined by applying a small constant 
current (i.e., 10% of the formation current density) in the 
original anodizing electrolyte, and observing the knee of 
the V-t curve. The point which is taken as VB is the begin- 
ning of the constant slope corresponding to the calculated 
rate of new film growth. This is found by extrapolation 
of the straight line to the point of curvature, and is indica- 
ted by vertical lines on the tracings in Fig. 3. For short 
chemical treatment times, the break in the curve is satis- 
factorily sharp, and observations were reproducible to a 
volt or two. For longer periods, where film undercutt ing 
may occur, there is correspondingly less certainty in the 
value. 

Resul ts  and  D iscuss ions  
The amount  of  thermal oxide grown on aluminum de- 

pends on both the temperature and the reaction time. 
Crystalline oxide can be formed at temperatures as low as 
450~ (6), but more complete coverage of the foil is 
achieved under more vigorous conditions; this, in turn, 
increases the amount of crystalline anodic oxide. Five 
minutes at 600~ gave satisfactory results for the work re- 
ported here. 

Under the experimental  conditions used, it is believed 
that after thermal treatment the oxide present on the 
metal surface is almost entirely crystalline. The exposure 
to dilute phosphoric acid serves to dissolve the natural 
amorphous oxide as well as to create an adsorbed layer of 
phosphate. The oxide-free a luminum is thus largely pro- 
tected from regrowth of oxide until exposure to tempera- 
tures which permit  the growth of crystalline oxide. This 
sequence of events is supported by weight measurements 
showing that the loss in weight during exposure to phos- 
phoric acid corresponds to the removal of the original 
amorphous film; no substantial weight gain occurs until 
high temperature oxidation takes place. Only a small frac- 
tion of the resulting film is soluble in phosphoric acid. 
Details will be given in a future publication. 

In the first series of experiments foil samples were 
treated with active H3PO4, thermally oxidized, and then 
anodized in nonactive ADP. When these foils were sub- 
jected to the chemical sectioning procedure, the 3.2p activ- 
ity and oxide weight varied with time, as shown in Fig. 1. 

The duplex nature of the anodic films can be deduced 
from these results. It is apparent from the weight lass 
curve that a soluble oxide is positioned above an insolu- 
ble layer, as shown by the abrupt reduction in weight loss 
after 2 min. The insoluble layer was identified by elec- 
tron diffraction as -y'-A/~O3, confirming earlier reports 
(14, 16). In addition, the fact that only about 10% of the 
original activity is lost during chemical stripping shows 
that the bulk of  the original adsorbed species has become 
a constituent of the insoluble crystalline oxide. This can 
only have come about by nearly complete incorporation 
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Fig. 1. Loss of activity and weight during chemical sectioning of 
IOOV ADP films. Pretreated with active H~P04 and then thermally 
oxidized. 

of phosphorus in the thermal oxide that was grown at 
600~ upon anodization this thermal oxide, which en- 
hances the anodic growth of 7'-A1~O3, occupies the same 
location in the complex film as the thicker crystalline 
film. 

It is not clear why the thermal oxide failed to tie up the 
entire layer of adsorbed phosphoric acid, allowing about 
10% of the phosphorus to be removed during the early 
stage of the chemical sectioning. It might  have been rea- 
sonable to expect  the 7'-A1~O3 film to have sufficient 
mass to accommodate all the phosphorus available; using 
a density of 3.6 g/cm 3 (5) and an oxide weight of 5.7 
/~g/cm ~, the film thickness is estimated to be about 160~. 

The very small amount of phosphorus introduced as a 
marker has apparently no significant effect on the mech- 
anism. From activity data, it was calculated that only 
about 0.035/~g/cm 2 was present before thermal treatment, 
and that about 0.030/~g/cm 2 remained in the final duplex 
oxide before chemical sectioning. These figures were es- 
sentially independent  of  the anodization voltage, as 
shown in Table I. 

The curves of weight loss and residual activity do not 
show the limiting horizontal lines which would be antic- 
ipated for ideal behavior. This is most likely a result of 
the incompletely continuous nature of the crystalline ox- 
ide, which permits some degree of penetration and under- 
cutting of the crystalline particles, followed by mechani- 
cal dislodging of these grains. 

The curves in Fig. 2 provide further evidence for the 
layered structure of the dielectric film. Separate foil 
specimens were chemically stripped and reanodized to 
determine the amount  of barrier remaining (Vs), as well as 
the capacitance of the remaining film. The shape of the 
VB curve is similar to that of the weight loss curve of Fig. 
1, and for a 100V film it indicates that about 35% of the 
original barrier consists of the easily soluble amorphous 
oxide. The  remainder of the film appears to be largely 
crystalline, al though the presence of  an additional thin 
amorphous layer at the metal/oxide interface is likely (3), 
and is supported by the manner in which the crystalline 

Table I. Weight of phosphorus on aluminum surface 
(ng/cm 2) 

Anodization voltage 
50V 100V 150V 

Before 600~ treatment 38 35 33 
After 600~ treatment 34 36 35 
Final weight in oxide 30 29 27 
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Fig. 2. Change in barrier voltage and reciprocal capacitance during 

chemical sectioning of lOOV ADP films. Pretreatment as in Fig. 1. 

film may be undercut  after extended chemical stripping. 
When carried out for sufficiently long periods, it was pos- 
sible to observe minute particles of insoluble oxide sus- 
pended in the stripping solution. 

Reanodization curves also demonstrate that the crystal- 
line layer is not a completely inpenetrable barrier, but 
consists, in part at least, of some defects and channels in 
which amorphous film is grown. A typical reanodization 
curve, shown in Fig. 3, demonstrates that a small but s~g- 
nificant charge is required to refill gaps in the crystalline 
layer when chemical sectioning approaches the amor- 
phous/crystalline interface. A 30s stripping (curve I) re- 
quired only 6.8 mC/cm 2 to recharge the film to 97V, corre- 
sponding to 3.6% of the charge passed during the original 
formation to that voltage. A longer reaction time of 120s, 
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Fig. 3. Recorder tracings of reanodization of IOOV ADP films chem- 
ically stripped for 30s (curve I) and 120s (curve II). Foils pretreated 
as in previous figures. 
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on the other hand, required the passage of  9.3 mC/cm 2 to 
reach the residual barrier level of 71V (curve II); in terms 
of anodization charge, this amounts to 6.6% of that 
needed to form a 71V film. 

Figure 2 also shows the dependence of reciprocal 
capacitance on stripping time; a constant value of 1/C is 
reached after about 120s, the same point at which VB be- 
comes constant. The data in this plot represent measure- 
ments made immediately after reanodization, which gave 
stable reproducible values. If  measured before reanodiza- 
tion, however, capacitances were unstable and fictitiously 
high, either through the dissolution of intergranular 
amorphous oxide, or because of some degree of dielectric 
instability revealed by the chemical treatment. This type 
of dielectric relaxation is commonly observed in high 
voltage films that have been formed in the presence of a 
hydrous oxide layer, but has also been observed with low 
voltage films of the type described here (2, 17). 

The two forms of anodic oxide differ not only in their 
degree of  crystallinity, but also in other properties. The 
growth constant (reciprocal field strength) of the crystal- 
line layer is obviously greater than that of the amorphous 
film, and it should be possible to estimate its value from 
the curves in Fig. 2 and from the appropriate physical 
constants of  the amorphous oxide, i.e., 14.8 ~/V 1 and ~ = 
8.5 (18). 

The voltage across the crystalline film is 71V (assum- 
ing that there is only a negligible amount  of amorphous 
oxide at the metal interface), while its reciprocal capaci- 
tance is only 54% of the tota~ film. I f  its dielectric con- 
stant is 8.6, as reported (5), its growth rate is calculated as 
7.2 ~/V. This suggests that the field in the crystalline ox- 
ide is much higher than has been reported previously; 
weight measurements,  on the other hand, lead to different 
results. From the curve in Fig. 1, and using an oxide den- 
sity of 3.61 g/cm 3 (5) for the crystalline layer, the growth 
rate is calculated to be 9.2 k/V, in good agreement with 
Alwitt and Takei  (5). 

These discrepant results could perhaps be reconciled if 
a higher value of �9 for ~/'-Al~O3 were used. In view of the 
relatively high values that have been published for poly- 
crystalline aluminas--10.5 and higher (19)--it would not 
be surprising to find the value for ~'-A1203 to be some- 
what greater than 8.6. 

The second set of experiments involved the use of ac- 
tive phosphorus in ADP solution to tag the growing an- 
odic film. The amount  of phosphorus takeup (Fig. 4) was 
constant with formation voltage up to 150V, as was ob- 

~The cited paper reported 12.3 ~/V at a current density of 0.05 
mA/cm 2 at 25~ From this value, we have made an estimate of 
the thickness of the amorphous film at 85~ 

hr 

0.8 

O.4 

0.2 

l 

FORMATION VOLTAGE 

Fig. 4. Weight of phosphorus incorporated into films during anodi- 
zation in active ADP. Foils previously treated with inactive H3P04, fol- 
lowed by thermal oxidation. 
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Fig. 5. Loss of activity and weight during chemical sectioning of 
100V films anodized in active ADP. Foils pretreated as in Fig. 4. 

served earlier in films formed in the absence of a thermal 
oxide (10), but  the distribution was quite different. Figure 
5 shows the rate at which activity was lost in the chemical 
stripping solution; the rate of weight loss is also depicted, 
in good agreement with the previous independent  set of 
measurements. The bulk of the phosphorus (about 65%) is 
in the outer amorphous layer, but  a significant amount  is 
incorporated in the crystalline film. 

The concentration of phosphorus in the amorphous 
layer is influenced by the presence of the underlying 
crystalline material. When anodization conditions are cho- 
sen so that a fully amorphous oxide is grown, a 100V film 
has a [P] of 640 ng/cm ~ (20, 21). But since phosphorus is 
found only in the outer 70% of the film, where it is 
homogeneously distributed (10), the concentration may 
be better expressed as 9.1 ng/cm 2 for each volt of film. In  
the case of the duplex film described in the paper, how- 
ever, the outer amorphous layer does not appear to be as 
homogeneous, judging from the absence of a sharp transi- 
tion in the rate of activity lost during chemical sectioning, 
and the phosphorus concentration is much greater. From 
the activity data, it was calculated to be 19 ng/cm2-V or 
about twice that found in the conventional film. The 
crystalline portion of the film, on the other hand, has a 
[P] of only 4.4 ng/cm2-V. 

These data suggest that the crystalline oxide acts as a 
conductor not only for a luminum ions during film 
growth, but  also for oxygen and phosphate ions. The 
presence of phosphorus in that portion of the dielectric 
cannot come about by direct occlusion from solution as it 
does for the outer amorphous film, since the crystalline 
layer is never in contact with the solution once the first 
contribution to film growth by metal ion migration takes 
place. The results cannot therefore be reconciled to the 
picture of P as an inert marker, but  rather as a film com- 
ponent  with ionic mobility. 

The difference in the phosphorus concentration in the 
amorphous and crystalline oxide forms can thus be attrib- 
uted to its lower mobility in the ~'-modification. In the 
case of a wholly amorphous film, it was found (10) that 

the rate of phosphorus incorporation from the advancing 
oxide/solution interface is constant at constant current 
density; the rate of phosphorus diffusion into the phos- 
phorus-free region grown at the metal/oxide interface is 
such that a uniform distribution results in the outer layer 
of the duplex film. In the present case, however, because 
the diffusing ions encounter the environment  of 7'-Al~O~ 
in which mobility is sharply reduced, the concentration in 
the amorphous layer is increased. 

It is also significant that the total amount  of phospho- 
rus in the overall film structure is greater than the paral- 
lel case with an all-amorphous film, the figures being 
950 and 640 ng/cm ~, respectively. This can be accounted 
for if the contribution to film growth by a luminum ion 
motion is greater in the presence of the crystalline film, 
since this would lead to greater growth at the electrolyte 
interface and increased inclusion of phosphate ion. 

A more detailed description of the process---in particu- 
lar, the transport numbers  of the ions--is not justified by 
the available data. If the P species is not an immobile 
marker, the measurement  of its profile in the outer layer 
alone cannot be used to estimate transport numbers.  A 
concentration profile of P in the crystalline films by 
means other than chemical sectioning might do much to 
throw more light on the overall process. 

Manuscript submitted April 3, 1985; revised manuscript  
received May 27, 1985. This was Paper 54 presented at the 
Toronto, Ontario, Canada, Meeting of the Society, May 
12-17, 1985. 
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Anodic Oxidation of Reductants in Electroless Plating 
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A B S T R A C T  

The  anodic  ox ida t ion  of  reduc tan t s  (hypophosphi te ,  fo rmaldehyde ,  borohydr ide ,  d ime thy l amine  borane,  and hydra-  
zine) was s tud ied  on dif ferent  meta l  e lec t rodes  (Au, Pt, Pd,  Ag, Cu, Ni, and Co) at var ious  tempera tures ,  wi th  special  in- 
teres t  in the  catalyt ic  aspect  of e lec t ro less  plating. The  rate of  the  anodic  ox ida t ion  s t rongly d e p e n d e d  on the  p H  value,  
the  concen t ra t ion  of reductants ,  and the  na tu re  of the  meta l  electrode.  The  catalyt ic  activities of  the  meta l s  for the  
anodic  ox ida t ion  of  di f ferent  reduc tan t s  were  evalua ted  by the  potent ials  at a re ference  current  density.  The  order  of  the  
catalyt ic ac t iv i ty  wi th  meta l  var ied  depend ing  on the  na ture  of the  reductants .  The  catalyt ic activity series thus  obta ined  
can be  ut i l ized for choos ing  the  r educ t an t  sui table  for the  meta l  to be  deposi ted.  Arrhenius  plots of  the  anodic  currents  
on d i f fe ren t  meta l s  at a re ference  potent ia l  y ie lded thei r  respec t ive  straight lines. S o m e  correlat ions were  observed  be- 
tween  the  catalyt ic  act ivi ty  and the  ac t iva t ion  energy.  The  catalytic act ivi ty  series was d iscussed in connec t ion  wi th  that  
for hyd rogen  e lec t rode  reaction.  

It  is w ide ly  accep ted  that  e lect roless  plat ing proceeds  
along the  e l ec t rochemica l  m e c h a n i s m  as the  s imul tane-  
ous react ion of  ca thodic  meta l  depos i t ion  and anodic  oxi- 
dat ion of  r educ t an t  (1-5). The  e lec t rochemica l  condi t ions  
for e lect roless  p la t ing taking place  are, first, the  oxida-  
t ion potent ia l  of  the  reduc tan t ' s  be ing  less noble  to the  re- 
vers ib le  potent ia l  of  the  meta l  to be  deposi ted ,  and, sec- 
ond, the  meta l ' s  hav ing  e n o u g h  catalyt ic act ivi ty  for the  
anodic  ox ida t ion  tak ing  place  wi th  reasonable  rate. The  
first cond i t ion  can  be  readily p rov ided  by s imple  thermo-  
dynamic  considerat ion.  Therefore ,  the  rate of  anodic oxi- 
da t ion  of  the  r educ tan t  is, in some  sense, a dominan t  fac- 
tor  in e lect roless  plating. 

The  reduc tan t s  used  in e lectroless  p la t ing have  a spe- 
cial feature.  A l imi ted  var ie ty  of  r educ tan t s  is used  in an  
electroless  process,  e.g., hypophosph i t e ,  fo rmaldehyde ,  
borohydr ide ,  d ia lky lamine  borane,  and hydrazine.  Elec- 
t roless  p la t ing  usual ly  accompanies  hydrogen  evolut ion,  
the  rate of  wh ich  is not  direct ly  re la ted to that  of  meta l  
deposi t ion.  Dif ferent  react ion m e c h a n i s m s  have  been  pro- 
posed  to account  for the  hyd rogen  evo lu t ion  dur ing  elec- 
troless plat ing:  (i) the  pro ton  d ischarge  m e c h a n i s m  (6, 7), 
(ii) the  h y d r o x i d e  m e c h a n i s m  (8, 9), and (iii) the  hydr ide  
ion m e c h a n i s m  (10, 11) and a tomic  h y d r o g e n  m e c h a n i s m  
(12, 13). I t  was found  by Gorbunova  et al. (14) and 
Ho lb rook  et al. (15) that  the  h y d r o g e n  evo lved  dur ing 
e lect roless  p la t ing  was or iginated main ly  f rom the  reduc-  
tant  molecule .  Elect roless  plat ing p roceeds  mos t ly  on cer- 
tain metals  tha t  are k n o w n  to be  hydrogena t ion-dehydro-  
gena t ion  catalysts.  I t  was repor ted  by G o r b u n o v a  et al. 
(16) and Pear l s te in  et al. (17) that  the  po i son  for hydrogen-  
at ion catalysts  such  as th iourea  and mercap tobenzo th ia -  
zole func t ions  as stabil izer in an e lect roless  process.  

Var ious  reac t ion  m e c h a n i s m s  were  p resen ted  for 
respec t ive  e lec t ro less  processes  (18-25). I t  was sugges ted  
by several  workers  that  the  key step in the  react ion is the 
dissociat ive  chemiso rp t ion  to form adsorbed  a tomic  hy- 
drogen  and  an adsorbed  anion radical. Van der  Meerak- 
ker  (26) c l a imed  that  all the  e lect roless  plat ing processes  
can  be  exp la ined  by a universa l  m e c h a n i s m  wi th  the  de- 
hydrogena t ion  of  the  reduc tan t  as the  first step, thus  

RH ~ R + H [1] 

R + O H -  ) R O H  + e -  [2] 

H + H ~ H2 [3] 

H + O H -  ) H20 + e -  [4] 

M "+ + ne-  ) M [5] 

where  R H  represen t s  the  reductants .  React ions  [3] and [4] 
r ep resen t  the  r e combina t i on  and ionizat ion of  adsorbed  
a tomic  hydrogen ,  respect ively ,  wh ich  can occur  in paral- 

1Permanent address: Tokyo Institute of Technology, Graduate 
School at Nagatsuta, Midori-ku, Yokohama 227, Japan. 

2Present address: Komatsu Limited, Technical Research Cen- 
ter, 2597, Shinomiya, Hiratsuka 254, Japan. 

lel. Van  den  Meerakker  also advoca ted  that  the  catalyt ic  
aspec t  in e lectroless  plat ing is or ig inated  f rom the  cata- 
lytic p rope r ty  of  the  meta l  for react ion [3]. There  are, how- 
ever,  only a few works  on the  anodic  ox ida t ion  of  the  re- 
duc tan t  in connec t ion  wi th  the  catalyt ic act ivi ty  of  the  
metal.  

The a im of this paper  is to es tabl ish the  anodic  oxida- 
t ion behavior  of  the  reduc tan ts  on dif ferent  meta l  elec- 
t rodes  wi th  special  in teres t  in the  catalyt ic act ivi t ies of  
the meta l s  in e lect roless  plating.  

Experimental Details 
Polar izat ion expe r imen t s  were  carr ied out  on gold, plat- 

inum,  pal ladium,  silver, copper ,  nickel ,  and cobal t  elec- 
t rodes  in the  appropr ia te  c o m p l e x  solut ions conta in ing  
sod ium hypophosph i t e ,  fo rmaldehyde ,  sod ium borohy-  
dride, d ime thy l amine  borane,  and hydrazine,  respec-  
tively. The  s tandard  compos i t ions  of  the  baths  and the  
expe r imen ta l  condi t ions  are summar i zed  in Table  I. Plati-  
num,  gold, and  si lver plates of  surface  area 0.4 cm 2 were  
used  as the  work ing  electrodes.  A p la t inum plate of  the  
same surface area pla ted wi th  the  meta l  unde r  invest iga-  
t ion was also used  as the work ing  electrode.  The  counter-  

Table I. Electrolytic solutions and experimental conditions 
for anodic oxidation of reductants 

Reductant Electrolyte 

NaH2PO2 NaH.2PO2 0 - 0.4M 
Na-citrate 0.2M 
H~BO3 0.5M 
pH 7.0 - 9.5 
Temperature 290.2 - 350.2 K 
Air atmosphere 

HCHO HCHO 0 -  1M 
EDTA �9 2Na 0.175M 
pH 11.0 - 13.2 
Temperature 278.2 - 330.2 K 
Nitrogen atmosphere 

NaBH4 NaBI-I4 0.01 - 0.1M 
EDTA. 2Na 0.175M 
pH 11.5 - 13.8 
Temperature 277.2 ~ 320.2 K 
Nitrogen atmosphere 

DMAB* DMAB 0 - 8 g/liter 
Na-citrate 0.2M 
H3BO:~ 0.5M 
CH:~OH 2 ml/liter 
pH 6.0 - 8.0 
Temperature 287.2 - 329.2 K 
Nitrogen atmosphere 

NH2NH2 NH2NH2 �9 H20 0 - 2M 
EDTA. 2Na 0.175M 
pH 11.0 - 13.0 
Temperature 298.2 - 339.2 K 
Nitrogen atmosphere 

* Dimethylamine borane. 
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electrode was a platinum plate of surface area 18 cm ~. The 
electrolytic cell was a Pyrex cylinder 5 cm in diameter 
and 8.5 cm in height. The potential of the working elec- 
trode was measured against a saturated calomel electrode I 

(SCE) via a Luggin capillary and a salt bridge. Polariza- E 
tion measurements were made in potentiodynamic mode O 
with a sweep rate of  0.002 V/s using an electronic 
potentiostat and a function generator. The experiments ' ~  
were carried out without agitation at 298.2 K unless other- , 
wise noted. Some of the experiments were performed by O 
using a rotating disk electrode. The rotating electrode ~" 
was a platinum disk 0.3 cm in diameter plated with the " -  
metal under investigation. It was found, however, that the 
rotation of the electrode had no significant effect on the 
polarization behavior. .~_ 

Results and Discussions 
The anodic and cathodic reactions in electroless plating "(3 

are more or less interdependent  when they occur simulta- 
neously (27, 28). The rate of the anodic oxidation of the c 
reductant is in many cases accelerated in the presence of 
the cathodic deposition of the metal. As a first approxi- ~. 
mation, however, it can be assumed that the anodic polar- 
ization curve obtained in the absence of the metallic ion 
represents the true partial anodic reaction that would oc- 
cur in the complete baths. In order to understand the cat- 
alytic aspect in electroless plating, the anodic polarization 
experiments  were carried out on gold, platinum, palla- 
dium, silver, copper, nickel, and cobalt electrodes in the 
baths containing the reductants as listed in Table I. Simi- 
lar polarization experiments were carried out in the baths 
in the absence of the reductant to distinguish the anodic 
current attributable to the dissolution of the metal. 

Effect of pH and the concentration of reductant.--The 
rate of  the anodic oxidation of the reductants increases 
with increasing either pH value or the concentration of 
the reductant. As the examples, the effects of the concen- 
tration on the anodic polarization curve of nickel in the 
solution containing hypophosphite are shown in Fig. 1. 
The polarization curves exhibit  a maximum in current 
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Fig. 1. Current-potential curves of anodic oxidation of hypophos- 

phite on nickel at different concentrations. Bath composition: 0.2.M 
Na-citrate + O.5M HaBO a + NaH~P02 (varied), pH 9.0, 343 K. Con- 
centration of NaH2PO2(mol/dma): open circles, 0.40; open squares, 0.20; 
open triangles, 0.10; solid circles, 0.06; solid triangles, 0.03. 
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Fig. 2. Current-potential curves of anodic oxidation of hypophos- 
phite on nickel at different pH values. Bath composition: 0.2M NaH2P02 
+ 0.2M Na-citrate + O.SM H~B03, 343 K. pH: open circles, 9.5; open 
squares, 9.0, open triangles, 8.5; solid circles, 8.0; solid squares, 7.5; 
solid triangles, 7.0. 

which increases with increasing the concentration. Al- 
though the depression of current after the maximum has 
been often attributed to the formation of an oxide film on 
surface, it occurs sometimes on noble metals and the de- 
pression potentials are mostly less noble compared to the 
reversible potentials for the oxide formation of the 
metals. 

Figure 2 shows the effect o f p H  value on the anodic oxi- 
dation of hypophosphite on nickel. The current increases 
with increasing the pH value, shifting the current maxi- 
mum to less noble potentials. The effects of the concen- 
tration of hypophosphite and the pH value on the anodic 
current at a fixed potential are summarized on logarith- 
mic diagrams in Fig. 3 and 4, respectively. The slopes of 
the current-concentration diagram in Fig. 3 scattered be- 
tween 0.44 and 0.80, depending on the nature of metal. 
The reaction orders with respect to hydroxyl ion were ob- 
tained from Fig. 3 to be approximately 0.25, except  that 
for platinum (29). 

Polarization experiments similar to those described 
above were carried out in the other baths shown in Table 
I. The dependencies of the current on pH value and the 
concentration of reductant in the other baths were very 
complicated, and the logarithmic plots of the relation sim- 
ilar to Fig. 3 and 4 did not exhibit a straight line (30, 31). 
Summarizing all the results, the reaction orders with re- 
spect to the reductants seem to scatter between 0.4 and 
0.8, regardless of the natures of metal and reductant. The 
reaction orders regarding hydroxyl ion ranged from 0.2 to 
0.4. Since the anodic oxidation of the reductants in the 
complex solutions is affected by pH in various ways, 
however, the apparent reaction orders may not be so 
helpful for the diagnosis of the reaction mechanism. 

Effect of the nature of metals.--The polarization curves 
for the anodic oxidation of hypophosphite on different 
metals in sodium citrate solution are shown in Fig. 5. An- 
odic current attributable to the oxidation of hypophos- 
phite was not observed on copper and silver electrodes, 
which simply dissolved anodically as indicated by the 
dotted line in Fig. 5. The polarization curve on palladium 
electrode exhibits a monotonous increase in current with 
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Fig. 3. Dependency of the anodic oxidation current at constant po- 

tential on the concentration of hypophosphite. Bath composition: 0.2M 
Na-citrate + 0.5M H3B03 + NaH2P02 (varied), pH 9.0, 343 K. Po- 
tentials (vs. SCE): -0 .80V  (for Pd, Au, Ni, Co), +0.20V (for Pt). 

shifting the potential to noble direction. The polarization 
curve on gold shows three maxima of current, and the 
current falls off finally at around 0 V. The current on 
nickel electrode reaches a max imum at -0.7V and falls 
off at -0.4V. Cobalt electrode dissolved anodically at the 
potentials noble to the current maximum. It is readily 
seen in Fig. 5 that platinum is less active for the anodic 
oxidation of  hypophosphite.  
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Fig. 5. Polarization curves for the anodic oxidation of hypophos- 

phite on different metals. Bath composition: 0.2M NaH~P02 + 0.2M 
Na-citrate + O.5M H3B03, p H 9.0, 343 K. Dotted line: current attrib- 
utable to the anodic dissolution of Ag and Cu electrodes. 

The polarization curves for the anodic oxidation of for- 
maldehyde on different metals in a EDTA solution are 
shown in Fig. 6. Cobalt and nickel electrodes exhibit  the 
anodic current attributable to oxidation of formaldehyde 
only at the potentials noble to 0.3V. The anodic current 
on copper starts to rise at -0.95V and falls off at -0.3V, 
exhibiting a maximum in current. The polarization 
curves on gold, silver, platinum, and palladium electrodes 
obey the Tafel relation at less noble potentials, exhibiting 
a limiting current at noble potentials. The limiting cur- 
rent was scarcely affected by the rotation of the electrode. 
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Fig. 4. Dependency of the anodic oxidation current of hypophos- 

phite on pH value. Bath composition: 0.2M NaH2PO~ + 0.2M Na- 
citrate + 0.5M H3BO3, 343 K. Potential (vs. SCE): -0 .80V (for Au, 
Ni), - 0 .70V  (for Pd, Co), +0.20V (for Pt). 
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Fig. 6. Polarization curves for the anodic oxidation of formaldehyde 

on different metals. Bath composition: O.|M HCHO + 0.175M EDTA.2Na, 
pH 12.5, 298 K. Dotted line: current attributable to the anodic disso- 
lution of Cu and Co electrodes. 
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It  is seen in Fig. 6 that the apparent oxidation potential of 
formaldehyde on copper is less noble than that on the 
other metals. 

The polarization curves for the anodic oxidation of 
borohydride on different metals are shown in Fig. 7. Most 
of the polarization curves obey the Tafel relation exhibit- 
ing an asymptotic behavior at noble potentials, whereas 
those on cobalt and nickel electrodes show a current 
maximum. 

Figure 8 shows the polarization curves for the anodic 
oxidation of dimethylamine borane on different metals. 
Copper electrode simply dissolved without exhibiting the 
current attributable to anodic oxidation of dimethylamine 
borane. The current maximum behavior was observed on 
nickel, cobalt, and platinum electrodes. 

The polarization curves for the anodic oxidation of hy- 
drazine on different metals are shown in Fig. 9. The polar- 
ization curves on cobalt and nickel show a maximum Cur- 
rent behavior, whereas those on platinum, palladium, 
copper, gold, and silver exhibit  well-defined Tafel lines. 

Referring to the results shown in Fig. 5-9, it is seen that 
the shapes of the polarization curves can be classified 
into three categories: the Tafel type, the Tafel type with 
limiting current, and the volcano type. The limiting cur- 
rent has been attributed to a limited diffusion of reactant 
in solution, whereas it is less sensitive to agitation of solu- 
tion. Occurrence of the volcano type of polarization curve 
has been often attributed to the formation of anodic oxide 
film on surface, although the potential of falling off of 
current is usually less noble than the reversible potential 
of oxide formation. It is highly probable that these polari- 
zation behaviors reflect the mechanism of anodic oxida- 
tion of reductants as such. It is also noted that electroless 
plating usually takes place at the potentials correspond- 
ing to the less noble branch of the polarization curves. 

Effect of temperature.--The anodic polarization experi- 
ments similar to those described above are carried out on 
Various metals and reductants at different temperatures. 
The Arrhenius plots of the currents on different metals at 
appropriate potentials for the anodic oxidation of hypo- 
phosphite, formaldehyde, borohydride, dimethylamine 
borane, and hydrazine are shown in Fig. 10, 11, 12, 13, and 
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Fig. 7. Polarization curves for the anodic oxidation of borohydride 

on different metals. Bath composition: O.03M NaBH 4 + 0.175M 
EDTA.2Na, pH 12.5, 298 K. Dotted line: current attributable to the 
anodic dissolution of Co electrode. 
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Fig. 8. Polarization curves for the anodic oxidation of dimethyla- 

mine borane (DMAB) On different metals. Bath composition: 2.0 g/din 3 
DMAB + 0.2M Na-citrate + 0.5M H3BO3, pH 7.0, 298 K. Dotted 
line: current attributable to the anodic dissolution of Cu and Co elec- 
trodes. 

14, respectively. The reference potential was so selected 
in the Tafel region at less noble potentials in Fig. 5-9 that 
the temperature dependency of the current on different 
metals could be evaluated on the basis of a common po- 
tential. Because of difference in the shape of polarization 
curves and in its temperature dependency, however, all 
the data on different metals could not be covered by 

- 1 . 0  - 0 . 8  - 0 . 6  - 0 . 4  - 0 . 2  0 0 .2  0 .4  
Potent ia l ,  E / V  ( $ C E )  

Fig. 9. Polarization curves for the anodic oxidation of hydrezine on 
different metals. Beth composition: 1.0M N2H4 + 0.175M EDTA.2Na, 
pH 12.0, 298 K. 
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Fig. 10. Arrhenius plots of the anodic oxidation current of hypo- 
phosphite at a reference potential. Bath composition: 0.2M NaH2PO2 
+ 0.2M Ha-citrate + 0.SM HsBO3, pH 9.0. Reference potential (vs. 
SCE): - 0 . 8 0 V  (for Au,Pd, Ni, Co), +0 .20V (for Pt). 

s i n g l e  r e f e r e n c e  p o t e n t i a l .  T h e  a p p a r e n t  a c t i v a t i o n  e n e r -  
g i e s  a n d  t h e  f r e q u e n c y  f a c t o r s  o b t a i n e d  f r o m  Fig .  10-14 
a r e  s u m m a r i z e d  i n  T a b l e  II ,  t o g e t h e r  w i t h  t h e  r e f e r e n c e  
p o t e n t i a l s .  T h e  a c t i v a t i o n  e n e r g i e s  ( k J / m o l )  h i t h e r t o  p u b -  
l i s h e d  o n  t h e  r a t e  o f  e l e c t r o l e s s  p l a t i n g  in  t h e  n e t  e l e c t ro -  
l e s s  b a t h s  a r e  74.1 fo r  N i P - h y p o p h o s p h i t e  (18), 49.0 fo r  
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Fig. 11. Arrhenius plots of the anodic oxidatiQn current of formal- 

dehyde at a reference potential. Bath composition: 0.1M HCHO § 
0.17SM EDTA.2Na, pH 12.5. Reference potential (vs. SCE): - 0 . 7 0 V  
(for Au, Cu), -0 .6SV (for Ag), -0 .SOV (for Pt), - 0 .35V  (for Pd), 
0.40V (for Ni), 0.45V (for Co). 

C u - f o r m a l d e h y d e  (32), 44.4-64.0 fo r  N i B - d i m e t h y l a m i n e  
b o r a n e  (33), 80 fo r  A u - b o r o h y d r i d e  (22), a n d  66.5 fo r  Co-  
h y d r a z i n e  (34). T h e  a c t i v a t i o n  e n e r g i e s  fo r  t h e  a n o d i c  ox i -  
d a t i o n  o f  r e d u c t a n t s  s h o w n  in  T a b l e  I I  s e e m  to  b e  a p p r e -  
c i a b l y  l o w  in  c o m p a r i s o n  w i t h  t h o s e  fo r  t h e  r a t e  o f  
e l e c t r o l e s s  p l a t i n g  in  t h e  n e t  e l e c t r o l e s s  b a t h s ,  p r o b a b l y  
b e c a u s e  t h e  l a t t e r  v a l u e s  i n v o l v e  t h e  t e m p e r a t u r e  d e p e n d -  

Table II. Potentials at 1.0 • 10 -4 A/cm e (E *), apparent activation e nergies (E a), and frequency factors (Iogi *)  for the anodic oxidation of reductants on 
different metals. For conditions, see the captions of Fig. 10-14 

E* Ea log i* Reference potential 
Reduc tan t s  Metal (V  vs .  SCE) (kJ/mol) (10-3 A/cm 2) (V vs .  SCE) 

NaH2PO 2 Au - 0.982 33 5.7 - 0.80 
Ni - 0.935 46 9.2 - 0.80 
Pd  -0.910 54 8.9 -0.80 
Co - 0.854 88 11 - 0.80 
P t  -0.300 59 8.8 0.20 

HCHO Cu -0.906 50 8.5 -0 .70 
Au -0.770 29 4.7 -0.70 
Ag -0.675 29 4.3 -0.65 
P t  -0.508 38 6.1 -0.50 
Pd  -0.464 24 4.4 -0.35 
Ni 0.366 46 7.3 0.40 
Co 0.450 31 4.8 0.45 

NaBH4 Ni -1.190 40 7.2 -0.95 
Co - 1.180 40 8.2 -0.95 
Pd  - 1.136 54 10 -0.95 
P t  -0.983 46 8.4 -0.95 
Au -0.850 39 7.4 -0.70 
Ag -0.832 46 7.4 -0.70 
Cu -0.761 46 7.3 -0.70 

DMAB Ni -0.866 35 6.2 -0.55 
Co -0.832 37 6.3 -0.55 
Pd  -0.766 41 7.1 -0.55 
Au -0.650 42 6.8 -0.55 
P t  -0.633 14 1.6 -0.55 
Ag -0.565 50 8.0 -0.55 

NH2NH~ Co - 0.940 31 5.7 - 0.75 
Ni -0.871 33 5.5 -0.75 
P t  -0 .800 17 3.0 -0.75 
Pd  -0.797 38 6.1 -0.75 
Cu -0.556 33 5.3 -0.50 
Ag -0.460 42 6.3 -0.50 
Au -0.413 59 8.1 -0.50 



2328 J. Electrochem. Sac.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  October 1985 

1 0 0  , , , ' ' ' 1 0  

o ,o . . .  

I _ 

>- Ni 

09 

r 

0.1 

3.1 3.2 3.3 3.4 3.5 3.6 
T -1 / 10  -s K - '  

Fig. 12. Arrhenius plots of the anodic oxidation current of borohy- 
dride at a reference potential. Bath composition: O.03M NaBH 3 + 
0.175M EDTA.2Na, pH 12.5. Reference potential (vs. SCE): - 0 . 9 5 V  
(for Pt, Pd, Ni, Co), - 0 . 7 0 V  (for Au, Ag, Cu). 

encies of the rate of cathodic metal deposition and of the 
dissolution equil ibrium of complex ion. 

Hydrogen evolution during anodic oxidation of reduc- 
tant.--Before the polarization experiments start, evolu- 
tion of hydrogen gas was observed on some electrodes at 
open-circuit condition, especially in the solutions Con- 
taining either hypophosphite or borohydride or dimethyl- 
amine borane. With shifting the potential to noble poten- 
tials, however, hydrogen evolution on cobalt, nickel, 
palladium, and platinum electrodes decreased and finally 
ceased. Therefore, it is probable that the hydrogen evolu- 
tion in open circuit is attributable to the cathodic proton 
discharge under mixed potential control, thus 

2H ~ + 2e- > H2 [6] 

RH + 2 OH-  , ROH + H20 +2e- [7] 

On the other hand, the rate of hydrogen evolution on cop- 
per, silver, and gold electrodes increased with shifting the 
potential to noble direction, regardless of the nature of 
the reductant. This means that the reductants are anodic- 
ally oxidized on copper, silver, and gold electrodes 
accompanied by evolution of hydrogen gas that is origi- 
nated from the reductant molecule. Accordingly, it is 
likely that the anodic oxidation of the reductants pro- 
ceeds mainly along the hydrogen evolution mechanism 
on copper, silver, and gold, and the hydrogen ionization 
mechanism predominates on cobalt, nickel, palladium, 
and platinum. 

Catalytic activity of the metal.--As is shown in Fig. 5-9, 
the shape of the polarization curves of anodic oxidation of 
the reductants varies in a complicated way depending on 
the natures of metals and reductants, probably because of 
complexity in reaction mechanism. Therefore, it seems 
difficult to evaluate the catalytic activity of the metal for 
respective reductants on the basis of a unified theoretical 
standard. As a first approximation, however, it can be as- 
sumed that the catalytic activities of the metals are char- 
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Fig. 13. Arrhenius plots of the anodic current of dimethylamine bor- 

one (DMAB) at - 0 . 5 5 V  (vs. SCE). Bath composition: 2.0 g/din 3 DMAB 
+ 0.2M Na-citrate + 0.5M H~BO3, pH 7.0. 

acterized by the potential at a reference current density 
on the polarization curves shown in Fig. 5-9. The charac- 
teristic potentials at 1.0 • 10 -4 A/cm 2 are summarized in 
Fig. 15. The oxidation-reduction potentials of the reduc- 
tants and the reversible hydrogen potentials in respective 
solutions are also indicated in Fig. 15. 
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Fig. 14. Arrhenius plots of the onodic oxidation current of hydrazine 

at a reference potential. Bath composition: 1.0M N2H4 + 0.175M 
EDTA.2Na, pH 12.0. Reference potentials (vs. SCE): - 0 . 7 5 V  (for Pt, 
Pd, Ni, Co), - 0 . 5 0 V  (for Au, Ag, Cu). 
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Fig. ] 5. Catalytic activities of metals (the potentials at 10 -4 A �9 

cm-2), for anodic oxidation of different reductonts. Er: oxidation-re- 
duction potentials of reductants. H2: reversible hydrogen potentials. 
Conditions: (a) 0.2M NaH2PO2 + 0.2M No-citrate + 0.5M H3BO3, 
pH 9.0, 343 K; (b) 0 . |M HCHO + 0.]75M EDTA.2Na, pH ]2.5, 298 
K; (c) 0.03M NaBH 4 + 0.175hl EDTA.2Na, pH ]2.5, 298 K; (d) 2.0 
g/tim a DMAB + 0.2M No-citrate + 0.SM H3BO3, pH 7.0, 298 K; (e) 
| .0M N2H4 + 0.175M EDTA.2Na, pH ]2.0,  298 K. 

It can be seen in Fig. 15 that the catalytic activity of the 
metals for the anodic oxidation of different reductants de- 
creases in the following order, respectively: Au, Ni, Pd, 
Co, and Pt for hypophosphite, Cu, Au, Ag, Pt, Pd, Ni, and 
Co for formaldehyde, Ni, Co, Pd, Pt, Au, Ag, and Cu for 
borohydride, Ni, Co, Pd, Au, Pt, and Ag for dimethyla- 
mine borane, Co,Ni, Pt, Pd, Cu, Ag, and Au for hydrazine. 
Although there is no simple rule governing these orders, 
it is noted that the order of the catalytic activity for 
borohydride is almost the same as that for dimethylamine 
borane. This fact seems to imply that the anodic oxida- 
tion of these two boron containing reductants involve the 
same adsorbed intermediate in the rate determining step 
as was suggested by Okinaka (3). It must  be also pointed 
out that copper, silver, and gold are very active for the 
anodic oxidation of formaldehyde, whereas they are less 
active for the other reductants. 

The requisite kinetic condition for the electroless plat- 
ing taking place with a reasonable rate is the characteris- 
tic potentials being less noble to the reversible potential 
of the metal to be deposited. According to this approach, 
Fig. 15 can be utilized for choosing the reductant suitable 
for electroless process of respective metals. Since the re- 
versible potentials of metals in the complex solutions that 
are utilized in electroless processes are mostly in the 
range from -0.65 to -0.45V (SCE) (35, 36), it is said that 
the reductants available for depositing the metals are hy- 
pophosphite for Au, Ni, Pd, and Co, formaldehyde for Cu, 
Au, Ag, (Pt), and (Pd), borohydride for Ni, Co, Pd, Pt, Au, 
Ag, and (Cu), dimethylamine borane for Ni, Co, Pd, and 
(Pt), and hydrazine for Co, Ni, Pt, Pd, and (Cu). It can be 
seen that borohydride can be utilized for the electroless 
process of most metals and formaldehyde is substantially 
the only reductant which can be used in high speed e]ec- 
troless copper process. Such speculations based on Fig. 
15 are in accord with the conventional usage of the reduc- 
tant in electroless process. 

The characteristic potentials at 1.0 x 10 -4 AJcm 2 are 
listed in Table II, together with the activation energies. 
The activation energies are plotted against the character- 
istic potentials in Fig. 16. For the anodic oxidation of hy- 
pophosphite and dimethylamine borane, the characteris- 
tic potential shifts, except for platinum, to noble 
potentials with increasing the activation energy. Some- 
what similar correlation is observed on hydrazine. Al- 
though the physical meaning of the activation energy is 
not clarified yet, the observed parallelism between the 
catalytic activity and the activation energy is quite 
acceptable from the usual understanding of chemical re- 
action. On the other hand, the correlation as described 
above is not observed for borohydride and formaldehyde. 
The activation energies for borohydride and formalde- 
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Fig. 16. Relation between activation energies and the potentials at 
10 -4 A �9 cm -2. 

hyde scatters around 42 and 30 kJ/mol, respectively, re- 
gard]ess of the nature of metal. 

Since the electroless plating accompanies hydrogen ev- 
olution originated from the reductant molecule, the cata- 
lytic nature in electroless plating has been often dis- 
cussed in connection with that in hydrogen electrode 
reaction (12, 13, 16). According to Van den Meerakker (26), 
the anodic oxidation of the reductant proceeds along four' 
elementary steps: dissociative adsorption, anodic oxida- 
tion of adsorbed radical, and recombination and/or ioniza- 
tion of adsorbed hydrogen. Namely, the adsorbed atomic 
hydrogen formed by dissociative adsorption of reductant 
is removed by either recombination or ionization, as simi- 
lar with that in hydrogen electrode reaction. It is known 
(37) that the exchange current density of hydrogen elec- 
trode reaction decreases in the following order with 
metal: Pt, Pd, Ni, Co, Cu, Ag, and Au. It is probable that 
the anodic oxidation of the reductants proceeds mainly 
along the hydrogen evolution mechanism on copper, 
silver, and gold electrodes which are less active for hydro- 
gen electrode reaction. Thus, it seems likely that the pref- 
erential reaction path for removing the adsorbed atomic 
hydrogen is related to the activity of metal for hydrogen 
electrode reaction. However, there is no simple correla- 
tion between the order of catalytic activity with metal for 
hydrogen electrode reaction and that for the anodic oxi- 
dation of the reductants. Therefore, it is not likely that the 
rate of anodic oxidation of the reductants is controlled by 
the removal of the adsorbed hydrogen. Much attention 
should be focused on the electrochemical step for remov- 
ing the adsorbed anion radical. 

Summary 
The catalytic activity of metals for the anodic oxidation 

of different reductants in electroless plating was evalu- 
ated by the potentials at a reference current density. The 
catalytic activity series thus obtained serve to choose the 
reductant suitable to the metal to be deposited. Some 
correlations were observed between the catalytic activity 
and the apparent activation energy. 

It is suggested that the anodic oxidation of the 
reductants proceeds mainly along hydrogen evolution 
mechanism on copper, silver, and platinum, whereas the 
hydrogen ionization mechanism predominates on cobalt, 
nickel, palladium, and platinum. It is found, however, 
that the catalytic activity series of metal for anodic oxida- 
tion of reductants does not coincide with that for hydro- 
gen electrode reaction. 

Manuscript submitted Dec. 10, 1984; revised manu- 
script received May 9, 1985. This was Paper 444 presented 
at the New Orleans, Louisiana, Meeting of the Society, 
May 12-17, 1985. 
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ABSTRACT 

The e]ectrodeposition of Cu from aqueous CuSO4-H~SO4 electrolyte onto a high resistance moving substrate has 
been studied. Substrate speeds of 0.5-2.0 cm/s, average current densities of 12-50 mA/cm ~, input  Cu thicknesses of 0.1-9.5 
/~m, and cell depths of 30-74 cm were employed. Measured Cu metal thickness distributions showed good agreement 
with those predicted by a steady-state "terminal effect" model. 

The production of printed circuits by additive methods 
(1) is initiated by the electroless deposition of a thin (0.1 
/~m) conductive coating of Cu onto an insulating sub- 
strate. This coating may be patterned (1) or may be a uni- 
form deposit over the dielectric. The thickness of this 
coating can then be increased to practical values (ca. 35 
/~m) by electrodeposition of Cu. The patterned electroless 
coating may be built up by electrodeposition (if the pat- 
tern is continuous) or by high speed electroless plating. 
The unpatterned electroless deposit will most often be 
used as a cathodic connection for pattern electrodeposi- 
tion through a plating mask. The latter process is usually 
referred to as "semiadditive" plating. 

Additive production methods permit an inventory of 
Cu metal which is smaller than that required by standard 
printed-circuit production methods, where the starting 
material is (typically) an insulating substrate clad with 35 
~m thick Cu foil. The  additive printed-circuit production 
method minimizes reliance on etching processes, which 
thereby enhances the process capability for definition of 
fine-line patterns. 

Continuous or semicontinuous production of flexible 
printed circuits may be carried out by passing a sheet of 
substrate material through a series of processing tanks, 
using rollers to guide the substrate along its desired path. 

*Electrochemical Society Active Member. 

A schematic diagram of the electrodeposition portion of 
such a continuous processing machine is illustrated in 
Fig. 1. Electrodeposition apparatus similar to that shown 
might be expected to increase the thickness of the Cu de- 
posit from 0.1 to 5/~m. The apparatus, with dimensions as 
shown in Fig. 1, accommodates substrate speeds of 1-5 
cm/s in order to be compatible with the remainder of the 
additive process. Economic constraints dictate that the 
apparatus should be compact and have the capability of 
operating at high current densities. 

Previous studies by D'Amico et al. (2) showed that prac- 
tical current densities in the electrodeposition apparatus 
(Fig. 1) were well below mass-transfer-limited values. 
Measurements of Cu thickness distributions indicated 
that this limitation was a consequence of highly nonuni-  
form current distributions; the local current density was a 
strong function of axial position of the substrate in the 
apparatus. This highly nonuniform current density distri- 
bution was attributed to the so-called "terminal effect" 
(3), caused by the relatively high resistance (small Cu 
thickness) of the substrate on which the Cu metal is elec- 
trodeposited. Another source of nonuniform current dis- 
tr ibution is the uneven division of current between differ- 
ent loops of Cu-c]ad substrate connected to one or more 
metallic rollers that are held at the same cathodic poten- 
tial. Proportionately more current is distributed to sub- 
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Fig. ]. Schematic diagram of a continuous, multipuss electrodeposi- 
tion apparatus. The five top rollers (stainless steel) are parallel- 
connected cathodes. The (hanging) copper bars are parallel-connected 
anodes. A side view of the complete apparatus is shown. A plan view 
of a single section is similar to that presented in Fig. 2. All dimen- 
sions are in centimeters. 

strate loops with thicker Cu deposits; i.e., higher currents 
are observed closer to the location where the substrate 
exits the electrodeposition apparatus. D'Amico et al. eval- 
uated several designs that provided more even current 
density distributions, including "field shields," addi- 
tional cathode connections located within the electrolyte 
phase, and shorter loops near the location where the sub- 
strate enters the electrodeposition apparatus. 

The purpose of the present work is to apply basic mod- 
els of current density distribution to evaluate measured 
Cu deposit thickness variations in a pilot-scale continu- 
ous electrodeposition apparatus. It is expected that these 
models can be used as a predictive basis for the design of 
full-scale electrodeposition equipment  employed in the 
production of printed circuits by additive methods. 

Other investigators have studied the problem of non- 
uniform current density distribution during electrodepo- 
sition onto a substrate of high ohmic resistance. Both 
steady-state (3) and transient (4) analyses of the current 
density distribution on resistive, stationary plane-parallel 
electrodes have been performed, and the transient cur- 
rent density distribution on a resistive, stationary wire 
electrode has been studied (5). The problem of nonuni- 
form current density distribution during electrodeposi- 
tion onto a moving wire electrode of high ohmic resist- 
ance has been analyzed (6, 7). Both steady-state (8) and 
transient (9) analyses of forced-convection mass transfer 
to a moving sheet electrode of negligible resistance have 
been performed. None of these investigations has studied 
the problem of nonuniform current density distribution 
along resistive, moving plane-parallel electrodes. 

Experimental  
Electrodeposition apparatus.--Copper electrodeposi- 

tion was carried out in the "single-pass" cell shown in 
Fig. 2. This cell is intended to model  a single loop of a 
"multipass" apparatus, such as that shown in Fig. 1. The 
anodes were 0.64 cm thick, 15.2 cm wide oxygen-free, 
high conductivity Cu sheets of various lengths. The 6.5 
cm wide, 0.05 mm thick polyimide (du Pont  Kapton | 
flexible substrate material, initially coated with a 0.1-2.5 
~m layer of Cu (unpatterned), passed over 3.5 cm diam 
stainless steel rollers, which served not only to guide the 
substrate through the cell, but also to make electrical con- 
tact to the substrate. Electrical connection to the sub- 
strate on the side not in contact with these rollers was 
made through numerous Cu-plated through-holes in the 

Table I. Electrolyte properties 

Concen~aUons 
(mol/l~e~ 

Conducfiv~y 
Electrolyte CuSO4 H2SO4 (~-'-cm-:) 

I 0.27 1.76 0.475 
II 0.90 0.57 0.162 
III 0.59 1.17 - -  
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Fig. 2. Schematic diagram of electrodeposition cell. A side view of 
the cell is shown in the lower portion of the figure, end a plan view of 
the cell is shown in the upper portion of the figure. All dimensions are 
in centimeters. 

substrate, as described previously in Ref. (2). Anode/ca- 
thode spacings were 1.9 and 5.7 cm, as shown in Fig. 2. A 
mean electrode separation of 3.8 cm was employed in the 
subsequent analysis. Average electrolyte flow velocities 
were 2.8-3.8 cm/s. 

Electrolyte.lThe electrolytes used were acid copper 
sulfates, having compositions and conductivities as listed 
in Table I. Electrolytes I and II were proprietary composi- 
tions, Cubath I | and Cubath II | supplied by Sel-Rex 
Company (Nutley, New Jersey). Electrolyte III was a 
50-50 (volume percent) mixture of I and II. In addition to 
the sulfate ingredients listed, these baths contained trace 
amounts of electroplating additives, including 30 ppm 
C1-. These additives are expected to have little effect on 
the electrolyte conductivity. 

The conductivities reported in Table I were measured 
with a direct reading conductance bridge (Industrial In- 
struments, Incorporated) at 1 kHz. The conductance cell 
was platinum-glass, with a cell constant of 1.0 cm -1. Mea- 
surements were made at 22~176 in reagent-grade CuSO4- 
H2SO4 mixtures. The conductivity of electrolyte III was 
not measured, so an interpolated value K = 0.319 was used 
in subsequent  calculations. 
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The electrolyte temperature was maintained at 22~176 
and it was continuously pumped through polypropylene 
and carbon filters in a recirculation loop. The electrolyte 
composition was monitored by periodic measurement  of 
Cu ~§ pH, and C1-. Electrolyte losses due to water evapo- 
ration and mechanical loss (i.e., the small amount of elec- 
trolyte that adhered to the substrate) were compensated 
for by periodic additions of H20, CuSO4, H2SO4, and/or 
HC1, as necessary. 

Electrodeposition experiments.--Electroless Cu-clad 
substrate was passed through the electrodeposition cell 
shown in Fig. 2. After setting the substrate speed and cell 
current, the cell was operated for an interval correspond- 
ing to three to four times the substrate residence t ime 
within the electrolyte, in order to assure that steady-state 
conditions were reached. The cell circuit was then 
opened and the substrate movement  was simultaneously 
halted. The two locations where the substrate rested at 
the top of the stainless-steel rollers were marked on the 
substrate, and the substrate was then fed out of the cell at 
3 cm/s. This procedure resulted in an open-circuit resi- 
dence t ime within the electrolyte of not more than 1 min. 
Other experiments  showed that during a 1 rain interval, 
not more than 0.01 t~m of Cu would be etched by the 
CuSOJH,2SO4 electrolyte. This amount  of etching could 
create errors as high as 10% (near the entrance to the cell) 
in subsequent determinations of Cu thickness. 

Copper thicknesses were determined by weighing the 
deposited metal. The substrate was cut in to 3.2 cm long 
specimens, which were then weighed on a Mettler H-15 
balance (accuracy of approximately 0.1 mg). The speci- 
mens were then dipped in dilute HNO3 solution to re- 
move the Cu metal, and the substrate was dried and 
reweighed to arrive at the net weight of Cu metal. The 
weight of the 3.2 cm long Cu-free substrate was 135 rag. 
The standard bulk Cu density of 8.93 g/cm 3 and the mea- 
sured specimen area of 40 cm 2 (both sides) was used to 
calculate the average Cu metal thickness on the speci- 
men. 

Analysis 
A complete analysis of the electrodeposition cell used 

in this study would necessarily consider the interrelated 
electric-field, kinetic, hydrodynamic, and mass-transfer 
effects, as well as the spatially and temporally variable 
ohmic resistance of the cathode substrate. However, con- 
sideration of the conditions that exist in a continuous 
electrodeposition cell suggests that the following approxi- 
mations may be made (refer to the cell geometry shown in 
Fig. 3). (i) The anode/cathode separation is typically much 
smaller than the depth and width of electrodes, so the pri- 
mary current density distribution (in the limiting case 
where the cathode substra te  resistance is zero) is fairly 
uniform. (it) The electrolyte is continuously agitated by 
pumping, so that concentration and temperature gradi- 
ents within the cell are relatively small. Mass-transfer lim- 
iting conditions are not approached anywhere in the cell. 
(iii) The net thickness change (<- 35 tLm) of electrodepos- 
ited metal in a multiloop electrodeposition apparatus 
(Fig. 1) is much smaller than the anode/cathode separa- 
tion. Therefore, provided that electrodeposition condi- 
tions lead to a uniformly smooth metal deposit, the 
anode/cathode separation is constant. (iv) The net Cu 
electrodeposit thickness change (0.5-5 ~m) over the cath- 
ode substrate length L (which corresponds to one-half of 
a loop in a multi loop electrodeposition apparatus) is small 
relative to the local electrodeposit  thickness (0.1-35 t~m). 
This approximation is most likely to be valid near the exit  
of the electrodeposition apparatus where the metal de- 
posit is relatively thick, and it is least likely to be valid 
near the entrance to the device where the metal deposit is 
relatively thin. However, it has been shown (2) that it is 
appropriate to use lower currents and shorter loops 
(smaller values of L) where the metal deposit is relatively 
thin, which leads to a smaller net Cu electrodeposit thick- 
ness change per loop near the entrance to the device. This 
approximation permits the effective resistance of the 

IODE 

L 

ANODE 

Fig. 3. Cell coordinate system 

cathode substrate to be defined by a single value that is 
characteristic of the average (i.e., averaged over t h e  
Z-direction) thickness of the Cu deposit  at some location 
0 -< x -< L. (v) Because the Cu metal is either shielded (up- 
ward facing side of the cathode substrate) or remote 
(downward facing side of the cathode substrate) from the 
anodes, little metal deposition (or dissolution) occurs as 
the cathode substrate passes around the lower guide 
roller (x > L). (vi) Negligible rates of metal deposition (or 
dissolution) occur after the cathode substrate leaves the 
electrolyte phase and enters air. (vii) The electrode kinet- 
ics for Cu electrodeposition on the cathode substrate and 
Cu electrodissolution from the anode may be described 
by linear expressions. This should be a good approxima- 
tion if the cell design leads to a fairly uniform current 
density distribution, because even if the levels of current 
density correspond to operation in the Tafel region, the 
Tafel expression can be linearized if there are only small 
excursions from average current density values. (viii) The 
electrodeposition process is 100% efficient, i.e., there are 
no side reactions such as H2 evolution. (ix) Steady-state 
conditions prevail. 

By making the nine approximations listed above, it is 
possible to treat each half-cell as a classical steady-state 
"terminal effect" problem, solved by Tobias and Wijsman 
(3). They found the current density distribution to be a 
strong function of a single parameter cb (defined in Eq. 
[2]), that represents the ratio of the electrode resistance to 
the electrolyte resistance, and identified conditions un- 
der which a simplified model could be applied. Their re- 
sults show that the simplified model can be used when 
d/L < 0.1, (~o + ~d) is not >>  1, and (~o + tL~) is not >>  1. 
For the conditions employed in the present work, 0.05 < 
d/L < 0.12, 0.04 < (~o + ha) < 4.0, and 0.02 < (tLo + ~d) < 
0.06. Even when d/L = 0.12, the computed results shown 
in Fig. 10 of Ref. (3) suggest that the simplified model 
will predict values of local current densities that fall 
within about 2% of those calculated for the exact solution, 
0.05 < x /L  < 1. The simplified model is easier to apply 
than the exact model, and it thereby permits rapid esti- 
mation of the current density distributions that will result 
from various designs of the electrodeposition apparatus. 
The simplified Tobias-Wijsman model can now be ap- 
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various values of the parameter ~. 

plied directly.  The  d imens ion less  cur ren t  J per  uni t  w id th  
(in the  Z-direct ion)  of  Cu is g iven by 

sinh [~b(1 - X)] 
J(X) : 1 - [1] 

s inh 

where  

peKL 2 
~b ~ - [2] 

T(d + 2Kb) 

is a pa rame te r  re la ted to the  ratio of  the  X-di rec t ion  po- 
tent ia l  g rad ien t  in the  resis t ive ca thode  substra te  to the  
potent ia l  g rad ien t  in the  e lec t ro lyte  phase.  The  corre- 
spond ing  local  cur ren t  dens i ty  d is t r ibut ion  is g iven  by 

i(X) cash  [~b(1 - X)] 
- ~b [3] 

iavg sinh 
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Fig. 5. Dimensionless current density distributions for various values 
of the parameter ~. 

Equat ions  [1] and  [3] are p lo t ted  in Fig. 4 and 5, respec-  
t ively,  for var ious  values  of  the  pa rame te r  ~b. Smal l  va lues  
of ~ cor respond  to un i fo rm local cur ren t  densi t ies  and a 
l inear  var ia t ion  of  J vs. X.  Large  va lues  of  ~ cor respond  to 
nonun i fo rm  local cur ren t  densi t ies  and a nonl inear  varia- 
t ion of J vs. X. 

The local Cu meta l  th ickness  can  be  related to the  local  
current  dens i ty  t h rough  Faraday ' s  law 

f; M i(x) d x  [4] T(x) = T(O) + nFpv  , 

or it may  be  equ iva len t ly  re la ted to the  current  pe r  uni t  
width  (in the  Z-direct ion) of  Cu 

M 
T(x) = T(O) + j (x)  [5] 

n F p v  

Equat ions  [1] and [5] can be c o m b i n e d  to pred ic t  the  ax- 
ial d is t r ibut ion  of  Cu meta l  t h i ckness  in the  e lec t rodepo-  
sit ion cell. 

Results a n d  Discussion 
Elect ro ly te  composi t ion ,  loop depth,  substra te  speed,  

cell current ,  average  cathodic  cur ren t  density,  and en- 
ter ing Cu depos i t  th ickness  are l i s ted for ten separate  ex- 
pe r imen t s  in Table  II. The  measu red  s teady-state  axial  Cu 
th ickness  d is t r ibut ions  are shown  as the  filled circles in 
Fig. 6-10. 
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sionless Cu thickness J(X). Dashed line: dimensionless thickness dis- 
tribution J(X), computed using the Cu thickness at the lower guide 
roller location x = L to calculate the effective substrate resistivity Pe- 
Solid line: dimensionless thickness distribution J(X), computed using 
the Cu thickness where the substrate enters the electrolyte (for the 
portion of the solid curve to the left of the inflection point), or where 
the substrate leaves the electrolyte (for the portion of the solid curve 
to the right of the inflection point). Solid circles: measured axial Cu 
thickness distributions. The experimental parameters employed for 
the data shown in the upper half (A) and lower half (B) of the figure 
are listed in Table II. 
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Table II. Experimental conditions 

i ~  T(O) 
Figure Electrolyte a L (cm) v (cm/s) I (A) (rnA/cm ~) (~m) 

6A I 30.5 1.45 9.3 11.7 0.17 
6B I 30.5 0.55 14.7 18.5 0.19 
7A I 30.5 1.93 23.2 29.2 0.51 
7B I 30.5 1.09 23.0 29.2 0.50 
8A I 30.5 0.53 23.2 29.2 0.41 
8B I 30.5 0.54 32.9 41.5 0.44 
9A II 30.5 0.78 11.5 14.5 0.08 
9B II 30.5 0.78 40.1 50.5 0.08 

10A III 74.1 1.94 45.3 23.5 0.54 
10B III 74.1 1.06 45.5 23.6 0.51 

a See Table I. 

T h e  Cu d e p o s i t  res i s t iv i t i es  were  m e a s u r e d  u s i n g  t h e  
s t a n d a r d  fou r -po in t  p r o b e  m e t h o d .  S t r ips  1.27 cm wide  
an d  15.2 c m  long  were  cu t  f r o m  sec t ions  of  t he  p l a t ed  sub-  
s trate,  a n d  t h e i r  r e s i s t ance s  were  m e a s u r e d  on  a specia l  
f ix ture  d e s i g n e d  to a c c o m m o d a t e  t h e s e  s p e c i m e n s .  The  
c o p p e r  t h i c k n e s s  of  t he  s a m e  s p e c i m e n s  was  t h e n  deter -  
m i n e d  u s i n g  t he  w e i g h i n g  m e t h o d  p r e v i o u s l y  desc r ibed .  
This  m e t h o d  r e q u i r e s  t h a t  the  depos i t  dens i t y  b e  k n o w n ,  
and  t he  l i t e r a tu re  va lue  for  e lec t ro ly t ic  c o p p e r  was  u s e d  
for b o t h  e lec t ro less  a n d  e l e c t r o p l a t e d  Cu. T he  dens i t y  of 
e lec t ro less  Cu is r e p o r t e d  (10) to be  on ly  a few p e r c e n t  
lower  t h a n  t h a t  of  e lec t ro ly t ic  Cu. 

E l ec t rop l a t ed  Cu depos i t  r e s i s t iv i ty  Pe was  2.0 x 10 -6 
~ -cm,  w h i c h  is c lose to the  l i t e r a tu re  va lue  of 1.8 x 10 -6 
~-cm.  E lec t ro les s  Cu depos i t  r e s i s t iv i ty  was  t h r e e  t i m e s  
h igher ,  6.0 • 10 -8 (Lcm.  T he  l inea r  po la r i za t ion  p a r a m e t e r  
b = 1.3 ~ - c m  2 was  e s t i m a t e d  b y  l inea r i z ing  Cu e l ec t rode  
k ine t i c  data,  r e p o r t e d  by  T u r n e r  a n d  J o h n s o n  (11), a b o u t  
the  ave rage  c a t h o d e  c u r r e n t  dens i ty .  T he  use  of a s ingle  
po la r i za t ion  p a r a m e t e r  will  no t  a c c o u n t  for  a s y m m e t r y  of  
the  anod ic  a n d  ca thod i c  po la r i za t ion  curves ,  n o r  will i t  ap-  
p ly  w h e n  t h e r e  are large  va r i a t i ons  in  local  c u r r e n t  den-  
si ty [see a p p r o x i m a t i o n  (vii) above] .  However ,  t he  ef fec t  
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Fig. 7. Axial Cu thickness distributions. Designations are identical 
to those listed in the caption for Fig. 6. 
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of e l ec t rode  k ine t i c s  on  t he  c u r r e n t  dens i t y  d i s t r i bu t ion  is 
e x p e c t e d  to be  re la t ive ly  small .  Th i s  effect  c an  be  esti- 
m a t e d  f rom t h e  m a g n i t u d e  of  t he  las t  t e r m  in  the  denomi -  
n a t o r  of  Eq. [2]; e v e n  i f  t h i s  t e r m  is neg lec ted ,  t he re  re- 
su l t s  on ly  a 5-15% er ror  in  t he  va lue  of (b, w h i c h  
c o r r e s p o n d s  to a s imi la r  e r ror  in  t he  a s soc ia t ed  c u r r e n t  
dens i t y  d i s t r i b u t i o n  Eq.  [3]. The  a s s u m p t i o n  t h a t  b o t h  the  
a n o d e  a n d  c a t h o d e  e x h i b i t  t he  s ame  l i nea r  e l ec t rode  ki- 
ne t ic  behav io r ,  w h i c h  is c o n s i s t e n t  w i t h  t h e  a s s u m p t i o n s  
m a d e  in  t he  d e r i v a t i o n  of  Eq. [2], is t h e r e f o r e  e x p e c t e d  to 
lead to sma l l  e r ro rs  in  ca l cu la t ed  c u r r e n t  dens i ty  d i s t r ibu-  
t ions  a n d  m e t a l  t h i c k n e s s  d i s t r i bu t i ons .  Va lues  of the  
c o m p u t e d  d i m e n s i o n l e s s  p a r a m e t e r  ~b r a n g e d  f rom 0.7 to 
6.0. 

C o m p u t e d  d i m e n s i o n l e s s  t h i c k n e s s  d i s t r i b u t i o n s  J(X) 
are p lo t t ed  as t he  d a s h e d  a n d  sol id  cu rves  in  Fig. 6-10. 
The  d a s h e d  c u r v e s  c o r r e s p o n d  to t he  va lue  of  ~ calcu-  
la ted  u s i n g  t he  m e a s u r e d  Cu d e p o s i t  t h i c k n e s s  at  t h e  bot -  
t o m  gu ide  roller.  The  sol id  cu rves  to t he  left  of  the  
in f lec t ion  p o i n t s  c o r r e s p o n d  to t he  v a l u e  of  ~ ca l cu la t ed  
u s i n g  t he  m e a s u r e d  Cu depos i t  t h i cknes s_on  the  s u b s t r a t e  
as i t  e n t e r s  t he  e lec t ro ly te  [i.e., T(O) l i s t ed  in  Tab le  II]. The  
solid cu rves  to t he  r i gh t  of  t he  in f lec t ion  p o i n t s  cor- 
r e s p o n d  to t he  v a l u e  of  ~b ca l cu la t ed  u s i n g  t he  m e a s u r e d  
Cu depos i t  t h i c k n e s s  on  t he  s u b s t r a t e  as i t  l eaves  t he  elec- 
t rolyte.  The  sol id a n d  d a s h e d  c u r v e s  t he r e fo re  r e p r e s e n t  
e x t r e m e s  of  e f fec t ive  c a t h o d e  s u b s t r a t e  res i s t iv i ty  a long  a 
s ingle  half - loop.  The  s p r e a d  b e t w e e n  t he  sol id  a n d  d a s h e d  
cu rves  i n d i c a t e s  t h e  u n c e r t a i n t y  a s soc ia t ed  w i th  em- 
p loy ing  a s ingle  va lue  of  Cu d e p o s i t  t h i c k n e s s  to charac-  
ter ize t he  e f fec t ive  r e s i s t a n c e  of  t he  c a t h o d e  subs t ra te .  
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For example, the large spread between the solid and 
dashed curves to the left of the inflection point on Fig. 
9B suggests that the use of a single value of Cu deposit 
thickness to compute a characteristic value of (h may lead 
to considerable error. In  this case, the experimental pa- 
rameters give rise to an increase in Cu deposit thickness 
from 0.08 to 0.55 t~m, which violates the conditions lead- 
ing to approximation (iv). The  failure of the present anal- 
ysis to accurately predict the measured axial Cu thick- 
ness distribution to the left of the inflection point in Fig. 
9B is, therefore, not unexpected. 

Another case where the predicted axial thickness distri- 
butions do not agree well with the measured distributions 
is in Fig. 8B, where the measured thickness distribution 
is more uniform than that predicted. Note that a relatively 
high average current density of 41.5 mAdcm'-' was em- 
ployed with the low Cu++-concentration electrolyte, and a 
discolored ("burned") Cu electrodeposit was observed 
near the location where the substrate exits the cell. These 
observations suggest that mass-transfer limiting condi- 
tions were approached, which violates approximation (ii). 
Again, therefore, it is not surprising that in Fig. 8B the 
measured axial thickness distributions do not agree well 
with those predicted. 

Figures 6-10 show that the "terminal-effect" model pro- 
vides a good basis for predicting axial metal thickness 
distributions (and the associated current density distribu- 
tions Eq. [4]) under  a range of electrolyte compositions, 
cell depths, substrate velocities, average current densi- 
ties, and initial Cu thicknesses. The uniformity of current 
density distribution (linearity of Cu thickness distribu- 
tion) is enhanced by: (i) more shallow loops (cf. Fig. 7A 
and 10A), (ii) thicker initial Cu deposits (cf. Fig. 6B and 
7B), (iii) slower substrate speeds (which leads to thicker 
Cu electrodeposits) (cf. Fig. 7A and 7B), (iv) higher aver- 
age current densities (which leads to thicker Cu deposits) 
(cf. Fig. 9A and 9B), and (v) lower electrolyte conductivity 
(see Eq. [2]). 

Conclusions 
The steady-state "terminal effect" model has been 

shown to provide a good basis for the prediction of axial 
metal thickness distributions along a resistive cathode 
substrate in a continuous electrodeposition ceil. Good 
agreement between predicted and measured thickness 
distributions is found for a wide range of experimental 
parameters; for example, the dimensionless parameter ~b 
ranged from 0.7 to 6.0. These results indicate that the cur- 
rent density distribution is typically determined by the 
value of ~b, which includes several factors: ohmic poten- 
tial drop in the resistive cathode, ohmic potential drop in 
the electrolyte, kinetic overpotential at the electrodes, 
and cell geometry. Other factors, such as the concentra- 
tion overpotential, are of secondary importance. Condi- 
tions leading to cases where the model may not apply 
have been identified; these conditions can correspond to 
cell designs and operating parameters (e.g., those leading 
to local mass-transfer limiting currents) that can produce 
electrodeposited metal exhibiting undesirable properties. 

A c k n o w l e d g m e n t  
Manuscript submitted March 15, 1985; revised manu- 

script received June  26, 1985. This was Paper 270 pre- 
sented at the Washington, DC, Meeting of the Society, 
May 2-7, 1976. 

A T & T  Technologies, Incorporated,  assisted in meet ing 
the publ icat ion costs of  this article. 

LIST OF SYMBOLS 

b kinetic polarization parameter (f~-cm 2) 
d anode/cathode separation (cm) 
F Faraday constant (C/eq) 
i local current density (A/cm 2) 
lay+ average current density (Adcm 2) 
I cell current (A) 
j current per uni t  substrate width (A/cm) 
J j (x) / j (L)  



2336 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  

L 
M 
n 
T 
V 

W 
X 
X 
Z 
K 

~-o, ~-d 

electrode length (cm) 
molecular weight of electrodeposited metal (g/tool) 
cation valence (eq/mol) 
metal deposit  thickness (cm) 
substrate speed (cm/s) 
electrode width (cm) 
axial coordinate (cm) 
x/L 
horizontal coordinate (cm) 
electrolyte conductivity ( t l - ' -cm -1) 
dimensionless parameter peKL/T for the electrodes 
at y = 0 and y = d, respectively 

tLo, t~d dimensionless parameter Kb/L for the electrodes at 
y = 0 and y = d, respectively 

p density of electrodeposited metal (g/cm 3) 
p~ resistivity of electrodeposited metal (tl-cm) 
r dimensionless parameter (Eq. [2]) 
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Electrochemical Production of Potassium Carbonate 
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ABSTRACT 

Direct production of potassium carbonate by electrolysis of potassium chloride solution with the membrane cell was 
studied. The current efficiency was high since the hydroxyl  ion concentration in the cathode compartment  was low, re- 
sulting in min imum back-migration of OH-  through the membrane. The reduction of the cell voltage is discussed in 
some detail. The anode and cathode materials having low overvoltages were studied, and Nation 423 was used as the 
separator. The operation of a separate reactor for carbonating the catholyte liquor is also described briefly. 

Although the production capacity and the market of 
caustic and carbonate potash are small in comparison 
with the soda products, they are still important chemi- 
cals. Potassium carbonate is produced only by absorption 
of carbon dioxide with caustic potash, and there is no di- 
rect route from chloride such as the Solvay process for 
making soda ash because of the large solubility of potas- 
sium carbonate: 127g/100g H~O compared to 46g/100g H.~O 
of Na~CO3 at 60~ (1). 

Caustic potash is produced by electrolysis of potassium 
chloride solution. However, the current efficiency of the 
membrane cell is said to be low somewhat caused by 
small transport number  of K + in the membrane compared 
to the case of NaC1 electrolysis (2). 

There are several publications on the electrolytic pro- 
duction of sodium carbonate where the caustic catholyte 
is carbonated to keep the OH-  concentration low, re- 
sulting in high current efficiency (3, 4). In fact, it is troub- 
lesome since sodium carbonate and bicarbonate deposit 
in the cathode compartment.  

In the case of potassium salts, on the other hand, this 
process would be desirable because of no unwanted dep- 
osition (5). This paper deals with a small cell experiment  
and a pilot test for the direct electrolytic production of 
potassium carbonate from potassium chloride solution 
with a membrane cell followed by absorption of carbon 
dioxide with the catholyte effluent. 

Flowsheet and Reaction Sequence 
A proposed flowsheet is illustrated in Fig. 1. Concen- 

trated and purified KC1 solution is pumped to the anode 
compartment  of the membrane cell, and its effluent is 
sent back to the reservoir through the gas-solution sepa- 
rator where chlorine gas is recovered. Polishing of the 
feed brine with the chelating resin column is of great im- 
portance in eliminating a trace of hardness ions so as to 
keep the cell performance high and in extending the 
membrane service life (6, 7). The depleted brine is sent to 
the brine t reatment  yard. It is not shown in this figure. 

* Electrochemical Society Active Member. 
' Exchange scholar at Nagoya Institute of Technology 

(1981-1982). 

The catholyte liquor flows down from the top of the 
COx absorption tower packed with the Raschig rings to car- 
bonate caustic solution into carbonate, then bicarbonate 
after separation of hydrogen. A part of the catholyte liq- 
uor is bypassed to the second stage of the absorption 
tower, where carbonate is converted into bicarbonate. 

Water is supplied to the catholyte reservoir to adjust the 
water balance and the solution concentration. 

The reaction sequence is simple. In the electrolytic cell, 
chlorine and hydrogen are liberated at the anode and the 
cathode, respectively 

2C1- = C12 + 2e [1] 
and 

2H20 + 2e = H~ + 2 O H -  [2] 

Since the catholyte contains bicarbonate ions, reaction [3] 
takes place in the bulk of solution 

O H -  + HCO:,- = CO:32- + H~O [3] 

The catholyte effluent is further carbonated in the ab- 
sorption tower to keep the OH-  concentration low, but 
the bicarbonate content in the product  should also be 
controlled. 

An excess solution absorbs more CO2 to convert into bi- 
carbonate in the second stage of the tower 

CO:~ 2- + CO~ + H20 = 2HCO:;- [4] 

CI 2 H 2 

g:=-2::2 

anolyte catholyte ~2CO1 storage 
reservoir reservoir tank 

Fig. 1. Flowsheet for the electrolytic production of potosslum carbonate 
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Fig. 2. A small Lucite cell 

Experimental Procedure 
A small Lucite cell, shown in Fig. 2, was fabricated to 

determine the electrode polarization, the IR drop through 
the membrane,  and the cathode current efficiency in the 
batch-wise system. That is, four Luggin-Haber probes 
were positioned on the front of the anode and cathode, 
and both sides of the membrane.  The Luggin probes lo- 
cated at the cathode compartment were connected with 
respective reference electrodes composed of Hg/HgO/1M 
KOH, while the probes in the anode side were referred to 
the saturated calomel electrodes (SCE). 

The solution gaps in both the anode and cathode com- 
partments were large enough for the convenience of ex- 
periment. 

The DSA-type (RuO2+ TiO~) anode was prepared by a 
conventional manner, and another material--named 
MODE--was also used. The MODE is a platinized Ti 
mesh loaded with Ira2 as the electrode catalyst (8). A 
nickel sheet was used as the cathode. 

The solutions, 0.2 liter each in volume at the anode and 
cathode sides, were agitated by the magnetically driven 
stirrer, and the temperature was controlled at 60~ by 
electric heater. 

The flowsheet of the pilot exper iment  was almost the 
same as shown in Fig. 1, with some exceptions. A major 
difference was the separate operation of the electrolyzer 
from the 'gas absorber. 

A vertical and rectangular-type electrolytic cell, also 
made of Lucite resin, is illustrated in Fig. 3. The Nation 
membrane of 5 cm wide and 40 cm long was flanged by 
two frames, and supported by the anode mesh. The 

Copper busbar 
Membrane [ 

Cathode 

o 

k gin 

Copper busbar u " - - ' ] [  . . . .  

Fig. 3. A vertical cell 

membrane-to-cathode gap was adjusted by a frame of a 
certain thickness. A MODE mesh was employed with this 
cell. A plain Ni sheet was mostly used as the cathode, and 
some experiments were conducted with an activated 
mesh cathode consisting of a steel coated with the Raney 
nickel. An alloy composed of 50% Ni and 50% A1 was 
plasma-sprayed on a steel mesh substrate, then aluminum 
was leached out with hot concentrated caustic soda for a 
day. The apparent electrode area was about the same as 
of the membrane,  so that the current density on both elec- 
trode and membrane was ca. 40 A/din 2 at 80A in total am- 
perage. The current density presented in this paper is 
referred to the membrane surface. 

Nation membranes 315, 417, and 423 were employed. 
Most experiments were conducted with 423. These mem- 
branes were treated with boiling water for about an hour 
prior to experiment.  

The temperature was controlled by the electric heater 
immersed in the reservoir. The solution volume was 8 li- 
ters each side. The anolyte flow was kept constant at 3 
liter/min, and was large enough to keep the solution com- 
position to be unchanged during experiment.  On the 
other hand, the catholyte flow rate was varied in a wide 
range, 0.04-3.0 liter/min. All the catholyte flows through 
the gap between the membrane and the flat plate cath- 
ode. On the other hand, a part of the catholyte and hydro- 
gen bubbles evolved may pass through the back-space 
when the mesh cathode is provided. 

Potassium chloride of 4.2M in concentration was fed to 
the anode compartment.  The catholyte was composed of 
a mixture of KHCO~ and K2CO3. The total molarity was 
kept constant at 2.0M, and the concentration ratio of the 
constituents was varied in a wide range. Its composition 
and concentration are not optimum, but it is just  for the 
convenience of experiment.  In practice, the higher the 
catholyte concentration, the higher is the performance of 
the cell. Potassium hydroxide was also added to the 
catholyte if necessary. These electrolytes were prepared 
with reagent-grade chemicals and deionized water. Also, 
the anolyte was further treated by passing through the 
chelating resin column when the hardness content 
reached unacceptable levels. 

The catholyte was titrated with HC1 solution and the in- 
dicator composed of methyl red and bromocresol green 
before and after electrolysis to evaluate the current 
efficiency for the cathode products. The solution compo- 
sition was determined by pH titration. 

A vertical cell was normally operated continuously for 
30 Ah at various current densities, while a small batch cell 
was operated for 2.1 Ah. 

Results and Discussion 
As is shown in Eq. [3] and [4], the reaction of KOH with 

KHCO3 is just a neutralization, so that OH-  and CO:32- may 
exist in alkaline solution. On the other hand, the solution 
containing excess COs or HCO3- is composed of KHCO3 
plus K2CO3, but no KOH. In consequence, a parameter a 
shown by Eq. [5] is used to represent a nature of the 
mixed solution or the KOH-K2CO3-KHCQ system instead 
of the molar concentration C of the components  

Cco~2- + Coil- 
= [5] 

CHCO3-- -}- Cc032_ 

At a = 1, neither OH-  nor HCO~- exist in the solution; 
that is, the solution contains only K~CO~. If a < 1, the so- 
lution contains excess KHCO3, but no KOH. On the other 
hand, OH-  remains in the solution, but there is no KHCO3 
when a > 1. It is useful to compare the electrolyte 
of different composition and concentration. 

Figure 4 shows an example of the current efficiency 
and the terminal voltage of a small cell shown in Fig. 2 as 
functions of a. It is clear that the current efficiency de- 
creases when a increases, especially in the region larger 
than unity of a caused by a significant migration of OH-  
from the cathode compartment  to the anode side through 
the membrane.  On the other hand, the cell voltage goes 
down with the increase of a because the IR drop between 
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Fig. 4. Current efficiency and voltage af the small cell as functions af 
the solution composition. Closed points: solution containing carbonate. 
Open points: solution free of carbonate. Anode: DSA. Cathode: plain Ni. 
Membrane: Nation 423. Anode-to-membrane gap: 27 mm. Cathode-to- 
membrane gap: 27 ram. Current density: 20 A/dm 2. Temperature: 60~C. 

the  ca thode  and the  m e m b r a n e  decreases  wi th  the  in- 
crease of  the  ionic s t rength  and/or  the  KOH concent ra-  
tion. The  cell  vol tage  in this figure is ve ry  large and is 
shown as re fe rence  because  the  solut ion gaps in bo th  the  
anode and ca thode  sides are large. 

This figure also shows the  cur ren t  eff ic iency and the  
cell vol tage  obta ined  with  the  K O H  catholyte  free of  car- 
bonate.  The  cur ren t  eff ic iency is a lmos t  equal  to that  of  
the cell  opera ted  wi th  m i x e d  solutions.  It  represents  that  
the back-migra t ion  of  O H -  th rough  the  m e m b r a n e  is not  
affected s ignif icant ly by carbona te  ions. The  cell vol tage  
was, of course,  ve ry  h igh  in w e a k  solut ions  whereas  it was 
a lmos t  the s a m e  as of  the  cell  filled wi th  m i x e d  solut ions  
in the  concen t ra t ion  range  of  O H -  m o r e  than  1.5M. 

The current  eff ic iency and the  vol tage  of  the  ver t ica l  
cell e q u i p p e d  with  Nat ion 423 as funct ions  of the  
catholyte  compos i t ion  are shown in Fig. 5. The  cur ren t  
dens i ty  was 20 A/din 2, and the  solut ion t empera tu re  was 
kep t  cons tan t  at 60~ The ca tholyte  f low was 3 ] i ter/min 
or ca. 16.7 cmJs in a 6 m m  gap be tween  the  flat plate cath- 
ode and the  membrane .  As is shown  by the  top draft  in 
this figure, the  cur ren t  eff ic iency of  the  ver t ical  cell was 
a lmost  equa l  to that  of  the  smal l  cell  descr ibed  above.  
The  cell  vo l tage  in this case is re la t ively low in compari-  
son with  that  of  the  smal l  cell  because  the  m e m b r a n e  tou- 
ches on the  anode  m e s h  and the  ca thode  gap is small,  bu t  
is still insufficient .  The  flow rate was a small  factor  on 
the  cur ren t  ef f ic iency as shown  in Fig. 6. Of  course,  elec- 
trolytic h y d r o g e n  bubbles  associate  wi th  forced circula- 
t ion to agi tate  the  catholyte  and to keep  the  solut ion com- 
posi t ion un i fo rm across the  ver t ica l  cell. 

At  the  flow rate  lower  than 0.1 l i ter /min or  0.6 cm/s, the  
O H -  concen t ra t ion  in the  ca thode  c o m p a r t m e n t  increases  
and causes  the  cur ren t  inefficiency.  

F igure  7 i l lustrates  that  the  cur ren t  eff iciency is a lmos t  
i n d e p e n d e n t  of  the  cur ren t  dens i ty  in the  range 10-40 
AJdm 2 if  a does not  exceed  unity.  Also, the  current  
eff ic iency did not  change  in the  t empera tu re  range 
40~176 The cell  vol tage is a lmos t  l inear  wi th  the  cur ren t  
dens i ty  in the  range 10-40 A/din 2 (see bo t tom of the  
figure), wh ich  represen ts  that  the  major  factor  of  the  cell  
vo l tage  is t he  o h m i c  componen t ,  e i the r  m e m b r a n e  or  
electrolyte,  ra ther  than  the  overvol tage.  

F r o m  the  v i e w p o i n t  of  p roduc t  quali ty,  po tass ium car- 
bona te  is con t amina t ed  by e i ther  caust ic  potash  or bicar- 
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Fig. 5. Current efficiency and voltage of the vertical cell as functions 

of the solution composition. Anode: MODE. Cathode: plain Ni. Mem- 
brane: Nation 423. Cathode-to-membrane gap: 6 mm. Current density: 
20 A/dm 2. Temperature: 60~C. Catholyte flow rate: 3 llter/min. 
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bonate  d e p e n d i n g  on a, and hence  a m u s t  be  contro l led  
as exact ly  as possible.  

Table  I shows the  b reakdown  of the  te rmina l  vol tage of 
the smal l  cell  and  the  ver t ical  cell at  a g iven  current  den- 
sity (20 A/dm ~) and t empe ra tu r e  (60~ The figures for 
the  smal l  cell  were  obta ined  by e x p e r i m e n t  with the ex- 
cep t ion  of  the  catholyte  IR drop. Its IR  drop was calcu- 
lated wi th  an a s sumpt ion  of  6 m m  for the  electrolysis  gap 
to compare  the  vol tage  drop in two cells unde r  t he  same 
condi t ions.  The  solut ion conduc t iv i ty  was measu red  with  
a separa te  cell  for this t rea tment .  The anolyte  IR  drop of  
the  smal l  cell  was d ropped  f rom the  list for the  same rea- 
son. Both  cells  were  equ ipped  with  a mesh- type  M O D E  
anode,  a plain Ni cathode,  and Nat ion 423. As shown  in 
Fig. 2, s ince the  solut ion gaps in both  the  anode  and cath- 
ode c o m p a r t m e n t s  of  the  smal l  cell  are large enough,  the  
gas vo idage  is small,  and hence  it  is conc luded  that  the  
expe r imen ta l  resul ts  do not  conta in  any bubb le  effect  of  
hydrogen  and chlor ine  in this case. 

In the  ver t ica l  cell, on the  o ther  hand,  Nation mem-  
brane  is suppor t ed  by the anode  m e s h  whi le  the  ca thode  
plate is loca ted  at  6 m m  f rom the  m e m b r a n e ,  and  the  
ca tholyte  is c i rcu la ted  in b e t w e e n  at a cons tan t  rate  (3 
liter/min). Therefore ,  d e t a c h m e n t  of  chlor ine  bubbles  
f rom the  a n o d e - m e m b r a n e  s t ructure  is delayed,  and the  
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except for ~ = 0.9-1.0. 

ca tho ly te  in  t he  e lec t ro lys is  zone  is c r o w d e d  by  h y d r o g e n  
b u b b l e s  to s o m e  ex ten t .  As  a resul t ,  t h e  ove rvo l t ages  at  
t he  a n o d e  a n d  t h e  ca thode ,  a n d  also t h e  m e m b r a n e  IR 
drop,  i n c r e a s e  c o n s i d e r a b l y  d e p e n d i n g  on  t he  b l i n d i n g  o f  
t h e s e  sur faces .  

The  r e v e r s i b l e  po t en t i a l s  for  t h e  h y d r o g e n  a n d  ch lo r ine  
e l ec t rode  p r o c e s s e s  u n d e r  ope ra t i ng  c o n d i t i o n s  of  solu- 
t ion  c o m p o s i t i o n  a n d  t e m p e r a t u r e  we re  m e a s u r e d  w i t h  
t he  smal l  cell  a n d  ag reed  w i t h  theory .  T h e s e  r e su l t s  we re  
u s e d  to b r e a k  d o w n  t he  cell  vo l t age  s h o w n  in  Tab le  I. 

The  ove rvo l t ages  o b t a i n e d  w i t h  t he  sma l l  cell are  also 
s h o w n  in  Fig. 8. I n  th i s  case,  t h e  IR  d rop  b e t w e e n  t he  
w o r k i n g  e l ec t rode  a n d  t he  L u g g i n  p r o b e  was  c a l i b r a t e d  
b y  t he  c u r r e n t  i n t e r r u p t i o n  t e c h n i q u e .  However ,  t he  an- 
ode  p o t e n t i a l  of  t h e  ver t ica l  cell  in  Tab le  I con t a in s  s o m e  
IR  d r o p s  b e t w e e n  t he  a n o d e  a n d  t h e  L u g g i n  p robe .  

The  m e m b r a n e  IR  d rop  in t he  sma l l  cell  was  s o m e  0.6V, 
as s h o w n  in T a b l e  I, a n d  d id  no t  c o n t a i n  any  d i s t u r b a n c e  
as t he  ve r t i ca l  cell  was  affected.  However ,  i t  is st i l l  ve ry  
large  in c o m p a r i s o n  to t h e  IR d rop  of  s imi la r  Na t ion  em-  
p loyed  in  t h e  NaCI cell: c a .  0.3V at  80~ wi th  Na t ion  427 
(9) d u e  to d i f f e ren t  c o n d u c t i v i t y  in  b o t h  cases.  

As is s h o w n  in  T a b l e  I I A  as e x a m p l e  w i t h  Na t ion  315, 
t he  r e s i s t a n c e  of  Na t ion  m e m b r a n e s  i m m e r s e d  in  potas-  
s i u m  e lec t ro ly te  is l a rger  t h a n  t h a t  in  s o d i u m  sal t  so lu t i on  
d u e  to d i f f e ren t  p e r m e a b i l i t y  of  K ~ a n d  Na% Also,  t he  
specif ic  r e s i s t a n c e  in  c a r b o n a t e  so lu t i on  is la rge  com- 
p a r e d  to h y d r o x i d e  so lu t ion .  T h e s e  fac tors  ref lect  di- 
rec t ly  t he  IR  d rop  t h r o u g h  t he  m e m b r a n e  in p o t a s s i u m  
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Fig. 8. Polarization curves of various electrodes. Anolyte: 4.2M KCI. 
Catholyte: 2.0M K2CO3. Temperature: 60~ 

c a r b o n a t e  cell  u n d e r  d i scuss ion .  Tab le  I IB  l ists  t he  nomi -  
na l  r e s i s t a n c e  of  Na t ion  m e m b r a n e s  in  a d i lu te  KC1 solu- 
t ion  (0.6N KC1 at  25~ r e p o r t e d  by  du  P o n t )  a n d  t h e  t e s t  
r e su l t s  o b t a i n e d  in  t he  smal l  cell  u n d e r  o p e r a t i n g  condi-  
t ions .  

On t h e  o t h e r  h a n d ,  ve ry  la rge  IR  d rop  t h r o u g h  t h e  
m e m b r a n e  p o s i t i o n e d  in  t h e  ver t i ca l  cell  was  r e c o r d e d  as 
s h o w n  in  Tab le  I. B e c a u s e  t he  m e m b r a n e  was  s u p p o r t e d  
b y  t he  a n o d e  m e s h ,  ch lo r ine  b u b b l e s  l i b e r a t e d  f r o m  the  
a n o d e  we re  d i s t u r b e d  to escape ,  a n d  h e n c e  t he  m e m b r a n e  
sur face  was  c o v e r e d  by  gas  b u b b l e s  to a g rea t  ex ten t .  
This  causes  la rge  IR  d rop  t h r o u g h  t he  m e m b r a n e ,  also 
t he  a n o d e  overvo l tage .  I t  is k n o w n  t h a t  gas b u b b l e s  c an  
d e t a c h  f r o m  the  m e m b r a n e  i f  t h e  su r face  is hydroph i l i c .  

U n e v e n  c u r r e n t  d i s t r i b u t i o n  in  t he  m e m b r a n e  a t t a c h e d  
to t h e  m e s h  e l ec t rode  is also a fac to r  on  h i g h  vo l t age  
drop;  t h a t  is, t h e  ef fec t ive  area  for  pa s s ing  e lec t ro ly t ic  
c u r r e n t  r e d u c e s  to s o m e  ex ten t ,  w h i c h  is a c o m m o n  p rob -  
l em  for the  m e m b r a n e  cell t echno logy .  C o n s e q u e n t l y ,  an  
a d e q u a t e l y  d e s i g n e d  e l ec t rode  m u s t  b e  e m p l o y e d  to el im- 
inate ,  or m i n i m i z e  at  least ,  t h e s e  t roub le s .  

The  c a t h o d e  ove rvo l t age  is t h e  s e c o n d  l a rges t  f ac to r  of  
t h e  t e r m i n a l  vo l t age  a f t e r  t he  m e m b r a n e  IR  d rop  w h e n  
t he  p la in  Ni  c a t h o d e  is used .  Severa l  c a t h o d e  ma te r i a l s  
s h o w i n g  low h y d r o g e n  ove rvo l t age  are  ava i l ab le  in  t he  
marke t .  The  h y d r o g e n  ove rvo l t age  of  a R a n e y - t y p e  po- 
rous  Ni c a t h o d e  is v e r y  low (see Fig. 8), a n d  i ts  Tafel  s lope  
is s o m e w h a t  smal l ,  c a .  110 m V / d e c a d e ,  in  c o m p a r i s o n  
w i t h  142 m V / d e c a d e  of  a p la in  Ni ca thode .  

The  sol id  l ine  l abe l ed  423 in  Fig. 9 shows  t he  volt-  
a m p e r e  c u r v e  of  t h e  cell  e q u i p p e d  w i t h  Na t ion  423 a n d  a 
p o r o u s  Ni -coa ted  m e s h  c a t h o d e  a t t a c h e d  w i th  Nat ion.  
The  vo l t age  s a v i n g  f rom t h e  cell  w i t h  a p l a in  Ni  c a t h o d e  
(see do t t ed  l ine) is ca.  0.6V at  20 A/d in  2. The  e x p e r i m e n t a l  

Table II. Resistance of Nation membranes 

A. Nation 315 in various solutions at 60~ 

Resistance 
Anolyte Catholyte (~-cm'-') 

4.2M KCI 2M K2CO3 4.0 
1M K~CO:~ + 2M KOH 3.2 
4M KOH 2.7 

5.4M NaC1 2M Na.2CO3 2.7 
1M Na~CO3 + 2M NaOH 2.0 
4M NaOH 1.6 

Table I. Breakdown of the cell voltage at 20 A/dm 2. 
Membrane: Nation 423. Anode: MODE mesh. Cathode: plain Ni plate. 

Cathode-to-membrane gap: 6 mm. Flow rate: 3 liter/min. ~ = 1. 
Temperature: 60~ 

Small cell Vertical cell 
(V) (V) 

Anode potential 1.350 1.563 
Reversible potential 1.300 1.300 
Overvoltage 0.050 0.263 

Cathode potential -1.315 -1.321 
Reversible potential -0 .735 -0 .735  
Overvoltage -0 .580  -0 .586  

Catholyte IR drop 0.348 0.368 
Membrane IR drop 0.662 1.130 
Membrane potential -0.010 -0.025 

(Sum) Terminal voltage 3.665 4.357 

B. Nation 423, 417, and 315 

Resistance (D-cm 2) 
Type of Nation membranes Nominal ~ Measured h 

423 5-1200/T-12 5.4 3.3 
417 7-1100/T-12 4.1 2.3 
315 2-1500/4-1100/T-12 5.5 4.0 

a In 0.6N KC1 at 25~ quoted from du Pont 's  brochure. 
b Anolyte: 4.2M KC1. Catholyte: 2.0M K2CO3 at 60~ 
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Fig. 9. Voltage vs. current density curves (solid line) of the vertical cell 
equipped with MODE and a porous Ni cathode attached with Nation 
membrane at 60~ Dotted line shows the results with a plain Ni cathode 
located at 6 mm for the membrane (see Fig. 8). Catholyte flow: 3 
liter/min. ~ = 0,9-1.0, 

results with other membranes are also shown. The cath- 
ode current efficiency at 20 A/dm ~ was, of course higher 
than 95% in all cases. 

The solution temperature is an important factor for cell 
operation. The higher the temperature, the lower is the 
cell voltage. The cell voltage could be reduced further by 
0.2V when the operating temperature is raised from 60 ~ to 
90~ whereas only few experiments were conducted un- 
der such conditions since the plastic cell was affected by 
chemical attack. 

Most experiments described here were conducted with 
the catholyte of 2M total concentration and at the current 
density of 20 A/dm ~ for the convenience of experiment. Of 
course, the higher the concentration, the lower was the 
cell voltage. The current efficiency was almost indepen- 
dent of the total catholyte concentration. Therefore, the 
concentration must  be kept as high as possible. Also, we 
estimate that an opt imum current density may exist at 
higher levels than 20 A/din 2, so that the investment or the 
fixed charge is lowered while further experiment and en- 
gineering considerations are required for evaluating the 
economy of this process. 

Absorption of carbon dioxide with potassium hydrox- 
ide solution (reaction [6]) followed by reaction [4] or [7] is 
a typical process of gas absorption accompanied with 
chemical reaction (10-12), and is very fast, especially at 
high temperatures 

CO.2 + 2KOH = K~CQ + H~O [6] 

and 

CO~ + K2CO3 + H20 = 2KHCO, [7] 

The catholyte can be carbonated by introducing CO2 gas 
into the cathode, compartment,  while the cell configura- 
tion is complicated somewhat (4). However, use of a sepa- 

rate reactor in parallel with the electrolyzer is preferable 
for easy operation and reduction of the energy consump- 
tion, as is illustrated in Fig. 1. 

Excess caustic in the catholyte effluent is neutralized 
in the upper column of the absorption tower (see Fig. 1), 
and a part of solution is recovered as an intermediate of 
the product, which is concentrated or evaporated, de- 
pending on the market. Remains flow down to the sec- 
ond stage of the tower where the solution absorbs more 
CO~ to obtain bicarbonate (reaction [4A]) to prepare the 
catholyte liquor. 

In conclusion, electrochemical production of potassium 
carbonate with a membrane cell was studied. The cath- 
ode current efficiency was high at almost 100% in a wide 
range of the operating conditions since the OH- concen- 
tration in the cathode compartment was low. The IR drop 
through the membrane was the largest factor of the ter- 
minal voltage. Although Nation 423 was employed most 
often in this experiment, any membrane having lowest re- 
sistivity is preferable since the OH- concentration in the 
catholyte liquor is sufficiently low, and further reduction 
of the cell voltage is thus anticipated. The flowsheet 
shown in Fig. 1 is applicable to practice because of easy 
operation of the whole process of interest. 
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ABSTRACT 

The production of 1,2-dichloroethane and ethylene chlorohydrin by electrolysis of ethylene containing hydrochloric 
acid solutions was studied with a bench-scale continuous-flow undivided parallel-plate cell. The product  distribution 
was independent  of electrolyte flow rate and current density, but was significantly influenced by the chloride ion con- 
centration. The cell current-voltage curves were found to be independent  of electrolyte flow rate. Engineering models 
which included consideration of the chemical environment  in the electrolysis zone were developed from fundamental 
principles of mass transport, ohmic resistance, and reaction kinetics. The models were verified by comparison with ex- 
perimental  findings, and were subsequently used to explore engineering aspects of scale-up and optimization. These 
models were incorporated with economic analyses to study the influence of design and operating parameters on the 
cost of 1,2-dichloroethane. A successive quadratic programming method was used to identify optimal operating condi- 
tions as well as the most sensitive parameters of the system. 

Development  of new electro-organic synthesis pro- 
cesses depends on knowledge of chemical mechanism as 
well as on engineering design trade-offs. The unification 
of these perspectives at an early stage of development can 
promote a more cost-effective exploration of those factors 
which control the candidate process. The purpose of the 
present study was to provide methodology by which 
small-scale experiments  can be exploited to evaluate pro- 
cess limitations at an early stage. The emphasis of the 
work was on a methodology which is simple and portable 
to other applications, and not on development  of a 
specific candidate process: 

The process chosen for study was the production of 
1,2-dichloroethane (DCE) and ethylene chlorohydrin (EC) 
by electrolysis of hydrochloric acid solutions containing 
ethylene. The synthesis was an indirect electrochemical 
process in which chlorine was produced at the anode, and 
products were generated by electrophilic addition of chlo- 
rine to ethylene 

R 1 
C~H4 + CI~ + - - H 2 0  --* C~H4CI~ 

R + I  R + I  

R 

R + I  
- - C 2 H . ~ O C I  + ~ +  1 HC1 

where R is the product ratio defined as R = [EC]/[DCE]. 
The reaction mechanism consists of formation of a 
chloronium ion intermediate followed by attack from 
nucleophiles (1). 

A series o f  feasibility studies for electrochemical chlori- 
nation of ethylene was carried out by Tedoradze et al. 
(2-5). Experiments  were carried out in ethylene-sparged 
beaker cells with planar electrodes. Parameters investi- 
gated included purity and concentration of HC1 solutions, 
temperature,  current density, electrode materials, and 
ethylene feed rate. The dependence of yield and product 
spectrum upon these parameters was reported. These 
studies made their contribution in demonstrating feasibil- 
ity and identifying the proper chemical environment  for 
the process. 

Early aspects of process evaluation also require quanti- 
tative data obtained in well-characterized experimental  
systems. The scope of the present work included bench- 
scale experiments,  formulation of models of the reaction 
chemistry and of the electrolytic eel], scale-up, cost evalu- 
ation, optimization, and sensitivity analysis. 

Fundamental  analyses of the parallel-plate cell geome- 
try have been reported (6). For the system under study, 
however, gas evolution on both electrodes complicated 

*Electrochemical Society Active Member. 
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the mass transfer and ohmic resistance aspects. The 
influence of gas bubbles on the current distribution in 
electrolytic cells has been reported (7, 8) for situations 
where the population distribution of bubbles was uni- 
form. A review of gas evolving electrodes has been pro- 
vided by Vogt (9). 

The scale-up of electrochemical processes has recently 
been reviewed (10) with emphasis on the value of engi- 
neering models to exploit limited bench-scale laboratory 
data. Capital costs for electrochemical cells have become 
available (ii), and examples of economic evaluations 
have been reported (12). 

Methods for optimization of electrochemical processes 
(13) are beginning to emerge for analysis of individual 
cells (14, 15) as well as entire electrolytic processes (16). In 
general, optimization considerations should be based on 
the entire flowsheet, since in some cases it is worthwhile 
to accept cell modifications in order to achieve better 
downstream operations. 

Experimental 
Apparatus.--The electrochemical cell was of undivided 

parallel-plate geometry and consisted of two cell housing 
pieces and a spacer, all of polypropylene. The electrodes 
were mounted flush with the flow channel surfaces, op- 
posite each other, and were held in place by the spacer 
which also served to establish the gap distance between 
electrodes. The anode material was Karbate | no. 22 (Un- 
ion Carbide), a graphite material impregnated with a 
standard phenolic resin, impervious to liquids. [Results of 
auxiliary limiting current experiments (17) for chlorine re- 
duction with a Karbate | rotating disk electrode indicated 
that deviation of the active surface area from the apparent 
surface area was less than 5%.] The cathode was plati- 
nized graphite (17) on a substrate of Poco AXF-5Q (Union 
Oil) graphite. The exposed electrode surface had a dimen- 
sion of 10.2 • 2.54 cm. A hydrodynamic entrance length 
(43.2 cm) was provided for flow development  upstream 
from the electrodes. For a typical cell gap of 0.635 cm, this 
hydrodynamic entrance length was adequate up to a 
Reynolds number  of 1700, where the Reynolds number  
was based on the cell gap (18). The downstream calming 
region was 10.2 cm long. Current feeders consisted of 
threaded oxygen-free copper rods (1/8 in. diam) con- 
nected to the back side of the electrodes. 

The flow system is shown schematically in Fig. 1. A 
bubble column (4 ft length) was included for ethylene (Air 
Products, C.P. Grade, 99.8%) absorption. The ethylene 
stream eventually passed through a Dry Ice cold trap for 
recovery of residual 1,2-dichloroethane. The liquid stream 
passed through flow measurement  devices (Gilmont, 
F1500 and F1300), flow stabilizer, the electrochemical 
cell, and then returned to the reservoir. The function of 
the flow stabilizer was to collect the gradually released 
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Fig, 1. Flow system. 1 : Ethylene cylinder. 2: Regulator. 3: Gas spar- 
ger. 4: Bubble column. 5: Rasching ring packing. 6: Reservoir. 7: 
Sampling port. 8: Pump. 9: Rotameter. 10: Condenser. ! I" Flow stabil- 
izer. 12: Manometer. 13: Cell. 14: Thermometer, 15: Dry ice cold 
trap. 

ethylene gas so that a steady, bubble-free electrolyte 
would enter the cell. For electrolysis experiments,  the cell 
pressure was monitored at 1.2 arm, for which release of 
ethylene gas was found to be sufficiently slow. Tubing 
and piping were of 1/2 in. polypropylene. 

Flow electrolysis experiments were carried out in con- 
stant current mode. A current controlling resistor 
(Koolohm | 10W, lgl) was connected to the power supply 
(PAR, 371) for cell current monitoring. Current readout 
was given by a digital mult imeter  (Keithley, 179A). For 
cell current-voltage measurements,  a function generator 
was connected to the potentiostat to provide the voltage 
scan, and the cell current was recorded by an X-Y re- 
corder (Houston Instrument, 2000). HC1 (Mallinckrodt, 
AR) and deionized water were used in electrolyte prepara- 
tion. 

A rotating disk (Pine Instrument,  AFDD 20) was used 
to determine charge transfer parameters. A Karbate | disk 
(0.318 cm diam) was used for chlorine evolution, and a 
platinized graphite disk (0.159 cm diam) for hydrogen ev- 
olution. The disk sizes were chosen so that the current 
distribution would be uniform to within 20% up to a cur- 
rent density of 100 mA/cm'-' (25). 

Procedures.--Prior to each electrolysis experiment,  eth- 
ylene was bubbled for at least 20 rain with electrolyte cir- 
culation. The period of electrolysis was typically 2h, fol- 
lowing which the bulk solution and cold trap were 
sampled and analyzed by gas chromatography (Varian 
3740 Chromatograph and Vista 401 Data Station). The 
combinations of operating parameters which were inves- 
tigated included three electrolyte flow rates (95, 328, 1380 
mYmin) and four current levels (200, 400, 800, 1600 mA). 
Four electrolyte concentrations (1, 2, 4, 8M HC1) were 
used to study the effect of chloride ion concentration on 
the product spectrum. Temperature range was (25 -+ 4)~ 

No organic impurities were found in the electrolyte that 
would interfere with the chemical analysis. The column 
was 2 mm glass, 6 ft length, and packed with 1% SP-1000 
on 60/80 Carbopack (Supelco, Incorporated). A prepack- 
ing of sodium bicarbonate was used to retard attack of 
HC1 on the packing. Helium was the carrier gas; the flow 
rate was 30 ml/min at an inlet pressure of 50 psig. The 
flame ionization detector was held at 210~ while the 
flash injector was held at 180~ For analysis, the column 
was held at 50~ for 2 min and then subjected to tempera- 
ture programming at a ramp rate o f  10~ to a final 
temperature of 150~ Ethanol was used as the internal 
standard. 

Cell current-voltage curves were recorded for various 
combinations of cell gap and flow rate. Voltage sweep 

rate was 10 mWs, which appeared to be slow enough to 
minimize double-layer charging effects as well as to allow 
the cell to operate at pseudo-steady state. 

Results and Discussion 
The amount  of the two major products, 

1,2-dichloroethane (DCE) and ethylene chlorohydrin (EC), 
was a linear function of the electrolysis period. For most 
experimental  runs, the material yield (Y) 

sum of the amount of EC and DCE y= 
total amount of chlorine generated at 100% current efficiency 

was in the range of (100-  5)%. Therefore, the current 
efficiency for chlorine evolution was 100% at all current 
densities investigated. Electrolyte flow rate and cell cur- 
rent were found to have little influence on the product 
spectrum. 

Chloride ion concentration was found to have signifi- 
cant influence on the product distribution. As the chlo- 
ride ion concentration was increased, the product spec- 
trum shifted towards 1,2-dichloroethane. Supplementary 
experiments for the study of solution phase reaction be- 
tween ethylene and chlorine were carried out with a 
chemical flow reactor having no electrodes. To within 
experimental  error, it was found that the product distri- 
bution was practically identical to that from the electroly- 
sis experiments.  It was concluded that, even in the pres- 
ence of electrodes, the reaction was still occurring in the 
solution phase. Figure 2 shows the dependence of the 
product distribution upon the ratio [H20]/[HC1]. The equa- 
tion which fits these data is 

[EC] _ [H~O] [i] 
R - [DCE] 0.102 + 0.132 [HCI------]- 

The product distribution results in Fig. 2 agree with 
the commonly accepted mechanism of chlorination of 
olefins (1) 

C1 
[ k:,, H~O 

H H H Cl H H /H . ~ ~  EC 
\ / \ : / \ 

C ~ C  + CI., -~  C ~ ' C  --~ C ~ C  _ 
/ \ - / \ / " ,  ,,, \ ~  

H H H H H ~1 § H ~'~ DCE 
(Tr-complex) (chloronium C1 - 

ion ks, C1- 
intermediate) 

According to this mechanism, the slope of the straight 
line would be the ratio (kJk4) of the two rate constants 
leading to the formation of the two major products. Evi- 
dence given by Serguchev and Konyushenko (19, 20) indi- 
cated that the ratio kJk4 was relatively independent  of the 
reactivity of the unsaturated compounds. The number  ob- 
tained in our experiments (0.132) compares favorably 
with that for chlorination of styrene in aqueous system 
(0.133) as well as that for chlorination of allyltrimethylam- 
monium perchlorate (0.156). The activity of styrene has 
been estimated to be 1.2 • 10 '~ times that of allyltrimethyl- 
ammonium perchlorate. However, there was evidence (20) 
that the ratio depended upon the solvent composition. 
Therefore, extension of the experimental  finding to sys- 
tems other than aqueous hydrochloric acid would not be 
recommended.  

The product ratio resulting from thermodynamic equi- 
librium between the two products following the reaction 

C2H4C1~ + H~O ~ C~H~OC1 + HC1; 

Keq = [C~HsOC1][HC1]/[C2H4CI~][H20] 

would be expected to be pH dependent.  However, supple- 
mentary experiments with mixed electrolytes of HC1 and 
NaC1 showed that the product distribution depended 
upon total chloride ion concentration but not upon HC1 
concentration. It was therefore concluded that the prod- 
uct distribution was controlled by the kinetics of the ho- 
mogeneous reaction. 

It was found that the same I-V curve was recorded for 
both 1M HC1 and for ethylene-saturated 1M HC1 as long as 
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7 0  

t he  cel l  was  k e p t  c o n t i n u o u s l y  act ive.  I f  t h e  p o w e r  was  
t u r n e d  off, t h e  I-V cu rve  f rom t h e  first  s u b s e q u e n t  vol t-  
age s can  w o u l d  t h e n  b e  d i f ferent ,  b u t  s u b s e q u e n t  scans  
e v e n t u a l l y  r e v e r t e d  to t he  c u r v e  f o u n d  in  e thy lene - f r ee  
e lec t rolyte .  T h e s e  o b s e r v a t i o n s  s u g g e s t  t h a t  as long  as t h e  
cell  is c o n t i n u o u s l y  ac t iva ted ,  t h e r e  wi l l  be  no  poss ib i l i ty  
for  t h e  a d s o r p t i o n  of e t h y l e n e  to occu r  a n d  t h e  e l ec t rode  
will  no t  r e s p o n d  to t he  p r e s e n c e  of  e thy lene .  T h e s e  re- 
sul ts  s u p p o r t  t he  i n t e r p r e t a t i o n  t h a t  r ap id  r eac t i on  be- 
t w e e n  e t h y l e n e  a n d  ch lo r ine  occu r s  in  t he  so lu t ion  p h a s e  
and  t h a t  t h e c e l l  p lays  on ly  t he  ro le  of  a ch lo r ine  source.  

Fo r  a f ixed cell  gap,  t he  I-V c u r v e s  we re  f o u n d  to b e  in- 
d e p e n d e n t  of  t h e  e lec t ro ly te  f low ra te  ove r  a r a n g e  f r o m  
50 to 2000 ml /min .  T he  I-V c u r v e s  r e c o r d e d  for  va r ious  
cell  gaps  r a n g i n g  f rom 0.323 to 1.892 c m  are  s h o w n  in Fig. 
3. I t  can  b e  s een  f rom t he  s lope  of  t he  h i g h  c u r r e n t  
p o r t i o n  of  t h e  c u r v e s  t h a t  a t  t he  s a m e  cell  vo l tage  t he  cell  
c u r r e n t  is sma l l e r  for  l a rger  cell  gap,  owing  to l a rger  
o h m i c  loss  in  so lu t ion  phase .  Also,  t he  cell gap  in- 
f luences  t he  overa l l  s h a p e  of  t h e  curves ;  t he  cu rves  be- 
c o m e  s t r a igh t  l ines  at  l ower  c u r r e n t  leve ls  for  l a rger  cell  
gaps .  T h e s e  m e a s u r e m e n t s  we re  clar if ied b y  v i sua l  ob- 
s e r v a t i o n s  d e s c r i b e d  in t he  f o l l o w i n g  pa r ag r aphs .  

Fo r  v i sua l  o b s e r v a t i o n  of  f low p a t t e r n  in  the  electroly-  
sis region,  a t r a n s p a r e n t  P l ex ig l a s  | s p a c e r  1.224 c m  t h i c k  
was  used .  Whi le  t he  r e su l t s  are qua l i t a t ive  in  na tu re ,  t h e  
p h e n o m e n a  w h i c h  we re  o b s e r v e d  were  essen t i a l  for reso- 
l u t i on  of  I-V data.  

Gas  e v o l u t i o n  was  o b s e r v e d  at  b o t h  e lec t rodes .  T h r e e  
d i s t i nc t  r eg ions  we re  seen.  N e x t  to t h e  a n o d e  surface ,  a 
t h i n  l ayer  c o n t a i n i n g  a ch lo r ine  b u b b l e  s w a r m  was  ob-  
served.  All b u b b l e s  s e e m e d  to m o v e  at  t he  s a m e  veloci ty .  
Coa l e scence  of  b u b b l e s  was  no t  a p p a r e n t .  A s imi la r  b u b -  
b le  l ayer  c o n t a i n i n g  h y d r o g e n  b u b b l e s  was  s een  a d j a c e n t  
to t he  ca thode .  The  cen t r a l  p o r t i o n  of  t h e  f low c h a n n e l  
was  free  of  b u b b l e s .  T he  d i a m e t e r  of  h y d r o g e n  b u b b l e s  
was  e s t i m a t e d  to b e  200 tLm a n d  t h a t  of  ch lo r ine  b u b b l e s  
was  e s t i m a t e d  to b e  100 tLm. B u b b l e  size d i s t r i b u t i o n  
s e e m e d  to b e  na r row.  N e i t h e r  cell  c u r r e n t  n o r  e lec t ro ly te  
flow ra te  s e e m e d  to i n f l uence  t he  b u b b l e  sizes. The  
t h i c k n e s s  of  t h e  m o v i n g  b u b b l e  l ayers  was  no t  u n i f o r m  
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Fig. 3. Experimental cell current-voltage curves for different cell gaps 

over  t he  en t i r e  e l ec t rode  l eng th ;  i t  i n c r e a s e d  w i t h  t he  dis- 
t a n c e  f rom the  l e ad ing  edge.  The  t h i c k n e s s  of  t he  m o v i n g  
b u b b l e  layers  i n c r e a s e d  s l ight ly  w i t h  d e c r e a s i n g  e lect ro-  
lyte  flow rate.  The  c u r r e n t  level  was  f o u n d  to h a v e  l i t t le  
in f luence  on  t h e  t h i c k n e s s .  The  h y d r o g e n  layer  was  
t h i c k e r  t h a n  t h e  ch lo r ine  layer.  For  a f low ra te  of  1560 
ml /min ,  h y d r o g e n  layer  t h i c k n e s s  at  t h e  c e n t e r  of  t he  elec- 
t r ode  was  e s t i m a t e d  to b e  0.05 cm, wh i l e  t he  c o r r e s p o n d -  
ing ch lo r ine  layer  t h i c k n e s s  was  e s t i m a t e d  to b e  0.02 cm. 
The  t h i c k n e s s  of  t he  m o v i n g  b u b b l e  layers ,  6avg, is repre-  
s en t ed  by  

... . .  = 0.02(Q/26.0) -~ [2] 

..... = 0.05(Q/26.0) -~ [3] 

T h e  r ise  ve loc i ty  of  b u b b l e  s w a r m s  was  no t  i n f luenced  
b y  t he  c h a n g e  of  e lec t ro ly te  f low ra te  for  a f ixed cell  cur-  
rent .  Over  t h e  cell  c u r r e n t  r a n g e  u n d e r  s t u d y  (1-3A), t h e  
r ise  ve loc i ty  va r i ed  nea r ly  p r o p o r t i o n a l l y  w i th  the  cell 
c u r r e n t  for f ixed e lec t ro ly te  flow rate ,  wh i l e  t h e  l ayer  
t h i c k n e s s  d id  no t  change .  F o r  a cell  c u r r e n t  of  1A, t he  r i se  
ve loc i ty  of  h y d r o g e n  b u b b l e  s w a r m  was  e s t i m a t e d  to b e  6 
cm/s.  The  c o r r e s p o n d i n g  va lue  for  c h l o r i n e  b u b b l e s  was  2 
cm/s.  T h e s e  va lues  we re  in  r e a s o n a b l y  good  a g r e e m e n t  
w i th  va lues  ca l cu la t ed  on  t he  a s s u m p t i o n  of  S t ake ' s  l aw 
(21) for  an  i so la t ed  b u b b l e  w i t h o u t  i n t e rna l  c i rcu la t ion .  
The  r ise  ve loc i ty  of  b u b b l e  s w a r m s  was  t he r e fo re  repre-  
s e n t e d  as 

U~.cl2 = 2I~11 [4] 

ug.,~ = 6Ic~. [5] 

A c c o r d i n g  to o b s e r v a t i o n  of  o the r s  o n  b u b b l e  f o r m a t i o n  
at  sol id sur faces  (9), i t  is r e a s o n a b l e  to e x p e c t  t h a t  a layer  
of  sma l l  s t a t i o n a r y  b u b b l e s  ex is t s  u n d e r n e a t h  e a c h  mov-  
ing  b u b b l e  layer.  Th i s  i m m o b i l e  layer  w o u l d  t~ot be  ex- 
p e c t e d  to b e  a f fec ted  b y  l iqu id  flow, owing  to i ts t h i n n e s s  
a n d  t h e  a t t a c h m e n t  of  t h e  b u b b l e s  to t he  e lec t rode  
surfaces .  

A s c h e m a t i c  of  t h e  flow p a t t e r n  in  t he  e lect rolys is  re- 
gion,  b a s e d  on  v i sua l  obse rva t ion ,  is s u m m a r i z e d  in  Fig. 
4. Th i s  f low p a t t e r n  wil l  p l ay  a cen t r a l  role  in  f o r m u l a t i o n  
of t he  cell  m o d e l  w h i c h  fol lows.  
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Fig. 4. Schematic of the flow pattern in the experimental cell. 
Layer 1 : Fixed hydrogen layer. Layer 2: Moving hydrogen layer. Layer 
3: Bubble-free liquid layer. Layer 4: Moving chlorine bubble layer. 
Layer 5: Fixed chlorine bubble layer. 

Charge t ransfer  measu remen t s  wi th  the  rota t ing disk 
e lect rode were  carr ied out  at four  concent ra t ions  (1, 2, 4, 
and 8M HC1), and were  correc ted  for the  ohmic  compo-  
nent  by as suming  that  the  reference  e lec t rode  was in- 
finitely far away. The data  for both react ions fol lowed 
the Tafel  equa t ion  

( C* J 

( -aonr (b~,r exp  ~ [ -  E .... - 

{ } in(X) = ia~ C* 

[6] 

~anaF (~s,a(X)]} [7] 
exp  t----R--T-- [V~, - E .... - 

By examina t i on  of  the data r ep resen ted  by Eq. [7], a 
va lue  of  1.05V vs. SCE was ass igned to E~q,~, and the  ex- 
change  current  dens i ty  (i~0) was therefore  eva lua ted  at a 
reference  concen t ra t ion  ([C12]0) for each  e lec t ro lyte  such  
that  the  combina t i on  of  [C1-] and [C12]0 y ie lded  a va lue  of  
1.05V for E~,~. By  examina t ion  of  the  data r ep resen ted  by 
Eq. [6], a va lue  of  -0.123V vs. SCE was ass igned to Eeq,r 
the  exchange  cur ren t  dens i ty  (i~o) was tl~en evalua ted  at a 
re ference  concen t ra t ion  ([H2]0) wh ich  y ie lded  a va lue  of  
-0 .123V for E.q,c. These  data are l is ted in Table  I. 

Theoret ica l  
Reaction chemistry near the anode.--Chlorine produced  

at the  anode  reacts  h o m o g e n e o u s l y  wi th  e thy lene  which  
is d isso lved  in the  solution.  The  concent ra t ion  profi les 
near  the  e lec t rode  were  inves t iga ted  theoret ical ly  wi th  
use of  a t ranspor t  model ,  desc r ibed  in the Appendix .  Cal- 
culat ions were  carr ied out  for combina t ions  of  flow rates 
(3, 10, 20 mYs) and  current  densi t ies  (8, 16, 32, 64, and 128 
mAicm2). A rate  cons tan t  of  2 • 105 cm~ was used  
since this va lue  had been  repor ted  for the  uncata lyzed re- 
act ion (23); the  actual  overall  rate cons tan t  is p robab ly  
larger  since the  HCl-catalyzed react ion path  wou ld  also be  
available.  Details  on computa t ion  aspects  are available in 
Ref. (17). 

Resul ts  of  t hese  calculat ions ind ica ted  that  the  homoge-  
neous  reac t ion  takes  p lace  in a ve ry  sharply  def ined zone 

at a d is tance  f rom the  anode.  At  this react ion plane, the 
chlor ide ion concen t ra t ion  is essent ia l ly  ident ical  to that  
in the  bulk  solution.  Therefore,  the  p roduc t  d is t r ibut ion 
would  be expec t ed  to be the  same as i f  the  chlorine had 
been  bubb led  direct ly  into the  solut ion,  in ag reemen t  
wi th  expe r imen ta l  findings. Also, it was c o m p u t e d  tha t  
the  p roduc t  d is t r ibut ion  var ied  by less than 0.5% for all 
combina t ions  of  f low rates and cur ren t  densit ies.  These  
results  suppor t ed  the  expe r imen ta l  f inding that  the prod- 
uct  d is t r ibut ion  was not  affected by e i ther  flow rate or  
current  density.  Also, the  calculat ions demons t ra t ed  that  
the e thy lene  concen t ra t ion  be tween  the  react ion p lane  
and the  anode  wou ld  be zero, suppor t ing  the v iew that  
e thy lene  is not  adsorbed  on the anode  as long as the  elec- 
t rode is main ta ined  in the  act ive state. 

The d iscuss ion in the  first pa ragraph  of  the  A p p e n d i x  
suggests  tha t  the  effect  of  gas bubbles  is to increase the 
rate of  t ranspor t  in compar i son  with  the  rate of  homoge-  
neous  reaction.  One s imple  way to ach ieve  such al terat ion 
in relat ive rates in the  p resen t  mode l  is to decrease  the  re- 
act ion rate cons tan t  (or to increase the  diffusion coeffi- 
cient). When calculat ions  were  carr ied out  wi th  rate con- 
stants wh ich  were  10~-fold smal ler  (that is, a va lue  of  2 • 
10- '  cm3/mol-s), it was found  that  the  qual i ta t ive  features  
of behav ior  desc r ibed  in the  p rev ious  paragraph  re- 
ma ined  valid. I t  was therefore  conc luded  that  the general  
features desc r ibed  above  wou ld  not  be qual i ta t ively  dif- 
ferent  had  a more  detai led t r ea tmen t  of  bubble  evolu t ion  
been  carried out. 

Analysis of the electrolytic cell.--An und iv ided  parallel- 
plate reactor  was modeled .  The p resen t  analysis differs 
f rom previous  t rea tments  of  parallel-plate flow cells ow- 
ing to the  p re sence  of  gas bubbles  wh ich  requires  consid- 
erat ion of  f low pat tern  in the  fo rmula t ion  of  effect ive 
electrolyte  conduct iv i ty .  P h e n o m e n a  unde r  cons idera t ion  
inc luded  charge  transfer,  ohmic  resistance,  and mass  
transfer.  Pa ramete r s  for each p h e n o m e n a  were  deter- 
m ined  expe r imen ta l ly  or  were  ob ta ined  f rom the litera- 
ture  for use in mode l  calculat ions;  these  parameters  are 
compi led  in Table  I. The ma thema t i ca l  ar t iculat ion of  
these  componen t s  into a unif ied represen ta t ion  of  the  en- 
tire cell  const i tu tes  an impor t an t  task. While each e l emen t  
of the  fo l lowing overall  mode l  could  be  represen ted  in a 
more  sophis t ica ted  manner ,  it is rarely cost  effect ive to do 
so in early stages of  process  evaluat ion.  By  the m e t h o d  
descr ibed  below, the  mos t  sensi t ive features of  an opti- 
mized  s imple  mode l  can be identified.  In  turn, these  
c o m p o n e n t s  can then  be  upg raded  in order  to improve  in 
a se lect ive  m a n n e r  the  mos t  impor t an t  features of  the  cell 
model .  

The charge  t ransfer  character is t ics  of  the  chlor ine and 
hydrogen  evo lu t ion  react ions on the  e lec t rode  materials  
used  in this s tudy  were  obta ined  exper imen ta l ly  as dis- 
cussed in the  presen ta t ion  of  Eq. [6] and [7] above.  

The  so lu t ion  phase  ohmic  res is tance  was a s sumed  to be 
the sum of the  res is tance of  each  layer represen ted  in the  
flow pat tern  dep ic ted  in Fig. 4. The  effect ive  conduct iv-  
ity of  the  bubb le  curtains  was a s sumed  to be 1/5 of  the  
bulk  va lue  (27). A th ickness  of  50 tzm was ass igned to the  
chlor ine bubb le  curtain,  and a va lue  of  60 ~m was as- 
s igned to the  hyd rogen  bubb le  cur ta in  (27). 

B r u g g e m a n ' s  equa t ion  (28) was used  to descr ibe  the  ef- 
fect ive conduc t iv i ty  of  the  mov ing  bubb le  layers on each 
e lec t rode  

[ RT(I~./2) j .~/'2 
1 [ 8 ]  

K ..... = [ 1 -  RT(Ir 1 ~j2 
Ko 2 F P ~ H . ~ W J  [9] 

The total  solut ion phase  ohmic  res is tance  was expres sed  
as 

R~ = 5(0.005)/AKo + 5(0.006)/AK0 + 6a~,~.a/A~eav~,a -t- 6avg,c/AKavg,c 

+ ( h  - 0 . 0 0 5  - 0 . 0 0 6  - ~ v ~ , a  - ~ . . . . .  )/AKo [ 1 0 ]  
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Table I. System parameters used in the modeling of the experimental cell 

Parameter  Physical  meaning Value or functional Ref. 

C HC1 concentration Variable (M), normally 1M 
h Cell gap Variable (cm) 
L Cell length 10.16 cm 
W Cell width 2.54 cm 
Q Flow rate Variable (mYs) 
V,.H Cell voltage Variable (V) 
C, C,H4 concentration 5.0 x 10-3M 
T Temperature  298.15 K 
P,.H Cell pressure 1 atm 
i,0 Exchange current  densi ty 4.78 x 10 -4 A/cm'-' for LM HC1 (17) 

for C1-/CI~ redox pair 
i~o Exchange current  densi ty 4.523 • 10 -'~ A/cm 2 for 1M HC1 (17) 

for HJH ~ redox pair 
i'~o Exchange current  densi ty 1.0 x 10 -6 A/cm ~ (17) 

for H20/O2 redox pair 
a~n, Anodic transfer coefficient 0.2779 for 1M HC1 (17) 

for chlorine evolution 
a~n~ Cathodic transfer coefficient 1.2986 for 1M HC1 (17) 

for hydrogen evolution 
Cdan' a Anodic transfer coefficient 0.30 (17) 

for oxygen evolution 
E,q, ~ Equilibrium potential  for 1.05V (17) 

C1 -/C12 
E,~, c Equilibrium potential  for -0.123V (17) 

HJH ~ 
E'~,, ~ Equilibrium potential  for H,20/O2 1.01V (17) 
db, c~ Chlorine bubble  departure 50/zm (27) 

diameter  
db, ~ Hydrogen bubble  departure 60 ~m (27) 

diameter  
K0 Electrolyte conductivity Ko = 0.0126143 + 0.380292C - 0.0591346C 2 (35) 

+ 0.00365068C ~ - 0.0000842448C 4 (mho/cm) 
Dnc, Diffusion coefficient DHc L = (2.87445 + 0.58244C) • 10 -5 (cm~/s) (35) 

of HC1 
p Density p = 0.999802 + 0.0159094C (g/ml) (35) 

Viscosity ~? = (0.896375 + 0.0393314C + 0.00251171C 2) (36) 
x 10 -~ (g/cm-s) 

t~+ Transference number  of  H ~ tn+ = 0.811794 + 0.0302287C - 0.00525897C 2 (35) 
- 0.000472662C ~ § 0.0000514969C" 

Dc,2 Diffusion coefficient of Dcj~ = 1.44T/(293.15,}) x 10 -7 (cm2/s) (17) 
chlorine 

Note: Range of applicability: 1-8M HC1. 

A c o r r e l a t i o n  fo r  m a s s  t r a n s f e r  in  t h e  p r e s e n c e  o f  
m i c r o c o n v e c t i o n  o w i n g  to  b u b b l e  g r o w t h  on  a n  e l e c t r o d e  
s u r f a c e  (24) w a s  u s e d  

S h  = 0.93 Re~ ~ [11] 

T h e  e q u a t i o n s  g o v e r n i n g  m a s s  t r a n s f e r  w e r e  

ia(X) = F k m t , a [ C b ( x )  - [ e l - I s ( x )  ] [12]  

ic(X) = Fkmt,c[Cb(x) - [H~]s(X)] [13] 

V a r i a t i o n  o f  b u l k  c o n c e n t r a t i o n  o f  HC1 w a s  o b t a i n e d  f r o m  
a d i f f e r e n t i a l  m a s s  b a l a n c e  

Cb(x) = C* - W ( Ro + 2 t  f ~ia(x') dx'  [14] 
2FQ \ R0 + 1 / J0 

T h e  s o l u t i o n  p h a s e  p o t e n t i a l  o n  b o t h  e l e c t r o d e  sur -  
f aces  w e r e  r e l a t e d  b y  t h e  f o l l o w i n g  e q u a t i o n s  

(~,a(X) = ~bs,c(X) + i~(x)ARs + ~,r + W,a(X) [15] 

T h e  c o n c e n t r a t i o n  o v e r p o t e n t i a l s  w e r e  f o r m u l a t e d  o n  t h e  
a s s u m p t i o n  o f  d i l u t e  s o l u t i o n  t h e o r y  as  w e l l  as  l i nea r  c o n -  
c e n t r a t i o n  p r o f i l e  in  t h e  m a s s - t r a n s f e r  b o u n d a r y  l a y e r  
(29) 

2RT [ C* ( [H§ ~1 [16] 
~c,~(x) = ~ l n  ~ -  tR+ 1 -  C* / ]  

2RT [ C* ( [ C 1 - ] s ) ]  
l~c'a(X) = T I n  [C1-]---~- tc , -  1 C* ' [17] 

T h e  l a s t  e q u a t i o n  n e e d e d  is  fo r  c u r r e n t  b a l a n c e  

i,(x) = ia(X) [18] 

E q u a t i o n s  [1]-[18] c o n s t i t u t e  a s y s t e m  o f  18 i n d e p e n d e n t  
e q u a t i o n s  fo r  18 v a r i a b l e s  a t  e a c h  l o c a t i o n  o f  t h e  cell .  T h e  
v a r i a b l e s  a r e  ia,  ic, kmt,a, kmt,c, [C1-]s, [H~]s, (b .... (b .... ~ .... *? .... 

~avg,a, ~avg,c, Ug,Cl2, Ug,H 2, Kavg,a, /(avg,c, R. and Cb. T h i s  s e t  o f  
e q u a t i o n s  c o n t a i n s  p a r a m e t e r s  t h e  v a l u e s  o f  w h i c h  a re  s e t  
a c c o r d i n g  to  l i t e r a t u r e  s o u r c e s  or  l a b o r a t o r y  m e a s u r e -  
m e n t  as  w e l l  as  e s t i m a t i o n s  w h e n  l i t e r a t u r e  v a l u e s  w e r e  
u n a v a i l a b l e .  T a b l e  I l i s t s  t h e  v a l u e s  u s e d  in  t h e  p r e s e n t  
s t u d y .  

Method of  solution . - - I t  is c o n v e n i e n t  to  a r r a n g e  t h e  i n t e -  
g ra l  in  Eq .  (14) b y  a p p r o x i m a t i n g  i t  as  

fo x " - ' L ia(X') d x ' ~  ~ i a ( j ) -  
j=l N 

+ x -  ( m -  1) i~(m) ~ ~ i ~ ( j ) ~  [19] 

w h e r e  

L L 
( m -  1 ) - ~ < x  ~ < m ~ -  

s i n c e  n o  i t e r a t i o n s  w e r e  t h e n  r e q u i r e d  fo r  t h e  s o l u t i o n  o f  
t h e  e q u a t i o n s .  I n t e g r a t i o n  w a s  c a r r i e d  o u t  b y  d i v i d i n g  t h e  
cel l  i n t o  N s e c t i o n s  a l o n g  t h e  f l ow d i r e c t i o n ,  a n d  p ro -  
c e e d i n g  s e c t i o n - w i s e  s t a r t i n g  f r o m  t h e  u p s t r e a m  e n d  o f  
t h e  cell .  T h e  s e t  o f  e q u a t i o n s  w a s  c o m b i n e d  i n t o  t w o  
n o n l i n e a r  a l g e b r a i c  e q u a t i o n s ,  a n d  I M S L  s u b r o u t i n e  
Z S P O W  w a s  u s e d  o n  t h e  C y b e r  175 c o m p u t e r  to  s o l v e  
t h e m .  S u b s e q u e n t l y ,  t h e  cel l  c u r r e n t  w a s  e v a l u a t e d  b y  

/cell : ic(X ) dx  = W i e ( j ) -  [20] 
j=l N 

R e s u l t s  

T h e  c a l c u l a t e d  cel l  c u r r e n t - v o l t a g e  c u r v e s  for  v a r i o u s  
cel l  g a p s  a n d  f low ra t e s  a r e  l i s t e d  in  T a b l e  II  a n d  t h e i r  
c o m p a r i s o n  w i t h  e x p e r i m e n t a l  c u r v e s  is s h o w n  in  F ig .  5. 
T h e  d i s c r e p a n c y  at  l o w  c u r r e n t  d e n s i t i e s  is  p r o b a b l y  t h e  
r e s u l t  o f  e r r o r s  in  e v a l u a t i o n  o f  k i n e t i c  p a r a m e t e r s .  H o w -  
ever ,  fo r  c u r r e n t  d e n s i t i e s  a b o v e  100 m A / c m  2 (Ice~ > 2.6A), 
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Table II. Calculated I-V curves based on the actual flow pattern 

h (in.) 0.127 0.225 0.250 0.482 0.745 

Q (mYs) 3.6 15.7 3.6 15.7 3.6 15.7 3.6 15.7 3.6 15.7 

V (V) I (mA) 
1.4 58.3 58.3 57.5 57.5 57.3 57.3 55.5 55.5 53.7 53.6 
1.5 135.4 135.1 131.3 131.0 130.3 130.0 122.0 121.8 114.2 114.0 
1.6 300.8 299.5 282.6 281.5 278.5 277.4 246.7 245.9 220.5 220.0 
1.7 621.2 616.3 556.8 553.2 543.1 539.8 448.4 446.4 381.0 379.6 
1.8 1162 1148 984.8 975.6 950.0 941.6 730.6 726.2 592.7 590.1 
1.9 1951 1919 1567 1548 1497 1480 1083 1075 846.7 842.5 
2.0 2970 2910 2281 2249 2161 2133 1491 1479 1133 1127 
2.1 4178 4082 3099 3051 2918 2875 1941 1925 1444 1436 
2.2 5533 5394 3996 3929 3744 3686 2424 2402 1774 1763 
2.3 6999 6812 4953 4866 4625 4550 2931 2903 2119 2105 
2.4 8551 8313 5957 5848 5546 5453 3457 3423 2474 2458 
2.5 10170 9878 6998 6866 6501 6388 3998 3958 2839 2820 
2.6 11841 11493 8067 7913 7481 7349 4552 4506 3211 3189 

the  e r ror  b e t w e e n  e x p e r i m e n t a l  a n d  ca lcu la ted  c u r v e s  
was  less  t h a n  30 mV. T he  m o d e l  also i n d i c a t e d  t h a t  t he  
cell cu r r en t -vo l t age  c u r v e s  will  b e  i n sens i t i ve  to t he  f low 
ra te  c h a n g e  (see Tab le  II), a p h e n o m e n o n  also o b s e r v e d  
d u r i n g  t he  e x p e r i m e n t s .  R e a s o n a b l e  va r i a t i on  in t he  
cho ice  of va lues  of  8avg a n d  ug (Eq. [2]-[5]) d id  no t  a f f e c t  
th i s  conc lus ion .  Fo r  a com pa r i s on ,  f o r m u l a t i o n  of  t he  cell  
m o d e l  b a s e d  on  a c o m m o n l y  u s e d  f low pa t t e rn ,  name ly ,  
h o m o g e n e o u s  gas- l iquid  m i x t u r e  w i t h  no  slip b e t w e e n  
phases ,  was  done ;  t he  r e su l t s  s h o w e d  s t r o n g  d e p e n d e n c e  
of I-V c u r v e s  on  f low rate.  The  c o m p a r i s o n  d e m o n s t r a t e s  
t h a t  u n d e r s t a n d i n g  of  flow pa t t e rn ,  w h i c h  in  t u r n  can  
va ry  w i t h  d e s i g n  c o n s i d e r a t i o n s  a n d  o p e r a t i n g  cond i t ions ,  
is e s sen t i a l  for  p r e d i c t i n g  cell b e h a v i o r  of  gas  evo lv ing  
sys tems .  

Scale-up and cost analysis.--The app l i c a t i on  of  t he  cell  
m o d e l  to sca le-up  was  m a d e  w i th  t he  fo l lowing  modif ica-  
t ions  to t he  fo rego ing  model .  

1. The  f low p a t t e r n  was  a s s u m e d  to b e  a h o m o g e n e o u s  
gas- l iquid  m i x t u r e  ove r  t he  en t i r e  cell  d o m a i n  b e c a u s e  of  
t he  m e r g i n g  of  b u b b l e  layers  in  'cel ls  of v e r y  la rge  
l eng th /gap  ratio. 
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Fig. 5. Comparison of experimental and calculated cell current- 

voltage curves. 

2. P u m p i n g  p o w e r  r e q u i r e m e n t  was  i n c l u d e d  in t he  
scale-up.  A co r re l a t ion  p r o p o s e d  b y  Vogt  (30) was  u s e d  
for p r e s s u r e  d rop  e s t i m a t i o n  for  gas - l iqu id  mix ture .  

3. The  m a s s - t r a n s f e r  ra te  was  d e s c r i b e d  b y  a cor re la t ion  
p r o p o s e d  b y  Vog t  (31) w h i c h  c o n s i d e r e d  t he  mass  t r a n s f e r  
to be  j o in t l y  con t ro l l ed  b y  gas e v o l u t i o n  a n d  hydrody-  
n a m i c  flow. 

4. Oxygen evolution following Tafel kinetics was in- 
cluded as an anodic side reaction. 

Analyses were carried out for a hypothetical production 
facility operating at 10 4 metric tons of DCE per year. The 
overall cost was composed of three components: capital 
cost,  o p e r a t i n g  cost ,  a n d  r aw  ma te r i a l  cost.  The  capi ta l  
cos t  was  e v a l u a t e d  to t h e  cell b a t t e r y  l imit ,  i.e., cell  b a n k s  
t o g e t h e r  w i t h  t h e i r  pe r iphe r i e s  i n c l u d i n g  rect i f iers  a n d  
bus  bars ,  p u m p s ,  p ip ing ,  i n s t r u m e n t a t i o n ,  etc. E q u i p m e n t  
cos t  of  u p s t r e a m  feed  p r e p a r a t i o n  a n d  d o w n s t r e a m  prod-  
uc t  r ecove ry  o p e r a t i o n s  was  no t  i nc luded .  O p e r a t i n g  cost,  
w h i c h  i n c l u d e d  e n e r g y  cost,  labor ,  a n d  m a i n t e n a n c e ,  was  
also c o n s i d e r e d  to cell ba t t e ry  l imit .  E c o n o m i c  in fo rma-  
t ion  b y  K e a t i n g  a n d  Sut l ic  (11) a n d  s u p p l e m e n t a r y  da ta  
b y  Dan ly  (32) for  e l e c t r o c h e m i c a l  cells was  used.  All  cos t  
i n f o r m a t i o n  was  co r r ec t ed  to M a r c h  1983 prices .  Elec t r ic-  
i ty  cos t  was  a s s u m e d  to b e  5 C/kWh. 

The  raw ma te r i a l  cos t  i n c l u d e d  r e a c t a n t  cos t  a n d  c red i t  
for  use fu l  by -p roduc t s .  A pr ice  (12 r or ha l f  the  m a r k e t  
pr ice  for  e t h y l e n e  glycol,  was  a rb i t r a r i l y  a s s i g n e d  for  e th-  
y l ene  c h l o r o h y d r i n  credi t .  Cred i t  was  also g iven  to hydro -  
gen  b a s e d  on  its hea t  of  c o m b u s t i o n  at  an  a s s u m e d  
t h e r m a l  ef f ic iency of  90%. A p a y b a c k  t i m e  of  s even  years  
was  se lected.  The  p r o d u c t i o n  cos t  of  DCE was  deter -  
m i n e d  so t h a t  t he  to ta l  r e v e n u e  w o u l d  b e  equa l  to t he  to- 
tal  cos t  a t  t he  e n d  of  t he  p a y b a c k  per iod .  

Ca lcu la t ions  we re  ca r r ied  out  in i t ia l ly  for  1M HC1 to in- 
ves t iga t e  t he  in f luence  of  des ign  a n d  ope ra t i ng  pa rame-  
ters  on  DCE cost.  Two pa rame te r s ,  cell  gap  a n d  flow rate,  
s h o w e d  p r o n o u n c e d  effects.  The  v a r i a t i o n  of  DCE cos t  

w i t h  cell  gap  is s h o w n  in Fig. 6. A s h a r p  m i n i m u m  can  b e  
seen.  Fo r  sma l l e r  cell  gaps,  un i t  cel l  p r o d u c t i o n  ra te  was  
h i g h e r  at  a f ixed cell  vol tage ,  w h i c h  wou ld  lead to 
sma l l e r  cap i ta l  i n v e s t m e n t .  However ,  p u m p i n g  power ,  as 
a f r ac t ion  of  o p e r a t i n g  cost ,  was  s t rong ly  i n f luenced  b y  
t he  cell  gap  (hP  - h -3, a p p r o x i m a t e l y )  so t h a t  p u m p i n g  
cos t  d o m i n a t e d  t h e  o p e r a t i n g  cos t  a n d  o u t w e i g h e d  ga ins  
in  capi ta l  i n v e s t m e n t .  Fo r  l a rger  cell  gaps,  u n i t  cell pro- 
d u c t i o n  ra te  was  lower  at  f ixed cell  vo l t age  due  to la rger  
o h m i c  loss  in  t he  so lu t ion  phase .  

The  va r i a t i on  of  DCE cost  w i th  f low ra te  is s h o w n  in 
Fig. 7. S ince  over  the  r a n g e  u n d e r  i n v e s t i g a t i o n  mass -  
t r ans f e r  ra te  was  m a i n l y  d o m i n a t e d  by  gas  evo lu t i on  phe-  
n o m e n o n ,  i nc r ea se  of  e lec t ro ly te  f low ra te  w o u l d  no t  
s u b s t a n t i a l l y  i nc r ea se  the  p r o d u c t i o n  rate.  Ins t ead ,  
ope ra t i ng  cos t  w o u l d  be  s igni f icant ly  i n c r e a s e d  owing  to 
p u m p i n g  power .  Fo r  ve ry  low flow rate,  o h m i c  loss  in  t he  
so lu t ion  p h a s e  owing  to t he  h i g h  gas  c o n t e n t  l owered  t he  
u n i t  cell  p r o d u c t i o n  ra te  w h i c h  r e s u l t e d  in  h i g h e r  cap i ta l  
i n v e s t m e n t .  Howeve r ,  t h e  ef fec t  of  h i g h  gas c o n t e n t  was  
no t  v e r y  s t r o n g  and,  the re fore ,  t he  m i n i m u m  seen  in Fig. 
7 is no t  ve ry  sharp .  
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0.7 

Results shown in Fig. 6 and 7 were carried out for 1M 
HC1 because of the more distinct variation with the pa- 
rameters under  study. 

The market  price of DCE was 17 r (July 1983 price) 
which is substantially lower than these calculated costs. 
It has been shown in Fig. 2 that the product distribution 
depends on [C1-]/[H20]. In particular, DCE cost will de- 
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crease as HC1 concentration increases. For example, 
when 8M HC1 is used as the electrolyte, a calculated cost 
of 22 r for DCE is obtained at a current density less 
than 1 A/cm ~. 

Optimization.--An enhanced successive quadratic pro- 
gramming (SQP) method (14) was applied to the cost 
model described in the previous section in order to locate 
the optimal design parameters and operating conditions. 
The SQP method was chosen because it is known to be 
successful in situations where a large number  of function 
and derivative evaluations are required, a category to 
which our system belongs. The SQP method has only re- 
cently been reported for electrochemical applications (15), 
and the present study represents the first known applica- 
tion of its use in directing bench-scale studies. 

Starting with an initial set of values for the independent  
variables, a quadratic programming problem was formu- 
lated by taking a quadratic approximation of the objec- 
tive function as well as linearization of the constraint 
functions. Solution of this problem by the Han-Powell al- 
gorithm (33) produced a search direction. Improvement  of 
the objective function value was at tempted along this 
search direction, and a new set of values was thereby ob- 
tained. The same procedure repeated itself until no fur- 
ther improvement  was made. Five independent  variables 
(cell gap, cell length, electrolyte flow rate, cell voltage, 
and cell width) were considered in the present analysis. 
The objective was minimization of DCE cost. Other more 
sophisticated objectives could be chosen for evaluation, 
but the general method would be the same. Three con- 
straint functions were implemented: an upper limit was 
set on the max imum current density for anode protection, 
an upper limit (0.40) was also set for gas volume fraction 
at the outlet of the cell to prevent  development  of hot 
spots, and the maximum electrode area was set to be 0.8 
m 2 . 

The software package SQPHP for solving nonlinear 
programming problems using an enhanced version of the 
Han-Powell method for successive quadratic program- 
ming was developed by Chen (33, 34), and is available 
commercially. 2 The program requires 41.4K words of core 
on the CDC Cyber 175 computer. 

Results of optimization calculations for 1M HC1 are 
summarized in Table III. It was found that the major frac- 
tion of computer  t ime was consumed in function and de- 
rivative evaluations, not in the optimization procedure. 
For example, in Run no. 10, 120.526 CP seconds were 
consumed, of which only 0.154 CP seconds were used for 
19 calls of SQPHP. Most runs terminated when there was 
lack of improvement  of objective function value along the 
final search direction. In these cases, the final solution is 
believed to be very close to a local minimum. The results 
of Runs 1-4 suggest the possibility of local minima since 
different initial guesses ended up with different sets of 
optimal values for the variables. 

Sensitivity analysis was carried out by finite difference 
evaluation of the cost change for small changes in each 
independent  variable at the optimal condition. The strong 
influence of cell gap and cell voltage on the economy was 
demonstrated by the sensitivity analysis results shown in 
the footnote of Table III. 

A simplified method for determining which phenome- 
non controls the cell resistance is to calculate the cell cur- 
rent that would pass if the entire driving force (cell volt- 
age) were consumed by the particular phenomenon under  
consideration. That phenomenon which gives the 
smallest current is the limiting process. When such calcu- 
lations were done for the optimal conditions correspond- 
ing to a max imum current density of 0.5 A/cm ~ (Run no. 4 
of Table III), values of 2.12, 20.73, and 1.84 for d imension-  
less cell current were obtained in response to charge 
transfer, mass transfer, and ohmic resistance-controlled 
system, respectively. Therefore, it was concluded that 
mass transfer will not control the cell; measures towards 

2M. Stadtherr, Department of Chemical Engineering, Univer- 
sity of Illinois, Urbana, Illinois 61801. 
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Table III. Results of optimization calculations for |M HCI 

Initial Scaling Maximum Cell Cell Electrolyte Cell Cell 
guess factor Optimal c.d., x~ gap, length, flow rate, voltage, width, 

Run set set Stop cost i ~  x, x~ x~ x4 x~ 
no. no2 no." mode ~ (r (A/cm 2) (cm) (cm) (raYs) (V) (cm) yd 

1 1 1 B 89.26 0.5 0.790 0.718 0.287 0.221 100 0.324 
E - 1  E + 2  E + 4  E + I  E - 1  

2 2 1 A 89.98 0.5 0.426 0.540 0.157 0.215 100 0.625 
E - 1  E + 2  E + 4  E + I  E - 3  

3 3 1 B 89.18 0.5 0.862 0.769 0.334 0.222 100 0.244 
E - 1  E + 2  E + 4  E + I  E - 1  

4 4 1 B 89.19 0.5 0.883 0.800 0.343 0.222 100 0.299 
E -  1 E + 2  E + 4  E +  1 E - 2  

5 5 1 B 89.72 0.5 0.529 0.563 0.171 0.217 I00 0.423 
E - 1  E + 2  E + 4  E + I  E - 1  

6 4 2 B 89.16 0.5 0.931 0.794 0.348 0.223 100 0.984 
E - 1  E + 2  E + 4  E + I  E - 2  

7 4 3 B 89.26 0.5 0.912 0.688 0.318 0.223 100 0.269 
E - 1  E + 2  E + 4  E + I  E - 1  

8 5 1 B 142.4 0.2 0.889 0.800 0.233 0.199 100 0.920 
E - 1  E + 2  E + 4  E + I  E - 2  

9 4 1 A 98.05 0.4 0.640 0.667 0.224 0.213 100 0.705 
E - 1  E + 2  E + 4  E + I  E - 3  

10 4 1 A 83.65 0.6 0.905 0.791 0.372 0.229 100 0.472 
E - 1  E + 2  E + 4  E +  1 E - 3  

11 4 i B 76.83 0.8 0.656 0.534 0.270 0.235 100 0.344 
E - 1  E + 2  E + 4  E + I  E - 2  

12 4 1 A 72.98 1.0 0.549 0.500 0.245 0.242 100 0.349 
E - 1  E + 2  E + 4  E + I  E - 3  

13 4 1 A 67.40 5.0 0.558 0.500 0.347 0.290 100 0.475 
E - 1  E + 2  E + 4  E + I  E - 3  

a Initial guess 
Set no. 1: x, = 0.1, x2 = 80, x3 = 4000, x4 = 2.2, x~ = 100. 
Set no. 2: x, = 0.03, x~ = 100, x:3 = 20,000, x4 = 2.0, x~ = 50. 
Set no. 3: x, = 0.3, x.~ = 60, x3 = 2500, x4 = 2.5, x5 = 90. 
Set no. 4: x, = 0.1, x2 = 80, x~ = 4000, x4 = 2.1, x~ = 100. 
Set no. 5: x, = 0.2, x,z = 75, x:, = 5000, x4 = 1.95, x~ = 100. 

h Scaling factor 
Set no. 1: 8, = 10, 82 = 100, 63 = 100,000, 64 = 0.1, 6~ = 1000, 6~ = 2.0. 
Set no. 2: 6~ = 100, 62 = 100, 63 = 10,000, 64 = 1, 6~ = 1000, 6~ = 2.0. 
Set no. 3: 6, = 1, 6~ = 100, 6~ = 100,000, 64 = 0.01, 65 = 100, 6G = 5.0. 

Stop mode 
A Convergence criteria are satisfied. 
B Five calls of SQPHP are required. 

Sensitivity analysis for run no. 9 
s, = 0.239E + 2 $/cm. 
s.2 = -0.444E - 3 $/cm. 
sz = -0.995E - 4 $/(ml/s). 
s4 = -0.167E + 2 $/V. 
s~ = -0.202E - 2 $/cm. 

Sum in convergence test. 

e n h a n c e m e n t  o f  m a s s - t r a n s f e r  rate ,  s u c h  as  i m p l e m e n t a -  
t i on  o f  t u r b u l e n c e  p r o m o t e r s ,  w o u l d  n o t  be  e x p e c t e d  to 
i m p r o v e  t h e  cell  e c o n o m i c  p e r f o r m a n c e .  T h e  p r e s e n t  sys-  
t e m  is c o n t r o l l e d  p r i m a r i l y  b y  o h m i c  r e s i s t a n c e  and ,  to a 
l e s s e r  degree ,  b y  a c h a r g e  t r a n s f e r  r e s i s t a n c e .  I n c r e a s i n g  
the  s o l u t i o n  c o n d u c t i v i t y  w i t h  a d i f f e r e n t  e lec t ro ly te  
s e e m s  u n l i k e l y  s i n c e  t h e  m o s t  m o b i l e  ca t ion ,  H 4, is al- 
r e a d y  p r e s e n t  in  t h e  e lec t ro lyte .  D e v e l o p m e n t  o f  a m o r e  
ac t ive  e l e c t r o d e  s u r f a c e  for  e n h a n c e m e n t  o f  c h a r g e  t r an s -  
fer  ra te  w o u l d  r e p r e s e n t  on ly  a l i m i t e d  c o n t r i b u t i o n  to 
p r o c e s s  i m p r o v e m e n t .  F u r t h e r  i m p r o v e m e n t  in  y ie ld  
w o u l d  b e  a c h i e v e d  b y  i n c r e a s i n g  t h e  to ta l  ch l o r i de  ion  
c o n c e n t r a t i o n  b e y o n d  tha t  o b t a i n a b l e  w i t h  p u r e  HC1 elec- 
t ro ly te ,  s u c h  as  b y  a d d i t i o n  o f  c h l o r i d e  ion  c o n t a i n i n g  
salts .  

Conclusions 
B e c a u s e  e l e c t r o c h e m i c a l  p r o c e s s e s  can  b e  c o m p l e x ,  

ea r ly  s t a g e s  o f  p r o c e s s  e v a l u a t i o n  m u s t  b e  g u i d e d  so  t h a t  
e f f ic ient  u s e  is m a d e  o f  d e v e l o p m e n t  effor ts .  S i m p l e  
m e t h o d s  n e e d  to b e  u s e d  for  m o d e l i n g  cells,  t h e i r  
s ca l e -up  p r o p e r t i e s ,  a n d  t h e i r  e c o n o m i c  f e a t u r e s ,  a n d  for  
p r e d i c t i n g  t h e i r  o p t i m a l  c o n f i g u r a t i o n .  T h e  i n c o r p o r a t i o n  
o f  s u c h  m e t h o d s  a l o n g  w i t h  b e n c h - s c a l e  l a b o r a t o r y  da ta  
can  be  ca r r i ed  o u t  w i t h  n u m e r i c a l  s o f t w a r e  ava i l ab le  c o m -  
m e r c i a l l y  o n  m o s t  m a i n f r a m e  s y s t e m s .  

I n  t h e  p r e s e n t  i n v e s t i g a t i o n ,  t h e  m o s t  s o p h i s t i c a t e d  nu -  
m e r i c a l  c o m p u t a t i o n s  w e r e  t h o s e  u s e d  to c lar i fy  t h e  
c h e m i c a l  r e a c t i o n  s e q u e n c e  w h i c h  o c c u r r e d  n e a r  t h e  elec- 
t r o d e  su r f ace ,  s u m m a r i z e d  in t h e  A p p e n d i x .  T h e  dev e lo p -  
m e n t  o f  a m o d e l  o f  a n  en t i r e  cell i n v o l v e d  a f e w  d o z e n  
e q u a t i o n s ,  p r i m a r i l y  n o n l i n e a r  a l g e b r a i c  e q u a t i o n s ,  w h i c h  
in t h e  p r e s e n t  s t u d y  w e r e  eas i ly  s o l v e d  b y  c o m m e r c i a l  
so f tware .  O p t i m i z a t i o n  a n d  i den t i f i c a t i on  of  t h e  m o s t  
s e n s i t i v e  p a r a m e t e r s  w e r e  a l so  f o u n d  to be  r ead i ly  a c c o m -  
p l i s h e d  w i t h  s u c c e s s i v e  q u a d r a t i c  p r o g r a m m i n g  m e t h o d s .  
Whi le  t h e  p r e s e n t  s t u d y  d id  n o t  i n c l u d e  a s p e c t s  o f  t h e  
p r o c e s s  f low s h e e t  o t h e r  t h a n  t h e  e l ec t ro ly t i c  cell, m e t h -  
ods  fo r  f l o w s h e e t  s i m u l a t i o n  a n d  o p t i m i z a t i o n  r e p r e s e n t  
a n  a r e a  o f  ac t ive  r e s e a r c h  w h e r e  r a p i d  a d v a n c e s  m a y  b e  
a n t i c i p a t e d  in  t h e  n e a r  fu tu re .  

As  a m o d e l  s y s t e m  for  t h e  i n v e s t i g a t i o n  o f  t h e s e  m e t h -  
ods ,  t h e  e l e c t r o c h e m i c a l  p r o c e s s  fo r  1 , 2 - d i ch lo r oe th an e  
p r o d u c t i o n  b y  e l ec t ro lys i s  o f  e t h y l e n e  c o n t a i n i n g  h y d r o -  
ch lo r i c  ac id  s o l u t i o n s  w a s  s t u d i e d  w i t h  a b e n c h - s c a l e  
c o n t i n u o u s - f l o w  u n d i v i d e d  pa ra l l e l -p l a t e  cell. E t h y l e n e  
c h l o r o h y d r i n  w a s  t h e  on ly  b y - p r o d u c t .  T h e  p r o d u c t  spec -  
t r u m  w a s  f o u n d  to b e  i n d e p e n d e n t  of  b o t h  e l ec t ro ly t e  
f low ra te  a n d  cell c u r r e n t ,  b u t  w a s  f o u n d  to  b e  signifi-  
c a n t l y  i n f l u e n c e d  b y  t h e  c h l o r i d e  i o n  c o n c e n t r a t i o n .  
P r o d u c t  d i s t r i b u t i o n  da t a  s u p p o r t e d  t h e  r e a c t i o n  m e c h a -  
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n i sm invo lv ing  a ch lo ron ium ion in t e rmed ia t e  and subse-  
quen t  a t tack by  nuc leophi les  (chloride ion and wate r  mol-  
ecule). 

An a p p r o x i m a t e  mode l  wh ich  cons idered  the  chemica l  
e n v i r o n m e n t  in the  electrolysis  zone was deve loped  f rom 
fundamen ta l  pr inc ip les  of  mass  t ranspor t  and reac t ion  ki- 
netics.  The  calcula t ions  suppor t ed  the  v iew that  the  cell  
served to genera te  chlorine,  and tha t  react ion of  e thy lene  
occur red  solely by h o m o g e n e o u s  chemica l  reaction.  

The  cell  cur ren t -vol tage  curves  were  found  to be  inde- 
penden t  of  e lec t ro ly te  f low rate. The  flow pat te rns  
arising f rom gas evolu t ion  in the  cell  were  obse rved  ex- 
pe r imen ta l ly  and were  used  to es tabl ish  a ma thema t i ca l  
mode l  of  t he  cell. The  cell  m o d e l  t ook  into account  mass  
transfer,  charge  transfer,  and solut ion phase  ohmic  resist- 
ance.  When a corre la t ion was cons t ruc ted  for solut ion 
phase  ohmic  res is tance based  on the  obse rved  gas b u b b l e  
flow pat tern,  the  m o d e l  charac te r ized  th e expe r imen ta l  
cell  accurately,  par t icular ly  the  obse rva t ion  that  the  I-V 
curve  was i n d e p e n d e n t  of  f low rate. 

E c o n o m i c  analyses  were  carr ied out  for a hypo the t i ca l  
p roduc t ion  facility. In f luence  of  key  opera t ing  and de- 
s ign pa ramete r s  on the  ba lance  of  capital  cost  and 
opera t ing  cost  was demons t ra ted .  A n  enhanced  succes-  
sive quadra t i c  p r o g r a m m i n g  code  was appl ied  to locate 
the  op t imal  opera t ing  condi t ions  and to ident i fy  the  mos t  
sensi t ive  variables .  The  m e t h o d s  deve loped  in this s tudy  
are por tab le  and can be  appl ied  to a wide  var ie ty  of  elec- 
t rolyt ic  processes .  
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A P P E N D I X  
Reaction Chemistry Near the Anode 

A two-d imens iona l  represen ta t ion  of  the  react ion zone, 
i l lustrated in Fig. A- l ,  was used  to calculate  concen t ra t ion  
profiles near  the  anode.  Refe rence  (17) conta ins  a com- 
plete  d i scuss ion  of  the  s u m m a r y  which  follows. The  pri- 
mary  a s sumpt ions  were  (i) cons tan t  phys ica l  proper t ies ,  
(ii) wel l -deve loped  laminar  f low wi th  a l inear  ve loc i ty  
field in the  th in  react ion region,  (iii) h o m o g e n e o u s  reac- 
t ion wh ich  is first o rder  in both  chlor ine  and e thy lene  
concent ra t ions ,  (iv) 100% cur ren t  eff ic iency for ch lor ine  
evolut ion,  and (v) t ranspor t  by convec t ion  along the  elec- 
t rode  and by dif fus ion normal  to the  electrode.  The  last  
a s sumpt ion  represen t s  a l imi t ing  case of  behav ior  wh ich  
does not  inc lude  the  effect  of  gas bubbles .  The  p resence  
of  such  bubbles  wou ld  serve  to increase  mass  t ransfer  of  
C1- and e thy lene  toward  the  anode,  and to t ranspor t  C12 
into the  bu lk  at rates faster than  g iven  by the  model .  That  
is, the  c o n s e q u e n c e  of  gas bubbles  wou ld  be  to increase  
rates of  t r anspor t  wi th  respec t  to rates of  chemica l  reac- 
tion, a po in t  to wh ich  d iscuss ion  will  return.  

The  different ia l  mass  balances  for chlor ine and ethyl- 
ene  

Dc~2 a2[CI~] uj.(y) a[CI~] = k[CI~][C2H4] [A-1] 
O y  2 a X  

a2[C2H4] a[C2H4] 
D C 2 H 4  u . ~ ( y ) -  - k[C12][C.,H4] [A-2] 

ay 2 ax " 

where  the  l inear  ve loc i ty  field is r ep resen ted  by 

u j . ( y ) = 6 < u > ( Y - - ~ 2 ) = 6 < u >  h [A-3] 

The  six b o u n d a r y  condi t ions  are  

[C12] = 0 at y = 6R for all x [A-4] 

Fig. A-1. Basis of the reaction chemistry model. N,: chlorine flux at 
anode. N2: convective flux of chlorine into the reaction zone. N3" 
diffusional flux of chlorine into bulk solution. N4: convective flux of 
chlorine out of the reaction zone. S: rate of consumption of chlorine in 
the reaction zone. 

[ C 2 H 4 ]  = C 0 at y = 8R for all x [A-5] 

- D c l  2 - -  
6[C1~] i 

ay 2F 
at y = 0 for all x [A-6] 

a[C2H4] 
0 at y = 0 for all x [A-7] 

Oy 

[C2H~ = C 0 a t x  = 0 f  or all y [A-8] 

[C12] = 0 at x = 0 for all y [A-9] 

Different  concen t ra t ion  prof i les  will  be ob ta ined  for 
different  va lues  of  react ion layer  th ickness  6R. The  va lue  
of  ~ mus t  be chosen so that  it satisfied a chlor ine mass 
balance 

iWL /i"ECl,,](y) ' f"f " 2F - W u~(y) dy + W r(x, y) dydx  
- ,  ) J 

[A-10] 

The different ial  mass balance for ch lor ide  ion is 

D,,c, a~[C1-] u~(y) o[C1T] R 
- -  + - - r  = 0 [ A - 1 1 ]  

ay-' ax R + 1 

where  r is the local react ion rate, which  can be calculated 
after the  concent ra t ion  profiles _for both  chlor ine and eth- 
y lene  have been  obtained.  Diffusion coefficient  of  HC1 
molecule ,  D,c,, is used in Eq. [A-11] because  of  the b inary  
nature  of  the  e lec t ro lyte  (22). The  last te rm accounts  for 
chloride genera t ion  fol lowing the s to ichiometr ic  react ion 

C2H4 + C12 + R H20 ~ __/___1 C2H4C12 
R + I  R + I  

R R 
+ ~ C2H50C1 + ~ HC1 

The local p roduc t  ratio w a s  

[EC] 
R(x, y) - (x, y) = -0.102 + 0.132 [H20]/[Cl-](x, y) 

[DCE] [A-12] 

The b o u n d a r y  condi t ions  associa ted wi th  Eq. [A-11] are 

a[c l - ]  i 
D n c l - - -  at y = 0 [A-13] 

ay F 

[ e l - ]  = [c1-]0 at y = 8R [A-14] 

[C1-] = [C1-]0 at x = 0 [A-15] 

where  [C1-]o is the  chlor ide ion concen t ra t ion  in the  bu lk  
solution.  

The overal l  p roduc t  ratio can  be  calcula ted by 
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iLfRo + fo~fo'Rr(x,y)R(x,Y)dydXR(x, y) + 1 
( [EC] ~ 2F(R0 + 1) 

Row~a~l = \ - ~ C ~ ]  .... .  ii : i l l  + r(x, y) 
2F(Ro + 1) Jo Jo R(~-, ~ 7  1 dydx 

where R0 is the ratio obtained from reaction in the bulk 
solution and f is the fraction of chlorine being carried out 
of the react ion layer by convection 

= f,lu~(y)[Cl.~](y)l d [ iL f [A-17] 

Concentration profiles were computed  by a finite dif- 
ference method (IMSL subroutine ZSPOW) implemented  
on a Cyber 175 computer.  Addi t ional  details are available 
in Ref. (17). 

LIST OF SYMBOLS 

A electrode area (cm ~) 
Cb bulk concentration of HCI (mol/cm 3) 
Co ethylene concentrat ion in electrolyte (mol/cm 3) 
C* bulk concentrat ion of HC1 at cell inlet (mollcm ~) 
db bubble  departure  diameter  (cm) 
D~ diffusion coefficient of species i (cm~/s) 
E~q equi l ibr ium potential  (V) 
f fraction of chlorine flux out of the reaction layer 
F Faraday 's  constant  (96,487 C/eq) 
h cell gap (cm) 
i current  densi ty (A/cm 2) 
i0 exchange current  densi ty (A]cm '2) 
Ic~H cell current  (A) 
k reaction rate constant for chlorination of ethylene 

(cm~/mol-s) 
k3 rate constant  for ethylene chlorohydrin formation 

(cm3/mol-s) 
k4 rate constant  for 1,2-dichloroethane formation 

(cm3/mol-s) 
k~t mass transfer coefficient (cm/s) 
L cell length (cm) 
n number  of electrons involved in the electrochemi- 

cal reaction 
N~ - N4 chlorine fluxes in Fig. A-1 (mollcm2-s) 
Pcell cell pressure (atm) 
Q electrolyte flow rate (cm3/s) 
R product  ratio ([EC]/[DCE]); gas constant  (8.3144 J/g- 

mol-K), when appearing as RT 
R0 product  ratio in bulk electrolyte 
Rs solution phase ohmic resistance (~2) 
Re Vgdb/A,, Reynolds number  (dimensionless) 
S amount  of chlorine reacted in the reaction layer per  

unit  t ime (molls) 
Sc v/Dscl, Schmidt  number  (dimensionless) 
Sh Kmtdb/DHcl, Sherwood number  (dimensionless) 
ti t ransference number  of ionic species i 
T tempera ture  (K) 
<u> average velocity of electrolyte flow, (cm/s) 
ug rise velocity of bubble  swarm, (cm/s) 
V~I cell voltage (V) 
V~ volume rate of gas bubble  formation (cm3/s) 
W cell width (cm) 

Greek Symbols 
symmetry  factor in Butler-Volmer equation 

~av~ average thickness  of moving bubble  layer (cm) 
~ reaction layer thickness (cm) 
~?c concentrat ion overpotential  (V) 
Kavg effective conductivi ty of moving bubble  layer 

(mho/cm) 
K0 conduct ivi ty of gas bubble-free electrolyte 

(mho/cm) 
v kinematic  viscosity (cm2/s) 
~bs solution phase potential  (V) 

Subscripts 

a anodic 
c cathodic 
s surface 

[A-16] 
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Charge-Discharge Behavior of Polyacetylene Electrodes 
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ABSTRACT 

The charge-discharge and open-circuit behavior of polyacetylene electrodes, p-doped with BF,, is examined. Dis- 
charge curves for controlled current are interpreted quantitatively in terms of a model involving slow dopant diffusion 
and slow discharge at the polymer/electrolyte interface. The open-circuit potential is measured as a function of mean 
dopant level. It is shown that, due to the slow dopant diffusion, no steady-state potentials are attained. The coulombic 
efficiency of pristine polyacetylene electrodes in identical states of doping is determined as a function of discharge cur- 
rent. Discrepancies among results of different authors are related to different dopant states near the polymer surface. A 
quantitative relationship between efficiency and current is derived which is shown to be valid for small polarizations 
and short discharge times. 

Polyacetylene (CH)x can be doped and undoped elec- 
trochemically (1) with a variety of ions and can, therefore, 
principally be used as novel electrode material in re- 
chargeable batteries. Certain aspects of repetitively charg- 
ing (p-doping or anion incorporation) and discharging 
(undoping) polyacety]ene electrodes have been described 
in the literature. Nigrey et al. (1) applied controlled 
current charges and discharges of short duration to 
polyacetylene films in solutions of LiC104 in propylene 
carbonate. This resulted in C104 dopant level changes of 
the order of 0.5 mole percent (m/o). Kaneto et al. (2) de- 
scribed the open-circuit voltage behavior following con- 
secutive controlled potential charge and discharge pulses 
and determined the coulombic and energy efficiency of 
C104-doped polyacetylene at various constant current dis- 
charges. They observed an unexplained increase in 
coulombic efficiency from 74 to 87% for a ten-fold in- 
crease in discharge current. Farrington et al. (3) found 
quite different open-circuit voltage behavior after 
p-doping with C104 or AsF6, characterized by a pro- 
nounced voltage step at 2 rrdo doping level and a linear in- 
crease in voltage at higher doping levels. Furthermore, 
coulombic efficiencies reported in Ref. (3) for controlled 
current discharge from identical dopant levels as in Ref. 
(2) are only approximately half of the values reported in 
Ref. (2), that is, only 41-51%. 

In the present paper, we study the open-circuit voltage 
behavior of polyacetylene electrodes p-doped with BF4, 
following consecutive controlled current  charges and dis- 
charges of 0.1-100s duration. Furthermore, we establish 
the coulombic efficiency of pristine polyacetylene film 
electrodes for various controlled current charges and dis- 
charges of typically lh  duration. We show that the 
coulombic efficiency is determined by slow dopant diffu- 
sion (4, 5) in the polyacetylene structure. The anomalies 
of efficiency vs. discharge current  observed by others (2) 
and the discrepancies among the efficiency values re- 
ported by different groups (2, 3) can be reconciled by the 
nonsteady-state nature of dopant diffusion and concentra- 
tion in polyacetylene. 

Experimental  
Polyacetylene films had been prepared by the Rohm 

and Haas Company and shipped in sealed glass vials, 
filled with inert gas. Prior to electrochemical experi- 
ments, films were predominantly in the cis form as evi- 
denced by infrared spectroscopy (6). They had an appar- 
ent density of 0.56 g/cm 3, corresponding to 48% of the 
theoretical density and a true surface area of 40-50 mVg. 
The internal void space of 52% consists of interconnected 
micropores of a few hundred to a few thousand ang- 
stroms diameter between individual polyacetylene fibers 
of a few hundred  angstroms diameter. This microfibrillar 
structure of polyacetylene is well established (7, 8). 

Details of the film preparation and characterization 
have been described elsewhere (6), Circular electrodes A 
of 2 cm z area with 89/zm thickness and B of 1.25 cm 2 area 
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with 68 ~m thickness were cut from the films. The 
former corresponds to 2.7 m/o dopant per A-s/cm 2 Charge, 
the latter to 3.5 m/o/A-s/cm 2. Electrodes were provided 
with 1000~ sputtered Au films on the back side. Contact 
was made by attaching Au wires with Au-epoxy cement. 
Experiments were carried out in PTFE cells using Li 
counter and reference electrodes. Approximately 1 cm 3 
electrolyte was employed, consisting of 30% by weight so- 
lutions of LiBF4 in sulfolane for electrodes A and 10% so- 
lution for electrodes B. These electrolytes have very high 
viscosity. Handling of and experimentation with the 
polyacetylene were carried out in a high quality dry box. 

Coulombic efficiency studies were performed for each 
different discharge current on a pristine polyacetylene 
electrode, charged with ident ical  current density of 0.24 
m A / c m  2 . 

Controlled currents were generated with a PAR Model 
175 Universal Programmer and applied with a PAR 
Model 175 Galvanostat/Potentiostat equipped with Digital 
Coulometer Model 179. Voltage-time traces were recorded 
on a Nicolet Model 206 Storage Oscilloscope or a Hewlett- 
Packard Model 17501A Recorder, depending on pulse du- 
ration. 

Results 
Nonsteady-state polarization behavior.--Figure 1 

shows polarization-time transients for electrode A, sub- 
jected to short-duration discharge and charge pulses sep- 
arated by open-circuit periods. Electrode A had been 
previously charged to 7 m/o BF4 dopant level. The polari- 
zation data are corrected for the ohmic voltage drop be- 
tween test and reference electrode and are referred to the 
open-circuit potential of 3.8V obtained after 7 m/o doping. 
It is seen from Fig. 1 that discharge and charge with cur- 
rent densities as small as 0.05 and 0.5 mA/cm 2 yield low 
polarizations which do not appear to change significantly 
after the first few hundredths of a second? Open:circuit 
stand for 0.1s following discharge or charge wi th  0.05 
mA]cm 2 for 0:ls results in negligible remaining polariza- 
tion, whereas a current density of 0.5 mA/cm ~ for 0.1s al- 

1 Closer examination of the curves and charging Or discharg- 
ing for longer periods of time, however, reveals that the polari- 
zations do not attain steady-state values. 
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Fig. 1. Short-term charge, discharge, and open-circuit behavior of BF4: 
doped polyacetylene electrodes; doping and undoping with O. 1 s current 
pulses. 
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Fig. 2. Short-term polarization behavior of BF4-doped polyacetylene 
n- 3.0 electrodes; doping and undoping with 100s current pulses. ~o 
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o ready produces a perturbation which does not dissipate 
completely on open circuit in 0.1s. Charge or discharge 
with 0.5 mA/cm 2 for 0.1s corresponds to a dopant injec- 
tion or removal of 3.1 • 10 ~4 BF4 molecule/cm ~. 

Figure 2 shows polarization-time transients for pulse 
lengths and open-circuit periods of 100s each. Thus, 
dopant injection or removal corresponds to 3.1 • 10 TM and 
3.1 • 101Ycm 2 in a single 0.05 and 0.5 mA]cm ~ pulse. It is 
seen that even for the small current density of 0.05 
mA]cm 2 steady-state polarizations are never attained. This 
is even more pronounced for the 0.5 mA/cm ~ pulse. Dur- 
ing the 100s open-circuit periods following current pulses, 
the perturbations caused by the charge injection or re- 
moval do not relax. Slow diffusion (4, 5) prevents steady 
state from being attained. 

Open-circuit potential-dopant level relationship.--Prior 
to establishing the open-circuit potential-dopant level re- 
lationship, electrode A had been cycled several times, dis- 
charged to 1.3V, and left on open circuit for lh, which led 
to recovery of the potential to 3.33V. The electrode was 
then p-doped in a series of 100s charging pulses of 0.25 
mA/cm 2, each followed by an open-circuit period of 100s 
(part a of curve). In part b of the curve, the open-circuit 
period was increased from 100 to 500s. The potential-time 
transients were equivalent to those shown in Fig. 2. The 
charge input and the open-circuit potential were both re- 
corded and the potential at the end of the open-circuit 
stand plotted in Fig. 3 against the incremental charge in: 
put. The upper abscissa shows the incremental dopant 
level if the dopant were uniformly distributed throughout 
the entire polyacetylene film. 2 It is appreciated from the  
discussion in the preceding paragraph that the potentials 
plotted in Fig. 3 are nonsteady-state values. The open- 
circuit potential increases monotonically from 3.35 to 
3.72V for a mean dopant level change of 1.5 m/o. The de- 
crease at 3.62V is due to the change of open-circuit stand 
from 100 to 500s. Discharge in a series of 100s pulses of 
0.25 mA]cm ~ with 500s stand after pulses results in de- 
creasing open-circuit potentials as shown in Fig. 3. The 
relevant curve exhibits considerable hysteresis such that 
the open-ci~rcuit potentials on discharge are by an average 
of 0.2V lower than those on charging at identical mean 
dopant levels. Under  the conditions applied, namelyi 
charging with 100s pulses of 0.25 mA/cm 2 followed by 
open circuit for 500s and discharging with the same pulse 
regime, polyacetylene electrodes do not behave reversi- 
bly, and no unique relationship between open-circuit po- 
tential and mean dopant level is established. 

Charge-discharge cycling simulating battery applica- 
tions.--The charge-discharge curves of Fig. 1 and 2 are of 
little interest to practical battery operation as the dis- 
charge times are too short and the doping level changes 
too small to yield energy densities competit ive with other 
batteries. Figure 4 shows the results of three consecutive 
charges and discharges of longer duration. Pristine film 
was charged initially at controlled potentials of 3.5, 4, and 
4.5V for a total of 2h. A charge of 1.5 A-s/cm2 was thus in- 
jected over a t ime period of 2h, corresponding to a mean 

Referred to as mean dopar~t level or mean concentration 
from here on. 
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Fig. 3. Open-circuit potential of BF4-doped polyacetylene vs. incre- 
mental state of charge or mean dopant level, a: 100s on open circuit 
after 0.25 mA/cm 2 • 100s charging pulses (doping). b: 500s on open 
circuit after doping, c: 500son open circuit after 0.25 mA/cm 2 • 100s 
discharge pulses (undoping); 

dopant level of 4 m/o. Subsequent  discharges were per- 
formed at 0.25 mA/cm 2 to a lower voltage limit of 1.3V and 
alternate charges at 0.25 mA]cm 2 for 1-2.5h. The charging, 
discharging, and open-circuit conditions are summarized 
in Table I, as are the coulombic efficiencies. The latter 
values vary greatly, from 19 to 55%, in spite of identical 
current densities during charge and discharge in these 
three cycles. It appears from Table I that a short open- 
circuit period be tween charge and discharge leads to high 
coulombic efficiencies and vice versa. 

Coulombic efficiency of pristine polyacetylene.--The 
nonreproducibili ty of consecutive charge-discharge 
curves of polyacetylene films subjected to different 
open-circuit periods prior to discharge suggests that the 
film is in different dopant states. This makes an evalua- 

>~ \ \ \ 3. DISCHARGE _.~ 2. DISCHARGE~,~ 
~ 2  

1 

I i 0 ~ i i i J 

0 10 2_ 30 40 50 60 70 

TIME/min 

Fig. 4. Consecutive charge-discharge curves of BF4-doped 
polyacetylene. First charge potentiostatically at 3.5, 4, and 4.5V; subse- 
quent charges and discharges galvanostatically at 0.25 mA/cm ~. Addi- 
tional details in Table I. 
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Table I. Coulombic efficiencies in consecutive cycling 

Charging 

i t Qi, 
(mA/cm '~) (min) (A-s/cm 2) 

Open Discharging Open 
circuit circuit Efficiency 

t i t Qou, t Qou,/Ql, 
(min) (mA/cm 2) (min) (A-s/cm '~) (min) 

Const. V 120 1.45 
0.25 160 2.39 
0.25 120 1.75 

10 0.25 54 0.80 30 0.55 
50 0.25 31 0.46 60 0.19 
10 0.25 54 0.82 60 0.47 

tion of the effect of current density on discharge perform- 
ance difficult or impossible. 

Therefore, a comparative study of the very first charge 
and discharge on pristine polyacetylene films was 
undertaken with discharges performed at different cur- 
rent densities. This enables determination of the 
coulombie efficiency as a function of current density for 
polyacetylene identically pretreated and hence presuma- 
bly in identical initial dopant states. Figure 5 shows 
charge-discharge curves for three pristine film electrodes 
B. Charging was carried out with 0.24 mA/cm ~ for 70 min, 
equivalent to 1 A-s/cm ~ or a dopant level of 3.5 m/o. The 
charging curves for all three films were identical. 
Discharging was performed after lh  open-circuit stand 
with current densities of 0.08, 0.24, and 1.2 mA/cm 2, re- 
spectively. A voltage plateau occurs with inflection 
points at 3.5, 3.45, and 3.03V, respectively. The coulombic 
efficiencies for discharge to 2.5V decrease from 70% at 
0.08 mA/cm 2 to 64% at 0.24 mA/cm 2 and to 30% at 1.2 
mA/cm 2. 

Reproducibil i ty of the charge-discharge curves was as- 
certained at 0.24 mAJcm'-' by employing a fourth pristine 
film. A charge-discharge curve identical to the relevant 
curve in Fig. 5 was obtained. 

Discussion 
Nonsteady-state  polarizat ion behavior.--Polarization- 

time transients of short duration such as those shown in 
Fig. 1 and 2 are quantitatively interpreted (4) in terms of a 
semi-infinite linear diffusion model  with charge transfer 
through the polyacetylene/solution interface superim- 
posed on the very slow diffusion (5) of dopant in the 
polyacetylene. Applicability of semi-infinite linear diffu- 
sion to the microporous structure of polyacetylene films 
is tantamount  to the assumption that only the exterior 
surface of the film is wetted by the electrolyte and that 
the large interior surface (2000 times larger than the pro- 
jected area) remains essentially electrolyte free. This as- 
sumption is justified by the fact that the observed 

MEAN DOPANT LEVEL/mole % 

0 0.5 1 1.5 2 2.5 3 
J' i J i i 

0.24 mA/cm 2 Charging 
4.0 

> 

:~ 0.08 mAIcm 2 Discharging 
"r" 
_.b. 
" 3.0 
> 

. J  
< 
r-- 
z \ 
uJ 

~ 2.0 
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Fig. 5. First charge-discharge curves o{ pristine BF~-doped 
palyacetylene at various discharge currents; 1 h on open circuit following 
charging to 3.5 m/o. 

double-layer capacitance (4, 5) is 14 and 22 /~F for elec- 
trodes B and A, respectively. Such values yield 11 ~F/cm ~ 
if only the exterior surface is wetted and 0.005/~F/cm 2 if 
the large interior surface is also wetted. Clearly, only the 
former value is in agreement with generally accepted 
double-layer capacitance values. Considering the high 
viscosity of the electrolytes used in this study, the 
nonpenetration of the micropores is not surprising. This 
condition may not apply to electrolytes with low viscosi- 
ties, especially if the electrodes are carefully vacuum im- 
pregnated. Vacuum impregnation, however, has not been 
applied in this study or, apparently, in other studies (1-3). 

The mathematical  model further assumes a solid slab of 
homogeneous physical properties. This means that the 
fibrous structure is neglected and that an isotropic diffu- 
sion coefficient is assumed. In fact, however, the diffu- 
sion coefficient is expected to be different parallel and 
perpendicular to the fiber axis. More complex future 
models may take these features into account and future 
experiments may establish the diffusion coefficients par- 
allel and perpendicular to the fiber axis. 

The effect of charging the double-layer capacitance is 
only significant in the first few milliseconds of the tran- 
sient and can be neglected thereafter. For times short 
compared to the time constant for diffusion through the 
entire film and for small polarizations ~1, the transient is 
given (9) by 

= (RT/F) (i/io + 2i X/tI~/~--D Fco) [1] 

where i is the applied current density, io the exchange 
current density, t the time, Co the initial dopant concentra- 
tion, D the dopant diffusion coefficient, R the gas con- 
stant, T the temperature, and F the Faraday constant. The 
current densities are related to the wetted exterior (or 
projected) surface area where ion charge and discharge is 
thought to occur /  

Validity of Eq. [1] assumes that the dopant concentra- 
tion is nearly constant (Co) over a distance from the exte- 
rior surface into the interior comparable to the diffusion 
depth relevant to the subsequent  transient. Whether or 
not this is the case depends on the duration of the pulses 
and open-circuit periods. Figure 6 shows the polarization 
transients of Fig. 2 for both charge and discharge at 0.5 
mAJcm 2 in a plot of ~ against ~/t. The curves exhibit  the 
straight line behavior r~equired by Eq. [1]. The slope of the 
straight line yields the diffusion coefficient, and the in- 
tercept with the axis X/t = 0 yields the exchange current 
density. It is, therefore, clear that the nonsteady-state be- 
havior of polyacetylene electrodes results from the very 
slow diffusion of dopants into and out of the polymer. 

The concentration gradients relevant to a pulse se- 
quence are qualitatively shown in Fig. 7. Figure 7a corre- 
sponds to charging (doping) of a pristine or well- 
equilibrated film. The constant value of dc/dx is dictated 
by the constant applied current density. Figure 7b shows 
the partial relaxation of the concentration profile during 
open circuit. At the interface, dc/dx = 0 as the current is 
zero. Figure 7c shows commencement  of discharge with 
concentration gradients from the preceding charging 
event still present. Figure 7d shows  the relaxation on 
open circuit of the concentration gradients left from the 
previous discharge. For comparison with Fig. 7c, Fig. 7e 
shows the concentration profile for discharge of a well- 
equilibrated film, kept on open circuit for a long time. 

It is for this reason that we refer to doping and diffusion of 
BF4 rather than BF4- ions in the polyacetylene structure. 
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Open-circuit potential-dopant Level relationship.--The 
open-circuit potential is dependent  on the activity or con- 
centration of dopant at the polyacetylene/solution inter- 
face. In view of the small diffusion coefficients of 
dopants in polyacetylene, very long times of equilibration 
are required after charging or discharging before steady- 
state open-circuit potentials are obtained which corre- 
spond to uniform dopant concentration throughout the 
polyacetylene. For a 70 ~m thick film, equilibration times 
are m excess of 300h, and for a 7 tLm film, in excess of 8h. 
The open-circuit potential vs. charge data in Fig. 3 are 
thus nonsteady-state data, and the dopant  levels near the 
surface deviate considerably from the mean levels in Fig. 
3. The surface values decrease or increase toward the in- 
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Fig. 7. Dopant concentration profiles in polyacetylene electrodes 
(qualitatively) at different times during consecutive (a) charging, (h) 1. 
open circuit, (c) discharging, and (d) 2. open circuit; (e) discharge of pre- 
viously equilibrated charged film. 

terior after charge or discharge, respectively, in a way 
qualitatively shown in Fig. 7. The decrease in open-circuit 
potential with longer open-circuit time and the hysteresis 
of the curves on charge and discharge, as shown in Fig. 3, 
are thus explained in terms of nonsteady-state diffusion. 

Kaneto et al. (2) determined the open-circuit potential 
as a function of dopant level at different times after charg- 
ing with a series of potential steps. Their results after 2s 
and 24h open-circuit stand are plotted in Fig. 8 together 
with the present results. Straight lines result in a semilog 
plot with slopes between 300 and 400 mV/decade. The 
open-circuit potentials are highest after the consecutive 
0.25 mA/cm 2 x 100S current pulses and 100s open-circuit 
times employed in this study, since the surface concentra- 
tion of dopants is highest. The consecutive voltage pulses 
applied by Kaneto et al. allowed more time for the dopant 
to diffuse into the interior. Hence, the open-circuit poten- 
tials are lower after only 2s open-circuit time. The values 
after 24h open-circuit time are lower yet, but still cannot 
be regarded as steady-state values. Farrington e t a l .  (3) 
employed 0.05 mA]cm 2 current pulse charges of various 
durations. Discharge for more than 16h had preceded 
charging. Open-circuit potentials were observed at 
unspecified time after charging. The data are also shown 
in Fig. 8. The high mean dopant levels employed in this 
study correspond to exceedingly large dopant levels near 
the surface. Such high dopant levels, in the region of 
10-50 m]o, may result in formation of a second phase 
which would explain the step change in open-circuit po- 
tential at 3 m/o mean dopant level. 

The large observed slopes of 300-400 mV/decade in Fig. 
8 are not  readily explained in terms of simple solution be- 
havior as it applies, for example, to the alkali intercalates 
of graphite (10). Such large changes in open-circuit poten- 
tial with doping have, however, been observed (11) in 
other intercalation compounds, such as Li,.TiS~ and 
NaxTaS~; they are consistent with a salt-like model, re- 
quiring lattice rearrangement energy, and may also be as- 
sociated with shifts in the Fermi level energy brought 
about by the donation of p-type charge carriers from the 
dopant molecules to the conduction band. 

It appears that the slow diffusion of dopants in 
polyacetylene is responsible for the different behaviors 
observed by different authors. The boundary conditions 
established at the surface depend on the previous history 
of the polyacetylene, such as potentiostatic vs. galvano- 
static conditions, applied current density, duration of 
open-circuit periods, etc. The open-circuit potential, in 
turn, depends only on the surface concentration. In  all 
studies to date, open-circuit times have been too short to 
establish the true steady-state relationship between open- 
circuit potential and dopant level. 
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C h a r g e - d i s c h a r g e  c y c l i n g . - - S h o r t - d u r a t i o n  charge and 
discharge curves such as those shown in Fig. 1 and 2 can 
be readily interpreted in terms of the simple Eq. [1]. For 
such short times, the polarization n remains small and the 
linearization of the exponential terms in the discharge 
equation leads to cancellation of the terms containing the 
transfer coefficient a. 

However, for longer charge and discharge times, as they 
are of interest to battery applications, the polarization be- 
comes large enough so that the expression 

= - [ R T / ( 1  - a)F] [ ]n ( - i / i o )  - in ( 1 - ~/t/7)] 
[2] 

must be used (12). The transition time r is given by 

r = 7rDF2coV4i "~ [3] 

and signifies the time at which the dopant concentration 
at the polyacetylene surface has become zero; ~ must  not 
be confused with the time constant for dopant diffusion 
through the entire film. 

When r has been reached, , / increases rapidly; this is the 
case for �9 = 7200s for the discharge curve at 0.08 mA/cm 2 
on pristine polyacetylene, shown in Fig. 5. From Eq. [3] 
with D = 5.7 • 1012 cm"/s, we calculate a dopant concen- 
tration of 3.1 • 10 -2 moYcm 3. This corresponds to 34.8 m]o 
doping when averaged over the penetration depth ~/Dt of 
approximately 3 /~m during lh  charging and lh  on open 
circuit. Figure 9 shows the discharge curve for 0.08 
mA/cm 2 of Fig. 5 in a plot of ~ vs.  - log  (1 - ~/t-]u A 
straight line results at large ~/as required by Eq. [2]. The 
slope yields an a value of 0.77 and the intercept with the 
ordinate at ~/t~ = 0 results in an io value of 3.6 x 10 -5 
A/cm ~. Discharge curves published by Kaneto et  a l .  (2) for 
discharge of polyacetylene doped with 7 rrgo C104 also 
yield straight lines for large V when plotted in terms of 
vs .  - log  (1 - X/t-~). As an example, the lower curve in Fig. 
9 corresponds to discharge at approximately 0.5 mA/cm 2 
with r = 2400s. The slope yields a = 0.93, and the inter- 
cept io = 2.1 • 10 -4 A/cm 2. To arrive at these numbers,  we 
have made the reasonable assumption that the diffusion 
coefficients of BF4 and C104 are approximately the same. 
Hence, the model of slow diffusion and discharge ex- 
plains the present data and those of Kaneto et  a l .  equally 
well. We find no support for the recent model of field- 
enhanced diffusion of Kaufman et  a l .  (13), which they em- 
ploy to explain a perceived three orders of magnitude dis: 
crepancy between observed discharge currents and 
currents predicted on the basis of a standard diffusion 
model. The perceived discrepancy is based upon an esti- 
mate of the diffusion coefficient which is six orders of 
magnitude in error [see Ref. (5)]; in addition, the model of 
field-enhanced diffusion which has been applied to O, 
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Fig. 9. Cathodic polarization or discharge curves during undoping vs. 
- l og  (] - \/t-/~) according to Eq. [2]. (o) ] h discharge of pristine 3.5 m/o 
BF4-r162 polyocetylene with 0.08 mA/cm 2 (see Fig. 5); �9 = 7200s; (b) 
0.Th discharge of 7 m/o C|O4-doped polyocetylene with ~ 0 .5  rnA/cm ~, 7 
= 2400s. 

diffusion in thin SiO2 films on Si (14) is not applicable to 
highly doped polyacetylene, as the Debye length for such 
high charge-carrier densities is far too small. 

C o u l o m b i c  e f f i c i e n c y  a s  f u n c t i o n  o f  d i s c h a r g e  c u r -  
r e n t . - - I n  consecutive cycling of polyacetylene electrodes 
with 0.25 mA/cm 2, we have observed variations of the 
coulombic efficiency from 19 to 55% (Table I) and have 
found that long open circuit results in low efficiencies 
and vice versa. This behavior is due to a larger fraction of 
the dopant diffusing into the bulk of the polyacetylene 
during longer open-circuit stand. Figure 7 shows the rele- 
vant t ime-dependent  concentration Profiles. 

Farrington et  a t .  (3) observed variations in efficiency 
from 21 to 46% in three consecutive cycles with approxi- 
mately identical mean dopant levels of 3 m/o and 
charge/discharge currents of 0.05/0.5 mA/cm 2. The open- 
circuit time between charge and discharge was not 
specified, and we speculate that the variations in their 
efficiency values too may have been caused by different 
open-circuit periods. 

A study of the effect of current density on coulombic 
efficiency also requires identical previous history and, 
hence, identical states of doping. This was assured in the 
present study by employing pristine polyacetylene and 
identical charging conditions and open-circuit times prior 
to discharge. According to the results in Fig. 4, the 
coulombic efficiency of pristine film, charged and dis- 
charged once, decreases significantly with increasing dis- 
charge current density. Such behavior may be suspected 
again to result from the slow diffusion of dopants in 
polyacetylene. The effect of slow diffusion and simultane- 
ous slow discharge on the coulombic efficiency can be 
predicted from Eq. [1] or [2], for small or large values of 77, 
respectively. For discharge performed at various current 
densities id to small fixed polarization ~ ,  the relevant 
discharge times t~ follow from Eq. [1] as 

Vtd = (~/~-D Fco/2) (F•F/RTid - 1//o) [4] 

The mean dopant concentration co is related to the input  
charge q~, = iotc by 

Co = qin/F8 [5] 

where ir tr are charge current density and time, respec- 
tively, and a the film thickness. The coulombic effi- 
ciency ecoul = qou,/qJn then follows from Eq. [4] as 

er = (rrDqinir ( F ~ / R T i d  - 1/io) 2 [6] 

According to Eq. [4], for discharge to a fixed small po- 
larization V~, a plot of ~ d  vs .  the reciprocal discharge cur- 
rent (1//d) should yield a straight line. Figure 10 shows a 
plot of this type for ~r = 50 mV and 100s discharge pulses 
applied to electrode A. A straight line is indeed obtained, 
and the observed discharge times are predicted very well 
for a doping concentration near the surface of 5 m/o, 
which is somewhat smaller than the 7% derived from the 
charge input  under  the assumption of a flat concentra- 
tion profile throughout the polyacetylene. 

No quantitative agreement between observed and pre- 
dicted coulombic efficiencies is obtained for large polari- 
zations as they apply to the discharge curves in Fig. 4 and 
5. Only the general trend is predicted correctly; namely, 
that for polyacetylene in identical dopant state just  prior 
to discharge, the efficiency decreases significantly (70, 
64, and 30%) with increasing current density (0.08, 0.24, 
and 1.2 mA/cm2). 

On polyacetylene in different dopant states prior to dis- 
charge, Kaneto et  al .  (2) observed an unexplained in- 
crease in coulombic efficiency (74, 79.3, and 86.7%) with 
increasing current (0.1, 0.55, and 1.0 mA). Charging in all 
three cases had been carried out to a mean dopant level of 
7 m/o but  for times of 12, 7, and 5.5h, respectively. The re- 
sults of the present study provide a ready explanation for 
the anomalous observed behavior: during longer charging 
time, a larger fraction of the total amount  of dopant dif- 
fuses into the polyacetylene, thus leaving a smaller 
dopant concentration near the surface for reduction dur- 
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ing subsequent  discharge. This behavior is evident from 
the t ime-dependent  concentration profiles shown in Fig. 
7. 

Conclusions 
The behavior of BF~-doped polyacetylene electrodes 

during charge, discharge, and open circuit is controlled 
by slow solid-state diffusion of the dopant in the polymer. 
Steady-state potentials are therefore usually not attained, 
unless the amount  of charge (dopant) injected or removed 
is of the order of only 0.01 mA-s/cm ~ or open-circuit times 
between charges or discharges are exceedingly long, i.e., 
in excess of 300h for a 70 ~m thick film. Since such long 
times have not been employed in this or other studies, no 
unique relationship between open-circuit potential and 
state of charge or dopant level has been established as 
yet. 

Discharge curves of BF4-doped polyacetylene reported 
here and of C104-doped polymer obtained by others are 
interpreted quantitatively by a model involving slow dif- 
fusion and discharge. There appears to be no need to 
invoke a field-enhanced diffusion model. 

Coulombic efficiencies observed on pristine poly- 
acetylene electrodes, identically BF4-doped for lh  with 

0.24 mA]cm 2 to 3.5 m/o followed by lh  on open circuit, are 
70, 64, and 30% for discharge with 0.08, 0.24, and 1.2 
mA/cm 2, respectively. The dependency of efficiency on 
current is predicted quantitatively by a semi-infinite dif- 
fusion model if the discharge polarizations and times are 
small. The anomalous increase in efficiency with increas- 
ing discharge current observed by other authors is readily 
explained by different dopant concentrations near the 
surface caused by very different charging times. 
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Kinetic Investigation on the Mechanism of the 
Photoelectrochemical Oxidation of Water and of Competing Hole 

Processes at the TiO2(Rutile) Semiconductor Electrode 
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ABSTRACT 

The competi t ion between the oxidation of H20 and that of B r -  ions at the illuminated surface of the semiconducting 
rutile anode was studied as a function of the Br -  concentration at the surface, the light intensity, the electrode potential, 
and the surface pretreatment by means of the rotating ring-disk electrode (RRDE) technique. The results allow one to 
.propose a mechanism for the multistep oxidation of HzO to 02 as well as for the oxidation of Br- ,  the latter reaction be- 
ing assumed to occur with the surface intermediate H202 of the former. The data also indicate the occurrence of a sur- 
face electron-hole recombination process involving intermediates of the H20 oxidation, and demonstrate the influence 
of surface imperfections upon the competit ion studied. 

The anodic oxidation of water to oxygen by photo- 
generated holes at the semiconducting TiO~ (rutile) elec- 
trode is the reaction which led, more than a decade ago, 
to the concept of solar4o-chemical energy conversion in 
photoelectrochemical cells (1). However, the mechanism 
of this important reaction is not known in detail yet. In- 
deed, the saturation photocurrent  density only depends 
on the light intensity. Therefore, data on the reactivity of 
water for holes and on the different steps of this oxidation 
are not directly accessible by kinetics, and can only be 
obtained by studying the competit ion between different 
reagents for the holes at the electrode surface. One possi- 
ble method, which was formerly used for TiO~ (2) and 
SrTiO~ (3), consists of the measurement  of the photo- 
current under  the addition of so-called current doubling 
reagents to the photoelectrochemical cell. A more recent 
technique uses the rotating ring-disk electrode (RRDE): 
the reaction product of one of the competit ive 
photoreactions at the semiconductor disk electrode is de- 
tected specifically at the metal ring electrode. A competi- 
tive reagent, which is well suited for this study, is the bro- 
mide ion. Its oxidation product, Br2, is stable in acid 
solutions and can be easily detected at the ring electrode. 

Other investigators have already presented results, ob- 
tained by means of  this method at monocrystalline TiO2 
electrodes, where B r -  competed with water for holes. 
Kobayashi et al. (4) observed at pH = 2 that Br -  was very 
reactive as compared to water. At high concentrations of 
B r -  (c ->- 10-'-' tool-din-3), the fraction n of the photocur- 
rent that oxidizes Br -  appeared to be independent  of the 
light intensity. At lower bromide concentrations, n de- 
creased when the light intensity increased, apparently be- 
cause of the diffusion limitation of the bromide transport 
to the electrode. Also, Fujishima et al. (5) studied the 
competition between B r -  and HzO. They also stated that 
n was independent  of the light intensity, without men- 
tioning, however, at which values of pH and c this obser- 
vation was made. Both groups of investigators found that 
the reactivity of B r -  decreases with respect to that of 
water when the pH of the solution is increased. Hence, 
higher concentrations of bromide can be used for compe- 
tition studies in less acid solutions, so that the oxidation 
of Br -  at the anode is no longer limited by the diffusion 
rate. However, at higher pH, several complications must  
be taken into account: dismutation of Br2 to hypobromite 
and bromide is possible (6); in unbuffered solutions, the 
pH at the photoanode changes because of the photo- 
oxidation of water; and in buffered solutions, the buffer 
(e.g., acetate) may react with the holes (7). 

Therefore, we preferred to confine our measurements 
to solutions of a pH less than 2, so that the addition of 
buffers could be avoided and nevertheless changes in pH 
could be neglected. At these pH values, the range of bro- 
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mide concentrations, in which changes of n can be ob- 
served without the influence of diffusion limitation, is 
rather small; however, the concentration range can be 
considerably extended by exploiting the properties of the 
RRDE. By varying the rotation speed of the RRDE, the 
flux of bromide to the disk can be monitored. By applica- 
tion of the diffusion laws, cs (the concentration of bro- 
mide at the disk surface) can be calculated (see results). 
Thus, n can be measured as a function of cs under differ- 
ent circumstances of light intensity, electrode potential, 
and surface pretreatment. Such measurement  may yield 
interesting indications on reaction mechanisms, as was 
recently shown in the case of III-V semiconductor elec- 
trodes [see, e.g., Ref. (8) and (9)]. By measuring n at differ- 
ent stages of the photoetching procedure, the influence 
of the surface pretreatment on the photoelectrochemical 
behavior of TiO~ can be studied. 

Experimental 
All TiO2 electrodes were cut from one monocrystalline 

sample, purchased from NL Industries (South Amboy, 
New Jersey). The sample was doped with 0.05 weight per- 
cent (w/o) Nb2Os. The electrodes were worked to a cylin- 
der with a height of 5.0 mm and a diameter of 5.0 mm. 
The front side was the (001) face. Before the TiO2 sample 
was mounted as the disk electrode, indium was evapo- 
rated on the back and then it was heated in a nitrogen 
flow during 20 min at 400~ After cooling, the disk was 
fitted in a Teflon | tube, which was in turn fitted in a 
copper tube, on top of which a platinum ring was sold- 
ered. Around the ring and the copper tube, a PVC shaft of 
a suitable shape was mounted. In order to avoid leaks to 
the back of the electrodes, Cyanolit | 202, a cyanoacrylate 
ester, was applied between the electrodes and the Teflon 
and solidified there. Before any measurement,  the elec- 
trode surface was successively polished with abrasive pa- 
pers and A120~ powders of decreasing grain size (0.3 tLm 
final polish) and the previously described photoetching 
procedure (10) was applied. 

Six electrodes were assembled in this way. All but one, 
exhibiting an inhomogeneous surface, showed very simi- 
lar behavior. The results reported below were all obtained 
on two of them, indicated by A and B, respectively. The 
dimensions of the RRDE r,, r2, r~ (being the radius of the 
disk, and the inner and the outer radius of the ring, re- 
spectively), and the theoretical collection efficiency N are 
given in Table I. For the calculation of N from the dimen- 
sions of the RRDE, the theoretical t reatment of Albery 
and Bruckenstein (11) was followed. 

The combined ring-disk electrode was fixed in the 
cover of the perspex electrochemical cell. In the cell, an 
auxiliary electrode made of platinized platinum gauze 
was present; a saturated K2SO4-Hg2SO4 reference elec- 
trode (Radiometer K601) was connected to the cell 
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Table I. Characteristics of the electrodes used 1.0 

Specimen r, (ram) r~ (ram) r~ (ram) N 

A 2.37 3.47 3.88 0.213 
B 2.40 3.45 3.92 0.232 

through a saturated K~SO4 salt bridge. The four elec- 
trodes were connected to a bipotentiostat (Bipad 
Tacussel). The potential of the disk or the ring could be 
swept by a homemade  voltage programmer. All electrode 
potentials will be expressed in volts vs. the saturated sul- 
fate electrode (SSE). The cell was installed in an earthed 
metal case. The ring-disk electrode could be rotated by 
means of an electric motor (Tacussel); the rotation speed 
could be varied between 0 and 2400 rpm. The speed was 
measured by means of an opto-digital tachometer. 

The disk was illuminated by a 450W xenon arc lamp 
with a stabilized power supply (Oriel). The light was en- 
tering the electrochemical cell through a Pyrex window. 
By placing neutral  density filters (Balkers) in the light 
beam, different light intensities were obtained. No abso- 
lute measurement  of the light intensity was performed. 
The saturation photocurrent  was always proportional to 
the light intensity for each state of the electrode surface 
and was hence considered as a measure of the light inten- 
sity for the electrode state considered. All electrodes were 
mounted in the same position relative to the lamp; thus, 
the saturation photocurrent  under full light intensity can 
be used as a reference for the measurement  of the light in- 
tensity at the different states (damaged or etched) of the 
surface. 

All solutions were prepared with reagent-grade chemi- 
cals (Merck) in deionized water. During the measure- 
ments, pure N2 (99.98%) was bubbled through the electro- 
lyte solution in order to remove the dissolved and formed 
oxygen. 

The value of N was checked experimentally by dark re- 
duction of Fe(CN)63- at the disk and reoxidation of the re- 
sulting Fe(CN)~ 4- a t  the ring. The mean experimental  
value of N differed from the calculated one by less than 
0.2% for electrode A and by less than 0.1% for electrode B. 

Results on the competit ion between B r -  and H~O are 
expressed by the competit ion ratio n. The value of n is 
calculated from the currents at the ring-disk electrode 

n = IBr/ID = IIR]/NID [1] 

where IB~ is the photocurrent  associated with the oxida- 
tion of bromide, and IIRI and I ,  the absolute increase of 
the (negative) ring and the (positive) disk current, respec- 
tively, resulting from the illumination of the disk. Unless 
otherwise stated, the disk was kept at +I.00V, i.e., in the 
saturation region of the photocurrent,  and the ring at 
-0.20V, i.e., in the saturation region of the bromine 
reduction. 

Results 
Fully etched electrodes.--Influence o f  the light intensi ty  

and  o f  the bromide concentration on n.-- In  accordance 
with the results of Kobayashi et al. (4) and Fujishima et 
al. (5), it is a general observation that, for relatively high 
concentrations of Br- ,  n is independent  of the light inten- 
sity, while for lower concentrations a strong dependence 
of n on the light intensity is observed. This is illustrated 
in Fig. 1, when n is given as a logarithmic function of the 
saturation photocurrent  density i for three different con- 
centrations of Br- .  These curves are very similar to those 
presented by Kobayashi et al. (4). As part of these curves 
are influenced by diffusion limitation of Br- ,  we will, in 
order to isolate the effect of the light intensity, consider in 
what follows the concentration of B r -  ions at the surface, 
c~. Under  circumstances of diffusion control, Cs is smaller 
than the bromide concentration in the bulk, c. In the 
steady state, the flux of material reacting at the electrode 
surface must equal the flux being transported through 
the diffusion layer. Hence 
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Fig. 1. The competition ratio n as a function of the logarithm of the 

total photocurrent density i at different concentrations c of bromide. 
n-TiO2 (specimen A), surface area 17.6 mm ~, disk potential + I . 0 V  vs. 

SSE, ring potential - 0 . 2 V  vs. SSE, rotation speed 600 rpm, supporting 
electrolyte 0.33 mol-dm -3 HCIO4. Bromide concentration c/mol.dm-a: 
(D) 0.1; (x )  0.01; (0 )  0.001. 
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iBr - - [2] 

A XD 

iB,. being the part of the photocurrent  density correspond- 
ing to the oxidation of Br- ,  A the surface area of the disk, 
F the Faraday constant, XD the thickness of the diffusion 
layer, and D the diffusion constant of Br- .  The value of xD 
(in SI units) is given by (12) 

X D : 0.643 W -'~ v '16 D "3 [3] 

with W the rotation speed of the RRDE (in revolutions per 
second) and v the kinematic viscosity of the solution (v = 
0.9 x 10 -6 m~-s-'). 

The value of D can be calculated from the slope of the 
plot of IB,. vs. W '12 under circumstances of pure diffusion 
control. Indeed, when cs ~ 0 and c is kept constant, IBr is a 
function of the rotation speed only (see Eq. [2] and [3]). A 
value of D = 1.56 • 10 -9 mS-s - '  was obtained in 0.33 
mol-dm -~ HCIO4 as the supporting electrolyte, which is in 
good agreement with that measured by Johnson and 
Bruckenstein (13) in i tool-din -3 H2SO4 (D = 1.58 • 10 -9 
m2_s-I). 

From Eq. [1]-[3], Eq. [4] can be derived, which shows 
that c~ can be varied by varying the rotation rate and the 
bulk concentration of Br-, and can be determined by 
measuring IIRI at given c and W, the values of N, A, v, and 
D being known 

0"643~'6 IIRI [4] 
c~ = c NFAD213 W,12 

Values of n were measured at three different light intensi- 
ties as a function of c~. The results for the etched elec- 
trode A are plotted in Fig. 2(a). At high values of cs, n 
tends to a constant value, but at lower values of cs, n ap- 
pears to be a function of both c~ and of the light intensity 
and, hence, of the total photocurrent  density i. 

Influence o f  the electrode potent ia l  on m - - T h e  photocur- 
rent at the disk remains nearly unaffected by variations of 
the disk potential, if larger than +0.25V. However, when 
the potential is decreased gradually to -0.5V, the photo- 
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Fig. 2. The competition ratio n as a function of the logarithm of the 
bromide concentration at the surface cs at different light intensities cor- 
responding to three values of the disk current density i/p~A-cm-~: (O) 
142; ( •  568; (O) 2840. Surface pretreatment: (a) photoelectrochemi- 
cally etched; (b) damaged by polishing on AI203 powder of 0.3 p.m grain 
size; (c)as in (b), but 1.0/~m grain size. n-TiO~ (specimen A), disk poten- 
tial + 1.0 Vvs. SSE, ring potential - 0 . 2  Vvs. SSE, supporting electrolyte 
0.33 mol.dm -3 HCIO4. 

current declines to almost zero because of the recombina- 
tion of holes with electrons, and simultaneously n is ob- 
served to increase.  In Fig. 3, the top curve represents 
results obtained at a fully etched electrode. In order to 
avoid complications by diffusion limitation, the light in- 
tensities were kept low enough. It can be noticed that the 
photocurrent  can be decreased by decreasing either the 
light intensity or the disk potential, the effect on n being 
generally more pronounced in the latter case. This phe- 
nomenon is illustrated clearly in Fig. 4, by plotting n as a 
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Fig. 3. The competition ratio n as a function of the disk Potential V, 
with a limiting photacurrent density (at V = + 1.0V vs. SSE) of 616 
/~A.cm-~, after different periods of photoetching: (a} 20h (fully etched); 
(b)'13h; (c)6.5h. n-TiO2 (specimen B), ring potential - 0 . 2 V  vs. SSE, ro- 
tation speed 600 rpm, supporting electrolyte 0.33 mol'dm -~ HCIO~, 
bromide concentration 0.01 mol.dm -3. 
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Fig. 4. Plot of n vs. the total photocurrent density i, changed by either 
varying the electrode potential (D) (same data as in curve (a) of Fig. 3) or 
the light intensity (El). 

function of the photocurrent  density. The full line shows 
the change of n when the photocurrent  is varied by a 
change of the light intensity. As the broken line indicates, 
the variations of the photocurrent, due to changes of the 
disk potential, are by far more considerable; in that case, 
n can rise to its maximum value of 1. 

Damaged etectrodes.--Influence of the light intensity 
and of the bromide concentration on n.--After  the mea- 
surements represented in Fig. 2(a), the electrode was pol- 
ished with A1203 powder of 0.3 t~m so that damage was in- 
duced to the surface and to the underlying region. As a 
consequence of the ensuing enhanced electron-hole re- 
combination (10), the light intensities had to be increased 
by a factor of 2.1 in order to obtain nearly the same photo- 
currents as in Fig. 2a. Then the dependence of n on the 
light intensity and on c~ was studied again [see Fig. 2b]. 
Finally, the polishing was repeated with A1203 powder of 
1 /~m, As a result of the larger degree of damaging, the 
light intensities had to be increased again, now by a factor 
of about 5 relative to those used for Fig. 2(b). Even with 
full illumination, it was no longer possible to produce a 
photocurrent of 500/~A in this case. The results obtained 
after the final polish are plotted in Fig. 2(c). 

For damaged surfaces, the concentration range where 
the influence of the light intensity on n is observed, is ex- 
tending to higher values of c~; this effect is very pro- 
nounced in Fig. 2c. By comparing parts a, b, and c of Fig. 
2, it is obvious that the more the surface has been dam- 
aged, the lower the value of n is for each pair of parame- 
ters (i and cs). 

Influence of the electrode potential on n . iS imi la r ly ,  as 
with fully etched electrodes, it is observed with damaged 
disks that in the onset region of the photocurrent-voltage 
curve, n increases significantly as the potential is de- 
creased. In Fig. 3, below curve a representing data for the 
fully etched electrode B, two other curves (b and c) are 
given, representing data, obtained before the photoelec- 
trochemical etching of the electrode was completed. The 
values of n, corresponding with curve c were measured 
after about 6.5h of photoetching (the limiting photocur- 
rent was at that moment  100 /zA with full illumination). 
The values of curve b were measured after another 6.5h of 
etching; the limiting photocurrent  had risen to 300 t~A, 
while the complete etching lasted 20h and led to a maxi- 
mum photocurrent  of 400/zA. 

In all cases, n decreases with increasing V to reach a 
constant value in the voltage region where, also, the pho- 
tocurrent is almost constant. 

Discussion 
Other investigators (4) obtained results, similar to those 

shown in Fig. 1, but  ascribed the decrease of n at increas- 
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ing light intensity in dilute bromide solutions fully to the 
diffusion limitation of Br -  transport. The measurements 
reported here, however, reveal a clear influence of the 
light intensity and hence of the total photocurrent density 
on n, at given concentration of B r -  at the surface, for 
etched as well as for damaged electrodes. Such influence 
shows that the competing anodic oxidation reactions, i.e., 
those of H20 and Br- ,  do not occur through parallel 
pathways involving consecutive one-hole steps, since in 
that case n should be independent  of the light intensity. 

In several recent publications by our research group, 
the kinetics of competing hole processes at semicon- 
ductor photoanodes have been analysed (8, 9, 14, 15). Al- 
though stabilization of photocorroding n-type III-V semi- 
conductor electrodes is particularly stressed, the kinetic 
models developed there can be easily adapted to the treat- 
ment of the competit ion between the oxidation of H20 
and that of B r -  at the TiO2 surface. With III-V compounds 
as well as with TiO2, one reagent is always present in 
large excess (i.e., the electrode material itself in the case 
of III-V compounds and H20 in the case of TiO2) and is 
oxidized in a multistep reaction, whereas another 
reducing agent is added to the solution, oxidized in a rela- 
tively simple reaction, and detected in a quantitative way. 
The analysis of competing electrode reactions mentioned 
leads to the conclusion that those mechanisms, which 
lead to a light-intensity-dependent competit ion ratio, are 
grouped kinetically into two classes, in which n is either a 
function of the single variable c J i  or of c~2/i. The present 
experimental  results were found to belong to the latter 
class, as is illustrated by Fig. 5, where the data of Fig. 2a 
have been replotted as n vs.  log (c[#i), leading to one 
single curve. All but one (a chemically improbable one) of 
the previously derived kinetic relationships in which n is 
a function of (c~Vi) are of the type n2/(1 - n)  ~ Cs2/i. This 
relationship appears not to be obeyed in the present case, 
however. 

Therefore, in order to account for the experimental  ki- 
netics of the H20 vs .  Br-  competit ion on the TiO2 elec- 
trode, we propose a reaction mechanism which is to a cer- 
tain extent analogous to mechanisms devised earlier for 
cases in which the competit ion ratio is a function of c~2/i 
and which is furthermore based upon various literature 
data on the photooxidation of H~O on TiO.2. By spin 
trapping and electron spin resonance techniques, Jaeger 
and Bard (16) revealed the existence of adsorbed hy- 
droxyl and perhydroxyl radicals on illuminated TiO~ 
powder, which were dispersed in aqueous solutions. 
Wilson (17) proposed associating intermediates of the O2 
evolution process with surface states within the bandgap 
of TiO2. It is presently accepted that OH' radicals and ad- 
sorbed H20~ molecules are involved as intermediates and 
as surface states in the photo-oxidation of H20 on TiO2; in 
a number  of recent papers, Salvador and Gutierrez dealt 
with this subject (18-20). These authors proposed the fol- 
lowing mechanism for the photo-oxidation of H20 to 
H202: (i) capture of a photogenerated hole by a Ti-OH- 
surface group, creating a surface OH radical; (ii) electron 
transfer from an OH-  ion, physisorbed from solution, to a 
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Fig. 5. Plot of n vs. Iog(cs2/i). Some dot -  - s  in Fig. 2(o). 

surface OH' radical; (iii) formation of H.,O2 from two OH 
radicals. Oxygen is then suggested to be formed either by 
decomposition of H202 or by further capture of two holes. 
Details about these eventual reactions are not given in the 
references cited. Neither of both these proposed 
pathways for further reaction of H202 can account for the 
n vs.  Cs2/i relationship describing the competit ion between 
H20 and B r -  (see below), so that we propose the follow- 
ing mechanism for the photoanodic oxidation of H20 

4(H20 + h § k, H+ + OH) [5] 

2 OH ~ H~O2 [6] 

H202 + OH ~ OOH' + H20 [7] 

OOH + OH ~ 02 + H20 [8] 

Hence, the overall reaction is 

2H~O + 4h § ~ 4H ~ + O~ [9] 

Reaction [7] was already considered by Jaeger and Bard 
(16) as a possible source of the observed OOH' at TiO2 sur- 
faces. Reactions [7] and [8] are assumed to occur during 
the gas phase decomposition of H20~ (21). 

The general kinetic analysis mentioned above (8) sug- 
gests consideration of the reaction of B r -  with the surface 
intermediate H~O2, which is known to proceed in the case 
of a homogeneous liquid phase and to take place accord- 
ing to (22) 

H 2 0 2 + B r - + H  ~ k Br H O B r + H 2 0  [10] 

followed by the much faster reaction 

HOBr + H ~ + B r -  ~ Br~ + H20 [11] 

Note that in this mechanism (reactions [5]-[8], [10], and 
[11]), the competit ion between the formation of O2 and 
that of Br2 is actually a competit ion for H202 between OH 
radicals and B r -  ions, as expressed in Eq. [7] and [10], and 
that the light-intensity dependence originates from the 
fact that the OH radicals are formed by holes (Eq. [5]) and 
hence by light. The intermediates OH', H202, and OOH 
are assumed to be adsorbed to the surface. The OH' radi- 
cal is considered as being mobile along the surface (a 
layer of adsorbed H20 can be conceived in which the OH 
radical captures an electron from a neighboring H20 mol- 
ecule). The adsorbed H.zO~ is assumed to react with a bro- 
mide ion from the adjacent solution layer (reaction [10]). 

Under steady-state conditions, the concentrations of the 
intermediates OH', H20.2, and OOH are constant, resulting 
in Eq. [12]-[14] 

d x ,  
- k,p~ - 2k,2x, 2 - k3x~x2 - k4XlX~ = 0 

d t  

d x 2  

d t  
- k 2 x ,  "2 - k 3 x l x 2  - kBrX2Cs  = 0 

[12] 

[13] 

[14] d x 3  
- k 3 x , x 2  - k 4 x , x 3  = 0 

d t  

Here x,, x2, and x3 represent the surface concentrations of 
OH, H202, and OOH', respectively, and Ps the concentra- 
tion of holes at the electrode surface. 

The total steady-state current density is proportional to 
the light intensity and is given by the following expres- 
sion, in view of Eq. [5] and considering the surface H20 
concentration to be constant 

i = ek ,ps  [15] 

where e is the absolute value of the elementary charge. 
According to Eq. [10] and [11], the part of i corresponding 
to the oxidation of B r -  is given by 

n i  = i~r = 2ekBrX2Cs [16] 

Elimination of the unknown quantities p ,  x,, x2, and x3 
from Eq. [12]-[16] leads to the expression 
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n2(1 + n) ek2kBr 2 Cs 2 
. . . . .  [17] 

(1  - n )  ~ k3 ~ i 

which conforms to the experimental  result that n is a 
function of the single variable cs2/i (Fig. 5). 

It should be remarked that, in this equation, k, and k4 
are absent: only reactions [6], [7], and [10] determine the 
competition. It has been found that the shape of the func- 
tion (Eq. [17]) is not changed if reaction [5] is assumed to 
be reversible. Neither is it changed when reaction [8] is re- 
placed by another plausible reaction (21) 

2 OOH ~ H~O~ + O~ [18] 

Under  the latter assumption, only the ratio of the reaction 
constants in Eq. [17] must  be adapted. On the other hand, 
if further oxidation of H20~ by a hole instead of reaction 
[7] were assumed, an expression would result in which n 
is a function of (cJi) instead of (cs'2/i); if decomposition of 
H202 were assumed, an /- independent expression for n 
would be obtained. 

When the experimental  results are plotted as n2(1 + 
n)/(1 - n) 2 vs.  c~Vi, the linearity is not completely satisfac- 
tory. However,  it can be improved by inserting, instead of 
n, a quanti ty n' defined by 

n' = n/nmax [19] 

and in which nmax represents the observed maximum 
value of n (in Fig. 2, nmax is equal to 0.90, 0.86, and 0.59 for 
par ts  a, b, and c, respectively). In Fig. 6, the data of Fig. 2 
have been replotted as log[n'2(1 + n')/(1 - n') 2] vs.  
log(cs2/i). It is seen that the sets of data a, b, and c can be 
represented in a very satisfactory way by linear plots with 
slope 1, demonstrating that Eq. [17] holds for n' and 
hence indicating that the proposed competing reaction 
mechanism (Eq. [5]-[7], [10], and [11]) is valid. 

Kobayashi et al.  (23) already remarked that, at damaged 
TiO~-electrodes, n does not tend to 1 when the concentra- 
tion of bromide is increased. This was explained by the 
assumption that polishing results in the creation of spe- 
cial surface sites (e.g., Ti3+-Ti 3~ pairs), where the formation 
of O2 (and surface electron-hole recombination) would oc- 
cur by preference. Hence, the surface might be conceived 
as being composed of two parts, i.e., a nondamaged one, 
where the competi t ion between the formation of Br2 and 
that of O2 proceeds according to reactions [5]-[11], and a 
damaged one, where only O2 is formed. This reasoning 
would be compatible with the correction of n by the fac- 
tor (1/n~) .  Also, with the fully etched electrode, the lim- 
iting value of n remains less than 1. I t  is therefore sup- 
posed that even after prolonged etching, a certain fraction 
of the surface consists of special Ti3~-Ti 3+ sites. 

The foregoing considerations refer to situations in 
which surface electron-hole recombination can be ex- 
cluded because of the large band bending. Recombina- 
tion mechanisms, in which conduction band electrons are 
captured in surface states, associated with intermediates 
of the anodic decomposit ion of the semiconductor, have 
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Fig. 6. Plot of log [n'2(1 + n')/(1 - n') '2] vs .  Iog(es2/i). Same data as in 
Fig. 2 (a, b, and c). 

been treated kinetically in a recent paper (9). Specifically 
it was shown that, if the intermediate involved in recom- 
bination corresponds to a higher degree of oxidation than 
that involved in the competing reaction with the solved 
reducing agent, then decreasing the voltage in the photo- 
current onset (i.e., increasing the conduction band elec- 
tron concentration at the surface) should result in a 
change in the competing rates in favor of the solved 
reducing agent. This conclusion has very recently been 
verified experimentally on the system n-GaAs/Fe 2~ (24). 
In an analogous way, the results presented in Fig. 4 may 
be interpreted by assuming the occurrence, not only of 
ordinary electron-hole surface recombination, but also of 
a recombination step in which conduction band electrons 
are captured by OOH radicals according to 

e-  + OOH + H ~ --> H202 [20] 

It can be easily seen from a simplified reaction scheme 
(Fig. 7, in which protons and ordinary surface recombina- 
tion have been omitted) that this recombination step pre- 
vents the oxidation of H20~ to O~ and hence leads to the 
enhancement  of the competit ion ratio n. Reaction [20] is 
conceivable to occur in view of the energetic position of 
the OOH/H~O2 redox couple [U ~ = 1.5V vs.  SHE at pH = 0 
(16), corresponding to an energy level at -1.5 eV vs. SHE, 
i.e., about midgap]. 

Another recombination step, in which conduction band 
electrons are captured by H20~, adsorbed at the TiO~ sur- 
face, has been suggested in the literature (19). The occur- 
rence of this step is in principle not excluded by the pres- 
ent results, but may contribute to a minor  extent only 
when H20~ is much more reactive with respect to bromide 
ions than to conduction band electrons. 

It should be remarked that, also, Kobayashi 's concept 
(23) of special sites for preferential H~O oxidation and sur- 
face recombination may explain the influence of the elec- 
trode potential upon V: when V is decreased and hence 
the conduction band electron concentration at the surface 
increased, surface recombination competes in these sites 
only with the H20 oxidation, resulting in an increase in 
the observed value of n. 

Conclusions 
The present study on competing hole processes has al- 

lowed us to propose a mechanism for the oxidation of 
water molecules at the TiO2 photoanode, in which hy- 
droxyl radicals are assumed to be involved in at least 
three of the subsequent  reaction steps. The results also 
indicate that the hole processes occurring simultaneously 
with the H20 oxidation reaction, i.e., oxidation of Br -  and 
to a certain extent  also surface electron-hole recombina- 
tion, do not occur in parallel with the water oxidation, but 
that these three processes are linked through the interme- 
diates of the latter, analogously to what has previously 
been observed on n-type III-V electrodes. In particular, 
the oxidation of B r -  ions appears to occur by reaction 
with the surface intermediate H20~ of the H20 oxidation. 
If this type of oxidation mechanism for reducing agents 
at the TiO2 photoanode were general, this would evi- 
dently have important implications as to the factors 
which determine the reactivity and selectivity behavior of 
this electrode: these factors would then be connected 
with the thermodynamics and kinetics of reactions be- 
tween solved reducing agents and adsorbed hydrogen 

~e- e -  

+ h  + ,=" x 
2( H 2 0  =, OH') p H 2 0 2  ~, OOH" I 'O  2 

HOBr Br- 
Fig. 7. Reaction scheme for processes occurring at the illuminated 

Ti02 electrode. 
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peroxide. Experimental work with reducing agents differ- 
ent from bromide will be needed in order to clarify this 
point. 
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Ellipsometry of the Growth and Dissolution of Anodic Oxide Films 
on Aluminum in Alkaline Solution 

R. Greef* and C. F. W. Norman** 

Department of Chemistry, The University, Southampton, England 509 5NH 

ABSTRACT 

Ellipsometry has been used to study the growth of anodic films on superpure a luminum in sodium hydroxide of 
concentration range 0.1-4M. The ellipsometer used was a self-nulling type, and all experiments were performed in situ at 
a constant wavelength of 632.8 nm. The results are explained by the growth and dissolution of anodic films that are du- 
plex in nature. During the dissolution process, at certain potentials, a highly reproducible transient effect in the optical 
signal is seen. This effect has been related to roughening of the underlying a luminum substrate, followed by subsequent  
smoothing upon completion of the dissolution process. The latter is indicated by the optical signal returning close to its 
initial value prior to film growth. 

Until  comparatively recently, interest in oxygen 
containing films on a luminum has focused largely on 
their protective and decorative properties. Newer applica- 
tions for a luminum and a luminum alloys include their 
use in corrosion control as sacrificial anodes, and as pri- 
mary  battery anodes (1-3). In the latter role, the presence 
of passivating oxide films is detrimental to the primary 
function of the substrate, which is to dissolve electro- 
chemically at the lowest possible overpotential. 

Aluminum used in these applications is alloyed with 
such elements as zinc, tin, indium, and gallium, the effect 
of which is to improve reactivity (4-7). The full reasons for 
the effect of alloying with these metals is not yet clear, 
and recent work (8) with zinc-tin and zinc-indium alloys 
in 0.1M NaOH has shown the system to be complex. To 
help understand the mechanisms involved, it was ac- 
knowledged that investigation with super-pure a luminum 
would he of fundamental  importance. 

A method of monitoring the surface condition of the 
metal under  working conditions with the metal in situ in 
the electrolyte was required. Ellipsometry provides such 
a technique (9, 10) and allows precise monitoring of the 
electrode surface by measuring the change in the state of 
polarization of a beam of light speeularly reflected from 
the surface. These changes can be interpreted in terms of 

*Electrochemical Society Active Member. 
**Electrochemical Society Student Member. 

the thickness and refractive index of overlayers on the 
metal surface. 

Previous ellipsometric studies of pure a luminum are 
available and are concerned with anodic film growth in 
acidic or buffered solutions (11-14) or in hot water (15). 
This paper describes an ellipsometric study of a luminum 
in sodium hydroxide solutions, in which a luminum oxide 
is soluble, and which for this reason is a medium of im- 
portance in battery applications. 

Ellipsometry is shown to be capable of monitoring the 
growth and dissolution of surface films over a range of 
potentials and alkali concentrations, and the results can 
be interpreted in terms of the porosity of the films. The 
results are explained with a detailed model of changes in 
density profile through the thickness of the film as a 
function of time. 

When t h e  surface film dissolves, it does so finally to 
leave a smooth a luminum surface, but  an unexpected and 
large transient optical signal is observed just  before the 
last of the porous film disappears. This is explained by 
the short-lived presence of a microrough metal surface 
formed by exposure and corrosion of the substrate as the 
overlying layer becomes discontinuous. When all the 
protective layer dissolves, the peaks of the rough metal 
surface are preferentially attacked and dissolve, and the 
substrate again becomes smooth, as is shown by a return 
of the optical signal to a point closely corresponding to its 
starting point before the initiation of anodic film growth. 
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Exper imenta l  M e t h o d  

M a t e r i a l s . - - A l u m i n u m  rods (99.999% AI)  were  cut  in to  
cylindrical electrodes of 6 mm diam. Electrical connec- 
tion was made with a copper wire attached with thermo- 
setting silver-loaded epoxy resin. The samples were 
mounted in epoxy resin. 

Smoothing.--The electrodes were ground on 400 grit, 
then mechanically polished for 6 min on 6/~m diamond, 
and finished on alumina (0.05 /~m). The powder was 
mixed with distilled water. 

Cell.--The electrodes were mounted in a polypropylene 
cell, designed to support  the surface horizontally at the 
optical center of the ellipsometer. The cell contained a 
platinum counterelectrode and  a reversible hydrogen ref- 
erence electrode. The reference electrode consisted of a 
platinized plat inum electrode sealed into a tube with a 
closed upper end and an open lower end immersed in the 
electrolyte. It  was prepared by passing a cathodic current 
of approximately 10 mA-cm-2 until a bubble of hydrogen 
formed enveloping half of the platinum. Electrode poten- 
tials are reported throughout  vs. this reversible hydrogen 
electrode in the same solution. The electrolyte was air- 
saturated, AR-grade sodium hydroxide solution. 

Electrochemical measurement.--The electrode potential 
was controlled by a Wenking potentiostat (70TS1) cou- 
pled to a Wenking voltage scan generator (VSG72). Cyclic 
vol tammograms were recorded on .a analog X-Y recorder. 

Optical measurements.--The ellipsometer is a self-nul- 
ling fully automated type, employing Faraday modulation 
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Fig. I .  a, top: Cyclic voltammetry of super pure aluminum in 0.1M 
NaOH, sweep rates 40 mV-s -1 (bold line) and 25 mV-s -~ (dashed line). 
Potentials throughout are against the reversible hydrogen electrode in 
the same solution, b, bottom: Cyclic voltammetry as in la  in 1.0M 
NaOH. 

and compensation. The optical and mechanical  parts of 
the ellipsometer have been described elsewhere (16). 

The ell ipsometer was used in the monochromatic 
mode, the source being a He-Ne laser of wavelength 633 
nm. The t ime constant for the self-nulling process is of 
the order of 0.1s. 

The ell ipsometer is linked to a SWTPC M6809 micro- 
computer which controls the operation and data acquisi- 
tion. The computer  is interfaced with a Hewlett-Packard 
Type 7470A plotter, which enables direct monitoring of 
the results while the experiment  is running. Data points 
consisting of readings of time, the ellipsometric parame- 
ters h and ~, and the working electrode potential and cell 
current were recorded on diskette. 

Electrochemical results.--Cyclic voltammograms for 
super-pure a luminum in 0.1 and 1.0M NaOH are given 
Fig. la  and lb. 

On the forward anodic sweep, at a potential close to 
-0.5V there is a region where little hydrogen evolution 
occurs together with no film growth. Here we have a 
small net anodic current and, ellipsometrically, an almost 
steady signal. 

At higher anodic potentials there is an increase of cur- 
rent and the resulting broad plateau is characteristic of 
film growth. Currents are slightly lower on the reverse 
sweep and indicate a continuation of film growth. 

Current t ime transients were recorded by stepping the 
potential f rom -0.5V to other more anodic potentials. The 
resultant transients shown in Fig. 2 show a fall of current 
with respect to time indicative of the growth of a porous 
film. Hur len  and Haug (17) have recently obtained tran- 
sients that are similar in structure, but the potential steps 
are much smaller than in our experiments. 

When the potential is stepped back to -0.5V, the cur- 
rent becomes zero very quickly and after several seconds 
rises to the small anodic value it had prior to the anodic 
pulse. This t ime period is known as the recovery time, 
and previous accounts of similar phenomena in acidic 
electrolytes are available (18-21). 

The recovery t ime depends upon the electrolytic con- 
centration and the height of the anodic peak. The recov- 
ery time is longer for more dilute concentrations and 
higher anodic pulses. 

Optical terminology.--Ellipsometry measures the quan- 
tity p, which is the ratio of the reflection coefficients par- 
allel to (p component) and perpendicular to (s compo- 
nent) the plane of incidence. Each of these reflection 
coefficients is a complex quantity which is an expression 
of the fact that it contains both amplitude and phase 
information. The ellipsometer measures two angular 
quantities h and $ which are related to p by the equation 

p = tan ~ e i~ 

The possible range of h is 0~ ~ and of $ is 0~ ~ Ox- 
ide films on aluminum are transparent, and the theory 
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Fig. 3. Optical signals h and @ for an idealized uniform film growth 
model on a smooth substrate. The refractive index is indicated for 
each curve. 
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Fig. 5. Optical signals A and @ during cyclic voltammetry as shown 
in Fig. la, covering potential range -O.5V (point A) to +2.0V (point 
B) and returning to -O.5V (point D). The time interval between each 
data point is 2s. 

for an idealized uniform film model shows that as the 
film grows, a cyclic change in both h and @ is traced, (see 
Fig. 3) the size of which depends upon the refractive in- 
dex of the oxide. 

Pretreatment and growth potentials.--On immersing 
the electrode in the electrolyte, the potential was quickly 
adjusted to -1.0V in the hydrogen evolution region to 
cathodically protect the polished surface. After 10s, the 
potential was shifted to -0.5V, where the optical signal is 
steady. A pipette was used to disperse the remaining hy- 
drogen bubbles before the potential was stepped to the 
higher anodic growth potential. A diagram of this poten- 
tial cycle is shown in Fig. 4. 

Optical measurements during cyclic voltammetry.-- 
Figure 5 shows the h-@ signature obtained during a cyclic 
sweep of potential at 25 mV/s in 0.1M NaOH. The starting 
point A is at -0.5V, where the optical signal is stable. As 
the potential was scanned positive, a distorted egg- 
shaped curve was produced, as shown in section A-B. 
Point B represents a potential of 2.0V, and section B-D is 
the return scan to -0.5V. 

Only a qualitative interpretation of this result was at- 
tempted. The anodic sweep A-B evidently results in the 
formation of a film, but because of the distorted egg 
shape of the curve, this cannot be a layer of constant op- 
tical properties increasing in thickness. During the nega- 
tive sweep the film continues to grow for a time, but then 
as point C is approached the h-$ curve turns back on it- 
self and traverses around an inner curve until a position 
near the starting point is reached. 

The optical signal at A did not move appreciably until a 
potential of 0.1V was reached. The signal at C corre- 
sponds to 1.3V. It is possible that the general shape of the 
h-@ signature in Fig. 5 could be attributed to two entirely 
different processes: film growth, which accelerates as the 

ANODIC GROWTH j, 

POTENTIAL T > 

-0.5 

- 1.0 f 
I I 
-10s ~, 

TIME s 

Fig. 4. Potential profile for anodic growih and dissolution of oxide 
layers. 
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potential increases, and chemical dissolution of the film 
as the potential is reduced. 

This experiment  suggests that the refractive index of 
the film is dependent  on potential, so the effect of the 
formation potential was explored in detail. 

Constant potential experiments.--A series of films was 
formed using the potential profile already described (see 
Fig. 4), in which the pretreatment at -1.0 and -0.5V was 
held constant, while formation potentials between 1.5 and 
3.5V were applied, until approximately one whole A-@ 
"egg" had been traced. 

The eggs traced out at high potentials tended to form 
nearly closed curves, characteristic of a uniform transpar- 
ent film. When plotted on common axes (see Fig. 6), the 
formation curves form a very striking set or "nest" of 
eggs, which is strongly suggestive of an oxide film in- 
creasing in refractive index very regularly with formation 
potential. The smoothly variable composit ion of the film 
implied by this increasing refractive index is most plausi- 
bly explained by a film of varying porosity, which fits 
well with the electrochemical results of Fig. 2. 

Another  series of eggs (see Fig. 7) was obtained by 
keeping the anodic growth potential constant (+2.5V) and 
varying the concentration of the sodium hydroxide. 
Increasing the concentration decreased the size of the 
egg, and this implies that the refractive index of the trans- 
parent film also decreases, corresponding to the increas- 
ing solubility of A1 oxides and hydroxides at higher pH's. 

Dissolution at open circuit.--In Fig. 8, two curves are 
shown for growth at +2.5V in 0.1M NaOH. The maximum 
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Fig. 6. Family of anodization curves at the indicated growth poten- 
tials with data points every 5s. Each run was carried out with a freshly 
polished electrode. 
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Fig. 7. A family of growth curves at +2.5V,  for NaOH concentra- 
tions of 0.1M (A), 1.0M (B), and 4.0M (C). Curves B and C have 
points at intervals of ls, the time interval between points for curve A 
is 2s. 
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Fig. 9. A family of curves for growth +2 .5V (G), interrupted at  dif- 
ferent stages to show the dissolution signal at - 0 .SV  (D). DE corre- 
sponds to the dissolution limit in the text. The time interval between 
points is ls. 

current density for this electrolyte is about 50 mA/cm 2. 
When a certain film thickness was obtained, the film 
was allowed to dissolve at open circuit. The potential de- 
creased quickly at first until it reached -0.9V at a posi- 
tion close to the starting position. The potential ap- 
proached Ecorr, but in the duration of the experiment  
never completely stabilized. 

During the dissolution phase, the optical signal did not 
even begin to retrace the formation curve but departed 
immediately on a totally different path, which neverthe- 
less brought the curve back closely to the starting point. 

Dissolution at -0.SV.---A family of curves is shown in 
Fig. 9 for growth at 2.5V but with interruption of the 
growth at different stages to show the dissolution signal 
at -0.5V. All of these curves were obtained with the same 
electrode, the oxidation potential being reapplied as soon 
as the dissolution process had brought  the h-@ values 
closely to the starting position. Each point was recorded 
at a t ime interval of ls. 

It is convenient  to reduce this rather complex picture 
into three main regions: (i) the film growth region, (ii) the 
dissolution pathway until the point DL (DE = dissolution 
limit) is reached, and (iii) the remaining part, which we 
will call the "loop," which finally returns the optical sig- 
nal to the starting point. 

The Corresponding current-time transients are identical 
in structure compared with those in Fig. 2. Examination 
in three stages shows, first, the falling transient after the 
anodic pulse which indicates porous film formation; sec- 
ond, a region where after stepping the potential back to 

-0.5V negligible current flows and the process occurring 
is attributed to chemical dissolution of the film by the 
electrolyte; and last, the rising current when the recovery 
t ime is complete, the onset of which coincides with the 
point marked DE in Fig. 9. The return of the net anodic 
current accompanies the optical signal which traverses 
the loop before returning to the starting position. 

The formation of the loop is very reproducible even 
after three growth-dissolution cycles and is fast, taking 
only about 8s from the point marked DE to the starting 
position. 

Dissolution at other potentials .--The result of the open- 
circuit dissolution and the dissolution at -0.5V seem to 
indicate that the behavior of the loop region of the disso- 
lution process is potential controlled. Further  experi- 
ments where the dissolution potential was varied can be 
seen in Fig. 10 and 11. In Fig. 10, the potentials -1 .0  and 
-0.8V were very close to the open-circuit potential (see 
Fig. 8) and the dissolution behaviors are very similar. In- 
creasing the dissolution potential (Fig. 11) to more anodic 
potentials than -0.8V leads to the appearance of the loop, 
which increases in size with an increase of dissolution po- 
tential up to about 0.0V where, as seen in Fig. 5, at this po- 
tential the rate of film growth exceeds that of film disso- 
lution. Therefore, at this potential no net film dissolution 
would be expected. 

Discussion 
It is possible to make  qualitative conclusions based 

purely upon the general shape of the A-$ signatures. It is 
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Fig. 8. Growth curves for +2 .5V in 0.1M NaOH interrupted at dif- 
ferent film thicknesses (G), and their resultant dissolution curves at 
open circuit (D). The time interval between points is 4.5s. 
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Fig. 1 I .  Growth curves as in Fig. 10, with dissolution at - 0 . 6 V  
(open circles), - 0 . 4 V  (X's) and - 0 . 2 V  (asterisks). The time interval 
between points is &5s. 

clear  t h a t  a p o r o u s  fi lm g rows  (see Fig. 5) on  t he  a lumi-  
n u m  s u b s t r a t e  a b o v e  p o t e n t i a l s  of  a b o u t  0.1V a n d  t h a t  t h e  
re f rac t ive  i n d e x  of  t he  film, a n d  h e n c e  its dens i ty ,  in- 
c reases  r egu l a r l y  w i t h  i n c r e a s i n g  f o r m a t i o n  po t en t i a l  a n d  
d e c r e a s i n g  e lec t ro ly t ic  concen t r a t i on .  F i l m s  f o r m e d  in  
th i s  way  d i sso lve  to leave  a c lean  su r face  w h i c h  is sti l l  
s m o o t h  e v e n  af te r  severa l  g r o w t h - d i s s o l u t i o n  cycles.  

The  c o n c l u s i o n s  can  b e  t e s t e d  in  a q u a n t i t a t i v e  way  b y  
ca l cu la t ing  t h e  h-~ r e sponse ,  u s i n g  a s ingle- f i lm or  mul t i -  
f i lm model ,  m e a s u r e d  or e s t i m a t e d  v a l u e s  of t h e  va r ious  
opt ical  c o n s t a n t s ,  a n d  a c o m p u t e r  p r o g r a m  s u c h  as t h a t  of  
M c C r a c k i n  a n d  Col son  (22). 

Optical constants of the substrate.--The c o n d i t i o n  of  t he  
sur face  at  - 0 . 5 V  be fo re  a n o d i z a t i o n  is s t ab le  a n d  ha s  b e e n  
u s e d  as a r e f e r e n c e  state.  I t  is no t  a f i lm-free sur face ,  
howeve r ,  as a f i lm of  ox ide  f o r m e d  in  air  d u r i n g  t h e  pol- 
i sh ing  p roces s  is no t  r e m o v e d  e v e n  at  -1 .0V.  Va lues  of  n 
a n d  k for  bare ,  p u r e  a l u m i n u m  sur faces  are  ava i l ab le  
(11,12, 15, 23, 25), b u t  no t  for  t he  p o l i s h e d  a l u m i n u m  sub-  
s t ra te  i m m e r s e d  in a caus t i c  e lec t rolyte .  T he  va lues  of  t he  
ba re  su r face  op t ica l  c o n s t a n t s  we re  t he r e fo re  e s t i m a t e d  
b y  a s s u m i n g  t h a t  a t h i n  l ayer  (0-5 rim) of  ox ide  of  refrac-  
t ive  i n d e x  1.65 ex i s t s  in i t ia l ly  on  t h e  a l u m i n u m .  The  ef- 
fect  of  " r e m o v i n g "  th i s  l ayer  in  t h e  ca l cu la t ions  is to  in- 
c rease  h a n d  d e c r e a s e  ~. U s i n g  th i s  n e w  s t a r t ing  p o i n t  in  
t he  f i lm ca l cu l a t i on  does  g ive  a n o t i c e a b l e  c h a n g e  in  t he  
A-O s i g n a t u r e s  p r ed i c t ed ,  b u t  n o n e  of  t he  c o n c l u s i o n s  is 
c h a n g e d  b y  u s i n g  t he  in i t ia l  m e a s u r e d  h-O va lues  as i f  
t hey  r e p r e s e n t e d  a c lean  surface.  U s i n g  th i s  a n d  t h e  fac t  
t ha t  t he  su r f aces  are  m e c h a n i c a l l y  p o l i s h e d  a n d  are  n e v e r  
exac t ly  r e p r o d u c i b l e ,  a p p r o x i m a t e  op t ica l  c o n s t a n t s  of  
the  a l u m i n u m  u s e d  were  n = 1.5 - 0.15 a n d  k = 5.5 -+ 0.4. 
T h e s e  va lues  can  b e  c o m p a r e d  w i t h  t h o s e  for  a l u m i n u m  
d e p o s i t e d  u n d e r  U H V  c o n d i t i o n s  (23) of  n = 1.43 a n d  k = 
7.28. U n d e r  ou r  c o n d i t i o n s  t h e s e  va lues  c o r r e s p o n d  to 
" b a r e  su r face"  A a n d  ~ va lues  of  131.08 ~ a n d  40.90 ~ w h i c h  
lie c lose  to t h e  o b s e r v e d  s t a r t i ng  po in t s .  

Film growth models.--The s i m p l e s t  m o d e l  is t he  s ingle-  
fi lm m o d e l  Fig. 3, in  w h i c h  a u n i f o r m  ox ide  f i lm l ies be-  
t w e e n  t he  al loy s u b s t r a t e  a n d  t h e  i m m e r s i o n  m e d i u m .  
This  m o d e l  suff ices  for  f i lms g r o w n  on  p u r e  a l u m i n u m  
u n d e r  ce r t a in  c o n d i t i o n s  (14, 15). W h e n  t he  m o d e l  is ap-  
p l ied  to t h e s e  resul t s ,  howeve r ,  i t  is o b v i o u s  f rom Fig. 12 
t ha t  a u n i f o r m  fi lm m o d e l  is i n a d e q u a t e  (25). Ini t ia l ly ,  t he  
e x p e r i m e n t a l  da ta  i nd i ca t e  a c o n s t a n t  re f rac t ive  index ,  
b u t  as t he  f i lm t h i c k e n s  the  re f rac t ive  i n d e x  s e e m s  to de-  
crease,  i m p l y i n g  t h a t  t he  f i lm is i n c r e a s i n g  in  poros i ty .  

Two m u l t i l a y e r  m o d e l s  we re  t h e r e f o r e  e x p l o r e d  (26), 
h a v i n g  a l inea r  a n d  a n  e x p o n e n t i a l  fall in  t h e  re f rac t ive  in- 
dex  w i th  d i s t a n c e  f rom t he  e lec t rode .  N e i t h e r  m o d e l  
y ie lded  A-~ s i g n a t u r e s  t h a t  f i t ted a n y  s u b s t a n t i a l  pa r t  of  
the  e x p e r i m e n t a l  curves .  

A two-f i lm m o d e l  s imi la r  to t h a t  u s e d  by  Del l 'Oca  a n d  
F l e m i n g ( l l )  was  t h e n  t r i ed  in w h i c h  t h e r e  was  a d e n s e  ox- 
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Fig. 12. Comparison of calculated uniform film models (value for 

the oxide refractive index as indicated), with an experimental growth 
curve + 2 . 0 V  in 0.1M NaOH (open circles). S corresponds to the ini- 
tial experimental point, with further points taken at 2s intervals. 

ide  l ayer  n e x t  to t he  e l ec t rode  a n d  a m o r e  p o r o u s  layer  in  
con tac t  w i t h  t h e  e lect rolyte .  The  m o d e l  was  re f ined  b y  
p r o p o s i n g  a s m o o t h  t r a n s i t i o n  b e t w e e n  t he  two  ref rac t ive  
i n d e x e s  r a t h e r  t h a n  a s u d d e n  s t ep  (see Fig. 13). This  was  
d o n e  b y  d iv id ing  t he  fi lm up  in to  m a n y  t h i n  s l ices  a n d  
g e n e r a t i n g  a f u n c t i o n  w i t h  w h i c h  to def ine  t h e  ref ract ive  
i n d e x  of e a c h  slice. The  f u n c t i o n  u s e d  was  

n = n,ni, + (nmax - n ,~)  exp  ( -x ) / [exp  ( - x )  + exp  (-xmax/J)] 

w h e r e  n~i, a n d  nmax are  t he  va lues  of  r e f rac t ive  i n d e x  in  
con t ac t  w i t h  t he  e lec t ro ly te  a n d  meta l ,  respec t ive ly ,  a n d  
Xmax is a n  a r b i t r a r y  n u m b e r  w h i c h  con t ro l s  t h e  s h a r p n e s s  
of  t he  re f rac t ive  i n d e x  t r a n s i t i o n  b e t w e e n  t he  two ex- 
t r e m e  values .  T h e  va lue  o f x  va r i e s  f r o m  0 to xm~• in  e q u a l  
i n c r e m e n t s  for  e a c h  sl ice f r o m  the  m e t a l  to t he  ou te r  f i lm 
b o u n d a r y .  The  f r ac t ion  1If d e t e r m i n e s  t h e  d i s t ance  at  
w h i c h  t h e  s tep  f r o m  n ~ .  to n ~ ,  is h a l f  comple te .  So for  
Fig.13, t he  t heo re t i ca l  p a r a m e t e r s  are  fi lm t h i c k n e s s  = 
420 n m ,  sl ice t h i c k n e s s  = 4 n m ,  n~i~ = 1.45, nma~ = 1.50, 
X~x = 60, a n d  f = 2.2, w h i c h  imp l i e s  t he  d e n s e  pa r t  of  t he  
fi lm is 190 n m  th ick .  

The  ca l cu l a t i on  of  t h e  A-~ r e s p o n s e  is s t a r t ed  w i th  a 
ba r e  surface ,  a n d  t h e  s l ices are  a d d e d  one  at  a t i m e  un t i l  
t he  to ta l  f i lm has  b e e n  a s s e m b l e d .  The  r e su l t  s h o w n  in  
Fig. 13 is a se t  of  h-$  p o i n t s  t r a c i n g  ou t  t h e  s i m u l a t e d  
charac te r i s t i cs .  
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Fig. 13. Comparison of the refined duplex model for film growth 

(dashed line) superimposed upon the experimental curve from Fig. 12 
(open circles) and the uniform film model curve in Fig. 12 (bold line). 
Theoretical parameters: film thickness = 420  nm, nmi, = 1.45, nm~x 
= 1~50, xm,x = 60,  and f = 2.2. The inset shows the smooth transi- 
tion for the refined model; the start and end of the transition be- 
tween the two layers are indicated by X and Y, respectively. 
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Fig. 14. A calculated anodizotion curve (G) with two dissolution 
curves (D), Xmax = 60, film thicknesses 320 nm (point A) and 210 nm 
(point B). B s corresponds to the bare surface. 

Film dissolution models.--Accepting that the growth 
curves can only be explained by a graded-film model, it 
is clear that a dissolution process quite different from the 
reverse of the formation process is needed to explain the 
dissolution trajectory in the h-$ plane. A model in which 
all of the oxide layers begin to relax toward a lower re- 
fractive index at the end of the growth phase was found 
to give the correct kind of shape. Out of many curves pro- 
duced by trial and error, Fig. 14 shows the main features 
seen in the open-circuit dissolution experiment  (see Fig. 
8). 

It therefore seems clear that the outer layers of the ox- 
ide are porous enough to allow attack of the inner, dense 
layers to start immediately upon cessation of the 
anodization process. 

Figure 15 shows a three-dimensional plot indicating 
how the refractive index of the film changes with thick- 
ness and time. At the point marked A, the potential is 
pulsed anodically and a film of uniform refractive index 
starts to form. At B, the film becomes duplex in nature 
and as the thickness increases so the refractive index pro- 
file through the film changes until the lower refractive 
index limit is reached. At C, the potential is stepped back 
to its initial value and the film chemically dissolves. Note 
that the thickness remains constant but  the refractive in- 
dex diminishes until at D the whole of the film reaches a 
predetermined refractive index which represents the 
point DL in Fig. 9. 

This simple dissolution model  is capable of reproduc- 
ing qualitatively the open-circuit dissolution curve in Fig. 

8. However, from Fig. 9 and 11 it is obvious that the 
model is insufficient in explaining the complete dissolu- 
tion process which contains the loop phenomenon. A 
more complex model  is therefore required. 

At the position DL (see Fig. 9), the h-O value(s) corre- 
sponding t o  this portion clearly indicates that a film of 
finite thickness still remains on the substrate. At this po- 
sition, subsequent  dissolution causes the current to rise 
(see Fig. 2) and the h-@ response to depart from the disso- 
lution curve and traverse the loop before returning close 
to the starting position. 

The net anodic recovery current must  be due to t h e  
chemical breakdown of the film at random sites, thus ex- 
posing bare metal and allowing preferential metal disso- 
lution. The metal dissolution process would result in ap- 
preciable roughening of the metal surface. 

The large h-$ excursion from the dissolution curve can- 
not be explained by a continuation of the dissolution pro- 
cess alone, nor by the growth of another transparent film 
or by a mixture of both. The optical constants of the 
transparent system cannot produce any h-$ values for any 
film thickness in this region of the A-0 plane, where h < 
Astarting position and ~ < ~starting position, assuming reasona- 
ble values for the refractive index of the film (1.4 < n ~< 
4.0). This region is therefore "out of bounds" for a trans- 
parent film on a smooth aluminum substrate. It very 
quickly becomes obvious that we must  introduce a k (ex- 
tinction coefficient) value into the optical constants of 
the system to force the h-O response into this region. The 
appreciable roughening caused by the a luminum dissolu- 
tion reaction must  now be taken into account. 

The model used so far has assumed a perfectly smooth 
interface between the substrate and the film (9), such 
that the reflection from which can be described by the 
Fresnel complex reflection coefficients and the Drude 
equation. The problem of microscopically rough surfaces 
can be treated however by using simple models to charac- 
terize the roughness of the surface. The simplest optical 
model that approximates to a rough substrate is to repre- 
sent the rough layer as an effective medium of intermedi- 
ate optical properties, sandwiched between a perfect sub- 
strate and a perfect ambient (27). There are several 
effective-medium models that represent a heterogeneous 
dielectric mixture by a single parameter. The Maxwell- 
Garnett (MG) and the Bruggeman effective-medium ap- 
proximation (EMA) are two of the most popular theories 
used. 

Aspnes et. al. (27) have shown that the MG treatment is 
inconsistent in its definition of the volume fractions of 
the substrate and ambient media, and they recommend as 
being self-consistent the Bruggeman theory (EMA). The 
equation that relates the volume fraction of the inclusions 
(V2) in the ambient  medium (film) (1) can be written as 

/A  
/ / 

1.5 . i  B 

T REFRACTIVE /.  C 

INDEX I / / 

_L 1.34 

0.0~ / / / D 
0-0 

TIME / s ~ FILM 
THICKNESS / A 

180 

Fig. 1S. A three-dimensional plot indicating how the refractive in- 
dex of the film varies from A (the initial anodic pulse) to D (the disso- 
lution limit DL in Fig. 9), with both time and film thickness. 

(1 - V 2 )  e l -  < e >  _ V~ E 2 - -  < e >  

el + 2<e> e2 + 2<e> 

where <e> is the effective dielectric function of the rough 
layer and el and e2 are the dielectric functions of the film 
material and bulk substrate, respectively. The effective 
dielectric function is a complex quantity. 

The rough layer was divided into a number  of slices of 
equal thickness, and various structural models  (27) 
describing the inclusion of the substrate into the film 
were employed. These models were triangular ridges 
(model 1), close-packed cones (model 2), hemispheres 
(model 3), inverse cones (model 4), and inverse hemi- 
spheres (model 5). Figure 16 shows a section through a 
rough layer structure using model  1 as the geometric 
shape with the layer divided into equal slices. From this 
geometric shape, it is easy to calculate the volume frac- 
tion of the base material in each slice of the rough layer. 
The EMA theory allows the calculation of the optical con- 
stants of each slice, knowing the volume fraction of the 
inclusions, and from these values a new curve is pro- 
duced in the A-$ plane. 
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Fig. 16. A schematic diagram shewing the rough layer section using 
rough model 1 (triangular ridges) to describe the inclusion of sub- 
strate into the film, and the division of the rough layer into slices of 
equal thickness. 

In Figure 17, the simulated dissolution reaction is 
stopped at DL and the rough layer for model 1 is grown 
for two different rough layer thicknesses. Both curves 
move into the out-of-bounds region, and increasing the 
thickness of the rough layer causes the curve to deviate 
further from the point DL. 

From the h@ curves in Fig. 9, the h-~ response, having 
traversed the loop, returns very close to the starting posi- 
tion. Here the film will be very thin, and the optical con- 
stants of the system will approach the initial values of the 
substrate before the first anodic pulse. This can only be 
explained by the roughened substrate becoming smooth 
again. With the chemical dissolution of the film near 
completion, a preferential "leveling of f '  process of the 
rough layer, via the aluminum dissolution reaction, would 
seem to occur. This process may be akin to the leveling 
and brightening effects observed in electropolishing (28). 

The leveling-off process is a simple process to model, as 
one slice at a t ime in the rough layer starting from the 
film boundary has its optical constants changed to those 
of the medium (1.34, 0) until the underlying substrate 
boundary is reached. Figure 18 shows how the extinction 
coefficient varies with time and the rough layer thick- 
ness. Initially k = 5.5 and is representative of the sub- 
strate, whereas at B, when the rough layer is completely 
grown, k tends to 0, representing the transparent film. 
From B, the removal shows k progressively made equal to 
0 from the outermost  slices at the film boundary until at 
C the removal of the rough layer is complete. 

To allow the film dissolution to continue while the 
roughening process is occurring, the computer  program 
was adapted so that a suitable constant could be included 
which represents the ratio of roughening to dissolution in 
the system. So for example, if the constant was equal to 3, 
the computer  simulation would represent the growth of 
three slices in the rough layer for every one small reduc- 
tion in the refractive index of the film (representing film 
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Fig. 17. A calculated growth (G) and dissolution curve (D); parame- 
ters are refractive index of film = 1.5, film thickness = 100 nm, and 
slice thickness = 10 nm. The calculation is stopped when the film re- 
fractive index reaches 1.4 (DL). Simulated roughening using model 1 
is then calculated with different rough layer thickness, 10 nm (A) and 
20 nm (B). 
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Fig. 18. A three-dimensional plot showing how the extinction coef- 
ficient varies with time and the rough layer thickness during the pro- 
cesses of growth (A to B) and dissolution (B to C) of the rough layer. 

dissolution). When the rough layer was completely grown, 
its removal via the leveling-off process was simulated. 
The initial rate was still used, and three rough layer slices 
were removed for every one step in the reduction in the 
refractive index of the film. The best results for all five 
models used were found when the roughening occurs 
quickly compared to the film dissolution. 

Figure 19 shows a theoretical response for model 1. The 
saw tooth appearance to the shape of the loop is present 
to show the two separate parts of the calculation, al- 
though this curve could be made smooth by modeling 
both processes in the same step of the calculation. 

All five of the models have a theoretical h-@ response 
which moved into the out-of-bounds region when the 
rough layer was grown and produced a loop when cou- 
pled to the film dissolution and the smoothing process. 
However, models 1 and 2 produced loops that showed the 
greater resemblance to the experimental  curves in Fig. 9. 
Experimentally, film breakdown leading to the substrate 
roughening would occur at random sites across the sub- 
strate and the highly structured rough layer models used 
here would only be an approximation to the real system. 

Finally, another result that can now be explained is the 
dependence of the loop size upon potential (see Fig. 11). 
In Fig. la  and lb the cyclic vol tammograms show that as 
the potential is raised from -1.0 to -0.2V the current also 
increases. Therefore, when film breakdown occurs at a 
more anodic potential in this range, the aluminum disso- 
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Fig. 19. The complete theoretical model depicting film growth and 
dissolution to DL, and the growth and dissolution of the rough layer 
together with the continued dissolution of the film until point B s is 
reached (bare surface). Parameters for the film as in Fig. 17, with 
rough layer parameters of model = 1, thickness = 20 nm, slice thick- 
ness = 0.33 nm. 
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lution reaction can occur at a faster rate and the effect of 
the roughening will be greater. Figure 17 shows that an 
increase in the rough layer thickness, possibly caused by 
more vigorous a luminum dissolution reaction at higher 
anodic potentials, would lead to an increase in the size of 
the loop. 

Conclusions 
1. The density of anodic oxide films on a luminum in al- 

kaline conditions depends upon the potential of forma- 
tion and the electrolyte concentration. The films increase 
in porosity toward low formation potentials and high 
electrolytic concentrations. 

2. The films are not of uniform density throughout 
their thickness, being denser a t  the metal surface. A 
model consisting of a duplex film with a smooth transi- 
tion in refractive index between the two layers produced 
a good fit with the experimental  results. 

3. The dissolution process is not the reverse of the for- 
mation process. The oxide layer begins to dissolve 
throughout its thickness u p o n  cessation of anodization 
until  a critical point is reached where the underlying 
metal is preferentially dissolved due to film breakdown. 

4. Dissolution of the underlying metal and the incom- 
plete oxide layer proceed in parallel, giving a A-$ signal 
that departs from the dissolution curve and moves into a 
region in the h-~ plane that is "forbidden" for any reason- 
able transparent  film system. 

5. The preferential dissolution of the underlying metal 
leads to appreciable roughening which has been modeled 
by constructing a layer between the substrate and the 
film where inclusions of metal into the film (and vice 
versa) are used to represent the  rough layer. 

6. Having now moved into this forbidden region, the h-~ 
response traverses a loop and returns close to the starting 
position. The optical constants of the system are now 
very similar to those before the initial anodic pulse. This 
implies that the anodic oxide film has been removed and 
that the rough substrate has become smooth again via 
some form of leveling-off process. 
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Electrochemical Formation of Graphite-Sulfuric Acid Intercalation 
Compounds on Carbon Fibers 

Yasuhisa Maeda,* Yasuo Okemoto, and Michio Inagaki 
Department of Materials Science, Toyohashi University of Technology, Tempaku-cho, Toyohashi 440, Japan 

ABSTRACT 

The cyclic voltammograms in 98% H~SO4 were measured on the mesophase-pitch-based carbon fibers heat-treated 
at various temperatures. They showed a marked dependence on the heat-treatment temperature of the carbon fibers. 
The electrochemical formation of graphite-sulfuric acid intercalation compounds was confirmed by x-ray diffraction. 
The change of graphite layer planes in the carbon fibers due to electrolysis was examined by Raman spectra. 

Graphite forms intercalation compounds by the inser- 
tion of various ions, atoms, and molecules into its 
interplanar space. Recently, graphite intercalation com- 
pounds (GIC's) have attracted attention because of their 
unique properties. For a number  of new GIC's synthe- 

* Electrochemical Society Active Member. 

sized by different methods, their structure, physicochem- 
ical properties, and applications have been studied ac- 
tively (1-3). 

Graphite is electrochemically oxidized in a concentra- 
ted sulfuric acid to form graphite-sulfuric acid intercala~ 
tion compounds as follows 
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Cx + 3H2SO4 ~ C / H S O 4 -  2H,~SO4 + H ~ + e-  

A bisulfate ion and sulfuric acid molecules are inserted 
between graphite layers. The positive charge of the oxi- 
dized graphite network is balanced by the negative 
charge of the intercalated ions. In this case, intercalation 
occurs in the anodic process and deintercalation in the 
cathodic process. 

There are several papers (4-8) reporting electrochemical 
formation of graphite-sulfuric acid intercalation com- 
pounds on the graphite electrodes with high crystallinity, 
natural graphite, and highly oriented pyrolytic graphite. 
However, extensive studies on carbon electrodes are un- 
common, although carbon materials have wide varieties 
in structure, in texture, and in shape. Carbon fibers have 
different textures and different degrees of perfection in 
structure according to their precursor and heat-treatment 
(9-11). Therefore, carbon fibers are interesting host mate- 
rials of GIC because they may give much information on 
the GIC formation behavior in relation to crystallinity of 
host materials and also on the development  of 
applications. 

In this paper, the electrochemical formation behavior of 
graphite-sulfuric acid intercalation compounds was ex- 
amined on the mesophase-pitch-based carbon fibers (11) 
heat-treated at various temperatures. 

Experimental  
The electrode materials were the mesophase-pitch- 

based carbon fibers (Kureha Chemical Industry Com- 
pany) heat-treated at temperatures of 1800 ~ 2100 ~ 2400 ~ 
2700 ~ and 3000~ for 30 min in argon atmosphere. Figure 
1 shows the SEM micrograph of a cross section of the 
3000~ treated carbon fibers. It is well known that the de- 
gree of graphitization of carbon materials is higher with 
the rise of heat-treatment temperature (HTT). The aver- 
age interlayer spacing d(002) determined from 002 x-ray 
diffraction line by using inner standard of silicon is usu- 
ally used as graphitization degree. The d(002) values of the 
heat-treated carbon fibers are summarized in Table I. 
The value decreases to the value for the natural graphite, 
3.354~, with the rise of HTT as has been found in various 
carbon materials. 

A bundle of carbon fibers (weight of about 40 mg) at- 
tached to a copper lead wire with conducting silver epoxy 
was prepared as a working electrode. A platinum wire 

Table I. Interlayer spacing of the mesophase-pitch-based 
carbon fibers heat-treated at various temperatures 

HTT (~ d(O02) (~) 

3000 3.361 
2700 3.362 
2400 3.383 
2100 3.405 
1800 3.426 

and a saturated calomel electrode were used as a counter 
and a reference electrode, respectively. An electrolyte was 
98% sulfuric acid. Cyclic vol tammograms were measured 
by using a potentiostat (Hokuto Denko, Model HA-501) 
and a function generator (same company, Model HB-104). 

The x-ray diffraction pattern of the carbon fibers elec- 
trolyzed at a certain potential was measured in order to 
confirm the formation of graphite-sulfuric acid intercala- 
tion compounds.  Because of instability of intercalation 
compounds in air, the electrolyzed carbon fibers were 
taken out from the electrolyte in nitrogen atmosphere and 
mounted to the x-ray sample holder with a cover of 0.5 
mm thick polyethylene film. The x-ray diffraction mea- 
surement was made with a diffractometer (Rigaku Denki, 
Model Geigerflex-2028). 

Raman spectra were measured in order to examine the 
change of graphite layer planes in the carbon fibers due 
to electrolysis. In this case, the electrolyzed carbon fibers 
were taken out from the electrolyte, rinsed repeatedly 
with p u r e  water, and dried in air. The Raman measure- 
ment  was made with a Raman spectrometer (JRS, Model 
400D) using 4880~ line (150 mW) of Ar-ion laser (NEC, 
Model GLG-3200). The angle between the incident beam 
and the fiber axis was 45 ~ , and the scattered light was col- 
lected under 90 ~ with the fiber axis. The slit widths at en- 
trance, intermediate, and exit were 500, 600, and 500/~m, 
respectively. 

Results and Discussion 
Figure 2 shows the cyclic vol tammograms (CV's) on the 

mesophase-pitch-based carbon fibers heat-treated at 
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Fig. 1. SEM micrograph of cross section of the 3000~ treatea 
mesophase-pitch-based carbon fiber. 
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Fig. 2. Cyclic voltammograms (first scan) on the mesophose-pitch- 
based carbon fibers in 98% H2S04. a, b, c, d, and e: The carbon fibers 
heat-treated at 3000 ~ 2700 ~ 2400 ~ 2100 ~ end 1800~ respec- 
tively. Scan rate: 10 mV-s -1. Pt: Platinum. 
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3000 ~ 2700 ~ 2400 ~ 2100 ~ and 1800~ The CV's in a con- 
centrated sulfuric acid showed a remarkable dependence 
on HTT. In  Fig. 2a on the 3000~ treated carbon fibers, 
three anodic current peaks A, B, and C were observed at 
potentials of about 1.2, 1,4, and 2.1V, respectively. A cath- 
odic peak appeared at about 1.0V. A plat inum working 
electrode gave no anodic and cathodic peaks in the poten- 
tial range of 0.0-2.3V in 98% H~SO4. The CV on the 2700~ 
treated carbon fibers (Fig. 2b) is similar to that on the 
3000~ treated carbon fibers. From the CV's on the 
2400~ and the 2100~ treated carbon fibers (Fig. 2c and 
2d), it is indicated that both the anodic current peaks cor- 
responding to A and B peaks in Fig. 2a become broad 
with the decrease in HTT. In  contrast with peaks A and 
B, peak C seems to be almost independent  of HTT. In  the 
CV on the 1800~ treated carbon fibers (Fig. 2e), only two 
anodic current peaks were observed. 

Figure 3 shows the x-ray diffraction patterns of the 
3000~ treated carbon fibers for original (a) and 60 min 
electrolysis at the potential of 1.1, 1.4, and 2.1V (b, c, and 
d, respectively). On the electrolyzed carbon fibers, 001 
diffraction lines from graphite layer planes disappear and 
new lines due to the formation of GIC are observed. The 
diffraction lines in Fig. 3b can be indexed by the stage 2 
graphite-sulfuric acid intercalation compound with the 
identity period along the c-axis Ic of 11.33~, as shown in 
the figure, and those in Fig. 3c by the stage I compound 
with Ic of 7.98A. Therefore, anodic current peaks A at the 
potential o f  1.1V and B at 1.4V observed in the CV (Fig. 
2a) are attributed to the formation of the stage 2 and the 
stage 1 compounds,  respectively. As shown in Fig. 3d, the 
product obtained by the anodic oxidation up to the poten- 
tial of 2.)V has two diffraction lines at almost the same 
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diffraction angles as the stage 1, but  two higher-order dif- 
fraction lines are missing. Since the stage 1 GIC which 
has the maximum content of intercalant is already 
formed at the potential of 1.4V, anodic current peak C is 
supposed to be due to the formation of graphite oxide (12, 
13). Besenhard et al. (8) mentioned the formation of 
graphite oxide following that of the stage 1 compound on 
the highly oriented pyrolytic graphite electrode in 96% 
H~SO,. In the CV's on the carbon fibers, the anodic cur- 
rent peak C is quite different from the peaks A and B 
with regard to HTT dependence. The broadening of the 
peaks A and B with the decrease in HTT suggests that a 
distinction in staging of GIC formed gets obscure on the 
carbon fibers with lower degree of graphitization. 

Figure 4 shows the dependences of the onset potential 
(OP) and of the interlayer spacing d(002) on HTT of the 
carbon fibers. The OP is denoted as the threshold poten- 
tial which shows the beginning of the anodic current 
flow in the first scan. The OP value of the carbon fibers 
treated at the higher HTT is less positive. A striking simi- 
laxity between the HTT dependences of OP value and 
d(002) suggests that the OP value is closely related to the 
crystallinity of the host carbon fibers, the higher degree 
of graphitization facilitating the formation of GIC. 

Figure 5 shows the CV on the 3000~ treated carbon 
fibers in the range of 0.0-1.4V. In  this potential range, 
only the formation of GIC occurs, as shown by two 
anodic current peaks at 1.1 and ).4V, but  not the forma- 
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Fig. 5. Cyclic voltammogram (first scan) on the 3000~ treated car- 
bon fibers in 98% H2SO 4. Scan rate: 10 reV-s-L 
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Fig. 6. Raman spectra of the 3000~ treated carbon fibers, o: Origi- 
nal. b and c: After ten times cyclic electrolysis in the range of 0.0- 
1.4V and 0.0-2.3V, respectively. 

tion of graphite oxide. This CV characteristically shows 
two cathodic peaks at the potential of about 0.4 and 0.8V, 
which correspond to the reduction of the stage 2 and the 
stage 1 graphite-sulfuric acid intercalation compounds, 
respectively. These waves are not clearly detected with 
scans up to the potential of 2.3V, as shown in Fig. 2a. The 
CV's (0.0-1.4V range) on the 2700 ~ 2400 ~ and 2100~ 
treated carbon fibers also showed two cathodic current 
peaks. The potential of these peaks shifted to less positive 
values with the decrease in HTT. This dependency seems 
to imply a relation between the deintercalation process 
and the crystallinity of the carbon fibers. 

Figure 6 shows Raman spectra of the 3000~ treated car- 
bon fibers before and after electrolysis. It has been 
known that carbon materials have two Raman bands at 
1580 and 1360 c m -  1 (14-16), the former being due to the in- 
plane motion of carbon atoms in the hexagonal graphite 
layers, and the latter being related to the presence of 
structural defects in the graphite layer planes. As shown 
in Fig. 6a, the original carbon fibers without electrolysis 
give a strong sharp band at 1580 cm -~ but  only a weak 
one at 1360 cm -I. The ten times cyclic electrolysis in the 
range of 0.0-1.4V did not affect the spectrum (Fig. 6b). 
This suggests that graphite layer planes of the original 
carbon fibers retain their perfection after the electro- 
chemical formation of the stage 1 graphite-sulfuric acid 
intercalation comPound. In  the spectrum of the carbon 
fibers after the ten t imes  cyclic electrolysis in the range 
of 0.0-2.3V (Fig. 6c), however, a marked increase in the rel- 
ative intensity of 1360 cm -1 band is observed. Thus the 
formation of graphite oxide seems to give rise to various 

defects in graphite layer planes, which may be related to 
puckering of layer planes due to the carbon-oxygen bond 
in graphite oxide (12, 13). The introduction of the defects 
in layer planes by the formation of graphite oxide may 
cause the disappearance of the higher-order diffraction 
lines of the stage 1 intercalation compound, as shown in 
Fig. 3d. 

Summary 
The results obtained can be summarized as follows. 

The CV's in 98% H2SO4 were measured on the mesophase- 
pitch-based carbon fibers heat-treated at the various tem- 
peratures. Three anodic current peaks at the potential of 
about 1.1, 1:4, and 2.1V in the CV's were attributed to the 
formation of the stage 2 and the stage 1 graphite-sulfuric 
acid intercalation compounds and of the graphite oxide 
from the measurements of x-ray diffraction patterns and 
Raman spectra. The CV depended strongly on HTT of the 
carbon fibers; the onset potential shifting to the positive 
value, and the anodic current peaks due to the formation 
of GIC becoming broad with the decrease in HTT. Thus 
the electrochemical behavior showed a marked depen- 
dence of the GIC formation on the crystallinity of the host 
carbon fibers. For the Raman spectra of the 3000~ 
treated carbon fibers, the graphite layer planes of the 
original fibers were found to retain their perfection even 
after ten times cyclic electrolysis up to 1.4V, that is, ten 
times repetition of formation and decomposition of the 
stage 1 compound, but various defects were introduced in 
the layer planes by the formation of graphite oxide. 
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A B S T R A C T  

An  open-c i rcu i t  s tudy  of  the  reduc t ion  of  oxygen  coverage  on  Au by aUyl a lcohol  was made.  The  expe r imen ta l  re- 
sults have  been  in te rpre ted  us ing  Chr is tov 's  s cheme  (15). The  gold ox ide  coverage  appears  to be r e m o v e d  via a chemical ,  
an e lec t rochemica l ,  or  a m i x e d  mechan i sm,  depend ing  on dif ferent  potent ia l  va lues  wh ich  characterize the  diverse  zones 
appear ing  in t he  E-t curves.  Gold  ox ide  reduc t ion  seems  to take  place  th rough  two  steps in acidic  e lec t ro ly tes  and 
th rough  th ree  in neutra l  ones. The  first step appears  to be  the  reduc t ion  of  Au20:3 to AutO, the  second  a reduc t ion  of  
Au20 to Au, whi le  the  third has been  in te rpre ted  as a r educ t ion  of  an aged fo rm of Au20. 

In  p rev ious  papers ,  (1, 2), we have  repor ted  on the  oxi- 
da t ion  m e c h a n i s m  of allyl a lcohol  on gold  in aqueous  so- 
lutions.  The ox ida t ion  of  the  organic  subs tance  wou ld  in- 
ter fere  wi th  that  of  the  e lec t rode  itself. The  ox ide  
coverage  can then  in teract  wi th  the  organic  molecu les  
giving rise to a fairly rapid  oxygen  coverage  removal ,  de- 
pend ing  on ox ida t ion  level,  s t ructure,  and stabil i ty of the  
oxide  layers. The  aim of the  p resen t  s tudy  is to clarify the  
m e c h a n i s m  of the  in teract ion be tween  the  organic  re- 
duc ing  agent  and the  oxide  coverage .  The  s tudy could  
also p rov ide  ind i rec t  ev idence  for the  compos i t ion  and 
s t ruc ture  of superficial  oxygen  coverage  on gold. 

The open-c i rcu i t  potent ia l  decay  t echn ique  was ap- 
plied. In  this way, it is poss ible  to fol low the changes  in 
potent ia l  unde r  nul l  ne t  current  condit ions.  The  E-t 
curves  r eco rded  after  armdic polar izat ion of a gold elec- 
t rode  in the  bu lk  e lec t ro lyte  and in the  p resence  of allyl 
a lcohol  g ive  in fo rmat ion  on the  in terac t ion  m e c h a n i s m  
be tween  e lec t ro ly te  and oxide  layer. 

Var ious  authors  have  used  this  m e t h o d  to s tudy the de- 
v e l o p m e n t  and evo lu t ion  of  ox ide  coverage  on meta l  elec- 
t rodes  (3-10). The  inf luence of  s t i r r ing (6, 7) and of  di- 
verse  r educ ing  agents  (6-12) was also invest igated.  F e w  
papers  have  appea red  on the  r educ t ion  of  oxygen  cover- 
age on gold  by organic  reduc ing  agents  (13, 14). 

Experimental  
Procedures.--Cell, electrodes ,  apparatus ,  and act ivat ion 

m e t h o d  have  b e e n  descr ibed  e l sewhere  (1, 2). The  reac- 
tants  were  NaOH, K2SO4, H2SO4 (Merck, P.A.). Allyl  alco- 
hol  (Fluka, P.A.), was also used.  E x p e r i m e n t s  were  
carr ied out  unde r  N., a t m o s p h e r e  and  in uns t i r red  solu- 
tions. T e m p e r a t u r e  (except  in expe r imen t s  for de termina-  
t ion of  the  ac t iva t ion  energy) was kep t  cons tan t  at 25.0 ~ -+ 
0.1~ Two series of  expe r imen t s  were  carr ied out  unde r  
the  fo l lowing condi t ions.  

In  the  first series, a potent ia l  Ea = 1.15 VscE was appl ied  
to the  work ing  e lec t rode  (WE) in the  bu lk  solut ion for a 
g iven  t ime  ta. The  circui t  was then  o p e n e d  and the  E-t 
curve  recorded.  The  e lec t rode  was then  act ivated (1) in 
the  bu lk  solut ion and the  I /E curve  was recorded  and 
compared  wi th  a s tandard  I /E  curve  in order  to check  its 
catalyt ic activity.  Thereafter ,  the  e lec t rode  was polar ized 
at Ea and allyl a lcohol  was added  in N2 a tmosphere ,  im- 
media te ly  pr ior  to open ing  the  circuit .  The  resul t ing E-t 
re la t ionship  was recorded.  Measu remen t s  were  m a d e  in 
unbuf fe red  solut ions  (H.2SO4, NaOH, and 10-~M and 5 • 
10- 'M K2SO4), and in buffer  solut ions (Bri t ton-Robinson)  
for the  comple te  pH  range. The  allyl a lcohol  concentra-  
t ion was var ied  f rom c = 10 -2 to 5 • 10-=M. The t ime  dur- 
ing which  the  polar izat ion was appl ied,  t~, was changed  
f rom 5 to 20 rain. 

In  the  second series, the  WE was ac t iva ted  in the  bu lk  
solution (0.1M H~SO4: /~ = 1 with K~SO4) then introduced 
into a second, previously deoxygenated cell containing a 
solution of allyl alcohol. The solution was stirred with N~ 
for 2 rain and then left for 30s. Finally, a potential Ea was 
applied to the WE for a time, t~, before opening the circuit 

and record ing  the  E-t curve. For  this series, the allyl alco- 
hol  concent ra t ion ,  c, was var ied  f rom 10 -3 to 10- 'M, and ta 
was var ied  f rom 4 to 45s. The catalyt ic act ivi ty  of  the  WE 
was checked  after  each  expe r imen t  as descr ibed  (1). All 
potent ia l  va lues  are expressed  vs. SCE.  

Both  series of  expe r imen t s  gave  rise to s imilar  E-t re- 
sponses.  In  acidic med ium,  the  di f ferent  va lues  of  the  
t ransi t ion t imes  which  can be deduced  f rom Fig. 2 and 5 
are due  to the  di f ferent  ta and Ea applied.  

The expe r imen ta l  de te rmina t ion  of  T according  to Ref. 
(15) was made,  e i ther  as the  t ime  cor respond ing  to the  in-. 
te rsec t ion  of  the  tangents  to AB and CD (Fig. 1) or as the  
t ime  at which  character is t ic  potent ia l  is reached.  This po- 
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tential, which corresponds to zero oxygen coverage is 
given by E = 0.62 VscE for Au in acidic medium (1, 18, 26). 
In this case, the potential value corresponding to the tan- 
gent intersection point is 0.86 -+ 0.01 VscE and the values 
of r obtained from both methods do not differ by more 
than 5%. 

Results.--Figures 2, 3, and 4 show E-t curves obtained in 
different media: acid, neutral, and basic (18). In all media, 
a marked decrease in r is brought about by the presence 
of allyl alcohol. The decrease is larger in unbuffered than 
buffered solutions for all pH values. In alkaline medium, 
at t = r the potential drops sharply to values close to that 
for H2 evolution and then increases. Similar behavior is 
observed for allyl alcohol on other metals (1). 

The theoretical treatment (15-17) was applied to the E-t 
curves obtained in the second series of experiments. 
Table I summarizes the results for the different sections 
of the E-t curves (see Fig. 1) in the second series of experi- 

1.1 

>o 

m 0.7 

O, 5 

2 5  SO 7 5  1 0 0  125 

Fig. 2. Open-circuit E-t curves in acidic medium at different adsorp- 
tion times (ta). Solution = 0.1M H2SO 4 (/~ = 1) + 10-2M allyl alco- 
hol. 1: t~ = 45s. 2: ta = 30S. 3: t~ = 25S. 4: t~ = 20S; Ea = 1.20 
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for t~ and Ea given in (a). 

0.2 

o 
> 0 

LU 

- 0 2  

-OA 

1.7 

\ 
\ 

I 
I 

t ~ ~ " ~ ~ ~ 1  I i I I 

100 500 t l sec . )  
Fig. 4. Open-circuit E-t curves in (1) 0.1M OHNa,  (2) 0.1M NaOH 

+ 10-2M allyl alcohol, t~ = 20 min. Ea = 0.3 Vsc E. 

~7 7.~S 

S~S 1"37 

1-3 

1.1 

g 
m C 0.9 
?. 
m 0.7  

0.5 

I [ ! 
20 ~0 60 t (see) 

Fig. 5. Open-circuit E-t curves for different E a values. Solution: 
0.1M H2S04 + lO-eM allyl alcohol. EdS = lOs. T = 25~  

ments. In addition to the results summarized in Table I, 
the following were determined. The dependence of r on 
the different experimental parameters is as follows, r de- 
creases with increasing allyl alcohol concentration [plots 
of (log r/log c)r.a.ta are linear and show a slope value of b' = 
-0.48 - 0.02 (Ea = 1.22 VscE, ta = 45S, and an intercept of 
+0.90]. r shows an exponential increase with increasing Ea 
and a linear increase with increasing intermediate values 
of ta (Fig. 6). r decreases with increasing temperature 
values. From the slope of the (log r/T-~)ta,s, plot, the value 
of the apparent activation energy (EA) of the overall pro- 
cess can be obtained: EA = 73.6 kJ-mo1-1 (Fig. 6). 

In general, it can be said that the results are similar to 
those obtained by Christov (15) for the interaction be- 
tween organic substances and the plat inum oxides. 

Theoretical Treatment of Data 
Christov et al. (15-17) have proposed a general mecha- 

nism to interpret the complete open-circuit reduction of 
oxygen coverage on Pt  by organic reducing agents. It was 
assumed that two parallel processes take place at the elec- 
trodes, and this assumption can be essentially kept for 
the case of the gold oxides, considering the following 
equations for the interaction between allyl alcohol and 
the gold oxides 

AuxO, + allyl alcohol ~-r Au + oxidation products [1] 

allyl alcohol -~ oxidation products + 2ye- [2a] 

xAu + yH~O k~ AutO, + 2yH + + 2ye- [2b] 
k:~ 
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Fig. 6. Plot of log r vs. Ea. T = 39.8~ ta = 10s. 0.1M H2SO4 + 
10-2/,4 allyl alcohol. (Ea) critical = 1 2S V~c E 
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Table I. Results obtained for the second series of experiments 

Section A-B c~n~, (rnol-liter:') a (6E/6 log t), b (8 log t/8 log c)~. 

10-3-10 -2 -0.120 -+ 0.002 -0.30 -+ 0.02 
5 x 10-2-10 -, -0.138 _+ 0.002 -0.50 -+ 0.02 

Section B-C c~u~ (tool-liter-') E~/log c [log (-dE/dt)/log r]~:=~:~ [log (dE/dt)/log c]~:-~.~ 

10-~-10 - '  0.95 -+ 0.02 -1.10 -+ 0.05 (slope) 0.42 _+ 0.02 
-0.72 -+ 0.05 (intercept) 

Section C-D c~H~ (tool-liter-') m[O log (~ - t)/O log c] (OE/O log (~ - t)]~ a 

5 x 10-~-10 - '  -1 /2  0.244 -+ 0.005 0.48 +_ 0.01 

The  par t i a l  r e a c t i o n s  [1], [2a], a n d  [2b] c o r r e s p o n d  to 
c h e m i c a l  o x i d a t i o n  of  t he  r e d u c i n g  a g e n t  by  t he  o x y g e n  
coverage ,  e l ec t ro -ox ida t i on  of  t h e  r e d u c i n g  a g e n t  o n  t h e  
f ree  e l ec t rode  sur face ,  a n d  e l e c t r o c h e m i c a l  o x i d a t i o n  a n d  
r e d u c t i o n  of  t h e  e lec t rode ,  respec t ive ly .  T he  e -  p r o d u c e d  
in  r e a c t i o n  [ 2 a ] t a k e  pa r t  in  r eac t i on  [2b]. k,, k~, k3, a n d  k4 
r e p r e s e n t  t he  ra te  c o n s t a n t s  of  t h e  r e s p e c t i v e  p rocesses .  

A l t h o u g h  b o t h  t h e  s t r u c t u r e  a n d  t h e  c o m p o s i t i o n  of  t h e  
ox ide  layers  a re  d i f f e ren t  for A u  a n d  Pt ,  t he  k ine t i c  as- 
s u m p t i o n s  u p o n  w h i c h  Cr is tov  (15) b a s e d  h is  t h e o r y  ap- 
p ly  to b o t h  meta l s .  

The  d e p e n d e n c e  of  E on  t i n  e v e r y  r eg ion  of Fig. 1 c an  
b e  theo re t i ca l ly  d e d u c e d  on  t he  a s s u m p t i o n  t h a t  t h e  
c h e m i c a l  i n t e r a c t i o n  of  t h e  r e d u c i n g  a g e n t  a n d  t h e  oxy- 
gen  cove rage  is ra te  d e t e r m i n i n g  a n d  t h e  a d s o r p t i o n  can  
b e  d e s c r i b e d  b y  a T e m k i n  i so the rm.  O n  th i s  bas is ,  a gen-  
era l  ana ly t i ca l  E-t d e p e n d e n c e  is d e r i v e d  for  t he  overa l l  
process .  I n  o rde r  to a ch i eve  t h e  d i rec t  d e t e r m i n a t i o n  of  
t he  k ine t i c  p a r a m e t e r s ,  some  pa r t i cu l a r  cases  are 
e x a m i n e d .  

High coverage (section A-B of  Fig. / ) . - - T h e  theo re t i ca l  
t r e a t m e n t  (16) gives  r ise  to t he  fo l lowing  re la t ions  for a 
c h e m i c a l  m e c h a n i s m  

(OE/O log t), - 

ance  of  one  or m o r e  inf lec t ions  in  t h e  E-t curves ,  de- 
p e n d i n g  on  t he  va lue  of  ~. This  case  can  b e  cha rac t e r i zed  
b y  t he  c o n c e n t r a t i o n  d e p e n d e n c y  of  t h e  po t en t i a l  in  t h e  
r eg ion  of  t he  in f lec t ion  

Ei = (2.3/~ log (k2k~/k,k4) w h e n  (1 - a)k.2c < <  k4 exp  (~/El) 
[11] 

E1 = (2.3/(1 - ~)f) log (k~/k,) - (2.3/(1 - 

~)f) log c w h e n  (1 - ~)k2c > >  k4 exp  (aFEi) [12] 

a n d  b y  t he  s lope  of  t h e  p l a t eau  in  t he  E-t cu rve  

log (-dE/dt)E=L.j = log [4g(k,k,~)'l'2/q~ 

+ log  c w h e n  (1 - ~)k2c < <  k4 e x p  (afE~) [13] 

log (-dE/dt)K~:~ = log [4g(k,k2)'12/(1 - ~)qf] 

+ log c i f  (1 - a)k2c > >  k4 e x p  (~fEi) [14] 

w h e r e  g is i n h o m o g e n e i t y  fac to r  f r o m  T e m k i n ' s  i s o t h e r m  
a n d  q t he  c h a r g e  r e q u i r e d  for  t h e  f o r m a t i o n  of  a m o n o -  
layer  of  o x y g e n  cove rage  on  gold. A n  a d d i t i o n a l  r e l a t i on  
b e t w e e n  (-dE/dt)~=~.~ a n d  log 7 can  b e  ob ta ined .  The  re- 

- 0 . 1 2 V  1 

I for  

(Ot/O l o g  c)~: = - 1  

w h e r e  f = F/RT, t = t i m e  af te r  o p e n i n g  t h e  circui t ,  E t h e  
e l ec t rode  po ten t i a l ,  c t h e  b u l k  c o n c e n t r a t i o n  of  r e d u c i n g  
a g e n t  (allyl a lcohol) ,  a n d  a t he  t r a n s f e r  coeff ic ient  

k~c < <  k4 exp  (afE) 

-2  x 2.303 

(OE/O log t)~. = - 2  x 2.303/f(1 - a) --- 0 .24V~ 

f w h e n  k2c <<k4 exp  (alE) 

(at/O log c)~. = -3 /2  

F o r  h i g h  cove rage  a n d  a n  e l e c t r o c h e m i c a l  m e c h a n i s m ,  
t he  fo l lowing  v a l u e s  s h o u l d  b e  o b t a i n e d  

(OE/O log t)~ = - 2 . 3 0 3 / a f  = 0.12V [7] 

(0t/0 log c)~. = 0 [8] 

Low coverage (section C-D of  Fig. / ) . - - T h e  r e s u l t i n g  
e q u a t i o n s  (16) t ake  t he  f o r m  

(OED log (7 - t))c = 2 x 2.3/(1 - a ) f  

0.24V w h e n  k2c > >  k4 e x p  (FE) [9] 

(OED log (7 - t))c = 2 x 2.3/f 

0.12V w h e n  k2c < <  k4 exp  (FE) [10] 

w h e r e  7 = t i m e  r e q u i r e d  for  t he  c o m p l e t e  r e d u c t i o n  of  ox- 
y g e n  coverage .  T h e  c o n c e n t r a t i o n  in t e rva l  ove r  w h i c h  [9] 
or [10] is val id,  is  d e t e r m i n e d  b y  t h e  s lope of t he  p lo t  (log 
(~ - t)/log c)~. Th i s  s lope g ives  v a l u e s  of  - i / 2  a n d - -  1 for  
Eq.  [9] a n d  Eq.  [10], respec t ive ly .  

Medium coverage (section B-C of  F i g . / ) . - - A c c o r d i n g  to  
Ref. (17), t h e  m a t h e m a t i c a l  ana lys i s  p r e d i c t s  t he  appea r -  

[3] 

[4] 

[5] 

[6] 

su l t ing  s lope  a n d  i n t e r c e p t  are  p r e d i c t e d  to be  i n d e p e n -  
d e n t  of  t h e  k ine t i c  pa rame te r s .  The  ef fec t  of  va r ious  fac- 
tors  (ta, Ea, C . . . .  ) on  7 is also c o n s i d e r e d  (17). 

Discussion 
The  r e su l t s  o b t a i n e d  in  t he  first  ser ies  of  e x p e r i m e n t s  

con f i rm  the  e x i s t e n c e  of  a lcohol -go ld  ox ide  i n t e r ac t i on  
o b s e r v e d  in o t h e r  s tud ies  (1, 2). U n d e r  e x p e r i m e n t a l  con- 
d i t ions  t h a t  d i f fer  s l ight ly  f rom t h o s e  d e s c r i b e d  before,  
t h e  E-t c u r v e s  s h o w  t h a t  t h e  r e d u c t i o n  occurs  in  m o r e  
t h a n  one  s tep  (more  t h a n  one  p l a t e a u  f r o m  w h i c h  m o r e  
t h a n  one  t r a n s i t i o n  t i m e  can  be  m e a s u r e d )  or  s h o w  the  co- 
e x i s t e n c e  of m o r e  t h a n  one  t y p e  of  a d s o r b e d  species.  In  
a lka l ine  m e d i u m ,  r e su l t s  sugges t  t h a t  on ly  one  t ype  of  ox- 
ide [poss ib ly  Au(OH)3] is p r e s e n t  at  suf f ic ien t ly  h i g h  
anod ic  po ten t ia l s .  

As said above ,  t h e  s e c o n d  ser ies  of  e x p e r i m e n t s  leads  to 
r e su l t s  s imi la r  to t he  first. This  can  b e  e x p l a i n e d  o n  t he  
bas i s  of  t h e  r e su l t s  (1, 2) o b t a i n e d  for  t h e  d i rec t  ox ida t i on  
of  al lyl  a l coho l  on  gold. I n  t h a t  case,  an  i n h i b i t i o n  of  t h e  
o x i d a t i o n  of  t h e  o rgan ic  s u b s t a n c e  at  t h e  po t en t i a l s  a t  
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which  gold oxides  were  fo rmed  was observed  (Ep, peak  
potent ia l  for the  allyl a lcohol  oxida t ion  appears  at 1.03 
VscE and Ep for gold oxide  at 1.15 VscE). I t  could be  argued 
that  a part  of  allyl a lcohol  can be  oxid ized  and reduced  by 
electron tunne l ing  th rough  the Au ox ide  film, analogous  
to e lectron tunne l ing  in the  case of  oxygen  evolu t ion  at P t  
oxide  covered  P t  electrodes.  This cont r ibu t ion  could take 
place at more  anodic  potent ia ls  (Ca) than  those  appl ied  in 
this work. At  these  potent ia ls  the  e lec t ron  tunne l ing  con- 
t r ibut ion  shou ld  be  too small  to be  considered.  A chemi-  
cal in te rac t ion  be tween  allyl a lcohol  and the  gold oxides  
can take place  dur ing  anodic polarizat ion,  but  the  initial 
condi t ions  at the m o m e n t  of  open c i rcui t  seem to be simi- 
lar to those  obta ined  for the  first series. 

The resul ts  for this second series show a s low change  in 
the  s lope in the  sect ion C-D of the  E-t curve  (Fig. 1). This 
suggests  that  the  remova l  of  the  ox ide  layer occurs  in 
steps. This has also been  observed  by other  authors  (4), 
and a t t r ibu ted  to changes  occurr ing  in the  na ture  of  the  
adsorbed species.  At  E = 0.86 VscE the  same oxygen  cov- 
erage is ach ieved  for any va lue  of  c, whi le  at E = 0.62V, 
the  who le  ox ide  layer is r emoved .  

In order  to eva lua te  the  E-t curves,  the  diagnost ic  crite- 
ria der ived  f rom Chris tov 's  t r ea tmen t  (15, 17) were  used. 

The first sect ion (A-B) of  the  E-t curve  is character ized 
by h igh  potent ia l  va lues  and high oxygen  coverages.  High 
anodic  potent ia ls  wou ld  enhance  the  e lec t ro-oxidat ion of 
the  alcohol. High oxygen  coverages  wou ld  h inder  its ad- 
sorpt ion on the  bare  meta l  surface,  and hence  electro- 
oxidat ion,  whi le  it would  facil i tate the  chemica l  interac- 
t ion be tween  the  ox ide  layer and the  alcohol  in solution.  

The  values  of  the  s lope a = (oE/a log t)~ (Table I) t end  to 
increase wi th  increas ing  c and this  result ,  s imilar  to that  
for P t  (20), suggests  a chemica l  in te rac t ion  be tw een  the  
gold oxide  and the  alcohol  which  requi res  that  k2c < <  k4 
exp (afE) be satisfied (Eq. [3]). This condi t ion  does ap- 
pear  to hold, s ince at h igh  anodic  potent ia ls  the electro- 
ox ida t ion  of  the  e lec t rode  surface  p redomina te s  over  that  
of  the  alcohol.  Moreover ,  Eq. [11] predic ts  that  for low c 
values,  E~ ~ tic), whi le  for h igher  c, E~ wou ld  decrease  wi th  
increas ing c, accord ing  to Eq.  [12]. The  E~ values  obta ined  
f rom the  expe r imen ta l  E-t curves,  show that  for c < 
10-2M, Ei ~ f(c), whi le  a sl ight decrease  in E~ is obse rved  
for c > 5 • 10-2M. Moreover ,  the  va lue  of the  slope a is the  
same as that  ob ta ined  for a pure ly  e lec t rochemica l  mech-  
anism (Eq. [7]). To choose  b e t w e e n  chemica l  or electro- 
chemica l  in teract ion,  it is necessary  to resor t  to the  va lue  
of  b (Table I). A pure ly  e lec t rochemica l  m e c h a n i s m  would  
give b = 0 (Eq. [8]), whi le  a chemica l  one  wou ld  give b = 
- 1  (Eq. [4]). 

Table  I gives two values  of  b for sect ion A-B of the  
curve, d e p e n d i n g  on the  c concen t ra t ion  range. For  c 
10-3-10-2M b = -0.30, bu t  -0 .50 w h e n  c varies be tween  5 
• 10 -2 and 10-~M. Both" values  are in t e rmed ia t e  be tween  0 
and -1 ,  wh ich  suggests  that  the  reduc t ion  proceeds  
th rough  a m i x e d  m e c h a n i s m  with  app rox ima te ly  30% of 
the reduc t ion  be ing  chemical .  The h igher  relat ive contri- 
but ion  of  chemica l  reduc t ion  with  increas ing  c could  be 
expected .  The  above  in terpre ta t ion  is in ag reemen t  wi th  
prev ious ly  obse rved  po ten t iodynamic  curves  (1, 2). These  
show that, i f  c is increased,  the  e lec t ro reduc t ion  ox ide  
peak  decreases  unt i l  i t  d isappears  at sufficiently h igh  c. 
At the same time, the  allyl a lcohol  oxida t ion  peak  in the  
ca thodic  sweep  increases  wi th  c. This is due  not  only to 
its direct  ox ida t ion  bu t  also to the  faster  appearance  of  
bare gold surface enhanced  by the  di rect  chemica l  reac- 
t ion be tween  a lcohol  (in h igher  concentra t ions)  and the  
mos t  oxidiz ing oxide  form. I t  can be seen in Ref. (21) that  
a species poss ib ly  impl ied  in the  process,  Au203, can 
chemica l ly  oxidize  the  alcohols.  

When the  sect ion B-C is reached,  the  oxygen  coverage  
on the e lec t rode  has decreased.  Thus,  chemica l  oxida t ion  
of  the  a lcohol  is expec ted  to be s lower  than  in sect ion 
A-B. Also, the  allyl a lcohol  might  encoun te r  a larger  bare 
meta l  surface, wh ich  wou ld  increase  its e lec t ro-oxidat ion 
rate. The  theory  predic ts  the  appea rance  of  an inf lect ion 

point  when  both  chemica l  and e lec t rochemica l  ox ida t ion  
rates become  of  the  same order, 

The expe r imen ta l  potential ,  Ei, cor responding  to the  
inflect ion po in t  is i n d e p e n d e n t  of  c (Table I), for low c 
values.  Equa t i on  [11]-[12] pred ic t  that,  for low values  of  c, 
Ej ~ f(c) (Eq. [11] is followed), whi le  for h igher  va lues  of  c, 
E~ decreases  wi th  increas ing c accord ing  to Eq. [12]. A 
slight decrease  in Ei is observed  for c > 5 • 10-~M. 

The e lec t ro-oxida t ion  of the  a lcohol  should  make  the  
e lec t rode  potent ia l  more  negat ive.  The  potent ia l  value,  
however ,  shows only a ve ry  slight decrease  in this sect ion 
of  the  decay  curve. 

Thus,  ano the r  m e c h a n i s m  for the  e l imina t ion  of  nega- 
t ive charge f rom the  e lect rode m u s t  a c c o m p a n y  e -  trans- 
fer f rom the  alcohol.  The  only  nega t ive  species on the  
e lec t rode  wou ld  be the O = ions, wh ich  can react  with the 
H ~ ions in solution.  This e l imina t ion  wou ld  yield zero ne t  
current  and exp la ins  w h y  the  potent ia l  va lue  remains  al- 
mos t  unchanged .  

Th e p roposed  e lec t rochemica l  m e c h a n i s m  should  be re- 
spons ib le  for the  e l imina t ion  of  the  oxide  coverage,  as 
sugges ted  by the  s imilar i ty  be tween  the  exper imenta l  
values  in Table  I - - - 1 . 1 0  and -0.72 (slope and intercept ,  
respect ively ,  of  the  log [(-dE/dt / log r]~:=L.~ plo t ) - -and  the  
theore t ica l ly  p r e d i c t e d - - - 1 . 0 0  (slope) and -0.81 (inter- 
cept) (20). 

Fur the rmore ,  i f  this m e c h a n i s m  is correct ,  inf luence of  
H ~ concen t ra t ion  on the  react ion rate and, consequen t ly  
on the  E-t curves,  should  be observed.  I t  is to be expec ted  
that  the  e l imina t ion  rate of  O ~ w o u l d  decrease  wi th  de- 
creas ing H § concentra t ion,  g iving rise to an increase in r. 
This is the  resul t  obta ined  (Fig. 3) for E-t curves  r ecorded  
at near-neut ra l  pH  values.  

The le  is a d i s ag reemen t  be tween  the  theoret ical ly  (20) 
p red ic ted  s lope of  the  plot  of  ( -dE~dr)vs .  log c (at E = Ei) 
and the  expe r imen ta l  ones (1.00 and 0.42, respectively).  

It  should  be po in ted  out  that  for oxygen  coverage re- 
duc t ion  of  P tO by organic subs tances  it  has been as- 
sumed  (22) that  both  chemica l  and e lec t rochemica l  reac- 
t ions fol low the  same  path, i.e., via dehydrogena t ion  of  
a-H atoms. For  gold oxide-alcohol  in teract ion (1, 2), the  
react ion may  fol low different  paths, g iv ing  rise to differ- 
en t  react ion rates. 

In  the  sect ion C-D, the theore t ica l  t r ea tmen t  supposes  
that  the e lec t ro-oxida t ion  of the  organic  subs tance  is 
m u c h  faster  than  its chemica l  oxidat ion.  The low oxygen  
coverage  makes  the  chemica l  ox ida t ion  rate too low to be  
considered.  The  decreas ing  potent ia l  va lues  in this sec- 
t ion are due to e lec t rochemica l  ox ida t ion  of  the  alcohol.  

The  expe r imen ta l  va lues  for this sect ion are summa-  
rized in Table  I. The  exper imenta l  va lue  for (0 log (r - t)/O 
log c)~ coinc ides  wi th  the  theore t ica l ly  predic ted  (-0.5) 
w h e n  Cany~ > >  5 • 10-2M, and shows  that  Eq. [9] should  
be  valid. The  plot  of  Eq. [9] gives  in fact  a va lue  for [OE/O 
log (T - t)]c of  0.224 -+ 0.005V, in a ve ry  good agreement  
wi th  the  theore t ica l  va lue  0.220V. The der ived  va lue  of  a 
should  be 0.48 -+ 0.01. 

The obse rved  d i sc repancy  be tween  expe r imen ta l  and 
theoret ical  va lues  for low values  of c is s imilar  to that  ob- 
ta ined  for the  reduc t ion  of  PtO by organic  subs tances  
(20). This  fact  could  be exp la ined  if  the  condi t ion  k.~c > >  
k4 exp  (alE) in Eq. [9] is no longer  satisfied due  to the de- 
crease of  c. 

The  var ia t ion  of  r wi th  the  di f ferent  expe r imen ta l  pa- 
rameters  (c, t~, Ca, T, . . . )  is s imi lar  to that  for P t  and 
agrees wi th  the  p roposed  in terac t ion  mechan i sm.  The de- 
crease in r wi th  increas ing c impl ies  an a lcohol-gold ox ide  
in terac t ion  whose  rate increases  wi th  c, accord ing  to po- 
t en t iodynamic  studies (1, 2). This decrease  of  c cannot  be 
a t t r ibuted to a smal le r  oxygen  coverage  due  to the pres- 
ence  of  the  a lcohol  dur ing  anodic  polar izat ion (in the  sec- 
ond series of  exper iments) ,  because  the  same  resul t  is ob- 
ta ined in the  first series of exper iments ,  in which  the  WE 
was polar ized before  the  addi t ion  of the  alcohol.  The lin- 
ear relat ion be tween  log r and E, as wel l  as be tween  ~ and 
ta, can be deduced  by suppos ing  a m i x e d  chemica l  and 
e lec t rochemica l  r educ t ion  m e c h a n i s m  of the  oxygen  coy- 
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erage. At sufficiently positive potentials but not too high 
coverage, the rate of oxygen coverage formation will be 
much greater than the reduction rate. Assuming that the 
oxygen coverage increase can be described by means of a 
Temkin isotherm, the linear terms in 0 can be neglected. 
In this way the following equation (17) can be derived 

[1 - 2g(klk~)lJ2c rhrq] -~ 

= 1 + ( k t / k 2 ) ' 2 ( T r g k 4 t a / 2 q ) e x p  (afEa) [15] 

where g represents the interaction coefficient in the 
Temkin isotherm and q is the charge required for the for- 
mation of a monolayer of oxygen coverage. 

In order to obtain an idea about the value of the 
2g(k~k2) "2 factor, plots of Eq. [13] and [14] were made. 
From the slope value it was deduced that 4 g ( k t k 2 ) W q f  = 
0.01778, and taking (27, 28) q = 850 /zC-cm -~, gives 
g(k~k2) ~2 = 1.47 x 10 -+. This value is very similar to that 
deduced from the intercept of the (log r/log c)s plot (17). In 
this case, log (Trq/2(k~k2)~/2g) = intercept = 0.9, and 
g(k~ks)  ~]2 = 1.68 x 10 -4. [Incidentally, this value provides 
an additional test for the validity of Christov's treatment 
for the case of gold oxides, since it is very similar to that 
obtained for that case (15).] 

A rearrangement of Eq. [15] can be easily made by 
supposing that rrq >>  2g(k~k.yrZcr,  as is obtained from the 
value for 2g(k~k2) ~]2 formerly deduced. Finally, the follow- 
ing expression can be obtained for the relation between 
and t~ and E~ 

w = (lr'~kj2ck.2) exp (~fE~)t~ [16] 

Plots of log r v s .  E~ at different temperatures were made 
(Fig. 6). At 25.2~ and ta = 10S the intercept ~ value leads to 
a k J k 2  ratio of 7 x 10-% i .e . ,  the oxidation reaction of allyl 
alcohol is faster than the gold oxide formation. At 39.8~ 
the intercept gives a value of 3.5 x 10 -6 for this ratio. It 
seems that with an increase in the temperature k~ in- 
creases more rapidly than k~. The exponential  increase of 

with E~ could be in agreement with the idea of the dif- 
ferential characteristics of the adsorbed species, suppos- 
edly formed at different potential values. 

Figure 7 gives the r v s .  t a plots at T = 25.0~ and E a = 

1.22 Vsc~. The result indicates that, the higher the allyl al- 
cohol concentration, the faster would be the oxide layer 
elimination. The rate of change of r with t~ is also depen- 
dent on c and can be attributed to a change in the value of 

in Ref. (16) induced by the different participation of 
chemical and electrochemical reactions in the mixed 
mechanism proposed. These changes of ~ can be followed 
by substituting the k J k 2  values obtained from the plots of 
Fig. 6. 

Substituting the k~/k2 ratio obtained in Eq. [11], (E~ = 
0.95 Vsc~), one obtains a value of k J k ~  = 5.86 x 10 ~, the 
same order of magnitude as found in the PtO study (15). 
This would mean that the chemical interaction [1] be- 
tween allyl alcohol and gold oxide would be much slower 
than the electrochemical one (Eq. [2a] and [2b]). 

The decrease of r with stirring for c < 10-~M (Fig. 10) 
shows the influence of convective diffusion on the pro- 
cess. Faster transport of the alcohol to the surface would 
accelerate the chemical and electrochemical reduction 
rates. For c > 10-~M, the slightly higher values of r can be 
explained supposing the formation of adsorbed interme- 
diates, which would be partly eliminated by stirring, thus 
making slower the rate of production of electrons (by oxi- 
dation of the allyl alcohol molecules initially present). 
This fact is reflected in potentiodynamic curves taken in 
almost neutral solutions (Fig. 10). Under  stirring, a second 
reduction peak is recorded which can be attributed to the 
reduction of a gold oxide produced in a first reduction 
step. When stirring is stopped, only a reduction peak (Fig. 
l lb )  is obtained. The allyl alcohol molecules keep in con- 
tact with the electrode surface and supply electrons for 
the complete reduction of the oxide layer in a single step. 

~We take the intercept as the value of log r at the critical po- 
tential point in which the oxygen coverage takes intermediate 
values (E ~ 1.2 Vsc~). 
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Section A-B is hardly influenced by stirring. This sug- 
gests that the chemical process is not transport depen- 
dent. In this range, the rate-determining step should be 
the adsorption of the organic substance as predicted by 
the assumed mechanism. 

Finally, an interpretation of the Au-electrode open- 
circuit potential decay in absence of alcohol can also be 
given. 
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Fig. 10. influence of stirring on the E-t curves taken after different 
t~ values. E~ = 1.20 Vsc~. 0.1M H2SO4 + 10-2M allyl alcohol. 
Dashed line: without stirring. Solid line: with stirring. 

In basic medium the reaction mechanism would be ini- 
tiated by the oxidation of OH-  species 

2yOH- -~ 2yOH. + 2ye- [16] 

and 

AutO,  + 2ye- --* xAu + yO- 
yO ~ + 2yH § --* yH20 [17] 

The OH- radicals can then react with each other and 
produce H~O.~. In acidic medium, the H~O molecules 
could play the role of the reduced species which can be 
oxidized and induce the reduction of the oxides 

2yHOH --> 2yHO. + 2yH § + 2ye- [18] 

Au~O~ + 2ye- --> xAu + yO = 
yO = + 2yH ~ --) yH20 [19] 

giving rise to OH. radicals which can produce H~O2. 
The fact that %~i~ m e d i u m  < ~'acid medium seems to predict 

a reaction [18] slower than reaction [16]. It can be said that 
the transition times in acid as well as in basic solutions 
are much longer without, than with, allyl alcohol present 
in the solution. 

Conclusions 
On the basis of the experimental  data, a mixed mecha- 

nism (chemical-electrochemical) can be postulated for the 
reduction of gold oxide layers (23-26). The following equa- 
tions give a summarized view of the process described in 
Fig. 1 

allyl alcohol ---> oxidation products + 6e- 
I 

IE=- ~ + 6 H  + 
I~--I - 3H20 +2 Au 

I 

IL--- --I 
L__--J 

On the surface, after reduction of Au +~ ions, the 
uncompensated charges of O = make them to repel each 
other. If  the proposed mechanism should take place, the 
rate of the third step would be dependent  on the (H%q ac- 
cording to 

O=damce) + 2Haq  § ---> H20(soD 

and 

( dOo=) 
v K(Oo=) ~ �9 (H*)aq ~. f(E) 

dt 

where K = (l/v), and f(E) is a function of the potential 

Fig. 11. Voltammograms of 0.1M K~SO4 + 10-~M allyl alcohol so- 
lutions, a: Without stirring, b: With stirring. 

value, decreasing from the first to the third step. Thus, at 
(H§ = 10-TM, the third step could become rate determin- 
ing. Both E-t curves and i-E potentiodynamic diagrams 
seem to agree with such supposition: The E-t curves ob- 
tained in neutral electrolytes show three different pla- 
teaus (Fig. 3). The first one corresponds to the peak po- 
tential value obtained for the oxide reduction in 
vol tammograms taken in acidic electrolytes. This process 
is then attributed to the reduction of Au20:, The second 
one appears at a potential value similar to the one of a 
second reduction peak obtained maintaining the elec- 
trode at oxide formation potentials values for a given 
time. This peak is attributed to the reduction of AutO, 
formed by reduction of Au20~. The third one is attributed 
to the reduction of a more stable form of Au20, directly 
formed during the gold oxidation, and after having under- 
gone the so-called aging process (23-25). This process 
seems to stabilize such oxide species and that can explain 
why its reduction occurs only at more negative potentials. 
In summary, the following equations could describe the 
processes supposed to be taking place at the potentials of 
the different plateaus 

Step 1: 

Step 2: 

Step 3: 

Au20~ + 4H + + 4e- --) AutO + 2H20 Plateau 1 

AutO + 2H + + 2e- --* 2Au + H20 Plateau 2 

(Au20)~ged + 2H § + 2e- --* 2Au + H20 Plateau 3 

Thus, the Au20 coverage would be formed in the follow- 
ing way 

(0Au20)total : (0Au20)initial -~- (0Au20)(from step 1) 

supposing 

(0Au20)initial ~ <  0.&u203 , then (0Au20)stePl ~ 0Au203 

The higher values of r for the second and the third pla- 
teaus reflect not only the higher stability of both AutO 
species, but  also the lower electro-oxidation rate of ally] 
alcohol with decreasingly positive potentials. The de- 
crease of 0o= gives rise to a lower electrostatic repulsion 
between neighboring 0% influencing in this way also, the 
rate of the third step. The influence of (H§ is 
confirmed since in very acidic solutions, the second pla- 
teau almost disappears. 

Likewise, the potentiodynamic i-E curves in the same 
neutral solutions (Fig. 8) show two cathodic reduction 
peaks. Only the second one appears under  stirring. Stir- 
ring carries away from the electrode the intermediates 
produced in the allyl alcohol oxidation before that pro- 
cess occurs completely. Thus, a partial reduction of Au § 
would take place, giving rise to AutO, which, in turn, re- 
duces, giving a second peak. Without stirring the alcohol, 
oxidation continues and produces the e -  for the direct re- 
duction from Au .3 to Au (one single peak). 
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In summary, it has been shown that an interaction be- 
tween gold oxides and organic substances takes place 
and that the interaction follows a similar pattern to the 
process occurring between the same type of substances 
and Pt-oxides. The differences observed must  be a conse- 
quence of the more complex oxidation processes occur- 
ring on gold electrodes. 
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ABSTRACT 

A cyclic voltammetric study of the ferrocene redox reaction was used to evaluate the substituent effect in various 
para-substituted poly-N-phenylpyrrole films used as electrodes. To determine the film electrode substi tuent effect on 
the ferrocene couple reaction, the heterogeneous standard rate constant values were determined. The observed changes 
in the film electron-transport rate are the result of the structure monomer variation. Electronic interaction between the 
polypyrrole nucleus and the para substi tuents on the N-phenyl ring affects the electron-transfer rate of polymer elec- 
trodes. 

A new class of organic electrodes has become available 
through the electropolymerization of aromatic com- 
pounds such as pyrrole (1). Electrochemically grown thin 
films of highly conductive polypyrrole, doped with BF4-, 
are insoluble and have long-term stability. 

Conductive films of polypyrrole can be modified by 
introducing substi tuents into the cationic pyrrole poly- 
mer or varying the accompanying anion (2). The fact that 
t h e  polypyrrole films are prepared electrochemically fa- 
cilitates these modifications since the variations are 
made in the selection of the electrolyte or the monomer. 
We have now made a study of polypyrrole films modi- 
fied by placing phenyl substituents in the N position of 
the pyrrole ring; the phenyl substi tuent assumes a partic- 
ularly important role because it provides a means of 
introducing a wide selection of functional groups into the 
polymer structure as substituents on the phenyl ring. 

In polymeric coatings on electrodes, the rate of charge 
and electron transport  across the layer defines the useful- 
ness of these films in devices. This paper deals with a cy- 

* Electrochemical Society Active Member. 

clic voltammetric study of the quasi-reversible redox be- 
havior of ferrocene on some poly-N-para-substituted 
phenylpyrrole films used as electrodes. We found that 
the electron transfer rate constant (k~) of the ferrocene 
couple reaction depends on the film electrodes. 

Experimental 
The polymeric films of poly-N-para-substituted 

phenylpyrrole were prepared by electropolymerization of 
the corresponding N-para-substituted phenylpyrrole 
monomer with p-H, p-CH3, p-OCH3, p-C1, p-Br, and p-NO2. 

All N-para-substituted phenylpyrroles were synthe- 
sized from 2,5-dimethoxytetrahydrofuran and the appro- 
priate amine (3). The pure pyrrole monomers were identi- 
fied by HI-NMR, IR, and MS and compared with 
reported data (4). 

The film preparations were performed in a one-com~ 
partment cell using Pt  as the working electrode, a similar 
counterelectrode, and a saturated calomel reference elec- 
trode (SCE). Each electrolytic solution contained 10-3M of 
the corresponding pyrrole monomer, plus 0.1M of tetra- 
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ethylammonium tetrafluoroborate in distilled aceto- 
nitrile. The films were grown on 0.5 cm 2 Pt  electrode sur- 
face, passing 20 mC-cm -2 of charge to control the film 
thickness, estimated as ca. 50 nm considering the area of 
the electrode, density of the film, and the apparent n 
value for the reaction (5). 

The electro*oxidation of the N-para-subst i tu ted phenyl- 
pyrroles conducted at a constant potential of 1.50V for 
p-H and p-NO2, 1.12V for p-CH:~ and p-OCH3, and 1.19V for 
p-C1 and p-Br, proceeds with the formation of insoluble 
polymer film on the electrode, as was previously re- 
ported (6). Films of these polymers, when mounted in 
acetonitrile/Et4NBF4 solution, can be electrochemically 
driven between the oxidized and the neutral forms. The 
films are stable to this reaction and can be cycled repeat- 
edly without evidence of decomposition. 

The cyclic voltammetric  study of ferrocene (1 • 10-aM 
in acetonitrile/Et4NBF4 solution) was accomplished using 
thin films of N-phenyl-pyrroles on a Pt  working elec- 
trode. All the measurements were prepared with IR com- 
pensation. 

Electrochemical measurements were performed with a 
Princeton Applied Research Model 173 Potentiostat, a 
Model 175 Programmer,  and a Hewlett-Packard 7004B 
X-Y recorder. 

Results and Discussion 
As can be seen in Table I, the formal potentials, E ~ for 

the redox reaction of the dissolved ferrocene using [Pt] 
poly-N-para-subst i tuted-phenylpyrrole-BF4 electrodes are 
not significantly different from those measured with a Pt  
bare electrode. Peak heights vary linearly with the square 
root of the sweep rate, v '~2, from 10 to 100 mV/s, as ex- 
pected for a diffusion-limited process, and the ratio of the 
peak heights ipa/ipe is always close to unity. There is no ev- 
idence of absorption or adsorption on the polymer sur- 
face, indicated by the fact that i /AC,  '/2 values (A is the 
electrode area, C, moYcm 3) remains constant in the poten- 
tial sweep range tested. The cyclic vol tammograms pro- 
duced using thicker films (70 nm) provide the same 
i/ACv '~2 values, indicating that the signal amplitudes do 
not depend on film thickness. Moreover, the E ~ for ferro- 
cene do not superimpose on the E ~ of the polymer films 
(6). Representative cyclic vol tammograms are displayed 
in Fig. 1. 

The potential difference between the peaks E,~ and E~ 
(hE) is greater than 59 mV and increases with the sweep 
rate. Nicholson's treatment (7) for determining k~ values 
was used to evaluate the effect of the electrode on the re- 
dox reaction. Values for the �9 parameter were obtained 
from the hE values. For a quasi-reversible reaction, Nich- 
olson's empirical equation is 

= k~ (RT/nF~rDv) '1'~ 

where n = 1 electron]molecule for this reaction, D is the 
diffusion coefficient [D = 2.76 • 10 -5 cm~/s, ferrocene in 
CH3CN, measured chronocoulometrically (8)], F the Fara- 
day, R gas constant, and T absolute temperature. 

Table I. Electrochemical data activity from cyclic voltammetry 
of [Pt~] poly-N-para-substituted phenylpyrrole film electrodes. 
Redox electrolyte: 10-3M ferrocene in acetonitrile/Et4NBF4 

Poly-N-para- 
substituted Peak 

phenylpyrrole separation 
electrode hE (mV) a E ~ (mV) b 103k~ (cm-s-') 

--NO2 90 400 14.70 
--Br 92 417 13.14 
--C1 95 412 12.35 
--H 95 412 12.35 
--CH~ 97 410 11.16 
--OCH3 100 408 10.47 

Bare platinum 60 440 --  
electrode 

Scan rate 100 mV-s-'. 
b vs. SCE. 

a 

i i  
w 

'/J]/ 

U 

| I I I 
0 . 0  0 . 2  0 . 4  0 . 6  

E / V  
Fig. 1. Cyclic voltammograms of 1 • 10-3M ferrocene using 20 mC 

of [Pt]-coated electrodes with poly-N-para-methylpyrrole (dot-dash 
line) and poly-N-para-chlorophenylpyrrole (dotted line) at 100 mV/s 
in CH3CN containing 0.1M Et4NBF 4. 

All these polypyrroles, PPy, polymers, are produced by 
an electrochemical oxidative coupling process which 
yields an acceptor-doped conducting complex directly, 
such as PPy§ (9, 11). With acceptor doping, Hall coef- 
ficient measurements  (12) clearly showed that the con- 
duction is p-type, i.e., positively charged carriers. It dem- 
onstrates that the majority of the carriers move through 
the organic material and not through the dopant array 
(13). Then the modification of the monomer  should affect 
the charge transfer rate of the polymer, as can be ob- 
served in Table I. 

In an earlier communicat ion (14), it was proposed, on a 
qualitative basis, that a poor interaction between the pyr- 
role and the phenyl ring was produced by an orthogonal 
conformation through both rings. Further studies showed 
that in the N-orthophenylpyrrole series electroactive sub- 
stituents exhibit  electronic and steric effects (15), whereas 
in the N-para-phenylpyrroles  only electromeric effects 
were observed (6). Therefore, the electron-attractive or 
electron-repulsive induction of para  groups involve 
interannular conjugation as well as inductive effects. 

In the first study of this series (14), the electroactive be- 
havior of the nitro phenyl group in the poly-N-para-nitro- 
phenylpyrrole was analyzed by cyclic voltammetry. Al- 
though the nitrophenyl group is independently 
electroactive, the electron-transfer process between the 
platinum and the film for the reduction reaction involves 
an electron exchange between the unsaturated pyrrole 
matrix and the pendent  nitrophenyl groups rather than a 
hopping process between the groups. 

Consequently, the electronic interaction between the 
polypyrrole nucleus and para-subs t i tuents  on the 
N-phenyl ring affects the electron-transfer rate of polymer 
electrodes (16). In effect, when the log of ks are plotted 
against their  respective Hammett -Brown substituent con- 
stants, a linear correlation is obtained (Fig. 2); the reso- 
nance and inductive interaction effects are undoubtedly 
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Fig. 2. Electron-transfer rate constant of the ferrocene couple reac- 
tion on the poly-N-para-substituted phenylpyrrole vs. their respective 
Hammett-Brawn substituent constants. 

the principal effects involved in the p~c~ ~ relationship. The 
positive sign for the substi tuent constant p~ reveals that 
as the substi tuents take on more electrophilic character 
the electron-transfer rate becomes faster. 

We can conclude that changes in the electron-transfer 
rate of the series of polypyrroles is dependent  on elec- 
tronic interaction between the electroactive pyrrole ring 
of the polymer and the para-substituent through the 
phenyl ring. This electronic interaction has also been ob- 
served in the oxidation of the corresponding monomer, 
due to the fact that, as the subst i tuent  takes on more 
electrophilic character, the oxidation of the N-substituted 
phenylpyrrole proceeds with more difficulty (6). The mo- 
bility of the carriers will be determined by a variety of e f- 
fects, including chain perfection, crystallinity, etc. (17); 
however, a delocalized ~r-system with relatively broad en- 
ergy bands is certainly an advantage for effective electron 
transport. 
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Oxygen Reduction in Tetrafluoroethane-l,2-Disulfonic Acid 
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ABSTRACT 

The kinetics of oxygen reduction on plat inum in tetrafluoroethane-l,2-disulfonic acid (TFEDSA) and trifluoro- 
methane sulfonic acid (TFMSA) have been studied with the rotating disk electrode technique at pH 1. The resulting 
Tafel plots coincide within the error of the experiment, indicating similar kinetics in the two electrolytes. The reaction 
order with respect to oxygen concentration was studied by varying the partial pressure of oxygen above the electrolyte. 
The rotation-independent currents at 0.90V vs. DHE were used to calculate a reaction order equal to one. A first-order 
analysis of the rotation-dependent currents was then used to extract kinetic currents at lower potentials. These kinetic 
currents also exhibited first-order dependence on oxygen concentration. 

Trifluoromethane sulfonic acid (TFMSA) has been con- 
sidered for low temperature (< ll0~ fuel cell applica- 
tions due to the favorable oxygen reduction rate observed 
in this electrolyte compared with phosphoric acid (1). The 
use of the less-volatile, higher homolog of TFMSA, tetra- 
fluoroethane-l,2-disulfonic acid (TFEDSA), was sug- 
gested by Baker et al. (2) to overcome the problems of 
high acid vapor pressure and low contact angle with 
PTFE observed with concentrated TFMSA. Preliminary 
investigations with TFEDSA (3) show insignificant acid 
vapor pressure and acceptable water vapor pressure at 

*Electrochemical Society Active Member. 
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60-70 weight percent acid, as well as high (nonwetting) 
contact angles with PTFE. In  this work, the kinetics of 
oxygen reduction in TFEDSA an d TFMSA on Smooth Pt  
have been studied with the rotating disk electrode (RDE) 
technique. Kinet ic  measurements were made in each of 
the acids at pH = 1. The dependence of the reduction cur- 
rent on oxygen concentration was determined by varying 
the partial pressure of oxygen in contact with the electro- 
lyte. This reaction order has been  shown to be unity in 
perchloric, sulfuric, and phosphoric acid electrolytes (4-6). 
However, in "superacid" electrolytes (TFEDSA and 
TFMSA) the analysis of RDE data according to a first- 
order model has not been conclusive. Deviations from 
first-order analysis have previously been attributed to 
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impurity effects (7, 8) and a nonunity reaction order with 
respect to oxygen (9). We varied the bulk concentration of 
oxygen in the electrolyte in order to have an independent  
method for determining reaction order. 

E x p e r i m e n t a l  

Experiments were performed in a Pyrex cell with a sur- 
rounding water jacket. Circulation of thermostatically 
controlled water was used to maintain the cell tempera- 
ture of 25 ~ -+ 0.5~ The rotating disk platinum working 
electrode had an area of 0.458 cm 2 and was polished with 
a succession of alumina papers, followed by 6 /~m and 
then 1 tLm diamond paste. Rotation was achieved with a 
Pine Instruments analytical rotator. A dynamic hydrogen 
electrode (DHE) (10) was held in a separate compartment  
which was connected to the main cell through a Luggin 
capillary. The DHE held a constant potential of 3 mV neg- 
ative of an RHE at the same pH. A 1 cm 2 Pt-foil 
counterelectrode was used directly in the cell, placed as 
shown in Fig. 1. Premixed cylinders of oxygen and nitro- 
gen (4.31-58.66% +- 0.01% oxygen), pure oxygen, and pure 
nitrogen were further purified by passing through three 
molecular-sieve beds (9). All gases were humidified by 
bubbling through doubly distilled water at room tempera- 
ture before entering the cell. 

The potential of the working electrode was controlled 
with a PAR Model 173 potentiostat and a PAR Model 175 
universal programmer.  Current-potential data could be 
recorded simultaneously with a Nicolet digital oscillo- 
scope and an HP7046B X-Y recorder. 

All glassware and electrodes (except the DHE) were 
cleaned by soaking in a mixture of concentrated sulfuric 
and 70% nitric acids for two days. This was followed by 
rinsing and soaking in freshly distilled water at least four 
times. 

TFMSA (from 3M Corporation) was purified by distilla- 
tion and hydrogen peroxide treatment as reported earlier 
(8). Tetrafluoroethane-disulfonate was received as the po- 
tassium salt from KOR, and it was converted to the acid 
via ion exchange with prepurified resin (11). Comple te  
conversion to the acid was checked by titration. Water 
was removed by vacuum distillation, leaving the acid di- 
hydrate. The hygroscopic nature of this solid prevented 
exact knowledge of the water content. Solutions were 
prepared by dilution with ultrapure water 2 to pH 1. 
TFMSA solutions were prepared in a similar manner. 
Both solutions were pre-electrolyzed in the cell for at 
least 72h at a current of 1 mA. 

Results and Discussion 

Two single-sweep cyclic vol tammograms recorded in 
TFEDSA at pH = 1 are shown in Fig. 2. Curve A was re- 
corded for the stationary disk following the pretreatment 
potential profile shown in the inset of Fig. 2. For an indi- 
cation of electrolyte purity, curve B was recorded follow- 
ing the same pretreatment profile with the addition of a 1 

2Harleco Companyl Gibbstown, New Jersey. 

I ) 
J 

Fig. 1. Electrochemical cell. A: Rotating disk electrode. B: Coun- 
terelectrode. C: Dynamic hydrogen reference electrode. D: Gas inlet. 
E: Water jacket. 
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Fig. 2. First-sweep cyclic voltammetry in TFEDSA, pH = 1, 25~ 
Ar atmosphere. A: Recorded after pretreatment. B: Recorded after 
pretreatment and holding 60s at 0.4V while rotating at 1600 rpm. 

min hold at 0.4V vs.  DHE while rotating the working elec- 
trode at 1600 rpm before recording the vol tammogram on 
the stationary electrode. 

Several vol tammograms were recorded in both electro- 
lyres without repolishing the working electrode. The 
charge associated with the hydrogen adsorption region of 
the curves increased chronologically. The relative in- 
crease in this charge was used to quantify the increase in 
active electrode area caused by repeated cycling (rough- 
ening). All kinetic currents were adjusted downward to 
an effective roughness factor of 1.5. However, current 
densities were computed using the projected electrode 
area. 

Similar vol tammograms were recorded at a sweep rate 
of 10 mV/s in order to quantify the anodic currents associ- 
ated with platinum oxidation. These anodic currents were 
added to the reduction currents recorded with low pres- 
sures of oxygen to adjust for the nonzero base line ob- 
served in those experiments.  

Current-potential sweeps at rotation speeds of 100-1600 
rpm for TFEDSA in contact with pure oxygen are shown 
in Fig. 3. The potential profile used for electrode pre- 
treatment is shown in the inset in Fig. 3. The reduction 
currents were found to depend somewhat on sweep rate 
and sweep direction because of the changing oxidation 
state of the electrode. Therefore, for the purpose of com- 
paring TFEDSA and TFMSA, positive going sweeps at 10 
mV/s were used in all cases. Uncompensated solution re- 
sistances of 15-20t~ were accounted for by reading 
constant-potential data along lines of constant surface po- 
tential (with slopes of 1/Ra), as is indicated in Fig. 3. 

The current-potential relationship 

I = nFAkc  (C~ exp \ R T  / [1] 

where A is the electrode area, kc is the reaction rate con- 
stant for the cathodic reaction and includes the pH de- 
pendence, C~ is the concentration of oxygen at the elec- 
trode surface, m is the reaction order for oxygen, a is the 
fraction of the overvoltage aiding the reduction reaction, 
and V is the electrode potential, is expected to apply for 
oxygen reduction on platinum. Because of the large over- 
potentials in this reaction, the anodic term has been ne- 
glected. 

During cathodic reduction, the concentration of oxygen 
at the electrode surface is lower than that in the bulk. For 
transport to the rotating disk, it can be shown that 

= ( ' L - ' ~  
C~176 \ IL / C~~ [2] 

where IL is the limiting current and C%2 is the bulk con- 
centration of oxygen in the electrolyte. Since, in general, 
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Fig. 3. Current-potential sweeps in TFEDSA, pH = 1, 25~ 

C~ is not known, but  C%2 can be known or controlled, a 
more useful expression is obtained by substi tution of Eq. 
[2] into Eq. [1], dropping the last term of Eq. [1], with the 
result 
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Fig. 4. Levich plots for TFEDSA and TFMSA at various oxygen par- 
tial pressures. A." 1.0 atm. B: 0.5866 atm. C: 0.3503 atm. D: 0.2028 
atm. E: 0.1258 atm. F: 0.0753 atm. G: 0.043 atm. 

t [3]  I = nFAkc  (C=o2) m \  IL / e x p \  R T  / 

When I is small compared to IL, then the reaction order m 
can be determined from the slope of a plot of log I vs.  log 
Co~ for constant V. For other conditions, the determina- 
tion of m is more complicated. 

Before reaction order m can be determined, it is neces- 
sary to establish the relationship between Po2, the con- 
trolled variable, and C=o2. This was done by use of the 
Levich equation 

IL = 0.62nFC=o2D~m~,L,/%, .2 [4] 

The slope of a plot of IL VS. tO '/2 is therefore proportional to 
C%2. If Henry's law is obeyed 

C%2 = KHPo2 [5] 

the Levich slope B = 0.62nFC=o2D2/3v -'/6 should be propor- 
tional to por , 

The appucabili~y of Eq. [4] to the results of Fig. 3 is 
shown in Fig. 4. All of the lines are straight and pass 
through the origin, as they should. Figure 5 shows a plot 
of log B vs.  log Po2, which has a slope of unity, demon-  
strating that Henry's law holds for 02 in both TFMSA and 
TFEDSA at pH = 1 and 25~ 

Equation [5] now may be substituted into Eq. [3], yield- 
ing 

I = nFAkcK~'~po.p \ IL / exp \ R T  / [6] 

For potentials near 0.9V, the currents are insensitive to 
rotation speed above about 400 rpm, as shown in Fig. 3. 
Under  these conditions I <<  IL, SO that (IL -- I/IL) ap- 
proaches unity, and, according to Eq. [6], a plot of log I vs. 
log Po2 for constant V should be a straight line of slope m. 
This plot for TFMSA and TFEDSA (see Fig. 6, part A) in- 
dicates that the reaction order m is 1.0 -+- 0.05. 

The result that m is unity (at 0.90V) allows a simplifi- 
cation of further analysis for higher currents and overvol- 
tages. Even though Eq. [6] is difficult to apply when I is 
not very small relative to IL, it can be rearranged as fol- 
lows. First, define the kinetic current I~ (for m = 1) 
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( - a F V  
IN = nFAkcC%.2 exp \ ~ /  [7] 

Substi tuting Eq. [7] into Eq. [6], setting m = 1, and rear- 
ranging yields the familiar relation (11) 

1 1 1 
- + [8] 

I Ik IL 

Equation [8] shows that Ik may be obtained from a plot of 
1-1 VS. IL-1 , or since IL = Bc~ 1/2, a plot of 1-1 vs. c~ -ll2 for 
constant V and Po~ yields Ik from the intercept. The values 
of Ik may then be used with Eq. [5] and [7] to test the 
value Of m, by Plotting log Ik vs. log Po~ for a given volt- 
age. This is shown in Fig. 6 for 0.8 (lines B) and 0.TV (lines 
C), and m is seen to be uni ty within experimental error. 

A direct comparison of the kinetic current densities for 
TFEDSA and TFMSA was made by first multiplying the 
currents in TFEDSA by the ratio of the roughness factors 
(calculated from the hydrogen oxidation peaks observed 
in the voltage-sweep experiments of the type shown in 
Fig. 2): [(RF)TFMSA]/[(RF)TF~DSA] = 0.83. These currents were 
then divided by the geometric area of the rotating disk 
electrode, 0.458 cm 2. No correction for solubility or dif- 
fusivity differences was made, since B = 0.46 and 0.44 
mA/cm2-s I/~ for TFMSA and TFEDSA, respectively, at Po2 
= 1.0. T h e  potential-log current density curves for 1 arm 
oxygen pressure are shown in Fig. 7. Over the potential 
range 0.67-1.0V vs. DHE, the kinetic currents are very 
similar. The familiar change of slope is observed at 0.8V, 
as is the case in other acids. This change in Tafel slope oc- 
curs at the potential below which the electrode surface is 
oxide free. Exchange current densities calculated by ex- 
trapolation of the results obtained at higher potentials are 
4 • 10 -6 and 6 • 10 -6 mA/cm ~ for TFMSA and TFEDSA, 
respectively. These can be compared with the exchange 
current density of 9 • 10 -8 mA/cm ~ reported for 1.1N 
TFMSA, 25~ by Appleby and Baker (7). 
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Fig. 7. Tafel plot for oxygen reduction in TFEDSA (squares) and 
TFMSA (circles) at ] otto oxygen; pH = 1.0; 25~ 

Conclusions 
From the experiments reported above and the analysis 

of the data, it is concluded that the reaction order of the 
electrochemical reduction of oxygen on platinum in 
TFEDSA and TFMSA with respect to oxygen concentra- 
tion is unity, over the full potential range studied (1-0.65V 
vs. DHE). The kinetics of oxygen reduction on plat inum 
in TFEDSA are very similar to those for TFMSA, the cur- 
rents being very closely comparable at pH = 1 for iden- 
tical overvoltages. 

These results offer some promise for the use of fluo- 
rinated organic acids in high performance fuel cells, while 
avoiding the high vapor pressure of TFMSA and its unde- 
sirable wetting of PTFE. Furthermore, pressurization is 
expected t o  improve significantly the performance of 
cathodes in fuel cells using TFEDSA and TFMSA. 
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ABSTRACT 

The electrochemical behavior of (100) IrO2 single-crystal electrodes in 0.5 mol/dm 3 H2SO4 has been studied using lin- 
ear potential scan cyclic voltammetry. A highly irreversible behavior of the main electrochemical process of hydrogen or 
hydronium ion injectiorgejection has been found in the potential range 360-580 mV (vs. Ag/AgC1 reference). The ob- 
tained voltammograms have been compared with those for RuO2 single crystals possessing similar electrocatalytic prop- 
erties and the same crystallographic structure and also with the behavior of sputtered and anodic IrO2 films. It has been 
found that the energy of major interaction of hydrogen species with the IrO2 single-crystal structure is close to that ob- 
served forl sputtered IrO~ films but  differs by ca. 29 kJ/mol (corresponding to 300 mV in the potential scale) from that for 
the anodiC IrO~ films. The penetration depth for hydrogen is highly minimized in the case of single-crystal IrO2 elec- 
trodes and involves at most one or two monolayers. Thus, the coloration/bleaching process described for the IROX 
films cannot develop on nonhydrated single-crystal IrO2 electrodes unless their crystallographic structure is damaged 
by cycling in a wide potential range. 

Anodic films of iridium dioxide have recently been the 
subject of numerous  studies on account of their interest- 
ing electrocatalytic and electrochromic behavior. Both 
the oxygen and chlorine evolution reaction proceed on 
the IrO2 electrodes with extremely low overvoltages (1-5). 
In contrast to RuO2 possessing similar electrocatalytic 
properties (6-10), the IrO~ films undergo dissolution at 
higher positive potentials (E > 1600 mV vs. Ag/AgC1) and 
can be removed from the electrode surface (2, 11-13). The 
hydrous, amorphous IrO2 films on Ir metal electrodes 
show electrochromic properties (13-22) sensitive to the 
change in  the electrode potential. The mechanism pro- 
posed for the rapid coloration/bleaching process (about 40 
ms) is based on the proton injection/ejection mechanism 
(13). It has been found that the electrochemical processes 
of anodic formation and cathodic reduction of a thick po- 
rous IrO2 film are highly reversible (12-14). 

The initial stages of IrO~ film growth on Ir electrodes 
have recently been studied by Mozota and Conway (11), 
Capon and Parsons (23), and other authors (24-26). The 
mechanism of interaction of the IrO2 surface with aque- 
ous solutions has also been discussed from the point of 
view of the surface acid-base properties (27-31). The latter 
works have been done using thermal IrO2 powders. 

The behavior of the anodic oxide on Ir electrodes dur- 
ing oxygen evolution in acidic solutions has also been 
studied by ex situ, x-ray photoelectron spectroscopy 
(XPS) by Kotz et al. (32). These authors demonstrate con- 
clusively that a thin oxide (or hydroxide) is formed on 
iridium surface during O~ evolution and no higher than 
IV oxidation states of Ir are present in the film. The com- 
position profiles within the amorphous anodic IrO~ films 
have been determined by Mclntyre and co-workers (13) 
using nuclear reactions. The thickness of the hydrated 
IrO2 films has been measured by Kim et al. (33) using 
XPS technique. 

As regards single crystals, the electrical-transport prop- 
erties of IrOz have been reported by Ryden et al. (34) and 
conduction electron screening effects have been demon- 
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strated in IrO2 by Wertheim and Guggenheim (35). The 
optical properties of a single-crystal IrO2 have been de- 
scribed by Goel et al. (36). The latter authors, measuring a 
near-normal incidence reflectivity in the photon energy 
range 0.5-9.5 eV, have determined the spectral depen- 
dence of the complex dielectric function and refractive 
index. This in turn  allowed making a direct comparison 
with recent band structure and density-of-states calcula- 
tions performed by Mattheiss (37). 

In this paper, the voltammetric characteristics of the 
IrO2 single-crystal electrodes with the exposed (100) sur- 
face are presented and discussed in terms of the hydro- 
gen and hydronium ion injection/ejection processes. The 
observed significant differences between the electro- 
chemical behavior of the IrO2 (100) electrodes and that of 
the anodic IrO2 films on Ir substrates (IROX films) are 
disCussed in detail. A comparison is also made with the 
RuO~ and TiO2 single-crystal electrodes having the same 
crystallographic structure. 

Experimental 
The electrochemical cell was of a conventional three 

electrode design. A coiled Pt  wire counterelectrode was 
separated from the working electrode compartment by a 
sintered glass joint. A double-junction Ag/AgC1 electrode 
with a saturated KC1 internal solution was used as a refer- 
ence electrode. 

The working electrodes were prepared from the ori- 
ented IrO~ single crystals using silver epoxy resin for low 
resistance contacts and Epoxide (Buehler) for body insu- 
lating. The IrO2 single crystals were grown in this labora- 
tory by a chemical vapor transport in a flowing gas sys- 
tem at 1300~ under  2 atm of the oxygen partial pressure. 
This procedure was similar to the growth of large RuO2 
single crystals (38, 39). The source materials were the Ir 
powder of the electronic-grade purity and oxygen. The 
exposed surface area of the IrO~ (100) electrode was ap- 
proximately 0.01 cm 2. The crystal was oriented by x-ray 
Laue backscattering to within 1 ~ 

A PAR Model 173 potentiostat and PAR Model 175 uni- 
versal programmer were used for cyclic vottammetry 
(CV) measurements.  The experimental curves were re- 
corded using a Hewett-Packard 7044 X-Y recorder. 
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Results 
Typical cyclic voltammetry characteristics for the IrO~ 

single-crystal electrode with the exposed crystallographic 
face (100) are shown in Fig. 1 and 2. One major pair of 
anodic/cathodic peaks is observed in the potentia ! range 
360-600 mV vs. Ag/AgC1 in 0.5 moYdm 3 H~SO4 at 298 K. 
Several other small features are clearly seen or can be 
inferred both on the anodic and cathodic half-cycles. 
They are labeled from Al to A4 for anodic processes and 
C2 to C4 for cathodic ones. The sharp current increase A5 
at E = 1300 mV is due to the oxygen evolution reaction. 
The hydrogen evolution Co starts at E = -370 mV. 

It is informative to discuss the voltammetric behavior 
of the IrO2 (100) electrodes comparing the obtained char- 
acteristics with published voltammograms for another 
transition metal dioxide RuO2 [single crystals with several 
orientations (9)] and for ir idium metal electrodes covered 
with anodic IrO2 films (11, 13, 23-26). There are signifi- 
cant differences in CV characteristics for these electrodes 
in the whole accessible "structure" window from HER 
(hydrogen evolution reaction) to OER (oxygen evolution 
reaction). They are discussed separately for the hydrogen 
deposition/ionization region and the oxide rearrangement 
region, although, in case of the IrO2 single-crystal elec- 
trodes, presumably all the processes are based on the 
injection/ejection of hydrogen or hydronium ions (13). 
The observed results are reported in the same order. 

Hydrogen deposition~ionization region.--In the cath- 
odic half-cycle of the voltammograms for the IrO2 (100) 
electrodes, two small features C'2 and C"2 are resolvable 
on the expanded scale curves as illustrated in Fig. 3. The 
peak potentials are -70 and +25mV, respectively. On the 
anodic side of the voltammograms a peak A2 is observed 
at E = +170 and may be considered as a counterpart of 
one or both the cathodic peaks C'., and C% Another 
anodic peak A1 appears at E = -180 mV (Fig. 2), when the 
cathodic inversion potential is well shifted into HER 
region. 

The oxide rearrangement region.--The anodic IrO~ 
films formed on Ir electrodes contain large amounts of 
water, and they are porous and amorphous (11-26). These 
properties result in a high degree of reversibility of the 
process involved in the oxide rearrangement region. 

I t 
41- v= 200 mv/s i~ 44 / 
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Potential, mV vs. Ag/AgCI 

Fig. 1. Dependence of the CV characteristics for the IrO2 (100) 
electrode in 0.5 mol/dm 3 H2SO~ upon the anodic inversion potential 
Ei,a [mV]: (1) 400, (2) 500, (3) 600, (4) 700, (5) 800, (6) 900, (7) 
1000, (8) 1100, (9) 1200, (10) 1300. Potential scan rate v = 200 
mV/s. 
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Fig. 2. Dependence of the CV characteristics for the IrO~ (100) 
electrode in 0.5 mol/dm 3 H2SO4 upon the cathodic inversion potential 
Ei,c [mV]: (1) 650, (2) 550, (3) 450, (4) 350, (5) 250, (6) 150, (7) 
50, (8) - 5 0 ,  (9) - 1 5 0 ,  (10) - 2 5 0 ,  (11) - 3 5 0 .  Potential scan rate 
v = 100 mV/s. 

However, the oxide rearrangement processes we ob- 
served on the well-defined, water-free IrO.2 (10(}) sub- 
strates exhibit significant retardation due to the compact 
structure of the electrode material. The appearance of the 
main pair of peaks A3-C3 is illustrated in Fig. 1 and 2 and 
in a narrow potential scale in Fig. 4. The peak potentials 
at scan rate v = 200 mV/s are 580 and 350 mV for the 
peaks A3 and C3, respectively. A small increase in the 
peak height is observed after prolonged cycling in the po- 
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Potential, mV vs. Ag/AqCI 
Fig. 3. Part of a cyclic voltammogram for the IrO2 (100) electrode 

in 0.5 mol/dm 3 H~SO4, showing cathodic features C'2 and C"2. Cycling 
between - 2 5 0  and +1300  mV. Scan rate v = 100 mV/s. 
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mol/dm ~ H2504 solution. Effect of the prolonged cycling between + 50 
and + 9 5 0  mV at v = 200 mV/s. Cycle numbers are indicated in 
figure. 

tential range 50-950 mV. In Fig. 4, curves are presented 
for cycles number  2, 70, and 155. The electrode was previ- 
ously used in cycling experiments, so that some amount  
of disordered surface monolayers could eventually exist 
on the electrode surface. However, the pronounced ob- 
served irreversibility, as evidenced by the peak separa- 
tion, remains all the time unchanged. At more positive 
potentials, there is seen a second pair of peaks labeled 
A4-C4 (the peak A4 is seen in Fig. 1 when the anodic inver- 
sion potential does not exceed 1100 mV). The peak poten- 
tials are both equal to 715 mV and are independent  of the 
scan rate v. In  contrast to the process A3-C~, this is a re- 
versible reaction. The broadness of the peak C4 suggests 
repulsive interactions in the presumably hydrated mono- 
layer of the rearranged oxide. 

Another pair of peaks labeled A'3-C'3 in Fig. 5 appears 
rather unexpectedly during the long term experiments 
with changing scan rates from 1 up to 200 mV/s. The peak 
potentials of this irreversible process change with v and 
at v = 110 mV/s are 740 and 160 mV for A'3 and C%, re- 
spectively. The peaks are situated on the falling branches 
of the main peaks, A3 and C3. The peaks A'3 and C!3 disap- 
pear after 15 min conditioning of the electrode at E = 550 
mV, as shown in Fig. 6. Note that the peaks A'3-C'3 were 
not observed after prolonged cycling in the range 50-950 
mV (Fig. 4). Therefore, the only possible reason for the 
observed change in voltammetric behavior of the IrO2 
electrode is a difference (300 mV) in the cathodic inver- 
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Fig. 5. Scan rate dependence of the CV characteristics for the IrO~ 
(100) electrode in 0.5 mol/dm 3 H~S04 for slower (a, top) and faster 
(b, bottom) scan rates, v [mV/s]: ( I )  I ,  (2) 5, (3) 10, (4) 20, (5) 30, 
(6) 40, (7) SO, (8) 60, (9) 70, (10) 80, (11 ) 90, (12) 100, (13) 110. 

sion potential (Eei = -250 mV in the reported slow scan 
rate experiments (see also Fig. 5). A possible explanation 
of this behavior and a comparison with the behavior of 
the anodic oxides on the Ir electrodes are given in the 
next section. 
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Fig. 6. The CV characteristics for the Ir02 (100) electrode in 0.5 
mol/dm 3 H2S04 solution obtained after prolonged experiments at very 
slow scan rates (dashed curves) and after additional stirring deoxy- 
genotion and conditioning at +550  mV (solid curves), v [mV/s]: (1) 
10, (2) 20, (3,3') SO, (4,4') 100, (5,5') 200. 

Discussion 
Most of the 4d and 5d transition-metal dioxides crystal- 

lize with a distorted rutile-type structure with a mono- 
clinic or orthorhombic symmetry (37). Among the almost 
undistorted materials are IrO2, RuO~, and OsO2. The lat- 
tice parameters, a, c, and c / a  for IrO2 are as follows: a = 
4.4983A, c = 3.1544~, and c / a  = 0.701, which can be com- 
pared with data for the RuO~ single crystals whose 
voltammetric behavior for several crystallographic orien- 
tations we have presented elsewhere (9): a = 4.4919]~, c = 
3.1066~, and c / a  = 0.696. The parameter c / a  serves as a 
measure of the distortion from the ideal rutile structure, 
which has (c/a)ideat = 0.586. We see that the lattice parame- 
ters for both the IrO2 and RuO2 crystals are almost iden- 
tical. However, the Fermi surface cross sections as calcu- 
lated (37) or derived from the experimental  magneto 
thermal-oscillation data obtained by Graebner et al. (40) 
are entirely different for IrO2 and RuO2 since the Ir atoms 
are in a 5d 5 state while the Ru atoms are in 4d 4 state. It is 
of a considerable interest to compare the electrochemical 
characteristics for these two oxides, and also for the 
n-TiO2 semiconductor  electrode, to gain our understand- 
ing of the electrocatalytical properties of these materials. 
The generalized electrode reaction which can be consid- 
ered for the above materials is the reduction-oxidation 
process involving injection/ejection of hydrogen and 
change in the apparent oxidation state of the metal M 

MO, + xH § + x e -  = H~MO, [1] 

There are many possible ways for hydrogen to interact 
with MO, structure. In the limiting case, the hydration 
water can be formed. However, hydrogen can also pene- 
trate through the lattice channels and create intercalation 
structures. The apparent oxidation state of the metal 
changes, but charge is not localized at any particular 
metal atom because of the electron band structure, which 
in the case of IrO2 and RuO.2 consists of a partially filled 
E2g band. The oxidation state of the trapped hydrogen 
may be different. In TiO~, hydrogen can be considered as 
a highly ionized neutral donor (41). In anodic IrO2 films, 
hydrogen is mainly in the form of hydronium ions near 
the electrode/electrolyte interface (13), so the net reduc- 
tion process can be expressed as follows 

IrO,, �9 2H20 + H30 + + e-  = H30 + - I rO, -  �9 2H~O [2] 

where n = 2. The energy of interaction between the hy- 
drogen and the rutile-type oxide structure may also vary 
with the hydrogen uptake. This is observed, for example, 
in some li thium intercalation materials. The multiple 
peak structure in cyclic vol tammetry characteristics for 
transition metal oxide electrodes is therefore not unex- 
pected. At the present stage of our knowledge, we cannot 
derive any conclusive correlations between the voltam- 
metric peak structure and the localization of the hydro- 
gen interactions. However, it is interesting to compare 
voltammetric characteristics for different transition metal 
oxide single crystals having similar crystallographic 
structure but different electron-band structure and chem- 
ical activity. On the other hand, we would like to empha- 
size significant differences we observed in voltammetric 
behavior of the same basic compound (IrO2) synthesized 
in a different way. Thus, we compare our data for IrO2 
(100) single-crystal electrodes with literature data for 
anodie IrO2 films (11-27) and those for IrO2 sputtered lay- 
ers (42). 

By analyzing vol tammograms for the IrO~ (100) elec- 
trode and those for the RuO2 single crystals with exposed 
surfaces (110), (001), (111), (101), and (100), we find differ- 
ences rather than similarities. The behavior of the RuO2 
electrodes is highly reversible in the oxide  rearrangement 
region, and the suggested penetration depth for hydrogen 
does not exceed one monolayer. In the case of the IrO2 
single crystal, the irreversible character of the major pair 
of peaks (A3-C3) for hydrogen injection/ejection processes 
[2] remains even at v = 1 mV/s. Moreover, the penetration 
depth increases upon cycling, especially when cathodic 
limit is below 0 mV and anodic  limit exceeds 1300 mV 
(OER region). 

In the hydrogen region, the voltammetric  behavior of 
the IrO2 (100) electrode shows some similarities with that 
of the RuO~ (100) surface and the n-TiO2 (001) electrode 
[there are  no electrochemical data for TiO~ (100) surface]. 
For all the three crystals, IrO2 (100), RuO~ (100), and 
n-TiO2 (001), there are seen two cathodic adsorption peaks 
and only one anodic desorption peak. 

In comparison with other single-crystal electrodes, the 
overvoltage for hydrogen evolution is very low for the 
IrO2 (100) electrodes. If  the "bleaching" process as de- 
scribed for the hydrated anodic IrO2 films on the Ir elec- 
trodes (13) would take place efficiently on our nonhy- 
drated compact  IrO, crystals, one would not expect as 
sharp a current increase at HER potential as we observed. 
Certainly, the decrease in conductivity and hydrogen dif- 
fusion into the crystal bulk is rather inefficient in the 
case of the IrO2 (100) electrode. This observation may be 
compared with the effect of cathodization of the n-TiO2 
single-crystal electrodes (41) resulting in the modification 
of the doping level by the hydrogen injection into the 
crystal lattice. An increase in conductivity and the major- 
ity carrier concentration is observed in this latter case. 

On the basis of the crystallographic structure of IrO2 
single crystals and the experimental  observations, we 
propose a model of the ideal (100) surface being in contact 
with an aqueous solution. In this model  illustrated in Fig. 
7, we at tempt to correlate the findings of previous au- 
thors (12-14) concerning changes in the composition of 
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Fig. 7. Schematic representation of the IrOz (100) ideal surface 
after hydration and hydrogenation in first monoloyer. 

the IROX films upon cathodization ("bleaching") and 
anodization ("coloration"). The iridium atoms present on 
the ideal (100) surface have broken bonds with oxygens 
caused by crystal termination. On contact with an aque- 
ous electrolyte, the iridium atoms will form active centers 
for the adsorption of water molecules that take an orienta- 
tion with hydrogens directed toward the electrolyte 
phase. A dissociation of the hydrogen-oxygen bonds is 
very probable. It has been found by Trasatti and co- 
workers (31) that the IrO2 powders in aqueous solutions 
are highly negatively charged. The XPS studies revealed 
(43) that the dissociative adsorption of water molecules al- 
ways takes place on the ir idium metal samples. A nega- 
tively charged IrO2 surface should lead immediately to 
the attraction of hydronium-ions from the solution. The 
most stable arrangement of the H30 § ion, in the center of 
the uni t  cell, is shown in Fig. 7. The composition of the 
uni t  cell (two first plane plus surface water) is then HIrO2 
�9 3H~O, the same as found by McIntyre et al. (13, 14) for 
"bleached" IROX films. On anodization, this composi- 
tion should change to IrO2 �9 H20, what can be achieved by 
withdrawal of H30 + ion. We feel that it would be difficult 
for hydration and hydrogenation of the next  monolayers 
of a nonhydrated IrO2 single crystal to proceed without 
reconstruction of the unit  cell. This in turn requires large 
energies due to the high activation barriers associated 
with reconstructing process. The single protons can even- 
tually penetrate into the crystal bulk. Cycling in a wide 
potential range may result in a distortion of the surface 
lattice and a formation of the next  monolayer of the hy- 
drated form of IrO2 with the expanded uni t  cell. This pro- 
cess could possibly be manifested by an additional pair of 
peaks like A'3-C'3 in Fig. 5b with a high degree of irrever- 
sibility. 
C o m p a r i n g  the electrochemical behavior of the anodic 

hydrated IrO~ films on the Ir electrodes described by pre- 
vious workers (11-27) with that of the IrO2 (100) electrodes 
presented in this paper, one observes good reversibility of 
the main, hydrogen injection/ejection process [2] repre- 
sented by a couple of peaks at 720 mV in the former case 
and a high degree of irreversibility of this process (peaks 
A3-C3) in the latter case. Also, the reversible potential for 
this process is lower for single-crystal electrode (E = 410 
mV). In the hydrogen region, CV characteristics for the 
anodic IrO2 films become sluggish because of the re- 

duced conductivity in the bleached material. This phe- 
nomenon is not observed in case of the IrO~ (100) elec- 
trode as the hydrogen penetration depth is highly 
minimized in the single crystal and does not involve more 
than perhaps one or two monolayers. 

It is characteristic that the sputtered IrO2 films (42) ex- 
hibit a reversible voltammetric behavior similar to the 
IROX (anodic) films, but in contrast to them the revers- 
ible potential for the major process [2] is equal E = 450 
mV, i.e., very close to the value E = 410 mV we observed 
for our single-crystal IrO~ (100) electrode. Note that the 
density of the sputtered films decreases on operating in 
aqueous electrolytes from 10 to 7.8 g/cm 3 due to water 
uptake. These numbers  can be compared with the density 
for crystalline IrOn, which is equal to 11.68 g/cm -~ and re- 
sembles Compact structure of the latter material. On the 
other hand, the electric conductivity of the IROX films 
changes by four orders of magnitude during the bleach- 
ing/coloration process (from 100 to 0.01 l'l-cm), while that 
of the sputtered layers changes only by one order of mag- 
nitude (from 0.01 to 0.001 ~l-cm). The specific resistivity 
for crystalline IrO2 is 10 -4 ~l-cm, and we did not observe 
in voltammetric characteristics any significant changes 
in resistivity of our single-crystal IrO2 electrodes. Thus, 
the interatomic distances and water content i n  IrO2 
samples which are determined by the method of synthe- 
sis and pretreatment procedure are directly responsible 
for both the energy of interaction of hydrogen with IrO~ 
structure and the degree of reversibility of the hydrogen 
injection/ejection process [2]. Also, the electric conductiv- 
ity and the penetration depth of hydrogen species into the 
electrode material are directly related to the structural 
changes caused by preparation conditions. 

Conclusion 
A highly irreversible behavior of the main electrochem- 

ical process of the hydrogen injection/ejection cOrre- 
sponding to Eq. [2] at single-crystal IrO2 electrodes has 
been described for the (100) surface. It is manifested by a 
difference between the voltammetric peak-potentials for 
the anodic and cathodic half-reactions which approaches 
220 mV at v = 200 mV/s. This behavior can be opposed to 
that of the sputtered and anodic IrO2 films on the Ir sub- 
strates which is reversible. Also, we did not observe char- 
acteristic ceasing of the  current in the hydrogen region 
caused in case of the IROX films by a decrease in electri- 
cal conductivity associated with the "bleaching" process. 
Instead, a low overvoltage for the hydrogen evolution re- 
action has been observed on the IrO~ (100) electrodes. All 
these differences can be interpreted by a strong retarda- 
tion of the hydration and hydrogenation of the compact 
IrO2 single crystals in comparison with the favorable 
compositional changes of the amorphous anodic IrO2 
films. These changes can involve layers 100-200 nm thick 
in the latter case, while the hydrogen penetration depth 
for the IrOz single crystal electrodes does not exceed one 
or two monolayers. 

Thus, the coloration/bleaching process as described for 
the IROX films cannot develop on nonhydrated single- 
crystal IrO2 electrodes unless their crystallographic struc- 
ture is damaged by cycling in a wide potential range. 

The energy of major interaction of hydrogen species 
with the IrO2 single-crystal structure is close to that ob- 
served for sputtered IrO2 films but  differs by ca. 29 
kJ/mol (correSponding to 300 mV difference in the revers- 
ible potential for reaction [2]) from that for the anodic IrO2 
films. 
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Finite-Element Method Approach to the Problem of the I R-Potential 
Drop and Overpotential Measurements by Means of a Luggin- 

Haber Capillary 
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Department of Electronic Chemistry, Graduate School at Nagatsuta, Tokyo Institute of Technology, Nagatsuta, 
Midori-ku, Yokohama 227, Japan 

ABSTRACT 

A finite-element method is applied to the problem of potential distribution around a Luggin-Haber capillary placed 
perpendicularly to the planar working electrode for the cases when overpotential is absent and when there is overpoten- 
tial which is linear to current density�9 Approximate equations are presented for the IR-potential drop between the work- 
ing electrode and the Luggin-Haber capillary as functions of the outer and inner  radii of the capillary tip, the distance 
from the capillary tip to the working electrode, conductivity of the solution, and average current density. Approximate 
equations which relate the measured overpotential to the true overpotential, the IR-potential drop, and the relevant pa- 
rameters are also presented. In  the presence of overpotential or polarization, it has been shown that the measured poten- 
tial can be regarded as a sum of the true overpotential and the IR-potential drop, provided that the tip of the Luggin- 
Haber capillary is placed no closer from the electrode surface than a distance equal to the outer diameter of the capillary 
tip. 

Measurement or control of the potential of a working 
electrode under  current flow is of great importance not 
only in the studies on electrode kinetics, but  also in prac- 
tical electrolysis. For this purpose, a Luggin-Haber capil- 
lary connected to a reference electrode is usually em- 
ployed. The cell voltage of a galvanic cell composed of 

*Electrochemical Society Active Member. 
1Present address: Sanyo Electric Company, Limited, Research 

Center, Hirakata, Oosaka 573, Japan. 

the working and reference electrodes is measured or 
controlled. Minimization of the ohmic potential drop in- 
cluded in the measured or controlled voltage will be 
achieved by placing the tip of the Luggin-Haber capillary 
as close to the surface of the working electrode as possi- 
ble. When the capillary tip is placed very close to the elec- 
trode, however, it shields the latter, causing a decrease in 
current density and distortion of equipotential surfaces 
near the capillary tip, so that the potential measured or 
controlled by the capillary corresponds to a spot of the 
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electrode at which the current density is much lower than 
that in the region of electrode surface sufficiently remote 
from the capillary tip. 

Piontelli and co-workers (1, 2) and Barnartt (3, 4) per- 
formed potential mapping studies using rather large 
model electrolysis cells and obtained equipotential maps 
around the electrode and capillary tip. Barnartt (3, 4) con- 
cluded that the potential inside a capillary of diameter 2ro 
placed 4ro from one of a pair of parallel-plate electrodes is 
equal to that in the undistorted field a distance 2ro/3 
closer than the capillary tip position. 

From a theoretical viewpoint, the solution of the 
Laplace equation with appropriate boundary conditions 
is required in order to obtain the potential or primary and 
secondary current  distributions in electrolytic cells. Since 
Kasper's work (5), there have been a number  of papers on 
the potential and current distributions in electrolysis 
cells. Although it is highly desirable to have analytical so- 
lutions, they can be given only for simple geometries by 
the use of conformal or imaging transformations (6-12). 
The recent development of high speed computers has 
made it possible to apply various numerical methods to 
the problems for more complicated electrode geometries. 
A finite difference method was utilized by Klingert et al. 
(13) for the computation of the primary and secondary 
current distribution in an L-shaped region. Pierini and 
Newman (14) employed the superposition technique to 
calculate the potential distribution around a disk elec- 
trode in axisymmetric cylindrical cells. Fedkiw (15) ap- 
plied a perturbation method to the calculation of the pri- 
mary current distribution at an electrode with a 
sinusoidal profile. An orthogonal collocation technique 
(16) and a variational method (17) have also been applied 
to current distribution problems. In  recent years, the 
finite-element method (FEM) has been used in various 
fields of engineering (18-20). It is a powerful numerical  
procedure for solving the differential equations of physics 
and engineering. To our knowledge, the first application 
of FEM to electrochemistry was done by Kawai and co- 
workers (21-23) for the solution of Fick's equation and 
that coupled with chemical reaction terms. One of the ad- 
vantageous properties of FEM is that it allows us to treat 
boundary value problems for two- or three-dimensional 
regions with irregularly shaped boundaries to which an 
analytical approach is usually very difficult. From this 
viewpoint, the application of FEM to many problems in 
electrochemistry is expected. Recently, Alkire et al. (24) 
used FEM to predict the shape changes at a cathode dur- 
ing electrodeposition. Sautebin et al. (25) applied FEM to 
the simulation of the leveling of triangular surface during 
anodic dissolution in electrochemical machining. In  our 
laboratory, FEM has been used for the calculation of pri- 
mary current distribution in a two-dimensional model cell 
composed of an electrode with holes (26) and for the cal- 
culation of chronopotentiometric i-t curves at the elec- 
trodes coated with polymer of uneven thickness (27). 

The present paper describes the application of FEM to 
the calculation of the potential distribution around the 
Luggin-Haber capillary placed perpendicularly to the 
working electrode in the cases (i) where overpotential is 
absent and (ii) where there is overpotential which is as- 
sumed to be linear to current density. This assumption 
may be justified if the current densities do not deviate 
much from the average current density. Approximate 
equations with reasonable accuracies are presented for 
the IR-potential drop as functions of the outer and inner  
radii of the capillary tip, the distance between the capil- 
lary tip and the working electrode, conductivity of the so- 
lution, and average current density. Furthermore, approx- 
imate equations which relate the measured overpotential 
to the true overpotential, the IR-potential drop, and the 
relevant parameters are presented. It  has been shown that 
in the presence of overpotential or polarization the mea- 
sured potential can be regarded as a sum of true overpo- 
tential and the IR-potential drop when the distance be- 
tween the capillary tip and the electrode surface is no 
closer than the outer diameter of the capillary tip. A part 

of this work has been published as a preliminary note 
(28). 

Formulation of the Problem 
The electrochemical problem.--Consider an electrolysis 

cell composed of three electrodes: a working, an auxil- 
iary, and a reference electrode. The variation of electrical 
potentials in the cell is schematically shown in Fig. 1. For 
convenience, we assume in what follows that the working 
electrode acts as a cathode and the auxiliary as an anode. 
Since the electrode potential is defined as the difference 
between the inner  potential of the electrode phase and 
that of the solution adjacent to the electrode surface, w e  
have 

E ~ = r - r [1] 

We can assume without any loss of generality that there is 
no polarization at the auxiliary electrode and the potential 
of the electrode is constant 

E a = ~ a  _ ( ~ a  = const. [2] 

We can also assume that the potential of the reference 
electrode is constant since current passing through it is 
negligibly small and polarization at the electrode can be 
ignored. Thus we have 

E r e f  = [~ref  __ ~bref = const. [3] 

In  Fig. 1, the variation of potentials is depicted in refer- 
ence to the inner  potential of the electrolyte solution adja- 
cent to the auxiliary electrode, ~ ,  which is also assumed 
to be constant. Under the equil ibrium condition where no 
current flows through the cell, the inner  potential of the 
electrolyte solution is uniform throughout the cell 

cb.. ~ = r = cb ~ [4] 

Since the cell voltage is defined as 

V = ~" - ~c [5] 

the cell voltage under  the equil ibrium condition is given 
by 

- ( % e .  r - r  = E a - E e .  ~ [ 6 ]  

When current flows without any overpotential at the 
working electrode (cathode), the electrode potential at the 

V 

~-T m -  
i 

~o ..... ~&re~ aq 

e; ref 
/eq 

- ~ - ~  0 "" 

Cathode Reference Anode 
electrode 

Fig. 1. Schematic diagram of variation of electrical potentials in an 
electrolysis cell. 
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c a t h o d e  is equa l  to  t h a t  u n d e r  t he  e q u i l i b r i u m  c o n d i t i o n  
E,_0 c = E,,  c, i .e .  

~ c  _ ~.~=0 c = i~eqC - -  (~eqC [ 7 ]  

I f  t he  e l ec t rode  r eac t i on  occu r s  a t  t he  c a t h o d e  w i t h  over-  
potent ia l ,  ~, t h e n  we  h a v e  

n = E  ~ - E €  ~ = E  c - E ~ .  ~ =  ( r  ~ bc) 

_ (~eqC _ ~eqC)  = (t~c _ ~ a )  ~- ((~a _ t~eqC) -{- ~beqC _ ~ c  [ 8 ]  

In  t e r m s  of  Eq. [4]-[6], Eq. [8] c an  b e  r e w r i t t e n  as 

= - ( V  - Ve,) + ~b ~ - 4) r [9] 

As s t a t ed  above ,  t he  m e a s u r e d  or con t ro l l ed  e l ec t rode  po-  
t en t ia l  is t he  p o t e n t i a l  d i f f e rence  b e t w e e n  t he  t e r m i n a l s  of  
a ga lvan ic  cel l  c o m p o s e d  of  t h e  w o r k i n g  a n d  t h e  refer-  
ence  e lec t rodes ;  t h a t  is, t h e  i n n e r  p o t e n t i a l  of  t he  w o r k i n g  
e l ec t rode  aga in s t  t h a t  of  t he  r e fe rence  e l ec t rode  

(Ee)m = $c _ ~ref [10] 

Thus ,  t he  e q u i l i b r i u m  po t en t i a l  of  t he  w o r k i n g  e l ec t rode  
is g i v e n  b y  

( E e q C ) m  = ~ e q  c - Oeq ref = E e q  c - E ~'f [11] 

The  IR-po t en t i a l  drop,  h V m ,  due  to t h e  so lu t ion  r e s i s t a n c e  
can  be  g iven  as t h e  d i f f e rence  b e t w e e n  t he  m e a s u r e d  po- 
t en t i a l  of  t h e  w o r k i n g  e l ec t rode  w h e n  c u r r e n t  f lows wi th-  
ou t  any  o v e r p o t e n t i a l  a n d  t h a t  at  e q u i l i b r i u m  

- A V  m = (E,=0C)m - (E~qC)~ [12] 

w h e r e  AVm is t a k e n  to be  pos i t ive .  E q u a t i o n  [12] c an  b e  
wr i t t en  as 

- ~ V , R  = ( ~  - ~ = o ~ 9  - (Eo~ ~ - Er~ 

= ~ e  __ ( ~ = 0  c + (~n_0ref  _ ~ = 0 r e f  _ (EeqC _ Ere 9 + ~bv_0 c _ (h~=0ref 

: ( ~ , = 0  c - -  ( ~ , - 0  ref [13] 

w h e r e  t he  las t  e x p r e s s i o n  is o b v i o u s  f r o m  Fig. 1. On t h e  
o the r  h a n d ,  t h e  m e a s u r a b l e  o v e r p o t e n t i a l  is g iven  b y  

('O)m = (Ee)m - (EeqC)m = Oe _ t~ref _ (r _ %qr~r) 

= ( r  _ % ~ 9  -- ( ~  --  ~ 9  + ( ~ . ~  --  +~e5 

= - ( V  - V~q) + (6~ - ~er) [14] 

T h e  e l e c t r o l y t i c  ce l l  m o d e l . - - F i g u r e  2 shows  t he  sche-  
ma t i c  d i a g r a m  of  t h e  a x i s y m m e t r i c  cy l indr ica l  cell to- 
g e t h e r  w i t h  t he  cy l indr ica l  c o o r d i n a t e s  e m p l o y e d  for  t h e  
analysis .  T h e  c a t h o d e  (work ing  e lec t rode)  a n d  t h e  anode ,  
fac ing  e a c h  o ther ,  are  loca ted  in  t he  p l a n e s  z = 0 a n d  z = 
25ro, r espec t ive ly ,  w h e r e  ro d e n o t e s  t he  ou t e r  r ad ius  of  t h e  
L u g g i n  capil lary.  T he  cell has  a cy l indr i ca l  i n s u l a t o r  wal l  
at  r = 15ro. The  fo l lowing  two cases  are  t rea ted :  (i) t he  
L u g g i n  cap i l l a ry  is p l aced  in  f ron t  of  t h e  ca thode ,  t he  t ip 
of  t h e  cap i l la ry  is a t  z = d, a n d  ( i i )  t h e  capi l lary  is p l a c e d  
t h r o u g h  t h e  b a c k  of  t h e  ca thode ,  i ts  t ip  b e i n g  f lush w i t h  
t he  f ron t  su r face  of  the  ca thode .  In  e i t h e r  case, z-axis  is 
t a k e n  as t he  c e n t e r  axis  of  t he  capi l lary.  A l t h o u g h  t he  
cho ice  of  t he  d i s t a n c e  b e t w e e n  t he  c a t h o d e  a n d  t he  a n o d e  
(25ro) a n d  the  p o s i t i o n  of  t he  i n s u l a t o r  wal l  (15ro) is arbi -  
t rary,  t h e s e  are  c h o s e n  so t h a t  t he  p r e s e n c e  of  t he  capil- 
la ry  does  no t  af fec t  t h e  po ten t i a l  or  c u r r e n t  d i s t r i bu t i ons  
in  t he  v ic in i t i es  of  t h e  a n o d e  or t h e  i n s u l a t o r  wall. I t  h a s  
b e e n  c o n f i r m e d  t h a t  t he  use  of  t he  va lues  la rger  t h a n  25ro 
a n d  15to h a s  l i t t le  ef fec t  on  t h e  ca l cu l a t ed  resul ts .  

T h e  b o u n d a r y  v a l u e  p r o b l e m . - - I n n e r  po ten t i a l  in  t he  so- 
l u t i on  sat isf ies  t he  Lap lace  e q u a t i o n  

V2r = a2~/Or 2 + r-~Or + 026/az 2 = 0 [15] 

T h e  b o u n d a r y  c o n d i t i o n s  are  as follows: at  a n o d e  (F ~) 

= ~ [16] 

at  c a t h o d e  (F9 

6 = 0 [17] 

Anode ~ , z  
/ / / / / / / / / / / / / / / / / / / / / k ' / / / / / / / / / / / / / / / / / / / /  

~ r o - -  l 
i 
] 
] 

lOro- - ] " 

i 
d . . . . .  ] 

Calhode ~ ] ~  1St 

-lOro' 

Fig. 2. Schematic diagram of axisymmetric cylindrical model cell 
and the cylindrical coordinates employed for the analysis. The Luggin- 
Haber capillary is placed along the center axis either in front of the 
cathode or through the back of the cathode. 

w h e n  the re : i s  no  overpo ten t i a l ,  or  

f(+ro, [o+/on]~r = 0 [18] 

w h e n  t h e r e  is ove rpo ten t i a l ,  a n d  at  i n s u l a t o r  su r face  or 
s y m m e t r i c  ax is  (F ~) 

0610n = O [19] 

w h e r e  n is t he  o u t w a r d  n o r m a l  a n d  t h e  f u n c t i o n  f def ines  
t he  p o t e n t i a l - c u r r e n t  d e n s i t y  r e l a t ionsh ip .  

In  th i s  paper ,  we  a s s u m e  t h a t  t he  o v e r p o t e n t i a l  is g i v e n  
as a l i n e a r  f u n c t i o n  of  c u r r e n t  dens i t y  (29) 

V = ~ o +  h j  [20] 

w h e r e  ~0 a n d  h are  cons t an t s .  A l t h o u g h ,  in  general ,  s u c h  a 
r e l a t ion  does  n o t  h o l d  over  a w i d e  r a n g e  of  c u r r e n t  dens i -  
ties, th i s  a p p r o x i m a t i o n  m a y  b e  a d e q u a t e  so far  as t he  
c u r r e n t  dens i t i e s  do no t  dev ia te  too m u c h  f rom the  aver-  
age c u r r e n t  dens i ty .  S i n c e  t h e  c u r r e n t  d e n s i t y  a t  t h e  ca th-  
ode  is g iven  b y  

j = -K(O6/OzL=o [21] 

w h e r e  t he  s ign of  c a thod i c  c u r r e n t  is t a k e n  to b e  nega t ive  
a n d  K is c o n d u c t i v i t y  of  t h e  so lu t ion ,  we  h a v e  in  p lace  of  
Eq. [18] 

= n o -  hK(~6/az)~_o [22] 

or, by  t he  u se  of  Eq. [9] 

6a _ chc _ ( V -  Veq) = ~o -- hK(a~/OZ)~=o [23] 

With  t he  t r a n s f o r m a t i o n  of  t he  va r i ab l e s  

q) = Oa[1 - ( ~  - 4))I(V - Veq + ~o)] [24] 

R = r / ro  [25] 

Z = z / r o  [26] 

a n d  

n*  = n / r o  [27] 

our  b o u n d a r y  v a l u e  p r o b l e m  is g iven  as 

02oh~OR 2 + R - I ~ p / O R  + 02~P/OZ 2 = 0 [28] 

a t  F a 

(P = (I)~ [29] 
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at F ~ 

at F ~ 

= 0 or cb = (h~/ro)(a~/az) [30] 

a~P/an* = 0 [31] 

The FEM representat ion o f  the p r o b l e m . - - N o w  div ide  
the  d o m a i n  ~ to be  analyzed into a n u m b e r  of  finite ele- 
men t s  and  let  the  potent ia l  cp at any  poin t  wi th in  a finite 
e l emen t  (e) be  app rox ima ted  by 

ab = [N(e)]{q~ ,~)} [32] 

where  [N (~)] is a row vec tor  of  in te rpola t ion  (or shape) 
func t ion  of e l e m e n t  (e), and {~(~)} is a c o l u m n  vec tor  com- 
posed  of  nodal  values.  Us ing  [N (~)] as we igh t ing  funct ions ,  
apply ing  the  Galerk in  m e t h o d  to Eq.  [28], we  have  

~a[N(e)]w(a2~p(e)/aR 2 4- R - l a r  

+ a'~r dfi = 0 [33] 

where  superscr ip t  T denotes  a t r anspose  and dfl  = 
RdOdRdZ because  of  ax i symmet ry .  Pe r fo rming  the  inte- 
grat ion in Eq.  [33] by parts and us ing  the  Green  Gauss  
t heo rem yields  local  f in i te -e lement  equa t ions  

[k(e,]{~p(e)} = ~ e , }  [ 3 4 ]  

where  

[k (e)] = 2wfa~ {(a[N(~)]T/aR)(a[N(~']/aR) 

+ (a[N(~)]T/aZ)(a[N(~']/aZ)}RdRdZ 

+ 27r(rJhK) fr~ [N(~)]T[NC~']RdR [35] 

~ ) }  = 2v/(r~r~) [N(e)]T(O[N(e)]/aZ)RdR [36] 

In  the  der iva t ion  of  Eq.  [35] and [36], boundary  condi t ions  
[30] and [31] have  been  taken  into account .  The  global  
f in i te-e lement  equa t ions  are ob ta ined  by assembl ing  the  
cont r ibu t ions  of  each  e l emen t  equa t ion  

[K]{r = {r} [37] 

where  

ZLz/ro 
5 

0 1 2 3 4 5 

R=r/ro 
Fig. 3. Example of quadrilateral element grid used in the analysis 

for the geometry d/ro = O.S and ri/r o = 0.7S. Shaded part for Z ~ O.S 
indicates the cross section of the capillary wall, and that for Z ~ 0 
denotes the cathode. 

{r = ~ {qb(e)}; [K] = ~ [k(~)]; {F} = ~ ~e)} [38] 
e e r 

Procedure o f  compu ta t ion . - -S ince  our  p rob l em is 
ax i symmet r i c ,  the  region l-I was d iv ided  into a n u m b e r  of  
r ing e l emen t s  ob ta ined  by revo lv ing  quadri laterals .  Quad- 
ratic e l emen t s  were  employed .  Div is ion  of  fl  into 
i soparamet r ic  quadra t ic  quadr i la tera l  e l emen t s  and num-  
ber ing of  nodes  were  carr ied out  semiau tomat ica l ly  by 
use  of  a F O R T R A N  program which  is a modif ied  vers ion  
of  one p roposed  by Cohen  (30). The  region ~ was usual ly  
d iv ided  into ca. 200 e l emen t s  and thus  had 1000 - 1200 
nodes.  A u t o m a t i c  r e n u m b e r i n g  of  nodes  was emp loyed  to 
min imize  the  bandwid th  of  the  global  mat r ix  [K] (31). Ex-  
amples  of  the  parts  of  e l emen t  grid thus  d iv ided  are 
shown in Fig. 3 and 7. The  reg ion  whe re  sharp potent ia l  
change  is cons ide red  to occur  was  d iv ided  into smal ler  el- 
emen t s  than  o ther  region. I t  is wel l  k n o w n  that  the  
bounda ry  b e t w e e n  the  e lec t rode  and  the  insula tor  wall 
(e.g., the  po in t  at Z = 0 and R = 1 in Fig. 7) is a ma themat -  
ical s ingular  bounda ry  where  the  der iva t ive  of  potent ia l  is 
d iscont inuous .  For  the  e l emen t s  inc lud ing  such a s ingular  
point,  s ingular  e lements  i n t roduced  by Henshe l l  and 
S h a w  were  e m p l o y e d  (32). The  global  mat r ix  was assem- 
b led  by the  st iffness m e t h o d  and then  al tered accord ing  
to the  boundary  condi t ions  g iven  by  Eq. [29] and [30]. The  
set of  s imul t aneous  equa t ions  was solved by the  Gauss  
e l imina t ion  method .  

Calcula t ions  were  carr ied out  for var ious  va lues  of  pa- 
rameters ,  rilro (O.0 - 1.0), d/ro (0,1 - 4.0), and hKIro (0.0 
20.0). EI ~a was t aken  to be 25.0. 

Results and Discussion 
Primary potential distribution and the IR potential 

drop.--Figure 4 shows, as an example, the potential distri- 
bution a round  the  Lugg in -Habe r  capi l lary calcula ted for 
geome t ry  d/ro = 0.5 and r i / r  o = 0.75 based  on the  e l emen t  
grid, part  of  wh ich  is shown in Fig. 3, and for h = 0 and T0 
= 0, i.e., w h e n  there  is no overpotent ia l .  It  can be  seen  
that  the  p resence  of  the  capi l lary causes  dis tor t ion of  
equipoten t ia l  surfaces only in the  v ic in i ty  of  the  capi l lary 
t ip and that  the  potent ia l  d i s t r ibu t ion  in the  solut ion re- 
g ion far ther  than  2ro f rom the  capi l lary tip is a lmos t  equa l  
to that  in the  absence  of  the  capillary. The  va lue  of poten-  
tial in the  capi l lary becomes  cons tan t  in the  reg ion  about  

Z=z/% 

I I  

2Lo-  5~ 

, s '  
• i . J 

1 i J 

0 , ~ ~ \ \ \ \ \ \ \ \ ~ \ \ \ \ \ \ \ \ ~  > 

0 1 2 3 4 5 

R=r/ro 
Fig. 4. Primary potential distribution around the capillary tip for the 

electrode geometry shown in Fig. 3. Numerals on the curves indicate 
values of function cb. 
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2ro inside from the tip. The difference between this poten- 
tial and that of the working electrode surface corresponds 
to the IR-drop involved in the measured electrode poten- 
tial. Although the equipotential surfaces in Fig. 4 are 
given not in r but in 4~, it can be seen from Eq. [24] that 
the real potential distribution is similar to that in Fig. 4. 

The current density at the cathode is given by Eq. [21]. 
By use of Eq. [21], [24], and [26] and condition ~0 = 0, we 
have 

j = - ( V  - Veq)(MroaPa)(aaPlaZ)z_o [39] 

Thus the current density at the place sufficiently remote 
from the capillary is given by 

j~ = - (V - Veq)(Klroa~a)(aaPlaZ)z=o,R~= [40] 

Then we have 

j / j*  = ( a ~ l a Z ) z = o / ( a ( o / a z ) ~ . = o , . ~  [41] 

Variations of relative current distribution j / j*  near the 
capillary tip with the distance from the center axis are 
shown in Fig. 5 for r~/ro = 0.75 when d/ro is changed. As a 
matter of fact, one can see that the more remotely the cap- 
illary tip is placed from the electrode surface, the less dis- 
tortion of the current distribution there is. This figure 
also reveals that only the part of the electrode just below 
the capillary tip is shielded and that the current density 
becomes almost uniform in the region r >i 3r0. In addi- 
tion, it has been found that the thinner the capillary wall, 
the less the distortion of the current distribution, al- 
though this is not shown in the figure. 

Now we consider the IR-potential drop, AVm, due to the 
solution resistance under the effect of the presence of the 
capillary. This can be given by Eq. [13]. Eliminating 
from Eq. [13] and [24] and using the condition, qs,=0~ = 0 
yields 

hVm = ( Y -  Veq)dPn=0ref/~P a [42] 

Dividing Eq. [42] by Eq. [40] and rearranging the resulting 
equation gives 

hVm = (-j~rJK)ag,=o~eV(oCPl aZ)z=0.R~= [43] 

Values of (--K/roj~)AVm are plotted in Fig. 6 against d/ro for 
several values of r~/ro. The  straight dot-dashed line corre- 
sponds to the uniform potential distribution when there 
is no capillary. It can be seen from Fig. 6 that the IR- 
potential drop measured with the capillary is a function 
of both d/ro and rJro and that when d/ro is larger than 2, 
the measured value of hVm is smaller by a constant value 
than the Value which would be  observed in the absence of 
the capillary. We tried to express this dependence of hVm 
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(C} 0.5 
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R = r/ro 
Fig. 5. Effect of the distance between the capillary tip and the cath- 

ode on the relative primary current density distribution at the cathode 
near the capillary tip. 
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Fig. 6. Dependence of IR-potential drop measured with Luggin- 

Haber capillary on the distance between capillary tip and the cathode 
and on the thickness of capillary wall. 

on d/ro and ri/ro in terms of elementary functions and ob- 
tained the following approximate equation with reason- 
able accuracy 

hVm = (-jWK)[d - ro~{1 - 0.1898 exp (-1.51d/ro) 

- 0.8102 exp (-1.757d/ro)}] [44] 

where ~ is a function of r~/ro given by 

= 0.780{1 - O.O1896(ri/ro) - O.08812(r,/ro) '2 

- O.1739(ri/ro) 3} [45] 

The curved lines in Fig. 6 are those calculated from Eq. 
[44] and [45]. Equation [45] indicates that the effect of the 
thickness of the capillary wall is rather small since the 
value of cr changes only from 0.78 to 0.56 when r~ is 
changed from 0 to to. If the value of d/ro exceeds 2.8, then 
the exponential  terms in Eq. [44] are negligible within an 
error of 1%, and hence Eq. [44] reduces to 

AVm = (-jWK)(d - root) [46] 

Barnartt (3) proposed 2/3 as a value of ~ for d/ro ~ 4 
from his exper iment  using a model capillary of r~/ro = 2/3. 
Introducing this value into Eq. [45] yields ~ = 0.699, 
which is 5% higher than the value 2/3 proposed by Bar- 
nartt. It can be said that these values are in good agree- 
ment if we consider that the experimental  value might 
have some contribution of polarization. Piontelli et al. (2) 
concluded from the experiment  with capillaries of varied 
wall thickness from rt/ro = 0.08-1 that cr = 0.6 for d/ro >! 6 
and that the approximate equation can be used practi- 
cally even for d/ro 1> 2. They also demonstrated that cr is 
dependent  on the ratio ri/ro and varies from 0.714 to 0.476 
when ri/ro changes from 0.08 to 1 for d/ro >> 1. The dis- 
crepancy between these values and those calculated from 
Eq. [45] may result from their semicylindrical model cell, 
the diameter of which is 200 mm, being too small for the 
model capillary of 63 mm diam. 

The primary potential and current distributions were 
also calculated for the electrode geometry where the cap- 
illary is placed through the back of the working electrode. 
Figure 7 shows an example of the element grid for the ge- 
ometry r,/ro = 0.75 employed in the FEM calculation. The 
primary potential distribution is depicted in Fig. 8, which 
reveals that the equipotential surfaces are almost parallel 
to the cathode surface if r ~< 2% or z ~< 2.5ro. The potential 
measured by the Luggin-Haber capillary depends on the 
inner radius of the capillary; the thinner the capillary 
wall, the higher the measured potential value. The: rela- 
tive primary current density distribution at such an elec- 
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Fig. 7. Part of the quadrilateral element grid used in the analysis 
for the electrode geometry where the capillary is placed through the 
back of the cathode, q/ro = 0.75. Shaded part for 0 3  ~ R ~ 1.0 in- 
dicates the cross section of the capillary, and that for R /> 1.0 does 
the cathode. 
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Fig. 8. Primary potential distribution around the capillary tip for the 
electrode geometry shown in Fig, 7, Numerals on the curves indicate 
values of function qb 

t rade  g e o m e t r y  is shown in Fig. 9. I t  wil l  be  seen that  the  
current  dens i ty  becomes  infini ty at the  boundary  be- 
tween  the  ca thode  and the  Lugg in -Habe r  capil lary wall. 
Var ia t ion of  the  IR-potent ia l  drop calcula ted f rom Eq. [41] 
wi th  the  ratio ri/ro is dep ic ted  in Fig. 10. I t  was found that  
the  potent ia l  drop hVm can be a p p r o x i m a t e d  as a funct ion  
of  r i / r  o by 

hVm(Klro~=l) = 0.64 exp  [-O.018(ri/ro) 

- O.159(ri/ro) "~ - 0.24(r~/%) 3] - O.082(r~/ro) lo [47] 

This equa t ion  is val id  wi th in  an er ror  of  0.01 or a re la t ive  
error  of  2.2%. 
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Fig. 9. Relative primary and secondary current density distributions 
at the cathode for the geometry shown in Fig. 7. 
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Fig. 10. IR-potential drop measured with the capillary placed 

through the back of the electrode as a function of ri/r o. 

S e c o n d a r y  p o t e n t i a l  d i s t r i b u t i o n  a n d  o v e r p o t e n t i a l  
m e a s u r e d  b y  L u g g i n - H a b e r  c a p i l l a r y . - - I n  the  p resence  of 
overpotent ia l ,  the  e lec t rode  potent ia l  of  the  ca thode  is a 
func t ion  of  posi t ion or R = r/ro. On the  a s sumpt ion  of  the  
l inear  relat ion be tween  the  overpoten t ia l  and the  cur ren t  
dens i ty  g iven  by Eq. [22], we  can use  a quan t i ty  hK/ro as a 
single pa rame te r  express ing  the  effect  of  overpotent ia l  on 
the  potent ia l  d is t r ibut ion  in the e lect rolyt ic  cell  as can be 
seen f rom the  foregoing der ivat ion  in the  Theoret ical  sec- 
tion. The  pa rame te r  is k n o w n  as the  Wagner  n u m b e r  (12), 
and is def ined by 

Wa = (d~/d j ) (K/L)  = hK/ro [48] 

where  L is the  character is t ic  length  and is t aken  to be  
equal  to to. I f  the  cur ren t  dens i ty -overpoten t ia l  re lat ion is 
g iven by the  Tafel  equa t ion  and  is app rox ima ted  by  the  
l inear  re la t ion [20], then  h is g iven  by  b / j  =, where  b is the  
Tafel  coefficient.  
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The potent ia l  d is t r ibut ions  for the  e lec t rode  geomet r ies  
shown in Fig. 3 and 7 are dep ic ted  in Fig. 11 and 12, re- 
spectively,  for h~/ro = 1.0. Contrary  to the  case in the  ab- 
sence  of overpoten t ia l  shown in Fig. 4 and 8, the  potent ia l  
at the  ca thode  sur face  is a funct ion  of  posi t ion in the  pres- 
ence  of  overpotent ia l ,  which  is man i fes ted  in Fig. 11 and 
12 by the  equipoten t ia l  surfaces in te rsec t ing  with  the  
ca thode  surface. One can see, however ,  that  the  dis tor t ion 
of equipoten t ia l  surfaces are conf ined only to t h e  reg ion  
close to the  capi l lary tip. Curren t  dens i ty  in the  p resence  
of overpoten t ia l  is wr i t ten  in t e rms  of  ap by 

j = - ( V  - V ~  + ~o)(~/ro@a)(aaP/az )z=,, [49] 

Z=z/% 
S ~ I ~//" 

/ / "  s.~ 

4 ~ 
/ i  

" / "  4 . o  

3 ~ 
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' " / /  3o 

2 ,  ~ 

0.75  I 0 .85  O.g o g5 

0 1 2 3 4 S 

R=r/% 
Fig. I 1. Secondary potential distribution around the capillary tip for 

the electrode geometry shown in Fig. 3 for hKIro = 1.0. Numerals on 
the curves show values of function ~b 

The relat ive current  dens i ty  d is t r ibut ion  is calculated 
f~om Eq. [41] wh ich  is also ob ta ined  f rom Eq. [49] or di- 
rect ly f rom 

j / j ~  = aPz=,tePz=o.l~ [50] 

This equa t ion  is ob ta ined  f rom Eq. [41] and  [30]. In Fig. 
13, var ia t ions  of  the  relat ive cur ren t  dens i ty  d is t r ibut ion  
with  the  d is tance  f rom the  center  axis are shown for the  
geome t ry  of  r~/ro = 0.75 and d/ro  = 1.0 and for the  var ious  
values  of  the  Wagner  n u m b e r  hK/r,,. For  the  e lec t rode  ge- 
omet ry  dep ic ted  in Fig. 7, the  effect  of  hK/ro on the  cur- 
rent  dens i ty  d is t r ibu t ion  is s h o w n  in Fig. 9. F igures  13 
and 9 indica te  that  the more  un i fo rm current  dens i ty  dis- 
t r ibut ion  is ob ta ined  as the  hK/ro va lue  becomes  higher,  
i.e., the  h igher  the  overpotent ia l  or  the  conduc t iv i ty  of  the  
solution,  and tha t  the  p resence  of  the  capil lary has l i t t le 
effect  on the  cur ren t  dens i ty  d is t r ibut ion  of  the  e lect rode 
region r /> 3to. 

E v a l u a t i o n  o f  t r u e  o v e r p o t e n t i a t . ~ I t  is of  in teres t  to ex-  
amine  the  s ignif icance of the  measu red  overpotent ial ,  
(V)m. We have,  f rom Eq. [14], [24], and [49] 

( ~)m = "~o + (J~ro/K)aPreV(aaP/aZ)z=o,~ [51] 

F r o m  Eq. [51] and [43] it fol lows 

(Ktj~ro){(~7)m + A V m  - Vo} 

= r  - -  @n=,)"et/(a~/aZ)z=o,zr [52] 

Values of (K/j~ro){(n)m + hVi~ - no} calculated f rom the 
r ight -hand side of  Eq. [52] are p lo t ted  against  hK/ro in Fig. 
14 for va r ied  values  of d/ro.  One can see the  plot  is a lmos t  
l inear  and has un i ty  s lope w h e n  d/ro  ~> 2. We tr ied to find 
an app rox ima te  equa t ion  which  expresses  the  t e rm {(V)~ 
- (7o + hJ ~) + ~Vm} as a s imple  func t ion  of  hK/ro and ob- 
ta ined the  fo l lowing relat ion 

(n)~ = (no + hJ ~) - AVm - (j~rJK){c,(hMro)l(c~ + hKIro)} 
[53] 

where  c~ and  c2 are coefficients  wh ich  depend  on d/r,, and 
rt/r,, and can be expressed  by 

c, = 0.402 exp  [-O.709(d/ro)] 

+ [2.5 - 1.3(r~/ro)] exp  [-2 .8(d/ro)]  [54] 

and 

c.2 = -0.963 + 2.93(d/ro) ~ [55] 

Z=z/ro 
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Fig. 12. Secondary potential distribution around the capillary tip for 
the electrode geometry shown in Fig. 7 for hK/ro = 1.0. Numerals on 
the curves show values of function c~. 
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Fig. 13. Dependence of relative current density distribution around 

the capillary tip upon the parameter hK/r o for the electrode geometry 
of ri/ro = 0.75 and d/ro = 1.0. Curve A is identical with curve D in 
Fig. 5. 
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respectively. Equations [53]-[55] are valid for d/r  o >1 0.5 
and 0.5 < r~/ro < 1.0 within the relative error of 2%. Al- 
though the error involved in Eq: [53]-[55] becomes larger 
for values of d/ro less than 0.5 and these equations cannot 
be used, it is not recommended that one place the tip of 
the Luggin-Haber capillary closer than 0.5% from the elec- 
trode surface as will be seen from the discussion below. 
Figure 15 shows the plots of ( K / r ~ ) { ( T ) m  -- (T0 + hJ =) + 
hVm}, which is equivalent to -c,(hK/ro)/(c.~ + htdro), against 
d/ro for three values of h~/ro. One can see from Eq. [54] 
that the values of c, are small when d/ro >1 2, and also see 
from Fig. 15 that the values of --(K/rj=){(T)m -- (T0 + hff) + 
hVm] are very small irrespective of the value of h~/ro 
when d/% t> 2. It has also been found that values of 
(K/roJ=){(T)m - (To + hJ ~) + hVm} scarcely depend on ri/ro. 
These facts indicate that the last term on the right-hand 
side of  Eq. [53] can be neglected and the following ap- 
proximate equation 

(T)m = (T0 ~- hJ =) - hVm [56] 

is valid under  the condition d t> 2%. This means that as 
far as the distance between the capillary tip and the elec- 
trode surface is larger than the outer diameter of the cap- 
illary tip, the measured overpotential can be regarded as a 
sum of the true overpotential (T0 + hJ ~) and the potential 

5 �9 : d lro  = 4 , /  

. -  - - , - - . : d i d o  : 2 
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3 y /  
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0 
0 1 2 3 4 5 

~l /</ to 
Fig. 14. Variation of the difference between the measured over- 

potential and IR-potential drop with the value of the parameter hK/ro 
for the electrode geometries of ri/ro = 0.75 and varied values of d/ro. 
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Fig. 15. Dependence of the difference between the measured over- 
potential and the sum of true overpotential and IR-potential drop on 
the position of the capillary tip. 

drop due to the solution resistance, (-hVm).  In other 
words, if the capillary tip is located at a distance from the 
electrode surface closer than its diameter, the effect of the 
shielding of the electrode surface by the capillary can no 
more be neglected. One can see from Fig. 15 that the mea- 
sured overpotential is always equal to or larger than the 
sum of the true overpotential and the IR-potential drop. 

For the electrode geometry where the capillary is 
placed through the back of cathode, Fig. 16 shows plots 
similar to those in Fig. 14 and 15. It has been established 
that the following approximate equation holds 

(T)m = (To + hJ ~) - AVm + (j~rJK)[c3(hK/ro)P/{c4 + (hK/ro)P}] 
[57] 

where c3, c4, and p are coefficients which are functions of 
ri/ro. We obtained simple approximate equations for these 
coefficients 

c3 = 0.338 + O.0691(r i / ro)  4 + O.0377(ri/ro) s [58] 

c4 = 1.138 + 0 .229(r i / ro )  4 - 0 .633(r~/ro)  8 [59] 

p = 0.719 - O.0281(r~/ro) [60] 

Using Eq. [57]-[60], (T)m can be calculated within 3% rela- 
tive error. Although there occurs no shielding of the elec- 
trode surface in this case, one can note that the absolute 
value of the measured potential is always larger than the 
sum of the values of true overpotential  and the IR-poten- 
tial drop, It can be said that although this electrode geom- 
etry looks sophisticated, it is not recommended for 
practical use in view of the above fact and the difficulty 
in fabrication except  for the case where the disturbance 
of electrolyte solution flow due to the presence of the 
Luggin-Haber capillary should be avoided. 

Conclusion 
Potential and current distributions around the Luggin- 

Haber capillary placed perpendicularly to the plane elec- 
trode surface have been obtained by solving Laplace 
equation with a finite element method. Approximate 
equations with reasonable accuracy have been presented 
for the IR-potential drop as functions of the outer and in- 
ner radii of the capillary tip, distance between the capil- 
lary tip and the working electrode, conductivity of the so- 
lution, and average current density. Approximate 
equations which relate the measured overpotential to the 
true overpotential, the IR-potential drop, and the relevant 
parameters have also been presented.  In the presence of 
overpotential, it has been confirmed that the measured 
potential can be regarded as a sum of the true overpoten- 
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Fig. 16. Plots of the difference between the measured overpetentiol 
and IR-potentiol drop, and the difference between the measured over- 
potential and the sum of true overpotential and IR-potenfial drop 
against the parameter hK/r o for the electrode geometry where the 
Luggin capillary is placed through the back of the electrode. 
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tial and the IR-potential  drop provided that  the t ip of the 
capillary is placed not  closer from the electrode surface 
than the distance equal to the diameter  of the capillary 
tip. 

Manuscript  submit ted  Dec. 26, 1984; revised manu- 
script received ca. March 28, 1985. 
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LIST OF SYMBOLS 

c,, c~, c3, c4 coefficients in Eq. [53] and [57] 
d distance between the capillary tip and the cathode 

(m) 
E electrode potential  (V) 
~ }  e lement  flux vector 
{F} global flux vector 
h constant  (see Eq. [18]) (~l-m 2) 
j current  densi ty (A-m-2) 
j~ current  densi ty at the place sufficiently distant  

from the capillary (A-m-2) 
[k ~e'] element  coefficient matr ix 
[K] global coefficient matr ix  
L characterist ic length (m) 
n normal  boundary coordinate (m) 
n* t ransformed normal boundary  coordinate 
[N '~] row matr ix  of interpolat ion functions 
p coefficient in Eq. [57] 
r radial  coordinate  (m) 
ri inner radius of the Luggin-Haber  capillary (m) 
ro outer  radius  of the Luggin-Haber  capillary (m) 
R transformed radial coordinate  
V cell voltage (V) 
AVm IR-potential  drop (V) 
Wa Wagner number  
z axial coordinate (m) 
Z t ransformed axial coordinate 

F 
~7 
~o 
0 
K 

Greek characters 

boundary  or surface of the region analyzed 
overpotential  (V) 
constant  (see Eq. [18]) (V) 
angular  coordinate 
conduct ivi ty of solution (S-m- ' )  
inner  potential  of solution (V) 
transformed potential function 
inner potential of electrode (V) 
region to be analyzed 

a 

c 

(e) 
i 
ref 
T 

Superscr ipts  

anode 
cathode 
element  
insulator  
reference electrode 
transpose of matr ix 

Subscripts  

eq at equi l ibr ium 
~=0 without  overpotential  
m measured or measurable 
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Electrochemistry of Molten Calcium Nitrate Tetrahydrate 
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ABSTRACT 

The electrochemical properties of calcium nitrate tetrahydrate were studied by voltammetry, coulometry, and chem- 
ical analysis. The electrolyte anode reaction was oxidation of water to oxygen on either gold or platinum. The major re- 
action at a gold cathode was reduction of nitrate to nitrite and a solid calcium hydroxide electrode film. Small amounts 
of oxygen and more than the theoretically predicted quantity of nitrite were detected, suggesting a secondary chemical 
reaction. The reduction reaction at plat inum gave 50-75% of the theoretical yield of nitrite. The voltammetric behavior of 
OH-,  NO~, and HNO~ in this system were studied. 

Molten calcium nitrate tetrahydrate and similar molten 
hydrates are of considerable interest as solvents with 
properties intermediate between those of aqueous solu- 
tions and ionic melts. Conductance measurements (1), 
additivity of molar volumes (2),  PMR studies (3), 
entropies of solution (4), diffusion coefficients [(5, 6) but 
see Ref. (7)], acoustic velocity measurements  (8), and 
x-ray diffraction measurements (9) all indicate that the 
water molecules in calcium nitrate tetrahydrate melts are 
strongly coordinated to the calcium ion.. The result is a 
liquid with the properties of an ionic melt composed of 
bulky (Ca(H20)4) +2 cations and nitrate anions. The low 
melting point of this compound (42.7~ together with a 
metastable supercooled phase extending to room temper- 
ature, thus allows the direct comparison of an "ionic" sol- 
vent with dilute aqueous solutions. 

Calcium nitrate tetrahydrate has been used as a sup- 
porting electrolyte in the electrochemical investigation of 
a number  of cations (5-7, 10-15). Courgnaud and Tremil- 
lion (16) have investigated the electrochemistry of the 
molten hydrate itself at gold and platinum electrodes 
using bulk electrolysis followed by chemical analysis and 
single sweep voltammetry. The anode reaction was found 
to give oxygen and protons, as expected for water elec- 
trolysis, but at a potential almost 0.7V more negative for 
Au than for Pt. The authors concluded, on the basis of 
their finding no detectable concentration of nitrite ion 
after electrolysis with a platinum cathode, that the elec- 
trolytic reduction of this melt also involved only water. 
Like the anode reaction, reduction appeared to occur at a 
more negative potential (by 0.3V) at gold than at pla- 
tinum. 

These solvent electrolysis properties, as described, ap- 
peared useful for a coal electrogasification study we had 
undertaken, since only water was electrolyzed and some 
control over initial decomposition potentials appeared to 
be available simply by changing electrode materials. Our 
preliminary results, however, did not correspond to those 
reported, and we therefore reexamined in detail the elec- 
trochemical properties of calcium ni t ra te  tetrahydrate. 

Experimental 
Calcium nitrate tetrahydrate (Fisher certified ACS or 

BDH analytical reagent) was used without further 
purification. Dehydration in vacuo at room temperature, 
then at 150~ gave a hydration number  of 4.00 -+ 0.01. 
Certified ACS sodium nitrite (Fisher), calcium hydroxide 
Fisher), and nitric acid (CIL) were also used without 
purification. Electrodes were of 99.999% Pt or Au 
(Johnson, Matthey, and Mallory) sealed in soft glass. 
Microelectrodes were ground to a flat surface with a 
Bethlehem 7a7 CW12 glass grinding wheel; electrode 
areas, measured by optical micrometry, Were 0.018 mm 2 
for Pt  and 0.066 mm 2 for Au. 

Cyclic vol tammograms were obtained using a Metrohm 
E626 Polarecord and E612 VA Scanner plus a Houston In- 
struments RE0074 X-Y recorder. All electrochemical mea- 
surements were made relative to a 0.05m Ag*/Ag in: 
Ca(NO3)~ �9 4H20 reference electrode consisting of a 0.8 mm 
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diam silver wire dipped in the silver ion solution con- 
tained in a narrow glass tube ending in a porous ceramic 
plug. This system has been shown to be well behaved in 
calcium nitrate tetrahydrate melts (4).  The micro- 
electrode, reference electrode, and a spiral Pt  wire 
counterelectrode were mounted in a rubber stopper 
which was fitted tightly into the cell containing the solu- 
tion in Ca(NO3)2.4H20 to prevent loss of water. 
Voltammograms of electrolytes in this solvent were made 
first upon a weighed amount of the most concentrated 
solution. Weighed amounts of pure solvent were then 
added with thorough mixing to give the lower concentra- 
tions measured. Solutions were maintained at 70.0 -+ 0.1~ 
using a Polyscience Polytemp bath  thermostat. No inert 
gasses were passed through the solution once it had been 
confirmed that oxygen Was too insoluble to be detected 
in this system (6, 16). 

Bulk electrolysis was performed using a Fisher 
controlled potential electroanalyzer; current was mea- 
sured using a Weston Instruments milliammeter, and to- 
tal charge calculated by graphical analysis of the current- 
time curve. The cell was equipped with a cathode 
compartment,  consisting of a 2.5 cm diam glass tube end- 
ing in a fine sintered glass frit, which was suspended 
from the rubber cell cover so as to be easily removed. 
After electrolysis, the cathode compartment  plus the Au 
(16 cm 2) or Pt (19 cm ~) plate cathode was removed, rinsed 
off with water, dried, and weighed. The catholyte was 
thoroughly mixed, and then weighed samples taken for 
analysis. Finally, the cathode cell components were 
washed, dried, and weighed to give the total weight of 
catholyte (25-30g). After the longer electrolyses, nitrite 
was also detectable in the anolyte, presumably because of 
leakage through the fritted disk; this quantity was in- 
cluded in the nitrite total. 

A weighed sample of electrolyzed material in aqueous 
solution was tested for nitrite by addition of sulfanil- 
amide and N(1-naphythyl)-ethylenediamine dihydrochlo- 
ride (Marshall's reagent), followed by comparison of the 
550 nm absorption of the diazo compound thus formed 
with external standards. The total concentration of 
reducing agents formed by electrolysis was measured by 
adding a weighed sample of electrolyzed melt  to water or 
cold saturated H3BO3 solution, adding a measured quan- 
tity of standard Ce(IV) solution sufficient to oxidize all 
reducing agents, and backtitrating with standard Fe(II) 
using "ferroin" indicator. 

Gas analysis was run in cells with a sealed anode or 
cathode compartment  connected to a "Tedlar" gas 
sampling bag and arranged t o  allow flushing of the sys- 
tem with purified nitrogen. Two plates were arranged to 
allow complete emptying of the gas bag by squeezing. 
The system was flushed with nitrogen, and the gas bag 
was emptied, after which the electrolysis was run. After 
electrolysis, gas was transferred from the sampling bag to 
a gas measuring apparatus to give the total quantity of 
gas produced. Gas analysis was performed using a Carle 
AGC-311 gas chromatograph, with a thermistor detector 
calibrated to allow quantitative determination of the gas 
composition. 
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Results 
The products of oxidation of pure calcium nitrate 

tetrahydrate (90°-95°C, +1.3V vs. Ag/Ag ~ reference) at a 
platinum anode were oxygen and nitric acid, as reported 
(16). The nitric acid concentration in the gases above the 
electrolyte was substantial, and resulted in chemical at- 
tack on the gas sampling bag used in the apparatus, as 
well as any rubber or tygon seals or connectors used. The 
measured quantity of oxygen produced in such cases was 
somewhat variable. In a glass apparatus plus sampling 
bag with relatively short contact times or in runs where 
the theoretical amount  of Ca(OH)2 had been added to neu- 
tralize HNO3, oxygen production was 100- 5% of theoreti- 
cal. 

The major product of reduction at a gold cathode 
(90°-95°C, -1.2 to -1.3V) was nitrite, detected both by 
specific analysis for nitrite and by quantitative analysis 
for reducing agents (methods agreed within 1%). Figure 1 
shows the total amount of NO2- as a percentage of the 
theoretical yield relative to the total number  of coulombs 
passed. The amount  of nitrite detected in excess of 100% 
(8% at 68C) was well above the total estimated error. The 
only significant gaseous cathode product was a small 
amount Of oxygen observed after extensive electrolysis 
(100-350C), amounting to 5-10% of the theoretical nitrite 
value. After the most extensive electrolysis, traces of hy- 
drogen and nitrous oxide were also detected by GC. 

The major product of reduction of calcium nitrate 
tetrahydrate at a platinum cathode (90°-95°C, -1.2 to 
-1.3V) was again nitrite ion, although in considerably 
lower yield. Figure 1 shows nitrite produced at a Pt  elec- 
trode, cleaned in concentrated nitric acid before each run, 
as a function of total coulombs passed. Electrodes not 
cleaned in a systematic manner before use gave less regu- 
lar nitrite/coulomb relationships. A white, water-insoluble 
film was again formed on the electrode. Gas bubble for- 
mation on the electrode was sometimes observed to a 
slight extent. No measurable volume of gaseous products 
could be detected. Electrolysis under a propane atmo- 
sphere showed no significant production of nitrogen. 
The possibility that water was being reduced at the cath- 

10C 

8C 
Y, 

N O 2  

ode to hydrogen, which then reacted chemically with ni- 
trate or nitrite, was tested: no sign of reaction between 
hydrogen gas and calcium nitrate tetrahydrate with or 
without added nitrite ion could be detected after contact 
with stirring at 95°C for 3 days. The possibility of further 
reduction of nitrite ion at the electrode was also consid- 
ered: no significant quantities of the gaseous reduction 
products NO, N20, or N2 were detected by GC, nor was 
any trace of the characteristic color of NO2 or the charac- 
teristic smell of NH3 observed at any time. In two cases 
the catholyte was analyzed both for reducing substances 
[by Ce(IV)/Fe(II) redox titration] and spectrophotometri- 
cally for nitrite. The reducing capacity o f  the catholyte 
was found to be equivalent to the quantity of nitrite pres- 
ent, indicating that no other soluble oxidizable products 
of NO3- reduction had been formed. 

Calcium nitrate tetrahydrate electrochemistry was also 
examined by means of linear sweep and cyclic voltam- 
metry. Figure 2 shows full range (+2.0 to -2.5V) and par- 
tial range (+ 1.4 to -1.2V) cyclic vol tammograms obtained 
for this electrolyte using both gold and platinum elec- 
trodes relative to 0.05m AgVAg in calcium nitrate 
tetrahydrate. Table I summarizes the peak current poten- 
:tials observed, along with the reactions represented and 
the symbols identifying these peaks in Fig. 2. The electro- 
lyte oxidation potentials were found to be similar 
(1.1-1.3V) for both Au and Pt, in contrast to the previously 
reported (16) difference of 0.7V. The major cathodic pro- 
cess was attributed, from the chemical evidence, to reduc- 
tion of nitrate to nitrite with concommitant  formation of 
an insulating film on the electrode. The apparent peak A 
in Fig. 2, which occurred consistently at -1.5V with both 
Au and Pt electrodes at 50 mV/s, was an artifact of film 
formation. If the reverse sweep potential was not taken 
above 0.7-0.8V, all current flow ceased. Increasing the 
sweep rate resulted in large cathodic shifts in the "peak" 
position as well as large increases in the maximum 
current. 

The electrode film produced during reduction of ni- 
trate was removed by the oxidative process giving rise to 
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Fig. l. Total amount of nitrite produced as a percentage of the theo- 
retical yield by electrolysis of calcium nitrate tetrahydrate melt at 
90%95°C using o platinum (19 cm ~) or a gold (16 cm 2) plate cathode. 
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Fig. 2. Cyclic voltammograms of calcium nitrate tetrahydrate at 
70.0°C using a platinum or a gold microelectrode, a: +2.0 to - 2 . 5 V  b: 
+1.5 to -1 .1V.  
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Table I. Cyclic voltammetry peak potential values vs. Ag~/Ag for Ca(NO~)~ �9 4H,~O melt 

Peak potential (V) [Ep - EJ2] (V) Fig. 2 
Electrode reaction Au Pt Au Pt Symbol 

Anodic sweep 
NO~- oxidation +0.4 +0.5 0.15 0.15 Peak D 
OH- oxidation +1.0 +0.9 0.10 0.14 Peak C 
Ca(OHm) solid film -> +0.9 -> +0.8 ~ 0.5 ~ 0.3 Peak B 
H20 oxidation > +1.2 > +1.2 - -  - -  - -  

Cathodic sweep 
Oxide film reduction +0.6 - -  0.03 - -  Peak Z 
HNO~ reduction +0.1 +0.1 0.07 0.08 Peak E 
Unidentified reduction - -  - 1.2 - -  0.1 Peak X 
NO~- reduction "-  1.5 . . . . .  1.5" - -  - -  Peak A 

anodic  peak  B of  Fig. 2 in the  area of  0.8-1.3V. This peak  
was n o t  obse rved  where  the  ca thodic  sweep did no t  go 
b e y o n d  -1.0V. The cyclic v o l t a m m o g r a m  of ca lc ium hy- 
d rox ide  solut ion in ca lc ium ni t ra te  t e t rahydra te  be tween  
+0.5 and + l .3V showed  a s ingle broad  anodic  peak  wi th  
no ca thodic  peak,  rapidly  decreas ing on subsequen t  cy- 
cles. P e a k  vol tages  were  s imilar  for Au  and P t  e lec t rodes  
(Table Ii). The  s ingle sweep  peak  cur ren t  var ied  l inearly 
with concen t ra t ion  for both  e lec t rodes  up to approxi-  
mate ly  0.02m, g iv ing  l ines wi th  s imilar  slopes. A l inear  re- 
la t ionship  be tween  peak  cur ren t  and the  square  root of  
scan rate was found  for scan rates f rom 10 to 300 mV/s for 
both metals ,  wi th  a s imilar  s lope and small  nega t ive  cur- 
rent  i n t e r c e p t  for each :  A cor respond ing  peak  (peak C, 
Fig. 2) is obse rved  for  pure  so lvent  only  in the  l imi ted  
range  sweeps ,  where  film format ion  is not  ex tens ive  
enough  to b lock  all current  flow. 

V o l t a m m e t r y  cycles be tween  +1.3 and -1 .3V in the  
pure  mel t  gave  rise to an addi t ional  anodic  peak  at ap- 
p rox ima te ly  +0.5V on a gold e lec t rode  (peak D, Fig: 2). 
This was ident i f ied  as the  ox ida t ion  peak  of  nitr i te  ion by 
s tudies  of  di lute  solut ions of s o d i u m  nitrite. Cyclic 
v o l t a m m o g r a m s  of such  solut ions showed  a broad  peak  
near  +0.5V (Table  II) wi th  bo th  Au and P t  electrodes;  
peak  currents  decreased  rapidly on subsequen t  cycles. 
Bo th  metals  also gave  a small  shou lder  about  0.2V less 
anodic,  which  d i sappeared  on subsequen t  cycles. The 
gold e lec t rode  gave  a small  addi t ional  anodic  peak  near  
+0.75V. S ing le -sweep  v o l t a m m e t r y  anodic  peak  currents  
were  shown to vary  l inearly wi th  concen t ra t ion  for bo th  
metals  (similar slopes,  in te rcepts  near  0) up  to about  
0.015m NaNO~. The  peak  current  v s .  (sweep rate) '~2 rela- 
t ionship  was l inear  f rom 10 to 300 mV/s, wi th  a small  posi- 
t ive in te rcep t  and a slope sl ightly greater  for Au  than  Pt. 
This  re la t ionship  was also roughly  l inear  for the  small  
+0.75V peak on gold. 

Cyclic v o l t a m m e t r y  of  NaNO~ solut ions  wi th  e i ther  Au  
or P t  gave,  on the  ca thodic  sweep,  a broad  ca thodic  peak  
at 0.1-0.3V, also seen in the  v o l t a m m o g r a m s  of pure  cal- 
c ium ni t ra te  te t rahydra te  (peak E, Fig. 2), and ident i f ied 
as character is t ic  of  nitric acid (below~. An addi t ional  
sharp ca thodic  peak  was also seen wi th  a gold e lec t rode  
(peak Z, Fig. 2), and was inves t iga ted  further.  Cyclic 
sweeps  in 0.01m NaNO~ at 100 mV/s were  run  f rom -0 .2V 
to pos i t ive  potent ia ls  beg inn ing  at +0.6V and incre-  
m e n t e d  by +0.1V. The sharp ca thodic  peak  Z was jus t  de- 
tec table  (at +0.66V) on the  re turn  f rom a sweep to +0.8V. 
The peak  grew and shif ted to +0.56V over  the  nex t  three  
cycles (to +I . IV) ,  af ter  wh ich  it s tayed approx ima te ly  
constant .  A s imilar  e x p e r i m e n t  run  wi th  pure  ca lc ium ni- 
t ra te  te t rahydra te ,  however ,  showed  no t race of this peak  
unt i l  anodic  sweeps  to 1.3-1.4V were  run, i .e . ,  unti l  some  
ni tr ic  acid had been  genera ted  by  so lvent  electrolysis.  In  
addit ion,  cycles  run  as far as + l . 3V  in c i rcumstances  
where  an oxid izable  species  (NO2-, O H - ,  film) was pres- 
ent  bu t  nitric acid could  no t  pers is t  [e.g.,  sat. Ca(OH)2] did 
not  p roduce  a +0.56V peak  on the  ca thodic  return,  but  
ra ther  led to a n e w  ca thodic  peak  at -0 .2V.  This  indica ted  
that  the  fo rmat ion  of  the  e lec t roact ive  species  respons ib le  
for the  +0.56V peak  r equ i r ed  bo th  a potent ia l  greater  than  
+0.7V and the  p resence  of  ni tr ic  acid. 

The  e l ec t rochemis t ry  of  ni tr ic  acid in ca lc ium ni t ra te  
te t rahydra te  gave  cons iderab ly  di f ferent  v o l t a m m o g r a m s  
with  gold and p la t inum microe lec t rodes .  With gold, a 
sweep f rom +1.0 to -0 .5V gave  two ca thodic  peaks  (Fig. 
3, Table  II), one  at about  +0.2V and a sharp peak  at about  
+0.6V. The first, at +0.2V, gave  a peak  current  va ry ing  
l inearly wi th  added  HNO3 concen t ra t ions  up to 0.025m at 
a sweep  rate of  50 mV/s (Fig. 4). The  second,  cor respond-  
ing  to peak  Z in Fig. 2, showed  an app rox ima te ly  cons tan t  
current  at all HNO~ concentra t ions .  The  peak  current  v s .  
(sweep rate) '~2 re la t ionship  for the  +0.2V peak due  to 
0.010m HNO3 was composed  of  two l inear  por t ions  wi th  a 
dis t inct  b reak  b e t w e e n  100 and 150 mV/s, also observab le  
in the  peak  potent ia l  va lues  (Fig. 5). The  anodic  sweep  of  
the cycle  was cons is ten t  wi th  ni tr i te  oxidat ion.  

The shape of  the  vo l t ammet r i c  curve  due  to ni t r ic  acid  
on a p la t inum e lec t rode  (Fig. 3) was d e p e n d e n t  upon  bo th  
the  ni tr ic  acid  concen t ra t ion  and the  sweep  rate. At  low 
concent ra t ions  or h igh  sweep  rates the  ca thodic  sweep  
gave a s ingle peak  near  0.0 V (Table II). The  re turn  anodic  
sweep gave  a broad  peak  at +0.6V character is t ic  of  ni t r i te  
oxidat ion.  At  low sweep  rates or  h igh  concent ra t ions  the  
v o l t a m m o g r a m s  had the  c o m p l e x  fo rm shown  in Fig. 3. 
The  anodic  re tu rn  sweep,  s tar t ing f rom 0 current ,  pro- 
duced  a s t rong ca thodic  current .  The  re la t ionship  ob- 
se rved  be tween  ca thodic  peak  cur ren ts  and HNO3 con- 
cent ra t ion  at a 50 mV/s sweep  rate is shown  in Fig. 4; the  
t ransi t ion b e t w e e n  s imple  peaks and the  type  shown in 
Fig. 3 occur red  be tween  0.005 and 0.010m. F igure  5 shows 
the  d e p e n d e n c e  of  ca thodic  peak  currents  on (sweep 
rate) "2 for 0.010m HNO~. V o l t a m m o g r a m s  of the  type  
shown in Fig. 3 occur red  at sweep  rates of  50 mV/s or less, 
s imple  v o l t a m m o g r a m s  were  obse rved  at 200 mV/s or  
greater,  and t ransi t ional  shapes  were  obse rved  at in terme-  
diate sweep  rates. This  t rans i t ion  was a func t ion  of  bo th  
sweep  rate and concentra t ion.  

Aside f rom nitr ic  acid reduct ion ,  the  mos t  marked  dif- 
fe rence  be tween  ca lc ium ni t ra te  te t rahydra te  vo l t ammo-  
g rams  us ing Au and P t  mic roe lec t rodes  was the  appear-  
ance  of  a large ca thodic  peak  at -1 .25V (peak Y, Fig. 2) 
only with  p la t inum.  This peak,  wh ich  par t ly  over lapped  
the ni t ra te  r educ t ion  "peak ,"  w a s  p r e s u m e d  to represen t  
the process  wh ich  did not  lead to ni tr i te  p roduc t ion  dur- 
ing cou lomet r i c  analysis us ing a P t  ca thode  at -1 .2  to 
1.3V. Cyclic v o l t a m m o g r a m s  were  run  f rom var ious  posi- 
t ive potent ia ls  to -1.35V. Those  run  f rom +0.7V or less 
deter iora ted rapidly  to 0 cur ren t  flow. However ,  cycles 
f rom + 1.25 to -1 .35V gave a s table  sys tem which  showed  
the  -1 .25V peak  on the  ca thodic  sweep.  On the  anodic  
sweep,  a ca thodic  current  peak  appeared  at approxi-  
mate ly  the  same  potent ia l  (Fig. 6). The  only other  cur ren t  
observed  was an anodic  peak  at +I.0V, as expec ted  for 
hydrox ide  fi lm removal .  Table I I I  shows the  results  ob- 
ta ined f rom cyclic v o l t a m m e t r y  at var ious  sweep rates; as 
rate increased  the  ca thodic  peak  cur ren t  s tayed a lmost  
constant ,  whi le  the  anodic  sweep  ca thodic  current  in- 
c reased  unti l  it was the  greater  of  the  two. Peak  potent ia ls  
were  a lmost  cons tan t  th roughout .  In  order  to de t e rmine  if  
the  react ion p roduc ing  peak  Y was respons ib le  for film 
format ion  on Pt,  500 mV/s cyclic v o l t a m m o g r a m s  were  
run  f rom 0.0 V to nega t ive  potent ia ls  s tar t ing at -1 .20V 
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Table II. Peak potential values of electrooctlve solutes in Ca(NO3)2 �9 4H20, 7ffC 

Solute 

I variable concentration 50 mV/s II 
0.005m 0.025m 25 mV/s 

Au Pt Au Pt Au 

variable scan rate, 0.010m 
300 mV/s 

Pt Au Pt 

Ca(OH)~ + 1.03 +0.84 +0.99 +0.88 + 1.01 +0.83 + 1.08 +0.86 
NaNO~ +0.42 +0.55 +0.44 +0.47 +0.44 +0.45 +0.45 +0.55 
HNO3 +0.17 +0.03 +0.31 +0.28 ~ +0.23 +0.23 ~ -0.03 +0.05 

Leading peak. 

a n d  i n c r e m e n t e d  b y  -0 .05V.  R u n s  to -1 .20  a n d  - 1 . 2 5 V  
s h o w e d  no  s ign i f i can t  c h a n g e  in t he  m a x i m u m  (edge) 
c u r r e n t  a f te r  t en  cycles.  R u n s  to -1 .30,  -1.35,  a n d  - 1 . 4 0 V  
s h o w e d  a d rop  in m a x i m u m  c u r r e n t  of  10, 20, a n d  40%, re- 
spect ively ,  a f te r  t en  cycles.  Thus ,  f i lm f o r m a t i o n  ap- 
p e a r e d  m u c h  m o r e  c losely  r e l a t ed  to t h e  n i t r a t e  r e d u c t i o n  
" p e a k "  A t h a n  to p e a k  Y. 

Fu l l  +2.0 to  - 2 . 5 V  cycles  a t  50 mV/s  w i t h  a go ld  elec- 
t r ode  a n d  a d d e d  w a t e r  (1-10m) s h o w e d  no  a d d i t i o n a l  
peaks .  A gene ra l  i nc rease  in p e a k  c u r r e n t  b e y o n d  - 1 . 5 V  
was  obse rved .  The  p l a t i n u m  e lec t rode  b e h a v e d  s imilar ly ,  
b u t  t h e  u n i q u e  p e a k  Y a p p e a r e d  to dec rea se  s l ight ly  in  
size a n d  sh i f t  to a s l ight ly  m o r e  a n o d i c  value.  P e a k  cur-  
r e n t  va lues  for  Y o b t a i n e d  f rom 50 mV/s  cyclic vo l t am-  
m e t r y  b e t w e e n  + 1.4 a n d  - 1.4V are  s h o w  n in Tab le  IV  as a 
f u n c t i o n  of  a d d e d  w a t e r  c o n c e n t r a t i o n .  T h e  ca thod i c  p e a k  
po t en t i a l  b e c a m e  s l ight ly  m o r e  pos i t i ve  w i th  i n c r e a s i n g  
w a t e r  con ten t ,  wh i l e  t h e  a n o d i c  s w e e p  ca thod i c  c u r r e n t  
increased .  T h e s e  p e a k  c u r r e n t  c h a n g e s  m a y  be  r e l a t ed  to 
e l ec t rode  fi lm d i s so l u t i on  b y  water .  

A t t e m p t s  to d e t e c t  a n u m b e r  of  o the r  spec ies  in  c a l c ium 
n i t r a t e  t e t r a h y d r a t e  so lu t ion  by  v o l t a m m e t r y  were  no t  
successful .  B u b b l i n g  of  oxygen ,  h y d r o g e n ,  or  n i t rous  ox- 
ide  for  u p  to 1/2 h gave  no  d e t e c t a b l e  p e a k s  in th i s  so lven t  
or in  so lven t  s a t u r a t e d  w i t h  Ca(OH)~. T h e  lack of  reac t iv-  
i ty of o x y g e n  h a d  b e e n  o b s e r v e d  p r e v i o u s l y  (6, 16) a n d  at- 
t r i b u t e d  to t h e  low so lub i l i ty  of  o x y g e n  in t he  melt .  

Discussion 
The  so lven t  o x i d a t i o n  r eac t i on  in c a l c i um  n i t r a t e  

t e t r a h y d r a t e  a p p e a r s  to be  a s t r a i g h t f o r w a r d  o x i d a t i o n  of  
w a t e r  

H20 - 2e -  ~ 2H + + 1/2 02 

2H § + 2NO~- ~ 2HNO3 

We h a v e  no t  b e e n  ab le  to  r e p r o d u c e  t h e  0.7V d i f fe rence  
in  o x i d a t i o n  p o t e n t i a l  p rev ious ly  o b s e r v e d  (16) b e t w e e n  
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Fig. 3. Cyclic voltammograms of 0.01m nitric acid in calcium nitrate 

tetrahydrate at 70.0~ using a platinum or a gold microelectrode. 

gold  a n d  p l a t i n u m  e l ec t rodes  in  t h i s  e lectrolyte .  B o t h  
v o l t a m m e t r y  a n d  t h e  po t en t i a l s  o b s e r v e d  d u r i n g  b u l k  
e lec t ro lys is  i n d i c a t e  s imi la r  o x i d a t i o n  po t en t i a l s  at  b o t h  
e l ec t rode  mate r ia l s .  

The  m a j o r  so lven t  r eac t i on  a t  a go ld  c a t h o d e  is c lear ly  
r e d u c t i o n  of  n i t r a t e  to n i t r i t e  ion 

NO3- + 2e -  --* NO~- + 0 -2 

O-2 + H~O ~ 2 O H -  

The  exces s  of  n i t r i t e  o b s e r v e d  c o u p l e d  w i t h  the  obser -  
v a t i o n  of o x y g e n  as a c a t h o d e  p r o d u c t  sugges t s  t he  re- 
sul ts  o b s e r v e d  in  t he  r e d u c t i o n  of  a lka l i  n i t r a t e  m e l t s  (]7), 
w h e r e  ox ide  d i a n i o n s  p r o d u c e d  in t h e  e l ec t rochemica l  re- 
d u c t i o n  of  n i t r a t e  r eac t  c h e m i c a l l y  w i th  n i t r a t e  ion  to give 
add i t iona l  n i t r i t e  a n d  p e r o x i d e  ions  

NO:j- + 0 -2 --* NO2-  + O2 -~ 

0 2 - 2 + H ~ O ~ 2 O H -  + 1/2 02 

The  e x i s t e n c e  of  ox ide  ions  in a h y d r a t e  m e l t  a p p e a r s  
unl ike ly ,  b u t  in  th i s  s y s t e m  an  i n s o l u b l e  bas ic  film, as 
s h o w n  b y  cycl ic  v o l t a m m e t r y ,  f o rms  r ap id ly  on  t h e  cath-  
ode. S imi la r  f i lms occu r  at  t he  c a t h o d e  d u r i n g  t he  r educ-  
t ion  of  Ca(NO3)JKNO3 mel t s  (18). Loca l  d e p l e t i o n  of  w a t e r  
cou ld  occu r  n e a r  t h e  e l ec t rode  sur face ,  a l lowing  ox ide  
ions  to ex i s t  l ong  e n o u g h  to r eac t  w i t h  ni t ra te .  The  con-  
c e n t r a t i o n  of f ree  w a t e r  in  th i s  s y s t e m  is low, a n d  t h e  ra te  
of  d i f fus ion  of  b u l k y  (Ca(H20)4) § in to  t he  f i lm s h o u l d  b e  
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Fig. 4. Cyclic voltammetric cathodic peak current as a function of con- 
centration of nitric acid in calcium nitrate tetrahydrate at 70.0~ and 50 
mV/s using a platinum or a gold microelectrode. 
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Fig. 6. Cyclic voltammogram of calcium nitrate tetrahydrate at 70.0~ 
and 50 mV/s using a platinum electrode. 

relatively slow. Peroxide ions produced by the oxide/ni- 
trate reaction would diffuse out and produce oxygen after 
reaction with water. This evidence for the production of 
oxide dianion suggests that water is not involved in t h e  
initial electrochemical reduction reaction on gold. 

The previously reported 0.3V difference in solvent re- 
duction potential between Au and Pt appears to be due to 
the identification of the slope of peak Y (Fig. 2) as due to 
solvent reduction; a peak in this position was in fact ob- 
served in vol tammetry of the 2.6 H20 hydrate melt (16). 
The fact that the reaction represented by peak Y does not 
give nitrite as a reduction product explains why the au- 
thors concluded that water reduction was the major sol- 
vent reaction in this system. 

The reaction represented by peak Y appears, both from 
the chemical evidence and from the absence of nitrite oxi- 
dation peaks in the anodic sweep (Fig. 2 and 6), to pro- 
duce a product  other than nitrite. This peak may repre- 
sent reduction of water to hydrogen, but if so then all the 
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hydrogen must  be adsorbed on the electrode, since none 
is detected by GC and hydrogen has been shown to be 
neither reactive nor soluble in the melt. A second possi- 
bility is reduction of a previously formed platinum oxide 
film. The possibility that peak Y represents a further re- 
duction of nitrite cannot be excluded, although no plausi- 
ble products of such a reaction could be detected. 

We have observed that a cyclic vol tammogram of 
Ca(NO3)2.4H20 run using a freshly ground Pt  micro- 
electrode surface does not show peak Y, although it ap- 
pears as soon as an electrochemical reaction occurs at the 
electrode or if the electrode is soaked in concentrated ni- 
tric acid. This result supports the "PtO" reduction hy- 
pothesis, since concentrated H N Q  is known to produce 
such films (23-25). The observed reaction, however, rep- 
resents a very large quantity of material. I f  one assumes 
that the roughly linear increase in bulk nitrite production 
represents a linear decrease in peak Y material, the per- 
centage NO2-/coulomb data in Fig. 1 can be used to esti- 
mate that 0.65 C/cm 2 are required for complete reduction 
of this material. The surface area of bright platinum has 
been estimated to be 1.5-2.5 times the theoretical value by 
hydrogen charging experiments,  which imply that the to- 
tal charge required to reduce one "monolayer" of "PtO" 
will be 400-650 ~C/cm 2 (19-21). It has been demonstrated 
that more than one monolayer may be deposited on a Pt  
electrode, but, although the exact nature of this oxide/ 
oxygen film was controversial, there was a general belief 
that it amounted to no more than two to five additional 
"monolayers," whether  deposited by anodization (19-22) 
or chemically (23-25). This gives an estimated charge re- 
quired for complete film removal of 1-3 mC/cm 2, or ap- 
proximately 300 times less than the estimated charge 
consumed here. The large charge capacity of the reaction 
is confirmed by the peak current observed in voltam- 
metry, where the estimated area of peak Y in Fig. 2 repre- 
sents a value of about 0.7 C/cm 2. 

The reaction represented by peak Y also exhibits unu- 
sual behavior during cyclic voltammetry,  in that a cath- 
odic peak is observed during the anodic sweep of the cy- 
cle (Fig. 6). This type of anomaly has been reported in a 
few other cases (11-13, 26-28) and attributed to adsorption 
or other surface phenomena. The observation of an 
adsorption/desorption phenomenon is more easily associ- 
ated with the hypothesis that this peak is due to produc- 
tion of adsorbed hydrogen, since a similar result is re- 
ported for the neutral molecule N20 in alkaline aqueous 
solution (26). There was, however, no detectable effect on 
the electrochemistry of this system resulting from hydro- 
gen (or N~O or O2) being bubbled through the melt. Water 
did cause both a change in peak current and a small posi- 
tive shift in peak potential, but this may be attributable to 
a solvent effect on the electrode film. An important dif- 
ference in the I vs. (scan rate) '/~ relationship was also ob- 
served: with the N20 reduction peak, these values were 
found to be directly proportional, while in this work such 
a relation was not found. The explanation involving trace 
organic impurities (28) may be relevant to this system: 
reagent-grade calcium nitrate tetrahydrate shipped in 
plastic bottles was used without further purification and 
may well have contained trace organics. 

The overall cyclic vol tammogram of calcium nitrate 
tetrahydrate indicates no reversible electrochemical reac- 
tions for any of the solvent oxidation or reduction prod- 
ucts. Of the three major products, soluble hydroxide, pre- 
sumably in the form (CaOH(H20):~) § behaves in the 
simplest manner on both gold and platinum electrodes 

(CaOH(H20)3) § - 2e --> (Ca(H20)~) § + H § + 1/2 02 

H § + (CaOH(H20)3) + ~ (Ca(HzO)4) § 

Linear relationships with near-zero intercepts are seen 
for both metals between peak current values and both the 
concentration up to 15-20 mm and the square root of scan 
rate up to 300 mV/s. Peak potentials show a small in- 
crease with increasing scan rate. The peak potential on Pt  
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Table IlL Peak current and potential values, Ca(NO3)2 �9 4H20, 70~ Pt electrode + 1.25 to -1 .35V ,  variable scan rate 

Scan rate Cathodic scan Anodic scan 
(mV/s) Vp (V) I (mA/mm 2) Vp (V) I (mA/mm 2) Vp (V) I (mA/mm 2) 

50 -1.21 -0.94 -1.17 -0.31 +0.9 0.19 
100 - 1.22 - 1.25 - 1.20 - 0.86 + 1.0 0.31 
250 - 1.22 - 1.31 - 1.21 - 1.42 + 1.0 0.47 
500 - 1.22 - 1.31 - 1.20 - 1.53 + 1.0 0.58 

1000 - 1.21 - 1.31 - 1.20 - 1.53 + 1.0 0.69 

Table IV. Peak current and potential values, H20/Ca(NO3)~ �9 4H20, 70~ Pt electrode + 1.4 to - 1.4V, 50 mV/s 

[H20] Cathodic scan Anodic scan 
(m) Vp (V) I (mA/mm'-') Vp (V) I (mA/mm 2) Vp (V) I (mA]mm 2) 

0 - 1.27 -3.05 - 1.22 - 1.35 + 1.12 0.75 
1 -1.24 -2.80 -1.21 -1.35 +1.05 0.95 
2.5 - 1.23 -2.55 - 1.20 - 1.40 + 1.00 0.65 
5 - 1.20 -2.25 - 1.19 - 1.45 +0.95 1.05 
7.5 -1.19 -2.15 -1.17 -1.70 +0.90 0.85 

10 -1:19 -2.35 -1.19 -2.35 +0.86 1.15 

is in  r e a s o n a b l e  a g r e e m e n t  w i th  a s ing le - scan  va lue  de- 
r ived  p rev ious ly  (16). 

The  o x i d a t i o n  of n i t r i t e  also a p p e a r s  r e a s o n a b l y  
s t r a igh t fo rward .  Var i a t ions  of  p e a k  c u r r e n t  w i th  concen -  
t r a t i on  are  aga in  l inear  u p  to 15-20 m m ,  as is the  re la t ion-  
sh ip  wi th  (scan  rate)  "2 u p  to 300 mV/s.  The  d e t e c t i o n  of  
HNO:~ on  t he  r eve r s e  sweep  i nd i ca t e s  t he  overa l l  r e ac t i on  

NO2- + H 2 0 ~ H N O 3 + H  ~ + 2 e -  

l l  ~ + NO~- ~ HNO3 

A n  a d d i t i o n a l  c a thod i c  p e a k  (peak  Z) is seen  on ly  w i th  a 
gold  e lec t rode ,  a n d  a p p e a r s  to b e  a go ld  ox ide  fi lm r educ -  
t ion  peak .  I t  is o b s e r v e d  on ly  in  t he  p r e s e n c e  of  n i t r ic  ac id  
a n d  w h e n  t h e  p o t e n t i a l  is m o r e  pos i t i ve  t h a n  +0.7V, b u t  
t he  p e a k  c u r r e n t  is i n d e p e n d e n t  of  n i t r i c  ac id  concen t r a -  
t ion.  The  p e a k  is n a r r o w  (Ep - Ep/2 = 30 mV) a n d  sym-  
met r ica l ;  t h e r e  is no  d e t e c t a b l e  d i f fus ion  c u r r e n t  due  to 
th i s  peak .  A sma l l  s e c o n d a r y  p e a k  on  t he  n i t r i t e  d i f fus ion  
c u r r e n t  is also o b s e r v e d  a t  +0.75V a t  h i g h  n i t r i t e  concen -  
t ra t ions .  In  t he  a b s e n c e  of  n i t r ic  acid b u t  in  t he  p r e s e n c e  
of ox id i zab le  s u b s t a n c e s ,  th i s  p e a k  is no t  o b s e r v e d ;  
ra ther ,  a p e a k  w i t h  s imi la r  cha rac t e r i s t i c s  a p p e a r s  at  
-0 .2V.  

The  r e d u c t i o n  m e c h a n i s m  of n i t r ic  ac id  a p p e a r s  com-  
plex,  w i t h  s u b s t a n t i a l  d i f f e rences  b e t w e e n  gold  a n d  plati-  
n u m  e lec t rodes .  Th e  r e d u c t i o n  p e a k  s h a p e  on  gold  is s im-  
ple (Fig. 3), a n d  t h e  r e l a t i ons h i p  b e t w e e n  p e a k  h e i g h t  a n d  
c o n c e n t r a t i o n  is l i nea r  at  50 mV/s  to at  leas t  25 m m  (Fig. 
4). The  I vs .  (scan rate)  "~ r e l a t ionsh ip ,  howeve r ,  s h o w s  a 
s h a r p  b r e a k  to a lower  s lope  a t  a p p r o x i m a t e l y  100 mV/s  
(Fig. 5). C h a n g e s  in s lope of  th i s  k i n d  a re  cha rac t e r i s t i c  of  
a c h a n g e  f r o m  r e v e r s i b l e  (fast  e l ec t rode  k ine t ics )  to irre- 
ve r s ib l e  (s low e l ec t rode  k ine t ics )  sys t ems ,  as is t he  s imul-  
t a n e o u s  c h a n g e  f r o m  c o n s t a n t  p e a k  p o t e n t i a l  to decreas -  
ing  p e a k  p o t e n t i a l  o b s e r v e d  here .  I n  s i m p l e  cases  of  t h i s  
k ind ,  h o w e v e r ,  t h e r e  is a subs t an t i a l ,  non l inea r ,  "quas i -  
r eve r s i b l e "  zone  n o t  s een  here.  Addi t iona l ly ,  t he  low 
s lope a n d  h i g h  s lope  l inea r  p o r t i o n s  of  t he  r e l a t i o n s h i p  
b o t h  e x t r a p o l a t e  to t he  or ig in  in t he  s i m p l e  s y s t e m  (29), 
w h e r e a s  in  th i s  case  the  low s lope  l ine  ex t r apo l a t e s  to a 
large  pos i t i ve  cu r ren t .  B e h a v i o r  of  t h i s  t ype  impl i e s  a 
m o r e  c o m p l e x  r e d u c t i o n  m e c h a n i s m .  S w i t c h e s  f rom h i g h  
to low s lope  r o u g h l y  s imi la r  to t h a t  o b s e r v e d  are  pre-  
d ic ted  in  s y s t e m s  w h e r e  r e v e r s i b l e  or  quas i - r eve r s ib l e  
e l ec t rode  k ine t i c s  are  fo l lowed  b y  i r r eve r s ib l e  c h e m i c a l  
reac t ion .  T h e  p r e s e n t  s y s t e m  wil l  be  sti l l  m o r e  c o m p l e x  
s ince  r e d u c t i o n  he re  will  p r o d u c e  two  molecu les ,  one  of  
w h i c h  will  be  a bas ic  a n i o n  w h i c h  s h o u l d  r eac t  i r revers i -  
b ly  w i t h  a n  a d d i t i o n a l  m o l e c u l e  of  the  s t a r t ing  mater ia l ,  
HNO3 

HNO3 + 2e -  ~ NO2-  + O H -  

O H -  + HNO3 --* NO3- + H.20 

HNO3 + NO2- -~ NO3-  + HNO2 

The  s i tua t ion  at  t h e  p l a t i n u m  e l ec t rode  a p p e a r s  e v e n  
m o r e  complex .  Two en t i r e ly  d i f f e ren t  p e a k  s h a p e s  are ob- 
served,  d e p e n d i n g  u p o n  b o t h  HNO3 c o n c e n t r a t i o n  a n d  
s can  rate.  The  low sweep  ra t e /h igh  c o n c e n t r a t i o n  fo rm 
(Fig. 3) fea tures ,  on  t he  ca thod i c  sweep,  a l e ad ing  p e a k  
w h i c h  t ra i ls  in to  a level  p l a t eau  reg ion  t e r m i n a t i n g  in a 
d rop  to nea r  zero c u r r e n t  ove r  on ly  150 mV. Th i s  is 
a c c o m p a n i e d  on  t he  r eve r se  a n o d i e  sweep  b y  a ca thod i c  
c u r r e n t  peak ,  also of c o m p l e x  shape .  O t h e r  i n s t a n c e s  of  
r eve r se  c u r r e n t  p e a k s  h a v e  a l r eady  b e e n  d e s c r i b e d  w i th  
r e f e r ence  to p e a k  Y. I n  th i s  case, t he  o b s e r v a t i o n  t h a t  con-  
t i n u a t i o n  of  t he  s w e e p  b e y o n d  - 0 . 6 V  gives  r ise to a n e w  
p e a k  w i t h  c o n c o m m i t a n t  loss of  t h e  r e t u r n  ca thod i c  cur-  
r en t  sugges t s  t h a t  a n  a d s o r b e d  i n s u l a t i n g  f i lm is r e spon-  
s ible  for  t he  c u r r e n t  d rop  at  - 0 . 2 V  in t he  a n o d i e  sweep.  
P r e s u m a b l y ,  t he  a n o d i c  sweep  c a t h o d i c  c u r r e n t  r e su l t s  
f rom d e s o r p t i o n  of t he  fi lm a l lowing  f u r t h e r  r educ t ion ,  
wh i l e  t he  - 0 . 6 V  p e a k  r e p r e s e n t s  r e d u c t i v e  d e s t r u c t i o n  of  
the  fi lm a n d  r e n e w e d  r e d u c t i o n  of  HNO3. The  co r re l a t ion  
of  th i s  p e a k  s y s t e m  wi th  HNO3 c o n c e n t r a t i o n  sugges t s  
t ha t  t he  a d s o r b e d  ma te r i a l  is a p r o d u c t  of  HNO3 r e d u c t i o n  
(or c h e m i c a l  react ion) .  The  s h a p e  of  t he  c a t h o d i c  
p e a k / p l a t e a u  is of  a t ype  p r e d i c t e d  for  e i t he r  a r eve r s ib l e  
c h e m i c a l  r e a c t i o n  fo l lowed  b y  r e v e r s i b l e  r e d u c t i o n  or re- 
ve r s ib l e  r e d u c t i o n  fo l lowed b y  i r r eve r s ib l e  ca ta ly t ic  
c h e m i c a l  r e a c t i o n  (29). Ne i t he r  of  t h e s e  s i m p l e  s i tua t ions  
is l ike ly  to d e s c r i b e  t he  s y s t e m  fully. 

A t  h i g h  sweep  ra tes  or low c o n c e n t r a t i o n s ,  t he  p e a k  
s h a p e s  s impl i fy  to a s ingle  c a t h o d i c  p e a k  on  t he  ca thod ic  
sweep  w i th  no  d e t e c t a b l e  ca thod i c  p e a k  on  the  a n o d i c  re- 
t u r n  sweep.  The  s i m p l e  ca thod i c  p e a k  has ,  howeve r ,  a n  
e x c e p t i o n a l l y  low t ra i l ing  d i f fus ion  c u r r e n t  re la t ive  to 
t h a t  o b s e r v e d  w i th  a gold  e lec t rode ,  wh i l e  t he  Ip vs .  (scan 
rate)  "2 rela~ n s h i p  (Fig. 5), a l t h o u g h  a p p a r e n t l y  l inear ,  h a s  
a large  n e g a t i v e  c u r r e n t  in t e rcep t .  B o t h  o b s e r v a t i o n s  sug-  
ges t  a c o n t i n u i n g  effect  due  to a d s o r b e d  mater ia l .  The  
r e a s o n  for  t he  c h a n g e  in  p e a k  s h a p e  w i t h  s can  rate ,  w h i c h  
is no t  of  t he  t y p e  p r e d i c t e d  for  s i m p l e  sys t ems ,  is unc lea r .  
The  d i s a p p e a r a n c e  of  t he  c a t h o d i c  p e a k  on  t he  a n o d i c  
sweep  s h o w s  t h a t  t he  role  of  a d s o r p t i o n  ha s  c h a n g e d ;  t he  
ra te  of  f o r m a t i o n  of  a d s o r b a b l e  mater ia l ,  t h e  to ta l  quan -  
t i ty  of  a d s o r b a b l e  mater ia l ,  a n d  t h e  r a t e  of  d e s o r p t i o n  a t  
po t en t i a l s  less  t h a n  - 0 . 2 V  m a y  all  be  invo lved .  A c o m p l e x  
e q u i l i b r i u m  n e t w o r k  i n v o l v i n g  NOd-,  NO2-,  HNO3, HNO2, 
a n d  H20 is l ike ly  a s soc ia t ed  w i t h  r e d u c t i o n s  at  b o t h  P t  
a n d  A u  e lec t rodes .  
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A Capacitance and Electrolyte Electroreflectance Study of the 
ZnSe/Electrolyte Interface 

P. Lemasson,* C. Hinnen, N. R. de Tacconi, 1 and C. Nguyen Van Huong 

Laboratoire d'Electrochimie Interfaciale du CNRS, 92195 Meudon Principal Cedex, France 

ABSTRACT 

The semiconductor-electrolyte junct ion  is studied in the particular case of n-ZnSe/indifferent electrolytes by means 
of capacitance and electrolyte electroreflectance measurements.  In comparing both kinds of results obtained for two 
extreme pH conditions (pH = 0 and 14), we need to define a reference state for the clean electrode in each medium. A 
basic solution acts as a more able etching solution than an acidic one creating fast acceptor interface states in the vicin- 
ity of the valence band maximum tending to fix the Fermi level. The evolution of these reference states with controlled 
perturbations of the interface confirm that the characteristics of the junct ion remains governed mainly by the presence 
of interface states at the semiconductor electrode. Such an analysis of combined electrical and spectroscopic data con- 
stitutes a promising way for a better understanding of the semiconductor/electrolyte junct ion in connection with the 
physical models developed for metal/semiconductor junctions. 

During the last 30 years, the semiconductor-electrolyte 
junct ion has received much attention. This attraction was 
mainly due to the simple preparation procedure and the 
versatility of this junct ion as compared to the classical 
solid Schottky barriers, although such an important par- 
ameter as temperature cannot be easily varied in a large 
range. 

The models used in the description of the semiconduc- 
tor-electrolyte interface (1) are generally based on those 
already elaborated for solid-state junctions, especially 
metal-semiconductor junct ion (2). However, this analogy 
necessitates the definition of a proper Fermi level in the 
electrolyte. Such a requirement can be easily fulfilled in 
the case of a redox electrolyte, but  it presents much more 
difficulty for an electrolyte without an explicit redox 
couple (3). Due to its fundamental  interest as well as its 
use in physical measurements (electroreflectance) and 
semiconductor technology, the latter case necessitates 
more insight, and it is the aim of the present article to 
deal with some physical and electrochemical aspects of 
semiconductor-indifferent electrolyte junctions. 

*Electrochemical Society Active Member 

1Permanent address: Instituto de Investigaciones Fisicoquimi- 
cas Teoricas y Aplicadas (INIFTA), 1900 LaPlata, Argentina. 

The semiconductor used as an electrode in such investi- 
gations must fulfill two requirements: (i) its physical 
properties are clearly established and can be accounted 
for unambiguously by a band model; (ii) its electrochemi- 
cal behavior has already received attention and can be 
considered as simple. For this purpose, we selected 
n-ZnSe, a II-Vl compound with wide energy gap (2.7 eV) 
whose electrochemical behavior (5, 6) and EER investiga- 
tions have been previously described (6c). 

By analyzing mainly two types of measurements, capac- 
ity and electrolyte electroreflectance (EER), which bring 
complementary information, we attempt in this article to 
give more insight into the formation of the semiconduc- 
tor-electrolyte (indifferent) junction. The description of 
such a junction necessitates the use of many different 
physical parameters. The various data obtained can then 
be accounted for by a model similar to that of metal-semi- 
conductor junctions, provided that the existence of differ- 
ent types of interface states is taken into account. 

Experimental 
The zinc selenide single crystals were grown and do- 

nated by Professor Lozykowski. 2 They were In  doped 
2H. Lozykowski, Institute of Physics, Nicholas Copernicus 

University, Torun, Poland 
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with a free carrier density of - 2  • 1017 cm -3 as deter- 
mined by Hall effect measurement.  Prior to their mount-  
ing as electrodes, an ohmic contact was realized with 
In-Hg amalgam by heating at -300~ in argon atmosphere 
for 1-2 min. A gold wire was then soldered to these con- 
tacts. The back and sides of the crystals were insulated 
from the electrolyte by means of an epoxy resin (Scotch 
Cast, 3M Company) and then mounted on the electrode 
holder. The exposed face was carefully polished with dia- 
mond paste (0.25 ~m) and, when necessary, etched in a 1% 
bromine in methanol solution at -5~ The best etching 
time was found to be 20s (see Discussion section). 

The cell was of the classical three-electrode type with 
quartz windows for light passage and a gold counterelec- 
trode. The reference electrode was a mecury-mercurous 
sulfate immersed in saturated potassium sulfate aqueous 
solution (0 V vs. MSE = +0.65V vs. .NHE).  

Electrolytes were prepared by dissolving Merck-Supra- 
pur grade chemicals in Millipore purified water. The fol- 
lowing solutions were used: 1M HC104, 1M NaOH, and 
10-2M K~Fe(CN)6 + 1M HC104, and 10-~M K~Fe(CN)~ + 1M 
NaOH. In order to saturate or to eliminate oxygen, either 
an oxygen or an argon bubbling of the electrolytes was 
undertaken prior to electrochemical experiments. 

As a light source, a 400W tungsten-halogen lamp was 
used together with electrochemical and electroreflec- 
tance equipment  which have been described previously 
(6a, 7). 

The capacity measurements  are achieved at 15 Hz and 
100 kHz. The EER spectra are recorded at almost normal 
incidence for the light beam, and with an electrical per- 
turbation whose characteristics are 15 Hz and 0.5Veff. 

Results 
Etched Electrode Surface and Definition of a Reference State 

The changes in voltammograms, capacity curves, and 
EER spectra are studied simultaneously as a function of 
the semiconductor surface preparation. The characteris- 
tics are reported in Fig. 1 in the case of 1M NaOH electro- 
lyte. During the electrochemical investigations, the poten- 
tial range was limited negatively to hydrogen evolution 
and positively at +2.0V vs. MSE, i.e., in a range where no 
anodic current is detectable within the limit of 10 -9 
A-cm -~. The EER spectra are reported for a dc potential 
of 0 V vs. MSE; thus, the possibility of anodic current 
even for large ac modulation (1V~ff) can be excluded. 

In the case of a freshly polished electrode surface, with- 
out etching treatment (Fig. 1) the Mott-Schottky plot (C-~ 
vs. V; where C is capacity and V is potential) is far from 
linear and the EER signal is small and without distinct 
structure in the vicinity of the fundamental  transition Eo 
at about 2.72 eV. 

The influence of a further chemical etching in bro- 
mine-methanol solution is clearly evidenced in Fig. 1 for 
two different etching times (10 and 20s). In both cases, the 
C-2-V plots now present an acceptable linearity, but the 
flatband potential V~B as well as the free carrier density 
ND deduced from these plots differ noticeably (VF, = - 
2.6Vvs. MSE andND = 3.6 • 1017 cm -3 for 10s; VFB = 
-3.1V and ND = 8 • 10 ~ cm -3 for 20s). We have to empha- 
size that these values are deduced from measurements 
with a 15 Hz perturbation. At 100 kHz, in the second case 
(etching time 20s) we obtain V~a = -3.1V vs. MSE and ND 
= 2.7 • 10 ~ cm -3. The EER spectrum shows more clearly 
the influence of the etching (Fig. lb), and it is only in the 
second case that it becomes acceptable, with a large sig- 
nal enabling a precise determination of the peak energies. 
This typical spectrum and the corresponding capacity 
values being reproducible are proposed to characterize 
the reference state for this junction. 

Equivalent observations are made in acidic medium 
(1M HC104, pH 0) (Fig. 2). We notice, however, that the 
C-~-V plots as well as the EER spectra differ in some as- 
pects, when the so-called reference state is reached. 
Excluding the variation of V~B with pH, the slopes of the 
C-'2-V plots are larger and lead to a unique value ofND ~ 2 
• 10 '7 cm -3 at 15 Hz and 100 kHz; the EER spectrum pres- 

ents oscillations of slightly lower amplitude. As will be 
discussed in the Discussion section, these observations 
may certainly be correlated with physical differences dur- 
ing the formation of the semiconductor-electrolyte inter- 
face. 

At both pH values, there was no noticeable influence of 
the presence of oxygen in the electrolyte. 

Modifications of the Reference State 

Inf luence of  a posit ive po lar i za t ion . - -The  electrochemi- 
cal t reatment is achieved in order to induce a modifica- 
tion of the semiconductor-electrolyte interface when 
studied under  the same conditions as described in the 
previous section, allowing a comparison with the refer- 
ence state. The treatment is strictly dependent on the pH 
of the solution. 

pH 0.--In-this case, a positive polarization at a potential 
value where a detectable current crosses the junction in- 
duces a remanent effect only if the solution is saturated in 
oxygen and if the electrode is i l luminated during the pro- 
cess. The particular conditions used here are (i) polariza- 
tion value of +8.0V vs. MSE, (ii) electrolyte saturated in 
oxygen, and (iii) illumination with white light. 

The main results obtained in capacity and EER mea- 
surements are reported in Fig. 3. During the whole treat- 
ment, the current density is small (-1.5 ~A-cm -2) and 
constant. We observe that at 15 Hz, the C-2-V plot differs 
from that obtained in the reference state (the slope and 
the linear portion decrease), whereas at 100 kHz the C-2-V 
plot remains identical to that of the reference state. The 
EER spectra at a dc voltage of 0 V diminish in amplitude, 
mainly for the negative part of the oscillation, and after lh  
of such a treatment present the perturbed shape indicated 
in the lower part of Fig. 3b. 

p H  14.--In that case, the perturbation of the junction is 
obtained with a positive polarization only (no noticeable 
influence of either oxygen or light). Our experimental 
conditions are then (i) polarization at +4.0V vs. MSE up to 
15 min, and (ii) presence of oxygen and illumination or 
not. 

We already noticed that a treatment lasting more than 
15 min does not further influence the behavior of the 
semiconductor-electrolyte interface. The net result of the 
electrochemical t reatment on both C-" vs. V plot and EER 
spectra is presented in Fig. 4. Whereas an enhancement  of 
the EER signal together with an improvement  of the sig- 
nal/noise ratio is noticeable, the C-"--V plots at 15 Hz are 
strongly modified: the linearity range and the slope de- 
crease together. 

Influence of  ox id iz ing  species . - -The Ox species is 
K3Fe(CN)6. The treatment is achieved in an electrochemi- 
cal cell devoted exclusively to this purpose; the character- 
ization is then realized in a separate cei l 'containing the 
supporting electrolyte. 

pH 0.--The electrode treatment is achieved in a 1M HC104 
solution containing 10 -2 K3Fe(CN)~. The complete cycle is 
eight voltage sweeps between -2.0 and +2.0V vs. MSE at 
a sweep rate of 50 mV-s -1. 

The result of this t reatment is presented in Fig. 5. We 
notice that the C-2-V plot is slightly modified at high fre- 
quency as well as at low frequency, whereas the EER sig- 
nal decreases progressively in a way analogous to that ob- 
served with an electrochemical treatment (see the 
positive polarization pH 0 section). 

Furthermore, we mention that at the end of the treat- 
ment  the electrode surface presents a slightly modified 
aspect (green-gray) easily detectable with naked eye. 

pH 14.---During the treatment, which consists of six volt- 
age sweeps between -2.0 and +2.0V vs. MSE at a sweep 
rate of 50 mV-s -1, the electrolyte is 1M NaOH + 10-2M 
K3Fe(CN)6 solution. 

Under further investigation in 1M NaOH electrolyte, the 
behavior of the ZnSe-electrolyte interface changes 
slightly for Mott-Schottky plots (at high and low fre- 
quency) but drastically for the EER spectra, which pres- 
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ent a complete rotation of phase together with an impor- 
tant at tenuation (Fig. 6). 

The semiconductor surface becomes reddish as the 
treatment is completed. The red layer formed is dissolved 
easily in CS2, thus indicating that it is a selenium layer. 

Discussion 

Reference State: Electrical and Electro-optical Characterization 

Prior to electrochemical investigations, the semicon- 
ductor electrode is mechanically polished and chemically 
etched. Such a preparation plays a major role in the sub- 
sequent electrode behavior. Results presented in the Re- 
sults section allow a definition of quality for the semicon- 
ductor surface, based upon electrical (capacity) and 
electro-optical (electroreflectance) measurements.  More 
precisely, the criteria are twofold. 

First, the differential capacity vs. potential measure- 
ment  must  lead to linear Mott-Schottky plots (C-2-V) for 
high as well as low frequency perturbation. Furthermore, 
in a large potential range (->- 1V), a correct Mott-Schottky 
plot enables calculation of free carrier density analogous 
to that determined by physical techniques such as Hall ef- 
fect measurement.  This requirement is generally obeyed 
only at high frequency, but, in some cases, it can be veri- 
fied even at low frequency (a few hertz). 

Second, the electroreflectance signal must  be suffic- 
iently large in the vicinity of the fundamental  Eo transi- 
tion (-10 -3 in  absolute value in our case). 

Third, nevertheless, this latter criterion must  be ade- 
quately adapted due to the influence of the free carrier 
density on the ampli tude of the EER signal as outlined by 
Aspnes (8). 

In addition to the large signal amplitude, the broaden- 
ing parameter, F, must  be sufficiently small (-50 meV in 
the present case). 

When the first two conditions are fulfilled, it becomes 
possible to (i) fix the energy position of the semicon- 
ductor Fermi level in an electrochemical scale by means 
of the flatband potential value VFB and (ii) determine a 
precise value of the fundamental  transition energy Eo (and 
of the higher transition energies). 

Results reported in Fig. 1 indicate that the damaged 
layer produced by the mechanical polishing must  be re- 
moved by an adequate chemical etching which depends 
on the semiconductor. Thus, in the case of ZnSe, a satis- 
fying surface preparation consists in a mechanical polish- 
ing with diamond paste 1/4 tzm followed by a chemical 
etching in 1% bromine in methanol solution at -5~ for 
-15s. 

The parameter values corresponding to the reference 
state are reported in Table I. We must  notice first that an 
open-circuit barrier height or band bending, Vs, can be 
deduced from rest and flatband potentials. The rest po- 
tential is accurately determined using an electrometer. 
From one experiment to another, fluctuations are very 
small and VR can be considered as really fixed. This band 
bending is pH dependent  

Vs= 1 . 6 5 V a t p H = 0  

Vs = 2.3V at pH = 14 

Such values are large as compared to those obtained for 
ZnSe in the metal-semiconductor configuration (9). How- 
ever, they seem to be fairly explained by the existence of 
acceptor interface states, located in the range 0.5-1.0 eV 
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h i g h e r  t h a n  t h e  v a l e n c e - b a n d  m a x i m u m ,  w h i c h  t e n d  to 
fix t he  F e r m i  level.  T he  e x i s t e n c e  of  s u c h  accep to r  s ta tes  
has  a l r eady  b e e n  d e m o n s t r a t e d  for s e m i c o n d u c t o r -  
v a c u u m  in t e r f aces  b y  p h o t o e m i s s i o n  m e a s u r e m e n t s ,  es- 
pec ia l ly  in  t he  case  of  n-GaAs,  w h i c h  is i soe lec t ron ic  to  
Z n S e  (10), a n d  also for  Z n S e  (11). T h e y  m a y  b e  e x p l a i n e d  
b y  t he  p e n e t r a t i o n  in  t he  gap  of t h e  e m p t y  sur face-s ta te  
b a n d  a s soc ia t ed  w i t h  Se a t o m s  u p o n  r e m o v a l  of t he  
" c l ean"  sur face  r ec ons t r uc t i on .  In  c o n t a c t  w i t h  a n  e lectro-  
lyte t h i s  r e m o v a l  is m o r e  p r o n o u n c e d  w h e n  t he  so lu t ion  
is a n  e t c h a n t  for ZnSe ,  w h i c h  is t he  case  for  NaOH. The  
h i g h e r  va lue  of  Vs at  p H  14 agrees  wel l  w i t h  t h e s e  cons id-  
era t ions .  F u r t h e r  d i s c u s s i o n  is pos s ib l e  t o g e t h e r  w i t h  a n  
ana lys i s  of  capac i ty  a n d  E E R  m e a s u r e m e n t s  in  t he  refer-  
ence  s ta te  of  t he  e lec t rode .  

Differential capacity.---At h i g h  f r e q u e n c y  (100 kHz), t he  
r e f e r ence  s ta tes  are  s l ight ly  d i f f e ren t  a t  p H  0 a n d  14 (ND 
ca lcu la ted  f r o m  t h e  M o t t - S c h o t t k y  s lope  c h a n g e s  f rom 2 
x 10 '7 c m  -3 to 2.7 • 10 '7 c m  -3) a n d  di f fer  n o t i c e a b l y  at  low 
f r e q u e n c y  (ND c h a n g e s  f rom 2 • 10 '7 t o 8  x 10 '7 cm-3).  T h e  
f l a tband  p o t e n t i a l  va lue  is he r e  i n s e n s i t i v e  to t he  pe r tu r -  
b a t i o n  f r e q u e n c y  (Tab le  I). T h e s e  o b s e r v a t i o n s  m a y  l ike ly  
be  co r re l a t ed  w i t h  t he  a b o v e  c o n s i d e r a t i o n s  on  t he  exis t -  
ence  of  a ccep to r  su r face  s ta tes  in  t he  v ic in i ty  of  t he  val- 
e n c e - b a n d  m a x i m u m  

We a t t e m p t  n o w  to e s t i m a t e  t h e  d e n s i t y  of  su r face  
s ta tes  a n a l y z i n g  t h e  capac i ty  m e a s u r e m e n t s .  Th i s  es t ima-  
t ion  is m a d e  a s s u m i n g  t h a t  t he  m o d e l s  e s t a b l i s h e d  in  t he  
case  of  t he  m e t a l - s e m i c o n d u c t o r  j u n c t i o n s  can  b e  u sed  
for e l e c t r o l y t e - s e m i c o n d u c t o r  j u n c t i o n s  a n d  the  ana lys i s  
is d i f f e ren t  a c c o r d i n g  to t he  poss ib i l i ty  or imposs ib i l i t y  
for t he  in t e r f ace  s ta tes  to fo l low t he  p e r t u r b a t i o n  (2a, 12). 

At  100 kHz,  we m a y  a s s u m e  t h a t  t he  in te r face  s ta tes  do 
no t  fo l low t h e  p e r t u r b a t i o n .  Th i s  h y p o t h e s i s  c o r r e s p o n d s  
to a l inea r  C-~-V p lo t  in  a large  p o t e n t i a l  r ange  for b a n d  
b e n d i n g s  g rea t e r  t h a n  2V. I f  t he  in t e r f ace  s ta tes  fo l lowed 
the  ac p e r t u r b a t i o n  at  100 kHz, no  s u c h  l inear  p lo ts  cou ld  
exist .  In  t h a t  case  a n d  p r o v i d e d  t h a t  t he  o c c u p a t i o n  of 
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t h e s e  s ta tes  is g o v e r n e d  b y  t he  s e m i c o n d u c t o r  F e r m i  
level, t h e  s lope of  t he  M o t t - S c h o t t k y  p lo t  is no  longer  pro- 
po r t iona l  to ND-'  b u t  to [ (1 + ~)ND]-' (12), w h e r e  

eSD sa 
- [1] 

Ei 

a n d  8 is t he  t h i c k n e s s  of  t he  in te r fac ia l  layer,  Dsa t he  den-  
s i ty  of  s t a tes  p e r  su r face  uni t ,  ei t he  d ie lec t r ic  c o n s t a n t  of  
the  in te r fac ia l  layer ,  a n d  e t h e  e l ec t ron  charge .  Therefore ,  
due  to the  s imi la r i ty  b e t w e e n  (ND)sa,l a n d  (ND)s~hottky a t  
p H  0, we m a y  a s s u m e  t h a t  Dsa is sma l l e r  t h a n  t h a t  a t  p H  
14, a s t a t e m e n t  w h i c h  m a t c h e s  wel l  t h e  e t c h i n g  c h a r a c t e r  
of  bas ic  so lu t ions .  F r o m  the  s lope v a l u e  at  100 kHz  in  t h e  
e lec t ro ly te  of p H  14, we ca lcu la te  

a = 0.35 [2] 

I t  s eems  r e a s o n a b l e  to  a s s u m e  8 of  t he  o rde r  of  s o m e  ang-  
s t r o m s  a n d  ei s l igh t ly  lower  t h a n  es (8.7eo). This  l eads  to  
the  e s t i m a t i o n  of  Dsa 

Dsa - 5 x 10 '3 c m  -~ [3] 

a va lue  w h i c h  is c o m p a t i b l e  w i t h  t h e  b a r r i e r  h e i g h t  of  2.3 
eV. 

At  low f r e q u e n c y ,  it is no  longe r  va l id  to  a s s u m e  t h a t  
the  in t e r f ace  s ta tes  do  no t  fo l low the  p e r t u r b a t i o n  a n d  the  
a b o v e  ana lys i s  is no  longe r  poss ib le .  However ,  F o n a s h  
(12) ha s  r e c e n t l y  p r o p o s e d  a de ta i l ed  t r e a t m e n t  of t h a t  
case,  a n d  we  app l i ed  i t  to  our  resul ts .  W i t h o u t  g iv ing  
m o r e  deta i ls ,  i t  is suf f ic ien t  to  say  t h a t  t h e  a m o u n t  of 
ve ry  s low su r face  states,  as d e d u c e d  f r o m  th i s  t r e a t m e n t ,  
is low, on  t he  o rde r  of  10" c m  -2. 

The  D~a value ,  as c o m p u t e d  f r o m  re l a t i on  [1], s e e m s  to 
be  in  t he  l imi t s  for F e r m i  level  p i n n i n g ,  as e s t a b l i s h e d  re- 
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cent ly  by Zur  et al. (13), in the  case of  submono laye r  
meta l  coverage.  The  inf luence of the  very  s low surface 
states is there fore  negl ig ib le  on this p h e n o m e n o n  irre- 
spec t ive  of  thei r  inf luence on the  f r equency  d ispers ion  of  
Mot t -Scho t tky  plots. 

Electrolyte electroreflectance.--Provided that  the  low 
field a p p r o x i m a t i o n  can be  made,  the  E E R  spectra  can  
be  fairly analyzed us ing  the  th ree-poin t  m e t h o d  (14). The  
val idi ty  of  this m e t h o d  depends  on the  ex is tence  of  a ful ly 
dep le ted  layer  at the  surface of  the  s e m i c o n d u c t o r  and  on 
the  a s sumpt ion  tha t  the  e lectro-opt ical  energy  ~ t2 and  the  
b roaden ing  pa rame te r  obey the  re la t ion 

3h fl < F [4] 

Consequences  of  re la t ion [4] are (i) the  propor t iona l i ty  
be tween  the  E E R  signal ampl i tude  and that  of  the  alter- 
na t ing  modu la t i on  and (ii) the  cons tancy  of  the  t ransi t ion 
energy  w h e n  the  dc potent ia l  changes.  

In  the  p resen t  case, we  have  

h ~l = 24 m e V  

F ~ 50 m e V  

and cond i t ion  [4] is clearly no t  fulfilled. However ,  the  
two main  c o n s e q u e n c e s  are ver i f ied and it  seems  reason-  
able to a s sume  that  the  low field l imit  app rox ima t ion  is 
valid. The  Eo and F va lues  deduced  are repor ted  in Table  I 

and we r emark  that  they  differ s l ight ly  be tween  p H  0 and 
14. The  smal ler  va lue  of  F at p H  = 0 seems to be  consist-  
en t  wi th  the  above  remarks  about  the  lower  dens i ty  of  in- 
terface states at this p H  than  at p H  14. Ano the r  feature,  
not  repor ted  in Table  I, consis ts  in the  larger  signal ampli-  
tude  at p H  14 than  at p H  0. I f  we  fol low a t r ea tmen t  pro- 
posed recent ly  by Tomkiewicz  et al. (15), the general  ex- 
press ion  for AR/R (8) 

AR _ 2eNDV~e IZt~(~) [5] 
R es 

[where L (ho~) is the  spectral  l ineshape  function] can be  
rewri t ten  

AR _ A ( 1  e dD~a)d V [6] 
R CH dV 

with  A - 
2eND 

Es 
L (hco) and CH the  capaci ty  of  the  

e lec t ro lyte  He lmho l t z  layer. Changing  express ion  [5] to 
express ion  [6] is poss ible  a s suming  that  the  var ia t ions  in 
potent ia l  are d iv ided  b e t w e e n  the  space-charge  layer  and  
the  He lmhol tz  layer  by means  of  in ter face  states. I f  the  dc 
potent ia l  is fixed, an interface  wh ich  presents  accep tor  
states mus t  co r respond  to larger  signals than  an in ter face  
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are not represented, b(right): EER spectra. Solid line: Reference state. 
Dashed line: After 15 min electrochemical perturbation. 

without states: in the first case dDsa/dV is negative and 
in the second dDsa/dV = O. We have to notice that the 
treatment which leads to expression [6] is independent  of 
the nature of the interface states, and will be used in the 
following when the existence of donor interface states 
can be assumed. 

Expression [6] accounts for the difference observed in 
• ampli tude between pH 0 and 14 and is consistent 
with the existence of acceptor interface states in greater 
amount at pH 14. 

A conclusion deduced from both capacity and EER 
data analysis concerning the reference state can already 
be pointed out: the interface ZnSe-electrolyte (and this is 
certainly not limited to ZnSe) behaves more ideally at pH 
0 than at pH 14. 

T h e  Perturbed Reference  State  

Electrochemical perturbation.--This type of perturba- 
tion corresponds to that induced by the various treat- 
ments achieved in supporting electrolyte under positive 
polarization of the electrode. According to the remarks 
about the experimental  results (Results section), we can 
ascertain that the charge transfer mechanism at pH 14 dif- 
fers from that at pH 0. In the former case, there is no in- 
fluence of both dissolved oxygen and illumination, 
whereas in the latter the situation is completely reversed. 
It appears that at pH 14 the transfer step must be associ- 
ated with majority carriers (electrons) and at pH 0 with 
minority carriers generated by illumination. Such an anal- 
ysis has already been proposed by one of us (6b), but, nev- 
ertheless, needs to be made more precise. The main re- 
sults are reported in Table I. 

pH 0.--At pH 0, the transfer step is associated with holes 
and induces a modification of the electrode behavior 
only in the presence of oxygen. Therefore, the complete 

\ 

<1 
? 
o 

n 

m 2  

m l  

- - 0  

- - - 1  

- - - 2  

I I i I 

i 
II 

5 0 0  ~ 4 0 0  

I , I 
n m  

m 

m 

m 

n 

m 

reaction is not specifically limited by the potential value, 
provided that the electric field in the space-charge layer 
is large enough to confine the holes in the immediate vi- 
cinity of the semiconductor surface. The exact reaction 
occurring is difficult to determine, but a comparison 
with results obtained about the oxidation of ZnSe ex- 
posed to oxygen and light (16) allows the assumptions of 
(i) the formation of both Zn excess and ZnO and (ii) the 
transformation of Se into soluble products (H2SeO3, pre- 
sumably). 

After such a treatment, the differential capacity mea- 
sured at 100 kHz remains unchanged, whereas at 15 Hz it 
leads to noticeably different apparent values of ND (8.6 • 
10 '7 cm -3) and to a diminution of the potential range 
where a Mott-Schottky behavior is observed. This obser- 
vation may be accounted for by the statement that the 
fast interface states remain unaffected, whereas new slow 
states are created in an amount of approximately 10 '1 
cm -2 (this result is obtained by arguments similar to 
those developed in the Differential capacity section). 

More striking are the variations with respect to the ref- 
erence state observed in the EER oscillations in the vicin- 
ity of Eo. In this energy range, the absorption coefficient, 
a, is 103 < a < 104 c m - '  (17) and the penetration depth of 
light is at least one order of magnitude larger than the 
space-charge layer thickness. We conclude from this ob- 
servation that EER spectra would account mainly for the 
bulk properties of the semiconductor. Such a statement 
contradicts clearly our experimental  results. We observe 
an important spectrum shape modification, a slight shift 
of Eo towards lower values, and an important attenuation 
of the spectrum amplitude. By reference to Eq. [6], these 
results imply the formation of new interface states (al- 
ready deduced from capacity measurements) and we can 
ascertain that these states are of the donor type (dDsa/dV 
> 0). Such observations may be correlated with those 
made by photoemission during the formation of metal- 
semiconductor  junctions where such donor states have 
been evidenced (18, 19). 
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pH 14.--The transfer step is associated with electrons, 
and the resulting modifications to the reference state are 
independent  of both oxygen and light. It seems reasona- 
ble to assume that electrons are injected by OH-  ad- 
sorbed at t he  electrode surface into the semiconductor 
conduction band. The control of this process by the elec- 
trode potential indicates that the transfer occurs via a tun- 
neling process. By analogy with the metal-semiconductor 
case, we can at tempt to determine the present transfer 
mechanism more precisely. 

Calculating the probability P of a triangular barrier be- 
ing penetrated by an electron with energy hE less than 
the height of the barrier, it is found that 

P=exp[-2(hE)3'2/EooVs '~2 ] 

where the parameter 

[7] 

Eoo = ~ -  ,~2 [8] 

(me* is the effective mass of the electron in the semicon- 
ductor) plays a major role. In the present case (me* = 0.17 
mo; e~ = 8.7eo, and ND = 2 x 10 '7 cm-3), we have 

Eoo = 6 .8  x 10 -3 eV 

Using the expression developed by Padovani and Strat- 
ton (20), we can define the band bending values delimit- 
ing the various charge transfer processes: thermionic, 
thermionic-field, and field emission (the two latter refer 

to tunneling processes). Details of the calculations are be- 
yond the scope of the present paper, and the results are 

Vs -< 0.6V thermionic emission 

0.6 < Vs -< 29.4V thermionic-field emission 

Vs > 29.4V field emission 

Obviously, the band bending value during the electro- 
chemical t reatment (-10 eV) implies that the transfer pro- 
cess we observe is analogous to thermionic-field emis- 
sion. A consequence of these considerations is that AE 
must be rather small (ca. 0.1 eV), thus leading to the loca- 
tion of the O H -  adsorbed groups which donate their elec- 
trons in the vicinity of the conduction bandedge (-3.1V 
vs. MSE) in an energy position very different from that 
they occupy in the electrolyte bulk. 

The electrochemical treatment analyzed above induces 
some particular features in the differential capacity as 
well as the EER signal. The high frequency capacity re- 
mains unchanged, whereas the low frequency capacity is 
strongly modified and the "pseudo" Mott-Schottky slope 
increases up to 2 x 10 '~ (Table II). This variation can be 
interpreted in terms of slow interracial energy states (cf. 
the Differential capacity section) and leads to a density of 
states of ca. 2 x 10 TM cm -2. This density of states can be re- 
lated to the increase of the EER signal, which, by means 
of relation [6], indicates that dD~a/dV is more negative 
than in the reference state at pH 14. 

The electrochemical treatment can then be considered 
as a strong etching process which, like the etching by 
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NaOH, p r e s e r v e s  t he  sur face  s t o i c h i o m e t r y  (Zn  a n d  Se  
are i n v o l v e d  in  f inal  so lub le  p r o d u c t s )  a n d  inc reases  t he  
dens i ty  of  in te r rac ia l  a c e e p t o r  e n e r g y  states.  

Chemical perturbation.--By c h e m i c a l  p e r t u r b a t i o n ,  we 
m e a n  t h a t  t h e  c h e m i c a l  c o m p o s i t i o n  of  the  semicon-  
d u c t o r  su r face  is severe ly  p e r t u r b e d ,  T he  use  of  t he  
ox id iz ing  spec ies  Fe(CN),  a- s e e m s  espec ia l ly  a d e q u a t e  for  
th i s  p u r p o s e  (6b). T he  exac t  p roces s  b y  w h i c h  t h i s  spec ies  
p r o d u c e s  t he  mod i f i ed  s e m i c o n d u c t o r  sur face  is no t  yet  
c lear  a n d  d e p e n d s  on  the  p H  of  t he  solut ion.  At  p H  0, t he  
r eac t i on  s e e m s  to be  chemica l ,  w h e r e a s  a t  p H  14 it  s eems  
to be  a m i x t u r e  of  e l e c t r ochem i ca l  a n d  c h e m i c a l  pro-  
cesses.  At  e a c h  pH. value,  t he  r e s u l t i n g  sur face  is d i f fe ren t  
and  b e h a v e s  specif ical ly  w h e n  s t u d i e d  in  s u p p o r t i n g  
e lec t ro ly te  of  e q u i v a l e n t  p H  value.  

p H  0 . - - T h e  mod i f i ed  in t e r f ace  b e h a v e s  l ike t h a t  pro-  
d u c e d  by  e l e c t r o c h e m i c a l  p e r t u r b a t i o n  a t  p H  0 b o t h  in ca- 
paci ty  a n d  EER.  

I t  s e e m s  r e a s o n a b l e  to a s s u m e  t h a t  t he  s e m i c o n d u c t o r  
su r face  p r o d u c e d  b y  the  f e r r i cyan ide  t r e a t m e n t  is s imi la r  

to t h a t  p r o d u c e d  b y  t he  f o r m e r  e l e c t r o c h e m i c a l  t r e a t m e n t  
and,  the re fore ,  we  do no t  e m p h a s i z e  it. 

pH I4.--The f inal  r e su l t  of  t h e  t r e a t m e n t  is to c rea te  a se- 
l e n i u m  layer  on  the  t op  of  t h e  Z n S e  e lec t rode .  This  layer  
i n d u c e s  a specif ic  b e h a v i o r  of  the  modi f i ed  e lec t rode  
w h e n  i m m e r s e d  f u r t h e r  in  an  e lec t ro ly te  of  p H  14. The  
E E R  s ignal  is s t rong ly  a t t e n u a t e d  a n d  ro ta t e s  in  phase .  
The  s lope of  the  M o t t - S c h o t t k y  p lo t  c h a n g e s  at  low fre- 
quency ,  b u t  does  no t  at  h i g h  f r equency .  In  t h e  la t te r  case, 
in  add i t ion ,  t he  f l a tband  po ten t i a l  sh i f t s  t owards  a 
s l ight ly  m o r e  pos i t ive  value.  This  o b s e r v a t i o n  s eems  in  
good a g r e e m e n t  w i t h  t h a t  a l ready  m a d e  on  CdSe  elec- 
t rodes  u p o n  d e p o s i t i o n  of  a Se layer  (21), By  ana logy  w i t h  
the  obse rva t i on  m a d e  d u r i n g  t he  f o r m a t i o n  of Ge-GaAs 
in te r faces  (22), i t  s e e m s  a p p r o p r i a t e  to a s s u m e  the  crea- 
t ion  of d o n o r  i n t e r f ace  s ta tes  w i t h  large  r e l a x a t i o n  t ime  
d u e  te  the  i n t e r a c t i o n  b e t w e e n  Se  a t o m s  a n d  t he  Z n S e  
surface.  The  s t r o n g  a t t e n u a t i o n  of the  E E R  signal  is in  
pa r t  a c c o u n t e d  for  by  t he  a b s o r p t i o n  of  l ight  in  the  Se  
layer,  whose  f u n d a m e n t a l  e n e r g y  gap  is ca. 2 eV, a n d  the  
a b s o r p t i o n  coeff ic ient  l a rger  t h a n  10 ~ c m - '  in  t he  r eg ion  

Table I. The reference state parameters a tpH  0 and 14. The steady-state barrier height Vs(open circuit) can be deduced from 
VR and V~B determinations using the relation Vs = ]VFB -- VRI. The free carrier density as determined by Hall effect 

is - 2 • 1017 cm -3 and serves as a reference value 

Electrolyte 

Capacity Electrorefleetance 
Rest potential V~ ND (cm -~) 

(Vvs. MSE) VFS (Vvs. MSE) ND (ern -~) Hall effect Eo (eV) F (meV) 

15 Hz 100 kHz 15 Hz 100 kHz 
HC1O~ (pH = 0) -0.65 -2.2 -2.3 2 • 10 ~ 2 • 10 '~ 2 x 10 ~7 2.724 43 
NaOH (pH = 14) -0.8 -3.2 -3.1 8 • 10 '7 2.7 • 1017 2 • 10 ~7 2.711 57 
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Table II. The question mark indicates that the experimental results cannot be interpreted using a simple model. 
The Schottky plots are not clearly linear in a large potential range, and the phase rotation 

of the EER signals excludes the use of the three-point method 

Capacity 

Electrolyte Treatment VFB (V) ND (em -~) 

EER 

Eo (eV) (meV) 

H C I 0 4  Positive polarization 15 Hz 100 kHz 
+ Oxygen h 

? - 2 . 3  
+ Light ) 

Fe(CN)d ~- ? -2.2 

NaOH Positive polarization - 3. ] -3.1 

(?) 

Fe(CN)~ ~- -3.2 -3.0 

(?) 

of 2.7 eV (23). The phenomenon of phase rotation of the 
EER signal has already been described by other authors 
and has been accounted for similarly by the existence of 
interface energy states induced by an electrochemical 
treatment (15) and by the formation of a heterojunction 
(24). 

Conclusion 
By coupling electrochemical and in situ electroreflec- 

tance measurements and by applying controlled pertur- 
bations at the interface, we tried to infer a description of 
the ZnSe-electrolyte interface by analogy with the models 
used for the metal-semiconductor junctions. 

The above discussion establishes that the ZnSe-sup- 
porting electrolyte junct ion behaves like a metal-semicon- 
ductor junction. However, the main interface properties 
are governed not by the bulk properties of the semicon- 

i ductor-electrode, but  by its surface states. These surface 
�9 states can be either intrinsic to the semiconductor surface 
or resulting from a specific interaction with the electro- 
lyte. 

Summing up, we can say that an electrolyte with no 
etching properties (acidic medium) leads to the formation 
of an interface with a low density of interface states, 
whereas a basic electrolyte with etchant character leads 
to a p inning of the semiconductor Fermi level by acceptor 
surface states located ca. 0.5 eV above the valence band 
maximum. 

Per turbing the reference state defined above induces 
particular effects which differ according to the nature and 
intensity of the perturbation. The simple model with ac- 
ceptor interface states governing the junct ion properties 
must  be made more sophisticated to incorporate a rela- 
tively large density of donor interface states located in the 
upper part of the semiconductor gap. 

Provided that these considerations are taken into ac- 
count, an electrolyte-semiconductor junct ion can be de- 
scribed, at least qualitatively, like a metal-semiconductor 
interface. 

Manuscript submitted Jan. 22, 1985, revised manuscript  
received April 25, 1985. 
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ABSTRACT 

Photoelectrochromic properties of polypyrrole-coated Si electrodes in propyrene carbonate solutions were investi- 
gated to obtain fundamental  information on optical image formation. It took about  ls  or more for a coated film ca. 90 
nm thick to complete its color change when the entire surface of the film was illuminated with a 500W xenon lamp, an 
observation of which indicates diffusion limitation of electrolyte anions in the film. In contrast, different image forming 
behaviors were seen when the film was illuminated with a He-Ne laser. Illumination of the film On n-type Si substrates 
with the laser for ls gave an optical image of about ten times of the illuminated area, while an optical image comparable 
with the i l luminated area was obtained for p-type Si substrates for the same illumination time. In either case, continuous 
irradiation caused peripheral growth of the optical image in the film. 

One of recent interests in polymer-coated electrodes 
concerns their electrochromic properties (1-14). A poly- 
mer  film is usually deposited on a metallic conductive 
substrate, such as a thin Pt film, and highly conducting 
SnO2 and IngOt. A color change of the coated film occurs 
when it is stimulated by a large current pulse that causes 
oxidation of a reduced film or reduction of an oxidized 
film. If  a semiconductor is used in place of the metallic 
conductive substrates, different features in electro- 
chromism will appear with the assistance of illumination. 
Since semiconductor electrodes have a photosensitized 
action, i l lumination of polymer-coated semiconductor 
electrodes should spontaneously cause the color change 
without a change in the applied bias if the electrodes are 
properly biased in advance. Several interesting features 
of photoelectrochromism have recently been reported by 
Inganaes and Lundstrbm for polymethylpyrrole-coated 
n-type Si (15). In this paper, we wish to report detailed 
characteristic features concerned with optical image for- 
mation and its storage. The polymer chosen was 
electropolymerized polypyrrole, which was deposited 
onto n- and p-type single-crystal wafers. It will be shown 
that behavior of the color change caused by illumination 
shows little difference between the conductivity type of 
the semiconductor substrate. 

E x p e r i m e n t a {  

Silicon single-crystal wafers manufactured by Osaka Ti- 
tanium Company were used. They were polished with 
0.06 ~m alumina to give a mirror finish, then etched in 
46% HF for 15 min, and finally rinsed with methanol. 
Electrodeposition of polypyrrole was made at 0.3 
mA-cm -~ in 0.1M pyrrole dissolved in propyrene carbon- 
ate. The electrolysis charge usually employed was 36 
mC-cm -2, which gave ca. 90 nm thickness (14). 

The polymer deposition on n-type Si electrodes was 
carried out by illuminating the electrode with light of 
wavelengths longer than 390 nm, obtained from a 500W 
xenon lamp in combination with a colored glass filter 
(Toshiba UV-390), while the deposition onto p-type Si was 
conducted without illumination. The illumination inten- 
sity was ca. 2.3W, as determined by a power meter (Coher- 
ent Radiation, Model 201). 

For in situ measurements  of the color change associ- 
ated with the redox reaction of the polymer film, the 
electrode was set in an electrolytic cell in such a way that 
the incident light path was ca. 45 ~ with respect to the per- 
pendicular from the surface. The illuminating light in this 
case was the same as that described above. The light 
reflected from the electrode surface was passed through 
a monochrometer  (JASCO, Model CT-25), a chopper 
(Nikon, Model M205), and introduced to a PbS detector 
(Hamamatsu Ph,otonics, Model P397). The signal from the 
detector was measured by a electrophotometer (Nikon, 
Model SP 104). The monochrometer  was used to isolate 
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the 400 nm light from the reflected light. According to 
the published optical properties of oxidized and neutral 
polypyrrole films (14, 16, 17), the latter film has large ab- 
sorptivity at this wavelength, but this is not so for the oxi- 
dized film. In order to obtain optical image formation, a 
1.3 mm diam area of the film on Si was illuminated with 
a He-Ne laser (NEC, Model GLG 5700). The intensity of 
the laser beam was 24.5 mW. 

A potentiogalvanostat (Hokuto Denko, Model HA 101), 
a function generator (Hokuto Denko, Model HB 104), and 
a X-Y recorder (Yokogawa Electric, Model 3077) were 
used for conventional electrochemical measurements.  A 
saturated calomel electrode (SCE) served as a reference 
electrode, and the counterelectrode was a Pt plate. The 
potential cited in this paper is referred to this reference 
electrode. Polypropyrene carbonate was purified by dis- 
tillation (18), and li thium perchlorate was dried in vacuo 
at 150~ overnight. Other chemicals were reagent grade. 

Results and Discussion 
Current-potential curves taken under illumination of 

polypyrrole-coated Si at 100 mV-s- '  are shown in Fig. 1 
and 2 for the cases of n- and p-type Si substrates, respec- 
tively, together with the reflectance change associated 
with photoelectrochemical reactions of the coated elec- 
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Fig. 1. Steady current-potential curves of a polypyrrole-coated n-type 
Si electrode under illumination (solid line) and in the dark (dot-dash 
line), and the top curve is for reflectance of the film measured in situ. 
Film thickness: ca. 90 nm. Solution: 0.1M LiCI04 in propyrene carbon- 
ate. dE~dr = 100 mV-s- ' .  
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trodes. Also given in the figures are the dark currents• In 
the case of using the n-type Si substrate, some reduction 
of the oxidized polymer occurred in the dark at 0.4V (not 
shown in the figure)• This potential was chosen as the 
anodic limit of the potential sweep in Fig. 1, since the oxi- 
dized polymer on Pt  is reduced a little at this potential. 
Appreciable reduction of the oxidized polymer in the 
dark occurred, however, at potentials where a large cath- 
odic wave appeared under illumination. The polymer- 
coated p-type Si did not show appreciable reactivities in 
the dark unless the film was in a neutral state. The neu- 
tral film shows voltammograms similar to those shown 
in Fig. 2 during the anodic scan. 

The color of polypyrrole in the neutral state is yellow. 
In the oxidized state it is dark brown• The film on Si 
electrodes was, however, green in the neutral state and 
dark brown in the oxidized state to the naked eye, owing 
to interference of the black Si substrate. 

The oxidized film on p-type Si was not reduced in the 
dark, and, similarly, the neutral film on n-type Si was not 
oxidized in the dark at potentials similar to those shown 
in Fig. 1 and 2. Thus, the electrode potentials of -0.9V for 
p-type Si and 0.4V for n-type Si were chosen in the fol- 
lowing experiments  to cause photosensitized reactions of 
the coated polymer film. As Fig. 1 and 2 demonstrate, 
these potentials are sufficiently large to reduce the film 
on p-type Si and to oxidize the film on n-type Si elec- 
trodes, respectively. 

The transient photocurrent  behavior and reflectance 
change of the film-coated electrode are shown in Fig. 3 
together with the imposed electrode potential profiles; in 
each case, the entire electrode surfaces were illuminated. 
Upon illumination of the neutral film-coated n-type Si 
electrode at 0.4V, anodic photocurrents flowed until the 
film was completely oxidized, as seen in the reflectance 
change (Fig. 3a). Additional illumination had no signifi- 
cant effect• When the electrode potential was switched to 
-1.2V, cathodic currents flowed, as shown in the figure, 
and simultaneously the film was reduced to give the orig- 
inal reflectance• The reduction behavior of the film at 
-1.2V was not greatly affected by the illumination• Simi- 
lar results were obtained for the p-type Si substrate ex- 
cept that i l lumination was required to reduce the film. A 
long time was required to complete the color change of 
the films for both n- and p-type Si electrodes; it took 
about ls or more. The diffusion of electrolyte anions in 
the polymer film seems to control the rate of the color 
change (6). 

The film color at p-type Si produced by photosensi- 
tized reduction of the oxidized film was stable after inter- 
ruption of illumination, provided that the electrode bias 
was not interrupted (Fig. 4a). Under  open-circuit condi- 
tion, however,  the color of the reduced film gradually 
changed, indicating that oxidation occurred. Residual ox- 
ygen in the electrolyte solution must  be responsible for 
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Fig. 3. Transient behavior of current and reflectance at 400 nm of 

polypyrrole-caated Si electrodes during an imposed potential step. a: 
n-Type Si electrode coated initially with neutral polypyrrole film. b: 
p-Type Si electrode coated initially with oxidized polypyrrole film. The 
entire surfaces of the electrodes were il luminated during the 
measurements. 

the observed color change. In the case of the oxidized 
film on n-type Si, the interruption of illumination at 0.4V 
caused small instantaneous cathodic current flow, as de- 
scribed above. The initial value of this cathodic current 
was ca. 1/15 of the initial current observed when the elec- 
trode potential was switched from 0.4 to -1.2V under illu- 
mination (Fig. 3a). 

This current, however, soon decayed to zero. As a r e -  
sult, the cathodic charge due to this dark current did not 
result in any significant fading of  the film color. The 
color produced by the photosensitized oxidation of the 
neutral film was stable irrespective of whether  or not the 
electrode bias was interrupted, possibly because the re- 
sidual oxygen has no effect on the oxidized state of the 
film. 

The durability of the color change to repeated potential 
step pulses was investigated under il lumination of the 
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(solid line) and under open circuit (dashed line), b: Polymer-coated 

n-type Si in the dark with and without polarization at 0.4V. 
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coa ted  film. The  vo l tage  pu l se  c h o s e n  h a d  a 10s in te rva l  
a n d  r a n g e d  f rom 0.8 to - 0 . 9 V  for  p - type  Si a n d  f rom -1 .2  
to 0.4V for n - type  Si. T he  r e s p o n s e  cha rac te r i s t i c s  d u r i n g  
the  in i t ia l  s tage  are  t h o s e  s h o w n  i n  Fig. 3. I t  was  f o u n d  
t ha t  w i t h  r e p e a t e d  p o t e n t i a l  s tep  cycles,  r e d u c t i o n  of  the  
fi lm decreased .  I f  t he  ra t io  of  t he  d i f f e rence  in  Illumination 
re f l ec tance  of  t he  f i lm b e t w e e n  t he  ox id ized  a n d  the  re- time 
d u c e d  s ta te  a t  e x t e n d e d  po t en t i a l  pu l se  cycles  (AR) to t h a t  (s) 
a t  t he  first cycle  (hRi,,~a~) is p l o t t ed  as a f u n c t i o n  of  t he  
cycle  n u m b e r ,  Fig. 5 is ob ta ined .  1 

2 
We s p e c u l a t e d  t h a t  the  dec rea se  of ARJARinitia I w i t h  t he  3 

cycles  m i g h t  h a v e  b e e n  b r o u g h t  a b o u t  by  ox ida t ive  de- 4 
c o m p o s i t i o n  of  t he  coa ted  f i lm (19). T he  effect  of  t he  5 
anod ic  p o t e n t i a l  on  the  du rab i l i t y  of  t he  fi lm was  t h e n  in- 
ves t iga ted .  The  re su l t s  showed ,  however ,  t h a t  t he  de- 
c rease  in  the  a n o d i c  p o t e n t i a l  f r om 0.4 to 0V for t h e  case  
of  n - type  Si a n d  f rom 0.8 to 0.3V for  p - type  Si d id  no t  
m a k e  a n y  a p p r e c i a b l e  i m p r o v e m e n t s .  F u r t h e r m o r e ,  the  
dec rease  in t he  a n o d i c  po t en t i a l  also p r o d u c e d  a slow- 
d o w n  in  the  r e s p o n s e  of  the  color  change .  A d d i t i o n a l  
s tud ies  are  r e q u i r e d  to clar i fy de ta i l ed  c h e m i s t r y  r e l a t ed  
to t he  d e c r e a s e  of  A~JARinitia I w i t h  t he  po t en t i a l  s tep  
cycles.  

In  o rde r  to  o b t a i n  i n f o r m a t i o n  o n  opt ica l  image  forma-  
t ion,  t h e  fi lm was  i r r ad ia t ed  w i t h  a laser  b e a m  to p r o d u c e  
a n  i m a g e  p a t t e r n  in  a spo t  on  t he  coa t ed  film. T he  s ame  
anod ic  po t en t i a l  was  u s e d  as t h a t  e m p l o y e d  in  o b t a i n i n g  
Fig. 3: 0.4V for  n - type  Si a n d  - 0 . 9 V  for  p - type  Si. While  a n  
image  cou ld  be  fo rmed ,  t he  area  of  t he  spo t  g radua l ly  in- 
c r eased  on  c o n t i n u o u s  i r r ad ia t ion  of  t he  film. The  pe-  
r i phe ra l  g r o w t h  of  t h e  i m a g e  o c c u r r e d  m o r e  r ap id ly  at  t he  
n - type  Si e l ec t rode  t h a n  at  t he  p - type  one. P h o t o g r a p h s  of  
image  p a t t e r n s  were  t a k e n  at  d i f f e ren t  i l l u m i n a t i o n  t ime,  
a n d  t h e  p a t t e r n e d  area  of  t he  spot  to  t he  to ta l  f i lmed  area 
was  d e t e r m i n e d .  Th i s  ra t io  was c o m p a r e d  w i t h  t he  ra t io  
of  the  c h a r g e  c o n s u m e d  in  t he  i m a g e  f o r m a t i o n  to t h a t  re- 
q u i r e d  in  t he  c o n v e r s i o n  of  all t h e  f i lm to t he  s a m e  color  
as t he  image.  The  re su l t s  are s h o w n  in  T a b l e  I. The  a rea  
of  t he  laser  b e a m  was  0.013 cm ~, a n d  t he  to ta l  a rea  of  t he  ( a ) 
e l ec t rode  sur face  was  0.95 c m  2. 

As m a y  b e  s een  in  Tab le  I, t h e  i l l u m i n a t i o n  for l s  of  
p - type  Si c o a t e d  w i t h  t he  ox id ized  p o l y m e r  p r o d u c e d  a n  
image  of  t he  l ase r  beam.  In  t he  case  of  the  n - type  mate -  
rial, t h e  i m a g e  p a t t e r n  was  t en  t i m e s  l a rge r  t h a n  t he  area  
of t he  laser  b e a m .  T he  cha rge  c o n s u m e d  d u r i n g  t he  i m a g e  
f o r m a t i o n  was  l a rger  for all i l l u m i n a t i o n  t i m e s  for t he  
p - type  e l e c t r o d e  c o m p a r e d  to t h a t  a t  t he  n - type  one. As 
d e s c r i b e d  be low,  s u c h  d i f f e rence  in  t he  image  f o r m a t i o n  
b e h a v i o r  m u s t  be  c losely  r e l a t ed  to t he  m e c h a n i s m  by  
w h i c h  t he  color  c h a n g e  in i t ia l ly  p ropaga tes �9  

W h e n  t he  i m a g e  is f o r m e d  in  t he  f i lm on  t he  n - type  Si 
e lec t rodes ,  e l ec t ro ly te  a n i o n s  are  i n c o r p o r a t e d  in to  the  il- 
l u m i n a t e d  pa r t  of  the  f i lm in  i ts  o u t e r m o s t  part ,  to 
c h a n g e  t h e r e  f r o m  a r e d u c e d  s ta te  of h i g h  e lect r ica l  resis-  

Table I. Growth of the optical image pattern with 
continuous irradiation of a fixed area of the electrode surface a 

n-Type Si p-Type Si 
Fraction of Fraction of 

Colored charge Colored charge 
area b consumed c area consumed 
(%) (%) (%) (%) 

15 0.92 1.2 4.2 
22 1.8 4.9 16 
35 2.7 7.7 19 
42 3.5 15 27 
68 4.3 31 31 

a The semiconductor electrodes coated with polypyrrole of ca. 90 
nm thickness were illuminated with a He-Ne laser beam of 24.5 mW. 
The n-type Si coated initially with a neutral film was polarized at 
0.4V, and the p-type one with an oxidized film was polarized at 
-0.9V. 

b The colored area to the entire electrode surface is given. 
The ratio of charge consumed in the formation of the colored im- 

age to that required for the complete coloring of the entire surfaces. 

t iv i ty  to  a n  ox id ized  s ta te  of  low e lec t r ica l  resis t ivi ty .  
Once  t he  o u t e r m o s t  pa r t  of  t he  f i lm b e c o m e s  h i g h l y  con- 
duc t ive ,  t he  p e r i p h e r a l  g r o w t h  of  t he  opt ica l  image  pat-  
t e r n  will eas i ly  o c c u r  at  t h e  f i lm/so lu t ion  interface,  as il- 
l u s t r a t e d  in  Fig. 6a. However ,  t h e  g r o w t h  of  the  opt ica l  
image  in  t he  p - type  Si e l ec t rode  is a s soc ia t ed  w i t h  exclu-  
s ion of  t he  i n c o r p o r a t e d  a n i o n s  to give a n  i n s u l a t i n g  poly- 
m e r  film. The  i m a g e  p a t t e r n  f o r m a t i o n  in th i s  case  m u s t  
occu r  in i t ia l ly  f r o m  the  f i l m / s e m i c o n d u c t o r  in t e r face  as a 
r e su l t  of  d i f fus ion  of  the  i n c o r p o r a t e d  a n i o n s  t o w a r d s  t h e  
so lu t ion  s ide  of  t he  film, as i l lus t ra ted  in  Fig. 6b. 

As a l r eady  r e p o r t e d  (20-23), a d h e s i o n  of  t he  p o l y m e r  to 
Si is r a t h e r  poor,  so t h a t  t he  e x i s t e n c e  of  e lec t ro ly te  solu- 
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tions in the film as well as at the film/Si interface is 
highly probable. If so, the distance for photogenerated 
charge carriers to travel an insulating layer zone will be 
short compared with the apparent film thickness, and 
the real situations encountered in the image forming pro- 
cess will be more complicated than that discussed above. 
Nevertheless, the different behavior of the propagation of 
the image pattern with i l lumination time between the 
n-type and p-type S substrate (Table I) can be explained 
well by the above described discussion with use of Fig. 6. 

Conclusion 
In this study, we employed polypyrrole films as 

photoelectrochromic material, The durability of the 
coated film and its response behavior are unsatisfactory 
from the view point of practical application, but  improve- 
ments  in the properties might be made by suitable choice 
of another kind of electrically conductive polymer. The 
resolution of the optical image formed, however, will be 
controlled by similar manner,  as shown in Table I and 
schematically illustrated in Fig. 6. In this sense, the expo- 
sure of patterned light for well-controlled time is said to 
be important  for the formation of good optical images. 

Manuscript submitted Dec. 26, 1984; revised manu- 
script received May 1, 1985. 

Osaka University assisted in meeting the publication 
cos ts  of this article. 
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Techn ca]l Notes @ 
Performance of Suspension-Impregnated Sintered Nickel Composite 

Electrodes 
W. A. Ferrando* 

Naval Surface Weapons Center, Materials Division, White Oak, Silver Spring, Maryland 20903-5000 

Low cost, high performance nickel electrodes will be 
required for improved Ni-H2, Ni-Zn, Ni-Fe cells. Several 
years of effort have been directed to the development of a 
porous sintered, nickel-plated graphite fiber plaque im- 
pregnated by the electrochemical method (1, 2). Plaques 
were successfully fabricated by compression sintering of 
electroless nickel-plated graphite mat (3). In the course of 
optimization, it was found that plaques produced using 
chopped electroplated graphite fiber exhibited more uni- 
form porosity, durability, and other properties. 

Concurrently, an effort was under taken to find an alter- 
native method of active material [Ni(OH)2] impregnation 
suitable for these composite plaques. The electrochemical 
method had been observed to produce good results. Al- 
though simpler and quicker than the older chemical 
methods, the electrochemical method requires batch pro- 
cessing in tanks with temperature, pH, time, and current 

*Electrochemical Society Active Member. 

control, as well as t ime-consuming rinsing. There is also 
some concern over bath concentration depletion and 
chemical attack on the plaque. 

The Suspension Impregnation Method 
It was found that the pore size (-50 ~m) and open pore 

structure of the composite plaque allowed it to accept di- 
rect impregnation by fine particulate Ni(OH)2. To accom- 
plish this, commercial battery-grade Ni(OH)2 was ground 
by ball milling to particle diameters (-1-20 ~m). The pow- 
der was mixed with ethylene glycol (b.p. 198~ to the 
consistency of a heavy cream (about 1:2 by weight). The 
inert semiviscous glycol fluid served to hold the fine ac- 
tive material particles in suspension and provided the lu- 
brication necessary for direct infiltration into the pores. 

The impregnation procedure consists of several simple 
steps. The plaque is placed on a level, nonporous surface. 
A quantity of the freshly mixed suspension fluid is ap- 
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Fig. I. SEM micrographs, composite plaque cross sections (as cut 
surfaces). Active material deposition by electrochemical impregnation 
(A), and by suspension impregnation (B). 

plied on and gently rubbed into the plaque surface. The 
operation is repeated from the reverse side. The plaque is 
heated (-150~ to evaporate the glycol carrier fluid. 
Finally, it is brushed lightly to remove surface material 
and weighed to determine electrode capacity. The opera- 
tion is repeated, if necessary, to achieve the desired load- 
ing level. The entire process can be carried out in a few 
minutes. Figure 1 shows SEM photographs of the cut 
edges of suspension-impregnated (A) and electrochemi- 
cally impregnated (B) composite plaques. Cut ends of the 
nickel-plated graphite fibers are visible. The pictures en- 
able one to make a rough visual comparison of the initial 
active material distribution through the cross section by 
the two methods. 

Cobalt  Additive Addition 
Cobalt additive has long been used to improve utiliza- 

tion and cycle life of nickel electrodes. Recent investiga- 
tion (4) has revealed that cobalt additive is most 
efficiently utilized when it is applied to the active mate- 
rial surfaces within the pores, rather than as a volume 
constituent. The cobalt apparently facilitates proton 
charge transfer across the active material-electrolyte in- 
terface. This addition may be accomplished chemically 
by soaking the impregnated plaque in an aqueous cobalt 
compound solution followed by conversion to Co(OH)2. 
Cobalt may be added also by a very brief electrochemical 
deposition from a cobalt impregnation bath. Cobalt added 
by either method constitutes about 1-4 weight percent of 
the active mass. Surface deposition of the additive allows 
the suspension-impregnated electrode to achieve 90% 
utilization within five to ten discharge cycles. 

Test cells were fabricated using a single composite 
nickel electrode sandwiched between two commercial 
negatives in 31% KOH with no electrolyte additives and 
under flooded conditions. Electrochemically impreg- 
nated electrode capacities were determined from the 
postformation weight gain of active material. Capacities 
of the suspension-impregnated electrodes were deter- 
mined by the total weight increase measured after cobalt 
treatment. 

Results 
Continuous cycling tests were performed on the cells. 

The imposed regime included charging at the C rate 
(125%), 10 rain rest, followed by discharge at the C/2 
rate to 0.75V cutoff (> 95% DOD). Table I lists several im- 
portant parameters for representative composite elec- 
trodes tested according to this regime. The reported utili- 
zations were measured after the initial rise in capacity. 
Since an objective of this effort was to maximize the usa- 
ble energy density, several electrodes (no. 83, 85, 95) were 
electrochemically reimpregnated after initial formation in 
order to augment  loading levels. The high theoretical 
loadings achieved were of little advantage, however, since 
reduced utilizations were observed for these electrodes. 
Working energy densities of 150-170 Ah/kg (0.27-0.35 
Ah/cm '~) were realized generally for the electrochemically 
impregnated electrodes. The inability to effect a usable 
increase in energy density by repeated electrochemical 
impregnation was due probably to the difficulty of main- 
taining proper conditions within the pores for compact 
deposition at high loading levels. 

Suspension-impregnated electrodes did not suffer this 
drawback to high loading levels. Entries to Table I indi- 
cate that a combination of high active material loading 
and good utilization could be attained. Operating energy 
densities in the range of 175-192 Ah/kg (0.24-0.325 Ah]cm '~) 
were observed in the cycling tests. Utilization of active 
material rarely failed to achieve 90% and sometimes ex- 
ceeded 100% of theoretical capacity. Table I includes sev- 
eral 2.5 mm thick electrodes, which were rapidly and 
efficiently impregnated by the suspension method. 
Thick plaques normally present a challenge for any im- 
pregnation method. Microgrinding or special precipita- 
tion techniques might be able to produce a finer Ni(OH)~ 
powder for use in the suspension. In such case, better 
filling of small pores might allow somewhat higher use- 
ful energy densities to be attained. 

Several electrodes without current collector grids were 
fabricated and tested. These are represented by entry no. 
44 of Table I and in the data of Fig. 2. The limited test (80 
cycles) yielded good utilization and verified the inherent 
integrity and electrical conductivity of the composite 
structure. This result indicates that successful composite 
electrodes might  be fabricated without a current collector 
grid. 

Table I. Test electrode parameters 

Plaque Nominal Theoretical capacity Ultimate 
Electrode a porosity (%) thickness (mm) (Ah/kg) (Ah/cm 3) utilization (%) 

83-A h 89 1.0 190 0.345 82 
85-A 85 1.0 191 0.380 83 
95-A 82 1.0 208 0.448 78 
97-A 82 1.0 205 0.410 74 

101-A 71 1.0 169 0.363 86 
44-B 83 1.0 183 0.321 95 
65-B 91 1.5 189 0.248 93 
73-B 73 2.5 193 0.256 95 
74-B 73 2.5 208 0.327 91 
70-B 73 2.5 169 0.219 113 
75-B 82 1.0 183 0.308 105 

Powder 
sinter --  0.84 86 0.323 - -  
(commerciaD 

8/81 

a Electrode dimensions: 2.4 • 4.5 cm. 
b A indicates electrochemical impregnation; B indicates for suspension impregnation. 
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Fig. 2. Active material utilization and volumetric energy density v s .  

charge-discharge cycles for suspension-impregnated electrodes. No. 
75 with current collection grid. No. 44 without current collection grid. 

Figure 2 shows the excellent life-cycle durability results 
obtained with the suspension-impregnated composite 
electrode. Electrode no. 75 yielded very constant utiliza- 
tion in excess of 100% throughout its lifetime of 800 cy- 
cles under  the aforementioned test regime. This perform- 
ance level was typical of the test electrodes with cobalt 
surface treatment, although most tests were not carried 
beyond 80-100 cycles. 

In order to provide a meaningful life-cycle base line, a 
commercial positive was tested under  substantially iden- 
tical conditions. Its capacity was determined from the 
manufacturer 's  specified cell rating. This capacity, how- 
ever, apparently underestimated its true capacity some- 
what from the observed extended discharge period. This, 
in turn, implied correspondingly lighter cycling condi- 
tions than the specified charge (C) and discharge (C/2). 
Figure 3 shows the test results. The utilization, normal- 
ized here to the maximum observed value, remained rea- 
sonably constant over most of the test period. A (gravi- 
metric) energy density of about 115 Ah/kg was achieved. 
A useful life of about 900 cycles was observed. Cycle-life 
durability is a major consideration in any secondary bat- 
tery system. Thus, the main intent ion in presenting Fig. 2 
and 3 is to show the comparability of cycle life between 
the composite electrode and a powder sintered electrode 
under  the same demanding cycling regime. 
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Fig. 3. Normalized active material utilization and volumetric energy 
density vs .  charge-discharge cycles for commercial powder sintered 
electrode. 

In conclusion, this work shows the potential for a suc- 
cessful high energy density, electrically durable, light- 
weight nickel composite electrode fabricated by a rela- 
tively simple suspension method of active material 
impregnation. 
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Electroless and Immersion Plating of Palladium on Zirconium 

Cheazone Hsu and Robert E. Buxbaum 

Department  of  Chemical Engineering, Michigan State University, East Lansing, Michigan 48824-1226 

Zirconium is an important metal which is widely used 
in nuclear and chemical industries. In  some applications, 
the zirconium surface is coated with a thin metal film to 
prevent corrosion or to change the surface properties. A 
thin coating of copper, nickel, or iron on zirconium is re- 
ported to prevent  corrosion of cladding material in nu- 
clear reactors (1, 2). Also, Dini et al. (3) studied plating 
nickel, silver, or chromium on zirconium in order to join 
zirconium to stainless steel. 

Palladium is a particularly attractive coating for zirco- 
nium. Buxbaum (4) describes the advantages of using a 
coated palladium window of zirconium for separating trit- 
ium from the breeder blanket of a fusion reactor. Also, 
Stokes and Buxbaum (5) have suggested using a palla- 
dium coating to allow the removal of H isotopes from zir- 
conium pressure tubes in CANDU-PHW reactors. 

Currently, the following metals can be plated on zirco- 
nium: Ni, Fe, Cu, Sn, Cr, and Ag. Schicker et al. (6, 7) de- 
scribe nickel and iron electrodeposition on zirconium fol- 
lowing pretreatment by mechanical descaling, alkaline 

cleaning, and chemical etching. After electrodeposition, 
the sample is baked at 200~ to prevent blistering. Kohan 
(8) describes immersion plating of nickel, copper, and t in 
on Zircaloy 2 using a pretreatment of vapor blasting, cath- 
odic alkaline cleaning, and pickling. Thicknesses up to 7 
/~m are deposited by this method. Saubestre (9) describes 
nickel and copper electroplating on zirconium using a 
cathodic pretreatment in a suitable electrolyte. Wax et al. 
(10) describe the electroplating of copper, nickel, and 
chromium on zirconium using an activation solution of 
ammonium bifluoride and sulfuric acid; and Donaghy (1, 
2) holds two patents on processes for electroplating and 
electroless plating of these same metals. Recently, Dini 
et al. (3) described electroplating nickel, silver, and chro- 
mium on zirconium, and showed that adhesion was im- 
proved by a postplating heat-treatment at 700~ in con- 
strained geometry or by mechanical treatments such as 
surface threading or knurling. 

At least two dozen formulations for palladium plating 
baths have been suggested or patented. However, no 
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technique has been published for either electroplating or 
nonelectrolytic plating palladium on zirconium. 

Experiments 
The following two palladium bath formulations were 

selected for this study. First, we used the immersion plat- 
ing solution that Johnson (11) used to plate palladium on 
copper, brass, beryllium-copper, phosphor-bronze, and 
nickel-silver. The composition was PdCI~, 5 g/liter; HC1 
(38%), 200 mYliter. The temperature was 25~ Second, we 
used the electroless palladium bath solution of Pearlstein 
and Weightman (12). The composit ion was PdCI~, 2 g/liter; 
HC1 (38%), 4 ml/liter; NH4OH (28%), 160 mYliter; NH4C1, 27 
g/liter; NaH~PO2 - H20, 10 g/liter. The temperature was 
50~ The pH was 9.8. 

The surface pretreatment was as follows. 
1. The sample, zirconium disk with surface area of 10 

cm 2, was machined from a zirconium bar of 99.8% purity. 
2. Surface grinding and polishing were used to remove 

some surface scale and oxide. 
3. Detergent washing and solvent cleaning with tri- 

chloroethylene were used to remove surface oil and 
grease. 

4. The sample was given a cathodic alkaline cleaning. 
(Composition: NaOH, 35 g/liter; Na:~PO4, 10 g/liter, pH: 12. 
Temperature: 90~ Time: 3 min. Cathodic current den- 
sity: 0.1 A/cm ~. Voltage: 4V.) 

5. The sample was given a water rinse. 
6. The sample was given an "acid pickling" (13). (Com- 

position: HNO~ 70%, 10 parts; HF 49%, 1 part; H~O, 10 
parts. Temperature: 25~ Time: 0.5 rain.) 

7. Another water rinse was given. 
8. The sample was given an activation etching. (Compo- 

sition: NH4HF2, 15 g/liter: H~SO4, 1 g/liter. Temperature: 
25~ Time: 1, 2, 3, 6, or 10 min.) 

9. A final water rinse was applied. 
10. Then, the palladium plating was applied. Immersion 

plating was tried with and without activation etching step 
in the surface pretreatment. 

Immersion Plating Results 
Because the positive potential of zirconium is higher 

than that of palladium, the palladium ions can theoreti- 
cally replace atoms of the zirconium substrate in solution 
by immersion plating. For this process, zirconium atoms 
must be simultaneously oxidized and dissolved as ions 
into the solution while palladium ions in solution deposit 
onto the zirconium substrate. We find, however, that im- 
mersion plating (using a PdC12-HC1 solution) does not 
give good results: the palladium did not coat the zirco- 
nium surface. Without the activation etching prior to im- 
mersion plating, a possible explanation is that an oxide 
film stopped the replacement reaction. Zirconium, being 
a reactive metal, quickly forms a stable film of surface 
oxide when the pickled surface is exposed to air or water. 
Although the thickness of surface oxide is less than 
0.0025 t~m (14), it may be thick enough to stop atomic re- 
placement. With activation etching in the surface pre- 
treatment, a thin film of zirconium hydride was formed 

on the surface and there was still no replacement reac- 
tion. 

Electroless Plating Results 
The surface was activated for electroless plating of pal- 

ladium on zirconium by forming an adherent, electrically 
conducting film of black zirconium hydride using a solu- 
tion containing 15 g/liter NH4HF~ and 1 g/liter H~SO4. Zir- 
conium hydride provides an improved surface for palla- 
dium deposition because it, like palladium, is a 
face-centered cubic structure (15). Activation etching 
times of 1, 2, 3, 6, and 10 rain were tested at 25~ and it 
was found that at least 3 min is necessary to form an ad- 
herent palladium deposit. About 9 tLm of zirconium was 
etched off after 3 rain of activation at 25~ 

Adhesion was determined by scratching through the 
coating with a sharp blade; the surface showed no lifting 
or peeling when viewed under a microscope. Adhesion 
was also evaluated by a heat quenching test (16): the 
sample was heated in a vacuum oven to 200~ at a rate of 
30~ and was then immersed in room temperature 
water. No flaking, peeling, or blistering was observed. An 
adherent palladium coating 5 ~m thick was achieved after 
3h plating at 50~ 
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Effect of Active Layer Composition on the Service Life of 
(Sn02 and RuO2)-Coated Ti Electrodes in Sulfuric Acid Solution 

Chiaki Iwakura and Kenji Sakamoto 
Department  of  Applied Chemistry, Faculty of  Engineering, Osaka University, Suita,  Osaka, Japan 

Although RuO2- and IrO.2-coated Ti electrodes (Ti/RuO~ 
and TYIrO2) have been known to possess high catalytic 
activity, not only for chlorine evolution, but also for oxy- 
gen evolution, they lack the stability required for practi- 

cat use as an oxygen anode, and therefore many research- 
ers have been trying to prolong their service lives by 
different means (1). In general, the addition of ca. 70 mole 
percent (m/o) TiO.2 to the RuO2 layer produces the bene~ 
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ficia] proper t ies  for chlor ine evo lu t ion  (2), bu t  the  service  
life as weI1 as catalyt ic ac t iv i ty  o f  t he  (TiO2 and RuO~)- 
coated  Ti e lec t rodes  (Ti/TiO2-RuO~) for oxygen  evo lu t ion  
decreases  m o n o t o n o u s l y  wi th  increas ing  TiO,z con ten t  (3). 
Recent ly ,  B u r k e  and McCar thy  (4) have  repor ted  that  the  
addi t ion  of 20 m/o ZrO~ to the  RuO~ layer  increased  the  
service life of  the  Ti/RuO~ e lec t rode  for oxygen  evo lu t ion  
in 6M K O H  at 80~ by a factor  of  5.3. Noguch i  et al. (5) 
have  also r epor t ed  that  the addi t ion  of  ca. 3.3 rrgo Co ox- 
ide to the  IrO2 layer increased  the  service  life of  the  
Ti/IrO~ e lec t rode  for oxygen  evo lu t ion  in 4M H2SO4 at 
60~ by a factor  of  12.5. In  both  cases, however ,  it is not  
clear w h y  such  compos i t ions  are o p t i m u m  for the  act ive  
layers. 

In this  work,  the  effect  o f  ac t ive  layer  compos i t ion  on 
the  service  life o f  (SnO~ and  RuO2)-coated Ti e lec t rodes  
(Ti]SnO2-RuO~) in sulfuric acid solut ion was inves t iga ted  
in connec t ion  wi th  the  e lec t rodes  phys icochemica l  prop- 
erties f rom a fundamen ta l  v i ewpo in t  ra ther  than  a practi-  
cal v iewpoin t .  Both  fundamen ta l  and pract ical  invest iga-  
t ions on the  Ti]SnO~-RuO~ and  re la ted e lec t rodes  are still 
active, as can be seen f rom recent  papers  (6-9), a l though  
the  idea of  the  use  of  SnO2 in RuO~-based anodes  for in- 
dustr ia l  b r ine  electrolysis  goes  back  to earl ier  pa tents  
(10-12). The  electrocatalysis  of  such  e lec t rodes  for oxygen  
and chlor ine has a l ready been  s tud ied  by Cher tykovtseva  
et al. (13) and the  p resen t  authors  (14). 

Experimental  
The tes t  e lec t rodes  (Ti/SnO2-RuO2) were  p repared  by a 

the rmal  decompos i t i on  m e t h o d  in the  fo l lowing way. 
First,  a Ti plate  (2.5 cm 2) was mechan ica l ly  pol ished wi th  
e m e r y  pape r  (~ no. 1000) and then  chemica l ly  e tched  wi th  
a boi l ing aqueous  solut ion of  0.2M oxal ic  acid for 10 min.  
Next ,  an appropr ia te  a m o u n t  of  a m ix tu r e  of  0.1M SnCl+- 
and 0.1M RuC13-20 weigh t  pe rcen t  (w/o) HC1 aqueous  solu- 
t ions was app l ied  to one side of  the  c leaned  Ti plate. It  
was dr ied  at 50~ and then  p laced  in a p rehea ted  furnace  
at 350~ for 10 min.  Such  opera t ions  were  r e p e a t e d  four  
t imes.  Finally,  the  fifth coat ing  was m a d e  and then  the  
plate was dr ied  at 50~ fol lowed by hea t ing  at 450~ for 
l h  to comple t e  the  the rmal  decompos i t ion .  The total  load- 
ing a m o u n t  of  SnO~ and RuO2 was  kep t  cons tan t  at 1 x 
10 5 moYcm 2. The  a m o u n t  of  each  meta l  ox ide  will  be im 
dicated in pa ren theses  in mole  percent .  

All the  e l ec t rochemica l  m e a s u r e m e n t s  were  done  in 
0.5M H~SO+ at 30~ by conven t iona l  means.  An  al l -Pyrex 
glass H- type  cell  wi th  Teflon s toppers  was used  as an 
electrolyt ic  cell  and a P t  shee t  as a countere lec t rode .  The 
reference  e lec t rode  used  was a m e r c u r y  (I) sulfate elec- 
t rode (Hg/Hg=,SO4, 0.5M H2SO4). 

The  o ther  expe r imen t a l  p rocedures  and condi t ions  will  
be g iven  in the  n e x t  sect ion w h e n  necessary.  
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Fig. 2+ Plot of se+ice life against RuO+ content for Ti/SnO2-RuO2 
electrodes. 

Results and Discussion 
The accelera ted  life tests of the  Ti/SnO~-RuO2 elec- 

t rodes  wi th  di f ferent  RuO~ conten ts  were  carr ied out  by 
anodizat ion at 500 m A / c m  ~. Typica l  potent ia l - t ime curves  
are shown in Fig. 1. In  any case, the  potent ia l  remains  al- 
most  u n c h a n g e d  for a certain t ime  and then  increases  rap- 
idly. Hereinafter ,  the  service  life will  be  def ined as the  
t ime  of  opera t ion  before  the anode  potent ia l  increases  
significantly,  say 5V vs.  Hg/Hg~SO4 (iR included).  F igure  
2 shows the  plot  of  service life against  RuO2 content .  I t  is 
clear that  the  se rv ice  life vs.  RuO~ con ten t  p lot  has a max-  
i m u m  at a round  30 m/o RuO~. This  h a p p e n e d  to co inc ide  
in Sn /Ru  ratio wi th  the  repor ted  Sn-Ru  binary alloys, i.e., 
Ru3SnT, RuSn~, and Ru2Sn3 (15). The  service  life of  the  
Ti/SnO2(70)-RuO2(30) e lec t rode  is longer  than that  of  the  
Ti/RuO2 e lec t rode  by a factor of  4.5-5. This is in a m a r k e d  
contrast  to the  resul t  ob ta ined  wi th  a series of  Ti/TiO~- 
RuO2 e lec t rodes  for oxygen  evo lu t ion  (3). 

The anodic  polar izat ion curves  of some  Ti/SnO~-RuO2 
elect rodes  are shown in Fig. 3. All the  e lect rodes  shown,  
excep t  for the  Ti/SnO2(90)-RuO2(10) electrode,  have  the  
dual Tafel s lopes of  0.06 and 0.12 V/decade,  sugges t ing  
that  the  m e c h a n i s m  of the  oxygen  evo lu t ion  react ion is 
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(a), Ti/SnO2(70)-Ru02(30) (b), Ti/SnO2(SO)-RuOz(50) 
Ti/SnO2(30)-Ru02(70) (d), and Ti/Ru02 (e) electrodes. 
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Fig. 3. Galvanostatic polarization curves of Ti/SnO2(90)-Ru02(lO) 
Cc), 
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unchanged. Furthermore,  the current-potential curves of 
these electrodes can almost completely be superposed 
upon each other when they are replotted on the basis of 
the current density per given amount of RuO~ (e.g., 1 • 
10-5 moYcm0. This indicates that the active center for the 
oxygen evolution reaction is on the Ru sites, which is in 
agreement with the view reported previously (14). 

Figure 4 shows SEM microphotographs of the surfaces 
of the Ti]RuO2 and Ti/SnO2(70)-RuO~(30) electrodes. Evi- 
dently, the surface of the latter electrode is much more 
smooth and compact, with smaller cracks and pores than 
those of the former electrode. Thus, the result of Fig. 2 
cannot be explained simply on the basis of an increase of 
effective surface area in the usual way (8). The increased 
smoothness and compactness of the electrode surface are 
considered to lead to the prolonged service life because 
they depress the penetration of electrolyte through cracks 
or pores in the active layer and thereby the formation of a 
resistive TiO2 film on the Ti substrate (3). 

The coloring of the solution straw-yellow during the life 
tests indicates clearly the occurrence of the anodic disso- 
lution of the active layer, which can also lead to the for- 
mation of a resistive TiO~ film on the Ti substrate (3). So, 
the dissolution rate of the active layer during anodization 
was determined by fluorescent x-ray analysis for both 
the Ti/RuO2 and Ti/SnO2(70)-RuO2(30) electrodes. Many 
test electrodes were used in the measurements, so that 
one electrode corresponds to each point in Fig. 5 as well 
as in Fig. 2. Figure 5 shows the variation of the normal- 
ized residual amounts of Ru and Sn species with the 
anodization time. In either case, the Ru species dissolve 
fast at the first stage, quite slowly in the middle period, 
and again rapidly at the final stage. From a detailed com- 
parison of these data with the data shown in Fig. 1, one 
can notice that the potential change is almost paralleled 
by the dissolution of Rug2. In addition, the charges, de- 
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Fig. 6. X-ray diffraction patterns of SnO2(70)-RuO.2(30) mixed pow- 
ders (a), Ti/Sn02 (b), Ti/SnO2(90)-Ru02(10) (c), Ti/SnO2(70)- 
Ru02(30) (d), Ti/SnO2(50)-Ru02(50) (e), and Ti/RuO~ (f) electrodes. 

28,5 

v 

28 ,0  

27 ,5  

27,0 

( 
26.5 

RuO 2 

OoO%  o 

00000 

SnO 2 

t | I I 

20 qO 60 80 lO0 

RuO 2 content (mol 2) 

Fig. 7. Plot of x-ray diffraction angle against Ru02 content for 
Ti/SnO~-RuO~ electrodes. 

Fig. 4. Microphotographs taken by SEM of the surfaces of Ti/RuO~ 
(a) and Ti/SnO2(70)-RuO~(30) (b) electrodes. 
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Fig. 5. Variation of normalized residual amounts of Ru (circle) and 
Sn (square) species with anodization time for Ti/Ru02 (a) and 
Ti/SnO~(70)-Ru02(30) (b) electrodes. 

termined by cyclic vol tammetry between 0.1 and 0.3V vs. 
Hg/I-Ig2SO4, was also found to change correspondingly 
with the anodization time; i.e., it increased and decreased 
at the first and final stages, respectively. Though the rea- 
son why a period of constancy in overpotential, as well as 
charges, with no dissolution exists is unclear at the pres- 
ent stage, it is evident from Fig. 5 that the Rug2 dissolu- 
tion is depressed to a great extent  by the coexistence of 
SnO~ and RuO~ and that not only RuO~ but also SnO2 dis- 
solve anodically, as was already confirmed by means of 
SIMS (14). Besides these facts, it is worth noting that both 
RuO~ and SnO~ dissolve almost in the same manner, sug- 
gesting the interaction between them. 

The x-ray diffraction measurement  was carried out for 
different electrode samples under the following condi- 
tions: a counterelectrode of Cu; tube voltage of 30 kV; 
tube current of 10 mA, time constant of 4s, scan rate of 
0.5~ and a slit width of 0.3 mm. Figure 6 shows 
the x-ray diffraction patterns of some Ti]SnO2-RuO.~ elec- 
trodes together with the mixed powders of SnO~(70) and 
RuO~(30). In this figure, only the patterns for each main 
peak in a (110) plane are shown since the patterns for the 
subpeaks in the other planes such as (101) and (211) were 
quite similar to those for the main peaks. As shown typi- 
cally for the TYSnO2(50)-RuO2(50) electrode, the peaks of 
the electrodes with relatively high RuO~ contents coin- 
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In conclusion, the service life of the Ti/RuO2 electrode 
can be prolonged by the presence of SnO~ in the active 
layer with the opt imal  composit ion of around 70 m/o SnO2 
and 30 m/o RuO2. This is probably  due to the formation of 
a new crystall ine but  somewhat  disordered RuSn20~, 
which leads to the depression of the anodic dissolution of 
the active layer, in addi t ion to the increased smoothness 
and compactness  of the active layer. 
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Fig. 8. Probable triple-rutile structure of RuSn~O~. Small filled cir- 
cles: Ru. Large filled circles: Sn. Open circles: O. 

cided in diffraction angle with the peak of the TYRuO2 
electrode though they were somewhat  broader,  probably 
because of the replacement  of Ru site by Sn species with- 
out change of the RuO~ crystal structure. However, the 
TYSnO2(70)-RuO~(30) electrode exhibits  a specific diffrac- 
tion peak which lies between the two peaks of SnO2 and 
RuO2. The change of the diffraction angle of the main 
peak with the composi t ion is more clearly shown in Fig. 
7. No diffraction peak was observed for the TYSnO2(95)- 
RUO2(5) electrode, indicating the destruct ion of the SnO2 
crystal structure. The alternative broad diffraction peaks 
appeared at the Ti/SnO2(90)-RuO~(10) electrode, and they 
became sharp gradually with increasing RuO2 content  up 
to 30 m/o. These suggest strongly that  a new, somewhat  
distorted, crystall ine structure, probably  RuSn206, is 
formed at the electrode with the composi t ion of around 
SnO2(70)-RuO2(30) during the electrode preparation. From 
the analogy to triple-rutile structure of mossite FeNb~O6 
(16), the new crystal may be represented by the structure 
shown in Fig. 8, though further detailed studies are 
necessary. 
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Perfluorinated alkane sulfonic acids have been receiv- 
ing attention in the last few years as potential fuel cell 
electrolytes (1, 2). However, except  for trifluoromethane 
sulfonic acid, acids of this class are not widely available, 
particularly the multifunctional compounds. Conse- 
quently, progress in the evaluation of the electrolyte 
properties of these acids has been impeded. Effective 
methods for the synthesis of attractive perfluorinated 
sulfonic acids are therefore needed which can generate 
appreciable quantities of these acids in a highly pure 
fQrm. 

Synthetic routes based on electrochemical fluorination 
(ECF) (3-7) in anhydrous hydrogen fluoride (AHF) are at- 
tractive for the preparation of perfluoroalkane sulfonic 
acids. Although the fluorination of alkane sulfonic acids 
cannot be carried out directly by ECF (3), Brice and Trott 
(8) and Gramstad and Haszeldine (9) showed that alkane 
sulfonyl halides (chlorides and fluorides) could be suc- 
cessfully fluorinated by this method to give perfluoroal- 
kane sulfonyl fluoride products in fairly high yields. The 
perfluorinated sulfonyl fluoride products were con- 
verted to the corresponding acid salt by alkaline hydroly- 
sis, the free acid then being obtained either by distillation 
from a solution of concentrated sulfuric acid and sulfonic 
acid salt, or by ion exchanging solutions of the salt (10). 

In this paper, the electrochemical fluorination of 
methanedisulfonyl fluoride, HzC(SO~F)2, to produce di- 
fluoromethanedisulfonyl fluoride, F2C(SO~F)~, in high 
yields is described, along with the conversion of the latter 
compound to the disulfonic acid form. The formation of 
F2C(SO~F).2 from H2C(SO2F)~ via ECF has been reported 
previously (11). Methanedisulfonyl fluoride was selected 
as a substrate for ECF rather than the corresponding di- 
sulfonyl chloride since it has been established (9) that 
substrates containing the -SO2F group rather than the 
-SO2C1 group give higher yields of the perfluoroalkane 
sulfonyl fluoride compounds. Also, in the case of sub- 
strates containing a high ratio of -SO2C1 groups to C-H 
bonds there is the possibility of formation of undesirable 
C-C1 bonds in the course of electrolysis. 

Experimental 
The methanedisulfonyl fluoride reactant used in the 

electrochemical fluorination reaction was synthesized via 
a two-step process. In the first step, methanedisulfonyl 
chloride, H2C(SO~C1)~, was synthesized by a reaction 
involving acetic acid (Fisher, Reagent), chlorosulfonic 
acid (Pfaltz and Bauer, 99%), and phosphorous oxychlo- 
ride (Fisher, Purified) as described by Fild and Rieck 
(12). In the second step, the H~C(SO~C1)2 was converted to 
H2C(SO.2F)~ by the action of potassium bitiuoride 
(Harshaw, 97%) in acetonitrile (Fisher, 99%). Following re- 
moval of the precipitated KC1 product by filtration, the 
H~C(SO2F)~ was recovered by vacuum distillation. Typi- 
cally, chemical yields of 70-75% were obtained by each of 
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these two reactions. Elemental  analysis and proton and 
fluorine NMR confirmed the identification of 
H~C(SO2F)2. This material was purified by further vac- 
uum distillation, and its purity was found to be in excess 
of 98% by gas chromatography. The major impurities in 
the H2C(SO~F)2 were H~C(SO2C1).2 and H2C(SO2C1)SO2F. 

The electrochemical fluorination reaction was con- 
ducted in a Simon-type reactor (3) with a volume of 500 
ml. The details of the cell design and support system have 
been reported previously (13). In a typical experiment, the 
reactor temperature was maintained at 10 ~ • I~ with the 
condenser kept at -50  ~ to -60~ A 20 mYmin flow rate of 
nitrogen was maintained throughout the experiment  in  
order to sweep away hazardous gaseous products. Typi- 
cally, 450 ml of anhydrous hydrogen fluoride (AHF) was 
added directly to the cell and purified by pre-electrolysis 
at a constant cell voltage at 5.5V until the current decayed 
to a constant base-line value of -0.2 A/din 2. The purpose 
of this pre-electrolysis step, which was typically con- 
ducted for 12-18h, was to form the anodic nickel fluoride 
film and remove any water present in the AHF. 

After the pre-electrolysis of the AHF, approximately 
30g of H2C(SO2F)2 was added to the cell, bringing the 
reactant concentration to 5% by weight. The cell was op- 
erated at a constant cell voltage of 5.5V with an average 
current density of -0.5 A/dm 2. The electrolysis current re- 
mained relatively constant as long as the reactant was 
present and rapidly decayed when the last amount of 
reactant was consumed. New reactant was then added 
when the current decayed to the base-line value. A typical 
run duration was 150h. The fluorination product formed 
a separate heavy phase, which could be observed along 
with some solid corrosion products, at the bottom of the 
reactor when the agitation was turned off. A greenish- 
white corrosion product, presumably nickel difluoride 
(9), could also be observed loosely coating the anodes. 

One of the methods employed for carrying out salt-to- 
acid conversions in the present work was electrodialysis. 
A three-compartment PTFE cell was employed which 
used Nation 117 membranes as separators. The Nation 
membranes (proton version, 1100 eq weight, 0.007 in. 
thick) were cleaned in hot water, which was frequently 
changed, for at least two weeks prior to use. A solution of 
the sulfonate salt, F2C(SO3Li)2 rather than the Ba salt, was 
placed in the central compartment.  Solutions of LiOH 
(0.5M) and trifluoromethane sulfonic acid (1.0M) were 
placed in the cathode and anode compartments,  respec- 
tively. Plat inum gauze was used for the anode and cath- 
ode. Current densities of 10 A/din 2 with respect to the 
Nation membranes  were employed. In view of the rather 
high electric fields present across the membrane at such 
high current densities, diffusion of the bulky F3CSO:~- ion 
from the anode compartment  should be negligible. Simi- 
larly, back-diffusion of Li ~ ion from the cathode compart- 
ment should also be minimal. 

Results and Discussion 
At the completion of the electrolysis experiment,  the 

cell and cell condenser were warmed to room tempera- 
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ture. To facilitate recovery of volatile products from the 
cell, which included the F2C(SO~F)2, a cold trap consisting 
of coiled Monel tubing immersed in a Dry Ice/isopropanol 
mixture (temperature - -73~ was incorporated in the 
outlet gas stream from the condenser. HF and product 
material were simultaneously carried over from the 
warmed cell and condenser in a stream of N2 gas and 
were collected in a flask of ice water placed at the outlet 
of the cold trap. The HF dissolved in the water, while the 
F2C(SO2F)2 product was insoluble, forming a second, 
transparent layer at the bottom of the flask. Only a trace 
quantity of organic material remained with the corrosion 
products in the cell. The product recovered in the ice 
water trap was separated from the aqueous phase and 
washed further with water to remove traces of HF. No 
traces of color were exhibited by this product at any time. 

Fractional distillation of the ECF product initiated at 
56.5~ and rose rapidly to a steady temperature of 57.2~ 
A 250 ml round-bottom glass distillation flask was em- 
ployed and operated at ambient pressure. In order to 
avoid any introduction of contaminants, no stopcock 
grease was used for the glass joints. Thermometers with 
ground glass joints were placed in both the still flask and 
at the entrance of the condenser. Only the product recov- 
ered at 57.2~ was employed for the conversion to 
F2C(SO:~H)2. Fluorine NMR confirmed the structure of 
F~C(SOeF)2 showing two triplets, one centered at -36.6 
ppm relative to CFCI:~ and the other at 96.8 ppm. Proton 
NMR confirmed the absence of C-H bonds in the prod- 
uct, indicating the maximum C-H material presented was 
less than 5%. 

The chemical yield of the ECF step was approximately 
70%, with a product-recovered-based current efficiency 
averaging 44%. 

Preparation of F2C(SO:~I).2 from F~C(SO2F).2.--Various 
methods were explored for converting F2C(SO2F)2 to the 
acid form. In general, perfluorinated alkane sulfonyl 
fluorides are readily hydro]yzed under alkaline condi- 
tions only (9). The hydrolysis of F2C(SO2F)~ was found to 
be .most effectively carried out using concentrated aque- 
ous solutions of either Ba(OH)~ or LiOH since the rela- 
tively insoluble fluoride salt by-products, BaF2 and LiF, 
respectively, could be separated from the hydrolysis mix- 
tures by filtration. The stoichiometric equation for  the 
Ba(OH)2 hydrolysis reaction, for example, may be written 
as follows 

F~C(SO2F)~ + 2Ba(OH)2 = F~C(SO:~)~Ba + BaF~ + 2H~O 
[1] 

The hydrolysis reactions were conducted at room temper- 
ature over periods of 1-2 days. In this step, the F._,C(SO=,F)2 
was added in a batchwise manner to the alkali solutions 
in FEP  bottles. The additions were carried out in such a 
manner that the reaction temperature did not exceed 
35~ A slight excess of alkali was employed in order to 
insure complete conversion of sulfonyl fluoride func- 
tional groups to sulfonate groups. At the completion of 
the reaction, the insoluble fluoride salts were removed 
by filtration. The Ba or Li disulfonic acid salts were re- 
covered from the filtrate after removal of the water using 
an aspirator. 

Sulfate anion was detected in the hydrolysis solutions 
utilizing LiOH as the hydrolyzing base. The odor of sulfur 
dioxide from the hydrolysis solutions has also been de- 
tected at the completion of the hydrolysis reaction. The 
sulfate was removed as BaSO~ by the addition of barium 
hydroxide. The amount  of sulfate formed during the hy- 
drolysis reaction has been found to be 0.001-0.002 mol per 
mole of F.~C(SO~F)~. Sulfate was not present in the original 
F~C(SO2F)~ and only to a very minor extent  as an impurity 
in the LiOH. The sulfate is evidently generated by hydrol- 
ysis of the F~C(SO:~-)~ anion. 

Fabes and Swaddl (14) have reported that F:~CSQ- 
oxidatively hydrolyzes quantitatively in alkaline solutions 
at 297~ and suggested the following equation for the 
process 

F3CSO3- + 6 OH-  = 3F-  + SO~ + CO~ + H2 + 2H20 [2] 

Perhaps a process similar to reaction [2] leads to the insta- 
bility of the difluoromethane disulfonate even though 
the temperature did not exceed 35~ A more likely pro- 
cess, however, is the oxidation of the disulfonate in alka- 
line solution by O~ from the air. The disulfonate may be 
more susceptable to oxidative hydrolysis than the mono- 
sulfonate because the presence of two -SO~-  groups on 
one carbon leads to lower stability. 

Various methods were explored for converting the 
disulfonic acid salts to the acid form, principally ion ex- 
change and e]ectrodialysis. A disadvantage of the electro- 
dialysis method is the relatively long periods required 
(several days) to reduce the Li ~ content to very low levels 
(e.g., 2-3%) in the disuifonic acid material. Furthermore, 
despite extensive cleaning of the Nation 117 membranes 
employed in the cell, cyclic vol tammograms of smooth Pt 
electrodes recorded in F2C(SO~H)2 solutions (e.g., 1.0M) 
prepared by this method indicated the presence of impu- 
rities, particularly in the hydrogen adsorptiorgdesorption 
region. These impurities were also found to interfere se- 
verely with rotating ring-disk electrode measurements of 
O~ reduction in these electrolytes. These impurities were 
not removed by pre-electrolysis methods or by treatment 
with hydrogen peroxide. Since the F2C(SO~F)~ was highly 
purified prior to hydrolysis by multiple fractional distil- 
lations, it seems likely that a major portion of these impu- 
rities were generated during the fur ther  hydrolysis of 
F2C(SO:~-)2. The F~C(SO3Li)2 salt cannot be purified read- 
ily by recrystallization from aqueous solutions prior to be- 
ing submitted to electrodialysis owing to its extremely 
high solubility. In general, the most effective method for 
purifying the newly prepared F2C(SO:~H)~ was found to be 
distillation of its dihydrate under reduced pressure (-0.3 
torr air). Distillation also served to remove traces of salt 
remaining after electrodialysis. 

Ion exchange was also investigated as a convenient 
method for converting F2C(SO:~Li)~ to the acid form. 
Amberlite IR 120 resin was employed after being washed 
extensively with ultrapure water. The ion exchange resin 
did not appear to degrade while it was in contact with the 
disulfonic acid, and essentially quantitative conversion of 
the salt to the acid was achieved. The disulfonic acid pre- 
pared by ion exchange was also subsequently purified by 
vacuum distillation of its dihydrate, and its composition 
was confirmed by elemental analysis. In the case of 
perfluoroalkane sulfonic acid salts, which can  be 
purified by recrystallization, e.g., the potassium salts of 
tetrafluoroethane-l,2- and hexafluoropropane-l,3-disul- 
fonic acids, the method of electrodialysis would be one of 
the methods which should produce purer acid than ion 
exchange methods (15), since the resin is a potential 
source of organic impurities. 

Voltammetry of platinum.--Linear potential sweep 
voltammetry of smooth Pt  in a N2 (Matheson, 99.9995%) 
saturated solution provides a convenient  qualitative 
check of electrolyte purity. Cyclic voltammograms of 
0.5M F2C(SO.~H)2 and 1.0M H:~PO4 are shown in Fig. 1. The 
disulfonic acid was pllrified by twice distilling the 
dihydrate under reduce pressure, while the phosphoric 
acid was carefully purified as described elsewhere (16). 
The vol tammogram of the F~C(SO:~H)2 exhibits reasonably 
well-defined hydrogen and oxide film regions. The mi- 
nor peak present at -0.75V vs. RHE (1 atm) in the anodic 
sweep increases slightly with sweep rate and b'ecomes 
less pronounced at lower concentrations. It is probably an 
impurity peak. Overall, however, the vol tammogram of 
F2C(SO:~H)2 indicates that this acid is reasonably pure. 

There are some differences between the hydrogen and 
oxide regions of the voltammetric profiles of Pt recorded 
in the 0.5M F._,C(SQH)2 and H:~PO4 electrolytes. The onset 
of oxide formation in the anodic sweep occurs at -70  mV 
more negative in the case of the sulfonic acid electrolyte 
relative to phosphoric acid. This is an indication of 
weaker adsorption on Pt by the sulfonic acid electrolyte 
relative to phosphoric acid. Also, as observed in the case 
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Fig. 1. Voltammograms of platinum in purified O.SM F2C(SO3H)2 
(solid line) 1.0M H3PO 4 (dashed line) at 25~ N~ saturated, sweep 
rate = 2S mV/s. 

of weakly adsorbing acids (17), e.g., HCIO,, the peak cur- 
rent for the strongly adsorbed form of hydrogen on Pt at 
ca. 0.25V is lower for the F~C(SO:~H)2 than for the H:~PO4. 
The absence of significant adsorption behavior on elec- 
trode surfaces such as platinum is a desirable property for 
acid fuel cell electrolytes. 

Conclusions and Future Works 
Electrochemical fluorination of methanedisulfonyl 

fluoride in AHF is a viable route for the production of 
difluoromethanedisulfonyl fluoride. High yields are ob- 
tained by this method, and it is anticipated that a variety 
of other perfluoroalkane sulfonyl fluorides may be pre- 
pared in this manner. We have recently constructed a new 
electrochemical reactor system with a three-electrode 
configuration, improved agitation, and a more uniform 
current density distribution. We believe these improve- 
ments will increase the yield and permit use of higher 
current densities. 

The physicochemica] properties of F~C(SO~H)2, e.g., 
conductivity and vapor pressure, are being characterized. 
The dihydrate does not wet Teflon above its melting 
point (-70~ Studies of 02 electroreduction on platinum 
using rotating ring-disk and gas-diffusion electrode tech- 

niques are also in progress and will be reported. The sta- 
bility of F.,C(SO:~H)~ will also be checked, particularly at 
elevated temperatures. 
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p-Benzoquinone has been studied extensively photo- 
chemically and/or electrochemically due to its importance 
as an electron acceptor in many chemical as well as bio- 
logical reactions. It is generally recognized to undergo an 
electrochemical-chemical-electrochemical (ECE) reaction 
when reduced in nonaqueous media (1-6), i.e. 

BQ + e -  --* BQg  [1] 

BQ;- + H ~ -~ BQHo [2] 

B Q H g  + e -  ---> B Q H -  [3] 

B Q H -  + H ~ --* BQH~ [4] 

* Electrochemical Society Student Member. 
** Electrochemical Society Active Member. 

where BQ represents p-benzoquinone. Rates of chemical 
steps, i.e., reactions [2] and [4] have not been reported in 
nonaqueous solutions, but are slow enough for a nearly 
complete reoxidation peak for the anion radical to be ob- 
served on cyclic voltammetric scales. The apparent decay 
rate of B Q ,  was reported by Fukuzumi et al. (7) to be 5.7 
• 10 -3 rain -1 in neutral water at room temperature with 
first-order kinetics. The second-order disproportionation 
rate of BQg, i.e. 

2BQ~- + 2H + --~ BQ + BQH2 

is, however, reported to be 1.7 • 108 and 1.1 • 109 M-l-s -~ 
at pH = 7.2 and 2, respectively, in water by Adams and 
Michael (8). This disparity indicates the complexity of the 
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chemistry of p-benzoquinone anion_radicals. We believed 
that a half-life of  about 2h for BQ* in water as reported 
by Fujuzumi et al. (7) was excessively long. 

Spectra of intermediate species including B Q .  and 
BQH* have been studied using either pulse radiolysis 
(8-12) or by oxidation of hydroquinone (BQH.~) with solid 
oxidants such as MnO~ in water (7). The medium was ei- 
ther water (pure or buffered) or a water-isopropylalcohol 
(up to 3M) mixture. These media are often saturated with 
N~O to scavenge radical species produced upon pulse 
radiolysis, which may lead to some unknown side reac- 
tions. Iso-propylalcohol was used to remove any interme- 
diate radical species other than OH*. Attempts at record- 
ing transient spectra in situ in an electrochemical cell 
under well-controlled conditions have been made (5, 6), 
but to the best of our knowledge no such spectra have 
been recorded using spectroelectrochemical methods 
with controlled amounts of proton donors. 

In this communication,  we report the spectra of inter- 
mediate species electrogenerated in dimethylsulfoxide 
(DMSO) solution using near-normal incidence reflect- 
ance spectroelectrochemistry (NMIRS). We believe we re- 
corded spectra for all the intermediate species, i.e., BQg, 
BQH*, and BQH-.  

Eastman Organic's reagent-grade p-benzoquinone was 
used after recrystallization from water. Mallinckrodt's 
reagent-grade DMSO was used after fractional distillation 
with a reflux ratio of 5:1 under the reduced pressure. 
Tetra-n-butylammonium perchlorate (TBAP; Southwest- 
ern Analytfcal, Incorporated, Austin, Texas) was used as a 
supporting electrolyte after drying for 24h at about 100~ 
The spectra were recorded at a reflective platinum disk 
electrode (Sargent Welch S-30101-20A) using a bifurcated 
optical fiber probe. The spectroelectrochemical system 
was controlled by an Apple II+ microcomputer.  Details 
of the instrumentation are described elsewhere (13). Cy- 
clic vol tammograms were recorded with a Princeton Ap- 
plied Research (PAR) Model 173 potentiostat-galvanostat 
along with a PAR Model 175 universal programmer. 

Cyclic vol tammograms (CV's) shown in Fig. 1 indicate 
that the anion radical produced upon negative potential 
sweep is very stable. When water is added to this electro- 
chemical system, practically the same reversible CV is ob- 
tained with a prewave due to the enhanced adsorption at 
the electrode surface. The adsorbed species is stripped off 
with one scan, leaving the following electron transfer 
practically reversible (Fig. lb). This illustrates that the 
electrogenerated anion radical is fairly stable, even at a 
reasonably high concentration of the proton donor. Simi- 
larly, one can conclude from the CV's shown that the rate 
of protonation is fairly slow even in solutions containing 
water. 

The spectrum of the anion radical, BQ~, recorded 
after 11 rain of electrolysis in "dry" DMSO, is shown in 
Fig. 2a. This spectrum was recorded while electrolysis 
was proceeding�9 To compensate the amount  of the B Q .  
building up in the probe path, the wavelengths were 
scanned up and down, and the average value of the two 
was used. The data acquisition t ime was approximately 5 
min. 

The spectrum shown in Fig. 2a has exactly the same 
features as in those recorded in water (7-12), except  that 
the absorption bands are red shifted by about 30 nm in 
DMSO. We believe that the spectral blue shift observed in 
the aqueous medium is due to the hydrogen bonding to 
the benzoquinone carbonyl groups, as was observed in 
the 9,10-anthraquinone system (14). To confirm this, we 
ran an exper iment  in water with 0.20M NaC104 as a sup- 
porting electrolyte; exactly the same spectrum as shown 
in Fig. 2a was observed. The spectrum in water, however, 
showed about 32 nm of blue shifts. F~rthermore, the an- 
ion radical was reasonably stable. To our surprise, the an- 
ion radical spectra were observed even after more than 30 
min after its generation by controlled potential electroly- 
sis. The absorption maxima are believed to arise from the 
~r-~r* transition, and spectral features are due to the C--O 
stretching vibration in the excited state (15). 
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Fig. la: Cyclic voltammogrom (CV) recorded in a solution containing 

1.87 mM p-benzoquinone and 0.10M TBAP in "dry" DMSO. b: CV re- 
corded in a solution containing 1.21 mM p-benzoquinone, 0.10M TBAP, 
and 10.0% H~O in DMSO. The reference electrode was a Ag wire, and 
the scan rate was 100 mV/s for both experiments�9 

When further electrolysis is performed under the same 
condition, the spectrum shown in Fig. 2b is obtained. One 
can notice in this spectrum that the absorption bands at 
427 nm and at about 670 nm are growing. This effect is 
more pronounced when the electrolysis is carried o u t i n  
DMSO containing 10.0% H20 even at a much shorter elec- 
trolysis time. Note also that the spectral bands show 4 - 5 
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Fig. 2a: Absorption spectrum recorded after 11 min of electrolysis for 

the solution containing 1.87 mM p-benzoquinone at - 0 . 6 8 V  vs. Ag wire 
electrode, b: Absorption spectrum recorded after 36 min of electrolysis 
for the same solution as in a. c: Absorption spectrum recorded after 3 min 
of electrolysis for the solution containing 1.21 mM p-benzoquinone and 
10.0% H20 at -0 .62V .  
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Fig. 3a: Difference spectrum obtained from those shown in Fig. 2b and 
2a. b: Difference spectrum obtained from the solution containing 1.21 
mM p-benzoquinone and 10.0% H20 for electrolysis times of 8 and 19 
min, respectively, c: Spectrum recorded with the circuit open after 30 
min of electrolysis for the solution used in Fig. 3b. 

nm blue shifts in Fig. 2c compared to those shown in Fig. 
2a due to the addition of water. When the difference be- 
tween the spectra shown in Fig. 2b and 2a is taken, a 
spectrum shown  in Fig. 3a is obtained. The same spectra 
as in Fig. 3a are also obtained when differences are calcu- 
lated from those shown in Fig, 2c and 2a. This indicates 
that the process producing a species responsible for the 
spectrum in Fig. 3a is facilitated by the presence of water. 
Note that this process is already occurring in "dry" 
DMSO but the rate is much slower�9 Thus, we attribute the 
spectrum in Fig. 3a to the free radical generated upon 
protonation of the anion radical, which is formed at the 
top of the diffusion layer. We believe that the broad band 
at about 670 nm is perhaps also from the free radical. For 
several spectra that we obtained, almost constant ratios of 
the absorbance at 410 nm to that at 670 nm were ob- 
served, indicating that both absorption peaks came from 
the same source. One may speculate, however, that the 
absorption band at 670 nm may have resulted from the in- 
termediate dimer formed from the free radical. The pres- 
ence of such a dimer was speculated by Eggins and 
Chambers from their cyclic voltammetric studies (5). 

The absorption spectrum of the free radical, BQH- ,  
was reported by Adams and Michael (8). They produced 
this species by generating anion radicals in water of pH = 
2.0. The assumption was that anion radicals produced 
protonate quickly to produce free radicals at low pH's. 
The spectrum recorded at pH = 2.0 had similar spectral 
features to the one recorded at a neutral pH, but had its 
absorption max imum at about 410 nm. In our spectrum, 
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the blue shift of the free radical with respect to that of the 
anion radical is more extensive than in Adams and Mi- 
chael's observation. This could perhaps be due to the 
solvent/supporting electrolyte effects. The transition of 
the benzoquinone anion radical should be affected by the 
solvent polarity more than that of the free radical, which 
does not carry any charges on it. 

Also noticed in this spectrum (Fig. 3a) is the presence of 
an absorption band at about 500 nm. This band grows 
significantly enough to give a band broadening as shown 
in Fig, 3b, when the water conten t  becomes high. When 
the electrical circuit is open, we notice that the absorption 
peak at about 500 nm grows at the expense of the one at 
410 nm, as shown in Fig. 3c. Eventually, all the transient 
absorption peaks disappear, and the final solution is 
dominated by the absorption peaks attributable to the 
final product, hydroquinone (BQH2). Of course, this hap- 
pens only when the exhaustive electrolysis is performed. 
This series of spectroscopic observations indicate that 
there are no final products detectable other than hydro- 
quinone. Thus, we believe that the absorption band ob- 
served at about 500 nm is due to the protonated anion 
(BQH-) in reaction [3]. An attempt to obtain the spectrum 
of BQH-  by deprotonating BQH2 in strong alkaline me- 
dium was not successful; the deprotonation reaction was 
accompanied by the oxidation of BQH2 as well. Although 
the spectra of intermediate species were assigned mostly 
from the sequence of reactions summarized by [1]-[4]_, 
they are in good agreement with those reported for B Q .  
and B Q H .  obtained under quite different experimental  
conditions. The spectrum for B Q H -  has not been re- 
ported to the best of our knowledge. 

We conclude from the current spectroelectrochemical 
study that we observed transient spectra corresponding 
to the anion radical (BQ~-), protonated free radical 
(BQH.),  and protonated anion (BQH-) species. Surpris- 
ingly, as already pointed out, the electrogenerated B Q .  is 
reasonably stable even in neutral water as was originally 
observed by Fukuzumi et al. (7). Perhaps the 
benzoquinone anion radical generated by pulse radiolysis 
(8-12) may not be stable due to the host of other reactive 
intermediate species produced along with the desired 
product. Particles of very high energies are employed in 
pulse radiolysis. Further work on the solvent effect on the 
spectra, effect of water, and the rate of decay of each in- 
termediate species is in progress in our laboratory. 

Manuscript submitted March 11, 1985; revised manu- 
script received May 8, 1985. 
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Investigation of Photoelectrode Redox Polymer Junctions 
Ronald L. Cook* and Anthony F. Sammells* 

Eltron Research, Incorporated, Aurora, Illinois 60505 

There are several incentives for the characterization of 
semiconductor junctions with redox containing solid 
polymer electrolytes (SPE). An understanding of such 
junctions can be expected to have important implications 
on the design of solid-state photoelectrochemically re- 
chargeable galvanic devices possessing charge capacity. 
In addition, the presence of polymer-incorporated redox 
species in close proximity to the semiconductor surface 
may act as an antenna probe for measuring perturbations 
in interbandgap surface states when the junction is ex- 
posed t ~ selected chemical species. 

We have previously shown the viability of such junc- 
tions for the storage of photogenerated electrochemical 
energy (1, 2). Here, solid-state cells based upon both 
poly(ethylene oxide) and Nation ~ as SPE's  have been 
shown to be potentially attractive for energy storage. A 
recent example discussed by us is the two photoelectrode 
cell 

p/InP/Fe ~ porphine/Nafion ll7/Ru ~* (bpy)~/n-CdS 

which has been shown to generate photopotentials in ex- 
cess of IV upon simultaneous AMI illumination of both 
photoelectrodes, using the above electrochemically re- 
versible redox couples (2). In addition, semiconductor 
films deposited onto appropriate substrates have been 
found promising, via the use of impedance techniques, 
for the detection of gases such as CO (3-5). 

For electrochemical energy storage, the redox polymer 
phase should, in principal, possess the following proper- 
ties: (i) the redox species must be fixed into a relatively 
immobile polymer site so that any selfldiffusion resulting 
in spontaneous self-discharge would be eliminated; (ii) 
the immobilized redox species must retain some electro- 
chemical reversibility; and (iii) an excess concentration of 
mobile conducting species should be present in the vicin- 
ity of the redox couple, over and above that normally nec- 
essary for ionic conduction, to preserve electroneutrality 
in the proximity of the immobilized redox species during 
redox electrochemistry. The perfluorinated cation ex- 
change material Nation was selected as a candidate SPE 
material whose properties may address these criteria (6-9). 

Photoelectrochemical (PEC) cells using n-CdS as a 
photoanode and Nation 117 as the SPE were prepared 
and doped with a variety of transition metal complexes of 
varying redox potentials and overall molecular charge 
(+2, 0, -i). The role of such introduced redox species for 
perturbing photoelectrode properties was of interest both 
for understanding conditions which promote electron 
transfer for charge (or discharge) in solid-state PEC stor- 
age devices, and also for understanding their role in 
changing semiconductor properties which might facili- 
tate the use of this junction for various detector 
applications. 

Experimental  
n-CdS single crystals were obtained from Cleveland 

Crystals, Incorporated, and were initially polished with 
600 grit emery paper, followed by 5 ~m alumina on a 
Texmet  polishing cloth and finally with 0.3 t~m alumina 
on a Microcloth polishing cloth. The ohmic contact area 
was initially etched with a solution of HNO:,:H~SO4: 
HOAc:HC1 (30:20:10:0.1) for 20s. Ohmic contact was 
achieved by introduction of a gallium-indium eutectic 
onto the etched CdS face. Current collection was 
achieved via a Nichrome wire using a silver epoxy, which 
was cured at 150~ for lh. Immediately prior to fabrica- 

* Electrochemical Society Active Member. 
' Nation is the registered trademark for a family of pertiuor- 

sulfonic acid ion-exchange membranes manufactured by E. I. 
du Pont de Nemours and Company. 

tion of the cell, the front face was polished with 5 and 0.3 
~m alumina, rinsed, and the face etched with 
HNO3:H2SO4:HOAc:HC1 solution as above. 

Electrochemical measurements were performed using 
potentiostatic control provided by either a Stonehart As- 
sociates BC 1200 or a Wenking LT 78 potentiostat. Differ- 
ential capacitance measurements for Mott-Schottky plots 
were performed using a H-P 4276A digital LCZ meter at 
1000 and 10,000 Hz. Thin film coatings of gold and silver 
were vacuum-deposited on glass slides with an Edwards 
306A evaporator. Photoelectrode illumination was 
achieved via a Sylvania 300W ELH bulb. Light intensities 
were measured with an Eppley 8-48 pyranometer, Cyclic 
vol tammograms on the redox couples were run in aceto- 
nitrile (Burdick and Jackson)wi th  te trabutylammonium 
hexafluorophosphate (Southwestern Analytical Chemi- 
cals, Incorporated) as supporting electrolyte. A three- 
electrode configuration consisting of a platinum working 
electrode, a platinum counterelectrode, and a Ag/Ag ~ ref- 
erence electrode was used for the cyclic vol tammetry 
scans. 

Results and Discussion 
Cell preparation.--Solid-state PEC cells were fabri- 

cated by introducing 0.05 ml of a solution containing 50 
mg/ml of Nation 117 and 0.5 mg/ml of the appropriate 
redox couple in a solution of lower aliphatic alcohols onto 
the surface of a n-CdS photoanode and a glass slide pos- 
sessing both an evaporated gold counterelectrode and 
silver quasi-reference electrode. The Nation was allowed 
to dry partially for 15 rain on each of these surfaces, after 
which the two half-cells were pressed together and al- 
lowed to dry for an additional 2h. The cell configuration 
used in this work is shown in Fig. 1. The transition metal 
complexes selected for introduction into the Nation poly- 
mer included FeCp~, Ru(bpy)32~, Fe(bpy)32L Fe(CN)64-, and 
Fe(acac)3. These complexes were selected to provide for 
both a variation in overall molecular charge and chemical 
potential at localized sites within the Nation polymer. 
Several films were initially cast onto Teflon substrates 
and allowed to dry. Upon removal and visual examination 
of these films (40• magnification), the polymer con- 
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(on ~lass Slide) 

n-CdS Working Electrode 

~--Glass Slide 

Au Counter Electrode 
(on Glass Slide) 

TOP VIEW 

n-CdS 

I ~ i'-I ~Au Counter 

1 [j~--G~ass Sllde 
SPE 

SIDE VIEW 

Fig. 1. Schematic diagram of cell configuration used in this work 
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talning Ru(bpy):~ '-'~ was yellow and homogeneous. For con- 
centrations of Ru(bpy):3 ~ up to 20 mg/ml SPE, the poly- 
mer remained homogeneous in appearance. Similar 
observations were made when Fe(bpy)f -'~ was introduced 
into the polymer. 

In comparison, ferrocene, was  in fact insoluble at con- 
centrations greater than 1 mg/ml of the SPE, as mani- 
fested by its appearance as microcrystalline needles upon 
solvent removal from the polymer. Similar observations 
were made when Fe(acac)s was introduced into the poly- 
mer. The anionic complex Fe(CN)~ 4- remained homoge- 
neous at concentrations up to 2 mg/ml SPE. 

Photoelectrochemical measurements.--To gain some 
preliminary insight into the respective PEC characteris- 
tics of the SPE cell when the redox species FeCp.,, 
Ru(bpy):~ ~, Fe(CN),~ 4-, and Fe(acac):~ are present in the 
proximity of semiconductor/SPE junctions, cells pos- 
sessing the general configuration n-CdS/SPE + redox 
species/Au were prepared using the procedures discussed 
above. The initial photopotentials realized from these 
cells under simulated AM1 illumination conditions are 
compared in Table I. As can be seen, these photopoten- 
tials (which are mainly around 200 mV) appear to be rela- 
tively invariant when compared to, for example, E,2 
values for the same redox species in acetonitrile using a 
platinum electrode, e.g., FeCp2 (0.285V vs. Ag/Agr), 
Ru(bpy):~ ~'~:~ (1.25V vs. Ag/Ag0. 

Although this was initially thought explainable by the 
presence of Fermi level pinning by the n-CdS, it was later 
observed that photopotentials for Ru(bpy):~2~-modified 
SPE-PEC cells were in the -500 to -600 mV range when 
SnO2 conducting glass was used as the counterelectrode. 
This result suggests that the photopotentials observed in 
the CdS/Nafion + redox couple/Au system may have 
been limited by inadequate interracial contact between 
the Nation p()lymer and the gold counterelectrode. Such 
interfacial contact limitations have previously been re- 
ported using Nafion/WO3-based SPE electrochromic de- 
vices (10). SnO2, however, shows significant adhesive 
strength attributable to covalent bonding between the 
sulfonic acid groups in the SPE and receptive functional 
groups on the SnO~ substrate electrode (11). Thus, the in- 
creased photopotentials observed for n-CdS/SPE cells 
using SnO2 conducting glass counterelectrodes can, in 
part, be explained by improved interfacial contact with 
the Nation polymer at the counterelectrode. 

In order to determine the dependency of the SPE- 
incorporated redox species concentration on the photopo- 
tential of n-CdS/Nation + Ru(bpy):~2~/conducting glass, 
SPE cells, Ru(bpy):~ ~ concentrations were varied between 
0.0004g and 0.006 g/mYSPE and their photopotentials un- 
der 100 mW/cm 2 illumination compared. As can be seen 
from Table II, the photopotentials for this system were 
not dependent  on the concentration of the incorporated 
redox species over the concentration range studied, 
thereby indicating that the double layer present at the 
semiconductor/SPE junction was invariant under these 
experimental  conditions. If significant perturbation of 
the double-layer region were to have occurred, however, 
this might have influenced the photopotential observed 
by changing the space charge region width and the corre- 
sponding barrier height. 

For cells based upon the proton conducting SPE, gen- 
erally low currents were observed which were attributed 

Table I. Photopotential values for the PEC cells 
CdS/Nafion + redox species/Au 

Redox species Photopotential under 
introduced into H ~ AM1 illumination 

conducting Nation 117 at n-CdS (mV) 

Ru(bpy):( -'~ -200 
Fe(bpy)32~ - 190 
Fe(CN)6 ~- -220 
FeCp2 -270 
H ~ conducting Nation -200 

Table II. Photopotential measurements on n-CdS/Nafion 117 + 
Ru(bpy)s~4/conducting glass as a function of Ru(bpy):~ 2~ concentration 

Ru(bpy):~ ~ Photopotentiai 
(mg/mYSPE9 (mV) 

0.375 -485 
0.75 -488 
1.5 -490 
3.0 -480 
6.3 -500 

1 ml SPE solution contains 50 mg/ml Nation 117. 

to the poor conductivity of this polymer when used in 
solid-state cells. However, substitution of Na ~ for H § con- 
ductivity in the SPE/alcohol mixture before polymer for- 
mation on the semiconductor substrate was found to en- 
hance overall ionic conductivity of the final s01id-state 
cell. Figure 2 shows a current-voltage PEC curve for the 
cell n-CdS/SPE:FeCp~:NaC1/Au. Overall cell resistance 
was found to be 14 kgt, and a current density of 25 t~A/cm 2 
could be obtained by applying a 300 mV anodic 
overpotential to the photoanode. 

Capacitance measurements.--For cells prepared in this 
work, differential capacitance measurements were per- 
formed on n-CdS/redox SPE junctions, to determine if 
there was any sensitivity of the measured n-CdS flatband 
potential to the redox species introduced into the Nation 
polymer. Figure 3 compares differential capacitance mea- 
surements performed on n-CdS junctions with the proton 
conducting SPE, (i.e., no introduced redox species) and 
the  SPE's  containing Ru(bpy)3 ~ and Ru(bpy)32§ + FeCp2, 
performed at 1000 Hz. These Csc -2 vs. V plots show good 
linearity even though some of the cells possessed a rela- 
tively high resistance. Some frequency dispersion was 
noted at higher frequencies. Deviations from linearity for 
such plots might  be expected if there is a high electrolyte 
resistance in series with the semiconductor space charge 
region or if a high population of surface states is present 
at the semiconductor/electrolyte interface (12). Results 
obtained from both current-voltage curves and the appli- 
cation of an ac signal to the cell suggested that some de- 
gree of rectification may be present at the semiconduc- 
tor/SPE interface. Here, the ac signal from a signal 
generator was introduced through the cell and a 
measuring resistor. The output current as measured 
across the resistor was fed into an oscilloscope. The nega- 
tive half of the sine wave was only two thirds the height 
of the positive half of the sine wave. This suggested that 
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Fig. 3. Mott-Schottky plots for CdS/SPE/Au (crosses), CdS/SPE + 
Ru(bpy)~2+/Au (circles), and CdS/SPE + Ru(bpy)3 2+ + FeCpJAu 
(triangles). 

about 30% rectification was present in the cell. It should 
be noted that for semiconductor/metal oxide solid-state 
junct ions where current rectification is seen, linear Mott- 
Schottky plots have been obtained (12). 

Since good linearity and reproducibility were obtained 
from C~c-~ vs. V plots in work reported here, it was of in- 
terest to compare measured n-CdS flatband potentials 
(V~) as a function of the introduced redox species. For 
the undoped proton, conducting SPE, VFB was -0.43V vs. 
the silver reference electrode. Upon the introduction of 
Ru(bpy)~ 2~ or FeCp2 into the SPE, the n-CdS flatband po- 
tential was shifted progressively in a cathodic direction 
[Vrs = 0.151V, Ru(bpy)~ 2d, V~B = 0.097V, (FeCp)2]. This 
cathodic shift is consistent with that for the oxidation po- 
tentials seen for Ru(bpy):~ 2~ (E,j2 = 1.25V vs. SCE) and 
FeCp2 (0.285V vs. SCE) in acetonitrile. Similar cathodic 
shifts have also been observed in the cells n-TiOJNafion 
+ redox couple/SnO2 conducting glass and n-TiOJpoly- 
amps z + redox couple/SnO2 conducting glass. 

Such changes in VFB ,nay be due to modifications at 
the electrode surface induced either by direct adsorption 
of the redox couple or to variations in the capacitance as- 
sociated with the polymer itself upon changing the redox 
species. Currently experiments are being performed by 
us to identify the origin of such observed V~s shifts upon 
varying the introduced redox couple. If, in fact, the shift 
in Vr~ is directly dependent  in part on the redox potential 
of the introduced redox couple, then such semiconduc- 
tor/SPE junct ions might form the basis of a detector tech- 
nology. For example, an introduced gas or chemical spe- 
cies might be expected to modify the immediate chemical 
environment  of the SPE-incorporated redox couple and 
thus give detectable parametric changes (e.g., VFB) at the 
semiconductor surface. 

For the n-CdS/redox SPE Solid-state junctions consid- 
ered here, changes occurring in the Helmholtz double- 
layer voltage VH as a result of varying redox species can 
result in perturbation of the semiconductor bandedge en- 

2polyamps is poly(2-acrylamido-2~methyl-propane sulfonic 
acid). 

ergy. This can be expected by consideration of the 
relationship 

V~ = E~c" - / z  + VH 

where/~ is the difference in energy between the bulk con- 
duction bandedge  and the Fermi level, and VH is the 
Helmholtz double-layer voltage. When a redox-containing 
surface is introduced onto a semiconductor, three possi- 
bilities can be envisioned for perturbing Va: (i) the pres- 
ence of interface states at the junct ion may induce a volt- 
age drop across the polymer that may be indistinguish- 
able from a Helmholtz voltage; (it) if the polymer is 
insulating, the point of zero charge (PZC) will be different 
than that for the bare semiconductor resulting in pertur- 
bation of V,; and (iii) if electron exchange can occur be- 
tween semiconductor surface states and polymer- 
incorporated redox species, then the former will define 
VH and thus Vr~. 

Donor surface states are expected near the valence 
band and acceptor states near the conduction band. If the 
E,.e~ox for a redox species is below the donor state, or 
above the acceptor state, then the energetics will promote 
charging of surface states and thus change VrB- Work is 
currently being performed directed towards clarifying 
which of these effects influences VF~ at n-CdS/SPE inter- 
face. It is not clear at this time, however, which of these 
mechanisms is responsible for the observed shift in the 
n-CdS flatband potential. 

In conclusion, (i) it has been observed that the mea- 
sured flatband potential in the described cells can be 
modified by introduction of selected redox species into 
the SPE, (it) photopotentials in the range 500-600 mV can 
be obtained if good interfacial contact is maintained at 
both the working and counterelectrode, and (iii) the pho- 
topotentials obtained in the n-CdS/Nafion 117 + 
Ru(bpy)32§ conducting glass SPE cells are not dependent  
on the concentration of the incorporated redox species. 
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ABSTRACT 

This paper presents results on rapid isothermal fusion (RIF) characteristics of phosphosilicate glass (PSG) obtained 
using an incoherent  lamp annealer in a N2 ambient. The effects of varying the temperature (10007-1200~ the cycle dura- 
tion (10-60s), and the phosphorus concentration in the glass (2.5-8.0 w/o) were investigated. The out-diffusion of phos- 
phorus from the PSG films during RIF cycles were also studied. In conjunction with these experiments,  dopant redis- 
tribution induced by typical RIF cycles in a boron-implanted silicon substrate was measured to assess the practicality of 
the RIF technique for VLSI applications and to identify a process window. The results for the boron profile redistribu- 
tion were used as a basis of comparison between RIF and conventional furnace treatments. Although restricted to VLSI 
applications where a relatively high phosphorus content of approximately 8 w/o is acceptable in PSG films, it is con- 
cluded that RIF in a N~ ambient is nevertheless much more effective for the fusion of PSG films than conventional fur- 
nace processing and thus much more compatible with VLSI processing. 

As a part of the fabrication sequence for integrated cir- 
cuits, a layer of phosphosilicate glass (PSG) is deposited 
to provide passivation and electrical insulation between 
metal interconnects and underlying structures. Before the 
subsequent deposition of metal takes place, it is neces- 
sary to smooth the surface topography to ensure continu- 
ity of the overlying metallization. At present, this treat- 
ment  is typically a furnace glass fusion cycle at 1000~ for 
30 min or more (1-5) and is the last high temperature pro- 
cess step in the fabrication of LSIC's. This heavy thermal 
load will be unacceptable for processing new generations 
of VLSI circuits because it will induce appreciative lat- 
eral and vertical dopant redistribution in small geometry 
devices. 

Thermal processing requirements can be eased b y  
using different materials or ambients during the fusion 
cycle. Although increasing the phosphorus concentration 
does lead to a lower fusion temperature for PSG films, 
excessive concentrations eventually promote the forma- 
tion of phosphoric acid in the presence of moisture (2, 4), 
thereby causing reliability problems due to corrosion of 
overlying aluminum interconnect lines. As an alternative 
solution, rapid isothermal fusion (RIF) has been shown in 
limited studies to improve PSG step coverage, while 
causing less junct ion diffusion than conventional furnace 
processing cycles because of its lower time-temperature 
product (6-9). 

In this work, we have studied the effect of RIF on PSG 
films having a practical range of phosphorus concentra- 
tions, namely, 2.5, 4.0, 6.6, and 8.0 w/o. The RIF experi- 
ments were performed in a N.2 ambient using a tungsten 
halogen lamp system. :~ In addition, the out-diffusion of 
phosphorus from the PSG films during RIF was 
examined. 

The amount  of dopant diffusion induced by RIF in un- 
derlying device junction areas will largely determine its 
range of usefulness for VLSI applications (6-12). There- 

* Electrochemical Society Active Member. 
' Present address: Department of Electrical Engineering, Uni- 

versity of Waterloo, Waterloo, Ontario, Canada N2L 3G1. 
Present address: Fairchild Camera and Instrument Corpora- 

tion, Mountain View, California 94039. 
'~ A Heatpulse 210T | tungsten halogen lamp annealing system 

was used. It was manufactured by A. G. Associates, Palo Alto, 
California. 

fore, boron-implanted silicon wafers were also processed 
separately and junction depths were measured after un- 
dergoing typical RIF cycles. Finally, fusion and dopant 
redistribution experiments were carried out in a conven- 
tional furnace and the results were compared with the 
RIF data to assess the relative applicability of each tech- 
nique to VLSI processing. 

Experimental Procedures 
Sample preparation.--The test structure used to ob- 

serve PSG fusion is illustrated in Fig. 1. A thermal SiO.2 
layer was first grown on a Si(100) substrate to a thickness 
of 100 nm, at a temperature of 1000~ A 1.0 ~m LPCVD 
polysilicon film was deposited at 625~ and phosphorus- 
doped with a POCl:~ cycle at 900~ The polysilicon was 
then patterned into sharp steps using a dry etching tech- 
nique. Finally, 1.0 ~m thick PSG films were deposited in 
a horizontal, hot-wall LPCVD system at a temperature of 
410~ using the silane and phosphine oxidation process. 

Samples for studying dopant redistribution in silicon 
Were formed by first growing a 40 nm thermal oxide on 
(100) n-type Si substrates. Boron was then implanted 
through this oxide layer with a dose of 3 x 101.~ BYcm ~ at 
an energy of 25 keV. 

Rapid isothermal fusion.--The fusion cycles were 
carried out in a commercially available tungsten halogen 
lamp systems. Cycle durations were varied from 10 to 60s 
and temperatures from I000 ~ to 1200~ The RIF experi- 

~-- Thermal S ~ O  

/////// i 
Fig. 1. Test structure for RIF studies, showing the step coverage an- 

gle O. The PSG film is 1.0/~m thick, the polysilicon step is 1.0 p,m 
high, and the thermal oxide thickness is 100 nm. 
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m e n t s  were  p e r f o r m e d  in a N2 a m b i e n t .  The  t e m p e r a t u r e  
was  con t ro l l ed  u s i n g  f e e d b a c k  f rom a C h r o m e l - A l u m e l  
t h e r m o c o u p l e  a t t a c h e d  to a s i l i con  t e s t  p iece  s i t ua t ed  to 
t he  s ide  of t he  wafer .  

Junction dopant redistribution.--Boron-implanted sili- 
con  wafe r s  were  s u b j e c t e d  sepa ra t e ly  to  r ap id  i s o t h e r m a l  
a n n e a l i n g  (RIA) cycles  iden t i ca l  to s o m e  of  t hose  u s e d  in 
the  R I F  e x p e r i m e n t s .  O the r  i m p l a n t e d  s a m p l e s  were  sub-  
j e c t e d  to a n  80 rain,  900~ a n n e a l i n g  cycle  in  1 a t m  of  N.~, 
p e r f o r m e d  in  a c o n v e n t i o n a l  fu rnace .  

Analysis.--To quan t i fy  t he  e x t e n t  of  t he  fus ion,  SE M 
cross -sec t iona l  m i c r o g r a p h s  we re  u s e d  to m e a s u r e  t h e  
c h a n g e  in  t h e  P S G  s tep  cove rage  ang le  0, w i t h  a n  accu-  
racy  of  ---5 ~ In  o rde r  to  m e a s u r e  t he  ang le  O w i t h  t h e  SEM, 
the  s a m p l e s  we re  c l eaved  a n d  g i v e n  a decora t ive  e t ch  for  
1 ra in  in  50:1 b u f f e r e d  H F  to d e l i n e a t e  t he  u n d e r l y i n g  
p o l y s i l i c o n / P S G  interface .  The  p h o s p h o r u s  c o n c e n t r a t i o n  
of t he  P S G  fi lms was  d e t e r m i n e d  w i t h  e n e r g y  d i spe r s ive  
x- ray  (EDX) e l ec t ron  m i c r o p r o b e  ana lys i s  to w i t h i n  _+0.2 
w/o. ~ F o r  a n  e l e c t r o n - b e a m  e n e r g y  of  6 keV,  a va lue  of 600 
(_+60) n m  was  ca l cu la t ed  for t h e  p r o b i n g  dep th .  

The  d o p a n t  r e d i s t r i b u t i o n  in  t h e  i m p l a n t e d  s i l icon 
s a m p l e s  was  e v a l u a t e d  u s i n g  s e c o n d a r y  ion  m a s s  spec-  
t r o s c o p y  (SIMS) a n d  a " b e v e l - a n d - e t c h "  (B&E)  t e c h n i q u e .  
The  B & E  m e t h o d  rel ies  on  t he  l a rger  e t ch  ra te  of  d o p e d  
s i l icon re la t ive  to u n d o p e d  s i l icon in  ce r t a in  e t chan t s .  B y  
u s i n g  t h i s  p r o p e r t y  o n  a beve l ed  (-1~ ~ i m p l a n t e d  s i l i con  
subs t ra t e ,  t he  j u n c t i o n  area  can  be  d e l i n e a t e d  in ter fero-  
me t r i ca l ly  a n d  r e l a t ed  b a c k  to t he  ac tua l  j u n c t i o n  dep th .  
S I M g  m e a s u r e s  b o t h  ac t ive  a n d  inac t ive  i m p u r i t y  conce rn  
t ra t ions ,  i.e., t h e  me ta l lu rg i ca l  j u n c t i o n  dep th ,  wh i l e  t h e  
B & E  t e c h n i q u e  y ie lds  a m e a s u r e  of  t he  d e p t h  of  ac t ive  
dopan t s ,  i.e., t h e  e lec t r ica l  j u n c t i o n  dep th .  

Results and Discussions 
Rapid isothermal fusion.--A s u m m a r y  of  t he  c o m p l e t e  

R I F  r e su l t s  is g i v e n  in  Tab le  I. For  all p h o s p h o r u s  con-  
c e n t r a t i o n s  inves t iga t ed ,  t he  con t ro l  (i.e., as-depos i ted)  
P S G  s a m p l e s  s h o w e d  a typ ica l  s tep  cove rage  ang le  0 of 
a p p r o x i m a t e l y  80 ~ . R e p r e s e n t a t i v e  r e su l t s  o b t a i n e d  af te r  
R I F  for  a r a n g e  of  in i t ia l  p h o s p h o r u s  c o n c e n t r a t i o n s  [P]o 
are  s h o w n  in  t he  S E M  m i c r o g r a p h s  of  Fig. 2. Fo r  all b u t  
t he  8.0 w/o P S G  films, a t e m p e r a t u r e  of  1200~ and /o r  a 
60s cycle  d u r a t i o n  is n e e d e d  to o b t a i n  s u b s t a n t i a l  P S G  fu- 
s ion  (i.e., 0 ~> 110o). 

Resu l t s  for 8.0 a n d  6.6 w/o P S G  fi lms are s h o w n  in  Fig. 
3 a n d  4, r espec t ive ly .  Fo r  t h e s e  films, a n  l l00~ R I F  
cycle  is suf f ic ien t  to o b t a i n  a v a l u e  of 113 ~ for 0 (Fig. 3c). 
I t  w o u l d  s e e m  qu i t e  p l a u s i b l e  t h a t  b y  i n c r e a s i n g  e i t h e r  
t he  R I F  cycle  d u r a t i o n  to 60s or t he  t e m p e r a t u r e  to 
1200~ f u r t h e r  fus ion  will b e  ob ta ined .  U n f o r t u n a t e l y ,  t h e  
S E M  m i c r o g r a p h  of  Fig. 3d s h o w s  t h a t  la rge  vo ids  fo rm 
on  e a c h  s ide  of  t he  s tep  as a c o n s e q u e n c e  of t h e s e  ex- 
t r e m e  RIF  t r e a t m e n t s .  For  t he  6.6 w/o films, t he  S E M  mi- 
c r o g r a p h s  of  Fig. 4 s h o w  s imi la r  resul t s ,  e x c e p t  u n d e r  
m o r e  seve re  R I F  cond i t ions .  

The  f o r m a t i o n  of  vo ids  h a s  b e e n  o b s e r v e d  previous ly ,  
a l t h o u g h  the i r  p r e s e n c e  was  la rgely  a t t r i b u t e d  to the  use  

Fig. 2. SEM micrographs showing the best RIF results obtained at 
four different phosphorus concentrations. [P]o and [P]f are the initial 
and the final phosphorus concentrations, respectively. 

Fig. 3. SEM micrographs showing [P]o and [P]f fusion results for 8.0 
w/o PSG films are the initial and final phosphorus concentrations, re- 
spectively. 

4 Calibration was obtained using colorometric analysis per- 
formed at Balazs Laboratory, Mountain View, California. 

Table I. Summary of RIF results listing, for given temperatures, 
the minimum cycle duration for which fusion occurs and 

eventually voids form 

Onset of fusion 
Void formation 

P content (0 > 90~ 
(w/o) T (~ t (s) T (~ t (s) 

2.5 1200 ~ 40 - -  - -  
3.9 1150 ->- 60 - -  - -  
3.9 1200 ~ 20 - -  - -  
6.6 1100 >- 20 - -  - -  
6.6 1150 ->- 10 1200 ->- 40 
8.0 1050 > 60 1100 ~ 60 
8.0 1100 >- 10 1200 >- 10 

Fig. 4. SEM micrographs showing fusion results for 6.6 w/o PSG 
films. The phosphorus concentrations given under micrographs 3b to 
3d were measured after the RIF cycles. 

of a H~ a m b i e n t  (13). In  t h a t  s tudy ,  it is a r g u e d  t h a t  t he  
p r e s e n c e  of p h o s p h o r u s  in  t h e  glass,  in  t h e  fo rm of phos-  
p h o r u s  p e n t o x i d e  (P.2Q), is also d i rec t ly  r e s p o n s i b l e  for 



2434 J.  E lec t rochem.  Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  

the formation of voids. This conclusion is supported by 
our findings, since an enhancement  in void formation 
was observed with an increase in the phosphorus content 
of the PSG films. 

Because P~O~ sublimes at a temperature of about 300~ 
a sufficient local concentration of P~O5 could, under the 
right conditions, lead to the formation of cavities in the 
glass. In the case of RIF, accelerated sublimation of the 
P20~ may result from the rapid heat-treatment which 
would not allow sufficient t ime for the P~O5 to diffuse 
slowly out of the film without creating a permanent  de- 
formation of the softened PSG. The reasons for which the 
conditions favoring the formation of voids are found only 
on the sides of steps are not clear. To our knowledge, the 
only experimental  evidence suggesting different glass 
properties in these regions comes from the faster etch 
rate observed on each side of steps for as-deposited oxide 
films, after the cross-sectional decorative etch of cleaved 
samples has been performed for the SEM examination. 
As a result, diagonal etch lines, visible in the SEM micro- 
graph of Fig. 3a, are formed in the glass  on each side of 
the polysilicon steps. RIF inhibit the occurrence of these 
etch lines, as seen in the micrographs of Fig. 3. Although 
the severity of these etch lines is observed to decrease 
proportionally with the nominal phosphorus content in 
the layer, they still remain for undoped glass films. 
Therefore, a localized structural property which does not 
depend entirely on the presence of phosphorus, such as a 
different glass density or stress level, could also be in- 
volved in the formation of voids. More work is needed to 
understand the mechanisms of such localized void forma- 
tion. 

Phosphorus out-dif fusion.--Some loss of phosphorus 
from the PSG films occurs during RIF treatments, as can 
be inferred from the initial phosphorus concentrations 
[P]o and the final concentrations [P]f detailed in Fig. 2 and 
3. Since only the top half of each PSG film was probed 
with EDX during the phosphorus analysis, it can be con- 
cluded that the observed changes in phosphorus concen- 
tration were likely caused by out-diffusion to the ambi- 
ent. These results can be plotted to extract useful 
information on the diffusion of phosphorus in PSG dur- 
ing RIF. 

If we assume that the probing depth dp (600 - 60 nm) 
for the EDX electron microprobe analysis of phosphorus 
in the PSG films is much larger than the diffusion length 
(Dty j2, the reduction in phosphorus concentration hiP], 
lost to the ambient out of the original concentration [P]o, 
is given by (14) 

h[P]/[P]o ~ (2/dp)(Dt/r;) 1~2 [1] 

where D is the diffusion coefficient for phosphorus in 
SiO~ and t is the time. In Fig. 5, we plot the expression 
h[P]/[P]ot ~ against 1/T, which should also vary with Dlp-', 
to find an Arrhenius relationship, described by D = Do 
exp ( -E, /kT) .  Only data for [P]o = 6.6 and 8.0 w/o were 
used, since for these cases alone was the loss h[P] suf- 
ficiently greater than the experimental  error. An activa- 
tion energy Eo = 2.24 +- 0.28 eV, which is twice the slope 
of the line fit in the plot shown in Fig. 5, was determined: 
For example, a value of D = 8.5 - 2.3 • 10 -~'~ cm2/s is cal- 
culated at ll00~ These values obtained for both ED and 
D are comparable to results reported elsewhere (15, 16) for 
studies performed in a conventional furnace at similar 
phosphorus Concentrations (-102' cm-:~). Values for D 
which are several orders of magnitude lower than the 
above result have also been published, although lower 
phosphorus concentrations were involved (15, 17). 

Dopant redistribution.--Figure 6 shows the effect of 
various RIA cycles on the diffusion of boron in im- 
planted silicon test samples, as determined by SIMS 
(closed symbols) and by the B&E techniques (open sym- 
bols). The as-implanted values of junct ion depth mea- 
sured with these two techniques were 0.35 and 0.2 ~m, re- 
spectively. It must  be noted that, although the absolute 
results obtained from the two measurement  techniques 
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Fig. 5. Arrhenius plot for the out-diffusion of phosphorus during RIF 
treatments, for two concentrations and various RIF conditions. A[P] = 
[P]f - [P]o is the amount of phosphorus lost to the ambient during RIF. 
The slope of the linear fit yields ED/2, where ED is the activation en- 
ergy for phosphorus diffusion in glass. 

are different, the measurements of the junction depth in- 
creases hxj agree quite closely. The SIMS results from the 
900~ 80 rain furnace annealing cycle in N2 are also in- 
cluded in Fig. 6. 

Example of  VLSI process window for  RIF.--In order to 
establish the upper bound of a process window for the ap- 
plication of RIF of PSG films to VLSI processing, the is- 
sue of dopant redistribution induced by rapid isothermal 
processing in underlying device shallow junctions must  
be addressed (7-12). For VLSI applications, a somewhat 
arbitrary upper limit of 0.1/~m could be placed on the ac- 
ceptable junction depth increase resulting from a fusion 
cycle. This would correspond to, for example, a 50% dis- 
placement of a typical 0.2/zm shallow junction. As a con- 
sequence, the results from Fig. 6 indicate upper limits to 
RIF conditions of 1000~ or ll00~ 

The dopant redistribution results also show that any 
1200~ RIF cycle would be too extreme. Also, on the basis 
of the RIF results alone (Table I), a 1200~ cycle should be 
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Fig. 6. Graph showing the temperature dependence of the junction 
depth increase in a boron-implanted Si substrate induced by various 
heating cycles. The results shown were obtained with both the B&E 
method (open symbols) and SIMS (closed symbols). The implantation 
conditions are given in the text. The junction depth for the as- 
implanted Si samples was 0.20 /s.m, as measured with the B&E 
method, and 0.35 p-m, as measured with SIMS. The result for the 
60s/1200~ was ~Lxj = 1.4/zm (B&E) and thus was not included in 
the figure. 
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avoided in any case since undesirable fusion characteris- 
tics are observed, namely, void formation in high phos- 
phorus content PSG and insufficient fusion in low phos- 
phorus content PSG. In addition, the use of a long fusion 
period (> 20s) could be economically impractical in a se- 
rial processing system. 

It must  be emphasized that the discussion for the given 
example applies to silicon substrates implanted with bo- 
ron, which is one of the fastest diffusing species of the 
commonly used dopants in IC fabrication (18). If a slower 
diffusing species is used, such as arsenic, larger and/or 
hotter RIF cycles could be acceptable_ However, if even 
shallower junct ions are required, more stringent restric- 
tions would be imposed on the RIF conditions. 

The RIF results summarized in Table I can be used to 
determine the lower bound for the process window which 
is defined as the point when the reentrant profile is elim- 
inated (i.e., 0 > 90~ From Table I, it is clear that the 
ll0O~ RIF cycle can only induce acceptable fusion in 
8.0 wlo PSG films. It has also been reported that an 
ll00~ RIA cycle would be sufficient for the dopant 
activation of shallow junct ions (10). Furthermore, experi- 
ments conducted in our laboratories and elsewhere (19) 
have shown that wafer warpage induced by RIA cycles of 
up to 1100~ is negligible; in some cases, wafer flatness is 
even improved. For the 1000~ case, which is really 
too long for practical applications, as discussed above, 
satisfactory fusion was not obtained for any of the phos- 
phorus concentrations investigated. 

RIF vs. conventional furnace processing.--A compari- 
son between RIF results and conventional furnace fusion 
(FF) results in a N2 ambient  is shown in Table II. In this 
experiment, the same boron implant  used above to 
define a process window was the basis of comparison be- 
tween RIF and FF. The results for the optimum 1100~ 
10s RIF cycle (hxj ~- 0.1 ~m and O = 113 ~ are compared 
with FF results obtained with the 900~ 80 min furnace 
annealing cycle. The dopant redistribution result for the 
boron-implanted silicon substrate during the FF cycle 
(Axj = 0.3 ~m) is much larger than for the RIF result (hxj 
- 0.1 ~m), as also shown in Fig. 6. Nevertheless, abso- 
lutely no fusion was obtained during the FF cycle, for all 
phosphorus concentrations investigated. Similar fusion 
results were also obtained elsewhere (1). This comparison 
demonstrates quite convincingly that, for equivalent re- 
distribution of a typical boron dopant profile in silicon, 
RIF is much more effective than FF for the fusion of PSG 
films. 

Table II. Comparison of rapid isothermal processing and conventional 
furnace processing, giving the increase in junction depth hxj in an 

implanted silicon substrote, for a dose of 3 • 10 ~5 B§ 2 implanted at 
25 keV through a 40 nm thermal SiO~ layer, and the change in step 

coverage angle e (initially at 80 ~ of a reflowed PSG film 

Process hxj Fusion for 
(N2 ambient) Heating cycle (~m) 8 w/o PSG 

Furnace 80 rain at 900~ 0.3 None 
RIF 10s at ll00~ 0.1 O = 113 ~ 

Conclus ion 
We have proved that, for equivalent dopant redistribu- 

tion of junct ion profiles in silicon, rapid isothermal pro- 
cessing in a N~ ambient  is much more effective than con- 
ventional furnace processing for the fusion of PSG films. 

A process window has been identified for typical VLSI 
applications. It consists of an ll00~ RIF treatment of 
PSG films containing approximately 8 w/o phosphorus. 
These conditions increased an initial reentrant step cover- 
age angle of 80 ~ to a final value of more than 110 ~ A typi- 
cal  boron profile implanted in a silicon substrate and 
subjected to the same conditions underwent  only a 0.1 
~m increase in junct ion depth, making RIF compatible 
with VLSI applications where a relatively high phospho- 
rus content is acceptable in PSG films. 
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ABSTRACT 

Heavy metal removal from Si wafers contaminated during reactive ion etching (RIE) is studied using wet cleaning 
techniques, Si wafers are intentionally contaminated during RIE with Fe, Cr, or Ni, which are atomic components of 
stainless steel, the material used in dry etching apparatus. The Si wafers are washed with several reagents, and heavy 
metal removal results are estimated using secondary ion mass spectrometry and stacking fault observation. The results 
show that Fe and Cr are removed by wet etching the Si wafers to approximately a 30 nm depth but that Ni cannot be re- 
moved. The results indicate that to protect Si wafers against heavy metal contamination during RIE, Ni-free materials 
should be used for fixtures in the dry etching chamber. 

In fabrication processes for high density LSI's, dry 
etching techniques are essential in producing fine pat- 
terns with high accuracy. Reactive ion etching (RIE) is es- 
pecially useful in etching fine patterns because of its an- 
isotropic etching features. However, RIE results in more 
contamination and damage to etched Si wafers than 
plasma etching. This is due to the sputtering and bom- 
bardment action of energetic ions generated during RIE. 
Many studies have been done on relationships between 
RIE conditions and device characteristics (1-3). It has 
been found that heavy metal contamination in a reactor 
during RIE causes a decrease in Si wafer minority carrier 
lifetime in silicon wafers subsequently subjected to high 
temperature heat-treatment. 

To avoid heavy metal contamination in Si wafers, RIE 
reactor design improvement  is required to prevent stain- 
less steel used in the etching chamber from coming into 
contact with the plasma, or materials containing heavy 
metals should not be used in the etching chamber. An- 
other approach, to eliminate the influence of heavy metal 
contamination, is to develop effective methods for re- 
moving the contaminated layer in the LSI fabrication pro- 
cess. This paper concerns Si wafer heavy metal- 
contaminated layer removal by wet cleaning methods, 
focusing on the behavior of Fe, Cr, and Ni, stainless 
steel's constituent elements. 

In this study, Si wafers were intentionally contami- 
nated with heavy metals during RIE. Pure metals, Fe, Cr, 
and Ni, are used as contamination sources, and wet clean- 
ing procedures are developed so as to be applicable to 
LSI processes. The Fe and Cr removal and Ni nonre- 
moval results are obtained through examination using 
secondary ion mass spectrometry (SIMS) and stacking 
fault (SF) observation. 

The following sections describe the experimental  pro- 
cedures and results, the reason for Ni nonremoval, and 
application of findings to RIE apparatus design. 

Experimental 
Si wafer heavy metal contamination was carried out 

using RIE. The RIE reactor used in this work is shown 
schematically in Fig. 1. The RF power (13,56 MHz) was 
applied to the cathode electrode. Si wafers ,  which were 3 
gt-cm boron-doped (100) slices with a diameter o f  3 in., 
were loaded on a stainless steel cathode electrode (Fe 
74%, Cr 18%, Ni 18%). CF4 was used as the etching gas at a 
pressure of 2 Pa. The RF power density and the etching 
time were set to 0.18 W/cm '2 and 30 rain, respectively. 
Etching rates for Si were 9 - 13 nm/min. The wafers were 
contaminated with heavy metals sputtered from the cath- 
ode electrode. When using pure metals as a source of con- 
tamination, metal plates with a high purity (99.9%), i.e., 
Fe, Cr, and Ni, were set on the cathode electrode, The wa- 
fers were then placed on the plates. A 50 tLm thick Teflon 
sheet was placed between the plates and the cathode elec- 
trode. This sheet was replaced with a new sheet after ev- 

cry plate change to avoid Si wafer contamination from 
other plate metals which may have adhered to the sheet. 

Cleaning procedures following the contamination step 
in RIE consisted of the following steps: (i) ashing in O., 
glow discharge, (ii) washing in H2SO4 + H,202 solution and 
rinsing in deionized water, (iii) cleaning by RCA treat- 
ment (4) (washing in NH4OH + H~O2 and HCI + H202 solu- 
tion) followed by diluted HF washing after each step. The 
reagents used were IC-grade EL-class reagents. In this pa- 
per, the authors call these three treatment steps the basic 
cleaning procedure. Steps i and ii are for removal of  the 
plasma polymerized film and resists after dry etching, 
and step iii is for final Si wafer cleaning. As a result, the 
Si surface was etched off to an 8 nm depth in the basic 
cleaning procedure. When heavy metal contamination 
was not sufficiently removed from the Si wafers by the 
basic cleaning procedure, additional cleaning treatments 
using various liquid reagents were tried between steps ii 
and iii. 

SIMS and SF observation were used to evaluate the de- 
gree of heavy metal removal. SIMS analysis was carried 
out using both Hitachi IMA-2 for estimating the heavy 
metal amounts remaining on the Si surface and Cameca 
ims-3f for the depth profile analysis. Hitachi IMA-2 was 
used under 10 kV Ar ~ ion beam acceleration voltage con- 
ditions with a 1300 ~m spot diameter. Cameca ires-3 was 
used under 15 kV O2 ~ ion beam acceleration voltage con- 
ditions with a 150 t~m spot diameter. Evaluation was car- 
ried out using the peak height ratio of each secondary ion 
spectrum intensity to that of 28SiL It is desirable to detect 
isotopes with the highest existence ratio for each metal in 
order to detect the secondary ions in high sensitivities. In 
this work, 54Fe~, 52Cr~, and 6~ were picked to detect each 
heavy metal. This was done to avoid an S/N ratio reduc- 
tion due to the secondary ion settling on Si. The SF oc- 
currence was observed as follows. Contaminated Si wa- 
fers were treated using the above-mentioned cleaning 
procedure. Next, they were oxidized at 1100~ in a wet 02 
atmosphere for 2h. After the SiO2 was etched off with an 
HF solution, SF was visualized by etching the wafers to a 
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Fig. 2. Relation between remaining Fe, Cr, and Ni amounts and 

cleaning steps, using stainless steel as the contamination source, ex- 
pressed by SIMS spectrum intensity ratios, M~/~sSi § SIMS measure- 
ment was done at A and B steps. 

1 /zm d e p t h  b y  Wr igh t  e t c h i n g  (5) a n d  o b s e r v e d  w i t h  a 
mic roscope .  

Results 
Removal of heavy metal contamination originating 

from stainless steel.--SIMS ana lys i s  was  ca r r ied  ou t  on  
s ta in less  s t e e l - c o n t a m i n a t e d  s a m p l e s  a n d  c l eane d  u s i n g  
the  bas ic  c l e a n i n g  p r o c e d u r e .  Fe, Cr, a n d  Ni, w h i c h  com- 
pose  s t a in less  steel,  we re  d e t e c t e d  on  the  Si surface,  as 
s h o w n  in  Fig. 2. H e a v y  m e t a l  m a s s  p e a k  in t ens i t i e s  o n  the  
Si su r face  af te r  t he  bas ic  c l ean ing  p r o c e d u r e  we re  h i g h  
for  Ni, Fe, a n d  Cr in d e s c e n d i n g  order .  Cr was  r e m o v e d  to 
the  S I M S  d e t e c t i o n  l imi t  level  a f te r  c leaning .  These  re- 
su l t s  i nd i ca t e  t h a t  Ni is the  m o s t  diff icul t  ma te r i a l  to  re- 
m o v e  f rom Si. 

Removal of heavy metal contamination originating 
.from pure metals.--Si wafers  c o n t a m i n a t e d  w i t h  Fe, Cr, or  
Ni  p u r e  m e t a l s  we re  p r e p a r e d  u s i n g  RIE  a n d  S F  obse rva -  
t ion.  Af ter  a p p l y i n g  t he  bas ic  c l ean ing  p rocedure ,  SF ' s  
were  no t  o b s e r v e d  on  t he  C r - c o n t a m i n a t e d  Si wafe r s  b u t  
were  o b s e r v e d  on  t h o s e  c o n t a m i n a t e d  w i t h  Fe  a n d  Ni, as 
s h o w n  in Fig. 3. No SF ' s  we re  o b s e r v e d  on  t he  Fe-con-  
t a m i n a t e d  Si wafe r s  w h e n  t he  wafe r s  we re  e t c h e d  to a 20 
n m  d e p t h  w i t h  a n  HNO3 + H F  + CH3COOH so lu t ion  be-  
fore RCA t r e a t m e n t  as s h o w n  in  Fig. 4A. However ,  on  t h e  
N i - c o n t a m i n a t e d  wafers ,  SF ' s  we re  obse rved ,  as s h o w n  in  
Fig. 4B. In  t he  we t  e t c h i n g  process ,  u s e d  in Fig. 4, Si was  
e t c h e d  off to an  8 n m  d e p t h  u s i n g  t h e  bas ic  c l ean ing  pro-  
c e d u r e  a n d  to 20 n m  d e p t h  w i t h  t he  m i x e d  solut ion.  Con- 
s equen t ly ,  t he  Si e t c h e d  d e p t h  was  e s t i m a t e d  to be  a b o u t  
30 rim. 

The  r e l a t i on  b e t w e e n  r e m a i n i n g  Fe, Cr, or Ni  a m o u n t s  
a n d  t he  c l ean ing  s teps  was  i n v e s t i g a t e d  by  SIMS,  u s ing  
t he  ra t io  of  m a s s  i n t ens i t i e s  to '-'sSi% R e m a i n i n g  a m o u n t s  
of the  t h r e e  e l e m e n t s  d e c r e a s e d  w i t h  e a c h  s tep  in  t h e  
c l ean ing  p r o c e d u r e ,  as s h o w n  in Fig. 5. The  a m o u n t  of Cr 
was  b e l o w  the  S I M S  d e t e c t i o n  l imi t  leve l  af ter  t h e  bas ic  
c l ean ing  s teps  w i t h  no  Si we t  e t c h i n g .  F o r  Fe,  t he  a m o u n t  
was  the  s a m e  as for  Cr if  t h e  Si we t  e t ch  p r o c e d u r e  was  
e m p l o y e d  be fo re  RCA t r e a t m e n t .  However ,  Ni r e m a i n e d  

Fig. 3. SF observation results after basic cleaning procedure. SF's 
were made visible by Wright etching method. 

Fig. 4. SF observation results after adding 20 nm Si wet etching to 
basic cleaning procedure. SF's were made visible by Wright etching 
method. 
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cleaning steps, using pure metals as the contamination source, ex- 
pressed by SIMS spectrum intensity ratios, M~/28Si +. SIMS measure- 
ment was done at A, B, C, and D steps. 

h i g h  e v e n  a f te r  all c l ean ing  s teps  were  car r ied  out. T h e s e  
resu l t s  s u p p o r t  t he  S F  obse rva t ion .  

Metal  p la te  we t  e t c h i n g  ra t e s  were  i n v e s t i g a t e d  u s i n g  
t he  so lu t ions  e m p l o y e d  in  t he  bas ic  c l ean ing  p rocedure .  
Ni was  e t c h e d  in  c o n s i d e r a b l e  quan t i t y ,  as m u c h  as Fe, 
w i t h  t he  HC1 + H20~ so lu t ion ,  as s h o w n  in  Tab le  I. 

Thus ,  t he  e t c h i n g  of  me ta l s  in  Si is d i f fe ren t  f rom t h a t  
of m e t a l  itself. The  c h e m i c a l  s ta te  of t he  Ni a t o m  a d d e d  to 
Si wafe rs  d u r i n g  RIE  was  of  c o n c e r n  a n d  was  inves t i -  
ga ted  b y  X P S  analys is .  

XPS  analysis of the Ni-contaminated wafer.--Possible 
Ni a t o m  c h e m i c a l  s t a tes  we re  c o n s i d e r e d  to be  e i t h e r  of  a 
meta l l i c  state,  a c o m p o u n d  w i t h  Si, or  a c o m p o u n d  w i t h  
the  e t c h i n g  gas  e l ement .  T he  c o m p o u n d  w i t h  Si, n i cke l  
sil icide, is k n o w n  to be  f o r m e d  at  200 ~ - 300~ (6) a n d  to 
be  i n s o l u b l e  in  ac ids  e x c e p t  for hydro f luo r i c  ac id  (7). 
X P S  ana lys i s  was  ca r r ied  ou t  on  t he  Si sur face  i m m e d i -  
a te ly  af te r  Ni  c o n t a m i n a t i o n .  A Ni a n d  a n icke l  o x i d e  
we re  de tec ted ,  w h i l e  n icke l  s i l ic ide  was  not ,  as s h o w n  in  
Fig. 6. Nicke l  ox ide  f o r m a t i o n  is c o n s i d e r e d  to be  c a u s e d  
by  t he  Ni o x i d a t i o n  d u r i n g  a s h i n g  t r e a t m e n t .  

On t he  bas i s  of  X P S  ana lys i s  r e su l t s  m e n t i o n e d  above ,  
n i cke l  r e m o v a l  i nves t i ga t i ons  we re  ca r r ied  ou t  u s i n g  we t  
c l ean ing  m e t h o d s .  

Ni-contaminated layer removal.--Several k i n d s  of  we t  
e t c h i n g  so lu t ions  were  app l i ed  be fo re  t he  RCA t r e a t m e n t  
in  t he  bas ic  c l ean ing  p rocedure .  T h e s e  are  s u m m a r i z e d  in  
Tab le  II. The  t r e a t m e n t s  we re  a i m e d  at  a c c o m p l i s h i n g  t h e  
fol lowing:  t r e a t m e n t s  a, b, a n d  c we re  for  Ni removal .  
T r e a t m e n t  d was  to r e m o v e  n icke l  ox ide  w i t h  HC1 a n d  
n icke l  w i t h  HNO:~. T r e a t m e n t  e was  for  Ni r e m o v a l  a n d  
was  ca r r ied  ou t  in  d i lu ted  HC1 u s i n g  a 5 m A  dc  c u r r e n t  
b e t w e e n  the  N i - c o n t a m i n a t e d  s a m p l e  a n d  a Si c a t h o d e  

Table I. Etching rates for heavy metals by the solutions used 
in the basic cleaning procedure 

Etching rates for metals 
(at./cm2-min) 

Solutions Ni Fe 

H2SO4 + H202 2 x 10 's 1 x 10 TM 

Diluted HF 2 x 10 '7 2 x 10 '6 
NH4OH + H~O~ 1 x 10'" 1 x 10 TM 

HC1 + H2Oz 5 x 105o 5 x 102' 

Ni 

J 
/ , j N, i 8 0,ev, 

F / F,~ 

. . . . . . . . . .  . . -  . -  . '  

1000 800 600 400 200 0 
(ev) 

Fig. 6. Si wafer XPS analysis immediately after Ni contamination 

elec t rode .  The  re su l t s  o b t a i n e d  i nd i ca t e  S F  o c c u r r e n c e  in  
all t h e  s a m p l e s  a n d  t h a t  Ni was  i m p o s s i b l e  to r e m o v e  
f rom t h e  Si surface.  

Discussion 
The  e x p e r i m e n t a l  r e su l t s  are s u m m a r i z e d  as follows: (i) 

Cr is r e m o v e d  u s i n g  t he  bas ic  c l ean ing  p r o c e d u r e ;  (ii) Fe  
is r e m o v e d  b y  a d d i n g  20 n m  Si we t  e t c h i n g  to t he  c lean-  
ing  p r o c e d u r e ;  a n d  (iii) Ni is no t  r e m o v e d  desp i t e  t h e  ap- 
p l i ca t ion  of  severa l  c l ean ing  p rocedure s .  The  r e a s o n  Ni 
c a n n o t  be  r e m o v e d  is d i s c u s s e d  be low.  

Cons ide r  a s i m p l e  m o d e l  in  w h i c h  m e t a l  a t o m s  spu t -  
t e red  f rom m e t a l  p l a t e s  are  ion ized  in  g low d i s cha rge  a n d  
i m p i n g e  on  t he  Si wa fe r  su r face  w i t h  a n  acce le ra t ion  en- 
e rgy  e q u i v a l e n t  to  t he  c a t h o d e  fall po tent ia l .  Meta l  ions  
s u c h  as Fe  +, Cr ~, a n d  Ni ~ are  i m p l a n t e d  at  a f inite d e p t h  
f rom the  Si surface.  Here,  t he  m e t a l  a t o m  d e p t h  prof i les  
b e c o m e  i m p o r t a n t  in  i n t e r p r e t i n g  we t  c l ean ing  cha rac te r -  
ist ics.  

The  Ni d e p t h  profi le  in  Si wafe rs  was  m e a s u r e d  u s i n g  
S IMS prof i le  analys is .  I t  is f o u n d  t h a t  Fe  a n d  Ni we re  in- 
t r o d u c e d  to 50 a n d  60 n m  dep ths ,  r espec t ive ly ,  as s h o w n  
in Fig. 7. T h e  S I M S  profi le  ana lys i s  genera l ly  p r e s e n t s  a 
d e e p e r  profi le  due  to a ta i l ing  p h e n o m e n o n  in  h i g h l y  
c o n c e n t r a t e d  i m p u r i t y  ana lys i s  (8). Thus ,  the  i m p u r i t y  
profi le  d e p t h  s h o w n  in Fig. 7 m u s t  b e  s l ight ly  exaggera-  
ted. F o r  e x a m p l e ,  as a l r eady  m e n t i o n e d ,  Fe  was  r e m o v e d  
by  e t c h i n g  t h e  Si to a p p r o x i m a t e l y  a 30 n m  dep th ,  wh i l e  
Fig. 7 s h o w s  t h a t  Fe  ex i s t s  to 50 n m .  T h e  Fe  d e p t h  in  t he  
wafe r  is s h o w n  to be  20 n m  la rger  u s i n g  S I M S  profi le  
ana lys i s  t h a n  t h a t  f o u n d  in ac tua l  we t  e tch ing .  Cons ider -  
ing  t h e  Fe  case,  Ni is i n f e r r ed  to e t c h  at  m o s t  40 n m  in  t he  
Si wafer .  Th i s  i n f e r e n c e  also c o m e s  f rom Ni ion ' s  sma l l  
a cce l e r a t i on  e n e r g y  of  700 eV for  t he  0.2 W/cm ~ p o w e r  
cond i t ion .  I t  t h u s  fol lows t h a t  Ni  cou ld  be  r e m o v e d  b y  
e t c h i n g  t he  Si to a p p r o x i m a t e l y  40 nm.  

Fe  a n d  Ni prof i les  were  e s t i m a t e d  u s i n g  t he  " s t e p  e t c h "  
m e t h o d .  Namely ,  m e t a l - c o n t a m i n a t e d  Si wafe rs  we re  

Table II. Treatments for Ni removal applied before 
RCA treatment in the basic cleaning procedure 

Treatment 
a Stir in a (NH4)2S~O8 200g, HC1 10 cm :~ and H20 1000 cm :~ 

solution at 70~ 
b Stir in a K2Cr20713g, H2SO450 cm 2 and H20 100 cm :~ solu- 

tion at 70~ 

c Stir in an HC1300 cm :~ and HNO:~ 100 cm :~ (aqua regia) so- 
lution at 70~ 

d Stir in HNO:, after stirrred in HC1 at 70~ 

e Electrolytic etching in 12% HC1 
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Fig. 7. Ni and Fe depth profiles in Si wafers estimated by SIMS pro- 
file analysis, expressed by counts of each metal isotope detected by 
SIMS. 

etched to a certain depth using a HNO3 + HF + 
CH~COOH solution after ashing followed by diluted HF 
etching. SIMS analysis was performed after these steps. 
Results are the same as if Ni is penetrated to a depth of 
150 nm, while they show that Fe was below the SIMS de- 
tection limit level at 30 nm. This is shown in Fig. 8. Etch- 
ing of the Ni-contaminated Si wafer using the mixed solu- 
tion stopped at 150 nm depth. It was necessary to dip the 
Ni-contaminated wafer into an HF solution to restart 
etching. Some layer seemed to prevent the etching. 

Thus, the fact that Ni in Ni-contaminated Si wafers, 
contaminated during RIE, cannot be removed is believed 
to be caused by Ni redeposition onto the  Si wafers in the 
wet cleaning procedure. High Ni metal etching rates, and 
discrepancy in Ni depth profiles between the SIMS pro- 
file analysis and step etching, would be explained by this 
readhesion concept. 

These results indicate that one means of protecting Si 
wafers against heavy metal contamination during RIE is 
to select Ni-free materials for the fixtures in the dry etch- 
ing chamber. 

Conclusion 
Wet cleaning effects on Si wafers have been ~nvesti- 

gated for removing heavy metal-contaminated layers in- 
troduced during RIE. Si wafers were intentionally con- 
taminated with stainless steel consti tuent elements, i.e., 
Fe, Cr, and Ni, during RIE. Wet cleaning procedures were 
designed to combine washing in NH4OH + H202 solution 
and HC1 + H~O2 solution with etching employing a H N Q  
+ HF + CH~COOH solution. The amount  of heavy metal 
removed was estimated by SIMS and SF observation in 
the Si wafers after wet cleaning. The results show that Fe 
and Cr are removed by etching the Si wafers to approxi- 

10-1 

.L ~ 10-2 

lo -3 
k 

10 -~, 

lO-S 

10 -6 _ _  
0 100 200 

Si depth (rim) 
Fig. 8. Heavy metal depth profile in ~;i wafers estimated by step 

etch method, expressed by SIMS spectrum intensity ratios, M*/2sSi *. 

mately 30 nm using wet cleaning procedures. However, 
Ni cannot be removed, even though Ni-contaminated Si 
wafers were etched to 150 nm: This failure to remove Ni is 
probably due to Ni redeposition to the Si surface during 
wet etching. Usage of Ni-free materials for fixtures in the 
dry etching chamber will be one way to avoid heavy met- 
als contamination in Si wafers. 
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Deep-UV Contact Lithography Using a Trilevel Resist System for 
Magnetic Bubble Devices with Submicron Minimum Feature 
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Hitachi Limited, Central Research Laboratory, Kokubunji, Tokyo 185, Japan 

ABSTRACT 

Deep UV lithography using a trilevel resist system has been developed to delineate submicron patterns for magnetic 
bubble memory devices. The trilevel resist system consists of PIQ | as a bottom polymer layer, spin-coated TiOx as an in- 
termediate layer, and MRS as a top imaging resist. All these layers can be spun and baked sequentially. MRS resist pat- 
terns are defined by deep-UV contact printing and transferred to TiOx layer and PIQ layer sequentially using reactive 
ion etching with CF4 gas for TiOx and 02 gas for PIQ. Using this trilevel resist process, 0.4 ~m lines and spaces were fab- 
ricated and contiguous disk patterns of 2/~m bit period for bubble memory devices of 16 Mb/cm'-' were also fabricated 
successfully. 

Magnetic bubble memory devices with the bit capacity 
of i and 4 Mb are now in volume production(1). These de- 
vices are all Permalloy devices in which track patterns for 
bubbles consist of Permalloy patterns. These patterns 
have gaps between neighboring bits. The minimum fea- 
ture of these patterns is 1 ~m, and the patterns are fabri- 
cated using contact printer or i0• projection printer with 
conventional UV light. High density ion-implanted bub- 
ble memory devices of 4-16 Mb in memory capacity are 
now under development (2, 3). Bubble propagation tracks 
of these devices are fabricated by implanting H2 or Ne 
ions into bubble garnet through mask patterns. Since the 
mask patterns, named contiguous disks, have no gaps be- 
tween neighboring bits, the requirement  for lithography 
can be relaxed compared with Permalloy devices. How- 
ever, for higher density devices of 4-16 Mb/cm 2, the delin- 
eation of patterns with the min imum feature of 0.5-1.0 tim 
is required even using this approach to fabricate 4-16 
Mb/cm ~ devices. 

Conventional UV lithography, however, is insufficient 
for this purpose because of its lack of practical resolution. 
Deep-UV lithography is known to be superior to UV li- 
thography and has the high resolution capability in sub- 
micron range (4). Deep-UV contact lithography uses the 
same technique as the conventional UV lithography, ex- 
cept for light source and resist. A Xe-Hg lamp is well 
known to be the deep UV-light source. As deep-UV resist, 
we employ the negative-type MRS' resist, which is com- 
posed of poly(p-vinylphenol) and 3,3'-diazidodiphenyl 
sulfone (5, 6, 7). The MRS resist has properties of high 
sensitivity to 200-300 nm radiation, high resolution, and 
good resistance to dry etching. 

The mask patterns for ion-implanted bubble devices 
should satisfy the following requirements: (i) the thick- 
ness is large enough to stop incident ions; (ii) the material 
is highly heat resistant not to be deformed during implan- 
tation; and (iii) the edge profile is steep and smooth to 
obtain a clearly defined propagation track. To satisfy 
these requirements, we employ the polyimide resin 
PIQ(8) a with the thickness of 1.5 ~m as a mask material 
and transfer MRS patterns to PIQ layer using trilevel re- 
sist technique (9). 

In this paper, the characteristics of MRS resist such as 
resolution capability and process latitude in resist profile 
control and linewidth control are reported. The trilevel re- 
sist process using the MRS resist as top imaging resist, 
the spin-coated TiOx as an intermediate layer, and the 
PIQ as a bottom polymer layer is presented. Experimen- 
tal results demonstrating the performance of the process 
are also included. 

Experimental 
The MRS resist films were spin-coated on substrates to 

thickness of 0.3-0.6 t~m and prebaked at 80~ for 20 rain. 
1MRS stands for micro resist for shorter wavelength, and is 

commercially available from Hitachi Chemical Company Lim- 
ited under the trade name RD2000N. 

2PIQ stands for Polyimide Iso-indroquinazolinedione, and is a 
trade name of Hitachi Chemical Company Limited. 

The thickness was changed for the purpose of the experi- 
ment and adjusted by diluting the resist solution with cy- 
clohexanone. Exposure was carried out using the contact 
aligner Cobilt CA800 equipped with a 500W Xe-Hg lamp 
(Ushio Electric, Incorporated) and an aluminum mirror. 
Since the spectral photosensitivity of the MRS resist is re- 
stricted to 200-300 nm wavelength, a cold mirror is not 
necessary to expose the MRS resist. The photomask used 
in the exper iment  consisted of a quartz substrate and a 
thin layer of chromium patterns which were delineated 
by electron-beam writing. The thickness of the quartz 
substrate was 2.4 ram. After exposure, the MRS resist was 
developed in MF312 developer (Shipley) diluted with 
water at 1:4 and rinsed in deionized water. 

In order to compare the resolution capability of MRS 
with conventional UV resist, the resolution of AZ1350J 
(Shipley) was also investigated. To perform the experi- 
ment  under the same condition, the same photomask and 
the same aligner were used, except for a light source, i.e., 
a Xe-Hg lamp for MRS and a Hg lamp for AZ1350J. The 
AZ1350J resist was developed in the AZ developer (Ship- 
ley), diluted with water at 1:1, and rinsed in deionized 
water. 

The trilevel resist system studied here consists of 
MRS/TiOx/PIQ. A schematic diagram of the process is 
shown in Fig. 1. A substrate was coated successively with 
the thick polymer layer of PIQ (1.5 ~tm), the thin layer of 
spin-coated TiOx (0.1 ttm), and the thin MRS resist layer 
(0.3/~m). The TiO~ film was obtained by spin-coating and 
baking an organotitanium solution which will be de- 
scribed in detail later. The top imaging resist MRS was 
defined by the deep-UV contact printing. Transfer of the 
resist patterns to TiOx layer was performed by reactive 
ion etching (RIE) in CF4 plasma. The patterns in TiO~ 
layer were then replicated in thick PIQ layer by RIE in 
pure 02 plasma. 

Results and Discussion 
Characteristics of MRS.--The resolution of MRS was 

compared with the conventional UV resist AZ1350J. The 
results are shown in Fig. 2. Both resist patterns were de- 
fined by the same contact aligner using the same photo- 
mask patterns of lines and spaces. The thicknesses of 
these two types of resist were both 0.6 ~tm. It can be seen 
from the figure that the resolution of AZ1350J is about 
0.5 ~m and that of MRS is less than 0.4 r The resolu- 
tion of MRS is thus superior to that of AZ1350J. As for 
AZ-type resist, Smith et al. demonstrated the linewidth of 
0.4 ttm using a contact printer and conformable photo- 
mask (10). In our experiment,  however, the resolution is 
about 0.5 ttm. This is presumably due to the difference of 
photomask structures. In our experiment,  a hard mask 
plate was used and this should cause the degradation of 
resolution. 

The MRS resist thus exhibits a high resolution. But this 
resist is also known to have such a property that the 
cross-sectional profile varies sensitively according to de- 
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Fig. 1. Schematic diagram of the trilevel resist process 

velopment conditions (5). Examples of this phenomenon 
are shown in Fig. 3. The resist thickness is 0.6 #zm for the 
left-hand samples and 0.25/xm for the right-hand samples. 
A development time was changed by 15s from the mini- 
mum time required to delineate a pattern. In the case of 
0.6 /~m thick resist, the profile changes with increasing a 
development time and results in the undercut profile. On 
the other hand, for the resist with the thickness of 0.25 
#~m, the profile does not change and is always steep in all 
development conditions. 

The undercut profile shown here is caused by a strong 
absorption of deep-UV light by MRS resist (5). In the case 
of 0.6 /~m thick resist, the deep-UV light cannot reach at 
the lower layer, owing to a strong absorption, and the re- 
sists at the lower part are removed by prolonged develop- 
ment. In the case of 0.25 /~m thick resist, however, the 
thickness is so small that the deep-UV light can penetrate 
all through the resist. Therefore, the resist profile is al- 
ways steep at every development condition. This prop- 
erty is desirable, since the steep profile ensures that the 
good linewidth control and the restriction on develop- 
ment condition can be relaxed compared with the case of 
thick MRS resist. 

Fig. 3. MRS resist profiles as a function of development time. The 
thicknesses are 0.6/~m for the left-hand samples and 0.25/~m for the 
right-hand samples. 

Figure 4 shows the linewidth variation of thin MRS re- 
sist patterns as functions of exposure and development 
time. The results of UV resist AZI350J are also shown in 
the figure. The thicknesses of MRS and AZI350J are 0.27 
and 0.26 izm, respectively. The test patterns used in the 
experiment were lines and spaces with the widths of 1.0, 
0.75, and 0.5 /~m, respectively. The patterns on the 
photomask'were transferred to the resists with each expo- 
sure and development condition. The exposure time was 
changed from the minimum time to delineate a pattern to 
about eight times the minimum time. The development 
time was changed from 5 to 160s. Under these exposure 
and development conditions, linewidth for MRS resist 
and spacewidth for AZI350J resist were measured by 
scanning electron microscope (SEM) observation. 3 

The contour lines shown in the figure were obtained 
from the values of measurement points and indicate the 
exposure and development conditions where the same 
linewidth is obtained. Therefore, as the density of contour 
lines is small, the latitude of exposure and development 
condition becomes large. It can be seen that the density 
of contour lines for MRS resist is smaller than that for 
AZI350J resist. That is, the linewidth variation of MRS 
caused by a fluctuation of exposure or development con- 
dition is smaller than that of AZI350J resist. The rectan- 
gular regions in the figure correspond to the latitude of 
linewidth control _+20%, that is, 1 _+ 0.2, 0.75 -+ 0.15, and 
0.5 _+ 1 /~m, respectively. As shown in the figure, the rec- 
tangular region of MRS resist is larger than that of 
AZI350J resist for each linewidth. The rectangular region 
of 0.75 ~m patterns for MRS resist is almost the same as 
that of 1.0/~m patterns for AZI350J resist. This indicates 
that the 0.75/~m pattern can be fabricated with the same 

~Since the types of these two resists are different, i.e., MRS is 
the negative-type resist and AZI350J is the positive-type resist, 
the line pattern for MRS resist corresponds to the space pattern 
for AZ resist when the same photomask pattern is used. 

Fig. 2. Comparison of the resolution of MRS resist (deep UV) and 
AZ1350J resist (UV) delineated by contact printing. 
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Fig. 4. Linewidth variations of MRS resist and AZ1350J resist pat- 
terns as functions of exposure and development times. 
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Fig. 5. Fo,,rier transform infrared spectra for Atolon NTi films 
which were baked at temperatures from 1 O0 ~ to 300~ 

tolerance as that for 1 um pattern of AZ1350J resist. As 
for 0.5 ~m pattern, the MRS pattern can be obtained at ev- 
ery exposure and development condition. The condition 
for AZ1350J resist is restricted, as can be seen in the 
figure. 

Here it should be noticed that the thin resist cannot be 
used in itself as a mask pattern for etching or ion implan- 
tation. Therefore, we introduced the trilevel resist process 
where thin MRS resist was used as the top imaging resist. 

Trilevel resist process.--The present tri]evel resist sys- 
tem is composed of PIQ, TiO~, and MRS as already indi- 
cated in Fig. 1. An intermediate layer TiO~ was obtained 
from the organometal solution of tetra(acetyl-isopro- 
penato)titanium (Ato]on NTi| Nippon Soda Company 
Limited). Figure 5 shows the Fourier transform infrared 
spectra for Atolon NTi films which were baked at tem- 
peratures from 100 ~ to 300~ The baking treatment was 
performed in the air atmosphere for 30 rain in all cases. 
The strong absorptions due to organic compounds are ob- 
served for the samples baked at  less than 250~ but they 
disappear when the baking temperature is greater than 
280~ From these results, it can be said that the inorganic 
TiO~ is obtained by baking Atolon NTi at temperature 
higher than 280~ 

The TiO~ films thus obtained have some advantages 
compared with spin-on glass (SOG) (11) or SiO2 films de- 
posited by plasma enhanced chemical vapor deposition 
(PECVD) (9). These materials are widely used as an inter- 
mediate layer for trilevel resist process. Table I shows the 
comparison of these materials. A deposition process of 
TiO~ and SOG is simple because there is no need of evac- 
uation process, which is necessary for PECVD. The adhe- 
sion of MRS or AZ resist to the TiO~ film is excellent, 
and the adhesion promoter such as hexamethyl  disilazane 
(HMDS) is not needed here. On the other hand, the adhe- 
sion promoter is necessary for SOG and SiO2. The stabil- 
ity of Atolon NTi solution is good compared with the 
SOG solution. In the case of SOG solution, proper storage 
is required since the silicate material can easily be hydro- 
lyzed by moisture in the air to form SiO._,-like crystals. 
These crystals cause defects in a spin-on film. The TiOx 
films obtained from Atolon NTi solution pose no such 
problem, because the hydrolysis in this case hardly oc- 
curs and defects in the films are few. The defects in 
PECVD SiO2 film are usually caused by particles which 
eventually flake off from the surrounding wall of PECVD 
chamber. Therefore, careful cleaning procedures are re- 
quired to decrease defects in a film. 

Table I. Comparison of intermediate layers for trilevel resist process. 

Ti Ox SO G Si 02 
Mater ia l  (Spin-On) (Spin-On) (PlasmaCVD) 

Process Simplicity O O X 

Adhesion of 
MRS or AZ O X X 

De fec t  O /~. / k  

Linewidth control .--Linewidth control of the patterns 
delineated by the trilevel resist process depends on three 
factors, i.e., image transfers of photomask patterns to re- 
sist layer, resist patterns to intermediate layer, and inter- 
mediate patterns to bottom layer. As described previ- 
ously, the accuracy of image transfer to MRS resist is 
superior to that of AZ resist. In the present case, the MRS 
patterns are transferred to TiOx and PIQ layer succes- 
sively. Therefore, these etching processes must be con- 
trolled precisely. The TiO~ etching process is especially 
critical since the thin (0.3 /xm thick) MRS resist must be 
used to etch TiO~ layer using reactive ion etching. To con- 
trol a l inewidth precisely in TiO~. etching, therefore, the 
sufficient etching selectivity is required. For this pur- 
pose, we investigated etching conditions, that is, an etch- 
ing gas and RF power. The results are shown in Fig. 6. 
The etching gases studied here were CF4, CFJO.~, CHF3, 
and CHFJAr, and the RF power was changed from 100 to 
400W. The vacuum pressure was 5 Pa in every case. It can 
be seen that the etching rate of TiO~ in CF4 plasma is rela- 
tively high and the etching rate ratio of TiO~ to MRS is 
also high. When 02 gas is mixed in CF4 gas, the etching 
rate of TiO~ increases. However, the etching rate of MRS 
also increases and the ratio becomes smaller. In the case 
of CHF:~ plasma, a deposition process occurs when an RF 
power is small (100-200W). At high RF power (400W), the 
etching becomes possible and the etching rate ratio is 
high. CHFJAr plasma etching behavior is almost the 
same as the case of CHF:~ plasma. 

In order to obtain the high etching rate ratio, the CHF:~ 
or CHFjAr plasma with 400W RF power is most favora- 
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Fig. 7. Linewidth variations of TiO~ patterns as a function of etch- 
ing time. Etching gas was CF 4 with the flow rate of 50 sccrn. Vacuum 
pressure was 5 Po, and RF power was ]00W. 

ble.  However ,  t he  p l a s m a  d i s cha rge  is u n s t a b l e  at  t h a t  
c o n d i t i o n  a n d  t he  r e p r o d u c i b i l i t y  of  e t c h i n g  b e c o m e s  
poor.  The  s tab i l i ty  of  p l a s m a  d i s c h a r g e  was  i m p r o v e d  
w h e n  the  v a c u u m  p r e s s u r e  was  i n c r e a s e d  (to 10 Pa). But ,  
a t  t he  h i g h  v a c u u m  pressu re ,  t he  d e p o s i t i o n  p roces s  aga in  
occur red .  

F r o m  t h e s e  resul ts ,  we  se lec ted  t he  CF4 as a n  e t c h i n g  
gas  a n d  t he  R F  p o w e r  to be  100W. U n d e r  t h e s e  condi-  
t ions ,  t h e  l i n e w i d t h  va r i a t i on  was  m e a s u r e d  as a f u n c t i o n  
of  e t c h i n g  t ime.  The  r e su l t s  are s h o w n  'in Fig. 7. The  l ine- 
w i d t h  d e c r e a s e s  l inear ly  w i th  i n c r e a s i n g  t he  e t c h i n g  t ime,  
a n d  t he  d e c r e a s i n g  ra te  is 0.005 /~m/min. The  ra te  is so 
smal l  t h a t  t he  l i n e w i d t h  can  be  con t ro l l ed  precisely .  T h e  
l i n e w i d t h  v a r i a t i o n  is on ly  -+0.025 /~m w h e n  t he  e t c h i n g  
t ime  was  c h a n g e d  f rom the  s t a n d a r d  t i m e  (for e x a m p l e  at  
15 min)  b y  -+5 min .  

F igu re  8 s h o w s  t he  e t c h i n g  ra tes  of  PIQ,  MRS,  a n d  Ato-  
lon NTi  f i lms in  02 RIE.  The  A t o l o n  NTi  fi lm was  b a k e d  
at  200 ~ or 300~ The  R F  p o w e r  was  100W, a n d  the  vac- 
u u m  p r e s s u r e  was  0.27 Pa.  I t  c an  be  s een  t h a t  the  e t c h i n g  
ra tes  of  P I Q  a n d  M R S  are a l m o s t  the  same:  23 n m/ mi n .  
The  A t o l o n  NTi  b a k e d  at  200~ is e t c h e d  sl ight ly,  an d  the  
e t ch ing  ra te  is 0.7 n m / m i n .  H o w e v e r ,  t he  A to lon  NTi  
b a k e d  at 300~ is no t  e t c h e d  in  th i s  m e a s u r e m e n t  t ime.  As 
m e n t i o n e d  p rev ious ly ,  t he  A t o l o n  NTi  b a k e d  at 200~ still  
con t a in s  o rgan ic  c o n t e n t s  a n d  is, the re fore ,  s l ight ly  
e t c h e d  b y  O2 RIE.  On t he  o t h e r  h a n d ,  t he  A t o l o n  NTi  
b a k e d  at  300~ c h a n g e s  to t he  i n o r g a n i c  ma te r i a l  TiOx 
a n d  r e m a i n s  i n t a c t  d u r i n g  O2 RIE.  F r o m  these  resul ts ,  i t  
can  be  c o n c l u d e d  t h a t  the  A t o l o n  NTi  fi lm b a k e d  at  
300~ se rves  as a good  m a s k  ma te r i a l  for  a n  e t c h i n g  of  
P IQ  b y  02 RIE.  

TiOx I 
L, -->f-W �9 / 13 Pa  o.2o ,oo.ov  = ,  

a o.ls 
.~ 50 % Ove 
c 

S ". ,  . / & / 0 . 6 7  Pa 0.1 0 Just Etch n 

~a ~'~" 7Pa o 
E 0.0 5 - - - -&--- - - -~"~"  
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Fig. 9. Amounts of undercut as a function of etching time. Vacuum 

pressure was changed from 0.27 to 1.3 Pa. RF power was ]00W. 

T h e  v a c u u m  p r e s s u r e  in  02 RIE  is a k ey  p a r a m e t e r  for  
l i n e w i d t h  con t ro l  (12). W h e n  t h e  v a c u u m  p r e s s u r e  is too  
high,  a n  u n d e r c u t  prof i le  occurs .  On t h e  o the r  h a n d ,  the  
p l a s m a  d i s c h a r g e  b e c o m e s  u n s t a b l e  as t h e  v a c u u m  pres-  
sure  is too low. To o b t a i n  t h e  p rac t i ca l  cond i t ion ,  we in- 
v e s t i g a t e d  t h e  a m o u n t  of  u n d e r c u t  of t h e  P I Q  p a t t e r n  un-  
de r  t h e  p r o t e c t i v e  TiO~ layer  as a f u n c t i o n  of v a c u u m  
pressure .  T h e  re su l t s  are s h o w n  in  Fig. 9. T h e  v a c u u m  
p r e s s u r e  was  c h a n g e d  f rom 0.27 to 1.3 Pa.  T h e  a m o u n t s  of  
u n d e r c u t  we re  m e a s u r e d  by  a n  S E M  obse rva t ion .  W h e n  
t h e  p r e s s u r e  is 1.3 Pa,  the  a m o u n t  of  u n d e r c u t  i nc r ea se s  
rap id ly  w i th  i n c r e a s i n g  t h e  e t c h i n g  t i m e  a n d  reaches  0.2 
/~m at  the  e t c h i n g  t i m e  of  90 rain,  w h i c h  is a b o u t  twice  t he  
t ime  r equ i r ed  to e l im ina t e  1.5 t~m t h i c k  P IQ  layer.  The  
a m o u n t  of  u n d e r c u t  dec reases  w h e n  t h e  v a c u u m  p r e s s u r e  
is low. At  t h e  p r e s s u r e  of  0.27 Pa,  t h e  u n d e r c u t  b e c o m e s  
ve ry  smal l  a n d  t h e  a m o u n t  is 0.06/~m e v e n  at t h e  e t c h i n g  
t ime  o f  90 rain,  w h i c h  is a b o u t  50% g rea t e r  t h a n  t h e  t i m e  
r e q u i r e d  to e l i m i n a t e  P I Q  layer.  Wi th  our  RIE  appa ra tu s ,  
t h e  lowes t  p r e s s u r e  a b o v e  w h i c h  t h e  p l a s m a  d i s cha rge  is 
s t ab le  is a b o u t  0.13 Pa.  Therefore ,  t h e  v a c u u m  p r e s s u r e  of  
0.27 P a  was  se lec ted .  

Applications.--Figure 10 is a n  S E M  p h o t o g r a p h  of  l ines  
an d  spaces  p a t t e r n s  de l i nea t ed  by  t h e  t r i level  res is t  pro- 
cess w i t h  t h e  deep  U V  con tac t  p r in t ing .  L i n e w i d t h s  are  
0.75 a n d  0.4 tLm, respect ive ly .  T h e  p a t t e r n s  cons i s t  of  1.5 
m m  t h i c k  P I Q  w i t h  0.1/~m t h i c k  TiOx on  t h e  top  surface.  

O : P I Q  
<>:MRS 
r, : Ato[on NTi (Baked at 200"C) 
A : ~ ( .~ 300 "C) 

~ 1.5 

n 

c~ 1.0 23n 

LU 

0.5 / ~  / O.Tnm/min 

o - ~  ~' - : ~  
I I I 

0 20 40 60 
Etching Time (min)  

Fig. 8. Etching rates of PIQ, MRS, and Atolon NTi by 02 reactive 
ion etching. Atolon NTi films were baked at 200 ~ and 300~C. RF 
power was ] 00W, and vacuum pressure was 0.27 Pa. 

Fig. 10. SEM photographs of lines and spaces patterns delineated 
by the trilevel resist process with a deep-UV contact printing. Line- 
widths are 0.75 (a) and 0.4 (b) ~m. 
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Fig. 11. Contiguous disk patterns for ion-implanted bubble memory 
devices delineated by the trilevel resist process with deep-UV contact 
printing. 

As can be seen in the figure, the undercut  of PIQ layer is 
very small and submicron patterns of 0.75 and 0.4 t~m are 
delineated successfully. 

Figure 11 shows the contiguous disk patterns for ion- 
implanted bubble memory deviceS. Bit periods of these 
patterns are 3, 2, and 1.5 tLm and the minimum features 
are designed to be 0.75, 0.6, and 0.5 ~m, respectively. The 
thicknesses of PIQ are 1.5 t~m thick for 3 and 2 t~m period 
patterns and 1.0 t~m thick for a 1.5 ~m period pattern. 
These thicknesses are necessary to stop accelerated ions 
used in each ion implantation. It can be seen that the 
edge profiles of these patterns are steep and smooth, 
which are the characteristics necessary for the mask pat- 
tern against an ion implantation, as mentioned previ- 
ously. Patterns of 0.75 t~m minimum feature for 3 tLm pe- 
riod pattern are defined precisely, and that for 2 t~m 
period pattern is also allowable. However, the discrep- 
ancy between a design and measurement  value becomes 
large in the case of 1.5 t~m bit period pattern. Therefore, 
the practical resolution limit of deep-UV contact printing 
is seen to be about 0.6 ~m, and the minimum bit period is 
about 2 t~m. The result is different from that for lines and 
spaces test patterns. The difference is caused by a diffrac- 
tion effect. Since a contiguous disk pattern contains a 
cusp shape at the minimum feature part, the corner of the 
cusp is rounded by a diffraction effect and the width of 
the neck, which is the minimum feature, becomes large. 
That is, a diffraction in practical pattern is not so simple 
as in lines and spaces pattern and causes a degradation of 
resolution limit. 

From the results obtained here, it can be said that 
deep-UV contact lithography can be applicable to 2 t~m 
period ion-implanted bubble devices of 16 Mb/cm ~ in stor- 
age density. 

Conclusion 
Deep-UV contact lithography using trilevel resist sys- 

tem has been developed for magnetic bubble devices 
with submicron minimum feature. The trilevel resist sys- 
tem consists of MRS resist, TiO~, and PIQ. The MRS re- 
sist patterns were delineated by deep-UV contact printing 
and the patterns were then transferred into TiOx and PIQ 
sequentially using reactive ion etching in CF4 plasma and 
in O., plasma, respectively. The thickness of MRS is 0.3 
t~m. The thin MRS resist like this can provide a sub- 
micron pattern with a greater process latitude than that of 
UV printing with AZ resist. The TiOx film was obtained 
by spin coating and baking an organotitanium solution. 
Therefore, the three layers of the present process can all 
be formed by spin coating method. The adhesion of MRS 
resist to TiOx film is good and etching selectivities of 
TiOx to MRS (CF4 RIE) and PIQ to TiOx (02 RIE) are also 
good. Using the present trilevel resist process, 0.4 ~m 
lines and spaces were delineated and the 2 t~m period 
contiguous disk patterns with the min imum feature of 0.6 
t~m for bubble memory devices of 16 Mb/cm ~ were also 
fabricated successfully. 
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Lateral Growth Process of GaAs over Tungsten Gratings by 
Metalorganic Chemical Vapor Deposition 
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Tokyo 180, Japan 

ABSTRACT 

Lateral epitaxial growth of GaAs over tungsten gratings with 5 t~m wide lines and spaces on (001) GaAs substrates is 
performed using metalorganic chemical vapor deposition. A study is made of the dependence of facet shapes and 
growth rates of the overgrown layers on grating direction, growth temperature, and arsine (AsH:~) and trimethylgallium 
(TMG) flow rates. From the perspective of crystallography= all the facets observed in the overgrown layers were found 
to be classified into four individual groups: {110}, {lll}As, {ll2}As, and {ll3}Ga faces. The GaAs opening direction on the 
(001) substrate surface is found to be the most essential parameter for determining the crystallographic planes of the fac- 
ets. Other important  controlling parameters for the facet formation are the growth temperature and partial pressure of 
ASH:, The partial pressure of TMG has no influence on the faceting growth. On the other hand, the overall growth rate 
of the overgrown layer is limited only by the TMG flow rate. These results can be qualitatively explained by the 
Langmuir-Ridea] model. 

Lateral epitaxial growth over oxide or metal mask 
films formed on crystal substrates has recently devel- 
oped into an attractive technique for fabricating such new 
devices as permeable base transistors (PBT's) (1-3) and 
optical wave guides (4). To date, many reports on the lat- 
eral growth of GaAs (1-9), Si (10, 11), and InP (12) over 
metal or oxide mask films have been published. 

Halide vapor phase epitaxy (VPE) has been employed 
as the most general method for overgrowth purposes, be- 
cause it has several advantages for successfully accom- 
plishing the overgrowth as will be mentioned below. In 
the VPE growth, there is a thermal equilibrium between 
the solid and vapor phases. The dependence of surface ki- 
netics on substrate orientation makes an important con- 
tribution to the large ratio of lateral to vertical growth 
rates. In addition, polycrystalline solids, which prevent 
the lateral overgrowth, do not deposit over large areas of 
the mask films, because of the desorption or etching pro- 
cesses of source species. In this case, HCI, which is pro- 
duced or introduced intentionally during the VPE 
growth, plays an important role in the etching process. In 
fact, Jastrzebski et al. (II) added HCI vapor etching steps 
intentionally to the Si overgrowth procedure using 
SiH~CI~, reporting that the nucleation of poly-Si over SiO~ 
was eliminated. However, there are serious problems with 
the HC1 introduction. For example, some kinds of chlo- 
ride reactants generated during the deposition process re- 
act with a quartz reactor or substrates, and, consequently, 
cause unintentional doping, the so-called "autodoping." 
Additionally, abrupt interfaces in composition and 
doping or epitaxial layers containing A1 cannot be readily 
obtained by this method. 

For metalorganic chemical vapor deposition (MOCVD), 
on the other hand, such problems do not exist because of 
the growth system, which excludes HC1. Moreover, 
MOCVD is well known to have such advantages as al- 
lowing precise control of composit ion and doping in 
mult icomponent  structures. However, lateral overgrowth 
has been difficult to successfully accomplish using 
MOCVD, because polycrystalline GaAs can be readily de- 
posited over mask films (13) due to the lack of etching 
process in this growth mechanism. 

Recently, Gale et al. (14) and Asai et al. (3) demon- 
strated that the MOCVD lateral GaAs growth can be ac- 
complished without polycrystal]ine deposits over mask 
films by optimizing the growth conditions. Lateral over- 
growth using MOCVD has developed into an applicable 
technique for fabricating PBT's. However, the details re- 
garding the GaAs overgrowth process in MOCVD have 
not yet been made clear. 

In this paper, we report on the lateral GaAs growth over 
a tungsten grating with 5/zm wide lines and spaces on a 
(001) GaAs subatrate using MOCVD. To study the over- 

growth process, our attention has been focused on the 
facet shapes formed at GaAs overgrown film edges and 
the vertical growth rates of the overgrown films, The de- 
pendencies of geometrical shapes of the facets and 
growth rates on the tungsten grating direction, growth 
temperature, and source gas flow rates are examined. 
The tungsten grating direction on the (001) substrate sur- 
face is found to be the most essential parameter to deter- 
mine the geometrical shape of the overgrowth layer. The 
other controlling parameters are the growth temperature 
and the partial pressure of arsine (AsH:~). However, the 
partial pressure of tr imethylgallium (TMG) has no 
influence on the facet formation, though an overall 
growth rate of the overgrown layer is controlled by mass 
transport. On the basis of the obtained results, the 
MOCVD overgrowth mechanism is discussed. 

Experimental Procedure 
The MOCVD system used for GaAs overgrowth in this 

work was a conventional horizontal quartz reactor with 
an RF induction heater. The upper surface of a graphite 
susceptor was tilted about 7 ~ from the gas flow. The 
growth temperature was monitored by a thermocouple in- 
serted into the susceptor. An electronic-grade, 10% mix- 
ture of AsH~ in hydrogen was used as an arsenic source. 
TMG vapor was provided by bubbling hydrogen through 
this liquid, which was held at 0~ in a stainless steel bub- 
bler. A main impurity in the TMG was St, whose concen- 
tration was nominally 1 ppm. A purified H2 carrier gas 
having a 4 liter/rain flow rate was introduced with the 
TMG and ASH;3 into the reactor. The overgrowth was per- 
formed under atmospheric pressure. 

In order to examine the overgrowth processes, we used 
the patterned substrates having tungsten gratings, as 
shown in Fig. 1. After etching St-doped (2 • 10 '8 cm-3), 
GaAs (001) -+ 0.5 ~ wafers with a 3H2SO4-1H202-1H20 solu- 
tion, a 400A sputter tungsten grating of 5 t~m wide lines 
and spaces was made as a masking pattern on the wafer 
with a conventional lift-off technique. A stripe direction 
of the tungsten grating oriented on the substrate is a very 
important factor for affecting facet shapes of the over- 
grown layers, as will be described later. 

In this paper, the grating direction is defined as an an- 
gle from the < h 0 >  direction on the (001) GaAs surface 
called the "grating angle." The grating angle was varied 
from 0 ~ to 90 ~ to examine the dependence of the over- 
growth on the grating direction. Taking the crystallo- 
graphic symmetry of a zinc blende structure into account, 
this angle region can cover all grating directions on the 
(001) surface. The determination of the < H 0 >  and <110> 
directions on the (001) GaAs wafer was made by means of 
the etching profile test with a 1H.,SO4-1H20~-lH~O solu- 
tion (15). 
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The  growth p rocedure  began with  subst ra tes  having  
tungs ten  gratings be ing  loaded  into the  reactor,  after be- 
ing washed  sequent ia l ly  in t r ich loroethylene ,  acetone,  
and methanol .  To compare  layer th icknesses ,  substra tes  
having  no grat ing were  also used. The  reactor  was purged  
with  a purif ied H,2 gas for about  2h. An AsH3 gas was in- 
t roduced  w h e n  the  susceptor  t empe ra tu r e  reached  400~ 
to protec t  the  subs t ra te  f rom the rmal  damage- Typical  
g rowth  t ime  was 2h. Growth  condi t ions  were  var ied  
widely,  as summar i zed  in Table  I. When one condi t ion  
was varied, the  others  were  fixed at s tandard  condi t ions  
in order  to clarify the  effects of  the  var ied  condit ion.  This 
is indica ted  by the parentheses  in Table  L 

Our a t ten t ion  in this w o r k  focuses  specifically on the  
facet  shapes  and  layer th icknesses  fo rmed  dur ing  over- 
growth.  In o rder  to de t e rmine  the  crys ta l lographic  p lanes  
of  the  facets, (110) and (110) c leavage  planes  of  the over- 
g rown layers were  observed  for 00-45 ~ and 45~ ~ grat ing 
direct ions,  respect ively ,  wi th  an optical  microscope.  All 
g rown layers were  stain e tched with  a 10H~O-1H~O~-IHF 
solut ion for 15s. Consequent ly ,  bur ied  tungs ten  str ipes 
could  be clearly seen  as dark l ines in the  cross-sect ional  
views.  The  th ickness  of a se lec t ively  g rown  layer was 
measu red  f rom the  step he ight  be tween  the  top surface of 
the  layer and the  tungs ten  grat ing in the  cross-sect ional  
v iew of the  sample.  

Overgrowth  on Various Direct ional  Grat ings 
In  this section,  we  descr ibe  the  effects  of grat ing direc- 

t ion on lateral overgrowth from three perspectives. First, 
for typical grating directions, the relationship between 
surface morphology and facet formation of overgrown 
layers is examined. Second, the inclination of the facet 
with respect to a (001) substrate surface is studied as a 
function of the grating angle from <110>. Third, on the 
basis of the results, a model for the overgrowth process is 
discussed. 
Cleaved cross sections of the GaAs layers simulta- 

neously grown over tungsten gratings with various direc- 
tions were observed by an optical microscope. Figures 2a, 
2b, and 2c present the cross-sectional photographs of the 
grown layers over the tungsten gratings oriented at 0 ~, 30 ~ 
and 90 ~ directions from the <ii0>, respectively. These 
samples were grown under the conditions of 630~ and 
[TMG] and [AsH:J mole  fract ions of  3.2 x 10 -~ and 1.7 • 
10-", respect ively .  Note  that  Fig. 2a and 2b indicate  (110) 
c leavage planes,  whi le  Fig. 2c represen t s  a (110) c leavage  
plane. It  is clear f rom this figure that  the lateral  over- 
g rowth  s t rongly depends  on the grat ing direct ion.  

Table I. Growth conditions 

Growth temperature (~ 400-800 (630)" 
[TMG] (mole fraction) 2.3-12.8 x 10 -~ (3.2 x 10 -~) 
[AsH:J (mole fraction) 0.2-7 x 10 -~' (1.7 • 10 -~) 
[AsH:,]/[TMG] 6-220 (53) 
Total flow rate (hter/min) 4 
Gratingdirection from 0-90 

'She < l l O >  (~ 

a Parentheses mean standard growth conditions (see text). 

Fig. 2. Photomicrographs of cleaved cross sections of grown layers 
over tungsten gratings oriented at 0 ~ (a), 30 ~ (b), and 90 ~ (c) from the 
<T10>  direction. Note that the a and b show the (T10) cleavage planes 
and that the c represents the (110) plane. 

For  the  0 ~ grat ing direct ion,  which  cor responds  to the  
<510> direct ion,  the  lateral  ove rg rowth  facets exh ib i t ed  
planes  shaped  perpend icu la r ly  to the  (001) surface (Fig. 
2a). For  the  30 ~ gratings,  the  facets  had  reverse-mesa-  
shaped planes  at the  initial overg rowth  stage. As the  over- 
g rowth  cont inued,  the  reverse -mesa-shaped  GaAs str ipes 
laterally deve loped  and finally jo ined  at the  reverse-mesa  
top to form cont inuous ,  flat, specular  layers. In the  top 
v iew of such a sample,  one could  not  observe  any 
d is turbance  due  to the presence  of  the  5 ~ m  width-and-  
space tungs t en  grating. In the  cross-sect ional  view, how- 
ever,  t r iangular  voids  were  seen near  t he  centers  of  the  
tungs ten  str ipes as a resul t  of reverse-mesa  fo rmahon  
dur ing initial ove rg rowth  (see Fig. 2b). 

For  the  90 ~ grat ing direct ion,  wh ich  cor responds  to the  
<110> direct ion,  the ove rg rowth  profile indica ted  ordi- 
nary mesa-shaped  planes  (Fig. 2c). When the  overgrowth  
exhib i t ing  this facet  type  cont inued,  the top surface of  the  
ordinary  mesa  b e c a m e  nar rower  as g rowth  p roceeded  un- 
til the  ove rg rown  layer was finally c o m p o s e d  of  only in- 
cl ined surfaces.  The  inc l ined  p lane  was ident i f ied wi th  
{ll2}As faces f rom the  facet  angle  of  37 ~ wi th  respect  to 
the (001) surface.  The  ove rg rowth  con t inued  further,  and 
if the V-shaped grooves  left  on the  layer surface were  
filled up one could  then  expec t  to obta in  an overgrown 
layer free of voids  near  the  center  of t he  t ungs t en  stripes. 
In contrast-to this expectation, anomalous faceting 
growth took place actually as shown in Fig. 3. The facets 
could not be characterized by specific planes. 
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Fig. 3. Photomicrograph of o (110) cleaved plane of an overgrown 
layer for the 90 ~ tu ngsten stripe direction which corresponds to < 110>. 

Surface  m o r p h o l o g y  of  MOCVD layers is well  k n o w n  to 
depend  s t rongly on substra te  or ienta t ion  (16). The  layer 
surface on the  ( l l l ) A s  substra te  indica ted  very  defec t ive  
morphology ,  inc lud ing  m a n y  poly-l ike hi l locks (17). S ince  
( l l2)As and ( l l l ) A s  surfaces are c o m p o s e d  of  a re la t ively 
large n u m b e r  of  As atoms,  the  defec t ive  g rowth  is consid-  
e red  to take  p lace  on the  (112)As, s imilar ly  to that  on the  
( l l l )As .  S ince  the  g rowing  surface for the  90 ~ gra t ing di- 
rec t ion is only  the  incl ined {ll2}As face, anomalous  fac- 
e t ing g rowth  such  as is shown  in Fig. 3 is be l i eved  to 
occur.  

The  ove rg rown  layers are charac ter ized  by the  facet  
shapes,  as s h o w n  in Fig. 2. To de te rmine  the  crystallo- 
graphic  p lane  for the  facet, the  angle  of  the  facet wi th  re- 
spect  to the  (001) surface was measu red  f rom cross- 
sect ional  pho tographs  of the  layers. The  facet  angle  for 
the tungs t en  gra t ing d i rec t ion  f rom 0 ~ to 90 ~ is p resen ted  
in Fig. 4. All the  samples  were  s imul taneous ly  g rown  un- 
der  the  condi t ions  of  630~ and [TMG] and [AsH:J of  3.2 x 
10 -~ and 1.7 x 10 -'~ mole  fraction,  respect ively .  F r o m  this 
figure, the  facet  angle  can be  clearly classified into three  
regions.  

In  the  0~ ~ gra t ing d i rec t ion  region,  the  facet  angle  
was pe rpend icu la r  to the  subs t ra te  surface,  wh ich  corre- 
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Fig. 4. Facet angle (see inset) with respect to the (001) surface plane 
as a function of the tungsten grating angle from <I-10>.  

sponds  to the  {110} crys ta l lographic  plane. For  the  sub- 
strates wi th  10~ ~ grat ing or ientat ions,  the  s idewalls  of  
the ove rg rowth  layers had  an angle  of 130 ~ wi th  respec t  to 
the  (001) surface.  This  angle  co inc ided  wi th  the  one  of  the 
{ l l l}As plane  wi th  respect  to the  (001) surface. For  the  
45~ ~ GaAs open ing  di rect ions  f rom <110>, the  over- 
g rowth  profile obse rved  on a (110) c leavage  plane  indica- 
ted  the  inc l ined  plane  fo rming  an angle  of 37 ~ . The  angle  
co inc ided  wi th  the  one of  the  {ll2}As face wi th  respec t  to 
the  (001) surface. 

In  each reg ion  of  the grat ing angle, the  s idewal ls  of  the  
ove rg rown  layers were  found to re ta in  the  same angle  
wi th  respect  to the  (001) surface  planes  as men t ioned  
above. This  suggests  the  fo l lowing ove rg rowth  process.  
Lateral  ove rg rowth  is seeded  f rom the  edges  of  the  
mask ing  tungs t en  str ipes by se lec t ive  epi taxial  deposi ts  
init ial ly fo rmed  only on the  exposed  regions.  However ,  
the lateral  g rowth  fronts do not  p roceed  perpendicu la r ly  
toward  the str ipe direct ion.  

Microscopical ly ,  the  lateral g rowth  fronts are composed  
of two smal l  specific p lanes  fo rmed  perpend icu la r ly  to 
the  c leavage  planes,  as shown in Fig. 5. The  specific 
p lane  can be  de t e rmined  by observa t ion  of  the c leavage 
plane. For  example ,  for the  30 ~ grat ing direct ions,  a small  
p lane  observed  on the (110) c leavage  plane  cor responds  to 
the  { l l l}As crys ta l lographic  p lane  fo rming  an angle  of 
125.3 ~ in pr inciple ,  wi th  respec t  to (001) surface plane. 

This ove rg rowth  process  is also suppor ted  by the  obser- 
va t ion  Of the ove rg rowth  layer surface  shown in Fig. 6. In 
this figure, a l though  a lmost  all g rowth  fronts are parallel  
to the  tungs ten  stripe, anomalous  g rowth  is observed  in 
some areas. The  anomalous  g rowth  areas are ve ry  s imilar  
to the  zigzag growth  process  por t rayed  in Fig. 5. The  
areas of  the films wi th  parallel  g rowth  fronts are also be- 
l ieved to be c o m p o s e d  of  a n u m b e r  of  facets, as previ- 
ously repor ted  by Vohl  et al. (11). This  overgrowth  pro- 
cess, therefore,  general ly  occurs  in growth  over  the 
misor ien ted  mask ing  stripes, whose  d i rec t ion  is not  paral- 
lel to low indexes  such as the  <110> and <110> 
direct ions.  

Dependency of Overgrowth on Growth  Parameters 
Growth  paramete rs  in MOCVD control  facet  fo rmat ion  

as well  as layer quali ty,  such as surface morpho logy  and 
electron mobil i ty .  In this section,  we descr ibe  the  depen-  
dence  of  the  ove rg rowth  on g rowth  t empera tu re  and AsH:~ 
and TIVIG mole  fractions.  Since  a s m o o t h  surface of  an 
overgrown film was found  to be  obta inable  for the  30 ~ 
grat ing direct ion,  as m e n t i o n e d  in the  p reced ing  section,  
the  main  focus is on the  d e p e n d e n c y  of  the  lateral  g rowth  
over  the  30 ~ tungs t en  grating. 

Growth temperature . - -Growth  t empe ra tu r e  affects  
facet  fo rmat ion  in ove rg rowth  in con junc t ion  with  surface 
morphology.  For  typical  g rowth  t empera tu res ,  we have  
conduc ted  a s tudy  on the  re la t ionship be tween  the sur- 
face morpho logy  and the  facet fo rmat ion  of the over- 
g rown  layers. F igures  7a, 7b, 7c, and 7d p resen t  the  over- 
g rowth  layers obta ined  at 710 ~ 630 ~ 600 ~ and 510~ 
respect ively ,  wi th  all o ther  g rowth  condi t ions  be ing  the  
same, that  is, [TMG] = 3.2 x 10 -~ mole  fract ion and [AsH:J 
= 1.7 x 10 -3 mole  fraction. All the  spec imens  shown in 
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Fig. 5. Schematic picture of overgrowth process onto 30 ~ GaAs stripe 
openings. 
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Fig. 6. Photomicrograph of the surface of the overgrown layer just be- 
fore joining lateral growth fronts seeded from the edges of tungsten 
stripes. 

these figures were grown over 30 ~ gratings from the 
<310> direction. Note that the cross-sectional views were 
observed on the (i-10) cleavage planes. 

The sidewall of an overgrown layer at the high tempera- 
ture of 710~ consists of reverse-mesa- and ordinary mesa- 
shaped planes as shown in Fig. 7a. At a growth tempera- 
ture above this value, only the ordinary mesa-shaped 
planes formed on the exposed GaAs stripes. The cross- 
sectional views of the samples at 630 ~ and 600~ indicate 
the same reverse-mesa-shaped planes (see Fig. 7b and 7c). 
Though the triangular voids are also seen in the layer at 
600~ they were slightly smaller in size than those at 
630~ Therefore, the ratio of lateral to vertical growth 
rates tends to slightly increase with a decrease in the 
growth temperature. This tendency demonstrated quali- 
tative agreement with the results using (011) GaAs sub- 
strates (12). 

The surface of the films obtained at 630~ is flat and 
smooth (Fig. 7b) On the other hand, the surface of the 

Fig. 7. Photomicrographs of surfaces and (11 O) cleavage planes of lay- 
ers grown over 30 ~ tungsten gratings at 710~ (a), 630~ (b), 600~ (c), 
and SIO~ (d). 

film grown at 600~ represents defective morphology, 
which exhibits a rough-patterned structure reflecting the 
underlying tungsten grating, as shown in Fig. 7c. 

At a growth temperature lower than 530~ GaAs depo- 
sition occurred not only on the exposed GaAs surface but 
also on the masking tungsten stripes. The deposition of 
polycrystalline GaAs on the tungsten stripes prevented 
the lateral epitaxial growth from the edges of the tung- 
sten stripes (see Fig. 7d). Consequently, the well-defined 
facets cannot be observed for the overgrown layers at the 
lower growth temperature. 

The formation of polycrystalline GaAs over the mask 
surface, as shown in Fig. 7d, is the major problem en- 
countered during lateral overgrowth. In MOCVD growth 
in particular, the poly-GaAs deposits readily over the 
tungsten mask, because the sticking coefficient for Ga is 
unity. For a growth temperature above 530~ however, 
GaAs growth is initiated only on the exposed area. This 
suggests that Ga adatoms on the tungsten are transferred 
to the growing GaAs surface. The driving force behind 
transferring the Ga adatoms is produced by atomic sur- 
face diffusion and by the difference between the nuclea- 
tion probabilities for the GaAs and the tungsten. The 
atomic surface diffusion length decreases with a decrease 
in the growth temperature. Nucleation of polycrystalline 
GaAs, therefore, takes place on the tungsten stripes at 
low growth temperature. 

In addition to the growth temperature, the polycrystal- 
line deposit onto the tungsten surface is very sensitive to 
the tungsten mask characteristics. For example, the poly- 
GaAs nuclei form around the defects present on the tung- 
sten surface such as pinholes, topological irregularities, 
and contaminated regions. These defects considerably in- 
crease the nucleation probability on the tungsten surface. 
Furthermore, the intrinsic properties of a mask surface, 
such as its surface free energy and number  of free surface 
sites where source species are incorporated (18, 19), also 
have influence on the nucleation probability for the 
mask. 

The facets of films grown over 30 ~ gratings are affected 
by the growth temperature, as shown in Fig. 7. To exam- 
ine the facet shapes in detail, the angle of the facet was 
measured with respect to the (001) substrate surface. The 
facet angle for the growth temperature from 550 ~ to 810~ 
is presented in Fig. 8. Other growth parameters remain 
the same, that is, [TMG] = 3.2 x 10 -~ mole fraction and 
[AsH:~] = 1.7 z 10 -:~ mole fraction. It is remarkable that the 
growth temperature of 710~ represents the critical point 
in change from the reverse mesa to the ordinary mesa ge- 
ometric shape of the overgrowth layers. The sidewalls of 
these geometric shapes indicate the facet forming angles 
of 130 ~ and 27 ~ , respectively. From these angles, the faces 
constituting the sidewalls of the overgrown layer are 
identified with the {lll}As and the {ll3}Ga crystallo- 
graphic planes. 

On the other hand, with the decrease in the growth tem- 
perature, the sidewall inclination of the overgrowth layer 
changed gradually from 130 ~ to 105 ~ with respect to the 
(001) substrates. The gradual change is attributed to the 
reduction in the surface diffusion length of source species 
with the decrease in the growth temperature. A well- 
defined facet is not formed due to the reduction of 
atomic diffusion along the top and side surfaces of the 
growing layers. 

The temperature dependence of the facet formation 
mentioned above was not observed for all of the grating 
directions. For example, for the tungsten grating direc- 
tions of 0 ~ and 90 ~ , which correspond to <110> and 
<110>, respectively, the facet angle with respect to the 
(001) surface plane is independent  of the growth tempera- 
ture, as shown in Fig. 9. For the 0 ~ grating direction, the 
sidewall of the layer observed on the (110) cleavage plane 
indicates a plane perpendicular to the (001) surface, which 
corresponds to the {110} crystallographic plane. For the 
90 ~ grating direction, the overgrowth profile on the (110) 
cleavage planes exhibits the inclined plane forming an 
angle of 37 ~ with respect to the (001) surface plane. This 
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Other growth parameters: [TMG] = 3.2 x 10 -s mole fraction, and 
[AsHJ = 1.7 x 10 -:~ mole fraction. 

m e n t  on facet  dependence .  In  order  to proper ly  separate  
the  [AsH:j] and  [TMG] effects,  the  [AsH:~] condi t ion  was 
var ied  u n d e r  a cons tan t  [TMG] and v ice  versa.  

F igures  10a, 10b, and 10c are pho tomic rog raphs  of  the  
(110) c leaved  planes  o f  films g rown  at 6.8 x 10 -:~, 1.7 x 
10 -:~, and 0.4 x 10-:' AsH:~ mole  fract ions,  respect ively.  For  
all of  the spec imens ,  the  tungs ten  grat ing direct ions were  
30 ~ f rom the  <l-10>, [TMG] was 3.2 x 10 -s mole  fraction, 
and the  g rowth  t empera tu re  was 630~ The geomet r ica l  
shape of the  layer  g rown  at [AsH:~] = 1.7 x 10-'~ mole  frac- 
t ion was the  reverse  mesa, as shown in Fig. 10b. This con- 
di t ion of [AsH:J was opt imal  for ob ta in ing  the  smooth  
surface of the layer. Even  though  the  AsH,  mole  fract ion 
was increased,  the  films exh ib i t ed  the  same reverse-  
mesa-shaped  planes.  The  layer surface,  however ,  became  
wavy  and defect ive  (see Fig. 10a). On the  o ther  hand,  
w h e n  the  AsH:~ mole  f ract ion was decreased,  the  ordinary  
mesa-shaped  p lanes  were  fo rmed  in addi t ion to the  
reverse-mesa-shaped  planes  as the  s idewalls  of the  over- 
g rown  layer (Fig. 10c). This  geomet r i ca l  shape is very  sim- 
ilar to that  of  the  710~ growth  t empe ra tu r e  (cf. Fig. 7a). 

F r o m  the cross-sect ional  pho tographs  shown in Fig. 10, 
the [AsH:~] d e p e n d e n c e  of a facet  angle  wi th  respect  to the  
(001) surface was examined .  The  facet-angle  var ia t ion for 
[AsH:~] of  0.2-7 x 10 -:~ mole  fract ions is r ep resen ted  in Fig. 
11. The  observed  geometr ica l  shapes  of  the overgrown 
layers are shown in the two insets.  Up  to a m01e fract ion 
of  [AsH:~] = 0.8 x 10 -;~, wh ich  cor responds  to 
[AsH:J/[TMG] = 25, the  sidewalls  consis t ing  of  ordinary 
mesa- and reverse -mesa-shaped  planes  were  formed,  

angle coincides with that of the {ll2}As crystallographic 
plane. With respect to the facet formation, the relation- 
ship between the grating angle and the growth tempera- 
ture is more complex. The details of this will be described 
below. 

AsH:~ and TMG mole fractions.--AsH:~ and TMG mole  
fract ions ([AsHs] and [TMG]) are key parameters  in 
control l ing the MOCVD film character is t ics ,  such as p-n 
convers ion.  One can expec t  that  the  facet ing g rowth  onto 
the GaAs stripe openings is also affected by the [AsH~] 
and [TMG] conditions. This represents our final experi- 
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tion of the growth temperature. Grating directions were 0 ~ and 90 ~ cor- 
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Fig. 10. Photomicrographs of (1-10) cleavage plans of layers grown at 
[AsH:j] of 6.8 x 10-3 (a), 1.7 x 10 -:~ (b), and 0.4 x 10-3 (c) mole frac- 
tions. All the layers were grown on the tungsten gratings oriented 30 ~ 
from <1-10>.  
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w h o s e  ang les  w i t h  r e s pec t  to t h e  (001) sur face  were  130 ° 
an d  27 ° , r e spec t i ve l y  (see t he  lef t  i n se t  of  Fig. 11). F r o m  
these  angles ,  t he  face ts  were  f o u n d  to c o r r e s p o n d  to t he  
{111}As a n d  {113}Ga faces. A b o v e  a mo le  f r ac t ion  of  [AsHy] 
= 0.8 × 10 -'~, t he  s idewal l  i n d i c a t e d  on ly  the  { l l l}As.  

F r o m  th i s  r e s u l t  only,  howeve r ,  one  c a n n o t  k n o w  
w h e t h e r  the  g r o w t h  p a r a m e t e r  c aus i ng  t he  facet  va r i a t ion  
is [AsH:~] or [AsH:J/[TMG]. Therefore ,  we  s tud ied  the  ef- 
fects  of  t he  [TMG] va r i a t i on  on  t h e  o v e r g r o w t h  u n d e r  
[AsH:l] = 1.7 x 10 -:~ mole  fract ion.  T he  face t  ang le  w i th  re- 
spec t  to the  (001) sur face  as a f u n c t i o n  of [TMG] is pre-  
s en t ed  in Fig. 12. U n d e r  t he  c o n d i t i o n s  of  [TMG] = 
2.3-12.8 × 10-5 mo le  f rac t ion  c o r r e s p o n d i n g  to 
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[AsH3]/[TMG] = 13-74, t he  s idewal l  of  t he  o v e r g r o w n  layer  
i nd ica t e s  on ly  t he  facet  f o r m i n g  a n  ang le  of  130 ° w i t h  re- 
spec t  to  t he  (001) surface.  E v e n  b e l o w  [AsH~]/[TMG] = 25, 
no  p l ane  o t h e r  t h a n  t he  { l l l }As  face was  f o r m e d  regard-  
ing  t he  s idewal l s  of the  o v e r g r o w n  layers.  On t he  o the r  
h a n d ,  w h e n  [AsH~I/[TMG] was  r e d u c e d  b e l o w  25 t h r o u g h  
a dec rea se  in  [ASH3] w i t h  a c o n s t a n t  [TMG], the  { l l3}Ga 
face was  f o r m e d  in a d d i t i o n a l  to t h e  { l l l }As  face (see Fig. 
11). Therefore ,  t he  face t  f o r m e d  d u r i n g  t he  se lec t ive  
g r o w t h  on  t he  t u n g s t e n  g ra t ings  is c o n c l u d e d  to d e p e n d  
on  [ASH3] r a t h e r  t h a n  [AsH3]/[TMG]. 

Ver t i ca l  Growth  Rate of Overgrown  Layer  
Stud ies  o f  g r o w t h  rate p r o v i d e  us w i t h  basic i n f o rma-  

t i on  on  g r o w t h  mechan isms .  F o r  se lec t ive  g r o w t h  w i t h o u t  
po ly -GaAs  d e p o s i t i o n  over  a t u n g s t e n  surface,  r eac t ing  
species  w h i c h  a r r ived  f r o m  the  gas  p h a s e  to the  t u n g s t e n  
surface  s h o u l d  b e  (i) r e l eased  aga in  in to  t he  gas  phase ,  or 
(ii) t r a n s f e r r e d  to a g rowing  GaAs  surface .  In  case  (i), t h e  
ver t ica l  g r o w t h  ra te  on  t he  l imi t ed  area  can  be  p r e d i c t e d  
as b e i n g  es sen t i a l ly  the  s a m e  as t he  g r o w t h  ra te  on  t he  
s u b s t r a t e  w i t h o u t  t he  t u n g s t e n  gra t ing .  On t he  o the r  
h a n d ,  in  case (ii), t he  ver t ica l  g r o w t h  ra te  in  t he  l imi ted  
reg ion  is a p p a r e n t l y  e n h a n c e d  c o m p a r e d  to t h a t  on  the  
sur face  w i t h o u t  t he  t u n g s t e n  gra t ing .  

The  ver t ica l  g r o w t h  ra te  was  d e t e r m i n e d  f rom the  
h e i g h t  of  a top  s ide  of  t he  o v e r g r o w n  layer  on  t he  l imi t ed  
GaAs  area. The  ver t ica l  g r o w t h  t h i c k n e s s ,  t, vs. t h e  grat-  
ing  ang le  is g i v e n  as the  c losed  c i rc les  in  Fig. 13, w h e r e  
the  g r o w t h  t i m e  was  2h. The  layer  t h i c k n e s s  on  t he  sub-  
s t ra te  w i t h o u t  t h e  t u n g s t e n  g ra t ing  is also s h o w n  as a n  
open  t r iangle .  F r o m  th i s  figure,  t h e  t h i c k n e s s  of  the  over-  
g r o w n  layer  is f o u n d  to s t rong ly  d e p e n d  on  the  g ra t ing  di- 
rec t ion.  Moreover ,  t h e  ver t ica l  g r o w t h  ra t e s  of the  over-  
g r o w n  layers  s h o w n  in Fig. 13 we re  l a rger  t h a n  the  layer  
t h i c k n e s s  on  a s u b s t r a t e  w i t h o u t  t he  t u n g s t e n  grat ing.  
The  ver t ica l  g r o w t h  ra te  on  a l imi t ed  a rea  is on ly  appar -  
en t ly  e n h a n c e d .  Therefore ,  the  a r r iva l  spec ies  at  t he  tung-  
s t en  sur face  are no t  r e l eased  aga in  in to  t he  gas p h a s e  b u t  
are t r a n s f e r r e d  to the  g rowing  GaAs  surface.  

To clarify th i s  s i t ua t ion  fur ther ,  let  us  cons ide r  a n  aver- 
age layer  t h i c k n e s s ,  t, w h i c h  is c a l i b r a t e d  by  fil l ing u p  
the  V g rooves  or t he  t r i a n g u l a r  vo ids  as s h o w n i n  the  in- 
set  of  Fig. 13. The  ca l i b r a t ed  layer  t h i c k n e s s e s  are repre-  
s e n t e d  as o p e n  c i rc les  in  t he  figure.  The  average  layer  
t h i c k n e s s  was f o u n d  to co inc ide  w i t h  t he  layer  t h i c k n e s s  
on  t he  s u b s t r a t e  w i t h o u t  t h e  t u n g s t e n  p a t t e r n  in  all t h e  
g ra t ing  d i rec t ions .  Therefore ,  a n  a m o u n t  of the  r eac t ing  
spec ies  w h i c h  lead  to t he  GaAs  g r o w t h  is bas ica l ly  the  
same.  The  d i f f e rence  in  t he  he igh t s  of  t he  top  s ides  of  t he  
layers  on  t he  l im i t ed  areas  is on ly  appa ren t .  
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Vertical growth rates on the limited area are also stud- 
ied with respect to growth temperature and [AsH:~]. Fig- 
ures 14a and 14b plot film thickness at a growth time of 
2h as functions of the growth temperature and [AsH:~], re- 
spectively. All of the films were grown over the 30 ~ tung- 
sten gratings. The apparent and average thicknesses of 
the selectively grown layers are indicated as the closed 
and open circles, respectively. The layer thickness on the 
substrate without the grating is also represented as open 
triangles. Though the apparent thickness on the GaAs 
opening varied with the growth temperature and [AsH:~], 
the average thickness was independent  of the growth 
conditions. This was similar to the layer thickness on the 
substrate without the grating. 

Moreover, the average thickness coincided with the 
thickness on the substrate without the grating. From the 
results of the average thickness, it can be concluded that 
the overall growth rate under this range of growth condi- 
tions is essentially limited by mass transport through the 
stagnant layer in the gas phase. However, surface kinetics 
cannot be ruled out as an MOCVD growth mechanism, 
because the various crystallographic faces form with a de- 
pendence on the tungsten stripe direction, the growth 
temperature, and lAsH3]. 

Crystallographic Aspect and Overgrowth Mechanism 
In this section, we discuss the facets of the overgrown 

layers on the tungsten gratings demonstrated in Fig. 2, 7, 
and 10 from a crystallographic aspect. With respect to the 
crystallograhic planeS of the formed facets, the relation- 
ship between the grating direction and growth condition 
is studied. On the basis of these discussions, the over- 
growth mechanism is examined. 

Facet identification.--The facets of the overgrown lay- 
ers on the tungsten gratings are studied from the crystal- 
lographic point of view. From the facet angle of the over- 
grown layers, the geometric shapes of the layers can be 
classified into four individual groups, as shown in Fig. 
15. 

The overgrown facet forming an angle of 90 ~ with re- 
spect to the (001) surface plane was observed on (110) 
cleavage planes for the near <i-10> grating directions. 
This result was independent  of the growth conditions. 
From this facet angle, these formed planes correspond to 
the {110} crystallographic planes (see Fig. 15I). In the re- 
gion of 10~ ~ tungsten opening directions, two types of 
facet shapes were observed on the (i-10) cleavage planes. 
One is represented by the inclined planes forming an an- 
gle of 130 ~ with respect to the (001) surface, which corre- 
sponds to the {lll}As planes (Fig. 15II). The other is rep- 
resented by the planes forming an angle of 27 ~ with 
respect to the (001) surface planes, which corresponds to 
the {ll3}Ga (Fig. 15III). 

The {111}As and {ll3}Ga planes, in principle, form an- 
gles of 125.3 ~ and 25.2 ~ respectively, with respect to the 
(001) surface planes. One of these types was changed into 
the other by the growth temperature or [AsH:~] conditions. 
For the 45~ ~ tungsten grating directions from <110>, 
only the plane forming an angle of 37 ~ with respect to the 
(001) surface was observed on the (ll0) cleavage plane in- 
dependent of the growth conditions (Fig. 15IV). From the 
angle of the inclined plane observed on the (110) cleaved 
plane, the facet corresponds to the {ll2}As, which, in prin- 
ciple, forms an angle of 35.3 ~ with respect to the (001) sur- 
face plane. 

These facet types shown in Fig. 15 are summarized with 
respect to the grating direction and growth conditions. 
The classification of these facet types is plotted out for 
the growth temperature and grating angle in Fig. 16. Be- 
low the growth temperature of 440~ no GaAs nuclei are 
deposited on the exposed GaAs regions nor on the tung- 
sten surface. In the 530~176 region, poly-GaAs is depos- 
ited on the tungsten surface. Though monocrystalline 
GaAs was grown onto the exposed GaAs area, the facets 
could not be observed, owing to the deposition of poly- 
GaAs on the tungsten surface. Therefore, the temperature 
range above 530~ is a subject of some discussion con- 
cerning the facet types. 

0 )  P L A N E  I 

I 

~ 1 3 0 ~  / 

11 

~ 3 7 ~  

N 

n l  
Fig. 15. Schematic diagrams of the overgrowth profiles produced on 

the (001) GaAs plane under the various growth conditions (see text). 
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A similar  classif ication is also m a p p e d  for [AsH:J and 
the grat ing angle  in Fig. 17. Regions  I, II, III, and IV in 
Fig. 16 and 17 m e a n  the  ex ten t  of g rowth  parameters  and 
grat ing direct ion,  where  the ove rg rowth  profiles indicate  
types I, II, III, and  IV as p resen ted  in Fig. 15. In these  
plots, for example ,  the  region I I + I I I  means  a condi t ional  
ex ten t  which  p roduces  the  side wall  consis t ing of the  
{ l l l}As and {ll3}Ga planes,  as shown  in Fig. 10c. 

It  is clear  f rom these  f igures  that  the  GaAs open ing  di- 
rec t ion on the  (001) substrate  surface is the  mos t  essent ia l  
pa ramete r  for the  overgrowth.  This  is because  the  facet 
shape is cont ro l led  by the  grat ing direct ion,  excep t  in the  
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Fig. ] 7. Classification of face types for [AsH:J and grating angle. 
Growth temperature was 6300C. 

10~ ~ region.  This  reason is no t  well  unders tood  at pres- 
ent, bu t  it is cons idered  to relate to the  a tomic  arrange- 
ments ,  a tomic  bond  direct ions,  and  crystal lographic po- 
lari ty on the  def ined str ipe open ing  of  the  (001)GaAs 
substrate  surface. The  other  l imi ta t ions  for the facet ing 
growth  are g rowth  t empera tu re  and [AsH:J. 

It  is no t ewor thy  that  the  { l l l}As s idewal l  p lane  of  the 
select ively g rown layer changes  to the  {ll3}Ga at the  
g rowth  t empera tu re  of  more  than  710~ Addi t ional ly  im- 
por tan t  is the  fact  that  the {ll3}Ga side p lane  is formed to- 
ge ther  wi th  the  { l l l}As plane  at less than  a 0.8 x 10 -:~ 
mole  fract ion of  [AsH:~]. In  short,  an increase in the  
growth  t empe ra tu r e  and a decrease  in [AsH:~] have  a simi- 
lar inf luence on facet  format ion.  

Overgrowth mechanism.--We will  now discuss  our  ex- 
pe r imenta l  resul ts  in te rms  of  the  Langmui r -Ridea l  mech-  
anism, where  gas phase  gal l ium species  react wi th  
surface-adsorbed arsenic (20). A l though  the  react ing spe- 
cies are wr i t ten  as Ga and As for the  sake of  simplici ty,  
the actual surface  species which  lead to GaAs growth  are 
cons iderably  more  c o m p l e x  in MOCVD (21). 

In the  Langmui r -Ridea l  model ,  the  g rowth  rate, R, is 
g iven  by 

R = KOAsP(; a [1] 

where  K is a rate constant ,  P(;~ is the  initial partial  pres- 
sure of  the  Ga species in the  gas phase,  and OA~ is the sur- 
face coverage  of  the  As species. The  OA~ is wri t ten as 

~AsPAs OA~ - [2] 
1 + /3A~PA~ 

where  PAs is the  part ial  p ressure  of  the  As species in the  
gas phase  and flA~ is the  L a n g m u i r  adsorp t ion  cons tant  for 
the  As species,  that  is, the  ratio of  the  rate cons tant  for the  
adsorp t ion  of the  As species to the  rate cons tant  for 
desorpt ion.  

Assuming  that  TMG is comple te ly  d e c o m p o s e d  by the 
h o m o g e n o u s  react ion in the  gas phase  (22), P(;, = PT,(;, 
where  PTM~ is the  inlet  partial  p ressure  of TMG in the gas 
phase,  such that  Eq.  [1] can be rewri t ten  into 

R = KOA~PvM, [3] 

F r o m  this equat ion ,  one can expec t  that  the slight differ- 
ence  in g rowth  rate is caused by the  OA~ d e p e n d e n c e  on 
the surface orientat ion.  However ,  the  dependence  of  the  
growth  rate on the  or ienta t ion is not  measurab le  by an ex- 
pe r imen t  us ing  individual  substra tes  wi th  var ious orien- 
tat ions because  OA~ ~ 1, i.e., fiA~PA~ > >  1, in a lmos t  all 
cases (20). Consequent ly ,  Eq. [3] is r educed  to 

R = gP'rmc; [4] 

Therefore ,  the  p red ic ted  g rowth  rate demons t ra tes  a lin- 
ear d e p e n d e n c e  on the part ial  p ressure  of  TMG, and is in- 
d e p e n d e n t  of  the  AsH:~ overpressure .  

Let  us cons ider  the  case where  var ious  crysta l lographic  
faces are a r ranged  wi th in  the  surface  diffusion l eng th  of  
the  react ing species.  The  growth  rate d e p e n d e n c e  on the  
or ienta t ion p red ic ted  f rom Eq. [3] is enhanced  by the dif- 
fus ion of  the  react ing species  f rom the  face where  the  
growth  rate is re lat ively low to the  face with  the relat ively 
high g rowth  rate. As a consequence ,  the  g rowth  rate is 
cons idered  to depend  signif icantly on the  surface orien- 
tation. The facet ing growth  is also domina ted  by this 
mechan ism.  

The planes  where  the  g rowth  rate  is re lat ively small  are 
be l ieved  to be fo rmed  as facets of  the  ove rg rowth  layer. 
The  OA~ is d e p e n d e n t  On the  g rowth  t empera tu re  and the 
AsH:~ part ial  p ressure  whi le  be ing  i n d e p e n d e n t  of  the  
TMG part ial  pressure.  Therefore;  the  faeet ing g rowth  is 
s t rongly d e p e n d e n t  on the t empe ra tu r e  and the part ial  
pressure  of  AsH:~, whi le  be ing  i n d e p e n d e n t  of the  part ial  
pressure  of  TMG. However ,  the overal l  average g rowth  
rate of  the  ove rg rown  layer depends  only on the  partial 
p ressure  of  TMG. 
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Conclusion 
Lateral epitaxial growth of GaAs over tungsten gratings 

with 5 t~m wide lines and spaces on (001) GaAs substrates 
was performed using MOCVD. Lateral overgrowth was 
seeded from the edges of the masking tungsten stripes by 
selective epitaxial deposits initially formed only on the 
exposed regions. The facets were formed at the GaAs- 
overgrown film edges. From crystallographic aspect, all 
the facets observed in the overgrown layers were found to 
be classified into four individual groups of {110}, {lll}As, 
{ll2}As, and {113}Ga faces. The GaAs opening direction 
on the (001) substrate surface was found to be the most 
essential parameter for determining the geometric shape 
of the overgrowth layer. The other controlling parameters 
Were the growth temperature and the partial pressure of 
AsH:~. The partial pressure of TMG had no influence on 
the facet formation, although tl~e average growth rate of 
the overgrown layer was controlled by the mass transport 
of the reacting species including Ga atoms. These results 
could be qualitatively explained by the Langmuir-Rideal 
model. 
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An Alternative Approach to the Calculation of Four-Probe 
Resistances on Nonuniform Structures 
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ABSTRACT 

An alternative approach to the calculation of the four-probe resistance of nonuniform resistivity structures is pre- 
sented. This approach is based upon two simplifications in the form of the four-probe resistance integral. The first 
arises from the integral's being independent  of the probe current density as well as the probe radius. The second simpli- 
fication involves the rewriting of the integral as one involving only the kernel (without any Bessel functions) and with 
finite limits which depend only upon the probe spacing. The form of these limits is determined by the analytic calcula- 
tion of the four-probe resistance for the case of a semi-infinite slab. For the case of a uniform layer over an insulating or 
conducting boundary, the simplified integral leads to analytic expressions for the four-probe resistance which are com- 
pared with the more extensive technique and are also investigated as a function of the probe spacing. For nonuniform 
resistivity structures, the simplified integral can be easily evaluated by means of the Newton-Cotes numerical proce- 
dure. For general multilayer cases, the results obtained from the Newton-Cotes method are compared with those ob- 
tained from more extensive numerical techniques and are shown to be in excellent agreement. This allows for a vastly 
simplified implementat ion of the previously proposed spreading resistance calibration technique. 

Recently, a multilayer expression for the in-line four- 
probe resistance, Z(x, S), has been derived in the form (1) 

Z(x, S) = 2p(x) f~A(x, k){J0(XS) - Jo(2kS)}I,(ha) dX [1] 

where p(x~ is the resistivity, J~j(hS) is the first-order 
Bessel function, A(x, )~) is the kernel of the integral and is 

*Electrochemical Society Active Member. 

related to the resistivity structure, Iv(ha) is the Hanket 
transform of the generalized probe-current density nor- 
malized to unit current (2), v is an index which refers to 
the specific form of the current density, a is the probe ra- 
dius, and ~ is the integration variable. It was shown that 
the four-probe resistance could always be obtained from 
the two-probe spreading resistance, R(x, S), from the gen- 
eral expression 

Z(x, S) = R(x, 2S) - R(x, S) [2] 
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The four-probe res is tance was also numer ica l ly  shown  to 
be  (i) i n d e p e n d e n t  of  the  probe  radius  and the  probe-  
current  density,  and (ii) s imply  related to the sheet  resist- 
ance, ,~t(x), w h e n  the  d is tance  to an insula t ing boundary  is 
small  compared  wi th  the probe spacing.  The former  ob- 
servat ion p rov ided  the  basis for a cal ibrat ion p rocedure  
for de te rmin ing  the  value  of  the  p robe  radius to be used 
in spreading  res is tance profile analysis.  The  use of the  
four-probe res is tance  in the  cal ibrat ion procedure  re- 
quires  the eva lua t ion  of  the  integral  in Eq. [1]. This evalu- 
ation can be great ly  simplified, and it  is the purpose  of  
the present  w o r k  to der ive  a s implif ied express ion  for 
Z(x, S) and hence  great ly facili tate the  use of  the calibra- 
t ion procedure .  

Derivation 
As the four-probe resistance is independent of the 

probe current density and the probe radius, Eq. [I] may 
be rewritten as 

p(x) f=  
z ( x ,  s )  = / A ( x ,  x)tj , , (xs) - j,,(2xs)  ax  E3] 

~T J o  

This par t icular  s implif icat ion of the integral  has been  
numer ica l ly  verif ied for a range of  s t ructures .  The thrus t  
of the present  work  is to fur ther  s impl i fy  the  integral  by 
finding a funct ion,  f(1/S), such that  Eq.  [3] can be wr i t ten  
a s  

Z(x, S) o(x) f~,~s) = A(x, X) d~ [4] 
~'~ f(112S) 

In going f rom Eq. [3] to Eq. [4], the  Besse l  funet ions  
have  been  r e m o v e d  from the  in tegrand  and their  effect on 
the integral  has been  p rese rved  by the  r ep lacemen t  of  the  
l imits in Eq. [3] by finite l imits  which  d e p e n d  only u p o n  
S. This par t icular  choice  for the l imits  of  the  integral  is 
not  arbi t rary but  was mot iva ted  by the  subs t i tu t ion  of  the  
Berkowi tz -Lux  (3) form of the spread ing  res is tance in 
both te rms  in the  r ight-hand side of Eq.  [2]. The resul t ing  
express ion  conta ins  the  integral  of A(x, X) where  the  
lower  l imit  depends  upon  1/2S and the upper  l imi t  de- 
pends  upon  1/S. The par t ieular  form obta ined  f rom this 
subs t i tu t ion  does  not  adequa te ly  r ep resen t  the  resul ts  for 
a wide  class of  s t ructures .  However ,  this  observa t ion  pro- 
v ided  the  ins ight  into the  general  form which  the  simpli-  
fication of  the  integral  wou ld  take. 

The search for the  function,  f(1/S), is a ided by the  calcu- 
lation of Eq. [3] and [4] for the ease of a semi-infinite slab. 
In this ease, A(x, X) = 1, and the integral  in Eq. [3] can be  
evalua ted  analyt ical ly  (4) to give 

Z(x, S) p(x) ( i , s  = coth  (Xx) dX 
-/11/2S 

_ P l n { . s i n h ( x / S )  } 
rrx s inh (x/2S) 

for an insula t ing  boundary  and 

[7] 

Z(x, S) p(x) f i 1Is 
= tanh (kx) dX 

7r J 1  ]2S 

_ P l n {  c~  } 
rrx e o s h  (x/2S) [8] 

for a conducting boundary. It is important to note in 
both cases that the probe spacing and the distance to the 
boundary appear as the ratio x/S. It is this ratio which de- 
termines the behavior of the functions. 

For the situation where the distance to the boundary is 
small  compared  to the  probe  spacing,  i.e., x /S  < 1, the 
sinh funct ion  m a y  be replaced  by its a rgumen t  whereas  
the cosh func t ion  approaches  unity.  By mak ing  use of  
these  l imi t ing values  for small  x/S,  it is s t ra ight forward to 
show that  

p in (2) 
l im Z(x, S) - - -  [9] 

xIS  < I TgX  

for an insu la t ing  boundary  and 

l im Z(x, S) = 0 [10] 
x /S  < 1 

for a conduc t ing  boundary .  F r o m  Eq. [9], it is clear that  
the idea of  a " th in"  isolated layer mus t  be phrased  in 
te rms  of the  ratio of  the  th ickness  of the layer and the 
probe  spacing. As the  p robe  spacing becomes  large com- 
pared to the  d is tance  to the  boundary ,  the un i form layer 
may  be cons ide red  to be " thin ."  This  is impor tan t  as it 
p laces  an ob jec t ive  cr i ter ion on the  use  of  the idea of th in  
layers. Equa t ion  [10] states for the  case of  a un i form layer 
over  a conduc t ing  boundary  that  the  four-probe resist- 
ance approaches  zero as the probe  separat ion becomes  
large compared  to the  d is tance  to the  conduc t ing  bound-  
ary. 

For  the s i tuat ion where  x /S  > 1, the  hyperbol ic  func- 
t ions con ta ined  in Eq. [7] and [8] m a y  be replaced by ex- 
ponent ia ls  of  the same argument .  Then  

P l im Z(x, S) - [11] 
~/s > i 2~rS 

P f={J,,(XS) - Jo(2XS)} dX - P Z(x, S) = -~- , 27rS [5] 

This indicates  that  f(1/S) = 1/S, as can be  verif ied by di- 
rect  subs t i tu t ion  into Eq. [4]. If  this choice  is genera l ly  
correct,  then  the  four-probe res is tance  will  be r ep resen ted  
by the  equa t ion  

Z(x, S) p(x) f i "s = A(x, )t) dh [6] 
~" " ]  1/2," 

which  is far s imple r  to eva lua te  and analyze than  Eq. [1]. 
The val idi ty  of  Eq. [6] was inves t iga ted  for un i fo rm layers 
over  insula t ing  or conduc t ing  boundar ies ,  for a wide  class 
of two-layer  s t ructures ,  and for general  nonun i fo rm 
mult i layer  s t ructures .  The results  of  these  inves t igat ions  
are con ta ined  in the  nex t  three  sections.  

Uniform Resistivity Layers over Perfectly Insulating or 
Conducting Boundaries 

The kerne l  for a un i fo rm resis t ivi ty  layer  over  an  insu- 
lating or a conduc t ing  boundary ,  i.e., coth (Xx), tanh  (Xx), 
may  be used  to analyt ical ly eva lua te  the  integral  in Eq. [6] 
for these  cases. Specif ical ly  

for bo th  the insula t ing  and conduc t ing  boundary  condi-  
tions. Hence ,  for x / S  > 1, the resul ts  for both  the 
insulat ing and conduc t ing  boundar ies  approach  the  semi- 
infinite slab resul t  g iven  by Eq. [5]. These  resul ts  are 
summar ized  in Fig. 1, where  the  scaled four-probe func- 
tion, (~rx/p)Z(x, S), is plot ted for a wide  range of x /S  for 
each of  the  three  boundary  condi t ions.  Fo r  x /S  < 1, the  
three  funct ions  appear  as three  separa te  curves.  The con- 
due t ing  bounda ry  resul t  decreases  rapidly  to zero, whi le  
the semi-infini te  slab resul t  decreases  s lowly to zero. In  
this same region,  the insula t ing  boundary  resul t  has 
reached  its a sympto t i c  va lue  of  in (2). When x /S  is ap- 
p rox ima te ly  0.5, the  insula t ing b o u n d a r y  and conduc t ing  
boundary  resul ts  begin  curv ing  toward  the  semi-infini te  
slab results.  This  curv ing  and merg ing  is finally com- 
plete  once x / S  is app rox ima te ly  2-3. B e y o n d  this point, all 
three curves  lie on top of each other,  as indica ted  by Eq. 
[11]. These  indicate,  once x /S  is approx imate ly  2 or 
greater,  that  the  effects  of  any boundary  (especially an  
insula t ing boundary)  have  been  comple te ly  removed.  
This would  m e a n  that  four-probe res is tance measure-  
ments  made  on th ick  layers, x / S  > 1, should  not  be  asso- 
ciated with  a sheet  resis tance in te rp re ted  in terms of a 
parallel  conduc t ion  model ,  i.e., in t e rms  of  a sheet  resist- 
anee 9t(x), def ined by 
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Fig. 1. The four-probe resistance scaled by (~-x/p), i.e., (~x/p)Z(x, 
S), is presented for a large range of x/S for several boundary condi- 
tions. The curve denoted by A represents the result for an insulating 
boundary, while the curves denoted by B and C represent the results 
for a conducting boundary and no boundary (semi-infinite slab), re- 
spectively. 

1 
~(x) [12] 

f :o-(x') dx' 

Having established the analytical results from the 
cases of semi-infinite slabs, uniform layers over 
insulating, or conducting, boundary conditions, what re- 
mains to be shown in this section is how well these re- 
sults agree with the "exact" results obtained from Eq. [1]. 
Figure 2 contains the results of this comparison for a uni- 
form layer over an insulator. In general, the agreement is 
very good. In the middle region of x / S  values (from about 
0.5 up to about 2.0), the maximum difference between the 
two results is about 10%. 

h T w o - L a y e r  Structure 
A particular example where the equations can be 

worked out exactly is the two-layer case where the top 
layer has a larger resistivity than the bottom layer. The 
resistivities of the bottom and top layers are p, and p~, re- 
spectively. The form of the kernel of the integral is given 
by 

p,A1 + p~ tanh (Xx) 
A2(x, ~) = [13] 

P2 + p~A~ tanh (kx) 

where x is the position of the surface of the top layer and 
AI is the kernel evaluated at the surface of the bottom 
layer. Introducing the variable q defined as q = p~/p~ and 
expanding the right-hand side of Eq. [13] to terms of or- 
der q, leads to the expression 

A2(x, ~) = (qA~ + tanh (kx))(1 - qA1 tanh (Xx)) 
Az(x, ~) = tanh (~,x) + qA~(1 - tanh (kx)) + . . .  

[14] 

Substi tuting this form for the kernel into Eq. [6] and 
evaluating the integral leads to the following expression 
of the four-probe resistance for this particular two-layer 
structure 

Z(x, S)=  P~ In r l cash (x/S) l ~+ P__L 
7rx cash (x/2S) ~rx 

In {tanh (x/S) - tanh (x/2S)} [15] 

Equation [15] represents the four-probe resistance of a 

x v 
N 

v 

10 | . . . .  I . . . .  I . . . .  ] . . . .  i . . . .  ~ . . . .  I . . . .  I . . . .  

[/ 1 ~ sinh(x/$) 1 
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Fig. 2. The four-probe resistance scaled by (Tr/p), (lr/p)Z(x, S), cal- 
culated from Eq. [1] and [7], are presented for the case of a uniform 
resistivity layer over an insulating boundary condition. 

two-layer structure and reduces to Eq. [9] and [11] under  
the appropriate conditions. 

Numer ica l  Evaluat ion of Z(x, S) 
A numerical integration scheme is required for the eval- 

uation of the Z(x, S) integral in Eq. [6] for the case of a 
general nonuniform resistivity structure. Two general 
techniques were used in the evaluation of the integral in 
Eq. [6]. The first makes use of the trapezoidal-Romberg 
technique with a 0.005% convergence criterion on the 
evaluation of the integral. This integration technique was 
the one which was used previously (5) to evaluate the 
spreading resistance correction factor integral. The sec- 
ond technique makes use of the nine-point Newton-Cotes 
method (6) in the evaluation of the integral. In particular, 
the logarithmic spacing used in Eq. [12] of Ref. (3) was 
employed. The purpose of using the first technique was 
to provide for an "exact" evaluation of the Z(x, S) integral 
in Eq. [6]. The Newton-Cotes technique was investigated 
as a faster, more efficient, method. For the Newton-Cotes 
method of evaluation, the four-probe resistance was cal- 
culated using the expression 

p(x) 
Z(x, S) = in (2) ~ wg.A~A(x~,3 [16] 

TJ" i = 0  

where 

2i/8 
},~ = ~ -  (0 ~ i ~ 8) [17] 

wg,~ = C~/8, and where C~ are the Newton-Cotes weighting 
factors (6). A comparison of the results of the integration 
performed with the trapezoidal-Romberg technique and 
with the nine-point Newton-Cotes method indicates that 
the latter method gives an excellent representation of the 
integral of Eq. [6]. Hence, for all subsequent  analysis, the 
Newton-Cotes method will be used. The remaining item 
to be considered focuses upon the comparison of the 
four-probe resistances as calculated by Eq. [1] and by Eq. 
[6] (using the Newton-Cotes method). 

The purpose of this section is to present the salient fea- 
tures of the calculation of the function Z(x, S) for both 
"thin" and "thick" layers. As indicated previously, the 
concepts of "thin" and "thick!' do not refer to the abso- 
lute layer thicknesses, but  depend rather upon the ratio of 
the layer thickness (or distance to the insulating bound- 
ary) to the probe separation. Obviously, for almost all 
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pract ical  applicat ions,  an isolated layer of up to approxi-  3 
mately i0 ixm may always be considered to be thin. How- 2 
ever, the distinction between thin and thick becomes im- 
portant for the case of a nonuniformly doped layer over a I 
substrate of the same conductivity type. Here, the total 
thickness of the wafer must be considered to be the depth ~ o 
to the  insula t ing  boundary ,  i.e., the  back  of the wafer,  cc 

(5 - 1  
Typically, this thickness can be several hundred microns "' 
and here the ratio x/S may be on the order of or greater z -2 
than unity. 

A number of implant-type resistivity structures were ~ -3 
used with an insulating boundary placed up to several mi- 
crons below the implanted region. This situation was -4 
used to simulate the implant into a junction isolating sub- -5 
strate. In these cases, x/S is always much less than unity 
and the junction-isolated layer formed by the implant is 
clearly thin in the sense described above. These struc- 
tures were used to calculate Z(x, S) using Eq. [1] and [6]. 
The probe spacings used ranged from 25 up to I000 ixm. 
In all cases, the results of the two techniques were found 
to be in agreement to within less than 1%. Also, direct 
evaluation of the sheet resistance showed that the relation 
between Z(x, S) and the sheet resistance, 91(x), i.e. 

In (2) 
Z(x, S) - 9t(x) [18] 

7T 

was satisfied. This  would  indicate  that  the Newton-  
Cotes t e chn ique  for the eva lua t ion  of  Z(x, S) as g iven  by 
Eq. [6] yields the  correct  resul t  for a thin, i.e., x / S  < 1, 
layer. 

The same gauss ian- type implan t  s t ructures  were  used 
with the insulating boundary placed at 350 ixm below the 
end of the implant structure. This was meant to simulate 
the situation which would arise from an implant structure 
into a substrate of the same conductivity type. As dis- 
cussed above, the back surface of the wafer is now the 
insulating boundary condition. For the total thicknesses 
involved, the calculation should probe the results from 
the region where x/S > 1 down to the region where x/S < 
i. In addition, the substrate resistivity was changed to 
emulate the approach to junction-type isolation at the end 
of the implant distribution. When the Newton-Cotes eval- 
uation of Z(x, S) was used and compared with the results 
of Ref. (I), the maximum deviation was found to be on the 
order of 10%. However, deviations of this magnitude were 
not typical of all structures, nor were they typical of any 
one structure. In general, deviations of about 1-2% were 
typical. In particular, deviations of this size were found in 
the surface region of nearly all the structures considered. 
Typical comparisons of the four-probe resistance inte- 
grals are contained in Fig. 3 for illustrative purposes. The 
overall quality of the Newton-Cotes results indicates that 
this computationally simpler form of Z(x, S) presented in 
Eq. [16] and [17] can be used with confidence and at a 
substantial reduction in computation time. To illustrate 
the reduction in computation time, the calculations per- 
formed in Ref. (i) (using Eq. [I]) usually took several CPU 
minutes on a minicomputer (equivalent to at least an hour 
on a microcomputer). The same calculations using the 
Newton-Cotes method (Eq. [16] and [17]) take several 
CPU seconds on a minicomputer and on the order of 
15-30s on a microcomputer. In addition, the calibration 
procedure proposed in Ref. (i) is now accessible as a sim- 
ple add-on to any spreading resistance correction factor 
algorithm. This calibration procedure is described in de- 
tail in Ref. (I) and is implemented exactly as described 
there. The important difference resulting from the pres- 
ent work is that the calculation of the four-probe resist- 
ance for each value of the probe radius (used in the 
multilayer analysis of the spreading resistance data) can 
be performed very quickly even on a microcomputer 
system. 

- 6  I r I I I I I 
- 4  - 3  - 2  - 1  0 1 2 3 4 

L O G  ( A P P R O X I M A T E  I N T E G R A L )  

Fig. 3. The four-probe resistance integral as evaluated by the 
trapezoidaI-Romberg method (Eq. [1]) and as evaluated by means of 
the Newton-Cotes evaluation (Eq. [16]) are plotted against each other 
in this figure. The data represent a wide range of structures. The data 
at the lower end represent deviations due to shorting substrates where 
the four-probe resistance does not provide any useful information. 

A lis t ing of  the  Newton-Cotes  eva lua t ion  of Z(x, S), writ- 
ten in F O R T R A N  (but easily t ransla ted to other  lan- 
guages), may  be  obta ined  f rom the authors  upon  request .  

Results and Conclusions 
A simplified method for evaluating the four-probe re- 

sistance has been presented and discussed. The resulting 
equation for the four-probe resistance involves an integral 
of A(x, I) over  a small  in terval  d ic ta ted  by the p robe  spac- 
ing. In part icular ,  the  larger  the  va lue  of  the probe  spac- 
ing, the  closer  the  interval  is to the  origin. In a sense, this 
signals the impor t ance  of  the substra te  resis t ivi ty and the 
boundary  condi t ion  as the  small  ~ behav ior  of  the kernel  
funct ion  is domina t ed  by the  ratio of the  substrate  resis- 
t ivi ty and the resis t ivi ty of the poin t  in quest ion.  Analyt ic  
express ions  have  been  der ived  for the  cases of a un i form 
layer over  an insula t ing bounda ry  or a conduc t ing  bound-  
ary. These  express ions  have  been  inves t iga ted  as a func- 
t ion of x/S.  For  small  va lues  of  x/S,  the  sheet  res is tance 
of a un i fo rm layer has been  shown to arise for the case of  
an insula t ing boundary .  For  large va lues  of  x/S, all th ree  
cases have  been  shown to merge  toge ther  and prov ide  a 
caveat  in the  in terpre ta t ion  of  four-probe res is tance mea- 
surements  in te rms  of  a shee t  res is tance obta ined  f rom a 
laminar  conduc t ion  model .  

A n ine-poin t  Newton-Cotes  in tegra t ion  scheme  has 
been  presen ted  and discussed for the  evaluat ion  of the 
s implif ied four -probe  res is tance integral  and have  been  
compared  wi th  the  more  compl ica ted  me thods  p resen ted  
in Ref. (1). Typical  d i f ferences  b e t w e e n  the  two methods  
are in the  1-2% range with  m a x i m u m  values  on the  order  
of  10%. However ,  the  Newton-Cotes  me thod  produces  a 
reduc t ion  in compu ta t i on  t ime  d o w n  into the  region of  
seconds  for both  min icompute r s  and mic rocompute r s .  
Consequent ly ,  the  Newton-Cotes  t e c h n i q u e  for eva lua t ing  
the four-probe res is tance can n o w  be readily used  in the  
cal ibrat ion p rocedure  which  was p roposed  in Ref. (1). 
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ABSTRACT 

A new one-dimensional process simulator, ASPREM or advanced SUPREM, has been developed. ASPREM features 
the capability for multilayer structures and the incorporation of many up-to-date models. In this paper, general features 
of ASPREM are first described. Then details of many up-to-date models, such as oxidation-enhanced diffusion with or 
without polysilicon, impurity diffusion in polysilicon and SIO2, and stress effects to phosphorus diffusion after high 
dose ion implantat ion are reported with experimental results. Finally, applications to base-emitter self-aligned technol- 
ogy (BEST) transistors are described, followed by brief concluding remarks. 

More than half a decade has already passed since the 
first process simulators, SUPREM and its extended ver- 
sion, SUPREM-II, were introduced from Stanford Uni- 
versity (1, 2). Several process simulators have since been 
developed from different organizations (3-6). Most of 
them are designed for simulating two-dimensional impu- 
rity profiles, since the lateral diffusion is becoming more 
important with shrinking min imum pattern size. How- 
ever, because of mathematical complexities of moving 
boundary problems, major efforts have been made to 
solve efficiently the diffusion equation for simplified 
structures. No great efforts have been made to develop 
more accurate physical models for multilayer structures. 
We currently need process simulators for mulitlayer 
structures which always appear in VLSI devices. 

The authors introduced the prototype of multilayer pro- 
cess simulator as early as 1981 (7). Many process models 
have since been developed and incorporated in this simu- 
lator which is currently called advanced SUPREM or 
ASPREM. Some of the newly developed models are 
oxidation-enhanced diffusion models of impurities under  
high concentration or With polysilicon on top of the sub- 
strate, diffusion models within silicon dioxide and 
polysilicon, and stress effects to phosphorus diffusion un- 
der various ambients. 

Recently, SUPREM-III has been developed by Stanford 
University as a one-dimensional process simulator to 
handle multilayer structures (8).Though basic features of 
ASPREM are similar to those of SUPREM-III, ASPREM 
excels in such models as impurity diffusion within 
polysilicon and SIO2. 

In this article, general features of ASPREM are first de- 
scribed. Then, some of the up-to-date process models are 
reported in detail. Finally, applications to base-emitter 
self-aligned technology (BEST) transistors (9) are de- 
scribed. 

Process Models in ASPREM 
General features.---ASPREM can handle multilayer 

structures including SIO2, Si3N4, and polysilicon. Thick- 
ness, dopant profiles, and, in the case of the silicon sub- 
strate and polysilicon, sheet resistances can be calculated 
after each process step. In the case of MOS transistors, 
threshold voltage can also be calculated with varying 
back bias voltages. 

Basic models for impurity diffusion are based on a va- 
cancy mechanism formulation (10), except that impurities 
can diffuse by interstitialcy mechansim during oxidation. 
According to this model, increased charged vacancies ac- 
count for enhanced diffusion under  high concentration of 
impurities. In the case of phosphorus diffusion, the model 
developed by Fair et al. (11) is used with some modifica- 
tion on the evaluation of stress, which is described later. 
Recent developments on high concentration diffusion of 
phosphorus have shown that not vacancies, but self- 
interstitials or both, account for enhanced diffusion (12, 
13). At this stage, however, Fair and co-workers' model is 
still the only quantitative model which can handle high 
concentration diffusion of phosphorus. 

The oxidation process uses the Deal-Grove model (14). 
For the heavily doped silicon substrate, the model devel- 

oped by Ho et al. (15, 16) has been implemented in 
ASPREM to account for the enhanced oxidation rate. Ho 
and co-workers' model is also used for the oxidation of 
heavily doped polysilicon, where carrier concentration is 
replaced by impurity concentration within grains. The 
ambient-pressure dependence of the oxidation rate is also 
included. The parabolic growth rate depends linearly on 
the ambient  pressure, whereas the linear growth rate de- 
pends on the power of ambient  pressure, with the power 
being less than unity (17). The possible explanation for 
the nonlinear relationship of the linear growth rate on am- 
bient pressure may exist in atomic-level reaction of 
oxidants with silicon atoms in the substrate. Details can 
be found elsewhere (17). 

As-implanted impurity profiles are assumed to be a 
joint-half gaussian distribution for arsenic, phosphorus, 
and antimony, and a modified Pearson IV distribution 
for boron in all materials including SiO.2 and Si3b/4 (10). An 
exponentially decaying tail is assumed only within the sil- 
icon substrate because channeling could occur only 
within the single cyrstal. In addition to basic elements, 
ASPREM can handle implantation of compounds such as 
BF and BF2 which have gained increasing importance in 
applications to the formation of a shallow junct ion in 
CMOS devices. Here, we assumed that a resulting boron 
profile is the same as the one in which boron ions are im- 
planted with the artificial energy calculated by 
mulitplying the mass ratio of boron in the compound to 
the original implant  energy (18). This is reasonable when 
we assume that, upon entering the substrate, the im- 
planted compound immediately decomposes into its 
constituting elements, while conserving kinetic energy 
and momentum. 

In the following, some of the process models including 
oxidation-enhanced diffusion, and impurity diffusion in 
polysilicon and SiO~, are described in detail. 

Oxidation-enhanced diffusion.--The impurities such as 
boron and phosphorus diffuse faster in the silicon sub- 
strate during oxidation. This phenomenon,  called oxi- 
dation-enhanced diffusion (OED), has been explained by 
the excess silicon self-interstitials generated at the 
oxidizing silicon surface, and depends on generation, re- 
combination, and diffusion of interstitials. Taniguchi et 
al. (19) already reported the practical model  of OED in 
which the increment  of the diffusivity due to oxidation, 
AD, is proportional to the power of oxidation rate and de- 
creases exponentially with the depth from the silicon sur- 
face. Some of the authors also reached the similar equa- 
tion for AD, except that AD depends on the impurity 
concentration at the oxidizing silicon surface (20), as seen 
in Fig. 1. Thus, AD is expressed as follows 

o0 
AD 1 + a . CJni V~176 exp - ~  exp - 

[1] 

where Vox is the oxidation rate, Cs is the surface impurity 
concentration, ni is the intrinsic carrier concentration, E0 
is the activation energy, T is the temperature, k is the 
Boltzmann constant, x is the depth from the silicon sur- 
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Fig. 1. D vs. surface impurity concentration for boron and phosphorus 
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face, L, is the characteristic length, Do is the fitting pa- 
rameter which depends on impuri ty species, and a is also 
a fitting parameter which is fixed to 1.8. When Cs is 
much lower than ni, Eq. [1] reduces to the one in 
Taniguchi's model. On the other hand, when C~ is much 
higher than ni, AD in Eq. [1] becomes zero, indicating that 
no oxidation-enhanced diffusion occurs. 

O x i d a t i o n - e n h a n c e d  d i f f u s ion  w i t h  p o l y s i l i c o n . - - W h e n  
there is a polysilicon layer on top of the silicon substrate, 
we must take the effects characteristic of polysilicon into 
account. Since the oxidation rate of polysilicon is similar 
to that of the silicon substrate, except  for the difference in 
crystal orientation, we can expect  that the amount of sili- 
con self-interstitials generated b y  oxidation at the poly- 
silicon surface is also similar to the one at the single- 
crystalline silicon surface. However, when silicon 
self-interstitials diffuse into the substrate through a poly- 
silicon film, they may be easily trapped at polysilicon 
grain boundaries. 

Some of the authors already reported (20) that AD of bo- 
ron and phosphorus in the silicon substrate during oxida- 
tion of a polysilicon film on top of substrate is exponen- 
tially dependent  on the polysilicon thickness, as shown in 
Fig. 2. Similar results were also obtained by Swamina- 
than (21). Hence, the complete expression for the impu- 
rity diffusion in the substrate during oxidation of 
polysilicon on top of it can be written as 

Do 
AD - 1 + a . CJni V~176 e x p  - - ~ -  

exp - exp - [2] 

where z is the polysilicon thickness and L~ is the charac- 
teristic absorption length of interstitials in polysilicon. 

Since the parameter, L~, depends on the annihilation of 
silicon self-interstitials at grain boundaries, it depends on 
the area of grain boundaries and, thus, on the grain size. 
From Fig. 2, in which the grain size is about 0.1 ~m, the 
obtained length for L2 is 1100~, independent  of impurity 
species. We note that this value is similar to Swamina- 
than's results (1000A). As for the L2 dependence on the 
grain size, g, the following equation is used 

L2 = (g'/g �9 (1/L '2 - l/L, ~) + 1/LI~) -'~'2 [3] 

where g '  is 0.1 ~m and L'  is the absorption length when g 
= g' and is 1]00~ as already stated. Usually, g is smaller 
than 10 ~zm. In that case, it is easy to check whether  or not 
L2 is linearly dependent  on g. Since g is linearly depen- 
dent on the reciprocal of grain boundary area and L~ is ex- 
pressed as X/DintS" where Dint is interstitial diffusivity and 
r is a lifetime, linear dependence of L2 on X/g implies that 

is linearly dependent  on the reciprocal of grain bondary 
area. When g approaches infinity, i.e., the polysilicon ap- 
preaches single-crystalline silicon, L~ reduces to L ,  

0 0.1 0.2 0.3 0.4 

POLYSILICON THICKNESS (micron) 
Fig. 2. D vs. polysilicon thickness for boron and phosphorus at ! O00~ 

The data are taken from Ref. (20). 

This model has been implemented in ASPREM and has 
contributed to accurately simulate impurity profiles for 
polysilicon-source such as a base and an emitter region 
with doped polysilicon in conventional bipolar devices 
and BEST. 

Stress  ef fects  on phosphorus  d i f f u i s o n . - - P h o s p h o r u s  
diffusivity usually increases with increasing phosphorus 
concentration. However, when the phosphorus concentra- 
tion exceeds several 10 2o cm -3, the enhancement  factor 
decreases. Fair attributed this to the decrease of vacancy 
concentration caused by reduced bandgap, AEg, due to 
the strain (22). However, he did not try to measure the 
values of strain experimentally, but rather obtained the 
relationship between AEg and phosphorus concentration 
by fitting the calculated results to the experimental junc- 
tion depths. 

Using his relationship for the simulation of implanted 
phosphorus diffusion, we became aware that his esti- 
mates of Eg are too large. Sakamoto, one of the authors, 
and Sasaki tried x-ray double-crystal diffractometry in or- 
der to obtain the actual strain values in the phosphorus- 
implanted wafers after annealing in nitrogen or oxygen 
ambient (23). Figure 3 shows the actual maximum strain, 
sin, vs.  peak concentration of unprecipitated phosphorus. 
Also shown is the strain calculated from Fair's relation- 
ship by using Wortmann and co-workers' equation be- 
tween AEg and stress (24) and also the well-established re- 
lation of stress and strain. The strain calculated from Fair 
is larger than actual strain, as expected. It should be 
noted that the maximum strain depends on annealing am- 
bients. As a best fit equation for Sm in the substrate and 
peak concentration of unprecipitated phosphorus, C,, 
after annealing in nitrogen, the following equation is ob- 
tained 

Sm= 1.9 • 10 -~4 Cp + 4.2 • 10 -14 X/Cp - 1.3 • 1020 (cm -3) 

[4] 

The first term of the right-hand side alone is the strain 
after annealing in oxygen. The second term is added 
when the samples are annealed in nitrogen. More detailed 
experiments have revealed that the second term de- 
creases inversely proportional to oxygen partial pressure 
when the samples are annealed in a mixture of nitrogen 
and oxygen (23). It is beyond the scope of this paper to 
discuss the difference in the strain after annealing in 
various ambients. We only note that this could be due to 
the difference in the type of residual lattice defects in im- 
planted layers after annealing (25). 

Equation [4] is used in ASPREM to calculate AEg, which 
is used to obtain the reduced vacancy concentration and, 
thus, phosphorus diffusivity. In Fig. 4, we show examples 
of phosphorus diffusion in nitrogen or oxygen arnbients. 
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PEAK CONCENTRATION ( X1021cn~ -3) 
Fig. 3. Maximum strain vs. phosphorus peak concentration after ion 

implantation and subsequent annealing in nitrogen or oxygen. 

Si(100) wafers were implanted with phosphorus at 40 keV 
with a dose of 1 • 1016 cm -2 and were annealed at 900~ 
for 20 min in nitrogen. After these wafers were subse- 
quently annealed at 900~ for 100 rain in nitrogen or oxy- 
gen, phosphorus profiles were obtained by secondary ion 
mass spectroscopy (SIMS). Phosphorus tails extend 
deeper when annealed in oxygen, showing enhanced dif- 
fusion. Oxidation-enhanced diffusion expressed by Eq. 
[1] alone cannot account for this large enhancement,  since 
AD in Eq. [1] is much smaller than phosphorus diffusivity 
in nitrogen when surface concentration is as high as that 
shown in Fig. 4. On the other hand, simulation results 
using ASPREM, which includes strain effects from phos- 
phorus diffusion, are in good agreement with SIMS 
profiles. Thus, it is concluded that enhanced diffusivity 

.... 1021~ Broken Line: Simulation 
Solid Line: Experiment 

=~ ~ 1 0 2 0 ~  

_ .  

~ 1017 

10161 I I ! 
0.0 0.4 0.8 1.2 

DEPTH (micron) 
Fig. 4. Experimental and simulated phosphorus profiles after ion im- 

plantation and subsequent annealing in nitrogen or oxygen. 

of high concentration phosphorus in oxygen is mainly 
due to the smaller strain compared with that in nitrogen. 

Diffusion model in polysilicon.--The polysilicon layer 
has been found increasingly important in the fabrication 
of VLSI. The polysilicon layer is used for interconnects, 
gate electrodes, high valued resistance, and as a diffusion 
source for shallow junctions. Although several papers 
have been published for impurity diffusion in polysilicon, 
there has not been an effective diffusion model (8, 26, 27). 

Difficulties in dealing with impuri ty diffusion in 
polysilicon arise from the fact that impurities can exist in 
two regions: within grains and at grain boundaries (21, 
26). Another muItilayer simulator, SUPREM-III, does not 
distinguish these two regions for diffusion analysis, al- 
though it includes segregation effects for the calculation 
of carrier concentration. In order to understand the diffu- 
sion mechanism in polysilicon, however, it is essential to 
include the effects of impurity segregation at grain 
boundaries. We have tried to model impurity diffusion in 
polysilicon including these effects. 

Figure 5 shows a schematic cross section and impurity 
concentration in polysilicon. In the proposed model, we 
specify impurity concentration within grains and at grain 
boundaries independently.  The sum of these concentra- 
tions gives the total impurity concentration. Impurities in 
each region can diffuse independently along the X-axis 
(depth direction). Diffusion along the Y-axis is also taken 
into account for impurities within grain boundaries by 
estimating the diffusion length within grains. Impurities 
in the two regions transport to each other through the in- 
terface of grains and their boundaries. 

The model is summarized in the equations 

C = Ci + Cb [5] 

oC~ o 
Ot ox 

0Cb 0 
Ot Ox 

D i  - ( m C i s  -- Cb) 
OCi 

h' -~-xJ [6] 

D OCb ~ h' b--~-x / + (mCis - Cb) [7] 

where t is time, C is total impurity concentration, Ci(Cb) is 
impurity concentration within grains (at grain bounda- 
ries), Di(Db) is impuri ty diffusivity within grains (at grain 
boundaries), C~ is impurity concentration within grains 
near boundaries, h'  is the coefficient for impurity trans- 
port through the interface of grains and their boundaries, 
and m is the segregation coefficient in thermal equilib- 
rium. The value for m is taken from Mei and co-workers 
model (28) by taking the grain size into account. Equa- 
tions [6] and [7] show impurity diffusion within grains 
and at their boundaries, respectively. The impurities at 
each region can diffuse independently except that they 
transport each other at the interface of grains and their 
boundaries. The amount  of impurity transport is ex- 
pressed by the second term of the right-hand side in Eq. 
[6] and [7]. Since the magnitude of m, which depends on 
the grain size, affects which of the impurities within 

= Y CONCENTRATION 

Cb 
Ci 

f 

F i Fb X' 
Fig. 5. Schematic model for impurity diffusion in polysilicon. Fi (Fb) 

and Ci(Cb) ore impurity flow and impurity concentration within groins (at 
groin boundaries), respectively. 
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Table I. Impurity diffusivities at polysilicon grain boundaries 

Pre-exponential Activation 
factor (cm'2/s) energy (eV) 

Boron 0.82 2.74 
Phosphorus 5.1 2.91 
Arsenic 1100 3.53 

grains or at grain boundaries is dominant  in polysilicon, it 
is necessary to analyze impurity diffusion independently 
at each region. 

Because of slower diffusion within grains, Ct~ may be 
different from Ci, which is the average impurity concen- 
tration within grains. We use d*C~ for C~+ where d is 
g/minimum (g, N/4Dr d reflects the effects of impurity 
diffusion within grains along the Y-axis and approaches 
unity for longer annealing. As the value for h', we usually 
use a transport coefficient, h, which depends on tempera- 
ture and impurity species. However, when Ci+ exceeds 
solid solubility of impurities within grains, impurity flow 
from grain boundaries into grain insides can be ne- 
glected. This is accomplished by equating h' = 0 when Ci~ 
is greater than solid solubility. 

D~ is taken as impurity diffusivity within the silicon 
substrate, since grain insides are single crystalline, On the 
other hand, we have obtained D b by fitting the simulated 
results to the experimental profiles by SIMS. D~ for bo- 
ron, phosphorus, and arsenic through the temperature 
range 800~176 is shown in Table I, and is three orders 
of magnitude higher than Di. 

Figure 6 shows simulated and experimental profiles of 
boron and phosphorus. The samples are ion implanted 
with a dose of 10 TM cm -2 to the 0.5 ixm thick polysilicon 
with grain size of 0.1 ~m, grown on (100) silicon. They are 
subsequently annealed at 800~ in nitrogen for 46 and 10 
min for boron and phosphorus, respectively. In these 
profiles, we can distinguish surface and tail regions. In 
the surface region, impurities retain as-implanted pro- 
files, indicating that no significant diffusion occurred. 
This slower diffusion is limited by impurity diffusion 
within grains. In the tail region, the profiles shows a gen- 
tle slope indicating faster diffusion. This is due to very 
fast impurity diffusion through grain boundaries. It is 

noted that impurities at grain boundaries cannot be trans- 
ported into grain insides, since C~+ in the tail region ex- 
ceeds solid solubility. On the other hand, at the diffusion 
front, the profile shows a relatively steep slope indicating 
slower diffusion. This is caused by a significant amount  
of impurities at grain boundaries transported into grain 
insides. Good agreements between simulated profiles 
and SIMS profiles show that the proposed model works 
effectively for impurity diffusion in polysilicon. 

It should be pointed out here that simulation of oxida- 
tion of heavily doped polysilicon is also significantly im- 
proved by employing the proposed model for impurity 
diffusion in polysilicon. We use Ho and co-workers' oxi- 
dation model (15, 16) for polysilicon as well as for the sili- 
con substrate. In their model, the oxidation rate depends 
on the surface carrier concentration. By assuming that 
surface carrier concentration is equal to surface impurity 
concentration within grains, simulated SiO~ thickness 
after oxidation of polysilicon agrees well with the experi- 
mental result, which also confirms the effectiveness of 
the proposed model in polysilicon. 

Phosphorus diffusion in SiO.2.--While phosphorus diffu- 
sion in SiO~ is important for MOS gate region, its mecha- 
nism has remained one of the least-known fields in VLSI 
processes. There have been a few reports on phosphorus 
diffusivity in SiO2 (29, 30), but  their values spread by sev- 
eral orders of magnitude. We have extensively studied 
phosphorus diffusion in SiO2, and obtained the diffusivity 
in relation to local phosphorus concentration. 

Phosphorus with different doses was implanted to a 
thick oxide film thermally grown on (100) silicon. The 
wafers were subsequently annealed in dry oxygen at 
various temperatures. Figure 7 shows examples of phos- 
phorus profiles measured by SIMS. A flat profile where 
phosphorus concentration is higher than 10 ~~ cm -3 indi- 
cates that very fast diffusion occurred in this region. On 
the other hand, a steep slope in the lower phosphorus 
concentration region indicates slower diffusion. An as- 
sumption that phosphorus diffusivity, Dox, depends only 
on the local phosphorus concentration has led to the fol- 
lowing expression for the phosphorus diffusivity 

Dox = Di,ox + bCox n [8] 

where Di,ox is phosphorus diffusivity in low coneentra- 
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Fig. 6. Boron and phosphorus profiles in polysilican after ion implanta- 
tion and subsequent annealing in nitrogen. 
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tion, Cox is phosphorus concentration, and both b and n 
are fitting parameters. Best fit values for Dt.ox, b, and n 
are 

D~.ox = 3.22 • 10 -~ exp [-4.1 (eV)/kT] cm~/s [9] 

b = 1.13 • 10 -~~ exp [-7.1 (eV)/kT] cm65/s [10] 

n = 1.5 [11] 

In Fig. 7, simulated results are also shown with experi- 
mental profiles. We can see good agreement between 
simulations and experiments.  

The tendency of increasing phosphorus diffusivity with 
phosphorus concentration in the high concentration re- 
gion is similar to Ghoshtagore's experiments (30) in 
which phosphorus was diffused from PSG. The obtained 
phosphorus diffusivity in thermal SiO2 in our experi- 
ments is also similar to his results. This may indicate that 
Eq. [8] is generally applicable to phosphorus diffusion in 
SiO~. 

Examples 
In order to demonstrate the capabilities of ASPREM, 

we show here an example of simulated impurity profiles 
from a bipolar process called BEST, which was first in- 
troduced from OKI as a high performance bipolar tech- 
nology with extensive use of polysi]icon (9). 

The schematic cross section of BEST transistors is 
shown in Fig. 8. The simulated region is at a cross section 
through emitter and active base region, which constitutes 
an essential part of BEST transistors. Two different fabri- 
cation processes, named A and B, were simulated. A de- 
tailed description of process sequence A is as follows: 
epitaxy, oxidation in oxygen at 900~ for 20 rain, BF2 ion 
implantation with dose of I • 10 TM cm -~ at 40 keV for base 
formation, annealing in nitrogen at 900~ for 30 rain, SiO~ 
etching, polysilicon deposition with thickness of 3000A, 
polysi]icon oxidation in oxygen at 900~ for 30 min, Si3N4 
deposition with thickness of 2000A, annealing in nitrogen 
at 900~ for 30 min and at 950~ for 50 min, Si3N~ and SiO~ 
etching, oxidation in dry O~ at 900~ for 30 rain, arsenic 
implantation for emitter with dose of 1.2 • 10 '~ cm -~ at 60 
keV, oxidation in steam at 950~ for 40 rain at 0.67 atm, 
and annealing in nitrogen at 1000~ for 35 min. 

Process B is intended to form shallower emitter and 
base regions, and boron was implanted after polysfiicon 
was deposited. The process sequence is as follows: 
epitaxy, polysilicon deposition with thickness of 3000A, 
oxidation in oxygen at 900~ for 30 min, Si~N~ deposition 
with thickness of 2000~, annealing in nitrogen at 900~ for 
30 min and at 950~ for 50 rain, Si~N~ and SiO~ removal, 

Collector 

\ l '  ' p+ ! ; 

~ __~ ~---J 

Emitter 

N 1 �9 

N + 

V L S I M U L T I L A Y E R  S T R U C T U R E S  
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tl:l 
Fig. 8. Schematic cross section of a BEST transistor. Base/emitter re- 

gion (indicated by a vertical line) is simulated by ASPREM as an example. 
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polysilicon oxidation in steam at 950~ for 40 min at 0.67 
atm, annealing in nitrogen at 1000~ for 15 min, boron im- 
plantation with dose of 4.5 • 1014 cm -~ at 70 keV, SiO~ re- 
moval, oxidation in oxygen at 900~ for 30 rain, annealing 
in nitrogen at 950~ for 30 min, arsenic implantation with 
dose of 1.2 • 10 TM cm -~ at 60 keV, followed by annealing in 
nitrogen at 950~ for 60 min. 

Figures 9a and b show simulated and experimental  im- 
purity profiles for processes A and B, respectively, First 
of all, it should be pointed out that overall agreement be- 
tween simulated and measured impurity profiles are sat- 
isfactory for both the processes. A kink in the boron 
profile around a base/emitter junction can be attributed 
to the retarded diffusivity by the electric field generated 
from a steep profile of high concentration arsenic and is 
also simulated well. The electric field also affects the dif- 
fusion of phosphorus, which piles up around the 
base/emitter junction. This is caused by electric-field- 
driven phosphorus flow against the gradient of phospho- 
rus concentration. Although it is not clear from Fig. 9, we 
note that the simulated SiO2 thickness after oxidation of 
heavily arsenic-doped po]ysilicon agrees well with the ac- 
tual thickness, which is a by-product of distinguishing 
impurities within grains from those at grain boundaries in 
the polysilicon diffusion model as discussed. 

Measured profiles show a pile-up of arsenic at the 
polysilicon/Si interface. Al though  this phenomenon 
needs more study, the effect on the overall arsenic profile 
can be negligible. We can see a discontinuity of phospho- 
rus profile at the polysilicon/Si interface. This is due to 
the use of a relatively large segregation coefficient, which 
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Fig. 9. Experimental and simulated impurity profiles at bose/emitter 
region of a BEST transistor for (a) process A and (b) process B. 
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has been determined from another experiment on diffu- 
sion from a heavily phosphorus-doped polysilicon. Since, 
in ASPREM, the segregation coefficient is defined as the 
ratio of impurity concentration in Si to that within grains 
in polysilicon, interface discontinuity could appear for 
different process conditions. Further study is necessary 
for interface phenomena. 

Conclusions 
A multilayer simulator, ASPREM, has been developed. 

ASPREM features many up-to-date process models, 
which include an oxidation-enhanced model with or with- 
out polysilicon, strain effects to high concentration phos- 
phorus diffusion, a diffusion model in polysilicon, and a 
phosphorus diffusion model in SiO~. The details of these 
models have been discussed. As a multilayer simulator, 
ASPREM can be applied to the complete VLSI processes 
including bipolar and MOS transistors. The effectiveness 
of ASPREM has been demonstrated by BEST transistors. 
Especially, accurate simulation of diffusion and oxidation 
for polysilicon source emitter is worth noting, since simi- 
lar processes are important for MOS transistors as well. 

In addition to being applicable to current processes, 
ASPREM will serve as an effective tool in developing 
new multilayer models. This is significant, since 
multilayer structures are becoming more important, 
while few established models for multilayers exist. 
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ABSTRACT 

The degradation of lightly doped drain (LDD) n-channel MOSFET's has been investigated in detail making use of 
ultraviolet light irradiation, and the following results have been obtained. The degradation of the parasitic MOSFET 
consisting of the gate, the LDD region, and the insulator in between, which dominates the deterioration of the total per- 
formance, can be divided into two phases. In the initial phase, the degradation is rapid compared to that in the succeed- 
ing phase. The initial phase degradation is due not to surface-state generation, but to electron capturing of the oxide 
covering the LDD region which has a large number  of traps. The quality of the insulator above the LDD region should 
be carefully controlled in order to make highly reliable LDD MOSFET's. 

As the device dimensions are reduced in VLSI's, hot 
carrier-induced MOSFET degradation becomes a prob- 
lem of more importance, and many efforts have been 
made to solve it. Along with the studies on the degrada- 
tion mechanism (1-15), explorations of highly reliable 
MOSFET's  have also been made (16-22). Consequently, 
lightly doped drain (LDD) MOSFET has been proposed 
and widely believed to have high reliability. 

Hsu et al. (21, 22), however, reported recently that when 
the LDD MOSFET's  and the conventional MOSFET are 
compared under the same substrate current during the 
stress, tlie former shows two orders of magnitude faster 
deterioration i h transconductance (Gin) than the latter. 
This fact seems to suggest that the LDD MOSFET's have 
their own degradation mechanism which makes them of 
little advantage to the conventional MOSFET. 

Thus, in order to make highly reliable LDD MOSFET's,  
the degradation mechanism of the LDD structure should 
be made clear. For this purpose, we tried to make use of 
ultraviolet (UV) light irradiation, in which the energy dis- 
tribution of generated hot carriers is almost independent  
of the impuri ty concentration of the LDD region. This 
fact makes experimental  results easy to interpret. 

Experimental 
The MOSFET's  examined were fabricated in a conven- 

tional poly-Si gate N MOS process with and without LDD 
(N-) region (conventional MOSFET's  were cofabricated 
as a reference). 

After gate patterning, gate oxide over source/drain area 
was etched off by wet chemical etchant. Phosphorus ions 
were implanted to form N -  diffusion, while no ion im- 
plantation was made for the wafers of conventional 
MOSFET's~ Then, so-called postoxidation was done. 

A new type sidewall, self-defined polysilicon sidewall 
(SEPOS), was used at the sidewall making step for LDD 
Tr's. The process flow for the SEPOS is shown in Fig. 1. 
Onto the postoxide, LPCVD polysilicon was uniformly 
deposited, and then the surface was slightly oxidized. 
SiO~ reactive ion etching (RIE) followed to leave oxide 
frame only at the vertical sides of the polysilicon steps. 
After subsequent  polysilicon RIE, the oxide-framed poly- 
silicon sidewall was completed. Then, arsenic ions were 
implanted to make N ~ regions. The polysilicon sidewall 
was removed by plasma etching, and CVD SiO~ was de- 
posited on it. Passivation was made by depositing BPSG 
(boro-phosphosilicate glass) onto the CVD SiO2 film. 

Surface impuri ty concentration of channel (boron) and 
N ~ (arsenic) regions were 1.5 • i0 's and 2 • I020 cm -:~, re- 
spectively. That of N- (phosphorus) regions was varied 
from 3.8 x 10 '7 to 3.2 • i0 's cm-'-' (ion dose from 5 x 10 '2 to 
4 • 10 ':~ cm-~). The effective channel length was 0.5-0.7 
~m, and gate oxide thickness 25 nm. The N- region 
length ranged from 0.24 to 0.36 /xm, depending upon 
phosphorus concentration. 

Samples were irradiated with UV light of 4.63 eV, as 
shown in Fig. 2, using a commercial EPROM eraser 

which can erase EPROM data within 10 rain. During the 
irradiation, all the electrodes were connected to the 
ground potential. All measurements  were carried out at 
room temperature (21~176 

Results 
The changes in the linear region of drain current vs. 

gate voltage characteristics after 4h UV light irradiation 
are shown in Fig. 3 for low (3.8 • 10 '7 cm -3) and high (1.7 
• 10 's cm -3) N -  LDD samples and, for comparison, for  a 
conventional sample. The low N -  one reveals a drastic in- 
crease in threshold voltage and a certain amount  of  de- 
crease in transconductance Gin, while the high N -  one 
shows only a small decrease in Gin. No change can be ob- 
served for the conventional one. Figure 4 compares their 
subthreshold characteristics. It is found that the low N -  
one shows smaller subthreshold slope than the others, 
and the curve shows parallel shift in the positive direction 
after irradiation, while no change is observed for the high 
N -  and the conventional samples. 

Figure 5 shows the time dependencies of (i) the increase 
in Vth which is defined as V~ giving rise to Io of 10-7A for 
VD = 0.1V and (ii) the decrease in Ito which is defined as 
ID for V~ = Vth(initiat) + 3.5V, for the low N -  sample. Here, 
errors coming from temperature fluctuation are cor- 
rected. Two curves drawn in the same frame are the data 
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Fig. 2. Ultraviolet (UV) light irradiation using an EPROM eraser 
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Fig. 4. Replots of the ID-V c curves in Fig. 3. Changes in sub- 
threshold characteristics are compared. 

for d i f fe ren t  s a m p l e s  u n d e r  t he  s a m e  e x p e r i m e n t a l  condi-  
t ion.  The  t h r e s h o l d  vo l tage  Vth shows  rap id  i nc r ea se  
w i t h i n  0.5h a n d  c o m e s  to c lear  s a t u r a t i o n  thereaf te r ,  al- 
t h o u g h  t he  s a t u r a t i o n  va lues  are  la rge ly  d i f fe ren t  f rom 
s a m p l e  to s ample .  On t he  o t h e r  h a n d ,  /to does  no t  s h o w  
s u c h  c lear  sa tu ra t ion .  F igu re  6 s h o w s  t he  r e su l t s  corre-  
s p o n d i n g  to Fig. 5 in  the  case  of  h i g h  N -  sample .  The  s im- 
i lar  b e h a v i o r  is obse rved ,  t h o u g h  t he  Vth sh i f t  is v e r y  
small�9 

Elec t r ica l  s t ress  was  also s tud ied ,  w h e r e  the  s t ress  con-  
d i t ion  was  Vo = V~ = 6V. T r a n s c o n d u c t a n c e  c h a n g e  AGm 
a n d  t h r e s h o l d  vo l t age  sh i f t  AVth were  m e a s u r e d  in  th i s  
case  as a f u n c t i o n  of  s t ress  t ime.  S o u r c e  a n d  d ra in  were  
r eve r sed  d u r i n g  m e a s u r e m e n t s .  S a m p l e s  of  6.9 • 1'01~, 1.7 
• 1018, a n d  3.2 • 10 TM c m  -3 N -  c o n c e n t r a t i o n s  s h o w e d  a 
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Fig. 5. Increase in Vth and decrease in/to as a function of UV expo- 
sure time. Here Vth is defined as V(~, giving rise to 10-7A of ID for VI) 
= 0.1V, and/to as ID for VG = Vth(initial) + 3.5V. Concentration of 
N -  region is 6.9 • 1017 cm -3. 

dec rea se  in Gm (wh ich  is r evea led  in Fig. 7) b u t  a negl igi-  
b ly  smal l  (< 10 mV) Vth shift .  In  con t ras t ,  in  t he  case  of  3.8 
• 1017 c m  -3 N -  c o n c e n t r a t i o n  samples ,  Gm shows  a negli-  
g ib ly  smal l  dec rea se  (< 1%) a n d  Vth a fa i r ly  large  increase ,  
as s h o w n  in  Fig. 8. 

In  Fig. 9, AGm(Alto for U V  i r r ad i a t i on  case) c o r r e s p o n d s  
to t he  p h a s e  1; in i t ia l  r ap id  d e g r a d a t i o n  s tages  (see Dis- 
cus s ion  sec t ion)  are s h o w n  as a f u n c t i o n  of N -  c o n c e n t r a -  
t ion  for  b o t h  U V  i r r ad i a t i on  a n d  e lec t r ica l  s t ress  cases.  In  
the  f o r m e r  case,  hGm dec rea se s  w i th  N -  c o n c e n t r a t i o n ,  
wh i l e  in  t he  l a t t e r  case  i t  s eems  a l m o s t  i n d e p e n d e n t  of  t he  
concen t r a t i on �9  

Discussion 
F r o m  the  r e su l t s  s h o w n  in  Fig. 3 a n d  4, we can  de r ive  a 

m o d e l  for t he  L D D  M O S F E T ' s  a n d  t he  effect  of U V  l igh t  
i r r ad ia t ion  (Fig. 10). The  fea tu res  of  t he  m o d e l  are (i) L D D  
M O S F E T ' s  cons i s t  of a m a i n  Tr  (A in  Fig. 10a) a n d  para-  
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Fig. 7. Decrease in Gm as a function of electrical stress time. Here 

Gm is defined as (alD/aVG)ma• Concentration of N -  region is from 
6.9 x 10 ~ to 3.2 x 10 TM cm -'~. Threshold voltage shiftV m is negligi- 
bly small (10 mV) for all cases. Definition of Vt. is the same as in Fig. 
5. 

sitic Tr's (B in Fig. 10a) connected in series and (it) UV ir- 
radiation brings change only to the parasitic Tr's. This is 
known from the fact that the conventional sample does 
not change. It is considered that in the low N-  concentra- 
tion region (3.8 • 10 '7 cm -3, for example) the threshold 
voltage of the parasitic Tr's is higher than that of the main 
Tr and they dominate the total ID-VG characteristics. 
Therefore, a drastic change including subthreshold curve 
shift occurs for low N-  sample. In the high N-  concentra- 
tion region (1.7 • 10 TM cm -~, for example), the threshold 
voltage of the parasitic Tr's is lower than that of the main 
Tr. So, the expected threshold voltage shift in the para- 
sitic Tr's results only in the transconductance decrease. 

The relatively gentle subthreshold slope of the parasitic 
Tr comes from its depletion-type operation, the process- 
induced gate oxide thickening there, and/or the relatively 
large amount  of surface states (although the amount  does 
not increase by UV irradiation as shown by the parallel 
shift of the subthreshold curve). The fact that the para- 
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sponding to phase 1 charge (see text). 

sitic Tr of low N -  concentration before UV irradiation has 
a threshold voltage higher than that of the main Tr sug- 
gests that a certain amount  of negative charge (or inter- 
face states) exists above the N-  regions when the fabrica- 
tion process is finished. 

As can be seen in Fig. 5, the change in the characteris- 
tics of the parasitic Tr can be divided into two phases: 
phase 1 is the part until  the saturation in the Vth shift vs.  
UV exposure time curve, and phase 2 is the one after the 
saturation. Consequently, the total ID-V~ characteristics of 

. . . . . . > > > - . > . . : > : < : ~ : ~ : - : - . ~ : ~ : ~ : ~ : - : ~ : ~ : - < . . . . . .  

A B ,] 

(a) 

r  

o (high N')/r I // 

I,' A 
o / /  ; ~ i[ i/ I l u w  pl I O~ 

I /  I i  
gale v o l t a g e  

(b) 
Fig. 10. A model for the LDD MOSFET's and their own degradation 

mechanism. LDD MOSFET's consist of a main Tr (A) and parasitic Tr's 
(B). Degradation characteristics of LDD Tr arise from threshold volt- 
age shift of the parasitic Tr('s). 
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Fig. 11. A model for the location of fixed negative charge which 

changes the characteristics of parasitic Tr('s). 

the LDD Tr in triode operation can be expressed by 

1 1 1 
V D / I  D = + + 

Gm,(Vc - -  Vthl) Gm2(V6 - Vth2) Gm3(Va - Vth3) 

where Vthi, Vt~2, and Vth:3 are the threshold voltages of the 
main Tr, of the parasitic Tr which corresponds to the 
phase 1 change, and of the parasitic Tr which corre- 
sponds to the phase 2 change. By UV light irradiation, Vth, 
does not shift, Vth2 shifts rapidly and then becomes satura- 
ted, and Vth3 shows relatively slow and long lasting shift. 
The picture derived from the above discussion is illus- 
trated in Fig. 11. The phase 1 charge may be due to 
built-in traps in both the oxide grown from Si of N -  re- 
gion and that grown from phosphorus-doped gate poly- 
silicon during the postoxidation step. On the other hand, 
the phase 2 charge may be due to those in the LPCVD 
SiO2. 

Because of the parallel shift of the subthreshold curve 
(Fig. 4), it is concluded that the Vth2 shift comes not from 
surface-states generation, but from increase of trapped 
negative charges. This is also true for the Vth:~ shift if the 
barrier height for hot holes is not lowered by the trapped 
electrons, because the energy of UV light-generated hot 
holes, 3.51 eV, (4.63 eV photon energy -1.12 eV bandgap 
of Si) is smaller than the potential barrier of Si-SiO~ inter- 
face for holes (-3.7 eV) (2). 

The dependence of hGm on N -  concentration in the UV 
irradiation case (Fig. 9) is explained by the higher N -  
sample's having lower sensitivity to the fixed charge 
above the N -  region. Here, the amount  of the fixed 
charge is assumed to be the same for all the N -  concen- 
trations, which is reasonable, as the UV light-induced hot 
carrier injection phenomenon does occur almost equally 
for all the N -  concentrations. In the electrical stress case, 
however, the saturation amount  of the phase 1 charge 
seems to increase with the N -  concentration. In other 
words, it increases with the energy and population of hot 
carriers injected; higher N -  must lead to higher energy 
and population (23). This is why hGm for the phase 1 (Fig. 
9) seems to have little dependence on N -  concentration. 
Anyway, essentially the same mechanism seems to domi- 
nate the degradation both in the UV irradiation case and 
the electrical stress case. 

Here it should be noted that the 6.9 x 10 '7 cm -:3 N -  con- 
centration sample reveals the behavior of low N-  sample 
(i.e., large Vth shift) in UV irradiation case (Fig. 5), while it 
reveals that of high N -  sample (i.e., negligibly small Vth 
shift) in electrical stress case (Fig. 7). It may come from 
the difference in the spacial and energetic distribution of 

hot carriers from UV irradiation to electrical stress. How- 
ever, we cannot make further comment on this, because 
the difference from sample to sample is too large, as can 
be seen in Fig. 5-8. 

Finally, we would like to note that the quality of the in- 
sulator above the N- region should be carefully con- 
trolled, as well as the impurity profile of the region, in or- 
der to make highly reliable LDD MOSFET's. 

Conclusions 
From a study making use of ultraviolet light irradiation, 

the following conclusions have been derived. 
The LDD n-channel MOSFET has its own degradation 

mechanism as follows. The oxide covering the LDD (N-) 
region, which is grown from the N- region and the 
phosphorus-doped gate polysilicon, has a large number of 
electron traps. Electrons injected into the oxide are cap- 
tured by these traps and shift the threshold voltage of the 
parasitic, depletion-type MOSFET in the positive direc- 
tion. CVD SiO~ by the side of the gate also has electron 
traps which play the similar role. The former shift is rapid 
compared to the latter one and becomes saturated in a 
certain amount. In contrast, the latter shift is slow and 
long lasting. This mechanism dominates the degradation 
of the LDD MOSFET's as far as the energy of hot-carriers 
is too low to activate another mechanism such as surface- 
state generation. 
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ABSTRACT 

The redistribution and electrical characteristics of  ion-implanted S in GaAs have been investigated using secondary 
ion mass spectrometry (SIMS) and Hall profiling in the dose range of 7 • 10 '2 to 1 • 10 ~ cm-'-'. A significant dose de- 
pendence of the redistribution has been observed, with the light dose implants exhibit ing the most severe diffusion dur- 
ing annealing. In the presence of a sufficiently high level of Si doping, the redistribution of implanted S is reduced for 
annealing temperatures up to 800~ possibly due to the formation of a S-St complex. Suitably chosen S + Si dual im- 
plants show a similar effect and result in a higher activation efficiency than is achievable by St-only implants of the 
same total dose. Implantation damage produced by Ar and S dual implants also causes significant redistribution 
changes. Low levels of damage enhance the S redistribution during annealing, while a high level of damage strongly in- 
hibits it for temperatures up to 900~ Where the S redistribution is inhibited by damage, however, electrical activity is 
reduced or lost. 

The redistribution of ion-implanted impurities during 
annealing is often nonfickian, owing to the presence of 
defects (1-5), self-interstitials (6), or another chemical spe- 
cies which interacts with the implanted impurity (7, 8). 
Both enhanced and retarded diffusion have been ob- 
served as a result. Data from early work show that im- 
planted S in GaAs undergoes considerable redistribution 
upon annealing, with only fair to poor electrical activation 
(9-14). More recent studies using capless annealing in an 
H~-As4 atmosphere indicate less redistribution (15, 16), 
while other reports using dielectric encapsulation (17, 18) 
continue to describe severe S migration. 

The redistribution characteristics of S-only implants for 
a variety of doses annealed at 900~ with SigN4 encapsula- 
tion have been reported by Yeo et al. (17). The dose de- 
pendence of such redistribution has also been investi- 
gated by Wilson et al. (19) for a much larger dose range, 
using SiO~ encapsulation and a melt-ambient capless 
technique (20). Some evidence of a possible S-St interac- 
tion which retards the redistribution of S has been 
pointed out by Yoder (21) in the data of Oakes and Degen- 
ford (22). Wilson and Jamba (23) also showed that S redis- 
tribution during annealing is much reduced if the GaAs 
substrate has been preamorphized by equal doses of Ga 
and As ions before S implantation. 

In this work, we examine the possibility of modifying 
the redistribution of implanted S in the presence of Si 
and/or excess implantation damage. To that end, the re- 
distribution of implanted S is examined along with its 
electrical properties as a function of implantation dose 
and annealing temperature, and Si doping. We study S 
implants in the presence of implanted Si and Si intro- 
duced during crystal growth. An effort is made to isolate 
the effects of implantation damage by examining Ar co- 
implants with S which approximate the damage of the 
corresponding S + Si dual implants. 

This study is performed using Si:~N4 encapsulation, 
which is the most common encapsulant capable of pre- 
venting both Ga and As loss from the sample surface 
(24, 25). 

Experimental Procedures 
Redistribution characteristics of S-only implants were 

studied by performing 250 keV implants into Cr-doped 
semi-insulating GaAs substrates. Possible S-St interac- 
tions were studied by dual implants of S and Si into Cr- 
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doped GaAs and also by implanting S into St-doped 
MBE-grown layers. For studies of the effects of implanta- 
tion damage on S diffusion, S and Ar dual implants were 
employed. 

The energies of dual implants were chosen such that 
the projected ranges of the different ion species were ap- 
proximately the same. All implantations were performed 
at room temperature with the substrates tilted 7 ~ from the 
surface normal to avoid channeling effects. Annealing 
was performed in flowing forming gas using an oxygen- 
free RF plasma-deposited Si3N4 cap (24, 25). The resulting 
impurity distributions were measured with secondary ion 
mass spectrometry (SIMS), using a Cs ~ primary beam for 
S or Si studies, and an O[  beam to detect Cr. Absolute 
concentrations for implanted species in unannealed 
samples were obtained by measuring the depths of the 
sputtered SIMS craters with a Sloan Dektak mechanical 
stylus and setting the integrated areas of uncalibrated 
SIMS profiles equal to the implantation doses. These 
were then used as standards for calibrating the SIMS pro- 
files in annealed samples by comparing matrix and 
impurity secondary ion counts. Cr concentrations in the 
GaAs substrates were obtained by comparing with a 
GaAs sample having a known Cr implant. The accuracies 
of the depth scales are estimated to be 5-10%, and are lim- 
ited by the Dektak accuracy, the uniformity of the sput- 
tering rate, and the flatness of the bot tom of the craters 
created. The uncertainties and reproducibility of the im- 
purity concentrations obtained are estimated to be 
10-20%, limited by the stability and reproducibility of the 
impurity ion yields relative to the matrix ion yield, both 
during a run and between runs. To enhance SIMS sensi- 
tivity, S implants were performed in most cases using the 
34S isotope to avoid mass interference from O~ during 
SIMS analysis, achieving a detection limit of -i0 ''~ cm -3. 

Carrier concentration and mobility profiles were ob- 
tained by double ac Hall measurements combined with 
chemical layer removal (26) using a 1:1:200 mixture of 
30% H~O2, conc sulfuric acid, and deionized water. The 
Cr-doped GaAs substrates were first tested for possible 
type conversion during annealing by implanting with Ar 
ions and checking for electrical conductivity after a high 
temperature anneal. No type conversion has been found 
for these samples after annealing at temperatures up to 
800~ Such conversion does occur at 900~ however, ren- 
dering electrical data for samples annealed at this temper- 
ature invalid. 
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after several anneals. 

R e s u l t s  a n d  D i s c u s s i o n  

S-only implants . - -The red is t r ibu t ion  of  S-only implants  
was inves t iga ted  first as a func t ion  of  dose and anneal ing  
t empera tu re  to fo rm a basis for compar i son  wi th  later  
dual implants .  S h o w n  in Fig. 1 and 2 are the  SIMS pro- 
files of S imp lan ted  at 250 keV before  and after anneal ing  
at 700 ~ 800 ~ and 900~ for doses of  7 • 10 r-' and 10 ''~ cm-'-'. 
The h igher  dose is above  the  amorph iza t ion  th resho ld  of  
1.4 • 10 TM cm-'-' as es t imated  us ing the  critical energy dep- 
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Fig. 2. SIMS profiles of 3~S due to a 10 '~ cm -2 implant and after 

annealing. 

osit ion mode l  (27) and Winterbon ' s  energy  depos i t ion  
tables (28). In  addi t ion  to these  doses,  data f rom an inter- 
media te  dose (7 • 10 '~ cm -~) will  be discussed.  

Two art ifacts of  SIMS m e a s u r e m e n t s  should  be noted 
here  and d i s t ingu ished  f rom the  rest  of  the  data. Thin na- 
t ive oxides  on the  sample  surfaces ( inevi tably fo rmed  as a 
result  of  a tmospher ic  exposure)  usual ly  cause enhance-  
men t  of secondary  ion yields wh ich  are qui te  unre la ted  to 
the actual  concent ra t ions  of the chemica l  species be ing  
moni to red  (29). Also, a short  t ime  is requ i red  before the  
sput ter ing  rate and the  rate of  p r imary  ion incorpora t ion  
into the  surface reach their  s teady state. As a result ,  the  
mat r ix  and impur i ty  counts  have  a per iod  of  instabil i ty 
cor responding  to the  first few h u n d r e d  angs t roms of  
sput ter ing,  and the  impur i ty  profiles are d iscounted  in 
this region. 

The unannea led  S profiles are skewed  for bo th  doses,  
wi th  peaks  occurr ing  at 0.21 _+ 0.02 /~m. L S S  statistics 
(30, 31) pred ic t  a p ro jec ted  range of 0.19/~m and a straggle 
of 0.07/~m 

In  the  v ic in i ty  of  their  peaks,  the  unarmea led  distr ibu- 
t ions are app rox ima te ly  gauss ian  with  a straggle hRp 
0.11 /~m. The tail of the  d is t r ibut ion  is close to gausman 
for the  h igh  dose case (Fig. 2), but  is cons iderably  deeper  
than  gauss ian  for implants  be low the amorphiza t ion  
th reshold  (Fig. 1). Similar  observa t ions  have been  re- 
por ted  for imp]an ted  Se in GaAs and have  been  attrib- 
u ted  to interst i t ial  migra t ion  in crystal l ine GaAs dur ing 
implan ta t ion  w h e n  the total  dose does  not  exceed  the 
amorphiza t ion  th resho ld  (23). 

U p o n  anneal ing,  dose -dependen t  redis t r ibut ion  occurs  
s imilar  to that  r epor ted  by Wilson et al (19). For  the  low 
dose implan t  (Fig. 1), S diffuses s ignif icantly at tempera-  
tures  as low as 700~ At 800 ~ and 900~ the  as- implanted  
peak  is ent i re ly  lost. The tail regions  of the  profiles (i.e., 
> 0.9/~m) for all th ree  anneal ing  t empera tu res  are approx-  
imate ly  gaussian locally. The  dif fus ion coefficients  in 
these  regions  are es t imated  to be 9 • 10 -'3, 1 • 10 -'~, and 
8 • 10 -r-' cm~/s for 700 ~ 800 ~ and 900~ respect ively.  
These  va lues  are consis tent  wi th  those  repor ted  by 
Sansbury  and Gibbons  (10) for imp lan ted  S, bu t  are al- 
mos t  an order  of magn i tude  h igher  than  the  results  of 
Kendal l  (32) and two to three  orders  of  m a g n i t u d e  h igher  
than  those  repor ted  by Young  and Pearson  (33) for S 
indi f fus ion expe r imen t s  into GaAs substrates.  S o m e  S 
outdi f fus ion into the  Si3N4 cap also seems to take place, 
as ev idenced  by  decreas ing  in tegra ted  areas unde r  the  S 
profiles wi th  increas ing  anneal ing  tempera ture .  The  high 
dose implan t  behaves  di f ferent ly  (Fig. 2). The as- 
implan ted  peak  is re ta ined with  only minor  dis tor t ions 
even  after a 900~ anneal.  However ,  pene t ra t ing  tails are 
still fo rmed  after 800 ~ and 900~ anneal ing.  

Implanted S in the presence of implanted St . --Possible 
impur i ty  in terac t ions  be tween  S and Si (21, 22) were  in- 
ves t iga ted  by us ing  dual  implan t s  in wh ich  var ious doses 
of Si were  co implan ted  at 220 keV wi th  m e d i u m  (7 • 10 ':~ 
cm-'-') doses  of  S at 250 keV. At  these  ion energies,  the  
range statistics of  the  two species  are approx ima te ly  the  
same, and the  ratio of S to Si concent ra t ions  remains  al- 
most  cons tant  t h roughou t  the  as - implanted  layer. 

S h o w n  in Fig. 3 and 4 are the  S IMS profiles of  a 7 • 
10 ~3 cm -~ S implan t  in the  p resence  of  a 3 • 10 TM cm -~ Si 
co implan t  after anneal ing  at 800 ~ and 900~ respect ively.  
Shown  also for compar i son  are the  cor respond ing  S dis- 
t r ibut ions  due  to S-only implan t s  and the  Cr profiles in 
the dual  implants .  It is apparen t  that  the  Si co implan t  
substant ia l ly  reduces  the red is t r ibu t ion  of  S u p o n  anneal-  
ing at both  t empera tu res  and rough ly  preserves  the  as- 
implan ted  shape  of the  S profiles. However ,  at 900~ a 
secondary  peak  appears  in the  S profi le w h e n  Si is 
co implanted .  Li t t le  outdi f fus ion into the  cap occurs  at ei- 
ther  t empera ture ,  and SIMS analysis shows that  the  Si 
distribution is essentially unchanged by annealing. 

Increasing the Si dose in the coimplant experiment to 
5 • 10 TM cm-'-' or decreasing it to 1 • 10 TM cm -2 gives the 
same general results shown in Fig, 3 and 4. However, fur- 
ther reducing the Si dose to 3.5 x i0 ~3 cm -2 brings about 
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SIMS profile of '~4S if the ~Si coimplant is absent ("without Si') and 
the Cr distribution in the dual implants. 

an entirely different behavior. With 800°C annealing (not 
shown), there is somewhat more S redistribution with the 
Si coimplant than in the case of the S-only implant. At 
900°C, however, the Si coimplant causes the implanted S 
to be largely swept out of the implanted region (Fig. 5). 
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Fig. 5. SIMS profile of ~4S due to a 7 x 10 '3 cm -2, 250 keY 34S im- 

plant in the presence of a 3.5 × 10 '3 cm -~, 220 keV 28Si coimplant 
and annealed at 900°C ("with Si"). Shown also for comparison are the 
SIMS profiles of 34S if the ~sSi coimplant is absent ("without Si") and 
the Cr distribution in the dual implants. 

This appears to be a case of very pronounced defect-en- 
hanced redistribution. The Si profile is again found to be 
little changed by annealing. The as-implanted S profile 
in Fig. 5 is somewhat narrower and has a peak closer to 
the surface than the corresponding profile in Fig. 4. The 
only difference in the implantation conditions is the dose 
of the Si coimplant, with the lower Si dose (which is not 
amorphizing) associated with the shallower and narrower 
as-implanted S profile. We believe that the discrepancy is 
mostly due to the uncertainties in the depth scale. 

The behavior of the Cr originally present in the sub- 
strates is found to be quite independent  of the dose of the 
Si coimplant. Annealing at 800°C results in the formation 
of a local Cr accumulation within a region characterized 
by extensive Cr depletion (Fig. 3). The local Cr accumula- 
tion can be attributed to gettering by residual damage (5), 
or Cr precipitation at nucleation sites provided by resid- 
ual damage (4). At 900°C, the local Cr accumulation virtu- 
ally disappears (Fig. 4 and 5), leaving a broad ( -3  ~m) Cr 
depletion region. 

S implantation into Si-doped MBE layers.--The above 
experiments suggest a possible S-Si interaction which 
slows down the redistribution of S when the Si concen- 
tration is sufficiently high. However, to discriminate be- 
tween the effects of the implanted Si and the additional 
damage associated with the Si implant, S implants at 250 
keV and 7 × 10 '3 cm -~ have been performed into GaAs 
layers heavily doped with Si (Nd ~ 2.2 × 10 '8 cm -3) during 
MBE growth. Upon annealing at 800°C (Fig. 6), the S re- 
distribution is clearly less severe than if there is no Si 
doping, but is still considerable. There is also little outdif- 
fusion of S into the cap (the integrated S concentration is 
6 × 10 '3 cm-2). The diffusion tail in this case is almost ex- 
ponential, which is consistent with the view that fast 
diffusing S is slowed by trapping (34, 35) in the presence 
of Si doping. However, when the annealing temperature 
is raised to 900°C, the S redistribution is not inhibited by 
the Si doping. 

Influence of Si on the S profile is not observed when 
the Si doping in the MBE layer is reduced to 1 × i0 TM 
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heavily Si-doped (Nd = 2.2 x 10 TM cm - * )  MBE GaAs annealed at 
800~ ("with Si"). Shown also for comparison is the SIMS profile of 
:~4S if the Si doping is absent ("without Si"). 

cm-:L Th i s  s u p p o r t s  t he  v iew t h a t  t he  S-Si  i n t e r ac t i on  is a 
s h o r t - r a n g e d  one,  s u c h  as the  f o r m a t i o n  of a n e a r e s t  
n e i g h b o r  c o m p l e x  as s u g g e s t e d  b y  Y o d e r  (21). S u c h  a 
S-Si c o m p l e x  m a y  b e  a s lower  d i f fuse r  t h a n  S b e c a u s e  of  
a large  p h y s i c a l  size or b e c a u s e  Si i t se l f  h a s  a ve ry  low 
d i f fus iv i ty  in  GaAs.  At  suf f ic ien t ly  h i g h  t e m p e r a t u r e s ,  
s u c h  c o m p l e x e s  are  e x p e c t e d  to b r e a k  up.  Th i s  is appar -  
en t ly  t he  case  for  the  900~ a n n e a l s  o b s e r v e d  here ,  in  
w h i c h  S r e d i s t r i b u t i o n  is no t  s t r ong ly  s lowed  by  t he  pres-  
ence  of Si. 

S and Ar  dual implants . - -The r e su l t s  on  S - i m p l a n t e d  
M B E  layers  s u g g e s t  t h a t  t he  r e d u c e d  r e d i s t r i b u t i o n  of  im-  
p l a n t e d  S at  900~ o b s e r v e d  in  the  case  of  Si c o i m p l a n t s  
(Fig. 4 ) m u s t  i nvo lve  fac tors  o t h e r  t h a n  Si doping .  I t  is 
t he r e fo re  use fu l  to i nves t i ga t e  t he  ro le  of  i m p l a n t a t i o n  
d a m a g e  in  s u c h  r ed i s t r i bu t i on .  To s imu la t e  t he  d a m a g e  
due  to t he  Si imp lan t s ,  Ar  was  c o i m p l a n t e d  w i t h  S at  250 
keV to t h e  s a m e  doses  as t he  Si c o i m p l a n t s  d i s c u s s e d  
above.  In t he  case  of  a 7 x 10 ''~ em-=' S i m p l a n t  a n d  a 3 x 
10 '4 cm -~ Ar  co implan t ,  t h e  e x t e n t  of  S r e d i s t r i b u t i o n  
af ter  800~ a n n e a l i n g  is o b s e r v e d  to be  s o m e w h a t  less  
t h a n  i f  a Si c o i m p l a n t  h a d  b e e n  used .  W h e n  t he  a n n e a l i n g  
t e m p e r a t u r e  is r a i sed  to 900~ a n  a p p r o x i m a t e l y  g a u s s i a n  
tail  appea r s  (Fig. 7) w h i c h  largely  co inc ides  w i t h  t he  Si 
c o i m p l a n t  case,  b u t  w i t h o u t  the  secondary ,  p e a k  o b s e r v e d  
in Fig. 4. 

F o r  t h e  s a m e  S dose  (7 x 10 TM cm-~),  w h e n  t h e  dose  of  
the  Ar  c o i m p l a n t  is r a i sed  to 5 x 10 TM cm-% ve ry  l i t t le  S re- 
d i s t r i b u t i o n  is o b s e r v e d  for  800~ annea l ing .  At  900~ 
s o m e w h a t  m o r e  r e d i s t r i b u t i o n  is o b s e r v e d ,  b u t  i t  is m u c h  
less t h a n  in  S -on ly  i m p l a n t s  a n d  s o m e w h a t  less t h a n  in  S 
+ Si dua l  imp lan t s .  Again ,  t he  s e c o n d a r y  p e a k  o b s e r v e d  
for Si c o i m p l a n t s  does  no t  occur .  W h e n  the  dose  of  t h e  Ar  
coimplant is lowered to 3.5 x I0 ':~ cm -2, defect-enhanced 
redistribution is observed, similar to the corresponding 
low dose Si coimplant (Fig. 5). 

Electrical properties.--Unlike Column IV dopants such 
as Si, S is not amphoteric and may therefore be capable of 
yielding heavier n-type doping in high dose implanta- 
tions. Of particular interest are the electrical properties of 
S-only implants and the combinations of S + Si and S + 
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of the atomic distribution. However, in the vicinity of the 
SIMS peak, a substantial fraction of the implanted S is 
electrically inactive and the carrier mobilities are also low 
relative to the active electron concentration. While little 
published data are available concerning the solid solubil- 
ity of S in GaAs at 800~ electron concentrations as high 
as 3 x i0 TM cm -z have been obtained by H2S doping dur- 
ing VPE growth at 750~ (36). Group VIA elements (S, Se, 
Te) are known to form electrically inactive complexes or 
precipitates at high concentrations, but this does not hap- 
pen until the active electron concentration exceeds ~I x 
10 TM cm-3 (37, 38). Apparent ly ,  the  low act ivat ion in the  vi- 
cini ty of  the S IMS peak is due  to res idual  damage  remain-  
ing after the  800~ anneal.  The  overal l  doping  eff iciency 
after cor rec t ing  for outdi f fus ion into the  cap is 36%. 

When the S dose is lowered  to 7 x 10 '2 cm-=', the  carr ier  
concentration profile after an 800~ anneal assumes a 
shape similar to the corresponding SIMS profile (shown 
in Fig. I), and carrier mobilities are relatively high (-3760 
cm'-'/V-s) throughout. In contrast, raising the S dose to 10 '5 
cm -2 results in electrical activity only in the tail region of 
the atomic profile, with a maximum electron concentra- 
tion of -4 x 10 '7 cm -3. The overall activation is ony 2.3%. 
This is consistent with an increasing amount of residual 
damage in the vicinity of the SIMS peak as the dose is in- 
creased. However, other factors may also be involved as 
discussed below. 

Shown in Fig. 9 are the carrier concentration and mobil- 
ity profiles due  to a dual  implant  of  7 x 10 '3 cm -2 S at 250 
keV and 3 x 10 ̀ 4 cm -~ Si at 220 keV, annealed  at 800~ 
S h o w n  also for compar i son  (dashed line) is the  carr ier  
concen t ra t ion  profi le due  to a 3.7 x 10 TM cm -~ St-only im- 
plant  at 220 keV annea led  at the  same tempera ture .  S IMS 
profiles p re sen ted  in Fig. 3 indica te  that  the redis- 
t r ibut ion  of  S in this case is r educed  in the  p resence  of  
the  Si coimplant .  F igure  9 shows  also that  the  act ivat ion 
eff ic iency of  the  dual  implan t  is h ighe r  than  that  of  a St- 
only implan t  of  an equ iva len t  dose. The  peak  electron 
concent ra t ion  due  to the dual implan t  is also 45% h igher  
(1.6 x i0 ~8 cm-3vs I.I x 1O'Scm-3):A surface inactive layer 
of 0.25/~m exists in both cases and is presumably due to 
incomplete lattice recovery from implantation damage. 
This dual implant can be used to achieve a higher peak 
electron concentration and lower sheet resistivity than is 
obtainable by Si implantation alone, without encounter- 
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ing the problems caused by the high diffusivity of S-only 
implants. The improved n-type activation may result 
from S preferentially occupying As sites, thus forcing 
more of the Si to occupy Ga sites where they act as 
donors. 
While SIMS profiles indicate that S + Ar dual implants 

in which the Ar dose in amorphizing are very effective in 
inhibiting S redistribution, no measurable electrical activ- 
ity is detected for these dual implants after an 809~ an- 
neal. The redistribution of Cr in these cases is very simi- 
lar to those shown in Fig. 3 and 4, and is therefore quite 
insufficient to result in complete compensation of the 
implanted S. While the degree of recovery of the GaAs lat- 
tice achievable after high dose Ar implants is also in ques- 
tion, the following experiment showed that additional 
factors are involved. The experiment consisted of amor- 
phizing a Cr-doped GaAs substrate with a 5 x 10 '4 cm -~ 
Ar implant and then annealing it for 15 rain (instead of 
the usual 30 rain) with Si:~N4 encapsulation. The cap was 
removed and the partially annealed sample implanted 
with 7 x 10 '3 cm -~ S at 250 keY. Annealing was again per- 
formed with a second nitride cap at 800~ for an addi- 
tional 15 min. The implantation damage associated with 
the amorphizing Ar implant was therefore annealed for a 
total time of 30 rain, while the damage associated with the 
S implant was annealed for only 15 min. Electrical 
profiling showed that in this case the implanted layer re- 
covered sufficiently to give a significant peak carrier 
concentration (-5 x i0 J6 cm -3) with a relatively high mo- 
bility (2000-4909 cm~/V-s). It appears, therefore, that the 
total lack of electrical activity is only associated with an- 
nealing implanted S in the presence of a very large den- 
sity of defects (as found in an amorphized substrate). This 
may occur through the formation of thermally stable but 
electrically inactive complexes which are too large to dif- 
fuse rapidly. This is also consistent with the observation 
that, in the case of high dose (i x I0 '~ cm -2) S-only im- 
plants, very low concentrations of carriers are found in 
the vicinity of the peak of the S distribution, where a sim- 
ilar mechanism may occur due to the presence of a high 
density of implantation damage. 

Summary and Conclusions 
The red is t r ibu t ion  character is t ics  of ion- implan ted  S in 

GaAs have  been  inves t iga ted  and found  to be  s t rongly af- 
fec ted  by implan ta t ion  damage  and  Si doping.  In  general,  
a h igh densi ty  of  implan ta t ion  damage  inhibi ts  the  redis- 
t r ibut ion,  whi le  a low level  of  damage  enhances  it. As a 
result ,  imp lan t ed  S profiles af ter  annea l ing  are character-  
ized by re la t ively  l i t t le change  in the  v ic in i ty  of  the im- 
plant  peak  (for sufficiently h igh  doses) and the  format ion  
of  pene t ra t ing  tails away f rom the  peak  due  to defect-en- 
hanced  redis t r ibut ion.  The p resence  of  Si doping  in a suf- 
f iciently h igh  concen t ra t ion  slows the  redis t r ibut ion  of  S 
for t empera tu res  up to 800~ poss ib ly  by the  format ion  of  
a S-St complex .  A b o v e  800~ the  c o m p l e x i n g  effect  of Si 
is no longer  suff ic ient  to inhib i t  S redis t r ibut ion.  

In S + Si dual  implants  us ing a m e d i u m  dose (7 x 10 '3 
cm-~) of  S and a larger dose of St, bo th  the  Si and the ad- 
di t ional  implan ta t ion  damage  due  to the  Si co implant .  
have  a part  in inh ib i t ing  red is t r ibu t ion  of  S dur ing  an- 
nealing. The  secondary  peak  in the  S profile after a 900~ 
anneal  in this case (Fig. 4) is poss ib ly  due  to a comp lex  in- 
teract ion be tween  Si t rapping,  inh ib i ted  S redis t r ibut ion  
in regions  of  heavy  implan ta t ion  damage,  and enhanced  
redis t r ibut ion  in regions of lower  level  damage.  Christel  
and Gibbons  (39) have  p resen ted  calcula t ions  which  show 
that  local s to ich iomet r ic  d is turbances  due  to unequa l  re- 
coil of  Ga and  As can resul t  in regions  of  excess  As, fol- 
lowed by a deeper  region of  excess  Ga, wi th  a t ransi t ion 
region in be tween.  It  is clear that  Ga and As vacancies  af- 
fect  i m p u r i t y  diffusion; there  is also expe r imen ta l  evi- 
dence  that  the  Ga d ivacancy  plays a significant  role in 
aiding the  diffusion of  S in crysta l l ine  GaAs (33). Hence ,  
the  anomalous  red is t r ibu t ion  ev iden t  in Fig. 4 and 7 may  
involve  such  local s to ich iomet r ic  imbalances .  It  is 
conce ivab le  that  local ly e n h a n c e d  out-diffusion of  S f rom 
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a particular region (due to stoichiometric imbalances or 
otherwise) may result in a local min imum in the S profile 
and an apparent S buildup in adjacent regions, as is indi- 
cated in these figures. 

The electrical activation of single S implants after 800~ 
annealing is fair for low and medium dose implants and 
poor for high dose implants. Activation is especially low 
near the peaks of medium and high dose implants where 
implantation damage is considerable. The level of dam- 
age required to prevent significant S redistribution dur- 
ing annealing will also prevent it from becoming electric- 
ally active. Apparently, annealing under  these conditions 
produces thermally stable but electrically inactive 
S-defect complexes which do not diffuse significantly. In 
contrast, suitably chosen S + Si dual implants both in- 
hibit the redistribution of S (up to 80O~ and result in a 
higher activation efficiency than is achievable by high 
dose Si-only implants of the same total dose. In this case, 
S implantation can be advantageously applied to achieve 
high donor concentrations without significant S migra- 
tion. However, the results presented here indicate that 
such improvements exist in a rather narrow range of 
coimplant conditions and that residual defects in the sur- 
face layer remain after annealing. 
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ABSTRACT 

Shallow p-n diodes with junct ion depths between 0.15 and 0.3 ~m have been fabricated by rapid thermal and fur- 
nace annealing of boron fluoride implants made into single-crystal wafers. The implants were performed at 30 keV with 
a dose of I x 10 ~ or 3 x 10 I~ ion-cm-'-'. For very shallow junctions, the residual implant damage is found to degrade the 
reverse bias diode leakage characteristics. The residual damage can be nearly eliminated and shallow junct ion charac- 
teristics can be improved by preamorphizing the wafers with a single 50 keV silicon implant at a dose of 1 x 10 '5 
ion-cm-~. 

This report examines methods of obtaining shallow 
source-drain regions for p-channel devices used in 
complementary-metal-oxide-semiconductor (CMOS) 
structures. Shallow junctions (< 0.3 ~m) will be required 
with the scaling down of device dimensions to increase 
component  density. Ion implantation of boron into crys- 
talline silicon, which is used to introduce the dopant into 
source-drain regions, is accompanied by a channeling ef- 
fect which leads to increased penetration of the im- 
planted profile. Because of  the relatively high diffusion 
coefficient of boron in silicon, dopant redistribution oc- 
curs during furnace annealing. 

In this study, boron is replaced by boron fluoride (BF~) 
as the implanted species in order to obtain a shallow im- 
planted profile in monocrystalline silicon (1). Rapid 
thermal annealing is utilized to minimize boron diffusion 
during dopant activation (2). The electrical carrier 
profiles and residual implantation damage are compared 
for rapid thermal and furnace annealing. In this way, the 
effect of the proximity of residual damage to  the p-n junc- 
tion is investigated by measurement  of the p-n diode 
characteristics. These measurements  are also performed 
on wafers with a surface layer amorphitized by a silicon 
implant, followed by a boron fluoride implant and a 
rapid thermal or furnace anneal. Other workers have used 
multiple silicon (3) or germanium (4) implants to displace 
the implantation damage from the device regions. It will 
be shown that a single, low energy silicon implant can be 
used to eliminate channeling of boron in a subsequent  
low energy, boron fluoride implantation and that the re- 
sidual damage is greatly reduced compared to boron 
fluoride implanted into monocrystall ine silicon. 

Experimental 
Boron fluoride was implanted at 30 keV with a dose of 

1 x 101.~ or 3 x 10 ~5 ion-cm -~ into 10 cm diam, (100) silicon 
wafers doped with phosphorus to a resistivity of 4-6 ~-cm. 
The 30 keV boron fluoride implant  is equivalent to a bo- 
ron implant at 6.7 keV. In some cases the silicon wafers 
had been preamorphized with a silicon implant at an en- 
ergy of 50 keV and with a dose of 1 x 10 '5 ion-cm -~. The 
silicon and boron fluoride implants were made with the 
ion beam tilted at an angle of 7 ~ to the wafer normal in a 
random direction to minimize channeling. The substrates 
were held at approximately room temperature. 

The implanted wafers were annealed either in a 
standard furnace or an AG21OT Heatpulse TM system 
using a nitrogen ambient. The temperature control sys- 
tem in the Heatpulse system has a temperature feedback 
mechanism which enables the wafer to be held at a con- 
stant annealing temperature. The duration of the anneal 
is defined here as the t ime spent at the constant anneal- 
ing temperature.  

The boron and fluorine concentration profiles were 
obtained by secondary ion mass spectrometry (SIMS) 
using O~ ~ primaries and positive secondary ions. The 
sheet resistance was measured by contour mapping with 
a four-point probe (5). The electrical carrier concentra- 
tions and the p-n junction depths were determined from 
spreading resistance profiles. 1 The junction depth mea- 
surements were reproducible to within _+ 0.02 ~m. The 
implantation damage, before and after annealing, was ex- 
amined by transmission electron microscopy (TEM). 

Diode structures were fabricated using the implant and 
anneal conditions described above to evaluate the electri- 
cal characteristics of the p-n junctions. Current-voltage 
measurements were performed on oxide isolated, circular 
diodes of 1 mm diam. 

Results and Discussion 
Figure 1 shows the boron concentration profiles after 

implantation of boron fluoride into crystalline or into 

Measurements made by Solecon Laboratories, Incorporated, 
Sunnyvale, California 94089-2221. 
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Fig. 2. SIMS and spreading resistance profiles for o BF 2 implant at 30 
keV and with a dose of 3 • 10 ~ after rapid thermal annealing at 1100~ 
far 5s. 

amorphous silicon and illustrates the channeling effect 
observed with implantation into crystalline silicon. Fig- 
ure 2 shows the boron and fluorine dopant concentration 
profiles, together with the boron electrical carrier con- 
centration profile, after rapid thermal annealing of the 
implant made into crystalline material. The fluorine 
outdiffuses during the anneal, leaving a broad fluorine 
peak close to the wafer surface, together with a sharp 
peak at a depth of 50 nm. It will be shown below that this 
is the location of the residual implantation damage. How- 
ever, the retained fluorine does not affect the boron elec- 
trical act ivat ion because  only the  tail region of  the im- 
p lan ted  boron  remains  inactive.  S imi lar  spreading  
res is tance profi les were  ob ta ined  after each of the  im- 
plant  and anneal  condi t ions  descr ibed  in Table  I. The 
junc t ion  depths  shown in Table  I were  measured  f r o m  
the  spreading  res is tance profiles at a carr ier  concentra-  
t ion of  10 '5 cm -3, which  cor responds  to the  background  
doping  concentra t ion.  

The  dep th  of  the  residual  ion implan ta t ion  damage  was 
measu red  f rom TEM cross sections.  F igure  3a depicts  the  
initial implan ta t ion  damage  caused by a 30 keV boron  
f luoride imp lan t  wi th  a dose of  3 • 10 ~5 ion-cm -~. An 
amorphous  layer is fo rmed  wi th  a heavi ly  damaged  crys- 
tal l ine reg ion  ju s t  be low the  amorphous-crys ta l l ine  inter- 
face. Af te r  rapid  the rmal  anneal ing,  a band  of  implanta-  
t ion damage  remains  at this dep th  (Fig. 3b). The TEM 
planar  sect ion (Fig. 3c) shows this damage  to consist  of ir- 
regular ly  shaped  dis locat ion loops. The  dep th  f rom the  

Table I. Structural and electrical properties of the p+/n junctions. The 
annealing conditions are: A, furnace anneal at 600~ for 30 min and at 

950~ for 10 min; B, rapid thermal anneal for 5s at 1100~ 

Si (50 keV) 1 • i0 '~ 
Implant BF2 (30 keV) 1 x i0 ~ 3 x 10 ~ 1 x 10 '~ 

Anneal 
Sheet resistance (~/q) 
Defect depth 

(~m) 
Junction depth 

(/~m) 
Reverse bias 

leakage cur- 
rent 
density (SV) 
(n_A_-cm-:) 

A B A B A 
143 130 78 72 181 

0.065 0.063 0.063 0.060 0.080 

0.24 0.15 0.30 0.20 0.20 

1 23 1 10 1 

Fig. 3. a: TEM cross section showing the amorphous layer formed after 
a BF2 implant at 30 keV with o dose of 3 • 10 ~. b: TEM cross section 
showing the residual implant damage after the structure in a has been 
rapid annealed at 1100~ for 5s. c: TEM planar section of the residual 
damage shown in b. 

wafer  surface to the  lower  edge of the band of dis locat ion 
loops is l is ted in Table  I. A similar  defec t  s t ructure  occurs  
after furnace  ra ther  than  rapid  the rmal  anneal ing.  

S h o w n  in Fig. 4a is the  amorphous  layer formed after a 
silicon implant at 50 keV and a dose of 1 • I0 ''~ ion-cm -'~ 
followed by a boron fluoride implant at 30 keV and a 
dose of I x I0 ~ ion-era-'-'. In this case, the silicon implant 
energy and dose was chosen to produce an amorphous 
layer (ii0 nm deep) which would contain the entire boron 
distribution from the subsequent boron fluoride implant. 
After the furnace anneal described in Table I, implanta- 
tion damage is located at a depth of 80 nm but only small 
dislocation loops remain with an average loop diameter of 
200 nm (Fig. 4b). A similar defect structure is observed if 
the boron fluoride implant is omitted, indicating that the 
damage is characteristic of the silicon implant. Almost 
complete elimination of implant damage has been re- 
ported for multiple silicon implants followed by a boron 
implant and furnace annealing (6). It has been shown here 
that this can be achieved by furnace annealing of dual sil- 
icon and boron fluoride implants. 

There are several comparisons which can be made from 
Table I that illustrate the interdependence of residual im- 
plant damage, junction depth, diode leakage characteris- 
tics, and sheet resistance. First, the values listed in Table 
I for rapid thermal anneals are compared with those after 
furnace annealing for boron fluoride implanted into crys- 
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Fig. 4. The TEM cross section (a) shows the amorphous layer farmed 
after a 40 keV silicon implant at a dose of 1 • 10 ~ followed by a BF2 
implant at 30 keV with a dose of 1 • 10 ~5. The planar section (b) shows 
the residual damage after a two-step furnace anneal at 600~ for 30 rain 
and 950~ for 10 rain. 

talline silicon with a dose of 1 • 10 ''S or 3 • 10 ~'~ ion-cm-='. 
It can be seen that a lower sheet resistance combined 
with a shallower junct ion  depth can be achieved with 
rapid thermal annealing. This is consistent with the abil- 
ity of rapid thermal annealing to thermally activate the 
implanted dopant while minimizing dopant diffusion. 
The higher annealing temperature of the rapid thermal 
anneal may account for the relatively low values of the 
sheet resistances. Although low sheet resistance values 

and shallower junct ion are obtained, rapid thermally an- 
nealed diodes have relatively high leakage current densi- 
ties. There is a correlation between increased leakage and 
a smaller separation between the residual damage and the 
p/n junct ion depth. This finding is now compared with 
the equivalent results for the dual silicon and boron 
fluoride implants. After furnace annealing, a low leakage 
current density (1 nA-cm -~ at -5V) combined with a 
small separation (0.12 t~m) between the implant  damage 
and the p/n junct ion is found. This suggests that the re- 
verse bias characteristics are improved by a reduction of 
the residual defect density through use of the dual 
implant. 

Conclusions 
Shallow p-n diodes with good leakage characteristics 

are obtained by rapid thermal annealing or furnace an- 
nealing of boron fluoride-implanted, single-crystal sili- 
con wafers. Generally, rapid thermally annealed diodes 
have shallower junct ion depths with lower sheet resist- 
ances but  higher leakage current densities than furnace- 
annealed diodes. The high leakage current density is at- 
tributed to the close proximity of residual implant 
damage to the p-n junction. 

The residual damage can be greatly reduced by pre- 
amorphization of the silicon wafers using a single silicon 
implant  at 50 keV with a dose of 1 • 10 '.~ iomcm -2. In this 
way, shallow junct ions with good leakage characteristics 
can be obtained. 
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A B S T R A C T  

Two-d imens iona l  ion implan ta t ion  profiles can  be  cons t ruc ted  f rom one-d imens iona l  project ions  more  qu ick ly  than  
by direct  calculat ion.  This m e t h o d  can  be  appl ied  to m a n y  c o m m o n  target  s t ructures  that  can be  r educed  to an  equiva-  
lent  nonplanar  single-layer target.  This  paper  shows h o w  the  Bo l t zmann  t ranspor t  equa t ion  m e t h o d  can be  ex t ended  to 
calculate  two-d imens iona l  effects  for the  implan ted  ion, damage  distr ibutions,  and  s to ich iomet ry  dis turbances .  The 
same approach  can also be  used wi th  M o n t e  Carlo methods .  

The Bo l t zmann  t ranspor t  equa t ion  (BTE) approach  (1) 
has been  successfu l ly  appl ied  to m a n y  ion implan ta t ion  
problems,  p red ic t ing  range and damage  distr ibutions,  re- 
coil d is t r ibut ions  (2), and s to ich iomet ry  d is turbances  in 
c o m p o u n d  semiconduc to r s  (3). The  effects  of ion back- 
scat ter ing can also be inc luded  if  a mul t ip le-pass  s c h e m e  
is used  (4). All of  this work  has been  res t r ic ted to one di- 
mension.  As dev ice  d imens ions  shrink,  the  lateral  spread 
of  imp lan ted  ions  can no longer  be neg lec ted  because  of  
their  effect  on device  behavior ,  p rov id ing  the  mot iva t ion  
to ex tend  the  m e t h o d  to two dimensions .  Direct  two- 
d imens iona l  ca lcula t ion is poss ib le  (5), bu t  the  computa-  
t ion t ime  can be considerable .  This  paper  descr ibes  a sim- 
pler  m e t h o d  based  on cons t ruc t ion  of  two-d imens iona l  
in format ion  f rom one-d imens iona l  project ions.  

Calcula t ion of  a two-d imens iona l  profile by any 
m e t h o d  begins  wi th  the  calculat ion of the  resul ts  of  im- 
planta t ion at a s ingle point,  y ie lding the  po in t  response  
function.  There  are then  two levels  of  complex i ty  possi- 
ble. The  s imples t  approach  is to use  the  same response  
funct ion  at each  poin t  along the  surface. A more  general  
solut ion r e c o m p u t e s  the  response  func t ion  at each po in t  
across the  target.  The  s impler  solut ion requi res  that  the  
target  have  the  same  s t ructure  at each  po in t  a long the  sur- 
face, apar t  f rom the  p resence  or absence  of  an opaque  
mask. This  is satisfied exact ly  by a p lanar  target  even  if  it 
contains  m a n y  planar  layers. It  is also approx imate ly  
satisfied by a nonplanar  s ingle-layer  target.  The general  
solut ion can be used  for any target  shape  and composi-  
t ion at the  cost  of  an extra  order  in computa t ion .  These  
possibi l i t ies  are i l lustrated in Fig. 1. Most  cases of practi-  
cal interest ,  such  as si l icon-si l icon dioxide-polys i l icon 
structures,  are nonplanar  mul t i layer  (see Fig. lf) and so 
requi re  a genera l  calcula t ion scheme.  We wou ld  l ike to 
treat  these  cases as a nonplanar  single layer (see Fig. le) 
to speed  up  the  calculat ions.  This  is m a d e  possible  by a 
small  scal ing of  the  layers to fo rm an equ iva l en t  si l icon 
s tructure,  as has  been  done  p rev ious ly  for one- 
d imens iona l  calculat ions.  We will  therefore  concent ra te  
on the  s ingle-layer  case. 

There  are several  approaches  to the  calcula t ion of  a 
poin t  r esponse  in a single-layer target.  The  mos t  c o m m o n  
is to rever t  to a m o m e n t s  approach  (6, 7) which  al lows the  
cons t ruc t ion  of  a two-d imens iona l  gauss ian  profile or a 
hybr id  Pearson-Gauss ian  profile, and this has been  used  
in several  early two-d imens iona l  s imula t ion  p rograms  
(8-10). At the  o ther  end of  the  spec t rum in complexi ty ,  a 
full two-d imens iona l  Monte  Carlo (11) or  Bo l t zmann  (5) 
calcula t ion can be performed.  As will  be seen, this can 
represen t  an unnecessar i ly  large a m o u n t  of  work  for this 
problem.  As an in te rmedia te  approach,  one-d imens iona l  
pro jec t ions  of  t he  profile can  be  calcula ted and used  to 
r econs t ruc t  the  two-d imens iona l  r e sponse  function.  I t  is 
found that  two project ions ,  one ver t ica l  and one lateral, 

are suff icient  to do an accura te  reconst ruct ion .  This 
m e t h o d  can be  appl ied to both  the  Monte  Carlo and 
Bol tzmann  schemes .  

Method 
Monte Carlo.--The initial resul t  f rom a p rogram such as 

T R I M  (12) is a th ree -d imens iona l  h i s togram of the final 
ion pos i t ions  in the target.  In  a one-d imens iona l  calcula- 
tion, the  h i s togram is f la t tened onto one  vert ical  d imen-  
s ion to descr ibe  the final profile. The  n u m b e r  of  ion 
t racks that  is necessary  to descr ibe  the  d is t r ibut ion  is 
governed  by the  des i red  stat ist ical  error  in the  distr ibu- 
tion; if  a h i s togram box  conta ins  N ions, then  the  error  is 
app rox ima te ly  X/-N. This  dictates  the  use  of  at least  104 
ions to main ta in  roughly  10% accuracy  over  the first dec- 
ade of  the  profile. For  a two-d imens iona l  direct  calcula- 

(a) (b) 

(c) (d) 

(e )  ( f )  

Fig. 1. Examples of point-response functions and corresponding tar- 
gets. a: Point response for a single-layer target, b: Superposition in a 
mask window, c: Point response for a multilayer target, d: Superposition 
for a planar multilayer target, e: Superposition for a nonplanar single- 
layer target, f: General superposition using different point response 
functions. 
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Fig. 2 Compar ison  of  a d i rect  two-d imens iona l  M o n t e  Car lo  ca lcula-  
t ion ( 1 0  ~ ions) wi th  a reconstruct ion f rom project ions ( ] 0 4  ions) for  2 0  
k e V  boron imp lan ted  into sil icon a t  a dose of 10  ''~ cm -2.  

tion, the ions are spread over a plane rather than a line, so 
more ions must  be followed to maintain statistical ac- 
c u r a c y - b e t w e e n  10 '~ and 106 ions are necessary, with a 
corresponding increase in calculation time. 

In the alternative method proposed here, lateral infor- 
mation is obtained by flattening the histogram into one 
dimension laterally. The point response is then taken to 
be the product of the vertical and lateral projections. Be- 
cause one-dimensional information is used throughout, 
104 ion tracks are sufficient to define the result. The sta- 
tistical error in the lateral projection is actually less than 
for the vertical profile because the lateral case is symmet- 
ric and the half-width is less than the total profile depth, 
so the histogram is spread over fewer bins. Figure 2 com- 
pares direct calculation using 10 '~ ions with a reconstruc- 
tion from 104 ions for 20 keV boron implanted into silicon. 
This comparison shows that the direct calculation is satis- 
factorily reproduced over the first two decades and 
justifies reconstruction from only two projections. 

Boltzmann.--A one-dimensional Boltzmann vertical cal- 
culation does not contain lateral information because pro- 
jection of the ion motion onto an axis is an integral part of 
the calculation. However, by changing the initial and 
boundary conditions, a lateral projected profile may be 
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obtained. In a vertical calculation, the direction of inte- 
gration is parallel to the initial beam direction. At each 
integration step, the ion motion is projected onto the inte- 
gration direction so that the final result is a vertical pro- 
jected profile. Tl~e surface is considered as an open 
boundary so that ions may be ejected out of the target. 
For a lateral calculation, the direction of integration is 
perpendicular to the initial beam direction. The same pro- 
jection operation therefore produces a lateral projected 
profile. The surface is considered as a reflecting bound- 
ary so that only one half of the symmetric lateral distribu- 
tion need be calculated. The two calculation conditions 
are compared in Fig. 3. For the lateral calculation, multi- 
ple passes (4) are essential because the beam angle causes 
many ions to be considered as backscattered. The multi- 
ple pass approach allows the motion of backscattered 
ions to be fuIly considered. Typical calculations require 
five passes, each of which is much shorter than a vertical 
calculation, leading to a n  overall calculation time of 
roughly twice the vertical time. The t ime to construct a 
point response for VLSI applications is in the rar~ge of 
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Fig. 8. Damage point response function for 20 key boron implanted 
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5-50s on a Cray-1 computer, compared with 50-500s for 
the same calculations using a vectorized Monte Carlo 
code. 

Figures 4 and 5 compare lateral profiles calculated by 
the Monte Carlo and Boltzmann methods, showing very 
good agreement, and also confirming the accuracy of the 
calculations because the methods are independent.  Com- 
parison is also possible with the two-dimensional Boltz- 
mann work of Takeda et al. (5). Figure 6 shows the 
change in peak concentration with slit width for implan- 
tation of 50 keV arsenic through a narrow window on a 
silicon substrate. All three methods show the same 
trends, but the data from Takeda et al. indicate a wider 
spread in the point response for their work. 

Direct measurement  (13) of true lateral profiles has not 
yet been achieved to sufficient accuracy for a useful corn- 
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Fig. 7. Comparison of Boltzmann calculotion with experiment for 60 
key arsenic implanted into silicon at various beam angles. 

parison to be made. The closest thing possible to an ex- 
perimental comparison at this t ime is to compare with 
profiles from tilted-beam experiments (14-17). In the 
BTE approach, this corresponds to tilting the initial beam 
direction and leaving the surface boundary open. Figure 7 
compares calculation with experiment  (17) for 60 keV ar- 
senic implanted at various angles, showing the same 
movement  of the peak position with tilt angle. The poor 
fit to the deeper profiles is believed to be in part due to 
inaccuracy in the measured profiles. For example, the 
experimental  data for normal incidence seem truncated 
in comparison with the calculated curve and also in com- 
parison with the other experimental  curves and pub- 
lished data (18). 

In one dimension, the BTE approach has also been 
used to calculate damage distributions (1), stoichiometry 
disturbances (3), and recoils in multilayer targets (2). In 

2000~ SQUARE 

Fig. 9. Recoil atom point response function for SO keV silicon im- 
planted into gallium arsenide. Dose: 1015 cm -~. 
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Fig., 12. Concentration profile for 20 keV boron into silicon at a 45 ~ 
mask edge. 

two dimensions, we have restricted ourselves to single- 
layer targets, but calculation of damage and stoichiome- 
try is still possible by constructing point response func- 
tions for the appropriate quantities. Figure 8 shows a 
calculation for damage from a 20 keV boron implant into 
silicon. The general shape is similar to that of the concen- 
tration profile, although the dynamic range is less. For 
displacement and stoichiometry calculations, it is neces- 
sary to construct responses for displaced atoms and the 
corresponding vacancies separately. The net disturbance 
is then the difference in the two response functions. Fig- 
ure 9 shows the concentration response for recoils from 
50 keV silicon implanted into gallium arsenide, consider- 
ing the substrate atoms together because their masses are 
so similar. The corresponding profile for vacancies is al- 
most identical. The difference in these two correlated 
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o 

2500A SQUARE 
Fig. 11. Concentration profile for 20 keV boron into silicon at an ab- 

rupt mask edge. 

quantities gives the net imbalance, as shown in Fig. 10. 
This shows some surface loss of recoiled atoms and net 
displacement of atoms from the beam axis outward. 

Example Profiles 
Once the point response function has been calculated, it 

is easy to obtain twoidimensional profiles at various 
mask edges by convolution. Figures 11 and 12 illustrate 
calculations for 20 keV boron at a n abrupt and a 45 ~ mask 
edge, respectively. The construction time for each pro- 
file, given the one-dimensional sections, is much less 
than ls on a Cray-1. Figure 13 shows a similar calculation 
for a damage distribution at a 45 ~ mask edge. Finally, Fig. 
14 shows net substrate atom displacement for a 50 keV 
silicon implant through a narrow window with abrupt 
edges into GaAs, which can be compared with the point 
response of Fig. 11. 

1.80 
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4000A SQUARE 

Fig. 13. Damage distribution from 20 keV boron into silicon at a 45 ~ 
mask edge. 
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Fig. 14. Net substrate displacement from 50 keV silicon into gallium 
arsenide at an abrupt mask window. 

Conclusions 
The method of  construction from projections allows 

two-dimensional  implantat ion profiles to be calculated in 
the same order of magni tude of t ime as one-dimensional 
results, at the loss of some generality. Through scaling, 
the method can be used for practical  useful Structures, 
and it can be appl ied to both Monte Carlo and Boltzmann 
schemes. Through appropria te  choice of point-response 
function, damage and stoichiometry effects can also be 
calculated. There is little advantage in using a more com- 
plex method unless a full, general solution is required 
and the increased computing resources are available. 
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ABSTRACT 

Si-MBE is a low temperature deposition method for epitaxial silicon layers with thickness and doping profile con- 
trol on a submicron level. The MBE equipment  described in detail is designed for high throughput  of round wafers (ten 
3 in. wafers per day). The apparatus consists of six subsystems, the reliable and simple operation of which has been 
proved during a 2 yr test period. For the first t ime we report on fabrication of high performance integrated circuits 
using Si-MBE material. Frequency dividers were fabricated using, apart from MBE, a commercial process line. Clock 
frequencies of up to 2.8 GHz were realized by these dividers with integrated transistors with transit frequencies up to 7 
GHz. 

Si-MBE promises several advantages which should 
make it a powerful instrument for future material and de- 
vice fabrication. Remarkable properties are low process 
temperature, precise control of thickness and doping pro- 
file on a submicron scale, and high flexibility concern- 
ing the choice of material combinations and layer 
numbers. 

Up to now, much effort has been directed toward the 
technological development  of the Si-MBE system and to- 
ward the fabrication of materials (1, 2) and of basic de- 
vices (3) demonstrating the capability of the method; see 
also, for instance, recent reviews (4, 5) and the excellent 
bibliography (6). Several groups now are intensively 
thinking about industrial application of the method, and 
they are bearing in mind that facts like cost, throughput,  
and yield are of the same importance as technical feasibil- 
ity (7, 8). 

Si-MBE may influence the fabrication of integrated cir- 
cuits in an evolutionary or revolutionary way. For near- 
future applications, the evolutionary way accepting the 
well-established IC-process sequence has to be chosen. 
Our experience with this evolutionary way is described in 
the following report, which covers (i) layer growth in high 
throughput  Si-MBE equipment  with a ten-wafer cassette 
within a load-lock chamber; (ii) influence of surface 
treatment, buried layer structures, and postepitaxial pro- 
cesses on crystal perfection and dopant profiles of the 
MBE-layers; and (iii) fabrication of a GHz frequency di- 
vider. Apart from MBE all other process steps were taken 
from a process sequence routinely used for manufactur- 
ing these frequency dividers. 

Si-MBE apparatus.--Si-MBE systems provide inside of 
a clean UHV chamber several individually regulated mo- 
lecular beams (silicon, dopants, alloy materials, metals) 
which are directed onto the cleaned surface of a heated 
substrate. Our homemade  apparatus (9) has been de- 
signed for high throughput  fabrication of electronic-grade 
material. A wafer cassette positioned in a separate UHV- 
storage chamber  which is connected to the growth cham- 
ber by a gate valve enhances the throughput.  Crystal 
quality is improved by an extremely clean environment  
provided by low residual gas content (process pressure) 
and by the use of silicon as material for components 
which are in line of sight with the substrate. For simple 
operation, effusion cells emitting neutral molecular 
beams are used as dopant sources. Handling of round wa- 
fers without contaminating the back side is ensured by a 
special transport mechanism and by radiation heating of 
the substrates positioned in an annular holder made from 
silicon. This equipment,  reliably working for two years, 
consists of the following six subsystems. 

1. An ultrmdgh vacuum system which allows a clean en- 
vironment  during the total process time. A proper choice 

of pumps, vacuum parts, materials and their pretreat- 
ments, and of the procedure is necessary to obtain a pro- 
cess vacuum not substantially worse than the base vac- 
uum. Our system (see Fig. 1) is pumped down by a 
turbo-molecular pump getting the gas molecules out of 
the vacuum chamber and by a high speed titanium-sub- 
limation pump gettering the gas molecules inside the vac- 
uum chamber (9). Materials used for components  are cop- 
per and stainless steel for cold parts and molybdenum, 
titanium, boron nitride, graphite, and silicon itself as of- 
ten as possible for hot parts. All components  are pre- 
heated 50 K above their operation temperature and 
scrubbed by electrons. All hot components  are heat 
shielded to reduce thermal load. The heat shieldings of 
the material sources are water cooled to avoid thermal 
coupling. Intentionally, we do not use liquid nitrogen- 
cooled "cold walls" in the line of sight of the substrate, 
because methane (CH4) adsorbed on ihe cold wall can eas- 
ily be desorbed by electrons. Typical process pressure is 
10 -~~ mbar. The  main residual gas is hydrogen. 

2. The substrate heater should be able to uniformly heat 
large diameter wafers up to temperatures necessary for 
thermal cleaning and growth. The most promising type is 
a radiant heater positioned near the back side of the wa- 
fer, where care is taken to reduce thermal stresses on the 
wafer below the stress level activating slip line generation 
(10). This is successfully done with our substrate heater 
by using a graphite meander radiation source and a sub- 
strate holder made from silicon avoiding temperature dif- 
ferences at the rim of the wafer by providing equal ab- 
sorption properties of substrate and ring holder. Crystal 

:ES 

Fig. 1. Sketch of our Si-MBE apparatus. Growth chamber on the 
right side. Load-lock with cassette on the left side. Both UHV cham- 
bers ore connected by a gate valve with 150 mm aperture. 
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Fig. 2. X-ray topograph of a wafer with a 3/~m film grown on pat- 
terned oxide (0.2 ~m thick). Slip lines and dislocations were avoided 
by uniformly heating the substrate. Contrast arises from the strain 
field of the patterned oxide, 

perfection and absence of slip lines are routinely checked 
by x-ray topography (see Fig. 2). Power consumption for 
heating a 75 mm ~ wafer at a growth temperature of 
750~ amounts to 700W. 

3. The silicon molecular beam is generated by E-gun 
evaporation from pure silicon source material in the cen- 
tral portion melted and heated up to approximately 2000 
K. Molten silicon is so reactive as to attack all other 
known crucible materials. The purity of the Si beam is 
enhanced by protecting the commercial  E-gun from 
bombardment  of backscattered electrons and ions by a 
silicon shielding: On a 30 cm distant substrate, typical 
growth rates are in the range of several micrometers per 
hour. Whereas E-gun evaporation is considered to be a re- 
liable, clean, well-controlled process, it should be men- 
tioned that it is also a source of particle beams 
(backscattered electrons, secondary electrons, silicon 
ions) and of electromagnetic radiation (light, x-rays, 
bremsstrahlung) influencing surface physics (adsorption, 
desorption, dissociation). 

4. Dopant beams are generated by evaporation from ef- 
fusion cells. For dopant materials we use Sb (for 
n-doping) and Ga (for p-doping). With Sb as a dopant ma- 
terial, concentrations up to the saturation limit of 2 • 
10"q/cm '~ (at a growth temperature of 750~ can be ob- 
tained (10, 11). But, near the saturation limit, incomplete 
electrical activation and degradation of the crystal perfec- 
tion occurs. Well below the saturation limit, resistivity, 
Hall mobility of the layers, and their temperature depen- 
dence are similar to P- or As-doped bulk material (10-14). 
Thermodynamical  calculations (15) predict a molecular 
beam that mainly consists of Sb4 molecules. We found, by 
mass spectrometric analysis of the antimony beam, Sb 
atoms as well as Sb~ and Sb4 molecules. Up to now, a 
quantitative comparison with the calculations (15) has not 
been performed, because molecules are partly dissociated 
within the ionization chamber of the mass spectrometer 
and the sensitivity of the quadrupole mass spectrometer 
varies with atomic mass. 

With Ga as a dopant material, carrier levels up to 2 • 
10'8/cm :~ were achieved (16-18). The relatively high ioniza- 
tion energy of the Ga acceptor (70 meV) results in a de- 
pendence of resistivity on dopant concentration, quite 
different from B-doped bulk material. Already at Ga dop- 
ant levels above 1 x 10'Ycm :~ the acceptors start to be only 
partially ionized as proved by Hall effect measurements.  

The upper Ga-dopant concentration amounts to approxi- 
mately 1 • 10'9/cm 3 (growth temperature: 550~ The car- 
rier concentration belonging to this saturation limit 
amounts to 2 • 10~S/cm 3 at room temperature (2.3 • 
10~6/cm 3 at 77 K). With hole levels above 1 • 101Ycm 3, de- 
vice designers have to bear in mind the properties of the 
Ga acceptor. 

Dopant atom incorporation can be enhanced and sharp- 
ness of interfaces can be improved by a technique we 
have called doping by secondary implantation during mo- 
lecular beam epitaxy (DSI-MBE) (19). With this tech- 
nique, silicon ions which are always produced by E-gun 
evaporation are accelerated by an electric field (typical 
potential difference between substrate and E-gun 
amounts to several hundred volts) toward the substrate. 
We believe that a main part of the low energy silicon ions 
implants atoms of the adsorbed dopant layer by impact 
(secondary implantation) into the growing MBE layer. 
The effect itself has been confirmed by another group 
(20), but the mechanism is a subject of controversial 
opinions. 

5. In situ measurements  of fundamental  growth param- 
eters are possible in the UHV environment  of the growth 
chamber. Usually, analysis of the surface, the residual gas 
composition, the molecular beam intensities, and the tem- 
peratures of the substrate and effusion cells is employed. 
More than usual effort is directed by us toward mass 
spectrometry of dopant fluxes, absolute calibration of 
temperatures, and analysis of backscattered electrons. 

Mass spectrometry of dopant fluxes is performed by a 
separate mass spectrometer sensitive to the range of 
atomic mass numbers 1-500 and by using a multiplier for 
ion counting. A shielding with properly positioned aper- 
tures protects the parts of the crossed-beam ion source of 
the spectrometer from being contaminated with dopant 
material or silicon. During operation of the effusion cells 
the mass numbers  of Ga, Sb, Sb2, and Sb4 isotopes can be 
detected. Using this mass spectrometer, we investigated 
the relation between effusion cell temperature and 
dopant flux density, the response of flux intensity on 
power variations of the cell heater, and the thermal clean- 
ing of freshly loaded dopant materials from oxide layers. 

Crystal perfection and dopant incorporation are influ- 
enced by the substrate temperature and the temperature 
of the evaporating surface of the dopant material. These 
temperatures differ from the reference temperatures mea- 
sured by thermocouples mounted into the substrate 
heater and the effusion cells. The temperature differences 
between surface and reference thermocouple depend on 
design of substrate heater and effusion cell, on substrate 
doping (different absorption of radiation), on volume of 
cell load, and in some cases on thermal coupling from 
E-gun to substrate (significant only at very low growth 
temperatures) or from substrate heater to effusion cell 
(significant for wafer diameters greater than 50 mm and 
antimony effusion cell). 

Intensity and energy spectrum of backscattered elec- 
trons, secondary electrons, and ions are measured by a 
Faraday probe with variable grid voltage. The primary 
source of electrons is the E-gun itself. Because  of the 
magnetic field of the E-gun, the electron path is curved 
and only fast backscattered electrons can escape from the 
E-gun. The slow (several electronvolts) secondary elec- 
trons are generated by the impact of backscattered elec- 
trons onto the chamber wall. One can understand that the 
intensity and energy spectrum of the electrons scattered 
to the substrate sensitively depend on the design of the 
growth chamber. Near the substrate, the flux density of 
scattered electrons is in the order of 10 '~ electrorgcm2s. 

6. The wafers are put into the growth chamber and re- 
moved through a load-lock chamber also pumped down 
to ultrahigh vacuum (see Fig. 1). Thereby the clean UHV 
environment  within the growth chamber is maintained 
during several weeks until material must be reloaded or 
parts must be replaced. We have installed within the load- 
lock chamber a wafer cassette, the use of which further 
reduces the mean t ime for insertion of a wafer. On a nor- 
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mal working day, with this equipment,  a 1 t~m epitaxial 
layer can be deposited on ten 75 mm diam wafers. 

Growth of device quality material . - -The procedure con- 
sists of chemical cleaning of the substrate surface, inser- 
tion of the cassette into the load-lock chamber, pump 
down of the load-lock during the night, and epitaxy dur- 
ing the following day. One wafer after another is taken up 
from the cassette and transported by a transfer system to 
the growth chamber  and put back after epitaxy. In the 
growth chamber, the wafer is inserted into the substrate 
heater. After a short heat cleaning step (900~ 5 min), pro- 
cess parameters are adjusted to their proper values and 
growth is started by opening the main shutter and the cell 
shutters. Growth temperatures are between 550 ~ and 
800~ The growth process is monitored by the in-situ 
control instruments and finished at the desired layer 
thickness by closing the shutters. 

For establishing the growth of high quality layers one 
has to consider the importance of a clean environment,  
the role of surface diffusion of adatoms, the time depen- 
dence of dopant incorporation, and the existence of radia- 
tion (light, x-rays) and charged particles (electrons, ions) 
inside the growth chamber. 

Models of ideal growth assume a clean surface on 
which pure beams of silicon and dopant material are im- 
pinging. Under  real growth conditions, there will be un- 
desired contaminating atoms, radiation, and charged 
particles. Actually, essential characteristics of Si-MBE are 
the attempt to suppress the contamination to a level as 
low as possible and the toleration of the level of electro- 
magnetic and particle radiation inherently connected 
with the use of an E-gun. There are two principal sources 
of contamination, namely, the substrate surface itself 
mainly chemisorbed with oxygen and carbon, and resid- 
ual gas. The chemisorbed substrate surface must be 
cleaned in situ, otherwise the deposited layer grows as a 
polycrystal. We use a short (5 min) thermal cleaning step 
at 900~ to remove the oxide layer. Strongly chemisorbed 
carbon cannot be removed by this moderate heating step. 
It is essential, therefore, to use a chemical pretreatment 
resulting in low carbon chemisorption (12, 21). It seems to 
us that careful handling, pure materials, and rapid trans- 
fer into the UHV chamber are more important than the 
choice between the different etching procedures. Carbon 
contaminants in the rising water not detected by electri- 
cal resistivity measurement  may cause a nonreproducible 
carbon coverage. Remaining 5h in usual laboratory atmo- 
sphere increases the carbon coverage by a tenth of a 
monolayer as proved by ESCA measurements.  

For perfect growth, the pressure and composition of the 
residual gas must also fulfill severe requirements during 
the cleaning and growth process. Heavy hydrocarbons 
must not be detected by a sensitive quadrupole-mass 
spectrometer. Partial pressures of oxygen, water, and also 
nitrogen should be well below the 10-" mbar range. Only 
hydrogen as main component  is allowed to be present at a 
partial pressure of several 10 -'0 mbar (22). 

Fast surface diffusion of silicon adatoms was claimed 
(23) to play a dominant  role for low temperature epitaxial 
growth under  MBE conditions. Smooth surface, 
temperature- independent  growth rate, and negligible 
desorption were explained by vertical growth via lateral 
motion of monatomic steps generated by the uninten- 
tional misorientation of commercial  substrates (typically 
1/4~ BCF (Burton, Cabrera, Frank) theory (24), assuming 
steps to be a capture site for diffusing adatoms, predicts 
negligible desorption only for an adatom diffusion length 
much higher than the step distance. A low energy barrier 
of surface diffusion (<1 eV) is compatible with the experi- 
mentally observed desorption and growth rates (23). 
These experiments  should be compared with the strongly 
temperature-dependent  growth rate, the desorption, and 
the moderate surface diffusion (energy of surface diffu- 
sion ~ 1.6 eV)obse rved  with vapor phase epitaxy (25). 
Possibly, the difference in the energy barrier of surface 
diffusion is caused by hydrogen adsorption (26) during 
VPE or by radiation-enhanced motion during MBE. 

Surface segregation, low sticking coefficients, and 
large t ime constants for incorporation of the dopants Sb 
and Ga (10, 12, 13, 17) rule out monatomic steps also to be 
an effective capture site for adsorbed dopant atoms, be- 
cause during growth a step passes a point on the surface 
roughly every second. Therefore, BCF theory cannot de- 
scribe dopant material incorporation during MBE. Other 
models (27, 28) describe the time dependence of dopant 
incorporation at least qualitatively. 

There are considerable differences abouLthe  sticking 
coefficients of dopant material given in literature. Uncer- 
tainty of temperature was believed to be the cause of 
these differences (27). We have built three MBE equip- 
ments with different design but with the same careful cal- 
ibration of cell and substrate temperatures. The sticking 
coefficient in every Si-MBE apparatus differs from the 
other. This experimental  fact leads us to consider radia- 
tion and charged particle beams influencing the 
desorption, dissociation, and incorporat ion of dopant 
atoms. After every redesign of the apparatus, dopant level 
adjustment should take place. Electromagnetic and 
particle radiation also influence adsorption/desorption 
(29), contamination, and possibly silicon adatom migra- 
tion as described above. 

GHz-frequency divider.--A simple application of Si- 
MBE is to replace the epitaxial layer on an integrated cir- 
cuit usually made by conventional vapor phase epitaxy 
by an MBE layer without changing pre- or postepitaxial 
processes or circuit layout. Clearly, in doing so the full 
potential of MBE will not be utilized, but this is an effec- 
tive way to analyze the compatibility of the MBE process 
with the other IC manufacturing process steps. Improve- 
ments should be based on low growth temperature, re- 
duced autodoping, and precise thickness control. 

As a test vehicle, we selected a frequency divider used 
for television tuners. Initially, this commercial  device was 
developed for an operating frequency up to 900 MHz 
(ultrahigh-frequency band of European television). Mean- 
while, one needs frequency dividers up to X-band 
frequencies (12 GHz). Of late, Si bipolar IC's entered the 
lower microwave regime (30). Whereas in 1980 the fastest 
bipolar LSI circuits were considered to be based on inte- 
grated transistors with a transit f requency off~ = 4 GHz 
(31), now the frequency limit of integrated bipolar transis- 
tors is shifted with laboratory examples toward fT = 14 
GHz (32) using a sidewall base contact structure (SICOS) 
technology. The highest reported clock frequency of a 
GHz-frequency divider is 5.5 GHz (33). These authors 
used a half-micron bipolar technology with advanced su- 
per self-aligned processes (SST-1A). Propagation delays 
for nonthreshold logic (NTL) of 42 ps/gate, power-delay 
products of 20 fJ/gate, and transit frequencies of 12.4 GHz 
were obtained with this technique: The highest operation 
frequency of the divider has been obtained at a high 
power dissipation of 884 mW. Encouraging results were 
also obtained with other special laboratory techniques. 
Using the direct nitride passivated base surface (DNP-II) 
process (34) resulted in a f t  value of 10 GHz and a clock 
frequency for the divider of 3.9 GHz at a power dissipa- 
tion of 316 mW. Using vertically isolated self-aligned tran- 
sistors (VIST) (35) resulted in a low power consumption 
of 84 mW at 2.5 GHz (fT = 6 GHz) for a four-stage fre- 
quency divider (1:16). 

We used, apart from Si-MBE, a 2 t~m linewidth process 
sequence, which was developed for manufacturing of 
commercially available frequency dividers (36). Process 
sequence and circuit design were chosen to allow for the 
high yield production of a GHz-frequency divider with 
power dissipation below 100 mW. One layout of the test 
circuits is shown as a chip photograph (Fig. 3). This test 
chip contains a preamplifier, a masKer-slave flip-flop in 
ECL technique as binary divider, and test devices. 

Prior to epitaxy, an As buried laye: (RS = 8 i~/[3) was 
diffused and a B-channel stopper was implanted to avoid 
inversion layers below the isolation oxide. Thermal pro- 
cesses after epitaxy were diffusion of the collector 
contact, oxidation of the isolation oxide, and annealing of 
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/ 
Fig. 4. Frequency divider. Vertical structure of integrated transis- 

tors with oxide isolation. 

Fig. 3. Chip photo of a frequency divider with test devices. Layout- 
set number 7051. 

base, base contact, and emitter implantation (Table I). 
The vertical structure of the integrated transistors is 
shown in Fig. 4. The effective thickness d,~f of the col- 
lector is lower than the epitaxial thickness d due to out- 
diffusion of the buried layer and due to the depth 
penetration of the base contact. Typical emitter depth 
amounts to 0.25 ~m, typical base width is 0.1 ~m, and 
base contact penetrates 0.55 ~m. In this experiment,  the 
thickness d was reduced from 2.5 to 0.9 ~m, thereby 
reducing the effective thickness d~ff (see Fig. 4) from 1.6 
to 0.2 ~m. The differences between d and deff are larger 
for thicker layers because of the prolonged time for oxi- 
dation of the isolation oxide. Alternatively, another test 
circuit was used (layout-set number  852) with diffused 
isolation and diffused emitter. The frequency limit of 
transistors with oxide isolation is roughly 2 GHz higher 
than the frequency limit (5 GHz) of transistors with dif- 
fused isolation (7). 

With these test circuits we investigated yield as a func- 
tion of the surface treatment, influence of pre- and post- 
epitaxial process steps on the quality of the MBE film, 
and transit frequency of the frequency divider and of in- 
tegrated transistors as a function of the epitaxial layer 
thickness. 

All fundamental  growth experiments were performed 
on homogeneous substrates with fiat, well-defined sur- 
faces. Epitaxy for IC fabrication, however, starts on the 
surface of a heat-treated substrate, parts of which are oxi- 
dized, diffused, and ion implanted. These processes gen- 
erate surface steps which are large compared with the 
monatomic misorientation steps present at flat surfaces. 
Surface contamination, defect propagation from substrate 
to layer, and growth_ mode can be influenced by these 
varied start conditions. Yield measurements can give gen- 
eral information about the significance of such varied 
start conditions. We obtained detailed information about 
causes of yield reduction by several methods for analysis 
of surfaces and defect structure (ESCA, TEM, x-ray to- 
pography, interference microscopy, defect etching). Ini- 
tially, yield was considerably reduced when we replaced 
VPE layers by MBE layers. This was caused by residual 

Table I, Postepitaxial processes. Heat cycles above 500~ 

Aim Process 

Contact to 
buried collector 

Oxide isolation 

Base, 
base contact, 
emitter 

P diffusion, diffusion temperature dependent 
on epitaxial thickness (900~176 

High pressure oxidation (20 bar) at 800~ dura- 
tion dependent on epitaxial thickness 

Room temperature implantation (B and As), 
furnace annealing at temperatures between 
900 ~ and 950~ 

contamination at surface steps when applying the usual 
chemical cleaning treatment immediately before insertion 
into the magazine of the load-lock chamber. High device 
yield (up to 90%) was obtained by applying the following 
cleaning procedure. A modified cleaning solution based 
on hydrogen peroxide [known as RCA-etch (37)] yields 
low stacking fault and dislocation densities (1 • 10Vcm~). 
This etching sequence is preceded by a centrifugal wafer 
spray. High purity water wets the spinning wafer; N2 
finally dries it for removal. 

The buried layer zones themselves with their high As- 
dopant concentration do not degrade the high crystalline 
quality of the overlying film. Transmission electron mi- 
crographs clearly show that the epilayer grown onto bur- 
ied layers exhibits the same lattice perfection as the part 
grown directly on the p-type substrate. 

Autodoping is a well-known problem of epitaxy on sub- 
strates with buried layers. In order to investigate auto- 
doping we grew layers on p-substrates, half of which were 
doped with arsenic in the same way as buried layer zones. 
Then we profiled doping level and junction abruptness 
on several spots on both halves of the wafer by C-V and 
spreading resistance measurements (see Fig. 5). We found 
that (i) junctions are abrupt within measurement  accu- 
racy (38) and carrier diffusion length (approximately a 
Debye length) and (ii) doping level is not influenced by 
the underlying substrate doping. That means practically 
that autodoping should not be considered when layer 
growth is performed by Si-MBE. 

Postepitaxial processes may be influenced by the con- 
tent of carbon, oxygen, or hydrogen, or by the concentra- 
tion of interstitials or vacancies. Using the same process 
sequence as for the fabrication of the commercial devices, 
we did not find any hint that MBE material behaves 
other than VPE material with respect to postepitaxial 
processes. 

The frequency limit depends on the thickness of the 
epilayer. Figure 6 exhibits the frequency limit, fv, as a 
function of the emitter current, IE, for several epitaxial 
thicknesses. Epitaxial dopant density is 1 • 10'8/cm 3. The 
emitter area is a single stripe 2.5 ~m wide and 25 ~m long. 
Collector-base voltage, UcB, was fixed at 2V. Frequency 
limit increases with increasing current up to a saturation 
value obtained at current densities of 1 • 10s-2.5 • 108 
Aim ~. Frequency limits in excess of 4 GHz are obtained al- 
ready at current densities above 3 x 107 A/m 2 with epi- 
layers 0.9-2.5 ~m thick. The upper frequency limit of 7 
GHz is obtained with epilayers about 1.2 ~m thick. With 
thinner epilayers (see no. 192 in Fig. 6) the collector-base 
capacity increased, due to the reduced effective thickness 
decreasing the frequency limit (6 GHz for d = 0.9 ~m). 
With thicker layers the collector resistance increases with 
increased effective thickness, reducing the frequency 
limit (5.8 GHz for d = 2 ~m). The latter effect is more pro- 
nounced with lower epidoping level. With a doping level 
of 3 • 101Vcm 3 (Sb), we obtained a frequency limitfT of 6 
GHz with d = 1.2 ~m,fT = 4 GHz with d = 2 ~m, andf~ = 
2.5 GHz with d = 2.5 ~m. For low power consumption, 
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Fig. 5. Spreading resistance measurement of carrier profile of the 
epilayer on p-substrate with and without buried layer. 

high frequency limits should be obtained at low collector- 
base voltage (UcB) levels. An example is given in Table II. 
With integrated transistors of these frequency limits, fre- 
quency dividers with clock frequencies up to 2.8 GHz 
could be fabricated. 

7 

6 

3 

d:O,9 m 

I i I I I 
1 2 h- 10 20 

c u r r e n t  ~ 1  E ( m A }  
Fig. 6. Transit frequency fT as a function of emitter current I E for 

transistors with different epilayer thickness d. 

Table II. Frequency limit fT as function of the 
collector-base voltage Uc~ at an emitter current 

IE = 5 mA (no. 179, epilayer thickness 1.35/~m) 

Uc, (V) 0.5 1 2 4 5 6 

fT (GHz) 5.45 5.75 6.1 6.35 6.45 6.6 

Conclusions 
We have proved for the first time that use of Si-MBE 

material enables the fabrication of high speed integrated 
circuits with excellent performance. Apart from Si-MBE, 
the process sequence of a commercial frequency divider 
has been used, High crystal perfection on buried layer 
substrates, absence of autodoping, and compatibility with 
postepitaxia] processing are offered by this conventional 
use of an epitaxial layer. 

Further improvement  should be expected by using the 
full capability of Si-MBE, including, in addition low pro- 
cess temperatures and precise control of submicron lay- 
ers, the high flexibility of materials, profiles, and 
structures. 

The layers have been grown in an Si-MBE apparatus 
which was designed for industrial application. Simple 
handling, high throughput, and reliable operation were 
demonstrated since the installation of this equipment  in 
1982. Based on the principles of this equipment  (storage 
chamber with a cassette, excellent vacuum conditions, 
low process temperatures, large area wafer heater, high 
precision in situ process control), development of the 
next generation equipment  should also fulfill high 
requirements with respect to low cost and high 
throughput production of Si-MBE layers. 

Acknowledgments 
Technical assistance by Mr. H. Kibbel, layer assessment 

by Mr. H. J. Herzog and Mr. H. Jorke, and discussion with 
Dr. U. K6nig and Dr. Th. Ricker are acknowledged. Part 
of the work was sponsored by the Ministry of Technology 
of Germany. 

Manuscript submitted Oct. 10. 1984; revised manuscript  
received June 25, 1985. 

AEG-Telefunken Forschungsinstitut assisted in meeting 
the publication costs of this article. 

REFERENCES 
1. J. C. Bean, L. C. Feldmann, A. T. Fiory, S. Nakahara, 

and I. K. Robinson, J. Vac. Sci. Technol. A., 2, 436 
(1984). 

2. E. Kasper, H. J. Herzog, and H. Kibbel, Appl. Phys., 8, 
199 (1975). 

3. J. Freyer, E. Kasper, and H. Barth, Electron. Lett., 16, 
865 (1980). 

4. Y. Ota, Thin Solid Films, 106, 1 (1983). 
5. F. C. Allen, S. S. Iyer, and R. A. Metzger, in "Proceed- 

ings of the SPIE Technology Symposium," p. 2, 
Los Angeles, January 1982. 

6. J. C. Bean and S. R. McAfee, J. Phys. (Paris), 43, 
C5-153 (1982). 

7. E. Kasper and K. W6rner, Abstract 51, p. 73, The Elec- 
trochemical Society Extended Abstracts, Vol. 84-1, 
Cincinnati, OH, May 6-11, 1984. 

8. R. G. Swartz, G. M. Chin, A. M. Voshchenkov, P. Ko, 
B. A. Wooley, S. N. Finegan, and R. H. Bosworth, 
IEEE Electron. Devices Lett., edl-5, 20 (1984). 

9. U. K6nig, H. J. Herzog, H. Jorke, E. Kasper, and H. 
Kibbel, in "Collected Papers of MBE-CST-2," p. 
193, Tokyo (1982). 

10. U. KSnig, H. Kibbel, and E. Kasper, J. Vac. Sci. Tech- 
nol., 16, 985 (1979). 

11. U. KSnig, E. Kasper, and H. J. Herzog, J. Crys. 
Growth, 52, 151 (1981). 

12. Y. Ota, This Journal, 124, 1795 (1977); 126, 1761 (1979). 
13. J. C. Bean, Appl. Phys. Lett., 33, 654 (1978). 
14. Y. Shiraki, in "Collected Paper of MBE-CST-2," p. 

179, Japanese Society of Applied Physics, Tokyo 
(1982). 

15. R. R. Hul tgren,  "Selected Values of Themodynamic 
Properties of Metals and Alloys," Report of the Min- 
erals Research Laboratory, University of California, 
Berkeley, CA (1962). 



2486 J. Electrochem.  Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  October 1985 

16. U. K5nig, H. Jorke, and H. Kibbel, Paper presented at 
the 2rid European MBE-workshop, Institute of 
Physics, Brighton, England (1983). 

17. G. E. Becker and J. C. Bean, J. Appl. Phys., 48, 3395 
(1977). 

18. S. S. Iyer, R. A. Metzger, and F. G. Allen, ibid., 52, 
5608 (1981). 

19. H. Jorke, E. Kasper, and H. Kibbel, Paper presented 
at the 3rd International MBE-Conference, San Fran- 
cisco, CA, August 1984. 

20. R. A. A. Kubiak, W. Y. Leong, and E. H. C. Parker, Pa- 
per presented at the 3rd International MBE-Confer- 
ence, San Francisco, CA, August 1984. 

21. A. Ishizaka, K. Nakagawa and Y. Shiraki, in "Col- 
lected Papers of MBE-CST-2," p. 183, Tokyo (1982). 

22. E. Kasper and H. Kibbel, Vak. Tech., 33, 13 (t984). 
23. E. Kasper, Appl. Phys. A, 28, 129 (1982); or T. de Jong, 

Thesis, University of ~msterdam,  Amsterdam, The 
Netherlands (1983). 

24. W. K. Burton, N. CabreJ a, and F. Frank, Trans. R. Soc. 
(London), 243A, 299 ([951). 

25. R. C. Henderson and R. F. Helm, Surf. Sci., 30, 310 
(1972); R. F. C. Farrow, This Journal, 121, 899 (1974). 

26. A. A. Chernov and M. P. Rusaikin, J. Cryst. Growth, 
45, 73 (1978). 

27. R. A Metzger and F. G. Allen, J. Appl. Phys., 55, 931 
(1984). 

28. M. Tabe and K. Kajiyama, in "Collected Papers of 
MBE-CST-2," p. 187, Japanese Society o f A p p l i e d  
Physics, Tokyo (1982). 

29. B. A. Joyce, Surf. Sci., 35, 1 (1973). 
30. C. P. Snapp, Microwave J., 93, (August 1983). 
31. H. Nakashiba, I. Ishida, K. Aomura, and T. Naka- 

mura, IEEE Trans. Electron Devices, ed-27, 1390 
(1980); K. WSrner, H. Caluss, H. M. Rein, and H. 
Kostka, Dig. Techn. Papers, p. 73, ESCIRC 78, 
Amsterdam, The Netherlands (1978). 

32. T. Nakamura, K. Nakazato, T. Miyazaki, T. Okabe, 
and M. Naga, 1984 IEEE International Solid-State 
Circuit Conference, Dig. Techn. Pap., p. 152 (1984). 

33. T. Sakai, S. Konaka, Y. Kobayashi, M. Suzuki, and Y. 
Kawai, Electron. Lett., 19, 283 (1983). 

34. S. Watanabe, S. Shinozaki, N. Kusama, S. Miyazaki, 
and T. Nakata, IEEE 1984 Monolithic Circuits Sym- 
posium, Dig. Pap., p. 24 (1984). 

35. T. Fujita, H. Sakai, K. Kawakita, and T. Takamoto, 
Jpn. J. Appl. phys., 22-1, 125 (1983). 

36. K. WSrner, IEEE Trans., ce-30, 297 (1984); Data sheet 
U 822 B S / U  824 BS, Telefunken electronic GmbH, 
Heilbronn, Germany. 

37. See, for instance, W. Kern, Semicond. Int., p. 94 (April 
1984). 

38. L. A. Hing and J. E. Curron, Electron. Lett., 19, 1091 
(1983). 

Diffusion of Oxygen in Silicon Thermal Oxides 
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ABSTRACT 

A method for comparing the oxidation rates of silicon under  an initial 1000~ of thermal oxides is described. Ellip- 
sometry is used to measure the thicknesses of a pair of samples before and after a relatively short t ime of additional ox- 
ide growth in dry oxygen. Excluding the known orientation effect, a large variation in growth rate at a given tempera- 
ture is noted. The rate is directly related to the index of refraction of the initial oxide. As this index is known to depend 
upon the initial growth temperature, the apparent oxygen diffusion "activation energy" must include this newly docu- 
mented temperature factor. Parabolic and linear rate constants are presented and are compared with literature values. 
This study gives further evidence that silicon thermal oxides are metastable structures. 

The linear-parabolic model of Deal and Grove (1) is still 
the generally accepted interpretation of thermal oxide 
growth on silicon. Though recognized early by, e.g., Hop- 
per et al. (2) and Irene and van der Meulen (3, 4) as not an 
exact model, careful experimental  work did not result in 
much improved interpretation. Additions to the linear- 
parabolic approach continue to appear (5-9), and new 
physical possibilities are advanced (10-12), but the basic 
model remains. (Only a few of many papers are refer- 
enced here.) 

This paper will present new oxygen diffusion data 
which should be considered within the linear-parabolic 
model framework. The experimental  approach follows 
the lead of Taft (13) and of Irene et al. (14), who show den- 
sity differences in silicon thermal oxides. The effect of 
this oxide structure variation on the diffusion rate of oxy- 
gen is examined. 

The diffusion of gas through a network is strongly de- 
pendent on the relative size of the interstices of the net- 
work and diameter of the diffusant molecule (15). If  the 
density of vitreous silicon oxides varies by several per- 
cent, the interstitial volume also varies. The diffusion of 
the oxidant through a silicon thermal oxide might be ex- 
pected to strongly depend upon changes in this intersti- 
tial volume. Hence, as the index of refraction and density 
does vary with the oxide formation temperature (13), the 
diffusion constant of  the oxidant should not be expected 
to be the same for all thermal oxides. Rate growth varia- 
tions have been reported in other multiple oxidation stud- 
ies (10, 16). 

* Electrochemical Society Active Member. 

It has been observed that the oxides are metastable in 
that they can be reheated up to the formation tempera- 
ture without appreciable change in the index of refrac- 
tion. Heating to a higher temperature will cause the film 
structure to relax to the index appropriate to that for a 
film grown at this higher temperature. Irene et al., (14) 
have documented this oxide stability. This fact is a neces- 
sary part of the diffusion study. 

This paper will also present data on the linear and para- 
bolic rate constants of oxide growth in dry oxygen on 
<111> and <100> silicon wafers. The purpose here is not 
so much to give new data but to provide an informed 
starting place for comments on the rate constants and to 
show that the oxides reported are typical. The effective 
activation energy of the parabolic rate constant especially 
is discussed. 

Experimental 
Oxides were grown in dry oxygen on <100> and <111> 

single-crystal silicon at various temperatures to about 
1000h thick. The wafers were cleaned in hot H~SO4-H202 
and given an HF acid dip to remove nat ive  or previously 
grown oxide. They were then hydrogen fired to 1200~ 
for 10 min. This high temperature cleaning (2, 17) gave in- 
itial el l ipsometer readings of about 3A as found by 
Claussen and Flower (17). The index of refraction and 
thickness was carefully checked with a Gaertner Ll19 
ellipsometer. A second measurement  was made the fol- 
lowing day to test oxide stability. Pairs  of wafers of the 
same orientation from different temperature runs were 
chosen to be of the same thickness to < 1%. Dilute HF 
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etching was used on one wafer, when necessary, to obtain 
a close thickness match. These pairs of wafers were then 
placed in an oxidation furnace at the lower of the original 
growth temperatures of the pair. A growth time for 
adding 5-10% to the original thickness was chosen. This 
new oxide is now considered as an incremental  growth 
over a small part of the growth curve near 1000A. The 
thickness and index of the incremented oxides were care- 
fully remeasured. Again, a second measurement  was 
made the following day to check reproducibility of 
measurements.  

Also, oxide growth-time curves for 700~176 tempera- 
ture in dry oxygen were developed. <100> and <111> 
wafers of I 1/2 in. diam were employed for this work also. 
The thickness data were taken in the 100-1500A range 
with the Gaertner Ll19 ellipsometer. 

Results 
The matched thickness wafer pairs did not have 

matched growth rates. The oxide grown originally at the 
higher temperature always had a greater incremental 
growth thickness. The ratio of these new growth thick- 
nesses was at first plotted against the initial growth tem- 
perature differences of the pairs. Only a trend was ob- 
served. As noted before (13), the index is a better measure 
of the state of the oxide film than growth temperature. 
Furnace  contamination, generally water vapor, which 
might occur in our small tube furnace will give an effec- 
tively higher temperature to a sample. The incremental 
thickness ratio was then plotted against the difference in 
initial index for each pair of samples. This curve is shown 
in Fig. 1. 

A point on this graph is found from the example of the 
following wafer pair. One wafer had an oxide thickness of 
9734 with an index of 1.4686. The oxide was grown at 
1000~ A second wafer oxide grown at about 1170~ was 
chosen at nearly the same thickness at 975A. Its index was 
1.4623. After 20 min in the oxidation furnace at 1000~ 
the first oxide was 574 thicker at 1030~ with the index 
unchanged at 1.4685. The second oxide increased slightly 
in index to 1.4636 and was 107~ thicker at 1082~. The ini- 
tial indexes were different by 0.0063 and the ratio of incre- 
mental growths was 107/57, or 1.88. This point appears in 
Fig. 1. 

The thickness of the oxide was measured immediately 
if a dilute HF etch was used. When checked the following 
day, it was noticed that, invariably, the thickness had in- 
creased by several angstroms. Subsequent  measurements 
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Fig. 1. Incremental growth ratio for pairs of oxidized wafers relative to 

the initial index of refraction difference in the low and the high tempera- 
ture oxides. 

were unchanged. Wafers from the oxidation furnace 
which were not etched appeared to have stable thick- 
nesses: (Wafer pairs included samples with neither oxide 
etched and samples where either the high or the low tem- 
perature oxide was adjusted in thickness. No correlation 
was observed during subsequent measurements.) The 
thickness chosen for etched oxides was from the later sta- 
bilized value; repeatability was closer than --- 1~. The 
reproducibility of the index measurement  was < -+0.0005. 
The thickness and index of refraction of the oxide read- 
ings taken on subsequent days were generally within 
these values. Additional readings were sometimes taken 
to verify the stability of the films, or to check for errors 
in this manually operated two-zone ellipsometer arrange- 
ment. The angle of incidence is the most critical setting. 
The observed reproducibility is well within the 
resetability of this angle. 

After the short extended growth of the oxide pairs, it 
was typically found that the index of the lowest tempera- 
ture film had not changed. This result might be ex- 
pected, as the new growth was but a continuation at the 
temperature of the initial growth. The index of the higher 
temperature film was typically found to be higher than 
initially. In this case, the oxide added at the lower tem- 
perature would be expected to have a high index. The ini- 
tial high temperature oxide remains unchanged with the 
lower temperature exposure. The averaged index of the 
composite film is then greater than the original index. A 
calculation from ellipsometer readings using a two film 
case shows that the agreement  of thickness and indexes 
of refraction is good. One further note---Fig. 1 contains 
points from both <100> and <111> silicon oxidation 
pairs. 

The thickness-time growth curves of <111> and <100> 
silicon oxide were analyzed by hand fitting to an equa- 
tion of the form t = A ( X  - 20) + B ( X  2 - 202) (3). Minutes of 
growth is t; A and B are the reciprocal rate constants; and 
X is the oxide thickness in angstroms. The rate constants 
are plotted in Fig. 2 and 3. The points for the lowest tem- 
peratures are not reliable, as large corrections were made 
for initial growth (18). The growth curves of Hopper e t  a l .  
(2) and of Irene and van der Meulen (3), which were care- 
fully analyzed, are not in particularly good agreement 
with each other. For this reason and the fact that there 
was some scatter in the 15-30 points making up our 
growth curves, the hand fitting of the equations seemed 
adequate. 

Discussion 
D i f f u s i o n . - - F i g u r e  1 shows that there are large readily 

measurable variations in the incremental  growth rate of 
oxide films in the same environment. The variations ap- 
pear to correlate to the sensitivity of the oxygen diffusion 
constant to the packing (in amorphous material) of the 
solid oxides. This conclusion is a restatement of commen- 
tary from the introduction. The sequence of the argument 
goes from our measured index of refraction change to the 
measured (14) and calculated density change through the 
Lorenz-Lorentz relation to an inferred interstitial volume 
change. The 0.43% decrease in index of refraction leads, 
in our example, to the 88% increase in the diffusion rate 
of oxygen through a thermal oxide on silicon. 

This result indicates that another source for a tempera- 
ture coefficient for diffusion in silicon thermal oxides 
has been identified. In the usual linear-parabolic analysis 
of oxidation, the coefficient for the parabolic rate con- 
tains the diffusion term. The temperature variation of this 
parabolic rate is often compared to the variation of molec- 
ular oxygen diffusion found for fused quartz (1). The pos- 
sible constraint imposed by this comparison has now 
been removed, and a larger temperature variation may be 
considered more favorably. 

If the incremental  thickness differences in the oxide 
films described were attributed to only the parabolic 
term in the growth rate, these differences would also ap- 
ply directly to the diffusion constant change. When the in- 
dex changes of Fig. 1 are converted to inverse tempera- 
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t u re  t h r o u g h  Ref. (13) a n d  p l o t t ed  aga i n s t  t he  l o g a r i t h m  of  
i n c r e m e n t a l  t h i c k n e s s ,  a c u r v e  c o r r e s p o n d i n g  to a n  en- 
e rgy  of  - 0 .3  eV is f o u n d  for  < 1 1 1 >  sil icon. 

This  s t r u c t u r a l l y  d e p e n d e n t  d i f fus ion  ra te  of o x y g e n  in  
s i l icon ox ide  is d e c r e a s i n g  w i t h  d e c r e a s i n g  t e m p e r a t u r e  
as does  the  n o r m a l  t e m p e r a t u r e  d e p e n d e n t  d i f fus ion  ra te  
for, e.g., f u s e d  quar tz .  In  a ser ies  of g r o w n  ox ide  fi lms, 
t he  n e t  r e s u l t  is a s t eepe r  d i f fus ion  vs. i nve r se  t e m p e r a -  
tu re  cu rve  or a h i g h e r  a p p a r e n t  a c t i v a t i o n  e n e r g y  for  dif- 
fusion.  The  ac t i va t i on  ene rgy  for  m o l e c u l a r  o x y g e n  in  
fused  qua r t z  a c c o r d i n g  to N o r t o n  (19) is 1.17 eV. A d d i n g  
t he  t e m p e r a t u r e  effect  f o u n d  here ,  t he  ne t  ac t iva t ion  en- 
ergy s h o u l d  be  1.17 + 0.3 or  1.47 eV. Th i s  is for  ox ide  
f o r m e d  on  < 1 1 1 >  s i l icon in  d ry  oxygen .  Taft  (13) s h o w s  
t h a t  ox ides  on  < 1 0 0 >  s i l icon h a v e  a s l ight ly  s t eepe r  
i n d e x - t e m p e r a t u r e  va r i a t i on  t h a n  those  on  < 1 1 1 >  mate-  
rial. As t he  da ta  of  Fig. 1 also app ly  to <100>  si l icon,  t he  
a p p a r e n t  ac t i va t i on  e n e r g y  for d i f fus ion  in  t h e s e  ox ides  
cou ld  be  a b o u t  1.6 eV. I t  s h o u l d  be  m e n t i o n e d  t h a t  t h e s e  
are m i n i m u m  correc t ions .  C o n s i d e r a t i o n  of  t he  l inea r  ra te  
c o n t r i b u t i o n  or of  t he  smal l  effect  of t he  two- layer  ox ide  
af ter  r e g r o w t h  wil l  m a k e  for  s o m e w h a t  l a rger  correc t ions .  

The  n u m b e r s  are, of  course ,  a p p r o x i m a t i o n s ,  as t he  
a d d e d  fac tor  is d e t e r m i n e d  f rom da ta  on  a ser ies  of  
s t ruc tu ra l ly  d i f f e ren t  oxides .  The  da ta  also ind ica t e  a T 
r a t h e r  t h a n  lIT r e l a t i on  w i t h  di f fus ion.  I t  m i g h t  be  ex- 
p e c t e d  t h a t  t he  o b s e r v e d  A r r h e n i u s  p lo t  of the  pa rabo l i c  
ra te  c o n s t a n t  for  ox ide  f i lms wou ld  be  n o n l i n e a r  over  a n  
e x t e n d e d  t e m p e r a t u r e  r a n g e  (8, 20, 21). 

Rate cons tants . - -As  t he  m a j o r  p o i n t  of  th i s  p a p e r  is to 
p r e s e n t  the  o x y g e n  d i f fus ion  effect,  t h e  ra te  c o n s t a n t s  de- 
t e r m i n e d  in Fig. 2 a n d  3 are m e a n t  to se rve  in  a cor robora -  
t ive  r01e. The  ox ides  g r o w n  h e r e  will  be  s h o w n  to b e  Simi- 
lar  to t h o s e  genera l ly  a c c e p t e d  in t he  l i te ra ture .  In  t he  
t e m p e r a t u r e  r a n g e  900~176 u s e d  for t he  d i f fus ion  mea-  
s u r e m e n t s ,  t h e  l i t e ra tu re  is fair ly cons i s t en t .  

Our  ac t i va t i on  e n e r g y  for  t h e  l i nea r  ra te  c o n s t a n t s  is 
a b o u t  1.88 eV. This  v a l u e  is s imi la r  to  t h a t  f o u n d  b y  Hop-  
pe r  et al. (2), K a m i g a k i  (6), a n d  Lie  et al. (8). S l igh t ly  
g rea te r  va lues  at  - 2 . 0  eV are  f o u n d  by  Deal  a n d  Grove  (1) 
a n d  Deal  et al. (7). S l igh t ly  l ower  va lues  are  f o u n d  b y  

I r ene  (22, 23), I r ene  a n d  v a n  de r  M e u l e n  (3), a n d  I r ene  a n d  
D o n g  (20). The  l a t t e r  g roup  f inds  t he  ac t iva t ion  e n e r g y  
for  <100>  to b e  s l ight ly  h i g h e r  t h a n  for  <111>  si l icon.  
Also t h e y  f ind t h a t  t he  ac t i va t i on  e n e r g y  is no t  c o n s t a n t  
w i t h  t e m p e r a t u r e .  Our  ra te  c o n s t a n t s  for  ox ide  on  < 111 > 
s i l icon are  s l ight ly  h i g h e r  t h a n  t h o s e  of  Lie  et al. (8) a n d  
H o p p e r  et al. (2), a n d  c o n s i d e r a b l y  h i g h e r  t h a n  those  of  
Deal  a n d  G r o v e  (1) a n d  I r e n e  a n d  v a n  de r  M e u l e n  (3). A t  
1000~ t h e  c o n s t a n t  ag rees  w i th  Revesz  a n d  E v a n s  (24). 
The  ra te  c o n s t a n t  for  ox ide  g r o w n  on  <111>  s i l icon ap- 
pears  to be  a b o u t  twice  t h a t  g r o w n  on  <100>  s i l icon at  
the  s a m e  t e m p e r a t u r e .  This  o b s e r v a t i o n  ha s  b e e n  previ-  
ous ly  r e p o r t e d  b y  v a n  de r  M e u l e n  (4), I r ene  (22), a n d  
K a m a g a k i  (6). I t  a p p e a r s  t h a t  t h e  l inea r  ra te  c o n s t a n t s  for  
ox ides  g r o w n  in  th i s  e x p e r i m e n t  c o m p a r e  favorab ly  to 
t hose  r e p o r t e d  in t he  l i t e ra ture .  

Our  a c t i v a t i o n  e n e r g y  for  t he  pa rabo l i c  ra te  c o n s t a n t s  is 
d e p e n d e n t  u p o n  t he  o r i e n t a t i o n  of  t he  sil icon. F o r  <111>  
si l icon,  i t  is - 1 .45  eV, a n d  for  < 1 0 0 >  s i l icon  it  is -1 .85  eV. 
For  < 111 > si l icon,  ou r  va lue  is c lose  to t h a t  of Lie  et al. (8) 
a n d  H o p p e r  et al. (2), as was  also n o t e d  for  t he  l inea r  t e rm.  
Va lues  n e a r e r  to 1.2 eV were  f o u n d  by  Deal  a n d  Grove  (1), 
Deal  et aI. (7), a n d  b y  Revesz  a n d  E v a n s  (24). I r ene  (22) 
a n d  I r ene  a n d  v a n  de r  M e u l e n  (3) f o u n d  h i g h e r  values.  A 
la rger  ac t iva t ion  e n e r g y  for  t he  <100>  o r i e n t a t i o n  is 
n o t e d  by  I r ene  (22). I r ene  a n d  D o n g  (20), Lie  et al. (8), a n d  
H a n  a n d  H e l m s  (21) do no t  f ind  a c o n s t a n t  ac t iva t ion  en- 
ergy. T h e  ra te  c o n s t a n t s  for  <111>  s i l icon  are nea r  t hose  
o b t a i n e d  by  Lie  et al. (8) a n d  H o p p e r  et al. (2) a n d  smal l e r  
t h a n  t he  Deal  a n d  Grove  (1) va lues .  As  w i t h  t he  l inea r  
t e rm,  our  r a t e  c o n s t a n t s  for  t he  pa rabo l i c  t e r m  are  in  rea- 
s o n a b l e  a g r e e m e n t  w i t h  r e p o r t e d  values .  

The  ac tua l  ox ide  g r o w t h  t i m e  for, e.g., a 1000A o x i d e  on  
<111>  s i l icon  at  1000~ is f o u n d  to be  in  b e t t e r  agree-  
m e n t  a m o n g  t he  severa l  r e f e r e n c e s  g i v e n  t h a n  are  the  de- 
r ived  ra te  cons t an t s .  While  our  ra te  c o n s t a n t s  do no t  agree  
as wel l  w i t h  t h o s e  of  Deal  a n d  G r o v e  (1) as t hey  do w i t h  
o thers ,  t he  ca l cu la t ed  g r o w t h  t i m e s  for  th i s  ox ide  are 
w i t h i n  a few p e r c e n t  of  e a c h  o ther .  I t  a p p e a r s  t h a t  t he  dry  
ox ides  g r o w n  for th i s  d i f fus ion  e x p e r i m e n t  are  m u c h  l ike 
o the r  ox ides  r epor t ed .  
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Summary 
Incremental  growth rates in dry oxygen of oxides on 

silicon in the same furnace are found to differ by more 
than two. These rates are directly related to the index of 
refraction of the initial oxide film and thus to the original 
growth temperature.  Therefore, there seems to be a 
change in diffusion rate because of a change in the oxide 
structure with growth temperature. This structure factor 
when added to the activation energy for the diffusion of 
oxygen through fused quartz could account for the higher 
effective activation energy of the parabolic rate constants 
usually observed. The activation energy for growth of ox- 
ide on <100> silicon should be higher than that on <111> 
silicon. 
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Oxidation Properties of Nickel in the Temperature Range 
1073-1500 K 

F. A. Elrefaie, 1 A. Manolescu, 2 and W. W. Smeltzer* 

Institute for Materials Research and Department of Metallurgy and Materials Science, McMaster University, Hamilton, 
Ontario, Canada L8S 4M1 

ABSTRACT 

Oxidation of nickel after preoxidation at 1473 K was investigated during isothermal stages in oxygen atmospheres, 
103 ~< Pox ~< 105 Pa, at temperatures in the range 1073-1500 K. The reaction kinetics were parabolic; the parabolic oxida- 
tion rate constant was proportional to Po2 TM with the value o f n  varying from 5.5 -+ 0.2 at 1073 K to 6.2 -+ 0.2 at 1473 K. The 
activation energy of oxidation was 225 -+ 4 k J/tool NiO. Marker measurements indicated that the polycrystalline colum- 
nar NiO scales, which exhibited a preferred (100) texture, grew by predominant outward nickel diffusion. The measured 
values of the parabolic oxidation rate constants were higher by a factor of < 3 than values calculated using nickel self- 
diffusion coefficients of single-crystal NiO, due probably to a component of nickel migration along easy diffusion paths 
developed in the polycrystalline scales. 

Oxidation of nickel is expected to follow parabolic ki- 
netics when the kinetics are controlled by lattice diffu- 
sion of nickel via cation vacancies in the NiO scale. Appli- 
cation of Wagner's theory for parabolic oxidation (1) to 
the high temperature scaling of nickel has been examined 
by several investigators as reviewed in Ref. (2-5). The 
agreement between experimental  and calculated values 
of the parabolic oxidation rate constant is satisfactory to a 
first approximation at temperatures higher than 1273 K; 
at lower temperatures, this agreement breaks down and 
can attain a discrepancy as high as 5-7 orders of magni- 
tude at 773 K. This discrepancy arises because nickel mi- 
gration along easy diffusion paths in the polycrystalline 
NiO layer such as dislocations and subgrain and grain 
boundaries plays a predominant  role in the reaction 
mechanism. The purpose of this research, accordingly, 
was to investigate the influence of a preformed thin NiO 
layer, which was relatively free of easy diffusion paths, on 
the subsequent  morphological development  and oxida- 

*Electrochemical Society Active Member. 
1Present address: Department of Metallurgical Engineering, 

Cairo University, E1 Giza, Egypt. 
2Present address: Ontario Hydro Research Laboratory, 

Toronto, Ontario, Canada. 

tion mechanism of scales grown during isothermal stages 
at 1073-1473 K. 

Experimental 
Nickel plate specimens, 2 • 1 • 0.05 cm, were prepared 

from 99.995 atom percent (a/o) purity sheet containing im- 
purity contents as listed in Table I. These specimens after 
abrasion on 600 and 800 SiC grit paper and ultrasonic 
cleaning in methanol were annealed in flowing ultrahigh 
purity argon at 1473 K. An annealed specimen, average 
grain size - 0 . 1  cm, was polished on napless cloths to 1 
tLm diamond paste using kerosene and cleaned as above 
prior to placement in the oxidation apparatus. 

Oxidation kinetics were measured gravimetrically 
using a recording semimicrobalance assembly as de- 
scribed elsewhere (6). The oxidizing atmospheres main- 
tained at 10 '~ Pa were static air, flowing oxygen, or 
oxygen-argon mixtures of oxygen partial pressures rang- 
ing from 1 • 103 to 2 • 104 Pa. A specimen was oxidized 
initially at 1473 K for 120-300s, then the furnace tempera- 
ture was altered to a lower value, whereupon the speci- 
men was oxidized isothermally and subsequently at sev- 
eral other temperatures in the same atmosphere. 
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Table I. Impurity contents of nickel, 99.995 a/o pure 

Element B C N O F Na Mg A1 Si S C1 
ppma 0.3 7 0.6 4 0.5 0.04 1 1 10 0.8 0.01 

Element K Ca Ti Cr Mn Fe Cu Ag Ba Pb 
ppma 0.02 0.3 0.05 0.03 0.2 20 3 0.02 0.2 0.02 

M a r k e r  s tud ie s  were  ca r r ied  ou t  by  p lac ing  p l a t i n u m  
wire,  25 /~m diam,  a r o u n d  a n icke l  s p e c i m e n  w h i c h  was  
s a n d w i c h e d  b e t w e e n  two ~-AI2Q d i sks  a n d  h e a t e d  at  
1273 K in  a r g o n  for  10.8 ks  to  a s s u r e  t he  a b s e n c e  of  a gap  
b e t w e e n  t he  wi re  a n d  s p e c i m e n  surface .  

Opt ical  a n d  e l ec t ron  m i c r o s c o p y  was  u s e d  to invest i -  
ga te  t h e  m o r p h o l o g y  of t he  NiO layers .  P r e f e r r e d  or ienta-  
t ions  of  t he  ox ide  g ra ins  w i t h i n  t he  po lyc rys ta ] l ine  scales  
were  d e t e r m i n e d  u s i n g  a n  inve r se  po le  f igure m e t h o d  (7) 
w h e r e b y  t he  t e x t u r e  coeff ic ient  of a n  (hkl) p lane ,  Phk~, of 
ox ide  is g i v e n  by  

Ihkl/Ir.hkJ 
P~k~ = [1] 

1 
- -  E IhJI~.h~: 
n 

In  th i s  exp re s s ion ,  I ~  a n d  I , ,~  are i n t e g r a t e d  i n t ens i t i e s  
f r o m  the  (hk]) p e a k  of ox ide  w i t h i n  t he  scale  a n d  of  ran-  
d o m l y  o r i en t ed  powder ,  a n d  n is t he  n u m b e r  of p e a k s  
e x a m i n e d .  

Results 
Oxida t ion  k ine t ics . - -Typical  o x i d a t i o n  c u r v e s  are  i l lus- 

t r a t ed  by  t he  pa rabo l i c - t ype  p lo t s  in  Fig. 1. In  th i s  case,  a 
n icke l  s p e c i m e n  was  in i t ia l ly  ox id ized  in  air  a t  1473 K for  
300s before  a l t e r ing  t he  f u r nace  t e m p e r a t u r e  to 1098 K. 
A l t h o u g h  th i s  l a t t e r  t e m p e r a t u r e  was  a t t a i n e d  af te r  5.4 ks, 
t he  s lope  of  t h e  k ine t i c  c u r v e  p l o t t e d  in  pa rabo l i c  f o r m  
c o n t i n u e d  to dec rea se  a n d  e v e n t u a l l y  r e a c h e d  a c o n s t a n t  
va lue  af te r  30 ks  f r o m  w h i c h  t he  pa rabo l i c  ra te  c o n s t a n t  
was  d e t e r m i n e d .  W h e n  the  t e m p e r a t u r e  was  t h e n  c h a n g e d  
over  ~ 50 K ranges ,  pa rabo l i c  o x i d a t i o n  b e h a v i o r  was  es- 
t a b l i s h e d  af te r  600-1800s f rom t e m p e r a t u r e  s tabi l iza t ion.  

Va lues  of t he  pa rabo l i c  o x i d a t i o n  ra te  c o n s t a n t  ob- 
t a ined  at spec i f ied  t e m p e r a t u r e s  are  p lo t t ed  vs. o x y g e n  
p r e s s u r e  in  Fig. 2. This  ra te  c o n s t a n t  was  p r o p o r t i o n a l  to 
Po~'" w h e r e  n = 5.5, 5.8, 5.4, 6.3, a n d  6.2 at  1073, 1173, 1273, 
1373, a n d  1473 K, respec t ive ly ,  w i t h i n  an  e s t i m a t e d  e r ror  
of  -+0.2. 
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Fig. 1. The parabolic oxidation of nickel in air at temperatures in 
the range 1098-1448 K. The specimen was preoxidized at 300s at 
1498 K before altering temperature to 1098 K, followed by subse- 
quent oxidation at 1098 K (a), 1148, 1198,. 1248, and 1298 K (b), 
1348 and 1398 K (c), and 1448 K (d). 
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Fig. 2. The dependence of the parabolic oxidation rate constants on 
oxygen pressure according to the relationship kp = k ~  ~1/,~ p ~ o 2  / , 

A r r h e n i u s  p lo ts  of  t he  pa rabo l i c  ra te  c o n s t a n t s  for  oxi- 
da t ion  of  n i cke l  in  t he  va r ious  a t m o s p h e r e s  are s h o w n  in  
Fig. 3. The  a c t i v a t i o n  ene rg i e s  ca l cu la t ed  f r o m  the  s lopes  
of  t he  l eas t  s q u a r e s  l inea r  fits are  g i v e n  in  Tab le  II; a n  av- 
e rage  va lue  of 225 -+ 4 k J / rea l  NiO is e s t i m a t e d  at c o n s t a n t  
o x y g e n  p r e s s u r e  w i t h i n  103 < Po~ < 10 ~ Pa.  

Oxide micros truc ture . - -As  i l l u s t r a t ed  in Fig. 4, a uni-  
fo rmly  t h i c k  NiO layer  was  f o r m e d  at  1473 K u p o n  oxidiz-  
ing  n icke l  for 300s. One or two ox ide  g ra ins  e x t e n d e d  
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Fig. 3. Arrhenius plots of the parabolic oxidation rate constants in 
the temperature range 1073-1500 K at different oxygen pressures. 
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Table II. Activation energies for parabolic oxidation 
of nickel in various atmospheres 

2491 

Atmosphere total pressure: Temperature Activation energy 
1 atm (1 • 105 Pa) range (K) (J/mol NiO) 

Oxygen 1073-1473 221,750 
Air 1098-1500 223,840 
O2-Ar: Po2 = 2 • 104 Pa 10734473 228.030 
O.2-Ar: Po2 = 4.6 x 10 ~ Pa 1073-1473 223,840 
O.,-Ar: Po2 = 103 Pa 1073-1473 228,030 

across  th i s  layer ,  a n d  it e x h i b i t e d  a re la t ive ly  fiat  ou t e r  
surface.  Th i s  scale  m o r p h o l o g y  c a n  b e  c o n t r a s t e d  to t h a t  
of  t he  NiO layer  f o r m e d  w h e n  n icke l  was  d i rec t ly  oxi- 
d ized  at  t he  l ower  t e m p e r a t u r e  of 1098 K for  a long  p e r i o d  
of  155 ks  as s h o w n  in Fig. 5. In  th i s  l a t t e r  case, t h e  smal l  
g ra ins  of  - 3 tLm d i a m  w i t h i n  the  NiO layer  were  e n c a s e d  
b y  o x i d e  r idges ,  a n d  t hey  e x h i b i t e d  l i t t le  p r e f e r r ed  tex-  
ture,  as i n d i c a t e d  b y  t he  va lues  of  Phkl ca l cu la t ed  for (111), 
(200), (220), a n d  (311) p lanes ,  0.9 < Phkl < 1.1, u s i n g  Eq.  [1]. 

A typ ica l  m o r p h o l o g y  of  t he  o x i d e  layers  o b t a i n e d  a f te r  
c o m p l e t e  cycles  of  o x i d a t i o n  over  severa l  t e m p e r a t u r e s  is 
s h o w n  in  Fig. 6. The  p h o t o m i c r o g r a p h  s h o w n  in  Fig. 6a 
m a n i f e s t s  t h e  f o r m a t i o n  of  a c o m p a c t  ox ide  layer  h a v i n g  
good  a d h e r e n c e  to t he  metal .  The  f r ac tu r e  cross  sec t ion ,  
Fig. 6a, i l lus t ra tes  f o r m a t i o n  of  c o l u m n a r  NiO gra ins  ex- 
t e n d i n g  c o m p l e t e l y  ac ross  t h e  scale  w h i c h  are  of s ma l l e r  
la teral  d i m e n s i o n  a d j a c e n t  to  t h e  metal .  The  ex t e rna l  sur-  
faces of  t h e s e  gra ins ,  Fig. 6b,~ are  flat e v e n  t h o u g h  the  in- 
t e r s ec t i ons  of  g ra in  b o u n d a r i e s  w i t h  t h e  e x t e r n a l  sur face  
were  severe ly  faceted.  T h e s e  ful ly d e v e l o p e d  scales  ex- 
h i b i t e d  a (100) p r e f e r r e d  o r i e n t a t i o n  t e x t u r e  as i l l u s t r a t ed  
b y  t he  va lues  of  Phkl r e c o r d e d  in  Tab le  III. The  c o l u m n a r  
g ra ins  in  t h e  sca les  e x h i b i t e d  l i t t le  la te ra l  g r o w t h  d u r i n g  
t he  o x i d a t i o n  cycles,  as t h e i r  ave rage  la tera l  d i a m e t e r  was  

3 ~ m  as m e a s u r e d  a long  t he  m i d p o i n t  l ine  in  t he  scale. 

Marker measurements.--The o x i d a t i o n  r u n  on  t h e  
n icke l  s p e c i m e n  w i t h  m a r k e r s  was  ca r r i ed  ou t  in  air  ac- 
c o r d i n g  to t h e  r e a c t i o n  s e q u e n c e  i l l u s t r a t ed  in  Fig. 1, fol- 
l owed  b y  a p r o l o n g e d  final o x i d a t i o n  s ta te  of 252 ks at  
1448 K. F i g u r e  7 i l lu s t r a t e s  t he  p o s i t i o n s  of  two  marke r s .  
The  m a r k e r  in  Fig. 7a is loca ted  d i rec t ly  on  t he  meta l /  
ox ide  in te r face ,  a n d  NiO in t e rna l  p r ec ip i t a t e s  ex i s t  be-  
n e a t h  t he  marke r .  A t h i n  layer  of  NiO was  f o r m e d  be- 
n e a t h  t he  m a r k e r  s h o w n  in  Fig. 7b, b u t  s u c h  m a r k e r s  re- 

Fig. 5. The topology of NiO layer formed on nickel after direct oxi- 
dation in air at 1098 K for 155 ks. 

Fig. 4. The NiO layer formed on nickel after oxidation in air at 
1473 K. a: Metallographic cross section, b: Fracture cross section. 

Fig. 6. The NiO layer formed on nickel in air at temperatures in the 
range 1098-1448 K after the complete oxidation cycle as given in 
Fig. 1. a: Fracture cross section, b: NiO surface at scale/gas interface. 

m a i n e d  at  pos i t i ons  t a n g e n t  to t h e  m a i n  me taYoxide  
in terface .  T h e s e  m a r k e r s  we re  ox id ized  w i t h  i n d i c a t i o n  of  
ox ide  p r e c i p i t a t i o n  w i t h i n  t h e  m a r k e r  ma t r ix .  Sca le  vo id  
p o p u l a t i o n  was  h i g h  in t h e  r eg ion  a r o u n d  a m a r k e r  a n d  
t h e  scale  t e n d e d  to j u t  ou t  f rom t h e  mark e r .  

Discussion and Conclusions 
Values  of  t h e  pa rabo l i c  o x i d a t i o n  ra te  c o n s t a n t  in  oxy- 

g en  a t m o s p h e r e s ,  10 :~ ~< Po.., ~< 10'~ Pa,  we re  o b t a i n e d  at  
t e m p e r a t u r e s  in  t h e  r a n g e  1073-1500 K b y  ox id iz ing  n icke l  
s p e c i m e n s  i s o t h e r m a l l y  in  s tages  at  severa l  t e m p e r a t u r e s  
a f te r  b r i e f  p r e o x i d a t i o n  at  1473 K. Th i s  ra te  c o n s t a n t  was  
p r o p o r t i o n a l  to Po2 TM w h e r e  5.5 ~< n ~< 6.2, w h i c h  is in  
a g r e e m e n t  w i t h  t h e  h y p o t h e s i s  t h a t  n i cke l  m i g r a t i o n  

Table III. Texture coefficient of (hkl) planes of NiO 
in scales formed on nickel as calculated by Eq. [1 ] 

Atmosphere 
P = 10 ~ Pa 

Phkl 
(111) (200) (220) (311) 

02 0.02 2.99 0.06 0.92 
Air 0.20 2.00 0.60 1.30 
O~-Ar; Po._, = 10:' Pa 0.00 2.68 0.13 1.18 
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Fig. 7. The positions of platinum markers on a nickel specimen 
after oxidation according to the reaction cycle given in Fig. 1 fol- 
lowed by prolonged oxidation of 252 ks at 1448 K. 

t h r o u g h  NiO p r e d o m i n a t e l y  b y  d o u b l y  c h a r g e d  ca t ion  va- 
canc ies  d e t e r m i n e d  t he  g r o w t h  ra te  of  th i s  ox ide  layer  
(2-5). A n  ave rage  va lue  of  22 k J / m o l  for  t h e  ac t i va t i on  en- 
e rgy  of  pa r abo l i c  ox ida t i on  is of  a p p r o x i m a t e l y  t h e  s a m e  
m a g n i t u d e ,  b u t  225 k J / tool  less  t h a n  t h e  m o s t  r e c e n t  de- 
t e r m i n a t i o n  for  t he  a c t i v a t i o n  e n e r g y  of n icke l  self- 
d i f fds ion  in  s ing le -c rys ta l  NiO (8). 

The  va lues  o b t a i n e d  at d i f f e ren t  t e m p e r a t u r e s  for t h e  
pa rabo l i c  ra te  c o n s t a n t  at  Pox = 10'~ P a  are  c o m p a r e d  to 
t hose  f rom t h e  l i t e ra tu re  in  Fig. 8. Fa i r  a g r e e m e n t  ex i s t s  
for  all e v a l u a t i o n s  a b o v e  1273 K. T h e  p r e v i o u s l y  r e p o r t e d  
va lues  at  t e m p e r a t u r e s  less t h a n  1273 K are of l a rger  mag-  

T E M P E R A T U R E  ( ~ )  

oO9~ o 0 o o 

m 
f ~  

'E 
0 

a .  
v 

io-IO 
s ~ T H I S  WORK 

\ 

~ lntegrat ion o f  
1(513 d i f fus ion d a t a  

(14)  

,6,4L._ 
5 . 0 0  

(9) 

\ .  

". \ 

\ 

7 . 0 0  9 . 0 0  I1.00 1:3.00 
( l i T  x IO 4 )  (K)  T (K) 

Fig. 8. Arrhenius plots of parabolic oxidation constants at Pox = 
1 0  s Pa for NiO layer growth on polycrystalline, crystal faces, and pre- 1473 

1373 oxidized polycrystalline nickel. The numbers on plots are the refer- 1273 
ences. The experimental determinations from Ref. (9) at 973 K are 1173 
from direct observations of thickening of the NiO grain matrix. 1073 

n i t u d e  t h a n  t h o s e  r e p o r t e d  in th i s  i n v e s t i g a t i o n  a n d  t h e y  
yie ld  A r r h e n i u s  p lo t s  of  sma l l e r  s lopes.  In  th i s  lower  t em-  
p e r a t u r e  r a n g e  e x t e n d i n g  d o w n  to 773 K, ox ide  g r o w t h  
has  b e e n  i n t e r p r e t e d  as b e i n g  con t ro l l ed  b y  n icke l  shor t -  
c i rcui t  d i f fus ion  i n v o l v i n g  easy  d i f fus ion  pa ths  in  the  
po lyc rys ta l l ine  NiO scales  f o r m e d  on  n icke l  polycrys ta l -  
l ine  shee t  or n i cke l  s ing le-crys ta l  faces  (2-5). T h e s e  easy  
d i f fus ion  p a t h s  h a v e  b e e n  a s s u m e d  to b e  la rgely  associ-  
a ted  w i t h  t h e  ox ide  gra in  b o u n d a r i e s  s ince  t h e s e  are  deco-  
r a t ed  b y  a n e t w o r k  of  o u t w a r d  e x t e n d i n g  r idges  at  t he  ex- 
t e r n a l  o x i d e  su r face  w h e n  t h e  m e t a l  is d i r ec t ly  ox id ized  
as i l l u s t r a t ed  in  Fig. 5. 

A r r h e n i u s  p lo ts  of  t h e  pa rabo l i c  ra te  c o n s t a n t s  o b t a i n e d  
u n d e r  t h e  c o n d i t i o n  of  p r e o x i d a t i o n  were  l inear  ove r  the  
en t i r e  t e m p e r a t u r e  r a n g e  f rom 1073 to 1500 K, as s h o w n  in  
Fig. 3 a n d  8. Th i s  b e h a v i o r  a rose  b e c a u s e  p r e o x i d a t i o n  at  
1473 K led  to f o r m a t i o n  of a t h i n  ox ide  layer  re la t ive ly  
free of  easy  d i f fus ion  pa ths .  Th i s  l ayer  t h i c k e n e d  u p o n  
s u b s e q u e n t  s tages  of  o x i d a t i o n  at  lower  t e m p e r a t u r e s  in to  
scales  c o n t a i n i n g  large  c o l u m n a r  ox ide  g ra ins  m a i n l y  b y  
n icke l  la t t ice  d i f fus ion .  T h e s e  c o n c l u s i o n s  are also con- 
s i s t en t  w i t h  ear l ie r  opt ica l  m e a s u r e m e n t s  on  t h e  g r o w t h  
of  i n d i v i d u a l  la rge  ox ide  g ra ins  in  scales  g r o w n  at  973 K 
(9) on  po lyc rys t a l l ine  n icke l  as i l l u s t r a t ed  in  Fig. 8. 

One  can  ut i l ize  t h e  W a g n e r  t h e o r y  for  pa r abo l i c  oxida-  
t ion  b a s e d  u p o n  la t t ice  a m b i p o l a r  d i f fus ion  to quan t i t a -  
t ive ly  assess  d i f fus iona l  p r o c e s s e s  d u r i n g  n icke l  ox ide  
layer  g rowth .  T h e  pa rabo l i c  r a t i ona l  r a t e  c o n s t a n t  (1) is 

f al'o 
kr (eq/cm-s)  = c D d In a~ [2] 

. a, o 

w h e r e  c is t h e  av e r ag e  e q u i v a l e n t  n i cke l  c o n c e n t r a t i o n  in  
NiO, D is t h e  se l f -d i f fus ion  coeff ic ient  of n icke l  in  NiO, 
a n d  a0 = (Pox) "~ = {Po2 (Pa)/1.013 • 10 '~ (Pa)} 'Ix is t he  oxy- 
g en  ac t iv i ty  i n t e g r a t e d  over  t h e  l imi t s  f rom the  me ta l /  
ox ide  to o x i d e / o x y g e n  in ter face .  S ince  D c o n f o r m s  to a 
Pox 1In r e l a t i o n s h i p  w h e r e  4 ~< n <~ 6 (15), Eq.  [2] b e c o m e s  

( MoPNio ) 2 
k,(g OX/cm4-s) = nD~ TM - - - ~ N i o  - [1 - (P'o~P"o.~) TM] 

[3] 
Here,  D O is t h e  n icke l  se l f -d i f fus ion  coeff ic ient  a t  Po2 = 
10 '~ Pa,  M0 a n d  MN~o are  t h e  a t o m i c  w e i g h t  a n d  f o r m u l a  
w e i g h t  of o x y g e n  a n d  NiO, respec t ive ly ,  an d  p = 6.85 
g /cm 3 is t h e  d e n s i t y  of  NiO. 

The  t r a c e r  d i f fus ion  coeff ic ient  of  n icke l  in  NiO, D*, 
was  d e t e r m i n e d  (14) r ecen t ly  at  Po2 = 10'~ P a  a n d  at  t em-  
p e r a t u r e s  in  t h e  r a n g e  795-1673 K 

D* (cmX/s) = 2.2 • 10 -~ ex p  - 246.9 k J / R T  [4] 

S ince  the  d i f fus ion  p roces s  is con t ro l l ed  b y  a v a c a n c y  
m e c h a n i s m ,  D* is re la ted  to D b y  a co r re l a t ion  fac tor  D* = 
fD, w h e r e  f = 0.78. A t  P'ox = 1, Eq.  [3] b e c o m e s  

k,(g OX/cm4-s) = 2.76nD*[1 - (P'o2) TM] [5] 

B a s e d  on  Eq.  [5], kp va lues  we re  ca l cu la t ed  u t i l iz ing  
va lues  of  D* (Eq. [4]) a n d  n = 6 for  d o u b l y  c h a r g e d  n i cke l  
vacanc ies ,  s ince  5.5 < n ~< 6.2 f rom th i s  inves t iga t ion ,  a n d  
P'o2 for  e q u i l i b r a t i o n  of  NiO w i t h  n i cke l  (17). These  calcu-  
l a ted  va lues  are  c o m p a r e d  to t h e  e x p e r i m e n t a l l y  o b t a i n e d  
va lues  in  T a b l e  IV a n d  Fig. 8. T h e s e  va lues  are in  fair  

Table IV. A comparison of the measured and calculated 
values, Eq. IS], of the parabolic oxidation rate constants 

of preoxidized nickel in oxygen, Poz = 105 Pa, 
and over the temperature range 1073-1473 K 

Measured Calculated 
k, (g2/cm4-s) k, (g2/cm4-s) 

kp(meas) 

kp(dalc) 

9.2 • 0.2 • 10 -.o 5.7 • 10 -'0 
2.3 • 10 -'0 1.3 • 10 -'0 
5.0 • 0.3 • i 0 - "  2.5 • i 0 - "  
8.2 -+ 0.2 • 10 - '2 3.4 x 10 - '2 
1.0 x 10 - '2 3.2 • 10 - '3 

1.6 
1.8 
2.0 
2.4 
3.2 
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agreement, the measured values being two to three times 
larger than the theoretical values. 

It would appear that the difference between the experi- 
mental and calculated values of the parabolic rate con- 
stant was not associated with oxide formation by inward 
diffusion of oxygen because its diffusion is at least two 
orders of magnitude less than that for nickel diffusion in 
NiO (18). Marker measurements,  moreover, wherein the 
marker remains at the metal/oxide interface, indicate that 
the NiO layer grew predominantly by outward diffusion 
of nickel. Nickel and platinum are completely miscible 
and the plat inum marker did not remain completely inert. 
Consequently, formation of internal oxide and a concaved 
oxide beneath the main metal/oxide interface and the 
markers, Fig. 7, was brought about by dissociation of NiO 
and inward oxygen migration through the marker. In sim- 
ilar reported marker  experiments  (11), NiO formed be- 
neath a porous platinum film marker, but  fine relatively 
inert A120:~ powder markers remained at the Ni/NiO 
interface. 

Since the NiO layer during growth was not completely 
free from easy diffusion paths such as dislocations, sub- 
grain boundaries (sgb), and grain boundaries (gb), the 
nickel flux should be given in terms of an effective diffu- 
sion coefficient 

Derf = D + E Di f~ [6] 

where Di is a diffusion coefficient for an easy diffusion 
path and f~ is the fraction of diffusion sites in this path 
such that E f~ <<  1. The comparison between experimen- 
tal and calculated values of the parabolic oxidation rate 
constant, Table IV, demonstrates that Deff/D ~ 1.5-3. 

One can readily demonstrate that preferential nickel 
diffusion via high angle boundaries characteristic of poly- 
crystalline NiO did not play a role in growth of the colum- 
nar grained and textured scales. At 1073 K, D = 2.8 • 
10 -'4 cm2/s (14) and Dab = 2 • 10 -9 cm2/s in polycrystalline 
NiO (16) where the width of the boundaries may be taken 
as 7 • 10 -s cm (16). The average diameter of the columnar 
NiO grains was - 3  ~m. Thus, D~fgb = 2(2 x 10-3)(7 x 
10-8)/(3 • 10 -4) = 9 x 10 -'3 cm2/s, which is 30 times larger, 
rather than two to three times larger, than D. Metallogra- 
phy, as shown in Fig. 4 and 6, also illustrated that the 
boundaries of the columnar grains in the preferentially 
(100)-textured scales did not exhibit  evidence of ridges by 
enhanced oxide growth as did boundaries of grains in un- 
textured oxide scales formed at 1098 K as shown in Fig. 5. 

One therefore concludes that the grain boundaries in 
the textured columnar grained scale did not permit a 
rapid rate of nickel diffusion as exhibited by high angle 
boundaries in polycrystalline NiO. It would appear that 
any enhanced nickel diffusion by boundaries in the co- 
lumnar scale is of the same magnitude as to be expected 
by dislocation arrays throughout the scale acting as 

subgrain boundaries. Since Ds~b = 6 • 10-" cm2/s at 
1073 K (3, 14), D~f~b = 6 • 10 -'4 cm2/s, yielding D~JD = 2 
if each grain of - 3 tLm diam is assumed to contain two 
subgrains. This latter consideration involving a small de- 
gree of short-circuit nickel diffusion by dislocation arrays 
at grain and subgrain boundaries is consistent with the 
findings that uniformly thick columnar grained (100)- 
textured scales grew on the preoxidized metal specimens. 
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ABSTRACT 

Nitr ida t ion  of  si l icon was pe r fo rmed  in a t empera tu re  range of 680~176 by 13.56 MHz RF  osci l la t ion in ni trogen- 
hydrogen  plasma.  Growth  kinet ics  and act ivat ion energy  of  ni t r idat ion were  invest igated.  The re la t ionship  be tween  
ni t r idat ion t ime  (t) and ni t r ided film th ickness  (xn) was found to be xn (2 - 0.00695Vd~) = 0.86 x 10-% Exte rna l  dc volt- 
age (V~D on p lasma ni t r idat ion was effect ive  in obta in ing  a h igh  g rowth  rate of  n i t r ided  film on silicon. Act ivat ion  en- 
ergy for the p lasma anodic  n i t r idat ion of  si l icon (0.25 eV) was twice  as large as the  va lue  of p lasma ni t r ida t ion  wi thout  an 
external  dc voltage.  The role of hyd rogen  in p lasma ni t r ida t ion  was also s tudied wi th  quadrupo le  mass spectroscopy.  

Progress in MOS VLSI densification requires a large 
capacitance in a small capacitor area (I). Therefore, the di- 
rect nitridation of silicon may be one of the most attrac- 
tive techniques for the device fabrication process. Com- 
pared with the widely used silicon dioxide film, silicon 
nitride film has a higher dielectric constant. The silicon 
nitride film is chemically stable and is also much better 
as a diffusion barrier for impurities and metals. In spite of 
these advantages, the silicon nitride film deposited on 
silicon wafers by LPCVD cannot be used for the gate di- 
electric film of MOSFET because it was interfacial insta- 
bilities between the silicon nitride and the silicon sub- 
strafe. Many attempts at achieving direct nitridation and 
forming the silicon nitride film have already been made 
(2, 3). Ito et aL reported that uniform amorphous silicon 
nitride films could be obtained from the reaction of sili- 
con in an ammonia ambient and applied to the LSI device 
fabrication (4). However, these films were very thin be- 
cause of the slow diffusion of nitridant species through 
the nitrided film. To improve the low growth rate, 
plasma nitridation and plasma anodic nitridation were at- 
tempted. A high reaction rate was given by the plasma- 
exited reactive species compared with the thermal reac- 
tion. Plasma anodic nitridation was expected to give an 
enhanced growth rate, similar to that in the case of the 
anodic oxidation of silicon (5). Also, the reaction tempera- 
ture could be decreased below the temperature of the 
thermodynamical limit beause the plasma reaction forms 
reactive species. 

In this paper, the growth mechanism of plasma anodic 
nitridation will be investigated. To prevent the contami- 
nation of oxygen and hydro-oxygen, we used highly 
purified hydrogen and nitrogen for our experiment. 

Experimental 
The vacuum system, gas sources, and experimental ar- 

rangements for achieving the plasma anodic nitridation of 
silicon are shown in Fig. i. They are the same as those 
used in the earlier study (6). Nitrogen plasma was gener- 
ated at a pressure range from 0.5 to 2.0 torr by an RF os- 
cillator whose frequency was 13.56 MHz. Anodization 
voltage applied between the anode and the ground level 
was supplied by an external dc supply. The nitridation 
experiments were performed in a temperature range from 
680 ~ to 920~ Boron-doped n-type (100)-oriented CZ sili- 
con wafers, whose resistivity was about i0 ~-cm, were 
used for the nitridation. To remove the native oxide on 
the silicon surface, hydrogen plasma was generated prior 
to the nitridation process under a pressure below 0.2 torr. 
The reaction chamber was first pumped down to less 
than 4 x 10 -5 torr with a turbo molecular pump to mini- 
mize the residual gases. Then research-grade nitrogen 
and hydrogen were admitted to the reaction chamber. 
After the pressure became stable, glow discharge was ini- 
tiated by applying RF power. The anodizing voltage ap- 
plied to the sample was typically 150V. The nitridation 
time was varied between I0 rain and 400 rain. 

In order to study the nitridation mechanism, quadru- 
pole mass analysis of the reacting plasma in the chamber 
was performed. Transmission electron microscopy (TEM) 

was carried out to examine the interface structure of sili- 
con nitride and silicon. Also, characterization of the ni- 
trided film was studied using Auger electron spectros- 
copy and infrared absorption. 

Results and Discussion 
Film composition.--The infrared absorp t ion  spec t rum 

of Fig. 2 shows the  character is t ic  absorp t ion  peak  of  ni- 
t r ide film at w a v e  n u m b e r  of 865, 895 cm - ' .  The  wafer  
was ni t r ided at 920~ for 400 rain wi th  an externa l  dc volt- 
age of  150V. A peak  at 610 c m - '  ident i f ied as the  p h o n o n  
absorp t ion  of  the  si l icon substra te  was observed,  but  no 
absorp t ion  in te rpre ted  as Si-O bonds  was found in this 
spect rum.  The 865 and 895 c m - '  peaks  are due  to the  
s t re tching v ibra t ion  of  Si-N bonds  and seem to be  a lmos t  
the same as the  peak  descr ibed  by  Fr ieser  (2). However ,  a 
peak at 920 c m - ' ,  h igher  than  our  measuremen t ,  resul ts  
for Si-N bonds  was repor ted  by Ito et al. (4). 

The  chemica l  compos i t ion  of  films fo rmed  by p lasma 
anodic n i t r idat ion was e x a m i n e d  by Auge r  e lectron spec- 
t roscopy  (AES). The  A E S  analysis revea led  the presence  
of  n i t rogen  and oxygen  at the  surface of  the ni t r ided 
samples .  S ince  hydrogen  is not  de tec tab le  wi th  Auge r  
spectroscopy,  the  hydrogen  con ten t  of  these  samples  is 
not  known.  Carbon  peaks were  not  obse rved  f rom any 
A E S  spectra, so carbon  a toms at the  sample  surface did 
not  exist.  Spu t t e r  e tch ing  was accompl i shed  wi th  a 1.0 
keV argon ion to obta in  in -depth  profiles. A typical  Au- 
ger  spec t rum of  the  p lasma anodic  n i t r idat ion fi lm is 
shown in Fig. 3. The  film was g rown  for 300 rain in a 
n i t rogen-hydrogen  mix tu re  wi th  an ex te rna l  dc vol tage  of  
150V. The N~LL and OKLL lines are clearly observed  on this 
spec t rum obta ined  f rom the  surface of  the  n i t r ided film. 
F r o m  the  resul ts  of  infrared absorp t ion  and the  Auge r  
spec t rum,  it is conc luded  that  the  si l icon surface was 
changed  to si l icon ni t r ide by this p lasma anodic  nitrida- 
tion. 

Nitridation.--Figure 4 is a cross-sect ional  v iew of 
p lasma-anodized  si l icon and the  si l icon d iox ide  boundary  
us ing a h igh  reso lu t ion  t ransmiss ion  e lec t ron microscope  
(TEM). It is observed  that  the  th ickness  of  the  ni tr ided 
films on the  si l icon surface is a lmos t  the  same as it is on 
the  si l icon d iox ide  surface.  On the  s idewal l  of  the  sil icon 
dioxide,  the  film th ickness  is small.  This  ni t r idat ion be- 
havior  shows anisotropical  g rowth  resul t ing  f rom p lasma 

SiC Rod E~ - -  

GAS INLET 

Fig. 1. Schematical diagram of experimental apparatus for plasma 
anodic nitridation. 
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Fig. 2. Infrared transmission curve of nitrided silicon 
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reaction. The most remarkable point of this TEM photo- 
graph is the difference in the interface levels between the 
silicon-nitrided film and the original silicon-silicon diox- 
ide film. This phenomenon is generally observed on the 
thermal oxidation of silicon. With the oxidation of silicon, 
the interface between silicon and silicon dioxide drops 
down into the bulk silicon, and the thickness ratio of the 
upper and lower parts of the oxidized film divided by the 
original silicon surface is generally about half and half. 
Therefore, in this nitridation experiment,  it is supposed 
that the nitridant species also diffused into silicon and 
that the silicon surface is actually nitrided like the oxida- 
tion of silicon surface. 

Growth kinetics.--Figure 5 illustrates the variation of 
growth rate with the dc power applied to the wafers. The 
RF power and the temperature were fixed at 500W and 
900°C, respectively. The enhancement  of the growth rate 
by the externally applied voltage (V~c) is shown in this 
figure. It is obvious that the growth rate is remarkably 
enhanced by the application of the dc bias. The uniform- 
ity of the films grown in this system is quite good except  
in the upper area. For example, with a typical film about 
17 nm thick, the standard deviation of the thickness was 
about 0.8 nm thick within the 4 in. wafer areas. 

The dependence of the film thickness on the growth 
temperature is plotted against the inverse of nitridation 
temperature in Fig. 6. These lines were obtained from the 
samples under  nitridation conditions listed in the insert. 

Fig. 4. TEM micrograph of the nitrided film 

The nitridation temperature dependences are indicated 
by the two pairs of parallel curves. From the straight lines 
shown as solid and dotted, one can obtain apparent acti- 
vation energies of 0.12 and 0.25 eV, respectively. 

Activation energies of the plasma nitridation with or 
without the external dc voltage indicate only a very weak 
temperature dependence in the range of 680°-920°C. The 
gradient difference of the curves is considered to be 
caused by the application of the external dc voltage on 
the nitridation. However, these activation energies are 
somewhat smaller than those reported by Murarka et al. 
for the thermal nitridation of silicon (7). 

Next, we will discuss the kinetics of the plasma anodic 
nitridation of silicon and propose a theory for the 
anodization mechanisms of silicon. For this purpose; at 
first, we referred to the model  of thermal oxidation of 
silicon. 

In thermal oxidation, there are three basic steps theo- 
retically established by Deal and Grove (8). These three 
steps are the transportation of oxidant gases, the diffu- 
sion of oxidant species in oxide film, and the reaction 
with the silicon surface. The theory consiSts of the flux 
correspondence to each step at each boundary and well 
explains the experimental  results of thermal oxidation.  
The same analysis based on the solution of the continuity 
equation has been applied to thermal nitridation (9). It 
was concluded that the experimental  results were ade- 
quately explained by the three step model. 
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Fig. 3. Typical Auger electron spectrum of plasma anodic nitrided 
film. 
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In the p lasma anodic  n i t r idat ion of  a si l icon surface, the  
g rowth  rate  cons tants  and  character is t ic  pa ramete rs  of  
n i t r idat ion were  deduced.  When the  n i t r idat ion t ime  is 
long, the  g rowth  rate has an exac t  parabol ic  re la t ionship  
for the  p lasma ni t r idat ion wi thou t  the  externa l  dc  vol tage  
supply.  The  re la t ionship  b e t w e e n  the  n i t r idat ion t ime  and 
the th ickness  of  the  growth  film shown with  open circles 
in Fig. 5 can be  expressed  in funct ional  form as x .  ~2 = Bt, 
where  x~ and  t are the  si l icon ni t r ide  th ickness  and 
ni t r idat ion t ime,  respect ively ,  and B is the  tempera ture -  
d e p e n d e n t  constant .  In  this re la t ionship,  the  cons tant  B is 
ca lcula ted as 0.86 x I0 -6/~m2/s. 

The signif icant  effect  of an ex te rna l  dc vol tage on 
ni t r idat ion growth  kinet ics  was sugges ted  by the experi-  
mental  data. It is clear that  the grad ien t  of  these  curves  
increases  as the  external  dc vo l tage  increases,  as shown in 
Fig. 5. The growth rate of ni t r ide film on the silicon sur- 
face was accelera ted  with  the posi t ive  dc vol tage suppl ied  
on the  si l icon substrate.  Therefore ,  the  re la t ionship be- 
tween the  ni t r idat ion t ime  and the  ni t r ide film th ickness  
is empir ica l ly  descr ibed  as x,  (2 - mV~c) = Bt, where  the 
cons tant  rn was g iven  as 0.00695 V-L 

The effect  of  the  external  dc vol tage  was inves t iga ted  
from the in-depth  Auger  profile of  the  ni t r ided film. Fig- 
ure 7 shows  a typical  profile of the p lasma anodic  ni- 
t r ided film. The  film was g rown  for 400 rain in a nitro- 
gen-hydrogen  mix tu re  at an ex te rna l  dc vol tage of  +80V. 
The peak- to-peak heights  of  the NKLt. and Om.L lines were  
plot ted as a func t ion  of the spu t te r ing  time. The  ni t rogen 
and oxygen  profiles are descr ibed  with filled and open 
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Fig. 7. In-depth Auger profile of the nitrided silicon in nitrogen- 
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circles, respect ive ly ,  for bo th  the  samples  loaded on the  
anode  and the  g round  side of  si l icon carb ide  rods. The  
th ickness  of  the  films of  the  anodized  sample  loaded  on 
the  anode  was a lmos t  twice  that  of  the  g round  sample.  
The mos t  in te res t ing  feature  in Fig. 7 is that  the tail of  the  
n i t rogen profi le reaches  deep ly  into the  sil icon subst ra te  
compared  wi th  that  of  the  o x y g e n  profile. Ni t rogen  ap- 
paren t ly  diffused into s i l icon more  easi ly than  oxygen,  
even  though  the  n i t r idant  species  seems  to diffuse s lower  
th rough  the  ni t r ide  film in compar i son  to oxygen  
th rough  the  oxide.  The  n i t rogen  fract ion is h ighes t  near  
the  film surface  and decreases  t oward  the  interface. It  is 
also shown that  the  ni t r idant  species  has difficulty 
diffusing th rough  the  film and that  the  surface region is 
preferent ia l ly  ni t r ided.  

The  effects  of  the  anodiza t ion  by the  appl ica t ion  of  the  
externa l  nega t ive  d c vol tage  were  studied.  The  in-depth  
Auger  profi les of  n i t r ided  films g rown  for 400 rain in a 
n i t rogen-hydrogen  mix tu re  p lasma at an ex t e rna l  dc volt-  
age of  - 8 0 V  is shown  in Fig. 8. Ni t rogen  profiles for bo th  
samples  loaded  on the ca thode  (the suppl ied  vol tage po- 
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Fig. 9. In-depth Auger profile of the nitrided silicon in nitrogen 
plasma with positive external voltage. 
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Fig. 10. Quadrupole mass spectra for nitrogen-hydrogen mixture plasma (a,left)and nitrogen plasma (b,right) 

larity was changed) and the ground show almost the same 
curve. Beside the oxygen profiles were drawn almost the 
same curve one above another for the external dc positive 
and negative voltages. There exists no difference of film 
thickness between the samples loaded on the cathode and 
the ground level. 

Role of  hydrogen content.--Nitridation using plasma 
anodization is considerably more complex, and, at pres- 
ent, we can only present a tentative description of the 
anodization mechanism. It has been previously suggested 
that the nitridation of silicon is generally subject to para- 
bolic growth behavior. Analysis of growth behavior in 
plasma anodization indicates that nitridation is essen- 
tially a diffusion-limited process and, presumably, the 
nitridant species migrate to react with silicon at the inter- 
face. Figure 9 illustrates in-depth Auger profile of the 
film grown for 400 min in nitrogen only. The nitrogen 
profiles were shrunk abruptly for both samples loaded 
on the anode and the ground. However, the oxygen pro- 
files fully broadened in the direction of the depth of the 
films. It is quite different from the former profiles of the 
hitrided film obtained in the hydrogen-nitrogen mixture 
plasma. The tail of the nitrogen profiles disappeared be- 
fore the decline and fall of the oxygen profile for both 
samples loaded on the anode and the ground. 

To investigate the difference between the nitrogen- 
hydrogen mixture  plasma and the nitrogen plasma, the 
quadrupole mass spectrometer was operated during each 
nitridation process. The base pressure of the spectrome- 
ter was kept at 1 • 10 -5 torr, and the measurements were 
started after the nitridation pressure became stable. In 
Fig. 10a and 10b, mass spectra obtained from the nitro- 
gen-hydrogen mixture plasma and nitrogen plasma are 
shown. The peaks observed in both spectra at atomic 
mass unit (amu) 14 and 28 were coincident with N and N~. 
The intensities at ainu 16, 17, and 18 were the residual ox- 
ygen and hydro-oxygen. The amu 2 and 29 peaks appear 
on the nitrogen-hydrogen mixture spectrum, and the am- 
plitude of the other peak intensities has not changed be- 
tween the two kinds of plasma. In the nitrogen-hydrogen 
plasma, H ~ H2 ~, nitrogen-hydrogen molecular ions of NH ~, 
NH~ ~, and NH~ ~ were identified. Those ions might  play 
the role of nitridant species. Also, it is considered that 
electrically neutral particles such as nitrogen and nitro- 
gen-hydrogen radicals contribute to the nitridation reac- 
tion in plasma discharge. One possibility is that the ener- 
getic bombardment  of these nitridant species in the 
plasma promotes the reaction of nitridation on the silicon 
surface to form the thick nitride film. 

Conclusions 
Growth kinetics of the plasma anodic nitridation of sili- 

con were investigated using the nitrogen-hydrogen mix- 
ture plasma. Results of infrared absorption spectrum and 
the Auger profile indicated the formation of nitrided 
films on the silicon surface and the TEM micrograph ac- 
tually showed the nitridation of silicon. The relationship 
between the nitridation time and the nitride film thick- 
ness can be expressed as xn (2 - mVdr = Bt. In this equa- 
tion, the temperature dependent  constant B is calculated 
as 0.86 x 10 -6 tLm2/s and m is given as 0.00695 V- ' .  The ac- 
tivation energy of anodization is about twice that of 
plasma nitridation. Therefore, the external dc voltage is 
effective in obtaining a higher growth rate of nitrided 
film on silicon surface. Hydrogen content also greatly 
contributes to the nitridation of silicon in plasma glow 
discharge. Some kinds of nitrogen-hydride ions in plasma 
work as the nitridant species to promote the reaction of 
nitridation. 
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Solubilities of and Fe 04 in Fused Na SO, at 1200 K 
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ABSTRACT 

The solubility of mixed a-Fe203 and Fe304 in fused NaxSO4 was measured at 1200 K as a function of the melt basicity 
at 2.14 • 10 -7 atm 02. At lower Pox, in separate ranges of basicity where either Fe304 or else FeS is the stable phase, the 
solubilities of these compounds in Na2SO4 were determined. From these solubility measurements,  the activity coeffi- 
cients of NaFeO~, FeS, and FeSO4 in fused NaxSO4 were calculated to be 430, 180, and 0.83, respectively. On this basis, 
the solubilities of the iron oxides a-Fe203 and Fe304 and the dominant acidic and basic solutes were calculated for the 
entire regimes of Pox and melt  basicity in which these phases are stable in NaxSO4. 

Hot corrosion occurs at high temperatures in oxidizing 
environments when a molten salt deposit contacts a metal 
surface. Hot corrosion by molten Na2SO4 can cause 
significant damage in gas turbine and other combustion- 
product environments.  Metal oxides are often the stable 
phases in contact with fused NaxSO4. Therefore, a knowl- 
edge of the solubility behavior of metal oxides in molten 
Na~SO4 should assist in understanding hot corrosion pro- 
cesses, especially the initiation of hot corrosion. The solu- 
bilities of NiO (1, 2), Co~O~ (1, 2), A]=,O~ (3), and Y.20:~ (4) in 
NaxSO4 have been reported recently. 

The solubility of a-Fe,.,O3 in fused Na2SO4 (5) has been 
previously measured at 1 atm 02 and 1200 K as a function 
of the melt  basicity, defined as log aNaxo- However, 
a-Fe~O:~ is stable only at high Po2 and in a certain basicity 
regime. As the Pox in a Na2SO4 melt  is reduced, F%O4 be- 
comes stable. From the thermodynamic phase stability 
diagram for the Na-Fe-S-O system shown as Fig. 1, the so- 
lute species and solubilities of the two iron oxides would 
be expected to depend upon both the melt basicity and 
the Pox in the melt. Obviously, solubility measurements  at 
reduced oxygen pressures are needed to provide an 
overview of the dissolution behavior  in the iron-oxygen- 
sulfur system in Na2SO4, and to provide insight for exten- 
sion to other systems. 

In the present work, the solubility of the coexisting ox- 
ides, a-FexO3 and Fe304, was measured at 1200 K and 2.14 
x 10 -7 atm Ox. (See Fig. 1.) This measured Po_x corre- 
sponds exactly to the thermodynamic value from Ref. (6) 
for a-Fe2OJFe:~O4 equilibrium at 1200 K. However, this re- 
sult is inconsistent with the JANAF thermodynamic data 
used previously (5). Furthermore, as shown in the previ- 
ous work (5) as well as in this work, a plateau in the basic 
solubility for a-Fe~O, occurs for log anglo > -8.9, which is 
inconsistent with the only available data for hG~ 
Therefore, in this work, to retain an internal consistency 
for the calculation of solute activity coefficients and in 
the construction of Fig. 1, values of AG~ used for com- 
pounds in the system are the same as those listed in the 
preceding papers (3, 5) except  for the use of hG%~:~o4 = 
-730 k J/tool and AG~ = -479 k J/tool. These changes 
are not great, but are thought to represent an im- 
provement  over other reported values (7, 8). The dashed 
lines of Fig. 1 are calculated lines of isoactivity for the 
several solute species in the system. Figure 1 shows that 
at Po2 = 2.14 x 10 -7 atm, NaFeO=, and FeSO4 should be the 
dominant basic and acidic solutes, respectively. From the 
solubility measurements  reported here, activity coeffi- 
cients of NaFeO~ and FeSO4 in Na._,SO4 are estimated later. 
At even lower Po~, dissolved FeS  should be the predomi- 
nant acidic solute of Fe:~O4. In order to obtain the activity 
coefficient of FeS in fused Na2SO,, the solubility of FeS 
was also measured within the field of FeS stability. 
Finally, a generalized map for the solubility behavior in 
the Fe-O-S system has been calculated for the entire 
ranges of Po2 and melt basicity in which a-Fe.20:~ and 
Fe:~O4 are stable in NaxSO4 at 1200 K. The method may 
serve as a model  for the analysis of other metal-oxygen- 
sulfur systems. 

* Electrochemical Society Active Member. 

Experimental Apparatus and Procedure 
The experimental  setup is illustrated in Fig. 2. A closed- 

end mullite tube served as the reaction chamber which 
was closed by a gastight, water-cooled stainless steel 
flange joined by epoxy. Solid-state electrodes were in- 
serted into the NaxSO4 melt through stainless steel adapt- 
ors with O-rings. Fused Na2SO4 and iron oxide powder 
were contained in an internal alumina crucible supported 
by an alumina tube which also sheathed a Pt-Pt/10% Rh 
thermocouple. The temperature was controlled at 1200 _+ 
3 K using an Electromax (L&N) temperature controller. 

The basicity and oxygen pressure in the Na2SO4 melt 
were measured at a Pt wire working electrode by two im- 
mersed reference electrodes: a sodium sensor and an oxy- 
gen probe. The sodium sensor consisted of a silver wire 
contacting a NaxSO4-10 mole percent (m/o) Ag~SO4 melt 
contained in a closed-end mullite (3A1~O:~ �9 2SiO~) tube 
(McDanel MV30), which is a sodium ion conductor (over a 
grain boundary glass phase) at high temperatures. A plati- 
num wire, spot welded to the silver wire, served as the 
lead wire. The mullite tube was sealed at the top with an 
A1203-base ceramic cement to prevent the loss of SO:~ by 
the thermal decomposition of the sulfate. The oxygen 
probe consisted of a painted porous platinum electrode 
connected to a Pt wire inside a partially stabilized zirco- 
nia [3.5 weight percent (w/o) CaO] tube. At 1200 K, the 
open-circuit voltage (1) between these two reference elec- 
trodes is given by 
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Fig. 1. Thermodynamic phase stability diagram for the Na-Fe-S-O sys- 

tem at 1200 K. 
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Fig. 2. Experimental setup for solubility measurements 

E(V) = 1.4943 + 0.119 log aNa2O (melt) [1] 

The open-circuit voltage (1) between the Pt working elec- 
trode and the oxygen probe is given by 

E(V) = 0.0403 + 0.0595 log Po2 [2] 

The basicity of the Na~SO4 melt  was adjusted by pump- 
ing oxide ions into or out of the melt  using another par- 
tially stabilized ZrO2 tube. A platinum wire in another 
mullite tube containing only Na2SO4 served as a 
counterelectrode for the titration. As shown recently 
(2, 9), upon applying a voltage in this circuit, the oxide ion 
concentration of the melt may be increased or decreased 
by driving the reaction 

1 O2 + 2e- ~ 02- (in melt) [3] 
2 

to the left or the right. In this study, different values of 
voltage were applied to change the electrochemically 
measured melt  basicity, log aNa,zo, from -7.5 to --13.6. 

About 25g of reagent-grade Na~SQ and 5g of mixed 
a-Fe~O3 (99.9% purity) and Fe~O4 (99.99% purity) powder 
(1:1 molar ratio) were charged into the alumina crucible, 
and about 150g of an equimolar ~-Fe~O~ and Fe~O~ powder 
mixture was placed on the floor of the mullite reactor. 
After drying the salt and the mixed iron oxides at 
150~176 in a slowly flowing purified argon gas for at 
least 24h, the system was heated to 1200 K and closed to 
further gas flow. A suitable voltage was applied to the 
ZrO2 pumping electrode with a potentiostat (Wenking 
ST72). After a few hours, the Po2 in the melt  decreased to 
2.14 • 10 -7 atm, corresponding to the equilibrium oxygen 
pressure of a-Fe20~ and Fe:~O~ at 1200 K. Various t imes 
were required for the mel t  basicity to reach a desired 
value, and thereafter the basicity remained constant. 
After a day of equilibration, samples of the melt were 
taken by freezing a small amount  of salt onto a cool alu- 
mina rod. Each salt sample, about 0.2g, was weighed to an 
accuracy of 0.1 rag, and dissolved into 100 or 1000 ml of 
0.02N HC1 solution, depending upon the expected iron 
concentration in the salt. An atomic absorption spectra- 
photometer  (Perkin-Elmer, Series 360) with a graphite 
furnace was used to determine the iron content of the 
aqueous solutions. Only a small amount, 10/~liter, of the 
sample solution was added to the graphite furnace in or- 
der to avoid an~" uncertainty introduced by the Na~SO4 
salt in the solution. 

For determining the activity coefficient of FeS in fused 
Na2SO4, the solubility of FeS was measured in the range 
on Fig. 1 where FeS is the stable phase. The oxygen pres- 
sure was kept at 3.5 x 10 -'~ atm by placing nickel powder 
in the system, and the melt  basicity was adjusted to -12 
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and -14 by titration. To substantiate the FeS activity 
coefficient determined in this way, the solubilities of 
Fe304 were measured at the same Po~ and at basicities of 
-8.5, -9.0 and -9.5, respectively. 

R e s u l t s  a n d  D i s c u s s i o n  
The measured solubility values for mixed ~-Fe~O:~ and 

Fe:~O4 in fused Na2SO4 at 1200 K and 2.14 x 10 -7 atm O., are 
shown in Fig. 3. Each data point in Fig. 3 is the average of 
several measurements of the concentration of soluble iron 
in Na~SO4 for each salt sample, compared with a certified 
standard solution for iron. 

In basic dissolution, the measured dependence of the 
solubility on the melt basicity indicates that FeO2- is the 
solute species for the mixed iron oxides. The dependence 
is consistent with the following dissolution reaction 

mFe20:3 + Fe304 + 2 Na20 + ~ -  02 

= (2m + 3) NaFeO2 [4] 

For excess Fe~O:~ and Fe:~O4 at constant Pox 

0(log aN~o2) _ 1 
a(- log aNa2o) 2 [5] 

The individual oxide Fe20.~ or Fe304 obeys this same de- 
pendence. Above 2.14 • 10 -~ arm oxygen, oxygen is n o t  
involved in the basic dissolution of a-Fe20:, so that no ox- 
ygen dependence is expected for the soluble NaFeO2 con- 
centration. At oxygen pressures below 2.14 x 10 -~ atm, 
the basic solubility of Fe:~04 is dependent  upon Po~ ac~ 
cording to the reaction 

1 
2Fe:~O4 + 3Na20 + ~- 02 = 6NaFeO2 [6] 

For excess Fe:~O4 at constant aNa20 

a(1og aNaFeO2) 1 
- [ 7 ]  

0(log Po.~) 12 

The FeO2- concentration plateau at the left of Fig. 3 re- 
sults because 02- ions are not involved in the dissolution 
of NaFeO~ to form FeO2- ions. 

In the acidic dissolution of Fe:~O4 + ~-Fe~O3, the Fe 2~ so- 
lute ion is indicated by the log aNa2O dependence of the 
solubility. The dependence of the soluble FeSO4 concen- 
tration upon the melt basicity is consistent with the fol- 
lowing dissolution reaction 
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mFe~Oa + Fe3Ot + (2m + 3)Na2SO4 = (2m + 3)FeSO4 

+ ( 2 m + 3 ) N a 2 0 +  ( - ~ ) 0 2  [8] 

0(loga~r - 1 
a(- log aNa2O ) 

The dependences of the acidic solubilities of a-Fe203 
FeaO~ on Poz can be predicted from the reactions 

1 
Fe~O~ + 2Na2SO4 = 2FeSO~ + 2Na~O + -~ O2 

and 

O(log aFesO4) 1 
O(log Po2) 4 

Fe30~ + 3Na~SO4 = 3FeSO4 

1 
+ 3Na20 + -~- 02 

FeS Stable / / / /  / -  

and r 3"0[-~:~0Z/.% -~'~ ) -:o .~// / /  

/://// 
[1o] ~ 

~/) 2,0 

[11] ~ ,_, 

O(log a~so~) 1 
a(log Po2) 6 [13] 

The activity coefficient of soluble NaFeO2 in  fused 
NazSO4 was calculated to be 460, which is close to the 
value of 400 derived from the previous work (using ad- 
justed hG%,~eo.~) (5). The activity coefficient of the FeSO4 
solute in Na2SO4 was calculated to be 0.83. These activity 
coefficient values possess significant uncertainties re- 
sulting from the uncertainties in AG~ for NaFeOz and 
FeSO4. The min imum solubility for the mixed oxides, 
a-Fe203 and FeaO4, lies at - log  aNa2O = 11.8, which gener- 
ally meets thermodynamic expectation from Fig. 1. 

Four measurements of FeS solubility within the range 
of FeS stability gave an average concentration of 5.68 x 
10 -:~ mole fraction FeS. From these measurements, the ac- 
tivity coefficient of FeS in fused Na2SO4 is estimated to 
be 180. According to Fig. 1, at very low oxygen pressures, 
Fe~O4 can experience acidic dissolution as soluble FeS. 
The dissolution reaction should be 

Fe~O4 + 3Na2SO4 = 3FeS + 3Na~O + ~ -  O~ [14] 

From Eq. [14], the dependences of Fe~O4 solubility as sol- 
uble FeS upon the melt basicity and Po2 can be derived as 
follows 

and 

O(log aF~s) 

0( - log  aNa20) 
- 1 [15]  

O(log ar~s) 13 

a(log Po2) 6 
[16] 

This model for Fe;jO4 dissolution at low Po~, as well as the 
FeS activity coefficient, was proved by the three Fe:~O4 
solubility data points in Fig. 4, which were measured at 
3.5 • 10 -''~ atm oxygen (log Po2 = -11.46) for three differ- 
ent basicities. As seen in Fig. 4, the two acidic solubility 
measurements agree exactly with those calculated using 
the measured activity coefficient for FeS and Eq. [15] and 
[16]. The other point fits the calculated line for basic 
solubility. 

Based on an assumption of constant activity coeffi- 
cients from these measurements in combination with the 
previous work (5), the solubilities of the iron oxides, 
a-Fe20:~ and Fe:~O4 in fused Na2SO4 were calculated for 
wide ranges of Po2 and melt basicity, as shown in Fig. 4. 
In the construction of Fig. 4, the activity coefficient of 
soluble NaFeO2 was chosen to be 430, the average of the 
values estimated from the previous study and this work. 
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Fig. 4. Measured and calculated solubilities of ~-Fe20:~ and Fe304 in 
fused Na~S04 at 1200 K. 

In Fig. 4, the solid lines represent the measured depend- 
encies of solubilities upon the melt basicity at certain Po2, 
while the dashed lines are calculated values. For a 
specific log Po2 value (indicated on the lines), each solu- 
bility curve is composed of two segments: the left seg- 
ment for basic dissolution, and the right for acidic disso- 
lution. In Fig. 4, the basic solubility decreases with 
decreasing Po2, except for Po2 equal to or higher than 1.24 
• 10 -7 atm, whereas the acidic solubility increases with 
decreasing Po2. The melt basicity corresponding to the 
solubility minimum-moves  to a more basic value with a 
decrease in Po~. The only basic solute species of a-Fe.20:3 
and Fe~O4 is FeO~- (dissolved NaFeO2), regardless of the 
Po~. The principal acidic solute of a-Fe~O~ is either Fe 3~ 
[dissolved Fe(SO4)L.~] or Fe 2~ (dissolved FeSO4), depending 
upon both the Po2 and melt basicity. Although the acidic 
solute for Fe:~O4 is only Fe ~, it can be described in terms 
o f  either dissolved FeSO4 or else dissolved FeS, de- 
pending on the Po.2. In Fig. 4, the acidic solubility lines for 
Fe:~O4 at Po2 higher than about 10 -s atm represent the con- 
centrations of dissolved FeSO4 in Na~SO4, while the solu- 
bility lines at Po~ lower than about 10 - '~ atm represent the 
concentrations of dissolved FeS in Na2SO4. Between 
these two values for Po2, both solutes are significant. 

Figure 4 should be important in understanding the iron 
oxide fluxing mechanism in the hot corrosion of iron. As 
an example, consider a piece of iron covered by molten 
Na2SO4, with a log aNa~o value in the acidic melt of log 
aNa2o = -13, with 10-' atm oxygen in the gas phase. At the 
oxide/melt interface, Po2 should be much lower than 10-' 
atm resulting from the SO:~- or O2-diffusion limited oxida- 
tion of iron, say, 10 -sa tm.  The stable oxide phase at this 
interface is then Fe:~O4, and the solute species is Fe~% Ac- 
cording to Fig. 4, the solubility of Fe:~O4 at the oxide/melt 
interface is much higher than that at the melt/gas inter- 
face for log aNa~o = -13. Therefore, the migration of Fe ='~ 
ions from the oxide/melt interface to the melt/gas inter- 
face results in their oxidation to form Fe~O:~ with a lower 
solubility 

1 
2Fe 2~ + 2 02:  + ~- O., = Fe20:~ [17] 

and the Fe20:~ may precipitate near the melt/gas interface 
as porous particles. In this case, the Rapp and Goto crite- 
rion (10) 
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d )  < 0 [18] [Solubility o f  oxide] k 

d x  x=0 

is satisfied. In such a way, hot corrosion continues as the 
protective Fe~O4 scale is dissolved. This model was used 
by Luthra to interpret the low temperature hot corrosion 
of cobalt-base alloys (11). 

It is useful to identify each of the predominant  solute 
species in the Na2SO4-iron oxide system, as shown in Fig. 
5. The regimes in Po2 and melt basicity where ~-Fe20~ and 
Fe30~ are stable in Na~SO4 are separated by dashed lines 
into four sectors where different solute species are domi- 
nant. The dashed lines denote points of equal solute con- 
centrations (not activities) and therefore possess uncer- 
tainties relating back to the solute activity coefficients. 
The predominance plot may be helpful in the evaluation 
of the electrochemical reactions in the Na2SO4-iron oxide 
system. 

Conclusions 
From the solubility measurements and their discussion, 

the following conclusions can be drawn. 
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1. The basic solutes of a-Fe203 and Fe304 in fused 
Na2SO4 at 1200 K are FeO~- ions while the acidic solutes 
are either Fe 3+ or Fe ~+, depending upon the Po2 and the 
melt basicity. 

2. The activity coefficient for the basic solute NaFeO.~ 
in molten Na2SO4 at 1200 K was estimated to be 430, and 
those for Fe(SO4),.~, FeS, and FeSO4 are 3.6 • 10 -3 (5), 180, 
and 0.83, respectively. 

3. The solubility measurements and calculations may 
assist in unders tanding any fluxing mechanism for the 
hot corrosion of iron, and may aid in the interpretation of 
electrochemical studies for the Na~SO4-iron oxide system. 
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Destabilization of Yttria-Stabilized Zirconia Induced by Molten 
Sodium Vanadate-Sodium Sulfate Melts 

A. S. Nagelberg* 
Sandia National Laboratories, Livermore, California 94550 

ABSTRACT 

The extent  of surface destabilization of ZRO2-8 weight percent Y20:~ ceramic disks was determined after exposure to 
molten salt mixtures of sodium sulfate containing up to 15 mole percent sodium metavanadate (NaVO:3) at 1173 K. The 
ceramic surface was observed to transform from the cubic/tetragonal to the monoclinic phase, concurrent with chemical 
changes in the molten salt layer in contact with the ceramic. Significant attack rates were observed in both sodium sul- 
fate and sodium metavanadate-sulfate melts in the presence of sulfur trioxide. The rate of attack was found to be quite 
sensitive to the mole fraction of vanadate in the molten salt solution and the partial pressure of sulfur trioxide (1 • 10 -" 
to 1 x 10 -:~ atm) in equilibrium with the salt melt. The observed approximately parabolic rate of attack was interpreted 
to be caused by a reaction controlled by diffusion in the salt that penetrated into the porous layer formed by the 
destabilization. The parabolic rate constant in mixed sodium metavanadate-sodium sulfate melts was found to be pro- 
portional to the SO;~ partial pressure and the square of the metavanadate concentration. 

Operating temperatures of today's gas turbines are lim- 
ited by the high temperature mechanical properties of the 
nickel- and cobalt-based superalloys used for rotating 
components and by the high temperature corrosion of the 
metallic coatings on these components.  The use of insu- 
lating surface layers on critical combustion turbine com- 
ponents is expected to allow higher gas turbine inlet tem- 
peratures, thus increasing operating efficiencies. 

A thin insulating surface layer is provided by a thermal 
barrier coating that reduces the underlying metal surface 
temperature by as much as 150 K and provides a barrier 
to the ingress of corrosive species from the gas phase. Im- 
proved component  reliability can be achieved by this re- 
duction in operating temperature. Alternatively, in- 
creased gas turbine operating efficiencies are possible 
since higher inlet gas temperatures can be tolerated. 

Several ceramics have been proposed for use as thermal 
barrier coatings, including Y._,O3- and MgO-stabilized zir- 
conia, MgO, and CaSiO3 (1-3). Of these ceramics, zirconia- 
based ceramics containing 6-12 weight percent (w/o) Y20:~ 
showed superior resistance to cracking and spallation in 
laboratory tes ts  (1, 3). Clean fuel burner rig tests have 
shown extended lifetimes. Unfortunately, burner rig tests 
using sodium or vanadium containing fuels show much 
shorter ceramic coating lifetimes. Levine (3) reported life- 
times in excess of 10,000 cycles when burning clean fuels. 
In contrast, when 5 ppm of sodium and 2 ppm vanadium 
were added to the fuel, lifetimes were less than 100 cycles. 
The shorter lifetimes have been attributed to chemical at- 
tack by fuel impurities and to destabilization of the 
zirconia-based coating and]or condensation of high 
thermal expansion phases in the coating pores (1, 3-6). 

Zirconia ceramics are partially or totally stabilized by 
the addition of oxides such as MgO, CaO, and Y20;~. Stabi- 
lization refers to the retention of the cubic or tetragonal 
phases at temperatures at which the monoclinic phase 
would normally occur in pure ZrO2. This stabilization is 
crucial to coating adherence, since the transformation 
from tetragonal to monoclinic structure involves a large 
volume change (-9%) (7). Even though the monoclinic 
phase is predicted to form at lower temperatures for the 
stabilized compositions, the slow kinetics of the transfor- 
mations allow retention of the tetragonal or cubic phases 
at room temperature. The phase diagram (8) shows that 
the monoclinic structure is favored at lower temperatures 
and at lower concentrations of stabilizing oxide. 

The zirconia-based ceramics proposed for thermal bar- 
rier coatings (6-12 w/o yttria) are found from the phase di- 
agram to be in a two-phase region containing tetragonal 
and cubic phases at typical turbine operating tempera- 
tures (1073-1373 K). As long as coatings remain in either 
of these two structures, cracking and spallation associ- 
ated with the tetragonal to monoclinic phase transition 
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will not occur. However, if the yttria content is reduced 
slightly, the tetragonal to monoclinic transition will occur 
upon cooling. 

During operation of gas turbines, impurities in the fuel 
and ingested air are known to lead to the formation of 
molten surface deposits. The presence of vanadium in the 
combustion exhaust gases can significantly affect the 
composition and temperature stability range of the liquid 
surface deposit. Luthra and Spacil (9) estimated that, for a 
fuel containing 30 ppm vanadium and 2 ppm sodium, the 
N a V Q  + V~O5 content of the condensate at 1173 K would 
be nearly 80 mole percent (m/o). For these conditions, a 
liquid condensate would be stable from 879 to 1279 K. Al- 
though these impurity levels are high for presently used 
clean fuels, numerous gas turbine users have considered 
using fuels such as residual oils which contain signifi- 
cantly increased impurity levels. For a fuel with only 2-4 
ppm vanadium, the calculated NaVO3 + V20~ content of 
the condensate is 3-15 m/o, respectively. It is thus reason- 
able to expect that ceramic-coated turbine components 
may be exposed to salt films containing high vanadium 
contents (10). 

Sodium sulfate in the presence of a sulfur trioxide con- 
taining environment  has been found to induce destabili- 
zation of yttria-stabilized zirconia ceramics (5). The 
destabilization was attributed to the acidic leaching of yt- 
tria from the ceramic substrate. Hamilton and Nagelberg 
(11, 12) have used Raman spectroscopy to study the phase 
transformations of stabilized zirconia induced by expo- 
sure to molten salt solutions containing sodium metavan- 
adate. They found that the surface attack is very rapid 
and strongly depended on the metavanadate concentra- 
tion during exposures in air at 1173 K. 

In this study, we have measured the destabilization of 
the surface of ZrO~-8 w/o Y20~ ceramics exposed to mol- 
ten sodium sulfate and sodium metavanadate-sulfate 
melts in oxygen-sulfur dioxide-sulfur trioxide atmo- 
spheres at 1173 K. 

Experimental 
High density (greater than 96% of theoretical density) 

ZrO2 disks containing 8 w/o Y,,O~ were obtained from 
Corning Glass Works, Zircoa Division. Sodium metavana- 
date (NaVO~3) was obtained from Cerac Pure, Incorpora- 
ted, and sodium sulfate anhydrous from Baker, Incorpo- 
rated. 

Yttria-stabilized zirconia ceramics were exposed to mol- 
ten salt mixtures containing 0.2, 2.0, 3.9, and 7.7 m/o so- 
dium vanadate in sodium ~u!fate at 1173 K. Master melts 
were prepared by melting premixed powders at 1223 K 
and crushing the solidified salt melt  to obtain a uniform 
composition. Such prepared powders were used to fill 1 
ml platinum crucibles in which the 1 cm diam stabilized 
zirconia disks were immersed during exposure. Initial 
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m e l t i n g  a n d  ce r amic  i n t r o d u c t i o n  to t h e  sal t  was  d o n e  in  
air. I n  no  case  we re  t he  i m m e r s e d  c e r a m i c s  a t  t e m p e r a -  
t u r e  for  m o r e  t h a n  5 r a in  d u r i n g  t h i s  s tage.  Fo r  exper i -  
m e n t s  u s i n g  a su l fu r  d iox ide - su l fu r  t r i ox ide  c o n t a i n i n g  at- 
m o s p h e r e ,  t he  p l a t i n u m  c ruc ib l e s  c o n t a i n i n g  t h e  
ce r amics  we re  t h e n  s u s p e n d e d  in  a q u a r t z  r eac t i on  t u b e  
in a co ld  e n d  of  t he  t u b e  u n d e r  a n  a r g o n  a t m o s p h e r e .  
Once  t he  f u r n a c e  h a d  r e a c h e d  t he  r eac t i on  t e m p e r a t u r e ,  
t he  p l a t i n u m  c ruc ib l e s  we re  i n s e r t e d  in to  t he  c o n s t a n t  
t e m p e r a t u r e  zone  of  t he  f u r n a c e  a n d  t he  oxygen - su l fu r  
d iox ide - su l fu r  t r i ox ide  e x p o s u r e  gas  c o m p o s i t i o n  in t ro-  
duced .  The  in i t ia l  gas  m i x t u r e s  a n d  final  e q u i l i b r i u m  
c o m p o s i t i o n s  a re  g i v e n  in  Tab le  I. The  gas  m i x t u r e s  were  
o b t a i n e d  by  m i x i n g  e i the r  SO2 or a 1% SO2 in  02 m i x t u r e  
w i t h  02 be fo re  p a s s i n g  t he  gas  ove r  a b e d  of  p l a t i n u m  
m e s h  a t  1173 K in  a p r eca t a ly s t  fu rnace .  A smal l  p iece  of  
p l a t i n u m  m e s h  was  also p o s i t i o n e d  b e l o w  t h e  sal t  cruci-  
b les  in  t he  r e a c t i o n  tube .  E x p o s u r e s  were  for t i m e s  u p  to 
500h for  s o d i u m  m e t a v a n a d a t e - s u l f a t e  m e l t s  a n d  1600h 
for  p u r e  s o d i u m  su l fa te  mel ts .  Fo r  air  exposu re s ,  t h e  plat-  
i n u m  c ruc ib l e s  we re  p l aced  in  a muff le  f u rnace  at  1173 K. 
Af ter  exposu re ,  t h e  ce ramic  d i sks  were  r e m o v e d  f rom t h e  
sal ts  b y  i m m e r s i o n  in d is t i l led  water .  T h e  w a s h e d  ce ram-  
ics were  s u b s e q u e n t l y  m e t a l l o g r a p h i c a l l y  m o u n t e d  a n d  
po l i shed  for  e x a m i n a t i o n  b y  opt ica l  m ic roscopy ,  s c a n n i n g  
e l ec t ron  mic ro scopy ,  a n d  e l ec t ron  m i c r o p r o b e  analysis .  

The  so lu t ions  c o n t a i n i n g  t he  d i s so lved  sal ts  we re  ana-  
lyzed for  e l e m e n t s  c o n t a i n e d  in  t h e  sal ts  a n d  or ig ina l  ce- 
r amics  b y  a t o m i c  a b s o r p t i o n  a n d  ICP  t e c h n i q u e s .  

Results 
E x p o s u r e  of  s t ab i l i zed  z i rconia  c e r a m i c s  to  a p u r e  so- 

d i u m  su l fa te  m e l t  a t  1173 K in  a 1% SO2 in  0.2 env i ron -  
m e n t  r e s u l t e d  in  a m e a s u r a b l e  sur face  des tab i l iza t ion .  
Af te r  380h, t he  t r a n s f o r m e d  layer  is a p p r o x i m a t e l y  40 ~ m  
th ick .  L o n g e r  sa l t  e x p o s u r e  s h o w e d  t he  m o n o c l i n i c  layer  
t h i c k n e s s  was  c lose ly  a p p r o x i m a t e d  by  pa rabo l i c  g r o w t h  
k ine t ics ,  as s h o w n  in  Fig. 1. 

The  sur face  des t ab i l i za t ion  ra te  was  o b s e r v e d  to in- 
c rease  u p o n  t he  i n t r o d u c t i o n  of  s o d i u m  m e t a v a n a d a t e  to 
t he  sa l t  m e l t  for  all t h e  e x p o s u r e s  e x a m i n e d .  E x c e p t  for 
t he  l o w e s t  m e t a v a n a d a t e  c o n c e n t r a t i o n  u s e d  (0.2 m/o), t h e  
i nc rease  in  t he  e x t e n t  of  de s t ab i l i z a t i on  was  d ramat i c .  
F i g u r e  2 s h o w s  t h a t  y t t r i a - s tab i l i zed  z i rcon ia  e x p o s u r e  to 
a m o l t e n  sa l t  so lu t ion  c o n t a i n i n g  2.0 m/o s o d i u m  meta -  
v a n a d a t e  in  s o d i u m  su l fa te  at  1173 K in  a n  in i t ia l ly  1.0% 
SOs in  02 a t m o s p h e r e  r e su l t ed  in f o r m a t i o n  of an  approx i -  
m a t e l y  50 ~ m  sur face  layer  af ter  24h. The  sur face  layer  
f o r m e d  is iden t i f i ed  in  t he  p h o t o m i c r o g r a p h  by  t h e  in- 
c r ea sed  po ros i t y  in  the  ce ramic  n e a r  t h e  surface.  No t  v e r y  
a p p a r e n t  in  Fig. 2 is a s l igh t  p r e f e r en t i a l  a t t ack  of t h e  ce- 
r a m i c  a long  g ra in  b o u n d a r i e s .  On severa l  s a m p l e s  exam-  
ined,  a s l ight ly  u n e v e n  r eac t ion  f ron t  was  o b s e r v e d  w i t h  
t he  c e n t e r  of  g ra ins  nea r  t he  r eac t i on  f ron t  no t  a p p e a r i n g  
as p o r o u s  as t h e  g ra in  pe r iphe ry .  A m o r e  p r o n o u n c e d  
g ra in  b o u n d a r y  a t t a c k  was  o b s e r v e d  by  Nage lbe rg  (12) for  
the  m o l t e n  v a n a d a t e  a t t ack  of  magnes i a - s t ab i l i z ed  zirco- 
n ia  ce ramics .  

E l e c t r o n  m i c r o p r o b e  ana lys i s  s h o w e d  t he  h i g h  poros i ty  
region to be depleted in yttrium compared to the bulk ce- 
ramic. The surface layer was determined to contain ap- 
proximately 1 w/o yttrium throughout with no observable 
concentration gradient except for the center of a few 
grains near the reaction front. The yttrium concentration 
in the bulk crystal was 8 w/o, as was expected from the in- 
itial composition, and again no observable concentration 
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Fig. 1. Transformed layer thickness as a function of the square root 
of time for Zr02-8% Y~O:,, exposed to Na2S04 at 1173 K in a 1% SOs 
in 02 atmosphere. 

g r a d i e n t  was  o b s e r v e d  in  t h e  r eg ion  in p r o x i m i t y  to t he  
sur face  layer.  

As expec t ed ,  c h e m i c a l  ana lys i s  of  the  w a s h  so lu t ions  in- 
d i ca t ed  t h a t  no  z i r c o n i u m  was  d i s so lved  in t h e  sa l t  d u r i n g  
e x p o s u r e  to t h e  m o l t e n  salts.  The  o b s e r v e d  d i s so lved  yt- 
t r i u m  levels  co r re l a t ed  wel l  w i t h  t h e  e x t e n t  of  y t t r i u m  re- 
m o v a l  f rom t h e  ceramic .  

The time dependence of the thickness of the yttrium- 
depleted surface layer for metavanadate concentrations of 
0.2, 2.0, and 3.9 m/o are shown in Fig. 3 as a function of 
the square root of time after exposure to a 1.0% SOz in O2 
atmosphere at 1173 K. Similar to destabilization induced 
by a pure sodium sulfate salt in the presence of sulfur tri- 
oxide, an approximately parabolic time dependence ap- 
pears to be approximately followed for all three vanadate 
concentrations in the molten salt. The measured para- 
bolic rate constants are given in Table II. Also listed in 
Table II is a parabolic rate constant for a sodium meta- 
vanadate concentration of 1.0 m/o. This value was ob- 
tained by assuming parabolic kinetics and a single mea- 
sured value of the monoclinic layer thickness after a 164h 
exposure to 1% SO2 in O~ atmosphere. The monoclinic 
layer thickness does indicate a deviation from parabolic 
behavior toward linear kinetics at longer times. 

Variation of the sulfur dioxide (and thus sulfur trioxide) 
content of the atmosphere above the salt melts was found 
to cause significant changes in the extent of destabiliza- 
tion of the ceramics. For an atmosphere initially con- 

Table I. Exposure environment composition 

Initial gas 
composition (%) Equilibrium composition at 1173 K (%) 
O~ SO~ 02 SO~ SO~ 

90 10 9O 7.7 2.4 
99 1 99 0.76 0.24 
99,9 0.1 99.9 7.6 • 10 -z 2.5 • 10 -~ 
99.985 0.015 99.99 1.1 • 10 -z 3.7 • 10 -~ 

1 99 0.25 97 0.15 
Fig. 2. Photomicrographs of ZrOs-8 w/o Y20:3 exposed at 1173 K to 

o 1% SOs in 02 atmosphere for various times. 
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SOu for ZrO~-8% Y2Os exposed to Na2SO4 at 1173 K. 

r a in ing  0.1% SO2 in  O2 (Psos = 2.5 x 10 -4) a n d  2.0% me ta -  
vanada t e ,  t he  t r a n s f o r m e d  layer  was  a p p r o x i m a t e l y  15 ~ m  
t h i c k  af te r  24h. In  cont ras t ,  a n  e n v i r o n m e n t  in i t ia l ly  con-  
t a i n i n g  10% SO.~ in  0.2 (Psos = 2.4 • 10-'-') r e su l t s  in  a 200 
~ m  t h i c k  layer  in  t he  s a m e  t ime.  Resu l t s  for  t h r e e  vana-  
da te  c o n c e n t r a t i o n s  a f te r  a 24h e x p o s u r e  to va r ious  par t ia l  
p r e s s u r e s  of  SOu at  1173 K are  g iven  in  Fig. 4. T he  s lope of  
all t he  l ines  d r a w n  in  Fig. 4 is 1/2. 

U s i n g  t he  pa rabo l i c  ra te  c o n s t a n t s  g iven  in  Tab le  II, t h e  
m e t a v a n a d a t e  c o m p o s i t i o n a l  d e p e n d e n c e  in  t he  p r e s e n c e  
of  an  e n v i r o n m e n t  c o n t a i n i n g  0.0025 a t m  SOu is p lo t t ed  in  
Fig. 5. The  m e a s u r e d  pa rabo l i c  r a t e  c o n s t a n t  for  expo-  
sures  to a p u r e  s g d i u m  su l fa te  m e l t  u n d e r  t he  s a m e  SOs 
par t ia l  p r e s s u r e  is also g iven  for c o m p a r i s o n  as t he  filled 
t r iangle .  E x c e p t  for  t he  pa rabo l i c  r a t e  c o n s t a n t  for the  
lowes t  m e t a v a n a d a t e  c o n c e n t r a t i o n  (0.2 m/o), t h e  mea-  
s u r e d  ra te  c o n s t a n t s  are  f i t ted wel l  b y  a l ine  w i t h  a s lope  
of 2. 

Discussion 
H a m i l t o n  a n d  N a g e l b e r g  (13) h a v e  r e p o r t e d  the  r ap id  at- 

t ack  of  y t t r i a - s tab i l i zed  z i rcon ia  b y  b o t h  p u r e  m e t a v a n a -  
da te  m e l t s  a n d  m i x e d  s u l f a t e - m e t a v a n a d a t e  me l t s  a t  
1173 K in  air. F r o m  t h e i r  sa l t  e x p o s u r e s  in  air, i t  was  es- 
t a b l i s h e d  t h a t  t h e  f o r m a t i o n  of  a su r face  m o n o c l i n i c  l ayer  
o c c u r r e d  due  to t he  ac id ic  l e ach ing  of  y t t r i u m  f rom the  
s tabi l ized  z i rcon ia  ce ramic  to fo rm a y4u sa l t  so lub le  spe- 
cies. F r o m  the  p h a s e  d iag ram,  i t  can  b e  s een  t h a t  t he  re- 
m o v a l  of  y t t r i u m  resu l t s  in  a p h a s e  t r a n s f o r m a t i o n  to t he  
m o n o c l i n i c  s t ruc tu re .  A s s o c i a t e d  w i t h  t he  r e m o v a l  of  yt- 
t r ium,  an  i n c r e a s e  in  the  p y r o v a n a d a t e  c o n t e n t  of t he  sa l t  
was  also obse rved .  A s imi la r  r e a c t i o n  p r oce s s  is be l i eved  
to b e  o c c u r r i n g  in  t he  p r e s e n c e  of  a n  SO~-SOs-O., a tmo-  
sphere .  As wou ld  be  e x p e c t e d  f rom t h e i r  resul t s ,  t h e  mon-  
ocl in ic  c e r amic  sur face  layers  o b s e r v e d  in  th i s  s t u d y  were  
dep l e t ed  in y t t r i u m  u n i f o r m l y  t h r o u g h o u t  t he  layer.  In  
add i t ion ,  t he  sal t  was  f o u n d  to c o n t a i n  s ign i f ican t  quan t i -  
t ies  of  d i s so lved  y t t r i u m  b u t  no  z i r con ium.  

The  a t t a c k  r a t e s  m e a s u r e d  in  SO~-SO3 c o n t a i n i n g  a tmo-  
s p h e r e s  are  a fac to r  of  100-1000 fas te r  t h a n  were  r e p o r t e d  
for v a n a d a t e - s u l f a t e  m e l t s  e x p o s e d  to air. F igu re  6 corn- 

Table II. Parabolic rate constants 
(P~o:~ = 2.4 x I0  -:~) 

NaVO:~ concentration Parabolic rate constant 
(m/o) (cm~/s) 

0.0 1 x 10-,, 
0.2 1 x 10-,, 
1.0 1.7 x 10 -,0 
2.0 5.4 x 10 -,'~ 
3.9 1.5 x 10 -,  

pares the morphology of the scales formed in air with the 
destabilized surface layer formed in the presence of an 
equilibrated 99% SO~-1% 02 atmosphere at 1173 K. The 
monoclinic surface layers formed in both air and SO._,- 
SOu-O~ containing atmospheres were found to be ex- 
tremely porous, as can be seen in Fig. 6. The only differ- 
ence between the different salt exposures was the extent 
of attack. 

Similar to the observations of Barkalow and Pettit (5), 
yttrium leaching from the ceramic was found to occur in 
the presence of sodium sulfate alone. The addition of so- 
dium metavanadate was found to significantly enhance 
the rate of formation of a monoclinic surface layer. Since 
the experimental melts were buffered with respect to the 
sulfur trioxide partial pressure, it is assumed here that 
two similar yet different mechanisms are active in the 
mixed sulfate-vanadate melts. 

In pure sodium sulfate melts, a possible dissolution 
mechanism for Y2Os dissolved in the ZrO~ [first proposed 
by Barkalow and Pettit (5)] is the acidic leaching of yttria 
given by 

Y2Ou + 3SOu = 2Y *u + 3SO4 -~ [1] 

or c o n s i d e r i n g  t he  e x i s t e n c e  of  t he  py rosu l f a t e  ion  

Y2Ou + 3S207--' = 2Y *u + 6SO4 ~ [2] 

In  e i t he r  case,  t he  r eac t i on  s t rong ly  d e p e n d s  on  the  su l fu r  
t r i ox ide  par t i a l  p ressu re .  J o n e s  et al. (14) h a v e  d e t e r m i n e d  
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Fig. 5. Parabolic rate constant as a function of the NaVO:~ concen- 
tration for Zr02-8% Y~Ou exposed to Na~S04 at 1173 K in a 1% 50.2 
in 02 atmosphere. 
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Fig. 6. Photomicrographs of Zr02-8 w/o Y20:~ exposed at 1173 K for 
24h. 

the min imum SO:~ partial pressure to cause sulfation of 
pure yttria as approximately 2.5 • 10 -'~ atm at 1173 K. The 
partial pressures utilized in this study are easily in excess 
of this value. These authors also noted an increased 
sulfation rate of the yttria in the presence of Na2SO4. 

For salt melts containing sodium sulfate, a SO~-SQ-O2 
atmosphere determines the partial pressure of sulfur tri- 
oxide and thus the sodium oxide activity of the melt by 
Eq. [3] 

Na2SO4 = Na20 + SO:~ [3] 

k, = aNa2oP soJ a~a2so4 [4] 

In the absence of a sulfur dioxide-sulfur trioxide-oxygen 
containing cover gas the Na20 activity of the salt melt is 
undefined and is not regulated. Thus, the sodium salt 
will decompose sufficiently to obtain local thermody- 
namic equilibrium, making the melt  increasingly basic 
(high activities of Na20) during exposure to a flowing gas 
stream. 

When considering mixed sodium metavanadate-sodium 
sulfate melts, the sodium oxide activity of the molten salt 
in turn affects the activity of V20~ by Eq. [5] 

Na.20 + V20.~ = 2NaVQ [5] 

2 [6] k 3 = aNavo 3/aNa20av205 = 

Combining Eq. [3] and [5] 

Na~SO4 + V20~ = 2NaVO:~ + SO3 [7] 

2 - [8] k~ = aNavo~ PsoJaNa.zso4av2o~ 

Thus it is found that the VzO~ activity is proportional to 
the partial pressure of sulfur tr ioxide and the square of 

the sodium metavanadate concentration as NaVO~, when 
it is assumed that the sodium sulfate activity and activity 
coefficient for the metavanadate are constant. The 
change in sodium sulfate concentration from 99.8 to 94% 
represents only a minor variation in comparison to the 
change in metavanadate concentration. Therefore, it is 
possible that the dissolution mechanism in metavana- 
date-sulfate melts is given by 

Y2Q(ZrO2) + V20.~(Na2SO4) = 2Y § + 2VO4 -3 [9] 

Even though Eq. [7] implies that the sodium sulfate activ- 
ity and sulfur trioxide partial pressure can be influenced 
by the presence of metavanadate, we believe the mecha- 
nism given by Eq. [9] predominates in vanadate con- 
taining melts. Sodium sulfate is expected to behave ide- 
ally over the range of metavanadate concentrations 
utilized and thus varies by approximately 8%. The V20~ 
activity of the molten salts will be modified to a very lim- 
ited extent by volatilization of V205 since the vapor pres- 
sure at 1173 K is close to 10 -s atm. Thus the SO3 partial 
pressure and the sodium metavanate concentration will 
have the prime influence on the V20~ activity of the melt. 

The parabolic rate constant for a diffusion-controlled 
process relates the square of the reaction layer thickness 
to the exposure time. In addition, for a diffusion-con- 
trolled process it is found that the parabolic rate constant 
is proportional to the diffusion coefficient of the rate- 
controlling species through an increasingly thickening re- 
action layer. Both Fig. 1 and 3 showed that the formation 
of a monoclinic surface layer can be approximately fitted 
to such a parabolic growth rate. 

The measured parabolic rate constants given in Table II 
are larger than would be expected from a process con- 
trolled by cationic diffusion in the ceramic. Extrapolation 
of the cationic diffusion coefficients in ZrO2 measured at 
higher temperatures, 1700-2100 K, give a value of Dzr at 
1173 K of approximately 5 • 10 -2o cra~/s or more than ten 
orders of magnitude smaller than th~ measured rate con- 
stants. In addition, the large sulfur trioxide and metavan- 
adate concentrat ion effects are difficult to reconcile with 
a cationic diffusion-controlled rate. 

The monoclinic reaction layer formed is found in all 
cases to be very porous. For the structural conversion of 
the tetragonal s t ructure to the monoclinic phase with no 
change in composit ion a net volume increase is expected 
(7). The observed decrease in volume of the monoclinic 
layer and thus the porosity can be explained by variations 
in the lattice parameters of the tetragonal and monoclinic 
phases with composition (15) and the dissolution of yttria 
in the molten salts. Using the lattice parameters given by 
Scott (15) for the tetragonal and monoclinic structures 
and an assumed depletion of yttria from 8 to 1 w/o, a net 
shrinkage of approximately 4% is expected. 

Since the reaction layer forming is a porous outer mon- 
oclinic layer and no yttrium concentration gradient was 
observed, it would be reasonable to expect  that the diffu- 
sion of $207 -2 and V20~ through the porous channels of 
this layer was the rate-controlling species for sulfate and 
metavanadate-sulfate melts, respectively. Since approxi- 
mately parabolic kinetics are followed, it must be as- 
sumed that the pore structure is relatively uniform 
throughout and thus the porous layer exhibits a nearly 
constant permeability. 

Even though the t ime-dependent  formation of a mono- 
clinic reaction layer is closely fitted by a parabolic rate 
relationship, a small upward deviation from the square 
root of time dependence was observed at very long times. 
Haycock (16) has reported that this deviation toward a lin- 
ear reaction rate can be due to the formation of a surface 
layer with a diffusivity increased above the rest of the re-  
action layer. The reaction product of the leaching reaction 
is soluble in the molten salts and is not expected to lead 
to clogging of the product layer porosity. As the transfor- 
mation to the monoclinic structure progresses to comple- 
tion, it is not unexpected that the size of the pores in- 
creases. No increased porosity at the outer regions is 
apparent in the micrographs. However, the deviation 
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from parabolic behavior is small and the increased poros- 
ity to induce such an effect would be difficult to observe. 
This deviation implies that, at exposure times signifi- 
cantly longer than those reported here, the rate of 
destabilization may be influenced by the formation of an 
outer porous reaction layer and make extrapolation of 
rates to longer times difficult. 

For both sulfate and vanadate-sulfate melts, the above 
analysis indicates that the parabolic rate constant is 
strongly dependent  on the SO:~ partial pressure. In the 
presence of sodium vanadate, Eq. [8] predicts a linear de- 
pendence of the rate of growth of the monoclinic layer 
with the SO3 partial pressure. The parabolic rate constant 
is proportional to the scale thickness squared at any given 
time. Thus, the square root dependence of the monoclinic 
layer thickness after a fixed time exposure of 24h, shown 
in Fig. 4, indicates that a linear sulfur trioxide depen- 
dence of the parabolic rate constant is followed (twice the 
exponent  of the dependence of the layer thickness on the 
partial pressure of SOu). 

Furthermore, for vanadate containing salts, it is ex- 
pected from Eq. [7] and [9] that the parabolic rate con- 
stant is proportional to the vanadate concentration 
squared. Figure 5 shows that this metavanadate concen- 
tration dependence was also observed. 

Comparison of the measured attack rate in a pure so- 
dium sulfate melt and the 0.2% metavanadate melt  show 
the two rates to be approximately identical. It thus must 
be assumed that the contribution of the metavanadate to 
the attack rate at these low concentrations is small and 
that the destabilization rate is essentially due to the reac- 
tion given by Eq. [1]. The dependence on metavanadate 
concentration squared implied by Eq. [8] would predict in 
association with the parabolic rate constants measured 
for higher metavanadate contents a parabolic rate con- 
stant for the 0.2 m/o metavanadate salt melt of approxi- 
mately 5 • 10 -'~, or half the experimentally measured 
value. This predicted value from the higher vanadate con- 
centration measurements and the proposed composi- 
tional dependence of the vanadate-induced corrosion rate 
constant is larger than calculated by simply subtracting 
the parabolic rate constant measured in pure sulfate melt 
from the observed value. Nevertheless, the discrepancy is 
within the experimental  scatter of the measurement. 

The observed molten salt attack rate dependence on 
vanadate concentration and sulfur trioxide partial pres- 
sure strongly favors a reaction mechanism in which diffu- 
sion of V205 in the salt within the pores of the monoc]inic 
layer is rate controlling. Associated with this mechanism 
would be an absence of a yttrium concentration gradient 
within the monoclinic product layer. Microprobe results 
support this conclusion, with the exception of the limited 
regions in which the center of the ceramic grains near the 
monoclinic tetragonal interface are untransformed. Even 
for this case there is no observed gradient in the mono- 
clinic phase. It is felt that this is solely because of a 
slightlY more rapid intrusion of and attack by the molten 
salt along the grain boundaries and pore surfaces. The ob- 
served absence of either sodium or vanadium in the inter- 
nal pores of the ceramics by the electron microprobe is 
due to the experimental  procedure of dissolving the salt 
in water to remove the ceramics from the salt melts. 

The most extensive surface transformation found in 
this study or by Hamilton and Nagelberg (13) was for the 
exposures to the SO2-SO3 containing atmospheres. Com- 
parison of monoclinic layer thickness formed in air with 
those formed in SO2-SO~ containing atmospheres show a 
dramatic change in the rate of leaching yttrium from the 
ceramics. Air exposure to a 2% NaVO~ salt melt  for 24h re- 
sulted in the formation of a transformed layer approxi- 
mately 1.5 tzm thick, while exposure to the same salt in a 
1% SO2 in 02 atmosphere results in the formation of an 
-50  t~m thick monoclinic layer. If the square root depen- 
dence of layer thickness (and thus linear dependence of 
parabolic rate constant) on the SOu partial pressure holds 
over extended variations in partial pressure, corrosive at- 
tack in an air atmosphere over a 24h period is equivalent 

to exposure to an atmosphere containing a SO:~ partial 
pressure of approximately 2 • 10 -~ atm. 

The formation of a porous monoclinic reaction layer~ 
implies a process that does not simply involve the re- 
moval of yttrium from the stabilized zirconia ceramics 
since the density of the monoclinic product phase (5.56 
g/cm :~) (7) is slightly lower than the original tetragonal 
phase (-5.7 g/cm:~). Even though a net expansion is ex- 
pected when the density alone is considered, the signifi- 
cant leaching of yttrium from the ceramic (6-7 w/o) leads 
to a shrinkage of the ceramic within the reacted layer. 
Michalske (17) has observed that the transformation of 
tetragonal zirconia in molten silicates occurs by a 
dissolution-precipitation reaction. It was found that the 
tetragonal phase has a higher solubility in the molten salt 
and first dissolves before the monoclinic phase precipi- 
tates. Although no evidence for high solubilities of zirco- 
nia in the sulfates was found in this study, a similar pro- 
cess may be occurring in the molten sulfate-vanadate 
melts and represents a mechanism by which the highly 
porous reaction layer forms. 

Conclusions 
The sodium vanadate enhanced surface destabilization 

of yttria-stabilized zirconia occurs by a leaching of yt- 
tr ium from the ceramic. Analysis of the molten salts indi- 
cated that yt tr ium alone was being leached from the ce- 
ramic. The removal of yttrium from the ceramic surface 
results in a phase transformation from the tetragonal 
structure to monoclinic structure. The monoclinic surface 
layer is observed in micrographs as a highly porous 
region. 

The extent of transformation approximately increased 
with the square root of time and is believed to be con- 
trolled by a diffusion process. At long times, deviation 
from parabolic kinetics was observed and is believed due 
to the formation of an increasingly porous outer mono- 
clinic layer. The measured parabolic rate constant was 
linearly dependent  on the SO3 partial pressure of the at- 
mosphere in equilibrium with the molten salt melt. In ad- 
dition, the parabolic kinetics for the growth of a mono- 
clinic surface layer as found to be dependent on the 
sodium vanadate (NaVO3) concentration of the salts. 
Since no concentration gradient was observed and a 
strong reaction rate dependence on the melt thermochemistry 
was observed, it is believed that the diffusion process 
controlling the observed reaction rate was diffusion of 
$207 -2 (in pure sulfate melts) or both $207 -2 and V~O~ (in 
mixed metavanadate-sulfate salt melts) through the salt 
penetrating the porous monoclinic surface layer. 
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Cathodoluminescent Properties of Evaporated ZnS:Mn Films in the 
2-6 kV Acceleration Voltage Range 
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R. Wengert 
Siemens Aktiengesellschaft, Siemens Components Division, D-8000 Munich, Germany 

ABSTRACT 

Evaporated thi n films of ZnS:Mn as used for yellow light emitting e]ectroluminescent displays were analyzed with 
respect to their cathodoluminescent properties in the 2-6 kV acceleration voltage range. In these films, the light output 
normal to the film plane is 10-20 times lower than in yellow emitting powder phosphors. This result is explained in 
terms of light piping in the plane-parallel thin film structure as well as in a specific saturation process occurring at high 
excitation. Suitable measures to suppress the light piping could probably provide a technically useful high resolution 
CRT thin film faceplate. 

Evaporated thin films of manganese-doped ZnS consti- 
tute the light emitting layers in ac-addressed electro- 
luminescent  displays. Scientific and industrial interest in 
these matrix displays is growing. [For a comprehensive 
review, see, e.g., Ref. (1).] Whereas highest luminance has 
been achieved with displays of the refresh type (2), an in- 
herent memory and accordingly storage capability of the 
ZnS:Mn films fabricated under  special preparational 
conditions have been discovered (3, 4). It was demon- 
strated that such panels can be addressed by electron 
beams and thus constitute the faceplate of a new type of 
storage CRT's (5, 6). 

We were interested in finding out the suitability of 
evaporated thin ZnS:Mn films for high resolution, lower 
voltage CRT's without any additional storage features. 
Only little has been published on the cathodoluminescent 
properties of these films in the acceleration voltage range 
between 2 and 6 kV. This voltage range roughly corre- 
sponds to a complete penetration of the electrons through 
the films used. (Film thickness usually was less than 1 
/~m.) Some exploratory experiments on the cathodolumi- 
nescent properties of ZnS:Mn films evaporated on glass 
will be reported here. 

Sample Preparation and Characterization 
The samples available for the cathodoluminescent in- 

vestigations were prepared by electron-beam evaporation. 
Mn incorporation into the ZnS film was achieved either 
by evaporating a Mn-doped hot-pressed ZnS pellet or by 
using a double-source system with separated ZnS and Mn 
sources. Substrate heating was performed by two 1000W 
quartz radiators placed in front of the samples. 

Figure 1 illustrates the influence of the substrate tem- 
perature on the thickness of the film obtained at process 
times of equal length. One can extrapolate that in the 
evaporation chamber used no ZnS growth could be ob- 

rained at substrate temperatures above ~ 300°C. The tem- 
perature was measured by a specially attached and 
gauged bimetal which could rotate together with the 
sample during the deposition process. It is interesting to 
note that the initial growth rate at a given substrate tem- 
perature is not constant. The growth rate increases with 
increasing film thickness and attains a (temperature- 
dependent) constant value only at a film thickness t > 
200 nm. In other words, the growth rate in the very fine 
grained initial layer, which we have visualized by cross- 
sectional TEM analysis (7), is lower than in film regions, 

d [nm] 

8OO 

600 

400 

200 

0 o lbo 2bo aoo TroC:, 
Fig. 1. Dependence of ZnS:Mn film thickness on substrate tempera- 

ture T (at constant deposition duration, t = lOOOs, and at constant 
evaporation rate). 
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where we observed the development  of nicely shaped 
conical or columnar grains. 

In Ref. (7), the Mn depth distribution in the bulk of our 
thin film samples was shown to be depending on 
preparationa] conditions. Additionally, we examined the 
photoluminescence intensity distribution emerging from 
the surface of the sample in normal direction with high 
spatial resolution. The luminescence observed was ex- 
cited by the 488 nm line of an Ar laser and corresponds to 
the well-known 4T,-6A1 transition between the crystal 
field levels of the Mn '2~ ions, peaking at 585 nm at room 
temperature. The observed photoluminescence intensity 
normal to the surface was homogeneously distributed, in- 
dicating a correspondingly homogeneous distribution of 
Mn within the plane of the film. This result is important 
for the assessment of the cathodoluminescence intensity 
distribution. 

Cathodoluminescence Apparatus 
The specially prepared demountable cathodolumines- 

cence (CL) apparatus is shown in Fig. 2. The rotatable 
sample holder carries 14 samples (25 • 25 mm 2) and a cur- 
rent registration station which allows measurement  of the 
incident electron-beam current with neglectable losses. 
The inner wall surface area of this current registration 
box is 460 times larger than the slit aperture area and ex- 
hibits a structure which minimizes the escape probability 
of backscattered electrons of the incident beam to less 
than 1%. This is very important in the energy range be- 
tween 2 and 6 kV, where the coefficients for reflection 
and secondary emission of electrons are strongly depen- 
dent on material and voltage. The forward and backward 
CL light emission of the samples is caught by suitably 
arranged lightguides and registered by a calibrated 
photodiode. 

For the measurement  of fast dynamical effects we used 
a calibrated photomultiplier  whose circuitry had response 
times below 50 ns. The range of electron penetration d 
into any material is defined by its specific properties 
and the kinetic energy of the electrons. An empirical for- 
mula for ZnS is given in Ref. (8) 

dz,s = 2.83 x 10 -2 x U 2 [1] 

where d is in micrometers and U is in kilovolts. For the 
range of interest, this formula yields the following table 
for penetration depths dzns of the electrons 

U (kV) dz,s (~m) 

2 0.11 
3 0.26 
4 0.45 
5 0.71 
6 1.02 

Luminance vs. Accelerating Voltage, Current Density, 
and Average Power 

Figure 3 shows the cathodoluminescence intensity of 
ZnS:Mn films vs. the acceleration voltage of the elec- 
trons. The arrows indicate the voltage value which is 
sufficient for a complete penetration of the film accord- 
ing to the above formula (1). The cathodoluminescence 
intensity tends to saturate at voltages above this value. 
The saturation is a true bulk saturation and not due to 
charging effects. This is evidenced by sample 2, which 
has been prepared under  equal conditions but addition- 
ally covered with a 30 nm A1 film to ensure proper 
grounding of the film. The achievable saturation lumi- 
nance increases with increasing substrate temperature 
during deposition. In Ref. (9) we have established a corre- 
lation between substrate temperature, grain size, and nor- 
malized cathodo- and photoluminescence intensities. 

The current density dependence of the CL emission 
was measured in a pulsed mode with a 50 Hz repetition 
rate. We choose two different ways of excitation variation. 
Either the amount  of charge per pulse was increased at 
constant pulse duration (amplitude modulation) or the 
pulse duration was varied, keeping AQ/At constant (pulse 
length modulation). In Fig. 4, we plot the obtained lumi- 
nance values. With increasing current density the light 
emission tends to saturate, leading to a nonlinear depen- 
dence of light on current. This behavior has also been ob- 
served for the dissipative in-phase current flowing 
through the ZnS-layer during electroluminescent opera- 
tion (10). There have been published a lot of speculations 
in the literature to explain the nature of the observed lu- 
minance saturation with increasing current [see Ref. (11) 
and references therein]. The most probable reason seems 
to be the one suggested in Ref. (11). The author proposes 
that saturation arises from an interaction between excited 
Mn 2~ which occurs by energy transfer via unexcited Mn '2~ 
and results in nonradiative decay. Furthermore,  we can 
confirm the results of Mach and Mtiller (12), who find a 
dependence of decay t ime constant on the exciting beam 

r . . ~  J_.__~ Lightguide 1 

V A  V / ' ~  -Measuring head 1 

Sample ~ , ~  / -  Sample holdevz/~/////////////////r//~ 

Slit ~ightguide 2 

Electron beam ~ L---Cathodoglow light I 

Vacuum -- [ / 

. . . . . . . .  W//////A !f I~//////////////////////////~ 

Electron gun Deflection system 

Fig. 2. Measuring system for cathodoluminescent light in forward 
and backward direction. 

2 3 4 g U [kV]6" 
Fig. 3. Backward luminance B vs. accelerating voltage U for three 

different ZnS:Mn films. Curve 1 : 630 nm, 0.4 w/o Mn, substrate tem- 
perature Ts = 180~ Curve 2 : 7 0 0  am, 0.4 w/o Mn, Ts = 180~ 
(with additional 30 nm AI coverage). Curve 3 : 1 2 0  nm, 0.7 w/o Mn~ 
Ts = 180~ The arrows indicate the voltage value where according 
to Eq. [1] full penetration of the bulk of the film is expected. 
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Fig. 4. Luminescence vs. exciting charge. Curve a: Keeping the cur- 
rent amplitude during the pulse at a constant value ( t00 ~A) and 
varying the pulse duration At (50 Hz repetition rate). Curve b: Keep- 
ing the pulse duration constant (64 ~s) and varying the current ampli- 
tude i~ during the pulse (50 Hz repetition rate). The spot diameter on 
the sample is 2.6 mm. 

c u r r e n t  dens i ty ,  i .e.,  i f  we i nc r ea se  t he  c h a r g e  dens i t y  pe r  
pu l se  (60 /~s, 50 Hz r e p e t i t i o n  rate)  f rom 5 to 2 5 / ~ A / m m  2, 
t h e  d e c a y  t i m e  c o n s t a n t  r in  s a m p l e s  w i t h  0.4 w e i g h t  per-  
cen t  M n  s h r i n k s  a b o u t  30%. Th i s  p h e n o m e n o n  is ex-  
p l a i n e d  in  t e r m s  of  t he  a b o v e - m e n t i o n e d  n o n r a d i a t i v e  de-  
cay c h a n n e l  r*,r ([Mn'-'~] *) 

1 1 1 1 
- + + [ 2 ]  

r % %, [Mn 2§ r*,~ ([Mn~] *) 

w h e r e  r, is t h e  r ad ia t ive  l i fe t ime,  ~,, ([MnZ~]) t he  concen -  
t r a t i o n - d e p e n d e n t  n o n r a d i a t i v e  l i fe t ime,  a n d  r*,, ([Mn2+] *) 
t he  n o n r a d i a t i v e  l i f e t ime  d e p e n d i n g  on  t he  c o n c e n t r a t i o n  
of  exc i t ed  cen te r s .  

In  Fig. 5 ( lower  curve),  we  s h o w  h o w  l u m i n a n c e  sa tura-  
t ion  w i t h  c u r r e n t  d e n s i t y  af fec ts  t he  p e r f o r m a n c e  of  a n  
e l e c t r o n - b e a m  a d d r e s s e d  t h i n  f i lm facep la te  w h e n  dy- 
n a m i c a l  p i c t u r e s  s h o u l d  b e  d i sp layed .  T he  u p p e r  cu rve  in  
Fig. 5 r e p r e s e n t s  t he  b e h a v i o r  of  a n  o r d i n a r y  (Zn, Cd)S:Ag 
ye l low e m i t t i n g  CRT  p h o s p h o r .  A l t h o u g h  t he  eff ic iency 
for th i s  p h o s p h o r  also var ies  w i t h  e x c i t a t i o n  cond i t ion ,  
t he  ef fec t  of t h i s  va r i a t i on  is b y  far  no t  so s t rong  as in  the  
case  of  Z n S : M n  films. T h e  t h i n  f i lm ef f ic iency de-  
c reases  b y  r o u g h l y  one  o rde r  of  m a g n i t u d e  w h e n  t h e  av- 
e rage  p o w e r  p e r  spo t  (2.6 m m  diam)  is i n c r e a s e d  f rom 0.64 
to 60 mW. 

I f  we  c o m p a r e  t he  l igh t  e m i s s i o n  ef f ic iency of  t he  t h i n  
f i lms u n d e r  e q u a l  ave rage  p o w e r  exc i t a t ion ,  we  f ind t h a t  
h i g h e r  pu l se  d u r a t i o n  a lways  y ie lds  a re la t ive  d e c r e a s e  in  
ef f ic iency as one  e x p e c t s  f rom t he  s u b l i n e a r  b e h a v i o r  of  
t h e  p u l s e w i d t h  m o d u l a t i o n  vs .  b r i g h t n e s s  cu rve  in  Fig. 4. 
The  o b t a i n a b l e  eff ic iencies  of  the  t h i n  f i lm are  r o u g h l y  
t e n  t i m e s  l ower  t h a n  t he  c o r r e s p o n d i n g  va lues  of the  
p h o s p h o r  at  ave r a ge  p o w e r  P,~g < 3.5 roW. Th i s  ra t io  in- 
c reases  to a f ac to r  of  20 for 3.5 m W  < P,vg < 10 m W  a n d  
e v e n  to a fac to r  of  30 for  P,~g > 10 roW. Fo r  s t eady-s ta te  
e x c i t a t i o n  w i t h  P,~g = 60 mW, t h e  eff ic iency ra t io  be-  
t w e e n  p o w d e r s  a n d  t h i n  f i lm y ie lds  a fac to r  of  20. 

In  Ref. (12), a ve ry  use fu l  fac to r iza t ion  of  the  ef f ic iency 
~? of  t h i n  f i lm e l e c t r o l u m i n e s c e n t  dev ices  was  sugges ted .  

[aqu.] ' 
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1 2a 
0,1 i i 

0,64 3,3 

(Zn, Cd)S :Ag 

Uac c = 4 kV 
spot ~= 2,6mm 

ZnS:Mn 

2b 3a 3b 4a 4b 4c 
I I I I I I 

3,3 6,6 6,6 60 60 60 Pav[mW] 
Fig. 5. Relative efficiencies of typical ZnS:Mn thin films and (Zn, 

Cd)S:Ag powder phosphors vs. different excitation conditions. Point 1 : 
50/~A; 64 ~s; 50 Hz; Pav~ = 0.64 mW. Point 2a: 130/~A; 64 #s; 
100 Hz; Pavg = 3.328 mW. Point 2b: 130/~A; 128 ~s; 50 Hz; Pavg = 
3.328 mW. Point 3a: 130/~A; 125/~s; 100 Hz; P~g = 6.656 mW. 
Point 3b: 130/~A; 256/~s; 50 Hz; Pavg = 6.656 mW. Point 4a: 120 
~A; 2.5 ms; 50 Hz;Pavg = 60.0 mW. Point 4b: 120/~A; 5 ms; 25 Hz; 
Pavg = 60.0 mW. Point 4c: 15/~A-cw; P~vg = 60.0 mW. The spot di- 
ameter on the sample is 2.6 mm. 

= 1~exc 7~]um ~oPt [3] 

~e• = cen t e r s  exc i t ed  (em-3) /e lec t rons  t r a n s f e r r e d  (cm -2) 

[3a] 

~um = cen t e r s  d e c a y i n g  rad ia t ive ly  

(cm-3) /cen te rs  e x c i t e d  (cm -3) [3b] 

Vopt = p h o t o n s  e m i t t e d  t h r o u g h  t he  sur face  

( cm-2) /pho tons  g e n e r a t e d  (cm -3) [3c] 

~?opt c an  be  f u r t h e r  fac tor ized  in to  

~0pt  = ~ A ~ F r ~ C A L  [4] 

w h e r e  ~A a c c o u n t s  for a b s o r p t i o n  losses  (and  y ie lds  t he  
d i m e n s i o n  d i s t a n c e  -~ r e q u i r e d  f r o m  Eq.  [3c], w h i c h  in  
t e r m s  of d i m e n s i o n s  is c o u n t e r b a l a n c e d  b y  ~e•162 t he  exci-  
t a t i on  yie ld  p e r  u n i t  length) ,  ~lFr a c c o u n t s  for t he  F re sne l  
loss w h i c h  occu r s  w h e n  l igh t  pas ses  f r o m  a m e d i u m  
w h o s e  i n d e x  of  r e f r ac t i on  is n,  (ZnS)  to a m e d i u m  w h o s e  
i n d e x  of r e f r a c t i o n  is n2 (air). T h e  w e l l - k n o w n  f o r m u l a  for  
the  re f lec t ion  coeff ic ient  is 

R = [(n.~ - nl)/(n.~ + nl)] '~ [5] 

a n d  s ince  t h e  t r a n s m i s s i o n  coeff ic ient  T is 

T = 1 - R = 4n,2nl/(n,2"- + 2n.,nl + n~ 2) [5a] 

The  F r e s n e l  loss ef f ic iency fac to r  is t h e n  def ined  as 
T/nln.2 

~?~r = 4/(2 + n.Jnl + nl/n.2) [6] 

V~rzns = 4/(2 + 1/2.4 + 2.4) = 0.83 [6a] 

The  t h i r d  ( and  m o s t  i m p o r t a n t )  e f f ic iency  loss  is due  to  
to ta l  i n t e r n a l  re f lec t ion  (Snel l ' s  law). The  cr i t ical  ang l e  
loss fac to r  is d e t e r m i n e d  by  
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VCA,. = (n.Jn,)"- [7] 

~?CAL.Z,S = (1/2.4) ~ = 0.17 [8] 

Hence, even if we neglect (at low excitation densities) ab- 
sorption losses, the optical efficiency is 

V,,pt.z,s = 1 • 0.83 • 0.17 = 0.14 [9] 

This figure accounts for a major part of the inferiority in 
efficiency of the thin film compared to the (Zn, Cd)S:Ag 
powder (which has practically no light piping losses) at 
least in the low excitation density region. At higher exci- 
tation densities, the above-mentioned reabsorption pro- 
cesses leading to nonradiative decay take place, leading 
to even worse optical efficiencies. In order to compare 
the stability of powders and thin films under heavy exci- 
tation conditions, we have measured the relative decrease 
of light output within a few hours. With the same amount 
of high average excitation energy (P = 20 mW-mm-2) ap- 
plied to both types of luminophors, we observed a de- 
crease in efficiency of 60% for the powder and of only 
25% for the thin film within 4h. Driven with equally high 
average energy, the powders degrade by nearly a factor of 
two faster than the thin films. Since phosphors, however, 
are much more efficient than the thin films, they need 
only a fraction of the power necessary to obtain the same 
level of brightness and accordingly do not degrade sub- 
stantially in technical applications. 

Conclusion 
Mainly due to light trapping effects in the ZnS:Mn thin 

film layer, the cathodoluminescence efficiency of such 
films is lower than in a yellow light emitting (ZnCd)S:Ag 
powder phosphor by nearly a factor of ten at low excita- 
tion energies. At higher current densities, luminescence- 
current saturation effects as have been observed in elec- 
troluminescence as well further limit the cathodolumi- 
nescence efficiency of ZnS:Mn films. The main 

disadvantage of high light loss by waveguiding in the 
transparent ZnS layer can be minimized by proper sur- 
face treatment (roughening) and/or additional antireflec- 
tive layers. With an estimated increase of the optical 
efficiency by a factor of two or three, the material seems 
to be quite interesting for high resolution, low degrada- 
tion CL display applications. 

Manuscript submitted March 21, 1985; revised manu- 
script received June  4, 1985. 

Siemens Aktiengesellschaft assisted in meeting the pub- 
lication costs of this article. 
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Technical Notes 

A Novel Method for Growing Thin Gate Oxide 

D. N. Chen 1 and Y. C. Cheng 

Department of Electrical Engineering, University of Hong Kong, Hong Kong 

In the present trend of miniaturization, thin oxide has 
become the subject of intense investigation. Recently, we 
proposed a novel method (1) for routinely growing thin 
(< 200~) gate oxide with good stability and integrity. In 
this "partial-TCE" technique, a low temperature dry oxi- 
dation is followed by a high temperature dry oxidation 
with an appropriate amount of TCE. The former step 
is to provide a large portion of oxide with high dielectric 
strength, while the latter step gives a good Si/SiO2 inter- 
face with a passivation ability against sodium contamina- 
tion. 

While it has been reported that addition of water to the 
oxidizing environment  weakens the effect of the chlorine 
species (2), wet oxides have been shown (3) to possess 
higher dielectric strength. Taking these effects together, 
we are interested in examining the effectiveness of a wet 
partial-TCE process, aiming at obtaining thin oxides with 
higher dielectric strength. This paper summarizes an in- 

1Permanent address: South China Institute of Technology, 
Gaungzhou, China. 

vestigation of the properties of a wet oxygen partial TCE 
process consisting of two steps. The substrate is first oxi- 
dized in a wet 02 atmosphere at a lower oxidation temper- 
ature to form an initial oxide film, and subsequently the 
oxidation is continued in a dry oxygen atmosphere con- 
taining TCE at a higher temperature. The overall aim is to 
incorporate the advantage of wet oxidation into the dry 
02 TCE technique. This oxidation process is not compli- 
cated, but the advantages of both wet 02 and dry O~ TCE 
can be fully exploited. 

Experimental Procedure 
All substrates used in the present studies are n-type sili- 

con with a resistivity of 10 ~-cm, and (111) orientation. 
These wafers were cleaned by standard cleaning proce- 
dure and were then oxidized in a resistance-heated fur- 
nace at a temperature range of 850~176 for the initial 
oxidation period. For each oxidation temperature, wet ox- 
idation was carried out by bubbling oxygen through 
water maintained at three different temperatures. Initial 
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Fig.  1. Dependence of high field breakdown an capacitor area for 
various processes. 

o x i d e  f i lms  w e r e  g r o w n  at  900~ in  d r y  O,z p a r t i a l - T C E  
a n d  in  s t a n d a r d  d r y  o x y g e n  in  o r d e r  to c o m p a r e  w i t h  t h e  
w e t  O~ p a r t i a l - T C E  p r o c e s s .  E x c e p t  fo r  t h o s e  o x id i ze d  
w i t h  a s t a n d a r d  d r y  O~ p r o c e s s ,  all o t h e r  w a f e r s  w e r e  fol- 
l o w e d  b y  a T C E  o x i d a t i o n  at a h i g h e r  t e m p e r a t u r e .  An-  
n e a l i n g  w a s  p e r f o r m e d  in  N2 o r  A r  fo r  lh .  E s s e n t i a l  p ro -  
c e s s i n g  c o n d i t i o n s  a re  s u m m a r i z e d  in T a b l e  I. 

Results and Discussions 
Measured results on dielectric breakdown show that 

the distribution is generally in the high field region (e.g., 
8-I0 MV/cm), with only a small percentage in the low 
field region (e.g., 0.3-2 MV/cm). Figure 1 shows a plot of 
the percentage of high field breakdown (i.e., > 5 MV/cm) 
as a function of capacitor areas�9 The results in general 
agree with those of a previous report (i) in that the proba- 
bility of low field breakdown increases with larger capac- 
itor area. Relatively speaking, samples fabricated by the 
wet O2 partial-TCE method have the highest breakdown 
field compared to other processing techniques. At any 
oxidation temperature, the higher the water temperature, 
the stronger is the breakdown field, and the distinction 
between different water temperature diminishes as the 
oxidation temperature goes up. These observations 
confirm the notion that wet oxidation yields oxides with 
a greater portion of areas having higher dielectric 
strength, especially when the oxidation temperature is 
lower. These results are summarized in Fig. 2. 

However, the combined influence of the oxidation tem- 
perature and water temperature is not so straightforward. 
At any water temperature, the general trend is that the 
higher the oxidation temperature, the higher the dielec- 
tric breakdown, and this is true for the water temperature 
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Fig. 2. Influence of water temperature an the relation of hkjh field 
breakdown vs. oxidation temperature in the initial period. 
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Fig. 3. Dependence of high field breakdown on capacitor area for 
various oxidation temperatures in the initial period. 

at  50~ C o m p ] i c a t i o n ,  h o w e v e r ,  a r i s e s  w h e n  t h e  w a t e r  
t e m p e r a t u r e  is 70~ a n d  t h e  m a x i m u m  die lec t r ic  b r e a k -  
d o w n  field o c c u r s  at  a n  o x i d a t i o n  t e m p e r a t u r e  o f  950~ 
r a t h e r  t h a n  1000~ T h e s e  o b s e r v a t i o n s  s u g g e s t  t h a t  a n  
o p t i m a l  p r o c e s s  c o n d i t i o n  m a y  e x i s t  as  far  as  d ie lec t r i c  
b r e a k d o w n  field is c o n c e r n e d  (Fig. 3). A n  a na ly s i s  o f  t h e  
h i s t o g r a m s  o f  b r e a k d o w n  fields i n d i c a t e s  t h a t  w e t  o x i d e s  

Table I. Processing conditions 

Step Wet TCE Dry TCE Standard dry O2 

1 T = 850~176 T = 900~ T = 900~ 
T.2o (~ = 50; 70; 90 
O2 = 500 ml/min 02 = 1000 ml/min 02 = 1500 ml/min 
t = 4 m i n  t = 10min t =  10rain 

2 T = 1060~ T = 1060~ T = 1060~ 
02 = 500 mYmin 02 = 500 ml/min 02 = 1500 mYmin 
TCE/N2 = 80 mYmin TCE/N2 = 80 ml/min 
t = 11 min t = 11 rain t = 13 rnin 

3 Annealing in N~ or Ar = 1500 ml/min 

Table II. High field and low field breakdown characteristics (%)  

Ref. (1) Present work 
Area of capacitor = 0.204 m m  2 Area of capacitor = 0.25 rnm ~ 

Standard oxide Partial-TCE Dual TCE Standard oxide Partial-TCE Wet O~ TCE 
(352A) oxide (408/~) oxide (499/~) (423s oxide (409s oxide (398s 

> 8 MV-cm -* 71.6 90.7 90.3 75 88 98 
< 4 MV-cm -~ 14.7 1 0 11 3 0 
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grown at a furnace temperature of 950~ with a water 
temperature of 90~ possess the best field breakdown 
distribution (Fig. 4). 

These results may be explained in terms of a model 
based on the results of Gibson and Dong (4). They found 
the existence of micropores in dry oxides by high resolu- 
tion transmission electron microscope. The oxidant can 
diffuse to the interface through the micropores, with the 
explanation that the growth rate is linear for dry oxygen 
and the oxides give poor breakdown statistics. In the case 
of wet oxidation, it is postulated that the OH group will 
reduce the strain in the random network or the OH group 
will plug the micropores. Thus the potential fluctuation 
from the water-filled pores wilt be less than that of empty 
ones, resulting in a more uniform dielectric breakdown. 
This may probably explain the fact that there is less de- 
pendence of high field breakdown on capacitor area for 
wet oxides. However, some metallic ions will perhaps be 
attracted by the micropores, thus forming conducting 
channels which will cause low field breakdown. There- 
fore, the probability of low field breakdown will increase 
with the dryness of the oxidation environment.  

In general, our experimental  data show that raising the 
oxidation temperature at a fixed H20 partial pressure 

will improve the relation of high field breakdown vs. ca- 
pacitor area. This may be due to the fact that water mole- 
cules do not dissociate sufficiently at low oxidation tem- 
pera tu res  to give enough OH radicals to plug the 
micropores. 

In addition, we also measured the I-V characteristics of 
oxide films grown in wet 02 partial TCE atmosphere 
with water temperature at the range of 70~176 The field 
breakdown is nondestructive until the current is up to a 
few tens of microamperes, similar to that of dry O~ partial- 
TCE (1). However, an abrupt transition always occurs in 
oxide films grown in standard dry O2 process. 

To summarize our results of investigation, w e  compare 
the high field and low field breakdown values among 
various oxidation techniques. Table II shows that the 
present technique yields the highest percentage of high 
field breakdown (> 8 MV-cm -1) and the lowest percent- 
age of low field breakdown (< 4 MV-cm-')  when com- 
pared with other processes in the present work and with 
other techniques of the previous investigation. We have 
not examined in detail the effect of the present technique 
on ox ide  charges and defect densities. The former had 
been found to be comparable to that with other tech- 
niques, deducing from rough estimates of the flathand 
voltages. The latter quantity could possibly be lower, as 
suggested by the observation of a larger equilibrium cur- 
rent of breakdown than samples prepared by other tech- 
niques. 

Conclusion 
The wet O~ partial-TCE technique has been success- 

fully applied to grow thin oxide films with good integ- 
rity. Although the distribution of field breakdown of wet 
O~ partial-TCE is very similar to that of dry 02 partial- 
TCE for smaller capacitor area, the relation of field 
breakdown vs. capacitor area and the maximum break- 
down current are much better in the wet case than in the 
dry 02 case. The weakening effect of water vapor on TCE 
does not arise in the present oxidation technique, because 
both the wet oxidation and TCE oxidation are executed 
separately. Thus, the process conditions can be adjusted 
separately to an ideal value, if there is any, but they will 
not influence each other in an adverse manner. We be- 
lieve that the opt imum processing condition can be found 
if more experiments are performed. Though oxides 
grown by the present method appear promising, a more 
complete characterization is needed to perform on other 
oxide quality besides the dielectric breakdown in order to 
yield an overall picture of the quality of the thin oxides. 
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Nickel Plating on Porous Silicon 

R. Herino, 1 P. Jan, and G. Bomchil* 

Centre National d'Etude des T~l~communications, 38243 Meylan Cedex, France 

Porous silicon has been obtained by anodic oxidation 
of monocrystalline silicon in concentrated hydrofluoric 
acid solutions (1). Thick layers up to several microns can 
be obtained, with an average density ranging between 30 
and 75% of that of the starting material (2), with pore radii 
between 20 and 100~ according to operating conditions 
and substrate resistivity (3). Thermal oxidation of PS can 
lead to thick layers of silicon dioxide, in relatively short 
times, because of the easy access of gaseous oxygen 
through the pores (4). It is why PS has been proposed to 
realize localized dielectric insulation and silicon-on- 
insulator (SO I) structures in the integrated circuit tech- 
nology (5). In fact, another application of PS might be 
possible in the field of metallization, for contacts and in- 
terconnections. If a metal could be deposited in the po- 
rous volume, a very interesting structure would be ob- 
tained for the formation of metal silicides upon heating. 
Standard vacuum metallization techniques result in a 
quick pinching off  o f  the pores, leading only to a thin 
superficial layer of metals. In this work, we report pre- 
liminary results which show that electrodeposition is an 
appropriate method for metallization of the porous silicon 
volume. 

Electroplating on silicon has been studied very early in 
order to form electrodes. Various metals have been de- 
posited and several solution composit ions and solvents 
have been proposed (6). The main difficulty encountered 
with plating silicon is a rather poor adhesion of the depos- 
ited film when no special surface treatment (such as 
roughening of the surface by chemical etching) is per- 
formed before the electrolysis (7). In this preliminary 
work, we have been interested in the nickel deposition, 
which is said to present a rather good adhesion, and 
which is able to form silicides upon heating at relatively 
low temperatures. The electrolyte composit ion that we 
have used is slightly different f iom that described by 
Wurtz and Borneman (7): it was composed of 0.2M NiSO4, 
6H20 and 0.1M tetraethylammonium perchlorate as sup- 
porting electrolyte. The solvent was a mixture  of 85% eth- 
ylene glycol and 15% deionized water. Substrates were 
p-Si samples boron doped and (100) oriented with a 0.01 
~-cm resistivity. The cell was a standard electrolytic cell, 
with a platinum counterelectrode and a Ag-AgC1 refer- 
ence electrode; illumination of the semiconductor surface 
was performed with a 100W tungsten-halogen lamp, pro- 
viding intensities of the order of 10 mW/cm ~ at the silicon 
surface. Potentiostatic measurements  were performed 
with a PAR M173 potentiostat, driven by a PAR M175 
programmer. All plating experiments were conducted at 
room temperature. Porous samples were prepared in 
HF/EtOH electrolyte (25% HF and 50% EtOH), at a con- 
stant current density of 200 mA/cm ~, leading to a porous 
film of an average density of 45% of that of silicon, with 
pore radii of about 80A as determined by gas adsorption 
experiments (3). 

Nickel plating has been performed in the same experi- 
mental conditions which lead to bright and adherent 
films on nonporous si l icon surface. Deposition occurs for 
potentials more negative than -0.55V vs. Ag/Ag~; how- 
ever, for potentials more negative than -0.90V, hydrogen 
bubbles form at the semiconductor  surface. Plating on 
porous silicon was performed at constant current density, 
with values between 0.05 and 1 mA/cm ~, which corre- 
sponds to electrolysis potential greater than -0.90V. In 
thi~ current density range, a faradic efficiency of 70-85% 
is obtained. 

We have studied the Ni concentration profiles in the 
*Electrochemical Society Active Member. 
IUniversit~ Scientifique et M6dicale de Grenoble, Grenoble, 

France. 

porous layers by x-ray microanalysis, with a LINK analy- 
zer mounted on a JEOL electronic microscope. Primary 
electron energy was set to 22 keV, in order to get a good 
ionization of L~  nickel lines. The electronic spot is fixed 
at a given point of the cleaved porous layer: the x-ray 
spectrum obtained during this analysis leads by integra- 
t ion (and after an initial calibration) to the atomic ratio of 
silicon to nickel present at the point where the spot is 
fixed. Concentration profiles are obtained by analyzing 
several points at different depths in the porous layer. Fig- 
ure 1 shows the results obtained with a 10 ~zm thick po- 
rous layer. The cathodic current density used during met- 
allization was 100 ~AJcm ~, and the charges exchanged 
were 1.3 C/cm '~ for curve A and 6.7 C/cm 2 for curve B. It 
can be seen that nickel has been deposited in the whole 
thickness of the layers, and that the relative amount of 
nickel deposited decreases when depth increases. The 
comparison between curves A and B indicates that longer 
electrolysis t imes do not change significantly the nickel 
concentration at the bottom of the porous layer; on the 
contrary, it is observed that for longer metallization times 
the difference between both curves increases towards the 
surface, suggesting a progressive blockage of the access 
of nickel atoms to the pores from the bottom to the sur- 
face. Similar profiles are obtained at other plating cur- 
rent densities, with a slight increase in the nickel concen- 
tration gradient at the highest current density (1 mA]cm2). 

When profiles obtained with rather thin porous layers 
(of the order of 5000~) are investigated, x-ray microanaly- 
sis is no longer a suitable technique because of its rela- 
tively low spatial resolution. In this case, secondary ion 
mass spectroscopy (SIMS) can be used. However, only 
qualitative results will be presented, as the ratio of the in- 
tensity of the nickel signal over the intensity of the silicon 
signal, because the ionization rate of the element has not 
been determined. Profiles were not calibrated in depth, 
because we could not assume that the etching velocity 
was constant all along the thickness, so that only the 
depth measured with an alpha-stepper is given. A typical 
result is shown in Fig. 2, obtained for a 4600~ thick po- 
rous layer metallized with a plating current density of 100 
tzA/cm 2. It appears that for the small thicknesses the con- 

20 

_o 

o 

0.25 0.50 0.75 1 

NORMALISED DEPTH x/d 
Fig. 1. Nickel concentration profile of ~etollized thick porous lay- 

ers (10/s.m) determined by x-ray microanalysis. Plating current: 100 
/~A/cm ~. Exchanged charge: 1.3 C/cm ~ (curve A) and 6.7 C/cm z (curve 
B). 
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Fig. 2. Nickel concentration profile of a metallized thin porous 
layer (4800~) determined by SIMS analysis. 

centration profile is quite flat on mainly all the porous 
layer. The same result is obtained for other current densi- 
ties up to 1 mA/cm'-'. A rather good metallization of the po- 
rous volume is thus obtained in these conditions. 

The formation of nickel silicide has been studied by an- 
nealing thin layers plated in the above conditions. X-ray 
diffraction of the as-plated samples (before annealing) 
shows the presence of a nickel layer, and from the broad- 
ening of diffraction peaks, a rather small particle size can 
be calculated (in the order of 50-70~); otherwise, porous 
silicon presents a monocrystalline structure (8). When 
samples are annealed at different temperatures in the 
range from 400 ~ to 800~ for lh  in dry nitrogen, nickel sili- 
cides are formed. We have observed a mixture of several 
silicide phases: NiSi2, NiSi, and Ni~Si3. In addition to sili- 
cide formation, large stresses have developed, especially 
at the highest temperature; the diffraction pattern of 
monocrystalline porous silicon has disappeared, leaving 
place in the x-ray diagram to Bragg peaks corresponding 
to polycrysta]line silicon. 

In conclusion, this preliminary work demonstrates that 
metallization of the inner structure of porous silicon can 
be achieved by an electrochemical deposition method. 

The metal concentration is found uniform in depth for 
thin porous layers (5000~ thick), which may present a 
technological interest, but a large concentration gradient 
is obtained for thick porous layers (10 t~m thick). A de- 
tailed study of the concentration profiles as a function of 
the cathodic current density and of the layer thickness, 
with porous structures presenting different pore sizes, is 
now necessary for getting a better understanding of the 
deposition mechanism in porous silicon. This would al- 
low a comparison between the results on metal deposi- 
tion on porous silicon and those obtained on micropro- 
files of different types, which have been studied in detail 
using theoretical and experimental  approaches (9). Such a 
study, interesting from a fundamental  point of view, 
might be of technological interest, as metallized porous 
layers seem to be promising structures for obtaining lo- 
calized metal silicides. 
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Interface Traps Caused by Ge Pre-Amorphization 
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Modern CMOS VLSI technologies require shallow 
source-drain junctions for both p-channel and n-channel 
devices. Junct ion depths between 0.1 and 0.25 ~m will be 
necessary in order to minimize both source-drain leakage 
currents and threshold voltage reduction due to short 
channel effects. This is particularly difficult for 
p-channel transistors because of the channeling and the 
high diffusivity of boron in silicon. However, these effects 
can be minimized by applying both preamorphization 
techniques and rapid thermal annealing (RTA) (1-3). More 
recently, silicon preamorphization using germanium im- 
plantation was shown to be a suitable choice for Si 
preamorphization, since it has a high solid solubility in Si 
and because it does not appear to alter the electrical prop- 
erties of Si significantly (3). In order to be compatible 
with self-aligned polysilicon gate technology, the damage 
caused by high energy implantation must be prevented 

*Electrochemical Society Active Member. 
**Electrochemical Society Student Member. 

from degrading the silicon-silicon dioxide interface. 
MOSFET characteristics can be degraded if the damage is 
not removed by annealing. In our recent work, the inter- 
face traps caused by the Ge preamorphization were ob- 
served even with very low implant energy. A comparison 
between different isotopes of germanium showed that the 
effect was due to hydrogen, not germanium. The purpose 
of this communicat ion is to document  the effect and to 
alert other workers to the adverse impact  of GeH implan- 
tation. 

Experimental 
Starting with <100> p-type Si wafers, a 38 nm gate ox- 

ide was thermally grown. A 0.25 ~m polysilicon layer was 
then deposited. After POCl~ doping, a 0.15 ~m CVD oxide 
was deposited to increase the height of the gate barrier up 
to 0.4 t~m. Then, Ge was implanted at several energies 
with a dose of 2E15 cm -2. Two isotopes of Ge [Ge(70) and 
Ge(74)] were used using GeH4 as the source. The CVD ox- 
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Fig. 1. The C-V characteristics of capacitor with Ge(74) implanta- 
tion (energy = 75 keV, dose = 2 • 1015). a: After RTA 1000~ 10s. 
b: After RTA 1100~ 10s. 

ide layer on the top of poly was etched off and standard 
MOS capacitors were generated by plasma etching the 
polysilicon. Rapid thermal annealing was then performed 
at 1000 ~ and ll00~ respectively, for 10s. The C-V charac- 
teristics of the capacitors were obtained and the results 
were compared. 

Results and Discussions 
Figure la  shows the C-V characteristics of the MOS ca- 

pacitors with Ge(74) implantation at 75 keV, after RTA 
1000~ for 10s. There is a hysteresis in the C-V character- 
istics between forward and retrace curves. The minority 
carrier lifetime of the devices is so low that the device 
cannot be driven into the deep depletion. Similar results 
had been obtained on the samples with Ge(74) implanta- 

Table I. The /SS  projected range of Ge in Si (4) 

Energy (keV) Rp(~m) AR,(~m) 

300 0.17 0.055 
150 0.087 0.030 
75 0.047 0.017 

Table II. The major isotopes of Ge (5) 

Isotope Percentage 

Ge(70) 20.55 
Ge(72) 27.37 
Ge(73) 7.67 
Ge(74) 36.74 
Ge(76) 7.67 
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Fig. 2. The C-V characteristics of capacitor with Ge(70) implanta- 
tion (energy = 15(1 keV, dose = 2 x 10"~), after RTA 1000~ los.  

tion at the energies of 150 and 300 keV. These results indi- 
cate that the interface damage exists even with very low 
implant energy (75 keV). Such damage c a n b e  removed 
only by RTA at 1100~ for 10s (Fig. lb) and was not ob- 
served on the control wafer without implantation. The 
LSS projected range and standard deviation for Ge in Si 
are listed in Table I. The estimated depths of amorphous 
layer are 0.39, 0.21, and 0.11 t~m for the energies of 300, 
150, and 75 keV, respectively. TEM cross-sectional analy- 
sis for Ge implantation at 300 keV showed the amorphous 
layer to be about 0.4 t~m (3). Thus Ge penetration through 
the thick polygate stack (0.15 t~m CVD oxide/0.25 tLm 
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Fig. 3. The C-V characteristics of capacitor with H2 ~ implantation 
(energy = 100 keY, dose = 1 x 1015). o: After RTA 1000~ 10s. b: 
After RTA 1100~ 10s. 
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polysilicon]oxide) was considered unlikely at 75 and 150 
keV. Nevertheless, the defects were clearly caused by the 
implantation process. 

Since Ge has several isotopes (Table II), the Ge(74) is 
usually selected because of the highest percentage. Un- 
fortunately, implantation with 74 amu might include 
Ge(73)H and Ge(72)H~ in addition to Ge(74). In an ion 
implanter with a preanalysis system, the mass analysis 
takes place at low extraction voltage, and the beam then 
passes through an acceleration stage to reach its final en- 
ergy. Postanalysis dissociation of GeH(74) could occur be- 
fore high energy acceleration, giving the hydrogen atoms 
enough energy to penetrate the polygate and gate oxide. 
Indeed, the hysteresis and low lifetime phenomena due to 
the interface defects are not seen in 150 keV Ge(70)- 
implanted samples after RTA at 1000~ for 10s (see Fig. 2). 
As a further verification that defects are due to hydrogen 
penetration, samples with only H~ implantation were fab- 
ricated in the same manner. C-V hysteresis and low mi- 
nority carrier lifetime were seen in the C-V curve (see Fig. 
3) of 100 keV H2-implanted wafers; furthermore, the C-V 
curves exhibited considerable variability from die to die. 
Based on these experiments, we conclude that anoma- 
lously high energy H implantation can occur during 
Ge(74) implantation. We are unable to determine whether 
this results from preacceleration dissociation, from 
charge exchange with residual H2, or during dissociation 
of GeH at the wafer. 

At 300 keV, the defects were observed in both Ge(70)- 
and Ge(74)-implanted wafers. It showed that the Ge 

penetrated the 0.4 t~m gate barrier and caused damage at 
the oxide-silicon interface, confirming the previous work 
of XTEM analysis by Sadana et al. (3). 
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Evidence for a Bipolar Mechanism of Passivity in Mo Bearing 
Stainless Steels 

Y. C. Lu ~ and C. R. Clayton* 

Department of Materials Science and Engineering, The State University of New York, Stony Brook, New York 11794 

Variable angle XPS studies of the pas- 
sive films formed on the alloys Fe-19Cr-9Ni 
and Fe-19Cr-9Ni-2.5Mo in deaerated 0.1M HCI is 
presented. Passivation in each case was car- 
ried out for 1 hour at -180mV (Vs. SCE) fol- 
lowing cathodic removal of the air formed 
film bypolarization at -600 mV for 15 min- 
utes. In figure 1 we compare the Cr 2p3/2 
spectra for each alloy, at 20~ sample 
surface) to enhance the outer regions of the 
film and 50 ~ to enhance spectra of the Cr spe- 
cies at the metal-film interface. The complex 
spectra contains two major peaks with posi- 
tions corresponding to Cr203 and CrOOH or 
Cr(OH)ot Two minor peaks corresponding to 
Cr03 a~d Cr042-are also found. For each alloy 
the Cr203 phase appears to be situated at the 
metal-film interface. Independent studies to 
be fully presented later, indicate that Cr03 
is incorporated in Cr20_ and that Cr02" is 
Incorporated In the Cr(~H)3 or CrOOH phase. 
The outer layers of the anodic film in each 
case contain iron hydroxy-oxides. In partic- 
ular we note that the Mo bearing alloy pro- 
duced well defined spectra of Fe 2+, MoO 2 and 
Mo0~-. The Mo3d spectra are presented in fig- 
ure 2. It is possible that FeMo04 is forme--d- 
~n the outer layer. The addition of Mo to the 
alloy also results in the development of the 
Cr203 phase and a marked reduction in the 
Cr(OH)3 or CrOOH phase. 

The nature of the passive film formed in 
0.LM HCI appears to follow the behavior ex- 
pected of a bipolar duplex membrane as de- 
scribed by Sakashita and Sato (i). In figure 

is a schematic representation of the lp~r 
behavior of the nassive films formed on stain- 
less steel. This model provoses that Cr042- 
and the more abundant ~0~-" anions may con- 
vert the otherwise anion selective hydrated 
oxides to cation selective phases. While de- 
protonation is enhanced by the field assisted 
egress of protons through the cation selective 
layer, 02- anions resulting from the disso- 
ciation of OH- groups, are able to diffuse 
through the anion selective phase towards the 
metal-film interface and to react with Cr to 

form Cr203. Due to the fact that Cr203and 
Cr0~ have very similar standard free enthal- 
pies it is not surprising that, as postulated 
by Revesz and Kruger (2) some Cr03 is formed 
in the Cr20 ~ phase. The deprotonation reac- 
tion may taT;e the following course : Cr (OH) 3 
+CrOOH + 02-+2H+, as evidenced by RHEED stu- 
dies reported elsewhere (3). The resulting 
Cr 0. layer will act as a non-selective ionic 2 
barmer for both anion and cation diffusion. 

The presence of Cr02- and Mo02- is not 
. 4 4 . 

expected since both ions are unstable m low 
pH media. However, it would appear that they 
are formed in the solid-state by reaction of 
lower valentmetallic ions with lattice water 
trapped in the gel-like disordered state at 
the onset of passivity. The solid-state en- 
vironment in which the lower valent cations 
are initially accomodated is, therefore, anal- 
ogous to a neutral to high pH solution where 
both Cr0~- and Mo0~- are stable. We propose 
that there is a co,non link between the effect 
of solution born inhibitors of the type Me0~ n- 
and Me0~ - anions incorporated in anodic films 
at low concentrations. It has been shown 
from quantum mechanical studies by Rosenfeld 
that anions of the form Me04n-appear to be 
electron acceptors with the partial electron- 
ic charge residing on the oxygen ligands sur- 
rounding the central atom (4). Such systems 
would therefore provide strong negative fixed 
charges capable of rectifying ionic current. 

A fuller discussion of the proposed mech- 
anism of passivity of stainless steel will 
shortly be submitted to this journal. 
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Sulfur Dioxide Gas Detection with Na2SO4-Y2(S04)3-Si02 Solid 
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N. Imanaka, Y. Yamaguchi, G. Adachi, and J. Shiokawa 

Department of Applied Chemistry, Faculty of Engineering, Osaka University, Yamadaoka 2-1, Suita, Osaka 565, Japan 

In recent years, sulfur dioxide exhausted in- 
to the surroundings has been seriously deterio- 
rating the environments. The suppression of the 
exhausted SOp gas amount is an urgent necessity. 

Lately, alkali-metal sulfates (1-8), have 
been examined to utilize as solid electrolytes 
for a sulfur dioxide gas detector. However, 
alkali-metal sulfates are not suitable materi- 
als because of the phase transformation(9-11) 
and their low electrical conductivitieso In 
electromotive force(EMF) measurements, two main 
techniques have been investigated. One is an 
SO 2 gas concentration cell method(l-4,12) using 
an SO 2 standard gas electrode~ The other is to 
apply-the metal sulfate-metal oxide(5,6) or the 
silver-silver sulfate mixture (7,8) electrode 
as reference electrode instead of the standard 
reference gas. The former method is a general 
technique to examine whether the sample is ap- 
propriate for the solid electrolyte or not~ 
However, the size of the SOo gas detector of 
this type becomes larger an~ complicated. In 
the case of the sulfate-oxide(5,6) electrode, 
it is necessary to maintain the solid electrode 
separated from the electrolyte completely be- 
cause the electrode may react with the sulfate 
electrolyte to give a false EMFo The tempera- 
ture in practical use should be restricted be- 
tween 783 K and 833 K with a silver-silver 
sulfate reference electrode method(7,8)o 

In our previous investigation(12), rare 
earth sulfates(Ln=Y and Gd) and silicon dioxide 
have been mixed so as to enhance the electrical 
conductivity and to prevent the electrolyte 
from becoming ductile, respectively. In addi- 
tion, the suppression of the phase transforma- 
tion has been attempted by the mixing both 
Ln2(SOL)~(Ln=Y and Gd) and SiO~. In this study, 
a metal ~ulfate-metal oxide(M=Mg, Mn, and Ni) 
solid electrode has been applied as the refer- 
ence electrode and directly fixed to the Na2SO 4- 
Y2(SOA)q-Si02 solid electrolyte. 

The EMF m~asurement by the sulfate-oxide 
solid reference electrode method was conducted 
with the Na~SO,-Y~(SO,)~-SiO~ solid electro- 
lyte. The apparatus ms illustrated in Fig. i. 
The platinum net reference electrode was tight- 
ly fixed between the electrolyte and the solid 
reference electrode. The sample was covered 

with the bonding agent(SUMICERAM from Sumitomo 
Chemical Industries Ltdo)o A ringed glass 
packing was adopted so as to separate the test 
gas from the reference electrode compartment~ 
The test SO^ and air gas mixture was regulated 
with the StZandard Gas Generator(SGGU-711SD) 
from Standard Technology Co.o The air gas was 
introduced into the reference electrode com- 
partment in order to maintain t~e constant 
oxygen partial pressure(2ol3Xl0 Pa)o Plati~um 
was sputterred on both center surfaces(~Xl0- m 
in diameter) of the electrolyte(lo3Xl0 -~ m in 
diameter) by Shimadzu's Ion Coater IC-50o The 
Pt film thickness was approximately i0 nmo By 
this sputtering, good contact between the elec- 
trolyte and the Pt electrode was obtained. 
Furthermore, the formation and the decomposi- 
tion of sodium sulfate might be considered to 
be made smoother~ The preparation of the 
Na2SO4-Yg(SOA)^-SiO~ solid electrolyte is dis- 

- 7 j L 
cussed in our previous paper(12)(The reactlon 
between NapSO&, Y9(SO4)R, and SiO~ has been com- 
pleted by s167 preparation). TheZEMF measure- 
ments were conducted twice with each solid ref- 
erence electrode and almost the same results 
were obtained~ The EMF results with the MgSO h- 
MgO solid reference electrode at 973 K are shdwn 
in Fig. 2o The values obtained were approxi- 
mately 280 mV higher than the calculated EMF(6)o 
The MgSO4-MgO reference electrode seemed to re- 
act with the NapSO4-Y2(S04)~-SiO 2 solid electro- 
lyte during meaw -This cKemical reac- 
tion might be considerably enhanced the EMF 
value. The variation of the EMF with the MnSO,- 
Mn~O^ solid reference electrode at 973 K is al~o 

ZJ 
presented in Fig~ 2~ In all measurements, the 
measured EMFwas about 80 mV larger than the 
calculated value~ The MnSO4-Mn20~ electrode, 
however, did not react with the e~ectrolyteo 
The difference between the measured and the cal- 
culated EMF can be mainly ascribed to the fact 
that manganese oxides of different oxidation 
states may have been produced~ The results of 
the EMF measurements with the NiSO,-NiO solid 
reference electrode at 973 K are s~own in Fig~ 
3 together with the results of Na2SO 4 as a com- 
parison~ The EMF characteristics for Na2SO 4 
decreased significantly in the inlet SO 9 gas 
concentration less than 0~1%(l~ =-3~ 

2519 



2520 J. Electrochem. Soc.: A C C E L E R A T E D  B R I E F  C O M M U N I C A T I O N  October 1985 

because of the gas permeation through cracks 
occurred in the electrolyte~ In the case of the 
Na?SOA-Yp(SO4)q-SiO 9 electrolyte, the measured 
EMF was in gdo8 accbrdance with the calculated 
EMF(6), in the inlet SOp gas concentration from 
30 ppm(log(P~o )in=-4.52) to i %(log(P~o )~n = 
-2~176 No c~e~ical reaction between tNe2e!ec- 
trolyte and the NiSO4-NiO reference electrode 
was observed~ The EMF characteristics for the 
Na2SOA-Y?(SOA)~-SiO 9 were appreciably improved 
bo~h ~he-mixln~ of Y?(S04) 3 and SiO 2 simultane- 
ously into sodium sulfate and by the Pt sputter- 
ingo In addition, the NapSO4-Y~(SO4)q-SiO 2 
solid electrolyte can be ~ixed 8irectly to the 
solid reference electrode~ 

The NiSO4-NiO solid reference electrode tech- 
nique has a-potential in practical utilization 
for a sulfur dioxide gas detector~ 
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Recharge Kinetics of the Porous Lead Dioxide Electrode 

I. The Effect of Structural Changes 

Per Ekdunge and Daniel Simonsson 
Department of Chemical Technology, The Royal Institute of Technology, S-I O0 44 Stockholm, Sweden 

ABSTRACT 

The changes in structure and kinetics during charge of the porous PbO2 electrode have been studied by means of 
electrochemical and structure characterizing methods. It was found that the potentiostatic charge current after an initial 
period of growth, due to nucleation and growth of PbO2~ is proportional to the decreasing amount of remaining lead sul- 
fate. The polarization curves have a Tafel slope of about 60 mV/decade at overvoltages lower than 0.1V and about 180 
mV/decade at higher overvoltages. The form of these curves can be explained by a mechanism with two consecutive 
single-electron transfer reactions. The results from these specific studies of the positive electrode and charge experi- 
ments with complete  lead-acid cells show that the fastest way to charge lead-acid batteries is to charge at a cor~stant cell 
voltage of a value just  below that which leads to unacceptable gassing rates. 

In spite of its great age, the cheap and reliable lead-acid 
battery is still the single most used battery in the world. 
Consequently, it has been and still is the target of inten- 
sive research. The research area has been reviewed by 
Burbank et al. in 1971 (1) and by Rtietschi in 1977 (2). 
Vinal's classic textbook (3) on the subject from a techno- 
logical point of view has been succeeded by Bodes  
"Lead-Acid Batteries," published in 1977 (4). In compari- 
son to the discharge process, less scientific interest has 
been paid to the charge process. This topic has more of- 
ten been approached with the technological aim of 
finding the optimal method of  charging or procedures for 
very rapid charging. One of the results of  these studies of  
black-box character is the classical rule of  thumb which 
goes by the name of the ampere-hour law and states that a 
battery can accept as much current  (in amperes) as it 
needs in capacity (in ampere-hours) until it reaches full 
charge. 

On the other hand, fundamental  studies have been 
made of specific phenomena in the electrodes of the 
lead-acid battery. Studies have thus been reported on the 
electrocrystallizafion of lead dioxide from lead sulfate 
formed on smooth electrodes of  electrodeposited lead di- 
oxide or lead (5-8). 

A lot of research has also been devoted to the electrode 
kinetics of  the lead dioxide electrode (e.g., 9-13), but  it has 
been mainly with simplified systems with a plane elec- 
trode and where the sulfuric acid has been substituted 
with an electrolyte which does not give a solid product 
such as lead sulfate. A real battery electrode deviates sig- 
nificantly from the majority of systems used in these 
studies. A main difference is its porous structure, which 
introduces the additional complexit ies of current distri- 
bution and concentration gradients in the pores. The po- 
rous structure is in itself of decisive importance for the 
electrode kinetics. Specif ic  surface area and pore size 
distribution are important structural parameters. These 
parameters are not constant in the porous lead dioxide 
electrode because of the structural transformations that 
occur between the two solid phases: lead dioxide and 
lead sulfate. These structural changes have been studied 
in optical and scanning electron microscopes (14-19) and 
with structure characterizing methods (19-20). 

The overall kinetic behavior of the porous le~d dioxide 
electrode as a result  of the mutual  dependences of intrin- 

sic kinetics, structural changes, current distribution, and 
concentration changes is still waiting to be explored, es- 
pecially with regard to the anodic process. The aim of the 
present work was to determine the relative importance of 
various structural and kinetic parameters for the rate at 
which lead-acid batteries can be charged. This is a ques- 
tion of high practical importance, not least in the applica- 
tion as a power source in electric vehicles. The interest 
was focused on the positive electrode since in most sys- 
tems this is generally the limiting one, both at discharge 
and charge. 

Experimental 
The investigations were performed with commerical  

battery electrodes from Noack, Sweden,  with a thickness 
of  2.0 mm. The lead grid was alloyed with 2A-2.6% anti- 
mony and lesser amounts  of  arsenic (0.09-0.11%), tin 
(0.03-0.04%), and selenium (0.02%). Electrodes for the in- 
vestigations were cut into the size 60 x 60 mm ~-. The 
working electrode was placed centrally in a Plexiglas cell. 
Two lead electrodes were used as counterelectrodes. The 
electrolyte was 5.0M H~SO4 in large excess. The electrode 
potential was measured relative to a Hg/Hg~SO4 reference 
electrode. The potentiostatic experiments  were per- 
formed with a Wenking 68TS10 potentiostat. In order tc 
obtain a uniform lead sulfate distribution in the elec- 
trodes, they were discharged with a low current density 
( -20 A/m ~) in the standard case. The discharge was inter- 
rupted at a potential of  0.9V. The electrode was at rest for 
2h before the charge. 

For comparisons, recharge experiments  were also per- 
formed with complete  lead-acid cells with electrodes of 
the full size. Six cells were assembled; each with three 
positive and four negative plates. In five of these cells, 
the distance between the electrodes was 5 mm and was 
controlled by vertical separator tubes of  the type used for 
tubular electrodes. In one cell, the electrodes were closely 
packed with ordinary separators between them. The cells 
were made of Plexiglas. They were closed and gastight; 
evolved gases were allowed to escape from the cell 
through an outlet connected to an oxygen sensor (Servo- 
mex OA250). The gas evolution rate was measured volu- 
metrically with a graduated tube. The temperature was 
measured with a thermometer  inserted through the lid via 
a sealing rubber stopper. A thermostat  bath was used to 
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control the temperature in runs at nonambient  tempera- 
ture. 

In all experiments,  the charges were recorded by elec- 
tronic coulometers simulataneously with the overvoltage 
or current. 

The structural changes were followed by visual obser- 
vations with SEM (Jeol JSM2) and by measuring the 
changes in specific surface area according to the BET 
method (Micromeritics Accusorb 2100 E) and pore size 
distribution by means of mercury porosimetry (Aminco 
5-7118). Samples taken for these observations were 
washed according to a special procedure in order to avoid 
large concentration gradients which can cause redistribu- 
tion of the lead sulfate in a bipolar process driven by the 
concentration elements thus created. The samples were 
placed in a beaker filled with a stirred 5M H~SO4 solution. 
This solution was then progressively diluted with dis- 
tilled water, which was added continuously with a rate 
adjusted so that all the sulfuric acid had been washed out 
overnight. In this way, the concentration gradients within 
the porous electrode were limited to small values. 

The changes in effective conduct iv i ty  of the pore elec- 
trolyte were determined from the ohmic voltage drop re- 
quired to pass a given current through the unloaded elec- 
trode. An x-ray diffraction analysis showed that the active 
mass of the fully charged positive electrode consisted al- 
most entirely of fl*PbO~. 

Results 

G a l v a n o s t a t i c  a n d  p o t e n t i o s t a t i c  c h a r g e s . - - C h a r g i n g  
with a constant current gave the overvoltage-time curves 
shown in Fig. 1 and 2. In these curves the Ri-free over- 
voltage has been plotted against a nominal state of charge 
defined as 

q = qd + i d t  [1] 

where qd is the charge output in the previous discharge. 
The general form of these curves can be interpreted by 
formally distinguishing four different regions. When the 
constant current is applied to the fully discharged elec- 
trode, the potential immediately rises to a peak value. The 
overvoltage then rapidly decreases to a flat minimum at 
about 10-20% charge. In a third region, the overvoltage in- 
creases monotonically until it finally reaches the plateau 
corresponding to the oxygen evolution reaction on the 
fully charged electrode. 

The potential peak decreases with the decreasing dis- 
charge capacity at increasing discharge current. The min- 
imum, on the other hand, first decreases with increasing 
discharge current density and then increases at very large 
discharge currents. 

Figure 2 shows that the charge curve is flatter at lower 
current densities. The recharge of a partially discharged 
electrode requires a lower overvoltage than a fully dis- 
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Fig. 1. Overvoltoge-time curves at galvanostotic charge with 200  
A/rn 2 of on electrode discharged with - 3 0  (curve 1), - 1 0 0  (curve 2), 
- 2 0 0  (curve 3), - 5 0 0  (curve 4), - 1 0 0 0  A/m ~ (curve 5). 
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Fig. 2. Overvoltage-time curves at galvanostatic charge of fully dis- 
charged (curve 1) and partially discharged (curve 3) PbO2 electrodes. 
Current density = 200  A/m 2. Curve 2: charge with 20 A/m ~ to 80%,  
followed by charge with 200 A/rn '2. 

charged electrode which has been recharged to the same 
state of charge. It can also be noted that the inflection 
point of curve 3 in Fig. 2 is at an overvoltage of approxi- 
mately the same value as the min imum in the recharge 
curve (curve 1) of the fully discharged electrode. 

The potentiostatic charge curves (Fig. 3) can be inter- 
preted in the corresponding way. The falling potential 
after the initial peak value at the galvanostatic charge has 
its correspondence in a rising current at potentiostatic 
charge. After a maximum (corresponding to the mini- 
mum in the galvanostatic charge curve), the current de- 
cays almost linearly with the state of charge. Since the 
current efficiency is somewhat less than 100%, especially 
at higher overvoltage, the nominal state of charge (q) is 
somewhat higher than the true state of charge. The 
curves therefore do not level off at the oxygen evolution 
current until q assumes positive values. Figure 4 shows 
that the current density at potentiostatic charge is not a 
state function with respect to the PbSOJPbO~ composi- 
tion. The maximum current was roughly the same (within 
20%) irrespective of whether the electrode had been dis- 
charged to I00, 70, or only 20% (curves I-3 in Fig. 4). When 
the electrode had been discharged with a high current 
density (-I000 A/m2), the potentiostatic charge current 
was somewhat higher. 

The rising transients in Fig. 3 and 4 and the falling over- 
voltage in Fig. 1 and 2 can be ascribed to nucleation and 
growth of lead dioxide. This process governs the kinetics 
only up to 10-20% charge. The amount of charge con- 
sumed in this region is independent of the current or the 
potential. An initial galvanostatic charge with low current 
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Fig. 3. Potentiostatic charge of o PbO2 electrode at different over- 
voltages: 100 (curve 1), 200  (carve 2), 266  mY (curve 3). 
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Fig. 4. Potentiostatic charge of an electrode discharged under dif- 
ferent conditions. Curves 1-3: discharged with - 2 0  A/m ~ to 100 
(curve 1), 70 (curve 2), and 2 0 %  (curve 3). Curves 4, 5: discharged 
with - 1 0 0 0  A/m ~ to 100 (curve 4), and 4 0 %  (curve 5). Curve 6: dis- 
charged with - 2 0  A/m 2 to 100% and recharged galvonostatically 
with 20 A/m ~ to 10%. 

density (20 A/m ~) to 10% followed by a potentiostatic 
charge resulted in a monotonically decreasing current co- 
inciding with the decreasing current of the complete po- 
tentiostatic charge curve (Fig. 4). The initial deviation be- 
tween the two curves can probably be explained by the 
differences in electrolyte concentration profiles. The ris- 
ing transients were also observed at the potentiostatic 
charge of onlY partially discharged electrodes, although 
its relative importance decreases with decreasing 
discharge. 

The dependence of overvoltage on current density at 
different states of charge is shown in Fig. 5. These curves 
were obtained by applying different constant currents of 
short duration at three different states of charge 
(20,50, andS0%), while the electrode was otherwise 
charged with a low constant current density in order to 
avoid nonuniform current distribution and the establish- 
ment of concentration gradients. The overvoltage was 
corrected for the contribution from the increasing acid 
concentration gradient by extrapolation back to time 
zero. The anticipated linear decrease in current density 
with the increasing state of charge indicated by the poten- 
tiostatic oxidations was tested by a rate equation of the 
form 

[ anF ) 
i = S~j,,L (qlqd) exp ~ - -~- -~  [2] 
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Fig. 5. Polarization curves for two different PbO2 electrodes fully 

discharged with - 2 0  A/m ~ and recharged with 20  A/m s to 20  (trian- 
gles), 50 (squares), 80 (filled circles), and 120% (open circles) (oxy- 
gen evolution). Solid lines: anodic current. Dashed line: cathodic cur- 
rent. The anodic polarization curves drawn for the partial charges are 
fits to the relation i = SmjLq/qd wherej  is given by Eq. [12] with c~ r = 
0.32, Sm2jo,rL = 47 A/m s, Jo,rlj.,o = 25, and % = 0.5. 

at higher overvoltage, where the back reaction can be ne- 
glected. Piecewise fits of this expression are in good 
agreement with the experimental points in Fig. 5. At 
lower overvoltage, an ~ 1 and S,joL ~ 3 A/m s. The Tafel 
slope increases abruptly at an overvoltage of 0.1V. Above 
this value, an = 0.32 and S~joL = 47 A/m 2. Calculations 
with a rate equation derived from Eq. [2] showed that the 
current density distribution in the porous electrode was 
practically uniform at all current densities. When the 
overvoltage approaches a value of 0.3V, the side reaction 
of oxygen evolution becomes significant. The Tafel slope 
of 95 mV/decade found for this electrode reaction is in 
agreement with the results of Rfietschi et al. (21). Figure 5 
also shows the cathodic overvoltage measured in the 
same way at different states of charge during the recharge 
process. 

Charging of full-size cells.--Preliminary experiments 
with potentiostatic charge of lead dioxide and lead elec- 
trodes, respectively, showed that the positive electrode 
was the limiting one both at discharge and at charge. The 
behavior of the lead-acid cell would then be controlled 
mainly by its positive electrode. Experiments with com- 
plete cells with full-size electrodes were therefore under- 
taken in order to compare the behavior observed for the 
single lead dioxide electrode with that of the complete 
cell. Comparisons were made between charging with con- 
stant current (I), constant voltage (U), and constant cur- 
rent followed by constant voltage (IU), respectively. The 
voltage-time curves at charging with constant current are 
shown in Fig. 6 together with the total volume of evolved 
gases. The common feature of the different charge curves 
is a continuously increasing voltage up to a state of 
charge where the voltage rises abruptly to a much higher 
level while simultaneously the gassing rate increases rap- 
idly. A cell voltage of, e.g., 2.6V is reached after 71, 79, and 
90% charge at 150, 100, and 50 AJm 2, respectively. The 
fraction remaining to be charged into the battery is thus 
approximately proportional to the current density. This is 
in accordance with the first-order dependence on lead 
sulfate as expressed in Eq. [2]. The galvanostatic charge 
curves in Fig. 6 exhibit a steeper rise in overvoltage than 
those of a single PbO~ electrode in Fig. 1. 

Charging with constant current unti l  the cell voltage 
reaches 2.50V followed by charging at constant voltage 
gave the results shown in Fig. 7. Compared to charging 
with constant current, this procedure has the advantage 
that excessive gassing is automatically avoided by not al- 
lowing the voltage to increase above a prescribed value. 
According to Fig. 7, the charging current decays expo- 
nentially during the period of constant voltage. The 
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Fig. 7. Current density vs. time at a charge with constant cell volt- 
age = 2.50V (squares), 22~176 and IU charging with current limi- 
tation to 22A at different temperatures: 3.5~ (nablas), 25~ (trian- 
gles), and 52~ (circles). 

experimental curves deviate from the straight In i-t lines 
at lower current densities, since the electrochemical gas 
evolution becomes a progressively higher fraction of the 
total, decreasing current. The disadvantage of IU charg- 
ing is obviously that it does not take full advantage of the 
high charge acceptance in the beginning. Charging at 
constant voltage utilizes this possibility of high initial cur- 
rents. The curve for charging at a constant cell voltage of 
2.50V in Fig. 7 is somewhat convex after the maximum. 
This is due to a temperature rise from 22 ~ to 29~ In the 
linear portion of the curve, the temperature varies only 
between 29 ~ and 28~ 

When Eq. [1] and [2] are combined, we obtain the varia- 
tion of current density with time 

i = ii exp [ - k  (t - t~) ] (V ~ const) [3] 

where index 1 denotes the t ime after which Eq. [2] is valid, 
and 

\ o  I I I I I I 
\ 

I I I I 1 I 
3,0 3,5 103/T 

Fig. 8. Arrhenius plot of the charge rate coefficient defined by Eq. 
[4]. 

tural transformations: occasionally, we could observe 
how lead sulfate crystals were transformed into lead diox- 
ide with the macrostructure preserved (Fig. 13). This type 
of transformation has earlier been observed by Simon 
et al. (14, 16). Interesting observations were made 
concerning the structural transformations of the larger 
lead sulfate crystals formed on the exterior surface at low 
discharge rates. The lead dioxide formed during charge 
was held within the dimensions of the original lead sul- 
fate crystals. A dense microcrystal]ine wall of lead diox- 
ide was formed which eventually was ruptured at excess 
charge and revealed an inside growth of small lead diox- 
ide crystals into the form of a compact kernel (see Fig. 10 
and 14-17). 

The changes in specific surface area are of great impor- 
tance when attempting to explain the changes in elec- 
trode kinetics. Although the BET method does not distin- 
guish between the surface areas of PbO~ and PbSO4, 
important conclusions can be drawn when combined 

( ~ n F ~  ~ ,, , 
k = SmJoL exp - - R ~ j / ~ - q d )  [4] 

The coefficient k is a rate coefficient which can be deter- 
mined from the slopes of the linear portions of the curves 
in Fig. 7. The temperature dependence of k at constant 
cell voltage follows an Arrhenius relation (see Fig. 8). 

Structural changes.--The morphological changes dur- 
ing charge were followed by taking out samples at differ- 
ent states of charge for visual observations by means of a 
scanning electron microscope. These observations 
showed that larger lead sulfate crystals were formed at 
lower rates of discharge (Fig. 9 and 10). The size of the 
lead sulfate crystals could, furthermore, be related to the 
volumetric restriction imposd by the porous structure. On 
the exterior surface, where there are no such restrictions, 
the lead sulfate can grow to large, closely packed crystals 
(Fig. 9 and 10). This also holds for larger voids in the po- 
rous electrode (Fig. 11), while otherwise the lead sulfate 
crystals were smaller and randomly dispersed in the po- 
rous structure (Fig. 12). In most cases, no firm conclu- 
sions could be drawn as for the mechanism of the struc- 

, 1 0  /Lmj 
Fig. 9. Lead sulfate crystals formed on the exterior surface of the 

electrode at a discharge with - 2 0 0  A/m '2 to - 3 2 0  Ah/m 2. 
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Fig. 10. Lead sulfate crystals formed on the exterior surface at a 
discharge with - 30  A/m z to -410 Ah/m 2. 

Fig. 13. Formation of microporous lead dioxide within the dimen- 
sions of the original lead sulfate crystals formed during discharge. 
Electrode discharged with - 30  Mm ~ and recharged with 200 A/m ~ to 
-48  Ah/m 2. 

Fig. 11. Formation of dense agglomerates of lead sulfate crystals in 
a larger void. Electrode discharged with - 30  A/m 2. 

Fig. 14. SEM micrograph showing the beginning of the transforma- 
tion of large lead sulfate crystals into microcrystalline lead dioxide in 
the form of shell and kernel. 

Fig. 12. Morphology of the interior of the electrode. Discharge with 
- 30  A/m 2 to -350  Ah/m 2. 

Fig. 15. SEM micrograph showing the transformation of large sul- 
fate crystals into microcrystolline lead dioxide in the form of shell and 
kernel. 
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Fig. 18. Changes in specific surface area during charge. The sur- 

face area is given in the unit of square meter per equivalent gram of 
PbO2. 

Fig. 16. SEM micrograph of large sulfate crystals transformed into 
microcrystalline lead dioxide in the form of shell and kernel. 

with other pieces of information. The changes in specific 
surface area during charge are illustrated in Fig. 18. The 
fully discharged electrode has a specific surface area 
which is almost three times smaller than that of the fully 
charged. The latter is 6.4 mS/g, which according to the ge- 
ometric relationship for spherical particles 

Sp = 6/dp [5] 

corresponds to a mean particle diameter of 0.1 /zm. The 
mean particle diameter of the fully discharged electrode 
can, in the same way, be calculated to be 0.4/zm. These 
values can be comPared to those estimated from micro- 
graphs, which are about 0.1 /zm for the lead dioxide and 
1-10/zm for the lead sulfate. The specific surface area of 
the fully discharged electrode must, therefore, to a major 
extent, be attributed to residual lead dioxide which has 
not been covered with PbSO4 but is either electrically in- 
sulated or electrochemically nonactive. The dashed line 
in Fig. 18 represents the change in specific surface area 
of the lead dioxide only according to a structural model 
assuming sPherical particles shrinking uniformly during 
discharge. The measured surface area of the fully dis- 
charged electrode is lower than that predicted by this 
model. This is also to be expected since microscopy stud- 
ies have revealed that much of the PbO~ remaining at the 
end of discharge have been encapsulated within PbSO4 
crystals (14, 16). The initially rapid growth of specific sur- 

Fig. i 7. Detail of Fig. 16 

face area during charge can thus be attributed to the un- 
covering of this encapsulated PbO~, while at the same 
time a large inner surface area of P b S Q  is created inside 
the PbSO4 crystals as they dissolve. Although residual 
PbO2 may act as nuclei for the lead dioxide formed dur- 
ing charge, new nuclei will probably be formed in parallel 
at the high initial overvoltage. These new PbO2 crystals 
will give an additional contribution to the surface area. 
After the initially rapid growth of surface area, the 
continued increase is much slower because the surface 
area of PbO~ grows slower than linearly with the amount  
of charge, while the surface area of PbSO4 decreases. 

The changes in pore size distribution are plotted in Fig. 
19. The fully charged electrode had a total porosity of 
56%, including closed pores and pores smaller than 0.035 
~m, and a mean pore diameter of but 0.15 ~m. Using a cy- 
lindrical pore model, the porosimetry data can also be 
used to estimate the specific surface area. The values ob- 
tained in this way were 40-50% lower than the corre- 
sponding values measured by the BET method. Besides 
the inaccuracy of the cylindrical pore model, part of this 
discrepancy can be attributed to pores smaller than 0.035 
~m, which contribute little to the pore volume but appre- 
ciably to the specific surface area. 

The changes in the porosimetry curves in Fig. 19 also 
reflect the fact that the molar volume of lead sulfate (48.9 
cm3/mol) is almost twice that of lead dioxide (25.5 
cm:~/mol). The plugging effect of the lead sulfate in the 
pores affects the effective transport coefficients for diffu- 
sion and migration. The changes in effective conductivity 
are plotted in Fig. 20. As expected, the effective conduc- 
tivity increases during charge, due to the opening up of 
pores, but then reaches a flat max imum at about 80% 
charge. The labyrinth factor ~ = ~f~-/K,r~ of the fully 
charged electrode is 0.15 including the effect of the grid 
and about 0.19 after correction for the grid, which 
occupies about 20% of the total projected electrode area. 

Discuss ion  and  C o n c l u s i o n s  
The results should be interpreted with respect to both 

the individual factors and their mutual dependence. It 
can thus be concluded that the initial part of the charge 
process is governed by the formation of electrochemically 
active PbO~ surface. As already discussed, Fig. 18 indi- 
cates that this occurs not only by nucleation and growth 
of new PbO~ crystals, but also by the uncovering of en- 
capsulated or covered residual lead dioxide. This hypoth- 
esis is also supported by the observation that the duration 
of this process is independent  of current density or 
overvoltage and that it does not affect the later period of 
the recharge. 

The rising potentiostatic transient reaches a maximum 
after recharge to only 10-20%. While this first, shorter pe- 
riod is controlled mainly by the available surface area of 
lead dioxide, the major portion of the charge process 
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seems to be controlled by the availability of lead sulfate. 
It is obvious that the anodic and cathodic reactions are 
different in their dependence on the structural changes 
and cannot be microreversible at the current densities 
employed. The cathodic polarization curves in Fig. 5 do 
not differ significantly from each other, which indicates 
that the working surface area of the active lead dioxide is 
relatively constant after a recharge to 20%. This is in 
agreement with the results from the surface area 
measurements (Fig. 18) when recalling that the main frac- 
tion of this total specific surface area can be attributed to 
the lead dioxide. 

Contrary to this, the anodic reaction is apparently first 
order with respect to the amount  of remaining lead sul- 
fate. The charge reaction, therefore, seems to be confined 
to a zone very close to the surface of the lead sulfate crys- 
tals. An evident explanation would be that the reaction 
proceeds through a solid-state mechanism. On the other 
hand, it is more commonly believed that the transforma- 
tions between lead sulfate and lead dioxide occur via a 
dissolution precipitation mechanism involving dissolved 
Pb 2~ ions. Vetter (22) has shown that such a mechanism is 
possible in the lead dioxide electrode, and that the volu- 
metric diffusion rate of Pb 2§ ions over the microscopic 
distances is sufficiently high to allow an efficient utiliza- 
tion of the whole PbO2 surface. According to this mecha- 
nism, the oxidation reaction can be formally written as 

PbSO4 (s) ---> Pb ~ + SO4 ~ [6] 

Pb 2~ + 2H~O --. PbO2 (s) + 4H ~ + 2e [7] 

TE 10 
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Fig. 20. Changes in effective conductivity during charge. Two dif- 
ferent electrodes. 

where the latter reaction in turn is composed of several el- 
ementary steps. Vetter's analysis can be extended by tak- 
ing into consideration the interplay of diffusion and in- 
trinsic electrode kinetics in a rate equation. Assuming 
first-order, purely consecutive reactions, the kinetic 
equation at high overvoltage for this scheme would be of 
the form 

Sj0 exp ( 
~nF ] 
--RF-,) \ 

i = [8] 
S2jo ( 1 L ) [ omF ] 

1 + ~ ~ + DceqS1-----~.~ exp ~--R-~-~?) 

Equation [8] takes into account the dissolution rate of 
PbSO4 and the diffusion of Pb 2~ ions over a characteristic 
distance L and across a mean cross section $1.~, which is 
some weighted average of the surface areas of PbSO4 ($1) 
and PbO~ ($2). When the dissolution and diffusion rates 
are high in comparison to the charge transfer rate, the 
second term in the denominator vanishes and the current 
is proportional to the surface area of lead dioxide. It is 
only at the limiting current density, when the reaction 
rate is controlled by the dissolution and/or diffusion, that 
the current is proportional to the surface area of lead sul- 
fate. Equation [8] thus predicts ~-i curves for different 
states of charge which approximately coincide at low cur- 
rent densities, diverge at higher current densities, and 
finally reach their different limiting values appearing as 
vertical lines in the ~-i diagram. The different curves in 
Fig. 5 obviously do not follow this pattern. The curves at 
different states of charge do not coincide until  very close 
to the equilibrium potential, and no distinct limiting cur- 
rents can be observed at higher overvoltages. 

An alternative kinetic model takes into account that dif- 
fusion of Pb 2~ ions and their reaction occur in parallel as 
well as in consecutive steps. The physical picture is then 
similar to that in a heterogeneous catalyst particle (23). An 
order of magnitude calculation shows, however, that even 
in this case, the diffusion rate of lead ions is sufficient to 
balance their consumption rate in the charge reaction. 

The switch from a low to a high Tafel slope in Fig. 5 can 
be explained by a mechanism with two consecutive 
single-electron transfer reactions. This case has been 
treated by Vetter (24) for the general scheme 

S ~ S ~ +  e- [9] 

Sm ~ So + e-  [10] 

Sr ~- So + 2e- [1]] 

Writing down the rate equation for each step and 
eliminating the concentration of the intermediate Sm be- 
tween the two equations give the following relation be- 
tween current density and overvoltage 

j = 2j,,,, . exp  ~--~-~} 

- exp ( 
$ 

--h-~-~) 
2F 

1 
\ 

[12] 
l+ j , , , r  e x p (  l + ~ o - ~ r  ) 

Jo.o R T  F~? 

where J0.r and j,.. are the exchange current densities and 
a,. and O~o are the charge transfer coefficients of reactions 
[9] and [10], respectively. At high anodic overvoltages, Eq. 
[12] is simplified to 

j = 2j0.r exp ~ - - - ~  ) [13] 

The geometric current density of the porous electrode at 
uniform current distribution would then be 

i = SmL(q/qd) 2j,),. exp ( ~rF �9 --R-T n ) [14] 

which is similar to Eq. [12]. The values of the charge 
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transfer coefficient ar and the pre-exponential factor can 
thus be explicitly determined from the slope and inter- 
cept of the Tafel line at overvoltages higher than 0.1V. 
The obtained value of the charge transfer coefficient, a, 
= 0.32, is rather low and indicates an unsymmetrical en- 
ergy barrier. Assuming that ao = 0.5 and using the quo- 
tient JoflJo.o as a fitting parameter, the complete polariza- 
tion curve can be constructed from Eq. [12] multiplied by 
SmL(q/qd). The fitted curves are drawn as solid lines in 
Fig. 5 with a fitted value ofj0.r/J0.o = 25. 

The reality corresponding to the formal Eq. [9] and [10] 
is not possible to elucidate from current density overvolt- 
age curves only. Several possible mechanisms can be pro- 
posed, but  the discrimination between these requires fur- 
ther information, for example, about electrochemical 
reaction orders. 

The situation is more complicated when the cathodic 
Tafel-line in Fig. 5 is taken into consideration. It is re- 
markably straight in spite of the fact that the current dis- 
tr ibution in this case with a low Tafel slope would be- 
come successively more nonuniform with an increasing 
current density, thus leading to an increasing Tafel slope. 
It has a slope of about 30 mV/decade, which is consistent 
with results obtained on plane electrodes (25). This slope 
is consistent with a rate-determining chemical step after 
both electrons have been transferred. One thinks, on the 
first hand, of the precipitation of lead sulfate. The ob- 
served value of the cathodic transfer coefficient is not 
consistent with the transfer coefficients obtained for the 
anodic reaction. The value of the parameter S~joL, ob- 
tained from the intercept with the log i axis is about 3 
A/m ~, which is in approximate agreement with the value 
ofj0.o obtained for the anodic reaction. On the other hand, 
the exchange current density jo obtained on a flat elec- 
trode of electrodeposited fl-PbO2 is of the order of 0.1 
A/m ~ (24). With S~ = S~ ~ 107 m - '  and L = 10-~m, this 
value of Jo gives an estimated value of S~oL = 103 Aim 2. 
Even after a correction for the roughness factor of the 
plane electrode, this value is orders of magnitude higher 
than that obtained for the porous electrode. 

The inconsistency between the anodic and cathodic 
branches at higher overvoltages is difficult to explain in 
view of the reversiblity of the lead dioxide electrode. 
Probably, a change in mechanism occurs in the region of 
lower anodic overvoltages: for example, a change from a 
solid-state to a dissolution precipitation mechanism. This 
hypothesis is partly supported by the SEM micrographs, 
from which the latter mechanism seems to be the more 
probable at the cathodic reaction, while the first-order 
dependence on lead sulfate at anodic overvoltages above 
30 mV is in favor of a solid-state mechanism. 

The SEM micrographs, unfortunately, do not give an 
unequivocal discrimination between these two mecha- 
nisms at recharge. The formation of the core-shell struc- 
ture in Fig. 16-17 evidently requires transfer of lead spe- 
cies via the solution, while the structure in Fig. 13 is more 
consistent with a solid-state reaction. 

In  conclusion, the experimental results can be com- 
bined to give an understanding of the effect of the struc: 
rural changes on the electrode kinetics of the porous lead 
dioxide electrode. During discharge, the cathodic reac- 
tion is distributed (although not uniformly) over the  en- 
tire PbO~ surface. As the discharge proceeds, the PbSO4 
crystals grow larger, overlap, and merge into larger but  
fewer crystals. The total surface area of PbSO4 will then 
grow only slowly. This explains why in Fig. 4 approxi- 
mately the same maximum current is obtained at poten- 
tiostatic charge of fully and partially discharged elec- 
trodes. 

At the same time, the amount of lead dioxide decreases 
and thus a successively larger amount of charge is needed 
for the formation of new lead dioxide in  the electro- 
crystallization process. The rising transients in Fig. 4, 
therefore, have a longer duration after a deeper discharge. 
The morphology of the lead sulfate crystals formed dur- 
ing discharge, especially the larger crystal size in larger 
voids and on the exterior surface, indicates that the cath- 

odic reaction proceeds via a dissolution-precipitation 
mechanism. The Tafel slope even indicates that the pre- 
cipitation of lead sulfate from Pb 2~ and SO4'-'- ions might 
be the rate-determining step at sufficiently high current 
densities. 
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LIST OF SYMBOLS 

ceq equilibrium concentration of Pb 2~ ions (mol]m :~) 
D diffusion coefficient of Pb ~ ions (m'-'/s) 
dp particle diameter (m) 

geometric current density (A/m 2) 
i0 apparent geometric exchange current density 

(A/re'-') 
j true current density (A/m 2) 
3o true exchange current density (Aim ~) 
k charge rate coefficient (h- ')  
ko rate constant for the dissolution of PbSO4 (moYm~/s) 
L thickness of one symmetric half of the porous elec- 

trode (m) 
n number  of electrons transferred in the electrode 

reaction 
q amount  of charge remaining to be recharged 

(Ah/m '~) 
q~ charge output in the previous discharge (Ah/m'-') 
S specific surface area (m~/kg) 
S~ specific active surface area (m- ' )  
S, specific surface area of PbSO4 (m- ' )  
$2 specific surface area of PbO2 (m- ')  
S,.2 mean specific cross-section area for the diffusion of 

Pb 2~ ions 

Greek Letters 

a charge transfer coefficient 
charge transfer overvoltage (V) 

p density of electrode material (kg/m :~) 

Subscripts 

r first electron transfer step 
o second electron transfer step 
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Recharge Kinetics of the Porous Lead Dioxide Electrode 
II. The Effect of Sulfuric Acid Concentration 

Per Ekdunge and Daniel  Simonsson 

Department of Chemical Technology, The Royal Institute of Technology, S-1 O0 44 Stockholm, Sweden 

ABSTRACT 

Anodic polarization curves for partially recharged porous lead dioxide electrodes have been recorded at different 
sulfuric acid concentrations. These curves can be fitted by the rate equation for two consecutive single-electron transfer 
reactions. The dependence of the two exchange current densities on the sulfuric acid concentration is strongly negative. 
The apparent electrochemical reaction order for the first transfer step approaches - 3  as the sulfuric acid concentration 
approaches 7M. The polarization curves also depend on the acid concentration during the previous discharge. At the 
same current density, the overvoltage at recharge in 5M H2SO4 was much higher when the electrode had been dis- 
charged in 1M H2SO4 compared to a discharge in 5M H2SO4. This effect can probably be attributed to the larger lead sul- 
fate crystals formed at lower sulfuric acid concentrations. 

In the previous paper (1), the recharge kinetics of the 
porous lead dioxide electrode in 5.6M H~SO4 was studied 
with regard to the effects of structural changes. The pres- 
ent paper deals with the effects of changes in sulfuric acid 
concentration. Although of great importance, this param- 
eter has not been studied often before. Many investiga- 
tions of the electrode kinetics of the PbO~ electrode have 
been made with electrolytes g iv ing soluble Pb (II) spe- 
cies, e.g., HC104 and NaC104 (2-5) or HNO:~ (6), since this is 
the only way to vary the concentrations Of Pb 2~ and H ~ in- 
dependently and at a constant ionic strength. The results 
of these studies are not directly applicable to the positive 
electrode in the lead-acid battery in which the electrolyte 
is sulfuric acid with a concentration of generally 4.5-5M. 
The concentration decreases during discharge and in- 
creases during charge. Due to the concentration gradients 
required for the diffusion process, the sulfuric acid con- 
centration in the interior of the electrode may deviate 
significantly from that in the free electrolyte. The acid 
concentration affects not only the electrode kinetics, but 
also the max imum utilization of the active material of the 
electrode (7-9). 

The complexity of sulfuric acid as the electrolyte in the 
porous lead dioxide electrode is due to not only its two 
dissociation steps and the low solubility of lead sulfate, 
but also to the fact that sulfate ions are specifically ad- 
sorbed on the lead dioxide surface (10, 11). 

The goal of the experimental  studies reported here was 
to investigate the effect of sulfuric acid concentration on 
the recharge kinetics and as a specific result obtain a 
practically useful rate expression, Which relates current 
density to charge transfer overvoltage and includes pa- 
rameters taking into account the effects of changes in 
composition of both the solid electrode and the electro- 
lyte. A kinetic expression of this form is of great use in 
mathematical models for analyzing and predicting the 
electrochemical behavior of the porous lead dioxide 
electrode. 

Experimental  Procedure 
The electrochemical measurements were performed in 

two different cells, one of which has been described 
earlier (1). The other cell was designed with the porous 
lead dioxide electrode as a flow-through electrode (Fig. 

1). This cell design with its two symmetrical Luggin capil- 
laries was also suitable for the determination of the effec- 
tive conductivity and for diagnosing the current distribu- 
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Fig. 1. Experimental cell with the porous PbO2 electrode as a flow- 
through electrode. 1 : Electrolyte flow from a peristaltic pump. 2: Porous 
lead dioxide electrode. 3: Lead electrode. 4: Luggin capillaries. 5: Grad- 
uated tube. 
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tion by measuring the electrode potential both at the 
front and the back of the electrode under  current load 
from one side only (12). All experiments were performed 
at room temperature (22~ according to procedures de- 
scribed in the previous paper (1). 

E x p e r i m e n t a l  Resul ts  
The effect of sulfuric acid concentration on the elec- 

trode potential during galvanostatic recharge with 200 
A/m ~ is shown in Fig. 2. The overvoltage (with respect to 
the equilibrium potential at the actual concentration) evi- 
dently increases with an increasing acid concentration�9 
While the change in overvoltage is relatively small when 
going from 5.0 to 6.0M, the increase is much greater when 
going from 6.0 to 7.5M. Charging in 10.0M H~SO4 made the 
potential go directly into the oxygen evolution region at 
the actual current density. 

The results illustrated in Fig. 2 were obtained with the 
electrode always discharged in 5.0M H~SO4. Figure 3 
shows that the acid concentration dur ing  discharge is also 
of a great importance. At the same recharge conditions, 
the overvoltage is much higher when the electrode has 
been discharged in a more diluted acid. In addition, at the 
low discharge current used (-20 A/m2), the discharge ca- 
pacity was somewhat higher (about 10%) in 1M than in 5M 
H.~SO4. 

The influence of the sulfuric acid concentration on the 
electrode kinetics is demonstrated in the form of polariza- 
tion curves in Fig. 4 for electrodes previously recharged 
to 20%. All curves in Fig. 4 have the same general form, 
with a low slope at overvoltages below about 0.1V and a 
much higher slope at higher overvoltages. The slopes of 
the lines for the different sulfuric acid solutions are paral- 
lel to each other in both regions of overvoltage. At the 
same charge transfer overvoltage, the current density is 
approximately twice as high in 1.0M H2SO4 as in 5.0M 
H2SO4, although the electrode potential is more than 0.1V 
lower. This somewhat unexpected result leads to the 
question which of the ions has the greatest effect. A solu- 
tion was therefore prepared with the composition of 1.0M 
H~SO4 and 4.0M HCIO4. This solution has approximately 
the same hydrogen ion activity and ionic strength as 5M 
H~SO4 and approximately the same Pb 2+ and HSO4- ion 
concentration as IM H~SO4. The results with this electro- 
lyte fell between those of IM H~SO4 and 5M H~SO4, re- 
spectively, but with a higher slope, especially in the high 
overvoltage region. This indicates that not only the hy- 
drogen ion, but also the anion, is of importance for the ki- 
netics, especially in the low overvoltage region. At higher 
overvoltage, the curve for 4M HCIO4/IM H~SO4 ap- 
proaches the one for 5M H2SO4. Between 5 and 7M H2SO4, 
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S ta te  Of charge,  A h / m  2 
Fig. 2. Galvonostatlc recharge curves at different sulfuric acid con- 

centrations. Current density = 200  A/m ~. The previous discharges were 
all made in 5.0M H2SO4 at - 2 0  A/m 2. The electrode potential was mea- 
sured relative to a Hg/Hg~SO4 electrode. 
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Fig. 3. Overvoltage vs. current density at 1.0 and 5.0M H2SO o respec- 

tively. The notation 1/5 means discharge in 1M and recharge in 5M 
H2SO4, etc. Current load from one side only. Electrode fully discharged 
with - 2 0  A/m 2 and recharged with 20 A/m ~ to 20%.  

the charge transfer overvoltage is fairly independent  of 
the concentration, especially in the low overvoltage re- 
gion. For 8M, the polarization curve is very close to those 
for 5 and 7M in the low overvoltage region. At higher 
overvoltages, the working electrode potential in this solu- 
tion enters into the oxygen evolution region, and the mea- 
surements at overvoltages approaching 200 mV were 
therefore made at significant gas evolution. This may ex- 
plain the increasing deviation from the curves obtained at 
lower concentration. The current density at these high 
overvoltages is not simply the sum of the independent  
predictions of the partial currents for oxygen evolution 
and PbSO4 oxidation. In view of the lowered current den- 
sities, the effect of oxygen evolution seems rather to be 
antagonistic. 

Exchange current densities for the different electrolytes 
can be obtained by extrapolation of the linear portions of 
the polarization curves in the high overvoltage region to 

i I i I , ~i I i I I I i~i[ 
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Fig. 4. Polarization curves at different sulfuric acid concentrations: �9 
i .0M; A 3.0M; & 5.0M; [] 7.0M; V 8.0M H.2SO4; and �9 4.0M 
HCIOJ1.0M H,~SO4. Electrode fully discharged with - 2 0  A/m ~ and re- 
charged with 20 Adm 2 to 2 0 %  in 5.0M H2SO4. The lines are predictions 
for aii concentrations but 8M by means of Eq, [ I ] ,  with exchange current 
densities for the first electron transfer step taken as the intercepts with 
the X-axis (see Fig. 5). C~r = 0.32 (0 .26 for 4M HCIO4/1M H~SO4), ao = 
0.5, and joflJo,o = 25. 
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their intercepts with the / -axis .  These straight lines were 
drawn with the same slope for the curves for 1-7M H~SO4. 
The exchange current densities obtained at the different 
sulfuric acid concentrations are plotted in a bilogarithmic 
form in Fig. 5. 

During charge, the acid concentration in the pores in- 
crease continuously due to a limited diffusion rate. It is 
therefore of great interest to establish the relative impor- 
tance of this concentration gradient. In Fig. 6, a compari- 
son is made between galvanostatic recharge curves ob- 
tained with and without forced electrolyte flow. With 
regard to the great effect of concentration on the elec- 
trode potential, both thermodynamically and kinetically, 
its resulting effect on the total overvoltage is fairly small. 

E v a l u a t i o n  of  a K i n e t i c  Equa t ion  
At the previous studies with a constant concentration of 

sulfuric acid, the kinetics could be successfully described 
by the rate equation for two consecutive electron transfer 
reactions (1) 

i = SmL(q/qd)~j,).~ exp[--R-~-~) 

1 - e x p ( -  2F 
\ 

[1] 
1 + ~ - -  exp F~ 

go.o R T  

The overvoltage, ~, in Eq. [1] is defined as the difference 
between the working electrode potential and the equilib- 
rium potential of the electrode in the actual solution. The 
effect of structural transformations is explicitly taken into 
account by the factor (q/qd), the extent  of discharge. The 
validity of Eq. [1] is restricted to extents of discharge 
lower than 0.8-0.9 (1). The effect of sulfuric acid concen- 
tration should manifest itself as a functional dependence 
of the two exchange current densities, Jo.r and J0.o, on the 
concentration. 

The variation of J0.~ with the sulfuric acid concentration 
can be directly obtained from Fig. 5, since J..r is the ex- 
change current density obtained by extrapolation of the 
Tafel lines in the high overvoltage region. The simplest 
way to express in mathematical terms the variation of Jo,r 
with the sulfuric acid concentration, c, is by a power 
function 

j,,.~ = k c  -~ [2] 

The maximum error is then about 10%, which is accepta- 
ble for most practical applications of Eq. [1]. The value of 
J0.,, determines the potential region where the polarization 
curve shifts from a lower to a higher slope and can only 
be determined by curve-fitting of the experimental data 
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Fig. 5.BilogoHthmic plots of exchange current density vs. sulfuric acid 

concentration (experimental points) end solubility of lead sulfate vs. sul- 
furic acid concentration (solid line) according to Ref. (16). 

in Fig. 4. Since all polarization curves in Fig. 4 bend at ap- 
proximately the same charge transfer overvoltage, the 
quotient Jo.,./Jo.o was in a first attempt taken to be constant 
and equal to 25, which is the value estimated earlier (1). 
The values of the charge transfer coefficients, ~r = 0.32 
and ~o = 0.5, were also taken from this work. The theoreti- 
cally predicted polarization curves with these input data 
are drawn as solid lines in Fig. 4. The fit is fairly good, 
and a possible further improvement  by finding optimal 
values of JoflJo.o and ao for each curve individually would 
not outweigh the additional complexity of Eq. [1]. 

At lower overvoltages, below about 50 mV, the pre- 
dicted curves deviate signficantly from the experimental 
points. This may be explained by the fact that Eq. [1] is 
valid only for the anodic process at sufficiently high 
overvoltages. In the previous work, it was thus found that 
the cathodic polarization curves were not consistent with 
Eq. [1] either with respect to the structural dependence or 
with respect to the values of ao and ~r. It must, therefore, 
be concluded that the mechanism changes at some lower 
anodic overvoltage. From a practical point of view, these 
deviations at lower overvo]tages are no real problem since 
charging at these conditions is far from the optimal strat- 
egy. Restricting the validity of Eq. [1] to charge transfer 
overvoltages higher than 50 mV also means that the expo- 
nential term in the numerator can be neglected. 
Introducing this approximation and the estimated values 
of the parameters in Eq. [1] then leads to the final useful 
form 

i = ioC-O.43(q/qd ) exp (0.32V')/(1 + 25 exp [1.18~?']) 

(q/qd < 0.8; ~' = ~ F / R T  ~ 2) [3] 

where io has the form of an apparent, geometric exchange 
current density which depends on the value of j0.r and the 
total active surface area per projected area unit. This 
quantity, therefore, varies with the thickness and overall 
activity of the electrode. The other parameters are of a 
more fundamental  electrochemical nature, and can thus 
be expected to be valid for most lead-acid positive 
electrodes. 

Finally, it should be remarked that Eq. [1] and the inter- 
pretations of the measured polarization curves have been 
based upon the implicit assumption of a uniform current 
distribution within the porous electrode. This assumption 
was checked by using Eq. [1] together with Ohm's law for 
the ionic current density in a numerical calculation of the 
current distribution (13). The deviation of the current 
density at the front of the electrode from the average 
value was then found to be of the order of 10% at the cur- 
rent densities employed. The uniform current distribu- 
tion can be attributed to the high Tafel  slope, especially at 
higher current densities. 

Discuss ion  
The main objective of this study was to evaluate a rate 

equation, which can be used as a vital part in a mathemat- 
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charged with - 2 0  A/m s . 
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ical model for the recharge of the lead-acid battery. The 
experimental conditions were therefore chosen as close 
as possible to those in real lead-acid batteries. Although 
the results thus obtained are not suitable for a precise 
evaluation of fundamental  electrochemical parameters, 
they give valuable hints as regards the mechanism of the 
electrode process. One very interesting aspect is the 
strongly negative influence of the sulfuric acid concen- 
tration on the recharge kinetics. According to the theory 
of electrochemical kinetics (14), the exchange current 
density jo.~ in Eq. [1] should be a function of the concen- 
trations according to the expression 

J0,~ = k+~rcJ~'J " exp~--~--~ - Eo] 

where the exponent  Zr. j is the electrochemical reaction or- 
der with respect to component  j. Taking first the loga- 
rithm of Eq. [4] and then the derivative with respect to the 
logarithm of sulfuric acid Concentration gives 

0 In jo,~ ~ In ceb~+ a~F 0% 
- -  Z ~ -  Z p b 2 +  - ~  - -  -~  - -  

01nc  01nc  R T  0 l n c  

The term on the left-hand side can be evaluated from Fig. 
5 or Eq. [2]. The second term on the right-hand side takes 
into account the implicit effect of changes in Pb 2§ concen- 
tration with changes in sulfuric acid concentration. The 
derivative 0(ln cpb.~)/a in c can be graphically determined 
from the solubility curve in Fig. 5. Two extreme cases can 
be distinguished. In the first case, we assume that the 
mechanism involves soluble Pb ~+ ions and that the elec- 
trochemical reaction order with respect to Pb 2~ is equal to 
one. In the second case, we assume a solid-state mecha- 
nism where soluble Pb '2~ ions play no role and zp~§ = 0. 

The last term on the right-hand side accounts for the 
dependence of the equilibrium potential on the sulfuric 
acid concentration. The derivative of this term can be es- 
t imated from, e.g., the correlation given in Ref. (15). When 
going from 1 to 7M H~SO4, the electrochemical reaction 
order with respect to sulfuric acid, z, was found to vary 
from about -0.4 to -3  using the assumption of zpb~+ = 1 
and from approximately -1  to -3  with zpb~+ = 0. The ex- 
treme value of - 3  was in both cases obtained for 7M 
H~SO~, at which concentration the solubility of PbSO4 
passes a min imum and then starts to increase with a fur- 
ther increase in acid concentration. 

Regardless of the role of the Pb 2§ ions, the reaction or- 
der with respect to sulfuric acid concentration is clearly 
highly negative. An explanation of this effect might be 
that a protonation equilibrium is established before the 
first electron is transferred. For example, the mechanism 
proposed by Hampson et al. for acid perchlorate electro- 
lytes (4) involves as the first step 

Pb(II) + 2H~O ~ Pb (OH)2 + 2H ~ 

Here Pb(II) stands for either dissolved Pb '2+ in the case of 
a dissolution-precipitation mechanism, or solid lead sul- 
fate in the alternative case of a solid-state mechanism. At 
equilibrium, the activity of Pb(OH)2 is proportional to 
[H.20]'~/[H+] 2. If  then Pb(OH).2 is the electroactive reactant 
in the first charge transfer step, the current density 
should be proportional to this quantity at higher 
overvoltage where the reverse reaction can be neglected. 
The activity coefficient of water decreases, and the mean 
activity coefficient of sulfuric acid increases strongly 
with increasing acid concentration in the range 1-7M (16). 
The electrochemical reaction order with respect to the hy- 
drogen ion concentration may thus be as high as -3. As- 
suming that the sulfuric acid can be considered as a 1,1 
electrolyte which dissociates almost completely in H ~ and 
HSO4- ions (17) means that the concentration of I-I ~ is 
equivalent  to the sulfuric acid concentration. 

The discussion above has so far been restricted to the 
first anodic charge transfer step, which is rate 

determining at overvoltages higher than 100 inV. The 
lower Tafel slope at lower overvoltages is governed by the 
denominator in Eq. [1]. The effect of the sulfuric acid con- 
centration is implicit  in the quotient  JoflJo.o. According to 
theory (14) 

Jo,~/Jo,o=k~-/ko~exp( 1 + c ~ ~  ) 
- R T  Feo [7] 

The equilibrium potential eo increases with the sulfuric 
acid concentration. With So = 0.5 and ar = 0.32, this equa- 
tion predicts that a change in sulfuric acid concentration 
from 1 to 5M with heo ~ 130 mV should make jo.r[Jo.o de- 
crease by a factor of several hundreds. In view of this, the 

[4] constancy of this quotient found in our experiments is 
very puzzling, and Eq. [3] is in this respect hard to give a 
mechanistic explanation for. 

A more direct evaluation of the influences of the Pb ~+ 
and H ~ ions would be possible by a comparison of the po- 
larization curves for 5M H2SO4 and 1M tt2SOJ4M HC104, 
respectively. The hydrogen activity is nearly the same in 
these two solutions, whereas the Pb 2+ ion concentration is 

[5] approximately four times higher in the latter. The results 
show, however (Fig. 4), that such a direct comparison is 
not possible. The Tafel slope for the HC1OJH~SO4 solu- 
tion is higher than for the pure H2SO4 solutions, which 
demonstrates that the kind of anion also affects the elec- 
trode kinetics, probably due to adsorption. This fact rules 
out the possibility of making more exact kinetic- 
mechanistic studies of the porous lead dioxide battery 
electrode by varying the concentrat ions of H § Pb ~+, 
HSO4-, and SO42- ions at a constant ionic strength by the 
addition of perchlorate salts. The value of ar = 0.26 for the 
HC1OJH.,SO4 solution in the high overvoltage region is 
comparable to that obtained by Hampson et al. (4) for 
acid perchlorate electrolytes, a~ = 0.21-0.24. This value 
and that for sulfuric acid solutions, ar = 0.32, are both 
unusually low in comparison to a generally expected 
value around 0.5. A probable explanation is again the ef- 
fect of adsorption of the anions. 

The effect of the sulfuric acid concentration at dis- 
charge on the subsequent  recharge (Fig. 3) can be ex- 
plained by the first-order dependence on the amount of 
lead sulfate (1). It is well known that the size of the lead 
sulfate crystals increases with a decreasing sulfuric acid 
concentration (7-9), which also explains the higher dis- 
charge capacity obtained in 1M H~SO4. The lower re- 
charge current at the same amount  of lead sulfate indi- 
cates that the total surface area of the lead sulfate crystals 
is the determining factor. While in the case of a single 
particle size this would imply that the potentiostatic cur- 
rent varies during recharge proportionally to the amount 
of lead sulfate raised to two thirds, a crystal size distribu- 
tion gives a higher dependence and may explain the es- 
tablished first-order dependence. Since order of magni- 
tude calculations show that a limiting mass transfer rate 

[6] of the Pb ~+ ions is less probable, this result is in favor of a 
solid-state mechanism. 
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LIST OF SYMBOLS 

c sulfuric acid concentration (M) 
i geometric current density (A/m s) 
i0 apparent geometric exchange current density in 1.0M 

H~SO4 (A/m ~) 
true exchange current density (A/re'-') 
thickness o f  one symmetric half of the porous elec- 
trode (In) 
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q amount  of charge remaining to be recharged (Ah/m ~) 
qd charge output in the previous discharge (Ah]m ~) 
S,n specific surface area (m- ' )  
z electrochemical reaction order 

Greek characters 

charge transfer coefficient 
eo equil ibrium electrode potential (V) 

charge transfer overvoltage (V) 
~' dimensionless overvoltage [~F/(RT)] 

Subscripts 

r first electron transfer step (anodic direction) 
o second electron transfer step (anodic direction) 
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ABSTRACT 

The corrosion behavior of selected Pb-Ca-Sn alloys after various thermal treatments has been studied. Alloys with 
high tin content or high tin:calcium ratios had lower rates of intergranular corrosion but were susceptible to 
intergranular stress corrosion cracking. A low tin:calcium ratio promotes discontinuous precipitation, which produces 
an interlocking grain structure. This structure is very resistant to Stress corrosion. It is experimentally shown that dur- 
ing corrosion of these alloys, stresses are produced across boundaries by the intergranular corrosion products. 

In recent years, lead-calcium-tin alloys have become es- 
tablished alternatives to lead-antimony alloys for grids in 
automotive batteries. Although much research has been 
done on the Pb-Ca-Sn alloys, some aspects of their behav- 
ior, particularly in the corrosive environment  of the lead- 
acid battery, are not fully understood. Valeriote (1) exten- 
sively studied weight loss and integrity of various 
Pb-Ca-Sn alloys under  open-circuit and anodic polariza- 
tion conditions. His work provided a basis for selecting 
suitable alloy compositions, but  some of his results re- 
main unexplained. For example, he found that, for grids 
made from expanded continuously cast strip, a Pb- 
0.09Ca-0.3Sn alloy retained its structural integrity in the 
corrosive environment  better than a Pb-0.06Ca-0.6Sn 
alloy. 

Prengaman (2) has reported that the microstructures as 
well as the compositions of Pb-Ca-Sn alloys influence 
their corrosion behavior. He claimed that for alloys which 
have partially transformed by a slow discontinuous pre- 
cipitation mechanism, resulting in coarse lamellar or rod- 
like precipitates, grid life is considerably shortened by 
"deep penetrating corrosion." Other researchers (3-8) 
have also claimed that corrosion properties are influ- 
enced by alloy composition. However, there is no agree- 
ment  on what compositions provide the best grid integ- 
rity or on how composition influences the corrosion 
behavior of the Pb-Ca-Sn alloys. 

*Electrochemical Society Active Member. 

The present study was undertaken to provide a better 
understanding of the relationships between alloy compo- 
sition, microstructure, and corrosion behavior. 

Alloy Selection 
Three alloys were obtained for testing in the form of 

strip samples, prepared by Cominco Limited (Sheridan 
Park, Ontario, Canada), using a commercially established 
continuous casting process (9). These were selected on 
the basis of work by Borchers and Assmann (8), who 
found that at the weight ratio of tin:calcium = 8.83:1 (ratio 
of 3:1 atomic per cent) there is a marked change in both 
the microstructure of the alloy and in the precipitation 
strengthening mechanism. Below this ratio, lead-calcium- 
tin alloys are strengthened by fine Pb~Ca particles which 
are formed by a discontinuous precipitatio~harde-ning re- 
action involving extensive movement  of the grain bound- 
aries. [For a more complete discussion of the discontinu- 
ous precipitation mechanism, the reader is referred to 
recent review articles by Williams and Butler (10) and by 
Gust (11)]. Above the 8.83:1 ratio, the strengthening oc- 
curs by the more common continuous precipitation mode 
in which no boundary movement takes place. Subse- 
quent  to the continuous precipitation, a slow, and there- 
fore coarse, discontinuous precipitation reaction can oc- 
cur. In this reaction, the existing continuously 
precipitated Pb3Ca particles are transformed into coarse 
rod-like particles. This slow reaction is accompanied by a 
sharp decrease in hardness and strength. 
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In order  to p roduce  a wide  range of microstructures ,  
the  three alloys used  in this s tudy were  selected to have 
Sn:Ca ratios well  below, well  above,  and close to the criti- 
cal ratio. Alloy compos i t ions  and cor respond ing  Sn:Ca ra- 
tios are g iven  in Table  I. 

Experimental  Procedures 
Spec imens  of  each  alloy were  cut  f rom 1 m m  thick strip 

to d imens ions  of  25 • 150 ram. These  were  solut ion 
t rea ted  for 60s in a mol ten  salt bath  approx ima te ly  3~ be- 
low thei r  exper imen ta l ly  de te rmined  solidus tempera-  
tures. Subsequen t ly ,  spec imens  were  subjec ted  to each of  
the fol lowing aging t reatments :  (i) air cool  to 180~ ho ld  
for 20  rain, air cool to room tempera tu re ;  (ii) air cool to 
100~ hold  for 20 rain, air cool to r o o m  tempera ture ;  and~ 
(iii) air cool to 50~ hold  for 11 days, air cool to r o o m  
tempera ture .  

These  t r ea tments  were  selected to eva lua te  the effects 
of a h igh  t empera tu re  aging t reatment ,  to s imula te  the  
the rmal  h is tory  of  a cont inuous ly  d rum-cas t  strip which  
is coiled and left  to cool (12), and to s imula te  long- term 
aging at room tempera ture .  Spec imens  were  s tored in liq- 
uid n i t rogen unt i l  the  start  of  corrosion testing. 

Corrosion tes t ing  was carried out  a t  50~ in 1.27 _+ 0.02 
specific gravity (sp gr) sulfuric acid, at a cons tant  anodic  
overpotent ia l  of  200 inV. In  order  to moni to r  corrosion, 81 
coupons  were  examined ,  n ine  f rom each al loy/aging treat- 
men t  combinat ion .  These  were  r e m o v e d  f rom the  corro- 
s ion cell  at  var ious  cor ros ion  t imes  f rom 21 to 92 days. 
Each  coupon  was e x a m i n e d  meta l lographica l ly  to deter- 
mine  the  m o d e  and ex ten t  of  corrosive attack. The  depths  
of both  in tergranular  corrosion and surface corrosion 
were  measured  on sect ions pe rpend icu la r  to the  sample  
surfaces us ing a cal ibrated optical microscope .  The  maxi-  
m u m  depth  of  in tergranular  corros ion was measu red  at 
ten r andomly  selected sites on each spec imen.  

To show that  s tresses are p roduced  by the corrosion 
product ,  two fur ther  expe r imen t s  were  des igned  in which  
corros ion was grea ter  on one  surface of  a spec imen  than  
the  other. It  was reasoned that  these  stresses wou ld  cause 
an initially s t raight  spec imen  to take on curva ture  wi th  
t ime. 

One e x p e r i m e n t  was done  by th inn ing  a 1 m m  thick 
strip of 903 alloy to 0.5 m m  using a chemica l  pol ish and 
then  coat ing one surface of the sheet  wi th  Teflon. (This 
alloy was se lec ted  for its large grain bounda ry  area in or- 
der  to accelerate  testing.) The  coupon  was then  placed in 
a 1.25 sp gr HeSO4 solut ion at r o o m  tempera tu re  and 
anodized  for five days at a cell  vol tage  of  about  3V wi th  a 
cur ren t  densi ty  of  8 m A / c m  ~. 

The  second exper iment ,  which more  closely approxi-  
mated  normal  ba t te ry  overcharge  condit ions,  was carried 
out  by corrosion of  1 m m  thick strip coupon  samples  of  
drum-cas t  Pb-0.18Ca-0.26Sn-0.012A] (1803) at 50~ and 200 
mV anodic  overpoten t ia l  (1.347 -+ 0.002V wi th  respect  to a 
Hg/Hg2SOJ1.275 sp gr H2SO4 re fe rence  e lec t rode  at room 
tempera ture)  for 70 and 90 days in a 1.280 sp gr (at 15~ 
sulfuric acid  solution.  These  samples  were  chosen  for 
their  unusua l  dup lex  micros t ruc ture ,  as will  be d iscussed  
later. Samples  of e x p a n d e d  and of  gravi ty  cast grids of 
o ther  compos i t ions  were  inc luded  in the  same corrosion 
cell (13), but  the  1803 samples  were  tes ted  as coupons  be- 
cause they  l acked  sufficient  duct i l i ty  for expansion.  

Results 
Microstructure.--As expected ,  the  a l loy/heat- t reatment  

combina t ions  p roduced  a range of different  micros t ruc-  
tures. Alloy 609, aged at 50~ had the  relat ively large 
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Fig. I. Equiaxed grain structure of alloy 609 

equ iaxed  grains shown in Fig. 1. Dur ing  the  course  of  the 
corrosion exper iments ,  regions  of  the coarse discont inu-  
ous precipi ta t ion react ion were  observed,  increas ing in 
size and n u m b e r  wi th  t ime. These were  also observed,  al- 
t hough  less f requent ly ,  in alloy 606. F igure  2a shows the  
complex  in te r lock ing  gra in  s t ructure  of  alloy 903 aged at 
180~ To emphas ize  the  in te r lock ing  structure,  the  pe- 
r imeter  of  one of  the  grains has been  t raced in Fig. 2b. 
The  complex i ty  of  the  mic ros t ruc tu re  increased  f rom that  
of  Fig. 1 to that  of Fig. 2 wi th  decreas ing  Sn:Ca ratios and 
to a lesser  ex ten t  wi th  increas ing  tempera ture .  

The  complex  shape of  the grains in Fig. 2 prevents  a 
mean ingfu l  de te rmina t ion  of  grain size. Because  of  this, 
the  relat ive grain boundary  area of  each  sample  is re- 
por ted  as the  n u m b e r  of  grain boundar ies  crossed by a 
1 m m  linear t ransverse  on the sample  surface. The  grain 
boundary  data summar ized  in Table  II wi th  respect  to al- 
loy and  hea t - t rea tment  are average va lues  based on a min-  
i m u m  of five measurements .  

Corrosion.--Very early in the cor ros ion  tests, it became 
clear that  all alloys were  preferent ia l ly  a t tacked at grain 
boundaries ,  bu t  there  was also a general  corrosive at tack 
over  the  surface of the samples.  After  75 days of  testing, 
the  surface corros ion p roduc t  on the  609 al loy was 17 t~m 
thick,  whi le  on the 606 and 903 alloys the  layer was 24 t~m. 

The inf luence of  the  var ious  a l loy/heat - t rea tment  com- 
binat ions  on  the  in tergranular  cor ros ion  was de t e rmined  
by per forming  an analysis of covar iance  wi th  alloy and 
hea t - t rea tment  as i n d e p e n d e n t  var iables ,  dep th  of  corro- 
sive pene t ra t ion  as the dependen t  variable,  and t ime as 
the  covariate.  This  showed,  wi th  a h igh  level  of confi- 
dence  (>99%), that  each of  the  three  alloys has a different  
t ime vs. depth-of- in tergranular -corros ion relat ionship.  
There  was no ev idence  that  the  hea t4 rea tmen t s  used  had 
a significant  effect  on the  rate of  in tergranular  penetra-  
tion. Because  of  this, the  curves  in Fig. 3 indicate  the  
dep th  of corros ive  pene t ra t ion  for each  alloy averaged 
over  the  three  heat- t reatments .  It  should  be  noted here  
that  a l though the  hea t - t rea tment  does not  inf luence the  
rate of  in tergranular  corrosion, it does  affect the  micro- 

Table I. Alloy compositions and Sn:Ca ratios 

Composition (w/o) Sn:Ca ratio 
Alloy Ca Sn Atomic Weight 

903 0.087 0.33 1.3 3.8 
606 0.058 0.56 3.3 9.7 
609 0,05i 0.89 5.9 17.5 

Fig. 2. a: Irregular microstructure typical of alloy 903 aged at 180~ 
b: To better illustrate the interlocking of the grains, the perimeter of one 
of the grains in a has been traced at the same magnification as a. 
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Fig. 3. Depth ofintergranularcorrosion asafunctionoftime. Therate 
of intergranular corrosion decreases with increasing tin:calcium ratio 
and/or increasing tin content. 

structure, which, as will be shown later, does play a sig- 
nificant role in the overall corrosion behavior. The re- 
sults of linear regression analysis for each alloy are 
summarized in Table III. The rates of corrosive penetra- 
tion for the 606 and 609 alloys were, respectively, 80 and 
64% of that for the 903 alloy. 

The linear regression analysis of the data produced 
lines with nonzero intercepts. However, it must be recog- 
nized that the equations represent the line of best fit 
through the data points. In fact, the 95% confidence lim- 
its for the regression line include the origin for alloys 903 
and 606. The larger positive intercept for alloy 609 may be 
indicative of a different corrosion rate at short times. 

In several specimens, boundaries which had sustained 
much more than typical damage were sometimes ob- 
served. For example,  the average depth of penetration for 
alloy 609 after 75 days was 64 ~m; however, the boundary 
shown in Fig. 4 has been penetrated to a depth of 240 ~m. 
(The measurements  for very deeply penetrated bounda- 
ries represented samples from a different population and 
were, therefore, excluded from the averages because of 

Table III. Summary of linear regression analysis of depth 
of intergranular corrosion vs .  time for each alloy 

Slope 
Percentage Correlation 

.Alloy Intercept Estimate of 903 coefficient 

903 -1.19 1.135 100 0.993 
606 4.17 0.905 80 0.993 
609 9.05 0.728 64 0.992 

Table IV. Depth and frequency of deeply penetrating 
grain boundaries for alloy 609 

Number of sites o f  Average depth of 
Aging deep penetration deep penetration 

temperature (~ observed (#m) 

180 9 262 
100 14 290 
50 38 375 

their anomalous behavior.) These were observed most fre- 
quently in alloy 609, to a lesser extent  in alloy 606, and not 
at all in alloy 903. Also, as shown in Table IV, for alloy 609 
the depth and frequency of the deeply penetrated bound- 
aries increased as the heat-treatment temperature de- 
creased. No correlation was found between the time in 
the corrosion test cell and either the frequency of occur- 
rence or the depth of this "deep penetration." 

Metallographic examination of the intergranular corro- 
sion gave no indication that grain boundaries associated 
with the coarse discontinuous precipitation reaction were 
penetrated at a faster rate than were other boundaries. 
The only difference in the corrosion which was associated 
with the regions of coarse discontinuous precipitation 
was in regard to the lateral spread of the intergranular 
corrosion, i.e., the widening of the corrosive wedge. This 
widening occurred at a faster rate into the regions which 
contained the coarse rod-like precipitates than into the re- 
gions of submicroscopic precipitates. 

In the exper iment  showing the effects of corrosion 
which was restricted to one surface of the strip, the 
effect of the intergranular  corrosion was clear after 5 
days of testing. As expected,  the initially straight speci- 
men had become curved with the bare lead alloy on the 
convex side and the Teflon on the concave side. The ra- 
dius of curvature was found to be 400 mm after 1 day, 
275 mm after 2 days, and 175 mm after 5 days. The in- 
creasing curvature  of the specimen confirms the exist- 
ence of substantial  forces exerted by the corrosion prod- 
ucts on the parent  metal. 

Table II. Summary of effects of alloy content 

Heat-treatment Grain boundaries 
Alloy temperature (~ (mm-9 a 

903 180 33.0 
100 18.5 
50 20.5 

606 180 9.2 
100 5,0 
50 4.0 

609 180 2.7 
I00 2,3 
50 1.7 

Average of five measurements. 

Fig. 4. Deep penetration of grain boundary in alloy 609. Although the 
average depth of intergranular corrosion is 64 /~m after 75 days of 
testing, this boundary has been penetrated to a depth of 240/~m. 
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This result  was confirmed even more dramatically in 
the second accelerated corrosion experiment.  The 
samples for this exper iment  were chosen because of 
their highly unusual  duplex microstructure  (Fig. 5), 
which is not found in cast strip of conventional  compo- 
sitions. Only a small difference in calcium content  could 
be determined between the "d rum"  side of the strip 
(0.176% Ca) and the "air" side (0.183% Ca), but the micro- 
structures were very different. Although some transfor- 
mation of the grain boundaries (similar to that seen in 
Fig. 2) is evident,  the microstructure on the drum side 
(top of Fig. 5) still indicates the effects of nucleat ion on 
the cooled drum casting surface and consequent  growth 
of columnar  grains during solidification. On the air 
side, however,  the structure is ex t remely  fine and many 
coarse primary precipitate inclusions, which appear to 
have nucleated in the melt, have been incorporated into 
this side of the strip, which solidified last and under  
very different cooling conditions than the drum side. 

As expected (13), weight  losses for the 1803 coupons 
were very high after 70 days (112 mg/cm~ compared 
to a 903 expanded  cast-strip grid in the same cell 
(42.5 mg/cm 2) (13), an 803 (Pb-0.08Ca-0.3Sn) expanded 
cast-strip grid containing a luminum (39.6 mg/cm 2) (!4), 
and 903 gravity cast grids, with and without  a luminum 
[37.6 and 25.6 mg/cm 2, respect ively (13)]. Weight loss for 
the 1803 grid at 90 days was 178 mg/cm ~, indicating an 
accelerating corrosion rate, as previously observed for 
other Pb-Ca alloys (1). Metallographic examinat ion indi- 
cated a much more uniform attack on the fine-grained 
air side than on the drum side of the coupon, where the 
attack penetrated more deeply, apparently associated 
with the straight columnar grain boundaries.  

Substantial  growth of the coupons accompanied the 
corrosion. The radius of curvature at the bot tom of the 
coupons (Fig. 6) was about  100 mm after 70 days and 20 
mm after 90 days. At the midpoint  of the 90 day sample, 
where it was most  warped, the radius of curvature was 
only 16 ram. The air side became convex and the drum 
side concave during corrosion, indicating greater hori- 
zontal growth on the  fine-grained air side. This also sug- 
gests that  the corrosion rate was greater on the fine- 
grained air side than on the drum side, assuming that 
both growth and corrosion are grain-boundary-related 
phenomena  (13). 

Discussion 
It has been shown that changes in alloy composition 

and aging treatments produced a wide range of micro- 
structures. The various aging treatments had no effect on 
the corrosion rate for a particular alloy, but there were 
significant differences in the rates of corrosion of the al- 
loys studied. This indicates that composition has a 
significant influence on the corrosion properties of Pb- 
Ca-Sn alloys, while the temperature of heat-treatment ap- 
pears to have little effect. Considering the composition ef- 
fect, if only the level of calcium had affected the 

Fig. 5. Novel duplex structure in cross section of etched 1803 alloy 
cast strip. Top is drum-cast surface; bottom is air side of cast strip. 

Fig. 6. Corrosion test coupons as prepared (left), after 70 days corro- 
sion and chemical stripping (center), and after 90 days corrosion (right) 
at 50~ ~ = 200 inV. Top photograph is a vertical view illustrating 
growth; lower photograph is o bottom view illustrating curvature. 

corrosion, there would have been little difference in be- 
havior between the 606 and 609 alloys. Since the high tin 
alloy, 609, had a lower corrosion rate than the 606 alloy, it 
appears that an increase in either the tin content or in the 
tin:calcium ratio reduces the rate of intergranular corro- 
sion. Further studies will be required to determine which 
is more important: the Sn:Ca ratio or only the Sn level. 

Increasing the tin:calcium ratio decreased the inter- 
granular corrosion rate, the number  of grain boundaries, 
and the general surface corrosion. Therefore, if weight 
loss were used as the criterion for selection of grid mate- 
rial, one would expect  alloy 609 to be the best material. 

This, however, does not consider the influence of the 
deeply penetrating cracks observed, particularly in alloy 
609, on the overall corrosion behavior. To understand the 
effect of the deep penetrating cracks, it is important to 
understand their origin. The authors believe they result 
from stress corrosion (15), and the following mechanism 
is proposed. 

Most commonly, stress corrosion mechanisms involve 
accelerated rates of cracking in the presence of an applied 
stress and a corrosive environment. The mechanism in 
this study is somewhat  different since the applied stress 
results directly from the formation of the corrosion prod- 
uct. A similar mechanism has been observed in stainless 
steels (16): For Pb-Ca-Sn alloys, it is known that the corro- 
sion product, containing primarily lead oxides, has a 
larger specific volume (17) than the lead matrix. As a re- 
sult, the intergranular corrosion product is under com- 
pressive stresses due to the physical constraints of the 
bulk material. This produces tensile stresses which are 
concentrated across the grain boundary at the tip of the 
intergranular' corrosion. The effect of the stresses pro- 
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duced by this wedging action of the corrosion product 
will vary depending on microstructure of the alloy. If al- 
loy 609, with its relatively straight immobile grain bound- 
aries, is considered, it is evident that as the corrosion con- 
tinues the stresses will increase until, at a critical stress 
level, an intergranular fracture will be initiated, as shown 
in Fig. 4. Once a crack exists, more electrolyte will be able 
to flow to the crack tip, leading to more corrosion and 
continued crack propagation. This mechanism will likely 
lead to rapid failure of a grid wire because the increasing 
volume of corrosion product will cause higher loads, 
which must  be carried by the reduced cross-sectional area 
of the grid wire. These two factors combine to produce in- 
creasing stresses across the boundary and an accelerating 
rate of crack propagation. 

The behavior of alloy 903 (or 1803) under  the same 
stresses will be quite different than that of alloy 609 be- 
cause crack propagation is impeded by the interlocking 
of the grains (recall Fig. 2). This forces the intergranular 
corrosion, or an intergranular crack, to follow a very irreg- 
ular path. Even though the stresses may be sufficient, 
very little cracking occurs because there are only short 
lengths of boundary which are oriented with respect to 
the applied load such that crack propagation will occur. 
Thus, the irregular shape of the grain boundaries in alloy 
903 prevents the stress corrosion mechanism from 
occurring. 

The results in Table IV are consistent with this mecha- 
nism. The higher aging temperatures result in more ex- 
tensive discontinuous precipitation and hence more irreg- 
ular grain boundaries. The irregularities can either 
prevent the initiation of a crack or arrest its propagation. 
Thus, both the frequency of occurrence and the depth of 
penetration are reduced as aging temperature is in- 
creased. 

This proPosed mechanism is supported by our previous 
experimental results (1). Grids made from alloy 606 (and 
909) fell apart during grid integrity tests, but those made 
from alloy 903 retained their integrity. 

Subsequent  testing (14) on grids made from alloy 609 
indicated that they too suffered a loss of grid integrity. 
Thus, of the three main alloys studied, only alloy 903 with 
its irregular boundaries resists intergranular separation. 
The above mechanism is based on the premise that corro- 
sion product produces tensile stresses across the grain 
boundaries. 

The experiments in which one side of the corrosion 
sample corroded preferentially to the other and thereby 
produced warping also illustrate the generation of these 
tensile stresses and show that they are related to grain 
boundary density. 

If, for alloys with relatively straight grain boundaries, 
these stresses cause grain boundary cracking leading to 
early failure as was shown by differences in grid integrity 
(1, 14), this mechanism may also account for Prengaman's  
"deep penetrating corrosion" (2). Although he associated 
this phenomenon with the coarse discontinuous precipi- 
tation, it was observed in our metallographic studies that 
the grain boundaries between the areas of coarse precipi- 
tation and the matrix are relatively straight. These 
boundaries are therefore susceptible to the stress corro- 
sion mechanism. Prengaman also states that the deep 
penetrating corrosion is not observed in alloys in which 
the entire structure has been transformed by the fine dis- 
continuous precipitation reaction, i.e., those alloys which 
the present work has Shown to exhibit irregular micro- 
structures. The proposed stress corrosion mechanism is 
accordingly consistent with his observations. 

The existence of stresses induced by the corrosion 
product also suggests an explanation of the grid growth 
often observed in Pb-Ca-Sn alloy grids. It is probable that 
the same intergranular stresses which cause cracking in 
alloys such as 609 will result in creep of coupons or grid 
wires in alloys such as 903. Because the stresses act along 
the length of the grid wires, they will increase in length 
regardless of their orientation in the grid. Furthermore, 
wires of thin cross section will see higher stresses and 

therefore will have higher creep (growth) rates. For the 
1803 alloy, the nonuniformity of the growth, due to the 
nonhomogeneous microstructure, also causes warpage to 
occur. 

Conclusions 
1. For the alloys studied, there is an increase in the rate 

of intergranular corrosion with decreasing tin content or 
decreasing tin:calcium ratio. 

2. Since both the rate of intergranular attack and the 
grain boundary area increase with decreasing tin:calcium 
ratio, corrosive weight loss will also increase with de- 
creasing tin:calcium ratio. 

3. The measurement  of integranular corrosion rate or 
weight loss is not sufficient for selecting Pb-Ca-Sn alloys 
best suited for use in battery grids. It is also necessary to 
consider the microstructure and its influence on the over- 
all corrosion behavior. 

4. The grain boundary cracking observed in Pb- 
0.06Ca-0.6Sn (606) and Pb-0.05Ca-0.gSn (609) alloys has 
been explained by a stress corrosion mechanism. Internal 
tensile stresses result from the intergranu]ar corrosion 
product, which has a larger specific volume than the 
uncorroded metal. These stresses act across the grain 
boundary and can result in intergranular fracture. 

5. Alloys which have irregular grain structures are re- 
sistant to the stress corrosion fracture mechanism be- 
cause the shape of the boundaries impedes crack propa- 
gation. However, the stresses caused by the corrosion 
product do lead to creep of the alloy, particularly along 
grid wires, giving rise to grid growth in batteries. 

6. If the grain size within a battery grid wire or casting 
is not uniform, the resultant unbalanced tensile stresses 
arising from intergranular corrosion can lead to warpage 
of grids or fracture of grid wires, 
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ABSTRACT 

The utility of sulfo]ane (S)-based electrolytes has been studied for rechargeable li thium batteries. Electrolytic con- 
ductivities of LiC104, LiBF4, and LiPF~ were measured in the mixed system of S with 1,3-dioxolane (DOL), tetrahydro- 
furan (THF), or 1,2-dimethoxyethane (DME). Vapor pressure, viscosity, and relative permittivity of the mixed solvents 
and/or the electrolytic solutions were also measured, and the results were discussed in connection with the solution con- 
ductivity. Conductivity maxima were observed in the mixed solutions containing 60-90 mole percent ethers. The con- 
ductivity of S-DME (1:9 by volume)/LiPF6 (1M), being the highest of all examined, was 1.5 • 10 -~ S-cm -1. The Li cycling 
characteristics were mainly investigated in the S-ether (1:1) mixed solutions. Efficiencies on the Ni substrate in the 
S-DME solutions varied less with cycling than those in S-DOL and S-THF. The average efficiency of Li cycling in 
S-DME increased in the order of LiC1Ot < LiBF4 < LiPF6. The Li cycling characteristics in the S-ether solutions are dis- 
cussed from the standpoints of ionic behavior in the solution and chemical reaction at Li-solution interface. 

In the course of the development of ambient  tempera- 
ture, rechargeable li thium (Li) batteries, it has been noted 
that the choice of an electrolyte system is of special im- 
portance in the cycling performance of the Li electrode (1, 
2). Up to the present, the electrolyte systems in which 
high Li cycling efficiency has been obtained have been 
1,3-dioxolane (DOL)/LiC]O4 and 2-methyltetrahydrofuran 
(2-MeTHF)/LiAsF~ (3). The Li electrode characteristics in 
these electrolytes are sufficient to realize a practical 
rechargeable battery, but some problems such as detona- 
tion susceptibility of DOL/LiC104 (4) and relatively low 
conductance of 2-MeTHF/LiAsF6 (5, 6) remain to be 
solved. Thus, various solvent-salt systems as the electro- 
lytes of the rechargeable Li batteries are still under  inves- 
tigation (3, 7). 

Sulfolane (S) is one of the promising solvents for the 
electrolytes of the rechargeable Li batteries (8, 9). It has 
high relative permittivity (dielectric constant) and high 
resistance to electrochemical oxidation or reduction (10). 
Because of its high melting point (mp) of 28.86~ (10), 
however, S is not easy to use as the solvent of the ambient  
temperature cell. To avoid this inconvenience of S, the 
use of 3-methylsulfolane (3-MeS), whose mp is relatively 
low (-0~ has also been attempted (11). On the other 
hand, the mp of the solvent can be lowered by blending S 
with low viscosity ethers. This attempt was first made by 
an EIC group (12), but no quantitative data have been pre- 
sented yet. 

We have examined the S-based electrolytes for the am- 
bient temperature Li batteries. The solvent mixing effects 
on the electrolytic conductivity and on the electrode char- 
acteristics have already been proved in the propylene car- 
bonate (PC)-ether (13, 14) and ether-ether mixed systems 
(15, 16). In this paper, DOL, tetrahydrofuran (THF), and 
1,2-dimethoxyethane (DME) were used as the cosolvent of 
S. Table I shows the selected physicochemical properties 
Qf S, DOL, THF, and DME. The ethers have low viscosity 
and also relatively high donicity (17). (The donicity of 
DOL has not been reported, but  it should be comparable 
with those of the other ethers.) The latter implies that 
some interaction between the ether solvents and cations 
would be produced in the electrolytic solutions of the 
S-ether mixed systems. For the present work, the electro- 
lytic conductivity of some Li salts were measured in the 

mixed solvents, and the mixing effects of the ethers on 
the conductivity were investigated. The Li electrode char- 
acteristics were studied in the S-ether mixed electrolytes. 
Differences in the Li cycling behavior between the cosol- 
vent ethers and anion effects of the electrolytes will be 
discussed in connection with the results of conductivity 
measurements. 

Experimental 
The purification of ethers, or DOL (Tokyo Kasei 

Kogyo), THF (Toyo Soda Manufacturing), and DME (Mit- 
subishi Yuka Fine Chemicals), was carried out as de- 
scribed previously (14, 16). S (Tokyo Kasei Kogyo) was 
dehydrated by P~O~ and distilled under  reduced pressure 
at 95~176 (18). The electrolytic salts, LiC104 (Ishizu 
Pharmaceutical) and LiBF4 (Morita Chemical Industries), 
were used after drying under  a vacuum at appropriate 
temperatures (14, 15). LiPF6 (Morita Chemical Industries) 
was used as received because it had been sealed under  a 
dry Ar atmosphere and tends to decompose by heating. 

The electrolytic conductivity, the relative permittivity, 
and the viscosity of the solvents and the solutions were 

Table I. Viscosity (~), relative permittivity (er), 
donicity (DN), and acceptor number (AN) of the solvents 

~/10 -3 Pa-s 
Solvent Structure (30~ E r (30~ DN" AN a 

S ~ S ~  9.87 42.5 14.8 19.0 

t)r  -~) 

DOL O /  ~ O  0.58 6.79 

THF ~ 0.46 7.25 20.0 8.0 

~ ' { 9 "  

DME ~ O ~ - - - ~ J  0.40 6.92 24 - -  

*Electrochemical Society Active Member. a From Ref. (17). 
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measured by the same methods as in the previous work 
(16). The vapor pressure was measured by a static method 
(19, 20). These measurements were carried out at con- 
trolled temperatures (20 ~ or 30~ 

Li cycle efficiency was determined by a galvanostatic 
charge-discharge test (21), which is an accelerated test for 
brief evaluation of secondary Li electrode in the electro- 
lyte under consideration. A beaker4ype glass cell (volume 
= I00 cm 3) was used for the measurement. The substrate 
of the test electrode was a Ni sheet (0.95 cm ~) mounted on 
a Teflon holder. The counterelectrode was a Li sheet (2.5 
• 3.0 cm) with a Ni mesh current collector. The reference 
electrode was a Li piece on the tip of a Ni wire (Li]Li+). It 
was connected to the test electrode through a Luggin cap- 
illary. The plating and stripping current densities (ip, i~) 
were usually 2 mA/cm 2, and the plated charge (Qp) was 0.2 
C/cm 2. The cycle efficiency was defined as (QjQp) • I00 
[%], where Qs is stripped charge (15, 22). The plated 
charge of 0.2 C/cm ~ is much lower than those to be cycled 
in a practical full cell (> i0 mAh/cm ~) (6). However, even 
under the present conditions, the results will give an out- 
line of the Li cycling behavior in the electrolyte under 
consideration, especially in the initial stage of the cycle 
(21). 

Polarization behavior of Li in the S-based electrolytes 
was also studied on the Ni substrate by using the same 
apparatus as described above. The polarization curves 
were potentiostatically measured. At first, the electrode 
potential was stepwise changed from the rest potential to 
a cathodic (charging) one, and then the potential changed 
in the anodic (discharging) direction. The values of cur- 
rent density were recorded after 2 rain of the potential 
setting. These electrochemical measurements  were car- 
ried out in a dry Ar atmosphere at room temperature 
(18~176 

Results and Discussion 
Conductivity and related properties of  S-based electro- 

lytes.--Vapor pressure of an electrolytic solution is of 
technical interest because it relates to the storage per- 
formance of the cell containing that electrolyte. It is also 
used for interpreting the thermodynamic behavior of the 
mixed electrolyte solution (20). The vapor pressure of a 
real mixed solvent is given by Eq. [1] 

P = PA~ + PB~ [1] 

where P, PA ~ and PB ~ are the vapor pressures of the 
mixed solvent and the pure solvents, A and B, respec- 
tively. The x's and 3"s are the molar fractions and the ac- 
tivity coefficients of the components,  respectively. If the 
mixed solvent is an ideal liquid, Eq. [1] will be identical 
with Raoult 's equation, where 3'A and 3'B are unity. 

Figure 1 shows the vapor pressure of the S-ether mixed 
systems at 20~ as a function of the ether concentration 
(mole percent [m/o]). The vapor pressure of the mixed sol- 
Vent increased in the order S-DME < S-DOL < S-THF. 
Some deviation in the positive direction from the straight 
line indicates 3' > 1, or the mixed solvents' be ing  
nonregular solutions. A certain association of the S mole- 
cules in the pure solvent would be weakened by addition 
of the ether. At that t ime the S = O  bond of S can interact 
more effectively with noncyclic structure of DME without 
steric hindrance as compared with those of DOL or THF. 
The vapor pressure of the S-DME solution containing 1M 
(moYdm 3) LiBF4 decreased about 20%, compared with 
that of the parent S-DME solvent. This was also the case 
for the solutions of S-DOL/LiBF4 and S-THF/LiBF4. The 
lowering of vapor pressure in the 1M LiBF4 solutions is 
largely explained on the basis of the depression of vapor 
pressure by dissolving the salt. An interaction between 
the Li § ion and the solvent, binding solvent molecules to 
Li § would also take part in the lowering of vapor pres- 
sure. 

Conductance of an electrolytic solution is much af- 
fected by the relative permittivity of the solvent and the 
viscosity of the solution (23). Table II shows the viscosity 
(~) of the mixed S-ether solutions, and Fig. 2 shows the 

14( 
12( 

10( 

2 

ffl 

" 6 (  

e,l  

o 

2( 
C 

0 25 50 75 100 
Ether concentration/mol% 

Fig. 1. Vapor pressure of S-ether mixed solvents and S-DME/LiBF 4 
(|M) solution. 

relative permittivity (er) of the mixed solvents. The neat 
ethers have er's and V's similar to one another. Therefore, 
er's and V's of the mixed S-ether solutions were also com- 
parable to one another. The er's var ied almost linearly 
with a change in the volume percent of each ether, but in 
the systems of S-THF and S-DOL the variation of er 
against mole percent of the ether revealed a slight posi- 
tive deviation from an additive property, as shown in Fig. 
2. This suggests that there would be some difference in 
the solvent-solvent interaction between S and the ethers. 
The variation of V with solvent composition in the S-ether 
mixed systems was similar to those in the mixed systems 
with combinations of high and low viscosity solvents 
such as PC-ether systems (14, 24). 

Figure 3 shows the electrolytic conductivity (K) of the 
1M LiBF4 solution as a function of the solvent composi- 
tion. The conductivity became max imum at about 70 mJo 
ether in every S-ether system. This conductivity enhance- 
ment would result from a favorable combination of high 
permittivity of S and low viscosity of the ether (14, 24). 
The maximum conductivities (Kmax) of 1M LiBF4 were 3.3, 
3.7, and 5.0 • 10 -3 S-cm- '  in S-THF, S-DOL, and S-DME, 

50 

4 0 ' ~ S _ D O L  

3020 ~ ~ - T H F  

S-DME 

10 - " ~  
0 I I I 

0 25 50 75 100 
Ether concentration Imol% 

Fig. 2. Variation of relative permittivity with ether concentration 
for S-ether mixed solvents. 
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Table II. Viscosity of S-ether mixed solvent (~o) and S-ether/LiBF4 ( IM) mixed solution (~7") at 30~ 

Solvent composition S-DOL S-THF S-DME 
(v/o of ether) vJl0-3Pa-s (~?*/10-3Pa-s) ~Jl0-3Pa-s (~*/10-3Pa-s) vJl0-3pa-s (v*/10-3Pa-s) 

100 0.58 (1.00) 0.46 (1.29) 0.40 (0.71) 
80 0.81 (1.43) 0.72 (1.33) 0.65 (1.21) 
60 1.22 (2.17) 1.17 (2.41) 1.07 (2.14) 
40 2.08 (4.12) 2.09 (4.88) 1.99 (4.15) 
20 3.98 (8.75) 4.17 (10.04) 3.98 (8.92) 

0 9.87 (23.29) 9.87 (23.29) 9.87 (23.29) 

respect ively.  The  critical d is tance  for ion-pair  formation,  
or B je r rum ' s  q va lue  (25), at the  solvent  compos i t ion  pro- 
v id ing  Kmax (2 70 m/o) was es t imated  to be 1.25-1.53 n m  
f rom e~ at that  so lvent  composi t ion .  I t  is reasonable  that  
ionic associat ion takes  p lace  in the  solut ion wi th  such  a 
large q (14, 24). Thus,  ionic associat ion is respons ib le  for 
the low conduc tance  of the solut ion with  h igher  e ther  
concent ra t ion  than  about  70 m/o. 

Dif ferences  in the  conduct iv i ty  among  the  different  
ethers to be  m i x e d  wi th  S are at least  par t ly  a t t r ibutable  
to differences in the  solut ion viscosity.  Walden products  
(Av) for 1M LiBF4 are shown in Fig. 4. In spite of the  ap- 
prec iable  d i f ferences  in the  conduct ivi ty ,  the  Walden 
produc t s  are a lmos t  the  same at g iven  e ther  concentra-  
tions. The  m o n o t o n o u s  decrease  in AV wi th  increas ing 
e ther  concent ra t ion ,  however ,  means  that  the  Walden rule 
fails in each S-ether  sys tem even  at the  lower  concentra-  
t ion of the  ether.  This  means  that  ionic associat ion takes 
place in the  solut ions of h igh  e ther  concentra t ion.  

F igure  5 shows the  conduct iv i ty  d e p e n d e n c e  on the  
DME concen t ra t ion  for 1M solut ions of  LiBF4, LiC104, 
and LiPF6 in S-DME. Solubi l i ty  of  LiPF~ was ra ther  low 
in S-DME. It  was lower  than  1M at DME concent ra t ion  
be low 40 m/o or above  95 m/o. Thus,  the  conduct iv i t ies  of  
LiPF6 solut ions at such solvent  compos i t ions  refer  to 
those  of  sa turated (< 1M) solut ions (closed squares  in Fig. 
5). The  conduc t iv i ty  increased  in the  order  LiBF4 < 
LiC104 < LiPF~, and the K~ax's were  5.0, 7.1, and 15.1 (x 
10 -3 S - c m - ' )  for LiBF4, LiC104, and LiPF6, respect ively.  
The DME concent ra t ion  at wh ich  the  conduc t iv i ty  
reached Kmax also d e p e n d e d  on the  e lec t ro lyte  salts. These  
resul ts  show that  the  anions  of  the  salts great ly affect the  
electrolytic conduc t ance  in this  system. The  Stokes  radii  
of  C104-, BF4-,  and  PF6-  are compa rab l e  to one another  
in PC-DME (20), wh ich  is an analogous  mixed - sys t em to 
present  S-DME. It  is, therefore,  reasonable  that  there  is 
no great  d i f ference  in the  size a m o n g  these  three anions  
in S-DME. The  difference in the  conduc t ance  behav ior  

IM LiBF 4 
S-DME 

5 

% 
:(3 

o 

2540 

o t I I 
0 25 50  75 100 

Et her  c o n c e n t r a t i o n / m o l %  
Fig. 3. Variation of conductivity with ether concentration for IM 

LiBF4 in S-ether mixed systems. 

among  the  solut ions of LiC104, LiBF4, and LiPF6 migh t  be  
a t t r ibutable  to d i f ferences  in some  an ion-ca t ion  or anion- 
solvent(s) in te rac t ion  in S-DME. For  example ,  the  forma- 
t ion of  ion-pair  and tr iple  ions wou ld  be respons ib le  for 
the  c o n d u c t a n c e  behavior .  The  fo rmat ion  in the  LiBF~ so- 
lu t ion is p robab ly  high, and, therefore ,  it lowers  conduc-  
tivity. In  the  LiPF6 solution,  the  larger  crysta l lographic  
size and lower  charge  dens i ty  of the PF6-  ion would  mini-  
mize Li+-PF~ - in te rac t ion  and, hence ,  h ighe r  conduct iv i ty  
wou ld  be  achieved.  Unfor tuna te ly ,  this t r end  in the  con- 
duc tance  behavior ,  as shown in Fig. 5, could  not  be 
p roved  in S -THF o r  S-DOL. As LiPF6 l iberates  free PFs, 
wh ich  is a s t rong Lewis  acid, its T H F  or DOL solut ion 
polymer izes  unde r  Lewis  acid-catalyzed ox ida t ion  (26). 
Because  of this po lymer iza t ion  a c c o m p a n y i n g  an increase 
in the  solut ion viscosi ty,  no accurate  conduc t iv i ty  was ob- 
ta ined for the  LiPF~ solut ions of  S -THF and S-DOL. 

Charge-discharge behavior of Li in S-based electro- 
lytes.--Anodic and cathodic  current -potent ia l  relat ions 
were  measu red  by a potent ios ta t ic  polar izat ion method.  
The  polar izat ion curves  of Li  at Ni substra tes  in S-DME 
(1:1 mix tu re  = 48 m/o D1V[E) are shown in Fig. 6. The 
curves  were  first measu red  in the ca thodic  di rect ion 
f rom the  rest potentials .  Li  was depos i t ed  on the  Ni sub- 
strate dur ing  this ca thodic  polarizat ion.  Then,  the  mea- 
su remen t s  were  carr ied out  in the  anodic  di rect ion f rom 
-2.0  to + l .5V (vs. Li/Li§ The  anodic  currents  (from 0 to 
+ 1.5V) are based  on the  d issolut ion of  Li  wh ich  has  b e e n  
depos i ted  on the  Ni substrate  dur ing  the  p reced ing  cath- 
odic polarization. 

A hysteresis  observed  on each ca thodic  curve  in the so- 
lu t ion of LiBF4 or LiC104 seems to originate  f rom a 
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Fig. 4. Variation of Walden product with ether concentration for 
1M LiBF4 in S-ether mixed systems. 
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Fig. 5. Variation of conductivity with DME concentration for ]M 

LiCIO4, LIBF4, end LiPF 6 in S-DME. 

change in the real surface area of the electrode by contin- 
uous Li deposition during the measurement.  The hystere- 
sis was hardly observed in the LiPF 6 solution. In the po- 
tential region away from 0 V, the current densities at 
given potentials increased in the order LiC104 < LiBF4 < 
LiPF6. That is, the polarization in the LiPF6 solution was 
smallest of the three. The anodic current in the LiC104 so- 
lution dropped at anodic potentials of 0.5V or greater. Ac- 
tive Li remained on the Ni substrate after this anodic po- 
larization in the LiC104 solution. Thus, the current drop at 
about 0.5V is probably due to passivation of Li deposited 
during cathodic charge. 

Variations of Li cycling efficiency in 1M LiBF4 solu- 
tions are shown in Fig. 7. In this case, 1:1 (by volume) 
mixtures were used as the mixed solvents for conven- 
ience. The actual mix ing  ratios are 58, 54, and 48 m/o 
ethers for S-DOL, S-THF, and S-DME, respectively. The 
efficiency in S/LiBF4 was about 60% for the initial cycles 
but decreased with repeated cycles. The reason for this 
lowering in the efficiency is not clear, but it might be re- 
lated to passivation of Li or formation of isolated, inactive 

1 0 0  
S - D M E  

",~ "--.-...._ ~ . . , , - ~  I t .  f 

i . . . . .  q ~,,, Lic,o '-C.. r." 

0.1 1 I 1 I I I, 1 
-2.~ -1.5 -1.0 -0 ,5  0 0.5 1.0 1.5 

Po ten t i a l  I V vs. L i lL i  + 
Fig. 6. Current-potential curves of Li on Ni substrate in 1M LiCIO4, 

LiBF4, and LiPF 6. Solvent: S-DME (1:1 by volume = 48 m/o DME). 
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Fig. 7. Variation of efficiency with cycle number in 1M LiBF 4 solu- 
tions, ip = is = 2.0 mA/cm'-'. Qp = 0.2 C/cm 2. 

Li as in the case of PC-based electrolytes (27). The 
efficiency was little improved by mixing DOL with S. 

On the other hand, the use of THF or DME as a cosol- 
vent of S brought relatively high efficiency. This was 
probably caused by two effects. The one is lowering the 
polarization of Li during the charge-discharge cycles. The 
other is coordination of THF and DME to the Li § ions. 
The former mainly results from the improvement  of elec- 
trolytic conductivity (or ionic mobility) by mixing S with 
low viscosity THF or DME. The lower polarization should 
lead to the reduction in the rates of side reactions (e.g., de- 
composition of the electrolyte solution), which causes the 
efficiency loss in the cycle. The latter effect, coordination 
of the ethers, would also contribute to the reduction in 
the decomposition rate of solvents. In PC-based electro- 
lytes, the interaction between PC and Li* accelerates the 
decomposition of the solvent (28). This would also be the 
case for S-based electrolytes, although S has a higher re- 
sistance to electrochemical reaction than PC has. Isola- 
tion of Li* from solvent S by coordination of  the ether to 
Li + would minimize the reaction rate. Furthermore, it is 
difficult to rule out the possibility that the added ethers 
play a part in the superior Li deposition. Such a Li film 
formed in the ether containing solutions might be differ- 
ent from the film deposited from the solution consisting 
of neat S. 

The cycle efficiency in S-THF was relatively high ini- 
tially but gradually decreased. In S-DME, however, varia- 
tion of the efficiency with cycling was rather small. The 
average cycling efficiency from the first to twentieth cy- 
cles on the Ni substrate was 64.2% in S-DME/LiBF,. 

In Fig. 8, the cycle efficiencies in the S-DME solutions 
with different electrolytes were compared with one an- 
other. The average efficiency in the LiPF6 solution was 
77.1% and was the highest of all. Relatively low effi- 
ciencies w e r e  observed in the LiC104 solution, which 
would be related to the results of the current-potential 
measurements.  These differences in the cycle efficiency 
among the three electrolytes are based on the differences 
in the electrochemical stability of the solution, which de- 
pend on the magnitude of polarization during the charge- 
discharge process. The morphology of Li deposited on Ni 
and the electrochemical properties of the film which 
might be formed on Li would also affect the cycling char- 
acteristics. In the LiBF4 and LiPF6 solutions, liberation of 
Lewis acids (BF3 and PF~), whose amounts might be dif- 
ferent to each other, can also affect the cycling efficiency. 
Furthermore, the structures of the electrical double layers 
with different anions might influence the charge-dis- 
charge characteristics of the Li electrode. Details of these 
differences in the: cycling behavior between the electro- 
lytic salts are now under consideration. 
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The efficiencies in SiLiPF6, which contains no ether, 
were as high as those in S-DME/LiPF6 for few initial cy- 
cles, but a marked decreasing of the efficiency was ob- 
served, especially after the tenth cycle. Therefore, DME 
mixed with S apparently functions to keep the efficiency 
in S/LiPF6 high. 

When the cycles were further extended in S-DME/ 
LiPF6, about 80% of the efficiency was reproducibly ob- 
served up to the fortieth cycle or so. However, the effi- 
ciency at additional cycles varied with less reproducibil- 
ity. Figure 9 shows the potential-time curves during the 
charge-discharge cycles in S-DME/LiPF6. Up to the forti- 
eth cycle, the potential variation with time in each cycle 
was similar to one another. The polarization (potential dif- 
ference from 0 V) during the charge and discharge in- 
creased with continued cycling after the fortieth cycle. 
The shape of the discharge curve also varied with the cy- 
cle. These changes in polarization behavior seem to be as- 
sociated with the efficiency variation. Repetition of the 
charge-discharge cycle leads to accumulation of inactive 
Li which is electrically isolated from the substrate (27). 
This seems to be the cause of the changes in cycling char- 
acteristics at the extended cycles. 

Figure 10 shows the effects of current density and 
mixing ratio of the solvents on the cycling efficiency in 
S-DME/LiPF~. Average efficiency during the first ten cy- 
cles increased with increasing ip. As Qp was kept constant 
at 0.2 C/cm ~, increasing ip implied decreasing the plating 
(charging) time. Thus, the lower ip and is were, the longer 
the deposited Li contacted the solution. This would lead 
to the result that the Li deposited under low i, is not ef- 
fectively utilized because of an inert film formed on Li. 
However, the dependence of the average efficiency on 
the current density was rather small, compared with that 
in ether-ether mixed systems (22). Therefore, the film for- 
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Solvent: 1:1 by volume (a-c), 1:9 by volume = 89 m/o DME (d). ip 
(= is): 1 mA/cm ~ (a), 2 mA/cm 2 (b, d), and 5 mA/cm ~ (c). Qp: 0.2 
Clcm 2. 

mation or production of isolated, inactive Li might pro- 
ceed with relatively slow rate. On the other hand, cycling 
at higher ip and is (5 mA/cm ~) led to a marked decrease of 
efficiency after the thirteenth cycle. The polarization of 
the electrode becomes high when plating is done at high 
current density. Some side reaction such as cathodic re- 
duction of the solvents might occur during the charge. 
This results in the efficiency loss with repeating the 
cycle. 

The Li cycle efficiencies were measured in the 
S-DME/LiPF6 solutions with various solvent composi- 
tions. In Fig. 10, the solvent mixing ratio of 1:9 (by vol- 
ume) is equivalent  to 89 m/o DME in S-DME. The electro- 
lytic conductivity of 1M LiPF~ in S-DME (1:9) was about 
1.5 times of that in S-DME (1:1). The increase in the con- 
ductivity brought little improvement  to the cycling char- 
acteristics. Values of efficiency similar to that in S-DME 
(1:1) were obtained in the solutions with other mixing ra- 
tios (30-90 m/o DME). 

Summary 
Some properties of the electrolytic solutions consisting 

of sulfolane (S)-ether mixed solvents were investigated 
for rechargeable li thium batteries. The results are sum- 
marized as follows. 

1. Vapor pressure of the mixed solvent increased in the 
order S-DME < S-DOL < S-THF, and it deviated from the 
Raoult rule in the positive direction for every system. Rel- 
ative permittivity of the mixed solvent and viscosity of 
the electrolytic solution were little dependent  on the 
added ether. 

2. Maximum conductivities were obtained in the solu- 
tions consisting of the mixed solvent. The conductance 
behavior varied markedly with the electrolytic salt and 
cosolvent ether. The highest conductivity of all examined 
was observed for S-DME (I:9)/LiPF, (1M). 

3. The polarization of Li on the Ni substrate in S-DME 
increased in the order LiPF6 < LiBF4 < LiC104, and the 
average efficiency of Li cycling increased in its opposite 
order. The cycling in S-DME/LiPF~ showed the highest 
efficiency of all examined. 
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Effect of EDTA on the Cathodic Reduction of Oxide Films on Iron 
in Sodium Hydroxide Solution 

Z. Szklarska-Smialowska, T. Zakroczymski, 1 and C.-J. Fan 

Department of Metallurgical Engineering, The Ohio State University, Columbus, Ohio 43210 

ABSTRACT 

Simultaneous electrochemical and ellipsometric investigations of the behavior of iron in 0.05 NaOH solution (pH 12) 
with and without the addition of EDTA showed that EDTA did not affect the passive film formation but  drastically en- 
hanced cathodic reduction of the passive film. Cathodic reduction of the passive film in EDTA-free 0.05M NaOH re- 
sulted in the formation of an unreducible porous layer on the iron surface. This layer grew progressively in thickness 
when periodic passivation-reduction cycles were applied but did not influence the passive film formation. The cathodi- 
cally formed layer probably consisted of some kind of iron hydroxide and elemental iron. In  contrast, when EDTA was 
added to 0.05M NaOH, the cathodic reduction and removal of the passive film was complete and occurred very rapidly. 
Cathodic polarization of passive iron carried out potentiostatically in the presence of EDTA was found to provide relia- 
ble data on the charge consumed for reduction of the passive film. 

In two other studies of ours (1, 2), it was found that the 
formation of passive films on iron in NaOH and NaOH + 
NaCI solutions (pH 12.0) resulted in a release of iron cat- 
ions into the surrounding electrolyte starting in about 2s 
of the anodic polarization. In addition, it was noticed that 
after passivation and successive cathodic reduction in 
both NaOH and NaOH + NaC1 solutions, the optical pa- 
rameters did not return to their initial values before 
passivation, suggesting that some film still existed on the 
metal surface. Huang and Ord (3) reported that during cy- 
cling of iron in NaOH solution between anodic and cath- 
odic potentials, the thickness of the unreducible film in- 
creased during each consecutive cycle. This film had a 
very low index of refraction and was probably FeOOH. 
Therefore, it seemed interesting to assess whether the ad- 

'Permanent address: The Institute of Physical Chemistry, 
Polish Academy of Sciences, Kasprzaka 44/52, 01-224 Warsaw, 
Poland. 

dition of a complexing agent would interfere with the for- 
mation and reduction of oxide films on iron. The ethyl- 
enediaminetetra-acetic acid (EDTA) has been chosen to 
be studied here, because this chelating agent is known to 
dissolve magnetite in acid and neutral solutions at 50~ 
and higher temperatures (4). On the other hand, EDTA 
added to the alkaline electrolyte in iron batteries has been 
found (5) to increase their capacity. 

Experimental 
The material used and the experimental procedure 

were the same as in the two aforementioned studies (1, 2). 

Results of Electrochemical and Ellipsometric 
Measurements 

Polarization curves.---Anodic polarization curves mea- 
sured at a potential sweep rate (PSR) of 0.01 V/s in 0.05M 
NaOH without and with the addition of either 0.001 or 
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Fig. 1. Anodic polarization curves for iron in 0.05M NaOH containing 

different amounts of EDTA. 
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Fig. 3. Changes in - ~ h  with time during consecutive five cycles of 

film growth and film reduction in 0.05M NaOH with and without EDTA. 

0.01M E D T A  are s h o w n  in  Fig. 1. In  t he  p r e s e n c e  of 
EDTA,  a s l igh t  dec rea se  of t he  cr i t ical  c u r r e n t  for 
p a s s i v a t i o n  occur red ,  w i t h  no  effect  on  t he  c u r r e n t  den-  
si ty in  t he  pas s ive  state.  I t  appea red ,  the re fore ,  t h a t  t h e r e  
were  no  c h a n g e s  in the  p ro tec t ive  p r o p e r t i e s  a n d  qua l i ty  
of the  film g r o w n  on  i ron  in  e i t he r  t he  p r e s e n c e  or ab- 
sence  of E D T A  in 0.05M NaOH solu t ion .  

Curren t  decay  curves . - -F igure  2 dep ic t s  va r i a t i ons  of 
the  anod ic  c u r r e n t  d e n s i t y  w i t h  t i m e  at  a c o n s t a n t  po ten-  
t ial  of  0.550V, r e s u l t i n g  f rom a r ap id  ( P S R  = 80 V/s) 
c h a n g e  of t he  e l ec t rode  po t en t i a l  f r om -0 .950 to 0.550V. 
Also in  th i s  case,  no  s ign i f ican t  ef fec t  of  E D T A  o n  t he  
anod ic  c u r r e n t  dens i t y  was  obse rved ,  s u g g e s t i n g  t h a t  
E D T A  a d d e d  to 0.05M N a O H  d id  ~Qt  affect  t he  pas s ive  
fi lm g r o w t h  on  i ron.  This  c o n c l u s i o n  was  s u p p o r t e d  by  
the  r e su l t s  of  e l l i p somet r i c  m e a s u r e m e n t s  in  0.05M NaOH 
+ 0.01M E D T A  w h i c h  did  no t  differ  f rom t h o s e  o b t a i n e d  
in 0.05M N a O H  (anodic  pa r t  of  t he  first  cycle  in  Fig, 3). 

P a s s i v a t i o n - r e d u c t i o n  cyc l i ng . - -Con t rary  to t he  a n o d i c  
polar iza t ion ,  t h e r e  was  a s ign i f ican t  ef fec t  of  E D T A  on  
the  course  of  t he  ca thod ic  r educ t ion .  In  0.05M NaOH, the  
ca thod ic  po la r i za t ion  of a p a s s i v a t e d  i ron  e l ec t rode  d id  
no t  p e r m i t  t he  opt ica l  p a r a m e t e r s  h a n d  @ to r e t u r n  to 
t he i r  ini t ia l  va lues  o b s e r v e d  for  n o n p a s s i v a t e d  iron.  Fur -  
t h e r m o r e ,  r e p e a t e d  p a s s i v a t i o n - r e d u c t i o n  cycles car r ied  
ou t  w i t h  t he  s a m e  e l ec t rode  r e su l t ed  in  an  add i t i ona l  irre- 
vers ib i l i ty  of  op t ica l  pa rame te r s ,  so t h a t  e ach  c o n s e c u t i v e  
- S h  vs.  t, ~$ vs. t, or ~ vs. - S h  c u r v e  was  sh i f t ed  re la t ive  
to the  p r e c e d i n g  one  (Fig. 3 a n d  4). In  cont ras t ,  in  t he  
p r e s e n c e  of  EDTA,  t he  fi lm r e d u c t i o n  was  fas t  a n d  com-  
plete,  a n d  n u m e r o u s  r e p e a t e d  p a s s i v a t i o n - r e d u c t i o n  cy- 
cles h a d  t he  s a m e  run.  
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Fig. 4. Relationship between - ~ A  and ~ during consecutive cycles of 
film growth and film reduction in O.05M NaOH with and without EDTA. 
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F i g u r e  5 shows  c h a n g e s  in  -Sh a n d  8r in  r e l a t i on  to t he  
n u m b e r  of  p a s s i v a t i o n - r e d u c t i o n  cycles  o b t a i n e d  in  two 
s imi la r  e x p e r i m e n t s .  In  t he  first  e x p e r i m e n t ,  w h i c h  was  
p e r f o r m e d  in 0.05M N a O H  w i t h o u t  EDTA,  20 c o n s e c u t i v e  
cycles  b e t w e e n  -0 .950 a n d  0.550V were  appl ied ,  w i t h  
b o t h  po t en t i a l s  m a i n t a i n e d  e a c h  t ime  for  600s. Va lues  of h 
a n d  ~ we re  t a k e n  af te r  a success ive  r e d u c t i o n  at  -0 .950V;  
t h e i r  c h a n g e s  are  m a r k e d  as (-Sh),ed a n d  (8r respec-  
t ively.  Af ter  20 cycles,  t h e  m e t a l  sur face  was  cove red  w i t h  
a y e l l o w - b r o w n  deposi t .  In  t he  s e c o n d  e x p e r i m e n t ,  a f te r  
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Fig. 2. Changes in current density with time for iron in 0.05M NaOH 

with and without EDTA and at 0 .550V.  The extrapolated fine lines cor- 
respond to the current consumed for film growth (t > 2s). 
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Fig. 5. Changes in optical parameters obtained after successive cath- 
odic polarization of the passivoted iron in 0.05M NaOH and the effect of 
the addition of EDTA. 
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five pass iva t ion- reduc t ion  cycles in 0.05M NaOH, E D T A  
was added  at -0.950V. At this potential ,  no significant  
changes in the optical parameters were observed (even 
for times longer than 600s). However, during the succes- 
sively repeated passivation-reduction cycles, a partial res- 
toration of the optical parameters was observed (solid 
characters in Fig. 5). 

In contrast to the optical parameters, both the anodic 
(at 0.550V) and the cathodic (at -0.950V) current densities 
were not significantly affected by passivation-reduction 
cycling in either EDTA-free or EDTA containing O.05M 
NaOH. The magnitude and the changes of the anodic cur- 
rent density with time shown in Fig. 2 are the same for 
many cycles. 

Since both the pH and kind of anion can play 
significant roles in the film formation and film reduc- 
tion processes, additional passivation-reduction cycling 
experiments were carried out using NaOH, borate, and 
phosphate solutions of different pH. Figure 6 indicates 
that in all applied solutions of high pH (> 12), without 
EDTA the reduction of the passive film in a successive 
cycle led to a gradual increase of (-~h),.~a, whereas in the 
presence of EDTA the restoration of A was complete. In 
turn, Fig. 7 shows that at pH 9, the passive film was re- 
moved in spite of the absence of EDTA. 

Reduction and removal of the passive film.--Additional 
in format ion  regard ing  the inf luence  of E D T A  on the  re- 
duc t ion  of pass ive  films on iron in 0.05M NaOH is pro- 
v ided  in Fig. 8, showing  changes  in - ~ h  under  var ious  
pass ivat ion and reduc t ion  condit ions.  When bo th  the  
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Fig. 6. Changes in - 6 A  obtained after successive cycling from anodic 
tOcathodic polarization of iron in solutions containing different anions, 
with and without EDTA (high pH).  
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Fig. 8. Changes in - ~ h  with time during the cathodic reduction of 
films grown in 0.05M NaOH with and without EDTA. 

passivation and reduction were conducted in the absence 
of EDTA, restoration of A during reduction was slow and 
not complete; the longer passivation time was employed, 
the slower restoration was. Moreover, irreversibility was 
more pronounced when the passivation time was longer. 
When the passive film grew in 0.05M NaOH and was then 
reduced in the presence of EDTA, A returned to its initial 
value before passivation. This occurred at a rate which 
also was passivation-time dependent, but much faster 
than in the EDTA-free 0.05M NaOH solution. Identical re- 
sults were obtained when both the passivation and reduc- 
tion occurred in the presence of EDTA, once again indi- 
cating the EDTA did not affect passivation but decisively 
enhanced the reduction of passive films on iron and 
caused a full restoration of the optical parameters. 

Determination of the film charge density.--Since the  
ca thodic  r educ t ion  m e t h o d  is of ten used  to de te rmine  the  
charge c o n s u m e d  for the  reduc t ion  of a passive film and 
to measu re  its th ickness ,  addi t ional  expe r imen t s  a imed  at 
assessing the  inf luence of  E D T A  on the  resul ts  of  film 
charge m e a s u r e m e n t s  have  been  performed.  Relat ion-  
ships b e t w e e n  the  e lec t rode  potent ia l  and - S h  vs. t ime  of  
galvanosta t ic  r educ t ion  are shown  in Fig. 9 and 10, re- 
spectively.  In  both  those  figures, the  va lue  of qf.~.= 67.5 
C/m ~ is m a r k e d  on the  charge  dens i ty  scale. This  value  was  
obta ined by in tegra t ion  of  the  curve  i,,~ p lo t ted  in Fig. 2. 
It was e x p e c t e d  that  the  same qf,~ va lue  could be  ob- 
ta ined on the  basis of  the  r educ t ion  exper iment .  Unfor tu-  
nately, this p roved  to be imposs ib le  because  there  was no 
character is t ic  poin t  on the  potent ia l - t ime curve  (Fig. 9) 
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Fig. 7. Changes in --~A obtained after successive cycling from anodic 

to cathodic polarization of iron in borate and phosphate solutions of dif- 
ferent p H. 
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Fig. l 0. Changes in -S&  with time daring galvanostatic reductions of 

the passive film in 0.05M NaOH with and without EDTA. 

which  could  pe rmi t  di f ferent ia t ion of the  film reduc t ion  
charge  f rom the  hyd rogen  evolu t ion  charge. A t t empt s  to 
evaluate  qf~lm tak ing  into account  the  t ime  after which  h 
r e tu rned  to its initial va lue  ( - S h  = 0) in the  p re sence  of  
E D T A  or to a cons tan t  va lue  in the  absence  of E D T A  (see 
Fig. 10) were  also unsuccessful .  However ,  the qf,m va lue  
obta ined  in the  p resence  of  E D T A  at a h igh  cur ren t  den- 
sity was about  90 C/m ~ and hence  not  ve ry  far away  f rom 
the  previous ly  de te rmined  va lue  of 67.5 C/m 2. 

In the nex t  series of exper iments ,  the  cathodic  reduc-  
t ion of the  pass ive  film was c o n d u c t e d  in 0.05M N a O H  
under  contro l led  potent ios ta t ic  condi t ions  at -0.950V. I t  
was a s sumed  that  the reduc t ion  of  the film ended  w h e n  
- a h  was cons tan t  and that  ir also is cons tan t  and associ- 
a ted wi th  the  hyd rogen  evolu t ion  react ion (ill). Ano the r  
a s sumpt ion  was that  dur ing  the  ca thodic  reduc t ion  the  
evo lu t ion  of h y d r o g e n  occur red  at a cons tan t  rate. This  
was a ve ry  rough  simplif ication,  because  in the initial re- 
duc t ion  stage the  h y d r o g e n  evolu t ion  react ion probably  
was o v e r w h e l m e d  by that  of film reduct ion.  Based  on 
these  assumpt ions ,  the  charge c o n s u m e d  for hyd rogen  
evolut ion,  q.,  could  be calculated.  Finally,  q,,~ could  be  
obta ined  by subs t rac t ing  qH f rom qtota]' The resul ts  of  
these  calculat ions  showed  that, again, the  q f~  va lue  was 
still too h igh  re la t ive  to that  ob ta ined  in the film forma-  
t ion exper iments .  

The resul ts  of  m e a s u r e m e n t s  t aken  unde r  the  same con- 
dit ions as above  but  in the  p resence  of  E D T A  are m u c h  
more  promis ing;  see Fig. 11 and 12. The  obta ined  value  of  
qf,m is only 4% lower  than  the  one sought.  This d i f ference  
could be caused by the s implif ied a s sumpt ion  concern-  
ing the  cons tancy  of  iw F r o m  those  considerat ions ,  it fol- 
lows that  potent ios ta t ic  m e a s u r e m e n t s  c o n d u c t e d  in t he  
p resence  of E D T A  in alkal ine solut ions may  lead  to relia- 
ble data  of the  charge  c o n s u m e d  for the  pass ive  film re- 
duc t ion  on iron. 

Discussion 
It  was e x p e c t e d  that  EDTA,  which  is a po ten t  com- 

p lex ing  agen t  for i ron ions, could  r educe  the  p ropens i ty  
to pass ivat ion of iron in NaOH. However ,  ne i the r  the 
course  of anodic  polar izat ion curves  (Fig. 1) nor  those  of  
decay curves  (Fig. 2) or e l l ipsomet r ic  data (Fig. 3 and 4) 
suppor t  the above  expecta t ion .  In  fact, pass ive  film 
grown on iron in e i ther  EDTA-free  or E D T A  conta in ing  
0.05M NaOH solut ion exhib i t  the  same pro tec t ive  and op- 
tical proper t ies .  This  fact can be  exp la ined  by the  h igh  
abili ty of iron to be pass iva ted  by alkal ine solutions.  

The mos t  s ignif icant  f inding to be d iscussed  here  is 
the  appearance  of  a layer on the  surface of  iron after its 
anodic  oxidat ion,  fo l lowed by ca thodic  reduc t ion  in 0.05M 
NaOH. This  layer  does not, however ,  appear  w h e n  the  
ca thodic  r educ t ion  is conduc t ed  in 0.5M NaOH conta in ing  
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Fig. 11. Changes in current density and - a h  with time during cathodic 

reduction of the passive film in 0.05M NaOH + 0.01M EDTA at 
-0 .950V.  

EDTA.  The ques t ion  arises whe the r  this layer consists  of  
a res idue of the prev ious  pass ive  film or resul ts  f rom a 
certain, here tofore  unknown,  ca thodic  reaction.  The  first 
opt ion seems to be  likely, since it is general ly  accepted  
that  a comple te  reduc t ion  of  the pass ive  film on iron is 
hard to at tain in a lkal ine solutions.  However ,  the pres- 
ence  of some  pass ive  film res idue  on iron wou ld  
inf luence  its nex t  anodic  behavior ,  wh ich  is not  ob- 
served.  In all the  repea ted ly  conduc t ed  passivat ion-  
r educ t ion  cycles, the  cur ren t  dens i ty  was the  .same, and 
bo th  -aA and a@ increased  a li t t le wi th  increas ing  cycle 
n u m b e r  (Fig. 3 and 4). 

These  observat ions  show that  the  n e w  pass ive  film 
fo rmed  dur ing  each success ive  pass iva t ion  does  no t  sub- 
stantia]ly differ f rom that  fo rmed  dur ing  the previous  
passivat ion.  It  is obvious,  therefore,  that  the  surface layer 
resul t ing f rom the  ca thodic  r educ t ion  of  pass ive  i ron in 
0.05M NaOH does no t  consis t  of an un reduc ib l e  res idue  of 
the p rev ious  pass ive  film. 

The  above  conc lus ion  was suppor ted  by the  fo l lowing 
addi t ional  exper iment .  A f resh  i ron e lec t rode  was  pre- 
t rea ted  cathodical ly  at -0 .950V and kep t  in 0.05M NaOH 
unde r  open-ci rcui t  cond i t ion  for 20h. Both  the  corros ion 
potent ia l  and optical  parameters  var ied  wi th  t ime, show- 
ing that  s l ight  pass iva t ion  occurred;  namely,  after 20h, the  
potent ia l  a t ta ined about  -0 .4V and - aA  was 5.4 ~ Then,  
the  e lec t rode  was polar ized to 0.550V and kept  at this po- 
tent ia l  for 600s, dur ing  which  - S h  increased  to 8.3 ~ i.e., to 
a va lue  close to that  character iz ing the  pass ive  state of 
iron after its pass ivat ion in one stage f rom -0.950 to 
0.550V (Fig. 3). The  charge c o n s u m e d  for the potent ia l  
shift  f rom -0 .4  to 0.550V was less than  that  c o n s u m e d  
from -0.950 to 0.550V, ind ica t ing  that  the  p resence  of  a 
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passive film residue does not interfere with the next 
passivation but assists its attainment. 

The layer that forms on iron during the cathodic polari- 
zation in 0.05M NaOH has a very low refractive index. The 
n and k values obtained from the (8~)r~d vs. (-~h)r~d rela- 
tionship are about 1.4-1.6 and 0, respectively. None of the 
known iron oxides exhibit  such low n and k values. The 
thickness of the cathodic layer increases with the number  
of passivation-reduction cycles applied and may attain 
several hundred angstroms. It can be supposed, therefore, 
that this layer is porous and that its refractive index, as 
measured, is immaterial. Because of its porosity, the layer 
is nonprotective and does not affect the next passivation. 

Another quest ion to be asked regards the origin of the 
cathodic layer. Two possibilities can be taken into ac- 
count: first, that this layer is a result of the cathodic re- 
duction of the pre-existing passive film; second, that fer- 
ric ions released from the film during passivation 
undergo reduction and iron is electrodeposited during the 
next cathodic polarization. To check the latter possibility, 
the following auxiliary experiment  was performed. After 
600s of cathodic polarization of an iron electrode at 
-0.950V in 0.05M NaOH, ferric ions at a concentration of 1 
x 10 -5 mol/liter were added and ellipsometric parameters 
were recorded. Although the concentration of ferric ions 
added was much higher than that which could be pro- 
duced b y  dissolution of a pre-existing passive film, the 
optical parameters did not change during a few hours of 
cathodic polarization. Consequently, the first alternative 
appears to be more probable. 

The above considerations do not provide a clear solu- 
tion to the crucial question regarding the nature of the 
cathodic layer. One possibility is that during cathodic po- 
larization, the passive film, probably FeOOH (1), is re- 
duced to iron in the form of a porous layer. In the pres- 
ence of this layer, at a constant cathodic potential of 
-0.950V, the optical parameters do not change in either 
EDTA-free or EDTA containing 0.05M NaOH solution. 
This indicates that under these conditions the cathodic 
layer does not undergo any change. However, optical pa- 
rameters are decreased by cycling between anodic and 
cathodic potentials in EDTA containing 0.05M NaOH 
(Fig. 5), suggesting that by such a procedure the porous 
layer becomes partly removed. When EDTA is added to 
the electrolyte after passivation but before application of 
the first cathodic reduction, i.e., when the iron electrode 
is covered by the sole passive film, cathodic polarization 
results in a complete removal of the passive film and 
there is no porous layer formation. The optical parame- 
ters return to their initial values before passivation. 

The exact part played by EDTA in the above processes 
is not quite clear. Since EDTA is a complexing agent of 
iron cations, it might be supposed that the charge density 
consumed for the passive film reduction should be less 
than that for passivation (Fe ~ ~ FeOOH). In reality, how- 
ever, the charge used for film removal was close to that 
corresponding to the reduction of FeOOH into Fe ~ (Fig. 
12). This suggests that in this process, the effect of EDTA 
was nonexistent  or neglibible. Therefore, another possi- 
bility regarding the nature of the cathodic layer has to be 
considered. It can be presumed that cathodic polarization 
of the passive film leads to the formation of porous iron 
in a highly active state in which it is able to react chemi- 
cally with water at high pH, producing some compound 
of unknown composition, say Fe~(OH)~. During the next 
anodic polarization, a new passive film might grow be- 
neath the porous layer, and processes of this kind occur 
alternately during each successive passivation-reduction 
cycle. Presumably, in the cathodic layer, Fe~(OH),j pre- 
dominates in its outer part and Fe ~ in its inner one, i.e., in 
the one adjacent to the electrode. EDTA might be sup- 
posed to react with Fe~(OH)~ according to the following 
reaction 

Fex(OH), + xL-4 ~ xFeOHL-~ + (y - x)OH- 

where L is an EDTA molecule 

The results presented inF ig .  7 reveal the essential role 
of pH in the passive film reduction process. Namely, at 
high pH (> 12) in the absence of EDTA, cathodic polariza- 
tion leads to the formation of a porous layer which does 
not form at lower pH values. The presence of this layer 
was found on the surface of passivated iron after its cath- 
odic treatment in all the studied solutions of high pH, 
irrespective of the kind of anion. In solutions of lower pH 
(8-9), as in those containing EDTA, there is no cathodic 
film formation at either high or low pH values. There is, 
however, a different reason for the absence of the cath- 
odic layer in EDTA-free low pH solutions and in solutions 
of high pH containing EDTA. Namely, Fex(OH)~ does not 
form at pH 8-9, but  at high pH, EDTA removes the cath- 
odic layer by binding Fe~(OH)~. 

Conclusions 
1. EDTA added to 0.05M NaOH has no effect on passive 

film formation on iron during its anodic polarization. 
2. The passive film formed on iron in 0.05M NaOH dur- 

ing anodic polarization as well as at corrosion potential 
can be completely reduced and removed when cathodic 
polarization in the presence of EDTA is applied. 

3. The cathodic reduction of the passive film in EDTA- 
free 0.05M NaOH (pH 12) leads to the formation of a po- 
rous surface layer which presumably consists of some 
kind of iron hydroxide, say Fex(OH),, and elemental iron. 
This layer has the following properties. It cannot be re- 
moved during cathodic polarization in either EDTA-free 
or EDTA containing 0.05M NaOH. It undergoes partial 
oxidation when anodic polarization is applied, and then it 
can be partly dissolved by cathodic polarization in the 
presence of EDTA. It achieves a significant thickness 
when periodic passivation-reduction cycles in the ab- 
sence of EDTA are applied. It is porous, has no protective 
properties, and therefore does not influence the passive 
film formation. In solutions of lower pH (= 8-9), there is 
no porous layer formation. 

4. Summing up, the course of events that probably oc- 
curs on the surface of an iron electrode during its anodic 
and cathodic polarization in the absence or presence of 
EDTA in 0.05M NaOH might be described as follows. 

Electrolyte: O.05M NaOH.--During the first anodic polari- 
zation, passive film formation occurs. During the first 
cathodic polarization, reduction of the passive film to 
iron and chemical interaction of the freshly formed po- 
rous iron with water molecules occur, producing 
Fex(OH)~. 

Successive cycles of anodic and cathodic polarization.--In 
anodic polarization, a new passive film grows mainly at 
the interface between solid metal and porous layer 
formed in previous cathodic treatment. In cathodic polar- 
ization, the newly formed passive film is reduced to ac- 
tive iron which reacts chemically with water molecules, 
forming Fex(OH)~, mainly in the outer layer of the newly 
formed and reduced passive film. Periodic cycling be- 
tween anodic and cathodic potentials results in gradually 
increasing thickness of the porous layer. 

Electrolyte: O.05M N aOH + EDTA.--In each of the succes- 
sive cathodic and anodic polarization cycles, passive 
films form at anodic potentials and are reduced to Fe ~ at 
cathodic potentials. Fe ~ reacts chemically with water mol- 
ecules, forming Fex(OH)~, but EDTA removes the latter, 
producing FeOHL -3. 

5. Because EDTA assists the reduction of passive films 
on iron, cathodic polarization conducted potentiostati- 
cally in the presence of EDTA can provide reliable data 
about the charge consumed for passive film reduction. 
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Activation of the Iron Surface to Hydrogen Absorption Resulting 
from a Long Cathodic Treatment in NaOH Solution 

T. Zakroczymski ~ and Z. Szklarska-Smialowska 

Department of Metallurgical Engineering, The Ohio State University~ Columbus, Ohio 43210 

ABSTRACT 

Electrochemical measurements  of the permeation rate of hydrogen through pure iron cathodically polarized in 0.1M 
NaOH, together with ellipsometric and optical observations of the electrode surface, were performed. A long, 
uninterrupted charging caused disintegration of a subsurface metal layer and, as a result, the metal surface became 
more prone to both hydrogen absorption and corrosion. The permeation rate through activated iron membranes was 
controlled by the cathodic current density. An addition of EDTA into 0.1M NaOH increased the activity of the iron sur- 
face by removing from it some oxidized products of the chemical reaction of iron with water. Therefore, at the same 
charging current density, the hydrogen permeation rate through iron membranes was much greater in the presence than 
in the absence EDTA. On the contrary, a layer of palladium on the input surface impeded the entry of hydrogen. 

In a previous paper by one of the authors (1), it was 
found that a sufficiently long (100-200h) cathodic polari- 
zation of ARMCO iron membranes in a dilute NaOH solu- 
tion resulted in a surprisingly high permeabili ty of the 
metal to hydrogen. Interruption of the charging current 
followed by its switching on caused the hydrogen perme- 
ation rate to decrease transiently, before the previous per- 
meability was restored. It was supposed that, upon the 
exposure of the iron to NaOH, a barrier layer formed at 
the metal/electrolyte interface, hindering the entry of hy- 
drogen into the metal bulk. This barrier could be re- 
moved by a sufficiently long, uninterrupted cathodic po- 
larization, leading to a very high permeability level. 

In another paper by the authors (2), it was shown that 
passive films formed on iron in NaOH and then sub- 
jected to cathodic reduction in the same electrolyte could 
not be completely removed. After such a treatment, some 
unreducible porous layer remained on the iron surface. 
However, in the presence of EDTA (ethylenediamino- 
tetraacetic acid) in NaOH, the cathodic removal of the 
passive film on iron was complete. 

Therefore, it was deemed interesting to compare the 
properties of the barrier layer which hindered the entry of 
hydrogen into iron with those of the porous layer re- 
maining on the surface of iron after passivation followed 
by reduction in NaOH, and also to check if EDTA would 
influence the permeation rate of hydrogen through iron. 

Experimental 
Hydrogen permeation measurements,  ellipsometry, and 

microscopic observations were performed. The classical 
electrochemical permeation technique (3) was used for 
permeability measurements,  and the nonsteady-state dif- 
fusion method (4, 5) was used for diffusivity determina- 
tion (see Appendix). 

The base electrolyte was aqueous 0.1M NaOH. Addi- 
tional experiments were conducted in the presence of 
ethylenediaminetetra-acetic acid (EDTA) or in that of 
both EDTA and As~O:, The test membranes, 0.001m 
thick, were of high purity 99.998% iron (Puratronic iron of 
Johnson Matthey Chemicals Limited). For all permeabil- 
ity measurements,  the input surfaces of membranes were 
mechanically polished with diamond paste to a 1 tzm 

'Permanent address: The Institute of Physical Chemistry, 
Polish Academy of Sciences, Kasprzaka 44/52, 01-224, Warsaw, 
Poland. 

finish. The output surface of each membrane was coated 
with a thin layer of Pd. Palladium electroplating was per- 
formed in aqueous solution 0.8g PdCl,,/liter + 60g 
NaOHJliter and at current densities of 200 A/m 2 during the 
first 30s and 100 Aim s during the next 270s. Some perme- 
ability measurements  were taken in the presence of a Pd 
layer on the input surface as well. For ellipsometry, a dif- 
ferent kind of pure iron, 99.991% Fe (product of Material 
Research Corporation) was used. These specimens were 
in the form of slices cut off from a 0.0064m diam rod; they 
Were polished in the same way as the membranes.  A man- 
ual ellipsometer, Type 436 of Rudolph Research, and a 
mercury light source of 546.1 nm wavelength were used. 
The angle of incidence was 71 ~ . Directly measured polari- 
zer and analyzer angles were converted into relative 
changes of phase (A) and amplitude (~), respectively. All 
experiments were carried out at 24 ~ -+ 1~ 

Results 
Permeability measurements.--Figure la shows three ex- 

amples of hydrogen permeation rate (ip) vs. time (t) curves 
obtained for iron membranes in either pure 0.1M NaOH 
solution or in that containing 0.01M EDTA. The entry side 
of one of these membranes [marked Fe(Pd)] was covered 
with Pd. These results were obtained during the first 
200s of cathodic polarization at a current density of 90 
A/m 2. As a rule, in this initial charging period, the H per- 
meation rate was relatively small. The addition of EDTA 
to the electrolyte caused a substantial increase of permea- 
bility, whereas the presence of Pd on the input surface of 
iron had an opposite effect. 

Analyses of the first build-up transients as depicted in 
Fig. la are given in Fig. lb. Because the log (i, �9 t '12) vs. t- '  
relationships were not linear, only mean values of their 
slopes and, consequently, mean values of the effective 
diffusivity of hydrogen (D) could be estimated. As in the 
case of permeability, EDTA increased and Pd decreased 
the effective diffusivity. All calculated D values were 
much lower than those reported in literature for the lat- 
tice diffusivity of hydrogen in pure iron at room tempera- 
ture. This suggests that, during the above initial period of 
cathodic polarization, the permeability was controlled not 
by diffusion of H in the metal but by some kinetic imped- 
iments acting on the input surface. The present results 
differ from those found for gas phase diffusion (6, 7) in 
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that the presence of palladium did not eliminate permea- 
tion control by surface processes. 

Figure 2 shows relationships between the hydrogen 
permeation rate and the square root of cathodic current 
density for freshly prepared (i.e., not precharged) mem- 
branes of the same type as in Fig. la, exposed to the same 
two solutions for 200s. From Fig. 2 it follows that permea- 
bility increased with input, current density, increasing up 
to some 20 A/m", but did not at higher currents. 

A quite different picture was obtained when the cath- 
odic polarization was continued for 50h or more. As 
shown in Fig. 3, for both the nonpalladized membranes 
the permeabili ty increased quite rapidly within, approxi- 
mately, the 20-50h range, after which a nearly constant 
permeation rate was obtained; its level was much higher 
in the presence of than in the absence of EDTA in 0.1M 
NaOH. Here again, a Pd layer on the input side of the 
membrane had a significant impeding effect on H perme- 
ation. In the presence of EDTA, after about 50h of 
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uninterrupted charging, the permeabili ty attained an ap- 
proximately constant level of 0.9 A/m ~, i.e., about 50 times 
that observed after the first 200s. When As203 was added 
to the EDTA containing solution after the above steady- 
state permeabili ty was achieved, the permeation rate still 
increased up to about 1.8 A/m ~. 

After 90h of interrupted cathodic charging (at times 
marked in Fig. 3 by arrows), the permeation decay and 
build-up transients were measured by a rapid variation of 
the current from 90 to 30 A/m 2 and then back to the previ- 
ous value of 90 A/m 2. An example of decay and build-up 
permeation transients is plotted in Fig. 4a and the result 
of their analysis in Fig. 4b. By this method, the true 
diffusivity of hydrogen was determined (4, 5). 

There was a very good agreement between the hydro- 
gen diffusivity values calculated from either the permea- 
tion decay or the build-up transient recorded in both 
EDTA-free (Fig. 4) and EDTA containing electrolyte. In 
the EDTA-free solution, D was a little greater (8.20 • 10 -9 
mY/s) than in the remaining one (7.57 • 10 -9 m~/s). Both 
were independent  of the concentration of hydrogen and 
close (especially D obtained in EDTA-free solution) to lit- 
erature data for the lattice diffusivity of hydrogen in pure 
iron at room temperature (8, 9). In contrast, for mem- 
branes coated on the entry side with Pd, nonlinear rela- 
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tionships (similar to those in Fig. lb) and lower diffusivity 
values were obtained ( -5  x 10-" m~/s). 

Effects of the cathodic current density on the permea- 
tion rate of hydrogen through precharged membranes are 
shown in Fig. 5. In this case, the permeation rate was a 
linear function of the square root of cathodic current den- 
sity over its whole applied range, i.e., up to 2250 A/m 2. 
The most striking result was again obtained in the EDTA 
containing solution, where the permeabili ty reached 5 
Aim 2, i.e., a value corresponding to ip x L = 3.12 • 10 ~6 H 
at./m2-s. (Concentration of diffusive hydrogen in the metal 
beneath the input side was equal to 4.87 • 10 -5 at. H/at. 
Fe.) Fluxes of such a high intensity are hard to obtain in 
acid, poison-free solutions. 

On the entry surface of membranes in which permea- 
bilities higher than about 1 A/m ~ were obtained, blisters 
appeared. They were not numerous and covered only a 
small part of the surface. They did not detectably 
influence the permeability. 

Ellipsometry and observations of the electrode sur- 
face.--Changes in -6h  with time for iron specimens polar- 
ized cathodically in 0.1M NaOH at three different current 
densities are shown in Fig. 6, and the respective relation- 
ships between -8~ and 8r are depicted in Fig. 7. As a rule, 
cathodic polarization resulted in significant changes of 
the ellipsometric parameters. The greater the current den- 
sity applied, the larger the change in h and r 

Effects of EDTA and Pd on ellipsometric parameters 
are shown in Fig. 8 and 9. In the presence of EDTA, the 
increase of - h  was less pronounced than that of r The 
palladized specimen exhibited relatively small changes in 
both - h  and r with time. 

In more advanced stages of the cathodic treatment, a 
brownish layer appeared on the surface of all the elec- 
trodes. Depending upon the composition of the electro- 
lyte and time, the color of that layer changed from golden 
or yellow-brown to almost black. Optical and scanning 
electron microscopic observations revealed that it had a 
finely dispersed porous structure. Its thickness reached 
several hundred nanometers. 

Evolution of hydrogen bubbles at the cathode surface 
also changed with time. In the initial charging stage, only 
a few sites on the metal surface were engaged in this pro- 
cess. Later on, more sites became available for H~ evolu- 
tion. Finally, a multi tude of very small bubbles was seen 
to take off rapidly from the whole metal surface. These 
events developed with time rather slowly and depended 
equally upon the presence of EDTA in the electrolyte and 
of Pd on the electrode; hence, they were related to the ob- 
served changes in H permeability. 

Discussion 
In contrast to the behavior of fresh (nonprecharged) 

iron membranes,  where a linear dependence of hydrogen 
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Fig. 6. Changes in - g A  with time during cathodic polarization of iron 
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permeation on the square root of cathodic current density 
was held over a narrow range of low cathodic current 
densities (Fig. 2), for all the precharged (activated) mem- 
branes the above linear relationship was seen up to very 
high applied currents (2250 A/m 2, Fig. 5). This indicated 
that in the former case some barrier layer existed on the 
input surface but was absent in the later case. However, 
despite that same supply of hydrogen to the cathodic sur- 
face, in the three experiments referred to in Fig. 5 the hy- 
drogen permeation rate was different, indicating differ- 
ences in either the state of surface or partial pressure of 
the atomic hydrogen supplied. 

Ellipsometry revealed the formation of some alien layer 
on the surface of iron treated cathodically in NaOH. After 
about 24h of cathodic treatment, this layer became visible 
to the unaided eye. The longer the cathodic polarization 
was, the thicker the layer was. It was Supposed, therefore, 
that by a long cathodic polarization with simultaneous 
hydrogen evolution in NaOH, disintegration of a thin 
subsurface iron layer occurred. The disintegrated iron 
particles probably were highly active and, because of the 
high pH at the cathode, could react chemically with water 
molecules and produce an oxidized iron compound. 

It was found previously (2) that passive films formed 
on iron in NaOH and then subjected to a cathodic treat- 
ment  in the same electrolyte could not be completely re- 
moved because some unreducible porous layer remained 
on the iron surface. It was assumed that this layer con- 
sisted of some kind of iron hydroxide [Fex(OH)J and ele- 
mental iron. 

It is believed that the nature of the porous layer formed 
on iron by cathodic treatment in NaOH is identical with 
that formed on iron by passivation and then reduction in 
NaOH. It can be predicted that such an oxidized layer 
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would deactivate the iron surface for the absorption of 
hydrogen, since the access of H atoms to the bare metal 
surface would be more difficult. At the same time, how- 
ever, the presence in that layer of disintegrated iron 
particles of very high areas could make the metal surface 
more accessible to hydrogen. Consequently, the permea- 
tion rate of hydrogen through precharged membranes 
was greater than through fresh membranes.  

In a previous work (2), it was also found that in the 
presence of EDTA in NaOH cathodic reduction of the 
passive film was complete, and if no prolonged cathodic 
treatment was applied, the iron surface was free of any 
alien layer. Obviously, EDTA removed Fex(OH)y forming 
soluble complexes. However, after a long cathodic treat- 
ment  of iron in EDTA containing NaOH, a porous layer of 
iron always was present; being evidently free of any oxi- 
dized product of the chemical reaction of iron with water, 
it increased the surface area of the cathode. As a result, in 
EDTA containing NaOH, the permeation of hydrogen 
through precharged membranes was much faster than in 
EDTA-free NaOH (Fig. 3 and 5). 

In the presence of Pd on the input side of membranes 
the hydrogen permeation rate during the first approxi- 
mate 2-15h of charging was greater than that observed for 
uncoated Fe, but it diminished then to a much lower, ap- 
proximately constant value (Fig. 3). The former event 
could be caused by the fact that, initially, H dissolved in 
Pd, forming the a phase in which the transport of hydro- 
gen is known to be faster than in the ~ phase that exists at 
high H concentrations. Another reason for the later de- 
crease of permeabili ty could be the greater recombination 
rate of hydrogen on Pd than on Fe, resulting in a decrease 
of the supply of H atoms to the cathode. 

The presence of a layer of Pd on the entry side of the 
membrane does not prevent disintegration of the sub- 
surface iron layer. This is clearly demonstrated by 
ellipsometric results shown ~n Fig. 8, where -6A for 
Fe(Pd) changes with charging time in a way similar to 
that for unpalladized iron. 

Determination of the diffusivity of hydrogen based on 
decay and build-up transients recorded in NaOH with and 
without EDTA led to correct values of the diffusion 
coefficient of hydrogen in iron (Fig. 4). Contrary to ex- 
pectations, for membranes coated on the input side with 
Pd, it was impossible to obtain correct diffusivity values 
using the method of successive permeation transients; 
the D values obtained were low. Apparently, Pd coatings 
retarded both the desorption and absorption of hydrogen 
during decay and build-up transients, respectively. As is 
known, under cathodic charging conditions, Pd forms a 
hydrogen-rich beta phase, the formation and decomposi- 
tion of  which is relatively slow. As a result, the relaxation 
t ime necessary to establish new boundary conditions was 
too long to permit application of the nonstationary diffu- 
sion equations. 

C o n c l u s i o n s  
I. The absorption of hydrogen by iron during the first 

several hours of its cathodic polarization in 0.1M NaOH 
occurred relatively slowly and was controlled by the ap- 
plied current only within a narrow range of low current 
densities. 

2. A long, uninterrupted cathodic polarization of iron in 
NaOH solutions caused disintegration of a thin 
subsurface metal layer. As a result, the working surface of 
the cathode increased and became activated, i.e., more 
prone to both hydrogen absorption and corrosion. 

3. Over the whole range of the applied charging cur- 
rents (up to 2250 A/m2), the permeation rate of hydrogen 
through activated iron membranes was controlled by the 
cathodic current density, i.e., the rate of which the hydro- 
gen atoms were supplied to the metal surface. 

4. Disintegration of iron at its interface with NaOH so- 
lution led to the formation of a thin porous layer which 
was probably composed of disintegrated iron and of some 
oxidized iron compound. Because of its porosity, this 
layer did not hinder the absorption of hydrogen. 

5. EDTA increased the activity of the iron surface by 
removing from it some oxidized products of its reaction 
with water at high pH values. 

6. A layer of palladium on the input surface impeded 
the entry of hydrogen into iron. 

7. Despite the presence of blisters on the input side of 
iron specimens and the very large hydrogen fluxes ob- 
tained in NaOH with EDTA, the permeation of hydrogen 
through iron was controlled in these experiments by lat- 
tice diffusion. 
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A P P E N D I X  

Pr inc ip les  of  t h e  N o n s t e a d y - S t a t e  D i f f u s i o n  M e t h o d  of  
H y d r o g e n  D i f fus iv i ty  D e t e r m i n a t i o n  

In contrast with the steady-state diffusion, where the 
rate of hydrogen entry into a flat membrane is balanced 
by an equal rate of hydrogen exit from the opposite sur- 
face of the membrane,  in the nonsteady state of diffusion 
these rates differ from one another. For materials in 
which the hydrogen diffusion coefficient (D) is indepen- 
dent of the hydrogen concentration, Fick's second law 
applies, and D can be precisely determined on the basis of 
build-up or decay permeation transients when the follow- 
ing initial and boundary conditions are fulfilled (4) 
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C = O ; O < x < L ; t < O  [a-l] 

C =  C o ; x =  0 ; t = 0  [A-2] 

C =  0, x = L ; t ~ 0  [A-3] 

where C is the concentration of hydrogen at a chosen dis- 
tance x from the entry side, Co is the concentration of hy- 
drogen in the first layer of metal atoms beneath the entry 
surface, L is the membrane thickness, and t is the time. 
These conditions mean the following. 

1. Before charging, the whole membrane is free of 
hydrogen. 

2. When cathodic charging begins at t = 0, a constant H 
concentration Co corresponding to the applied current 
density settles immediately beneath the entry surface (x 
= 0); this is also true of any other change in the state of 
the cathodic current density. 

3. At the exit  side of the membrane (i.e., at x = L) the 
concentration of hydrogen at any t is 0; this is assumed by 
coating the exit surface with a thin layer of palladium and 
maintaining it at an appropriate anodic potential at which 
all the oncoming hydrogen is immediately ionized. 

In this work, the following equations were used to cal- 
culate the effective diffusivities of hydrogen on the basis 
of build-up and decay permeation transients 

decay 

i ,  - ip2 ~ 2 
- 1 - ~ e -lj4~ [A-4] 

i,, ~ - ip2 ~ X/~-r 

buildup 

i, - ~p~ 2 

Zp2 --  Zol 
- -  e -'j4" [A-5] 

where iv, ~ is the initial steady-state permeation rate set- 
tled at a chosen cathodic current density ic,(t < 0), ip.,f is 
the final permeation rate settled at i~ (t = ~), i, is the ac- 
tual permeation rate at a chosen t ime t > 0, and z is a di- 
mensionless parameter equal to Dt/L ~. 

Equations [A-4] and [A-5] can be converted into more 
convenient  forms 

decay 

2F~/D (C1 - C2) L ~ log e 1 
log (ipl | - i,) v / t  = log 

x/~r 4D t 
[A-6] 

buildup 

l o g ( i p - i , ,  ~ ) ~ / t = l o g  2Fx/D(C2-C~)  _ L 21oge . 1 
X/~r 4D t 

[A-7] 

where C, and C2 are hydrogen concentrations in the metal 
directly beneath the entry surface, corresponding to ic. 
and iCy respectively, and F is Faraday's constant. Th~ 
slopes of linear_relationships, log (ira ~ - ip)x/t vs.  l/t, and 
log (ip - ip, ~) ~ft  vs. l/t ,  permits calculation of D ~ and D 1' 
values for decay and buildup, respectively. The linearity 
of these relationships, symmetry of build-up and decay 
transients, and equality D $ = D ~ all indicate that the 
permeation of hydrogen is controlled by diffusion and 
that the boundary conditions for nonsteady-state of diffu- 
sion are strictly fulfilled. Nonlinearity, asymmetry, or dif- 
ference between D $ and D ~ indicate that the permeation 
rate is controlled by some other events, most probably by 
either trapping or kinetic impediments  on the entry sur- 
face, or jointly by both these events. However, the 
trapping of hydrogen in iron is a fast process which usu- 
ally (especially for a thin membrane) ceases within sev- 
eral minutes after a constant cathodic current is applied, 
i.e., when all traps present in the volume of the mem- 
brane are filled with hydrogen to a content related to the 
input fugacity of the external hydrogen source. There- 
fore, when deviations from linearity, symmetry, or equal- 
ity continue for hours under constant charging condi- 
tions, evidence is given that the permeation is affected by 
some spurious surface effects. 
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ABSTRACT 

The influence of Cl-,  Br- ,  and F -  on the passivation of nickel in pH 3.0, 0.15N Na2SO4 has been studied. The pres- 
ence of C1- and B r -  only temporarily delays the establishment of passivity; in contrast, F -  has little short-term (< ls) 
influence, but a considerable long-term effect with the anodic current falling to only - 1 mA-cm -2. To study the in- 
fluence of the different halide ions, passive oxide films were formed on nickel in pH 3.0 Na~SO4, and then subjected to 
potentiostatic polarization in 0.08M CI-, Br- ,  or F -  solutions. In C1- and Br -  solutions, the anodic current remains very 
low but increases abruptly with pit initiation. The breakdown results in F -  solution are completely different, with the 
measured anodic current increasing gradually with time of polarization; the rate of current increase is at first very low, 
but then increases with time and eventually slows as passivity breakdown approaches completion. While the kinetics of 
passivity breakdown depend on both the prior passivation treatment and the conditions existing in the F -  solution, the 
results generally give S-shaped curves, suggesting that the breakdown process is one of nucleation and lateral growth of 
"holes" in the passive oxide film. This mechanism of film breakdown in F -  is confirmed by replica electron micros- 
copy of the surface at various stages in the breakdown process, with local attack initiating at selected sites and then 
gradually spreading over the entire surface. The difference in behavior between F -  and C1- and Br -  is discussed in 
terms of the adsorption characteristics of the ions. 

Metals and alloys such as nickel, iron, and the stainless 
steels have the ability to form thin, passive oxide films 
which are susceptible to either general or local break- 
down in the presence of aggressive halide ions. The exact 
role of these anions, and therefore the fundamental  mech- 
anism of passivity breakdown, is still under discussion 
with various theories proposed to explain the influence 
of C1- and B r -  on pit initiation (1-12). It has been argued 
that these ions can rupture or break the passive oxide 
film (12, 13), e.g., by adsorption on the surface, so that un- 
derlying metal is exposed to the aggressive environment 
at potentials high enough to cause pitting. Another sug- 
gested mechanism involves direct incorporation of the 
halide ion into the oxide film with a subsequent increase 
in pitting susceptibility. The halide ion may, however, ini- 
tiate passivity breakdown by simply interfering with local 
film repair, i.e., the oxide may experience continual local 
breakdown-repair events and the halide ion merely 
influences the efficiency of local repassivation. 

Unlike the highly localized attack observed with C1- 
and B r -  ions, F -  ion has been found to cause an overall 
breakdown of passivity and general metal dissolution 
(14-17). At present, however, neither the kinetics and 
mechanism of F- - induced  passivity breakdown nor the 
influence of F -  on the formation and development  of an 
oxide film are well known. In this work, the influence of 
F -  on both the establishment and breakdown of passivity 
is studied. With regard to the latter, a variety of passive 
oxide films are formed in non-F-  solutions and then ex- 
posed to F -  containing solutions for breakdown of the 
previously established passivity. In this way, the in- 
fluence of both prior passivation treatment and condi- 
tions in the aggressive F -  solution on the breakdown of 
passivity is studied. Replica electron microscopy has 
been used to follow the initiation and propagation of pas- 
sivity breakdown. The results are analyzed in terms of the 
nucleation and lateral growth of holes at breakdown sites 
in the passive oxide film. The behavior of F -  as an ag- 
gressive anion is contrasted with that of C1- and Br-.  

Experimental 
Polycrystalline nickel specimens and Ni ( l l l )  single 

crystals were prepared as described previously (18): Po- 
tentials are referred to the saturated calomel electrode, 
Hg/Hg~C12. Experiments  were conducted at 25~ in 
deaerated pH 3.0 solutions of 0A5N Na~SO4 either with or 
without added NaF, NaC1, and NaBr. To determine the 
influence of the various anions on the establishment of 
passivity, electropolished nickel electrodes were cathodi- 
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cally reduced at 20 tLA-cm -~ for 5 min (to obtain oxide- 
free starting surfaces), and the potential was then stepped 
to a value in the passive region. The resulting current- 
t ime transients were obtained on a high speed Brush re- 
corder (risetime < 8 ms) and integration gave the 
passivation charge. Nickel electrodes were also passi- 
vated in F--free solutions and then transferred through 
the air to deaerated 0.08 or 0.01M F -  solution for passivity 
breakdown. Results from previous work indicate that 
such air exposure has no influence on the state of the 
passive oxide film (19). To determine the extent  and type 
of passivity breakdown in the presence of F - ,  the surface 
of a passivated (111) single crystal was examined by rep- 
lica electron microscopy after treatment in F -  solution. 

Results and Discussion 
Influence of halide ions on anodic passivation.--Figure 

1 shows the influence of 0.08M concentrations of the 
various halide ions on the i-t profile upon stepping the 
potential into the passive region. C1- and B r -  ions sub- 
stantially increase the short-term anodic charge passed in 
establishing passivity, indicating that they interfere with 
the passivation process; the extent of interference is 
greater for C1- than for Br -  (Fig. 1 and Table I). In con- 
trast, F -  ion appears to have little influence on the initial 
stages of passivation, the i-t profile during the first 0.5s 
being similar to that obtained in its absence. The results 
are consistent with the expec ted  strong interaction of C1- 
and B r -  ions with the nickel surface, an interaction which 
should block at least part of the surface for oxide forma- 
tion. However, the apparently stronger interaction of C1- 
than Br -  is not in agreement with predicted strengths of 
adsorption of these ions (20-23). The anticipated weak in- 
teraction of F -  ion should cause little interference with 
passivation, as observed. 

Although the C1- and B r -  ions strongly interfere with 
the initial surface oxidation (Fig. 1), passivity eventually 

Table I. Anodic charge passed during the first ls after stepping the 
potential to 0.2V in pH 3.0 No,SO4 solution containing no halide and 

0.08M of the various halide ions. Electrode pretreatment was 
electropelishing and cathodic reduction at 20/~A-cm -~ prior to the 

potential step 

Halide ion Anodic charge Percentage of 
present (mC-cm -2) background charge 

- -  2.8 100 
F- 3.5 130 
C1- 18.3 670 
Br- 8.8 320 
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Fig. !. Current-time transients, obtained on oxide-free nickel in pH 
3.0 Na~SO4, upon stepping the potential to 0.2V (solid line). Also shown 
are transients in solutions with 0.08M CI -  (dot-dash line), Br- (dashed 
line), and F-  (dotted line). The inset indicates the steady current of 0.5 
mA-cm -2 observed after 200s at 0.2V in 0.08/,4 F-. 

occurs and the anodic currents fall to very low values. In- 
deed, the currents measured 60s after the potential step 
are only ca. 10-15% higher than in the absence of halide 
ions. The behavior with F -  is completely different in that 
the current stops falling a few seconds after the potential 
step and reaches a steady value of ~0.5 mA-cm -2 (Fig. 1, 
inset). Such a high anodic current indicates that passivity 
has not developed beyond the most elementary stages 
which is in sharp contrast to the initial (< 0.5s) lack of 
influence of F -  on passivation. This result could be due 
to F -  either (i) influencing the nature of the passive film 
and therefore its stability toward dissolution or (it) in- 
creasing the aggressiveness of  the solution. Whatever the 
reason, it is clear that normal passivity cannot be 
achieved for nickel in a pH 3.0 Na2SO4 solution containing 
0.08M F- .  

Galvanostatic charging of nickel in halide ion solu- 
tions.--Figure 2 shows a series of galvanostatic charging 
profiles for electropolished nickel at 4/~A-cm -~ in pH 3.0 
Na~SO4 solutions with different halide ions present. In the 
absence of halide ion, the potential increases from the im- 
mersion value of -0.04V to the oxygen evolution region at 
0.96V with no indication of film breakdown or pitting 
(24). In the presence of 0.08M B r -  or CI-, the galvano- 
static charging curve is the same as in halide-free solution 
until the potential is high enough for pitting to occur. 
This is manifested as a sharp reversal of the potential as 
the passive oxide film locally breaks down; rapid metal 
dissolution at the breakdown sites results in the observed 
anodic depolarization. Thus, neither C1- nor Br -  has any 
apparent influence on the galvanostatic development of 
the passive oxide film until pitting begins at the higher 
anodic potentials. This is certainly not the case with F- ,  
where passivity breakdown begins as soon as the elec- 
trode is immersed at 4/zA-cm-2 and continues until pas- 
sivity has completely broken down a short t ime later. Gal- 
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Fig. 2. Anodic galvanostatlc charging profiles for electropolished 

nickel at 4/~A-cm -~ inpH 3.0 Na~SO4 in the absence of halide ion (solid 
line), and in solutions containing 0.0864 CI -  (dot-dash line), Br- 
(dashed line), and F-  (dotted line). 

vanostatic charging in F -  gives rise not to pitting but 
rather to an overall loss of passivity with corresponding 
general metal dissolution, which is again in contrast to 
the localized attack by C1- and Br- .  

Potentiostatic breakdown of passivi ty in F -  so lu t ions . -  
It is well known that, when prepassivated nickel is ex- 
posed to a CI-  or B r -  solution above the pitting potential, 
the measured anodic current remains almost constant but 
then abruptly increases when pit initiation occurs [see, 
e.g., Ref. (25)]. The time required for the sharp current in- 
crease, referred to as the induction time (rind) for pit initia- 
tion, varies exponentially with the potential of the pitting 
experiment. In the present work, similar experiments 
were performed in the presence of F -  both to compare 
the results with those obtained in C1- and Br -  and to un- 
derstand the nature of passivity breakdown in F- .  

Figure 3 shows the current response for a film pre- 
formed in pH 3.0 Na~SO4 at 0.6V for lh  and then polarized 
at 0.2V in 0.08M F- .  The current is initially quite low 
(< 0.1/~A-cm -~) but after - 5 min it begins to increase, at 
first slowly but then more rapidly. The rate of change of 
current increases with time during about the first 18 rain, 
but then begins to decrease and a steady state is eventu- 
ally reached after - 23 rain. During this time, the current 
increases by over four orders of magnitude indicating a 
massive breakdown of passivity. The eventual constant 
current is actually somewhat higher than that obtained 
when electropolished and cathodically reduced nickel is 
polarized at 0.2V in the F -  solution (Fig. 1); this is proba- 
bly due to the increased surface roughness associated 
with breakdown in F -  (see below, especially Fig. 7). The 
results thus suggest that complete breakdown of passiv- 
ity occurs in F -  after a certain time of exposure. The 
breakdown results shown in Fig. 3 are reproducible from 
experiment  to exper iment  to within +-2%. This high de- 
gree of reproducibility means that the increase of anodic 
current can be used to carefully study the kinetics of pas- 
sivity breakdown in F -  as a function of condition of for- 
mation of the prior passive film as well as the conditions 
in the breakdown solution. 

If the current, i, at any time, t, in F -  solution is a mea- 
sure of the extent  of passivity breakdown, then the ratio 
= (/max - i)/imax is the fraction of the surface still covered 
by the passive film. The term (i - ~) is therefore a mea- 
sure of the extent  of passivity breakdown; [(1 - ~) = 
i/i~,~]. When the results from Fig. 3 are plotted in the 
form of(1 - a) vs. t, an S-shaped curve is obtained (Fig. 4). 
Passivity breakdown is initially slow and then acceler- 
ates, eventually slowing again towards the end of 
breakdown. 

Influence of electrode pretreatment on F--induced f i lm 
breakdown.--To investigate the influence of state of pas- 
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Fig. 4. Results of Fig. 3 plotted in terms of (1 - c~) vs .  time where ~ = 

(/m~x - i ) / i  . . . .  

s ivi ty on the  rate of  film b reakdown  in F - ,  (1 - ~) vs. t 
profiles were  obta ined  for e lec t ropol i shed  nickel  (EP Ni) 
and nickel  prepass iva ted  in pH  3.0 Na2SO4 at 0.6V for 3 
min  and 16h and at 0.2V for lh.  The  results ,  shown in Fig. 
5, indica te  that  the  rate of  pass ivi ty  b r e a k d o w n  at 0.2V in 
0.08M F -  is h igh ly  d e p e n d e n t  on the  pr ior  state of the 
film. Bo th  the  potent ia l  and t ime  of  anodizat ion have  a 
major  inf luence on the  stabili ty of  the  film toward  
F - - i n d u c e d  b reakdown.  Ei ther  a h igher  pass ivat ion po- 
tent ial  or a longer  pass ivat ion t ime  gives  an increase in 
the  induc t ion  t ime  before  measurab le  b r e a k d o w n  occurs  
as well  as a s lower  rate of  ac t ivat ion after b r e a k d o w n  has 
begun.  The  order  of  res is tance of these  films toward  at- 
tack  by F -  is the  same as that  p rev ious ly  obse rved  for 
open-c i rcui t  b r eakdown  in sl ightly acid sulfate solut ions 
(26), wi th  the  film on E P  Ni be ing  the least  stable. In  that  
p rev ious  work, an increase  in the  open-circui t  film stabil- 
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Fig, 5. (1 - ~) v s .  time profiles for different oxide films formed in pH 

3.0  Na2S04 and broken down at 0 .2V in O.08M F-  (pH 3.0) .  
Prepassivation treatments are: electropolishing (a), 1 h at 0.2V (b); 3 rain 
at 0.6V (c); and 16h at 0.6V (d). 

i ty was shown  to be  associa ted wi th  a decrease  in the  den- 
sity of film defects  ra ther  than  any change  in film 
thickness .  

Influence of breakdown conditions in F -  so lu t i ons . -  
Figure  6 shows the  inf luence of  potent ia l  of  b r eakdown  
in F -  solut ion on the  (1 - ~) vs. t profi le for a s tandard  
pass ive  film, i.e., one fo rmed  at 0.6V for l h  in p H  3.0 
Na2SO4. The film b reakdown  kinet ics  are h ighly  depen- 
dent  on the  appl ied  potent ia l  in the  F -  solution, the rate 
of pass ivi ty  b r e a k d o w n  increas ing  dramat ica l ly  wi th  in- 
creas ing anodic  potent ia l  (cf. profiles a and b). Both  the  
induc t ion  t ime  and the  rate of  s u b s e q u e n t  b reakdown are 
s t rongly inf luenced  by the  b r e a k d o w n  potential .  The ki- 
netics of  pass iv i ty  b reakdown  are also d e p e n d e n t  on the  
[F-]  in solution,  the  b r e a k d o w n  t ime  be ing  m u c h  longer  
in 0.01M F -  solut ion in compar i son  to 0.08M F - ,  all o ther  
condi t ions  be ing  cons tant  (cf. profiles c and a). The  lower  
[F-]  more  than  compensa t e s  for a h igh  potential ,  so that  
b r e a k d o w n  is s lower  than  at 0.1V in 0.08M F -  solut ion (cf. 
profiles c and b). These  resul ts  indica te  that  by a proper  
select ion of  the condi t ions  in F -  solution,  b r eakdown  of 
even  the  mos t  defec t ive  ox ide  films (e.g., the  film on EP  
Ni) can be s tudied  in detail. 

Mechanism of  passivi ty  breakdown in F -  solutions.--  
While the  above  resul ts  demons t r a t e  wh ich  parameters  
inf luence pass ivi ty  b r e a k d o w n  in F - ,  ques t ions  r emain  
concern ing  the  b r e a k d o w n  mechan i sm.  The mos t  proba- 
ble modes  of  a t tack by F -  are e i ther  genera l  layer-by- 
layer t h inn ing  of  the  oxide  film wi th  t ime  (27) or local  at- 
tack at specific sites wi th  a gradual  spreading  of  this 
at tack across the  surface. To d is t inguish  be tween  these  
two possibil i t ies,  repl ica  e lectron mic rographs  of a Ni 
(111) surface were  obta ined  at var ious  t imes  dur ing  break- 
down  in F - .  The  Ni (111) e lec t rode  was prepass iva ted  at 
0.6V for l h  and then  t ransfer red  to a 0.08M F -  solut ion for 
b r eakdown  at 0.2V. The ( 1 -  ~) vs. t. profi le is v e r y  simi- 
lar to that  shown in Fig. 4 for a polycrystal] ine electrode,  
i.e., an inti tal  induc t ion  per iod  is fo l lowed by a rapid in- 
crease in (1 - ~) wi th  an even tua l  s lowing d o w n  as a 
s teady state is approached .  The micrograhs  associated 
with  three  ex ten ts  of  b reakdown,  hav ing  (1 - ~) va lues  of  
0.5, 10, and 99%, are shown in Fig. 7a, 7b, and 7c. It  is ap- 
paren t  that  the  F -  at tack begins  at a few specific points  
on the  surface (Fig. 7a) and that  bo th  the  n u m b e r  of  at- 
tack sites and the i r  radii  increase as the  at tack progresses  
(Fig. 7b). Eventual ly ,  the  a t tack spreads over  mos t  of  the  
surface as new s i tes  of a t tack appear  and the  exis t ing 
sites spread lateral ly (Fig. 7c); by  this t ime,  close to com- 
plete passivi ty  b r e a k d o w n  has occurred .  This  form of at- 
tack is in sharp  contras t  to that  observed  w h e n  
e lec t ropol i shed  and cathodical ly  r educed  nickel  is polar- 
ized at 0.2V in 0.08M F -  solut ion (Fig. 7d). In this case, 
there  is no ev idence  of local at tack since there  was no 
passive oxide  film to b reak  down.  A genera l  a t tack is ob- 
se rved  wi th  un i fo rm roughen ing  of  the  meta l  surface. 
Similar  surface features  are observed  after  F -  b r eakdown  
of the  oxide  film on E P  Ni. S ince  dissolut ion of this 
h ighly  defec t ive  oxide  is ve ry  rapid (Fig. 5a), there  is l i t t le 
t ime for local ized a t tack to develop.  The  a lmost  immedi -  
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Fig. 6. (1 - cO vs .  time profiles for an oxide film formed at 0.6V for I h 
in pH 3.0 Na2S04 and broken down under different conditions in p H 3.0 
F-  solution. Breakdown conditions ore: 0.4V in O.08M F-  (o); 0.1V in 
0.08M F-  (b); and 0.4V in O.01M F-  (c). 
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Fig. 7. Replica electron micregraphs of a Ni(111) single crystal 
prepassivated at 0.6V for I h in pH 3.0 Na~S04 and then exposed to 
O.08M F-  (,oH 3.0) at 0.2V for times required to give (1 - ~) values of 
0.5% (a), 10% (b), and 99% (c). d: The micrograph obtained after 
electropolishing, cathodic reduction, and passivation at 0.2V in O.08M 
F-. Shadowed spheres are 900A polystyrene balls. 

ate disappearance of the oxide film thus gives rise to the 
same general dissolution features observed in the absence 
of an oxide film. 

The results presented for the breakdown of passivity in 
F -  suggest that the process is one of nucleation and lateral 
growth, i.e., local breakdown of the oxide film is nucle- 
ated, perhaps at defect sites in the film, and the attack 
then spreads laterally across the surface. The mechanism 
is akin to that discussed in detail by Evans (28) for nuclea- 
tion and growth of new phases (with the generation of 
S-shaped kinetics) and analogous to the more recent com- 
puter modeling work of Kozlowska et al. (29) for the cath- 
odic removal of thin oxide films on platinum. In this 
later work, initial oxide removal was considered to be the 
result of a nucleation process at specific sites on the sur- 
face giving rise to "lakes" or "holes" in the film. Contin- 
ued cathodic reduction occurred at  the periphery of the 
established holes, and the rate of reduction increased 
with the extent of reduction until  the holes began to over- 
lap. The potential had a strong influence on the reduc- 
tion rate since it determined the density of sites where 
holes would be nucleated. In the present work, local 
breakdown of the passive NiO film in F -  solution results 
in its replacement by a poorly passivating film character- 
istic of the particular potential. The resulting local high 
rates of metal dissolution give rise to the local surface at- 
tack which is seen by electron microscopy. The rate of 
passivity breakdown will be determined by both the den- 
sity of breakdown sites and their rate of radial growth. 
The dependence of the breakdown rate on the prior 
passivation treatment is easy to understand since this 
prior treatment determines the defect density of the oxide 
film and therefore the number  of sites susceptible to 
breakdown. The increase in breakdown rate at higher po- 
tentials in F -  could be due to an increase in the number  
of film defects at which breakdown is nucleated as well 
as to a change in the lateral growth rate of developing 
holes. Electron microscopy indicates that the nucleation 
is progressive, as opposed to instantaneous, since the 
number  of breakdown sites increases with time (Fig. 7). 
This local breakdown of oxide by expanding holes and 
newly appearing nuclei eventually results in complete re- 
moval of the passive film with subsequent  general metal 

dissolution. At that point, the passive oxide has been re- 
placed by a poorly inhibiting film. 

The precise mechanism by which F -  locally breaks 
down passivity and destroys the film is still open to ques- 
tion. It is known that F -  forms stable complexes with 
transition metal cations (rather than metal atoms) so it 
has more effect on the metal oxide film than on the metal 
itself (30-33). This fact may explain the different behavior 
of F -  vs. C1- and Br -  (Fig. 1 and 2). There is a suggestion 
in the literature that F -  forms a surface complex with 
passive oxide films on nickel and iron which enhances 
the rate of cation transfer from the oxide lattice into solu- 
tion (14, 15). However, it may be that F -  in solution does 
not directly influence the initial breakdown of the 
passive oxide film at all but  simply influences local re- 
pair after breakdown has occurred. Breakdown occurs 
even in the absence of F- ,  and its extent is determined by 
the state of perfection of the film and the aggressiveness 
(pH) of the solution. 

Whatever the precise mechanism of F- - induced break- 
down of passivity, the present results clearly show that 
the attack is initially localized at a few sites on the sur- 
face. With long exposure to F -  solution, the eventual gen- 
eral breakdown of passivity is a result of the spreading of 
this local attack, as well as attack occurring at new sites. 
There appears to be a direct correlation between the de- 
fect state of the oxide film and its resistance to break- 
down in F- ,  the defects in the film likely being the sites 
of attack by F- .  While F -  is quite different from C1- and 
Br-  in terms of its abi l i ty  to eventually cause a general 
breakdown of passivity, it appears that breakdown is ini- 
tiated in much the same way as by C1- and Br-,  viz., by a 
highly localized attack at a few specific sites on the 
surface. 

Mansucript submitted Feb. 27, 1985, revised manuscript 
received ca. July 8, 1985. 
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Polarization and Corrosion of Electrogalvanized Steel Evaluation 
of Zinc Coatings Obtained from Waste-Derived Zinc Electrolytes 

M. Dattilo 

U.S. Department of the Interior, Bureau of Mines, Rolla Research Center, Rolla, Missouri 65401 

ABSTRACT 

The corrosion of electrogalvanized 1070 steel wire has been investigated in molar quiescent ammonium chloride and 
ammonium sulfate under near-neutral conditions. Zinc coatings obtained from waste-derived electrolytes were evalu- 
ated vs. coatings from relatively pure zinc electrolytes. The waste source of zinc was brass smelter flue dust. Corrosion 
rates were measured by Tafel line extrapolation and the polarization resistance technique. Values of the Tafel slopes and 
the corrosion currents were also compared with those for pure zinc (99.999%). Corrosion rates were found to be affected 
by the medium employed, pH, and bimetal diameter reduction (drawing). Drawn electrogalvanized steel displays higher 
values of the Tafel slopes than do the as-plated samples. The Tafe] slopes are different from those obtained on pure zinc. 
This is assumed to be due to inhomogeneous surface features obtained from additive adsorption (during plating) and re- 
sidual lubricants used in the drawing process as well as surface structure. The corrosion rates of electrogalvanized 
samples plated in the waste-derived zinc electrolytes were similar to the corrosion rates of samples plated in relatively 
pure zinc electrolytes. Therefore, wastes are a potential source of zinc for electrogalvanizing. 

Large quantities of zinc bearing waste materials exist; 
therefore, the Bureau of Mines is investigating processes 
that can benefit from using this resource. Previous Bu- 
reau work has shown that  zinc coatings obtained in 
waste-derived electrolytes are comparable to coatings 
from relatively pure electrolytes when evaluated in salt 
spray tests (1). Most uses for  zinc require high purity ma- 
terial; and since wastes normally contain other metals 
which coextract with zinc, they are less suitable for the 
production of primary cathode zinc. Zinc electrowinning 
is accomplished in pure electrolytes. Cathode current 
densities for this process range from 20 to 100 mA/cm 2, 
and the plating times from :! 8 to 48h. This allows buildup 
of impurity levels that lower cell efficiency as well as 
cathode purity. Removal  of these impurities involves sev- 
eral process steps (2-3) requiring greater cost t0 the pro- 
ducer. In electrogalvanizing, however, high current densi- 
ties (200-600 mA/cm 2) and short plating times (minutes) 
are employed, thus allowing higher impurity levels in the 
plating electrolyte (4-5). 

Electrogalvanizing is accomplished in a continuous pro- 
cess. The steel substrate is cleaned, plated, and subjected 
to multiple diameter reductions (drawing) in the case of 
wire products. This working of the metal surface causes a 
change in its structure and corrosion properties. It also al- 
lows better adherence of materials such as rubber or poly- 
mer for structural applications. 

There is a considerable amount of reported data on zinc 
corrosion in acid, alkaline, neutral, and near-neutral me- 
dia (6-13), and corrosion rates are highly influenced by 
the medium employed. Normally, electrogalvanized steel 
is evaluated in aerated NaC1; however, it has been shown 
that the corrosion rates measured electrochemically are in 
error because of two competing cathodic reactions and 
corrosion products on the surface. Deaerated ammonium 
salt solutions appeared to be an excellent choice for a cor- 
rosion medium because of reproducible electrochemical 
measurements and suppression of oxide film formation 
(11). 

This report deals with the corrosion of eleetrogalvan- 
ized steel obtained by plating in a brass dust-derived zinc 

electrolyte. Evaluation of these coatings was necessary vs. 
coatings obtained from industrial-type electrolytes to de- 
termine if wastes are viable sources of zinc for electrogal- 
vanizing. 

Experimental 

Electrolytes and plating.--Synthetic zinc electrolytes 
were prepared by dissolving French process zinc oxide 
(prepared from zinc metal) in reagent-grade sulfuric acid. 
Reagent-grade NH4C] and H:~BO:~ were added as desired 
for conductivity and buffering. Waste electrolytes were 
obtained by extraction of brass Smelter flue dust (64.6% 
zinc) with 180 g/liter sulfuric acid. This yielded an impure 
electrolyte containing -120 g/liter zinc and - 1  g/liter cop- 
per. Copper was :removed by addition of 2 g/liter zinc dust 
at 75~ for 30 rain. A thorough account of this procedure 
has been given in a previous report (1). Compositions of 
the electrolytes are shown in Tables I and II along with 
the additions. 

Steel wire 1070 (0.234 cm diam) was prepared for plat- 
ing by first degreasing with trichloroethylene and then 
electrocleaning in 600 g/liter H2SO4 using a current den- 
sity of 400 mA/cm 2 (1). Wires were then rinsed and plated 
at constant cathode current density of 600 mA/cm ~ for 30s 
at 40 ~ and 60~ over a pH range of 2-5. The wire was rota- 
ted during plating at 105 rpm. The anode in the plating 
cell was a 99.999% zinc rod so as to maintain constant zinc 
concentration. Cathode area was 7 cm ~, and the anode 
area was > 10 cm 2 in all cases. 

Drawing.--Bimetal drawing was accomplished on wire 
plated as above. The samples were -10  cm long and were 

Table I. Synthetic zinc electrolyte compositions (g/liter) 

Electrolyte Zn NH4Cl H:,BO:~ Licorice 

P-1 120-145 18 12 0.3 
P-2 120-145 18 12 0 
P-3 120-145 18 12 0.1 
P-4 120-145 18 12 0.5 
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Table II. Waste zinc electrolyte compositions (g/llter) 

Electrolyte Zn Cd C1 Cu Ni NH4C1 H3BO~ Licorice 

W-1 120-130 0.002 2.1 0.003 0.003 18 12 - -  
W-2 120-130 0.01 1.11 < 0.001 0.002 18 12 - -  
W-3 120-130 0.002 2.1 0.003 0.003 18 12 0.1 

d r a w n  t h r o u g h  a h a r d  die to r e d u c e  the  d i a m e t e r  - 1 0 %  in  
the  first  pass.  (Sample s  d r a w n  twice  were  r e d u c e d  20% 
on  t h e  s e c o n d  pass.)  I n d u s t r i a l  dies  a n d  l u b r i c a n t  we re  
used.  The  dies  u s e d  were  6 ~ con ica l  type.  

Corrosion media . - -The  e lec t ro ly tes  for  th i s  co r ro s ion  
s t u d y  w e r e  1M NH4CI a n d  1M (NH4)2SO4. Ana ly t i ca l  re- 
agen t -g r ade  sal ts  were  d i s so lved  in  d is t i l led  water .  The  
p H  was  a d j u s t e d  to 6 -+ 0.1, e x c e p t  in  specif ic  exper i -  
m e n t s ,  b y  smal l  a d d i t i o n s  of  NH4OH, H2SO4, or HC1. P r io r  
to  i m m e r s i o n  of  samples ,  t h e  so lu t ions  were  d e a e r a t e d  
w i t h  oxygen- f ree  n i t rogen .  Po la r i za t ion  m e a s u r e m e n t s  
were  p e r f o r m e d  at  25 ~ - 2~ 

So lu t i ons  we re  ana lyzed  b y  a t o m i c  a b s o r p t i o n  for  z inc 
c o n t e n t  d u r i n g  w e i g h t  loss tests .  

Sample preparat ion.--Samples  were  p r e p a r e d  b y  de- 
g reas ing  in  bo i l i ng  t r i c h l o r e t h y l e n e  fo l lowed  b y  r i n s ing  
w i th  abso lu t e  e t h a n o l  a n d  dis t i l led  water .  T he  sur face  
was  t h e n  dr ied  in  a f i l tered air  s t ream.  1 c m  ~ sur face  area  
was  u s e d  in  all m e a s u r e m e n t s .  

In  t he  so lu t ion  ana lys i s  (weigh t  loss)  e x p e r i m e n t s ,  5.6 
c m  '2 area  was  used .  

M e a s u r e m e n t s  were  m a d e  af te r  t he  s i m p l e  d e g r e a s i n g  
p r e p a r a t i o n  so as to  r e t a in  the  cha rac t e r i s t i c  su r f ace  of  
e l ec t roga lvan ized  steel. Z inc  rods  (99.999% pure)  were  ma- 
c h i n e d  to give a flat  face a n d  po l i shed  w i t h  600 gr i t  SiC, 
t h e n  e t c h e d  in 50% HC1 a n d  degreased .  

Polarization measurements and cell .--The cell u s e d  
was  a c o m m e r c i a l l y  ava i l ab le  l - l i te r  glass  vessel .  The  
c o u n t e r e l e c t r o d e  was  p l a t i n u m  mesh ,  a n d  t he  r e f e r ence  a 
s a t u r a t e d  ca lome l  e lec t rode .  T he  r e f e r e n c e  e l ec t rode  was  
p l aced  in  an e lec t ro ly te  b r idge  t u b e  w i t h  f r i t ted  glass  t ip  
d e s i g n e d  for  low l eakage  a n d  m i n i m u m  IR  drop.  All mea-  
s u r e m e n t s  were  m a d e  w i t h  a s c a n n i n g  po ten t io s t a t ,  a n d  
c u r r e n t  a n d  p o t e n t i a l  were  c o n s t a n t l y  m o n i t o r e d  b y  digi- 
tal  e l ec t rome te r s .  

The  s a m p l e  was  p l aced  in  t he  co r ros ive  m e d i u m  a n d  al- 
lowed  to e q u i l i b r a t e  w h i c h  t akes  ~15 min ,  and  t h e n  t h e  
co r ros ion  p o t e n t i a l  (Ecorr) w a s  m e a s u r e d .  N e x t  t h e  polari-  
za t ion  r e s i s t a n c e  (Rp) was  d e t e r m i n e d .  The  po t en t i a l  was  
a d j u s t e d  to 5 m V  ca thod ic  of E,:~ a n d  t he  s can  was  be-  
gun  in  t he  a n o d i c  d i r ec t ion  at  a ra te  of 0.1 mV/s,  a n d  
s t o p p e d  at  a v a l u e  5 m V  a n o d i c  of  Ecorr. 

F o l l o w i n g  t he  m e a s u r e m e n t  of  Rp, t he  e l e c t r o d e  was  al- 
l owed  to s tabi l ize  a g a i n  at  E~o,. T h e  ca thod i c  s c a n  was  
t h e n  o b t a i n e d  f rom E .... s c a n n i n g  a t  0.25 mV/s.  Af te r  
c o m p l e t i o n  of  t he  ca thod i c  scan,  t he  co r ros ion  po t en t i a l  
was  r e d e t e r m i n e d  a n d  t he  a n o d i c  s c a n  was i n i t i a t ed  at  the  
s a m e  sweep  ra te  (0.25 mV/s).  All  m e a s u r e m e n t s  were  
m a d e  in  q u i e s c e n t  e lec t ro ly tes .  

Results 

Polarization data.--Anodic  a n d  ca thod i c  po la r iza t ion  
cu rves  of  99.999% zinc in  1M NH4C1 a n d  1M (NH4)2SO4 are  
s h o w n  in  Fig. 1 a n d  2, respec t ive ly .  Typ ica l  po la r i za t ion  
cu rves  of  e l ec t roga lvan ized  s teel  in  1M (NH)4)2SO4 a n d  1M 
(NH4)C1 are  s h o w n  in  Fig. 3 a n d  4. T h e s e  f igures  s h o w  
b o t h  as -p la ted  a n d  d r a w n  samples .  T he  c u r r e n t - p o t e n t i a l  
r e l a t i onsh ips  are  s imi la r  to  p u r e  zinc, b u t  c lose i n s p e c t i o n  
shows  in t r ins i c  d i f fe rences .  In  Fig. 3 [(NH4)~SO4], t he  an- 
odic  b r a n c h  s h o w s  a n  in f lec t ion  at  ~ -1 .05V.  In  NH4C1 
(Fig. 4), a s imi la r  c u r r e n t - p o t e n t i a l  r e l a t i on  is ob ta ined .  
The  in f lec t ion  in  t he  anod ic  p o r t i o n  sugges t s  m o r e  t h a n  
one  a n o d i c  reac t ion .  

T h e s e  c u r v e s  we re  o b t a i n e d  at p H  6 - 0.1. At  lower  p H  
values ,  t h e r e  is a c o n s i d e r a b l e  sh i f t  of  t h e  co r ros ion  po- 
t en t ia l  to more  a n o d i c  va lues .  F igu re  5 s h o w s  t he  polariza- 
t ion  cu rve  of d r a w n  e l ec t roga lvan ized  s teel  a t  p H  6 a n d  4. 

Table Ill. Corrosion of pure (99.999%) zinc 

icorr E icorr • 
(/LAJcm 2) ba -be E ..... (~ 'A /e r a2 )  

1M (NI~)~SO4 16.8 41 125 -1.154 17.1 
1M NH4C1 10.5 30 174 - 1.133 - -  

The  c u r r e n t  is i n c r e a s e d  at  lower  p H  a n d  it  is diff icul t  to 
d e t e r m i n e  a ca thod i c  Tafel  slope; there fore ,  p H  6 was  
c h o s e n  for all m e a s u r e m e n t s  g iven  in  th i s  repor t .  

Calculation of corrosion rates . --The va lues  o b t a i n e d  for 
the  co r ros ion  ra tes  of e l ec t roga lvan ized  s teel  (EG) 
s a m p l e s  a n d  99.999% zinc are  g i v e n  in  Tab les  III-V. Ar i th-  
me t i c  m e a n  v a l u e s  a r e  l i s t ed  in  t he  t ab l e s  at  t he  95% con-  
f idence  level.  Cor ros ion  c u r r e n t s  were  m e a s u r e d  by  Tafel 
l ine  e x t r a p o l a t i o n  of  t he  a n o d i c  p o r t i o n  to give icorr E (11). 
B o t h  t he  a n o d i c  a n d  ca thod ic  Tafel s lopes  were  m e a s u r e d  
d i rec t ly  f rom the  po la r i za t ion  curve .  

Cor ros ion  c u r r e n t s  were  also ca lcu la ted  u s ing  t he  polar-  
iza t ion  r e s i s t a n c e  t e c h n i q u e .  The  w e l l - k n o w n  S te rn-  
Gea ry  e q u a t i o n  was  u sed  to ca lcu la te  i~orr R (14-16) 

babc 
ir R = [1] 

2.303 (ba + bc)Rp 

Values  of  t he  Tafel  s lopes  for the  a n o d i c  (ba) a n d  ca thod ic  
(b~) r eac t i ons  are  also l i s ted  in t he  tables .  

Po la r i za t ion  r e s i s t a n c e  m e a s u r e m e n t s  yie ld  a s t ra igh t  
l ine  a b o u t  E .... for  z inc (10-11). B e c a u s e  of  the  wide-  
s p r e a d  k n o w l e d g e  of  th i s  m e t h o d ,  no  c u r v e s  are given.  

Cor ros ion  ra t e s  m e a s u r e d  b y  a t o m i c  a b s o r p t i o n  analy-  
sis of  t es t  m e d i a  d u r i n g  i m m e r s i o n  tes t s  are g iven  in 
Tab le  VI. The  da ta  is for a s -p la ted  wi re  in  1M (NH4)2SO4 
ca lcu la ted  f r o m  F a r a d a y ' s  law (17). 

Discussion 
The  r e su l t s  we re  d e t e r m i n e d  a c c o r d i n g  to t h e  m i x e d  

p o t e n t i a l  t h e o r y  of  c o u p l e d  co r ros ion  r eac t ions  d e v e l o p e d  
by  W a g n e r  a n d  T r a u d  (17) a n d  t he  a s s u m p t i o n  of a c h a r g e  
t r ans fe r - con t ro l l ed  p roces s  u s i n g  t he  S t e r n - G e a r y  equa-  
t ion  (15-16). P u r e  z inc y ie lded  va lues  of t h e  Tafel  s lopes  
a n d  co r ros ion  ra tes  in  good  a g r e e m e n t  w i t h  t h o s e  deter-  
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m i n e d  b y  o t h e r  i n v e s t i g a t o r s  (11). E l e c t r o g a l v a n i z e d  (EG) 
s tee l  d i s p l a y e d  d i f f e r e n t  v a l u e s  o f  t h e  Tafel  p a r a m e t e r s ,  b~ 
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a n d  b~, fo r  t h e  a n o d i c  a n d  c a t h o d i c  r eac t i ons ,  r e sp ec -  
t ively.  Th i s  i m p l i e s  d i f f e r e n c e s  in  t h e  p r o c e s s e s  o f  cor ro-  
s i on  a c c o r d i n g  to s o m e  a u t h o r s  (11, 14, 18). 

O n  t h e  ave rage ,  d r a w n  E G  s tee l  c o r r o d e s  m o r e  r ap id ly  
t h a n  does  t h e  a s -p l a t ed  mate r ia l .  T h i s  is c e r t a in ly  r e l a t ed  

Table IV. Corrosion rate data for measurements in 1M {NH4)~S04 

Plating ico,, E i~o= R Surface 
electrolyte b a (mV) Ecorr (V) -bc (mV) (ttA/cm 2) ( ~ c m  '~) N" condition 

P-1 71 -+ 4 -1.157 -+ 0.004 124 _+ 5 21.9 -+ 5.6 24.6 -+ 5.1 9 Drawn 
W-2 82 -+ 5 -1.159 -+ 0.003 119 _+ 4 21.6 _+ 6.6 18.6 +- 4.1 11 Drawn 
P-1 55 -+ 5 -1.155 -+ 0.005 148 -+ 10 12.5 -+ 4.9 12.9 -+ 3.0 7 As-plated 
W-2 51 +- 7 -1.158 -+ 0.005 149 _+ 12 5.4 -+ 2.2 9.8 -+ 2.5 6 As-plated 
P-2 77 -+ 24 -1.157 -+ 0.003 120 -+ 3 11.7 + 3.3 14.1 -+ 5.0 4 Drawn 
P-3 78 -+ 9 -1.150 -+ 0.014 125 -+ 22 21.2 -- 14.5 20.9 -+ 11.7 4 Drawn 
P-4 70 -+ 3 -1.151 -+ 0.005 118 -+ 7 16.2 -+ 8.4 17.1 -+ 8.9 4 Drawn 

"Number of determinations. 

Table V. Corrosion rate data for measurements in 1M NH4CI 

Plating ieorr E ico= R Surface 
electrolyte b, (mV) Ecorr (V) -bc (mV) (t~dcm ~) (tLA/cm 2) N" condition 

P-1 56 -+ 3 -1.145 -+ 0.007 132 --- 7 24.0 -+ 12.4 23.9 -+ 7.6 4 Drawn 
P-1 35 -+ 2 -1.138 -+ 0.004 135 -+ 13 10.5 -+ 5.6 11.9 -+ 4.0 3 As-plated 

" N u m b e r  of determinations. 
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Table VI. Corrosion rates of as-plated electrogalvanized 
wire in deaerated IM ammonium sulfate 

(Factor for calculating i~o,., in microamperes per square 
centimeter from solution analysis: F = 34.2) 

Plating i ..... 
electrolyte Test (~A/cm 2) t (h) 

P-1 

P-1 

P-1 
W-2 

1 14.5 25.2 
24.6 49.2 
21.8 73 

2 17.2 413 
22.1 2i 

3 22.4 18.6 
1 10.4 24 

19 48 
24 71 

2 4.7 24 
7.7 48 

13.5 72 
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Fig. 7. Average corrosion current densities of as-plated and drawn 

EG steel plated in pure electrolyte P-]. 

to surface structural changes incurred in the deformation 
of the malleable zinc coating. Figure 6 shows that the as- 
plated and drawn surfaces are distinctly different. The 
zinc coating from the synthetic electrolyte P-1 (Fig. 6A) 
shows larger grains than the waste electrolyte-derived de- 
posit (Fig. 6B). The drawn surface (Fig. 6C) shows a rela- 
tively smooth surface with "die" lines, x- ray  analysis 
shows perturbation of the crystallographic orientations 
upon drawing the as-plated surface as expected. 

As-plated wire was also evaluated by weight loss (solu- 
tion analysis) and the results show that zinc is dissolved 
at a rate.consistent  with electrochemical measurements 
under the assumption given above. 

Waste-derived EG steel corrodes at a rate slightly lower 
than does the EG coating from a relatively pure zinc elec- 
trolyte. This result is presumably due to the finer-grained 
coating from the waste electrolyte. Salt spray corrosion 
tests yielded the same result: the waste coating outlasted 
the coatings from electrolytes prepared from French pro- 
cess zinc oxide (1). 

Electrogalvanized wire used for evaluation was plated 
at two different temperatures, 40 ~ and 6{)~ representing 
the range normally used to produce this  type of product. 
Also, a pH range of 2-5 was  evaluated since various pro- 
cesses require different acid contents. Figures 7 and 8 de- 
pict the affects that plating temperature and electrolyte 
pH have on electrogalvanized steel corrosion rates. The 
corrosion currents are averages of the extrapolated and 
polarization resistance values. It can be seen that, in gem 
eral, the higher plating temperature (60~ yields the more 
corrosion-resistant product, especially after the wire is 
drawn. 

Another process variable that was evaluated was the af- 
fect of the licorice additive concentration in the pure elec- 
trolyte and the drawn wire corrosion properties. Results 
given in Table IV for drawn wire plated in electrolytes 
P-1 through P-4 show that no licorice and 0.5-g/liter lico- 
rice yield results for the final product that are better than 
those with intermediate licorice content. Licorice is a 
common additive for acid zinc plating. 

The observation of the inflection in the anodic Tafel 
curves in Fig. 3-5 during active corrosion of the EG steel 
deserves comment. Tafel slopes for the dissolution of zinc 
on EG steel are larger than those obtained when corrod- 
ing pure zinc. This is assumed to be caused by the affects 
of additives in the plating electrolyte and embedded 
drawing lubricants in the case of the drawn surface. Bat- 
tery alloy zinc shows a similar inflection in the anodic 
polarization curve (11), so that competing anodic pro- 
cesses due to inhomogeneit ies appear to be the cause (16). 

Electrogalvanized steel appears to corrode by a simple 
charge transfer process since the correlation between 
weight loss and the electrochemical techniques is accept- 
able. Because the medium for corrosion was deaerated, 
hydrogen evolution is the cathodic process coupled with 
anodic zinc dissolution. The use of an ammonium salt 
provides an increase of the rate of the cathodic hydrogen 
evolution process, and these media were sufficiently ag, 
gressive in their attack without the problems of surface 
films observed in aerated salt solution. Because electro- 
galvanized steel is covered with paint, rubber, or polymer 
in actual service and the corrosion processes are deter- 
mined by real environments subject to numerous vari- 
ables, the choice of medium is somewhat arbitrary. 

Fig. 6. SEM photographs of as-plated EG steel plated in synthetic 
(A), waste-derived zinc electrolytes (B), and drawn EG steel (C). 
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Conclusions 
It has been shown that electrogalvanized steel plated m 

waste-derived zinc electrolytes corrode at rates similar to 
those of pure electrolyte coatings. Electrogalvanized steel 
displays different Tafel parameters than does pure zinc 
because of surface differences. The correlation between 
the weight loss determined by solution analysis and the 
electrochemical techniques of Tafel line extrapolation 
and polarization resistance is excellent for as-plated steel 
wire in ammonium sulfate solution. This allows a rapid 
evaluation of corrosion performance. 

Because of the increased use of electrogalvanized steel 
for automotive application, rapid analysis is needed for 
process monitoring which is not provided by salt spray 
and performance testing. Other process variables such as 
plating temperature,  pH, and additive concentrations can 
also be evaluated as to their effect on corrosion. 

If wastes are to be used as raw materials in industrial 
processes, the final product must meet  the requirements 
specified. Electrochemical techniques provide a means 
of determining corrosion rates in ia short t ime and have 
been used to show that wastes are a viable source of zinc 
for electrogalvanizing. 

Manuscript submitted Nov. 19, 1984; revised manu- 
script received July 1, 1985. This was Paper 6 presented at 
the Cincinnati, Ohio, Meeting of the Society, May 6-111, 
1984. 
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ABSTRACT 

The transpassive dissolution of Ni in acidic sulfate media, including the influence of crystallographic orientation, 
was investigated. The surface plane had low index values, that is (100), (110), and (111). This study was largely based on 
the analysis of complex impedance. (100) and (110) specimens showed identical electrochemical behaviors, whereas the 
(111) specimen showed a current density about 20% lower. A reaction mechanism describing the dissolution of the 
passive film was proposed. This dissolution step was postulated to be catalytic, in the sense that the passive film trans- 
formed into a soluble species by anion was not consumed by the transpassive dissolution itself. Calculated polarization 
curves as well as electrode impedances at various polarization points were in a good agreement with experimental  
results. 

Beyond the passivity range and preceding the oxygen 
evolution reaction, Ni electrode in an acidic sulfate me- 
dium exhibits a transpassive dissolution followed by a 
secondary passivity. A very marked intergranular dissolu- 
tion which is to be directly related to localized corrosion 
of austenitic stainless steel immersed in an oxidizing me- 
dium is observed in this potential range (1). 

This paper is aimed at a better understanding o f  the 
transpassive dissolution of Ni, including the influence of 
the crystallographic orientation which is likely to play an 
important role in the course of localized attack. Of major 
interest may be the interaction of the crystallographic ori- 
entation with the electrochemical behavior of the passive 
layer. Nickel single crystals with low index surface plane 
(100), (110), and (111) were investigated along with a poly- 
crystalline specimen. The use of single crystals also 
avoids, to a large extent, complications due to poorly de- 
fined surface area and potential distribution within inter- 
granular grooves and crevasses (2). This study was largely 
based on complex impedance measurements  which yield 
a far more realistic picture of the reaction mechanism. 

A mechan i sm of transpassiv e dissolution, based on po- 
tential decay experiments  (3), was first proposed by Sato 

and Okamoto in 1963 

N i + H ~ O ~ N i O H a d + H  §  

NiOHad -~ NiOH~d + e -  

where the subscripts "ad" and "sol" indicate, respec- 
tively, a species adsorbed on the electrode surface and 
one that dissolved in the solution bulk. This dissolution 
mechanism is close to that proposed by Bockris et al. for 
the active dissolution of iron (4). The sole difference is the 
use of H20 molecule as reactant instead of OH-  for the 
iron dissolution. The valency of transpassive dissolution 
was reported by many authors to be equal to two (5-7). 

Osterwald observed that when a polarization device 
was switched from potentiostat to galvanostat, nearly sine 
wave potential oscillations took place (8, 9). On the basis 
of the stability theory, he deduced the existence of two 
time constants (second-order dynamical system) associ- 
ated with a negative resistance in the frequency response. 
This prediction was experimentally verified by Epelboin 
and Keddam (10). 

In 1975, on the basis of impedance data, Jouanneau et 
al. proposed a very general model for Ni dissolution cov- 
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ering the whole range from activity to oxygen evolution 
including transpassivity (11). They remarked, further- 
more, that the transpassive dissolution is highly depen- 
dent on anion. Hence, they introduced reaction paths im- 
plying anion in addition to hydroxyl ion. The skeletal 
model includes ten adsorbed intermediate species and 12 
reaction paths besides two dissolution processes and two 
oxygen evolution reactions. Nevertheless , the model does 
not distinguish explicitly the active and the transpassive 
dissolution. In other words, it includes no dissolution pro- 
cess of the passive film. Therefore, the transpassive dis- 
solution is preceded by the reduction of bivalent passive 
film to a monovalent  intermediate species at potentials 
more anodic than the passivity range. This unlikely fea- 
ture seems to be an important weakness in consistency of 
this model. Furthermore, the model is much too intricate 
to be checked by numerical simulations or to fit experi- 
mental data with enough reliance. This is why we devised 
a new reaction mechanism. 

Experimental  
Electrode.--Single-crystal specimen rods, 9 mm diam, 

prepared by Bridgman or Czochralski method, were sup- 
plied by Cristal-Tec (France). The purity was evaluated to 
be 99.95%. The specimen rods were mounted in a stain- 
less steel shaft to form a rotating disk electrode. The spec- 
imen was then covered by a thin heat curing epoxy- 
phenolic resin at 200~ under pressure (3.5 bar). This 
particular preparation of electrode allowed us to avoid 
any underlying attack between metal and insulating 
material. 

The electrode surface was then polished on emery pa- 
per under water flow up to 1200 grade, and then electro- 
chemically polished in 10% perchloric acid in ethyl- 
eneglycol monobutyl-ether at 5~ The misorientation 
with respect to the corresponding index plane was kept 
to less than 1 ~ 

ElectroIyte.--The electrolyte was prepared by mixing 
dilute sulfuric acid and sodium sulfate solutions to obtain 
the desired pH value at different total concentrations of 
sulfate ions. The electrolyte was deaerated by Ar bub- 
bling before and during experiments. The solution tem- 
perature was kept at 25 ~ -+- 0.2~ 

Cell.--A cylindrical glass cell contained about 0.35 liter 
solution. The working electrode, rotated at about 1200 
rpm, was set at the center. This rotation speed was high 
enough to avoid control by mass transport. A platinum 
gauze counterelectrode, ca. 200 cm 2, was set around the 
cell wall. The reference electrode, located halfway be- 
tween these two electrodes, was mercurous sulfate in sat- 
urated K~SO4 (SSE). The potential given in this paper was 
corrected for ohmic drop due to the electrolyte resistance 
determined by the high frequency limit of electrode im- 
pedance and dc current. 

Measurements.--dc and ae measurements  were per- 
formed potentiostatically with the Schlumberger-Solar- 
tron equipment  (1186-1172 TFA). The electrode imped- 
ance was measured under sine-wave perturbation of 
small amplitude (hE < 5 mV) at various dc polarization 
points. 

Catculations.--Numerical simulations were performed 
using FORTRAN-77 language with double precision (i.e., 
16 bytes for a complex variable) on a Gould 32/27 com- 
puter. A reaction model was first translated into a set of 
differential equations corresponding to the mass and 
charge balances. Then this set of equations was solved for 
steady-state and linearized nonsteady-state conditions 
yielding mathematical  expressions of the dc current and 
the frequency dependence of the impedance at any given 
potential. A detailed description of the procedure has 
been given elsewhere (12). Specific equations relevant to 
the model of transpassive dissolution of Ni are shown 
below. 

Numerical simulations were performed by varying the 
values of the kinetic parameters. No fitting program was 

used, but the values were adjusted manually for each run 
to approach sufficiently to the experimental  data. Models 
able to reproduce neither analytically nor numerically the 
experimental  results were discarded. The steady-state po- 
larization curve was first simulated. At this stage, a cer- 
tain number  of kinetic parameters had little or no in- 
fluence on the calculated curve. Then the impedance 
diagrams at various polarization points were tried to be 
reproduced by numerical calculations. 

Results and Discussion 
In Fig. 1, the steady-state polarization curve of the 

transpassive dissolution of (111) single-crystal Ni in 1M 
H2SO4 is shown. This curve exhibits a fairly well-defined 
Tafel relationship spreading over two orders of magni- 
tude, in agreement with Ref. (5). The steady state was 
reached within a few minutes at a given potential for 
single-crystal specimens. This contrasts to the case of a 
polycrystalline specimen on which the steady state was 
reached only after 10-15 min of polarization, due probably 
to the formation of grooves and crevasses at grain bound- 
aries. The current maximum can be seen near 1.0V, due 
to the secondary passivation process. Beyond 1.1V, the 
oxygen evolution reaction sets in, leading to a further cur- 
rent increase. 

The influence of crystal plane on the polarization curve 
is illustrated in Fig. 2. Except  for the full passive range 
(13), (100) and (110) specimens showed identical polariza- 
tion curves. On the contrary, the current density of (111) 
specimen is about 20% lower in the transpassive dissolu- 
tion range, and roughly half at the current maximum. The 
results were highly reproducible, and the difference ob- 
served was significantly greater than the experimental 
error. The same difference was also observed in the polar- 
ization curves obtained in other solutions. On the con- 
trary, no significant difference can be seen in the oxygen 
evolution range. 

Figure 3 depicts different impedance diagrams ob- 
tained at the polarization points labeled A to F in Fig. 1 on 
the (11t) specimen. Over the entire transpassive dissolu- 
tion range, in addition to the high frequency capacitive 
loop related to the double-layer capacitance and the 
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Fig. 2. Polarization curves for different crystal planes. Diagrams A 
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charge transfer resistance, two loops, one capacitive and 
another inductive, can be seen. Hence, the impedance di- 
agram intersects the real axis at a frequency ranging from 
0.1 to 0.4 Hz, depending upon the electrode potential. At a 
potential near 0.88V, the impedance becomes infinite at 
this frequency (wave-trap circuit)�9 At potentials less 
anodic than this critical value, the real part of impedance 
remains always positive�9 On the contrary, at more anodic 
potentials, the real part of the impedance exhibits a nega- 
tive contribution. This change of the impedance diagrams 
is illustrated in Fig. 2. The impedance diagram above the 
critical potential is in fact stable under  potential but  un- 
stable under  current regulation (14), as correctly pre- 
dicted by Osterwald (9). 

The impedance diagrams of (100) and (110) specimens 
are quite similar to those shown in Fig. 3. A slight differ- 
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ence in the observed impedance modulus can be related 
to the difference of the dc component.  The similarity of 
the polarization curves, and more significantly of the 
complex impedances, exhibited by these three specimens 
indicates that the electrode kinetics is not clearly depen- 
dent on the crystallographic plane�9 

In order to obtain additional data about the reaction 
mechanism, the solution pH and the total sulfate concen- 
tration were independently varied. Figure 4 depicts the 
influence of solution pH on the polarization curve for 
(111) single-crystal specimen. When the solution pH in- 
creases, the dissolution current decreases�9 The apparent 
reaction order of dissolution rate wi th  respect to H ~ con- 
centration is ca. 0.25. That is, the influence of solution 
pH is small. Furthermore, its increase seems to enhance 
the passive state instead of the dissolution, as in active Fe 
dissolution. These two points contrast definitively with 
the consecutive dissolution mechanism proposed by 
Bockris et al. (4) for active Fe. 

Figures 5 and 6 illustrate the influence of total sulfate 
concentration at a constant pH. At a low pH value (0.35), 
as can be seen in Fig. 5, no clear relationship between the 
dissolution current and the sulfate concentration can be 
established�9 It may be worth noting that, at this pH, sul- 
fate anions are mainly HSO4-. At pH 3.0, on the contrary, 
the major solution anion is SO4--,  for which the results 
are shown in Fig. 6. Somewhat  more significant change 
than at pH 0.35 can be seen. The apparent reaction order 
with respect to the total sulfate concentration is 0.2. That 
is, the influence of sulfate concentration is small for a 
weakly acid and negligible in a strongly acid medium in 
spite of the fact that the very nature of anion plays a cru- 
cial role in transpassive dissolution (I1). This strongly 
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suggests a catalytic effect of anion on the dissolution of 
the passive layer, as established recently in the case of F -  
by spectroscopic and electrochemical techniques (15). 

In this potential range, the metal surface is completely 
covered by a bivalent passive layer. At high enough 
anodic potentials, SO4--  and/or HSO4- are assumed to at- 
tack the passive film and to transform it into a soluble 
species. The secondary passivity is to be explained by an- 
other type of passive film such as Ni(OH)3. This concept 
contrasts drastically with those proposed in the literature, 
in which the transpassive dissolution is considered to be 
similar to the active dissolution (3, 11). 

React ion M o d e l  
The impedance data clearly put  forward a far more in- 

tricate mechanism than the single charge transfer step ex- 
pected in Ref. (5) from the Tafel law obeyed over a large 
range of current densities. Neither polarization curves nor 
electrode impedances allow us to determine the chemical 
nature of reaction in termedia te  species, but only allow 
some guess about their potential and t ime dependence. 
Therefore, a skeletal reaction model was preferably used 
without expliciting reaction chemistry but only on the 
valency state of intermediate species 

K, K3 Ks 
Ni ~- Ni(II)aa ~ Ni(II)*ao ~ Ni(III)aa [I] 

K-1 ~K2 K_5 $K6 
Ni(II)sol 02 

The reaction step [I] depicts the formation of the 
passive film. Since the potential range of interest in this 
work is far anodic to the active dissolution, the latter pro- 
cess is discarded from the reaction scheme. The Ks step is 
the chemical dissolution process of the passive film 
which determines the constant current density in the full 
passive range. The K3 step denotes the transformation of 
the passive film into a somewhat more soluble species, 
likely containing anion, leading to the transpassive disso- 
lution itself (K4 step). The Ks step accounts for the sec- 
ondary passivity, whereas the Ks step describes the oxy- 
gen evolution reaction. This reaction is assumed to take 
place on top of the secondary passivity adsorbate since its 

contribution is detectable only after the current maxi- 
mum. This model implies three intermediate species 
sharing simultaneously the electrode surface. The frac- 
tional coverage of Ni(II), Ni(II)*, and Ni(III) are, respec- 
tively, denoted by 0,, 0~, and 03. 

In spite of this formalism, the model validity can be ex- 
tended to a situation where the kinetics is partly con- 
trolled b y  depth profiles of potential and/or concentra- 
tion within a film. In this range of potential, the electrode 
surface must be considered as completely covered by the 
passive film and no bare nickel is allowed to contact elec- 
trolyte. Therefore, K,/K_,  step can be considered as the 
transfer of Ni(II) across the film from the metal to a sur- 
face site on the passive layer. A high field migration is 
consistent with an exponential  dependence on the ap- 
plied potential. Adsorption states are assumed to be lo- 
cated at the film/electrolyte interface. 

The mass balance of the three intermediate species 
given above can be expressed by 

d O ,  

f l ' - ' ~ -  = K l Z  -- ( K - I  + K2 + K3)O, + K_aO.~ [1] 

dO2 
B'--;-:-, = K30, - (K_3 + K~)02 + K_503 

{ 2 [  
[2] 

dO3 
f l --~-  = K502 - g_.~03 [3] 

where E = 1 - 0, - 02 - 03 and/~ stands for the surface 
concentration (4.0 x 10 ,0 mol.cm -2) of adsorbed species at 
0, = 1. These equations indicate that K4 and Ks steps do 
not intervene in the mass balance. In a preliminary work, 
it was found that experimental  data cannot be accounted 
for by the/s dissolution step obeying usual electrochemi- 
cal kinetics. Though not demonstrated analytically, a cat- 
alytic process seems to be needed to simulate the experi- 
mental results on the basis of this reaction scheme. 
Furthermore,  the formation of a catalytic surface species 
is also in agreement with a small dependence of the reac- 
tion rate on anion concentration. Such a reaction can be 
represented for instance by 
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K~ 
Ni(II)* + Ni ~ Ni ~+ + Ni(I!)* + 2e-  

This  par t icular  m e c h a n i s m  al lows us to separa te  the  re- 
laxat ion t ime  cons tan t  f rom the  cur ren t  f low th rough  the  
e lec t rode  interface.  In  fact, in this  react ion scheme,  the  
dissolut ion of  Ni(II)* is not  a ccompan ied  wi th  its con- 
sumpt ion.  The  c o n s e q u e n c e  of  such  a react ion f rom the  
v i ewpo in t  of  e lec t rode  i m p e d a n c e  was descr ibed  in detail  
in the  case of Fe  dissolut ion (12). For  o x y g e n  evolu t ion  re- 
action, the secondary  pass ive  species  Ni(III) also plays a 
catalyt ic effect, bu t  these  kinet ics  are in t roduced  only to 
s impli fy  the  mass  ba lance  equat ion.  In  fact, this  react ion 
is beyond  the  scope of  this w o r k  and is i n t roduced  mere ly  
to expla in  the  cur ren t  increase due  to the  oxygen  evolu-  
tion. The  reac t ion  process  may  be  expl ic i ted  for ins tance  
a s  

K6 1 
Ni(III) + H20 ~ Ni(III) + 2H § + ~-  O.~ + 2e-  

The charge balance dQ/dt ,  tha t  is, cur rent  flow I, can 
be wr i t t en  as follows 

I = F[2K,E - 2K_,~, + (2K4 + K5)0.2 - (K_5 - 2K~)0~] 
[4] 

where  F is the  Faraday.  
The  Tafel  law and the  Langmui r - t ype  i so therm are pos- 

tu la ted to descr ibe  the  potent ia l  d e p e n d e n c e  of K~ 

K~ = K~o exp  (b~E) [5] 

where  K~o and b~ are i n d e p e n d e n t  of  0, K~ is expres sed  in 
m o l - s - ' - c m  -~, and the  uni t  of b~ is V -1. For  an equ i l ib r ium 
react ion,  (b+ + b_)  = R T / n F .  This condi t ion  was found 
m u c h  too dras t ic  to fit expe r imen ta l  resul ts  over  a wide  
range  of  expe r imen ta l  condi t ions.  This  impl ies  that  
K , / K _ , ,  K J K _ 3 ,  and K J K _ ~  cannot  be  cons idered  as t rue  
e l emen ta ry  equ i l ib r ium processes  but  depic t  mere ly  an 
overal l  react ion reversibi l i ty.  Fur the rmore ,  the  K_I va lue  
in the  t ranspass ive  d isso lu t ion  range is so small  that  this 
process  may  be  cons idered  as pract ical ly i rreversible.  

The  s teady state is def ined by do~/dt = 0, hence  f rom 
Eq. [1]-[4] one yields the  s teady-state  polar izat ion current  

= 2F(K~0, + K40e + K ~ )  [6] 

where  

0, = K , K _ ~ K _ ~ D ;  "02 ~- K , K 3 K _ ~ D ;  -03 = K , K 3 K J D  

and 

D = (K ,  + K _ ,  + K2)K_~K_~ + K ,K3(K~  + K_~) 

indicates  the  s teady-state  va lue  of  f ract ional  coverage.  
The  faradaic i m p e d a n c e  ZF is to be der ived  f rom the  
Taylor  expans ion  of  Eq.  [1]-[4] l imi ted  to t h e  first order.  
The  resul t  of  this s t ra ight forward  calcula t ion is g iven  
be low 

1 1 dO, 
- F[2(K, + K _ , ) -  

Zr  R~ d E  

dO2 dO3 [7] 
+ (2K, - 2K4 - Ks) - - ~  + (2K, + K_~ + 2K6) d-'--E- 

where  

T R A N S P A S S I V E  D I S S O L U T I O N  OF Ni 2565 

Table I. Kinetics parameters used in simulation calculation 

K, = i x i0 -8 exp (SE) 
K_, = 2.8 • i0 -7 exp (-5.5E) 
K2 = 5 x 10 -'2 exp (TE) 
K3 = 2 x 10 -'3 exp (5E) 
K_3 = 7.6 x 10 -~ exp (-4.5E) 

K4 = 5 • 10-" exp (10E) 
K~ = 3 x 10 ,3 exp (10E) 
K_5 = 3 • 10 -s exp (-4.5E) 
K6 = 2 • 10 ,4 exp (12.5E) 

wi th  

Z,~ = Z,Z2Z3 + (K ,  - K_3)K~Z3 - Z , K s K _ 5  + K , K 3 K 5  

X, = [(b, - b_,)K_, + (b, - b2)K2 - (b3 - b_~)K3]-O, 

Z,  = K ,  + K _ ,  + K2 + K3 + j ~  

X2 = [ (b3-  b_~)K_3 - (b5 - b-5)Ksf~.2 

Z2 = K - 3  + K~ + joJfl 

X3 = (b5 - b-5)K-5"O~ 

Z3 = K - 5  + joJfi 

o~ is the  angular  f r equency  (rad-s -1) and j -- X/--'~. 
It  is a s sumed  that  the double- layer  capac i tance  Cd 

(= 100 ~F-cm -2) is l inked  in paral lel  wi th  the  faradaic im- 
pedance,  and hence  the  overall  e lec t rode  impedance  is 
expressed  by 

1 1 
- -  - + j ~ C d  [ 8 ]  

Z ZF 

By  a t r ia l-and-error  method ,  a set  of  k ine t ic  parameters  
shown in Table  I was found to s imula te  sui tably the  ex- 
pe r imenta l  resul ts  on (111) s ingle-crystal  spec imen  in 1M 
H2SO4. The polar izat ion curve  obta ined  by numer ica l  cal- 
culat ion is shown  in Fig. 7. The  calcula ted curve  is in 
fairly good ag reemen t  wi th  expe r imen ta l  results.  

In the  same figure, the  changes  of  fract ional  coverage 
by Ni(II), Ni(II)*, and Ni(III) are shown.  This  figure illus- 
t rates that  the  e lec t rode  is pract ical ly  comple te ly  covered  
(0, + 02 + 03 -~ 1), and the  pass iva t ing  species 0, decays  in 
the  t ranspass ive  range and unde rgoes  a t ransformat ion  
into the  soluble  t ranspass ive  species  02. The  fract ional  
coverage  of  this species remains  ra ther  small  in the  who le  
potent ia l  range,  and shows  a m a x i m u m  near  E = 0.88V, 
co r respond ing  to the  critical potent ial .  

F r o m  calcula ted results,  at the  foot of  the  t ranspass ive  
range, Ni d issolut ion th rough  /<2 pa th  is still significant, 
but, beyond  E = 0.7V, the  K4 pa th  prevai ls  in the  whole  
range of  t ranspass ive  nickel  dissolut ion.  

F igure  8 shows the  i m p e d a n c e  d iagrams obta ined by 
s imula t ion  accord ing  to the mode l  at var ious  dc polariza- 
t ion points  labeled  A'  to F '  in Fig. 7. The  change  in the  di- 
agram shape wi th  potent ia l  is wel l  r ep roduced  by the  
model .  In part icular ,  the critical potent ia l  beyond  which  
the  negat ive  real part  is observed  is seen to be  well  s imu-  
lated. On the  contrary,  at potent ials  close to the current  
m a x i m u m ,  exper imenta l ly ,  the  i m p e d a n c e  d iagram again 
takes  a shape  s imilar  to Fig. B '  or C'. This  was not  suc- 
cessful ly r e p r o d u c e d  by the  kinet ic  pa ramete r s  g iven  in 
Table  I. Ano the r  d i sc repancy  wi th  t he  mode l  is the  Rt 
value.  Calcula ted charge  t ransfer  res is tance is a few t imes  
smal ler  than  that  measu red  exper imen ta l ly  for high cur- 

1 
- F{[2(b, - b _ , ) K _ ,  + b,K2]-O, + [2b4K4 + (b~ - b_5)Ks]-02 + 2b6K6-03} 

Rt 

dO, X,Z2Z3 - X , K s K _ 5  - (K ,  - K_3)(X2Z3 + K_~X3) - K,(X3Z2 + X2Ks)  

d E  ZD 

dO2 ZIX2Z3 + XIK3Z3 + Z,X3K_~ - K,K3X~ 

d E  ZD 

d~3 Z~Z~X3 + (K~ - K_~)K3X3 + Z~X2K5 + X , K 3 K 5  

d E  Z D 
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rent densities. However, it is reasonably hoped that these 
points can be improved by the choice of a better set of ki- 
netic parameters. 

Conc lus ion  
Experiments on the transpassive dissolution of Ni in 

acidic sulfate media were performed with single-crystal 
specimens having three different orientations (100), (110), 
and (111). The polarization curves, as well as the imped- 
ance diagrams, of (100) and (110) are identical, whereas 
(111) showed a slightly lower dissolution current. 

The dissolution rate is weakly dependent  on the solu- 
tion pH. The lower the pH value, the faster the dissolu- 
tion rate. This experimental observation contrasts to the 
influence of solution pH on the active dissolution of Fe 
in an acidic medium. The influence of sulfate concentra- 
tion is also weak or negligible, although the anion plays a 
crucial role in the very existence of transpassive dissolu- 
tion. These experimental data led us to consider the 
transpassive dissolution as a catalytic dissolution of the 
passive film. 

A reaction model for the transpassive dissolution and 
the secondary passivity, implying three adsorbed species 
and two dissolution paths, is proposed. A numerical sim- 
ulation of this model reproduces the experimental results 
with a satisfactorily good agreement in the case of (111) 
Ni specimen in IM H2SO4. 

Consideration of the role of OH-, HSO4-, and SO4-- in 
the framework of the model will constitute the next step 
of this work. 
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ABSTRACT 

Many accelerated electrolytic metal migration and corrosion investigations have been performed in accelerated test 
chambers with unknown gas concentration and flow characteristics. This paper outlines the development of a well- 
characterized accelerated test chamber. The length (mean flow path) to hydraulic diameter ratio of the closed-circuit 
rectangular flow channel is 20. Velocity and concentration measurements showed minimal horizontal or vertical gradi- 
ents in the test section. The range of standard deviations (m/s) for the velocity profiles in the test section was 0.0037-0.16 
at mean velocities of 0.11-2.9 m/s, respectively. Similarly, the range of standard deviations [ppm(vol.) SO2] for the SO~ 
concentration profiles was 1.0-1.2 for a standard gas mixture of 102 _+ I.i ppm SO2 in the air. The effect of gas velocity 
upon the rate of metal migration was demonstrated in the described test chamber using a new accelerated test in an SO2 
environment. This test, the PEG-400 drop test, is a moderate accelerated test with metal migration rates that are less 
than the water-drop test but greater than a temperature humidity bias test with or without pollutants. The gas velocity 
was found to have a significant effect upon the rate of copper migration.The effects of gas velocity, humidity, and 
pollutant concentrations upon the metal migration and corrosion rates can be investigated in this accelerated test cham- 
ber. 

Accele ra ted  life tests are pe r fo rmed  on electronic  com- 
ponents  to p red ic t  the  actual  l i fe t ime and reliabil i ty of 
these  componen t s .  Electrolyt ic  meta l  migra t ion  and cor- 
ros ion are c o m m o n  reliabil i ty p rob l ems  encounte red  in 
the  microe lec t ronics  industry.  Acce le ra ted  meta l  migra- 
t ion and corros ion inves t igat ions  are pe r fo rmed  in test  
chambers  in wh ich  the  tempera ture ,  humidi ty ,  pol lutant  
concentra t ion,  air veloci ty,  and appl ied  bias can be  var ied  
or cycled. Typically,  l i t t le a t ten t ion  is paid to veloci ty  or 
concent ra t ion  profiles and gradients  in these  chambers .  
Most  acce lera ted  meta l  migra t ion  and  corros ion labora- 
tory tests are p e r f o r m e d  in test  chamber s  which  have  un- 
k n o w n  or uncon t ro l l ed  veloci ty  and concent ra t ion  
gradients.  

The  accelera ted  test  chambers  used  in meta l  migra t ion  
and corros ion s tudies  can be classified as one of  three 
types: f low-through chambers  (1-11), commerc i a l  humid-  
ity cabine ts  (12-16), and sealed conta iners  (17-20). The  
f low-through chamber s  are usual ly  cons t ruc ted  of  glass, 
Plexiglas ,  or  Teflon and are best  suited for s tudies  us ing  
humid i f i ed  air wi th  or  w i thou t  pol lu tant  gases. S o m e  in- 
vest igators  us ing  a f low-through chamber  (1-6) mix  
humidi f ied  air and  pol lu tants  in the  tes t  chamber ,  which  
does not  p rov ide  consis tent  po l lu tan t  and water  concen-  
t ra t ions  in the  chamber . .Other  inves t iga tors  (7-11) mix  the  
humidi f ied  air and pol lu tant  gas s t reams before  in t roduc-  
t ions into the  test  chamber .  

Most  f low-through chambers  are rectangular .  Rectan-  
gular  chambers  exhib i t  ve loci ty  gradients,  s tagnant  re- 
gions in the  corners,  and eddy  curr rents  at the  ent rance  
and exi t  (21). Ant le r  and Dunbar  (22) observed  different  
corrosion rates on copper  coupons  in different  locations 
wi th in  the i r  acce lera ted  test  chamber .  This was at t r ibuted 
to nonun i fo rmi ty  of  veloci ty  and wate r  vapor  and SO~ 
concentra t ions ,  especia l ly  at the  en t rance  and exi t  of  the  
test chamber .  

*Electrochemical Society Student Member. 

It has been shown that the rates of corrosion of silver 
(23-25), of copper (25), and of copper migration (21) are de- 
pendent upon the gas velocity past the specimens. 
Sharma et al. (26) include a velocity term in their accelera- 
tion corrosion rate expressions. Other investigators do 
not discuss velocity effects. 

The majority of metal migration and corrosion studies 
reported in the literature apply only to the specific sys- 
tem in which the accelerated tests were performed. It is 
difficult to establish the significance of comparisons be- 
tween accelerated test results obtained using uncali- 
brated test chambers. Accelerated test chambers have not 
been standardized. Thus, investigators must standardize 
or characterize their test chambers so that comparisons 
with other experimenters and field tests can be made. 
This is essential for the development of acceleration fac- 
tors used to predict electronic machine life under actual 
conditions. 

The accelerated test of interest was first devised by 
Carbone and Corl (27). It involves placing a drop of 400 
average molecular weight polyethylene glycol (PEG-400) 
between a pair of biased electrodes. The PEG film ab- 
sorbs water and gaseous pollutant species from the ambi- 
ent environment. These species ionize in the PEG or 
PEG-water film, causing an increase in the electrical 
conductivity of the film. Copper ions are formed at the 
anode and migrate to the cathode where they are reduced, 
producing dendrites. When the dendrites form a continu- 
ous filament between the electrodes, the device shorts. 
The time for the electrode system to short (ts) is a mea- 
sure of the relative rate of metal migration. The metal mi- 
gration rates for this accelerated test (PEG-400 drop test) 
are moderate. The short times are longer than the water- 
drop test, but shorter than exposing dry electrodes to a 
temperature-bias-humidity test with or without pollut- 
ants. 

The first objective of this paper is to outline the devel- 
opment of a well-characterized test chamber suitable for 
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acce lera ted  meta l  migra t ion  and corros ion  studies.  The  
second objec t ive  is to de t e rmine  the  effect  of  veloci ty  
upon  the  rate of  copper  migra t ion  for the PEG-400 drop 
test  in an SOs env i ronment .  

A p p a r a t u s  and  E x p e r i m e n t a l  M e t h o d s  
Two concep tua l  approaches  to the des ign of the  accel- 

era ted tes t  c h a m b e r  were  considered.  The  pr incipal  goal 
was to obta in  a steady, r ep roduc ib le  f low at the  test  sec- 
tion. General ly ,  this may  be accompl i shed  by (i) provid-  
ing sufficient  en t rance  l eng th  ups t r eam of the  test  sec- 
tion to p rov ide  a fully deve loped  ve loc i ty  profile across 
the test  sec t ion  or (it) by min imiz ing  the  length  of  the  up- 
s t ream to p rov ide  a near ly  un i form flow across the  tes t  
section. 

The  ve loc i ty  profi le in a duc t  becomes  ful ly deve loped  
at a cer ta in  d is tance  f rom the  en t rance  to the  duct. For  
laminar  f low in circular  tubes  (28), the  approx ima te  en- 
t rance l eng th  is g iven  by 

Xt 
- 0.05 Re [1] 

D 

where  xt is the  en t rance  length,  D is the  tube  diameter ,  
and Re is the  flow Reynold ' s  n u m b e r  (ratio of  the prod- 
uc t  of  l inear-flow-velocity,  t es t -medium-dens i ty ,  and 
tube-d iamete r  to the  tes t -medium-viscosi ty) .  Similarly,  
the  en t rance  length  for tu rbu len t  flow (28) is g iven  by 

xt 
- 4.4 Re "6 [2] 

D 

For  a desired ve loc i ty  var ia t ion  0.11-2.9 m/s (Reynold ' s  
n u m b e r  range  of  app rox ima te ly  1,100-29,000 for a 0.15m 
diam tube), the  en t rance  l eng th  is 8.3-16m for laminar  
flow (0.11-0.20 m/s) and 2.4-3.7m for tu rbu len t  flow. 
These  lengths  are not  pract ical  for an accelera ted  test  
chamber ,  since the  laminar  en t rance  l eng th  mus t  be  used  
as the  ups t r eam length  for inves t iga t ions  cover ing  bo th  
the  laminar  and tu rbu len t  regimes.  

Al te rna t ive  des igns  were  considered,  s ince it was desir- 
able  to l imit  the  overall  size of the  test  chambe r  whi le  ob- 
ta ining r ep roduc ib le  and cons tant  ve loc i ty  and concentra-  
t ion profiles at the  test  section. Steady,  near ly  un i fo rm 
flow at the  test  sect ion wi th  a m i n i m u m  duct  length  can 
be ach ieved  by careful  design. This  may  be  accompl i shed  
by e i ther  acce lera t ing  flow through a short  nozzle or in- 
t e r rup t ing  the  flow by a pressure  reduc ing  device  that  
occupies  the  duc t  a short  d is tance  ups t r eam of the  test  
section. The flow is s tabil ized jus t  ahead  of  the test  sec- 
t ion us ing  e i ther  of  these  methods .  

The  second option,  use of  a f low restrictor,  was se- 
lected. A closed-ci rcui t  test  chambe r  was cons t ruc ted  of  
clear acrylic plast ic  to pe rmi t  use  of  f low visual izat ion 
aids. The  rec tangular ly  conf igured flow channel  design 
is advantageous ,  since the  size of the chambe r  is small  
(0.91 x 0.91 • 0.15m) and the  pol lu tant  gas is recycled,  re- 
qu i r ing  only a smal l  make-up  stream. The ratio of  total  
l ength  of  f low channe l  (mean flow path) to hydraul ic  di- 
amete r  is 20 for this chamber .  The  flow restr ictor  is a 
bundle  of po lye thy lene  straws he ld  in the duct  by a poly- 
v iny lch lor ide  screen. F low visual izat ion s tudies  were  con- 
duc ted  us ing  Dry Ice vapor  to observe  the  air f low pat- 
terns. Vanes  were  ins ta l led at the  two corners  of  the 
c h a m b e r  be tween  the  dr ive  fan and the  flow rest r ic tor  to 
e l iminate  s tagnant  regions.  The  final conf igurat ion of 
the  accelera ted  test  c h a m b e r  is shown in Fig. 1. 

Velocity profile measurements.--Air veloc i ty  measure-  
ments  were  m a d e  at mul t ip le  locat ions in the  test  sect ion 
with  a F low Corpora t ion  Model  55 air ve loc i ty  meter .  The 
(x, y, z) coord ina te  sys tem (see Fig. 2) w a s  used  to define 
these  locations.  The  x = 0 p lane  is the  exi t  s ide of  the  air 
dis tr ibutor .  The  air ve loci ty  was var ied  f rom 0.11 to 2.9 
m/s by vary ing  the  fan speed .The  ve loc i ty  measu remen t s  
were  taken  in the  z = 0.013, 0.064, and 0.11 planes  of  the  
test  section. 
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Fig. 2. Coordinate system for velocity measurements 

Concentration profile measurements.--A Matheson  
Certified S tandard  gas mix tu re  of  102 p p m  (vol.) SO2 in 
air was in t roduced  into the  accelera ted  test  chamber  wi th  
the  fan creat ing a ve loc i ty  of  app rox ima te ly  1.0 m/s. Gas 
samples  (5.0 x 10-Tm 3) were  t aken  f rom locat ions in the  
test  sect ion after  s teady state was r eached  (approximate ly  
1800s). The  SO2 concent ra t ions  were  de te rmined  wi th  a 
Tracor  Model  565 gas ch romatograph  equ ipped  wi th  a 
Hall  700A electrolyt ic  conduct iv i ty  detector .  Gas samples  
were  taken  in the  z = 0.11 p lane  to de t e rmine  the  horizon-  
tal concent ra t ion  gradient ,  if  any. Samples  were  also 
t aken  at x = 0.30, y = 0.076, and z = 0.025, 0.091, and 0.11 
to de te rmine  ver t ica l  concen t ra t ion  gradients.  Gas 
samples  t aken  direct ly  f rom the  cyl inder  were  used as 
s tandards  for compar i son  with  samples  t aken  f rom the  
accelera ted  test  chamber .  

Copper migration measurements.--The test  spec imens  
for the  copper  migra t ion  inves t iga t ion  consis t  of  copper  
e lec t rodes  (approximate ly  5.0 x 10-~m thick) on a sub- 
s t rate  of  nonfire  re ta rdant  e p o x y  re inforced wi th  w o v e n  
Fiberg las  cloth. The "point - to-plane"  e lec t rode  con- 
f igurat ion was manufac tu red  by a v e n d o r  us ing a li tho- 
graphic  t echn ique .  F igure  3 shows  the  point- to-plane elec- 
t rode  design. The  e lec t rode  pairs used in this 
inves t iga t ion  had spacing of  app rox ima te ly  2.2-2.5 • 
I0-4m be tween  the  poin t  and plane. There  was s o m e  in- 
cons i s tency  in initial e lec t rode  spacings  and condi t ion  
due  to p rob lems  inheren t  wi th  the  manufac tu r ing  
process.  

The test  spec imens  were  c leaned  to r e m o v e  residual  
photores i s t  and manufac tu r ing  f luxes in order  to obtain  a 
reproduc ib le  e lec t rode  surface. The  e lec t rode  c leaning  
p rocedure  appears  in Table  I. This  c lean ing  p rocedure  
p roduced  visual ly  c lean e lec t rodes  at 60 t imes  magnifica- 
t ion wi th  long b lank  short  t imes  c o m p a r e d  to accelerated 

t~(accelerated) 
short  t imes,  i.e., < <  1. Care was t aken  

t~(blank) 
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n o t  to t o u c h  t he  c o p p e r  me ta l lu rgy ,  a n d  l a t ex  g loves  were  
w o r n  w h e n  h a n d l i n g  t he  spec imens .  

Af te r  t h e  s p e c i m e n s  were  c leaned ,  two e l ec t rode  pa i rs  
were  p l aced  in  a P lex ig las  h o l d e r  a n d  t he  e l ec t rode  spac- 
ings  we re  m e a s u r e d  u s i n g  a c a l i b r a t e d  eyep iece  m i c r o m e -  
te r  a t  a m a g n i f i c a t i o n  of  60 t imes .  T he  s a m p l e  h o l d e r  was  
t h e n  p l a c e d  in t he  t e s t  c h a m b e r  a n d  e lect r ica l  connec -  
t ions  we re  m a d e  to t he  e l ec t rodes  w i th  a l l igator  clips�9 The  
p l a n e  was  b i a s e d  nega t ive ly  a n d  was  loca ted  u p s t r e a m  of  
t he  p o i n t  (+). U n r e p r o d u c i b l e  r e su l t s  w e r e  o b t a i n e d  w h e n  
t he  b ias  was  r e v e r s e d  in  p r e l i m i n a r y  m e t a l  m i g r a t i o n  in- 
v e s t i g a t i o n s  i n v o l v i n g  P E G - w a t e r  d rops  d o p e d  w i t h  am-  
m o n i u m  pe rch lo ra t e .  T he  app l i ed  p o t e n t i a l  was  m e a s u r e d  
to e n s u r e  good  e lec t r ica l  con t ac t s  a n d  was  t h e n  t u r n e d  
off. T h e  c h a m b e r  was  sea led  a n d  t he  fan was  t u r n e d  on. 
The  ve loc i ty  ac ross  each  s p e c i m e n  was  m e a s u r e d  pr io r  to  
t he  i n t r o d u c t i o n  of  t h e  SO~. T he  fan  m o t o r  was  loca ted  on  
the  f loor a n d  d r o v e  t he  fan  b l a d e  b y  m e a n s  of  a f lex ib le  
shaf t  in  o rde r  to e l i m i n a t e  any  v ib ra t ions .  T he  s a m p l e s  
were  t h e n  c o v e r e d  w i t h  a p o l y e t h y l e n e  cove r  to  p r e v e n t  
the  SO~ e n v i r o n m e n t  f r o m  c o m i n g  in c o n t a c t  w i t h  t he  
c o p p e r  e l ec t rodes  be fo re  s t eady  s ta te  was  reached .  The  
c h a m b e r  was  t h e n  r e sea l ed  a n d  t he  104 p p m  SO~-air mix-  
t u r e  was  i n t r o d u c e d .  T h e  SO~ c o n c e n t r a t i o n  was  mon i -  
t o r ed  b y  gas  c h r o m a t o g r a p h y  u s i n g  a t e n - p o r t  gas  sam-  
p l ing  va lve  to c o m p a r e  t h e  feed  a n d  t e s t  c h a m b e r  
c o n c e n t r a t i o n s .  Once  s t eady  s ta te  was  r eached ,  t he  poly- 
e t h y l e n e  cove r  was  r e m o v e d  t h r o u g h  a s e p t u m  in  t he  
c h a m b e r  wal l  a n d  a 6.0 ~ l i te r  d rop  of  PEG-400  was  p l a c e d  
b e t w e e n  each  e l ec t rode  pair ,  a n d  a p o t e n t i a l  of  9.0V was  
appl ied .  The  l e akage  c u r r e n t  of  e a c h  e l ec t rode  pa i r  was  
m o n i t o r e d  as a f u n c t i o n  of  t ime.  T h e  t i m e  un t i l  s h o r t  (t~) 
was  d e t e r m i n e d  at  severa l  gas  ve loc i t i e s  in  t he  l a m i n a r  
a n d  t r a n s i t i o n  f low reg imes .  A s h o r t  is de f ined  as a su rge  
in  l eakage  cu r r en t ,  typ ica l ly  1.0-10 ~A, a n d  v i sua l  observa-  
t ion  of  a d e n d r i t i c  s t r u c t u r e  b r i d g i n g  t he  e lec t rodes .  U p o n  
c o m p l e t i o n  of  t h e  s h o r t  t i m e  runs ,  t he  f an  s p e e d  was  in- 
c r eased  to 5.7 m/s  [ m i n i m u m  ve loc i ty  for  r e p r o d u c i b l e  
p s y c h r o m e t r i c  m e a s u r e m e n t s  (30)] a n d  t he  re la t ive  
h u m i d i t y  was  d e t e r m i n e d  by  p s y c h r o m e t r y .  

Results and Discussion 
T h e  Dry  Ice  v a p o r  (CO2) f low p a t t e r n s  qua l i t a t ive ly  

s h o w e d  a r e p r o d u c i b l e  ve loc i ty  profi le  w i t h  no  e d d y  cur-  

Table I. Copper electrode cleaning procedure 

1. Dip card in hot (50~176 HNO3 [25% (by volume)] for 60s or 
longer if copper lines are not clean after 60s. 

2. 15s rinse with deionized water. 
3. Ultrasonicate in hot (50~176 HC] [25% (by volume)] for 1800s. 
4. 15s rinse with deionized water. 
5. 15s rinse with isopropanol. 
6. Ultrasonieate in isopropanol for 900s. 
7. Store cards in isopropanol until ready for use (do not store for 

more than 24h). 
8. Dry card with nitrogen before using. 
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Fig. S. Transverse velocity profiles in test section 

r e n t s  or s t a g n a n t  r eg ions  in  t he  ve loc i ty  r a n g e  f r o m  0.11 
to 2.9 rrgs. Th i s  ve loc i ty  r a n g e  c o r r e s p o n d s  to a R e y n o l d ' s  
n u m b e r  r a n g e  of  a p p r o x i m a t e l y  1,100-29,000. 

Velocity profile resuIts.--Figure 4 s h o w s  t he  ve loc i ty  
profi le  a long  t he  c e n t e r  of  t he  acce l e r a t ed  t e s t  c h a m b e r  
at  z =  0.064m. F i g u r e  5 s h o w s  t he  ve loc i ty  prof i les  across  
t h e  c h a m b e r  at  t h e  s a m e  he igh t .  T h e  m e a n  ve loc i ty  va lues  
a n d  t h e i r  s t a n d a r d  dev i a t i ons  a p p e a r  in  T a b l e  II. 

The  ve loc i ty  profi le  r e su l t s  s h o w  no  o rgan ized  pat-  
te rns ,  b u t  some  sca t t e r  in  t h e  t r a n s v e r s e  a n d  l o n g i t u d i n a l  
d i r ec t ions  in  t he  t e s t  s ec t ion  of  t he  acce l e r a t ed  t e s t  cham-  
ber.  The  r a n g e  of  s t a n d a r d  dev i a t i ons  (m/s) in  t he  t e s t  sec- 
t ion  was  0.0037-0.16 a t  m e a n  ve loc i t ies  of 0.11-2.9 m/s, 
respec t ive ly .  

The  i n t r o d u c t i o n  of  t e s t  s p e c i m e n s  a n d  e lec t r ica l  con-  
n e c t i o n s  d i s t u r b s  t h e  ve loc i ty  prof i le  d o w n w i n d  of  t he  

< > I 
' ' ' A I R  

POLLUTANT GAS MIXTU 

1 
TO SCRUBBERS 

ANO VENT 

Fig. 6. Gas mixing system 



2570 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  November 1985 

Table II. Velocity results in test section 

Mean velocity (m/s) Standard deviation (m/s) 

z = 0.013m plane 
(x = 0.051-0.36m; y = 0.025-0.13m) 
0.13 0.016 
0.38 0.0060 
0.81 0.035 
1.2 0.092 
2.1 0.079 
2.9 0.16 

z = 0.064m plane 
(x = 0.051-0.36m; y = 0.025-0.13rn) 
0.11 0.0083 
0.36 0.014 
0.75 0.030 
1.1 0.092 
2.0 0.056 
2.8 0.081 

z = 0.11m plane 
(x = 0.051-0.36m; y = 0.025-0.13m) 
0.11 0.012 
0.36 0.018 
0.72 0.022 
1.0 0.080 
1.9 0.056 
2.6 0.060 

x = 0.30m plane 
(y = 0.0039-0.055m; z = 0.013-0.11rn) 
0.11 0.0037 
0.36 0.012 
0.72 0.036 
1.0 0.10 
1.9 0.082 
2.6 0.093 

samples .  Thus ,  i t  is i m p o r t a n t  to d e s i g n  a s a m p l e  h o l d e r  
w i th  a sma l l  c ross - sec t iona l  area.  T he  s a m p l e  h o l d e r  u s e d  
in th i s  acce l e r a t ed  t e s t  ho lds  two t e s t  s p e c i m e n s .  B o t h  
s p e c i m e n s  h a v e  iden t i ca l  ve loc i ty  prof i les  across  t h e m .  

Concentration profile results.--Replicate s a m p l e s  of 
s t a n d a r d  102 p p m  (vol.) SO2-air m i x t u r e  we re  ana lyzed  b y  
gas c h r o m a t o g r a p h y  w i th  a m a x i m u m  s t a n d a r d  d e v i a t i o n  
of 1.1 p p m .  The  s t a n d a r d  dev i a t i on  of  t he  ver t ica l  po in t  
c o n c e n t r a t i o n  ana lyses  in  t he  t e s t  s ec t ion  was  1.2 ppm.  
Similar ly ,  t he  s t a n d a r d  d e v i a t i o n  of t he  h o r i z o n t a l  p o i n t  
c o n c e n t r a t i o n  ana lyses  was  1.0 p p m .  T he  c o n c e n t r a t i o n  
profi le  r e su l t s  s h o w  t h a t  t h e r e  are m i n i m a l  hor izon ta l  
a n d  ver t i ca l  c o n c e n t r a t i o n  g r a d i e n t s  in  t he  t e s t  sect ion.  

The  gas  m i x i n g  s y s t e m  s h o w n  in  Fig. 6 c an  b e  u s e d  to 
p r e p a r e  h u m i d i f i e d  a i r -po l lu tan t  m i x t u r e s  for acce le ra ted  
t e s t i ng  of  e l ec t ron ic  c o m p o n e n t s .  T he  effects  of veloci ty,  
h u m i d i t y ,  a n d  p o l l u t a n t  c o n c e n t r a t i o n s  u p o n  t he  ra te  of  
m e t a l  m i g r a t i o n  or co r ros ion  can  b e  i n v e s t i g a t e d  s ing ly  or 
in  c o m b i n a t i o n .  

Copper migration results.--The effec t  of  ve loc i ty  u p o n  
t he  re la t ive  ra tes  of  c o p p e r  m i g r a t i o n  was  i nves t i ga t ed  by  
v a r y i n g  the  ve loc i ty  whi l e  h o l d i n g  t he  SOs c o n c e n t r a t i o n  
[104 _+ 1 p p m  (vol.)], re la t ive  h u m i d i t y  (20.0-31.6%), elec- 
t r o d e  spac ing  (2.2-2.5 x 10-4m), a n d  app l i ed  po t en t i a l  
(9.0V) cons t an t .  T h e  t i m e  u n t i l  a sho r t  o c c u r r e d  (t,) was  
d e t e r m i n e d  at e a c h  veloci ty .  T he  Q t e s t  (31) was  u s e d  to 
e l i m i n a t e  ou t l i e r  po in t s  at  t he  90% c o n f i d e n c e  level.  Fig- 
u re  7 s h o w s  t he  r e l a t i ons h i p  b e t w e e n  t he  shor t  t i m e  (ts) 
a n d  ve loc i ty  (V) in  the  l a m i n a r  a n d  t r a n s i t i o n  f low re- 
gimes.  The  d e c r e a s e  in  s h o r t  t i m e  w i t h  i n c r e a s e d  ve loc i ty  
i nd i ca t e s  t h a t  t he  d i f fus ion  of  p o l l u t a n t s  a n d  w a t e r  f rom 
the  gas  p h a s e  to t he  P E G - f i l m  s ign i f i can t ly  c o n t r i b u t e s  
to  t he  ra te  of  c o p p e r  migra t ion .  Th i s  r e l a t i on  is easi ly ex-  
p l a ined  b y  t r a n s p o r t  p h e n o m e n a  or h y d r o d y n a m i c  t h e o r y  
(26, 32). The  h i g h e r  t he  ve loc i ty  pas t  t he  PEG-400 film, 
t he  t h i n n e r  t he  d i f fus ion  ( b o u n d a r y )  layer,  a n d  thus ,  the  
ra te  of gas - l iqu id  m a s s  t r a n s f e r  of  SO~ increases .  I s h i n o  
et al. (23) r e p o r t  t h a t  t h e  d i f fus ion  of p o l l u t a n t s  to me ta l  
sur faces  is t he  con t ro l l i ng  s tep  of  co r ros ion  p rocesses  in  
t he  field. The  s u d d e n  b r e a k  in  t he  ts-V r e l a t i ons h ip  in  t h e  
t r a n s i t i o n  reg ion  is p r e d i c t e d  by  h y d r o d y n a m i c  t h e o r y  for 
any  p roces s  w h i c h  is s ign i f i can t ly  a f fec ted  b y  veloci ty .  
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Thus ,  the  b r e a k  in  t he  t~-V r e l a t i o n s h i p  s u p p o r t s  t h e  idea  
t h a t  t he  gas - l iqu id  m a s s - t r a n s f e r  s tep,  a n d  the re fo re  t he  
ve loc i ty  s ign i f i can t ly  af fec ts  t he  ra te  of  c o p p e r  migra t ion .  

Conclusions 
A n  acce l e r a t ed  t e s t  c h a m b e r  ha s  b e e n  d e v e l o p e d  w i t h  

r e p r o d u c i b l e  ve loc i ty  a n d  c o n c e n t r a t i o n  profi les  w i t h  
m i n i m a l  ve loc i ty  a n d  c o n c e n t r a t i o n  g rad ien t s .  The  l e n g t h  
to hyd rau l i c  d i a m e t e r  ra t io  of the  c h a m b e r  is 20. Th i s  
c h a m b e r  p r o v i d e s  a c o n s t a n t  a n d  r e p r o d u c i b l e  a tmo-  
s p h e r e  in  w h i c h  t h e  ra tes  of  e lec t ro ly t ic  me ta l  m i g r a t i o n  
a n d  co r ros ion  can  b e  d e t e r m i n e d  as a f u n c t i o n  of  pol lu t -  
an t  c o n c e n t r a t i o n  a n d  h u m i d i t y  at  c o n s t a n t  veloci t ies .  

The  r e su l t s  of  PEG-400 d rop  t e s t s  p e r f o r m e d  in  the  de- 
s c r ibed  acce le ra t ed  tes t  c h a m b e r  s h o w  t h a t  t he  ve loc i ty  
s ign i f ican t ly  af fec ts  t he  ra te  of  c o p p e r  migra t ion .  This  ve- 
loc i ty  effect  ag rees  w i t h  h y d r o d y n a m i c  a n d  d i f fus ion  the-  
ories. 
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Electroreduction of Chromium (VI) in Aqueous Acid Solutions 
A. F. Diaz* and D. Schermer 

International Business Machines Corporation, General Products Division, San Jose, California 95193 

ABSTRACT 

The cyclic vo]tammogram of chromium (VI) in aqueous acid solution shows a reduction peak at 0.3-0.4V when a 
platinum electrode is used vs. Na SCE. The reaction is electrochemically irreversible, and, with phosphoric acid in the 
solution, the vo]tammogram is different than with any other acid because an insoluble chromium (III) phosphate film is 
formed on the electrode. This film is insulating and forms in a self-healing manner. Although it passivates the electrode 
towards further Cr(VI) reduction, it remains active to protons and oxygen. The film is very tight, and the diffusion of 
small molecules such as ferrocene across the film is significantly reduced. In aqueous sulfuric acid, the Cr(VI) reduc- 
tion reaction is diffusion limited with no indications of adsorption on the electrode surface either before, during, or after 
the reaction. 

Chromium conversion coatings (1-4) are used commer- 
cially on aluminum surfaces to provide a protection layer. 
The coating process is a galvanic process which proceeds 
spontaneously upon contact of the aluminum substrate 
with the aqueous acid solution containing chromium (VI). 
The driving force for the reaction is ca. 2.5 eV (5). There- 
fore, the reaction is controlled kinetically and has no ther- 
modynamic limitation. The chemistry is complicated and 
involves electron transfer between aluminum, which is 
oxidized to a luminum (III) and chromium (VI), which is 
reduced to chromium (III). The net reaction is shown in 
Eq. [1] 

A1 + H~Cr(VI)O4 + 6H ~ ~ A](III) + Cr(III) + 4H20 [1] 

The chromate solutions contain phosphoric acid, which 
precipitates Cr(III) as chromium phosphate,  the protec- 
tive layer. Therefore, the resulting protective film is a 
composite of chromium phosphate and mixed aluminum 
oxide-fluoride salts. Initially formed films are gelatinous 
and soft, but they become insoluble, hard, and strongly 
adherent when dried. 

The chromate phosphate process works quite well 
when relative thick coatings are desired (several microns 
thick) because the coating covers the aluminum com- 
pletely. However, the coating is not uniform in thickness 
on a microscopic level. The thickness of the film is 
difficult to control because the Cr(VI) species must 
penetrate the aluminum oxide layer and come in near 
contact with the aluminum metal in order for electron 
transfer to occur. Therefore, variations in the protective 
layer thickness will result from differences in the oxide 
layer and the corresponding diffusion rates along the alu- 
minum surface. In addition, the chromium phosphate 
films are subject to disruption due to the diffusion of 

* Electrochemical Society Active Member. 

ions and hydrogen gas evolution. As a result, the quality 
of the thin film coatings is noticeably poor. They are very 
irregular, and areas of the substrate are often left 
uncoated. 

The overall process is quite complicated, and it is not 
clear how the quality of the thin films is influenced by 
the quality of the aluminum surface and by the inherent 
nature of the chromium reaction. Therefore, as an ap- 
proach, the reduction of chromium (VI) was studied un- 
der conditions which would permit us to understand the 
reaction in the absence of complications due to the chem- 
istry of the a luminum surface. The reaction was probed 
electrochemically using a platinum surface in both sulfu- 
ric and phosphoric acid solutions. The reaction is 
electrochemically irreversible and limited by diffusion of 
the electroactive species in solution. In sulfuric acid solu- 
tion, the reaction produces soluble products, whereas in 
phosphoric acid an insoluble chromium (III) phosphate 
film is produced which insulates the electrode surface. 

Experimental 
The electrochemical equipment  used in this study was 

available from previous studies (6). Most of the measure- 
ments were made using a 0.2 cm ~ platinum working elec- 
trode, a gold wire counterelectrode, and a .saturated so- 
dium chloride standard calomel reference electrode. A 
0.156 cm ~ gold working electrode was also employed. The 
solutions were prepared using either Baker "Analyzed" 
reagent-grade chromium trioxide and mineral acids or 
using commercially available Alodine 407 which contains 
4.4M phosphoric acid and 2M chromic oxide. Reagent- 
grade ferrocene from Aldrich Chemicals was recrystal- 
lized before use. Burdick acetonitrile and tetraethyl- 
ammonium tetrafluoroborate were used without further 
purification. 
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The electron micrographs were measured with a 
Hitachi $405A scanning electron microscope. The films 
were coated with a 100~ film of gold prior to the 
measurement in order to improve the resolution of the 
micrograph. The ESCA analyses were performed with a 
Hewlett-Packard 5950B ESCA spectrometer. The energy 
reference for the instrument is set for Au at 84.0 eV. 

Resul ts  and  D iscuss ion  
Chromium (VI) on Pt  in aqueous sulfuric a c i d . - - T h e  re- 

duction of 0.01M chromium (VI) in aqueous sulfuric acid 
(0.18M) was studied by cyclic vol tammetry using a plati- 
num electrode. As shown in Fig. 1, the scans were initi- 
ated at 0.6V, which is a potential near the open-circuit po- 
tential. Better reproducibility was obtained when the 
voltage was swept to 1.2V before sweeping in the cath- 
odic direction. The cyclic vol tammogram shows a peak 
for the Cr(VI) to Cr(III) reaction at 0.3V. The nature of the 
electroactive species in aqueous dilute sulfuric acid can 
be approximated from the magnitude of the various equi- 
librium constants. Chromium (VI) is primarily in the form 
of the dissociated ions of chromic acid, H~CrO4, and chro- 
mium (III) is in the form of dissociated hydrated ions, 
Cr(H~O)63+ (7). The peak heights scale approximately line- 
arly with the square root of the sweep rate as anticipated 
for a diffusion-controlled process. This relationship is 
also plotted in Fig. 1. The plot is not truly linear. Only the 
first three points extrapolate to the origin, and the points 
for the faster scan rates deviate down from linearity. Con- 
sidering the points at the slower scan rates which extrap- 
olate to the origin, a value for i /Av  ~2 equal to 0.042 A/cm 2 
(V/s) ~ is calculated. This provides a value for n(~nD) u2 
equal to 14.1 x 10 -3 cm/s ~2 using the Randles-Sevcik 
equation for an irreversible reaction (8). With n equal to 3, 
aD is calculated to be 0.74 x 10 -5 cm3/s. 

The reaction is electrochemically irreversible, and the 
products remain soluble with no evidence of change in 
the activity of the electrode surface as a result of the for- 
mation of an insulating film. In the anodic sweep, there 
is a small anodic peak at 1.0-1.2V which must be due in 
part to the oxidation of chromium (III) which is formed 
while the electrode is resting at 0.6V before the scan is ini- 
tiated, plus the oxidation of the platinum surface. The ox- 
idation of the platinum surface is a relatively unimportant 
reaction in these conditions. For example, the voltam- 
mogram measured using an aqueous sulfuric acid solu- 
tion, containing no chromium (VI), does not show a peak 
at 0.6V (anodic scan); it shows only a gradual increase in 
the current. Furthermore,  the reduction peaks, which ap- 
pear at 0.25 and 0.47V, are 15-20 times smaller. Finally, in 
the potential region cathodic of 0.0 V (not shown in Fig. 
1), the cathodic current increases rapidly, owing to the re- 
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Fig, I. Cyclic voltammogram for the redaction of Cr{VI) in O.18M 
aqueous sulfuric acid using a platinum electrode. The inset shows a plot 
of the peak current vs. the square root of the sweep rote. 

duction of protons and oxygen in the electrolyte solution. 
The reactions occurring in this voltage range were not in- 
vestigated further. The results obtained with the plati- 
num electrode/sulfuric acid solution could be reproduced 
with a gold electrode or a hydrofluoric acid solution. 

Chronocoulometry of the platinum electrode/sulfuric 
acid solution reconfirms that the reaction is diffusion 
limited. As seen in Fig. 2, the consumptibn of charge is 
linear in t "2. For these measurements,  the potential was 
stepped from 0.6 to 0.2, 0.0, and -0.2V, respectively. The 
same slope was obtained in every case, and a value for 
nD 11~ equal to 9.63 x 10 -~ cm/s 1/2 is calculated using the in- 
tegrated form of the Cottrell equation (8). With n equal to 
3, the diffusion coefficient for the chromium (VI) reac- 
tion is 1.03 x 10 -.5 cm2/s. To the extent that there may be 
some reduction of platinum oxide, the linearity in the 
chronocoulometric plots suggests that it is not very }m- 
portant under these conditions. When the potential was 
stepped to values cathodic of -0.3V, the current response 
was no longer linear with t "~ due to the concurrent reac- 
tions of oxygen and protons at the electrode surface. 

The electrochemical stoichiometry of the reaction has 
been assumed equal to 3 F/mol. The same stoichiometry, 
3.03 F/tool of chromate, is observed for the electrochemi- 
cal reduction of Cr(VI) in aqueous ammonium-buffered 
solution (9) and of CaCrO~ (<0.04M) in LiC1-KC1 eutectic 
melt  (10). In the report by Delnick and McCarthy (10), the 
cyclic vol tammogram of the melt  solution is described as 
having a single irreversible wave at -0.45V vs. Ag/Ag ~ ref- 
erence electrode. The reaction is a one-step process yield- 
ing LiCrO2 exclusively. The stoichiometry also varies 
with the reaction conditions and is different in aprotic 
solvent (11). In acetonitrlle, the first reduction reaction of 
chromate on a dropping mercury electrode is a one- 
electron reversible reaction. The log(i) vs. E plot for this 
reaction has a slope of 16.7 (11) with n = 1 and ~ = 0.98. 
However, under the same conditions but using a solid 
gold electrode, the reaction is again irreversible and pro- 
duces mainly Cr(II) and Cr(O) (ll). 

A comparison of D (1.03 x 10 -3 cm2/s) from the 
chronocoulometry experiment  with ~D (0.74 x 10 -5 cm2/s) 
from the cyclic vol tammetry experiment  provides a value 
for a equal to 0.72. This value can be determined experi- 
mentally from the low current levels at the initial part of 
the reduction peak. The vol tammogram is shown in Fig. 3 
along with the log(i) vs. E plot (inset). The measurement  
was made using a slow sweep rate, 4 mV/s, between 0.7 
and 0.4V. Log(i) is linear with E, and the slope of the line 
(nF/RT) is 13.1. From the slope, an is estimated to be 
equal to 0.77, which does not fit for a equal to 0.72 and n 
equal to three. This gross discrepancy between the two 
values cannot be reconciled unless the peak shown in Fig. 
1 envelopes several peaks and the stoichiometry changes 
from one in the initial part of the peak to three as the scan 
progresses through the voltage range of the peak. 

Chromium (VI) on Pt  in aqueous phosphoric ac id . - -The  
results obtained using solutions prepared from commer- 
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Fig. 2. Q-t  I/= plot for the reduction of Cr(Vl) in 0 .18M sulfuric acid 
using o platinum electrode. The curves correspond to separate measure- 
ments where the potential was stepped from 0.6V to 0.2, 0.0, and 
- 0 . 2 V ,  respectively. 
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Fig. 3. Current-voltage plot at the foot of the wave for the reduction of 
Cr(VI) in 0.18M aqueous sulfuric acid using a platinum electrode. The 
measurement was made using o sweep rate of 4 mV/s and with ogitation 
of the solution. The inset shows a plot of log i vs. V. 

cially available Alodine 407.are  quite different. The 
Alodine solution was di lu ted 1 to 200 with distilled water 
and used directly for analyses. This solution consists of 
0.01M Cr(VI)and 0.022M phosphoric acid. The chemical 
nature of Cr(VI) can be estimated in this acid solution by 
considering the various equilibria for the proton dissocia- 
tion of phosphoric (log K = -2) and chromic acid (log 
K = 0) plus the condensation of chromic acid to form the 
mixed anhydride with phosphoric acid (log K = 0.95) and 
with dihydrogen phosphate (log K = 0.48) (7). Using these 
values, it can be calculated that the Cr(VI) species exists 
primarily in the anhydride form where the equilibrium 
mixture is 0.0075M H2CrPOT- and 0.0025M HCrPO~. 

The measurements  were more difficult to make with 
this solution because the ~reaction product, chromium 
(III) phosPhate (log Ks~ = -17 to -23) (7), precipitates on 
the electrode surface. It is essential that the potential ap- 
plied to the electrode be swept anodically to 1.2V before 
the excursion in the cathodic direction in order to oxidize 
away the deposit. Without this treatment, reproducible 
vol tammograms are not obtained, where, in the subse- 
quent sweeps, the peak becomes considerably smaller 
and displaced. Repeated scanning over this potential 
range without cleaning the electrode causes the electrode 
to become completely passivated. Finally, cleaning the 
electrode by the anodic sweep treatment is successful 
only with freshly formed films. Electrodes which were 
removed from the electrochemical cell and whose film 
had dried had to be cleaned by abrasion. 

The scan for the voltammetric  analysis of  this solution 
was initiated at 0.6V, scanned anodically to 1.2V, and then 
cathodically to 0.0 V. Two oxidation waves appear in the 
initial anodic scan at ca. 0.8 and 1.0V and are due to the 
oxidation of chromium (III) phosphate which is formed 
on the electrode during the short t ime that the cell is at 
rest before the scan is initiated, plus the oxidation of the 
platinum electrode. As can be seen in the vol tammogram 
shown in Fig. 4, the change in the electrolyte from sulfu- 
ric to phosphoric acid causes the peak to shift to 0.38V 
and reduces the current response by an order of magni- 
tude even though the Cr(VI) concentration is similar in 
both solutions. Thus, the effective surface area is only ca.. 
10% of the geometric area of the electrode. The peaks 
have a more symmetrical shape, are much broader, and 
still increase with the sweep rate. The increase in the 
peak height is more closely linear with the rate (inset a) 
but is not truly linear with either the rate or the square 
root of the rate (inset b). These characteristics suggest a 
shift in the mechanism to a surface-localized reaction 
occurring in the absence of diffusion. However, the peak 
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Fig. 4. Cyclic voltammogrom for the reduction of Cr(VI) in 0.022M 
aqueous phosphoric acid solution using a platinum electrode. The insets 
show a plot of the peak current vs. the sweep rate (a) and square root of 
the sweep rate (b). 

width at half-height is approximately 0.3V and much 
larger than the expected value of 93/n mV. Thus, the 
electroreduction reaction is much more complicated in 
the presence of phosphoric acid and is strongly in- 
fluenced by the chromium phosphate deposit on the 
electrode surface. 

Although definite conclusions cannot be drawn from 
this data, the characteristics of the vol tammogram may 
result from the gradual decrease in the effective electrode 
area during the scan caused by the formation of the 
passivating layer. A continuous decrease in the area will 
cause the current to drop off faster than is expected for a 
diffusion-controlled reaction, thus giving the peak a sym- 
metrical appearance. The surface does not fully passivate 
during the t ime of a single scan with the sweep rates 
used, and the film is easily penetrated by protons and ox- 
ygen. As a result, the current in the cathodic sweep in- 
creases at ca. 0.0V. 

The oxidation and reduction of the platinum surface is 
important with these conditions. For comparison, 
voltammetric analyses were made of an aqueous 0.03M 
phosphoric acid, with no chromic acid present, and using 
the same potential limits and scan rates as above. The 
vol tammogram shows a gradual increase in the anodic 
current during the initial anodic sweep. In the cathodic 
scan, the cathodic current increases gradually, starting at 
ca. 1.0V, and the peak appears at 0.2V. The current re- 
sponse is comparable to the case with chromic acid pres- 
ent. Thus, with the chromic acid/phosphoric acid solution 
(Fig. 4), the anodic current resulting from the oxidation of 
the surface in the initial anodic scan must  lie under the 
peaks observed at 0.8-1.0V. And, in the cathodic scan, the 
presence of the prewave at 0.6V is due to the reduction of  
the platinum surface (12). The peak at 0.2V does not ap- 
pear when chromic acid is present. 

From the chronocoulometric measurements,  it is seen 
that the surface is readily passivated and maximum cur- 
rent levels are quickly attained. For these measurements,  
the applied voltage was stepped from 0.6 to 0.2V, and the 
amount of charge consumed was measured with time. 
The results are plotted in Fig. 5, where it can be seen that 
the charge is linear with neither t ime nor the square root 
of time, but continually decreases as the electrode 
becomes passivated. The current levels off after approxi- 
mately 20s, and the amount  of charge consumed is ap- 
proximately 3 mC/cm ~, which corresponds to approxi- 
mately five monolayers of chromium phosphate. 

Finally, the vol tammogram for chromium (VI) in phos- 
phoric acid solution can be changed to resemble the 
vol tammogram observed in solutions containing only sul- 
furic acid by the addition of sulfuric acid. With the addi- 
tion of 0.18M sulfuric acid to the above solution, the 
vol tammogram changes and resembles the one measured 
in aqueous solution containing only sulfuric acid. The re- 
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Fig. 5. Q-t ]/~ plot for the reduction of Cr(VI) in 0.022M aqueous phos- 
phoric acid using a platinum electrode. 

duction peak is shifted cathodically from 0.38 to 0.33V at 
20 mV/s, and the size of the peak recovers. In addition, 
there now appears a slight cathodic depression at ca. 0.3V 
in the anodic sweep. 

Concentrated chromium (VI) solution.--The results with 
the dilute solutions are very different from those reported 
using a high concentration (2.5M) of chromic acid (13, 14). 
As can be seen in Fig. 6, the vol tammogram is much more 
complicated and is consistent with the vol tammogram 
published by Hoare (12, 13). Analysis of this concentrated 
solution is not straightforward since the electrode is eas- 
ily contaminated. As a result, we observed wide varia- 
tions in both the size of the signal and the reproducibility 
of the results between runs. As before, the reproducibility 
was improved when the voltage was scanned anodic to 
1.4V before scanning cathodically. The most striking dif- 
ference is in the size of the signals. The peaks are ca. ten 
times smaller than the peak produced by the dilute solu- 
tion even though the solution is 250 times more concen- 
trated, suggesting again that the electrode surface is heav- 
ily contaminated by an insulating film. In addition, the 
oxidation of the platinum surface strongly interferes with 
the analysis of these solutions. The film that is formed 
probably results from the chemical reaction between plat- 
inum and chromate, and consists of the oxides of these 
metals (12, 13). The peak at 0.3V observed with the dilute 
solutions is now shifted to 0.4V, and two additional reduc- 
tion peaks appear in this voltage range, one at 0.6V and 
one at 0.9V. With these solutions, the oxidation peaks in 
the range 1.0-1.2V, corresponding to the oxidation reac- 
tions of Cr(III) and the platinum surface, are considerably 
larger. 

The decrease m current density with increasing concen- 
trations of chromate has been reported by Wallace (14). In 
the concentration range 0.2-1.0M chromate, the current 
density for the reduction reaction on a nickel-plated steel 
surface was found to be lower at the higher concentra- 
tions (14). 

Passivating chromium phosphate f i lms.--Films of 
chromium phosphate were, prepared at constant poten- 
tial, 0.2V, and using the d i lu te  solution 0.01M chromic 
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Fig. 6. Cyclic voltammogram for the reduction of Cr(VI) in 2 .5M aque- 
ous chromic acid using a platinum electrode. 

acid and 0.022M phosphoric acid. Films prepared using 
ca. 1 mC/cm 2 were too thin, and no information was ob- 
tained about the topology or the presence of cracks or de- 
fects from scanning electron microscopy using 40,000 
magnification. ESCA analysis was only semiquantitative 
because of the limited amount of material. The ESCA 
spectrum shows a small signal for chromium (575 eV) and 
phosphorus (189 eV) in the ratio of 1 to 2. 

Since the SEM analysis was not helpful for determining 
the integrity of the film, measurements of the diffusion 
of ferrocene across the film were made. For these de- 
terminations, films on the platinum electrode were 
mounted as a working electrode in a cell containing 
0.001M ferrocene in acetonitrile. The voltammogram of 
this solution shows a signal for the oxidation of ferrocene 
which is ca. 50 times smaller and has a distinctively dif- 
ferent shape than the peak observed on bare platinum 
(see Fig. 7). This measurement could be repeated with no 
obvious damage to the film. Films prepared in this way 
were quite reproducible where the variation in the cur- 
rent response was 10-30% between films. From the size 
and the shape of the peak in Fig. 7, it is clear that the film 
covers the platinum electrode completely. There are no 
open areas, cracks, or defects. If the current was due to 
the reaction of ferrocene occurring at exposed areas of 
the electrode provided by cracks or defects, the shape of 
the voltammogram would resemble that for a clean elec- 
trode surface and the size of the signal would depend on 
the extent of exposure. 

The film does permit some level of diffusion, and the 
current levels observed permit usto estimate the diffu- 
sion of ferrocene across the chromium film. The diffu- 
sion velocity (D/u) is 2 • 10 -4 cm/s, and was estimated 
using the equation provided by Lacaze for a process 
where there is limited diffusion across an insulating thin 
film on the electrode surface (15), il~m/A = nFCD/u. This 
equation was derived from the case where there is no se- 
lectivity for ion migration from the solution into the film 
and there is a linear concentration gradient of the electro- 
active species across the thin film. The concentration of 
the electroactive species is zero at the metal film inter- 
face and equal to the bulk concentration at the film solu- 
tion interface. For this calculation, n is i, F is Faraday's con- 
stant, C is the concentration of ferrocene, D is the 
diffusion coefficient for ferrocene across the film, and u 
is the thickness of the film. Considering that the film is 
20-25~ thick, the diffusion constant for ferrocene in the 
film is 0.5 • i0 -'~ cm2/s. The chromium phosphate films 
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Fig. 7. Cyclic voltammogram for the oxidation of ferrocene in 
acetonitrile solution containing 0.1M tetraethylammonium tetrafluoro- 
borate, a: Bare platinum electrode, b: Platinum electrode coated with 
chromium phosphate film. 
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are quite stable on the electrode in the acetonitrile elec- 
trolyte and can be used repeatedly. For example, with the 
thicker films of chromium phosphate, the electrode was 
totally insulated from the solution and no current re- 
sponse was observed in the voltammogram, even with re- 
peated scanning between 0 and 1.0V. In contrast with the 
behavior in aprotic solvent, they are not stable in aqueous 
solution containing ferrocyanide ion. Electrochemical 
analysis of this solution with the coated electrodes re- 
sulted in the destruction of the film during the anodie 
scan. 

The diffusion of ferrocene across the chromium phos- 
phate film is much slower than has been observed with 
passivating organic films on electrode surfaces. Diffusion 
through the organic thin films (600-30,000A) varies with 
the structure of the polymer (16). The smallest diffusion 
coefficients have been observed with polysilanes which 
have values of 5 • 10 -'0 cm2/s. The hydrocarbon polymers 
have values in the range 14-1300 • 10 - '~ cm2/s. 

Conclusions 
The electrochemical reduction of Cr(VI) is well behaved 

in dilute acid solutions. The reaction is electrochemically 
irreversible and diffusion limited. In aqueous sulfuric 
acid with low concentrations of Cr(VI), soluble Cr(III) 
products are formed. In concentrated solutions, the elec- 
trode is partially passivated by the formation of insoluble 
Cr(III) salts. In Solutions containing phosphoric acid, in- 
soluble chromium phosphate is formed on the electrode 
even at dilute Cr(VI) concentrations. The film insulates 
the total surface very efficiently, and the diffusion of 
molecules, such as ferrocene, across the film is 
significantly reduced. 
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Electrochemical and Metallurgical Aspects of Laser-Enhanced Jet 
Plating of Gold 
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ABSTRACT 

Experimental  results for a new plating technique using a laser in combination with a pressurized jet are described. 
Electrochemical and hydrodynamic parameters affecting the gold deposits are discussed. Scanning electron micro- 
graphs of the deposited gold surfaces indicate increased smoothness and decreased nodularity as well as disappearance 
of voids with increasing laser power density. A marked decrease in voids with increasing laser power is also observed in 
cross-sectioned samples. At the highest laser power densities used, with a 0.5 mm diam nozzle, plating rates of up to 12 
~m/s have been observed. In general, the rate increases with increasing laser power density. Measurements of the Knoop 
hardness of the deposits gave values in the range characteristic for soft gold. 

The development  and potential benefits of the laser- 
enhanced plating (LEP) technique have been described in 
several previous publications (1-8). Investigations of the 
experimental parameters, mechanisms, and applications 
were carried out for laser-enhanced copper plating (1-4) 
and more recently for laser-enhanced gold plating (5-7). 
High quality gold deposits, at plating rates of approxi- 
mately 1/~m/s, were obtained. Recently, it was suggested 
that the plating rate of LEP is l imited by the substrate 
heat conductivity (10). Based on experimental  and theo- 
retical considerations, it is claimed in Ref. (10) that the ap- 
plication of a thin layer of a relatively poor heat con- 
ducting material may lead to a higher local heat increase 
and significantly improved plating rate and selectivity of 
gold deposits. 

* Electrochemical Society Active Member. 

We have demonstrated (6, 8) that plating rates in LEP 
are limited by the concentration of ions in solution and 
the supply of ions into the plating region. Dendritic or 
powdery depositions were obtained when plating was 
carried out from a commercially available plating solution 
containing as much as 32.4 g/liter (4 tr oz AtYgal) at plat- 
ing rates greater than 1/~m/s. An attempt to avoid opera- 
tion at the limiting current density region by using high 
concentration solutions in conjunction with a higher 
power laser did not substantially increase the plating rate, 
though a larger volume per second could be deposited by 
defocusing the laser to a larger spot size. 

To improve the mass transport and consequently the 
plating rate, we developed a new technique, laser- 
enhanced jet plating (LEJP) (9), which combines the 
earlier LEP technique with a free-standing jet  of electro- 
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lyre to achieve localized high speed, resulting in gold- 
plated spots and lines of high metallurgical quality. The 
principal advantage of the free-standing jet is its ability to 
provide a rapid resupply of fresh ions into the region of 
plating to overcome the mass transport limitation. In ad- 
dition, the jet stream limits the region of plating without 
the use of masks. In the present application, the jet 
stream also acts as an optical waveguide or light pipe for 
the laser beam. This paper reports the electrochemical 
and metallurgical aspects of LEJP of gold deposits. 

General Concept - -Tota l  Internal Reflection 
When a light beam emerges from a medium of higher 

refractive index, such as water, into a lower index me- 
dium, such as air, at a finite angle, it is bent away from 
the normal to the interface as it enters the lower index 
medium (air). When the incident angle for a water-air in- 
terface is greater than 49 ~ the beam will undergo total in- 
ternal reflection in the water with the angle of reflection 
being equal to the angle of incidence. In our experiments,  
the laser is directed collinearly through an optical 
window into a free-standing jet of plating liquid. In such a 
configuration, the jet  both resupplies the ions and acts as 
an optical waveguide to contain the laser beam by 
reflecting diverging light from the jet  periphery-air inter- 
face. The waveguide also tends to homogenize the power 
density in the radial direction. 

Experimental Setup and Procedure 
The experimental setup is shown in Fig. I. A CW argon 

laser beam with maximum output power of 25W was 
passed through a beam expander prior to entering the cell 
and focused approximately at the center of the jet orifice 
with a 50 mm focal length lens. The flow system is com- 
prised of a solution container, a pump which recirculates 
the electrolyte after impingement on the cathode, and the 
jet cell. The components of the flow system are con- 
nected with polypropylene and tygon tubes. The pump is 
equipped with 316 stainless steel bearings. The jet cell, 
shown schematically in Fig. 2, is a hollow Lucite cylinder, 
consisting of an inlet chamber, maintained under pres- 
sure with the jet nozzle. The nozzle is made from a section 
of capillary tube glassed onto a fiat Pyrex plate. The end 
plates of the cell are quartz windows. A platinum wire 
serves as an anode and is inserted into the fluid chamber. 
Air bubbles trapped in the fluid chamber are eliminated 
by a bleeder valve. A nozzle orifice of 0.5 mm diam is 
used, giving rise to gold spots of similar diameter. To 
maintain a constant current, we used a PAR 173 poten- 
tiostat set to operate galvanostatically. The cathode is at- 
tached to a microprocessor-controlled X-Y-Z table via an 
extension arm. The Anorad microprocessor also controls 
the on-off gating of the argon laser and can be made to 
operate the on-off controls of the potentiostat. Programs 
we use move the cathode to a desired position, followed 
by gating on both the laser and potentiostat simulta- 
neously while the jet runs continuously. In several experi- 
ments, the potentiostat was controlled manually. Plating 
takes place only when the current and the laser beam are 
on. 

A I R ELECTROLYTE S PEC I MEN BLEEDER's_ ?INLET ~-HOLDER 

AsE cA'r.ooE , I I- 

LENS~t !%:"::i!i!~ .............. ~i::i::i!:i:: :%! ....... 

v o::::SZWi . . . . . . . . . . . . . . . . . . . .  :!=.vo,. 
Fig. 2. Schematic representation of the jet cell and the waveguide effect 

In either mode of operation, the height of the deposit 
was measured from the time the sample was moved into 
position for the particular dwell time programmed with 
the potentiostat supplying constant current. 

For all electroplating runs, we used a high speed cya- 
nide acid solution (Sel-Rex Autronex 55 GV without addi- 
tion of the cobalt complex) containing 4 tr oz/gal of metal- 
lic gold. The electrolyte was preheated to 60~ The linear 
flow velocity was 1.9 x 103 cm/s, which corresponds to a 
Reynolds number of 5.5 x 103 at the nozzle orifice. The 
nozzle-cathode spacing was typically 0.5 era. 

For metallurgical cross sectioning, the samples were 
nickel plated prior to mounting in epoxy to preserve the 
original profile of the deposit during the metallurgical 
sectioning. After sectioning, the potted samples were pol- 
ished, etched to reveal the structure, and examined by an 
optical microscope. Scanning electron microscopy was 
used to study the morphology of the deposits. Thickness 
was measured from the photographs of the cross-sec- 
tioned samples under  the optical microscope. These 
values agreed with those measured with a Talysurf prior 
to potting in epoxy. 

Results 
Jet plating.--Morphology of jet plating deposits at high 

current densities.--Initial studies were conducted with 
the jet  system without laser irradiation in order to com- 
pare the jet-plated gold to L E J P  gold under otherwise the 
same plating conditions. The substrates used were 200 
/,m (8 mil) thick beryllium-copper, plated with approxi- 
mately 1/ ,m nickel from a sulfamate plating bath. To pre- 
vent contamination of the gold solution, the substrate was 
precleaned in acetone and methanol. This cleaning proce- 

l 
ARGON LASER 

BEAM- 
EXPANDER ANOOE 

SUBSTRATE -- \ 

ELECTROLYTE . 1 . ~  
RESERVOIR ~ 

ZHOT PLATE 

Fig. 1. Experimental setup 

EX ENS'2N l 

F a I I~ 
Fig. 3. SEM micrograph of a jet-plated (no laser) gold spot plated at 

room temperature. Current density - 1 0  A/cm 2. (Note that deposition is 
badly cracked and peeled due to stresses and residual nickel oxide on the 
substrate.) 
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dure, however, was insufficient to dissolve the thin na- 
tive nickel oxide layer usually present on plated nickel. 

Plating at room temperature with the aforementioned 
cleaning procedure at current densities above 5 A]cm ~ re- 
sulted in a cracked deposit which peeled off very easily 
(Fig. 3) owing mainly to high internal stresses and poor 
adhesion. Increasing the electrolyte temperature to 60~ 
resulted in a nodular deposit, shown in Fig. 4a-4b, com- 
posed of small, isolated nodules separated by large voids. 
Cross sections of these deposits are shown in Fig. 5a-5c. 
One observes large voids throughout the deposit irrespec- 
tive of film thickness, indicating that the voids initiate at 
the nickel-gold interface apparently due to a combination 
of the presence of nickel oxide on the surface (with a re- 
suiting low density of nucleation sites) and very high lo- 
cal current density. This type of columnar deposit with 
columns physically separated from each other is typical 
of metal deposition resulting from a low density of nucle- 
ation sites in combination with plating near or at the lim- 
iting current density. 

Laser-enhanced jet plating.--Effect of laser power on 
morphology.--The effect of laser power on the morpho- 
logical structure of laser-enhanced jet deposits is demon- 
strated in the scanning electron microscope (SEM) micro- 
graphs of Fig. 6a-6d. The deposits were plated for 0.5s at a 
current density of 12.5 A/cm ~. Figure 6a shows that depos- 
its obtained with a relatively low laser power result in a 
nodular microstructure. This surface is composed of uni- 
form, small, isolated nodules separated by open voids 
which penetrate deeply into the deposit. This morphol- 
ogy is similar to the structure obtained with jet plating 
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Fig. 4. SEM micrographs of jet-plated (no laser) gold spots plated at 
60~ The current density is 12.5 AYcm's a: Plating time = ls; thickness 
--3/~m. b: Plating time = 10s; thickness ~25  ~m. 

Fig. 5. Cross section of jet-plated gold spots without the use of laser 
power during deposition. The current density is 11 A/cm ~. Plating times 
and resulting thickness are: ls, 3 ~m (a), 5s, 12.5 ~m (b), and 10s, 25 
/~m (c). Note that the voids and pores appear throughout the deposits, 
irrespective of film thickness. 

without laser irradiation, as shown in Fig. 4. This implies 
that 10W of laser power (an incident power density of 
- 5  x 10 ~ W/cm 2) is insufficient to alter the microstructure 
of the deposit for these particular plating conditions. 

Increasing the laser power to 15W still resulted in a 
somewhat nodular deposit (Fig. 6b) although the nodules 
are larger and more connected. A substantial morpholog- 
ical change occurred when the laser power was raised to 
20W (1 x 104 W/cm2), Fig. 6c. This power was sufficient to 
produce a visually bright, smooth deposit with very few 
surface cracks and nodules. When the laser power was in- 
creased to 25W, a more continuous morphology was pro- 
duced (Fig. 6d). 

The morphological changes caused by the ]aser illumi- 
nation in L E J P  are more pronounced when thick depos- 
its are produced, as illustrated in Fig. 7a-7d. These depos- 
its were plated for 5s at a current density of 12.5 A/cm'-'. 
Figures 7a-7c show that the nodules  become larger (sug- 
gesting large crystallites or grains) as the laser power in- 
creases from 10 to 20W. With 10W of laser power, a nodu- 
lar deposit was obtained. This deposit appears to contain 
two types of morphologies: small nodules with distinct, 
t ight boundaries which form larger nodules separated by 
deep voids. At 15W, the number  of voids decreases (Fig. 
7b). One can also see that the surface of the deposit be- 
came smooth. Increasing the laser power to 20W leads to 
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Fig. 6. Effect of laser power on the morphology of LEJP of gold deposits as shown in SEM. The current density is 12.5 A/cm 2. Plating time = 0.Ss. 
Laser power: 10W (a), 15W (b), 20W (c), 25W (d). 

a p ronounced  morpho logy  modif ica t ion  as shown in Fig. 
7c. Here,  the s t ruc ture  appears  to be that  of  large crystal- 
l i tes ( -10 /~m)  wi thou t  vo ids  or cracks. Final ly,  at 25W, a 
s m o o t h  depos i t  is p roduced  (Fig. 7d). 

Cross-sect ioned samples  of laser-jet  p la ted gold spots  
are shown in Fig. 8a and 8b. These  deposi ts  were  plated at 
a current  dens i ty  of  12.5 A/cm ~ in con junc t ion  with  25W of 
laser power.  Examina t i on  of their  morpho logy  indicates  
dense  deposi ts  consis t ing chiefly of smal l  crystallites, 
free of cracks and voids.  U p o n  e lec t roetching,  the 
samples  were  found  to possess a co lumnar  s tructure,  typi- 
cal of  pure  soft gold  deposits .  We have  observed  a similar 
behav io r  in the  morpho logy  of  gold laser-jet  deposi ts  on 
both copper  and bery l l ium-copper  subst ra tes  wi th  in- 
creas ing laser  power.  

Effect of laser power on plating rate.--The effect  of  the 
laser power  on the  plat ing rate was measu red  for deposi ts  
p la ted at a cons tan t  current  densi ty  of  12.5 A/cm ~. F igure  
9 shows the  var ia t ion  of  the plat ing rate as a funct ion  of 
laser power.  The  curve  of  F igure  9 is d iv ided  into two re- 
gions which  have  two different  slopes. The first region, 
e x t e n d i n g  f rom 0 to 15W, resul ts  in only a modera t e  en- 
h a n c e m e n t  in the  plat ing rate. Above  15W the  rate en- 
h a n c e m e n t  due  to the  laser  i l luminat ion  is significant 
and reaches  - 1 0  t~m/s at 25W, compared  to 2.5/zm/s with- 
out  the  laser. This  increase  in plat ing rate can be ex- 
p la ined in t e rms  of  an increase in pla t ing efficiency de- 
scr ibed  in more  detal  in the  Discuss ion  section. 

Effect of current density on plating rate and micro- 
hardness.--The plat ing rate, in con junc t ion  with  20W of 
laser power ,  increases  l inearly wi th  the current  densi ty,  as 

demons t r a t ed  in Fig. 10. This  indicates  that  deposi t ion  is 
carr ied out  at potent ia ls  be low the  l imi t ing cur ren t  den- 
sity at a cons tan t  plat ing efficiency. 

Microhardness  was measured  on pol i shed  cross sec- 
t ions us ing  a Leitz  Mini load microhardness  tes ter  wi th  a 
25g load. The resul ts  of  the  var ia t ion of  mic rohardness  
wi th  current  dens i ty  are shown in Fig. 11. The  Knoop  
hardness  n u m b e r  at a 25g load decreases  sl ightly wi th  in- 
creas ing cur ren t  density.  Microhardness  tes t ing indicates  
that  L E J P  f rom a pure  gold solut ion resul ts  in a soft gold 
deposit ,  i.e., Knoop  values  ranging  f rom 70 to 90 k g / m m  ~. 
The low Knoop  va lues  of  L E J P  deposi ts  are indicat ive of  
a high purity deposit and large crystallites, consistent 
with the morphological findings. It is important to men- 
tion that these morphological results are also a function 
of jet velocity, jet diameter, ambient bath temperature, as 
well as plating solution parameters. 

Discussion 
Two factors are p robab ly  respons ib le  for the  produc-  

t ion of  the  rough,  dull, and porous  depos i t s  obta ined  for 
je t  plating, wi thou t  laser i l luminat ion,  at h igh  current  
densit ies.  First,  p la t ing was pe r fo rmed  near  or  at t he  lim- 
i t ing current  density.  Second,  the  subs t ra te  was covered  
wi th  a thin nat ive  oxide  layer. In general ,  p la t ing at the 
l imi t ing cur ren t  dens i ty  yields a rough  nodula r  or  pow- 
dery depos i t  (11, 12) due  to the  dep le t ion  of  the  ions and 
due  to OH format ion  at the  cathode.  For  je t -pla ted depos- 
its, the  long voids  be tween  the  co lumns  are found  to oc- 
cur  th roughou t  the  film i r respec t ive  of  thickness ,  appar- 
ent ly  ini t iat ing at the  nickel-gold interface.  This  indicates  
that  an  ox ide  layer  great ly reduces  the  n u m b e r  of nuclea- 
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Fig. 7. Effect of laser power on the morphology of LEJP of thick gold deposits as shown by SEM. The current density is 12.5 A/cm ~. Plating time = 5s. 
Laser power: 10W (a), 15W (b), 20W (c), 25W (d). 

tion sites. Because of the very fast deposition rate, the 
surface mobility of Au ions is insufficient to quickly 
backfill the voids. This forces the fast growing grains to 
grow in columns perpendicular to the substrate without 
making connections in the ]ateral direction thereby giv- 
ing rise to voids. Our beryllium-copper substrates have a 
very thin nickel film so that acid etching was not possi- 
ble. Based on our previous work, there is evidence that 
the laser dissolves thin oxides so that elaborate 
precleaning is not generally required for laser-enhanced 
plating. 

Introducing the laser into the jet system substantially 
improves the morphology of the deposit and enhances 
the plating rate. Three major factors may contribute to 
the enhanced plating rates observed when laser light is 
absorbed by an electrode: (i) an increase in the kinetic 
rate due to locally higher temperature, (ii) increased rates 
of mass transport due to microstirring arising from locally 
steep thermal gradients in and around the region of the 
laser absorption, and (iii) a shift in the equilibrium poten- 
tial to more positive values due to locally higher tempera- 
tures. From this study, it appears that there is an increase 

Fig. 8. Cross sections of laser-jet plated gold spots (LEJ P) on nickel-plated Be-Cu substrates. The current density is 12.5 A/cm 2. Laser power = 25W. 
Laser-jet plating times and resulting thicknesses are: 0.5s, 42/~m (a), 2.5s, 18/~m (b). 
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Fig. 10. Effect of current density on LEJP plating rate. The laser power 
is 20W. (Laser power density = 1.0 • 104 W/cm2.) 

in plating efficiency with an increase of the laser power 
(see Fig. 9). 

Figure 12 shows the shift in rest potential in Sel-Rex 
Autronex 55GV solution used in our experiments as a 
function of temperature. This shift is approximately 
1 mV/~ over the range investigated. This is probably due 
to a weakening of the gold complex. The laser irradiation 
shifts the current-voltage curve to more positive poten- 
tials. This shift and an increase in surface mobility of Au 
leads to a dramatic change observed in the morphology of 
the laser-enhanced deposit. 

From the point of view of the morphology of the depos- 
its, without laser irradiation, a typical I-V curve for gold 
can be divided into two regions: (i) a low current density 
region (low overpotentials) where normally dense depos- 
its are obtained and the plating rate is reasonably 
efficient, and (it) high current density region where si- 
multaneous .hydrogen evolution reaction is substantial. 
This results in nodular, dendritic, and even powdery de- 
posits at the highest current densities because of the very 
high rate of hydrogen evolution that occurs simulta- 
neously. At these high current densities, we estimate the 
plating efficiency from our results to be -15-20% in the 
absence of laser radiation and approximately 60% under 
otherwise the same plating conditions but  utilizing 25W 
of laser power. Due to the shift of the I-V curve to the 
more positive potentials and an increase in Au surface 
mobility, it is possible to obtain dense Au deposits in the 
L E J P  plating, while at similar current densities in the ab- 
sence of laser irradiation, the deposits are nodular and/or 
powdery. The higher the laser power density, the greater 
the shift to more positive rest potentials and accom- 
panying decrease of the hydrogen evolution rate. This 
shift seems adequate to account for the changes observed 
in the morphology at different laser powers as is seen in 
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Fig. 11. Effect of current density on LEJP deposit microhardness. Films 
were deposited at a laser power of 25W. Hardness was measured on the 
cross-sectioned area with a 25g load. 
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Fig. 12. Shift of the rest potential with temperature for the SeI-Rex 
Autronex 55 GV solution in absence of cobalt. 

Fig. 6a-6d and 7a-7b. We also believe that the laser-heated 
solution dissolves the nickel oxide on the substrate, 
creating a clean surface for electrocrystallization. On such 
a surface, lateral crystallite growth becomes less inhib- 
ited. This results in denser deposits. In addition, the dis- 
solution of oxide greatly improves adhesion of the 
deposit. 

The potential shift caused by the laser irradiation can 
also be used to explain the differences in the plating rates 
obtained by jet  plating and LEJP,  at similar current den- 
sity. Plating at more positive potentials means less hydro- 
gen evolution, i.e., less current consumed for side reac- 
tions. 

LEJP  of gold from a commercial  solution (without co- 
balt complex) possesses a columnar microstructure 
typical of soft pure gold. The slight decrease in micro- 
hardness with the increase of current density cannot be 
explained at this time. 
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Mechanisms of Electroless Metal Plating 
II. Formaldehyde Oxidation 

Perminder Bindra* and Judith Roldan 
IBM Corporation, Thomas J. Watson Research Center, Yorktown Heights, New York 10598 

ABSTRACT 

A detailed investigation of the decomposition of formaldehyde was carried out to account for the fact that formalde- 
hyde decomposition on Group VIII metals, e.g., palladium, occurs without simultaneous hydrogen generation, while on 
Group IB metals, e.g., copper, formaldehyde decomposition is accompanied by hydrogen evolution. It was found that, in 
principle, metals may be divided into three main classes: (i) metals with positive free energy of hydrogen adsorption, (ii) 
metals with free energy of hydroge n adsorption close to zero, and (iii) metals with negative free energy of hydrogen ad- 
sorption. In the case of class (i) metals, formaldehyde oxidation is accompanied by hydrogen evolution. For class (ii) 
metals, there is no simultaneous hydrogen evolution. Class (iii) metals show low catalytic activity for formaldehyde oxi- 
dation. Hence, formaldehyde cannot be used as a reducing agent for electroless plating of class (iii) metals. 

In electrolytic metal deposition, the electrons required 
for the reduction of the metal ions are supplied by an ex- 
ternal current source. In electroless metal deposition, on 
the other hand,  the electrons required for reduction are 
supplied by the catalytic or electrocatalytic oxidation of a 
reducing agent. The electrocatalytic oxidation of reduc- 
ing agents such as methanol has been widely studied (1). 
Relatively little work has been done on the oxidation of 
formaldehyde, an important  reducing agent for electro- 
less copper deposition (2). It is generally agreed, however, 
that the oxidation of both of the organic molecules pro- 
ceeds via dissociative adsorption leading to dehydrogen- 
ation as the precursor reaction. The oxidation of formal- 
dehyde in acid media has been shown (3) to proceed as 
follows 

HCHO + H20 ---> COs + 2H~ [1] 

In alkaline media, two types of behavior are observed. On 
Group VIII metals, such as plat inum and palladium for- 
maldehyde oxidation occurs without simultaneous hydro- 
gen generation (4), while on Group IB metals, such as 
copper, silver, and gold, formaldehyde oxidation is 
accompanied by hydrogen evolution (la). One of the ob- 
jectives of this investigation is to account for this behav- 
ior. To this end, a quantitative study of the kinetics and 
mechanism of formaldehyde oxidation on one metal from 
each group, namely, plat inum and copper, has been 
carried out and the overall stoichiometries of the oxida- 
tion reaction on each metal determined. 

The second objective has been to determine the effect 
of the nature of the metal on the electrocatalytic oxida- 
tion of formaldehyde. This is a qualitative study in which 
the catalytic activities of several metals were compared 
by cyclic voltammetry. The measurements were per- 
formed in both acid and alkaline media and the data are 
plotted in the form of the so-called volcano plots pro- 
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posed by Balandin (5) for gas phase heterogeneous cata- 
lytic reactions and by Parsons (6) and Gerischer (7) for 
electrocatalytic (electrochemical) reactions. 

Experimental 
The electrochemical measurements were performed in 

a standard three-compartment cell. The auxiliary elec- 
trode chamber and the reference electrode chamber were 
separated from the working electrode chamber by 
sintered glass frits. The potential of the working electrode 
was monitored via a Luggin capillary with its tip placed 1 
mm from the working electrode. Formaldehyde concen- 
trations were estimated using standard quantitative anal- 
ysis equipment. It is noted that in aqueous (acid) solution 
formaldehyde exists mainly as a hydrate, methylene gly- 
col, while in alkaline solution the predominant  species is 
methylene glycolate anion (8). 

All the solutions were prepared with water purified by 
running deionized water through a Milli-Q water purifi- 
cation system, Continental Water Systems. Perchloric 
acid and sodium hydroxide were ultrapure Baker prod- 
ucts and were diluted without further purification. For- 
maldehyde solutions were prepared by dissolving solid 
paraformaldehyde in pure water to the required concen- 
tration and determining the concentration iodometrically 
(9). Iodine and thiosulfate solutions were also prepared 
from Baker chemicals by the methods described by Vogel 
(10). Solutions were deaerated by continuous bubbl ing 
with purified argon. 

Pine Inst ruments  rotator and electrodes were used for 
all rotating disk measurements. The electrodes, which 
had a geometric area of 0.458 cm 2, were polished to a near 
mirror finish on a wheel using successively finer grades 
of alumina abrasive. The electrodes were then degreased 
with alcohol and thoroughly rinsed with purified water 
before each measurement. 

The counterelectrode was a large (10 cm 2) gold foil, and 
the reference electrodes were Hg/HgO (1M NaOH) for 
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m e a s u r e m e n t s  in alkal ine solut ion and Hg/Hg.2SO4 for 
m e a s u r e m e n t s  in acid solutions,  respect ively .  The  elec- 
t rode  potent ials  are referred to the  revers ib le  hydrogen  
e lec t rode  (RHE) at the solut ion pH.  

Cyclic v o l t a m m e t r y  and current -potent ia l  curves  were  
obtained wi th  a P A R  173 potent ios ta t  in conjunc t ion  wi th  
a P A R  175 universa l  p rogrammer .  The  curves  were  re- 
corded on a Yokogawa  Model  3033 X-Y-t recorder.  The 
charge passed  dur ing  the fo rma ldehyde  decompos i t ion  
eff iciency m e a s u r e m e n t s  was recorded  wi th  the  help  of a 
P A R  179 coulometer ,  pH values were  measured  on a 
Beckman-Al t r ex  p H  meter ,  wi th  a p H  e lec t rode  des igned 
for m e a s u r e m e n t  at h igh  pH. 

Results  

Cyclic Voltammetry 
F o r m a l d e h y d e  ox ida t ion  on noble  meta ls  such as Au, 

Pt, Pd, Rh, and Ir in 1M HC104 was compared  by the  cy- 
clic v o l t a m m e t r y  technique .  In  1M N a O H  solution, the  list 
of metals  was e x t e n d e d  to inc lude  Ag, Cu, and Ni. Cyclic 
v o l t a m m o g r a m s  for fo rma ldehyde  ox ida t ion  on some  of 
these  metals  are descr ibed  below, and the vo l tammo-  
grams for the  o ther  metals  are also inc luded  bu t  will be 
descr ibed  e l sewhere  (11). 

P l a t i n u m . - - A  typical  cyclic v o l t a m m e t r y  curve  for P t  in 
0.1M H C H O  + 1M HC104 is shown in Fig. 1, together  wi th  
the curve obta ined  in the base electrolyte.  The general  
features of  this v o l t a m m o g r a m  are s imilar  to the  vol tam- 
m o g r a m  for P t  in HCOOH + 0.5M sulfuric acid (12). In  
each case, th ree  peaks  occur  in the  anodic  scan, though  in 
the  case of  fo rma ldehyde  the  first peak  occurs  at 0.7V vs. 
R H E  instead of  at 0.5V vs. RHE as for formic acid. This 
peak  is a t t r ibuted to a s imple  charge t ransfer  step 

• 

H~C(OH)~ -~ HC(OH)2 + H ~ + e -  [2] 
x 

where  HC(OH)2 represen ts  an adsorbed  radical  occupying  
a s ingle site on the  substrate.  The first anodic  peak  is fol- 
lowed by a "pass ive"  reg ion  (as opposed  to an "inhibi-  
t ive"  region in the  case of  formic  acid) before  the  onset  of  
the second ox ida t ion  peak. In the  second anodic  peak,  the 

x x x  

strongly adsorbed  in te rmedia tes  of  the type  C OH are 
r e m o v e d  f rom the  substrate  by ox ida t ion  react ions such  
a s  

x x x  x x  

C O H  + Pt(OH) ~ C(OH)2 + P t  [3] 
Xx 

C(OH)~ + Pt(OH) -> COOH + Pt + H20 [4] 

COOH + Pt(OH) -~ CO2 + Pt + H20 [5] 

With the removal of the strongly adsorbed intermediates, 
more Pt(OH) sites are created and solution phase formal- 

dehyde  is oxidized sequent ia l ly  to give the fol lowing 
overall  s to ich iomet ry  

H.~C(OH)2 + 4Pt(OH) -~ CO~ + 4Pt  + 4H~O [6] 

It  is not  clear whe the r  the  decrease  in current  after the 
second anodic  peak  is due  to the format ion  of inact ive 
PtO (13) or  due  to sel f -poisoning of  the  fo rma ldehyde  oxi- 
dat ion react ion by some sort of a secondary  dispropor-  
t ionat ion react ion (14). In any case, ox ida t ion  of formalde-  
hyde  does not  total ly  cease after the second anodic pea k 
as in the case of  formic  acid. At a round  1,1V, the  current  
increases  ra ther  abruptly,  and this  increase  in current  is 
a t t r ibuted  to the  react ion of a PtO(O)ad species  wi th  for- 
maldehyde .  At  1.25V, the  potent ia l  scan was reversed.  

In  the ca thodic  scan, a broad anodic  peak  spread over  
0.4V is observed.  This  peak  has subs t ruc tu re  wh ich  indi- 
cates two peaks  at 0.8 and 0.6V, and the  famil iar  shoulder  
also observed in the  case of  formic  acid is observed at 
0.4V. The peak  at 0.8V occurs  at app rox ima te ly  the  same 
potent ia l  as the  first anodic  peak  and is a t t r ibuted to the  

x 

format ion  of  the weakly  b o u n d  in t e rmed ia t e  HC(OH)~ via  
the charge t ransfer  react ion descr ibed  in Eq. [2]. At more  

x 

ca thodic  potent ials ,  the  weakly  b o u n d  HC(OH)2 under-  
goes a d i spropor t iona t ion  react ion to give the  s t rongly 

x x x  

bound  and "po i sonous"  species C O H  and the current  
decreases  unt i l  it reaches  zero at -0 .3V.  

The cyclic v o l t a m m e t r y  curves  obta ined  wi th  and with- 
out  fo rma ldehyde  in alkal ine solut ion are shown in Fig. 2. 
There  is a clear d i f ference in the  v o l t a m m o g r a m s  ob- 
ta ined in acid and alkal ine media,  and it is a lmost  certain 
that  this d i f ference is due  to the fact that  at p H  = 14 the  
act ive species in the  electrolyte  is the  me thy lene  glycolate 
anion, H~C(OH)O-, whi le  at p H  = 0 the  act ive species is 
the  fo rma ldehyde  hydra te  or m e t h y l e n e  glycol,  H~C(OH)~. 
The  fact  that  surface oxida t ion  on P t  in acid electrolyte  
c o m m e n c e s  at 0.8V and in alkal ine electrolyte  at 0.6V 
does not  seem to have  m u c h  effect. F o r m a l d e h y d e  oxida- 
t ion currents  are m u c h  higher  in 1M NaOH than  in 1M 
HC104, sugges t ing  that  the react ion is base  catalyzed. 
There  is no ev idence  of  s t rongly adsorbed  in te rmedia tes  
ei ther  in the hyd rogen  region or in the  double- layer  re- 
gion. Inhib i t ion  of  the  oxida t ion  react ion first begins at 
0.7V. This  may  be  due  to the  format ion  of  inact ive  PtO or 
a self-poisoning react ion descr ibed  earlier. The peak at 
1.0V in the  anodic  and cathodic  scans is probably  due to 
the format ion  of  PtO(O)~ds which  is able  to react  wi th  for- 
maldehyde .  The react ion total ly ceases  at 1.5V. It  is 
t emp t ing  to sugges t  that  this is due to the  format ion  of  in- 
act ive PtO2 even  though  it is incons is tent  wi th  the resul ts  
of Biegler  et al. (15) which  show that  a comple te  PtO2 
layer forms at m u c h  more  anodic  potentials .  
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Fig. | .  Cyclic voltommetry curves for Pt in 1M HCIO4 (dashed 
curve, scale on right) and IM  HCIO4 + 0.1M HCHO (solid curve). Ar 
saturated; electrode area = 0.458 cm2; scan rate = 0.1 V/s; tempera- 
ture = 25~ 
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Fig. 2. Cyclic voltammetry curves for Pt in IM  N o a h  (dashed 
curve, scale on right) and IM NaOH + 0.1M HCHO (solid curve). Ar 
saturated; electrode area = 0.458 cm2; scan rate = 0.1 V/s; tempera- 
ture = 25~ 
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P O T E N T I A L  ( V )  vs. R H E  
Fig. 3. Cyclic voltammetry curves for Pd in ]M HCIO4 (dashed 

curve) and 1M HCIO4 + 0.1M HCHO (solid curve). Ar saturated; 
electrode area = 0.458 cm2; scan rate 0.1 V/s; temperature = 25~ 

Palladium.--Figures 3 and 4 show the cyclic voltam- 
metry curves for Pd in the presence and absence of for- 
maldehyde in 1M HC104 and 1M NaOH, respectively. In 
acid solution, there is only one anodic peak in the anodic 
scan which occurs at 0.95V. Hydrogen adsorption on Pd 
is suppressed in the presence of formaldehyde in the elec- 
trolyte, indicating the presence of strongly adsorbed in- 
termediates on the surface. Between 0.4 and 0.TV, the 
anodic current in the presence and absence of formalde- 
hyde has the same value. From 0.7V until the anodic peak 
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Fig. 4. Cyclic voltommetry curves for Pd in ]M NaOH (dashed 

curve, scale on right ) and ]M NaOH + O.|M HCHO (solid curve). Ar 
saturated; electrode area = 0.458 cm2; scan rote = 0.1 V/s; tempera- 
ture = 25~ 

at 0.95V, the current in the presence of formaldehyde is 
much lower than the base electrolyte current. This 
confirms the presence of strongly adsorbed intermedi- 
ates which prevent the formation of Pd(OH) or PdO. At 
0.95V, there is an abrupt increase in current and an asym- 
metrical peak is observed. This peak is most likely due to 
the reaction between PdO(O),ds and the poisonous inter- 
mediates as well as bulk phase, H2C(OH)~, just  as in the 
case of Pt in acid solution. The current due to formalde- 
hyde oxidation ceases around 1.2V, presumably due to 
the formation of inactive PdO2. 

In the cathodic scan, one large anodic peak is observed. 
This peak commences  at the threshold of oxide reduction 
on Pd. The acceleration of oxide reduction by strongly 
adsorbing organic intermediates has been described by 
Capon and Parsons (12). The oxidation peak, however, is 
rather narrow, suggesting langmuirian adsorption of the 
intermediate. 

The vol tammogram obtained in alkaline solution (Fig. 
4) is quite different from that obtained in acid solution. It 
is clear from Fig. 4 that the anodic and the cathodic scans 
show some hysteresis, though the general formaldehyde 
oxidation characteristics are the same. In the anodic scan, 
the first anodic peak occurs at 0.5V. This peak is attrib- 
uted to the first charge transfer reaction of the type de- 
scribed in Eq. [2]. The reduction in current following the 
peak is due to surface coverage by strongly adsorbed in- 
termediates. The ]arge peak at 0.85V is, as in the case of 
Pt in alkaline solution, due to the interaction of Pd(OH) 
with formaldehyde. The reduction in current is due either 
to the formation of inactive PdO or a self-poisoning sec- 
ondary reaction. In the cathodic scan, there is one large 
anodic peak at 0.7V and two shoulders at 0.65 and 0.4V. 
The anodic peaks in the cathodic and anodic scans are of 
approximately the same magnitude. The cyclic voltam- 
metry curves for formaldehyde oxidation in 1M NaOH on 
Pt and Pd are quite similar. The catalytic activity is 
slightly greater for Pd. 

Nickel.--The cyclic vol tammetry curves obtained with 
and without formaldehyde in 1M NaOH solution are 
shown in Fig. 5. In the base electrolyte, only one peak is 
observed during the anodic scan. This peak occurs at 
0.55V and is attributed to the chemisorption of an OH 
layer to form NiOH or Ni(OH)2. The rapidly increasing 
current at potentials exceeding 0.8V is due to the forma- 
tion of phase oxide.  In the cathodic scan, the phase oxide 
reduction appears reproducible but there is no compli- 
mentary peak for the desorption of the OH layer. This 
suggests that a breakdown of the adsorbed layer is re- 
quired in order to nucleate the growth of the phase oxide. 

In the presence of formaldehyde, hydrogen adsorption 
on Ni is suppressed. The anodic peak at 0.55V due to the 
adsorption of OH is no longer there as the surface is pre- 
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Fig. 5. Cyclic voltammetry curves for Ni in IM NQOH (dashed 

curve) and IM NeOH + 0.1M HCHO (solid curve). Ar saturated; 
electrode area = 0.458 cm~; scan rote = 0.1 V/s; temperature = 
25~ 
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ferentially covered by carbonaceous radicals. Oxidation 
of such radicals or of methylene glycolate anion occurs at 
potentials greater than 0.6V. There is suppression of the 
phase oxide formation until the adsorbed species have 
been oxidized from the surface. Clearly, Ni is not a very 
good catalyst for formaldehyde oxidation. Hence, formal- 
dehyde is not used as a reducing agent in electroless Ni 
plating solutions even though the decomposit ion poten- 
tial is favorable for such an application. 

Copper.--The cyclic vol tammetry curve for copper in 
1M NaOH + 0.1M HCHO is given in Fig. 6 together with 
the background curve. The first anodic peak in the back- 
ground curve is attributed to the formation of Cu20. At 
slow scan rates (dv/dt < 10 mV/s), this peak is preceded 
by a prepeak at 0.55V due to Cu(OH)2- formation. The 
current between 0.8 and 1.0V increases as Cu(OH)2 is 
formed and decreases when the passivating species CuO 
forms. There is some evidence of film dissolution in this 
potential range. At around 1.2V the anodic current in- 
creases again, probably due to the reaction Cu(II) 
Cu(III) (16). The background curve shows a cathodic peak 
at 0.5V. This peak is due to the reduction of Cu20. The 
cathodic peak which starts at around 0.2V is due to the re- 
duction of a surface layer by consisting of more than one 
species. The Cu/NaOH system is very complex and re- 
quires more work for full interpretation than expended in 
this study. 

In the presence of formaldehyde, the first anodic peak 
occurs at 0.55V as a result of the reaction of formaldehyde 
on the freshly reduced Cu surface. This peak has been 
used for the volcano plots and other analysis. Cu20 is not 
catalytically active. The interaction of formaldehyde with 
Cu(OH)~ causes a large increase in the anodic current at 
0.8V. The current decreases at 0.9V as a result of the for- 
mation of inactive CuO. Once the inactive CuO has been 
removed via dissolution (16) or the conversion of Cu(II) to 
Cu(lII), a large anodic current due to the oxidation of for- 
maldehyde on the fresh Cu surface appears again. During 
the cathodic sweep, the curve in the presence of formal- 
dehyde coincides with the background curve until 0.25V 
when a large cathodic current due to formaldehyde re- 
duction is seen. 

Silver and gold.--The cyclic vol tammogram for Ag in 
1M HC104 (Fig. 7) is essentially featureless. There is 
hardly any evidence of hydrogen adsorption prior to hy- 
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Fig. 6. Cyclic voltammetry curves for Cu in ]M NaOH (dashed 

curve) and 1M NoaH + 0.1M HCHO (solid curve). Ar saturated; 
electrode area = 0.458 cm'2; scan rate = 0.1 V/s; temperature = 
25~ 

I " I 

0.12 - 

! 
- 

; ~176  .. 

.0.01 
0 0.4 0.8 

POTENTIAL (V) vs RHE 
Fig. 7. Cyclic voltommetry curves for Ag in IM HCIO4 (dashed 

curve) and 1M HCIO4 + 0.1M HCHO (solid curve). Ar saturated; 
electrode area = 0.458 cmS; scan rate = 0.1 V/s; temperature = 
25~ 

drogen evolution at around 6 V. In the anodic scan, oxide 
formation is immediately proceeded by Ag dissolution. A 
peak due to oxide reduction and]or Ag deposition is seen 
at 0.7V in the cathodic scan. In the presence of formalde- 
hyde in the acid solution, the cyclic vol tammogram is 
hardly affected. There is suppression of the hydrogen ad- 
sorption/evolution current and oxide formation is some- 
what inhibited, but there is no clear evidence of formalde- 
hyde adsorption or oxidation. In alkaline solution (Fig. 8), 
the base electrolyte curve on Ag shows evidence for the 
formation and stripping of "Ag-oxides," but the currents 
are very small. In the presence of formaldehyde, there is 
an abrupt increase in the anodic current at around 0.2V. A 
broad oxidation peak is observed which is asymmetrical 
and has the maximum at 0.4V. Between 0.4 and 1.1V, the 
anodic current is due to the oxidation of adsorbed as well 
as solution phase formaldehyde. As the solution phase 
formaldehyde is depleted in the vicinity of the electrode, 
the oxidation current comes down. This also accounts for 
the decreasing current in the cathodic scan. 
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"Fig. 8. Cyclic voltammetry curves for Ag in 1M NaOH (dashed 

curve, scale on right) and 1M NaOH + 0.1M HCHO (solid curve). Ar 
saturated; electrode area = 0.458 cm~; scan rate = 0.1 V/s; tempera- 
ture = 25~ 
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Fig. 9. Cyclic voltammetry curves for Au in 1M HCI04 (dashed 
curve) and 1M HCi04 + 0.1M H C H O  (solid curve). Ar saturated; 
electrode area = 0 .458  cm2; scan rate = 0.1 V/s; temperature = 
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The cyclic vol tammetry curve obtained in the presence 
and absence of formaldehyde in acid and alkaline electro- 
lytes on Au are shown in Fig. 9 and 10, respectively. In 
acid solution, the double-layer region on gold is extensive 
and OH adsorption commences at 1.2V. There is ha rd ly  
any evidence of formaldehyde oxidation at room temper- 
ature. At slightly elevated temperature,  three peaks due 
to formaldehyde oxidation are observed in the anodic 
scan. This suggests that the activation energy for formal- 
dehyde adsorption on Au is rather low. Each of the an- 
odic peaks is associated with the adsorption of - O H  spe- 
cies on the .Au surface, suggesting once again that - O H  
catalyzes the formaldehyde oxidation reaction. In alkaline 
solution, - O H  adsorption on Au occurs around 0.7V. 
However, this does not seem to affect the formaldehyde 
oxidation reaction which begins at 0.2V in the anodic 
scan. There is an anodic peak at 0.4V and some structure 
between 0.4 and 0.8V; otherwise, there is a steady oxida- 
tion current until 1.2V. At 1.2V, the formation of AuO or 
Au203 passivates the gold surface and formaldehyde oxi- 
dation current is gradually reduced. In the cathodic scan, 

8.0 

6 .0  

E 4.0 

I -  
z 
e, 
,,- 2.0  
( .1 

I i I i I I I I 

-2.o f ~' 
I , I i I i I i I ~  

O 0.4  0 .6  1.2 1.6 

POTENTIAL (V )  v l  RHE 

Fig. 10. Cyclic voltammetry curves for Au in 1M NaOH (dashed 
curve) and 1M NaOH + 0.1M H C H O  (solid curve). Ar saturated; 
electrode area = 0 .458  cm2; scan rate = 0.1 V/s; temperature = 
25~ 
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Fig. 11. Cyclic voltommetry curves for Ir in 1M HCIO4 (dashed 
curve) and 1M HCIO~ + 0.1M HCHO (solid curve). Ar saturated; 
electrode area = 0 .458  cm~; scan rate = 0.1 V/s; temperature = 
25~ 

there is evidence of the oscillatory phenomena observed 
for carbonaceous reducing agents on solid electrodes. 
The anodic peak at 1.1V during the cathodic sweep is at- 
tributed to this oscillatory behavior, This peak potential 
is a function of the sweep rate. 

Ir idium and Rhodium.--Figures 11 and 13 show the cy- 
clic vol tammetry curves for Ir and Rh in 0.1M HCHO + 
1M HC104, respectively. The base electrolyte curves show 
that the "double-layer" regions for Ir and Rh are much 
smaller than the "double-layer" region for Pt. The oxide 
reduction peak on Rh occurs at -0.4V vs. RHE, while for 
Ir there is no distinct oxide reduction peak but the cyclic 
vol tammogram is symmetrical about the potential axis in 
the oxygen adsorption region. In the case of Rh, there is 
clear evidence that during the anodic scan, OH adsorp- 
tion on the metal is suppressed in the presence of formal- 
dehyde in the solution. This is followed by a large 
asymmetrical peak due to formaldehyde oxidation, 
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Fig. 12. Cyclic voltammetry curves for Ir in 1M NaOH (dashed 
curve) and 1M NaOH + 0.1M H C H O  (solid curve). Ar saturated; 
electrode area = 0 .458  cm2; scan rate = 0.1 V/s; temperature = 
25o(::. 
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Fig. 13. Cyclic voltammetry curves for Rh in 1M HCIO4 (dashed 
curve) and 1M HCIO4 + 0.1M HCHO (solid curve). Ar saturated; 
electrode area = 0.458 cm2; scan rate = 0.1 V/s; temperature = 
25~ 

demonstrating that formaldehyde oxidation is catalyzed 
by Rh(OH) species. The decrease in current is due to the 
formation of inactive RhO or Rh~O3. In the cathodic scan, 
an anodic peak at 0.3V and a shoulder at 0.2V are ob- 
served. The anodie peak is attributed to the first dehy- 
drogenation reaction (Eq. [2]) leading to the formation of 

weakly bound HC(OH)2 species and the shoulder is due 
to the disproportionation of this species. In general, the 
behavior of formaldehyde in acid electrolyte on Rh re- 
sembles its behavior on Pt. 

For Ir, in the presence of formaldehyde there are sev- 
eral peaks during the anodic scan. In this case, hydrogen 
adsorption is not suppressed; in fact, there are two peaks 
due to formaldehyde oxidation in the hydrogen adsorp- 
tion/desorption region. The current begins to rise again at 
0.6V and a broad peak appears at around 0.9V, indicating 
that the adsorption of OH on Ir also catalyzes formalde- 
hyde oxidation. During the cathodic scan, there is further 
evidence of formaldehyde oxidation between 0.4 and 
0.2V. 
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Fig. 14. Cyclic voltommetry curves for Rh in ]M NoOH (dashed 
curve) and 1M NoOH + O.IM HCHO (solid curve). Ar soturoted, 
electrode oreo = 0.458 cm~; scan rate = 0 . ]  V/s; temperature = 
25~ 
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Figures 12 and 14 show the cyclic voltammetry curves 
for Ir and Rh in the presence and absence of formalde- 
hyde in 1M NaOH, respectively. Rh shows a fairly feature- 
less curve in the base electrolyte. In the presence of for- 
maldehyde, there is a dramatic increase in current at 
-1.3V vs. RHE. Ir shows a somewhat broadened hydro- 
gen adsorption region in alkaline solution. In the pres- 
ence of formaldehyde, there is an abrupt increase in cur- 
rent in the hydrogen region leading to a broad peak at 
0.3V. In the cathodic scan, the current due to formalde- 
hyde oxidation begins to set at 1.0V, long before oxide re- 
duction is complete. The anodic peak in the cathodic scan 
also occurs at 0.3V and is at least twice the magnitude of 
the anodic peak during the anodic scan. Data not pub- 
lished here have shown that these peaks are a function of 
temperature and that at high temperatures the two peaks 
are of the same magnitude. Clearly, formaldehyde oxida- 
tion of Ir is quite complex and has been described in de- 
tail in a subsequent publication (11). 

Kinet ic  P a r a m e t e r s  
Tafel slopes.--A potential step method was used to ob- 

tain Tafel plots on platinum substrates free from strongly 
adsorbed intermediates. The technique involved pretreat- 
merit of the electrode at an anodic potential (1.0V vs. 
RHE) where the strongly adsorbed intermediates are oxi- 
dized, prior to stepping the potential into the potential re- 
gion where oxidation of formaldehyde first begins. Cur- 
rents are measured on electrodes rotated at 1600 rpm, at a 
standard time interval of ls after the application of the 
potential step. Hardly any hysteresis was observed when 
the potential was retraced. No corrections for the IR drop 
were made, as the measurements  were performed in the 
region of low current densities where this correction was 
found to be insignificant. The Tafel plots on copper elec- 
trode were constructed from polarization data obtained 
by the potentiodynamic method. The potential scan rate 
was 100 mV/s. Tafel plots for formaldehyde oxidation on 
platinum and on copper are shown in Fig. 15. These plots 
yield Tafel slopes of 150 -+ 5 and 180 + 5 mV/decade for 
platinum and copper, respectively. 

Reaction orders.--Reaction orders were ascertained 
with respect to formaldehyde and hydroxide ion only. 
The reaction order for the reduction of the formate ion, 
while desirable, is difficult to measure and therefore was 
not attempted. 

Formaldehyde.--Peak currents for the large cathodic 
peak at varying concentrations of formaldehyde yielded a 
reaction order of 0.9 _+ 0.15 for platinum. Confirmation of 
first order was obtained from rotating disk data which 
yielded linear plots of 1/i vs. 1/x/co (17). The complete 
rotating disk electrode data will be given elsewhere (11). 
In the case of copper electrode, the first anodic oxidation 
peak current was plotted as a function of formaldehyde 
concentration. Figure 16 shows that the reaction order 
with respect to formaldehyde on copper is similar to that 
on platinum and has a value of 0.9 -+ 0.I. 

Hydroxide ion.--The pH dependence of formaldehyde 
oxidation was examined over the range 12.0-13.7 by add- 
ing varying amounts of concentrated HCIO, to 0.1M 
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HCHO in  1M NaOH.  P lo t s  of  p e a k  c u r r e n t s  aga ins t  p H  
( the  large  c a t h o d i c  p e a k  for p l a t i n u m  a n d  t he  first  a n o d i c  
p e a k  for copper )  y ie lded  a r eac t i on  o r d e r  of  0.5 in  h y d r o x -  
ide  ion  for Cu a n d  of  0.0 for  Pt.  T h e s e  p lo t s  are  d i s p l a y e d  
in Fig .  17. A f rac t iona l  r eac t ion  o rde r  imp l i e s  par t ic ipa-  
t ion  of t he  h y d r o x i d e  ion  v ia  a n  a d s o r b e d  state ,  t h u s  
c o n f i r m i n g  t h a t  in  t he  case  of Cu s u b s t r a t e  t he  a n o d i c  
p e a k  is due  to ca ta lys is  b y  Cu(OH)~-. A r eac t ion  o rde r  of  
0, as in  t h e  case  of  Pt ,  impl ies  t h a t  t he  r e a c t i o n  is i n d e p e n -  
d e n t  of h y d r o x i d e  ion  c o n c e n t r a t i o n  in  t he  solut ion.  

Stoichiometric number  v . - -The  s t o i c h i o m e t r i c  n u m b e r ,  
v, is gene ra l ly  e v a l u a t e d  e i t he r  b y  t h e  ac t i va t i on  polar iza-  
t ion  r e s i s t a n c e  m e t h o d  (18) or f rom t h e  anod ic  a n d  ca th-  
odic  t r a n s f e r  coeff ic ients  (19). T h e s e  m e t h o d s  cou ld  no t  
be  app l i ed  h e r e  b e c a u s e  n e i t h e r  t he  cu r r en t -po t en t i a l  
cu rves  for  f o r m a l d e h y d e  o x i d a t i o n  at  low o v e r p o t e n t i a l s  
n o r  t h e  t r a n s f e r  coeff ic ient  for f o r m a t e  r e d u c t i o n  cou ld  
b e  m e a s u r e d ,  v was  t he r e fo re  e v a l u a t e d  b y  app ly ing  t he  
Al len  a n d  H i c k l i n g  (20) g raph ica l  t r e a t m e n t  to t he  genera l  
e q u a t i o n  for  a m u l t i s t e p  r eac t i on  (21). Th i s  e q u a t i o n  h a s  
t he  fo rm 

i = i o { e x p [ ( n - ~ - - - - - r f i ) ~ T ] - e x p  

+ F~ 
[7] 

w h e r e  ~? is t h e  ove rpo ten t i a l ,  ~ i s  t h e  n u m b e r  of  e l ec t rons  
t r a n s f e r r e d  be fo re  t he  rds  in  t he  e l e c t r o n a t i o n  r eac t ion  or 
t h e  n u m b e r  of  e l ec t rons  t r a n s f e r r e d  af te r  t he  rds  in  t he  
d e - e l e c t r o n a t i o n  reac t ion ,  n is t he  n u m b e r  of  e l ec t rons  in- 
v o l v e d  in  t he  overal l  r eac t ion , /3  i s t h e  s y m m e t r y  fac to r  of  
the  rds,  a n d  r is t he  n u m b e r  of  e l ec t rons  i n v o l v e d  in  t he  
rds.  The  g r a p h i c a l  t r e a t m e n t  of  A l l e n  a n d  H ick l i ng  (20) 
g ives  a l inea r  p lo t  of  log {i/1 - e x p  (-nF~?/vRT)} aga in s t  
for t h e  a p p r o p r i a t e  va lue  of v. P lo t s  of  v = 1 a n d  v = 2 are  
s h o w n  in  Fig. 18 for  p l a t i n u m  a n d  for  copper .  I t  is e v i d e n t  
f rom Fig. 18 t h a t  v = 1 for  p l a t i n u m  a n d  v = 2 for  copper .  
The  s lope  of t h e s e  p lo ts  is [(n - 7)/v - r~] RT/F. T h e  nu-  
mer ica l  va lues  o b s e r v e d  in  Fig. 18 are  150 m V / d e c a d e  for 
p l a t i n u m  a n d  180 m V / d e c a d e  for  copper ,  s imi la r  to  t he  
Tale] s lopes  o b s e r v e d  in  Fig. 15. 

Discussion 

Reaction mechanisms . - -The  m e c h a n i s m  of  fo rmalde -  
h y d e  o x i d a t i o n  on  P t  a n d  o n  Cu in  a lka l ine  m e d i a  is dis- 
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Fig. 18. Allen and Hickling type plots for stoichiometric number de- 
termination at Pt (a), and Cu (b). 

cussed in this section. Under Langmuir adsorption condi- 
tions, the transfer coefficient obtained from the Tafel 
plot is equal to the transfer coefficient yielded by the 
Allen-Hickling analysis (Fig. 18), i.e. 

n--T 
a, - - -  rfl [8] 

E q u a t i o n  [8] is so lved  for 7 b y  i n s e r t i n g  t he  a p p r o p r i a t e  
va lues  for  t h e  o t h e r  pa rame te r s ,  n was  eva lua t ed  by  mea-  
su r ing  t he  c o u l o m b i c  eff ic iency for  f o r m a l d e h y d e  oxida-  
t ion  of  P t  a n d  Cu (see Fig. 21), wh i l e  t he  va lue  of v on  e a c h  
me ta l  was  o b t a i n e d  f rom the  A l l en -Hick l i ng  plots.  The  
va lues  of r a n d  fl were  a s s u m e d  to b e  1 a n d  0.5, respec-  
t ively,  for e ach  subs t ra t e ,  r = 0 is r e j ec t ed  b e c a u s e  a sym- 
m e t r y  fac to r  is n e e d e d  for  a n  e l e c t r o n  t r a n s f e r  step, a n d  
r = 2 is i m p r o b a b l e ,  as  a two-e lec t ron  t r a n s f e r  w o u l d  re- 
qu i re  ve ry  h i g h  ac t i va t i on  energy.  T h e  va lues  of  t he  ki- 
ne t ic  a n d  m e c h a n i s t i c  p a r a m e t e r s  are co l l ec ted  in Tab le  I. 

I t  is c lear  f rom Tab le  I t h a t  t he  Tafel  s lope  for  formalde-  
h y d e  ox ida t i on  on  b o t h  p l a t i n u m  a n d  on  c o p p e r  is RT/~F 
wi th  a va lues  s u b s t a n t i a l l y  less  t h a n  0.5. This  i n d i c a t e s  
specif ic  a d s o r p t i o n  of r eac t ing  spec ies  or i n t e r m e d i a t e s  
(22) a n d  sugges t s  a n  ihp  m e c h a n i s m  in  w h i c h  t he  f irst  
e l e c t r o n  t r a n s f e r  is ra te  d e t e r m i n i n g .  The  da ta  g iven  in  
Tab le  I are c o m p a t i b l e  wi th  t h e  fo l lowing  s e q u e n c e  of  
s teps.  

H2C(OH)O- ~ [H2C(OH)O-],d~ [i] 

rds 

[H2C(OH)O-]ads + O H -  ~ H C O O -  + H20 + H + e -  [ii] 

H + O H -  ~ M + H20 + e -  [iii] 

o r  

2H ~ 2M + H~ I' [iv] 
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Table I. Kinetic and mechanistic parameters 

OV 0 log i 0 log i 

0 log i 0 log Cr 0 log Coil_ a~ n ~ r 

Platinum 150 +- 5 1 0 0.4 2 1 1 0.5 1 
Copper 180 -+ 5 1 0.5 0.33 1 2 1 0.5 0 

M in  the  a b o v e  r eac t i on  s c h e m e  r e p r e s e n t s  the  subs t ra te .  
S teps  (i), (iii), a n d  (iv) are in  quas i - equ i l i b r i um.  

The  ra te  e q u a t i o n  for  t he  r eac t ion  o n  p l a t i n u m ,  b a s e d  
on  the  da ta  in  Tab le  I, is 

~ FE 
i = k FC~ (1--0F--0H) exp  (i--/3) ~-~ exp  - (1-8)  (rrOR + rMOm) 

[9] 
w h e r e  C~ = c o n c e n t r a t i o n  of  f o r m a l d e h y d e ,  0r a n d  0M are  
the  coverages  of m e t h y l e n e  glycol  a n i o n  (MGA) a n d  hy-  
d rogen ,  r espec t ive ly ,  a n d  r r  a n d  rM are  t he  i n t e r ac t i on  
coeff ic ients  for  a d s o r b e d  M G A  a n d  h y d r o g e n ,  respec-  
tively. 8 r e p r e s e n t s  t he  ac t iva t ion  coeff ic ient  in  the  case  
of cha rge  t r a n s f e r  f rom t he  a d s o r b e d  s ta te  a n d  iS g iven  b y  

0 ~ 8 -< 1. In  the  case of p la t inum,  Table  I shows tha t  ~ = 1, 
i.e., one  e l e c t r o n  is t r a n s f e r r e d  be fo re  t h e  rds  in  t he  cath-  
odic  reac t ion ,  or, in  th i s  case, t he  a n o d i c  rds  is fo l lowed 
by  a r e v e r s i b l e  e l e c t r o n  t r a n s f e r  s tep  so t h a t  t he  c o m p l e t e  
s t o i ch iome t ry  of  t he  r eac t i on  on  P t  is o b t a i n e d  by  a d d i n g  
s teps  (i), (ii), a n d  (iii), i.e. 

H2C(OH)O- + 2 O H -  ~ 2HCO2- + 2H.zO + 2e -  [10] 

The  m e c h a n i s m  d e s c r i b e d  in  Eq. [10] is s imi la r  to t h a t  
p r o p o s e d  by  B u c k  a n d  Gri f f i th  (3) for  f o r m a l d e h y d e  oxi- 
da t ion  on  P t  in  1M KOH. 

In  t h e  case  of  copper ,  t he  ox ida t i on  c u r r e n t  is o b t a i n e d  
by  m u l t i p l y i n g  t he  r i g h t - h a n d  s ide of  Eq.  [9] by  CH ~ as in  
t h i s  case  Oi/oCH = 0.5 (Tab le  I). T he  s t o i c h i o m e t r y  n u m b e r  
is 2, so t h a t  the  overa l l  s t o i c h i o m e t r y  of  f o r m a l d e h y d e  ox- 
i da t i on  on  Cu is o b t a i n e d  b y  a d d i n g  s teps  (i), (ii) a n d  (iv) 

2H~C(OH)O- + 2 O H -  --> 2HCO2- + 2H~O + H2 t + 2e -  
[11] 

This  m e c h a n i s m  is in  a g r e e m e n t  w i t h  t he  p roposa l  of  
L u k e s  (4). 

Volcano plots . - -Volcano plots  p r o v i d e  a usefu l  m e a n s  
for  c o m p a r i n g  t he  e lec t roca ta ly t ic  ac t iv i t i es  of  me ta l s  or 
al loys t o w a r d  ce r t a in  reac t ions .  True  vo l cano  cu rves  are 
o b t a i n e d  b y  p lo t t i ng  the  ac tua l  ca ta ly t ic  ac t iv i t ies  as a 
f unc t i on  of  t he  f ree  e n e r g y  of a d s o r p t i o n  of  the  r e a c t a n t  
or a r eac t ion  i n t e r m e d i a t e  (6). C a p o n  a n d  P a r s o n s  (12) 
have  s h o w n  tha t ,  for  the  e l e c t r o c h e m i c a l  o x i d a t i o n  of  for- 
mic  acid on  va r i o us  n o b l e  meta ls ,  a p lo t  of the  re la t ive  
catalyt ic  ac t iv i ty  aga ins t  t he  f o r m a t e  h e a t  of fo rmat ion ,  
o b t a i n e d  via  gas  p h a s e  m e a s u r e m e n t s  b y  Sach t l e r  et al. 
(23), gives a v o l c a n o - t y p e  plot.  S u c h  a p lo t  the re fo re  sug- 
ges ts  t h a t  HCOO-M is a l ike ly  i n t e r m e d i a t e  in  t he  H C O O H  
ox ida t ion  pa thway .  

In  th i s  inves t iga t ion ,  the  re la t ive  ca ta ly t ic  act ivi t ies  of  
va r ious  me ta l s  t o w a r d  f o r m a l d e h y d e  o x i d a t i o n  were  ob- 
t a ined  f rom cycl ic  v o l t a m m o g r a m s  by  t he  C a p o n  a n d  Par-  
sons  (12) m e t h o d .  W h e n  t h e s e  a p p r o x i m a t e  catalyt ic  activ- 
i t ies are  co r re l a t ed  w i t h  t h e  f o r m a t e  h e a t s  of fo rmat ion ,  
vo l cano - type  c u r v e s  are  o b t a i n e d  as s h o w n  in  Fig. 19 a n d  
20. In  ac id  m e d i a  (Fig. 19), t he  c o n v e x  r e l a t i on  o b t a i n e d  is 
qu i te  s imi la r  to  t h e  cu rve  o b t a i n e d  b y  C a p o n  a n d  P a r s o n s  
for H C O O H  oxida t ion .  I t  is t he r e fo re  logical  to a s s u m e  
t h a t  HCOO-M is also the  weak ly  b o u n d  i n t e r m e d i a t e  in  
the  f o r m a l d e h y d e  o x i d a t i o n  pa thway ,  U n d e r  t h e  c i rcum-  
s tances ,  f o r m a l d e h y d e  ox ida t i on  in  ac id  m e d i a  m a y  s im- 
p ly  be  d e s c r i b e d  as 

H2C(OH)~ --* H C O O H  --+ COx [12] 

In  a lka l ine  med ia ,  t h e r e  is l i t t le  d o u b t  t h a t  H C O O -  is a n  
i n t e r m e d i a t e .  In  fact,  on  me ta l s  s u c h  as Pt ,  a l a rger  over- 

po t en t i a l  is n e c e s s a r y  to oxidize  t he  H C O O -  f u r t h e r  to 
CO~ 2- (la). I t  is t he r e fo re  qu i t e  a p p r o p r i a t e  t ha t  Fig. 20 
s h o u l d  s h o w  a v o l c a n o - t y p e  corre la t ion .  The  s h a p e s  of t he  
vo lcano  cu rves  are, howeve r ,  no t  ve ry  he lpfu l  in  
d e t e r m i n i n g  t he  r eac t ion  m e c h a n i s m  (6). Consequen t ly ,  
Fig. 20 does  no t  exp l a in  w h y  on ce r t a in  m e t a l s  such  as Ag 
a n d  Cu f o r m a l d e h y d e  ox ida t i on  is a c c o m p a n i e d  by  hy- 
d r o g e n  evo lu t i on  w h i l e  o n  me ta l s  s u c h  as  P t  a n d  P d  for- 
m a l d e h y d e  o x i d a t i o n  p roceeds  w i t h o u t  s i m u l t a n e o u s  hy- 
d r o g e n  gene ra t i on .  A n  e x p l a n a t i o n  for th i s  b e h a v i o r  c an  
be  f o u n d  b y  e x a m i n i n g  t h e  de ta i l ed  m e c h a n i s m  of for- 
m a l d e h y d e  o x i d a t i o n  on  t he  two  types  of  me ta l  d e s c r i b e d  
in  t he  p r e v i o u s  sec t ion .  On Pt ,  t he  d e h y d r o g e n a t i o n  reac- 
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tion and rds are followed by a hydrogen ionization reac- 
t ion (reaction scheme [i]-[iv]). At the potentials at which 
formaldehyde oxidation on Pt occurs, the hydrogen oxi- 
dation reaction is entirely possible. On copper, the rds oc- 
curs twice, and this is then followed by hydrogen radical 
recombination reaction. Presumably, at the potential at 
which formaldehyde oxidation on copper takes place, hy- 
drogen recombination and evolution is kinetically more 
favorable than hydrogen ionization, though thermo- 
dynamically at these potentials hydrogen ionization is the 
favored reaction. This suggests that whether formalde- 
hyde oxidation on a substrate is accompanied by hydro- 
gen evolution or not depends entirely on the catalytic ac- 
tivity of the substrate toward the hydrogen ionization 
reaction, i.e., on the free energy of adsorption of hydrogen 
on the substrate. This is verified in Fig. 21, which shows 
a linear relationship between the cou]ombic efficiency of 
the formaldehyde oxidation reaction on various metals 
(or the number  of electrons realized per formaldehyde 
molecule decomposed), and - log  i~ ~ �9 ~ is the exchange 
current density for the hydrogen reaction on these metals 
and is taken to represent the free energy of adsorption for 
hydrogen (24). The correlation between simultaneous hy- 
drogen evolution during formaldehyde oxidation and the 
heat of adsorption for hydrogen on the metals was first 
suggested by van den Meeraker (25); but the heat of ad- 
sorption for hydrogen was erroneously calcuated by the 
Eley-Stevenson (26, 27) method for both transition and sp 
metals. It has been shown by Trasatti (28) that while this 
method can give satisfactory results for transition metals, 
it does not hold at all with sp metals. The correct parame- 
ter to be used for the reactivity scale toward hydrogen of 
the various metals (transition and sp metals) is iH ~ This 
parameter relates to the free energy of adsorption for hy- 
drogen in the presence of the solvent and the field in the 
double layer. 

It is interesting to note in Fig. 21 that the Group IB met- 
als or the sp metals such as Cu, Au, and Ag show low 
coulombic efficiency even though Ag exhibits approxi- 
mately the same catalytic activity for formaldehyde oxi- 
dation as Pt  and Pd (cf Fig. 20). The Group VIII metals or 
metals with unfilled d bands exhibit high coulombic 
efficiency giving two electrons per formaldehyde mole- 

cules oxidized. Clearly, according to the data in Fig. 21, 
metals may in principle be divided into three main 
classes: (i) metals with positive free energy of hydrogen 
adsorption, (ii) metals with free energy of hydrogen ad- 
sorption close to zero, and (iii) metals with negative free 
energy of hydrogen adsorption. In the case of class i met- 
als, formaldehyde oxidation is accompanied by hydrogen 
evolution. For class ii metals, there is no simultaneous 
hydrogen evolution during the formaldehyde oxidation. 
Class iii metals, such as Ni, showed very low catalytic ac- 
tivity for formaldehyde oxidation to allow accurate mea- 
surements of the cou]ombic efficiency. 
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ABSTRACT 

TiO2 photoanodes have been prepared by the plasma spray technique on titanium, graphite, and alumina substrates. 
25-30 t~m thick coatings display a good adhesion to the substrate and a highly textured surface. Dark and photoelectro- 
chemical properties of the photoanodes have been measured in oxygen-saturated solutions of NaOH at pH 13. It is 
shown that the performances of the electrodes are quite insensitive to the plasma power or to the TiO2 powder granula- 
tion but are very sensitive to the purity of the spraying material, to the substrate, and also to a heat-treatment (H2 or Ar 
at 800~ followed by a rapid quenching in air). The maximum quantum yield is obtained at 300 nm for heat-treated TiO2. 
It is about 40% on alumina and 70% on the titanium. The heat-treatment affects the conductivity, o-, and the surface den- 
sity of hydroxyl groups, No~, of the coatings. For heat-treated TiO2, typical values are (r = 2.4 (~-cm) -~ and No~ = 2.8 • 
10 '5 cm -~. For untreated TiO2, typical values are cr = 30.6 (~-cm)- '  and NoH = 2.1 • 10 TM cm -~. The J-V curves of heat- 
treated TiO2 sprayed on alumina extend anodically up to 9.5V (vs. SCE), where film breakdown occurs. For the same 
film sprayed on titanium and graphite, the anodic dark ~ behavior is similar to that observed for the bare substrates. It is 
concluded that polycrystalline TiO2 coatings, produced by the plasma spray technique, can display photoelectrochemi- 
cal and dark characteristics similar to the ones obtained with single-crystal material. 

Polycrystalline n-TiO~ has been largely studied as a 
semiconducting electrode in photoelectrochemical cells. 
Several techniques for the preparation of the photo- 
anodes are found in the literature, namely, thermal oxida- 
tion (1-8), anodic oxidation (8-16), chemical vapor deposi- 
tion (8, 9, 14, 17-21) and plasma-enhanced chemical vapor 
deposition (22), sputtering (23, 24), pressed and sintered 
powders (2, 25, 26), and screen printing (27). 

An industrial coating technique, plasma spraying, has 
also been used to produce polycrystalline electrodes from 
TiO~ powders of unspecified purity sprayed on titanium 
(28) and from raw rutile sprayed on alumina (29). The latter 
investigation reports an unusual anodic flatband poten- 
tial (V~B ~ -0.6V SCE) at the pH used (10M NaOH) and a 
large potential dependence of the photocurrent  below 
0.4V. At higher anodic potentials, a rapid rise in dark cur- 
rent is attributed by Wang and Henager (29) to the pres- 
ence of impurities (Si, Fe, Cr, Ni, Mn) in the raw rutile. 
TiO~ was again recently sprayed on ti tanium (30). The ob- 
tained results were similar to the ones reported by Wang 
and Henager except  that anodic dark currents, in 0.1M 
NaOH, rise quickly at potentials higher than -0.7V vs. 
SCE. 

In the present work, it will be shown that the current 
voltage (J-V) characteristics of plasma-sprayed n-TiO2 
photoanodes are largely dependent  on the purity of the 
powder and on the nature of the substrate. 

Using'this technique, it is possible to produce large sur- 
faces of polycrystalline TiO.~ photoanodes displaying J-V 
characteristics like the ones observed with monocrystals. 
On alumina substrates, J-V curves can be obtained up to 
9.5V. 

Experimental 
Powder preparation.--Ti02 powders were obtained 

from three differe'ht sources. Two of them [Metco 102 
(~<44 ~m) and H. C. Starck (5-12 ~m)] had the appropriate 
size distribution for direct feeding of the torch and were 
used without modifications. X-ray diffraction showed 
that these powders had the rutile structure. The third one, 
a high purity anatase powder (99.9%, A. D. MacKay 
Chemicals), had a particle diameter which was too small 
(~<5 tLm). It was agglomerated before plasma deposition 
by atomization in a spray dryer. The atomization was real- 
ized from a suspension prepared by mixing demineral- 
ized water (30 weight percent [w/o]), polyvinyl alcohol (0.5 

* Electrochemical Society Active Member. 

-;v/o; J. T. Baker, 88-89% hydrolized), polyethylene glycol 
(2 w/o; Carbowax, Fisher Laboratories), and TiO2. All the  
organic components were eliminated during the sintering 
of TiO~ performed in an alumina crucible at 1200~ in air. 
This temperature treatment also induces the transforma- 
tion of the initial anatase form of TiO2 into the rutile form. 
Finally, the desired size of powders was sieved with an air 
jet  sieve classifier (Alpine, Augsburg) and the distribu- 
tion of particles having a diameter smaller than 32 t~m 
was measured with a particle size analyzer (PA-720, 
Pacific Scientific). 

Spraying system.--Plasma spraying was performed 
with a plasma spray system (Plasmadyne). Three plasmas 
were used for the production of the coatings: (i) Ar/He 
(2:1) 30 kW, (ii) Ar/He (2:1) 40 kW, and (iii) Ar/H2 (20:1) 30 
kW. TiO2 was introduced in the plasma at a constant rate 
of about 9 g-min- '  and projected in subsonic mode on 
three different substrates: titanium foils (99.7% from 
Alfa), alumina disks (99.8% Coors), and graphite slices. 
Fused silica was also tried out as a substrate but was 
abandoned because of the poor adhesion of the coating. 
The distance between the torch and the substrate was al- 
ways 7.5 cm, and the speed of X-Y sweeping was set to 
obtain coatings 25-30 tLm thick [measured with a 
Surtronic 3 profilometer (Taylor and Hobson)]. The sur- 
face texture of the films was quite sensitive to the 
particle size distribution. Coatings obtained with powders 
having a diameter ranging from 32 to 63 ~m are rougher 
than those made with powders of 4-20 ~m, but their ex- 
posed surface is smaller. With all powders used in this in- 
vestigation, gray coatings were always obtained. 

Hydrogen or argon treatment . - -The photoelectrochemi- 
cal properties of the TiO2 films were investigated either 
directly after plasma spraying or after a hydrogen or ar- 
gon treatment at temperatures up to 800~ This treat- 
ment  usually consisted in leaving the electrode for 15 rain 
in a 0.3 l i ter-min- '  flow of hydrogen or argon. The 
samples were always introduced in the furnace under ar- 
gon atmosphere at the temperature of the treatment; 
upon removal, they were quenched at room temperature. 

Photoelectrochemical measurements .--In order to per- 
form electrochemical measurements  on the TiO2-coated 
electrodes, ohmic contacts were established by directly 
attaching a lead to the conducting substrates (C, Ti). On 
alumina, the ohmic contact was obtained with a Ga]In eu- 
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tectic. All the  nonpho toac t ive  parts  of  the  e lec t rode  were  
af terwards covered  wi th  si l icone rubbe r  to avoid corro- 
sion, leaving an ac t ive  area of  1.5 cm ~. 

The  e l ec t rochemica l  m e a s u r e m e n t s  were  pe r fo rmed  in 
a three-e lec t rode  cell  equ ipped  wi th  a quar tz  window,  
us ing a NaOH solut ion at pH  13 (-0.1N) sa tura ted  wi th  
oxygen  at a tmospher ic  pressure.  The  counte re lec t rode  
was a 15 cm ~ P t  foil, and  a s tandard  ca lomel  e lect rode was 
used  as reference.  

The work ing  e lec t rode  was i l lumina ted  wi th  white  l ight  
f rom a h igh  p ressure  300W Xe lamp equ ipped  with  a 10 
cm water  filter. The  m a x i m u m  UV p o w e r  (up to 400 nm) 
inc ident  on the  work ing  e lec t rode  was 30 mW-cm -2 (un- 
cor rec ted  for  the  reflection). Neutra l  dens i ty  filters were  
used  to vary the  l ight  intensi ty.  Monochromat i c  l ight  for 
q u a n t u m  yield de te rmina t ion  was obta ined  by interfer- 
ence  filters hav ing  a 10 n m  bandwith .  At 300 nm, the  inci- 
dent  power  on the  work ing  e lec t rode  is 0.150 mW-cm -2. 
The  l ight  in tens i ty  was measu red  wi th  a Pho todyne  44 
X L  radiometer .  The  J -V curves  were  pe r fo rmed  with  a 
P r ince ton  App l i ed  Research  Model  173 potent ios ta t  and a 
Model  175 p rogrammer .  The  scanning  rates were  always 
10 mV-s - ' .  The  q u a n t u m  efficiencies were  obta ined in a 
two-e lec t rode  conf igura t ion  us ing a Kei th ley  614 elec- 
t rometer .  All the  m e a s u r e m e n t s  were  pe r fo rmed  at room 
tempera ture .  

Conductivity measurements.--The van  der  P a u w  tech- 
n ique  (31) was fo l lowed to per fo rm the  conduct iv i ty  mea- 
su remen t s  on TiO~ sprayed on alumina.  For  these  mea- 
surements ,  a Kei th ley  225 cur ren t  source  and a 
Hewle t t -Packard  3455 A digital  v o l t m e t e r  were  used. 

Hydrogen depth profiling.--A novel ,  quant i ta t ive,  
nondes t ruc t ive ,  nuc lea r  microanalys is  t echn ique  (32) 
called elastic recoi l  de tec t ion  was used  to detect  the  pres- 
ence  of  h y d r o g e n  in the  top layer of  p lasma-sprayed TiO~. 
This t e c h n i q u e  uses  a 350 keV 4He~ b e a m  inc ident  unde r  
v a c u u m  (10 -7 torr) on the mater ia l  to p robe  the hydrogen  
concen t ra t ion  to a dep th  of  600~. The  sensi t ivi ty  is 1 H 
a tom percen t  (a/o). 

Results and Discussion 
Surface aspect of TiO.~ coat ings.---Figure 1 is a scanning  

e lec t ron mic roscope  (SEM) pic ture  showing  the surface 
t ex ture  of  the TiO2 coating. I r regular i t ies  of the  surface 
in t roduce  a m u c h  larger  actual  area as compared  to the  
geometr ica l  one. The  surface t ex ture  is a func t ion  of  the  
size of the  sprayed part icles  and the  power  of the plasma.  

The  largest  exposed  surfaces  are ob ta ined  with  the  
smallest  par t ic les  (4-20 ~m) and wi th  the  h ighes t  p lasma 
power  (40 kW). In  this case, the  me l t ed  par t ic les  leave the  
torch wi th  a large kinet ic  energy  resul t ing  in a bigger  
splash upon  arr ival  on the substrate.  The  e lec t rode  sur- 
face depic ted  in Fig. 1 is an  in t e rmed ia t e  be tween  a flat 
surface and a colloid. 

Fig. 2. SEM picture of a fracture of a plasma-sprayed Ti02 coating re- 
moved from its substrate. 

No bare spots were  de tec ted  in the  coat ings by SEM. 
However ,  the re  are  small  cracks and pores  on the  surface 
th rough which  the  e lec t ro lyte  could  eventua l ly  penet ra te  
and reach  the  substrate.  

F igure  2 is a S E M  pic ture  showing  a fracture of  a TiO2 
coat ing r e m o v e d  from its substrate .  This picture  
confi rms the  film th ickness  (25-30 ~m) measured  wi th  
the prof i lometer .  The  more  regular  surface seen at the  
bo t tom of the  p ic ture  was the  surface in contac t  wi th  the  
substrate.  This  film is typical  of  p lasma-sprayed  coatings 
which  always show a vert ical ly  or iented crystallization. 

Purity of TiO.2 powders and plasma characteris- 
tics. Figure  3 presents  the  J -V curves  ob ta ined  for TiO2 
coat ings  on Ti us ing three  powders  having  different  im- 
pur i ty  contents .  All these  coat ings  were  hea ted  in H2 at 
800~ and the UV power  (~ ~ 358 nm) inc ident  on the  
e lectrodes  is 9 mW-cm -2. The  smal les t  pho tocur ren t  den- 
sities were  ob ta ined  wi th  TiO~ f rom Sta rck  (dash-dotted 
curve) fo l lowed by TiO~ f rom Metco (dotted curve). The  
h ighes t  pho tocu r ren t  densi t ies  were  obta ined  wi th  TiO2 
f rom Mackay (full curve). Chemica l  analysis  of  these  pow- 
ders is p resen ted  in Table  I. The  A1 content ,  which  is 
known  to improve  the  q u a n t u m  yield of  TiO2 (33), is 
abou t  the same  for the  three powders .  However ,  the  
amount s  of  Cr and Fe, which  are k n o w n  to decrease  the  
UV q u a n t u m  yield (34), are smal ler  in the  MacKay 
powder .  

The inf luence  of  the  p lasma p o w d e r  and its type  on the 
pho tocu r ren t  densi t ies  has also been  analyzed. No 
signif icant  d i f ferences  were  observed  w h e n  the  power  of  
the p lasma was changed  f rom 30 to 40 kW and w h e n  He  
was replaced  by H2. Within expe r imen ta l  error, there  were  
no significant  d i f ferences  due  to var ia t ion  in the  size of  
the feed ing  par t ic les  f rom 4-20 to 32-63 ~m. Cooling the  

Fig. 1. SEM picture of the surface of a plasma-sprayed TiOz electrode 
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Table I. Chemical analysis of the three Ti02 powders 
used in this work (in weight percent) 

Elements Starck Metco MacKay ~ 

Si 0.015 0.035 0.02 
Mn 0.001 0.002 0.001 
Cr 0.02 0.002 0.002 
Fe 0.05 0.14 0.01 
A1 0.02 0.015 0.016 
Ni 0.001 0.001 0.001 

After agglomeration and sintering. 

subs t ra te  wi th  Dry Ice dur ing  coat ing also has no effect. 
In  l ight  of  these  results,  the  expe r imen t s  that  fol low were  
pe r fo rmed  exc lus ive ly  on coa t ings  m a d e  wi th  TiO~ f rom 
MacKay by us ing a 30 kW Ar/He p lasma to me l t  the  
powders .  

Quantum yields and coating conductivities.--Figures 
4A and 4B depic t  the  q u a n t u m  yields,  ~b, for TiO2 sprayed 
on t i t an ium and alumina,  respect ively .  When graphi te  is 
used as a substrate ,  the obta ined  q u a n t u m  yields are simi- 
lar to the ones  measu red  for TiO2 on t i tanium. The full 
points  r ep resen t  the  va lues  ob ta ined  direct ly  after p lasma 
spraying.  The  open points,  on the  o ther  hand,  are ob- 
ta ined after t rea t ing the p lasma-sprayed  TiO~ at 800~ in 
H~. All these  act ion spectra  are cor rec ted  for a cons tant  
pho ton  flux (3.4 x 10 TM p h o t o n - s - L c m  -~) us ing  the  follow- 
ing re la t ion 

Jsc = kI~ [1] 

where  J~ is the  short-circui t  pho tocu r ren t  in the  two- 
e lec t rode  conf igura t ion  used  for the  q u a n t u m  yield de- 
terminat ion,  k is a propor t ional i ty  constant ,  and ~/is the  
l ight  power  exponent .  A va lue  of  7 = 0.80 was found for 
both  un t rea ted  and H~-treated TiO~. The  m a x i m u m  quan-  
t um yield is ob ta ined  at abou t  300 n m  and reaches  values 
as h igh  as 70% for H2-treated TiO~ on t i tanium.  This  va lue  
compares  favorably  wi th  the  q u a n t u m  yields repor ted  in 
the  l i terature (8, 22, 33, 35). 

An increase in the  q u a n t u m  yield is a lways observed  for 
p lasma-sprayed  TiO2 elect rodes  t rea ted  in H2 at tempera-  
tures h igher  than  300~ wi th  a m a x i m u m  effect  at t emper-  
atures above  600~ A similar  effect  on ~ is found w h e n  
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Fig. 4. Quantum yield, ~b, for H~- or Ar-treated (open symbols) and 

untreated (dark symbols) TiO2 sprayed on titanium (A) and on alumina 
(B), as a function of the wavelength. 

the  e lec t rodes  are t reated in Ar. The  H2 or Ar  t rea tment  
above 600~ induces  a reduc t ion  of the  coat ing conduct iv-  
ity, o-. Typically,  o- = 30.6 (12-cm)-' for un t rea ted  samples  
and ~ = 2.4 ( t l -cm)- '  for H 2 - o r  Ar- t reated samples  at 
800~ As the  t r ea tmen t  of  the  e lec t rode  in ei ther  H~ or Ar  
a tmosphe re  has the  same effect  on the  conduct iv i ty  of  
TiO~, the  fo rmat ion  of T i - - H  bonds,  resul t ing in a de- 
crease of the charge  carrier  dens i ty  N, may  not be  
invoked  to exp la in  the decrease  of  the  conduct iv i ty  of the  
H,2- or Ar- t reated electrodes.  It  is, however ,  possible  that  
the q u e n c h i n g  of  the  e lec t rode  in air after H2 or Ar  treat- 
m e n t  migh t  decrease ,  by reoxidat ion,  the  a m o u n t  of tr iply 
ionized interst i t ia l  t i t an ium and doubly  ionized oxygen  
vacancies ,  which,  according  to Kofs tad (36), are responsi-  
ble for the s emiconduc t ing  charac ter  of  TiO2. The  oxida- 
t ion effect  is qu i te  crit ical  since an  e lec t rode  left  for 15 
min  in air at 800~ becomes  so resis t ive that  no photocur-  
rent  can be de tec ted  af terwards.  A shor ter  oxida t ion  t ime 
genera tes  in t e rmed ia t e  q u a n t u m  yields t end ing  toward  
the m a x i m u m  va lue  obta ined  after the  H2 or Ar  t reatment .  
In  the  remainder  of  the  text ,  p lasma-sprayed  TiO.2 hea ted  
at 800~ in Ar  in H~ for 15 rain and then  q u e n c h e d  in air 
will  be referred to as heat- t reated electrodes.  

Surface hydroxyl group densities.--Figure 5 shows  the  
h y d r o g e n  profile, in a tom percent ,  ob ta ined  by the  nu- 
clear microanalys is  technique ,  for un t rea ted  (full line) and 
heat- t reated (broken line) p lasma-sprayed  TiO2 before  any 
contact  wi th  the  e lect rolyte  solution. E v e n  if  the probed  
depth  is 600•, the  de tec ted  h y d r o g e n  probab ly  originates 
exc lus ive ly  f rom the  TiO~ surface.  This  can  be  under-  
s tood in t e rms  of  surface irregulari t ies,  as depic ted  in the 
insert  of Fig. 5, where  five surface analyzing condi t ions  
are i l lustrated.  In  case 1, H + e jec ted  f rom the surface by 
the impac t  of  350 keV 4He+ will  be  de tec ted  as having  the  
m a x i m u m  energy.  I t  will  be ident i f ied  correct ly  as be- 
long ing  to t he  surface of  the  sample  (0 ~ depth). In  cases 2 
and 3, even  if  the h y d r o g e n  also originates f rom the  actual  
TiO2 surface it wil l  be measu red  by the  de tec tor  as 
or iginat ing f rom a certain dep th  because  of  the energy  
loss in t ravers ing the matter .  The  surface hydrogens  rep- 
resen ted  by cases 4 and 5 will  not  be  de tec ted  by the  tech- 
n ique  because  they  are shie lded f rom 4He+ by a too large 
th ickness  of  mater ia l  or the  e jected H ~ stops in the  layer  
of  TiO~ before  be ing  able  to be  detec ted .  Ano the r  indica- 
t ion that  the  h y d r o g e n  is located mos t ly  on the  surface is 
that  the  profile of  Fig. 5 shows a defini te  surface peak  
whose  wid th  has the theoret ical  resolut ion  of the tech- 
nique.  

Taking  into account  the rut i le  dens i ty  (4.25 g-cm -3) and 
a sensi t ivi ty l imi t  of  1 a/o of  H, one obtains  2.1 10 '~ H cm -2 
for un t rea ted  TiO~ and 2.8 10 '5 H cm -2 for heat- t reated 
TiO~. The actual  area of  the  coat ing  is not  known,  but  
these resul ts  indica te  that  the re  is a d i f ference  of  near ly  
one order  of  m a g n i t u d e  be tween  bo th  hydrogen  surface 
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Fig. 5. Depth profiles of hydrogen content (in atom percent) for H~- or 
Ar-treoted (broken line) end untreated (full line) TiO~ coatings obtained 
by nuclear microanalysis. The insert illustrates five analyzing conditions 
encountered on irregular surfaces. 
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Fig. 6. Ti02 sprayed on alumina. J-V curves obtained in oxygen- 
saturated NoOH (pH 13) for H~- and or Ar-treated TiO2 (A) and 
untreated TiO~ (B) electrode. 

densities. A similar ratio was found for the conductivities 
of untreated and heat-treated TiO2, with the most con- 
ducting coating having the largest surface hydrogen den- 
sity. Surface hydrogen probably belongs to hydroxyl 
groups chemisorbed on the surface as the result of the in- 
teraction of atmospheric water vapor and TiO2 (37). 

Ti02 substrate and breakdown potential.--Figure 6A 
displays the J-V curves obtained in NaOH at pH at 13 for 
heat-treated TiO~. The breakdown potential of the film 
happens at 9.5V. When heat-treated TiO~ of the same pu- 
rity is sprayed on Ti, a rapid increase of the dark oxida- 
tion current is observed for applied voltages >0.5V (full 
curve in Fig, 3). It demonstrates that the breakdown ob- 
served for TiO~ sprayed on Ti is not characteristic of the 
heat-treated sprayed film. It is the oxidized t i tanium sur- 
face of the t i tanium substrate, in contact with the electro- 
lyte through cracks and pores of the sprayed film, which 
is responsible for the dark J-V behavior: J-V curves ob- 
tained in the dark for bare Ti (always covered by a native 
oxide layer) in contact with NaOH at pH 13 corroborate 
this interpretation. These curves are similar to the dark 
J-V curve displayed in Fig. 6B for untreated TiO2 sprayed 
on alumina. The dark anodic behavior  of TiO~ films 
sprayed on graphite is also dominated by the dark charac- 
teristics of the graphite substrate in alkaline solutions. 

Conclusion 
This work demonstrates that the plasma spray tech- 

nique is well suited for the production of TiO~ semicon- 
ductor electrodes. The photoanodes are characterized by 
a highly textured surface and are able to show, after being 
submitted to a suitable heat-treatment, dark and photo- 
electrochemical properties comparable to those measured 
for monocrystalline TiO~. This technique would be partic- 
ularly well suited for large-scale production. The photo- 
catalytic performances of these coatings are now under 
investigation. 
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On the Thermal Characteristics of Electrolytic Cell 

Y. Ogata, S. Kainuma, M. Yasuda,* and F. Hine* 
Nagoya  Inst i tute o f  Technology, Nagoya  466, J a p a n  

ABSTRACT 

Mathematical analysis of the heat balance of electrolytic cell was investigated. Experimental  results with a vertical- 
type water electrolysis cell under normal conditions agreed with calculation. The water vaporization is a major factor of 
heat loss from the cell and, hence, it must be reduced. The thermal behavior of a water electrolysis cell was simulated 
under normal and pressurized conditions with the equations proposed. It was clarified that the heat loss from the cell 
could be reduced by increasing the operating pressure because the water vaporization was a large factor of heat dissipa- 
tion at high temperatures. The effects of the thermal insulation and the emissivity of the cell wall were also discussed. 

Electrochemical processes consume much more elec- 
tric energy than the thermodynamic requirement  to pro- 
ceed the reaction under discussion. A part of excess en- 
ergy is of course utilized to cover the entropy and the heat 
loss from the system, although it must be minimized as 
small as possible. The heat transfer through the cell wall 
is generally a major factor of these losses. In practice, the 
operating temperature is kept constant by balancing the 
Joule heat, the heat losses, and the external source such 
as the heat exchanger  if any. Beck and Ruggeri have in- 
vestigated the heat balance of several electrochemical 
processes (1). They point out that the diaphragm-type 
chlor-alkali cell and the chlorate cell dissipate some 15 
and 32% of the electricity supplied, respectively, through 
the cell wall. The heat loss can be reduced by utilizing im- 
proved insulation, whereby the operating temperature is 
affected. 

The energy balance of electrochemical processes has 
been studied by several authors. Fahidy has published 
the general description emphasizing the heat loss through 
the cell wall (2-6). These evaluations of the thermal behav- 
ior of the electrochemical system under discussion are 
useful for reducing the energy requirement  and hence 
further improvement  of the process economy. Use of the 
selected electrode materials and separators, minimization 
of the electrode gap, operation at high temperatures, and 
other factors must  be considered to reduce the cell volt- 
age and generation of unwanted Joule  heat. In fact, many 
electrochemical cells generate excess heat over the mini- 
mum requirement. However, it might  be possible to 
equalize the heat generation with the heat loss if the cell 
is operated at a certain temperature. 

As Kawashima (7) and LeRoy (8, 9) state, the cell volt- 
age decreases, but the thermal balance voltage increases 
when the operating temperature rises. As a result, the cell 
could be operated with no external heat at a temperature 
ts~, where the cell voltage is equal to the thermal balance 
voltage, depending on the cell design and the operating 
conditions such as the cell current. 

This paper deals with a basic formulation for evaluating 
the thermal characteristics of the electrochemical cell 
filled with aqueous solution operated under both steady- 
state and nonsteady-state conditions. A vertical-type 
water electrolysis cell was used as an example. 

Heat Balance of Electrolytic Cell 
The heat accumulation QA results from a balance of the 

heat generation by electrolysis QE, the heat coming from 
the external source QEx, the heat losses due to the solu- 
tion flow and vaporization of water Qs and Qv, respec- 
tively, and the heat transfer through the cell wall QL 

Qn = Q E +  Q E x - Q s - Q v -  QL [1] 

dt~ 
Qn = mCps dO [2] 

QE = 0.86I(V - Ed) - 0.86I (EI~I + EIR - 
TsASr 

nF ! [3] 

*Electrochemical Society Active Member. 

Qs = GCps (ts - ti) [4] 

Qv = wAHv [5] 

and 

QL = ~ U A  (ts - t~) [6] 

where Ea is the enthalpic voltage (AHr/nF) (8). It is well 
known that the specific heat of aqueous solution is large 
in comparison with that of the cell components. There- 
fore, it is assumed that the product of the mass and the 
specific heat of the cell hardware is negligible to mCp~ in 
Eq. [2] in general, or in the case under discussion at least. 
Of course, the heat capacity of hardware must not be 
avoided when the cell consists of a narrow channel so 
that the solution volume is small for example. Both QE 
and QEx under given conditions must be minimized as 
small as possible in order to.save energy requirements.  Of 
these, reduction of QE or the cell voltage V is a main sub- 
ject  for research and development  which includes devel- 
opment  and utilization of high performance electrodes, 
separators, and other cell components, and minimization 
of the ohmic voltage drop between two electrodes. On the 
other hand, QEx can be decreased by adequate design of 
the hardware and utilization of the construction materi- 
als, especially thermal insulators. The operating condi- 
tions such as the electrolyte flow rate and the tempera- 
ture are also important  factors. 

Now let us consider the factors represented by Eq. 
[1]-[6]. The heat generation QE is decreased by increasing 
the operating temperature because the resistivity of elec- 
trolyte, the electrode overvoltages, and the resistance of 
separators decrease at high temperatures. The solution IR 
drop is the largest factor of the excess Joule  heat, espe- 
cially at large amperages in most cases. The contribution 
of T~ASr is relatively small at medium temperatures, and 
its sign, of course, depends on the reaction proposed. 

The heat losses, Qs, Qv, and QL increase with the 
operating temperature. The flow rate G on the right side 
of Eq. [4] is given by the cell current and the conversion 
of feedstock. The heat loss with vaporization of water is 
relatively small at low temperatures, but it increases 
significantly at high temperatures close to the boiling 
point of the electrolytic solution. 

The heat loss through the cell wall QL depends on the 
hardware design and the construction materials as well as 
the operating conditions. The solution temperature is of 
course a major factor. 

The external heat QEx varies with the operating temper- 
ature, as stated above. At tsv, the heat generation is bal- 
anced with the dissipated heat, and hence no external 
heat is required. Its steady-state temperature moves to 
the high direction when the heat dissipation from the cell 
is reduced. When QEx is negative, the excess heat of the 
cell could be recovered. In fact, it is wasted in most cases 
because it is inferior to use [see Fig. 7 and 8 in Ref. (9)]. 

A vertical-type, undivided laboratory cell for water elec- 
trolysis with dilute caustic soda solution was operated un- 
der normal atmospheric pressure so as to evaluate the 
heat balance on Eq. [1]. For simplicity, assume that elec- 
trolytic solution is not circulated externally. However, the 
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so lu t i on  is ag i t a t ed  a n d  c i r cu l a t ed  e x t e n s i v e l y  in  t h e  cell 
b y  e lec t ro ly t ic  gas  lift. U n d e r  s u c h  cond i t ions ,  Eq.  [7] is 
o b t a i n e d  

18 x 10 -3 ( 1.5 PH2o 

mo 21~ 1.0 + 1.0 - PH20 

18 • 10 -3 
= 0.86I(V - Sd) 2F 

THERMAL BEHAVIOR OF ELECTROLYZER 

dts 
I0] Cp~ ~-~ 

1.5 P~2o ~ 
-~ . . . .  l~ /H20  ~ 
I . U  - -  PH~O / 

-- F~UA(t~ - t~) [7] 

I t  is a s s u m e d  t h a t  t he  gas b u b b l e s  l eav ing  the  cell  are  sat- 
u r a t e d  w i t h  w a t e r  v a p o r  at  t he  so lu t i on  t e m p e r a t u r e  t~. 
The  s e c o n d  t e r m  in  the  b r a c e  on  t h e  lef t  s ide  of  Eq.  [7] 
s h o w s  t he  w a t e r  c o n s u m p t i o n  due  to e lec t ro lys is  a n d  
vapor iza t ion .  

T h e  left  s ide  of  Eq. [1], QA, is equa l  to  zero u n d e r  t he  
s t eady- s t a t e  cond i t i ons .  I n  t h i s  case,  t he  t e m p e r a t u r e  ts~ 
was  o b t a i n e d  b y  m e a n s  of t he  i t e r a t ion  m e t h o d .  U n d e r  
n o n s t e a d y - s t a t e  cond i t ions ,  on  t he  o t h e r  h a n d ,  t he  tem-  
p e r a t u r e  var ies  w i t h  t i m e  a n d  is e v a l u a t e d  b y  a Runge-  
K u t t a  m e t h o d .  

The  cel l  vo l tage  is r e p r e s e n t e d  by  Eq. [8] 

RT~ l~I 
y = E~ o + ~ Zn (1.0 - p.~o) ~.~ - n~ + l ~ l  + K ~ [8] 

The  ac t iv i ty  of  w a t e r  was  a s s u m e d  to b e  uni ty .  A 
coeff ic ient  K cons i s t s  of  the  b u b b l e  effects,  t he  c u r r e n t  
d i s t r i b u t i o n  on  t h e  w o r k i n g  e lec t rodes ,  a n d  o the r  fac tors  
(10-12). The  ove rvo l t ages  of  t h e  a n o d e  a n d  c a t h o d e  also 
va ry  w i th  t i m e  b e c a u s e  of  deac t i va t i on  a n d  c h a n g e s  of  t he  
w o r k i n g  sur face  (13). S ince  t h e r e  was  c o n c e r n  a b o u t  dis- 
c r epanc i e s  b e t w e e n  ca l cu la t ion  a n d  e x p e r i m e n t a l  resu l t s  
c a u s e d  by  t h e s e  factors ,  t he  t e r m i n a l  vo l tage  was  mea-  
s u r e d  a n d  u s e d  in  t he  ca lcu la t ions .  

T h e  overal l  hea t - t r ans f e r  coeff ic ient  of  a wal l  U is as 
fol lows 

1 1 I. 1 
+ - -  + [9] 

U h~ kp h a  

w h e r e  h~ a n d  h a a r e  t h e  hea t - t r ans f e r  coeff ic ients  of  t he  
so lu t i on  s ide  a n d  of the  air  s ide  n e x t  to  t he  cell  wall ,  re- 
spec t ive ly ,  kp is t h e  t h e r m a l  conduc t iv i ty ,  a n d  lp is t he  
t h i c k n e s s  of  t he  cell wall. Of t he se  fac tors  on  t h e  r i gh t  
s ide  of  Eq.  [9], t h e  first  t e r m  !/h~ is  neg l ig ib le  to o t h e r  fac- 
tors ,  s ince  so lu t ion  in  t he  cel l  is c i r cu la t ed  v igo rous ly  b y  

2 5 9 5  

gas  l i f t  a n d  h y d r o d y n a m i c  b o u n d a r y  layer  o n  t h e  cell  wal l  
w i t h  t he  e x c e p t i o n  of  t he  cell  t op  is suf f ic ien t ly  t h i n  (14). 
Therefore ,  we h a v e  

1 Ip 1 
+ - -  [ I 0 ]  

U kp h~ 

S ince  t h e r e  is a gas  p h a s e  at  t he  cell  t op  in  m o s t  cases,  
t he  hea t - t r ans f e r  coeff ic ient  of  i ts  phase ,  s imi la r  to ha, 
m u s t  b e  a d d e d  in  t he  ca lcula t ion .  Of course ,  Eq. [10] is 
va l id  for  t he  top  wal l  w h e n  t he  cell  is filled up  w i th  elec- 
t rolyte .  

The  hea t - t r ans f e r  coeff ic ient  h,  cons i s t s  of  two factors :  
n a t u r a l  c o n v e c t i o n  a n d  r a d i a t i o n  as s h o w n  b y  Eq. [11] 

h a  = hc + h~ [11] 

The  coeff ic ient  w i t h  r e spec t  to c o n v e c t i o n  of  air  a long  
the  wall,  hr is r e p r e s e n t e d  b y  a d i m e n s i o n l e s s  t e rm,  t h e  
Nusse l t  n u m b e r ,  Nu,  w h i c h  is a f u n c t i o n  of t he  P r a n d t l  
n u m b e r ,  Pr ,  a n d  t he  G r a s h o f  n u m b e r ,  Gr.  For  t he  ver t ica l  
wall, N u  is r e p r e s e n t e d  b y  Eq. [12a] a n d  [12b]. Fo r  o t h e r  
cases,  t h e  e q u a t i o n s  can  be  f o u n d  in  t he  r e f e r ence  books  
s u c h  as Ref. (15) 

Nu  = 0.13(Pr Gr) '/3 for  P r  G r  ->- 109 [12a] 

a n d  

w h e r e  

N u  = 0.59(Pr Gr) ~4 for  P r  Gr  ~ 109 E12b] 

hr 
Nu - [13] 

k~ 

a n d  

P r -  Cp.~a [14] 
k~ 

Gr  - pa2flagH3(tpa - -  t~) [15] 
~La 2 

w h e r e  fla is t he  v o l u m e  e x p a n s i o n  of  air  a n d  g is t h e  grav- 
i ty  acce le ra t ion .  T h e  coeff ic ient  w i t h  r e s p e c t  to  rad ia t ion ,  
h ,  is s h o w n  b y  t he  S t e f a n - B o l t z m a n n  e q u a t i o n  

T p a  4 - T a  4, 
hr = o'~ [16] 

Tpa- Ta 

This  e q u a t i o n  is app l i cab l e  to ca l cu la t ing  t he  hea t -  
t r a n s f e r  coeff ic ient  for  r a d i a t i o n  (h~) f r o m  the  cell  wal l  in  
a large  r o o m  (16). Tab le  I s h o w s  t h e  fac tors  e m p l o y e d  for  

Table I. Physicochemical properties used 

Terms Unit Equation Temp. (~ Ref. 

Enthalpic voltage Ed (V) Ed = 1.4850 - 1.490 • 10 -4 t~ - 9.84 • 10 -8 t~ 2 (8) 

Vapor pressure of pH2o (atm) (17) 
water 

Latent heat of YH~o (kcal/kg) 
water vapor 

Specific heat of air C p a  (kcal/kg-K) 
Viscosity of air #ta (kg/m-h) 

Thermal conductivity ka (kcaYm-h-K) 
of air 

Density of air Pa (kg/m 3) 

Thermal conductivity of k, (kcaYm-h-K) 
acrylic resin 

Emissivity of acrylic �9 
resin 

Specific heat of C,, (kcaYkg-K) 
water 

log 218.617p.2o - T~x _( 3.2437814 

where X = 647.27 - T~ 

7H2o = 596.25 - 0.5654t~ 

Cpa = 0.241 
~a = 6.198 X 10 -2 + 1.655 • 10-4tf 

Tf  1.5 
ka = 1.840 • 10 - 3 -  

Ts+ 125 

1.2932 
Pa -- 

1 + 3.67 • 10-atf 

k, = 0.18 

�9 = 0.90 

C,~ = 1.0007 - 1.226 • 10-4~ + 1.903 x 10-% 2 

10-150 
+ 5.86826 • 10 -3 X + 1.1702379 • 10 -8 X3~ 

) 1 + 2.1878462 • 10 -3 X 

35-100 

20-100 
0-100 

-191-212 

20-100 

(18) 

(19) 
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calcula t ion .  T h o s e  fac tors  h a v i n g  t he  r e fe rence  n u m b e r  in  
t he  las t  c o l u m n  were  q u o t e d  f rom t he  pub l i ca t ions ,  a n d  
o t h e r s  were  o b t a i n e d  f rom t h e  h a n d b o o k s  a n d  t he  like. 

The  emis s iv i ty  of the  cell wal l  was  e s t ima ted ,  s ince  i ts 
avai labi l i ty  was  l imi ted .  T he  wa te r  v a p o r  p r e s s u r e  a n d  t he  
specific hea t  of t he  so lu t ion  e m p l o y e d  were  near ly  t he  
s ame  as of water ,  s ince  t he  caus t ic  soda  c o n c e n t r a t i o n  
was suf f ic ien t ly  low. 

Experimental  Procedure 
Three  ver t ica l  cel ls  e q u i p p e d  w i t h  Type  304 s ta in less  

s teel  (SS) e l ec t rodes  were  used.  Cell A was  a r ec t angu la r -  
t ype  SS cell 100 m m  wide,  100 m m  deep,  a n d  1000 r a m  
high,  w i th  one  s ide  o p e n  w h e r e  a L u c i t e  r e s in  p la te  of  an  
a d e q u a t e  t h i c k n e s s  was  f langed as a hea t - t r ans f e r  wal l  
(see Fig. 1). A L u c i t e  p la te  10 m m  t h i c k  was  n o r m a l l y  
used.  The  c o p p e r - c o n s t a n t a n  t h e r m o c o u p l e s  were  em-  
b e d d e d  in  t he  r e s in  p la te  p e r p e n d i c u l a r  to the  wall  a n d  
m e a s u r e d  to e s t i m a t e  t he  hea t  f lux pa s s i ng  t h r o u g h  t he  
plate.  Bes ides  t he  r e s in  wall, t he  cell was  t h e r m a l l y  insu-  
l a ted  w i th  co t ton  of  ca. 100 m m  th ick .  A pa i r  of  t he  SS  
p la te  e l ec t rodes  40 m m  wide  a n d  700 m m  h i g h  were  posi-  
t i oned  at  t he  c e n t e r  of  t h e  cell, a n d  t he  e lec t ro lys is  gap  
was 10 mm.  Th i s  cell  was  capab l e  of  100A wh i l e  m o s t  ex-  
p e r i m e n t s  were  ca r r ied  ou t  at  t he  a m p e r a g e  u p  to 60A, or 
2100 A/m 2. 

Cell B was  a p l a t e - and - f r am e  t y p e  cel l  m a d e  of  L u c i t e  
r e s in  a n d  was  90 m m  wide,  43 m m  deep,  a n d  450 m m  
high.  The  e x p e r i m e n t a l  se tup  w i t h  th i s  cell was  a l m o s t  
the  s ame  as w i t h  cel l  A. However ,  a pa i r  of  t h e r m o c o u p l e s  
were  i n s e r t e d  in to  t he  t h e r m a l l y  i n s u l a t e d  wal l  to  esti-  
m a t e  the  hea t  loss  f rom th i s  s ide  as wel l  as the  p las t ic  
p la te  on  the  f ront .  

Cell C was  c o m p o s e d  of  a Luc i t e  r e s in  cy l inde r  of  110 
m m  id, 120 m m  od, a n d  600 m m  he igh t .  Two SS rods  of  8 
m m  d i a m  were  loca t ed  at  t he  cen te r  of  t he  cell  in  para l le l  
as t he  e lec t rodes .  T he  cen te r - to -cen te r  d i s t ance  was  50 
m m .  The  t h e r m o c o u p l e s  were  loca ted  a long  t he  ver t ica l  
e l ec t rode  to d e t e r m i n e  the  t e m p e r a t u r e  d i s t r i b u t i o n  in  the  
solut ion.  

Di lu te  caus t ic  soda  so lu t ion  (0.2m NaOH) was  electro-  
lyzed. O x y g e n  a n d  h y d r o g e n  were  l i b e r a t e d  at  t he  a n o d e  
and  t he  ca thode ,  respec t ive ly ,  a n d  the se  gases  were  
m i x e d  t o g e t h e r  in  t he  cell  s ince  t h e r e  was  no  sepa ra to r  
b e t w e e n  two  e l ec t rodes  in  t h e s e  cells. 

A l t h o u g h  m o s t  e x p e r i m e n t s  were  c o n d u c t e d  in  t he  
ba t ch -wise  m a n n e r ,  cell  A was  also o p e r a t e d  u n d e r  forced  
c i rcu la t ion  of  e lec t ro ly t ic  solut ion,  i.e., t h e  so lu t ion  was  
p u m p e d  f rom t h e  r e se rvo i r  to t he  cell  b o t t o m  a n d  was  re- 
cyc led  f r o m  the  cell  t op  to t he  r e s e r v o i r  b y  gravi ty.  The  
so lu t ion  was  h e a t e d  b y  a n  e lectr ic  h e a t e r  in  the  reservoir .  

Results and Discussion 
Verification of the thermal behavior.--Experimental re- 

su l t s  wi th  cell  A u n d e r  va r ious  c o n d i t i o n s  are s h o w n  in  
Fig. 2. The  o r d i n a t e  is t he  t e m p e r a t u r e  d i f fe rence  be- 
t w e e n  so lu t ion  a n d  e n v i r o n m e n t  u n d e r  s t e a d y  state.  
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Fig. 2. Temperature difference, t~ - ta, as a function of the electric 
power supplied to the system. 

Since  t he  e n t h a l p i c  vo l tage  Ed is c o n s u m e d  to p roceed  
e lec t ro lys is  u n d e r  a g i v e n  t e m p e r a t u r e ,  t he  effect ive  vol t-  
age as t h e  h e a t  sou rce  is V~ff = V - Ed, a n d  h e n c e  t he  cor- 
r e s p o n d i n g  e lec t r ic  p o w e r  is I x Ve,, w h e r e  I is t h e  cell 
cur ren t .  Also,  t he  e lec t ro ly te  is h e a t e d  b y  a n  e lectr ic  
h e a t e r  in  t he  r e se rvo i r  as s t a t ed  above .  The  absc i s sa  of  
th i s  f igure  s h o w s  I • Veff + Wheat~r, w h e r e  Wheater is t he  
wa t t age  s u p p l i e d  to t he  hea te r .  

First ,  t h e  so lu t i on  was  c i r cu la t ed  b e t w e e n  t he  r e se rvo i r  
a n d  the  cell w i t h o u t  e lect rolys is ,  so t h a t  the  h e a t e r  in  the  
r e se rvo i r  was  on ly  a h e a t  sou rce  (c i rcular  points) .  Second ,  
e lec t rolys is  was  c o n d u c t e d  w i t h  no  ou t s i de  hea te r ,  i.e., 
t he  J o u l e  h e a t  b y  e lec t ro lys i s  is a s ingle  source  of h e a t i n g  
( r ec t angu la r  points) .  F inal ly ,  e lec t ro lys is  was  c o n d u c t e d  
w i th  so lu t ion  h e a t i n g  b y  u s i n g  the  h e a t e r  in  the  rese rvo i r  
( t r i angu la r  points) .  I t  is c lear  t h a t  t h r e e  cases  agree  well, 
a n d  h e n c e  Eq.  [3] is c o n s i d e r e d  to b e  app l i cab l e  for  calcu-  
l a t ing  t he  h e a t  g e n e r a t i o n  of e lec t ro ly t ic  cell. Hea t  was  
d i s s ipa t ed  f rom t h e  p ip ing  to s o m e  ex ten t ,  b u t  no  differ- 
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Fig. 3. Cell voltage (A) and temperature difference, ts - ta, (B) of 
cell A as functions of the electrolytic current. Wall thickness = 10 
mm. Electrode gap = 10 mm. 
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ence exists among three cases. Therefore, the results 
shown in Fig. 2 are not affected. 

Figure 3 illustrates the experimental  results obtained 
with cell A without solution circulation. The electrolysis 
gap was 10 mm, and the Lucite resin wall was 10 mm 
thick. The solution temperature depends on the cell cur- 
rent. According to a preliminary experiment  with cell B, 
the heat loss through the thermally insulated wall was 
some 20% of the total heat in the range 35~176 The thick 
and thin lines in draft B illustrate the tempera ture  calcu- 
lated with assumptions of 0 and 20% of the heat loss, re- 
spectively. Almost all the experimental  results locate be- 
tween two curves, so that the heat loss through the 
insulated wall of cel! A is assumed to be 15-20%. While the 
solution temperature rises with the increase of the cell 
current up to a temperature difference of 50~ the slope 
of the curve decreases because the water vaporization be- 
comes significant at high temperatures. 

Although the configuration of cell C was unrealistic as 
practice, its simple cell design was useful to avoid the 
heat-transfer problems through the insulated wall as in 
the cases of cells A and B. The experimental  results 
shown by the circular points in Fig. 4 agreed well with 
calculation using Eq. [12b] shown by the solid line, since 
the heat transfer was uniform along the cell wall. 

Figure 5 shows the Joule  heat with electrolysis, the heat 
loss through the wall, and the heat loss caused by water 
vaporization as functions of the electric current passing 
through cell C. It is clear that the last factor increases 
greatly with increases of the cell current and, hence, the 
solution temperature as stated above with cell A. 

To investigate the effects of the emissivity of the cell 
wall on the heat balance, a small cell C was used. That is, 
the outside surface of the resin cylinder was covered with 
an adhesive aluminum foil to change the emissivity. Air 
voidage between the resin and the aluminum foil was 
negligible and, hence, did not affect the heat transfer. The 
open points and the closed points in Fig. 6 show the ex- 
perimental  results obtained with and without a luminum 
foil, respectively. The solid lines illustrate the results of 
calculation with 0.45 and 0.90 for e. An aluminum foil em- 
ployed here had a relatively large �9 shown above against 
expectation since its surface was coated with synthetic 
polymer. The emissivity of bright a luminum is said to be 
less than 0.1. The solution temperature of the cell with 
aluminum foil is high. In consequence, the emissivity of 
the cell wall is a large factor of the heat balance of the 
electrolyzer rather than the thickness of the thermal insu- 
lator (see Fig. 12 and its description). 
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Figure 7 is an example of the solution temperature vs. 
t ime curves during electrolysis. The solid lines illustrate 
the results of calculation with Eq. [7] under respective 
conditions. The experimental  results agree with calcula- 
tion. Pickett  (20) reported, however, disagreement of ex- 
periment with theory, probably due to variation of the so- 
lution temperature within his cell. 

Since calculation described above is feasible to simu- 
late the thermal characteristics of the cell having a simple 
configuration, the solution temperature in the electro- 
chemical system consisting of the electrolyzers, the solu- 
tion circulation pumps and reservoir, and other auxilia- 
ries could be calculated exactly if the structure and 
geometry of hardware, the operating conditions, and the 
physicochemical properties of materials and electrolyte 
are given. Also, it is applicable to calculate the thermal 

80 

D 

LU 60 
O 
Z 
h l  
r r  

~J 
LL 
LL 

o 40 
LU 
n~ 

.< 

L~ 
(2. 
~ 20 
UJ 
I,-- 

~:= 0 4 5 /  

I �9 

owith AI toil 

�9 without AI t0il 

, I , I 
10 20 30 

CURRENT ( A ) 
Fig. 6. Effect of the emissivity on the temperature difference, t~ - 

ta ,  VS. current curve of cell C. Plots = experimental. Curves = calcu- 
lated. 



2598 J. E l ec t rochem.  Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  N o v e m b e r  1985 

70 
tlJ 
f~ 

~ 60 

~ 40 
$ 
~ 30 

20 
o 5 I0 

HOURS ON LINE 

15A 

10A 
z~ 

5A 

15 20 

Fig. 7. Transient curves of the solution temperature of cell C. Plots 
= experimental. Curves = calculated. 

b e h a v i o r  of  c o m p l e x  s y s t e m s  if  t he  overal l  hea t - t r ans f e r  
coeff ic ient  for t h o s e  s y s t e m s  is avai lable .  

Mathematical  s imulat ion of the thermal behavior of  
water  electrolysis cell.--Tilak et al. h a v e  i l lu s t r a t ed  a use-  
ful d i ag r am s h o w i n g  the  mate r ia l  and  e n e r g y  b a l a n c e s  of  
a monopo la r ,  t a n k - t y p e  cell for  w a t e r  e lec t ro lys is  [see Fig. 
7 in  Ref. (21)]. Ca lcu la t ion  of  t h e  h e a t  b a l a n c e  of th i s  sys- 
t e m  o p e r a t e d  u n d e r  n o r m a l  c o n d i t i o n s  s h o w n  in  Table  II  
was  c o n d u c t e d  to eva lua te  app l i cab i l i ty  of  the  m a t h e m a t -  
ical t r e a t m e n t  d i s c u s s e d  above.  

A s s u m e  t h a t  t he  e lec t ro lyzer  is o p e r a t e d  at  a g iven  t em-  
p e r a t u r e  t ,  T h e  cell vo l t age  is V, a n d  t he  a m p e r a g e  is I. 
Exces s  hea t  is r e m o v e d  by  the  h e a t  e x c h a n g e r  a n d  the  
like. Pur i f i ed  w a t e r  is fed to t he  cell  a t  t he  t e m p e r a t u r e  t~. 
A pa r t  of h e a t  is d i s s ipa t ed  f rom t he  cell  wal l  by  r ad ia t ion  
a n d  convec t ion .  H y d r o g e n  a n d  o x y g e n  are  g e n e r a t e d  at  
t he  c a t h o d e  a n d  t h e  anode ,  respec t ive ly ,  a n d  t h e s e  gases  
are sa tu ra t ed  w i t h  wa te r  v a p o r  at  t he  cell t e m p e r a t u r e .  
T h e y  also c o n t a i n  e n t r a i n m e n t  of  e lec t ro ly t ic  so lu t ion  to 
some  ex ten t .  T h e  gases  are cooled  b y  t he  r e spec t ive  h e a t  
e x c h a n g e r s  to the  t e m p e r a t u r e  tr a n d  b r o u g h t  to t he  gas 
holder .  A sma l l  a m o u n t  of wa te r  m a y  go ou t  w i t h  hydro -  
gen  a n d  oxygen ;  ins tead ,  t he  c o n d e n s a t e  is sen t  b a c k  to 
the  cell. 

T h e  h e a t  b a l a n c e  of the  w a t e r  e lec t ro lys is  cell u n d e r  
s t eady- s t a t e  c o n d i t i o n s  is r e p r e s e n t e d  b y  Eq. [17] 

1 8 •  10-3 ( 1.5P.2o )~H2oi 
0.86I(V - Ed) - 21~ " P -~ P,2--~ 

1 8 •  10-~ ( 1.5P,~o' ) 
- EUA(t~ - t~) ~ 1 + P------ Pn2o' (t~ - t~)I 

1 8 •  1.5pn2o ____I'5pH~~ ) ( t ~ - t ~ ) I + Q E x  O= 
2F- P - P,~o P - P,2o' 

[17] 

The  f o u r t h  a n d  t h e  f if th t e r m s  on  t h e  lef t  s ide  of th i s  
e q u a t i o n  are t he  hea t s  r equ i r ed  for  w a t e r  feed a n d  con-  
densa te ,  r espec t ive ly .  T he  cell vo l t age  V is as fol lows 

V = E~, + ~ + ]'~] + __il~ [18] 
Ks 

Table II. Operating conditions of a water electrolysis cell 

Electrolyzer: 

Electrodes: 

Electrolyte: 

Temperatures: 
(~ 

1.6m wide, 1.2m deep, and 1.2m high, fabricated 
with carbon steel plate 5 mm thick, equipped 
with 20 pairs of the electrodes. For carbon steel, 
k, = 45 kcaYm-h-K and �9 = 0.8. 

Anodes = nickel-electroplated carbon steel plate. 
Cathodes = bare carbon steel plate. 
Size = 1.0m wide and 1.0m high. 
Electrode spacing = 20 ram. 
28% KOH (6.93m) 
Feed water 30 
Condensers 40 
Ambience 30 

Table III. Parameters employed for calculating the 
thermal behavior of the water electrolysis cell 

Decomposition 
voltage (V) 

Standard 
decomposition 
voltage (V) 

Anodic 
overvoltage (V) 

Cathodic 
overvoltage (V) 

Solution 
conductivity 
(1/~-m) 

Water vapor 
pressure on 
solution (atm) 

R% ~ (P - PH2~ t : ( 

Ed ~ = 1.5184 - 1.5421 • 10-~T~ 
+ 9.523 • 10-~T~ in T, 
+ 9.84 • 10-ST~ ~ 

~ = 0.062 log i + 0.164 

n~ = -0.160 log ]i I + 0.146 

K~ = 26.112 + 1.5451t~ - 1.6271 • 10-3ts '2 

ln p~o = 0.016214 - 0.13802m 
§ 0.19330m ~ + 1.02391 in pH~o ~ 
(m = 6.93 at 28% KOH) 

In  th i s  equa t ion ,  b o t h  t he  d i a p h r a g m  re s i s t ance  a n d  t he  
coeff ic ient  K in  Eq. [8] h a v e  b e e n  n e g l e c t e d  for  s impl ic-  
ity. A l t h o u g h  t h e  s t a n d a r d  d e c o m p o s i t i o n  vo l t age  a n d  t h e  
overvo l t ages  were  f o u n d  in the  p u b l i s h e d  p a p e r s  (8, 13), 
t he  t e m p e r a t u r e  coeff ic ient  of  the  overvo l t age  was  una-  
vai lable .  The  w a t e r  v a p o r  p r e s su re  on  t he  so lu t ion  a n d  
t he  so lu t ion  c o n d u c t i v i t y  Ks were  q u o t e d  f rom Ref. (21) 
a n d  (22), r espec t ive ly .  The  r e l a t i o n s h i p s  of  t he se  fac tors  
are  s h o w n  in  Tab le  III. S o m e  h e a t s  are  d i s s ipa t ed  f rom 
the  cell  cover  a n d  t he  s ide wal l  by  r a d i a t i o n  a n d  convec-  
t ion,  a n d  for s impl i c i ty  t h e s e  su r faces  are a s s u m e d  to b e  
flat. Also, c o n d u c t i o n  f rom the  cell b o t t o m  is neglec ted .  

E q u a t i o n  [12a] is e m p l o y e d  for ca l cu l a t i ng  c o n v e c t i o n  
f rom the  cell cove r  as wel l  as the  ver t i ca l  sur face  w i th  a 
d i f fe ren t  coeff ic ient  0.14 i n s t ead  of  0.13 for t he  ver t ica l  
su r face  (15). 

F igu re  8 s h o w s  t he  r e su l t s  of ca l cu la t ion  of t he  t h e r m a l  
cha rac te r i s t i c s  of  a w a t e r  e lec t ro lys is  cell o p e r a t e d  u n d e r  
n o r m a l  p re s su re .  Draf t s  A, B, a n d  C s h o w  the  so lu t ion  
t e m p e r a t u r e ,  t h e  cell vol tage,  a n d  t he  t h r ee  c o m p o n e n t s  
of  h e a t  losses,  r espec t ive ly ,  as f u n c t i o n s  of t h e  c u r r e n t  
densi ty .  As is s h o w n  in  d ra f t  A, the  so lu t ion  t e m p e r a t u r e  
r ises  w i th  t he  i nc r ea se  of  c u r r e n t  dens i t y  a n d  b e c o m e s  as- 
y m p t o t i c  to t he  bo i l ing  point .  The  cell  vo l tage  is a lmos t  a 
s t r a igh t  l ine  w i t h  t he  c u r r e n t  dens i ty ,  e x c e p t  w i th  t he  
r ange  lower  t h a n  1000 A /m 2 w h e r e  t h e  superf ic ia l  res is t -  
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ance (V - E~)/i decreases steeply with the increase in am- 
perage as illustrated in draft B. 

Although the heat loss through the wall QL is the largest 
factor at low current densities, the electrolytic cell is 
cooled mainly by water vaporization Qv when the solution 
temperature rises at high current densities. The sensible 
heat of the feedstock Qs is also a small factor (see draft C). 

The orclinate of Fig. 9 represents the heat supply heated 
from an outside source for electrolyzing under given tem- 
peratures. The electrolytic cell requires some heat when 
operated at low current densities. On the other hand, the 
excess heat generated by electrolysis at high current den- 
sities must be removed. At the current density at QEx = 0, 
the heat generation is equal to dissipation so that no extra 
heating or cooling is required. This current density in- 
creases when the low overvoltage anode and/or cathode 
are employed with a minimum gap between them; 
thereby, the Joule heat generation is minimized. Also, 
Fig. 8 and 9 indicate that improvement of thermal insula- 
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tion, and hence decreasing the current density at the 
break-even thermal conditions, is useless for minimizing 
the heat loss from the cell wall unless the Joule heat is re- 
duced, since, otherwise, water vaporization is rather stim- 
ulated. 

The cell operation under high pressures might be favor- 
able for minimizing water vaporization at high tempera- 
tures, resulting in high energy efficiency. Reduction of 
the water content in the cell gas is an additional advan- 
tage in practice. 

Figure 10 illustrates the heats as functions of the 
operating pressure at 2000 A/m s evaluated by the same 
manner as of the cell operated under normal pressure dis- 
cussed above. However, some data necessary for the cal- 
culation were estimated by means such as extrapolation, 
since availability was limited. It is clear that the heat dis- 
sipation accompanied water vaporization. Qv is decreased 
greatly by increasing the pressure, while the heat loss 
from the wall QL increases. The sensible heat Qs and the 
Joule  heat by electrolysis QE are almost unchanged. 

Figure I 1 shows the solution temperature as a function 
of the current density under constant pressures. The solu- 
tion temperature is limited to ca. 100~ under atmo- 
spheric pressure (1 atm). On the other hand, the cell can 
be operated at the temperatures higher than 200~ when 
it is pressurized a t  50 atm, and hence a significant reduc- 
tion of the cell voltage or the energy requirement  is antic- 
ipated. Miles et al. report a voltage saving of some 0.5V at 
3000 A/m 2 by changing the operating temperature of the 
water electrolysis cell filled with 50% KOH from 80 ~ to 
208~ (23). According to our calculation, however, the 
voltage reduction by increasing the operating pressure 
from 1 to 50 atm, which correspond to 98 ~ and 215~ re- 
spectively, is only 0.1V. This disagreement might be 
caused by limited data and inadequate extrapolation. 
Thus, further experiments to obtain the physicochemical 
properties of electrolyte and the electrode kinetics neces- 
sary for the calculation must be conducted. 

Figure 12 shows the energy requirement  from the out- 
side source as a function of the emissivity of the cell wall 
(A) and the thickness of the thermal insulator around the 
cell (B). Although the emissivity of the cell wall is 
difficult to change in a wide range, minor modification 
of the hardware surface could be possible. As is shown in 
Fig. 12A, the external heat supply is decreased considera- 
bly by decreasing the emissivity, especially at high cur- 
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Fig. 12. External heat as a function of the emissivity of the cell wall 
(A) and the thickness of the thermal insulator (B) of a cell operated at 
S0 atm and 200~ For the thermal insulator, kp = 0.15 kcal/m-h-K 
and �9 = 0.95. 

rents. On the other hand, the reduction of the external 
heat is not fully accomplished by increasing the thickness 
of the insulator as shown in Fig. 12B. An insulator thick- 
ness lm  thick is impractical for industrial cells. 

In conclusion, the heat balance in the electrolytic cell 
was discussed by using an alkali water electrolysis cell as 
an example. Experiments were carried out to obtain the 
results useful for calculation. A vertical-type, rectangular 
cell ca. lm  high was operated under  normal pressure to 
determine heat transfer through the cell wall. Experimen- 
tal results were referred to calculation, and they agreed 
well in both steady-state and nonsteady-state conditions. 

It is concluded that a mere increase of the thickness of 
the thermal insulator around the cell is not beneficial be- 
cause it causes the rise of the solution temperature, and 
the water vaporization is stimulated extensively, resulting 
in the loss of heat. Any component of the Joule heat such 
as the electrode overvoltage and the solution IR drop 
must  be reduced as well. 

It was clarified that the emissivity of the cell wall was a 
large factor of the heat loss, even at relatively low tem- 
peratures. The decrease of the emissivity through any 
surface modification might help to improve the heat bal- 
ance of electrolytic cells significantly. 

Operation under  high pressures and temperatures will 
minimize unwanted vaporization of water from the elec- 
trolysis cell. 

Mathematical treatment for water electrolysis under  
pressurized conditions was carried out with limited phys- 
ical data, and the energy saving was demonstrated. Fur- 
ther experiments must  be conducted to acquire all neces- 
sary data needed for calculation. 
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LIST OF SYMBOLS 

A surface area of the cell wall (m ~) 
A~ area of the working electrode (m ~) 
C,a specific heat of air (kcal/kg) 
C,~ specific heat of solution (kcal/kg) 
Ed decomposition voltage (V) 
Ed ~ standard decomposition voltage (V) 
Ed enthalpic voltage (V) 
F Faraday's constant (kcal/V-eq) 
g gravity acceleration (m/h ~) 
G mass flow rate of solution (kg/h) 
Gr Grashof number  
AG~ free energy change for electrode reaction (kcal/mol) 
H height of the cell wall (m) 
AH~ enthatpy change for electrode reaction (kcaYmol) 
AH~ heat of vaporization (kcal/kg) 
h a heat-transfer coefficient of the air side 

(kcaYm2-h-K) 
h~ coefficient for convective heat transfer 

(kcal/m~-h-K) 
h~ coefficient for radiative heat transfer (kcaYm2-h-K) 
h~ heat-transfer coefficient of the solution side 

(kcaYm~-h-K) 
I current for electrolysis (A) 
i current density (A/m ~) 
K correction factor 
k~ thermal conductivity of air (kcaYm-h-K) 
k, thermal conductivity of the cell wall (kcal/m-h-K) 
le electrode gap (m) 
l, thickness of the cell wall (m) 
m mass of solution (kg) 
m molality (mol/kg H~O) 
mo initial mass of solution (kg) 
Nu Nusselt number  
n number  of charge transfer 
Pr Prandtl  number  
p operating pressure (atm) 
PH.2o water vapor pressure on the solution (atm) 
pH~o ~ vapor pressure of pure water (atm) 
Primo' water vapor pressure at tc (atm) 
QA heat accumulation (kcal/h) 
QE heat generation by electrolysis (kcaYh) 
QEx heat from the external source (kcal/h) 
Qs heat loss accompanied with feedstock (kcal/h) 
QL heat loss through the cell wall (kcal/h) 
Qv heat loss caused by water vaporization (kcal]h) 
R resistance (tl) 
R gas constant (kcal/mol-K) 
AS,. entropy change for electrode reaction (kcal/mol-K) 
ta and Ta temperature of surroundings (~ and K, respec- 

tively) 
to temperature of condenser (~ 

tf and Tf film temperature, tf = (tpa + ta)/2 (~ and K, 
respectively) 

t~ temperature of inflow (~ 
t , a  and Tpa temperature of the cell wall at the air side (~ 

and K, respectively) 
t~ and T0 solution temperature (~ and K, respectively) 
tST steady-state temperature (see third paragraph) (~ 
U overall heat-transfer coefficient (kcal/m~-h-K) 
V cell voltage (V) 
Ve, part of the cell voltage effective to heat generation 

(V) 
Wh~at~rwattage supplied to the heater (W) 
w rate of vaporization (kg/h) 
/~a volume expansion of air (l/K) 
~H2o latent heat for water vaporization (kcal/kg) 
�9 emissivity 

overvoltage (V) 
0 time (h) 
Ks conductivity of electrolytic solution (1/tl-m) 
~ viscosity of air (kg/m-h) 
Pa density of air (kg/m 3) 
o- Stefan-Boltzmann's coefficient 
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Gas Permeation in SPE Method 
II. Oxygen and Hydrogen Permeation Through Nation 

Zempachi Ogumi,* Tohru Kuroe, and Zen-ichiro Takehara* 
Department of Industrial Chemistry, Faculty of Engineering, Kyoto University, Kyoto 606, Japan 

ABSTRACT 

The permeation of hydrogen and oxygen through Nation | of different water contents was investigated by an elec- 
trochemical monitoring technique utilizing SPE composite electrodes. For both gases, the solubility, c ~ was very high 
compared with the value in aqueous solutions and was on the order of 10 -2 tool-din -3, The diffusion constant, D, was on 
the order of 10 -7 cm~-s - ' .  While D increased with increasing exchange capacity, c o was independent of the capacity. D 
and c o were almost independent  of the water content of the Nation. Hydrophobic cations, R4N § decreased D. It was con- 
cluded that the permeation of gases through Nation takes place in the intermediate region, which consists of the 
flexible amorphous part of the polytetrafluoroethylene backbone. 

Recently, electrolyzers employing solid polymer elec- 
trolyte (SPE) have undergone extensive investigation for 
applications such as water electrolysis (1), brine electroly- 
sis (2), and electro-organic syntheses (3-5). In gas evolving 
electrolyzer systems, gas permeation through SPE mate- 
rials results in decreases in current efficiencies. This has 
been observed in Kolbe-type reactions using a "both- 
sides" SPE method as well as in water electrolysis. Simi- 
lar decreases in efficiencies probably are also observed in 
SPE fuel cells (6), 

Nation pertiuorinated cation exchange membranes are 
used widely in many electrochemical systems (7-9), in- 
cluding SPE technologies, because of their chemical and 
thermal stabilities and their high ionic conductivities. 
The structure of Nation has attracted the interest of 
many workers and has been the subject of considerable 
investigation. An ionic cluster model by Gierke et al. 
(10-12) has been basically accepted widely. This model 
satisfactorily explains Nation's mechanical properties 
(I0) and transport behavior (I 1-15). Yeager and Steck have 
modified the spherical ionic cluster model and have pro- 
posed a model based on irregular ionic clusters, com- 
posed of three regions, viz., a hydrophobic backbone, 
aqueous ionic clusters, and intermediate regions (16). 

The present authors have investigated oxygen permea- 
tion through Nation 120 using an electrochemical moni- 
toring technique and have reported previously the diffu- 
sion coefficient and the solubility of oxygen (17). The 
very high solubility of oxygen was briefly discussed, and 
the influence of the polytetrafluoroethylene backbone 
was inferred to explain the high solubility. 

In the present work, solubilities and diffusion 
coefficients of hydrogen and oxygen have been exam- 
ined in detail for different eounterions and water con- 
tents. Based on the results obtained, the permeation of 
these gases through Nation is discussed with reference to 
the model by Yeager and Steck. 

* Electrochemical Society Active Member. 

Experimental 
Chemicals .--All chemicals, with the exception of hydra- 

zinc, were reagent grade. Hydrazine was chemical pure 
grade. All chemicals were used without further purifi- 
cation. Hydrogen, nitrogen, and argon were of purity 
higher than 99.9%, oxygen of 99.8%. 

Membranes and deposition of platinum.--Nafion 125 
(nominal exchange capacity of 0.83 meq/g-dry polymer 
and thickness of 0.125 mm), Nation 120 (0.83 meq/g-dry 
polymer, 0.250 turn), and Nation 117 (0.91 meq/g-dry poly- 
mer, 0.175 ram) were chosen for this study. Nation is 
known to change its water content depending on the 
treatment conditions, such as boiling time and 
counterions, and the electrolyte concentration of the 
soaking solutions (18). The membranes were pretreated in 
the manner of Yeager and Steck (19). Platinum was de- 
posited on one side of the membranes after boiling mem- 
branes in the H + form for 3h. The prepared SPE compos- 
ite electrode, referred to as Pt-Nation, was soaked in a 
solution containing a given M + ion for more than 36h at 
25~ for equilibration. These composites are referred to as 
M-type membranes.  Solutions containing M ~ were pre- 
pared from M2SO 4 and distilled water at 0.5 mol-dm -3 for 
alkali metal ion solutions and from R4NC1 at 1 mol-dm -3 
for tetraalkylammonium ion solutions. Some of the 
Nation membranes were treated according to a different 
procedure in which they were boiled in the Na ~ form in 
water for 0.5 or 3h, followed by deposition with platinum, 
The prepared Pt-Nafion then was soaked in M + ion solu- 
tions as described above. Composites prepared thus are 
referred to as Ma-type (0.5h boiling) and Mb-type (3h boil- 
ing) membranes. Platinum deposition was carried out by 
utilizing a previously described eleetroless plating 
method using hydrazine as a reduetant (3, 17). The resis- 
tivity of the prepared Pt-Nafion was less than 4~ at 2 cm 
distance on the surface arid it did not increase beyond 6~1 
after repeated permeation measurements.  
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Fig. 1. Polarization curves on Pt-Nafion of Ka-type membrane. Sweep 
rate: 0.| mV-s -z. Curve a: hydrogen. Curve b: nitrogen in the gas com- 
partment. 0.SM K~SO4 in the solution compartment. 

Electrolysis cell and permeat ion measuremen t . - -The  ex- 
p e r i m e n t a l  cell was  c o n s t r u c t e d  as d e s c r i b e d  e l sewhere  
(17). The  so lu t i on  c o m p a r t m e n t  was  fi l led w i t h  so lu t ion  
of the  s ame  c o m p o s i t i o n  as u s e d  p r e v i o u s l y  for soak ing  
a n d  equ i l ib ra t ion ,  in  o rde r  to p r e v e n t  t he  m e m b r a n e  f rom 
c h a n g i n g  i ts  w a t e r  c o n t e n t  d u r i n g  t he  m e a s u r e m e n t s .  
P e r m e a t i o n  m e a s u r e m e n t s  were  ca r r i ed  ou t  in  t he  s ame  
m a n n e r  as in  Ref. (17). 

Results 
E-i relat ionships.--Figure 1 s h o w s  t he  r e su l t s  f rom a se t  

of po la r i za t ion  e x p e r i m e n t s  o n  P t -Na f ion  u s i n g  K~-type 
Nat ion  125. Curve  a was  o b t a i n e d  u s i n g  100% h y d r o g e n ,  
a n d  cu rve  b 100% n i t rogen .  A h y s t e r e s i s  was  o b s e r v e d  be- 
t w e e n  the  fo rward  a n d  r eve r se  sweep  in  sp i te  of  t he  ve ry  
s low sweep  ra te  of  0.1 m V - s - k  Th i s  h y s t e r e s i s  c an  be  as- 
c r ibed  to t h e  l a rge  capac i ty  of  t h e  e lec t rodes ,  w h i c h  were  
depos i t ed  on  t he  Na t ion  in a fo rm s imi la r  to  p l a t i n u m  
black.  A n  a l m o s t  c o n s t a n t  c u r r e n t  due  to h y d r o g e n  oxida-  
t ion  was o b s e r v e d  at 0-0.bV vs. Ag/AgC1, w h i c h  was  
c o n t r o l l e d  by  h y d r o g e n  m a s s - t r a n s f e r  l im i t a t i on  t h r o u g h  
the  m e m b r a n e .  With  n i t rogen ,  the  o b s e r v e d  c u r r e n t  was  
ve ry  smal l  a n d  was  r e g a r d e d  as a r e s idua l  cur ren t .  D u r i n g  
all t h e  h y d r o g e n  p e r m e a t i o n  e x p e r i m e n t s ,  t he  po ten t i a l  of  
the  S P E  c o m p o s i t e  e l ec t rodes  was  set  at  0.25V vs. 
Ag/AgC1 in  o rde r  to  oxidize  h y d r o g e n  u n d e r  d i f fus ion  
l imi t ing  cond i t ions .  T he  o b t a i n e d  c u r r e n t s  we re  cor rec ted  
for the  r e s idua l  cu r ren t .  In  all e x p e r i m e n t s  for o x y g e n  re- 
duc t ion ,  t h e  p o t e n t i a l  was  set  a t  - 0 . 2 5 V  vs. Ag/AgC1 ac- 
c o r d i n g  to our  p r e v i o u s  r e su l t s  (17). 

Permeat ion  results .--All  p e r m e a t i o n  t r a n s i e n t s  for hy- 
d r o g e n  o x i d a t i o n  a n d  o x y g e n  r e d u c t i o n  s h o w e d  t h e  smal l  
s e c o n d  s tep  fo l lowing  t he  large  first  s tep  in  b o t h  b u i l d u p  
a n d  decay  c u r v e s  as d e s c r i b e d  b y  c u r v e  a in  Fig. 2, w h i c h  
was m e a s u r e d  for  h y d r o g e n  o x i d a t i o n  on  Na- type  Na t ion  
125. The  first  l a rge  s tep  c o r r e s p o n d s  to a m a i n  fas t  per-  
m e a t i o n  pass ,  a n d  t he  s e c o n d  sma l l  one  to a s low pe rmea -  
t ion  pass.  J,~ a n d  J2| are the  s t eady- s t a t e  c u r r e n t s  for  t he  
fas t  pa s s  a n d  t h e  (fast  + slow) pass ,  respect ive ly .  T h e  
first s tep  was  r e p l o t t e d  as cu rve  b in Fig. 2, n e g l e c t i n g  
t he  s e c o n d  step.  Curve  b agrees  ve ry  wel l  w i t h  t he  theo-  

Yt/Y~ 
1 ~ 7 ~ ~ 7,~ I . . l r -  , ~ j1t--r,~ 

~ " 

0 6  

10 10 2 10 ~ 
t l s  

Fig. 2. Hydrogen permeation transient currents through Na-~pe 
Nation 125 at 25~ in 0.5/,4 K~SO4. Solid line a: full transient. Solid line 
b: transient until J~  of curve a. Broken line: theoretical curve. 

re t ical  cu rve  for f ickian  d i f fus ion  s h o w n  b y  the  b r o k e n  
l ine in  t he  f g u r e .  A l t h o u g h  t he  s low pass  was  r ep lo t t ed  
neg l ec t i ng  t he  fas t  pass ,  t h e  r e su l t i ng  c u r v e s  d id  n o t  s h o w  
a g r e e m e n t  w i th  t he  theore t i ca l  curve .  I n  th i s  s tudy,  on ly  
t he  fas t  p e r m e a t i o n  is t r e a t ed  n e g l e c t i n g  t he  s low 
pe rmea t i on .  

B o t h  the  b u i l d u p  a n d  decay  c u r v e s  for h y d r o g e n  per-  
m e a t i o n  t h r o u g h  Li- type  Nat ion  125 d id  no t  agree  wel l  
w i th  t he  t heo re t i ca l  curve.  This  p o o r  a g r e e m e n t  leads  to  
d i f fus ion  coef f ic ien ts  a n d  so lubi l i t i es  of  a l imi ted  reliabil-  
i ty for  h y d r o g e n  p e r m e a t i o n  t h r o u g h  Li - type  Na t ion  125. 

Evaluat ion  of  di f fusion coefficients, D, and  solubilities, 
c~ o rde r  to eva lua t e  d i f fus ion  coeff ic ients ,  D, a n d  sol- 
ubi l i t ies ,  c ~ u s i n g  t he  t r a n s i e n t  t e c h n i q u e ,  the  m e m b r a n e  
t h i c k n e s s ,  l, m u s t  be  k n o w n  (17); D = 0.138 12/t,2 a n d  J= = 
nFDc~ [see ReL (17) for  details].  S i n c e  Na t ion  w i t h o u t  
r e i n f o r c e m e n t  is k n o w n  to c h a n g e  its d i m e n s i o n  iso- 
t ropica l ly  b y  swel l ing  (18), t he  t h i c k n e s s  c an  be  ca lcu la ted  
f rom the  v o l u m e  c h a n g e  at  swel l ing.  The  t h i c k n e s s e s  of  
Li, Na, K, a n d  Cs types  were  ca l cu la t ed  u s i n g  t he  re- 
p o r t e d  w a t e r  c o n t e n t  b y  Yeager  et al. (19). The  w a t e r  con-  
t en t  in  swo l l en  Na t ion  was  also e s t i m a t e d  b y  us ing  t he  
fo l lowing  empi r ica l '  e q u a t i o n  (18, 20) w i t h  t he  above  
m e m b r a n e s  

Vw = 2.4AB exp(3980/EW) 

The  d i f fe rences  b e t w e e n  va lues  f r o m  t h e  two m e t h o d s  
were  less t h a n  10%. The  t h i c k n e s s e s  of  m e m b r a n e s  of  
types  o the r  t h a n  t h e  above  four  we re  e s t i m a t e d  b y  u s i n g  
t he  empi r i ca l  equa t ion .  The  r e su l t s  o b t a i n e d  f r o m  the  per-  
m e a t i o n  e x p e r i m e n t s  are s u m m a r i z e d  in Tab le  I a n d  
Tab le  II  for  h y d r o g e n  a n d  oxygen .  E a c h  va lue  is t he  aver-  
age of  m o r e  t h a n  t h r e e  m e a s u r e m e n t s .  

B o t h  dry  a n d  we t  gases  were  u s e d  in  the  e x p e r i m e n t s  
for  o x y g e n  p e r m e a t i o n  u s ing  Na- type  m e m b r a n e s .  B o t h  
r e su l t s  were  t he  s ame  w i t h i n  e x p e r i m e n t a l  error.  This  co- 
i n c i d e n c e  m e a n s  t h a t  the  c o n d i t i o n s  of  the  gases  are less 
i m p o r t a n t  t h a n  t h o s e  of the  so lu t ion  c o n t a c t i n g  t he  
m e m b r a n e .  

Discussion 
Solubil i t ies . --Table III  s u m m a r i z e s  t he  so lubi l i t i es  of  02 

a n d  H2 in  severa l  media .  B o t h  h y d r o g e n  a n d  o x y g e n  solu- 
b i l i t ies  a re  m u c h  h i g h e r  in  l iqu id  p e r f i u o r o c a r b o n  a n d  
p o l y t e t r a f l u o r o e t h y l e n e  (PTFE) ,  w h i c h  c o m p r i s e s  t he  
b a c k b o n e  cha in  of  Nat ion,  t h a n  in  a q u e o u s  so lu t ions .  Hy- 
d r o g e n  a n d  o x y g e n  d i s so lved  40 a n d  20-30 t i m e s  m o r e  in  
P T F E ,  respec t ive ly ,  t h a n  in  a q u e o u s  so lu t ions .  The  soluo 
b i l i t i es  in  Na t ion  s h o w n  in  Tab le s  I a n d  II are  as h i g h  as 
in  P T F E .  In  add i t i on  to h i g h  solubi l i t ies ,  s imi la r i ty  in  the  
so lub i l i ty  ra t io  of the  two  gases  is obse rved  b e t w e e n  
Nat ion  a n d  P T F E .  These  facts  s h o w  t h a t  t he  d i s so lu t ion  
of b o t h  gases  in  t he  h y d r o p h o b i c  b a c k b o n e  of Na t ion  
(which  has  a s t r u c t u r e  s imi la r  to P T F E )  is p re fe r red  to 
d i s so lu t ion  in  t h e  ionic  cluster .  In  Fig. 3 a n d  Fig. 4, t he  
so lubi l i t ies  of  h y d r o g e n  a n d  oxygen ,  respect ively ,  are 
p lo t t ed  aga ins t  t he  w a t e r  c o n t e n t  of  swo l l en  Nation.  The  
so lubi l i t ies  of  b o t h  gases  are  sca t te red ,  a n d  i t  is diff icul t  
to f ind a n y  d e p e n d e n c y  on the  w a t e r  con ten t .  The  solu- 
bi l i t ies  of b o t h  gases  were  c o m p a r a b l e  to each  o the r  in  
the  s a m e  types  of  m e m b r a n e s .  Tab le  IV l ists  the  solubil i -  

Table I. Permeation parameters of hydrogen through Nation 125 
of different ionic types at 25~ 

K ~ K h Cs K Na Li 

Water content 9.2* 9.5 9.9 12.0 18.6 22.2 
mol H~O/mol SO~- ** 11.3 13.3 18.4 22.3 

J ~  • 106 (A-crn -2) 83.1 84.0 71.0 82.8 92.0 69.7 
D • 107 (cm~-s -1) 8.02 5.66 4.68 6.03 5.06 4.65 
c o x 102 (M) 0.75 1.03 1.09 0.97 1.36 1.18 

a Using empirical equation. 
b By Yeager et at. 
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R'4N a R"4N ~ K a R'4N Cs K Na Li 

A Water content  8.7 9.0 9.2 9.9 12.0 18.6 22.2 b 
tool H~O/mol SO3 11.3 13.3 18.4 22.3 

J,= • 10" (A-cm-2) 50.1 68.2 80.1 59.8 72.1 94.9 108.8 
D • 107 (cm2-s - ' )  1.39 1.73 2.16 1.88 2.42 2.61 2.62 
c o x 102 (M) 1.27 1.38 1.31 1.14 1.09 1.37 1.60 

B Water content  15.6 15.9 24.6 29.3 b 

J ~  x 10" (A-cm -2) 76.9 89.2 68.4 101.5 
D • 107 (cm'-'-s-') 3.59 4.32 4.29 4.24 
c o x l0 s (M) 1.10 1.07 0.86 1.34 

a R '  = C,2H~; R" = CH3. 
b Using  empirical  equation.  
r By Yeager  et  al. 

t i e s ,  c '~ r e f e r r e d  to  t h e  v o l u m e  o f  t h e  h y d r o p h o b i c  b a c k -  
b o n e  o f  N a t i o n ,  w h i c h  w a s  c a l c u l a t e d  b y  s u b t r a c t i n g  t h e  
v o l u m e  o f  t h e  s w e l l i n g  w a t e r  f r o m  t h e  a p p a r e n t  t o t a l  vol -  
u m e .  I n  t h i s  e s t i m a t i o n ,  t h e  p a r t i a l  m o l a r  v o l u m e  o f  t h e  
s w e l l i n g  w a t e r  w a s  a s s u m e d  to  b e  e q u a l  to  t h a t  o f  o rd i -  
n a r y  f r ee  w a t e r .  T h e  so l ub i l i t y ,  c '~ w a s  a l m o s t  c o n s t a n t  
within experimental error except for Li- and Na-type 
Nation. It is known that gases do not dissolve in the crys- 
talline region but in the amorphous region when they dis- 
solve in polymers (23). The crystalline region of Nation 
decreases in the order -SO~F form (XR resin, the precur- 
sor polymer of Nation) > dry H ~ form > wet H § form. An 
increase in the exchange capacity decreases the crystal- 
line region (24). 

The above discussion of solubility leads to the expecta- 
tion that gases are dissolved preferentially in the hydro- 
phobic backbone region of Nation. 

Diffusion coefficients.--Figures 5 and 6 show the diffu- 
sion coefficients of hydrogen and oxygen in Nation, DH 
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Table III. Solubilities of oxygen and hydrogen in 
several media in c • 103 (mol-dm-3) 

Medium Temp.  (~ H~ Oz Ref. 

K-type Nation 125 9.7 10.9 
K-type Nation 117 10.7 
Nation 120 25 24.5 (32) 
H20 25 0.78 1.3 (17) 
0.5/!4 H2SO4 25 0.72 (17) 
0.5M K2SO4 25 0.85 (17) 
n-CTF,6 25 6.8 26.8 (21) 
n-CsF,s 25 23.2 (21) 
PTFE 20 31.3 26.8 (22) 

a n d  Do, a g a i n s t  V , / 1  - Vp, w h e r e  Vp is  t h e  p o l y m e r  f rac-  
t i o n  o f  t h e  s w o l l e n  m e m b r a n e .  T h e  d o u b l e  c i r c l e s  a n d  
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Table IV. Solubilities, c '~ of hydrogen and oxygen in polymer part of Nation. c '~ x 10 ~ (reel:din - z )  

(C~Hs),N = (CH~)~N ' K a K ~ (CH~)~ N Cs K Na Li 

H~ Nation 125 0.96 1.32 1.46 1.35 2.11 1.97 
O~ Nation 125 1.60 1.75 1.67 1.53 1.52 2.13 2.67 

Nation 117 1.61 1.58 1.49 2.52 

double square designate the results obtained by using 
ions which are known to exist in the intermediate region 
between the hydrophobic backbone and ionic cluster re- 
gions (16). The  u n i t  (Vp/1 - Vp) of  the  absc i s s a  was  in t ro-  
d u c e d  by  Y a s u d a  et al. in  o rde r  to d e s c r i b e  t he  t r a n s p o r t  
p h e n o m e n a  of sma l l  par t ic les  t h r o u g h  p o l y m e r  mater ia l s  
b e a r i n g  a f ixed cha rge  (25). In  t he  case  of d i f fus ion  
t h r o u g h  the  a q u e o u s  pa r t  of  a swo l l en  po lymer ,  theore t i -  
cally, log D d e c r e a s e s  aga ins t  V~/1 - V,. Yeager  et al. ob- 
t a ined  s t r a igh t  l ines  of  nega t i ve  s lopes  for  H~O a n d  Na ~ 
t r a n s p o r t  t h r o u g h  swol l en  Na t ion  u s i n g  t he  above  plots .  
On the  o the r  h a n d ,  t h e y  o b t a i n e d  a c o n s t a n t  va lue  of log 
D aga ins t  c h a n g i n g  V,/1 - V, for  Cs ~ t r a n s p o r t  t h r o u g h  
the  iden t i ca l  m e m b r a n e .  These  r e su l t s  a l lowed  t h e m  to 
p ropose  a s t r u c t u r a l  m o d e l  of  Na t ion  a n d  to c o n c l u d e  
tha t ,  w h i l e  H~O a n d  Na + p e r m e a t e  t h r o u g h  t h e  ionic  clus- 
t e r  region,  Cs ~ p e r m e a t e s  t h r o u g h  t he  i n t e r m e d i a t e  r eg ion  
w h i c h  is no t  a f fec ted  b y  t he  c h a n g e  in  w a t e r  c o n t e n t  (16). 

IR (26) a n d  N M R  (27) m e a s u r e m e n t s  h a v e  revea led  t h e  
ex i s t ence  of t he  i n t e r ac t i on  of  w a t e r  w i t h  perf luoro-  
c a r b o n  b a c k b o n e .  H y d r o p h o b i c  i n t e r a c t i o n  of large  hy- 
d r o p h o b i c  ca t ions  in  Na t ion  h a s  b e e n  r ecogn ized  in addi-  
t ion  to e l ec t ros ta t i c  i n t e r ac t i on  w i th  t h e  f ixed a n i o n  
(28-30). 

T a k i n g  t h e s e  r e p o r t e d  o b s e r v a t i o n s  in to  cons ide ra t ion ,  
the  resu l t s  s h o w n  in  Fig. 5 a n d  6 t h a t  DH a n d  Do are  inde-  
p e n d e n t  of  V,/I - V, a n d  Small in  t h e  p r e s e n c e  of ca t ions  
ex i s t i ng  in t h e  i n t e r m e d i a t e  reg ion  lead to the  c o n c l u s i o n  
t h a t  the  m a i n  d i f fus ion  reg ion  is no t  t he  ionic  c lus te r  b u t  
the  i n t e r m e d i a t e  region.  This  c o n c l u s i o n  is c o n s i s t e n t  
w i t h  the  d i s c u s s i o n  in  t he  sec t ion  o n  solubi l i ty .  Yeager  
et al. c o n s i d e r e d  t h a t  t he  i n t e r m e d i a t e  r eg ion  of  Na t ion  
cons i s t s  of  an  a q u e o u s  part .  The  region,  however ,  m i g h t  
b e  too smal l  to sa t i s fy  the  h i g h  so lub i l i ty  a n d  large diffu- 
s ion  coeff ic ient  o b s e r v e d  in  the  p r e s e n t  work.  I t  is rea- 
s o n a b l e  to  a s s u m e  t h a t  t he  i n t e r m e d i a t e  r eg ion  ava i l ab le  
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Fig. 7. Schematic model of the permeation region through Nation. Re- 
gion A: rigid hydrophabic backbone. Region B: flexible perfluorocarbon 
where gases permeate. Region C: ionic cluster region containing water 
similar to balk water. 

for dissolution and permeation of gases includes the 
amorphous part of the perfluorinated backbone. It is 
known that unhydrolyzed precursor polymer (-SO.,F) 
comprises -40% of the crystalline portion of dry polymer 
(24) and Nation of exchange capacity 0.83 meq/g-dry 
polymer and 0.93 meq/g-dry polymer 5 - 10%. This means 
that most parts of the backbone are of a flexible struc- 
ture and are available for gas permeation in the permea- 
tion model through the amorphous part of the hydropho- 
bic perfluorocarbon backbone of Nation. 

The flexible hydrophobic part is expected to show 
properties similar to PTFE, which dissolves much hydro- 
gen and oxygen as shown in Table III. This was con- 
firmed by the solubility results. 

It is expected also that the cation existing in the inter- 
mediate region will interfere with the diffusion of gases 
there. This was proved in the diffusion measurements 
through membranes with (CH3)4N ~, (C.~Hs)4N ~, and Cs + 
ions, which are considered to have hydrophobie interac- 
tions, as shown in Fig. 6 with double circles and the dou- 
ble square. Larger Do's were obtained with Nation 117 
than with Nation 125 and 120. This is because the former 
should have a larger amorphous part available for the per- 
meation than the latter, because of the higher exchange 
capacity. 

Based on the above discussion, it can be concluded that 
the permeation of gases through Nation takes place in 
the intermediate region of the structural model of Yeager 
et al., which consists mainly of the flexible amorphous 
part of perfluorocarbon backbone of Nation. This is il- 
lustrated in  Fig. 7. 

Of course,  th i s  d i s c u s s i o n  does  no t  e x c l u d e  p e r m e a t i o n  
t h r o u g h  a n  ionic  c luster ,  a l t h o u g h  t he  c o n t r i b u t i o n  f rom 
s u c h  p e r m e a t i o n  is e s t i m a t e d  to be  small .  

Permeability.--Permeability, P, w h i c h  is the  p r o d u c t  of  
t he  d i f fus ion  coeff ic ient  a n d  t he  solubi l i ty ,  o f ten  is u sed  
to de sc r ibe  t he  t r a n s p o r t  of  gases  t h r o u g h  po lymers .  
Tab le  V con t a in s  va lues  of P ca l cu la t ed  f rom D a n d  c '~ 
E x c e p t  for h y d r o p h o b i c  ion- type  m e m b r a n e s ,  P c h a n g e s  
w i th  c '~ b e c a u s e  D was  a l m o s t  Constant .  H igh  w a t e r  con-  
t e n t  causes  a n  i nc r ea se  of t he  i n t e r m e d i a t e  r eg ion  at the  
cos t  of  the  c rys ta l l ine  pa r t  of  N a t i o n  to p r o d u c e  a n  in- 
c rease  in  P. H y d r o p h o b i c  R4N ~ in t e r f e re s  w i th  t he  p e r m e -  
a t ion  a n d  d e c r e a s e s  P. 

T h e  ra t io  PH/Po is a l m o s t  cons t an t ,  a n d  is s imi la r  to  t h e  
va lue  for P T F E .  This  s imi la r i ty  s u p p o r t s  t he  c o n c e p t s  of  
gas  p e r m e a t i o n  t h r o u g h  Na t ion  d i s c u s s e d  in t h e  a b o v e  
sec t ions .  

Summary 
The  p e r m e a t i o n  of h y d r o g e n  a n d  o x y g e n  t h r o u g h  

Na t ion  of  d i f f e ren t  w a t e r  c o n t e n t  was  i n v e s t i g a t e d  by  a n  
e l ec t rochemica l  m o n i t o r i n g  t e c h n i q u e  u s i n g  S P E  com- 
pos i t e  e lec t rodes .  

Table V. Permeability, P, through Nation 125 of different 
ionic types in P • 1012 (cmLs-9 mol-cm -3 Nation 

I o n  R ' 4 N  ~ R % N  = IR~'4N K K C s  K N a  L i  

H2 7.70 7.47 6.83 8.14 10.68 9.16 
Oe 2.22 3.03 3.61 2.88 3.68 5.56 7.00 
O~I~ 5.78 6.83 6.39 10.68 
H~ 
- -  2.13 2.37 2.21 1.92 1.31 
O.~ 

a R' = C~H~; R" = CH3. 
Through Nation 117; cf. H.~: 8.13, O2:3.73 through PTFE. 
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The solubility and diffusion coefficient were almost in- 
dependent  of the water content of the membrane. While 
the high solubility was almost independent  of the ex- 
change capacity, the diffusion coefficient of oxygen was 
higher in Nation 117 of higher exchange capacity than in 
Nation 125 of lower exchange capacity. Hydrophobic cat- 
ions, R4N ~, decreased the diffusion coefficient of oxygen 
because such ions could intrude and block the diffusion 
pass. The results lead to the conclusion that gases perme- 
ate mainly through the intermediate region, which con- 
sists of the flexible amorphous part of the polytetra- 
fluoroethylene backbone of Nation. The permeability 
ratio PH/Po through Nation was similar to the ratio in 
PTFE. This similarity strongly supports the discussion on 
the permeation pass. 
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Oxidation of Phenol with AC Electrolysis 

D-T. Chin* and C. Y. Cheng 
Department of Chemical Engineering, Clarkson University, Potsdam, New York 13676 

ABSTRACT 

The method of alternating voltage (AV) modulation has been used to determine the effect of alternating current on 
the polarization behavior of the oxidation of phenol on platinum in aqueous sulfuric acid electrolyte. The study was 
made with sinusoidal, square, and triangular AV over a range of frequency from 20 to 6000 Hz, and a range of magnitude 
from 0 to 500 mV rms. A batch electrochemical cell operated on a potentiostatic mode was used to evaluate the conver- 
sion of phenol, anode current efficiency, yield of hydroquinone, and energy consumption of the process. The results in- 
dicate that AV strongly modified the shape of the polarization curve. It caused a shift in the rest potential toward the 
negative direction, and increased the dc current density for both the anodic and cathodic reactions. The rate of conver- 
sion of phenol increased with increasing magnitude of AV and decreased with increasing AV frequency. 

Recently, the rising cost of petrochemical feedstocks 
and environmental considerations have generated a re- 
newed interest in electro-organic reactions (I). The disad- 
vantages of electro-organic synthesis as compared to the 
chemical synthetic methods are the slow reaction kinet- 
ics, high capital investment of electrolytic cells, and high 
energy consumption for the electrolysis. The purpose of 
this work is to improve the reaction rate of electro- 
organic reactions with an alternating current (ac) electrol- 
ysis. Previous investigations in this laboratory on the ac 
corrosion processes (2-9) have shown that ac enhances the 
apparent reaction kinetics of electrochemical reactions by 
improving the exchange current density and transport of 
reacting ions to the electrode surface. The application of 

*Electrochemical Society Active Member. 

ac to electro-organic reactions has an advantage that there 
is no need to modify the electrochemical cell, and no cata- 
lysts and additives are used, thus avoiding the contamina- 
tion of reaction products. 

Superimposition of an ac component in electrolysis 
shifts the rest potential and lowers the overpotential of 
electrode reactions. This property may be used to isolate 
a desired product, which would be otherwise destroyed at 
higher overpotentials. Reitlinger (I0) has found that ac af- 
fected the selectivity of the electro-organic reaction. Ethyl 
alcohol was oxidized to acetaldehyde without being fur- 
ther oxidized to acetic acid with an alternating current. 
He also reported that with ac electrolysis p-benzaldehyde 
sulfonic acid could be obtained from p-tolune-sulfonic 
acid. Kappana et al. (ii) applied the ac electrolysis to the 
oxidation of glucose to calcium gluconate. They showed 
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t h a t  t he  c u r r e n t  eff ic iency i n c r e a s e d  w i th  i nc rea s ing  ac 
c u r r e n t  dens i t y  a n d  w i th  d e c r e a s i n g  ac f requency .  Nogu-  
chi  (12) app l i ed  0.8-2M Hz ac (be low 100V) to two Ag- 
p l a t e d  e l ec t rodes  in  soy sauce,  s y n t h e t i c  v inegar ,  whis-  
key,  sake, a n d  p e r f u m e  to dec rea se  t he  t i m e  r equ i r ed  for  
t he  ag ing  process .  He also f o u n d  t h a t  g r e e n  tea  lost  i ts  
flavor, p e r s i m m o n s  los t  t h e i r  b i t t e rnes s ,  coffee a n d  cocoa 
ex t rac t s  lost  t h e i r  taste ,  a n d  acryl ic  e s t e r  was  po lymer i zed  
b y  app ly ing  h i g h  f r e q u e n c y  ac. P o l y m e r i z a t i o n  of  me thy l -  
m e t h a c r y l a t e  in  a q u e o u s  so lu t ions  of H3PO4 a n d  H~SO4 
was  in i t i a t ed  by  ac on  a p l a t i n u m  e l ec t rode  (13). The  de- 
gree  of  p o l y m e r i z a t i o n  d e p e n d e d  on  t he  t ype  of  electro-  
lyte, c o n c e n t r a t i o n ,  a n d  ac c u r r e n t  dens i ty .  K orch in sk i i  
(14) f o u n d  t h a t  ac i n c r e a s e d  t h e  a d s o r p t i o n  of ace ta te  ions  
on  a p l a t i n u m  elec t rode .  N a d e b a u m  et al. (15) o b t a i n e d  a 
ra te  e q u a t i o n  for  t he  ox ida t i on  of  a q u e o u s  e t h a n o l  to  car- 
b o n  d iox ide  a n d  e t h a n e  w h e n  the  cel l  was  m o d u l a t e d  
w i t h  a r e c t a n g u l a r  a l t e r n a t i n g  vo l tage  (AV). N i t s k a n s k i i  
(16) e x p o s e d  eggs to h i g h  f r e q u e n c y  s inuso ida l  ac d u r i n g  
incuba t ion .  The  to ta l  p r o t e i n  a n d  a l b u m i n  c o n t e n t  in- 
creased,  a n d  - / -globul in  c o n t e n t  dec reased .  K i k u c h i  a n d  
U e y a m a  (17) f o u n d  t h a t  t he  e lec t ro lys i s  of  a m i x t u r e  con- 
t a in ing  N-v iny lcarbazo le ,  LiC1Q, a n d  e thy l  e t h e r  or  
m e t h y l c y a n i d e  at  - 2 2  ~ to 30~ gave  low m o l e c u l a r  w e i g h t  
po ly(N-vinylcarbazole )  in  t he  a n o d e  c o m p a r t m e n t  b y  
s u p e r i m p o s i n g  a r e c t a n g u l a r  ac. T h e  y ie ld  of the  p o l y m e r  
i nc r ea sed  w i t h  d e c r e a s i n g  t e m p e r a t u r e ,  a n d  the  molecu-  
lar  w e i g h t  of t h e  p o l y m e r  p r o d u c e d  w i t h  t h e  r ec t angu la r -  
wave  ac was  g rea t e r  t h a n  t h a t  w i t h  on ly  dc. F l o r e q u i n  
et al. (18) f o u n d  t h a t  t he  use  of a n o d i c  r e c t a n g u l a r  c u r r e n t  
pu l ses  r e s to r ed  t h e  ac t iv i t ies  of a p l a t in i zed  P t  e l ec t rode  
for t he  r e d u c t i o n  of  d i m e t h y l a c e t o n e  a n d  b u t a n o n e  to 
a lkane.  B h a d a n i  (19) p a s s e d  s i n u s o i d a l  ac t h r o u g h  a sty- 
r ene  so lu t ion  c o n t a i n i n g  s o d i u m  t e t r a p h e n y l b o r o n ,  a n d  a 
h i g h  m o l e c u l a r  w e i g h t  po l y s t y r ene  was  fo rmed .  The  yield 
and  m o l e c u l a r  w e i g h t  of po l y s t y r ene  d e c r e a s e d  w i th  in- 
c r eas ing  ac f r equency .  T a m u r a  (20) a n d  h is  co -worker s  
f o u n d  t h a t  s u p e r i m p o s e d  A V  at 50 Hz i nc r ea sed  t he  for- 
m a t i o n  of f l- type c rys ta l s  of v i n y l i n d e n e  f luoride.  
K a w a h a r a  (21) m i x e d  s o y b e a n  m i l k  w i t h  a n  acidic  me-  
d i u m  c o n t a i n i n g  oxal ic  acid,  or lact ic  acid a n d  CaHPO4, 
and  t r e a t ed  t he  so lu t ion  w i th  a s i n u s o i d a l  ac (0.25 A / d m  2) 
to  m a k e  Tofu.  Alk i re  a n d  Tsal  (22) p r e p a r e d  p r o p y l e n e  
ox ide  by  e lec t ro lys i s  of p r o p y l e n e  in  a s o d i u m  b r o m i d e  
so lu t ion  w i t h  s i n u s o i d a l  ac. They  o b t a i n e d  a 22% c u r r e n t  
ef f ic iency at  1 Hz a n d  a n  ac c u r r e n t  dens i ty  of 175 
m A / c m  ~ on  a p l a t i n u m  e lec t rode .  Adzic  et al. (23) inves t i -  
ga ted  t he  o x i d a t i o n  of  fo rmic  acid to c a r b o n  d iox ide  a n d  
wa te r  on  p l a t i n u m  w i t h  a s u p e r i m p o s e d  r e c t a n g u l a r  alter- 
n a t i n g  vol tage .  T h e  ox ida t i on  ra te  was  h i g h e r  t h a n  t h a t  of  
the  c o n s t a n t  dc po t en t i a l  e lectrolysis .  

In  th i s  s tudy ,  t he  m e t h o d  of a l t e r na t i ng  vo l tage  (AV) 
m o d u l a t i o n  (6-9) ha s  b e e n  u s e d  to d e t e r m i n e  the  effect  of  
s inusoida l ,  square ,  a n d  t r i a n g u l a r  wave  ac on  t h e  polariza-  
t ion  b e h a v i o r  of t he  ox ida t i on  of p h e n o l  to b e n z o q u i n o n e  

C~HsOH + H20 --~ C~H402 + 4H* + 4e -  [1] 

The  o x i d a t i o n  of p h e n o l  was  first  r e p o r t e d  by  F i c h t e r  
(24), a n d  its i n d u s t r i a l  i m p o r t a n c e  is re f lec ted  b y  n u m e r -  
ous  p a t e n t s  (25-31). In  a n  u n d i v i d e d  cell, t h e  benzoqu i -  
n o n e  p r o d u c e d  at  t he  a n o d e  is s u b s e q u e n t l y  r e d u c e d  to 
h y d r o q u i n o n e  at  t h e  c a t h o d e  

C6H40~ + 2H § + 2e -  --> C~H~(OH)2 [2] 

A b e n c h - s c a l e  e l e c t r o c h e m i c a l  cell  o p e r a t e d  o n  a po ten-  
t ios ta t ic  m o d e  was  u s e d  to eva lua t e  t h e  effect  of supe r im-  
p o s e d  ac on  t h e  conve r s ion ,  c h e m i c a l  yield,  c u r r e n t  effi- 
c iency,  a n d  e n e r g y - c o n s u m p t i o n  of  the  process .  

Experimental 
A n  a l t e r n a t i n g  vo l t age  (AV) m o d u l a t i o n  was  u sed  in  t he  

p r e s e n t  i nves t iga t ion .  In  th i s  m e t h o d ,  a c o n s t a n t  A V  is su- 
p e r i m p o s e d  on to  a d c  p o t e n t i a l  a n d  the  r e su l t i ng  compos-  
i te po t en t i a l  w a v e  is app l i ed  b e t w e e n  w o r k i n g  a n d  refer- 
ence  e lec t rodes  t h r o u g h  a po ten t ios t a t .  The  r e su l t i ng  dc 
a n d  ac c u r r e n t  dens i t i e s  are  t h e n  m e a s u r e d  as a f unc t i on  

of dc po t en t i a l  a n d  app l i ed  AV. The  deta i l s  of t he  exper i -  
m e n t a l  t e c h n i q u e  are de sc r ibed  in  Ref. (6-9), a n d  will  no t  
be  r e p e a t e d  here .  

Electrolyte and cell setup.--The e lec t ro ly te  u s e d  in  th i s  
w o r k  c o n s i s t e d  of  0.01-0.1M p h e n o l  in  1M sul fur ic  acid in  
a t e m p e r a t u r e  r a n g e  of 23~176 A p l a t i n u m  ro t a t ing  d i sk  
e l ec t rode  m o u n t e d  on  a ro ta to r  (P ine  I n s t r u m e n t s  ASR2)  
a n d  h a v i n g  a sur face  area  0.458 c m  ~ e x p o s e d  to t he  elec- 
t ro ly te  was  u s e d  for  t he  po la r i za t ion  m e a s u r e m e n t .  A sta- 
t i ona ry  p l a t i n u m  foil of  12.5 cm 2 su r face  a rea  was  used  for  
t he  p o t e n t i o s t a t i c  b a t c h  cell e lec t ro lys i s  of ox ida t ion  of  
phenol .  A 1 l i ter  P y r e x  glass  j a r  i m m e r s e d  in  a c o n s t a n t  
t e m p e r a t u r e  b a t h  was  u s e d  as  a s i n g l e - c o m p a r t m e n t  cell. 
The  c o u n t e r e l e c t r o d e  was  a p l a t i n u m  screen,  a n d  a satu-  
r a t ed  ca lome l  e l ec t rode  (SCE) c o n n e c t e d  to a L u g g i n  cap- 
i l lary t u b e  was  u s e d  as the  r e fe rence  e lec t rode .  

Polarization measurement.--The p l a t i n u m  ro ta t ing  
d i sk  e l ec t rode  was  u s e d  for  the  po la r i za t ion  measu re -  
men t .  For  each  run,  t he  e l ec t rode  was  c l eaned  w i t h  m e t h -  
anol  and was  ca thod ica l l y  ac t iva t ed  at  - 3 . 0 V  for  2 m i n  in  
1N N a O H  so lu t ion  fo l lowed  by  r i n s i n g  in  d is t i l led  water .  
The  c lean  e l ec t rode  was  qu ick ly  t r a n s f e r r e d  in to  t he  cell  
and  ins ta l l ed  on  the  rota tor .  The  p o t e n t i a l  d i f fe rence  be- 
t w e e n  t he  w o r k i n g  a n d  re fe rence  e l ec t rodes  was  con- 
t ro l l ed  by  a p o t e n t i o s t a t  w i th  a bu i l t - in  sweep  g e n e r a t o r  
(P ine  I n s t r u m e n t  RDE3).  The  s u p e r i m p o s e d  A V  was  
s u p p l i e d  to t h e  p o t e n t i o s t a t  f r om a n  ac s igna l  g e n e r a t o r  
( H e w l e t t - P a c k a r d  2311A), and  t he  dc po t en t i a l  of  t he  
w o r k i n g  e l ec t rode  was  s w e p t  b e t w e e n  0 a n d  1500 m V  at  a 
sweep ra te  of 5 mV/s.  The  dc c u r r e n t  was  c o n v e r t e d  to a 
vo l tage  s ignal  by  p a s s i n g  t he  c u r r e n t  t h r o u g h  a p rec i s ion  
res i s to r  (10-1000f~) c o n n e c t e d  in para l le l  to a capac i to r  
(16,800 mF).  The  vo l tage  drop  was  fed to a l o g a r i t h m i c  
c o n v e r t e r  (Linse is  N46), a n d  t h e  o u t p u t  of th i s  c o n v e r t e r  
was  fed to a X-Y r e c o r d e r  (Hewle t t  P a c k a r d  7044A) for  
p lo t t i ng  dc c u r r e n t  vs. dc potent ia l .  The  ac c u r r e n t  was  
d e t e r m i n e d  w i t h  a m u l t i m e t e r  (Kei th ley  177) b y  measu r -  
ing  t he  ac vo l t age  d rop  across  a s e c o n d  p rec i s ion  res is tor ;  
t he  o u t p u t  f r o m  the  m u l t i m e t e r  was  fed to a s e c o n d  X-Y 
r e c o r d e r  (Linse is  1700) for  p l o t t i n g  ac c u r r e n t  vs. dc po- 
tent ia l .  I n  t h i s  way,  the  dc  a n d  ac c u r r e n t s  vs. dc po ten t i a l  
c u r v e s  were  o b t a i n e d  w i t h  t he  t e s t  e l ec t ro ly tes  for  a r a n g e  
of s u p e r i m p o s e d  s inusoida l ,  square ,  a n d  t r i a n g u l a r  A V  
v a r y i n g  f rom 0 to 500 m V  rms ,  a n d  t he  A V  f r e q u e n c y  
f rom 20 to 6000 Hz. The  e x p e r i m e n t s  we re  ca r r ied  ou t  in  a 
t e m p e r a t u r e  r a n g e  23~176 

Batch electrolysis experiment.--After t h e  po la r i za t ion  
m e a s u r e m e n t ,  a po t en t i o s t a t i c  b a t c h  e lec t ro lys i s  was  car- 
r i ed  ou t  for  t h e  ox ida t i on  of  p h e n o l  w i t h  t he  s t a t iona ry  
p l a t i n u m  e l ec t rode  at  se lec ted  dc po t en t i a l s  supe r im-  
p o s e d  w i th  a c o n s t a n t  AV. D u r i n g  the  e lectrolysis ,  t h e  dc  
cur ren t ,  a c  cu r r en t ,  dc cell  vol tage,  a n d  ac cell vo l tage  
were  r e c o r d e d  as f u n c t i o n s  of e lec t ro lys i s  t ime.  Electro-  
lyre s a m p l e s  we re  also w i t h d r a w n  f r o m  the  cell a t  se- 
l ec ted  t i m e  in te rva l s ,  a n d  t he  c o n c e n t r a t i o n  of  p h e n o l  was  
ana lyzed  w i t h  a b r o m i n a t i o n  a n d  i o d o m e t r i c  t i t r a t ion  
m e t h o d .  At  t he  e n d  of t he  run ,  t he  yie ld  of  h y d r o q u i n o n e  
was  d e t e r m i n e d  b y  an  ox id ime t r i c  t i t r a t ion  w i t h  a ceric 
su l fa te  solut ion.  The  deta i ls  of  t he  c h e m i c a l  analy t ica l  
m e t h o d s  u s e d  are  g iven  in  Ref. (32). 

Results and Discussion 
DC polarization curves without superimposed AV. - -To  

es t ab l i sh  t he  bas i s  for  c o m p a r i n g  w i th  A V  m o d u l a t i o n ,  
the  dc  po la r i za t ion  cu rves  were  first  o b t a i n e d  for t he  
p l a t i n u m  r o t a t i n g  d i sk  e l ec t rode  in  t h e  t e s t  e lec t ro ly tes  
w i t h o u t  any  s u p e r i m p o s e d  AV. I t  was  f o u n d  t h a t  t he  
s p e e d  of  ro t a t i on  h a d  no  ef fec t  on  the  a n o d i c  po la r i za t ion  
c u r v e s  for  the  o x i d a t i o n  of  pheno l ,  a n d  all t he  da ta  were  
co l l ec ted  at  a ro t a t iona l  s p e e d  of  2400 rpm.  

The  effect  of p h e n o l  c o n c e n t r a t i o n  (0-0.1M) o n  t he  dc 
po la r i za t ion  c u r v e s  at  50~ is s h o w n  in  Fig. 1. The  a n o d i c  
cu rves  are for  t he  ox ida t i on  of  pheno l ,  a n d  the  ca thod ic  
cu rves  c o r r e s p o n d  to the  r e d u c t i o n  of  su r face  ox ides  and  
d i s so lved  o x y g e n  on  t he  p l a t i n u m  surface .  The  a r rows  in  
t he  f igure  i nd i ca t e  t he  l oca t i on  of  r e s t  potent ia ls .  The  
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Fig. 1. DC polarization curves without superimposed AV for the oxi- 
dation of phenol on a platinum rotating disk electrode in 1M H=SO~ at 
50~ The data are given for three phenol concentrations: 0, 0,5, and 
0.1M. The arrows indicate the rest potentials. The platinum electrode 
was rotating at 2400 rpm. 

cathodic current density decreased with increasing phe- 
nol concentration. This was due to the adsorption of phe- 
nol on platinum, which blocked the active sites for the 
oxygen reduction reaction. For the anodic curves, the 
blank run with only 1M H~SO4 exhibited two potential re- 
gions: the curve between 750 and 1250 mV vs. SCE corre- 
sponded to the formation of a platinum oxide, and the 
curve above 1250 mV vs. SCE corresponded to the oxy- 
gen evolution reaction on the platinum surface (33). Addi- 
tion of phenol to the sulfuric acid supporting electrolyte 
increased the anodic current density and shifted the rest 
potential to a more negative value of 620 mV vs. SCE. The 
phenol concentration did not seem to affect the anodic 
current in the low overpotential regime of 620-900 mV vs. 
SCE. At the potentials more positive than 900 mV vs. 
SCE, the adsorption of the oxidation product, benzoqui- 
none (34), on the electrode surface caused the current to 
decrease with a further increase in potential for the  run 
with 0.05M phenol. This adsorption phenomenon was 
found to be more pronounced at low phenol concentra- 
tions (0.01-0.05M) and at low temperatures (23~ At the 
potentials above 1250 mV vs. SCE, the oxygen started to 
evolve and the current density increased again with in- 
creasing potential. 

Effect of sinusoidal AV on dc polarization curves . -  
Figures 2-3 show the typical dc polarization curves for the 
oxidation of phenol on platinum in 0.1M phenol plus 1M 
sulfuric acid at 50~ when the electrode was superim- 
posed with sinusoidal AV at the frequencies of 60 and 200 
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Fig. 2. DC polarization curves with 60 Hz sinusoidal AV for the oxi- 
dation of phenol on o platinum rotating disk electrode (2400 rpm) in 
0.1M phenol and 1M H,~SO~ at 50~ The magnitude of superimposed 
AV varied from 0 to 500 mV rms as indicated in the figure. The ar- 
rows refer to the position of the rest positions. 
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Fig, 3. DC polarization curves with 200 Hz sinusoidal AV for the 
oxidation of phenol on a platinum rotating disk electrode (2400 rpm) 
in 0.1M phenol and 1M H=SO~ at 50~ The magnitude of superim- 
posed AV varied from 0 to 500 mV rms as indicated in the figure, The 
arrows indicate rest potentials. 

Hz. The magnitude of AV varied from 0 to 500 mV rms. 
The dc polarization curves covered both the cathodic and 
anodic potential regimes, and the arrows in the figures 
indicate the rest potentials. The results indicate that AV 
caused an increase in the dc current density for both the 

anodic  and cathodic processes. The rest potential was 
shifted by the AV toward the negative direction. For the 
anodic process, the rate of oxidation of phenol was en- 
hanced when the magnitude of AV was greater than 250 
mV rms, and the dc current density increased with in- 
creasing magnitude of AV. At 60 Hz, for example, the 
greatest dc enhancement for the anodic process occurred 
near the dc potential of 750 mV vs. SCE. At this potential, 
the dc current with 500 mV rms AV was two orders of 
magnitude greater than the dc current without AV. This 
rate enhancement can be partly explained by an increase 
in the apparent electrokinetics under the superimposed 
AV conditions. Consider an electrode process whose 
current-potential relation under the activation control is 
described by the Butler-Volmer equation of the type 

i = i o  {exp ( ~ - ~ ~  \ /3~ / - e x p ( - - ~ ) }  [3] 

where io and 6o are the exchange current density and the 
rest potential without superimposed AV, respectively, 
and fla and tic are the anodic and cathodic Tafel slopes 
based upon ~ vs. in i plot. When the electrode is polarized 
with a dc potential, 4de, plus a superimposed sinusoidal 
AV, then 

= ~bd~ + V sin ~t [4] 

where V is the peak AV potential, o~ is the AV frequency 
in radians per second, and t is the time. Under  this condi- 
tion, the current density flowing across the electrode/so- 
lution interface will be composed of a time-averaged dc 
component, ida, and a periodic ac component,  ia~ 

i = id~ + iac [5] 

Substituting Eq. [4] and [5] into Eq. [3] and carrying out 
the t ime average on both sides of the resulting equation, 
one has 

i~c = io Iexp ( ~dr ~O.) exp ( V s in~ t )  

- e x p ( . ~ ~  sinc~t)} [6] 

The time-averaged quantities in the above equation are 
given as 
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(v <v 
exp  -fl--~ ~ exp fl---~- 

_~V sin ~t )  
exp ( -  fie 

l ( V sin~ot)d(o~t ) [8] - -  I _ _  

2~r exp flo 
- o  

These  two quant i t ies  are always greater  than  one, and 
may  be cons idered  as the  e n h a n c e m e n t  factors for the  
anodic and ca thodic  cur ren t  unde r  the  supe r imposed  AV 
condit ion.  The  numer ica l  calcula t ion for the  cur ren t  en- 
h a n c e m e n t  by AV is g iven in Ref. (6), and it has been  
shown that  it is poss ible  to enhance  the  dc current  den- 
sity by a factor of  100-1000 with  a peak  AV of 5-10 fia- 

In  addit ion,  the  AV had the  abi l i ty to b r eakdown  the  
adsorpt ion layer on the  p la t inum surface in a way  similar  
to the b r e a k d o w n  of pass ive  film by AV in the  corros ion 
of  iron and stainless steels (5, 7, 9). The  p h e n o m e n o n  was 
similar  to the  react iva t ion  of the  p l a t inum fuel cell elec- 
t rode by the  appl ica t ion  of  a l ternate  anodic  and cathodic  
potent ia l  pulses  (35, 36). Thus,  the  func t ion  of AV was to 
cont inuous ly  ac t ivate  the p l a t inum electrode,  thus  
enabl ing  the  ox ida t ion  of phenol  to p roceed  at a rate 
h igher  than  that  of  the  steady-state dc electrolysis.  

When the  f r equency  of  AV was increased,  the  effect  of  
AV became  less obvious.  At  6000 Hz, there  was no sig- 
nificant increase  in the  dc current  dens i ty  over  a range of 
AV from 0 to 500 m V  rms (32). This  was caused by the  
fact that  the double- layer  impedance  b e c a m e  smaller  at 
high frequencies ,  and the appl icat ion of  AV was used  for 
the  charge and d ischarge  of  the  electr ic  double  layer at 
the  e lec t rode-solu t ion  interface. 

F igure  4 shows  the  rest  potent ia l  of  the  polarizat ion 
curves against the magnitude of superimposed AV for a 
range of AV frequencies from 20 to 6000 Hz. The rest po- 
tential was shifted to the negative direction by the ap- 
plied AV. The reason for this is that the cathodic Tafel 
slope was larger than anodic Tafe] slope, and, according 
to an analysis by Chin et al. (4-5), the rest potential would 
be shifted toward the negative direction because of an un- 
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(2400 rpm) as a function of the root-mean-square of superimposed si- 
nusoidal AV for 0.1M phenol and 1M H~SO~ at 50~ The AV fre- 
quency varied from 20 to 6000 Hz as indicated in the figure. 
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Fig. 5. AC current density vs. dc potential when 200 Hz sinusoidal 
AV was superimposed on a platinum rotating disk electrode (2400 
rpm) in 0.1M phenol and 1M H2SO4 at 50~ The AV magnitude 
varied from 125 to 500 mV rms as indicated in the figure. The arrows 
refer to the position of the rest potentials where the dc current den- 
sity became zero on the electrode. 

symmet r i c  behav ior  be tween  the  anodic  and cathodic  po- 
larizat ion of  the p resen t  react ion system. 

A C  current  densi ty  vs. dc po ten t ia l . - -The  typical  ac cur- 
rent  densi ty  vs. dc potent ia l  curves  at 200 Hz are g iven in 
Fig. 5 for a range  of  s inusoidal  AV f rom 125 to 500 mV 
rms. The m e a s u r e m e n t s  were  m a d e  wi th  a p la t inum rotat- 
ing disk in a solut ion conta in ing  0.1M phenol  and 1M 
H~SO4 at 50~ The ac current  dens i ty  increased with  in- 
creas ing AV at a g iven  dc potential .  For  a g iven  root- 
mean-square  of  AV, the ac cur ren t  dens i ty  increased  wi th  
AV f requency.  The  ac cur ren t  was  also a funct ion  of  dc  
potential .  For  the  AV less than  250 m V  rms,  the  ac cur ren t  
at the ca thodic  dc potent ia ls  was h igher  than  that  in the  
anodic  r eg ime  (the arrows in the  f igure indicate  the  rest  
potentials). However ,  as the  m a g n i t u d e  of AV increased  
beyond  375 mV rms, the ac current  dens i ty  vs. dc poten-  
tial curves  exh ib i t ed  a m a x i m u m  wi th in  the  dc potent ia l  
range invest igated.  The  m a x i m u m  ac current  occurred 
approx imate ly  at 750 mV vs. SCE, and the  he ight  of the  
m a x i m u m  increased  with  increas ing  AV. The phenome-  
non  is similar  to that  of  ac po!arography (34). Accordingly ,  
the  dc potent ia l  where  the  m a x i m u m  ac occurred  was in 
the  v ic in i ty  of  the  half-wave potent ia l  for the  oxidat ion  of  
phenol .  
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Fig. 6. Effect of AM waveforms on the dc polarization curves of a 
platinum rotating disk electrode (2400 rpm) in 0.1M phenol and 1M 
H~SO4 at 23~ The data are given for the 200 Hz sinusoidal, square, 
and triangular wave AV as indicated in the figure. The AV magnitude 
was kept at 375 mV rms. For comparison, the polarization curve with- 
out any superimposed AV is also given (open circles). 
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Effect on A V  wave fo rms . - - In  o r d e r  to  i nves t i ga t e  t h e  e b  

fect  of  A V  w a v e f o r m s  on  t h e  o x i d a t i o n  of  pheno l ,  a set  of 
r u n s  was m a d e  b y  s u p e r i m p o s i n g  200 Hz t r i a n g u l a r  a n d  
squa re -wave  A V  on to  the  p l a t i n u m  e l ec t rode  in  0.1M phe-  
nol  + 1M H2SO4 at  23~ F i g u r e  6 s h o w s  t he  r e s u l t i n g  dc 
po la r iza t ion  c u r v e s  for  a set  of  s inuso ida l ,  square ,  a n d  tri- 
angu l a r  AV at  a c o n s t a n t  A V  m a g n i t u d e  of  375 m V  r m s  
(200 Hz). Fo r  c o m p a r i s o n ,  t h e  dc po la r i za t ion  w i t h o u t  A V  
is also s h o w n  in  t he  figure. I t  is s een  t h a t  the  t r i a n g u l a r  
w a v e  r e s u l t e d  in t he  l a rges t  i n c r e a s e  in  t h e  dc  c u r r e n t  
dens i ty  for  b o t h  t he  a n o d i c  and  ca thod i c  reac t ions .  Th i s  
was  fo l lowed b y  t he  s inuso ida l  a n d  s q u a r e  wave  accord-  
ing  to t he  s e q u e n c e  

t r i a n g u l a r  A V  > s inuso ida l  A V  > s q u a r e  A V  [9] 

The  t r e n d  was  s imi la r  to t h a t  of p r e v i o u s  mass - t r ans f e r  
s tud ies  in  ac e lec t ro lys i s  (37-38), w h e r e  t he  t r i a n g u l a r  
wave  was  s h o w n  to h a v e  t he  la rges t  l im i t ing  ac c u r r e n t  
dens i ty ,  fo l lowed  b y  t he  s inuso ida l  a n d  s q u a r e  wave  ac. 
Th i s  s e q u e n c e  m a y  b e  e x p l a i n e d  b y  t he  fac t  tha t ,  for a 
g iven  r o o t - m e a n - s q u a r e  value,  t he  t r i a n g u l a r  wave  pos- 
sesses  the  h i g h e s t  p e a k  vol tage ,  c aus i ng  t he  seve res t  de- 
s t r u c t i o n  of  t he  a d s o r b e d  layer  on  t h e  p l a t i n u m  surface.  
Qual i ta t ively ,  all t h e  t h r e e  w a v e f o r m s  h a d  the  s ame  effec t  
on  t he  o x i d a t i o n  of  p h e n o l  on  t he  p l a t i n u m  elec t rode .  Dis- 
t i nc t i ons  can  be  m a d e  only  b y  t h e  e x t e n t  of  e n h a n c e m e n t  
in  t he  dc c u r r e n t  dens i ty .  All t he  A V  w a v e f o r m s  sh i f t ed  
the  res t  po t en t i a l s  t o w a r d  the  nega t ive  d i rec t ion ,  as 
s h o w n  in  Fig. 4. 

Results o f  batch electrolysis.--The b a t c h  e lect rolys is  ex-  
p e r i m e n t  was  ca r r ied  ou t  in  a s i n g l e - c o m p a r t m e n t  ce]] at  
50~ w i t h  0.01M p h e n o l  in  1M su l fur ic  acid.  In  th i s  exper i -  
men t ,  p h e n o l  was  ox id ized  to b e n z o q u i n o n e  on  a s ta t ion-  
a ry  p ] a t i n u m  anode ,  a n d  t he  b e n z o q u i n o n e  was  f u r t h e r  
r e d u c e d  to h y d r o q u i n o n e  on  a p l a t i n u m  sc reen  c a t h o d e  
h a v i n g  a sur face  a rea  m u c h  la rger  t h a n  t h a t  of the  anode .  
The  cell  was  o p e r a t e d  w i t h  a p o t e n t i o s t a t  by  con t ro l l ing  
t h e  p o t e n t i a l  of t he  a n o d e  w i t h  r e s p e c t  to  a s a tu r a t ed  calo- 
me l  r e f e r ence  e lec t rode .  T h e  o p e r a t i n g  c o n d i t i o n  was  dc 
potent ia l ,  750 m V  vs. SCE, a n d  60 Hz s inuso ida l  A V  vary- 
ing  f rom 0 to 375 m V  rms.  Th i s  c o n d i t i o n  was  c h o s e n  
f rom the  po l a r i za t i on  c u r v e s  s h o w n  in  Fig. 2-3. To man i -  
fes t  t he  effect  of  A V  f r e q u e n c y  on  t he  b a t c h  electrolysis ,  a 
s u p e r i m p o s e d  A V  of  250 m V  r m s  in  a r a n g e  of A V  fre- 
q u e n c y  f rom 20 to 600 Hz was  also used .  The  c o n v e r s i o n  
of p h e n o l  (mole  c o n v e r t e d  pe r  mo le  of  p h e n o l  cha rged  at 
the  b e g i n n i n g  of  e lect rolys is)  a n d  the  y ie ld  of  h y d r o q u i -  
n o n e  (mole  f o r m e d  p e r  mo le  of  p h e n o l  conver t ed )  we re  
o b t a i n e d  w i t h  a c h e m i c a l  analysis .  T h e  dc  c u r r e n t  1, ac 
c u r r e n t  I, dc  cel l  vo l tage  E, a n d  ac cell  vo l tage  E were  re- 
c o r d e d  on  a s t r ip  c h a r t  recorder .  T he  n u m b e r  of  dc cou- 

l o m b s  p a s s i n g  t h e  cell  was  o b t a i n e d  b y  i n t e g r a t i n g  t he  dc  
c u r r e n t  w i th  r e s p e c t  to t he  t ime,  a n d  t he  anod ic  c u r r e n t  
eff ic iency for  the  o x i d a t i o n  of  p h e n o l  was  ca lcu la ted  ac- 
c o r d i n g  to F a r a d a y ' s  law. The  c o n s u m p t i o n  of  electr ic  en- 
ergy d u r i n g  t h e  e lec t ro lys is  was  ca l cu la t ed  b y  

f2 W = [E(t)I(t) + E~m~(t)i~m~(t)]dt [10] 

w h e r e  W is t h e  e lec t r ic  e n e r g y  in  jou les ,  t is t h e  t i m e  in  
seconds ,  a n d  t he  s u b s c r i p t  r m s  refers  to  t he  roo t -mean-  
s q u a r e  values .  

F igure  7 s h o w s  t he  r e su l t s  for  t he  de  c u r r e n t  as a func-  
t ion  of t i m e  w h e n  t he  c e l l  as s u p e r i m p o s e d  w i t h  60 Hz si- 
n u s o i d a l  A V  v a r y i n g  f rom 0 to 375 m V  rms .  The  de cur-  
r e n t  i n c r e a s e d  w i t h  AV. At  375 m V  AV, t h e  de c u r r e n t  
was  1000 t i m e s  g rea t e r  t h a n  t h a t  w i t h o u t  any  supe r im-  
p o s e d  AV. The  re su l t s  i m p l y  t h a t  t he  app l i ed  AV in- 
c reased  t he  r eac t i on  rate.  The  c o n v e r s i o n  of  p h e n o l  is pre-  
s e n t e d  in  Fig. 8 as a f u n c t i o n  of  t i m e  for  va r ious  app l i ed  
AV. The  f igure  shows  t h a t  t he  c o n v e r s i o n  i n c r e a s e d  w i t h  
i n c r e a s i n g  AV. However ,  t he  s lopes  of  the  cu rves  de- 
c reased  w i t h  t i m e  b e c a u s e  of the  loss  of c u r r e n t  effi- 
ciency.  F i g u r e  9 s h o w s  the  effect  of A V  f r e q u e n c y  on  the  
c o n v e r s i o n  of  p h e n o l  w h e n  250 m V  r m s  s inuso ida l  A V  
was s u p e r i m p o s e d  on to  the  a n o d e  po ten t ia l .  The  conver -  
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vs. SCE and was superimposed with 60 Hz sinusoidal AV with a mag- 
nitude varying from 0 to 375 mV rms as indicated in the figure. 

O.6 [ 2 5 0 m V  Sinusoidal AV 

o 

20Hz  

>~ / e  60Hz A 

(O 
13.2 

o.na , r , I , , , , I L , , L I , L , ~ I v , t , I , , , , 

,8 2o 30 40 so 80 

T ime ,  t ( H o u r )  
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Table I. Results for the oxidation of phenol with a potentiostatic batch electrolysis 

N o v e m b e r  1985 

Energy 
consumption 

Current ( J ) 
Experimental DC Conversion efficiency Yield 

conditions Time (h) (C) (%) (%) (%) kg-mol phenol 

Present work 
(12.5 cm ~ Pt) 

(0.01M phenol) 
(5O~ 

(DC potential 
750 mV vs. 
SCE) 

0 AV 172 6.2 . . . .  

125 mV rms 116 91.5 42 29.4 2.9 • l0 s 
60 Hz AV 

250 mV rms 45 1278 29.7 65 19.9 1.65 • 109 
60 Hz AV 

375 mV rms 10.3 1699 26.5 44 4.1 2.82 x 109 
60 Hz AV 

250 mV rms 43.9 2104 55.3 28.6 48.8 3.84 • 109 
20 Hz AV 

250 mV rms 68 58 25.9 30.2 16.8 3.17 • 10 l~ 
600 Hz AV 

Covitz (28) 
(154 cm 2 PbO2) 
(0.32M phenol) 
(30~ 

80 A/din 2 0.5 40.3 35 61.2 1.49 • 10 TM 

s ion  of p h e n o l  d e c r e a s e d  w i t h  i nc rea s ing  AV f r equency .  
Af te r  30h electrolysis ,  t h e  r u n  w i th  20 Hz A V  h a d  50% 
conve r s ion ,  w h e r e a s  on ly  25 a n d  18% c o n v e r s i o n  we re  ob- 
t a i n e d  w i t h  t he  60 a n d  600 Hz AV, respec t ive ly .  The  dc 
c u r r e n t  w i t h  20 Hz AV was  also p ropo r t i ona l l y  g rea te r  
t h a n  t hose  at  t he  h i g h e r  f r equenc ies .  

Tab le  I s u m m a r i z e s  the  r e su l t s  of  t he  po ten t io s t a t i c  
b a t c h  e lec t ro lys is  e x p e r i m e n t s  s h o w n  in  Fig. 7-9. All t he  
va lues  in  t he  t a b l e  were  o b t a i n e d  at the  e n d  of  each  run.  
The  e lectr ic  e n e r g y  c o n s u m p t i o n  was  d e t e r m i n e d  by  inte-  
g ra t ing  the  p r o d u c t  of  dc c u r r e n t  a n d  dc cell  vol tage,  a n d  
of  ac c u r r e n t  a n d  ac cell vo l tage  w i th  r e s pec t  to t h e  t ime,  
a n d  t he  r e su l t  is e x p r e s s e d  in  jou les  p e r  k i log ram-mole  of  
p h e n o l  c o n v e r t e d  at  the  e n d  of  t h e  e lectrolysis .  For  t he  
r u n  w i t h  on ly  dc potent ia l ,  t he  cell  c u r r e n t  was  so smal l  
t ha t  on ly  6.2C of  e lec t r ic i ty  we re  p a s s e d  af te r  172h elec- 
t rolysis ,  a n d  the  c o n v e r s i o n  of p h e n o l  was  negl igible .  
With  s u p e r i m p o s e d  AV, t h e  dc Curren t  i n c r e a s e d  a n d  t he  
e lectrolysis  t i m e  was  sho r t ened .  T he  ra te  of ox ida t ion  of  
p h e n o l  i n c r e a s e d  w i th  i n c r e a s i n g  m a g n i t u d e  of  A V  a n d  
w i t h  d e c r e a s i n g  A V  f requency .  However ,  as the  dc cur-  
r en t  i n c r e a s e d  b y  AV, t he  anod ic  c u r r e n t  ef f ic iency de- 
creased.  The  y ie ld  of  h y d r o q u i n o n e  a p p e a r e d  to inc rease  
w i t h  d e c r e a s i n g  A V  f r e q u e n c y  a n d  to dec rease  w i t h  in- 
c reas ing  m a g n i t u d e  of  s u p e r i m p o s e d  AV. Fo r  compar i -  
son, t h e  r e su l t s  of  a ga lvanos ta t i c  dc e lec t ro lys is  u s i n g  a 
lead d iox ide  a n o d e  as r e p o r t e d  b y  Covi tz  (28) are also 
l i s ted  in Tab le  I. T h e  p r e s e n t  r e su l t s  for  t he  c o n v e r s i o n  of 
pheno l ,  a n o d e  c u r r e n t  eff iciency,  a n d  yie ld  of  h y d r o q u i -  
n o n e  we re  c o m p a r a b l e  to t h o s e  of  Covi tz ' s  dc electrolysis .  
On the  o the r  h a n d ,  the  e n e r g y  c o n s u m p t i o n  of  the  po ten-  
t ios ta t ic  ac e lec t ro lys i s  (excep t  for t he  r u n  w i t h  600 Hz 
AV) was  a b o u t  one  o rde r  sma l l e r  t h a n  Covi tz ' s  value.  Th i s  
is b e c a u s e  A V  s e r v e d  as a depo la r i ze r  a n d  r e d u c e d  t he  
e lec t rode  o v e r p o t e n t i a l  a n d  dc cell  vo l t age  by  con t inu-  
ous ly  ac t iva t ing  t he  e l ec t rodes  d u r i n g  t h e  electrolysis .  A 
large po r t i on  of  t he  to ta l  ene rgy  r e q u i r e m e n t  in  t he  pres-  
en t  w o r k  was  c a u s e d  b y  t h e  pas sage  of  ac c u r r e n t  a n d  ac 
cell vol tage.  

Conclusions 
A s t u d y  h a s  b e e n  m a d e  of t he  ef fec t  of  A V  on t he  oxida-  

t ion  of p h e n o l  on  p l a t i n u m  in  a q u e o u s  su l fur ic  ac id  elec- 
t rolyte.  The  ef fec ts  of  A V  w a v e f o r m s  (s inusoidal ,  square ,  
a n d  t r i a n g u l a r  waves) ,  f r equency ,  a n d  m a g n i t u d e  we re  
also e x a m i n e d .  T h e  re su l t s  i n d i c a t e  tha t ,  w i t h i n  t he  fre- 
q u e n c y  r a n g e  of  20-600 Hz, A V  i n c r e a s e d  t h e  dc c u r r e n t  
d e n s i t y  for t he  a n o d i c  a n d  ca thod i c  p r o c e s s e s  a n d  sh i f t ed  
the  r e s t  po t en t i a l  t o w a r d  t he  nega t ive  d i rec t ion .  The  mag-  
n i t u d e  of  dc  e n h a n c e m e n t  i n c r e a s e d  w i t h  i n c r e a s i n g  root- 
m e a n - s q u a r e  of  s u p e r i m p o s e d  AV, a n d  d e c r e a s e d  w i t h  in- 

c r eas ing  f r equency .  The  r e su l t s  of  a po ten t io s t a t i c  b a t c h  
e lec t ro lys is  in  an  u n d i v i d e d  cell  r evea l ed  t h a t  supe r im-  
p o s e d  A V  i n c r e a s e d  t he  dc  c u r r e n t  a n d  s h o r t e n e d  the  
e lect rolys is  t ime.  The  ra te  of  c o n v e r s i o n  of p h e n o l  in- 
c r eased  w i t h  i n c r e a s i n g  AV. The  anod ic  c u r r e n t  effi- 
c iency,  a n d  yie ld  of  h y d r o q u i n o n e  d e c r e a s e d  w i th  in- 
c reas ing  AV. The  electr ic  e n e r g y  c o n s u m p t i o n  was  
smal le r  t h a n  t h a t  of  a ga lvanos t i c  dc e lec t ro lys is  r e p o r t e d  
in t he  l i t e ra ture .  
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Modif icat ion of Ti tanium Electrodes for 

Detection of Biological Substances 

Ichiro Nakabayashi, Tahei Tomida, and Katsuhiro Kawashiro 
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ABSTRACT 

Several modifications of the surface structure and texture of electrode substrate (titanium) were carried out by the 
treatments of rolling, heating, and ion bombardment  to develop electrodes to detect biological substances. These elec- 
trodes were chemically modified with trypsin or aprotinin (trypsin inhibitor). The electric response measured in a 
specific reaction system of trypsin-aprotinin depended on the characteristics of surface of the electrode substrate as 
well as the concentration of the biological substances. The ion bombardment  in H20 vapor was found to be more effec- 
tive in modifying electrodes for biosensors of this type. 

Chemically modified electrodes have been developed 
to detect biological substances such as antigens, antibod- 
ies, enzymes, etc. (1-3). Yamamoto et al. (1, 2) have pro- 
posed a new electrical method using a ti tanium electrode 
modified chemically with the counterpart  of a biologi- 
cally active substance described above. This electrical 
method is expected to have wide applications because of 
its simplicity, high specificity, and sensitivity. 

On the other hand, it is known that the proteins to be 
modified should be immobilized by the hydroxyl group 
on the surface of electrodes. It is therefore important to 
increase the hydroxyl  group on the electrode surface. 

In this study, several modifications of the surface 
structure and texture of electrode substrates (titanium) 
were tried by rolling treatment, heat-treatment, and ion 
bombardment.  With these electrodes, the relation be- 
tween electric responses and surface properties was also 
studied for an aprotinin-trypsin system. 

Experimental 
Preparation of electrode.--Titanium wires (l~b • 35 ram) 

were used as the electrode substrates. Each wire was 
modified separately by a different t reatment as follows: a 
was heated at 600~ in the air atmosphere for 5 min; b was 
rolled by length of 50% with a dental roller and then oxi- 
dized at 600~ for 5 min; c was treated like b and then an- 
nealed at 1300~ in 6.7 • 10 -~ Pa for 30 min and further 
oxidized at 600~ in air for 5 rain; with d, the substrate of 
c was exposed to ion bombardment  (20 Pa of H20 vapor) 
with an energy of 200 eV. The ion bombardment  was car- 
ried out by the usual radio frequency (RF) diode sputter- 
ing method described elsewhere (4). 

After these various treatments, these electrode sub- 
strates were chemically modified with trypsin or a tryp- 
sin inhibitor (aprotinin) by the conventional cyanogen 
bromide method (5). The chemically modified electrode 
with bovine serum albumin (BSA) was used as the refer- 
ence electrode. The chemicals of trypsin (type III), apro- 
tinin (type I-S), and BSA were procured from Wako Pure 

Chemicals Company Limited and Sigma and Seikagaku 
Kogyo Company Limited, respectively. Aqueous solution 
of barbital sodium (0.1M) served as the buffer solution at 
pH 8.6. This particular pH was adjusted by 1M hydrochlo- 
ric acid. 

Electrical measurement.--The electric circuit is shown 
in Fig. 1. A potential difference between the working and 
reference electrode immersed in a sample solution (18 ml) 
at 35~ was measured with a vibrating reed electrometer 
(Takeda Riken Company Limited). The sample solution 
was stirred with a Teflon stirrer piece at an appropriate 
speed. The whole system of measurement  was set in the 
dark box shielded electrically with aluminum foil. 

Results and Discussion 
The electrode potential between the working (aproti- 

nin) and the reference electrode shifted exponentially to- 
ward the positive after the addition of trypsin solution (2 
ml). On the other hand, the electric response changed in 
the negative direction by the trypsin electrode-aprotinin 
solution. The response direction (positive, negative) and 
the voltage change observed have been well explained bY 
the reasonable assumption of the dipole moment  upon 
the formation of the complex of trypsin-aprotinin (6). This 
potential shift is attributed to the specific reaction be- 
tween aprotinin and trypsin at the electrode surface as de- 
scribed by Yamamoto et al. (1). 

Silicone I I 
rubber X /  I . I I'V,br=+og' " 

I I 
~ t - "  I electrometer / 

Reference~l ~-Working ' I 
i , , le, ,o  I Recorder I 

~ - ' - F  Stirrer piece 
Fig. i. System for the measurement of potential difference of refer- 

ence and working electrodes. 
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Fig. 2. Semilog plots of potential vs. time for electrode of original 

titanium wire. 

Figure  2 shows  the  semi log  plots  of potent ia l  vs. t ime. 
The slope of  each  curve  in the  figure was propor t ional  to 
the t rypsin concent ra t ion ,  and potent ia l  shift  could  be ex- 
pressed  by the equa t ion  

V = Vo [1 - exp (-kCt)] 

where  Vo is the  t e rmina l  potent ia l  shift, wh ich  depends  on 
the  a m o u n t  of  coupl ings ,  and C is the  concen t ra t ion  of  an 
addit ive.  In this case the addi t ive  is trypsin.  

F igure  3 shows the  effect  of d i f ferent  surface t r ea tments  
for substra tes  on electric responses:  The  rol led e lec t rode  
( t rea tment  b) gives  a h igher  potent ia l  shift  but  longer  de- 
lay t ime  than  that  of  the original t i t an ium wire ( t reatment  
a). This may  be  due  to the  thick porous  oxide  layer pro- 
duced  on the  e lec t rode  surface by the  rolling, resul t ing in 
the increase of  hydroxy l  group a t t ached  to the  surface, 
and so the  long t ime  is needed  for the  addi t ive  to diffuse 
th rough  the  porous  layer to the  b ind ing  sites. Also, the  
hea t - t rea tment  of  rol led plate ( t rea tment  c) decreases  the  
potent ia l  significantly.  This  is due  to the  decrease  in the  
hydroxy l  group or aprot inin  immobi l i zed ,  owing  to the  
h igh  crystal l ini ty of  TiO2 (rutile) and t i t an ium metal .  This  
was conf i rmed by x-ray dif f ract ion analysis. The  de- 
crease in roughness  of  the surface and grain boundar ies  
b roadened  by hea t - t rea tment  were  also observed  in the  
pho tograph  of  scanning  e lec t ron mic roscope  (SEM). 

The  response  obta ined f rom the H~O-bombarded elec- 
t rode  ( t rea tment  d) was very  rapid  and sensi t ive as com- 
pared with  curves  a, b, and c co r respond ing  to the  non- 
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Fig. 3. Effects of surface treatment on electric response, a: Original 
titanium wire. b: Titanium plate rolled wire. c: Titanium plate rolled 
and then annealed at 1300~ in 6.7 x 10 -3 Pa. d: Titanium plate an- 
nealed at 1300~ and then bombarded in 20 Pa of H20 vapor. 

b o m b a r d e d  electrodes.  The potent ia l  vs. t ime  behavior  of 
the  var ious ly  t rea ted  e lect rodes  was expressed  by the 
equa t ion  descr ibed  above,  excep t  for the data on the  high 
t empera tu re -annea led  subs t ra te  (c) in Fig. 3, wh ich  shows 
ve ry  smal l  potent ia l  change.  The  va lue  of  k for t he  bom- 
ba rded  e lec t rode  is about  seven  t imes  that  of the non- 
b o m b a r d e d  one (a). The effect  of  the  ion  b o m b a r d m e n t  
may  cont r ibute  to increase in the hydroxy l  group on the  
e lec t rode  surface. This  was conf i rmed by the detec t ion  of 
the sulfur a toms in the  t rypsin  molecu les  a t tached to the  
hydroxy l  group on the surface of e lectrode.  

F igure  4 shows the  pho tographs  of  the secondary  elec- 
t ron image and S-K~ radiat ion profile wi th  an e lec t ron 
probe microana lyzer  (EPMA). In  the  ion -bombarded  sub- 
strates, a small  a m o u n t  of sulfur was found to be uni- 
formly dis t r ibuted.  On the o ther  hand,  only a t race of  sul- 
fur was de tec ted  in the  original  or annealed substrate.  

X-ray diffract ion studies were  conduc t ed  for the above  
substrates.  It  was observed  that, for  all substra tes  t rea ted 
be low 600~ no peaks  co r respond ing  to t i tan ium ox ide  
were  found in the  x-ray patterns.  On the  o ther  hand,  TiO~ 
(rutile) crystal  was de tec ted  in all subst ra tes  t reated above  
600~ F r o m  the  x-ray and SEM analyses  of  rut i le  crystal  
which  was t reated by the  ion b o m b a r d m e n t  in H20 vapor,  
no change  was observed  in its surface t ex ture  or crystal  
s tructure.  However ,  a th in  amorphous  layer of  t i t an ium 

Fig. 4. Texture of trypsin elec- 
trode surface and sulfur distribu- 
tion on it by EPMA. 
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oxide is assumed to be formed due to the displacement of 
atoms in the surface layer from their regular sites. In the 
similar technique employed for Zn~SiO4, this analogy is 
already established (4). This thin amorphous layer could 
have a large amount  of hydroxyl group in a similar man- 
ner as silica gel or porous glass (5). 

These results show that the response of potential in the 
trypsin inhibitor (aprotinin)-trypsin system depends on 
the characteristics of electrode substrate surface which 
are modified by the various surface treatments such as 
rolling, heating, and ion bombardment.  Above all, the ion 
bombardment  in H~O vapor was found to be more effec- 
tive in modifying electrodes for biosensors of this type. 
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ABSTRACT 

The galvanostatic deposition of polycarbazole was conducted by pulsing the current in the frequency range from 0.1 
to 500 Hz in solutions of N,N-dimethylformamide containing carbazole and tetra-n-butyl ammonium perchlorate. Com- 
pared with its dc deposition, the results obtained here indicated a smooth deposit (pinhole free) and with greater bind- 
ing to the substrate surface. The SEM studies demonstrate that the range of pulsed frequencies and the potential drop 
across the electrodes control the deposition process. An advantage of the unsymmetrical ly pulsed current deposition 
was the selective reduction of the unpolymerized free radicals at the electrode-solution interface resulting in increasing 
the surface concentration of the monomer. The development of concentration gradients in the pulsed electrolysis has 
been followed by laser interferometry, and it shows frequency-controlled growth at the electrode/solution interface. 

While the organic synthetic metals have prospective us- 
age as electrodes in fuel cells and in rechargeable bat- 
teries (1-3), a key problem in their development has been 
associated with their stability. One factor which is respon- 
sible for this instability, especially with polycarbazole- 
type electrodes, is caused by the pinholes (nonsmooth de- 
posits) and weakly adhering nature of the deposits 
produced during their eleetrodeposition. Problems such 
as fine-grained and "burned" deposits during electrodep- 
osition of metals, such as Ni, Au, Ag, etc., arise but  can be 
avoided by using a high e.d. pulsed at a low frequency (4) 
to enhance the metal ion concentration in the diffusion 
layer (5-7). The effect of pulsed electrolysis has been to in- 
crease the allowable rate of deposition. As the mechanism 
of the electrodeposition of real metals differs from others 
(synthetic metals), an investigation has been undertaken 
to study the effect of pulsed current on the deposition of 
polycarbazole. The results obtained in this study suggest 
that a smooth deposition can be obtained at moderate fre- 
quencies (higher than that employed in the conventional 
depositions), i.e., < 1 Hz. The need for using higher fre- 
quencies than those employed in conventional metal dep- 
ositions is attributed to two factors: (i) as the synthetic 
metals are produced by an initial electrochemical oxida- 
tion of the electroaetive species generating the radical eat- 
ion for propagating the polymer chain, the reduction of 
the nonpolymerized radical at the electrode during gal- 
vanostatic (current pulsed anodic on/off, anodie/cathodic, 
or anodic/off/cathodic/off) pulsed electrolysis results in 

the enhancement  of the surface concentration of the 
electroactive species (carbazole), and (ii) the negligible 
destruction of the deposits in the pulsing mode (the poly- 
mer is reduced at E ~ ~ 0.0 V). 

The pulsed electrodeposition of polycarbazole has been 
followed by laser interferometry, and the diffusion gradi- 
ents that exist in the pulsed electrolysis are discussed 
here. 

Experimental 
The solutions for the electrodeposition of carbazole 

were prepared in anhydrous N,N-dimethylformamide 
(DMF, MCB reagent grade). Tetra-n-butyl ammonium 
perchlorate (South Western Analytical Chemicals) was 
dried at 100~ for 24h in a drying piston under  vacuum 
before using it as the supporting electrolyte. The dried 
sample was stored in a dessicator before use in the exper- 
imentg. 

The electrodes employed in this study were of two 
types. In one type (for multiple beam laser interfer- 
ometry), glass disks were cut in half and the cut edges 
were sputtered with Au about 3000-5000• thick. The sput- 
tering was done for about 10 min. 

The glass disks were cleaned in  alcoholic KOH solution 
before carrying out the sputtering. In the second type (for 
SEM studies and holographic interferometry), rectangular 
glass plates (0.8 cm wide and 8.5 cm long) were covered 
with vacuum-deposited Au. The thickness of the film 
was measured with a profilometer and was estimated at 
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3000~. The two electrodes were widely separated in the 
interferometric cell (separation of 5-10 mm). 

The experimental  arrangement for laser interferometry 
has been described previously (8-10). The Au plated glass 
disk electrodes were mounted into the Teflon cell in a 
parallel configuration. The optical glass flats were 
placed on either side of the electrodes and clamped in a 
brass cell holder. A He-Ne laser (1 roW) was used for pro- 
ducing the interference fringes. The fringe movements  
were videotaped on a Hitachi video recorder (VTR Model 
VT-7A) and were displayed on a 20 in. Hitachi color tele- 
vision. An RCA CC 030 microprocessor-controlled camera 
was used to follow the fringes. 

The pulsed electrolysis experiments were carried out 
using a Keithley constant current source (Model 220) in 
combination with a Wavetek Model III function generator 
or Data Royal Corporation F210B waveform generator. 
The cell voltages were followed using a Tektronix Type 
561A oscilloscope with Type 3A6 dual-trace amplifier 
and Type 3B3 time base. A few experiments  were carried 
out with a Harrison power supply-amplifier 6824A with 
• and •  suitably modified to generate the pulsed 
currents. 

Results and Discussion 
The electrodeposition of polycarbazole v~as conducted 

at c.d.'s ranging from 0.06 to 3.5 mA-cm -~ with galvano- 
static pulsed frequencies ranging from 0.5 to 500 Hz. The 
galvanostatic pulsed current amplitude oscillates sym- 
metrically from the positive to negative direction. Figure 
1 shows the potential drop across the electrodes plotted 
as a function of the applied c.d. during the electrolysis of 
carbazole. The magnitude of the observed changes in the 
cell voltage is larger at lower c.d.'s (< 0.3 mA-cm -~) owing 
to the smaller extent  of polarization at the electrodes. The 
interfacial concentration of carbazole or its radical is ex- 
pected to change periodically (as is the double-layer ca- 
pacitance, which must charge with the solution resist- 
ance) as the potential of the system is changed. At the 
anode (when the current magnitude is positive), the oxi- 
dation of carbazole to a free radical occurs, and at the 
cathode, reduction of carbazole to its anion with its 
follow-up reaction will occur (11). The extent  to which 
these reactions proceed is dependent on the imposed c.d. 
and the actual potentials attained by the electrodes dur- 
ing the electrolysis. Thus, at both the electrodes, the on- 
set of background electrolysis occurs after a long time 
(several minutes). In the electrolysis conducted at lower 
frequencies (< 10 Hz) due to the factors discussed earlier, 
the oscillating potential range [the maximum (V~,• and 
minimum (Vm~,) potential drop across the electrodes] 
spans a wider range with Vm~ reaching negative values 
relative to the V .... and relative to V = 0. Figure 2 de- 
scribes the V~,,~ and V~, distribution as a function of the 
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Fig. 2. The effect of frequency upon pulsed electrolysis of 60 mM 
corbazole. The V,nax and Vm~n attained during the electrolysis is given 
in the figure. 

pulsing frequency during the electrodeposition of 
polycarbazole in a laser interferometric cell. 

The onset of concentration profiles during the pulsed 
electrolysis o f  carbazole follows a pattern similar to that 
of dc electrolysis (12); a smooth down turn of the fringes 
was observed at the anode, indicating a decrease in re- 
fractive index of the medium in that region of the electro- 
lyte. Due to the pulsing current density, the electrode po- 
larity changes with the result that these fringe bendings 
show a reversal. The fringe shifts at the anode during the 
progress of the electrolysis show a frequency depend- 
ency; at 500 Hz, pulsed electrolysis at a c.d. of 0.30 
mA-cm -~ fringe shifts of 0.85 (240s) and 1.07 (360s) were 
obtained. At a lower frequency, 50 Hz, a fringe shift of 
0.53 (240s), 0.67 (360s), and at an intermediate frequency of 
100 Hz a fringe shift of 0.75 (240s) was estimated during 
the progress of the electrolysis. This decreasing trend was 
maintained to the lowest frequency, that is, 0.5 Hz. With a 
view to understanding this fringe shift behavior, we mon- 
itored the potentials Vmax and Vmin during the course of 
the electrolysis. At the highest f requency examined (500 
Hz), the Vm~n value differed from the Vmax by about 0.20V, 
and at the lowest frequency of 0.5 Hz this difference wid- 
ens to 12.0V. In the latter situation, the potential drop 
across the electrodes (Vm~,) moves to the negative region. 
In the experiments that were conducted with 500 Hz puls- 
ing, the Vmax and Vm~, were both in the positive region. 
Based on these results, it is possible to postulate two sets 
of reactions, one set of reactions when both Vmax and Vm~n 
are well into the positive region of potentials and another 
set of reactions when the cell voltage oscillates from posi- 
tive to negative values (relative variations). We wish to 
suggest that (at the electrode which is usually the anode) 
these reactions are the reduction of the free radical cation 
on the surface of the electrode (produced after the initial 
oxidation of carbazole) and the redox reaction of the poly- 
merized product. A cyclic voltammetric study of the poly- 
carbazole in background solutions of DMF containing 
(C4H.,)4NC104 reveals such a reduction of polycarbazole at 
E,c = 0.0 V (13, 14) and a drawn-out oxidation wave of the 
l~roduct at about +0.20V. These reactions are possibly re- 
sponsible for the differences in the observed fringe shifts. 

The effect of pulsed electrolysis on the concentration 
gradients is much more pronounced at higher c.d.'s (> 1 
mA-cm:~). This point is illustrated in Fig. 3. Note the de- 
velopments of concentration gradients in the frames 1 
through 4. The fringe bending occurs smoothly up to 60s 
of electrolysis of earbazole, and thereafter the fringe dis- 
tortions occur until destroyed at t imes greater than 900s. 
An important feature of the high c.d. electrolysis is the 
stronger distortions of the fringes at the initially cathodi- 
cally polarized electrode. The sequence of fringe distor- 
tions are much more easily seen on the videotapes where 
hydrodynamic contours are clearly discernible on the tel- 
evision screen. Since in pulsed electrolysis the polarities 
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Fig. 5. Holographic interferometry of the electrodeposition of 
polycarbazole. The development of concentration-distance profiles 
are indicated at two different c.d.'s, f = 10 Hz. 

Fig. 3. Laser interferograms obtained during high c.d. electrodepo- 
sition of polycarbazole, io = 16.6 mA-cm 2. f = 1 Hz. 1: At 60s of 
electrolysis. 2: 180s. 3: 240s. 4: 360s. The anode is a Au plated glass 
electrode on the left side, and the cathode is another Au plated glass 
electrode. 

of the  e lectrodes  are cont inuous ly  reversed,  one  would  
expec t  a s imilar  d e v e l o p m e n t  of  fr inge dis tor t ions at the  
anode  (the o ther  electrode).  It is, however ,  not  observed  
in these  expe r imen t s .  The  occur rence  of  fr inge distor- 
t ions at the  ca thode  is be ing  ascr ibed  to the  (C4Hg)4N+ re- 
duc t ion  (background  electrolysis) and the  c leavage of  the  
neutral  radical  p r o d u c e d  to the  co r respond ing  amine  and 
N2. This  process  occurs  more  efficiently o n  the Au cath- 
ode than  on the  po lymer -covered  Au anode.  These  resul ts  
sugges t  d i f ferences  in the  electrocatalyt ic  behav ior  of the  
p o l y m e r  and Au  electrodes.  

A more  detai led analysis  of  the  concen t ra t ion  gradients  
and the  concen t ra t ion-d i s tance  profi les at the  anode  can 
be  done  by us ing  a holographic  in te r fe romet r ic  cell, '  
where  the  d is tance  be tween  the  e lec t rodes  is larger, 10 
m m  compared  wi th  the  3 m m  in mul t ip le  b e a m  laser  
in ter ferometry .  The  d e v e l o p m e n t  of  these  profiles dur ing  
the  e lectrolysis  is shown  in Fig. 4 and 5. 

The smoo thnes s  of  the  pu lsed  electrolyt ic  depos i t ion  of 
po lycarbazole  at a c.d. of  0.30 m A - c m  -~ wi th  a pulsed  fre- 

1 These profiles are obtained from holographic interferometry 
by using a 5 mW He-Ne laser in combination with a beam split- 
ter. The analyzing beam is attenuated by using a neutral density 
filter. The details of the experimental arrangement are de- 
scribed in Ref. (14) and (15). 

10Hz 

0.8 g 1.19 mAcm -2 

�9 0.39 mAcm- 2 
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A C  max �9 
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2o~ 4o'0 6bo 8o'0 io~ 
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Fig. 4. Holographic interferometry of electrodeposition of 
polycarbazole under pulsed conditions, f = 10 Hz. The development 
of concentration gradients during electrolysis at two different c.d.'s 
are shown. 

Fig, 6. Laser interferograms of pulsed electrolytic deposition of 
palycarbazole. 1: 60s. 2: 240s. 3: 360s. f = 10 Hz. io = 1.66 
mA-cm -2. 

quency  of  10 Hz is shown in Fig. 6. The  fr inges are wel l  
deve loped  dur ing  the  progress  of  the  electrolysis,  and the  
f rames  in Fig. 6 should  be compared  wi th  those  shown in 
Fig. 3 for the  d e v e l o p m e n t  of  d is tor ted  coutours .  

The expe r imen t s  were  also conduc t ed  by us ing  unsym-  
metr ical  t imings  in the  pu l s ing  circui ts  bu t  wi th  the  same 
overall  f requency.  By  this method,  we  wou ld  have  the  
osci l lat ing potent ia l  spann ing  dif ferent  potent ia l  regions; 
however ,  the  f r equency  of  the  pu l sed  electrolysis  is main- 
ta ined at t he  s a m e  value. These  expe r imen t s  wou ld  pro- 
v ide  a suppor t  to the  hypothes i s  (conclusions reached  
earlier) that  the  osci l lat ing potent ia l  plays a critical role in 
the  d e v e l o p m e n t  of  concen t ra t ion  gradients .  For  this  pur- 
pose, a compar i son  of a symmet r ica l  10 Hz (tf = 50 ms and 
t,. = 50 ms) wi th  an unsymmet r i ca l  pu ls ing  (tf = 60 ms and 
tr = 40 ms) gives differences in the  potent ia l  excurs ions  of  
+8.00 to -2 .00V and +8.00 to +4.00V, respect ively;  corre-  
spondingly,  the  gradients  are d i f ferent  for the  same su- 
pe r imposed  f requency .  This  d i f ference in concent ra t ion  
gradients  is shown  in Fig. 7. 

The conduc t iv i ty  of  the  polycarbazole  films have  been  
measu red  (10 to 100 g~- ' -cm- ' )  (]2). The  stabil i ty of the 
film has also been  measured .  An in teres t ing  aspect  of the  
pu lsed  electrolysis  is in the  morpho log ica l  d e v e l o p m e n t s  
that  appear  on the  polycarbazole  deposi ts .  For  these  ex-  
per iments ,  two  Au sputtered-glass  plates  were  used  as 

1.5 �9 +8.0V to -2.0V 
�9 +8.0V to +4.0V 

1.0 

0. ~ / /  

Y 
o i~o 24'o 3;0 48b 

t (s) 

Fig. 7. Differences in the buildup of concentration gradients under 
symmetrical and unsymmetrical pulsed electrolysis of carbazole, f = 
10 Hz. c.d. = 1.66 mA-cm-'-'. 
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Fig. 8. SEM photographs of the polycarbazole deposits under differ- 
ent conditions. A: 10 Hz, 0.39 mA-cm -~. B: 10 Hz, 1.19 mA-cm -~, 
magnification of 550 times. C: 10 Hz, 1.19 mA-cm -2, magnification 
of 2100 times. D: 1 Hz, 0.39 mA-cm -~, magnification of 550 times. 
E: 100 Hz, !.19 mA-cm -2, magnification of 550 times. F: 1.19 
mA-cm -~, 100 Hz, magnification of 550 times of edge region. 

electrodes in the holographic cell; during these deposi- 
tions, holographic fringes were monitored. The results of 
these are given in the earlier section. The pulsed electrol- 
ysis was carried out at different c.d.'s~.in the range of 
0.30-3.57 mA-cm -~ with the pulsing frequencies operating 
at 1-100 Hz. Films made with current densities of 1-3.0 
mA-cm -~ (10 Hz) are remarkably rugged. They were active 
over a period of two weeks, as indicated by the SEM and 
the electrochemical oxidations of organics. The film con- 
t inued to be active over a period of six months. The an- 
ode was washed well with DMF and dried after the exper- 
iment. It was then examined under a scanning electron 
microscope at different magnifications up to 4000 times. 
A representative set of data on polycarbazole is shown in 
Fig. 8. The frame A in the figure was obtained at 10 Hz, 
0.39 mA-cm -2 pulsed electrolysis. The next frame, B, was 
the deposit obtained at the 10 Hz, 1.19 mA-cm-'-' electroly- 
sis, and the following frame, C, was the observation of the 
deposit under  a higher magnification (3900 times). In  
these frames, one can see the crude deposits on the un- 
derlying bumpy deposits. The unevenness is much more 
visible at still higher c.d.'s, 3.57 mA-cm -~, and the depos- 
its tend to peel off from the glass surface. Frame D shows 
the deposit obtained at the 0.39 mA-cm-~, 1 Hz electroly- 
sis; the develpment of cracks on the electrode is visible in 

the frame. Frame E in Fig. 8 shows the deposit obtained 
when pulsing at 100 Hz. At these frequencies, the elec- 
trode edges develop uneven growth. A magnified view of 
the edge deposit is shown in frame F. The higher c.d.'s 
such as 3.57 mA-cm -2 do not yield good adherent depos- 
its even though the cell voltage under  pulsed (10 Hz) con- 
ditions varies from +12.0 to +9.0V. This is believed to be 
because of the onset of the background electrolysis at 
these thicker deposits of polycarbazole. 
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Ionic Conductivity in Glass and Glass-Ceramics of the Na YSi O  
and NasYSi4012 Type Materials 

Ephraim Banks* and Chy Hyung Kim 
Department of Chemistry, Polytechnic Institute of  New York, Brooklyn, New York 11201 

ABSTRACT 

The ionic conductivities in glass and glass-ceramics were studied for Na3.~M0.TSi2.gP0.~Os.7 (M = Er, Y, Ho, Dy, Gd, Eu, 
and Sin) compounds.  The results showed comparable conductivity values, in the range of 10 -~ (s ~' at 280~ with 
the glasses being somewhat better conductors. Compounds of the type Na~MSi40,~ (M = Fe, In, Er, Y, Gd, and Sin), 
which yielded highly conductive phases in the crystalline ceramic form, were also studied in glassy and glass-ceramic 
states. In compositions of the latter type, the glasses showed lower conductivity than that in the glass-ceramic or the 
conventional ceramic phase. However, glass-ceramic samples with M = Er, Y showed lower activation energies (4.0-4.4 
kcaYmol) compared with those in the conventional crystalline phase prepared by Shannon et al. (1). The greater conduc- 
tivity of the glass-ceramic state in the Na~MSi40,~ phases, compared to the glassy state, is understood in terms of the fa- 
vorable structure for ionic transport in the crystalline state. 

Glasses containing alkali ions are well known as good 
conductors of electricity. The processing involved in 
forming glasses and glass-ceramics can eliminate the po- 
rosity usually associated with sintered ceramics, and can 
permit the production of thinner sections, which would 
decrease the series resistance of a cell. The feasibility of 
forming ceramics was investigated using known solid 
electrolyte compositions to yield a highly conductive 
phase. 

Since the compounds of the type Na3YSi309 were pre- 
pared (2), it has been reported that ionic conductivity was 
improved by the addition of more sodium with a combi- 
nation of phosphorus substitution and reduction of y3~ 
content, such as Na3.2Y0.TSi2.gP0.,Os.7 (3). 

The hydrothermal synthesis of Na~YSi40,~ and its crys- 
tal framework was reported by Maksimov et al. (4). Since 
1977 and 1978 (5, 6), those materials have been known as 
good superionic conductors owing to the existence of 
large channels in the structure, which facilitate ionic 
transport. However, the study of glassy and glass-ceramic 
forms of these materials has not yet been investigated. 

In this work, preparation of Na3.2M0.TSi2.~P0.~Os.7 (M = Er, 
Y, Ho, Dy, Gd, Eu, and Sm) and NasMSi4012 (M = Fe, In, 
Er, Y, Gd, and Sin) glasses and glass-ceramics was at- 
tempted, and comparisons of their ionic conductivities 
were made. 

E x p e r i m e n t a l  
Appropriate amounts of reagent-grade Na2CO3, M203, 

SIO2, and NH4H~PO4, according to the composition, were 
mixed in an agate mortar. The ground mixture was 
placed into a platinum crucible and heated in a furnace to 
about 1200~176 for Na3.2M0.TSi2.gPo.~Os.7 samples and 
1300~176 for NasMSi40,_~ samples for 2-3h until no air 
bubbles were found in the fused material. Weight loss 
measurements showed no appreciable loss by vaporiza- 
tion. Pouring the molten glass into a stainless steel mold 
before it solidified allowed preparation of disk speci- 
mens of 1.25-1.35 cm diam. The disk-shaped glass was 
then annealed in the furnace from room temperature to 
550~ for Na3.2M0.TSi2.gP0.,Os.7 and 600~ for NasMSi40,2 to 
relieve the strain in the quenched glass and to prevent 
cracking. It was held at that temperature for 1-2h, and 
then cooled to room temperature at the natural cooling 
rate of the furnace. X-ray powder  diffraction of the 
glasses revealed no crystalline structure. The x-ray pat- 
terns were obtained on a Philips diffractometer using Cu 
K~ radiation. The glass disks were cut to thinner sizes 
using a diamond saw, and were subsequently polished 
with emery papers (180, 320, 400, and 600). Finally, they 
were polished with alumina powder (3 tLm) on a polishing 
wheel and then washed with acetone. 

For the production of glass-ceramic materials, the same 
general process was applied except that the molten 

*Electrochemical Society Active Member. 

glasses were poured into a stainless steel plate instead of 
a mold and pressed to form thin disk specimens. These 
were placed on a graphite plate to prevent adhesion to the 
steel plate at high temperature and heated in a furnace 
from room temperature to 845~176 for Na~.~Mo.TSi=9- 
Po.iOs.7 (845~ for M = Sm; 890~ for M = Ho, Er, Eu, Gd; 
and 920~ for M = Y, Dy); and 890~176 for NasMSi40,~ 
(890~ for M = Sm, 920~ for M = Er and Gd, and 1000~ 
for M = Y) materials. No measurements  of glass transition 
temperatures were made. However, the annealing temper- 
atures listed above were determined empirically for each 
composition, approaching them by tests taken at succes- 
sively higher temperatures. Microscopic examination 
showed a polycrystalline structure, with no evidence of a 
glassy intercrystalline phase. 

The glasses were held at that temperature for 2-3h and 
then cooled to room temperature overnight. These glass- 
ceramics were polished with emery papers and alumina 
powder using the technique previously described. The 
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Fig. 1. Arrhenius plots of ionic conductivity for glass Na3.~Mo. 7- 
Si2.9Po.108.7. 
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Fig. 2. Arrhenius plots of ionic conductivity for gloss-ceramic 
Na3.2Mo.TSi2.9 Po.108.7. 

x-ray diffraction patterns for the glass-ceramic 
Na~.~M0.TSi~.gP0.1Os.7 revealed the same sharp crystalline 
patterns as the corresponding samples prepared by  press- 
ing and sintering. For  the glass-ceramic NaeMSi40~2, the 
x-ray pat terns showed traces of the Na:3MSiaO~ phase, ex- 
cept for the case of yttr ium, which showed only the 
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NaeYSi4012 phase. No detectable crystall ine phases were 
found by x-ray diffraction of the glassy materials. 

The polished disk-shaped samples were coated with 
chromium (-400~) followed by gold to about 20004 in 
thickness by vacuum evaporation, forming irreversible 
blocking electrodes. Their relative density varied from 
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98-100% in  g l a s s - c e r a m i c  Na3.2M0.TSi2.gP0.,Os.7 to  90-99% in  
t h e  g l a s s - c e r a m i c  NasMSi40,~. T h e  e x i s t e n c e  of  p o r e s  in  
t h e  g l a s s e s  w a s  n e g l i g i b l e  as  o b s e r v e d  mic roscop i ca l l y .  
T w o  c o n d u c t i v i t y  m e a s u r e m e n t  t e c h n i q u e s ,  a p u l s e  
m e t h o d  a n d  a t w o - t e r m i n a l  ac m e t h o d ,  w e r e  u s e d  at  200 ~ 
250 ~ 280 ~ a n d  320~ T h e  p u l s e  m e t h o d  w a s  c o m b i n e d  
w i t h  a dc  m e t h o d  w h i c h  p e r m i t t e d  t h e  s e p a r a t i o n  o f  ionic  
a n d  e l e c t r o n i c  c o n t r i b u t i o n  to  t h e  c o n d u c t i v i t y .  T h e  
p u l s e s  g e n e r a t e d  w e r e  80 ~s  w i t h  200 ~s  b e t w e e n  p u l s e s ,  
b u t  fo r  t h e  g l a s s - c e r a m i c  NasMSi40,2 a s h o r t e r  p u l s e  
w i d t h  of  8 ~s  a n d  a l o n g e r  p u l s e  r e p e t i t i o n  t i m e  o f  1000 ~s  
w e r e  c h o s e n  to e l i m i n a t e  t h e  p o l a r i z a t i o n  ef fec t  o c c u r r i n g  
d u e  to h i g h  ion ic  m o b i l i t y  in  t h o s e  mate r i a l s .  P u l s e  
h e i g h t s  va r i ed  f r o m  1 to 8V. F o r  t h e  dc  m e a s u r e m e n t ,  a 
c o n s t a n t  0.5V w a s  a p p l i e d  in  t h e  c i rcui t ,  b u t  t h e  elec- 
t r on i c  c o n t r i b u t i o n  w a s  neg l ig ib l e  w h e n  t h e  k n o w n  se r ies  
r e s i s t a n c e  w a s  5-10 kl2. T w o - t e r m i n a l  ac m e a s u r e m e n t s  
w e r e  p e r f o r m e d  at  102-105 Hz  a n d  at  1V u s i n g  a He wle t t -  
P a c k a r d  4274A M u l t i f r e q u e n c y  L C R  m e t e r .  

Results and Discussion 
T h e  g l a s s e s  p r o d u c e d  w e r e  t r a n s p a r e n t .  T h e  r igid  

g l a s s e s  w e r e  dev i t r i f i ed  to p r o d u c e  g l a s s - c e r a m i c s .  A ma-  
j o r  goa l  o f  th i s  s t u d y  w a s  to  c o m p a r e  t h e  ion ic  c o n d u c t i o n  
of  t h e  s a m e  c o m p o s i t i o n  in g l a s s e s  a n d  g l a s s - ce r amics .  
Usua l ly ,  a g l a s s  wi l l  be  a b e t t e r  c o n d u c t o r  t h a n  a c e r a mic  
o f  t h e  s a m e  c o m p o s i t i o n .  I n  th i s  case ,  t h e  ef for t  w a s  to  
c o m p a r e  c ry s t a l l i ne  p h a s e s  o f  t w o  m a t e r i a l s  w i t h  t h e i r  
g l a s s y  p h a s e s ,  o n e  m a t e r i a l  b e i n g  a g o o d  s u p e r i o n i c  con-  
d u c t o r  a n d  t h e  o t h e r  b e i n g  a re la t ive ly  p o o r  c o n d u c t o r .  

Na~.~M~,.~Si2.~P~,O~.~.--Figures 1 a n d  2 d i s p l a y  t h e  p lo t  o f  
- l n  (~T) vs. lIT fo r  t h e  g la s s  a n d  g l a s s - c e r a m i c  s a m p l e s  
( c u r v e s  for  M = H o  a n d  S m  are  o m i t t e d  in Fig.  1 d u e  to  
t he  c lose  s p a c i n g  b e t w e e n  lines).  T a b l e s  I a n d  I I  s h o w  t h e  

c o n d u c t i v i t i e s  a n d  e n e r g i e s  of  a c t i v a t i o n  in  t h e  g la s s  a n d  
g l a s s - c e r a m i c  p h a s e s  b y  t h e  p u l s e  a n d  ac m e t h o d  at f o u r  
t e m p e r a t u r e s .  T h e  m a g n i t u d e s  o f  t h e  concluc t iv i t ies  w e r e  
in t h e  o r d e r  o f  10-4 ( ~ . c m ) - ,  a t  250~ in  g lass  a n d  at 280~ 
in  g l a s s - c e r a m i c  p h a s e s .  A c t i v a t i o n  e n e r g i e s  w e r e  in  t h e  
r a n g e  of  13.5-15.5 kcaYmo]  a n d  n o t  v e r y  d i f f e ren t  f r o m  
t h o s e  of  t h e  c o r r e s p o n d i n g  c o n v e n t i o n a l  p o l y c r y s t a l l i n e  
p h a s e s  (3). T h e  r e s u l t s  b y  the  p u l s e  a n d  ac m e a s u r e m e n t  
w e r e  in  g o o d  a g r e e m e n t .  

F i g u r e s  3 a n d  4 s h o w  t h e  d e p e n d e n c e  of  c o n d u c t i v i t y  
u p o n  t h e  ion ic  size o f  s i x - c o o r d i n a t e  M 3~. M o s t  of  t h e  rad i i  
g iven  h e r e  a re  " c r y s t a l  r a d i u s "  radi i  d e r i v e d  b y  S h a n n o n  
(7). As  can  b e  s e e n  in Fig.  3, t he  l a r g e r  t h e  size of  M 3+ in  
t he  g l a s s y  s ta te ,  t h e  l o w e r  t h e  c o n d u c t i v i t y .  I t  m i g h t  be  
e x p e c t e d  t h a t  t h e  s o d i u m  ion  m o t i o n  in t h e  a m o r p h o u s  
s ta te  w o u l d  be  s o m e w h a t  d i s t u r b e d  b y  t h e  M s§ a r o u n d  t h e  
s o d i u m  ion  a n d  t h a t  t h e  deg r ee  o f  d i s t u r b a n c e  d e p e n d s  
on  t h e  size o f  M3% On t h e  o t h e r  h a n d ,  t h e  c o n d u c t i v i t y  in  
t h e  g l a s s - c e r a m i c  s h o w e d  a d i f f e r en t  t e n d e n c y  f r o m  t h e  
case  of  g lass ,  as  c a n  b e  s e e n  in Fig.  4. T h e  l a rge r  t he  ion ic  
size o f  M '~, t h e  g r e a t e r  t h e  c o n d u c t i v i t y .  Th i s  r e s u l t  w a s  
s a m e  as  t h a t  o b s e r v e d  in c o r r e s p o n d i n g  c o n v e n t i o n a l  ce- 
r a m i c  m a t e r i a l s  (3). W h e n  t h e  g l a s s - c e r a m i c  h a s  
rec rys ta l l i zed ,  o r d e r i n g  o c c u r s  a n d  t h e  p o s i t i o n  of  e a c h  
t y p e  of  ion  in  t h e  s t r u c t u r e  b e c o m e s  f ixed  in  t h e  s a m e  
way .  T h e  a m o u n t  o f  s p a c e  for  t h e  ion ic  m o t i o n  is deter-  
m i n e d  b y  the  size of  M3% w h i c h  r e s u l t s  in  d i f f e r en t  cell 
v o l u m e s .  T h e  m a g n i t u d e s  o f  t h e  e o n d u c t i v i t i e s  in  b o t h  
g l a s se s  a n d  g l a s s - c e r a m i c s  w e r e  c o m p a r a b l e .  E x c e p t  
w h e n  M = S m ,  t h e  o t h e r  r a re  e a r t h  c o m p o u n d s  s h o w e d  
h i g h e r  s o d i u m  ion  c o n d u c t i v i t i e s  in  g l a s s e s  t h a n  in  
g l a s s - c e r a mic s .  

Comparison of Na~YSisO, and Na.~..2Yo.~Si2..~Po.,OsT.-- 
F i g u r e  5 s h o w s  t h e  r e s u l t s  b y  a c  m e t h o d .  T h e  g l a s s y  s ta te  

Table I. Ionic conductivity of glass-Na3..2M(~.TmSi~.gPo408.7, pulse (ac) methods 

Ionic conductivity (~-cm)- '  

M nI 200~ 250~ 280~ 320~ E, (kcal/mol) 

Er 5.40 x 10 -s 1.90 x 10 -4 3.52 • 10 -4 8.61 x 10 -4 
(5.20 x 10 -s) (1.88 • 10 -4) (3.56 x 10 -4) (7.99 x 10 4) 

Y 5.15 x 10 -s 2.00 x 10 -4 4.00 x 10 -4 8.69 x 10 -4 
(5.06 x 10 -s) (2.00 • 10 4) (3.94 X 10 -4) (8.23 x 10 -4) 

Ho 4.94 x 10 -s 1.95 x 10 -4 3.80 • 10 -4 7.50 x 10 -4 
(5.00 x 10 -s) (1.88 x 10 -4) (3.70 x 10 4) (7.88 x 10 -4) 

Dy 4.55 x 10 -s 1.70 • 10 -~ 3.75 • 10 -4 8.13 x 10 -4 
(4.53 x 10 -s) (1.66 x 10 -4) (3.31 x 10 -4) (7.39 x 10 -4) 

Gd 4.00 • 10 -s 1.49 x 10 -4 3.30 x 10 -4 7.36 • 10 -4 
(3.90 x 10 -s) (1.47 • 10 -4) (3.00 x 10 -4) (6.50 • 10 -4) 

Eu 3.35 • 10 -s 1.40 x 10 -4 2.72 • 10 -4 6.41 x 10 -4 
(3.36 x 10 -s) (1.30 x 10 -4) (2.60 x 10 -~) (5.96 • 10 -4) 

Sm 3.36 x 10 -s 1.36 • 10 -4 2.85 x 10 -4 6.28 x 10 -4 
(3.32 x 10 -s) (1.30 x 10 -4) (2.65 x 10 -4) (6.20 x 10 -4) 

Table II. Ionic conductivity of glass-ceramic Na:3.~Mo.TmSi~.~Po.108.7, pulse (ac) methods 

14.05 -+ 0.10 
(13.90 _+ 0.02) 

14.24 _+ 0.02 
(14.11 _+ 0.02) 

13.71 +- 0.11 
(13.92 -+ 0.03) 

14.36 _+ 0.07 
(14.06 _+ 0.02) 

14.98 _+ 0.06 
(14.49 -- 0.04) 

14.61 _+ 0.05 
(14.37 Jr 0.02) 

14.80 +- 0.05 
(14.76 +- 0.02) 

Ionic conductivity (~l-cm) - '  

M~,, 200oC 250~ 280~ 320~ E a (kcaYmol) 

Er 1.30 x 10 -s 5.73 x 10 -s 1.20 • 10 -4 2.80 • 10 -4 
(1.32 • 10 -s) (5.70 x 10 -s) (1.23 x 10 -4) (2.80 x 10 -4) 

Y 2.10 • 10 -~ 7.80 x 10 -s 1.65 x 10 -4 3.75 • 10 -4 
(2.10 • 10-9 (8.22 • 10 -s) (1.81 • 10 -4) (3.98 • 10 -4) 

Ho 1.44 x 10 -s 6.43 x 10 -s 1.39 x 10 -4 3.14 • 10 -4 
(1.58 x 10 -.~) (6.82 x 10 -5) (1.40 • 10 -4) (3.25 x 10 -4) 

Dy 1.54 • 10 -s 6.71 • 10 -s 1.50 x 10 -4 3.32 • 10 -4 
(1.60 x 10 -s) (6.93 x 10 -~) (1.49 • 10 -4) (3.26 • 10 -4) 

Gd 2.24 • 10 -~ 9.19 x 10 ~ 1.90 x 10 -4 4.35 • 10 -4 
(2.30 x 10 -s) (9.56 • 10 s) (1.91 • 10 -4) (4.45 x 10 -4) 

Eu 2.70 x 10 -~ 1.12 x 10-4 2.20 • 10 -4 4.63 x 10 -4 
(2.80 x 10 -s) (1.14 x 10 -4) (2.27 • 10 -4) (5.10 • 10 -4) 

Sm 4.11 x 10 -~ 1.58 x 10 -4 3.12 x 10 -4. 6.50 x 10 4 
(4.17 • 10 -~) (1.66 • 10-4) (3.38 • 10 -4) (7.47 • 10 -4) 

15.28 _+ 0.03 
(15.20 +- 0.05) 

14.54 _+ 0.03 
(14.96 _+ 0.06) 

15.41 +_ 0.07 
(15.11 +_ O.O4) 

15.37 -+ 0.08 
(15.09 -+ 0.07) 

14.94 _+ 0.02 
(14.83 _+ 0.03) 

14.31 -+ 0.08 
(14.52 -+ 0.02) 

14.00 -+ 0.05 
(14.57 _+ 0.02) 
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Fig. 6. Arrhenius plots of ionic conductivity for glass Na~MSi40~2. 

has higher conductivities than those of the glass-ceramic 
state in both materials. Larger conductivity differences 
between glass and glass-ceramic states were observed in 
Na~YSi30~. The conductivity of Na~.~Y0.TSi~.gP0.~Os.7 was al- 
ways higher than that of Na~YSi30.~ in the glassy and 
glass-ceramic states. The activation energy of glass- 
ceramic Na3YSi~O~ was higher (19.8 kcal/mol) than that of 
Na~.~Y0.~Si2.gP0.~Os.7 (14.5 kcal/mol), but in glass the values 
for both materials were comparable. This is consistent 
with the view that the conduction mechanism in glass is 
largely determined by the structure of the glass network 
and relatively independent  of the number  of large net- 
work modifying ions. 
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Fig. 8. Ionic conductivity vs. l i t  for NasErSi40,2 

NadYISi4Or~ compounds.--Figures 6 and 7 indicate 
Arrhenius plots for the glasses and glass-ceramics of com- 
position Na~MSi4Ol~. The glasses show similar activation 
energies. However, in the case of glass-ceramics, the ener- 
gies of activation were somewhat different depending on 
the nature of M :~. Activation energies estimated for glass- 
ceramics with M = Er, Y were lower than those of the cor- 
responding polycrystalline materials prepared by conven- 
tional techniques (6) (see Table III). It is thought that this 
may be an effect of the smaller radii of these ions on the 
anisotropic nucleation of the NasMSi40,2 crystals in the 
glass. This point should be investigated more systema- 
tically. 

Figure 81 shows the results of measurements  on glassy 
and glass-ceramic Na.~ErSi4OI~. The glass-ceramics gave 

1In contrast to earlier Arrhenius plots, Fig. 8 shows the loga- 
rithm of the conductivity, rather than its negative, in. order to 
emphasize the higher conductivity and lower activation energy 
of the glass-ceramic phase. 
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Table III. Activation energy (kcal/mol) for NasMSi40~ 

M 

Er Y Gd Sm 

Glass-ceramic a 4.0 4.4 7.5 11.1 
Crystalline 7.5 7.1 6.5 7.3 

a Average of two measurements. 

much better conductivities than the glasses, with lower 
activation energies. This may be explained by the fact 
that the large open channels (4, 6) in the glass-ceramic 
structure would not be disturbed as in the case of the 
amorphous state, and that this may help the motion of 
mobile sodium ions. It should be noted that all lines cross 
at a value of lIT ~ 10 -:~, close to zero. The pre-exponential 
factor is 4 • 10-=' (t2-cm)-L 

The relation between the conductivity and ionic size of 
M ~ in glassy Na.~MSi4Ol~ is displayed in Fig. 9. The same 
tendency found in glassy Na:~.~M017Si~.,P,j.1Os.7 resulted; the 
larger the ionic size of trivalent metal, the lower the con- 
ductivity, with some deviation when M = Y. The same ex- 
planation given for the glasses Na3.2M4~.TSi2.,P,~ ~O8.7 may be 
used for this phenomenon in glassy Na.~MSi40~. The 
larger ions evidently interfere more with the motion of 
the mobile sodium ions in the disordered glass. 

The result of this comparison of glass and ceramic 
phase o f  the same composit ion appears to confirm the 
suggestion that compounds with crystal structure having 
channels for rapid ion migration will have their conduc- 
tivity decreased in a disordered state, while compounds 

whose structure is not conducive to rapid transport and 
that depend primarily on defect migration for their con- 
ductive properties will have higher conductivities in the 
glassy state, where the defect concentration is increased 
relative to the crystalline state. This work has also dem- 
onstrated the feasibility of forming ceramic solid electro- 
lytes by glass forming techniques without degrading the 
intrinsic conductivity properties of the crystalline phase, 
and perhaps even enhancing them. 
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Light-Generated Electrodics Rotating Dual Electrodes 
B. Mil ler* and J. M. Rosamilia 

AT&T Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

The generation of current for solution redox reactions below the mass-transport limiting current at semiconductor 
electrodes has been shown to be spatially controllable by light-beam dimension and placement. Thus, a localized elec- 
tron or hole transfer surface can be created at a semiconductor-redox electrolyte junction by means of a focused laser 
beam. Such a spot was scanned over a semiconductor disk in a series of experiments within a rotating ring-disk elec- 
trode geometry to test the transit and collection properties of the local reaction products. By comparison to related 
theory for the given geometries, the predicted disk and ring currents as a function of electrode size and location were 
quantitatively confirmed. These microelectrodes ought to have the enhanced radial transport and reduced resistive 
losses associated with their micrometallic counterparts, but with flexible manipulation of  the geometric parameters. 
Other results include mapping the generation of selected products over the surface of the semiconductor material and 
establishing the possibility of detecting kinetic processes by monitoring the collection and transit parameters as a func- 
tion of radial origin. 

It is well appreciated that electrode geometry and mass- 
transport mode are of primary concern in the various 
forms of vol tammetry (1). Schemes in which fi detecting 
electrode monitors a generating one (e.g., rotating ring- 
disk electrodes) take further advantage of geometry and 
mass transport to great effect. Our purpose here is to ex- 
plore the possibilities inherent in "generator" electrodes 
whose location and dimensions can be defined by light 
beams rather than limited to conventional mechanical 
shaping or masking. 

To describe this approach, we refer first to the recent 
thrust of electrodic studies to semiconductor photoelec- 
trochemistry. Extensive development has been made of 
the energy conversion possibilities in the light stimulated 
formation of electron-hole pairs and their separation to in- 
itiate photoanodic (n-type) or photocathodic (p-type) pro- 
cesses. These reactions of minority carriers proceed in the 
direction forbidden in the dark by the rectifying barrier 

* Electrochemical Society Active Member. 

associated with the existence of a bandgap in the semi- 
conductor whose edges straddle the levels of the relevant 
redox potentials. For our present aim, light activation un- 
der proper electrode potential control creates an electron- 
transfer surface defined geometrically by the incident 
light flux (only restricted diffusive spreading of charge in 
the solid exists parallel to the interface). 

We have applied the above concepts to making spatially 
controllable electrode surfaces by focusing light spots 
onto a semiconductor surface through a redox electrolyte. 
Since laser light can be readily concentrated to form disk 
profiles of FWHM (full width at half maximum) sizes in 
the micrometer region, an immediate  possibility is the 
generation of very small electrodes for the ordinarily 
(dark) current blocking direction. Such electrodes could 
have the advantages of enhanced radial transport and low 
relative losses ascribed to such "ultramicro" electrodes 
(2, 3), could the effective electrode area be restricted to 
light spot dimensions. Thin rings are another useful pat- 
tern readily accessible to light beam definition. 
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In this initial report, however, we concentrate on the 
more physically complex arrangement of generator- 
detector electrode pairs where the generator electrode is 
that defined by light and semiconductor junction proper- 
ties. Existing theory allows us in this way to demonstrate 
our facile control of the features of variable electrode size 
and location and the useful properties that emerge from 
this capability. Future work will treat the single electrode 
possibilities we have alluded to above. 

Our experiments employ rotating dual electrodes 
whose collection characteristics are theoretically related 
to those of the well-known rotating ring-disk and ring- 
ring electrodes. With some graphic visualizations and 
quantitative tests, we demonstrate here that electrodes of 
defined small dimensions with predictable properties 
can be produced. The quantitative aspects refer to the 
collection and transit t ime features of electrode pairs in 
the convective diffusion regime. 

We first discuss the theoretical and practical considera- 
tions necessary for partially illuminated semiconductor 
electrodes. The collection properties of rotating gen- 
erator-detector dual electrodes of our geometry are 
treated by means of dual ring electrode theory (4). The 
transit t ime relations for localized generating electrodes 
to a fixed ring are calculated from the previous treat- 
ments for rotating ring-disk electrodes (5, 6). 

Semiconductor  j u n c t i o n s . - -Th e  flux of photons to a 
given semiconductor area (A) can produce a flow of mi- 
nority carriers to the interface up to its equivalent current 
density, i*/A, should all photons be absorbed and each 
generate a hole-electron pair. If  i*/A is less than the mass- 
transfer-limited flux of an appropriate redox species to 
the interface with current density, iL/A, then the interfa- 
cial potential of the localized redox reaction at cell cur- 
rent i ~ i* will be fixed (7, 8). 

Consider all the photocurrent generated at only a small 
area, A (small meaning A << AD, where AD is the area of 
the entire electrolyte-exposed semiconductor). The pho- 
tocurrent produced over A is in parallel with the "dark" 
current of the unilluminated area. In order to detect a pro- 
cess occurring at the illuminated small spot, this dark 
current must be significantly less than the light- 
generated value when the electrode is reverse-biased (i.e., 
held a few tenths of a volt positive of flatband for a 
n-type material). This situation can be readily achieved 
for a FWHM spot size ~<100 ~m, as we will show, even 
where AD/A ratios are of order 2 • 103, as in our typical 
electrodes. 

The diffusion length of minority carriers in the semi- 
conductor crystals employed in our experiments is <10 
~m. Further, the flux of redox species to the illuminated 
spot to accept the photogenerated carriers is kept from 
being limiting by the use of sufficient concentrations 
(0.1M). Diffusive spreading of the carriers outside of spot 
sizes in the work below can be neglected. Also, the fact 
that the profile of intensity across the beam is gaussian, 
rather than rectangular, is not taken into account in the 
geometric considerations below. 

Collection propert ies  of  dual e lectrodes . - -The experi- 
ments are performed on rotating ring-disk electrodes 
(semiconductor disks, gold rings). The collection property 
in the absence of any localization of the reaction within 
the disk area is expressed by N = liR/iDI, where iR is the 
ring current (change) produced by disk current, iD. The 
calculation of N from the electrode radii is well known (9). 
Following Matsuda (10, 11) and Albery and Bruckenstein 
(9), Filinovskii et al. (4) have also derived the collection 
efficiency, Nr = ti~o/i~l for a rotating dual ring electrode, 
where subscripts o and i refer to outer and inner ring, 
respectively. 

Consider all the product generated at current i arises 
from a spot on the disk for detection at a limiting current 
level (collection) at a fixed ring. The collection effi- 
ciency, N~ = liR/i[, for this case will approximate that of a 
dual ring system with radii r0, r~ = r0 + A, r2, and r:~; ro is 
the distance from the inner edge of the spot to the center 

of the disk, h is the diameter of the spot, and r2 and r:~ are 
the inner and outer radii of the fixed ring, respectively. 

For the dual ring system, Nr is given by (4) 

- -  r l  3 - -  ro:~  r:~ 3 - T2 3 
Nr = [(r3'~rl :~ r,i 3r2 3 )2/3 G ( ~ ) +  G ( ~ )  

- ( r : ; ~ - r ' } ~  2':~ [ (  ) ( r " ~ - r ~  ' - r ~ 3 ) ]  [1] 
r 3  3 To 3 

where 

~/3 In I + Z  3 [2Z ' /3 - i~  1 
G(Z) = + ~ a r c t a n \ ] _ -  - + - -  

4~ (I + Z'3) 3 x/3 4 
[2] 

The collection efficiencies, N~, for the current generated 
at a spot were calculated from Eq. [I] and [2], using the 
radii defined above. 

Trans i t  t i m e . - - A n o t h e r  mode of defining location of 
electrode reaction under these hydrodynamic conditions 
is through the interval from generation to detection of the 
reaction at the spot. The transit time, r, from initiation of 
a light-activated pulse of current somewhere on the disk 
to its detection at the inner edge (r2) of a ring is the quan- 
tity of interest. Bruckenstein et al. (5, 6) found this transit 
t ime in seconds from the generation of a step of current at 
a disk of radius r, to its detection at the ring to be given 
by 

wr = (43.1) (log rJr , y  ~3 [3] 

to is speed in revolutions per minute and v/D is the 
Schmidt  number,  Sc, the ratio of the kinematie viscosity 
of the solution to the diffusion coefficient of the 
electroaetive species. Prater and Bard (12, 13), with 
slightly different assumptions about particle trajectories, 
found a numerical  factor of 34.2 rather than 43.1. 

This relation should approximate the transit time asso- 
ciated with the transport of photogenerated species from 
a small spot of diameter z~. The variation of r with r, in 
this ease can be tested against Eq. [3] by applying light 
pulses and measuring the transit t ime oscilloseopieally. 

Experimental 
Acetonitrile (CH:~CN) from Burdick and Jackson was 

not further purified. Ferrocene Fe(Cp)2 was obtained 
from Aldrich, and te t rabutylammonium fiuoroborate 
(TBAFB) from Eastman Kodak Company. Redox electro- 
lyte solutions of 0.1M Fe(Cp)2/1.0M TBAFB/CH:~CN (14) 
were stored over activated Linde 3~ molecular seives. 
Amborane 345 polymeric reductive resin (Rohm & Haas) 
was used to reduce the level of Fe(Cp)2 ~ that might be 
present in the stock solution. 

Rotating ring-disk electrodes (RRDE's) consisted of 
either n-InP or n-GaAs disks and Au rings. The geometric 
values of rl, r2, and r~, respectively, were 2.35, 2.47, and 
3.11 mm for the n-InP RRDE and 2.37, 2.45, and 3.11 mm 
for n-GaAs. Collection efficiencies for the n-InP and 
n-GaAs electrodes are 0.384 and 0.398, respectively. Rota- 
tion was provided by a Pine Instruments MSR rota- 
tor/controller. The n-InP and n-GaAs electrodes were 
etched for 3s in concentrated HC1 or 1:1 H~SOJH~O2, re- 
spectively. The etchant procedure for each was repeated 
until a constant light limited current profile, i.e., current 
independent of position, was established across the semi- 
conductor disk for a scanned beam. The disk and ring 
currents were measured using a Pine Instruments Model 
RDE3 bipotentiostat  using graphite rods as reference and 
counterelectrodes. Potentials are thus reported vs. solu- 
tion redox level. 

A block diagram of the instrumentation employed for 
rastering the RRDE is shown in Fig. 1. A He-Ne laser 
beam is deflected 90 ~ using a 45 ~ mirror mount  and fo- 
cused to a spot size of about 100/zm on the electrode sur- 
face using a 10• microscope objective. A Servo-Tek 
motor in an assembly equipped with silver-graphite elec- 
trode contacts and the RRDE are mounted on an X-Y 
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Fig. 1. Schematic of the Ioser-RRDE scanning system with fixed optics 
and translated electrode. Insert of electrode face shows fixed disk and 
ring radii and programmable spat diameter, &. 

t r a n s l a t i o n a l  s tage  d r i v e n  b y  a N e w p o r t  C o r p o r a t i o n  855C 
p r o g r a m m a b l e  con t ro l l e r  sys tem.  Th i s  a r r a n g e m e n t  al- 
lows  t he  l a se r  b e a m  a n d  a n  op t ica l  f l a t -bo t tom cell  to b e  
f ixed in  space  w h i l e  t he  e l ec t rode  i t se l f  is d i sp l aced  in 
X-Y c o o r d i n a t e s  ( the  p l a n e  of t he  disk).  

T w o - d i m e n s i o n a l  (line) s c a n s  were  m o n i t o r e d  b y  b o t h  a 
Y1-Y2-t r e c o r d e r  a n d  a m i c r o c o m p u t e r .  T he  micro-  
c o m p u t e r  p r o v i d e d  digi ta l  da ta  for  ana lys i s  of N. T h e  
e l ec t rode  was  s c a n n e d  in  t he  X d i r e c t i o n  at  a f ixed Y 10- 
ca t ion  at  a ra te  of 0.06 mm/s .  T h r e e - d i m e n s i o n a l  a n d  con-  
t o u r  p lo t s  we re  o b t a i n e d  w i t h  t he  s a m e  m a p p i n g  proce-  
d u r e s  as in  Ref. (15), s u b s t i t u t i n g  t he  e l ec t rode  for  t h e  
pho tovo l t a i c  cell. 

The  on ly  p h y s i c a l  m od i f i c a t i on  n e e d e d  in  t h e  a b o v e  
a p p a r a t u s  to  m e a s u r e  t r an s i t  t i m e s  was  a d d i n g  a con-  
t ro l l ab le  s h u t t e r  in  t h e  p a t h  of  t he  l ase r  b e a m  to p rov ide  a 
50 ms  pu l se  of  l ight .  A s tep  pu l se  of  d i sk  c u r r e n t  is corre- 
s p o n d i n g l y  gene ra t ed ,  fo l lowed b y  a r ise  in  r ing  c u r r e n t  
as t he  p r o d u c t  is de tec ted .  T h e  iD a n d  iR vs.  t ime  re la t ions  
were  m e a s u r e d  on  a n  osci l loscope,  a n d  T va lues  were  de- 
t e r m i n e d  f r o m  t h e s e  t races  (5, 6). T he  lase r  b e a m  was  
m o v e d  across  t he  e l ec t rode  in  0.2 m m  steps.  
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Fig. 2. iD and ED curves in dark and with - 1 0 0  #m laser spot, at a 
rotating n-lnP disk electrode in 0.1M Fe(Cp)J1.0M TBAFB/CHaCN. c~ = 
1600 rpm. Scan rate = 7.5 mV/s. 
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Fig. 3. Two dimension line scans ofiD (photoanodic) andiR (cathodic) 
for oJ = 1600 rpm, and iD (photoanodic) for co = 0 rpm as a function of 
light spot position, x, across a diameter of the n-lnP electrode. ED fixed at 
- O. 1 V  vs. redax potential. ER fixed at - 0 . 2 V  [limiting current region for 
Fe(Cp)2 + reduction]. 

The  laser  b e a m  spo t  size was  d e t e r m i n e d  by  m o n i t o r i n g  
a Metro logic  R a d i o m e t r i c  Si de t ec to r  in  c o n j u n c t i o n  w i t h  
a 10 tLm p i n h o l e  a t t a c h e d  d i r ec t ly  to a n  X-Y t r a n s l a t i o n a l  
s tage  in  f ron t  of  t he  d e t e c t o r  head .  The  p i n h o l e  is posi-  
t i oned  at t h e  focus  c o r r e s p o n d i n g  to e l ec t rode  exper i -  
m e n t s  a n d  is s c a n n e d  across  t he  b e a m  at 0.006 mm/s .  The  
p o w e r  o u t p u t  as a f u n c t i o n  of d i s t a n c e  t r ave l ed  is re- 
c o r d e d  a n d  the  c o r r e s p o n d i n g  p e a k  w i d t h  at  50% (FWHM) 
a n d  25% of p e a k  h e i g h t  is m e a s u r e d .  

Results and Discussion 
The  i-E c u r v e s  for  the  n - I n P  disk,  first  in  t he  d a r k  a n d  

t h e n  w i t h  t h e  a d d i t i o n  of  a laser  b e a m  focused  on  area A 
( a n y w h e r e  on  i t s  su r face  area  Ao) a re  s h o w n  in  Fig. 2. T h e  
so lu t ion  u s e d  t h r o u g h o u t  is 0.1M Fe(Cp)J1.0M 
TBAFB/CH3CN.  A l t h o u g h  t h e  AD/A ra t io  is a t  l eas t  2 x 
103 , t h e  r eve r se  (residual)  c u r r e n t  at  t he  d a r k  crys ta l  is st i l l  
ve ry  smal l  c o m p a r e d  to t he  p h o t o a n o d i c  c o m p o n e n t  gen-  
e ra t ed  over  the  smal l  area. At  t h e s e  f e r r o c e n e  concen t r a -  
t ions ,  t he  r e su l t s  are i n d e p e n d e n t  of  r o t a t i on  speed.  The  
c u r r e n t  dens i ty ,  i/A, in  t he  i l l u m i n a t e d  spot  is a b o u t  0.4 
m A / c m  2. 

If  t he  d i sk  e l ec t rode  po t en t i a l  is he ld  in  t he  r a n g e  indi-  
ca ted  b y  t h e  a r r o w  on  the  absc i s sa  of  Fig. 2 w h i l e  t he  elec- 
t r ode  face is s c a n n e d  across  t he  b e a m ,  v i r tua l ly  all cur-  
r e n t  is a t t r i b u t a b l e  to the  l igh t  source.  S u c h  a s c a n n i n g  
e x p e r i m e n t  is s h o w n  in  Fig. 3. W h e n  t h e  e l ec t rode  was  ro- 
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Fig. 4. Theoretical curve of normalized collection efficiency vs. r, for 
several values of A and for ro = O. Ring diameters r o and ro + A = r,. 
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Fig. 5. Experimental curve of normalized collection efficiencyvs, r, for 
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Values are obtained from iR vs. X scans as shown in Fig. 2. Theoretical 
relationship of N vs. r, for A = 125/~m (h from Fig. 2)is the dashed line. 
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tated at 1600 rpm,  the  ring current  for the  reduc t ion  of  
fe r rocen ium species  was s imul taneous ly  moni tored .  The  
iD profile is cons tan t  across the disk once  the  entire spot  
is on the  s emiconduc to r  surface. The  r ing cur ren t  t race 
shows  the  ant ic ipated h igher  col lect ion for p roduc t  gener-  
a ted  nea re r  the  disk edge where  it has less chance  of  es- 
cape before  detect ion.  A scan across a s tat ionary disk is 
also shown unde r  the  same beam condit ions.  The pro- 
files of  disk cur ren t  are essential ly flat across  the  bu lk  of 
the disk, i n d e p e n d e n t  of  rotat ion rate, unde r  these  local 
l ight- l imited cur ren t  condit ions.  

The profiles of  rotated and s ta t ionary e lec t rode  disk 
currents  differ  mater ia l ly  only at the  edge. The  stat ionary 
electrode,  for any scanned  diameter ,  shows  a sharper  rise 
to its cons tan t  va lue  since there  is no eccent r ic i ty  attribu- 
table to rota t ion and circular  imper fec t ions  to b roaden  
this distance.  The  scan t raverse f rom edge  (initial rise) to 
flat current ,  as ind ica ted  in Fig. 3, is a measu re  of A, the  
spot  diameter .  A more  direct  measure  of  spot  d iamete r  
has been  m a d e  by p inhole  profi l ing unde r  the same focus 
condit ions.  The  FWHM was -70 /~m,  and the  wid th  at 25% 
peak was - 9 0  /zm. These  values  are  consis tent  wi th  the  
measu remen t s  of A f rom the  s tat ionary disk current  
profiles. 

A set of  theore t ica l  curves  calcula ted f rom Eq. [1] and 
[2] for spot  col lect ion is shown in Fig. 4. They  are  p lo t ted  
normal ized to the  l imi t ing  col lect ion of  0.315 for a small  
disk at the  center  of  rota t ion where  it b ecomes  indepen-  
dent  of  spot  size. This l imi t ing col lect ion eff iciency was 
obta ined  us ing  r.~ = 2.45 and r3 = 3.11 ram. The  plot  for ro 
= 0 is ident ica l  wi th  the  set of  ca lcula ted r ing-disk collec- 
t ion efficiencies (9). As the spot  becomes  smaller,  collec- 
t ion for spots  near  the disk edge  becomes  relat ively larger 
(r~ and r,~ fixed). The  sensi t ivi ty  to h can be  used  as a test  
of the localizat ion of  current  as def ined by r, = r0 + h. 

6.0 mm ' , ~ ~  6.0 rnm 

~0 ~, 

Fig, 6, Three-dimensional surface of iR as a function of spot location 
on disk, Experimental conditions as in Fig, 3, 

o 1 2 3 4 5 6 
X, mm 

Fig. 7. i R contour plot projected on disk surface. The maximum ring 
current is normalized to 1.0. Contour values of 0.2, 0.4, 0.6, 0.7, 0.8, 
0.9, and 1.0 are indicated. 

In  Fig. 5 are p lo t ted  the  expe r imen ta l  de te rmina t ions  of 
the  func t ion  in Fig. 4 f rom the  analysis of  data  obtained,  
as in Fig. 3, by  a disk scan across a d iameter .  The  theoret i -  
cal curve  for the  h va lue  obta ined f rom the  edge  effect for 
a s ta t ionary e lec t rode  scan is also p lo t ted  in Fig. 5. There  
is good a g r e e m e n t  of  p red ic ted  and expe r imen ta l  curves. 
The sensi t ivi ty  of  normal ized  col lect ion eff iciency to the 
va lue  of h is, however ,  ]argest at the  edge where  the  
difficulty of  hav ing  perfect  geome t ry  and no eccent r ic i ty  
is highest.  

The resul ts  of  the  two-d imens iona l  expe r imen t s  in Fig. 
3 and 5 can be e x p a n d e d  to a th ree-d imens iona l  represen-  
ta t ion of  an X-Y col lect ion (JR) scan over  the  full disk area, 
as shown in Fig. 6. The  co r respond ing  iD map  is a flat 
t opped  mesa;  it is no t  shown.  In  principle,  t he  ent i re  disk 
area is observed  th rough  rotat ion dur ing  a single radial 
scan. Rotat ional ly  synchronized  data acquis i t ion  could  
give a poin t -by-point  iR map,  ra ther  than  the  radially aver- 
aged one of Fig. 6. The damp ing  i m p o s e d  by the  spiral 
t ra jectory and the  finite t ransi t  t ime  prec ludes  effect ive 
use of  this fact. 

t 
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Fig. 8. iD andiRVS, time at several values ofr 1 for the n-lnP disk having 
r~ = 2 .47  mm. c~ = 1600 rpm. The laser spot originates from a SO ms 
pulse. 
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Bes ide s  t he  v i sua l i za t ion  of  t he  co l l ec t ion  ef f ic iency as 
a su r face  over  t h e  m o v i n g  rad ia l  o r ig in  of  d i sk  cu r ren t ,  
t he  X-Y scans  a l low m o r e  faci le  d e t e r m i n a t i o n  of w h a t  is 
a t r ue  rad ia l  d i r ec t i on  scan.  For  e x a m p l e ,  cu rves  s h a p e d  
as in  Fig. 3 c an  b e  o b t a i n e d  e v e n  t h o u g h  one  m a y  be  miss-  
ing  t he  c e n t e r  of  t he  d i sk  in  t h e  scan.  A rad ia l  scan,  as op- 
p o s e d  to t h a t  of any  o the r  chord ,  will, of  course ,  give t h e  
l a rges t  a b s c i s s a  in  a Fig. 3 e x p e r i m e n t .  A c o n t o u r  d i sp l ay  
of  the  t h r e e - d i m e n s i o n a l  e x p e r i m e n t ,  n o r m a l i z e d  to un i ty  
at  t he  h i g h  (near -edge)  va lues ,  is g iven  in  Fig. 7. 

Th i s  p lo t  offers t h e  i n f o r m a t i o n  of  a t w o - d i m e n s i o n a l  
s can  a v e r a g e d  over  t he  w h o l e  d i sk  e lec t rode .  The  d r awing  
of  radi i  across  t h e  d i sk  c o n t o u r s  a l lows one  to m a k e  Fig. 5 
p lo t s  w i th  a fu l ler  e s t i m a t e  of  the  r a n g e  of  r ep roduc ib i l i ty .  
In  t he  c o n t o u r s  of  Fig. 7, t he  r i ng  r e s idua l  c u r r e n t  ha s  
b e e n  l inear ly  co r r ec t ed  for a n y  c h a n g e s  in  each  X-direc-  
t i on  s can  n o t e d  be fo re  a n d  af te r  c ro s s ing  t he  ac t ive  d i sk  
surface.  S t ep  i n c r e m e n t s  are t r e a t ed  as Y-di rec t ion .  

The  t r an s i t  t i m e  e x p e r i m e n t s  were  a c c o m p l i s h e d  b y  
p r o d u c i n g  a n  i s tep  w i t h  a pu l se  of  l igh t  con t ro l l ed  by  t he  
s h u t t e r  drive,  t h e n  m o n i t o r i n g  b o t h  i ,  a n d  i ,  on  a dual-  
b e a m  s to rage  osci l loscope.  I f  suf f ic ien t  t i m e  is a l lowed  
for  the  i~ r e s p o n s e  to r e t u r n  to t he  r e s idua l  (dark  disk)  
value,  r epe t i t i ve  pu l se s  p r o d u c e  success ive ly  c o i n c i d e n t  i 
a n d  i~ t r aces  w h e n  a p p r o p r i a t e l y  t r i gge red  by  e i t h e r  t h e  
s h u t t e r  pu l se  or i. 

A s e q u e n c e  of  i~ t r aces  p r o d u c e d  b y  t he  s a m e  i t iming ,  
b u t  for  d i f f e ren t  rad ia l  pos i t i ons  at  c o n s t a n t  ro t a t i on  
speed ,  is s h o w n  in  Fig. 8. T he  i~ t r aces  are  e x t r a p o l a t e d  
b y  a t a n g e n t  l ine  on  t he  s teep ly  r i s ing  p a r t  of the  p e a k  to a 
t i m e  i n t e r c e p t  on  t he  e x t r a p o l a t e d  r e s idua l  l ine.  Maxi-  
m u m  t r a n s i t  t i m e  is o b t a i n e d  at  t he  d i sk  center .  

A s imi l a r  se t  of  t r aces  was  o b t a i n e d  for  a p o i n t  n e a r  a 
r , / 2  pos i t i on  as a f u n c t i o n  of  r o t a t i on  speed.  T h e s e  two  ex- 
p e r i m e n t s  in  w h i c h  w r  is o b t a i n e d  as a f u n c t i o n  of r 
( c o n s t a n t  w) a n d  w ( c o n s t a n t  r~) a re  p l o t t ed  in  Fig. 9. The  
q u a n t i t y  (log r . J r , )  ~ a r i s ing  f r o m  Eq.  [3] is p lo t t ed  as t he  
r ad ia l  ab sc i s s a  (lower), as is w(upper) .  

U s i n g  t he  t a n g e n t  m e t h o d ,  t he  w r  v s .  (log r .gr , )  "-'~~ l i ne  is 
s t r a igh t  b u t  e x t r a p o l a t e s  t h r o u g h  a f ini te  wr.  S ince  th i s  
e x t r a p o l a t i o n  s h o u l d  b e  zero (po in t  of  or ig in  a n d  detec-  
t ion  co inc id ing) ,  t he  i n t e r c e p t  va lue  of  wr  was  u s e d  as a 
co r r ec t i on  in  t he  wr  as f l w )  plot.  W h e n  co r rec t ed  in  th i s  
m a n n e r ,  wr  is a c o n s t a n t  a t  all w, as p r e d i c t e d  a n d  f o u n d  
for f ixed g e o m e t r y  r ing-d i sk  e l e c t r o d e s  (5, 6). However ,  
t he  way  r is Chosen can  b e  re f lec ted  in  t he  va lue  of t he  wr  
p r o d u c t  (12). 
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Fig. 9. Plot of coT~43.1 vs. (log rJr,)  213 at fixed c~ = 1600 rpm (solid 
line) and ~ at fixed (log rJr , )  213 = 0.569 (dashed line). Plot of the cor- 
rected values cu(~ - Ar)/43.1 vs. ~ is shown by the dash-dotted line 
where A~ is obtained fromthe Y-intercept of the solid line. 

Table I. Summary of Sc '~:~ values 

Sc,ra Sc,/a Sc',~ Sc,~:~ 

A w r  vs .  (log r Jv , )  ~3 6.51 ~ 8.20 ~ 
5.42 a 6.5 6.83 b 
7.54 ~ 9.50 b 

B wT, fixed r j r~  7.03 ~ 8.86 b 
6.8 

6.60 . 8.32 b 

C AlL at p = O.05/hiL at p = 0.5 8.32 
D iL v s .  w 'i'~ 8.81 

8.2 

8.6 

Numerical factor of 43.1 from Ref. (5) was used in Eq. [3]. 
b Numerical factor of 34.2 from Ref. (12) was used in Eq. [3]. 

A s u m m a r y  of  Sc '/3 va lues  o b t a i n e d  f rom the  s lope of 
t h r e e  sets  of  w r  v s .  (log r2/r]) 2~3 e x p e r i m e n t s  a n d  f rom two 
sets  of  c o n s t a n t  w r  p r o d u c t  at  f ixed r2/r~ is g iven  in  T a b l e  
IA a n d  IB. A n  Sc va lue  for  th i s  so lu t i on  was  f u r t h e r  esti- 
m a t e d  i n d e p e n d e n t l y  in  two  ways.  A L e v i c h  Pl0t  of l imit-  
ing  c u r r e n t  v s .  w ~2 was d e t e r m i n e d  for  a k n o w n  fe r rocene  
concen t r a t i on ,  a n d  D was  ca l cu la t ed  u s i n g  the  k i n e m a t i c  
v i scos i ty  of  1.0M TBAFB/CH:~CN m e a s u r e d  w i t h  a 
C a n n o n - F e n s k e  v i scomete r .  The  f r e q u e n c y  r e s p o n s e  of 
h y d r o d y n a m i c  m o d u l a t i o n  of the  l imi t ing  c u r r e n t  was  
m e a s u r e d  for  two  ratios,  p, of  m o d u l a t i o n  f requency / ro ta -  
t iona l  f r equency .  Th i s  t w o - p o i n t  m e t h o d  (16, 17) gives  a 
va lue  for  Sc i n d e p e n d e n t  of c o n c e n t r a t i o n .  The  da ta  are  
s u m m a r i z e d  in  Fig. 10. 

The  m o d u l a t i o n  c u r r e n t  ra t io  for  p = 0.05 a n d  0.5 of  
0.341 c o r r e s p o n d s  to a Sc  1~3 as g iven  in  T a b l e  IC. D = 1.2 x 
10 -~ cm~-s - '  c a l cu la t ed  f rom the  L e v i e h  e q u a t i o n  (iL v s .  

w 1~ plots)  u s i n g  v = 8.3 • 10 -~ cm2-s -~ gives  t he  Sc "~ 
va lue  in  Tab le  ID, w h i c h  o u g h t  to  b e  t h e  m o s t  rel iable.  
The  c o n s i s t e n c y  of  t he  Sc  "~ m e a s u r e m e n t s  b y  all four  
p r o c e d u r e s  is a d e q u a t e  w i t h i n  t h e  e x p e r i m e n t a l  l imi t s  of  
t he  wT r e p e a t a b i l i t y  a n d  a s s u m p t i o n s  for  t he  n u m e r i c a l  
cons tan t .  

Conclusions 
The  g e n e r a t i o n  of  c u r r e n t  at  local ly  se lec ted  areas  of 

s e m i c o n d u c t o r  (disk) e l ec t rodes  ha s  b e e n  s h o w n  to b e  
spat ia l ly  c o n t r o l l a b l e  by  l i g h t - b e a m  p l a c e m e n t  a n d  di- 
m e n s i o n .  The  q u a n t i t a t i v e  c o n f i r m a t i o n  c o m e s  f rom two  
p rope r t i e s  ( t rans i t  t i m e  a n d  col lect ion)  of  r o t a t i ng  r ing-  
d i sk  sy s t ems  for  w h i c h  t heo re t i ca l  r e la t ions  m a y  be  
a d a p t e d  to t he  local  g e n e r a t i o n  p r o b l e m .  By  b o t h  of  t he  
m e t h o d s  t he  c u r r e n t  s t i m u l a t e d  b y  t he  l igh t  b e a m  can  b e  
s h o w n  to o r ig ina t e  in  the  area  f ixed by  a d i a m e t e r  corre-  
s p o n d i n g  to t h a t  d e t e r m i n e d  t h r o u g h  b e a m  prof i le  a n d  
d i sk  edge  c ro s s ing  effects.  The  p r o p e r t i e s  of the  laser  
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Fig. 10. Plot o f i D v s ,  co 1/2 for 1.6 X 10-3M Fe(Cp)2 in 1.0M 
TBAFB/CH3CN at a Au disk electrode held at 0.6V vs. SCE. The points 
represent the ~/ response for p = 0.05 and 0.5 employing cu '/2 = 30 
rpm "2 and Ace '/~ = 2 rpm '/2. 
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scanned beam have been extended to a three-dimensional 
representation of the collection characteristic of the entire 
surface. 

Two general points are intended by these demonstra- 
tions. First, directly from the experiments discussed, the 
flexible localized control of reaction generation in dual 
electrode systems leads to new schemes of kinetic mea- 
surement where a geometric, as well as a hydrodynamic 
(rotation speed), factor can be a primary variable. An ex- 
ample of this would be in chemical follow-up reactions 
(EC mechanisms) where the collection as a f(r) would be 
altered. Another in this category is the use of the r varia- 
ble to increase sensitivity in the detection of adsorption 
via the transit-time experiment  (6).  The illustrated 
mapping of a surface with respect to collection of ring 
current from that area is a geometric extension that adds 
the discrimination of selective product detection to the 
mapping of photocurrent (18) or differential power 
efficiency (15) over surfaces of semiconductors. Thus, 
corrosion current or redox t ransfer  efficiency can be de- 
termined over a locally heterogeneous disk, averaged in 
this case over a radial position. 

The second emphasis relates to producing small elec- 
trodes of selected shapes in regions of controlled mass 
transport. Such properties are currently under study. The 
use here in the context of exposed semiconductor sur- 
faces is l imited because of the competit ive photocor- 
rosion reactions, through another means to study that 
competition. The use of buried junctions and "noble" 
overlayers to augment  controlled passivation must over- 
come, by appropriate design, the lateral spreading of car- 
riers in the overlayer. Such electrodes, if successfully con- 
structed, could allow localized reaction at a choice of 
surfaces not restricted to semiconductors while retaining 
the advantageous geometric control properties that can- 
not now be obtained with metals. 

Manuscript submitted March 28, 1985, revised manu- 
script received May 3, 1985. This was Paper 445 presented 
at the Las Vegas, Nevada, Meeting of the Society, Oct. 
13-18, 1985. 

AT&T Bell Laboratories assisted in meeting the publica- 
tion costs of this article. 
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ABSTRACT 

The applicability of the dc relaxation techniques for the measurement  of kinetics of fast electrode reactions has 
been limited generally to the linear current density-overpotential (i-~) range by the mathematical  difficulties in ob- 
taining a closed-form solution of the differential equations describing the system, confining the measurements to the vi- 
cinity of the equilibrium potential. Evaluation of the experimental  data with numerical curve-fitting procedures offers a 
possibility for the extension of these techniques into the nonlinear i-~ range. The feasibility of such extension was dem- 
onstrated by a curve-fitting data-evaluation method with a nonlinear multidimensional least squares minimization 
package coupled to a software package designed to solve systems of nonlinear partial differential equations. The main 
advantage of this approach is that measurements can be made at high enough overpotentials to avoid signal-to-noise ra- 
tio problems without introducing linearization errors in the data evaluation. The error of the linearized i-~? relation is not 
negligible under many experimental  conditions. A quantitative evaluation of this error has been made as a function of 
three dimensionless parameters: ~]n, CoDo'2/CRDR "~, and ~nF/RT. The error in the exchange current density determina- 
tion, with the assumption of linear i-~ relation, will be at least as large as the error of the linearized equation. 

The applicability of the dc relaxation techniques for the 
measurement  of kinetics of fast electrode reactions has 
been limited generally to the linear current density- 
overpotential range by the mathematical difficulties in 

*Electrochemical Society Active Member. 

obtaining a closed-form solution of the differential equa- 
tions describing the electrode system (1). It would be 
highly desirable to extend the applicability of the relaxa- 
tion techniques to the nonlinear range because the 
linearization is valid only within a few mil]ivolts polariza- 
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tion around the equil ibrium potential; this limit is very re- 
strictive for both practical and theoretical purposes. Mea- 
surements at low overpotentials are often difficult 
because of signal-to-noise ratio problems. Furthermore, 
the assumption that the kinetics and mechanisms of the 
electrode reaction are independent  of potential is often in- 
correct; therefore, extrapolation from the linear range to 
higher overpotentials is generally questionable. Evalua- 
tion of the experimental  data with numerical curve- 
fitting procedures offers a possibility for us ing  these 
techniques in the nonlinear current density-overpotential 
range. It has been shown previously (2-6) that numerical 
curve-fitting, using nonlinear, multidimensional least 
squares calculation, is the best data evaluation method 
for all dc relaxation techniques in the linear range. The 
curve-fitting program does not require a closed form so- 
lution of the diffusional equations: all it requires is a user- 
supplied subroutine to provide a set of numerical values 
for the relaxation curve, calculable with parameters 
supplied by the curve-fitting program, and a set of nu- 
merical values for the derivatives of the relaxation curve 
with respect to all parameters to be determined (the jaco- 
bian matrix). These numerical values were calculated 
with the help of the closed form solutions of the diffu- 
sional equations for the linear range (2-6), but the numer- 
ical values for the relaxation curve could be equally well 
calculated, in principle, using a numerical differential 
equation software package, and the jacobian matrix can 
be calculated by a forward difference approximation. 
This approach is reported in the present communication. 

The linearized current density-overpotential relation, 
which, in the past, has been generally used for the calcu- 
lation of kinetic data from the results of the relaxation 

techniques ,  places a restriction on the experiments be- 
cause the linearized relation is valid only for sufficiently 
low overpotentials. The meaning of "sufficiently low" is 
still a matter of some controversy, which is yet another 
subject of this communication. Generally, 5 mV has been 
considered a limiting value, although it was shown some 
time ago (7, 8) that the value of the overpotential alone is 
not sufficient to set the limit of applicabili ty of the 
linearization because it will be influenced also by the 
transfer coefficients of the reaction and the concentra- 
tions of the reactants and products. The linearized and 
full current density-overpotential relations themselves 
can be directly compared. Kooijman et al. (8) used such a 
comparison and concluded that, under some conditions, 
overpotentials much less than 5 mV are needed to limit 
the error of the tinearization to less than 1%. On the other 
hand, the diffusional differential equations must be 
solved numerically to compare  the relaxation curves cal- 
culated with the linearized and full relations. Such calcu- 
lations were carried out for the coulostatic (9) and the gal- 
vanostatic single-pulse (10) relaxation techniques, and it 
was concluded, in contradiction to Kooijman's results, 
that the error of the linearization was smaller than previ- 
ously assumed; e.g., an error of less than 2% was found at 
overpotentials up to 25 mV for the coulostatic technique. 
However, in the latter calculations, the transfer coeffi- 
cients were assumed to be 0.5, and this may limit the va- 
lidity of the conclusion since there is a controversy about 
the effect of the transfer coefficients (8, 11-13). The effect 
of the concentrations of the reactants and products is also 
controversial, especially in the extreme case where the 
concentration of one species remains constant during the 
course of the reaction as is the case in metal deposition- 
dissolution reactions (11-13). Our numerical  calculation 
methods were also useful for determining the error and, 
consequently, the limitations of the data evaluations 
based on the linearized current density-overpotential rela- 
tion and for resolving the above controversies. 

Theory of DC Relaxation Techniques 
Only a brief outline of the theory of the relaxation tech- 

niques will be given here, mainly to define the terms and 
to enumerate all basic assumptions; detailed reviews are 
available (1, 14, 15). Experimentally, the techniques in- 

volve the application of a perturbing current (or potential) 
pulse and the resulting potential (or current) relaxation is 
observed. A redox reaction, O + ne - R, or a metal 
deposition-dissolution reaction, M +" + ne = M, is under 
investigation, with, in the simplest case, only three pro- 
cesses to be considered. These processes are: (i) the reac- 
tion at the electrode surface, (ii) the diffusion of the 
reactant and product to and from the surface, and (iii) the 
charging of the double-layer capacitance. The reaction 
can take place in any number  of elementary electrochemi- 
cal and chemical steps; it is assumed that one of these 
steps is rate determining and that none of the reaction in- 
termediates is lost by diffusion into the bulk solution. 
The rate-determining step can occur , t imes for each oc- 
currence of the overall reaction, where , is the stoichio- 
metric number  of the reaction mechanism. The uniform 
flux of the reactant to the electrode surface, being equal 
to the flux of the product away from the electrode, is as- 
sumed to be completely supplied by semi-infinite, linear 
diffusion in the presence of excess supporting electrolyte. 
This flux is equivalent to the faradaic current density. 
The double-layer capacitance is assumed to be indepen- 
dent of potential and concentrations within the limits of 
the experiment.  Adsorption and double-layer effects are 
neglected. 

The relaxation process is described by a set of partial 
differential equations for diffusion, coupled with an ordi- 
nary differential equation for the overpotentia]. The diffu- 
sion equations are 

oC?(x, t) 0~Cjs(x, t) 
- -  - D j  [ 1 ]  

Ot ox 2 

with the following initial and boundary conditions 

Cf = C j f o r t = 0 ,  x->-0 [2] 

Cf -~  Ca for t > 0, x--~ ~o [3] 

I OC?(x, t) J if(t) 
Ox ~=o = +- nFDj [4] 

where j can stand for O or R, and in Eq. [4] the positive 
sign corresponds to R and the negative to O. The last con- 
dition expresses the equivalence of the faradaic current 
density and the diffusion flux. The faradaic current den- 
sity in Eq. [4] is related to the overpotential and the con- 
centrations of the species at the electrode surface ~ 

if = (L----~----R J exp \ R T  

[ 
[5] ---C-~-o J e x p \ -  - -RT 

where the overpotential is the sum of the charge transfer 
(activation) and mass-transport (concentration) overpo- 
tential terms 

V = ~ot + ~ t  [6] 

and 

~a + ~o = n / .  [ 7 ]  

At low overpotentials, Eq. [5] can be approximated by the 
linearized expression 2 

uRTif R T [ ( C o % = o  (CRs)x=0 ] [8] 

~?' - nFio + ~ Co CR 

The ordinary differential equation for the overpotential 
is 

1Equation [5] can be obtained by adjusting the generalized, 
multistep Butler-Volmer equation (16, 17) for surface concentra- 
tion changes by a method equivalent to that used for single-step 
reactions (18). It is to be emphasized that the transfer 
coefficients are not equal to, although are functions of, the sym- 
metry factor of a single-step reaction. 

2Equation [8] is obtained from Eq. [5] by assuming that aF/RT 
7/ << 1; and, consequently, that (Cjg~-o/C~ ~ 1 (see Eq. [17]). 
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dn(t)  
i(t) = if(t) + c [9] 

dt  

with an initial condition of ~(0) = 0, indicating that the 
total current is the sum of the faradalc and capacitive cur- 
rents. The overpotential  in Eq. [9] is related to the mea- 
sured potential by Eq. [10], indicating that the measured 
potential includes the overpotential and the uncompen- 
sated potential drop in the solution between the working 
and reference electrodes 

E(t) = v(t) + i(t)Rs [10] 

For the galvanostatic and coulostatic (current impulse) 
techniques, i(t) is controlled and E(t) is measured and vice 
versa for the voltage and potential step techniques. The 
kinetic and mechanistic parameters to be calculated from 
the experimental  results are: the exchange current den- 
sity (io), the transfer coefficients (ac, aa), and the stoichio- 
metric number  (u). Additionally, there are five more pa- 
rameters which may have to be determined from the 
relaxation experiment  if their values are not available 
from independent  measurements. These are the double- 
layer capacitance (c), the diffusion coefficients (Do, DO, 
the uncompensated solution resistance (Rs), and the total 
number  of electrons exchanged during the overall reac- 
tion (n). The following parameters are usually known: the 
perturbing signal (i or E), the concentrations (Co, CR), and 
the temperature (T). 

A closed-form solution of the differential equations can 
be obtained using the linearization shown in Eq. [8], and 
this is the basis for the evaluation of the experimental 
data taken at potentials near the equilibrium value. Equa- 
tion [5] is the basis for the data evaluation procedure pro- 
posed in this work, making it possible to carry out the ex- 
perimental measurement  at any potential. 

Computational Procedures 
Curve- f i t t ing  d a t a  e v a l u a t i o n  m e t h o d s . - - T w o  methods 

were tested for the data evaluation in the nonlinear range. 
Both methods are similar in that they involve the numer- 
ical solution of Eq. [1] and [9] and the use of numerical 
optimization techniques to determine the kinetic and 
mechanistic parameters described above. 

Numerical simulation of electrochemical kinetics- 
diffusion models such as Eq. [1] and [9] have previously 
been dealt with by finite difference approximation; see, 
for example, Feldberg (19, 20), Sandifer and Buck (21), 
and Britz (22). More recently, in an effort to achieve 
greater accuracy, spline approximation techniques have 
been combined with collocation methods by Pons (23) 
and with Galerkin's method by Franceschetti  and Mac- 
donald (24). Our approach also uses a spline-based Galer- 
kin procedure as implemented in the software package 
DISPL2 (25). We, however, combine this numerical simu- 
lation with optimization techniques to extend the curve- 
fitting evaluation of the dc transient techniques to the 
nonlinear current  density-overpotential ranges, for which 
range closed-form solutions do not exist for the diffu- 
sional differential equations. 

In the first method, the curve-fitting was accom- 
plished with subroutine LMDIF from the MINPACK-1 
package developed at Argonne National Laboratory (26) 
for nonlinear multidimensional least squares minimiza- 
tion using a modified Levenberg-Marquardt algorithm 
(27). The same program package was used previously for 
data evaluation in the linear range (2-6). The subroutine 
LMDIF requires the user to supply only the function 
values from which the jacobian matrix is calculated by a 
forward difference approximation. This means, however, 
that for an N parameter fitting, the function value has to 
be calculated N + 1 times for each new guess of the pa- 
rameters. The function values were calculated by solving 
Fick's diffusion equations numerically using the software 
package DISPL2 developed at Argonne National Labora- 
tory (25). This package is designed to solve systems of 
nonlinear partial differential equations in one- and two- 
dimensional geometries. The numerical approximation is 

based on the use of Galerkin's procedure combined with 
the use of a B-spline basis set in order to reduce the sys- 
tem of partial differential equations to a system of ordi- 
nary differential equations. The latter system is solved by 
means of an ordinary differential equation software pack- 
age for stiff systems based on the use of multistep time 
differencing with local error control (28). 

The problem was treated as a system of two partial dif- 
ferential equations for CR ~ and Co s coupled with an ordi- 
nary differential equation for ~. The equations were inte- 
grated to the full pulse length, tf, with output at selected 
intermediate times. The half-axis, x ->- 0, was truncated at 

x~ ~- 5~/Dt~, where D was the mean value for DR and Do. 
The spatial domain was subdivided by a nonuniform 
spatial mesh, and the B-spline basis used corresponded to 
piecewise quadratic polynominals with continuous first 
derivatives to approximate the spatial distribution of 
C?(x, t). The t ime integration error was controlled by the 
local error control in the multistep stiff ordinary differen- 
tial equation solver, and the spatial discretization was 
controlled by the number  of points and their distribution 
in the spatial grid. 

The second method also used the DISPL2 software 
package to solve Fick's diffusion equations. However, in- 
stead of employing a nonlinear least squares approach, 
use was made of a general constrained optimization ap- 
proach implemented in subroutine VMCON1 developed 
at Argonne National Laboratory (29). To understand the 
strengths and weaknesses of these two approaches to the 
data evaluation problem, the differences in the optimiza- 
tion problems, methods, and techniques for generation of 
jacobian matrices are summarized below. 

1. The first method specifically treats the uncon- 
strained nonlinear least squares problem. That is, for m 
observations Yi and a model f (X ,  td where X is an 
N-component vector of parameters, we wish to select X so 
that 

• If(X, t,) - y,]'-' [11] 
i=l  

is minimized. The second method solves the problem: 
minimize f(X), subject to 

cj(X)-<0;j  = 1 . . . . .  k 

cj(X) = 0; j = k + 1 . . . . .  l [12] 

That is, a general function (not specifically of the form 
used in Eq. [11]) is minimized subject to constraints 
which may be inequality or equality constraints. Thus, 
the second approach allows for constraints on the prob- 
lem but treats a more general optimization function. 

2. The first method uses a modification of the Leven- 
berg-Marquardt algorithm to solve the problem. This al- 
gorithm exploits the structure of the nonlinear leas t  
squares problem and uses a combination of the steepest 
descent and the Gauss-Newton methods. The steepest de- 
scent method is globally reliable but slow. The Gauss- 
Newton method is locally reliable and fast. The Leven- 
berg-Marquardt algorithm adaptively combines these two 
methods to obtain a fast, reliable algorithm. The second 
method uses an iterative quadratic programming tech- 
nique developed by Powell (30). This algorithm generates 
quadratic programming subproblems, i.e., quadratic func- 
tions minimized subject to linear equality and inequality 
constraints. These subproblems can be solved without re- 
quiring function evaluations. This second method is es- 
sentially a constrained Newton technique and converges 
quite rapidly. When compared to other constrained 
optimization methods, the iterative quadratic program- 
ming technique requires relatively few function evalua- 
tions (31). This is important since the DISPL2 computa- 
tion is quite time consuming. Nevertheless, this second 
method does not exploit the structure of the nonlinear 
least squares function and thus is not likely to be as 
efficient as the first method. In particular, the first 
method uses the structure of the sum-of-squares function, 
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Eq. [11], to obtain approximations of the second deriva- 
tive of the function in terms of first derivative approxi- 
mations (the Gauss-Newton method). The second method 
treats Eq. [11] as a general function and, therefore, cannot 
provide second derivative estimates as easily. 

3. The first method uses a derivative-free version of the 
Levenberg-Marquardt algorithm. As in most optimization 
techniques, both methods require the derivatives of the 
optimization function with respect to the variables. In the 
first method, this reduces to the jacobian which is ob- 
tained by forward-difference approximation. These differ- 
ences, however, require N additional evaluations of the 
partial differential equation system. In the second 
method an at tempt was made to obtain the derivatives 
without resorting to finite differencing. These derivatives 
can often be obtained in terms of additional ordinary and 
partial differential equations. As an example, if ac is a pa- 
rameter in the curve-fit, the necessary information for 
the derivatives can be assembled if we can obtain an ordi- 
nary differential equation for dv/dc% Such an equation 
can be derived by differentiating Eq. [9] with respect to ac 
and using the initial condition (d~/dac)t=o = O. In deriving 
the additional equations needed for the jacobian, some 
terms were neglected for the sake of practicality. In par- 
ticular, in deriving the equation for d v / d ~  there is an in- 
direct dependence on ~C?(x, t)/oc~c. If we seek to calculate 
these terms in the numerical  simulation, two additional 
partial differential equations are generated. The computa- 
tional cost of calculating the jacobian via this combined 
system would be as great as using finite-difference meth- 
ods for the jacobian (and the computer  storage cost would 
be much greater as well). We, therefore, compromise by 
neglecting the dependency which leads to the additional 
partial differential equations. Thus, while we avoid the 
additional N evaluations of the finite-difference ap- 
proach, the analytic derivatives obtained have an inherent 
error. 

To summarize, there are two areas of difference be- 
tween the methods: the numerical method and the jaco- 
bian estimate. The first method treats the specific form 
of Eq. [11] but cannot handle constraints such as [12]. 
When constraints are necessary (as, for example, to con- 
trol the range of parameters used for the simulation) other 
methods should be used. The second method handles 
constraints but treats a more general minimization func- 
tion. Therefore, the numerical approach of the second 
method does not take advantage of the mathematical 
form of Eq. [11]. Ideally, the first method with the capa- 
bility of handling constraints should be used. The second 
area of difference between the methods deals with the ja- 
cobian calculation. The first method uses finite- 
difference estimates to build up the jacobian. The second 
method adds a differential equation for d~/da c to estimate 
the derivatives directly. Either of these jacobian calcula- 
tion methods could be used with either of the optimiza- 
tion methods: The second approach to estimate the jaco- 
bian can lead to considerable savings in computation 
time when compared with the.finite-difference approach. 
However, it can also lead to larger simulation problems 
because of the use of approximations to the derivatives. 

Evaluation o f  the curve-fitting methods.---Primarily be- 
cause of the long computational times required, and also 
because of the large number  of variables involved, it was 
not practical to carry out a full error analysis and to de- 
velop applicability digrams and compare to those calcu- 
lated for the linear cases (2-6). The main purpose of this 
work was to show that it is feasible to extend the relaxa- 
tion techniques to the nonlinear current density-overpo- 
tential range. This could be done by a small number  of 
calculations using representative conditions. For similar 
reasons, the calculations were carried out only for the gal- 
vanostatic single-pulse technique. 3 Extension to other 

3This technique involves a simple current step perturbation of 
the electrode. To allow for the finite risetime of the pulse gener- 
ator, the current was taken to rise linearly from zero to the de- 
sired value. The correction for this risetime was found to be im- 
portant for the linear approximation case (3, 32). 

techniques is expected to be straightforward. The calcula- 
tion procedure was similar to that used in the error analy- 
sis for the linear range (2-6). It consisted essentially of 
three steps. 

1. Synthetic data were generated, with the use of 
DISPL2, for a set of parameter values. The relaxation 
curves were defined by 25 points, equally spaced in time. 
The pulse length was selected to include the time period 
containing the most kinetic information (3). 4 Then, to sim- 
ulate practical conditions, random measurement  errors 
were introduced by rounding off the calculated potential 
values, creating data sets with either -+5 or -+50 ~V errors 
(3). 

2. This set of points was then treated as experimental  
data, and a curve-fitting calculation was carried out. The 
number  of parameters to be determined was varied from 
two to seven; the other parameters were assumed to be 
known from independent  measurements.  Measurement 
errors were introduced for the known parameters to sim- 
ulate practical conditions by using 0.1 or 1.0% different 
values in the data evaluation than were used in the data 
generation. The stoichiometric number  was treated differ- 
ently than other parameters because it is an integer pa- 
rameter, a restriction that the curve-fitting subroutine 
was not equipped to handle. It was treated as a known pa- 
rameter but a series of calculations was carried out with 
different values assigned to it in search of the best fit. 
The total number  of electrons exchanged, another integer 
parameter, was always considered known. Were this not 
the case, it could be treated similarly to the stoichiometric 
number. The transfer coefficients are interrelated 
through Eq. [7], and only one of them needs to be deter- 
mined. All parameters were restricted to positive values 
by a square root transformation, that is, the parameters 
calculated by the curve-fitting were the square roots of 
the parameters to be determined. The curve-fitting rou- 
tines need a starting guess for each parameter to be deter- 
mined; ten times the actual value of the parameter was 
usually used, except  for the transfer coefficient, which 
was started from 0.5. Previous work on curve fitting in 
the linear current density-overpotential range has shown 
that good results are obtained with guesses not more than 
one order of magnitude off the true values, except at the 
very edges of the applicability fields (2-6). 

3. Finally, the calculated parameter values were com- 
pared to the known values (used in the data generation) 
and a percent error was calculated. These errors and the 
standard deviations of the calculated results (33) were 
used to evaluate the curve-fitting methods. 

Determination of Iinearization errors.--The following 
procedure was used to evaluate the errors and the limita- 
tions of the linearized approximation. Relaxation curves 
were calculated using both the full current density-over- 
potential relation, Eq. [5], and the linearized relation, Eq. 
[8], and the max imum deviation between the two relaxa- 
tion curves was determined. The differential equations 
were solved using the DISPL2 software package (25). 
Closed-form solutions were available for the linearized 
cases (2-5). Calculations were carried out for all dc relaxa- 
tion techniques, the galvanostatic (single and double 
pulse) techniques, the coulostatic (current impulse relaxa- 
tion) technique, and the potential and voltage step tech- 
niques. A large variety of conditions (exchange current 
density, transfer coefficients, concentrations, diffusion 
coefficients, overpotential, etc.) were used to cover the 
whole field of applicability of each technique (2-6). Selec- 
tion of all experimental  conditions (e.g., pulse lengths, 
pulse amplitudes) were also made in accordance with pro- 
cedures described in the above-mentioned references. 
Two extreme cases were als0 considered: the charge 
transfer-controlled system (~ct > >  ~mt) and the mass- 

4The selection of the proper pulse length for an unknown sys- 
tem by the use of a statistical sensitivity analysis of the parame- 
ters determined by the curve-fitting data evaluation was dis- 
cussed earlier for the linear current density-overpotential range 
(33). A similar technique can also be used for the nonlinear 
range. 
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t ranspor t -cont ro l led  sys tem ('o~t < <  "omt), All calculat ions  
were  carr ied out  for both  anodie  and cathodic  polariza- 
t ions and also for the  ease of  a cell conta in ing  two iden- 
t ical  work ing  electrodes,  one  be ing  polar ized anodical ly  
and the o ther  cathodical ly;  in the  lat ter  ease, 'o s tands  for 
the total  overvol tage  of  the  cell. 

An addi t ional  series of  calculat ions was carr ied out  to 
de t e rmine  the  devia t ions  be tween  the full  and l inearized 
current  dens i ty-overpotent ia l  relat ions themselves ,  ra ther  
than  those  of  the  re laxat ion  curves,  for the  ex t r eme  cases 
of  pure  charge transfer-  or mass- t ranspor t -cont ro l led  sys- 
tems.  For  'oct > >  'omt, the  But le r -Volmer  equa t ion  can be 
wr i t ten  in the  form of 

if = io{exp (P~P2) - exp  [-(1 - POP2]} [13] 

where  P~ = aav/n (= 1 - %u/n) and P2 = (nF/uRT) "o,t. Equa-  
t ion [13] can be l inearized to 

i~ = (nFio/uRT)'o'~t [14] 

if  the  exponen t s  in Eq. [13] are small. S ince  every  t e rm in 
the  expans ion  of  Eq. [13] is a func t ion  only of  P, and P2, 
the devia t ion  be tween  'Oct and 'o'ot will  obvious ly  b e  a 
func t ion  of  two  d imens ion less  parameters :  au/n and 
nFvJ~,RT, where  a can s tand for e i ther  % or %. 

The devia t ions  be tween  Eq. [13] and  [14] were  calcu- 
lated as a func t ion  of these  d imens ion less  parameters  in 
two ways. At cons tan t  current  densi ty,  the error  can  be 
represen ted  as 

100('o' - 'O) 
e ,  - [ 1 5 ]  

'O 

Alternat ively,  one  can keep  the overpotent ia l  cons tant  
and calculate the  cur ren t  densi t ies  needed  to produce  the 
same overpoten t ia l  wi th  the  full and l inearized equat ions;  
an error, et, can be def ined ana logous ly  to Eq. [15]. The  
two errors are in ter re la ted  by 

100e, 
ei - [16] 

100 + e~ 

which  can be  d e m o n s t r a t e d  by a geomet r ic  considera-  
t ion of the devia t ions  be tween  the  l inear  and the full 
equat ions.  

For  the  case of  'o~t < <  'omt, the  Nerns t  equa t ion  ex- 
presses  the  overpotent ia l  as a func t ion  of  surface concen-  
trat ions,  which,  in turn,  are d e p e n d e n t  on the  faradaic 
current  dens i ty  and t ime 

RT [ (Co%=0 CR ] 
9~mt = - - ~  in [ -~o (CR%:O" 

This can be  l inear ized to 

[17] 

"o'~t- ~RT [ (Co%=0Co (C,%=0 ] C a  [18] 

if  (C?)~=o/C~ ~ 1. Equa t ions  [17] and [18] are not  in con- 
ven ien t  form because  the surface concent ra t ions  of  the 
species are genera l ly  not  known.  The  mass- t ranspor t  
overpotent ia l  can, however ,  be expressed  in te rms  of 
measurab le  paramete rs  by us ing  the  re la t ion 

(Co%=0Do "2 + (CRPx_oDa ~l'- = CoDo lr2 + CRDR ~1"2 [19] 

which  can be  shown  to be  t rue  for all re laxat ion tech- 
n iques  cons ide red  here  (34). This  leads  to 

C2D21/2 
l + - -  

(ClS).:c=O C,D, 'r'- 
[20] 

C, (C/)x_0D/j~ 
1 +  

(C,s)~=oD, 'r'- 

where  the  i ndexes  1 and 2 can stand for O and R. The 
fract ion in the  d e n o m i n a t o r  of  the r ight-hand side of  Eq. 
[20] can  be  expressed ,  w i th  the  help  of  Eq.  [17], as 

(Co%=oDo 'r~ C o D o ' ~ 2 e x p ( n F  ) 
(CR%:=oD ,r2 - CrtDrt,i z ~ -  'omt [21] 

Therefore,  ~mt and 'o'mt, and the  devia t ion  be tween  them,  
can be  expres sed  in te rms  of  the  d imens ion less  parame-  
ters P:~ = CoDo~l"2/CaDr? 12 and Pa = nF'Omt/RT, both  of  which  
are known  for a g iven  e x p e r i m e n t  

and 

RT In [, 1 + P:, exp  (P4) ] 
= L 

[22] 

RT [ I + P ~  I + P : ~  ] [23] 
' o ' m t = ~  P : ~ + e x p ( - P 4 )  - 1 +P:~exp(P4)  

In  conclus ion,  the  error  of  the l inear izat ion can be  ex- 
pressed  in t e rms  of  d imens ion less  parameters  for bo th  
the  charge transfer-  and the mass- t ranspor t -cont ro l led  
cases. 

The  devia t ions  be tween  Eq. [17] and [18] were  calcu- 
lated in two ways: (i) as a func t ion  of  (C?)x=o/Cj and (ii) as 
a func t ion  of  CoDo"2/CRDR '~2 and nF'Omt/RT. The calcula- 
t ions were  carr ied out  at cons tant  cur ren t  (or, more  pre- 
cisely, us ing the  same surface concent ra t ions  for both  
equations),  and e, was obtained.  Equa t ion  [16] is also val id 
for the  mass- t ranspor t -cont ro l led  case. 

Error of  exchange current density measurements  due to 
Linearization.--The fo l lowing p rocedure  was used  to cal- 
culate the error  in the  exchange  cur ren t  dens i ty  determi-  
na t ion  caused by m e a s u r e m e n t  in the  non l inear  i-'o range 
coupled  wi th  data  eva lua t ion  as suming  a l inear  i-'o rela- 
tion. Re laxa t ion  curves  were  genera ted  us ing  bo th  the  lin- 
ear  and the  nonl inear  i = 'o relat ions and the  m a x i m u m  
devia t ion  be tween  the  two curves  was de t e rmined .  (see 
above). The  curve  genera ted  wi th  the  nonl inear  relat ion 
was used  as input  data  for a curve-f i t t ing data  evaluat ion  
a s suming  a l inear  i -?  re la t ion (2-5), and  the  calculated ex- 
change  cur ren t  dens i ty  was compared  to the  exchange  
cur ren t  dens i ty  used  in the  genera t ion  of  the synthet ic  
data. To ensure  that  the  resul ts  reflect  only the  error  
caused  by the  l inearizat ion of  the  i-'o relation, no o ther  
m e a s u r e m e n t  errors (current  dens i ty  and potential)  were  
in t roduced  into these  data  sets. The  calculat ions were  
carr ied out  for a series of  overpoten t ia l  values  keep ing  all 
o ther  parameters  constant.  

Results and Discussion 
Curve-fitting in the nonlinear i-'o range.--Init ial  calcu- 

la t ions have  demons t ra t ed  that  both  ca lcula t ion me thods  
desc r ibed  above give sat isfactory results,  bu t  we found  
that  the  second m e t h o d  requires  significantly more  
computa t iona l  effort  than  the  Levenbe rg -Marqua rd t  
m e t h o d  (2.5 t imes  more  in one case). It  is l ikely that  the  
abi l i ty of the  Levenbe rg -Marqua rd t  m e t h o d  to exploi t  the 
s t ructure  of  the nonl inear  least  squares  problem,  its use 
of  a hybr id  of s teepes t  descen t  and Gauss -Newton  tech- 
n iques ,  and  the  app rox ima t ing  aspects  of  the  analytic ja- 
cobian combine  to cause the second approach  to be rela- 
t ively slow. We dec ided  to abandon  the  cons t ra ined 
m e t h o d  for the  remainder  of this s tudy.  (A const ra ined 
Levenbe rg -Marqua rd t  approach  wou ld  p rov ide  the  posi- 
t ive features  of  bo th  me thods  and may  be a subject  of  fur- 
ther  work.) All the  resul ts  d iscussed  be low were  obtained 
with  the  Levenbe rg -Marqua rd t  method .  

Sat is factory  resul ts  were  obta ined for a var ie ty  of  elec- 
t rode  react ion paramete r  va lues  and m e a s u r e m e n t  condi-  
t ions with the  n u m b e r  of  parameters  de t e rmined  varying 
f rom two to seven.  Two typical  examples  are p resen ted  in 
detail  in Tables  I-III. Table  I shows the  condit ions,  and 
Tables  II and III  show the  resul ts  of  the  calculations.  The  
resul ts  indicate  that  the  parameters  can be de te rmined  
wi th  a few percen t  error  (the m a x i m u m  error was  6.4% in 
these  examples) .  The synthet ic  data were  calcula ted wi th  
a s to ichiometr ic  n u m b e r  of  one,  whi le  the  evaluat ions  
were  carr ied out  for v = 1, 2, and 3. To select  the  correct  u 
value,  one  has to se lect  the  best  fit based  (26, 33) on (i) 
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Table I. System parameters used in the examples 

Parameter 

Used in 

Three-parameter Five-parameter 
fit fit 

Exchange current 6.42 • 10-' 6.42 
density (A-cm-D 

Concentration, 4.21 • 10 -,~ 4.21 • 10 -~ 
O and R (mol-cm -:~) 

Diffusion coefficient, 1.00 x 10 -~ 1.00 • 10 -~ 
0 (cm'~-s -') 

Diffusion coefficient, 1.00 x 10 -.~ 2.00 • 10 -'~ 
R (cm2-s -') 

Double-layer 2.50 x 10 -5 2.50 x 10 -5 
capacitance (F-cm-D 

Uncompensated solution 0.00 0.00 
resistance (~-cmD 

Cathodic transfer 3.00 x 10-' 3.00 • 10-' 
coefficient 

Temperature (K) 2.98 • 102 2.98 • 102 
Risetime (s) 1.00 • I0 -~ 1.00 • 10 -~ 
Pulse length (s) 1.00 • 10 -~ 5.00 • I0 -~ 
Pulse current  densi ty  1.44 8.26 

(A-cm-2) 
Overpotential at the 5.60 • 10 -~ 1.73 x i 0 - '  

end of the pulse (V) 
Stoichiometric n u m b e r  1 1 
Number  of electrons 1 1 

Table II. Example of a three-parameter fit 

Calculated 
with a Percent Percent Root mean 

stoichiometric error of standard square 
number Parameter determination deviation residual 

1 io 1.9 0.15 
~c 2.1 0.24 2.44 • 10 -3 
c 0.8 0.08 

2 io 136 0.59 
~0 -64 2.67 1.09 x 10 -4 
c -4  0.35 

3 io 269 0.73 
a~ -85 8.29 1.40 • 10 -4 
c -5  0.45 

Table III. Example of a five-parameter fit 

Calculated 
with a Percent Percent Root mean 

stoichiometric error of standard square 
number Parameter determination deviation residual 

1 io 1.4 0.22 
ar -0.9 0.38 
c 1.1 0.21 2.46 x 10 -3 
Do -6.4 0.99 
DR -0.1 0.07 

2 io 227 0.33 
ac 95 0.16 
c -20 0.90 1.51 x 10 -4 
Do 5,200 12.12 
DR 164 0.80 

3 io 375 0.37 
ae 55 0.24 
C -19 1.21 2.01 • 10 -4 
Do 11,017 12.91 
DR 88 0.72 

the  s t a n d a r d  dev ia t ion  of  the  p a r a m e t e r s  ( expressed  in 
the  tab les  as a p e r c e n t a g e  of  the  ca lcula ted  pa rame te r  
value) and  (it) the  root  m e a n  squa re  res idua ls  (which ex- 
p re s se s  the  overal l  qual i ty  of  the  fit). In  b o t h  cases,  v = 1 
gives t he  bes t  fit. These  resu l t s  d e m o n s t r a t e  t he  feasibil-  
ity of  us ing  a c o m b i n a t i o n  of  a numer i ca l  different ial  
equa t ion  solver  and  a least  squares  min imiza t ion  sof tware  
package  for the  data  eva lua t ion  of  re laxa t ion  t e c h n i q u e s  
in  t he  non l inea r  i-,1 range.  N u m e r o u s  ca lcu la t ions  were  
carr ied  out,  but,  b ecause  of t he  long compu ta t i ona l  t imes  
involved,  a c o m p l e t e  error  analys is  could  not  be  carr ied 
out. Therefore ,  an  appl icabi l i ty  field c anno t  be def ined  
for th is  me thod .  Five  runs  were  m a d e  u n d e r  cond i t ions  

near  the  d i f fus ion- l imi ted  edge  of  the  appl icabi l i ty  field 
ca lcula ted  for the  l inear ized case (3), and  it was  c o n c l u d e d  
tha t  the  l imi ta t ions  of t he  non l inea r i zed  and  l inearized 
cases  are similar.  All ca lcula t ions  were  carr ied out for the  
galvanosta t ic  s ing le-pulse  case;  no  difficult ies are ex-  
p ec t ed  in the  e x t e n s i o n  of th is  da ta -eva lua t ion  m e t h o d  to 
the  o ther  dc re laxa t ion  t echn iques .  

The p r e s en t  m e t h o d  of  data  evaluat ion,  w h i c h  is not  
l imi ted  to the  l inear  i-~ range,  has  several  advan tages  
over  t he  prev ious ly  used  curve-f i t t ing data evaluat ions.  
(i) S ignal - to-noise  p r o b l e m s  can be  min imized  by  the  use  
of  large overpotent ia l s .  This  is espec ia l ly  i m p o r t a n t  for  
e lec t rode  reac t ion  sys t ems  where ,  in t he  l inear  range,  one  
would  use  very  small  overpo ten t ia l s  because  the  error  of  
the  l inear ized equa t ions  is large, e.g., w h e n  the  av/n is far 
f rom 0.5 or CoDo'~2/CRDR "'~ is far f rom un i ty  (see d i scuss ion  
below). (it) Becau s e  of f r e e d o m  f rom overpoten t ia l  limita- 
t ions,  the  poss ib le  po ten t ia l  d e p e n d e n c e  of  the  t r ans fe r  
coeff ic ients  can  be  easi ly d e t e c t e d  by  m a k i n g  measure -  
m e n t s  at a n u m b e r  of  cu r ren t  densi t ies .  (iii) The values of  
the  e x c h a n g e  cur ren t  dens i ty  and  the  s to ich iomet r ic  
n u m b e r  can b o t h  be  individual ly  d e t e r m i n e d ,  whi le  in the  
l inear  range  only  iJv is de te rminab le .  (iv) The  t rans fe r  
coeff icients  can  be direct ly  ob ta ined  f rom the  data, whi le  
in the  l inear  r ange  they  are d e t e r m i n a b l e  only f rom the  
concen t r a t i on  d e p e n d e n c e  of  the  e x c h a n g e  cur ren t  den-  
sity. (v) The d i f fus ion  coeff ic ients  are also direct ly  deter-  
minable ,  whi le  in the  l inear  r ange  only  the  d i f fus ion  pa- 
r ame te r  (1/CoDo '/~ + 1/CRDR '12) is de t e rminab le .  

The d i sadvan tage  of  the  m e t h o d  is tha t  it requi res  con- 
s iderable  compu ta t iona l  t ime,  abou t  one  to two orders  of  
m a g n i t u d e  more  than  similar  ca lcula t ions  us ing  the  
l inear ized app rox ima t ions .  All ca lcula t ions  were  carr ied 
out  wi th  a Digital  E q u i p m e n t  Corpora t ion  V A X  11/780 
machine ;  wi th  th is  compute r ,  a curve-fi t  in the  l inear ized 
ap p ro x i ma t i o n  takes  a ma t t e r  of  minu tes ,  whi le  it can  
take several  hou r s  for the  non l inea r  range.  (Equiva lent  
execu t ion  t imes  on an IBM m a i n f r a m e  c o m p u t e r  are 
abou t  one  order  of  m a g n i t u d e  shorter .)  

Linear i za t ion  errors . - -A c o m p a r i s o n  of  the  errors  
caused  by  the  l inear izat ion of  t he  cu r r en t  dens i ty -overpo-  
tent ial  relat ion for the  dc re laxat ion  t e c h n i q u e s  revealed  
that ,  u n d e r  c o m p a r a b l e  e x p e r i m e n t a l  condi t ions ,  all tech- 
n iques  su f fe red  the  same error. Therefore ,  in the  follow- 
ing d i scuss ion  the  individual  t e c h n i q u e s  will not  be  
t rea ted  separa te ly  and  all resul ts  app ly  equal ly  to the  
single- and  d o u b l e - p u l s e  galvanostat ic ,  t he  coulostat ic ,  
and  the  po ten t ia l  and  vol tage s tep t echn iques .  ~ It  was also 
found  tha t  the  errors  ca lcula ted  by  s imp ly  c o m p a r i n g  the  
full and  l inear ized cu r ren t  densi ty~overpotent ia l  relat ions 
were  essent ia l ly  the  s ame  as t hose  ca lcula ted  f rom the  
c o m p a r i s o n  of  the  re laxa t ion  curves.  The devia t ion  be- 
t w e e n  the  re laxa t ion  curves  ca lcula ted  wi th  the  full and  
l inear ized i-~ re la t ions  is no t  co n s t an t  but  c h a n g e s  wi th  
t ime  b ecau s e  s o m e  cond i t ions  (e.g., surface  concen t ra -  
t ions)  ch an g e  wi th  t ime.  Therefore ,  w h a t  can  be  s ta ted  is 
tha t  if  the  l inear ized i-~? re la t ion  is in er ror  by  x%, as com-  
pa red  to the  full i-v relat ion,  for a g iven  s y s t e m  and  at y 
m V  overpotent ia l ,  t h e n  for tha t  s y s t e m  the  re laxa t ion  
curve  ca lcula ted  for any re laxa t ion  t e c h n i q u e  us ing  the  
l inear ized i-,} re la t ion  will have  a m a x i m u m  devia t ion  of  
x% f rom an ana logous  re laxa t ion  curve  ca lcula ted  wi th  
the  full i-,} re la t ion (as long as the  overpotent ia l  neve r  ex- 
ceeds  y mV). I t  s e e m s  p ru d en t ,  therefore ,  to use  th is  max-  
i m u m  error  to charac ter ize  the  overall  error. These  resul ts  
are p r e s e n t e d  be low in  t e r m s  of  e,. As expec t ed ,  t he  error  
was  f o u n d  to be  a func t ion  no t  only  of  t he  overpo ten t ia l  
bu t  also of every  p a r a m e t e r  n e e d e d  to character ize  the  
e lec t rode  reac t ion  sys tem.  Becau s e  of  this,  the  resul ts  o f  
the  er ror  analysis  can be  s imply  p r e s e n t e d  only for cer- 
ta in  e x t r e m e  condi t ions ,  specifically,  for the  case  of 
cha rge  t rans fe r  cont ro l  (~ct > >  ~}m~), and  mas s - t r an spo r t  
con t ro l  ('}at < <  ~mJ. Fo r  t hese  cases,  the  resul ts  of  the  er- 

5However, the use of two working electrodes is not readily ap- 
plicable for the potential and voltage step techniques because 
the potential control of the individual electrodes will be lost. 
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Fig. 1. Error of the linearized i-~/ relation for the case of charge 
transfer control (a = a a for v/ > O; a = ac for ~/ < 0). 

ror  ca lcula t ions  can  be p r e s e n t e d  in t e rms  of  the  d imen-  
s ion less  pa r ame te r s  d i s c u s s e d  earlier. 

The resul ts  for the  charge  t rans fe r -con t ro l  case are 
s h o w n  in Fig. 1. The error  increases  a lmos t  l inearly wi th  
increas ing  overpo ten t ia l  pa r ame te r  ( ~ n F / v R T ) ,  and  the  
rate  of  th is  inc rease  is a s t rong  func t ion  of  the  t ransfer-  
coeff ic ient  parameter .  The smal les t  error  occurs  near,  
bu t  not  exac t ly  at, a v / n  = 0.5 and  inc reases  drast ical ly be- 
low and  above  th is  value. ~ For  example ,  at  ~ n F / v R T  = 0.2, 
w h i c h  is a p p r o x i m a t e l y  5 m V  polar iza t ion  at room tem- 
pera tu re  and  n = v, the  er ror  is only  1% at a ~ / n  = 0.5, bu t  
increases  to 10% u n d e r  the  wors t  cond i t ions  ( a d n  = 1 or 
0). One can also exp re s s  the  l imi ta t ion  of  the  l inear ized 
equa t ion  as t he  h ighes t  a l lowed overpo ten t ia l  f o r  the  er- 
ror not  to e x c e e d  a m a x i m u m  value.  For  a 5% error  th is  
l imit  is 30 m V  at a v / n  = 0.5 bu t  dec rea se s  to  2.5 m V  u n d e r  
the  w o r s t  condi t ions .  Changing  the  polar i ty  of  the  cur ren t  
will change  the  s ign  of  the  error;  therefore ,  if two iden-  
tical w ork ing  e lec t rodes  are used,  polar iz ing one  anodi-  
cally and  the  o the r  cathodical ly,  m u c h  of  the  error  will 
cancel ,  as i nd i ca t ed  in Fig. 2. This a p p r o a c h  to decrease  
the  error  of  l inear izat ion was  first  sugges ted  by  
Koo i jm an  e t  a l .  (8). Cons ide rab le  error  cancel la t ion re- 
sults  at all va lues  of a v / n  e x c e p t  at 0.5, and  the  error  is 
close to zero at ~ v / n  ~ 0.65. The cance l la t ion  effect  is very  
significant:  t he  wors t -case  error  at 5 m V  polar izat ion de- 
c reases  f rom 10% for  a s ingle  e lec t rode  to 2% for the  two- 
e lec t rode  case, and  the  5% er ror  l imit  inc reases  f rom 2.5 to 
10 m V  at a v l n  = 1 (the wors t  condit ion).  

The  resul ts  for the  mass - t r anspor t - con t ro l l ed  case are 
s h o w n  in Fig. 3. The  er ror  inc reases  w i th  inc reas ing  over- 
Potent ia l  pa ramete r ,  and  the  effect  is app rox ima te ly  lin- 
ear. The  rate of  inc rease  is s t rongly  d e p e n d e n t  on 
CoDf f rqCaDR 1/'-, which ,  fo r  the  sake of  s implici ty,  will  be  
called t h e  m a s s - t r a n s p o r t  pa ramete r .  Zero error  occurs  
near,  bu t  not  exac t ly  at, a m a s s - t r a n s p o r t  pa r ame te r  o f  
one. Above  and  b e l o w  this  value, the  error  increases  
s teeply  b u t  r eaches  a sympto t i c  l imits .  7 For  example ,  at  

sit is :important to emphasize that a, here and throughout this 
paper, refers to the transfer coefficient of the muttistep Butler- 
Volmer equation (16, 17). The transfer coefficient is equivalent 
to the symmetry factor only for the case of a single-step reaction 
with n = 1. 

7The error calculated at the mass-transport parameter of 1006 
and O.001 is within 0.5% relative error of the asymptotic limit. 
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Fig. 2. Error of the linearized i-v/ relation for the case of charge 
transfer control and two identical working electrodes. The symbol c~ 
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~ ? n F / R T  = 0.2 and  mass - t r anspo r t  p a r a m e t e r  of  one, the  
error  is 1%, bu t  inc reases  to 8% at the  a sympto t i c  limit. 
Al ternat ively,  the  m a x i m u m  a l lowed overpotent ia l  (at 
r o o m  t e m p e r a t u r e  and  n = 1) for a 5% error  is 20 m V  at 
the  mas s - t r an s p o r t  p a r a m e t e r  of  one  bu t  decreases  to 2.5 
m V  at the  a s y m p t o t i c  limit. It is to be  no ted  here  tha t  for 
meta l  depos i t i on -d i s so lu t ion  reac t ions  (the concen t r a t ion  
of  one  spec ies  is fixed) t h e  er ror  wii1 always be  the  as- 
y m p t o t i c  limit: The sign of  the  er ror  ch an g es  as the  s ign 
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of the polarization changes; therefore, a cancellation of er- 
rors occurs when using two identical working electrodes. 
This case is shown in Fig. 4. The beneficial effect of this 
type of measurement  is shown by the decrease of the er- 
ror at the asymptotic limit from 8% for a single electrode 
to 1.5% for two electrodes; similarly, the maximum al- 
lowed overpotential for a 5% error increases from 2.5 to 10 
mV. 

The error as a function of the (C?)~-o/Cj ratios is shown 
in Fig. 5. This was calculated by a straightforward 

50 

40  

Z 

0 

~" 20  
W 

. J  

" I0 
0 

0 
e,,, 
n.- 

"' 0 
I-- 

z 

0 

-20 

-30 
1.0 I.I 1.2 ~'.0 1.3 1.4 I.fi 1.6 1.7 1,8 1.9 

cS/cM 

Fig. 5. Error of the linearized i-v/ relation for the case of mess- 
transport control as o function of surface concentrations (1 = 0 and 2 
= Rfor  :9 > O, 1 = R a n d 2  = O f o r  V/ < 0 ) .  

comparison of Eq. [17] and [18]. These results are instruc- 
tive, though the figure cannot be used to predict errors 
for practical situations. The error  depends not only on the 
individual concentration ratios but also on the ratio of the 
two ratios. This explains the small error near the mass- 
transport parameter of one and the large error for metal 
deposition-dissolution reactions. 

The error cannot be represented in a simple way for 
more general cases because it is a function of too many 
parameters, some of which may be unknown at the t ime 
of an experiment.  Specifically, one would need to know 
how the total overpotential is divided into charge transfer 
and mass-transport overpotentials, One would also need 
to know the values of the transfer coefficients and the 
stoichiometric number. If these are known, or at least es- 
timated, the figures presented in this communication can 
be used to determine the error of the charge transfer and 
mass-transport overpotentials and the overall error will 
be their algebraic sum. If the above-mentioned parame- 
ters are not known, one can estimate the max imum error 
by assuming that the reaction is charge transfer or mass- 
transport controlled, calculating the worst error for both 
cases and taking the largest of the two. For example, at 
room temperature and v = n = 1, at a 5 mV polarization 
the worst-case error (at a = 1.0 and mass-transport param- 
eter at the asymptotic limit) will be 10%. The actual errors 
will probably be considerably smaller than the maximum 
error, in part because the parameters will not have ex- 
treme values and in part because the errors of the charge 
transfer and mass-transport overpotentials can have op- 
posite signs resulting in cancellations. Many numerical  
calculations were carried out for all relaxation techniques 
confirming the additivity of errors and the cancellation 
effects. 

There is a small discrepancy for the case of the pure 
mass-transport control between the errors calculated 
from the two i-v/relations and the errors calculated from 
the relaxation curves. The first error is calculated by as- 
suming the same surface concentration for all species for 
both the linear and the full equations, while the latter is 
calculated for a constant current case. The two errors will 
be identical only when the double-layer capacitance is 
zero. For a finite double-layer capacitance, a fraction of 
the current will be consumed for the double-layer charg- 
ing and this fraction will not be the same for the 
linearized and the full i-v/cases; consequently, the surface 
concentrations will be unequal  at equal total currents. 
The results shown in Fig. 3 and 4 are for a double-layer 
capacitance of zero; the deviation from practical condi- 
tions will not be large; for example, for c = 25 ~F-cm -2, 
the results given in Fig. 3 and 4 are correct within a factor 
of 1.2. The results given in Fig. 1-4 are expressed in terms 
of e, (Eq. [15]); for a potentiostatic case, the error of inter- 
est is, of course, e~, which can be obtained from e~ by 
using the relation given in Eq. [16]. 

These results are in general agreement with those of 
Kooijman et al. (8) and emphasize again the importance of 
the value of the transfer coefficients and concentrations 
in the limitation of the linearized i-v/relation. The contro- 
versy surrounding this subject (7-13) can be resolved by 
stating that it is correct that in the limit of v/ --> 0 the 
linearized relation will be identical to the full relation, in- 
dependent  of the value of other parameters, but the rate 
of approach to the limit depends on those other parame- 
ters. That is, at a given overpotential value, the error of 
the linearized i-v/ relation is a function of all system pa- 
rameters, namely: a~/n, CoDolr2/C~DR 112, and V/nF/RT. 

Error of the exchange current density determination 
due to linearization.--A series of calculations was carried 
out to determine the error in the exchange current den- 
sity determination by the dc relaxation techniques caused 
by measurement  in the nonlinear i-v/range coupled with 
da ta  evaluation assuming a linear i-v/ relation. It was 
found that, if the electrode system is well within the field 
of applicability of the techniques (2-5), the percent error 
of the exchange cu~en t  density determination is approxi- 
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mately the same as the maximum percent deviation be- 
tween the relaxation curves calculated with the linear and 
nonlinear i-~ relations. A much larger error in the ex- 
change current density was found at the edge of the appli- 
cability fields. This is in agreement with earlier results 
(2-5) indicating that the limits of applicability of all dc re- 
laxation techniques are sensitive to measurement  errors. 
An example for the galvanostatic single-pulse technique 
is shown in Fig. 6. The error in the exchange current den- 
sity determination is plotted against the error of the 
linearized equation for two electrode reactions: one well 
within the field of applicability and one at the edge of ap- 
plicability. [The value of log K was 3 or 0, while the value 
of log re was -5  for both cases, see Ref. (3); ~v/n was 0.3, 
and the mass-transport parameter was unity.] It can be 
concluded that the error in the exchange current density 
determination will be at least as large as the error of the 
linearized equation. 

Summary 
The feasibility of the extension of relaxation techniques 

to the nonlinear current density-overpotential range has 
been demonstrated. This was accomplished by a curve- 
fitting data-evaluation method with a nonlinear multidi- 
mensional least squares minimization package coupled to 
a software package designed to solve systems of non- 
linear partial differential equations. The main advantage 
of this approach is that measurements can be made at 
high enough overpotentials to avoid signal-to-noise ratio 
problems without introducing linearization errors in the 
data evaluation. The error of the linearized i-~ relation is 
not negligible under  many experimental conditions. A 
quantitative evaluation of this error has been made as a 
function of three dimensionless parameters: ~v/n, 
CoDo'I2/CRDR '~, and "~nF/RT. The error in the exchange 
current density determination, with the assumption of 
linear i-~ relation, will be at least as large as the error of 
the linearized equation. 
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LIST OF SYMBOLS 

c capacity of the double layer (F-cm -~) 
Cj concentration of species j in the bulk solution 

(mol-cm-3) 
C? concentration of species j near the electrode surface 

(mol-cm-'~) 
Dj diffusion coefficient of species j (cm'2-s-') 
E measured potential (V) 
F Faraday constant (C-mol-') 
i total current density (A-cm -~) 
if faradaic current density (A-cm -~) 
io apparent exchange current density (A-cm -~) 
n total number  of electrons transferred in the overall 

reaction 
N number  of optimization val~iables 
O (index) oxidant 
Pj dimensionless parameter 
R (index) reductant 
R universal gas constant (J -K- ' -mol- ' )  
Rs uncompensated solution resistance between the 

working and reference electrodes per unit  electrode 
area (fl-cm ~) 

t time (s) 
t~ pulse length (s) 
T temperature (K) 
x distance from electrode surface (cm) 
~a anodic transfer coefficient 
a~ cathodic transfer coefficient 
E~ error at constant potential, defined by Eq. [16] 
e~ error at constant current density, defined by Eq. 

[15] 
~? total overpotential (V) 
not charge transfer overpotential (V) 
~?mt mass-transport overpotential (V) 
~'j overpotential calculated with the linearized equa- 

tions (V) 
v stoichiometric number  of the reaction mechanism 
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A Systematic Approach to the Determination of Possible Reaction 
Mechanisms of Oxygen Reduction on Platinum in Alkaline Medium 

J. L. Valdes* and H. Y. Cheh** 

Department of Chemical Engineering and Applied Chemistry, Columbia University, New York, New York 10027 

ABSTRACT 

The reaction mechanisms of oxygen reduction of plat inum in alkaline medium are determined once a set of reacting 
species and elementary reactions is specified. The technique utilized to generate all the possible reaction mechanisms is 
based upon the principles of combinatorial analysis and linear algebra along with application of the principle of micro- 
scopic reversibility. The development of this method by Happel and Sellers hasenab led  them to study complex mecha- 
nisms for some important industrial reactions in heterogeneous catalysis. A preliminary evaluation analysis of the myr- 
iad reaction mechanisms for oxygen reduction is accomplished by invoking the concept of a stoichiometric number  and 
a corresponding rate-determining elementary reaction. The number  of mechanisms which are consistent with a given 
experimentally derived stoichiometric number  is considerably less. The resulting set of mechanisms forms an important 
basis for further investigations. 

The reduction of molecular oxygen in electrochemical 
systems has been the subject of many investigations over 
the past 50 years. It is evident from these studies that a 
mechanism for this reaction is strongly dependent  upon 
the nature of the electrode material, the surface condition, 
the composition and purity of the electrolyte, the current 
density and electrode potential, and the temperature and 
pressure. Consequently, it is not surprising that the study 
of mechanisms is rendered difficult, as exemplified by 
the conflicting accounts which are often found in the lit- 
erature. The determination of all the possible reaction 
mechanisms consistent with a given set of elementary 
steps and chemical species provides a systematic frame- 
work for a rigorous theoretical analysis of oxygen reduc- 
tion. In a continuing effort to develop a clearer under- 
standing of the complex structure of this reaction system, 
the present study has been undertaken. 

In alkaline electrolytes, the reduction of oxygen is pri- 
marily considered to proceed through two mechanistic 
pathways: in one path, a four-electron reduction reaction 
without the formation of hydrogen peroxide; in the other, 
an initial e]ectroreduction reaction believed to produce 
hydrogen peroxide which can be transported to the solu- 
tion, electroreduced further to water, or catalytically de- 
composed. The mechan i sm for oxygen reduction can 
therefore be envisioned as consisting of a network of 
various elementary steps interconnecting a set of chemi- 
cal species. Although this perspective may seem 
unresolvably complicated at first, the method which is 
applied here unambiguously determines all the possible 
mechanisms from a given set of elementary steps and 
chemical species. 

The development of the theory of reaction mechanisms 
for complex reactions is found in the early work of 

* Electrochemical Society Student Member. 
** Electrochemical Society Active Member. 

Horiuti and co-workers (1, 2). The determination of the 
stoichiometric number  by Horiuti in 1948 permitted, to a 
certain extent, distinctions to be made between the 
Various mechanisms. Horiuti also showed that a chemical 
reaction mechanism can be described by specifying the 
number  of occurrences required by each of the elemen- 
tary steps in order for a given overall reaction to take 
place. The determination of possible reaction mecha- 
nisms then amounts to selecting the proper stoichiomet- 
ric number  for each of the elementary steps. Horiuti em- 
ployed a matrix composed of elementary steps by species 
to select the stoichiometric numbers  and obtain the line- 
arly independent  sets or reaction routes. According to 
Happel and Sellers (3), the concept of linear indepen- 
dence introduced by Horiuti will allow mechanisms to be 
combined in such a way that certain elementary reaction 
steps can be cancelled. Although this may be ma themat -  
ically correct, it is not feasible from a kinetics point of 
view, since no two mechanisms containing a given ele- 
mentary step can be equivalent to a third in which that 
step does not appear. As a result, the procedure devel- 
oped by Horiuti for determining the possible reaction 
mechanisms of a simple overall reation is not exhaustive 
and therefore does not provide a complete set of mecha- 
nisms. 

Milner (4), aware of the deficiencies encountered in 
Horiuti 's model, developed a systematic method for gen- 
erating complete sets of reaction mechanisms from a 
given number  of elementary steps and  intermediates. 
Here the concept of direct paths was introduced to em- 
phasize that while such paths may not be linearly inde- 
pendent  of one another, they are undoubtedly kinetically 
distinct and unique  in that each path or mechanism can- 
not be considered to result from a superposition of any of 
the other members in that set. Milner found that the num- 
ber of nonzero stoichiometric numbers  specifying a direct 
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path  can  be no more  than  one greater  than  the n u m b e r  of  
in termedia tes .  This  seemingly  s imple  rule, however ,  does 
not  hold  t rue  w h e n  mul t ip le  overal l  react ions  are  consid- 
ered. Hence,  Milner  appl ied these  concep ts  only to sys- 
tems of e lec t rochemica l  interest  for the  case in which  
there is a s ingle overal l  reaction. 

An  efficient m e t h o d  of  genera t ing  all the  possible  reac- 
t ion mechan i sms  was deve loped  by Sellers (5). This 
theory of chemica l  react ion ne tworks  was originally used 
to analyze a s ingle overal l  reaction, and  it was later ex- 
t ended  by Happe l  and Sellers (3) to inc lude  the case of 
mul t ip le  overall  reactions.  Ifi the  p resen t  study, we have  
appl ied their  m e t h o d  to the e n u m e r a t i o n  of  all the  possi- 
ble react ion m e c h a n i s m s  for oxygen  reduc t ion  at plati- 
num.  The fo l lowing sect ion is a br ief  s u m m a r y  of  the  im- 
por tant  facets of  this theory;  however ,  the reader  is 
referred to the  or iginal  art icle for a deta i led  account  of  the 
procedures  and ma themat i ca l  proofs  involved.  

Theoretical 
The  reduc t ion  of  o x y g e n  in alkal ine m e d i u m  takes  

place th rough  a ne twork  of  in termedia tes ,  and the transi- 
t ions that  take  place  be tween  one  species  and the o ther  
can be r ep resen ted  by a set of  e l ementa ry  steps. Accord-  
ing to Boudar t  (6), a react ion is an e lementa ry  step if  it 
takes  p lace  in a s ingle i r reducib le  act at the  molecu la r  
level  jus t  the  way  it is wr i t ten  in the  s to ichiometr ic  equa-  
t ion for the  reaction.  The  act of react ion is i r reducib le  
w h e n  no in t e rmed ia t e  be tween  reactants  and produc t s  
can be  de t ec t ed  by any avai lable t echnique .  Once a set of  
e lementa ry  steps is specif ied and react ion in te rmedia tes  
are postulated,  all the  possible  reac t ion  mechan i sms  can 
be unambiguous ly  de termined .  Fur the rmore ,  it is not  
necessary  to k n o w  a p r i o r i  the  overal l  reaction.  

This  me thod  assumes  that  the  ne tworks  of react ion 
steps can be d e c o m p o s e d  into two sets. The  first set con- 
sists of  those  steps which  w h e n  c o m b i n e d  yield the  over- 
all p roduc t ion  and consumpt ion  of  chemica l  species. The 
second set of  steps forms cycle  react ions in the  sense that  
there  is no ne t  change  of  t e rmina l  species.  (The t e rmina l  
species are those  which  appear  in the  overall  reaction.) 
Such  cyclic react ions  violate  the  pr inc ip le  of  microscopic  
reversibi l i ty  (7) and therefore  cannot  be  physical ly  realiza- 
ble. 

Cons ider  a steady-state react ing sys tem where  the  
chemica l  species are represen ted  in the  nota t ion 

a , ,  a+_, as ,  �9 . . ,  aA [1] 

and the  mechan is t i c  e l ementa ry  steps 

s , ,  s2, s~, . . . , Ss [2] 

Each e l emen ta ry  step in Eq.  [2] is composed  of  certain 
chemica l  species  and symbol ica l ly  represen t s  a molecu la r  
even t  whe reby  these  species  are t r ans formed  into others. 
Every  e lementa ry  step has  an associa ted chemical  reac- 
t ion which  can be  pu t  into the  form 

R(s3 = ~+~a, + ... + a+AaA [3] 

where  the  o 's  are the s to ich iomet r ic  coefficients  of  the  
species in each  e lementa ry  step and the  sign depends  on 
the  usual  conven t ion  (posit ive for a p roduc t  and negat ive  
for a reactant  species). Eve ry  s tep s+ has cer ta in  scalar  
values,  ~r+, wh ich  can take on any va lue  and are used  to 
form all the  possible  vec tors  which  const i tu te  a one-di- 
mens iona l  mechan is t i c  vec to r  space. The  mechan is t i c  
vec tors  can be wr i t ten  as 

o-,sl + . . .  + O-sSs [4] 

and the  set of all vec tors  of this form const i tutes  an 
S-d imens iona l  vec to r  space and is cal led the m e c h a n i s m  
space. Every  mechan is t i c  vec tor  thus  has  a react ion vec-  
tor  R(m) associa ted  wi th  it where  each m e c h a n i s m  m i s  
represen ted  by a mechanis t ic  vec tor  as in Eq. [4]. The  set 
of  all poss ib le  reac t ion  vectors  is cal led a react ion space, 
which  is of  d i m e n s i o n  R, co r respond ing  to the m a x i m u m  
n u m b e r  of  l inear ly  i n d e p e n d e n t  reactions.  

The  s to ichiometr ic  coeff icient  mat r ix  can be wri t ten in 
the form 

~,,, ~,., ..... o+,A [5] 
OL21 , 0 L 2 2  , . . . , OL2A 

OLsI, 0@2,  �9 �9 �9 , O@A 

where  the  rows cor respond  to the  e lementa ry  steps and 
the co lumns  to the  var ious  chemica l  species. It  is t hen  a 
s imple  mat te r  to e n u m e r a t e  the  poss ib le  react ion mecha-  
n isms by mul t ip ly ing  the matr ix  g iven  in Eq. [5] by m. 
This affords the  react ion vectors  R ( m )  in t e rms  of  the stoi- 
chiometr ic  coeff icients  and the scalar values,  o-, Thus,  
for every  mechan is t i c  vec tor  m, a reac t ion  vec tor  R ( m )  can 
be found by mat r ix  mult ipl icat ion.  However ,  the  present  
p rob lem can be cons idered  as the  inverse  of this, in that  
the values  for ~ are u n k n o w n  and we wish  to find all the  
mechanis t ic  vec tors  which  p roduce  a specified react ion 
vector :  namely ,  t he  overal l  react ion vector .  

The overall  reac t ion  vec tor  consists  only of  terminal  
species;  hence,  the  mechanis t ic  vec tors  which  mus t  be 
de te rmined  will  have  to recycle  all the  in te rmedia te  spe- 
cies. Consequent ly ,  a set of mechan is t i c  vectors  which  re- 
genera tes  all the  species  mus t  also be  de termined.  It  is ev- 
ident  that  such a cycle  mechanis t ic  vec to r  affords a reac- 
t ion which  is nul l  and is r epresen ted  by the  equa t ion  

R(z) = 0 [6] 

In  any chemica l  system, there  is a un ique  n u m b e r  of 
mechan i sms  which  are t e rmed  direct  mechan isms .  These 
are shown by Happe l  and Sellers (3) to be the  fundamen-  
tal constituents of any mechanism. The first step in the 
determination of all the possible direct mechanisms .is ac- 
complished by a diagonalization of the stoichiometric 
coefficient matrix given in Eq. [5]. It is sufficient to note 
in the present context that the process of diagonalization 
directly provides one with all the mechanistic vectors 
which produce a particular independent overall reaction. 
Furthermore, a cycle matrix is formed where the number 
of rows, C, corresponds to the number of cycle reactions 
present in the system and the number of columns is given 
by the total number of species, A. The mechanistic 
vectors for each of these cycles are also available if a de- 
tailed record is kept of all the column and row manipula- 
tions during the diagonalization process. It is clear that 
this type of management is most efficiently realized 
through the use of a computer algorithm. 

The results of any diagonalization process can be 
shown in the generalized reduced matrix given in Fig. i. 
In this matrix, all entries are zero below the diagonal, 
nonzero  in the  ou t l ined  boxes ,  and arbi t rary  above  the  di- 
agonal.  The space of all the  nons teady-s ta te  mechan i sms ,  
s teady-state mechan i sms ,  and cycles is g iven  by: m, to 
mm m~+l to my, m~+l to m s ,  respect ively .  It  is clear that  
only the  t e rmina l  species  are invo lved  in the  steady-state 
mechan isms ,  whereas  cycles regenera te  all the  species to 
form a null  react ion accord ing  to Eq. [6]. 

The genera l  express ion  for any s teady-state  m e c h a n i s m  
can be wr i t ten  as a l inear combina t ion  of the  overall  reac- 
t ions and the  cycles 

?I~ = ~ H + l m H + I  4- . . .  4- b t g m s  [7] 

The  coefficients  of  the  mechanis t ic  vectors ,  m~+, th rough  
ms, form the  C - b y - S  cycle matr ix.  S ince  the  general  mech-  
an ism is c o m p o s e d  of a l inear  combina t ion  of overall  re- 
act ion vectors  and cycles, we mus t  insure  that  this combi-  
na t ion  does not  lead to any cycles, s ince this would  
violate  the  pr inc ip le  of  microscopic  reversibi l i ty.  Thus, in 
order  to find every  cycle-free system, we  mus t  insure  
that  C co lumns  of  the C-by-S cycle  mat r ix  add up to zero, 
wh ich  is equ iva len t  to the fol lowing mat r ix  equa t ion  

( ~ + ,  . . .  ~Q) + (~Q . . . . .  ~ s ) M  = 0 [8] 

where  the solut ion to the  above  equa t ion  is g iven  by 
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Fig. 1. Generalized reduced matrix 

a t 

( ~ + 1 . . .  ~ s )  = - ( o - H + 1 . . .  o-Q)M -~ [ 9 ]  

w h e r e  M-1 is t he  i nve r s e  of  t he  C-by-C cycle  matr ix .  The  
p r o c e d u r e  for  e n u m e r a t i n g  e v e r y  d i rec t  m e c h a n i s m  is 
s imp ly  g i v e n  by  t h e  so lu t ion  to Eq.  [9]. In  th i s  case, all t h e  
n o n s i n g u l a r  C-by-C s u b m a t r i c e s  of  t he  C-by-S cycle  ma-  
t r ix  m u s t  b e  c o n s i d e r e d  as v iab le  in  g e n e r a t i n g  a d i r ec t  
m e c h a n i s m .  The  so lu t ion  of  t he se  sets  of  l inea r  a lgebra ic  
e q u a t i o n s  b e c o m e s  t ed i ous  e v e n  for  a sma l l  cyc le  mat r ix ,  
s ince  i t  is e v i d e n t  t h a t  t h e r e  are  at  l eas t  S!/[(S - C ) !  C!] 
poss ib l e  c o m b i n a t i o n s  of C-by-C s u b m a t r i c e s  w h i c h  c a n  
be  g e n e r a t e d  f rom a C-by-S cycle  mat r ix .  A c o m p u t e r  al- 
g o r i t h m  is t h u s  a p p r o p r i a t e  for  th i s  task.  

Analysis of Reaction Mechanism 
The  r e d u c t i o n  of  o x y g e n  in  a lka l ine  so lu t ions  is o f t en  

be l i eved  to p r o c e e d  a long  two  para l le l  r e ac t i on  paths .  
This  was  t he  c o n c l u s i o n  b y  Bockr i s  a n d  co-workers  (8), 
u s i n g  e x p e r i m e n t s  w i th  t he  ro t a t i ng  r ing -d i sk  e lect rode.  
In  one  of t h e s e  pa ths ,  h y d r o g e n  p e r o x i d e  is c o n s i d e r e d  a n  
i n t e r m e d i a t e  w h i c h  can  be  par t ia l ly  r e d u c e d  or 
e lec t roca ta ly t i ca l ly  d e c o m p o s e d  to water .  However ,  t he  
d e c o m p o s i t i o n  r eac t i on  of  h y d r o g e n  p e r o x i d e  to wa te r  is 
f o u n d  fo t ake  p lace  on ly  in  acidic  so lu t ions  at  p l a t i n u m  
(9). In  the  o t h e r  pa th ,  o x y g e n  is r e d u c e d  to wa te r  w i t h o u t  
h y d r o g e n  p e r o x i d e  as an  i n t e r m e d i a t e .  For  t he  p u r p o s e  of  
th i s  s tudy,  t h e  p r e s e n c e  of  h y d r o g e n  p e r o x i d e  is i n c l u d e d  
in  t he  r e a c t i o n  scheme .  T he  r e a s o n  is s i m p l y  t h a t  b o t h  
p a t h w a y s  will  ve ry  l ikely b e c o m e  o p e r a b l e  u n l e s s  "ul t ra-  
h i g h "  pu r i t y  so lu t i ons  are  used,  w h i c h  is o f ten  diff icul t  to  
a ch i eve  a n d  impra c t i c a l  in  m o s t  app l ica t ions .  

The  0vera l l  r e a c t i o n  for t he  r e d u c t i o n  of  o x y g e n  in  alka- 
l ine  so lu t ions  at  p l a t i n u m  is g iven  b y  t he  fo l lowing  equa-  
t ion,  r ega rd le s s  of  w h e t h e r  h y d r o g e n  p e r o x i d e  is f o r m e d  
or no t  

O~ + 2H~O + 4e -  = 4 O H -  [10] 

F u r t h e r m o r e ,  two  o t h e r  overal l  r e ac t i ons  a c c o u n t  for t he  
poss ib i l i ty  of  h y d r o g e n  p e r o x i d e  fo rma t ion .  T he  follow- 
ing  e q u a t i o n s  a p p l y  for a lka l ine  so lu t ions  

O2 + H20 + 2e -  = O H -  + HO2-  [11] 

HO2 + H20 + 2e -  = 3 O H -  [12] 

Note  t h a t  t h e  p r e c e d i n g  r eac t i ons  do  no t  f o rm  a n  inde-  
p e n d e n t  set,  s ince  Eq. [11] a n d  [12] c an  be  c o m b i n e d  to 
yie ld  Eq. [10]. 

A n y  cr i t ical  a s s e s s m e n t  of  t he  p o s s i b l e  r eac t ion  m e c h a -  
n i s m s  of  o x y g e n  r e d u c t i o n  m u s t  neces sa r i l y  i n c l u d e  con-  
s i s t ency  w i t h  ce r t a in  e x p e r i m e n t a l  resul ts .  The re  are  a t  
l eas t  two  ways  in w h i c h  th i s  m i n i m u m  c o n s i s t e n c y  s tand-  
a rd  can  be  met .  

The  first  m e t h o d  invo lves  t he  d e d u c t i o n  of  m e c h a n i s -  
t ic  i nd i ca to r s  a n d  was  u s e d  by  Bock r i s  (10) in  e v a l u a t i n g  
t h e  r e a c t i o n  m e c h a n i s m s  for  o x y g e n  r educ t ion .  Once  a 

m e c h a n i s m  has  b e e n  pos tu l a t ed ,  r e ac t i on  ra te  equa t i ons  
are deve loped .  The  k ine t i c  e x p r e s s i o n  for a r eac t ion  ra te  
d e p e n d s  u p o n  t he  r eac t ion  pa thway ,  u p o n  t he  b e h a v i o r  of 
the  i n t e r m e d i a t e s ,  a n d  u p o n  w h i c h  s tep  is ra te  d e t e r m i n -  
ing. The  m e c h a n i s t i c  i nd i ca to r s  o b t a i n e d  reflect  h o w  the  
res t  po ten t i a l  c h a n g e s  w i t h  l o g a r i t h m  of t he  c u r r e n t  at  
c o n s t a n t  pH,  or a l te rna t ive ly ,  t he  c h a n g e  of  res t  po ten t i a l  
w i t h  p H  at  c o n s t a n t  cur ren t .  T h e s e  theo re t i ca l ly  de r ived  
m e c h a n i s t i c  i n d i c a t o r s  are  t h e n  c o m p a r e d  to e x p e r i m e n -  
ta l  r e su l t s  for  cons i s t ency .  D i s t i n c t i o n  b e t w e e n  t he  
va r ious  m e c h a n i s m s  is i m p o s s i b l e  w h e n  each  is charac-  
te r ized  b y  t he  s a m e  m e c h a n i s t i c  ind ica tors ,  as is of ten  t he  
case. C o n s e q u e n t l y ,  th i s  m e t h o d  c a n n o t  u n e q u i v o c a l l y  
p r o v i d e  conc lus ive  e v i d e n c e  for t h e  ex i s t ence  of  one  
m e c h a n i s m  over  t he  o ther .  

In  t he  p r e s e n t  analysis ,  t h e  s t o i ch iome t r i c  n u m b e r  con-  
cep t  is e m p l o y e d  as a d iagnos t i c  tool  for  eva lua t ing  t he  re- 
ac t ion  m e c h a n i s m s .  The  s t o i ch iome t r i c  n u m b e r ,  origi- 
na l ly  u s e d  b y  Hor iu t i  in  s t u d y i n g  m e c h a n i s m s  of  s ingle  
overal l  r eac t ions ,  r e p r e s e n t s  the  n u m b e r  of  t imes  t he  rate- 
d e t e r m i n i n g  s tep  occurs  in  o rde r  to ef fec t  one  o c c u r r e n c e  
of  t he  overal l  reac t ion .  Pa r t i a l  e x p e r i m e n t a l  c o n s i s t e n c y  
is o b t a i n e d  b y  u s i n g  t he  ca thod i c  a n d  a n o d i c  Tafel  s lopes,  
f r om t h e  po l a r i za t i on  c u r v e  of  t he  Oxygen e l ec t rode  reac- 
t ion,  in  o rde r  to ca lcu la te  t he  s t o i c h i o m e t r i c  n u m b e r s .  Ac- 
c o r d i n g  to P a r s o n s  (11), t h i s  c a n  be  a c c o m p l i s h e d  f rom 
t h e  fo l lowing  e x p r e s s i o n  

4 F  
= R T  (1~hA - 1/bc) -1 [13] 

w h e r e  bA a n d  bc are  the  anod ic  a n d  ca thod i c  Tafel  s lopes,  
respec t ive ly .  F u r t h e r m o r e ,  the  e x i s t e n c e  of  Tafel l ine  re- 
g ions  for t h e  ca thod i c  r e d u c t i o n  of  o x y g e n  on  p l a t i n u m  
s t rong ly  i n d i c a t e s  t h a t  t he  r a t e - d e t e r m i n i n g  s tep  is 
e l ec t ron - t r ans fe r  re la ted.  Hence ,  t h e  s t o i ch iome t r i c  n u m -  
b e r  app l i ed  to a n  e l ec t ron - t r ans f e r  r a t e - d e t e r m i n i n g  s tep  
p r o v i d e s  for  a n  i m p o r t a n t  p r e l i m i n a r y  s c r e e n i n g  of  t he  
pos s ib l e  r e a c t i o n  m e c h a n i s m s .  This  l imi t ed  se t  of  mecha -  
n i s m s  can  s u b s e q u e n t l y  be  ana lyzed  t h r o u g h  t he  m e t h o d  
of  m e c h a n i s t i c  ind ica tors .  

The  p r o c e d u r e  ou t l i ned  in the  t heo re t i ca l  sec t ion  c a n  be  
u s e d  to g e n e r a t e  all t he  pos s ib l e  r eac t i on  m e c h a n i s m s  
once  a set  of e l e m e n t a r y  s t eps  a n d  c h e m i c a l  spec ies  ha s  
b e e n  pos tu l a t ed .  A r ev i ew of  the  l i t e r a tu re  has  r evea l ed  
t ha t  t he  se t  of  e l e m e n t a r y  s teps  l i s t ed  in  Tab le  I m a y  be  
a p p r o p r i a t e  in  d e s c r i b i n g  t he  m o l e c u l a r  i n t e r ac t i ons  t h a t  
are l ike ly  to t ake  p lace  d u r i n g  t he  r e d u c t i o n  of  o x y g e n  at  
p l a t i n u m  in  a lka l ine  so lu t ions .  

A l t h o u g h  t he  l is t  of  e l e m e n t a r y  s teps  g i v e n  in  Tab le  I is 
no t  e x h a u s t i v e ,  i t  does  c o m p r i s e  a c o m p r e h e n s i v e  set  of  
the  m o s t  i m p o r t a n t  r eac t ions ,  w h i c h  fo rms  a bas i s  for  t he  
p r e s e n t  s y s t e m a t i c  s tudy.  The  i n t e r m e d i a t e  spec ies  con-  
s ide red  are OH, O, O~H, O~-, a n d  O- ,  a n d  the  t e r m i n a l  
spec ies  are  O H - ,  O~; H20, O~H-, a n d  e - .  A l t h o u g h  t h e  

Table I. Elementary steps considered in the reduction 
of oxygen on platinum in alkaline medium 

i. OH- = OH + e-  
2. O H  - + O = O 2 H  + e - 
3. O 2 H  - = O ~ H  + e - 
4.  2 O H  = O + H 2 0  
5. O H  + O = O2H 
6. 2 0  = 02 
7. OH - + O = O~H- 
8. O + e -  = O-  
9. OH + OH - = O - + H~O 

10. OH + Off{ = O~ + H20 
11. O + O~H = O~ + OH 
12. O~H- + O = 02 + OH- 
13. O2H- + OH = O~H + OH- 
14. OH- + OH = O + H20 
15. OH- + O2H = 02 + H~O 
16. OH- + 02 = O + O2H 
17. O,,H- + OH = 02 + H20 
18. O ~ H -  + O = 0 2  + OH 
19. 2 OH- = O + H20 
20. O2H - + OH - = 0.2 + H20 
21. O2 + e -  = O2- 
22. OH + O~H- = O2- + H~O 

+ e-  
+ e -  
+ e -  
+ e-  
+ e-  
+ 2e- 
+ 2e- 
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electron is not usually considered as a species, in order to 
apply this method it is essential to distinguish between 
those elementary steps which  involve electron transfers. 

If we apply the method delineated in the theoretical 
section, using all the 22 elementary steps proposed, two 
independent overall reactions are obtained. The overall 
reactions corresond to those found in the literature and 
are given previously by Eq. [10] and [12]. In addition, we  
find that there are 15 cycles. Hence, in order to determine 
all the possible mechanisms,  it is necessary to solve 
(22!115!7!) or 179,544 sets of  15 s imultaneous linear alge- 
braic equations. This is indeed a great computational ef- 
fort. 

The present situation is ameliorated by inspection of  
the elementary steps listed in Table I, particularly reac- 
tions 19 and 20. Each of these reactions involves the si- 
m u l ~ n e o u s  transfer of  two electrons and is usually not 
considered to take place in a single molecular interaction. 
Based on this premise we can exclude reactions 19 and 20 
from the original set of  22 elementary steps. Furthermore, 
although it is possible that the superoxide species O2- 
forms in the outer Helmholtz  plane by outer sphere elec- 
tron transfer, it is unlikely to appear in alkaline solutions 
and probably contributes insignificantly to the observed 
current (16). Therefore, it seems reasonable to eliminate 
the steps in which  this species occurs, specifically reac- 
tions 21 and 22. 

Case study/.--The remaining 18 elementary steps form 
the basis for case study I. The mechanistic stoichiometric 
matrix corresponding to this set of reactions is shown in 
Fig. 2. Each row in this matrix represents an elementary 
reaction, and the chemical  species are arranged by col- 
umns.  The diagonalization procedure transforms the stoi- 
chiometric matrix into the reduced matrix shown in Fig. 
3. It is evident that there are two independent  overall re- 
actions, consisting only of terminal species, and these are 
given by Eq. [10] and [12]. The rows in the reduced matrix 
containing all zero elements belong to the set of cycle re- 
action mechanisms.  These cycle reaction mechanisms are 
described by an auxiliary C-by-S matrix which is derived 
from the diagonalization procedure and is also shown in 
Fig. 4. 

OH O O2H O- O2H- OH- 02 H20 e- 

S I I 

S 2 -I 

S 3 0 

S 4 0 

S 5 0 

S 6 0 

S 7 -I 

s 8 I 

S 9 -2 

Si0 -I 

$11 -I 

$12 I 

$13 0 

S14 0 

s15 -I 

S16 0 

S17 0 

$18 -I 

0 0 0 0 -1 0 0 1 

1 0 0 0 -1 0 1 1 

-1 1 0 0 -1 0 0 1 

0 -1 0 0 -1 1 1 1 

1 1 0 0 -1 -1  0 1 

0 1 0 -1 0 0 0 1 

0 0 0 -1 0 1 1 1 

-1 0 0 -1 O 1 0 1 

1 0 0 0 0 0 1 0 

-1 1 0 0 0 0 0 0 

0 - I  0 0 0 I I 0 

- I  - I  0 0 0 I 0 0 

- 2  0 0 0 0 1 0 0 

-1 0 0 -1  1 1 0 0 

0 I 0 -I I 0 0 0 

-I 0 0 I -I 0 0 0 

-1 0 1 0 0 0 0 -1  

0 0 1 0 -1 0 1 0 

OH O 02H O- 02H- OH- 02 H20 e- 

eqn.[10] 

eqn.[12] 

CYCLES 

1 0 0 0 0 - I  0 0 1 

0 1 0 0 0 -2 0 1 2 

0 0 1 0 0 -3 0 1 3 

0 0 0 1 0 -2 0 1 1 
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
0 0 0 0 0 4 - I  -2 -P4 

0 0 0 0 -I 3 0 -I -2 
................................................. 
0 0 0 0 0 0 0 0 o 

0 0 0 0 0 0 0 0 o 

0 0 0 0 0 0 0 0 o 

0 0 0 0 0 0 0 0 o 

0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 o 

0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 o o o 

0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 

Fig. 3. Reduced stoichiometric matrix: case study I 

The number of  possible reaction mechanisms which are 
consistent with the prescribed set of 18 elementary steps 
is found to be 1897. Since this chemical  reaction system 
consists of  two independent  overall reactions, a "mecha- 
nism" is in fact composed of a set of  two submechanisms.  
Each of the two overall reactions is independently  de- 
scribed by a submechanism,  and furthermore, such a set 
of  submechanisms uniquely defines a mechanism.  

A complete analysis of  a vast number  of  alternative re- 
action mechanisms requires a considerable body of ex- 
perimental data from which  certain mechanistic criteria 
can be developed. For example,  it is possible to explore 
the reaction order of a mechanism with respect to its de- 
pendence on the partial pressure of  oxygen, pH, and 
water. The variation in the coverage by intermediates 
with overpotential and pH provides important informa- 
tion on the adsorption of  oxygenated species, which  plays 
a major role in determining the kinetics of  oxygen reduc- 
tion. Additional kinetic criteria can include Tafel slopes, 
the effect o f p H  and the partial pressure of  oxygen on the 

OVERALL 

REACTION 

MECHANISMS 

CYCLE 

REACTION 

MECHANISMS 

S 1 ELEMENTARY STEPS S18 

1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  

1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  

1 1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  

1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
2 2 1 0 - 1 0 0 0 0 0 0 0 0 0 0 0 0 0  

- 1 - 1 - 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
0 1 0 0 - 1 1 - 1 0 0 0 0 0 0 0 0 0 0 0  

I - I 0 0 0 0 1 - I 0 0 0 0 0 0 0 0 0 0  

- 1 1 0 0 0 0 0 0 - 1 0 0 0 0 0 0 0 0 0  

- 1 0 1 0 0 0 0 0 0 - 1 0 0 0 0 0 0 0 0  

0 0 0 0 0 - 1 1 0 0 0 - 1 0 0 0 0 0 0 0  

1 - 1 0 0 0 - 1 1 0 0 0 0 - 1 0 0 0 0 0 0  

0 - 1 1 0 0 - 1 1 0 0 0 0 0 - 1 0 0 0 0 0  

0 - I 0 0 0 0 1 0 0 0 0 0 0 - I 0 0 0 0  

- 1 0 0 0 0 1 0 0 0 0 0 0 0 0 - 1 0 0 0  

0 0 1 0 0 - I 0 0 0 0 0 0 0 0 0 - I 0 0  

1 0 0 - 1 0 - 1 1 0 0 0 0 0 0 0 0 0 0 0  

0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 - I  

Fig. 2. Mechanistic stoichiometric matrix: case study I Fig. 4. Stoichiometric cycle matrix: case study I 
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overpotential, the determination of transfer coefficients 
and the stoichiometric number, and the dependence of re- 
action rates upon substitution of isotopic atoms. In prin- 
ciple, if all these criteria were to be take into account, the 
number  of possible reaction mechanisms would be dras- 
tically reduced. However, such a procedure can be quite 
involved and many of these criteria are particularly sensi- 
tive to the specific system investigated. For these rea- 
sons, an analysis of the reaction mechanisms will be per- 
formed based on simple kinetic criteria in the form of 
Tafel slopes and stoichiometric number. 

We have shown that with the given set of 18 elementary 
steps, the reduction of oxygen in alkaline solutions in- 
volves two overall reactions. One reaction involves the di- 
rect reduction of oxygen to water, while in the other oxy- 
gen is reduced to hydrogen peroxide. The stoichiometric 
number  concept as developed by Horiuti strictly applies 
for the case of a single overall reaction. However, if one of 
the reaction paths in the reduction of oxygen is predomi- 
nant over the other, and one of the elementary steps in 
this path is rate determining, then the Tafel slopes will 
necessarily be characteristic of that rate-determining step. 
In the reduction of oxygen near the reversible electrode 
potential, the path which does not have hydrogen perox- 
ide as an intermediate must  predominate (17). Considera- 
tion of this case permits the use of the stoichiometric 
number  as a diagnostic criterion in mechanism analysis. 

Experiments  with the oxygen electrode in alkaline solu- 
tions at plat inum indicate an anodic Tafel slope of RT/F, 
at low current densities, while at higher current densities 
the slope is twice as much (12). This is in accordance with 
the appearance of oxide formation at the higher anodic 
overpotentials and is suggestive of a change in the mecha- 
nism or a change in the rate-determining step. The cath- 
odic Tafel slopes for the reduction of oxygen in alkaline 
solutions at platinum have been reported as -RT/F  at low 
current densities and -2RT/F for much higher current 
densities (13-15). Direct substitution of the low current 
density Tafel slopes into Eq. [13] yields a stoichiometric 
number  of 2. 

The results of a diagnostic analysis for case study I 
using the stoichiometric number  concept are shown in 
Table II. Note that there are 1686 mechanisms which have 
at least one elementary step with a stoichiometric number  
of 2. The existence of Tafel lines and the absence of 
chemical reaction-limited currents indicate that any one 
of the nine elementary steps which involve electron trans- 
fer is likely to be rate determining (18). Consequently, if 
we consider mechanisms which have a stoichiometric 
number  of 2 associated with an electron-transfer rate- 
determining step, then the number  of possibilities is 
significantly reduced to 950. The number  of mechanisms 
for this case is also listed separately, according to the par- 
ticular electron-transfer elementary step. For example, 
there are 187 possible mechanisms that have a stoichio- 
metric number  of 2 in connection with elementary step 
number  1, which is an electron-trarmfer reaction. Note 
that even with these simple criteria we have been able to 

Table II. Mechanism diagnostic analysis: case study I 

Elementary steps: 18 
Terminal species: 02, H.20, OH-, OzH- 
Intermediate species: OH, O, O2H, O- 
Total number of mechanisms: 1897 

Stoichiometric number v = 2 Mechanisms 
a) Any rds 1686 
b) Charge transfer rds 950 

Charge transfer 
elementary step v = 2 

1 187 
2 187 
3 143 
8 211 

14 129 
15 157 
16 204 
17 139 
18 187 

Table III. Mechanism diagnostic analysis: case study II 

Elementary steps: 13 
Terminal species: 02, H20, OH-, O2H- 
Intermediate species: OH, O, O~H, O- 
Total number of mechanisms: 315 

Stoichiometric number v = 2 Mechanisms 
a) Any rds 277 
b) Charge transfer rds 82 

Charge transfer 
elementary step v = 2 

1 32 
2 25 
3 23 
8 66 

reduce by one order of  magnitude the number  of possible 
mechanisms. However, it is impossible to begin listing all 
these mechanisms here; thus, a complete list is provided 
upon request. 

Case study II.--In case study II, we examine a set of ele- 
mentary reactions which excludes those "elementary" 
steps in which two chemical species and an electron 
transfer are simultaneously involved. Such reactions tend 
to have a positive Gibbs free energy of reaction by ef- 
fecting a concerted mechanism through the presence of 
three entities at the electrode surface. In this case, ele- 
mentary steps 14-18, as listed in Table I, will not be 
considered. 

Given the same intermediate and terminal species as in 
the previous case study, all the possible reaction mecha- 
nisms can be determined from the remaining 13 elemen- 
tary steps. Once again, we find two overall independent 
reactions. However, unlike case study I, the hydrogen 
peroxide reaction is given by Eq. [11] instead of by Eq. 
[12]. Nonetheless, it is important to realize that two inde- 
pendent  overall reactions are needed to characterize this 
chemical reaction system. The results of a diagnostic 
analysis of these mechanisms based on the stoichiometric 
number  is shown in Table III. The number  of possible 
mechanisms has decreased substantially compared to the 
previous case. Although simple kinetic criteria like Tafel 
slopes and the stoichiometric cannot ultimately deter- 
mine the reaction mechanism, it is an important step in 
that direction. Furthermore,  when these simple kinetic 
criteria are supplemented with other system-specific ex- 
perimental data, as previously mentioned, a greater un- 
derstanding of the mechanism for oxygen reduction is 
made possible. 

Conclus ions  
A method for generating all the possible reaction 

mechansims consistent with a given set of elementary 
steps and chemical species has been applied to the reduc- 
tion of oxygen under alkaline conditions at platinum. In 
this study, we have employed the magnitudes of the 
anodic and cathodic Tafel slopes, through a determina- 
tion of the stoichiometric numbers, as a major basis for 
mechanistic interpretations. This procedure establishes a 
limited set of mechanisms, and other diagnostic criteria 
can be used to even further reduce these possibilities. We 
have shown how this method can be used in conjunction 
with diagnostic criteria, as a powerful and systematic tool 
in the investigation of the mechanism for the reduction of 
oxygen. 

Manuscript submitted Aug. 28, 1984; revised manu- 
script received May 24, 1985. 
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Underpotential Deposition of Copper on Gold and the Effects of 
Thiourea Studied by AC Impedance 

Joseph Collin Farmer* 
Sandia National Laboratory, Materials Department, Livermore, California 94550 

ABSTRACT 

This paper reports ac impedance and cyclic voltammetry studies of underpotential  deposition (UPD) of Cu on Au in 
an electrolyte composed of CuSO4 and H2SO4. A theoretical kinetic model was developed which fits the experimental 
impedance spectra over frequencies ranging from 0.001 to 20,000 Hz. Spectra are characterized by a two-time constant 
process; two capacitive loops were observed in the Nyquist diagrams corresponding to two distinctive peaks in the 
Bode phase plot. The high frequency time constant is associated with the double-layer capacitance, while the low fre- 
quency process is due to relaxation phenomena associated with the charge transfer involved in Cu ~ electrosorption. 
Thiourea is one of the most important organic additives for commercial CuSO4 plating baths. Therefore, the coadsorp- 
tion of thiourea and UPD Cu on Au was also studied by ac impedance. Adsorbed thiourea was found to have a dramatic 
effect on the high frequency peak in the Bode phase plot. Measurements such as these are proposed as a means of 
determining organic additive concentrations in Cu plating and electroforming baths. 

Underpotential electrodeposition (UPD) of metal mono- 
layers on foreign substrates offers the electrochemist an 
opportunity to study electrosorption from a fundamental  
point of view since coverage can be precisely controlled 
with potential (1-8). It has been shown that in many cases 
Langmuir,  Frumkin,  or Temkin adsorption isotherms 
govern the equilibrium behavior of UPD films (1, 2). Fur- 
thermore, the UPD represents the initial stage of nuclea- 
tion of an electrodeposit on a foreign substrate, and there- 
fore offers insight into early development of bulk 
deposits (3). The free energy of electrosorption may be in- 
dicative of the bonding (adhesion) between the deposit 
and substrate. 

The UPD of Cu on single-crystal Au electrodes of (111) 
and (100) orientation were studied by Beckmann et al., 
who used cyclic voltammetry (CV) and reflected high en- 
ergy electron diffraction (RHEED) (3). They concluded 
that deposition of about two-thirds of a Cu monolayer on 
Au (111) resulted in a (~/3 • X/3) R30 superstructure, and 
that deposition of bulk Cu on Au (111) resulted in an addi- 
tional (2 • 2) superstructure, attributed to a surface alloy 
of Au3Cu. Their failure to recover all of the deposited Cu 
by anodic stripping and the dramatic rearrangement of 
the Au surface after removal of both UPD and bulk de- 
posits support the alloy concept. They state that these ob- 
servations are indicative of a deposition process more 
complicated than simple adsorption and that the proba- 
ble place exchange between Cu and Au atoms in the sur- 
face could result in high kinetic barriers to UPD forma- 
tion. 

AC impedance is a powerful tool for addressing ques- 
tions regarding the kinetics and mechanism of electro- 
sorption. Recently, ac impedance studies of Pb and T1 
UPD formation on Ag single crystals were done by 
Klimmeck and Jut tner  (4). Their impedance spectra had a 
frequency range extending from 0.1 to 10,000 Hz and 
could be explained by the simple Dolin-Ershler model. 
Earlier, a dynamic impedance technique was used by 
Nihei et al. to study Cu UPD formation on Pt (5). Unfortu- 
nately, the data presented in Ref. (5) were obtained at rel- 

*Electrochemical Society Active Member. 

atively high modulation frequencies (above 1 Hz). As will 
be shown here, important features in impedance spectra 
of electrosorption can only be observed at subhertz fre- 
quencies extending to 0.001 Hz. Such data cannot be ob- 
tained by dynamic impedance measurements and require 
fast Fourier transform (FFT) techniques (9) or a single- 
frequency correlator. 

This paper reports ac impedance and cyclic voltam- 
metry studies of UPD of Cu on Au in an electrolyte com- 
posed of CuSO4 and H2SO4. A theoretical kinetic model 
was developed which fits experimental impedance spec- 
tra over frequencies ranging from 0.001 to 20,000 Hz. 
Since thiourea significantly effects the morphological 
properties of Cu electrodeposits and is one of the most 
important organic additive for commercial CuSO4 plating 
baths (10, 11), the coadsorption of thiourea and Cu on Au 
was also studied by ac impedance. Data were collected at 
various potentials and concentrations. 

Exo, erimental 
The electrolyte consisted of reagent-grade CuSO4 

(0.01-0.1M) dissolved in dilute H~SO4 (0.1M). Distilled, dei- 
onized water was used in the preparation. Incremental 
thiourea additions were then made to this electrolyte (0, 5, 
10, 15, and 30 rag/liter). These ranges of concentrations 
are inclusive of those used in plating baths. Prior to data 
collection, the electrolyte was stripped with nitrogen and 
treated by pre-electrolysis at potentials sufficiently cath- 
odic to assure removal of impurities which could interfere 
with formation of the UPD. 

A polycrystatline Au rotating disk working electrode 
(RDE), a large surface area platinum-sheet counterelec- 
trode, and a double-junction saturated calomel reference 
electrode (SCE) were used. The cell and RDE rotator 
were obtained from IBM Instruments (EC/219-1A), and 
the impedance instrument  was obtained from Princeton 
Applied Research (Model 368). Impedance spectra from 
1.3 to 20,000 Hz were obtained using a lock-in amplifier 
to follow the current response to voltage modulation. At 
frequencies extending to 0.001 Hz, a fast Fourier trans- 
form (FFT) technique was used (9). 
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Theoretical 
In  o rder  to in te rpre t  i m p e d a n c e  spect ra  for the  under-  

Potent ial  depos i t ion  of  Cu 2~ on polycrys ta l l ine  Au, 
e lec t rosorp t ion  m e c h a n i s m s  mus t  be postulated.  Then,  
e lec t rokinet ic  mode ls  and cor respond ing  faradaic imped-  
ances  are de r ived  based upon  these  mechanisms .  The 
s imples t  m e c h a n i s m  is 

L { -P(l+j~r) 
(a) 

kf 
M ~+ + 2e-  + 0v ~ 0M [1] 

kb 

where  M ~ is the  bu lk  concent ra t ion  of  Cu ~+, 0~ represen ts  
the fract ional  vacanc ies  on the  e lec t rode  surface, 0M repre-  
sents the  f ract ional  coverage  of  the e lec t rode  surface by 
U P D  Cu, and  kf and k~, are the  forward  and reverse  rate 
constants ,  respect ively .  Note  that  0~ and 0M totaled to- 
ge ther  equal  unity.  The  kinet ic  equa t ion  which  descr ibes  
the rate of  fo rmat ion  of  the  U P D  via the  m e c h a n i s m  
shown in Eq. [1] is 

dOM 
- kfM 2~ - (kfM '-'§ + kb)OM [2] 

dt 

Based  u p o n  Eq. [2], the  cur ren t  invo lved  in the  
e lec t rosorpt ion  process,  i, is wr i t ten  as Eq.  [3] 

i = 2F(0M(kflV[ '~§ + kb) - kfM '2+) [3] 

where  F is Faraday ' s  constant .  Note  that  two e lec t rons  are 
i nvo lved  in t h e  process.  In  a m a n n e r  s imilar  to that  of 
Epe lbo in  and Wiart (12), t he  c o m p l e x  faradaic impedance ,  
Zf, is t hen  der ived  f rom Eq. [3] us ing  Eq. [4] 

- + �9 [ 4 ]  

where  E is the  e lec t rode  potential .  The  two partial  deriva- 
t ives  of  cur ren t  are def ined in t e rms  of  physical ly  signifi- 
cant  quant i t ies  by Eq, [5] and [6] 

Oi) = 2F(0M(k'~M ~ + k ' b )  - -  k'fM ~) 
~-E 0~ 

[5] 

(0-~M) = 2F(k,M** + ~  kb) [6] 

P r i m e d  rate  constants ,  k'f and k'b, r epresen t  their  respec-  
t ive potent ia l  der ivat ives .  The  s teady-state  va lue  of  0M is 
requ i red  by Eq. [5] and is found  by set t ing the  lef t -hand 
side of  Eq.  [2] to zero. The  resul t  is 

kfM 2~ 
0~ - [7] 

kfM 2~ + kb 

In  add i t ion  to Eq.  [5] and [6], def ini t ion of  Zf requi res  
AOM/AE 

A0M k'fM 2§ - kfM~(k'fM 2. + k'b)/(kfM ~§ + kb) 
A-----E - jto + kfM 2~ + k b [8] 

The  total  different ial  of  Eq. [2] and the fol lowing rela- 
t ionship  

d 
j~AOM = - - ~  A0 M [9] 

are used  to obta in  Eq. [8]; oJ is the  angular  f r equency  27rf 
(12). Subs t i tu t ing  Eq. [5], [6], and [8] into Eq.  [4], one finds 
that  Zf can be  wr i t ten  as 

1 1 1 
Z~ - R,  p(1 + jO~T) [10] 

an i m p e d a n c e  ident ica l  to that  of  the  equ iva len t  circui t  
shown in Fig. la ,  a resis tor  in  paral lel  wi th  a comp lex  ca- 
paci t ive  componen t .  Note  that  this is a special  case of Eq.  
[7] in Ref. (12), where  I, is greater  than  3I:,. Here,  the  cir- 
cuit  c o m p o n e n t s  R,, p, and r are def ined in t e rms  of  Fara- 
day's  constant ,  the  e lec t rokinet ic  rate  constants ,  and the  

R s 

(b) 

R s 

R p  

(c) 
Fig. 1. Equivalent circuit models for the faradeic impedance of elec- 

trosorption (a), overall impedance of the electrochemical cell (b), and 
impedance for the special case of infinite (c). 

concent ra t ion  of  Cu 2~ in the  bulk  e lec t ro ly te  which  are all 
found in Eq. [3] above  

1 1 
Rp = 2F(a + b)kfM 2+ + 2F( a + b)k~ [11] 

p = Rp [12] 

1 
r - [13] 

kfM ~ + kb 

The cons tants  a and b are f rom the  express ions  kf = A 
exp  (-aE) and kb = B exp (bE). It  is also impor tan t  to note  
that  R,  = p in this  case. As will  be discussed,  this equal i ty  
can be used  as a basis of  d is t inguish ing  be tween  var ious  
e lec t rosorp t ion  mechan isms .  

Bruckens t e in  et al. show that  Cu ~+ can  be reduced  to 
form soluble  Cu ~ and metal l ic  Cu s imul taneous ly  at po- 
tentials  more  ca thodic  than  those  r equ i r ed  for bulk  Cu 
depos i t ion  (13). Bowles  presents  ev idence  for fo rmat ion  
of  Cu + on  P t  in the  U P D  region near  mono laye r  coverage 
(14). As will be d iscussed  here, cyclic v o l t a m m e t r y  shows 
a loss of  ca thodic  charge  in the  U P D  reg ion  which  is be- 
l ieved to be due  to format ion  of  a reduced ,  soluble species 
like Cu § Therefore ,  a m e c h a n i s m  is p roposed  that  as- 
sumes  both  the  U P D  and soluble Cu ~ could  form from the  
same adsorbed in termedia te ,  Cuads +. An  addi t ional  elec- 
t ron t ransfer  wou ld  incorpora te  this i n t e rmed ia t e  into the  
UPD,  and its desorp t ion  into the  e lec t ro lyte  wi thout  
charge  t ransfer  wou ld  yield Cu% This  m e c h a n i s m  is rep- 
resented  by Eq. [14] and [15] 

kf 
M z+ + e - +  0v ~ 0ad~ ~ k M ~ 

kb --~ 
[14] 

Cads ~ + e -  ~- 0M [15] 
K 

where  0adJ represen t s  the  fract ional  coverage  of  the  sur- 
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face by the intermediate, C u ~  ~, and k is the potential in- 
dependent  desorption rate constant. If the second elec- 
tron transfer shown in Eq. [15] is assumed to be fast 
relative to all reaction paths shown in Eq. [14], than 0~d~ + 
would be in approximate equilibrium with 0M 

OM = Kgads § [16] 

where K is the equilibrium constant. The kinetic rate 
equation for the intermediate is then 

dO~d~ + 
-- kfM 2+ - (kfM~(1 + K) + kb + k) 0~d~ + [17] 

dt 

and the corresponding current involved in this process 
is 

i = F(0~d~(kfM~§ + K) + kb) - kfM ~) [18] 

The complex faradaic impedance, Zf, is then found by 
substituting Eq. [18] into Eq. [4]. As in the case of simple 
adsorption (Eq. [1]), one finds that Zr can again be repre- 
sented by Eq. [10] and the equivalent circuit shown in 
Fig. la. However, in the case of the soluble intermediate 
the equivalent circuit components are redefined 

1 ( kfM'Z§ _) [19] 
Rp - FkflV[2~ krM2§ ) + kb(a + b) + k(a) 

1 
r = [20] 

kfM 2+ + kb + k 

k~M2+(1 + K) + kb + k 
P - k~M:+(1 + K) + k~ R~ [21] 

From Eq. [12] and [21], it is clear that a simple adsorption 
mechanism (Eq. [1]) can be distinguished from the mech- 
anism involving formation of a soluble intermediate (Eq. 
[14] and [15]) by the ratio p/Rp; a ratio of unity implies that 
Eq. [1] is applicable, and a ratio greater than unity implies 
that Eq. [14] and [15] are applicable, i.e., that k is not zero. 

The desorption rate constant, k, has been eliminated in 
Eq. [22], a ratio derived from Eq. [20] and [21] 

Rp 
- kfM2§ + K) + kb [22] 

~p 

A plot of this ratio as a function of concentration, M 2~, 
should yield a straight line with a slope of (1 + K)kf and 
an intercept of kb. 

The equivalent circuit shown in Fig. la  does not ac- 
count for the double-layer capacitance, C,, and resistance 
of the electrolyte, R~. When these effects are taken into 
consideration, the electrochemical cell has the same elec- 
trical response as the circuit shown in Fig. lb. The overall 
complex impedance of the electrochemical cell is written 
as Eq. [23] (12) 

Z=Rs+(l+joJRpCp 1 ) - '  
" Rp p(1 + jolt) [23] 

The complex faradaic impedance, Zf, and the impedance 
due to Cp are added as circuit components in parallel; 
then, the result and R~ are added as circuit components in 
series. The high frequency time constant of the circuit 
shown in Fig. lb  is proportional to RpCp, while the low 
frequency response is proportional to r. 

The high frequency limit of Eq. [23] is identical to R, as 
shown in Eq. [24] 

l i m Z  = R~ [24] 

The low frequency limit of Eq. [23] gives a useful rela- 
tionship between p and R, 

pRp 
limZ = R ~ + ~  [25] 

= ~ o  p - -  R p  

Based upon Eq. [25], two minima (peaks) are observed in 
plots of phase angle, r as a function of frequency (Bode 
phase plot). One peak appears at intermediate high fre- 
quencies, and another at intermediate low frequencies 
(Fig. 2a, curve A). At intermediate high frequencies, 
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Fig. 2. a (left): Curve A is the Bode phase plot calculated from Eq. [23] and consistent with the electrosorption mechanism shown in Eq. [14] 
and [1S]. Parameter values are: R s = 3S~; Rp = 20S~; Cp = 30/~F; p = 229~;  and �9 = 0.48s. Curve B shows a case where p is changed to a 
value of 20S~. Since Rp and p are equivalent, curve B is consistent with the mechanism shown in Eq. [1]. Curve C shows a case where it is 
changed to a value of 10,000~ and is essentially infinite, h (right): Curves A, B, and C are the Bode amplitude plots corresponding to curves A, B, 
and C in Fig._2a, respectively. 
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(1 + jtoR,;,C,,)/R,, is m u c h  g rea t e r  t h a n  1/(1 + jcov), a n d  t he  
overa l l  i m p e d a n c e  g i v e n  in  Eq.  [23] is a p p r o x i m a t e l y  

-I E201 
Rp 

E q u a t i o n  [26] c an  b e  r e w r i t t e n  as 

Rp Rp(wRpC~,) 
Z = R~ + j [27] 

1 + (coR,Cp) ~ 1 + (~RpC,,) ~ 

The  t a n g e n t  of  t h e  p h a s e  ang le  at  i n t e r m e d i a t e  h i g h  fre- 
quenc ies ,  c a l cu l a t ed  f rom t he  ra t io  of  t h e  real  a n d  imagi-  
n a r y  par t s  of  Eq.  [27] is 

t a n  4' = - Rp(toR,Cp) [28] 
Rs + Rp + R~(coRr, Cp) 2 

The  p h a s e  a n g l e  a n d  its t a n g e n t  b o t h  pass  t h r o u g h  min -  
ima  at  t h e  s a m e  f r equency .  T he  p o i n t  w h e r e  t h e s e  min -  
ima  occu r  c a n  b e  f o u n d  b y  d i f f e r en t i a t i ng  Eq.  [28] w i t h  re- 
spec t  to  a n g u l a r  f r equency ,  co, a n d  s e t t i ng  t h e  r e su l t  to  
zero. F r o m  Eq.  [28], t h e  t a n g e n t  of  t he  m i n i m u m  p h a s e  
ang le  at  i n t e r m e d i a t e  h i g h  f r e q u e n c i e s  a n d  t he  corre- 
s p o n d i n g  a n g u l a r  f r e q u e n c y  are t an  4'm~n a n d  O, mi,, r espec-  
t ive ly  

t a n  4'rain R,  X/1 + Rr,/Rs [29] 
2(R~ + Rp) 

1 
t'.'m~, = ~ %/1 + Rp/a~ [30] 

T h e s e  r e su l t s  are  c o n s i s t e n t  w i t h  Eq. [15] a n d  [16] g i v e n  
by  M a n s f e l d  for  a s ing le  t i m e  c o n s t a n t  cell  (15). 

At  i n t e r m e d i a t e  low f requenc ies ,  s imi la r  a p p r o x i m a -  
t ions  are useful .  Firs t ,  it is he lp fu l  to r e a r r a n g e  Eq. [23] to  
the  fo rm of  Eq.  [31] 

pR;.(1 + jwT) 
Z = R~ + [31] 

p(1 + j((o~- + wRpCp) - a ~ 2 ~ ' R p C p )  - R~, 

As will  be  seen,  t h e  l ow  f r e q u e n c y  t i m e  cons t an t ,  r, is 
typ ica l ly  m o r e  t h a n  t h r e e  o rders  of  m a g n i t u d e  la rger  t h a n  
t he  h i g h  f r e q u e n c y  t i m e  cons t an t ,  R,,Cp. Thus ,  at  low fre- 
q u e n c i e s  (to ~ 1) all t e r m s  in  Eq.  [31] sma l l e r  t h a n  co~ are  
ins ign i f i can t  a n d  Eq.  [31] can  b e  w r i t t e n  a p p r o x i m a t e l y  
as Eq. [32] 

1 )  
Z = R ~ +  Rp p(1 +j tov)  [32] 

T h e n  Eq.  [33] a n d  [34] are  de r i ved  for  i n t e r m e d i a t e  low 
f r equenc i e s  b y  fo l lowing  t h e  s t r a t egy  u s e d  to deve lop  Eq.  
[29] a n d  [30] 

t a n  4 , ' m i n  = - -  

R,(~'min~) 

( Rs) 
(p - Rp) + ~ (p - Rp) ~ + (O,'min~)2p 1 + - ~ ,  

[33] 
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Table II. Model parameters estimated by approximate equations 

E Cu 2§ T 

(mV) (M) (rag/liter) Rs (12) Rp(12) Cp(/~F) (12) (ms) 

0 0.01 0 35 205 30 217 35 
50 0.01 0 36 85 23 86 19 
100 0.01 0 37 109 9 109 14 
200 0.01 0 37 161 15 161 5 
0 0.1 O 49 144 47 183 19 
50 0.1 0 49 54 20 57 12 
100 0.1 0 49 65 8 66 12 
200 0.1 0 49 234 5 236 24 
50 0.1 5 49 199 24 238 52 
50 0.1 10 49 352 26 381 42 
50 0.1 15 49 449 33 486 45 
50 0.1 30 49 601 54 651 111 

1 ~/ 1 + RJRp + RsRp]p 2 - 2RJp - RJp 
a/rnin = ~ 1 + Rs/Rp [34] 

w h e r e  t an  4''min a n d  oJ'mi, are t he  t a n g e n t  of  the  m i n i m u m  
p h a s e  ang le  a n d  t he  a n g u l a r  f r e q u e n c y  a t  t he  m i n i m u m ,  
respect ive ly .  

The  five q u a n t i t i e s  de f ined  in  Eq. [24], [29], [30], [33], 
a n d  [34] a re  e a s i l y  o b t a i n e d  f r o m  i n s p e c t i o n  of  exper i -  
m e n t a l  i m p e d a n c e  spec t r a  s imi la r  to  c u r v e  A in  Fig. 2a 
a n d  2b. Va lues  of  Rs, R,, Cp, p, a n d  �9 c an  all be  ca lcu la ted  
b y  s u b s t i t u t i n g  t h e  five q u a n t i t i e s  in to  Eq. [24], [29], [30], 
[33], a n d  [34] (Tab les  I a n d  II). Al te rna t ive ly ,  t h e s e  p a r a m -  
e ters  c an  b e  d e t e r m i n e d  n u m e r i c a l l y  b y  m i n i m i z i n g  t he  
s u m  of  squares .  T h e  m o d e l  va r i ance ,  p a r a m e t e r  va r i ances ,  
a n d  p a r a m e t e r  c o n f i d e n c e  in t e rva l s  c an  also b e  calcu-  
l a ted  (16, 17). 

E q u a t i o n  [23] was  u s e d  to g e n e r a t e  t h r e e  theore t i ca l  im- 
p e d a n c e  spec t ra .  These  are  c o m p a r e d  in  Fig. 2a a n d  2b. 
Curve  A r e p r e s e n t s  Eq. [23] for  t he  case  w h e r e  Rp a n d  p 
a re  n o t  e q u i v a l e n t  a n d  s h o w s  two  m i n i m a  in  t he  B o d e  
p h a s e  plot ,  Fig. 2a. P a r a m e t e r  va lues  u s e d  in th i s  calcula-  
t ion  are g iven  in t he  f igure cap t ion  a n d  are  b a s e d  u p o n  
va lues  m e a s u r e d  for  u n d e r p o t e n t i a l  d e p o s i t i o n  of  Cu on  
Au  at  0 m V  a n d  0.01M Cu '-'+. Note  t h a t  t he  a d s o r p t i o n  
m e c h a n i s m  s h o w n  in Eq.  [14] a n d  [15] is c o n s i s t e n t  w i t h  
th i s  resul t .  In  con t ras t ,  cu rve  B r e p r e s e n t s  t he  case  w h e r e  
R,  = p, w h i c h  is cha rac t e r i s t i c  of t he  s i m p l e  a d s o r p t i o n  
m e c h a n i s m  s h o w n  in  Eq. [1]. In  t h i s  case,  t he  p h a s e  as- 
ymp to t i c a l l y  a p p r o a c h e s  - 9 0  ~ at  v e r y  low f requenc ies ,  
wh i l e  t h e  m i n i m u m  in  p h a s e  a t  h i g h  f r e q u e n c y  r e m a i n s  
u n c h a n g e d .  C u r v e  C shows  on ly  one  m i n i m u m  (peak) a n d  
c o r r e s p o n d s  to t h e  specia l  case  w h e r e  p is essen t ia l ly  
inf ini te ;  t he  c i rcu i t  s h o w n  in  Fig. l b  b e h a v e s  l ike t h a t  
s h o w n  in Fig. lc .  S u c h  s ingle  t i m e  c o n s t a n t  i m p e d a n c e s  
can  r e su l t  f r o m  e l ec t rode  r eac t i ons  w h i c h  occu r  w i t h o u t  
t he  a d s o r p t i o n  of  r eac tan t s .  Eve ry  m i n i m u m  obse rved  in  
Fig. 2a has  a c o r r e s p o n d i n g  in f lec t ion  p o i n t  in  Fig. 2b, 
t he  B o d e  a m p l i t u d e  plot.  

Table I. Summary of impedance spectra: quantities used to estimate model parameters 

log Z (12) log f (Hz) Phase minimum (~ 
High Low High Low High Low 

E (mV) Cu '-'~ (M) T (mg/liter) frequency frequency frequency frequency frequency frequency 

O 0.01 0 1.54 3.56 1.84 0.0O -48  - 51 
50 0.01 0 1.56 4.17 2.18 -0.27 -33  -66 
100 0.01 0 1.57 5.25 2.53 -0.62 -37 -71 
200 0.01 0 1.57 7.07 2.18 -0.93 -43 -71 
0 0.1 0 1.69 2.86 1.67 0.55 -37 -28 
50 0.1 0 1.69 3.00 2.33 0.35 -21 -43 
100 0.1 0 1.69 3.55 2.67 0.14 -24 -55 
200 0.1 0 1.69 4.52 2.48 -0.30 -45 -63 
50 0.1 5 1.69 3.11 1.88 0.05 -42 -35 
50 0.1 10 1.69 3.67 1.69 -0.01 -52 -35 
50 0.1 15 1.69 3.77 1.53 -0.03 -55 -35 
50 0.1 30 1.69 3.90 1.25 -0.42 -59 -34 

Note: The third column contains the thiourea concentration. The fourth and fifth columns contain the log of the amplitude of the com- 
plex impedance at the high frequency and low frequency limits. The sixth and seventh columns show the position of the high frequency and 
low frequency minima in the Bode phase plots, respectively. The last two columns contain the depth of those minima. 
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Fig. 3. Cyclic voltammogram of underpotential deposition of Cu on 

polycrystalline Au rotating disk electrode. The electrolyte consisted of 
0.1M H~S04 and 0.1M CuS04. A sweep rate of 50 mV/s and a rota- 
tion speed of 2000 rpm were used. 

Results and Discussion 
A cyclic vol tammogram obtained during underpotential 

deposition of Cu on Au from an electrolyte consisting of 
0.1M CuSO4 in 0.1M H.~SO4 is shown in Fig. 3. The poten- 
tial was swept from 700 to -35 mV, SCE at a rate of 50 
mV/s, and the RDE rotation speed was at 2000 rpm. Bulk 
Cu deposition began at approximately -35  mV and re- 
sulted in the small stripping peak centered at 0 mV; the 
amplitude of this stripping peak increased as the reversal 
potential was increased in the cathodic direction. The 
broad anodic peak centered at 300 mV is due to stripping 
UPD Cu from the Au surface. Approximately 4.61 • 10 -4 
C/cm ~ of anodic charge was removed from the Au surface 
during stripping, which corresponds to 1.06 monolayers 
of Cu. Apparently, surface alloy formation was minimal. 

However, three times as much charge was passed during 
the cathodic portion of the potential cycle. The cathodic 
charge in excess of that required for the UPD is believed 
to have resulted in formation of soluble Cu% Cyclic 
voltammograms at slower sweep rates, such as those 
shown in Ref. (3), have more well-defined UPD deposi- 
tion and stripping peaks; a fast sweep rate was used here 
to avoid excessive diffusion of Cu into the Au surface (3). 

Impedance spectra were obtained at electrode poten- 
tials of 0, 50, 100, and 200 mV and at each concentration 
level of Cu~% In Fig. 4a and 4b, experimental  data ob- 
tained at a Cu ~ concentration of 0.01M and a potential of 
0 mV are represented by points and compared to the the- 
oretical model (solid line). This electrosorption process 
clearly exhibits the characteristics of the mechanism 
shown in Eq. [14] and [15], which involves formation of 
Cu~; the ratio p/R, is greater than unity. Furthermore, the 
dramatic increase in cathodic current near 0 mV shown in 
Fig. 1 is attributed to CW formation; interpretations of im- 
pedance spectra and the cyclic vol tammogram are con- 
sistent. For comparison, data obtained at the same con- 
centration and a more anodic potential, 100 mV, are 
shown in Fig. 5a and 5b. Changes in potential alter ob- 
served impedance spectra of the UPD process dramatic- 
ally. The ratio of p/Rp calculated from Fig. 5a is almost 
unity. 

Figures 6 and 7 show the experimentally determined 
values of model parameters as a function of electrode po- 
tential at Cu ~ concentrations of 0.01 and 0.1M, respec- 
tively. The cell resistance, R ,  is independent  of electrode 
potential, while all other parameters appear to have a 
strong dependence on this variable. Variations in R, and p 
with potential are considered to be significant since 
these parameters have standard deviations of less than 1% 
of the absolute parameter values. However, variations in 
C, and r with potential have a much larger error associ- 
ated with them. Consequently, it is inappropriate to use 
Eq. [22] to calculate rate constants. 

Values of p are slightly greater than values of Rp over 
the entire potential range investigated, whicb is indicative 
of the mechanism given in Eq. [14] and [15]. However, in 
some cases the differences are too small to be reflected in 
tabulated values (Table II). Such differences give rise to 
two distinct minima observed in spectra such as those 
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Fig. 4. a (left): A comparison of the theoretical Bode phase plot (solid line) and experimental data (points) for Cu electrosorption on Au at 0 
inV. The electrolyte consisted of 0.1M H2SO4 and 0.01M CuSO4. Parameter values were R s = 35~ ,  Rp = 205,0,, Cp = 30/LF, p = 229~,  and ~" 
= 0.048s. b (right): A comparison of the theoretical Bode amplitude plot (solid line) to experimental data (points) at the same conditions as Fig. 
4a. 
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Fig. 8. a (left): Effect of thiourea on impedance spectra (Bode phase plots) at a potential of 50 mV. The electrolyte consisted 0.1M H2SO4, 
0.1M CuSO4, and thiourea. Data points represent thiourea concentrations of 0 (crosses), 5 (closed circles), and 1S (open circles) mg/liter, b 
(right): Effect of thiourea on impedance spectra (Bode amplitude plots) at the same conditions as Fig. 8a. Data points represent thiourea concen- 
trations of 0 (crosses), 5 (closed circles), and 15 (open circles) g/liter. 

shown in Fig. 4a and 5a. The simple adsorption process 
given in Eq. [I] cannot account for such spectra or the dif- 
ference between p and Rp. The rate of dissolution of Cu* 
responsible for the difference in Rp and p would be diffi- 
cult to detect in a ring-disk experiment (13). 

Charge transfer resistances for bulk deposition do not 
exhibit minima and decrease with increasing cathodic po- 
tential (12). However, in the cases of Pb and T1 electro- 
sorption, the observed charge transfer resistances do pass 
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Fig, 9. Empirical effect of thiourea on the high frequency minimum 
(peak) in the Bode phase plot at the same conditions as Fig. 8a. The 
depth of the minimum in phase is represented by the curve labeled 
and the position of this minimum on the frequency axis is represented 
by the curve labeled f. 

through minima (4). In these cases of simple electrosorp- 
tion, the reason can be found by inspection of Eq. [11]. At 
the limit of infinite cathodic potential, k~ becomes 
infinite while kb becomes zero. Alternatively, at the limit 
of infinite anodic potential, k~ becomes infinite while kf 
becomes zero. At both extremes, the charge transfer re- 
sistance, Rp, approaches infinity and the rate of electron 
transfer drops to zero. At potentials between these limits, 
R, passes through a finite, min imum value. Rationaliza- 
tion of the minima in R, and p are observed in Fig. 6 and 7 
near 50 mV is more difficult because of the complexity of 
Eq. [19]. The equilibrium constant K is assumed to be of 
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Fi 9. 10. Empirical effect of thiourea on the impedance amplitude at 
the low frequency limit. Some conditions as Fig. 80. 
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Fig. 11. Effect of thiourea on the impedance model parameters at 
the same conditions as Fig. 8a. The resistances Rp and P increase dra- 
matically with thlaurea concentration, while the cell resistance, Rs, re- 
mains constant. 

the form K = C exp (-cE), so K" = - c C  exp ( - c E ) .  There- 
fore, the denominator of Eq. [19] is proportional to the dif- 
ference (a  + b)kb + k - c K k f M  ~,  which becomes zero as 
the potential increases in the cathodic direction to some 
limit; at this limit Rp becomes infinite. At intermediate 
potentials, Rp passes through a finite, minimum value, 
while at large anodic potentials it approaches infinity. 

Impedance spectra showing the effects of thiourea ad- 
ditions to the electrolyte are shown in Fig. 8a and 8b. 
These data were obtained at a Cu ~ concentration of 0.1M, 
thiourea concentrations of 0, 5, and 15 rag/liter, and an 
electrode potential of 50 inV. Note that thiourea increases 
the depth and changes the position of the high frequency 
minimum in the Bode phase plot (Fig. 8a and 9). Further- 
more, the ampli tude of the complex impedance increases 
dramatically at the low frequency limit (Fig. 8b and 10). 
These changes translate into increases in the charge 
transfer resistances R~ and p, as expected (Fig. 11). The 
rate constants kr and kb are proportional to the active area 
available to discharge metal cations. Coadsorption of thio- 
urea during formation of the UPD would decrease the ac- 
tive area by blocking sites, thereby decreasing the magni- 
tude of rate constants and increasing Rp and p. Data also 
indicate that the double layer capacitance, Cp, and the low 
frequency t ime constant, 7, increase with thiourea con- 
centration (Fig. 12). This result for Cp is surprising since 
organic additives have been shown to decrease the 
double-layer capacitance during Ni deposition (17) and 
since it implies that thiourea increases the surface charge 
density on the electrode. 

It is important to note that C1- is present in most cop- 
per plating solutions at concentrations of about 30 ppm 
and can effect grain refinement of the electrodeposit 
significantly. This experimental  technique might be use- 
ful in understanding the role of C1- during electrodeposi- 
tion. Furthermore,  there is strong evidence that thiourea 
is electrochemically decomposed at the cathode (18). This 
decomposition results in incorporation of sulfur, but no 
carbon, into the electrodeposit. Note that thiourea decom- 
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Fig. 12. Effect of thiourea on the impedance model parameters at 

the same conditions as Fig. 8a. 

position was not considered in the electrokinetic model 
presented. However, sulfide formation at the electrode- 
electrolyte interface could help explain the unexpected 
increase in double-layer capacitance with increasing thio- 
urea concentration. Such films would exhibit  relatively 
high dielectric strengths. 

These measurements  suggest that ac impedance could 
be used as a means of monitoring total organic additive 
concentration in copper electroplating baths or as a 
means of verifying electrolyte purity in additive-free cop- 
per electroforming baths. Detection of such low levels of 
thiourea and other surface active organics by spectro- 
scopic means is not practical at the present time. 

Summary 
Formation of a Cu UPD on Au has been studied by ac 

impedance. Spectra are characterized by two capacitive 
peaks in the Bode phase plot. The high frequency peak is 
associated with both the double-layer capacitance and the 
resistance to charge transfer which accompanies electro- 
sorption. In contrast, the low frequency time constant is 
due only to relaxation phenomena associated with charge 
transfer. Data are consistent with an electrosorption 
mechanism which involves simultaneous formation of the 
UPD layer and a soluble intermediate. A method is pre- 
sented for calculating model parameters from the imped- 
ance spectra. 

Adsorbed thiourea was found to have a dramatic effect 
on the high frequency peak in the Bode phase plot. These 
measurements suggest that ac impedance could be used 
as a means of monitoring total organic additive concen- 
tration in copper electroplating baths or as a means of 
verifying electrolyte purity in additive-free copper elec- 
troforming baths. Detection of such low levels of thiourea 
and other surface active organics by spectroscopic means 
is not practical at the present time. 
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On the Evolution of Concepts Concerning Events at the 
Semiconductor/Solution Interface 
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ABSTRACT 

The conventional determination of the Fermi level of electrons in solution is found incorrect. One should not utilize 
the energy corresponding to the redox potential on the vacuum scale to be equal to the energy of the Fermi level of 
metal or semiconductor at equilibrium. It is activated vibrational states within ions (rather than fluctuations of energy 
in the ground vibrational state) which should overlap with the electronic states in the semiconductor. Electronic states 
in solution relevant to an electrode reaction are not gaussian but are boltzmannian. The Schottky model is sometimes 
(perhaps often) not applicable to the semiconductor/solution interface. Metallic catalysts in photoelectrochemistry are 
effective by causing a change of rate-determining step to that at the metaYsolution interface. 

Increasing investigations of the semiconductor/solution 
interface suggest that there is need to modify some of the 
classical concepts. It is desired in this paper to discuss 
the evolution of these concepts. 

The Fermi Level in Solution 
The equilibrium between a metal, or semiconductor, 

and a solution can be expressed in various terms. A quite 
general relationship states that there must be an equality 
of the electrochemical potentials ~ for each given entity 
between the values in the solid phase (m) and the value in 
the solution (s). Thus 

If-one takes the electrons as the species concerned, the 
advantage is that there is a named concept with which 
one associates t~ ~ (m here is taken to mean solid elec- 
tronic conductor, i.e., it may be a semiconductor as well 
as a metal). This is the Fermi energy of the electron in the 
solid. 

There is considerable conceptual confusion in relating 
the meaning of t~ m to the concept of the Fermi level 
energy. 

Thus, a simple concept of the Fermi energy, normally 
given in books in solid-state physics, is to take the ap- 
proximation that the electron is "free" in the conductivity 
band. Then, in respect to the bottom of the conduction 
band, the maximum kinetic energy in the conductivity 
band is easily shown (7b) to be n2h2/8m~X'2, where these 
quantities have their usual meaning. What is meant by the 

*Electrochemical Society Active Member. 

chemical potential, ~e m, is the work done to bring an elec- 
tron from infinity to this maximum kinetic energy level 
in the special and unnatural case in which both the sur- 
face potential is zero and the charge on the metal is zero. 
The physical meaning of this ~e m (the chemical potential 
of the electron in the bulk of the metal) for electrons in 
the conductivity band is the interaction which these elec- 
trons have with the surrounding metal atom cores. 

T h e  relationship between a kinetic Fermi energy EF, m 
and ~J" (or the corresponding ~m for an unreal case 
where the metal is uncharged and there is no surface po- 
tential) is that the larger the kinetic Fermi energy, the 
smaller is ~e m (see Fig. 1). 

In order to express the equilibrium between metal or 
semiconductor and solution_, it is necessary to know the 
value of the corresponding t~e s, the electrochemical poten- 
tial of the electron in solution. In the normal view, ac- 
cepted up to now, this ~s  has been identified with the 
redox potential (on the vacuum scale) of redox process 
occurring across the interface. 

The origin of this approach relates to a paper by Ger- 
ischer (1). In the original derivation, the artificial and un- 
usual case was taken by Gerischer, or perhaps the simpli- 
fication, that there was a charge-free surface, and also 
that the solution had a zero value of surface potential, i.e., 
no dipole potential across the solution-vacuum interface 
such that ~e ~ becomes equal to ~e S. Later, however, such a 
concept has been utilized for real situation (2, 3) where X~ 

0 and the Fermi level of solution ~s  is equated to the 
negative value of energy corresponding to vacuum-scale 
redox potential (4, 5), -nFVr~ao~ (vacuum scale). 
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\ 

Fig. 1. A schematic diagram to shaw the kinetic Fermi energy, E~, m 
and the electrochemical potential of electron, ~m,  in a metal. 

I t  h a s  b e e n  s h o w n  (13) t h a t  t he  n e g a t i v e  v a l u e  of  e n e r g y  
c o r r e s p o n d i n g  t o  t he  r e d o x  p o t e n t i a l  in  t he  v a c u u m  scale, 
-nFVredo. ( v a c u u m  scale), is i n d e e d  equa l  to th i s  /.re s b u t  
no t  to t he  tLe~. The  n o r m a l  prac t ice ,  f r o m  th i s  b e g i n n i n g ,  is 
to f ind ou t  Vr~do, ( v a c u u m  scale) ( s imply  done  b y  t a k i n g  
t he  va lue  of  t he  h y d r o g e n  scale  a n d  a d d i n g  to i t  t h e  va lue  
of the  h y d r o g e n  e l ec t rode  on  t he  v a c u u m  scale, approxi -  
m a t e l y  4.5 _+ 0.3V. 

The  dif f icul ty  c o m e s  f r o m  the  fact  tha t ,  indeed ,  solu- 
t ions  n e i t h e r  h a v e  zero c h a r g e  w h e n  t h e y  are  in  equi l ib-  
r i u m  wi th  m e t a l s  or s e m i c o n d u c t o r s ,  n o r  do t hey  h a v e  a 
zero va lue  of t he  sur face  potent ia l .  U n d e r  t h e s e  c i rcum-  
s t ances  the re fo re ,  t he  iden t i f i ca t ion  t h a t  ~ e  S = -nFVredo• 
( v a c u u m  scale) fails. T he  t r ue  iden t i f i ca t ion  is t h a t  
- n F V ~ o ,  ( v a c u u m  scale) = ~ ,  n o t  t~ ~- 

Th i s  m a t t e r  is one  of  m a j o r  i m p o r t a n c e  b e c a u s e  of  t he  
f r e q u e n t  e r r o n e o u s  use  of  t h i s  -nFV~dox ( v a c u u m  scale) in  
s e m i c o n d u c t o r  p h o t o e l e c t r o c h e m i s t r y  to iden t i fy  as t he  
F e r m i  level  in  so lu t ion  tx~ s (6-10). 

1. Fu r the r ,  t he  F e r m i  level  in  so lu t i on  m u s t  be  associ-  
a t ed  w i th  a " f r ee"  m o v e m e n t  of  e l ec t rons  w i t h i n  t he  
phase ,  so t h a t  t h e  idea  of  a " k i n e t i c  F e r m i  e n e r g y "  can  
exist .  

2. C o r r e s p o n d i n g  to this ,  i t  is d i f f icul t  to  conce ive  of  
the  idea  of  a F e r m i  level  in  a so lu t i on  in w h i c h  e n e r g y  
b a n d s  for e l e c t r o n s  or ho les  h a v e  no  real  ex i s tence .  ~ 

In  a p p l y i n g  F e r m i  level  c o n c e p t s  to a n  ionic  so lu t ion  
a n d  t he  e l ec t rons  w h i c h  charac te r i ze  t h e  e l ec t ron ic  s ta tes  
of  ions  in  so lu t ion ,  cr i ter ia  1 a n d  2 do  n o t  apply ,  i.e., t h e r e  
is no  k ine t i c  e n e r g y  of  f ree  e l ec t rons  in  ions,  s ince  t h e  
e l ec t rons  are  in  t he  b o u n d  s ta te  in  t h e  ion  a n d  c a n n o t  con-  
t r i b u t e  to  e l ec t ron ic  c o n d u c t i v i t y  in  so lu t ion ;  a n d  b a n d s  
in t h e  n o r m a l  s e n s e  do no t  arise.  

S u c h  c o n s i d e r a t i o n s  m u s t  no t  b e  c o n f u s e d  w i t h  t he  
idea  of  spec t r a l  b a n d s  in  w a t e r  ( l l a ,  18) w h i c h  c o r r e s p o n d  
to levels  a s soc i a t ed  wi th  a t o m i c  or m o l e c u l a r  m o v e m e n t s  
a n d  h a v e  a rad ica l ly  d i f fe ren t  m e a n i n g  f rom c o n d u c t i o n  
b a n d s  for e l ec t rons  in water .  S u c h  c o n c e p t s  wou ld  h a v e  
no  r e m o t e  r e l e v a n c e  e v e n  in  a so lu t i on  w h i c h  c o n t a i n e d  
so lva ted  e l ec t rons  ( l l b ) .  T h e  car r ie rs  (e lec t rons  or  holes)  
h a v e  n o  r e l e v a n c e  to t he  e l ec t rons  in  t he  orb i ta l s  w i t h i n  
ions  in  r e d o x  s y s t e m s  w h e r e  t he  e n e r g y  cons i de r a t i ons  
are no t  band- l ike .  

Thus ,  in  s u m m a r y ,  it is, at  t h e  least ,  unrea l i s t ic ,  and,  a t  
t he  mos t ,  f u n d a m e n t a l l y  incorrec t ,  to  d i scuss  a F e r m i  
level  or F e r m i  e n e r g y  of  e l ec t rons  a n d  ho les  in  ionic  
so lu t ions .  

3. The  idea  of  t h e  e n e r g y  of a F e r m i  level  cha rac te r i z ing  
e l ec t ron ic  s ta tes  in  so lu t ion ,  a n d  t he  e q u a t i n g  of it for 
some  e l ec t ron  t r a n s f e r  e q u i l i b r i u m  to t h e  ene rgy  of a 
F e r m i  level  in  t h e  e lec t rode ,  goes  b a c k  to c o n c e p t s  appro -  
p r i a t e  to t he  me t a l / m e t a l  a n d  m e t a l / s e m i c o n d u c t o r  inter-  
faces. Here,  c o n s i d e r a t i o n  of  equa l i za t i on  of  F e r m i  levels  
in  t he  two  p h a s e s  is correct ,  b e c a u s e  t h e r e  are  f ree  carri-  
ers  ( e lec t rons  or holes)  in  each  phase ,  a n d  each  p h a s e  is 
an  e l ec t ron ic  conduc to r .  T h e  free e l ec t rons  f rom one  

~Thus, in theoretical work of Williams et al. (lla), a conduction 
level for electrons in water is referred to, but  this  is almost at the 
vacuum level. 

me ta l  p h a s e  to a n o t h e r  me ta l  or s e m i c o n d u c t o r  p h a s e  can  
h a v e  a c o n d u c t i v e  flow at  t he  in te r face .  However ,  t he  
c o n d i t i o n  w h i c h  gove rns  t he  t r a n s f e r  of  e lec t rons  a n d  
ho les  at  m e t a l  or s e m i c o n d u c t o r / s o l u t i o n  in te r faces  is t h a t  
t he  t r a n s f e r  is i soene rge t i c  w i th  r e s p e c t  to t h e  par t ic le  in  
t r ans f e r  a n d  i nvo lves  a n  e lec t ron  t r a n s f e r  reac t ion .  At  t he  
meta l /meta l ,  or m e t a l / s e m i c o n d u c t o r ,  in ter faces ,  t he re  is 
no  t r a n s f e r  f rom one  p h a s e  to a s ingle  par t ic le ,  in  w h i c h  
specif ic  q u a n t u m  levels  exis t .  Fo r  t he  m e t a l / m e t a l  a n d  
m e t a l ] s e m i c o n d u c t o r  in te r faces ,  i t  is a m a t t e r  of  conduc -  
t ive  f low (across  a g r a d i e n t  of  e l e c t r o c h e m i c a l  potent ia l )  
in  f ree  e l ec t ron  c o n d u c t i o n .  At  t h e  me ta l / so lu t ion  a n d  
s e m i c o n d u c t o r / s o l u t i o n  in ter faces ,  i t  is a m a t t e r  of a reac- 
t ion  b e t w e e n  an  i n d i v i d u a l  pa r t i c le  in  t he  so lu t ion  a n d  
e lec t rons  in  t h e  b a n d s  of  t he  e l ec t ron ic  conduc to r .  The  
ene rgy  s ta tes  in  so lu t ion  w h i c h  are  r e l e v a n t  a n d  w h i c h  
m u s t  be  equa l  to the  e n e r g y  of t he  car r ie rs  in  t he  semi-  
c o n d u c t o r  are t he  e n e r g y  of v i b r o n i e  (v ib ra t iona l  a n d  
e lec t ronic)  s t a t e s  in  ions  in  so lu t ion  w h e n  t h e y  are  acti-  
v a t e d  2 (for w h i c h  a n  ac t iva t ion  b a r r i e r  exists).  Hence ,  
e l ec t ron  t r a n s f e r  at  t he  e l ec t rode / so lu t ion  in te r face  occurs  
in  the  fo rm of  a n  e l ec t ron  t r ans f e r  r e a c t i o n  (12), b u t  no t  as 
a c o n d u c t i v e  flow, l ike  t h a t  in  m e t a l / m e t a l  or semicon-  
duc to r /me t a l  in ter faces .  

4. Final ly ,  in  r e s p e c t  to  t he  va lue  of  ~e ~ (wh ich  exis ts ,  
concep tua l ly ,  for  a n y  p h a s e  i n d e p e n d e n t l y  of  w h e t h e r ,  in 
solut ion,  it s h o u l d  be  assoc ia ted  w i t h  F e r m i  level  con- 
cepts) ,  i t  h a s  b e e n  s h o w n  e l s e w h e r e  (13-15) t h a t  for  a real  
i n t e r f ace  i t  s h o u l d  be  g i v e n  b y  

bbe s = -nFVr~dox(Vacuum scale) - nF4) s = EF.r~dox [2] 

w h e r e  t he  i n n e r  po t en t i a l  of so lu t ion ,  q5 ~, is no t  exper i -  
m e n t a l l y  d e t e r m i n a b l e  a n d  is a t  p r e s e n t  no t  k n o w n .  
E q u a t i o n  [2] c lear ly  p r o v e s  t h a t  one  c a n n o t  use  v a c u u m -  
scale  r e d o x  po t en t i a l  as t he  F e r m i  level  in  so lu t ion  to 
e q u a t e  w i t h  t h a t  in  m e t a l  or in  s e m i c o n d u c t o r  at  equi l ib-  
r ium.  

Is the Fermi Level in Solution a Necessary Concept? 
I n  m e t a l - s e m i c o n d u c t o r  con tac t s ,  t he  e q u i l i b r i u m  con-  

d i t ion  is n o r m a l l y  r e g a r d e d  as b e i n g  g iven  b y  a n  equa l i ty  
of  t he  F e r m i  levels.  S u c h  a c o n d i t i o n  p r o v i d e s  a reasona-  
b le  a n d  c o n v e n i e n t  way  of  k n o w i n g  t he  e n e r g y  levels  in  
one  p h a s e  if  one  k n o w s  t h e  e n e r g y  levels  in  t h e  o ther .  

The  n o r m a l  a p p r o a c h  in  e l e c t r o c h e m i s t r y  is to  imi t a t e  
the  s i t ua t ion  for  t h e  me t a l -me ta l  a n d  m e t a l - s e m i c o n d u c -  
to r  sys tems .  K n o w i n g  t h e  e l e c t r o c h e m i c a l  po ten t i a l  in  t he  
solid phase ,  i t  h a s  b e e n  t h o u g h t  c o n v e n i e n t  to uti l ize t h e  
F e r m i  level  c o n c e p t  in  so lu t ion  (d i s cus sed  above)  in  o rde r  
to assess ,  or d e t e r m i n e ,  the  e q u i l i b r i u m  pos i t i on  w i th  re- 
spec t  to e l ec t rons  in  t he  sol id a n d  l i qu id  phases .  

The  a s p e c t  of  t he  va l id i ty  of  a p p l y i n g  Fermi - l ike  con-  
cep ts  to  so lu t i ons  (and, if  val id,  t h e n  t h e  q u e s t i o n  r e m a i n s  
a b o u t  i ts  n u m e r i c a l  va lue)  h a s  b e e n  dea l t  w i t h  in  the  pre-  
v ious  sect ion.  However ,  t h e r e  ex i s t s  a d i f f e ren t  k i n d  of  
ques t ion ,  w h i c h  m a y  be  p u t  f o rwa rd  as follows. Le t  i t  b e  
a s s u m e d  t h a t  t h e  F e r m i  level  c o n c e p t  app l ies  to' so lu t ion ,  
a n d  t h a t  t he  di f f icul ty  of  t he  n u m e r i c a l  d e t e r m i n a t i o n  of  
i t  c an  b e  o v e r c o m e  (15b); t h e n  t he  q u e s t i o n  still  r emains .  
Is i t  a use fu l  c o n c e p t  for  k ine t i c  a n d  m e c h a n i s t i c  e lectro-  
c h e m i s t r y  w h e r e  the  p r inc ipa l  ideas  are  q u a n t u m -  
o r i en t ed  a n d  w h e r e  t he  t h e r m o d y n a m i c  s t a t e s  are  ut i l ized 
on ly  as r e f e r e n c e  to b e g i n n i n g  states,  b u t  w h e r e  the  t ran-  
s i t ions  c o n c e r n e d  are f r o m  q u a n t u m  levels  in  t he  elec- 
t r ode  to q u a n t u m  levels  in  the  so lu t ion?  T h e  m o s t  des i ra-  
b le  a n d  use fu l  q u a n t i t i e s  to  k n o w  are  t h e  e lec t ron ic  d o n o r  
a n d  accep to r  e n e r g y  levels  of  t he  ions  in  solut ion.  To de- 
t e r m i n e  these ,  one  n e e d s  to k n o w  t h e  d i f fe rence  of  en- 
ergy,  AEo, b e t w e e n  t h e  ac t iva t ed  a n d  t h e  g r o u n d  s ta te  o f  
accep to r  or  d o n o r  ions  in  so lu t i on  a n d  t h e n  to e x p r e s s  
th i s  w i t h  r e s p e c t  to t he  e n e r g y  of  a c lear ly  def ined  refer-  
ence  state.  The  b e s t  r e f e rence  s ta te  at  p r e s e n t  s eems  to be  

2One should not consider that  the activated state is the excited 
electronic state of the ion, e.g., in a transition metal-ion due, say, 
to d-d transition. Such a transition involves very high energy, 
e.g., of the order of 1.5 eV. Activated states in electrochemical re- 
actions correspond to excited vibrational states of the ion-sol- 
vent  bond in the ground electronic state of the ion. 
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t h e  s t a t i o n a r y  e l ec t ron  at  inf in i ty  in  a v a c u u m .  F o r  e x a m ,  
ple,  w h e n  Fe  3+ (aq) ion  is in  solut ion,  one  can  d e t e r m i n e  
th i s  d i f f e rence  in  energy ,  AEo, b y  u s i n g  t he  fo l lowing  
cycle  

H e n c e  

Fe3+(aq) + M(e)(soln) h ~  E~ F~ 2+ . . .  aq  

t - ~ r  -X ~ $ - i F # ( 2 )  

Fe3+(aq) + e~c Fe2+(aq) 

t AFt(3) + 3X ~ $ -{AF,(2) + 2X ,} 

I 
Fe3+(Vac) + evac < " -  Fe2+(Vac) 

I 
EF, ec 

[3] Electronic Conductor 
(Metal) 

hEo = @ec + AF#(2) + hFs(2) - AFt(3) - I [4] 

w h e r e  AF#(2) is t he  free e n e r g y  of  ac t iva t ion  of (F~ 2~ . . .  
aq), a n d  iFs(2) a n d  hFs(3) are t he  free ene rg ies  of  solva- 
t ion  of  F e  "24 a n d  Fe  '~* ions,  r espec t ive ly .  I is t he  ion iza t ion  
ene rgy  of Fe  ~ ions  a n d  X s is t h e  sur face  po t en t i a l  of solu- 
t ion.  

K n o w i n g  iEo a n d  t a k i n g  t he  a c t i v a t e d  e lec t ron ic  level  
of  Fe'-'§ to  b e  e q u a l  in  p o t e n t i a l  e n e r g y  to the  e n e r g y  of 
the  F e r m i  level  in  t he  e lec t ron ic  c o n d u c t o r ,  one  can  calcu- 
la te  the  v i b r o n i c  ene rg ies  of  the  g r o u n d  s ta te  of  t he  ac- 
cep to r  ions  in  so lu t i on  w i t h  r e s p e c t  to t he  r e fe rence  level  
in  v a c u u m ,  Eo, as (see Fig. 2) 

E o = - ( I  )ec -~ A E  o [5] 

Electronic Energy Distr ibut ion in Solut ion 
I t  h a s  b e e n  c o n v e n t i o n a l  for w o r k e r s  in  t he  field of  

p h o t o e l e c t r o c h e m i s t r y  to  fo l low R u s s i a n  a n d  G e r m a n  
w o r k e r s  in  p o r t r a y i n g  t he  e n e r g y  d i s t r i b u t i o n  in  so lu t ion  
in  the  fo rm of  a g a u s s i a n  d i s t r i b u t i o n  (1, 6-8). Thus ,  i t  was  
t h o u g h t  (16a) t h a t  t h e r e  w o u l d  be  a gap  b e t w e e n  t he  vi- 
b r a t i o n a l  ene rgy  levels  in  so lu t ion ,  as t he re  is a gap  be- 
t w e e n  t he  v i b r a t i o n a l  e n e r g y  s ta tes  of m o l e c u l e s  in  t h e  
gas  phase .  The  ene rg i e s  r e fe r red  to are t h o s e  of  t he  elec- 
t ron ic  s ta tes  in  t h e  ions,  as a f fec ted  b y  the  v ib ra t iona l -  
l i b r a t i ona l  levels  of  t he  i on - so lven t  c o m p l e x  (i.e., v i b r o n i c  
states) .  

I t  was  a r g u e d  (16a) t h a t  the  o rde r  of  t he  ene rgy  differ- 
ence  (e.g., for H30 § b e t w e e n  v i b r a t i o n a l  levels  is a r o u n d  
0.5 eV, and,  as t he  e n e r g y  of the  ave rage  osci l la tor  in  solu- 
t ion  is kT, t h e  p r o b a b i l i t y  of e n e r g y  b e i n g  t r an s f e r r ed  to 
levels  a b o v e  t h e  g r o u n d - s t a t e  level  m u s t  b e  negl igible .  
S u c h  a c o n c e p t  was  o r ig ina ted  in  t he  w o r k  of Lev ich  (6), 
s ince  he  e r r o n e o u s l y  avo i ded  the  fact  t h a t  t h e r m a l  equi-  
l i b r i u m  b e t w e e n  t he  i on - so lven t  b o n d  a n d  t he  s u r r o u n d -  
ing  so lven t  m o l e c u l e s  c a n  give r ise  to suff ic ient  p robab i l -  
i ty of h a v i n g  t he  r e q u i r e d  e n e r g y  of  ac t iva t ion .  

On the  bas i s  of  t h e s e  concep t s ,  t h e  g r o u n d - s t a t e  v ibra-  
t iona l  level  in  t he  first e l ec t ron ic  s ta te  was  t he  on ly  one  
w h i c h  was  c o n s i d e r e d  to be  r e l evan t  to  e l ec t ron  t r ans fe r  
p r o c e s s e s  at  e l ec t rodes .  In  o rde r  t h a t  t h e  r a n g e  of ener-  
gies n e e d e d  in e l e c t r o c h e m i c a l  r e a c t i o n s  cou ld  be  ob- 
ta ined ,  i t  was  t h o u g h t  t h a t  f luc tua t ions  of  the  e n e r g y  
a r o u n d  t he  g r o u n d  s ta te  w o u l d  be  necessa ry .  As f luctua-  
t ions  give r ise to g a u s s i a n  d i s t r i bu t ions ,  t he  e n e r g y  distr i -  

vacuum l e v e l - -  

number - ~  [ 

ZX~" ~ ~ ' ~ ~ t  M ~ (aq).~, g_round level 

I I L ~ 
7 "~ ~ Distributed empty acceptor states 

~, ec ~ D i s t r i b u t e d  filled donor states 

f ~", M 2. (aq)~, ground level 

Solution Electronic Conductor (ec) 
(e.g; metal) 

Fig. 2. Moxwellian distribution in solution 

vacuum l e v e l - -  

~ --  Fe 3+ (H20)s ]ground state] 

~ - -  Fe 2§ (H20)6 [ground state] 

Solution 

Fig. 3. Gaussian distribution in solution 

b u t t o n  was d r a w n  in t he  f o r m  of a g a u s s i a n  be l l - shaped  
curve  (1-3, 6-8) (see Fig. 3) 3 w h e r e  t he  po t en t i a l  ene rgy  is 
c o n s i d e r e d  to va ry  b o t h  a r o u n d  t he  g r o u n d  s ta te  to a n  
equa l  degree.  

However ,  t he  t h i n g  w h i c h  in  fac t  va r ies  w h e n  a n  ion is 
in  so lu t ion  a n d  t h e n  causes  t he  e n e r g y  of t he  cen t ra l  ion  
to v a r y  is no t  t h i s  g r o u n d  s ta te  a n d  its p e r t u r b a t i o n a l  
f l uc tua t ion  b u t  t he  n o r m a l  b o l t z m a n n i a n  d i s t r i b u t i o n  of 
t he  e n e r g y  in all t h e  v ib r a t i ona l  s t a tes  of t he  ion- so lven t  
b o n d s .  This  e n e r g y  is no t  s y m m e t r i c a l l y  d i s t r i b u t e d  
a r o u n d  t he  cen t r a l  p o i n t  (i.e., t h e  g r o u n d  state)  b u t  is dis- 
t r i b u t e d  m a x w e l l i a n l y  in  t h e  n o r m a l  way  in  all p re sen ta -  
t ions  of  m o l e c u l a r  m e c h a n i c s  in  so lu t ion ,  e x c e p t  t hose  as- 
soc ia ted  w i t h  t he  L e v i c h - M a r c u s - G e r i s c h e r  v iewpoin t .  

Hence ,  t he  g a u s s i a n  c o n c e p t  m u s t  n o w  b e  v i ewed  as 
nuga to ry .  A ve ry  s i m p l e  a n d  gene ra l  p iece  of  ev idence  
aga ins t  a n  ef fec t ive ly  g a u s s i a n  d i s t r i b u t i o n  is t h a t  i t  con-  
fo rms  to t he  r e l a t ion  (16) 

(Es + eo~?~) ~ 
In i~ = in  A [6] 

4EskT 

w h e r e  A is a cons t an t ,  Es is t he  so lven t  r eo rgan i za t i on  en- 
e rgy  of  the  ion, ic is t he  ca thod i c  c u r r e n t  dens i ty ,  ~c is t h e  
ca thod ic  ove rpo ten t i a l ,  a n d  eo is t he  e lec t ron ic  charge .  
However ,  t h e  e x p e r i m e n t a l  e v i d e n c e  is clear:  t he  c u r r e n t  
d e n s i t y / o v e r p o t e n t i a l  r e l a t ion  usua l ly  o b s e r v e d  is bol tz-  
m a n n i a n ,  i.e. 

E A + fieon 
In i = B [7] 

kT 

w h e r e  B is a cons t an t .  E q u a t i o n  [7] is no t  c o n s i s t e n t  w i t h  
a g a u s s i a n  d i s t r i b u t i o n  of  the  r e l e v a n t  e n e r g y  s ta tes  of  
ions  in  so lu t ion  b u t  is c o n s i s t e n t  w i t h  t h e  b o l t z m a n n i a n  
d i s t r i b u t i o n  of  s t a tes  in  so lu t ion  (Fig. 2). 4 

3Although conceptually, it seems consistent with the literature 
development as above, it must  be mentioned that the gaussian 
type of energy distribution arises also in a quite different way. 
Thus, Eq. [6]--which is usually put  forward on the basis of some 
rather complicated considerations of nonequil ibrium thermody- 
namics and even as quantum mechanical concepts (16a)--arises 
from very simple considerations of the stretching of bonds in an 
electrode reaction (16b). In fact, the only necessary condition 
whereby one obtains Eq. [6] is the energy-distance relation of 
these  bonds to be harmonic (i.e., quadratic) and that  no more 
complex and anharmonic relationships should be taken into 
account. 

This is the origin of why Eq. [6] does not give rise to a Tafel 
equation. To obtain the latter (universally observed), it is neces- 
sary to have a more complex energy-distance relationship to 
have the activated state necessary for electron transfer and their 
extension from the equilibrium state, and this relationship then 
gives rise to a non-gaussian distribution. Alternatively (16c), the 
energy states which are available to electrons in solution are 
simply regarded as boltzmannian on the basis that  they are the 
normally distributed quantum states in the ion-solvent bond 
and do not arise clue to fluctuations of the ground state. 

4The evidence for Eq. [7] is overwhelming in terms of very 
many systems of different types (17a). The counterevidence con- 
sists of a paper by Saveant and Tessier (17b) in which results are 
given for an undefined organic reaction in which, correspond- 
ingly, the rate-determining step is unknown. 
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Gauss i an  s ta tes  are essen t ia l ly  e r ror  statesj  a n d  repre-  
s en t  the  devia t ion  f rom the  equ i l ib r ium s ta tes  w h i c h  are 
the  sub jec t  of  t he  b o l t z m a n n i a n  d is t r ibut ions .  Gauss ian  
d i s t r ibu t ions  are a ssoc ia ted  wi th  every  one  of  these  
b o l t z m a n n i a n  states.  

T r e a t m e n t s  in e l ec t rode  k ine t ics  shou ld  no t  be  g iven  in 
t e r m s  of  t h e r m o d y n a m i c  concep t s ,  r e p r e s e n t i n g  ne t  en- 
ergy changes .  

A gauss ian  t r e a t m e n t  neg lec t s  s ta tes  above  the  g ro u n d  
v ibra t iona l  states.  There  is, in this  t r ea tment ,  basical ly  
one  state,  c o r r e s p o n d i n g  to the  g round-s ta te  v ibra t ional  
level of  the  ion-so lvent  bond :  t he  g round  state. The  o ther  
s ta tes  are ob ta ined  by f luc tuat ing  th i s  g round  state.  

The ene rgy  levels  in the  ion-so lven t  c o m p l e x e s  are 
l ikely to r e p r e s e n t  an ene rgy  c o n t i n u u m  for e lectrons,  ac- 
cep to r  or donor ,  w h i c h  are  to be  i n t e r c h a n g e d  b e t w e e n  
the  ent i t ies  in so lu t ion  and  those  in the  e lect rode.  This is 
a resul t  of  the  q u a s i - c o n t i n u u m  na tu re  in r e spec t  to en- 
ergy levels  in solut ion,  as ind ica ted  by  the  b r o a d n e s s  of  
the  v ibra t ional  spec t ra  obse rved  (18, 19). 

Apar t  f rom b r ing ing  of  c o n s i s t e n c y  to the  s i tuat ion in 
r e spec t  to ene rgy  d i s t r ibu t ion  and  gene ra t ion  of  ac t iva ted  
states,  it is des i rab le  to po in t  out  that ,  we re  f luctuat ions  
of the  ene rgy  of  t he  g r o u n d  s ta te  to be  the  origin of  elec- 
t ronic  s ta tes  in solut ion,  it wou ld  s e e m  unl ike ly  tha t  t hese  
could  occur  at a rate  suff ic ient  to m e e t  the  needs  of  even  
the  midd l e  range  (mA-cm-2) of  ra tes  m e t  wi th in  chemica l  
react ions .  Thus,  one  could  es t ima te  the  orders  of  magni-  
t ude  for the  average  rate  (i.e., f r equency)  of act ivat ion 
n e e d e d  for an  ion  in so lu t ion  in  t he  fo l lowing way. 

The n u m b e r  of  wa te r  mo lecu le s  w h i c h  have  an en e rg y  
equal  to, say, t he  ac t ivat ion energy ,  E~, of  p ro ton  dis- 
charge  on Hg at t he  revers ib le  po ten t i a l  (0.78 eV) is g iven  
by 

1 1023 e -0-7s/0-~ NEa = NEo e-~a/kr = 18- X 6.0 X X = 109 [8] 

molecu les  per  cubic  cen t ime te r  (where  NEo is the  num-  
ber  of  mo lecu le s  per  mole  in t he  g r o u n d  s ta te  energy,  Eo). 

These  ac t iva ted  molecu les  are, therefore ,  on the  aver- 
age, 10 -3 cm apar t  (since 100 ac t iva ted  molecu les  o ccu p y  
one  cubic  cent imeter ) .  Hence ,  in a p lane  of  area 1 cm 2, 
the re  will  be  106 ac t iva ted  molecules .  I f  t hey  have  a diffu- 
s ion coefficient ,  D = 2.5 x 10 -5 em2-s -~, t he  t ime  of  diffu- 
s ion over  a d i s t ance  A = 10 -3 cm can be  ob ta ined  as 

52 
r = - -  = 0.02s [9] 

2D 

Hence ,  it is poss ib le  to de l iver  to 1 cm 2 of  an e lec t rode  
surface  s o m e  5 • 107 molecu les  [= (N~.a)'-'/3/z = 10~/0.02] 
wi th  an ene rgy  a round  0.78 eV in ls .  The  n u m b e r  of reac- 
tan t  H30 ~ ions  n e e d e d  to be avai lable at the  act ivated 
state  per  un i t  t ime  in the  reac t ion  p lane  for an io value of  
10 -12 A-cm -2 (a rate  w h i c h  c o r r e s p o n d s  to the  act ivat ion 
ene rgy  given) is ioNA/nF = (10-W10 '~) x 6.6 x 102~ = (6.6 x 
10 s ion-cm-2-s-1).  A suff ic ient  n u m b e r  of  appropr ia te ly  
ac t iva ted  mo lecu l e s  can, therefore ,  be  available.  5 Though  
the  ca lcula t ion  is rough  in nature ,  it serves ,  as an  o rder  of  
magn i tude  level, to s h o w  tha t  the  rate  of  supp ly  of  acti- 
va ted  ions f rom solu t ion  is no t  un feas ib le  by  the rma l  acti- 
vation.  Thus,  a Maxwe l l -Bo l t zmann  d i s t r ibu t ion  of  donor  
and  accep to r  e lec t ronic  s ta tes  (20) (see Fig. 1) in solut ion 
is possible .  

T h e  Schot tky  Barr ier  M o d e l  
A d o m i n a t i n g  t h o u g h t  in the  e l ec t rochemis t ry  of  semi-  

c o n d u c t o r s  has  b e e n  the  so-called S c h o t t k y  bar r ie r  at the  
s em iconduc to r / so lu t i on  interface.  

It is t radi t ional  in the  field of  s emiconduc to r / so lu t i on  
p h o t o e ] e c t r o c h e m i s t r y  to take  such  a barr ier  as ex is t ing  

~This calculation which has been done here is independent of 
the Value of to, i.e., if there were a reaction at an electrode, with 
an i,, of 10 mA, where the current needed would be much more, 
it would not matter, because then the heat of activation would 
be very much less, and the probability of finding ions with the 
right energy will be correspondingly greater. 
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CB . . . . . .  % 

EF,Sc _ _ _ _  

VB-. 

p-Semiconductor 

vacuum l e v e l ~  

OHP 
i Solution 

i . . . . . . . . . .  EF, redox{21 
. . . . . . .  t . . . . . . . . . . .  EF, redoxll) 

Schottky Barrier 
! 
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Fig. 4. Schottky barrier model at the interface 

inside the semiconductor only, due to difference between 
the Fermi level in the semiconductor and that in the solu- 
tion before the equilibrium is established. However, after 
the equilibrium is established, it is thought that the Fermi 
level of the semiconductor coincides with the Fermi level 
in solution and, thus, gives rise to the enhanced (or re- 
duced) band bending (i.e., the Schottky barrier), de- 
pending on the relative positions of the two Fermi levels 
(see Fig. 4) before the equilibrium is established. G Con- 
struction of such a barrier at the semiconductor/solution 
interface is unrealistic, since the existence of a Fermi-like 
level in solution is doubtful. 

Green (21, 22) was the first to question the applicability 
of Schottky barrier concepts at the semiconductor/solu- 
tion interface in respect to electrode kinetics. According 
to the Schottky barrier model, the potential drop inside 
the semiconductor (i.e., band bending) varies with the ex- 
ternally applied potential, and the other part of the 
interphasial potential drop is that in the Helmholtz layer 
in the solution side of the interface which remains (al- 
most) independent of the applied potential (see Fig. 5). 
The traditional treatments (1-3, 6-8) assume that the above 
situation nearly always obtains at the semiconductor/so- 
lution interface. 

Such a treatment leads to a current/potential relation- 
ship of the form 

oV RT  
- -  - - -  [ 1 0 ]  

o log i F 

6When one discusses the potential distribution and the corre- 
sponding barrier, one talks about classical and equilibrium situ- 
ation. The nonequilibrium situation gives rise to the fluctuating 
barrier which is not relevant for electron transfer kinetic stud- 
ies. This is because the barrier fluctuates slower than the trans- 
fer time of electron across the interface. However, under illumi- 
nation condition the degree of band bending will be less than 
dark equilibrium situation. 
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Fig. 5. Schematic diagram of p-type semiconductor~solution inter- 

face at two applied potentials, V2 and V,. The diagram shows that the 
potential drop (p.d.) in the Helmholtz layer exhibits no variation with 
applied potential and the potential varies inside'the semiconductor 
only. 
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where V is the electrode potential. Green (21, 22) pointed 
out that the Schottky barrier considerations were depen- 
dent upon the absence of a limiting number  of surface 
states. With the semiconductor in equilibrium, if the sur- 
face states exceeded about 3% of the total surface occu- 
pancy (e.g., 1013 cm -2 since there will be 3.5 x 10 ~4 sites 
available for molecular size of 3~ in 1 cm 2 of the surface), 
the changes in potential would be predominantly in the 
Helmholtz region and not in the space charge region (21, 
22), and the pure Schottky barrier model will fall. Corre- 
spondingly, the Tafel slope of the dark reaction at semi- 
conductor/solution interfaces would then become 

OV 2RT 
- -  - [11] 
a log i F 

which indicates a symmetry factor fl = 1/2, as in regular 
electrode kinetics at metal. Such an observation at semi- 
conductor solution interface indicates the presence of 
surface states of more than 10 ':~ cm-~ and, hence, the met- 
allization of the semiconductor. In such situations, varia- 
tion of the potential will be mainly in the Helmholtz layer. 
Thus, whether the variation of potential is effective only 
in the semiconductor side of the interface in the Schottky 
barrier approximation depends upon the density of occu- 
pancy of surface states on the semiconductor. 

In situations at the metal/semiconductor interfaces, 
there is no doubt about the existence of the Schottky bar- 
rier to electrons or holes and the variation of band 
bending (i.e., potential) inside the semiconductor. How- 
ever, in the case of reactions which are at the semicon- 
ductor/solution interface, such a situation may be excep- 
tional. Two events may provoke the existence of surface 
states in addition to those associated with dangling 
bonds. One is the specific adsorption of anions and the 
solvent on the surface of the semiconductor. With hydro- 
gen and oxygen evolution, this is particularly so because 
the adsorbed intermediate atom on the surface would 
cause further surface states. The numerical value 
characterizing the extent of such adsorption is not yet 
known, but it is reasonable to infer a high degree of ad- 
sorption from the published observations of anion ad- 
sorption at oxide/solution interfaces (23, 24). The adsorp- 
tion is higher at nonmetals than in Hg, indicating the 
formation of charge transfer bonds at the surface. A large 
extent of specific adsorption at semiconductor/solution 
interfaces would indicate a high density of surface states 
and the breakdown of the Schottky barrier approxima- 
tion. A degree of "metallization" would occur. Corre- 
spondingly, the presence of water at the semiconduc- 
tor/solution interface may give rise to charge transfer 
bonds between the free antibonding orbitals which exist 
in oxygen and d-band positions in semiconductor oxides 

vacuum level 

t 
CB r 3v. i--f-7 

I \ ~ L _ _ [  v. 
VB F-F .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ~ ~ [ I 

i 

p-Type Semi-conductor OHP Electrolyte 
(with surface states) 1 

i 
Fig. 6. Schematic diagram of p-type semiconductor/solution inter- 

face in presence of high density of surface states. No variation of po- 
tential drop (p.d.) inside the semiconductor, Vs, and hence no varia- 
tion of Fermi level in the semiconductor (pinning); variation of p.d. 
occurs in the Helmholtz layer, Vm with applied potential. 

Vacuum LeveJ-- -  

F-:sc ............................. 
VB- 

p-Type semiconductor 

~ nergy Barrier (Before equilibration} 

ELECTROLYTE SOLUTION 

Fig. 7. The barrier for the electron transfer at the interface of semi- 
conductor and redox electrolyte before equilibration of electron of 
two phases (classical view). 

which contain transition metals (24) (e.g., LaNiQ) and, 
thus, may increase the density of surface states. Such 
metallization causes the potential to change over the 
Helmholtz double layer (see Fig. 6), rather than inside the 
semiconductor across the space charge region. The metal- 
lization also occurs if the doping density is very high, > 
10~9 cm-3. 

Of course, there must be some p.d. inside all semicon- 
ductorS; otherwise, they would behave effectively like 
metals under an applied potential. At present, it seems as 
though pure Schottky barrier models (25, 26) are applica- 
ble to the semiconductor/solution interface as an excep- 
tion rather than the rule. Recent exper iments  on the mea- 
surement of capacity due to surface states and its 
dependence on potential even at n-TiO~ electrodes (27) 
and other p-type electrodes (28) indicate a high concentra- 
tion of surface states (->- 10 TM cm-~). 

Another  matter needing discussion is the identity of the 
so-called "barrier-to-electron passage" at a semiconduc- 
tor/solution interface. 

Thus, work which is normally carried out at the present 
time, particularly in photoelectrochemistry, normally re- 
gards this barrier in the following way. The thought is 
that, at the moment  of immersion of a semiconductor into 
a solution, before equilibration of the electrons of the two 
phases has taken place, there will be a situation shown in 
Fig. 7, where the Fermi levels are at different positions. In 
this situation, this hypothetical momentary situation, the 
energy barrier for penetration of carriers outside the 
semiconductor is indicated in Fig. 7. 

At a short t ime after the contact has been made, equili- 
bration will arise, and the Schottky barrier will change (in 
the classical concepts) so that the two Fermi levels, that 
in the semiconductor and that in the solution, are equal. 

Thus, in this classical view (in which the basic concept 
of a Fermi level in solution is taken as an important 
entity), the nature of the barrier for the electron exit is 
taken as the extra bending of the Schottky barrier which 
arises from the original difference of the Fermi levels in 
the semiconductor and solution before equilibration (see 
Fig. 4). 

Several difficulties inhabit this view, apart from those 
which are associated with doubts concerning Fermi level 
concepts in water, with its lack of clarity of defined band 
structure. Thus, the barrier outlined in Fig. 4 is a barrier 
for majority carriers. In photoelectrochemistry, however, 
a p-type semiconductor is a cathode and an n-type semi- 
conductor is an anode, and the photoexcited minority car- 
rier injection from the electrode to the solution would not 
experience the Schottky barrier as outlined above but 
rather would be helped by the bending of the band. 

It is not the Schottky barrier which is wrong in the con- 
cept, but the fact that photoelectrochemistry involves mi- 
nority Carrier transfer (for n-type semiconductor acts as 
an anode), and hence a different type of barrier would be 
involved at the photoexcited semiconductor/solution in- 
terface. However, it would not be like photoexcited semi- 
conductor-metal junction, since solution does not in any- 
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Fig. 8. The schematic diagram of non-Schottky-type barrier at the 
semiconductor/solution interface (8); the effect of field drop in the 
Helmholtz layer in solution side and the effect of Coulomb potentials 
in this layer constitute on extra barrier at the interface. 

way behave like metal or semiconductor, which are 
electronic conductors and have band structure. 

However, there is a greater difficulty which pertains to 
the practices which are present in literature; that is that 
no account is taken of transfer to quantum states in ions 
in solution. Thus, the energy barrier which actually exists 
in an electron transfer reaction is not concerned primarily 
with the difference of thermodynamic equilibrium states 
(though this is indeed a basic beginning to the formation 
of such a barrier), but, as normally conceived in all con- 
cepts of kinetic barriers, the height and dimensions of the 
barriers themselves are concerned with considerations 
external to the levels of the initial and final states. In par- 
ticular, in a p-type semiconductor under illumination, 
electrons exit  into solution, and the barrier for the elec- 
tron is affected by the image forces between the semicon- 
ductor and the electron and by the Coulomb interaction 
between the ion and the electron. The electric field of the 
interface influences the electron and the height of the 
barrier in addition to these entities (see Fig. 8). All this 
has been omitted in the concepts which now exist in the 
literature. Prior to charge transfer through such an inter- 
facial barrier, the ions in solution need to overcome the 
activation barrier arising from the potential energy dis- 
tance relation for the ion-solvent bonds and so forth and 
attain a suitable distribution of acceptor or donor states 
such that those states match the electronic states in the 
electrode to have isoenergetic transfer. 

Thus, the conventional treatments which locate the bar- 
rier only inside the semiconductor should be revised to 
take into account the electric potential barrier at the solu- 
tion side of the interface, along with the activation barrier 
(Fig. 8) as has been detailed in our recent work (15a). 

Fermi Level  Pinning 
Fermi level pinning has been discussed recently in the 

photoelectrochemical literature (9, 10) as though it were a 
new topic. 

The idea of Fermi level pinning was introduced into the 
semiconductor  literature in I953 by Brattain and Bardeen 
(29). It was Green (21, 22) who introduced the idea in 
treatments of the semiconductor/s01ution interface in 
1959. The situation was well represented in books dis- 
cussing semiconductor  electrochemistry in the 1960's (30). 
Fermi level pinning has long been a common and well- 
known phenomenon in the realm of semiconductor elec- 
trochemistry and often has been misused. 

M o d e l  of Photoe lect tocata lys is  
Recently, a number  of papers have been published 

(31-37) which show that small metal aggregates on the 
surface of p-type semiconductors cause a change in the 
rate of the photoevolution of hydrogen. Two models of 
photoelectrocatalysis are possible. In one, Model A (36), 
the function of the catalyst added to the surface (the 
metal particles in submonolayer amounts) is regarded as 
speedin~ up the reaction of electron transfer at the sur- 
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face to protons in solution in such a way that the surface 
step becomes nonrate determining and the rate determi- 
nation (insofar as it varies with the entities on the surface) 
depends upon factors inside the semiconductor. Thus, in- 
teractions at the interface between the metal aggregates 
and the semiconductor cause a change in reaction rate; 
since the Fermi level of the semiconductor near the metal 
aggregates must  at equil ibrium 7 be equal to that of the 
catalytic metal, it follows that, when the work function of 
the metal is lower than that of a p-type semiconductor, 
the effect of the metal would be to move the Fermi level 
inside the semiconductor in a more positive direction (on 
the potential energy scale), thus increasing band bending 
(Fig. 9) and, correspondingly, augmenting the photoelec- 
trochemical current density (because when the rate- 
determining step is inside the semiconductor greater 
band bending would mean a lessened recombination 
probability and increased drift velocity of electrons to- 
wards the semiconductor-metal interface. 

In another model, Model B (32, 37a), the rate-determin- 
ing step is associated with events taking place at the in- 
terface between the metal aggregates and the solution, 
which could be catalyzed, as in the hydrogen evolution 
reaction, by metal aggregates on semiconductor surfaces. 

Recent work has shown the direction of the shift of the 
midpoint potential in the exponent ia l  section of the 
iphotJpotential E curves of metal aggregate-coated p-Si 
photocathodes, as a function of the presence of a number  
of individual metals (see Fig. 10). A shift in the positive di- 
rection (with respect to the potential of the midpoint for 
bare Si) implies electrocatalysis of the hydrogen evolu- 
tion reaction, while a shift in the negative direction 
implies its inhibition. It has been found that these shifts 
occur in the order which would be expected if the photo- 
evolution of hydrogen were, in fact, controlled by the ki- 
netics of the dark hydrogen evolution process at the 
metal/solution interface. 

Model A would lead to the expectation that, at a given 
photoelectrocatalytic rate, the displacement on the poten- 
tial E axis of the photocurrent/potentia] curve between 
the bare and the metal aggregate-covered semiconductor, 
hE, in the positive direction would decrease with increas- 
ing work function of the metal. 

The trend predicted by Model A is shown by the 
dashed line in Fig. l la .  The experimental  results are rep- 
resented by the solid line in Fig. l la .  The experimental  
results show a reverse trend to that predicted by Model A. 

To obtain a change in work function so that the direc- 
tion of change of the photocurrent/potential relations is 

7Even at nonequilibrium situation under illumination, the 
band bending varies according to the difference of Fermi energy 
levels in semiconductor and metal though it may be less than 
the equilibrium value. 

Dependence of band bending on the work functions, Cu of 
metals Ni and Pt. 
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cBoB' 

EF,sc i__: . . . . .  

P Metal 

p-ty 
(without surface state) -re 

energy 

Fig. 9. The dependence of band bending inside the semiconductor 
on the work function of metal (e.g., Ni and Pt) deposited in the form 
of islets on the semiconductor surface. 
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Photocurrent potential dependence for the presence of different 
metal islets on p-Si electrode. 

Dependence of potential shift, AE on log io, exchange current 
density for hydrogen evolution on massive metals. 
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Fig. 12. The dependence of the potential shift, AE, with the log of 
0.2 0.0 -0.2 -0.4 -0.6 -0.8. 

E /VNHE 
Fig. 10. The photocurrent-potential plot (37a) for various metal is- 

lets on p-Si photocathode, p-Si/Pt; p-Si/Ni; p-Si/Au; p-Si/Co; bare p-Si; 
p-Si/Pb; p-Si/Cd. 
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Fig. 1 I. a: Variation of the potential shift, AE, with the work func- 
tion of the metal pertaining to electrolyte solution, ~met~t (37a). b: 
The dependence of the log of the exchange current densities, io, for 
hydrogen evolution reaction at various massive metals on the work 
function of the metals, @metat (37b). 

exchange current densities, io, at various metal electrodes (37a). 

s h o w n  tha t  log in increases  l inearly wi th  t he  work  func-  
t ion of the  meta l s  w h e n  they  are in so lu t ion  (38a). Thus,  
the  e x p e r i m e n t a l  resul ts  s h o w  the  t r end  p red i c t ed  by 
Model  B. 

A clear ind ica t ion  tha t  Heller 's  S c h o t t k y  barr ier  m o d e l  
is no t  opera t ive  has  been  ob ta ined  f rom the  e x p e r i m e n t  
carr ied out on n-Si e lec t rode  in dark  w i t h  and  wi thou t  
me ta l  aggregates  on it. F igure  12 shows  the  s imilar  shif t  
in potent ia l ,  hE, as tha t  in pho toe l ec t rochemica l  s i tua t ion  
on p-Si. The shif t  in po ten t ia l  hE in  da rk  and  in l ight  cor- 
re la tes  well  and  t h u s  agrees  well  wi th  log io (38b) and  wi th  
t he  e lect rocata lyt ic  m o d e l  ra ther  t han  the  S c h o t t k y  
model .  

These  corre la t ions  sugges t  tha t  t he  r a t e -de t e rmin ing  
s tep  in the  pho toe l ec t rochemica ]  evolu t ion  of h y d r o g e n  
on surfaces  deco ra t ed  wi th  s u b m o n o l a y e r  quant i t ies  o f  
meta l s  of  var ious  k inds  is one  w h i c h  is rate  d e t e r m i n e d  to 
the  meta l ]so lu t ion  in ter face  and  tha t  in te rac t ions  at the  
m e t a l ] s e m i c o n d u c t o r  in ter face  do no t  have  a p r imary  in- 
f luence  on the  ra te  of t he  reac t ion  c o n c e r n e d  (excep t  in- 
sofar as t hey  m a k e  the  t rans i t ion  across  th is  in te r face  
nonra te  de te rmining) .  

cons i s t en t  wi th  obse rva t ion  on Model  A, it was  neces sa ry  
to a s s u m e  (36) t ha t  H w o u l d  lower  t he  w o r k  func t ion  of P t  
by abou t  0.8V (Fig. l l a )  and  raise tha t  of Cd by abou t  the  
same amount .  The obse rved  values  are s h o w n  in Table  I; 
it is clear tha t  t he  neces sa ry  shi f ts  are no t  in the  n e e d e d  
di rec t ion  and  do no t  have  the  app rop r i a t e  magn i tude .  

In Model  B, t he  d i sp l acemen t ,  AE, wou ld  be propor-  
t ional to log io (see Fig. 12), w h e r e  io is the  e x c h a n g e  cur- 
ren t  dens i ty  for the  h y d r o g e n  evolu t ion  reac t ion  on mas-  
sive meta l  e lec t rodes  in the  dark  (37b). In Fig. l l b ,  it is 

Table I. The values of work functions for different materials 
in vacuum, ~bv, and in solution, ~ ,  and changes caused by 

hydrogen, A~b~2 (40-44) 

Summary 
Traditional and modified views at the 

semiconductor/solution interface 

Concept Traditional Modified 

Fermilevel in solu- Is equal to redox 
tion. potential in the 

vacuum scale. 

Must include the in- 
ner potential of solu- 
tion, ~b s. 
No free electron and 
band structure in so- 
lution. 
Better use of ground 
state energy of sol- 
vated ions. 

~v r • 
Material (eV) (eV) (eV) 

Rh 4.9 5.0 +0.3 
Ru 4.7 4.8 +0.4 
Pt 5.5 5.0 +0.1 
Ni 5.1 4.7 +0.4 
Au 5.2 4.8 +0.2 
Co 4.9 4.7 +0.33 
Pb 4.0 4.2 - -  
Cd 3.9 4.1 - -  

Electronic energy Gaussianly dis- 
distribution in so- tributed energies 
lution, of ground state of 

ions. Fluctua- 
tional in nature. 

Although such 
states exist, they 
seem unlikely to 
play much part in 
electrode reactions 
because they fluctu- 
ate too infrequently. 

Boltzmannian states 
of ion-solvent bond 
are origin of relevant 
states. 
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Sehottky barrier. Most semicon- 
ductor/solution 
interfaces are 
like those at the 
semiconductor/- 
metal interface. 

Such (Sehottky) bar- 
riers are greatly di- 
minished in semi- 
conductor/solution 
interface. Surface 
states are always fre- 
quent at this inter- 
face because of ad- 
sorption of species 
(water, O, H, anions, 
etc.) from solution. 

Relevant interfa- The Schottky 
cial barrier in barrier. 
photoelectro 
chemical process. 

The principal com- 
ponents controlling 
the electron exit rate 
at the semiconduc- 
tor/solution inter- 
face (i.e., the barrier) 
are activationaY 
stretching or reori- 
entation processes 
in the ion-solvent 
complex in the 
Helmholtz double 
layer. Interfacial 
barrier outside the 
semiconductor sur- 
face exists. 

Fermi level pin- A new (1980)con- Introduced in 1947 
ning. cept in photo- (39) and into electro- 

electrochem- chemistry in 1959 
istry, and into photoelec- 

trochemistry in 
1978. 

Model of photo- Is due to shift of Is due to happenings 
electrocatalysis. Fermi level in at metal/solution in- 

semiconductor terrace (i.e., electro- 
due to presence catalytic effect). 
of metal. Hence, 
band bending 
(dV/dx)~ 
changes. 
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The Effects of Surface Energetics on the Cyclic Voltammetry of 
Metallocenes at Nonilluminated n-lnP Electrodes 
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A B S T R A C T  

Elec t ron  t ransfer  processes  at n- type I n P  electrodes  of  modera t e  to low doping  dens i ty  were  invest igated by moni- 
tor ing the cyclic vo l t ammet r i c  dark currents  of  a series of  meta l locenes  in acetoni t r i le  solutions. The formal  reduction.  
potentials  of  the  meta l locenes  span the  bandgap  of InP,  a l lowing a compar i son  of  the cyclic vo l t ammet r i c  response  as a 
funct ion  of  the formal  r educ t ion  potent ia l  and the energet ic  condi t ion  of  the  e lec t rode  surface. The  energet ic  condi t ion 
of  the  e lec t rode  surface dur ing  the  cyclic vo l t ammet ry  expe r imen t s  was moni to red  by measu remen t s  of  the  capaci tance 
of  the space charge  region. A s imple  chemica l  e tching and e lec t rochemica l  cycl ing p rocedure  yielded reproduc ib le  sur- 
face energetics.  The n-InP/acetoni t r i le  in terface  in the dep le t ion  condi t ion  r e sponded  ideally to changes  in e lect rode po- 
tential, as ev idenced  by l inear  Mot t -Schot tky  plots, over  a range o f  about  0.9V. It  was possible to achieve an accumula-  
t ion condi t ion  at negat ive  potentials ,  bu t  the  interface could  not  be inver ted  at posi t ive  potentials.  The n-InP/acetoni t r i le  
interface is less suscept ib le  to surface  ox ida t ion  than  is the  p-InP/acetoni t r i le  interface.  For  each meta l locene  + 1/0 cou- 
ple, the  revers ibi l i ty  of cyclic vo l t ammet r i c  (CV) waves  at n - InP  was d e p e n d e n t  on the  doping  dens i ty  of  the  electrode 
(ND) and the  p rox imi ty  of  the  formal  r educ t ion  potent ia l  (E ~ to the  conduc t ion  bandedge  (EcB). Couples  wi th  E ~ located 
negat ive  of  EcB disp layed nearly revers ib le  CV waves.  Couples  wi th  E ~ located in the  bandgap  were  r educed  i r revers ib ly  
at overvol tages  of  400-500 mV. A couple  wi th  E ~ loca ted  sl ightly posi t ive  of  EcB yie lded a part ial ly revers ible  CV wave  at 
modera t e  ND, but  the wave  b e c a m e  i r revers ible  at low ND. Oxidat ion  of  couples  wi th  E ~ posi t ive  of  -0 .5V vs. E ~ for 
fe r r icen ium/fer rocene  was not  observed.  

The  kinet ics  of e lec t ron t ransfer  processes  at semicon- 
duc tor  e lec t rode/solut ion interfaces have  not  rece ived  as 
m u c h  at tent ion exper imen ta l ly  as r edox  processes  at 
meta l  e lec t rode/solu t ion  interfaces (1-13). We have previ- 
ously repor ted  our  invest igat ion of  e lec t ron t ransfer  pro- 
cesses at p - InP e lect rodes  in acetoni t r i le  solut ions (1). 
Herein,  we ex t end  our  s tudy  to e lec t ron  t ransfer  pro- 
cesses at the  n-InP/acetoni t r i le  interface.  

The  purpose  of  this s tudy  is to inves t iga te  the  ways  that  
he te rogeneous  charge  t ransfer  kinet ics  at s emiconduc to r  
e lectrodes  are affected by var ious combina t ions  of the 
formal  reduc t ion  potent ia ls  of solut ion species and the  
energet ic  condi t ion  of the  e lec t rode  surface. Our ap- 
proach has been  to measure  cyclic vo l t ammet r i c  dark cur- 
rents  in acetoni t r i le  solutions for fe r r i cen ium § cobalt icen- 
i um +, and a n u m b e r  of  their  der ivat ives  (Fig. 1) at n- InP 
electrodes  of  modera t e  to low doping  density.  Abbrevia-  
ted des ignat ions  and formal  r educ t ion  potentials ,  E ~ for 
the meta l locenes  are l is ted in Table  I. The  reasons beh ind  
our  choices of  I n P  as the  e lec t rode  mater ia l  and the series 
of meta l locenes  as solut ion redox  probes  have  been  dis- 
cussed before  (1). 

The  specific k n o w l e d g e  of the  energe t ics  of the semi-  
conductor / so lu t ion  interface that  this s tudy  requires  was 
der ived f rom m e a s u r e m e n t s  of the space  charge capaci- 
tance  taken  in the  same regions of  e lec t rode  potent ia l  and 
at scan rates s imilar  to those  used  in the  cyclic vol tam- 
met ry  exper iments .  

Through  these  exper iments ,  we have  observed  a corre- 
lat ion be tween  the  dark current  f low and the  doping  den- 
sity of  the  e lectrode,  as well  as the di f ference in potent ia l  
be tween  the  conduc t ion  bandedge  and  the  formal  reduc-  
t ion potent ia l  of the  solut ion r edox  species.  The results 
qual i ta t ively  suppor t  the  Ger ischer  mode l  of the semicon- 
ductor /so lu t ion  interface  (7, 8). 

Experimental 
Reagents and materials.--Gold-label acetoni t r i le  (Ald- 

rich) was thorough ly  dr ied  by ref luxing over  ca lc ium hy- 
dr ide  for 14h in a n i t rogen  a tmosphere .  1 The  suppor t ing  
electrolyte,  t e t r a b u t y l a m m o n i u m  fluoroborate,  TBABF4, 
(Sou thwes te rn  Analyt ica l  Chemicals ,  Incorpora ted)  was 
dr ied  under  v a c u u m  for two days at 25~ Ferrocene,  
acetylferrocene,  1,1 ' -diacetylferrocene (Aldrich), and 

*Electrochemical Society Active Member. 
1In some of the initial experiments, the acetonitrile was 

passed through a column of activated alumina prior to solution 
preparation. This procedure was discontinued because it was 
found to have no effect on the electrochemical behavior. 

decamethy l fe r rocene  (Strem) were  purif ied by subl ima- 
tion. Coba l t i cen ium hexaf luorophospha te  (Strem) was 
used  wi thou t  fur ther  purification.  1,2,4,1' ,2' ,4 '-hexameth- 
ylferrocene,  b i s (d ipheny lphosph inocyc lopen tad ieny l )  co- 
bal t  hexaf luorophospha te ,  and b is (d iphenylphosphino-  
cyc lopentadienyl )  cobal t  m o l y b d e n u m  te t racarbonyl  were  
used  as rece ived  (14). 

Electrochemical measurements.--All e lec t rochemica l  
measu remen t s  were  pe r fo rmed  in a V a c u u m  Atmo-  
spheres  con t ro l l ed-a tmosphere  g love box  conta in ing he- 
l ium. An opaque ,  one -compar tmen t  cell was used  for all 
e lec t rochemica l  measurement s .  The  acetoni t r i ]e  solut ions 
conta ined  0.5M TBABF4 as the  suppor t ing  electrolyte.  
The reference  e lec t rode  was a si lver wire  immersed  in a 
solut ion of  0.01M A g N Q  and 0.5M TBABF4 in 
acetonitr i le,  wh ich  was con ta ined  in a glass tube  that  was 
sealed at one end wi th  a Vycor  glass disk (Pr inceton Ap- 
pl ied Research).  This  re ference  e lec t rode  has a potent ia l  
of  0.29V vs. SCE (15). Its potent ia l  was mon i to red  dally by 
compar i son  with  the  formal  r educ t ion  potential ,  E ~ of  
the fe r r icen ium/fer rocene  couple,  wh ich  occur red  at ap- 
p rox imate ly  0.1V vs. the  Ag/Ag + re fe rence  e lectrode.  All 
potent ia ls  here in  are repor ted  vs. the  E ~ for fe r rocene  +.~ 
(16). The  coun te re l ec t rode  was a p l a t inum foil. 

Cyclic vo l t ammet ry ,  CV, was pe r fo rmed  wi th  a Prince-  
ton  Appl ied  Research  Model  175 universa l  p r o g r a m m e r  
and Model  173 potent iosta t /galvanostat .  The  data  were  re- 
corded  on a Hous ton  Ins t rumen t s  Model  2000 X-Y re- 
corder.  In  expe r imen t s  involv ing  I n P  electrodes,  the  
space charge capac i tance  of  the  e lec t rochemica l  cell was 

Cl Co Me(CO) 4 Fe 
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V vs.Ferrocene 
Fig. 1. Formal reduction potentials of the metallocenes in relation 

to the bandgap of n-lnP in acetonitrile solution. 
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Table I. Designations and reduction potentials for the metallocenes 

E or 
Designa- (V vs. 
tion Metallocene ferrocene) 

FER Ferrocene 0.00 
DFER Decamethylferrocene -0.50 
HFER 1,2,4,1',2',4'-Hexamethylferrocene -0.30 
AFER Acetylferrocene 0.24 
DAFER 1,1 '-Diacetylferrocene 0.47 
COB Cobaltocene - 1.33 
PCOB Bis(diphenylphosphinocyclopentadienyl) -1.10 

cobalt 
PMCOB Bis(diphenylphosphinocyclopentadienyl) -0.95 

cobalt molybdenum tetracarbonyl 

measu red  by us ing  a P r ince ton  Appl i ed  Research  Model  
5204 lock-in analyzer  and a Hewle t t -Packa rd  Model  
200AB audio  oscil lator  in terfaced to a c o m p u t e r  acquisi-  
t ion sys tem (17). 

The formal  r educ t ion  potent ia ls  of  the  meta l locenes  
were  de te rmined  f rom CV data measu red  at the  p la t inum 
elec t rode  as the  average  of  the  anodic  and cathodic  peak 
potentials.  The  va lues  of  E ~ so de t e rmined  (Table I) were  
wi th in  +/- 70 m V  of  p rev ious ly  r epor t ed  measu remen t s  
(14, 18-20). The  app rox ima te  concent ra t ions  of the ferro- 
cene der ivat ives  were  es t imated  by compar ing  the  magni-  
tudes  of  the  CV peak  currents  ob ta ined  at a p l a t inum 
e lec t rode  wi th  peak  currents  ob ta ined  in a solut ion con- 
ta ining a k n o w n  concen t ra t ion  of ferrocene.  In  each CV 
exper iment ,  the  peak  cur ren t  densi t ies  obta ined at the  
InP  e lec t rode  were  compared  wi th  the  peak  current  den- 
sities obta ined  at a p l a t inum e lec t rode  in the same  solu- 
tion. Whenever  it  was necessary  to p repare  a solut ion of 
the me ta l l i cen ium ~ cation, it was genera ted  e lec t rochemi-  
cally in a t w o - c o m p a r t m e n t  cell. One c o m p a r t m e n t  con- 
ta ined  the  p l a t inum foil  work ing  e lec t rode  and the  refer- 
ence  electrode,  and the  o ther  c o m p a r t m e n t  conta ined  the 
p l a t inum wire  countere lec t rode .  The  compar tmen t s  were  
separa ted  by a Vycor  frit. 

Electrode pre t rea tment  and  charac ter i za t ion . - -The  
p la t inum disk e lec t rode  and n-InP (Varian, Cambridge)  
e lec t rodes  were  cons t ruc ted  as desc r ibed  previous ly  (1). 
Pr ior  to each exper iment ,  the  n - InP  e lec t rodes  were  
e tched  for 1 rain in a 50/50 solut ion of  CH3OH/concen- 
t rated HC1, r insed wi th  CH:~OH, and  dr ied  in a s t ream of 
argon. The areas of  the  I n P  e lec t rodes  were  measu red  by 
us ing a pho tograph ic  procedure .  

The  dop ing  densi t ies ,  ND, and  f la tband potent ia ls ,  EFB, 
of  the  I n P  e lec t rodes  were  de t e rmined  f rom capaci tance/  
potent ia l  data  by us ing  the  Mot t -Schot tky  equa t ion  (21) 

1/Cse 'z = (2/eeeoND)(E - EFB -- kBT/e) 

where  C,e is the capaci tance  of  the  space charge  region, eo 
is the  permi t t iv i ty  of  free space, �9 is the static dielectr ic  of  
the  s emiconduc to r  (12.5 for InP), E is the  e lec t rode  poten-  
tial, and  kB is the  B o l t z m a n n  constant .  The  data  were  
m o d e l e d  to a series RC circuit ,  and the total  measu red  ca- 
pac i t ance  was a s sumed  to be  equal  to Csc (22). Values of  
Csc were  r ecorded  at 100 m V  intervals  us ing a cyclic stair- 
case potent ia l  p rog ram wi th  the  step t ime  equal  to 10s, 
which  was supe r imposed  upon  an ac signal wi th  a fre- 
quency  of  5 kHz  and an ampl i tude  of 20 mV peak  to peak. 
The  X- in tercepts  of the  Mot t -Schot tky  plots  for all of the  
e lect rodes  used  in this s tudy  and the  s lopes of  the Mott- 
Scho t tky  plots  for all but  the  e lec t rode  of  lowes t  doping  
dens i ty  were  found  to be i n d e p e n d e n t  of  f requency.  

The  s ingle-crystal  n - InP  pieces  e m p l o y e d  in this s tudy 
were  of  mode ra t e  or low doping dens i ty  and had a (100) 
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V vs Ferrocene 
Fig. 2. Cyclic voltammograms for five consecutive cycles and a 

Mott-Schottky plot for the N18(100) electrode in a solution of O.SM 
TBABF 4 in acetonitrile. The Mott-Schottky plot shows a forward (neg- 
ative) and reverse (positive) scan with an ac frequency of 5 kHz. 

crystal  or ienta t ion wi th  bo th  i nd ium and phosphorous  
a toms exposed.  The  reproducib i l i ty  of  the  vo l t ammet r i c  
responses  and surface  energet ics  for different  e lectrodes  
cons t ruc ted  f rom the  same mater ial  was qui te  good. The  
character is t ics  of  the  three  e lec t rodes  that  were  used 
mos t  ex tens ive ly  in this s tudy  are summar i zed  in Table  
II. 

Results 
Surface energetics in the absence of  electroactive 

spec i e s .~A  cycl ic  v o l t a m m o g r a m  for five consecu t ive  
cycles of  an N18(100) e lec t rode  in e lec t ro lyte  solut ion ex- 
h ib i ted  very l i t t le current  in the  reg ion  f rom about  -1.1 to 
-0 .2V vs. fe r rocene  (Fig. 2). When the  e lec t rode  potent ia l  
was swept  posi t ive  of  -0.2V, an anodic  wave  appeared,  
and w h e n  the  e lec t rode  potent ial  was swept  negat ive  of 
-1 .1V a ca thodic  wave  appeared  that  was larger than  the  
anodic  wave.  S ince  similar  scans in the  same solut ion at a 
p la t inum e lec t rode  are featureless,  these  currents  can be  
a t t r ibuted  to ox ida t ion  and reduc t ion  of the  e lec t rode  sur- 
face ra ther  than  to e lect roact ive  impur i t i e s  in the  solu- 
tion. A typical  Mot t -Schot tky  plot  for this e lec t rode  in 
e lect rolyte  solut ion is also shown in Fig. 2. The  capaci- 
tance  data were  col lected in the range of  -0 .9  to -0.2V, 
wh ich  is wi th in  the  bandgap  of  n-InP,  where  very  lit t le 
faradaic cur ren t  appeared  in the  cyclic vo l t ammogram.  
The plot  is l inear,  wi th  no hysteresis  b e t w e e n  the  forward 
and reverse  scans. 

Capaci tance  data  taken  in e lect rolyte  solut ion in the  re- 
gions where  anodic  and ca thodic  faradaic background  
current  appeared  in the CV resul ted  in Mot t -Schot tky  
plots l ike those  shown in Fig. 3. When the  e lec t rode  po- 
tent ial  was swept  negat ive  of -1.1V, the  capaci tance  be- 
came  cons tan t  and i n d e p e n d e n t  of  potential .  This  sug- 
gests that  nega t ive  charge  res ided at the  e lec t rode  surface 
at potent ia ls  cor responding  to the  onse t  of  ca thodic  cur- 
rent  in the  cor responding  cyclic v o ] t a m m o g r a m  (Fig. 2). 
This po ten t i a l - independen t  capaci tance  appears  at a po- 
tent ial  closely cor responding  to the  pos i t ion  of  the  con- 
duc t ion  bandedge .  On the  reverse  scan, there  is a small  
a m o u n t  of hys teres is  in the  Mo! t -Schot tky  plot. Com- 
pared  to s imilar  scans at p - InP  (1), t hese  data  indicate  that  
the negat ive  scan causes  l i t t le p e r m a n e n t  change  of  the 
e lec t rode  surface.  When the  e lec t rode  potent ia l  is swept  
posi t ive  of  -0.2V, the  potent ia l  co r respond ing  to the  on- 

Table II. Properties of the n-lnP electrodes 

Electrode Area (cm z) Orientation ErB (V) Doping density (cm -,~) 

N18 (100)A 0.19 (100) -1.28 + / -  0.04 (4.1 + / -  0.1) x 10 '8 
N18 (100)]3 0.13 (100) -1.23 + / -  0.04 (2.7 + / -  0.1) x 10 TM 
N16 (100) 0.25 (100) -1.08 + / -  0.04 (2.3 + / -  0.1) • 10 TM 
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set  of anodic  b a c k g r o u n d  cur ren t  in the  cyclic vo l t ammo-  
gram, the  s lope  of  t he  Mot t -Scho t tky  plot  decreases  
slightly, and  the re  is hys te res i s  in t he  reverse  (negative) 
scan.  The m e a s u r e d  capac i tance  does  not  b e c o m e  inde-  
p e n d e n t  of  po ten t i a l  in the  posi t ive  direct ion.  

To d e t e r m i n e  if  cyclic v o l t a m m e t r i c  scans  into regions  
w h e r e  ca thodic  or anodic  b a c k g r o u n d  cur ren t  flows 
cause  a p e r m a n e n t  change  in the  pos i t ion  of  the  band-  
edges ,  a ser ies  of  m e a s u r e m e n t s  of  the  f ia tband potent ia l  
were  t aken  as a func t ion  of  t he  n u m b e r  of  cyclic vol tam- 
m o g r a m s  done  in a g iven potent ia l  range  (Fig. 4). The tri- 
angles  s h o w  tha t  repe t i t ive  scans  b e t w e e n  -0 .9  and  
-0.2V,  where  ve ry  little b a c k g r o u n d  cu r r en t  appeared ,  re- 
su l ted  in a s tab le  value of  EFs af ter  a few initial scans.  If  
the  e lec t rode  po ten t ia l  was  s c a n n e d  b e t w e e n  -0 .9  and  
0.4V, into the  range  of  anodic  b a c k g r o u n d  current ,  EFB 
shi f ted  in a pos i t ive  d i rec t ion  (squares),  bu t  eventual ly  
s tabi l ized after  abou t  30 CV scans.  When  the  e lec t rode  
was s w e p t  b e t w e e n  -1 .6  and  -0 .2V,  into the  range  of  
ca thodic  b a c k g r o u n d  current ,  EFB did  shif t  in a negat ive  
d i rec t ion  (circles), bu t  s tabi l ized after  abou t  20 CV scans.  

In  order  to p r o d u c e  a s tab le  EFB befo re  each  CV experi-  
ment ,  each  f resh ly  e t ched  e lec t rode  was  cycled five t imes  
in e lect rolyte  so lu t ion  b e t w e e n  -0 .9  and  -0 .2V.  

Cyclic voltammetry of metallocenes at n-type InP elec- 
trodes.--Representative cyclic vo l t ammet r i c  behavior  of  
the  me ta l locenes  at  n - I n P  can  be s h o w n  by p re sen t i ng  the  
r e sponses  of  F E R  § PCOB ~, and  P M C O B  + at the  N18(100) 
and  N16(100) n - I n P  e lect rodes .  
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Fig. 4. The flatband potential as a function of the number of cyclic 
voltammograms done between three different pairs of switching po- 
tentials at the N 1 8 ( I 0 0 )  electrode in a solution of 0.SM TBABF4 in 
acetonitrile. Switching potentials: (squares) - 0 . 9  and 0.4V; (trian- 
gles) - 0 . 9  and - 0 . 2 V ;  (circles) - 0 . 2  and - 1.6V. 
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Fig. 5. The cyclic voltommetry of FER ~ in a solution with 0.SM 

TBABF4 in acetonitrile at: (part A) the N18(100)  electrode; (part B) 
the N16(100)  electrode at 200,  100, 50, and 20 mV/s with an initial 
potential of 0.2V. 

Ferricenium%--Cyclic v o l t a m m o g r a m s  at the  N18(100) 
e lec t rode  (Fig. 5A) and  at the  N16(100) e lec t rode  (s 5B) 
of  F E R  ~ at d i f fe ren t  scan  ra tes  s h o w  a di f fus ion-con-  
t rol led ca thodic  wave  tha t  appear s  450 m V  nega t ive  of  the  
E ~ of  F E R  at b o t h  e lec t rodes .  Ne i ther  e lec t rode  exhib i t s  
an anodic  wave  on the  reverse  (positive) scan,  even  if the  
e lec t rode  po ten t ia l  was  s w e p t  pos i t ive  of  1.0V. The cyclic 
v o l t a m m o g r a m s  of  D F E R  +, H F E R  ~, and  A F E R  ~ had  a 
similar  a p p e a r a n c e  to the  CV of F E R  ~, exh ib i t ing  only 
ca thodic  waves  tha t  occur red  450-600 m V  negat ive  of  
the i r  fo rmal  r e d u c t i o n  poten t ia l s  (Table III). Anod ic  
waves  were  not  obse rved  on the  reverse  scans.  

Bis(diphenylphosphinocyclopentadienyl) cobalt molybde- 
num tetracarbonyl.~A cyclic v o l t a m m o g r a m  of PMCOB + 
at the  N18(100) e lec t rode  (Fig. 6A) a n d  the  N16(100) elec- 
t rode  (Fig. 6B) s h o w n  at d i f fe ren t  scan  ra tes  also exhibi t s  
a d i f fus ion-cont ro l led  ca thodic  wave  at bo th  e lec t rodes  at 
less t han  100 m V  negat ive  of  the  E 0' for tha t  c o m p o u n d .  
The d i f fe rence  in r e s p o n s e  b e t w e e n  the  d i f fe rent  dop ing  
dens i t i es  lies in t he  reverse  (positive) scan.  The  N16(100) 
e lec t rode  exh ib i t s  no anodic  cu r r en t  dur ing  the  reverse  
scan, w h e r e a s  the  N18(100) e lec t rode  does  exh ib i t  a 
k inet ica l ly  cont ro l led  anodic  cu r r en t  dur ing  the  reverse  
scan wi th  a m a g n i t u d e  tha t  is less t han  60% of the  cath- 
odic current .  

Table III. Reduction potentials 

Compound Electrode Epo (V) a Eonse t (V) b jo (A/cm 2) 

AFER ~ N18 (100)B -0.35 -0.05 1.8 x 10 -7 0.44 
N16 (100) -0.41 -0.20 6.0 x 10 -11 0.71 

FER + N18 (100)A -0.48 -0.30 6.7 x 10 -7 0.43 
N16 (100) -0.45 -0.25 1.6 x 10 -u 1.04 

HFER + N18 (100)A -0.77 -0.55 2.9 x 10 -7 0.47 
N16 (100) -0.82 -0.60 4.4 x 10 -22 2.11 

DFER ~ N18 (100)A -0.95 -0.60 6.7 x 10 -7 0.46 
N18 (100)B -0.88 -0.60 3.8 x 10 -7 0.52 
N16 (100) -0.93 -0.70 3.2 x 10 -14 1.42 

a At 100 mV/s. 
b +/_ 0.025V. 
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TBABF4 in acetonitrile at: (part A) the N18(100) electrode; (part B) 
the N16(100) electrode at 200, 100, 50, and 20 mV/s with on initial 
potential of - 0 . 6 V .  
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Bis(diphenylphosphinocyclopentadienyl) cobalt .--The cy- 
clic v o l t a m m e t r y  of  P C O B  § is s h o w n  for t he  N18(100) 
e l ec t rode  (Fig. 7A) a n d  t h e  N16(100) e l ec t rode  (Fig. 7B) at  
d i f f e ren t  s can  rates .  The  waves  are  nea r ly  e l ec t rochemi -  
cally revers ib le .  T h e r e  is a 62 m V  s e p a r a t i o n  b e t w e e n  t he  
p e a k  po ten t i a l s ,  a n d  t he  ca thod i c  p e a k  c u r r e n t s  are  indic-  
a t ive  of  a d i f fu s ion -con t ro l l ed  p rocess .  A p lo t  of ipc vs. 
(scan rate)  1~ is l inear ,  b u t  a p lo t  of ipa vs. (scan  rate)  ~2 is 
no t  l i nea r  for  e i t he r  e lec t rode ,  i n d i c a t i n g  t h a t  t he  a n o d i c  
waves  are no t  d i f fus ion  cont ro l led .  

The  cycl ic  v o l t a m m e t r i c  r e s p o n s e  of  COB § was  s imi la r  
to t h a t  of  P C O B .  

1,1 '-Diacetylferrocene.--DAFER h a s  a r e d u c t i o n  p o t e n t i a l  
t h a t  is pos i t ive  of  the  v a l e n c e  b a n d e d g e  of n - InP .  No 
a n o d i c  wave  a p p e a r e d  on  t he  pos i t ive  s c a n  for  D A F E R  at  
t he  n - I n P  e lec t rodes .  U n f o r t u n a t e l y ,  D A F E R  § is no t  suffi- 
c ien t ly  s t ab l e  to  a l low the  e l e c t r o c h e m i c a l  g e n e r a t i o n  of  a 
so lu t ion  of t he  ca t ion  at  a p l a t i n u m  foil e lec t rode ,  so i t  
was  no t  p o s s i b l e  to see i f  t he  r e d u c t i o n  of t he  ca t ion  
w o u l d  h a v e  o c c u r r e d  a t  n - InP .  

Discussion 
The n-InP/acetonitrile interface as a function of elec- 

trode potent ial . - -The r a t e s  a n d  m e c h a n i s m s  of  e l ec t ron  
t r ans f e r  ac ross  a s e m i c o n d u c t o r / s o l u t i o n  in t e r f ace  are  
grea t ly  i n f l u e n c e d  b y  t he  pos i t i on  of  t he  e l ec t rode  F e r m i  
level  w i th  r e s p e c t  to t he  va l ence  b a n d  a n d  c o n d u c t i o n  
b a n d e d g e s  at  t he  e l ec t rode  surface.  T h e  t h r e e  sur face  en- 
erget ic  c o n d i t i o n s  of an  ideal ,  n o n i l l u m i n a t e d  n - type  
s e m i c o n d u c t o r / s o l u t i o n  in te r face ,  w h i c h  can  be  a c h i e v e d  
by  c h a n g e s  in  t he  F e r m i  level,  are s h o w n  in  Fig. 8. These  
d i ag rams  r e p r e s e n t  t he  e l e c t r o c h e m i c a l  po t en t i a l  of  elec- 
t ron ic  orb i ta l s  as a f u n c t i o n  of  d i s t a n c e  in to  t he  e l ec t rode  
w i t h  r e spec t  to r e d o x  levels  in  so lu t i on  (23). A l t h o u g h  
d a r k  c u r r e n t  f low for  e a c h  of  t h e s e  e n e r g e t i c  c o n d i t i o n s  
ha s  b e e n  a d d r e s s e d  e x p e r i m e n t a l l y  a n d  theore t i ca l ]y  (10, 
13), m a n y  q u e s t i o n s  r e g a r d i n g  t he  i n t e r p r e t a t i o n  of  t h e s e  
c u r r e n t s  r e m a i n  u n a n s w e r e d .  

In  p r inc ip le ,  i t  s h o u l d  b e  p o s s i b l e  to  s t u d y  fa rada ic  
r e d o x  p roces se s  at  s e m i c o n d u c t o r  e l ec t rodes  u n d e r  accu-  
mula t ion ,  dep le t ion ,  or i n v e r s i o n  c o n d i t i o n s  b y  ad jus t ing  
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Fig. 7. The cyclic voltammetry of PCOB ~ in a solution with 0.SM 
TBABF4 in ocetonitrile at: (part A) the N18(100) electrode; (part B) 
the N16(100) electrode at 200, 100, 50, and 20 mV/s with an initial 
potential of - 0 .6V .  
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tion redox levels. 
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the externally applied potential. Our data indicate that 
the n-InP/acetonitrile interface responded to changes in 
the electrode potential in a nearly ideal way if the elec- 
trode potential was kept in the range of -1.1 to -0.2V vs. 
ferrocene, which corresponded to having the electrode in 
a depletion condition (Fig. 2). As the electrode potential 
was swept negative of -1.1V, the space charge capaci- 
tance became independent  of potential (Fig. 3). Because 
the onset of potential-independent capacitance coincides 
well with the position of the conduction bandedge, we in- 
terpret -1.1V as the onset of accumulation at the n-InP 
electrodes. On the reverse (positive) scan, as the electrode 
passes from accumulation to depletion, the Mott- 
Schottky plot shows the same fiatband potential as on 
the forward scan, indicating that little or no negative shift 
in the position of the conduction bandedge occurred 
when the electrode was in accumulation. 

When the electrode potential was swept positive of 
-0.2V, the measured capacitance did not become inde- 
pendent of potential, indicating that the inversion condi- 
tion did not occur (Fig. 3). The observed behavior is char- 
acteristic of a semiconductor electrode in deep depletion 
(9, 24). Deep depletion is a nonequil ibrium condition in 
which minority carriers are consumed at the interface in 
surface reactions, preventing their accumulation in inter- 
face states. This accumulation of minority carriers in in- 
terface states is required for inversion. One possible sur- 
face reaction is the formation of surface oxide. Surface 
oxide formation at p-InP caused the bandedges to shift in 
a positive direction and prevented the electrodes from go- 
ing into accumulation (1). Although there seems to be 
much less oxide formation at n-InP than there was at 
p-InP, it is reasonable that this process is preventing the 
electrodes from going into inversion by consuming mi- 
nority carriers. 

Since the capacitance measurements and the cyclic 
voltammograms were done at similar effective scan rates 
and within the same potential regions, it can be assumed 
that the changes in the surface energetics just described 
also occurred during the cyclic vol tammetry experiments. 
Our interpretation of the capacitance data suggests that 
redox processes negative of -1.1V at n-InP should be in- 
dicative of the electrode in accumulation, that is, that 
metal-like behavior should be observed (10). Redox pro- 
cesses positive of -1.1V at n-InP should be indicative of 
the electrode in depletion, that is, kinetically controlled 
currents should be observed (10). Since the capacitance 
data indicates that inversion does not occur at n-InP, 
metal-like behavior would not be expected positive of the 
conduction bandedge. 

Interpretation of cyclic voltammograms.--The reduction 
potentials of COB §176 and PCOB *,~ are located negative of 
-1.1V. It was predicted from the capacitance measure- 
ments that the electrode surface would be in accumula- 
tion at these potentials. As expected, nearly reversible cy- 
clic voltammograms result for both compounds, re- 
gardless of the doping density of the electrode. Kohl and 
Bard have also observed nearly reversible cyclic voltam- 
mograms at n-InP in acetonitrile for redox couples with 
formal reduction potentials located negative of the con- 
duction bandedge (25). 

It is interesting to contrast the cyclic voltammetric be- 
havior of PCOB +,~ and PMCOB +,~ (Fig. 6 and 7), which 
have E ~ values that differ by only 150 inV. The sharp 
transition from the accumulation condition to the deple- 
tion condit ion,  which causes the oxidation waves for 
PMCOB to become kinetically controlled, is readily ap- 
parent from the electrochemistry of these two complexes. 

The reduction of AFER +, FER*, HFER +, and DFER +, 
which have formal reduction potentials that span a range 
of 0.75V, could be studied at potentials where the n-InP/ 
acetonitrile interface was in the depletion condition. Each 
of these couples displayed an irreversible cathodic cyclic 
voltammetric wave at potentials where the interface was 
in depletion. Peak potentials and approximate  onset po- 
tentials for these waves are listed in Table III. Kohl and 

Bard have also observed irreversible cathodic cyclic 
voltammetric waves at n-InP in acetonitrile for redox cou- 
ples with formal reduction potentials within the bandgap 
(26). 

There are several fundamental issues related to the 
electrochemistry of these complexes. First, since the CV 
waves are irreversible, the operative electron transport 
mechanism must be unidirectional. Second, it would be 
useful to discern whether the reduction currents are due 
to majority carriers (conduction band electrons) or to in- 
jection of minority carriers (holes) from the ferricenium 
cations into the valence band. Third, the role of surface 
states in the electron transfer process should be ad- 
dressed. Fourth, the relative contributions of thermionic 
emission-diffusion over a Schottky barrier and quantum 
mechanical tunneling should be assessed (27). 

The model that is generally used to discuss current 
flow at the semiconductor/solution interface is shown in 
Fig. 9. The figure depicts the energetic situation for 
DFER +,~ as the redox couple in solution. Since the reor- 
ganization energies for the various ferrocene redox cou- 
ples should be similar (1), the energetics for the other cou- 
ples can be envisioned by vertically displacing the den- 
sity of states curves to reflect the different values of E"'. 

One mechanism that is consistent with the irreversible 
CV waves is thermionic emission-diffusion (TED) of con- 
duction band electrons (26). The height of the barrier to 
reduction of solution species by TED at an n-type elec- 
trode is the amount  of band bending, approximately EcB 
- E~. This barrier height influences the concentration 
and flux of conduction band electrons at the semicon- 
ductor/solution interface at the energy of the conduction 
bandedge. It is possible to change the height of this bar- 
rier to reduction by moving the Fermi level with an exter- 
nal potential bias. The height of the barrier to oxidation 
of solution species by TED at an n-type semiconductor is 
related to the difference in potential between the conduc- 
tion bandedge and the formal reduction potential of the 
solution species, Ecs - E ~ This barrier height determines 
the concentration of filled states of the solution species 
at the semiconductor/solution interface at the energy of 
the conduction bandedge. For a given solution species, 
assuming that the potential of the conduction bandedge 
does not change during a CV scan, this barrier height will 
not change with the electrode potential. The inability to 

m 3  D 0 

OXIDIZED SPECIESP~ 

BARRIER TO OXIDATION ~ ~ BARRIER TOcB REDUCTION 

REDUCED S ELECTR 

SOLHTION SPECIES DESSITY OF STATES -,m----------- 
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Fig. 9. Illustration of the barriers to oxidation and reduction of so- 
lution species at the n-lnP/acetonitdle interface. The formal reduction 
potential shown is for DFER "'~ Also shown are the density of states 
distributions for DFER and DFER + in solution. 
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oxidize  t he  f e r rocene  de r iva t ives  in  Tab le  I I I  a t  m I n P  can  
t he r e fo re  be  a t t r i b u t e d  to a low c o n c e n t r a t i o n  of filled 
s ta tes  at  EcB. 

The  di f f icul ty  w i th  t he  T E D  m e c h a n i s m  is t h a t  i t  can-  
no t  a c c o u n t  for t h e  c u r r e n t  dens i t i e s  for  r e d u c t i o n  of  
A F E R  + a n d  FER% G i v e n  t he  h i g h  m o b i l i t y  of  c o n d u c t i o n  
b a n d  e l ec t rons  in  I n P  (grea te r  t h a n  4000 cmz/V-s) (26), t he  
p e a k  c u r r e n t s  for  H F E R  § a n d  D F E R  § w h i c h  occu r  w i t h  
IEF - EcBI < 0.5V, cou ld  b e  a t t r i b u t e d  to TED.  T he  b a n d  
b e n d i n g  at  Epc fo r  A F E R  § a n d  F E R  § however ,  is g rea te r  
t h a n  0.7V, w h i c h  m a k e s  a T E D  p r oces s  a p p e a r  un l ike ly .  
S ince  E ~ for  A F E R  § a n d  F E R  + l ies c lose  to EvB, r e d u c t i o n  
of  t he se  c o m p o u n d s  m a y  b e  due  to m i n o r i t y  car r ie r  injec-  
t ion.  

K o h l  a n d  B a r d  p r o p o s e d  a m o d e l  for  r e d u c t i o n s  at  de- 
p le t ed  n -ZnO,  n-CdS,  a n d  n - G a P  e l ec t rodes  t h a t  i nvo lved  
filling of  a su r face  s ta te  t h a t  ha s  a r e d o x  e n e r g y  located  
w i t h i n  t he  b a n d g a p  b y  c o n d u c t i o n  b a n d  e l ec t rons  (25). 
The  e x p e r i m e n t a l  e v i d e n c e  for  th i s  m o d e l  was  a "level-  
ing"  effect,  t h a t  is, t h e  t e n d e n c y  of d i f f e ren t  coup le s  to be  
r e d u c e d  at a c o m m o n  potent ia l .  S u c h  a l eve l ing  effect  is 
no t  o b s e r v e d  in  t h e  p r e s e n t  s t u d y  at  n - I n P  or in  t he  previ-  
ous  s t u d y  at p - InP .  Ins t ead ,  t he  da ta  in  Tab le  I I I  i nd i ca t e  
t h a t  r e d u c t i o n  of t h e  f e r r i c e n i u m  ca t ions  occurs  over  a 
w ide  r a n g e  of p o t e n t i a l s  a n d  t h a t  Epc is re la ted  to E ~ I t  
c an  b e  a r g u e d  t h a t  su r face  s ta tes  w i t h  a va r i e ty  of ener-  
gies m a y  b e  invo lved ;  howeve r ,  i t  a p p e a r s  t h a t  th i s  even-  
tua l i ty  w o u l d  lead  to  ox ida t i on  waves  for  ce r t a in  couples .  
Fo r  e x a m p l e ,  i f  a sur face  s ta te  w i t h  a n  E 0' of  approx i -  
m a t e l y  - 0 . 3 V  were  r e s p o n s i b l e  for  t h e  r e d u c t i o n  of  
A F E R  ~, t h i s  s ta te  s h o u l d  a l low o x i d a t i o n  of DFER.  In  
Koh l  a n d  B a r d ' s  mode l ,  i t  is u n c l e a r  w h y  c u r r e n t  flow 
s h o u l d  b e  u n i d i r e c t i o n a l  un le s s  t he  sur face  s ta tes  are 
filled b y  TED f rom t he  c o n d u c t i o n  b a n d .  

R e d u c t i o n  of  so lu t ion  spec ies  at  dep l e t ed  sur faces  c an  
also occu r  via  q u a n t u m  m e c h a n i c a l  t u n n e l i n g  (QMT) of  
c o n d u c t i o n  b a n d  e l ec t rons  t h r o u g h  t h e  ba r r i e r  in  Fig. 9. 
S ince  t h e  b a r r i e r  w i d t h  is i nve r se ly  p r o p o r t i o n a l  to ND, 
c u r r e n t s  due  to QM T  d e p e n d  d r a m a t i c a l l y  on  d o p i n g  den-  
sity. A t  s e m i c o n d u c t o r / m e t a l  j u n c t i o n s ,  c u r r e n t s  due  to 
Q M T  are  on ly  i m p o r t a n t  a t  h i g h  d o p i n g  dens i t i e s  (26). 
T h e  pos i t i ons  a n d  s h a p e s  of  t he  CV waves  for  t he  com- 
p l e x e s  in  Tab le  I I I  do  d e p e n d  on  ND. P lo t s  of  In i,r vs. E,c 

- E ~ were  u s e d  to e s t ima te  e x c h a n g e  c u r r e n t  dens i t ies ,  io, 
a n d  t r a n s f e r  coeff ic ients ,  a, for  t he  r e d o x  coup le s  (21). 
While  t he  u se  of  CV da ta  to o b t a i n  t h e s e  k ine t i c  pa r ame-  
te rs  is q u e s t i o n a b l e  ( e x p e r i m e n t s  u t i l i z ing  m o r e  re l iab le  
m e t h o d s  are in  progress) ,  t h e  r e su l t s  t a b u l a t e d  in  Tab le  
I I I  are in t r igu ing .  T he  e x c h a n g e  c u r r e n t  dens i t i e s  a n d  
t r ans f e r  coeff ic ients  at  t he  N18(100) e l ec t rodes  for  t he  dif- 
f e r en t  coup le s  are  qu i t e  s imilar .  A d e c r e a s e  in  ND has  t he  
e x p e c t e d  effects  on  t h e s e  p a r a m e t e r s  a n d  p r o b a b l y  re- 
f lects a c o n t r i b u t i o n  b y  Q MT  to each  r e d u c t i o n  process .  
F u r t h e r  e v i d e n c e  for Q MT  is f o u n d  in t he  v o l t a m m e t r y  of  
P M C O B  ~,~ (Fig. 5). The  CV wave  for  t h i s  coup le  occurs  at  
a d e p l e t e d  sur face ,  b u t  c lose  to  E ~ W h e n  t h e  e l ec t rode  
po t en t i a l  was  s w e p t  pos i t ive  of  E ~ for P M C O B  so t h a t  ox- 
i da t i on  of  t he  n e u t r a l  spec ies  was  t h e r m o d y n a m i c a l l y  fa- 
vorab le ,  no  a n o d i c  wave  a p p e a r e d  at  t h e  lower  d o p e d  
e lec t rode .  A small ,  k ine t i ca l ly  con t ro l l ed  anod ic  wave  ap- 
p e a r e d  at  t he  m o d e r a t e l y  d o p e d  e lec t rode .  The  depen-  
d e n c e  of  t he  c u r r e n t  on  d o p i n g  d e n s i t y  cou ld  ind ica t e  
t ha t  t he  ba r r i e r  is t h i n  e n o u g h  at  t he  m o d e r a t e l y  d o p e d  
e lec t rode  for  e l e c t r o n  t r a n s f e r  to o c c u r  via  0 u a n t u m  me-  

chan ica l  t u n n e l i n g  b u t  too t h i c k  at  t he  lower  d o p e d  elec- 
t r ode  for t u n n e l i n g  to b e  poss ib le .  

The  f o r m a l  r e d u c t i o n  po t en t i a l s  of  ace ty l f e r r0cene  a n d  
1 ,1r-diacetyl fer rocene are pos i t ive  of  the  va l ence  
b a n d e d g e .  T h e  a p p e a r a n c e  of  a n o d i c  w a v e s  for  t he  oxida-  
t ion  of  t h e s e  c o m p o u n d s  w o u l d  be  a n  i n d i c a t i o n  t ha t  t he  
n - I n P  e lec t rodes  e n t e r e d  t he  i n v e r s i o n  c o n d i t i o n  u n d e r  
th i s  e x t e r n a l  p o t e n t i a l  bias.  The  a b s e n c e  of  a n o d i c  waves  
for  e i t h e r  of  t h e s e  c o m p o u n d s  is a n o t h e r  i n d i c a t i o n  t h a t  
the  n - I n P  e l ec t rodes  d id  no t  e n t e r  i nve r s ion ,  m a i n t a i n i n g  
a deep  dep l e t i on  c o n d i t i o n  ins tead .  

A comparison of this work to studies of  the n-Si/acetoni- 
trile interface.--A s t u d y  of  h igh ly  d o p e d  n - type  s i l icon in  
ace ton i t r i l e  so lu t ions  u s i n g  a ser ies  of  r e d o x  coup les  t h a t  
i nc ludes  m e t a l l o c e n e s  ha s  b e e n  d o n e  b y  Chazalvie l  a n d  
T r u o n g  (27). The  re su l t s  of  t he i r  s t u d y  s h o w  m a n y  simi- 
lar i t ies  to our  r e su l t s  a t  I n P / a c e t o n i t r i l e  in ter faces .  In  
t he i r  s y s t e m ,  t h e  r e d o x  coup l e s  e x h i b i t e d  cycl ic  
v o l t a m m e t r i c  w a v e s  at  smal l  overpo ten t i a l s ,  e v e n  for 
r e d o x  coup le s  w i t h i n  t he  b a n d g a p .  In  add i t ion ,  all of  t h e i r  
r e d o x  coup l e s  p r o d u c e d  an  a p p a r e n t l y  d i f fus ion-con-  
t ro l l ed  ca thod ic  w a v e  on  t he  f o r w a r d  (negat ive)  scan,  s im- 
i lar  to our  r e su l t s  a t  n - InP .  Coup les  t h a t  we re  loca ted  pos- 
i t ive of  t h e  c o n d u c t i o n  b a n d e d g e  h a d  no  anod ic  wave  on  
t he  reverse  (posi t ive)  scan,  a n d  coup l e s  t h a t  were  loca ted  
nega t ive  of  the  c o n d u c t i o n  b a n d e d g e  h a d  a n  a p p a r e n t l y  
d i f fu s ion -con t ro l l ed  anod ic  wave  on  t h e  r eve r se  (posit ive) 
scan.  R e d o x  coup le s  t h a t  we re  loca ted  in  t he  v ic in i ty  of  
the  c o n d u c t i o n  b a n d e d g e  h a d  a k ine t i ca l ly  con t ro l l ed  
anod ic  wave  on  t he  r eve r se  (posi t ive)  scan.  T h e s e  resu l t s  
were  o b t a i n e d  at  f r e sh ly  e t c h e d  e lec t rodes .  

They  also d id  a s t u d y  of  t h e  cycl ic  v o l t a m m e t r i c  re- 
s p o n s e  as a f u n c t i o n  of  t ime,  in  w h i c h  r eve r s ib l e  cyclic 
v o ] t a m m o g r a m s  w o u l d  evo lve  in to  i r r eve r s ib l e  cyclic 
v o l t a m m o g r a m s .  The  resu l t s  of t h e i r  s t u d y  were  s imi la r  
to  t he  r e su l t s  of  ou r  p r e v i o u s  s t u d y  on  t he  effect  of a n o d i c  
s w i t c h i n g  p o t e n t i a l  on  t h e  cycl ic  v o l t a m m e t r i c  r e s p o n s e  
at  p - I n P  (1). T h e y  a t t r i b u t e d  t he  nega t i ve  sh i f t  in  t he  con-  
d u c t i o n  b a n d e d g e  t h a t  t hey  o b s e r v e d  to t he  ox ida t ion  of  
the  e l ec t rode  sur face  and  t he  f o r m a t i o n  of  SiO2. Our  da ta  
i nd i ca t e  t h a t  l eav ing  a n  n - type  e l ec t rode  in  a c c u m u l a t i o n  
for an  e x t e n d e d  p e r i o d  of t ime  can  c a u s e  the  r e d u c t i o n  of 
su r face  ox ide  a n d  t he  s u b s e q u e n t  nega t i ve  sh i f t  in  t he  po- 
s i t ion  of t he  c o n d u c t i o n  b a n d e d g e .  Sh i f t i ng  the  conduc -  
t ion  b a n d e d g e  nega t ive  w o u l d  i nc r ea se  the  h e i g h t  of  t he  
ba r r i e r  to ox ida t ion ,  w h i c h  can  r e su l t  i n  t he  loss of  a n o d i c  
c u r r e n t  as a f u n c t i o n  of  t ime.  

Conclusions 
W h e n  c o m b i n e d  w i t h  t he  da ta  for  p - I n P  f rom ou r  previ-  

ous  p a p e r  (1), t h e s e  r e su l t s  y ie ld  a c o m p l e t e  d e s c r i p t i o n  of  
the  sur face  ene rge t i c s  a n d  da rk  c u r r e n t s  for t he  InP/ace-  
ton i t r i l e  in te r face .  B o t h  s tud ies  e m p h a s i z e  t he  use  of 
m e t a l l o c e n e s  as e f fec t ive  r e d o x  p r o b e s  and,  especial ly ,  
t he  u se  of  c apac i t ance  da ta  in  c o n j u n c t i o n  w i t h  vo l t am-  
m e t r y  e x p e r i m e n t s .  The  r e su l t s  for  n - I n P  are  s u m m a r i z e d  
in Tab le  IV. The  b e h a v i o r  of  t he  n - InP / ace ton i t r i l e  in ter -  
face is re la t ive ly  s i m p l e  c o m p a r e d  to t he  p - InP /ace ton i -  
t r i le  i n t e r f ace  (1), b e c a u s e  t h e  ef fec ts  d u e  to sur face  ox ide  
f o r m a t i o n  at  pos i t ive  po t en t i a l s  are less e x t e n s i v e  for  
n - InP .  This  o b s e r v a t i o n  is c o n s i s t e n t  w i t h  the  fact  t h a t  
the  ma jo r i t y  car r ie rs  in  n - i n P  a n d  p - I n P  are  e l ec t rons  a n d  
holes ,  r espec t ive ly :  I f  ef fects  c a u s e d  b y  sur face  ox ide  for- 

Table IV. Summary of results at n-lnP 

Electrode potential Surface Stability of 
(V vs. ferrocene) energetic condition surface energetics CV dark currents 

-1.5 to -1.1 Accumulation EFs shifts negative. Nearly reversible waves. 
Slight hysteresis in M-S plot. 

-1.1 to 0.1 Depletion E ~  is stable. Irreversible waves or 
Linear M-S plots, reversible waves. 

> 0.1 Deep depletion EFs shifts positive. No anodic currents. 
Hysteresis in M-S plot. 
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mation are considered, the voltammetric responses for 
metallocenes at n-InP and p-InP can be rationalized qual- 
itatively by using the Gerischer model for electron trans- 
fer at semiconductor/solution interfaces (7, 8). In some re- 
ports, the predictions of this model are consistent with 
the theoretical interpretation of current flow across 
semiconductor/metal junctions (26). One intriguing result 
of these experiments is that diffusion-controlled CV 
waves will occur for compounds with formal reduction 
potentials within the bandgap while the electrode is in de- 
pletion, rather than being postponed until  the electrode is 
brought into accumulation or inversion. While deducing 
the mechanism of charge transport, thermionic emission- 
diffusion, q u a n t u m  mechanical tunneling,  or a minority 
carrier process will require additional experiments, the 
data do not support a mechanism involving surface 
states. 
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Technical 

Influence of p H on the Charge Storage Behavior of Thermally 
Prepared Mn02 Films 

Laurence D. Burke and Michael J. Ahern 

Department of Chemistry, University College, Cork, Ireland 

It has recently been demonstrated (1) that it is neces- 
sary to distinguish between two significantly different 
forms of oxide. The first is a highly compact, anhydrous 
form as is found in the rutile phase of thermally prepared 
IrO~ (2). The second, involving the same metal oxidation 
state and usually prepared by wet, nonthermal tech- 
niques (e.g., base precipitation and various electrochemi- 
cal procedures), is a dispersed hydrous oxide (2, 3). The 
present work is part of a project devoted to a study of the 
relevance of these ideas, developed mainly from work on 
noble metal oxide electrochemistry, to the charge storage 
behavior of the industrially important MnO~ system. The 
charge storage behavior of three different types of manga- 
nese oxide have been investigated: the first was pro- 
duced by potential cycling a manganese metal substrate 
(4); the second by a standard anodic precipitation proce- 
dure used commercially to yield battery-grade ~/-MnO2: 
and the third by thermal decomposition of Mn(NO:~)2 (5). 

Experimental 
Hydrous manganese oxide layers were generated by po- 

tential cycling (-0.40 to 1.65V, 41 mV-s- ' ,  ten cycles) a 
slab of manganese metal (ca. 1 mm thick, Alpha/Ventron, 
99.9% pure) sealed into glass--with an exposed polished 
surface of geometrical area ca. 0.1 cm~--in 1.0 mol-dm -~ 
NaOH at 25~ Thermal MnO2 deposits on gold wire of ge- 
ometrical area ca. 0.5 cm ~, sealed into soda glass, were 
prepared as follows. The wire was degreased in acetone, 
submerged in boiling aqua regia for 30s, washed with dis- 
tilled water, and allowed to dry. It was then briefly im- 
mersed in a methanol solution containing 1.74 mol-dm -~ 
Mn(NO3)2 �9 4H20 and 0.22 mol-dm -3 SnC12 �9 2H20 and an- 
nealed in air after drying (50~ for 15 min) for 3h at 
195~176 (5). The presence of SnO2 in this initial mixed 
oxide layer enhanced the adhesion of the final deposit to 
the gold substrate; it did not appear to affect the charge 
storage behavior of the thermal MnO2--this was checked 
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by repeating the coating process, leaving out the SnC12 �9 
2H20 in the case of the second layer (both deposits gave 
similar voltammograms with higher currents in the case 
of the two-coated specimen). 

To prepare electrodeposited MnO~, graphite rods were 
first abraded with emery paper, then coated with a metal 
etch resist (Kodak, KMER) to leave an exposed geometric 
area of ca. 2 cm2; after immersion for 1 rain in a solution 
containing 10% H2SO4 and 5% H202 (by volume), these 
were stored overnight, after washing, in distilled water. 
MnO~ was deposited onto the resulting surfaces by anodi- 
zation at 2.0 mA-cm -~ in an aqueous solution containing 
0.30 mol-dm -3 MnSO4 �9 1H~O and 0.66 mol-dm -3 H2SO4 at 
80 ~ -+ 1~ (raising the deposition temperature to 95~ 
made little difference to the subsequent  voltammetric re- 
sults) for 25 rain. This is a standard procedure for electro- 
depositing ~-MnO2 (5, 6). The loading level used was ca. 
1.4 mg MnO2-cm -~. X-ray analysis confirmed the pres- 
ence of fi-MnO2 and ~-MnO2 as the main bulk constituent 
in the thermally prepared and electrodeposited material, 
respectively. 

The potentiostatic circuitry has been outlined else- 
where (4). Analar-grade chemicals and triply distilled 
water were used throughout; the cell temperature was 
controlled at 25 ~ -+ 0. I~ Experiments  involving potential/ 
pH studies were carried out using Michaelis buffer solu- 
tions; some problems were encountered due to anion ef- 
fects, e.g., addition of H~SO4, HC1, and H3PO4 to the buffer 
solutions even at high pH tended to dislodge the oxide 
deposit, and attempts to maintain constant ionic strength 
by addition of 1.0 reel-din -3 Na2SO4 also led to a deterio- 
ration (including a Certain degree of bleaching) of the ox- 
ide coating on the working electrode. Generally, it was 
found that the oxide deposits were stable at pH values 
down to ca. 9.3. 

Results and Discussion 
Preliminary description of the voltammetric behavior . -  

In basic media, two peaks, Ea [ and Ea ~', could be distin- 
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1-3). Approximate peak maximum potential values are 
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Table I. Approximate peak maximum potentials observed in cyclic 
voltammograms recorded for the three different types of 

manganese oxide in i .0  mol-dm -3 NaOH at 25~ (RHE scale) 

Type of MnO~ 
deposit ( $ ) E~ ~ Ea H E0 ~ Ec ~ Ec H' E~ 'v Ec v 

(a) Hydrous 0.96 1.37/P N N 0.86/P 0.70 0.47/P 
(b) Thermal 0.83 1.15/P 1.03/P 0.93/P 0.79/P 0.70 0.39/P 
(c) Electro- 0.92 1.32 1.07 N 0.86/P 0.60 0.50 

deposited 

N: not observed. 
P: poorly resolved. 

l is ted in Table  I; whi le  there  s eemed  to be reasonable  
ag reemen t  be tween  the  Ema• values  for the  different  types  
of  oxide, it is obvious  f rom the  original  diagrams that  
mos t  of the  peaks  are qui te  broad.  In  the  case of the  ther-  
mal ly  p repared  material ,  the  charge associa ted wi th  the  
v o l t a m m o g r a m s  general ly  increased (Fig. 4) on cycling; 
evidently,  due  to some  type  of r ea r r angemen t  and hydra- 
t ion process,  the  dep th  of  charge in this  material  was in- 
creased by this procedure .  For  most  of  the  present  work, 
the the rmal  oxide-coa ted  electrodes  were  pretreated by 
cycl ing in 1.0 real-din  -3 NaOH, 15 cycles,  0-1.40V at 28 
mY-s - ' .  

With the hydrous  deposit ,  Fig. 1, only  one major  anodic  
and one  major  ca thodic  peak  was observed .  The  peak E~ ~' 
can be  seen m u c h  more  clearly in the case of  the electro- 
depos i ted  layer  (Fig. 2). With all three  films, the  major  
feature of the ca thodic  sweep in base was the  peak  Ec ~v at 
ca. 0.70V. 

Effect of pH on the redox response under potential cy- 
cling conditions.--Voltammograms are also shown in Fig. 
1 and 3 for the  ox ide  films in bora te  buffer  solutions of  
pH = 9.30. Despi te  the  lower  peak  cur ren t  density, the  
anodic  peak  for the  lat ter  in the  case o f  the  hydrous  fi lm 
p roduced  by  cycl ing is clearly at a h igher  potent ia l  than  
in base. Similarly,  for the  same system, the  main  cathodic  
process  occurs  over  a sl ightly more  anodic  potent ia l  
range at pH = 9.30 than  at 13.6; however ,  the  anodic  shift  
observed  here  on al ter ing the  pH is more  dramatic  for the  
oxida t ion  as c o m p a r e d  wi th  the  r educ t ion  sweep  (see also 
Fig. 6). These  shifts for the  hydrous  film are not  kinet ic  
in origin; this i s  clear f rom Fig. 5, where  it can be seen  
that  at s low sweep  rates (< ca. 60 mV-s -1) the  peak  maxi-  
m u m  potent ia ls  for the hydrous  mater ia l  are sweep-rate  
independent .  As out l ined in Fig. 6, these  revers ible  peak  
potent ials  va ry  in a l inear  m a n n e r  wi th  pH, dropping  by 
137 and 87 mV (anodic and cathodic,  respect ively)  per  
uni t  increase in solut ion pH  (pH- independen t  scale). 

It  is clear f rom Fig. 3 that  the  anodic  shift  wi th  decreas- 
ing pH occurs  also in the case of the thermal  film. The 
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peaks in this case are not  very  d i s t inc t - -espec ia l ly  in the 
borate  buffer  so lu t i on - -bu t  the  shift  can  be  i l lustrated by 
showing  (Fig. 7) the  drop  in the anodic  charge  requi red  to 
attain a g iven potent ia l  unde r  fixed, s low sweep-rate,  
vo l t ammet r i c  condi t ions  wi th  decreas ing solut ion pH. 

The mode l  p roposed  earl ier  (1) to expla in  the  redox  be- 
havior  of  hydrous  oxide  sys tems- -espec ia l ly  their  unu- 
sual po ten t ia l /pH d e p e n d e n c e - - a s s u m e s  that  these  mate- 
rials are loosely cross- l inked ion -exchange  po lymers  
whose  acidity, or ion-exchange  capacity,  increases  wi th  
increas ing  degree  of  ox ida t ion  of  the  central  meta l  ion. In  
the case of  t he  mater ia l  p roduced  by potent ia l  cycl ing (4), 
the  large, apparen t ly  sweep-rate  independen t ,  potential] 
pH  variat ion of  the  anodic  peak  (ca. 137 mV/pH unit,  S H E  
scale) cor responds  to a ratio of  hyd rox ide  ions/electrons 
of  2.3/1. An appropr ia te  equa t ion  for the  oxida t ion  reac- 
t ion in this case is 

[Mn2(OH)9] -3 + 4.6 O H -  = [ l ~ n 2 0 4 . 6 ( O H ) 4 . 4 ]  - 5 ' 6  

+ 4.6H20 + 2e-  [1] 

The  basic react ion involved  here  is a s sumed  to be  
Mn(III)/Mn(IV); however ,  there  is ev ident ly  significantly 
greater  p ro ton  loss f rom the  more  oxid ized  form of the 
hydroxy  complex .  The  nonintegra l  va lues  may  be v iewed  
in two ways: (i) a mix tu re  of  anionic  products ,  e.g., 
[Mn20~(OH)4] -6 and [Mn204(OH).~] -~, is p resent  in aggre- 
gate  form, or (ii) the  hydroxy  species  g iven  in this equa- 
t ion are s imply  m e a n  a tomic  or g roup  ratio values  for ma- 
terial p resent  in an ex tended  array. To expla in  the 
dif ference b e t w e e n  the anodic  and ca thodic  response  
(Fig. 6), it is a s sumed  that  the  h ighly  anionic  oxidat ion 
p roduc t  is unstable ,  decompos ing  in a pos te lec t rochemi-  
cal step as fol lows 

[Mn204.6(OH)44] -5-~ + 4.6H20 

= 2[Mn(OH)J 2- + 1.6 O H -  [2] 

This decompos i t i on  is a s sumed  to y ie ld  the requi red  
start ing mater ia l  for the  subsequen t  ca thodic  process 
[which is ident ica l  to tha t  p roposed  ear l ier  for i r id ium (1), 
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recorded for a hydrous film at slow sweep rates. Least squares slope 
values (RHE scale): anodic, - 7 8  mV/pH unit; cathodic, - 2 8  mV/pH 
unit. T = 2S~ 

where an 87 mV shift was also noted] 

2[Mn(OH)6] -2 + 2e- = [Mn2(OH)9] -3 + 3 OH-  [3] 

In the case of the thermally prepared material, it is as- 
sumed that only the outer region of the oxide deposit is 
electroactive; this is also the region which is most likely 
to be hydrated. The shift of the charge storage reaction to 
higher potentials on decreasing the solution pH (Fig. 3 
and 7) is also similar to that described earlier in the case 
of hydrous rhodium oxide deposits [Fig. 8 in Ref. (7)]. The 
pH effect is clearly the dominant  factor here; the other an- 
ions, e.g., borate (which must be added to the solutions of 
lower pH if buffering and ionic strength are to be main- 
tained at reasonable levels), affect the charge storage 
capacity; although they do not, at least to any marked ex- 
tent, affect the redox potentials [the same type of de- 
crease in redox potential on raising the solution pH is ob- 
served in phosphate and sulfate solutions (8)]. Most 
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Fig. 7. Effect of pH, in the case of a thermally prepared MnOJSn02 
film, on the anodic charge (above 0.6V) required to reach three specified 
potentials on the sweep-cyclic voltammetry conditions as outlined in Fig. 
3. T = 25~ 
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Fig. 8. Effect ofpH on the open-circuit potential for o thick (filled tri- 
angles) and a thin (open triangles) thermally prepared MnOJSnO~ de- 
posit on gold. Mean least squares slope value (SH E scale): - 70 .3  mV/p H 
unit. 

treatments of the manganese dioxide electrode system to 
date, while briefly mentioning oxide acidity and ion- 
exchange behavior, have ignored the influence of varia- 
tion of oxide activity associated with changes in the oxi- 
dation state of the central metal ion and, in particular, the 
influence of such acidity changes on the redox behavior 
of this type of material. A qualitative treatment of the su- 
per nernstian, i.e., > 2.303 RT/F V/pH unit, shift recorded 
here may also be given for the case of MnO~ rather than 
its hydrated analogs, e.g., [Mn(OH)6] -~ (Eq. [2]) as follows. 
According to the most recent view of the MnO2 system, 
that of Ruetschi (9), this material is a cation vacancy sys- 
tem in which protons replace Mn § species at certain sites 
in the oxide, i.e., the latter contains both O = and O H -  ani- 
ons and these are related by the equil ibrium 

O = + H20 ~ 2 O H -  [4] 

Raising the pH or hydroxide ion activity of the solution 
increases the hydroxide ion activity in the solid, and 
therefore lowers the metal ion activity. As outlined in the 
case of gold (10) and iridium (!), this drop is usually 
greater for material in the hydroxylated or partially 
hydroxylated state for the oxidized (Mn +4) as compared to 
the reduced (Mn +:~) cationic species. The former tend to be 
more acidic, anionic, or prone to hydrolysis: one manifes- 
tation of this increased acidity is the super-nernstian 
potential-pH shift; another, for a battery oxide system not 
very different from MnO.,, is the strong binding of K ~ cat- 
ions in the oxidized Ni ( l l l )  system, i.e., y-NiO �9 OH (11). 

Open-circuit potential/pH response.--The application of 
cyclic voltammetry to the study of bulk charge storage re- 
actions in oxides is to date surprisingly limited; the 
method, however, is extremely useful, as a "spectrum" of 
the charge/discharge properties of these materials is read- 
ily obtained. To eliminate the possibility that the ob- 
served super-nernstian shift in the present case is an arti- 
fact due to a slow electrochemical or transport step under 
cyclic vol tammetry conditions (though, in view of Fig. 5, 
this seemed unlikely), the following experiment  was 
carried out with a thermally prepared MnO2 electrode. 
The latter, after preliminary cycling in base, was held for 
a brief period at 0.9V (RHE). It was then transferred to a 
buffer solution (the order of pH change here with respect 
to the different buffers was random) and its potential 
monitored with respect to saturated calomel. Drift was 
negligible after ca. 30 min. The plotted values (Fig. 8) 
were taken after a period of lh. From this type of open- 
circuit experiment,  which in fact was carried out at sepa- 
rate times us ing  different electrodes, a mean potentiaYpH 
variation of ca. 70.3 mV/pH unit (SCE or SHE scale) was 
recorded. 

This super-nernstial response on o p e n  circuit is in 
agreement with the report of other authors (12, 13), whose 
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work involved the use of battery-type (i.e., T-) MnO~. The 
observed value is lower than that recorded under cyclic 
voltammetry conditions. A similar effect was again noted 
in the iridium oxide case (14). The difference is attributed 
primarily to chemical effects, i.e., the redox processes are 
rapid, but either the more anionic oxidation product is 
somewhat unstable (dissociating or rearranging slowly to 
give a more neutral phase) or the more inert, neutral (i.e., 
bulk) oxide plays a greater role in the equilibrium value 
recorded under open-circuit conditions. The potentiaYpH 
response observed under cyclic vol tammetry conditions 
may be most relevant to the behavior of MnO2 under cur- 
rent supply situations in battery systems, i.e., the interac- 
tion between oxide acidity and redox behavior seems to 
be particularly relevant with regard to an interpretation of 
the charge/discharge characteristics (dynamic as opposed 
to open-circuit) behavior of MnO2. 
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Electrochemical Behavior of Thin Platinum(Ill) Films Deposited 
on Mica Surfaces 

Hsue-Yang Liu, Fu-Ren F. Fan, and Allen J. Bard* 
Department of Chemistry, The University of Texas, Austin, Texas 78712 

Atomically smooth Pt  electrode surfaces are usually 
prepared from single crystals and are, of necessity, of lim- 
ited area. It is possible to prepare "smooth" electrode sur- 
faces by mechanical  polishing with a fine polishing agent 
(e.g., 0.1 ~m alumina), but such surfaces are only 
macroscopically smooth (e.g., with asperities >1000~). An 
alternative approach is to deposit a thin film onto a 
smooth substrate such as flat glass or quartz. One prob- 
lem with this approach is the weak adhesion of a thin 
metal film to the substrates, especially when the electrode 
is immersed in liquid and subjected to an applied elec- 
trode potential. Mica is a naturally occurring material that 
can be cleaved to produce an atomically smooth surface. 
It has been used to prepare epitaxially grown single- 
crystal films (1-9) for UHV experiments,  and films of Ag 
and Au on mica have been applied to electrochemical 
measurements (8, 9). Thin Ag( l l l )  films have been pre- 
pared to study electroreflectance (9a) and to investigate 
the migration of complexes (8) a t  electrode/electrolyte in- 
terfaces. Au( l l l )  (9b) films were utilized to examine the 
hydrogen adsorption isotherm in acidic solutions. In this 
paper, we report the preparation of smooth P t ( l l l )  films 
grown on freshly cleaved mica surfaces and the electro- 
chemical behavior of such films in aqueous and non- 
aqueous solutions. 

The thin platinum films were prepared by RF sput- 
tering at 2 x 10 -2 torr under Ar flow with a Materials Re- 
search Corporation Model MRC 8620 triple shutter RAD 
sputtering module. Films 1000~ thick were prepared at a 
deposition rate of 10 A/s. Before deposition, a thin sheet 
was first peeled off from a thick mica plate (grade 2, ruby 
c.c.s, mica sheet, United Mineral and Chemical) in air. 
Mica has been used frequently for surface studies (1-7), 
and techniques like multiple beam interferometry (10) 

* Electrochemical Society Active Member. 

can be used to confirm the perfect cleavage and smooth 
surface. 

The crystallography of the resulting platinum film de- 
posited on the mica surface was examined using x-ray 
diffraction techniques. Figure 1 shows spectra obtained at 
bare (B) and Pt-deposited (A) mica surfaces. Although the 
background spectrum (Fig. 1B) due to the bare mica sur- 
face is relatively complicated, a peak at 20 = 39.5 ~ (Fig. 
1A) that arises from P t ( l l l )  (ASTM no. 4-0802) can be 
clearly identified. No peaks associated with other crystal 
phases were found, so that the crystal phase of the re- 
sulting platinum film is clearly (111). Scanning electron 
microscopy (SEM) was used to check the smoothness of 
the thin P t ( l l l )  film. There were no distinguishable is- 
land features at up to 40,000x magnification. These re- 
sults indicate that a smooth thin P t ( l l l )  film can be read- 
ily prepared on the mica surface (1, 2a). 

For electrochemical measurements,  the thin platinum 
film was connected with conductive silver paint (Acme 
Chemicals and insulation Company) to a copper wire lead 
in a glass tube. The electrode surface was masked by 5 
min epoxy and silicone rubber cement, except  for the 
area to be examined. The cyclic vol tammogram (CV) ob- 
tained at the thin platinum film in a solution of 0.5M 
H2SO4 is shown in Fig. 2A. The nature of hydrogen ad~ 
sorption and oxide film formation on platinum single- 
crystal electrodes have been the subject of many studies 
(11-16). As shown in Fig. 2A, at the Pt/mica electrode in 
the hydrogen adsorption region, only a single peak at 
-0.2V is observed. These results, when compared with 
those reported previously under similar experimental  
conditions (11, 13a), show that the thin platinum film 
used in the present study behaves as a P t ( l l l )  surface. 
Therefore, the electrochemical results as consistent with 
the assignment of the Pt(111) surface as deduced from the 
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Fig. 1. X-ray diffraction spectra of Pt-deposited mica surface (A) and 

bare mica surface (B). 

x-ray diffraction data. The thin Pt film became flaky if 
the electrode potential was repeatedly scanned over the 
hydrogen evolution region. This probably can be attrib- 
uted to penetration by hydrogen into the platinum lattice. 
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Fig. 2. A: Cyclic voltammetry of thin Pt(i 11 ) film in 0.SM H2SO 4. Elec- 

trode area: 0.08 cm 2. Scan rote: 10 mV-s -1. B: Some as A, except the 
solution containing 1.4 mM Fe(CN)6 ~-. Scan rate: 50 mV-s -1. 

1 l I 
%0 

I I ~ I t 
o.o -1 .o  -2.0 

E, V VS. A g  w i r e  

Fig. 3. Cyclic voltammetry of 1 mM DPA in 0.1M TBAF/MeCN solu- 
tion at 0.12 cm 2 thin Pt(111) film. Scan rate: 100 mV-s -1. 

However, this thin film was very stable if the electrode 
potential was not allowed into the hydrogen adsorption or 
evolut ion region. The response of Fe(CN)63-~4- at this thin 
platinum film is given in Fig. 2B. The electrode could be 
scanned repeatedly over these potentials without loss of 
Pt from the surface. The observed behavior is similar to 
that found with bulk Pt  electrodes. 

To demonstrate the usefulness of this smooth thin 
P t ( l l l )  film in nonaqueous media, cyclic vol tammetry of 
9,10-diphenylanthracene (DPA) carried out in MeCN-0.1M 
tetrabutylammonium fluoroborate (TBAF) solution (Fig. 
3). Both reversible reduction (DPA --~ DPA ~) and oxida- 
tion (DPA ---> DPA~) reactions were observed. The thin 
platinum film was stable in the solution on repeated 
scanning of the electrode potential between +1.65 and 
-2.1V vs. Ag wire. Electrogenerated chemiluminescence 
(ECL) was also observed with this thin platinum film in 
the same solution for potential steps (50 ms) between 
+1.65 and -2.1V. In past studies, we found that Pt films 
sputtered on glass would peel from the substrate when 
subjected to such large potential excursions, presumably 
because of the significant changes of surface tension at 
the Pt/solution interface. 

The possible application of thin Pt films deposited on 
mica as optically transparent electrodes (OTE) (17) was 
also examined. A 500~ Pt film on mica is transparent in 
the visible region with relatively constant absorbance (ca. 
1.0) with an associated sheet resistance of about 15 ~/E]. 
These results are comparable to those reported for Pt de- 
posited on quartz (17). However, as demonstrated above, 
the Pt film on mica appears to show better mechanical 
stability. 

In conclusion, the experiments described here indicate 
that smooth thin P t ( l l l )  films can be easily prepared on 
cleaved mica surfaces. Our results also show that these 
thin films are stable in aqueous and nonaqueous media 
during electrochemical experiments. Mica surfaces can 
be used as smooth templates to prepare a wide range of 
thin film electrodes. We are especially interested in such 
electrodes for the construction of an ultrathin layer elec- 
trochemical cell using mica balance techniques (18). Stud- 
ies of this application and further characterization of 
these films are currently under investigation in this 
laboratory. 
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Hydrogen Insertion at a Vanadium Pentoxide Cathode 

S~ J. Hibble, A. M. Chippindale, and P. G. Dickens 

Inorganic Chemistry Laboratory, University of  Oxford, Oxford, England OX1 3QR 

The galvanostatic discharge of a vanadium pentoxide 
cathode using 2M ZnSO4 as electrolyte at a current den- 
sity of 50 ~A/cm ~ gives rise to the potential  vs. charge 
curve shown in Fig. 1. The discharge curve is in close 
agreement  with that  obtained by Shukler  and Kuz'min (1) 
for V2OJZnSO4 at comparable current  densities. The 
final discharge product  was dark green and had a pow- 
der x-ray pat tern little changed from that of the parent  
V205 (Table I), there being no evidence of the characteris- 
tic x-ray lines of V204 or V203, the reaction products pro- 
posed by Shukler  and Kuz'mir~. 

It has been previously shown that the reduction of plat- 
inized samples  of V~O~ using "hydrogen spillover" gives 
rise to a green phase of H~V20~ at low hydrogen contents 
(x = 0-0.5) with lattice parameters  almost identical to 
those of V2Q (3). Moreover, the IR spectrum of the dis- 
charge product  (Fig. 2) closely resembles  that  of the 
spillover product  in that a peak at 928 cm -1, previously 
assigned as an - -OH bend, is clearly visible. 

I t  is therefore proposed that  the discharge product  is 
the hydrogen insert ion compound,  HxV2Os, the reaction 
occurring at the V205 cathode being 

V~O~ + xH ~ + x e -  = H~V20~ [1] 

E vs SHE/V 
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The plateau in Fig. 1 indicates the coexistence of two 
solid phases: namely,  V~O5 and HxV~Os. Following the end 
of the plateau, E varies rapidly with the charge passed 
and corresponds to the formation of a single phase of 
HxV20~ with a narrow composit ion range. The pH of the 
electrolyte was measured continuously throughout  the 
experiment,  and the broken curve shown in Fig. 1 has 
been corrected to unit  hydrogen ion activity using the 
Nernst equation 

RT 
Eobs = E~ + ~ log [H +] [2] 

Fig. 1. Discharge curves for V205 cathode in 2M ZnS04 (aq) Fig. 2. IR spectra of discharge product (a) and of V205 (b) 
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Table I. X-ray powder data for HxV205 

20 dob~ (]~) dr162 (A) h k 1 

m 15.308 5.787 5.771 2 0 0 
s 20.260 4.382 4.368 0 0 1 
w 21.729 4.089 4.085 1 0 1 
s 26.108 3.412 3.409 1 1 0 
m 30.985 2.886 2.886 4 0 0 
w 32.429 2.761 2.763 0 1 1 
w 33.300 2.690 2.687 1 1 1 
wm 34.320 2.613 2.616 3 1 0 
w 47.260 1.923 1.924 6 0 0 
w 47.981 1.897 1.899 3 0 2 
w 48.827 1.865 1.863 0 1 2 
w 51.216 1.784 1.784 0 2 0 
w 51.888 1.762 1.761 6 0 1 

O r t h o r h o m b i c :  R e f i n e d  l a t t i c e  p a r a m e t e r s :  a - 11.544(7), b = 3.568(3), c = 
4.368(4) A, C o m p a r e  r e f i ned  l a t t i c e  p a r a m e t e r s  for  V~05 (2): a = 11.51, b = 
3.56, c = 4.37 A. 

The  c o r r e c t e d  c u r v e  shows  0.45e- p a s s e d  pe r  V205 u p  to 
the  e n d  of  t he  p l a t e a u  region.  T he  c a t h o d e  r eac t ion  pro- 
posed  by  S h u k l e r  a n d  K u z ' m i n  is t h u s  u n s a t i s f a c t o r y  
s ince  2e -  p e r  V20~ w o u l d  b e  r e q u i r e d  for t he  f o r m a t i o n  of  
V204 

V20~ + 2H § + 2e -  = V204 + H20 [3] 
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Our  r eac t i on  [1] ag rees  w i t h  t he  e x p r e s s i o n  o b t a i n e d  b y  
W a t s o n  a n d  Sco t t  (4) for  t he  p H  d e p e n d e n c e  of  t he  po ten-  
t ial  of  a V205 c a t h o d e  in  acidic  m e d i a  

E = E ~ - 0.0602pH [4] 

I n  conc lus ion ,  the  ca thod i c  r e d u c t i o n  of  V205 in  ZnSO4 
leads  to t he  f o r m a t i o n  of  t he  low h y d r o g e n  c o n t e n t  p h a s e  
of  HxV205, t h e  lower  p h a s e  l imi t  b e i n g  x = 0.45. 
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The Electrochemical Deposition of Conducting Poly(3-Methyl-2,5- 
Thienylene) Films from Aqueous Media 

Andrzej Czerwinski, 1 Hans Zimmer, Chiem Van Pham, and Harry B. Mark, Jr.* 

Department of  Chemistry, University of  Cincinnati,  Cincinnati,  Ohio 45221 

Diaz et al. h a v e  p u b l i s h e d  e x t e n s i v e l y  on  t h e  charac te r i -  
za t ion  of  e l e c t r o d e p o s i t e d  c o n d u c t i n g  f i lms of poly(pyr-  
role) (1) a n d  poly(2 ,5- th ienylene)  (2) f r o m  n o n a q u e o u s  me-  
dia. The  e l e c t r o c h e m i c a l  b e h a v i o r  of  so lu t ion  p h a s e  r e d o x  
coup le s  at  e l ec t rodes  c o n s i s t i n g  of  s u c h  c o n d u c t i n g  poly- 
m e r  f i lms h a v e  b e e n  d e s c r i b e d  also (1-6). The re  a p p e a r s  
to b e  a ce r t a in  d i s a g r e e m e n t  a b o u t  t he  effect  of  sma l l  
a m o u n t s  of  w a t e r  in  t he  n o n a q u e o u s  d e p o s i t i o n  m e d i a  on  
t he  m o r p h o l o g i c a l  a n d  e l e c t r o c h e m i c a l  b e h a v i o r  of  
po ly(pyr ro le )  f i lms d e p o s i t e d  b y  e l e c t r o c h e m i c a l  oxida-  
t ion  on  p l a t i n u m  (3, 4). A l t h o u g h  Taur i l l on  a n d  G a r n i e r  
h a v e  d o n e  t he  s tab i l i ty  t e s t  of  poly(3-methyl-2,5-  
t h i e n y l e n e )  ~ in  1:1 CH3CN/H20 m e d i u m  a n d  s h o w e d  t h a t  
af ter  l0  s cycles  of  anod i c - ca t hod i c  po la r i za t ion  no  degra-  
da t ion  of  t he  e l e c t r o c h e m i c a l  p r o p e r t i e s  of t h e  p o l y m e r  
occurs ,  (5), t h e r e  h a v e  b e e n  n o  r e p o r t s  of  t h e  e l ec t rodepo-  
s i t ion  of p o l y t h i e n y l e n e  f rom a q u e o u s  m e d i a  alone.  In  
sp i te  of  t he  fact  t h a t  t he  m o n o m e r i c ,  3 - m e t h y l t h i o p h e n e  is 
no t  s ign i f i can t ly  so lub le  in  an  a q u e o u s  m e d i a  (7), i t  was  
found ,  as r e p o r t e d  here ,  t h a t  c o n d u c t i n g  fi lms of poly- 
(3-methyl -2 ,5- th ienylene)  cou ld  b e  d e p o s i t e d  b y  e lect ro-  
c h e m i c a l  o x i d a t i o n  of  a q u e o u s  e m u l s i o n s  of  t he  m o n o -  
mer .  T h e  p r o c e d u r e  for  a q u e o u s  d e p o s i t i o n  a n d  t he  com- 
par i son  to n o n a q u e o u s  e lec t rodeposi ted  film are described.  

Experimental 
T h e  3 - m e t h y l t h i o p h e n e  m o n o m e r  was  a c o m m e r c i a l  

s a m p l e  a n d  was  u s e d  as is (Aldr ich  C h e m i c a l  C o m p a n y ,  
Mi lwaukee ,  Wisconsin) .  T h e  p o l y m e r  fi lm was  p r e p a r e d  
b y  a n  e l ec t ro -ox ida t ion  of t he  m o n o m e r  in  a s t a n d a r d  
s i ~ g l e - c o m p a r t m e n t  c e l l - t h r ee - e l ec t r ode  p o t e n t i o s t a t  

* Electrochemical Society Active Member. 
1 On leave from the University of Warsaw, Warsaw, Poland. 
2 The divalent radical derived of thiophene in analogy with the 

phenylene nomenclature is commonly referred to as thienylene. 
Thus, the compounds dealt with in this and similar publications 
from this laboratory are named 2,5-poly(thienylenes) and not 
2,5-polythiophenes. 

s y s t e m  us ing  b o t h  p l a t i n u m  wire  w o r k i n g  a n d  auxi l ia ry  
e lec t rodes .  A n o r m a l  ca lomel  e l ec t rode  (NCE) was  u sed  as 
t he  r e f e r ence  e lec t rode .  As m e n t i o n e d  above ,  the  mono-  
m e r  was  essen t i a l ly  wa te r  i n s o l u b l e  a n d  t he  s t i r red  solu- 
t ion  was  a n  u n s t a b l e  h e t e r o g e n e o u s  emu l s ion .  The  aque~ 
ous  p h a s e  of  t he  s t i r red  e m u l s i o n  u s e d  for  e]ec t rodeposi -  
t ion  was  a 0.1M NaC104 solut ion.  The  e l ec t rodepos i t i on  
po ten t i a l s  we re  e i t he r  + 1.0 or + 1.4V vs. NCE a n d  t he  solu- 
t ions  were  d e a e r a t e d  pr io r  a n d  d u r i n g  t he  e lectrolysis  b y  
a c o n s t a n t  s t r e a m  of argon.  P r io r  to  use,  t he  p l a t i n u m  
w o r k i n g  e l ec t rodes  were  p r e t r e a t e d  by  cyclic po la r iza t ion  
u s i n g  -0 .25  a n d  +1.15V vs. NCE p o t e n t i a l  l imi ts  in  0.5M 
a q u e o u s  H~SO4 so lu t ion  un t i l  p r e v i o u s l y  d e s c r i b e d  (8) re- 
p r o d u c i b l e  cycl ic  v o l t a m m o g r a m s  were  ob ta ined .  The  
chemica l  a n d  e x p e r i m e n t a l  c o n d i t i o n s  for t he  back-  
g r o u n d  cyclic v o l t a m m o g r a m s  of  t h e  a q u e o u s  depos i t ed  
c o n d u c t i n g  po ly ( th i eny lene )  f i lms a n d  t h e  ferro/ferr icya-  
n ide  coup le  are g iven  in t he  l e g e n d s  of  t he  f igures.  The  
p h o t o g r a p h s  of t he  e l ec t rodes  sur faces  were  t a k e n  b y  
SEM ( C a m b r i d g e  S te reo  S c a n  600) a n d  sur faces  we re  ana-  
lyzed by  an  a t t a c h e d  e n e r g y  d i s p e r s i v e  ana lyses  of  x- rays  
(EDAX) sys tem.  The  ba re  P t  e l ec t rode  and  t he  film- 
coa ted  P t  e l ec t rodes  u s e d  in t h e s e  e x p e r i m e n t s  h a d  iden-  
t ical  su r face  areas.  

Results and Discussion 
F i g u r e  1 s h o w s  t he  s c a n n i n g  e l ec t ron  m i c r o g r a p h s  ob- 

t a i n e d  for  po ly(3-methyl -2 ,5- th ienylene)  f i lms e lec t rogen-  
e ra t ed  on  P t  wi re  e l ec t rodes  at  d i f f e ren t  app l i ed  depos i -  
t ion  po ten t i a l s .  F i g u r e  l a  dep ic t s  t he  sur face  m o r p h o l o g y  
of a s m o o t h  po ly ( th i eny lene )  fi lm f o r m e d  on  e lec t rogen-  
e r a t ion  at  +1.0 to + I . I V  vs. NCE. T h e  f i lm appea r s  to t he  
eye as a l igh t  ye l low color  a n d  to be  t r a n s p a r e n t .  E D A X  
shows  t h a t  t he  fi lm con t a in s  a h i g h  c o n c e n t r a t i o n  of  sul- 
fur. The  S E M  ind i ca t e s  t h a t  i t  is a p p a r e n t l y  n o n p o r o u s  for 
t he  magn i f i ca t i on  ind ica ted .  Phys ica l ly ,  t he  film is 
s t rong ly  a d h e r e n t  to  t he  p l a t i n u m  a n d  c a n n o t  b e  r e m o v e d  
b y  e l e c t r o c h e m i c a l  or  c h e m i c a l  means .  A film of  a few 
m i c r o m e t e r s  in  t h i c k n e s s  c a n  b e  o b t a i n e d  af te r  a b o u t  60h 
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Fig. 1. Scanning electron microscope pictures obtained for the 
3-methyl-2,5-poly(tbienylene) films, a. Electrodeposited at + 1.0V vs .  

NCE. b. Electrodeposited at + 1.4V vs .  NCE. 

deposition time. Figure lb shows that the poly(3-methyl- 
2,5-thienylene) deposited at +l.4V vs .  NCE is quite rough 
microscopically as compared to that obtained at +1.0 to 
1.1V (Fig. la). Furthermore,  the film is opaque and ap- 
pears black to the eye. It also does not adhere strongly to 
the platinum surface and flakes easily on either electro- 
chemical or mechanical treatment. The SEM suggests 
that the film is porous. Clearly morphology and chemical 
nature of the film obtained on electro-oxidative polymer- 
ization is highly potential .dependent. However, the fact 
that the film continues to grow with time at both deposi- 
tion potentials indicates that it is conductive. It should be 
noted that polymerization under the same conditions for 
3-methyl-2,5-dibromothiophene does not occur, It means 
that when the 2 and 5 positions are blocked by Br atoms 
the anodic polymerization reaction does not occur. Thus, 
it is felt that the films obtained on the anodic aqueous 
oxidation of thiophene results in the 2,5-polymer system. 

Figure 2 shows the typical background cyclic voltam- 
metric behavior of an electrodeposited poly(3-methyl-2,5- 
thienylene) film at +I.0V in a neutral pH 0.1M aqueous 
NaC104 solution. Also shown in Fig. 2 is the typical cyclic 
voltammogram for the same supporting electrolyte solu- 
tion at a bare Pt  contact electrode. There are marked dif- 
ferences in peak potentials and magnitude of currents, 

Fig. 2. Voltammogram for Pt electrode film obtained without (curve 
1) and with (curve 2) a paly(3-methyl-2,5-thienylene) film obtained in 
0.1M NaCIO4. Sweep rate = 50 mV-s -~. The electrodeposifion po- 
tential was + 1.0V vs .  NCE. 

but the currents for polymer-covered Pt electrodes essen- 
tially correspond to the same processes as in the bare Pt 
contact electrode where peaks at negative potentials (a, b 
in Fig. 2) correspond to the hydronium ion reduction (b) 
and adsorbed hydrogen oxidation (a) at a platinum elec- 
trode surface, and the peaks at positive potentials (c, d) 
correspond to the formation of oxygen species (c) and 
their reduction (d) on platinum. The small peak observed 
at negative electrode polarization (ca. 250 mV) subse- 
quent to a positive polarization probably corresponds to 
reduction of some oxidized moiety of thiophene. It 
should be noted that there is an increase in the magnitude 
of the current in the positive applied voltage region, 
which indicates that both the Pt  surface and the polymer 
oxidation processes are contributing to the total anodic 
current. Also, the potentials of surface oxidation and oxy- 
gen evolution on Pt covered with the thiophene polymer 
are shifted to more positive potentials than on Pt. At the 
same time, there is a very significant decrease in the cur- 
rent magnitudes in the corresponding hydrogen-platinum 
surface redox peaks at negative potentials as compared to 
the bare Pt electrode. These results suggest that the 
poly(3-methyl-2,5-thienylene) film is microscopically po- 
rous and the redox reactions can occur at both the Pt and 
poly(3-methyl-2,5-thienylene) surfaces. The results of 
Tourillon and Garnier (5) showed that poly(thienylene) 
films deposited from nonaqueous media are fibrillar and 
also have potential dependent swelling properties. In con- 
trast, the films deposited from aqueous media are not 
fibrillar and do not exhibit any potential dependent 
swelling. It is also important to note that there are no ob- 
servable color changes in the positive and negative polari- 
zation regions as noted for the nonaqueous deposited 
film (6). Similar qualitative results were obtained in 0.5M 
aqueous sulfuric acid electrolyte solutions, as shown in 
Fig. 3. 

As a further test of the electrode response of a +I.0V 
deposited poly(3-methyl-2,5-thienylene) film from an 
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Fig. 3. Voltommograms for Pt electrode without (curve 1) and with 
(curve 2) a poly(3-rnethyl-2,5-thienylene) film obtained in 0.SM 
H2SO4. Sweep rate = 50 mV-s -1, and electrodeposition potential was 
+ ! .4V vs. NCE. 

aqueous media, the background cyclic voltammograms 
obtained in 0.1M acetonitrile solution containing 10-3M 
nitrobenzene and 10-3M triphenylamine were examined. 
Typical cyclic vol tammograms are shown in Fig. 4. Again, 
in the positive potential region of the voltammograms, 
there is a slight increase in the anodic current (e.g., oxida- 
tion reaction of triphenylamine) and a slight decrease in 

I , m A  

2 
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.~.2 ! ~ "  
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Fig. 4. Cyclic voltommograms of a 0.1 TEAFB/CH3CN solution con- 
taining 1 0 - 3 M  nitrobenzene and 10-3M triphenylamine at 50 mV-s -1 
vs. NCE. Curve 1 (dotted line): Pt electrode. Curve 2 (solid line): Pt- 
poly(thienylene) electrode. 
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Fig. 5. Cyclic voltommogroms for Pt electrode covered by poly- 
(3-methyl-2,5-thienylene) in 0.1 NaCIO+ in the presence of 10-2/+4 
K3Fe(CN)6 (curve 1) and without (curve 2). 

peak currents in the negative potential region (e.g., nitro- 
benzene reduction reaction). This is in contrast to the re- 
sults reported by Diaz et al. (6), which showed that the 
neutral form of poly(thienylene) in acetonitrile solution 
exhibited no redox waves for negative polarization and, 
hence, no conductivity. Again, this indicates a significant 
degree of porosity of the aqueous deposited poly- 
(3-methyl-2,5-thienylene) films as compared to the 
nonaqueous deposited films investigated by Diaz et al. 
(5). It is also interesting to note that  electro-oxidation of 
the monomer  when CuCI~ is added to the aqueous NaC104 
solution produces the same polymer film without copper 
being incorporated. This result is different from that of 
Tourillon et al. (9), who observe that, on oxidation from 
CH3CN containing a high concentration of CuC12, metallic 
clusters of copper are homogeneously distributed in the 
polymer matrix. The polymer films obtained on deposi- 
tion at +1.4V show in all cases significantly more Pt  
electrode-type behavior or a higher degree of porosity, as 
suggested by the SEM in Fig. lb. 

Furthermore, the cyclic vol tammograms for the 
ferro/ferricyanide redox systems at an electrode formed 
with a poly(thienylene) film from an aqueous medium at 
+I.0V vs. NCE are exactly the same in shape as those ob- 
tained at a bare Pt electrode, as shown in Fig. 5. However, 
the magnitude of the peak currents is much lower than 
that of a bare Pt electrode having the same surface area. 

It is clear that the electrodeposition of poly(3-methyl- 
2,5-thienylene) films from an aqueous emulsion of the 
monomer produces a conducting film of the polymer 
which has very different morphology and conducting 
properties than that produced on electrodeposition from 
nonaqueous media. It is also clear that the potential of the 
aqueous electro-oxidation of the monomeric 3-methylthi- 
ophene controls the porosity, adherence, etc., of the 
poly(thienylene) film obtained and a systematic study of 
the electrochemical and physical nature of the polymer as 
a function of deposition potential might produce condi- 
tions that will yield a nonporous poly(3-methyl-2,5- 
thienylene) film. Also, a study of films obtained on 
electro-oxidation from mixed aqueous/nonaqueous sol- 
vent systems with variation of the ratio of concentration 
of the solvents would be interesting. However, no further 
study of this aqueous electrodeposition is planned in this 
laboratory. 
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A B S T R A C T  

The deep  t rapp ing  levels  p resen t  before  ion implan ta t ion  of  si l icon into the  semi- insula t ing LEC GaAs start ing ma- 
terial  were  inves t iga ted  us ing  opt ical  t rans ient  current  spec t roscopy  (OTCS). M E S F E T  channel  current  deep  level  tran- 
s ient  spec t roscopy  (DLTS) was used  for the  imp lan ted  material .  With a s i l icon ni t r ide  layer used  to encapsula te  the  
GaAs for pos t implan ta t ion  anneal ing  and wi th  implan ta t ion  direct ly  into the  GaAs, it was found tha t  of  seven  or more  
deep levels  seen  in the  semi- insula t ing substrate  pr ior  to si l icon implan ta t ion  only the  level  be l i eved  to be  EL12 re- 
mained.  On implan t ing  th rough  a th in  Si3N4 encapsula t ing  layer  and anneal ing  unde r  SigN4, only EL2 was found.  With a 
silicon d iox ide  layer as an encapsulant ,  two traps r ema ined  and two apparent ly  un repor t ed  levels appeared.  

It  is widely,  bu t  not  universal ly,  accep ted  (1, 2) that  a 
fabricat ion process  based on the  implan ta t ion  of dopant ,  
often silicon, di rect ly  into u n d o p e d  l iquid-encapsula ted  
Czochralski  (LEC) GaAs wafers is l ikely  to domina te  in 
the  manufac tu re  of  h igh  speed digital  and analog GaAs 
in tegra ted  circuits.  This  fabr icat ion process  is as opposed  
to such  older  me thods  as the  use  of  doped  epi taxial  layers 
for t he  M E S F E T  channels ,  or  that  of  implan ted  semi-  
insula t ing "buf fe r"  epi taxial  layers depos i ted  on chro- 
m i u m - d o p e d  B r i d g m a n  or Czochralski  wafers.  With this 
fabricat ion process,  some  of the  p rob lems  wi th  deep 
t rapp ing  levels  which  have  been  ex tens ive ly  repor ted  in 
the  l i terature are no longer  present .  For  example ,  in the  
earl ier  work,  t raps  in epi taxial  layers and at the  interface 
of the  buffer  layer  and the semi- insula t ing  layer (4-6) were  
a problem.  Natural ly,  p rob lems  associa ted  wi th  chro- 
m i u m  or the red is t r ibu t ion  of  c h r o m i u m  (7-9), which  wi th  
LEC mater ia l  is no longer  n e e d e d  to obtain  semi- 
insulat ing material ,  are no longer  present .  Never theless ,  
the  p rob lems  wi th  the  newer  t echno logy  still inc lude  
those  due  to the  p resence  or red is t r ibut ion  of  deep 
t rapp ing  levels.  These  levels  may  be due  to impuri t ies  or 
na t ive  defects  and may  be present  in the  start ing material  
or may  be  i nduced  by process  steps. In  addi t ion  to prob- 
lems of deep  levels,  the  d is t r ibut ion  of  the imp lan ted  
dopant  and  its pe rcen tage  act ivat ion are crucial  to device  
characteris t ics  and can depend  very  signif icantly on the  
nature  of  the  s tar t ing LEC material  as wel l  as on the  pro- 
cess steps. With si l icon as dopant ,  a h igh  t empera tu re  an- 
neal  (at about  850~ is needed  not  only to repair  damage  
bu t  also to a l low the si l icon a toms to find ga l l ium sites 
on which  they  act as donors.  On arsenic sites, they  would  
act as acceptors.  To avoid  loss of  arsenic,  the wafers are 
somet imes  sea led  or encapsu la ted  wi th  a layer of  SiO2 or 
Si3N4 (10, 11). These  are, of  course,  nomina l  formulas;  the  
ac tual  f i lms are nons to ich iomet r ic .  O n u m a  et aI. (12) 
have  demons t r a t ed  that  the  implan ted  si l icon is redistrib- 
u ted  by diffusion dur ing  the  annea l  more  wi th  SiO~ than  
wi th  SigN4. This  was exp la ined  as due  to the  p resence  of  
more  vacant  ga l l ium sites in the  GaAs w h e n  SiO2 was 
used because  of  increased  loss of  ga l l ium th rough  the 
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encapsu lan t  film. It  is k n o w n  that  ga l l ium can diffuse 
th rough  SiO2. 

The  precise  ways  in which  the  detai ls  of  the  growth  
process  of the Czochralski  GaAs affect  (i) the  traps ini- 
t ially present,  (it) those  genera ted  by the  process ing,  and 
(iii) the  dopan t  red is t r ibu t ion  and act ivat ion process  need  
to be better understood and controlled. The growth and 
polishing techniques used by suppliers of LEC GaAs wa- 
fers are regarded as proprietary. Ingot qualification tests 
are used by device manufacturers. 

There is an extensive literature on deep levels in GaAs 
(13) and on their effects on device characteristics. Only a 
few references can be given here. Recent papers which 
are specifically on deep levels in ion-implanted undoped 
semi-insulating (SI) GaAs include those by Sriram et al. 
(14, 15), by Rhee et al. (16, 17), and by Hickmott (18). 
In the present work, we applied optical transient cur- 

rent spectroscopy (OTC)--also known as photoinduced 
transient spectroscopy (PITS)--(19, 21) to the undoped 
LEC starting material from various manufacturers and 
after various surface treatments. Metal semiconductor 
field effect transistors (MESFET's) were then fabricated 
on material from one manufacturer using three fabrica- 
tion procedures. The traps present in the MESFET's were 
investigated using channel current deep level transient 
spectroscopy (DLTS) (6, 8, 22). 

Experimental Procedures 
The test  devices  for O T C S  were  of  the  p lanar  type,  i.e., 

a pair  of  e lect rodes  were  depos i ted  side by s ide on the 
one surface. As descr ibed  prev ious ly  (25), a cons tan t  volt- 
age was appl ied and a GaAsP  L E D  diode  (670 nm) pro- 
v ided  pulses  of  light. The  t ransient  cur ren t  fo l lowing the  
t e rmina t ion  of  the  l ight  pulses  was sampled  at t imes  t, 
and  t2 af ter  the  end  of  the  i l lumina t ion  us ing  a boxca r  in- 
tegrator.  The  t empe ra tu r e  of  the  dev ice  was scanned.  
Peaks  were  obse rved  at cer ta in  t empera tu re s  due  to the  
individual  t raps as their  t ime  cons tants  r = % exp  (W/kT) 
pass t h rough  the  observa t ion  window.  C h r o m i u m  elec- 
t rodes  were  used  since these  give lower  dark current  than  
Au + Ge. 

The  M E S F E T  used  for channel  cur ren t  D L T S  were  
long channel  devices  ("fat FET ' s" )  (23) wi th  a channel  
wid th  of  180 or 200 t~m and a gate  l eng th  of  100 or  120 tLm. 
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The  source  a n d  d r a i n  were  Au  + Ge a l loyed at 430~ for  5 
min .  T h e  ga tes  we re  a l u m i n u m .  

In  t h e  first  se t  of devices ,  t he  c h a n n e l  was  i m p l a n t e d  
w i t h  3 • 10 '2 c m  -~ 29Si a t  100 keV  t h r o u g h  w i n d o w s  
e t c h e d  in a 600 n m  R F - s p u t t e r e d  SiO2 layer.  The  c h a n n e l  
was  fu rnace  a n n e a l e d  at  850~ for  20 ra in  u s i n g  a 170 n m  
R F - s p u t t e r e d  SiO.2 cap. T he  s e c o n d  a n d  t h i r d  se t  of  de- 
v ices  were  b o t h  m a d e  u s i n g  p l a s m a - e n h a n c e d  c h e m i c a l  
v a p o r  d e p o s i t i o n  (PECVD)  Si3N4 f i lms laid d o w n  in  a 
P l a s m a t h e r m  M u l t i v e r s i o n  m a c h i n e  w i t h  NH3 a n d  Sill4 in  
He. The  s e c o n d  set  ( labeled II) h a d  t h e i r  c h a n n e l s  im-  
p l a n t e d  t h r o u g h  a t h i n  (40 nm )  Si3N4 fi lm at  125 keV  to 
3.38 • 10 '~ c m  -~ u s i n g  ~sSi. T he  Si3N4 was  t h i c k e n e d  to 80 
n m  before  annea l ing .  T he  i m p l a n t a t i o n  of t he  t h i r d  se t  (la- 
be l ed  III) was  d o n e  d i rec t ly  in to  t he  GaAs  at  100 keV  to 
2.25 • 10 '2 cm -2 of  St. 80 n m  of  Si3N4 was  d e p o s i t e d  be- 
fore annea l ing .  

The  c h a n n e l  c u r r e n t  D L T S  e x p e r i m e n t s  were  per-  
f o r m e d  wi th  a b ias  of 50 m V  app l i ed  b e t w e e n  d ra in  a n d  
source,  smal l  e n o u g h  to be  in  the  l inea r  region.  A reverse  
b ias  vo l tage  was  p l aced  on  t he  gate  s u c h  t h a t  t he  c h a n n e l  
was  nea r ly  p i n c h e d  off. P u l s e s  of  Voltage t a k i n g  the  gate  
to n e a r  zero b ias  were  appl ied .  The  bas ic  i dea  is t h a t  ma-  
jo r i ty  car r ier  t r a p s  are filled b y  car r ie rs  w h i c h  are al- 
lowed  to e n t e r  t h e  p rev ious ly  dep l e t ed  c h a n n e l  d u r i n g  t he  
pos i t ive  go ing  gate  vo l tage  pulse.  W h e n  t he  gate  vo l tage  
r e t u r n s  to  i ts m o r e  nega t i ve  va lue  t he  nega t i ve  c h a r g e  due  
to t he  t r a p p e d  e l ec t rons  par t ia l ly  c o m p e n s a t e s  t he  posi- 
t ive  space  c h a r g e  dens i t y  in  t he  d e p l e t e d  region.  To main-  
t a in  t he  f ixed vo l tage  d rop  across  t he  region,  i t  mus t ,  
therefore ,  b e c o m e  ini t ia l ly  w ide r  t h a n  before .  T he  chan-  
nel  is t he re fo re  n a r r o w e d  a n d  the  d r a i n  c u r r e n t  is less. As 
t he  o c c u p a n c y  of  t h e  t r aps  r e t u r n s  to normal ,  t h e  d ra in  
c u r r e n t  i nc r ea se s  (wi th  t he  t ime  c o n s t a n t  of  t he  t rap  de- 
p o p u l a t i o n  e m i s s i o n  process) .  Hole  t r aps  (9) give t he  re- 
verse  s ign of  ef fec t  [it is be l i eved  (9) t h a t  t he  ho le  t r ap  oc- 
c u p a n c y  c a n  be  c h a n g e d  b e c a u s e  t h e  q u a s i - F e r m i  level  
for ho les  c o m m u n i c a t e d  w i t h  the  gate  F e r m i  level]. 

Results 
Starting LEC material.--Figure l a  s h o w s  a n  OTCS 

s p e c t r u m  of  a dev ice  m a d e  on  a C o m i n c o  wafe r  f rom in- 
go t  no. 344. T h e  s p e c t r u m  is c o n s i d e r a b l y  d i f fe ren t  f rom 
those  of  ear ly  ( l o w e r - n u m b e r e d )  i ngo t s  f rom th i s  m a n u -  
f ac tu r e r  r e p o r t e d  ear l ier  (25), b u t  is ve ry  close to t h a t  of  a 
dev ice  m a d e  on  a r e c e n t  S u m i t o m o  wafe r  (F ig .  2A). A 
L i t t on  wafer  gave  t he  r a t h e r  d i f f e ren t  r e su l t s  s h o w n  in  
Fig. 2b. We h a v e  no  i n f o r m a t i o n  on  h o w  typica l  these  
L i t t o n  a n d  S u m i t o m o  wafe r s  were .  T h e  nega t ive  p e a k  P2 
ha s  a b o u t  t h e  s a m e  m a g n i t u d e  for  t he  Cominco  and  
S u m i t o m o  wafers .  Th i s  p e a k  ha s  b e e n  re l a t ed  by  Oliver  et 
al. (24) to  t he  deg ree  of  w e t n e s s  of  the  B203 u s e d  in  t he  
g r o w t h  p roces s  a n d  we h a v e  f o u n d  t h a t  the  m e c h a n i c a l  
a b r a s i o n  can  i nc r ea se  i ts m a g n i t u d e  (25). We h a v e  dis- 
c u s s e d  t he  m e c h a n i s m  b y  w h i c h  nega t i ve  peaks  occur  
e l s ewhe re  (25). The  EL2 p e a k  P1 is m u c h  less p r o n o u n c e d  
in th i s  c u r r e n t  C o m i n c o  a n d  S u m i t o m o  mate r i a l  t h a n  in  
the  ear l ier  s l ices  f rom Cominco  u s e d  to inves t iga te  
" t h e r m a l  s t ab i l i ty"  (of t he  s emi - i n su l a t i ng  p roper ty )  (25). 

F igu re  l b  s h o w s  a s p e c t r u m  for a s p e c i m e n  o n  a 
C o m i n c o  wafe r  of  a s imi la r ly  r e c e n t  era  (no. 453) w h i c h  
h a d  b e e n  s u b j e c t e d  to an  e t c h  b y  Bel l  N o r t h e r n  R e s e a r c h  
u s i n g  H~O2 + H2SO4. The  s a m e  s p e c i m e n ,  a f te r  measu re -  
men t ,  was  aga in  e t c h e d  in  an  H202 a n d  H2SO4 m i x t u r e  to 
give t he  r e s u l t  s h o w n  in  Fig. lc.  The  ef fec t  of  th i s  p rocess  
on the Sumitomo specimen in Fig. 2a is shown in Fig. 2c. 
These results represent a feature of the OTCS method 
that the effects of surface treatments can be investigated. 
These treatments should not be assumed merely to re- 
move surface layers and thus reveal a depth profile of 
traps since a change in surface traps could also affect the 
result. Surface traps will presumably be populated by the 
light pulse and could cause some band bending. 

All samples show the same set of peaks but with differ- 
ent amplitudes. Arrhenius plots (Fig. 4) were obtained 
using a range of rate windows for the OTCS sampling and 
using a total of ten samples made on Cominco wafers 
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Fig. 1. OTC spectra of semi-insulating undoped LEC GaAs. a (top 
left): Cominco sample (ingot no. 344).  b (above): Cominco sample (in- 
got no. 453)  etched in H20~ + H2S04 mixture, c (left): Same speci- 
men etched again in H202 + H2S04 mixture, t, = 9 ms. t~ = 45 ms. T 
= 8.5 ms. 
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Fig. 2. OTCS spectra of semi-insulating LEC undoped GaAs. a (top 
left): Sumitomo sample, b (above): Litton sample, c (left): Specimen of 
a subjected to H202 and H2SO 4 mixture etch. Times as in Fig. 1. 

(bo th  tail a n d  s eed  ends) .  T he  i den t i f i ca t i ons  of t he  ob- 
s e rved  p e a k s  w i t h  p r e v i o u s l y  r e p o r t e d  t r a p s  were  g iven  in  
a p r e v i o u s  p a p e r  (25) a n d  are s u m m a r i z e d  in  Tab le  I for  
c o m p a r i s o n  w i t h  t he  c h a n n e l  c u r r e n t  D L T S  resul ts .  

Deep levels in Si-implanted layers.--Channel c u r r e n t  
D L T S  spec t r a  are g iven  in  Fig. 3 for  M E S F E T ' s  m a d e  
f rom the  C o m i n c o  ma te r i a l  u s i n g  t h e  t h r e e  p r o c e s s e s  
a b o v e  (I: SiO2 cap.  II: Si3N~ cap,  i m p l a n t a t i o n  t h r o u g h  
Si3N4. III: Si3N4 cap,  d i r ec t  i m p l a n t a t i o n  in to  t he  GaAs). 
A r r h e n i u s  p lo t s  for  t h e  c h a n n e l  c u r r e n t  D L T S  p e a k s  are 
g i v e n  in  Fig~ 4a, and,  for com pa r i s on ,  A r r h e n i u s  p lo ts  are  
also g i v e n  for  t h e  O T C S  p e a k s  4b. T a b l e  I s u m m a r i z e s  the  
D L T S  a n d  O T C S  data.  

The  dev ices  m a d e  w i th  a SiO~ cap  gave  four  peaks .  On  
t he  bas i s  chief ly  of  a c t i v a t i o n  energ ies ,  two  of  these ,  Q1 
a n d  Q2, are  t he  s a m e  as two  p e a k s  f o u n d  in t he  s t a r t i ng  
ma te r i a l  by  OTCS,  P4 a n d  P5. T he  c loses t  levels  in  t he  
c o m p i l a t i o n  of  M a r t i n  et al. (26) s e e m s  to b e  EL12 a n d  
EL3. The  o t h e r  two  levels  Q3 a n d  Q4 were  no t  o b s e r v e d  
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Fig. 3. Channel current spectra for MESFET's using processes I, II, 
and Ill. T = 22 .4  ms. 

in  t he  s t a r t i ng  ma te r i a l  a n d  a re  t h e r e f o r e  p r o c e s s - i n d u c e d  
peaks .  The  da t a  g iven  are for  i ngo t  no. 43, b u t  s imi lar  re- 
sul ts  we re  o b t a i n e d  for  ingo t s  no. 51 a n d  123. 

Fo r  dev ices  i m p l a n t e d  d i rec t ly  in to  GaAs  a n d  a n n e a l e d  
u n d e r  Si3N4, on ly  S1 (0.74 eV) was  found .  Th i s  p e a k  was  
o b s e r v e d  in  t h e  s t a r t i ng  ma te r i a l  by  O T C S  as P4 a n d  is 
be l i eved  to b e  EL12. For  dev ices  i m p l a n t e d  t h r o u g h  Si3N4 
a n d  a n n e a l e d  u n d e r  Si3N4, on ly  R1 (0.85 eV) was  ob- 
served.  This  p e a k  was  f o u n d  b y  O T C S  as P1 a n d  is t he  
EL2 of  M a r t i n  et al. (26). T h e  da ta  are for  s p e c i m e n s  f rom 
ingo t  no. 344, b u t  s imi la r  r e su l t s  were  o b t a i n e d  for  pro- 
cess II  w i t h  i ngo t  no. 175. A l t h o u g h  c rys ta l  m a n u f a c t u r e r s  
m a y  c h a n g e  t h e i r  g r o w t h  p r o c e d u r e s  f rom t i m e  to t ime,  
t he  a b o v e  d i f f e rences  are  be l i eved  to b e  d e t e r m i n e d  by  
t he  cho ice  of  p rocess ,  no t  t he  i ngo t  n u m b e r .  

Table I. Activation energies, capture cross sections, and possible 
identities of the deep levels found using OTCS (P1-8) in semi-insulating, 
undoped, LEC GaAs, and of deep levels found by channel current DLTS 

in MESFETs fabricated by three processes (Q1-4, R1, $1) 

Capture 
Activation cross section Possible 

Label energy (eV) (cm 2) identity 

P1 0.87 1.05 x 10-"-' EL2 
P2 0.65 3.00 x 10 -'2 Negative peak 
P3 0.79 3.69 x 10 -~ EL12 ? 
P4 0.76 2.12 x 10 -,'~ EL12 ? 
P5 0.59 3.46 x 10 -'~ EL3 ? 
P6 0.52 2.90 x 10 t3 EL4 
P7 0.38 3.20 x 10 -,~ EL6 
P8 0.32 2.50 x 10 -':5 HL6 

Q1 0.74 2.67 x 10 -'.~ P4 and EL12 
Q2 0.57 4.47 x 10 -'2 P5 and EL3 
Q3 0.28 1.66 x 10 -'6 - -  
Q4 0.24 1.45 x i0- ' "  - -  

RI 0.85 4.30 • 10 -'3 P1 and EL2 
S1 0.74 2.10 x I0 -':~ 
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Fig. 4.  Signature or Arrhenius plots, a (left):  Channel current DLTS data. b (right): OTCS DLTS data. 

Relat ing these  results  to prev ious  w o r k  (Table II), 
Sr i ram et al. (14, 15) used  devices  wi th  Si implan ted  di- 
rect ly  into SI  LEC GaAs at doses of  2-5.5 • 101~ cm -2 at 
100-325 keV and annea led  at 860~ unde r  "phospho rus  sil- 
icon glass." Us ing  channel  cur ren t  DLTS ,  they  found six 
levels,  of  wh ich  three  were  process  induced.  Thei r  defec t  
A is poss ib ly  our  level  Q4. Rhee  and Bha t tacharya  (16) im- 
planted Si d i rec t ly  into Cr-doped SI  L E C  GaAs at doses  
of  10 '2 and 1013 cm -2 at 100 keV and annealed  unde r  SiO2 
(Silox). They  found  three  e lec t ron traps, of  wh ich  one  was 
p resen t  in thei r  s tar t ing material .  In  a later  paper  (17), 
they  found two d o m i n a n t  levels  (0.52 eV electron trap and 
an 0.15 eV hole  trap) in direct ly  imp lan ted  material,  these  
centers  be ing  absent  on implan ta t ion  th rough  Silox. 
Je rv is  et al. (27) compared  the  traps p roduced  by implan-  
ta t ion (i) d i rec t  and (ii) t h rough  Si3N4 into epi taxial  buffer  
layers and into Cr-doped  semi- insula t ing  wafers.  They an- 
nealed  unde r  Si3N4. Using  capac i tance  D L T S  wi th  both  
electrical  and optical  exci ta t ion,  they  also found an in- 
crease in EL2 on implan t ing  th rough  SigN4. 

As regards  m e c h a n i s m s  for the  ext ra  EL2, one migh t  
sugges t  that  w h e n  implan ta t ion  is done  t h rough  Si3N4 
knock-on  n i t rogen  a toms (28) compe t e  wi th  d isp laced  As 
a toms for vacan t  As sites (since n i t rogen  is also Group 5). 
The p r e e m p t e d  As a toms could  adopt  vacan t  Ga sites to 
p roduce  AsGa which  is, or is associa ted with, EL2 (29). 

With SiO2 as encapsulant ,  the  loss of Ga is to be ex- 
pec ted  to have  s o m e  effect  on the  types  of defect  pro- 
duced.  Perhaps  occupa t ion  of  the  vacan t  Ga sites by im- 
puri t ies  f rom the  SiO2 cap could  be respons ib le  for the  
two process - induced  traps. The fact that  two traps pres- 
ent  in the  s tar t ing mater ial  d i sappeared  w h e n  annea led  
under  Si3N4 bu t  not  w h e n  annealed  unde r  SiO~ surely has 
to be  related to the  Ga vacancy  concent ra t ion .  

Table II. Some deep levels in sil icon-implanted 
GaAs reported in the l i terature 

Capture Possible 
Activation cross section identity 

Label energy (eV) (cm ~) (Ref.) 

A 0.23 1.90 • 10 -'7 Unknown (14) 
B 0.22 1.17 • 10 -'~ EL14 
C 0.53 1.60 • 10 -''~ EL4 
D 0.85 1.00 • 10 -9 New 
E 0.64 5.90 • 10 -'4 Cr complex 
F 0.75 1.50 x 10 -'4 EL2 
A 0.52 +- 0 .01  (1.20-1.60) • 10 -'s (16) 
B 0.17 -+ 0 .01  (5.20-5.50) • 10 -~3 
C 0.21 3.10 • 10 -2' 
EB2 0.83 2.20 x 10 -'3 EL2 (27) 
EB3 0.90 3.00 • 10-" 
EB4 0.71 8.30 x 10 -'3 
EB7 0.30 1.70 • 10 -'4 
EB6 0.41 2.60 • 10 -'~ 
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Chemical Vapor Deposition of Ruthenium and Ruthenium 
Dioxide Films 

M. L. Green,* M. E. Gross, L. E. Papa, ~ K. J. Schnoes, and D. Brasen 

A T & T  Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

The preparation of Ru and RuO~ thin films by organometallic chemical vapor deposition and an investigation of the 
films' properties are reported. Ru is of interest for metallization in integrated circuit fabrication because its 
thermodynamically stable oxide, RuO~, also exhibits metallic conductivity. As a result, oxidation during processing of 
Ru is a less critical concern than in current metallization technology. Taking advantage of the benefits of chemical 
vapor deposition, such as conformal coverage and low temperature, damage-free deposition, we have deposited Ru, 
RuO~, and Ru/RuO._, by pyrolysis of three organoruthenium complexes. Films of a given phase composition were depos- 
ited under a wide variety of conditions and exhibited large variations in electrical resistivity and carbon content. The 
best Ru film, produced from Ru3(CO)~2 at 300~ in vacuum, had a resistivity of 16.9 ~ - c m  and exhibited excellent adhe- 
sion to Si and SiO.2 substrates. The best RuO2 film, produced from Ru(C~H~)~ at 575~ in O~, had a resistivity of 89.9 
~12-cm and similarly exhibited excellent adhesion. Rutherford backscattering studies show that Ru and RuO2 films are 
effective diffusion barriers between A1 and Si up to annealing temperatures of about 550 ~ and 600~ (1/2 h exposure), re- 
spectively. Thus, they are significantly better than the currently used W films, which are only effective to about 500~ 

Integrated circuit processing requires the use of con- 
ducting films that must maintain their integrity at eleva- 
ted temperatures. For example, gate electrode metalliza- 
tions, in addition to being good electrical conductors, 
must also be resistant to oxidation at temperatures as 
high as 950~ Silicides are often chosen for this applica- 
tion. Diffusion barrier films, used to prevent the 
interdiffusion of A1 and Si at source/drain regions 
(spiking), may be exposed to temperatures as high as 
550~ at which point oxidation, even to a small extent, 
may degrade the contact resistance between the A1/bar- 
rier/Si layers. Tungsten and TiN, currently used as bar- 
rier films, are particularly sensitive to oxidation. These 
examples emphasize the critical concern with the degra- 
dation of electrical properties in the film or the film in- 
terfaces owing to environmental  effects, particularly 
oxidation. 

It is therefore interesting to consider ruthenium as a po- 
tential metal]ization for integrated circuits. Ruthenium di- 
oxide, the most thermodynamically stable oxide of Ru, 
when formed at temperatures greater than 200~ is al- 
most as good a conductor as Ru (PRu = 6.7 • 10 -~ ~-cm, 
Psuo2 = 4.6 • 10 -'~ ~-cm, where p is the resistivity), and is 
actually as good a conductor as TaSi~(p = 5.0 • 10 -'~ ~-cm) 
and many other silicides currently used as IC metalliza- 
tions. In electrical contact applications, the advantages of 
Ru and RuO~ are well known (1-3). The use of Ru, there- 
fore, alleviates concern regarding oxidation during pro- 
cessing, since RuO2 is a good electrical conductor. Other 
conducting oxides exist, but  most are either complex ox- 
ides (e.g., Bi2Ru~OT, SrVO~) and, therefore, are more 
difficult to prepare, or are oxides that are thermally un- 
stable with respect to further oxidation [e.g., 2CrO~ (con- 
ductive) ~ Cr~O:~ + 1/2 O.2 (nonconductive)] (4). 

This work was undertaken to determine if Ru and RuO.~ 
films could be prepared by chemical vapor deposition 
(CVD). Chemical vapor deposition was chosen because of 
its well-known advantages of conformal step coverage 
and low deposition temperatures. The properties of CVD 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
' P r e s e n t  a d d r e s s :  I B M  C o r p o r a t i o n ,  C h a r l o t t e ,  N o r t h  C a r o l i n a  

28201.  

Ru or RuO2 films have not, to our knowledge, been re- 
ported before, and only a few references to such films 
prepared by this method exist (5-7). However, Ru films 
have been prepared by electrodeposition (8) and sput- 
tering (9). In addition, RuO~ films have been prepared by 
sputtering (10) and by oxidation of Ru or decomposition 
of RuC13 (2). 

Experimental 
Three organoruthenium compounds,  all sublimable sol- 

ids, were selected as sources for CVD: ruthenium 
acety]acetonate, ruthenocene, and tr iruthenium dodeca- 
carbonyl. Data on these compounds are tabulated in 
Table I. Vapor pressure data were available only for 
ruthenocene. The compounds were purchased from Alfa 
Chemicals and Strem Chemicals and used without fur- 
ther purification. 

Film deposition experiments were carried out using the 
apparatus depicted in Fig. 1. To prevent condensation of 
the sublimable source materials, all surfaces of the appa: 
ratus outside the reaction zone were maintained at tem- 
peratures greater than the source sublimation tempera- 
ture but lower than its decomposition temperature. 
Placement of the source boat as close as possible to the 
substrates minimized the condensation problem. 

Typically, the deposition process sequence was as fol- 
lows. The substrates, (100) Si, (100) Si with 1000A of 
thermal oxide (SiO2), or device wafers, were cleaned in 1% 

IItllll ] 

l ~ THREE ZONE 
FURNACE 

OZ HZ 

Fig. 1. Chemical vapor deposition apparatus 
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Table h Organoruthenlum source materials 

Ru C H O 
Compound Formula (w/o) (w/o) (w/o) (w/o) Form Vapor pressure Supplier 

Tris-2,4-pentane-dionato Ru(CsH70.~)3 25.4 45.2 5.3 24.1 Solid red crystals Unknown; decomposes Alfa 
ruthenium (III) at 220~ 
(ruthenium acetylacetonate) 

Bis(cyclopenta-dienyl) ruthenium Ru(CsH~)2 43.8 51.9 4.3 - -  Solid yellow crystals ~0.01 torr at 85~ Strem 
(ruthenocene) 

Triruthenium dodecacarbonyl Ru:~(CO)~2 47.4 22.5 - -  30.1 Sohd red powder Unknown; decomposes Alfa 
at 150~ 

HF for 1 min, rinsed in distilled H20 for I0 rain, then 
dried in a stream of N2. They were then loaded onto a 
quartz carrier and positioned vertically in the reaction 
furnace, which was at 200~ The furnace was evacuated 
to about 20 mtorr and then brought up to the deposition 
temperature while pumping was continued. Once stabil- 
ized at this temperature, the gas flow of hydrogen or oxy- 
gen, if any, was started. Next, the heating tapes around 
the source material were turned on and sublimation of 
the source material was observed to begin. Deposition 
pressure was monitored with a capacitance manometer. 
When all the source material had sublimed, gas flow, if 
any, was stopped, and the furnace was cooled to 200~ 
Deposition conditions for various films are listed in 
Table II. 
On removal from the furnace, the samples were sub- 

jected to a variety of tests. Sheet resistance was measured 
with a four-point probe. Film thickness was determined 
with a mechanical stylus (Dektak II) on steps etched with 
an aqueous solution containing 5% NaOCl and 3% NaOH. 
From these two measurements, film resistivity could be 
determined. Several films, notably those containing 
RuO2, could not be etched by this method. The thickness 
of these films was determined by transmission electron 
microscopy (TEM), Auger depth profiling (after having 
determined the Auger sputtering rate for RuO2 and Ru), 
or Rutherford baekseattering spectroscopy (RBS). Film 
structure and composition were determined by x-ray dif- 
fraction, Auger spectroscopy, TEM, RBS, and x-ray 
photoelectron spectroscopy. 

Results 
Selection of source materials.--Selection of sou rce  ma-  

te r ia ls  for  t he  d e p o s i t i o n  of  t h i n  m e t a l  f i lms by  
o rganome ta l l i c  CVD is b a s e d  on  c o n s i d e r a t i o n  of  severa l  
factors.  The  ope ra t i ona l  c o n s i d e r a t i o n s  are  those  of  v a p o r  

Table Ih Deposition conditions and 

p r e s s u r e  suf f ic ien t  to ach ieve  r ap id  r a t e s  of ma te r i a l  
t r anspor t ,  a n d  t e m p e r a t u r e s  of  s u b l i m a t i o n  a n d  d e c o m p o -  
s i t ion  t h a t  are  low, b u t  d i f fe ren t  e n o u g h  to p r e v e n t  reac- 
t ion  of  t he  sou rce  be fo re  r e a c h i n g  t h e  d e p o s i t i o n  zone.  
Coup l ed  w i t h  t h e s e  are  t he  m o r e  c o m p l e x  i s sues  of  de- 
c o m p o s i t i o n  c h e m i s t r y  a n d  r eac t ions  w i t h  ox id iz ing  or  
r e d u c i n g  gases.  

The  fo rmal  ox ida t i on  s ta te  of the  m e t a l  a t o m  in a n  
o rganometa l l i c  c o m p o u n d  is a use fu l  f o r m a l i s m  to con-  
s ider  in  t e r m s  of  t h e  ease  a n d  pu r i t y  of  me ta l  depos i t ion ,  
b u t  i t  is no t  a phys i ca l  p roper ty .  The  t h r e e  o rganometa l l i c  
r u t h e n i u m  c o m p o u n d s  t h a t  we chose  to s t u d y  as CVD 
sources  in  th i s  w o r k  con t a in  t he  m e t a l  a t om in  t h r ee  
fo rmal  o x i d a t i o n  states:  Ru(0) in  Ru~(CO)I~, Ru(+2)  in  
Ru(CsH.~)~, a n d  Ru(+3)  in  Ru(CsH70~)3. The  reac t iv i ty  of 
the  c o m p l e x e s  a n d  t he  ease  of  r e d u c t i o n  to a fo rmal ly  
ze ro-va len t  m e t a l  favors  the  c a r b o n y l  complex ,  in  w h i c h  
t he  l igands  can  d i s soc ia te  c lean ly  w i t h o u t  any  f u r t h e r  re- 
d u c t i o n  of t he  r u t h e n i u m .  The  d e p o s i t i o n  of  R u  f rom the  
o the r  two sou rce s  in  t he  a b s e n c e  of  r eac t ive  gases,  how- 
ever,  r equ i r e s  t h a t  t he  organic  mo ie t i e s  act  as r e d u c i n g  
agen t s  for t he  m e t a l  ion. In  the  p rocess ,  t he  l igands  oxi- 
dize a n d  d e c o m p o s e  to leave  n o n v o l a t i l e  c a r b o n  res idues  
in  t he  films. 

Mass  spec t r a  of  t he  0 rganome ta l l i c  spec ies  m a y  also of- 
fer  some  c lues  a b o u t  t he  re la t ive  ease  of  l igand  dissocia-  
t ion.  The  m o s t  a b u n d a n t  ion  in  t he  m a s s  s p e c t r u m  of  
Ru:~(CO)12 is t he  ba re  t r i - r u t h e n i u m  clus ter ,  Ru~ ~ (11). In  
cont ras t ,  t h e  p a r e n t  ion  is t he  m o s t  a b u n d a n t  species  in  
the  mass  s p e c t r u m  of  Ru(CsH.~)~ a n d  R u  * is a m o n g  t he  
leas t  a b u n d a n t  ions  (12); l ikewise,  for  Ru(CsH702)3 (13). 

Effect of source material on phase structure of f i l m . -  
Tab le  II  s u m m a r i z e s  the  e x p e r i m e n t a l  c o n d i t i o n s  for the  
g r o w t h  of  t he  Ru  a n d  RuO2 fi lms f rom t h e  va r ious  sou rce  
mater ia ls .  The  p h a s e  s t r u c t u r e  of the  f i lms was  deter -  

phases present for various films 

Deposition Deposition 
temperature pressure 

Source (~ Ambient (torr) 

Phases present 
On On 
Si SiO.~ Comments 

Ru(CsH~O2)a 500 H~ 1.0 Ru Ru 
O~ 0.3-1.0 Ru Ru 

Vacuum 0.1 max. Ru Ru 
600 H2 1.0 Ru, RuO2 Ru, RuO2 

02 1.0 RuO2 RuO2 

Ru(CsHs)2 500-800 H~ 0.5-1.0 
500 O~ 1.0 a Ru 
575 O.~ 5.0 Ru, b RuO2 RuO~ 
575 O~ 5.0 Ru Ru, RuO2 

Ru:~(CO),~ 

600 O2 1.0 Ru, RuO2 Ru, RuO~ 
500-600 Vacuum 

250 H2 1.0 a Ru 
300 H2 1.0 Ru Ru 
400 H., 1.0 Ru Ru 
300 02 1.0 Ru Ru 
250 Vacuum 0.1 max. a Ru 
300 Vacuum 0.1 max. Ru Ru 
350 Vacuum 0.1 max. ~ Ru 
400 Vacuum 0.2 max. a Ru 

No films observed 
Powdery film 

+ 900~ 
postdeposition 
anneal~ in vacuum 

No films observed 

Deposition not performed on this substrate. 
~' Minor constituent. 
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Fig. 2. X-ray diffraction patterns of Ru films: film 1 (acetylacetonate, 

500~ vacuum, on Si02) (a) and film 2 (carbonyl, 300~ vacuum, on Si) 
(b). 

mined by x-ray diffraction. We performed the deposition 
experiments under a wide range of conditions, with depo- 
sition temperatures of 250~176 deposition pressures of 
0.1-5.0 torr, and three growth ambients, H2, 02, or vacuum. 
Both Ru and RuO2 were deposited under a variety of 
conditions. 

Films deposited from the acetylacetonate complex at 
500~ contained Ru (hexagonal phase) regardless of the 
ambient. Note that the thermodynamically favored RuO2 
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Fig. 3. Auger electron spectroscopy of Ru films: fi lm 1 
(acetylacetonate, 500~ vacuum, on SiO~) (a) and film 2 (carbonyl, 
30 f fC ,  vacuum, on Si) (b). 
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Fig. 4. Auger depth profiles of Ru films: film 1 (acetylacetonate, 
500~ vacuum on SiO~) (a) and film 2 (carbonyl, 300~C, vacuum, on Si) 
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did not form in oxygen at that temperature. Films depos- 
ited at 600~ began to exhibit  RuO2 (tetragonal phase). In 
a hydrogen ambient, the oxygen of the RuO~ could only 
have originated from the acetylacetonate ligand. Thus, in 
spite of the reducing ambient, formation of the oxide be- 
comes kinetically, as well as thermodynamically, favored 
and the ligand serves to oxidize the Ru. Complete oxida- 
tion of the Ru at 600~ however, is only achieved when 
excess oxygen is present in the ambient. 

Films could only be deposited from ruthenocene in an 
oxygen ambient. At 500~ in oxygen, a Ru film was de- 
posited, although it was porous .  When the deposition 
temperature was raised to 575~176 the RuO2 phase be- 
gan to be stabilized: If the oxygen pressure in the reactor 
is raised to 5.0 torr, films consisting entirely of RuO~ will 
result on SiO2. A RuO2 film formed in oxygen at 575~ 
was found to disproportionate when postdeposition an- 
nealed in vacuum at 900~ for 2h. According to the 
reaction 

2RuO2 -~ Ru + RuO4 

RuO2 films could decompose, completely or partially, to 
Ru and RuO4, a volatile oxide, as observed. 

Films deposited from Ru carbonyl consisted entirely of 
Ru, regardless of the ambient. However, the results for 
the other two sources show that oxide formation is not 
kinetically favored below -575~ under  our experimental  
conditions, and, owing to depletion of the carbonyl 
source, we could not achieve deposition above 400~ 

F i l m  micros t ruc tures  a n d  charac t e r i s t i c s . - - In  this sec- 
tion, the physical properties of selected films will be dis- 
cussed. Several Ru, RuOz, and mixed Ru/RuO2 films 
were chosen for in-depth analysis because they represent 
different ambient growth conditions. All these films are 
continuous, specular, and, with one exception, adherent 
to their substrates. 
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Ru films.--Figure 2 illustrates the x-ray diffraction pat- 
terns for two Ru films, film 1 (acetylacetonate, 500~ 
vacuum, on SiO~) and film 2 (carbonyl, 300~ vacuum, on 
Si). Comparison with the stick-figure diffraction pattern 
of the Ru standard, Fig. 2c, shows that all the observed 
peaks are attributable to Ru. In addition, whereas com- 
parison of Fig. 2a and 2c shows film 1 to be a rac_domly 
oriented polycrystalline film, film 2 has a pronounced 
texture, as is shown by the high intensity of the (100) 
peak. 

The Auger spectra of these two films, taken at a depth 
of 300~ into the film with the ion gun on during analysis, 
are shown in Fig. 3. In the presence of Ru, carbon is not 
easy to detect by Auger analysis as the C peak overlaps 
the Ru 1 peak. However, the Ru 2 peak arises only from 
Ru, and therefore the ratio Ru 1/Ru 2 should be related to 
the carbon content; specifically, it should increase with 
increasing carbon content. Auger analysis of a pure Ru 
sample (bulk) gave a ratio Ru 1/Ru 2 of 2.64, and the same 
ratio, as measured from the Ru spectra of the Auger hand- 
book (14), is 2.63. Therefore, the carbonyl film, film 2, is 
pure with respect to carbon, as Ru 1/Ru 2 = 2.7. X-ray 
photoelectron spectroscopy (XPS) of this sample, a tech- 
nique that is more accurate for C in Ru than Auger analy- 
sis, can detect no difference between it and the Ru 
standard. On the other hand, the acetylacetonate film, 
film 1, with its ratio of 3.2, contains much carbon, as is 
substantiated by XPS and RBS measurements,  which 
show a carbon level of 60 and 62 atomic percent (a/o), 
respectively. 

Figure 4 shows Auger depth profiles for the two films. 
Film 1 is much less uniform than film 2, a fact that is con- 
sistent with the TEM photomicrographs of Fig. 5. The dis- 
continuous appearance of film 1, Fig. 5a, suggests that 
the carbon may be interspersed between the Ru grains. 
The high carbon content of this film, combined with its 
discontinuous microstructure, is responsible for its high 
electrical resistivity ofp = 1940 ~tl-cm. On the other hand, 

Fig. 5. Transmission electron photomicrographs of Ru films: film 1 
(acetylacetonate, 500~ vacuum, on SiO~), bright field image (a), and 
film 2 (carbonyl, 300~ vacuum, on Si), bri~lht field image (b). 

500 F 
400 ~ Si 

2 0 0 ~  ~ , 3 0 0 t -  A ( 4 0 0 )  FILM 3 

100 . ' - A  ~- , I . . . .  ,, ,,, ~ . . . . . .  

CO 20.0 400 600 80.0 t000 r 

Z 

D: 

~_ 800 
6ooi: si 

=. 400  ~- ~ 00) FILM 4 

20.0 40.0 60.0 80.0 100.0 120.0 
b 

(310) (112 RuO z 
. . . . .  (200 111) ,,~,~,~ -]1-(301) (21t2) r(330) STANDARD 

100 ~E I 220 (400) /r(312) 
60 (101} ( ) (321) I I  r(441) r (213} 

2 0 0  40.0 60.0 80.0 100.0 r 
O 

28 

Fig. 6. X-ray diffraction patterns of RuO~ films: film 3 
(acetylacetonate, 600~ 1.0 torr 0~, on Si) (a) and film 4 (ruthenocene, 
575~ 5 torr 02, on Si) (b). 

film 2, which is uniform and has little, if any, carbon, has 
p = 16.9 ~12-cm, which is only twice the bulk value of Ru. 
It is typical for -1000~ thick films to have higher 
resistivities than bulk samples, owing to grain size effects 
and surface electron scattering. Further observations 
from Fig. 5 are that the grain size range of Ru in film 1 
(Fig. 5a) is about 100-400/~, whereas that of film 2 (Fig. 5b) 
is about 300A. Neither film shows an interaction 
with its substrate, based on the planar interfaces ob- 
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600~C, 1.0 torr 0~, on Si) (a) and film 4 (ruthenocene, 575~ 5 torr 0~, 
on Si) (b). 
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Table Ill. Film properties 

Deposition 
temper- Deposition 

Film ature pressure 
no. Source (~ (torr) Ambient 

Film 
Sub- thickness Resistivity Film Film 
strate (~) (t~-cm) color adhesion 

Carbon 
content 

(a/o) Microstructure 

1 Ru(C~HTO~)3 500 0.12 Vacuum 

2 Ru3(CO),2 300 0.09 Vacuum 

3 Ru(C.~H~O2)3 600 1.0 O~ 

4 Ru(C~Hs)2 575 5.0 02 

5 Ru(CsH702)3 600 1.0 H2 

6 Ru(CsHs)2 600 1.0 02 

Rufflms 
SiO~ 2500 

Si 1029 

1940 Metallic Poor -60 

16.9 Metallic Excellent - 0  

RuO~ films 
Si 1449 643 Metallic, Excellent 

purple- 
blue 

Si 6100 89.9 Blue Excellent 

Ru/RuO2 films 
Si 854 521 Metallic, Excellent 

dark 

SiO~ 707 14.8 Metallic, Excellent 
dark 

<20 

<20 

Grain size 
-100-400s 
randomly 
oriented 

Grain size 
-300~ 
(100) texture 

Grain size 
-100-500~ 
randomly 
oriented 

Grain size 
-5000~ 
randomly 
oriented 

- 0  Grain size 
-300-1000~ 
(002) texture 
(Ru) 

<20 Grain size 
-500-750~ 
(200), (111) 
texture (RuO~) 

served.  This  o b s e r v a t i o n  is c o n s i s t e n t  w i t h  R B S  da ta  t h a t  
s h o w  t h a t  little, i f  any,  i n t e rd i f fu s ion  of  the  R u  a n d  Si or 
SiO~ s u b s t r a t e s  ha s  occur red .  

Tab le  I I I  s u m m a r i z e s  t he  phys i ca l  p r o p e r t i e s  of  t h e  
films. F i l m  2, p r o d u c e d  f rom t h e  ca rbony l ,  is m o r e  con-  
duc t ive ,  c o n t a i n s  less  c a r b o n  impur i t i e s ,  a n d  e x h i b i t s  be t -  
t e r  a d h e s i o n  to i ts  s u b s t r a t e  t h a n  f i lm 1, p r o d u c e d  f rom 
the  ace ty lace tona te .  

RuO2films.--The x-ray d i f f rac t ion  p a t t e r n s  of  two typ ica l  
RuO2 fi lms are  s h o w n  in Fig. 6. F i lm  3 (ace ty lace tona te ,  
600~ 1 to r r  02, o n  Si) a n d  film 4 ( r u t h e n o c e n e ,  575~ 5 
to r r  02, o n  Si) b o t h  s h o w  p a t t e r n s  t h a t  are c o m p l e t e l y  ex-  
p l a i n a b l e  b y  r e fe r r ing  to t he  RuO2 s t a n d a r d  (Fig. 6c). 
Ne i t he r  f i lm s h o w s  a n y  i n d i c a t i o n  of  s ign i f ican t  t ex tu re .  
The  d i f f rac t ion  p a t t e r n  of f i lm 4 is m u c h  more  d i s t i nc t  
t h a n  t h a t  of  f i lm 3 because ,  as c an  be  s een  in  Tab le  III, 
film 4 is m u c h  th icke r .  

The  A u g e r  d e p t h  prof i les  of  f i lms 3 a n d  4 are dep ic t ed  
in  Fig. 7. O x y g e n  is even ly  d i s t r i b u t e d  in t he  films, sug- 
ges t ing  t h a t  the  f i lms are un i fo rm.  The  a p p a r e n t  oxygen-  
r ich  layer  on  t he  sur face  of film 4 is be l i eved  to b e  an  arti- 
fact  of  spu t t e r ing .  The  p r e s e n c e  of  o x y g e n  in t h e s e  f i lms 
s eems  to af fec t  t h e  A u g e r  i n t e n s i t y  ra t io  Ru  1/Ru 2, 
t h e r e b y  m a k i n g  it  d i f f icul t  to d e t e r m i n e  i f  c a r b o n  is pres-  
en t  in  t h e s e  films. Wherea s  for t he  R u  films, t he  mini-  
m u m  rat io of  R u  1/Ru 2 is 2.7, t he  p u r e  Ru  value,  t h a t  ra- 
t io for f i lms 3 a n d  4 is 1.7 a n d  1.9, respec t ive ly .  As we  h a d  
no  ca rbon- f r ee  RuO2 s t a n d a r d  to c o m p a r e  t he se  to, t h e  
c a r b o n  c o n t e n t  of  t h e s e  f i lms is no t  k n o w n .  However ,  
R B S  ana lys i s  of  fi lm 3 sugges t s  t h a t  ca rbon ,  if  any,  is 
p r e s e n t  to  the  e x t e n t  of less t h a n  20 a/o, the  de tec tab i l i ty  
l imit .  B a s e d  on  i ts  s imi la r  ratio, t he  c a r b o n  c o n t e n t  of  
fi lm 4 is p r e s u m a b l y  a b o u t  t he  same.  T h e  in t ens i ty  ra t io  
of  t he  R u  2 a n d  O A u g e r  p e a k s  shou ld ,  u n d e r  ideal  condi-  
t ions ,  b e  r e l a t ed  to t h e  s t o i c h i o m e t r y  of  t h e  RuO2 phase .  
However ,  t he  ra t io  Ru  2 /0  is 1.8 for  f i lm 3 a n d  1.4 for  
f i lm 4. We be l i eve  t he  va r i a t i on  in th i s  ra t io  to r e su l t  f r o m  
va r i a t i ons  in  s p u t t e r i n g  yie lds  b e t w e e n  R u  a n d  o x y g e n  
d u r i n g  d e p t h  profi l ing,  w h i c h  is s ens i t i ve  to g ra in  size 
and  m o r p h o l o g y .  R B S  ana lys i s  of fi lm 3 shows  t h a t  i ts  
s t o i c h i o m e t r y  is RuO2. The  s imi la r i ty  in  i n t e r p l a n a r  spac-  
ings  o b s e r v e d  in  t h e  X R D  p a t t e r n s  of  f i lms 3 a n d  4 a n d  
the  RuO2 s t a n d a r d  (Fig. 6c) sugges t s  t h a t  fi lm 4 is s to ichi-  
ome t r i c  RuO2 as well. 

T h e  two RuO.2 fi lms are m i c r o s t r u c t u r a l l y  dif ferent ,  as 
is s h o w n  in  Fig. 8. F i lm  3 (Fig. 8a) is c o m p o s e d  of gra ins  
r a n g i n g  f rom a b o u t  100 to 500~. S o m e  c o l u m n a r  g r o w t h  is 
o b s e r v a b l e  at  t h e  Si/RuO2 in ter face ,  b u t  th i s  s eems  to 
b r e a k  d o w n  at  a t h i c k n e s s  of  a b o u t  700]~, a f te r  w h i c h  t he  
g ra ins  a p p e a r  to  be  equ iaxed .  F i l m  4 (Fig. 8b) is com- 
p o s e d  of  large  gra ins ,  a b o u t  5000A, t h a t  are  c o l u m n a r  a n d  
wel l  def ined.  N e i t h e r  fi lm a p p e a r s  to  h a v e  i n t e r a c t e d  to 
an y  s ign i f ican t  e x t e n t  Wi th  the  Si subs t ra t e .  

Fig. 8. Transmission electron photomicrographs of Ru02 films: film 3 
(acetylacetonate, 600~ 1.0 torr 02, on Si), darkfield image using (11 O) 
and (101) reflections (a), and film 4 (ruthenocene, 575~ 5 torr 02 on 
Si), bright field image (b). 
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Fig. 9. X-ray diffraction patterns of Ru/Ru02 films: film 5 
(acetylacetonate, 600~ 1.0 torr H2, on Si) (a), and film 6 (ruthenocene, 
600~ 1.0 torr 02, on Si02) (b). 

The electrical resistivity of film 4 was found to be 89.9 
~ - c m ,  which is just about twice that of bulk RuO~. As 
film 4 is 6100~ thick and is therefore reasonably close to 
bulk material, one might expect the bulk resistivity to be 
observed. The increase in resistivity probably results 
from less than perfect interconnectivity between the 
RuO~ grains, as is suggested by Fig. 8b. The resistivity of 
film 3 is 643 ~ - c m ,  indicating that the fine grain micro- 
structure, coupled with thin film scattering effects, is 
probably responsible for this high value. The data for 
these two films are summarized in Table III. 

Ru/RuO.2 films.--Under certain deposition conditions, 
listed in Table II, films composed of both Ru and RuO2 

phases can be deposited. It is of interest to determine the 
microstructure of such mixed films. The XRD patterns 
of two such films are shown in Fig. 9. Film 5 (acetylace- 
tonate, 600~ 1.0 torr H~, on Si) is predominantly Ru 
phase (85% as determined by RBS), whereas film 6 
(ruthenocene, 600~ 1.0 s O~, on SiO~) is predominately 
RuO~ phase. Film 5 exhibits a large Ru (002) peak, indicat- 
ing that the Ru component of the film has some basal 
plane texture, while the RuO~ component appears to be of 
random orientation. The RuOz phase of film 6 possesses 
a texture where the (200) or (111) RuO2 planes tend to be 
parallel to the substrate. 

Auger depth profile analysis of film 5 (Fig. 10) shows 
that the sample is Ru rich near the Si interface, and pro- 
gressively richer in oxygen towards the surface of the 
film. As this film was deposited in H2, the only source of 
oxygen can be from the acetylacetonate radical. There- 
fore, the Ru-rich layer, first to deposit on Si, seems to cat- 
alyze further decomposition into RuO~. The Auger sample 
is thinner than the XRD or TEM samples (it is probably 
from a corner of the wafer). For that reason, Si was able to 
diffuse to the surface during deposition. Film 5 is also 
pure with respect to carbon, as the Auger intensity ratio 
Ru i/Ru 2 = 2.5. Film 6 has almost the opposite depth 
profile of film 5. The film is oxygen rich at the SiO2 in- 
terface (Fig. 10b) and Ru rich at the surface. Here, how- 
ever, the oxygen must be incorporated from the ambient. 

Figure ii illustrates the microstructures of films 5 and 
6. Film 5 is composed of equiaxed grains between 300 and 
1000A in diameter. Film 6 is composed of columnar grains 
between 500 and 750~ in diameter. The resistivity of film 
5 is 521/~-cm, whereas that for film 6 is 14.8/x~-cm. The 
high resistivity of film 5 is probably related to the thin- 
ness of the fihn, its small grain size, and the oxygen-rich 
surface layer. On the other hand, the low resistivity of 
film 6 may result from the Ru-rich layer at its surface. 

Diffusion barrier properties of Ru and RuO2films.~A1- 
Ru-Si and A1-RuO2-Si thin film diffusion couples were 
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Fig. 10. Auger depth profiles of Ru/RuO~ films: film 5 (acetyl- 
acetonate, 600~C, 1.0 torr H,2, on Si) (a), and film 6 (ruthenocene, 
600~C, 1.0 tort 0~, on SiO~) (b). 

Fig. 11. Transmission electron photomicrographs of Ru/RuO~ films: 
film S (acetylacetonate, 600~ 1.0 torr H2, on Si), bright field image 
looking through the film (a) and film 6 (ruthenocene, 600~ 1.0 torr 02, 
on SiO~), darkfield image using (110) and (101) RuO~ reflections (b). 
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prepared by depositing about 1500A of evaporated A1 on 
films 2 (Ru) and 3 (RuO2). The interdiffusion of these cou- 
ples was studied by RBS as a function of annealing tem- 
perature. The ability of Ru or RuO2 to act as a diffusion 
barrier between A1 and Si would be advantageous for 
VLSI metallization applications. 

Figure 12a compares the RBS spectra of the A1-Ru-Si 
couple (1500~ A1/1029A Ru/Si substrate) before (as- 
deposited) and after a 550~ h) anneal in argon. No 
significant changes in the spectra were noted until 550~ 
The interdiffusion of Al and Ru was observed to occur 
above 550~ as evidenced by the tail at the leading edge 
of the Ru peak. This corresponds, however, to only a 
small amount  of Ru in A1. There is some slight evidence 
for a Ru-Si interaction at this temperature, as the Si lead- 
ing edge profile has changed to a small extent. Figure 
12b illustrates that after a 600~ h) anneal the couple 
has interdiffused significantly. The Al peak is no longer 
distinguishable, indicating that it has interdiffused with 
the Ru and possibly the St. Interdiffusion of Ru and Si 
has also occurred. XRD of this sample shows the exist- 
ence of the phases Ru2Si, Ru2Si3, and RuAl2, as well as 
remnants of the original elemental St, A], and Ru. 

Figure 13a illustrates the RBS spectra for the AI-RuO2-Si 
couple (1500]~ A1]1450/~ RuOJSi substrate) after 500~ h) 
and 600~ h) heat-treatments, both in argon. Up to a 
gon. Up to a temperatureof 500~ no changes in the spec- 
tra were observed. After 600~ a small amount of Ai-RuO2 
interdiffusion can be noted, based on the small tail at the 
Ru leading edge. The general shift of the Ru edges to 
lower energies after the 600~ anneal probably results 
from th e formation of some Al~O3 during the anneal. Also, 
the difference in Si peak he{ghts (in both Fig. 13a and 
13b), is artifactual. Figure 13b shows that interdiffusion is 
pronounced after a 650~ anneal. The A1 peak is smeared 
out, and the Ru peal~ is reduced by about 10% (possibly 
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owing to loss by disproportionation of RuO2 during expo- 
sure to air while still hot, see the Effect of source material 
section). X-ray diffraction of this sample shows the pres- 
ence of Ru2A13, RuA12, and Ru2Si~, as well as RuO2, Ru, A1, 
and St. The presence of Ru suggests that A1 is reducing  
some of the RuO2. 

Finally, Fig. 14 illustrates, for comparison, RBS spectra 
of an AI-W-Si sandwich (1500~ A1/ll00~ W/St substrate). 
The W was'deposited by selective chemical vapor deposi- 
t ion via the H2 reduction of WF~. LPCVD W is now 
being considered as a diffusion barrier for VLSI devices 
(15-17). It can be seen from Fig. 14 that, for the case of 
LPCVD W, significant interdiffusion takes place during a 
550~ h) anneal. XRD shows the presence of WSi2, 
W(Si, Al)2, WsSi3, and WAI,2. Therefore, Ru and RuOe are 
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Fig. 14. RBS spectra of an AI-W-Si couple (1500~ AI/1100A W/Si 
substrate), after 450~ h) and 550~ h) heat-treatments. The 
vertical arrows mark the surface positions of the corresponding 
elements. 
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more stable diffusion barriers between A1 and Si than 
LPCVD W by about 50 ~ and 100~ respectively. 

Discussion. 
Film processing considerations.--Table III shows that 

Ru, RuO~, and RuIRuO2 films, each with large variations 
in physical properties, can be produced by varying the 
experimental conditions. Ruthenium, RuO2, or RuIRuO2 
films deposited from the acetylacetonate complex con- 
sistently exhibit  higher resistivities than the same films 
deposited from Other source materials. The best Ru films 
are those deposited from the carbony] at temperatures of 
about 300~ An SEM photomicrograph of such a film 
(Fig. 15) illustrates the excellent conformal coverage typi- 
cal of LPCVD films. The best RuO~ films are those de- 
posited from ruthenocene at 575~176 

The deposition of either of these films is consistent 
with current CVD processing. The fact that both source 
materials are solids is not in itself a serious drawback, as 
CVD of A1203, in which solid A1C13 is used as a source ma- 
terial, is already in commercial use (18). However, the 
temperature difference between sublimation and decom- 
position of the source material should be as large as possi- 
ble to avoid severe depletion effects in the reactor. This 
temperature gap appears to be small for the carbonyl 
(-75~ but significantly larger for ruthenocene 
(-300~ 

Device considerations.--Metallization applications in 
VLSI devices can be classified as interconnects, diffu- 
sion barrier layers, contacts, and gates. In this section, we 
will consider Ru and RuO2 as potential films for these 
applications. 

As an interconnect, neither Ru nor RuO2 can compete 
with A1, if only because of Al's low resistivity (p = 2.7 
~ - c m )  and ease of deposition. However, as a diffusion 
barrier and contact between Al and Si at source/drain 
areas, Ru and RuO~ may have applications. In particular, 
Ru has a low Schottky barrier height to Si [0.6 eV to 
retype Si (19)], similar to that of Cr, Ni, and W, and should 
therefore exhibit  low contact resistance to Si. This is es- 
pecially true if the Si is highly doped and tunneling con- 
duction mechanisms are operative. Although the barrier 
height of RuO2 is not known, it is assumed that, if some 
oxidation of the Ru occurred, adequate contact resistance 
would still be maintained. 

Furthermore, A1 metallization is compatible with Ru or 
RuO2 contacts. Although A1203 is more stable than RuO2 
at the temperatures of interest (-500~ (20), our results 
show that A1 does not extensively reduce RuO2. If A1203 
were formed by this reaction, insulating layers would 
form. Little is known about Ru-Si interactions that result 
in silicide formation. At least up to deposition tempera- 
tures of 600~ no silicide formation was observed in our 
work. As contact metallizations will not see these high 

Fig. 15. Scanning electron photomicrograph of a Ru film deposited on 
a device (film 2, carbonyl, 300~C, in vacuum). The excellent conformal 
coverage of the film is shown by the film uniformity on the SiO.2 (left) and 
Si window area (right). 

temperatures, silicide formation, with its attendant junc- 
tion erosion and higher contact resistance, is not ex- 
pected to be a problem. The RBS data of Fig. 12-14 show 
that Ru and RuO2 are potentially better diffusion barriers 
between Al and Si than W. 

Gate metallizations should have good conductivity and 
be stable at high temperatures in oxidizing atmospheres. 
Ruthenium and RuO2 conductivities are both stable with 
respect to oxygen, although RuO2 might  disproportionate 
at higher temperatures (T > 750~ Furthermore, Ru 
gates would not interact with SiO2 gate oxides, as SiO2 is 
more stable than RuO2 (20). Ruthenium might be the 
more suitable of the two as a gate metallization as its 
work function is equal to 4.7 eV (21), just  about midway 
between those of N ~ and P+ silicon. Such midgap metalli- 
zations are ideal for CMOS applications where only one 
gate material, rather than the traditional two, is desired. 

In all applications, it should be kept in mind that RuO2 
is thermodynamically unstable in the presence of H2, 
even at room temperature (20), and complete reduction to 
Ru is easily achieved at temperatures greater than about 
300~ Therefore, reducing conditions during heat- 
treatment are not compatible with the use of RuO2; vac- 
uum, nitrogen, or inert gas anneals should be used. 

A final point should be made about the plasma etch- 
ability of Ru and RuO2. Although no information is availa- 
ble on this subject, it is believed that both materials can 
be etched in fluoride-based plasmas, as RuF5 is a low 
melting and boiling point species (Tm, = 101~ Tbp = 
250~ 

Conclusions 
We have deposited Ru, RuO2, and Ru/RuO~ films by 

organometallic LPCVD, and have extensively character- 
ized these films as potential VLSI metallizations. Ruthe- 
nium is of interest to us because its thermodynamically 
stable oxide, RuO2, exhibits metallic conductivity. As a 
result, oxidation during processing of Ru would be a tess 
critical concern than in some current metallization 
technologies. We have found that films of a given phase 
composition can be deposited under a wide range of con- 
ditions, with large variations in electrical resistivity and 
carbon content. Ruthenium films with electrical resistiv- 
ity as low as 16.9 ~ - c m  could be deposited from the 
carbonyl. Ruthenium films deposited from Ru acetyl- 
acetonate were found to be mostly carbon and to exhibit 
high resistivity. Ruthenium dioxide films with electrical 
resistivity as low as 89.9 ~ - c m  could be deposited from 
ruthenocene. Again, Ru acety]acetonate produced inferior 
RuO~ films. Ruthenium/ruthenium dioxide films rang- 
ing in resistivity between 14.8 and 521 iz~-cm were also 
deposited. All films, except  the Ru film deposited from 
the acetylacetonate, were adherent to their substrates (ei- 
ther Si or SiO~). Ruthenium and RuO2 films were found, 
by RBS analysis, to be more effective diffusion barriers 
between A1 and Si than LPCVD W, capable of with- 
standing about 50 ~ and 100~ higher annealing tempera- 
tures before significant interdiffusion, respectively. The 
advantages of Ru and RuO~ films may also suggest other 
applications in VLSI metallization, noting that the depo- 
sition processes are compatible with current VLSI 
processing. 
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Thermal Oxidation of Silicon in Dry Oxygen Growth-Rate 
Enhancement in the Thin Regime 

I. Experimental Results 
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ABSTRACT 

In many studies of oxidation kinetics, it has been observed that SiO.~ growth in dry oxygen in the thin regime 
(<500A) is faster than the classic description of growth in thicker layers by a linear-parabolic relationship. Growth-rate 
enhancement  in the thin regime was studied in the 800~176 range under  a variety of substrate doping densities and 
02 partial pressures using in situ ellipsometry. The enhancement  in oxidation rate is found to decay exponentially with 
thickness, and its thickness extent is approximately independent  of substrate orientation, doping density, and oxygen 
partial pressure; its oxygen pressure and substrate doping dependence suggest that it is caused by physical mechanisms 
associated with the substrate. Such mechanisms are discussed in part II of this paper (11). 

Thermally grown layers of silicon dioxide have been an 
integral part of silicon device technology since their first 
applications in surface protection and selective masking 
during diffusion (1) and in stabilizing silicon surfaces (2). 
Silicon dioxide layers found additional applications in de- 
vice isolation, impurity gettering, masking against impu- 
rities, junct ion passivation, and insulation between metal 
layers (3-6). Such applications have made silicon 
oxidation a vital processing step in both bipolar and MOS 
technologies. Its most important application, however, is 
the growth of the gate-dielectric material for MOS transis- 
tors where SiO~ layers become an active component. With 
continued shrinkage of device dimensions, it has been es- 
timated that submicron channel-length VLSI MOSFET's 
will use oxide layers thinner than 150J~ (7). Thin 
tunnelable oxides are also used in memory devices such 
as electrically alterable read only memories (EAROM's). 
These layers must  be grown routinely and reproducibly 
with high yield and long-term reliability and must not be 
degraded by subsequent processing. 

In early studies of silicon-oxidation kinetics, it was ob- 
served that growth rates were higher than predicted by 
linear-parabolic kinetics for layers thinner than 250~ 
when silicon was oxidized in dry oxygen (8). Available ex- 
perimental evidence also indicates that such thin layers 
are different from thicker layers in other properties such 
as dielectric breakdown and reliability (9) and interfacial 
optical properties (i0). This study focuses on the growth 
kinetics of SiO2 layers in the thin regime (<500A) in order 
to achieve a better understanding of the oxidation pro- 

*Electrochemical Society Active Member. 
I Present address: Department of Electrical Engineering, 

Duke University, Durham, North Carolina 27706. 
2 Present address: Department of Chemistry, University of 

North Carolina, Chapel Hill, North Carolina 27514. 

cess and to establish a framework within which the differ- 
ence between thin and thick layers can be better 
explained. 

In this paper, the principles on which the oxidation-rate 
analysis is based are discussed. The experimental results 
of the dependence of the growth rate on temperature, 
substrate orientation, doping density, and oxygen partial 
pressure in the oxidizing ambient are presented. The rate 
enhancement  is then analyzed quantitatively in the 
800~176 range as a function of oxide thickness for 
lightly doped silicon oxidized in dry oxygen and in 
oxygen-argon mixtures and for heavily doped substrates 
oxidized in dry oxygen. The results show that the excess 
rate decays exponentially with thickness and that it exists 
under  all conditions investigated. The physical mecha- 
nisms involved in the early stages of the oxidation of sili- 
con in dry oxygen are discussed in part II of this paper 
(11). 

Experimental Procedures 
The thermal growth of silicon dioxide layers on silicon 

in the thin regime was monitored in situ by a high tem- 
perature automated ellipsometer. The operation of the au- 
tomated ellipsometer and the high temperature optical 
properties of silicon and silicon dioxide are described 
elsewhere (12, 13). The oxide thickness was measured 
from the onset of oxidation, where the native oxide is typ- 
ically I0-15~, up to -600~. The preoxidation cleaning se- 
quence consisted of H202-based solutions of NH4OH and 
HCI with appropriate DI water rinses followed by a dip in 
dilute HF and a final DI water rinse (14). The wafers were 
then dried using nitrogen and immediately loaded in the 
oxidation furnace with argon flowing. Following back- 
ground intensity measurements, the native oxide thick- 
ness was evaluated and was usually found to be in the 
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7-22A range. The furnace ambient was then switched to 
the oxidizing ambient of interest. Thickness vs .  t ime data 
in the 800~176 range were obtained for (100), (111), and 
(110) substrate orientations, with 1.0 x 10 ,5, 1.8 • 102~ and 
3.2 • 1020 cm -3 surface doping concentrations, and in 1.0, 
0.1, or 0.01 atm oxygen partial pressure in an oxidizing 
ambient consisting of mixtures of dry oxygen and argon 
(15). The light]y doped wafers were either p-type (doped 
with boron) or n-type (doped with phosphorus). Higher 
surface doping concentrations were obtained using POC13 
predeposition and drive-in. A typical example of the data 
obtained is shown in Fig. 1, where thickness vs .  t ime re- 
sults for the oxidation of lightly doped silicon in dry oxy- 
gen in the 800~176 range are plotted. It can be seen 
that, through the use of i n  s i t u  automated ellipsometry, 
closely spaced data were obtained. This provides a 
unique opportunity to investigate the underlying physical 
mechanisms. 

The linear and parabolic rate constants, describing the 
oxidation process beyond the fast initial regime, were 
first determined as described elsewhere (16). Knowledge 
of these rate constants is important in accurately 
determining the magnitude of growth-rate enhancement 
in the thin regime and the extent of this enhancement  in 
thickness (or the onset of conventional linear-parabolic 
growth). 

Oxida t ion -Rate  Analysis in the Thin  Regime 
Kinetic growth laws relating oxide thickness and oxida- 

tion time may describe distinctly different rate-limiting 
processes while having the same mathematical form (17). 
As an example, in the Deal-Grove linear-parabolic model 
of oxidation (8), linear growth could result if the rate- 
limiting step were either the flux at the oxide-gas inter- 
face or that at the Si-SiO2 interface. A parabolic growth 
law could result if the rate-limiting process were either 
the diffusion of oxygen to the oxide-silicon interface or 
the diffusion of silicon to the oxide-gas interface. In both 
situations, additional information obtained from other ex- 
periments was essential in identifying the rate-limiting 
process. Tracer experiments and oxidation results ob- 
tained when changing the flow of oxygen over several or- 
ders of magnitude (4-6) provided the additional informa- 
tion that helped identify the diffusion of oxygen and the 
reaction at the Si-SiO2 interface as the rate-limiting pro- 
cesses in the parabolic and linear regimes, respectively. 
Investigations of silicon oxidation in dry oxygen in the 
thin regime were usually limited in the experimental  con- 
ditions under which the reaction rate was studied. These 
limitations were subsequently reflected in the mult i tude 
of growth laws obtained such as linear, parabolic, linear- 
parabolic (with different rate constants), logarithmic, and 
inverse logarithmic (4-6). A comprehensive study of the 
reaction rate is therefore necessary because knowledge of 
a rate law under a limited set of experimental  conditions 
is insufficient to determine the reaction mechanism. This 
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Fig. 1. Oxidation of lightly doped (100)silicon in dry oxygen in the 

800%1000~ range. 

is why, in this work, a complete characterization of the 
dependence of the growth rate on all possible processing 
conditions was undertaken. 

To analyze the oxidation process in the early stages of 
SiO2 formation, it is important to discuss the assumptions 
on which the analysis is based. In earlier silicon-oxidation 
studies, it was shown that the linear-parabolic model is 
representative of the details of the oxidation process in 
the thick regime, namely, that oxide growth is the result 
of the transport of the oxidizing species through an ex- 
isting layer of oxide and their reaction with silicon atoms 
at the Si-SiO2 interface to form SiO2 (8). Mathematically, 
this was modeled by three fluxes in series under steady- 
state conditions---F, from the gas to the oxide surface, F~ 
through the oxide, and F3 at the Si-SiO2 interface. 

The resulting growth rate is expressed as (8) 

dXox B 
- -  - [ I ]  

d t  (2Xox + A) 

where 

and 

2DC* 
B - [2] 

N~ 

i ) [3] 
A =  2 D ( 1 +  ks 

and D and C* are the diffusion coefficient and solubility of 
the oxidizing species in the oxide, respectively, N, is the 
number  of oxidant molecules incorporated into a unit vol- 
ume of the growing oxide, k~ is the surface reaction-rate 
constant, and h is the gas phase mass-transfer coefficient. 

An oxidation rate higher than predicted by this model 
could be, in general, the result of additional processes not 
accounted for in the linear-parabolic model. These pro- 
cesses could be modeled as thickness and/or time depen- 
dent, or as a combination of both. Time-dependent pro- 
cesses are in contradiction with the steady-state 
assumption in the Deal-Grove model (8), and, conse- 
quently, silicon oxidation in the initial stages would be 
treated as a nonsteady-state process. If the oxidation rate 
increases as the result of additional fluxes, such fluxes 
would not occur in series with F1, F2, or F3 because that 
would further reduce the overall oxidation rate if they are 
the rate-limiting process, or the overall growth rate would 
remain unchanged if they are not. It is therefore con- 
cluded that rate enhancement  in the thin regime must be 
described by processes occurring in parallel with any one 
of these fluxes or with their entire sequence. In a most 
general case, the additional processes can be represented 
by excess fluxes AF,, AF2, and AF:~ in parallel with F,, F2, 
and F3, respectively, and F4 in parallel with their total se- 
quence, as illustrated in Fig. 2. 

Oxidant-species adsorption at the outer surface of the 
oxide caused by possible field effects on the oxygen spe- 
cies or by the porous structure of SiO~ at the onset of oxi- 
dation is an example of a process that may be represented 
by AFI. Flux AF~ may be the result of field-aided diffu- 
sion of ionized oxygen species or the transport of molecu- 
lar and atomic oxygen in neutral and ionized states across 
the oxide. The reaction that forms the oxide at the inter- 
face could be the result of the reaction of molecular and 
atomic oxygen (in neutral and ionized states) with silicon- 
silicon bonds, partially bonded surface-silicon atoms, or 
silicon vacancies at the Si-SiO~ interface. These additional 
surface fluxes can be modeled by AF3. Flux F4 possibly 
represents the transport of oxygen species along 
microchannels in the oxide to reach the interface and re- 
act with the substrate, thereby occurring in its entirety in 
parallel with the three-flux (F,-F2-F.~) process. Some of 
the details of the oxidation reaction can be altered by 
stress in the oxidizing structure because of its possible ef- 
fect on the transport and concentration of oxidizing spe- 
cies in the oxide or on the energy required for the surface 
reaction. 
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The expression for the growth-rate increase caused by 
the additional fluxes follows the same steps used to de- 
rive the linear-parabolic relationship, In steady state 

F=F, +AF~=F2+AF2=F3+ AF3 [4] 

and the total oxidant flux becomes F + F 4. If F~, F2, and 
F3 are expressed as in the Deal-Grove model (8), the 
growth rate for the modified linear-parabolic model illus- 
trated in Fig. 2 can be written as 

2D { 2Xo~ ]AF2 2 D  
dXo~ N~ 

, t  

Based on the definitions of B and A i n  Eq [2] and [3], this 
relationship becomes 

spectively. It is therefore concluded that the oxidation- 
rate enhancement  in the thin regime can be analyzed as 
either a term added to the linear-parabolic rate or as one 
that multiplies it. Furthermore, the analysis can be done 
as a function of oxide thickness or oxidation time. Both 
analyses were done, and the discussion of the results here 
will be limited to the analysis as a function of the oxide 
thickness, which proved to be m o r e  physically 

F, [5] 
N, 

dXox 
( - - ] A F 3  + ( 2X~ + A-)F 4 
\ N1ks / 

dt 2Xox + A 
[6] 

from which it can be seen that oxidation-rate enhance- 
ment  in the thin regime can be analyzed as a term added 
to the parabolic rate constant B in the formulation of the 
linear-parabolic oxidation rate. It should be noted that the 
factors multiplying the AF2 and F4 terms are thickness de- 
pendent. Consequently, it can be concluded that, without 
further assumptions, the above expression does not con- 
tribute any additional insight concerning the location of 
the enhancement  process because the dependence of AF,, 
AF2, AF3, or F4 on oxide thickness would have to be inde- 
pendently known or assumed. One additional difficulty 
in delineating the physical processes involved is that, in 
the initial stages of oxidation, the oxide thickness is so 
much smaller than A that the linear-parabolic rate be- 
comes approximately thickness independent  and equal to 
the value of B/A. The total growth rate, therefore, can be 
expressed by two equivalent forms 

o r  

dXo• B 
dt (2Xo= + A) 

+ AR~(Xo• tox) 

B 

- + ARe(Xox,tox) 
A 

dXox B 
dt (2Xox + A) 

[1 + ARr(Xox,tox) ] 

[7] 

B r 
/ 1  + hR~(Xox,tox)] [8] 

A L 

where AR~(Xo~,tox) and AR,(Xox,tox) are additive "excess" 
and multiplicative "ratio" rate-enhancement terms, re- 
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Fig. 2. Modeling oxidation-rate enhancement in the thin regim e by 
adding additional processes in parallel to ('hose described by the linear- 
parabolic model. 

significant. As the oxidation approaches the onset of 
linear-parabolic kinetics, the rate-enhancement terms dis- 
appear and the expression for the oxidation rate reduces 
to that of the linear-parabolic model (Eq. [1]). 

In this study, the total oxidation rate was obtained by 
numerically differentiating experimental Xox-tox data 
using a five-point differentiation scheme (18). This ap- 
proach was made possible only because of the use of in 
situ ellipsometry in obtaining closely spaced data points, 
as illustrated in Fig. 1. Once the total oxidation rate was 
calculated, the linear-parabolic contribution was sub- 
tracted, resulting in the excess in growth rate ARe charac- 
teristic of the thin regime, as given by Eq. [7]. Values of B 
and B/A appropriate to this study were obtained as de- 
scribed in Ref. (16) and are in general agreement with 
earlier results. 

Experimental  Results 
The dependence of the growth rate on oxide thickness 

is discussed for lightly doped silicon oxidized in dry oxy- 
gen and oxygen-argon mixtures and for heavily doped sil- 
icon oxidized in dry oxygen. 

Oxidation of lightly doped silicon in dry oxygen.--The 
dependence of the silicon-oxidation rate on oxide thick- 
ness for (100) silicon in the 800~176 range is plotted in 
Fig. 3. Similar results were obtained for (111) and (110) 
orientations (15). In every oxidation run, 33 data points 
were taken at equal t ime intervals. A first set of experi- 
ments covered the oxide growth up to -600~. As a result 
of the fast initial growth at the onset of oxidation, the 
number  of data points in the first 100]~ was limited. This 
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Fig. 3. Oxide-thlckness dependence of the growth rate for the oxida- 
tion of lightly doped (100) silicon in dry oxygen in the 800%1000~C 
range. The solid lines are plots of the linear-parabolic rate. 
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necess i ta ted  that  a second set of expe r imen t s  was carried 
out  in wh ich  more  closely spaced data po in ts  were  ob- lO 2 
ta ined  in the  first 100]~. 

The  ox ida t ion  rate expressed  by the  l inear-parabolic  
mode l  (Eq. [1]) is also plot ted  as a func t ion  of  thickness.  It 
is observed  that  the  rate is h igher  t han  that  p red ic ted  by  .~ 
the l inear-parabol ic  mode l  up to 250-350A and that, be- v 
yond this th ickness ,  g rowth  is l inear-parabolic.  Rate  en- J 
h a n c e m e n t  can  be d iv ided  into an initial phase  ex tend ing  z ~ l o  1 

f rom the na t ive-oxide  th ickness  up  to 40-50~ at 800~ and u) 
-100~ at 1000~ where  the  rate rapid ly  decreases  wi th  z 

O 
thickness,  and an in te rmedia te  phase  where  it decreases  u 
asymptot ica l ly  to the  poin t  of  onset  of  l inear-parabolic  ki- ,~ 
netics. The SiO2 growth  rate on (100) is s lower  than  on 

z 
(111) and (110) at all t empera tu res  and over  the  ent ire  7"' 

1 0  0 th ickness  range. At  all t empera tures ,  the  growth  rate of 
SiO2 on (110) starts h igher  than  in (111) unti l  a certain x 
th ickness  is r eached  were  this order  reverses.  ,,', 

Plots  of  oxidat ion-ra te  enhancemen t ,  expressed  in the  0_ 
form of an addi t ive  t e rm hRe(Xo~), for the  ox ida t ion  of 
(100) l ightly doped  sil icon oxid ized  in dry oxygen  in the  
800~176 range  are shown in Fig. 4. These  are semi log  
plots obta ined  by subt rac t ing  the  l inear-parabol ic  rate 
f rom the total  oxida t ion  rate at every  oxide  thickness .  
Similar  resul ts  were  obta ined  for (111) and (100) orienta- 
t ions (15). It  can be  seen that  the  excess  rate, for all orien- 
ta t ions and at all t empera tu res ,  has  an initial phase  ex- 
t end ing  to ~50J~ and an in te rmedia te  phase  ex tend ing  103 
f rom tha t -po in t  to the  onset  of l inear-parabol ic  kinet ics;  
this suggests  tha t  hR~(Xox) can be expressed  as the  sum of 
two terms.  The  parallel  straight-l ine dependence  of  = 
ARe(Xox ) on  th ickness  (on a semi log  plot) in the  in termedi-  
ate phase suggests  that  the  fit could  be accompl i shed  " ~  
with a t e rm tha t  exponent ia l ly  decays  wi th  thickness.  r 
When AR~(Xo~) in the  initial phase  was calculated and z ~ 1~ 
plot ted on a semi log  plot, it could  also be  fi t ted to a sec- 
ond te rm that  decays  s imilar ly wi th  thickness .  The ex- z o 
press ion of the  total  g rowth  rate is t h e n  wr i t ten  as u 

dXox _ B 
- -  Z dt (2Xo~ + A) + C~e-~X~ + C2e-~X~ [9] ~- 

I0 I 
0 

The fo l lowing observat ions  apply  to the  in t e rmed ia t e  a_ 
phase  desc r ibed  by C~ and L~. ,x 

1. The character is t ic  l eng th  L2 is app rox ima te ly  inde- ,- a. 
p enden t  of  t empera tu re  in the  800~176 range, and its 
va lue  is 69, 78, and 60~ for (100), (111), and (110), respec- 
tively. 

2. The  cons tan t  C~ has  a single ac t iva t ion  energy  in the  
Arrhenius4ype plot shown in Fig. 5a, where it can be seen 
that C~ fits a simple rate expression in the form of 

C2 = C.ye - ~ s c ~  [10] 

The  p re -exponen t ia l  cons tan t  C~" and the  act ivat ion en- 
ergy AEc~ are l is ted in Table  I for the three  orientat ions.  
For  (100) and (111), AEc~ is near ly  the  same, whi le  that  of 
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Fig. 4. Oxide-thickness dependence of the excess in growth rate for 
the oxidation of lightly doped (100) silicon in dry oxygen in the 
800O-1000~ range. 
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Fig. 5. Temperature dependence of the pre-exponential constants C2 
and C~ for lightly doped (100), (111 ), and (110) silicon oxidized in dry 
oxygen in the 800~ range. 

(110) is lower.  The  average ratio of C~ (111):C~(100) is 
1.52:1. 

The  fo l lowing observat ions  apply  to the  initial phase  
descr ibed  by C1 and L,. 

1. The  character is t ic  l eng th  L1 increases  s lowly f rom 
7.7k at 800~ to 12.43 at 1000~ for (100) and f rom 10.9 to 
17.1k for (111). It  has a cons tan t  va lue  of  14.7A for (110). 

2. The  d e p e n d e n c e  of  C, on tempera ture ,  shown in Fig. 
5b, has  a break at -900~ For  (100) and (111), it is t emper-  
a ture  i n d e p e n d e n t  be low 900~ and the  ratio C,(100): 
C1(111) is 2.0:1; both  or ienta t ions  have  similar  va lues  
above  900~ For  (110), the  act ivat ion energy  in C~ changes  
f rom that  of  the o ther  two or ienta t ions  above  900~ to 
sl ightly lower  be low 90O~ Above  900~ the initial fit ted 
excess  rate can be  fit ted to an express ion  analogous to 
Eq. [10] wi th  the  va lues  of  C, ~ and AEq given  in Table  I. 
The  lack of  a wel l -behaved  t rend  in the  t empera tu re  de- 
p e n d e n c e  of  C, may  be a t t r ibuted  to the  fact that  it de- 
scribes the g rowth  of  the  first few layers of  SiO~ that  has  
been  shown  to d e p e n d  on res idual  t races  of  impuri t ies  re- 
maln ing  on the  surface after c leaning  and preoxida t ion  
procedures .  A l though  this was not  ver i f ied exper imen-  
tally, it is suspec ted  that  the  first exponen t i a l  contribu- 
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Table I. Pre-exponentiol constants C~ ~ and C, ~ and 
activation energies AEc2 and hEq 

for the oxidation-rate enhancement in the thin regime of (100), 
(111), and (110) lightly doped silicon oxidized in dry oxygen 

(]O0) (111) (110) 

C.2 (A/rain) 6.57 x 10 ~~ 5.87 x 10 '~ 5.37 x 108 
AEc2 (eV) 2.37 2.32 1.80 

T (~ C, ~ (/~/min) 3.04 x 10 ~ 4.87 x 10 ~ 3.21 x 10 ~4 
> 900~ hE(, (eV) 2.24 2.80 3.03 
T (~ C, ~ (~/min) 8.49 4.33 3.22 x 109 
< 900~ hEc, (eV) 0.00 0.00 1.87 

tion to the excess in oxidation rate is closely related to 
wafer cleaning and surface preparation procedures. 

Using the obtained values of CI, C2, L,, L2, B, and B/A in 
Eq. [9] and integrating numerically to fit the experimen- 
tal data, it was found that the first decaying exponential 
C, exp (-Xox/L,) affected the fit only slightly at oxide 
thicknesses up to ~50-100~. Neglecting this term results 
in errors of less than 5% in fitting the experimental data. 
A good empirical expression for the oxidation rate, there- 
fore, could include only the second decaying exponential 
in addition to the linear-parabolic term. 

Oxidation of lightly doped silicon in dry oxygen-argon 
mixtures.--Based o n  t he  s t eady- s t a t e  a s s u m p t i o n  in  t he  
l inea r -pa rabo l i c  m o d e l  and  the  va l id i ty  of  H en r y ' s  law, 
t he  c o n c e n t r a t i o n  of  ox id iz ing  spec ies  in  t he  ox ide  C* a n d  
the  pa rabo l i c  r a t e  c o n s t a n t  B (Eq. [2]) are  b o t h  d i rec t ly  
p r o p o r t i o n a l  to o x y g e n  par t ia l  p r e s s u r e  in  t he  ox id iz ing  
a m b i e n t .  C o n s e q u e n t l y ,  t he  g r o w t h  rate,  e x p r e s s e d  as a 
f u n c t i o n  of  t h i c k n e s s  (Eq. [1]), is e x p e c t e d  to h a v e  a l inea r  
d e p e n d e n c e  on  o x y g e n  p r e s s u r e  b e c a u s e  A does  no t  de- 
p e n d  o n  C* (Eq. [3]). F r o m  t h e s e  cons ide ra t i ons ,  it is con-  
c l u d e d  tha t ,  a c c o r d i n g  to t h e  l i nea r -pa rabo l i c  model ,  t he  
oxidation rate should be linearly proportional to the par- 
t ial  p r e s s u r e  of  o x y g e n  at  a n y  t h i c k n e s s .  Fo r  th i s  reason ,  
o x y g e n  p r e s s u r e  ana lys i s  is d o n e  in  t he  fo rm of  ra te  vs. 
t h i c k n e s s  p lo t s  at  d i f fe ren t  p ressures .  

F igure  6 p lo t s  the  d e p e n d e n c e  of t he  g r o w t h  ra te  on  ox- 
ide  t h i c k n e s s  for the  ox ida t ion  of  l igh t ly  d o p e d  (100) sili- 
con  in d ry  O,, d i l u t ed  by  a rgon  s u c h  t h a t  the  par t ia l  pres-  
sure  of  o x y g e n  in t he  ox id iz ing  a m b i e n t  is 0.10 arm. 
F igu re  7 p lo t s  t he  r e su l t s  o b t a i n e d  at 0.01 arm. Here  again,  
s imi la r  r e su l t s  we re  o b t a i n e d  for (111) a n d  (110) or ienta-  
t ions  (15). T h e s e  e x p e r i m e n t s  d id  no t  cove r  ox ide  g r o w t h  
up  to 500-600A b e c a u s e  t he  o x i d a t i o n  ra te  is r e d u c e d  at 
lower  o x y g e n  par t i a l  p r e s s u r e s  a n d  u n u s u a l l y  long  oxida-  
t i ons  w o u l d  h a v e  b e e n  necessa ry .  O x i d a t i o n  t i m e  was  lim- 
i t ed  to 5h. As a resul t ,  t h e  l inea r  a n d  pa rabo l i c  ra te  con-  
s t a n t s  cou ld  no t  b e  d e t e r m i n e d  w i t h  a n y  d e g r e e  of 
conf idence ;  however ,  l ower  l imi t s  on  t h e  va lues  of  B a n d  
u p p e r  l imi t s  on  t h o s e  of B/A cou ld  be  ob ta ined .  The  
q u a n t i t a t i v e  analys is  of  ox ida t ion - r a t e  e n h a n c e m e n t  in  
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Fig. 7. Oxide-thickness dependence of the growth rate for the oxida- 
tion of lightly doped (100) silicon in a dry oxygen-argon mixture corre- 
sponding to 0.01 atm of oxygen partial pressure in the 800~176 
range. 

t he  t h i n  r e g i m e  at  o x y g e n  par t ia l  p r e s s u r e s  less  t h a n  1.0 
a t m  is, the re fore ,  b a s e d  on  t he  fo l lowing  da ta  ana lys i s  a n d  
the  o x y g e n - p r e s s u r e  d e p e n d e n c e  of B a n d  B/A p u b l i s h e d  
in  t he  l i te ra ture .  

Ox ida t i on  ra t e s  at  0.10 a n d  0.01 a t m  h a v e  a t h i c k n e s s  
d e p e n d e n c e  s imi la r  to  t h a t  o b s e r v e d  at 1.00 a t m  w h e r e  
the  g r o w t h  is e n h a n c e d  in t he  t h i n  r e g i m e  a n d  two p h a s e s  
are ident i f ied.  In  all t h r ee  o r ien ta t ions ,  t he  ini t ia l  p h a s e  
extends from - 30 to 80]~ at 0.I0 atm and from - 20 to 40• 
at 0.01 atm in the 800~176 range. Rate crossover be- 
tween (111) and (Ii0) occurs at 0.i0 arm at all tempera- 
tures in the 800~176 range where (II0) oxidizes faster 
than (IIi) below the crossover point. The growth rate of 
(i00) substrates is slowest over the entire thickness range. 
In contrast, the oxidation of (Ii0) silicon is fastest at 0.01 
atm, and crossover is observed between (I00) and (iii) at 
20 and 45A at 900 ~ and 950~ respectively. The rate of 
SiO2 growth on (Iii) is higher than on (I00) over the entire 
thickness range at 850 ~ and 800~ 

A comparison of the oxidation rates at 1.00, 0.i0, and 
0.01 arm is important in determining the dependence of 
the concentration of oxidizing species in the oxide on the 
oxygen partial pressure in the ambient. Figure 8 is a plot 
of the dependence of the oxidation rate of (lid silicon at 
950~ on thickness at the three values of oxygen pressure. 
Past the initial phase, which extends up to -50-60A, the 
growth rates are parallel (or have similar thickness depen- 
dence). At any thickness Xox beyond the initial phase, the 
rate Rp(Xox) at any pressure p can be obtained by dividing 
the growth rate at 1.00 atm, RL00(Xox), by a constant Ko 
such that 

1 
Rp (Xo• = -:-;-. R,.o0(Xox) 

~o 
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Fig. 6. Oxide-thickness dependence of the growth rate for the oxida- 
tion of lightly doped (100) silicon in a dry oxygen-argon mixture corre- 
sponding to 0.10 atm of oxygen partial pressure in the 800~176 
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Table II. Temperature dependence of the ratio Ko of the 
oxidation rates at 1.00 atm and at 0.10 and 0.01 arm in the 
800~176 range for (100), (111), and (110) lightly doped 

silicon oxidized in dry oxygen-argon mixtures 

Tox (~ (100) (111) (110) 

950 6.22 7.45 6.19 
900 6.36 7.16 6.14 

R t.,#R,~.,o 850 6.36 6.05 6.40 
800 6.18 6.17 6.08 

R Io#R,.o, 
950 36.5 57.2 40.6 
900 35.9 48.8 36.2 
850 36.9 35.4 30.2 
800 39.4 33.3 29.6 

Values  of  Ko for (100), (111), a n d  (110) s i l icon in  t he  
800~176 r a n g e  are  g iven  in  T a b l e  II. 

I t  c an  b e  s e e n  t h a t  Ko is nea r ly  c o n s t a n t  a t  all t e m p e r a -  
tu res  a n d  for  e a c h  va lue  of p. T he  sca t t e r  in  t he  va lues  at  
0.01 a t m  is a t t r i b u t e d  to t he  l imi t ed  t h i c k n e s s  r a n g e  of the  
e x p e r i m e n t s .  F i g u r e  9 is a p lo t  of the  n o r m a l i z e d  oxida-  
t ion  ra te  (Rp/R~.oo or 1/Ko) as a f u n c t i o n  of  p. I t  c an  be  seen  
t h a t  the  o x i d a t i o n  ra te  in  t he  t h i n  r e g i m e  ha s  a p r e s su re  
d e p e n d e n c e  of ~p0.8 w h i c h  is in  a g r e e m e n t  w i t h  the  
f ind ings  of  a h i g h  p r e s s u r e  o x i d a t i o n  s t u d y  in  dry  oxy- 
gen  (19) w h e r e  t he  l inea r  ra te  c o n s t a n t  B/A was f o u n d  to 
h a v e  a p0.tp0.8 p r e s s u r e  d e p e n d e n c e .  T he  va r i a t ion  in Ko 
wi th  t e m p e r a t u r e  at  0.01 a t m  c o r r e s p o n d s  to a p r e s su re  
d e p e n d e n c e  of ~p0.74 at 800~ to ~p0.Ss at  950~ This  is 
s h o w n  in Fig. 9 b y  t he  s p r e a d  of  t he  da ta  po in t s  t o w a r d s  
lower  o x y g e n  par t ia l  p ressu res .  I t  is also in qua l i t a t ive  
a g r e e m e n t  w i t h  a p r e s s u r e  d e p e n d e n c e  of  ~p0.5 o b s e r v e d  
at low t e m p e r a t u r e s  a n d  ~p~.0 at  h i g h  t e m p e r a t u r e s  in  the  
700~176 range ,  for t he  n o r m a l i z e d  l inea r  ra te  c o n s t a n t  
o b t a i n e d  b y  Ghez  a n d  v a n  de r  M e u l e n  (20). Var i a t ion  in  
the  p r e s s u r e  e x p o n e n t  in  t he  two s t ud i e s  is a t t r i b u t e d  to 
d i f fe ren t  a p p r o a c h e s  to da ta  analys is ;  o x i d a t i o n  ra tes  are  
c o m p a r e d  in  th i s  s tudy ,  wh i l e  l i nea r  r a t e  c o n s t a n t s  were  
ex t r ac t ed  u s i n g  p u b l i s h e d  v a l u e s  of  t h e  pa rabo l i c  ra te  
c o n s t a n t s  in  t he  ear l ie r  s t u d y  (20). 

The  ana lys i s  of  t he  effect  of o x y g e n  par t ia l  p r e s s u r e  on  
the  o x i d a t i o n  ra te  of  l igh t ly  d o p e d  s i l icon d e m o n s t r a t e d  
t ha t  t he  g r o w t h  ra te  b e y o n d  the  in i t ia l  p h a s e  has  a p0.8 
p r e s s u r e  d e p e n d e n c e .  A n  ox ida t i on  s t u d y  at  h igh  pres-  
sure  in  d ry  o x y g e n  (19) h a s  also s h o w n  t h a t  t he  l inea r  ra te  
c o n s t a n t  ha s  a pO.7_pO.S p r e s s u r e  d e p e n d e n c e  a n d  t h a t  t he  
pa rabo l i c  r a t e  c o n s t a n t  is l inear ly  p r o p o r t i o n a l  to  pres-  
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the oxidation of lightly doped (100) silicon in a dry oxygen-argon mix- 
ture corresponding to 0.10 utm of oxygen partial pressure in the 
800~176 range. 

sure.  B a s e d  on  t h e s e  f indings ,  t he  q u a n t i t a t i v e  ana lys i s  
of ox ida t ion - r a t e  e n h a n c e m e n t  in  the  th i s  s t u d y  for Po~ < 
1 a rm is b a s e d  on  t he  a s s u m p t i o n s  t h a t  B is l inear ly  pro- 
po r t iona l  to p a n d  t h a t  B/A is p r o p o r t i o n a l  to p0.S. 

The  d e p e n d e n c e  of  t he  excess  g r o w t h  ra te  ARe(Xox) on  
ox ide  t h i c k n e s s  for  (100) s i l i con  is p lo t t ed  in  Fig. 10 a n d  
11 for  Pox = 0.10 a n d  0�9 arm,  respec t ive ly .  S imi la r  re- 
su l t s  were  o b t a i n e d  for (111) a n d  (110) (15). Th i s  excess  
cons i s t s  of  an  in i t ia l  p h a s e  t h a t  e x t e n d s  u p  to - 30-80~ at  
0.10 a t m  par t ia l  p r e s s u r e  a n d  to t h i n n e r  ox ides  at  0.01 
a tm,  a n d  an  i n t e r m e d i a t e  p h a s e  t h a t  m e r g e s  in to  l inear-  
pa rabo l ic  k ine t i c s  asympto t i ca l ly .  T h e s e  r e su l t s  are simi- 
lar  to t h o s e  o b s e r v e d  at  1.0 a tm.  Here,  again,  t he  excess  
ra te  cou ld  be  f i t ted w i t h  two t e r m s  e x p o n e n t i a l l y  de- 
cay ing  w i t h  t h i c k n e s s ,  as in  the  fo rm of  Eq.  [9]. 

The  e x t e n t  of  t he  i n t e r m e d i a t e  phase ,  as cha rac t e r i zed  
by  t he  decay  l e n g t h  L2, was  o b t a i n e d  a t  0.10 a tm  a n d  for  
900 ~ a n d  950~ r e su l t s  at  0.01 a tm  (where  the  ox ide  th ick-  
ness  was  large  e n o u g h  at  t he  e n d  of  the  ox ida t i on  to iden-  
t i fy the  i n t e r m e d i a t e  phase)�9 I t  was  f o u n d  to have  va lues  
s imi la r  to t h o s e  o b t a i n e d  at  1.0 a tm.  The  p r e - e x p o n e n t i a l  
c o n s t a n t  C2 is s h o w n  in  a n  A r r h e n i u s - t y p e  p lo t  for (100), 
(111), a n d  (110) in  Fig. 12, w h e r e  it can  be  f i t ted w i t h  a 
s ingle  ac t i va t i on  e n e r g y  of  1.51, 1.58, a n d  0.85 eV, respec-  
t ively.  The  s imi la r  va lues  for t he  ac t i va t i on  ene rg ies  of  
(100) a n d  (111) a n d  t h e  sma l l e r  v a l u e  for  (110) w e r e  a lso 
o b s e r v e d  at  1.0 a tm;  ac t iva t ion  ene rg i e s  at  0.10 a t m  are, on  
t he  average,  - 0 . 8  eV smal le r  t h a n  at  1.0 a tm.  

The  e x p o n e n t i a l l y  decay ing  t e r m  C1 exp  (-Xox/L1) rep-  
r e s en t s  t he  fas t  g r o w t h  o b s e r v e d  at t he  onse t  of ox ida t ion  
a n d  u p  to - 50A. No w e l l - b e h a v e d  t e m p e r a t u r e  depen-  
d e n c e  of  C1 was  obse rved ,  a n d  the  cha rac t e r i s t i c  l e n g t h  L1 
d e c r e a s e d  f rom -10-20A at  950~ to ~4-7/~ at  800~ As oh- 
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sure in the 80ff'-95~C range. 

served in atmospheric oxidations, this decaying term 
could also be neglected in the expression of the total oxi- 
dation rate with less than 5-7% error in the fit to oxida- 
tion data. 

The 0.01 atm oxidations were not carried out to oxide 
thicknesses where the intermediate phase could be 
quantitatively characterized, except  at 900 ~ and 950~ 
where the characteristic length of the intermediate phase 
was found to be similar to 1.0 and 0.10 atm results. 

The pressure dependence of the pre-exponential con- 
stant C2 was found to increase monotonically from pe.~7 at 
800~ to p0.Ss at 950~ for (100), from p0.60 at 800~ to p0.93 at 
950~ for (111), and was nearly constant at p0.83 for (110) in 
the 800~176 range. This pressure dependence is similar 
to that observed for the linear rate constant B/A and dis- 
cussed earlier. 

In summary, oxidation-rate enhancement  at lower par- 
tial pressures of oxygen has a thickness dependence simi- 
lar to atmospheric oxidations. The extent  of the interme- 
diate phase in oxide thickness is nearly unaffected by 
oxygen pressure, whereas the activation energy of the 
pre-exponential constant in the enhancement  term is 
smaller at reduced partial pressures. The pre-exponential 
constant C2 was found to have a pressure dependence 
similar to the linear rate constant B/A. 
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Fig. 14. Oxide-thickness dependence of the growth rate for the oxida- 
tion of (i  00 )  silicon doped with 3.2 • 10 ~~ cm-3 phosphorus, in dry oxy- 
gen in the 800~176  range. 

Oxidation of  heavily doped silicon in dry oxygen .--Fig- 
ures 13 and 14 plot the thickness dependence of silicon- 
dioxide growth rate on (100) silicon wafers doped with 
phosphorus at 1.8 • 10 ~~ cm -~ (medium doped [MD]) and 
3.2 • 1020 cm -3 (heavily doped [HD]) oxidized in dry oxy- 
gen in the 800~176 and 800~176 ranges, respectively. 
Based on these plots and the results on lightly doped sub- 
strates shown in Fig. 3, the oxidation rate increases with 
doping at all temperatures and over the entire thickness 
range. Beyond the initial phase (< 100k), lightly doped 
(LD) substrates exhibit  parallel plots of rate vs. thickness 
in the 800~176 range, whereas, in MD and HD sub- 
strates of both orientations, the difference in oxidation 
rates decreases with increasing thickness. This is ex- 
pected because, in heavily doped silicon substrates, the 
linear rate constant B/A is greatly enhanced and the para- 
bolic rate constant B is only modestly enhanced at low 
temperatures (21, 22); consequently, the transition from 
linear to parabolic kinetics occurs at a thinner oxide 
thickness. 

The oxidation rate as expressed by the linear-parabolic 
relationship is also plotted in Fig. 13 and 14 as a function 
of thickness. The values of B and B/A were determined 
from the growth data as described elsewhere (16). It can 
be seen from Fig. 13 and 14 that the growth rate of HD 
substrates is enhanced during the initial stages of oxida- 
tion over a thickness range that decreases from - 300A at 
1000~ to - 754 at 800~ In MD wafers, the rate enhance- 
ment  extends over a similar thickness range, approaches 
a constant value at lower temperatures, and its thickness 
dependence rate is identical for the two orientations; (111) 
is 1.5 -+ 0.1 larger than (100). 

The excess in growth rate hRe(Xox) in the oxidation of 
heavily doped silicon substrates was calculated by sub- 
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tracting the linear-parabolic contribution as before, but 
with the appropriate doping dependent values of B/A. It 
is plotted as a function of oxide thickness in Fig. 15 for 
(i00) HD substrates. Similar results were obtained for 
(111) HD substrates (15). In comparison with lightly 
doped substrates, which show two distinct phases in the 
excess rate, hRe(Xox) for HD substrates has only one ap- 
parent phase that decays exponentially with thickness, 
and it accounts for oxidation-rate enhancement from the 
onset of oxidation. The absence of the initial growth 
phase (C~, L~) observed on lightly doped substrates may 
be due to the large enhancement in the other rates caused 
by the high doping levels effectively obscuring it. It may 
also be related to phase separation and/or precipitation of 
the dopant into the oxide near the interface, as a limited 
TEM study of the heavily doped samples revealed small 
heavily doped silicon inclusions in the oxide at the inter- 
face. The total growth rate can be therefore expressed as 

dXox B 
- -  - + C2e-(Xo~ la~ [12] 

dt (2Xo~ + A) 

In the heavily doped wafers, an Arrhenius-type plot of the 
pre-exponential constant C2 in Fig. 16 indicates a single 
activation energy hEc~ of 1.87 and 1.77 eV for (100) and 
(111), respectively. It is interesting to note that C~ is 
higher for (100) than for (111) and that its activation en- 
ergy is smaller than in lightly doped substrates, with (100) 
and (111) again having similar values. The magnitude and 
thickness extent  of the rate enhancement  in both HD and 
LD substrates are similar. It should also be noted that 
heavy phosphorus doping in the substrate greatly en- 
hances the linear rate constant B/A but increases the ex- 
cess oxidation rate associated with the thin regime only 
moderately. It can be concluded that, to a first order, 
doping does not affect the oxidation enhancement  pro- 
cess in the thin regime. 

The excess oxidation rate in MD wafers is plotted in 
Fig. 17 as a function of thickness in (100) silicon. Similar 
results were obtained for (111) (15). Only one phase that 
exponentially decays with thickness is observed. The 
temperature dependence of C2 is not a singly activated 
process, and the characteristic length L2 is also a strong 
function of temperature, decreasing from ~ 85A at 950~ 
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to -15A at 800~ The enhancement  in the excess term 
when compared to LD substrates is smaller than that in 
the linear rate constant at high temperatures but is 
greater at low temperatures. The results should be ana- 
lyzed in conjunction with the strong phosphorus redistri- 
bution occurring during the early stages of oxidation 
when phosphorus is depleted near the Si-SiO~ interface 
and the concentration of electrically active species is re- 
duced (23, 24). 

In the case of heavily doped substrates, the high con- 
centration of phosphorus is sufficient to maintain the 
solid solubility level in spite of the redistribution 
occurring simultaneously. This gives rise to an effectively 
fixed electrically active surface concentration during the 
oxidation and, therefore, to well-behaved C2, L2, and B/A. 
This is not the case, however, with moderately doped 
substrates where the time dependencies of the redistribu- 
tion process are clearly involved. The variation of C2 and 
L2 in Fig. 17 is therefore not necessarily an indication of a 
change in the physical mechanisms involved. 

In summary, the magnitude of oxidation-rate enhance- 
ment in heavily doped samples in the thin regime is only 
slightly increased by the doping level in the substrate, 
and its thickness extent is unaffected. This is in contrast 
with the large enhancement in the linear rate constant. 
The excess reaction proceeds with an activation energy 
lower than in lightly doped substrates. These results indi- 
cate that, in a first-order analysis, the surface-reaction 
mechanism in the thin regime proceeds independently of 
and in parallel with the mechanism enhancing B/A of 
heavily doped substrates. 

Conclusions 
Oxidation-rate enhancement  during the early stages of 

the oxidation of silicon in dry oxygen can be modeled by 
adding a term that exponentially decays with thickness to 
the rate expression of the linear-parabolic model. This 
added term has a prefactor that reflects the excess rate at 
which the reaction proceeds and a characteristic length 
that represents its extent  in thickness. The activation en- 
ergy of the excess rate was found to be a function of sub- 
strate doping density and oxygen partial pressure in the 
ambient. The characteristic length was observed to be 
nearly independent  of substrate orientation, doping level, 
and of the partial pressure of oxygen. The oxidation of 
medium-doped samples during the early stages reflects 
the transient redistribution of phosphorus near the 
interface. 
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Thermal Oxidation of Silicon in Dry Oxygen: 
Growth-Rate Enhancement in the Thin Regime 

II. Physical Mechanisms 
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Eugene A. Irene *,~ 
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ABSTRACT 

In many studies of oxidation kinetics, it has been observed that silicon-dioxide growth in dry oxygen in the thin 
film regime (<500~) is faster than predicted by the linear-parabolic description of the growth of thicker layers. Oxida- 
tion-rate enhancement  in the thin film regime was studied in the 800~176 range for a variety of substrate orienta- 
tions, doping densities, and oxygen partial pressures using in situ ellipsometry. The results were reported in part I of 
this paper. In this part, the physical mechanisms previously proposed to explain the rate enhancement  are discussed. 
No single model was found to apply under  all experimental conditions. A new understanding of the growth-rate en- 
hancement  in the early stages of silicon oxidation in dry oxygen is introduced. 

Silicon oxidation occurs as a result of the transport of 
oxidizing species through the existing oxide to react with 
silicon at the Si-SiO~ interface and form silicon dioxide. 
Knowledge of the physical processes that affect thermal 
oxidation is important in optimizing the applications 
where SiO2 plays an essential role and in understanding 
the interaction between oxidation and other related phe- 
nomena, such as defect formation/suppression, impurity 
gettering, stacking fault growth/shrinkage, and impurity- 
dopant enhanced]retarded diffusion. This knowledge is 
vital in growing the highest quality oxides to be used as a 
gate dielectric material in high performance VLSI MOS 
circuits. The much-discussed growth-rate enhancement  
in the early stages of silicon oxidation in dry oxygen was 
investigated using in situ ellipsometry, and its depen- 
dence on temperature, substrate orientation, doping den- 
sity, and oxygen partial pressure was reported in part I of 
this paper (1). The results indicated that the total growth 
rate in the thin film regime can be expressed as a term 
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2Present address: Department of Chemistry, University of 
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exponentially decaying with thickness added to the lin- 
ear-parabolic rate. It was also observed that the thickness 
extent of the initial growth-rate enhancement  does not 
depend, in a first-order analysis, on substrate orientation, 
dopant density, or oxygen partial pressure and that the 
pre-exponential constant and its activation energy de- 
pend on these experimental parameters. 

This paper starts with a summary of the experimental 
results obtained in this study and reported in part I of this 
paper (1). The predictions of models already proposed to 
explain the enhancement  in silicon-dioxide growth rate in 
the early stages of silicon oxidation in dry oxygen are 
then compared with the experimental results of this 
study. It will be shown that these models have a limited 
range of success and could not be applied under  all ex- 
perimental conditions. A possible physical understanding 
of silicon oxidation in the thin regime which is consistent 
with all observed experimental results is then introduced. 

Summary of Experimental Results 
The silicon-dioxide growth rate in the thin regime un- 

der a wide variety of experimental conditions (substrate 
orientation, doping, and oxygen partial pressure) can be 
expressed as (1) 
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dXo~ B 
- -  - - -  + C~e -~o~jL~) + C2e-~o~IL2) (1) 

d t  2Xo~ + A 

The first term is the linear-parabolic term where B and 
B / A  are the parabolic and linear rate constants, respec- 
tively, as defined by Deal and Grove (3). Values for these 
rate constants used on this study were reported elsewhere 
(2). The two exponential  terms represent the rate en- 
hancement in the thin regime. They are defined in terms 
of pre-exponential constants C1 and C2 and characteristic 
lengths L~ and L2. The first decaying exponential  has a 
characteristic length on the order of 10~, is nonzero for 
the first 40-50~ of oxide growth, and vanishes for oxides 
thicker than 50A. The second decaying exponential has a 
characteristic length on the order of 70~ and is present 
from the onset of oxidation to an oxide thickness of 
~250A, where it decays to zero and where the growth be- 
comes pure linear-parabolic. 

In fitting Eq. [1] to oxidation data, it was observed that 
simplifying the expression of the total oxidation rate to 

dXo~ B 
- -  - + C2e-a,,xlL.., (2) 

d t  (2Xo~ + A) 

would result in only 5-7% error. The following observa- 
tions summarize the experimental  results in part I of this 
paper (1), as expressed by the dependence of the pre-ex- 
ponential constant C2 and the characteristic length L2 on 
experimental conditions. 

1. For lightly doped silicon substrates oxidized in dry 
oxygen, it was observed that L2 is independent  of temper- 
ature in the 800~176 range. Its value (-70 +- 10~) is, in 
a first-order analysis, independent  of substrate orienta- 
tion. The pre-exponential constant C~ is well behaved in 
its temperature dependence and fits a single activation- 
energy rate expression. Similar activation energies of 2.37 
and 2.32 eV were obtained for (100) and (111), respec- 
tively, and a smaller value of 1.80 eV for (110) (1). 

2. For lightly doped silicon substrates oxidized in dry 
oxygen-argon mixtures, the characteristic length L~ was 
similar to oxidations in 100% dry oxygen. The pre-expon- 
ential constant C2 was well behaved in its temperature de- 
pendence, again fitting a single activation-energy rate ex- 
pression. Activation energies for the three orientations 
were on the average 0.8 eV smaller than oxidations in dry 
oxygen. The pressure dependence of C2 was found to be 
_pO.8, which is the same as the average pressure depen- 
dence of the linear rate constant B / A  (1). 

3. For heavily doped silicon substrates (doped at solid 
solubility phosphorus) oxidized in dry oxygen, the char- 
acteristic length L., was unchanged from lightly doped ox- 
idations. The pre-exponential constant C2 was also well 
behaved with temperature with similar activation ener- 
gies of 1.87 and 1.77 eV for (100) and (111), respectively. 
By comparison with the magnitude of C2 for lightly doped 
oxidations, it was observed that heavy doping only mod- 
erately affected the amount of oxidation-rate enhance- 
ment in the thin regime. 

Oxidation-rate enhancement  in the thin regime can, in 
summary, be expressed by a term exponentially decaying 
with thickness. Its thickness extent is independent  of 
substrate orientation, doping level, and oxygen partial 
pressure in the oxidizing ambient. Its magnitude has the 
same pressure dependence as that of the linear rate con- 
stant and is only moderately affected by high phosphorus 
concentrations in the substrate. 

Review of Previous Models 
An evaluation of the models already proposed to ex- 

plain the fast initial regime is given here. These models 
fall into four groups: (i) space-charge effects where the 
enhancement  is electrochemical in nature, (ii) oxide- 
structure effects that provide additional oxidant trans- 
port, (i i i)  oxide stress effects influencing the diffusivity 
of oxidizing species in the oxide and the surface-reaction 
rate constant at the interface, and ( iv)  oxygen-solubility 
considerations in the oxide where growth would be en- 

hanced due to oxygen concentrations exceeding its solid- 
solubility limit. 

S p a c e - c h a r g e  e f f e c t s . - - A  number  of electrochemical 
mechanisms have been proposed to enhance the oxida- 
tion process in the thin regime (3-9). The transport of oxi- 
dant species by thermal diffusion has been proposed to 
be affected by an electric field existing across the oxide 
in the early stages of growth. Field-assisted oxidant diffu- 
sion was originally proposed by Cabrera and Mott (4) to 
account for metal-oxidation results. This phenomenon 
was proposed by Deal and Grove (3) to account for sili- 
con-oxidation results in dry oxygen in the thin regime. 

Theoretical analyses of the kinetics of metal oxidation 
emphasize only two types of rate-determining oxidation 
mechanisms (4). In the first, the oxide thickness is small 
in comparison to the extent of possible space-charge re- 
gions within the oxide, and the growth kinetics are 
strongly influenced by the voltage drop across the oxide 
film caused by contact-potential differences. In the sec- 
ond, the diffusion rate of either the oxidizing species or 
the metal across the oxide determines the oxidation ki- 
netics; the growth is then purely parabolic. The space- 
charge effect involves electrons readily available in the 
metal. These electrons penetrate the oxide either by tun- 
neling or by thermionic emission into its conduction 
band and then fill the surface states provided by the ad- 
sorbed gas molecules at the oxide-gas interface. A steady- 
state condition is then established in which the net elec- 
tronic current is close to zero, thereby equalizing the 
surface-state level and the Fermi level of the metal. This 
process results in a constant contact-potential difference 
between the two interfaces and an internal electric field. 
This field is assumed to be strong enough to alter signi- 
ficantly the activation barrier for the diffusion of ions or 
other charged defects. As a result, field-dependent trans- 
port of ionic defects constitutes the rate-limiting step. 
The model of Cabrera and Mort (4) yielded an inverse- 
logarithmic growth law. 

The rapid initial oxidation regime in dry oxygen and its 
absence in wet oxygen or steam have been interpreted by 
Deal and Grove (3) to be a result of space-charge effects. 
In their interpretation, the oxidizing species is ionic, and 
oxidation is enhanced until the oxide thickness becomes 
larger than the extent of the space-charge region within 
the oxide. This thickness is on the order of the extrinsic 
Debye length in the oxide 

Loox = ~ -  2qC* 

In dry oxygen, C* = 5 • 10 TM cm-3, kox = 3.9 and, therefore, 
at 1000~ LDox ~ 150~, which corresponds well with the 
oxide thickness beyond which the rapid initial-growth 
mechanism stops being effective. In contrast, for wet O2 
at 1000~ using C* = 3 • 1019 cm -'~, LDox ~ 54. Based on the 
linear pressure dependence of the parabolic rate constant 
B, Deal and Grove (3) concluded than no dissociation oc- 
curs at the oxide-gas interface, which implies that the dif- 
fusing species are undissociated molecules of oxygen or 
water for dry and wet O~ oxidation, respectively. Coupled 
with the findings of Jorgensen (5), where an electric 
field was observed to affect the oxidation of silicon, they 
suggested that the diffusing species in dry oxygen is a 
singly ionized oxygen molecule 02-. The field created by 
the space charge of the negatively charged oxygen ions 
should be directed toward the gas-oxide interface, as il- 
lustrated in Fig. la. 

The transport of the oxidizing species could also be en- 
hanced by a slightly different mechanism (6), itlustated in 
Fig. lb. Here, it is assumed that as a molecule of oxygen 
from the gas is adsorbed at the outer surface, and, after 
entry into the oxide, it dissociates into a negatively 
charged oxygen molecule O~- and a hole. Holes, diffusing 
more rapidly than O2-, move toward the Si-SiO.2 interface 
and drag the slower oxygen ions with them by the built-in 
electric field that results from the coupled motion of two 
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Fig. 1. Enhanced transport of ionized oxidizing species during the 
initial stages of oxidation in dry oxygen by field enhanced diffusion 
(a) and by coupled diffusion (b), 

charged species with different mobilities. This field aids 
the motion of the slower species. 

Hamasaki (7) proposed that negatively charged oxidant 
species are prevented from reaching the Si-SiO2 interface 
by the oxide field near the interface caused by the posi- 
tive oxide fixed charge Qr generated by the oxidation re- 
action. In this description, electrons reached the outer 
surface of the oxide by thermionic emission. The initial 
rapid growth is explained by oxides growing at a fast rate 
before a sufficient amount of Qf has been generated by 
the oxidation reaction. Once formed, the oxide fixed 
charge establishes an electric field that opposes the 
transport of negatively charged oxidizing species toward 
the interface. This description implies that the linear rate 
constant B/A is a measure of the surface reaction when 
the oxidizing species are under the influence of the Qr 
induced retarding field. For the same description of the 
oxidation process, Lu and Cheng (8) further assumed a 
mathematical form for the distribution of the oxide fixed 
charge and derived the oxidation rate constants corres- 
ponding to the thin (<300~) and thick regimes 

In analyzing the less-than-linear pressure dependence 
of the linear rate constant B/A, Hu (9, I0) proposed an in- 
termediate oxygen-chemisorption step where chemi- 
sorbed molecular oxygen may directly oxidize silicon at a 
slow rate or dissociate slowly into atomic oxygen which 
then rapidly oxidizes silicon. The chemisorption isotherm 
suggested to fit the pressure dependence was the 
Freundlich isotherm. The extra growth rate in thin re- 
gime was proposed to be the result of a possible parallel 
flux of negatively ionized atomic oxygen (O-) becoming 
more important for small thicknesses. Because of its 
smaller size, O- ions are expected to diffuse substantially 
faster than oxygen molecules. The free energy of O- at 
1200 K is i.I eV (9). The diffusion of ionized atomic oxy- 
gen is argued to be possible only if there is substantial 
electronic conduction by tunneling through the oxide (9). 
As a result, this mechanism would stop for oxide thick- 
nesses larger than - 150,~. 

The above-mentioned models based on space-charge ef- 
fects predict an inverse-logarithmic relationship between 
oxide thickness and oxidation time. The qualitative pre- 
dictions of such a growth law were successful in explain- 
ing the absence of enhancement in wet oxygen in com- 
parison to dry O~ (3). It should be noted, however, that 
these models are subject to the following considerations. 

I. Space-charge effects rely on the presence of ionized 
oxygen species in the oxide during growth and are based 
on Jorgensen's observations of the influence of an elec- 
tric field on the oxidation rate (5). These observations 
are, however, the subject of much debate. In a recent in- 
vestigation of the effect of electric fields and oxygen ion 
beams on silicon oxidation between 25 ~ and 950~ Modlin 
(11) reported results opposite of those of Jorgensen (5). 
When the surface of the oxide was made positive relative 
to the silicon substrate, the oxidation rate was enhanced, 
while for negative potentials it was slightly reduced. In 
reviewing Jorgensen 's  experimental  setup and results, 
Modlin (11) concluded that the platinum electrodes used 
in the earlier experiments  may have affected the oxida- 

tion process dramatically. Modlin's results indicated that, 
for diffusion-limited thermal silicon oxidation, the diffus- 
ing species is neutral molecular oxygen (11). 

2. Goodman and Breece (12) noted that, because the sol- 
ubility C* of oxygen in the oxide is weakly dependent on 
temperature, the Debye length Lno.~ in SiO2 would be pro- 
portional to the square root of the temperature. If this de- 
pendence of LDo~ holds down to lower temperatures, it is 
expected to be 125A at 600~ however, at that tempera- 
ture, the growth rate was observed to become approxi- 
mately linear with time for oxide thicknesses greater than 
-25~ (12). Similar behavior was observed for oxidations 
in water vapor at 60O~ (12). The thickness extent of the 
initial enhanced regime was found to be nearly indepen- 
dent of temperature in this study (I). These experimental 
observations (I, 12) are in disagreement with the pre- 
dicted temperature dependence of the extent of the initial 
regime as expressed by the Debye length in Eq. [3]. 

3. Further examination of Eq. [3] shows that L~o• is in- 
versely proportional to the square root of C*. Conse- 
quently, for oxidations at lower partial pressures of oxy- 
gen (lower values of C*), the Debye length should increase 
as would the extent of the fast initial regime. Results ob- 
tained in this study at 0.10 and 0.01 atm (I) indicate that 
the extent of the fast initial regime has a weak depen- 
dence on oxygen pressure and tends to decrease slightly 
at lower partial pressures, van der Meulen's study of the 
kinetics in the linear regime also showed that, for 
(lll)-oriented silicon oxidized in I0 and 1% oxygen in ni- 
trogen at 850~ growth is approximately linear beyond 40 
and 25~, respectively (13). As a result, the experimentally 
observed extent of the fast initial regime has a trend op- 
posite of that predicted from the dependence of L~,,~ on C*. 

4. In the above descriptions, the oxidation rate is en- 
hanced because of the effect of the electric field (due to 
electrons or due to Q~) on the transport of the ionized 
oxidizing species toward the Si-SiO~ interface. Because 
the oxidation process is, in principle, surface-reaction rate 
limited in the thin film regime, any process that would 
result in enhancing the transport of oxidant species 
through the oxide should have no effect on the growth 
rate. This is dependent on assuming steady-state condi- 
tions for the growth process as defined in the linear-para- 
bolic model (3). Additional transport mechanisms that re- 
sult in increasing the concentration of oxidizing species 
in the oxide above the solubility limit would enhance the 
oxidation rate in the thin film regime. Such a mechanism 
will be discussed when examining oxygen solubility con- 
siderations in the oxide. 

It should also be noted that although oxygen ions are 
attracted to the Si-SiO~ interface in the Deal-Grove (3) and 
Hu descriptions (9, 1O), they are repelled from it in the 
Hamasaki model (7). Both claim, however, to have the 
same effect on the oxidation rate. Further examination of 
the complete expression of the oxide growth in (7) indi- 
cates that, for the same flux of incoming oxidizing spe- 
cies, the net growth rate is reduced in the thin regime as 
compared with the thick regime as a result of the pres- 
ence of the electric field. This is intuitively clear because 
such field would repel the ionized oxidizing species away 
from the Si-SiO2 interface. 

Based on the previous discussion of the temperature 
and oxygen partial-pressure dependence of the thickness 
extent of the fast initial regime, it is concluded, at this 
time, that space-charge effects are not responsible for 
oxidation-rate enhancement in the initial oxidation re- 
gime in dry oxygen. 

Oxide structural effects.--A number  of proposals have 
been made to relate the fast oxidation rate in the thin re- 
gime to the oxide structure. Revesz and Evans (14) pro- 
posed that SiO2 films are noncrystalline and may contain 
structural microheterogeneities, especially micro- 
channels, along which diffusing species may transport 
preferentially. This is illustrated schematically in Fig. 2. It 
has been demonstrated (15) that the room temperature 
gaseous permeabili ty Of thermally grown SiO~ layers can 
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be considerably higher than in fused silica, and this in- 
crease was attributed to microchannels whose diameters 
are less than 50/L 

The formation of channels has been proposed to be 
closely related to the mechanism of oxide growth in tha t  
both the parabolic rate constant and the extent of the fast 
initial regime are higher in the (111) than in the (100) ori- 
entation of silicon, provided that the H20 content in the 
oxidizing ambient  is very low (16). This quasi-anisotropic 
behavior of the SiO2 film occurs when the channels are 
aligned perpendicularly to the silicon surface. In dry oxy- 
gen, the density of defects, at which interaction between 
02 molecules and SiO~ occurs, is limited to -10  TM cm -3. In 
contrast, the density of SiOH groups resulting from the 
interaction between H20 and SiO2 is on the order of 10 z~ 
c m - 3  As a result, in the noninteractive transport of O~ in 
SiO2, channels may be retained, while the interaction be- 
tween H20 and SiO2 acts against such structural ordering. 

Direct experimental  evidence of the existence of micro- 
pores was reported in a study of 90~ thermally grown 
SiO2 layers, using high resolution bright-field trans- 
mission electron microscopy (17). Contrast phenomena 
observed in images of films grown in dry oxygen are con- 
sistent with the existence of 10~ pores, typically 100~ 
apart. Similar, films grown in wet oxygen do not display 
this contrast. The presence of voids or micropores of 
5-8~ diam randomly distributed in dry SiO=, films were 
also confirmed by Srivastava and Wagner (18). In a study 
of the initial regime (up to 200~), Irene (19) attributed the 
more parabolic-like behavior of the data produced from 
H~O containing ambients to a greater protectiveness of 
wet oxides.-Dielectric breakdown measurements  revealed 
that there are fewer defects in the H20-grown thin SiO~ 
films, and transmission electron microscopy indicated 
that these films contain inhomogeneit ies smaller than 
50~. It was concluded, therefore, that the pore structure 
differs in dry and wet SiO.2 films, provides a short-circuit 
path to the Si-SiO~ interface for oxidant species that do 
not attack the SiO2 network (such as dry O~), and is re- 
sponsible for the variations in the  oxidation data and di- 
electric breakdown. 

In another study of the thermal oxidation of silicon up 
to 200/~ in dry O~ (20), growth followed a linear-parabolic 
behavior, but  with linear and parabolic rate constants dif- 
ferent from those characterizing the growth of thicker ox- 
ides (>300/~). Here, B/A was larger and B and Xi were 
smaller than their corresponding values for thick oxides. 
Based on these observations and the results of experi- 
ments where oxidation was . interrupted by a heat- 
t reatment and then reoxidized, Revesz (21) reported that 
the oxidation of silicon in dry 02 in the thin regime does 
not occur under true steady-state conditions because B 
and B/A change during oxidation. The fast initial regime 

does not require any special explanation, therefore, be- 
cause it is a manifestation of the nonsteady-state oxida- 
tion process. The structure of thermally grown SiO2 
films, including the Si-SiO2 interface, is determined by a 
combination of ordering and disordering effects. In- 
creased ordering enhances the diffusivity of 02 molecules 
along structural channels. The presence of H.20 in the 
oxidizing ambient has a great disordering effect on the 
structure of SiO~ because it interacts with SiO2 more 
strongly than does 02 whose behavior is similar to that of 
inert gases. Revesz concluded that this is the reason no 
initial fast regime is observed for oxidations in H,20. 

In the above discussion and as illustrated in Fig. 2, 
growth-rate enhancement  occurs as a result of localized 
points (such as point B) where microchannels or struc- 
tural defects meet the Si-SiO~ interface. This is a result of 
the concentration of oxygen species in contact with sili- 
con at point B being higher than at other interface areas 
(such as point A) covered with SiO~. The oxidation rate at 
these points is enhanced as a result of a localized higher 
concentration of oxygen in direct contact with silicon 
rather than a faster transport of oxygen through the oxide 
which would not affect the oxidation reaction because ox- 
ide growth in the linear regime is rate limited by the sur- 
face reaction. The lateral transport of high concentrations 
of oxidant species at the Si-SiO2 interface, as a result of 
micropores in the oxide, may be responsible for localized 
oxidation-rate enhancement around micropores and 
microchannels in the thin regime. 

Stress in silicon dioxide.--Stress measurements  in sili- 
con dioxide have been made at room temperature (22, 23) 
and at growth temperatures (24). Stress in the oxide mea- 
sured at room temperature is a result of the mismatch be- 
tween the thermal expansion coefficients of Si and SiO.,, 
and it develops as the oxidized wafer cools down from the 
oxidation temperature to room temperature. The oxide 
was found in a state of compressive stress. Intrinsic 
stresses resulting from the mismatch in the molar volume 
of Si and SiO2 exist at oxide-growth temperatures. For ox- 
ides grown in wet O~ (23), the intrinsic stress was found to 
depend on temperature. At 950~ and below, a compres- 
sive stress on the order of 7 • 109 dyrgcm ~ is generated in 
the oxide. At 975 ~ and 1000~ the oxide grows in a stress- 
free state, with possible small tensile stresses above 
1000~ When present, these intrinsic stresses are large 
enough to cause plastic deformation of the silicon sub- 
strate at growth temperatures. The temperature depen- 
d e n c e  is explained by viscous flow occurring in both 
steam- and dry oxygen-grown layers at -960~ (24). Stress 
in SiO2 has been linked to phenomena such as dislocation 
generation at borders of windows etched in oxide layers, 
bowing and slip processes of wafers, and impurity segre- 
gation and precipitation: The temperature dependence of 
the linear and parabolic rate constants above and below 
the viscous flow temperature was discussed elsewhere 
(2). These results suggested that stress in the oxide affects 
the transport of oxygen through the oxide and its reaction 
with silicon at the Si-SiO2 interface. A new formalism that 
explains the low and high temperature dependence of the 
linear rate constant on t h e  intrinsic stress was proposed 
by Irene (26). Intrinsic stress effects on the surface-reac- 
tion rate constant are a possible source of oxidation-rate 
enhancement  in the thin film regime. The appearance of 
high density thermal oxides grown at low temperatures 
was also explained in terms of a viscous flow model 
(27, 28). 

In a study of silicon oxidation in dry oxygen in the thin 
film regime, Fargeix and co-workers (29) suggested that 
the diffusivity of the oxidizing species is not constant 
across the oxide layer as a result of the influence of stress 
in the growing film. They proposed that diffusion 
through the first hundreds of angstroms of the oxide 
layer is slowed down due to compressive stresses in the 
SiO~ film. The increase in the diffusivity far from the oxi- 
dizing interface is presumably related to the relaxation of 
the stresses. These stresses were assumed to be maxi- 
mum at the Si-SiO2 interface and to decrease monotonic- 
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ally with a characteristic distance (a relaxation length) 
from the interface and toward the free surface of the ox- 
ide. It was found that this relaxation length (which would 
replace the characteristic length L2 in this work) is a 
strong function of temperature, increasing from -50/~ at 
980~ to larger than 650~ at 780~ for (100) silicon. This is 
in contradiction with the experimental  results of this 
study that showed that L2 is temperature independent.  
This stress model  is also in contradiction with the views 
of Tiller (30-32) that unless the interface relaxes to be- 
come partially incoherent, large amounts of strain energy 
are stored in the oxide, which results in greatly retarding 
the oxidation process. 

Here again, as in the evaluation of models where the 
transport of ionized oxidizing species is affected by elec- 
tric fields, stresses in the oxide, whether  they increase or 
decrease the transport of oxidizing species in the oxide, 
should have no effect on the oxidation process in a re- 
gime where growth is surface-reaction rate limited. It is 
possible, however, that stress might  affect the surface- 
reaction rate constant, as proposed by Irene (26) for 
thicker oxides and/or the solubiiity of the oxidizing spe- 
cies in the oxide. 

Oxygen  solubili ty in the ox ide . - -Accord ing  to Henry's 
law, the equil ibrium concentration C* of the oxidant in the 
oxide is related to the partial pressure p~ of oxidant spe- 
cies in the gas (C* = Hpg). This relationship holds only in 
the absence of dissociation or recombination of the oxi- 
dant species at the oxide-gas interface and when their 
chemical potential in the oxide is independent  of pres- 
sure (dilute case). Increased. solubility of O~ in SiO2 for 
very thin layers may be important in describing the fast 
initial dry oxidation of silicon (33) because it would re- 
flect an increase in the constant of proportionality in 
Henry's law when the oxide thickness is less than the 
mean spacing of oxygen solute molecules dissolved in the 
oxide. For C* = 5 • 10 TM cm -'~ and 3 x 10 TM cm -3 in dry and 
wet O2 (3), the average spacings are 270 and 32~, respec- 
tively. For thinner dry or wet oxide films, the description 
of solubility in terms of an equil ibr ium bulk quantity be- 
comes questionable because of spatial distribution of the 
solute molecules is nearly two dimensional. 
Details of the equilibrium described by Henry's law in- 

volve the balance of the fluxes of solute molecules in and 
out of the gas-solid interface for a given external gas pres- 
sure, as illustrated in Fig. 3. It is generally assumed that 
the solid is semi-infinite and that no reactions inside the 
solid affect the details of this equilibrium. These assump- 
tions are not valid for oxidation in dry oxygen for thick- 
nesses smaller than the average spacing between the so- 
lute molecules, where the flux of oxygen consumed at 
the nearby oxidizing interface affects the balance of in- 
ward and outward fluxes that-establishes the equilibrium 
conditions at the gas-oxide interface. 
To obtain a more realistic description of oxides thinner 

than the average spacing between oxidant molecules, a 
two dimensional structure, wherein solute molecules are 
packed, was suggested by Derbenwick and Anderson 
(33). It is not clear whether the solubility in such films is 
equal to the bulk equilibrium solubility in thicker films. 
The oxidation rate is directly proportional to the concen- 
tration of oxidizing species at the Si-SiO2 interface; a 
higher solubility in dry SiO2 films thinner than 270~ im- 
plies a proportionally faster oxidation rate. A simple 
model to test this solubility concept was proposed (33) 
based on the assumption that the effective solubility of 
oxygen into the oxide decreases exponentially in thin ox- 
ides. The oxidation-rate expression based on this assump- 
tion was similar to that obtained in part I of this paper (i) 
and resulted into a growth law of the form (33) 

[C* + C~176176176 (-~) 
Xox (tox) - Xox(O) - Lo in [C* + Coe -Xox(tox)~Lo] = to~ [4] 

where Xo~ (0) is the native-oxide thickness at the start of 
oxidation (to• = 0), C* the equilibrium bulk solubility, 
(C* + Co) the equil ibrium concentration at the surface, and 

Lo a characteristic length related to the equilibrium spac- 
ing of the solute molecules. The agreement between this 
expression and experimental  data was good at atmo- 
spheric pressure  but poor at reduced oxygen pressures 
(33), 

The dependence of the excess rate in the thin film re- 
gime on oxygen partial pressure is expected to be the 
same as that of the linear rate constant because of the 
concentration of the oxidizing species is expected to af- 
fect both by the same amount. Furthermore, for the oxi- 
dation of heavily doped substrates, the amount of en- 
hancement  in the linear rate constant and in the excess 
rate should be the same because oxygen in the oxide in 
excess of the solid-solubility concentration would be 
common to both the linear-parabolic oxidation process 
present on lightly doped substrates and the reaction pres- 
ent on heavily doped substrates. This expected behavior 
in the data analysis of heavily doped substrates was not 
observed experimentally, as the excess rate in the thin re- 
gime was found to be approximately independent  of the 
doping level (I). Until an independent measurement of 
oxygen solubility in thin oxides unquestionably demon- 
strates that it is enhanced over its values for thick oxides, 
such a mechanism is unlikely to be responsible for oxida- 
tion-rate enhancement in the thin regime. 

In conclusion, all models proposed to interpret oxida- 
tion-rate enhancement in the thin regime in dry oxygen, 
whether based on space-charge effects, oxide structure, 
oxide stress, or enhanced oxygen solubility in thin ox- 
ides, have limited success in accounting for growth-rate 
enhancement observed experimentally in this study, or 
have no physical, theoretical, or experimental justifica- 
tion. An understanding of silicon oxidation in dry oxygen 
based on the above results and discussions is now 
introduced. 

Mechanism of Silicon Oxidation in the Thin Regime 
In searching for the physical mechanisms responsible 

for the oxidation-rate enhancement  in the thin regime for 
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a surface-react ion ra te- l imited process,  one mus t  investi-  
gate  the  possible  ways  by which  the  two componen t s  of  
the  surface reaction,  namely,  the  concen t ra t ion  of  oxygen  
species and the  cont r ibut ion  of  the  s i l icon substrate,  can 
be influenced.  In o ther  words,  one should  invest igate  the  
mechan i sms  that  wou ld  affect the  flux of  ox idan t  species 
F~ c o n s u m e d  in the  surface react ion at the  Si-SiO2 inter- 
face. This flux is expressed  as F 3 = ksC~, where  ks is the  
surface-react ion rate  cons tan t  (which represen ts  the  con- 
t r ibut ion  of  the  substrate)  and C~ in concent ra t ion  of  
oxidiz ing species at tha t  interface.  Acco rd ing  to the  Deal-  
Grove  mode l  (3), the  oxida t ion  is surface-react ion rate 
l imi ted  for thin oxides, and the concent ra t ion  of  oxid iz ing  
species is un i fo rmly  d is t r ibuted  in the  oxide  and is at the 
sol id-solubil i ty limit.  

The th ickness  ex ten t  of  the rate e n h a n c e m e n t  (as given 
by L2) does  not  depend  on substra te  orientat ion,  dop ing  
density,  or oxygen  part ial  pressure.  These  observat ions  
suggest  that  the  ox ide  migh t  be respons ib le  for the rate- 
e n h a n c e m e n t  mechan i sm,  a s suming  that  the films do no t  
retain any re la t ionship  to the  under ly ing  substrate.  This 
is not, however ,  in ag reemen t  wi th  t h e  observed  depen-  
dence  of the  parabol ic  rate cons tan t  at low tempera tu res  
on substrate  or ienta t ion (25), wh ich  suggests  that  ox idant  
diffusivi ty and/or  solubil i ty depend  on the  substrate  ori- 
entation.  In  o ther  words,  ox ides  unde r  stress were  ob- 
served to carry a s ignature  of the  or ienta t ion of the 
under ly ing  substrate .  In addit ion,  the or ienta t ion depen- 
dence  of  the  e n h a n c e m e n t  term,  as ref lected in the  pre- 
exponent ia l  cons tan t  C2, indicates  that  the substrate  par- 
t ic ipates  in t he  react ion dur ing  the initial stages. 
Therefore,  it is inconc lus ive  f rom the  resul ts  of  oxida t ion  
of l ight ly  doped  substra tes  as to whe the r  the  enhance-  
men t  m e c h a n i s m  is in the  oxide  (a process  that  migh t  af- 
fect  the concen t ra t ion  of  oxygen  in SiO2) or in the  sub- 
strate (a process  by which  addi t ional  sites at the silicon 
surface are avai lable  for oxidation).  

The  analysis  of  the  rate e n h a n c e m e n t  in the  th in  reg ime  
at lower  part ial  p ressures  of  oxygen  showed  that  the  pres- 
sure d e p e n d e n c e  of  the  excess  rate  is, in a first-order 
analysis, the  same as that  of the l inear  rate cons tant  
(_pO.8). This indicates  that, w h e n  the oxygen  supply  to the  
surface react ion was var ied by changing  the  oxygen  par- 
tial pressure  in the  oxidiz ing ambient ,  both  the  l inear  sur- 
face react ion (descr ibed in the l inear-parabol ic  model)  
and the  th in  film reg ime  surface reac t ion  (responsible  for 
the excess  g rowth  rate in th in  regime)  are affected in the  
same manner .  This resul t  re inforces  the fact that  oxida-  
t ion in this th in  reg ime  is surface-react ion rate l imited,  
and that  the rate e n h a n c e m e n t  in the  th in  reg ime wou ld  
not  be affected by any m e c h a n i s m  that  wou ld  inf luence 
the t ranspor t  of  oxidiz ing species  th rough  the  oxide,  bu t  
by some  m e c h a n i s m  that  affects the  concen t ra t ion  of  02 
at the Si-SiO2 interface  and/or  the  way in which  the sili- 
con substra te  cont r ibutes  to the  ox ida t ion  reaction. As 
d iscussed  earlier, oxygen  concent ra t ions  in the  oxide  in 
excess  of  the  solid solubi l i ty  l imi t  cannot  expla in  the  
oxidat ion-rate  e n h a n c e m e n t  of heavi ly  doped  wafers  and 
is, therefore,  an unl ike ly  m e c h a n i s m  of excess  oxida t ion  
in the th in  film regime.  It can be concluded,  therefore,  
that  the  growth-ra te  e n h a n c e m e n t  in the  early stages of  
oxida t ion  is l ikely a resul t  of  an addi t ional  surface reac- 
t ion con t r ibu ted  by the si l icon substrate .  F r o m  these re- 
sults, however ,  no conclus ion  can be m a d e  on the  na ture  
of this substra te  contr ibut ion,  e x c e p t  that  its ex ten t  in the 
substrate  is i n d e p e n d e n t  of or ientat ion,  doping,  and oxy- 
gen  partial  pressure.  

In  heavi ly  phosphorus -doped  wafers,  i t  has been  ob- 
served that  the  l inear  rate cons tan t  B / A  is greatly en- 
hanced  by h igh  dop ing  levels  in the  substra te  (34, 35). 
This observa t ion  has been  a t t r ibuted  to increased  concen-  
t rat ions of  si l icon vacancies  resul t ing  f rom doping in- 
duced  shifts in the Fe rmi  level  at ox ida t ion  t empera tu res  
and to the  avai labi l i ty of  such vacanc ies  at the  surface to 
act as addi t ional  sites for the rmal  oxida t ion  (34, 35). In 
this s tudy  (1), it has been  observed  that  oxidat ion-rate  
e n h a n c e m e n t  in the  th in  reg ime  is only modera te ly  af- 

fected by heavy doping in the substrate. Vacancies may 
not be responsible for the excess rate because the in- 
crease in the linear rate constant with doping is much 
greater than that in the excess oxidation rate in the thin 
regime. From this observation, it can be concluded that 
the thin regime surface reaction is occurring at the Si- 
SiO2 interface independently of the surface reaction in 
heavily doped silicon. 

From the above discussion, the understanding of the 
oxidation process can be summarized as illustrated in 
Fig. 4. In lightly doped substrates, the reaction at the Si- 
SiO2 interface consists of the linear-parabolic reaction [l] 
and a parallel reaction [2] occurring only in the thin re- 
gime. The parallel reaction [2] represents the excess rate 
term that decays exponentially with thickness. In heavily 
doped substrates, an additional reaction [3], possibly va- 
cancy related, takes place in parallel with reaction [i] in 
the thick regime. Reactions [I] and [3] are combined at all 
thicknesses into a linear-parabolic term where rate con- 
stants would reflect their doping dependence. In the thin 
regime of the oxidation of heavily doped samples, all re- 
actions occur in parallel and the total oxidation rate is the 
sum of these three fluxes. In this case, the total oxidation 
rate is the sum of the doping dependent linear-parabolic 
term and the excess rate term that decays exponentially 
with thickness. The experimental observations in part I 
(I) indicate that reactions [2] and [3] are independent. 
A number of mechanisms occurring in the substrate 

could result in increasing the concentration of oxidation 
sites at the interface. By virtue of its being the surface of 
an unoxidized silicon substrate, it is expected that some 
departure from perfect crystallinity would be encoun- 
tered near the surface. This departure from bulk condi- 
tions could be in the form of damage, disorder, bond 
breaking, bond stretching, surface reconstruction, or 
vacancies (resulting from band bending caused by sur- 
face states pinning down the Fermi level at the surface). 
This departure from bulk conditions is an inherent prop- 
erty and would exist on any oxide-free surface. Oxidation 
occurring in a surface zone rather than an oxidizing inter- 
face is another possibility. An understanding of the oxida- 
tion of silicon based on the availability of additional oxi- 
dation sites in a surface layer, the possibility of the 
oxidation occurring in a surface zone, and the possible in- 
teraction of oxygen diffused into the substrate with the 
surface layer is developed here. 

A surface layer in the silicon substrate containing addi- 
tional sites for oxidation is responsible for the oxidation- 
rate e n h a n c e m e n t  in the  th in  film regime.  The  concentra-  
t ion of these  sites has a profile wh ich  decays exponen-  
tially with a character is t ic  l eng th  of  -30~ .  This  decay  

OXYGEN 

F 1 

S i O  2 

F 2 

SILICON 

Linear - parabo[ic 
surface reaction 

(1) 

Thin -regime 
surface r e a c t i o n  

(2) 

Vacancy-assisted 
surface -reaction 

(3) 

Fig. 4. Components of the interface reaction in the thin regime oxi- 
dation of silicon in dry oxygen. 



Vol. 132, No. 11 SILICON IN DRY OXYGEN 2699 

length in silicon corresponds to the average value of -70/~ 
observed for the characteristic length L2 in the data analy- 
sis as a function of oxide thickness. The nature of the ex- 
cess oxidation sites in the surface layer is not yet 
identified; however, if this layer represents the departure 
from perfect crystallinity expected at any surface, oxida- 
tion could be enhanced because St-St bonds have 
changed angles and/or bond energies or are broken in this 
layer. The orientation dependence of  the rate enhance- 
ment  reflects the influence of substrate orientation on 
the manner in which departure from perfect crystallinity 
occurs. This could also explain why the activation energy 
of the excess rate is orientation dependent. The depen- 
dence of the excess rate on oxygen partial pressure is the 
result of the limited supply of oxygen species at lower 
partial pressures. The thickness extent of the rate en- 
hancement is the same at lower oxygen partial pressures 
because the surface layer is a property of the substrate 
and does not depend on the ambient. The pressure de- 
pendence of the excess rate term at lower oxygen partial 
pressures indicates that the oxygen supply to the linear 
surface reaction is affected in the same fashion as that to 
the excess reaction occurring at the additional sites pres- 
ent in the surface layer. The surface layer is only slightly 
affected by high concentrations of phosphorus in the sili- 
con, and the resulting abundance of silicon vacancies 
caused by Fermi-level effects in the substrate adds an in- 
dependent parallel reaction path to the growth rate in the 
thin regime. The constancy of the thickness extent of rate 
enhancement is another indication of the additional oxi- 
dation sites being a property of the surface layer. The de- 
parture from perfect crystallinity at surfaces is intuitive 
and is not supported by experimental microscopy stud- 
ies. It should be remembered, however, that this disorder 
appears in the first few monolayers on the surface, and 
the experimental techniques used in such a study should 
have an appropriately high resolution. 

In a thermodynamic analysis of thermal oxidation, 
Tiller (30-32) developed a two-layer model of the oxide in 
which the thermodynamic driving force partitions itself 
differently than in a single-layer film. The hypothesis of 
an interfacial transitional layer enables the incorporation 
of a broader range of phenomena known to be associated 
with thermal oxidation into the kinetic model and could 
be potentially applied to express oxidation as occurring 
in a zone rather than on an abrupt surface. For this pur- 
pose, one might consider the possible influence of oxy- 
gen diffused into the silicon substrate at the onset of oxi- 
dation of an oxide-free silicon wafer in dry oxygen. In the 
brief nonsteady-state period at the start of oxidation 
when the silicon surface comes in contact with a high 
concentration of oxygen, it is possible for oxygen to dif- 
fuse into the silicon substrate. Because the diffusion of 
oxygen in silicon is accomplished by a one-jump process 
of interstitial oxygen from one St-St bond to an adjacent 
one (36), it is possible that oxygen which diffused in the 
substrate would affect the St-St bond breaking energy or 
angle distribution in the first few monolayers of the sili- 
con surface or would have partially oxidized silicon 
atoms below the surface. Estimates of the time required 
for oxygen to diffuse to a profile with a diffusion length 
of -30~ range from 5 ms at 1000~ to 0.35s at 800~ (36). 
The lack of orientation dependence of the excess rate in 
the thin regime is, however, not in disagreement with the 
orientation-independent diffusion of oxygen in silicon. 
The orientation dependence of the excess rate in the thin 
regime can be thought  of as reflecting the distribution of 
St-St bond breaking, weakening, or bending processes 
that might be attributed to the presence of oxygen in the 
silicon surface layer. This may also explain the difference 
in the activation energy of the excess terra with oxygen 
partial pressure. The dependence of the excess rate on 
oxygen pressure is a direct result of the reduction of oxy- 
gen diffusing into the silicon substrate at lower pressures. 
Oxygen diffusion is expected to be only slightly affected 
by the doping density in the substrate, which explains the 
weak effect of the substrate doping concentration on the 

enhancement  in the excess rate. This approach can be 
modeled, in principle, from published data of the diffu- 
sion coefficient of oxygen in silicon (36). 

Any understanding of growth-rate enhancement  in the 
thin regime has to explain the lack of such a phenomenon 
when silicon wafers are oxidized in steam or wet oxygen 
(3). The disordered silicon surface layer is expected to be 
present on all surfaces irrespective of the oxidizing ambi- 
ent and, consequently, a growth-rate enhancement  
should, in principle, be observed in wet oxidations. It is 
also possible, however, that as water molecules reach the 
Si-SiO2 interface to yield H2 molecules and atomic oxy- 
gen, the released hydrogen contributes at high tempera- 
tures to a reordering of the St-St broken-bond or bond- 
angle distributions in the surface layer resulting in a 
reduction or total elimination of the additional oxidation 
sites. It should also be remembered that atomic oxygen 
resulting from the decomposition of water at the interface 
is readily consumed in the surface reaction. 

Experimental difficulties are expected when attempt- 
ing to support any physical process proposed to explain 
oxidation-rate enhancement in the thin regime because 
the thickness of interest extends for only a few mono- 
layers of silicon. Progress in advancing the limits of 
detectability, resolution, and accuracy of high resolution 
experimental techniques will help identify the underlying 
physical mechanisms in the fast growth rate of SiO., dur- 
ing the early stages of oxidation in dry oxygen. 

Conclusions 
Physical processes (such as space-charge effects, oxide 

structure, oxide stress, and oxygen solubility in SiO~) pro- 
posed to account for oxidation-rate enhancement  in the 
thin regime were critically analyzed. An understanding of 
this phenomenon based on the presence of a surface 
layer, where a distribution of additional sites of oxidation 
is found, was proposed and is in agreement with all ex- 
perimental results. This surface layer represents a prop- 
erty of the surface and can be the result of the departure 
from bulk properties near the surface. The possible inter- 
action with oxygen diffused into the silicon wafer is also 
in agreement with this understanding. Further investiga- 
tions of thermal oxidation will help delineate the features 
of the silicon surface prior to oxidation and will be valua- 
ble in defining the nature of the additional oxidation 
sites. 
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Polyimide Adhesion 
Mechanical and Surface Analytical Characterization 

Rojesh G. Narechania, James A. Bruce,* and Sherrill A. Fridrnann 
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ABSTRACT 

The effects of surface treatments and cure temperature on polyimide to silicon nitride adhesion strength are dis- 
cussed. Results show the importance of surface cleanliness and the requirement for an adhesion promoter. X-ray 
photoelectron spectroscopy (XPS) was used to study the mode of failure at different cure temperatures. As the cure tem- 
perature is increased, the mode of failure goes from primarily cohesive to a mixed adhesive/cohesive failure, as inferred 
from the XPS data. 

Polyimide is currently being used as an interlevel insu- 
lator in semiconductor device manufacturing (1). Poor ad- 
hesion of polyimide at an interface will enhance moisture 
penetration and as a result will promote a loss in its 
passivation function. To improve polyimide adhesion, a 
thorough understanding of the chemistry involved is 
needed. In addition, it is important to know the mode of 
failure during adhesion testing. 

If the failure is adhesive (polyimide separating from an 
adhesion promoter or adhesion promoter from nitride), 
then the adhesion can be enhanced by improving the 
bonding or thermal stability of the interface (e.g., by 
means of variations in surface treatments, cure tempera- 
tures, or adhesion promoters). However, if the failure is 
cohesive (separation occurring in the polyimide film it- 
self), then changes in the interface would be ineffective in 
enhancing the adhesion. Rather, the internal mechanical 
strength of polyimide would have to be improved by 
making structural changes, such as molecuiaz weight and 
degree of cross-linking. 

The nature of the underlying surface plays a significant 
role in the adhesion characteristics of polyimide to that 
surface. Good adhesion of polyimide to an underlying 
surface (e.g., an oxygen-rich silicon nitride) requires an 
adhesion promoter such as 3-aminopropyltriethoxysilane 
(APS). Work done by Linde shows that APS chemically 
bonds to both the polyimide and the surface (2). The 
silane portion of the APS bonds to the surface, while the 
amino portion reacts with the polyimide precursor, 
polyamic acid (Fig. 1). It may be noted that, since the APS 
bonds to the surface through surface hydroxyl groups, 
enrichment of these groups will favor the adhesion 
process. 

A photoresist adhesion promoter, e.g., hexamethyl- 
disilazane (HMDS), is used to improve the wettability of a 
nitride surface to photoresist (Fig. 2). In semiconductor 
processing, photoresist can be applied and stripped sev- 

* Electrochemical Society Active Member. 

eral times before the application of polyimide. This can 
leave residual photoresist and/or HMDS on the surface 
before APS/polyimide is applied. This would prevent the 
reaction shown in Fig. 1 from occurring as completely as 
it would on a clean, oxygen-rich nitride surface. There- 
fore, chemical pretreatments (e.g., plasma cleaning) are 
needed to assure complete removal of photoresist/HMDS 
and thereby enhance polyimide adhesion. 

Another important  factor affecting the bonding (and 
thus the adhesion) is the cure temperature of the 
polyimide. The adhesion promoter, APS, has been shown 
to be thermally unstable at temperatures in excess of 
400~ (3). Saiki and Harada have shown a dependence of 
polyimide adhesion on its cure temperature using a dif- 
ferent polyimide with an aminosilane adhesion promoter 
(4). They found that the temperature dependence of the 
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~ ~?~ .o. .o  . ,  
C 2 H 5 0 ~  SI ~ OC2H5 C~2 I II (Polyamir Acld) 

OCzH s C~2 o 

- - O - S , - - O -  

Silicpn Nilride S~Lir NJttide 

i N~Z HNI.C R I 
/HO c~ cp \c/V".R, 

c~ ~ toJ 

Silicon Nilride $illcon Nilride 
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Fig. 1. The reaction af APS with e silicon nitride surface (a)end sur- 
face attached APS with palyamic acid (b). 
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Fig. 2. The reaction of HMDS with a silicon nitride surface 

adhesion was due to thermal decomposition of the 
aminosilane. 

It has been shown that a stress of 85~ temperature and 
80% humidity can degrade the adhesion of polyimide to a 
silicon nitride surface (5). Therefore, this test was used as 
a measure of long-term stability of adhesion to environ- 
ment. 

This paper shows the effects of surface treatment and 
cure temperatures on polyimide to silicon nitride adhe- 
sion strength and investigates the mode of failure during 
peel testing using x-ray photoelectron spectroscopy. 

Methods  and M a t e r i a l s  
Silicon nitride-deposited wafers were divided into two 

groups (Fig. 3). In group A, the wafers were oxygen 
plasma cleaned after applying and removing photoresist 
and HMDS. This group was divided into two subgroups. 
In subgroup I, APS was used; in subgroup II, no adhe- 
sion promoter was used. The APS was diluted to 0.1% 
(v/v) with water before puddle-spin application. Polyamic 
acid was obtained from E.I .  du Pont de Nemours 
and Company, as the amic acid solution of poly(N,N'- 
(p,p'-oxydiphenylene) pyromellitimide). The commercial  
equivalent is PI-2540. The polyamic acid was spun onto 
all the wafers. The wafers in subgroup I were cured in ni- 
trogen at 325 ~ 350 ~ 375 ~ 400 ~ and 425~ In group B, no 
resist was applied on the wafers. This group was divided 
into two subgroups: plasma clean and no plasma clean. 
All wafers were then treated with adhesion promoter, 
spun with polyamic acid, and cured at 400~ 

Group A Group B 

Fig. 3. A flow chart indicating the conditions used to prepare the wa- 
fers in group A and group B. 

The polyimide-coated silicon nitride substrates were 
mounted on an X-Y sliding stage. The samples were eval- 
uated by peeling films perpendicularly (Fig. 4) from the 
nitride surface on the Instron material testing system at a 
constant rate of 0.2 in./min. A load vs. elongation graph 
was plotted for each peeled sample, and adhesion peel 
strength in grams per millimeter was computed. The peel 
test was repeated on samples that were soaked in the 
temperature-humidity (T&H) chamber (85~ 80% humid- 
ity) for 168h. Each split consisted of a min imum of ten 
samples, and the reproducibility was in the range of 
5-10%. 

X-ray photoelectron spectra were obtained using the 
Hewlett-Packard Model 5950B spectrophotometer. All 
data were obtained by scanning in the survey mode over 
the binding energy range of 0-1250 eV. The resolution in 
the survey scans was -+1 eV. These spectra proved to be 
adequate for quantifying the elements present on the sur- 
face and for distinguishing between two different chemi- 
cal bonding environments for the nitrogen. Spectra were 
obtained using an Al Ks x-ray source and a low energy 
electron flood gun (2 eV, 0.4 mA) to eliminate possible 
charging of the sample. 

Peel Cr i te r ia  
A definite criterion for defining and computing peel 

strength was established (Fig. 5a-5c). A complete peel is 
defined as one during which the polyimide film across 
the entire width completely debonds from t h e  adhering 
surface. A partial peel is one during which the polyimide 
film does not completely debond across the width from 
the adhering surface, but only from a portion of the 
width. During a "no-peel" mode, polyimide does not peel 
at all from the surface, owing to film fracture. A peel 
strength measurement  at no peel, defined as a "mini- 
mum peel strength," represents not the actual peel 
strength but only its lower limit. The minimum peel 
strength is not a measure of the film tensile strength be- 
cause the test is performed in a peel test mode. Also, the 
largest observed no-peel force in this criterion is an esti- 
mate of the minimum peel strength provided no handling 
damage has occurred. 

A polyimide film may not peel either because the film 
is too brittle to support the cleavage stress at the tip of the 
peel or because handling damage has occurred. The latter 
situation will be compounded if the film is brittle. 

Historically, a no-peel condition is assumed to manifest 
excellent adhesion. However, this assumption is inaccu- 
rate simply because only the lower limit to the peel 
strength, and not the peel strength itself, is measured. 
Prior to a steady peeling from the cleavage site, a film 
must overcome the plastic deformation of the material (6). 
Therefore, in a no-peel situation, if the adhesion strength 
is much higher than the plastic strength of the material, 
then a high load to break the film is obtained. From this, 
a minimum peel strength can be computed by dividing 

p,~ PolyimJde Film 

(a) 1 Si ~ ~"~ Silicon Nitride 

Substrate & Nitride Cleaved 
Peel 
Direction 

1 (b) 

oP~ ,11 nSspreoe~L �9 O 2 ...... ] I~"~9 0 
Material Testing System --Polyimide 

/ 

Silicon Substrate i~Silfcon Ndride 
/ ' " /  / / / / / 

Clamped Rigidly 
Fig. 4. A cross-sectional representation of a polyimide-coated silicon 

nitride wafer in which the silicon and the silicon nitride have been 
cleaved in preparation far the peel test (a) and a sample as it is mounted 
for the ~ peel test (b). 
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Fig. 5. A representational top view of the polyimide-coated silicon ni- 
tride surface after a complete peel (o), a partial peel (b), and no peel (c). 
A plot of peel force vs.  time is shown in the inset for each case. 

the load at no peel by the film width. A brittle film will 
produce a significant load at no peel with high repro- 
ducibility if no handling damage is done. 

If the minimum peel strength measured in a no-peel sit- 
uation is within a reasonable limit and comparable to that 
with complete or partially peeled samples, then the mini- 
mum peel strength should be acceptable. However, if the 
minimum peel strength is significantly lower than when 
a complete peel is obtained, then the sample tested must 
be rejected because of the handling damage. 

Results 
Adhesion strength in all experiments was computed in 

grams per millimeter according to our peel criteria. All 
samples were viewed under a microscope to determine 
the mode of peeling. The results are examined in the 
three categories below. 

Effect of  plasma ash conditions on adhesion.--The re- 
sults in Fig. 6 show that plasma cleaning of HMDS- 
treated surfaces improved adhesion of polyimide to ni- 
tride by 92% for samples not subjected to T&H soak. 
T&H soaking of plasma-cleaned HMDS-treated samples 
caused minimal loss of adhesion, whereas those with no 
plasma clean lost 18% of their adhesive strength. 

On the other hand, surfaces not treated with HMDS 
showed an approximately 40% lower adhesion compared 
to HMDS-treated samples, whether or not they were 
plasma cleaned. In addition, these nontreated samples 
showed adhesion losses of approximately 30% after T&H 
soak. It is thus evident that adhesion is markedly en- 
hanced by the deposition and subsequent plasma oxida- 
tion of HMDS on the surface. 

0% 

[ Pre-Soak = m i l l  Post-Soak 

HMDS HMOS NO HMDS No HMDS 
Plasma NO Plasma Plasma No Plasma 

Experiments 

Fig. 6. A comparison of the peel strength before and after the T&H 
soak for samples prepared with and without plasma clean and HMDS. 
APS was used in all cases prior to applying polyimide. Polyimide was 
cured at 400~ 

Effect of  A P S  on the adhesion.--Figure 7 shows that 
polyimide adhesion strength deteriorated by 40% when 
adhesion promoter  APS was not used. After T&H, the 
group without APS reduced the adhesion strength to 
zero. In direct contrast, the group with APS retained ad- 
hesion strength after T&H soak. 

Effect of  cure temperature on polyimide/nitride ad- 
hesion.--The peel strengths were computed in this exper- 
iment after 168, 336, and 504h of T&H soak (Fig. 8). The 
results show that after 168h of soak all groups produced a 
no peel condition, and the minimum peel strength was 
highest when the polyimide was cured at 425~ After 336 
and 504h of soak, the polyimide cured at 375 ~ 400% and 
425~ began to peel, whereas those cured at 325 ~ and 
350~ produced no peel. Several points may be noted 
here. (i) There is a general tendency for the measured 
values to increase with T&H soak time. (ii) For samples 
which consistently failed to peel (i.e., those cured at 325 ~ 
and 350~ these increases can readily be explained as in- 
creases in the fracture toughness of the film caused by 
plasticization due to the T&H soak. (iii) For the samples 
which consistently peeled at the two longer soak times 
(i.e., those cured at 375 ~ 400 ~ and 425~ the measure- 
ment represents a true adhesive strength. 

Surface analytical characterization.--In order to fur- 
ther understand the differences between the various poly- 
irnide cure temperatures, XPS was used to examine the 
silicon nitride surface after peeling. Samples cured at 
375 ~ 400 ~ and 425~ were peeled after 504h of soak, and 
then the silicon nitride surface that was exposed by peel- 
ing off the polyimide was analyzed by XPS. Samples 
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E 20 
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40% �9 No APS 

0 i 
168 336 
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Fig. 7. A plot of peel strength vs. T&H soak time for polyimide-coated 
silicon nitride wafers prepared with (open Circles) and without (closed 
circles) APS. In both cases, HMDS and plasma clean were used and the 
films w e r e  cured at 400~ 
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Fig. 8. A plot of the peel strength vs.  the T&H soak time for polyimide- 
coated nitride samples cured at 325 ~ 350 ~ 375 ~ 400 ~ or 425~ APS 
was used in all cases, after HMDS and plasma clean. 

c u r e d  at  350 ~ a n d  325~ cou ld  no t  b e  ana lyzed  b e c a u s e  t he  
p o l y i m i d e  d id  no t  peel  f rom a la rge  e n o u g h  area  to Per- 
fo rm the  analys is .  S i l icon ni t r ide ,  A P S - c o a t e d  s i l icon ni- 
t r ide,  a n d  p o l y i m i d e  sur faces  were  ana lyzed  as con t ro l  
samples .  

Tab le  I s u m m a r i z e s  the  r e su l t s  f rom t h e  X P S  analysis .  
F igu re  9 s h o w s  s u r v e y  spec t r a  o b t a i n e d  f rom some  of  t he  
samples .  F i g u r e  10 shows  an  e x p a n s i o n  of  the  n i t r o g e n  l s  
s igna l  f rom Fig. 9. F r o m  Tab le  I a n d  Fig. 9, it c an  be  seen  
t h a t  t he  s i l icon s ignal  f rom t he  n i t r i de  sur faces  e x p o s e d  
by  pee l ing  i nc r ea se s  as t he  cure  t e m p e r a t u r e  increases .  
T h e r e  is also a n o t i c e a b l e  d rop  in the  c a r b o n  c o n t e n t  as 
the  cu re  t e m p e r a t u r e  increases .  In  all cases,  however ,  t he  
surface  e x p o s e d  by  pee l ing  off po ]y imide  does  no t  ap- 

Table I. Surface composition as determined by XPS 

Surface 

PI cure 
temperature Surface composition (a/o) 

(~ C N O Si 

Nitride after peel 375 79 5.5 14 1.1 
Nitride after peel 400 78 4.5 15 2.7 
Nitride after peel 425 70 7.7 15 7.2 
Nitride after peel 425 70 6.2 16 7.4 
Polyimide 350 78 5.7 16 - -  
Silicon nitride - -  6.8 37 14 42 
APS on nitride - -  17 30 16 37 

proach the composition of the silicon nitride surface 
alone or the silicon nitride plus APS surface. 

From Fig. 10, the nitrogen is signal shows signs of two 
different bonding environments (i.e., two overlapping ni- 
trogen signals of different binding energy) for the sample 
cured at 425~ as compared to the sample cured at 375~ 
The higher binding energy is associated with the imide 
nitrogen from the polyimide. The lower binding energy is 
associated with the nitrogen from either the silicon ni- 
tride or the APS. These assignments are confirmed by 
the spectra of the control sample and are in agreement 
wi th  r e p o r t e d  b i n d i n g  energ ies  for  p o l y i m i d e  (7), s i l icon 
n i t r i de  (8), a n d  A P S  (9). 

S c a n n i n g  e l ec t ron  m i c r o s c o p y  was  u s e d  to ana lyze  t he  
n i t r i de  sur face  af te r  pee l ing  off the  po ly imide .  No differ- 
e n c e s  were  f o u n d  in the  sur face  m o r p h o l o g y  for  s a m p l e s  
c u r e d  at 375 ~ or 425~ 

Discussion 
P l a s m a  a s h i n g  e n h a n c e s  p o l y i m i d e  a d h e s i o n  to HMDS-  

t r e a t ed  n i t r i de  sur faces  due  to one  or all of  the  fo l lowing  
ac t ions :  (i) c l ean ing  of  or  s t r i p p i n g  off p h o t o r e s i s t  resi- 
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Fig. 9. XPS survey spectra for the nitride surface remaining after peeling off polyimide cured at 425~ (a), 400~ (b), and 375~ (c), as well as the 
spectra for a polyimide surface (d), a silicon nitride surface coated with APS (e), and an oxygen-rich silicon nitrlde (f). 
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dues and HMDS, (ii) oxidation of HMDS, (iii) oxidation 
of nitride, and (iv) roughening of the surface. HMDS coat- 
ing of surfaces enhances adhesion if and only if subse- 
quently plasma cleaned. The omission of HMDS and/or 
plasma treatment of surfaces results in deterioration in 
the peel strength post-T&H stress. 

APS is a crucial element for polyimide to silicon nitride 
adhesion. This was previously demonstrated to be true 
for polyimide to silicon dioxide adhesion (5). Since the sil- 
icon nitride surface is oxygen rich, the same chemistry of 
APS bonding probably occurs on both surfaces. 

A higher peel strength at 400 ~ and 425~ than at 350~ is 
due to the difference in the peel mode: the former values 
are true adhesive strengths, and the latter are the mini- 
mum peel strengths. In order for peel to occur, the tensile 
strength of the film has to be equal to or greater than the 
adhesive strength of the bond between film and sub- 
strate. This requirement  stems from the fact that a certain 
amount of elastic and plastic deformation of the poly- 
imide must be overcome before peeling can be initiated, 
given that the adhesion is relatively good (6). However, if 
adhesion is relatively poor, neither elastic nor plastic de- 
formation is a significant factor. Finally, if the adhesion 
strength is extremely good, and the plastic deformation of 
the film is relatively low, then the material can be inter- 
preted as being brittle. This is the case observed in the 
325 ~ and 350~ cured polyimide. 

The higher cure temperatures produce stronger poly- 
imide than at lower temperatures, but this may not be 
true for adhesion strength. A higher peel strength at cure 
temperatures of 375~ and above does not necessarily 
mean that the adhesion is better than at lower cure tem- 
peratures where minimum peel strengths are observed. 
Higher cure temperatures lead to greater elongation than 
at lower cure temperatures: hence, high cure temperature 
superficially shows increased adhesion strength. Our re- 

sults show that 350~ is the safest cure temperature where 
both adhesion and plastic properties are adequate. 

The XPS data shows that a thin organic film is left on 
the nitride surface after peeling polyimide. For the 
sample cured at 375~ the three following observations 
can be made. First, the silicon signal is very small. Sec- 
ond, only one binding energy can be detected for the ni- 
trogen. Third, the carbon, nitrogen, and oxygen signals 
appear almost identical to the spectrum for polyimide. 
The film remaining on this sample, therefore, is con- 
cluded to be polyimide, implying a largely cohesive fail- 
ure mechanism. For the sample cured at 425~ three ob- 
servations can also be made. First, a significant silicon 
signal can be detected (although it is still much smaller 
than the signal from nitride or nitride plus APS). Second, 
two distinct nitrogen signals can be seen. Third, the car- 
bon signal is reduced somewhat in intensity as compared 
to the polyimide reference. This indicates that the re- 
maining polyimide film is thinner on the average than for 
the sample cured at 375~ and that therefore the underly- 
ing nitride or APS films can also be detected. 

While there is no ambiguity in the fact that the average 
thickness of the remaining polyimide film decreases with 
increasing cure temperature, there is uncertainty as to 
whether the film remains continuous or becomes discon- 
tinuous. If the film remains continuous and no under- 
laying nitride or APS is laid bare, then the failure mode 
remains cohesive. If, on the other hand, the film becomes 
discontinuous, i.e., contains microregions where the ni- 
tride and/or APS are laid bare, then the failure becomes a 
mixture of adhesive and cohesive. 

Independently of any physical or chemical considera- 
tions for the mechanism and mode of adhesion failure, 
the two extreme situations alluded to above can be 
quantified from the XPS data. Specifically, for the con- 
tinuous film case, its thickness may be estimated by 
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using escape depths. The escape depth of a silicon 2p 
electron through organic material such as polyimide is 
about 30~ (10). Using conventional formulas for calcula- 
ting attenuation of photoelectron signals by overlaying 
layers (11), and the Si 2p intensities measured in this 
study, the calculated thickness for the residual polyimide 
film ranges from 60 to 105]~ for cure temperatures rang- 
ing from 375 ~ to 425~ respectively. Alternately, if one as- 
sumes that a discontinuous film of polyimide remains on 
the nitride, the calculated area percent coverage of 
p01yimide ranges from 98% (2% of nitride laid bare) to 
89% (11% of nitride laid bare) for cure temperatures of 
400 ~ or 425~ respectively. These calculations assume 
that nitride is exposed upon peeling. Calculations made 
assuming that APS is exposed upon peeling would give 
even lower coverages. Calculations such as these provide 
some realistic boundaries on the mode of adhesion 
failure. 

As can be seen in Fig. lb, the polyamic acid chain un- 
dergoes scission upon bonding to the APS. This could re- 
sult in a cohesive failure of the polyimide near the nitride 
interface, which would be consistent with the cohesive 
failure mechanism described above. This would not, how- 
ever, explain an increasingly thinner film remaining after 
the peel as the cure temperature increases. The chain 
scission occurs during bonding to APS and is complete at 
a temperature far below the final cure temperature of the 
polyimide. 

Decomposit ion of APS could explain this trend. A pre- 
vious work has shown that the onset of thermal decompo- 
sition for the APS/polyimide system occurs in the region 
of 400~ (3). Any such decomposit ion occurring at the 
nitride/polyimide interface would be likely to favor adhe- 
sive failure at higher cure temperatures, particularly if 
these same conditions improve the fracture toughness of 
the polymer itself. 

The fact that no differences were found in the morphol- 
ogy of the nitride surface after peeling for samples cured 
at 375 ~ or 425~ does not rule out a mixed mode failure 
mechanism at the higher cure temperatures due to the 
limited resolution (-100~) of the SEM. 

A mixed mode of failure at higher cure temperatures 
could be due to inhomogeneit ies in the nitride/APS/poly- 
imide laminate across the wafer and, therefore, differ- 
ences in its decomposit ion behavior in localized areas. 

Summary 
Our results show the significance of the surface condi- 

tion of silicon nitride for polyimide adhesion. Surface 
pretreatments (e.g., plasma cleaning) and adhesion pro- 
moters are necessary in order to obtain good polyimide 
adhesion to silicon nitride. The use of an adhesion promo- 
ter plays a crucial role in obtaining and maintaining good 
adhesion. The cure temperature affects the thermal stabil- 
ity of the interface. At higher cure temperatures, the fail- 
ure becomes increasingly adhesive in nature due to 
thermal degradation at the nitride/APS/polyimide inter- 
face. All of these results are related to chemical bonding 
and stability of the nitride/APS/polyimide interface. 
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ABSTRACT 

High quality thermal oxides of silicon have been fabricated on silicon substrates over the oxidation temperature 
range 635~176 Dry, high pressure oxidation (DRYPOX) was used to grow oxides at temperatures below 1000~ The 
high pressure range investigated was 2-500 arm. Standard capacitance-voltage techniques have been used to characterize 
these oxides in terms of oxide fixed change (Q~) and interface trap densities (Di,). Additionally, avalanche injection of 
both electrons and holes has been used to evaluate the charge trapping properties of these films. The electron trapping 
properties of 685~ high pressure oxides were compared with "conventional" 1000~ oxides fabricated at 1 arm and with 
oxides fabricated using low pressure chemical vapor deposition (LPCVD) at 730~ The results of these experiments 
were as fellows: (i) basic electrical properties of high pressure oxides, as well as hole and electron trapping behavior in 
these oxides, were similar to those of 1000~ conventional oxides; (it) hole trap densities exhibited a broad minimum at 
an oxidation temperature between 800 ~ and 900~ and (iii) electron trapping behavior in 685~ DRYPOX oxides was 
markedly superior to that in 730~ LPCVD oxides. The LPCVD oxide required an anneal at 1000~ to produce electron 
trapping characteristics comparable to those of DRYPOX samples processed entirely at temperatures below 700~ 

The development  of low temperature processing tech- 
niques within the silicon planar technology is desirable 
for the development  of very large scale integration (VLSI) 
(1, 2). In particular, low temperature oxidation using high 
pressure is receiving increased attention (3). Significantly 
reduced oxidation temperatures have been achieved 
using thermal oxidation of silicon at elevated pressures of 
either steam (2, 4, 5) or dry oxygen (1, 6, 7). Additionally, 
reductions in arsenic and boron diffusion have been dem- 
onstrated using high pressure steam to reduce oxidation 
temperatures (8, 9). A reduction in silicon stacking faults 
has also been obtained using high pressure steam (10). 

High pressure oxidation using dry oxygen (DRYPOX) 
was first introduced by Zeto et al. (11). These authors in- 
vestigated the kinetics of oxidation in dry oxygen at pres- 
sures up to 130 arm. Dry, high pressure oxidation kinetics 
have also been investigated by Lie et aL (1). A compre- 
hensive review of early experiments in high pressure oxi- 
dation may be found in the work by Zeto et al. (12). 

Basic electrical properties and device characteristics of 
silicon metal-oxide-semiconductor (MOS) devices fabri- 
cated using either dry oxygen (1, 6) or steam (2, 5) pres- 
sure oxidation for the gate oxide have been reported. To 
date, however, studies of the electrical behavior of dry, 
high pressure oxides have been rather select with regard 
to both the properties investigated and sample prepara- 
tion conditions. The present work is intended as a more 
comprehensive survey of the relation between electrical 
quality and DRYPOX oxide fabrication techniques. 

This paper is the third in a series on low temperature 
oxidation technologies. Parts I and II of this series dis- 
cussed the use of low pressure chemical vapor deposition 
(LPCVD) using tetraethoxysilane (TEOS) (13)  and 
dichlorosilane/nitrous oxide (14) deposition, respectively. 
For the present study, SiO2 films were prepared by 
thermal oxidation of silicon at temperatures ranging from 
635 ~ to 1100~ and pressures ranging from 1 to 500 atm. 
The electrical quality of these films was evaluated in 
terms of the Deal oxide charge classification scheme (15) 
using aluminum gate MOS capacitors. Measurements 
were made of oxide fixed charge (Qf), interface trap den- 
sities (DI,), and mobile ionic contaminants. In addition to 
these basic electrical properties, oxide trapped charge 
(Qot) produced by avalanche electron and hole injection 
was studied. An understanding of such oxide charging is 
important because of the phenomena of hot carrier in- 
jection into the gate oxide of short channel field effect 
devices (16) and of "window closing" in electrically eras- 
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able floating gate avalanche injection MOS (E~FAMOS) 
charge storage devices (17). 

The results reported below include a comparison of 
DRYPOX films with conventional, high temperature 
(1000 ~ and ll00~ dry thermal oxide films and with ox- 
ide films produced using LPCVD of dichlorosilane and 
nitrous oxide at 730~ These comparisons indicate that 
the electrical characteristics of DRYPOX films are com- 
parable to conventional 1000~ thermal oxides. Addition- 
ally, the electron trapping behavior of DRYPOX films 
produced at 685~ was markedly superior to that of 
LPCVD films produced at 730~ and equivalent to 
LPCVD films given a high temperature (1000~ pos t -  
deposition anneal. 

Experimental Details 
Sample preparation.--High pressure oxidation was per- 

formed in the apparatus shown schematically in Fig. 1. 
This apparatus consisted of an externally heated vessel 
constructed of a nickel-based alloy (Rene 41) and was 
pressurized with a Haskel oxygen pump. Gas was sup- 
plied to the pump from conventional high pressure cylin- 
ders. A Panametrics high pressure hygrometer  was used 
to monitor the moisture content of the oxidation ambient. 
Under the conditions of the experiment,  the moisture 
content could be maintained at five parts water per mil- 
lion parts oxidation ambient; this value was independent  
of the ambient pressure. A water content of even a few 
parts per million may increase oxidation kinetics. How- 
ever, oxide thicknesses were reproducible to within 10% 
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from run to run, and the moisture content was not consid- 
ered a problem for the present investigation. 

The inside dimensions of the pressure vessel were ap- 
proximately 1.25 cm diam by 25 cm length. Samples were 
prepared by dicing polished silicon wafers to dimensions 
of 0.8 by 2.5 cm and were placed in a quartz test tube 
prior to insertion into the pressure vessel, as illustrated in 
Fig. 1. Silicon n-type substrates with phosphorus doping 
densities of 4-7 • I0 Is cm -:~ (3-5 ~l-cm resistivity) were 
supp]ied by Monsanto Company. Lower resistivity n- and 
p-type substrates with phosphorus and boron doping 
dens i t i es  of 5-8 • 10 '6 cm -a (0.1 t ] -cm resist ivity) were  
supp l i ed  by Pens i l co  Company .  The lower  resis t ivi ty  sub-  
s t ra tes  were  r equ i r ed  for ava lanche  inject ion.  S a m p l e s  
wi th  res is t iv i t ies  s ignif icant ly h igher  t h a n  0.1 l ] -cm are 
more  suscep t ib l e  to "edge  in jec t ion"  effects  p r o d u c e d  by  
electr ic  field e n h a n c e m e n t  at geomet r i ca l  i r regulari t ies  
a long the  gate e l ec t rode  p e r i m e t e r  [Res (18), p. 505]. With 
the  e x c e p t i o n  of  the  wafers  u sed  for e lec t ron  in jec t ion  
s tudies ,  all subs t r a t e s  were  of n - type  si l icon wi th  (100) 
c rys ta l lograph ic  or ienta t ion.  E lec t ron  in jec t ion  s tud ies  
were  p e r f o r m e d  on p- type  (100) wafers .  Subs t r a t e  clean- 
ing cons i s t ed  of  a s tandard ,  basic pe rox ide /ac id  p e r o x i d e  
clean. 

Oxida t ion  in the  h igh  p re s su re  sy s t em was  ini t ia ted by 
first ra is ing the  ex te rna l  fu rnace  and  t h e n  p u m p i n g  to 
the  des i red  oxygen  pressure .  A p p r o x i m a t e l y  35 min  was  
r equ i r ed  to reach  a set  t e m p e r a t u r e  of  800~ The  
p ressur iza t ion  t ime  was  on the  order  of  seconds .  Fol low- 
ing oxidat ion,  a dynamic  pos tox ida t i on  anneal  was ob- 
ta ined  by pu rg ing  dry  n i t rogen  b e t w e e n  the  source  and  
the  pu rge  vent .  The fu rnace  was  t h e n  lowered  and the  
s amples  a l lowed to cool overn igh t  in the  vessel .  

For  c o m p a r i s o n  purposes ,  a n u m b e r  of  dry  the rmal  ox- 
ides  were  p r e p a r e d  in convent iona l ,  1 arm T h e r m c o  fur- 
naces  at t e m p e r a t u r e s  of 1000 ~ and  1100~ Fol lowing  the  
oxidat ion,  the  fu rnace  was  f lushed  and  a pos tox ida t ion  
anneal  was  p e r f o r m e d  in dry  ni t rogen.  The samples  were  
pul led  f rom the  furnace  into a quar tz  "wh i t e  e l ephan t "  
end  cap and  a l lowed to cool. 

MOS capac i tors  were  fo rmed  by  depos i t i ng  circular  alu- 
m i n u m  e lec t rodes  ( approx ima te ly  0.003 c m  ~ in  area) 
onto  the  f ront  ox ide  surface.  To p rov ide  subs t ra te  con- 
tact, the  back  ox ide  was  s t r i pped  us ing  HF  and covered  
wi th  a luminum.  The a l u m i n u m  was  depos i t ed  us ing an 
Airco e l ec t ron -beam metal l iza t ion sys tem.  A pos tmeta l -  
l ization annea l  (PMA) was  found  to s ignif icant ly r educe  
the  ne t  charge  in as -oxid ized  samples  and  was  e m p l o y e d  
rout inely.  The P M A  was  p e r f o r m e d  at  450~ in dry nitro- 
gen for 30 min.  Oxida t ion  cond i t i ons  u s e d  for the rmal  ox- 
ide p repa ra t ion  are l is ted in Table I. 

Program of  measurements.---Basic measurement  tech- 
n iques . - -The  basic  electr ical  p rope r t i e s  Qf (oxide f ixed 
charge) and  D~t ( interface t rap dens i ty  as a func t ion  of  en- 
ergy in the  si l icon bandgap) ,  as well  as ox ide  charg ing  
characteristics, were obtained using standard 
capacitance-voltage measurement techniques. Complete 
details concerning instrumentation and data reduction 
are available in Ref. (19). 

High f r equency  capac i tance-vol tage  (HF CV) character-  
ist ics were  ob ta ined  uging a B o o n t o n  71D capac i tance  
me te r  opera t ing  at 1 MHz. Ramp-IV,  or quasi-s ta t ic  
capac i tance-vol tage  (QS CV) charac ter i s t ics ,  we re  ob- 
ta ined  us ing  an H P  4140B p icoammete r /vo l t age - sou rce  
m e a s u r e m e n t  sys tem.  Qf was  d e t e r m i n e d  via c o m p a r i s o n  
of  the  m e a s u r e d  f la tband vol tage  wi th  tha t  e x p e c t e d  for 
an ideal  capacitor .  D~t was  ca lcula ted  f rom a c o m p a r i s o n  
of  the  e x p e r i m e n t a l  HF  and QS CV curves  (20). Subs t r a t e  
dop ing  dens i t i e s  were  d e t e r m i n e d  f rom measu red  HF  CV 
curves,  us ing  ox ide  t h i cknes s  va lues  ob ta ined  via 
e l l ipsometry .  

CV and  ava lanche  in jec t ion  e x p e r i m e n t s  were  e x e c u t e d  
u n d e r  c o m p u t e r  control ,  us ing  e i ther  an H P  9845B com- 
p u t e r  wi th  an H P  IEEE-488 In te r face  Bus  capabi l i ty  (for 
ho le  in jec t ion  and  assoc ia ted  CV m e a s u r e m e n t s )  or an 
A p p l e  II wi th  an In te rac t ive  Microwave  A D A L A B  Data 

Table I. Sample preparation conditions 

To~ (~ Po~ (atm) ~ox (min) dox (nm) g (nm/min) tpoA (h) 

1100 
1000 
900 
800 
685 
635 

800 
800 
800 
800 
800 

B. 

A. Varying oxidation temperature 
1 35 77.3 2.1 - -  
1 105 72.5 0.69 - -  
2 165 85.6 0.52 - -  

150 40 72.5 1.8 - -  
500 165 75.9 0.46 - -  
500 540 66.3 0.12 - -  

Growth rate variation at constant temperature 
15 225 86.0 0.4 - -  
73 70 82.0 1.2 - -  

160 40 72.5 1.8 - -  
300 24 79.0 3.3 - -  
500 18 83.0 4.6 - -  

C. POA time at constant oxidation temperature 
800 150 40 77.0 1.9 0 
800 150 40 65.0 1.6 1.5 
800 150 40 66.0 1.6 5 
800 150 40 73.0 1.8 10 
685 500 165 71.0 0.43 O 
685 480 165 75.0 0.45 1.5 
685 500 165 75.0 0.45 5 
685 490 165 75.0 0.45 10 

D. p-Substrate samples used in 
electron-injection experiments 

685 a 500 60 39.8 0.66 0 
685 a 500 60 47.3 0.79 5 
685 ~ 500 I65 90.0 0.54 0 
685 ~) 500 165 90.0 0.54 5 

1000 1 105 79.3 0.75 0 
1000 1 105 79.3 0.75 0.5 

Tox = Oxidation temperature. Pox = Oxidation pressure, tox = Oxi- 
dation time. dox = Average sample thickness, g = Average growth 
rate = do~/tox, teoa = Time of postoxidation anneal. 

Wet DRYPOX. 
Dry DRYPOX. See text for explanation of wet and dry. 

Acqu is i t ion  S y s t e m  (for e lec t ron  in jec t ion  and associa ted  
CV measu remen t s ) .  

Avalanche  injection measurements . - -Ox ide  charge  
t r app ing  k ine t ics  were  inves t iga ted  us ing  co n s t an t  cur- 
ren t  ava lanche  in jec t ion  t echn iques .  The circui t ry  used  to 
p roduce  and  meas u re  ava lanche  cu r r en t s  was  based  on 
that  deve loped  by Nicoll ian et al. for e lec t ron  in jec t ion  
(21). In  this  t echn ique ,  app l ica t ion  of  a h igh  vol tage  sinu- 
soidal  s ignal  to the  s amp l e  resul ts  in the  in jec t ion  of  a dc 
cu r ren t  of minor i ty  carr iers  into the  gate oxide; some  
fract ion of these  carriers  is t r ap p ed  as the  carr iers  trav- 
erse the  ox ide  film. The in jec t ion  cu r r en t  is ma in t a ined  
cons t an t  us ing  a f e ed b ack  m e c h a n i s m  w h i c h  appl ies  a 
correc t ive  dc vol tage  to the  gate e lec t rode  in r e s p o n s e  to 
ch an g es  in a p r e s e t  cu r ren t  level. The circuit  de sc r ibed  by 
Nicoll ian et al. was  modi f ied  for the  p r e s e n t  work  by  em- 
p loying  a t r iangular  dr iv ing wavefo rm,  as sugges ted  by 
Ai tken  and  Young  (22). 

Oxide  cha rg ing  dur ing  ava lanche  in jec t ion  was  moni-  
to red  via au tomat i c  m e a s u r e m e n t  of  the  f la tband voltage 
as a func t ion  of  the  cumula t ive  in jec t ion  fluence.  This  
was a c c o m p l i s h e d  by per iodical ly  i n t e r r u p t i n g  the  injec- 
t ion to meas u re  the  f la tband voltage.  The f la tband volt- 
age m e a s u r e m e n t s  general ly  r equ i red  5-10s. 

The cumula t ive  in jec t ion  f luence,  F(t), was  def ined  as 

1 f" 
r(t) = q Jo j dt [1] 

w h e r e  j is the  dc ava lanche  cu r r en t  dens i ty  and  q is the  el- 
e m e n t a r y  charge.  Typically,  hole  in jec t ions  were  per- 
f o rmed  at a dc hole  cu r ren t  of  0.125 nA (40 nA/cm ~) and  
p r o c e e d e d  for 40s b e t w e e n  f la tband  vol tage  measure -  
ments .  In  all cases  p r e s e n t e d  here,  hole  cu r ren t s  were  set  
at or be low 0.22 nA (70 nAJcm='). The large correct ive  feed- 
back  vol tages  neces sa ry  to ma in ta in  cu r ren t  dens i t i es  
larger t han  th is  value were  o b s e r v e d  to cause  e lec t ron  in- 
j ec t ion  f rom the  gate e lec t rode  via F o w l e r - N o r d h e i m  
emiss ion  (19). As a resul t  of  e x p e r i m e n t a l  l imitat ions,  a 



2708 J .  E l e c t r o c h e m .  Soc.:  S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  N o v e m b e r  1985 

drop  in  ho le  c u r r e n t  of u p  to 0.05 n A  (16.7 n A / c m  2) was  ob- 
s e r v e d  over  t he  course  of the  m e a s u r e m e n t .  This  d rop  
was a c c o u n t e d  for  by  m e a s u r i n g  t he  ho le  c u r r e n t  a n d  di- 
rec t ly  ca lcu la t ing  t he  f luence  for e ach  da ta  po in t  f rom 
Eq. [1]. 

C u r r e n t  dens i t i e s  d u r i n g  e l ec t ron  i n j ec t i on  e x p e r i m e n t s  
were  typ ica l ly  20 ~A/cm'-'. The  e l ec t ron  in j ec t ion  c u r r e n t  
d id  no t  vary  b y  m o r e  t h a n  1% f r o m  t he  p re se t  level;  the re -  
fore, a m e a s u r e m e n t  of  t he  c u r r e n t  d u r i n g  each  i n j e c t i o n  
cycle, as  d e s c r i b e d  for  ho le  in jec t ion ,  was  no t  necessary .  
The  p r o c e d u r e  for  e l ec t ron  i n j ec t i on  and  ana lys i s  ha s  
b e e n  d e s c r i b e d  p rev ious ly  (14). 

The  f l a tband  vo l tage  m e a s u r e d  re la t ive  to i ts va lue  
pr ior  to  c h a r g e  i n j ec t i on  (i.e., t h e  f l a t b a n d  vo l tage  shift)  is 
a m e a s u r e  of  the  c e n t r o i d - w e i g h t e d  areal  dens i ty  of  
cha rge  t r a p p e d  in the  ox ide  layer. T he  n u m b e r  dens i ty  of  
ox ide  t r aps  is o b t a i n e d  u s i n g  t he  r e l a t i on  

Not(F) = IQot(F)]/q = -Co~A V~B(F) [2] 

w h e r e  Qot(F) is the  area l  ox ide  cha rge  dens i ty ,  Co• is t he  
ox ide  capac i t ance  pe r  un i t  area,  A is t he  e l ec t rode  area, 
a n d  AVrB is the  f l a tband  vo l tage  shift .  

Hole t rapping  analys is . - -Flatband vo l t age  sh i f t  da ta  we re  
ana lyzed  u s i n g  a f i rs t -order  k ine t i c  m o d e l  for ox ide  
cha rge  bu i ldup .  S u c h  a m o d e l  a s s u m e s  the  p r e s e n c e  of  
one  or more  types  of  o x i d e - c h a r g e  t rap,  e ach  of  w h i c h  is 
cha rac t e r i zed  by  a s a t u r a t e d  n u m b e r  dens i t y  N(oo) a n d  a 
c ap tu r e  cross  s e c t i o n  (r. T he  n u m b e r  dens i ty  of filled 
t raps  as a f u n c t i o n  of  t ime,  Not(t), is g iven  by  

dNot(t) 1 
- -  - j(r[N(~) - Not(t)] [3] 

dt q 

w h e r e  j is t he  i n j ec t ed  c u r r e n t  dens i ty .  
The  ho le  t r a p p i n g  da ta  of  the  p r e s e n t  w o r k  were  be s t  

fit a s s u m i n g  the  p r e s e n c e  of two types  of ho le  t raps.  In  
th i s  case, t he  so lu t ion  to Eq. [3] for  c o n s t a n t  c u r r e n t  den-  
si ty j, and with the initial condition No~(t = O) = 0 is 

Not.h(Fh) = N,h(~~ (1 -- exp(--~,hFh)) 

+ N~h(~) (1 -- exp(--~2hFh)) [4] 

E q u a t i o n  [4] g ives  the  n u m b e r  dens i t y  of  t r a p p e d  holes ,  
Not,h, as a f u n c t i o n  of the  c u m u l a t i v e  hole  in j ec t ion  
f luence,  F~. The  filling of  ox ide  c h a r g e  t r aps  b y  first- 
o rde r  k ine t i c s  ha s  b e e n  d i s c u s s e d  ex t ens i ve l y  in t he  liter- 
a tu re  (14, 23, 24). 

A n  i te ra t ive  ch i - s qua r ed  curve- f i t t ing  p r o c e d u r e  was  
u sed  to fit Eq. [4] to  the  data,  a n d  t he  best-f i t  va lues  of  
the  p a r a m e t e r s  Nlh(OO), N~h(~O), (rth, a n d  ~2h were  ob ta ined .  
Addi t iona l ly ,  t he  to ta l  s a t u r a t e d  ho le  t r ap  densi ty ,  Nh = 
Not,~(~) = Nth(~) + N~h(~), a n d  the  in i t ia l  ho le  t r a p p i n g  
efficiency,  ~7, we re  ca l cu la t ed  f rom t h e s e  pa rame te r s .  The  
ini t ia l  t r a p p i n g  eff ic iency is de f ined  as the  s lope of  the  
c h a r g i n g  cu rve  e x t r a p o l a t e d  to zero f luence,  a n d  is g iven  
by  

dNot,h 
v = dF r=0 = CrlhNth + (%N'_,h [5] 

Electron t rapping  analys is . - -During  e l ec t ron  in jec t ion ,  
an  inc rease  in t he  f l a tband  vo l tage  due  to a b u i l d u p  of  
nega t ive  cha rge  t h r o u g h o u t  the  ox ide  b u l k  was  obse rved .  
In  m o s t  cases,  a s u b s e q u e n t  decrease ,  or " t u r n a r o u n d , "  in  
the  f l a tband  vo l t age  sh i f t  was  o b s e r v e d  at a f luence  de- 
p e n d e n t  u p o n  p r o c e s s i n g  cond i t ions .  T h e  t u r n a r o u n d  ha s  
b e e n  i n t e r p r e t e d  as b e i n g  due  to t h e  g e n e r a t i o n  of  donor -  
l ike e l ec t ron  t r a p p i n g  cen t e r s  in  t h e  v ic in i ty  of  t he  Si-SiO~ 
in te r face  (25). T h e s e  cen t e r s  are be l i eved  to b e  respons i -  
b le  for the  so-cal led " a n o m a l o u s  pos i t ive  cha r ge"  w h i c h  
has  b e e n  wide ly  s t ud i ed  (24, 25-27). 

C o m b i n i n g  t he  effects  of  e l ec t ron  t r a p p i n g  in t h e  b u l k  
a n d  t he  g e n e r a t i o n  of  a n o m a l o u s  pos i t ive  cha rge  at  the  Si- 
SiO.2 in te r face ,  t he  ne t  ox ide  cha rg ing  is d e s c r i b e d  by  t he  
e q u a t i o n  

Not.e(r~) = -Not,b(fe) + Not.i(re) [6] 

where  Not,b and  Not,i are the  n u m b e r  densi ty  of filled bu lk  
ox ide  e l ec t ron  t r aps  a n d  in te r face  a n o m a l o u s  pos i t ive  
charge ,  respect ive ly .  E q u a t i o n  [6] g ives  the  n u m b e r  den-  
s i ty  of  ne t  ox ide  charge ,  Not,r, as a f u n c t i o n  of  t he  cumula -  
t ive  e l ec t ron  in jec t ion  f iuence,  Fe. The  i n d i v i d u a l  charg-  
ing  c o m p o n e n t s  are g iven  b y  

Not.b(F~) = Not,b(~r [1 - exp(-(rcF~)] [7a] 

Not.~(r~) = Not,~(~o) [1 - exp(-~r~F~)] [7b] 

w h e r e  Not,bQo) a n d  No~,~(~o) are  s a t u r a t e d  t r ap  dens i t i e s  a n d  
~ a n d  o- e t h e  c a p t u r e  cross  s ec t ions  for b u l k  e l ec t ron  
t r aps  a n d  a n o m a l o u s  pos i t ive  c h a r g e  genera t ion ,  respec-  
t ively.  E q u a t i o n s  [6] a n d  [7] we re  fit to the  e l ec t ron  
t r a p p i n g  da ta  u s i n g  a ch i - squa red  f i t t ing rou t ine  to ob- 
ta in  t he  be s t  fit p a r a m e t e r s  Not,b(:r No,.~(~), o-~, a n d  o-~. 

Experimental Results 
Basic  electrical characteristics: Q~ and D~t.--In 

m e a s u r i n g  ox ide  f ixed c h a r g e  dens i t i es ,  b e t w e e n  five 
a n d  t en  capac i to r s  f rom a g i v e n  wafe r  were  tes ted .  The  
s u b s t r a t e  d o p i n g  dens i t y  was  3-5 Yt-cm. Midgap  in te r face  
t r ap  dens i t i e s  Dit,m (i.e., Dit t a k e n  0.55 eV a b o v e  t he  s i l icon 
va l ence  b a n d e d g e )  were  m e a s u r e d  on  only  two or t h r e e  
capac i to r s  pe r  wafer .  For  b o t h  m e a s u r e m e n t s ,  a s t a n d a r d  
dev ia t ion  of  20% was  o b s e r v e d  on  a wafer - to -wafer  basis .  

S a m p l e s  were  se lec ted  pe r iod ica l ly  t h r o u g h o u t  t he  
cou r se  of t he se  e x p e r i m e n t s  a n d  t e s t ed  for  m o b i l e  ion  
c o n t a m i n a t i o n  u s i n g  c o n v e n t i o n a l  " b i a s - t e m p e r a t u r e -  
s t ress"  t e c h n i q u e s  [Ref. (18), p. 428)]. The  resu l t s  of  t h e s e  
t es t s  i n d i c a t e d  a dens i t y  of  less t h a n  8 > 10 ~0 c m  -2 m o b i l e  
ions  in  all t h e  ox ides  tes ted .  

Oxide  f ixed c h a r g e  a n d  m i d g a p  in t e r f ace  t rap  dens i t i e s  
were  e x a m i n e d  as a f u n c t i o n  of  o x i d a t i o n  t e m p e r a t u r e  in  
the  r a n g e  635~176 The  ox ida t i on  c o n d i t i o n s  for th i s  
set  of ox ides  are l i s ted  in Tab le  IA. Qf va lues  were  in the  
r ange  0.9-3 x 10 ~t c m  -~, a n d  Dit.m va lues  were  in  t he  r ange  
1-3 • 10" cm-2 -eV-L  No c o n s i s t e n t  t r e n d  in  e i t h e r  p a r a m -  
e ter  was  o b s e r v e d  ove r  t h e  t e m p e r a t u r e  r ange  635 ~ 900~ 
Oxides  g r o w n  in  c o n v e n t i o n a l  fu rnaces  at  1000 ~ and  
l l00~ h a d  va lues  of  Qf a n d  D~t,m w h i c h  were  l ower  by  a 
fac tor  of  a p p r o x i m a t e l y  2. 

The  effect  of ox ide  g r o w t h  ra te  at  800~ ox ida t i on  tem-  
pe ra tu r e  was  i n v e s t i g a t e d  b y  v a r y i n g  the  o x y g e n  pres-  
sure.  Specif ic  o x i d a t i o n  c o n d i t i o n s  e m p l o y e d  to o b t a i n  
th i s  g r o w t h  ra te  v a r i a t i o n  are l i s t ed  in Tab le  IB. Qf a n d  
D~t.m as a f u n c t i o n  of  ox ide  g r o w t h  ra te  are l i s ted  in T a b l e  
II. Fo r  b o t h  p roper t i e s ,  a va r i a t ion  of  less t h a n  a fac tor  of  
2 is i n d i c a t e d  for a n  ox ide  g r o w t h  ra te  va r i a t i on  of m o r e  
t h a n  a fac tor  of  10. 

Qf a n d  Dit.m w e r e  i n v e s t i g a t e d  as a f u n c t i o n  of post -  
o x i d a t i o n  a n n e a l  t ime  b e t w e e n  0 a n d  10h for  wafe r s  oxi- 
d ized  at 800 ~ a n d  at  685~ The  ox ida t i on  c o n d i t i o n s  em- 
p l o y e d  are  l i s ted  in T a b l e  IC. In  all cases,  t he  P O A  was  
p e r f o r m e d  at the  o x i d a t i o n  t e m p e r a t u r e .  D*t.m a n d  Q~ ob- 
t a i n e d  as a f u n c t i o n  of  P O A  t i m e  are l i s ted  in  Tab le  III. 
T h e s e  da ta  i nd i ca t e  a r e d u c t i o n  in b o t h  Qf a n d  Dit  for  in- 
c r ea s ing  P O A  t ime  at  b o t h  t e m p e r a t u r e s .  

The  ef fec t  of a 5h P O A  on  o x i d e s  f a b r i c a t e d  at  685~ on  
p- type  s u b s t r a t e s  is g iven  in T a b l e  IV. Th i s  t ab l e  also con-  
t a ins  da ta  o b t a i n e d  on  a c o n v e n t i o n a l  t h e r m a l  ox ide  

Table II. Oxide growth rate investigation 

g Qr D~i. ~ Nh 
(nm/min) (10 H cm -z) (10 ~' crn-~-eV -~) (10 TM crn -~) 

0.4 1.4 1.8 3.0 
1.2 1.7 1.5 3.5 
1.8 2.1 1.2 4,1 
3.3 2.4 1.7 3.1 
4.6 1.3 1.8 3.3 

As-grown oxide fixed charge Qf, midgap interface trap density 
Dlt. m, and total hole trap density Nh as a function of oxide growth rate 
g. Oxidation temperature is 800~ Estimated error in Qf and Dit ' m is 
--+ 20%; in Nh, it is --+ 10%. 
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Table III. Postoxidation anneal time investigation 

ToJPo~ t~o, Qf Dit. m N h  
(~ (h) (10 ~' cm-0  (10 ~ cm-~-eV ') (10 ~ cm 2) 

800/150 0 2.4 0.75 3.2 
1.5 1.7 0.75 3.4 
5 0.8 0.2 3.0 

10 1.2 0.48 3.6 

685/500 0 2.5 0.45 4.9 
1.5 0.85 - -  4.5 
5 0.6 0.45 4.3 

10 0.27 0.3 - -  

As-grown oxide fixed charge Qf, midgap interface trap density 
Dit, m, and total hole trap density Nh as a function of POA time. The 
estimated error in Q~ and D~t, ~ is -+ 20%; in N,, it is -+ 10%. 

Table IV. Basic electrical properties 

Qf D~t, 
Sample/anneals (I0" cm -2) (I0 II cm-~-eV ') 

685~ dry DRYPOX 
No POA 2.3 0.7 
685~ POA (5h) -1.1 0.2 

685~ wet DRYPOX 
No POA 2.9 1 
685~ POA (5h) 0.9 0.7 

1000~ 1 atm 
No POA 0.4 0.7 
1000~ POA (0.5h) -0.5 0.5 

730~ LPCVD 
No PDA 1 4 
1000~ PDA (0.5h) 7 1 

Comparison of oxide fixed charge Qf and midgap interface trap 
density D~ using 685 ~ and 1000~ thermal and 730~ LPCVD oxida- 
tion technologies. Estimated error for alI entries is -+ 20%. See text 
for definition of anneals. 

g r o w n  at 1000~ in 1 a tm dry oxygen.  The POA speci f ied  
for the  t h e r m a l  ox ides  refers  to a pos tox ida t i on  anneal  at 
the  ox ida t ion  t empera tu re .  Oxida t ion  cond i t ions  are 
given in Table  ID. Table  IV also gives Qf and  Dit,m values  
ob ta ined  on a 50 n m  thick,  730~ L P C V D  ox ide  film (14). 
The P D A  l is ted for th is  ox ide  refers  to a 30 rain post-  
depos i t i on  anneal .  It shou ld  be  no ted  tha t  the  L P C V D  Ox- 
ides  were  meta l l ized  us ing  a t u n g s t e n  f i lament  evapora-  
t ion  sy s t em ra the r  t han  the  E -beam meta l l iza t ion  s y s t em 
u s e d  for the  D R Y P O X  and  conven t iona l  oxides.  

Table  IV lists  data  ob ta ined  on  two sets  of 685~ 
the rma l  ox ides  p r o d u c e d  u n d e r  nomina l ly  ident ical  con- 
di t ions.  A l t h o u g h  Qr and  Dit.m va lues  were  similar  for b o t h  
the  "we t"  and  "dry"  oxides ,  e lec t ron- in jec t ion  exper i -  
m e n t s  revealed  d i f fe rences  in ox ide  quali ty.  These  differ- 
ences  will be  d i s cus sed  below. The s imilar i ty  in basic  
electrical  qual i ty  fo l lowing P O A / P D A  t r e a t m e n t s  is note-  
wor thy .  

Avalanche hole injection.---High f r e q u e n c y  and  quasi-  
stat ic CV curves  ob ta ined  before  and  after  a typical  hole  
in jec t ion  e x p e r i m e n t  are s h o w n  in Fig. 2a for a 685~ 

D R Y P O X  oxide.  The shif t  in the  capac i t ance  cu rves  to 
more  negat ive  vol tage is a resu l t  of the  bu i ldup  of  pos i t ive  
charge  near  the  Si-SiO2 interface.  1 In  addi t ion,  t he  distor-  
t ion in b o t h  the  h igh  f r e q u e n c y  and  quasi-s ta t ic  capaci-  
t ance  curves  fo l lowing hole  in jec t ion  is indica t ive  of  the  
gene ra t ion  of  in terface  traps.  

In ter face  t rap dens i t i es  were  o b s e rv ed  to increase  
t h r o u g h o u t  t he  s i l icon b a n d g a p  wi th  inc reas ing  hole  in- 
j ec t ion  f luence,  as s h o w n  in  Fig. 2b. These  spec t ra  are  
typical  of  t h o s e  o b t a i n ed  on  all o f  the  s amp l e s  examined .  
Specifically,  a n o n u n i f o r m  increase  in Dtt t oward  the  up-  
per  half  of  the  b a n d g a p  (0.7-0.9 eV above  the  va lence  
bandedge) ,  and  a un i fo rm increase  t h r o u g h o u t  the  mid-  
gap region (0.2-0.7 eV above the  va lence  bandedge)  were  
observed.  

Reproduc ib i l i t y  e x p e r i m e n t s  were  p e r f o r m e d  on five 
wafers  p r o c e s s e d  u n d e r  nomina l ly  ident ica l  condi t ions .  
The resul ts  i nd ica ted  a var ia t ion  of  20% in the  indiv idual  
kinet ic  p a r a m e t e r s  N(o~) and  ~11- However ,  the  total  hole  
t rap densi ty ,  Nh = N,h(~) + N.2h(~), d i sp layed  a var ia t ion  of  
less t han  10% on a wafer- to-wafer  basis.  Var ia t ions  on a 
single wafer  were  obse rved  to be app rox ima te ly  10% in 
the  ind iv idua l  kinet ic  pa r ame te r s  and  5% in the  total  hole  
t rap densi ty .  

The only s ignif icant  var ia t ion obse rved  in hole  trap- 
p ing  charac te r i s t ics  was  as a func t ion  of  ox ida t ion  tem-  
perature.  This  var ia t ion is s h o w n  in Fig. 3, w h e r e  t he  total  
hole  t rap dens i ty  Nh is p lo t t ed  for ox ida t ion  t e m p e r a t u r e s  
rang ing  f rom 635 ~ to ll00~ F igure  3 d isp lays  a m i n i m u m  
in the  total  hole  t rap dens i ty  at an ox ida t ion  t e m p e r a t u r e  
b e t w e e n  800 ~ and  900~ Average  values  for ind iv idua l  ki- 
net ic  pa r ame te r s  ob ta ined  f rom several  wafers  at each  
t empera tu re ,  as well  as the  total  hole  t rap dens i ty  and  ini- 
tial t r app ing  eff ic iency ~}, are l i s ted  in Table  V. Specif ic  
ox ida t ion  cond i t ions  for t hese  runs  are l i s ted  in Table  IA. 
F igure  4 s h o w s  hole  charg ing  curves  r ep re sen ta t ive  of  
each  ox ida t ion  t empera tu re .  

L o w  res is t iv i ty  subs t r a t e s  (0.1 ~ -cm)  oxid ized  u n d e r  the  
cond i t ions  l i s ted  in Table  IB w e r e  e x a m i n e d  for  varia- 
t ions  in  hole  t r a p p i n g  kinet ics  wi th  vary ing  oxide  g r o w t h  
rate  at a co n s t an t  ox ida t ion  t e m p e r a t u r e  of 800~ Total  
hole  t rap dens i t i e s  for th is  set  of ox ides  are l is ted in Table  
II. No cons i s t en t  t r e n d  in hole  t r ap p i n g  k ine t ics  was  ob- 
se rved  over  the  range  in g ro w t h  rate  s tudied .  

L o w  resis t ivi ty  s amples  (0.1 l-l-cm) oxid ized  u n d e r  the  
cond i t ions  l is ted to Table  IC were  e x a m i n e d  for the  effect  
of  vary ing  pos tox ida t ion  annea l  t ime on the  hole  t r app ing  
kinet ics .  Table III l ists  total  hole  t rap dens i t i es  ob ta ined  
f rom these  samples .  Evident ly ,  a POA u n d e r  the  condi-  
t ions  inves t iga ted  has  little effect  on the  hole  t r app ing  
kinet ics .  

A i tken  (28) has  d e m o n s t r a t e d  tha t  the  use  of  e lec t ron  
b e a m  metal l iza t ion may  in t roduce  neut ra l  t raps  into the  
MOS oxide.  To inves t iga te  th is  effect  in the  p r e s e n t  work,  
hole  t r app ing  k ine t ics  were  c o m p a r e d  b e t w e e n  two 
samples ,  one  me ta l l i zed  us ing  e l ec t ron -beam evapora t ion  
t echn iques ,  t he  o the r  us ing  t u n g s t e n  f i lament  evapora-  

A relaxation of the flatband voltage shift following hole in- 
jection was observed in all of the samples studied. The post- 
injection C-V curves of Fig. 2a and the Dit spectra of Fig. 2b 
were measured 300h following hole injection, during which time 
the flatband voltage shift had relaxed by some 30% of its value 
immediately following the injection. 

Table V. Hole trapping kinetics 

NEh N~. O'th o-~. N .  
To~ (=C) (10 '~ cm -~) (10 .z cm -'2) (10 -t'~ cm'-' ) (10 -~ cm-') (10"-' cm -~) (10 -:~) 

635 2.2_+ 1.4 3.8-+ 1.4 9 -+8 16-+ 0.2 6 -+0.0 88-+ 5 
685 1.4 _+ 0.4 3.8 -+ 0.5 2.2 -+ 0.6 16 -+ 7 5.2 -+ 0.2 65 +- 3 
800 1.2 _+ 0.3 2.6 + 0.5 1.4 -+ 0.2 13 -+ 2 3.8 -+ 0.6 35 -+ 8 
900 1.2 _+ 0.1 2.6 _+ 0.4 1.6 -+ 0.2 10 -+ 2 3.8 -+ 0.4 27 -+ 10 

1000 1.3 _+ 0.4 2.8 -+ 0.4 2.6 -+ 0.6 17 -+ 0.4 4.1 -+ 0.1 55 -+ 12 
1100 0.7 -+ 0.2 6.8 -+ 0.2 2.0 -+ 0.4 28 _+ 3 7.5 -+ 0.4 188 -+ 17 

Average kinetic parameters for hole trapping as a function of oxidation temperature. Errors indicated for %• = 685 ~ 800 ~ and 1000~ 
represent one standard deviation about the mean. For the other temperatures, errors indicate the range of values observed. 



2710 J.  E lec t rochem.  Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  N o v e m b e r  1985 

a) 

- 3 0  

NORMALIZED CAPACITANCE 

- 2 0  - I 0  0 10 2 0  
GATE VOLTAGE (V) 

I N T E R F A C E  T R A P  D E N S I T Y  

5 

4 

4 . 1  

E 5 . 4  

0 2 
- -  1 . 3  

P r e -  
I I n j e c t i o n  0 . 5  

f 

' 0.2 0 . 4  0 , 6  0 , 8  I ' . 0  
b )  BAND GAP ENERGY: E-Ev (eV)  

Fig. 2. 685~ DRYPOX oxides, a: High frequency and quasi-static 
capacitance-voltage characteristics before (solid line) and after (dashed 
line) avalanche hole injection to a fluence of 3.4 • 10 ~3 cm-~. b: Inter- 
face trap densities vs .  energy above the silicon valence bandedge (Ev) 
and following injection to the fluence indicated. Fluences are in units of 
1013 cm-~. 
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Fig. 3. Total hole trap density us a function of oxidation temperature. 
No POA was employed. Error bars for Tax = 685 ~ 800 ~, and 1000~C 
represent one standard deviation about the mean. For the other tempera- 
tures, the errors bars represent the range of values observed. 

tion. The results indicated that (i) the hole trapping 
efficiency was larger by approximately a factor of 2 in 
samples metallized via electron-beam evaporation, (ii) the 
hole trap density was approximately 20% larger in 

s a m p l e s  metallized via filament evaporation, and (iii) the 
oxidation temperature dependence of the hole trapping 
kinetics was the same using either metallization tech- 
nique (19). 

Avalanche electron injection.--Avalanche electron in- 
jection was performed on the samples listed in Table ID, 
as well as on LPCVD oxides deposited at 730~ Fixed 
charge densities Qr and interface trap densities Dit,m for 
all of these samples are presented in Table IV. 

Typical high frequency and quasi-static C-V curves ob- 
tained before and after electron injection are shown in 
Fig. 5a for a 685~ DRYPOX oxide. The shift in the capac- 
itance curves to more positive voltage is due to the 
buildup of negative charge throughout the bulk of the ox- 
ide. In addition, the distortion in both the high frequency 
and quasi-static capacitance curves is indicative of the 
buildup of interface traps. Interface trap densities deter- 
mined before and after electron injection are given in Fig. 
5b, where D~ is compared to samples oxidized at 685~ in 
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Fig. 4. Hole charging curves with oxidation temperature us a parame- 

ter. Oxidation temperatures are shown in degrees centigrade. 

500 arm pressure and at 1000~ in 1 atm pressure. Figure 
5b demonstrates that D, following electron injection is 
higher in the 685~ oxide than in the conventional oxide 
by a factor of approximately 3. 
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are for a 1000~C conventional oxide and dashed lines are for a 685~ 
DRYPOX oxide. 
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Ind iv idua l  k inet ic  pa rame te r s  for e lec t ron  t r app ing  in 
685~ DR YP OX,  1000~ convent iona l ,  and  730~ L P C V D  
ox ide  fi lms are g iven in Table  VI. This  table  s h o w s  tha t  
the  d o m i n a n t  cap tu re  cross  sec t ion  for bulk  e lec t ron  
t rapp ing ,  O-c, is a func t ion  of  s amp le  prepara t ion.  In part ic-  
ular, the  1000~ conven t iona l  ox ides  and  the  "d ry"  
D R Y P O X  s a m p l e s  had  d o m i n a n t  cap tu re  cross  sec t ions  
in the  range  (3-5) • 10 -18 cm 2. The "wet"  D R Y P O X  
sam p le s  e x h i b i t e d  a d o m i n a n t  cap tu re  cross  sec t ion  of  
i x 10 -'7 cm 2. The presence of an electron trap with a cap- 
ture cross section in the range I0 -'7 cm -2 has been associ- 
ated with water contamination in SiO2 films (24). There- 
fore, it is plausible that the DRYPOX films exhibiting 
the larger electron capture cross section were inadver- 
tently contaminated with water. It was for this reason that 
the designations "dry" DRYPOX and "wet" DRYPOX 
were introduced. These assignments are consistent with 
the larger growth rates observed for the wet oxides (see 
Table ID). 

Differences in electron charging curves between wet 
and dry DRYPOX samples are evident in Fig. 6. The so- 
called "flatband voltage turnaround" is evident in the 
dry oxide at a fluence of 2 x I0 ~8 cm -2, and in the wet 
oxide at 0.25 x I'0 '8 cm -~. A pronounced turnaround effect 
has also been associated with water contamination 
(24, 26). As discussed in the Electron trapping analysis 
section, the flatband voltage turnaround is due to the 
buildup of anomalous positive charge at the Si-SiO2 inter- 
face, and was modeled by a second trap density and cap- 
ture cross section. Values for these kinetic parameters are 
listed in Table VI as Not.~ and c%, respectively. 

Prior to a PDA, electron trapping in the LPCVD sample 
was so extensive that oxide breakdown occurred at 
fluences too low to allow extraction of the trapping pa- 
rameters. However, this low fluence data did allow accu- 
rate determination of the trapping efficiency, ~, which 
was a p p r o x i m a t e l y  2 • 10 -3. This  va lue  is two orders  of 
m a g n i t u d e  larger  t h a n  the  eff ic iency exh ib i t ed  by the  
u n a n n e a l e d  685~ dry  D R Y P O X  oxides .  Fo l lowing  a 
PDA,  the  t r a p p i n g  eff ic iency of  the  L P C V D  ox ides  were  
c o m p a r a b l e  to t hose  of  the  D R Y P O X  samples .  

F igure  7 c o m p a r e s  e lec t ron  cha rg ing  curves  in dry 
D R Y P O X  and  1000~ conven t iona l  oxides .  The effect  of  
P O A  on these  charg ing  curves  is also explored .  Figure  7 
d e m o n s t r a t e s  tha t  the  ox ide - t r apped  cha rge  dens i ty  and,  
consequen t ly ,  the  initial e lec t ron  t r app ing  efficiency, 
were  grea te r  in the  685~ ox ide  by a factor  of  approxi-  
mate ly  2. A P O A  had  little ef fect  on  the  bu lk  t r app i n g  of  
these  oxides ,  bu t  r e d u c e d  the  t u r n a r o u n d  effect  in all 
cases.  These  resu l t s  are also ev iden t  in the  kinet ic  param-  
e ters  of  Table  VI. Due  to the  l imi ted  a m o u n t  of data, no 
k inet ic  p a r a m e t e r s  for the  t u r n a r o u n d  p rocess  could be 
ex t rac ted  for t he  1000~ oxides .  
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The use  of  e l ec t ron -beam meta l l iza t ion  may  con t r ibu te  
to e lec t ron  t r ap p i n g  in ox ide  films (28). No s tudy  of  elec- 
t ron  t r ap p i n g  in D R Y P O X  oxides  meta l l ized  by  tech-  
n iques  o ther  t han  e l ec t ron-beam evapora t ion  was  made.  

Summary and Discussion 
A s - g r o w n  o x i d e  c h a r a c t e r i s t i c s . - - I n  general ,  the  levels  

of ox ide  f ixed charge  and  in ter face  t rap dens i t i es  f o u n d  
in D R Y P O X  s a m p l e s  are s imilar  to t hose  r epo r t ed  in the  
l i tera ture  (29, 30) for ox ides  p r o d u c e d  us ing  conven t iona l  
t echn iques .  In  part icular ,  ox ide  f ixed charge  levels on 
the  order  of  105' cm -~ were  observed ,  and  were  found  to 
decrease  u p o n  pos tox ida t i on  anneal ing.  In ter face  t rap  
dens i t i es  on the  order  of  10" cm-2-eV - '  we re  o bse rved  
fo l lowing a conven t iona l  pos tme ta l l i za t ion  anneal .  Varia- 
t ions  in ox ida t ion  t e m p e r a t u r e  over  t he  range  635~176 
and  in ox ide  g ro w t h  rate at 800~ over  the  range  0.4-4.6 
n m / m i n  h a d  no sys t emat i c  effect  on t h e s e  p rope r t i e s  

L o w  levels (less t h a n ' 8  • 10 '~ cm -~) of  mobi l e  s o d i u m  
con tamina t i on  were  d e t ec t ed  in all of  t he  ox ides  invest i -  
gated.  However ,  as no ted  in the  Basic  electr ical  character-  
ist ics sect ion,  values  of Qf and  Dit w e r e  lower  in  t he  con- 
ven t iona l  ox ides  t han  in the  1 a tm  ox ides  by a factor  of  
ap p ro x i ma t e l y  2. Because  no d e p e n d e n c e  of  e i ther  Qf or 
Dit o n  ox ida t ion  p re s su re  was  o b s e r v e d  (recall the  ox ide  
g ro w t h  rate expe r imen t s ) ,  th is  d i f fe rence  is be l ieved to be  
due  to sys t emat i c  d i f fe rences  in c lean l iness  b e t w e e n  the  
p r e s s u re  vesse l  and  the  conven t iona l  ox ida t ion  tubes.  
Specifically,  the  p re s su re  vesse l  a l lowed the  oxida t ion  
a m b i e n t  to con tac t  bo th  the  si l icon wafers  and  the  vessel  

Table VI. Electron trapping kinetics 

Not. b No,. i (re cr~ 
Sample/anneals (10" cm -~) (10" cm -~) (10 -'s cm 2) (10 -'8 cm 2) 

685~ dry DRYPOX 
No POA 30 10 
685~ POA 30 9 

685~ wet DRYPOX 
NO POA 40 30 10 
685~ POA 20 20 10 

1000~ 1 atm 
No POA 8 - -  5 
1000~ POA 11 - -  4 

730~ LPCVD 
No PDA - -  - -  - -  
1000~ PDA 10 - -  10 

4 0.4 
3 0.2 

Comparison of electron trapping kinetic parameters using 685 ~ 
and 1000~ thermal and 730~ LPCVD oxidation technologies. 
LPCVD data taken from ReL (14). Estimated error for all entries is -+ 
20%. See text for definition of anneals. 
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wall, thereby introducing the possibility of contamination 
by oxide scale from the vessel wall. 

Some differences in the annealing behavior of the low 
temperature oxides, as compared with conventional ox- 
ides, were noted. Specifically, the time required to mini- 
mize oxide fixed charge levels was increased with re- 
spect to that required at higher temperatures. At anneal 
temperatures of 1000~ a min imum in oxide fixed 
charge has been observed following a POA for approxi- 
mately 30 min (29). Deal (30) reports a minimum in oxide 
fixed charge following a POA for 10-20 rain at anneal 
temperatures between 950 ~ and 1100~ The results of the 
present work indicate that annealing at 800~ requires an 
increase of approximately a factor of 10 over these values. 
After 10h, or an increase of approximately a factor of 20 in 
POA time, the fixed charge levels observed for a POA at 
685~ had not minimized. This behavior is summarized in 
Table III. 

Charge trapping.--Capture cross sections on the order 
of 10 -1~ and 10 -14 cm 2 with corresponding trap densities 
on the order of 10 '~ cm -~ were obtained from hole 
trapping kinetic analyses. Average values for these pa- 
rameters, obtained as a function of oxidation temperature 
from 635 ~ to ll00~ are listed in Table V. Hole trapping 
kinetic parameters obtained on 1000~ oxides were simi- 
lar to those reported in the literature (22, 31). 

An increase in Dit following avalanche hole injection 
has been observed by Lai (31, 32). Lai reported a uniform 
increase in fast interface traps throughout  the bandgap, 
with a peak at approximately 0.8 eV above the silicon va- 
lence bandedge appearing after the injection and capture 
of electrons on trapped hole sites. In the present work, a 
nonuniform buildup of fast interface traps was observed 
immediately following hole injection, as illustrated in Fig. 
2b. 

Hole trapping studies have been reported by a number  
of investigators (22, 33-35). That hole trapping occurs very 
close to the Si-SiO~ interface is suggested by etch-back 
techniques (33) and by photocurrent-voltage measure- 
ments (35). A centroid 3-5 nm from the Si-SiO2 interface is 
supported by the observation in this work that trapped 
positive charge decays with time, irrespective of the sign 
of an applied dc bias, suggesting that quantum mechani- 
cal tunneling to the silicon substrate from traps very near 
the silicon interface is taking place (19, 36). Similar tun- 
neling effects have been observed by other investigators 
(22). 

The most interesting aspect of the hole trapping kinet- 
ics obtained in this study is the min imum in total trap 
density observed between 800 ~ and 900~ That this effect 
is due to temperature and not a commensurate change in 
growth rate was directly demonstrated. A study by Lie 
et al. (1), using dry oxidation at~a pressure of 10 atm and 
over the temperature range 800~176 suggests a mini- 
mum at 900~ in the hole trap density. No analysis of the 
trapping kinetics was presented by Lie et al. 

Hole trapping kinetics were unaffected by a post- 
oxidation anneal for times up to 10h at 800~ and 5h at 
700~ These results are listed in Table III. They differ 
with the assertion by Lai that a POA below 900~ reduces 
hole trap densities (31). Hole trapping was also unaffected 
by a change in growth rate from 0.4 to 4.6 nm/min at an 
oxidation temperature of 800~ 

The increase in hole trap density observed in this work 
for oxidation temperatures above 900~ is consistent with 
a model of hole trapping proposed by EerNisse and 
Derbenwick (37). These authors suggest that hole traps 
are produced by viscous flow of the oxide at tempera- 
tures greater than 950~ However, the present work dem- 
onstrates that viscous flow is not a necessary condition 
for the generation of hole traps. Specifically, an increase 
in the hole trap density is observed for oxidation temper- 
atures below 800~ where no viscous flow should occur 
(37, 38). 

Another mechanism for the generation of hole traps 
may be related to the presence of compressive mechani- 
cal stress at the Si-SiO2 interface. A correlation between 

Si-SiO2 interface stress and hole trapping has been sug- 
gested by other investigators (31, 39). Irene (38) has sug- 
gested that oxide stress develops during oxidation at tem- 
peratures below 800~ as a result of the inability of the 
oxide to undergo viscous flow. The magnitude of stress 
so generated should increase as the temperature is re- 
duced (38). 

It is interesting to note that interface stress generation 
for oxidation temperatures above 900~ has also been in- 
vestigated. Specifically, Jaccodine (40) has demonstrated 
that the difference in the thermal expansion coefficients 
of Si and SiO2 results in thermal "warping" of an oxidized 
wafer, and thereby in Si-SiO2 interface stress which in- 
creases with increasing oxidation temperature. Thus, 
given that oxide stress increases for oxidation tempera- 
tures below 800~ (according to Irene's model) and above 
900~ (according to Jaccodine 's  model), the presence of a 
min imum at 800~176 in the hole-trap density is consist- 
ent with models in which stress is responsible for hole 
trapping. 

The argument presented above does not preclude vis- 
cous flow as a mechanism for the production of hole 
traps. In fact, Aitken and Young (22) have observed larger 
hole trap densities in samples annealed for 90 rain at 
1000~ than in unannealed samples, suggesting that vis- 
cous flow contributes to hole trapping. However, if vis- 
cous flow indeed plays a role in ho]e trapping, the results 
of the POA experiments in the present work show that it 
is not operative over a time scale of 10h at 800~ 

Weinberg et al. (41) have suggested that hole trapping 
may be due to an oxygen deficiency at the Si-SiO2 inter- 
face. In terms of their model, the increase in hole trapping 
below 800~ may be interpreted as a depletion of oxygen 
from this interface at the lower oxidation temperatures. 
The data of the present work do not allow a distinction to 
be made among the relative effects of interface stress, vis- 
cous flow, and oxygen deficiency. 

Values of bulk and interface trapping kinetics deter- 
mined from electron:injection experiments are also simi- 
lar to those reported in the literature for conventional ox- 
ides (24). The electron trap density and postelectron 
injection interface trap densities are slightly higher in the 
low temperature oxides than in the conventional oxides. 

Comparison between a dry DRYPOX oxide and an 
LPCVD oxide fabricated at 730~ indicates that the elec- 
tron trapping efficiency of the as-deposited LPCVD ox- 
ide was 2 orders of magnitude higher than that of the 
DRYPOX oxide. The LPCVD oxides required a PDA at 
1000~ to produce 'electron trapping characteristics simi- 
lar to that of the DRYPOX oxides fabricated entirely at 
temperatures below 700~ 

Conclusions 
High quality oxide films have been produced at tem- 

peratures which are low compared with conventional pro- 
cessing by using high pressure oxidation in dry oxygen 
ambients. Characterization of these oxides has demon- 
strated their electrical properties, as well as the depen- 
dence of these properties on process variables, to be simi- 
lar to those exhibited by higher temperature thermal 
oxides prepared using more conventional techniques. 

Oxide fixed charge and interface trap levels before 
electron injection were similar among all of the samples 
studied. As such, it is interesting to note differences in 
oxide quality which were manifest only upon electron in- 
jection. With regard to electron injection, thermal oxides 
fabricated at 685~ were found to be superior to LPCVD 
oxides fabricated at approximately the same temperature. 
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Formation of Silicon-on-Insulator Structures by Implanted Nitrogen 
I_. Nesbit,* S. Stiffler, G. Slusser, and H. Vinton *~ 

IBM General Technology Division, Essex Junction, Vermont 05452 

ABSTRACT 

The formation of a buried SiaN4 by high dose nitrogen ion implantation to form a silicon-on-insulator (SOI) structure 
is studied by transmission electron microscopy (TEM) and by secondary ion mass spectroscopy (SIMS). Silicon wafers 
are implanted with a dose of 7.5 x 1017 N § iorgcm 2 at an energy of 160 keV at wafer temperatures of 400 ~ 500 ~ and 600~ 
The wafers are subsequently annealed at 1200~ for 2h to form the buried silicon nitride layer. Both the as-implanted 
and postannealed microstructures are examined as a function of the implant temperature by TEM cross-sectional analy- 
sis. The microstructures of implanted wafers annealed for intermediate times are also examined to elucidate the devel- 
opment  of the final microstructure. The as4mplanted nitrogen profile and its redistribution during subsequent  anneal- 
ing at 1200~ are studied by SIMS. 

The synthesis of silicon-on-insulator (SOI) structures 
for high density CMOS circuits has received considerable 
attention in recent years. Various techniques are cur- 
rently being developed to form SOI structures which will, 
it is hoped, result  in a high quality, thin, single-crystal sili- 
con layer on an insulating layer or substrate (1-3). One of 
the more promising techniques for forming such a struc- 
ture is that of ion implantation in which a high dose of a 
particular atomic or molecular species is implanted into 
silicon to form a buried insulating compound with silicon 
upon annealing at an elevated temperature. Most of the 
interest and research to date has concentrated on the ira- 

*Electrochemical Society Active Member. 
1Present address: University of Vermont, Burlington, Vermont 

(15401. 

plantation of atomic or molecular oxygen into silicon wa- 
fers and then annealing such wafers to form a buried SiO2 
layer. One of the drawbacks to implanting oxygen is that 
in order to form a sharp Si/SiO~ interface, an oxygen dose 
on the order of 2.0-2.5 x 10 ' 8 0  - ion]cm '2 must be im- 
planted into the silicon wafers (4-6). This results in a 
highly defective top silicon layer after a high temperature 
anneal, typically at 1150~ This residual top silicon layer 
is only 100-400 nm thick (4-6), depending on the implant 
energy and dose. If this top residual silicon layer is too 
thin, it may be necessary to grow an epitaxial silicon layer 
to increase the thickness of the top silicon layer (7, 8). 

Implanting nitrogen to form SOI structures has several 
possible advantages over implanting oxygen (9). First of 
all, hot filament, high current nitrogen implant sources 
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wi th  re la t ive ly  long  l i fe t imes  are eas ie r  to c o n s t r u c t  a n d  
m a i n t a i n  t h a n  s imi la r  o x y g e n  sources .  Second ,  the  h igh ly  
de fec t ive  layer  at  t he  top  S t / insu la to r  in t e r face  for im- 
p l a n t e d  o x y g e n  is a b s e n t  in  t he  case of i m p l a n t e d  ni tro-  
gen.  This  po in t  will be  c lear ly  d e m o n s t r a t e d  in th i s  paper .  
Third,  a n n e a l i n g  of  t he  a s - i m p l a n t e d  n i t r o g e n  d i s t r i b u t i o n  
at  suf f ic ient ly  h i g h  t e m p e r a t u r e s  r e su l t s  in  the  f o r m a t i o n  
of  a t op  s i l i con  layer  suf f ic ien t ly  t h i c k  so as to p r e c l u d e  
t h e  need  for  a s u b s e q u e n t  ep i t ax ia l  s i l i con  g r o w t h  step.  
Final ly ,  a c o n t i n u o u s  b u r i e d  s i l i con  n i t r i de  layer  m a y  be  
f o r m e d  at a b o u t  40-50% of the  dose  n e c e s s a r y  to f o r m  a 
b u r i e d  SiO2 layer  w i t h  a n  a b r u p t  t op  Si/SiO2 in t e r f ace  
(4, 5). These  l a t t e r  two a d v a n t a g e s  i m p l y  t h a t  SOI by  im- 
p l a n t e d  n i t r o g e n  is a po ten t i a l ly  s i m p l e r  p roces s  w i t h  
g rea te r  wafe r  t h r o u g h p u t  t h a n  SOI by  i m p l a n t e d  oxygen .  

The  b e h a v i o r  of h i g h  doses  of  i m p l a n t e d  n i t r o g e n  is 
subs t an t i a l l y  d i f f e ren t  t h a n  t h a t  of i m p l a n t e d  oxygen,  
b o t h  in t he  a s - i m p l a n t e d  s ta te  a n d  af te r  s u b s e q u e n t  an- 
neal ing.  M a e y a m a  et al. (10) h a v e  s h o w n  t h a t  t h e  as-im- 
p l an t ed  n i t r o g e n  profi le  ha s  a g a u s s i a n  d i s t r i b u t i o n  for 
doses  as h i g h  as 1.5 • 10 TM N/cm ~ at  150 keV as d e t e r m i n e d  
b y  R u t h e r f o r d  b a c k s c a t t e r i n g  s p e c t r o s c o p y  (RBS). Th i s  
dose  is a b o u t  50% in  exces s  of  the  t heo re t i ca l  dose  re- 
q u i r e d  for t he  p e a k  n i t r o g e n  c o n c e n t r a t i o n  to equa l  t h a t  
of  s t o i ch iome t r i c  Si3N4. On the  o the r  h a n d ,  o x y g e n  doses  
for  w h i c h  t he  p e a k  o x y g e n  c o n c e n t r a t i o n  is theore t i ca l ly  
in  exces s  of  s t o i ch i om e t r i c  SiO2 r e s u l t  in  t he  p e a k  o x y g e n  
c o n c e n t r a t i o n  s a t u r a t i n g  at  66.7 a t o m  p e r c e n t  (a/o) o x y g e n  
w i th  t he  e x c e s s  o x y g e n  d i f fus ing  to t he  f ron t  a n d  b a c k  
i m p l a n t  tai ls  d u r i n g  i m p l a n t a t i o n  (11, 12). 

A n n e a l i n g  s i l i con  w i t h  a n i t r o g e n  dose  on  t he  o rde r  1 • 
10 ~s N ~ ion /cm 2 at  a suff ic ient ly  h i g h  t e m p e r a t u r e  (e.g., 
1200~ resu l t s  in  a c o n t i n u o u s  b u r i e d  po lyc rys t a l l ine  sili- 
con  n i t r i de  layer.  A s s u m i n g  a s i l icon n i t r i de  dens i t y  of  
3.18 g /cm 3 (13), a dose  of 1.05 • 10 's N ~ i o n / c m  2 is r e q u i r e d  
at  150 keV  for  t h e  p e a k  n i t r o g e n  c o n c e n t r a t i o n  to equa l  
t h a t  of  Si3N4. I f  t h e  dose  is too low, a c o n t i n u o u s  s i l icon 
n i t r i de  layer  wil l  no t  form,  a l t h o u g h  T s u j i de  et al .  (14) 
f o u n d  t h a t  a dose  of  3 • 10 '7 N ~ ion /cm '~ r e su l t s  in  s i l icon 
n i t r i de  p rec ip i t a tes ,  a lbe i t  no t  a c o n t i n u o u s  s i l icon n i t r i de  
film. A n n e a l i n g  at  t e m p e r a t u r e s  less t h a n  1200~ gener-  
ally does  no t  r e su l t  in  t he  c rys ta l l i za t ion  of  t he  s i l icon ni- 
t r ide,  e v e n  i f  t he  dose  is on  t he  o rde r  of 1 • 10 '8 N ~ 
i o n / c m  2. 

I m p l a n t i n g  n i t r o g e n  at t e m p e r a t u r e s  less t h a n  350~ re- 
su l t s  in  an  a m o r p h o u s  top  s i l icon layer,  w h i c h  recrys ta l -  
lizes in to  po lyc rys t a l l ine  s i l icon u p o n  a n n e a l i n g  (9, 15). 
I m p l a n t i n g  at  t e m p e r a t u r e s  at  or in  exces s  of  350~ appar -  
en t ly  r e su l t s  in  s e l f - annea l ing  of  at  l eas t  pa r t  of  th i s  top  
s i l icon layer  d u r i n g  i m p l a n t a t i o n  so as to p r oduce  a 
m o n o c r y s t a l l i n e  l ayer  a f te r  a n n e a l i n g  (9, 15). 

Fo r  re la t ive ly  low doses  of  n i t r o g e n  (e.g., 1 • 10 TM N ~ 
ion/cm2), n i t r o g e n  readi ly  d i f fuses  in  s i l icon at  a n n e a l  
t e m p e r a t u r e s  as low as 900 ~ a n d  1000~ In  par t icu la r ,  t he  
n i t r o g e n  t e n d s  to d i f fuse  t o w a r d  a n d  pi le  u p  at  the  sur face  
s i l i con/na t ive  ox ide  in te r face  a n d  at t he  in te r face  b e t w e e n  
t he  heav i ly  d a m a g e d  a n d  s ing le-crys ta l  s i l icon layers  
(16, 17). 

The  p u r p o s e  of  th i s  p a p e r  is to p r e s e n t  m i c r o s t r u c t u r a l  
and  chemica l  r e su l t s  on  the  f o r m a t i o n  of a b u r i e d  s i l icon 
n i t r i de  layer  in  <100>  s i l icon wafers  r e su l t i ng  f rom h igh  
dose, h igh  t e m p e r a t u r e  n i t r o g e n  ion i m p l a n t a t i o n .  The  sil- 
i con  wafers  were  i m p l a n t e d  w i t h  a dose  7.5 x 10 ,7 N ~ 
ion /cm ~ at  400 ~ 500 ~ or  600~ T he  r e s u l t i n g  wafe r s  were  
t h e n  a n n e a l e d  at  1200~ u n l e s s  o t h e r w i s e  noted .  The  
m i c r o s t r u c t u r e  is d o c u m e n t e d  b y  t r a n s m i s s i o n  e l ec t ron  
m i c r o s c o p y  (TEM) analys is ,  a n d  t he  d i s t r i b u t i o n  a n d  
m o v e m e n t  of  n i t r o g e n  is m o n i t o r e d  b y  s e c o n d a r y  ion  
mass  s p e c t r o s c o p y  (SIMS). 

Experimental Procedure 
Si l icon  wafers  of  <100>  o r i e n t a t i o n  a n d  of  p- type  

d o p i n g  w i t h  a res i s t iv i ty  of 10-12 12-cm were  first  oxi- 
d ized  to g row 25 n m  of  t h e r m a l  SiO~ on t he  wafer  sur- 
faces. The  p u r p o s e  of th i s  ox ide  layer  was  to i nh ib i t  sput -  
t e r ing  a n d  m i n i m i z e  c o n t a m i n a t i o n  of the  u n d e r l y i n g  
s i l icon sur face  d u r i n g  i m p l a n t a t i o n .  S o m e  t h i n n i n g  of th i s  
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t op  ox ide  layer  was  o b s e r v e d  as a r e su l t  of t he  imp lan t a -  
t ion  process .  The  wafers  were  i m p l a n t e d  on  a n  E a t o n  
NOVA NV-10-160 h igh  c u r r e n t  ion i m p l a n t e r  w i th  a 
h e a t e d  e n d  s ta t ion.  The  wafers  we re  mechan i ca l l y  
s c a n n e d  and  the  t e m p e r a t u r e  was  m o n i t o r e d  a n d  con- 
t ro l l ed  by  a ca l ib ra t ed  in f r a red  de tec tor .  The  wafers  were  
p r e h e a t e d  in t he  i m p l a n t e r  to  w i t h i n  50~ of  t he  des i r ed  
i m p l a n t  t e m p e r a t u r e  be fo re  in i t i a t ing  t he  i m p l a n t a t i o n .  
Once  t h e  i m p l a n t a t i o n  s ta r ted ,  t h e  wafe r  t e m p e r a t u r e  was 
m a i n t a i n e d  at  t he  i n t e n d e d  wafe r  t e m p e r a t u r e  (-+20~ by  
a c o m b i n a t i o n  of  ion b e a m  hea t ing ,  h e a t  f rom the  e n d  sta- 
t ion  hea te rs ,  a n d  c o m p r e s s e d  air  cool ing t h r o u g h  the  
h e a t e r  coils. The  ion b e a m  c u r r e n t  was  a b o u t  4.5 m A  
across  a n  area  of 6.5 cm ~, r e s u l t i n g  in  a local ized b e a m  
c u r r e n t  dens i t y  of  0.7 m A / c m  2 at  t he  wafer .  The  wafers  
were  i m p l a n t e d  at  a 7 ~ t i l t  a t  t e m p e r a t u r e s  of  400 ~ 500 ~ or 
600~ w i t h  7.5 x 10 '7 N § i o n / c m  2 acce le ra t ed  at  a po t en t i a l  
of  160 keV. The  to ta l  i m p l a n t a t i o n  t i m e  for  t en  100 
m m  wafe r s  at  a dose  of 7.5 x 1017 N ~ ion /cm 2 was  a b o u t  
12h. A s s u m i n g  a g a u s s i a n  a s - i m p l a n t e d  n i t r o g e n  d is t r ibu-  
t ion,  t he  p e a k  n i t r o g e n  c o n c e n t r a t i o n  for  a dose  of  7.5 x 
10 '7 N ~ ion /cm 2 is 3.75 • 1022 N at . /cm 3, w h i c h  is a b o u t  69% 
of  t he  n i t r o g e n  c o n c e n t r a t i o n  of s t o i ch iome t r i c  Si3N4, 
a s s u m i n g  a dens i t y  of  3.18 g /cm 3 for  a-S%N4 (13). The  wa- 
fers  we re  lef t  u n a n n e a l e d  or s u b s e q u e n t l y  a n n e a l e d  at  
1100 ~ or 1200~ in  argon,  w i t h  m o s t  annea l s  at  t he  la t te r  
t e m p e r a t u r e .  Those  wafers  w h i c h  were  a n n e a l e d  rece ived  
125 n m  of  c h e m i c a l  v a p o r  d e p o s i t e d  (CVD) SiO2 in  o rder  
to  p ro t ec t  the  wafer  su r faces  f rom pos s ib l e  o x i d a t i o n  dur-  
ing  t he  h i g h  t e m p e r a t u r e  anneal .  The  ac tua l  a n n e a l i n g  
p r o c e d u r e  cons i s t ed  of  i n s e r t i n g  t he  wafers  in to  a f u rnace  
set  a t  1000~ r a m p i n g  t he  fu rnace  t e m p e r a t u r e  up  to 
1100 ~ or  1200~ a n n e a l i n g  for t he  d e s i g n a t e d  a m o u n t  of 
t ime,  r a m p i n g  t he  fu rnace  t e m p e r a t u r e  d o w n  to 1000~ 
a n d  f inal ly  pu l l i ng  t he  wafe r s  f rom the  furnace .  A b o u t  50 
ra in  was  r e q u i r e d  to r a m p  t h e  fu rnace  t e m p e r a t u r e  f rom 
1000 ~ to 1200~ or f rom 1200 ~ to 1000~ Typica l  a n n e a l i n g  
t i m e s  at  1100 ~ or  1200~ w e r e  2h, a l t h o u g h  s h o r t e r  t i m e s  
we re  a lso u s e d  in  o r d e r  to  d e t e r m i n e  t he  d e v e l o p m e n t  of 
t he  a n n e a l e d  m i c r o s t r u c t u r e .  T h e  m i c r o s t r u c t u r e  of  the  
i m p l a n t e d  n i t r o g e n  s a m p l e s  was  s tud ied  b y  cross-sec-  
t iona l  a n d  p l a n e r  t r a n s m i s s i o n  e l ec t ron  mic roscopy ,  u s i n g  
a Ph i l i p s  400T TEM. The  defec t  dens i t i e s  were  deter -  
m i n e d  f rom p l a n e r  T E M  s p e c i m e n s ,  w i t h  a n  o p e r a t i n g  
g-vec tor  of  <400>.  S IMS ana lys i s  was  a c c o m p l i s h e d  on  a 
C a m e c a  IMS-300 w i t h  a n  02 + b e a m  at  a c u r r e n t  of 500 nA. 
A 750 ~ m  squa re  was  r a s t e r e d  and  SigN ~ was  m o n i t o r e d  at  
a m a s s  of  70 in  o rde r  to  d e t e r m i n e  t he  n i t r o g e n  profile. 
A n  02 b l e e d  was  supp l i ed  at  t he  s a m p l e  sur face  in  o rde r  
to  m i n i m i z e  ar t i fac ts  c a u s e d  b y  c h a n g e s  in  o x y g e n  sur- 
face concen t r a t i on .  The  l ower  de t ec t i on  l imi t  of  n i t r o g e n  
in s i l icon by  th i s  S IMS t e c h n i q u e  was  d e t e r m i n e d  to be  6 
• 10 '8 N at . /cm '~. 

Results 

As-implanted structure.--The a s - i m p l a n t e d  mic ros t ruc -  
ture,  as d e t e r m i n e d  by  T E M  cross - sec t iona l  analysis ,  may  
cons i s t  of  as m a n y  as four  d i s t inc t  layers  or regions ,  as 
s h o w n  in Fig. 1. The  m e a s u r e d  t h i c k n e s s e s  of the  top  
t h r ee  layers  as a f u n c t i o n  of  i m p l a n t a t i o n  t e m p e r a t u r e  are  
l i s ted  in Tab le  I. The  top  layer  cons i s t s  of defec t ive  
s ingle-crys ta l  s i l icon w i t h  a h i g h  d i s loca t ion  densi ty .  Ira- 

Table h As-implanted a layer thicknesses 

Implantation 
temperature Layer thicknesses (nm) 

CC) A B C D = B + C  E = A + B  

600 165 165 85 250 330 
500 150 55 195 250 205 
400 170 0 245 245 170 

A = Thickness of the top, highly defective single-crystal Silayer. 
B = Thickness of the mottled single-crystal Si layer. 
C = Thickness of the amorphous layer. 
a Wafers were implanted with 7.5 • 10 '7 N ~ ion/cm '~ at 160 keV at 

the designated temperature. 
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Fig. 1. TEM cross sections of silicon as implanted with 7.S • 101~ 
N ~ ion/cm 2 at 160 keV and 600~ (a), SO0~ (b), and 400~ (c). 
The letters next to the micrographs correspond to the column desig- 
nations in Table I. 

mediately under this top layer is a second layer, which 
has a mottled or textured appearance, particularly at or 
near the interface between this layer and the third layer, 
which is amorphous. Below the amorphous layer is a 
fourth layer consisting primarily of highly defective 
single-crystal silicon, although Fig. la  indicates the pres- 
ence of some of the mottled microstructure in the fourth 
layer next to the amorphous layer. This fourth layer is ap- 
proximately 150 nm thick, regardless of the implant tem- 
perature, and corresponds to the lower tail of the im- 
planted nitrogen profile. 

The thickness of the top, highly defective single-crystal 
silicon layer is about 150-175 nm and is designated by the 
letter A in Table I and Fig. 1. The thickness of this top sil- 
icon layer is not a definitive function of the implantation 
temperature, as indicated in column A of Table I. The 
density of defects in this layer is on the order of 10'~ ' ' 
dislocation/cm ~ and appears to be independent  of the 
implantation temperature. 

The second layer, designated by the letter B, is basi- 
cally single-crystal silicon as determined by electron dif- 
fraction and various other electron microscopy tech- 
niques. Despite the mottled appearance of this layer, it 
contains no classical linear or planer defects, such as 
dislocations or stacking faults. Lattice imaging of one set 
of {111} planes in this layer reveals that these planes ex- 
tend throughout  this layer to the completely amorphous 
layer, except  for small, included regions of amorphous 
material about 1-3 nm diam (see Fig. 2). These small 
amorphous regions are undoubtedly silicon with a high 

Fig. 2t TEM cross section of silicon as-implanted with 7.5 • 10 ~7 
N + ion/cm 2 at 160 keV and 600~ One set of silicon {111} planes is 
imaged in the second layer near the interface between single-crystal 
layer and the buried amorphous layer. 

concentration of nitrogen, although this hypothesis could 
not be quantitatively- substantiated. The measured perio- 
dicity of the mottled microstructure is approximately 5 
nm, as determined from micrographs similar to Fig. la. 
The approximate periodicity of the amorphous regions as 
observed in Fig. 2 is 5-7 nm. Thus, the mottled appear- 
ance of this layer in Fig. la  and lb  is apparently due to 
the inclusion of small regions of amorphous material in a 
matrix of single-crystal silicon. 

In the electron diffraction pattern corresponding to this 
layer, the silicon fundamental spots are surrounded by 
nearly symmetrical halos or rings of diffuse scatter as 
shown in Fig. 3. The diameters of these rings of diffuse 
scatter are indicative of a repeated structure with a perio- 
dicity of 5-7 nm. These numbers correspond to the perio- 
dicity of the mottled microstructure (Fig. la) and to the 
periodicity of the amorphous regions (Fig. 2). Thus, the 
nearly periodic nature of the mottled microstructure layer 
gives rise to diffuse scatter about the silicon fundamental 
spots in electron diffraction. 

Below this mottled second layer is a completely amor- 
phous layer, designated by the letter C in Fig. 1 and Table 
I. As indicated in column C of Table I, the thickness of 
the totally amorphous layer increases as the implantation 
temperature decreases. Conversely, the mottled single- 
crystal silicon layer becomes thinner and ultimately non- 
existent at 400~ (Fig. lc). Examination of column D of 
Table I indicates that the sum of the mottled and amor- 
phous layer thicknesses is nearly constant as a function of 
the implantation temperature. Thus, as the implant tem- 
perature decreases, the thickness of the amorphous layer 
increases at the expense of the thickness of the mottled 
silicon layer. Also, as the implant temperature decreases, 
the interface between the amorphous layer and the above 
single-crystal layer becomes more abrupt (cf. Fig. la-lc). 

SIMS analysis of the as-implanted nitrogen distribution 
indicates that the nitrogen profile is slightly nongaussian 
with a higher concentration nitrogen tail toward the sur- 
face of the silicon wafer than toward the bulk of the Wafer 

Fig. 3. Silicon < 1 1 0 >  diffraction pattern corresponding to the 
mottled, second layer in Fig. la. Rings of diffuse scatter are ob- 
served around the fundamental spots. 
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Fig. 4. Nitrogen profile in a < 1 0 0 >  silicon wafer implanted with 
a dose of 7.5 • 10 '7 N ~ ion/crn 2 at 160 keV. The approximate 
thicknesses of the various layers observed in the as-implanted mi- 
crostructures are indicated by the dotted lines. See Table I for an 
explanation of letters A, B, and C. The "fourth layer" is the highly 
defective layer below the amorphous layer. 

Fig. S. Planer view of the partially crystallized Si3N 4 layer in silicon 
implanted with 7.5 • 10 '7 N ~ ion/cm ~ at 160 keV and 600~ The, 
specimen has been annealed at 1200~C for 10 min in argon. Low an- 
gle grain boundaries are present between the grains emanating from a 
common nucleation site. A large angle grain boundary has formed 
where grains from two adjacent nucleation sites have impinged upon 
each other. 

(see Fig. 4). The general shape of this distribution is typi- 
cal of a light element implanted at high energies into a 
heavier element target in which the primary mechanism 
of ion stopping is electronic interactions between the ions 
and the atoms. A Sign ~ count Value of 10K in Fig. 4 corre- 
sponds to an approximate nitrogen concentration of 3 • 
10 ~2 N at./cm 3. As can be seen in Fig. 4, the as-implanted 
nitrogen peak concentration is less than that predicted by 
a strictly gaussian distribution. This discrepancy is obvi- 
ously due to skewness of the nitrogen distribution and to 
the slight nitrogen pile up at the SiOJSi interface. The ni- 
trogen profiles are virtually identical for wafers im- 
planted at 600 ~ and 400~ implying that the as-implanted 
nitrogen profile is not a function of the implant tempera- 
ture. Also, there is no substantial diffusion of nitrogen at 
600~ for implantation t imes as long as 12h. The approxi- 
mate locations of the various layers tabulated in Table I, 
as well as the location of the highly defective fourth layer, 
are indicated in Fig. 4. 

Development of the annealed structure.-- Upon anneal- 
ing the as-implanted silicon wafers at 1200~ for 2h a con- 
tinuous layer of buried, polycrystalline a-Si3N4 forms un- 
der a single-crystal silicon layer which has a relatively low 
defect density. Before proceeding on to a detailed exami- 
nation of the microstructures of the top silicon and the 
buried silicon nitride layers, it is helpful to see how the 
final annealed SOI structure develops from the as-im- 
planted structure. In order to ascertain this development, 
nitrogen-implanted silicon wafers were annealed at 
1200~ for times ranging from 10 min to 2h. 

The first event to occur is the nucleation and growth of 
the polycrystalline ~-Si3N4 phase within the amorphous 
layer of the as-implanted structure. The particular crystal- 
line phase of silicon nitride was determined by electron 
diffraction. The a-Si.~N4 phase nucleates at discrete points 
and grows in a radial manner out from a given nucleation 
site within the plane of the buried amorphous layer (see 
Fig. 5). As a given ~-Si3N4 nucleus grows within the amor- 
phous layer, it divides into numerous grains separated by 
low angle grain boundaries, as determined by electron 
diffraction and microstructural analysis. The low angle 
grain boundaries appear to form within a few hundred 
nanometers of the nucleation site. Eventually, Si3N4 
grains from adjacent nucleation sites impinge upon each 
other and form high angle grain boundaries at the points 
of impingement, as shown in the upper portion of Fig. 5. 

For wafers implanted at 600~C, the horizontal growth 
front of the ~-Si:3N4 spans the entire thickness of the 

amorphous layer. Also, for wafers implanted at 600~ 
20-30% of the amorphous layer is crystallized after 10 rain 
at 1200~ and the layer has completely crystallized after 
2h at 1200~ The horizontal growth rate of the ~-Si~N4 
phase within the amorphous layer at 1200~ is estimated 
at 200-400 rim/rain. The time necessary to completely 
crystallize the buried silicon nitride layer depends not 
only on the growth rate, hut also on the nucleation rate of 
the a-Si3N4 phase within the amorphous layer. 

After the ~-Si3N4 phase forms within the amorphous 
layer, a dendritic structure develops perpendicularly to 
the plane of the buried nitride layer for implant tempera- 
tures of 500 ~ and 600~ This dendritic structure starts to 
form a few hundred nanometers behind the growth front 
of the silicon nitride phase at the interface between the 
amorphous layer and the mottled layer of the as-im- 
planted structure. The dendritic structure is more pro- 
nounced (i.e., the dendrites are longer) along the top 
Si/Si:~N4 interface than along the lower interface for rea- 
sons which will be discussed later. Also, the dendritic 
structure is more pronounced for wafers implanted at 
600~ than at 500~ As the silicon nitride dendrites grow 
into the mottled silicon layer, the mottled microstructure 
is transformed to that of defect-free single-crystal silicon, 
as shown in Fig. 6. The growth front of the silicon nitride 
in the amorphous layer is to the left of the left edge of the 
micrograph in Fig. 6. Notice that some of the mottled mi- 
crostructure is still present in the left portion of the mi- 
crograph, but is absent in the right portion of the micro- 

Fig. 6. TEM cross section of silicon implanted with 7.5 • 10 '7 N § 
ion/cm ~ at 160 keV and 600~ and subsequently annealed at 1200~ 
for 10 min in argon. The mottled microstructure just above the 
c~-Si~N 4 layer is present in the left portion of the micrograph nearest 
the amorphous-to-crystalline ~-Si3N 4 growth front but is absent in the 
right portion of the micrograph. 
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graph .  Th i s  t r a n s f o r m a t i o n  of t he  m o t t l e d  m i c r o s t r u c t u r e  
to t h a t  typ ica l  of defec t - f ree  s ingle-crys ta l  s i l icon occurs  
on ly  af te r  t he  n u c l e a t i o n  a n d  g r o w t h  o f  t he  u n d e r l y i n g  
a-Si3N4 phase .  Thus ,  in  t he  r i gh t  p o r t i o n  of Fig. 6 a n  
i n t e r m e d i a t e  m i c r o s t r u c t u r e  h a s  d e v e l o p e d  c o n s i s t i n g  of  
h i g h l y  de fec t ive  t op  s i l i con  layer  r e t a i n e d  f rom the  as-im- 
p l a n t e d  m i c r o s t r u c t u r e ,  a n  i n t e r m e d i a t e ,  defec t - f ree  
s ing le -c rys ta l  s i l i con  layer,  a n d  a b o t t o m ,  po lyc rys ta l l ine  
a-Si3N4 layer,  w i t h  a dend r i t i c  or ce l lu la r  s t r u c t u r e  p romi -  
n e n t  a long  t h e  top  interface.  C o n t i n u e d  a n n e a l i n g  at  
1200~ r e su l t s  in  t h e  e l i m i n a t i o n  of t he  h igh ly  de fec t ive  
top  s i l i con  layer  a n d  the  f o r m a t i o n  of s ingle-crys ta l  sili- 
con  w i t h  a s u b s t a n t i a l l y  lower  d i s loca t ion  dens i ty  (see 
Fig. 7). 

D u r i n g  t he  1200~ annea l ,  t h e  top  s i l i con  layer  r eg rows  
to fo rm a t h i n  l ayer  of  < 1 0 0 > - o r i e n t e d  s ingle-crys ta l  sili- 
con  w i t h  a d i s loca t ion  dens i ty  on  t he  o rde r  of  5 • 10 s dis- 
location/cm ~. This dislocation density is nearly indepen- 
dent of the implantation temperature for wafers annealed 
at 1200~ but it is much lower than the I0'~ '' disloca- 
tion/cm 2 in the top silicon layer of the as-implanted speci- 
mens. The dislocations in the regrown silicon layer ex- 
tend from the crystalline nitride layer to the free surface 
of the silicon layer and are the only observable defects for 
wafers implanted at 500 ~ or 600~ Burger's vector analy- 
sis indicates that these dislocations are primarily screw in 
nature. 

For the 600~ implant temperature, the ~-Si3N4 den- 
drites grow into the mottled silicon layer, but not all of 
this layer is consumed by the ~-Si3N4 phase. This is dem- 
onstrated by the fact that for the 600~ implant tempera- 
ture the thickness of the final top silicon layer (column F, 
Table II) is greater than the thickness of layer A (column 
A, Table I), but less than the combined thickness of layers 
A and B (column E, Table I). 

For wafers implanted at 400~ and annealed at 1200~ 
silicon twins are also observed in the top silicon layer in 
addition to the dislocations. These twins lie along the sili- 
con {III} planes and begin at about 170 nm below the sili- 
con surface and extend down to the silicon nitride layer. 
The twins do not extend all the way through the top silt- 

con  film. T h e  t w i n  n a t u r e  of t h e s e  p l a n a r  defec ts  in  Fig. 
7c was  c o n f i r m e d  b y  the  o b s e r v a t i o n  of {111} t w i n  spo ts  
in  e l ec t ron  d i f f rac t ion  p a t t e r n s  of  t h e  top  s i l icon film. 

The  final  m i c r o s t r u c t u r e  af te r  a 1200~ 2h a n n e a l  con-  
sists  of a top  layer  of  s ingle-crys ta l  s i l icon over  a b u r i e d  
layer  of  a-Si.~N4 for  all of  the  i m p l a n t  c o n d i t i o n s  inves t i -  
gated.  T E M cross  sec t ions  of  s i l i con  i m p l a n t e d  at  600 ~ 
500 ~ or 400~ a n d  s u b s e q u e n t l y  a n n e a l e d  at  1200~ for  2h  
are s h o w n  in  Fig. 7a-7c. T h e  t h i c k n e s s e s  of  t h e  t o p  s i l icon 
layer  a n d  of  t h e  po lyc rys ta l l ine  s i l i con  n i t r i d e  layer  are  
215-240 a n d  180-195 rim, r e spec t ive ly  (see c o l u m n s  F a n d  
G of  Tab le  II). These  t h i c k n e s s e s  do n o t  a p p e a r  to be  de- 
p e n d e n t  o n  t h e  i m p l a n t a t i o n  t e m p e r a t u r e .  However ,  t he  
overal l  t h i c k n e s s  of t h e  top  s i l icon layer  p lus  t h e  b u r i e d  
s i l icon n i t r i de  l ayer  r e m a i n s  nea r ly  c o n s t a n t  w i t h  imp lan -  
t a t i on  t e m p e r a t u r e  ( co l u mn  H of Tab le  II). Not ice  t h a t  a t  
leas t  for the  h i g h e r  i m p l a n t  t e m p e r a t u r e s  t h a t  no  h igh ly  
de fec t ive  i n t e r m e d i a t e  l ayer  fo rms  j u s t  a b o v e  t h e  b u r i e d  
i n su l a to r  as in  t h e  case  of SOI by  i o n - i m p l a n t e d  o x y g e n  
(6). 

For  wafe rs  i m p l a n t e d  at  600~ b u t  a n n e a l e d  at  l l00~ 
the  s i l icon n i t r i d e  does  no t  crys ta l l ize  e x c e p t  at  gross  de- 
fects,  s u c h  as at  p i t s  in  t h e  top  s i l icon layer.  In  t h o s e  scat- 
t e red  i n s t a n c e s  w h e r e  the  s i l icon n i t r i d e  does  crystal l ize,  
i t  does  so in  a m a n n e r  s imi la r  to t h a t  at  1200~ S ince  t he  
s i l icon n i t r i d e  genera l ly  does  n o t  crys ta l l ize  at  1100~ t he  
top  s i l icon layer  r e t a ins  t h e  h i g h  d en s i t y  of  defec ts  re- 
su l t i ng  f rom t h e  n i t r o g e n  i m p l a n t a t i o n .  T h e s e  resul ts ,  
a long  w i t h  t h e  a b o v e  a n n e a l i n g  r e su l t s  a t  1200~ ind i ca t e  
t ha t  the  c rys ta l l i za t ion  of  the  s i l icon n i t r i de  layer  is a pre-  
r equ i s i t e  for t h e  r e g r o w t h  of  t h e  top  s i l i con  layer  in to  low 
defec t  d e n s i t y  sil icon. 

Nitrogen redistribution.--The r e d i s t r i b u t i o n  of  n i t r o g e n  
in  t h e  s i l icon as a f u n c t i o n  of  a n n e a l i n g  t i m e  at 1200~ is 
s h o w n  in Fig. 8. C o m p a r e  th i s  w i t h  Fig. 4. The  s i l icon wa- 
fers  we re  i m p l a n t e d  w i t h  7.5 • 10 '7 N ~ ion/cm'-' a t  160 keV  
a t  a t e m p e r a t u r e  of  600~ a n d  s u b s e q u e n t l y  annea led .  The  
o rd ina t e  of  t h e s e  g r a p h s  is in  u n i t s  of  Si2N ~ counts ,  w h i c h  
is a m e a s u r e  of  t h e  n i t r o g e n  c o n c e n t r a t i o n  in t h e  s i l icon 
wafer.  Again ,  a v a l u e  of  10K Si2N ~ coun t s ,  a p p r o x i m a t e l y  
c o r r e s p o n d s  to a n i t r o g e n  c o n c e n t r a t i o n  of 3 • 10 ~2 N 
at . /cm 3. 

Af te r  a n n e a l i n g  for on ly  10 rain,  t h e  n i t r o g e n  con-  
c e n t r a t i o n  profi le  in  Fig. 8a d i sp lays  t h r e e  d i s t inc t  peaks .  
A sur face  n i t r o g e n  p e a k  a n d  a h igh ,  b r o a d  p e a k  
c o r r e s p o n d i n g  to t h e  b u r i e d  s i l icon n i t r i d e  l ayer  are  read-  
ily obse rved .  A s l igh t  s h o u l d e r  is o b s e r v e d  on  th i s  peak  
t o w ard s  t h e  sur face  of the  wafer ,  a n d  th i s  is be l i eved  to 
c o r r e s p o n d  to t h e  s i l icon n i t r i d e  dend r i t i c  s t r uc tu r e  
g ro w i n g  t o w a r d s  t h e  wafe r  surface.  As n o t e d  above,  t h e  
s i l icon n i t r i d e  begirm to crystal l ize af te r  on ly  10 ra in  at  
1200~ a n d  t h e  dend r i t i c  s t r u c t u r e  fo rms  i m m e d i a t e l y  be- 
h i n d  t h e  c rys ta l l i za t ion  front .  B e t w e e n  t h e  sur face  n i t ro-  
gen  p e a k  a n d  t h e  p e a k  c o r r e s p o n d i n g  to t h e  b u r i e d  sili- 
con  n i t r i d e  layer  is a t h i r d  n i t r o g e n  peak.  The  
concentration of nitrogen at the apex of this peak is lower 
than the as-implanted nitrogen concentration at this 
depth (cf., Fig. 4 and 8a). This intermediate nitrogen peak 
results from the diffusion of nitrogen from this region to 
either the Si/SiO2 interface at the silicon surface or to the 
buried polycrystalline silicon nitride layer. This interme- 
diate nitrogen peak decays with annealing time until it is 

Table II. Annealed a Si/Si3N 4 layer thicknesses 

Implantation 
temperature Layer thicknesses (nm) 

(~ F G H = F + G 

Fig. 7. TEM cross sections of silicon implanted with 7.5 • 10 '7 N ~ 
ion/cm 2 at 160 keV and 600~ (a), S00~ (b), and 400~ (c), and 
subsequently annealed at |200~ for 2h in argon. The letters next to 
the micrographs correspond to the columnn designations in Table II. 

600 240 180 415 
500 215 195 415 
400 215 190 405 

F = Thickness of the top single-crystal Si layer. 
G = Thickness of the polycrystalline Si:,N, layer. 

Wafers implanted with 7.5 • 10 '7 N ~ iorgcm 2 at 160 keV and at the 
designated temperature were annealed at 1200~ for 2h in argon. 
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less than  6 • 10 is N at . /cm 3 (the detec t ion  l imit  of  SIMS) 
for an anneal  t ime  of 2h as indica ted  in Fig. 8c. Af ter  a l h  
anneal,  the  n i t rogen  concent ra t ion  jus t  above  the  bur ied  
Si/Si3N4 interface  is substant ia l ly  lower  than  the n i t rogen 
concen t ra t ion  in the  si l icon nex t  to the  n i t rogen  peak  at 
the  Si]SiO2 interface.  Thus,  the  polycrys ta l l ine  bur ied  ni- 
t r ide layer acts as a be t ter  sink for n i t rogen  than  the  top  
Si/SiO2 interface.  

Close examina t ion  of the surface of  the sil icon wafer  
after a 2h 1200~ anneal  did not  reveal  the  presence  of  any 
polycrystal l ine si l icon nitride. However ,  a t tempts  to strip 
the  pyrolyt ic  ox ide  f rom the  silicon wafers  after the  2h an- 
neal  r equ i red  the use of  49% H F  for 1-2 min  before  the  wa- 
fers wou ld  dewet .  A solut ion of  five parts  NH4OH to one 
part  HF  (5:I BHF)  d id  not  dewe t  the  wafers  at 10 min  of  

e tching t ime.  These  resul ts  a long wi th  s imilar  resul ts  re- 
por ted  by J o s q u i n  (13, 14) sugges t  that  an amorphous  sili- 
con ni t r ide film forms at the Si/SiO2 interface.  

Discussion 
The  as- implanted  mic ros t ruc tu res  resu l t ing  f rom the  

exper imenta l  condi t ions  of this inves t iga t ion  basical ly 
consist  of  a bur ied  amorphous  layer under  a layer of  
s ingle-crystal  s i l icon for all implan t  t empera tu res  studied.  
The format ion  of  an amorphous  layer by ion implan ta t ion  
is enhanced  by h igh  ion doses, h igh  damage  density,  low 
implan t  t empera tures ,  and by the  implan ta t ion  of a 
heavier  e l emen t  into a l ighter  ta rget  mater ial  (18). A 
mode l  for amorph iz ing  si l icon by ion implan ta t ion  by 
Morehead  and Crowder  (19) predic ts  that, for an implan t  
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temperature of about 350~ or more, an amorphous layer 
should not form for any dose of nitrogen in silicon. Their 
model, however, does not quantitatively consider the ef- 
fect of dose rate (ion beam current density); nor is the ef- 
fect of substantial changes in the composition of the sili- 
con resulting from high dose implants considered. They 
do suggest that higher dose rates will favor the formation 
of an amorphous layer at higher implant temperatures. 

As previously noted, Zimmer  and Vogt (9)found for ni- 
trogen doses of 1.3 • 1018 N § iorgcm ~ at 150 keV that an 
amorphous layer extending to the silicon surface forms at 
implant temperatures below 350~ Upon annealing such 
a structure, a top layer of polycrystalline silicon forms. 
However, if the implant temperature is in excess of 350~ 
sufficient self-annealing presumably occurs to maintain a 
surface layer of monocrystalline silicon from which the 
remaining silicon recrystallizes during annealing. Based 
upon Rutherford backscattering data, Bourguet et al. (15) 
suggest that for a dose of 2 • 1017 N § ion/cm 2 a buried 
amorphous layer forms, but that this amorphous layer ex- 
tends to the surface of the wafer for a dose of 2 • 10 TM N ~ 
iorgcm 2 for an implant energy of 180 keV at or near room 
temperature. 

The results of this study indicate that a buried amor- 
phous layer forms at elevated implant temperatures 
(400~176 and at a dose of 7.5 • 10 '7 N ~ ion/cm 2. Since 
the wafers at all three implant temperatures were im- 
planted at the same dose rate and the nitrogen profiles 
are identical for wafers implanted at 400 ~ and at 600~ the 
differences in the as-implanted microstructures observed 
in Fig. la - lc  are due solely to differences in the implant 
temperature. Clearly, the formation, thickness, and posi- 
tion of the buried amorphous layer is a function of the im- 
plant temperature. 

For an implant temperature of 400~ the center of the 
amorphous layer corresponds to the projected damage 
peak for nitrogen implanted into silicon at 160 keV as cal- 
culated from the model of Sigmund and Sanders (20). 
Based upon their model, the projected damage peak is at 
81% of the projected nitrogen ion range or at about 295 
nm for 160 keV. Thus, the center of the amorphous layer 
at 400~ corresponds to the region of maximum implant 
damage. 

As the implant temperature increases, the amorphous 
layer appears to become thinner and a single-crystal layer 
with a mottled microstructure begins to form. This mot- 
tled layer forms primari ly.between the amorphous layer 
and the top highly defective single-crystal silicon layer, 
although some of this mottled microstructure also forms 
below the amorphous layer (Fig. la). Examination of the 
thickness data in column D in Table I indicates that the 
sum of the mottled and amorphous layer thicknesses is 
nearly constant as a function of the implant temperature. 
Thus as the implant temperature increases, the thickness 
of the mottled layer increases at the expense of the amor- 
phous layer. Since this mottled layer is defect-free single- 
crystal silicon, except  for 1-3 nm diam regions of amor- 
phous material, the elevated implant temperatures 
apparently promote the in situ recrystallization of a por- 
tion of the amorphous layer during the nitrogen implanta- 
tion. At 600~ the center of the amorphous layer corre- 
sponds to the projected range or the peak nitrogen 
concentration of as-implanted N § ions into silicon at 160 
keV. Given the asymmetry of the as-implanted nitrogen 
concentration profile (Fig. 4), and the fact that the mot- 
tled microstructure forms predominately above the amor- 
phous layer, the extent  to which the mottled layer forms 
at a given implant temperature appears to be a function of 
the local nitrogen concentration. In particular, as the im- 
plant temperature increases, a higher nitrogen concentra- 
tion is required to insure the retention of a buried 
amorphous layer. Conversely, as the implant temperature 
increases, the mottled layer is capable of incorporating a 
larger concentration of nitrogen. 

The development  of the final annealed microstructure 
proceeds first by the crystallization of the amorphous 
layer into polycrystalline silicon nitride, and then by the 

changing of the mottled layer into normal single-crystal 
silicon with no amorphous pockets (at implant tempera- 
tures of 500 ~ and 600~ Finally, the highly defective top 
single-crystal silicon layer transforms to single-crystal sil- 
icon with a relatively low density of dislocations which 
span the entire thickness of the top silicon layer. Once the 
polycrystalline silicon nitride forms, it acts as a sink for 
the diffusion of nitrogen from the surrounding silicon, 
particularly for the top silicon layer. As the nitrogen dif- 
fuses towards this buried layer, a silicon nitride dendritic 
structure forms along the Si/Si3N4 interface, indicative of 
morphological instability along this interface. Concurrent 
with the development  of this dendritic structure is the 
disappearance of the .mottled microstructure. This indi- 
cates that the 1-3 nm regions of amorphous material may 
be rich in nitrogen compared to the surrounding silicon 
matrix. As the nitrogen thus diffuses out of the amor- 
phous pockets in the mottled layer, the silicon lattice re- 
laxes to its perfect state. 

For silicon implanted at 600~ and annealed at 1200~ 
the dendritic structure is more prominent  along the upper  
Si/Si3N4 interface than along the lower interface. This is 
due more to the lower nitrogen concentration gradient 
above the amorphous layer than below it, as indicated in 
Fig. 4. As the silicon nitride crystallizes, the nitrogen in 
the silicon along the back Si/Si3N4 interface of the amor- 
phous layer is rapidly depleted, thus minimizing the 
development  of the dendritic structure. However, along 
the top Si/Si.~N4 interface, the dendrites grow into silicon 
which has a more gradually decreasing nitrogen concen- 
tration gradient. Hence, a more prominent  dendritic 
structure develops along this interface. As the implanta- 
tion temperature increases from 500 ~ to 600~ the den- 
dritic structure becomes more prominent.  This is because 
the dendritic growth starts at the interface between the 
amorphous silicon layer and the mottled layer. At higher 
implant temperatures, this interface is closer to the pro- 
jected range of the nitrogen and, hence, at a higher nitro- 
gen concentration. Consequently, the dendrites associ- 
ated with the higher implant temperature start deeper 
within the silicon and grow farther towards the top sur- 
face before the lack of nitrogen inhibits their growth. 

In order to understand the development  of the various 
annealed microstructures (Fig. 7a-7c) from their respec- 
tive as-implanted microstructures (Fig. la-lc), it is neces- 
sary to examine the pertinent data from Tables I and II as 
plotted in Fig. 9. In Fig. 9, the total thickness of the top 
silicon layer for both the as-implanted (Table I, column E) 
and the annealed (Table II, column F) microstructures is 
plotted as a function of the implant temperature. For the 
600~ implant temperature, the annealed top silicon layer 
is considerably thinner than the total thickness of the ini- 
tial single-crystal layers. Consequently, upon annealing, 
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the a-Si3N4 grows dendritically into the mottled layer. For 
an implant temperature of 500~ the final silicon layer is 
of virtually the same thickness as the total top silicon lay- 
ers in the as-implanted microstructure. As a result, there 
is virtually no dendritic silicon nitride growth into the 
mottled silicon layer (see Fig. 7b). For an implant temper- 
ature of 400~ the thickness of the top silicon layer is 
greater than the thickness of the top silicon layer in the 
as-implanted microstructure. Consequently, the top sili- 
con layer grows down into the amorphous layer during 
the anneal. The extent  of this silicon growth is about 45 
nm, which is approximately the distance of vertical 
growth of the twins observed in Fig. 7c. Also, the upper 
extent of the twins in Fig. 7c is located at the position of 
the interface between the amorphous and single-crystal 
silicon layers in Fig. lc. Thus, the regrowth of the top sili- 
con layer for an implant temperature of 400~ and a sub- 
sequent anneal at 1200~ is characterized by a twinned 
microstructure. Based upon this data and the microstruc- 
tures in Fig. 7, the opt imum implant temperature for the 
studied nitrogen dose and implant energy is about 500~ 
At this temperature, the a-Si3N4 dendritic growth is mini- 
mized and the silicon twins do not form. 

The mechanism whereby the final, low dislocation 
density top silicon film develops is not understood at this 
time. In particular, the manner in which the high density 
of defects in the top silicon layer of the as-implanted mi- 
crostructures (at all implant temperatures) migrate from 
the silicon is unknown. It is known, however, that the 
crystallization of the amorphous layer to a-Si3N4 is a 
prerequisite for the formation of the low defect density 
top silicon layer. Thus the high defect density in the top, 
as-implanted silicon layer is probably associated with a 
relatively high concentration of nitrogen in the silicon. As 
the nitrogen concentration deceases from the top silicon 
layer, the defect density in this layer correspondingly 
decreases. 

Also unknown at this point is the reason for the forma- 
tion of the dislocations which form in t he  top silicon layer 
and span the entire thickness of this layer. Since the den- 
sity of these dislocations is independent  of the implant 
temperature, they do not appear to be a function of the as- 
implanted microstructure for the temperature range of 
this study. These dislocations could form from the de- 
fects in the as-implanted silicon. They could also be due 
to plastic deformation of the silicon resulting from differ- 
ences in the thermal expa~nsion coefficients of silicon and 
alpha silicon nitride. A third possibility is that the disloca- 
tions could be due to the difference in the atomic vol- 
umes of implanted silicon and the resulting crystalline sil- 
icon nitride. Despite their presence, the dislocation 
density in the top silicon layer of nitrogen-implanted and 
annealed silicon as described above is relatively low com- 
pared to the defect density in the as-implanted micro- 
structure. 

The nitrogen profiles as a functio~ of anneal time at 
1200~ (Fig. 8) indicate that the implanted nitrogen dif- 
fuses to the top Si]SiO~ interface and to the buried poly- 
crystalline silicon nitride layer. This buried a-Si3N4 layer 
is a better diffusion sink for nitrogen than the nitride 
layer at the top Si/SiO2 interface. In particular, the nitro- 
gen profile for implanted silicon annealed at 1200~ for lh  
(Fig. 8b) indicates that the equil ibrium nitrogen concen- 
tration in silicon in contact with crystalline alpha silicon 
nitride is lower than for the amorphous silicon nitride at 
the Si]SiO.~ interface. The silicon nitride layer at the 
Si/SiO2 interface is amorphous since no polycrystalline 
material is observed via TEM. Also, it is not known if this 
nitride is stoichiometric Si3N4. However, Josquin  (16, 17) 
has shown that this nitride layer is capable of inhibiting 
silicon oxidation. 

A comparison of the nitrogen in Fig. 4 and 8a indicates 
that the peak annealed nitrogen concentration is only 
slightly greater than the peak as-implanted nitrogen con- 
centration. As previously noted, a value of 10K SigN + 
counts corresponds to a nitrogen concentration of 3 • 1022 
N at./cm 3. The fact that the peak nitrogen concentrations 

are virtually identical implies that the silicon nitride may 
not be fully dense or that it may have a lower density than 
anticipated from Ref. (13). This explanation would not be 
too unreasonable, since the buried nitride has numerous 
high and low angle grain boundaries. Another explana- 
tion for the lower than expected nitrogen concentration 
in the annealed silicon nitride may by that the nitride has 
a high solid solubility for silicon, since no silicon precipi- 
tates were observed in this layer by electron diffraction. 

Conclusions 
Both the as-implanted and the postannealed micro- 

structures of silicon implanted with 7.5 • 10 '7 N ~ ion]cm ~ 
at 160 keV are a function of the implant temperature in 
the range of 400~176 Within this implant temperature 
range, the as-implanted microstructure consists of a 
highly defective monocrystalline top silicon layer and a 
buried amorphous layer. 

At implant temperatures of 500 ~ and 600~ a mottled 
microstructure forms between the top, highly defective 
silicon layer and the buried amorphous layer at the ex- 
pense of the amorphous layer. This mottled layer is 
single-crystal silicon except  for the inclusion of small (1-3 
nm) regions of amorphous silicon. The mottled layer ap- 
parently results from the recrystallization of the amor- 
phous layer during implantation. The extent to which this 
mottled layer forms is a function of the implant tempera- 
ture and of the local nitrogen concentration. 

Annealing at 1200~ results in a continuous buried ni- 
tride layer and the formation of a top silicon layer with a 
relatively low density of dislocations. The buried nitride 
layer forms by the precipitation of a a-Si:~N4 phase 
throughout  the amorphous layer. This is followed by the 
dendritic growth of the a-Si3N4 phase partially into the 
mottled silicon layer for silicon implanted at 500 ~ and 
600~ For silicon implanted at 400~ the top silicon layer 
grows towards the buried ni t r ide  layer, rather than the sil- 
icon nitride growing towards the top surface. For all of 
the above implant temperatures, the final thickness of 
the top silicon layer is 215-240 nm. 

The formation of the polycrystalline silicon nitride 
layer is a prerequisite for the regrowth of the top layer 
into low defect density silicon. The high density of de- 
fects in the as-implanted top silicon layer migrate out of 
the silicon as the nitrogen concentration decreases in this 
layer. 

The final annealed top silicon layer is characterized by 
dislocations which span the entire thickness of the silicon 
layer. The density of these dislocations is about 5 x l0 s 
dislocation/cm ~ and appears to be independent  of the im- 
plant temperature. The regrown silicon resulting from the 
400~ implant is characterized by growth twins at the top 
Si]Si3N4 interface, in addition to the dislocations. 

From a microstructural viewpoint, the absence of 
growth twins and the minimization of the silicon nitride 
dendritic growth imply that 500~ is an opt imum implant 
temperature for the formation of SO[ by implanted nitro- 
gen. 

Although the as-implanted microstructure is a function 
of the implant temperature, the actual as-implanted nitro- 
gen distribution is independent  of the implant tempera- 
ture. During the 1200~ anneal, the nitrogen in the top sil- 
icon layer diffuses towards the precipitated a-Si3N4 layer 
and towards the top silicon/SiO~ interface. The silicon ni- 
tride layer along this top interface does not crystallize 
during the 1200~ anneal. 

The results of this study also indicate that a nitrogen 
dose substantially less than predicted for a stoichiometric 
silicon nitride layer may result in a continuous buried in- 
sulator. This is due to the diffusion of part of the nitrogen 
from the surrounding silicon to the polycrystalline buried 
silicon nitride. 
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Sidewall-Tapered Oxide by Plasma-Enhanced 
Chemical Vapor Deposition 

Gregory C. Smith* and Andrew J. Purdes* 

Texas Instruments, Incorporated, Semiconductor Process and Design Center, Dallas, Texas 75265 

ABSTRACT 

Plasma-enhanced chemical vapor deposition (PECVD) was used to deposit SiO2 layers with tapered sidewalls on 
silicon-doped aluminum steps. The deposition rates ranged from several hundred to 2000 ~/min. The plasma deposition 
process was performed in a single-wafer reactor, although the process is compatible with batch processing. The sidewall 
angles of up to 30 ~ to the vertical are formed by the angular dependence of the sputter etch yield due to ion bombard- 
ment. A large negative bias voltage with respect to the plasma is maintained at the substrate during the low pressure 
process. 

The topography of deposited dielectrics has become in- 
creasingly important  as lateral device dimensions ap- 
proach, and in some cases become smaller than, the 
heights of topographical features on VLSI devices. The 
importance of dielectric surface topography stems pri- 
marily from the need to coat the dielectric layer con- 
formally with metal and then to etch the metal cleanly. 
Dielectric films deposited by sputtering or PECVD with- 
out strong ion bombardment  have surface topography 
which can be represented by Fig. 1. This profile is the re- 
sult of shadowing, which causes low deposition rates at 
the corners near the bottom of steps relative to the rates 
at the top (1). This results in the reentrant surfaces and 
cracks seen in Fig. 1. The deposited dielectric can  be 
planarized by applying resist and etching back to repli- 
cate the smoothness of the resist surface in the oxide re- 
maining after etch. However, voids can be opened where 
the reentrant surfaces had closed on themselves during 
the deposition. If the dielectric topography of Fig. 1 is not 
planarized before deposition of the metal by evaporation 
or sputtering of the metal, conductors will be discontinu- 
ous on the reentrant dielectric surfaces as a result of 
shadowing. 

Chemical vapor deposition of the subsequent metal can 
be successful in producing conformal films on even 
reentrant dielectric surfaces (2). This solves the open- 
circuit problem but may result in shorting of adjacent 
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etched conductors because the anisotropic etch of the 
metallization layers is shadowed by the overhanging di- 
electric. Hence, regardless of the subsequent metal depo- 
sition method, reentrant-deposited dielectric topography 
is unacceptable. 

A well-established method for developing tapered ox- 
ide sidewalls during the deposition process is bias sput~ 
tering. Bias sputtering of quartz uses sputter etching of 
the depositing oxide surfaces to tailor the topography of 
the sputtered film. The sputter etching of the wafers dur- 
ing the deposition is accomplished by providing RF 
power to the substrate plate from a separate power sup- 
ply or a power split with the target. Sputter etch rates are 
maximum for surfaces oriented at about 45 ~ to the incom- 
ing ion flux. The steady-state surface topography under 
sputter etching is either a surface oriented normal to the 
incoming ion flux or one oriented at a 45 ~ angle to the 
flux (3, 4). If  sputter etching and sputter deposition are 
done simultaneously, the resulting topography will re- 
semble that of Fig. 2. To completely planarize the oxide, a 
thick deposition with the topography of Fig. 2 can be 
made. Then the sputter etch rate is increased so that the 
net deposition rate on the sloped surfaces is zero, burying 
the protrusions with a planar film (4). However, p]anari- 
zation can take hours, depending upon the ]ateral dimen- 
sions of the largest circuit feature, and may not be re- 
quired if the topography of Fig. 2 is acceptable. In these 
experiments on plasma-deposited films, only tapering of 
the sidewall was attempted. 
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Fig. 1. Breadloafed plasma-deposited oxide over metal steps 
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Fig. 2. Sidewall-tapered oxide over metal steps 

The  t o p o g r a p h y  s h o w n  in  Fig. 2 ha s  l iabi l i t ies  w h e n  
c o m p a r e d  w i t h  c o n f o r m a l  fi lm t o p o g r a p h y  or w i th  full  
p lanar iza t ion .  Wi th  t a p e r e d  oxide,  t h e  top  co rne r  of  the  
u n d e r l y i n g  m e t a l  is i so la ted  f r o m  t he  s u b s e q u e n t  me ta l  
layer  b y  on ly  a t h i n  insu la tor ,  r e s u l t i n g  in large  capaci-  
t ance  b e t w e e n  m e t a l  layers  a n d  pos s ib l e  re l iabi l i ty  p rob-  
l ems  r e s u l t i n g  f rom film c r a c k i n g  a n d  cha rge  leakage.  
Also, t he  b o t t o m  of  t he  s idewal l  is d i sp l aced  f rom the  un-  
de r ly ing  m e t a l  edge  b y  an  a m o u n t  g rea t e r  t h a n  the  aver-  
age d ie lec t r ic  t h i c k n e s s ,  c o n s u m i n g  v a l u a b l e  ch ip  area.  
However ,  u n l i k e  p lanar iza t ion ,  t a p e r i n g  al lows c o n t a c t s  
eu t  to the  t op  a n d  b o t t o m  of  s t eps  to b e  t he  s ame  dep th .  
This  e l i m i n a t e d  the  neces s i t y  for o v e r e t e h i n g  the  con t ac t s  
to  t he  s tep  tops  in  o rde r  to c lear  t he  deep  contac t s .  T h e  
p r o b l e m s  of p o o r  s tep  coverage  a n d  sho r t s  in  me ta l  sub-  
s e q u e n t l y  d e p o s i t e d  a n d  e t c h e d  on  c o n f o r m a l  ox ides  will  
be  r e d u c e d  on  s idewa l l - t ape red  oxide.  

Mos t  of t he  p r o b l e m s  of b ias  s p u t t e r i n g  in  p r o d u c i n g  ta- 
p e r e d  ox ide  s idewal l s  are  r e l a t ed  to t h e  use  of  t he  quar tz  
s p u t t e r i n g  t a rge t  as a source  for t he  depos i t ion .  The  so- 
d i u m  c o n t a m i n a n t  levels  in  qua r t z  t a rge t s  c an  be  signifi- 
cant ,  c o n t r i b u t i n g  to c o n t a m i n a t i o n  of  t he  films. L imi t s  
on  t he  d e p o s i t i o n  ra te  are  set  by  t he  target .  T he  ra te  at  
w h i c h  t h e  t a r g e t  c a n  d i s s ipa t e  h e a t  l imi t s  t h e  a l l owab le  
t a rge t  p o w e r  a n d  t h u s  t he  d e p o s i t i o n  rate.  Fo r  t he se  rea- 
sons,  e x p e r i m e n t s  were  d o n e  to d e t e r m i n e  t he  feas ib i l i ty  
of P E C V D  t a p e r e d  ox ide  as an  a l t e rna t ive  to b ias  s p u t t e r  
depos i t ion .  

Exper imenta l  
The  d e p o s i t i o n  r eac to r  u s e d  was  a para l le l -p la te  reac-  

t ive  ion  e t ch  (RIE) a p p a r a t u s  (Fig. 3). Th i s  was  c h o s e n  be- 
cause  of t h e  h igh ly  nega t ive  dc  b ias  po ten t i a l s  o n  the  sub-  
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s t ra te  e l ec t rode  d u r i n g  e tch,  w h i c h  e n h a n c e  the  ene rgy  of  
ion b o m b a r d m e n t  a n d  s p u t t e r  e t ch  rate.  In  RIE,  t he  reac- 
to r  walls  a n d  gas  in le t  p l e n u m  are g r o u n d e d  a n d  the  p la te  
on  w h i c h  t he  s u b s t r a t e s  res t  is R F  dr iven ,  w i t h  a b l o c k i n g  
capac i to r  in  t he  m a t c h i n g  n e t w o r k .  The  R F - d r i v e n  elec- 
t rode  a s s u m e s  a nega t ive  dc p o t e n t i a l  of  la rge  m a g n i t u d e  
if  t he  a rea  of  the  g r o u n d e d  su r f aces  in  con t ac t  w i t h  the  
p l a s m a  is l a rge  c o m p a r e d  to t h e  a rea  of t h e  dc  float- 
i ng -RF  d r i v e n  e l ec t rode  (5). The  p o t e n t i a l  s tabi l izes  w h e n  
the  ion  dr i f t  c u r r e n t  due  to t he  field n e a r  t he  nega t i ve  
s u b s t r a t e  e l ec t rode  equa l s  t he  d i f fus ion  c u r r e n t  ou t  of  t he  
p lasma ,  w h i c h  is m o s t l y  e l ec t ron  c u r r e n t  (6). This  ion dr i f t  
c u r r e n t  is u s e d  in  t he  p r e s e n t  w o r k  to s p u t t e r  e t ch  t he  
sur face  of  the  d e p o s i t i n g  oxide.  

The  RIE  reac to r  u s e d  in  t h e s e  e x p e r i m e n t s  h a d  a 15 c m  
d i am s u b s t r a t e  e l ec t rode  a n d  a 25 c m  d i a m  g r o u n d e d  an- 
ode  a n d  gas  in l e t  p l e n u m  in  a para l le l -p la te  con f igu ra t ion  
(see Fig. 4). The  p l a s m a  was  o b s e r v e d  to c o m p l e t e l y  fill 
t he  v a c u u m  c h a m b e r  for  m o s t  d e p o s i t i o n  c o n d i t i o n s  
tried. The  c h a m b e r  walls  a n d  gas  in le t  c h a m b e r  are  
g r o u n d e d  a n d  h a v e  large  area  in con t ac t  w i t h  the  p l a s m a  
c o m p a r e d  w i t h  t h a t  of  the  capac i t ive ly  c o u p l e d  13.56 MHz 
R F - d r i v e n  s u b s t r a t e  e lec t rode .  Th i s  a s su re s  t h a t  t h e  sub-  
s t ra te  e l ec t rode  a s s u m e s  a nega t ive  dc b ias  vo l tage  of 
large  m a g n i t u d e .  

V a c u u m  was  e s t a b l i s h e d  a n d  m a i n t a i n e d  by  a Roots-  
t y p e  b l o w e r  p u m p  for  d e p o s i t i o n s  p e r f o r m e d  at  p r e s s u r e s  
h i g h e r  t h a n  8.6 Pa.  Fo r  p r e s s u r e s  l ower  t h a n  8.6 Pa,  vac- 
u u m  was  m a i n t a i n e d  b y  a d i f fus ion  p u m p  b a c k e d  b y  a ro- 
t a ry  v a n e  p u m p .  P r e s s u r e  was  m o n i t o r e d  b y  a capaci-  
t ance  m a n o m e t e r .  Gas  f lows were  e s t a b l i s h e d  p r io r  to  
depos i t i on  by  e v a c u a t i n g  a n d  i so la t ing  t he  c h a m b e r  a n d  
t h e n  f lowing  e a c h  gas  to b e  u sed  in t he  r u n  and  a d j u s t i n g  
the  ra te  of  r ise  of  p ressure .  The  ra te  of  p r e s s u r e  r ise  re- 
q u i r e d  h a d  b e e n  p rev i sou ly  ca l cu la t ed  f rom the  r equ i r ed  
flow a n d  t h e  v a c u u m  c h a m b e r  vo lume .  F lows  were  
con t ro l l ed  d u r i n g  d e p o s i t i o n  u s i n g  B r o o k s  R o t a m e t e r  TM 

f low tubes .  
One  p - type  75 m m  <100>  s i l icon wafe r  was  u s e d  in 

each  d e p o s i t i o n  run .  I t  was  c e n t e r e d  on  t h e  sur face  of the  
s u b s t r a t e  e lec t rode .  A qua r t z  a n n u l u s  of  26 c m  od, 7.5 c m  
id, a n d  0.16 c m  t h i c k n e s s  cove red  t he  s u b s t r a t e  e l ec t rode  
w i t h  the  ho le  ove r  the  wafer .  Th i s  h a d  the  effect  of  in- 
c r eas ing  local  s p u t t e r  e t ch  a n d  d e p o s i t i o n  ra tes  on  the  wa- 
fer. The  d e p o s i t i o n  ra te  a n d  s p u t t e r  e t ch  ra te  w i t h  and  
w i t h o u t  t h e  a n n u l u s  a re  c o m p a r e d  in  T a b l e  I. All deposi -  

Table I. Sputter etch and deposition rates with and 
without the quartz annulus in angstroms per minute 

Oxide sputter Oxide deposition rate 
etch rate (with SiHD 

With annulus 78 1194 
Without annulus 49 1081 
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Fig. 5. Topography of plasmo-deposited sidewall-tapered oxide. 
Process: 50 sccm nitrous oxide, SO sccm argon, 10 sccm silane, 1.3 Pa 
pressure, 300W RF power, 2.5 cm plate spacing, 30 min. 

tion rates, sputter etch rates, and sidewall angle data 
shown in the Results section were measured on oxides 
deposited or sputter etched using the annulus. The values 
quoted in Table I are for 300W, 13 Pa, 100 sccm N.,O sput- 
ter etches. The depositions involved the same parameters 
plus 10 sccm Sill4 gas flow. 

DC bias voltage was measured with a 100• attenuating 
probe and a 100 MHz oscilloscope. Bias voltage as a func- 
tion of input power is shown in Fig. 4. The gas ambients 
used were chosen because they are typical oxidizing am- 
bients in plasma deposition of silicon dioxide. The figure 
shows that the achieved bias voltages are only weakly de- 
penden t  on the sputtering ambient  or the pressure. 

Measurements of oxide thickness were performed with 
a Nanospec; some measurements  were checked with an 
ellipsometer. SEM samples prepared for measurements  
shown and plotted in Fig. 5, 11, and 12 were patterned 
silicon-doped aluminum with 1 tLm of oxide deposited on 
them. They were cleaved at liquid nitrogen temperatures 
to embritt le the aluminum and stained in potassium hy- 
droxide. In order to compare the topography of films de- 
posited by different deposition processes, a standard un- 
derlying topography was used with standard thickness of 
the tapered oxide deposited upon it. The quality of the 
oxide topography was defined in the present work as the 
angle shown in Fig. 2, which will be called the sidewall 
angle. If  this angle is negative the surface is reentrant. 
The standard underlying topography consisted of 1.0 ~m 
high steps on 3.0 t~m pitch. Step and space widths were 
nominally the same (1.5 ~m), but as measured the spaces 
ranged from 1.5 to 2.2 tLm wide. These were then coated 
with an oxide thickness of about l t~m for the comparison 
of sidewall angle. 

The sloped oxide shown in Fig. 5 is on the standard to- 
pography with space width of 2.2 t~m. Widely separated 
steps exhibit  slightly more favorable sidewall topography 
than do narrowly spaced steps because of less severe 
shadowing of the deposition. Hence, comparison of the 
topography of films produced by different deposition 
processes needs to be performed with consistent underly- 
ing topography and deposited film thicknesses, so simi- 
lar topographic aspect ratios can be compared. The varia- 
tion of space width from 1.5 to 2.2 tLm in the underlying 
topography in the present work is not believed to be a 
significant effect on the accuracy of sidewall angle mea- 
surements in Fig. 11 and 12. 

Results and Discussion 
Successful deposition of the sidewall-tapered oxide de- 

pends on sputter etching the depositing oxide at a high 
rate. In order to determine the sputter etch rate of the o x -  

RF POWER IN WATTS 

Fig. 6. Sputter etch rates in typical oxidizing gases used for plasma 
oxide deposition. 

ide during deposition, the silane was eliminated from the 
gas ambient and plasma oxide-coated silicon wafers were 
used to determine thickness before and after the etch. 
The sputter etch rates recorded were, of course, for sur- 
faces oriented perpendicular to the ion flux. Maximum 
sputtering rates of three to five times this value are possi- 
ble on surfaces oriented at 60~ ~ to the ion flux. Figure 6 
shows the rates measured in the indicated oxidizing am- 
bients. The rate is apparently independent  of ambient 
and pressure and is proportional to the RF power. 

An experiment  was performed to compare sputter etch- 
ing in N~O and reactive ion etching in CF4 as means for ta- 
pering sidewalls of previously deposited, patterned, and 
anisotropically etched oxide steps. One wafer with oxide 
steps 1 tLm high was sputter etched for 15 rain in N~O at 
200W at 1.3 Pa pressure. Another was etched in CF~ under 
similar conditions of pressure and power for 5 rain. The 
CF4 plasma removed 4900~ of oxide (980/~/min), tapering 
the oxide sidewalls at a 10 ~ angle. The N20 sputter etched 
only 1500A of oxide (100 ~/min) but tapered the sidewalls 
at a 19 ~ angle to the vertical, as measured from SEM pho- 
tographs. From this result, it was decided that sputter 
etching would be the sidewall tapering method used in 
this work. For a given rate of taper, the oxide removal 
was substantially less for sputter etching. In a process 
involving both deposition and etching, sputter etching to 
produce the tapered sidewall would reduce the net depo- 
sition rate less than RIE etching in CF4 would. Choosing 
sputter etching as the tapering method also avoided any 
coupling which might have resulted between the etch and 
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deposition chemistries leading to gas phase nucleation or 
other undesirable effects. Therefore, the results shown 
herein are on films tapered by sputter etching. 

The net deposition rate of the oxide is plotted as a func- 
tion of adjustable parameters in Fig. 7-9. Increasing the 
pressure increases the deposition rate as shown in Fig. 7. 
Deposition rates of up to 2300 •/min were achieved at the 
10:1 N~O:SiH4 ratio, and even higher rates can be 
achieved with lower ratios. It will be shown later, how- 
ever, that increasing the deposition rate without an ac- 
companying increase in the sputter etch rate causes deg- 
radation of the topography of the deposited oxide. 

Figure 8 shows that the deposition rate of the oxide is 
linearly dependent upon the silane/nitrous oxide fraction 
at constant total flow. As seen in Fig. 10, there did not ap- 
pear to be much effect of the silane/total flow ratio on the 
index of refraction except in those films deposited in a 
50:50 nitrous oxide:argon mixture to which the silane was 
added. Here the ratio of silane to nitrous oxide was twice 
as high as in the other films. As expected, the index was 
higher (1.52) at largest silane fraction than the average for 
the other films (1.46). Not expected was the dip in index 
at 9% silane in all deposition ambients. This effect was 
strongest in the N20 + Ar oxides,. 

The dependence of deposition rate on RF power at con- 
stant pressure and flows is shown in Fig. 9. As power is 
increased from 100 to 300W, the reactant utilization in- 
creases, causing the rise in deposition rate. Above 300W, 
however, the net deposition rate falls because of the satu- 
ration of reactant utilization and the increase of the per- 

pendicular sputter etch rate. Tapering the sidewalls dur- 
ing oxide deposition required sputter etch rates of one- 
fifteenth to one-fifth the deposition rate. All sputter etch 
rates quoted were measured on oxide surfaces normal to 
the ion bombardment  direction. 

Plots of sidewall angle as functions of power and pres- 
sure are shown in Fig. 11 and 12. The metal coverage at 
the oxide step bottom in the subsequent  deposition in- 
creases with the sidewall angle. A 20~ ~ sidewall angle 
indicates favorable topography for subsequent  metal dep- 
osition. Sidewall angle increases with RF power in all am- 
bients. The high pressure depositioE in N20 + Sill4 re- 
quired the highest RF power level to achieve sidewall 
tapering (angles > 20~ This is because the deposition rate 
increases with pressure and the sputter etch rate is inde- 
pendent of it. In order to increase the sputter etch rate to 
taper the sidewalls, the power must increase. Of the low 
pressure depositions, the COs and N20 + Ar oxidizing am- 
bients required the lowest RF power levels to taper the 
oxide sidewalls. 

Stress in films deposited in pure N~O and silane at 1.3 
and 8.6 Pa pressure was measured by determining the 
change in radius of curvature of 2.5 cm diam., 125 /zm 
thick silicon wafers before and after a thick oxide deposi- 
tion (> 0.5 /~m). The results are shown in Fig. 13. Stress 
was compressive, tending toward lower values as the RF 
power was increased. The stress in films deposited at 1.3 
Pa pressure was higher than in films deposited at 8.6 Pa, 
except at 300W. The only unacceptably high stress value 
was the 100W, 1.3 Pa point (5 Gdyrdcm2). This set of depo- 
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13. Dependence of compressive stress on-RF power of the 
deposition 

sition conditions does not result in tapered sidewall oxide 
anyway. 

Breakdown strength measurements were made on ta- 
pered oxide deposited at 200W and 1.3 Pa in this reactor. 
Median breakdown fields of 2.6-3.4 MV/cm were obtained 
on oxides deposited using CO2 and SiI-I4. In an effort to 
explain these low numbers, x-ray fluoz;escence was per- 
formed on i0,000~ films deposited using the same pro- 
cess. The result was iron contamination levels of 520-852 
ppm. The iron is probably from the strongly sputter- 
etched stainless steel RF cathode and to a lesser degree 
from the chamber walls. The first approach to eliminat- 
ing the iron contamination problem will be to use an 
anodized aluminum RF cathode and, if necessary, an 
anodized aluminum chamber. The experiments were per- 
formed in an environment which lacked particulate con- 
trol, and this could have made a contribution to the low 
breakdown fields. 

The poor dielectric strength of the tapered oxide films 
may be tolerable if a standard PECVD film of high 
breakdown strength can be deposited prior to the tapered 
oxide deposition, in the same pumpdown. This would 
provide a low loss capacitor in series with the tapered ox- 
ide layer. 

Conclusion 
A reactive ion etch system has been used to deposit 

sidewall-tapered oxide by PECVD. The deposition rate is 
determined by pressure and silane flow for N20:SiH4 ra- 
tios of more than 5. The sputter etch rate is independent  
of pressure and is linear with respect to RF power. These 
deposition and sputter etch rate parameters are analogous 
to the target and substrate power in bias-sputtered quartz. 

Although sidewall-tapered oxide can be deposited at 
more than 2000/~/min, suggesting a single-wafer process, 
batch processing at lower deposition rates may be a safer 
approach. This is because of the necessary relationship 
between the sputter etch rate and the deposition rate in 
forming the tapered sidewall topography�9 A high deposi- 
tion rate requires a high sputter etch rate and, in turn, a 
large substrate dc bias level�9 The resulting high energy 
ion bombardment  may be deleterious to the integrity of 
oxides already on the wafer. Flaking of dielectrics from 
shielding in a deposition reactor can lead to defects in de- 
posited films. This problem is less serious in batch pro- 
cessing than in single-wafer processing because the thick- 
ness of film deposited on the shielding, and therefore the 
amount  of flaking, is less than for a single-wafer process 
by a factor of the number  of wafers in a batch. Lower dep- 
osition rates permissible in batch processing are consist- 
ent with low sputter etch rates, reduced ion bombard- 
ment, and reduced damage to MOS gate oxides already 
on the wafer. 

Although the feasibility experiments for sidewall- 
tapered plasma oxide were carried out in a parallel-plate 
RIE-type system, plasma deposition can be performed in 
a wide variety of ways, offering some flexibility in reac- 
tor design. For example, if magnetic fields are used to 
confine the electrons and increase their ionizing 
efficiency, increased ion flux to the substrates with 
smaller biases results. The magnetic field can be used to 
confine ionizing electrons near the RF-powered substrate 
as in Ref. (7) or to stabilize a filament-produced high den- 
sity plasma to which the substrate can be independently 
biased (8). These approaches may be of use in future at- 
tempts to control dc bias and ion bombardment  flux in- 
dependently to reduce damage to the substrates during 
the tapered oxide deposition. 
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Precipitation and Diffusivity of Arsenic in Silicon 
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ABSTRACT 

Small angle x-ray scattering measurements  were performed on arsenic-implanted laser-annealed silicon slices to in- 
vestigate the features of precipitation at 900~ for different dopant supersaturations. With decreasing As concentration 
from 3.2 to 1.1 • 10 ~l cm -3, the size distribution of the precipitates shifts toward larger values and their shape evolves 
from that of thin platelets, becoming three-dimensional and approaching at last that of a sphere. The high concentration 
diffusivity of As at 900~ deduced from the size of the largest precipitates in specimens doped 1 • 102' cm -3, turns out to 
be 2 • 10 -'4 cm2-s -~. Determinations of the shift of the carrier concentration profiles and of the junction depth, after 
heating at 1000~ show that the diffusivity of As is not affected by the precipitation and, hence, is controlled by the con- 
centration of the dopant. 

The physical nature of the electrically inactive As, 
which is present in Si at high doping levels, is receiving 
increasing attention, primarily due to the demands of 
VLSI. Well-known models hypothesize the formation of 
complex point defects, or "clusters," in thermal equilib- 
r ium (1-6). 

Previous work (7) performed on ion-implanted and 
laser-annealed samples, doped with As in a wide compo- 
sition range, put into evidence that the electrically active 
concentration depends only on temperature, a finding 
leading to the conclusion that a two-phase equilibrium 
takes place. 

The formation of a second phase was also indicated by 
the isochronal heating behavior, typical of a precipitation 
process. Precipitates were in fact detected in very heavily 
doped specimens by small angle x-ray scattering (SAXS), 
a technique which is suitable because of the noticeably 
different atomic numbers of Si and As. These determina- 
tions provided information on the size distribution and 
shape of these precipitates, which were found to be in the 
form of thin platelets. These particles should be coherent 
with the silicon matrix, as suggested by the absence of 
extra lines or spots in the diffraction patterns. 

As an additional result, the displacement of the carrier 
concentration profiles due to the heat-treatments showed 
that the diffusivity of the dopant strongly increased with 
the implanted dose. This effect, which was particularly 
evident at high temperature, could be attributed either to 
the increase of As concentration or to the increased 
amount of precipitates per unit surface, i.e., to lattice de- 
fects in excess generated by the precipitation process. 

The present work extends SAXS examinations to less 
heavily doped compositions (a difficult task owing to the 
small thickness of the implanted layer) with the aim of 
controlling the occurrence of precipitation at lower 
dopant concentrations and of getting further information 
on this process. In addition, it was intended to verify 
whether  the precipitation process can influence the high 
temperature diffusivity of As. 

Experimental 
For these experiments,  we used (100)-oriented, CZ- 

pulled, p-type, boron-doped silicon slices of 1 t2-cm 
resistivity. 

The samples were arsenic implanted at an energy of 100 
keV at three different doses, i.e., 1 x 1016, 2 • 1016, and 5 x 
10 TM cm -2. All slices were tilted 7 ~ off axis to reduce ion 
channeling effects during implantation. 

To electrically activate the dopant and to recover the ra- 
diation damage, the implanted samples were laser an- 
nealed by a 20 ns single PUlse delivered by a Q-switched 
ruby oscillator operating in a mu]timode regime. An op- 
tical guide was used to yield a 16 mm diam light spot with 
an energy density of 1.8 J /cm 2. 

To analyze t h e  influence of dopant concentration on 
the precipitation and the size distribution of the particles, 
a set of samples, corresponding to the three implanted 
doses, was furnace annealed at 900~ for 30 rain in nitro- 
gen atmosphere. 

A second set of specimens with surface concentration 
corresponding to the highest dose, but with different 
amounts of excess dopant per unit surface, was annealed 
at 1000~ for 10 rain, in order to study the effect of precip- 
itation on As diffusivity. The amount of excess dopant 
was reduced by thinning the laser-annealed wafers using 
anodic oxidation. 

Carrier concentration profiles were determined by a 
specially designed apparatus which performs automatic 
anodic stripping followed by incremental sheet resistance 
and Hall effect measurements  (8). The van der Pauw ge- 
ometry was previously etched on the specimen's surface 
by a photolithographic process. The thickness of the re- 
moved layer was also controlled by Talystep measure- 
ments. 

The junction depth was evidenced by the standard an- 
gle lapping and staining technique using a CuSO4 solu- 
tion. 

The features of the precipitates (size distribution and 
shape) were studied by small-angle x-ray scattering, using 
the techniques which were detailed in a previous paper 
(7). A new Kratky camera was employed for the present 
observations: the width of the main slit, defining the inci- 
dent beam, was 80 tLm. The sample-to-counter distance 
was 200 mm, and the scattered intensity was recorded ev- 
ery 50 tLm of counter displacement (corresponding to 
0.0143 ~ of 20) from 300 to 5000 ~m (0.086~ ~ of 20), with 
a fixed counting t ime of 1000s. 

Results and Discussion 
Carrier density profiles of our specimens after laser an- 

nealing, which corresponds to complete electrical activa- 
tion of the dopant, are reported in Fig. 1, together with 
the profiles after 30 rain heating at 900~ The most heav- 
ily doped composition presents the lowest carrier concen- 
tration in the plateau region (-2 • 1020 cm-3), while the 
more dilute one shows a higher density (-2.6 • 10 ~~ cm-~). 
This indicates incomplete precipitation; in fact, the rate 
of a precipitation process decreases with decreasing su- 
persaturation. 

The carrier concentration values in our profiles are 
slightly higher (-10%) than those we reported in Ref. (7). 
This results from more accurate determinations of the 
thickness of the removed layer. 

SAXS examinations were performed only on the speci- 
mens doped at 2 • 10 TM and 1 • 10 TM, as the most heavily 
doped composition was the object of previous investiga- 
tions which were reported in detail in Ref. (7). 

A remarkable increase of the intensity scattered at 
small angles was observed by comparing the experimen- 
tal SAXS curves after As implantation and laser anneal- 
ing with those after heat-treatment of the same specimens 
at 900~ for 30 ra in .  

As it was concluded in our previous paper (7), the oc- 
currence of this small angle scattering is related to the 
formation of As precipitates. In agreement with this state- 
ment, the present experiments show that the amplitude 
of this effect decreased with decreasing concentration of 
the dopant. 
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Fig. 1. Carrier concentration profiles of ion-implanted and laser- 

annealed specimens for three different arsenic doses. Black symbols 
refer to the initial condition, when all dopant is electrically active, 
and open symbols to the one after heating 30 min at 9017C. 

The Guinier plot (log I vs .  M, where h = (4~ sen 0/X) of 
the net observed intensity for the specimens implanted 
with a dose of 2 x 1016 cm -~ is reported in Fig. 2a, while 
the corresponding plot for the less doped specimen (1 • 
10 TM cm -~) is shown in Fig. 2b. In both cases, it can be ob- 
served that the scattered intensity decreases with increas- 
ing scattering angle, indicating the absence of particle in- 
terference effects. 

In  addition, the deviation of the graph from a straight 
line in the very small angle region clearly shows that the 
radius of gyration of the particles is not unique; i.e., the 
size of the precipitates is, as expected, distributed over a 
range of values. Indications of the particle size distribu- 
tions can be obtained by subtraction of the successive 
less-sloped tangents (9, 10). With this graphical method, 
the size distribution is approximated by a set of a few dis- 
crete fractions of particles of given volume, and the corre- 
sponding radii of gyration can be determined. As 
is known, the radius of gyration for a particle is defined 
as the root mean square distance of the electrons from the 
center of charge. 

As is shown in Fig. 2, the distributions can in both cases 
be approximated by three groups of particles. The corre- 
sponding radii of gyration turn  out to be larger in the less 
concentrated solution. 

The increase of the radii of gyration with decreasing 
dopant concentration is put in better evidence consider- 
ing also the results that we obtained by the same method 
on specimens implanted with the highest As dose [see 
Fig. 6 in Ref. (7)]. 

To get further information on the features of the precip- 
itates as a function of dopant supersaturation, the shape 
of the particles was investigated by analysis of the SAXS 
intensity data. Figur e 3 reports the theoretical slopes for 
some elementary shapes in the log I vs .  log h plot, which 
permits the derivation of this type of information (11) to- 
gether with the experimental trends for our specimens. 
The slope of -5.6 observed in the more dilute solution in- 
dicates a shape which approximates that of a sphere. The 
specimens implanted with 2 x 10 '6 cm-'-' show a slope of 
-4,  which still corresponds to three-dimensional 
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Fig. 2. Guinier plot of the small angle intensity resulting by heating 
the ion-implanted laser-annealed specimens at 900~ for 30 min. The 
analysis by the method of the successive less-sloped tangents is also 
outlined and the proper values of the radii of gyration are indicated. 
Maximum As concentrations in the profile are (a) 1.7 x 10 ~' cm -3 
and (b) !.1 x 1021 cm -3. 

particles, probably ellipsoids of revolution with semiaxes 
a, a, and va, with v ~ 0.5. 

By the same method, we determined on samples im- 
planted with 5 • 10 '6 cm -~ [see Fig. 8 in Ref. (7)] a slope of 
-2.5, which corresponds to platelets having a thickness of 
the order of an atomic layer. 

Consideration of these results puts into evidence that 
the shape of the precipitates also depends markedly on 
the concentration of As. The features of As precipitates 
are summarized in Table I, which includes SAXS results 
of Ref. (7). For each implanted dose, the maximum dop- 
ant concentration Co in the profile is indicated, together 
with the corresponding supersaturation i = C J C , ,  where 
C~ is the equil ibrium solubility of As in silicon at 900~ (C~ 
= 2 • I02o cm-3). Besides the shape of the precipitates, we 
report for each composition the three radii of gyration in 
the Guinier distribution, together with the corresponding 
percentage of precipitate in each group. These fractions 
were calculated from the corresponding Guinier plot, by 
taking into account the precipitate's shape (10). 

A more rigorous determination of the particle size sta- 
tistical distribution was also obtained in the form of a 
continuous curve like the one in Fig. 7 of Ref. (7). This 
analysis confirmed the trend which is shown in Table I. 

These results put into evidence that decreasing the con- 
centration of the dopant from 3.2 to 1.1 • I02' cm -3 leads 
to a remarkable decrease of the population of particles of 
small size and to a corresponding increase of the fraction 
of particles with the upper radius. At the same time, the 
shape of the precipitates evolves from that of a thin plate- 
let, becoming three-dimensional and approaching at last 
that of a sphere. 
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I t  s e e m s  pos s ib l e  to i n t e r p r e t  t h i s  b e h a v i o r  on  t he  bas i s  
of  p r e c i p i t a t i o n  k ine t i c s  d e t e r m i n e d  by  t he  n u c l e a t i o n  

process .  A g rowing  par t ic le  b e c o m e s  i n c o h e r e n t  b e c a u s e  
the  s t r a in  e n e r g y  t e r m  inc rea se s  w i t h  size. The  ve ry  smal l  
d i f fe rence  of  t he  t e t r a h e d r a l  radfi  of  Si a n d  As leads  to a 
ve ry  smal l  s t r a in  e n e r g y  and,  h e n c e ,  favors  a c o h e r e n t  in- 
t e r face  b e t w e e n  m a t r i x  a n d  prec ip i ta te .  In  the  case  of a 
c o h e r e n t  b o u n d a r y ,  t he  s t r a in  e n e r g y  is no t  v e r y  depen-  
d e n t  on  shape ;  there fore ,  w i t h  d e c r e a s i n g  supe r sa tu ra -  
t ion,  t he  nuc l e i  evo lve  t o w a r d  a sphe r i ca l  s h a p e  b e c a u s e  
th i s  r e d u c e s  t h e  sur face  e n e r g y  t e r m  a n d  h e n c e  t he  re- 
ve r s ib l e  w o r k  A G *  for  t he  f o r m a t i o n  of  the  cr i t ical  nuc leus .  

On t he  s a m e  l ine,  t he  i n c r e a s e  of  t h e  size of  t he  prec ip i -  
t a te  p o p u l a t i o n  is e x p l a i n e d  as due  to t he  dec rease  of t he  
p r ec ip i t a t e  d e n s i t y  w h i c h  r e su l t s  f rom the  dec rea se  of t he  
n u c l e a t i o n  f r e q u e n c y  w i t h  d e c r e a s i n g  supe r sa tu r a t i on .  

Fo l l owing  t he  c lass ical  theory ,  t he  n u c l e a t i o n  f r e q u e n c y  
d e p e n d s  on  e x p  ( - A G * / k T ) ,  where ,  a t  c o n s t a n t  t e m p e r a -  
ture ,  t h e  t e r m  A G *  = const . / ( ln  i) 2. F r o m  the  da ta  in  Tab le  I, 
i t  is eas i ly  s een  t h a t  d e c r e a s i n g  t h e  d o p a n t  c o n c e n t r a t i o n  
f rom 3.2 to 1.15 • 10 ~' c m  -3 leads  to  an  inc rease  in  • of  a 
fac tor  of  2.5, a f igure  w h i c h  can  fully exp l a in  a m a r k e d  
dec rea se  of  the  dens i t y  of  the  pa r t i c l e s  and  the  conse-  
q u e n t  i n c r e a s e  of  t he  p o p u l a t i o n  w i t h  t he  la rges t  radius .  

We c o n s i d e r  n o w  the  d i f fus iv i ty  of  t he  dopan t .  I f  t he  ra- 
d ius  of  the  e q u i v a l e n t  s p h e r e  ava i l ab le  to a pa r t i c le  is 
suf f ic ient ly  large,  t h e  size of  t he  p r ec ip i t a t e  will  b e  deter -  
m i n e d  b y  t he  d i f fus iv i ty  of  the  solute .  Th i s  c o n d i t i o n  is 
l ike ly  to h a v e  b e e n  sat isf ied for t h e  l a rges t  g r o u p  of  
pa r t i c les  in  our  d i lu te  solut ion.  T h e s e  s p e c i m e n s ,  as i t  is 
s h o w n  in  Fig. 1, a re  still s u p e r s a t u r a t e d  a f te r  30 m i n  hea t -  
t r e a t m e n t .  

Wi th  t he  h y p o t h e s i s  t h a t  t he  sma l l e r  p rec ip i t a t e s  (RI = 
26A a n d  R2 = 7 lX) dep l e t ed  the  e q u i v a l e n t  s p h e r e  ava i l ab le  
for  t h e i r  g rowth ,  one  ob ta ins  for  t he  l a rges t  par t ic les  (R3 = 
120}0 a r a d i u s  of  the  e q u i v a l e n t  s p h e r e  r~ = 730~, a n d  
the se  r eg ions  s h o u l d  be  r e s p o n s i b l e  for t he  r e s idua l  
s u p e r s a t u r a t i o n .  

With  th i s  a p p r o x i m a t i o n ,  the  d i f fus iv i ty  of  a rsen ic  c an  
b e  ca l cu la t ed  by  t he  d i f fus ion- l imi ted  g r o w t h  m o d e l  of  a 
spher i ca l  par t ic le .  By  so lv ing  t h e  d i f fus ion  e q u a t i o n  ob- 
t a i n e d  a p p l y i n g  t h e  s t a t i ona ry  a p p r o x i m a t i o n  in  a f i n i t e  
mat r ix ,  one  o b t a i n s  t he  g r o w t h  l aw (12) 

d r  (Cp - Co) = 2 ( C p -  Co)(rm ~ - r  3) D d t  
2re3r  - 3%2r2 + r 4 

w h e r e  C,  is t he  so lu te  c o n c e n t r a t i o n  in t h e  p rec ip i ta te ,  rm 
= re (Co - C e ) / ( C ,  - Co) is t he  m a x i m u m  va lue  of  the  r ad ius  
a t t a inab l e  b y  t he  par t ic le ,  a n d  D a n d  t h a v e  t he i r  u sua l  
mean ings .  

With  th i s  mode l ,  t he  g r o w t h  p r o b l e m  is t r e a t ed  b y  as- 
s u m i n g  the  par t i c le  r ad ius  r to  b e  nea r ly  c o n s t a n t  a n d  
so lv ing  t h e  t i m e - i n d e p e n d e n t  d i f fus ion  e q u a t i o n  in the  
m a t r i x  (13). Actual ly ,  t he  h i g h  c o n c e n t r a t i o n  i n e q u a l i t y  
ex i s t i ng  in  our  case  b e t w e e n  t h e  p rec ip i t a t e  a n d  the  ma-  
t r ix  g u a r a n t e e s  t h a t  r is a s lowly  v a r y i n g  f u n c t i o n  of  t ime.  
The  rad ius  r of  t he  pa r t i c les  was  d e d u c e d  f rom the  corre-  
s p o n d i n g  r a d i u s  of  gyra t io  n R b y  t he  r e l a t i on  va l id  for  a 
sphe re :  r = RX/5-~. T h e  v a l u e  for  t he  l a rges t  pa r t i c les  in  
our  d i lu te  s amp le s  t u r n e d  ou t  to  be  = 155}L In  a g r e e m e n t  
w i t h  t he  r e su l t s  of  Ref. (7) w h i c h  led to t h e  c o n c l u s i o n  
t h a t  t he  s t o i c h i o m e t r y  of  t he  p rec ip i t a t e s  is SiAs,  Cp was  
a s s u m e d  to b e  2.5 x 1022 e m  -3. By  u s i n g  t he se  data ,  t he  
n u m e r i c a l  s o l u t i o n  of  the  a b o v e  e q u a t i o n  gave  D = 2.2 x 
10-'4 cm~_s-J. I t  is w o r t h  n o t i c i n g  t h a t  b y  u s i n g  t h e  s imp le  
g r o w t h  m o d e l  in  a n  inf in i te  m a t r i x  (14) 

r 2 = 2 D t  (Co - C e ) / ( C ,  - Co) 

Table I. Features of arsenic precipitates at 900~ for different dopant concentrations 

Implanted i R ~ R~ R3 
dose (cm -2) Co (cm -3) supersaturation Shape (A) fR, (]~) fR~ (~) fR~ 

5 x 10 '6 3.2 x 10 '2' 16 Thin platelets 20 0.80 44 0.17 95 0.03 
2 x 10 ,6 1.7 • 10 ~' 8.5 Oblate ellipsoids 22 0.77 55 0.18 102 0.05 
1 x 10 '6 1.15 • l0 s' 5.7 Spheres 26 0.60 71 0.17 120 0.23 
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Fig. 4. Diffusion coefficient vs .  As concentration at 900~C. The 

solid line represents the behavior, generally implemented in the simu- 
lation programs, which takes into account aggregation phenomena. 
The dashed line shows the high concentration extrapolation of the 
model based on the ionized point defects (15). Our experimental 
value and the corresponding concentration range are also reported. 

the diffusivity value turns out to be 1.7 x 10 -'4 cm~-s -,, 
very close to the previous figure. 

This comparison puts in evidence that our diffusivity at 
900~ although underestimated as a consequence of the 
adopted approximations, should be close to the actual 
value. 

This diffusivity represents an average in the concentra- 
tion range (2-10) • 1020 cm -3 and, as is shown in Fig. 4, is 
in good agreement with the one obtained by extrapola- 
tion of the data reported in literature aceording to the 
well-known model of diffusion by ionized point defects 
(15). 

We notice that, to the best of our knowledge, our data 
are the only experimental values concerning such a high 
concentration of arsenic in silicon. In fact, the diffusivity 
data reported in literature refer to concentrations up to 
about 102~ cm -3. They were generally deduced applying 
the Boltzmann-Matano method to the total arsenic pro- 
file and show (see Fig. 4) an apparent reduction of the 
diffusivity for concentrations exceeding the above-men- 
tioned value (2, 4, 6, 15). This trend is due to the fact that 
the fraction of the dopant which is present in the form of 
precipitates (or clusters, according to the authors who 
proposed this model) is not mobile. Therefore, the solid 
line with hump shown in Fig. 4 refers to the total As 
diffusivity, while the solid line with dashed continuation 
shows the substitutional As diffusivity. 

We consider now the influence of precipitation on the 
diffusivity of arsenic. 

Previous experiments performed in the temperature 
range 850~176 put  into evidence that the displacement 
of the concentration profile with the thermal treatment 
increases with the implanted dose. This effect, which is 
also shown in Fig. 1, resulted in better evidence at 1000~ 
[see Fig. 1 of Ref. (7)]. 

This phenomenon can be attributed either to the in- 
crease of dopant concentration or to the increase of the 
amount  of precipitated dopant per unit  surface. The in- 
crease of arsenic diffusivity with the concentration is 
commonly attributed to the increase of the coneentration 
of ionized point defects with rising Fermi level (15). On 
the other hand, one could attribute to the precipitation 
process the formation of an excess of point defects en- 
hancing the diffusivity of the dopant. 

Previous experiments could not discriminate between 
these two hypotheses, as both the arsenic concentration 
and the amount  of precipitates increase with the im- 
planted dose. 

In order to detect the effect of precipitation on the 
diffusivity of arsenic, we performed the following experi- 
ment on a set of specimens implanted with the highest 
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Fig. 5. Carrier concentration profiles of 5 • 10 TM As cm -2 im- 
planted samples. Dashed curves show the dopant distribution after 
laser annealing. Dots refer to the profiles after heating for 10 rain at 
1000~C; the open symbols concern the specimen thinned 64 nm be- 
fore this thermal treatment. The two profiles, taking into account the 
shift of the surface, superimpose. 

dose: after laser annealing, part of these samples was 
thinned by anodic oxidation, removing 64 n m  of silicon, 
thus reducing by a factor of 2 the amount  of excess 
dopant per unit  surface, still keeping the same value of 
the dopant surface concentration (3.2 • 1031 cm-3). Both 
types of specimens were subsequently annealed 10 min at 
IO00~ 

The results of this experiment  are reported in Fig. 5, 
which shows that the profiles coincide, providing 
thereby conclusive evidence that at high temperatures 
the diffusivity is controlled by the concentration and does 
not depend appreciably on the amount  of precipitates. 
The observation of the junct ion depth supports the same 
conclusion. In fact, the optical micrograph shown in Fig. 
6, showing  a specimen selectively thinned as above by 
anodic oxidation before the heat-treatment, puts into evi- 
dence that the junct ion depth is the same both in  the 
thinned (left side) and the standard (right side) regions. 

Conclusions 
SAXS experiments performed on ion-implanted, laser- 

annealed silicon slices doped with arsenic in the concen- 

Fi! g. 6. Optical micrograph taken in a lapped and stained specimen, 
implanted at 5 • 1016 cm -2, laser annealed and selectively thinned 
(64 nm) in the left side. After heating for 10 rain at I000~ the junc- 
tion depth results are the same in both regions. 
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tration range 3.2-1.1 • 102' cm -3 showed the occurrence of 
precipitation after heating at 900~ 

The net observed small angle intensity, and hence the 
amount of the new phase, decreases with decreasing su- 
persaturation of the dopant. Moreover, the size distribu- 
tion is shifted toward higher values. This implies that, in 
agreement with the classical theory of nucleation, the 
density of precipitates decreases with decreasing super- 
saturation. In addition, the shape of the particles evolves 
from that of a platelet, becoming three-dimensional and 
approaching at last that of a sphere. 

Consideration of the diffusion-limited growth model for 
a spherical precipitate, and of the radius (-150~) of the 
largest group of particles in the more dilute solution, led 
to a diffusivity of arsenic at 900~ of about 2 • 10 -'4 
cm2-s -1. This figure, which is an average in the concen- 
tration range 2-10 • 10 ~~ cm -3, is in good agreement with 
the one expected on the basis of the well-known model of 
arsenic diffusion by ionized point defects (15). 

The experiments performed by reducing the amount of 
excess dopant per unit surface, still keeping the same 
value of arsenic surface concentration, showed that, at 
high temperature (1000~ the diffusivity is controlled by 
the concentration. In fact, the shift of the carrier profile 
and the junction depth do not depend appreciably on the 
amount  of precipitates. 
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Ultrafine Aerosol Particles in Semiconductor Cleanrooms 
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Research Triangle Institute, Center for Aerosol Technology, Research Triangle Park, North Carolina 27709 
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Microelectronics Center of North Carolina, Research Triangle Park, North Carolina 27709 

ABSTRACT 

The fabrication of VLSI chips with high yields on small device geometries requires control of particulate contamina- 
tion during manufacture. One potential source of particulate contamination is the ambient air of the production facility. 
Monitoring and control of these ambient  aerosol particles require increasingly sophisticated instrumentation capable of 
measuring smaller and smaller particles. This paper identifies three instrument types capable of sizing ultrafine (-< 0.1 
~m diam) aerosol particles in real time: the integral mobility analyzer, the differential mobility analyzer, and the diffu- 
sion battery. All three of these sizing instruments use an independent  condensation nuclei counter to count particles in 
size-separated channels. Two of these combinations, the differential mobility analyzer/condensation nuclei counter and 
the diffusion battery/condensation nuclei counter, have been used to measure the ultrafine aerosol particle size distribu- 
tion of various quality semiconductor cleanrooms. The data reduction routines of the differential mobility analyzer/con- 
densation nuclei counter combination break down when ultrafine aerosol particle concentration falls below about 1 
particle/cm 3. The diffusion battery/condensation nuclei counter combination functions to below 0.01 ultrafine aerosol 
particle/cm 3. Data taken by this instrument combination in a state-of-the-art cleanroom at rest show that the peak con- 
centration of ultrafine aerosol particles occurs near 0.1 ~m, the cumulative distribution curve being relatively flat be- 
low that size. 

Device dimensions continue to shrink in the push to- 
ward faster, more powerful silicon chips. Processing tech- 
nology for submicron chip designs is moving from the 
laboratory to the production floor. 

As the size of the modeled device areas decreases, so 
does the critical size of certain unmodeled device areas, 
such as surface defects or bulk imperfections. Surface 
particles that are too small to affect device behavior when 
minimum device dimensions are in the 2-3 ~m range can 

*Electrochemical Society Active Member. 

become important when device dimensions are submi- 
cron. An arbitrary rule of thumb that defines the size 
threshold for surface particles of concern is 0.1 times the 
minimum device dimensions--devices designed with 
5 ~m line widths should be built in manufacturing areas 
in which 0.5 ~m particles are monitored and controlled. 
By this rule, submicron device design and manufacture 
requires measurement  and control of ultrafine particles 
(size _-< 0.1 ~m). Outdoor measurements  indicate very high 
concentrations of such ultrafine particles in the urban 
ambient air (Fig. 1). 
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What is of more direct concern to chip manufacturers is 
the concentration of ultrafine particles in the semicon- 
ductor manufacturing area, typically a cleanroom with air 
quality rated at Class 100 or better, 1 at least under resting 
conditions (no people in the clean room). Makeup air en- 
tering such a facility not only passes through building hu- 
midity and temperature conditioning equipment,  but is 
also filtered through an inlet (high efficiency particulate 
air (HEPA) filter prior to its introduction to the clean- 
room recirculating loop. Typically, makeup air in a clean- 
room constitutes only 10-20% of the total air flow so that 
the bulk of the recirculating cleanroom air passes through 
the cleanroom HEPA filter bank (inside the cleanroom 
loop and distinct from the inlet HEPA filter section) 
many times before discharge. Thus, the recirculating air 
inside a cleanroom is well filtered and of greatly reduced 
aerosol particle concentration compared with the ambient 
air, and is probably of greatly modified aerosol particle 
size distribution based upon published penetration 
curves for HEPA filters (3) (Fig. 2). Such curves show 
very low penetration for both small (< 0.01 ~m) and large 
(> 1 ~m) particles. A max imum in penetration occurs be- 
tween these limits in the transition region between 
particle collection mechanisms. This filter property 
could well be expected to suppress the concentration of 
ultrafine aerosol particles found in cleanrooms. 

Data to support this conclusion are scarce. Serious 
questions have not been raised about this portion of the 
cleanroom particle spectrum until recently. Even with the 
growing interest, however, the instrumentation chal- 
lenges in measuring ultrafine aerosol particles at the ul- 
tralow concentrations characteristic of today's clean- 

1Air quality classifications are defined in Federal Standard 
No. 209B (2). Figure A-1 is a reproduction of a figure from that 
standard. 
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rooms have not yet been satisfactorily met. This paper 
reviews candidate aerosol particle measuring instrumen- 
tation, selects certain of these instruments for making 
cleanroom measurements,  and presents both differential 
and cumulative number  distributions of aerosol particles 
measured in semiconductor cleanrooms having various 
levels of air cleanliness. 

Instrumentat ion Review and Selection 
While many aerosol-particle measuring instruments ex- 

ist, the number  capable of detecting ultrafine aerosol 
particles is not great and, when the added requirements  
of single-particle detection in real t ime or near real t ime 
are added, the list becomes very short (Table I). Inertial 
classifiers operate most efficiently in the 1-10 ~m range, 
well above the ultrafine range of interest here. By 
reducing the operating pressure below atmospheric, the 
lower limit of size detection by this principle can be 
pushed into the ultrafine aerosol particle range, but the 
lack of real-time analytic capability remains a severe 
shortcoming. Using a quartz crystal (listed under Miscel- 
laneous types in Table I) as the collection stage does pro- 
vide real-time readout, but single-particle resolution is 
possible only for larger particles. 

Light scattering instruments, such as the optical 
particle counter (OPC), popular in the 0.3-3 ~m size range 
because of its real-time readout and single-particle 
counting capability, lose adequate sensitivity on the 
fringe of the ultrafine particle regime. New designs, 
using either two lasers for two-sided illumination of the 
scattering cavity or shorter wavelength lasers, are claimed 
to detect aerosol particles as small as 0.05-0.06 ~m (4). In- 
strument noise levels, including signals generated by mo- 
lecular scattering, match the scattering signal from this 
size particle so that counting small concentrations of ul- 
trafine aerosol particles is l imited by background noise 
over the lower channels in most laser spectrometers. In 
practice, this statement means that, although laser spec- 
trometers are very successful at determining size distribu- 
tions at high particle concentrations, they prove less satis- 
factory at concentrations typical of a cleanroom. This  
concluSion applies only to the size range below about 0.3 
~m, where sampling flow rates must be reduced so that 
the entire sample flow can be passed through a small vol- 
ume il luminated by the laser. Although keeping this vol- 
ume small reduces molecular light scattering and thus al- 
lows detection of small particles, the number  of particles 
counted in a sample remains low because of the small 
cross section through which all of the sample must flow. 
For ultrafine particle measurements  in the cleanroom, 
the laser spectrometer is of l imited use at present. 

The traditional basic instrument design used by aerosol 
technologists to detect ultrafine aerosol particles is the 
condensation nuclei counter (CNC) (5). This counter 
solves the small scattering signal problem of ultrafine 
particles by converting each ultrafine aerosol particle 
into an optically huge particle. It does this by passing the 
ultrafine aerosol stream through a supersaturated vapor 
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Table I. Candidate methods/instruments for measuring aerosol particle size distributions in a semiconductor cleanroom 

Single particle 
Measurement principle/ Size range Real-time counting/sizing 

Type detection method 0zm) analysis capability 

Inertial classifiers 
Cyclones 
Centrifuges 
Inertial impactors 
Low-pressure inertial impactors J 
Aerodynamic particle sizers 

Light scattering instruments 
Single-particle optical counters 
Laser spectrometers 

Electrical mobility analyzers 
Integral samplers 
Differential samplers 

Diffusion batteries 

Condensation nuclei counters 

With diffusion battery 
With electrostatic classifier 
(differential mobility analyzer) 

Miscellaneous types 
Microscopy (optical; electron) 
Resistivity 

Quartz X-tal cascade impactor 

Triboelectric 

3-30 No No 
Centrifugal fractionation] 0.1-1.0 No No 

weighing 0.5-5 No No 
0.05-5 No No 

Particle acceleration in 0.5-15 Yes Yes 
gas flow/time of flight 

Light scattering 0.2-5 Yes ( size ~ Yes 
0.06-3 Yes ~ intervals ~ Yes- 

(. in parallel ) 

Removal of electrically 0.01-0.5 
charged particles in 0.01-1.0 
mobility increments 

Particle diffusion to a 0.002-0.3 
capture surface (i.e., 
a capillary wall) 

Particle growth]light 
scattering after up- 
stream sizing by 

Particle diffusion 0.002-0.3 
Charged particle separation 0.01-1.0 

Imaging > 0.002 
Electrical resistivity > 0.5 

change by electrolyte 
displacement 

Frequency change by 0.05-35 
mass loading of a 
quartz crystal 

Contact charge transfer No unique size 
dependence 

Nearly 
Nearly 

Nearly 

Sizing but no 
counting capability 

Sizing but no 
counting capability 

Nearly ; size t Yes 
intervals Yes Nearly ~ 
in series 

No Yes 
No Yes 

Yes No/Yes 
(Large particles 
only) 

Yes No 

in which each ultrafine particle serves as a site for vapor 
condensation. By this technique, ultrafine particles grow 
into 10 tzm or larger particles that are easily detected by a 
built-in optical counter. A CNC can count aerosol 
particles as small as 0.01 izm (or even smaller, depending 
on-operator technique and sanguinity). However, it pro- 
vides little size discrimination--a 0.02 ~m particle is 
counted the same as a 0.2 or a 2 ~m particle. To obtain a 
size distribution requires an upstream size separating de- 
vice such as an electrical mobility analyzer (6) or a diffu- 
sion battery (7). Neither of these devices counts particles; 
they simply remove a certain aerosol fraction from the to- 
tal aerosol flow (the integral mobility analyzer or the dif- 
fusion battery) or else break out a selected size fraction of 
the total aerosol flow into a separate airstream that can 
be counted (the differential mobility analyzer). 

Size resolution can be quite good using the differential 
mobility analyzer (6)--the number  of size increments be- 
tween 0.01 and 1 ~m can exceed 30 in the commercial ver- 
sion. Size separation in any mobility analyzer depends on 
the ability of electric fields to remove charged particles 
from streamlines, and, in the differential mobility analyz- 
er, aerosol charge is controlled by passing the aerosol 
stream through highly ionized air, which reduces the 
particle charge distribution to a Boltzmann equilibrium. 
However, since the particle fraction actually electrically 
redirected into a separate countable airs treamis primarily 
just the singly charged, unipolar fraction of any given 
size-band population, most of the particles in a given size 
range are discarded. (In Boltzmann equilibrium, the 
charge distribution on particles in any size range is sym- 
metrical and a maximum at zero charge.) In a cleanroom, 
the small number  of total particles present renders this 
measuring scheme inappropriate; that the total number  of 
particles counted is only a small fraction of what is only a 
small concentration to begin with means that this 
counting technique is less satisfactory than other tech- 
niques in which all, or nearly all, particles in a given size 
range are counted. Thus, techniques with poorer size res- 
olution than the differential mobility analyzer may, in 

fact, prove better suited for collecting cleanroom size- 
distribution data in the ultrafine particle size range. 

One such alternative is the integral mobility analyzer. 
This analyzer differs from the differential mobility 
analyzer in at least two significant features: (i) particles 
entering the analyzer are charged to saturation by ion dif- 
fusion (in the differential mobility analyzer, particle-elec- 
trical charge is reduced to a Boltzmann distribution by a 
Kr-85 neutralizer), and (ii) only one airstream exits the an- 
alyzer; particles removed from that airstream are electro- 
statically precipitated onto an electrically biased center- 
rod electrode (in the differential mobili ty analyzer, two 
streams exit the analyzer, one containing particles having 
electrical mobilities that fall within a narrow band, and 
the other the rest of the airstream; some particles are also 
precipitated). That all particles are unipolarly charged to 
saturation means that the electrical force acts on all the 
particles rather than just on a small fraction as is true in 
the differential mobility analyzer. Thus, one of the major 
sources of particle loss in the differential mobility 
analyzer is absent in the integral mobility analyzer. 

The second alternative to the high resolution differen- 
tial mobility analyzer is the diffusion battery. This instru- 
ment operates on an entirely different particle capturing 
principle than the mobility analyzers. Electrical forces 
play no role in the designed operation of a diffusion bat- 
tery, the Brownlan motion alone of the ultrafine particles 
being the mechanism whereby the particles collide with 
the capture surfaces. By passing the aerosol flow through 
narrow passageways of varying length and noting the in- 
cremental particle removal associated with each path- 
length, the particle-size distribution of the original aerosol 
can be reconstructed. Thus, though the boundaries be- 
tween adjacent size channels are not sharp and the resolu- 
tion of the separation is relatively crude compared to the 
differential mobility analyzer, the fact that all particles 
participate in this statistical removal process means that 
the technique may be better suited for cleanroom mea- 
surements than those techniques that count only a frac- 
tion of the total particles present. 
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Other techniques listed in Table I fall short for one rea- 
son or another. Microscopy is excellent by all measures 
except  ease and speed of data reduction. One can exam- 
ine individual particles in great detail, but deducing con- 
centrations and size distributions from microscopic 
counting is a tedious technique and one prone to error. 
The resistivity technique requires particle collection and 
resuspension into an electrolyte. The triboelectric tech- 
nique depends on control of subtle surface properties and 
measures a total charge transfer that is not easily con- 
verted to a size distribution. 

Based on their size range , single-particle particle 
counting capability, and compatibility with real-time or 
near-real-time measurement,  the instrument combina- 
tions of Table I suitable for sampling ultrafine aerosol 
particles in cleanrooms consist of the following size 
separating stages (see Appendix B for a discussion of 
commercial  availability: (i) the differential mobility analy- 
zer, (it) the integral mobility analyzer, and (iii) the diffu- 
sion battery. 

E x p e r i m e n t a l  

All the above instruments only separate aerosol 
particles according to size, A downstream CNC is used as 
the actual particle counter for all three of these particle 
separating devices. This paper reports the results of using 
combinations no. 1 (a differential mobili ty analyzer/CNC) 
and no. 3 (a diffusion battery/CNC) plus a single-particle 
optical counter and a laser spectrometer  (see light scatter- 
ing instruments,  Table I) in semiconductor cleanrooms of 
varying air quality. The integral mobility analyzer/CNC 
(combination no. 2) was not evaluated, so no data from 
this combination will be presented. Monitoring clean- 
rooms of the highest air quality has also included periods 
in which the ultrafine aerosol particle measurement  has 
been by total CNC count alone without any of the size 
separating stages. While this approach lumps all ultrafine 
aerosol particles into a single measurement,  this single 
datum can be added to a conventional cumulative size 
distribution, as generated by an optical particle counter 
(OPC) or a laser spectrometer. As indicated in Table I, the 
smallest particle detectable by most  OPC's is about 0.2 
/~m. Laser spectrometers can measure as low as 0.06-0.09 
~m but at a much reduced sample flow rate (1 ft3/min for 
the OPC; 0.002-0.01 ft3/min for the laser spectrometer). 
The low sampling flow rate of the laser spectrometer 
generally makes it less suitable for cleanroom measure- 
ments than the OPC. However, the laser spectrometer is 
excellent for calibration of ultrafine aerosol instruments 
at high particle concentration as discussed next. 

Prior to extensive site measurements,  the two instru- 
ment  combinations were cross checked with respect to a 
laser spectrometer. A lengthy series of comparative m e a -  
surements was carried out using such test aerosols as 
freshly generated monodisperse salt, freshly dispersed 
polystyrene-latex (PSL) spheres, polydisperse ambient 
room air, and prefiltered room air. 

With all these aerosol sources, the aerosol particle con- 
centration greatly exceeded that found in a typical clean- 
room. This high concentration aids in establishing instru- 
ment  measurement  consistency but does not necessarily 
adequately rate instrument suitability for cleanroom use. 
The latter judgment  requires tests at actual cleanroom 
concentrations, a condition created most readily by 
cleanrooms themselves. Such tests will be described 
below. 

In the calibration test series of this section, the most ex- 
tensive comparisons were between a differential mobility 
analyzer/CNC combination, hereafter called simply the 
DMPS (see Appendix  B), and a laser spectrometer, the 
PMS Model LAS-X, hereafter referred to as the LAS-X. 
The size ranges detected by each of these two instru- 
ments overlap, both measuring aerosol particles in the 
0.09-0.5 ~m size bracket. Monodisperse PSL spheres are 
commercially available in several sizes within this range. 
Figure 3 plots measurements  made of 25 PSL aerosol 
streams using both the DMPS and the LAS-X. Most of 
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Fig. 3. Concentration measurements of PSL aerosol streams using 
the DMPS and the LAS-X. 

these measurements  were made quasi-simultaneously. 
Since the full range of the DMPS cycle takes 20-30 min 
and the LAS-X a minute or less at the aerosol particle 
concentrations generated for the calibrations, the LAS-X 
count represents the average of many short counting peri- 
ods spread over the entire DMPS measuring cycle. The 
regression equation relating the two counts is 

X = 0 .674Y ''g66 

r = 0 . 9 3 6  [ 1 ]  

where X is the concentration of particles > 0.09 /~m in 
size as measured by the DMPS (cm-3), Y is the total con- 
centration measured by the LAS-X (cm-3), and r is the 
correlation coefficient. 

Although the DMPS counts fewer particles at low con- 
centration and more at high concentration than the 
LAS-X, the differences are only about 20% cent over the 
range of 10-104 particle/cm 3. This agreement  between the 
two instruments,  each based on completely different siz- 
ing principles, is deemed satisfactory for most aerosol 
particle measurements.  

Individual peaks matched reasonably well, as shown in 
Fig. 4. (The Fig. 4 p l o t  of 0.3/~m PSL spheres is actually 
the best match among the various PSL comparisons 
made.) The two LAS-X plots show the value of higher res, 
olution measurements.  In one data set, 16 channels span 
the entire size range of the instrument  (0.09-3.0 ~m); in the 
higher resolution setting these same 16 channels span 
only the range 0.2-0.5 /~m. Total concentration varies 
strongly with size in a monodisperse sample and the high 
resolution counting mode defines the peak in concentra- 
tion much better. This high resolution mode of the 
LAS-X matches the size distribution measured by the 
DMPS quite well. 

In polydisperse aerosol mixtures, aerosol concentration 
does not vary as much with size as in the monodisperse  
calibrating aerosols. In this sense, polydisperse aerosol 
samples represent a less severe test of the aerosol 
measuring array. However, a polydisperse size distribu- 
tion more realistically simulates the aerosol found in a 
cleanroom, especially if it is generated by prefiltering 
ambient room air. By admitting ambient laboratory air 
into a closed chamber and then recirculating it continu- 
ously through a Prefilter, a stable aerosol mixture even- 
tually results that can be used as a source of polydisperse 
aerosol for instrument array calibration. Figure 5 plots the 
size distributions measured by the DMPS and the LAS-X 
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with such a polydisperse source. Again, the agreement is 
good in the region of size overlap. 

Similar calibration runs with a collimated hole diffu- 
sion battery (the CHDB/CNC, see Appendix  B) show that 
it sizes 0.08 ~m PSL particles correctly and agrees well 
with the LAS-X when measuring polydisperse size distri- 
butions at particle concentrations above contemporary 
cleanroom levels. A representative comparison appears in 
Fig. 6. This plot shows the size distributions measured by 
both the CHDB/CNC and the LAS-X for air recirculated 
continuously through an 80% efficient prefilter in a 
closed box. Particle concentration (size > 0.I ~m) is about 
0.1 cm -3, a concentration an order of magnitude lower 
than the lower concentration limit of the DMPS measur- 
ing capability. At this concentration, agreement between 
the CHDB/CNL and the LAS-X is satisfactory. 

Cleanroom Measurements 
Four different levels of air quality make up the different 

cleanrooms sampled as part of this project. In order of de- 
creasing air quality, they were as follows. 
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Fig. S. Differential size distribution of a polydisperse particle mix- 
ture as measured by the DMPS and the LAS-X. 
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Fig. 6. Differential size distribution of a polydisperse particle mix- 
ture (room air recirculated through a prefilter) as measured by the 
CHDB/CNC and the LAS-X. 

1. The future manufacturing area of the Microelectronics 
Center of North Carolina (MCNC).--This facility was not 
operational at the t ime of the air sampling, but all filters 
had been installed and the recirculating fans had been on 
for at least 3 months during the earliest sampling periods 
from which data reported here were collected. 

2. A state-of-the-art manufacturing area.--Measurements 
were made in this facility both while work was in prog- 
ress and over a weekend shutdown period. However, the 
sampling site was remotely located with respect to most 
production activity so that the air sampled is nearer that 
of a cleanroom at rest than an operational cleanroom. 

3. The photoresist room of a university fabrication faciI- 
i ty.--This small room is isolated from the main fabrica- 
tion area and has its own fan and filtration system. 
Traffic was low during the sampling period. 

4. The main fabrication area of the same university facil- 
ity .--This larger room houses all furnaces and other wafer 
processing equipment.  Its room filtration system is 
smaller than state of the art, and personnel cleanroom 
procedures are also less rigid. During the sampling pe- 
riod, the mean concentration of aerosols of size equal to 
or greater than 0.5 ~m was about 300 ft -~. 

The DMPS proved capable of measuring size-distribu- 
tion spectra in only the Class 300 university facility. (See 
Fig. A-1 for definitions of air-quality classes.) At the other 
three sites, the particle concentration was too low for 
significant counting. 

The size-distribution data collected at this site (and at 
the other sites to be reported on in the following para- 
graphs) are presented in two forms: as differential size- 
distribution plots and as cumulative size-distribution 
plots. The latter plot is the type that appears in Federal 
Standard no. 209B (2) and forms the basis for the various 
classes o f  air quality defined in that Standard. The 
former type of presentation, showing aerosol concentra- 
tions at each aerosol diameter, is perhaps more popular 
among aerosol technologists. Further reflecting this user 
association, the concentration units used here will be per 
cubic centimeter  for the differential-distribution plots 
and per cubic foot for the cumulative-distribution plots. 
The ordinate of  the differential-distribution curve in all 
plots is dN/d (log D), and the abscissa log D, where N is 
the aerosol concentration and D is the aerosol diameter. 
The use of a log scale in constructing these plots provides 
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better coverage of typical aerosol ranges; in the differen- 
tial plots, the ordinate dN/d (log D) thus is in units of con- 
centration rather than concentration per size increment. 
Total aerosol concentration as a function of time is the 
third type of data summary to be presented. 

Main fabrication area of a university fabrication facil- 
ity (DMPS for ultrafine particle data).--Figure 7 pre- 
sents total aerosol concentration measured by various in- 
struments over the sampling period. The different 
concentrations measured by each instrument reflect 
their different size sensitivities. Figures 8 and 9 plot the 
grand average size distributions as differential and cumu- 
lative distributions, respectively. These distributions rep- 
resent the averages over the entire sampling period de- 
picted in Fig. 7, peaks as well as valleys. 

Each datum of the differential number  distribution plot 
(Fig. 8) has error bars corresponding to plus and minus 
one standard deviation about the mean. In spite of the rel- 
atively large error associated with many of the data 
points, a max imum in the plot clearly occurs in the vicin- 
ity of 0.1 ~m. In the cumulative-distribution plot (Fig. 9), 
this peak represents a flattening of the curve and a de- 
parture from the extrapolation of the cumulative-size dis- 
tribution assumed in Federal Standard no. 209B. (The size 
distributions published in Federal Standard no. 209B 
[Fig. A-l] abruptly terminate at D = 0.5 ~m, so that the 
distribution below that size is not specified; the curve 
identified as from Federal Standard 209B in Fig. 9 is thus 
an extrapolation below 0.5 ~m that is drawn with the 
same slope as that of the distribution above 0.5 ~m which 
is specified in 209B.) Thus, while the total concentration 
of aerosols measured by the CNC in this university fabri- 
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Fig. 7. Total aerosol concentrations, university fabrication labora- 
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cation laboratory exceeds that measured by the optical 
counters, it is not as high as would be predicted by a sim- 
ple extrapolation of the 209B size distribution. This con- 
clusion proves true in all the other cleanrooms monitored 
as well. 

University photoresist room/Class 100 manufacturing 
area/MCNC (ultrafine particle data by CNC alone).--De- 
tailed size distribution data could not be collected below 
0.1 ~m in any of these facilities because of the inability of 
the DMPS to detect a statistically significant number  of 
particles. However, by using the CNC alone, a single data 
point cou ld  be collected in the ultrafine-aerosol regime 
(Table II) and incorporated into a cumulative-distribution 
plot (Fig. 10). 

The cumulative size distribution plot of Fig. 10 com- 
bines one CNC count with four conventional optical 
particle counter cumulative counts. The CNC total count 
is plotted at 0.01 ~m, which is the size at which the 
counting efficiency of the CNC falls below about 50% (8). 
For particles larger than 0.02 ~m, the CNC counting 
efficiency exceeds 90%; for particles smaller than 0.01 
~m, counting efficiency decreases rapidly to about 10% 
at 0.005 ~m. Thus, a sub 0.01 ~m component  may be in- 
cluded in the count plotted at 0.01 ~m, but its magnitude 
should be small. Because of this unknown sub 0.01 ~m 
component,  the concentration plotted at 0.01 #m might be 
larger than the true concentration, but this error is com- 
pensated by the reduced counting efficiency between 
0.01 and 0.02 ~m, making 0.01 ~m a reasonable compro- 
mise size for plotting CNC data. 

By extrapolating the slope used in defining the air- 
quality classes of Federal Standard no. 209B from the 0.5 
~m cutoff of the Standard to the 0.01 ~m size in the ultra- 
fine regime, it can be seen that the concentration plotted 
at 0.01 ~m from the CNC count falls well below the con- 
centration predicted by the extrapolation. This result has 
been universally true for measurements  carried out in 
cleanrooms of various air qualities and in other areas 
where air quality depends on filtered air (Fig. 11). Figure 
11 plots the ratio of the concentration of particles whose 
size equals or exceeds 0.01 ~m (the CNC-determined con- 
centration) to the concentration of particles whose size 
equals or exceeds 0.3 ~m (the lower cutoff of the 1 ft3/min 

Table II. CNC and OPC concentrations measured in various cleanraoms 

Concurrent 
CNC conc. OPC conc. 

(ft -3) (ft-3) 

Diameter, D ~m) 

Fig. 8. Grand average differential size distributions, university labo- 
ratory. 

Manufacturing facility 180 3.2 
University laboratory 

Fabrication area 27,100 687 
Protoresist room 2,860 53 
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OPC [the PMS Model LPC-555] used in these measure- 
ments). In Fig. 11, this ratio is written as CNC/OPC. The 
slope of Federal Standard no. 209B predicts this ratio to 
be about 1750. The ratios plotted in Fig. 11 all lie between 
the 10 and 1000 bounds. Interestingly, the highest values 
of these ratios occur at both the upper and the lower ex- 
tremes of the concentration range; all the intermediate 

values are less than 100. No significance or claim of uni- 
versality is made for this observation or for any of the 
data points. Virtually all these measurements  were 
carried out in cleanrooms or sheltered areas at rest; they 
represent measurements made overnight or over week- 
ends during which time activity was either nonexistent or 
remote to the sampling points. Human activity would be 
expected to change both the concentration and the size 
distribution of the aerosols detected. For example, ambi- 
ent air measurements  made in Los Angeles by Whitby 
et al. (1) show the CNC/OPC ratio as defined above to ex- 
ceed the 1750 predicted by Federal Standard no. 209B, be- 
ing on the order of 104 (Fig. 1). 

The CNC/OPC ratios measured in high quality clean- 
rooms thus support the conclusion that the flattening of 
the cumulative size distribution below 0.1 /~m measured 
in a low quality cleanroom (Fig. 9) describes the cumula- 
tive size distributions of the higher quality cleanrooms as 
well. Again, this conclusion probably applies only to 
areas in the c]eanroom whose air quality is dominated by 
the effluent from the HEPA filters rather than emissions 
from a local source such as equipment  or people. 

MCNC fabrication area (CHDB/CNC for ultrafine 
particle data).--The primary purpose of the CHDB/CNC 
combination was to verify, on a one-time basis, that the 
flattening of the cumulative size distribution curve below 
0.1 /~m observed in the Class 300 university fabrication 
laboratory (Fig. 8) and shown to be consistent with 
CNC/OPC ratios measured in cleanrooms of higher air 
quality (Fig. 11) also characterizes the air found in a state- 
of-the-art cleanroom. 

The collimated hole diffusion battery consists of long, 
cylindrical paths through which the aerosol must pass 
and along which are access ports that allow CNC mea- 
surement of concentrations. The pathlength between the 
entry port and any access port defines a channel length; 
the longer the channel length, the greater the particle cap- 
ture by diffusion to the channel wall. A series of concen- 
tration measurements  at various channel lengths permits 
the determination of a size distribution because of the de- 
pendence of diffusion coefficient upon particle size. The 
collimated hole diffusion battery consists of 11 channels, 
typically measured sequentially by connecting the CNC 
to each port, one after the other. This measurement  tech- 
nique proved unsatisfactory when using one CNC for all 
diffusion battery channel measurements  in series. 

A problem occurred because the long measuring inter- 
val used (100 mirdport) to obtain sufficient counts in each 
channel stretched the entire measuring cycle over more 
than half a day, during which t ime the cleanroom aerosol 
concentration changed. Thus, early channels sampled one 
particle population, while later channels sampled a differ- 
ent population. This instability caused the data inversion 
process to yield nonsensical distributions. 

Two corrective actions were taken: (i) a second CNC 
was added to the instrument combination so that the zero 
channel concentration (the uncut  particle population) was 
always measured at the same time that a downstream 
channel was being measured; and (ii) only three down- 
stream channels were actually measured, the intermedi- 
ate channel values being deduced by curve fitting. The 
first corrective action means that the channel data could 
be expressed as a fraction of the 0 channel count  and thus 
variations in total aerosol concentration over the 
measuring cycle could be compensated for. Changes in 
size distribution, however, are not compensated. 

Using this technique produced results such as those 
shown in Fig. 12. Figure 12 contains two presentations of 
the same data. The dots (or solid circles) represent the 
raw data in which the fractional penetration of the three 
downstream channels, expressed in terms of the mean 
channel 0 concentration, have been plotted at the size for 
which the channel penetration is calculated to be 50% as 
determined by the calibration of the battery. The calcu- 
lated distribution shown by the squares is that obtained 
by using the three measured channel  values to derive a 
best fit curve for the penetration from all channels, and 
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then substituting this complete set of fitted channel pen- 
etration data into published conversion models (9). 

This procedure produced a cumulative size distribution 
having relatively few particles below 0.07 /~m for the 
measuring cycle depicted in Fig. 12. The total mean con- 
centration of condensation nuclei over this measuring pe- 
riod was about 60 ft -~, an impressively low number  but 
one that is typical of state-of-the-art cleanrooms at rest. 
Other measurement  runs yielded similar cumulative size 
distributions. 

Conclusions 
The cumulative size distributions of ultrafine particles 

in resting semiconductor  cleanrooms flatten out for 
particles whose diameters are below about 0.1 /~m, as 
might be deduced from the penetration characteristics of 
a HEPA filter. The large concentrations of ultrafine 
particles present in ambient  air are effectively removed 
by these filters, and simple extrapolation of the Federal 
Standard no. 209B curves leads to overestimation of the 
ultrafine particle populations below about 0.1 ~m. 

These conclusions apply to cleanrooms at rest. Particle 
generating activity within an operational cleanroom can 
easily dominate the ultrafine aerosol concentration in its 
vicinity and downwind of it. Ultrafine aerosol concentra- 
tions in an operational cleanroom, therefore, like larger 
aerosols, probably depend on the process and people ac- 
tivity and probably are not l imited by the air filters. The 
condensation nuclei counter, in conjunction with a 1 
ft~/min optical particle counter, is a practical instrument 
for measuring ultrafine particle concentrations. This 
combination does not yield size distribution over the 
ultrafine particle regime. The only instrument combina- 
tion so far demonstrated to be capable of ultrafine 
particle size distribution measurements  (0.01-0.1 /~m) at 
semiconductor cleanroom concentrations (less than 
1000-5000 u]trafine particle/ft ~, for example) is the colli- 
mated hole diffusion battery/CNC reported here, and that 
only with a dual CNC configuration and a modified 
sampling protocol. 
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APPENDIX A 
Air-Quality Classifications 

Figure A-1 is a reproduction of the plot defining classes 
of air quality in Federal Standard no. 209B (1). The Class 
1000 designation, added by a later amendment,  has been 
included in Fig. A-1. Intermediate designations such as 
500, 80,000, etc., defined by the 0.5 /~m intercept of a 
curve drawn parallel to those shown, are also defined im- 
plicitly. Common usage has been to extend the range of 
these definitions to include Class 10 and even Class 1 in 
describing the air quality in contemporary cleanrooms at 
rest. Note, however, that the Fig.  A-1 plot uses a log-log 
scale so that Class O cannot be defined by this proce- 
dure. Under  a GSA contract, Committee RP50 of the In- 
stitute of Environmental  Sciences is currently revising 
and updating Federal Standard no. 209B. Thus, within 
the next  year or two, a new standard, 209C, should be 
available for critique and suggestions, prior to promulga- 
tion for general use. 

APPENDIX B 

Commercial Availability of Ultrafine 
Aerosol Particle Instrumentation 

The instruments identified as suitable for ultrafine 
aerosol particle measurement  above have limited com- 
mercial availability, being marketed by only one com- 
pany at present (TSI, Incorporated, St. Paul, Minnesota). 
Each of the three size separators is discussed separately 
in the following paragraphs. In the case of the differential 
mobility analyzer, t h e  complete differential mobility 
analyzer/condensation nuclei counter combination ~s 
commercially available and is described as one unit, the 
differential mobility particle sizer (DMPS). 

1. The differential mobility analyzer.--The only  com- 
mercial equipment  now readily available is the TSI Model 
DMPSIC 3932 differential mobili ty particle sizer, which 
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includes a CNC (TSI Model 3020) (8) to measure particles 
separated by a TSI electrostatic classifier Model 3070 (a 
differential mobility analyzer), the combination being 
controlled by an Apple IIe personal computer, which also 
stores and processes the collected data. 

2. The integral mobility analyzer.--The only commer- 
cially available apparatus for this measurement  is the TSI 
Model 3030 electrical aerosol size analyzer. To be capable 
of single-particle detection, it should be modified by 
replacing the current measuring electrometer with a 
CNC. 

3. The diffusion battery.--The only commercial version 
is a screen-type diffusion battery (TSI's Model 3040). The 
diffusion battery used in the measurements presented in 
this paper, however, used a custom-built  collimated hole 
diffusion battery (CHDB) (7). Any diffusion battery must  
be followed by a CNC for counting. 

4. The continuous flow condensation nuclei 
counter.--While various commercial versions of the con- 
densation nuclei counter have been on the market for 
years, these older models all relied on an adiabatic expan- 
sion to induce condensat ion.  This mode of operation dic- 
tated intermittent  operation in which sampling flow had 
to stop while the expansion, condensation, and counting 
steps took place. When flow resumed into a chamber of 
lowered pressure, a pulsed flow occurred. The recent in- 
troduction of a continuous flow model (TSI Model 3020) 
(8) avoids these problems by using a thermoelectrically 
cooled chamber through .which the saturated vapor and 
aerosol continuously flow. 
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ABSTRACT 

Potential-enhanced doping (PED) is a method by which the incorporation efficiencies of certain low sticking coef- 
ficient, coevaporated dopants can be enhanced during Si-MBE. PED is implemented  by application of a potential to the 
substrate during deposition. The applied potential is used to control instantaneous dopant incorporation, thereby 
permitting accurate control over doping levels over a wide dynamic range, as well as offering a powerful method of 
profile control. PED is especially effective with Sb doping, with enhancements  by up to 1000 times being realized, thus 
permitting doping levels up to the solubility limit to be readily achieved. PED is less efficacious in the case of As doping 
obtained from III-V compound sources. The electrical, optical~ and crystallographic quality of PED:Sb-doped material is 
comparable to that of bulk Si. Doping transitions of < 50 A/decade have been obtained for transitions over several 
decades. 

Compared with low energy dopant-ion implantation 
(1, 2), coevaporation of elemental doping species from 
thermal sources offers a simple and inexpensive method 
of doping in Si-MBE. However, not until  recently have 
coevaporative methods, as applied to the preferred MBE 
dopants Sb, A1, and Ga, proved capable of offering the de- 
sired control over doping; these dopants have low, 
growth temperature-dependent incorporation efficien- 
cies and a propensity to segregate at the growing surface 
(3-6). Both these factors are severe impediments to ob- 
taining good dopant and profile control. However, two 
recent developments hold considerable promise in 
alleviating the limitations of coevaporative doping in Si- 
MBE. Despite the high temperatures required for evapo- 
ration, coevaporated boron behaves as a near-ideal p-type 
dopant, having a unity incorporation coefficient and be- 
ing free from any severe surface segregation phenomena 
(7-9). The second development relates t o  a method of im- 
proved control over dopant incorporation, known as 
potential-enhanced doping (PED) (8, 10), and is particu- 
larly effective in the case of the preferred MBE n-type 
dopant, Sb (11). This paper reports on PED technique ap- 
plied to Sb, As, and Ga doping, reports on the material 
quality obtained, and demonstrates the degree of profile 
control that can be realized. 

Experimental 
Epitaxial Si was deposited onto 3 in. diam, (100) Si sub- 

strates in a cryopumped three-chamber UHV system de- 

scribed earlier (10, 12). Airco Temescal electron-beam 
evaporators (Type SFIH-270-2) were used to evaporate 
semiconductor-grade polycrystalline Si with p > 500 
~-cm, at growth rates ranging from 0.5 to 20 ~m-h- ' ,  to 
thicknesses of 0.2-25 ~m. Epilayer growth was performed 
at temperatures in the range 700~176 although the ab- 
solute temperature was known on ly  to within -+30~ 
reproducibility between experimental runs was better 
than +-10~ 

Consistent with earlier studies (3-6), elemental species 
were generally used to obtain Sb and Ga doping. How- 
ever, III-V compounds were also employed as Group V 
dopant sources to permit (i) comparison of Sb incorpora- 
tion from Sb4 (the dominant  species generated by elemen- 
tal Sb) and Sb~ (the dominant  Group V species generated 
by InSb) and (ii) controllable As doping without the at- 
tendant  problems of severe memory doping effects 
caused by the high vapor pressure of elemental arsenic 
(13). The sources used and the resultant fluxes obtained 
are summarized in Table I. These materials were evapo- 
rated from conventional effusion furnaces of the type 
used in III-V-MBE, with pyrolitic boron nitride crucibles 
for all the sources except Ga, which was evaporated from 
a graphite crucible. The positioning of the thermocouple 
in the source cells used resulted in an underestimate of 
the source temperature, precluding calculation of the in- 
cident dopant fluxes. The Si and dopant source were sit- 
uated -28 cm below the substrate plane, in the configur- 
ation presented elsewhere (10). 
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Table I. The coevaporated sources used to achieve Sb, As, and Ga 
doping. The dominant and secondary evaporated species are listed 

Evaporated species 
Dopant material Primary Secondary 

Elemental Sb Sb4 Sb~z 
InSb Sb~ In 
GaAs As2 Ga 
InAs As2 In 
Elemental Ga Ga - -  

The electrical properties of the material were assessed 
by electrochemical CV profiling (14) and, where appro- 
priate, by Hall measurements.  Spreading resistance 
profiling (SRP), secondary ion mass spectrometry 
(SIMS), deep level transient spectroscopy, photolumines- 
cence, and Rutherford backscattering (RBS) were further 
employed on Selected samples to evaluate the quality of 
doped material and the capability for doping control. 

Potential-Enhanced Doping 
Enhanced incorporation of dopants was induced by ap- 

plication of a voltage (Us) via a Ta brush in contact with 
the rotating assembly onto which the substrate is 
mounted for growth. A schematic representation of the 
experimental  configuration used has been presented 
elsewhere (10). 

The efficacy of PED on dopant incorporation during 
growth was initially investigated by applying staircase 
voltage programs of  the type shown in Fig. la, since the 
resulting Sb doping profile, as shown in Fig. lb, is opti- 
mized for profile evaluation using the electrochemi- 
cal-CV method (14). Data obtained for both negative and 
positive voltages from five epilayers all grown at the 
same substrate temperature and incident Sb-flux as used 
in Fig. 1 are presented in Fig. 2. The main features to be 
noted are (i) negative potentials are significantly more ef- 
fective at sustaining enhancement  than positive poten- 
tials, and (ii) only enhancement  obtained under negative 
potentials was reproducible. As a result, only negative 
voltage PED will be subsequently discussed. 

Figure 3 demonstrates PED enhancement  obtained 
�9 over a wide range of growth temperatures (-730~176 
and Sb cell temperatures (315~176 conditions which 
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yielded a zero potential doping range n(0) = 1.3 x i0 L6 to 
1.1 • I017 cm -3. The ordinate has been normalized as an 
enhancement  ratio of doping level at potential U com- 
pared with that at zero volts: n(U)/n(O). It is apparent that 
PED:Sb doping is highly reproducible. Within the range 
of growth conditions investigated, a calibration obtained 
under one set of growth conditions (pertaining to a cer- 
tain Sb adlayer coverage) can be translated to any  other 
condition. The use of InSb as an Sb~ source yielded data 
(10) which coincided with those presented in Fig. 3, indi- 
cating that enhanced dopant incorporation was not de- 
pendent  on the nature of the evaporated Sb species. 

Sb forms a two-dimensional surface adlayer with the 
surface coverage depending on growth temperature and 
incident Sb flux (5). Based on reported data, the Sb sur- 
face coverages obtained under the range of growth condi- 
tions employed in this study are considerably less than a 
monolayer, but still sufficiently high to be detected by 
Auger electron spectroscopy (AES). Figure 4 shows typi- 
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ELECTRON ENERGY eV 
Fig. 4. Auger electron spectra of two epilayers grown under identical 

growth conditions, except with different applied voltages. The peak 
heights are identical (within experimental error caused by 
nonreproducibility of sample positioning), despite a doping level differ- 
ence of 200. 

cal spectra obtained from two epilayers grown at the 
same temperature and under the same Sb flux, but with 
differing applied potentials. (The substrate temperature 
was quenched rapidly immediately on terminating 
growth to minimize Sb desorption.) Since the measured 
Sb/Si peak intensity ratio obtained from the two spectra 
remains practically unchanged, whereas the doping levels 
differed by a factor of 200, it is surmised that PED en- 
hances incorporation of Sb from the adlayer and does not 
affect surface coverage (except in a secondary capacity by 
depletion due to enhanced incorporation). This is consist- 
ent with the implication drawn from Fig. 3 that the degree 
of PED enhancement  is independent  of adlayer coverage, 
and hence Sb flux, over the range of growth conditions 
employed. Although current models for incorporation 
from dopant adlayers do not distinguish the surface spe-  
cies present, the similarity of enhancement  obtained from 
Sb2 (InSb source) and Sb4 (elemental source) suggests a 
common surface species from which incorporation oc- 
curs. 

The efficacy of PED:As doping was reported earlier to 
be less pronounced than in the case of Sb doping (10). 
Figure 5 shows the enhancement  ratio obtained over a 
range of GaAs source temperatures of 550~176 [corre- 
sponding to the indicated n(0) doping levels] at a fixed 
growth temperature of -810~ Unlike with PED:Sb 
doping, Fig. 5 indicates that the enhancement  ratio in- 

~ P  E D As doped Si n(O) cm -3 
9 GaAs source 3 X1018 �9 

~ 6X10 '7I  

0 - / 2 x10~% 
~6 - J 5xi01% 

z _ 

z 3 

Z 
t t t I I I i i I I 

G 
-300 -600 -900 

SUBSTRATE POTENTIAL U s volts 

Fig. 5. PED enhancement ratio over a range of As fluxes generated 
using a GaAs source at constant growth temperature, n(U)/n(O) in- 
creases at a given potential with increasing As flux, unlike the case of Sb 
presented in Fig. 3. 

creases with As coverage. This result m a y  indicate either 
that As adlayer formation is less simple than that of Sb, 
or, more probably, that the simultaneous presence of a Ga 
adlayer from the GaAs source affects As incorporation. 
The latter suggestion is supported by the following obser- 
vations: (i) SIMS profiles have indicated that Ga is also 
incorporated during doping from the GaAs source, al- 
though the relative levels have not been quantified; (i i) 
the increasing enhancement  ratio with GaAs source tem- 
perature is consistent with the reported thermal decom- 
position behavior of GaAs, i.e., an increasing AsJGa flux 
ratio with increasing temperature (15); and (iii) prelimi- 
nary investigations using InAs indicate a higher enhance- 
ment ratio (factor of -2)  than that obtained from GaAs at 
a given n(0) coverage, suggesting that In interferes less 
with As incorporation than does Ga. Although further 
work is necessary to clarify the effect of the accompa- 
nying Group III fluxes obtained from III-V sources, the 
conflicting responses of the enhancement  ratio to arsen- 
ide and antimonide sources may imply a shorter surface 
residence time or a higher spontaneous incorporation 
efficiency for As compared with that for Sb. Notwith- 
standing the difficulty in interpreting the effects of the 
accompanying Group III fluxes from III-V sources, the 
negligible response of PED:Ga doping (from an elemental 
source) confirms a species dependence for PED doping 
(10). 

An interesting feature of Sb and Ga doping is that the 
doping level obtained is independent  of growth rate. For 
example, all the data presented in Fig. 1-3 had no correc- 
tion applied for growth rate over an experimental  range 
of greater than ten times, and growth of epilayers in 
which changes in rate were intentionally introduced (with 
and without PED) confirmed this observation. Although 
clearly a useful effect, its interpretation in terms of 
growth step propagation under the adlayer regions (16) re- 
quires further study, particularly to account for its occur- 
rence with or without PED. Indeed, this may suggest that 
spontaneous and enhanced incorporation are dependent  
on a common mechanism. 

Mechanism for PED 
The use of electron-beam evaporators for generation of 

the Si flux also leads to generation of charged particles in 
the MBE system; secondary (tow energy) and backscat- 
tered (high energy) electrons are produced, as is a small 
fraction of low energy Si § ions caused by ionizing interac- 
tions between the Si flux and the primary electron beam. 
The application of a potential to the substrate would in- 
duce an electrostatic field within the MBE system, which 
would modify the trajectories of these particles and 
change the energy with which they impinge on the sub- 
strate. The high efficacy of negative potential PED impli- 
cates Si § ions as the species responsible for the phenome- 
non, and this is consistent with experiments where 
dopant incorporation has been enhanced by additional 
ionization of the Si growth flux by using an electron im- 
pact ionizer (17). It is interesting to note that a variety of 
other effects have been observed (18-21) probably depen- 
dent on the same phenomenon. 

Enhancement  of doping by Si + ions would be induced 
either by attraction of more Si § ions to the substrate by 
the electric field, thus increasing the number  of ion- 
dopant interaction events, or by the increased energy of 
the ions producing an increased cross section for interac- 
tion. To distinguish between these possible mechanisms, 
an exper iment  was performed to restrict the flux of Si § 
ions within the MBE chamber to those with direct linear 
trajectories to the substrate, by using an apertured Shroud 
(22). Since the enhancement  ratio of Sb using this proce- 
dure was identical to that presented in Fig. 3, we surmise 
that acceleration of Si § ions generated by the evaporators 
was responsible for the enhancement  of incorporation as- 
sociated with PED. 

Jorke et al. (17) have proposed that increased Sb incor- 
poration by an applied potential is caused by secondary 
implantation of the adsorbed Sb atoms by the Si § ions. Al- 
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though such a model is consistent with the PED effect, a 
better understanding of adlayer chemistry (e.g., the iden- 
tification of adlayer surface species and the cause for the 
lack of response of doping level on growth rate), and mea- 
surement  of experimental  parameters such as ion cur- 
rents, are required to understand the energy dependence 
indicated in Fig. 3. Alternative mechanisms cannot there- 
fore be discounted at this stage, particularly: (i) Ss ion- 
induced activation of the surface dopant species (e.g., de- 
composit ion of the adsorbed species to that required for 
incorporation, or Si r ion-induced enhanced surface diffu- 
sion of adlayer species), and (ii) the formation of Ss ion- 
induced preferential incorporation sites. 

Assuming that PED-assisted doping involves direct in- 
teractions between Si r ions and the adlayer, the observed 
species dependence between Sb: and Ga:PED doping is 
consistent with their adlayer properties. Whereas Sb 
forms a two-dimensional coverage (5) permitting ready 
access of ion-stimulated Sb to incorporation sites, Ga nu- 
cleates as three-dimensional islands (4), thereby (i) 
reducing the cross section for interaction with Si r ions by 
reduced effective surface area and (ii) reducing accessibil- 
ity of ion-stimulated Ga atoms to incorporation sites. 

Material  Quality 
A range of uniformly Sb-doped epilayers was deposited 

onto 1-10 ~-cm p-type substrates to facilitate junction iso- 
lation of substrate conduction, and resistivity/Hall mea- 
surements were performed on cross-shaped samples by 
using the van der Pauw method (23). The epilayers were 
sufficiently thick that depletion effects could be ignored 
(24). Figure 6 shows the measured 300 K mobilities (~ = 
RHa) as a function of resistivities of  the epilayers; the cor- 
responding carrier concentrations, assuming a Hall factor 
of unity, are also included. All the epilayers with Sb 
doping levels greater than 1 x 10 '7 cm -~ were obtained 
with the aid of PED. Over the experimental  doping range 
5 x 10 ,5 to 3 x 10 TM cm-% the mobilities agree well with 
bulk Hall data (25). Comparison of eCV and SRP data 
(with its inherent assumption of bulk mobility values) 
confirms bulk-like mobilities at doping levels down to 
< 1 x 10 ,5 cm -3. By contrast, previous reports of Hall data 
on Sb-doped Si-MBE material obtained without the aid of 
PED (5, 26) indicated degraded mobilities and heavily de- 
fected mater ial  at carrier concentrations above 10 '7 cm -3, 
caused by the associated requirement  for heavy Sb 
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Fig. 6. Room temperature Hall mobility as a function of resistivity (and 
donor concentration assuming a Hall factor of unity) for uniformly Sb- 
doped epilayers. Data are superimposed on bulk values (25). 

adlayer coverage, which introduces the possibility of clus- 
ter incorporation and locally disrupted growth. The upper 
doping limit obtained in this study (3 x 10 TM cm -~) corre- 
sponds to the solubility limit of Sb in Si at typical MBE 
growth temperatures. The corresponding resistivity of 2 
x 10 -2 fi-cm compares favorably with values used as n r 
contact regions in device structures, where considerably 
higher doping levels have to be introduced by ion implan- 
tation to achieve the same resistivity due to incomplete 
electrical activation and degraded mobilities. Extensive 
comparison between electrical (eCV, Hall, and SRP) and 
chemical (SIMS) measurements  indicates that, to within 
measurement  error, all incorporated Sb and As is electric- 
ally active. 

Since PED doping relies on ion irradiation of the epi- 
layers, it is of concern whether  any ion-induced damage is 
present to degrade material quality. To check on the crys- 
talline quality of the material, RBS dechanneling analysis 
has been applied to an epilayer doped with PED:Sb at - 1  
x 1019 cm -~ (Us = -400V). The ratio of random-to- 
channeled signal, Xmm, from the epilayer was 0.03, which 
compares with values obtained from bulk Si: if 
significant damage had been introduced by PED causing 
displacement of the host atoms, considerably higher 
values of Xmi, would obtain. It is surmised either that an- 
nealing of induced damage occurs at the MBE growth 
temperatures used or that the damage induced by the rel- 
atively low Si r fluence is small. RBS dechanneling anal- 
ysis also indicates no significant fraction of Sb on 
nonsubstitutional sites, which is consistent with complete 
electrical activation. 

The Sb-doped material was grown over a period of sev- 
eral months, interspersed with other studies, during 
which t ime improvements  in defect densities were real- 
ized (22). Defect etching studies revealed that no addi- 
tional defects could be specifically attributed to PED:Sb 
doping, since the material remained comparable with 
undoped Si grown under similar conditions. Again, this 
contrasts with earlier studies of Sb doping in MBE-Si 
without PED, where material became heavily defected at 
doping levels exceeding 1017 cm -~ due to high adlayer 
coverages (26). However, our As-doped epilayers had high 
dislocation densities when doping levels exceeded - 5  x 
1018 cm -*, possibly due to incorporation of Ga. PED:Sb 
doped Si-MBE material characterized using PL indicates 
the material to behave as bulk Si (27). 

Profile Control 
Since PED affects the incorporation efficiency of the 

dopant species from the adlayer, and not adlayer cover- 
age, control over doping profiles should be readily attain- 
able by using suitable voltage programs. Furthermore, 
sharp doping transitions should be accessible even at low 
growth temperatures, provided that equil ibrium coverage 
of Sb has been reached (5). The control that can be real- 
ized over doping incorporation is demonstrated in Fig. 1. 
Further studies were undertaken to establish the doping 
transition widths obtained, and thereby confirm that 
PED controls Sb incorporation, and not the adsorp- 
tion]desorption kinetics. Figure 7 shows a Sb doping 
profile in which the Si and Sb fluxes were maintained 
constant throughout  the growth run, and three n r spikes 
were introduced by stepping the applied potential  be- 
tween 0 and -800V. This SIMS profile indicates the 
doping transitions to be extremely sharp; the near-surface 
doping transition (denoted A) had a measured width of 
< 50 ~/decade, which compares with the resolution limit 
of SIMS. The asymmetry of the spike features measured 
in the SIMS profile, and the gradual slight degradation in 
the shape of the spikes was established to be due to 
atomic mixing and segregation effects, since improved 
symmetry is obtained by profiling such structures at 45 ~ 
to (rather than along) the sample normal (28). SRP and 
eCV electrical profiles agree within measurement  error 
with the SIMS values at the dopant peaks. However, 
lower levels are measured (and indeed expected from the 
calibration shown in Fig. 3) by the electrical profiling 



2742 J. Electrochem. Sac.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  November  1985 

10 2~ 

t~ 

I E 
tJ 

Z 
0 101g 

F- 
Z 
i i i  

U 
7 

~ 
. . a  

' I ' I ' I ' 

Si:Sb PED 

I 

4:, 

i 
i 

�9 1 
~.:.~ �9 ~." 
~,:~ �9 . .:. 

SIMS 4keV 02  + ."_.. 

1 Z J 4 
DEPTH pm 

Fig. 7. SIMS profile of on Sb-doped structure grown using PED:SB. The 
three n § spikes were introduced by stepping the applied potential from 0 
to - 800V.  

techniques than by SIMS in the n -  valleys due to a mass 
interference which limits SIMS detection to 121Sb. Com- 
parison of the transition widths obtained by SIMS and 
SRP indicated similar behavior to that discussed else- 
where for B-doped MBE-Si (9), implying that doping tran- 
sitions obtained by PED:Sb doping in general exceeded 
the resolution limit of the three profiling techniques em- 
ployed. 

C o n c l u s i o n s  

PED appears to be a powerful method of assisting co- 
evaporation doping in Si-MBE, particularly in the case of 
n-type Sb. High doping levels are readily and reprodu- 
cibly obtained using PED:Sb doping without the need for 
heavy adlayer coverage or low growth temperatures. 
Bulk-like mobilities up to the solubility limit ( -3  • 10 TM 

cm -3) are obtained. PED likely involves the acceleration 
of Ss ions to the substrate, although the exact mech- 
anism for enhanced doping requires further clarification. 
Despite the influence of these ions, no degradation in 
crystallinity can be detected by RBS or defect assess- 
ment, and photoluminescence indicates the material to be 
bulk-like. Used in combination with coevaporative B 
doping as a p-type source (7-9), these methods offer a 
powerful alternative to dopant-ion implantation in Si- 
MBE, particularly where introduction of complex 
profiles involving sharp or controlled doping transitions 
over a wide dynamic range is required. 
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Rapid Thermal Annealing in GaAs IC Processing 
S. J. Pearton, K. D. Cummings, and G. P. Vel la-Coleiro 

AT&T Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

A variety of annealing steps in GaAs IC processing presently performed in conventional furnaces may be readily 
transferred to more convenient rapid annealing furnaces. A comparison of the activation characteristics achieved for 
common implanted species (Si, Se, Be, Mg, and Zn) into semi-insulating GaAs by both annealing regimes is given. The 
limitations and advantages of the two methods with respect to encapsulation requirements,  throughput,  and handling 
are discussed. 

The development  of GaAs integrated circuits depends 
upon the routine production of conducting channel and 
contact regions by ion implantation into semi-insulating 
substrates. The high temperature annealing step required 
to activate the implanted ions is crucially important: the 
activation must  be attained with minimal dopant redistri- 
bution, and loss of As from the wafer surface must  be 
suppressed. The literature on ion implantation in GaAs 
has a long and somewhat contradictory history (1, 2), un- 
doubtedly due in large part to the variable quality of sub- 
strates available. The need for surface protection, usually 
achieved by deposition of an encapsulating layer, is also a 
complicating factor; it is clear that stress induced in the 
wafer because of differing expansion coefficients (3) and 
impurities diffusing in from the cap (4), has often been 
the cause of nonreproducible results reported by many 
laboratories. 

Recent  advances in GaAs crystal growing technology, 
leading to wafers with more uniform properties over a 2 
in. diam and better thermal stability, give hope that de- 
vices with uniform performance characteristics can be 
fabricated over large areas (5, 6). Another potential ad- 
vance in GaAs IC processing comes in the form of rapid 
thermal annealing (RTA), in which the high temperature 
cycle is l imited to several seconds, rather than 15-20 min 
as is usual with conventional furnace annealing. The con- 
sequent restriction of dopant diffusion (both into the bulk 
and laterally) is attractive if very small dimension devices 
are required. Because of the versatility of commercially 
available rapid annealing furnaces, it also appears feasible 
to perform other GaAs processing heat-treatments (e.g., 
contact alloying) in the same furnace. In this paper, we 
detail experiments  to determine the characteristics and 
suitability of rapid annealing for these heat-treatments. 

Experimental 
Undoped,  semi-insulating (100), LEC-grown wafers 

were used as substrates for ion implantation. For the pro- 
duction of n or n § regions, various doses (2 x 10,2-10 ,5 
cm -2) of 29Si or 7sSe were implanted at energies between 
60 and 400 keV. For the fabrication of p or p§ regions, 9Be, 
24Mg, or ~sZn was implanted at energies of 40-100 keV and 
doses of 3 x 10'2-10 '5 cm -2. 

Rapid annealing was performed in a Heatpulse 210T 
system'  under a flow of forming gas. The temperature 
was monitored by a Cr-AI thermocouple embedded in a 3 
in. Si substrate on which the GaAs wafers were annealed. 
All of the high temperature activation steps were pre- 
ceded by a 60s, 400~ step to warm the tungsten-halogen 
lamps. This, combined with an appropriate software rou- 
tine, ensured that sharp temperature profiles were ob- 
tained routinely. An example of a typical temperature 
profile undergone by an implanted wafer is shown in Fig. 
1. For comparison to the rapidly annealed samples, wa- 
fers were proximity annealed in a conventional As-H~ fur- 
nace for 20 rain at 850~ In this arrangement, a solid 
source of As is held in a separate, cooler zone of the fur- 
nace (410~ and the resultant As vapor is carried down 
the main tube of the furnace by a flow of pure hydrogen. 
This provides an As vapor pressure above the GaAs wafer 

A. G. Associates, Palo Alto, California 94303. 

much higher than the equilibrium value which would be 
obtained from dissociation of the wafer itself. 

To avoid possible complications from encapsulating 
layers, all rapid annealing was also performed using the 
proximity technique. Figure 2 shows that it is possible to 
activate Si implants by this method without degrading 
the wafer surface. 2 Alternatives, such as placing the wafer 
on a Si substrate rather than GaAs or leaving the im- 
planted face up during the annealing, lead to surface dis- 
sociation at comparatively lower temperatures and 
shorter times. For routine device production, however, it 
is clear that encapsulation is required to prevent mechan- 
ical damage and baked-on contamination on the im- 
planted face of the wafer. 

Electrical activations were determined by C-V profiling 
using a mercury probe and LCR meter  for low dose im- 
plants, or a Polaron electrochemical profiler for high 
dose (> 1013 cm -~) implants, and by van der Pauw mea- 
surements. 

Results 
Activation of n-type dopants.--The two most suitable 

species for the production of n-channel regions by ion im- 
plantation are Si and Se. This is evident from the compar- 
ison of the characteristics of the various implanted donor 
ions in GaAs given in Table I. Implants of 29Si (60 keV) or 
78Se (100 keV) at two doses (4 x 10 '2 or 1 x 10 '3 cm -2) were 
annealed face down on GaAs substrates for 5s at various 
temperatures. Figure 3 shows van der Pauw measure- 
ments on these wafers; opt imum activation is achieved at 
950~ for :the Si implants at either dose, whereas Se re- 
quires a slightly higher temperature (-1000~ concomi- 
tant with the higher degree of damage created by the 
heavier Se ions. Annealing of either species at still higher 
temperatures leads to a degradation of electrical proper- 
ties, owing to site transfer (for the Si) and surface degra- 
dation. These opt imum activations are essentially iden- 
tical to those obtained by conventional furnace annealing 
at 850~ for 20 min. 

Electrical profiles of such low dose implants, obtained 
from C-V measurements,  are shown in Fig. 4. The 

2 Some of these data are taken from Kohzu et al. (7). 
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Fig. 2. Surface dissociation of GaAs under RTA. The implanted wa- 
fer is placed either face up or face down on a Si or GaAs substrate. 
Surface dissociation occurs above each line of the plot. Only within 
the hatched area is good implant activation achieved without surface 
dissociation of the GaAs wafer. For example, a 1000~ 5s anneal 
performed with the implanted wafer face down on another GaAs wa- 
fer leads to activation of the Si ions. The same anneal performed with 
the wafer either face down on a Si substrata or face up leads to sur- 
face dissociation of the GaAs wafer. 

profiles fit well to those expected from the LSS theory 
(8). The deviations at the deepest depths are due to two 
phenomena: first, some channeling of the implanted spe- 
cies during implantation and, second, the increasing 
series resistance of the sample as pinch off is approached 
leads to an increasingly inaccurate capacitance determi- 
nation. There does not appear to be any diffusional broad- 
ening during the activation anneal. Although it is not evi- 
dent from the Se profiles of Fig. 4, it is easier to obtain 
good activation for deeper (higher energy) implants, pre- 
sumably because surface effects are less severe than for 
shallow implants. Once again, the profiles for both Si and 
Se are similar to those obtained using thermal annealing. 
The electron inabilities are t yp i ca l l y>  3500 cm~-V-Ls -~ 
for both rapid and thermally annealed regions, with no 
systematic differences between the two methods. 

The production of n § regions for contacts are also re- 
quired in GaAs device fabrication. It is well established 
that it is apparently impossible to routinely achieve elec- 
trical activities above 2-3 x 10 TM cm -3 by direct ion im- 
plantation. These values are below that required for the 
production of an ohmic contact (9) and alloying of various 
eutectics is used for their fabrication (10). The total con- 
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Fig. 3. Donor activation of Si and Se for two doses after 5s anneals 
at various temperatures. 

tact resistance, however, is still dependent  on the resistiv- 
ity of the underlying GaAs and thus it is necessary to 
produce the highest possible, regularly achievable doping 
level. Sheet carrier densities for Si and Se implants as a 
function of dose after rapid annealing for 5s at 950~ are 
shown in Fig. 5. The eventual saturation in activity is evi- 
dent from comparison of the experimental  results with 
the full activation line (i.e., slope of activation vs. dose 
curve equals 1). Amorphization of GaAs for room temper- 
ature implants occurs at doses of -10  TM cm -2 for Si im- 
plants and - 5  x 10 I3 cm -2 for Se implants, and for device 
applications it seems clear that amorphization should be 
avoided, if possible. We have found that the carrier 
inabilities in recrystallized layers are generally poorer 
than in those where amorphization was prevented, and it 
is difficult to completely repair, the GaAs lattice. There is 
generally a high density of dislocation loops left after 
even high temperature (> 1000~ annealing of initially 
amorphous layers. We have also previously seen that for 
very high dose, room temperature implants, thermal an- 
nealing, particularly for heavier ion species, is superior to 
RTA, presumably because full damage removal is 
difficult on the time scale of RTA unless higher tempera- 
tures are used (11). This, in turn, leads to surface dissocia- 
tion for capless anneals, or else is a very severe test for 
encapsulating layers that might be used. Gettering to 

Table I. Characteristics of ion-implanted species in GaAs 

Dono rs  
Ion Comments 

Si Low mass means good activation for RT implant, versatile 
range. 

Good activation for low dose, RT implant. 
Poor activation for RT implant. 
Amphoteric species, poor activation, difficult to implant. 
Diffuses during annealing. 
Amphoteric, diffuses during anneal. 

Acceptors 
Very light mass means good activation at low annealing tem- 

perature, easy to implant, versatile range, at high concen- 
trations diffuses during anneal. 

Good activation, versatile range, difficult implant source. 
Reasonable activation, at high concentrations diffuses dur- 

ing anneal. 
Reasonable activation, diffuses during implantation at RT, 

difficult implant source. 
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experimental with theoretically expected profiles. Wd is the depletion 
depth, and N is the carrier concentration. 
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heavily damaged regions of mobile acceptor impurities 
such as Mn and Cr also occurs (12), and this will reduce 
activities and electron mobilities. The point is that if there 
is little or nothing to be gained electrically by increasing 
doses above 5-10 • 10 '3 cm -'2, then doses should be lim- 
ited to these values. Elevated temperature implantation of 
heavy species like Se or Te prevents amorphization and 
leads to higher electrical activities than room temperature 
implants (13), but for device production it is simpler to 
use a lighter ion (Si) and room temperature implantation. 

Electrical profiles from dual energy Si-implanted wa- 
fers are shown in Fig. 6, comparing results from rapidly 
annealed and thermally annealed samples. Such struc- 
tures (n~/n) are used to simultaneously provide an n ~ re- 
gion for contact to the electron channel (n-region). There 
is much less diffusion of the Si in the rapidly annealed 
wafer, bearing in mind that, in the furnace-annealed sam- 
ples, annealing was performed after each implant [other- 
wise the two profiles smear together by diffusion (14)]. 
While single-energy Si implants display essentially no re- 
distribution during furnace annealing, with dual energy 
implants there is a marked tendency for the Si ions in the 
n-channel region to diffuse back into the more heavily 
damaged n ~ region during the activation anneal (14). The 
fact that good profiles may be achieved by a single dual- 
implant-rapid anneal schedule means that a t remendous 
savings in t ime and handling can be obtained. This is a 
clear example  of a situation where rapid annealing is su- 
perior to furnace annealing. 
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Fig. 6. Electrical profiles from dual Si-implanted wafers, comparing 
RTA to furnace annealing. The latter was performed after each im- 
plant; the former after both implants have been done together. 

Activation of p-type implants.--It is widely recognized 
that p-type implanted regions are activated at lower an- 
nealing temperatures than n-type implants (1, 13). In Fig. 
7, we show results from rapid annealing of low dose (3 x 
10 TM and 1 x 10 '3 cm -~) implants ofgBe and 65Zn that would 
be used for p-channel regions. Maximum (and 
complete) activation of Be is achieved at 800~ for 5s an- 
neals, while the activation of the much heavier Zn ions is 
less than complete, and the opt imum values occur at 
higher temperatures (-900~ Results on Mg implants 
(mass number  24) follow closely those for Be, with 
slightly lower activation at the lower temperatures (below 
750~ Above 800~ essentially complete activation is ob- 
tained for Mg as well as Be. Again, at the highest tempera- 
tures (-1000~ there is a degradation in activation be- 
cause of loss of As and diffusion of the implanted species. 

Electrical profiles from low dose Be and Mg implants 
are shown in Fig. 8. The deviations from the expected 
LSS profiles are due to the rapidly increasing series re- 
sistance of the samples affecting the C-V measurements.  
While there is some channeling during implantation, it is 
clear from differential Hall measurements  that there is lit- 
tle diffusional broadening of the profiles during anneal- 
ing for the low doses. The mobilities of rapidly annealed 
p-channel regions are in the range 220-250 cm~-V-l-s-1 
and are always better after annealing at 800~ and above 
than 750~ annealing,  even though the activation is the 
same. These mobilities are the same as those achieved by 
thermal annealing at 800~ for 20 min. 

The production of high hole concentrations by implan- 
tation and thermal annealing is readily achievable in 
GaAs, in contrast to the case for donor impurities. This is 
also true for rapid annealing. Figure 9 shows the activa- 
tion of Be and Zn implants as a function of dose for 
capless rapid annealing at 950~ for 3s. Essentially com- 
plete activation of Be is achieved up to doses of -10  '4 
cm -2, falling to 40% for a dose of 10 '~ cm -2, where amor- 
phization is obvious. Full activation of Zn implants is not 
achieved at any dose, with 50% activation at 10 '4 cm -'~ 
dose, and 28% activation at 10 '~ cm -~. 

Electrical profiles obtained by Polaron profiling and 
differential Hall measurements on high dose Be and Zn 
implants are shown in Fig. 10. A peak hole concentration 
of 3 x 10 TM cm -3 was obtained from a 40 keV, 10 '5 cm -2 Be 
implant annealed at 900~ for ls. Less activation is ob- 
tained from Zn implants for equivalent doses. Upon cam- 
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creasing sample series resistance affecting the C-V data. 

parison with the as-implanted profiles (obtained from 
secondary ion mass spectrometry data), broadening of the 
profiles during annealing is obvious, particularly for the 
Be implants. The concentration dependent  diffusion of 
p-type impurities in GaAs is wel l-documented-- thermal  
annealing usually leads to very broad p~ profiles (15), 
while the much shorter t ime scale of rapid annealing may 
limit this diffusion. A number  of experimenters have at- 
tempted to take advantage of this with a "pulsed" diffu- 
sion of Zn from a surface source (16). Our own experi- 
ments along this line yield results that are comparable to 
those obtained by implantation and rapid annealing. 
Again, from a production viewpoint, implantation is pref- 
erable to diffusion. The observed characteristics of the 
available acceptor species in GaAs after implantation and 
annealing are shown in the lower part of Table I. It ap- 
pears Be and Mg are the most useful because of their 
lower mass and hence more versatile implant depths. 

Contact aUoying.--The process of alloying various eu- 
tectics on GaAs is the standard method of forming ohmic 
contacts, but the details of the method are still not com- 
pletely understood (9, 10). Conventional furnace anneal- 
ing of AuGe-based eutectics on GaAs often leads to unde- 
sirable morphological features such as balling up and 
spiking of the eutectic-semiconductor interface. The 
shorter t ime scale of rapid annealing would appear to be 
ideal for ohmic alloying, and several recent studies have 
indicated the ability of RTA to provide reproducible, 
morphologically improved alloy contacts with low spe- 
cific contact resistance to both n- and p-type layers 
(17, 18). 

Our own experiments on split wafer lots have com- 
pared the contact resistances obtained by alloying 
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AuGeNi to n or n ~ layers created by Si implantation into 
GaAs, using either a graphite plate heater, or the Heat- 
pulse RTA system (19). Typical temperature-time pro- 
files from the two annealers are shown in Fig. 11. Contact 
resistances measured by the transmission line method 
were obtained at 26 different ohmic test pad positions on 
the split wafers, and the results from two wafers 
(n and n +) are shown in Table II. The rapidly annealed 
contacts show 30-50% lower specific contact resistances 
and are more uniform than those obtained using the 
graphite heater. 

Implant isolation.--To produce highly resistive regions 
between conducting channels in GaAs, moderate doses 
(1022-10 I4 cm -'z) of protons, helium, boron, or oxygen are 
implanted to create damage-induced, deep-level compen- 
sation of the shallow dopants. The as-implanted resistiv- 
ity is generally not high enough to achieve effective isola- 
tion between neighboring devices, and a low temperature 
annealing cycle is employed to increase the resistivity to 
the desired value (20). Obviously, if the temperature is too 
high, the implant-induced damage is annealed out. 

At present, the annealing step is performed in a conven- 
tional furnace at 450~176 for 10-20 min, but Hall mea- 
surements have shown that a much shorter thermal treat- 
ment  (-20s) in an RTA achieves the same resistivity 
values for oxygen-implanted wafers. From the production 
viewpoint, this leads to the attractive scenario of per- 
forming all the required heat-treatments for GaAs IC's in 
a single RTA furnace by cassette-to-cassette loading. 

Heterostructure annealing.--A number  of experimen- 
ters have already demonstrated that normal implant acti- 
vation annealing in a furnace leads to diffusion of Si ions 
from the doped A1GaAs layer into the undoped GaAs re- 
gion of the two-dimensional electron gas (2DEG), with a 
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consequent serious degradation of the 77 K electron mo- 
bility (21). This falloff, however, is much reduced if a 
rapid annealing cycle is utilized, and appears to be the 
only way of annealing heterostructures for device applica- 
tions without destroying their mobility advantages. 

Discussion 
The results in this paper demonstrate that the activa- 

tion and mobility of implanted donor and acceptor spe- 
cies is at least as good using rapid thermal annealing as 
compared to normal furnace annealing. The uniformity of 
these properties, which was not discussed in this paper, is 
also comparable for the two annealing methods, allaying 
fears that there might be nonuniform heat-transfer to 
large area (2 in. diam) wafers during RTA (22). 

For use as an integral part of device processing, 
encapsulating layers must  be developed capable of with- 
standing the rapid heating and cooling rates, and the 
slightly higher annealing temperature of RTA compared 
to furnace activation. Contrary to the results of some 
others, we have found that RTA is a more severe test of 
the encapsulation than is furnace annealing. In particular, 
the effects of strain or impurities from the cap is most evi- 
dent on n-channel regions, where an abrupt profile and 
high electron mobility are essential. The caps which show 
most promise are A1N (23), Si3N4, and PSG (phosphosili- 
cate glass), but  a good deal of work remains to be done to 
get reproducible layers, which can be easily and com- 
pletely removed after annealing, and which can be depos- 
ited in a very uniform manner  to allow the use of the 
through-implantation technique. 

The rapid heating and cooling rates during RTA for im- 
plant activation are a problem from the viewpoint of slip 
formation on 2 and 3 in. diam wafers. These morpholog- 
ical features may upset certain subsequent  processing 
steps, notably, photolithography. The slip formation may 
be reduced or even eliminated by slowing the cooling rate 
using appropriate software control of the furnace (19). 
Several Japanese workes have also applied for patents for 
guard ring structures which prevent slippage of rapidly 
annealed wafers by eliminating the thermal gradients 
near the edge of the wafer compared to its center. 

Throughput is always a concern from a production 
viewpoint. This might seem a little strange when talking 

Table II. Specific contact resistance for Au GeNi 
alloyed contacts on GaAs 

S u b s t r a t e  A n n e a l e r  A v e r a g e  rc (12-cm ~) t r /avg  rc (%) 

n + R T A  2.1 • 10 -7 33.7 
n ~ Graphite 4.8 x 10 -7 40.5 
n RTA 5.5 x 10 -7 33.6 
n Graphite 7.4 • 10 -7 45.5 
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about rapid annealing, but  in the commercially available 
systems only one wafer can be annealed at a time, while 
in a tube furnace 20 or 30 can be annealed together. How- 
ever, even considering the 1 min preheat for each rapidly 
annealed wafer, and the cooling time required, the  
throughput  is superior to thermal annealing because of 
the time taken in the latter case with flushing the fur- 
nace, backfilling with H2, heating up the As source, and 
the reverse sequence when the heat cycle is complete. 
(The volume of rapid annealing furnaces is much smaller 
than for a conventional furnace.) Even with manual  load- 
ing and unloading, the throughput of wafers in a rapid an- 
nealer is -25  h - ' ,  and this should be increased by 
cassette-to-cassette handling. 

There is wide scope for research into novel alloying and 
solid phase reactions of metals and GaAs using RTA. For 
the present, the alloying of AuGeNi in an RTA is more 
uniform and produces lower specific contact resistances 
than the more conventional graphite strip heating. Simi- 
larly, the isolation implant anneal, another relatively low 
temperature step in GaAs processing, may be conven- 
iently performed for much shorter times than is currently 
done. 

Perhaps the most obvious need for RTA comes with the 
fact that to be integrated with other devices, and to re- 
duce their own source-to-drain resistance, selectively 
doped heterostructure transistors need to be able to with- 
stand high temperature implant  activation steps. As men- 
tioned above, normal furnace processing leads to an 
unacceptable degradation in the transport properties of 
the 2DEG. Using RTA, we have shown this degradation is 
considerably less even for devices with 20• buffer layers, 
and that acceptable implant  activation can be achieved 
without causing unusually low mobilities in the 2DEG 
(25). This is a case where RTA is not only a superior alter- 
native to furnace annealing, but  also the only feasible 
method of performing a crucial step in the processing of a 
very promising technology. 

All of the above discussion may be summarized quite 
simply: it appears eminently feasible to perform all the 
heat-treatments required in GaAs IC processing in a 
single RTA furnace. The savings in time, space, and han- 
dling appear very attractive, and the actual temperature 
cycle seen by each Wafer can be recorded, eliminating the 
furnace as a Source of error if problems occur in device 
fabrication. 

Conclusions 
1. The electrical properties (activation and mobility) of 

implanted layers following opt imum RTA are at least as 
good as those obtained by furnace annealing. 

2. There is less diffusion under  opt imum RTA condi- 
tions than with furnace annealing, with repercussions for 
the annealing of n+/n structures and SDHT's. 

3. The alloying of metal-semiconductor contacts is 
more reproducible with RTA than with furnace anneal- 
ing. 
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Lateral Epitaxial Growth over Oxide 

Lynn O. Wilson and G, K. Celler* 
AT&T Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

We model numerically formation of thick dielectricalty isolated films by recrystallization from the melt. Si films are 
deposited over oxidized Si wafers, with a regular array of seeding windows opened in the isolation oxide. A stationary 
radiative heater melts the entire film and crystallization is controlled by the pattern of openings in the SiO2. The model 
provides two-dimensional temperature profiles during melting and solidification as well as the shape of the solid-liquid 
interface and its motion. It also predicts the amount  of superheating and undercooling at the buried oxide as a function 
of the spacing between the windows in the oxide. The computed results are in agreement with the experimental data 
and clarify the influence of several processing parameters on melting and crystallization. 

Controlled crystallization of silicon from the melt has 
been explored in recent years as an attractive method of 
forming single-crystalline Si over an insulating substrate 
(1). The tools for melting range from scanned cw laser 
beams and electron beams to scanned graphite filaments 
to extended stationary heaters. Most efforts have been 
concentrated on forming thin films over oxidized Si wa- 
fers using scanned heat sources. 

High voltage and high current integrated circuits are an 
important class of devices requiring dielectric isolation. 
They are made commercially in crystalline Si segments, 
40-60 ~m thick, which are isolated by the SiO2 film from 
the polysilicon substrate and from each other (2). Fabrica- 
tion of dielectrica]ty isolated (DI) wafers is complex and 
expensive; moreover, the polysilicon substrates tend to 
bow during thermal processing, reducing device yields. 
Over the last few years, we have developed a method of 
forming 10-100 ~m thick single-crystalline films by uni- 
form melting with an extended stationary heat source (3, 
4). The precursor structure consists of polysilicon depos- 
ited over oxidized Si wafers, with a regular array of open- 
ings in the oxide. These openings provide seeding needed 
for epitaxial crystallization and impose lateral tempera- 
ture gradients necessary for lateral epitaxial regrowth. 
The latter is possible because the thermal conductivity of 
the oxide is about ten times lower than that of silicon. 
The fact that molten Si in contact with the amorphous 
SiO2 can be undercooled further facilitates lateral crystal- 
lization from the seeding windows. Although extensive 
crystallization over the oxide has been achieved without 
detailed knowledge of the thermal profiles and the 
amount of undercooling, a better understanding of tem- 
perature distribution, undercooling, and interface dynam- 
ics is necessary to optimize melting and crystallization 
conditions. This paper describes numerical modeling of 
this process and compares the computed results with the 
experimental data. 

*Electrochemical Society Active Member. 

Description of the Process 
Melting and crystallization are carried out in a lamp fur- 

nace (5) consisting of two rectangular chambers, each 10 
x 12.5 in. in lateral dimensions, positioned one above the 
other and separated by a quartz window. Air-cooled tung- 
sten halogen lamps are suspended under  a gold-plated 
reflector in the upper chamber. Wafers are placed on 
quartz pins -0.5 in. above the water-cooled base of the 
lower chamber. Samples are heated uniformly from the 
upper side with a broad-band radiative flux emitted by 
the lamps. At typical settings required for melting, the 
spectrum is centered at - 1  ~m wavelength. At this wave- 
length, the optical penetration depth is ~ 100 ~m at 20~ 
but drops exponentially with temperature to < 1 ~m 
above 1000~ Cooling is predominantly by blackbody ra- 
diation from both the front and back sides of the samples. 
The presence of the metal base held at a nearly constant 
temperature < 100~ assures reproducible cooling rates 
and a gradient across the wafer thickness of the order of 
100~ 

Samples for crystallization are prepared by oxidation, 
photolithography, and deposition of polysilicon and SiO2 
films. (100) starting wafers are cleaned and oxidized in a 
steam ambient  to form the dielectric isolation barrier. The 
oxide is patterned by photolithography to obtain an array 
of seeding windows. CVD deposition of polysilicon is 
carried out at high temperatures in a conventional verti- 
cal epitaxial reactor. First, samples are etched briefly 
with HC1 vapor at 1050~ to remove the native oxide from 
the silicon surface in the seeding windows. Deposition is 
often done in two steps: (i) nucleation and (it) rapid 
growth. Uniform nucleation of Si over SiOe is achieved by 
decomposition of Sill4 at 1050~ After a continuous sili- 
con layer has been formed, the temperature is increased 
to 1150~ and Sill4 is replaced with SiHC13 for a higher, > 
1 ~m/min, growth rate. The 10-100 ~m thick films have 
columnar grain structure with an average grain diameter 
> 1 ~m and with a surface roughness of 1-3 ~m. As a final 
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step, the surface is capped with a 2 ~m layer of LPCVD 
oxide that is needed to contain mol ten  silicon. 

To recrystallize a Si layer on an oxidized Si wafer, the 
lamps are ramped linearly over 10-30s to a predetermined 
power setting that exceeds the threshold power for melt- 
ing, held at that value for 10-100s, and shut off by a linear 
reduction of electrical power. The sample temperature is 
monitored with an optical pyrometer  that is focused on 
the back side of the wafer. After a few seconds lag when 
the power is first applied, the sample temperature in- 
creases rapidly until it reaches the melting temperature 
Tm. This occurs at a power setting of - 80 W/cm 2. The on- 
set of melting is easily determined from the pyrometer  
output even if the absolute temperatures are not known 
precisely because of some uncertainty in the value of em- 
issivity. The temperature curve has a knee at the melting 
temperature and its slope is essentially zero for the melt 
duration. For this reason, no feedback from the pyrome- 
ter to the power supply is used in the crystallization ex- 
periments. Almost  all the absorbed power exceeding the 
threshold value is taken by the heat of fusion which for 
silicon is - 1810 J/g. 

Crystallization of the molten Si starts in the seeding 
windows and proceeds over the oxide. Upon recrystalliza- 
tion, the entire film is usually single crystalline, and it is 
free of grain boundaries or subboundaries. The remaining 
dislocations tend to concentrate where two solidification 
fronts collide. A cross section of the recrystallized film is 
shown in Fig. 1. 

Since all heating is radiative and the reflectivity of mol- 
ten metallic Si is roughly twice that of the solid, elon- 
gated inclusions of superheated solid are present on the 
surface of the liquid over a range of input powers, from 
the threshold for surface melting P~ to a higher threshold 
for deep melt ing P2 (6). The values of  P~ and P~ depend on 
surface preparation. Wafers covered with thick polycrys- 
talline layers deposited by CVD have a characteristic 
roughness caused by the different rates of growth of ran- 
domly oriented Si grains. This rough surface is encapsu- 
lated with a 2 ~m thick transparent film of SiO2. Absorp- 
tivity of rough surfaces coated with glassy overlayers has 
been extensively studied for application to solar collect- 
ors. Based on calculations of Yablonovitch (7), we have 
obtained the value of emissivity es = 0.84 near the melting 
temperature Tm = 1685 K for a rough Si surface coated 
with SiO2. The emissivities of a smooth and encapsulated 
surface would have been 0.72 and for smooth Si without 
the cap Es = 0.6. 

The emissivity of molten Si is lower than that  of the 
solid. The initial surface roughness and encapsulation 
still affect the emissivity value. When a Si surface melts, it 
becomes more reflective and the input of energy into the 
irradiated surface is reduced. This causes a melting insta- 
bility: the heated surface breaks up into an array of solid 
and molten areas that can coexist indefinitely. Two types 
of breakup have been observed and described (6, 8). 
Large-faceted molten areas are formed in defect-free 
single-crystalline surface layers, and networks of thin 
solid lamellae appear inside them. In heavily defective 
layers, faceted melting is absent and the entire surface be- 
comes covered with a lamellar network. The solid incT/u- 

Fig. 1. Optical micrograph of polished cross-section of recrystol- 
lized sample after lOs Schimmel etch. 

sions reduce the surface-averaged reflectivity to a value 
permitting a steady-state heat flow, and only superficial 
melting is present as long as some solid inclusions exist. 
In our numerical  model, it is assumed that the applied in- 
put power exceeds P2 and that the entire surface is uni- 
formly melted. 

Formulat ion  
The assumptions used in deriving the governing equa- 

tions have been discussed in Ref. (9) for a one-dimen- 
sional model. In brief, heat-transport within the wafer is 
predominantly due to conduction, heat input from the 
lamps is modeled through radiative coupling at the top 
wafer surface, and radiative cooling at the wafer surfaces 
is the dominant  mechanism for heat loss. Effects due to 
crystalline anisotropy are ignored. The capping layer is 
not modeled directly; however, its influence is felt via 
the values used for the emissivity of solid and liquid sili- 
con at the top surface. Since the development  of the two- 
dimensional equations proceeds analogously, we write 
the equations below in a dimensionless, nearly final, 
form. 

The basic two-dimensional domain, shown in Fig. 2, 
represents a cross section of a portion of the wafer. The 
domain is reflected about its left (or, equivalently, right) 
edge and repeated to give a periodic array. It consists of a 
silicon substrate of thickness dl, on top of which lies 
thermal oxide patterned into alternating islands and win- 
dows. Shown are half of an island, with half-width wl, and 
half of a window, with half-width w2. This layer has thick- 
ness d2. On top of this is another layer of silicon of thick- 
ness d3 representing the silicon grown by chemical vapor 
deposition. 

We write the governing equations in a nondimensional  
form, but  present all computational results in a dimen- 
sional form. For simplicity, we shall use the same nota- 
tion for the dimensional quantities dl, d2, d3, w ,  w2, and 
for their dimensionless counterparts, when they are di- 
vided by a characteristic distance d. Similarly, we use the 
notation t for t ime and for dimensionless time, normal- 
ized by a characteristic t ime ~. In practice, this should 
cause no confusion. 

The dimensionless thermal diffusion equation is 

Pe --~ = V �9 (KVT) [1] 
Ot 

Here T is the dimensionless temperature and 

wl w2 
4 - -  ).< ) 

d3 

d2 

dl 

i 

~ilicon 

I 

o x i d e  '/~ w i n d o w  '/~ 

........ Front 

silicon 

Fig. 2. The computational domain 
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pCd 2 
P e  - [2] 

KT 

is t h e  P6c le t  n u m b e r ,  w h e r e  p, C, a n d  K r e p r e s e n t  a char-  
ac te r i s t i c  dens i ty ,  h e a t  capac i ty ,  a n d  t h e r m a l  diffusivi ty ,  
respec t ive ly .  The  d i m e n s i o n l e s s  t h e r m a l  d i f fus iv i ty  K(x) 
in  Eq. [1] is a s s u m e d  to t ake  on  va lues  K - ' K ,  K-'KL, a n d  
K-'Ko in  t he  sol id  si l icon,  l iqu id  si l icon,  a n d  ox ide  re- 
g ions ;  e a c h  of t h e s e  is c o n s t a n t  w i t h i n  i ts  region.  T h e  di- 
m e n s i o n a l  t e m p e r a t u r e  T c a n  b e  o b t a i n e d  f r o m  T b y  
se t t i ng  

T = T m (1 + RT) [3] 

Tm is t he  m e l t i n g  t e m p e r a t u r e  of  si l icon.  T he  r a d i a t i o n  
n u m b e r  R is g i v e n  b y  

crdTm ~ 
R - [4] 

w h e r e  o- is t he  S t e f a n - B o l t z m a n n  cons t an t .  
Le t  n r e p r e s e n t  t he  un i t  o u t w a r d  n o r m a l  to a surface.  

B y  s y m m e t r y ,  no  f lux c rosses  t he  lef t  or  r i gh t  b o u n d a r y  

n . ( K V T )  = 0 a t x =  0, x = w ,  + w 2  [5] 

At  the  top  surface ,  t he  f lux b a l a n c e  is g i v e n  b y  

n �9 (KVT) = eP(t) - e(1 + RT) 4, y = d l  + d~+ d3 [6] 

w h e r e  P(t) is t he  p o w e r  i n p u t  f r o m  t he  l amps ,  w h i l e  at  t he  
b o t t o m  sur face  we  h a v e  

n �9 (KVT) = -e(1 + RTp, y = 0 [7] 

The  e m i s s i v i t y  �9 t a k e s  on  v a l u e s  es at  t he  sol id t op  sur-  
face, eL at  t he  l i qu id  top  surface ,  a n d  eB at t h e  (solid) bot-  
t o m  surface.  

Le t  t he  pos i t i on  of  t he  m e l t  or so l id i f ica t ion  f ron t  b e  
d e n o t e d  b y  u(x, t). A t  t he  front ,  t he  d i m e n s i o n l e s s  t e m p e r -  
a tu re  is zero  

T(u(x, t), t) = 0 [8] 

I f  nf r e p r e s e n t s  a u n i t  n o r m a l  at  t h e  f ront ,  p o i n t i n g  f rom 
the  sol id to t h e  l iquid ,  t he  S t e fan  e q u a t i o n  is g iven  b y  

d(nf .  u) R 
dt - P e S  [n~. (KLVT)],~ - n f -  (KsVT)Iu-] [9] 

S is t he  S t e fan  n u m b e r  

L 
S - [10] 

CTm 

w h e r e  L is t he  l a t e n t  h e a t  of  si l icon.  

In i t ia l ly  

u(x, 0) = u0(x) [11] 

As we d i s c u s s e d  in  Ref. (9), for  typ ica l  va lues  of  t he  rel- 
e v a n t  p a r a m e t e r s ,  P e  ~ 2.5 x 10 -2, so i t  is r e a s o n a b l e  to 
neg lec t  t h e  l e f t - hand  s ide of  Eq.  [1] a n d  u s e  t he  quas i -  
s tat ic  a p p r o x i m a t i o n  

V - ( K V T )  : 0 [12] 

to d e c o u p l e  par t ia l ly  t he  s y s t e m  of  equa t ions .  F u r t h e r -  
more ,  R ~ 2.7 • 10 -~ As  we d i s c u s s e d  in Ref. (9), for  typi-  
cal wa fe r  t h i c k n e s s e s ,  t he  d i m e n s i o n l e s s  t e m p e r a t u r e  T is 
s u c h  t h a t  (1 + RT) 4 n e v e r  di f fers  f r o m  u n i t y  b y  m o r e  t h a n  
-2%.  Acco rd ing ly ,  we  m a k e  t h e  a p p r o x i m a t i o n  

(1 + RT) ~ ~ 1 [13] 

to l inear ize  t h e  b o u n d a r y  c o n d i t i o n s  [6] a n d  [7]. 
Final ly ,  we  no t e  t h a t  nf �9 u is a f u n c t i o n  of  one, no t  two,  

spat ia l  d i m e n s i o n s  (e.g., arc l e n g t h  a long  t he  front).  
Main ly  for n o t a t i o n a l  s impl ic i ty ,  we  m a k e  t he  a s s u m p t i o n  
t h a t  n f .  u is a s ing le  v a l u e d  f u n c t i o n  of  x a n d  wr i t e  

n f -  u = yf(x, t) [14] 

in  Eq. [9]. 

T h e s e  par t ia l  d i f fe ren t ia l  equa t ions ,  a long  w i th  t he  as- 
soc ia ted  b o u n d a r y  c o n d i t i o n s  a n d  ini t ia l  cond i t ions ,  
def ine  a S t e fan  p r o b l e m  for  t h e  pos i t i on  yf of  a m o v i n g  
f ron t  a n d  for  t h e  t e m p e r a t u r e  T w i t h i n  the  domain .  The  
e q u a t i o n s  are  n o n l i n e a r  b e c a u s e  of  t he  c o u p l i n g  b e t w e e n  
yf a n d  T. Th i s  coup l ing  is r e d u c e d ,  b u t  no t  e l imina ted ,  b y  
m e a n s  of  t h e  quas i - s ta t ic  a p p r o x i m a t i o n .  The  e q u a t i o n s  
are also n o n l i n e a r  b e c a u s e  t he  ma te r i a l  p rope r t i e s  differ  
in  t h e  sol id  si l icon,  l iqu id  si l icon,  a n d  oxide.  F u r t h e r  
nonlinearities due to the radiation boundary conditions 
have been eliminated via approximation [13]. 

Note that Eq. [9], with its initial condition [ll] and as- 
sumption [14], involves time and one spatial dimension. 
For a given front position, Eq. [12], with boundary condi- 
tions [5]-[8] and approximation [13] involves two spatial 
dimensions. 

P a r a m e t e r  V a l u e s  

In  ou r  n u m e r i c a l  c o m p u t a t i o n s ,  we u s e d  t he  fo l lowing  
p a r a m e t e r  va lues  (6, 10, 11) 

J 
= 5.672 • 10 -'2 [15] 

s_cm2-K 4 

Tm = 1685 K [16] 

es = 0.84, eL = 0.58, eB 0.62 [17] 

Ks = 0.216, KL = 0.64, Ko = 0.02 W/(cm-K) [18] 

p = 2.41 g /cm a [19] 

L = 1810 J /g  [20] 

C = 1.04 J/(g-K) [21] 

R e f e r e n c e  (6) de ta i l s  h o w  the  va lues  of the  emis s iv i ty  
were  ob ta ined ,  t a k i n g  in to  a c c o u n t  t h e  c a p p i n g  layer  o n  
the  wafe r  top  a n d  t he  t e x t u r e s  of  t he  surfaces .  The  den-  
si ty p was  a s s u m e d  to b e  t h e  a v e r a g e  of  t h e  va lues  for  l iq- 
u id  a n d  so l id  si l icon.  

F o r  t h e  bas ic  c o m p u t a t i o n a l  s u b r e g i o n  (cf. Fig. 2), we  
gene ra l ly  u s e d  

d, = 160 ~m,  d~ = 4 ~m,  d3 = 60 ~ m  [22] 

w, = 96 ~m,  w~ = 48 ~ m  [23] 

Th i s  r e p r e s e n t s  on ly  a po r t i on  of t h e  typ ica l  r e p e t i t i o n  

0.21 0. t6 

uouo l:io 
FRON T "--" _ _  ~ . 

OXIDE ~ ~ _  
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- 0 . 8 2  

- -  - t . t t  

- -  - t .4t  

- t .70 

- 4.99 

- 2 . 2 9  

- 2.58 

-2 .11 - 2 J ~  

Fig. 3. Typical isotherm distribution when front is above the oxide. 
Numbers refer to temperoture deviotion from Tin. 
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pattern within a wafer. The substrate (dl) is actually ap- 
proximately 600 ~m thick. The oxide half-width (wl) 
varies, but can be as much as several thousand microns. 
Nevertheless, as will be discussed in more detail later, the 
dimensions listed above were adequate for most, but not 
all, considerations. Upon occasion, we used considerably 
larger values for the oxide half-width or varied the other 
dimensional parameters. 

It is also necessary to specify the power P(t) supplied to 
the lamps of the furnace. This is a dimensionless func- 
tion, normalized by (rTm 4. As we observed in Ref. (6), there 
are two relevant power thresholds 

Pl = 1 + eJes [24] 

P2 = 1 + eB/eL [25] 

In our calculations, we omit consideration of the initial 
ramping stage, during which we suppose that the power 
has been ramped past the intermediate region P~ < P(t) < 
P~ and has been established at a value Pm~ > P2. Starting 
our t ime measurement  from this point [Al = 0, in the nota- 
tion of Ref. (6)], we suppose that the power is held con- 
stant at P = Pm~x for A2 seconds, then ramped down line- 
arly to zero over an additional As seconds 

P(t) = Pmax O ~< t ~< A2 [26] 

(1 t - As ) P~.ax 
\ 

~ 2 ~ t  ~A2+A3 [27] 

Experimentally,  Pma~ appears to be only a few percent- 
age points greater than P2. For most of our calculations, 
we used 

Pmax = 1.05P2 [28] 
We also set 

A2 = 17 [29] 

As = 60 [30] 

To complete the specification of the parameter values 
for the numerical  calculations, we need to define the ini- 
tial position of the melt front. We assume that it is planar, 
slightly below (4/xm) the top surface of the wafer 

yf(0) = d, + d2+ d3 - 4 [31] 

Subsequent  computations indicate that the front will 
quickly readjust itself to a more appropriate shape. 

Method of Solution 
In this section, we mention some reasons why the 

Stefan problem we have formulated is particularly chal- 
lenging numerically. We then sketch the basic method 
used to solve the problem. 

The motion of the front yf is governed by its initial posi- 
tion (Eq. [11]) and by the difference of the thermal fluxes 
measured at the two sides of the solid]liquid interface 
(Eq. [9]). In order to determine the flux difference, it is 
necessary to know the temperature distribution T within 
the wafer. This, in turn, is governed by the material prop- 
erties within the structure (Eq. [12]), the emissivities at 
the surfaces ([6], [7]), and the position of the front (Eq. [8]). 
Thus, yf and T are intricately coupled together. 

Notice from parameter [18] that there is more than an 
order of magnitude range in the size of the thermal 
conductivities involved. Consequently, we can expect  
wide variations in the temperature gradients within the 
structure. These are potentially difficult to compute. 

The physical dimensions involved (Eq. [22], [23]) vary 
considerably. The oxide layer, for example, may be 4 ~m 
thick by several thousand microns long. Since the local 
computational grid size must be roughly the same as the 
size of the relevant local dimension, or smaller, a large 
number  of computational grid points is necessarily 
required. 

Note also that the front motion is driven by a thermal 
flux difference. This presents two computational diffi- 

culties. First, the calculation of the temperature gradient 
(or the flux) is less accurate than the calculation of the 
temperature itself. Second, we have to take the difference 
between two fluxes. Since, in the physically relevant 
operating regime, Pmax is only slightly greater than P2, we 
expect the magnitude of the difference to be small com- 
pared with the size of either flux. Hence, the calculation 
of the thermal flux difference is potentially inaccurate. 

When solving the Stefan problem numerically, we can, 
because of the partial decoupling of the nonlinear equa- 
tion system via the quasi-static approximation, view Eq. 
[9] as the primary equation. To evaluate its right-hand 
side at any instant of time, we need to solve Eq. [12] at 
that instant, with the appropriate front position and other 
boundary conditions. 

For the computational domain (Fig. 2), we consider the 
entire liquid Si-solid Si-SiO2 structure to be a region with 
a crack in it where the melt/solidification front is. Bound- 
ary conditions [5]-[7] are applied at the exterior surfaces; 
boundary condition [8], that the dimensionless tempera- 
ture is zero, is applied at the interior surfaces, along the 
front. If  the front does not touch the oxide, the crack goes 
entirely across the computational domain. The problem 
then can equivalently be solved on two disjoint domains. 
If the front touches the oxide (which does not melt), the 
domain is partially cracked. 

Suppose that at some instant of t ime in the course of 
the computations the temperature T vanishes along a line 
which is not connected to the current melt/solidification 
front boundary (the crack). This situation can occur when 
the front intersects the oxide. We have a choice of saying 
either (i) that this new line is a new part of the front and 
melting/solidification proceeds from it as well or (ii) that 
the line is not part of the front. We now make the sig- 
nificant assumption that the new line is not part of the 
front. This is justified by experimental  observations of a 
substantial nucleation barrier for melting at the silicon- 
SiO~ interface. The presence of a similar barrier during 
solidification is inferred from the behavior of melts other 
than Si in contact with the amorphous SIO2. Pyrometric 
measurements indicate that the temperature can deviate 
by at least as much as 10 ~ from Tm before the phase transi- 
tion takes place at the Si-SiO2 boundary. 

This introduces the possibility that regions of the struc- 
ture may, at times, be superheated or undercooled. Com- 
putational and experimental  results corroborating this 
will be presented in the Superheating and Undercooling 
section. 

The basic computational scheme, oversimplified 
slightly, is as follows. Assume an initial melt front posi- 
tion at t ime t = 0. Solve the diffusion equation [12] and 
the associated boundary conditions for the temperature T 
in the "cracked" domain. Evaluate the flux difference at 
the front. Substitute this into the Stefan equation [9]. 
Find the front position at the next  "instant" of time. Re- 
peat. This concept is a refinement of ideas used earlier to 
model an oxidation process (12). 

The scheme was implemented by means of two large 
software packages and an intricate driver program which 
interwove them. 

One of the packages, POST, written by N. L. Schryer, is 
designed to solve a coupled system of nonlinear partial 
differential equations involving t ime and one space varia- 
ble, and associated ordinary differential equations that 
are a function of t ime (13). The numerical technique in- 
volves Galerkin's method in space, using B splines and a 
variable order, variable time-step extrapolated backward 
difference procedure in time. The POST package is based 
on the PORT library of portable FORTRAN subroutines 
for numerical mathematics (14). We used POST to solve 
Eq. [I2]. 

The other package, PLTMGU, is designed to solve a 
nonlinear elliptic partial differential equation with two 
space variables. It was adapted from code written by 
R.K.  Smith to do semiconductor device simulation (15, 
16). The solution technique is a multigrid finite element  
procedure with C o piecewise linear finite elements. The 
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computational  domain must have a polygonal boundary. 
The user supplies a (possibly nonuniform) triangulation 
of the domain; the code refines this triangulation uni- 
formly. PLTMGU is an outgrowth of yet another software 
package PLTMG, by R.E.  Bank and A.H. Sherman, 
which used a multigrid scheme with adaptive refinement 
of the triangulation (17). We used PLTMGU to solve Eq. 
[9]. 

One of the more interesting things the driver program 
does is to provide a triangulation of the computational do- 
main which follows the moving solid-liquid interface. It is 
desirable to have a nonobtuse triangulation with certain 
additional properties (18). We devised a triangulation such 
that the interface lies along edges of triangles, there are 
no obtuse angles, there is a constant number  of triangles, 
and the triangulation changes reasonably smoothly as the 
front moves (19). 

Computations were performed on a Cray-1. The t ime re- 
quired to do a complete calculation of melting and crys- 
tallization was approximately 200s. 

Most computations were concerned with the restricted 
spatial domain described in the previous section. Some- 
times we wanted to do calculations for a considerably 
larger domain. It turned out to be impossible to track the 
front motion under  those circumstances, since the com- 
putational memory requirements considerably exceeded 
the capacity of the Cray-1. 

However, we were able to obtain a partial solution. If, 
instead of trying to follow the motion of the front, we as- 
sumed the front was in a specific position, we were able 
to calculate the resulting temperature distribution within 
the wafer. 

This amounted to calculating a static "snapshot" solu- 
tion. We did this by dispensing with all the computational 
machinery associated with POST and by calculating on a 
relatively coarsely triangulated domain without refine- 
ment, thereby reducing the space requirements signifi- 
cantly. 

Isotherms 

The temperature distribution in the structure depends 
upon the position of the melt]recrystallization front, 
among other things. A number  of characteristics of the 
thermal profile, however, can be identified and dis- 
cussed in general. We do so here, but  exclude from con- 
sideration those cases in which the front intersects the 
oxide layer: they involve superheating or undercooling 
and will be discussed below. 

Figure 3 shows an isotherm plot when the solid/liquid 
interface is above the oxide layer; Fig. 4 shows a similar 
plot when the interface is well below the oxide layer. In 
each such plot, the isotherm lines represent equally 
spaced temperatures. In addition, the solid/liquid inter- 
face, which corresponds to the zero isotherm, is shown. 
Both isotherm plots were calculated with a power input P 
= P ~  = 1.05P~, but the observations here are pertinent to 
both melting and freezing. 

Notice that there is a steep temperature gradient across 
the oxide. The gradient is less steep in the solid silicon 
and is least steep in the liquid silicon. The isotherms are 
compressed in the oxide and expand within the window 
region. At the wafer top, the temperature is slightly 
greater over the oxide layer than it is over the window re- 
gion. The wafer bottom has a nearly uniform tempera- 
ture. This uniformity is even more pronounced if a deeper 
substrate (d~) is used in the calculations. 

To quantify these ideas further, in Fig. 5 we plot the di- 
mensional temperature T - T m  as a function of the dis- 
tance from the bottom of the computational domain (cf. 
Fig. 2) at x = 0 (left edge) and x = w~ + w: (right edge) 
when the front is at the position shown in Fig. 3. Simi- 
larly, in Fig. 6 we plot the temperature profiles corre- 
sponding to Fig. 4. 

The left-hand edge corresponds to a vertical slice which 
goes through the oxide layer well away from the window. 
In both of the figures, the temperature profile at this 
edge agrees quite closely with that predicted by  the one- 
dimensional theory (6, 9). 
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Fig. 4. Typical isotherm distribution when front is below the oxide. 
Numbers refer to temperature deviation from Tm. 

The right-hand edge corresponds to a vertical slice 
which goes through the center of the seeding window. 
Here, in the region within a few tens of microns to both 
sides of the window, the temperature gradient deviates 
significantly from that predicted by the one-dimensional 
theory: the effects of the isotherm bunching are still be- 
ing felt to some extent. It appears that the length 
characterizing the distance over which the influence of 
the window can be felt is slightly in excess of 50 ~m. 

From Fig. 5 and 6, we observe that the temperature 
changes by -1.2 ~ over 100 ~m of sG]id silicon, -0.4 ~ over 
100/~m of liquid silicon, and -0.6 ~ across the 4/~m of iso- 
lation oxide. 

The facts that the one-dimensional theory holds at the 
left-hand side and that the isotherms are very nearly uni- 
formly spaced at the bottom of the computational domain 
indicate that computations on this domain of restricted 
size give a reasonably good picture of what is happening 
when the front does not intersect the oxide. This was 
confirmed also by static calculations on wider, deeper 
domains. 
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Mot ion  of the  Front 
Figures 7 and 8 form composite pictures of the posi- 

tions of the front at various instants of time during the 
melting and freezing processes, respectively. The times 
are not uniformly spaced, since the PDE solver POST au- 
tomatically adjusts its step size to maintain the desired 
accuracy. The parameter values used for this calculation 
are those given in the Parameter section. 

Melting.--By assumption, we start with a thin horizon- 
tal liquid layer. The melt front quickly readjusts itself so 
that it is deeper over the oxide. Having done this, it prop- 
agates downward toward the oxide with only slight addi- 
tional steepening. The difference in the heights of the 
front at the lef t  and right edges of the computational do- 
main is approximately 14 ~m. 

The melt front contacts the top of the oxide strip at the 
left-hand edge first (i.e., in the center of the full strip). 
The point where the front contacts the oxide quickly 
propagates to the right, toward the window. As it does so, 
the remaining portion of the front steepens. Superheating 
may occur on the other side of the oxide, as we discuss in 
the next  section. 
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Fig. 7. Calculated melt front positions. Numbers refer to time in 
seconds. 
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Fig. 8. Calculated solidification front positions. Numbers refer to 
time in seconds. 

Eventually, the front remains only in the window area. 
Calculations for this regime are extremely difficult to 
perform accurately. The front flips rapidly, changing its 
shape from concave downward to concave upward. To 
some extent, it mimics the general shape of the isotherms 
which we saw in the preceding section. 

Next, the melt front contacts the bottom of the oxide 
strip at the right-hand edge first, by the window, and 
moves swiftly to the left. We did not attempt seriously to 
do calculations for this regime (which involves the reap- 
pearance of computational mesh points along the portion 
of the front which previously disappeared). Nevertheless, 
we feel that we have an excellent qualitative picture of 
what is happening. 

This type of behavior persists even if the oxide strip is 
considerably longer than the one used in these calcula- 
tions. Isotherms, although they may be nearly horizontal 
over a substantial portion of the region, always have a 
slight slope which causes the melt contact point to move 
to the right along the top of the oxide strip and to the left 
along the bottom of it. 

Eventually, the melt front separates completely from 
the oxide. Since there is a gap in our computations, we 
had to make an educated guess about the initial front po- 
sition and starting time for subsequent  calculations. Nu- 
merical experiments led us to conclude that the height 
differential of the front is greater when it is just  below the 
oxide layer than when it is above it. In  Fig. 7, the differen- 
tial is approximately 28 urn. As the melt front continues 
to travel downward, it tends to flatten out. 

As the power P(t) is reduced in preparation for freezing, 
the front rearranges itself slightly. Relative to the shape 
for higher values of P(t), the part under  the oxide de- 
scends slightly and the part under  the window rises 
slightly. 

In  these computations, the final height differential was 
approximately 12 ~m. 

Freezing.--When freezing begins, the solidification 
front moves upward toward the oxide, steepening as it 
does so. The height differential is not quite as large as it 
was for melting at a comparable position. 

The solidification front contacts the bottom of the ox- 
ide at the left-hand edge first, and the contact point 
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moves rapidly to the right, toward the window. Under- 
cooling may occur, as we discuss below. Again, the re- 
maining portion of the front steepens. 

When the solidification front remains only in the 
window area, it again flips rapidly, changing its shape 
from concave upward to concave downward. As with the 
melting flip, these calculations are extremely difficult to 
perform accurately, as is evidenced by some jaggedness 
in the curves. 

Next, the solidification front contacts the top of the ox- 
ide strip at the right-hand side, by the seeding window, 
and moves rapidly to the left. As with the comparable 
melting case, we did not attempt to compute this portion 
of the motion. 

Eventually, the front detaches itself from the oxide. Nu- 
merical experiments lead us to believe that its shape is 
quite similar to that which it had when it was melting just  
above the oxide. The front then moves upward with very 
little change of shape. In the present calculations, the 
shape changes very little even after the front intersects 
the top surface of the device. 

Surface freezing.--When the top surface starts freezing, 
the emissivity of the solidified portion jumps to the value 
es, and more power is able to be coupled into the wafer. 
This tends to shift the isotherm lines downward in the re- 
gion directly under the solidified surface or under the 
solidification front near the point where it contacts the 
surface. This is illustrated in Fig. 9, which was based on 
calculations with a hypothetical solidification front in the 
position indicated and a power input P = 0.95P2, where P2 
is the second power threshold, discussed in the Parame- 
ter section. The solid lines represent isotherms for which 
the emissivity of the solid portion of the surface is es and 
the emissivity of the liquid portion is EL, as expected. The 
dashed lines represent what the isotherms would have 
looked like if both the solid and the liquid portions of the 
surfaces were assumed to have an emissivity EL. 

Consequently, the motion of the solidification front in 
the vicinity of the contact point is slowed somewhat by 
comparison with what it would be if the surface emissiv- 
ity retained the value EL everywhere. If the power input 
P(t) is between P, and P2 when the solidification front 
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J 

Fig. 9. Effect of emissivity change during surface freezing. Solid 
lines represent isotherms when solid portion of surface has emissivity 
Es, as is true physically. Dashed lines represent isotherms if solid 
portion were to have emissivity eL. 

reaches the surface, we conjecture that a surface breakup 
may occur which is similar to the instability present dur- 
ing melting. Small segments of the surface would melt  to 
increase the average reflectivity until there was no net 
energy gain in the resolidified region. Whether the 
breakup actually occurs will depend on the size of the 
resolidified area, its crystalline quality, and the magni- 
tude of P2 - P(t). Without defects, the surface may toler- 
ate substantial superheating and the excess absorbed 
power may temporarily halt or even reverse motion of the 
solidification front if P is held near P2. 

If the power input P(t) is sufficiently small (certainly if 
it is less than the threshold P,), this instability will not be 
present. 

We might also note that if the power input P(t) is less 
than 1, then, from Eq. [6] and [13], the sign of the thermal 
gradient at the surface changes whether or not the front 
intersects the surface. Surface cooling is so rapid that 
freezing might  commence at the surface as well as along 
the solidification front. 

In calculating the interface shape and motion, we as- 
sumed all physical properties to be isotropic. In fact, 
melting and freezing exhibit  directional anisotropy, with 
interface velocity lowest along the < 111 > crystalline axes. 
This often leads to faceting since the growing phase ex- 
pands more rapidly in directions other than the <111> 
until it is bounded by the (111) planes. It is likely that the 
solidification front instead of assuming the shapes 
shown in Fig. 8 aligns itself partially or completely with 
the (111) plane, i.e., makes an angle of -55  ~ with the sur- 
face. This could imply more lateral freezing than obtained 
from our calculations. At the present time, we have no 
means of testing experimentally the actual shape of the 
interface. 

Rate of movement offront.--We now return to the time- 
dependent  calculations and discuss further the motion of 
the front, illustrated previously in Fig. 7 and 8. We plot in 
Fig. 10 the position of the front, measured at the left and 
right side of the computational domain, as a function of 
time. Computations were done in segments: melting 
above the oxide, melting when the front touches the ox- 
ide, melting below the oxide, etc., with educated guesses 
about the t ime intervals between the computational seg- 
ments. 

Although we do not expect  the one-dimensional theory 
(9) for the front position yf as a function of time to hold 
exactly for the two-dimensional problem, it is interesting 
to compare our results semiquantitatively with it. With a 
few notational changes, the theory gives, in dimensional 
form 

(Pmax _ ) 
yf(t) = Yo -- fl \ p~ 1 t 0 ~< t ~< A 2 

= --]3( Pmax 1 ) t +  
Y0 \ P 2  - 

with 

flPmax(t - A2)2 
2AaP2 

A2 ~<t 

[32] 

(eL + EB)~Tm 4 
fl - p L  [33] 

where distance is measured in microns and time in 
seconds. 

Consider first the notion of the front at the right-hand 
side of the domain, through the seeding window. After an 
initial adjustment  period, the position of the melt front 
varies nearly linearly with time. The velocity is approxi- 
mately 6 /~m/s, consistent with the one-dimensional 
theory. The parameter values are those given in the Pa- 
rameter section. In the vicinity of the oxide layer, say 20 
/~m above and below it, the velocity of the melt front con- 
siderably exceeds that given by the one-dimensional 
theory. When the melt  front gets outside that region, its 
position again decreases linearly with time at approxi- 
mately the same rate as it did before being influenced 
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Fig. 10. Front position as a function of time, measured at left and 
right sides of the computational domain. 

significantly by the oxide layer. As the power P(t) is 
ramped down, the position vs. t ime curve forms a parab- 
ola for a while, again reasonably consistent with the one- 
dimensional theory. In the vicinity of the oxide layer, the 
velocity of the solidification front increases significantly 
as the oxide is felt, then decreases again as its influence 
diminishes. 

Next, consider the motion of the front at the left-hand 
side of the domain, through the middle of the full oxide 
strip. Above the oxide, the melt  front velocity is nearly 
constant and is nearly the same as that of the front at the 
right-hand side. The front at this position then disappears 
for a few seconds, while the remainder  of the melt  front is 
doing its flip through the seeding window. When it reap- 
pears below the oxide strip, its velocity is nearly constant 
while the power input is constant, but is slightly larger in 
magnitude than that of the melt  front through the seeding 
window. When the power is ramped down, the parabolic 
nature of the position vs. t ime curve is again evident. 
Again, the front disappears for a while as the solidifica- 
tion front does its flip through the seeding window. 

Superheat ing and Undercool ing 
When the melt  or solidification front is in contact with 

the oxide strip, the temperature profiles in the structure 
may change radically. This is particularly true as the front 
passes through the seeding window. A critical parameter 
is P/P2, which gives a measure of the amount by which 
the power P exceeds, or is less than, the power threshold 
P~ for which the global energy balance is in equilibrium. 

Suppose, for example, that P/P2 > 1, so that melting is 
taking place, and that the melt  front is going through the 
seeding window. Power in excess of Pz applied to the w a -  
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Fig. 1 ]. Isotherms during superheating. The half-width wi of the ox- 
ide is 600/~m. 

d2. Details concerning the precise shape of the front are 
not expected to affect the thermal profile far from the 
window, which is what we are primarily interested in 
here: 

We first discuss superheating and undercooling results 
for a computational domain with Wlo = 600/~m, w2, dl, d2, 
d3 as before. That is, the domain is similar to that used 
earlier, except  that the oxide strip is made much longer. 
After that, we discuss the consequences of varying the di- 
mensions of the structure and the power input. Finally, 
we sketch what  happens dynamically as the melt  or soli- 
dification front moves. 

Superheat ing.--In Fig. 11, we show the isotherms calcu- 
lated with the configuration described above and a 
power input P/P2 = 1.05. Note that there is a region di- 
rectly under the oxide strip which is superheated and that 
the amount  of superheating increases with horizontal dis- 
tance from the window. This can be better quantified by 
means of the following two figures. Figure 12 indicates 
the dimensional temperature profile T - Tm along the 
bottom of  the oxide strip. It dips slightly near the 
window, then increases rapidly with distance away from 
it, leveling out at the center of the oxide strip (x = 0) as re- 
quired by symmetry conditions. In Fig. 13, we plot the 
temperature at the left-hand edge of the computational 
domain as a function of the distance from the bot tom of 
the domain. This corresponds to a vertical slice which 
goes through the center of the full oxide strip. As ex- 
pected (cf. Fig. 3 and 4), the thermal gradients are con- 
stant in each of the solid silicon, oxide, and liquid silicon 
regions. 

Undercooling.--Figure 14 depicts the isotherms when 
the power input P/P2 = 0.95 and the solidification front is 
planar, at the top of the seeding window. In this instance, 
there is a region directly over the oxide strip which is 
undercooled, and the amount  of undercooling increases 
with horizontal distance from the window. In Fig. 15, we 

fer surface directly above the seeding window, or within a 
few tens of microns directly above it, affects the advance- 
ment of the melt  front. However, power applied still fur- 
ther away from the window will have an insignificant ef- 
fect on the front. If  we assume that melting below the 
oxide layer cannot be initiated at a position unattached to 
the present melt front, the power in excess of P2 will go 
into superheating of a portion of the structure below the 
oxide layer. The longer the oxide strip is, the greater the 
amount of superheating will be. 

Conversely, if P/P2 < 1, some of the silicon above the 
oxide layer will become undercooled. 

Most of the computations discussed in this section are 
solutions to static problems. They were done with the 
"snapshot" version of the code, ment ioned in the Method 
of Solution section, for which the position of  the front is 
assumed, not calculated. We assumed that the front was 
planar and was located in the seeding window. For the su- 
perheating calculations, we positioned the melt  front 
level with the bottom of the oxide layer, at y = dl. For the 
undercooling calculations, we positioned the solidifica- 
tion front level with the top of the oxide layer, at y = d, + 
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Fig. 12. Deviation of temperature from T m at the boNom of the ox-  
ide strip during superheating. 
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thermal gradient in liquid silicon is approximately a fac- 
tor of three smaller than that in solid silicon, the region 
affected by undercooling is larger. In Fig. 14, a substantial 
portion of the liquid layer, including most of the surface, 
is undercooled. A significantly smaller portion of the re- 
gion in Fig. 11 experiences superheating. 

P a r a m e t e r  v a r i a t i o n s . - - W e  now investigate the sensi- 
tivity of the superheating or undercooling to variations in 
several parameters. 

The most critical parameter is w~, the half-width of the 
oxide layer. Using the dimensions of our usual computa- 
tional domain (dl = 160 ~m, d~ = 4 ~m, d:~ = 60 ~m, d2 = 48 
~m), setting P/P~  = 1.05, and varying w,, we show in Fig. 
16 the magnitude of the superheating at the left edge of 
the region, under the oxide. The superheating increases 
substantially, in fact, nearly exponentially, with oxide 
width. Similarly, with P/P2  = 0.95 and all other parame- 
ters as above, we show in Fig. 17 that undercooling, mea- 
sured at the left edge of the region, over the oxide, also 
varies nearly exponentially with the oxide width. Notice 
that, all else being equal, the magnitude of superheating 
and undercooling are nearly the same for the same 
amount  (5%) of excess or deficit power  from equilibrium. 

Computations were performed on a limited domain be- 
cause of storage constraints on the Cray-1. Using a rela- 
tively thin substrate dl was justifiable earlier (cf. Fig. 3, 4) 
when the lower portion of the computational domain ex- 
hibited a nearly planar behavior. When superheating or 
undercooling is present (cf. Fig. 11, 14), this is no longer 
true. In Fig. 17, we include the results of a few calcula- 
tions using thicker substrates. They indicate that the 
amount of undercooling in a region with a thicker sub- 
strate is somewhat less than was previously calculated, 

UNDERCOOLING 

Fig. ] 4. Isotherms during undercooling. The holf-width wi of the ox- 
ide is 600/~m. 
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Fig. 15. Deviation of temperature from T m at the top of the oxide 
strip during undercooling. 

plot the temperature profile T - Tm along the top of the 
oxide strip. It decreases rapidly with distance away from 
the window, leveling out at the center of the oxide strip. 

In many respects, the undercooling results are nearly 
symmetric to the superheating results. Some differences 
are worth noting. The curve in Fig. 12 dips before rising 
(as a function of distance away from the window), while 
that in Fig. 15 does not rise before dipping. We do not 
have a good physical interpretation for this effect; how- 
ever, it is the behavior far away from the window which 
interests us most here. Also, although the superheating 
and undercooling at the bottom or top of the oxide at the 
left-hand side in the two computations are approximately 
of the same magnitude, the regions affected by super- 
heating or undercooling are quite different. Since the 
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Fig. 16. Magnitude of superheating directly under the center of the 
full oxide strip as a function of the half-width wl. 
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and that the discrepancy increases with oxide width w,. 
Symmetric results were obtained for superheating, where 
our thin substrate calculations overestimate the amount  
present. 

For similar reasons, we expect the thickness d3 of the 
polycrystalline layer to play an important  role in deter- 
mining the amount  of superheating or undercooling, and 
it does. In Fig. 18, we illustrate what happens if the thick- 
ness of the layer is reduced from 60 to 30 ~m; with P/P.~ = 
0.95 (note the change of scale from Fig. 17). Reducing the 
thickness of the polycrystalline layer can increase the 
undercooling significantly, particularly when the oxide 
strip is long. In  a symmetric fashion, reducing the thick- 
ness increases the superheating by approximately the 
same amount  when P/P:z = 1.05. 

Varying the oxide thickness or the window width 
within reasonable limits produces comparatively small 
effects. 

Finally, suppose that bhe domain is fixed (we used w~ = 
1000 tLm, w2 = 48 t~m, d, = 160 tLm, d2 = 4 t~m, and d3 = 60 
~m) and that the power input  is varied. Figure 19 indi- 
cates that, for small deviations of P from the threshold P2, 
the amount  of superheating or undercooling (measured at 
the left edge, below or above the oxide, as usual) varies 
linearly with the power input. 

Dynamic picture.--We now sketch briefly what hap- 
pens dynamically as the melt or solidification front 
passes in the vicinity of the oxide layer and the seeding 
window. 

If melting is taking place and the melt front is above the 
oxide layer (eft Fig. 3), the silicon below the oxide is solid 
and is below the melting temperature. The isotherms di- 
rectly underneath the oxide, away from the window, are 
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Fig. 18. Amount of undercooling directly over the center of the full 
oxide strip as a function of the half-width wi, for various thicknesses 
of the polycrystalline layer. 
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nearly horizontal. As the front starts to intersect the oxide 
and subsequently move through the seeding window, the 
temperature under  the oxide increases. If the power input  
is sufficiently greater than the threshold P2, the region 
under  the oxide becomes superheated. The superheating 
starts under  the center of the entire oxide strip, far away 
from the seeding window(s). It  then spreads out, ex- 
tending horizontally under  more of the oxide layer and 
penetrating more deeply into the substrate (cf. Fig. 11). As 
the melt front proceeds along the bottom of the oxide 
layer, the superheated region diminishes in size and even- 
tually disappears. 

A similar sequence of events, involving undercooling 
above the oxide layer, happens when the solidification 
front proceeds through the window. 

Exper imenta l  Results 
Experimentally, we can verify some aspects of the cal- 

culations presented above. The temperature is measured 
with an optical pyrometer at one spot of - 1  mm diam at 
the back side of the irradiated wafer. The temperature of 
the front side is determined by extrapolation, using 
known values of thermal conductivities and sample thick- 
ness. Of course, during most of the process cycle, the 
front surface temperature is p inned near Tin, with the 
back side temperature lower by 3-7~ depending on the 
depth of melt. A small transient temperature rise and dip 
are detected when the liquid-solid interface passes 
through the oxide; they reflect the occurrence of super- 
heating and undercooling, respectively. 

The position and shape of the interface cannot be mea- 
sured directly, but  we can detect the maximum melt 
depth by examining cross sections of recrystallized 
samples. A series of such cross sections is retraced in Fig. 
20. The shape of the interface at various depths is quite 
Similar to those plotted in Fig. 7, and the interface flip in 
the window is clearly seen. 

We already mentioned that superheating and under- 
cooling can be discerned from pyrometer measurements.  
Superheating at the buried oxide-Si interface also leads to 
melting of the cooler back  side of the sample, away from 
the heat source. To assure that silicon on this surface 
melts when Tm is reached, the surface is sandblasted to in- 
troduce a high density of crystalline defects. (It should be 
mentioned here that although a free, clean surface cannot 
be superheated, the SiO2 provides excellent passivation of 
the broken Si bonds and makes superheating possible in 
defect-free layers.) When samples with a continuous 
buried oxide are irradiated, molten droplets and voids ap- 
pear on the back side and vertical molten channels can be 
detected in cross sections (20). 

In samples with windows in the oxide, superheating is 
a function of the oxide width and position with respect to 
the windows. When we used wafers with oxide of a half- 
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Fig. 20. Composite picture of maximum melt penetrations found ex- 

perimentally for a series of irradiation energies. 
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Fig. 21. Etched cross section of a recrystallized'sample, showing the 
depth of the planar melt and the localized melt spikes originating 
from the superheated back surface. 

width wl = 920 ~m over part of the area and wl = 1840 ~m 
over the rest, traces of melting appeared only under the 
centers of the wide stripes. A cross section of an area with 
melt spikes emanating from the back side is shown in 
Fig. 21. For d, = 600 ~m distance between the buried ox- 
ide and the back surface, the temperature drop 

AT = d---L eso-Tm 4 
K 

is about 7~ This is in excellent agreement with calcu- 
lated superheating values of - 2  ~ and -7~ for 920 and 
1840 ~m half-widths, as plotted in Fig. 16. 

It should be noted that the presence of molten regions 
at specific locations on the back surface is a positive 
proof of superheating. If melting were induced by impuri- 
ties on the back surface, the correlation between the melt 
sites and the pattern in the buried oxide would be en- 
tirely different. 

Discussion 
We have presented a detailed numerical study of radia- 

tive melting and recrystal]ization of Si structures con- 
taining a patterned buried oxide layer. All modeling had 
to be in a two-dimensional domain because of the pres- 
ence of slit-shaped seeding windows in the oxide that 
profoundly modified the shape of isotherms. The numer- 
ical results are consistent with the experimental  data and 
provide insight into the details of melting and crystalliza- 
tion processes that cannot be measured directly. 

We determined that the velocity of the melt front is 5-10 
~m/s for the representative input power of 1.05P2. Simi- 
larly, the vertical component  of the solidification velocity 
is -20  ~m/s when the input power is ramped down in 60s. 
The top surface directly above the SiO2 window is always 
slightly cooler because of the heat sinking effect of the 
window, but the temperature of the bottom surface is es- 
sentially uniform except  during brief superheating and 
undercooling phases. 

We found that superheating and undercooling of silicon 
reach max imum values at the t ime when the solid-liquid 
interface passes through the SiO~ windows. The regions 
most removed from the windows deviate most from the 
melting temperature.  Superheating is of little practical 
consequence even though it may cause some undesirable 
melting at the bottom side of the wafers. Control of  un- 
dercooling, on the other hand, is essential in achieving 
successful epitaxial crystallization, since excessive under- 
cooling causes formation of polycrystalline Si. Undercool- 
ing increases approximately exponentially with the spac- 
ing between the seeding windows and can reach 10~ for 

wl = 2000 ~m. Thicker polysilicon over the oxide reduces 
somewhat the amount  of undercooling, and so does a 
thicker substrate. Undercooling is less when the input 
power P is close to the threshold P~ (slow motion of the 
interface through the window region). 

The numerical  results indicate that the crystallization 
velocity has a very large vertical component.  The actual 
physical regrowth is likely to differ somewhat from its 
numerical counterpart  because the directional anisotropy 
of crystallization was not included in the calculation. It is 
known that growth of Si crystals is slowest along the 
<111> axis, and this leads to faceting in the (111) planes. 
Therefore it is likely that the solidification front is ap- 
proximately parallel to the (111) plane and forms -55  ~ an- 
gle wi th  the surface. 

In any case, the propagation is slower than 100 ~rrgs 
and has a significant vertical component.  This may ex- 
plain why low angle grain boundaries (subboundaries) 
that are notorious in thin films (21) are not observed in 
our experiments.  The crystallization front in thin films 
propagates strictly in the lateral direction, and any impu- 
rities present in the melt  tend to accumulate ahead of the 
interface. This builds up their concentration and likely 
leads to defect formation. In our configuration, the impu- 
rities are continuously zone refined toward the top sur- 
face, preventing any large buildup at the solid-liquid 
interface. 
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The Analysis of Diffusion Data by a Method of Moments 
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A B S T R A C T  

We d e v e l o p  a m e t h o d  for  e x t r a c t i n g  d i f fus iv i t ies  f rom c o n c e n t r a t i o n  prof i les  t h a t  uses  t he  m o m e n t s  of  t h e s e  
profiles.  We s h o w  t h a t  t h e s e  m o m e n t s  are  coeff ic ients  of  p o l y n o m i a l  e q u a t i o n s  in  t he  f i t t ing p a r a m e t e r  Dt; t h e s e  equa-  
t ions  are  easi ly  solved.  T he  m e t h o d  does  no t  re ly  on  t he  e s t i m a t i o n  of  s lopes  or of  f u n c t i o n a l  va lues ;  i t  is t he r e fo re  b o t h  
accu ra t e  a n d  s i m p l e  to use.  We a p p l y  th i s  m e t h o d  to t he  case  of P r e d i s t r i b u t i o n  b y  r ap id  t h e r m a l  a n n e a l i n g  of  ion- 
i m p l a n t e d  Si. 

A Basic Diffusion Problem 
The  ana lys i s  of d i f fus ion  da ta  r e q u i r e s  f i t t ing proce-  

d u r e s  t h a t  are o f t en  non l inea r .  Fo r  example ,  if  t h e  da t a  
are  r e p r e s e n t a b l e  b y  a g iven  f u n c t i o n a l  f o r m  C(x, t) of t h e  
c o n c e n t r a t i o n ,  t h e n  t he  d i f fus iv i ty  D of ten  e n t e r s  t h a t  
f u n c t i o n  p a r a m e t r i c a l l y  in  a n o n l i n e a r  way. One  t h e n  
n e e d s  m i n i m i z a t i o n  s c h e m e s  s u c h  as t he  Dav idon-  
F l e t c h e r - P o w e l l  a l g o r i t h m  (1) to  d e t e r m i n e  D. T he  Boltz-  
m a n n - M a t a n o  ana lys i s  (2), s o m e t i m e s  app l i cab l e  w h e n  D 
is a f u n c t i o n  of  C, p rov ides  a n o t h e r  e x a m p l e  of  n o n l i n e a r  
analysis .  In  th i s  case,  t he  f u n c t i o n a l  f o rm  of  C is no t  e v e n  
r equ i r ed :  one  ope ra t e s  d i rec t ly  on  t h e  d i f fus ion  equa t ion .  
I t  is  wel l  k n o w n ,  h o w e v e r ,  t h a t  t h i s  m e t h o d  c a n  h a n d l e  
on ly  ve ry  few types  of  in i t ia l  a n d  b o u n d a r y  cond i t ions ,  
a n d  t h a t  t h e  p r o c e d u r e  re l ies  heav i ly  on  t he  accu ra t e  esti- 
m a t i o n  of  s lopes  f r o m  n u m e r i c a l  data.  C o n s e q u e n t l y ,  we  
are d r i v e n  to l ook  for  m e t h o d s  for  e x t r a c t i n g  d i f fus iv i t i es  
f r o m  e x p e r i m e n t a l  da ta  t h a t  are  on ly  mi ld ly  n o n l i n e a r ,  
t h a t  do no t  r e q u i r e  curve-f i t t ing,  a n d  t h a t  do no t  d e p e n d  
o n  a g i v e n  f u n c t i o n a l  form,  i.e., one  n e e d  no t  e v e n  h a v e  a 
so lu t ion ,  ana ly t i c  or  numer i ca l ,  of  t h e  d i f fus ion  equa t ion .  

A few years  ago, one  of  us  (3) p r o p o s e d  a m e t h o d  for  t he  
ana lys i s  of  d i f fu s ion  da ta  w h e n  t h e s e  are r e p r e s e n t a b l e  b y  
e r ro r  func t ions .  T h a t  m e t h o d  d e p e n d e d  on  t h e  ca l cu la t ion  
a n d  n u m e r i c a l  e s t i m a t i o n  of  m o m e n t s  of  t h e s e  func t ions .  
I t  was  t h e n  s h o w n  t h a t  t he  u n k n o w n  p a r a m e t e r s  cou ld  b e  
easi ly  o b t a i n e d  t h r o u g h  a s i m p l e  i t e ra t ive  s cheme .  Fur -  
ther ,  t h a t  p a p e r  of fered  t he  p i o u s  h o p e  t h a t  s u c h  m e t h o d s  
cou ld  b e  e x t e n d e d  to f u n c t i o n s  ou t s ide  t he  class of  e r ro r  
func t ions .  S u c h  is t h e  ob jec t  of  t h i s  paper .  

Our  m e t h o d  is b e s t  i l l u s t r a t ed  t h r o u g h  the  fo l lowing  
s i m p l e  p r o b l e m ;  it  a rose  in c o n n e c t i o n  w i t h  a s t u d y  of  
d o p a n t  r e d i s t r i b u t i o n  in i o n - i m p l a n t e d  s e m i c o n d u c t o r s  
(4) 

O2C 
aC _ D ~ f o r x > 0 ,  t > 0  [1] 
at 

a n d  

C(x, O) = Co(x) [2] 

oC/ox = 0 at  x = 0 [3] 

C(% t) = 0 [4] 

The  first  e q u a t i o n  s i m p l y  s ta tes  t h a t  t h e  m o b i l e  spec ies  
d i f fuses  w i t h o u t  a n y  i n t e rna l  loss  m e c h a n i s m s  a n d  t h a t  
t h e  d i f fus iv i ty  D is i n d e p e n d e n t  of  l oca t i on  x (and of  con-  
c e n t r a t i o n  C). The  diffusivi ty ,  howeve r ,  can  d e p e n d  = on  
t i m e  t t h r o u g h  a t e m p e r a t u r e  s c h e d u l e  T(t). E q u a t i o n  [2] 
m e a n s  t h a t  t he  in i t ia l  c o n d i t i o n  is a n  a rb i t r a ry  profi le  Co. 
E q u a t i o n s  [3] a n d  [4] are b o u n d a r y  cond i t ions :  t he  f irst  

* Electrochemical Society Active Member. 
~On leave from Department  of Mathematics, Duke University, 

Durham, North Carolina 27706 
2 In that  case, the diffusion equation [1] reduced to one having 

constant coefficients through Kirchhoffs  transformation [cf. 
Ref. (4) or Ref. (5), p. 11]: t --~ ~ = f D dt. Equations [5]-[10] remain 
formally unchanged except for the substitution of O for Dt. The 
variable O was labeled X 2 in Ref. (4) because it has dimensions of 
length squared. One can also interpret this integral as a t ime av- 
erage or effective value of D. Thus, ~ = ~Defft is proportional to 
the diffusion time, where it must  be understood that  Deft- is gen- 
erally a function of time. 

a s s u m e s  t h a t  t he  f ree  su r face  is i n s u l a t e d  (no loss); t he  
s e c o n d  c o n d i t i o n  s ta tes  t h a t  t he  c o n c e n t r a t i o n ,  d e e p  in- 
s ide t h e  mater ia l ,  is negl igible .  

Th i s  p r o b l e m  has  an  exac t  so lu t i on  [Ref. (5), p. 56], 
namely ,  a c o n v o l u t i o n  of  t h e  in i t ia l  prof i le  w i th  g a u s s i a n s  
c e n t e r e d  at  " s o u r c e "  po in t s  x = -+ x '  

1 f~ C(x,  t) - 2 ~  ~ 0 [e-~-x')mDt + e-~+x')214~t] Co(x') dx '  
[5] 

This  f o r m u l a  a l lows  t he  expl ic i t  c o m p u t a t i o n  of  concen -  
t r a t i on  d i s t r i bu t i ons ,  r ega rd le s s  of  the  in i t ia l  prof i le  Co. 
In  pract ice ,  h o w e v e r ,  t he  i n t eg ra l  [5] m u s t  be  e v a l u a t e d  
n u m e r i c a l l y  for  e ach  va lue  of  D. Da ta  f i t t ing  can  the re -  
fore b e c o m e  qu i t e  t ed ious .  ~ The  m e t h o d  t h a t  fol lows is far  
m o r e  direct .  

Diffusivity Measurements from Moments of 
Concentration Profiles 

C o n s i d e r  t he  ( n o n n o r m a l i z e d  and  n o n c e n t e r e d )  mo-  
m e n t s  at  t i m e  t 

M,,(t) = f : x 'C (x ,  t) dx  [6] 

of  t he  c o n c e n t r a t i o n  d i s t r i bu t i on ,  m u c h  as  one  def ines  
m o m e n t s  of  p r o b a b i l i t y  d i s t r i b u t i o n s  (6). F o r  any  pos i t i ve  
i n t ege r  n,  t h e s e  q u a n t i t i e s  are  easy  to eva lua t e  f r o m  nu-  
mer i ca l  da ta  i f  t h e  da ta  are  m e a s u r e d  over  a w ide  e n o u g h  
r a n g e  a n d  i f  t h e  c o n c e n t r a t i o n ,  far  f r o m  the  surface,  de- 
cays  suf f ic ien t ly  rapid ly .  T h e  fo l lowing  s t eps  a re  qu i t e  
s imple .  Take  t he  de r iva t ive  of  Eq.  [6] w i t h  r e spec t  to t ime,  
use  Eq.  [1] to  get  

dM ,, f~o x 02C dt - D ~ ~ dx  [7] 

a n d  i n t e g r a t e  by  par ts ,  t a k i n g  t he  b o u n d a r y  c o n d i t i o n s  [3] 
a n d  [4] in to  accoun t .  One  ob t a in s  easi ly  i n t e g r a b l e  differ- 
en t ia l  equa t ions ,  a n d  t hus  t he  re la t ions  

Mo(t) = M0(0) [8a] 

io M~(t) = M~(O) + D C(O,t') dt'  [gb] 

2 M,(t) = M,,(0) + n(n - 1) D M,,_~(t') d t ' ,  n -> 2 

[8c] 

The  first r e l a t i on  [8a] is n o t h i n g  b u t  a s t a t e m e n t  of m a s s  
conse rva t i on .  T h e  second ,  [Sb], e x p r e s s e s  t he  f irst  mo-  
m e n t  (p ropor t iona l  to the  c e n t r o i d  or m e a n  of  the  distr i -  
bu t ion )  in  t e r m s  of  t he  t ime- in t eg ra l  of  t he  sur face  con-  
cen t ra t ion .  The  t h i r d  a n d  m o s t  i m p o r t a n t ,  [8c], is a 
r e c u r s i o n  b e t w e e n  m o m e n t s .  Fo r  example ,  for n = 2, 4, 6, 
w e  get  succe s s ive ly  

M~(t) = M2(O) ~- 2Mo(O)Dt [9a] 

3 Even in those cases where the integral [5] can be performed 
exactly [e.g., in Ref. (4)], one must  still evaluate transcendental  
functions in which the diffusivity occurs nonlinearly. 
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M4(t) = M4(O) + 12[M2(O)Dt + Mo(O)(Dt) 2] 
[9b] ~-" I 

M6(t) = M6(O) + 30[M4(O)Dt + 6M~(O)(Dt) ~ oE 1020 

+ 4Mo(O)(Dt) 3] [9c] 
z 

We thus  see tha t  the  m o m e n t s  of even  o rder  2n yield 2 
F- 018 

po lynomia l  e x p r e s s i o n s  of  o rder  n in the  var iable  Dt (or, ,~ 1 a: 
more generally, in the Kirchhoff variable #, cf. footnote ~- 

z 
2), w h o s e  coeff ic ients  are all measurab le .  In  part icular ,  ,., 
Eq. [9a] s h o w s  tha t  the  s econd -o rde r  m o m e n t  (propor-  o z 
t ional  to the  m o m e n t  of  iner t ia  or "d i spe r s ion" )  inc reases  o 1016 
l inearly wi th  Dt. Data fitting:, i.e., the  de t e rmina t i o n  of D 4 
t h e n  r educes  to f inding roots  o f  polynomials �9  This will be  a_ 
i l lustrated in the  nex t  sect ion.  On the  o ther  hand ,  no such  
s imple  re la t ions  ex is t  b e t w e e n  the  odd -o rde red  m o m e n t s  
because  Eq. [8b] e x p r e s s e s  M, as a t ime  integral  over  t he  
surface concen t r a t i on  w h o s e  va lues  are of ten  difficult  to 
measure .  Of course,  one can always evaluate  the  integral  
in [8b] wi th  the  he lp  of  Eq. [5]. Thus,  we have  

M,(t )= M,(O) + 2~/~ f~Co(x)i'erfc ( 2- ~ ) dx  [10] 

A m o m e n t ' s  reflection,  however ,  s h o w s  tha t  all the  odd  
m o m e n t s  are still e x p r e s s e d  in t e r m s  of t r a n s c e n d e n t a l  
func t ions  of  the  diffusivity,  and  tha t  defini tely defea ts  
our purpose .  

Before  app ly ing  this  m e t h o d  to expe r imen t a l l y  deter-  
m i n e d  concen t r a t i on  profiles, 5 we  shou ld  make  the  fol- 
lowing  remarks .  First ,  the  fo rmulas  [8]-[10] are i n d ep en -  
den t  of  t he  origin of  t ime,  i.e., one  can evaluate  the  
m o m e n t s  b e t w e e n  any two va lues  of  t ime  for w h i c h  the  
profiles are known .  Second,  the  po lynomia l s  [9] have  
pos i t ive  coeff ic ients  excep t  for the  cons t an t  term,  w h i c h  
is a lways negat ive.  I t  easily fol lows tha t  each  of  t h e s e  ex- 
p res s ions  has  only one  pos i t ive  root,  namely ,  the  value of  
Dt tha t  we  are. seeking.  Last ,  we  e m p h a s i z e  t ha t  the  nu-  
mer ica l  e s t ima t ion  of  m o m e n t s  r e p r e s e n t s  a s m o o t h i n g  
operat ion,  as con t r a s t ed  wi th  po in t -wise  or s lope  esti- 
mates .  

A Numer ica l  Example  
We use  the  same data  as in Ref. (4); a B -doped  (100) Si 

wafer  was  P - i m p l a n t e d  (energy  50 keV, dose  2 x 10 ~5 
cm -2) and  t h e n  shor t - t ime  annea led  (ll000C, 10s). The 
profiles were  acqu i r ed  by  s e c o n d a r y  ion mass  spec t ros -  
copy  (SIMS), and  they  are s h o w n  again in Fig. 1. The as- 
imp lan t ed  and  annea led  data  are r e p r e s e n t e d  by t r iangles  
and  circles,  respect ively .  The analysis  in Ref. (4) was  
based  on  the  a s s u m p t i o n  of  a gauss ian  r ep re sen t a t i on  Of 
the  initial profile (triangles). This  is a fair a s s u m p t i o n  for 
concen t r a t ions  grea te r  t han  10 '9 cm -6. The integral  [5] can  
then  be p e r f o r m e d  exactly,  and  the  resu l t ing  express ion ,  
s h o w n  as a do t t ed  line, fits well  t he  annea led  data, at 
least  for the  h ighe r  concen t ra t ions .  As we  po in t ed  out,  
however ,  such  e x p r e s s i o n s  are non l inea r  in the  diffusiv- 
ity; fi t t ing thus  r equ i res  min imiza t ion  schemes .  The sim- 
plicity of  our  p r e s e n t  m e t h o d  will  n o w  be  i l lustrated.  

The da ta  are suff ic ient ly  d e n s e  to p rov ide  r ea sonab l e  
es t imates  of  the  m o m e n t s  [6]. These  were  c o m p u t e d  f rom 
the  raw data  us ing  the  t rapezoida l  rule, and they  are re- 
co rded  in Table  I. These  m o m e n t s  fo rm the  coeff ic ients  
of the  po lynomia l  equa t ions  [9] w h i c h  are trivially so lved  
for Dt. The c o r r e s p o n d i n g  va lues  for the  orders  2, 4, and  6 
are also r e c o r d e d  in Table I. The values  of  Dt co r re spond-  
ing to t h e  s e c o n d  a n d  four th  m o m e n t s  are c lose  to one  an- 
o the r  and  to t h e  value  2.98 x 10 -H cm ~ found  earlier  (4). 
On the  o the r  hand ,  t he  s ix th -o rde r  m o m e n t s  yield an 
ove res t ima te  of  ca. 20%, w h i c h  can be  t raced  back  to a 

4 We emphasize that any analysis of diffusion profiles yields 
values of # and not of D, except in ideal cases when the T(t) 
schedule is either "rectangular" or its rise and decay times are 
short in comparison with the time at temperature. The extrac- 
tion of the diffusivity D(T) then requires further information on 
the T(t) schedule. See also Ref. (7) for an asymptotic analysis of 
the variable #. 0 

5 The present method for extracting effective diffusivities 2 
from concentration profiles has been extensively used by 4 
Oehrlein et al. (8). 6 
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Fig. 1. Time development of an initial P implant in Si. The triangles 
and circles represent the as-implanted and annealed data, respectively. 
The solid line represents the best fit by our method of moments, and the 
dotted line shows the same fit by our former analytic approximation (4). 

poor  reso lu t ion  of  the  h ighe r -o rde r  m o m e n t s .  It shou ld  al- 
ways  be r e m e m b e r e d  tha t  t he  ca lcula t ions  a s s u m e  inte- 
gra t ions  [6] over  an infinite range.  S ince  the  h ighe r -0 rde r  
m o m e n t s  (in th is  ins tance ,  the  sixth)  t e n d  to we igh t  the  
tail of  the  d is t r ibut ions ,  t he se  t e n d  to ampl i fy  e x p e r i m e n -  
tal uncer ta in t ies .  S o m e  i m p r o v e m e n t  is poss ib le  if one  
can fit t he  tail of  t he  d i s t r ibu t ions  to suff ic ient ly  rap id ly  
dec reas ing  func t ions  or if  one  can sub t r ac t  out  the  back-  
ground.  The m o m e n t s  can t h e n  be  e s t ima ted  more  pre- 
cisely, bu t  our  expe r i ence  wi th  such  p r o c e d u r e s  6 indi-  
cates bu t  m i n o r  shif ts  in the  va lues  of Dt. Finally,  we  
mere ly  inser t  the  m e a s u r e d  value of  Dt into the  in tegra l  
[5] and  evaluate  it numer ica l ly  to obta in  the  solid l ine on  
Fig. 1. Here,  we  choose  the  value c o r r e s p o n d i n g  to n = 2; 
the  curve  c o r r e s p o n d i n g  to t he  fou r th -o rde r  ca lcula t ion  is 
hard ly  d i s t i ngu i shab le  f rom th is  case.  We note  tha t  the  
solid l ine r e p r e s e n t s  the  da ta  b e t t e r  t han  the  do t t ed  one. 
This  is easily u n d e r s t o o d  s ince  the  lat ter  ca lcula t ion (4) 
does  no t  take  the  channe l ing  tail of  the  initial imp lan t  
into account .  

We s h o u l d  po in t  out  tha t  our  m e t h o d  may  no t  be  en- 
t irely appl icab le  to the  p r e s e n t  e x p e r i m e n t a l  data, be- 
cause  P d i f fus ion  in St, at i mp u r i t y  levels  grea ter  t han  1020 
c m  -3, c a n n o t  be fully de sc r ibed  by the  s imple  d i f fus ion  
Eq. [1]. [Refe rence  (9) gives a r ev iew of  th is  topic.] There-  
fore, the  specif ic  so lu t ion  p r o v i d e d  by  our  m e t h o d  of  mo-  
m e n t s  c an n o t  give a comple t e ly  accura te  desc r ip t ion  in 
the  case of  h igh  level P dif fus ion.  For  example ,  t he  sys- 
t emat ic  dev ia t ion  of  the  full l ine f rom the  e x p e r i m e n t a l  
data  in the  co n cen t r a t i o n  tail appea r s  phys ica l ly  
significant,  and  it is, m o s t  likely, re la ted  to the  e n h a n c e d  
tail d i f fus ion  o b s e rv ed  in h igh  dose  P e x p e r i m e n t s  (9). 
Never the less ,  our  solut ion is a ve ry  good  a p p r o x i m a t i o n  
of  a more  r igorous  t r ea tmen t ,  as is clear  f rom Fig. 1, be- 
cause  co n cen t r a t i o n  e n h a n c e m e n t  e f fec ts  are only  begin-  
n ing  to b e c o m e  s ignif icant  for our  e x p e r i m e n t a l  condi-  
t ions  of  dose  a n d  t empera tu re .  

G e n e r a l i z a t i o n  to O t h e r  Di f fus ion Problems 
Our me thod ,  as descr ibed ,  appea r s  l imi ted  to conserva-  

tive sys tems .  We n o w  s h o w  tha t  it also appl ies  to m o r e  
genera l  s i tuat ions ,  for sources  and  s inks  are a very  real 

For example, subtracting a 10 '~ cm -'~ background level from 
our data reduces the values of Dr in Table I by 0.3, 1.5, and 4.7% 
for n = 2, 4, 6, respectively. Interestingly, such corrections tend 
to bring the measured values of Dr into closer agreement. 

Table I. Initial and final moments of even orders and 
corresponding values of Dt computed through Eq. [9] 

Order n M,~(0) M,(t) Dt x 10 I~ cm 2 

2.14 x 10 's cm -2 2.14 x 10 '5 cm -~ 
1.25 x 105 cm o 2.48 x 105 cm ~ 2.87 
1.71 x 10 -.~ cm 2 8.49 x 10 -5 cm ~ 2.99 
1.08 x 10 -'4 cm 4 7.32 x 10 -'4 cm 4 3.69 
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possibility. For example, a dopant that precipitates i s de- 
scribed by an internal sink in the diffusion equation. 
Likewise, a surface sink characterizes a lossy surface. 

Consider then a mild generalization of our previous 
problem. The diffusion equation [1] is replaced by  

0C O2(7 
- D  -o-~ for x > 0 ,  t > 0  [11] 

bt "2 Ox 2 

and the boundary condition at the surface becomes 

OC 
D = ~  at x = 0  [12] 

Ox 

The other conditions [2] and [4] remain unchanged. Here, 
~v(X,t) and ~(t) represent volume and surface sinks, re- 
spectively. They are assumed to be known functions. De- 
fining moments  of the concentration C as in Eq. [6], and, 
similarly, moments  

f ~  
~,,(t ) = J o X;'O-~(x,t ) dx  [13] 

of the volume sink ~v, we perform the same steps that led 
to Eq. [8] 

Mo(t) = M0(0) - o-(t') dt' [14a] 

M~(t) = M~(0) + D C(0,t') dt' - ~( t ' )  dt' [14b] 

= M,(O) + n(n -1)D f~i M,_z(t')dr' M,,(t) 

- ~ ( t ' ) d t ' ,  n -> 2 [14c] 

For brevity, we have defined the total "surface- 
equivalent" sink 

~(t) = ~s(t) + Jo~v(x,~)' dx  = ~(t)  + ]zo(t) [I5] 

that Occurs in Eq. [14a] a~d in the subsequent  calcula- 
tions. I t  represen{s the degree tO which mass conserva- 
tion, due to diffusion alone, does no~ 5old. Nor~etheless, 
Eq. [14a] is still a s{atement of global mass Balance in' the 
Sense that the mass. at time t is s~rictly aee0u~ted for by 
the initial mass and {he total losses. Likewise; Eq. [I4b] 
and [14c] generalize the corresponding Eq. [8] when: sinks 
are present. It is now easy t:o' write polynomial ex:pres- 
sions analogous to [9]; For exam:pie, evaluating [14c] ~ for n 
= 2, we get 

M.~(t): = M._,(0) § ZMo(O) D~ 

L - [~(t ')  § 2D(~ t')'~(t')]dt' [I6] 

which is again a linear equation in D if all other terms are 
measurable. 

Summary 
We have developed a method of data analysis that is 

based on the computation of moments  of the concentra- 
tion distribution. We have shown that these quantities 
form the coefficients of polynomials in the fitting pa- 
rameter Dr. Since the moments  are easily evaluated nu- 
merically from experimental data, it follows that data 
fitting reduces to finding roots of polynomials. N o t  only 
is this procedure much simpler than the usual minimiza- 
tion schemes, but  also it must  be remembered that the es- 
timation of moments  introduces a measure of smoothing. 
Nowhere is it necessary to estimate slopes or functional 
values. One can therefore expect increased accuracy in 
the measurement of diffus!vities. It should also be appre- 
ciated that the initial profile can be arbitrary, a condition 
in line with most experimental situations. 

We have also demonstrated the method's applicability 
in the practical case of impurity redistribution in ion- 
implanted material, but  it can be  applied equally well to 
other physical cases that satisfy essentially the same 
boundary conditions. Although the method requires that 
the diffusivity be concentration independent  and that the 
boundary conditions be quite simple (given flux, i.e., a 
Neumann condition), one can anticipate its extension to 
more complex cases. 
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A B S T R A C T  

E t c h  ra tes  for GaAs,  t u n g s t e n ,  a n d  p h o t o r e s i s t  we re  c o m p a r e d  u s i n g  CF4, CF4 + N2, a n d  SF~ + N2 gases.  E t c h  ra te  
rat io  b e t w e e n  t h e  W a n d  p h o t o r e s i s t  c an  b e  i nc r ea sed  by  N2 gas  addi t ion ,  w i t h  a neg l ig ib ly  low GaAs  e tch  rate.  GaAs  sur- 
faces e x p o s e d  to CF4 + N2 or  SF~ + N2 p l a s m a s  were  cha rac t e r i zed  b y  m e a n s  of p h o t o l u m i n e s c e n c e  (PL), S c h o t t k y  con-  
tacts,  s e c o n d a r y  ion  m a s s  s p e c t r o s c o p y  (SIMS), a n d  A u g e r  e l ec t ron  s p e c t r o s c o p y  (AES). The  P L  i n t e n s i t y  measu re -  
m e n t s  a n d  S c h o t t k y  cha rac t e r i s t i c s  r evea l ed  t h a t  t he  d a m a g e  to t he  GaAs  su r f ace  was  s o m e w h a t  sma l l e r  t h a n  t h a t  
c a u s e d  b y  p u r e  CF4 gas. T he  A E S  a n d  S I M S  m e a s u r e m e n t s  s h o w e d  t h a t  t he  c h a n g e  in  Ga/As c o m p o s i t i o n  a f te r  reac t ive  
ion e t c h i n g  was  neg l ig ib ly  small .  Resu l t s  of  h e a t - t r e a t m e n t  are  also desc r ibed .  Cur ious  a n n e a l i n g  cha rac t e r i s t i c s  were  
o b s e r v e d  in t he  CF~ + N2, s u g g e s t i n g  the  ex i s t ence  of  GaN.  

As the  sizes of  h i g h  speed  e l ec t ron ic  devices  are  sca led  
d o w n  to t he  s u b m i c r o m e t e r  level,  d ry  p rocesses  s u c h  as 
r eac t ive  ion  e t c h i n g  (RIE) b e c o m e  essen t i a l  in  the  devel-  
o p m e n t  of mic rodev ices .  Th i s  is b e c a u s e  u n d e r c u t t i n g  oc- 
curs  in  f ab r i c a t i on  of  s u c h  devices  w h e n  c o n v e n t i o n a l  we t  
e t ch ing  is e m p l o y e d .  On the  o t h e r  h a n d ,  s ince  RIE  is a n  
an i so t rop i c  e t c h i n g  m e t h o d  due  to t h e  f o r m a t i o n  of vola- 
t i le c o m p o u n d s  b y  p l a s m a  spec ies  a n d  also due  to t he  ac- 
ce le ra ted  ion  b o m b a r d m e n t  in  t he  p l a s m a  shea th ,  h i g h  
grade photolithography without undercutting is obtained. 
The energetic ions, electrons, ultraviolet photons, and 
x-rays in the plasma, however, produce degradation in 
semiconductor surfaces exposed to it. 

Recently, Bozler et al. (i) and Asai et al. (2) developed a 
permeable base transistor (PBT), consisting of submi- 
crometer tungsten gratings embedded in a GaAs epitaxial 
layer. RIE is a suitable technique for patterning the sub- 
micrometer W grating on GaAs, because there is no 
undercutting. In this case, the plasma is required to etch 
only the W films and not the GaAs layer. Moreover, GaAs 
surface damage caused by exposure to the plasma must 
be minimized, because a second GaAs epitaxial layer is 
grown on the first epitaxial layer after the W photolithog- 
raphy and a damage-free process is needed for the W pho- 
tolithography to realize a high performance PBT. Al- 
though RIE has been extensively studied for application 
to GaAs etching, few reports on W dry etching, which 
meets these requirements, have been published (3-5). We 
have tried several mixtures of several gases to realize W 
etching without surface damage while maintaining the 
GaAs etching rate at a negligibly low level. Finally, fluo- 
ride gases mixed with nitrogen were found to be suitable 
for W film etching on GaAs, because the use of these 
gases resulted in a higher etching rate for the W film than 
for the photoresist (AZ-1350). Detailed results on the etch- 
ing rate and conditions with various kinds of gases will be 
published elsewhere (6). Here, only the etching rates with 
N2 gas mixtures will be mentioned briefly in the Etching 
Rate section. 

Surface degradation caused by exposure to CF4 + N~ or 
SF,~ + N2 plasma was characterized by means of carrier 
concentration, photoluminescence, and Schottky charac- 
teristics and was compared with that caused by exposure 
to pure CF4 plasma. Changes in surface composition and 
contamination on the plasma-exposed GaAs surfaces 
were analyzed by means of Auger electron spectroscopy 
(AES) and secondary ion mass spectroscopy (SIMS). The 
results of annealing experiments on the damaged samples 
are also described in this paper. 

Experimental Procedures 
The  W fi lms u s e d  we re  d e p o s i t e d  by  c o n v e n t i o n a l  R F  

d i o d e  s p u t t e r i n g  on  (100) G a A s  subs t r a t e s .  S i n c e  t he  e tch-  
ing  ra t e  for  t h e  W film d e p e n d s  on  t he  s p u t t e r i n g  pres-  
sure,  t he  p r e s s u r e  was  f ixed at 4 • 10 -~ torr,  w h e r e  the  

res i s t iv i ty  of t he  d e p o s i t e d  W film was  min ima l .  Detai ls  
on  t he  d e p o s i t i o n  c o n d i t i o n s  a n d  t he  p r o p e r t i e s  of  t he  W 
fi lms will b e  r e p o r t e d  e l s e w h e r e  (7). 

The  GaAs  c rys ta l s  u s e d  we re  su l fu r -doped  ep i t ax ia l  lay- 
ers  2.6 ~ m  t h i c k  g r o w n  b y  c o n v e n t i o n a l  v a p o r  p h a s e  
ep i t axy  on  (100) 2 ~ off  GaAs  s u b s t r a t e s  d o p e d  w i t h  sili- 
con. T h e i r  ca r r i e r  c o n c e n t r a t i o n s  we re  1 • 10 '7 a n d  a b o v e  
10 '8 cm -3 for  t he  ep i t ax ia l  layers  a n d  t he  subs t r a t e s ,  re- 
spect ively .  The  sur faces  of  t h e  ep i t ax ia l  layers  we re  ex- 
p o s e d  to CF4, CF4 + N~, a n d  SF~ + N2 p l a s m a s  for  15 ra in  
a n d  c h a r a c t e r i z e d  b y  va r ious  m e t h o d s .  S ince  300-2000h 
th i ck  W fi lms (usual ly  u s e d  for  t he  P B T )  d e p o s i t e d  on  
GaAs  were  e t c h e d  w i t h i n  10 m i n  u n d e r  t he  p r e s e n t  RIE  
cond i t ion ,  t h e  p l a s m a  e x p o s u r e  t i m e  of  15 ra in  was  
e n o u g h  to s t u d y  t he  GaAs  su r face  damages .  

The  RIE  a p p a r a t u s  u s e d  was  a c o m m e r c i a l l y  ava i l ab le  
para l le l -p la te  reac tor .  I t  cons i s t s  of a s t a in less  s teel  cham-  
be r  a n d  SiO2 e l ec t rodes  of  28 c m  diam.  The  c h a m b e r  can  
be  e v a c u a t e d  to less t h a n  1 • 10 -3 P a  w i t h  a n  oil d i f fus ion  
p u m p  h a v i n g  a l iqu id  N2 cold  t rap.  All  of  t he  RIE  exper i -  
m e n t s  in  t he  p r e s e n t  p a p e r  we re  d o n e  at  a n  R F  f r e q u e n c y  
of  13.56 MHz for  15 ra in  a n d  a n  i n p u t  p o w e r  of  50W 
(which  c o r r e s p o n d e d  in  our  s y s t e m  to a p o w e r  dens i t y  of  
0.081 W/cm% No s u b s t r a t e s  were  i n t e n t i o n a l l y  hea t ed ,  
a n d  t h e i r  t e m p e r a t u r e s  were  a p p a r e n t l y  nea r  r o o m  tem-  
p e r a t u r e  d u r i n g  t h e  p l a s m a  e tch ing .  Pu r i t i e s  of  CF4, SF~, 
a n d  N~ were  99.9999, 99.99, a n d  99.999%, respect ive ly .  The  
gas f low ra tes  of gases  were  con t ro l l ed  by  m a s s  f low 
mete rs .  

E t c h i n g  ra tes  for  W fi lms on  GaAs  were  m e a s u r e d  for  
t he  f i lms e t c h e d  t h r o u g h  100 • 200 t~m w i n d o w s  in t he  
AZ-1350 p h o t o r e s i s t  mask .  Af te r  r e m o v i n g  the  pho to re -  
sist, t h e  s tep  was  m e a s u r e d  w i t h  a Ta lys t ep  meter .  

The  ca r r i e r  c o n c e n t r a t i o n  prof i les  of p l a s m a - e x p o s e d  
GaAs  were  o b t a i n e d  f rom the  C-V charac te r i s t i cs .  The  
S c h o t t k y  d iodes  for  t h e  C-V m e a s u r e m e n t s  were  fabri-  
ca ted  by  e v a p o r a t i o n  of  A u  dots  wi th  an  area  of  1.26 x 
10 -~ cm -2, a n d  t h e  C-V m e a s u r e m e n t s  we re  d o n e  b y  u s i n g  
a c a p a c i t a n c e  m e t e r  at  I MHz. 

The  p h o t o l u m i n e s c e n c e  (PL) i n t e n s i t y  was  m e a s u r e d  at  
77 K b y  i l l u m i n a t i n g  t he  R I E - p r o c e s s e d  sur faces  w i t h  a 
He-Cd lase r  (4416~), a n d  was  d e t e c t e d  w i th  a coo led  S-1 
t ype  p h o t o m u l t i p l i e r .  The  p e n e t r a t i o n  d e p t h  at  t he  laser  
w a v e l e n g t h  of  4416~ is a b o u t  300A. 

S c h o t t k y  charac te r i s t i cs ,  s u c h  as b a r r i e r  he ight ,  idea l i ty  
factor ,  a n d  l eakage  cu r ren t ,  we re  e v a l u a t e d  for  d iodes  
w i t h  A u - S c h o t t k y  con t ac t s  v a c u u m  e v a p o r a t e d  on  t he  
p l a s m a - e x p o s e d  surfaces .  The  d i a m e t e r  of  t he  S c h o t t k y  
con t ac t  was  400 tLm. O h m i c  c o n t a c t s  of  a l loyed Au-Ge-Ni  
were  m a d e  b y  v a c u u m  e v a p o r a t i o n  a n d  a n n e a l i n g  at  
430~ for 150s in H~ gas flow. 

The  G ~ A s  c o m p o s i t i o n  ra t io  a n d  c o n t a m i n a t i o n  ele- 
m e n t s ,  (C, O, F, N) s u p p l i e d  f rom e t c h i n g  gases  a n d  air  
were  ana lyzed  w i t h  AES.  T h e  i n - d e p t h  profi le  was  mea-  
su red  by  s p u t t e r i n g  t he  GaAs  wi th  Ar  ~ ion  at  a n  e t ch ing  

2762 
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rate of about 5 A/min. The SIMS profiles of C, F, 0 and N 
atoms were measured by Cs 4 ion sputtering with the mod- 
ified CAMECA IMS-3F. 

Etching Rate 
When CF4 gas is employed in RIE, one may expect the 

etching rate for a W film will be large, while that for 
GaAs will be negligibly small, because of the volatility of A'~ 
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Fig. 1. Etch rate of tungsten, photoresist (AZ-1350), and GaAs as a 
function of pressure with (a,top) pure CF4, (b, middle) 90% CF4 + 
10% N~, and (c, bottom) 80% SFG + 20% N2. 

gallium fluoride (GaF3, bp > 950~ is lower than that of 
gallium chlorides (GaC13, bp = 201.3~ and because the 
volatility of  tungsten hexafluoride (WF0, bp = 17.5~ is 
higher than that of tungsten chlorides (WC]6, bp = 
346.7~ 

However, the GaAs etching rate in our experiments was 
rather high, as shown in Fig. la. Usually, CF4 gas mixed 
with O~ or Ar is used in RIE to change the etching charac- 
teristics. We studied these mixtures mainly with respect 
to the etching selectivity of the W film to the photoresist  
(AZ-1350). However, these trials resulted in an inadequate 
etching rate ratio between the W film and the 
photoresist. Next, CF4 and SF6 gases mixed with nitrogen 
were tried because no reports had been published on 
these mixtures for either W, GaAs, or photoresist etch- 
ings. 

The etch rates for the W film, photoresist (AZ-1350), 
and GaAs as a function of pressure are shown in Fig. la, 
Ib, and Ic for pure CF4, 90% CF4 + 10% N2, and 80% SF 6 + 
20% N2 gases, respectively. Total gas flow rate was fixed 
at 35 sccm for each case. Input power was 50W, and other 
etching conditions were identical to those described in 
the Experimental Procedures section. 

Etching rates for GaAs with CF4 + N2 and SF6 + N2 
were found to be negligibly low compared with those for 
pure CF4 and SF6. On the other hand, the etch rate for the 
W film was rather high when N2 was added to pure CF4 
and SFG. In CF4 + N2, the etching rates for the photoresist 
decreased with an increase in the pressure, while in SF~ + 
N2 the etching rates for the photoresist were independent 
of the pressure. The maximum etching rate ratios of the 
W film to the photoresist were 4 for CF4 + Nz and I0 for 
SF6 + N2. Therefore, the addition of N~ to CF4 and SF6 was 
concluded to be suitable for etching the W film under the 
gas mixtures examined, while maintaining a practical, 
useful high etching rate ratio of the W to the photoresist. 
Moreover, the GaAs etching rate was negligibly low un- 
der these conditions. 

More precise studies on the etching conditions and 
characteristics with various kinds of gases will be pub- 
lished elsewhere (6) as mentioned in the introductory sec- 
tion. 

surface degradation of the GaAs was evaluated in the 
CF4 + N2 and SF~ + N2 mixtures. Since the data for the SF6 
+ N2 were similar to those for the CF4 + N~, only the re- 
sults for the CF4 + N2 will be described in the following 
sections. 

Carrier Concentration Profiles 
Carrier concentration profiles calculated from the C-V 

characteristics for the GaAs epitaxial layers exposed to 
pure CF4 and 90% CF4 + 10% N2 plasmas are shown in Fig. 
2a and 2b, respectively. The pressure was 25 Pa, and the 
other RIE conditions were the same as those described in 
the Experimental  Procedures section. The GaAs surfaces 
were exposed to the plasmas for 15 rain. In CF4, the 
plasma-induced defects were large enough to diminish 
carriers near the surfaces. Similar carrier concentration 
reduction has been reported in RIE when 55% CF4 + 45% 
H.2 (8) or pure H~ (9) was used. On the other hand, no car- 
rier concentration reduction was observed for  the CF4 + 
N2, as shown in Fig. 2b. This implies that the surface dam- 
age due to CF4 + N~ was smaller than that due to pure 
C F  4. 

Since the plasma- or ion-bombardment-induced dam- 
age can be repaired by a conventional annealing process 
(8, 10, 11), annealing experiments were performed in the 
present study. Carrier concentration profiles for the 
GaAs epitaxial layers exposed to the pure CF4 or 90% CF4 
+ 10% N2 plasma are shown in Fig. 2a and 2b, respec- 
tively. The carrier concentration profiles for samples an- 
nealed in the 10% H~ + 90% Ar gas flow at 430~ are also 
shown in the figures. The Au-Schottky contacts were de- 
posited after the annealing, while the Au-Ge-Ni-altoyed 
ohmic contacts were made before the annealing. Surface 
deterioration due to exposure to the CF4 plasma was 
found to have been repaired by the heat-treatment, as 
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shown in Fig. 2a. On the other hand, in the CF4 + N~, the 
carrier concentration profile was not affected by 
annealing. 

Photoluminescence 
Since phototuminescence (PL) spectra and intensity are 

affected by defects, they are sometimes used to study sur- 
face damage induced by ion irradiation. The PL spectra 
were measured before and after R I E t o  evaluate the de- 
gree of surface deterioration. The PL intensity as a func- 
tion of wavelength at 77 K for as-grown GaAs and GaAs 
exposed to the CF4 + N~ or CF4 plasma are shown in Fig. 
3. The RIE conditions were identical to those in the car- 
rier concentration measurements.  Carrier concentration 
of the as-grown epitaxial layer was 1 • 10 ~7 cm -~, and its 
thickness was 2.6 t~m. 

When the surfaces were exposed to the plasmas, the PL 
intensity at an 820 nm peak was reduced by defects pro- 
duced which acted as nonradiative surface recombination 
centers. The use of  pure CF4 resulted in a drastic reduc- 
tion in the PL intensity compared with that of the CF4 + 
N2 mixtures, as shown in Fig. 3. This result agrees with 
the noticeable reduction (Fig. 2a) in the carrier concentra- 
tion of the GaAs layer exposed to the CF4 plasma. 

Annealing experiments  were carried out at 430~ in 10% 
H2 + 90% Ar gas flow for the damaged GaAs surfaces, and 
a recovery process by the capless heat-treatment was ob- 
served by means of  PL measurement.  The PL intensities 
as a function of annealing time at the 820 nm peak at 77 K 
are shown in Fig. 4. The samples measured were the 
GaAs epitaxial layer exposed to the C f  4 o r  CF4 + N2 
plasma, and as-grown GaAs. Data for SiO2 sputter- 
deposited GaAs is also shown in Fig. 4 for comparison. In 
this case, a SiO2 film with 700~ thickness was deposited 
by Ar sputtering for 15 rain at 6 • 10 -~ torr at an input 
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Fig. 3. PhotoJuminescence (PL) intensity for as-grown epitaxial 

GaAs and GaAs exposed to CF 4 or CF4 + N4, as a function of 
wavelength. 
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Fig. 4. PL intensity as a function of annealing time at 430~ for as- 
grown GaAs, GaAs exposed to CF 4 or CF4 + N2, and SiO2 sputter- 
deposited GaAs. 

power of 50W. This film deposited on the GaAs epilayer 
was then removed by wet etching with buffered HF solu- 
tion before the PL measurement.  

Interestingly, the values of PL intensity for the samples 
exposed to the pure CF4 plasma and then annealed in- 
creased until they were nearly double that for the as- 
grown crystal, even though the PL intensity decreased 
considerably immediately after exposure to the CF4 
plasma. On the other hand, the PL intensity for the CF4 + 
N~ was somewhat  larger than that for the CF4 before heat- 
treatment. In the CF4, the reason for the abrupt increase 
in the PL intensity due to the annealing is not clear at 
present. The As vacancies produced by the ion irradiation 
due to the CF4 plasma may be occupied by donor impuri- 
ties such as sulfur (dopant in the epitaxial layer) which 
migrated during the heat-treatment. This would cause the 
carrier concentration near the GaAs surface and the PL 
intensity to increase. I f  this is the case, the increase in car- 
rier concentration should occur only near the surface, 
since it cannot be detected by means of the carrier con- 
centration profile described in the previous section. 
However, this increase in the carrier concentration can be 
estimated from a value of capacitance at 0 bias voltage, as 
will be described in the Capacitance section. 

The surface deposited with the sputtered SiO2 film suf- 
fered the most serious damage, as shown in Fig. 4. This is 
because the GaAs surface was deteriorated seriously by 
Ar ion bombardment  rather than by ion radiation due to 
the CF4 plasma. This damage cannot be corrected by the 
present annealing process. 

Schot tky  Charac te r i s t i cs  
In order to characterize the damaged surfaces of GaAs 

epitaxial layers, Schottky diodes were fabricated by Au 
vacuum evaporation on the plasma-exposed surfaces. The 
GaAs surfaces were exposed to pure CF~, CF4 + N2, or SF~ 
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+ N~ p l a s m a  at  25 P a  at  50W for 15 rain.  B a r r i e r  h e i g h t s  
were  o b t a i n e d  f r o m  two d i f f e ren t  m e t h o d s  w h i c h  are  C-V 
a n d  f o r w a r d  I-V cha rac t e r i s t i c s  (12) a n d  were  c o m p a r e d .  
Idea l i ty  fac to rs  w e r e  also ca l cu l a t ed  f r o m  t he  f o r wa rd  I-V 
cha rac t e r i s t i c s  (12). Effec ts  of  t he  430~ h e a t - t r e a t m e n t  o n  
the  l e akage  c u r r e n t ,  ba r r i e r  he i gh t ,  a n d  idea l i ty  fac to r  
were  also e x a m i n e d .  I n  t h e s e  e x p e r i m e n t s ,  t he  Au  
S c h o t t k y  c o n t a c t s  of  400 ~ m  d i a m  were  e v a p o r a t e d  af ter  
the  annea l ing ,  wh i l e  Au-Ge-Ni  a l loyed o h m i c  c o n t a c t s  
were  f o r m e d  be fo re  t h e  p l a s m a  e x p o s u r e ,  as in  t h e  mea-  
s u r e m e n t s  of  t h e  car r ie r  c o n c e n t r a t i o n  profiles.  

Barrier height and ideality factor. Bar r i e r  h e i g h t s  a n d  
ideal i ty  fac tors  for CF4 a n d  CF4 + N~ are  s h o w n  in  Fig. 5a 
and  5b. respec t ive ly .  In  t h e  CF4, a la rge  d i f fe rence  in  bar -  
r ier  h e i g h t  b e t w e e n  t h e  C-V and  I-V cha rac t e r i s t i c s  was  
o b s e r v e d  before  t he  h e a t - t r e a t m e n t ,  as s h o w n  in Fig. 5a. 
Th i s  is b e c a u s e  a t h i n  i n s u l a t o r  layer  or a t h i n  layer  w i th  
low car r ie r  c o n c e n t r a t i o n  was  f o r m e d  as a r e su l t  of  the  
CF4 p l a s m a  e x p o s u r e ,  as d e d u c e d  f rom t he  ca r rmr  concen -  
t r a t i on  prof i le  s h o w n  in  Fig. 2a. T h e  b a r r i e r  h e i g h t s  mea-  
s u r e d  f rom the  I-V cha rac t e r i s t i c s  p r o v i d e d  m o r e  reasona-  
b le  va lues  t h a n  t h o s e  o b t a i n e d  f r o m  C-V m e a s u r e m e n t s .  
I t  was  f o u n d  t h a t  t he  sho r t  a n n e a l i n g  p e r i o d  was  
suff ic ient  to co r r ec t  the  GaAs  sur face  de t e r io ra t ion  
c a u s e d  b y  t he  CF~ p lasma .  

In  CF~ * N~, i t  is i n t e r e s t i n g  to no te  t h a t  the  d i f fe rence  
in  ba r r i e r  h e i g h t s  o b t a i n e d  f rom t he  two m e t h o d s  in- 
c r e a s e d  w i t h  a n  i nc r ea se  in  t h e  a n n e a l i n g  t ime.  Th i s  sug-  
ges ts  t h a t  a h i g h e r  res is t ive  layer  was  f o r m e d  d u r i n g  t he  
h e a t - t r e a t m e n t .  S u c h  a layer ,  howeve r ,  c a n n o t  b e  d e t e c t e d  
in t h e  ca r r i e r  c o n c e n t r a t i o n  profi le  s h o w n  in  Fig. 2b. 
p r o b a b l y  b e c a u s e  t h e  layer  was  too  t h i n . ( <  0.1 ~ m  thick) .  
In  t he  p r e s e n t  e x p e r i m e n t ,  t h e  ba r r i e r  h e i g h t s  ca lcu la ted  
f rom the  fo rward  I-V cha rac t e r i s t i c s  gave a r a t h e r  exac t  
va lue .  

Idea l i ty  fac to rs  n for  t he  A u - G a A s  S c h o t t k y  c o n t a c t s  
be fo re  a n d  a f te r  the  p r e s e n t  R I E  p r o c e s s  were  near ly  
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tics, and ideafity factor n as a function of annealing time at 430~ for 
samples etched with (a, top) CF 4 and (b, bottom) CF 4 + N~. 

ident ica l ,  as s h o w n  in Fig. 5a a n d  5b. Th i s  was  in  c o n t r a s t  
to t he  r e su l t s  in  p r e v i o u s  r e p o r t s  w h e r e  t h e  n fac to r  in- 
c r ea sed  f rom 1.09 to 1.32 af te r  700~ G a A s  e t c h i n g  for  15 
m i n  w i t h  55% CF4 + 45% H2 (8), or  f r o m  1.1 to 1.2-1.5 af te r  
GaAs  RIE  for  1 m i n  w i t h  p u r e  CF4 (13). Th i s  is also d u e  to 
t he  lower  i n p u t  p o w e r  d e n s i t y  in  t he  p r e s e n t  e x p e r i m e n t .  

Capacitance. C a p a c i t a n c e s  of  t he  S c h o t t k y  d iodes  at  0 
V b ias  for t h e  CF4 a n d  CF4 + N2 are  s h o w n  as a f u n c t i o n  of  
a n n e a l i n g  t i m e  in  Fig. 6. C a p a c i t a n c e s  for  t he  a s -g rown  
ep i t ax ia l  layers  are  also s h o w n  for c o m p a r i s o n .  

Va lues  of  c a p a c i t a n c e s  for  CF4 s h o w e d  a r e d u c t i o n  in  
car r ie r  c o n c e n t r a t i o n  due  to damage ,  as s h o w n  in  Fig. 6. 
Af ter  a n n e a l i n g ,  t h e  c a p a c i t a n c e  for  t h e  p u r e  CE4 in-  
c r eased  f rom 89 to 140 pF.  T h e  va lue  of  140 p F  corre-  
s p o n d e d  to a n  ave rage  ca r r i e r  dens i t y  of  1.2 • 10 ~ c m  -3 
a n d  was  h i g h e r  t h a n  t h a t  for  t h e  a s -g rown  ep i t ax ia l  l ayer  
(129 pF). However ,  t he  i nc r ea se  in ca r r i e r  c o n c e n t r a t i o n  
by  a n n e a l i n g  o c c u r r e d  on ly  n e a r  t he  sur face  a n d  cou ld  
no t  b e  d e t e c t e d  w i t h  the  ca r r ie r  c o n c e n t r a t i o n  profiles.  
On t h e  o t h e r  h a n d ,  t he  c a p a c i t a n c e  for  t he  CF4 ~- N2 af te r  
a n n e a l i n g  was  120 pF,  w h i c h  c o r r e s p o n d e d  to a ca r rmr  
c o n c e n t r a t i o n  of  8.8 • 10 ~~ c m  -~ w h e n  u n i f o r m  ca r r i e r  dis- 
t r i b u t i o n  was  a s s u m e d .  

In  t he  CF4, t h e  ca r r ie r  c o n c e n t r a t i o n  va r i a t i on  i n d u c e d  
b y  t he  h e a t - t r e a t m e n t  was  m qua l i t a t i ve  a g r e e m e n t  w i t h  
t he  v a r i a t i o n  in  P L  i n t e n s i t y  s h o w n  in  Fig. 4. However ,  
th i s  was  no t  t he  case  for  CF4 + N~. 

Leakage current.--Leakage c u r r e n t s  ( b a c k w a r d  I-V 
cha rac t e r i s t i c s  of  t he  A u - S c h o t t k y  d iodes)  we re  m e a s u r e d  
for  va r ious  k i n d s  of  S c h o t t k y  d iodes .  S i n c e  r e su l t s  for  CF4 
+ N2 were  s imi la r  to t h o s e  for  p u r e  CF4, on ly  e x p e r i m e n t s  
w i th  CF4 wil l  be  m e n t i o n e d  in th i s  sec t ion .  L e a k a g e  cur-  
r en t s  for as -grown,  a s -p l a sma-exposed ,  a n d  a n n e a l e d  (in 
10% H2 + 90% He  gas  for  2 min )  G a A s  ep i t ax ia l  layers  a re  
s h o w n  as a f u n c t i o n  of t he  r eve r se  b ias  vo l t age  in Fig. 7. 
A l t h o u g h  r e d u c t i o n  of  t he  ca r r i e r  c o n c e n t r a t i o n  due  to 
sur face  d a m a g e  was  o b s e r v e d  as s h o w n  in  Fig. 2a, l e akage  
c u r r e n t  d id  no t  i nc r ea se  af te r  p l a s m a  e x p o s u r e  a n d  was  
c o m p a r a b l e  to t h a t  for  t he  a s -g rown  ep i t ax ia l  layer.  

Sur face  C o n t a m i n a t i o n  and  C o m p o s i t i o n  

Sur face  c o n t a m i n a t i o n  a n d  c h a n g e s  in  sur face  compos i -  
t ion  (Ga/As rat io)  c a u s e d  by  RIE  were  analyzed.  Con tami -  
na t ion  e l e m e n t s  s u c h  as C, F, N, a n d  O w h i c h  were  sup-  
pl ied f rom t h e  CF4, CF4 - N..,, a n d  air  were  d e t e c t e d  
ma in ly  w i t h  SIMS.  Su r face  c o m p o s i t i o n  (= Ga/As) was  
m e a s u r e d  w i t h  AES.  The  r e su l t s  are  d e s c r i b e d  be low.  

Surface contamination. S i n c e  it has  b e e n  r e p o r t e d  
t ha t  Si su r f aces  e t c h e d  w i t h  R I E  u s i n g  CF4 were  con t ami -  
n a t e d  by  t he  c o m p o s i t i o n  e l e m e n t s  s u c h  as C a n d  F con-  
t a ined  in t he  e t c h i n g  gases  (14, 15). G a A s  sur faces  ex- 
posed  to CF4 a n d  CF4 7- N2 p l a s m a  were  ana lyzed  w i t h  
r e s p e c t  to C, F. N. a n d  O in  t he  p r e s e n t  e x p e r i m e n t .  In- 
d e p t h  prof i les  of  'PF- for  su r faces  e x p o s e d  ~o CF~ p l a s m a  
at 50W a n d  25 P a  for  15 m i n  are  s h o w n  in Fig. 8. Da ta  for  
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samples  annea led  in 10% H2 + 90% Ar at 430~ for 2 rain 
with and wi thou t  RIE  are also shown  for compar ison.  F 
con tamina t ion  was  observed  after RIE.  However ,  the  F on 
the  surface  can be easily r e m o v e d  by a s imple  heat- 
t rea tment ,  as shown in Fig. 8. No C or O con tamina t ion  
was de tec ted  on the  GaAs surface  after RIE in e i ther  the  
CF~ or CF4 + N2 gases. 

Changes in composition.--Surface compos i t ion  change  
(Ga/As ratio) due  to the p lasma exposure  was analyzed 
with AES.  We measu red  several  k inds  of GaAs samples:  
the  epi taxia l  layer exposed  to the  CF4 or CF4 + N~ plasma,  
the  layers exposed  to these  gases and then  annea led  in 
10% H2 + 90% Ar at 430~ for 3 min,  and the  as-grown 
epi taxia l  layer. In -dep th  profiles of  Ga, As, C, and O for 
the  as-grown and CF4 p lasma-exposed  samples  are shown 
in Fig. 9a and 9b as examples .  D a t a  for o ther  samples,  
such as the annea led  one, were  s imilar  to those  shown  in 
Fig. 9a and 9b. Ne i ther  A E S  nor  S IMS revea led  any C or 
O con tamina t ion  due  to RIE,  a l though  C and O signals 
due to GaAs surface  ox ida t ion  and air exposure  were  al- 
ways  observed,  as shown in Fig. 9a and 9b. I t  has been  re- 
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por ted  that  GaAs surfaces b e c o m e  As or  Ga r ich as a re- 
sult  of  RIE  with  CF4 or CC14, respec t ive ly  (16). However ,  
in the  present  s tudy,  no changes  in the  Ga/As ratio were  
observed  in any of  the  samples  examined .  This  is proba-  
bly due  to the  inpu t  power  dens i ty  of  0.081 W/cm 2, wh ich  
is lower  than  that  for GaAs e tch ing  by about  one order. 

Discussion 
In  order  to e tch  W films whi le  keep ing  the GaAs etch- 

ing rate negl ig ib ly  low and to ach ieve  pract ical  e tch ing  se- 
lect ivi ty of  the  W film to the  photores is t  (AZ-1350), the  
addi t ion  of  n i t rogen  gas to CF4 or SF6 was found to be es- 
sential  in the  p resen t  exper iment .  The P L  measurement s ,  
further,  r evea led  that  GaAs surface damage  caused by ex- 
posure  to CF4 + N2 or SF~ + N2 p lasma  was somewha t  less 
than  that  caused  by exposure  to CF4 plasma.  

Interes t ingly,  these  resul ts  sugges ted  that  GaAs surface 
t r ea tment  wi th  n i t rogen  p lasma should  reduce  the surface 
damage.  S imi la r  results  have  been  repor t ed  by P a n k o v e  
et al. (17) and Matsumoto  (18). They  conc luded  that  GaN 
(which has a wide r  bandgap  than  GaAs) format ion  due  to 
the N p lasma d imin ishes  the  surface r ecombina t ion  ve- 
locity for pho togene ra t ed  carriers and that  the PL  inten- 
sity does not  decrease  much .  Accordingly ,  the process  of  
immers ing  the  GaAs into n i t rogen  p lasma is a useful  
me thod  for surface  passivation.  In their  studies,  H~ 
p lasma was used  to s imul taneous ly  r e m o v e  As f rom the  
GaAs surface as AsH3 and to p roduce  an As vacancy  in 
parts occup ied  by a N atom. Ni t rogen  was de tec ted  on the  
GaAs surface  wi th  A E S  in thei r  exper iments .  On the  
o ther  hand,  no GaN was de tec ted  on the  GaAs surface 
with  e i ther  S IMS or A E S  in the  p resen t  exper iment .  How- 
ever, it was obse rved  that  the  addi t ion  of  N~ gas to pure  
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CF4 or SF6 had a noticeable effect on surface damage, as 
shown in Fig. 2a and 2b and also in Fig. 3. It has been re- 
ported that the As was removed preferentially from the 
surface rather than the Ga when CF4 was used as the etch- 
ing gas in RIE (16). Therefore, the GaN formed by re- 
placement of As with N probably prevents the increase in 
surface recombination velocity, though no Ga-rich layer 
could be detected in the present exper iment  (Fig. 9b) ow- 
ing to the lower input power density and the excessive 
thinness of the layer. 

It is interesting to note that, after annealing, the PL in- 
tensity for the GaAs exposed to the CF4 plasma became 
about twice as large as that for the as-grow n or annealed 
GaAs which was not exposed to the plasma, as shown in 
Fig. 4. This is probably because vacancies (probably As 
vacancies) produced by the ion bombardment  were 
occupied partly by the S donor near the surface through 
the annealing, causing the PL intensity to increase as a re- 
sult of the increase in carrier concentration. This increase 
in carrier concentration for the CF4 was estimated from 
the somewhat  larger capacitance than that of the as- 
grown GaAs epitaxial layer with 1 • 1017 cm -3 carrier con- 
centration, as shown ir~ Fig. 6. On the other hand, the ca- 
pacitance for CF4 + N2 was slightly smaller than that of 
the as-grown crystal after annealing. This is probably be- 
cause the As vacancies produced by the plasma were par- 
tially occupied by N rather than S and a surface layer 
with lower carrier concentration was formed. 

From the results for CF4 shown in Fig. 2a and 5b, the 
abnormally large barrier height value obtained from the 
C-V characteristics is concluded to be due to the forma- 
tion of an insulator layer or a highly resistive layer be- 
tween the Au-Schottky contact and the undamaged 
GaAs. In contrast, for CF4 + N~, the difference of the bar- 
rier height calculated from the C-V and I-V characteristics 
increased with an increase in annealing time, as shown in 
Fig. 5b. This suggests the existence of an insulating or 
highly resistive layer, or GaN after annealing. The exist- 
ence of such layers can be estimated from the value of ca- 
pacitance at 0 bias voltage shown in Fig. 6, although it 
cannot be detected with the carrier concentration profile, 
SIMS, or AES. 

These results indicated that a W film deposited on the 
GaAs can be successfully etched in CF4 + N~ or SF6 + N~ 
with a negligibly small GaAs etching rate, minimizing the 
surface damage caused by exposure to the plasma. 

Conclusion 
A tungsten film was successfully etched on a GaAs 

substrate in CF4 + N~ or SF~ + N~ mixtures, with a negligi- 
bly low GaAs etching rate. PL intensity measurements  re- 
vealed that surface damage caused by exposure to the 
plasma was considerably less than that caused by e x p o -  
sure to pure CF4 gas. This is probably due to the forma- 
tion of GaN on the GaAs surface and resultant suppres- 
sion of surface recombination velocity. Schottky 
characteristics such as barrier height, ideality factor, and 
leakage current did not deteriorate much as a result of the 
low power density employed in the present study. 

The GaAs surface was contaminated by F from the CF4 
compound. However, it was found that this F could be 
easily removed from the surface by annealing at 430~ 
The levels of C and O contamination due to RIE were 
comparable to those for as-grown crystals.Uhanges in the 
Ga/As composit ion ratio after RIE could not be detected 
with AES or SIMS as a result of the low power density 
employed and thinness of the damaged layer. 

The addition of N~ to CF~ or SF6 gas was revealed to be 
essential in the W photoli thography necessary for the fab- 
rication of microdevices such as PBT's.  
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A B S T R A C T  

C a d m i u m  te l lu r ide  is e l e c t r o d e p o s i t e d  o n  a t i tani t~m c a t h o d e  in  a n e w  p r o c e s s  t h a t  e m p l o y s  t r i - n - b u t y l p h o s p h i n e  tel- 
lu r ide  a n d  c a d m i u m  ion  d i s so lved  in  p r o p y l e n e  c a r b o n a t e  at  a b o u t  100~ S m o o t h  g ray  fi lms h a v e  b e e n  o b t a i n e d  w i t h  
t h i c k n e s s e s  u p  to 5.4 ~m.  T h e  Te/Cd a tomic  ra t io  d e p e n d s  o n  app l i ed  p o t e n t i a l  a n d  so lu t ion  c o m p o s i t i o n  w i t h  va lues  
r a n g i n g  b e t w e e n  0.63 a n d  1.1. X-ray  da ta  i nd i ca t e  t h a t  the  a s -depos i t ed  fi lm is a m o r p h o u s  b u t  b e c o m e s  po lycrys ta l l ine  
(cubic)  u p o n  a n n e a l i n g  at  400~ T he  a s -depos i t ed  fi lm can  b e  d e p o s i t e d  as e i t he r  p or  n type,  a n d  h e a t - t r e a t m e n t  con- 
ve r t s  p to n. In  p h o t o e l e c t r o c h e m i c a l  cells, p h o t o c u r r e n t s  u p  to 4.2 m A / c m  ~ h a v e  b e e n  o b t a i n e d  for p - type  at  -1200  m V  
vs. Ag/AgC1. 

C a d m i u m  te l lu r ide  is a s e m i c o n d u c t o r  t h a t  h a s  b e e n  
c o n s i d e r e d  as a c a n d i d a t e  for solar  e n e r g y  c o n v e r s i o n  be- 
cause  i t  has  a su i t ab l e  b a n d g a p .  S t ud i e s  us ing  s ingle-  
c rys ta l  C d T e  ind ica t e  t h a t  so lar  c o n v e r s i o n  eff ic iencies  
nea r  10% are  poss ib le  (1). P r e p a r a t i o n  of  t h in  f i lm semi-  
c o n d u c t o r s  b y  e l e c t r o d e p o s i t i o n  could  p rov ide  a subs t an -  
tial cos t  r e d u c t i o n  in the  m a n u f a c t u r e  of  solar  cells  i f  they  
can  rep lace  t he  s ing le-crys ta l  mater ia l .  A n u m b e r  of  work-  
ers  h a v e  s tud ied  t he  e l e c t r o d e p o s i t i o n  of  t h i n  fi lm C d T e  
us ing  t e l l u r i u m  d i ox i de  as t he  t e l l u r i u m  source  (2). I t  h a s  
b e e n  f o u n d  t h a t  t he  film can be  o b t a i n e d  f rom th i s  pro- 
cess  as  e i t h e r  n- or  p-type,  d e p e n d i n g  o n  t h e  p o t e n t i a l  ap- 
pl ied (2a). I n  a m o r e  r e c e n t  paper ,  t e l l u r ocyan i de  ha s  b e e n  
exp lo red  as a sou rce  of t e l l u r i u m  for  e l e c t r o d e p o s i t i o n  of  
the  f i lm (3). P o s s i b l e  a d v a n t a g e s  are  t h a t  th i s  t e l l u r ium 
source ,  b e i n g  in a lower  va lency ,  is less l ikely t h a n  tel lu- 
r i u m  d i o x i d e  to oxidize  t he  t e l lu r ide  ion  t h a t  is p r o d u c e d  
e l e c t r o c h e m i c a l l y  b e c a u s e  the  f ree  e n e r g y  d i f fe rence  be- 
tween  ox id i zed  a n d  r e d u c e d  spec ies  is d i m i n i s hed .  Also, 
th i s  sou rce  is m o r e  so lub le  t h a n  t e l l u r i u m  d i ox i de  (3). 

We h a v e  b e e n  exp lo r ing  the  use  of  o the r  t e l l u r i u m  com- 
p o u n d s  as p o s s i b l e  t e l l u r i u m  s o u r c e s  for  t he  e l ec t rodepo-  
s i t ion of  t h i n  film CdTe. In pa r t i cu la r ,  we  w a n t e d  t he  tel- 
l u r i u m  in a low va lency ,  a n d  we  w a n t e d  t he  c o m p o u n d  to 
be so lub le  in o rgan ic  so lvents .  For  t h e s e  reasons ,  we h a v e  
c h o s e n  t r ia lkyl-  or  t r i a r y l p h o s p h i n e  te l lur ides .  In  th i s  pa- 
per, we  r e p o r t  t he  ca thod ic  e l e c t r o d e p o s i t i o n  of  t h i n  f i lm 
C d T e  u s i n g  t r i ( n - b u t y l ) p h o s p h i n e  t e l lu r ide  in p r o p y l e n e  
ca rbona te .  We h a v e  s t ud i ed  t h e  d e p o s i t i o n  u n d e r  va r ious  
c o n d i t i o n s  of  t e m p e r a t u r e ,  po ten t ia l ,  a n d  so lu t ion  c o m p o -  
si t ion.  At  a g i v e n  t e m p e r a t u r e ,  t he  Cd- to-Te rat io in  the  
film d e p e n d s  on  t he  app l i ed  potent ia l .  Da ta  f rom x-ray  
di f f rac t ion i n d i c a t e  t h a t  the  a s -depos i t ed  film is 
a m o r p h o u s .  However ,  i t  b e c o m e s  po lyc rys t a l l ine  (cubic)  
w h e n  a n n e a l e d  at  400~ in Ar. H i g h  t e m p e r a t u r e  annea l -  
ing also c o n v e r t s  p- to n-type.  

Experimental 
Materials. T r i ( n - b u t y l ) p h o s p h i n e  t e l lu r ide  was pre-  

pa red  a c c o r d i n g  to t he  p r o c e d u r e  d e s c r i b e d  ear l ier  (4). 
P r o p y l e n e  c a r b o n a t e  w as  d i s t i l l ed  f r o m  c a l c i u m  o x i d e  un-  
de r  v a c u u m .  L i t h i u m  pe rch lo ra t e ,  c a d m i u m  pe rch lo ra t e ,  
a n d  t r i f l u o r o m e t h a n e  su l fon ic  ac id  were  o b t a i n e d  f rom 
c o m m e r c i a l  suppl ie r s .  S o d i u m  t r i f l u o r o m e t h a n e  sulfo- 
ha te  a n d  c a d m i u m  t r i f l u o r o m e t h a n e  su l fona te  we re  pre-  
p a r e d  f rom t h e  ac id  a n d  t he  c o r r e s p o n d i n g  base.  The  sal ts  
were  v a c u u m  d r i ed  at  100~ pr io r  to use.  

Substrate. T i t a n i u m  s u b s t r a t e s  we re  a b r a d e d  w i t h  no. 
400 e m e r y  paper ,  son i ca t ed  in w a r m  Decon ,  a n d  r i n s e d  in 
d is t i l led  water .  P r i o r  to e l ec t rodepos i t i on ,  t he  s u b s t r a t e  
was  e t c h e d  in 5% hydrof luor i c  acid a n d  son ica ted  in dis- 
t i l led water .  

Electrodeposition.A cell in  w h i c h  t he  a n o d e  a n d  cath-  
ode  c o m p a r t m e n t s  were  s e p a r a t e d  b y  a glass  fri t  was  em- 
p loyed  to avo id  c o n t a m i n a n t s  f rom t he  anod ic  process .  A 
P t  a n o d e  was  used.  T he  so lu t ion  was  k e p t  u n d e r  a n i t ro-  
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gen  a t m o s p h e r e  d u r i n g  e l ec t rodepos i t i on .  Var ious  t em-  
p e r a t u r e s  r a n g i n g  f rom 50 ~ to 120~ were  used.  Depos i -  
t i ons  w e r e  p e r f o r m e d  ga lvanos t a t i ca l ly  a n d  po ten t ios t a -  
t ical ly  u s i n g  a P A R  173 po t en t io s t a t / ga lvanos t a t .  A 
s i lver /s i lver  ch lo r ide  r e f e r ence  e l ec t rode  was  e m p l o y e d  
for t he  c o n s t a n t  po t en t i a l  depos i t ion .  The  so lu t ions  con-  
t a i n e d  2-10 m M  c a d m i u m  p e r c h l o r a t e  or t r i f luoro-  
m e t h a n e  su l fona te ,  120 m M  l i t h i u m  p e r c h l o r a t e  or  s o d i u m  
t r i f l u o r o m e t h a n e  su l fona te ,  a n d  7-26 m M  p h o s p h i n e  tel- 
lur ide .  C u r r e n t  d e n s i t y  r a n g e d  f rom 0.1 to 0.5 m A ] c m  2 for  
c o n s t a n t  c u r r e n t  depos i t ion ,  a n d  p o t e n t i a l  r a n g e d  f rom 
- 6 5 0  to - 1 6 0 0  mV(Ag/AgC])  for  c o n s t a n t  po t en t i a l  
depos i t ion .  

Chopped light.--In m o s t  cases,  t he  ma jo r i t y  ca r r i e r  was  
d e t e r m i n e d  in  a p h o t o e l e c t r o c h e m i c a l  cell (PEC) con-  
s i s t ing  of  t h e  pho toe l ec t rode ,  an  Ag/AgC1 r e f e r ence  elec- 
t rode ,  a n d  a P t  c o u n t e r e l e c t r o d e  i m m e r s e d  in  the  depos i -  
t i on  solut ion.  D a r k  a n d  l igh t  i n d u c e d  c u r r e n t  as a 
f u n c t i o n  of  app l i ed  p o t e n t i a l  was  m e a s u r e d  u s i n g  
c h o p p e d  i l l u m i n a t i o n  f rom an  E L H  lamp.  C u r r e n t  a n d  po- 
t en t i a l  w e r e  m e a s u r e d  u s i n g  t h e  P A R  173 po ten t ios ta t /ga l -  
vanos ta t .  In  s o m e  cases,  t he  ma jo r i t y  ca r r i e r  of  t h e  f i lm 
was  d e t e r m i n e d  u s i n g  a P E C  t h a t  c o n s i s t e d  of  t h e  t h i n  
fi lm p h o t o e l e c t r o d e  and  a c u p r o u s  su l f ide-on-brass  
c o u n t e r e l e c t r o d e  (5) i m m e r s e d  in a su l f ide /polysu l f ide  
so lu t ion  (3.0M s o d i u m  sulfide,  1.3M sulfur ,  a n d  0.8M 
NaOH in water) .  

X-ray diffraction.~Data were  o b t a i n e d  u s i n g  a R i g a k u  
x-ray d i f f rac t ion  s y s t e m  (a Ge ige r f l ex  D/Max M o d e l  tA)  
o p e r a t i n g  w i th  c o p p e r  rad ia t ion .  Da t a  we re  co l l ec ted  for  
20 f rom 20 ~ to 80 ~ w i t h  a c o u n t i n g  ra te  of  1000 counts .  

Composition of films.--Polarographic ana lys i s  was  
u s e d  to d e t e r m i n e  t he  a b s o l u t e  a m o u n t s  of  c a d m i u m  a n d  
t e l l u r i u m  in t he  film. For  th i s  pu rpose ,  t h e  film was  dis- 
so lved  in c o n c e n t r a t e d  n i t r ic  ac id  at  25~ We Could f ind  
no  p o l a r o g r a p h i c  e v i d e n c e  t h a t  t he  t i t a n i u m  s u b s t r a t e  
was  d i s so lved  u s i n g  th i s  p r o c e d u r e  (6). We i n v e s t i g a t e d  
two a p p r o a c h e s  for  t he  p o l a r o g r a p h i c  analysis .  The  first, 
w h i c h  w e  s u b s e q u e n t l y  d i sca rded ,  i n v o l v e d  s e p a r a t i o n  of  
c a d m i u m  a n d  t e l l u r i u m  b y  base  p r e c i p i t a t i o n  of  c a d m i u m  
h y d r o x i d e  fo l lowed  by  sepa ra t e  ana lys i s  of t h e  two ele- 
m e n t s  in  acid so lu t ions .  We f o u n d  t he  s e p a r a t i o n  c u m b e r -  
some,  a n d  we f o u n d  t h a t  ana lys i s  of  Te(IV) in  0.01M ni t r ic  
acid (7) was  no t  suf f ic ien t ly  accu ra t e  b e c a u s e  the  Te(IV) 
wave  at  - 1 . 2 5 V  was  d i s t o r t ed  due  to h y d r o g e n  evo lu t ion .  

A m o r e  c o n v e n i e n t  m e t h o d ,  w h i c h  a l lowed  ana lys i s  for  
b o t h  Cd(II) a n d  Te(IV) in t he  s a m e  so lu t ion ,  i n v o l v e d  the  
use  of  a n  a m m o n i a  so lu t ion  at  p H  10 (6). Af ter  d i s so lu t i on  
in  n i t r i c  acid,  t he  so lu t ion  was  d i l u t ed  w i t h  1M su l fu r ic  
acid a n d  t h e  exces s  HNO3 was  evapora t ed .  The  concen-  
t r a t e d  so lu t i on  was  d i lu t ed  w i t h  d e i o n i z e d  w a t e r  a n d  am-  
m o n i a  was  u s e d  to a d j u s t  t he  p H  a n d  p r e v e n t  t he  prec ip i -  
t a t i on  of c a d m i u m  hydrox ide .  U n d e r  t he se  cond i t i ons ,  
t he  Cd(II) a n d  Te(IV) waves  are wel l  separa ted ,  -0 .61 and  
- 0 . 8 0 V  vs. Ag/AgC1, r e spec t ive ly  (Fig. 1). A t  concen t r a -  
t ions  b e t w e e n  5 • 10 -4 and  5 • 10-SM, t he  Te(IV) w a v e  
r e p r e s e n t s  a four -e lec t ron  r educ t ion ,  a n d  the  t e l l u r i u m  
c o n c e n t r a t i o n  can  b e  d e t e r m i n e d  w i t h o u t  u s i n g  e i t he r  the  

2768 
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Fig. 1. Polarographic waves due to Cd(ll) and Te(IV) with E1~2 at 
- 6 1 0  and - 8 0 0  mV vs. Ag/AgCI, respectively. The solution con- 
tained 1 • 10-4M Cd(ll), 1 • 10-4M Te(IV), and 0.1M ammonium 
sulfate. Obtained for a drop time of 2s. 

Table I. Effect of applied potential on composition 
and photoresponse of CdTe films 

Deposition Photo- 
Potential ~ Composition b Conduc- temperature current d 

(mV) (Te/Cd) tivity c ( ~  (mA/cm'9 

-650 0.68 p 95 
-700 0.63 p 95 
-800 0.70 • 0.05 p 95 0.13 
-1000 0.80 • 0.07 p 100, 95 0.40 
-1100 0.8 +- 0.1 p 100, 95 0.63 
-1200 0.95 • 0.05 p 1OO, 95 - -  
-1300 1.05 • 0.05 p 100, 95 
-1400 1.08 • 0.08 p 100, 95, 50 0.80 e 
-1500 1.1 p 100, 95, 50 
- 1600 0.9 p 100 
f n 95 

vs. Ag/AgC1. 
b By polarography. 

Determined by chopped light using the deposition solution in 
PEC. 

d Determined at -800 mV vs. Ag/AgC1. 
e Determined at 95~ 

Constant current deposition at 0.50 mA. 

s t a n d a r d  a d d i t i o n  t e c h n i q u e  or s t a n d a r d  curves .  Accord-  
ing ly  Te(iV) a p p e a r s  to be  r e d u c e d  to e l e m e n t a l  tellu- 
r ium.  

Results and Discussion 
Cyclic  v o l t a m m e t r y  for a so lu t i on  c o n t a i n i n g  Cd(II) 

alone,  p h o s p h i n e  t e l lu r ide  a lone,  a n d  Cd(II) p lus  phos -  
p h i n e  t e l lu r ide  is p r e s e n t e d  in Fig. 2 for  a t i t a n i u m  work-  
ing  e lec t rode .  T h e  Cd(II) wave  occu r s  at  a m o r e  nega t i ve  
po t en t i a l  t h a n  t he  one  for  p h 0 s p h i n e  te l lur ide .  I n  t he  mix-  
ture ,  t h e  ca thod i c  c u r r e n t s  are  larger ,  a n d  t h e  p h o s p h i n e  
t e l lu r ide  wave  is sh i f t ed  s l ight ly  in  t h e  pos i t ive  d i rec t ion .  
I t  w o u l d  a p p e a r  t h a t  p h o s p h i n e  t e l lu r ide  i n t e r ac t s  w e a k l y  
w i t h  Cd(II). 

The  c o m p o s i t i o n  of t h e  e l e c t r odepos i t ed  f i lm was  de- 
t e r m i n e d  b y  po l a rog raphy .  To t e s t  t he  a c c u r a c y  of  the  
ana lys is ,  t h e  p r o c e d u r e  was  app l i ed  to a n  a u t h e n t i c  
s a m p l e  of  99.99% CdTe.  Th i s  ana lys i s  gave  a Te/Cd ra t io  
of  1.00 -+ 0.01 (Fig. 1) (6). 

The  Cathodic  d e p o s i t i o n  of  t h i n  fi lm C d T e  on  t i t a n i u m  
was  ca r r i ed  ou t  b o t h  po t en t i o s t a t i c a l l y  a n d  ga lvanos ta t i -  
cally, a n d  t he  c o m p o s i t i o n  a n d  p h o t o r e s p o n s e  we re  moni -  
tored.  Fo r  p o t e n t i o s t a t i c  d e p o s i t i o n  a t  t e m p e r a t u r e s  be- 
t w e e n  50 ~ a n d  100~ f i lms we re  d e p o s i t e d  at  p o t e n t i a l s  
b e t w e e n  - 6 5 0  a n d  - 1 6 0 0  m V  vs. Ag/AgC1. Tab le  I l is ts  t he  
Te/Cd a t o m i c  ra t io  as a f u n c t i o n  of  app l i ed  po t en t i a l  a n d  
t e m p e r a t u r e  for  so lu t i ons  c o n t a i n i n g  0.003M Cd(II) a n d  

i 
*o i �9 

i 

-~, o -oJ 4 
POTENTIAL (Vo l t . )  

Fig. 2. Cyclic voltammetry in propylene carbonate under N 2 at 
100~ and o scan rote of 100 mV/s for O.O03M Cd(ll) and 0.10M 
LiCI04 (a), 0.018M tri-n-butylphosphine telluride and 0.10M LiCI04 
(b), and O.O03M Cd(il), 0.018M tri-n-butylphosphine telluride, and 
0.10M LiCl04 (c). 

0.012 a n d  0.018M p h o s p h i n e  te l lur ide .  At  t e m p e r a t u r e s  be- 
t w e e n  95 ~ a n d  100~ the  t e l l u r i u m  c o n t e n t  i nc r ea se s  as 
t he  p o t e n t i a l  is m a d e  m o r e  nega t ive ,  a n d  t he  Te/Cd ra t io  
a p p e a r s  to leve l  off  a t  a b o u t  1.0. A t  a g i v e n  po ten t ia l ,  t h i s  
ra t io  a n d  t h e  d e p o s i t i o n  c u r r e n t  also a p p e a r  to d e p e n d  
s o m e w h a t  on  t he  re la t ive  Cd(II) a n d  p h o s p h i n e  t e l lu r ide  
c o n c e n t r a t i o n s .  A de ta i l ed  s t u d y  is u n d e r w a y .  The  fac t  
t ha t  Te/Cd ra t ios  less  t h a n  1.0 can  b e  o b t a i n e d  at  m o r e  
pos i t ive  po t en t i a l s  i nd i ca t e s  t h a t  t w o  c o m p e t i n g  pro- 
cesses  m a y  be  occu r r i ng  

Cd 2~ + 2e--~ Cd [A] 

(n-butyl )3PTe + 2e --> (n-butyl)3P + Te  2- 

Cd 2~ + Te 2- --* CdTe  
[B] 

The  r e d u c t i o n  s t ep  in p roce s s  [B] may,  in  fact,  i nvo lve  
a c o m p l e x  ser ies  of  equ i l ib r i a  b e c a u s e  c a d m i u m  ion  
causes  a pos i t i ve  sh i f t  in  t he  r e d u c t i o n  w a v e  a s s i g n e d  to 
t he  p h o s p h i n e  t e l lu r ide  (Fig. 2). In  add i t ion ,  exces s  phos -  
p h i n e  also affects  th i s  r e d u c t i o n  wave.  

As  t he  d e p o s i t i o n  at  c o n s t a n t  p o t e n t i a l  p rogresses ,  t he  
current density decreases monotonically. For example, at 
-Ii00 mV (Ag/AgCl) and 100~ the current density de- 
creases from an initial value of 1.5 mA/cm 2 to 0.08 mA/cm 2 
after 20 min for 0.003M Cd(II) and 0.018M phosphine tellu- 
ride. The rate of current decrease is affected by the con- 
centration of the cadmium ion relative to that of the phos- 
phine. For example, with 0.026M phosphine telluride, the 
deposition current decreases with time, but the rate of de- 
crease is smaller for 0.006M Cd(II) than 0.003M Cd(II). 
Thus, for 0.006M Cd(II), the current density decreases 
from an initial value of 0.75 mA/cm 2 to 0.50 mA/cm Z after 9 
rain, whereas this decrease takes only about one minute 
for 0.003M Cd(II) at the same potential. This concentra- 
tion effect may be an indication that the mechanism for 
the deposition of CdTe is more complicated than that 
suggested above. One possibility under investigation is 
that a cadmium-phosphine telluride complex is involved. 
Such complexes are known to exist in the case of phos- 
phine selenides (8). The p-type conductivity of the as- 
deposited film as well as its resistivity may also be partly 
responsible for the decrease in current with time. At po- 
tentials negative of -600 mV, p-type films are deposited 
as discussed below. 

Although the current decreases with time, it is possible 
to obtain fairly thick films in reasonably short times. 
Films as thick as 5.4 ~m have been obtained in lh using 
appropriate Cd(II) concentrations. Film thickness was 
calculated from the mass of the film (determined by 
polarography) using the surface area of the film and the 
reported density for CdTe (9). 
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Fig. 3. Photoresponse at IO0~ of electrodeposited CdTe film in 
PEC containing O.O03M Cd(ll), 0.018M tri-n-butylphosphine telluride, 
and 0.10M LiCI04 in propylene carbonate under nitrogen with no 
stirring. 

Figure  3 i l lustrates  the  typical  chopped  l ight  response  
of CdTe  fi lms depos i t ed  potent iostat ical ly .  This  film was 
prepared  by  depos i t ion  at -1100 m V  and 100~ in the  
dark. In  this exper iment ,  the  depos i t ion  cell  was used  as 
the PEC cell. Thus,  immed ia t e ly  after comple t ion  of  the  
deposi t ion,  the  film was sub jec ted  to chopped  l ight in 
the same cell  and solution,  which  conta ined  3.0 mM cad- 
m i u m  perchlorate ,  17.5 mM phosph ine  telluride,  and 100 
mM l i th ium perchlorate .  Because  of  the  g e o m e t r y  of  the  
cell, it was not  possible  to de te rmine  the  l ight  in tens i ty  
accurately.  However ,  based on the  d is tance  of  the  E L H  
lamp f rom the  film, the  power  of  the  i l luminat ion  is esti- 
ma ted  to be less than  70 mW/cm 2. S ince  a ca thodic  photo-  
current  is observed,  the  film is p-type. To assure that  the  
l ight- induced cur ren t  is due  to pho togenera t ion  of  minor-  
ity carriers ra ther  than  mere ly  to an increase  in photocon-  
duct ivi ty,  the  potent ia l  scan was e x t e n d e d  to 500 mV pos- 
i t ive of  the  shutof f  potential ,  and the  pho toanod ic  cur ren t  
was found to be negligible.  Fur the rmore ,  in sulfide/poly- 
sulfide solution,  the  as-deposi ted  film, wh ich  exh ib i t ed  a 
pho toca thod ic  current,  was found to exhib i t  a photo-  
anodic current  at potent ials  pos i t ive  of  -500  mV vs.  
Ag/AgC1 after it had  been  annea led  at 400~ Conse- 
quent ly ,  the  chopped  l ight  r e sponse  appears  to be  a val id 
indica tor  of  the  type  of  conduct ivi ty .  

The pho tocu r ren t  is a factor of  e ight  the  va lue  of  the  
dark cur ren t  s ince only one side is i l luminated.  This  re- 
sult  is not  unusual ;  e n h a n c e m e n t s  ranging f rom six to 20 
t imes  the  dark  current  have  been  observed  for a large 
n u m b e r  of  films g rown under  var ious  condit ions.  The  
large increase  in ca thodic  cur ren t  upon  i l luminat ion  indi- 
cates that  i l lumina t ion  can be used  to avoid the large de- 
crease in cur ren t  that  accompan ies  potent ios ta t ic  deposi-  
t ion in the  dark (10). In Fig. 3, the  potent ia l  is scanned  
from -1113 to +500 mV and the  pho tocu r ren t  is ve ry  
close to zero at 0 m V  (shutoff  potential) .  Correc t ing  for 
the  l iquid  junc t ion  potent ia l  us ing fer rocene  [E ~ +0.34V 
vs. SCE (11)], the  shutoff  potent ia l  becomes  - 8 0  m V  vs.  
SCE. For  CdS, the  shutof f  potent ia l  has been  found  to 
correlate  wel l  wi th  the  Mot t -Scho t tky  f latband potent ia l  
in bo th  water  and acetoni t r i le  (12). For  compar ison,  
values  of - 3 0  (13a), +210 mV (13b), and +100 m V  (13c)vs. 
SCE have  been  repor ted  for p- type  CdTe  single crystals 
in water.  

Chopped  l ight  s tudies  of the  film whi le  it is g rown  
have p roved  to be a great  advantage.  Thus,  by means  of  
these  studies,  we  can moni to r  the effect  of  var ious  deposi-  
t ion condi t ions  on the  qual i ty  of  the  film wi thou t  hav ing  
to r e m o v e  it f rom the  e lec t rochemica l  cell. Consequent ly ,  
t ime  is saved  since each film does  not  have  to be incorpo-  
rated into e i ther  a photovol ta ic  cell  or  ano ther  PEC.  Like- 
wise, since the  films are not  modif ied  in any way  for the  
pho to re sponse  studies,  the i r  compos i t ions  may  be  deter-  

mined,  and the  pho to response  may  be corre la ted wi th  the  
compos i t ion  and th ickness  of  the  film. Finally,  it is possi- 
ble to check  the  effect  of  aging and exposure  to air on the  
pho to response  of  the  film. In  this regard,  we  find that  
exposu re  of  the  dr ied  film to air causes  a decrease  in the  
photocur ren t .  P re l iminary  resul ts  indicate  that  this de- 
crease is t ime  d e p e n d e n t  bu t  s tabil izes at about  50% of 
the  or iginal  va lue  after  24h. A detai led s tudy is unde r  
way. 

The obse rved  pho tocur ren t s  of  up to 4.2 m A / c m  ~ for 
films wi th  surface areas of 1.2 cm ~ seem promis ing  in 
v iew of the  poor  cell  g e o m e t r y  employed .  The  cell  con- 
sisted of two compar tmen t s  separa ted  by a frit, wh ich  no 
doubt  caused  a large cell  resistance.  Fur the rmore ,  the  so- 
lu t ion concent ra t ions  were  qui te  low, as indica ted  above.  
Work is unde r  way  to devise  a more  efficient  cell  that  
contains  a more  sui table  r edox  couple.  I t  should  be noted  
that  these  pho tocur ren t s  are o b t a i n e d  at 100~ at appl ied  
potent ia ls  be tween  -800  and -1300 mV vs.  Ag/AgC1. 

To date, the  condi t ions  p rov id ing  the  p-type film that  
has the  best  pho tocu r ren t  dens i ty  are 0.003M Cd(II), 
0.012M p h o s p h i n e  telluride,  0.10M l i th ium perchlorate ,  
and a potent ia l  of  -1200 m V  vs.  Ag/AgC1. These  condi-  
t ions are be ing  used  to m a k e  films for photovol ta ic  cells 
(14). I t  is in teres t ing  to note  that  the  pho tocu r ren t  ob- 
ta ined f rom our  as-deposi ted  fi lms is substant ia l ly  larger  
than  that  r epor t ed  recent ly  for as-deposi ted  thin  film 
p-CdTe obta ined  by electrolysis  of aqueous  TeO~ 
(2e, 2f). X-ray dif f ract ion data  (see below) indicate  that  
bo th  films may  be  amorphous .  Consequent ly ,  the  differ- 
ence  lies e i ther  in the  nature  of  the  two films or in the  
m e d i u m  and t empera tu re  emp loyed  (for the  TeO~ g rown  
film, the P E C  cell  conta ined  aqueous  sod ium hydrox ide  
at r o o m  tempera ture) .  These  possibi l i t ies  are unde r  
invest igat ion.  

A s tudy  of  the  relat ion be tween  the  compos i t ion  of  the  
film and its conduc t iv i ty  indica tes  that  p- type CdTe is 
obta ined  even  w h e n  the  film conta ins  an excess  of cad- 
mium.  Thus  films depos i ted  at potent ia ls  in the  range 
f rom -650  to -1200 m V  vs.  SCE exhib i t  p- type conduct iv-  
i ty and have  Te/Cd rat ios of  0.95 or  less (Table I). S ince  a 
CdTe  film conta in ing  an excess  of  c a d m i u m  is expec ted  

t o  exhib i t  n- type behav ior  (15), we  conc lude  that  the  ex-  
cess c a d m i u m  is not  d i s t r ibu ted  un i fo rmly  th roughou t  
the film. Instead,  it m a y  be  p resen t  as small  pocke ts  of  
c a d m i u m  metal .  F i lms  depos i ted  at -600  mV vs. S C E d o  
not  exhibi t  apprec iab le  pho tocu r r en t  in the depos i t ion  
solution.  

P re l iminary  work  indicates  that  the  depos i t ion  t emper -  
ature may  af fec t  the  na ture  of  the  conduc t iv i ty  of  the  
film. It  is also poss ible  to conver t  the  CdTe  film from p- 
to n- type by anneal ing  i t a t  400~ in an argon a tmosphe re  
for 30 rain. In  addit ion,  hea t - t r ea tment  at 400~ conver ted  
the film f rom an apparen t ly  amorphous  mater ial  to a 
polycrys ta l l ine  material .  X-ray dif f ract ion indicates  that  
the average  crystal  d i amete r  is abou t  50 n m  in the heat- 
t rea ted film. The  diffract ion angles  cor respond  wel l  to 
those  r epor t ed  for cubic  CdTe  (Table II). This film had a 
Cd/Te ratio of 1.0, and no peaks  due  Cd meta l  were  de- 
tected. 

In general ,  the  vis ible  appearance  of  the  film d e p e n d e d  
on the  depos i t ion  potent ia l  employed .  Those wi th  the  

Table II. Comparison of x-ray diffraction data for 
thin film CdTe with literature values 

Reported a 
Observed Cubic Hexagonal 

20 I/Io 20 I/Io 2~ l/Io 

23.7 1.00 23.75 1.00 23.70 1.00 
. . . .  25.27 0.80 

39.3 0.46 39.28 0.60 39.25 1.00 
. . . .  45.42 0.75 

46.4 0.27 46.42 0.30 - -  - -  

a ASTM x-ray powder diffraction file numbers 19-193, 4-0554, and 
15-770. 
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Fig. 4. $EM of thin fi~m CdTe electrodeposited in the dark on tita- 
nium at 100~ The film thickness and Te/Cd ratio are 2.4 ~m and 
1.0, respectively. Magnification: A:B = 1000:8000. 

best appearance were grown at potentials ranging from 
-1000 to -1300 mV vs. Ag/AgC1. They appear smooth, 
uniform to the eye, and dark gray in color. At -1600 mV, 
the film is thin and is not uniformly gray. A SEM of a 
film grown at constant potential (-1100 mV) is presented 
in Fig. 4. Cracks are clearly visible. These appear to be a 
function of the thickness. For thinner films (ca. 0.5 ~m), 
the cracks are fewer and thinner. 
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Thermodynamic Properties of Potassium Polyphosphide KP,5 
H. S. Marek,  C. G. Michel ,  J. A. Baumann, and M.  A. Kuck 

Stauffer Chemical Company, Eastern Research Center, Elmsford, New York 10523 

ABSTRACT 

The equil ibrium vapor pressure of phosphorus over crystalline KP,5 has been measured in the temperature range of 
305~176 by means of a Bourdon gauge. The reaction of 6/19 KPj~ (s) = 2/19 K3P7 (s) + P4 (g) is described by the 
equation 

14,849 -+ 340 
in p (atm) = F 19.35 -+ 0.5 

T 

The calculated standard enthalpy and entropy of this reaction are 

~Ho2.~8 = 118.8 -+ 2.9 kJ/mol 

AS%98 = 159.0 -+ 4.2 J/mol-K 

The standard enthalpy for the formation of KP,5 from the elemental gases 

K (g) + 15/4 P4 (g) = KP,~ (s) 

was found to be aH~ = -651.0 -+ 3.3 k J/tool. Our data show that the thermal stability of KP,5 is greater than that of 
crystalline red phosphorus. In addition, the kinetics of dissociation of KP,5 were found to be significantly faster than 
the kinetics of vaporization of crystalline red phosphorus. 

The useful semiconductor properties of polyphosphide 
materials have been recently reported (1). These materials 
were prepared in our laboratory by several processes. 
However, until  now, very little has been known about 
their thermodynamic properties. 

Metal polyphosphides having the formula MP,5 (M = al- 
kali metal) constitute a family of P-rich materials with 
structural units which are derivatives of Hittorffs phos- 
phorus. These polyphosphides, first reported (2, 3) by 
yon Schnering, have a unique atomic framework: a one- 
dimensional polymer-like structure consisting of parallel 

phosphorus tubes of pentagonal cross section linked by 
M-P bridges. 

The crystalline metal polyphosphides (MPI~) and 
Hittorfs phosphorus (4) both contain layers of P tubes. In 
Hittorfs phosphorus, two consecutive layers of P tubes 
are aligned crosswise. In the metal polyphosphides, the 
layers are aligned parallel to each other. 

The vapor pressure of various modification of solid red 
phosphorus has been previously studied as a function of 
temperature (5). In  this paper, we report the equilibrium 
vapor pressure of phosphorus over crystalline KPls. 
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Standard enthalpies for the dissociation reaction and for 
the formation of KPt5 from the elemental gases were cal- 
culated from our pressure-temperature data and com- 
pared with the thermodynamics of red phosphorus. 

Experimental Technique 
The tensimetric apparatus used in this work consists of 

a quartz Bourdon gauge of the spoon type used as a null- 
point instrument and controllers to monitor pressure- 
temperature as shown in Fig. 1, Gauges of various sensi- 
tivity were obtained by varying the size and thickness of 
the spoon. A 25 cm quartz rod pointer was attached to the 
top of the spoon. Deflection of the rod caused by the 
vapor pressure in the reaction chamber was detected by 
observing the displacement of the pointer image from a 
fixed reference using an optical system. The displace- 
ment  caused by the vapor pressure on the sample side of 
the Bourdon gauge was countered by applying argon gas 
pressure. The argon pressure was measured with a mer- 
cury manometer,  having an accuracy of 1 torr over a 
range from 3 to 800 torr. Eleven different Bourdon gauges 
of various size spoons were used. 

Before each experiment,  the empty gauge chamber was 
baked at approximately 550~ with continuous pumping 
at ~10 -5 torr for several hours. The apparatus was tested 
using 6N red phosphorus secured from United Mineral 
and Chemical Corporation. The vapor pressure data of 
Ref. (5) for material IV were reproduced within 3%. 

The sample of KPt5 (~ 0.1-0.5g) was introduced into the 
reaction chamber at room temperature under nitrogen. 
The sample was degassed by pumping for several hours 
at 150~ and then sealed. 

During the experiments,  the temperature was varied in 
steps of ~ 20~ and maintained constant at sufficiently 
high temperatures to prevent any condensation of phos- 
phorus, 

Sample Preparation 
The crystalline KP~ materials used in this study were 

prepared by three different methods. Raman and x-ray 
powder diffraction spectra shown in Fig. 2 were used as 
fingerprints to identify these materials. Raman character- 
ization of KP15 crystals has been discussed in detail in 
Ref. (6). Slight differences were observed in the line 
broadening of the x-ray diffraction peaks, suggesting a 
variation in the degree of crystallinity of the KP~ materi- 
als according to the method of preparation. The DTA 
curve of the crystalline KP~5 used in the study consists of 
a single sharp endotherm at 640~ Repeated heatings of 
the same sample resulted in virtually identical DTA 
curves. Samples of commercially available red phospho- 
rus exhibited a sharp endotherm in the 590~176 region. 
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Fig. 1. Schematic of the tensimetric apparatus 
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Fig. 2. a: X-ray powder diffraction pattern of KP~ s whiskers ob- 
tained by VT process (Cu-K~ radiation), b: First-order Raman spectrum 
of crystalline KPt~. 

The different processes used for the synthesis of KP,~ 
crystalline materials are described below. 

Condensed phase (CP).--Polycrystalline KPI+ materials 
were synthesized by the direct solid-state reaction of po- 
tassium and red phosphorus. The initial stoichiometric 
mixture consists of high purity potassium (4N) and elec- 
tronic grade red phosphorus (6N) ball milled under a ni- 
trogen atmosphere for 48h at 70~176 The resulting mix- 
ture was transferred under nitrogen to a Pyrex reaction 
tube. The tube was heated at 450~ for 100h. Based on the 
absence of a peak at 590~176 in the DTA data, these 
materials did not contain red P. The DTA results indica- 
ted a solid-state conversion from the elements into KP,5. 
However, the broadening of the x+ray powder diffraction 
peaks was found to be significant for this KP15 material. 
These data suggest that polycrystalline KP,5 prepared by 
the CP process have small crystallite size with a low de- 
gree of crystallinity. 

Vapor transport (VT).--In this process, the KP,~ 
samples were synthesized by vapor transport in a sealed 
quartz ampul by heating the metal and red phosphorus 
according to the method described by yon Schnering et 
al. (2). Modifications were made in our system in order to 
optimize the yield and to improve the control in the depo- 
sition zone of the KP,~ whiskers. 

Large quantities of dark-red, long (> 1 cm) KPL5 whisk- 
ers were obtained by monitoring the heating cycle of the 
K and P charge and by controlling the temperature 
( -  450~ in the reaction zone over a large area. The basic 
structural framework of this material defined by x-ray 
single-crystal study was found to be the same as that of 
the KP~5 structure previously reported (2). However, we 
obtained the best least squares refinement of x-ray re- 
sults by lowering the symmetry of the space group in the 
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triclinic cell from P1 to P1, corresponding to P tubes 
slightly shifted from their centrosymmetric positions. 

Liquid phase (LP).--KPI5 crystalline materials were 
prepared in quasi-equilibrium conditions from the liquid 
phase (LP) in a sealed tube system. In  the LP process, 
large KP,5 crystals were grown by slow cooling (l~ 
from 660 ~ to 630~ in a specially designed LP apparatus. 
The volume-to-charge ratio was calculated to maintain 
the melt composition of KP~5~ within the limit x < 2 dur- 
ing the growth cycle. The LP growth was terminated at 

630~ by using a tilting furnace. 
Unlike CP and VT materials, these LP samples exhib- 

ited sharp x-ray diffraction peaks. This feature is charac- 
teristic of high quality crystals and suggests that, of the 
three processes, KP~ materials prepared from the liquid 
phase have the highest degree of crystaUinity. 

Results 
Mass spectral analyses, performed on KP~5 whiskers in 

a Knudsen  cell, indicated that P4 was the only significant 
vapor species present between 280~176 In this temper- 
ature interval, the ion current increased rapidly with a 
change to a higher isotherm and then slowly tapered off. 
The observed P4 evolution suggests that the kinetics of 
the process is diffusion controlled. In  the tensimetric ex- 
periment, the composition of the solid phase can be cal- 
culated, provided that the composition and the mass of 
the initial phase and the volume of the reaction chamber 
are known. The P:K ratio of the final solid product was 
2.3:1. Chemical analysis confirmed this ratio. Powder dif- 
fraction x-ray analysis also indicated the absence of KP~5 
in the solid product and the presence of a new phase. 
From the calculated composition of the final solid prod- 
uct in the tensimetric experiment and considering the 
mass spectral results, the reaction equation can be formu- 
lated as follows 

6KP,5 (s) = 2K3P7 (s) + 19P4 (g) [1] 

This equation is in agreement with the observations from 
Santandrea et al. obtained (7) with their Knudsen effusion 
technique. 

Figure 3 gives the measured vapor pressure as a func- 
tion of temperature for KP~ decomposition obtained 
from 33 independent  data points. In spite of the fairly 
high temperatures, about 24h were usually required for 
equil ibrium to be established at each temperature step. 
Approximately 95% of equilibrium was usually estab- 
lished within - 2h. Data were taken only when the mea- 
sured pressure did not change more than 2 mm in 10h. 
The time to obtain this equil ibrium was faster by about 
one order of magnitude for KP~.~ than for red phosphorus. 

All vapor pressure measurements were taken in the 
KP~5 + K3PT two-phase region as indicated by the constant 
pressure at any one isotherm throughput the experiment. 

The tensimetric data were obtained during heating. 
When the system was cooled, the rate of the reverse reac- 
tion decreased rapidly and equil ibrium was not estab- 
lished even after 100h. 
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Fig. 3 .  M e a s u r e d  equi l ibr ium vapor  pressure of  P4 over crysta l l ine  
KP~5 as a function of temperature. 

The pressure data obtained from the KP~5 crystalline 
materials prepared from condensed phase, vapor trans- 
port, and liquid phase were found to be slightly different. 
A trend was observed which suggests an inverse correla- 
tion between vapor pressure and degree of crystallinity. 
Therefore, LP materials with the highest degree of 
crystalhnity were used to establish the P-T dependence at 
low pressure in the plot shown in Fig. 3. 

For the reaction 

6/19 KP~5 (s) = 2/19 K3P~ (s) + P4 (g) [2] 

the following equation was obtained from a least squares 
fit of the experimental data 

14,849 -+ 340 
in p (arm) = T + 19.35 - 0.5 

Using elemental heat capacities from the literature (8), 
the standard enthalpy and entropy of the reaction [2] were 
calculated. They are 

hH%8 = 118.8 +- 2.9 kJ/mol 

hS%ps = 159.0 + 4.2 J/mol-K 

Since the reaction took place in the two-phase region, 
KPI~ + K3P~, pressures of P4 at any isotherm were constant. 
Thus, the enthalpy of formation of KP~ can be calculated 
by a method analogous to that used by Schiffman (9) for 
binary compounds. 

In the present calculation, the activity of P4 was ob- 
tained from the experimental measurements,  the activity 
of K is estimated using the Gibbs-Duhem equation, and it 
is assumed that the range of homogeneity of KP~s is 
small. For the following reaction 

K (g) + 15/4 P4 (g) = KP~5 (s) [4] 

the enthalpy of formation from the elemental gases, cal- 
culated by the third law method, is 

hH~ = -651.0 --+ 3.3 kJ/mol 

Discussion 
Vaporization of both KP1~ and crystalline red P yields 

P4 vapor. The structural units  of these two substances 
consist of the similar infinite P tubes with pentagonal 
cross section (2, 3). Thus, it can be expected that the de- 
composition and vaporization of these substances would 
have approximately the same enthalpy and entropy 
changes. 

In the temperature range investigated (305~176 we 
have found for the reaction [2] 

AHT = 123.4 +- 2.1 kJ/mol 

and 

AST = 160.7 --+ 4.2 J/tool 

The values of thermodynamic functions are comparable 
with those reported (5) for the crystalline modification of 
red P in about the same temperature range 

A H  w = 133.5 kJ/mol 

AST = 186.2 J/mol 

Recent studies also showed a similarity in the tempera- 
ture dependence of the heat capacity between KP~ (10) 
and crystalline red P (11). These data demonstrate that 
the same basic structural units of covalently bonded P 
tubes dominate the thermodynamic properties of the 
metal polyphosphides and crystalline red P. 

Figure 4 is a comparative plot of the temperature de- 
pendence of the vapor pressure for crystalline KPI~ and 
the various crystalline modifications of red P (5) referred 
to as forms I, II, IV, and Hittorfs P. An increase in the de- 
gree of crystallinity from form I to form IV is inferred 
from the methods of preparation of these materials and 
their corresponding x-ray powder diffraction patterns. 
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Fig. 4. Plot of the temperature dependence of the vapor pressure 

for crystalline KP~ and the various crystalline modifications of phos- 
phorus I, II, IV, and V. 

The Gibbs free energies for the various modifications 
of red P calculated for the average temperature of our ex- 
periment (T = 683 K) are 1 

hGs (I) = -2385 J/mol 

hGT (II) = 397 J/mol 

hGT (IV) = 2582 J/mol 

AGT (V) 1 = 3335 J/tool 

hGT (KP~D = 13,690 J/mol 

These data indicate that increases in the degree of 
crystallinity of the various modifications of red P are di- 
rectly correlated with lower vapor pressure at any given 
temperature and, accordingly, an increase in thermal sta- 
bility as shown in Fig. 4. 

The calculated values of the Gibbs free energies indi- 
cate that the presence of a K-P bridge within the one-di- 
mensional structure of KP~ increases its thermal stability 
as compared with crystalline P. In addition, analysis of 
our tensimetric data shows that the kinetics of dissocia- 
tion of KPI~ is much faster than the kinetics of vaporiza- 
tion of red P. Hence, at low pressure, KP~5 appears to be a 
m o r e  suitable source of P4 than red P (5), especially in 
processes where the control of P4 (g) evolution is re- 
quired. 

Enthalpy of formation is calculated from data for the el- 
emental gases instead of from the solid elements. This is 
because subtracting the elemental gas-solid enthalpy re- 
sults in the difference between two large numbers which 
is smaller than the standard deviation of the components 
and is greatly dependent  upon the source used for the ele- 
mental enthalpies. However, if the data of Hultgren et al. 
(8) are used for the enthalpy of potassium, the reaction 

KPI~(,) = K<s) + 15/4 P4 (g) 

AH~ = 35.10 kJ/mol 

can be compared with the enthalpy of vaporization of red 
phosphorus (8) of hH%98 = 32.13 kJ/mol. 

~AGT (V) st'ands for Hittorfs P. 

Enthalpy of formation for KPI~ from the elemental 
gases was also calculated by the second law method, with 
the 33 data points giving 

hH~ = -657.7 - 21.3 kJ /mol  

Within the standard deviation, this agrees with the value 
from our third law calculation of -651.0 _+ 3.3 kJ/mol. The 
larger deviation in the second law result is to be expected 
within the restricted temperature range of this investiga- 
tion. The third law value is preferred since it is less sensi- 
tive to temperature errors. 

Summary 
We have s tudied the thermodynamic properties of KP~5 

prepared by different processes. The equilibrium vapor 
pressure of phosphorus P4 (g) over KP~5 solid was mea- 
sured in the temperature range of 305~176 by using a 
Bourdon gauge tensimetric apparatus. The standard 
enthalpy and entropy for the dissociation reaction and for 
the formation of crystalline KP~5 were calculated from the 
P-T data. We have shown that the thermodynamics of 
KPl~ dissociation and of crystalline red P vaporization are 
comparable. The rate of dissociation of KP~5 crystalline 
materials was found to be significantly faster than the 
rate of vaporization of crystalline red P. Our data show 
that the presence of a K-P bridge within the one-dimen- 
sional structure of parallel P pentagonal tubes is corre- 

l a t ed  with the greater thermal stability of the polyphos- 
phide compounds compared to the crystalline 
modification Of red phosphorus. 
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Lift-Off Patterning of Sputtered SiO  Films (LOPAS)and Its 
Application to Recessed Field Isolation 

T. Yachi and T. Serikawa 

Nippon Telegraph and Telephone Public Corporation, Musashino Electrical Communication Laboratory, 3-9-11 
Midoricho, Musashino-shi, Tokyo 180, Japan 

ABSTRACT 

The lift-off patterning of sputtered SiO~ films (LOPAS) and its application to a new recessed field isolation tech- 
nique are described. The LOPAS is performed through the following steps: (i) SiO2 film is sputter-deposited on the 
photoresist pattern; (it) slight etching with buffered hydrofluoric acid to remove SiO~ films on the photoresist sidewalls 
is done, and (iii) the photoresist is removed. Successful pattern formation using LOPAS strongly depends on the side- 
wall angle of the under pattern. Recessed field isolation is performed by using LOPAS and silicon substrate oblique ion 
milling. This recessed field isolation is free of bird's beaks and minimizes the narrow-channel effect. 

The field isolation of devices on silicon substrate is of 
primary importance in fabricating LSI circuits. One well- 
known technique for defining the field oxide patterns is 
known as LOCOS (1), in which a nitride film is masked 
and etched to form the desired pattern, followed by a long 
high temperature oxidation. The LOCOS process, how- 
ever, has several disadvantages, such as resulting in bird's 
beak formation and lateral diffusion of the channel stop- 
per dope into active device areas owing to the oxidation. 
To overcome these problems, other isolation techniques 
requiring extra processes, such as two nitride masks (2) 
and an a luminum mask to etch a silicon groove and lift 
off plasma-deposited SiO2 (3), have been reported. Few 
approaches have been reported to overcome the problems 
in the LOCOS process through a simple and straightfor- 
ward process (4). 

In a previous paper (5), the authors reported a new sim- 
ple and straightforward field isolation technique utilizing 
lift-off patterning of sputtered SiO2 films (LOPAS) (6). 
This paper reports the details of this LOPAS process and 
its application to a new recessed field isolation technique 
jointly utilizing silicon grooving by oblique ion milling. 
Combining silicon grooving by oblique ion milling and 
LOPAS result in isoplanar field oxide formation, which 
is self-aligned to the channel stop region at a low temper- 
ature. With this technique, recessed field isolation,-which 
is suitable for high yield LSI circuits processing, is easily 
realized through a simple and straightforward fabrication 
process. Moreover, bird's beaks and lateral channel stop- 
per dope diffusion are not observed. 

Experimental 
The silicon grooving was performed using a Kaufmann- 

type ion milling apparatus. Argon ions were accelerated 
with 600V acceleration voltage and 0.5 mA/cm 2 ion cur- 
rent density. The substrate holder inclination angle (ion 
beam incident angle) was changed in the range of 0~ ~ . 
The substrate holder also rotated at 1 rpm during ion 
milling. Photoresist  AZ-1350J 1.3 ~m thick was used as an 
etching mask. 

Field oxide film was deposited using an RF planar 
magnetron sputtering apparatus (7). The target was a SiO2 
sheet, 5 x 15 in. and 1/8 in. thick. The sputtering was 
carried out at 0.4 Pa in a 95% argon-5% hydrogen mixture. 
The barrel-type substrate holder of 500 mm diam and 530 
mm height had a 10 rpm rotation rate during deposition. 
The minimum spacing between the substrate and the tar- 
get was 50 mm. The sputtering power was fixed at 1.5 
kW. The substrate temperature was kept below 150~ dur- 
ing sputtering. 

The SiO2 films on the photoresist sidewalls were selec- 
tively removed by slight etching in buffered hydrofluoric 
acid (6). Unwanted SiO~ film was removed along with the 
photoresist patterns by dipping the substrates in photore- 
sist strip. 

MOS devices were fabricated with a new recessed- 
isolation technique utilizing silicon grooving by oblique 

ion milling and L O P A S .  The starting wafers were 
(100)-oriented p-type silicon with resistivity of 4 ~-em. A 
50 nm thick gate oxide film was grown in an oxidation 
ambient with trichloroethylene as an HC1 source. Phos- 
phorus-doped polysilicon was chemically vapor depos- 
ited, and gate electrodes were defined by plasma etching. 
Phosphorus was implanted for source/drain formation. 
Subsequently, the intermediate insulator film was chem- 
ically vapor deposited. After annealing at 1000~ for 20 
min, windows were formed on the polysilicon and source/ 
drain region. Aluminum metallization was performed for 
the contact on the polysilicon and source/drain.  Finally, 
annealing was carried out in forming gas at 450~ for 20 
rain. 

In control devices using the LOCOS technique, the 
field oxide was formed by high temperature oxidation at 
1000~ for 6h. 

Scanning electron microscopy (SEM) was used to eval- 
uate the various device cross sections. MOSFET thresh- 
old voltage was determined using the turn-on voltage in 
the transconductance-gate voltage curve. 

LOPAS 
Lift-off process.--SEM photographs at various steps of 

lift-off patterning of sputtered SiO2 films (LOPAS) are 
shown in Fig. 1. As shown in Fig. 1A, the SiO~ film is 
fully deposited on the photoresist sidewalls by the planar 
magnetron sputtering. With slight etching, however, the 
SiO2 film on the photoresist  sidewall is removed selec- 
tively because of the extremely high etching rate, and a 
narrow groove is formed on the photoresist sidewall (Fig. 
1B) (6). The thickness of the SiO2 on the flat surface, on 
the other hand, decreased by only about 50 rim. Soaking 
the sample in a solution to dissolve photoresist material 
was carried out removing the unwanted SiO~ film along 
with the photoresist pattern. Figure 1C shows the final 
structure. 

The successful formation of the SiO2 pattern depends 
on the sputtering conditions. SEM photographs of the 
LOPAS process are given in Fig. 2, following SiO~ film 
deposition on an A1-Si pattern. The A1-Si pattern exhibits 
cylindrical sidewalls, in which the sidewall angle changes 
from 0 ~ to 90 ~ During the process, the SiO2 film is first 
uniformly deposited on the cylindrical sidewalls of the 
A1-Si pattern, as shown in Fig. 2A. After slight etching 
and aluminum removal, the SiO2 pattern is then formed 
with a slight projection boarding both sides (Fig. 2B). 
This formation indicates that the SiO2 removal by slight 
etching strongly depends on the sidewall angle of the un- 
der pattern. Here, the critical angle for successful SiO2 
pattern formation is determined to be approximately 60 ~ . 
Additionally, this angle is also strong]y dependent  on the 
sputtering conditions, especially the sputtering gas (ar- 
gorghydrogen composition) used (7). 

In a planar magnetron sputtering deposition system, 
SiO2 film properties depend on sputtering conditions, e.g., 
argon pressure and target-substrate arrangement (8, 9). 
The SiO2 thickness and etching rate as a function of the 
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Fig. 3. SiO~ film deposition rate and etching rate over substrates o, 
b, and c when the substrate holder was stopped during the deposition. 

Fig. 1. SEM photographs at various steps of lift-off patterning of 
sputtered SiO~ films (LOPAS). A: SiO2 film deposited on o resist pat- 
tern. B: After slight etching. C: Final structure. 

position on the substrate holder are shown in Fig. 3 for 
when the SiO~ film was deposited at substrate holder 
stopping. The SiO~ thickness changes depending on the 

position. The SiO2 etching rate also changes extremely 
depending on the position. For example, on the substrate 
b parallel to the target, which SiO2 particles reach with a 
small incident angle, the SiO2 etching rate is about 80 
nm/min, comparable to that of the thermal oxide film. On 
each of the side substrates a and c, which SiO2 particles 
reach with a large incident angle, on the other hand, the 
SiO2 etching rate increases radically to about ten times 
higher than. that for the film deposited on the substrate 
paralleled to the target. SiO2 films deposited with a large 
incident angle were shown to contain microvoids by ob- 
serving the surface replica with a transmission electron 
microscope. This microvoid formation is caused by self- 
shadowing, which is in turn due to large incident angle 
(10). Owing to etching along microvoids, the SiO~ films 
deposited with a large incident angle have a markedly 
high etching rate. 

Figure 4 demonstrates the incident  direction of 
particles sputtered onto a step profile during substrate 
rotation in the experimental apparatus having a barrel- 
type substrate holder. In the calculation, it was assumed 
that the sputtered particles are emitted from the target, 
follow the cosine emission distribution, and reach the 
substrate nearly free of collisions with the argon atoms. 
This process is thought to be correct at low sputtering gas 
pressure (11). Although the SiO~ particles reach the resist 
sidewall having a steep incident angle in spite of the rota- 
tional barrel-type substrate holder, they contain micro- 
voids and are etched at an extremely high rate. This situa- 
tion is quite similar to that for the side-angled substrates 
a and c shown in the inset in Fig. 3. 

Fig. 2. SEM photographs of LOPAS process using aluminum alloy 
film. A: SiO2 film deposited on an aluminum pattern with cylindrical 
sidewall. B: After lift-off patterning. 

/RESIST'/~" l\ I /~' 
/ / / / / / / i X  , - ,  

SUBSTRATE 
Fig. 4. Incident direction of sputtered particles on a step profile 

during substrate rotation in the experimental apparatus having a bar- 
rel-type substrate holder. 
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As described above, in planar magnetron sputtering the 
SiO2 film on the under  pattern sidewall, whose angle is 
greater than the critical angle, is easily removed by slight 
etching. This sidewall SiO2 removing by slight etching 
successfully performs the lift-off patterning without pat- 
tern width reduction. The SiO2 removing by slight etch- 
ing is caused by the arrival of the sputtered particles with 
large incident angle on the under-pattern sidewall. 

Recessed LOPAS . - -The  SiO~ film on the under-pattern 
sidewall is removed by slight etching when the under-pat- 
tern sidewall angle is greater than the critical angle, as de- 
scribed in the preceding paragraph. Recessed patterning 
can be performed by SiO~ sputtering on the silicon groove 
with two-step sidewall angle, one angle less than the criti- 
cal angle and the other angle greater than the critical an- 
gle. The silicon groove with two-step sidewall angle is 
easily formed by oblique ion milling (12). 

SEM photographs at steps of recessed lift-off patterning 
of sputtered SiO2 films (recessed-LOPAS) are shown in 
Fig. 5. The substrate holder inclination angle is 40 ~ during 
ion milling. The sidewall angles of the silicon groove are 
30 ~ and 80 ~ respectively (Fig. 5a). The SiO2 films on the 
under-pattern with sidewall angle 80 ~ are removed selec- 
tively because of the high etching rate. On the other hand, 
the SiO2 films on the under-pattern with sidewall angle 
30 ~ are not removed, similar to what occurs with a flat 
surface, as shown in Fig. 5b. 

The sidewall angle in the silicon groove depends on the 
substrate-holder inclination angle during ion milling (12). 
SEM photographs are shown in Fig. 6 for samples etched 
with ion beam incident angles of 0 ~ (A), 20 ~ (B), 40 ~ (C), 
and 60 ~ (D). The samples milled by ion beam incident an- 
gles of 40 ~ and 60 ~ have a clear two-step sidewall angle 
and are formed recessed SiO~ patterns. With ion beam in- 
cident angles of 0 ~ and 20 ~ the samples do not have a two- 
step sidewall angle, however, but  have, rather, deep 
ditches in the pattern edge .The horn at pattern edge in a 
sample milled by incident angle 0 ~ is caused by redeposi- 
tion during ion milling. 

Figure 7 shows the normalized depth of recession (s/d) 
as a function of the ion beam incident angle. The s/d 
markedly decreases as the ion beam incident angle in- 
creases. The s/d is about 30% for the samples milled by 
ion beam incident  angles 40 ~ and 60 ~ . The two-step 
sidewall angle formation in silicon groove contributes to 
the s/d decreasing. 

Fig. 6. SEM photographs of the samples that were etched with ion 
beam incident angles of 0 ~ (A), 20 ~ (B), 40 ~ (C), and 60 ~ (D). 
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Fig. 7. Recession depth change by ion beam incident angle. Silicon 

groove depth is 0.6/~m. 

Figure 8 shows the normalized side etching x/d by ion 
milling as function of ion beam incident angle. The x/d 
decreases with increasing incident  angle. In the case of 
incident angles 40 ~ and 60 ~ the x/d is about 20%. This 
small side etching is caused mainly by etching rate angu- 
lar dependency (12). 

As described above, the recessed SiO~ patterns are 
formed by the LOPAS technique and oblique ion milling. 
At ion incident angle 40 ~ pattern edge recession and side 
etching are small. 

Appl icat ion to M O S  devices 
The recessed-field isolation is performed using re- 

cessed LOPAS as described in the preceding paragraph. 

Fig. 5. SEM photographs of LOPAS process on the silicon groove 
with two-step sidewall angle forming by oblique ion milling. A: SiO2 
deposited on the groove. B: Final structure. The substrate-holder in- 
clination angle is 40 ~ during ion milling. 
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Fig. 9. SEM photograph of the MOS device fabricated using the 
recessed-field isolation technique. 

The process sequence is as follows. (i) Photoresist pat- 
terns are formed on the silicon substrate with a thin 
thermal oxide to protect against contamination. (ii) Sili- 
con grooves are formed by ion milling. (iii) Implantation 
for channel stopper dope is performed. (iv) SiO2 films are 
deposited by planar magnetron sputtering at < 150~ (v) 
The samples are dipped in buffered hydrofluoric acid to 
selectively etch the films on the under-pattern sidewalls 
at a steep angle. (vi) The photoresist is then removed with 
resist pattern. In  this way, recessed-field isolation free of 
bird's beaks can form through the low temperature pro- 
cess. 

An SEM photograph of MOS device using the recessed 
field isolation is shown in Fig. 9. The min imum feature 
size is 2.5 t~m. The a luminum line step coverage is better 
on the recessed-field isolation pattern edge than on the 
polysilicon gate pattern edge. 

Figure 10 shows threshold voltage for MOSFET's using 
the recessed-field isolation curve (A) and using the 
LOCOS isolation curve (B) as a function of channel width. 
In the LOCOS isolation, the threshold voltage shows a 
markedly narrow channel effect. On the other hand, in 
the recessed field isolation using LOPAS, the narrow 
channel effect is minimized by mainly eliminating lateral 
channel stopper dope diffusion through the low tempera- 
ture process. The mobilities of the MOSFET's using the 
recessed-field isolation are similar to those of the control 
MOSFET's using the LOCOS isolation. 

Summary 
The lift-off patterning of sputtered SiO2 films (LOPAS) 

and its application for a new recessed-field isolation tech- 
nique have been described. The following results are 
demonstrated. (i) The successful pattern formation using 
LOPAS depends on the sidewall angle of the under- 
pattern. The critical angle is about 60 ~ in sputtering with 
95% argon-5% hydrogen mixed gas. (ii) Recessed pat- 
terning is easily performed by sputtering on the silicon 
groove with two-step sidewall angle forming by oblique 
ion milling. (iii) The recessed-field isolation using 
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LOPAS is free of bird's beaks and minimizes the narrow- 
channel effect as a result of the elimination of lateral 
channel stopper dope diffusion. 
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Kinetics and Mechanism of Selective Tungsten Deposition by 
LPCVD 

Y. Pauleau* and Ph. Lami 

Centre National d'Etudes des T~l~communications, 38243 Meylan, France 

ABSTRACT 

Tungsten films have been deposited selectively on oxide-patterned silicon wafers by the H2 reduction of WF6 in 
WF6-H2 and WF6-H~-Ar gas flow systems: The deposition rate of films was investigated as a function of reactant partial 
pressures. The reaction orders with respect to WF6 and H2 are zero and one-half, respectively. Under given experimental  
conditions, the growth rate of the selectively deposited W films was reduced by 32% when the deposition area increased 
by a factor of 10-100. This decrease in growth rate can be attributed to the effect of HF on the surface reaction. The selec- 
tive nature of the process deteriorates with increasing deposition rate, WF6 partial pressure, H2 partial pressure, or depo- 
sition time. The loss of selectivity seems to be linked to an increase in HF partial pressure in the reactor. 

Since the 1960's, the potential advantages of vapor- 
deposited tungsten as a metallization and interconnection 
material for silicon devices have become well-known (1). 
Tungsten is a promising candidate for contact and diffu- 
sion barriers, low resistance gates, and interconnect lines 
in VLSI circuits. W films have been prepared by chemi- 
cal vapor deposition (CVD) in several gas systems (2). The 
hexafluoride vapor, WF~, is currently used as a starting 
material. Under  appropriate experimental  conditions, W 
can be deposited selectively on oxide-patterned silicon 
wafers via the H2 reduction of WF6, i.e., the metal can 
grow on monocrystall ine and polycrystaUine silicon sur- 
faces while the surrounding oxide regions remain free of 
any deposit. Several etching and lithography steps are 
eliminated using the selective process to deposit tungsten 
on source, drain, and gate regions of MOS circuits. Owing 
to the advantages of selective deposition and the require- 
ments for VLSI technology, the interest in vapor- 
deposited tungsten films has been revived (3, 4). 

The growth rate of CVD tungsten metallurgical coat- 
ings by reduction of WF6 with hydrogen has been investi- 
gated as a function of deposition temperature and 
reactant partial pressures (5, 6). Lately, the kinetics of W 
deposition has been examined at lower temperature- 
pressure combinations compatible with the selective pro- 
cess (7). The deposition rate dependence on the substrate" 
temperature and the partial pressures of WF6 and H2 has 
been found consistent with the results obtained for depo- 
sition of tungsten metallurgical coatings. The selective 
nature of the W deposition process is dependent  on 
various parameters such as deposition temperature, com- 
position of WF~-H2 gas mixtures, and total pressure (8). 
However, the relationships between selectivity and pro- 
cessing parameters remain essentially qualitative. 

The purpose of our experiments was to investigate the 
kinetics of W deposition via the H2 reduction of WF6 and 
the effect of H2 and WF6 partial pressures on selectivity. 
The metal was deposited on oxide-patterned silicon wa- 
fers in two stages. In a first step was grown a self-limiting 
layer of W via the Si reduction of WF6 under fixed and 
constant experimental  conditions. Then the growth of 
metallic films is continued via the H2 reduction of WF~ 
carried out under  variable experimental  conditions. The 
deposition rate of metal produced by the H2 reduction of 
WF6 and the selectivity of the deposition process have 
been determined as a function of the deposition parame- 
ters. The growth mechanism of tungsten films will be 
discussed in the following sections. 

Experimental Procedure 
The deposition of tungsten films was carried out in a 

low pressure CVD system with a three-zone resistance- 
heated horizontal furnace. This experimental  setup is 
quite similar t o  systems described in previous papers 
(7-9). The reaction chamber was evacuated with a Roots 
blower backed by an oil rotary pump. To maintain the to- 
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tal pressure in the  reactor constant, the pumping capacity 
of the vacuum system could be adjusted by introducing 
an argon stream at the entrance of the Roots blower. So, 
total pressure and gas flow could be varied independ- 
ently of one on another. The temperature setting of the re- 
actor was calibrated with an internal thermocouple,  at the 
same pressure and gas flow as those used during the ex- 
periments. The temperature difference across the 
length of the boat was less than I~ The purities of WF6, 
hydrogen, and argon gases were 99.8, 99.9995, and 
99.9995%, respectively. The deposition process was con- 
trolled and monitored by a microprocessor. 

20-40 i2-cm p-type (100)-oriented sing!e-crystal silicon 
wafers of 100 mm diam were used. These wafers were 
coated with a 40 nm thick thermal oxide layer. Then, a 
800 nm thick undoped low temperature oxide (LTO) was 
deposited on top of the thermal oxide via LPCVD at 
430~ The test pattern for W selective deposition (Fig. 1) 
was delineated by standard photolithographic methods; 
the oxide layers were etched by dipping in a buffered HF 
solution. After photoresist stripping, a lot of 25 substrates  
was cleaned in a mixture of (2.5:1) H2SO4:H202 for  15 min, 
rinsed in deionized water, and nitrogen spin dried before 
storage in dust-proof containers: In the reactor, a quartz 
boat containing 80 wafers is positioned so that the sub- 
strate surface is parallel to the gas stream. The wafers are 
placed in eight rows (A to H) comprising five slots 
spaced 12 mm apart; two wafers are placed back to back 
in each slot. Only three or four wafers per deposition run 
were used as samples; the others were thermally oxidized 
dummy wafers. Prior to loading in the quartz boat, the 
test wafers were chemically etched to remove the native 
oxide layer on the bare silicon regions. This chemical 
treatment consisted of etching in a (10:1) HF solution for 
20S, rinsing in deionized water, and a nitrogen spin dry. 

Some W films were prepared via the S i  reduction of 
WF6. The substrate temperature was fixed at 285~ The 
partial pressures of WF6 and argon were 0.005 and 0.245 
torr, respectively. The sheet resistance of films was de- 
termined as a function of the reaction t ime which varied 
between 2 and 12 rain. This deposition process comprises 
several sequences. After loading the quartz boat into the 
furnace, which is at deposition temperature,  the reactor is 
evacuated, purged with nitrogen at a pressure of 0.25 torr 
for 10 min, and again evacuated to a base pressure of 5 x 
10 -3 torr. The argon flow rate corresponding to the depo- 
sition conditions is established for 10 min to allow the 
substrate temperature to stabilize, and then WF6 is intro- 
duced into the reactor for 2-12 rain for W deposition on 
monocrystalline silicon. 

The W deposition experiments via the H~ reduction of 
WF6 were carried out in two successive stages. The first 
stage consisted in the Si reduction of WF6 performed un- 
der the experimental  conditions described above. After 
this step, the reactor is purged with argon for 2 min, and 
the second stage of deposition via the H2 reduction of WF6 
proceeds according to the following sequences. The ar- 
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Fig. 1. a: Test pattern for selective deposition of tungsten on silicon 
wafers. Si (dark areas); SiO2 (light areas), b: Magnification of 1 cm 2 
of SiO2 showing square windows of different sizes. Solid squares: 600 
/~m. Open squares: 400/*m. Solid circles: 200/~m. Open circles: 100 
/ . r  

Table II. Symbols used to characterize the selective nature 
of the tungsten deposition process 

A Selective deposition 
Failure of Selectivity 

A W dots on SiOz up to 1 mm from the edge of the large deposition 
zones. 

W dots on SiO2 up to 10 mm from the edge of the large deposi- 
tion zones. 

�9 Non-selective deposition 

faces of deposition than in the center of samples. To char- 
acterize the quality of selectivity, different symbols are 
used in Fig. 3-5; the meaning of these symbols is shown in 
Table II. 

Results 
Si reduction of WF~.--The Si reduction of W-F6 proceeds 

according to the reaction (2, 9) 

WF6 + 3/2 Si --, W + 3/2 SiF4 

Tungsten films can form only on silicon regions, and 
this process is strictly selective. At 285~ and under the 
partial pressures of WF6 and argon used, encroachment of 
W films along the SiO2-Si interface does not occur. This 
result is consistent with that obtained by Moriya et al. 
(10). At the initial stage, the reaction of WF6 with silicon is 
very fast. The sheet resistance of W films has been found 
to decrease very rapidly during the first 3 min; for reac- 
tion times longer than 3 min, the sheet resistance reaches 
a constant value (Fig. 2). The min imum resistivity is 30 
/~ -cm,  which is in good agreement  with values reported 
in the literature (2). The metallic layers reach a limit in 
thickness once silicon is completely covered with a con- 
tinuous, compact W layer. 15 nm thick W films were de- 
posited during this step. The thickness of silicon con- 
sumed was about 30 nm. These thickness values deduced 
from scanning electron microscopic observations of 
samples are consistent with the data previously published 
(7,9, 10). 

H2 reduction of WF6.--When a WF6-H2 gas mixture is in- 
troduced into the reactor to deposit W on silicon, Si and 
H2 react simultaneously with WF6 (7, 10) and it is impossi- 

gon and hydrogen flow rates are established for 10 rain, 
and then the deposition occurs when WF6 is introduced 
into the reaction chamber. The deposition duration is 
fixed at 15 min. The gas flow rates and partial pressures 
of WF6, hydrogen, and argon were varied as given in 
Table I. In all these experiments,  the deposition tempera- 
ture was maintained at 285~ since at this low tempera- 
ture encroachment  problems are suppressed (10) and ex- 
cellent selectivity can be obtained (8). 

The thickness of W films was measured using a stylus 
profilometer. Tungsten steps were etched in the large 
deposition zones near the wafer edges (Fig. 1). To deline- 
ate the steps, after coating with a protective wax layer, 
the samples were dipped in a KOH(0.24M)-KH2PO4(0.25M)- 
K3Fe(CN)6(0.1M) solution for 1 min (2) after which the wax 
was stripped in trichlorethylene. The W deposition rate 
was derived from thickness measurements.  To evaluate 
the selectivity of the process, the test wafers were ob- 
served by dark field optical microscopy at a magnifica- 
tion of 500. When a failure of selectivity occurred, minute 
shiny dots of tungsten could be detected on the oxide re- 
gions. Selectivity is less good at the edges of the large sur- 

Table I. Processing parameters for selective tungsten deposition 
at 285~ (ltorr = 133 Pa) 

H2 WF6 Ar Total 

Flow rate 
(liter/min) 1-4 0.015-0.300 1-4 4-7 

Pressure 
(mtorr) 180-1400 3-55 0-1200 250-1400 
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Fig. 2. Sheet resistance of W films vs. reaction time for films pro- 
duced via the Si reduction of WF~. Argon pressure = 0.245 tort; WF 6 
pressure = 5 mtorr; deposition temperature = 285~ (I tort = 133 
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ble to determine accurately the thickness of W films 
grown via the H2 reduction of WF6 (2, 11) 

WF~ + 3H2 --* W + 6HF 

To eliminate this uncertainty, a first deposition step 
consisting in the Si reduction of WF6 was systematically 
carried out under  the experimental  conditions already de- 
scribed. W films prepared by the H2 reduction of WF6 
were deposited on 15 nm thick tungsten layers formed 
during the first step. To determine the deposition rate, 15 
nm of tungsten have been deducted from the total thick- 
ness of films obtained by s-step height measurements.  

The growth rate of W films on wafers closest to the 
tube wall (positions 1 and 10 in rows A to H) was zero or 
very slight compared with the deposition rate on wafers 
placed within a row. Consequently, the results obtained 
on the outermost test wafers have been disregarded and 
only those found for wafers in an internal position (no. 2 
to 9 in a row) are reported. The deposited material was de- 
termined to be polycrystalline W by x-ray diffraction 
techniques. In Fig. 3 is plotted the deposition rate of 
films produced from WF~-H2-Ar or WF~-H2 gas systems 
vs .  WF6 partial pressure. The hydrogen partial pressure 
was varied between 0.18 and 0.81 torr, and the argon par- 
tial pressure was adjusted to maintain a constant total 
pressure of 1.4 ~orr. The growth rate of W films is essen- 
tially independent  of the WF6 partial pressure with or 
without argon in the gas phase. 

The deposition rate of W films prepared from WF6- 
H2-Ar gas mixtures under a constant total pressure of 1.4 
torr was examined as a function of the H2 partial pressure. 
During these experiments,  the WF6 partial pressure could 
be varied in a wide range (5-50 mtorr) without showing 
any effect on the deposition rate. The dependence of the 
growth rate on the H2 partial pressure is shown in Fig. 4. 
The deposition rate of W films is proportional to the 
square root of H~ partial pressure. The curve (C1) has 
been plotted using the kinetic data resulting from experi- 
ments carried out when the quartz tube, quartz boat, and 
dummy wafers were clean. Under these experimental  
conditions, the total surface area of W deposition was 
about 60 cm ~, i .e. ,  the deposition area was limited to the 
silicon area left exposed on the test wafers. The rate con- 
stant deduced from the slope of the straight line (C1) is 
equal to 8.12 nm-min-~-torr -'~. With the processing pa- 
rameters used, the quartz ware remains free of any W de- 
posit during 20-25 runs; the cumulated thickness of metal 
deposited on silicon regions of the test wafers is between 
1.5 and 2/~m. After about 25 runs, a W deposit  could be 
detected on the quartz boat near the test wafer positions 
and on its downstream part. The quartz tube wall and 
some dummy wafers were also partially covered with a W 
deposit. The W layer formed progressively; nevertheless, 
it spread more and more rapidly during further runs. 

Curve (Di) corresponds to kinetic data obtained for ex- 
periments performed with dirty quartz ware, i .e.,  when a 
slight deposit  of metal could be detected on the quartz 
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performed with a clean quartz ware; curve Di is obtained from experi- 
ments carried out with a W deposit on the quartz ware. The meanings 
of symbols used for data points are given in Table II. 

boat in proximity to the test wafer positions. Under  these 
conditions, the surface area of W deposition can be esti- 
mated at several hundred cm 2. The rate constant calcu- 
lated from the slope of the straight line (Di) is 5.47 nm- 
min-l- torr  -1~-. In other words, when a W deposit appears 
and can be detected on the quartz ware, the growth rate 
of metal on the test wafers is reduced by 32% whatever 
the number  of selective deposition runs already per- 
formed. Nevertheless, the reaction order with respect to 
hydrogen remains equal to one-half. 

The deposition rate of W films prepared from WF6-H 2 
gas mixture  has been determined as a function of H2 par- 
tial pressure (Fig. 5). Curve (C1) shown in Fig. 5 repre- 
sents the kinetic data obtained for deposition experi- 
ments carried out with WF6-H2-Ar mixtures (Fig. 4). The 
WF6 partial pressure was relatively low (3-8 mtorr). Two 
kinetic regimes can be distinguished. First, under hydro- 
gen partial pressures higher than 0.7 torr, the deposition 
rate of W films is quite similar to that obtained with ar- 
gon in the gas phase. Thus, the growth rate displays no 
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Fig. 5. Deposition rate vs. square root of H~ partial pressure for 
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WF~ partial pressure = (3-8) mtorr. Curve C1 (dashed line) reports 
the data given in Fig. 4. The meanings of symbols used for data points 
are given in Table II. 
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dependence on changes in the argon partial pressure. 
Second, when the hydrogen partial pressure is less than 
0.6 torr, the thickness of W films is l imited to 15 nm, i.e., 
the metal can be deposited only via the Si reduction of 
WF~ occurring during the first step and the growth rate 
of W films via the H2 reduction of WF6 is about zero. 

S e l e c t i v i t y . - - T h e  Si reduction of WF6 yields perfect se- 
lectivity since no reaction can take place on SiO~. 

The symbols in Fig. 3-5 show the selective nature of 
deposition via the H2 reduction of WF6 as a function of 
WF6 and H2 partial pressures. Selectivity dependence on 
gas partial pressures is valid only for a deposition time of 
15 min. For longer deposition times or thicker W films, 
selectivity would in all likelihood be lost owing to the de- 
velopment  of W nuclei on the SiO2 surface. 

Selectivity deteriorates with increasing WF6 partial 
pressure (Fig. 3). Under  a hydrogen partial pressure of 
0.44 torr, deposition remains selective at WF6 partial pres- 
sures of less than 15 mtorr and W films will grow at a rate 
of only 15 nm/min. Selectivity is preserved at higher dep- 
osition rates: under an H2 partial pressure of 0.75 torr with 
or without argon in the gas phase, 120 nm thick selective 
W films have been routinely deposited. 

The correlation between selectivity and hydrogen par- 
tial pressure is shown in Fig. 4. Failure of selectivity oc- 
curs more frequently with increasing hydrogen partial 
pressure. For a given H2 partial pressure (0.5 torr, for ex- 
ample), selectivity depends only on WF6 partial pressure, 
i.e., a failure of selectivity is observed under a WF6 partial 
pressure higher than 15 mtorr. When a W deposit appears 
on the quartz boat, not only does the deposition rate fall 
off rapidly, but selectivity is more often lost. Conse- 
quently, after ten or 15 deposition runs, the quartz boat 
and reactor were cleaned in HF-HNO~ solution to etch an 
eventual W deposit and oxidized dummy wafers were re- 
newed. 

Discussion 
R e a c t i o n  m e c h a n i s m . - - T h e  kinetics of the chemical 

vapor deposition of W films via the H2 reduction of WF6 
have been already extensively studied and Bryant (6) has 
analyzed experimental  rate data. The reaction mechanism 
comprises five main sequences: (i) diffusion o f  reactants 
to the surface, (it) adsorption of reactants on the surface, 
(iii) reaction in the adsorbed phase on the surface, (iv) 
desorption of gas products, and (v) diffusion of gas prod- 
ucts from the surface. 

At high substrate temperatures (T > 700~ relatively 
low reactant flow rates, and high total pressure, the mass 
transport process by diffusion in the gas phase is the rate- 
controlling step (12). Throughout the temperature and 
pressure ranges investigated for selective tungsten depo- 
sition, the kinetic data may be interpreted on the basis of 
the Langmuir-Hinshelwood model which is Currently 
used in heterogeneous catalysis. In previous studies (5-7), 
the dissociative adsorption of hydrogen on tungsten was 
considered as the rate-limiting step. This assumption 
does not account for the large decrease in deposition rate 
observed when W deposits on the quartz ware. Nor can 
this decrease in deposition rate be explained by a deple- 
tion of reactant gases due to the large increase in deposi- 
tion area. Indeed, hydrogen consumption is only 0.4 
cm3/min when 60 cm 2 of metal are deposited at a rate of 10 
nrrgmin. In the reaction scheme proposed in the present 
work (see Appendix), HF has been considered to affect 
the surface reaction rate in the adsorbed phase. Details of 
the procedure used to establish the expression of growth 
rate of the W films are given in the Appendix. 

The actual HF partial pressure, Pc, in the reactor is pro- 
portional to the growth rate of tungsten, i.e., to the square 
root of hydrogen pressure, (PB) '~2, and to the surface area 
of W deposition; therefore 

Pc = fl(ao + a,)(PB) 112 [1] 
where ao is the surface area for selective deposition and a, 
is the surface area of deposition when a W deposit is de- 
tected on the quartz ware, a, >>  ao. 

Using the value of HF partial pressure given by Eq. [1], 
the expression [A-15] for the growth rate becomes 

GR = [kRa(1 - e)N~eKB - k'RN~e2Kcfl(ao + a~)](Ps) "2 [2] 

Therefore, the reaction orders with respect to WF6 and H2 
(zero and one-half, respectively) provided by Eq. [2] are in 
good agreement  with the experimental  values determined 
during this study as well as with the findings of other in- 
vestigators (5-7). By plotting GR vs.  (PB) ~/~, two curves can 
be obtained. When the quartz ware is clean, the surface 
area, al, is zero and the slope of the straight line (C1) is 
given by 

S(c,) = kRa(1 - e)N~eKB - k'RNs2e2Kc~ao [3] 

After several runs, when the metal is deposited on the 
quartz tube, boat, and dummy wafers, the deposition rate 
decreases and the slope of the straight line (Di) is given 
by 

S~Di~ = S(c ,  - k'aNs2e~Kcflal [4] 

Thus, the experimental  results as given in Fig. 3 and 4 can 
be described by Eq. [2]. 

The effect of HF partial pressure on the H2 reduction of 
WF~ has been studied in the past. Berkeley et al.  (13) have 
shown that a concentration of HF equal to about 25% of 
the volume of reactants was sufficient to inhibit the dep- 
osition of tungsten from static reacting gases. On the con- 
trary, according to Cheung (5), the addition of up to 40% 
HF to the WF6-H2 gas flow system did not have more 
than a dilution effect on the deposition rate. This appar- 
ent discrepancy can be explained on the basis of the 
mechanism proposed (see Appendix) according to which 
a blocking effect of HF on the deposition process occurs 
in step [R]. Under  relatively high WF6 partial pressures, 
such as those used by Cheung, the value for e 2 will be 
very smal l  Therefore, Eq. [A-15] can be simplified by 
neglecting the second term in the right member,  which 
gives 

G~ = kRa(1 - e)N~eKs(Ps) 11'z [5] 

And by neglecting �9 with respect to unity, the expression 
becomes 

GR = kRN~eKBa(PB) "2 [6] 

Thus, it can be established that the growth rate of W 
films is independent  of HF partial pressure but only un- 
der HF pressures higher by a factor of 100-1000 than those 
used in the present study. 

Under hydrogen partial pressures of less than 0.6 torr, 
the growth rate  of W films produced in WF6-H2 gas sys- 
tems has been found dependent on the orientation of the 
wafer surface with respect to the gas flow. With the wafer 
surface parallel to the gas flow, the growth rate is zero 
(Fig. 5). On the other hand, with the wafer surface perpen- 
dicular to the gas flow and under analogous reactant par- 
tial pressures, W films were deposited (7, 8). The deposi- 
tion rate dependence on wafer surface orientation may be 
linked to the hydrodynamics of the gas system. This 
point remains the focus of continuing studies. 

S e l e c t i v i t y . - - T h e  processing conditions leading to the 
loss of selectivity given in Fig. 3-5 are in good agreement 
with those put forward by Saraswat et al .  (8). Losses in se- 
lectivity can be linked to an increase in HF partial pres- 
sure in the reactor. The selective nature of the W deposi- 
tion process deteriorates when the growth rate (or HF 
pressure) is increased and also specially at the edges of 
the large deposition zones, i.e., in the areas of highest HF 
pressure. As has already been reported by Cuomo (14), 
the glass substrate is etched around the W deposition 
zone by HF liberated from the reduction reaction. In this 
ablative zone, water vapor is formed on the SiO2 surface 
and WF6 can be hydrolyzed to form tungsten oxyfluoride, 
WOF4. A tungsten compound containing fluorine atoms 
has been detected by x-ray probe analysis around the ab- 
lative zone on the glass substrate (14). At low temperature 
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(285~ the etching of SiO~ due to HF formed by the H~ 
reduction of WF6 is very slight. Nevertheless, water vapor 
is probably formed on the SiO2 surface and WF6 may be 
locally converted into tungsten oxyfluoride. This com- 
pound serves as a nucleating site for W deposition. Hy- 
drolysis is favored under relatively high wF6 partial pres- 
sure and selectivity is reduced with increasing WF6 
pressure (Fig. 3). The nuclei grow slowly during the first 
minutes of the deposition process; their development  
thereafter accelerates, and, for longer periods, the selec- 
tive nature of the deposition process becomes entirely 
lost. 

The advantage of deposition with the wafer surface par- 
allel to the gas flow is a shortening of the HF residence 
time on the SiO2 surface. This ought to improve selectiv- 
ity with respect to wafers placed perpendicular to the gas 
flow. This point, however, remains to be ascertained by 
comparative experiments.  A parallel configuration im- 
plies a higher total pressure than if the wafers are perpen- 
dicular to the gas flow. This increase in total pressure has 
been achieved in the present study by adding argon to the 
gas system. 

Selectivity of W deposition can be further improved by 
various other means: both deposition area and W growth 
rate must be as small as possible; a low deposition tem- 
perature minimizes the interaction between HF and SiO2. 

Conclusion 
The kinetic data for selective tungsten deposition via 

the H2 reduction of WF6 can be interpreted on the basis of 
the Langmuir-Hinshelwood model. The surface reaction 
between fluorine and hydrogen atoms in the adsorbed 
phase is considered as the rate-controlling step. The dep- 
osition rate is dependent  on the HF partial pressure and, 
consequently, on the surface area of W deposition. To 
minimize this surface area and obtain a good reproduci- 
bility on the deposition rate, the quartz tube, boat, and 
oxidized dummy wafers have to be free of any W deposit. 
The selectivity of the deposition process deteriorates with 
increasing WF6 partial pressure and deposition rate. The 
loss of selectivity seems to be l inked to an increase in HF 
partial pressure in the reactor. The selective nature of the 
process can certainly be preserved under  processing con- 
ditions in which HF partial pressure in the reactor and 
the interaction between HF and SiO2 are minimized. 

Manuscript submitted April 9, 1985; revised manuscript  
received July  12, 1985. 
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APPENDIX 

The different steps of the reaction mechanism for the 
H2 reduction of WF6 can be schematically represented as 
follows. 

1. Adsorption of WF6 

kA 
W F  6 (g) + s ~ WF6-s --> W + . . .  ~ F-s [A] 

k '  A 

2. Dissociative adsorption of hydrogen 

kB 
1/2 H~ (g) + s ~- H-s [B] 

k '  B 

3. Surface reaction in the adsorbed phase 

kR 
F - s + H - s  ~ H F - s + s  [R] 

k'R 

4. Desorption of HF 

kc 
HF-s ~ HF (g) + s [C] 

k '  c 

where k and k' are the rate constants of the direct and re- 
verse reactions, respectively. K is the equilibrium con- 
stant with K = k / k ' .  

The Langmuir-Hinshelwood model  is based on three 
main assumptions. First, the adsorption sites, s, on the 
surface of tungsten are equivalent and the adsorption of 
different gases (WF6, H2, and HF) is a competit ive process. 
Second, the rate-limiting step is the surface reaction in 
the adsorbed phase; thus, the other surface processes are 
in equilibrium. Moreover, the surface reaction is assumed 
to be an opposing reaction, i.e., the adsorbed species, F-s 
and H-s, can be formed by the adsorption of HF vapor on 
the tungsten surface. Nevertheless, the overall reduction 
reaction is not a reverse process. Third, the rate of the 
surface reaction, JR], is proportional to the concentrations 
of adsorbed species. 

In order to establish an expression describing the 
growth rate of W films from WF6-H2 systems, some addi- 
tional assumptions have been considered. The adsorption 
of WF6 on tungsten produces fluorine atoms, called F-s in 
reaction [A], which are strongly adsorbed on the surface, 
i.e., the equil ibrium constant, KA, in process [A] is very 
high. Some support for this assumption is provided by 
experimental  data on the interactions between tungsten 
and WF6 molecules or fluorine atoms (15-17). However, 
neither the stages from adsorbed fluorine atoms to WF5 
or WF6 gas molecules nor the steps in the reverse pro- 
cesses have been completely understood. Finally, hydro- 
gen and HF are assumed to be weakly adsorbed on tung- 
sten, i.e., the equilibrium constants, KB and Kc, are very 
low. 

To simplify the formalism of the rate equations, the 
subscripts A, B, and C will be used to designate the gases 
WF6, H2, and HF, respectively. 

Let Ns be the total number  of surface sites per square 
centimeter  and let O,  OA, OB, and Oc be the frac- 
tions of the surface sites which are free and covered by A, 
B, and C, respectively. In other words, Os, OA, OB, and Oc 
are the mole fractions of free sites and adsorbed species, 
WF6-s, H-s, and HF-s, i.e., O5 = 1 - OA - OB - Oc. The con- 
centrations of the adsorbed species and free sites on the 
W surface are given by 

IWF6-s[ = NsOA [A-l] 

[H-s[ = N~OB [A-2] 

[HE-s[ = NsOc [A-3] 

[s[ = N~O~ [A-4] 

Since the adsorption step [A] is in equilibrium, the frac- 
tion of the surface sites occupied by WF~ molecules can 
be expressed as a function of gas pressures (PA. PB, and 
Pc) using the steady-state equation (18) 

KAPA 
OA = [A-5] 

1 + KAPA + KB(PB) 112 + KcPc 

where KA, KB, and Kc are the equilibrium constants of 
the processes [A], [B], and [C], respectively. 

Since H2 and HF are weakly adsorbed and WF6 strongly 
adsorbed on the W surface, the equil ibrium constants KB 
and Kc are very small and can be neglected with respect 
to KA. Equation [A-5] can be simplified, and the term OA 
is almost equal to unity. Setting 

�9 = 1 - - O A  [A-6]  

the value of �9 will be very small. 
The concentration of adsorbed fluorine atoms is as- 

sumed to be proportional to OA and can be expressed by 
the following equation 

IF-s] = a(1 - �9 [A-7] 

Consequently, the concentration of fluorine atoms ad- 
sorbed on the W surface is independent  of gas pressures. 
The terms OB and Oc can be calculated in the same way as 
OA (18). Since the sum [KB(PB) "2 +KcPc]  is negligible with 
respect to unity, the simplified expressions of Os, Oc, and 
Os are the following 

OB = eKB(PB) 'l~ [A-8] 

Oc = � 9  [A-9] 

o~ = �9 [ A - 1 0 ]  

Furthermore, the concentrations of the adsorbed species 
and free sites on the W surface become 

[H-sl = N~eKB(PB) 1'~ [A-11] 
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IHF-s] = N~eKcPc [A-12] 

Isl = N~e [A-13] 

The growth rate of W films, GR, is equal to the rate of the 
surface reaction [R] which is considered to be the rate- 
limiting process. This surface reaction is an opposing re- 
action, and its rate is given by 

GR = kRIF-sIIH-sl - k'RIHF-slIsl [A-14] 

Using Eq. [A-7] and Eq. [A-Ill-[A-13], this rate equation 
takes the form 

GR = k~a(1 - e)N~eKB(PB) "2 - k'RN~e2KcPc /A-15] 
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A Diffusion Model for Electron-Hole Recombination in 
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ABSTRACT 

Optical techniques have been used to study the extended persistence of luminescence in willemite phosphors coac- 
tivated with Mn and As. Absorption and photoluminescence excitation spectroscopy establish that the Mnzn 2+ impurity 
ground state lies 3.9 + 0.1 eV below the conduction bandedge in willemite. Laser pulse excitation at energies > 3.9 eV 
has been used to generate Mnzn 2+ luminescence decay curves. At short times (t < 100 ms), the shape of these decay 
curves depends strongly on both temperature and As concentration in the samples (NAs). These pulse response curves 
have been analyzed using a bimolecular kinetic model. The behavior of the model parameters as a function of NA~ is in- 
terpreted in terms of a diffusion-controlled recombination between trapped electrons and ionized Mn centers. When NAs 
< 1 x 10 TM cm-3, the recombination is dominated by thermal emission of electrons to the conduction band. When NAs > 2 
x 10 ''~ cm -3, diffusion by intertrap tunnel ing is dominant.  

Manganese-activated willemite (Zn2SiO4:Mn), when co- 
activated with As, forms the phosphor system designated 
P39 (1). The active luminescence is the 4T, ~ 9A, 
intracenter d electron relaxation of the Mnzn 2+ impurity 
with lifetime % - 10 msec (2). The addition of As intro- 
duces a long nonexponential  afterglow to the decay. This 
extended persistence of the P39 phosphor system makes 
it of considerable current interest as an antiflicker phos- 
phor in displays where the refresh rate must  be mini- 
mized, such as computer data display. 

The Zn2SiO4:(Mn,As) phosphor was originally reported 
by Frohlich and Fonda (3). They investigated a number  of 
approaches to increasing the persistence of Mnzn 2+ lumi- 
nescence in willemite, including quenching from high 
temperature, variation of stoichiometry, and incorpora- 
tion of many coactivator impurities. Of these, the addition 
of As impurity to Zn2SiO4:Mn was found to be most effec- 
tive in extending persistence. Improved methods of syn- 
thesizing the coactivated phosphor have recently been re- 
ported (4). In  addition, the effects of A1PO4 substitution in 
the wiUemite lattice have been investigated (5), although 
it is not yet clear that significant improvements in bright- 
ness and persistence can be achieved in this way (6). 

*Electrochemical Society Active Member. 
1On leave from Royal Signals and Radar Establishment, Malvern, 

England WR14 3PS. 

There has been considerable effort devoted to studying 
the physics of the phosphorescence process in 
Zn~SiO4:(Mn,As). Most of these studies have involved 
measurement  of thermal glow curves (7-14). More re- 
cently, photostimulated luminescence and conductivity 
measurements have been carried out (15-18). However, as 
yet, there is no general agreement about the recombina- 
tion mechanism in this phosphor. 

It is known empirically that for maximum enhance- 
ment of persistence in P39 phosphor the concentrations 
of Mn and As must  be controlled within definite limits. 
State of-the-art antiflicker performance is achieved when 
Mn is -0.1%, substituted for Zn, and the As concentration 
is somewhat lower. The Mn concentration is about ten 
times lower than that used in the Zn~SiO4:lVin (P1) phos- 
phor system which does not exhibit extended persist- 
ence, so that the overall efficiency of the P39 phosphor is 
reduced. However, there is no quantitative model which 
can be used to assess whether the presently favored com- 
position of P39 is indeed optimal, or to guide the develop- 
ment of new phosphor systems. 

In order to improve our understanding of the mecha- 
nism of this phosphor's operation, it is necessary to have 
more quantitative information about the impurity energy 
levels in the bandgap of the willemite lattice, about the 
partitioning of excitation energy between electron traps 
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and Mnz, impurities, and about the rates of recom- 
bination between separated electrons and holes in 
Zn2SiO4:(Mn,As) phosphors of different compositions. In 
this paper, we report the results of various spectroscopic 
measurements designed to provide this quantitative in- 
formation. The samples used were either single crystals 
(19) with varying concentrations of Mn and As impurities 
or commercial  powder phosphors. The techniques em- 
ployed include absorption and phototuminescence excita- 
tion spectroscopy to determine the Mnz, 2§ impurity level 
energy, and time-resolved luminescence to provide infor- 
mation on energy partitioning and recombination rates. 
Trap population parameters and recombination rate con- 
stants were obtained from the time-resolved measure- 
ments by computer  fitting of the experimental  curves 
with a bimolecular kinetic model. The behavior of these 
model parameters as a function of As concentration is 
consistent with recombination occurring by diffusion of 
trapped electrons, in contrast to conclusions reached in 
recent work. 

The paper is organized as follows. In the second sec- 
tion, the experimental  techniques are described, and in 
the third the results are summarized. The fourth section 
covers the energy levels for both As and Mn impurities in 
relation to the bandedges in willemite. The next section 
develops the simplified diffusion model  used to describe 
electron-hole recombination in the P39 phosphor, and in- 
terprets the parameters obtained by numerical fitting of 
this model to the decay curves. The sixth section is a con- 
sideration of the general significance of the power law 
decay often observed at long times in these phosphors, 
and the difficulties which prevent firm conclusions 
about recombination mechanisms being drawn solely 
from such long-time decay curves. Finally, the last sec- 
tion discusses the optimal composit ion of the P39 phos- 
phor system in the light of the diffusion-controlled re- 
combination suggested by our results. 

Exper imenta l  
Spectroscopic measurements  have been made on both 

the Zn2SiO4:Mn and Zn2SiO4:(Mn,As) systems. The 
samples used were either commercial  powder phosphors 
or single crystals grown in this laboratory as previously 
reported (19). The Mn and As impurity concentrations in 
the single crystals were determined by x-ray microanaly- 
sis in a JEOL electron microscope. The Mn concentration 
in the powder materials was determined using atomic ab- 
sorption spectroscopy and the As concentration using a 
colorimetric technique. The impurity concentrations, rep- 
resented as atoms per formula unit of willemite, are given 
in Table I. Where a particular crystal was not directly ana-  
lyzed, the impuri ty concentration in a crystal grown from 
a melt of identical composition is indicated; these concen- 
trations are shown in parentheses in the table: 

Absorption measurements  on single crystals were made 
using a Cary 17 spectrophotometer  with the sample 
mounted in a variable-temperature He cryostat. For pho- 
toluminescence excitation (PLE) spectra, the samples 
were mounted on a copper block in an evacuable Dewar. 
The crystals were mounted directly on the copper block 
using thermal paste, while the powders were first spread 
as a thin layer on a copper disk. The temperature of the 
block was controlled by a combination of liquid N2 cool- 
ing and resistance heating. The PLE source was a 150W 
Hg lamp in conjunction with a broad UV bandpass filter. 
The excitation wavelength was selected by a Bausch and 
Lomb monochromator.  The luminescence was passed 
through a low fluorescence edge filter to remove scat- 
tered excitation light, and then through a second mono- 
chromator acting as a tunable filter at 525 nm near the 
peak of the Mn 2§ luminescence spectrum. The signal was 
detected with an S-20 response phototube and electrome- 
ter. The PLE spectra were recorded point by point to al- 
low those phosphor systems with long time constants to 
reach a steady state. The excitation lamp and monochro- 
mator combination was calibrated against a thermopile to 
allow correction of the PLE spectra. 

Table I. impurity atoms per formula unit of willemite ~ 

Sample Mn Ar 

Crystals 
2173H (0) (0.0030) 
2348A 0.0015 0.0009 
2349A 0.0016 0.0018 
2350A 0.0012 0.0041 
2279A (0.0140) (0.0017) 
2159E (0.0240) (0) 
2228A 0.063 0.0017 

Powders 
U-P1 0.0220 (0) 
U-P39 0.0012 0.00023 
G-P39 0.0014 0.00113 

Nonstoichiometric formula unit Zn,.96Sil.o4Ot.04 [Ref. (19)]. 

Luminescence rise and decay curves of the phosphors 
in response to long (2 ms) excitation pulses were mea- 
sured by introducing a mechanical  shutter into the excita- 
tion beam. The signal was summed over repeated pulses 
using a Nicolet 1174 signal averager. 

The response to very short (< 10 ns) pulses was mea- 
sured using two different excitation systems. The first 
was a Molectron DL II N=:pumped dye laser using either 
a stilbene dye lasing at 440 nm to generate local excitation 
of the Mn 2§ centers without ionization, or the output of a 
rhodamine 6G dye lasing at 576 nm and frequency dou- 
bled to 288 nm by a KDP crystal. The second pulse exci- 
tation source was a Lambda Physik excimer laser produc- 
ing emission at 248 and 193 nm using KrF and ArF, 
respectively. The repetition rate for both pulse systems 
was -0.1 Hz, and repeated pulses were again summed 
with the Nicolet signal averager. 

Results 
Room temperature absorption spectra for three crystals 

are shown in Fig. 1. The absorption strength in the visible 
region (Fig. la-lc)  increases with increasing Mn concen- 
tration in the crystals; this absorption is due to intra- 
center d electron transitions of Mnz~ 2§ impurities on the 
two inequivalent  zinc sites in the willemite lattice (20, 21). 
Figure ld  compares the absorption spectra of the three 
crystals in the near-UV region. It is evident that the pres- 
ence of Mn in the crystal induces absorption. Hence, in- 
corporation of Mn 2§ in the willemite lattice introduces rel- 
atively weak intracenter d electron transitions in the 
visible region of the spectrum and a strong electronic 
transition in the near UV. Any optical effects due to As in- 
corporation occur at higher energy and are relatively 
small by comparison (22). 

Figure 2 illustrates the temperature-dependence of the 
absorption spectrum for crystal 2228A, which has the 
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Fig. 1. Room temperature absorption spectra for willemite single 
crystals. Melt composition end optical path length are given in the 
key. The incorporated impurity concentrations are given in Table I. 
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Fig. 2. Absorption spectra of a willemite crystal at - 6  and - 2 8 0  K. 
MnA and MnB are the zero phonon line positions for the 8A~ --~ 4T~ 
transitions of Mn :~ ions on the two inequivalent Zn sites of willemite. 
ET is the estimated threshold for ionization of Mnz. ~§ Crystal compo- 
sition is given in Table I. 

highest Mn concentration. The d electron transitions in 
the upper f igure show some sharpening at low tempera- 
ture. The zero phonon line positions for the 6A, ~ 4T~ 
transitions of the two inequivalent Mnzn ~ centers, MnA 
and MnB, are indicated; these lines are too weak to be de- 
tected in absorption even at ~6 K, although they are eas- 
ily observable in luminescence (23, 24). The onset of the 
strong Mn-induced absorption edge is evident near 330 
nm (~3.8 eV). The intensity of absorption in this edge re- 
gion clearly increases with increasing temperature. 

The threshold for the Mn-induced absorption edge can 
be more easily determined from the P i E  spectrum of the 
Mn 2§ luminescence. The spectra in Fig. 3 were taken point 
by point and corrected as described in the previous sec- 
tion. Figure 3a gives the room temperature PLE spectra 
for three samples of composition Zn2SiO4:(Mn,As) (P39), 
both crystal and powder; Fig. 3b gives the corresponding 
PLE spectra for a Zn2SiO4:(Mn) (P1) powder sample at 300 
and 470 K. It is evident from Fig. 3a and 3b that the form 
of the room temperature PLE spectrum in the energy 
range 3.8-5 eV is not very sensitive to the presence of As 
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Fig. 3. Photoluminescence excitation spectra for willemite phos- 
phors. The detected signal is the 4T I --> 8A 1 luminescence of Mnzn ~+ at 
525 nm. The lines are drawn through data taken point by point, a: 
Room temperature spectra of crystal and powder of composition equiv- 
alent to P39. b: Temperature dependence of a powder P1 phosphor. 
The inset shows the activated form of the spectrum near threshold E T. 

impurity. The sharp increase in the PLE intensity can be 
used to estimate the threshold for the process leading to 
Mn ~§ luminescence, and this is found to be ET -- 3.9 -+ 0.1 
eV. This threshold is marked on the lower part of Fig. 2 
and is seen to correspond with the onset of the Mn- 
induced absorption edge. 

The PLE intensity near threshold increases with in- 
creasing temperature, as illustrated in Fig. 3b. This be- 
havior parallels the increase in absorption with increasing 
temperature shown in Fig. 2. The inset to Fig. 3b suggests 
an activation energy of -95  - 15 meV for the PLE thresh- 
old. This is within the upper range of vibrational energies 
of the SiO42 anion (25) and is consistent with a phonon- 
assisted absorption process near threshold in willemite. 

Although the incorporation of As impurity does not af- 
fect the form of the PLE and absorption spectra in the 
range 2.5-5 eV, the presence of As has a profound in- 
fluence on the measured decay curve for the Mn 2§ lumi- 
nescence. The results of a series of measurements of lu- 
minescence decay using an electrical shutter to interrupt 
the excitation beam are summarized in Fig. 4. As the exci- 
tation energy increased, it was found that the measured 
decay curves showed an initial fast decaying component  
which possibly arose from relaxation at some defect na- 
tive to the willemite lattice (9, 17). The detected signal 
was, therefore, gated with a 2 ms delay to allow the fast 
component  to disappear before measuring the Mn 2§ decay 
curves. The t ime to decay to 1/e of the intensity observed 
at the end of the gate pulse is shown as a function of exci- 
tation energy in Fig. 4. Figure 4a gives the results for pow- 
der and crystal samples coactivated with Mn and As, and 
Fig. 4b for powder and crystal samples activated with Mn 
alone. 

In Fig. 4b, the 1/e decay time over the whole excitation 
energy range is close to 10 ms, the value expected for the 
intrinsic 4T~ --~ 6A1 decay of MnA and MnB centers in wil- 
lemite at room temperature and with low Mn concentra- 
tion (23, 24). However, the situation is very different when 
As is included in the lattice as in Fig. 4a. In this case, the 
intrinsic decay of -10  ms is observed only for excitation 
energies < 3.9 eV, i.e., below the absorption threshold Ev 
determined from the PLE spectra in Fig. 3. At energies 
above this threshold, the decay t ime increased to a value 
> 20 ms and close to 30 ms in the powder sample G-P39. 
It is important to note that this marked increase in decay 
time is only observed when two conditions are fulfilled: 
(i) the excitation occurs above the Mn-induced threshold, 
-3.9 eV, and (ii) As impurity is present in the crystal. 
When these conditions are met, the decay shows the ex- 
tended persistence characteristic of P39 phosphor sys- 
tems. 

The effect of As incorporation on the Mn 2§ lumines- 
cence decay can also be studied using very short excita- 
tion pulses from a dye laser or excimer laser at energies 
above the threshold ET. Families of decay curves at a 
series of temperatures in the range 270-390 K were mea- 
sured for several of the samples listed in Table I. A typi- 
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Fig. 4. Mn 2+ luminescent decay time as a function of excitation en- 
ergy for Zn2SiO4:Mn with As codoping (a) and without As codoping 
(h}. 
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Fig. 5. Pulse response of Mn 2§ luminescence in a P39 phosphor at 
different temperatures. The laser pulse was ~ 5  ns. Similar families of 
curves were obtained with 248 and 193 nm excimer laser pulses. 

cal set, for the powder sample G-P39 and taken with a 
frequency-doubled dye laser at 288 nm (4.3 eV), is shown 
in Fig. 5. This was the weakest  of the pulse excitation 
sources used; the signal]noise ratio for decay curves mea- 
sured with the excimer laser at 248 nm (5 eV) and 193 nm 
(6.4 eV) was always better than that evident in Fig. 5. The 
dependence of the luminescence intensity on excitation 
density was checked by attenuating the dye laser beam 
with neutral density filters; Fig. 6 shows the response to 
be linear over the measured range. 

On the t ime scale of Fig. 5, the excitation pulses from 
both the dye laser and the excimer laser correspond to 
a-functions at the origin. The appearance of a delayed 
max imum in the decay curves was only observed for 
those samples which were simultaneously doped with Mn 
and As, and then only for pulse excitation above the 
threshold ET, i.e., only when conditions (i) and (ii) above 
were met. Samples without As addition showed a decay 
curve close to the intrinsic Mn 2+ decay at all temperatures 
and no delayed maximum. These pulse decay curves 
have been fitted numerically to obtain kinetic parame- 
ters describing the decay for several of the powder and 
crystal samples. The details of the fitting, and the corre- 
lation between the kinetic parameters and the chemical 
composit ion of the samples, are discussed in the fifth 
section. 

Impur i ty  Energy Levels in Zn2Si04 
The chemical form in which the As impurity is incorpo- 

rated in Zn2SiO4 is not known. However, the idea that As 
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acts as an electron trap in willemite is supported by elec- 
trical measurements  on As+-implanted SiO2 (26). These 
show that As + implantation produces a dominant electron 
trap with capture cross section (1-2) x 10 -15 cm ~ and a 
gaussian distribution around a median thermal trap en- 
ergy Em= 1.2-1.3 eV with standard deviation -0.2 eV. The 
results of thermal glow measurements  on Zn2SiO4:Mn, 
with and without As addition, have been summarized by 
Yang et al. (27) and Avouris et al. (12). The willemite lat- 
tice shows glow peaks indicating at least four distinct 
trap distributions, characterized by trap energies -0.15, 
-0.25, -0.55, and -0.9 eV. When As is added to the 
lattice, the glow peak near 273 K (-0.55 eV) is greatly en- 
hanced and dominates the thermal glow spectrum, and a 
new peak is detected near 553 K with activation energy 
-1.9 eV. This latter peak appears to correlate with the in- 
troduction of impurity atoms, the effect of As being par- 
ticularly large (10); the two dominant  peaks may be due to 
As impurity centers or may represent native defects of 
the willemite lattice whose concentration is greatly en- 
hanced by the presence of As. These various energy lev- 
els are represented as "electron traps" in Fig. 7, the trap 
energy being measured downward from the conduction 
band (CB) edge. 

In contrast to the situation for As, much  is known about 
the incorporation of Mn 2~ in willemite. It is incorporated 
substitutionally at the two inequivalent  Zn sites forming 
the MnA 2§ and MnB 2§ centers (20, 23, 24). The way in which 
simultaneous doping with As affects the Mnzn 2+ lumines- 
cence decay, evident in Fig. 4 and 5, is most easily ex- 
plained if it is assumed that the near-UV threshold ET cor- 
responds to the impurity ~ CB charge transfer transition 

M_rlzn2+(d 5) ----> Mnz,3+(d 4) + e~ [1] 

The free CB electrons can be efficiently trapped in the 
presence of a high concentration of As-related centers, 
leading to slow recombination and enhanced persistence. 
For excitation below E~, no ionization is possible and only 
intracenter excitation occurs to produce the intrinsic 
Mn 2+ decay with no enhanced persistence. The threshold 
ET, therefore, defines the position of the Mn 2+ impurity 
level in the gap as being -3.9 - 0.1 eV below the CB edge. 
This is illustrated in Fig. 7 together with the estimated po- 
sition of the 4T, excited level. This positioning of the Mn 2+ 
level, deduced from the absorption and PLE spectra in 
Fig. 2 and 3, is consistent with earlier estimates of ~3.96 
eV below the CB by Chang and Sai-Halasz (15) based on 
photostimulated luminescence measurements,  and - 4  eV 
by Dove et al. (11) based on the threshold for trap filling. 
In fact, there are two impurity levels corresponding to 
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Fig. 7. Impurity energy levels in P39 phosphors. The Mn 2§ levels are 
estimated from absorption and PLE spectra. The electron trap levels 
ore taken from thermal glow data. 
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MnA and MnB centers; the present experiments detect 
mainly the lower energy threshold corresponding to the 
center lying higher in the forbidden gap. This does not af- 
fect the arguments presented below. 

The assignment of the near-UV absorption edge as an 
impurity --~ CB charge transfer process implies that the 
transition occurs from a d-like orbital to an s-like orbital 
and is, therefore, parity forbidden. This would be quite 
consistent with the observation that the absorption pro- 
cess is phonon assisted near threshold. 

A Recombination Model 
P r e v i o u s  w o r k . - - T h e  enhanced persistence of the P39 

system is due to the slow recombination of spatially sepa- 
rated charges, viz . ,  trapped electrons and ionized Mnzn 3+ 
centers. At long times after the cessation of excitation, it 
is quite generally found that the decay of inorganic phos- 
phors can be described by an equation of the form (9, 28) 

I(t) = Io ~ [2] 

where the parameters fl and m depend on the particular 
system studied, the excitation density, the time elapsed 
since cessation of excitation, temperature, and so on. 

Kinetic models attempting to describe this decay be- 
havior were developed initially by Randall and Wflkens 
(7) using first-order kinetic equations, and extended by 
Garlick and Gibson (8) to include retrapping effects. 
Medlin (28) subsequently introduced second-order equa- 
tions to describe the recombination, but found that the 
behavior of  the parameters fl and m predicted by the 
second-order equations was consistent with the experi- 
mental data only at temperatures above the glow peak 
maximum for any trap. At lower temperatures it was nec- 
essary to revert to the idea that a first-order trap empty- 
ing process was rate limiting. Medlin was then able to ob- 
tain a numerical fit to the experimental  data by assuming 
that the trap levels were spread in energy according to a 
gaussian distribution (28). 

More recently, the concept of a quantum-mechanical  
tunneling recombination between trapped electrons and 
ionized luminescent  centers has been introduced into the 
kinetic models (12-14, 18). Tunneling from the ground 
state of an electron trap is a nonthermally activated pro- 
cess. Examples are found in the radiative recombination 
of donor-acceptor pairs in semiconductors (29) and in the 
temperature-independent afterglow observed between 4 
and 77 K in irradiated KCI:M (M = Ag, T1) (30). This after- 
glow is attributed to radiative tunneling recombination 
between holes trapped as Vk centers and electrons 
trapped at neutral metal atom sites. 

Avouris and co-workers (12, 13) have applied the con- 
cept of tunneling recombination to the Zn2SiO4:Mn,As 
system. In this case, however, the proposed tunneling 
process has an activated form. It is assumed that recom- 
bination occurs between a fixed distribution of trapped 
electrons and the ionized Mnz, 3~ centers and that the tun- 
neling process involves thermal activation of a trapped 
electron to a shallow excited state of large radius. This 
model is adequate to fit the shape of the glow curves on 
the low temperature side of the maximum, but above the 
glow peak it is necessary to assume that thermal emission 
to the conduction band dominates in the recombination. 
However, the usefulness of the activated tunneling model 
is suggested to lie in the explanation which it offers for 
the form of the phosphorescence decay and the decay of 
photostimulated luminescence, both of which can show a 
t - '  behavior in Zn2SiO4:Mn,As materials. In this context, 
the model has been further developed by Chang and co- 
workers (14, 18). 

A d i f f u s i o n  m o d e l . - - T h e r e  is a need to develop a model  
for recombination in the P39 phosphor system which can 
be related to the chemical composit ion of the material 
and which can be used as an aid to optimization of the 
phosphor properties. Attempts to model the long-time de- 
cay behavior of the Zn2SiO4:Mn,As materials, outlined 

above, have not produced agreement on the most appro- 
priate description of the recombination process. In partic- 
ular, they have not provided quantitative information on 
decay rates of the kind necessary to develop a useful pre- 
dictive model  of phosphor properties. 

We have therefore approached the problem in a differ- 
ent way. First, we have made a systematic comparison of 
the recombination processes in a series of samples in 
which the concentration of Mn 2§ centers is roughly con- 
stant, whereas the concentration of As atoms introducing 
electron traps is increased by more than an order of mag- 
nitude. This series includes the powder samples U-P39 
and G-P39 and the crystal samples 2348A, 2349A, and 
2350A listed in Table I. By this means it is possible to de- 
termine whether  electrons trapped at As-related centers 
can become mobile in the lattice by tunneling from trap 
to trap; the probability of such tunneling increases 
exponentially with increasing trap concentration. Second, 
we have studied the recombination mechanism by excit- 
ing the phosphors with laser pulses of nanosecond dura- 
tion and recording the luminescent  response over rela- 
tively short periods, up to -100 ms. In this way, it proves 
possible to extract information on the initial partitioning 
of the excited electrons and on the rates of recombina- 
tion. Both parameters are essential for a quantitative un- 
derstanding of the phosphor properties. The remainder of 
this section outlines the basic theoretical model which is 
used to analyze the experimental  data. 

It will be assumed that the traps constitute a disordered 
system of impurity levels. In the normal way (31), the dis- 
tribution of trap levels can be described by a density-of- 
electronic-states function, the width of the distribution 
arising from differences in charge compensation for the 
trap centers, random fields, and other sources of in- 
homogeneity. As mentioned previously, thermally stimu- 
lated luminescence data for P39 phosphors suggest the 
presence of two dominant trapping centers, correspond- 
ing to glow peaks near 273 and 553 K. The electron 
density-of-states (DOS) function will therefore show two 
major peaks within the willemite bandgap, Eg, as illus- 
trated in Fig. 8. 

The effect of a very short laser pulse with energy/~T < 
hv < E~ is to ionize some fraction of the Mnz. ~ centers in 
the willemite lattice, producing instantaneously equal 
concentrations of ionized Mnzn ~ centers and free CB elec- 
trons. These free electrons rapidly relax to different cen- 
ters in the lattice. Some recombine immediately with ion- 
ized Mnzn 3+ centers producing an initial population of 
excited Mnzn ~+ centers in the 4T, excited state; the remain- 
der of the CB electrons are captured by traps. If  the initial 
electron population is normalized to unity, and the con- 
centration of electrons in the CB is assumed to be negligi- 
ble, the following relationships hold 

Mo* + no ~ 1 and Mo + ~ no [3] 

where M § is the population of ionized Mnzn 3+ centers, M* is 
the concentration of excited Mnzn 2+ centers, n is the con- 
centration of trapped electrons, and the subscr ipt  o de- 
notes the concentration at t ime t = 0 immediately follow- 
ing the laser pulse. 

Assuming for simplicity that the electron capture rate is 
independent  of trap depth, and neglecting trap saturation, 
the initial distribution of the trap population will follow 
the DOS function 

noN(E) 
no(E) - - -  [4] 

N 

where N(E) is the DOS function and N is the total trap 
concentration. 

The time dependence of the luminescence obeys the 
equation 

~I* = - ~I § - bM* [5] 

where b -1 is the measured lifetime for the 4T, --> 6A, tran- 
sition of Mnz. 2§ It will be assumed that at low concentra- 
tions of Mn impurity the ionized Mnz. 3+ centers are immo- 
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Fig. 8. A schematic representation of the electron trap distribution 

in P39 phosphors with two dominant trap levels, E~ and E2, corre- 
sponding to glow peaks near ~273 K and ~583~ The widths of the 
peaks in the DOS function are U~ and U2, respectively. 

bile;  r e c o m b i n a t i o n  is t h e n  a s s u m e d  to o c c u r  b y  d i f fus ion  
of  t h e  t r a p p e d  e l e c t r o n  popu la t i on .  T h e  ra te  of  r e c o m b i n -  
a t ion  b y  d i f fus ion  is g iven  b y  (32) 

[ - ~ P  = 4~rD'R 1 + (~rD,t)--------- ~ �9 M~n [6] 

w h e r e  D' is a d i f fu s ion  coeff ic ient  a n d  t h e  r ad ius  R de-  
f ines a s p h e r e  of  i n f l uence  for  t he  ion ized  Mnz.  ~ cen t e r s  
s u c h  t h a t  an  e l ec t ron  i m p i n g i n g  on  t he  sur face  of  t h i s  
s p h e r e  u n d e r g o e s  r e c o m b i n a t i o n  w i t h  a p r o b a b i l i t y  of  
uni ty .  To s impl i fy  t h e  analys is ,  we sha l l  neg lec t  t he  sec- 
o n d  t e r m  in  t he  b r a c k e t s  ( w h i c h  s h o u l d  be  i m p o r t a n t  on ly  
a t  ve ry  s h o r t  t imes )  a n d  rewr i t e  Eq.  [6] as 

- ~ I  + -~ (DR)M~n [7] 

w h e r e  D = 47rD'. 

Fo l l owing  t he  u s u a l  ana lys i s  for  s u c h  d i s o r d e r e d  sys- 
t e m s  (31), t h e  d i f fus ive  m o t i o n  of t he  e l ec t rons  can  t ake  
p lace  b y  two  m a i n  m e c h a n i s m s .  (i) T he  first  p roces s  is a 
t h e r m a l l y  a c t i v a t e d  e m i s s i o n  to t he  CB fo l lowed b y  diffu- 
s ion of  t he  f ree  e lec t ron .  Th i s  p r o c e s s  is d e n o t e d  b y  t he  
d i f fus ion  coeff ic ient  DT. (it) T he  s e c o n d  is a n o n a c t i v a t e d  
t u n n e l i n g  t r a n s f e r  of  an  e l ec t ron  f rom t he  g r o u n d  s ta te  of 
one  t r ap  to t he  g r o u n d  s ta te  of  a n o t h e r  t rap.  Th i s  is de- 
n o t e d  b y  t h e  d i f fus ion  coeff ic ient  DN. T h e  o b s e r v e d  diffu- 
s ion coeff ic ient  r e p r e s e n t s  t he  s u m  of  t h e s e  two  pro- 
cesses .  I f  d i f fus ion  of  t r a p p e d  ho l e s  (i.e., M _ n J  § cen te r s )  
occurs  a t  h i g h  M n  c o n c e n t r a t i o n ,  t h e  e f fec t  wil l  s i m p l y  b e  
to a d d  a n  e x t r a  c o m p o n e n t  to t he  overa l l  d i f fus ion  coeffi- 
c i en t  (32). 
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T h e r m a l  e m i s s i o n . - - - F o r  a s ing le  t r ap  level  of  d e p t h  E, the  
t h e r m a l  e m i s s i o n  ra t e  to t he  CB is g i v e n  b y  (33) 

PT(E) = ~ < v > N~e -E/kT [8] 

w h e r e  o- is t he  c ap tu r e  cross  s ec t ion  for  t he  t rap,  < v >  is 
t he  t h e r m a l  veloci ty ,  a n d  N~ a n  e f fec t ive  dens i t y  of  s t a tes  
in  t h e  CB. The  m e a n  d i s t ance  t r ave l ed  b e t w e e n  e m i s s i o n  
a n d  r ecap tu re ,  L, is g iven  b y  L = : ((rN) -~ and  the  acti- 
v a t e d  d i f fus ion  coeff ic ient  b y  

1 
DT(E) = ~ -  PTL 2 

<V>Nce-E/kT 
- -  6(rN 2 [9] 

I t  s h o u l d  b e  n o t e d  t h a t  t he  t h e r m a l  d i f fus ion  coeff ic ient  
is inve r se ly  p r o p o r t i o n a l  to t he  s q u a r e  of  t he  t r ap  c oncen -  
t ra t ion ,  ref lec t ing  the  fac t  t h a t  r e t r a p p i n g  effects  i nh ib i t  
th is  t h e r m a l  d i f fus ion  mot ion .  

T u n n e l i n g  t r a n s f e r . - - T h e  ra te  of  t u n e l i n g  f rom t rap  to 
t r ap  w i t h i n  a p a r t i c u l a r  DOS p e a k  wil l  h a v e  the  fo rm (31) 

PN = v e - 2 ~ e  -WIkr [10] 

w h e r e  v is s o m e  p h o n o n  f r e q u e n c y ,  ~ is t he  d i s t ance  be-  
t w e e n  cen te rs ,  a n d  W is a sma l l  a c t i v a t i o n  e n e r g y  w h i c h  
d e p e n d s  on  t he  wid th ,  U, of  t he  DOS peak .  The  p a r a m e t e r  
a d e p e n d s  on  w a v e f u n c t i o n  over lap;  for  deep  cen te r s ,  
w i th  local ized w a v e  func t ions ,  a is large.  The  t e r m  e -2"~ 
t he r e fo re  e n s u r e s  s h o r t  r a n g e  hops ,  p r i m a r i l y  to nea res t -  
n e i g h b o r  t r ap  levels .  Th i s  n e a r - n e i g h b o r  t r a n s f e r  m a y  re- 
qu i re  an  ac t iva t ion  e n e r g y  a p p r o a c h i n g  t he  d i s t r i b u t i o n  
width ,  W - U. At  t he  t e m p e r a t u r e s  of i n t e r e s t  (~> 300 K), 
th i s  t h e r m a l  e n e r g y  is ava i l ab le  so t h a t  t he  e -2~ t e r m  
s h o u l d  domina t e .  I f  t he  t r ap  s i tes  are  r a n d o m ] y  dis t r ib-  
u ted ,  an  e f fec t ive  m e a n  h o p  leng th ,  ~'m, c an  b e  de f ined  as 
a f u n c t i o n  of  c o n c e n t r a t i o n  a n d  t he  h o p p i n g  ra te  b e c o m e s  

PN ~ ve-~me-Vl~'r  [11] 

The  l e n g t h  7~ decreases ,  a n d  h e n c e  P .  increases ,  as t r ap  
c o n c e n t r a t i o n  increases .  The  d i f fus ion  coeff ic ient  for  
t u n n e l i n g  t r a n s f e r  is t h e n  g iven  b y  (32) 

1 
DN ~ -~ P,~ym 2 [12] 

In contrast to the thermal motion, the diffusion coeffi- 
cient for the tunneling transport increases as the trap con- 
centration increases. This simply reflects the fact that 
wave function overlap, and hence the tunneling rate, in- 
crease as the distance between traps decreases. The acti- 
vation energy U is small compared with the trap depth 
appearing in the thermal diffusion coefficient, a typical 
DOS peak having a width -0.I-0.2 eV. In principle, the 
tunneling diffusion coefficient is a function of trap 
depth, there being a different coefficient for each DOS 
peak in the trap distribution. 

In order to calculate the recombination, it is now neces- 
sary to make some assumption about the energy distribu- 
tion of the trapped electrons as a function of time. For 
simplicity, we shall assume that both the processes of 
thermal emission and recapture, and of nearest-neighbor 
hopping, tend to randomize the electron population so 
that at all times the electron distribution follows the DOS 
function 

n(t)N(E) 
n(E,  t) [13] 

N 

The  ra te  of  r e c o m b i n a t i o n  can  t h e n  be  w r i t t e n  u s i n g  Eq. 
[7] a n d  [13] as 

(DR)M§ ~ R M  + �9 ; ~  [DT(E) + DN(E)]n(E) d E  

RM~n  
f [DT(E) + D~(E)]N(E) d E  [14] 

N JE 
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The integral in this equation defines the effective diffu- 
sion coefficient D which represents the sum of thermally 
activated and nonthermal tunnel ing processes 

1 
/L. [DT(E) + DN(E)]N(E)  d E  [15] D = ~ .  

The temperature dependence of the effective diffusion 
coefficient D will depend upon the overall trap concen- 
tration as indicated schematically in Fig. 9 for three trap 
concentrations, Na > N2 > N1. For the low eoneentration, 
N , ,  D~ > DN at all temperatures so that the observed diffu- 
sion coefficient D will show simple activated behavior. 
However, for the highest eoneentration, N3, D r  < DN at all 
temperatures and the observed diffusion coefficient will 
be dominated by the tunneling process showing essen- 
tially nonaetivated behavior. At the intermediate concen- 
tration, N~, the diffusion coefficients due to thermal emis- 
sion and tunneling are comparable so that the observed 
diffusion coefficient will show a more eomplicated be- 
havior with some intermediate value for the apparent ac- 
tivation energy. 

F i t t i n g  to a b i m o l e c u l a r  r a t e  e q u a t i o n . - - I t  is a central 
part of the recombination model developed in the previ- 
ous section that, throughout the decay, the concentration 
of ionized Mnz, 3~ centers is balanced by an approximately 
equal concentration of trapped electrons, i.e., we have the 
conditions 

M + ~ n, ~+ ~ ~ [16] 

Substituting these equalities in Eq. [7] gives 

- f i  ~ ( D R ) n  '2 = k n  "2 [17] 

where k = D R  is a bimolecular rate constant. Thus, the 
various assumptions and approximations introduced into 
the model have resulted in a description of electron-hole 
recombination at ionized Mnz, 3~ sites in terms of a 
bimolecular rate equation. The physical picture underly- 
ing this description is that the electrons are isotropically 
distributed in the lattice and are able to diffuse through it. 
The kinetics of this system consist of two independent  
parts, the capture of an electron at a Mn ~ site, as dis- 
cussed above, and its subsequent decay by photon emis- 
sion. These processes are governed by two rate constants, 
the bimolecular rate k and the intrinsic Mnzn ~ decay rate 
b, giving the overall kinetic equation 

~I* = k n  "2 - bM *  [18] 

The solution to Eq. [17] is 

k- 

0 m 

DIFFUSION 

(a) 

I /T(OK "1) 

T H E R M A L  EMISSION 

COEFFIC IENTS (N I < N 2 < N3) 

(b) 

z 
c~ 

o 

- -  N 3 

- -  N2 

-- N I 

I /T(OK -I) 

TUNNELLING 
dependence of processes Fig. 9. The schematic temperature 

contributing to electron diffusion in different P39 phosphors. The rel- 
ative As concentration in the phosphors is N, < N2 < N3. a: The 
thermal diffusion coefficient DT, showing strongly activated behavior 
favored by low As concentration, b: The tunneling diffusion coeffi- 
cient DN, showing weakly activated behavior favored by high As 
concentration. 

n :  (kt  -1  101 

Substituting Eq. [19] into [18] and solving yields 

M*(t)  = (Mo* + no)e-~t - ( k t  + ~ o )  -] 

b 
- -  e ~bt + blk~o~ . [E i (b t  + b / k n o )  - E i ( b / k n o ) ]  [20] 

+ k 

where E i ( x )  is the exponential integral. The lumines- 
cence intensity as a function of time is proportional to the 
excited state population, M*(t) .  Equation [20] has been 
used to generate computer  fits to families of lumines- 
cence pulse response curves of the kind illustrated in Fig. 
5. 

The decay rate, b, for each sample was obtained experi- 
mentally by measurement  of the luminescence decay 
curve at a series of temperatures using laser pulses at 440 
nm to produce only localized, intracenter excitation of the 
Mnzn 2+ ions. These measured decay curves were then ap- 
proximated by a simple exponential  decay. Using the 
measured values for b, the fitting procedure involved two 
main parameters, the bimolecular rate constant k and the 
initial trap population no, together with a normalization 
factor to scale the fit. Best values of k and no were ob- 
tained for each experimental  pulse response curve using 
a nonlinear least squares fitting algorithm developed by 
Marquardt (35). 

The fitted curves reproduced the main features of the 
experimental  data: in particular, the appearance of a de- 
layed max imum in the pulse response curve. However, 
there was some tendency towards a systematic deviation 
from the form of the experimental  data. A fairly typical 
result is shown in Fig. 10, which gives the best fit func- 
tion for one data curve together with the deviation be- 
tween that fitted curve and the experimental  data. This 
deviation was always significant at short times and may 
reflect, at least in part, the neglect of the higher-order 
term in the diffusion (Eq. [6]). This point will be ad- 
dressed elsewhere (36). In general, however, we feel that 
the simple bimolecular fitting procedure reported here is 
quite adequate to establish semiquantitatively the main 
trends in the recombination rate and trap population as 
they are influenced by changes in chemical composition 
in Zn~SiO4:(Mn,As) phosphors. 

The results of fitting pulse response curves measured 
over a range of temperatures are summarized in Fig. 11, 
which shows the best fit values for the bimolecular con- 
stant k, and in Fig. 12, which shows the corresponding 
best fit values for the trap population parameter no. The 
parameters k and no are normalized to the initial total ex- 
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Fig. 10. A typical result from computer fitting of the pulse response 
curves according to Eq. [21]. a: The solid line (left ordinate) is the 
calculated function and experimental curve. They are indistinguisha- 
ble on the scale of this drawing, b: The open circles represent the dif- 
ference between the calculated function and the experimental curve 
(right ordinate). The oscillation in the difference curve at short time is 
a systematic feature of the fitting. 
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Fig. 11. The bimolecular rate constant k as a function of tempera- 
ture derived from fitting Eq. [21] to the pulse response curves. Note 
that the units of k are normalized to the initial concentration of ion- 
ized electrons No. 

ci ted  s ta te  p o p u l a t i o n  No( = Mo* + no) wh ich ,  for  n u m e r i c a l  
c o n v e n i e n c e ,  is se t  to one. As  a resul t ,  t h e  u n i t s  of k are  
N o - ' - s - ' ,  w h i l e  no is a d i m e n s i o n l e s s  f ract ion.  I t  is as- 
s u m e d  t h a t  No, w h i c h  is p r o p o r t i o n a l  to t he  M n  ~§ absorp -  
t ion  cross  sec t ion ,  is no t  a s t rong  f u n c t i o n  of  t e m p e r a t u r e .  
The  e x p e r i m e n t a l  da ta  we re  o b t a i n e d  f rom s a m p l e s  
U-P39, G-P39, 2348A, 2349A, a n d  2350A l i s t ed  in  Tab le  I. 
For  all t h e  s amples ,  decay  c u r v e s  we re  t a k e n  u s i n g  K r F  
e x c i t a t i o n  at  248 n m ;  in add i t ion ,  t he  decay  of  t he  p o w d e r  
p h o s p h o r s  U-P39  a n d  G-P39 was  m e a s u r e d  at  193 n m  
us ing  ArF.  No s ign i f ican t  d i f f e rences  b e t w e e n  t h e s e  two  
e x c i t a t i o n  w a v e l e n g t h s  we re  obse rved .  
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Fig. 12. The initial trap population fraction, no, as function of tem- 
perature derived from fitting Eq. [21] to the pulse response curves. 
The key to the data points is given in the caption to Fig. 11. 

Table II. Activation energies and impurity separation 

Activation 
Sample Energy (eV) NAs (cm -9) 

U-P39 -0.6 2.6 x 10 TM 

G-P39 -0.4 1.3 x 10 '9 
2348A -0.6 1.0 x 10 '9 
2349A Very small 2.1 x 10 '9 
2350A Very small 4.7 x 10 '9 

Tab le  II  l is ts  t h e  a p p r o x i m a t e  ac t i va t i on  e n e r g y  for  t he  
b i m o l e c u l a r  ra te  c o n s t a n t  de r ived  f rom Fig. 11 for  e ach  of  
the  samples ,  t o g e t h e r  w i t h  t he  As  i m p u r i t y  concen t r a t i on .  
The  s p r e a d  in  va lue  of  no is s h o w n  as a f u n c t i o n  of  As  
c o n c e n t r a t i o n  in  Fig. 13. The  b e h a v i o r  of  t he  m o d e l  pa- 
r a m e t e r s  d iv ides  in to  two  reg ions  as a f u n c t i o n  of  As  con-  
cen t ra t ion ,  t h e  t r a n s i t i o n  o c c u r r i n g  w h e n  NA~ -- 1-2 x 10 TM 

c m - 3 .  

R e g i o n  1 is w h e n  NA~ ~< 1 • 10 TM c m  -3. (i) k is ac t iva ted ,  
hE  - 0.6 eV 

k(300 K) ~< 10 N o - ' - s - '  

k(370 K) - 103 No- ' -s  -1 

(i) no i n c r e a s e s  as NA~ increases .  
R e g i o n  2 is w h e n  NAs ~> 2 • 10 TM c m  -:~ (i) k is no t  acti-  

v a t e d  

k(300 K) - 102 N o - ' - s - '  

k(370 K) - l0  s N o - ' - s - '  

(ii) no d e c r e a s e s  as NAs increases .  
The  s a m p l e  G-P39 falls in  t he  t r a n s i t i o n  region.  I t  s h o w s  
a n  a c t i v a t e d  r e c o m b i n a t i o n ,  b u t  hE < 0.6 eV. T h e  bi- 
m o l e c u l a r  ra te  c o n s t a n t  a t  300 K is k - 50 No- ' - s - ' ,  ap-  
p r o a c h i n g  t he  n o n a c t i v a t e d  ra te  at  low t e m p e r a t u r e .  The  
ra te  c o n s t a n t  a t  370 K is k - 103 No-'-s- ' ,  s imi la r  to t he  ac- 
t i va t ed  ra te  at  h i g h  t e m p e r a t u r e .  

This  b e h a v i o r  of  t h e  m o d e l  p a r a m e t e r s  c an  b e  in ter -  
p r e t e d  in t e r m s  of  t he  d i f fus ion  m o d e l  d e v e l o p e d  in t h e  
p r ev ious  sec t ion .  F r o m  Eq.  [18], a n d  a s s u m i n g  t he  r ad ius  
R to b e  a c o n s t a n t ,  t h e  b i m o l e c u l a r  ra te  c o n s t a n t  k is pro- 
po r t i ona l  to t he  e f fec t ive  d i f fus ion  coef f ic ien t  D for  e a c h  
sample ;  in  pa r t i cu la r ,  t he  t e m p e r a t u r e  d e p e n d e n c e  of  k 
wil l  ref lect  t h a t  of  D. In  Reg ion  1, t he  ra te  c o n s t a n t  is ac- 
t i va t ed  a n d  t h e  d i f fus ion  is d o m i n a t e d  b y  t he  t h e r m a l  
e m i s s i o n  process ,  DT, w h i c h  is f avo red  by  low t r ap  con-  
cen t ra t ion ,  e.g., N,, d e p i c t e d  in Fig .  9. T h e  o b s e r v e d  acti-  
va t ion  energy ,  h E  - 0.6 eV, c o r r e s p o n d s  to a w e i g h t e d  av- 
e rage  of  t h e r m a l  t r ap  d e p t h s  for  c en t e r s  w h i c h  c o n t r i b u t e  
to t r a p p i n g  a n d  di f fus ion.  Th i s  o b s e r v e d  va lue  lies w i t h i n  
t he  r a n g e  of  t r ap  ene rg ies  d e t e r m i n e d  f r o m  t h e r m a l  g low 
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Fig. 13. The initial trap population fraction, no, as a function of As 
concentration in the samples indicated. The error bars represent the 
limits of no values obtained by fitting Eq. [21] to the pulse response 
curves. The significance of Regions 1 and 2 is discussed in the text. 
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measurements  on the dominant  glow peak of P39 phos- 
phors center at -273 K. 

In Region 2, the rate constant is not activated and the 
diffusion is dominated by the intertrap tunneling process, 
D~, which is favored by high activator concentration. This 
concentration range would correspond to the high trap 
concentration, N3, depicted in Fig. 9. The sample G-P39 
falls in the transition region in which the contributions of 
thermal emission and tunneling are comparable, analo- 
gous to the intermediate trap concentration N2 depicted 
in Fig. 9. The diffusion coefficient for this sample is lim- 
ited by tunneling at low temperature and by thermal 
emission at high temperature. T h e  effect of comparable 
contributions from tunneling and thermal emission pro- 
cesses is to reduce the apparent activation energy for the 
diffusion process. 

The behavior of the parameter no can be explained in 
the following way. The excitation photons excite elec- 
trons from the Mnz. 2§ centers into the CB with considera- 
ble excess energy, e.g. ,  at 248 nm the photon energy, hv = 
5 eV, would ionize the electrons with (5-3.9) ~ 1.1 eV ex- 
cess kinetic energy. This kinetic energy propels the elec- 
trons through the lattice and affects the distribution of 
electrons immediately following the excitation pulse. 

In the simplest case, we suppose that each ionized 
Mnz~ '~ center is surrounded by its sphere of influence of 
radius R and that, if the excited electron comes to rest 
within this sphere, the recombination with Mnzn :~ center 
is extremely fast. This would represent a geminate recom- 
bination process (37). The parameter no represents the 
fraction of electrons on As-related traps immediately fol~ 
lowing the excitation pulse. Thus 

no = (probability that an ionized electron escapes the 
sphere of influence) 

• (probability of a CB electron being captured by a trap) 

= (prObability of escape) • ~rN T ~+M § [21] 

where ~ is the capture cross section for traps of concen- 
tration N, and ~ is the cross section for ionized Mnz, 3§ 
centers. In the absence of As impurity, the probability of 
escaping the Mnz. 3§ sphere of  influence will be denoted 
by Po. We shall assume that in the presence of As, electron 
trapping within the radius R will still produce geminate 
recombination; hence, the probability of escape in the 
presence of As, denoted PA~, depends upon the probabil- 
ity that an ionized electron is not trapped in traversing 
the distance R 

PA~ = Poe ~Nn [22] 

Combining Eq. [21] and [22] gives 

n,, = p,,e ~NR o - N  + c~M ~" [23] 

The exponential  term will be close to unity at low trap 
concentration, so the behavior of no wilt be determined by 
the term in brackets. This term increases as trap concen- 
tration N increases, and explains the increase in no with 
increasing N at low concentrations (Region 1) in Fig. 13. 
At high trap concentrations, however, the term in brack- 
ets will approach unity, and the behavior of no will be de- 
termined by the exponential  term. This term decreases as 
N increases, which explains the decrease in no with in- 
creasing N at higher concentrations (Region 2) in Fig. 13. 
Estimating crudely from Fig. 13 that the exponential term 
e -~n ~ 0.6 when N ~ 5 • 10 '9 cm -3, gives (~R) ~ 10 -~~ cm 3. 
Assuming R - 2 nm, the distance at which intertrap tun- 
neling becomes significant, allows the trap capture cross 
section to be estimated 

10--20 
- -  cm 2 - 5 x 10 -~4 cm ~ [24] 
2 • 10 -7 

This value for the cross section of the As-related traps, 

which depends upon the estimate of R, would be typical 
for coulombic trapping centers, although it is larger than 
the value ~ - 1-2 x 10 -15 cm 2 reported for As-induced 
traps in SiO2 (26). 

The Power Law Decay 
The expression for the recombination rate contained in 

Eq. [14] assumes that throughout the decay the trap popu- 
lation n(E) remains proportional to the DOS, N(E).  This 
assumption leads to the definition of the effective diffu- 
sion coefficient D in Eq. [15] and thence to Eq. [20], 
which gives the luminescence intensity as a function of 
time based on bimolecular recombination kinetics. It is of 
interest to consider the long-time behavior of Eq. [20] 
since there have been many attempts to deduce the mech- 
anism of recombination from the form of the decay 
curves at long times. In the limit t > > 1/kno,  the asymp- 
totic behavior of the exponential  integral is 

] Ei (x )  ~- T 1 + --~ + x-- 7 - + . . .  [25] 

Substituting in Eq. [20] and retaining only first-order 
terms gives 

1 1 1 1 
bt + ~ + bt  2 t 2 [26] 

The t -2 behavior at long times is characteristic of 
bimolecular recombination. Measurements of long-time 
decay on some of the samples studied have shown t-2 be- 
havior over extended periods of time (36), consistent with 
the description in terms of the simplified diffusion 
model. 

On the other hand, it is clear from measurements on 
many different systems that while the extended decay fol- 
lows a power law, I ~ t - " ,  the exponent  m can vary 
throughout the decay, taking a wide range of values from 
m < 0.5 to m > 2. This exponent  varies with temperature 
and excitation intensity in addition to time elapsed from 
the cessation of excitation. There are many examples, in- 
cluding P39 and P1 phosphors, in which a t -1 behavior is 
observed over considerable periods in both luminescence 
decay and the decay of photostimulated luminescence. 
This t -j behavior has been variously interpreted in terms 
of trap levels distributed in energy (7, 28) and as evidence 
of tunneling recombination between Mnz~ 3~ centers and a 
fixed spatial distribution of trapped electrons (12-14). 

Considering the diffusion model of the previous sec- 
tion, such complexity in the decay behavior might be ex- 
pected when some of its simplifying assumptions break 
down. The most important is likely to be the assumption 
that n(E) ~ N(e)  throughout the decay. Since thermal emis- 
sion is favored for shallower centers over deeper ones, 
there will be a tendency for the population to accumulate 
in the deeper levels as the decay proceeds. When this ef- 
fect is significant, the integral f~:[DT(E) + DN(E)]n(E) d E  
will no longer be simply proportional to the total trap 
population n(t), and simple bimolecular kinetics with t -2 
decay at long times is no longer to be expected. In addi- 
tion, as the mean depth of the trapped electrons increases 
with time, the balance of contributions from thermal dif- 
fusion, DT, and tunneling diffusion, DN, will change, lead- 
ing to a t ime-dependent  rate coefficient in the kinetic 
equations. 

Conclusions 
Absorption and photoluminescence excitation spectra 

have confirmed that the Mnzn 2~ ground state impurity 
level in willemite lies 3.9 +- 0.1 eV below the conduction 
bandedge. The ionization cross section for Mnzn 2+ shows 
activated behavior near the threshold, ET -- 3.9 eV, which 
can lead to variations in the efficiency of exciting 
thermally-stimulated glow curves when UV wavelengths 
near threshold are used to excite the system at different 
temperatures. 

The luminescence pulse response curves for 
Zn2SiO4:(Mn,As) phosphors with varying As concentra- 
tion have been analyzed in terms of a simplified diffusion 
model. The effective diffusion coefficient D is found to 
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be activated when the As impurity concentration NA, --< 1 
• 10 TM cm -3, suggesting that the electron motion is domi- 
nated by thermal emission to the conduction band. How- 
ever, D is nonactivated when NAs > 2 • 10" cm -3, sug- 
gesting that tunnel ing between traps is then the dominant  
mechanism for electron motion; in this limit the recom- 
bination rate at 300 K is larger than is the case for acti- 
vated diffusion. The fraction of excited electrons cap- 
tured by As-related traps initially increases with 
increasing NAs and then decreases. This effect is ex- 
plained in terms of competition between geminate recom- 
bination at ionized Mnzn 3+ centers and electron capture at 
traps. The general validity of the simplified diffusion 
model, which leads to a bimolecular decay law, is sup- 
ported by the observation of t -2 decay behavior at long 
times (36). However, this simplified model, while giving 
reasonable quantitative fits to the experimental data, also 
shows evidence of systematic deviations which may arise 
from neglect of higher-order terms in the diffusion equa- 
tion. The observation of more complex power law decay 
at long times is probably the result of redistribution of the 
trapped electron population. 

The form of the luminescence pulse response curve, 
Fig. 5, is insensitive to excitation energy above threshold 
ET, and, indeed, we have observed essentially similar be- 
havior for electron beam excitation. From a practical 
point of view, the optimization of an extended persistence 
P39 phosphor for CRT displays requires that  as large a 
fraction of excited electrons as possible be caPtured and 
stored in traps while the recombination rate should re- 
main as low as possible without introducing "smearing" 
in refreshed displays. From Fig. 11 and 13, it is evident 
that for the phosphors studied here with Mnzn 2+ concen- 
tration - 1.6 x 10 '9 cm -3, the opt imum As concentration 
is NAs -- 1-2 • 10 '9 cm -3. At this concentration, the trapped 
electron fraction is maximum, no - 0.6, and the recombin- 
ation rate constant at the phosphor operating tempera- 
ture, -300 K, is low, k < -50  cm3-s - ' .  If NAg is increased 
above this level, the fraction no decreases, probably due to 
an increased rate of geminate recombination, and the re- 
combination rate increases rapidly because of the onset of 
intertrap tunneling.  

Finally, it should be noted that we have studied recom- 
bination in P39 phosphor systems over a temperature 
range approximately 0~176 which corresponds to the 
high temperature side of the principal glow peak for P39. 
This temperature range shows the strongest variation in 
the shape of the luminescence decay curves and is the 
one of most practical relevance in operation of the phos- 
phor in data displays. We describe the recombination in 
terms of a diffusive motion of the trapped electrons, this 
diffusion occurring by thermal emission and intertrap 
tunneling, the dominant  process being determined by the 
trap concentration. This model correctly predicts the ob- 
served change in the kinetics of recombination from acti- 
vated to nonactivated behavior as NAs increases, and is 
further supported by the observation of t-2 decay at long 
times (36). This recombination model is quite different 
from the activated tunnel ing mode] proposed by Avouris 
and co-workers (12, 13), who have described the lumines- 
cence decay on the low temperature side of the glow peak 
(i.e., below 0~ in terms of a tunnel ing transfer of elec- 
trons from excited states of traps in a fixed spatial distri- 
bution to the ionized Mnzn 3+ centers. The Avouris and 
Morgan model proposes that at temperatures below the 
glow peak maximum the electrons distributed on trap 
sites are immobile before recombination by tunneling,  
whereas at temperatures above the glow peak maximum 
the trapped electrons are thermally emitted to the con- 
duction band and can rec(~mbine with Mnzn 3~ centers by 
diffusion. From our results, we expect intertrap tunnel ing 
between As centers to be an important factor affecting 
electron motion at low temperatures, and we have no evi- 
dence to suggest a marked change in recombination 
mechanism at the temperature of a glow peak maximum. 
The significance of these differences will be discussed in 
a later paper. 
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Technical Notes O 
Backgating in Ion-Implanted GaAs MESFET 

Wade C. Tang,* Kerry S. Lowe,*,' I. AbdeI-Motaleb, and Lawrence Young* 
Department of Electrical Engineering, University of British Columbia, Vancouver, British Columbia, Canada V6T 1W5 

Modif ica t ion  of  M E S F E T  d ra in  c u r r e n t  cha rac t e r i s t i c s  
by  va ry ing  t he  (negat ive)  vo l t age  app l i ed  to a n e a r b y  elec- 
t rode  on  the  s e m i - i n s u l a t i n g  s u b s t r a t e  is k n o w n  as back -  
ga t ing  (1-5) a n d  is po ten t i a l ly  a se r ious  d y s f u n c t i o n  for  
GaAs  i n t e g r a t e d  circui ts .  A l t h o u g h  t he  n a m e  impl ie s  a n  
e lec t ros ta t i c  field effect  w h i c h  c a u s e s  a m o d u l a t i o n  of 
the  channe l ,  t h e  s u b s t r a t e  does  no t  n o r m a l l y  act  s i m p l y  as 
a d ie lect r ic  t h r o u g h  w h i c h  a field is g e n e r a t e d  b y  t he  
backga te .  Lee  et al. (3) a n d  Miers  et al. (4) f o u n d  t h a t  a 
t h r e s h o l d  vo l t age  was  r e q u i r e d  to p r o d u c e  t he  effect  a n d  

* Electrochemical Society Active Member. 
' Present address: Bell Northern Research Laboratories, Ot- 

tawa, Ontario, Canada K1Y 4H7. 

t h a t  a s h a r p  i nc r ea se  in t he  c u r r e n t  d r a w n  by  the  back -  
gate  o c c u r r e d  at  t he  s a m e  t h r e s h o l d .  Th i s  sugges t ed  a 
t rap-f i l led l imi t  (6) above  w h i c h  i n j ec t ed  e l ec t rons  cause  
the  s u b s t r a t e  to b e c o m e  suf f ic ien t ly  c o n d u c t i n g  to t rans -  
fer  a suf f ic ien t  pa r t  of  t he  app l i ed  vo l tage  to t he  j u n c t i o n  
of t he  n - c h a n n e l  w i t h  the  subs t ra te .  In  a m o r e  r e c e n t  pa- 
per,  B l u m  a n d  F l e s n e r  (7) f o u n d  l i t t le  or no  t h r e s h o l d  w i t h  
devices  m a d e  u s i n g  capless  p r o x i m i t y  a n n e a l i n g  of t he  
i m p l a n t e d  s i l icon in con t r a s t  to t he  u se  of  a Si:~N4 cap in 
the  p r ev ious  work .  They  s u g g e s t e d  t h e  p r e s e n c e  of a 
p-l ike layer  p r o d u c e d  by  t he  ou td i f fu s ion  of EL2, an  idea  
p r e v i o u s l y  m o o t e d  by  C h a n g  et al. (8) to exp l a in  cross  ta lk  
b e t w e e n  devices .  Ogawa a n d  K a m i y a  (10) h a v e  n o w  re- 
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ported that with Cr-doped wafers the backgating 
occurred gradually but that there was a threshold for 
undoped wafers. 

In the present communication,  we wish to report hav- 
ing obtained a result similar (9) to that of Blum and 
Flesner with devices made in our laboratory. In one set of 
MESFET's  with 3 and 20 ~m long A1 gates, 3 • 10 ~2 cm -2 
28Si was directly implanted at 100 keV (at OPTOTEK, Ot- 
tawa, Canada) and annealed under a 170 nm RF-sputtered 
SiO~ cap at 850~ for 20 min under N2. These devices did 
not require a threshold voltage for backgating (Fig. la). 
Figure lb  shows how IBc rose sharply at (typically) -30V. 
It was proposed (9) that the model of Chang et al. (8) ap- 
plied to our device. The n § layer (due to indiffused Ge un- 
der the Au + Ge electrode) with the p-surface conversion 
layer (due to loss of EL2) and the n-channel form an n + 
p-n structure. The sharp increase in IBc may perhaps be 
due to the reverse breakdown of the p-n junction part of 
this structure. 

Results are also given (Fig. 2) for I,)s vs. V ~  (MESFET 
gate grounded) for samples on two slices both annealed 
with a 90 nm PECVD Si:~N4 cap (deposited with a Plas- 
matherm Multiversion system). One slice was directly im- 
planted with 2.2 • 10 '~ cm -2 '29Si, and the other was im- 
planted through 40 nm of Si:~N4 with 3.4 • 10 '~ cm -~, both 
at 100 keV, using the EXTRION 200-20 implanter in our 
laboratory. This 40 nm was increased to 90 nm before an- 
nealing. A "fat FET"  mobility profile (5) was done. The 
devices implanted through Si:,N4 gave a mobility decreas- 
ing with depth. The other gave increasing mobility. As 
found by Immorl ica et al. (5), the decreasing mobility 
profile gave more backgating. 

It is clear that the backgating effect can be strongly de- 
pendent  on the details of the fabrication process and that 
more than one mechanism can produce the effect. 
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Precipitation in Fe-Doped Semi-Insulating InP Epitaxial Layer 
Grown by Metalorganic Chemical Vapor Deposition (MOCVD) 

S. N. G. Chu,* S. Nakahara,* J. A. Long, V. G. Riggs, and W. D. Johnston, Jr.* 
AT& T Bell Laboratories, Murray Hill, New Jersey 07974 

Growth of semi-insulating InP bulk crystals by the 
liquid-encapsulated-Czochralski (LEC) technique has 
been achieved routinely by doping with iron (1-8). Resis- 
tivity greater than 10 ~ 12-cm can be attended. However, 
due to the low segregation coefficient (kerr = 2 • 10 -4) of 
Fe in InP (8), the pile-up of Fe in the vicinity of the 
growing solid-liquid interface leads to the formation of a 
eutectic phase, FeP~, which in turn is trapped randomly 
in the crystal as the growth proceeds (6, 7). Needle- and 
block-shaped particles 100 ~m in size have been observed 
(7). The estimated dopant concentration at which the 
particles begin to incorporate into the crystal is around 1 
• 10 ~8 cm -3 (6). Recently, Smith et at. have also observed 
a spongelike rod-shaped particle which was identified to 
be FeP (8). 

More recently, Long et al. (9) have demonstrated the 
growth of Fe-doped semi-insulating InP on (001) InP sub- 
strates by metalorganic chemical vapor deposition 
(MOCVD) using Me3In-PMe3 adduct as the In source and 
Fe(C~Hs)2 and Fe(CO)~ as dopant sources. Resistivity as 
high as 2 • 108 12-cm can be achieved at a dopant level of 
- 2  • 10 '8 cm -3. The semi-insulating InP epitaxial layer 
has been used as the current confinement layer for 
buried heterostructure lasers (10). Potential applications 
for the material, such as its use as the base material for 
microwave devices and as the isolation layer for vertical 
integration of optoe]ectronic devices, can also be envis- 

*Electrochemical Society Active Member. 

aged. Since the perfection of the epitaxial layer is crucial 
to the ultimate performance of the device, the possibility 
of precipitation in semi-insulating InP grown by MOCVD 
needs to be explored. In this study, we report the obser- 
vation of a precipitate in the Fe-doped epitaxial layer by 
transmission electron microscopy. The composition and 
structure of the precipitate will be investigated by x-ray 
energy dispersive analysis and TEM microdiffraction. 

Experimental 
Fe-doped semi-insulating InP epitaxial layers used in 

this study were grown by MOCVD on S-doped (001) InP 
substrates, using Me.~InPMe3 adduct as the In source and 
Fe(C~Hs)2 and (COT)Fe(CO)3 (COT = cyclooctatetraene) as 
dopant sources. Details of the MOCVD reactor and the 
growth procedure were described elsewhere (9). The lay- 
ers were grown at 650~ with a growth rate ranging from 
- 3  to 10 ~m/h. The defect structure of the as-grown layer 
was characterized by transmission electron microscopy 
(TEM) on a (110) cross-section sample. The cross-section 
TEM (XTEM) sample preparation technique, using a grid 
masking method, was described previously (11). SIMS 
depth profiling of the Fe-concentration distribution was 
done by Charles Evans, Incorporated, using a calibrated 
standard with known Fe concentration. The composition 
and structure of the precipitate were investigated by 
x-ray energy dispersive analysis and electron diffraction. 
Detailed TEM diffraction study on particles extracted by 
dissolving the epilayer and particles collected using nitro- 
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Fig. 1. Nomarski interference photomicrograph of as-grown surface 
of Fe-doped InP epitaxial layer. 

cellulose film (1% amyl acetate) will be discussed else- 
where (14). 

Results and Discussion 
Although the surface of as-grown Fe-doped InP is 

highly specular under reflected light, detailed surface 
morphology is not smooth as revealed by Nomarski inter- 
ference contrast microscopy (see Fig. 1). 

A desert-like surface is typical for a vapor-grown InP 
layer. The Fe-concentration distribution determined by 
SIMS depth profiling is shown in Fig. 2. Two peaks near 
the interface are present. The Fe peak located at the inter- 
face (3.20 ~m) is similar to those observed at substrate/epi 
layer interfaces regard]ess of the dopant types. The possi- 
ble causes have been attributed to surface contamination 
introduced during wafer handling or out-diffusion of 
background Fe concentration from the substrate material 
(12, 13). The appearance of a second peak indicates a tran- 
sient period in Fe incorporation during the initial stage of 
epitaxial growth. The average Fe concentration away 
from the interface is -1.2 • 10 '8 cm -~, and the resistivity 
of the layer is 2 x 108/2-cm. 
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Fig. 2. SIMS depth profile of Fe concentration in InP grown by 

MOCVD. 

Fig. 3. TEM micrograph of precipitates in Fe-doped InP 

Small precipitates of 100-250~ in size are observed by 
transmission electron microscopy in the (110) cross- 
section sample. They appear in the form of clusters as 
shown in Fig. 3. A close examination reveals Moir~ 
fringes associated with most of the particles (see Fig. 4), 
which indicates that the particles are actually lying on the 
surface of the sample. 

The chemical constituents of the particle were deter- 
mined by x-ray energy dispersive analysis using a fine 
electron probe 20~ in size. The spectra taken inside and 
outside the particle are shown in Fig. 5. Since the detec- 
tion limit of Fe concentration in InP by this technique is 
- 5  • 10 ~~ cm -3, a dopant level of 10 TM cm -3 cannot be ob- 

Fig. 4. TEM micrograph showing Moir~ fringes associated with the 
particles. 
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Fig. S. X-ray energy dispersive spectra taken outside (a) and inside 
(b) the precipitate. 

served.  The  spec t rum taken  outs ide  the  par t ic les  shows 
only In  L l ines and P Ks l ines (see Fig. 5a). However ,  an 
FeK~ peak  does appear  in the  spec t rum taken  ins ide  the  
par t ic le  (see Fig. 5b). X-ray l ine scan across the  par t ic le  
further,  confi rms that  the  i ron de tec ted  is conf ined  in- 
s ide the  particle.  S ince  the  Fe,~P,, c o m p o u n d s  have  lat t ice 
s t ructures  di f ferent  f rom InP,  the  type  of c o m p o u n d  
which  const i tu tes  the par t ic le  can be  de t e rmined  by elec- 
t ron diffract ion on ex t rac ted  particles.  The  detai ls  of  the  
e lec t ron-di f f rac t ion analysis  on the  ex t rac ted  part icles  
will  be  descr ibed  e l sewhere  (14). The  major  resul t  is 
shown in Fig. 6, where  the  e lec t ron  diffract ion pa t te rn  is 
c o m p a r e d  wi th  the  ca lcula ted  pat tern  for FeP.2 and FeP.  A 
careful  examina t ion  conf i rms that  the  part icles  are FeP.  

S ince  the  major i ty  of  the prec ip i ta tes  obse rved  in the  
MOCVD layer are coheren t  to the  InP  lattice, the  minimi-  
zat ion of  the strain energy  associa ted wi th  the  m i s m a t c h  
thus  plays a major  role  in de te rmin ing  the type  of  Fe-P  
c o m p o u n d  to be  prec ip i ta ted  out. A l though  the  latt ice 
s t ruc ture  of  both  F e P  and FeP2 are o r thorhombic ,  the  
d i f ference  in latt ice constants  resul ts  in a closer  ma tch  of  
F e P  (a = 5.794, b = 5.187, and 2c = 6.190) to I n P  (a = 5.869) 
as c o m p a r e d  to FeP~ (a = 5.460, b = 4.985, and 2c = 5.668) 
to InP.  

Occasionally,  d is locat ion s t ructures  are observed  in 
con junc t ion  wi th  the  part icles,  of  which  one is shown  in 
Fig. 7. The  s t rong ~ strain contras t  associated wi th  the 
par t ic le  is an indica t ion  that  the  h igh  stress concen t ra t ion  
deve loped  a round the  par t ic le  is l ikely to be the  cause  for 
d is locat ion generat ion.  Fur the rmore ,  mos t  of  the  bow-out  
dis locat ions  conta in  cusps  along the  dis locat ion line, 
wh ich  indicates  that  the  dis locat ions are p inned  by the  
prec ip i ta tes  dur ing  the i r  slipping. 

Final ly,  the  dens i ty  of  the  precipi ta tes  are compared  for 
layers at two different  dopan t  concentra t ions ,  i.e., 3 • 10 '7 

Fig. 6. Comparison of electron diffraction pattern from extracted 
particles with calculated diffraction patterns from FeP~ and FeP 
powders. 

Fig. 7. Dislocation structure in Fe-doped InP epitaxial layer. The 
dark spots are precipitates. 

Fig. 8. (110) TEM cross-sectional view of Fe-doped InP epilayers 
showing particle density at Fe concentrations of 3 x 10 '7 cm -3 (a) 
and 2 • 10 TM cm -:3 (b). 

and 2 • 10 TM cm -3. The  cor respond ing  # X T E M  micro-  
graphs  are shown in Fig. 8. In  spi te  of  the  fact  that  the  
major i ty  of  the  prec ip i ta tes  are lying on the  surface of the  
sample,  the  drast ic increase  in the dens i ty  of  the  precipi-  
tates at a doping  level  of  2 • 10 '9 cm -~ is clearly demon-  
strated. The  size of  the  precipi tates ,  however ,  is more  or 
less constant ,  which  is expec t ed  if  i t  is de t e rmined  by the  
misfit  strain energy.  

Conclusion 
We have  repor ted  the  observa t ion  of  smal l  coheren t  pre- 

cipi tates  in Fe -doped  semi- insula t ing I n P  epi taxia l  layer 
g rown  by MOCVD on S-doped  (001) I n P  substrate.  Within 
the  i ron concen t ra t ion  range  of 3 • 10 '7 to 2 • 10 '9 cm -3, 
the  dens i ty  of  prec ip i ta te  increases  wi th  increas ing  iron 
concentra t ion,  whi le  the  size of  prec ip i ta tes  (100-250~) re- 
mains  more  or less constant .  These  are ident i f ied as FeP.  
Due  to the  differences in lat t ice structures,  prec ip i ta t ion  
of F e P  instead of  FeP~ obse rved  in bu lk  crystal  can be  ra- 
t ional ized in te rms  of  the min imiza t ion  of the  misfit  
strain energy.  Occasionally,  sl ip-type dis locat ion struc- 
tures  were  observed  associa ted  wi th  the  precipi ta tes .  
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Color and Efficiency of Neodymium Iodide Discharges 
W .  A.  M c A I l i s t e r *  

North American Philips Lighting Corporation, Bloomfield, New Jersey 07003 

Atomic radiation from a number  of metals, added as io- 
dides to the high intensity mercury discharge, has pro- 
vided light sources of exceptional efficiency (100 lm/W) 
and some improvement  in color rendering properties (1). 
An exception, the tin iodide-mercury discharge has the 
color rendering characteristics of an incandescent source 
(2), some Sn-I molecular species being held responsible 
for the cont inuum radiation associated with this color im- 
provement  (3). Since both continuum and line spectra 
have been noted in rare earth iodide discharges (4), attrac- 
tive combinations of efficiency and color rendition might 
be attainable at the color temperature (2900 K) of an in- 
candescent source. One such material, neodymium io- 
dide, alone or in combination with alkali iodides, has 
been examined in this work. 

E x p e r i m e n t a l  

Arc tubes (400W) were baked at 1050~ under vacuum, 
electrodes flashed in argon, and raw materials added in a 
commercial dry train under argon. After evacuation, 20 
torr of argon was introduced, and the completed arc tube 
end coated using a zirconia suspension before mounting 
in a quartz-jacketed assembly. This evacuated unit was 
then used for measurement of the spectral power distri- 
bution in an integrating enclosure, and the other parame- 
ters of interest determined using a computer  program for- 
mulated for this purpose. When results were attractive, 
the arc tube was mounted in outer bulb coated with 
CaS;Eu phosphor in organic lacquer, the resultant change 
in spectral and other properties were determined as 
above. 

Neodymium was added as wire (99.9% pure, United 
Mineral) to react in situ with mercuric iodide, both the 
latter and the alkali iodides being introduced as spherical 
pellets (Anderson Physics Laboratories). A slight excess 
of neodymium metal over that required for complete re- 
action with the iodide was found necessary to improve 
starting. The mercury concentration was 2.5 • 10 -4 tool, 
neodymium iodide 2.5 • 10 -5 mol; alkali iodide concen- 
trations are listed in Table I. 

Results 
The efficiencies and the color characteristics of neo- 

dymium iodide discharges are listed in Table I, with the 
voltage and current values for operation at 400W; in- 
cluded for comparison are figures for bare mercury and 
sodium-scandium iodide discharges evaluated in the 

* Electrochemical Society Member Representative. 

same decountable configuration. Neither efficiency nor 
color temperature is changed from that of the mercury 
discharge on inclusion of neodymium iodide alone; the 
improvement  in color rendering index (CRI) is associated 
with continuum radiation throughout the visible (Fig. 1), 
particularly in the 600-700 nm region. This feature is en- 
hanced considerably upon addition of cesium iodide with 
the rare earth halide (Fig. 2), with both CRI and 
efficiency now improving and color temperature re- 
maining at the mercury discharge level (Table I). Use of 
sodium iodide (4 • 10 -2 tool) instead of the cesium salt 
brought the color temperature down to 4580 K, efficiency 
and CRI values being lower than those noted with cesium 
iodide. Addition of 2 x 10 -2 tool cesium iodide at this so- 
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Fig. 1. Spectra of neodymium iodide discharges. Dashed line: Ndl:3 
only. Solid line: Ndl:~ + Csl. 
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Fig. 2. Spectra of neodymium iodide-cesium iodide discharges. 
Dashed line: Nal only. Solid line: Nal + Csl. 
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Table I. Efficiency and color characteristics of neodymium iodide discharges (lamps) 

Additive 
concentration Color 
(real • 10 -'~) Efficiency rendering Color 

CsI NaI (lm/W) index temperature (K) Voltage (V) Current (A) 

- -  - -  56 57 5490 145 3.05 
2.0 - -  81 (52.0) 72 (86) 6220 (4280) 138 (140) 3.7 (3.7) 
2.0 - -  81 (51.8) 73 (89) 6136 (4250) 130 (127) 3.4 (3.7) 

- -  4.0 73 66 4580 175 3.6 
2.0 4.0 84 (69) 69 (59) 5029 (3350) 136 (125) 3.14 (3.3) 
2.0 2.7 81 (60) 72 (80) 5080 (3360) 132 (137) 3.2 (3.2) 
2.0 1.4 82 (54) 73 (80) 5180 (3480) 150 (150) 2.55 (2.87) 
1.0 2.0 87 (63) 76 (88) 5360 (3380) 165 (160) 2.76 (2.8) 
Mercury 50 20 5800 
Sodium 
Scandium 100 65 3900 

d i u m  iod ide  c o n c e n t r a t i o n  i n c r e a s e d  t he  eff ic iency to 84 
lm/W, CRI to 69 a n d  CCT to 5029 K, w i t h  t he  spec t ra l  
shif ts  g iven  in Fig. 2. Only  s l ight  c h a n g e s  in t h e s e  va lues  
cou ld  be  e f fec ted  by  a l t e r ing  t he  CsI /NaI  ra t ios  or concen -  
t r a t i ons  (Tab le  I). 

F u r t h e r  d i s c h a r g e - r e l a t e d  color  i m p r o v e m e n t s  b e i n g  
u n a t t a i n a b l e ,  c o n v e r s i o n  of  u l t r av io l e t  to v i s ib le  r ed  emis-  
s ion was  a c c o m p l i s h e d  t h r o u g h  u s e  of  C a S : E u , S n  (6) 
p h o s p h o r  (kpeak = 650 rim) coa t ed  on  t he  ou te r  b u l b  for  
s o m e  arc t ubes ,  t h e  l a m p s  b u r n e d  for 100h, af ter  w h i c h  
t i m e  t he  da ta  in  Tab le  I were  a s s e m b l e d .  T h o s e  w i t h  
l a m p s  h a v i n g  n e o d y m i u m  a n d  c e s i u m  iod ides  h a d  CRI 
va lues  n e a r  90, b u t  co lor  t e m p e r a t u r e  w as  t h a t  of  cool  
w h i t e  s o u r c e  a n d  eff ic iency t h a t  of  t he  m e r c u r y  dis- 
charge.  Whi le  a d d i t i o n s  of  s o d i u m  iod ide  i n c r e a s e d  t he  
la t te r  f igure  a n d  l ow er ed  color  t e m p e r a t u r e  to va lues  ap- 
p r o a c h i n g  t h e  2900 K of  an  i n c a n d e s c e n t  source,  co lor  
r e n d i t i o n  d r o p p e d  as s o d i u m  iod ide  c o n c e n t r a t i o n  in- 
creased.  T h e n  w i t h  lower  c o n c e n t r a t i o n s  of t he  two  a lkal i  
iodides ,  e f f ic iency a n d  color  r e n d i t i o n  i m p r o v e d  b u t  
color  t e m p e r a t u r e  was  aga in  n e a r  4000 K; app l i c a t i on  of  a 
m o r e  d e n s e  p h o s p h o r  coa t ing  l o w e r e d  t he  l a t t e r  to  
3380 K, ef f ic iency n o w  b e i n g  63 lm]W a n d  CRI = 80. T h e  
spec t ra l  c h a n g e s  o c c u r r i n g  as p h o s p h o r  coa t ing  w e i g h t  
i n c r e a s e d  are d e p i c t e d  in  Fig. 3, t h e  m o s t  d e n s e  coa t ing  
w e i g h t  p r o v i d i n g  a t r ace  s imi la r  to  t h a t  of a n  i n c a n d e s -  
c e n t  s o u r c e  w i t h  m e r c u r y  a n d  s o d i u m  l ines  s u p e r i m -  
posed .  

Discussion 
The  la rge  i n c r e a s e s  in ef f ic iency a n d  i m p r o v e m e n t  in  

color  r e n d i t i o n  on  a d d i n g  b o t h  n e o d y m i u m  a n d  c e s i u m  
iod ides  to t he  m e r c u r y  d i s cha rge  are due  to g rea t e r  con-  
t i n u u m  r a d i a t i o n  i n t ens i t i e s  w i t h  i n s ign i f i can t  c h a n g e  in  
the  m e r c u r y  l ine  i n t ens i t i e s  (Fig. 1). Th i s  sugges t s  t h a t  the  
n e o d y m i u m  c o n t r i b u t i o n  has  b e e n  e n h a n c e d  b y  forma-  
t ion  of a c o m p l e x  w i t h  h i g h e r  v a p o r  p r e s s u r e  t h a n  t h a t  for 
the  ra re  e a r t h  sa l t  a lone  (7). 
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Fig. 3. Spectra of neodymium iodide �9 cesium iodide �9 sodium iodide 
discharge lamps. Solid line: discharge only, Dashed line: discharge + 
CoS:Eu, Sn phosphor (light density). Dot-dashed line: discharge + phos- 
phor (heavier density). 

The  c o n t i n u u m  rad i a t i on  (Fig. 2) is no t  as i n t e n s e  rela- 
t ive  to the  m e r c u r y  a n d  s o d i u m  l ines  w h e n  s o d i u m  iod ide  
is t he  on ly  a d d e d  ha l ide  a n d  is no t  a l t e red  s igni f icant ly  in  
a b s o l u t e  t e r m s  on  a d d i t i o n  of  c e s i u m  iodide.  The  la t te r ' s  
p r e s e n c e  is a s soc ia t ed  w i t h  c o n s i d e r a b l e  s u p p r e s s i o n  of  
m e r c u r y  l ine  i n t ens i t i e s  w i t h o u t  e f fec t  on  t he  s o d i u m  l ine  
in tens i ty .  Thus ,  t he  c o n t i n u u m  b e c o m e s  a g rea te r  f r ac t ion  
of the  overa l l  r ad i a t ed  energy ,  g iv ing  t he  b e t t e r  color  a n d  
eff ic iency cha rac t e r i s t i c s  c i t ed  above .  The  m e r c u r y  l ine  
s u p p r e s s i o n  m a y  be  due  to t he  f o r m a t i o n  of  NdI:~. 
Cs I .  Hg complex ,  as p o s t u l a t e d  b y  L iu  and  Zol ]weg (8). 
S o m e  s u p p o r t  for  th i s  s p e c u l a t i o n  is s u p p l i e d  b y  t he  fac ts  
t h a t  (i) t he  spec t ra ,  eff iciency,  a n d  color  p r o p e r t i e s  are  
u n c h a n g e d  w i t h  a th ree - fo ld  c h a n g e  in s o d i u m  iod ide  
c o n c e n t r a t i o n ,  c e s i u m  iod ide  b e i n g  he ld  c o n s t a n t  a t  2 • 
10 -~ mol ,  a n d  (ii) t h e  m e r c u r y  l ines  r ega in  t h e i r  p romi -  
nence ,  a n d  c o n t i n u u m  c o n t r i b u t i o n  improves ,  w h e n  t h e  
c e s i u m  iod ide  c o n c e n t r a t i o n  is h a l v e d  at  2 • 10 -~ rea l  so- 
d i u m  iodide.  

T h e  b a n d p a s s  u s e d  for t h e s e  f igures  m a d e  for ease  in  
t he  analog- to-d ig i ta l  c o n v e r s i o n  r e q u i r e d  for  t he  appl ica-  
t ion  of co r r ec t i on  fac tors  to t he  r aw  da ta  a n d  de r iva t ion  of  
t he  ef f ic iency a n d  c h r o m a t i c  pa r ame te r s .  Closer  inspec-  
t ion  at  h i g h e r  r e s o l u t i o n  r evea l ed  t he  p r e s e n c e  of  m a n y  
l ines  a sc r ibed  to Nd  a t o m i c  t r a n s i t i o n s  in  the  b a n d  envel -  
opes  dep ic ted ,  yet  t he  c o n t i n u u m  p e r s i s t e d  even  at h i g h  
resolution (I nm) slit width. Although some of the contin- 
uum below 405 nm has been associated with electron at- 
tachment to halogen atoms (9) and the 444 nm band is due 
to Hg-I (I0), most is doubtless due to some molecular 
neodymium-iodine species, or combinations thereof with 
the monovalent iodides. Since NdI3 can dissolve neodym- 
ium metal, in excess here, to form NdI,.s5 (ll) with lower 
melting point (562~ than NdI3, a contribution from the 
reduced iodide to the molecular radiation would be ex- 
pected. However, absorption measurements by others 
showed no spectral difference in vapor over NdI3-CsI 
and NdIz. CsI mixtures (8). Uncertainty surrounding the 
geometry of NdI3 �9 CsI complexes, or for that matter NdI3 
itself (8, 12), makes further speculation on the molecular 
species involved somewhat presumptuous. 
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Adsorpt ion of Hydrox ide  and Sulf ide Ions on Single-  
Crystal  n -CdSe Electrodes 

K. W. Frese, Jr. and D. G. Canfield 

(pp. 2614-2618, Vol. 131, no. 11) 

S. Licht: 1 The attempt to determine equil ibrium and free 
energy constants for hydroxide and hydrosulfide/sulfide 
adsorption onto CdSe in this study is commendable,  al- 
though certain anomalies render the data uninterpretable. 

(i) Surface adsorption of charged particles changes the 
free energy and potential over that surfaceY Hence the 
equilibria "constant" and free energy for adsorption are po- 
tential (i.e., concentration dependent), and it was inappro- 
priate to determine constants for these processes. 

(ii) The measured CdSe flatband potentials, Vr~, varia- 
tion of 240 mV/log [OH-] and approximately 90 mV/]og 
[HS-], even upon assumption of large interaction parame- 
ters between adsorbed particles, are inconsistent with their 
proposed adsorption of monovalent  species onto the elec- 
trode surface. Regeneration of their data, using their ad- 
sorption isotherm, provides a poor fit of their measured 

Department of Materials Research, The Weizmann Institute of 
Science, Rehovot 76100, Israel. 

S. R. Morrison, "Electrochemistry at Semiconductor and Oxi- 
dized Metal Electrodes," pp. 60-64, Plenum Press, New York (1980). 
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Fig. 1. Extent of hydroxide surface coverage on CdSe, 0, vs. log of hy- 

droxide concentration in solution for n-CdSe (1120) in 0.1M No2S4. Ex- 
perimental data (points) are from Frese and Canfield. Solid curve: this 
work. Hydroxide concentrations are calculated upon rearrangement of 
Eq. [8] in Frese and Canfield, using K = 50.4 and f = 1.7. 

data. Hence by rearrangement of their Eq. [8], [OH-] in solu- 
tion may be computed from 0, the relative extent of hydrox- 
ide adsorbed on the surface, using their equilibria constant, 
K = 50.4 and their interaction parameter , f  = 1.7. These com- 
putations are presented in Fig. 1 and are compared to their 
experimental  data; their adsorption isotherm fits only at 0 
= 0.5. An alternate, charge- and potential-consistent model 
for adsorption onto semiconductors has recently been 
proposed. 3 

(iii) Time-dependent  chemical substitution reactions oc- 
cur in the dark between CdSe and alkali polysulfide electro- 
lytes 4 and will presumably occur to a greater degree in the 
less stabilizing sulfate and sulfide electrolytes used in the 
s tudy  of  F re se  and Canfield.  A s s u m i n g  a t ime-  and 
concentrat ion-dependent modification of the CdSe elec- 
trode in sulfate electrolyte to Cd(OH)~, or in the sulfide so- 
lution to CdS, it becomes unclear on which semiconductor 
their V~B and adsorption properties were characterized. 

(iv) Variation in the redox potential of the electrolyte can 
have a large effect on measured V~. '~ The alkaline sulfate 
and sulfide electrolytes employed in the study were made 
without added sulfite or sulfur. From the Nernst equation, 
the sulfate/sulfite and the polysulfide redox couples both 
have undefined potentials in the respective absence of 

:~ S. Licht and V. Marcu, Submitted to J. Electroanal. Chem. 
, D. Cahen, G. Hodes, and J. Manasseh, This Journal, 125, 1623 

(1978). 
S. U. M. Khan and J. O'M. Bockris, J.Appt.  Phys., 52, 7270 (1981). 
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2 8 0 1  



2802 C O M M E N T S  N o v e m b e r  1985 

s ign i f i can t  q u a n t i t i e s  of sulfi te or sulfur .  In  b o t h  cases,  im- 
pur i t i e s  a n d  o x i d a t i o n  p r o d u c t s  of  t h e s e  mate r ia l s  will 
g rea t ly  effect  t he  e lec t ro ly te  r e d o x  potent ia l ,  wh ich ,  in  tu rn ,  
m a y  c rea te  s ign i f ican t  e r rors  in  m e a s u r e d  V~.  

The  d i f fe ren t ia l  c h a n g e  of  V ~  w i t h  [OH- ]  m i g h t  b e  ex- 
p e c t e d  to be  s imi la r  for t he  o the r  c a d m i u m  cha lcogen ides .  
A n  a t t e m p t  at  m e a s u r i n g  c a d m i u m  sulf ide  f l a tband  po ten-  
tial va r i a t i on  w i t h  [OH-]  a n d  [ H S - ]  h a d  e x p e r i m e n t a l  
def ic ienc ies  w h i c h  also r e n d e r e d  t he  da ta  u n i n t e r p r e t a b l e .  
T h a t  s t u d y  c o n c l u d e d  a 60 m V / p H  u n i t  s lope for VFB; 5 how-  
ever,  t h e i r  m e a s u r e d  p H  va lues  were  i n c o n s i s t e n t  b y  up  to 
2.2 p H  un i t s  w i t h  p H  va lues  read i ly  ca l cu la t ed  f rom the i r  in- 
i t ial  c o n c e n t r a t i o n s  of  a lkal i  h y d r o x i d e  a n d  alkal i  sulf ide 
a d d e d  to so lu t ion  (total  h y d r o x i d e  = a lkal i  h y d r o x i d e  + hy-  
d ro lyzed  a lkal i  sulfide). ~ I n  Fig. 2, m y  m e a s u r e m e n t s  in  
po lysu l f ide  so lu t ion  of  the  p H  v a r i a t i o n  of  CdSe0.65Te0.3~ 
V~B, as re f lec ted  by  t r e n d s  in  p h o t o c u r r e n t  onse t  po ten t ia l ,  
s h o w  a s lope of  30 m V / p H  uni t .  No te  t h a t  th i s  s lope approx i -  
m a t e s  t he  o b s e r v e d  p H  va r i a t i on  of  t he  po lysu l f ide  r e d o x  
potent ia l .  

S y s t e m a t i c  a n d  c o n s i s t e n t  app l i c a t i on  of  so lu t ion  chem-  
i s t r y  is v i t a l  to  t h e  f u n d a m e n t a l  u n d e r s t a n d i n g  o f  
C d X / a q u e o u s  po lysu l f ide  p h o t o e l e c t r o c h e m i c a l  solar  
cells. A r ecen t l y  d e v e l o p e d  m o d e l  for  t h e  c o m p l e x  d i s t r ibu-  
t ion  of  spec ies  w i t h i n  a q u e o u s  po lysu l f ide  so lu t ion  is use-  
ful in u n d e r s t a n d i n g  t h e s e  processes .  7 This  c o r r e s p o n d e n t  
has  r ecen t l y  p r o p o s e d  a n  overal l  m e c h a n i s m  for  the  pho to -  
o x i d a t i o n  of po lysu l f ide  in CdX/po lysu l f ide  P E C ' s  in  
w h i c h  S~ ,  O H - ,  a n d  H S -  are s h o w n  to be  the  p re fe ren t i a l  
pa r t i c i pan t s  in  t he  r eac t ion  p roces s2  

K. W. Frese, Jr. :  9 We are aware  t h a t  t he  f ree  e n e r g y  of  ad- 
so rp t i on  a n d  t h e  a p p a r e n t  e q u i l i b r i u m  c o n s t a n t  are cover-  
age d e p e n d e n t .  This  was  d e m o n s t r a t e d  b y  our  Eq. [8]-[10] in  
the  p a p e r  u n d e r  d i scuss ion .  T he  i s o t h e r m  we u s e d  ac- 
c o u n t s  for  th i s  d e p e n d e n c e  in  a n  a p p r o x i m a t e  way;  t h a t  is, 
i t  a s s u m e s  t h a t  t he  free e n e r g y  of  a d s o r p t i o n  var ies  l inear ly  
wi th  coverage .  We d i sagree  t h a t  ou r  r e su l t s  are no t  in ter -  
p re tab le ,  b e c a u s e  in t he  ve ry  leas t  t he  a p p a r e n t  f ree  e n e r g y  
of a d s o r p t i o n  can  be  e x t r a p o l a t e d  to zero coverage  to o b t a i n  
a m e a n i n g f u l  resul t .  

In  t he  case  of  a d s o r p t i o n  of  O H - ,  we ca lcu la ted  the  appar -  
en t  f ree  e n e r g y  of a d s o r p t i o n  at  e a c h  cove rage  u p  to 0 = 0.6. 
The  va lue  of  AG of  -1 .7  kca l /mo l  was  f o u n d  for 0 < 0.2, 
w h i c h  c o r r e s p o n d s  to K = 18, A s l igh t ly  m o r e  nega t ive  
va lue  of  -2 .3  kca l /mol  was  r e p o r t e d  in  our  paper .  

A n e w  fea tu re  was r evea led  b y  t he  add i t i ona l  ana lys i s  of  
t he  O H -  a d s o r p t i o n  data.  T he  a p p a r e n t  hG b e c o m e s  nega-  
t ive  as cove rage  inc reases  u p  to 0 = 0.6. Th i s  b e h a v i o r  sug- 
gests  t h a t f  in  the  F r u m k i n  i s o t h e r m  is ac tua l ly  negat ive .  A 
poss ib ly  s imi la r  effect  was  m e n t i o n e d  in our  p a p e r  in t he  
d i s cus s ion  of  sul f ide  adso rp t ion .  In  t h a t  case, sur face  com-  
p o u n d  f o r m a t i o n  (CdS) is s t r ong ly  suspec t ed .  B e c a u s e f  ap-  
pears  to be  smal l  ( abou t  -0.9),  we  cou ld  no t  d i s t i n g u i s h  t he  
cor rec t  s ign in our  or ig inal  analys is .  P e r h a p s  c o m p o u n  d 
f o r m a t i o n  as c a d m i u m  h y d r o x i d e  is s u g g e s t e d  by  our  data .  

The  use  of p h o t o c u r r e n t  o n s e t  p o t e n t i a l s  to m e a s u r e  t he  
f l a tband  p o t e n t i a l  as s u g g e s t e d  b y  L i c h t  is no t  w i t h o u t  
difficult ies.  The  o n s e t  p o t e n t i a l  d e p e n d s  on  l igh t  in tens i ty ,  
is i n f l u e n c e d  by  t h e  m a g n i t u d e  of  the  fo rward  cur ren t ,  a n d  
p r o b a b l y  d e p e n d s  on  t he  a m o u n t  of d i s so lved  sulfur .  T h e  
pa ra l l e l i sm b e t w e e n  t he  onse t  p o t e n t i a l  a n d  t he  r edox  po- 
t en t i a l  i n  L i ch t ' s  Fig. 2 p r o b a b l y  m e a n s  t h a t  t he  H e l m h o l t z  
p o t e n t i a l  d r o p  is c h a n g i n g  due  to F e r m i  level  p inn ing .  This  
m e a n s  t h a t  va r i a t i ons  s u c h  as t he  30 m V / p H  of  t h e  onse t  po- 
t en t i a l  ref lect  t he  me ta l l i c  c h a r a c t e r  of  t h e  su r face  (h igh  
su r face  s ta te  dens i ty )  r a t h e r  t h a n  a d s o r p t i o n  p roper t i e s .  
Our  u n p u b l i s h e d  m e a s u r e m e n t s  of  t he  sur face  s ta te  den-  
s i ty  on  n - C d S e  in  1M N a O H  s h o w  t h a t  t h e r e  are on ly  a b o u t  
1 x 10" s t a t e / cm 2 in  t h e  u p p e r  pa r t  of t he  gap.  On t h e  con-  
t rary ,  m o r e  t h a n  1 x 10 '4 s t a t e / cm 2 w e r e  f o u n d  in  t h e  u p p e r  
pa r t  of  t he  b a n d g a p  of  C d S e  in  con t ac t  w i t h  a lka l ine  sulf ide 
so lu t ions .  

D. S. Ginley and M. A. Butler, This Journal, 125, 1968 (1978). 
7 S. Licht, J. Manassen, and G. Hodes, Submitted toInorg. Chem. 
8 S. Licht, Submitted to J. Phys. Chem. 
9 SRI International, Menlo Park, California 94025. 

Electrochemical Behavior of Passive Iron in Acid Medium 

II. The Passive Film/Solution Interface 

M. Keddam and C. Pallotta 

(pp. 781-787, Vol. 132, no. 4) 

V. J o v a n c i c e v i c :  '0 In  th i s  paper ,  t he  a u t h o r s  ra ise  two in ter -  
e s t i ng  q u e s t i o n s  r e l a t i ng  to t he  pas s ive  i ron / so lu t ion  inter-  
face. The  first  one  is the  r e l a t i o n s h i p  b e t w e e n  e lec t ron  a n d  
ion  cha rge  t r a n s f e r  at  t he  in ter face ,  a n d  t h e  s e c o n d  one  is 
a b o u t  t h e  ef fec t  of  a n i o n s  on  t he  k ine t i c s  of  cha rge  t r a n s f e r  
on  t he  fi lm surface.  The  i n t e r p r e t a t i o n  of the  r e su l t s  
i nvo lv ing  a loose ly  s t r u c t u r e d  b o u n d a r y  layer  on  the  t op  of  
the  i n n e r  sol id layer  n e e d s  s o m e  r e m a r k s .  

K e d d a m  a n d  Pa l l o t t a  a rgue  t h a t  t he  r e d o x  reac t ions ,  w i t h  
oppos i t e  a n i o n  ef fec t  on  Fe(CN) 4- a n d  Fe(II)  ox ida t i on  on  
t he  pas s ive  layer,  are  a l lowed  by  t he  good  e lec t ron  conduc -  
t ivi ty  of  t he  i n n e r  layer  a n d  con t ro l l ed  b y  m a s s  t r ans f e r  
across  t he  t r a n s i t i o n  layer. The  ef fec t  of  a n i o n  in  t h e  in- 
c r eas ing  i n t e r a c t i o n  s equence ,  pe rch lo ra t e ,  sulfate,  a n d  
p h o s p h a t e ,  o n  t h e  pass ive  c u r r e n t  is d e s c r i b e d  in t e r m s  of 
the  a d s o r p t i o n  a n d  s u b s e q u e n t  p e n e t r a t i o n  of  an ions  in to  
the  loosely  s t r u c t u r e d  layer,  a f fec t ing  i ts  pass ive  p roper t i e s .  
Th i s  m o d e ]  h a s  s o m e  s imi la r i ty  to  t he  " c h e m i c o n d u c t o r "  
m o d e l  of  t he  pas s ive  fi lm r e g a r d i n g  i ts  c o n d u c t i v i t y . "  

T h e  m a s s - t r a n s f e r  p r o p e r t i e s  a n d  a n i o n  i n t e r a c t i o n  w i t h  
t he  pass ive  layer  are  s t ud i ed  b y  u s i n g  t h e  a n g u l a r  ve loc i ty  
t r a n s i e n t  a n d  c o m p o s i t i o n  t r a n s i e n t  of  t he  pass ive  cur ren t .  
B o t h  t r a n s i e n t s  s h o w  s imi la r  fea tures :  first,  fas t  c h a n g e  of  
the  c u r r e n t  (minutes) ,  fo l lowed b y  s low a t t a i n m e n t  of t he  
s t eady  s ta te  (hours) .  E v e n  t h o u g h  t h e  o b s e r v e d  ef fec ts  are  
s imi la r  in  t h e s e  t r ans i en t s ,  t h e y  are  i n t e r p r e t e d  di f ferent ly .  
The  sho r t - t ime  r e s p o n s e  is e x p l a i n e d  as a "mass - t r ans fe r -  
l im i t ed  p rocess , "  w h e r e a s  t h e  l ong - t ime  r e s p o n s e  as a de- 
c rease  of  t he  t h i c k n e s s  of  the  f i lm in  the  case  of  tha  a n g u l a r  
ve loc i ty  t r ans i en t .  I n  the  case  of  the  c o m p o s i t i o n  t r ans i en t ,  
t he  fas t  r e s p o n s e  c o r r e s p o n d s  to a n i o n  adso rp t ion ,  wh i l e  
t he  s low r e s p o n s e  to a n i o n  p e n e t r a t i o n  in to  t h e  film. Re- 
cent ly ,  s imi la r  effects  h a v e  b e e n  o b t a i n e d  w i t h  t he  p H  t ran-  
s ien t  w h e r e  b o t h  c h a n g e s  in  t he  t h i c k n e s s  a n d  in t he  sur- 
face c o m p o s i t i o n  of t he  layer  we re  sugges ted .  12,'3 

The  a d s o r p t i o n  of  a n i o n s  on  t h e  sur face  of  t he  pas s ive  
layer  s u p p o r t e d  b y  the  r e su l t s  on  t h e  col loidal  i ron  ox ide  is 
a first  s tep  in  t h e  f o r m a t i o n  of  Fe ( I I I ) - an ion  so lub le  com-  
plexes .  '4 I t  is wel l  k n o w n  t h a t  Fe(III)  f o r m s  in  ac id  so lu t ion  
s t ab l e  o c t a h e d r a l  aquo  c o m p l e x e s  w h e r e  w a t e r  molecule(s )  
are  s u b s t i t u t e d  b y  t he  a n i o n  l igands .  '~ The  s tab i l i ty  of  t he  
c o m p l e x e s  d e p e n d s  on  t h e  p H  a n d  on  t h e  t ype  of  a n i o n s  in- 
c r ea s ing  in  t h e  s equence ,  pe r ch lo r a t e ,  sulfate ,  p h o s p h a t e ,  
as d i s c u s s e d  b y  K e d d a m  a n d  Pal lot ta .  Thus ,  u n d e r  s teady-  
s ta te  cond i t ions ,  a t  c o n s t a n t  potent ia l ,  t h e  d i f fe rent  cur- 
r en t s  c o r r e s p o n d  to d i f f e ren t  t h i c k n e s s e s  of the  fi lm in  
e q u i l i b r i u m  w i t h  t he  solut ion.  W h e n  va r ious  t r a n s i e n t s  are 
appl ied ,  t he  pass ive  c u r r e n t  i n c r e a s e s  or decreases ,  de- 
p e n d i n g  o n  w h e t h e r  more  s tab le  or less s t ab le  c o m p l e x e s  
are b e i n g  fo rmed .  

The  au tho r s  s t ud i ed  k ine t i c s  a n d  m a s s  t r a n s f e r  at  t h e  
pass ive  f i lm/so lu t ion  in te r face  w i t h o u t  c lear ly  g iv ing  t he  
r ea sons  for t he  i nc r ea se  or d e c r e a s e  of t he  c u r r e n t  w i t h  t he  
c h a n g e  of  t he  c o m p o s i t i o n  of  t he  so lu t ion  or angu l a r  veloc- 
i ty of  the  e lec t rode .  B o t h  effects  as wel l  as p H  effect  can  be  
a t t r i b u t e d  to  t h e  c h a n g e  of t he  t h i c k n e s s  of t h e  pa s s ive  
layer.  '~ 

A r e l evan t  a spec t  of  t he  pas s ive  fi lm b e h a v i o r  ha s  b e e n  
neg l ec t ed  in the  s t u d y  of  t he  c u r r e n t  t r a n s i e n t s  w h i c h  is i ts  
po ten t i a l  d e p e n d e n c e .  B e s i d e s  t he  c h a n g e  of  t he  t h i cknes s ,  
t he  p o t e n t i a l  v a r i a t i o n  m a y  cause  s o m e  c h a n g e  in  t he  com-  

,o Department of Chemistry, Texas A&M University, College Sta- 
tion, Texas 77843-3255. 
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,2 O. Reies Iola, A. M. Sukhot in ,  and L. N. Geras imenko,  

Electrokhimiya, 18, 723 (1982). 
,3 V. Jovancicevic and J. O'M. Bockris, Submitted to This Journal. 
,4 K. J. Vetter and F. Gorn, Electrochim. Acta, 18, 321 (1973). 
,5 F. A. Cotton and G. Wilkinson, "Advanced Inorganic Chemis- 

try," Interscience Publishers, New York (1980). 
~ V. Jovancicevic, In preparation. 
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pos i t i on  a n d  s t r u c t u r e  of t he  pas s ive  layer.  Thus ,  u s i n g  t he  
pH,  a b r u p t  c h a n g e  in  t h e  so lu t i on  t he  re la t ive  c o n c e n t r a -  
t ion  of  Fe(II) in  t he  pass ive  layer  cou ld  b e  e s t ima ted .  TM 

S. K a p u s t a :  '7 The  d e p e n d e n c e  of t h e  a n o d i c  c u r r e n t  mea-  
s u r e d  on  pa s s ive  i ron  e l ec t rode  in ac id  so lu t ions  o n  rota-  
t iona l  s p e e d  a n d  t he  co r r e l a t i on  of  t h e s e  resu l t s  w i t h  
e r o s i o n - c o r r o s i o n  p h e n o m e n a  d e s e r v e  s o m e  c o m m e n t s .  
Fo r  t he  s y s t e m s  u n d e r  cons ide ra t i on ,  f luid f low can  e i t h e r  
p r o m o t e  t h e  t r a n s p o r t  o f  m a t t e r  to  a n d  f rom t h e  sur face  
( convec t ive  mass - t r an s f e r - con t r o l l ed  d isso lu t ion)  or it can  
cause  s t r e s ses  on  t he  sur face  t h a t  m a y  s h e a r  t he  pa s s ive  
film or t he  m e t a l  (corros ion-eros ion) .  

The  shea r  s t ress  o n  a ro t a t i ng  d i sk  e l ec t rode  is TM 

r~ = pr~l'2oF-'G '(O) [1] 

w h e r e  p is the  dens i t y  of  t he  so lu t ion ,  r t he  r a d i u s  of  t he  elec- 
t r o d e , ,  t h e  k i n e m a t i c  v iscos i ty ,  ~o the  a n g u l a r  f r equency ,  
a n d  G'(O) a f u n c t i o n  d e s c r i b e d  e l sewhere .  's O ne  d i s a d v a n -  
tage  of t he  r o t a t i n g  d i sk  (as c o m p a r e d ,  e.g., to the  ro t a t i ng  
cy l inder )  is t h a t  t he  s h e a r  s t ress  d e p e n d s  on  pos i t ion ,  b e i n g  
m a x i m u m  at t h e  b o r d e r  of  t he  e l ec t rode  a n d  (vir tual ly)  van-  
i s h i n g  a t  t h e  center .  A n o t h e r  o f t en  o v e r l o o k e d  p r o b l e m  is 
t h a t  t he  s h e a r  s t ress  va lues  o b t a i n a b l e  on  a p rac t i ca l  R D E  
are small ,  u sua l ly  of  t he  o rde r  of  a few d y n e s  pe r  s q u a r e  cen- 
t imete r .  For  i n s t ance ,  for r = 0.25 c m  a n d  oJ = 100 rpm,  To~ = 
0.5 dyn/cm-'.  T h e s e  s t resses  m a y  b e c o m e  two  to t h r e e  t i m e s  
la rger  i f  t he  d i sk  is s u d d e n l y  s tar ted ,  a l t h o u g h  t he  s t ress  
t r a n s i e n t s  are  s h o r t ?  ~ 

I t  is d o u b t f u l  t h a t  t he se  smal l  s t r e s ses  cou ld  shea r  a 
p a s s i v e  f i lm,  s i n c e  t h i s  w o u l d  i m p l y  t h a t  t h e  f o r c e s  
b o n d i n g  t he  f i lm to t he  m e t a l  su r face  (or to o ther ,  " i n n e r "  
films) are  ve ry  w e a k  (less t h a n  1 kcal /mol ,  i.e., at  or b e l o w  
the  r a n g e  of p h y s i c a l  adsorp t ion) .  As  an  example ,  we h a v e  
all e x p e r i e n c e d  t h e  diff icul ty  in  r e m o v i n g  n i t r o g e n  b u b -  
b les  t h a t  t e n a c i o u s l y  r e m a i n  o n  t h e  c e n t e r  of  a R D E  e v e n  at  
re la t ive ly  h i g h  speeds .  T h e  b u b b l e s  a re  he ld  m a i n l y  b y  
b u o y a n c y .  One  can  ca lcu la te  t h a t  e v e n  t h o u g h  t h e  b o n d i n g  
forces  are ve ry  small ,  r o t a t i o n  a lone  c a n n o t  d i s lodge  t h e s e  
b u b b l e s .  To c o n s i d e r  s u c h  a loose ly  a t t a c h e d  layer  pa r t  of  
t he  p a s s i v a t i o n  f i lm is, a t  bes t ,  a rb i t ra ry .  However ,  t he  au- 
t h o r s  h a v e  b a s e d  m a n y  of t h e i r  c o n c l u s i o n s  p rec i se ly  on  
th i s  app roach .  

The  s t r e s ses  i n v o l v e d  in ac tua l  e ro s ion -co r ro s ion  are sev- 
eral  o rders  of m a g n i t u d e  h igher ,  s ince  t hey  m a y  infl ict  
d a m a g e  to t he  pa s s i ve  fi lm or t h e  m e t a l  itself. T h e s e  
s t resses  c an  u sua l l y  b e  a c h i e v e d  in m u l t i p h a s e  flow, e.g., 
b y  par t ic le  impac t ,  or, m o r e  recen t ly ,  b y  focused  u l t r a s o n i c  
waves .  

Severa l  c r i te r ia  can  be  u s e d  to d i s t i n g u i s h  b e t w e e n  con-  
vec t ive  m a s s  t r a n s f e r  a n d  e r o s i on  effects.  In  a first approx i -  
ma t ion ,  we m a y  a s s u m e  t h a t  f ihn  s h e a r i n g  occu r s  a b o v e  a 
ce r t a in  t h r e s h o l d  shea r  s tress.  A n  i n c r e a s e  in oJ t h e n  s h o u l d  
lead to a c o r r e s p o n d i n g  dec rea se  in t he  cove rage  of  t he  elec- 
t r ode  a b o v e  a ce r t a in  r ad ius  f rom t he  cen te r ,  as c an  b e  cal- 
cu la t ed  f rom Eq. [1] s e t t i ng  roJ = const .  I f  we f u r t h e r  a s s u m e  
tha t  the  pa s s ive  c u r r e n t  Ip is p r o p o r t i o n a l  to t he  u n c o v e r e d  
area,  we o b t a i n  

I ,  ~ 1 - ~0-:~ [2] 

i.e., a m u c h  h i g h e r  f u n c t i o n a l  d e p e n d e n c e  of c u r r e n t  on  ~o 
t h a n  r e p o r t e d  (i.e., 1/2). Usual ly ,  w i t h  d i r ec t  e ros ion  t h e  cur- 
r e n t  va r i e s  w i t h  t h e  t h i r d  to s i x t h  p o w e r  of  veloci ty ,  wh i l e  
w i t h  c o n v e c t i v e  m a s s  t r anspor t ,  t h e  o r d e r  is -< 1.0. '~ 

A s e c o n d  d i f f e rence  b e t w e e n  c o n v e c t i v e  m a s s  t r a n s f e r  
a n d  e r o s i o n - c o n t r o l l e d  r e a c t i o n s  is tha t ,  w i t h  t h e  former ,  
the  c u r r e n t  fol lows a l m o s t  i n s t a n t a n e o u s l y  any  c h a n g e s  in 
ro ta t iona l  s p e e d  a n d  is r e v e r s i b l e  t o w a r d s  reversa l  of t h e s e  
changes ,  wh i l e  t h e  la t te r  m a y  s h o w  an  i n d u c t i o n  pe r iod  a n d  
a ce r t a in  deg ree  of  hys t e r e s i s  o n  r e t u r n i n g  to t he  s t a r t ing  
cond i t ions .  

'~Shell Development Company Westhollow Research Center, 
Houston, Texas 77001 

,s "Hydrodynamic Resistance and the Heat Loss of Rotating Sol- 
ids," L. A. Dorfman, Editor, Oliver and Boyd, London (1963). 

'~ V. Lotz and E. Heitz, Werkst. Korros, 34, 454 (1983). 

The  " s t a i r ca se"  s h a p e  of t he  c u r r e n t  t r a n s i e n t  at  c o n s t a n t  
po t en t i a l  a n d  co, o b s e r v e d  in H:jPO4 so lu t ions ,  s eems  l ike an  
e x p e r i m e n t a l  ar t i fact ,  s ince  e l e c t r o c h e m i c a l  sy s t ems  do no t  
usua l ly  s h o w  th i s  t ype  of "d ig i t a l "  behav io r .  

All t h i s  e v i d e n c e  sugges t s  tha t ,  indeed ,  a loosely  a d h e r e n t  
layer  m a y  form,  u n d e r  t h e s e  e x p e r i m e n t a l  cond i t ions ,  on  
top  of  t he  t r u e  pas s ive  film. However ,  d i s so lu t i on  of  t h i s  
layer  is to s o m e  e x t e n t  m a s s - t r a n s f e r  cont ro l led .  I t  is f u r t h e r  
s u g g e s t e d  t h a t  th i s  l ayer  is f o r m e d  b y  d i s so lu t i on  a n d  
reprecipitation, from a saturated solution, of the phosphate 
and sulfate iron salts. As mentioned earlier, this outer salt 
layer is not part of the true passive film, but it is rather 
loosely attached by weak forces and easily overcome (e.g., 
by rotation). In addition, the anions may also be incorpora- 
ted into the passive film, as is the case with borate ions, or 
may otherwise induce localized film breakdownY ~ These 
are, however, well known and documented effects, and I 
fail to see any new facts in the paper under discussion. 

The kinetics ofredox reactions on passive electrodes has 
received considerable attention, and the present results are 
very interesting. The absence of one of the components of 
the redox couple, however, introduces some ambiguities in 
the results, because the system is "unbuffered," i.e., large 
potential changes occur near the surface as one of the spe- 
cies in the redox couple is generated in the course of the re- 
action. These potential changes may affect both the con- 
ductivity and the composition of the film. 

I wish the authors had published some of their polariza- 
tion curves. In fact, even some old-fashioned exchange cur- 
rent dens i t i e s  a n d  Tafel  s lope  v a l u e s  w o u l d  h a v e  se rved  t h e  
pu rpose .  I t  is f r u s t r a t i ng  t ry ing  to o b t a i n  any  co r re l a t ion  be- 
t w e e n  r e p o r t e d  c u r r e n t s  m e a s u r e d  at  d i f fe ren t  po ten t ia l s .  

U n e x p e c t e d l y ,  t he  d i f fus ion  coeff ic ients  of t he  ferrocya-  
n ide  ion  m e a s u r e d  on  pass ive  e l ec t rodes  are c o n s i s t e n t l y  
lower  ( a p p r o x i m a t e l y  1/2-1/3) t h a n  t h o s e  m e a s u r e d  on  plati-  
n u m  ( a l t h o u g h  t he  a u t h o r s  c l a im t h a t  t h e y  are similar),  e v e n  
in HC104 so lu t i ons  w h e r e p a s s i v e  i ron  s h o w s  a " m e t a l l i c "  
(in w h a t  sense? )  behav io r .  Was a s imi la r  ef fec t  o b s e r v e d  
w i th  Fe'-'~? I f  not ,  i t  cou ld  b e  a specif ic  Fe(CN),~ ~- e f fec t  
c a u s e d  b y  d i f fus ion  t h r o u g h  a t h i n  and  r o t a t i o n - d e p e n d e n t  
layer  of  [Fe(CN)~]zFe:~ d e p o s i t e d  on the  surface,  as  br ief ly  
i n d i c a t e d  by  t he  au thors .  I f  th i s  is the  case,  howeve r ,  t he  fer- 
r o c y a n i d e  m a y  also in te r fe re  w i th  t he  f o r m a t i o n  of t he  over- 
ly ing  sal t  film, c o n s i d e r a b l y  c o m p l i c a t i n g  t he  ana lys i s  of  ac 
i m p e d a n c e  d i ag rams .  

The  E H D  d i a g r a m s  are s o m e h o w  mis lead ing :  Con t r a ry  to 
a p p e a r a n c e  a n d  expec t a t i ons ,  t he  r e su l t s  for  H3PO4 solu- 
t ions ,  w h e r e  t he  m o r e  s t ab le  " p o r o u s "  fi lm is fo rmed ,  fall 
b e t w e e n  t h o s e  of  HC10~ a n d  H~SO4 so lu t ions ,  i n s t e a d  of be- 
ing the  f u r t h e s t  r e m o v e d  f rom t h e  idea l  d i f fus ion  case. This ,  
again,  sugges t s  s o m e  leve l ing  effect  p e r h a p s  c a u s e d  by  in- 
t e r f e r e n c e  of  t he  Fe(CN)~ 4- w i t h  t he  n o r m a l l y  d e p o s i t e d  sal t  
film. Moreover ,  m e c h a n i c a l  r e m o v a l  of  th i s  p o r o u s  film 
s h o u l d  e l i m i n a t e  the  sh i f t  t o w a r d s  lower  p values ,  w h i c h  it 
does  not .  There fore ,  t he  e v i d e n c e  o v e r w h e l m i n g l y  nega te s  
any  m e c h a n i c a l  ef fec t  on  fi lm s tabi l i ty ,  wh i l e  i t  i n d i c a t e d  a 
m a s s - t r a n s f e r - c o n t r o l l e d  m e c h a n i s m .  

I t  s h o u l d  be  o b v i o u s  by  n o w  t h a t  e l e c t rochemica l  t ech-  
n i q u e s  a lone  c a n n o t  u n i q u e l y  def ine  the  film compos i -  
t ion,  and ,  l ack ing  some  i n d e p e n d e n t  ana ly t ica l  resul t ,  all 
s p e c u l a t i o n s  in  th i s  r e spec t  wil l  r e m a i n  j u s t  that .  S ince  t he  
f i lms g r o w n  in H:~PO4 so lu t ions  m a y  i n c o r p o r a t e  signi-  
f icant  a m o u n t s  of  p h o s p h a t e  ions,  it is q u e s t i o n a b l e  t h a t  
the  f l -FeOOH c o m p o s i t i o n  is a va l id  model .  On  t he  o t h e r  
hand ,  i t  is to a ce r t a in  p o i n t  a rb i t r a ry  a n d  e v e n  c o n f u s i n g  to 
a t t r i b u t e  a p a r t i c u l a r  b u l k  o x i d e  c o m p o s i t i o n  to a t h i n  film, 
( abou t  40~ in  1M HC104), ~ espec ia l ly  s ince  c o m p o s i t i o n a l  
g r a d i e n t s  are u n a v o i d a b l e  a n d  in t e r f aces  are no t  wel l  
def ined.  

In  par t i cu la r ,  t h e  s t r u c t u r e  a n d  p rope r t i e s  of  pa s s iva t i on  
f i lms g r o w n  on  s ta in less  s teels  is s t rong ly  in f luenced  b y  
the  p r e s e n c e  of  c h r o m i u m ,  and  any  e x t r a p o l a t i o n  f rom 
pu re  i ron  is no t  on ly  u n w a r r a n t e d ,  b u t  is also p r o b a b l y  

2o See, e.g., Z. Szklarska-Smialowska, in "Proceedings of the 9th 
ICMC, Toronto (June 1984)," Vol. 2, p. 112. 

~ B. P. Lochel and H. H. Strehblow, Electrochim. Acta, 28, 565 
(1983). 
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wrong. Therefore, to attribute the protective effect of mo- 
lybdenum to intercalation or modification of the iron oxide 
requires further justification. 

M. Keddam: 22 We think that this comment  brings about 
some i n t e r e s t i n g  po in t s  and dese rves  the  fo l lowing  
remarks. 

As has been pointed out by Keddam et al., 23 the way in 
which we have depicted the passive film has some similar- 
ity with the chemiconductor model  in the sense that the 
high field transport across the inner part of the film is an- 
ion dependent.  However, our results tend to prove that the 
anion contents of the inner layer, determining the passive 
current, is controlled by the highly hydrated outer part of 
the film. The properties of the latter are determined by the 
adsorbability of anions on the oxide's surface and by their 
interaction with the solvent structure. 

Regarding the nextcoming papers announced in this 
comment,  we would like to emphasize that, according to 
data we will show in Fig. 5 of our paper, 23 the film thickness 
at a given potential, referred to the Flade potential in the 
same solution, is practically independent  ofpH and anions. 
These parameters seem to modify the passive behavior 
through compositional effects (e.g., ferric to ferrous oxide 
ratio ~4) in the inner layer and structural change in the outer 
layer. Even in the limit, long-term aging changes hardly the 
thickness but rather proceeds by water out-take and pro- 
gressive appearance of crystalline iron oxidesY 4 

With respect to pH transients published by Soviet au- 
thors and apparently repeated by Dr. Jovancicevic,  the 
short-time response is considerably faster than with anion 
transient. A likely explanation is to consider that the 
film/electrolyte potential is determined by pH through an 
equilibrium between OH and iron oxides. Therefore, pH 
transients are equivalent to a transient of electrical field 
strength across the film and induce a fast current step. Ac- 
cording to our own experiments,  the direction of this step 
vs. p H  step is consistent with this explanation. 

~2 Physique des liquides et ~lectrochimie, l'Universit~ Pierre et 
Marie Curie, 75230 Paris Cedex 95, France. 

~3 M. Keddam, J. F. Lizee, C. Pallotta, and H. Takenouti, ibid., 131, 
2016 (1984). 

24 A. Hugot-Le Goff and C. Pallotta, ibid., To be published. 

Regarding the comments of Dr. Kapusta on mechanical 
disturbances of the passive film, we have never meant that 
our rotating disk experiments could reproduce the high 
s t resses  or sol id impac t s  i n v o l v e d  in ac tual  erosion- 
corrosion. This situation has been dealt with elsewhere. ~5 
Undoubtedly, the shear at the disk is by several orders of 
magnitude too low for destroying the passive film. How- 
ever, the argument of a bubble at the very center of the disk 
submitted to a zero resulting radial force is not convincing. 

Owing to the very low passive c.d., mass-transfer control 
by convective diffusion in its usual sense cannot be ac- 
cepted as an explanation of the observed response. There- 
fore, an interpretation must be looked for in a weak hydro- 
dynamical interaction with the passive film. As recognized 
finally in the comment, the existence of a loosely adherent 
layer constitutes a satisfactory model. In contrast with Dr. 
Kapusta's statement, there is no reason at all for thinking of 
this layer in terms of the salt film which precipitates during 
fast metal dissolution. In the case of phosphate, in situ 
Raman spectroscopy evidences iron phosphates on top of 
the passive filmy 4 Washing out these products removes the 
corresponding spectrum but does not modify the passive 
current. 

Regarding the RED-OX kinetics, most of the data have 
been completed and numerically processed since the time 
of publication of this paper. In fact diffusivities on Pt and 
on the passive film in HCIO4 are very close. "Metallic" does 
not refer to the type of conductivity but only to the fast 
charge transfer ensured by the film. 

EHD data fit correctly to a model incorporating diffusion 
through a "solid" layer 2~ which persists at high rotation 
speeds hence explaining the remanent  shift towards low p 
values, for phosphate solution, as pointed out in the com- 
ment. We agree with the comment  that ferrous ferricyanide 
is able to complicate the interpretation, Fe(II) shows a more 
complex behavior due to strong interference with the inner 
film structure. As explained in this paper, it tends to favor 
the  fo rma t ion  of m a g n e t i t e  fo l lowed  by R a m a n  
spectroscopy. 

~ J. C. Colson, A. Desestret, M. Keddam, and R. Oltra, Corros. Sci., 
23, 441 (1983). 

~6 C. Des]outs, M. Keddam, C. Pallotta, and B. Tribollet, "Electro- 
chemical Methods in Corrosion Research," Toulouse, France (July 
1985). 
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One of the most complicated topics in metal 
passivity is the chemical identification of 
thin films grown on iron electrodes. They are 
too thin to be analysed by X-rays, and in-situ 
methods such as Mossbauer spectroscopy or 
ellipsometry give only indirect results. RHEED 
(or LEED) which require that the sample be put 
in vacuum, are not suited to the problem. This 
explains why several structures, involving some 
of the numerous possible oxides or oxihydroxi- 
des, have been proposed. Raman Spectroscopy has 
become a useful tool for obtaining chemical and 
crystallographic identification (1,2). 

In this paper, we will try to answer the 
following two questions : 

- Is a defined film composition detectable 
by Raman Spectroscopy when the passive current, 
Ip, attains its steady-state value ? 

- If a composition is defined, does it 
depend on the anion composition of the electro- 
lyte ? 

Previously we obtained spectra of each com- 
pound likely to appear in the passivity state, 
oxides or oxihydroxides, either as powder, or 
in single crystal form, together with thermal 
oxide films of easily controlled thickness (2). 
We studied the stability of these compounds 
under exposure to the laser beam. The oxihydro- 
xides undergo a modification leading to the 
stable forms : hematite ~-Fe203, and magnetite 
Fe304. However, when the samples were covered 
by a thin liquid layer during illumination 
(which reproduces the electrolysis conditions), 
each of them gave its proper spectrum. 

EXPERIMENTAL 

Iron electrodes (Johnson Matthey) carefully 
prepared, as previously described (3), and po- 
lished to 1200 grade emery paper, were polari- 
sed at different potentials in the full passive 
range in IN H2SO 4 solutions. These samples were 
placed flat in the cell under the objective of 
a microscope which served to focus the laser 
beam (514 nm) on a small area of the sample. 
This allowed study of local composition changes, 
and verification that the impact point was not 
damaged by the laser beam. The front length of 
objective is about 0.3 mm~ permitting good 
Manuscript submitted Jan. 28, 1985; revised 
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optical yield, and room for a layer of electro- 
lyte sufficient to ensure stability of the 
electrochemical process. The spectroscope, 
DILOR OMARS 89, has a diode array detection 
system which permits addition of spectra and 
collection of data over long periods. This im- 
proves the signal to noise ratio. All poten- 
tials are referred to the saturated sulfate 
electrode (vs SSE). 

RESULTS 

When the passive potential is more anodic 
than 0.6 V, even if the current attains its 
steady-state value (5 ~A.cm-2), a Raman spec- 
trum is observed only after about 12 hours of 
polarisation. However, it has been shown that 
a passive film is formed at shorter times (4). 
The thickness of this "detectable" film was 
estimated by the amount of 016 in the film, as 
determined by nuclear reaction (5). The thick- 
ness was between 10 nm and 17 nm after three 
days of polarisation, whereas the thickness of 
the passive film observed after the first hour 
of polarisation was about 4 nm. Furthermore, 
for polarisation potentials more cathodic than 
0.5 V, no Raman spectrum was observed even for 
long polarisation times (i.e. 90 hours). 

Figure I represents two spectra : spectrum a 
is obtained in-situ after 12 hours of polarisa- 
tion. Spectrum b corresponds to the same sample 
taken out of the electrolyte after a longer 
polarisation time. The electrolyte has an in- 
tense spectrum (due to SO~- ions) in the 900- 
10OO cm -I , but in the useful range for iron 
oxides, the in-situ identification is easy.The 
species identified under these experimental 
conditions were a mixture of magnetite (659, 
544 cm -I) and hematite (221, 253, 290, 406, 
498, 616 cm -I) y-ferric oxide, as ~ - or % - 
hydrated modifications, which are often assumed 
to appear, give quite different patterns and 
one can affirm that they are not present. 

However, if the presence of hematite can be 
conclusively established, the existence of 
magnetite is not so evident. For the shortest 
polarisation times, the 544 cm -I peak was not 
always present ; in this case, one cannot dis- 
tinguish between the spectrum of ma~netite~ 

CNRS assisted in meeting the publication 
costs of this article. 
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and that of the short-range oxihydroxide, 
a-FeOOH, which as the B- and ~-modifications, 
gives a single faint peak at 670 cm -I . The exis- 
tence of an amorphous film at the beginning of 
the passivation is supported by the long ageing 
necessary under potentiostatic polarisation to 
obtain Raman spectra. If the lack of a spectrum 
during the first hours was simply due to the 
insufficient film thickness, it would be possi- 
ble to detect some signal by increasing the 
laser power and the accumulation time. This was 
not observed. It can be assumed that, during 
this period, a qualitative change of the initial 
material, together with a slow thickening takes 
place. Furthermore, the oxides are detected 
only if the passivation potential is more ano- 
dic than 0.6 V, which is the thermodynamic po- 
tential for the formation of iron oxides. 

The anions, at constant pH, have a definite 
effect in determining the Ip value (3). In the 
case of electrodes passivated for about 15 
hours it was shown that the current responds 
reversibly to a rapid change of the electrolyte 
composition (6). In order to better understand 
the role of anions, the solution was rapidly 
changed (either to 2N H3PO 4 or to IN HCI04). 
In the first case, when the current attained 
its new steady-state value (50 pA.cm-2), the 
Roman spectrum was recorded, as shown in Fig. 
2a. The intensity of the peaks related to hema- 
tite is increased, and a new peak at 507 cm -I, 
corresponding to ferric phosphate, is observed. 
After several hours of polarisation, only the 
peaks of hematite remain along with a very in- 
tense salt peak. 

In the second case, the oxide peaks remain 
unchanged (Fig. 2b), and two peaks of i_Ton 
perchlorate are seen at 460 and 625 cm . The 

 SALT , 

I i , _ . 1 _  i 
650 450 

Figure 2 : 2a : 2N H3PO 4 2b : 1N HClO 4 

salt layer is tightly fixed on the film : and 
in spite of the solubility of the salt in wa- 
ter, it is necessary to wash the film for a 
long time to remove it. When the electrode is 
irmnersed again, the absence of the salt does 
not alter the current. From these experiments, 
it is possible to conclude that : 

- The existence of a constant passive cur- 
rent is not related to the presence of species 
detectable by Raman Spectroscopy. 

- The ratio between a-Fe203 and Fe304 de- 
pends on anions and, like the value of steady- 
state current, increases from H2SO 4 to H3PO 4. 

This work has to be pursued by further mea- 
surements just below the range where the hema- 
tite/magnetite mixture is formed. From the pre- 
sent measurements, it is possible to conclude 
that the presence of crystalline oxide or 
oxihydroxide in a- or y- modification in the 
young passive film is not probable. The struc- 
ture of this young passive film may be polyme- 
ric, like with a-FeOOH structure containing, 
as proved in(4)a certain amount of Fe(II) ions. 
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ABSTRACT 

Germanium Selenide (GezXSel_x, x=0.1-0.3) 
has shown considerable promlse as a very high 
resolution photoresist when sensitized with 
silver deposited from an aqueous solution. 
However, the sensitization step has been found 
to be irreproducible for films prepared in 
different batches. I t  is therefore necessary 
to assess the silver uptake rate for each 
production batch. This paper will demonstrate 
how i t  is possible to assay absolutely the 
deposited silver by anodic stripping voltam- 
metry. The technique is shown to be much 
quicker than the currently accepted analysis 
by X-ray fluorescence spectroscopy and also to 
be of reasonable accuracy and precision, pro- 
vided background currents are subtracted from 
the vol tammogram. 

INTRODUCTION 

The silver sensitized germanium selenide/ 
polymer, bilevel photoresist system offers 
considerable advantages over conventional 
photoresists by extending the capabilities of 
optical lithography into the submicron regime 
(1,2). Sensitization of the films is perfor- 
med by immersion in a solution of AgNO 3 or 
KAg/CN) 2 which deposits si lver. However, this 
reaction is very dependent upon the nature of 
the surface of the germanium selenide and this 
leads to variations from batch to batch in the 
reaction rates and induction times, even when 
films are evaporated under very stringent 
process parameters (3,4). Therefore i t  is 
necessary to assess each batch of films produ- 
ced for the silver uptake rate in order to 
achieve reproducible photolithographic sensi- 
t i v i t y .  This has previously been done by 
X-ray fluorescence spectroscopic analysis 
(XRF) of sacri f ic ial  samples (3), but this 
technique, whilst highly accurate, requires 
calibrated sub-standards and is capital inten- 
sive and slow. 

We have investigated the electrochemistry 
of the sensitizing reaction, in an attempt to 

measure the amount of silver deposited and to 
elucidate the mechanism of the reaction, by 
potentiometry and anodic stripping voltamme- 
try. This communication describes the analy- 
sis technique and compares results with those 
from XRF spectroscopy. The method is shown to 
be a fast, reliable and absolute method of 
adequate precision for the assay of silver in 
germanium selenide photoresist films. A ful l  
discussion of the mechanism of the reaction 
wil l  appear in a forthcoming paper (5). 

EXPERIMENTAL 

Approximately 250nm thick germanium sele- 
nide (GeI~SeB~) films were prepared, as des- 
cribed e~Flie§ (4), by evaporation onto scru- 
pulously clean substrates. Substrates for XRF 
analyses consisted of 2 inch si l icon wafers. 
Electrodes for electrochemical analyses con- 
sisted of a polymer coated 25xlOmm quartz chip 
with a lOOnm layer of sputtered gold and a top 
coating of germanium selenide. Electrical 
connection was made by a gold plated c l ip  
which punched through the underlying gold 
f i lm. The edges of the chip and the atmos- 
phere/el ectrode/el ectrolyte t r ip l  e interface 
were coated with PMMA to avoid edge effects. 

Sensitizing and stripping was carried out 
in O.1M KAg(CN)2 buffered at phlO and thermo- 
statted at 25~ The counter electrode con- 
sisted of a 10x25mm platinum foil held 20mm 
away and parallel to the germanium selenide 
electrode. The reference electrode was a 
saturated calomel electrode (SCE) separated 
from the working solution by a tube with a 
f r i t  f i l led with O. 1M KCN solution to prevent 
the SCE clogging with AgCl. An air ambient 
was employed since no differences were found 
when the experiments were carried out with 
degassed solvents under nitrogen atmosphere. 
Electrical measurements were performed with 
in-house instrumentation. Stripping voltamme- 
try was commenced at the rest potential of the 
system (ca -0.275V vs SCE) and then the poten- 
t ial was increased by a linear ramp to +IV 
with respect to the SCE at a rate of 13mV/s. 
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RESULTS 

Two typical traces of current vs voltage 
with respect to the SCE are shown in Figure 1. 
Each plot shows 3 peaks which are all assign- 
able to forms of si lver; the exact assignment 
of the peaks wil l  be discussed in a forth- 
coming paper. The absolute amount of silver 
stripped off can be determined from the area 
under the peaks. However, i t  is clear from 
the figure that background currents vary from 
sample to sample. Therefore, in order to 
subtract the background, i t  is necessary to 
apply a different correction for every run. 
We tried several protocols for background 
subtraction. The only successful method was 
to extrapolate the peak flanks to the base 
line as represented by the shaded areas in 
Figure 1(a). 

The amounts of silver represented by the 
shaded areas are shown in the Table together 
with the results of the XRF analyses on the 
same evaporation batches. The Table shows the 
results from seven batches, each sample being 
sensitized for 3 minutes. 'The XRF data are 
the mean of 2 samples with an estimated error 
of better than • 2. The electrochemi- 
cal data are the mean of 6 samples and at the 
95% confidence level, there is an error of 
• 2 when total areas under the curves 
are taken, and of • 2 when the back- 
ground current is subtracted. The larger 
error for the data using the total area proba- 
bly represents the variabi l i ty of the back- 
ground current. For the corrected values of 
the silver content the agreement with the XRF 
values is good. 

CONCLUSIONS 

We have shown that stripping voltammetry 
is a useful technique for the absolute assay 
of silver in germanium selenide photoresist 
films. Unlike the established XRF and wet 
chemical analyses, the method offers a fast 
turn around with sufficient re l iab i l ty  for 
analyses of silver, which would be essential 
should germanium selenide photoresist be 
implemented on a wafer fabrication l ine. 
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Table Comparin~ Silver Analyses by XRF and 
Stripping Voltammetry 

Evaporation 
Batch No. 

Silver Content (~g/cm 2) 

XRF Vol tammetry 
Uncorrected Background 

Subtracted 

1 12 17 13 
2 16 24 18 
3 14 24 17 
5 13 17 13 
6 15 22 16 
7 13 16 14 

CURRENT i CURRENT ~ I 
(mA) ,. (mA) 

1 ' "  

/ T \ l  ! I"J, , 
o 'o' .s  ,'.o -o'.5 o o.s ,.o 

VOLTS (V) VOLTS (V) 

ELECTRODE POTENTIAL (vs SCE) 

Voltammograms for stripping silver from silver 
sensi t i  sed germanium" sel enide 

Note: differences in the contributions of the 
background currents 
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The continuing trend towards higher resolution and 
smaller feature sizes in integrated circuitry has led to the 
development of multi-layer resist processing schemes to 
achieve submicron resolution on topographical features 
[1]. A variety of organosilicon polymers have been 
investigated in the past decade as potential oxygen 
reactive ion etching (02 RIE) resistant resists for such 
applications. Although sensitive negative resists for two- 
layer applications have been developed [2], the sensitivity 
of similar positive resists is low [3]. 

Several years ago researchers at RCA reported [4] 
that poly(vinyltrimethylsilane sulfone) (PVTMSS) is a 
sensitive positive resist useful as a reactive ion etching 
(RIE) mask in two-layer resist systems. However, we 
found that this polymer is difficult to prepare in a soluble 
form and in a satisfactory yield. In this communication, 
we report an efficient synthesis, properties and 
lithographic performance of soluble poly(silane sulfone)s 
in which the silicon-bearing group is separated from the 
main chain by one or more methylene groups. 

E X P E R I M E N T A L  

Polymers suitable as e-beam resists were obtained by 
a UV-initiated terpolymerization of allyltrimethylsilane 
(ATMS) with at least a 6-fold molar excess of 1-butene 
and sulfur dioxide or in a similar reaction between 3- 
butenyltrimethylsilane (BTMS) and sulfur dioxide used 
as a solvent and monomer at -20* C. The polymerization 
was carried out in sealed Pyrex glass ampoules into which 
the monomers were transferred using vacuum line 
techniques. Resist films ca. 3000 .~ thick were spun from 
3.5% solutions of the polymers in cyclopentanone, and 
after soft-baking at 120~ they were exposed at 20 keV. 
Patterns were developed with 1:5 amyl methyl 
ketone/amyl alcohol solutions and transferred into 1.2 
/~m-thick hard-baked HPR-204 photoresist by 02 RIE. 

R E S U L T S  AND DISCUSSION 

Although poly(olefin sulfone)s are easily degraded 
upon irradiation, only poly(1-butene sulfone) (PBS) has 
found wide application as a sensitive, positive e-beam 
resist [5]. In spite of its many unique properties, its major 
drawback is its lack of resistance to the various plasma 
etching techniques used in integrated circuit 
manufacturing. The introduction of silicon into its 
structure as reported by the RCA group [4], was 

expected to increase its 02 RIE resistance l:ecause of the 
formation of an SiO x layer on top of the resist. 
Unfortunately, we were unable to reproduce the results 
reported by the RCA group. By following the reported 
procedure, we could obtain only small amounts of 
insoluble polymer. However, we prepared and isolated a 
soluble material under conditions different from those 
reported in the mentioned patent. After precipitation into 
methanol, the polymer became insoluble due to hydrolysis 
of the trimethylsilyl group [6]. 

Since the solubility of poly(olefin sulfone)s is known 
to increase with increasing side chain length [7], and an 
increased reactivity of allylsilanes is well documented [8], 
we decided to synthesize poly(allyltrimethylsilane sulfone) 
(PATMSS). This copolymer is insoluble, as is its carbon 
analog, poly(4,4-dimethyl- 1-pentene sulfone) [ 7 ]. 
However, we found that PATMSS may be solubilized by 
introducing at least 25-30 mol-% of 1-butene into the 
polymer chain by a UV-initiated terpolymerization of 
ATMS, 1-butene and SO 2 at below-ambient 
temperatures, preferably below -10*C. Modeling studies 
and chemical analyses indicate that ATMS is ca. 9 times 
more reactive towards SO 2 or SO2-capped growing 
radicals at -20~  than is 1-butene, while 
vinyltrimethylsilane (VTMS) is ca. 6 times less reactive. 
Therefore, the successful preparation of a soluble 
terpoly(ATMS butene sulfone) requires that l-butene be 
present in at least a 6-fold molar excess vs. ATMS and 
that UV radiation be used to initiate the polymerization. 
If tert-butylhydroperoxide is used, an insoluble fraction, 
enriched in ATMS, was always obtained. Moreover, the 
polymerization should be carried out to low conversion 
(10-15%), to avoid an unacceptably heterogeneous 
terpolymer with inferior lithographic properties. 

Very recently, we have found that 3 - 
butenyltrimethylsilane forms a soluble and stable 
polysulfone which contains 14.6 wt-% Si. In view of the 
problems associated with PVTMSS and terpoly(ATMS 
butene sulfone)s, this material is being studied as a very 
promising poly(silane sulfone) for two-layer applications. 

The low reactivity of VTMS may be explained by a 
steric hindrance caused by a relatively bulky 
trimethylsilyl group attached to the double bond. The t- 
butyl group in 3,3-dimethyl-l-butene is bulkier and this 
compound does not copolymerize with SO 2. Also, the 
previously reported insolubility of poly(olefin sulfone)s 
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obtained from lower and branched olefins was explained 
as a result of their high cohesive energy density [7]. 
Bowden et al. [5] have found that polymerization of a h l  
molar mixture of 1-hexene and SO 2 at O~ gave a 
product containing a gel fraction which was attributed to 
cross-linked polymer formed via hydrogen abstraction and 
chain transfer reaction. Similar arguments may be 
invoked to explain the insolubility of PATMSS. 

The terpoly(ATMS butene sulfone)s containing less 
than 70 mol-% of ATMS (vs. butene) are high-molecular 
weight polymers (M,>2-3"105,  Mw/M, = 2-2.5 by 
GPC, [7] = 150-250 cm3/g in MEK at 300C), soluble in 
a wide range of organic solvents. Their solubility varies 
with the ATMS/butene ratio. The terpolymers are 
thermally stable in air up to 170-180*C (TGA) and 
their Tg was 99•176 (DSC). Initial data indicate that 
poly(3-butenyltrimethylsilane sulfone) (PBTMSS) has 
similar properties. 

Lithographic sensitivity of the terpolymers containing 
60-70 mol-% of ATMS (12-13.5 wt-% Si) and of 
PBTMSS to a 20 keV e-beam was 1.2-2.5 ~C/cm 2, 
dependent on the substrate and development conditions. 
The terpolymers were used as top imaging layers for 02 
RIE pattern transfer into a thick planarizing layer of a 
conventional photoresist. Scanning Auger spectroscopic 
studies showed that they degraded rapidly under 02 RIE 
conditions to a 10-100 .~ thick SiO x layer on top of 
degraded polysulfone. This layer was sufficient to provide 
protection against 02 RIE for the underlying planarizing 
layer. Submicron resolution with vertical walls was 
readily attained (Fig. 2). However, the 02 RIE 
processing latitude of these terpolymers is rather narrow, 
since their final performance is the result of two 
competitive processes: oxidative degradation and 
vaporization, and SiO x protective layer formation. Thus, 
under harsher RIE conditions the first group of processes 
prevail and the resulting patterns contain many defects. 

In conclusion, we have synthesized soluble 
poly (alkenylsilane sulfone) s by a UV-initiated 
copolymerization of 3-butenyltrimethylsilane with SO 2 or 
terpolymerization of allyltrimethylsilane with an excess of 
1-butene and sulfur dioxide. Their sensitivity to a 20 keV 
e-beam is ca. 1.5/~C/cm 2 and contrast ca. 1.5-2.5. They 
are promising for use as sensitive, positive imaging layers 
for two-layer pattern transfer techniques. 
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, 
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Microphotoelectrochernical Etching of n-GaAs Using a Scanned 
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Localized photoelectrochemical reactions 
at semiconductor-electrolyte interfaces have 
been employed for producing photographic im- 
ages, diffraction gratings, optical lenses, 
and metal contacts (1). Generally, fabrica- 
tion of microetched structures have been accom- 
plished at low light intensities (<100 mW/cm2) 
by projecting an image onto the electrode sur- 
face and allowing anodic dissolution to occur 
preferentially in illuminate portions of n-type 
crystals. An alternative method to forming an 
etched structure is to guide a focused laser 
beam in a predefined pattern along the elec- 
trode surface. In this way, the etched figures 
might be "micromachined" with micron scale fea- 
tures without using projection masks. Poten- 
t ia l  applications include customized marking of 
semiconductor wafers incorporating integrated 
circuits, micromachining of sensor elements 
such as very small scale gas chromatographic 
columns (2), and direct ruling of grating 
structures. However, high photoetching rates 
are necessitated by this approach in order to 
complete an etched image in a reasonable time. 

In this communication, we demonstrate high 
rate photoassisted etching of <100> n+-GaAs 
(Nd = 1.5 x 1018 cm-3, Laser Diode, Inc.) using 
a scanned focused laser. The etching solution 
is 10% aqueous KOH, in which oxidative dissolu- 
tion of I I I -V compounds is mediated by holes 
(3). The process is accelerated in n-type 
crystals by holes provided by above bandgap 
l ight and the resulting photovoltage that de- 
velops between dark and illuminated regions (4). 

The experimental arrangement is a variation 
of that described previously (5). The output 
of a 1 mw HeNe laser (Uniphase Model 1301) was 
spatially conditioned, reflected vertically 
through a cube beam spl i t ter and focused through 
the etching solution onto the crystal surface 
using a microscope objective (Melles Griot, 20X, 
N.A. = 0.5). An eyepiece with reticle placed 
above the beam spl i t ter  permitted visual 
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observation of the focused spot and estimation 
of its diameter, about 2 ~m. The total inten- 
sity of the unattenuated beam exiting the ob- 
jective was determined radiometrically to be 
480 ~W. A knife edge measurement of the fo- 
cused beam profile revealed a nearly Gaussian 
intensity distribution, with a small amount of 
anomalous "tai l ing" out to about 15 IJm diameter, 
accounting for <1% of the total intensity. The 
crystal's position was controlled by two stepper 
motors operating at an x-y translation stage in 
1 ~m increments at rates up to 350 Hz. Computer 
control of the stage motion and of an electronic 
shutter were employed to "write" figures pro- 
duced on the monitor directly onto the crystal 
with user specified x and y scaling. 

Holes were etched in the n+-GaAs surface 
with the focused beam at a variety of l ight in- 
tensities (16 W/cm2 to 16 kW/cm2) and exposure 
energies (5 to 1.6 x 105 J/cm2). The resulting 
hole diameters and, where possible, hole pro- 
f i les were determined using optical microscopy 
and a Sloan Dektak mechanical profilimeter. 
Figure 1 shows that the etched hole diameters 
become progressively larger with increasing 
energy. To f i r s t  order, this effect is inde- 
pendent of laser intensity, at least within the 
intensity region investigated. The same result 
was obtained with dilute H202/H2SO 4 and with 
Br2/methanol etchants as well as with crystals 
of different orientation and doping level. 

The theoretical hole diameters expected for 
etching with a Gaussian beam of several (1/e 2) 
diameters, Wo, are superimposed on Figure 1. 
Evidently, the experimental hole diameters in- 
crease much too sharply with energy to be ex- 
plained by this mechanism. Furthermore, measure- 
ment of the hole profiles revealed conical de- 
pressions rather than holes with narrow centers 
and a shallow "halo". The lat ter shape might 
be expected for our sl ightly nonideal Gaussian 
beam. Explanations for Figure 1 involving 
localized heating are not consistent with the 
independence of the result on light intensity. 
Indeed, i t  can be shown by simple theoretical 
considerations (6) that the local temperature 
rise wi l l  be less than 3~ for the highest 
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in tensi ty used. An explanation which is consist- 
ent both with the observed broadening and hole 
prof i le is the diffuse scattering of the focused 
l ight  within the growing hole. This might be 
expected under many conditions of "high rate" 
etching, where revealed surfaces can have a 
rough microstructure (4,7). The scattered l ight  
would be absorbed by the walls, thus causing 
the i r  erosion by photoetching. 

An example of high resolution etching of a 
character set is shown in Figure 2, demonstrat- 
ing that this method can be used for the custom 
marking of wafers. In this case, the characters 
are formed from an array of pits 0.3-0.5 ~m deep, 
photoetched at 32 J/cm2. The smallest alphanu- 
meric characters that we have etched in n+-GaAs 
using this apparatus had an average unit size 

m, equivalent to a character density of 4 x 1640~/cm2. of 7 x 

The directed laser etching process would 
find increased u t i l i t y  i f  higher aspect ratios 
could be attained without loss of spatial reso- 
lut ion. Signi f icant ly,  Podlesnik and coworkers 
(8) recently reported on photoelectrochemical 
hole d r i l l i ng  in n-GaAs using focused laser 
l ight  and several di f ferent etchants. Using a 
frequency doubled Ar + laser operating at 257 nm, 
these authors produced holes >i00 ~m deep and 
1-4 ~m in diameter, but only at power densities 
o f~O. l  W/cm2. At this power, etch rates were 
about 0.003 u/sec, compared to >i0 ~/sec in the 
present work. At low etching rates, specular 
features are produced, and the hole grows by 
" l ight  guiding". In order to get the same 
effect at high intensi t ies,  conditions of high 
rate photoelectrochemical polish-etching must 
be developed. Work is continuing along these 
lines in our laboratory. 
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Film t h i c k n e s s  r e p r o d u c i b i l i t y  in t h e  
g r o w t h  of g r o u p  I I I - V  c o m p o u n d s  by  molecular  
beam ep i t axy  (MBE) d e p e n d s  on the  s u b s t r a t e  
t e m p e r a t u r e  and on the t e m p e r a t u r e  s t ab i l i t y  
of  the g r o u p  I I I  s o u r c e .  The  In ,  Ga or  A1 
melts  a re  con ta ined  in p y r o l y t i c  bo ron  n i t r ide  
(PBN) c rue ib l e s  of va r i ous  shapes  and s izes .  
T h e  bas i c  c o n c e p t s  of c ruc ib le  d e s i g n  fo r  
a c h i e v i n g  uni form depos i t ion  o v e r  2 or  3 inch 
d iamete r  wafe r s  a re  well u n d e r s t o o d .  1 ,2 
U n f o r t u n a t e l y  for  many of t he se  cell c o n f i g u r -  
a t ions  the melt t e m p e r a t u r e  is a f f ec t ed  by  the  
r ad i a t i on  sh ie ld ing  p r o v i d e d  b y  the  beam 
s h u t t e r  3 A flux t r a n s i e n t  typ ica l ly  l a s t ing  
1-3 minutes  o c c u r s  when the s h u t t e r  is opened  
and  the  cell e s t ab l i shes  a new equi l ibr ium 
t e m p e r a t u r e .  In  th is  l e t t e r ,  we r e p o r t  on a 
u n i q u e  PBN c ruc ib le  which s imu l t aneous ly  
e x h i b i t s  a low flux t r a n s i e n t  and p r o v i d e s  
exce l l en t  beam un i fo rm i ty .  

smaller  f lux t r a n s i e n t  while r e t a i n i n g  a l a rge  
volume 4 .  Th i s  is b e c a u s e  the  melt t e m p e r a -  
t u r e s  deep within the f u r n a c e  a re  less  s e n s i -  
t ive  to c h a n g e s  in r ad ia t ion  sh ie ld ing  a t  the  
cell  or i f ice .  Deep  c ruc ib l e s  tend  to r~llimate 
the  beam, h o w e v e r ,  which limits u n i f o r m i t y .  2 ,4 

Our  a p p r o a c h  to improv ing  the f lux  t r a n -  
s ient  b e h a v i o r  is to use  a two c ruc ib l e  c o n f i g -  
u r a t i o n  which t akes  a d v a n t a g e  of a deep ly  
r e c e s s e d  melt while mainta in ing f lux u n i f o r m i t y  
t h r o u g h  the use  of a beam s h a p i n g  conical  
i n s e r t .  T h e  c ruc ib le  a r r a n g e m e n t  is shown in 
F i g u r e  1. The  cell is assembled  from a con-  
v e n t i o n a l  Var ian  G E N I I  f u r n a c e  e q u i p p e d  with 
a s h o r t  t he rmocoup le  and a 40ec c ruc ib le  which 
holds  the g r o u p  I I I  melt 5 .  A 16cc conical  
c ruc ib l e  with its bottom g r o u n d  off  is c e n t e r e d  
wi th in  the 40cc c r u c ~ l e  so tha t  in t imate  con-  
t ac t  o c c u r s  nea r  the i r  r ims.  

Un i fo rmi ty  of molecular  beam p a t t e r n s  
d e p e n d s  on the s o u r c e  to s u b s t r a t e  spac ing  
a n d  t h e  a n g u l a r  f l u x  d i s t r i b u t i o n  a t  t he  
s o u r c e .  The  bes t  un i fo rmi ty  is ob ta ined  with a 
l a r g e  s o u r c e  to s u b s t r a t e  spac ing  and  an 
emi t t ing  f lux d i s t r i b u t i o n  at  the cell or i f ice 
which is i so t rop i c  in the solid angle  s u b t e n d e d  
b y  the s u b s t r a t e  2 .  A conica l ly  shaped  c r u c i -  
b le  has  t he se  f lux  c h a r a c t e r i s t i c s  as well as  a 
l a r g e  cell or i f ice  for  h igh f lux d e n s i t y .  F lux  
u n i f o r m i t y  at  the  s o u r c e  is a t t a ined  by  al lowing 
a d i r ec t  p a t h  to the en t i r e  s u b s t r a t e  from each 
po in t  on the melt s u r f a c e .  The  atoms which 
e s c a p e  the  c ruc ib le  wi thout  wall col l is ions are  
the  main componen t  of the f lux .  The  cone 
ang le  and  hence  d e p t h  of the c ruc ib le  is 
d e t e r m i n e d  by  the  solid angle  s u b t e n d e d  by  
the  cell or i f ice  and s u b s t r a t e  p e r i p h e r i e s .  
T h i s  dep th  limits the c e l l  volume and r e d u c e s  
p r a c t i c a l  u sage  be tween  f i l l ings .  Scha f f  found  
t h a t  pa r t i a l ly  filled deep c ruc ib l e s  exhib i t  a 
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In  ou r  init ial  s t ud i e s ,  we have  implemented  
th i s  cell as  a gallium s o u r c e .  F i g u r e  2 shows a 
p lo t  of the Ga beam e q u i v a l e n t  p r e s s u r e  
(PBE) v e r s u s  time for  bo th  the  new eell 
and  a conven t iona l  conical  cell. The  double  
c r u c i b l e  cell exh ib i t s  only  5% t r a n s i e n t  o v e r  4 
minu tes  while the conven t i ona l  cell exh ib i t s  a 
32% t r a n s i e n t  ove r  the same time pe r i od .  A 
u n i f o r m i t y  map of a S i - d o p e d  GaAs film g rown  
on a 2 ineh d iameter  s u b s t r a t e  is shown in 
F i g u r e  3. The  dop ing  and t h i c k n e s s  un i fo rmi ty  
is less than  + 2%. Our  init ial  s tud ies  ind ica te  
t h a t  the  GaAs mater ia l  qua l i ty  is equ iva l en t  to 
t h a t  ob ta ined  in our  machine from the  c o n v e n -  
t ional  f u r n a c e  de s ign  6 .  T h e  oval  de fee t  
d e n s i t y  is also comparab le  (<500/era  2 ) .  

The  small f lux  t r a n s i e n t  o b s e r v e d  from this  
eell  r e f l ec t s  a more s table  melt t e m p e r a t u r e .  
T h i s  is a t t a ined  both  as a r e s u l t  of the melt 
loca t ion  deep in the  f u r n a c e  a n d  t h r o u g h  the 
add i t iona l  rad ia t ion  sh ie ld ing  p r o v i d e d  b y  the  
c r u c i b l e  i n s e r t .  Beam un i fo rmi ty  is mainta ined 
b e c a u s e  the r e c e s s e d  a p e r t u r e  of the c ruc ib le  
i n s e r t  p r e s e n t s  a c o n s t a n t  melt a rea  to all 
po in t s  on the  s u b s t r a t e .  A f u r t h e r  des i r ab le  
f e a t u r e  of this  cell is its lower  o p e r a t i n g  
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t e m p e r a t u r e .  Us ing  the  cells as Ga s o u r c e s ,  
t h e  t e m p e r a t u r e s  r e q u i r e d  fo r  a GaAs g r o w t h  
r a t e  of I ~ m / h r  a r e  I I 0 0 ~  fo r  the  new cell,  
1000~ fo r  the  deep  c r u c i b l e  cell  and  1200~ 
f o r  the  s t a n d a r d  conica l  cell.  T h e  t e m p e r a -  
t u r e s  c a n n o t  be  d i r e c t l y  c o m p a r e d  s ince  the  
t h e r m o e o u p l e  t o u c h e s  the  bot tom of each  cell  
a n d  is t h e r e f o r e  a t  a d i f f e r e n t  pos i t ion  fo r  the  
s h a l l o w e r  conical  cell .  H o w e v e r ,  we h a v e  
o b s e r v e d  t h a t  the  p o w e r  r e q u i r e m e n t s  a r e  
s l i g h t l y  lower  t h a n  fo r  t he  c o n v e n t i o n a l  con ica l  
cel l .  We be l i eve  th is  r e f l e c t s  an o v e r a l l  cell  
t e m p e r a t u r e  which is  l ower  t h a n  a conica l  cell .  
T h e  lower  cell  t e m p e r a t u r e  is s i g n i f i c a n t  s ince  
ho t  cell  p a r t s  a r e  t h o u g h t  to be  a s o u r c e  of 
i m p u r i t i e s  in the  MBE e n v i r o n m e n t .  

We h a v e  d e m o n s t r a t e d  a p r a c t i c a l  c r u c i b l e  
combina t i on  which  p r o d u c e s  e x c e l l e n t  film 
u n i f o r m i t y  wi th  l i t t le  t r a n s i e n t .  T h e  u sab l e  
ce l l  c a p a c i t y  is  i n c r e a s e d  b y  a p p r o x i m a t e l y  two 
t imes .  While d e m o n s t r a t e d  fo r  gal l ium, th i s  
a p p r o a c h  shou ld  work  equa l l y  well f o r  o t h e r  
g r o u p  I I I  e l e m e n t s .  
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A Measurement of the Effect of Intrinsic Film Stress on the Overall 
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The effects of intrinsic film stress 
on Si oxidation kinetics has been 
receiving considerable attention in recent 
years (1-5). Oxidation models have appeared 
that relate the Si-SiO^ interfacial 
intrinsic stress to bo~h the interface 
reaction hetween oxidant and Si and to a 
stress altered oxidant transport. The 
experimental measurement of the film 
stress itself has been reported, although 
to date the data is rather sparse(l, 6). 
Recently, in our laboratory more extensive 
intrinsic stress measurements have been 
made and these measurements will be 
reported separately. So while the 
existence of a compressive intrinsic SiO 2 
film stress has been experimentally 
verified, the experimental verification of 
the effects of the stress on oxidation 
kinetics r6~ains a matter of speculation 
within the various models. 

Along with the development of an 
intrinsic film stress due to the molar 
volume change during the oxidation of Si, 
a SiO 9 film density increase occurs and 
has b~en measured (6, i0, ii). The 
density increase of 2-3% is too large to 
have arisen from the stress optical 
constant and has therefore been attributed 
to an accomodation of system to the 
buildup of stress (6). We consider the 
intrinsic stress and density increases to 
have a c~,,L~n origin in the r~ture of the 
Si oxidation process on a single crystal 
Si surface. The present communication 
provides a rather direct experimental 
measurement of the effect of the 
compressive intrinsic film stress and/or 
oxide density on the Si oxidation kinetics. 

We report the result of a simple but 
careful experiment that shows the parallel 
between stress and/or density and kinetics 
in the thicker film regime of Si oxidation 
where the film thickness, L, is greater 
than 100nm, and at an oxidation 
temperature of 800~ In this thickness 
range, the transport and interfacial 

effects are nearly equivalent. The 
results show a decrease in the rate of 
oxidation as had been anticipated for a 
compressive stress and/or for a higher 
density film. 

E X P ~  PROCEDURES 

All the Si ~fers used were lightly P 
doped n-type (i00) oriented commercially 
available high quality single crystal Si 
slices. The %~fers were cleaned by a 
slightly modified RCA procedure(7) and 
followed with an HF dip and thorough 
deionized H^O rinse. A hatch of ten wafers 
was axidize~ in pure dry 09 at 800~ to an 
oxide thickness of between~100-110nm. This 
thickness ~s chosen to be near a half of 
an ellipscmetric period (about 140nm for 
632.8 nm light) so that both SiO 9 film 
thickness and refractive index c~uld be 
accurately measured. The batch was then 
split in half with one half receiving a 
one hour 1000~ anneal in pure Ar so as to 
relieve the stress. This anneal was found 
to be more than adequate for this 
purpose(6). At this point all the wafers 
were measured by ellipsometry. The 
ellipsometer %~s of research quality with 
the capability of ~olarizer and analyzer 
resolution to 0.01 and was carefully 
aligned prior to use. The /k and ~ values 
were converted to SiO^ thickness and 
refractive index usin~ a modified version 
of McCrackin' s program(8). We 
conservatively estimate a thickness and 
index accuracy of better than 2% and 
0.005, respectively. The hatch halves 
were recombined andothen the entire hatch 
was oxidized at 800 C in pure 09. Wafers 
were selected frc~ each half hatch (the 
annealed and unannealed halves) at various 
oxidation times so that film thickness and 
refractive indices could be remeasured. 

EXPERIMENTAL RESULTS AND DISCUSSION 

Table 1 shows a comparison of the 
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film thicknesses and refractive indices 
after the final 800~ oxidation for the 
oxidation time noted in the left most 
column. The SiO^ film thickness is 
reported as theZdifference between the 
initial 800~ oxidation to produce the 100- 
ll0nm samples and the final oxidation at 
800~ to compare the unannealed and 
annealed samples. In all cases the stress 
annealed samples grew oxide more rapidly 
than the stressed samples. The refractive 
indices indicate that the unannealed 
samples had the higher density and stress 
throughout the final oxidation as had been 
previously reported ( 6). 

Within the Deal and Grove model ( 9 ) 
the transport of oxidant is governed by 
the parabolic rate constant, k and is 
given as: 

where C is the dissolved oxidant in SiO^, 
D is the oxidant diffusivity and p is ~e 
Si09 density. The transport term 4ran then 
be reduced by either a decrease in D or an 
increase in p or both. Recently, several 
studies have'shown the likelihood of the 
intrinsic ccmpressive SiO o film stress 
decreasing D (4,5). Also Several studies 
have shown that the oxide density, ~, 
increases with decreasing oxidation 
temperature(10,11 ). The experiments 
reported herein cannot distinguish between 
these two factors, as both stress and 
density increase with decreasing oxidation 
t6mlperature and both anneal out with high 
temperature treatment (6). 

For the interface reaction, a revised 
formulation now includes the effect of 
film stress and oxide viscosity (6, 12). 
In this model (12), the interface reaction 
constant ~ is given as: 

kl = kCoCsie~/~ E 2 ] 

where k is a constant, C and C_. are the 
oxygen and silicon concentrationS, ~ is 
the intrinsic stress and~ is the 
viscosity of SiO 9. The compressive SiO 9 
stress is tensil~ in Si thereby stretching 
the Si - Si bonds and increasing the 
likelihood for oxidation. At low 
temperatures ~ is larger (i, 6) but so is 

f~ hence we can neither distinguish 
am ]% effects nor h from k effects. 

Despit~ these difficulties, w~ have 
demonstrated that the overall rate of 
*Electrochemical Society Active Member. 
Manuscript received Aug. 9, 1985. 

oxidation of Si is reduced in low 
temperature grown thermal oxide films cn 
Si, and the reduction is linked to the 
intrinsic film stress. At the present 
time, more detailed studies aimed at 
separating film stress and density effects 
are in progress in our laboratory. 
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Table  I 

SiO 2 Fi lm T h i c k n e s s  and R e f r a c t i v e  Index 

Compersion f o r  Annea led  and Unannealed  Samples  

O x i d a t i o n  Time o f  Unannee led  Annea led  

Second O x i d a t i o n  T h i c k n e s s  R e f .  Index T h i c k n e s s  R e f .  Index 

( h r s . }  {~) (~) 

1 9 1 . 4 7 4  23 1 . 4 6 3  

2 i S  1 . 4 7 5  44 1 . 4 6 5  

4 30 1 . 4 7 5  83 1 . 4 6 5  

9 78 1 .474  163 1 .466  

19 178 1 .473  267 1 .466  
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ABSTRACT 

Tetrabutylammonium tetrachloroaluminate [(Bu)4NAiC14] has been explored for use as a soluble conducting electro- 
lyte in sulfuryl chloride cells. Cathode capacity and voltage characteristics in this electrolyte are compared to those ob- 
tained when using LiA1C1, electrolyte. Cathode life in (Bu)4NA1C14-SO.,CI~ is more than 50 times greater than that found 
in LiA1C14-SO~CI~ due to formation of soluble reaction products. Lowered carbon rest potentials in (Bu),NAiC14 electro- 
lytes are due to the presence of free chloride ions. 

The sulfuryl chloride battery has the potential of being 
used in military and commercial applications based on its 
high energy and power densities and useful temperature 
range. The most commonly used electrolyte salts for lith- 
ium and calcium sulfuryl chloride primary cells have 
been LiA1C14 or Ca(A1C14)~ (1-6). However, when these 
electrolyte salts are used, cathode performance is 
necessarily limited. Chloride ions formed at the cathode 
during solvent reduction accumulate in carbon cathode 
pores and react with l i thium or calcium cations in the 
electrolyte to form insoluble, electronically insulating 
LiC1 or CaCI> These products clog cathode pores and 
lead to large diffusion impedances which limit cell life 
and cathode current density. These limitations are partic- 
ularly marked in calcium cells because of relatively poor 
morphology of deposited calcium chloride vs. the lithium 
chloride product phase (2-4). 

In  the search for an ideal substitute for LiAIC14 and 
Ca(AIC14)~ electrolyte salts, the requirements would be: (i) 
the electrolyte salt must  be soluble in sulfuryl chloride, 
have high specific conductivity, and be stable to oxida- 
tion by SO~C12 or reduction by lithium or calcium; (ii) the 
cation of the electrolyte salt should form a soluble, stable 
chloride salt in SO~CI~, while the anion should form a sol- 
uble, stable lithium or calcium salt in SO~CL. 

In this way, reaction product precipitation will occur 
not within cathode pores, but  rather at some intermediate 
point between the cathode and anode, where diffusing 
ions meet (perhaps in the fibers of the anode-cathode 
separator). 

Investigation of a potential candidate electrolyte salt in 
SO2C12 representative of the type AiC13RC1, where R is a 
quarternary ammonium compound, is explored in this 
paper. The salt, te t rabutylammonium tetrachloroalumin- 
ate, (Bu)4NA1C]4, appears attractive because A1C14 anions 
are known to be stable in oxyhalides and tetraalkylam- 
monium cations are difficult to reduce at potentials 
greater than 2.0V relative to lithium. Furthermore, since 
only te t rabutylammonium cations are initially present to 
react with chloride ions formed at the cathode, and since 
te t rabutylammonium chloride is soluble in sulfuryl chlo- 
ride, cathode capacity should be increased. 

Experimental 
Solutions of (Bu)4NAlC14-SO2Cl~ were prepared in situ 

by successive dissolution. Stoichiometric amounts  of 

solid (Bu)4NC1, recrystallized from acetone and ether, 
were dissolved in a measured volume of distilled SO~CI~ 
and appropriate amounts  of solid, previously sublimed 
A1C13 were slowly added. This allows less chance of A1CI:~ 
reacting with the SO2C12 solvent to form complexes. All 
experiments were performed in a Vacuum Atmospheres 
Corporation dried argon atmosphere glove box equipped 
with a circulating air dry train at room temperature with 
typical moisture level below 10 ppm. 

Cyclic voltammetric experiments were carried out in all 
glass cells using a three-electrode configuration. The 
data were obtained with a PAR Model 173 Potentio- 
stat/Galvanostat drive by a PAR Model 175 Universal Pro- 
grammer and read out on a Hewlett-Packard X-Y re- 
corder. A large fine mesh plat inum screen surrounding 
the carbon working electrode served as auxiliary (coun- 
ter) electrode. 

The working electrode was a 3 mm diam glassy carbon 
rod (Atomergic Chemicals Corporation, Plainview, New 
York) heat sealed in shrinkable Teflon tubing with the 
end of the carbon rod ground flush with the Teflon tub- 
ing so as to expose only the measured carbon rod cross 
section. Electrical contact was made to the rear face of the 
carbon rods using nickel wire attached to the carbon with 
woods metal. The carbon surface was cleaned between 
scans by dipping the electrode into an acidic AIC13-SO2Cl~ 
solution, rinsing with pure SO.~CL2, rubbing over emery 
paper, and finally rinsing with pure SO2C12 again. 

For initial experiments, our reference electrode con- 
sisted of two silver metal strips immersed in 0.01M 
AgNO:~-acetonitrile (7) which has a rest potential of 
approximately +0.3V relative to the aqueous saturated 
calomel electrode (SCE) (8). This well-studied 
nonaqueous silver reference electrode, however, did not 
remain stable in the chlorine-like environment  of SO2C1~ 
vapors in our dry box, and the potential of one silver strip 
relative to the other would drift by approximately 30 mV 
after only about 30 min. This implied that the silver elec- 
trode was affected by the SO2C12 vapors. We therefore 
adopted Avigal and Peled's (9) extremely stable reference 
electrode consisting of a l i thium metal strip immersed in 
LiA1C14-SOC12 for all subsequent  experiments. This lith- 
ium reference lies approximately 2.4V below the Ag refer- 
ence and thus 2.1V below the saturated calomel electrode. 
The li thium strip in LiA1C14-SOCI~ electrolyte was placed 
in a small diameter glass tube with an E-pore frit, which 
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was, in turn, separated from the actual test solution by 
placing it in another fritted glass tube containing electro- 
lyte test solution. Since thionyl chloride could not con- 
taminate the test solution, stable potential readings were 
obtained over long periods. 

Solutions of 1 methyl, 3 ethyl imidazolium tetrachloro- 
aluminate (IMA1C14) were prepared by taking stoichio- 
metric amounts of dry imidazolium chloride powder 
(kindly provided by Dr. John  Wilkes of the Frank Seller 
Research Center of the Air Force Academy in Colorado) 
and slowly adding solid, dry A1CI:~. Within seconds, the 
formerly white solid mixture became a clear liquid at 
room temperature and this liquid was then added to stoi- 
chiometric amounts of distilled sulfuryl chloride. 

Normally, electrolyte resistance affects scanning 
vol tammograms by decreasing peak currents and shifting 
oxidation potentials towards more positive potentials. In 
order to check whether resistances between working and 
reference electrodes required correcting our voltage 
sweeps for IR drops, we measured the initial, rapid, IR 
component  between working and reference electrodes 
during a rapidly applied current pulse in 1.0M 
(Bu)4NAICI4-SO~CI~ solutions. Measured resistances indi- 
cated that voltammogram distortion due to IR effects was 
minimal and no correction for IR losses was made. 

Results and Discussion 
Figure 1 shows experimental  discharge curves at 1.4 

mA/cm ~ constant current for glassy carbon rods in lith- 
ium cells containing 1.0M (Bu)4NA1C14-SO~CI~ electrolyte 
compared to discharge curves in base line 1.5M LiA1C14- 
SO~C12 electrolyte. In te t rabutylammonium electrolyte, 
cathode capacities are greatly increased over those in 
base line LiA1C14 electrolyte. However, both carbon open- 
circuit and operating voltages are lower for (Bu)4NA1CI4 
electrolyte salts than for standard LiA1C14-based electro- 
lyte. Our present research goal was to examine the chem- 
istry and electrochemistry of (Bu)4NA1C14, which influ- 
ence its potential application as a battery electrolyte salt 
in sulfuryl chloride. 

Solubility of tetrabutylammonium tetrachloroalumin- 
ate, (Bu)4NA1C14, easily exceeds 1M in both sulfuryl chlo- 
ride and thionyl chloride at room temperature. Figure 2 
compares specific conductivities at room temperature of 
(Bu)4NA1C14 with two commonly used battery electrolyte 
salts in SO._,CI~. Tetrabutylammonium electrolyte exhibits 
conductivities approximately midway between calcium 
and lithium electrolytes. 

We were interested in understanding why carbon rest 
potentials and carbon cathode load voltages are lower in 
(Bu)4NA1C14-SO.,C1._, electrolytes. Rest potentials of carbon 
electrodes in (Bu)4NA1C14-SO._,C1._, solutions were approxi- 
mately 3.3V, while these potentials were approximately 
3.9V in either LiAIC14-SO~CI~ or Ca(A1C14)~-SO._,C1._, electro- 
lytes (3). Qualitatively, differences in carbon rest potential 
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Fig. 1. Potential as a function of discharge time for a 1.4 mA/cm s 
constant current drain on a smooth carbon electrode in two different 
electrolyte salts. 
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Fig. 2. Room temperature specific conductivities as a function of 
electrolyte concentrations for three different electrolytes in SO~CI 2. 

for the two electrolytes were not entirely unexpected. 
Standard equilibrium potentials of redox systems are dic- 
tated by thermodynamics and depend on specific reac- 
tion products. Since no solid preliminary discharge prod- 
ucts are formed in (Bu)4NAICI4-SO2CI~ electrolytes, free 
energy change and, hence, open-circuit rest potential 
would be expected to differ from potentials seen in 
LiAiCl4 or Ca(AiCl4)~ electrolytes where solid LiCl or 
CaCl2 products are indeed formed. 

In the following discussion, we will attempt to show 
that carbon rest potentials in oxychloride battery electro- 
lytes are largely responsive to the thermodynamics of sol- 
vated chloride ion concentration changes in solubility of 
chloride salts. The smaller the free chloride ion concen- 
tration in solution, the higher the carbon electrode rest 
potential. This is qualitatively predictable from the 
Nernst equation for sulfuryl chloride reduction. The cath- 
odic reaction is 

SO~CI2 + 2e- ) SO2 + 2Cl- 

Neglecting chloride ion activity terms, the Nernst equa- 
tion for this reaction can be written as 

E = E ~ - 0.05__~9 log [C1-] 2 
2 

Here E ~ represents the standard thermodynamic reduc- 
tion potential for SO~CI~ (which is assumed to be revers- 
ible since the theoretically calculated open-circuit cell po- 
tential of 3.91V for li thium vs. carbon in LiA1C14-SO~CI~ 
electrolytes is exactly what is measured experimentally) 
and [C1-] represents free chloride ion concentration in the 
electrolyte. 

In LiA1C14-SO.,CI., electrolyte for example, a carbon elec- 
trode has a rest potential of 3.9V relative to lithium. Free 
chloride ion concentrations in this electrolyte, are low 
since chloride ions present in solution immediately react 
with li thium cations to form highly insoluble LiC1. The 
resulting low free chloride concentration permits high 
open-circuit potentials. On the other hand, carbon elec- 
trode rest potentials in (Bu)4NC1-SO~C1._, electrolyte is only 
approximately 3.1V relative to li thium since highly solu- 
ble (Bu)4NC1 salt readily ionizes to give high free chloride 
ion concentrations in solution. There are no counter- 
cations present to lower free chloride concentrations. 

Figure 3 shows a "potentiometric titration curve" ob- 
tained when 1M (Bu)4NC14-SO.,CI~ solution was titrated 
with 1M A1CI:FSO2CI~. The low carbon rest potential un- 
der chloride-rich conditions (to the left of the sharp break 
in the curve) gradually increases as A1CI:~ is added. The 
combination reaction between added A1CI:~ and CI- al- 
ready in solution effectively reduces net free chloride ion 
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Fig. 3. Carbon rest potentials (relative to a lithium reference electrode) 
as a function of added AICI : rS02CI  2 for a 1M/ l i ter  (Bu)4NCI-SO~CI 2 
solution. 

concentration, and, as chloride ion concentration drops, 
carbon potential rises. A plot of carbon rest potential in 
this concentration region plotted against the logarithm of 
added AICI:~ concentration (which essentially reflects de- 
creased free chloride ion concentration) yields a straight 
line with an approximate slope of 60 mV/decade of chlo- 
ride ion concentration change. This value indicates that, 
in chloride-rich concentration regions, smooth carbon 
electrodes behave as quasi-reversible electrodes and a 
good indicator of free chloride ion activity in SO~CI~. The 
steep potential change corresponds to acid-base transi- 
tion for (Bu)4NA1C14 electrolyte. The drop in potential en- 
tailed in going from slightly acid to slightly basic electro- 
lyte solution is the main practical voltage penalty in 
converting from a lithium- or calcium-based electrolyte to 
a neutral (Bu)4NA1C14 electrolyte. 

As A1CI:~ concentration is increased past the equiva- 
lence point, we reach the acidic concentration region (to 
the right of the sharp break in the curve) where A1CI:~ is 
present in excess. The carbon rest potential eventually 
reaches a value equivalent to that seen in LiA1C14-SO2C12 
solutions where free chloride ion concentrations are nor- 
mally suppressed by reaction with free Li e ions. The slope 
of carbon working electrode potential for added A]CI:3 in 
this acidic region is not nernstian and could be due to dif- 
ferent thermodynamic reactions such as complexation 
between A1C13 and SO~CI~ occurring with excess A1C13. 

If  one performs the identical titration experiment  using 
a porous carbon electrode (not shown here), an almost lin- 
ear relationship between carbon electrode rest potential 
and A1Clz concentration is obtained. The titration curve is 
completely unlike the sharp potential break indicative of 
normal potentiometric titrations. This is because a porous 
carbon electrode is actually an ensemble or network of 
many smooth carbon electrodes each with a different 
microenvironment.  The sum of these localized regions re- 
sults in a "smeared out" potential vs. concentration plot. 

Since A1CI:j catalyzes SO~Cl~ decomposition to SO~ and 
CI., (10), addition of A1CI:~ to SO=,CI., electrolyte may simply 
be acting as a homogeneous catalyst to produce chlorine 
(which is soluble in the electrolyte) and thereby raise car- 
bon electrode rest potential to reflect higher potentials of 
chlorine electrodes. This possibility was, however, ruled 
out by observation that potentials of porous carbon elec- 

trodes in (Bu)4NA1C14-SO~CI=, solutions that had been satu- 
rated with soluble chlorine gas did not increase by more 
than approximately 0.1V. Thus, the large increase in car- 
bon rest potential upon A1CI:, addition is not directly due 
to chlorine formation. 

We have seen lower carbon rest potentials in 
(Bu)~NA1C14-SO=,C12 than those usually observed in SO~CI~ 
solutions of lithium or calcium salts. Lower potentials 
correspond to an increase in chloride ion activities. Addi- 
tional evidence comes from cyclic voltammetry. Sample 
scans at smooth carbon electrodes are shown in Fig. 4 for 
neutral, acidic, and basic (Bu)4NAIC14-SO2CI~ electrolytes. 
In contrast to cathodic scans in LiA1CI4-SO~CI~ and 
Ca(A1C14).~-SO~CI~ electrolytes (4, 5, 11, 12), which show a 
reduction peak, cathodic sweeps in (Bu)4NAICI4-SO2CI~ 
began at less positive potentials relative to lithium, and 
cathodic reduction currents simply increased monotonic- 
ally with no apparent limiting current. 

Reduction currents are high because the discharge pro- 
duct (other than the normally formed soluble SO~) is the 
extremely soluble (Bu)4NC1, which, unlike insoluble LiC1 
or CaCI~, does not passivate the carbon cathode. This ex- 
plains why reduction current profiles do not change 
significantly after repeated cathodic scans even without 
cleaning the carbon electrode between scans. 

Anodic scans beginning from rest potentials of smooth 
carbon electrodes in neutral (Bu)4NA1C14-SO2CI~ solutions 
showed two distinct oxidation waves. The first wave, 
designated as oxidation wave A, occurs in the potential 
range of approximately +3.5-4.0V relative to the li thium 
reference, while a much larger oxidation wave, desig- 
nated as wave B, appears at approximately 5V relative to 
the l i thium reference. Oxidation wave B has been ob- 
served in LiA1C14-SOCI=, (11, 12) and LiA1C14-S02C12 (4, 5) 
electrolyte solutions and shown to be due to oxidation of 
either A1C14 anions or oxidation of the oxyhalide solvent 
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Fig. 4. Cyclic voltammograms at  scan speeds of lOO mV/s at a 

smooth working carbon electrode in neutral, acidic, and basic (Bu)4NAICI 4- 
SO~CI~ solutions. 
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i t se l f  to fo rm molecu l a r  chlor ine .  However ,  n e i t h e r  
LiA1C14-SO~CI~ no r  LiA1C14-SOC12 so lu t ions  s h o w  oxida-  
t i on  wave  A w h i c h  is c lear ly  e v i d e n t  in  our  (BU)4NA1C14- 
SO~CI~ solut ions .  A n u m b e r  of  obse rva t ions ,  a l t h o u g h  in- 
d iv idua l ly  no t  conc lus ive ,  col lec t ive ly  s u p p o r t  our  
c o n t e n t i o n  t h a t  t h i s  o x i d a t i o n  wave  r e p r e s e n t s  o x i d a t i o n  
of  f ree  ch lo r ide  ions  to  m o l e c u l a r  ch lor ine .  Th i s  par t ia l  
s ide  r e a c t i o n  he lps  e s t a b l i s h  l owered  c a r b o n  res t  po ten-  
t ials  

2C1- ( ~ CI~ + 2e -  

P e a k  c u r r e n t  at  wave  A inc rea se s  p rogres s ive ly  w i t h  in- 
c r ea s ing  c o n c e n t r a t i o n  of  so lub le  C1- ion  in  so lu t ion  [in 
t he  fo rm of  a d d e d  (Bu)4NC1]. Likewise ,  as s een  in  Fig. 4, 
w h e n  A1CI:~ is a d d e d  to neu t r a l  (Bu)4NA1CI~-SO~C12, cur- 
r e n t  i n t ens i t y  of  w a v e  A d e c r e a s e s  a n d  is sh i f t ed  f u r t h e r  
ca thod ic ,  wh i l e  wave  B increases .  W h e n  (Bu)4NC1 is 
added ,  ava i l ab le  free ch lo r ide  ion  c o n c e n t r a t i o n  is in- 
c r eased  b e c a u s e  (Bu)4NC1 is soluble .  W h e n  A1CI.~ is a d d e d  
to n e u t r a l  (Bu)4NA1C14-SO2C12 so lu t ions ,  free ch lo r ide  ion  
c o n c e n t r a t i o n  dec rea se s  b e c a u s e  p rev ious ly  ava i l ab le  
ch lo r ide  ions  are  n o w  t ied  u p  e i t he r  as c o m p l e x e d  A1C14- 
a n i o n s  or as h ighe r - o r de r  c o m p l e x e s  s u c h  as AI~C17- or 
AI:~CI,.-. This  r e su l t s  in  a n  i nc r ea se  in  ox ida t i on  wave  B 
i n t e n s i t y  (due  to a n  i nc r ea se  in  A1CI~- ox ida t ion)  w i t h  a 
c o n c o m i t a n t  dec rea se  in  o x i d a t i o n  wave  A (because  of  a 
r e d u c t i o n  in  overal l  C1- concen t ra t ion) .  

O x i d a t i o n  wave  A is no t  c o n s i d e r a b l y  a l t e red  in  s h a p e  
or i n t e n s i t y  u p o n  repe t i t ive  a n o d i c  s c a n n i n g  b e c a u s e  no  
i n s o l u b l e  pa s s iva t i ng  coa t ing  is f o r m e d  on  c a r b o n  at  po- 
t en t i a l s  of  o x i d a t i o n  wave  A. Var i a t ion  of  p e a k  c u r r e n t  for 
o x i d a t i o n  wave  A var ies  a p p r o x i m a t e l y  l inear ly  w i t h  the  
s q u a r e  roo t  of s c a n  s p e e d s  in  t he  r ange  of  50-200 mV/s ,  
w h i c h  ind ica t e s  t h a t  o x i d a t i o n  wave  A is e s sen t i a l ly  a dif- 
f u s ion -con t ro l l ed  process .  A ca lcu la ted  d i f fus ion  coeffic- 
i en t  of  10-6-10 -7 cm2-s - '  for  spec ies  b e i n g  ox id i zed  at 
wave  A i n d i c a t e s  t h a t  ch lo r ide  cou ld  b e  r e s pons i b l e .  

W h e n  s m o o t h  c a r b o n  e l ec t rodes  were  he ld  at  va r ious  
ca thod i c  po t en t i a l s  for d i f fe ren t  l e n g t h s  of  t ime  a n d  t h e n  
i n t e r r o g a t e d  by  s c a n n i n g  a n o d i c  f rom the i r  res t  po tent ia l ,  
r e s u l t i n g  o x i d a t i o n  c u r r e n t  i n t e n s i t y  of  wave  A was  a 
s t r o n g  f u n c t i o n  of  b o t h  t he  ca thod ic  po ten t i a l s  a t  w h i c h  
t he  c a t h o d e  was  he ld  as wel l  as l e n g t h  of  t ime  t h a t  t he  
e l ec t rode  h a d  b e e n  he ld  ca thodic .  T he  longe r  t he  elec- 
t r o d e  was  he ld  ca thod ic ,  a n d  the  more  ca thod ic  t he  hold-  
ing  potent ia l ,  t h e  l a rger  t he  s u b s e q u e n t  a n o d i c  wave  at 
p o t e n t i a l  A. T h e s e  facts  i m p l y  t h a t  ox ida t i on  wave  A is 
due  to ox ida t i on  of  r e d u c t i o n  p r o d u c t s  (C1- or  SOs.,) nor-  
ma l ly  f o r m e d  d u r i n g  c a t h o d i c  s cans  in  SO2C1~. F u r t h e r -  
more ,  i n t e n s i t y  of  o x i d a t i o n  wave  A was  inve r se ly  depen-  
d e n t  o n  t he  l e n g t h  of  t ime  e l aps ed  b e t w e e n  t h e  h o l d i n g  
po t en t i a l  a n d  s u b s e q u e n t  i n t e r r o g a t i n g  ox ida t ion  sweep.  
Th i s  is u n d e r s t a n d a b l e  s ince  c o n c e n t r a t i o n  of  r e d u c t i o n  
p r o d u c t s  ava i l ab le  to u n d e r g o  ox ida t ion  d e p e n d s  on  
d i f fus ion .  

A s s u m i n g  ch lo r ide  ions  are i n d e e d  ox id ized  at oxida-  
t ion  wave  A to fo rm m o l e c u l a r  ch lor ine ,  s i m u l t a n e o u s  ap- 
p e a r a n c e  of ch lo r ine  gas  b u b b l e s  is expec ted .  However ,  
no  b u b b l e s  were  v i s ib le  in  (Bu)4NA1C14-SO2C12 so lu t ions  
e v e n  w h e n  c a r b o n  w o r k i n g  e l ec t rodes  were  po ten t io s t a -  
ted  a t  po t en t i a l  A for  u p  to 10 rain.  This  is b e c a u s e  molec-  
u la r  ch lo r ine  f o r m e d  at p o t e n t i a l  A is h igh ly  s o lub l e  in  
SO2C1~ a n d  t e n d s  to d i s so lve  in t h e  e lec t ro ly te  r a t h e r  t h a n  
fo rm gas  b u b b l e s .  F o r  th i s  reason ,  a c h l o r i n e - s a t u r a t e d  so- 
l u t i on  of  (Bu)4NA1C14-SO2Cl.~ e lec t ro ly te  c o n t a i n i n g  a 
s l igh t  exces s  of (Bu)4NC1 was  p repared .  W h e n  t he  s m o o t h  
c a r b o n  w o r k i n g  e l ec t rode  was  n o w  he ld  at  ox ida t i on  
wave  A, n o t i c e a b l e  b u b b l e s  were  formed.  This  c lear ly  in- 
d i ca t ed  t h a t  ch lo r ine  gas  was  i n d e e d  f o r m e d  at w a v e  A as 
a r e su l t  of  ox ida t i on  of  free ch lo r ide  ions.  

The  poss ib i l i ty  t h a t  t h e s e  gas  b u b b l e s  were  HC1 f o r m e d  
f rom ox ida t i on  p r o d u c t s  of  (Bu)4N ~ was  also ru led  out. We 
m e a s u r e d  specif ic  c o n d u c t i v i t y  at  r o o m  t e m p e r a t u r e  of 
p u r e  SO,C1._, so lu t ion  s a t u r a t e d  w i t h  b u b b l e d  dry  HC1 gas. 
The  specif ic  c o n d u c t i v i t y  af te r  HC1 gas  s a t u r a t i o n  of  6 • 
10 -~ t~ -~cm- '  is a p p r o x i m a t e l y  t h a t  of pu re  SO._,CI~ w h i c h  
impl i e s  t h a t  HC1 does  no t  app r ec i ab l y  ionize  in  SO.,CI~ 

a n d  is t he re fo re  re la t ive ly  inso lub le .  Had  HC1 b e e n  a pro- 
d u c t  of ox ida t i on  wave  A, i ts re la t ive  i n so lub i l i t y  w o u l d  
h a v e  c a u s e d  b u b b l e s  e v e n  in  n o n c h l o r i n e - s a t u r a t e d  elec- 
t ro ly te  so lu t ions .  The  fact  t h a t  no  b u b b l e s  were  seen  in  
n o n c h l o r i n e - s a t u r a t e d  so lu t ions  impl ies  that ,  for  t he  m o s t  
part ,  ox ida t i on  p r o d u c t s  at  wave  A are no t  HC1. 

W h e n  t he  c a r b o n  w o r k i n g  e l ec t rode  was he ld  at  po ten-  
t ial  A for  a b o u t  1 ra in  in  s l igh t ly  bas ic  (Bu),NA1C14-SO~CI., 
so lu t ions  and  t h e n  rap id ly  s c a n n e d  ca thod ic  (at s can  ra tes  
of  2 V/s to m i n i m i z e  c o n c e n t r a t i o n  losses  due  to d i f fus ion)  
a n o t i c e a b l e  r e d u c t i o n  wave  a p p e a r e d  at  a p p r o x i m a t e l y  
3.5V vs. l i t h ium.  Th i s  " r e v e r s i b l e "  r e d u c t i o n  w a v e  indi-  
ca tes  t h a t  t he  o x i d a t i o n  p r o d u c t  of  wave  A c a n  t h e n  be- 
c o m e  r e d u c e d  b a c k  to ch lo r ide  ions.  

Why  is o x i d a t i o n  wave  A no t  o b s e r v e d  in  l i t l f ium-based  
e lec t ro ly tes?  In  l i t h i u m  or c a l c ium c o n t a i n i n g  e lec t ro ly te  
sal ts  s u c h  as LiA1C]~ or  Ca(A1C14)2 free C1- ions  are in- 
s t an t l y  t i ed  u p  as i n s o l u b l e  LiC1 or CaCI~ a n d  no t  availa-  
b le  for  r eac t ion ;  f ree  ch lo r ide  ion  c o n c e n t r a t i o n  is van i sh -  
ingly  small .  In  t he  p r e s e n c e  of  (Bu)4N ~ ca t ion  ( w h i c h  is a 
w e a k e r  Lewis  acid t h a n  Li~), f o r m e d  (Bu)4NC1 is h igh ly  
so lub le  in  SO~C12 a n d  C1- ion  essent ia l ly  r e m a i n s  f ree  to 
be  ox id ized  at re la t ive ly  low po ten t i a l s  of  o x i d a t i o n  wave  
A. Th i s  impl i e s  t h a t  ox ida t i on  wave  A s h o u l d  b e  o b s e r v e d  
in  e lec t ro ly tes  such  as 1-methyl ,  3-e thyl  i m i d a z o l i u m  
t e t r a c h l o r o a l u m i n a t e  (Im-A1CI,-SO~C12) w h e r e  imidazo-  
l i u m  ca t ions  also a l low ch lo r ides  to r e m a i n  so lub le  in  
SO2C12 (s ince  Im-C1 is soluble) .  As e x p e c t e d ,  
v o l t a m m o g r a m s  (not  s h o w n  here)  of  th i s  e lec t ro ly te  also 
e x h i b i t  d i s t i nc t  o x i d a t i o n  w a v e  at  po t en t i a l  A. We there -  
fore c o n c l u d e  t h a t  o x i d a t i o n  wave  A wil l  be  s een  in 
o x y h a l i d e  e lec t ro ly tes  where ,  b e c a u s e  of  t he  n a t u r e  of  t he  
ca t ion ,  la rge  free ch lo r ide  ion  c o n c e n t r a t i o n s  can  exist .  

I t  is no t  pos s ib l e  to o b t a i n  h i g h  c a r b o n  res t  p o t e n t i a l s  in  
o x y h a l i d e  e lec t ro ly tes  w h i c h  a l low free ch lo r ide  ions  to 
ex i s t  in  solut ion,  i.e., e lec t ro ly tes  w h o s e  ca t ions  f o r m  sol- 
u b l e  ch lor ides .  The  on ly  way  to ach ieve  h i g h  c a r b o n  cath-  
ode  res t  po ten t i a l s  in  e lec t ro ly tes  w i t h o u t  f o r m i n g  un-  
des i r eab l e  i n so lub l e  ch lo r ide s  a n d  yet  a c h i e v e  long  
c a t h o d e  life is to u se  s t a n d a r d  LiA1C14 or Ca(A1C1,).,, elec- 
t ro ly te  so lu t ions  w i t h  e x c e s s e s  of  A1Cl:~ in  o rde r  to mini-  
mize  p r ec ip i t a t i on  of  i n s o l u b l e  ch lor ides .  U n d e s i r a b l e  an- 
ode  co r ros ion  due  to e x c e s s  A1CI:, c an  p e r h a p s  be  
m i n i m i z e d  by  p ro t ec t i ve  coat ings .  

In  o rde r  to f u r t h e r  u n d e r s t a n d  r eac t ions  of  s m o o t h  car- 
b o n  e lec t rodes  in  (Bu),NA1C14-SO~CI., so lu t ions ,  cyclic 
v o l t a m m e t r y  e x p e r i m e n t s  were  ca r r ied  out  in 0.5M 
LiA1C14-SO._,CI~ e lec t ro ly te  so lu t ions  c o n t a i n i n g  va r ious  
a m o u n t s  of a d d e d  1.0M (Bu)4NA1C14-SO.,CI~. The  two  re- 
spec t ive  e lec t ro ly te  c o n c e n t r a t i o n s  were  de l ibe ra t e ly  cho-  
sen.  S ince  specif ic  c o n d u c t i v i t y  of  1.0M (Bu)4NA1C14- 
SO~C12 at  r o o m  t e m p e r a t u r e  is a p p r o x i m a t e l y  equa l  to 
t h a t  for 0.5M LiA1C14-SO._,C1._, (see Fig. 2) we can,  in  general ,  
e l i m i n a t e  c o n d u c t i v i t y  as b e i n g  a ma jo r  cause  of  any  ob- 
s e r v e d  s u b t l e  v o l t a m m e t r i c  changes .  Cyclic  v o l t a m m o -  
g r a m s  on  a s m o o t h  c a r b o n  e lec t rode  are  s h o w n  in  Fig. 5 
for  va r ious  mo le  f rac t ions  of  a d d e d  (Bu)4NA1C14-SO~CI~ to 
a LiA1C14-SO._,CI., so lu t ion .  V o l t a m m o g r a m s  were  o b t a i n e d  
by  s c a n n i n g  t he  c a r b o n  e l ec t rodes  2V ca thod i c  f rom its 
res t  po tent ia l ,  b a c k  t h r o u g h  the  res t  po t en t i a l  to 2V 
a n o d i c  f rom the  res t  po ten t ia l ,  fo l lowed b y  a r e t u r n  to the  
or ig ina l  c a r b o n  res t  po ten t ia l .  The  a r rows  ind ica t e  cycl ic  
v o l t a m m o g r a m  scan  d i rec t ion ,  wh i l e  in i t ia l  c a r b o n  elec- 
t r o d e  res t  po ten t i a l  is d e n o t e d  by  a l ine.  S c a n s  for  p u r e  
0.5M LiA1C14-SO~CI., so lu t i ons  agree  wel l  w i t h  p r e v i o u s  re- 
por t s  by  B e h l  (4, 5) a n d  A b r a h a m  a n d  M a n k  (11, 12). 

As a mo le  f r ac t ion  of  (Bu)4NA1C14-SO.,CI~ inc reases ,  t he  
m a i n  r e d u c t i o n  peak  i n t e n s i t y  dec rea se s  sl ightly.  At  0.60 
mo le  f rac t ion  (Bu)4NA1C14-SO._,C1._,, t h e  r e t u r n  r e d u c t i o n  
scan,  i n s t e a d  of  s h o w i n g  near -zero  ca thod i c  c u r r e n t s  (as 
n o r m a l l y  s een  for LiA1C14-SO~CI~ e lec t ro ly tes  on  r eve r se  
scans)  ac tua l ly  s h o w s  s u b s t a n t i a l l y  la rger  ca thod ic  cur- 
r e n t s  t h a n  for  t he  fo rwa rd  d i rec t ion  scan,  i.e., a la rger  
r e d u c t i o n  c u r r e n t  is s e e n  on  t he  r e t u r n  scan.  As t h e  po- 
t en t ia l  is swep t  f u r t h e r  anodic ,  r e d u c t i o n  c u r r e n t  de- 
c reases  a n d  f inal ly c rosses  t he  fo rward  r e d u c t i o n  c u r r e n t  
va lues .  This  c ro s sove r  p o i n t  m o v e s  f u r t h e r  a n o d i c  w i th  
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Fig. 5. Cyclic voltammograms at scan speeds of |00 mV/s at a 
smooth carbon working ebctrode for various mole fr~:tbns of (Bu)4NAICI4- 
SO.,CI 2 in LiAICIcSO, CI 2. 

increasing (Bu)4NA1C14-SO2CI~ concentrations. For com- 
parison, cathodic scans in neutral (Bu)4NA1C14-SO2Cl~ so- 
lutions show cathode reduction current which increases 
sharply without even reaching limiting current values. 
This crossover effect seen in mixed Li ~ (Bu)4N ~ electro- 
lytes appears to be due to increased concentration of re- 
ducible species in the vicinity of the carbon electrode. 

Although we may rule out the possibility of Li t ions be- 
ing reduced to conductive metallic lithium on the carbon 
working electrode since carbon potentials were never less 

than +1.6V relative to lithium, this crossover is difficult 
to explain. 

The major conclusions from this work are: (i) use of 
neutral (Bu)4-NA1C14 as conducting electrolyte salt in 
SO, C12 cells can yield dramatically extended cathode life; 
and (ii) rest potential of a carbon electrode in sulfuryl 
chloride-electrolytes is a strong function of dissolved 
chloride anion concentrations. Highest carbon potentials 
are obtained when li thium or calcium ions are present or 
when excess AICI:~ is present to scavenge free chloride 
ions. Lowest potentials are obtained when soluble elec- 
trolyte salts based on (Bu)4N ~ are used. 
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A B S T R A C T  

Zinc  nega t ive  e lec t rodes  often conta in  o ther  meta l  c o m p o u n d s  to min imize  shape change  dur ing cycling. After  cy- 
cl ing in a Zn/NiOOH cell, t hese  materials  can be  found in the posi t ive  n ickel  hydrox ide  electrode.  Two c o m p l e m e n t a r y  
analyt ical  t echn iques  were  used  to character ize  the  d is t r ibut ion  and amoun t  of  Co, Zn, Ca, and Pb  present  as compo-  
nents  of  var ious  c o m p o u n d s  in the nickel  ox ide  e lec t rode  after cycling.  Rad io i so tope- induced  x-ray f luorescence  was 
used  to quant i fy  the  amoun t s  of  the  e l emen t s  at var ious  locat ions across the  e lec t rode  face, and scanning  e lec t ron  mi- 
c roscopy  was used to de t e rmine  concent ra t ion  profiles of  Zn wi th in  the  electrode.  Se lec ted  area analysis showed  that  
the a m o u n t  of  Zn  was lowes t  in areas of  the  posi t ive  e lect rode which  were  opposi te  sect ions of the  zinc negat ive  elec- 
t rode  that  expe r i enced  the  greates t  loss of  zinc material:  the  edges. Large  amounts  of  Pb  mater ia l  were  found in the  pos- 
i t ive e lec t rode  w h e n  that  e lec t rode  remained  on open-circui t  s tand after cycling. 

The  presence  of zinc c o m p o u n d s  in cycled nickel  ox ide  
e lec t rodes  and thei r  effect  on the  e lec t rode  pe r fo rmance  
have  been  of  cons iderable  in te res t  for unde r s t and ing  the 
behav io r  of  Zn /NiOOH cells. Charkey  (1) ident i f ied a ca- 
paci ty  loss of  nickel  ox ide  e lect rodes  by zinc ox ide  
poisoning.  He sugges ted  that  the  deposi t ion of ZnO in the 
pores  of the e lec t rode  resul ted  in a p lugging  of  those  
pores. Thornel l  and P e a r l m a n  (2) found zinc ox ide  in 
s intered nickel  ox ide  plates in vary ing  amounts .  They 
conc luded  that  adsorp t ion  of zincate into the  e lec t rode  
caused  the capaci ty to diminish.  This capaci ty  loss was 
revers ib le  w h e n  the e lec t rode  was subsequen t ly  cycled  in 
zincate-free electrolyte.  Casey et al. (3), in r ev iewing  the  
repor ted  effect of  zinc on nickel  hydrox ide  electrodes,  in- 
d ica ted  in their  Table  I essent ia l ly  no de t r imenta l  effect; 
however ,  in the tex t  they  refer  to " the  suppress ion  of 
charge  available in the  p resence  of  Zn~.  ' ' Sharpe  (4) 
showed  that  zincate in the  e lect rolyte  lowered  the reversi-  
bi l i ty of  the t r iangular  vol tage  sweep peak  on a Ni sheet  
e lectrode,  p resumab ly  by the  format ion of a resis t ive fi lm 
that  conta ined  a zinc conta in ing  compound .  

Pas ted  zinc electrodes,  however ,  usual ly  conta in  more  
than  zinc compounds ;  n u m e r o u s  meta l  oxides  or hydrox-  
ides have  been  uti l ized to lessen the  shape change  effect  
observed  on cycling. Such  materials  as TI~O:~ (5, 6), CdO 
(5, 6), Pb  oxides  (5-9), Bi~O:~ (10), Ca(OH)~ (7, 9, 11, 12), and 
In(OH)2 (5-7) have  all been  tried. Moreover ,  Kuce ra  et al. 
descr ibed  the  tes t ing  of a large ZrgNiOOH bat tery  sys tem 
(12) that  incorpora ted  Ca(OH)~ into the zinc electrodes.  
F e w  researchers  have de te rmined  whe the r  these  zinc 
e lec t rode  addi t ives  have  any effect  on the posi t ive  nickel  
e lectrode.  The work  repor ted  here  presents  analyt ical  
me thods  used to evaluate  cycled  nickel  electrodes.  

To de te rmine  whe the r  any of  the zinc e lec t rode  consti t-  
uen t s  were  t ransfer red  to the  nickel  e lec t rode  dur ing  cy- 
cl ing of  a laboratory Zn/NiOOH cell, two analyt ical  
t e chn iques - -x - r ay  f luorescence  and scanning e lec t ron 
m i c r o s c o p y - - w e r e  used  to e x a m i n e  the  nickel  e lect rodes  
for the  presence  and dis t r ibut ion of cons t i tuents  that  
were  originally in the negat ive  electrode.  For  the  pur- 
poses  of  this study, we selected a zinc e lect rode composi-  
t ion analogous  to that  used  by Jones  (9). 

Experimental Procedure 
Both  rad io i so tope- induced  x-ray f luorescence  (XRF) 

measu red  wi th  an energy-dispers ive  analyzer  and 
scanning  e lec t ron mic roscopy  (SEM) coupled  wi th  an 
energy-d ispers ive  x-ray analyzer  (EDS) were  used  to pro- 
v ide  in format ion  on the  amoun t  and dis t r ibut ion  of 
var ious  c o m p o u n d s  in cycled  NiOOH electrodes.  Since  

* Electrochemical Society Active Member. 

these analytical methods cannot be used to identify com- 
pounds, only the constituent elements Ca, Co, Ni, Zn, and 
Pb were measured. 

While the advantages and difficulties of using the 
SEM/EDS for battery studies is well documented (13), the 
radioisotopic x-ray fluorescence method is not as well 
known. The fluorescence method is nondestructive; full- 
size battery electrodes can be evaluated and they need 
not be washed free of electrolyte since the analysis is per- 
formed in the ambient atmosphere. In contrast, the SEM 
is best suited for handling small samples and can be used 
to examine cross sections of battery electrodes. 

X-ray fluorescence method.--The radioisotopic  x-ray 
f luorescence  sys tem cons is ted  of  a rad ionuc l ide  excita-  
t ion source, sample,  and a Si(Li) detector,  as shown sche- 
mat ical ly  in Fig. 1. The de tec tor  was coupled  to a Nuclear  
Data 4410 mul t i channe l  analyzer  th rough a charge-sensi-  
t ive preampli f ier  and an O R T E C  716 shaping amplifier.  

Radionuclide excitation source.--Cadmium-109 (0.2 mCi) 
was used  as the  exci ta t ion source. The source, wh ich  was 
fabr icated by New Eng land  Nuclear  Corporation,  was in 
the  form of an annular  r ing with  an ins ide  d iamete r  of 22 
mm.  The p r edominan t  exc i ta t ion  energy  is 22.1 keV, the  
K~ x-ray f rom silver. 

The  intensi ty  of  the  exc i ta t ion  source was se lec ted  on 
the  basis of  a t rade-off  b e t w e e n  resolut ion and count ing  
t ime.  The  0.2 mCi  source  selected for these  expe r imen t s  
r equ i red  a count ing  t ime  of 2000s to provide  count ing  
statistics wi th  s tandard  devia t ions  of <10%. X-ray peak  
resolut ion,  however ,  was improved  over  that  obta inable  
wi th  a more  in tense  source.  

Detector.--The Si(Li) de tec tor  had an active d iamete r  of 
10 m m  and a sensi t ive dep th  of 5.3 ram. The th ickness  of  
the bery l l ium w i n d o w  was 0.025 ram. The eff ic iency of  
the de tec tor  was i n d e p e n d e n t  of  energy for x-ray energies  
be tween  6 and 15 keV. B e l o w  6 keV, the  eff iciency fell off 
due  to adsorpt ion  in the  bery l l ium window.  At 2 keV, the 
eff ic iency was 60% of that  at 6 keV. 

The resolut ion  of the  de tec tor  was 180 eV full  wid th  at 
half  m a x i m u m  (FWHM) at 5.9 keV. For  a gauss ian-shaped  
peak,  the  s tandard  devia t ion  (l(r) is equa l  to FWHM/2.35 
(14). X-ray peaks  separa ted  by 6(r ( -0 .5  keV) should  be  re- 
so lved  wi th  less than  a 1% error.  

Mask.--Due to the  a r r angemen t  of the source,  sample,  
and detector,  the  m a x i m u m  effect ive area of  the sample  
that  could  be evaluated  was 10 cm ~ (an effect ive  sample  
d iamete r  of  36 mm). As i l lustrated in Fig. 1, however ,  a 3 
ram thick acrylic mask  was inser ted  b e t w e e n  the sample  
and de tec tor  to reduce  the effect ive  sampl ing  area to 1.3 
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Fig. 1. Source, detector, and sample arrangement for x-ray fluores- 
cence measurements. 

cm = so t h a t  a m o r e  de ta i l ed  profi le  of the  e l ec t rodes  
cou ld  b e  ob ta ined .  

Electrodes.--The zinc e l ec t rodes  were  16 • 16 c m  a n d  
s imi la r  in  c o m p o s i t i o n  to t h o s e  d e s c r i b e d  b y  J o n e s  (9). 
T h e s e  e l ec t rodes  a lways  c o n t a i n e d  ZnO,  Ca(OH)~, Pb:~O4, 
a n d  a b i n d e r  in  a C a ( O H ) J Z n O  mole  ra t io  of  ~0.75 a n d  
Z n O  to Ni(OH)~ ra t ios  of  f rom 1.5 to 3. The  rat ios of  t he se  
ma te r i a l s  va r i ed  f rom cell  to cell, b u t  were  iden t i ca l  for 
a n y  g i v e n  cell. The  16 • 16 cm, n o n s i n t e r e d  n icke l  ox ide  
e l ec t rodes  were  p r e p a r e d  b y  pa s t i ng  t he  n icke l  h y d r o x i d e  
m i x  on to  a Ni-p la ted  c o p p e r  per fora ted- fo i l  c u r r e n t  col- 
lector. The dry nickel hydroxide mix contained Ni(OH)~ 
60-65 weight percent (w/o) (analyzed typically as con- 
taining 61 w/o nickel metal), Co(OH)~ 3-5 w/o, Dixon KS-2 
graphite 20-25 w/o, Thornel VMA carbon fibers (Union 
Carbide Corporation) 6 w/o, and polytetrafluoroethy]ene 
6 w/o. 

The  e l ec t rodes  were  a s s e m b l e d  in to  e i t he r  20 or 140 A h  
capac i ty  cells t h a t  used  20 or 25 w/o K O H  (7, 9, 12) as elec- 
t ro ly te  a n d  the  r e s u l t a n t  cell  was  t h e n  fo rmed .  D u r i n g  cy- 
cle tes t ing ,  t he  d i s cha rges  were  p e r f o r m e d  at t he  C/3 ra te  
to a 1V cu to f f  a n d  the  r e c h a r g e s  were  m a d e  at the  C/8 ra te  
to a 2.25V cutoff.  

T h e  cyc led  Z n / N i O O H  cells  were  d i s a s s e m b l e d  in  a 
p las t ic  d ry  b o x  inf la ted  w i t h  d r y  argon.  T h e  ind iv idua l ,  
flat e l ec t rodes  were  s to red  in  p las t ic  bags  i n s ide  the  
in f la ted  dry  b o x  un t i l  n e e d e d  for  analysis ,  a f te r  w h i c h  
t hey  were  w a s h e d  w i t h  d is t i l led  w a t e r  to r e m o v e  t he  alka- 
l ine  e lec t ro ly te  an d  t h e n  air  dried.  T he  e l ec t rodes  were  
ana lyzed  by  b o t h  S E M  a n d  X R F  m e t h o d s  at  one  or more  
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Fig. 2. Electrode shape and analytical grid arrangement 

of the  s i tes  s h o w n  in Fig. 2. E lec t rodes  f rom 18 cells  were  
e x a m i n e d .  

S a m p l e  p r e p a r a t i o n  for  t he  S E M  sur face  e x a m i n a t i o n  of 
e l ec t rodes  was  s t anda rd .  Se lec ted  sec t ions  cu t  f rom some  
of  the  e l ec t rodes  were  v a c u u m  i m p r e g n a t e d  w i th  a n  
e p o x y  r e s in  for  s u b s e q u e n t  c ross - sec t iona l  e x a m i n a t i o n  
in the  SEM. Af ter  the  e p o x y  h a r d e n e d ,  t h e s e  s amp le s  
we re  po l i shed  para l le l  to t h e  l ong  axis  of  t he  e l ec t rode  
sec t ion  w i th  600 gr i t  p a p e r  to p r e v e n t  " s m e a r i n g "  of  the  
re la t ive ly  soft  e l ec t rode  mate r ia l  on to  t he  e p o x y  surface.  
X- ray  ana lyses  were  m a d e  on  the se  cross  sec t ions  in  addi-  
t i on  to l ine  profi le  ana lys i s  (LPA) for Z n  a n d  Ca. The  
L P A ' s  p r o v i d e  a g raph ic  d i sp lay  of  e l e m e n t a l  d i s t r i b u t i o n  
a long  a l ine  on  t he  s a m p l e  a n d  the re fo re  c a n  iden t i fy  t he  
p r e s e n c e  of  g r ad i en t s  of  ma te r i a l  w i t h i n  t he  e l ec t rode  for 
b o t h  t he  c h a r g e d  a n d  t he  d i s c h a r g e d  condi t ion .  

A n a l y t i c a l  Approach  
The  e lec t rode  to be  e v a l u a t e d  by  the  r ad io i so top ic  x-ray 

f luo rescence  m e t h o d  was  p laced  on  t he  sou rce -de t ec to r  
s u p p o r t  sys tem,  as i l l u s t r a t ed  in Fig. 1. The  22.1 keV 
x-rays  f rom the  e x c i t a t i o n  sou rce  i m p i n g e d  on  t he  s a m p l e  
a n d  e jec ted  K a n d  L e l ec t rons  f rom the  va r ious  e l e m e n t s  
in  the  s a m p l e  by  pho toe l ec t r i c  in te rac t ions .  The  exc i t ed  
a t o m s  in  t u r n  e m i t t e d  cha rac t e r i s t i c  K a n d  L x-rays  t h a t  
were  c o u n t e d  by  the  Si(Li) de tec tor .  

Characteristic x-rays.--The p r e d o m i n a n t  cha rac t e r i s t i c  
x- ray  ene rg ies  for t he  m a j o r  c o n s t i t u e n t s  in  the  ba t t e ry  
e l ec t rodes  are  l i s ted  in Tab le  I. The  re la t ive  i n t ens i t i e s  of  
K~ a n d  Ks for  t h e s e  e l e m e n t s  are  150 a n d  20, respec t ive ly ,  
r e s u l t i n g  in a KJK~ ra t io  of  7.5 (15). The  ac tua l  m e a s u r e d  
ra t ios  r a n g e  f rom 5 to 7 due  to ef f ic iency c h a n g e s  in  the  
so l id-s ta te  de t ec to r  for t he  va r ious  ene rg i e s  a n d  self- 
a b s o r p t i o n  in t he  sample .  The  ave rage  LJL~  ra t io  for  P b  
was  0.85. 

The  e n e r g y  l imi ts  t h a t  were  u s e d  to d e t e r m i n e  t he  ne t  
c o u n t s  in  the  va r ious  p h o t o p e a k s  are g i v e n  in  T a b l e  II. 
Not  all of  t h e s e  p h o t o p e a k s  were  p r e s e n t  in  all analyses ,  
no r  we re  t h e  ne t  c o u n t s  d e t e r m i n e d  for  all p h o t o p e a k s .  
Fo r  example ,  the  ne t  c o u n t s  in  t he  Z n  Ko p h o t o p e a k  were  
d e t e r m i n e d  r a t h e r  t h a n  t h o s e  of the  Z n  Ks p h o t o p e a k  be- 
cause  of  the  i n t e r f e r e n c e  b e t w e e n  t he  Z n  K~ a n d  t he  Ni Ks 
p h o t o p e a k s .  

Extraneous p e a k s . - - I n  a d d i t i o n  to t he  cha rac t e r i s t i c  
x-ray p h o t o p e a k s  f rom the  e l e m e n t s  in  t he  sample ,  o the r  
p e a k s  can  be  p r e s e n t  in  the  s p e c t r u m  due  to C o m p t o n  in- 
t e r a c t i o n s  and  r a d i a t i o n  e s c a p i n g  f rom the  sur face  of  the  
de tec tor .  S ince  t h e s e  e x t r a n e o u s  peaks  can  c o m p l i c a t e  
the  q u a n t i t a t i v e  d e t e r m i n a t i o n  of s o m e  e lement s ,  t he  
s ign i f icance  of t he se  p e a k s  m u s t  be  u n d e r s t o o d .  Equa-  

Table I. Predominant characteristic x-ray energies for selected elements 

X-ray energy (keY) 

Element K~ K, L~ Lz 

K 3.31 3.59 - -  - -  
Ca 3.69 4.01 - -  - -  
Fe 6.40 7.06 - -  - -  
Co 6.93 7.65 - -  - -  
Ni 7.48 8.26 - -  - -  
Cu 8.05 8.90 - -  - -  
Zn 8.64 9.57 - -  - -  
Pb - -  - -  10.55 12.61 

Table II. Energy limits for various elements 

Element, photopeak Energy limits (keV) 

Ca, Ks 3.55- 3.85 
Fe, Ks 6.20- 6.60 
Co, I~  6.75- 7.15 
Ni, Ks 7.25- 7.75 
Zn, K~ 8.40- 8.90 
Zn, K~ 9.35- 9.85 
Pb, L~ 10.30-10.80 
Pb, L~ 12.30-12.90 



2824 J.  E l e c t r o c h e m .  Soc.:  E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  D e c e m b e r  1985 

Table III. Possible extraneous peaks in x-ray fluorescence 
spectra of Zn/NiOOH battery electrodes 

Table V. Net counts per unit mass thickness of lead 
(counting time 2000s) 

Peak energy (keV) Net 
counts/(mg/cm ~) 

Source Escape, Ee Compton, Ec Backscatter, Eb Nominal absorber Actual mass 
thickness (A) thickness (mg/cm ~) Pb L~ Pb L~ 

NiK~ 5.78 0.22 7.26 
ZnK~ 6.94 0.29 8.35 5,000 0.69 27,977 32,075 
Pb L~ 8.85 0.43 10.12 
PbL~ 10.91 0.61 12.00 10,000 1.38 25,461 29,777 
AgK~ 20.4 1.79 20.31 

tions for determining the energy and source of extrane- 
ous peaks are presented in the li terature (14). Based on 
those equations, the energy of possible extraneous peaks 
due to the major constituents in the electrodes and the 
excitation source were calculated. As noted in Table III, 
the Compton peaks are at the low energy end of the spec- 
trum and will not interfere with the photopeaks of inter- 
est. The backscatter peak, on the other hand, is so close to 
the characteristic photopeak (Table I) that it cannot be ef- 
fectively resolved; it will appear as a broadening of the 
characteristic photopeak for x-ray energies below 10 keV. 

The escape peak, on the other hand, can introduce er- 
rors. For example, the escape peak from the Zn K~ 
photopeak (6.94 keV, Table III) is nearly identical to the 
Co Ks photopeak (6.93 keV, Table I). Preliminary experi- 
ments with the Si(Li) detector used in this work indicated 
that the area under the Zn Ks escape peak was 0.15% of 
the area under the Zn Ks photopeak. Thus, the cobalt de- 
termination must be corrected for the zinc escape peak by 
subtracting 0.15% of the net counts in the Zn K~ 
photopeak from the net counts in the Co K~ peak. 

Ni ra t ios . - -The  raw spectra from the samples were 
computer  smoothed, and then the net counts (total minus 
background) under the desired peaks were determined. 
The net counts for the peaks were then divided by the net 
counts in the Ni K~ peak to provide a nickel ratio. This 
use of nickel ratios reduced the random errors that can be 
introduced by statistical processes associated with radio- 
metric measurements,  variations in sample density, and 
variations in counting geometry. 

These nickel ratios can be used to estimate the relative 
amounts of the elements present in the electrode. While 
no single analytic expression is valid for all elements, a 
rough approximation for elements within five atomic 
numbers of nickel is 

Az  = N(28/Zy [1] 

where Az is the relative amount  of element with atomic 
number  Z, and N is the nickel ratio calculated from the K~ 
peaks. This equation was obtained empirically and is 
based on the relative intensities of the Ks photopeaks 
from pure metal standards of Ti, Fe, Ni, Cu, Zn, Zr, and 
Nb when excited with the radiation from a '"'Cd source. 

Precision of  the method . - -To  determine the precision of 
the method, consecutive determinations were made on 
the same area of a single electrode (no. 20-145). The aver- 
age counts for Co, Ni, Zn, and Pb photopeaks are listed in 
Table IV. In one instance, 12 measurements were made; 
in a second instance, five additional spectra were col- 
lected and were computer  smoothed to reduce the devia- 
tion of counts in the spectra and to compensate partially 

for poor statistics. The data processing program in the 
x-ray analyzer incorporated a five-point coefficient 
smoothing routine that caused the peaks to approximate 
a gaussian fit. The results in Table IV show (i) that com- 
puter smoothing of spectra yielded lower standard devia- 
tion values and (ii) that the standard deviation decreased 
as the amount of the element  in the sample increased. 

Lead  interference.--I f  the amount  of lead present in an 
electrode is high, it can substantially lower the net counts 
from the other elements in the electrode due to absorp- 
tion of the characteristic x-rays by the lead. To evaluate 
the influence of lead, a series of experiments with lead 
absorbers was conducted to determine the effect of lead 
on the net counts from various elements in a nickel oxide 
electrode. 

The lead absorbers were first evaluated separately in 
repeated experiments.  The average net counts per unit 
mass thickness for the Pb L~ and Pb L~ photopeaks were 
determined for nominal absorber thicknesses of 5000 and 
10,000A (Table V). The net counts per milligram per 
square centimeter dropped off as the thickness of the Pb 
absorber was increased. This dropoff was due to self- 
absorption within the Pb absorber. For very thin layers of 
Pb, self-absorption became minimal. 

A second series of exper iments  was performed to eval- 
uate the influence of the Pb absorbers on the net counts 
from various elements  in a nickel oxide electrode. A 
NiOOH electrode was evaluated with no absorber, and 
with 5000 and 10,000• thick Pb absorbers between the 
electrode sample and the detector. Each exper iment  was 
repeated four times; the relative net counts for Co, Ni, 
and Zn were recorded. From the data, it was determined 
that the 5000/~ thick Pb absorber reduced the net counts 
in the Co Ks, Ni K~, and Zn Ks photopeaks by approxi- 
mately 25% (26%, 24%, and 24%, respectively). The 
10,000A thick Pb absorber reduced the net counts in the 
various photopeaks by 43%. The nickel ratios for Pb, 
(Pb L~)/(Ni K~), in these exper iments  were 0.0137, 0.326, 
and 0.777, respectively, for the three conditions. 

Based on these measurements ,  Eq. [2] was developed 
empirical ly to determine the true net counts (I,,) in the 
photopeaks for the various elements if Pb had not been 
present  

Io = I(1 + Pb/Ni) [2] 

where Pb/Ni is the nickel ratio based on the actual net 
counts in the Pb L~ and Ni K~ photopeaks and I is the 
net counts in the photopeaks selected for any e lement  
including nickel. Only Pb was considered in this evalua- 
tion because it has the highest  x-ray absorption charac- 
teristics when compared to other e lements  in the elec- 
trodes. 

Table IV. Repeat determinations 

Net counts NickelraUo 
Co Ks Ni Ks Zn K, Pb L~ Co/Ni Zn/Ni Pb/Ni 

Unsmoothed 

Average 
% Std. dev. 

Smoothed 

2,667 
6.2 

83,398 
0.45 

5,374 1,041 
2.9 18.3 

0.0320 0.0644 0.0125 
6.2 2.8 18.4 

Average 2,568 83,341 5,469 1,085 0.0308 0.0656 0.0130 
% Std. dev. 4.8 0.25 1.6 8.2 4.8 1.5 8.4 



Vol. 132, No. 12 CYCLED NiOOH ELECTRODES 2825 

Since Eq. [1] was developed for nickel  ratios based 
on the net  counts in the K, photopeaks,  it cannot be 
used to est imate the relative concentrat ions of Pb from 
the Pb L~ photopeak measurements .  Equat ion [3], which 
was developed from Eq. [2], can be used to est imate the 
effective mass thickness of Pb on the electrode 

2.7 (Pb/Ni) 
Pb mass thickness (mg/cm '2) - [3] 

(i + PblNi) ~ 

where Pb/Ni is the nickel ratio as defined in Eq. [2]. 

Depth of analysis.--Because the characteristic x-rays 
from the various elements  in the electrodes are of fairly 
low energy (Table I), self-absorption in the electrode ma- 
terial l imits the x-ray fluorescence analysis to relatively 
shallow depths from the electrode surface. Equat ions 
developed for the at tenuation of x-rays of various ener- 
gies through a NiOOII matrix were used to calculate the 
effective depth (depth from which 90% of the character- 
istic x-rays" detected are emitted) for determining the 
presence of the various constituents.  The effective depth 
of selected elements is listed in Table VI, which shows 
that the x-rays detected from Ca, Zn, and Pb originate in 
a shallow layer close to the surface of the electrode. The 
depth for Co and Ni determinations,  on the other hand, 
corresponds to about i0% of the total electrode thick- 
ness (i-1.5 mm). These depths of analysis, however,  are 
several orders of magni tude  greater than those obtained 
with the electron exci tat ion of the SEM/x-ray method 
(16). 

Results and Discussion 
The results of a preliminary analytical experiment  in 

which cycled positive electrodes of different sizes and 
capacities were reacted in hot concentrated HC1 and the 
resultant filtered solutions were subsequently analyzed 
by atomic absorption for zinc content are shown in Fig. 3. 
The amount  of zinc, calculated as zinc oxide, was normal- 
ized to unit electrochemical activity of the positive elec- 
trode. Regardless of how one fits a curve to these data 
points, it is clear that the content of a zinc compound in 
the positive electrode increased with cycle duration. The 
first amounts of zinc were found after the first formation 
cycle, before the standard cycling process began; thus, 
the data point below 0 on the X-axis. Although the chemi- 
cal analysis method detected zinc, it was unsuited for 
determining the distribution of zinc across the electrode 
because large sections of electrode would be needed to 
minimize experimental  error. Therefore, we utilized the 
x-ray fluorescence and SEM methods for more detailed 
analyses. 

In general, after any length of cycle testing in a 
ZrgNiOOH cell, Zn, Pb, Ca, and any other constituent 
used to make the negative zinc electrode can be detected 
in the positive electrode. For example, in cells with zinc 
electrodes that contained only HgO as additive to reduce 
the hydrogen overpotential, the HgO has been found in 
the positive nickel oxide electrode. 

Distribution measurements of cycled battery 
eIectrodes.--Electrode 20-145 is representative of the ma- 
jority of the electrodes. Electrode 20-152 experienced an 
extended open-circuit stand before removal from its cell. 
Results from this electrode were sufficiently different 
from the majority that results will be described also. 

Electrode 20-145.--This positive electrode, which was 
used in the repeatability and Pb calibration tests, came 
from a nominal 20 Ah cell that had been cycled >300 

Table VI. Effective depth from which the various elements in 
NiOOH electrodes are determined 

Element Effective depth (ram) 

Ca 0.019 
Co 0.096 
Ni 0.128 
Zn 0.023 
Pb 0.038 
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Fig. 3. Amount of zinc material in cycled nickel oxide electrodes de- 

termined by chemical analysis. 

times at nominally 6 mA/cm 2 during discharge and 3 
mA/cm ~ during charge. The cell was disassembled in the 
charged state. The counter zinc electrodes contained Ca 
and Pb compounds as additives. The positive electrode 
had a calculated weight of 0.135 g/cm ~ for the active layer, 
of which 0.09 g/cm ~ corresponded to the Ni(OH)2 material. 

Cobalt.--Experimental results showed that the Co re- 
mained uniformly distributed across the electrode after 
the cycling process. From Eq. [1], the average amount  of 
Co remaining in the electrode after prolonged cycling was 
3.8% with a range from 3.3 to 4.2%. These values are con- 
sistent with the initial concentration of Co in the elec- 
trode after taking into account that some Co dissolved in 
the electrolyte (-30 ppm) during the electrochemical 
testing, as evidenced by the slight discoloration of the 
electrolyte. 

As pointed out earlier, the zinc escape peak can cause 
interference with the Co determination. A zinc escape 
peak of 51 net counts was calculated from the average 
value of the K~ for the zinc and using a KJKz ratio for zinc 
of 6.35 as measured. The 51 counts are only about 2% of 
the net counts recorded in the various Co K~ photopeaks. 
Since this correction is lower than the percent standard 
deviation determined for the cobalt measurements,  the 
influence of the zinc escape peak on cobalt determina- 
tions in positive nickel oxide electrodes can be ignored. 

Zinc.--The average relative zinc concentration according 
to Eq. [1] was 27%; this is consistent with chemical analy- 
sis of other cycled positive electrodes, which yielded zinc 
concentrations varying from 30-35 w/o. 

Figure 4 displays the distribution of zinc, milligrams 
per square centimeter, across the face of the electrode. 
The top of the electrode and the site positions are 
identified on the three-dimensional graph. Clearly, there 
is less zinc material near the top of the electrode than 
elsewhere, especially near the bottom. The distribution of 
zinc material from the top of the electrode to the bottom 
may be due to gravitational effects, but is probably more 
related to current distribution over the electrode face. 
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Fig. 4. Three-dimensional representation of zinc distribution across 

cycled nickel oxide electrode, 20-145,  as measured by x-ray 
fluorescence. 
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Fig. 5. Scanning electron micrographs of electrode 20-145 together 
with x-ray spectra. A: Electrolyte side. B: Grid side. 

Scann ing  e lec t ron  mic rographs  at 300 t imes  magnifi-  
cat ion of  the  electrolyte  side and the  grid side of  the  ac- 
t ive layer t aken  from the  center  of  the  e lec t rode  are 
shown in Fig. 5 toge ther  wi th  their  respect ive  x-ray spec- 
tra. The e lect rolyte  side of the  act ive layer showed  the im- 
press ion  of  the  separator  material .  Both  surfaces showed  
high zinc content,  cor robora t ing  the x-ray f luorescence  
results.  F igure  6 presents  a l ine profile analysis (LPA) for 

Fig. 7. Line profile analysis for zinc in the cross section of a fully dis- 
charged nickel oxide electrode. Backscatter electron image. 

zinc in the  cross sect ion of  the act ive layer t aken  f rom the  
e lec t rode  center;  the  left  side of the mic rograph  corre- 
sponds  to the  e lect rolyte  side of  the act ive layer. The  L P A  
conf i rms the un i formi ty  of  zinc dis t r ibut ion t h roughou t  
the inner  part  of  the act ive  layer. 

Resul t s  of  L P A  s tudies  m a d e  on other  d ischarged  and 
charged  posi t ive  e lec t rodes  are shown in Fig. 7 and 8, re- 
spect ively.  Despi te  the noise  in these  LPA ' s  (caused by a 
too br ie f  of  an analysis time), these  resul ts  demons t ra t e  
that  in the  d ischarged state, the  posi t ive e lec t rode  has a 
h igher  a m o u n t  of  zinc at the  electrolyte  side of the  act ive 
layer  than  at the  grid side. There  appears  to be a l inear  in- 
crease  of  zinc f rom the  grid s ide to the  e lec t ro ly te  side. 
The fully charged electrode, on the other hand, showed a 
more uniform distribution of zinc in the active layer. 

Lead.--The average Pb concentration corresponds to 
0.027% with a range of 0.017-0.043%. The use of Eq. [2] to 
correet for the presence of Pb in this electrode did not af- 
fect the results from Eq. [i] by more than 0.1%; conse- 
quently, for concentrations at this level, we can ignore the 
Pb effect. At this low concentration, Pb could not be de- 
tected with the SEM. 

Electrode 20-152.--This electrode also came from a nom- 
inal 20 Ah cell that had been cycled > 300 times under 
conditions analogous to that of the previously described 
electrode. However, the cell remained on open-circuit 
stand in the discharged state for about 4 months after cy- 
cling but before the cell was disassembled. The Pb was in 
one to two orders of magnitude higher concentration than 

Fig. 6. Line profile analysis for zinc in the cross section from electrode Fig. 8. Line profile analysis for zinc in the cross section of a charged 
20-145. Backscatter electron image. Left side is electrolyte, nickel oxide electrode. Backscatter electron image. 
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in the previous electrode. Other electrodes on prolonged 
open-circuit stand after cycling have also exhibited simi- 
larly higher amounts of Pb regardless of the number  of 
cycles the cell had undergone. The large Pb concentra- 
tion seriously affected the reported x-ray fluoresence 
counts for each of the other three elements of interest. It 
was necessary to use Eq. [2] on the raw data before ap- 
plying Eq. [1] for the determination of Co and Zn, or Eq. 
[2] for the determination of Pb. 

Cobal t - -The  cobalt remained uniformly distributed with 
an average value of 4.0% and a range of 3.3-5%. The open- 
circuit stand that this electrode experienced had no de- 
tectable effect either on the amount of Co in the positive 
electrode or on its distribution. 

Zinc.--Figure 9 shows a three-dimensional distribution of 
zinc across the electrode surface; note that the scale, in 
milligrams per square centimeter, is about twice that 
used in Fig. 4. Clearly, more zinc material was transferred 
to the positive electrode during the open-circuit stand. In 
this situation, however, all four edges showed much less 
zinc that the upper, central portion of the electrode which 
showed values two to three times greater than other sec- 
tions of the electrode. 

The average percentage value for zinc was 35% with a 
range from 20 to 54%. The edge areas showed a lower zinc 
concentration and corresponded to areas on the negative 
zinc electrode that also showed a lower amount  of zinc 
material than the central portion of the negative elec- 
trode. Also, a densified area on the zinc electrode corre- 
sponded to the highest zinc content area on the positive 
electrode. Further studies are certainly warranted to re- 
late the material distribution in the positive electrode to 
cell operating conditions. 

Lead.--There was more than an order of magnitude varia- 
tion in Pb content across the electrode face with the 
highest Pb content in the same area of the electrode as 
was the highest zinc content. Figure 10 gives the three- 
dimensional distribution for Pb across the electrode face. 
In a separate experiment  in which a cell was subjected to 
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Fig. 9. Three-dimensional representation of the zinc distribution on 
electrode 20-152 as determined by x-ray fluorescence. 
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Fig. 10. Three-dimensional representation of the Pb distribution on 
electrode 20-152 as measured by x-ray fluorescence. 

only 30 charge/discharge cycles but to an equivalent 4 
month open-circuit stand, Pb was detected in the positive 
electrode at a concentration only slightly less than in the 
electrode that was cycled > 300 times. Clearly, the open- 
circuit stand after cycling promotes Pb transfer to the 
positive electrode. These studies cannot address the ques- 
tion of what mechanism causes this transfer. 

Epilog.--Although experimental  results are presented 
for only two electrodes, the other 16 NiOOH electrodes 
from either other cells or from different locations within 
one cell all showed, (i) a transfer of Zn, Co, and Pb to 
the positive electrode during cycling, (ii) a distribution 
pattern across the positive electrode for Zn that was akin 
to that of Fig. 4, and (iii) the amount of Zn transferred 
appeared independent of the zinc electrode composition, 
at least within the relatively narrow range of component  
ratios used in this study. We would expect, however, that 
more zinc would be transferred from a negative electrode 
that did not contain any calcium compounds. We con- 
clude that any approach that is used to reduce zincate sol- 
ubility in the alkaline electrolyte, will also lower the 
amount  of zinc transferred to the positive electrode dur- 
ing cycling. 

Conclusions 

These results show how x-ray fluorescence and cross- 
sectional scanning electron microscopy coupled with en- 
ergy dispersive x-ray analysis can be used to quantify the 
chemical changes that occur in positive nickel oxide elec- 
trodes caused by charge/discharge cycling. Analysis at se- 
lected areas showed that the distribution of constituents 
picked up from the negative electrode can be determined. 

Manuscript submitted April 15, 1985; revised manu- 
script received ca. Aug. 5, 1985. 

General Motors Research Laboratories assisted in meet- 
ing publication costs of  this article. 
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A B S T R A C T  

Vol tammetr ic ,  chronopoten t iomet r ic ,  and spec t roe lec t rochemica l  s tudies  qn the  homogeneous -phase  (single phase) 
react ion of  Pruss ian  b lue  (PB)/Everi t t ' s  salt  (ES) sys tem in KC1 aqueous  solut ion were  carr ied out  as a mode l  for under-  
s tanding  the  h o m o g e n e o u s  e lec t rochemica l  react ion of manganese  dioxide.  Analyt ica l  resul ts  of  vo l t ammet r i c  and 
ch ronopo ten t iomet r i c  s tudies  on PB/ES  sys tem indica ted  that  the  e lec t rode  potent ia l  was represen ted  by the  empir ica l  
fo rmula  

E = E, - (RT/nF) In ([Fe2~]/[Fe:~']) + (RT/F) in [K ~] 

whe re  the  observed  n va lue  was 0.5, not  1.0. Resul t s  on  spec t roe lec t rochemica l  s tudies  suppor ted  the  above  formula t ion ,  
and the  n value,  0.5, indica ted  that  the  effect  was the rmodynamic ,  not  kinet ic .  A poss ible  exp lana t ion  of  t he  p rob lem 
was given, emphas iz ing  the  rote  of  charge  carr ier  in a solid mat r ix  in an  e lec t rochemica l  react ion,  and the  specific dif- 
fe rences  be tween  a r edox  reac t ion  of  soluble  species in a solut ion and a r edox  react ion in a solid mat r ix  were  discussed.  
The  e lec t rochemica l  behav io r  of M n O J M n O O H  sys tem was deduced  in t e rms  of  a h o m o g e n e o u s  (single phase) electro- 
chemica l  react ion f rom the analogy of  PB/ES  system. 

Mixed  va lence  c o m p o u n d s  conta in ing  an e l emen t  in 
two different  ox ida t ion  states in a crystal  lat t ice offer a 
class of  e lec t rode  sys tem u n i q u e  in e lec t rochemis t ry .  One 
of  the mos t  useful  m i x e d  va lence  c o m p o u n d s  is manga-  
nese  d iox ide  (MnO2), wh ich  is used  as a ca thode  for pri- 
mary  batteries.  Reac t ion  m e c h a n i s m  of MnO2 toge ther  
wi th  the  formula t ion  of  e lec t rode  potent ia l  to exp la in  an 
S-shaped  d ischarge  curve  has been  invest igated.  

In  the  discharge process  of  MnO2, e lect rons  and pro tons  
are in t roduced  into the crystal  latt ice of  MnO~ wi thou t  de- 
s t roying its essent ial  crystal  s t ructure,  such as ramsdel-  
l i te /grouti te  or pyrolus i te /mangani te .  In  o ther  words,  the  
original  MnO2 is con t inuous ly  conver ted  to MnOOH, 
isos t ructura l  wi th  the  original  MnO2, by increas ing  Mn 3~ 
and H ~ (more precisely,  O H - )  concent ra t ion  in a crystal  
latt ice dur ing the d ischarge  process.  Such  an electro-  
chemica l  react ion may  be  represen ted  as 

MnO., + H" + e -  ~ MnOOH [1] 

J o h n s o n  and Vosburgh  (1) and N e w m a n n  and Roda  (2) 
gave the  revers ible  react ion [1], and they  fo rmula ted  the 
e lec t rode  potent ia l  d i rec t ly  

[MnOOH] RT In [H ~] [2] 
E = E 0 - - - l n  [MnO2] + F 

On the  other  hand,  Kozawa and Powers  (3, 4) p roposed  
the equa t ion  

RT [Mn:~-' ]~,,lid 
E = E' - In [3] 

F [Mn4~]~,~d 

ins tead of  Eq. [2] f rom the  analogy of  a r edox  sys tem in an 
aqueous  solution, emphas iz ing  the homogeneous -phase  
reaction.  They exp la ined  the  character is t ic  S-shaped  dis- 
charge  curve  of  MnO._, fairly well  on the  basis of  homoge-  
neous  phase  theory  (3, 4). Observed  S shapes,  however ,  
are a lmos t  always s teeper  than  those  calcula ted f rom Eq. 
[3]. Tye  (5) observed  -118  m V  potent ia l  d e p e n d e n c e  in 
t e rms  of  log([Mn:~']/[Mn4"]) in his e lec t rode  potent ia l  mea- 
su remen t s  for compos i t ion  near  to MnO2. The potent ia l  
dependence ,  -118  mV, was also observed  in open-c i rcui t  
vo l tage  curves,  low rate d ischarge  curves,  and potential-  
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decay  curves  at cons tan t  current  in alkal ine solut ion for 
bo th  e lect rolyte  MnO.,s and chemica l ly  p repared  MnO.~s 
(6). 

The  value,  -118  mV, was two t imes  greater  than  the  ex- 
pec ted  va lue  - 5 9  m V  f rom Eq. [3], wh ich  was not  ob- 
se rved  for a redox  react ion in a solut ion and consequen t ly  
wh ich  may  be an essent ia l  charac ter  of M n O J M n O O H  
homogeneous -phase  react ion if  the effect  was the rmody-  
namic.  Al though  there  have been  several  a rgumen t s  on 
the e lec t rochemica l  behav ior  of  M n O J M n O O H  sys tem 
(7-13), there  seems to be  genera l  ag reemen t  that  the  elec- 
t rochemica l  reduc t ion  of  MnO2 proceeds  in a homogene-  
ous phase  and that  the  behav ior  resembles  that  for a 
r edox  couple  in a solut ion phase. 

There  are, however ,  s o m e  dif ferences  b e t w e e n  a r edox  
react ion in a solut ion phase  and that  in a solid phase,  i.e., 
(i), the  r edox  couple  m o v i n g  freely in a solut ion vs. the  
r edox  couple  fixed in a solid matr ix,  (it) the  charge  bal- 
ance  due  to the  m o v e m e n t  of  ions in a solut ion vs. the  
m o v e m e n t  of  foreign ions t h rough  a solid matr ix,  and (iii) 
the  specific ox ida t ion  state of  single ion in a solut ion vs. 
the  nons to ich iomet r ica l ly  average  oxida t ion  state due  to 
the  format ion  of  po lynuc lear  species in a solid matr ix.  

Specif ic  differences b e t w e e n  a redox  react ion in a solu- 
t ion and that  in a solid mat r ix  must ,  therefore,  be recog- 
nized as to how such dif ferences  reflect on the electro- 
chemica l  behavior  of  the  redox  reaction. In order  to 
under s t and  such specific differences be tween  them,  the  
e lec t rochemica l  and spec t roe lec t rochemica l  s tudies  on 
Pruss ian  blue(PB)/Ever i t t ' s  salt  (ES) e lectrode,  the  
Fe3YFe ~§ redox reaction in a solid matrix, were  undertaken.  

Phys ica l  proper t ies  of  P B  (14-16), such  as e lec t ronic  
s t ructure ,  crystal  s t ructure,  e lect ronic  spectra,  molecu la r  
magne t i sm,  and the  re la t ionship  be tween  t h e m  are well  
unders tood ,  and rel iable  me thods  of  p repar ing  thin  films 
of P B  chemica l ly  (17, 18) and/or  e lec t rochemica l ly  (19, 20) 
have  been  established.  Moreover ,  it is well  k n o w n  that  PB  
hav ing  Fe 2~, Fe  :~" and br idg ing  CN be tween  t h e m  in a cu- 
bic latt ice is chemica l ly  or e lec t rochemical ly  oxid ized  to 
Ber l in  green  (BG) isos t ructura l  wi th  PB,  and also r educed  
to ES, again isos t ructura l  wi th  PB, in an appropr ia te  
aqueous  solution,  ind ica t ing  that  the react ion p roceeds  in 
a h o m o g e n e o u s  (single) phase.  These  factors enable  us to 

2828 



Vol. 132, No. 12 P R U S S I A N  B L U E / E V E R I T T ' S  S A L T  S Y S T E M  2829 

study the Fe:~/Fe ~ redox reaction in a PB matrix as a 
model for Mn4~/Mn :3~ redox reaction in a MnO2 matrix in 
terms of the solid-state redox reaction. 

The objectives of the paper are to give specific differ- 
ences between a redox reaction in a solution and that in a 
solid matrix and to give some insights into the electro- 
chemistry of MnO~/MnOOH system out of the experimen- 
tal and analytical results obtained from PB/ES system. 

Experimental  
Thin films of PB were electrochemically prepared on 

Pt and In~O:~-coated glass electrodes. Electrodes were 
cathodically polarized at 40 ~A-cm -~ for 120s in 
freshly prepared mixed electrolyte [0.02M FeCI:, 0.02M 
K~Fe(CN)6] at room temperature as was proposed by Itaya 
et al. (19). Thin films of PB deposited on electrodes were 
rinsed with distilled water to remove undesirable chemi- 
cal species from the electrode surface. The prepared elec- 
trodes were soaked in the same concentrations of KC1 so- 
lutions as those to be examined for about 3h before use. 
The prepared sample was identified as PB having a cu- 
bic lattice with a0 = 10.2~ by x-ray examination on thick 
PB on Pt using an x-ray diffractometer (Shimadzu Corpo- 
ration, Japan, Type XD-3A). 

The electrochemical cell consisted of a working elec- 
trode, a Pt  counterelectrode, and a saturated calomel elec- 
trode (SCE) through a Luggln capillary. The electrolytes 
were solutions having several KC1 concentrations and 
several pH's. The cell was purged with nitrogen gas to re- 
move oxygen from the system. 

Cyclic voltammetry was performed using a potentiostat 
(Kowa Electronics Works Company Limited, Japan, 
Model PGS-1525) combined with a function generator 
(Kowa Electronics Works Company Limited, Model 
FG-101) and the data were recorded on a Houston Model 
100 X-Y recorder. 

Chronopotentiometry was performed using a galvano- 
stat (Hokuto Denko Company Limited, Japan, Model 
HA-211). In the case of chronopotentiometry, the thin 
film of PB on Pt electrode was kept at +0.8 vs. SCE until 
the residual current reduced to less than 1 ~A, and then 
the control mode was switched over to galvanostat mode. 
The electrode potential as a function of time was regis- 
tered on a recorder (Nippon Denshi Kagaku Company 
Limited, Model U-228). 

Optical absorption spectra as a function of electrode po- 
tential were measured using a UV-visible spectrophotom- 
eter (Shimadzu Corporation, Model UV-240) equipped 
with a graphic printer (Shimadzu Corporation, Model 
PR-1). All experimental  work was carried out at room 
temperature. 

Method of Analysis 
PB contains Fe 3~ and Fe 2~ in different ligand fields in a 

solid matrix, as is shown in Fig. 1 (21, 22). One is carbon- 
coordinated iron (low spin), and the other is nitrogen- 
coordinated iron (high spin). Mossbauer spectra (23, 24) 
and the magnetic moment  (25) of PB suggest the presence 
of high spin Fe 3~, and the infrared spectra (26) of CN 
stretch frequency in PB agree with the ferric ferrocyanide 
formulation. Mossbauer spectra, however, cannot be posi- 
tively identified as either Fe ~ or Fe 3~ due to the anoma- 
lous isomer shift of iron cyanide (23), and the magnetic 
data do not determine the structure because they can be 
explained equally well by high spin Fe 2~ and low spin Fe 3~ 
(14). Thus, there still remains the question which of the 
two structures, Fe3~-NC-Fe 2~ or Fe~-NC-Fe 3~, is right (27). 

Whichever structure one takes for PB, Fe 3~ is reduced 
to Fe 2~ with no change in the surrounding ligand field. 
Therefore, we assume that the electrode potential of 
PB/ES system is determined by the logarithm of the ratio 
of two oxidation states existing in the same ligand field. 
Such an electrochemical reaction may be formulated 
using a general expression by 

Ox + ne -  ~- Red [4] 
(solid) (solid) 

a r ,o2A 

O F e  34 C)Fe 2§ �9 C O N 
Fig. 1. Idealized skeleton structure of Prussian blue. In Everitt's salt, 

Fe 3+ sites ore reduced to be Fe 2§ 

By applying the Nernst equation directly Eq. [4], the elec- 
trode-potential is represented as 

RT (OR) 
E = E ' 0 - - ~ l n  ~ [5] 

The condition of an electrochemical reaction in a layered 
matrix would be formulated as 

Co+ C , = C ~  [6] 

where Co and CR are the surface concentration of Ox and 
Red, respectively, in moles per square centimeter, and n 
is the number of electron participating in the electro- 
chemical reaction [4]. CT is the total surface concentration 
of species Ox and Red in moles per square centimeter. In 
fact, Co and CR correspond to the surface concentrations 
of Fe 3~ and Fe 2§ respectively, existing in the same ligand 
field in a solid matrix. 

Vol tammetry . -By solving Eq. [5] with respect to CR and 
putting the condition [6] into it, one may have a following 
expression on the j-E characteristics in vol tammetry 

~ e x p {  - ~ - ( E  - E'o)] 

= Q nF T [7] 
I1 + exp{ - ~ (E - E'o)}l 2 

where Q = nFCT, i.e., total charge. Equation [7] was first 
derived by Hubbard and Anson (28) for a redox reaction 
in a thin-layered liquid film. 

Chronopotentiometry.--Assuming Eq. [4]-[6] and setting 
the additional conditions for chronopotentiometry 

CR= 0, Co = C ~ a t t = 0  

CR=CT, Co = 0 a t t  = r  

and 

one may have the following expression by solving Eq. [5] 
under the conditions [6] and [8] 

RT ~ (t/r) 
E = E'0 - - ~  , n / ~ - - ~ - : . , .  / [9] 
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w h e r e  r is the  t r a n s i t i o n  t i m e  and  Jc is t he  con t ro l l ed  
cu r r en t .  

Spectroelectrochemical charac ter . - -The  b r o a d  opt ica l  
a b s o r p t i o n  b a n d  at ca. 700 n m  is cha rac t e r i s t i c  of  P B  (18, 
19). Then ,  if  one  a s s u m e s  t h a t  a b s o r b a n c e  at  ca. 700 n m  is 
d i rec t ly  p r o p o r t i o n a l  to t he  c o n c e n t r a t i o n  of  Fe  '~ ex i s t i ng  
in  a c e r t a i n  l igand  field in  a P B  mat r ix ,  as w o u l d  be  ex- 
p e c t e d  b y  B e e r ' s  law, one  m a y  def ine  the  m o l e  f r ac t ion  of 
Fe  2~, X(E), as a f u n c t i o n  of e l ec t rode  po t en t i a l  (18) as 

A~a~ - A(E) 
X ( E )  - [ l o ]  

Area x - Amin. 

a n d  t he  mo le  f r ac t ion  of  Fe  ~, 1 - X(E), as 

A(E) - Amen. 
1 - X(E) = Amax _ AmEn.- [11] 

w h e r e  Am~x is a m a x i m u m  a b s o r b a n c e  a n d  A ~ .  is a mini -  
m u m  a b s o r b a n c e  w h e n  a b s o r b a n c e  at  ca. 700 n m  is mea-  
s u r e d  as a f u n c t i o n  of  e l ec t rode  potent ia l .  

C o m b i n a t i o n  of  Eq. [5], [10], a n d  [11] gives  

E = E'0 - ~ In [12] 

By  u s i n g  Eq. [7], [9], a n d / o r  [12], one  can  d e t e r m i n e  E'0 
a n d  n in  Eq. [4] f r o m  v o l t a m m e t r i c ,  c h r o n o p o t e n t i o -  
met r ic ,  and /o r  s p e c t r o e l e c t r o c h e m i c a l  data.  

E x p e r i m e n t a l  Results 

Vol tammetry . - -Figure  2 shows  the  cycl ic  v o l t a m m o -  
g r a m s  o f  P B  film on  P t  e l ec t rode  at  severa l  sweep  ra tes  
in  1M KC1 solut ion.  In  r e c o r d i n g  v o l t a m m o g r a m s ,  t h e  ini- 
t ial  few cycles  were  d i s c a r d e d  (because  t he  e l ec t rode  was  
no t  wel l  b r o k e n  in  t h e  e lectrolyte) ,  a n d  t h e n  t he  a lmost -  
s t e a d y  cu r r en t -po t en t i a l  c u r v e s  were  recorded .  T he  prep-  
a r a t i on  m e t h o d  a n d  p r e t r e a t m e n t  of  e l ec t rodes  a d o p t e d  
he re  a lways  gave  t he  s ame  resu l t s  w i t h i n  a n  e x p e r i m e n t a l  
error ,  a n d  the  genera l  o b s e r v a t i o n s  on  v o l t a m m o g r a m s  
for  P B  r e d u c t i o n  a n d  ES  o x i d a t i o n  ag reed  wel l  w i t h  t hose  
of  p r e v i o u s  w o r k e r s  (17-20). 

The  v o l t a m m e t r i c  r e d u c t i o n  peaks  of P B  a n d  o x i d a t i o n  
p e a k s  of  ES at 200 m V  vs. SCE were  a l m o s t  s y m m e t r i c a l  

c ~  

' E  

. l  l I i �9 I I I 
0 0 . 5  

E / V vs .  S C E  
Fig. 2. Voltammegrams of a thin film of PB on Pt electrode in 1M KCI 

solution at room temperature. Sweep rates are 100 (a), 50 (b}, 30 (c), 
and 10 mV-s -1 (d). 

u p  to t he  sweep  rate  of 100 mV-s  -1 and  h a d  b r o a d  half-  
w i d t h  of  ca. 180 inV. The  c o u l o m b s  in  a n d  ou t  we re  al- 
m o s t  t he  s ame  for t he  r e d u c t i o n  of  P B  a n d  t he  ox ida t i on  
of  ES.  P e a k  c u r r e n t s  i n c r e a s e d  l inear ly  as a f u n c t i o n  of 
sweep  rate,  no t  t he  s q u a r e  roo t  of the  sweep  rate  b e t w e e n  
5 a n d  100 mV-s  -~, i n d i c a t i n g  t h a t  t h e r e  were  no  d i f fus ion  
p r o b l e m s .  

The  p e a k  po ten t i a l s  a n d  t he  m i d p o i n t s  of t h e m  were  
sh i f t ed  t o w a r d  anod ic  d i r ec t ion  w i t h  i n c r e a s i n g  KC1 con- 
cen t r a t ions ,  as a f u n c t i o n  of (RTIF)ln[aK§ s u g g e s t i n g  a 
p o t e n t i a l  r e s p o n s e  of  p o t a s s i u m  ion. No shift ,  howeve r ,  
was  o b s e r v e d  in  v a r y i n g  so lu t i on  p H  of  1M KC1. 

F i g u r e  3 shows  t he  c o m p a r i s o n  b e t w e e n  a n  o b s e r v e d  
v o l t a m m e t r i c  cu rve  a n d  t he  ca lcu la ted  c u r v e s  f rom Eq. [7] 
w i t h  n = 1 a n d  Q = 2.5 m C - c m  -2. The  o b s e r v e d  
v o l t a m m e t r i c  cu rve  was  m u c h  b r o a d e r  t h a n  t he  calcu- 
l a ted  curve.  E q u a t i o n  [7] r e q u i r e s  the  ha l f -w id th  of 90 m V  
for n = 1, 45 m V  for n = 2, 30 m V  for n = 3 a n d  so forth.  
On  t he  o the r  hand ,  o b s e r v e d  ha l f -wid ths  were  a b o u t  twice  
t he  90 m V  w h i c h  was  e x p e c t e d  va lue  f rom Eq. [7] w i t h  n 
= 1, a n d  so t he  n v a l u e  in  Eq.  [7] was  ca l cu la t ed  to be  
a b o u t  0.5. 

Chronopotent iometry . - - In  m e a s u r i n g  c h r o n o p o t e n t i o -  
g r a m s  for P B  reduc t ion ,  P B  on  P t  e l ec t rode  was  k e p t  at  
+0.8V vs. SCE un t i l  t h e  r e s idua l  c u r r e n t  r e d u c e d  b e l o w  a 
m i c r o a m p e r e ,  in  o rde r  to set  t h e  same  in i t ia l  c o n d i t i o n s  of 
r e s idua l  CR c o n c e n t r a t i o n s ,  a n d  t h e n  t he  con t ro l  m o d e  
was  s w i t c h e d  over  to  ga lvanos t a t i c  mode.  T r a n s i t i o n  t ime  

was  d e t e r m i n e d  as t he  d u r a t i o n  t ime  of p o t e n t i a l  d rop  
f rom +0.5 to - 0 . 2 V  vs. SCE. F igu r  e 4 s h o w s  t he  ]j] - T vs. ~1 
p lo t s  for P B  r e d u c t i o n  in  1M KC1 solut ion.  The  L?I �9 �9 is al- 
m o s t  i n d e p e n d e n t  of  Lll, i n d i c a t i n g  t h a t  t he  e l ec t rochemi -  
cal r e a c t i o n  t ook  p lace  t h r o u g h o u t  the  P B  mat r ix .  

F i g u r e  5 shows  a c o m p a r i s o n  b e t w e e n  a n  o b s e r v e d  
c h r o n o p o t e n t i o g r a m  for a P B  r e d u c t i o n  at  50 ~A-cm-2  (r 
= 169s) a n d  the  ca lcu la ted  c u r v e s  f rom Eq. [9] w i t h  n = 0.5 
a n d  E'0 = +0.175V vs. SCE. A l t h o u g h  t h e  ca l cu la t ed  va lue  
of E'0 f rom c h r o n o p o t e n t i o g r a m  was  ca. 25 m V  m o r e  neg- 
a t ive  t h a n  t h a t  f r om v o l t a m m o g r a m ,  t he  o b s e r v e d  ch rono-  
p o t e n t i o g r a m ,  as far as t h e  n v a l u e  was  c o n c e r n e d ,  ag reed  
wel l  w i t h  v o l t a m m o g r a m s  in  Fig. 2 a n d  3. 
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Fig. 3, Comparison between an observed voltammogram for a thin film 

of PB on Pt in KCI solution at a sweep rate of 10 mV-s-1 (solid curve) and 
the calculated voltammogram from Eq. [7] withn = 1,Q = 2.5 • 10 -3 
C-cm -2, and (dE/dt) = 0.01 V-s -1 (dotted curve). 
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Fig. 4. The IJl �9 ~vs. I/I plots for the chronopotentiograms of the reduc- 

tion of thin film of PB on Pt electrode in 1M KCI solution. 
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Fig. 5 Comparison between an observed chronopotentiogram (solid 
curve) for a thin film of PB in 1M KCI solution at 50 /~A-cm -2 and the 
calculated chronopotentiogram (dotted curve) from Eq. [9] with n = 0.5, 
Eo = + O. 175V vs. SCE, and ~- = 169s (experimentally obtained value). 

Optical absorption spectra.--Figure 6 shows the optical 
absorption spectra of PB, ES, and BG on In~O3-coated 
glass electrode. The spectra of PB, ES, and BG were ob- 
tained at +0.5, -0.2, and + 1.1V vs. SCE, respectively. The 
spectra observed agreed well with those of previous 
workers (18, 19). 

In determining X(E) from optical absorbance A(E) from 
Eq. [10], absorbance at 720 nm was measured potentio- 
statically point by point in the potential range between 
+0.5 and -0.2V vs. SCE. A~x and Am~,. were determined 
as the absorbance at +0.5 and -0.2V vs. SCE, respec- 
tively. Figure 7 shows the E vs. X(E) plots obtained from 
optical absorbances using Eq. [10] and [12]. The dotted 
curve in Fig. 7 shows the calculated curve from Eq. [12] 
with E'o = +0.175V vs. SCE and n = 0.5. The in situ op- 
tical data indicate that the observed electrode potential is 
thermodynamic potential. 

From these voltammetric, chronopotentiometric, and 
spectroelectrochemical data, the equilibrium potential of 
PB/ES system is represented as the empirical formula 

2RT [Fe ~] . RT 
E = E ( ) - T l n ~ + ~ l n ( a K + )  [13] 

where [Fe 2§ and [Fe 3+] denote the concentrations of Fe 2§ 
and Fe 3§ respectively, existing in the same ligand field in 
a solid matrix, and oK+ is the activity of K + ion in a 
solution. 
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Fig. 6. Absorption spectra in the visible region for PB at + 0 . 5 V  (a), BG 

at + 1 .1V (b), ES at - 0 . 2 V  vs. SCE (c), and In2Oa-coated glass only (d). 
The spectra were measured in KCI solution. 

Discussion 
PB/ES homogeneous-phase reaction=Ellis et al. (18) p ro -  

posed the following equation for the reduction of PB 

PB + K + + e - ~ E S  [14] 

and they used the Nernst equation directly to Eq. [14] in 
the form 

E = E O o + _ ~ _ l n ( a ( P B ) a ( K ~ )  
a(ES) ) [15] 

where a(PB) and a(ES) were the activities of PB and ES, 
respectively, a(K § is the activity of potassium ion in a so- 
lution, and E~ is the standard electrode potential in Eq. 
[14]. In order to explain their results, they applied the 
theory of strictly regular solution on estimating a(PB) and 
a(ES) in Eq. [15], and they discussed the validity of the 
treatments based on Eq. [14] and [15]. 

The forms of Eq. [14] and the following Eq. [15] are the 
same as those applied by Johnson and Vosburgh (1) and 
Newmann and Roda (2) for the MnOJMnOOH system, 
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Fig. 7. The E vs. X plots obtained from the absorbance at 720  nm using 
Eq. [ 1 O] and [ i 2] .  Absorbance was measured potentiostaticalty point by 
point. The dotted curve was calculated from Eq. [12]  withEo = + 0 .  i 7 5 V  
vs. SCE and n = 0.5. 
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and ,  c o n s e q u e n t l y ,  a ( P B )  a n d  a (ES)  m a y  b e  ca lcu la ted  b y  
t he  N e w m a n n  a n d  R o d a ' s  m e t h o d  (2). The  specif ic  
de f in i t ions  of P B  (s ta r t ing  mater ia l )  a n d  ES ( r e d u c t i o n  
produc t ) ,  however ,  s e e m  to b e  diff icul t  b e c a u s e  t he  dif- 
f e rence  b e t w e e n  P B  a n d  ES is the  c o n c e n t r a t i o n s  of  Fe  ~§ 
a n d  Fe  ~§ ex i s t i ng  in  t he  s ame  l igand  field a n d  K + concen-  
t r a t i on  in  a sol id mat r ix .  In  o the r  words ,  P B  is con t inu -  
ous ly  c o n v e r t e d  to ES,  i so s t ruc tu r a l  w i t h  PB,  by  increas-  
ing  Fe  s§ a n d  K + c o n c e n t r a t i o n  in  a solid m a t r i x  d u r i n g  t he  
r e d u c t i o n  process .  

Specif ic  d i f fe rences  b e t w e e n  t he  Fe~YFe ~§ r e d o x  reac- 
t ion  in  a sol id m a t r i x  a n d  in a so lu t ion  are  s u m m a r i z e d  in  
Tab le  I. The  d i f f e rences  b e t w e e n  t h e m  are (i) t h e  po ten-  
t ial  d e p e n d e n c e  w i t h  r e s p e c t  to ln([Fe~']/[Fe~+]) a n d  (it)  t h e  
p o t e n t i a l  r e s p o n s e  of  p o t a s s i u m  ion, i n d i c a t i n g  t h a t  t he  
r e d o x  r eac t i on  in a sol id m a t r i x  is no t  e x p l a i n e d  by  t h e  
ana logy  of  the  h o m o g e n e o u s  r e d o x  r eac t i on  in  a solut ion.  

I n  r e c e n t  years ,  A t l u n g  a n d  J a c o b s e n  (9) h a v e  p r o p o s e d  
a s ta t i s t ica l  m e c h a n i c a l  t r e a t m e n t  on  dea l ing  w i t h  a n  in- 
s e r t i on  e lec t rode .  We app l i ed  t h e i r  bas ic  c o n c e p t  to the  
ana lys i s  of  P B / E S  h o m o g e n e o u s - p h a s e  reac t ion .  I n s t e a d  
of  t h i n k i n g  a b o u t  a n  e l ec t rode  po t en t i a l  b a s e d  o n  the  
N e r n s t  e q u a t i o n  u s i n g  a c h e m i c a l  fo rmula ,  t h e  p h a s e  
s c h e m e  (7, 8) of  P B / E S  e l ec t rode  s y s t e m  in  c o n t a c t  w i t h  
a n  i ne r t  m e t a l  a n d  e lec t ro ly te  was  cons idered ,  as is illus- 
t r a t e d  in  Fig. 8a, in  w h i c h  R § t r a n s f e r  r eac t i on  is act ive.  

P B  h a s  a n  e lec t ron ic  c o n d u c t i o n  w h i c h  is a s s u m e d  to 
p r o c e e d  by  a h o p p i n g  m e c h a n i s m ,  a n d  it has  a n  o p e n  
s t r u c t u r e  to a c c o m m o d a t e  la rge  m e t a l  ca t ions  a n d  w a t e r  
m o l e c u l e s  (15). The  e q u i l i b r i u m  of  e l ec t rons  a t  t h e  p h a s e  
b o u n d a r y  metaYPB,  i.e., e - ( m e t a l )  ~ e -  (PB), sha l l  be  es- 
t ab l i shed .  Also, the  e q u i l i b r i u m  of  m o n o v a l e n t  ion  R § at  
the  p h a s e  b o u n d a r y  PB/e lec t ro ly te ,  i.e., R+(PB) ~ R § 
(electrolyte) ,  shal l  b e  e s t a b l i s h e d  in  s u c h  a sys tem.  

B y  a p p l y i n g  G u g g e n h e i m ' s  a s s u m p t i o n  to a n  e lectro-  
c h e m i c a l  po t en t i a l  (29), one  m a y  wr i te  t h e  e q u i l i b r i u m  
c o n d i t i o n s  in  t e r m s  of  e l e c t r o c h e m i c a l  po t en t i a l s  for  e a c h  
spec ies  b e t w e e n  p h a s e s  

~e metal = ~e PB [16] 

~PS = ~R~" [17] 

w h e r e  

Ve PB = ~e pB -- F~  Ps [18] 

VR PB = ~tR PB -~" F ~  PB [19] 

V,  E~ = t~R ~ + F~b e~ [20] 

By  a r r a n g i n g  the  e q u a t i o n s  a n d  c o n v e r t i n g  t he  po ten-  
t ial  scale,  one  m a y  h a v e  t he  fo l lowing  e x p r e s s i o n  for  t he  

Phase ! Phase 2 

Fe(ll) 
R § 

e -  ~ Fe:3+, 2 + 

Imert / PB/ES 
conductorl sol id, phase 

Phase :5 Phase ! 

~R + 

Electrolyte 

Phase 2 

0 2 -  

Phase :5 

OH- e-= : Mn 4+'3+ 

tnert Mn02/MnOOH 
conductor solid phase Electrolyte 

(n) (b) 

Fig. 8. Phase scheme a: PB/ES homogeneous-phase system in contact 
with an inert conductor and electrolyte. I~ (monovalent ion) transfer re- 
action is active. Fe(ll) is inactive for PB/ES reaction, b: MnOJMnOOH 
homogeneous-phase system in contact with on inert conductor and elec- 
trolyte. Proton transfer reaction is active. 

e l ec t rode  po t en t i a l  

[LR E1 (~{.~e PB -~- I(LR PB) 
E = - - ~  - F '  [21] 

in  w h i c h / ~ E I  d e n o t e s  t he  c h e m i c a l  po t en t i a l  of  R § ion  in  
an  e lect rolyte ,  a n d  tLe PB a n d  tLR es d e n o t e  the  c h e m i c a l  po- 
t en t i a l s  of  e l ec t ron  a n d  R ~ ion, respect ive ly ,  in  a P B  solid 
mat r ix .  The  c h e m i c a l  p o t e n t i a l  o f  R + ion  in a n  e lect rolyte ,  
~R ~', c a n  be  r e p r e s e n t e d  in t e r m s  of the  s t a n d a r d  c h e m i c a l  
po ten t i a l ,  ~ e , ,  a n d  t he  ac t iv i ty  of R ~ ion  in  a n  e lectro-  
lyte,  aR, as  

t~RE, = / ~ E ,  + R T  in  (aR) [22] 

On t he  o the r  h a n d ,  t~ "B a n d  tLR PB are  def ined  as 

No - ~ ~ =  ~ [23] 

w h e r e  No is A v o g a d r o ' s  n u m b e r .  
W h e n  P B  is r e d u c e d  e lec t rochemica l ly ,  Fe  3~ ex i s t i ng  in  

a c e r t a i n  l igand  field in  a m a t r i x  is r e d u c e d  to Fe  2~ in  t he  
s a m e  l igand  field a n d  R § ion  is i n s e r t e d  in to  a m a t r i x  in  
o rde r  to c o m p e n s a t e  the  a d d i t i o n a l  charge.  E l ec t rons  a n d  
R ~ ions  s e e m  to m o v e  i n d e p e n d e n t l y  t h r o u g h  d i f fe ren t  
s i tes  in  t he  mat r ix .  In  s u c h  a case,  one  m a y  f o r m u l a t e  ~e PB 
and ~R pB as 

]2,e PB 

No 
and 

~R PB 

No 

- ~ = ~ = - k T \  One / [24] 

Table I. Specific differences between the electrochemical behavior of Prussian blue/Everitt's salt redox reaction and Fe(CN)63-/Fe(CN)~ 4- redox 
reaction in a solution 

Redox reaction Fe(CN)~3-/Fe(CN)64- Prussian blue/Everitt's salt 

Redox reaction of Redox reaction in 
System soluble species thin film of solid 

Voltammetry 
Shape Not symmehical about 

peak position ~ 
Midpoint of anodic +210 mV vs. SCE 

and cathodic 
peak b 

pH response Yes ~ 
pK response No 

Chronopotentiometry d 
E0 +215 mV vs. SCE 
n 1.0 

Symmetrical about peak position 

+200 m V v s .  SCE 

N o  
Yes 

+175 mV vs. SCE 
0.5 

If thin liquid film was used, voltammetric peaks symmetrical about the peak position would be obtained. 
*' Measured in 1M KC1 solution. 

Due to the protonation of Fe(CN)~ *-. 
E~ and n were determined from the equation 

RT 1 - (t/r) L~ 
E = E,, + -- in - -  

nF (tl~) '~-' 

for the reduction of 0.02M Fe(CN)~ :~- in 1M KC1, and from Eq. [6] for the reduction of PB. 
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where Z~ and Z~ are the partition functions with respect 
to electrons and R § ions, respectively, and p h V = 0 is as- 
sumed. Combination of Eq. [21], [22], [24], and [25] gives a 
general expression on the electrode potential for the reac- 
tion, if the partition function Z~ and ZR are known from 
electronic structure, crystal structure, interaction be- 
tween charged species, and so forth. 

If the work to put electrons into Fe z+ in a matrix is the 
same for all subsequent  steps, which corresponds to a 
redox reaction between the well-defined oxidation states 
of ions, the partition function of electrons for such a case 
would be represented as (30, 31) 

n~ exp  ( ne~~ 
Z~ (T, V, n~) = n~!(n0 ~ _ n~)! - --~-~/ [26] 

where n0% n~, and (n0 e - n~) are the number  of available 
sites, the number  of occupied sites (Fe ~+ in this case), and 
the number  of unoccupied sites (Fe 3§ in this case), respec- 
tively, while e0 is an energy. 

Putt ing Eq. [26] into Eq: [24], one may have the follow- 
ing expression after applying the Stirling's approxi- 
mation 

~ vB = t z ~ w  + R T  in n~ [27] 
(n0 e - he) 

where /~eB is the standard chemical potential of elec- 
tron in PB/ES system. 

The same treatment could be made with respect to R § 
ion in a matix 

na [28] 
tz vB = ~ r  + R T l n  (n0a _ nR) 

where no R, nR, and (no R - nR) are the number  of available 
sites, the number  of occupied sites, and the number  of 
unoccupied sites, respectively, with respect to R + ion in a 
matrix. 

For PB/ES system, the number  of available sites for 
electrons and R + ions would be the same (21), i .e,  no ~ = no R 
= no, and then the combination of Eq. [21], [22], [27], and 
[28] gives 

E = Eo + ln(aa) - ~ in (no - n~) 

R T  n~ 
- -  I n  - -  [ 2 9 ]  

F 

where 

(no - nR) 

~ E ,  (~0P~ + ~P~)  
E0 = F F [ 3 0 ]  

According to Eq. [29], the 59 mV dependence at 25~ 
with respect to log (aR) and -59 mV potential depen- 
dences in terms of log (nil[no - n~]) and log (na/[no - nR]) 
would be expected, and then the standard electrode po- 
tential of PB/ES system, E0, would be obtained putt ing aR 
= 1, ne = n0/2, and nR = n J 2 .  

The condition of electroneutrality requires n~ = n~, then 
Eq. [29] becomes 

2 R T  X R T  
E = E~ - ~ In (1 _-----S~ + ~ In (aR) [31] 

or  
2 R T  , [Fe ~§ _~_ 

E = E0 - ~ m ~  + _ _  In (aR) 

where X = nJno ,  i.e., the mole fraction of Fe 2+. 
Equation [31] is the same as the empirical formula [13]. 

Thus, we have concluded that the observed potential de- 
pendence - 2 R T / F  with respect to in ([Fe~+]/[Fe3§ can be 
derived from the effect of R § ion (K § ion, in the present 
case) in a solid matrix on the electrode potential. In other 
words, the effect is associated with entropy due to the dis- 
tr ibution of R § ion in a solid matrix. 

M n O J M n O O H  h o m o g e n e o u s - p h a s e  r e a c t i o n  (Mn4+/Mn 3+ 
r e d o x  r e a c t i o n  i n  a so l i d  m a t r i x ) . - - B o d e  e t  a l .  (32) first 
studied the chemical reduction of MnO2S, and they found 
the reduction in homogeneous phase is typical of gamma- 

MnO2 down to MnO,..~. Although the term "gamma" is not 
specific (33), there is a general agreement that both 
chemical and electrochemical reduction of gamma 
modification proceed in homogeneous phase (1-4, 10-13, 
32, 34-36). 

In recent years, Swinkels et  al .  (12) proposed that three 
or more overlapping discharge processes, each of which 
is of the simple one-electron type but with different E0's, 
must  be considered for an explanation of the larger 
prelogarithmic factor in the Nernst equation, about twice 
the -59 mV expected for one-electron transfer. More re- 
cent/y, Ruetschi (38) reported the cation-vacancy model 
for MnO2 and formulated the electrode potential of MnO~ 
based on his model. We, however, prefer to extend the ho- 
mogeneous phase theory (3, 4) from the analogy of the 
PB/ES system. 

A schematic phase scheme for the MnOJMnOOH ho- 
mogeneous phase is given in Fig. 8b. For the reduction of 
MnO~, Mn 4+ is reduced to Mn 3§ in a homogeneous solid 
phase by the arrival of electron together with the forma- 
tion of new hydroxyl group with proton from a solution, 
which was confirmed by XRD and IR studies on MnOJ 
MnOOH systems (37). In this case, proton transfer at the 
interface is active. 

By comparing the two homogeneous-phase reactions, 
we may discuss the electrode potential of MnO~/MnOOH 
homogeneous phase. In the reduction process of PB, elec- 
trons and R § ions are introduced into the matrix of PB. 
The concentrations of Fe 2~ ions and R ~ ions in the lattice 
increase gradually, and, finally, PB is converted to ES, 
isostructural with PB. In such a case, we can formulate 
the electrode potential of PB/ES homogeneous phase as 
Eq. [31], in which the potential dependence with resl~ect 
to log ([Fe2+]/[Fe3+]) appeared as -2.303 • 2 R T / F  (i.e., -118 
mV at 25~ due to the effect of R § ion in a solid matrix as 
was discussed in the previous section. 

It should be recalled here that there are two types of 
iron sites in PB matrix. One is carbon-coordinated iron 
(low spin), and the other is nitrogen-coordinated iron 
(high spin). Because of this, the FeZ~/Fe ~§ redox reaction in 
the solid matrix takes at two different electrode poten- 
tials, i .e, PB/ES reaction at ca .  +0.2V vs .  SCE and PB/BG 
at ca .  +0.9V in 1M KC1 solution. Thus, the redox poten- 
tials appear with a large voltage separation due to the ef- 
fect of ligand field. For the MnOJMnOOH homogeneous 
system, such a voltage separation may not occur because 
all manganese ions exist in the same ligand field 
(oxygen-coordinated manganese). During the reduction of 
MnO2, the concentrations of Mn 3~ ions and OH- ions in a 
solid matrix increase gradually, and, finally, MnOz is con- 
verted to MnOOH, isostructural with original MnO2 (37). 
In the MnOJMnOOH homogeneous phase, electrons 
move freely along Mn 4~,~§ sites in the lattice and also pro- 
ton jump one O ~- site to another. Such a situation is very 
similar to that of PB/ES system. Thus, the previous treat- 
ments for the PB/ES system can be made for the MnO2/ 
MnOOH system. 

Kozawa and Powers (3, 4) formulated the electrode po- 
tential of MnO2/MnOOH homogeneous phase as Eq. [3] 
from the analogy of a redox reaction in a solution. They 
referred to Fe3+/Fe 2§ redox reaction in an acid solution as a 
model for MnOjMnOOH homogeneous~phase reaction in 
order to interpret their homogeneous phase theory. The 
electrochemical character of Fe3§ 2+ redox reaction in 
homogeneous solution phase, however, is different from 
that in homogeneous solid phase as examined here. 

The specific effect of solution pH on the potential re- 
sponse would be due to the proton transfer in the 
MnO2/MnOOH homogeneous solid phase, which may be 
deduced from Vetter's general theories (7, 8). The inserted 
protons also affect the electrode potential because of the 
formation of hydroxyl group (enthalpy factor) and their 
distribution in a solid matrix (entropy factor) in addition 
to Mn4~/Mn z* redox reaction. The above description would 
be the core meaning of proton-electron mechanism (3, 4). 

It is therefore reasonable to deduce that the electrode 
potential of the MnO.dMnOOH homogeneous-phase sys- 
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tem is expressed as 

2RT . [Mn ~+] _~_  
E = E0 - - - F - -  in ~ + _ _  In (a~+) [32] 

by taking into account for the effect of proton (OH- ion, 
in fact) in a solid matr ix on the electrode potential.  Then, 
if the electrode potentials of MnO.dMnOOH system were 
measured as a function of log ([Mn3§ at constant  
pH and if the condit ions were well fit to the condit ions 
required by the previous treatments,  -118 mV of poten- 
tial dependence  would be observed in this case. Some de- 
viations from Eq. [32], however, may be observed in ex- 
perimental  curves, especially in lat ter  half of the 
discharge curves, part ly because of the secondary 
modification of discharge product  and partly because of 
the change of l igand field around manganese ion due to 
the coordination of OH-  ion, which is not the case for the 
PB/ES system. Tye (10, 13) suggested that the discharge 
of MnO2 involved two regions (one between MnO~.0 and 
MnOI.75 and the other between MnO1.7~ and MnO1.5), assum- 
ing the intermediate  compound MnO ... .  like a PB (50% 
Fe 2§ 50% Fe 3. material) between ES (100% Fe 2§ material) 
and BG (100% Fe 3§ material). This may be true, but  the 
specific intermediate compound of MnO1.75 has not  been 
observed yet  (37). 

A possible refinement of Eq. [32] as to how the parti- 
t ion function in Eq. [26] can be modified in considering 
the addit ional factors, especially the change of l igand 
field around manganese ion due to the coordination of 
OH-  ion combined with crystal structure and the elec- 
tronic structure of the MnO2/MnOOH system, will be dis- 
cussed in future papers together  with the exper imental  
and analytical results of MnO~. 
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Optimum Additive Distribution for Quick Activation of Sintered 
Nickel Composite Electrodes 

W. Lee* 

Naval Surface Weapons Center, White Oak Laboratory, Materials Division, Silver Spring, MaryLand 20903-5000 

ABSTRACT 

The effectiveness of postimpregnation additive addition for quick activation of nickel electrodes of an alkaline cell 
was clearly demonstrated by nickel composite electrodes which have a sintered body of nickel-coated graphite fibers as 
the plaque. This treatment during which the Co(OH)2 additive is added to impregnated composite electrodes achieves 
full utilization of Ni(OH)2 active material in the electrodes within five charge-discharge cycles after a brief formation. A 
model  of the additive distribution in the active material is proposed to rationalize the sensitiveness of initial utilization 
to the manner of additive addition to the composite electrodes. 

As an at tempt to reduce weight and material cost of 
nickel positive electrodes of an alkaline cell, nickel com- 
posite electrodes have been under development in our 
laboratory for the last several years (1). The electrodes 
have a sintered body of nickel-coated graphite fiber as 
the plaque. Results of charge-discharge cycling tests on 
these electrodes showed that they can last as long as, or in 
some cases even longer than, powder~sintered electrodes 
and have a storage density (over 175 A �9 h/kg of electrode) 
over 50% higher than the powder sinter. Despite these 
successes, the composite electrode suffered one major 
drawback, i.e., an incomplete or very slow rise in utiliza- 
tion of the Ni(OH)~ active material with cycling (2). Typi- 
cally, it took 40-60 cycles to utilize over 90% of the active 
material containing Co(OH)2 as an additive. This behavior 
was not exhibited by powder-sintered electrodes fabri- 
cated under the same impregnating conditions as that 
used for the composite electrodes. 

The lower utilization of the composite electrode partly 
can be explained by the potential drop across the active 
material occurring in large pores (peak value of pore di- 
ameter, 55 tLm, about five times larger than that of pow- 
der sinter) (1). However, this utilization loss which was 
found to be approximately 10% of the maximum utiliza- 
ble charge is an inherent characteristic of the composite 
electrode and is not the main issue to be addressed in this 
report. The main cause of the sluggish utilization was sus- 
pected to be an inefficient use of the additive because a 
homogeneous distribution of the additive throughout the 
active material is difficult to achieve with the increased 
pore size. The adverse effect of mal-distributed additives 
(for instance, in the form of isolated patches) on the utili- 
zation of the active material becomes more severe with 
the increase of the pore size. The importance of the man- 
ner of additive addition for the activation of nickel elec- 
trodes was reported previously (3-4). Our efforts to un- 
ravel the relationship between the activity of the additive 
and its distribution in the sir~tered composite electrode 
are described in this report. A model of additive distribu- 
tion is proposed based on the cycling test results to ra- 
tionalize different patterns of the increase in utilization at 
the initial phase of charge-discharge cycles. 

Experimental 
Only a brief summary is given here for the procedures 

which were previously reported in detail (1). 

Fabrication of sintered nickel composite plaque.-- 
Graphite fibers ("Thornel" pitch mat) were coated with 
nickel electr'olessly and sintered, under compression, in 
dry H2 atmosphere at 800~ Sintered plaque prepared in 
two different thicknesses, 0.75 and 2.5 ram, were cut into 
smaller pieces with dimensions of 2.3 • 4.5 cm for im- 
pregnation and cycling tests. Porosity of plaques ranged 
between 80 and 85%. 

Impregnation .--Basically, two different types of 
impregnating methods were employed depending upon 
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how the Ni(OH)2 active material is prepared. According to 
the first type (electrochemical or chemical impregna- 
tion), the active material is deposited inside the plaque by 
precipitation. The second type (suspension impregnation) 
(5) is a direct loading method, by which externally pre- 
pared active material is forced into the porous structure 
of the plaque. 

The electrochemical impregnat ing  method employed 
was basically that of Pickett  (6). In some cases of impreg- 
nation, a constant potential was applied between cathode 
and anode instead of a constant current across the elec- 
trodes to avoid heavy surface deposit. Chemical impreg- 
nation was performed according to the procedure (polari- 
zation method) described in Ref. (7). 

The large open-pore structure of the composite plaque 
makes it possible for the plaque to accept fine Ni(OH)2 
particles suspended in a medium such as ethylene glycol. 
The loading efficiency of this method depends on the 
particle size and viscosity of the resulting fluid. Commer- 
cial battery-grade Ni(OH)_, was ground to a particle diam- 
eter under 20 tLm and mixed with an equal weight of eth- 
ylene glycol. Gentle rubbing of this fresh made mixture 
into the plaque and removal of the ethylene glycol by 
evaporation were repeated several times until a desired 
loading level was achieved. Typical loading levels ranged 
from 0.9 to 1.1 g/cm ~ of electrode volume. 

Co(OH)., addition.--Co(OH)2 additive was incorporated 
into the Ni(OH)~ active material by coprecipitation, 
mixing or postimpregnation surface treatment. During 
electrochemical or chemical impregnation Co(OH)2 was 
coprecipitated with the Ni(OH)~ from the impregnating 
solution. The active material used for suspension impreg- 
nation was prepared by mixing commercial battery-grade 
Ni(OH)2 (which already contains 2 weight percent [w/o] of 
cobalt metal powder) uniformly with 5 w/o of reagent- 
grade Co(OH)~. This mixed material was suspended in 
ethylene glycol and the resulting fluid was forced into 
the open structure of the composite plaque. 

Postimpregnation additive addition was made by cath- 
odically depositing a thin layer of Co(OH)2 on the surface 
of the active material in the composite body (either pure 
cobalt or pure nickel electrode was used as the anode). Ei- 
ther 1.8M Co(NO3)2 or 0.5M cobalt acetate solution in a 1:1 
mixture of water and ethanol was used as the impreg- 
nating bath with the temperature maintained at 50~ dur- 
ing impregnation. Depending upon the desired thickness 
of the Co(OH)~ film, the impregnation time was adjusted 
from 10s to 2 min with 50 mA/cm ~ current density. 

The Co(OH).2 film can also be formed chemically by 
soaking the impregnated electrode in the cobalt com- 
pound solution followed by alkaline agent treatment after 
the solution is drained off. 

Cycling test.--Test cells were fabricated using a single 
nickel composite electrode sandwiched between two 
commercial  cadmium electrodes to produce a positive 
limiting condition. No additive was added to 31% KOH 
electrolyte. One complete cycle in the continuous cycling 
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tests included charging at the C rate for 80 rain, 10 min 
rest, followed by discharge at C/2 rate to 1.0V cutoff. The- 
oretical total charge capacity of the nickel electrode was 
determined by the weight gain after impregnation. 

Results and Discussion 
Definition of percent utilization.--The percent utiliza- 

tion of the charged active material during a discharge cy- 
cle is defined as the ratio of the utilizable charge at that 
cycle to the total charge. Since the valence change of 
nickel ions during charge-discharge cycles can be greater 
than one, the possible maximum utilization can exceed 
100%. The maximum utilization (or full utilization) of 
composite electrodes was found to be slightly above 
100%. 

Utilization of the active material in electrochemically 
impregnated electrodes.--The first series of the nickel 
composite electrodes in this study were impregnated by 
the electrochemical method. Co(OH)z additive was incor- 
porated into Ni(OH)z active material by coprecipitation. 
Test cells using these nickel electrodes showed a wide 
variation in utilization during the first 50 cycles. Since 
the total charge of Cd electrodes far exceeds that of the 
nickel electrode, the utilization during the initial cycles 
should reflect the characteristics of the nickel electrode. 
According to the shape of the utilization-rise curve (per- 
cent utilization vs. charge-discharge cycles), the elec- 
trodes can be classified into three different groups as 
shown in Fig. 1. Type 1 electrodes exhibit  an ideal 
behavior---quick rise to full utilization and no decrease in 
utilization with additional cycles. Type 2 electrodes show 
low utilization and never achieve full utilization even 
after more than 100 cycles. Type 3 electrodes show a slow, 
almost linear, rise to a near full utilization requiring from 
50 to 100 cycles. In this scheme, the electrodes with a 
heavy surface deposit of the active material are not 
considered. 

The variance in utilization of the charged active mate- 
rial during discharge was surmised to be attributed to the 
difficulty in achieving a homogeneous additive distribu- 
tion throughout the active material during electrochemi- 
cal impregnation. The pore structure of the composite 
electrodes is characterized by large pore size, a wide dis- 
tribution of pore diameters, and an irregular pore shape. 
These factors make it difficult to achieve a uniform cur- 
rent distribution inside the composite body. In addition 
to probable nonuniform current distribution, the differ- 
ence in solubility product between Ni(OH)z and Co(OH)z 
can result in a precipitation of Co(OH)z in isolated patches 
in the active material. Therefore, different approaches to 
loading the active material were undertaken to change 
the condition of additive addition and to ensure more ho- 
mogeneity in additive distribution. 

FULL 
UTILIZATION 

Z 
O 
I.- < 
N 
...J 
I-- :3 

f TYPE 1 . J  

F2> 
f TYPE 3 

NUMBER OF CHARGE-DISCHARGE CYCLES 
Fig. 1. Classification of the pattern of the rise in utilization exhibited 

in the nickel composite electrodes. 

Utilization of the active material in chemically impreg- 
nated electrodes.--The electrodes impregnated by the 
chemical method inclined to exhibit  type 3 behavior (Fig. 
1). The chemical method may achieve a different Co(OH)= 
distribution throughout the Ni(OH)2 active material from 
that of the electrochemical method because of the ready 
availability of OH-  ions inside the composite body. 

Utilization of the active material in electrodes impreg- 
nated by suspension method.--With the suspension 
method, which allows premixing of Ni(OH)., with Co(OH)2 
before insertion into the composite structure, a homoge- 
neous distribution of the additive---at least on the macro- 
scopic scale---is virtually ensured. However, the initial 
shape of the utilization-rise curve of the electrodes pre- 
pared by this method consistently showed type 3 
behavior. 

Attempts to achieve type 1 behavior by reducing 
Ni(OH)2 active material particle size did not prove fruitful 
(8). There is a small improvement  in the initial utilization 
with the reduction of the particle size. However, when 
particle size reaches 10 k~m, the utilization decreases 
again. This is probably due to the difficulty associated 
with electrolyte penetration into the fine particles of 
Ni(OH)=, active material. 

These results show clearly that the initial utilization de- 
pends on other factors. However, although no drastic im- 
provement  was made in the rate of the utilization rise, the 
behavior of the electrodes impregnated by the suspension 
method convincingly indicates that a macroscopic homo- 
geneous distribution of additive at least ensures the even- 
tual full utilization. 

Surface film of additive on active material.--When a 
nickel electrode showing a poor utilization was removed 
from the test cell and treated electrochemically in 7% co- 
balt solution, the percent utilization increased sharply, as 
shown in Fig. 2. Since all the nickel electrodes were im- 
pregnated either from the bath containing cobalt com- 
pound or with Ni(OH)z mixed with Co(OH)z, this treat- 
ment  can be seen as a kind of double treatment with 
cobalt. The difference in the rate of utilization rise be- 
tween the treated and the nontreated electrode (impreg- 
nated by electrochemical method) is clearly seen in 
Tables I and II and Fig. 3a. It is notable that the 0.75 mm 
thick composite electrode prepared by electrochemical 
impregnation followed by the surface treatment reaches 
96% utilization in the second cycle. Since the nickel elec- 
trodes after the treatment underwent  a very brief forma- 
tion cycle (less than 10 min), the quickness in reaching 
full utilization is remarkable. The poor performance 
shown by the electrode without the surface treatment 
clearly indicates that the Co(OH)z precipitant in that elec- 
trode must exist at inefficiently utilizable locations in- 
side Ni(OH)2 active material. The electrodes fabricated by 
suspension impregnation followed by the surface treat- 
ment  also demonstrate a large improvement  in the utiliza- 
tion as shown in Fig. 3b. However, the improvement  is 
not as pronounced as it was in the case of the 
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Fig. 2. Sudden increase in utilization of the active material 
electrochemically impregnated in the composite plaque (0.75 mm thick) 
after the surface treatment. 
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Table I. Utilization of the active material electrochemically 
impregnated in the composite plaque. Electrode is surface 

treated with cobalt solution after the impregnation 

Utilization (%) 
Cycle no. 0.75V cutoff 1.0V cutoff 

1 85 85 
2 96 96 
3 98 98 
4 98 98 
5 99 98 
6 100 99 

Table II. Utilization of the active material electrochemically 
impregnated in the composite plaque. Electrode is not 

surface treated after the "impregnation 

Utilization (%) 
Cycle no. 0.75V cutoff 1.0V cutoff 

1 56 56 
2 65 65 
3 68 68 
4 70 70 
5 72 72 
6 72 72 

electrochemically loaded electrode. This may indicate 
that the morphology or the crystal phase of the active 
material--and thus the effect of the surface t reatment-- is  
sensitive to the method of impregnation. 

The effect of the surface treatment on a thick plate (2.5 
mm thick) is shown in Fig. 4. Although there is a marked 
increase, the increase in utilization is not as steep as for 
the thinner plate (0.75 mm thick). This may also suggest 
either that the cobalt solution has not penetrated com- 
pletely into Ni(OH)2 active material or that there may be 
an inherent difficulty with KOH electrolyte infiltration 
into the thick plate. 

Electrodes under discussion up to this point have been 
impregnated with solutions or mixtures containing a 
nominal 7% of cobalt compound. To determine whether 
bulk addition of Co(OH)~ additive to Ni(OH)2 active mate- 
rial is necessary for improvement  in utilization, some 
electrodes were impregnated electrochemically in a solu- 
tion containing only nickel nitrate and subsequently 
treated (electrochemical deposition) in cobalt nitrate solu- 
tion after the impregnation. The results of cycling tests 
for these electrodes are presented in Fig. 5. The results in- 
dicate that the utilization behavior of these electrodes, 
using the Co surface treatment alone, is comparable to 
those of the previous electrodes impregnated by electro- 
chemical coprecipitation of Ni(OH)2 and Co(OH)2 followed 
by the surface treatment. There was some improvement  
between 10 and 20s t reatment  time, however, 120s treat- 
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Fig. 3. Effect of the surface treatment on the initial utilization of the 
composite electrode (0.75 m m  thick) impregnated by electrochemical 
method (a) and suspension method (b). 
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Fig. 4. Effect of the surface treatment on the 2.5 mm thick composite 
electrode impregnated by electrochemical method. 

ment  did not provide any further improvement.  With less 
than 20s treatment, Co(OH)2 normally comprised less than 
3% of the Ni(OH)2 active material on a weight basis. This 
demonstrates that the amount  of the additive can be re- 
duced substantially (from 7 to 3 w/o) by the surface 
treatment. 

Utilization vs. additive distribution in active 
mater ial . - -These  results have led to the development  of a 
model to correlate the physical and chemical distribution 
of active material with the utilization-rise curve. Each 
type shown in Fig. 1 is represented by a corresponding 
schematic distribution of both Ni(OH).~ and Co(OH)2 
particles inside the composite electrode (Fig. 6). 

The case of an inhomogeneous additive distribution is 
pictured as type 2. Co(OH)~ is deposited more heavily in 
some local sites or forms an isolated patch. This kind of 
distribution certainly achieves only partial benefit of the 
additive. This mal-distribution may arise during electro- 
chemical impregnation from nonuniform current distri- 
bution in the porous body and the difference in solubility 
product between the two hydroxides. Co(OH)2, because of 
its low solubility product, tends to precipitate faster than 
Ni(OH)2, provided that the local concentration of Co ~* ion 
in the precipitation region does not drop markedly. 
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Fig. 5. Effect of the duration of the surface treatment in cobalt nitrate 
solution on the utilization of the composite electrode (0.75 mm thick). 
Before the treatment, the active material in the electrode is 
electrochemically impregnated in a bath that does not contain cobalt 
nitrate. 
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Fig. 6. Model of active material distribution in the composite electrode. 
Each model represents the corresponding type shown in Fig. 1. CC de- 
notes current collector. 

Co(OH)~ in a form of isolated patch or buried deep inside 
Ni(OH)z active material plays a diminished role to activate 
the active material. The utilization varies from electrode 
to electrode, depending on the distribution of C0(OH)s, 
but full utilization is seldom attained. 

Type 3 shows the case in which a macroscopic homoge- 
neity of additive is achieved, but, on a small scale, the ad- 
ditive still exists as a lump or is buried within the bulk of 
Ni(OH).,. These electrodes show a rather slow increase in 
utilization, but approach full utilization only after 50 or 
more cycles. Unlike the situation in type 2, Co(OH)~ in 
this case can eventually play its role to enhance the activ- 
ity of Ni(OH)2 as the active material is rearranged during 
charge-discharge cycles. The physical rearrangement of 
the active material in the composite is confirmed by 
SEM photographs taken before and after the cycling (1). 
However, the driving force behind the additive rearrange- 
ment, if any, is not understood yet. Electrodes prepared 
by suspension method or chemical impregnation usually 
show this type of behavior. 

The morphology of active material in an electrode of 
ideal behavior (type 1 of Fig. 1) is depicted by type 1 (Fig. 
6). In this electrode, the additive is not only uniformly dis- 
tributed on a macroscopic scale, but also covers thor- 
oughly the regions of Ni(OH)~ active material, reachable 
by electrolyte ions, with its thin film. The additive on the 
surface of Ni(OH)2 active material can activate it more ef- 
fectively than when buried under  the material. The fact 
that the influence of an additive in Ni(OH)2 is a surface 
effect was also demonstrated by Weininger (3) in his ex- 
periment using film electrodes. Another advantage of the 
surface treatment by additives in activating nickel elec- 
trodes was shown by Winkler (4) in that the additive be- 
tween Ni(OH)._, particles can help maintain the primary 
structure of Ni(OH)2. However, the quick rise of utiliza- 
tion by this type of treatment strongly suggests an 
electrocatalytic role of additives at the initial phase of cy- 
cling in the charge-discharge reaction on the electrode 
surface. 

In the case of powder-sintered electrodes, the distinc- 
tion between type 1 and type 2 may be blurred because of 
their much smaller pore size. The exact location of 

Co(OH)2 is not as critical in determining their utilization 
as in the case of the composite body. Because of the large 
open pore structure of the composite plaques, the phys- 
ical and chemical distribution of the active material in the 
plaques is far more sensitive to the impregnating condi- 
tions. Thus, depending on the conditions, the composite 
electrodes can exhibit any of the three different types of 
the behavior classified above. 

Each type described thus far represents an extreme 
case. In many cases, the composite electrode could be 
better represented by a combination of these. The 
classification made above offers helpful guidance in un- 
derstanding one aspect of the complicated behavior of the 
nickel composite electrode. 

Conclusion 
The manner  of adding Co(OH)~ additive was found to 

be critically important for quick rise in utilization of 
Ni(OH)~ active material in the sintered nickel composite 
body. By a proper surface treatment on the active mate- 
rial with the additive, the composite electrode can be acti- 
vated to full utilization of its charge capacity in just  a few 
charge-discharge cycles. 

This phenomenon reflects the unique pore structure of 
the sintered composite body and is not observed in the 
powder-sintered body. It is proposed that the manner  of 
adding the additive sensitively determines the pattern of 
its distribution throughout the active material in the com- 
posite body and, accordingly, dictates the utilization be- 
havior of the composite electrodes. 
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Some Chemical and Electrochemical Reactions of 
2-Methyltetrahydrofuran with Lithium 

J. B. Kerr 1 

Union Carbide Corporation, Battery Products Division, Westlake, Ohio 44145 

ABSTRACT 

Gas chromatographic analyses of LiAsF~-2MeTHF electrolytes were carried out to determine the decomposition 
products resulting from chemical and electrochemical reactions of the solvent with lithium. Storage at elevated temper- 
atures showed that 2-pentanol was the major product, while electrochemical cycling in a li thium half-cell yielded 
1-pentanol as the major product. These results indicate that the chemical reaction involves heterolytic, anionic cleavage 
of the solvent molecule, while the electrochemical reaction involves homolytic, radical-type cleavage. The results sup- 
port the existence of a solvated lithium ion in electrochemical reactions of lithium. 

In recent years, much attention has been given to the 
development  of rechargeable li thium batteries operating 
at room temperature with nonaqueous electrolytes (1). In 
this connection, it has been demonstrated that 2-methyl- 
tetrahydrofuran (2MeTHF) has excellent properties when 
used in conjunction with lithium hexafluoroarsenate. 
Charging efficiencies in the region of 96-98% have been 
achieved (2, 3). The nature of the reactions which cause 
the inefficiencies has been investigated by Koch (4), and 
arguments have been put forward that the kinetically lim- 
iting step is the addition of an electron to the solvent mol- 
ecule from a lithium atom to give a radical ion. This radi- 
cal ion may decompose to yield the products, for 
example, butoxy anion from tetrahydrofuran. It has been 
argued (2) that the source of the better behavior of the 
substituted 2 MeTHF lies in the inductive effect of the 
methyl  group adjacent to the oxygen atom, which would 
raise the energy level of the lowest unoccupied molecular 
orbital (LUMO), thus making the molecule more difficult 
to reduce. The formation of a "brown film" on the sur- 
face of the li thium has also been observed, and it has 
been proposed that this film may enhance the stability of 
the li thium-solvent interphase. 

An interesting hypothesis has been proposed (5, 6) that 
the actual electroplating and electrodissolution of li thium 
may involve a solvated l i thium atom. Thus, a solvated 
l i thium ion would approach the electrode and be reduced 
by electron transfer across the double layer (while still 
solvated). The solvated l i thium atom would desolvate, 
and the atom would then form a part of the solid elec- 
trode phase. This solvated lithium atom may be similar to 
the radical ion proposed by Koch (4), but in this case the 
electron may be delocalized through several solvent mole- 
cules. It is possible that, should the assembly gain enough 
energy for the electron to become localized on one sol- 
vent  molecule, rapid cleavage of the carbon-oxygen bond 
would then occur, leading to decomposition products and 
encapsulation of lithium. 

If it were possible to deduce from the products the na- 
ture of the species involved in the cleavage reaction, then 
some information about the solvated lithium atom con- 
cept might  be obtained. This may be done in the case of 
2MeTHF. Scheme I shows the formation of the li thium 
ion-radical ion pair (I) and its possible decomposition 
pathways. There may, of course, be more than one sol- 
vent  molecule involved in I. Homolytic cleavage of the 
carbon-oxygen bond may occur at this point to form spe- 
cies II. The factors which favor such a cleavage direction 
are that secondary radicals are more stable than primary 
radicals and that the charge may prefer to lie on the more 
electronegative oxygen atom rather than on the carbon. 
Further  reduction of this species by l i thium would yield 
species IV which would ultimately yield 1-pentanol upon 
addition of water. If, on the other hand, cleavage of spe- 
cies I alone does not occur and that cleavage occurs 

1Present address: PPG Industries, Incorporated, Barberton, 
Ohio 44203 

simultaneously with the injection of a second electron 
into the molecule, one would expect that the cleavage di- 
rection would be the opposite to the previous case, and 
species III would form, which eventually would lead to 
the formation of 2-pentanol. This prediction is once more 
based on the inductive effect of the methyl group, which 
would tend to destabilize the secondary anion relative to 
the primary anion. 

The cleavage of species I to give species II may be a re- 
versible process. Such reversible cleavages have been 
noted before (7). Thus, the irreversible step may be the 
further reduction of the radical ion by a second lithium 
atom. This is in accord with the observed stabilities of 
THF, 2MeTHF, and 2,5-dimethyltetrahydrofuran. The re- 
duction of the favored secondary radicals to give the sec- 
ondary anions should be harder than the reduction of a 
disfavored primary radical to give a more favored primary 
anion. The concept of the solvated lithium atom would 
then fit in very nice]y with this scheme where the event 
which causes destabilization of the solvated atom is the 
advent of a second lithium atom to the complex. It should 
be a simple matter to analyze the products from storage 
of the electrolyte at elevated temperature as described by 
Koch (4) and also from electrolyte which had been used to 
cycle lithium. 

Experimentol 

General.--Electrolyte preparation and the electrochemi- 
cal experiments were conducted at room temperature 
(20~176 under an argon atmosphere in a Vacuum Atmo- 
spheres Corporation dry box equipped with a Model 
HE-473 Dri-train to remove moisture and oxygen. 
Chromatographic analyses were carried out using a Shim- 
adzu GC-9A with fused silica columns (25 m x 0.23 mm 
id). The inlet system was a cold on-column injection sys- 
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tern to avoid possible thermal reactions from a hot injec- 
tion chamber. The detector was a flame ionization detec- 
tor and the column stationary phases were either 
Carbowax 20M or bonded cyanopropyl phase (Quadrex 
CPS-2). GC/MS analyses were also carried out using a 
Finnegan 4000 machine with capillary columns and low 
column temperatures. 

Materials.--2MeTHF (Aldrich) was distilled off CaH~ 
under argon. Sodium and benzophenone were added to 
this collected solvent, and the mixture was refluxed un- 
der argon until the solution turned blue indicating the 
formation of the sodium-benzophenone ketyl. The sol- 
vent was then distilled through a vigreux column (lm) 
and collected in a flask with a stopcock so that the sol- 
vent could be transferred to dry box without exposure to 
the atmosphere. The solvent was then stored over molec- 
ular sieves in amber bottles in the dry box. Lithium hexa- 
fluoroarsenate (U.S. Steel Agri-Chemicals, electrochemi- 
cal grade) was used as received. 

Electrochemical measurements.--Cells were fabricated 
from polyethylene cylinders having a 1 cm ~ hole. End 
plates, also made of polyethylene, were used to hold the 
electrodes in place. The electrodes were li thium and a 
nickel plate. A lithium reference electrode was formed by 
means of a small hole in the cell cylinder through which 
l i thium could be extruded by means of a screw which 
also provided electrical contact (see Fig. 1). Cell cycling 
was carried out by means os a ECO Model 553 potentio- 
stat driven by a PAR 175 programmer, and the cell volt- 
ages were recorded on a Bascom-Turner Model 4020 elec- 
tronic recorder. 

The cycling regime was the same as that described by 
Koch and co-workers (3). That is, an initial charge of lith- 
ium was plated onto nickel or stainless steel plate (3.4 
C-cm-'2). 1.1 C-cm -2 was then stripped followed by a 1.1 
C-cm -~ plate. The cycle was continued until failure. All 
current densities were 5 mA-cm-'-', and no differences 
were observed when either nickel or stainless steel was 
used as the substrate. The lithium figure of merit (Li~oM) 
is then given by the number  of completed cycles times 1.1 
C-cm -~ divided by 3.4 C-era -~. 

Electrolyte preparation and storage.--LiAsF~ was 
slowly added to the purified 2MeTHF in the dry box so 
that the temperature of the solvent remained below 30~ 
throughout. The prepared electrolytes were then stored 
over li thium chips or l i thium-mercury amalgam in dark- 
end bottles in the dry box at room temperature (20~176 
until use. 

Storage of electrolytes at elevated temperatures (65~ 
was accomplished in the manner described by Koch (4). 
The solvent (2 ml) and freshly cut l i thium chips were 
placed in culture tubes (Corning C9826) equipped with 
Teflon-lined screw caps. Teflon tape was wrapped 
around the culture tube threads prior to capping, and the 
tubes were then stored in an oven for 30 days at 65~ As 
found by Koch, some solvent loss occurred during this 
procedure. 
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Contact~ 
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or nickel plate 

Pol yethyl erie 
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I~-I or nickel plate 
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..... ~ [ _ ~ L i  thium 

Fig. 1. Cell used for lithium cycling tests 

Analysis of electrolytes after electrochemical cycling or 
elevated temperature storage.--The electrolytes (2.5 ml) 
were added to distilled water (80 ml) together with the 
l i thium electrodes or chips. Sometimes the li thium elec- 
trodes were reacted with water separately from the elec- 
trolyte to see if differences existed between the products 
formed on the solid and in solution. The aqueous solu- 
tions were continuously extracted into pentane for 24h, 
and the pentane was dried (MgSO4) and carefully evapo- 
rated on a rotary evaporator until the volume of the solu- 
tion was about 2 ml. This pentane solution was then ana- 
lyzed by GC and GC/MS. 

Results and Discussion 
Table I shows the results of the GC analyses of the elec- 

trolytes which had been stored at 65~ Our analysis was 
primarily directed toward the detection of the pentanol 
isomers. In nearly all cases, other products were detected 
and our analytical method clearly showed the presence of 
the impurity, 2-methylfuran (2MeF), which has been re- 
marked upon by others (8, 9) (see Fig. 2b). It was noted 
that a small amount of 2-pentanol was formed from sim- 
ple storage of 2MeTHF at elevated temperature. Storage 
of l i thium in 2MeTHF alone showed some corrosion of 
the li thium and upon analysis of the hydrolyzed contents, 
pentanols were found. The electrolyte mixture, LiAsF~- 
2MeTHF, turned black in the absence of lithium and the 
GC analysis showed a mult i tude of products (see Fig. 2a), 
indicating that a polymerization reaction had occurred. It 
is important to note that the liquid showed no signs of so- 
lidifying throughout the storage period despite these re- 
actions. A similar experiment  has been reported by Foos 
(11), and the visual observation of the color changes was 
similar. However, in the previous report, analysis of the 
darkened electrolyte by NMR spectroscopy showed no 
change in the spectrum. It is important to note here that 
the 2MeTHF peak in the gas chromatographic analysis ac- 
counts for at least 80% of the sample and that, therefore, 
the other components in the mixture must be rather di- 
lute. This may account for the lack of change in the spec- 
trum. The presence of lithium in the solution completely 
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Fig. 2. Gas chromatogroms of LiAsFe-2MeTHF electrolytes offer 30 
days at 65 ~ and extracted into pentane. GC conditions: Quadrex CPS-2 
25m x 0.25 mm fused silica column, cold on-column injection. Oven tem- 
perature: 10~ for 2 min, 3~ to 120~ a: 1.Sin LiAsF~-2MeTHF alone. 
b: 1.Sin LiAsF6-2MeTHF plus lithium. 
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Table I. Storage of 2MeTHF, 2MeTHF-LiAsF~ (1.5m) at 65~ for 30 days in the absence and in the presence of lithium. 
Visual observations and GC analysis 
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GC analysis (area percentage) ~ 
Tube contents Visual appearance 2MeTHF 1-pentanol 2-pentanol (Ratio) h 

2MeTHF Remains clear 85.8 0 0.001 (--) 
2MeTHF+Li Solution remains clear. 41.9 0.001 0.0022 (1:2:2) 

Lithium shows some 
corrosion r 

LiAsF~-2MeTHF Solution turns dark 80.5 No pentanols formed; many other 
after 7 days products formed (see Fig. 2a) 

LiAsF6-2MeTHF+Li Solution remains clear 87.9 0.0015 0.006 (1:4) 
Lithium shows brown (See Fig. 2b) 
film corrosion ~ 

a Area percentage is defined as the integrated area under the peak normalized over all peaks in the chromatogram. The accuracy for 
2MeTHF is poor due to detector overload. 

Ratio of 1-pentanol to 2-pentanoL 
In similar tests reported by Goldman et al. (2), the lithium surface remained shiny. 

Table II. Product analysis from GC analysis of hydrolyzed and extracted electrolyte in lithium half-cell cycling tests: 
1.5M LiAsF6-2MeTHF. Current density: 5 mA-cm -2 

GC analysis (area percentage) a 

Electrolyte treatment Li~oM 2MeTHF 1-pentanol 2-pentanol (Ratio) b 

Stored over Li chips 27.8 26.8 0.0017 0.0012 (1:0.7) 
30.7 45.0 0.001 0.0006 (1:0.6) 
23.0 63.7 0.008 0.003 (1:0.38) 
15.8 56.8 0.003 0.00015 (1:0.5) 

None 14.9 93.6 0.0096 0.008 (1:0.8) 
17.5 88.3 0.0002 0.0003 (1:1.3) 

Stored over Li(Hg) 22.3 - -  No pentanols detected 
20.7 38.3 0.000 0.0003 (--) 

a Area percentage is defined as the integrated area under the peak normalized over all peaks in the chromatogram. The accuracy for 
2MeTHF is poor due to detector overload. 

Ratio of 1-pentanol to 2-pentanol. 

s u p p r e s s e s  t he  p o l y m e r i z a t i o n  reac t ions ,  a n d  the  l i t h i u m  
s h o w e d  s igns  of  the  f o r m a t i o n  of t he  b r o w n  film. GC 
ana lys i s  s h o w e d  the  p r e s e n c e  of  p e n t a n o l s ,  and ,  in  b o t h  
cases  w h e r e  l i t h i u m  was  p re sen t ,  2 -pen tano l  was  f o u n d  to 
b e  t he  m a j o r  i somer .  A f u r t h e r  p o i n t  to b e  n o t e d  is t h a t  
t he  impur i t y ,  2MeF,  was  d e t e c t e d  in  t he  so lu t ions  af te r  
t he  s to rage  p e r i o d  in  a p p r o x i m a t e l y  t he  s a m e  concen t r a -  
t i ons  as be fo re  t he  s to rage  as j u d g e d  b y  t he  i n t e g r a t i o n  of  
t h e  p e a k  areas.  Th i s  is qu i t e  s u r p r i s i n g  s ince  one  m i g h t  
e x p e c t  s u c h  a h i g h l y  u n s a t u r a t e d  m o l e c u l e  to be  easi ly  re- 
d u c e d  by  t h e  l i th ium.  

In  T a b l e  II, t h e  r e su l t s  of  gas  c h r o m a t o g r a p h i c  ana lyses  
of  t he  cyc led  e lec t ro ly tes  are  l isted.  T he  first  c o l u m n  
s h o w s  t h e  m e t h o d  u s e d  to  s to re  t h e  e lec t ro ly te  in  t h e  d ry  
b o x  a f te r  i t  is p r e p a r e d  f r o m  t he  d is t i l led  so lven t  a n d  
dr ied  sal t  p r io r  to  cycl ing.  The  l i t h i u m  f igure  of mer i t  
(Li~oM) ca l cu la t ed  a c c o r d i n g  to t he  m e t h o d  d e s c r i b e d  in  
t h e  E x p e r i m e n t a l  s ec t i on  is g i v e n  in  c o l u m n  2, a n d  the  
G C  a n a l y s e s  f r o m  t h a t  p a r t i c u l a r  cyc l ing  e x p e r i m e n t  are  
g iven  in  t he  s a m e  r ow  in  c o l u m n s  3-6. T he  n u m b e r s  l i s ted  
for t h e  GC ana lyses  are t h e  r aw  i n t e g r a t i o n  n u m b e r s  a n d  
are  for  t he  p u r p o s e s  of  c o m p a r i s o n  only. T he  accu racy  of  
t he  2 M e T H F  i n t e g r a t i o n  in  pa r t i cu la r  is in  q u e s t i o n  due  to 
d e t e c t o r  over load.  In  cases  w h e r e  t he  area  p e r c e n t a g e s  for 
t he  2 M e T H F  p e a k  are b e l o w  50%, the  a rea  for  t he  p e n t a n e  
so lven t  has  b e e n  i n c l u d e d  in the  no rma l i za t ion .  T h e s e  
n u m b e r s  do, howeve r ,  give a n  i n d i c a t i o n  of  the  concen -  
t r a t i ons  of  p e n t a n o l s  found .  We have  noted ,  as h a v e  
o t h e r s  (10), t h a t  t h e r e  is a s t ab i l i ty  p r o b l e m  w i t h  cycl ic  
e t h e r  b a s e d  e l ec t ro ly tes  in  t h e  a b s e n c e  of l i t h ium,  a n d  t he  
ef fec ts  of  th i s  are i l l u s t r a t ed  b y  t he  LiroM n u m b e r s  in  t he  
table .  In  nea r ly  all cases,  t h e  m a j o r  p e n t a n o l  i s o m e r  f o u n d  
is t he  1-pentanol .  This  is in  s t r i k ing  c o n t r a s t  to t h e  r e su l t  
f r o m  the  t h e r m a l  s to rage  e x p e r i m e n t s  in  Tab le  I. I t  was  
also n o t e d  t h a t  t h e  i m p u r i t y ,  2MeF,  was  sti l l  de t ec t ed  
a f te r  t he  cyc l ing  e x p e r i m e n t s  were  comple t e ,  i n d i c a t i n g  
once  m o r e  t h a t  th i s  h i g h l y  u n s a t u r a t e d  m o l e c u l e  ha s  in- 

t r i g u i n g  proper t i es .  I ndeed ,  2MeF has  b e e n  s h o w n  re- 
cen t ly  to b e  an  exce l l en t  add i t i ve  in  t he  use  of  t e t r ahyd ro -  
f u r a n  in  s e c o n d a r y  l i t h i u m  cells  (9). 

A l t h o u g h  t h e r e  is some  v a r i a t i o n  in  t he  ra t ios  of  the  
p e n t a n o l  i somer s  f o u n d  in  b o t h  Tab le s  I a n d  II, i t  is qu i te  
c lear  t h a t  t he re  is a d i f f e rence  b e t w e e n  t he  two se ts  of re- 
sults .  This  imp l i e s  t h a t  the  m e c h a n i s m  of  so lven t  b reak-  
d o w n  is d i f fe ren t  in  the  two cases.  I t  s h o u l d  be  n o t e d  t h a t  
t he  m e c h a n i s m  w h i c h  is o p e r a t i n g  in t h e  t h e r m a l  d e c o m -  
pos i t i on  rou te  of Tab le  I will  b e  c o m p e t i n g  w i t h  t he  elec- 
t r o c h e m i c a l  rou te  w h i c h  p r e d o m i n a t e s  in  Tab le  II  a n d  
t h a t  th i s  m a y  a c c o u n t  for s o m e  of  the  va r i a t i ons  n o t e d  in  
t he  i s o m e r  rat ios.  F r o m  t h e  pu re ly  e lec t ron ic  cons idera -  
t i ons  ou t l i ned  above ,  t h e  t h e r m a l  p roce s s  i nvo lves  a n  an- 
ionic  c l eavage  wh i l e  t he  e l e c t r o c h e m i c a l  p roce s s  invo lves  
a c l eavage  w h i c h  is rad ica l  in  na tu re .  The  t h e r m a l  p roce s s  
cou ld  b e  ra t iona l i zed  a c c o r d i n g  to S c h e m e  II, w h i c h  
s h o w s  t he  f o r m a t i o n  of  a su r face  c o m p l e x  w i t h  t he  l i th- 
i u m  fo l lowed  b y  c l eavage  a n d  r e m o v a l  f r o m  t h e  l i t h i u m  
metal .  The  d e v e l o p i n g  n e g a t i v e  cha rge s  are shown.  S u c h  
s c h e m e s  h a v e  b e e n  p r o p o s e d  be fo re  for t he  r eac t i on  of  
l i t h i u m  me ta l  w i t h  alky] ha l i de s  to fo rm o r g a n o l i t h i u m  
c o m p o u n d s  (12). S u c h  a s c h e m e  also impl i e s  t h a t  s ter ic  
ef fec ts  m a y  p lay  a ro le  a n d  indeed ,  i t  h a s  b e e n  r e p o r t e d  
t h a t  s ter ic  effects  are  s ign i f ican t  in  t he  r eac t i on  of 
2 , 5 - d i m e t h y l t e t r a h y d r o f u r a n  w i t h  l i t h i u m  (13), t he  cis iso- 
m e r  b e i n g  t he  m o r e  s table .  The  e l e c t r o c h e m i c a l  s i tua t ion ,  
o n  t he  o the r  h a n d ,  m u s t  p r o v i d e  t h e  m e a n s  for a less  con-  
ce r t ed  c leavage  w h e r e  on ly  one  l i t h i u m  a t o m  is invo lved .  
Th i s  cou ld  b e  w h e r e  t he  l i t h i u m  a t o m  is s u r r o u n d e d  b y  
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several solvent molecules as envisaged by the solvated 
l i thium atom concept and that the attack by the second 
electron or lithium atom occurs after cleavage. Once 
again, it has been reported that steric factors affect the cy- 
cling behavior of 2,5-dimethyltetrahydrofuran (13) such 
that the cis isomer gives better performance. Such an ob- 
servation indicates that the surface continues to influ- 
ence the reaction pathway. A further nuance to the situa- 
tion is that the cleavage reaction may be reversible in the 
electrochemical situation and that the advent of another 
electron disturbs the equilibrium. The steric effect does 
not support this idea, however, unless the species and 
hence the stereochemistry is still influenced by the sur- 
face to a large extent. 

The role played by the 2MeF in this process is most un- 
clear. It has been proposed that the furan may form a pro- 
tective film on the li thium surface, thereby retarding 
chemical reactions with the electrolyte (9). We have 
briefly tried the use of this additive at 4 volume percent 
(v/o) concentration in the half-cell test and found that the 
performance degraded markedly in this situation. Abra- 
ham et al. (9) examined concentrations of 0-1.2 v/o in 
2MeTHF electrolyte and found beneficial effects. It is in- 
teresting to note that, in thermal storage exper iment  in- 
volving LiAsF6-2MeTHF in the absence of lithium, the 
level of 2MeF appeared to be considerably diminished 
compared with 2MeTHF alone. This may indicate that the 
furan is consumed by the polymerization reactions. When 
li thium is present, however, the 2MeF level remains at a 
fairly high level. It therefore seems possible that some 
kind of complex is formed between the furan and the po- 
lymerization initiator (e.g., AsF~) and that the presence of 
l i thium may prevent irreversible decomposition of the 

complex to give polymerization. This reversible complex- 
ation may well explain the continued presence of the fu- 
ran after electrochemical cycling experiments. 

Manuscript submitted Dec. 17, 1984; revised manu- 
script received July 19, 1985. 

Union Carbide Battery Products Division assisted in 
meeting the publication costs of this article. 

REFERENCES 
1. K. M. Abraham and S. B. Brummer,  in "Lithium 

Batteries," J. P. Gabano, Editor, p. 372 Academic 
Press, New York (1983). 

2. J. L. Goldman, R. M. Mank, J. H. Young, and V. R. 
Koch, This Journal, 127, 1461 (1980). 

3. V. R. Koch, J. L. Goldman, C. J. Mattos, and M. Mul- 
vaney, ibid., 129, 1 (1982). 

4. V. R. Koch, ibid., 126, 181 (1979). 
5. P. P. Schmidt  and B. S. Pons, Electrochim. Acta, 27, 

867 (1982). 1 
6. P. P. Schmidt  ana B. S. Pons, ibid., 27, 875 (1982). 
7. A. J. Bellamy and J. B. Kerr, Acta Chem. Scand., B33, 

370 (1979). 
8. S. P. S. Yen, D. Shen, R. P. Vasquez, F. J. Grun- 

thaner, and R. B. Somoano, This Journal, 128, 1434 
(1981). 

9. K. M. Abraham, J. S. Foos, and J. L. Goldman, ibid., 
131. 2197 (1984). 

10. V. R. Koch, J. L. Goldman, and R. M. Mank in "Bat- 
tery Design and Optimization," S. Gross, Editor, p. 
377, The Electrochemical Society, Softbound Pro- 
ceedings Series, Princeton~ NJ ,(1979). 

11. J. S. Foos, This Journal, 131, 2308 (1984). 
12. B. J. Wakefield, "The Chemistry of Organolithium 

Compounds," p. 22, Pergamon Press, Oxford, En- 
gland (1974). 

13. V. R. Koch, This Journal, 128, 1293 (1981). 

Corona Corrosion of Aluminum in Air 
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ABSTRACT 

Aluminum suffers severe pitting corrosion when used as an anode in negative corona discharges in ambient air. This 
paper gives a comprehensive account of the electrochemical interaction between a low electric field metal surface, espe- 
cially aluminum, and the unipolar gaseous electrolyte created by an air corona. Introductory sections on coronas and co- 
rona corrosion give the necessary background. Physical and chemical analysis of the gaseous, liquid, and solid corrosion 
products of a luminum in air coronas demonstrate their close resemblance to the products formed in aqueous nitrate 
electrolytes. 

Electrochemical passivation and corrosion of a luminum 
have been extensively studied. From the practical point 
of view, the formation of stable anodic oxides and hy- 
droxides is important for fabrication of electrolytic capac- 
itors and for protection of exposed aluminum, as is, vice 
versa, the destruction of these oxides by corrosion. 
Scientifically, the aluminum-water electrochemical sys- 
tem is comparatively simple and can be studied with 
some hope of physical understanding (L3). Applied corro- 
sion studies are done under actual conditions of use or by 
accelerated testing. A typical example is the corrosion 
testing of a luminum alloy or aluminum-clad steel wires 
for overhead power transmission lines, either by using a 
test chamber of adjustable climatic conditions or by 
exposing the lines to coastal climatic conditions by sus- 
pension on racks. One purpose of this communicat ion is 
to suggest that testing also should include the parameters 

1Later referred to as LPD. 

~Later referred to as ELION. 

of applied high voltage, electrical field stress, and corona 
currents encountered in normal use. 

More academic studies of a luminum passivation and 
corrosion invariably are performed in liquids, especially 
electrolytes, usually under potentiostatic or galvanostatic 
conditions. This paper points out that similar tests and 
measurements  can and should be performed using 
weakly ionized gases as unipolar electrolytes. Since a co- 
rona discharge is one of the more practical ways to pro- 
duce such a gaseous electrolyte and since this medium 
was used when we discovered the effects of gaseous elec- 
trolytic action on aluminum, we have coined the terms 
"corona electrochemistry" and "corona corrosion" for the 
corresponding surface effects observed in weakly ionized 
gases (4, 5). We show here that unipolar gaseous electro- 
lytes have properties that in important aspects resemble 
those of liquid electrolytes with similar passivation and 
corrosion effects on metal electrodes. On the other hand, 
there are important differences that can be taken advan- 
tage of, as the free and sometimes independently adjusta- 
ble flow of excited neutral species, analogous to radicals 
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in liquid electrolytes. Furthermore, quite weak corona 
currents can have a surprisingly vicious pitting effect on 
susceptible metals. Corona conditions that cause serious 
trouble do not occur daily. However, the corona discharge 
is the industrially most important type of gas discharge, 
being used for dust precipitation, water purification, 
t reatment of plastic, paper, and textile surfaces, and 
xerography. Failure to acknowledge the corrosive power 
of coronas and to take proper countermeasures may lead 
to costly construction errors. Finally, very weak negative 
ion corona currents may have the same passivating effect 
on metal surfaces in air as the corresponding anodic pro- 
tection current has in aqueous solutions. 

A second type of gaseous electrolyte, not to be treated 
here, must be mentioned. Bipolar gaseous plasmas have 
been used as chemical reactors (6) since the nitrogen ox- 
ide producing arcs of Birkeland and Eyde, and are now 
applied in plasma etching processes in the integrated cir- 
cuit industry. These plasmas differ from unipolar corona 
media by having (i) much higher charged particle densi- 
ties that only can coexist in a quasi-neutral mixture (by 
plasma definition), and (ii) much higher temperatures of 
the neutral particles, often in approximate thermal equi- 
l ibrium with the charged particles. In our coronas, plasma 
may exist in thin filaments (streamers) (see the next sec- 
tion). Otherwise, our corona conditions resemble those in 
the thin boundary layer between a plasma and a solid sur- 
face. 

A n  O v e r v i e w  of Low Current  Corona  Discharge 
The corona discharge is the source of charged particles 

in our experiments with unipolar gaseous electrolytes. We 
will first give a short summary of their pertinent proper- 
ties, restricting the treatment to point-to-plane coronas 
(Fig. 1). A more thorough introduction is found in Ref. (8). 

A unipolar corona discharge is, by definition, a gas dis- 
charge where the geometry confines the gas ionization 
processes to the ionization region around the active elec- 
trode (here, the point). The corona is called positive or 
negative according to the polarity of the active electrode. 
In the space between the ionization region and the 
passive electrode (the plane), called the drift region, the 
ions and electrons drift, diffuse, and collide and react 
with neutral gas molecules. Direct collisions and reac- 
tions between the charged particles in coronas are unim- 
portant. They interact, however, strongly via their space- 
charge field, so that the current density and electric field 
distributions in atmospheric coronas at currents above 
some microamperes are completely dominated by space- 
charge effects (9). This leads to current density distribu- 
tions at the plane j(r), current-voltage characteristics I(U), 
and electric field distributions E(z, r) that are simple and 
independent  of the detailed shape and surface condition 
of the active electrode. The corrosion effects to be dis- 
cussed take place on the passive electrode, the plane. 

In air and most other gases containing electron at- 
taching molecules, two types of dc coronas are found. 

Unipo lar  conduc t ion  c o r o n a s . - - T h e s e  are variously 
called positive glow coronas, negative Trichel pulse coro- 
nas, and negative glow coronas; they have ionization re- 
gions that are concentrated close to the active electrode. 
At microampere currents and above, they burn either sta- 
bly or, more often, in short pulses of such high repetition 
rate that the ion flow in the drift region is practically con- 
tinuous. The predominant ions are of the corona polarity, 
that is, positive ions in positive coronas and negative ions 
in negative coronas. The part of the drift region current in 
negative air coronas carried by electrons is usually small 
below 10-20/~A total current, because of electron attach- 
ment. At higher currents, the space charges make the 
electric field distribution more uniform. This and the 
higher applied voltage sharply increase the drift region 
field, increasing the electron/negative ion ratio. Note that 
the rapidly pulsed nature of ionization region processes is 
important for the corrosion of the negative point elec- 
trode. This may affect the drift region and the plane elec- 

trode by sputtering (10) or by evaporation of point metal 
or corrosion products (11, 12). 

In this study, unipolar conduction coronas have been 
used. The exception is the ac coronas treated below, 
which have bipolar components.  

S t r e a m e r  (b ipolar)  conduc t ion  c o r o n a s . - - T h e s e  occur at 
higher point-to-plane currents, especially at positive point 
polarity. Under these conditions, the ionization region 
produces a conducting plasma faster than the plasma can 
be absorbed by the point electrode. Consequently, a con- 
ductive plasma filament of some 30 /~m diam (the 
streamer) grows out of the point toward the plane, carry- 
ing the plasma producing ionization region ahead of it 
with velocity around 106 m/s (values for atmospheric den- 
sity air). When this streamer hits the plane, a cathode spot 
is produced, the gap field is redistributed along the 
plasma channel, and this channel either dies out (by elec- 
tron attachment) or later converts to a thermally ionized 
spark channel. A positive streamer hitting a plane cath- 
ode will subject it to a pulsed glow discharge treatment, 
bombarding it with positive ions of energies that may ex- 
ceed 100 eV. This is in sharp contrast to the mainly 
thermal energy ion influx to the plane in our unipolar 
current coronas. 

Note that both corona forms may coexist: a 50/~A posi- 
tive corona might consist of 20 ~A continuous unipolar 
current, diffusely distributed over the plane (see below), 
with 30/~A of streamers, repetitive at 10 kHz, hitting the 
plane just opposite the point. 

The unipolar current density, j ,  in positive and negative 
point-to-plane coronas is distributed over the plane ac- 
cording to the Warburg (13-16) law 

j(0) = Jo cos5 0 [1] 

j o ~- I /2d ~ [2] 

with tan 0 = r id  and where I is the unipolar corona cur- 
rent and d the gap width. The field and ion flow lines are 
slightly more separated than in the space-charge-free 
case, by space-charge repulsion. The observed distribu- 
tions j(0) usually fall quite abruptly to zero around 0 ~ 65 ~ 
due to the fact that ions drift along the field lines and 
that field lines ending outside 0 = 65 ~ usually originate on 
the point surface outside the ionization region. The 
Warburg distribution is shown in Fig. 1. 

In point-to-plane unipolar current coronas, as well as in 
wire-cylinder or wire-plane ones, space-charge fields 
tend to make the total field more uniform at increasing 
currents. It can be shown (9) that the unipolar current I at 
a given voltage Uo cannot exceed the saturation limit 

/ s a t  = 2~eoUo 2/d [3] 

where ~ is the ion mobility and eo (= 8.85 pF/m) the per- 

Wa~burg current  
j densitydistributi~ 
' j = JocoS56 

" / ' / / / / / / / / / / / / / / / / / / / ,  ?j  "Pw, NF." 

\'... \ ,... 4.,-o 

/~ ~ P O I N T "  , " R O D "  

Fig. 1. A typical point-to-plane corona geometry, here shown with pos- 
itive point, and some commonly used terms (7}. The surface a' = 0 marks 
the outer limit of the ionization region, where the production of electrons 
by ionization just balances the loss by attachment. 
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mittivity. For ions in air at atmospheric density, this gives 

Is~t (~A) = 4 Uo 2 (kVD/d (mm) [4] 

If currents above this are observed, they are either partly 
bipolar (Eq. [3] and [4] invalid) or electron carried (~ for 
electrons must be used). 

Space-charge dominated currents driven by high poten- 
tials (5-10 kV) make corona discharges nearly perfect gal- 
vanostatic ion and electron current generators on a mac- 
roscopic level. 

An important feature of the point-to-plane coronas is 
the electric wind. As charged particle flow in atmo- 
spheric density coronas is completely viscous (collision 
dominated), virtually all momentum and energy extracted 
by the ions from the electric field are transferred to the 
neutral gas molecules. A fairly strong, axial gas jet results 
(17, 18), often employed to blow out candles in demon- 
stration experiments and to carry ions to gramophone 
records for removal of excess surface charge. However, 
this jet  also transmits up to half the discharge power to 
the plane (19) in the form of heat and excited atoms and 
molecules. 

Our electrochemical view of the point-to-plane corona 
discharge is shown in Fig. 2, illustrating schematically the 
various reaction regions and channels in the corona gas 
and on the surrounding conducting and nonconducting 
surfaces. The importance of synergy between neutral acti- 
vated species and charged species is demonstrated below. 

Introduction to the Corona Corrosion Phenomenon 
As the term "passive electrode" implies, gas discharge 

workers traditionally look upon the low field corona elec- 
trode as a passive receiver and neutralizer of impinging 
ions and as a boundary condition U = 0 for the electric 
potential. The present investigations started with the 
observation that negative point-to-plane coronas quite 
rapidly etch pits in plane A1 foil anodes in the winter air 
of Paris but not in that of Trondheim. This difference 
brought out the importance of humidity (Trondheim's air 
may be very dry in winter) (4). 

A typical point-to-plane corona had the parameters: (i) 
the gas was 1 atm air 50% relative humidity (RH), flowing 
at 5-10 liter/h; (ii) the point was a rounded Pt wire of 0.2 
mm diam or a conical Rh point ~ 10 tLm tip radius (not 
critical); (iii) the plane was A1 foil, 15 tLm thick, commer- 
cial or high purity (purity not critical); the point-to-plane 
distance, d, was 10 mm; (iv) current/voltage was Trichel 
current pulses of 2-3 t~s interval, 50 ~A average current, 
and 7-9 kV negative point voltage. The max imum (cen- 
tral) current density is then -- 25 tLA/cmh 

As seen side-on, using photomultiplier and photon 
counting or sampling, light comes from the ionization 
(cathode) region in 30-40 ns pulses simultaneously with 
the  Trichel pulses. Its spectrum corresponds mainly to 
excited states of the N2 molecules (second positive sys- 
tem), with some contribution from excited NZ ions (first 
negative system). No photons are seen side-on from the 
drift or anode plane regions (see the Apparatus section). 
This conforms to earlier observations (21, 22). 

The Al anode within minutes is covered by a growing 
layer of glassy, viscous liquid substance, which eventu- 
ally solidifies and cracks, together with whitish granules. 
Within hours, holes of some microns diameter pierce the 
foil, concentrated in a (sometimes annular) region of 
growing radius around the corona axis. The holes often 
are nearly cylindrical, with 90 ~ edges in an otherwise flat 
surface, but this depends to some extent on the foil thick- 
ness. The holes grow in number  rather than in diameter 
during the discharge. After many hours, larger holes may 
be formed, most probably by the merging of many 
smaller holes. After perforation of the foil, a glassy, ini- 
tially semiliquid deposit forms on the back side, covering 
somewhat more than the perforated area. Sometimes at 
higher RH's the electric wind will even blow hemispher- 
ical bubbles out of the holes on the back side. At lower  

Electrochemical 

High fiel ~ . . . .  . . ~ H~gh f~eld, primary 
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, ",~\ ke~kreaction 

. .Z! ,'., [I ',', ,,,, 
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Fig. 2. Schematic diagram illustrating the main reaction regions and 
reaction channels of a corona electrochemical reactor (20). Two inter- 
mixed streams of energetic particles emerge from the ionization region 
where they are produced: neutral activated species, carried by the elec- 
tric wind, and charged species, carried by the electric field. The acti- 
vated neutrals interact with the gas, the neutral (insulating or insulated) 
surfaces, and the low field electrode. Charged particles interact with the 
gas and with the low field electrode. The low densities preclude signifi- 
cant interaction between the two streams and their reaction products, 
except at the low field electrode surface, where important synergetic ef- 
fects appear. 

RH's, especially, "worms" of a loose, white material seem 
to crawl out of the holes, mostly on the front side, but also 
on the back. In and around the perforated area on the 
front side, concentric rings appear both of white-and-gray 
and of interference color character. The central 1 or 2 
mm, where the electric wind jet  impinges, are often me- 
tallic looking, free of most crust and granules, but very 
pitted. Figure 3 shows a collection of macroscopic and 
microscopic photographs of these phenomena, to be dis- 
cussed later; see also Fig. 14. 

As discussed below, the corona pitting corrosion of alu- 
minum seems typical for negative coronas in ambient air. 
It depends on a negative ion current influx to the plane 
with synergetic contribution from the electric wind. In 
the absence of hydrated negative ions, as in dry air nega- 
tive coronas, or for neutral (insulated) foils, or for cathode 
foils in positive coronas, pitting is not noticeable after 2-6 
day exposures. Finally, pitting seems absent on gold an- 
ode foils in air but develops on stainless steel anodes in 
SF8 coronas (23). 

In the following sections, we discuss several experi- 
mental investigations of corona corrosion. The main 
guideline has been to search for a possible correlation 
with electrochemical corrosion in aqueous solutions. 

Apparatus for Corona Exposure 
In Situ Observations of Light and Surface Potentials 

A variety of corona electrode systems with associated 
apparatus for control of electric current, gas flow, and 
composit ion and for in situ measurements have been 
used. The most typical set of corona parameters was 
listed in the preceding section, and some results were pre- 
sented in Fig. 3. 

General corona exposure.--Figure 4 shows our "quad" 
stainless steel corona chamber with four internal, iden- 
tical corona units. This allows four samples to be exposed 
simultaneously to corona in gas of identical composition. 
As for most closed systems, the gas flow is not sufficient  
to keep the chamber gas free from corona by-products, 
but the strong electric winds ensure uniform conditions 
throughout the chamber. Of the two corona units shown, 
one is used for direct exposure of a foil sample, while the 
other w o r k s  with a grid as the anode and the foil mounted 
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Fig. 3. Macroscopic and microscopic aspects of AI foils (1S/~m thick, except for c = 40/~m) corroded by negative coronas in air of about 50% RH 
(except for c = 36% RH). a, b:d = 8 mm, I = S0~A  for 4h. c:d = 8mm, I = S0/~A for 160h. d,e:d = 10mm, I = 130/~A for 7h. f:d = 8mm, I = S0/~A 
for 4h, 

insulated behind it, receiving no net current but exposed 
to the electric wind. In this case, only the former foil 
shows noticeable pitting. 

Corona exposure with in situ light detection.--Figures 
5a and 5b show systems for corona exposure with simul- 
taneous detection of light pulses from the foil (Fig. 5a), or 
with automatic registration of the increasing light trans- 
parency due to foil perforation (Fig. 5b). The latter is a 
convenient  way of obtaining the pitting rate 
quantitatively (see the Corona Pitting Rate section). The 

Observation I 
window~ . 

-U steel i : 
o chambe r Neutral foil 

20 M~ [fill zs 
Insulator 

~ l ~ c h a m b e r  at '. [~|~ 

Fig. 4. Quad corona chamber for the parallel exposure of four sample 
AI foils. Only two of the four corona units in the chamber are shown; no. 1 
with grounded foil anode, and no. 4 with grounded grid anode and insula- 
ted foil (ELION). 

former gives information about the pits themselves 
through the light pulse shapes (Fig. 6). 

In Fig. 6, the light pulses shown were measured using 
the monochromator,  photomultiplier, and sampling oscil- 
loscope of Fig. 5a, looking sideways on or towards the 
back of a negative Trichel pulse corona in open air. They 
belong to the second positive system of N2. Those marked 
b-c-d radiate from the back of corona perforated A1 foils 
16 ~m thick. For all cui*ves, the first large pulse, around 
time zero, is light originating in the ionization region near 
the negative point during the Trichel pulse generation 
phase. Its size is nearly independent  of the corona current 
and voltage, and it appears unchanged when seen 
through needle-made holes in uncorroded foils, curve e. 
The delayed pulses, in contrast, are absent from needle- 
made holes. Further, spectrally similar delayed pulses 
will radiate from grid wires of 20-100 ~m diam placed in 
front of any anode foil, curve a. All delayed pulses come 
earlier and increase in amplitude when the corona voltage 
and current are increased. No light is seen looking ob- 
liquely at the front (corona facing) side of exposed foils; 
all delayed light comes from the back. Storage of a corona 
perforated foil for months in laboratory air will not de- 
stroy this delayed photon pulse emission, but soaking in 
water does. 

The observed light pulses have delays which are con- 
sistent with the expected travel time of an electron swarm 
that originates in the cathode region during the main 
Trichel current pulse and that escapes subsequent attach- 
ment  in the space-charge-intensified corona field. The 
light is emitted only when the electrons enter new regions 
of sufficiently high electric field, like around the grid 
wires, curve a. Such regions evidently do not exist in or 
around holes made with a needle in a foil anode and still 
less on the back of such a perforated foil, curve e. Thus, 
the delayed light pulses (curves b-c-d) show conclusively 
that (i) electrons are conducted into and through corona 
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Fig. 5. Systems for corona exposure and in situ optical measurements, 
used in open laboratory air and in enclosed systems. 

made holes, and (ii) high field regions exist in or near the 
back-side mouth of those holes. This means that the front 
of the foil and the pit walls are covered by an insulating 
layer, which charges up sufficiently to funnel electrons 
through the holes to the bare metal on the back side. 
Heavy negative ions will follow the same trajectories as 

,Light 

kmatch | l  ~ ~%% 

c/20 

%a I U I ' I I 
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Fig. 6. Light pulses from negative Trichel pulse coronas in open air (4), 
seen with the system of Fig. 5a and belonging to the second positive sys- 
tem of N2. a: Light from grid 8 mm from cathode, Uo = 8.5 kV, I = 50/~A. 
Light through and from corona made holes in the AI foil, d = 9 mm. b: Uo 
= 8.4 kV;I  = 40/~A. c:Uo = 7.8 kV;I  = 30FA.  d:Uo = 7.1 kV;I  = 20 
/~A. e: Light through needle-made holes in new AI foil, I = 50 FA. 
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Fig. 7. A tentative picture of pitting and perforation of an AI foil anode 
in a negative air corona. 

electrons, since charged particle trajectories in electro- 
static field configurations are independent  of particle 
charge and mass. We are thus led to the tentative picture 
of a corona corroding foil shown in Fig. 7. 

The apparatus shown in Fig. 5a was originally made to 
look for sparks from the front side of corona-exposed an- 
ode foils. Such sparks would have told about erratic 
spark breakdown of the insulating layer due to 
accumulating charges, which could be a mechanism for 
pit formation or initiation. However, no sparks were ever 
observed. 

Corona exposure with in situ surface potential 
measurements.--The charged insulating layers indicated 
by the light pulse measurements have been investigated 
by contactless surface potential measurements. 

Figures 8a and 8b show apparatus adapted to nearly in 
situ mapping of surface potential distributions of corona- 
exposed foils. The rotating disk/field probe system (Fig. 

~ o 

~ a) ELION 
~ Rotating 

loI-'' V 

drum 

Fig. 8. Apparatus for corono exposure and surface potential measure- 
ments. S: Rotating disk or drum, carrying sample. R: Reference electrode 
(Au). 
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8a) brings the exposed elements from the corona to the 
probe within milliseconds, but is somewhat complicated 
to calibrate and has important  centrifugal air flow ef- 
fects. A slower rotating drum system (Fig. 8b) with a di- 
rectly calibrated Monroe potential follower probe has also 
been used. 

Typical results are shown in Fig. 9. Figures 9a and 9b 
were obtained using a continuously rotating disk under 
20-30% RH with the corona point electrode perpendicular 
(Fig. 9a) and inclined toward the disk axis (Fig. 9b). The 
curves demonstrate that (i) the A1 surface potential can 
reach hundreds of volts under these dry conditions, (ii) 
the potential distribution has a trough near the corona 
axis where the potential stays approximately constant, 
and (iii) this trough is related to the electric wind, which 
in Fig. 9a is deflected outwards by the centrifugal air 
flow and in Fig. 9b is forced inwards by the inclination of 
the point electrode. The curves in Fig. 9c are an example 
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Fig. 9. The development of surface potential distributions observed on 
rotating AI foils exposed to negative coronas in ambient air. a: Rotating 
disk, diameter 60 ram, 1470 rpm (Fig. 8o), perpendicMar paint a td  = 7 
mm, I = 120/~A,  RH 20 -30% (5). b: Rotating disk, diameter 60 mm, 
1470 rpm (Fig. 8a), inclined point at d = 7 mm, I = 55/~A, RH 20-30% 
(5). c: Rotating drum, diameter 83 mm, 66 rpm (Fig. 8b), perpendicular 
point at d = ] 0 mm, I = 1 O0/~A, RH ~ 40-50%.  In the cases a and b, no 
pitting holes were found. In case c, holes were found along the bottom of 
the central potential valley. The current density curves (j) are theoreti- 
cal, calculated using Eq. [1], and averaged over the circumferences of 
rotation. 

of surface potential profiles obtained by the rotating 
drum method under 40-50% RH. At these humidity levels, 
surface potentials are appreciably lower than in drier air, 
generally not exceeding 10V. Figure 9c clearly shows how 
the central valley forms and develops under symmetrical  
distributions of electric current and wind. 

T h e  C o r o n a  C o r r o s i o n  Products  
One advantage of corrosion studies using a gaseous 

electrolyte like a corona discharge, is that solid corrosion 
products are not dissolved by the electrolyte and are read- 
ily available for study by chemical or physical methods. 
On the other hand, the solid and semiliquid corrosion 
products on the A1 foil are difficult to analyze, as their 
solubility and composition seem to depend on the condi- 
tions of formation, storage and age. Thus, measurements  
performed at atmospheric pressure (chemical, Debye- 
Scherrer) gave results quite different from those per- 
formed in vacuum (Auger electron microprobe, ESCA). 

The conclusions of our investigations of the layers on 
A1 foils corroded in 50% RH air can be summarized as 
follows. 

Morphologically, it is a particularly ill-defined amor- 
phous, porous, or semiliquid substance. 

Chemically, the layers seem originally to consist of a 
mixture of AI(NQ)3, AI(OH)3, and A1203, in different 
stages of hydration. Typical composit ion corresponds to 
the hypothetical compound 

A12(NO3)3(OH)3 - 12H20 = A1203 + 3HNO3 + 12H20 

By heating or aging, this loses nitrate and water, and 
some nitrate is converted to ammonia. These conclusions 
are strengthened by our investigations using physical 
methods. 

A more detailed account is given in the following sub- 
sections. 

Study by physical methods.--Morphology.--Some typi- 
cal macroscopic and microscopic aspects were shown in 
Fig. 3. The electron micrograph in Fig. 10 shows typical 
agglomerates of 1-3 ~m diam with little or no crystalline 
structure revealed by electron diffraction patterns. 

The corona-exposed surface appeared divided into a 
central, metallic looking region and surrounding annular 
regions of different texture and color, as mentioned 
earlier. The region adjacent to the central zone is always 
the richest in granular, worm-like, or other badly 
adhering corrosion products, giving this region a darker 
hue and lower secondary particle yields than the rest. It is 
also the most difficult to observe by electron-beam meth- 
ods, because of charging effects. Note that the pitting by 
prolonged exposure extends further out than this inner 
annular region. 

By corona exposure in very humid air (~ 50% RH), the 
deposit was partly a viscous liquid. 

Fig. 10. Electron micrograph showing agglomerates ot i -3 /~m diam, 
formed an AI foil exposed to negative corona in 50% RH air (courtesy of 
M. Foos, Ecole Des Mines, Nancy, France). 
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On cathodic  and on neut ra l  A1 foils, p i t t ing was not  no- 
t iceable,  bu t  corros ion p roduc t s  appeared as loose whit-  
ish amorphous  powder .  

Interference measurements.--In dried air, no pi t t ing takes 
place, but  the  A1 is covered  by a hard, t ransparen t  layer of  
g rowing  thickness .  Typical  colored in ter ference  rings ap- 
pear, which  al low m e a s u r e m e n t  of  the  optical  layer thick- 
ness. Assuming  the  layer to consist  of ~-Al~O3, the  a m o u n t  
fo rmed  has been  calculated and found to agree wel l  wi th  
the  Faraday  equiva len t  of the  corona exposure .  

Melting point determination.---Freshly fo rmed  corros ion 
products  f rom neutra l  and anodic  A1 foils (exposed in the 
quad  chambe r  in 50% RH air) were  hea ted  in air unde r  a 
microscope .  The  whi t i sh  scales and p o w d e r  me l t ed  to a 
high viscosi ty  l iquid  a round 35~ but  the  t empera tu re  
had to be ra ised  cont inual ly  to keep  it semil iquid.  At our 
t empera tu re  limit,  about  200~ it solidified to a whi te  
amorphous  deposit .  

Auger electron spectrometry (ELION).--Anodic, cathodic,  
and neutra l  (insulated) co rona-exposed  A1 foils were  stud- 
ied in a Varian au tomat ic  Auger  e lec t ron  microprobe .  
Scaly  deposits ,  whi t i sh  " w o r m s "  p ro t rud ing  out  of corro- 
s ion pits, and li t t le cor roded  surface areas all showed  the 
p re sence  of  A1 and b o u n d  O, bu t  l i t t le or no N. X-ray 
mic rop robe  analyses  conf i rmed these  results.  Secondary  
ion mass  spec t romet ry  (LPD) showed  that  the  negat ive  
corona corrosion layer emi ts  large amoun t s  of  O and OH 
ions. P t  t ransferred f rom the  corona poin t  was always 
found.  

Used  as a scanning  e lec t ron  microscope,  the  Auger  
spec t rome te r  again showed  that  the  corros ion products  
on p i t ted  anodic  foils were  easily charged and b roken  off 
by the  e lectron beam. 

S ince  the  p u m p - d o w n  t ime  of  this i n s t rumen t  is > 5h, 
the  absence  of  N may  be due  to vaporizat ion.  

ESCA (LPD).--Figure 11 summar izes  the  resul ts  for foils 
exposed  in negat ive  and posi t ive  coronas.  For  these  expo- 
sures, a conical  po in t  e lec t rode  wi th  a large tip radius 
(= 300 ~m) was used  to obta in  discharges  wi thou t  stream- 
ers in bo th  polarities,  for compar ison.  N,s signifies nitro- 
gen  bound  in nitrites and in organic-type compounds .  
Note  the  comple te  absence  of  NO:~ on the ca thode  foil. 
The  di f ference b e t w e e n  the  E S C A  and A U G E R  results  
mus t  be ascr ibed to the  di f ference in p u m p - d o w n  times. 

Debye-Scherrer x-ray and electron diffraction analyses 
(ELION).--On newly  exposed  foils, some  w e a k  crystal l ine 
pa t te rns  were  found  but  could  not  be identified.  No clear 
pa t te rns  of  k n o w n  a l u m i n u m  oxides  were  seen. The  
glassy scale depos i t  on some neutra l  A1 foils (moun ted  in- 
sula ted in quad  chamber )  analyzed some  weeks  after ex- 
posure  gave a weak  NH4NO~ diffract ion pat tern.  This  was 
p roduced  by an aging process  of  the  original  hydra ted  
a l u m i n u m  ni t ra te  (24), as also shown by  chemica l  analysis 
(see below). 

Chemical and mass spectrometric analyses.--A main 
purpose  of  the  quad  chambe r  was to p rov ide  samples  for 
chemica l  analysis of  the cor ros ion  products .  Two paral- 
lels were  always used, so that  each run  wou ld  de l iver  one 
pair  of  di rect ly  exposed  foils, one  pair  that  were  exposed  
only to the electric w ind  th rough  a grid anode,  and one 
pair  of  neutral  foils p laced  outs ide  the  four  corona  units. 
Labora to ry  air was g iven  the  des i red dew po in t  by bub- 
bl ing it th rough  pure  the rmos ta t ed  water  and led th rough  
the  t empe ra tu r e  cont ro l led  chambe r  at about  10 liter/h. 
The  exhaus t  gas was bubb l ed  th rough  10% K O H  solution,  
wh ich  af terwards  was analyzed for NO~. 

Most  foils were  exposed  to 31 ~A nega t ive  or posi t ive  
coronas  for 50h, and some  for 166h, at 8 m m  gap width.  
They were  ex t rac ted  wi th  ho t  water ,  usual ly  immed ia t e ly  
after exposure ,  and the water -so luble  contents  of  A1 ++§ 
NO~- (given as NOd-), NH4-,  and F -  were  de t e rmined  by 
s tandard  chemica l  methods .  The  main  source  of  error  was 
the  solubi l i ty  of  the corros ion products ,  which  var ies  wi th  
the  age of  the  specimen.  The  resul ts  are summar i zed  as 
follows. 
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Fig. 11. ESCA analysis of different sections of 15 ~m AI foils exposed 
for 24h to - 2 0 / + 2 0  ~A negative corona and positive glow corona in 
50% RH air. d = 10 mm. The negative foil had nearly penetrating pits in 
the central region. 

The chamber  t empera tu re  is the  mos t  impor t an t  param- 
eter  bo th  for the  weight  increase  dur ing  exposure  and for 
the  about  equal ly  large weigh t  loss dur ing  ex t rac t ion  with  
water.  For  foils exposed  to 31 ~A nega t ive  corona for 50h, 
these  quant i t ies  fall a lmost  l inearly f rom about  13 m g  at 
10~ to 3 mg  at 70~ 

The relat ive compos i t ion  of  water -soluble  corros ion 
p roduc t s  shows no clear  pa t te rn  of var ia t ion  wi th  corona 
parameters .  The  pr incipal  ions are A1 §247 and NO3-. N H j  is 
found  in  quan t i ty  only in samples  aged for some months ,  
and is p r e sumab ly  fo rmed  f rom NO3-. F -  was always be- 
low the 0.003 m g  de tec t ion  limit.  

On anode  foils in nega t ive  coronas and on neut ra l  foils 
in posi t ive  and nega t ive  coronas,  the As  §247 we igh t  percent-  
ages in the  water  soluble  layer are scat tered in the  range 
8-14%. On ca thode  foils in posi t ive  coronas,  it is about  
11% at 70% RH, fal l ing to near ly  zero at 30% RH. 

The NO3- weigh t  pe rcen tage  in the water  soluble  layer 
is usual ly  in the  range 35-45% for all foils, posi t ive,  nega- 
tive, or neutral .  

It  is no ted  that  the  hypothe t ica l  c o m p o u n d  

A12(NO3)3(OH)3 - 12H20 = A1203 + 3HNO3 + 12H~O 

conta ins  11% A1 and 37% NO3. HNO3 does not  a t tack alu- 
m i n u m  under  ord inary  c i rcumstances ,  and a t t empts  to 
cor rode  foils in air bubb l ed  th rough  HNO3 were  negative.  
However ,  the  gas exhaus t  f rom a corona d ischarge  in air 
clearly is not  an ordinary  envi ronment .  In part icular ,  the  
fact  that  the  na ture  of this e n v i r o n m e n t  changes  wi th  co- 
rona  polar i ty  is ev iden t  f rom the  data  in Table  I. The 
NO3- depos i t ing  power  of the  gas f rom posi t ive  coronas  is 

Table I. Comparative measurements of NO3- amounts formed 
on the AI foils and in the gas by negative and positive coronas 

NO3- amounts Negative coronas Positive coronas 

On plane electrodes x 5 1 (reference) 
On neutral foils • 1.3 1 
In exhaust gas 1 • 4 



Vol. 132, No. 12 CORONA CORROSION OF A1 IN AIR 2849 

less than that of negative coronas, all other parameters 
being equal. This agrees with the ESCA results. 

Freshly formed corrosion products, mostly a whitish 
powder, from neutral A1 surfaces were readily dissolved 
in methyl alcohol and introduced into a mass spectrome- 
ter with a direct insertion probe facility. The ion source 
block was kept at 100~ Mass spectra recorded just  after 
insertion showed large peaks corresponding to NO +, N20 +, 
NO2 +, N20~ + and, particularly, HNO3 § These peaks de- 
creased in height by orders of magnitude within 10 rain, 
thus demonstrating the volatility of the nitrogen con- 
taining compounds. 

Corona Pitting Rate 
Of prime importance is the pitting rate of an anode sur- 

face in an air corona and its dependence on parameters 
like corona current I, local current density j(r), distance 
from the corona axis r, point-to-plane distance d, air tem- 
perature T, and relative humidity RH. From an applied 
point of view, it would be especially valuable if a critical 
current density j~ exists below which corrosion is uni- 
form and does not cause pitting. Such a density j~ ~ 1 
tzA/cm 2 was found previously (5), but the present work 
lowers this limit to 0.1/~A/cmh 

Methods  o f  m e a s u r e m e n t . - - A  point-to-plane corona with 
a thin foil sample as anode offers several ways to charac- 
terize pitting. 

First is corona exposure (penetration t ime to, central 
current density jo) required for first pit to perforate foil. 
(Apparatus: Fig. 5b; difficulties: none.) 

Second is an increase of foil transparency to light vs.  
t ime t for given corona parameters. (Apparatus: Fig. 5b; 
measuring the transparency of the foils to gas flow 
confirmed that they were not only transparent but also 
perforated, as also proved by corrosion products ob- 
served on the back side; difficulties: corrosion products 
mask holes to a varying degree.) 

Third is radius rp of foil area containing completely 
penetrated pits vs. exposure t ime t and current density j 
at rp. The macroscopic current density j(rp) is well known 
from Warburg's law, Eq. [1]. (Apparatus: Fig. 4, 5b, or 
others; the foils are removed for microscopic examina- 
tion; difficulties: sensitivity limit for the detection of 
small holes.) 

Fourth is radius re of foil area containing pits, 
penetrated or not, vs. exposure time t and current density 
j(rc). (Apparatus: Fig. 4, 5b, or others; the foils are re- 
moved for microscopic examination; difficulties: what is 
a pit?) 

It must  be stressed that the shape, size, and density of 
pits are not independent  of the A1 foil thickness. Pits of- 
ten stop growing in diameter after penetration, and a thin 
foil may in this way favor the formation of a high density 
of small pits. However, no systematic study has been 
made of this phenomenon. 

Dependence  on t e m p e r a t u r e  a n d  humid i t y . - - -As  re- 
ported in Ref. (5), all foils exposed in the quad chamber 
were examined in a microscope to determine the pitted 
area (the fourth method), the final optical transparency, 
and the general pit shape. The RH of the air is the 
determining parameter, regardless of absolute humidity 
or chamber temperature (Fig. 12). All samples were ex- 
posed at gap width 8 mm and with 31/zA corona current. 
The radius rc could be correlated with current density 
j(r~) (Fig. 12). Pitting was found to be most severe around 
40% RH, with a minimum current density for pitting of 
1.5/xA/cm< Subsequent  exposures of foils in 50% RH air, 
using maximum (central) current densities 1-5 /~A/cm z, 
seemed to confirm the existence of a critical current den- 
sity, with only crystallographic attack and no pitting visi- 
ble, at 1 /~A/cm< However, the following tests show 
pitting also at lower (off-axis) current densities. 

Dependence  on corona gap  w i d t h  a n d  curren t  a t  50% 
RH.--First,  by i n  s i tu  observations using apparatus Fig. 
5b with the photomultiplier  replaced by an enlarging ob- 
jective coupled to a video camera, it was ascertained that 
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Fig. 12. Pitted area radiusr~, current densitiesj atr c calculated using 
Eq. [ 1 ], and foil transparency vs. air RH, for 31/zA,  50h (and 166h) nega- 
tive corona exposures of 15 ~m AI foils at d = 8 mm (5). 

hole formation generally progresses uniformly outwards 
from the center of the foil. Thus, the first and third meth- 
ods above were combined, so that the t ime of appearance 
of the first central hole was automatically recorded, giv- 
ing tp for the central corona-exposure conditions, while 
the total exposure time gave tp for holes at radius rp of the 
perforated area periphery. 

A systematic study of the pitting rate of 15 /zm thick 
foils was then carried out at 22~ and 50% RH. The results 
are presented in Fig. 13a-13c for corona gap widths d = 5, 
7, and 10 ram, respectively, as plots of penetration time tp 
vs. the local current density j. The plots reveal that the ex- 
posed surfaces can be divided into two regions: (i) the 
central inner region of about 2 mm radius, often of metal- 
lic appearance, where the pitting efficiency (per unit cur- 
rent density) is very high and dependent  on corona gap 
width and current, and (it) the outer region, where the 
pitting rate and efficiency are lower and independent  of 
corona gap width. All points are scattered around the line 
(Fig. 13d) 

to(h) = 100j (~A/cm~) -~ [5] 

If pitting proceeds at a constant rate, Eq. [5] predicts a pit 
depth growth rate 

p 0zm/h) = 0.15/(/~A/cm9 ~ [6] 

Lines in Fig. 13a-13c are also drawn for the arithmetic av- 
erages of the penetration times in the corona center (r = 
0). These penetration times go through a min imum value 
in the range 10-30 ~A/cm 2, beyond which they increase 
with current density, in contrast to the penetration times 
in the outer region. 

Till now, we have found no unifying interpretation for 
these results, but will advance fragmentary, partly 
conflicting considerations. 

1. The difference between the central and the outer re- 
gions is connected with the electric wind. As shown ex- 
perimentally by Fieux and Boutteau (17) and others (15, 
25-28) and theoretically by Sigmond (18), this wind forms 
a narrow jet. When it impinges on the central region, the 
momentum,  energy, and molecules transmitted can (i) 
dry or blow away any semiliquid electrolyte, explaining 
the often brilliant looking central patch, and (it) supply 
the corrosion process with energy. Note that the shorter 
penetration times and the brilliant central patches are ob- 
served together in the same low current density range. 
Moreover, the influence of the jet  decreases with increas- 
ing gap width (19), which could explain why, at d = 10 
mm, the penetration t imes in the central region do not 
differ much from those in the outer region. 

2. Godard et al. (29) state that an increase in the corro- 
sion rate usually entails a more than proportional increase 
in the pit density, and thus a decrease in the growth rate 
of the individual pits. In our case, this means longer first 
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pit  penetrat ion  t i m e s  at h igher  current  dens i t i e s ,  as ob- 
s erved  in the central  region,  w h i c h  is s i m u l t a n e o u s l y  sub- 
j e c t e d  to ion  f low and to e lectr ic  w i n d  effects .  H o w e v e r ,  
it a l so  enta i l s  that  ho le s  s h o u l d  first appear  far o u t s i d e  
the  center  and t h e n  spread inwards .  Annu lar  perforated  
reg ions  have  s o m e t i m e s  b e e n  observed ,  but  not  regularly.  

The  present  m e a s u r e m e n t s  g ive  no clear support  to our 
earlier in ference  (5) o f  a crit ical  current  dens i ty  for p i t t ing  
around  1 /~A/cm 2. A d m i t t e d l y ,  w e  do not  k n o w  the  real lo- 
cal  current  d e n s i t y  at the  spot  w h e r e  a pit  is formed,  but  
w e  have  observed  of f -ax is  ho l e s  formed  at m a c r o s c o p i c  
current  dens i t i e s  d o w n  to 0 .1 /~A/cm 2 (Fig. 13c). 

Pitting in specia~ geometries.--To get  a clearer p ic ture  
o f  the  in f luence  o f  the e lectr ic  wind,  t w o  spec ia l  corona  
a r r a n g e m e n t s  w e r e  tes ted .  

Counterfiow.IA suc t ion  t u b e  w a s  centered  around the 
s t e m  of  the  po int  in an open-air  point - to-plane  corona,  
and  the suc t ion  v e l o c i t y  regula ted  to reverse  the  e lectr ic  
w i n d  f low w i t h o u t  substant ia l  e f fects  on the e lectr ical  co- 
rona character i s t ics  or on the  m u c h  faster ion  f low (30). 
P i t  pene tra t ion  t i m e s  tp for the  central  foil  reg ion  were  in- 
c re ased  from their  prev ious  l o w  v a l u e s  to v a l u e s  c loser  to 

the  curve  tp(h) = 100j ( /~A/cm0 -~ character iz ing  the  
outer  region.  

Inclined point.--Space-charge-controlled ion f low to  the  
p lane  in a po int - to -p lane  corona  is nearly  u n a f f e c t e d  by  
the  po int  geometry ,  w h i l e  the  e lectr ic  w i n d  jet  is d irected  
near ly  a long  the  normal  to the  po int  surface  at the  corona 
c a t h o d e  spot�9 Thus ,  w h e n  the  point  e l ec trode  ax i s  w a s  in- 
c l i n e d  45 ~ to the foil  normal ,  the  current  d e n s i t y  distribu-  
t ion  a long  the foil  w a s  near ly  unaf fected ,  w i t h  a maxi -  
m u m  direct ly  under  the  po int  (Fig. 14b). The  e lectr ic  
w i n d  jet, on the  other  hand,  w a s  s e e n  b y  laser  l i g h t / s m o k e  
p h o t o g r a p h s  to f low at - 30 ~ to the  foi l  normal  (Fig. 14a). 
tn  th is  way ,  the  ion  current  m a x i m u m  and the  w i n d  je t  
i m p a c t  area were  separated.  The  resu l t ing  foil  corros ion  is 
s h o w n  in Fig. 14c. The  s trong ly  corroded  region,  w i t h  
holes ,  has  n o w  m o v e d  near ly  to the jet  i m p a c t  area. Be-  
t w e e n  th is  area and  the  po in t  e l ec trode  d irec t ion  is s e e n  a 
s p i k e d  e x t e n s i o n  o f  the meta l l i c  l o o k i n g  area. Farther 
away,  a s e c o n d  perforated  area w a s  s o m e t i m e s  found.  
The  po int  i t se l f  w a s  s y m m e t r i c a l l y  e t c h e d  b y  the corona,  
as for a p e r p e n d i c u l a r l y  p l a c e d  point  e lectrode.  

The  c o u n t e r f l o w  and inc l ined-po int  e x p e r i m e n t s ,  to- 
ge ther  w i t h  e x p e r i m e n t s  w i t h  an insu la ted  foil  b e h i n d  an 
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each charged particle we expect  a substantial number  of 
activated neutrals, which are driven in a gas jet  toward 
the plane by the momentum imparted to the gas by the 
moving charges. Calorimetric measurements (19, 30) show 
that about 50% of the total power input to a 50 tea nega- 
tive point-to-plane air corona of 3 mm gap width is trans- 
ferred to the plane by the electric wind, and that the rela- 
tive power transferred falls with increasing current and 
distance as I -~2 and d -~, respectively. The corresponding 
surface temperature increases are usually small (< 10~ 

Let us now compare the diffusive flux of neutral 
particles to the plane with that of ionized species for the 
case of water. For H~O molecule flux by thermal 
movement  

Fig. 14. The inclined point experiment.a: Laser/smoke photograph of 
the burning negative corona (at d = ] 0 ram, ! = 50 teA). b: Measured 
current density profile, c: Photograph of the AI foil exposed for 24h to 
the 50 teA negative corona, d, e, and f: As a, b, c, respectively, but with a 
perpendicular point. 

anode grid, show conclusively that the jet  alone causes no 
noticeable pitting, but that it strongly accelerates the 
pitting action of the negative charged current to the foil. 
Experiments  with 12 ttm thick A1 foils covered by a tem- 
perature indicating liquid crystal layer on the back side 
confirmed that the temperature rise due to the jet  plus 
corona current is only a few degrees (19, 30), which indi- 
cates that the jet action cannot be purely thermal. 

Pitting in ac coronas.--AC (50-60 Hz) coronas are of im- 
portance in high voltage lines and equipment. Prelimi- 
nary tests in the quad chamber Showed that foils exposed 
to ac corona were pitted to a degree corresponding to the 
negative corona exposure time, as is expected. This result 
is of relevance to structures exposed to the corona from 
highly stressed conductors. 

AC (or dc) high voltage lines, however, are not well rep- 
resented by our point-to-plane corona experiments.  Even 
,when such lines receive negative charges emitted by a 
neighboring line, or emitted by themselves in the prece- 
ding half-cycle, the conditions are different from those of 
our anode foils. The electric field near the line is high, 
leading to collisional destruction (detachment) of nega- 
tive ion complexes (31) and even to renewed ionization, 
and the electric wind is modified or even reversed. 

To test for possible corona corrosion effects, one 1 mm 
diam A1 wire and one 1 mm diam A1 alloy wire were 
driven for one week at 50 kV ac with 7.5 teA]cm 2 ac corona 
current in air 20~ 50% RH. Microscopic examination 
showed that the wire surfaces turned grayish, but no 
pitting was found. Fatigue tests showed no significant 
change in strength, thus scientifically confirming the 
fairly well-established empirical fact that high voltage 
lines can be driven with some kilowatt per kilometer co- 
rona power losses and still last for many years. However, 
corona corrosion effects on metal parts (line supports, 
etc.) near corona spots may be serious, although they may 
easily and wrongly be diagnosed as corrosion caused only 
by climatic conditions. 

Discussion 
We first sort out the factors that dominate various as- 

pects of the corrosive media on and just  in front of the 
plane surface electrode. We then discuss the corona corro- 
sion phenomena in an at tempt to coordinate our findings 
with recent electrochemical studies of a luminum in aque- 
ous media. 

Charged and neutral particle flows to the plane 
electrode.--Each ion or electron impinging on the low- 
field electrode in a point-to-plane corona will impart  en- 
ergy (32) 

W = W ~ t  + W~o,~t~o, + Wwo~k ~,~on --< 10-15 eV [7] 

which is always less than 1% of the total energy delivered 
to each charged particle by the applied field. Thus, for 

Jm = nH~o v/4 = 4.4 • 102~ molecule/m2-s [8] 

taking nH2o - 3 • 10 ~a m -3 (50% RH at 20~ and v = 590 
m/s. For H20, flux carried as water of hydration by the 
current, if each ion is singly hydrated 

Jnc = fie ~ 3 �9 10 TM molecule/m'-'-s, - 10-TJm [9] 

for a 100/zA, 1 cm point-to-plane corona. Thus, even trace 
quantities of neutral species in the electric wind are ex- 
pected to influence the plane electrode surface more 
than the same species carried selectively by the ions. 
Note, however, that hydrated ions may carry the water 
and energy to where they are needed for a specific reac- 
tion. 

The interaction of the impinging charges with the sur- 
face layer depends on the sign of the charges and the na- 
ture of the layer. If  the charge transfer process is elec- 
tronic, positive ions will be neutralized and negative ions 
will lose their electrons, leaving activated neutral 
particles which probably differ little from those 
impinging in far greater numbers via the electric wind. If, 
however, surface layers like ~-A1203 form, through which 
charge transport is almost exclusively ionic, then the cur- 
rent density will determine the surface layer potential 
drop, and the ions (plus neutrals) will be the major con- 
stituents in the electrochemical processes. 

A recent study (33) of neutral gaseous reaction products 
from atmospheric pressure air coronas very similar to 
ours shows these to be 03 and NOx. In our corona current 
range, 03 production always dominates, in negative and 
positive coronas. The NOx production is lower for nega- 
tive than for positive coronas, in agreement with our ex- 
haust gas measurements  (see above). The large amounts 
of dissociated and excited nitrogen and oxygen in coro- 
nas were not directly measured, but are inferred from cal- 
orimetric studies (19, 30). Furthermore, it follows from 
different gas discharge studies (34-36) that the material of 
the electrodes can have a significant influence on the 
gas chemistry. 

A mass spectrographic study (37) of the ions arriving at 
the plane electrode in 22 ram, 20 teA point-to-plane coro- 
nas in 50% RH ambient  air at 40 kPa shows, in positive 
coronas the series H§ NO§ and NO2 ~ 
(H~O),, with maxima at n > 10, and in negative coronas 
CO3-(H20)~, O2-(H20)n, O3-(H20)~, and NO2-(H20)~ with 
maxima near n = 2. The conditions in our shorter, higher 
current coronas at atmospheric pressure should not be 
significantly different. 

To sum up, the front surfaces of our A1 foil specimens 
a r e  subjected to an air flow containing H20 (according to 
the RH), 03, and NO~ as the main neutral additions, com- 
parable amounts of excited/dissociated N2 and 02, and hy- 
drated H ~, NO ~, and NO2 § (positive coronas) or hydrated 
CO3-, 02-, 03-, and NO~- (negative coronas). The ob- 
served wet surface layers are probably formed because of 
the hygroscopic properties of the A1- and N-oxides. As 
noted above, the NO~- and A1 § percentages in the water 
soluble part of our anodic corrosion layers correspond to 
the hypothetical compound of 

A1203 + 3HNO3 + 12H.20 = A12(NO3)3(OH)s - 12H.20 
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Comparison between electrochemical corrosion phenom- 
ena in coronas and aqueous solutions.--Our earlier exper- 
iments (5) indicated that only crystallographic attack oc- 
curs in coronas below about 1 /zA/cm 2, while our later 
observations have lowered this possible limit to 0.1 
izA/cm 2. The concept of a critical anodic current density 
for pitting may sound strange in a field where the notion 
of a critical pitting potential is firmly entrenched (38, 39). 
However, in the case of aluminum, Nguyen and Foley (40) 
have misgivings in reconciling a critical potential with the 
essentially chemical process of pitting by soluble com- 
plex formation. We shall see that the two concepts of criti- 
cal current density and critical potential are not mutually 
exclusive theoretically or experimentally, even for aque- 
ous electrolytes. 

Experimentally, the onset of pitting in aqueous electro- 
lytes is accompanied by marked current or voltage 
fluctuations, depending on the power supply impedance. 
Inspection of published curves (2, 39) reveals that on 
little-corroded surfaces these fluctuations start at current 
densities around 1 tzA]cm ~. Furthermore if A1 is anodized 
for a given time in a nonpitt ing electrolyte above the criti- 
cal potential (-0.55V SHE for C1-) and a pitting agent 
added, a certain induction time elapses before the onset 
of the current fluctuations that signify pitting. The in- 
duction time increases with the previous anodizing time 
and is presumably the time needed for (spotwise?) 
thinning of the barrier layer to a certain thickness where 
pitting can start. But such a given thickness of barrier ox- 
ide has a reasonably unique resistivity, which means that 
a reasonably unique ratio exists between critical potential 
and critical current density. Videm (2) suggests, in agree- 
ment  with Hoar and Yahalom (41), that only O - -  anions 
may migrate through ~-A1203 below 550 V/~m, while at 
higher fields outward migration of A1 § also will take 
place. Also, below 550 V/~m, the transformation rate of 
~-Al~O3 to porous oxides was found to be faster than the 
~-Al~O3 production at the metal-oxide interface. 

The above considerations about the initiation of pitting 
should apply equally well to corona exposure of anodic 
foils in medium and high humidity air, where a semiliq- 
uid layer accumulates on the surface, outside of the re- 
gion most affected by the electric wind. The local current 
density here certainly is a more appropriate parameter 
than the surface potential, because of the galvanostatic 
character of the corona, i.e., the current at the surface is 
controlled by the resistance of the gas phase. 

When a sufficiently deep pit has formed in a corona or 
in an aqueous environment, the conditions inside and 
outside a pit are no longer the same. If the dissolved com- 
plexes are positive ions, they will attract more anions and 
thus lower the critical pitting potential inside the layer 
(42, 43). In water-starved coronas, the production of hy- 
drated complexes may exhaust the water supplied by dif- 
fusion into the pit, so that anions and cations must  move 
by jumping from one hydrated layer to the next, with free 
water available only at the boundary between the semi- 
solid layers and the outside electrolyte (42). The electric 
field inside developed pits may then be high, in agree- 
ment  with our observation of light emission from the 
back side of corona perforated foils (see above). Our ob- 
servations of insulating pit walls in coronas are paralleled 
by those of Edeleanu (44) in the case of liquid electrolytes. 

As for the structure and composition of the corona cor- 
rosion products, the results described in the previous sec- 
tion indicate that layers uniformly corroded (anodized) in 
dry air are simply hard a luminum oxide without any well- 
defined structure. The products of corona pitting 
probably start out as a mixture  of Al(NO3)3, Ai(OH)3, and 
intermediate compounds, all in various stages of hydra- 
tion and often in a glassy liquid form. With time, on heat- 
ing, or by exposure to vacuum, this converts to oxide con- 
taining less and less nitrate and water. These conse- 
quences of a drier environment  are the main differences 
between Al corrosion products of negative coronas in air 
and of anodic pitting in nitrate solutions. 

Thus, the major difference between anodic A1 corrosion 
in a humid air corona and in an aqueous electrolyte lies in 
the existence and effects of the electric wind. For aque- 
ous electrolytes, a suitable counterpart would be a liquid 
jet containing free radicals. The experiments described in 
the previous section leave no doubt about the important 
synergetic effects of the electric wind when combined 
with the charged particle influx. However, at present, vir- 
tually nothing is known about the precise mechanisms in- 
volved. 

Conclusion 
We have reported the present state of knowledge about 

corrosion of anodic surfaces in unipolar corona dis- 
charges in air, a phenomenon that first appeared in the 
literature in 1979 (4). The workers in this field are few, 
the corona-exposure times long, and the diagnostics 
costly and difficult, which is our excuse for the incom- 
plete and even fragmentary nature of some of the data. 
We are, however, confident that we have proved the fol- 
lowing. 

1. The low field (drift) region of a humid air corona acts 
as an efficient pitting electrolyte on anodic metal sur- 
faces. Cathodic low field surfaces (in positive coronas) 
are pitted at least ten t imes less. 

2. The basic corona pitting mechanism in humid air is, 
in principle, not different from anodic pitting in aqueous 
nitrate electrolytes. 

3. The corona pitting efficiency is much amplified by 
the impinging "electric wind" from the active (point) co- 
rona electrode. This wind contains much of the corona 
energy in form of heat and excited neutral particles, but 
does not cause pitting without the simultaneous influx of 
charged particles (synergism). 

4. AC (50-60 Hz) point-to-plane coronas cause pitting 
corresponding to their negative half-cycles. Corona 
from/to high voltage ac lines will not cause significant 
pitting on the lines themselves, but corona from high 
voltage dc lines will certainly pit nearby metal. 

5. Corona discharge (as from a point or wire at 5-15 kV) 
changes the surrounding air into a unipolar gaseous elec- 
trolyte, which will have roughly the same detrimental or 
beneficial effects on nearby objects as an aqueous nitrate 
electrolyte. Thus, for instance, certain corrosion resist- 
ance tests will be possible on structures in situ without 
the need for liquid test cells. 
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ABSTRACT 

A molybdenum containing austenitic steel was exposed in hydrochloric acid at various potentials in the active and 
passive ranges of the alloys. The surface compositions were analyzed by the ESCA technique. The influence of 
pretreatment by ion bombardment  and mechanical polishing on the passivation behavior was investigated. The passive 
film formed on the surface consists mainly of a mixed Fe-Cr-Mo oxide. The average content of Cr 3§ in the oxide is about 
70%. The inner layers of the oxide product consist mainly of Cr oxide. The Ni content in the oxide is low. The concentra- 
tion and the chemical state of Mo is potential dependent. At low potentials in the passive range, the four-valency state is 
predominant,  while at high potentials Mo exists mainly in its six-valency state. On the surface of the oxide, a layer of hy- 
droxide is present. Chloride ions are incorporated into the passive film. The thickness of the passive film increases 
with the potential in the passive range from 10 to 15~. The composition of the metal phase changes during active disso- 
lution. Thus, the alloying elements are enriched on the surface and thereby control the dissolution rate, control 
overpotentials, and provoke passivation of the alloy. 

Stainless steels belong to a class of metals and alloys 
which protect themselves by forming reaction products 
on their surfaces. The so-called passive film consists 
mainly of oxides, and its thickness is in many cases only a 
few atomic layers. The corrosion behavior of the steel is 
dependent  on the properties of the passive film. The 
composit ion of the film is determined by the composi- 
tion of the alloy and by the environmental conditions to 
which the steel is exposed. Exposure of the steel in chlo- 
ride or other halogen ion environments may cause break- 
down of the passive film followed by localized attack of 
the metal. Binary Fe-Cr alloys are especially susceptible 
to localized attack. By alloying these steels with Ni and 
Mo, the resistance against localized attack is markedly 
improved, but even high alloyed steels may be attacked 
in higher chloride containing acid solutions at least at ele- 
vated temperature. Thus, localized corrosion attack on 
stainless steels is one of the most serious problems in the 
use of these alloys. Therefore, it is important to clarify the 
factors controlling the chemical composition and the sta- 
bility of the passive film. 

By using surface-sensitive techniques (ESCA and Au- 
ger) (1-12) it has been possible in the past to get informa- 
tion about the composit ion of very thin reaction products 
formed on the surfaces. The ESCA method is unique in 
the sense that it gives information about the chemical 
state of the elements. The method allows us to estimate 
the thickness of the passive film due to the fact that the 
mean free path of the photoelectrons is of the same order 
of magnitude as the thickness of the film. 

It has now been clarified that the passive film formed 
on austenltic steels consist mainly of Cr oxide, that the Ni 
content in the film is very low, and that Mo is present in 
the oxide. In earlier work (7, 10-12), it has been demon- 
strated that Fe is selectively dissolved during passivation. 
The alloying elements are thereby enriched on the sur- 
face in their metallic states. 

The aim of this paper is to describe the surface condi- 
tion of an austenitic stainless steel during its dissolution 
and passivation in a hydrochloride aqueous solution. At- 
tention is directed to interpretation of the chemical states 
of the elements of the passive film and the distribution of 
chloride ions in the film. 

Experiments 
The polarization experiments were performed in an 

electrochemical cell connected to the preparation system 
of the ESCA instrument. Figure 1 shows a schematic view 
of the instrumentation. It consists of separate ESCA 
(HP 5950 A) and Auger (PHI 545) analyzers. The sample- 
preparation system allows simultaneous and independent  
analyses of both instruments. The electrochemical cell 
consists of a Teflon vessel with an opening to which the 

specimen is tightly screwed. A soft Teflon gasket pre- 
vents leakage. The cell is equipped with a Pt  counterelec- 
trode and an external reference electrode (SCE). The po- 
tential was controlled by a potentiostat (Wenking POS73). 
The solution was mechanically stirred in the cell and 
deaerated by argon bubbling. Before the electrolyte was 
used, it was deaerated by argon bubbling for 2h. The 
closed glass vessel in which the cell is located is streamed 
through by argon gas during the experiment  and during 
transfer of the sample to the vacuum system. The ar- 
rangement  is designed to minimize contact between the 
surface and oxidizing gases. 

The steel used is a commercial  austenitic stainless steel. 
Its composition, in weight percent, is: 0.040C, 0.62Si, 
1.64Mn, 0.020P, 0.003S, 16.7Cr, 15Ni, 4.28Mo, 0.1Cu, 
0.27Co, 0.27N, balance Fe. The electrolyte was 0.1M HC1 + 
0.4M NaC1. The samples were pretreated by polishing on 
emery paper to 600 grit finish and then electropolished in 
perchloric acid. Before exposure in the acid, the samples 
were either ion etched or mechanically polished on A1203 
powder, grain size -0.3 /~m. The two different pretreat- 
ments were used to clarify their influence on the compo- 
sition of the passive film. 

Immediately after ion etching or grinding, the sample 
was fixed at the cell and the electrolyte was poured into 
the cell. The potential of the sample was applied in the 
following sequence: cathodic range, -450 mV for 10 rain; 
corrosion potential for 5 rain; cathodic potential -450 mV 
for 10 rain; the chosen passive potential or corrosion po- 
tential. The dissolution at the corrosion potential was per- 
formed to dissolve the outer atomic layers of the metal 
and thereby obtain a surface state representing a self- 
corroding condition. 
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Fig. 1. a: The ESCA/Auger instrument, b: The electrochemical cell 
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Anodic polarization curves were recorded in the test 
solution for the alloy and the pure metals Fe, Cr, Ni, 
and Mo. The samples were activated in the way described 
above and then swept in the anodic direction (20 
mV/min). The anodic polarization curves are shown in 
Fig. 2. It appears that Cr is the only element which is 
passivated over a wide range in this solution. The 
passivation range of the alloy is almost as wide as for pure 
Cr. One difference between Cr and the alloy is that the 
max imum current density in the active range is about two 
orders of magnitude higher for Cr than for the alloy. Fig- 
ure 2 also shows that Cr is the ]east noble of the elements. 
It also appears that the corrosion potential of the alloy is 
slightly higher than the corrosion potential of Ni and Mo. 

Cal ib ra t ion  
The chemistry of the passive film is very complex. The 

interpretation of the ESCA spectra, in particular Cr and 
Mo signals, is not straightforward. Therefore, the spectra 
of these elements recorded from pure metals, alloys, and 
compounds will be described in detail. 

The metallic state of Cr 2p3~2 is shown in Fig. 3a. The 
two peaks, the solid and the point-dashed, are recorded 
from ion-etched pure metal and the alloy, respectively. 
The peak representing the pure metal is significantly 
narrower than the peak representing the Cr peak in the al- 
loy. The full width at half maximum of the two peaks are 
1.6 and 2.4 eV, respectively. The broadening is character- 
istic for the elements Cr and Mo in the alloy. The peaks in 
the spectra representing Fe and Ni in the same alloy are 
not broadened compared to the peaks obtained from the 
pure metals. This observation indicates that in an alloy 
containing Cr and Mo these alloying elements interact 
with each other in the surface region. 

The spectra shown in this paper are the as-recorded sig- 
nals. The signals are split into their components  by using 
a gaussian]lorenzian distribution. For example, the solid 
and the dashed peaks in Fig. 3b represent the metallic 
and the oxide states of Cr, respectively. The solid inverse 
S-curve is the background, and the dotted curve is the 
sum of the background and the peaks representing the 
metallic and oxide states. The dotted curves are shown to 
demonstrate how well the deconvoluted states represent 
the recorded peak. 

The rows b and c in Fig. 3 show the Cr and the oxygen 
spectra recorded after oxidation of pure Cr at 500~ in ox- 
ygen, 10 -4 torr, for 0.5 and 5 rain, respectively. The oxida- 
tion was performed in the preparation chamber. The 
short oxidation time gives an oxide that only partly cov- 
ers the surface. The contribution from the metallic state 
of Cr, binding energy BE = 573.8 +- 0.2 eV, is easily reada- 
ble. [The spectrometer is calibrated by setting the binding 
energies of carbon (graphite) and Ni to 284.3 and 852.8 eV, 
respectively.] The binding energy of the oxide state 

I 
C r  2p3/2 I 0 Is 

I O. met ION ETCHED 
- -  PURE Cr 

/ ~ . . - -  ALLOY 

b. c, OXIDIZED IN 02, S00"C, 05mm 

C. Cr3"{ox} Cr OXIDIZED ~j 

d. Cr (OH) 3 

e. C r  (OH)3 ION ETCHED S~. 

580 57S 53S 530 

B I N D I N G  E N E R G Y  (eV) 

Fig. 3. ESCA spectro recorded from Cr ond oxygen, o: Ion-etched pure 
Cr ond Fe I8Cr ]4 .3Ni2 .5Mo (o/o). b ond c: Cr oxidized in Oz. d: 
Cr(OH) 3. e: Cr(OH) 3 ion-etched 5~. 

(dashed curve) is 2.5 eV higher than BE of the metallic 
state (the chemical shift). After oxidation for prolonged 
time (Fig. 3c), the surface is completely covered by the 
oxide. The position of the oxide state of Cr, BE = 576.3 
eV, is the same as after oxidation for short time. The re- 
corded oxygen signal consists of two peaks. The main 
peak at 530.0 eV corresponds to oxygen in Cr2Q, while 
the small peak at 531.4 eV represents oxygen in hy- 
droxide. 

Figure 3d shows the spectra recorded from Cr(OH)3. 
This compound was produced from an aqueous solution, 
pH = 3, containing 0.01M CrC13 to which one droplet of 
concentrated NH4OH was added. The solid product from 
the reaction, CrC13(aq) + 3NH4OH(aq) -> Cr(OH)3(s) + 
3NH4CI(aq), was allowed to settle on a gold support  on the 
bottom of the reaction cup. After dilution and drying, the 
sample was moved to the ESCA instrument. The spectra 
show that the positions of Cr and oxygen signals are 
shifted to higher binding energies. The shifts compared 
to Cr203 are 0.8 and 1.4 eV, respectively. The ratio be- 
tween the intensities of oxygen and Cr ~ is 1.5. This is 
about twice as much as obtained from the Cr oxide. The 
difference in chemical shifts for Cr ~ and oxygen in oxide 
and hydroxide gives information on the structure of the 
passive film. However, as shown in Fig. 3e, a slight ion 
etching of Cr(OH)3 noticeably changes the spectra: extra 
peaks appear on the low binding energy sides of the main 
peaks; the positions of these peaks correspond to the po- 
sitions of CF ~ and 02- in Cr20:~. Thus, ion etching of 
Cr(OH)~ decomposes it to Cr20:~. [SiO~ is used as cali- 
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brating compound for the ion etching rate.] Prolonged ion 
etching increases the relative amount of transformed 
compounds and gradually a stationary state is reached. 
After ion etching to 100~ below the original surface, the 
intensity of the signal corresonding to the oxide state is 
three times higher than the intensity of the hydroxide 
state. This experiment  has been reported earlier (3). In 
that case, it was also shown that heating of Cr(OH)3 in 
vacuum causes the same effect as ion etching. In this 
study, it was also found that Cr(OH)3 is transformed to 
Cr203 when bombarded with low energy electrons (10 eV) 
from a flood gun (normally used for neutralizing the sur- 
face of an insulator during ESCA analysis). 

Figure 4 shows Mo 3d and signals recorded from pure 
Mo and oxide products. The binding energy of Mo 3d~2 in 
its metallic state is 227.4 eV. The full width at half maxi- 
mum is 1.0 eV. From the alloy, the corresponding width is 
1.2 eV. The spectra in the rows b and c were obtained 
after oxidation in dry oxygen and H~O vapor, respec- 
tively. Oxidation in pure oxygen, 1 torr, at 400~ for 10 
min gives MOO3. The binding energy of the six-valency 
state of Mo 3d~/~ is 232.2 eV (chemical shift is 4.8 eV). Oxi- 
dation in H~O vapor gives a completely different spec- 
trum. Figure 4c shows the signals recorded after oxida- 
tion in H20 vapor, 1 torr, at 720~ The position of the 
peak at BE = 229 eV, marked Mo% is found to be the 
same as in MOO2. The signal marked "hy" is an extra peak 
located between the six- and the four-valency states of 
Mo. The binding energy of this state is 230.6 eV. (Chemi- 
cal shift is 3.2 eV.) It is broader than the Mo 4+ and the Mo 6+ 
signals. The position of the peak representing the four- 
valency state is strongly dependent  on the coordination of 
the Mo 4. ions. Thus, it is expected that Mo t+ peaks re- 
corded from pure MoO2 and from a mixed oxide con- 
taining Mo t+ are not situated in the same positions. It was 
suggested in Ref. (12) that the Mo hy peak represents the 
four-valency state in an oxyhydroxide. Indications under- 
lying this statement are the broadening of the peak and 
the shift of its position. The latter is characteristic for hy- 
droxide, for example, Cr(OH)3 discussed above and 
Ni(OH)~ (13). An extensive study of the oxides of Mo will 
be published later (14). 

The composition and the thickness of the passive film 
were obtained from the expressions (11) 

I M  ~  = DM~ ~ (1 - exp[-a~215176 sin 38.5)]) 

e x p ( - a c / [ X M  ~ sin 38.5]) [1] 

IM met = DMmetSmet exp[ - ( a  ~ + a~)/(kM ~ sin 38.5)] [2] 

CM ~ = DM"• ~ alt. C M  met : DMm~t/y, DN m~t [3] 

where I "~ and I m~t are the measured intensities from the 
element M in the oxide and metal phases. D is the density 
of the element; S the relative photoelectron yield factor, 
experimentally determined, taking into account geomet- 
rical and attenuation factors; ~ the attenuation length of 
the photoelectrons (11); a ~ and a c the thicknesses of the 
passive film and the contamination layer, respectively. 

The attenuation of the photoelectrons due to the con- 
tamination is taken into account individually for each 
sample by measuring the intensities of the metal ele- 
ments before and after a slight ion etching of the surface, 
which just  removes the contaminants. Then, the thick- 
ness of the contamination layer, a% is calculated from Eq. 
[2]. The thickness of the passive film, a'% is estimated 
from Eq. [1] and [2]. 

Results 
Figure 5 illustrates ESCA spectra recorded from the 

sample after polarization in 0.1M HC1 + 0.4M NaC1. The 
spectra in the three rows were recorded after 5 min at the 
corrosion potential (Fig. 5a) and lh  at the passive poten- 
tials - i 0 0  mV and +500 mV (SCE) (Fig. 5b and 5c, respec- 
tively). The alloying elements--Ni,  Fe, Cr and Mo--  are 
present  in their metallic states. Except  for Ni, they are 
also oxidized. Even when the sample was treated at the 
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Fig. 4. ESCA spectra recorded from Mo. a: Ion-etched. b: Oxidized in 
02 c: Oxidized in H.20 vapor. 

dissolution potential (-320 mV) for 5 rain, oxide products 
are present on the surface. It is suggested that these are 
formed during rinsing and transferring of the sample to 
the analyzer. The oxide film is extremely thin; its thick- 
ness, estimated by the formula above, is 4~. The cations 
in the film correspond to oxidation of less than one 
atomic plane of the metal. 

The ESCA spectra recorded are deconvoluted by using 
the positions and peak widths obtained from the calibra- 
tion study, except  in the case of the metallic state of Cr, 
Ni, and Mo, because these signals are broadened when 
they are recorded from alloys containing these elements. 

After passivation, the Cr 3~ peak is the strongest of the 
peaks representing the oxidized states. From the figure, 
it appears that two oxide peaks representing Cr-hy- 
droxide and Cr-oxide are present. The hydroxide state 
(chemical shift of 3.3 eV) is dominating at -320 and at 
-100 inV. Iron is present as Fe 2+ and Fe 3~. The intensity of 
the latter is the strongest. The obtained intensity ratios, 
Fe2+/(Fe ~+ + Fe3~), are 0.30 -+ 0.09, 0.44 -+ 0.03, and 0.40 -+ 
0.07 at the three potentials (-320, -100, and +500 mV v s .  
SCE). Thus, due to the uncertainty it is not possible to 
conclude about the changes of the valency-state ratio of 
Fe in the passive state. 

The deconvolution of the Mo spectra is shown in Fig. 6. 
It appears that, in spite of the fact that the spectra are 
broad with no distinct peaks, the set of Mo states de- 
scribed above satisfy the recorded peaks very well. The 
oxide state of Mo is dependent  on the passivation poten- 
tial. At low potential, the dominating state is the four- 
valency state, while at high potential the contribution 
from the six-valency state is more pronounced. It also ap- 
pears from Fig. 6 that the peak representing the metallic 
state is broader than the pure metal state. This is sug- 
gested to be due to strong interaction between Mo and 
the alloying elements Ni and Cr. 

In Fig. 5 the metalloids oxygen, carbon, and chlorine 
are also shown. The main origin of carbon is acetone and 
methanol, in which the surface was rinsed. The three 
peaks correspond to the bondings C--H, C--OH, and 
C-------O. The oxygen signal also consists of three peaks. 
That at low binding energy corresponds to 02- in the o x -  
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Fig. 5. ESCA spectra of the Fe 18Crl 4.3Ni2.SMo alloy recorded after polarization, a: Active range, - 3 2 0  mV (SCE). b: Passive range, - 100 mV 
(SCE). c: Passive range, +500 mV (SCE). 

ides Cr203, MoO~, and Fe203. The  peak  denoted  O H -  has 
the  same posi t ion as oxygen  in Cr(OH)3 and Mo- 
hydroxide .  This  peak over laps  wi th  t he  signal f rom the  
OH group of  methanol .  The  th i rd  peak  represen ts  water  
as wel l  as oxygen  in acetone.  The  samples  polar ized at the 
d issolut ion potent ia l  were  t rea ted  in ace tone  only. The  
pass iva ted  samples  were  r insed  in ace tone  and methanol .  
The  di f ference in r ins ing t r ea tmen t  can be read f rom the 
figure. It  appears  that  the  oxygen  peaks  r ecorded  after 
pass iva t ion  are nar rower  than  after dissolution.  This  
shows that  methano]  comple te ly  r emoves  ace tone  f rom 
the  surface,  but, on the  o ther  hand,  this  also impl ies  that  
water  b o n d e d  in the pass ive  film could  be removed .  In  
in te rpre ta t ion  of  the o x y g e n  signals, the  in tens i ty  of  the  
peaks  represen t ing  O H -  and H.,O are r educed  by the  con- 
t r ibu t ion  f rom me thano l  and acetone.  The  cont r ibu t ion  is 
e s t ima ted  to be  2.5 • I(C), where  I(C) is the  in tens i ty  of  
the  co r respond ing  carbon  peak  (C--OH or C=O) .  It  ap- 
pears  f rom the  figure that  C1- ions (BE = 198.5) are pres- 
ent  in the  oxide  product .  No Na ~ ions were  detected;  thus, 
C1- ions are not  bound  as salt  crystals on the  surface. 
Later,  i t  wil l  be  shown tha t  the  C1- ions  are incorpora ted  
in the  film. 

F igures  7-11 show the  resul ts  obta ined  f rom quanti ta-  
t ive  eva lua t ion  of  the  E S C A  spectra.  The  data  obta ined  
are g iven  for each  ind iv idua l  e x p e r i m e n t  at the  dissolu- 
t ion potent ia l  -320  m V  and the  pass ive  potent ia ls  -100  
and +500 mV. The nota t ions  MP and IE  refer  to the  pre- 
t rea tments ,  mechan ica l  pol i sh ing  and ion-etching,  respec- 
tively. The  cation conten ts  in Fig. 7 are calcula ted f rom 
the intensities obtained in the as-polarized condition, i.e., 
before ion etching. Thus they do not take into account 
any in depth variations of the composition. Furthermore, 
all oxide states are summed. 

The passive films formed at -I00 and +500 mV (SCE), 
polarized for lh (Fig. 7), consist mainly of Cr a§ compounds 
(oxide and hydroxide). The Cr a~ content is about 70%. It 
seems to be constant and does not vary with the potential. 
The measured Fe ~ (Fe 2+ and Fe 3§ content is in the range 
20 to 25 atom percent (a/o) at -i00 mV (SCE) and slightly 
higher at +500 mV (SCE). The higher Fe ~215 concentration 
at +500 mV compensates for the lower Mo ~ content at 
this potential. The measured Mo ~215 is 7-9 a]o at -i00 mV 

(SCE) and about  5 a/o at the  h igher  potential .  It appears  
f rom the  figure that  the  cat ion con ten t  is i n d e p e n d e n t  of  
the  p re t r ea tmen t  of  the  surface. It  could  be expec t ed  that  
the Mo conten t  of  the  samples  pre t rea ted  by ion e tch ing  
should  be h igher  because  ion e tch ing  causes en r i chmen t  
of Mo on the  surface due  to the  lower  sput te r ing  rate of 
Mo. 

The  oxide  p roduc t s  fo rmed  on the  surface dur ing  rins- 
ing and t ransfer r ing  of  the  polar ized sample  to the  disso- 
lu t ion  potential ,  -320  m V  (SCE), depend  on the  pretreat-  
m e n t  procedure .  F igur  e 7 shows that  the  mechan ica l ly  
po l i shed  (MP) samples  polar ized for 5 rain at the  dissolu- 
t ion potent ia l  consist  main ly  of  Fe  ~215 The Cr 3§ is only  35 
a/o, which  is half  of the  va lue  obta ined after passivat ion.  
The  Mo ~ con ten t  is abou t  15 a/o, wh ich  is twice  as m u c h  
as obta ined  after pass ivat ion at -100 inV. The samples  
p repared  by ion e t ch ing  and polar ized for 5 min  show 
m u c h  h igher  Cr ~ conten ts  (52 and 55 a/o) The  Fe  ox and 
Mo ~ concent ra t ions  are about  35 and 10 a/o, respect ively .  
Polar iza t ion  for l h  gives about  the  same result .  It  is sug- 
ges ted  that  the  high Cr 3~ con ten t  in the  film is ind i rec t ly  
an  effect  of  the  ion etching.  The  e tch ing  causes  enrich-  
m e n t  of  Mo on the  surface  and makes  it  imposs ib le  to 
keep  the  surface in its act ive state; instead,  i t  is 
passivated.  

The  th icknesses  of  the  surface ox ide  p roduc t s  are 
shown in Fig. 8. It  appears  that  the  th ickness  of the 
pass ive  film increases  wi th  the  potential .  The  va lues  at 
-100  and +500 mV (SCE) are 10 and 15~, respect ively .  
After  t r ea tmen t  at the  d issolut ion potential ,  the  th ickness  
of  the  ox ide  fo rmed  on the  mechan ica l ly  po l i shed  surface 
is 5 -+ 1A. The average  va lue  of  the  ion-etched samples  is 
about  40% higher.  

F igure  9 shows the  measu red  C1- ion  con ten t  vs. the  
th ickness  of  the  oxide  layer. The  values  are g iven  before  
and after a sl ight ion etching.  The ion e tch ing  was per- 
fo rmed  to establ ish whe the r  the C1- ions were  adsorbed  
on the  surface or b o n d e d  in the  oxide.  The results  show 
that  C1- ions are found in the  oxide. The figure indicates  
that  at the corros ion potent ia l  the  h ighes t  C1- con ten t  oc- 
curs  on the  surface covered  wi th  the th innes t  oxide.  The 
con ten t  of  C1- ions increases  wi th  the  potent ia l  in the  
pass ive  range. The  d is t r ibut ion  of  C1- ions t h rough  the  
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Fig. 6. Deconvoluted ESCA spectra of Mo from Fig. 5 

pass ive  film, o b t a i n e d  f rom ion  e tch ing ,  is s h o w n  in  Fig. 
10. Neg lec t ing  se lec t ive  s p u t t e r i n g  effects,  it a p p e a r s  t h a t  
the  h i g h e s t  C1- c o n c e n t r a t i o n  ex is t s  in  the  ou te r  layer  of  
the  film. 
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F i g u r e  11 shows  d i s t r i b u t i o n  of  the  ions  t h r o u g h  t he  
pas s ive  fi lm o b t a i n e d  b y  po la r iza t ion  to +500 m V  (SCE). 
All Mo c o n c e n t r a t i o n s  a re  m u l t i p l i e d  b y  a f ac to r  of  10. 
T h e  da t a  po in t s  are  ave r age  v a l u e s  f r o m  four  measu re -  
m e n t s .  Befo re  ion  e tch ing ,  t he  d i f f e rence  b e t w e e n  t he  to- 
tal  c h a r g e s  of ca t ions  a n d  a n i o n s  is less t h a n  2%. The  
m o s t  cha rac t e r i s t i c  fea tu re  of t he  f igure  is t he  h i g h  O H -  
c o n c e n t r a t i o n  in  t he  ou te r  layer.  Af te r  ion  e t ch ing ,  t he  
O H -  c o n t e n t  dec rea se s  a n d  t he  O ~- increases .  However ,  i t  
h a s  b e e n  d e m o n s t r a t e d  a b o v e  t h a t  th i s  is a t  l eas t  pa r t ly  an  
ar t i fac t  due  to ion  e tch ing .  I t  also a p p e a r s  t h a t  the  ou te r  
l ayer  con t a in s  h y d r a t i o n  water .  The  profi le  shows  t h a t  
Cr 3§ is t he  d o m i n a t i n g  spec ies  in  t he  i n n e r  layer  of  the  
pas s ive  film. T h a t  th i s  r e s u l t  s h o u l d  be  a n  a r t i fac t  c an  be  
e x c l u d e d  b e c a u s e  p r o l o n g e d  s p u t t e r i n g  in to  t h e  b u l k  of  
the  al loy w i t h  o x y g e n  p r e s e n t  in  the  s p u t t e r i n g  gas  (]ow 
p res su re )  g ives  a ra t io  b e t w e e n  F e  ~ a n d  Cr ~ w h i c h  is al- 
m o s t  iden t i ca l  to  t he  al loy compos i t i on .  T h e  profi le  
shows  t h a t  Fe  z* is m a i n l y  p r e s e n t  in  the  ou te r  " h y d r o x -  
ide"  phase .  The  c o n t e n t  of  Fe  2~ in  the  i n n e r  layer  m a y  b e  
a n  ef fec t  of t he  ion e t c h i n g  b e c a u s e  Fe  3~ is pa r t ly  r e d u c e d  
to Fe  z§ . I t  is s u g g e s t e d  t h a t  t he  low Fe  z§ c o n t e n t  in  t h e  in- 
n e r  layer  is no t  due  to t he  fact  t h a t  Fe  2~ is r e d u c e d  to the  
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metallic state of Fe because, in our experimental  setup, 
we have never observed reduction of Fe 3~ via Fe 2§ to Fe met. 
The Mo content in the passive film is less than 2%. At 
this potential, Mo is mainly present in the outer layer as 
M o t  while at low potential Mo 4§ is dominating. Both Fe 
and Mo are detected in the inner layer of the oxide. 

Due to the fact that the oxide products  on the alloy are 
very thin, it is possible to get information about the 
composi t ion of the metall ic state undernea th  the oxide. 
The dots in Fig. 12a mark the calculated (by using the 
formulas [2] and [3]) composi t ion of the metal  phase 
after polarization to the corrosion potential  of the 
sample. The composi t ion obtained is apparent  because 
the formulas [2] and [3] do not take into account  the real 
distr ibution of the alloying elements  in the surface re- 
gion. The solid bars show the bulk composi t ion of the 
alloy. It appears from the figure that the apparent  Fe 
concentrat ion is about  10 a/o units lower than the Fe 
content  of the alloy. It also shows that  Ni is markedly 
enr iched in the surface region because the apparent  Ni 
content  is about  twice as high as the figure given from 
the chemical  analysis of the alloy. Furthermore,  Mo is 
slightly enriched, while Cr is depleted in the surface 
region. 

Above, it has been emphasized that the oxide products  
present  on the surface after polarization to the corrosion 
potential  are mainly formed during rinsing and 
transferring of the sample. It is suggested that the deple- 
tion of Cr in the metal  phase is caused by selective oxi- 
dation during handl ing of the sample because the Cr 
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content  in the oxide is higher  than in the alloy. Iron, on 
the other hand, shows lower concentrat ion in both the 
oxide and the metal phases compared to the bulk con- 
centration. This observat ion shows that Fe is dissolved 
selectively during dissolution at the corrosion potential. 
Thereby the alloying elements  are enriched on the 
surface. 

The observation that Fe is selectively dissolved during 
dissolution of stainless steel in the active range of the al- 
loy has been reported earlier (10-12). An extensive analy- 
sis of the distr ibution of the alloying elements  in the 
neighborhood of the surface is given in Ref. (15). In that 
paper, the cations present  in the oxide were converted 
to their  metallic state. Also, it was assumed that the al- 
loying elements  differ from the bulk concentrat ion in 
the three outer atomic planes. 

The composi t ion of the outermost  atomic plane is 
shown in Fig. 12b [using the procedure in Ref. (15)]. The 
solid lines in each bar show the average value, while the 
white area is the standard deviation. The figure shows 
that during anodic dissolution the alloying elements  Cr, 
Ni, and Mo are significantly enriched in the surface 
region. 

In Fig. 13, the precision of the quanti tat ive method  is 
demonstrated.  The alloy was polished on emery paper in 
methanol  and transferred to the analyzer. It is suggested 
that no selective dissolution of the alloy occurs during 
polishing in methanol.  The apparent composi t ion is 
shown in Fig. 13a. The cations in the oxide (8~) formed 
during transfer were conver ted to their  metallic state, 
and the composi t ion of the outermost  layer was calcu- 
lated (Fig. 13b). The calculated concentrat ion of the al- 
loying elements  in the outermost  atomic plane in this 
case is very close to the bulk composi t ion of the alloy. 
Thus, the enr ichment  of the alloying elements  during 
active dissolution of the alloy is a real effect. 

Discussion 
This study confirms the duplex structure of the 

passive film with an outer layer of hydrated hydroxide 
and an inner layer of oxide. The thickness of these layers 
cannot be determined exactly, but the sputtering profiles 
of oxygen in OH-  and H20 states show that the hydroxide 
layer is at least one third of the whole film. Both layers 
consist of mainly Cr s§ compounds.  Of the total cation con- 
tent, the content of Cr 3~ is at least 70 aiD. Nickel in its ox- 
ide state cannot be detected in the passive film. Iron is 
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present in its di- and tri-valent states. The molybdenum 
content in the passive film is low, a few atomic percent. 
At - 100 mV (SCE), the Mo four-valency state is dominant, 
while at +500 mV (SCE) Mo is present mainly as Mo6% 
The oxidation states of both Mo and Fe are reduced dur- 
ing ion etching. Considering the above, it can be con- 
cluded that the inner oxide layer consists mainly of Cr 
and Fe in their three-valency states. 

The analysis shows that C1- ions are present in the sur- 
face products. The amount  increases with the potential in 
the passive range. A suggested explanation for this be- 
havior is that the field strength is higher at the high po- 
tential, even in spite of the fact that the layer is thicker. 
The incorporation of C1- in the film is completely differ- 
ent from the situation when stainless steel is exposed in 
sulfuric acid (12). In that case, SO4 ~- ions are merely ad- 
sorbed on the surface and completely removed by a slight 
ion etching. The difference in behavior is suggested to 
arise from the fact that the C1- ion is the same size as the 
OH-  ion and, therefore, can easily be substituted in the 
outer hydroxide layer. 

The role of Mo has been discussed in the literature. 
Sugimoto et al. (6, 16) and Hashimoto et al. (8, 9) suggest 
that the stability of the oxide film in acid chloride solu- 
tions is the result of hexavalent molybdenum oxide 
forming on the surface. Hashimoto explains the fact that 
Mo alloyed steels show a much lower current in the 
passive region by a model in which the passive film is 
not homogeneous; instead, it contains a high density of 
microcracks through which current can leak. The micro- 
cracks are filled with water, and this is responsible for 
the high current. In the case of Mo-ailoyed steels, Mo 6~ 
ions are formed in the cracks and thereby decrease the 
size of the active sites. It was also mentioned that this 
Mo 6+ compound is formed on the surface during active dis- 
solution preceding passive film formation. This idea is to 
some extent contradictory to the results reported in this 
study. It has been shown that the six-valency state of Mo 
is obtained at high potential. At low potential, Mo 4~ domi- 
nates. Also, comparing the result from passivation of pure 
Mo (17) no six-valency Mo compound is found at poten- 
tials lower than +250 mV (SCE). However, from a thermo- 
dynamic point of view (18), Mo 6~ is expected even at lower 
potentials; Mo is oxidized to MoO3 above -182 mV and to 
MoO, 2- above -242 mV (SCE) (standard conditions). Inter- 
pretation of these compounds by ESCA is not an easy 
task due to the fact that the positions of the signals repre- 

senting Mo in the compounds are very close to each 
other. 

Our result indicates that Mo is uniformly distributed 
through the layer. Support for this statement is that the 
high energy peak of the complex Mo 4+ signal is domi- 
nating after passivation and that both Mo ~ and Mo 6~ exist 
through the layer. We suggest that the role of Mo in the 
passive film is that it stabilizes the oxide products. At 
least the outer hydroxide layer is influenced. It is known 
that some Mo complexes [i.e., Mo3C14(H20)2(OH)2 6H20] 
are insoluble in acid while corresponding Fe-Cr-com- 
pounds are soluble. It has been suggested by Wanklyn 
(19) that hydrated MoO2 occurs in the passive film. We 
conclude that the outer part of the passive film consists 
of a mixed hydroxide containing Mo, Fe, and Cr. The lat- 
ter is directly observed in the spectra. 

We have reported (12) that in the case of ferritic steels 
exposed in 0.5M H2SO4 the passive film consists almost 
entirely of Cr20~ in the inner layer. It was suggested that 
it is this inner oxide layer that is rate determining for the 
dissolution. The observation that the oxide consists of 
mainly three-valency cations implies that the defect den- 
sity of the passive film is low. However, both lower (Fe ~+) 
and higher (Mo 4~ and Mo 6§ valency cations are present in 
the film. It is suggested that the defects created by Fe 2~ 
are canceled by the defects created by Mo 4~ and Mo 6+ 
Thus, an almost defect-free oxide is formed in which 
ionic conductivity is extremely low. 

It is found that the thicknesses of the passive films 
formed on this austenltic steel in hydrochloric acid (0.1M 
HC1) and on a Mo containing ferritic steel (12) in sulfuric 
acid (0.5M H2SO4) follow the same potential dependence. 
Even the absolute thickness is almost the same. In the 
case of non-Mo containing steel (12), the film was notice- 
ably thicker at low potential. Thus, the thickness of the 
passive film seems mainly to be dependent  on the Mo 
content in the alloy. 

At the dissolution potential of the alloy, the alloying ele- 
ments Ni, Cr, and Mo are enriched on the surface in their 
metallic states. The enrichment  is caused by selective dis- 
solution of Fe. The high Ni content is directly observed 
from the measurements.  The contents of Cr and Mo were 
obtained by converting the cations in the oxide to their 
metallic states. It was not possible to avoid a slight oxida- 
tion of the surface during handling in spite of all precau- 
tions taken. It could be argued that Cr in its oxide state is 
present on the surface even during active dissolution be- 
cause pure Cr is passive at the dissolution potential of the 
alloy (Fig. 2). However, even Fe and Mo are present as ox- 
ide on the surface after the dissolution treatment. Iron is 
the dominating cation in the oxide product, but pure Fe is 
definitely not passive at the corrosion potential of the al- 
loy. A further indication for the statement that most of 
the oxide is formed after polarization is that the oxide 
product formed on the surface of an etched sample in the 
protecting atmosphere of the cell is thicker than the prod- 
ucts discovered after polarization to the corrosion 
potential. 

The selective dissolution of Fe is controlled by the in- 
teratomic forces over the interface (metal]solution) and 
between the alloying elements. Earlier (11), it has been 
suggested that the elements form a surface phase with 
lower Fe content than the bulk composition of the alloy. 
The alloy system forms at high temperature intermetallic 
compounds (~-, X-, and Laves phases). During active dis- 
solution, corresponding phases are suggested to be 
formed due to interaction between the atoms. The initia- 
tion of the enrichment is described by the model: at the 
corrosion potential of the alloy, the dissolution rates of Fe 
and Cr are higher than the dissolution rate of Mo and Ni 
because Fe and Cr are less noble than Mo and Ni; inter- 
atomic forces between Cr and Mo slow down the dissolu- 
tion rate of Cr, and thereby it is enriched on the surface. 
After the initiation, a steady state is reached where the 
overall dissolution rate is lowered. 

The analysis shows that the thickness of the passive 
film increases with the potential in the passive region. 
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Because Ni is not present in the oxide (or to only a low 
extent) and dissolves with a lower dissolution rate than 
Fe, it is enriched under  the passive film. Figure 14 shows 
the apparent composition of the metal phase. It appears 
that the apparent Ni content is about twice as high as the 
bulk composition and that it increases with the potential. 
Because the excess of Ni atoms is located in a few atomic 
planes close to the oxide/metal interface, the Ni content 
of the outermost of these is higher than the value given in 
the figure. 

Because all electrochemical reactions between the 
metal and the environment  take place in the outermost 
atomic plane, the surface composition and the surface 
state contribute to the overall reactions and control fac- 
tors as dissolution rate, overpotential, corrosion potential, 
and passivability. From the polarization diagram, Fig. 2, it 
appears the corrosion potential of the alloy is close to the 
corrosion potential of pure Mo and Ni. It has been empha- 
sized that one beneficial effect of Mo and Ni is the en- 
r ichment of these elements on the surface during the 
anodic dissolution (10, 11, 15) that always precedes 
passivation. Thereby, the dissolution rate is lowered and 
the passivation of the alloy is provoked. 

Conclusions 
The passive film formed on a Mo containing austenitic 

steel consists of Cr oxide containing Mo and Fe. Chro- 

mium is present in hydroxide and oxide compounds. The 
Ni content of the film is very low. The valency states of 
Mo are Mo 4§ at low potentials and Mo ~§ at high potentials. 
Chloride ions are incorporated into the oxide passive 
film. The alloying elements Cr, N i, and Mo are enriched 
on the surface during active dissolution. The enrichment 
is caused by selective dissolution of Fe. The enrichment 
of the alloying elements provoke passivation of the alloy. 
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Kinetics and Mechanism of Passive Film Formation on Iron in 
O.OSM NaOH 

T. Zakroczymski, 1 Chwei-Jer Fan, and Z. Szklarska-Smialowska* 
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ABSTRACT 

Simultaneous electrochemical and ellipsometric studies of the anodic film growth on iron in 0.05M NaOH have re- 
vealed that passivation occurs in two stages. During the first stage, which lasts for about 2s, the anodic current is 
consumed only for film growth, whereas in the second stage (t > 2s) release of iron cations into the electrolyte also oc- 
curs. The chemical composit ion of the passive film formed for times longer than 2s corresponds to FeOOH with a con- 
stant density and a complex index of refraction of ~ = 1.84 (1 - 0.075i). During the first stage of film formation (t < 2s), 
the film density and the complex index of refraction change from values characteristic of  the electrolyte to those of 
FeOOH, which is probably related to the fact that the amount of water occluded in the passive film decreases with time. 
The film thickness increases with increasing anodic potential. A major increase in film thickness occurs during the 
first 0.2-0.5s. 

Although numerous papers have been published in the 
field of iron passivity, there is little comprehension of 
some fundamental aspects of this phenomenon. This is 
particularly true of the passive film formation on iron in 
alkaline solutions, since the major part of research work 
has been performed in neutral or near-neutral borate elec- 
trolytes. Therefore, literature data concerning alkaline so- 
lutions are scanty. Foley et al. (1) found the passive film 
on iron in 0.1M NaOH to be ~-Fe~O3, but their conclusion 
was based on electron diffraction studies conducted on 
dried films. Froelicher et al. (2) used Raman spectros- 
copy to study in situ the passivation of iron in various so- 
lutions. In a 1M KOH solution, in which oxidation/reduc- 
tion cycles had been applied to an electrode, only Fe304 
was found. Donnwald et al. (3) also studied the passive 
film on iron in 1M KOH by Raman spectroscopy. In their 
study, the iron samples were cycled from cathodic to 
transpassive potentials at a rate of 1 mV/s. From the spec- 
tra obtained, the film appeared to be composed of Fe~O4. 
The trivalent compound which came nearest to matching 
the spectra was amorphous ~-FeOOH. When the cycle rate 
was increased to 50 mV/s, a weakly attached reddish- 
brown layer was formed. This layer was thought  to be 
a-FeOOH, which covered the Fe304 layer. Huang and Ord 
(4) took ellipsometric measurements on an iron electrode 
which was cycled galvanostatically in 0.05M NaOH. They 
concluded that a low density outer layer built up progres- 
sively over an inner layer of a compact oxide which was 
identified as Fe~O4. The inner layer reached a maximum 
thickness of approximately 3.8 nm at oxygen evolution 
and was removed completely by cathodic reduction, 
whereas the outer layer thickness grew by more than 10 
nm/cycle. According to the authors, the outer layer is not 
merely a by-product layer but is alternately oxidized and 
reduced on each cycle, and has different refractive in- 
dexes in its oxidized and reduced states. More recently, 
Sarver and Szklarska-Smialowska (5) have found that, in 
NaOH solution of pH 12, as in borate solutions (6), the 
growth of the passive film occurs in four stages. In the 
first two stages, which last for only approximately ls, the 
thickness of the film achieves 60% or more of its final 
thickness. They conclude that the composition of the 
film is probably closer to FeOOH than to Fe~O4 or Fe2Q. 

The present paper is the first of a series of works of 
which the objective is to use electrochemical and ellipso- 
metric techniques to characterize the passivity of iron in 
alkaline solutions. In particular, efforts are made to eluci- 
date some fundamental  aspects, such as (i) the mecha- 
nism and kinetics of f i lmgrowth,  (it) composition, struc- 
ture, and physical properties of the passive film, and (iii) 
effects of environmental factors--electrolyte composition 
(CI-, chelating agents) and potential. 

*Electrochemical Society Active Member. 
' On leave from the Institute of Physical Chemistry, Polish 

Academy of Sciences, Kasprzaka 44/52, 01-224 Warsaw, Poland. 

The subject of this study is passivation of iron in 0.05M 
NaOH solution (pH = 12.0). 

Experimental 
The material used was pure iron. Its chemical composi- 

tion is given in Table I. The specimen was machined from 
a rod of 6.35 mm diam, and was mounted in a Teflon 
holder. The exposed metal surface, which was perpendic- 
ular to the rod axis, had an area of 31.7 mm 2. The speci- 
men was first ground to a 600 grit finish and then me- 
chanically polished with diamond paste to 1 ~m finish. 
After polishing, the specimen was ultrasonically cleaned 
in methanol and placed in the ellipsometric cell. An auto- 
matic ellipsometer, Rudolph Model Type 2000, was em- 
ployed. The wavelength was 546.1 nm. The angle of inci- 
dence was 71.0 ~ in most experiments.  

Simultaneous ellipsometric and electrochemical mea- 
surements were performed. Before each measurement,  
the specimen was cathodically reduced at -0.950 VNHE for 
10-15 min. Next, the electrode potential was rapidly 
changed (sweep rate 80 V/s) to the desired potential in the 
passive region and changes in electrochemical and 
ellipsometric parameters were recorded. A high speed 
electronic recorder (Bascom-Turner Model 3120 T) was 
used to collect data during the first 2s, and electrome- 
chanical recorders (Bio-Rad Model 1322) were applied to 
collect data at a slower speed during the entire experi- 
ment. All measurements were carried out at 24 ~ + I~ A 
Hg/HgO/O.1M NaOH reference electrode (= 0.160 VNH~ 
was used for electrode potential measurements.  All po- 
tential values given below are in the normal hydrogen 
electrode scale. The optical constants of iron, the films 
on its surface, arid the film thicknesses were calculated 
using the McCrackin computer  program (7) with some 
modifications. 

Results 
Electrochemical data.--Figure 1 shows the potentiody- 

namic anodic polarization curves measured at four differ- 
ent potential sweep rates. With increasing potential sweep 
rate, both the maximum current density at the potential 
corresponding to the active/passive transition and the 
current density in the passive region increased. 

Figure 2 depicts changes in the anodic current density 
vs. t ime observed when the electrode potential was rap- 
idly changed from E = -0.950 V to the following four po- 
tentials in the passive region (E*): -0.350, -0.050, 0.250, 
and 0.550V. At first, the current density (iwotal) increased 
with time, and after about 0.1s achieved a maximum 
value. Maximum current density increased when a more 
positive potential was applied. Afterward, the current de- 
creased quite rapidly, and then much more slowly for 
t imes longer than 2s. In this finat stage, the log current 
density was a linear function of log time with a slope of 
about -0.5. 
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Table I. Chemical composition of the iron used in this study (ppm) 

C N O Na Mg P S C1 K Co Ti Cr Cu Zn Fe 

12.0 10.0 60.0 1.6 0.9 0.7 2.6 0.8 1.8 0.8 1.4 1.6 0.6 1.9 Balance 

Figure 3 shows changes in the anodic charge density 
corresponding to changes in the current density taken 
from Fig. 2. The meaning of imm in Fig. 2 and the method 
used to determine qmm in Fig. 3 are described in the Dis- 
cussion section. 

Ellipsometric data . - -The  optical parameters of the bare 
metal after polishing and cleaning measured in air were n 
= 2.43 and k = 1.36. After exposure to 0.05M NaOH and 
cathodic treatment at E = -0.950V, the optical parameters 
changed their values, as shown in Fig. 4. After about 900s, 
the complex index was n = 2.72 (1 - 1.27i), lower than 
that reported in the literature for a bare iron surface, for 
instance, in borate (8, 9) or orthophosphate (10) solutions. 
During continuous cathodic polarization, the optical pa- 
rameters n and k continued to change; n decreased, and k 
increased with time (Fig. 4). 

Ellipsometric parameters a and e, which were recorded 
during anodic polarization, were converted to ah and a~,  
where h and ~ are relative phase and amplitude parame- 
ters. Relationships between -Sh and 8@ for the four ap- 
plied potentials are shown in Fig. 5, while changes in -Sh 
with t ime are plotted in Fig. 6. 

Discussion 
Metal dissolution and passivat ion.--In the first place, 

the characteristic relationship between the anodic current 
density and time shown in Fig. 2 deserves special notice. 
Generally, a sudden change in the electrode potential 
from a slightly cathodic to an anodic value may result in 
changes of the anodic current with time which depend 
upon the processes occurring at the metal]electrolyte in- 
terface. The following three cases of the current vs. time 
relationship, schematically presented in Fig. 7, can be 
considered. 

Active  dissolution: curve A-B-C.--The anodic current in- 
creases to a constant level B-C depending upon the ap- 
plied potential and other experimental  conditions. As- 
suming that all products of the anodic processes 
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Fig. I. Anodic polarization curves for iron in O.05M NaOH measured 
at four different potential sweep rates. 

occurring on the metal surface are rapidly transferred 
into the bulk of solution, no surface impediments  take 
place. The slope of the A-B curve depends upon the po- 
tential sweep rate. 

Full passivity: curve A-M-O.--Products of the anodic pro- 
cesses accumulate on the metal surface and form a 
passivating film. The anodic current increases more 
slowly than in the previous case. The surface film thick- 
ens, becomes more dense (or compact), and hinders more 
and more the anodic processes. At point M, the anodic 
current  reaches a max imum value and begins to decrease 
when the impeding effect overcomes the ability of the 
metal to be ionized. If all the anodic reaction products are 
used for surface film formation with no release of cations 
to the surrounding electrolyte, the current would finally 
fall to zero at point 0. 

Incomplete passivi ty .--Curve A-M-N-P.--After reaching 
some limiting thickness and density at point N, the film 
does not grow any more and its hindering effect on the 
anodic current assumes a constant and t ime-independent 
level. 

Incomplete Passivi ty . - -Curve A-M-N-Q.--If  the film den- 
sity p attains a constant value at point N but the film 
thickness d still increases or, on the contrary, d assumes a 
constant value but p can still increase, changes in the 
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Fig. 2. Changes in current density with time at different potentials. 
The extrapolated fine lines correspond to the current consumed for film 
growth (t > 2S). 
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anodic current would be represented by line N-Q. Of 
course, simultaneous changes of d and p with time cannot 
be excluded. 

It is obvious that the above model is simplified. How- 
ever, it seems likely that when the characteristic 
deflection point N (Fig. 7) is observed after a relatively 
short period of time, one can presume that up to this m o -  

m e n t  there is practically no dissolution of the metal in the 
sense of forwarding metal cations into the bulk of solu- 
tion. 

Comparison of the experimental  curves shown in Fig. 2 
(coarse lines) with those schematically plotted in Fig. 7 
leads to the conclusion that the real course of events o b -  

+ 

B Active Dissolution C 

~ Passivity 

' ~ ' ~ . ~  p=r d ! 
(D ' ~  ' ~ ( d :  const, p/) 

d /p~  X O  

Time, Log 
Fdm Formelicn, No Dissolution 

------Dqeeolution, Fdm is Formed 
~ ' ~  Film Formetion + Dissolut i on  

Fig. 7. Schematic representation of possible changes in current den- 
sity with time as a result of film formation during the anodic polarization 
of iron. 

served in these measurements  corresponds to the above 
case 3b (curve A-M-N-Q in Fig. 7). It is apparent that up to 
t = 2s there is practically no release of metal cations to the 
bulk of solution. In this first stage, all reaction products 
are consumed by the film, which grows thicker and be- 
comes denser. Later on, however, film growth occurs 
simultaneously with release of metal cations to the sur- 
rounding electrolyte. 

The next question to be asked is: what share of the total 
current is consumed by film growth for t > 2 s? This 
share, /film, was estimated by extrapolating the linear 
parts of M-N curves shown in Fig. 2 (fine lines), which 
are characterized by a slope of about -1.  The magnitude 
of this slope suggests that the changes in current density 
are associated with the film growth, as has been ob- 
served for tantalum, a luminum (11, 12), and stainless steel 
(13). In this manner, the charge consumed for film 
growth, qf,m, could be evaluated. The results are repre- 
sented by fine lines in Fig. 3. 

Complex index of refraction, film composition, and 
thickness.--The complex index of refraction could be cal- 
culated from h and r values. The computer  simulation 
generated the relationship between film thickness. 8A 
and 8r for different combinations of n and k. First, certain 
combinations of n, k, and film thickness (dEL) were se- 
lected by matching the experimentally obtained 8h and 8r 
values with the computer-generated ones. Second, the 
film charge density, qf, m, was used to calculate the thick- 
ness, dcM, of the film of an assumed composition, using 
the following equation 

d c  H - -  q f i l m M  [1] 
zFp 

where M is the molecular weight of the species formed, 
z is the number  of electrons per elementary reaction, F is 
the Faraday constant, and p is the density of the species 
formed. The dcH values were calculated for different pos- 
sible compounds, namely, FeOOH, Fe:~O4, Fe(OH)2, 
Fe(OH)~, and Fe20~, and for t = 600s, during which the 
film density was believed to attain a constant level. The 
calculated dcH values and the observed values of 8h and 
8r for the applied anodic potentials and t = 600s are given 
in Table II and in Fig. 8. The experimental  values of 8r vs. 
--SA are plotted in Fig. 8 by open characters, whereas the 
values of dcH vs. -~h are marked by solid ones. The 
computer-generated relationships 8r = f (-Sh) and dEL = f 
(--Sh) which fit best to the experimental  results are pre- 
sented by continuous lines. The best fit has been found 
for the following complex index of refraction: n = 1.84 (1 
- 0.075i), which seems to correspond most closely to 
FeOOH. 
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Table II. Film charge density (qfilm), film thickness 
calculated from charge (dcH) for possible compounds 

in the film and ellipsometric parameters ( -  3A and a 4)  

t ime = 600s 

Potential, E* (V~He) 

-0.350 -0.050 0.250 0.550 

qnlm 38.8 51.4 58.4 68.1 
(C/m ~) 

dcM FeOOH, M = 88.85 
(nm) p = 4.28 g/cm '~ 2.78 3.69 4.18 4.89 

z=3 
Fe304, M = 231.54 
p = 5.18 g/cm 3 6.73 8.92 1 0 . 1 2  11.82 
z = 2.67 
Fe(OH).2, M = 89.96 
p = 3.40 g/cm '~ 5.31 7.04 7.99 9.33 
z=2 
Fe(OH)3, M = 106.87 
p = 3.60 g/cm ~ 3.98 5.27 5.98 6.99 
z=3 
FelOn, M = 159.7 
p = 5.24 g/cm = 4.08 5.41 6.14 7.17 
z=3 

- 3A, degree 4.00 5.68 6.65 8.10 
ar degree 0.54 0.85 1.05 1.26 

To a s c e r t a i n  t h a t  t he  e l l i p some t r i c  da ta  m e a s u r e d  were  
t rue ,  a d d i t i o n a l  m e a s u r e m e n t s  u s i n g  d i f f e ren t  ang les  of  
i n c i d e n c e  h a v e  b e e n  ca r r i ed  out.  In  Fig. 9, t h e  c o m p u t e r -  . . o 
g e n e r a t e d  r e l a t m n s h t p s  64 = f ( -  aA) for  n = 1.84 (1 - 
0.075i) a n d  those  e x p e r i m e n t a l l y  o b s e r v e d  at two ang les  
of  i nc idence ,  name ly ,  71 ~ a n d  60 ~ a n d  at E* = 0.550V, are 
c o m p a r e d .  The  a c c o r d a n c e  is v e r y  good.  Moreover ,  i t  c an  
be  c o n c l u d e d  t h a t  t he  a n g l e  of  i n c i d e n c e  m a i n l y  u s e d  in  
th i s  w o r k  (71 ~ ha s  b e e n  c h o o s e n  co r rec t ly  b e c a u s e  it  pro- 
v ides  s ign i f ican t  c h a n g e s  in  b o t h  t he  e l l i p some t r i c  pa-  
r a m e t e r s  h a n d  4. 

Film growth kinetics.--The k ine t i c s  of  f i lm g r o w t h  was  
e s t i m a t e d  on  t h e  bas i s  of  e l e c t r ochem i ca l  a n d  ell ipso- 
m e t r i c  r e su l t s  as  follows. U s i n g  Eq.  [1], t h e  f i lm c h a r g e  
d e n s i t y  vs. t i m e  (Fig. 3) w as  c o n v e r t e d  in to  t he  re la t ion-  
sh ip  dc~ = f (t), s h o w n  in  Fig. 10. On  t he  o t h e r  h a n d ,  con-  
s i d e r i n g  t he  - 3 h  vs. t r e l a t i o n s h i p  (Fig. 6), a n d  also t h a t  of  
dEL VS. --3& (Fig. 8), dEL c o u l d  b e  d e t e r m i n e d  as a f u n c t i o n  
of  t. a s s u m i n ~  t h a t  t he  f i lm h a d  a c o n s t a n t  r e f rac t ive  in- 
d e x  of  n = 1.84 (1 - 0.075i). T h e  re su l t s  a re  s h o w n  in  Fig. 
11. 

T h e  a b o v e  two d i f f e ren t  ca l cu la t ion  m e t h o d s  of fi lm 
t h i c k n e s s  d id  no t  lead,  howeve r ,  to  sa t i s fac to r i ly  cons i s t -  
e n t  resul t s .  The  f i lm t h i c k n e s s  ca lcu la ted  f rom the  
c h a r g e  c o n s u m e d  d u r i n g  t he  first  p a s s i v a t i o n  p e r i o d  was  
less  t h a n  t h a t  d e t e r m i n e d  e l l ipsomet r i ca l ly  (Fig. 12). Tak-  
ing  in to  c o n s i d e r a t i o n  t h e  fac t  t h a t  t he  fi lm t h i c k n e s s  dcH 
was  o b t a i n e d  f rom t h e  f i lm c h a r g e  d e n s i t y  u n d e r  t h e  as- 
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s u m p t i o n  of  M, p, a n d  z c o n s t a n c y ,  t he  f i lm t h i c k n e s s  de- 
t e r m i n e d  e l l i p some t r i ca l ly  s e e m s  to be  m o r e  c redib le .  

As is s e e n  in  Fig. 11, t he  f i lm g rows  in  two s tages ,  b o t h  
b e i n g  cha rac t e r i zed  b y  a l i nea r  r e l a t i onsh ip  b e t w e e n  t h e  
f i lm t h i c k n e s s  a n d  the  l o g a r i t h m  of  t ime.  D u r i n g  t h e  
first  fas t  stage, l a s t i ng  for  a b o u t  0.5s, t he  s lope  of  t he  dEL 
VS. log t cu rve  is c o n t r o l l e d  b y  t he  app l i ed  po ten t i a l ,  E*, 
w h i l e  l a te r  on, in  t he  s e c o n d  s low stage,  t h e  s lope  be-  
c o m e s  p rac t i ca l ly  i n d e p e n d e n t  of  E*. D u r i n g  t he  f irst  0.5s, 
t he  f i lm a t t a ins  a b o u t  60% (E* = -0 .350V)  to a b o u t  80% (E* 
= 0.550V) of  i ts  f inal  t h i c k n e s s .  
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The fast film growth has proved to be governed by the 
following empirical equation 

dd~l 
d log-----7 - Z (E - Eta,) [2] 

where dej is the film thickness in angstroms, Z is a con- 
stant equal to 1/e, where �9 is the electric field strength, E 
is the applied anodic potential in volts, Er is the corro- 
sion potential of iron in the given electrolyte, and t is the 
passivation time in seconds. 

Because the above relation appears to be quite signifi- 
cant, analyses of results obtained in previous studies (6, 
14) were carried out and graphically compared in Fig. 13, 
showing that in all the tested solutions dd, l/d log t is a lin- 
ear function of the applied anodic potential. The straight 
lines start from E .... and their slopes Z range from 18-25 
A/V, depending upon the electrolyte. These results sug- 
gest that in all the three solutions indicated in Fig. 13 the 
film formation begins at the corrosion potential of iron in 
the given solution and that cations transferred from the 
metal in its active state participate in film growth. 

During the slow stage, the film grows at a rate of about 
3A per decade of time. 

Fi lm dens i t y . - -The  fact that the film thickness deter- 
mined from charge consumed during the first 2s is much 
less than that determined ellipsometrically (Fig. 12) was 
unexpected.  It could be inferred that the film density 
was time dependent and differed from that used for the 
calculation of dcm namely p = 4.28 g/cm 3. Presumably, 
during anodic polarization both the film thickness and 
density increase with time. Generally, the film density 
can be considered to change from a low value characteris- 
tic of the liquid phase electrolyte (PnQ,~d) to a final value 
characterizing the solid phase film having an established 
density (P~oUd). Intermediate stages can be treated as con- 
taining a mixture of solid and liquid phases in which the 

dd, L /240(E-Er NoOH+NaCI, ~(Ref ld] 
3 �9 . 

- d ~ = ~ - / 8 3 ( E - ~ o r )  NaOH,  pH/2, O(Current Work)  
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Fig. 13. Kinetics of film growth on iron in different solutions as a func- 
tion of the anodic potential. 
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water content decreases with passivation time; conse- 
quently, the density increases with time. A similar point 
of view was expressed by Kruger and Calvert (15). 

The actual (average) film density can be calculated 
from the following equation 

dcH 
P .... -- dEL ( P s o l i O  - -  Pnquid) + /)liquid [3] 

The results of these calculations are shown in Fig. 14 
and 15. The average film density reaches its final value 
in about 2s (Fig. 15), i.e., when the current density vs. t ime 
curve changes its slope at point N (Fig. 2). In turn, inflec- 
tion points of the average film density vs. log t ime curves 
are observed after about 0.5s (Fig. 15), i.e., when the film 
thickness (dEL) VS. log time curves change their slope (Fig. 
11). 

Further  considerat ions . - -As previously concluded, for 
times longer than 2s, 6 = 1.84 (1 - 0.075i) fits to the ob- 
tained ellipsometric data. However, the exact course of 
events that occur within the first 2s of film growth can- 
not be strictly defined because lower values of ~, for ex- 
ample, those indicated in Fig. 16, may also fit to the ex- 
perimental  a5 vs. - a h  curve. Assuming that during the 
first 2s of anodic polarization the optical parameters of 
the passive film (n and k) change from values characteris- 
tic of the aqueous electrolyte (n = 1.34, k = 0) to those 
characterizing FeOOH (n = 1.84, k = 0.075) and that these 
changes occur according to Fig. 17, variation of the film 
thickness vs. - a h  would follow the dotted line in Fig. 18, 
showing that the film thickness calculated taking into 
consideration the lower optical parameters is greater than 
that calculated for n = 1.84 (1 - 0.075i). Consequently, for 
example, at E* = 0.550V, the actual relationships of dEL VS. 
log t and dc~ vs. dEL may be represented by "alternative" 
curves plotted in Fig. 11 and 12, respectively. This means 
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that within the first 2s of film growth the actual film 
density may be less than that calculated above, and at E* = 
0.550V the p vs. dEL relationship may follow the "alterna- 
tive" curve plotted in Fig. 14. 

Conclusions 
1. Passivation of iron in 0.05M NaOH at a constant 

anodic potential occurs in two main stages. During the 

first stage, which lasts for about 2s, the anodic current is 
practically consumed only by the film formation. For 
times longer than 2s, both the film formation and iron 
dissolution occur simultaneously. 

2. The complex index of refraction of the passive film 
formed on iron polarized andocially in 0.05M NaOH for 
times longer than 2s is n = 1.84 (1 - 0.075i). The chemical 
composition of this film corresponds most closely to 
FeOOH. 

3. During the first 2s, the complex index of refraction 
and the film density change from the corresponding 
values of the electrolyte to those of FeOOH, suggesting 
that the amount  of water molecules incorporated in the 
passive film decreases continuously with time. However, 
some changes in microstructure further occur in spite of 
the fact that a constant complex index of refraction and a 
constant film density are achieved. 

4. The film thickness increases rapidly during the first 
0.2-0.5s, and then much more slowly. The film is thicker 
when a higher anodic potential is applied. 

5. The fast film growth kinetics (first stage of film 
growth, t < 2s) is governed by the following formula 

ddel 
- -  - Z ( E  - Boor) 
d log t 

During the slow stage, the film grows at a rate of about 
3~ per decade of time. 
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Passive Film Formation on Iron and Film Breakdown in a Sodium 
Hydroxide Solution Containing Chloride Ions 

T. Zakroczymski,' Chwei-Jer Fan, and Z. Szklarska-Smialowska* 
Department of  Metallurgical Engineering, The Ohio State University, Columbus, Ohio 43210 

ABSTRACT 

The results of measurements  of the optical parameters and thicknesses of passive films grown on iron in an alkaline 
(pH 12) chloride containing solution suggest that these films were composed of FeOOH and that they resisted pitting 
when water content was sufficiently reduced. The passive film was formed in two distinct stages. During the initial 
stage, lasting about 2s, the thickness of the film reached about 60-80% of its final value. The film thickness did not ap- 
pear to affect its pitting resistance significantly. A model for passive film growth and C1- induced local passivity break- 
down is proposed. 

Only several papers dealing with pitting of iron in alka- 
line solutions could be found. Heusler and Fischer (1) re- 
ported that iron did not suffer pitting in a borate solution 
o f p H  >10.4 when chloride ions were i~t]ected after pass- 
ivation of the specimen. Oranowska and Szklarska-Smia- 
lowska (2) studied the behavior of iron in a saturated 
Ca(OH)2 solution o f p H  12.5 without and with 0.05 or 0.1M 
CaCI~ added. They found that, in the presence of CI-, 
breakdown of passivity occurred by a spontaneous onset 
of uneven general corrosion. Breakdown took place as the 
potential of iron attained a critical value. Film thickness 
in the presence of C1- was greater relative to that in 
Ca(OH)2 solution. Alvarez and Galvele (3) reported pitting 
of iron in NaOH + NaC1 solution above a certain critical 
potential which was more positive than that found in neu- 
tral NaC1 solution. In these experiments,  the iron sample 
was in contact with C1- from the beginning of the tests. 
Tousek (4) also observed pitting of iron in 0.1M KOH 
+ 0.4M KC1 when the metal was kept passive in this solu- 
tion and the potential was shifted to values situated above 
the critical pitting potential. 

It therefore can be presumed that these changes in the 
behavior of iron during passivation in alkaline solutions 
in the absence or presence of C1- are associated with 
some variations of the composition and structure of the 
passive film. It can also be expected that, depending 
upon the experimental  conditions, the thickness and mi- 
crostructure of passive films will differ even at the same 
pH of the electrolyte. 

The effect of film thickness on the susceptibility of 
iron to pitting as studied by McBee and Kruger (5). They 
found that for the thicker passive film the longer time 
was needed for its breakdown in NaC1 solution. Sarver 
and Szklarska-Smialowska (6) observed pitting of iron in 
a Na~SO4 solution of pH 12 when the protective "barrier 
layer" of the film was not yet completely formed. 

The purpose of this work was to study the effect of 
chloride ions on passive film growth on iron in NaOH, 
and to determine the influence of film growth condi- 
tions on the vulnerability to pitting. 

Experimental 
The passivity of iron in 0.05M NaOH solution con- 

taining chloride ions was studied using the same pure 
iron and procedures identical to those described in the 
previous paper (7). 

Results 
Electrochemical data . - -Anodic  polarization curves were 

measured in 0.05M NaOH without and with an addition of 
either 0.005 and 0.05M NaC1 using different potential 
sweep rates (PSR). The initial potential was -0.950V, and 
the final one was 0.550V. The results plotted in Fig. 1 in- 
dicate that the presence of chloride ions does not affect 

*Electrochemical Society Active Member. 
~On leave from the Institute of Physical Chemistry, Polish 

Academy of Sciences, Kasprzaka 44/52, 01-224 Warsaw, Poland. 

the shape of the polarization curves. Examination of the 
specimen surfaces after measurements did not reveal any 
indication of general or localized corrosion in either 
NaOH or NaOH + NaC1 solution. 

After the final value of potential (0.550V) was achieved, 
changes in the anodic current density vs. time at this po- 
tential were recorded (Fig. 2). It is seen that, irrespective 
of the PSR employed, in both the 0.05M NaOH and 0.05M 
NaOH § 0.005M NaC1 solutions the current decay curves 
recorded after the same initial treatment (i.e., the same 
PSR) are practically identical. However, in the third solu- 
Lion, containing 0.05M NaC1, only one of the four curves 
shown in Fig. 2 follows the same course as the other two, 
namely, the curve obtained after application of the 
slowest PSR of 0.001 V/s. The remaining three curves de- 
viated from the usual course; the higher the PSR previ- 
ously employed was, the greater the deviation was. After 
some lapse of time, during which the current density de- 
creased, film breakdown occurred, and the current den- 
sity began to increase rapidly in an irregular manner, this 
phenomenon accompanied pitting (or general corrosion 
in the case of PSR = 0.4 V/s). 

Pitting also occurred when the specimen was first 
passivated at a constant potential of 0.550V for 60, 120, 
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Fig. 1. Anodic polarization curves for iron in O.OSM NeOH with 
and without the addition of NaCI at four different potential sweep 
rates, 
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Fig. 2. Changes in current density with time for iron in O.OSM 

NaOH with and without the addition of NaCI at O.5SOV. This po- 
tential was attained by shifting it at different PSR starting from 
-0 .950V.  

180, or 300s in 0.05M NaOH, after which the electrolyte 
was adjusted to contain 0.05M NaC1. In contrast, pitting 
did not occur when chloride ions were added after 600s. 
Specimens treated this way maintained their resistance to 
localized corrosion during immersion for 160h in 0.05M 
NaOH + 0.05M NaC1 at room temperature. Figure 3 shows 
changes in the current density with time before and after 
the addition of chloride ions to 0.05M NaOH. However, 
the reproducibility of these measurements was not good. 
For instance, in the case of four consecutive experiments  
of passivation in 0.05M NaOH lasting 180s, the following 
induction times for pitting were observed: 10, 12, 240, and 
300s. 

Figure 4 shows changes in the anodic current density 
vs.  t ime recorded when the electrode potential was rap- 
idly changed from -0.950V to the following four poten- 
tials in the passive region (E*): -0.350, -0.050, 0�9 and 
0.250V. Similarly, as in the case of 0.05M NaOH (7), the 
current density (i~o~) increased to a maximum, and then 
decreased. The maximum current density was higher 
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Fig. 4. Changes in current density with time for iron anodically 
polarized at different constant potentials in O.OSM NaOH + O.OSM 
NaCI. Fine lines show the current consumed for film growth (t > 2s). 

when a more positive potential was applied�9 After about 
2s (at point N), the slope of the current density vs.  time 
curve decreased and the log current density became a lin- 
ear function of log time with a slope of about 0.5. How- 
ever, in contrast with the behavior of iron in 0.05M NaOH 
(7), in the presence of NaC1 the current density in the 
final stage proved to be potential dependent, i.e. greater 
at higher anodic potentials. As is seen in Fig. 4, at the 
highest anodic potential applied in these experiments,  
namely, 0.250V, film breakdown occurred after some 30s, 
which was followed by pitting�9 

Changes in charge density with time, corresponding to 
the current densities given in Fig. 4, are plotted in Fig. 5. 
In these two figures, extrapolated values of current den- 
sity (i,~m) and charge density consumed for film growth 
(qf,~) are marked by fine lines [see Ref. (7)]. 

El l ipsometr ic  d a t a . - - T h e  relationships between - a h  
and aS at four applied potentials for t = 600s are depicted 
in Fig. 6. The complex index of refraction calculated on 
the basis of these results is ~ = 1.76 (1 - 0.05i). Measure- 
ments of - ah vs.  t ime have shown that in NaOH + NaC1, 
as in pure NaOH, -aA first increases rapidly with time, 
but rises much more slowly after some 0.2s. 

E v a l u a t i o n  o f  e x p e r i m e n t a l  d a t a . - - B a s e d  on the results 
obtained and using the procedure described in detail 
earlier (7), the most probable film composition and the 
film thickness were evaluated. The experimental  rela- 
tionships between - a h  and a@, and dcH (calculated assum- 
ing that the film compound is FeOOH) and - a h  for t = 
600s are presented in Fig. 6 by open and closed characters 
respectively. Correspondingly, the computer-generated 
relationships of a0 vs.  - a h  and dEL VS. --aA, which fit best 
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to the experimental  results, are also plotted in Fig. 6 as 
solid lines�9 

The film thickness evaluated from ellipsometric data, 
dED as a function of time is shown in Fig. 7. The relation- 
ship between de, and time is plotted in Fig. 8. The film 
thickness, dcm was calculated from the charge density 
consumed for film growth. 

Discussion 

Fi~m composition, thickness, and density.--The com- 
plex index of refraction found for the film formed in 
0.05M NaOH + 0.05M NaC1 is slightly different from that 
found in 0.05M NaOH. However, there is no reason for as- 
suming a significantly different composition and struc- 
ture of both those films. The film grown in 0.05M NaOH 
+ 0.05M NaC1, as is that grown in 0.05M NaOH (7), is con- 
sidered to be FeOOH. 

Comparison of the data shown in Fig. 8 with those in 
Fig. 7 indicates that the film thicknesses measured, ei- 
ther electrochemically or eUipsometrically, after 2s of 
film growth at the same potential, are identical. However, 
for shorter growth time periods, the ellipsometric method 
gives larger values of film thickness than does the elec- 
trochemical method, as shown in Fig. 9. Similar results 
were obtained in 0.05M NaOH (7). Assuming that film 
thicknesses determined ellipsometrically are close to real- 
ity, it can be concluded that in the initial stage of film 
growth the compound being formed has a significantly 
lower density than that used for the calculation of dcH, 
namely p = 4.28 g/cm 3, which corresponds to FeOOH. Fig- 
ure 10 shows the calculated average density of films 
formed at different potentials as a function of film thick- 
ness determined eUipsometrically. However, a lower com- 
plex index of refraction relative to that found in 0.05M 
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Fig. 8. Film thickness calculated from the electric charge vs .  time at 
different potentials. 

NaOH (7) suggest a lower film density. Therefore, addi- 
tional calculations were carried out by using a tentative 
value of p = 4.00 g/cm 3. The results obtained are also pre- 
sented in Fig. 10 (fine lines). 

The initial low density of the film is thought to be 
caused by a large content of incorporated water, which 
decreases continuously as passivation progresses. Hence, 
in the initial passivation stage, the metal surface appears 
to be covered by a layer resembling more a supersatu- 
rated iron hydroxide solution than a solid substance. Re- 
vie et al. (8) found that the passivation of iron in chloride 
containing solutions results in binding a greater amount 
of water in the film relative to C1--free borate solutions. 

For times longer than 2s the film density is constant 
and there is only a small increase of film thickness. 
Therefore, taking into consideration a continuous de- 
crease of the current density during prolonged passiva- 
tion of iron in NaOH, it can be concluded that some 
microstructural changes occur in the film, resulting in an 
improvement  of its protective properties towards pitting. 

It is also necessary to mention that despite the very 
good fit of experimental  data to the whole a@ vs. -(~/t re- 
lationship for ~ = 1.76 (1 - 0.05i), during the first 2s of 
film growth, when the film density increases very rap- 
idly with time, other, much lower d values may also fit 
to the experimental  data. Accordingly, during the first 2s 
of film growth its thickness (dEx) may be greater than 
that presented in Fig. 7 and 9. Consequently, the film 
densities would be lower than those shown in Fig. 10 (7). 

Passive film breakdown.--Films grown in 0.05M NaOH 
at 0.550V and next subjected to the action of C1- at the 
same potential exhibited greater resistance to pitting the 
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longer anodic polarization in absence of chloride ions had 
previously been applied. On specimens polarized for 1 or 
2 rain, pitting occurred almost instantaneously when 
NaC1 was added; however, after passivation lasting for 5 
rain, the induction time for pitting was about 400 rain, 
and after 10 min of passivation pitting did not occur even 
on exposure to the NaC1 containing solution for about 
160h (Fig. 3). It was so in spite of the fact that in later 
passivation stages thickening of the film was insignifi- 
cant: after 60s of anodic polarization at 0.550V the film 
was by about only 1 nm thicker than that obtained in 2s, 
and within the further 20 min its thickness increased by 
only 0.3 nm. All this indicates that prolonged anodic po- 
larization results in significant changes in the protective 
properties of the passive film, with little effect on film 
thickness. 

Films grown in 0.05M NaOH + 0.05M NaC1 behave dif- 
ferently compared with those grown in 0.05M NaOH, and 
their behavior depends upon the rate at which the poten- 
tial is shifted from the cathodic (-0.950V) to the highly 
anodic value (0.550V) at which the iron electrode is then 
maintained. Namely, when PSR is high (0.4 V/s), both pit- 
ting and general corrosion start within 2-3s after the final 
constant potential of 0.550V is reached. After application 
of a lower PSR, for instance 0.01 V/s, pitting starts within 
about 1000s. A still lower PSR (0.001 V/s) results in a total 
resistance to any corrosive attack. These results indicate 
that in the presence of chloride ions in NaOH, consolida- 
tion of the passive film on iron to a state of high resist- 
ance towards pitting is more difficult relative to that in 
NaOH. 

Reproducibility of the above experiments, especially of 
measurements of the induct ion time for pitting, was poor. 
This suggests a fortuitous character of those events, 
which was probably related to inhomogeneity of the film. 
The measured optical and electrochemical properties 
were averaged for the whole working area of the elec- 
trode, while the pitting susceptibility could differ from 
one point to another. Although in these experiments iron 
of a relative high purity was used, some "weak" sites in 
the passive film could probably occur, at which a rela- 
tively large amount  of C1- and water could be 
agglomerated. 

The role of water in the breakdown of passive films on 
stainless steels was strongly emphasized by Okamoto and 
Shibata (9, 10). They presumed that from among the three 
types of oxygen bonding, that of the M-OH type might be 
the most effective in capturing cations and accelerating 
repassivation, while the M-OH2 type could be easily re- 
placed by chloride ions. Consequently, the higher resist- 
ance to pitting of steels containing chromium was ex- 
plained by the high capability of repassivation related to 
the presence of M-OH bonds in the film (10). Chloride 
ions, which are adsorbed on the film surface, are thought 
to migrate into its bulk with assistance of the electric 

field and replace the water molecules. In this case, no re- 
pair of the film can occur. 

Pou et al. (11) suggest that water in the passive film on 
iron facilitates chloride ion penetration. They have found 
that the thickness of the passive film remains unchanged 
for various times of exposure to chloride ions before and 
after breakdown. 

On the basis of the results obtained, it is apparent that a 
compact film composed of FeOOH is much more resist- 
ant to pitting than films composed of T-Fe203: for exam- 
ple, those formed in borate buffer solutions. However, 
even a FeOOH film can be destroyed by aggressive ani- 
ons if it contains incorporated water. Through water 
"paths" in the film, iron cations can easily migrate to the 
film/electrolyte interface, while chloride ions move in the 
opposite direction, reacting with iron cations. As a result 
of hydrolysis, pH decreases and the metal dissolves 
locally. 

However, the existence of water in the film is not a suf- 
ficient condition for pitting. At potentials lower than the 
pitting potential (E,p), water also becomes incorporated 
into the film, but  pitting does not occur. So, under  the 
experimental conditions employed in this study, pitting 
did not occur at potentials lower than about 0.250V (Fig. 
4). Presumably, at potentials lower than E,p a sufficiently 
low pH is not produced within the water paths of the 
film, because the concentration of chloride ions adsorbed 
on the film surface is not high enough and]or their migra- 
tion to water paths is too slow. 

Conclusions 
The results of this study indicate that pitting of iron can 

occur in the presence of C1- in NaOH solution of pH 12, 
but  only when the passive film is not yet sufficiently 
consolidated, i.e., when it probably contains a substantial 
amount  of incorporated water. As suggested by ellipso- 
metric data, the film formed either in the absence or 
presence of C1- in NaOH is composed of FeOOH. When 
fully consolidated, this film is highly resistant to pitting. 
The thickness of the film does not seem to play an im- 
portant role in film breakdown. 
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The Anodic Dissolution of Copper into Phosphoric Acid 
I. Voltammetric and Oscillatory Behavior 

S. H. Glarum* and J. H. Marshall 
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ABSTRACT 

Anodic electrochemical dissolution of metals is often used in commercial  electropolishing, and the copper/phos- 
phoric acid system is a classic example. Surface films are believed essential for polishing, but their composition and 
role remain elusive. Current oscillations, which may be excited, have been attributed to film formation and breakdown. 
This study examines the information obtained from voltammetric measurements using rotating disk electrodes. Steady- 
state currents are limited by a diffusion process whose rate is dependent  only upon the solution viscosity and is other- 
wise independent  of its composition. Our results indicate a key role for water and suggest that the film may be a highly 
viscous, dehydrated surface layer. The oscillations are due to negative impedance surface characteristics. 

The anodic dissolution of copper into phosphoric acid 
solutions represents both a process of technological 
significance and one with interesting scientific implica- 
tions. The oscillations which can occur at the onset of the 
anodic limiting current regime are one of the more 
intriguing features of this system. These oscillations have 
been reviewed by Pointu et al. (1) and others have studied 
related aspects of the phenomenon (2-5). A model often 
invoked to explain this behavior posits the formation and 
dissolution of a partially soluble, inhibiting surface layer 
(6, 7). While such a layer may be a necessary condition, it 
is not sufficient in itself to explain oscillatory behavior. 
We felt this system might therefore lend itself to a useful 
impedance study, but first found it advisable to re- 
examine its voltammetric or steady-state characteristics. 

Although the electropolishing region for the Cu/H3PO4 
system has stimulated interest over the years, differences 
in interpretation remain unresolved. Unanimous agree- 
ment exists regarding the diffusional behavior of the lim- 
iting current in the electropolishing region, whether 
based upon transient currents in stagnant solutions or 
steady-state currents at rotating electrodes (8-14). Conten- 
tion arises, however, as to the identity of the rate- 
controlling species. Elmore has proposed Cu +~ ions (8). 
With the surface concentration of Cu ~ fixed by film sol- 
ubility, dissolution would then be limited by Cu ~ diffu- 
sion into the bulk electrolyte. Several subsequent studies 
have also favored this interpretation (2, 13, 14). 

The principal challenge to this view was first raised by 
Edwards (I0), who examined the influence of bulk Cu +~ 
concentration on the dissolution process. Should 
Elmore's interpretation be correct, the current would be 
proportional to the difference between a fixed concentra- 
tion at the electrode surface and a variable concentration 
in the bulk electrolyte. Edwards found that while addi- 
tion of Cu ~ ions to the electrolyte did reduce the dissolu- 
tion rate, when correction was made for a substantial vis- 
cosity increase, the rate was independent of the bulk 
concentration! Edwards's experiments have been re- 
peated, and his conclusion favored by those making such 
studies (11-12). 

Edwards proposed that phosphate anions, presumably 
H~PO,- in these acid solutions, were the rate-limiting spe- 
cies. Epelboin and Wagner have called attention to the 
role of water itself in these concentrated solutions (15, 16). 
Epelboin has suggested the presence of an anhydrous 
layer at the electrode, while Wagner has noted the need 
for water in the hydration of Cu ~ ions. Scant attention 
has been paid the role of water in discussions of  the cop- 
per dissolution process, although it seems evident that 
significant amounts are required for solvation. 

Early interpretations of the copper/phosphoric acid sys- 
tem were based largely on current transient behavior at 
stagnant electrodes. The intervening development  of 
rotating disk electrode techniques makes more quantita- 
tive studies now possible. The importance of diffusion, 
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concentration, and viscosity has been demonstrated by 
previous work, and it therefore seemed worthwhile to un- 
dertake a more comprehensive examination of this sys- 
tem with the concurrent measurement  of these para- 
meters. 

To this end, we have employed cyclic voltammetry and 
rotating disk electrodes. Diffusion coefficients for dilute 
solutions of cupric ions were determined for a range of 
phosphoric acid concentrations from cathodic rotating 
disk limiting currents. Cyclic voltammetric measure- 
ments were made for dissolution into these solutions, so- 
lutions containing high copper concentrations, and solu- 
tions with phosphoric acid replaced by polyphosphoric 
acid. Viscosities and densities were measured in all cases. 
Using the rotating disk electrode, we have extended the 
rate of the dissolution process by an order of magnitude. 
We also report here on those features of the oscillations 
revealed by voltammetry - waveforms, frequencies, po- 
tential, and current dependence. 

Our findings show that the dissolution process is much 
more complex than dissolving film models would imply. 
Viscosity gradients and electromigration fields introduce 
major complications within the diffusion layer. A striking 
result is that the current, for the solutions explored, de- 
pends only upon the viscosity of the electrolyte, and is 
otherwise indifferent to its composition. This may reflect 
the importance of water in a fuller understanding of the 
dissolution process. 

Experimental 
Voltammetric measurements  were made using PAR 

173/175/179 components in a potentiostatic configuration. 
Electrolyte resistance seriously distorts current-voltage 
plots, and feedback compensation is undesirable for sys- 
tems prone to oscillation. Uncompensated current and 
potential signals were first stored in a signal averager 
and then transferred to diskettes for subsequent  analysis. 
High frequency impedance measurements evaluated the 
electrolyte resistance. Voltammetric data were then pro- 
cessed to include corrections for electrolyte resistance 
and plotted in either linear or semi]og fashion. 

Both 1/16 and 1/4 in. diam copper rotating disk elec- 
trodes were used. These were polished to a 15 /zm level 
prior to each series of measurements.  Potentials were 
measured with respect to a calomel electrode isolated 
from the bath by a capillary bridge. The bath was thermo- 
stated at 25~ Viscosities were measured with suitable 
Ostwald viscometers, and densities were determined 
from the weight of 10 cm 3 volumes. 

Phosphoric acid (Fisher 85%) and polyphosphoric acid 
(Aldrich) were used as supplied. Copper phosphate was 
prepared from CuCO:~ and 30% phosphoric acid. The car- 
bonate was added slowly until effervescence abated. The 
solution was then filtered and heated to boiling, with a 
precipitate appearing near 70 ~ The boiling solution was 
filtered, giving a fine, bright blue powder which dried 
rapidly. Although early references are to Cu~(PO4).2 - 3H20 
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Fig. 1. a (left): Anodic sweep voltammograms at 24 mV/s for a 1/16 in. diam. copper electrode in 85% phosphoric acid. For plots a-e, the disk rotation 
speeds are 25, 100, 225, 400, and 625 rad/s, b (right): Cathodic sweep voltammograms complementing the plots in Fig. la. 

(MW = 435) (17), a study by Bassett and Bedwell  indicates 
the correct composition to be CuHPO4 �9 H20 (MW = 179) 
(18). The apparent molecular weight per Cu atom was 
found electrochemically by comparison of limiting cur- 
rents with CuSO4 solutions in 1M H.,SO4. Actual copper 
concentrations ranged from 10 to 30 mM. Measurements 
for several preparations gave 150 +- 5, in agreement with 
the older formula, and this value was adopted for 
determining CW ~ concentrations in solutions with added 
copper phosphate. 

Results 
Figures la  and lb  show current-voltage plots derived 

from cyclic voltammetric measurements for the dissolu- 
tion of a 1/16 in. diam copper electrode into 85% phos- 
phoric acid. As the applied potential is swept anodically 
(Fig. la), the current rises exponentially until a maximum 
is reached at 0.2 Vsce. Tafel plots for this portion of the 
curve have 38 mV/decade slopes over two decades and 
are independent  of disk rotational speed (Fig. 2). Above 
0.2 V .... the current drops to a nearly constant level, and 
this plateau extends to ca. 1.5 V~e. In this constant cur- 
rent regime, we found the current level to vary as the 
square root of disk rotational speed. The current remains 
nearly constant during the cathodic retrace, with only a 
minor maximum at 0.42 V~r Below 0.3 V~ce, the current 
drops rapidly, passing through a zero value because of the 
buildup of a finite Cu ~ concentration in the diffusion 
layer. 

The surface was visually examined in situ throughout 
this potential range with a stroboscopic microscope at 
magnification ca. 100x. In the exponential  region of Fig. 
la, the surface first darkened to a ruddy color, and a 
sharp grain-boundary pattern gradually developed due to 
surface etching. When the potential was advanced into 
the limiting current region, the surface returned to a paler 
complexion and granular features slowly disappeared. 
After several minutes, the "bright" surface resembled an 
undulat ing landscape, with only a few "dark" line seg- 
ments betraying former grain boundary positions. As the 
potential was slowly returned to 0 V~oe, the electrode 
again darkened and etch patterns reappeared. The ruddi- 
ness of the surface at etching potentials may be attributed 
to cuprous oxide (19). However, this coloration disap- 
peared in the polishing region, and we saw no changes 
which suggested the presence of black cupric oxide (2, 5, 
19). 

Cyclic voltammetric plots are shown in Fig. 3a and 3b 
for a 1/4 in ~. diam copper electrode in 85% phosphoric 
acid. Although this concentration is identical to that for 
the Fig. 1 plots, electrical current oscillations now ap- 
peared. IR corrections were made after measurements,  as 
for the plots in Fig. 1. The applied sweep range was again 
0-1 V .... and the difference between the maximum 
plotted anodic potential and 1V is a measure of this 
correction. 

During the anodic sweep towards more positive poten- 
tials, oscillations began ca. 0.42 V .... This position was in- 
dependent  of disk rotational speed (current level), al- 
though there is a threshold level, and the width of the 
oscillatory range increases with this level. Oscillations oc- 
cur at potentials where the I-V plot exhibits a shallow 
minimum, and not in the nearby region of larger negative 
slope. Oscillations were also seen during cathodic return 
traces (Fig. 3b). The current/rotational speed threshold is 
higher, and the potential range is shifted to 0.38 V~ce, the 
location of a slight maximum in nonoscillatory plots. 

Figure 4 shows several of the diverse waveforms we 
have observed in these experiments. For these measure- 
ments, we used a 1/4 in. electrode in 70% acid solutions. 
At a rotational speed of 300 rad/s and 0.36V, low ampli- 
tude sinusoidal oscillations first appear with a 24 Hz fre- 
quency (Fig. 4a). Upon increasing the potential 20-40 mV, 
a complex 8 Hz waveform develops (Fig. 4b and 4c), and 
this turns to a sawtooth shape at a slightly higher poten- 
tial (Fig. 4d). At 0.54V, near the upper limit of the 
oscillating potential region, a 6 Hz, pulselike waveform is 
seen (Fig. 4e). With a further potential increase, the period 
lengthens before oscillations cease altogether (Fig. 4f). 
When the rotational speed was then raised to 400 rad/s, 
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Fig. 2. Tafel plots for the exponential region in Fig. la for curves c-e. 
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Fig. 3. a (left): Anodic sweep voltammograms at 24 mV/s for a 1/4 in. diam. copper electrode in 85% phosphoric acid. For plots a-c, the disk rotation 

speeds are 100, 22S, and 400 rad/s. The shaded regions indicate areas swept by oscillations, b (right): Cathodic sweep voltammograms complementing 
the plots in Fig. 3a. 

the  wave fo rm shif ted to a large ampl i tude,  11 Hz, dis- 
to t t ed  s inusoidal  osci l la t ion (Fig. 4g). Because  of the  in- 
crease  in current  level, the  potent ia l  had d ropped  to 
0.49V. These  wavefo rms  were  obta ined by storing the  cur- 
ren t  signal in a signal averager  (one pass). The wavefo rms  
are ex t r eme ly  sensi t ive to small  var ia t ions  in potent ia l  
and disk rotat ional  speed,  but,  once establ ished,  they  
were  stable and could  be  main ta ined  u n c h a n g e d  for 
minutes .  

For  the  oscil lat ions in Fig. 4, the osci l lat ing cur ren t  am- 
p l i tude  represents  a large fract ion of  the m e a n  cur ren t  
level,  wi th  a m a x i m u m : m i n i m u m  ratio of  about  2:1. The  
concomi tan t  surface potent ia l  var iat ions because  of  elec- 
t rolyte  resis t ivi ty a m o u n t  to several  hundred  millivolts.  
In tegra t ion  to find the  t ime -dependen t  charge/cycle  for 
these  waveforms  gave values  of 2-3 • 10 -3 C/cm ~ or, in 
t e rms  of  Cu/Cu § transi t ions,  6-9 • 1015 at./cm ~. 

As m e a s u r e m e n t s  were  m a d e  unde r  potent ios ta t ic  con- 
ditions, one may  ques t ion  the  potent ios ta t ' s  con t r ibu t ion  
to the  osci l lat ion waveforms.  Ant ic ipa t ing  the  resul ts  of 
our  i m p e d a n c e  measurement s ,  oscil lat ions are re la ted to 
nega t ive  impedance  character is t ics  of  the  e lec t rode  inter- 
face, and the phase  of the potent ios ta t  f eedback  signal 
can be reversed.  Al though  a formal  analysis suggests  a re- 
g ion of condi t ional  stability, an  empir ica l  evaluat ion  was 

o I.O 
TIME (sec) 

Fig. 4. Oscillation waveforms seen for a 1/4 in. diam copper electrode 
in 70% phosphoric acid. For curves o-f, the disk rotation speed is 300 
rad/s and mean IR-cerrected potentials are 0.36, 0.38, 0.40, 0.42, 0.54, 
and 0.56 Vsc~, Waveform g was found when the rotation speed was 
raised to 400 rad/s for the potentiometer setting giving waveform f. The 
corrected mean potential is 0.49 Vsc e. The current origin is arbitrary for 
each plot, hut the differential vertical scale is indicated. 

m a d e  by the  inser t ion  of  a var iable  res is tance in series 
wi th  e i ther  the  work ing  or countere lec t rode .  In  the  lat ter  
case, no changes  in the  wave fo rms  were  seen for resist- 
ance var ia t ions  0-500~, ind ica t ing  that  the  oscil lat ions are 
i n d e p e n d e n t  of  po ten t ios ta t  parameters .  

When res is tance was inser ted  in series wi th  the  work ing  
electrode,  however ,  the  waveforms  were  drast ical ly al- 
tered. U n d e r  condi t ions  where  oscil lat ions were  never  
o therwise  seen, they  could  be induced  wi th  a sufficiently 
large resistance.  Formal ly ,  one  can envis ion  this resist- 
ance  as equ iva len t  to an increase  in e lect rolyte  resistance,  
apar t  f rom nonun i fo rm cur ren t  d is t r ibut ion effects, and 
we expec t  e lect rolyte  res is tance to play a major  role  in 
shaping  the  oscillations.  While unusua l  surface behav ior  
is needed  for the  oscil lat ions to occur,  the i r  actual  form 
will  depend  u p o n  e lec t ro lyte  conduc t iv i ty  and the elec-  
t rode  configuration.  I f  a is the  disk radius, the  surface 
i m p e d a n c e  varies  as a -s, whereas  the  e lec t ro lyte  resist- 
ance  var ies  as a - '  (20). Consequent ly ,  the  larger the  elec- 
trode,  the  greater  the  re la t ive  impor tance  of e lect rolyte  re- 
sistance. A compar i son  of  1/16 and 1/4, in. d iam elec t rodes  
shows that  osci l latory condi t ions  are more  readi ly  estab- 
l i shed for the  latter. The  fundamen ta l  osci l lat ion f requen-  
cies we have  encoun te red  fall in the  3-25 Hz range. This  
range is substant ia l ly  above  that  repor ted  in prev ious  
s tudies  ( -  1 Hz) (1, 2, 4). Because  of  the  role of  e lect rolyte  
conduct iv i ty ,  the  size and shape of e lec t rodes  are factors 
in de te rmin ing  osci l la tory behavior ,  and the wavefo rms  
are not  intr insic  character is t ics  of the  metal -e lect rolyte  
interface.  

The  diffusion-l ike behav io r  of  the  l imi t ing  cur ren t  re- 
gion has been  demons t r a t ed  by both  rota t ing disk and 
t rans ient  measurement s ,  bu t  the  nature  of the current  
l imi t ing  species  remains  an open  quest ion,  cupr ic  ions 
and phospha te  anions  be ing  mos t  of ten proposed.  The  
d i f fus ion coeff ic ient  of  CW ~ in phosphor ic  acid solut ions 
was obta ined  f rom ca thodic  l imi t ing cur ren t  measure-  
men t s  for 10-20 mM solut ions of  copper  sulfate for a range 
of  H3PO4/H20 concent ra t ions  at a p l a t inum disk electrode.  
Resul t s  for the  diffusion coeff icient  as a func t ion  of  vis- 
cosi ty  are plot ted  in Fig. 5. Measu remen t s  by Kr i chmar  et 
al. based  on l imi t ing  reduc t ion  currents  at a 
mic roe lec t rode  are also shown  (21). A l though  the  viscos- 
ity dependence  is similar, the i r  absolute  va lues  are 50% 
greater.  A least  squares  fit g ives  

D(cm2/s) = (5.7 -+ 0.1) • 10 -6 v (cS) -1-~177176176 

For  v = 1 cS, our  resul ts  ex t rapola te  to the  va lue  repor ted  
by Tindal l  and Bruckens t e in  for Cu +~ in 0.2M sulfur ic  acid 
(22). The  inverse  var ia t ion  with  v iscos i ty  closely fol lows 
S tokes-Eins te in  behavior ,  and indicates  no change  in the 
size of the  diffusing ion over  the  range studied. The  diffu- 
s ion coeff icient  is qui te  small  in 85% phosphor ic  acid, 1.9 
• 10 -7 cm2/s, because  of  the  h igh  solvent  viscosity.  
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cosity for phosphoric acid solutions. Circles: our results. Triangles: Ref. 
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Fig. 6. Variation of the enedic limiting current density with kinematic 
viscosity for a disk rotation speed of 100 rad/s. The solutions are phos- 
phoric acid solutions (circles), phosphoric acid solutions containing 
0.8-1.0M Cu ~ (triangles), and polyphosphoric acid solutions (squares). 

Anodic limiting currents were measured at 1.0 V~c~ and 
several rotational speeds. Results at 100 rad/s are plotted 
vs .  viscosity in Fig. 6. Data at 25 rad/s had an identical 
slope. The initial solution was 85% acid, and this was di- 
luted in the course of the experiment.  

In a second series of experiments,, an 85% acid solution 
was made 1M in Cu ~ by addition of copper phosphate. 
The limiting current decreased 50%, but the viscosity in- 
creased from 26 to 50 cS. This solution was then diluted 
to provide a range of viscosities and CW + concentrations 
(0.8-1.0M). These results are also shown in Fig. 6 and lie 
on the same line as those for CW + -free solutions, in agree- 
ment  with Edwards's observation that the limiting cur- 
rent is independent  of bulk Cu ~+ concentration when vis- 
cosity changes are considered (10). 

Edwards has proposed that anion diffusion is the limit- 
ing process for anodic dissolution. This hypothesis was 
tested by substituting polyphosphoric acid/water solu- 
tions for the electrolyte. This acid consists of a mixture of 
species containing predominantly two to five phospho- 
rus atoms per moiety and should have a distribution of 
anionic entities and diffusion coefficients distinct from 
those of orthophosphoric acid (23). The electrochemical 
properties of these solutions were quite similar to those of 
the simple acid, including oscillatory behavior. When lim- 
iting currents were plotted vs .  viscosity (Fig. 6), we again 
found results fitting our previous relationship except  
that the linear plot was extended to a higher viscosity 
range. As a further test, the 85% acid was made 1M in 
Na3POt. Limiting currents again fell on the common 
current-viscosity function which characterizes all our 
results. 

Discussion 
A satisfactory explanation for the anodic dissolution 

process should account for those factors determining the 
limiting current, the potential distribution between metal 
and electrolyte, and the roles of the diverse chemical spe- 
cies. In addition to the major components,  copper, phos- 
phoric acid, and water, ionic forms of Cu § H:~O ~, and 
H~PO4- are certainly present, although their explicit  man- 
ner of hydration or complexation remains unknown. Cop- 
per (I) species also merit  serious consideration. Anodic 
copper dissolution into sulfuric acid, at least near the 
equil ibrium potential, proceeds through a rapid oxidation 
forming solute Cu * ions (24). Some of these escape into 
the bulk electrolyte, but the majority are converted to 
Cu ~§ by further electrochemical oxidation. The Cu § con- 

centration rises exponentially with potential until limited 
by solubility or disproportionation. The 40 mV/decade 
Tafel slope, characteristic of dissolution into sulfuric acid, 
is also seen in Fig. 2 and suggests a similar reaction path. 

Proposals for surface films have included cuprous and 
cupric oxides (1, 2, 4, 5) in addition to "copper phosphate" 
(7, 13). Lorking reports the appearance of a red-brown 
film (Cu20) at etching potentials (19). For more positive 
potentials, the "oxide film becomes transparent," and a 
detaching black film was noted. Our observations of a 
rotating disk electrode confirm the former feature, but 
we never witnessed a darkening indicative of black CuO. 
Its formation may vary with experimental  conditions, but 
its presence does not appear essential to reproduce the 
characteristic features of the polishing region. Analysis of 
ellipsometric measurements  has indicated film thick- 
nesses > 40 and < 120]~ (25). The thickness was indepen- 
dent of potential. An electron-diffraction study detected 
an amorphous layer sufficiently thick, > 304, to obscure 
diffraction by the metallic substrate (7). This film was 
soluble in phosphoric acid and crystallized on heating to 
give a copper phosphate diffraction pattern. 

We consider the most important results from voltam- 
metric measurements to be (i) the square root depen- 
dence of the anodic limiting current on disk rotational 
speed, (ii) the appearance of limiting current behavior fol- 
lowing establishment of the steady-state diffusion layer, 
(i i i)  the apparent dependence of the limiting current only 
upon solvent viscosity, and its independence otherwise 
on [Cu §247 or the nature of the phosphate species, and (iv), 
the occurrence of oscillations when uncompensated elec- 
trolyte resistance exceeds a threshold value. 

The first pair of results show that steady-state behavior 
is determined by a gradient or gradients with the hydro- 
dynamic diffusion layer. The valence of dissolution has 
been established to be 2.0, and the total current can there- 
fore be equated to the flux of CW ~ ions (13). Irrespective 
of the reason for limiting current behavior, the Levich 
equation 

I l i m  = 0.62 z F D  "2"~ u - ' ~  l~,rz c 

may be used to determine the Cu ~ surface concentration, 
c, as the disk rotational speed, 12, is known, and the vis- 
cosity and diffusion constant for Cu ~, v and D, are inde- 
pendently measured. For 85% copper-free acid solutions, 
we find a value of 0.92M. With 1M Cu ~ added to the bulk 
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electrolyte, measurements  indicate a concentration differ- 
ence of 0.82M. 

From a least squares analysis of the data plotted in Fig. 
6 

I l im ~ b~--L13• 

When the viscosity dependence of the diffusion 
coefficient is substituted in the Levich equation 

C ~ / 2 - 0 . 2 5  

The nonzero exponent may reflect either limitations of 
the Levich equation or a solubility variation with acid 
concentration. 

The Levich equation may overestimate the true concen- 
tration because of its neglect of ionic migration effects. At 
1M, the Cu +§ concentration probably exceeds the concen- 
tration of hydrogen ions, the dominant ionic current carri- 
ers, because of the limited dissociation of phosphoric 
acid. A potential gradient will then develop in the diffu- 
sion layer to assist Cu ~+ migration. By way of illustration, 
let us consider CW*, H +, and H2PO4-, with concentrations 
c, h, and a, as the dominant solute species. The Nernst 
ionic mobility equation for the CW § ion flux is 

dc 2e ddp 
- Jc = Dc -~x + - ~  c ~ - s  ] 

where ~ is the electric potential in the diffusion layer. 
Ultrasonic relaxation measurements show fast dissocia- 
tion kinetics for H3PO4, ~ 10-Ss (26). We shall therefore as- 
sume quasi electroneutrality, rapid dissociation equilib- 
rium for phosphoric acid, and very rapid hydrogen ion 
diffusion. The latter assumption lets us describe the po- 
tential in terms of h 

ed)'/kT = - h ' / h  

while the former give 

2 c + h = a  

ah  = K = ho 2 

ho being the hydrogen-ion concentration in the bulk, 
copper-free electrolyte. Combining these equations 

-J~ = D~c' [1 + 2c1(c 2 + ho2) '/2] 

and integration across a layer of thickness ~, with c vary- 
ing from Co to 0, results in 

Jr = (DJ6) [co + 2(Co ~ + ho~) "2 - 2h0] 

For Co > > h,, the observed limiting current will be thrice 
the diffusion value. Suitable estimates for ho are difficult 
to come by. If we adopt a dissociation constant based on 
the dilute solution value scaled for 14M H~PO4 and 14M 
H20, h~ 0.16M, and the calculated surface concentration 
for CW § is reduced from 0.9 to 0.4M. While this is but an 
estimate because of assumptions made, it is reasonable to 
conclude that migration effects should be important and 
,that concentrations will be overestimated when they are 
neglected. Even if we had assumed a 1M H + concentra- 
tion, Co would still be reduced to a 0.6M value. 

The Levich equation has a further shortcoming in its 
assumptions of constant viscosity and diffusion constant 
throughout the diffusion layer. Empirically, we find that 
addition of 1M [CW ~] to 85% acid doubles its viscosity. 
Across the diffusion layer, therefore, we expect  2:1 varia- 
tions in both v and D, with the region of highest viscosity 
nearest the electrode. 

If we forego the possibility of novel migration effects, 
the dependence of Illm o n  disk rotation rate and potential 
says that the surface concentration of CW ~ is independent  
of both potential and the current level. Let us consider 
the view that this "pinned" value corresponds to the solu- 
bility limit for a copper phosphate film. Experimental  
values range about 1M. We have maintained a stable 1.3M 
solution in 85% acid for several months. Thus, the magni- 
tude of the limiting current appears consistent with the 
postulate of a copper phosphate film, although the agree- 

ment  is less satisfactory when migration is considered. 
Chemical analysis of the anolyte layer has shown 1.5-2.5M 
concentrations, with higher values evidently correspond- 
ing to supersaturated solutions as precipitates appeared 
on standing (9). Supersaturation of the surface layer 
would seem inconsistent with the solubility limit model, 
for it is difficult to visualize a mechanism whereby the 
degree of supersaturation would remain independent  of 
ionic fluxes. 

If the cur ren t  is to attain a stationary level, the film 
must grow with a rate dependent  on its thickness until its 
rate of growth matches its rate of solution. Novak et al. 
found the thickness to be potential independent  and pos- 
tulated mobile cationic vacancies without explaining the 
limits to film growth (25). The presence of fields within a 
film should contribute significantly to internal ionic 
transport rates and hence the steady-state thickness. If 
transport is purely diffusive, the flux will vary inversely 
with thickness. The ellipsometric measurements  were 
made at one flux level, 15 mA/cm 2 (65% acid). At the 
rotating disk electrode, we find normal limiting current 
behavior at 300 mA/cm ~ (60% acid). For a film transport 
rate varying inversely with thickness, the 40-120~ 
ellipsometric thickness reduces 20-fold to a rather mean- 
ingless value. 

A less subtle difficulty with the film solubility model 
is that, for a given viscosity, the limiting current is inde- 
pendent  of the bulk CW + concentration. The points 
plotted in Fig. 6 for a 1M solution are coincident with data 
for copper-free solutions within the 10% scatter. A diffu- 
sion model requires an unreasonably high surface con- 
centration, > 10M, to explain this concurrence. 

We have shown that migration effects are expected be- 
cause of the high Cu ~§ concentrations involved. A poten- 
tial difference of 13 mV across the diffusion layer suffices 
to generate a current equal to the diffusion-limited value, 
and this current does not explicitly require a concentra- 
tion gradient. One may conjure a surface film as a hypo- 
thetical injection source, but explaining the dependence 
of current on hydrodynamic conditions is awkward. For 
the model analyzed, fixed relationships between the con- 
centrations a, c, and h, lead to a potential gradient propor- 
tional to c'. Whether a more intricate chemistry, taking 
into account, for instance, water variations, would lead to 
migration currents in saturated solutions remains to be 
shown. The expressions appear too complex for func- 
tional solution, and a surfeit of unknown parameters 
makes numerical attempts seem unprofitable. 

Difficulty in explaining the absence of an influence of 
[CW ~] on the limiting current, apart from a viscosity 
change, has led to proposals that other species must  be 
involved. If we assume diffusion coefficients in the range 
10-~-10 -7 cm2/s, the Levich equation leads to concentra- 
tions 0.6-3M for z = 1 in 85% acid, and rules out all but the 
principal species present. High proton mobility makes 
hydrogen ions a special case. The product of their diffu- 
sion coefficient and concentration can be derived from 
the electrolyte conductivity. When combined with the 
Levich equation, one finds the limiting current to be 
equivalent to a 0.5 mM concentration. The existing con- 
centration is certainly much larger, eliminating H ~ from 
contention. 

The remaining possibilities are H~PO4-', H:~PO~, and 
water. Edwards has suggested a depletion of phosphate 
anions (10). Anions are required to maintain charge neu- 
trality as cupric ions are added to the solution, but the 
rapid dissociation of H~PO4 provides an ample supply 
(26). Anion concentration should be greatest at the elec- 
trode surface, and, once a stationary profile is established 
within the diffusion layer, there is no necessity for anion 
diffusion or the further dissociation of H3PO4 in this 
region. 

The consequences of a water depletion region have not 
had serious consideration, apart from Epelboin's mention 
of an "anhydrous layer" (15). If  the viscosity were deter- 
mined by a single species, water would be the prime can- 
didate. Water is consumed at the electrode by the hydra- 
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tion demands of CW ~ ions, and the correlation of the 
limiting current with viscosity suggests that it plays a key 
role in the dissolution process. When 1 mol of CW ~ is 
added to 1 liter of 85% acid (14M H20), the viscosity in- 
creases to that for a 9M solution. Formulas for copper 
phosphate favor one water of hydration per Cu §247 and the 
viscosity increase can simplistically be attributed to the 
formation of hexa-aquo ions. 

The major difficulty with a direct water diffusion 
model  is the need for a diffusion coefficient < 10 -T cm2/s, 
even assuming z = 1/3 (3H20/e-). Of course, the total 
water content might not be "free" in the sense of being 
available for hydration. The water activity in 85% acid, 
based on vapor pressure measurements,  is 0.09 of the 
value for pure water, whereas the mole fraction is 0.5 (27). 
The reduced activity shows that Cu § must  compete with 
phosphoric acid for the water present. 

As the Cu ~§ concentration builds within the diffusion 
layer, one may imagine the formation of a region of 
higher viscosity which hinders subsequent material trans- 
port. Additional Cu § ions would tie up most of the re- 
maining water until restricted by the buildup of charge or 
the amount  of water present. In the limit, a dehydrated, 
amorphous surface film comprised of ions and acid 
would result. This picture is not dissimilar to a film of 
limited solubility, and it does bring viscosity more di- 
rectly into the dissolution process. The steady-state rate, 
however, would now depend on the rate at which bulk 
water slakes the viscous layer. 

Although oscillation waveforms are difficult to analyze, 
their existence places constraints on possible interpreta- 
tions of the polishing region. That the oscillations arise 
because of negative impedance characteristics of the in- 
terfacial region is qualitatively shown by their depen- 
dence on external cell loading. Admittance measure- 
ments will furnish a quantitative proof. DeLevie has 
discussed the general aspects of electrochemical negative 
resistance oscillators (28). Negative resistive behavior can 
often be associated with a negative slope in current- 
voltage plots. Figures la  and lb, however, show no unu- 
sual features in the potential region where oscillations 
occur. The explanation will appear in admittance mea- 
surements which do exhibit  negative real values for fre- 
quencies below 30 Hz. The admittance goes to zero with 
frequency, in accord with the slope of the current-voltage 
curves. For the copper-phosphoric acid system, negative 
impedance behavior is strictly a dynamic effect. The re- 
gion of negative slope in Fig. la  is not a negative resist- 
ance region, but a monotonic decay which proceeds inde- 
pendently of potential. 

Whether a circuit containing a negative impedance ele- 
ment  is stable or oscillatory depends on its loading by 
other elements. In the electrochemical case, loading is 
due both to electrolyte resistance and external circuitry. 
It is the voltage drop across these elements which corre- 
lates the behavior of otherwise independent  portions of 
the electrode surface. The formation and breakdown of a 
surface film is often proposed as a qualitative explana- 
tion for oscillatory behavior (4, 5). Negative impedance 
behavior demands both processes be correlated with po- 
tential changes. While one can rationalize an increase in 
film thickness with potential, it is less evident that a de- 
crease in potential should facilitate breakdown, and a 
more explicit explanation must  be proposed for film 
thinning. 

Under  the experimental  conditions prevailing in Fig. 4, 
the copper surface is dissolving at a 2500 ~/s rate. During 
each cycle, 100-200/~ are lost, while the charge represented 
by the oscillating portion of the current amounts  to a few 
copper monolayers. The diffusion distance for Cu § ions 
in one oscillation period is - 1  ~m, a fraction of the total 
diffusion layer thickness. Current oscillations extend 
both above and below a mean level set by nonoscillatory 
conditions for the same potential and current. 

These parameters may be useful for visualizing the 
scale of spatial and temporal  changes at the electrode, but 
their meaning is ambiguous. Does the charge per cycle 

reflect film thickness? Our result might be so inter- 
preted, but Poncet  et al. find 500-1000 layers dissolving 
per cycle (1). The difference reflects our higher oscilla- 
t ion frequencies. The diffusional transit t ime for CW § ions 
through the diffusion layer is about 2s. The oscillations, 
therefore, do not propagate through this layer, and can- 
not be explicitly dependent  on its thickness. Bidirectional 
current swings seem to imply a greater inhibition than ex- 
ists in the nonoscillating steady state. 

Mathematical models which have been developed to 
simulate chemical oscillations involve alternative path- 
ways with mutual Catalytic interactions (29). Possible spe- 
cies relevant to the system of interest are CW ~, water, and 
the "film." In addition to its thickness, the film may in- 
volve varying concentrations of Cu(I) and Cu(II). Apart 
from the conventional rate constants, it may also be nec- 
essary to consider the effects of migration fields and vis- 
cosity gradients on the diffusion kinetics. 

The anodic dissolution of copper in phosphoric acid so- 
lutions is not a simple process. In particular, the view of a 
surface concentration of cupric ions set by film solubil- 
ity, with the reaction rate then determined by the diffu- 
sion of these ions, provides an inadequate accounting for 
too many features of the process to be acceptable. 
Sufficient evidence exists to support the view of a sur- 
face film. However, whether  the film is a true solid 
phase with distinct boundaries or a highly viscous layer 
maintained by water depletion has not been proved. The 
chemical composition of this region remains uncertain, as 
does the spatial distribution of the large overpotential 
present. Voltammetric measurements,  by themselves, 
contain information sufficient to characterize and test 
only relatively simple electrode reactions. While they may 
reveal the inadequacies of proposed mechanisms, they 
primarily set limits for more detailed descriptions to 
meet. A realistic interpretation of the dissolution reaction 
awaits more elaborate experimental  techniques which 
can better probe the nature of the interfacial region. 
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The Anodic Dissolution of Copper into Phosphoric Acid 
II. Impedance Behavior 

S. H. Glarum* and J. H. Marshall 

AT&T Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Impedance measurements  have been used to study the electrochemical dissolution of copper rotating disk elec- 
trodes in phosphoric acid as a function of potential and current density. A space-charge layer is formed at large over- 
potentials. The thickness of this layer is potential dependent, -100A at + 1.0V, but independent  of current density. Di- 
verse relaxation behaviors are seen at lower potentials. Reactive equivalent-circuit elements are largely independent  of 
current density, while conductive elements are directly proportional to current density, indicating that the structure of 
the interface is controlled by the electric potential rather than by kinetics. Current oscillations during dissolution reflect 
a negative impedance relaxation at low frequencies. This impedance is explained by the dependence of the dissolution 
process on high mobili ty hydrogen ions and the coupling of [H § with electric fields external to the metal surface. 

Current oscillations accompanying electrode reactions 
have been observed in diverse systems, but their origins 
remain largely conjectural (1, 2). Few studies have been 
directed towards the investigation of the phenomenon it- 
self. Impedance measurements would appear to offer a 
promising avenue for approaching this curious behavior, 
and their relation to electrochemical oscillations has been 
discussed by DeLevie (3). Apart from some limited admit- 
tance measurements by DeLevie and co-workers on the 
reduction of In(III) in the presence of S C N -  (4), we are 
unaware of prior applications of the technique to the 
study of electrochemical oscillators. Our attention has 
been attracted to the anodic dissolution of copper metal 
into phosphoric acid. Oscillations in this system were re- 
ported by Jacquet  in 1936 (5). Poncet  et al. have studied 
this system with voltammetric techniques and proposed 
that surface oxides are connected with the instabilities 
(6). The large amplitude oscillations encountered in such 
experiments are difficult to analyze as they are governed 
by nonlinear effects. Impedance measurements offer 
more quantitative information and can be carried out un- 
der nonosci]latory conditions. 

The copper-phosphoric acid system is well suited for an 
impedance investigation. Oscillations occur at frequen- 
cies > 1 Hz, a range amenable to measurement.  Moreover, 
as the dissolution current is independent  of potential over 
a wide potential range but can still be varied hydrody- 
namically, rotating disk electrodes make feasible inde- 
pendent  evaluations of the influences of potential and 
current density. We found it desirable to undertake a par- 
allel voltammetric study prior to an extensive impedance 
investigation, and these findings appear in Ref. 1. In the 
present paper, we report and discuss impedance behavior 
in 85% acid solutions at dissolution potentials extending 
to the oxygen evolution region. The system exhibits an 
unusually rich range of response functions and data ob- 
tained above and below the actual potential range where 
instabilities appear provide useful insights into the struc- 
ture of the interfacial region. 

The impedance of an electrolytic cell is often best sum- 
marized by an equivalent circuit. This is merely a collec- 
tion of resistive, capacitive, and Warburg elements chosen 
to mimic the experimental  dependence of impedance vs. 
frequency. Inevitably, one requires circuit elements for 
electrolyte conductivity and double-layer capacitance, 
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and their interpretation is relatively direct. Faradaic cur- 
rent flow, however, can lead to a complex impedance 
function in parallel with the double-layer capacitance. In- 
terpretation of this portion of the circuit requires some 
modeling of possible electrode reactions to relate equiva- 
lent circuit elements to functions of chemical interest. 
Given sufficient equations to define an electrode pro- 
cess, their transformation into a set of perturbation or 
modulation equations is straightforward although some- 
what arcane to the unversed. Because we shall encounter 
a diversity of response functions in this study, we have 
relegated to an appendix a generalized procedure for the 
derivation of impedance function. In discussion, we shall 
consider equations describing various mechanisms and 
present their equivalent impedance without digression 
into the intermediate algebra. 

Experimental 
General experimental  procedures are given in the first 

part of this paper (1). For impedance measurements,  only 
1/16 in. diam copper rotating disk electrodes and 85% 
phosphoric acid solutions were employed. Reported po- 
tentials were measured with respect to a saturated calo- 
mel electrode and have not been corrected for electrolyte 
IR drop. The frequency range explored in this work was 1 
Hz-200 kHz. This lower limit was deemed adequate be- 
cause of  the rapid rate of electrode dissolution and the 
fact that complex-plane plots when extrapolated to zero 
frequency were compatible with the slopes of steady-state 
current-voltage curves. 

A Rockland 5100 Frequency Synthesizer furnished a si- 
nusoidal source for ac measurements (7). This signal 
passed through a series of variable, active, lead-lag net- 
works into a PAR 173/179 potentiostat system. AC mea- 
surements were made with a PAR 129A two-phase lock-in 
amplifier of the potential difference between the working 
and reference electrodes and the drop across an external 
reference resistor in series with the working electrode. 
The lead-lag networks were adjusted so that the former 
difference was approximately constant over the fre- 
quency range scanned (2 mV, 0~ and the reference resis- 
tor was selected so that the latter drop was -< 2 inV. For 
opt imum bandwidth and minimum noise, the PAR 179 
plug-in was kept on the 1A range and its digital circuitry 
disabled. Both 0 ~ and 90 ~ square-wave reference signals 
were extracted from the 5100 and used to drive directly 
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the phase-detector switches, bypassing the lock-in 
circuitry of the 129A and extending its frequency re- 
sponse. Typically, 500 measurements logarithmically 
spaced between 200 kHz and 100 Hz were made in 5-10s. 
At lower frequencies, four sample-and-hold circuits cap- 
tured the unfiltered output of the phase detectors, per- 
mitting two independent  measurements per cycle. Accu- 
racy was established with precision RC components 
chosen to emulate characteristic cell impedances. For a 
series RC circuit with a 3 kHz relaxation frequency (75~, 
0.7/~F), the series resistance obtained by a deconvolution 
of the measured admittance was constant to +0.2% be- 
tween 200 and 1.5 kHz, while series capacitance values 
showed a 1% scatter between 30 kHz and 300 Hz. The latter 
test is especially critical as only a resistive reference was 
used. Evaluation of a capacitance from voltage measure- 
ments  is then frequency-dependent and would reflect er- 
rors associated with the high sweep rates used. 

Results 
Figure 1 is a current-voltage plot for the CtYH3PO4 inter- 

face under  conditions typically employed in this study. 
Distinctive behaviors make it convenient to partition this 
curve into four regions. In region I, extending to 0.15V, 
the current rises exponentially. A limiting current level is 
then established across region II, 0.15-0.35V. The current 
peak is sweep-rate dependent,  being greater for faster 
rates. In region III, 0.35-0.55V, current oscillations may 
appear. Here, the current-voltage curve reveals merely a 
slight min imum/maximum during anodic/cathodic 
sweeps. Above 0.55V, in region IV, a stable current pla- 
teau is maintained until  the oxygen evolution region is 
reached beyond 1.5V. 

The electrode was observed in situ under  140• magni- 
fication during experimentation. As the potential was 
raised from its open-circuit value, -0.05V, a well-defined 
etching pattern developed. The polished copper surface 
first darkened to red-brown, and then sharply demar- 
cated grain boundaries appeared. Individual grains then 
acquired variegated russet complexions. Crossing regions 
II and III, the range of tones diminished, with lighter 
hues favored. A two-tone surface eventually formed and 
was superceded by a monochrome surface. Grain bound- 
aries remained sharply defined, but  the color at this stage 
was reminiscent of the original bright copper surface. In 
region IV, these boundaries gradually faded, leaving a 
featureless surface. When the potential was then lowered, 
grain boundaries reappeared at ~0.50V, and the pattern of 
coloration was retraced as the potential was further re- 
duced. The etch pattern characterizing region I was stable 
under open-circuit conditions. At no time was black or 
dark color observed which might indicate the presence of 
CuO. 
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Fig. 1. Voltammetric behavior of the Cu/H3P04 interface measured 
at 20 mV/s sweep rate and 100 rad/s disk rotation. Regions I-IV dis- 
cussed in the text are shown. 

Admittance measurements involved diverse variations 
of frequency, potential, and current density. Both fre- 
quency-sweep measurements at constant potential, Y~(o~), 
and potential-sweep measurements at constant fre- 
quency, Y~(~) proved valuable. The former functions, 
when plotted in the complex plane, best reveal overall 
features of relaxation processes. The shapes of these plots 
are guides to equivalent circuit descriptions. Combina- 
tions of Y~(~) measurements were used to extract the po- 
tential dependence of individual circuit elements after 
suitable frequencies had been determined from the com- 
plex-plane plots. 

Complex admittance plots for potentials spanning re- 
gions I and II are shown in Fig. 2. Equivalent circuit A in 
Fig. 3 approximates the response measured in region I. At 
high frequencies, the admittance is governed by Ro and 
Co, and the shapes are semicircular. At lower frequencies, 
plots approach the real axis at 45 ~ . This behavior is better 
revealed when Ro and Co are deconvoluted from the mea- 
sured data (Fig. 4). Both G1 and W increase rapidly with 
potential in region I. We see, however, clear deviations 
from the asymptotic slope below 1 kHz. Within region II, 
these deviations develop into an "inductive" loop which 
dips below the real axis for frequencies < 300 Hz. Then, 
rather abruptly, at about 0.25V, this loop is replaced by a 
capacitive dispersion which approaches the origin at low 
frequencies. A small but reproducible increase in Ro is ev- 
ident in the high frequency intercepts of Fig. 2. The po- 
tential dependence of Ro and Co was extracted from Y~(~) 
data at 10 and 100 kHz (Fig. 5). The former function shows 
a small increase in region II. The latter rises across region 
I from an initial value of 28 to 35/~F/cm 2 and then plum- 
mets abruptly above 0.26V. 

Within region III, the low frequency dispersion n o  
longer approaches the origin from the first quadrant  but 
first circles it through quadrants II and III (Fig. 6). The 
magnitude of this three-quadrant loop is greatest near 
0.45V. Plots near this potential but  for different electrode 
rotational speeds show the magnitude of the loop to be 
proportional to the static current density (Fig. 7). As co 
0, the origin is still approached, but from the third quad- 
rant at an angle ~ 3 ~r/2. Equivalent circuit B in Fig. 3 can 
approximate these shapes provided that elements G2 and 
C2 have negative values and C, + C2 < 0. The high fre- 
quency dispersion, not shown in these figures, remains 
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Fig. 2. Admittance plots far potentials in regions I-II. For curves 
a-m, potentials are 0.06-0.30V in 0.02V increments. The frequency 
range plotted is 50 Hz-200 kHz with 1 kHz (squares) end 10 kHz 
(circles) points indicated. Disk rotation: 100 rad/s. 
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Fig. 3. Equivalent circuits A, B, and C discussed in the text 
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Fig. 4. Admittance plots for data in curves a-e of Fig. 1 after sub- 
traction of the contributions from R~ and Co. 
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Fig. 5. Dependence of the high frequency cell resistance and capac- 
itance on potential derived from 10 to 100 kHz measurements. Resist- 
ance values are plotted as measured for the value is not inversely pro- 
portional to electrode area. 

determined by R,) and C,,, while the low frequency disper- 
sion is given by G,, G,.,, C,, and C2. 

Complex admittancd plots at plateau potentials, region 
IV, show two nearly semicircular dispersions, Figure 8 
plots the full dispersion (I Hz-200 kHz) for a sequence of 
current densities at 1.00V. The amplitude of the low fre- 
quency dispersion is directly proportional to the current 
density. Figure 9 plots the low frequency dispersion for 
potentials 0.60-1.50V. The amplitude shows only a slight 
decrease with potential over this range. The cusp separat- 
ing the dispersions lies between 100 and 1000 Hz, and is 
unusual ly  sharp. Above + 1.0V, it overlaps itself, forming 
a closed loop in the first quadrant. 

Apart from this loop, the response corresponds to 
equivalent circuit C in Fig. 3. G, and C, may be found by 
analysis of the low frequency dispersion. Y~(~) measure- 
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Fig. 6. Admittance plots for the low frequency dispersion in region 
III. Curves a-f correspond to potentials 0.30-0.55V in 0.05V incre- 
ments. The plotted frequency range is 1-1000 Hz with 1 Hz (trian- 
gles), 10 Hz (squares), and 100 Hz (circles) points shown. Disk rota- 
tion: 100 rad/s. 

ments at 20 and 100 Hz were analyzed assuming that ei- 
ther a semicircle or a depressed circular arc described the 
low frequency dispersion. Both approximations gave es- 
sentially the same results, and those for the former are 
plotted in Fig. 10. G1 values are largely independent  of po- 
tential, even when the analysis is extended into region III, 
CI values decrease with potential from a maximum 3600 
/~F/cm 2 at 0.65V to 1300/~F/cm ~ at 1.50V. Below 0.65V, C1 
appears to decrease, but  the analysis neglects the nega- 
tive contribution of C2 which becomes important  within 
region III. 

Discussion 
Behavior in region I follows the Mattson-Bockris model 

developed to describe dissolution into surface acid (8) 

Cu < / 1  > Cu § (fast) 
Cu § I~ > Cu + (rate-limiting) 

The dc current rises at 38 mV/decade rate (1). Admittance 
measurements are empirically represented by equivalent 
circuit A in Fig. 3. The high frequency resistance, Ro, 
equals the value obtained under  zero-current conditions 
and is due to electrolyte resistivity. The high frequency 
capacitance, Co, ranges from 28 to 32 /~F/cm 2. This "con- 
ventional" double-layer value reveals no unusual  surface 
polarization characteristics. The minor increase may re- 
flect surface roughening. 

To model this reaction mechanism, let c = [CW] and as- 
sume that at the interface (x = 0) 

0.8 

e 

o 
4 

y, (mho/cm 2 ) 
Fig. 7. Admittance plots for the low frequency dispersion in region 

!11 at 0.44V. The plotted frequency range is 1-500 Hz with 10 Hz 
(squares) and 100 Hz (circles) points shown. For curves a-e, disk rotation 
speeds are 25, 50, 100, 200, and 400 rad/s. 
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Fig. 8. Admittance plots in region IV at 1.00V. The plotted fre- 
quency range is 1 Hz-200 kHz with 10 Hz (triangles), 10 kHz 
(squares), and 100 kHz (circles) points shown. 100 Hz and 1 kHz 
points straddle the minimum. For curves a-e, disk rotational speeds 
are 25, 50, 100, 200, and 400 rad/s. 

c = cO?) = Co exp (e~?/kT) 

I2 = 120 [(C/Co) exp (fle@/kT)] 

I1 - I2 = - D F  (ac/ax)x=o 

The last expression accounts for the diffusive escape of 
CW from the interface before final oxidation. The reaction 
admittance is therefore (cf. Appendix) 

Y = G,  + (i~)'/2W 

G, = 2(dIfld~) 

W = D'/2F(ac/a~?)i = D 'j2 e F c / k T  

in accord with circuit A of Fig. 3. Cupric ion diffusion, 
which in principle would add a Warburg term in series 
with G1, may be ignored in an ac analysis because of the 
high concentration present. 

Numerical values for G, and W can be derived from the 
data in Fig. 4. G, is given by the extrapolated low fre- 
quency intercept and log plots show a linear increase 
with potential until  a maximum is reached at 0.18V. Pre- 
suming D, the Cu ~ diffusion coefficient, scales inversely 
with viscosity as does the Cu ~ coefficient (1), we esti- 
mate D = 5.5 x 10 -~ cm'2/s and obtain Cu § concentrations 
of 1.5, 2.6, and 3.7 mM at 0.04, 0.06, and 0.08V (Fig. 4a-4c) 
(9). W(~) peaks near 0.14V. Calculated [Cu § values appear 
reasonable, but  the peak indicates a leveling off near the 5 
mM level. Although Cu + diffusion is important in deter- 
mining the electrode impedance, its contribution to the 
dc current is < 1%. Surface discolorations are seen well 
below potentials where deviations from this model ap- 
pear. Color changes point to formation of Cu20, but, evi- 
dently, this conductive oxide layer does not affect disso- 
lution in region (1). 

The onset of region II is marked by maxima in G1 and 
W (circuit A in Fig. 3) and the attainment of the limiting 
current in static measurements.  Admittance plots show 
the development of a low frequency "inductive" loop dip- 
ping below the real axis (Fig. 4g-4i). This loop disappears 

I 
0,0 0.1 0.2 

y' (mho/cm 2 ) 
Fig. 9. Admittance plots in region IV. For curves a-f, potentials are 

0.60, 0.70, 0.60, 1.00, 1.200, and | .50V. A disk rotation speed of 
25 rad/s was used to reveal more clearly the high frequency loop. The 
plotted frequency range is 1 Hz-I kHz with 10 Hz (squares) and 100 
Hz (circles) points shown. 

at 0.24V and is replaced by a capacitive low frequency 
dispersion at higher potentials (Fig. 4k-4m). Similar be- 
havior has been observed in the anodic dissolution of Fe 
in H2SO4 and explained by an adsorbed intermediate Fe(I) 
species (10) 

reac tants /~> 0 I2> products 

To model this mechanism, assume both partial currents 
are functions of potential, ~, and the degree of surface 
coverage by a cuprous intermediate, 0 

..o 
L L  

E 

~ C  I 

m 

I0 

E 
O 

3.5 
( .9  

I 
0.5 I.O 1.5 

Vsce 
Fig. 10. Variation in region IV of parameters Cl and G1 (circuit C 

of Fig. 3) obtained from 20 and 100 Hz measurements at 37 mV/s 
sweep rate and 100 rad/s disk rotation. 
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I~ = I, (V,0) 

12 = 12 (V,O) 

Qmax dO/dt = I1 - I.z 

The last expression accounts for the growth and dissolu- 
tion of the intermediate layer, with Qm~ the charge asso- 
ciated with complete monolayer formation (0 = 1). These 
expressions lead to the admittance 

Y = G, + (G2 - G1)/(1 + ieor) 

where 

G, = [0(I1 + I.~)/O~]~ 

G2 - G,  = [O(I, - I2)/0~]~ [a (I, + I._,)/~0], [0(I2 - I,)/O~]o-' 

= [0(I, + 12)/00], (dO/d~) 

= Qmax [(9 (15 -- I,)/00], -~ 

GI and G2 are the high and low frequency real axis inter- 
cepts. If  G2 > G ,  the dispersion appears in quadrant  IV. 
For coverage which increases monotonically with poten- 
tial, an inductive dispersion corresponds to an increase in 
coverage with current at constant potential. 

Introducing as more explicit functions 

I1 = 110 (1 - O) exp (e f l ,~ /kT)  

I2 = I20 0 exp (efi.2~/kT) 

we find 

G1 = ( e I / k T )  (fl, + fl2)/2 

G2 = ( e I / k T )  [(1 - 0)B1 + 0/32] 

7 = 20 (1 - 8) Qmax/I 

where I is the dc current level. No dispersion is predicted 
if either fll = f12 or 0 = 0.5. At 0.20V, the low frequency dis- 
persion maximum occurs at 105 Hz (1/r = 2~r~), and com- 
bining this value for r with the measured dc current we 
obtain 0(1 - O)Qmax = 1.9 • 1014 e- /cm 2. The disappearance 
of the dispersion at 0.24V implies ~ - 0.5, and the value 
for Qmax is consistent with the formation of  a monolayer 
in region II by an electrochemical intermediate. 

The expressions for G2 and G, suggest examination of 
the dimensionless parameter ( k T G / e I )  as a measure of an 
anodic transfer coefficient. Taking G, from deconvolu- 
tions of the high frequency dispersions, we find values 
decreasing from 2.0 at 0.15V to 0.50 at 0.30V. Over this 
range, I is relatively constant; and the change corre- 
sponds to the decrease in size of the low frequency dis- 
persions in Fig. 2. Although values are of order unity, as 
required for a transfer coefficient interpretation, their de- 
pendence on potential implies a more complex mecha- 
nism. Limiting current behavior (G2 -~ 0) is only predicted 
in the limit ~ --> 1 if/32 ~ 0, hinting at complications in the 
second stage of the reaction. 

Above 1 kHz, the relaxation is similar to that for region 
I. The presence of a Warburg contribution is evident in 
the nonsemicircular appearance of the high frequency 
dispersions in Fig. 2. W values decrease 50% from their 
max imum as the potential increases in this region. The 
high frequency capacitance drops gradually from 32 to 18 
/zF/cm 2 across region II. The latter decrease is consistent 
with the formation of a thin insulating layer. A small in- 
crease in Ro, ~ 0.04 12-cm 2, may be discerned in the shift of 
high frequency, real axis intercepts within region II (Fig. 
2). When the limiting current level is reached, a large 
[CW ~] gradient exists across the diffusion layer. Electro- 
neutrality forces a corresponding increase in anion con- 
centration which, through the limited dissociation of 
HaPO,, reduces [H ~] and consequently electrolyte conduc- 
tivity in the diffusion layer. In the absence of this effect, 
we calculate the resistive contribution of the diffusion 
layer to be 0.013 ~-cm 2 and the observed change is of a 

similar magnitude. Outside region II, Ro values were inde- 
pendent  of potential. 

We associate region II with the formation of a mono- 
layer of an intermediate Cu(I) species. A transition from 
low to high coverage is demonstrated by the inductive to 
capacitive change in the low frequency dispersion and 
the double-layer capacitance decrease. The latter indi- 
cates the monolayer to be a poor electronic conductor. 
The Cu(I) intermediate cannot be identified with Cu20, a 
good conductor, which is visibly more evident in region I 
than II. 

Although region III is physically the most intriguing, 
we shall postpone its discussion and pass to region IV. 
Complex-plane plots show two well-resolved dispersions, 
each nearly semicircular in appearance (Fig. 7). Apart 
from the anomalous overlap cusp, the dispersion may be 
approximated by equivalent  circuit C in Fig. 3. At the 
highest frequencies, response is dominated by Ro and Co. 
The former is constant, being fixed by electrolyte resis- 
tivity, but the latter exhibits a marked decrease from 18 to 
6 izF/cm 2 across regions III and IV. Moreover, Co is inde- 
pendent  of the dc current level. Five measurements  at 
+I.0V for disk rotational speeds ranging between 25 and 
400 rad]s yielded values constant to within 3%. 

A significant drop in the high frequency capacitance of 
an electrode can indicate formation of a blocking layer. 
One interpretation for the origin of limiting current be- 
havior in this system has been the solubility limit of a sur- 
face film (11, 12). The rate of dissolution for such a film 
is proportional to the current density, and film thickness 
should decrease at higher current levels. The independ- 
ence of Co upon current density contradicts this descrip- 
tion. 

The continuous decrease in Co with increasing potential 
suggests trying a Mott-Schottky plot of 1/C ~ v s .  potential 
(Fig. 11). (Mott-Schottky behavior characterizes a con- 
strained solution of the Poisson-Boltzmann equations and 
need not imply electronic polarization of a semiconductor 
interface.) This plot is linear within region IV to 1.2V, at 
which point Co begins to increase. The extrapolated inter- 
cept of the linear segment lies at +0.35V, the beginning of 
region III. The simplest model  which describes this be- 
havior is a surface layer of thickness l and uniform nega- 
tive charge density p, leading to the Mott-Schottky 
relations 

n d =  pl2/2e 

1/C 2 = (2/ep)~d 

C = ell 

~a is the potential drop across the layer. From the slope of 
the plot in Fig. 11, ep = 5.0 x 102' e - /cm 2 and lie = 1.3A at 
+ 1.2V, the dielectric constant, e, being normalized to its 
free space value. Physically meaningful parameters imply 
a high dielectric constant. For 85% HaPO,, e = 80 (13) and 
for this value p = 6 • 10 TM e- /cm 3 and l = 100~. The need 
for a high dielectric constant suggests the charged layer is 
quasi-aqueous in composition. The layer thickness agrees 
satisfactorily with previous limits, 13-124A, based on elec- 
tron diffraction (14), el l ipsometry (15), and a reinterpreta- 
tion of impedance data (16). 

The next  parameter for consideration is G, (circuit C in 
Fig. 3), a resistive element  which determines the initial 
faradaic current response to a change in potential. G, was 
found to be directly proportional to the limiting current, 
implying an exponential  current-potential relationship. 
Consider 

I = Io(x. . . )  exp (e f l~ /kT)  

where x... represents parameters other than the potential. 
Formally 

G = (OI/On) .... = (ef l /kT~I 

with T the steady-state current. For data taken at + 1.0V, 
this expression yields fl = 0.23 -+ 0.01 for current densities 
of 20-80 mA/cm 2. If fl is independent  of potential, then, in 
the limiting current region, so should be G, (Fig. 10). 
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Fig. | 1. Mott-Schottky plot for the high frequency capacitance (1/Co 2 

vs. ~). Co 

An exponential  I-~? relation indicates kinetics limited 
by a barrier whose height is potential dependent. Assume 
this barrier lies at the metal interface on the inner bound- 
ary of the space-charge layer and that the potential drop 
across this barrier is the difference between the potential 
of the metal electrode, ~?, and the potential drop across 
the space-charge layer, ~d. Thus 

I = Io exp [efl(~ - ~d)kT] 

where ~ is the barrier transfer coefficient. The hydrody- 
namic dependence of the limiting current shows that the 
steady-state current is determined by concentration gra- 
dients external to the surface layer. Consequently, follow- 
ing a potential perturbation, there must be a relaxation of 
~d until the injection and dissolution currents are again 
equal. This relaxation is reflected in the low frequency 
dispersion seen in Fig. 7 and 8. The semicircular shapes 
indicate that this relaxation may be approximated by an 
RC circuit, with the dispersion involving the capacitance, 
C, (Fig. 3C). 

For a given potential, C1 is only slightly dependent  on 
the current density. At +I.0V and rotational speeds of 25, 
50, 100, 200, and 400 rad/s, we obtain values of 1600, 1800, 
2000, 2100, and 2500 ~F/cm ~. In contrast, G, ranged 0.5 to 
1.9 mho/cm 2. Against potential, however, C~ values de- 
crease from 3000 ~F/cm 2 at +0.55V to 1300 ~F/cm 2 at 
+1.5V (100 rad/s, Fig. 10). The magnitude of C, indicates 
the associated charge must  be faradalc. Between 0.55 and 
1.5V, fC~d~ gives an injected charge of 2 • 10 -8 C/cm 2. 
This amount  is too large to correspond to uncompensated 
space charge, and we propose that it represents Cu § ions 
required for growth of the surface layer. 

Let us examine growth relaxation for a layer requiring 
Q coulombs per unit thickness 

d Q / d t  = (dQ/d l )  (d l /d t )  = I(~ - ~d) - Id 

with the rate of change of film thickness proportional to 
the difference between the electrode current and an un- 
modulated dissolution current, Id. The response is that of 
a conductance, Gj, and a capacitance, C~ in series 

Z = l /G,  + 1/(itoC,) 

GI = (~I/O~) 

C, = (dQ/d l )  (e/pl) 

The capacitance is directly proportional to the high fre- 
quency capacitance, assuming a constant density. 

Crystallographic data for the compounds CuO, 
Cu3(PO4)2, and CuHPO~.H20 give respective molar vol- 
umes of 12.4, 85, and 56 cm 3 (17, 18). The 2 • 10 -3 C/cm 2 of 
integrated charge corresponds to respective layer thick- 
nesses of 13, 29, and 56~. All values are less than the 100/~ 
thickness deduced from Co. Both Co and C~ decrease simi- 
larly with increasing potential. At +0.55V, their ratio is 
240, while at +I.0V it is 285. If we suppose that both re- 

flect a common surface layer, then from the space-charge 
density of 6.0 • 10 '~ e - /cm 3, we deduce molar volumes 
(Cu ++) of 70-80 cm 8. The molar volume of HaPO4 in the 
electrolyte is also 70 cm 3. This density is less than that-of 
crystalline CuHPO4.H~O. The lower density, together with 
the high dielectric constant inferred from Co values, sug- 
gests an amorphous structure containing a high density 
of dipoles able to reorient in the internal electric fields 
present. 

The most interesting electrical behavior lies in the neg- 
ative impedance region, III. Here complex admittance 
plots show a low frequency dispersion circling the origin 
through three quadrants (Fig. 6, 7). As ~ ---* 0, the origin is 
approached from the third quadrant at an angle - 3  rr/2, 
corresponding to a negative capacitance. Current-voltage 
curves in region III show a small dip/rise in 
anodic/cathodic sweeps. The magitude of these changes 
is sweep-rate dependent, and offers independent  con- 
firmation for a negative capacitance. Phenomenologic- 
ally, any circuit exhibiting the observed response can be 
made to oscillate by insertion of a series resistance 
sufficient to shift the negative real axis intercept to the 
origin. Equivalent circuit B in Fig. 3 can simulate the ob- 
served dispersion provided elements R2 and C2 are nega- 
tive and ]C21 > C,  Let us examine its stability with respect 
to a current fluctuation, ~I(t), under potentiostatic control 
(SV (t) = 0). For simplicity, we drop the high frequency 
capacitance, Co, and combine Ro and R, into a single re- 
sistance, R. In addition to depending upon the electrolytic 
cell, this parameter includes any external resistance we 
might choose to insert in series with the working elec- 
trode. The impedance function Z(io~,R, R2,C,,C.~) is readily 
found algebraically. Under constant applied potential the 
time-dependent current fluctuation is obtained by 
replacing io~ with d/dt 

6V(t) = 0 = Z(d/dt,R,R2,C1,C2) 6I(t) 

o r  

{RR2C,C2 + [R(CI+C2) + R2C2] - ~  + 1} 6I(t) = 0 

Circuit stability depends on the sign of the second term. 
If positive, fluctuations decay exponentially. If negative, 
they grow until limited by nonlinearities in the circuit ele- 
ments. We have assumed R2 and C2 to be negative. For R 
sufficiently small, the circuit is stable, but by increasing 
R we may always achieve an unstable condition. As the 
critical point is approached, small amplitude oscillations 
will occur at a frequency, oJ = RR2C,C2) -'12 [cf. Fig. 4a, Ref. 
(1)]. This is the frequency at which the admittance plot 
crosses the negative real axis. As experimentally verified 
(1), larger electrodes are more prone to oscillation because 
of the greater contribution of electrolyte resistance to the 
cell impedance. For C2 < 0 but C~ + C2 > 0, the circuit is 
unconditionally stable, and complex-plane plots ap- 
proach the origin at an angle ~r/2. 

A negative differential capacitance implies a net de- 
crease in the charge stored in the interfacial region fol- 
lowing a potential increase. Integration of this capaci- 
tance across the negative impedance region gives a drop 
of 2 x 10 -8 C/cm z. The magnitude indicates a faradaic 
charge too large to be accommodated by the thin surface 
layer present at these potentials. Rather, the charge must 
be associated with a modulat ion of the flow of ions into 
the diffusion layer. We have previously shown that elec- 
tric fields significantly enhance Cu §247 fluxes in this 
quasi-neutral region (1), and we believe these fields are 
closely related to the instabilities. There is an empirical 
resemblance between electrochemical behavior and the 
semiconductor Gunn effect (19). Both involve instabilities 
in systems with large static fluxes. In semiconductors, 
the effect is explained by a decrease in carrier drift veloc- 
ity with an increase in the local electric field. Soliton 
charge density waves can form within a bulk phase. Insta- 
bilities at injecting contacts have also been analyzed, and 
calculated current-voltage curves bear a marked resem- 
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blance in shape and position of the negative impedance 
region to the electrolytic curves (20, 21). 

The Gunn effect depends upon a change in band struc- 
ture with field. Electrolytes lack this option, but offer 
possibilities arising from a multiplicity of charge bearing 
species. If  we neglect anion migration, our system con- 
tains mobile hydrogen and copper ions. We have mea- 
sured diffusion coefficients in phosphoric acid for the 
latter and, based upon conductivities, we infer a mobility 
ratio as high as 103 (1). A mechanism by which the bal- 
ance between high mobility H § and low mobili ty Cu §247 is 
shifted towards the latter in high field regions could lead 
to a direct Gunn analog. We have not been able to ration- 
alize such an ionic field effect, but can construct a poten- 
tial parallel. Assume behavior in the diffusion layer is ex- 
pressed by the equations 

oc/ox = +(ze/kT)  cE - Jr162 

Oh/Ox = (e/kT) hE - Jh/Dh 

OE/Ox = (F&) (zc + h - a) 

where c, h, and a are concentrations, E the electric field, 
and J and D fluxes and diffusion coefficients. For rapid 
proton diffusion [H ~] follows a local Boltzmann relation 

h(x) = ho exp [ - eo (x ) / kT]  

The rapid dissociative equil ibrium of phosphoric acid (ha 
= ho 2) implies (22) 

a(x)  = ho exp[  +eo(x) /kT]  

even though anions have been assumed immobile. Cop- 
per phosphates are very insoluble in neutral and alkaline 
solutions and an equilibrium maintained by a reaction 
s u c h  a s  

H + + [CuHPO4] < ~ >  Cu §247 + H~PO4- 

may be imagined. Hypothesize a bulk phase in which [--] 
represents trapped Cu ~ ions. A local increase in [Cu §247 
leads to an increase in [H "] and hence a drop in the local 
potential. The consequent change in electric field tends 
to drive neighboring Cu §247 ions towards the center of the 
fluctuation. Should this force be sufficient to overcome 
diffusional spreading, the fluctuation will grow. 

While the feasibility of a bulk instability may be conjec- 
tural, a dissolution interfacial analog offers one explana- 
tion for negative impedance behavior. If [--] represents 
the surface layer, the dissolution current can be written as 

Id = k § [H § - k-  [Cu § [H2PO4-] 

o r  

Id = ho {k § exp( -eoJkT)  - k -  exp ( + e o J k T )  [Cu+§ 

with 0~ the potential at the boundary of the surface and 
diffusion layers. Although the dissolution reaction does 
not involve charge transfer p e r  se, its potential depen- 
dence is similar to a charge transfer reaction, save for the 
sign reversal in the exponents.  Negative impedance be- 
havior follows from the fact that the current-decreases 
with an increase in local potential. Although hydrogen 
ions are a minor constituent of the system, they are 
strongly coupled to the dissolution reaction and the elec- 
tric potential. An increase in potential drives these ions 
away from the interface, thereby decreasing the rate of 
dissolution. 

To find the impedance of the diffusion layer, we must 
first consider electric field effects on Cu +§ migration, 
Given 

0 
dc/d t  = o ~ o x  (ac/ox + (zec/kT)Oo/Ox) 

and assuming quasi neutrality with zc = a >> h, this 
equation simplifies to 

d c / d t  = (z + 1)Dr ~ 

In regions where H + is a minority carrier, migration leads 
to an apparent threefold enhancement  of the diffusion 
coefficient. The "diffusion" current is then given by 

I~ = - z ( z  + 1) FDc (Oc/Ox)x=o 

and the diffusion layer impedance becomes 

Zd = 02"1Id* = 1/Gd + [~)l~2Wd]-~ 

with 

Gd = (OIJ002) 

Wd = zF(ioJ(z + 1)De) 1~ (Oc/00~)l 

Both Gd and Wd have negative values, and the equivalent 
circuit consists of a negative resistance and a negative 
Warburg element in series. 

The extent  to which this negative impedance is re- 
flected in measured impedances depends upon an addi- 
tional relationship connecting changes in 0~ with those of 
0 or 01. For thin surface layers, we expect  the coupling to 
be large, whereas for thicker layers it should become neg- 
ligible. The measured negative impedance is about an or- 
der of magnitude larger than Zd calculated assuming c 
-1M. An analysis of ellipsometric data has suggested the 
presence of a 2000-3500/~ viscous region adjacent to the 
electrode (15). Although such a region would conven- 
iently account for a greater negative impedance, its exist- 
ence is not revealed by other parameters dependent  upon 
the diffusion layer. 

Negative impedance behavior also appears in region IV 
in the loop separating the two principal dispersions. An 
interpretation using the model proposed for region III 
can be forced by an ad hoc relationship between 0~ and 0 
or 0,, but an alternative explanation can be positive 
charge injection into a negatively charged space-charge 
region. Discussion of region IV has been based on the 
control of injected current by a barrier at the metal inter- 
face with a height dependent  on the potential difference 
between the metal and the adjacent surface layer, 0 - 01. 
The potential in the layer, 01, is not zero by virtue of nega- 
tive space-charge within the film, i.e. 

01 = - P I'2/2e 

with p < 0. The low frequency dispersion arises from an 
increase in layer thickness with potential. Following an 
increase in 0, the current rises, the film thickens, and 01 
also rises until 0 - 0, is restored to its original value. If, 
however, prior to growth, the injected charge reduces the 
negative charge density, a small negative capacitance de- 
velops. For 

I = I(0 - 01) 

0 ,  = - q l / 2 e  

dq /d t  = I 

with q the charge in the layer, we find 

Z = 1/G + 1/i~C) 

G = ol/o0 

C = -2~/l  

The magnitude of the negative capacitance is comparable 
with the high frequency interracial capacitance. Over 
longer periods of time film growth leads to a much larger 
positive capacitance, but, for frequencies well above 
those characterizing the growth process, this mechanism 
may account for the high frequency loops. 

Questions unresolved concern the role of CW ions in re- 
gions III and IV, and those factors determining the space- 
charge density. It was concluded in Ref. (1) that a water 
depletion layer was important  in determining the steady- 
state current. Water has not entered into this discussion, 
except  perhaps implicitly in the rate constants in expres- 
sions for Ia. Cu + defects in the surface layer might account 
for the space-charge polarization. The ratio of [Cu § to the 
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space-charge density, C~/Co ~- 250, is close to the 
[Cu~]/[Cu ~] ratio expected for the solution phase. Inde- 
pendent  experiments, e.g., ring disk studies, sensitive to 
the Cu ~ dissolution current may resolve some of these 
uncertainties. 

Conclusions 
Four stages describe the dissolution of copper into 

phosphoric acid. Initially, a two-step oxidation process in- 
volving soluble CW occurs. A surface monolayer forms 
when [Cu +] reaches a 5 mM level. At higher potentials, a 
negatively charged surface layer develops, reaching a 
thickness -100k at + 1.0V. Current injected into this layer 
is limited by a barrier at the metal interface. The layer 
grows until  the injection rate matches the 
hydrodynamically determined dissolution rate. Thickness 
is determined by potential, not current density, indicating 
it is the space-charge rather than a kinetic IR drop which 
controls the barrier height. During the initial phase of 
layer growth, a negative impedance develops which is re- 
sponsible for current oscillations. As a mechanism, it is 
proposed that electric fields external to the barrier lower 
[H ~] with increasing potential and therewith reduce the 
dissolution rate. 
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APPENDIX 

Assume as given a set of equations sufficient to de- 
scribe a t ime-dependent  electrode process. Time-depen- 
dent variables will include the current, I, the total applied 
potential, ~, and a sequence of other variables, xi, 
specific to the model. The steady-state value of each vari- 
able is subject to an arbitrarily small sinusoidal modula- 
t ion so that 

I(t) = 7 + I* exp (/~t) 

dI/dt = i~I* exp (ioJt) 

and similar expressions follow for V* and xi*. For each of 
the equations describing the model, there is an equivalent 
modulation expression obtained from a first-order per- 
turbation expansion about the steady state. If, for 
example 

I = I(~,xi) 

then 

I* = (0I/0~?), i ~* + (OI/Oxi)n xi* 

The impedance is obtained by solving this set of linear 
equations for the ratio ~*/I*. The admittance is the recipro- 
cal of this ratio. Diffusional equations are frequently en- 
countered, and the modulation counterpart of 

dc(x,t)/dt = Dd2c(x,t)/dx 2 

is 

i~c*(x) = Dd2c*(x)/dx '~ 

with the Warburg solution 

c*(x) = c* (0) exp [-(i~/D)'~2x] 

The alternative solution with positive exponent  becomes 
important  for finite width diffusion regions at low fre- 
quencies (~ < D/12). 
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ABSTRACT 

In order to study the anodic and cathodic corrosion process of painted iron separately, two similar specimens are 
mounted as a differential aeration couple. Application of the electrochemical impedance measurement  technique, 
scanning electron microscopy, and x-ray analysis demonstrate a different paint-degradation rate according to the anodic 
or cathodic polarization. The blistering phenomenon is shown to be a consequence of the anodic process. The electro- 
chemical impedance points out diffusion control in the cathodic cell and charge transfer control in the anodic cell. 

The study of the quality of organic corrosion inhibiting 
coatings assumes an investigation of the interaction be- 
tween the corrosive environment,  the coating itself, and 
the metal substrate. More particularly, the course of the 
subcoating corrosion process and the mechanism of the 
coating deterioration are important topics. Interaction 
means that one should investigate the metal/coating/en- 
vironment  system preferably as an integral one. Further- 
more, the system is time dependent, so one should be 
able to monitor it in situ. Since the underlying corrosion 
phenomenon has an electrochemical nature, first of all 
electrochemical techniques provide a proper method. 

The electrochemical impedance technique is especially 
useful in examining interface processes, and coating per- 
formance (1-10). Two important advantages of this tech- 
nique are that: (i) it often displays the constituting charac- 
teristics of the system separately (surface layers, charge 
transfer, mass transfer, etc.) and (ii) there is no pro- 
nounced perturbation of the system, since one usually 
works with small ampli tude signals. 

Still, the interpretation and modeling of electrochemi- 
cal impedance data is not an easy matter. 

In order to evaluate what role oxygen plays in corrosion 
of the integral metal/coating/environment system, an at- 
tempt  is made to subdivide the system artificially into 
the oxidation and reduction process. Impedance data, to- 
gether with scanning electron microscopy and x-ray anal- 
ysis, are used to investigate the paint degradation and to 
determine the corrosion mechanism under the coating. 

Experimental 
After polishing with 600 grit paper, cleaning ultra- 

sonically, and degreasing with ethanol each ARMCO iron 
plate is coated with a water-base emulsion paint, con- 
sisting of ERCUSOL AS250 (a styrene-acrylic polymer) 
with red iron oxide and strontium chromate pigments. 

As described elsewhere (5), the coated specimen is 
mou~ted as the bottom plate of a glass cylinder, which is 
filled with an aqueous-0.5M NaC1 solution. The circular 
surface of the exposed part has an apparent area of 19.6 
cm ~. The experiment runs at room temperature. 

For the application of the electrochemical impedance 
technique, a platinum grid is used as a counterelectrode 
and an SCE as a reference electrode. The metal substrates 
of two identical cells are connected electrically, and the 
cell solutions are connected electrolytically. Pure oxygen 
is supplied continuously in cell 1, pure nitrogen in cell 2. 
In this way, a differential aeration couple is created, and 
the net current between both cells can directly be mea- 
sured, as can the mixed potential of the metal substrate 
vs. a SCE. 

Cell 1 has an average coating layer thickness of 220 ~m, 
and cell 2 190 ~m. To have some idea about the reproduci- 
bility, the experiment  has been repeated with a similar 
pair of cells (cells 3 and 4) over a shorter t ime period. 
Table I presents the cell specifications. 

* Electrochemical Society Active Member. 

The electrochemical impedance of the separate cells is 
measured after first disconnecting both cells and holding 
them potentiostatically at the latest measured mixed 
potential. 

The electrochemical impedance measurement  mount- 
ing consists of a 1250 frequency response analyzer (FRA) 
and a 1186 electrochemical interface (potentiostat) both 
from SolartrorgSchlumberger. The FRA is controlled by a 
Tektronix 4051 desktop computer  to perform automatic 
measurements,  data transmission, and data output. The 
frequency range of the applied voltage sine wave ranges 
from 65.5 kHz to 10 mHz, and the amplitude is 20 inV. 

After a 92 day test period, cells 1 and 2 are dismounted. 
The coated plates are rinsed with distilled water and etha- 
nol, dried, and embedded in a cold mounting epoxy resin. 
A cross section is made with a diamond saw. The samples 
are then polished with 600 grit paper, rinsed with ethanol, 
coated with carbon, and subsequently analyzed with 
scanning electron microscopy (SEM) and x-ray analysis 
(JEOL JSM-50A and ORTEC 6200). 

Results 
Figure 1 represents the net corrosion current directly 

measured between cells 1 and 2, and cells 3 and 4. The 
current between cells 1 and 2 shows an almost linear in- 
crease during the first 15 days of the immersion and 
finally reaches a kind of plateau of about 200 nA. Cells 3 
and 4, however, show a much steeper current increase, 
and the plateau is situated at 500 nA. 

The mixed potential of the connected cells 1 and 2, or 
corrosion potential (Fig. 2), drops by 200 mV in about 4 
days; thereafter, the decrease is much slower. The latter 
trend is very similar to, if somewhat faster than, the corro- 
sion potential behavior of a single cell (called no. 5 in 
Table I) with 190 ~m of the same paint in 0.5M NaC1 un- 
der air atmosphere (5) (Fig. 2). 

Similarly to the current variation of the couple cell 
3/cell 4, their potential variation is also faster than for the 
couple cell 1/cell 2 (Fig. 2). 

After an immersion time of 11 days, the cell 1/cell 2 cou- 
ple is cut for about 10 min. The potential of cell 2, nitro- 
gen supplied, is found to fall by 57 mV; the potential of 
cell 1, oxygen supplied, rises by 32 mV. 

Typical impedance data of cell 1 and cell 2 after 26 days 
are depicted in a Cole-Cole plot in Fig. 3. The impedance 
is expressed in ~-cm 2 of the apparent area. It is explained 
elsewhere (5) that the impedance response of a sub- 

Table I. Cell specifications 

Average coating layer 
Cell no. thickness (~m) Atmosphere 

1 220 O~ 
2 190 N~ 
3 224 O~ 
4 211 N~ 
5 190 Air 

2886 
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Further, cell  1 s h o w s  a charge transfer response  and a 
mass-transfer response,  whereas  the data of  cell  2 com- 
prise a charge transfer response  and no mass-transfer 
response.  

V i e w i n g  the i m p e d a n c e  data of  cell  2 after 11, 26, and 46 
days (Fig. 4), one can see that the same behavior  is main-  
tained,  a l though the size of  the curve is marked ly  decreas- 
ing. The  same holds  for cell  1 (Fig. 5); still, one can object 
that the  mass  transfer b e c o m e s  increas ingly  de termin ing  
wi th  i m m e r s i o n  t ime.  

Figure 6 (oxygen-suppl i ed  cel ls  no. 1 and 3) and Fig. 7 
(ni trogen-suppl ied cells  no. 2 and 4) demonstrate  that the 
exper iment  is reproducible  as for the shape of  the imped-  
ance curve, but  not for its m a g n i t u d e  (Table II). More- 
over, go ing  from cel l  1 to cell  3 (Fig. 6), the  real part o f  the 
l owes t  f requency  i m p e d a n c e  does  not  decrease  in  the 
same  proportion as R. The same  is observed in going from 
cell  2 to cell  4 (Fig. 7). 

In the case of  the cell  2 sample ,  the coat ing s h o w s  a 
bl istered surface and can easi ly  be  removed  after the 
i m m e r s i o n  exper iment .  The blisters have  a m a x i m u m  di- 
ameter  of  about 1 m m ,  and an approximate  dens i ty  of  80 
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m e r s e d  coated iron sheet,  as specif ied above,  contains  
three dist inct  sect ions according to the frequency  do- 
main.  The flattened semic irc le  w h i c h  is found  at h igh  fre- 
quenc ie s  (HF) is k n o w n  to reflect the phys ica l  behavior  
o f  the coating. At intermediate  frequencies  (IF), the im- 
pedance  fo l lows  the  i m p e d a n c e  of  the e lectrochemical  
doub le  layer and charge transfer at the metal  substrate,  
and at l o w  frequencies  (LF) the i m p e d a n c e  of  the mass  
transfer. 

It is not iced  from Fig. 3 that the i m p e d a n c e  curve of  
cel l  2, and more  particularly its HF part, ex tends  over a 
m u c h  wider  area than the  one of  cell  1. If  R is taken as the  
d iameter  of  the HF flattened semicircle ,  or otherwise  as 
the abscissa  of  the HF m i n i m u m  in the curve, then  R is 
1.29 x 106` ~ - c m  '2 for cell  2 and 6.43 x 105 ~ - c m  '2 for cell  1 
after 26 days.  
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Fig. 6. Complex impedance plot. + :  Cell 1 after 11 days. o: Cell 3 
after 10 days. Parameter: frequency. 
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cm-'-'. The blisters are not cracked. During optical in- 
spection of the coating/metal interface, voluminous light 
brown products are observed at the blister sites 
alternated with a thin uniform dark brown layer. During 
the immersion test, no products are visible on top of the 
coated sample and the bulk solution pH fluctuates 
around 6. In the case of the cell 1 sample, the coating 
shows an intact surface and no blisters at all, and is still 
uniformly attached to the substrate; at any place where 
the coating is pushed off, the metal surface is blank. The 
bulk solution pH is about 8 during the immersion test. 

Figure 8 shows a cross section of the cell 2 sample with 
an accumulation of oxidation products at a blister. Those 
products contain Fe, O, and C1; in the surrounding or- 
ganic coating, Cr is detected, but it is not in the anodic 
products. SEM and x-ray microanalysis do not reveal any 
reaction products at the coating/metal interfaee of the cell 
1 sample. 

Discussion 
The similarity between the corrosion potential behavior 

of the single cell and the mixed potential behavior of the 
differential aeration couple demonstrates that the latter 
experiment  is a good simulation of the real corrosion pro- 
cess. Moreover, the oxygen-supplied cells no. 1 and 3 
must behave as cathodes, and the nitrogen-supplied cells 
no. 2 and 4 as anodes. There are more arguments in favor 
of those statements: the measured net current, the spon- 
taneous shift of the potential of cell 1 to more positive 
values and of cell 2 to more negative values when they are 
disconnected, and the intact condition at the metal] coat- 
ing interface of cell 1 and the oxidation products at the 
metal/coating interface of cell 2. The simulation also 
points out that differential aeration may be one factor 
determining the anodic and cathodic sites of a corroding 
coated metal. 

Relying on the model proposed earlier for the metal/ 
coating/electrolyte system (10), the quantity R may be a 
measure for the resistance of the immersed coating layer, 
or pore resistance, as conduction is ensured via pores in 
the coating. The R values for both the cell 1 and cell 2 
specimen have been drawn as a function of the immer- 
sion t ime (Fig. 9). The reduction of the coating resistance 
as a consequence of penetration by the conducting solu- 
tion and coating degradation is a known phenomenon.  
Nevertheless, the resistance of the cell 1 coating is lower 
than that of cell 2, although the slight difference in aver- 
age thickness (Table I) points in the reverse sense, and al- 
though the immersion conditions are the same. This fact 
is repeatable (Fig. 10). The active section A of the coating 
available for permeation of electrolyte, reacting and reac- 
tion products is only a small fraction of the apparent sur- 
face a r e a  A a of the coating. A measure for A can be calcu- 
lated from the measured resistance R and the thickness L 
of the coating and the specific resistance p of the solution 
which is 23 ~-cm for cell 1 and cell 2, according to 

R l 
A~ - P  A 

Figure 11 is a plot of the active section A vs. the immer- 
sion t ime for both cell 1 and cell 2. One finds that the ac- 
tive coating section of the cell 1 sample increases linearly 
with immersion time, whereas the slope for the cell 2 
sample is markedly smaller. 

At this point, it may be convenient to discuss the ap- 
pearance of the samples after the immersion test. It is 
shown by visual and SEM inspection and x-ray analysis 
that the anodic process in cell 2 is responsible for the for- 
mation of products which contain Fe, O, and C1. As a re- 
sult of iron oxidation under the coating, hydrolysis (and 
thus decrease of the solution pH), C1- penetration 
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Fig. 8. SEM picture of a cross section of the cell 2 sample. Above: 
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through the coating, and CI- contribution to the oxida- 
tion process, oxidation products are formed and precipi- 
tated. They are much more voluminous than the iron it- 
self, and push up the coating. Blister formation is the 
consequence, which also makes the coating easily 
detachable. 

On the other hand, during the cathodic process in cell 1 
oxygen penetrates the coating and is reduced to OH-, 
which is proved by the rising of the pH in the bulk solu- 
tion. One would expect cathodic delamination to occur 
(11-17), but  under  the present circumstances no such de- 
lamination is detected after 92 days of continuous immer- 
sion. An explanation may be found in the rather good per- 
formance of the styrene containing copolymer in alkali 
environment  (11) due to the evacuation of OH-  from the 
metal/coating interface through the water-base emulsion 
coating, of which the permeability is even increased by 
the chromate pigment  (5). 

The better performance of the cell 1 coating is only 
seemingly contradictory with the R behavior as deter- 
mined by impedance measurements.  Indeed, it is sup- 
posed that the coatings of cell 1 and cell 2 behave in the 
same way as long as only movement  of dissolved sub- 
stances through the coating is occurring. Voluminous de- 
posits, however, as formed by the anodic process in cell 2 
cannot move through the coating and actually block the 
pores. The consequence is that the R drop is slowed down 
in the anodic cell. This enforces the insight that blister 
formation in the anodic case is caused by mechanical ac- 
tion of the oxidation products at the coating/metal 
interface. 

Also, the steepest active section increase for cell 2 
seems to occur during the first 15 days. It is striking that, 
as soon as the rate of increase in A in cell 2 slows down, 
the current reaches its maximum value. 

Another system characteristic is that, at a frequency of 
10 mHz, the impedance shows the reduction process to be 
controlled by the diffusion of electroactive species 
(Fig. 3), and that the longer the immersion the stronger 
becomes the latter effect (Fig. 5). On the other hand, the 
oxidation process is still controlled by the charge 
transfer. 

From the low frequency data of the repeated experi- 
ment  (Table II), it is clear that the rate of the faradaic pro- 
cess in the case of the cell 3/cell 4 couple is much higher 
than in the case of the cell 1/cell 2 couple, although the 
difference in coating behavior as reflected by the R value 
read from the impedance curve is not so drastic as that. 

Table II. Maximum real impedance part at 10 mHz in 10 6 ~-cm 2 
(see Fig. 6 and 7) 

Cell 1 Cell 3 CeLl 2 Cell 4 
(11 days) (10 days) (11 days) (10 days) 

3.0 1.0 4.2 2.5 

The difference in net measured currents for both couples, 
presented in Fig. 1, confirms the above corrosion rate ob- 
servations. Still, a nice mathematical relation between the 
impedance values and the net current is not obvious. It is 
supposed that perhaps impedance data at frequencies 
lower than 10 mHz may supply additional information. 
The problem is, however, that measurements at lower fre- 
quencies are disturbed by the spontaneous change of the 
system. 

Conclusion 
The simulation of the corrosion process of coated iron 

with the aid of a differential aeration couple led to some 
interesting findings concerning the separate action of the 
anodic and cathodic reaction. Electrochemical impedance 
measurements show that the pore resistance decreases 
more rapidly in the coating of the cathodic sample than in 
the one of the anodic sample. But visual inspection, 
scanning electron microscopy, and x-ray analysis show 
that at the anodic metal/coating interface oxidation prod- 
ucts are formed which deposit, accumulate, block the 
coating pores, and cause blistering. Also as revealed by 
the impedance, the cathodic kinetics seem to be con- 
trolled by diffusion phenomena and the anodic kinetics 
by the charge transfer. 

The Stern-Geary theory seems to be respected, as the 
real part of the 10 mHz impedance of the separate cells is 
inversely related to the net measured current. 
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ABSTRACT 

A s impl i f ied  m e t h o d  is d e v e l o p e d  for  ca l cu la t ing  p H  a n d  ion  c o n c e n t r a t i o n s  in  d i lu te  a lkal i  phospha t e - a lka l i  hy- 
d r o x i d e  mix tu res .  I t  is a n  a p p r o x i m a t e  m e t h o d  w h i c h  a s s u m e s  t h a t  all of  the  p h o s p h a t e  is p r e s e n t  as H2PO4- a n d  
HPO42- ions.  C o m p a r i s o n s  w i t h  m o r e  genera l  ca lcu la t ions ,  b a s e d  o n  four  p h o s p h a t e  species  a n d  ac t iv i ty  coeff icients  de- 
r i v e d  f r o m  t h e  D e b y e - H ~ c k e l  theory ,  s h o w  good  a g r e e m e n t  ove r  t h e  t e m p e r a t u r e  r a n g e  25~176 a n d  Na/P  rat ios  of  
1.5-9. 

S o d i u m  p h o s p h a t e s  h a v e  b e e n  u s e d  e x t e n s i v e l y  as alka- 
l ine  add i t i ve s  to w a t e r  to  mi t iga t e  co r ros ion  in  h i g h  pres-  
sure  bo i l e r s  a n d  s t e a m  genera to r s .  K n o w l e d g e  of  so lu t ion  
pH at  ope ra t i ng  t e m p e r a t u r e  a n d  of  t he  ef fec t  of  s t r o n g  al- 
ka l i  a d d i t i o n s  is i m p o r t a n t  for  co r ros ion  con t ro l  (1-3). A 
s impl i f i ed  m e t h o d  of  ca l cu la t ing  p H  a n d  c o n c e n t r a t i o n s  
of  p h o s p h a t e  ions  in  d i lu te  so lu t ions  m a d e  f r o m  s o d i u m  
p h o s p h a t e s  a n d  s o d i u m  h y d r o x i d e  is p r e s e n t e d  in th i s  pa- 
per.  T h e  m e t h o d  is s h o w n  to yie ld  good  p r e c i s i o n  over  a 
w ide  r a n g e  of Na/P  ra t ios  at  e l eva ted  t e m p e r a t u r e s .  

S o l u t i o n s  m a d e  f rom s o d i u m  sal ts  of  o r t h o p h o s p h o r i c  
ac id  c a n  c o n t a i n  t h r e e  p h o s p h o r u s - b a s e d  ions  p lus  und i s -  
soc ia t ed  H3PO4. T he  fo l lowing  equ i l ib r i a  ex i s t  b e t w e e n  
t h e  d i s so lved  species  

H3PO4 = H ~ + H2PO4-; K, = (am)(an.zPo4-)/an3Po4 
[1] 

H2PO4- = H ~ + HPO42-; K~ = (aH+)(anPo42_)/aH.~eo4- 
[2] 

HPO42- = H + + PO43-; K3 = (aH+)(aeo4.~-)/aHpo4.2- [3] 

w h e r e  a d e n o t e s  ac t iv i ty  a n d  K t he  e q u i l i b r i u m  cons tan t .  
T h e r e  is an  a d d i t i o n a l  e q u i l i b r i u m  c o n s t a n t  for w a t e r  
i on iza t ion  

H20 = H § + O H - ;  Kw = (am)(aoH-)/an.2o [4] 

He re  aH~o is a s s u m e d  to b e  u n i t y  in  d i lu te  so lu t ions .  
The  p H  of  a p h o s p h a t e  so lu t ion  d e p e n d s  u p o n  w h a t  

c o m b i n a t i o n  of  a lkal i  h y d r o x i d e  a n d  p h o s p h o r i c  ac id  or 
p h o s p h a t e  sal ts  is u sed  to m a k e  the  solut ion.  At  a f ixed 
t e m p e r a t u r e ,  to ta l  p h o s p h a t e  mola l i ty  mp a n d  overal l  
a t o m i c  ra t io  NaJP fix t he  p H  of  the  so lu t ion  a n d  t he  con-  
c e n t r a t i o n s  of  t h e  d i s so lved  p h o s p h o r u s  c o n t a i n i n g  spe- 
cies. 

E q u i l i b r i u m  c o n s t a n t s  for  r eac t ions  [1]-[4] are  k n o w n  as 
a f u n c t i o n  of  t e m p e r a t u r e  w i t h i n  the  r a n g e  25~176 (4-6). 
T h e s e  c a n  b e  used ,  w i t h  t he  D e b y e - H ~ c k e l  t h e o r y  for 
e v a l u a t i n g  ac t iv i ty  coeff ic ients ,  to  ca lcu la te  p H  as a func-  
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t i on  of  t e m p e r a t u r e .  A c o m p u t e r  p r o g r a m  for th i s  calcula-  
t i on  is ava i l ab le  (7); da ta  in  t h a t  r e f e r ence  s h o w  ve ry  good  
a g r e e m e n t  b e t w e e n  ca l cu l a t ed  p H  va lues  a n d  p u b l i s h e d  
e x p e r i m e n t a l  m e a s u r e m e n t s .  

A s impl i f ied  a p p r o x i m a t i o n  y ie ld ing  pH a n d  ion  con-  
c en t r a f i ons  is d e s c r i b e d  below.  The  c o n c e n t r a t i o n  r a n g e s  
a n d  t e m p e r a t u r e s  ove r  w h i c h  t he  s impl i f ied  m e t h o d  pro- 
v ides  a d e q u a t e  p r ec i s i on  are d e t e r m i n e d  by  c o m p a r i s o n  
w i t h  t he  genera l  Debye-Hf icke l  m e t h o d .  

The  da ta  ba se  u sed  to gene ra t e  t he  t e m p e r a t u r e  depen-  
d e n c e  of  the  four  e q u i l i b r i u m  c o n s t a n t s  n e e d e d  for t he se  
ca l cu l a t i ons  is g i v e n  in  T a b l e  I. S t a n d a r d  G i b b s  free  en- 
e rgy  of  r e a c t i o n  va lues  are l i s t ed  he re  as a f u n c t i o n  of  
t e m p e r a t u r e .  As d e s c r i b e d  in  t he  A p p e n d i x ,  t he  s e v e n  re- 
ac t ions  l i s t ed  p r o v i d e  a n  in t e rna l ly  c o n s i s t e n t  se t  of 
va lues  of hG~ t he  s t a n d a r d  free e n e r g y  of f o r m a t i o n  f rom 
e l e m e n t s  at  a g iven  t e m p e r a t u r e ,  for  t h e  s e v e n  d i s so lved  
spec ies  of  in teres t .  C o n v e n i e n t  po lynomia l s  were  devel-  
oped  to yield t he  aG~ v a l u e s  ove r  the  t e m p e r a t u r e  r a n g e  
25~176 The  p o l y n o m i a l s  are p r e s e n t e d  in  Tab le  II. 
E q u i l i b r i u m  c o n s t a n t s  for  r eac t i ons  [1]-[4] are  r ead i ly  ob- 
t a i n e d  f rom the  free  e n e r g y  da ta  in  Tab le  II. 

Computat ional  Procedures 
General method.--The four  e q u i l i b r i u m  c o n s t a n t s ,  Eq. 

[1]-[4], a re  u s e d  w i t h  t h e  fo l lowing  re la t ions  e x p r e s s i n g  
m a s s  b a l a n c e  a n d  e lec t r ica l  n e u t r a l i t y  

me = mH3eO4 + mn2i~o4 - + mnPo42- + mpo43- [5] 

mn+ + r(mp) = mn2po 4- + 2(mHPO42- ) + 3(mpo4:~_) + mon- 
[6] 

Here  me is t he  to ta l  p h o s p h a t e  mola l i ty  a n d  r is t he  
a t o m i c  ra t io  Na/P,  b o t h  k n o w n  quan t i t i e s .  The  s o d i u m  
ion  mola l i ty  is r(mp) a s s u m i n g  Na + fo rms  no  s ign i f ican t  
a m o u n t  of  ionic  c o m p l e x  or n e u t r a l  m o l e c u l e  in  t he  solu- 
t i ons  cons ide red .  

A n  in i t ia l  set  of  mola l i t ies  is o b t a i n e d  by  se t t i ng  t he  ac- 
t iv i ty  coeff ic ient  of  e a c h  d i s so lved  spec ies  equa l  to  uni ty ,  
t h e n  so lv ing  Eq. [1]-[6] to  get  the  c o n c e n t r a t i o n s  of  the  six 

Table I. Standard free energy of reaction at elevated temperatures 

5G ~ (kcal-mol-9 
~ 298.2 333.2 373.2 423.2 473.2 523.2 573.2 

Reaction Refi ~ 25 60 100 150 200 250 300 

[l-A] H:~PO4(aq) + OH- = H~PO4- + H=,O (5) -16.16 -16.27 -16.47 -16.81 -17.22 -17.66 -18.10 
[2-A] H~PO4- + OH- = HPO4 ~- + H.~O (5) -9.27 -8.88 -8.42 -7,88 -7.34 -6.79 -6.18 
[3-A]" HPO4 ~- + OH- = PO4 :~- + H~O (6) -2.28 -1.42 -0.44 0,78 2.00 3.22 4.44 
[4-A] H._,O = H ~ + OH- (4) 19.10 19.85 20.94 22.54 24.47 26.80 29.64 
[5-A] H~ + V20., = H._,O(1) (8, 10) -56.68 -55.34 -53.83 -5L99 -50.19 -48.43 -46.70 
[6-A] V2H~ = H" + e- (8-10) 0 0.502 0.939 1,268 1.340 1.139 0.647 

(defined) 
[7-A] P + V2H~ + 2 02 + 2e- = HPO~ ~- (8-10) -260.31 -255.46 -249.15 -240.17 -229.97 -218.69 -206.03 

"Values at 473.2-573.2 K were obtained by linear extrapolation of the experimental log K/T-' graph, 
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Table II. Standard free energy of formation ~ of dissolved 
substances in aqueous phosphate solutions, 298.2-573.2 K 

hG~ at 298.2 K 
Substance (cal/mol) a b e 

H~O -56,680 38.707 -8.826E-3 b 0 
H ~ 0(defined) 16.621 -5.17E-2 0 
OH- -37,580 40.52 0.11455 0 
HPO42- -260,310 131.21 0.2407 0 
H2PO4- -270,140 114.53 0.1607 -1.126E-4 
PO43- -243,490 161.18 0.3221 1.076E-4 
H3PO4(aq) -273,080 111.50 0.1055 -2.542E-4 

(AG~ = (AGOf)298. 2 + a(hT)  + b (AT) ~ + c(hT):'; AT  = T - 298.2 
1, E-3 denotes • 10 -3. 

? . 0  

1.5 

g 

~- I.O 
I- 

~ 0 . 5  

dissolved  species. A second  ( improved)  approx ima t ion  is 
ob ta inab le  by inser t ing  va lues  for act ivi ty  coeff icients  in 
Eq. [1]-[4]. 

The  Debye-Hfickel  theory  of  ionic in teract ion (11-13) is o ,.5 
used  to calculate  the  ac t iv i ty  coefficients  of  ions, whi le  
the  act ivi ty  coeff icient  of  undissoc ia ted  H3PO4 is as- g 
s u m e d  to be unity. For  an ion  of  charge zi (posit ive or neg- 
ative) in a solut ion of  ionic s t rength  I, the  Debye-HLickel ~ ,.o 
theory  gives  the  ionic act ivi ty  coefficient  ~i for di lute  so- 
lu t ions  as 

(zie) = K 
in -/~ = - 2 D k T ( 1  + Kai) [7] ~ 0.5 

wi th  

K = ( 8 ~ e 2 N A I / I O O O D k T )  'l~ = B I  'rz 

where  ionic s t rength  is def ined in te rms  of  molar i ty  c as I 
= 1/2 Z ciz~ "2. Here  ai is the  ion-size pa ramete r  and is t aken  
to be 4/L D is the  dielectr ic  cons tant  of  the  solut ion and is 
t aken  to be  that  of wa te r  at t empera ture .  Also,  NA is 
Avogadro ' s  number ,  k is the  Bo l t zmann  constant ,  e is the  
charge  of  an  electron,  and r -1 is the  th ickness  of  the  ionic 
a t m o s p h e r e  of  excess  charge  a round ion i. Equa t ion  [7] is 
usual ly  rewr i t ten  as 

- l o g  ~i = Azi~I'r~/(1 + B a i I  'r2) [7'] 

where  A and B are t empe ra tu r e -dependen t  constants  
which  have  been  tabula ted  (12, 14). This  equa t ion  with  z~ 
= 1 yields the  value  of  y,+ = YOH- = YH2PO4- and zi = 2 
yie lds  yupo42_, whi le  z~ = 3 gives 7po43-. 

Inse r t ion  of  these  va lues  of  y into Eq.  [1]-[4] leads to a 
n e w  set  of  molal i ty  va lues  f rom Eq. [1]-[6], wh ich  in turn  
yie lds  a second set of  y values,  and the  cycle is repea ted  
unt i l  unchang ing  m and y va lues  result .  

With the  use of  the  Debye-Hfickel  theory  in u n e x t e n d e d  
form (Eq. [7]), the  ca lcula t ion should give a good approxi-  
ma t ion  up to the  m a x i m u m  concent ra t ions  e m p l o y e d  in 
this  report ,  namely ,  0.001m total  phosphate .  Therefore ,  
this  m e t h o d  is used  in the  p resen t  s tudy  as the  s tandard  
against  which  the  s impli f ied method,  desc r ibed  next ,  is 
quant i ta t ive ly  evaluated.  

S i m p l i f i e d  m e t h o d . - - T h e  basis of  the  s impli f ied calcu- 
la t ion to be descr ibed  is the  deduc t ion  that  a lkal ine phos-  
pha te  solut ions over  a w ide  range of  pH and t empera tu re  
conta in  two phospha te  species  pr imar i ly  (> 99%). This  is 
clearly revea led  by a plot  of  act ivi ty  ratio as a func t ion  of  
pH, shown in Fig. 1 for 25 ~ and 300~ These  l ines are de- 
scr ibed  by Eq. [1]-[3], wh ich  can be expressed  in the  gen- 
eral fo rm 

log (activity ratio) = log K + pH [8] 

Thus  the  l ine labeled H2PO4-/HPO4 ~- gives  the  act ivi ty  
ratio of  these  two ions at a g iven  pH. Line  loca t ion  de- 
pends  only on the  numer ica l  va lue  of  the equ i l ib r ium 
cons tan t  K. 

The  pH range P ' P "  shown in Fig. 1 inc ludes  all solu- 
t ions in which  the  sum of the  H~PO4- and HPO42- activi- 
t ies exceed  99% of the  total phospha t e  activity. At  25~ a 
th i rd  species,  H3PO4, exceeds  1% of  phospha t e  act ivi ty  be- 

0 
0 2 4 6 8 ]0 12 14 

pH 

Fig. 1. Activity ratios of phosphate solutions as a function of p H at 
25 ~ and 30ffC. 

low pH 4.1, whereas  PO43- becomes  the  th i rd  species  at 
s ignif icant  concent ra t ion  above  pH 10.3. F igure  1 shows 
that  the  range P ' P "  shifts in the  di rect ion of  h igher  pH  
w h e n  the  t empera tu re  is raised to 300~ 

F r o m  plots s imilar  to Fig. 1 at in te rmedia te  tempera-  
tures,  the  pH  ranges  for two-species  solutions,  def ined by 
the  99% l imits  imposed  above,  yield the  l imi t  curves  of  
Fig. 2. The  bo t tom curve  gives the  low p H  l imit  and the  
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Fig. 2. pH of solutions dominated by the two phosphate ions 
HzPO 4-  and HP042-. 
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top curve gives the high pH limit for two-species solu- 
tions. The upper shaded zone gives the pH range over 
which 99-100% of the phosphate activity is due to the 
single ion HPO42-. Similarly, H2PO4- makes up 99-100% 
of the phosphate activity within the lower shaded zone. 

Included for comparison as the broken curve in Fig. 2 is 
the pH of pure water as a function of temperature (4). At 
room temperature, the two-species solution range in- 
cludes neutral solutions and extends into the acid region 
down to pH 4.1 before undissociated H3PO4 builds up to a 
concentration of 1% of the phosphate activity. Neutral so- 
lutions remain within the two-species range up to a tem- 
perature of about 225~ As the temperature is raised from 
225 ~ to 300~ the neutral solution contains an increasing 
fraction of undissociated H3PO4. 

The broad pH range for two-species solutions over the 
whole temperature interval 25~176 suggested a simpli- 
fied procedure for calculating pH and ion concentrations 
which involves two assumptions: (i) ionic activities are es- 
tablished by only two equilibria, namely, water ionization 
(Eq. [4]) and H2PO4- dissociation (Eq. [2]); (ii) ionic activ- 
ity coefficients can be approximated by unity. Under 
these conditions, Eq. [2], [4]-[6] become 

K2 = (mm)(mHPo42-)/mH2P04- [2'] 

K4 = (m~§ [4'] 

m p =  mR2PO 4- + mRP042-- [5'] 

mR+ + r(me) = mH2PO 4- + 2(mHPO4g_ ) -t- t o o . -  [6'] 

A given solution fixes total phosphate molality mp and 
Na/P ratio r, and the temperature specifies numerical 
values of K2 and K4. Thus, these four equations can be 
solved to obtain the molalities of the four ionic species. 
To that end, a convenient  equation for mH+, obtained by 
substitution into Eq. [6'], is 

ran+ - KJmR.  + mp[r - 2 + (1 + K J m m ) - ' ]  = 0 [9] 

Equation [9] may be solved by trial by application of the 
Newton-Raphson method for stepwise improvement  of 
the trial value of mm. This method uses 

x2 = x~ - f ( x l ) / (d f /dx )  [10] 

where x1 is the initial approximation to mn§ x2 the im- 
proved approximation, and f is the function of m.§ (left- 
hand side of Eq. [9]). Successive improvements are con- 
tinued until mH§ is evaluated with the desired precision. 
Then m,~ is substituted into Eq. [2'], [4'], and [5'] to evalu- 
ate the other three molalities. 

Results 
Single salt solutions of disodium phosphate and of 

trisodium phosphate were used in an initial comparison 
of the simplified and general calculation methods. Figure 
3 presents pH variations with temperature for Na2HPO4 
and Na3PO4 solutions at concentrations of 10 -5, 10 -4, and 
10-'~m. For 10 -'~ and 10-4m solutions, the two calculation 
methods are in very good agreement over the entire range 
25~176 At 10-am, the two methods agree within 0.1 pH 
unit at temperatures up to 250~ but at 300~ the devia- 
tion begins to exceed 0.1 pH. 

The set of solutions compared in Fig. 3 conforms to the 
pH limits of Fig. 2 for two-component  solutions, except  
for the uppermost  portion of the top Na3PO4 curve (bro- 
ken section) which is outside those limits. The good 
agreement  revealed in Fig. 3 between the two methods of 
calculation demonstrates that the simplified method 
yields pH with sufficiently high precision. 

Figure 3 shows that heating from 25 ~ to 300~ raises the 
H § concentration in these solutions, just as it does for 
pure water. What is not revealed is the fact, which 
emerges from the computed values of moll-, that heating 
also raises the OH-  concentration. This is true for all of 
these phosphate solutions.- The ratio of mo~- to total 
phosphate (mp) can be used to illustrate the effect. For 
10-3m Na2HPO4, the ratio mon-/mp increases from 0.0116 

I0  

~8 

\ 

No2HP04 ~ NOsP04 

~ H2C LINES-SIMPLIFIED METHOD 
POINTS-GENERAL METHOD 

0 100 200 300 0 100 200 SO0 
TEMPERATURE (~ 

Fig. 3. p H of dilute Na2HP04 and Na3P04 solutions 

at 25~ to 0.793 at 300~ and for 10-3m Na3PO4 it increases 
from 0.949 to 1.616 for the same temperature change. In 
the latter case, the molalities of the three dominant  ions at 
300~ are (x 103) mon- = 1.616, mn2eo4- = 0.623, and mHeo~2- 
= 0.377. Here, the most abundant ion is OH-.  This can be 
significant for accelerated alloy corrosion in boilers or 
steam generators, if the corrosion mechanism involves a 
passivating phosphate film which suffers localized 
breakdown when OH-  exceeds a critical concentration. 

Phosphate ion concentrations in the solutions of Fig. 3 
are plotted in Fig. 4. The ordinate is the concentration of 
the divalent ion HPO4"-'- as a percentage of total phos- 
phate. At low temperatures, the divalent ion is the domi- 
nant species in either Na2HPO4 or Na3PO4 solutions. As 
the temperature is raised, the divalent ion converts gradu- 
ally to the monovalent  ion by reaction [2], and at 300~ the 
monovalent  ion is the dominant  one in these dilute solu- 
tions. The simplified method yields concentrations in 
good agreement with those generated by the general 
method over the whole temperature range at 10 -~ and 
10-4m. For 10-~m solutions, the two methods of calcula- 
tion begin to deviate noticeably at 200~ and the deviation 
increases with increasing temperature. 

Similar calculations of pH and ion concentrations were 
performed for a wide variety of Na/P ratios ranging from 
monosodium phosphate, Na/P = 1, to solutions made 
with Na3PO4 and added NaOH up to a molar ratio 
NaOH/Na3PO4 --- 6 (or Na]P = 9). Ion concentration results 
are collected in Table III for 10-am total phosphate, 
which is the highest concentration examined. This con- 
centration yields max imum deviations between the 
simplified and general computational methods. The 
blocked case at the upper right corner of Table III repre- 
sents the only solution in which H3PO4 exceeds 1% of to- 
tal phosphate (general calculation). The enclosed block at 
the lower left includes all of the solutions examined 
which contained PO43- ->- 1% of total phosphate. Within 
the latter block, deviations of the simplified method from 
the general method increase with increasing Na/P ratio 
but  decrease with increasing temperature. Solutions out- 
side of the two blocked areas are those in which the two 
ions, H2PO4- and HPO4 '~-, account for more than 99% of 
the total phosphate molality. Within this group, the devia- 
tion of the simplified calculation (Method 1) increases 
with increasing Na/P ratio and with increasing 
temperature. 
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Fig. 4, Conversion of divalent to monovolent phosphate ion with in- 
creasing temperature in dilute Na.~HP04 and Na3PO 4 solutions, 

A l t h o u g h  a few of  t he  c o n c e n t r a t i o n  dev i a t i ons  l i s t ed  in  
T a b l e  I I I  are  re la t ive ly  la rge  t h e i r  ef fec t  on  p H  is m in ima l ,  
as r evea l ed  b y  t he  para l le l  p H  l i s t ing  in  Tab le  IV. 
T h r o u g h o u t  t he  l ower  left  b lock ,  a g r e e m e n t  b e t w e e n  t he  
s impl i f i ed  a n d  genera l  m e t h o d s  r e m a i n s  v e r y  good.  E v e n  
a t  t h e  l o w e s t  t e m p e r a t u r e  a n d  h i g h e s t  Na/P ratio,  w h e r e  
the  p H  of  11.8 is wel l  ou t s i de  t he  l imi t s  g iven  b y  Fig. 2, 

3 
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Fig. 5. Effect of No/P ratio on pH variation with temperoture in 
10 -4 and lO-'~m phosphate solutions. 

t h e  dev i a t i on  does  n o t  e x c e e d  0.07 p H  uni t .  T h e  good  
a g r e e m e n t  in  t h a t  b l o c k e d  sec t ion  re su l t s  m a i n l y  f rom 
two  c o m p e n s a t i n g  e r ro rs  in  t h e  s impl i f i ed  ca lcu la t ion ,  
n a m e l y  (i) ac t iv i ty  coef f ic ien ts  too  h i g h  (set a t  un i ty )  a n d  
(ii) PO43- c o n c e n t r a t i o n  too  low (set a t  zero), The  calcu-  
l a t ed  H ~ c o n c e n t r a t i o n  t e n d s  to be  too  smal l  f r om the  
f irst  e r ro r  a n d  too  large f r o m  the  second .  Fo r  all of  t h e s e  
so lu t ions ,  t he  ne t  r e su l t  is t h a t  t he  H e c o n c e n t r a t i o n  f rom 
t h e  s impl i f i ed  ca l cu l a t i on  r e m a i n s  c lose  to b u t  a lways  
s l ight ly  smal l e r  t h a n  t h e  va lue  g i v e n  b y  t he  gene ra l  
m e t h o d .  

The  l a rges t  p H  d e v i a t i o n  in  Tab le  IV is s e e n  to occu r  
for  m o n o s o d i u m  p h o s p h a t e  so lu t ion  at  300~ ( u p p e r  r i gh t  
b lock) ,  w h e r e  u n d i s s o c i a t e d  H~PO4 a p p e a r s  a l t h o u g h  on ly  
a t  1.2% of  to ta l  p h o s p h a t e ,  In  t he  w h o l e  of  T a b l e  IV, t he  
p H  dev i a t i on  e x c e e d s  0.1 u n i t  on ly  in  t he  t e m p e r a t u r e  
r a n g e  150~176 for  m o n o s o d i u m  p h o s p h a t e  a n d  on ly  a t  
300~ for  t h e  o the r  so lu t ions .  

The  t e m p e r a t u r e  va r i a t i on  of  p H  g i v e n  in  T a b l e  IV for  
10-sin p h o s p h a t e  so lu t ions  is s h o w n  graph ica l ly  i n  Fig. 5, 
t o g e t h e r  w i t h  s imi la r  c u r v e s  for  10-4m so lu t ions ,  T h e s e  
da t a  we re  g e n e r a t e d  b y  t he  s impl i f ied  m e t h o d ,  T h e  
c u r v e s  i l lus t ra te  t h a t  t he  p H  r ise  f rom a n  N a O H  add i t ion ,  

Component 
salts 

Table III. Temperature dependence of H2P04- and 

Na/P Method" 25~ 60~ 

HP04 '~- concentrations in 10-3m P04 solutions 

% H 2 P O 4 - ,  % HP042- 
100~ 150~ 200~ 250~ 300~ 

NaH.~PO4 1.0 1 99.2 , 0.8 
2 99.0, 0.9 

NaH.~PO4 1.5 1 50.0 , 50.0 
- - -  1 2 50.0 , 50.0 
Na2HPO4 

Na2HPO, 

Na2HPO4 
1 

Na3PO4 

Na3PO4 

NaOH 
- 0.5 

Na3PO4 

NaOH 
- - = 1  
Na3PO4 
NaOH 

3 
Na~PO4 
NaOH 

6 
N a 3 P O 4  

2.0 1 
2 

2.5 1 
2 

3.0 

3.5 

4.0 

6.0 

9.0 1 
2 

1.3 , 98.7 
1.2,  98.7 

0.~03, 99.97' I 
0.03, 97.2 

0.02, 99.98 
0.01, 94.5 

0.01, 99,99 
0.01, 91.8 

0.01, 99.99 
0.00, 89.2 

0.00, 100 
O.00, 79.7 

99.2, 0.8 99.3, 0.7 99.5, 0.5 99,7, 0.3 99,9, 0,1 ]99,9, 0.05] 
98.9, 0.9 98.9, 0.9 98.9, 0.7 98.9, 0.6 98,8, 0.4 ~98.5, 0 ̀3 I 
50.1 , 49.9 51.1 , 48.9 56.6 , 43.4 68.6, 31.4 81,8, 18.2 91,5, 8.5 
50.1 , 49.9 51.0 , 49.0 56.0 , 44.0 67.2, 32.8 79,7, 20.3 88.8, 11.2 

3.8 , 96.2 10.2 , 89.8 25.3 , 74.7 46.6, 53.4 67.9, 32.1 84,1, 15.9 
3.6 , 96.4 9.6 , 90.4 23.9 , 76.1 43.8, 56.2 63.9, 36.1 78.8, 21.2 
0.3 , 99.7 2.2 , 97.8 12.1 , 87.9 32.9, 67.1 57.2, 42.8 77.7, 22.3 
0.26, 99.2 1.9 , 98.0 10.8 , 89.2 29.6, 70,4 52.0, 48.0 69,9, 30,1 

0.15, 9918' t 1.1 , 98.9 7.4 , 92.6 24,6, 75.4 49.0, 51.0 72,1, 27,9 
0.13, 98.7 [ 1.0,98.8 6.4,93.5 21.4, 78.6 43.0, 57.0 62.3, 37.7 

0.1 , 99.9 [ 0.77, 99.2 5.2 , 94.8 19.4, 80.6 42,6, 57.4 67.2, 32.8 
0.1 , 98.2 0.65, 99.0 4.5 , 95.5 16.4, 83.6 36.2, 63.8 55.6, 44.3 

0.07, 99.93 0.59, 99.4 4.0 , 96.0 15.9, 84.1 37.6, 62.4 62.9, 37,i 
0.06, 97.6 0.48, 99.0 3.4 , 96.5 13.1, 86.9 31.0, 69.0 50.0, 50.0 

0.04, 99.96 0.29, 99.7 2.1 , 97.9 9,1, 90.9 25.2, 74.8 49.8, 50.2 
0.02, 95.1 0.23, 98.7 1.7 , 98.1 7.0, 92,9 18.9, 81.1 34.0, 66.0 

0.00, 100 0.02, 99.98 0.17, 99.8 
O.00, 67.7 0.01, 91.3 0.13, 97.9 

1.2 , 98.8 5.5, 94.5 16.7, 83.3 37.7, 62.3 
0.93, 98.6 4.0, 95.9 11.4, 88.5 21,5, 78.4 

a Method 1 is simplified calculation; Method 2 is general. 
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Table IV. Temperature dependence of pH in 10-3m phosphate solutions 

Component pH at temperature (~ 
salts Na]P Method" 25 60 100 150 200 250 300 

NaH~PO4 1.0 1 5.10 5.11 5.16 5.27 5.38 5.49 
2 5.11 5.14 5.21 5.37 5.60 5.89 

NaH2PO4 1.5 1 7.20 7.22 7.31 7.46 7.57 7.72 7.91 
- -  - 1 2 7.13 7.15 7.23 7.37 7.50 7.65 7.80 
Na~HPO4 
Na~HPO4 2.0 1 8.27 8.04 7.97 8.05 8.22 

2 8.21 7.97 7.90 7.97 8.10 

Na2HPO4 2.5 1 8.98 8.43 8.22 8.25 8.40 
- -  - 1 2 8.94 8.37 8.16 8.17 8.27 
Na3PO4 

Na3PO4 3.0 1 
2 

NaOH 3.5 1 
- - =  0.5 2 
Na3PO4 
NaOH 4.0 1 
- - = 1  2 
Na3PO4 
NaOH 6.0 1 

- 3  2 
Na3PO4 

NaOH 9.0 1 
- - = 6  2 

Na,PO4 

9.09 8.63 
9.03 8.57 

9.76 
10.64 [ 9.72 

10.99 10.06 
10.94 10.02 

11.17 10.23 
11.11 10.19 

11.29 10.36 
11.24 10.32 

9.27 8.67 8.40 8.39 8.53 
9.23 8.61 8.34 8.31 8.39 

9.44 8.83 8.53 8.50 8.63 
9.40 8.77 8.47 8.42 8.49 

9.57 8.95 8.64 8.59 8.71 
9.52 8.89 8.58 8.51 8.56 

11.60 10.66 9.87 
11.53 10.61 9.82 

11.84 10.90 10.11 
11.77 10.85 10.05 

9.25 8.91 8.84 8.95 
9.17 8.85 8.76 8.78 

9.49 9.15 9.07 9.16 
9.41 9.07 8.97 8.97 

Method 1 is simplified calculation; Method 2 is general. 

e.g., to  a so lu t ion  m a d e  f rom Na2HPO4, is re la t ive ly  smal l  
a t  200~176 c o m p a r e d  to t he  p H  r ise  at  r o o m  t e m p e r a -  
t u r e  f rom the  s ame  add i t ion .  

Var i a t ions  of  pH w i t h  to ta l  p h o s p h a t e  c o n c e n t r a t i o n  are 
s h o w n  b y  t he  p lo ts  in  Fig. 6, w h i c h  c o m p a r e  p H  a t  300~ 
w i t h  t h a t  a t  r o o m  t e m p e r a t u r e .  E a c h  p lo t  s h o w s  a n  a l m o s t  
l inea r  i nc rease  of  p H  w i t h  log ( concen t r a t i on )  ove r  t he  
r a n g e  covered ,  10-5-10-am. At  25~ t he  p H  sh i f t  on  in- 
c r eas ing  t he  Na/P  ra t io  f r o m  1.5 to 9 b e c o m e s  la rger  as 
c o n c e n t r a t i o n  inc reases ,  b u t  a t  300~ t he  c u r v e s  t e n d  to 
b e  paral lel .  

A l t h o u g h  s o d i u m  was  u s e d  as the  alkal i  ca t ion  in  t h e  
so lu t ions  d i scussed ,  o t h e r  a lka l i  ca t ions  s u c h  as Li  ~ or K ~ 
s h o u l d  yie ld  t he  s ame  ion  c o n c e n t r a t i o n s  if  sa l ts  of  t h e s e  
ca t ions  can  be  a s s u m e d  to r e m a i n  c o m p l e t e l y  d i s soc ia t ed  
in  d i lu te  so lu t ions .  

Conclusions 
1. Di lu te  so lu t ions  of  m o n o s o d i u m ,  d i sod ium,  or tr iso- 

d i u m  p h o s p h a t e  or t he i r  m i x t u r e s  con t a i n  m a i n l y  two  dis- 
so lved  p h o s p h a t e  species :  H~PO4- a n d  HPO;- ' -  ions.  

2. A s impl i f ied  ca l cu la t ion  of  p H  a n d  ion  concen t r a -  
t ions  is deve loped ,  c o n s i d e r i n g  on ly  e q u i l i b r i u m  b e t w e e n  

j 
-3 -4  -3 

-S 
LOG (TOTAL PHOSPHATE ~LAL ITY)  

Fig. 6. Effect of Na/P ratio onpH at 25 ~ and 300~ as a function of 
concentration. 

-4 -3 

t h e s e  two  of the  four  d i s so lved  p h o s p h a t e  species .  I t  
y ie lds  p H  w i t h i n  0.1 pH u n i t  ove r  t he  t e m p e r a t u r e  r a n g e  
25~176 

3. In  so lu t ions  of  d i s o d i u m  p h o s p h a t e  on ly  a n d  of  triso- 
d i u m  p h o s p h a t e  only, a l m o s t  all t he  p h o s p h a t e  is p r e s e n t  
as t he  d iva l en t  ion  HPO42- a t  r o o m  t e m p e r a t u r e .  On heat -  
ing,  th i s  g radua l ly  c o n v e r t s  to  t h e  m o n o v a l e n t  ion  b y  t he  
r eac t i on  

HPO4 ~- + H ~ = H..,PO4- 

a c c o m p a n i e d  by  a n  i n c r e a s e  in  H ~ c o n c e n t r a t i o n ,  a n d  at  
300~ t he  m o n o v a l e n t  ion  p r e d o m i n a t e s .  

4. In  so lu t ions  of m o n o s o d i u m  p h o s p h a t e  only, a l m o s t  
all t h e  p h o s p h a t e  is p r e s e n t  as H~PO4- t h r o u g h o u t  t he  
t e m p e r a t u r e  in t e rva l  25~176 

5. The  two  ions  H2PO4- a n d  HPO4 ~- p r e d o m i n a t e  also 
in  so lu t i ons  of Na:~PO4 w i t h  a d d e d  NaOH. As N a O H  is 
g radua l ly  added ,  the  PO43- ion  does  a p p e a r  in  i n c r e a s i n g  
a l t h o u g h  low c o n c e n t r a t i o n s .  Never the les s ,  t he  s impli-  
fied p H  ca lcu la t ion  r e m a i n s  va l id  w i t h i n  0.1 p H  u n i t  for a 
w i d e  r a n g e  of  compos i t i ons :  Na /P  ra t ios  f rom 1.5 to 9.0 
ove r  t he  t e m p e r a t u r e  r a n g e  25~176 

M a n u s c r i p t  s u b m i t t e d  Apr i l  8, 1985; r ev i sed  m a n u s c r i p t  
r e ce ived  Aug.  9, 1985. 

A P P E N D I X  
Free Energies of Formation at Elevated Temperatures 

The  fo l lowing  s e v e n  c o n s t i t u e n t  s u b s t a n c e s  are in- 
v o l v e d  in p h o s p h a t e  so lu t ion  equi l ib r ia :  H~O, H ~, OH- ,  
H~PO4-, HPO42-, PO43--, a n d  u n d i s s o c i a t e d  H3PO4. Maxi-  
m u m  use  was  m a d e  of e x p e r i m e n t a l  h i g h  t e m p e r a t u r e  
t h e r m o d y n a m i c  da ta  f rom t h e  l i t e ra tu re  in  ca l cu la t ing  
s t a n d a r d  G i b b s  free  ene rg i e s  of  f o r m a t i o n  f rom the  ele- 
m e n t s  for  t he  s e v e n  s u b s t a n c e s .  L i t e r a t u r e  da ta  for  phos-  
p h a t e  equ i l ib r i a  a n d  w a t e r  i on iza t ion  are  g iven  in  T a b l e  I, 
r e a c t i o n s  [1-A]-[4-A], as s t a n d a r d  free ene rg ies  of  reac t ion .  

S imi l a r  da ta  were  n e e d e d  for  t h r e e  a d d i t i o n a l  reac t ions ,  
a n d  t he  f o r m a t i o n  r eac t ions  for  s u b s t a n c e s  H~O, H ~, a n d  
HPO42- we re  chosen :  r eac t i ons  [5-A]-[7-A] in  Tab le  I. 
T h e s e  free ene rg ies  were  ca l cu la t ed  f rom m o l a r  h e a t  
capac i t i e s  of  reac t ion ,  acp, b y  u se  of  t he  w e l l - k n o w n  ther -  
m o d y n a m i c  r e l a t i on  

AG"r = AG%,~ 

I/ i/ - h.e"~ .2.~8 (T - 298) + AcpdT - T Acpd In T 
98 98 [A-l] 
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where AS ~ is the standard entropy change for the reac- 
tion. The method of Kubaschewski and Alcock (10) was 
followed, in which Eq. [A-l] is utilized in the following 
equivalent form for easy evaluation of the integrals 

+ AepdT - T Acpd In T [A-2] 

Since Acp is available in the general form 

A c p = e + ~ + g T  2 + hT -'z 

where e, f ,  g, and h are tabulated constants (10, 15), the in- 
tegrals become 

fo rhcpdT = eT + 1/2 ff/~2 + 1/3 gT ~ - h T - '  
[A-3] 

fo 'Ac,d = e + f i r  + g T  2 - 1/2 In T In T 1/2 h T-.~ 
[A-4] 

It should be noted that the term e In (zero), which form- 
ally should be included in Eq. [A-4], can be omitted since 
it cancels out in Eq. [A-2]. Molar heat capacities for ions 
H + and HPO42- were obtained by the method of Criss and 
Cobble (9) based on their entropy correspondence princi- 
ple. 

Free energies of reaction listed in Table I yield free en- 
ergies of formation for all of the ions and compounds in- 
volved. Then for each substance the free energy as a func- 
tion of temperature was fitted, by multiple linear 
regression analysis on a computer, to the cubic polyno- 
mial 

(AG~ = (AG~ + a(AT) + b(AT) ~ + c(AT) 3 [A-5] 

with AT = T - 298. Table II gives values of the polyno- 
mial coefficients for each of the species. This tabulation 
is a useful and internally consistent set of numerical data 
for calculating equilibrium constants of high temperature 
phosphate solutions. 
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Changes in Oxide Films on Nickel during Long-Term Passivation 
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ABSTRACT 

The nature of the long-term anodic currents observed when nickel is potentiostatically polarized in the passive po- 
tential region has been investigated. Passive oxide films are formed in 0 '8 (or 0 TM) solutions and then exposed to O TM 

(or 0 '8) solutions for continued anodic polarization. The change in the O 's (or 0 '6) content of the film is determined by 
SIMS using the polyatomic species 5SNi1602- and 58Ni'60'sO-. The extent of oxygen replacement in the passive film in- 
creases with increasing time of exposure to the new solution and eventually complete replacement occurs. The kinetics 
of replacement are highly dependent on the conditions of pretreatment in the O TM (or 0 TM) solution, i.e., on the defect state 
of the oxide and on the aggressiveness of the exposure solution. The results can best be interpreted in terms of a model 
where the passive oxide film is locally breaking down and being replaced by new oxide formed in the fresh solution. 
The current efficiency for local repassivation is only - 20%, the rest of the charge going towards metal dissolution. 
Transformation of a passive oxide film, via local breakdown-repair events, occurs at essentially the same rate in Cl- as 
in SO42- solutions, suggesting that the important role of Cl- in pit initiation is to interfere with local repassivation rather 
than to directly break or thin the film. 

A fundamental  question in the field of passivity con- 
cerns the nature of the electrochemical processes giving 
rise to the long-term anodic currents, ia'S, observed upon 
potentiostatic polarization in the passive potential region. 
For nickel in sulfate and borate solutions, ia decreases 
with time (at constant potential) according to a linear In 
i-ln t relationship, and may eventually reach a steady 
value (1, 2). Results of this kind are often interpreted in 
terms of high field growth of an oxide film with the rate 
of growth eventually decreasing to the point where it is 
comparable to the rate of chemical dissolution of the ox* 
ide (3, 4); this situation would result in the constant ia fre- 
quently observed after long times of anodic polarization. 
However, for nickel in sulfate and borate solutions the 
majority of the anodic current is not associated with ox- 

* Electrochemical Society Active Member. 

ide film growth, even in the region of linearity between 
In i and In t, since the current efficiency (c.e.) for metal 
dissolution is > 80% (1). In addition, the limiting NiO film 
thickness of 12s is the same over the pH range 2.0-8.4, 
which also suggests that the simple high field oxide 
growth model is inappropriate for explaining the mea- 
sured ia's. Anodic processes which might be contributing 
to the measured i~ include (i) nickel dissolution through 
the passive oxide film driven by a high electric field 
(5, 6) (ii) general chemical dissolution of the oxide (7-9) 
with the outer layer dissolving and reforming, and (iii) lo- 
calized chemical dissolution of the passive film with 
patches of oxide breaking down completely and being re- 
placed by new patches formed as a consequence of local 
film repair (1, 2, 10-13). A better understanding of which 
process gives rise to the long-term ia's observed in non- 
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aggressive solutions may also throw light on the highly 
localized pitting corrosion observed in C1- and Br -  solu- 
tions. 

In the present work, experiments have been designed 
to determine whether passive oxide films on nickel un- 
dergo changes during long-term passivation, i.e., to corre- 
late ia with changes in the oxide film. To this end, 
passive oxide films are formed in H~O TM (or H20 '~) solu- 
tions and then exposed to H.,O TM (or H2018) solutions for 
continued passivation. SIMS is used to determine the 
change in the O '8 (or O 's) content of the film and the dis- 
tribution of O 's and O 's throughout the thickness of the 
film (14). The results are discussed in terms of the mech- 
anism of breakdown of passive oxide films in sulfate so- 
lutions. Data are also presented which allow a compari- 
son to be made between the influence of C1- and SO42- 
on oxide film breakdown. 

Experimental 
Polycrystalline nickel specimens were prepared as de- 

scribed previously (15). Potentials are referred to the satu- 
rated calomel electrode, Hg/Hg~CI~. Experiments  were 
conducted at 25~ in deaerated solutions of pH 7.65 bo- 
rate buffer and 0.15N Na2SO4 solutions with pH's  1.0, 1.5, 
and 3.0. The borate solution was 23% oxygen-18 isotope 
enriched, and samples which were passivated in this solu- 
tion were subsequently polarized in nonenriched pH 1.0 
and 1.5 Na~SO4 solutions. Samples were also passivated in 
10% oxygen-18 isotope-enriched pH 3.0 Na~SO4 solutions 
and then transferred to nonenriched pH 1.0, 1.5, and 3.0 
Na~SO4 solutions. The extent  of oxygen replacement was 
followed as a function of prior electrode treatment, ag- 
gressiveness of the exchange solution and time in this so- 
lution. The extent  of O 18 incorporation into passive oxide 
films formed on electropolished nickel was also studied. 

The 0 TM content in the oxide films was determined by 
secondary ion mass spectrometry (SIMS) using a PHI  590 
Auger system with a PHI  SIMS II attachment and a PHI 
differentially pumped ion gun (14, 16). Sputtering was 
performed with a 1 keV xenon ion beam at 33 ~ off normal 
at a rate of ~ 4/~/min. The ion species analyzed were the 
polyatomics 58Ni'~ (mass = 90) and ssNi'sO'80- (mass 
92); the 6~ species also contributes to mass 92, but 
this is always subtracted prior to calculating the 'nO con- 
tent in the film. The sputter profiles give the depth dis- 
tribution of '~O throughout  the passive oxide film. 

Results and Discussion 
Determination of 0 28 in oxide f i lms . - -An electro- 

polished nickel electrode was cathodically reduced and 
then anodized in pH 7.65 borate buffer solution with 23% 
oxygen-18 at 0.4V for 5 min. SIMS analysis of the sample 
is given in Fig. 1; the mass 16 and 18 signals are given 
along with theznass 90 and 92 signals. The O TM content in 
the film (x%) can be determined from the signal ratio 
92/90 + 92, taking into account that the probability for 
mass 90 is (1 - x) 2 and that that for 92 is 2 x(1 - x). Analy- 
sis of the data indicates, as would be anticipated, a con- 
stant 0 '8 composition of 23% throughout the passive film. 
The mass 18 and 16 signals also indicate a 23% enrich- 
ment factor, after sputtering away the outer layer of ox- 
ide. The atomic signals have an enhanced sensitivity for 
surface hydroxyl species, probably picked up during air 
transfer to the UHV chamber, which is not reflected in 
the polyatomic mass 90 and 92 signals. The subsequent 
advantages of using the polyatomic species for quantita- 
tive SIMS analysis have been discussed in detail previ- 
ously (14). 

Transfer of  samples f rom 0 TM to 0 TM solutions.--SIMS 
was used to determine the O '~ content of films formed in 
23% 018 borate buffer (pH 7.65) and then transferred to pH 
1.0 Na.~SO~ (no O TM) for continued potentiostatic polariza- 
tion. With increasing time of exposure to the latter solu- 
tion, the 018 content is found to decrease from the initial 
23% to only 1.5% after lh  (Table I and Fig. 2). The SIMS 
sputter profiles indicate a constant O 'a level through the 
oxide film, independent  of the total amount of 0 TM in the 
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Fig. 1. Percentage of SIMS signals [mass 18 • 100/mass (18 + 16)], 
[mass 16 • 100/mass (18 + 16)], [mass 92 • 100/mass (90 + 92)], and 
[mass 90 • 100/mass (90 + 92)] for nickel anodized in a 23% 
oxygen-18 electrolyte. Mass 90 is 5SNp602-, mass 92 is 58Ni'sOmO- 
(the 6~176 signal contribution to mass 92 was substracted prior to 
calculation), mass 18 is 180-, and mass 16 is '60-. Sputtering was by 1 
keV xenon at a rate of ~ 4 ~-min -1. 
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Fig. 2. Increase of anodic current, ia, with time for nickel 
prepassivated in p H 7.65 borate buffer solution (23% 018) at 0.4V for 5 
min and then transferred to a pH 1.0 Na2SO4 (100% O 's) solution for 
continued polarization at 0.4V. Also shown is the percentage of 018 de- 
tected in the oxide film by SIMS at various times of exposure to thepH 
1.0 No,SO4 solution. 

film. This suggests that the 018 is being replaced by 0 TM 

throughout the entire thickness of the film, not just in 
the outer layer. The results show that the passive oxide 
film, formed in O TM is slowly breaking down and subse- 
quently reforming in the O '" solution so that eventually 

Table I. Influence of nickel pretreatment in pH 7.65 borate buffer 
solution, containing 23% 018, and subsequent extent of exposure topH 

1.0 Na~S04 (100% 0";) on the 0 TM content in the oxide film. 
018 contents determined by SIMS. All pretreatments involved 

electropolishing (EP) and cathodic reduction (CR), with the exception 
of the last one, where no CR was employed 

Percentage of 
Exposure conditions 0 TM in 

Electrode pretreatment in pH 1.0 Na2SO4 oxide film 

5 rain at 0.4V --  23.0 
5 rain at 0.4V 1 rain at 0.4V 22.5 
5 rain at 0.4V I0 rain at 0.4V 17.0 
5 rain at 0.4V 20 rain at 0.4V 12.5 
5 min at 0.4V lh at 0AV 1.5 
lh at 0.65V 20 rain at 0.4V 22.0 
EP + 5 min at 0.4V --  7.5 
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the entire previously formed film will have broken down 
and been reformed in the new solution. This breakdown 
is most probably local in nature, e.g., associated with ox- 
ide chemical dissolution at film defects (2). The rate of re- 
placement of O TM with O TM is much slower for a film previ- 
ously formed at 0.65V for lh  in the 23% O '8 borate 
solution (Table I). This result is consistent with the less 
defective nature of that film and therefore with the 
smaller number  of breakdown sites. 

Influence of solution aggressiveness on rate of oxygen 
rep~acement.--To determine the influence of aggressive- 
ness of the breakdown solution on the rate of oxygen re- 
placement, samples pretreated in 23% O TM borate solution 
at 0.4V for 5 min were exposed to pH 1.5 Na2SO4 at 0.4V 
for 60 and 150 min. During these times, the O ~8 content of 
the film decreased from 23 to 13 and 7.5%, respectively. 
However, if the standard passive film with 23% O 's was 
exposed to a pH 3.0 Na2SO4 solution at 0.4V for 90 min, 
the O ~8 level falls to only 20.5%. The rate of replacement is 
thus significantly lower the higher the pH of the expo- 
sure solution (cf. Table I), supporting the view that local 
chemical dissolution of the oxide is responsible for film 
breakdown. The local nature of the breakdown and repair 
of the film ensures that the O ~8 content in the oxide re- 
mains constant throughout  the film. 

Samples were also passivated in nonenriched pH 3.0 
Na~SO~ solutions at 0.4V for various times, after which the 
passivation was continued at the same potential in a simi- 
lar solution which was 10% enriched in 0 '8 . SIMS was 
then used to determine the rate of uptake of O TM into the 
oxide film. The results, given in Table II, indicate that 
the film formed exclusively in the enriched solution con- 
tains 10% O TM. The films formed for 5 min in the O TM solu- 
tion pick up an increasing amount  of O '~ with t ime of ex- 
posure to the O 's solution. Eventually, the oxide would 
contain 10% O TM, i.e., the amount  obtained when the film 
is formed from the beginning in the enriched solution, 
since all elements of the prior passive film will break 
down if the time is sufficiently long (5). The rate of O TM 

uptake is much less after a longer prepassivation treat- 
ment, i.e., 75 rain at 0.4V, since the oxide film is substan- 
tially more stable and therefore more resistant to break- 
down. 

Also given in Table II are the results for O TM uptake, 
with time, after immersion of electropolished (EP) nickel 
into the 10% O TM solution at 0.4V. The initial (60s) value of 
4.1% is probably at least partly due to an increase in thick- 
ness of the oxide film from 7 to 10~ (15); any additional 
amount  would be due to dissolution and reformation of 
the oxide in the 10% O TM solution. [Note that the increase 
for a similar experiment  in 23% O TM borate solution is 7.5% 
(Table I), consistent with 30% of the film being formed in 
the O TM solution.] The SIMS results again indicate that in 
all cases the O TM is distributed uniformly throughout the 
oxide film, suggesting that the additional 3/~ of NiO does 
not form on top of the original 7~ thick EP film. Instead, 
it appears that the oxygens of the EP film are incorpora- 

Table II. 0 TM content of films initially formed on nickel inp H 3.0 Na2S04 
solution (100% 0 ~6) and then transferred to 10% O~S-enriched p H 3.0 

Na~S04 solution for continued polarization at the same potential 
of 0.4V. Also given are the 0 is contents of films formed by immersing 

electropolished (EP) Ni into 10% 0 ~8 solution at 0.4V, both with 
and without cathodic reduction (CR) of the prior oxide. 

0 TM contents determined by SIMS 

Electrode treatment 

Percentage of 
O TM in 

oxide film 

EP + CR, VA "* 0.4V in H20 '8 
EP, VA --~ 0.4V in H20 TM (60s) 
EP, VA ~ 0.4V in H20 TM (25 rain) 
5 min at 0.4V in H20'6; 60s in H20 TM 

5 rain at 0AV in H2OJ6; 15 rain in H.20 ~8 
5 min at 0.4V in H~O~6; 95 min in H.20 TM 

75 rain at 0.4V in H~O~6; 15 min in H.20 ~8 

10.0 
4.1 
7.4 
0.2 
0.8 
4.1 
0.3 

ted into the new passive film, i.e., that there is a reorgani- 
zation of the EP film upon anodic polarization. 

Nature of anodic currents, i~'s.--When the rate of re- 
placement  of 0 '8 with 0 '6 is correlated with the anodic 
charge passed (Fig. 2), quantitative information can be ob- 
tained about the nature of the long-term ia's flowing in 
the passive potential region. The results in Fig. 2 suggest 
that only 20-25% of the measured i a is associated with ac- 
tual dissolution and reformation of the oxide film, i.e., 
NiO + 2H ~ --) Ni ~ + H~O and Ni + H~O --~ NiO + 2H ~ + 2e. 
The measured charges are four to five times greater than 
those required to bring about a particular degree of re- 
placement, assuming 100% efficiency for oxide repair. 
The other 75-80% of the anodic charge must be associated 
with inefficient film repair (after local breakdown) via 
parallel nickel dissolution, i.e., Ni --> NF ~ + 2e. The results 
thus indicate that the ia's after a long-term anodization are 
not a direct measure of the rate of oxide chemical dissolu- 
tion [cf. Ref. (2)]. From this work, the model which ex- 
plains the anodic passive currents is one where the oxide 
film is dissolving locally and immediately reforming with 
a c.e. < 100% because of parallel nickel dissolution. This 
process occurs at random points on the surface, the num- 
ber of sites involved at any instant in time depending on 
the state of the oxide (which determines the defect den- 
sity) and the aggressiveness (pH) of the solution. 

Influence of C1- on ia.--The change of ia with time in 
pH 1.0 Na~SO4 at 0.4V, for a sample prepassivated in pH 
3.0 Na~SO4 at 0.6V for 15 min, is shown in Fig. 3. There is 
a steady increase of current with time in the lower pH so- 
lution until a steady state is reached after about 40 min. 
The final current is identical to that obtained if the 
anodizing had been in the pH 1.0 solution from the start, 
i.e., the new state of the oxide film is that associated with 
long-term passivation at 0.4V in pH 1.0 Na2SO4. The oxide 
film formed in the pH 3.0 Na.~SO4 solution is obviously 
undergoing a conversion to a more defective form in the 
pH 1.0 solution. This conversion at the lower pH is proba- 
bly related to the fact that the limiting stability of the ox- 
ide film is highly pH dependent  and it is not possible to 
reach the same stable state at pH 1.0 as could be achieved 
at pH 3.0 (1). The conversion again involves localized, ran- 
dom breakdown of the film produced at pH 3.0 and its 
subsequent  local replacement  in pH 1.0 solution. The 
time needed to reach a steady state in pH 1.0 solution is 
highly dependent  on the prior passivation treatment, this 
t ime being - 5h for a sample pretreated for 18h at 0.6V in 
pH 3.0 Na.~SO4. This result is consistent with a rate of 
film breakdown which is directly dependent  on the state 
of perfection (i.e., the defect state) of the prior oxide film 
as well as the aggressiveness of the breakdown solution. 
The rate of increase of ia with t is thus a measure of the 
rate of film breakdown and can be used to check the 
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Fig. 3. Increase of anodic currentl a with time for nickel prepassivated 

inpH 3.0 Na~S04 at 0.6V for 15 min and then exposed to apH 1.0 
Na2S04 solution at 0.4V (circles). Also shown is the influence of O.O03M 
CI -  in the pH 1.0 Na2S04 on the change of ia with time (squares). 
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influence of added C1- on the breakdown (i.e., conver- 
sion) rate of the oxide. The i/t profile for a film formed in 
pH 3.0 Na2SO4 at 0.6V for 15 min and then transferred to a 
pH 1.0 Na2SO4 solution with 0.003M C1- solution at 0.4V is 
also shown in Fig. 3. The eventual current is somewhat 
higher than that observed for breakdown in pH 1.0 
Na2SO4, but this is simply due to C1- incorporation into 
the oxide film making the film more defective, i.e., pro- 
ducing more sites at which breakdown will occur at any 
instant in time (17-19). When this is taken into account, 
the kinetics of conversion of the prior film are similar in 
the presence or absence of C1- ion, i.e., the C1- does not 
appear to accelerate the process of film breakdown. This 
is consistent with the model, which suggests that C1- has 
no direct influence on breakdown of the passive oxide 
film but simply interferes with local repassivation events 
which are continuously occurring at numerous sites on 
the oxide surface (12, 18). It is also in agreement with the 
observation that addition of C1- to a solution in which a 
passivated sample is held potentiostatically does not re- 
sult in any measurable increase in i ,  until t > t,,d, the in- 
duction time at which pitting begins (20). 

When the [C1-] used in the experiment  indicated in Fig. 
3 is 0.015M instead of 0.003M, pitting begins - 16 min 
after immersion in pH 1.0 Na~SO4 solution, as indicated 
by a sharp increase in ia. Before this time, however, the i/t 
profile is almost identical to that observed with 0.003M 
C]-, indicating that even when sufficient C1- is present 
to cause pitting (and Va is therefore above the pitting po- 
tential), the film is dissolving at more or less the same 
rate as that observed in SO4- solution. These results again 
suggest that the aggressive C1- ion has no direct 
influence on localized passivity breakdown but instead 
modifies the local repair kinetics so as to greatly de- 
crease the c.e. for film repair, i.e., that C1- interferes with 
repassivation. 

In conclusion, the results obtained from the 0'6/0 TM ex- 
periments in this work support the model of the passive 
oxide film wherein local breakdown/repassivation events 
are constantly occurring at selected sites on the metal 
surface. 
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Screening Design Test for Cyclic Voltammetric Evaluation of Zinc 
Sulfate Electrolyte 
R. K. Singh and T. J. O'Keefe* 

Materials Research Center, University of Missouri-Rolla, Rolla, Missouri 65401 

ABSTRACT 

A statistical screening design program was conducted to determine the effects of certain operating parameters in the 
cyclic voltammetric evaluation of  zinc sulfate electrolyte. The variables studied included solution temperature, sulfuric 
acid and zinc concentrations, and scan rate. Solution temperature was found to be the most significant factor affecting 
the initial potential, followed by scan rate and zinc concentration. Based on screening design data, mathematical equa- 
tions were developed to predict polarization behavior of addition-free zinc sulfate electrolytes. A few preliminary tests 
on the effect of impurities and organic additives, such as Sb(III) and glue, on potential, deposit morphology, and crystal 
orientation were also made. 

Cyclic vol tammetry techniques have been used suc- 
cessfully to monitor the electrolyzability of zinc electro- 
winning solutions (1, 2). By measuring the zinc deposition 
polarization effects, a definite correlation has been 
shown to exist between the cathode polarization, deposit 
morphology, and current efficiency of zinc electrodeposi- 
l ion for a nurnber of systems (3-6). Most of these studies 
have concentrated on the role of impurities and organic 
additives in t h e  solutions. However, the activation 
overpotential and deposit morphology are also affected 
by other operating variables such as temperature, zinc 

* Electrochemical Society Active Member. 

concentration, sulfuric acid concentration, and parame- 
ters for conducting the test. Therefore, before using this 
technique for determining an opt imum overpotential, it is 
necessary to delineate the effect of these processing varia- 
bles if the impurity and organic additive concentrations 
are to be properly evaluated. 

Systems with many independent  variables lend them- 
selves to more efficient study by varying several factors 
at once in a statistical experimental  design. The relative 
importance of independent  or factor variables can be as- 
certained from a Plackett-Burman screening design. A 
Plackett-Burman design is based on a simplified first- 
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Table I. Variables and their levels used in the screening design 

Factor level 
Variable Low Center High 

x, Zinc concentration (g/liter) 50 60 70 
x~ H~SO, concentration (g/liter) 150 175 200 
x3 Solution temperature (~ 25 35 45 
x4 Test scan rate (mV/s) 0.5 1.25 2 
x.~ Dummy 
x~ Dummy 
x7 Dummy 

order  empir ica l  model ,  bu t  will also yield i n fo rma t ion  in- 
d ica t ing  overall  curvature ,  or devia t ions  f rom the  l inear  
model ,  and  give an ind ica t ion  of  the  p r e s e n c e  of  interac-  
t ion effect  a m o n g  variables .  

The objec t  of  the  p r e s e n t  s tudy  was  to d e t e r m i n e  by 
m e a n s  of  a sc reen ing  des ign,  the  indiv idual  effects  and  in- 
te rac t ions ,  if  any, of  t empe ra tu r e ,  zinc and  sulfur ic  acid 
concen t ra t ions ,  and  scan  rate  on the  nuc lea t ion  potent ia l  
o f  zinc e lec t rodepos i t ion .  The cond i t ions  c h o s e n  were  
s imilar  to t hose  e m p l o y e d  in commerc i a l  z inc electro-  
w i n n i n g  opera t ions .  In addi t ion ,  o the r  tes t s  were  m a d e  to 
d e t e r m i n e  the  effects  o f  Sb(III)  and  glue add i t i on  on po- 
lar izat ion behav io r  and  depos i t  morpholog ies .  

Experimental  
Screening design.--An e ight - run  P l a c k e t t - B u r m a n  

sc r een ing  des ign  was  c h o s e n  to inves t iga te  the  impor-  
t ance  of pa r ame te r s  l i s ted  in Table I. Other  t ypes  and  
sizes of  stat ist ical  des ign  are available (7, 8), and  each  has  
its mer i t s  and  d rawbacks ,  d e p e n d i n g  on the  type  of  infor- 
ma t ion  tha t  is desired.  

The des ign  p r o c e d u r e  e m p l o y e d  fol lows closely tha t  de- 
sc r ibed  by  M u r p h y  (7), w h i c h  lists in  tabular  fo rm the  
h igh  a n d  low (+ and  - )  t e s t  level a r r a n g e m e n t  to be  used.  
As  exp l a ined  in t he  article,  t he  cho ices  for the  s c reen ing  
des ign  resu l t  f rom us ing  only  a specif ic  f rac t ion of  t he  2p 
factorial  design.  

Var iables  cons ide red  in the  p r e s en t  s tudy  i n c l u d e d  zinc 
concen t ra t ion ,  sulfuric  acid  concen t ra t ion ,  e lec t ro ly te  
t empera tu re ,  and  v o l t a m m e t r i c  scan  rate. The high,  low, 
and  i n t e rmed ia t e  values  of  the  factor  levels are l is ted in 
Table  I. The choice  of factor  level was  based  on pre- 
s c r een ing  tes t s  and  cond i t i ons  appropr ia te  to indus t r ia l  
z inc e l ec t rowinn ing  pract ice .  

Table  II s h o w s  the  ma t r ix  of  the  design,  w i th  each  vari- 
able  at two levels, a p lus  s y m b o l  deno te s  the  h igh  level, 
and  a m i n u s  symbo l  low level. A l though  s e v e n  var iab les  
can  be  s tud ied  in th is  des ign,  only four  var iab les  were  
s tudied ,  leaving three  var iab les  as d u m m i e s  to e s t ima te  
the  p r e s e n c e  of  in te rac t ion  a m o n g  variables.  To es t ima te  
curva tu re  effects  and  e x p e r i m e n t a l  error,  t h r ee  center-  
po in t  runs  were  a d d e d  to t he  des ign  runs.  To guard  
agains t  sys temat ic  t r ends  in uncon t ro l l ed  (or u n k n o w n )  
var iables  dur ing  execu t ion  of the  design,  the  order  in 
w h i c h  the  runs  were  m a d e  was  r andomized .  The cen te r  
po in t s  were  evenly  spaced  over  e x p e r i m e n t a l  run  orders ,  
i.e., as the  first, middle ,  and  last  run  of  the  design.  

Solution preparation.--Tests were  c o n d u c t e d  us ing  
b o t h  syn the t i c  zinc sulfate  solut ion and  an indus t r ia l  zinc 
e lec t ro ly te  for each  des ign  point .  Syn the t i c  zinc sulfate  
so lu t ion  was  p r e p a r e d  by d i sso lv ing  h igh  pur i ty  F r e n c h  
P ro ces s  zinc ox ide  in r eagen t -g rade  sulfuric acid. Indus-  
trial zinc e lect rolyte  was  o b t a i n ed  f rom Cominco  L imi t ed  
(Trail, Canada). For  a g iven  des ign  run,  so lu t ion  compos i -  
t ions  were  ad jus ted  by  ad d i n g  reagen t -g rade  sulfuric  acid 
and  de ion ized  water  to give a des i r ed  zinc and  sulfuric  
acid concen t ra t ion .  W h e n  s t u d y i n g  the  effect  o f  impur i ty  
and]or glue addi t ions ,  t he  r equ i r ed  a m o u n t s  were  a d d e d  
f rom the  respec t ive  s tock  solut ions.  Sb(III) s tock  so lu t ion  
was  p r ep a red  by d i s so lv ing  p o t a s s i u m - a n t i m o n y  tar tara te  
[K(SbO)C4H406 �9 V2 H20] in  de ion ized  water .  Glue s tock 
so lu t ion  was  p repa red  by  d i sso lv ing  Pear l  Glue (ob ta ined  
f rom Cominco  Limi ted ,  Trail, Canada) in  de ion ized  wa te r  
and  s to red  in a ref r igera tor  to avoid its degrada t ion .  

Cyclic voltammetry.--The cyclic v o l t a m m e t r y  exper i -  
m e n t s  were  c o n d u c t e d  in  a P y r e x  "H" cell e m p l o y i n g  an 

Table II. Statistical design and results 

Response 
(volt a at 10 mA]cm'-') 

Design point Industrial Synthetic Factor variable h 
run no. solution solution x, x2 x3 x4 X5 X6 X7 

1 -0.866 -0.878 . . . .  + + + 
2 -0.876 -0.892 + - - + + - - 
3 -0.885 -0.900 - + - + - + - 
4 -0.845 -0.867 + + . . . .  + 
5 -0.843 -0.855 - - + + - - + 
6 -0.813 -0.818 + - + - - + - 
7 -0.825 -0.829 - + + - + - - 
8 -0.832 -0.836 + + + + + + + 

Industrial solution ~+ -3.366 -3.387 -3.313 -3.436 -3.399 -3.396 -3.386 
~ -  -3.419 -3.398 -3.472 -3.349 -3.386 -3.389 -3.399 

Difference +0.053 +0.011 +0.159 -0.087 -0.013 -0.007 +0.013 
Factor effect +0.013 +0.003 +0.040 -0.022 -0.003 -0.002 +0.003 

Synthetic solution :~+ -3.413 -3.432 -3.338 -3.483 -3.435 -3.432 -3.436 
~ -  -3.462 -3.443 -3.537 -3.392 -3.440 -3.443 -3.439 

Difference +0.049 +0.011 +0.199 -0.091 +0.005 +0.011 +0.003 
Factor effect +0.012 +0.003 +0.050 -0.023 +0.001 +0.003 +0.001 

a vs. SHE. 
b + indicates high values of factor variable levels; - indicates low values of factor variable levels. 

Center-point responses from industrial solution design: -0.847, -0.851, -0.852 
Average: - 0.850 

s: 0.003 

Center-point responses from synthetic solution design: -0.864, -0.859, -0.865 
Average: -0.863 

s: 0.003 
~(responses at high xi) - ~(responses at low x~) 

Factor effect ofxl = 
(number of factorial runs)/2 

Example: For x3 or temperature in industrial solution design 
(-0.843 - 0.813 0.825 - 0.832) - (-0.866 - 0.876 - 0.885 - 0.845) 

Factor effect = (8/2) 
= +0.040 
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aluminum working electrode (area 1 cm~), a titanium/ 
manganese dioxide counterelectrode, and a mercurous 
sulfate reference electrode (+0.667V vs. SHE). A constant- 
temperature bath was used to maintain the desired tem- 
perature and a Petrolite Potentiodyne Analyzer (Model 
M.4100) was used to record the cyclic voltammogram. 
The polarization behavior was recorded as a log current 
vs. potential plot. 

The working electrode was prepared by wet polishing 
on 600 grit paper. The electrode was washed in an 
ultrasonic cleaner after polishing and then rinsed with de- 
ionized water and dried with hot air. The electrode was 
then placed in the H cell and allowed to come to the test 
temperature, 

After reaching the test temperature, a vol tammogram 
was obtained by varying the potential from -0.633V vs. 
SHE to a more cathodic potential where the total current 
was 50 mA. At this point, the scan was reversed and 
driven to the original starting potential. The test was ter- 
minated after reaching the starting potential. 

Deposit examination.--For a given set of experimental  
conditions, the zinc deposits were obtained by scanning 
up to a current of 50 mA and holding the potential con- 
stant at this point for 2 rain. The electrode was taken out 
of solution and washed thoroughly with deionized water 
and dried in hot air. The deposits were examined by x-ray 
diffraction to determine their orientations and scanning 
electron microscopy was used for surface morphology 
evaluations. 

Results and Discussion 
Addition-free electrolyte.--A cyclic vol tammogram typi- 

cal of those obtained for the solutions investigated is 
shown in Fig. 1. The reactions occurring at various points 
on the polarization curve have been discussed previously 
(9). In brief, the reactions occurring are: in region AB, hy- 
drogen gas evolution; in region BC, hydrogen  gas evolu- 
tion and zinc deposition on the aluminum substrate; in re- 
gion CD, hydrogen gas evolution and zinc deposition on 
zinc; in region DEF, zinc dissolution and hydrogen gas 
evolution; and in region FG, hydrogen gas evolution on 
aluminum substrate. 

The response variable chosen was the front scan poten- 
tial of the working electrode at a current density of 10 
mA-cm -~ (i.e., point Y in Fig. 1). Table II shows the values 

10( 
I �84 i 

E 

~ 1C . . . . . .  

i v  
O F I D t i 
"0.633 �9 01700 - 0 .800 - 0 .900 

Potent ia l  ( v o l t s )  vs SHE 

Fig. !. Cyclic voltammogram for industrial electrolyte (60 g-liter - t  
Zn, 175 g-liter -1 H2SO4); 35~ 1.25 mV-s-'. 

of the response (Y) observed for each of the 11 runs (eight 
design runs + three center-point runs) for the synthetic 
and industrial solutions. 

In any screening design, the calculated factor effect es- 
tablishes the best estimate of the relative importance of a 
factor. The precision of the estimate is generally stated in 
the form of a confidence interval, which is an interval 
said to include the "true" effect at a stated confidence 
level. Factor effects whose confidence interval passes 
through zero are considered to be statistically insignifi- 
cant at the chosen confidence level. Calculation of factor 
effects and confidence interval, based on a 95% 
confidence level, for the present study is listed in Tables 
II and III. The three center points of each design were 
used to estimate the response error for the given design. 

Because the way response variable is defined in this 
case, factor effects with positive values indicate depolari- 
zation while negative values indicate increased polariza- 
tion (or potential changing in a more negative or cathodic 
direction) when the independent  variable is changed from 
low to high level. As can be seen from Table III, within 
the range of factor levels considered in the design, solu- 
tion temperature is the most significant factor followed 
by test scan rate and zinc concentration. Sulfuric acid 
concentration is not a significant factor in either of the 
designs. Increased temperature and zinc concentration 
cause depolarization (2 mV-~ - '  and 0.65 mV-g- '- l i ter  for 
industrial electrolyte, and 2.5 mV-~ -~ and 0.60 mV-g- ' -  
liter for synthetic electrolyte), whereas increased scan 
rate results in polarization (14.7 mV-mV- ' -s  for industrial 
electrolyte, and 15.3 mV-mV- ' -s  for synthetic electrolyte) 
of the measurements.  The fact that the sulfuric acid con- 
centration was not significant is interesting, because a 
few prescreening tests at 50 g-liter- '  and 100 g-l i ter- '  acid 
concentrations had indicated a considerable depolariza- 
tion as compared to the 150 g-li ter- '  acid level. The rea- 
son for the nonsignificance of sulfuric acid concentration 
may be due to its opt imum level being already available 
at the low factor level of 150 g-liter - ' .  For the given level 
of variables, there is a measurable difference in the re- 
sponse of the two types of solutions. This can be attrib- 
uted to the differences in the basic makeup (i.e., presence 
of residual impurities) of the two solutions. Impurit ies 
like Sb, Ge, Pb, Cd, etc., are known to effect the polariza- 
tion behavior of the system even at very low concentra- 
tions (1). This also indicates the importance of prelimi- 
nary screening of a given electrolyte. 

The effect of dummy factors is also shown in Table III. 
These factors are a measure of any interaction among in- 
dependent  variables in the system. Since all three dummy 
factor estimates are found to be statistically insignificant, 
it can be concluded that there are no interactions among 
variables within the boundaries of this study. 

If the system is linear, the centroid of all the design 
points and the average response from the center points 

Table |11. Summary of factor effect intervals at 95% confidence limit 

Industrial Synthetic 
Variable solution solution 

x~ Zn concentration +0.013 • 0.009 ~ +0.012 -+ 0.009 ~ 
x~ H.~SO4 concentration +0.003 ~ 0.009 +0.003 • 0.009 
x3 Temperature +0.040 +_ 0.009 ~ +0.050 • 0.009 ~ 
x4 Scan rate -0.022 • 0.009 ~ -0.023 • 0.009 a 
x~ Dummy -0.003 -+ 0.009 +0.001 • 0.009 
x~ Dummy -0.002 • 0.009 +0.003 • 0.009 
x~ Dummy +0.003 _+ 0.009 +0.601 • 0.009 

a Denotes factor effects which are statistically significant at 95% 
confidence level. 

Confidence interval = factor effect -+ - -  
ts 

at 95% confidence limit and v = 2, t = 4.303, where t is the student's t 
variable, N is the number of design point runs (eight), s is the 
standard deviation from center points (0.003 for both types of solu- 
tions), and v is the degrees of freedom. 
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Table IV. Estimation of curvature effects 

Industrial Synthetic 
solution solution 

Center point average -0.850 -0.863 
Design point average -0.848 -0.859 
Curvature effect ~ -0.002 -0.004 
Confidence interval -0.002 -+ 0.009 -0.004 -+ 0.009 

(at 95% confidence level) h 

Curvature effect = center point average - design point average. 
b Confidence interval = curvature effect _+ ts ~/1/N + 1/Cwheret 

is the student's t variable, s is the standard deviation, N is the num- 
ber of design point runs, and C is the number of center-point runs. 

shou ld  be equal.  If., however ,  the  sys tem devia tes  f rom 
the  l inear  model ,  overall  cu rva tu re  can be  es t ima ted  as 
the  d i f ference  b e t w e e n  the  average  response  of  the  center  
po in t s  and the  average response  of  the  des ign points.  
Table  IV shows the  calcula t ion of  the  curva ture  effect  for 
bo th  designs.  At  95% conf idence  level,  the  conf idence  
intervals  on curva ture  are -0.002 -+ 0.009 for indust r ia l  so- 
lu t ion  and -0.004 + 0.009 for synthet ic  solution,  va lues  
wh ich  are not  stat ist ically significant.  

When responses  and factors are con t inuous  in scale, it 
is useful  to cons ider  the  fac tor - response  re la t ionship  in 
t e rms  of  a ma thema t i ca l  model .  S ince  the  overal l  curva- 
ture  and in te rac t ion  a m o n g  var iables  are ins ignif icant  in 
b o t h  designs,  a f irst-order l inear  model ,  as g iven  below, 
was cons idered  to predic t  the  responses  at a g iven  level  of  
the  var iables  

= Y + m~xi + m,2x., + . . . . . . . . . .  + m~xj 

where  Y is the  p red ic ted  r e sponse  (potential  of  work ing  
e lec t rode  at 10 m A - c m  -2 of  cur ren t  dens i ty  in f ront  scan 
region), Y the  average  measu red  response  f rom the  des ign 
points,  mj = (1/2) (factor effect  of  x~), and 

factor  level  - (high level  + low level)/2 
x~ = (high level  - low level)/2 

where  the  factor  level  is the  va lue  of in teres t  b e t w e e n  the  
h igh  and  low levels.  

Neg lec t ing  stat is t ical ly ins ignif icant  factor  effects,  the  
p red ic ted  equa t ions  (see the  A p p e n d i x  for calculat ions)  
are as fol lows 

Indus t r ia l  solution:  Y = -0.939 + 0.0007 [Zn] + 0.0020 (T) 
- 0.015 (S) 

Synthe t i c  solution:  ~" = -0.964 + 0.0006 [Zn] + 0.0025 (T) 
- 0.0153 (S) 

whe re  [Zn] is the  zinc concen t ra t ion  in grams per  liter, (T) 
the  t empe ra tu r e  in degrees  Centigrade,  and (S) the  test  
scan rate  in mil l ivol ts  per  second.  

Us ing  the  above  equat ions ,  calculated potent ia l  va lues  
were  ob ta ined  for the  va lues  of  the  factors used  in this 
s tudy.  F igures  2 and 3 c o m p a r e  the  ca lcula ted  potent ia l  
va lues  and those  obta ined  exper imen ta l ly  for indust r ia l  
and  synthe t ic  solut ions,  respect ively .  The  fit of  the  
m o d e l  is qui te  good, and an " F "  test  showed  that  the  vari- 
abi l i ty  be tween  the  p red ic ted  and expe r imen ta l  potent ia l  
va lues  is wi th in  the  expe r imen ta l  error  of  the  sys tem for 
bo th  types  of  solutions.  

Effect  o f  impur i t i es  and  organic add i t i ves . - - Impur i t i e s  
l ike Sb,  Ge, Sn, Cu, Pb,  etc., and organic  addi t ives  l ike 
g lue  gelatin,  and g u m  are k n o w n  to inf luence  the  zinc 
depos i t ion  overpotent ia l ,  depos i t  morphology ,  and  orien- 
ta t ion (3-6, 10, 11). The  resul ts  of  a few pre l iminary  tests 
carr ied out  wi th  Sb(III)  and glue addi t ions  are  g iven  in 
Tab le  V. I t  is clear  tha t  w h e n  expe r imen ta l  var iables  are 
f ixed for a g iven  electrolyte ,  the  addi t ion  of  Sb(III)  
causes  s t rong depolar izat ion (co lumn C and c o l u m n  D in 
Tab le  V), and addi t ion  of  g lue  resul ts  in a s t rong polariza- 
t ion ( co lumn A and c o l u m n  B in Table  V) of  the  zinc elec- 
t rodepos i t ion  process.  
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Fig. 2. Predicted vs. measured potential values at ! 0 mA-cm-2 of cur- 
rent density for industrial electrolyte. The number beside the points re- 
fers to the design point run number in Table II. 
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Fig. 3. Predicted vs. measured potential values at 10 mA-cm-2 of cur- 
rent density for synthetic electrolyte. The number beside the points re- 
fers to the design point run number in Table II. 

Figures  4-7 i l lustrate  represen ta t ive  s t ructures  ob ta ined  
us ing  var ious  expe r imen ta l  condi t ions  and Sb(III)  or  g lue  
addi t ions.  The  m o r p h o l o g y  of  depos i t s  ob ta ined  f rom the  
addi t ion-free  electrolyte  (Fig. 4 and 5) consis ts  of  parallel,  
hexagona l  zinc platelets  packed  toge ther  and r andomly  

Table V.~ Zinc deposition polarization measurements on 
industrial electrolyte by cyclic voltammetry. A and C: 

Addition-free electrolyte. B: 10 mg-liter -~ glue. 
D: 0.04 mg-liter -1 Sb § 

Experimental conditions 
Parameters A B C D 

Zn (g/liter) 70 70 50 
H2SO4 (g/liter) 150 150 150 
Sb § (rag/liter) - -  - -  - -  
Glue (mg/liter) 10 
Temperature (~ 44 44 25 
Scan rate (mV/s) 0.5 0.5 2 
V at 10 mA/cm 2 -0.815 -0.840 -0.880 

50 
150 

0.04 

25 
2 

- 0 . 8 4 7  
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Fig. 4. SEM photomicrograph for the deposit obtained from industrial 
electrolyte (Zn = 70 g-liter -~, H2SO 4 = 150 g-liter -~, 44~ 0.5 
mV-s-l). Potential at 10 mA-cm-2 = _ 0.815V. 

Fig. 6. SEM photomicrograph for the deposit obtained from industrial 
electrolyte with Sb(lll) addition (Zn = 50 g-liter -~, H2504 = 150 
g-liter -~, Sb(lll) = 0.040 mg-liter -~, 25~ 2 mV-s-~). Potential at 10 
mA-cm-2 = _ 0 . 8 4 7 V .  

Fig. 5. SEM photomicrograph for the deposit obtained from industrial 
electrolyte (Zn = 50 g-liter -1, H~SO4 = 150 g-liter -1, 25~ 2 mV-s-' ). 
Potential at 10 mA-cm -~ = -0 .880V.  

disposed. The morphology obtained with the Sb(III) addi- 
tion (Fig. 6) is most marked by larger crystal facets as 
compared to those for addition-free solution. The effect of 
10 mg/l i ter- '  glue additions on the deposit morphology is 
shown in Fig. 7. The deposit appears more compact and 
of finer grain size than the deposit from addition-free 
electrolyte. The dominant feature is the appearance of 
zinc platelet edges with the basal plane lying more per- 
pendicular to the substrate. 

The x-ray diffraction studies on deposits for the deter- 
ruination of preferred crystal orientations were not con- 
clusive. Very weak effects of antimony or glue additions 
to the electrolyte were observed. It is felt that, because of 
short duration of electrodeposition period in these tests, 
crystal orientations of the deposits were affected by the 
aluminum substrate. This substrate influence on the 
crystal orientation diminishes gradually as the thickness 
of the electrodeposit increases. 

Previous studies on zinc electrocrystallization (3, 4) 
have shown a correlation between the deposit morphol- 
ogy/orientation and zinc deposition overpotential. The 
trends observed in the present study are in agreement 
with these investigations. However, a point of 
clarification is also indicated from the present data. A 
comparison of Fig. 6 and 7 shows that, although the 
overpotential values for the two deposits are similar, the 
morphologies and crystal orientations are not. Similarly, 
from the data in Table V, it is seen that two solutions 

Fig. 7. SEM photomicrograph for the deposit obtained from industrial 
electrolyte with glue addition (Zn = 70 g-liter-', H2SO 4 = 150 
g-liter -1, glue = 10 mg-liter - I ,  44~ O.S mV-s-'}. Potential at 10 
mA-cm -~ = -0 .840V.  

(Table V, B and D) with entirely different impurities 
and/or organic additives may also indicate a false similar- 
ity on their respective vol tammograms because of differ- 
ences in the operating parameters and test conditions 
used to generate the curves. A practical implication borne 
out of this is that it might  be incorrect to relate a given 
overpotential value to a characteristic morphology/orien-  
tation unless other parameters and test conditions are 
also fixed in the system. 

Conclusions 
The screening design tests showed that the temperature 

is the most significant variable in cyclic voltammetric 
evaluation of zinc electrolytes. The test scan rate and zinc 
concentration are also important variables, whereas sulfu- 
ric acid concentration (in the range of 150-200 g-li ter- ')  is 
not. 

In addition to illustrating the importance of various fac- 
tors, the statistical design permits the development  of a 
model which can be used to predict the potential, and 
hence the polarization or depolarization behavior, of a 
given electrode/electrolyte system. The predicted equa- 
tions have given a good fit to the experimental  data 
within the range of variables in this study. However, its 
sensitivity can further be improved by using a full re- 
sponse surface design such as the Box-Behnken or the 
more elaborate Box-Wilson design. 



Vol .  132, No .  12 Z I N C  S U L F A T E  E L E C T R O L Y T E  2903 

One other very important fact that is evident from the 
data is that the deposit morphology is a function not only 
of the magnitude of the overpotential measured, but also 
of the conditions used in generating the polarization 
curve and the type of species in the electrolyte that is 
dominant  in the growth. As indicated in previous re- 
search, for any fixed operating parameters and electro- 
lyte system, increases in ant imony or glue amounts  give 
depolarizing and polarizing effects, respectively, in pro- 
portion to their concentrations. In turn, the morphologies 
that result can be correlated with the overpotential 
changes. However, it has been shown that, for example, a 
polarizing effect can be caused by lowering the tempera- 
ture and zinc content. Even though the magnitude of in- 
crease in overpotential noted is nearly identical to that 
produced by adding glue, the morphologies will be differ- 
ent. No particular problem results from this feature, but  it 
should be pointed out that it would be risky to try to char- 
acterize an unknown electrolyte by polarization tech- 
niques alone. A base reference must  first be established 
prior to making evaluations of impurity and/or organic 
contents based on the overpotential measurement. 
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APPENDIX 

Calculation of Predicted Response for Industrial Solution 

= Y + ~{nlxl + ~n2x2 + . . . . . . . . . .  + mjxj 

where Y is the predicted potential at 10 mA/cm ~, Y the av- 
erage measured potential at 10 mA]cm 2 = -0.848, mj = 1/2 
(factor effect for variable xj), and 

factor level - (high level + low level)/2 
X] --- 

( h i g h  level - low level)/2 
where the factor level is theva lue  of interest between the 
high and low levels. 

Significant main factor effects are 

x,: Zn concentration FE, = +0.013 
x~: temperature FE:, = +0.040 
x 4 :  scan rate FE4 = -0.022 

High Low Notations 
x,: Zn concentra- 70 50 (g/liter) [Zn] 
tion 
x3: temperature 45 25 (~ (T) 
x4: scan rate 2 0.5 (mV/s) (S) 

Now, these values can be substituted into the equation for 
Y 

[ ( 0 . 0 1 3 )  [ Z n ] - ( 7 0 + 5 0 ) / 2 ]  
= -0.848 + 2 (70 - 50)/2 

1 + 
L \  Z / 

+ (2 - 0.5)/2 
Simplifying yields 

=-0.848 + [0.00065([Zn] - 60)] 
+ [0.002(T- 35)] - [0.01466(S - 1.25)] 

~r = -0.848 + 0.00065 [Zn] - 0.039 + 0.002(T) 
- 0.07 - 0.01466(S) + 0.0183 

= -0.939 + 0.0007[Zn] + 0.002(T) - 0.015(S) 
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ABSTRACT 

A simple kinetic model has been developed for the electrodeposition of CdTe and other 12-16 (ILVI) or 13-15 (III-V) 
compounds from solutions containing reducible ions of both constituents and is based upon a generalized Butler- 
Volmer equation that considers ion transport limitations near the cathode. Although the deposition itself is a non- 
equil ibrium process, the reaction between the plated cadmium and tel lurium is assumed sufficiently rapid that any in- 
finitesimally small volume in the deposit remains in quasi-chemical equilibrium, as defined by the equil ibrium 
constant-mass action expression involving the activities of the solid constituents and conservation of mass, as invoked 
by a unity mole fraction sum. Exponential  activity coefficients are postulated consistent with "regular" solution mod- 
els. Although neglecting second-order effects such as hydrogen generation, IR and space-charge voltage drops within 
the deposit, and possible phase segregation, the model yields a convenient algorithm to numerically simulate voltam- 
metric (j-E) curves and calculate the mole fractions and activities of cadmium, tellurium, and cadmium telluride existing 
at the deposit surface for any deposition potential. 

The electrodeposition of binary chalcogenides (1-12) 
such as CdTe (13-31, 47) and CdSe (32-37) from solutions 
containing both the metal and chalcogen in reducible 
ionic form has been a topic of recent experimental re- 
search. The major problems associated with compound 
semiconductor electrodeposition are, first, producing 
stoichiometric, nondegenerate material, and, second, 
achieving large-grained, nonamorphous deposits. 

Unfortunately, there has not been extensive published 
theoretical work on the ionic "alloy" (22) electrodeposi- 
tion of compound semiconductors (31, 48). Noteworthy is 
Kroger's (38) work describing the equilibrium state of a 
compound electrodeposit. Although similar in some re- 
spects to metallic alloy electroplating, as described in the 
works of Brenner (39), the very negative Gibbs free ener- 
gies of formation for 12-16 (II-VI) and 13-15 (III-V) com- 
pounds, the possible semiconducting nature of the depos- 
its, the large differences in the standard reduction 
potentials (E ~ of selenium, tellurium, arsenic, and anti- 
mony and most metal ions, the changing nature of the de- 
posit during deposition, and the presence of metastable 
states present complexities to any theoretical description. 

This paper presents a simple model for the kinetics cor- 
responding to ionic electrodeposition of M,X~ com- 
pounds, as originally developed in detail in  Ref. (15) and 
disseminated in abbreviated form in Ref. (16, 17). The 
model will be developed in terms of CdTe electrodeposi- 
tion from acidic solutions of Cd ~ and HTeO~ § but  could 
be applied to any M,X~ compound. Although several sim- 
plifying assumptions have been made, the model allows 
for the simulation of the electrodeposition process and 
leads to potentially useful predictions about the electro- 
deposition and associated voltammetric sweeps of such 
compounds. 

Experimental Environment and Assumptions 
Corresponding to the Model 

The primary cathode reactions are 

Cd(~q~" + 2e = Cd~, E ~ = -0.403V (SHE) 

3H(..) + + HTeO~..~ + + 4e = Te~) 

and 
+ 2H20, E ~ = 0.551V (SHE) 

[1] 

[2] 

Cd(s~ + Te(s) = CdTe~s~, hG ~ ~ -9.97 • 104 J/mol [3] 

and occur at a bare inert (C, Pt, etc.) potentiostat-con- 

*Electrochemical Society Active Member. 

trolled cathode immersed in an aqueous (pH ~ 2.5) solu- 
tion containing CdCI~, CdSO4, etc., and TeO~. The reaction 
at an inert, cadmium, or tellurium anode could be 02 evo- 
lution, Cd ~ dissolution, or HTeO2 + dissolution, respec- 
tively, but  has no direct effect upon the cathode kinetics. 
The volume of the solution is large so that the electro- 
chemical reactions produce negligible changes in pH and 
cadmium and tellurium ion activities (concentrations). 
Any hydrogen current is assumed to have no direct effect 
on the cadmium and tellurium current densities and the 
resultant deposit surface stoichiometry. Hydrogen is not 
bound or occluded in the "pure" CdxTe deposit. How- 
ever, the hydrogen ion concentration will affect the tellu- 
rium current density through its effect on the tellurium 
Nernst potential and exchange current density. The total 
current densities discussed will be the sum of only the 
cadmium and tellurium current densities and will not in- 
clude the approximately exponential H2 current-voltage 
component.  

Telluride or polytelluride anion formation from the six- 
or ten-electron reduction of Te(IV) ions is assumed negli- 
gible with the deposition voltages used. The deposit is 
formed by the solid-state reaction of plated cadmium and 
tellurium atoms rather than precipitation of Te~, Te--, 
HTe- ,  or H2Te and Cd+% 

The solution is stationary with no stirring and negligi- 
ble thermal convection currents to avoid dependence of 
the cathodic diffusion-limited current density upon the 
agitation-dependent diffusion layer thickness. Any anodic 
diffusion-limited current, corresponding to cadmium and 
tellurium dissolution and ion hydration, is very large and 
not encountered at voltages considered in this paper. 

The cathode-reference voltage is assumed to be com- 
pletely dropped across the double (primarily Helmholtz) 
layer at the deposit-electrolyte interface. This implies that 
the electrolyte is very conductive, that voltage drops in 
the deposit bulk or surface space-charge regions are com- 
pensated or insignificant, that the. electrochemical reac- 
tions and/or ion mass transport  are the rate-determining 
steps, and that the current  densities are described by 
Butler-Volmer kinetics. Because of large concentrations 
of surface states at a semiconductor surface due to irregu- 
larities, defects, and adsorbed electrolyte species, semi- 
conducting electrodes do often behave quasi metallically 
with a Tafel-like current-voltage characteristic (46). Fur- 
thermore, the deposit will be a nondegenerate semicon- 
ductor over a very small x range in CdxTe due to native 
dopants such as atomic vacancies and interstitials. 
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The deposit is assumed to be homogeneous over its sur- 
face area but  may change in composition with depth into 
the deposit. Any nonhomogeneities caused by different 
grain orientations, grain boundaries, etc., are negligible, 
and the deposit is best considered an amorphous "gel" 
that grows complete layer by layer with a layer thickness 
approaching that of a monolayer. Kinetic parameters for 
cadmium and tellurium, such as rate constant and trans- 
fer coefficients, are assumed constant and independent  
of the deposit surface composition or structure. 

Any small volume in the deposit is assumed to always 
be in quasi-chemical equilibrium described by 

acdTe-exp[--AG%dT~-] K [4] 
acdaw~ R T  J 

and 

x~ = 1 [5] 
1 

Atomic migration within the deposit is assumed negligi- 
ble, and, therefore, phase segregation and solubility limi- 
tations are ignored, consistent with the low temperature 
deposition system. The deposit exists as a homogeneous, 
metastable Cd~Te material with 0 - x -< ~ and x depen- 
dent  upon the cadmium and tellurium current densities. 

This model corresponds only to the deposition of mate- 
rial onto a bare inert substrate, as occurs with a nega- 
tively sweeping deposition potential, and not to the disso- 
lution of material. Thus, it would not describe the anodic 
"backsweep" of a voltammetric measurement. 

The Generalized Butler-Yolmer Equation 
The cathodic current densities are described by a gen- 

eralized Butler-Volmer equation (40) 

ziFk~ ar~mJ exp (E - - 

j~= 

is normally 10-'~-10 -'~ cm. If 7i is an insensitive function of 
concentration over concentrations from t0-~ to 0.1M, then 
(ao,+*/1000~) can be substituted for % in Eq. [8]. Even 
though the above equation relates co, aoL+% and jc, l ,  jc,l, is 
taken as an independent,  adjustable parameter because of 
uncertainty in D,, t+~, 7,, and 8. 

Butler-Volmer Eq. [6] (one for each constituent) reduces 
to Nernst-like, open-circuit (reversible) potential equa- 
tions 

m 

for ji = 0. If the electrochemical reactions [1]-[3] are re- 
versible, this equation corresponds to the Nernst equa- 
tion. Indeed, j~ can be zero for all components only at 
equilibrium, and this zero current condition for all con- 
stituents can be used to define the deposit activities at 
equil ibrium (15, 38). 

Equation [6] also predicts that j~(E --* - ~ )  = jc,l~ and can 
be easily manipulated into a form involving exchange 
currents, jo, and overpotentials, 

joi = zFk~ H (ar~m) ~' H (a,~) ~, [10] 
m m 

and 
~? = E - E 1  [11] 

It also corresponds to (42) 

ai +z' =aol+z 1 - 

cathode 
surface 

a.~"mJ exp L R T  (E - E~ 

[6] 

]1 1 + ~  exPL R T  ( E - E ~  

where z i is the number  of electrons required to reduce the 
cadmium (z~ = 2) or tellurium (z~ = 4) ions, k~ is a rate con- 
stant (mol/cm2-s), arm is the cathode surface activity of 
reactant m(Cd § HTeO2 *, H +) in the formation of solid 
constituent, i, apm is the deposit surface activity of prod- 
uct m(Cd, Te, I-I20) in the reaction, ~m is the stoichiometric 
coefficient, jc,l~ is the cathodic diffusion-limited current 
density for ion i (Cd ~+ or HTeO2+), and the other symbols 
have their standard meanings and/or are defined in the 
List of Symbols. 

The k~ value is temperature activated 

[ EAi] [7] 
k~ = k0i T exp - 

where EAi is an activation energy and koi is a constant 
that includes any zeta potential drop (assumed small and 
constant) in the diffuse Gouy-Chapman layer. The units 
for k ~ are (mol/cm'-'-s), rather than the usual (cm/s), be- 
cause dimensionless activities rather than concentrations 
(moYcm s) have been used in the Butler-Volmer equations. 
Both ~ and ~i, the transfer coefficients,  can take on 
any value but  normally a1 + a1 ~ 1. Note that z1 is not 
necessarily the charge (z') on ion i; for example, ZTe = 4 
but  the tellurium ion is HTeO~ +'. 

The diffusion-limited current density, neglecting con- 
vection, can be described by (41) 

jc, li ~ z, FD, [ - % l 
(1  - t§ [8 ]  

if the mass transport of the ion i is rate determining. D~, 
the diffusion coefficient, (-10 -5 cm~/s) is directly propor- 
tional to temperature, and 8, the diffusion layer thickness, 

when ~1 is nearly constant over the range of concentra- 
tions normally used. When Ji -~ jc,li, ion i becomes de- 
pleted at the cathode surface and negative (anodic) ji 
causes a buildup of ion i. 

The electrochemical reactions [1] and [2] are assumed to 
occur in a single step. Although neglecting the possible 
multiple-step nature of both reactions, this assumption 
simplifies the model and sidesteps a lack of conclusive 
information about the individual steps and equilibrium 
constants of all but the rate-determining step. The trans- 

fer coefficients, a , could, however, take into account 
the multiple-step nature of the reactions in a semiempiri- 
cai, phenomenological manner.  

Mass Conservation and Thermodynamic Considerations 
It can be shown that 

jcd 
T~Cd ZCd 

ncd+ riTe Jc___~_d + Jw_._.~e Xicd = X, [13] 

Zcd ZTe 

where Xico is the total (gross) mole fraction (total number  
of cadmium atoms in an infinitesimal deposit volume di- 
vided by the sum of the total number  of cadmium and tel- 
lurium atoms in the same volume) and n~ is the number  of 
moles of constituent i in the volume. Similarly 

JTe 

Zre [14] 
X~ = XiTo JCd JTe 

+ 
Zcd ZTe 
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and  

Xicd + XlT, -~ 1 [15] 

Since  these quant i t ies  involve  all c a d m i u m  and  te l lur ium 
atoms, both  those "free" and  those b o u n d  in  CdTe mole- 
cules, they cor respond to ini t ial  values that  exist  before 
the rapid react ion of the a toms that  results  in  Eq. [4] be- 
ing satisfied. Values of x, n, a, etc., that  exist  after the re- 
act ion which  produces  this  equ i l ib r ium are des ignated  by 
the subscr ip t  f to denote  final values. 

The activity coefficients of M , X ,  c o m p o u n d s  such as 
CdTe are modeled  by  

yc~ = exp [ ~ T X ~  ] [16] 

and  

TT~ = exp [~TX,2 ] [17] 

TCdTe=eXP[2-2R-~-T ( 1 - 4 x , x 2 ) ]  [18] 

where  fl is a c o m p o u n d - d e p e n d e n t  constant .  ~/CdTe "--> 1 as 
x,.2 ~ 0.5 at perfect CdTe s toichiometry and  YCd.Te --~ 1 as 
x.2.1 --~ 0. Equat ions  [16]-[18] can  be shown to satisfy the 
G ibbs -Duhem relat ion and  are suggested by  the Guggen-  
he lm model  (43) for the "regular" solid solut ion and  the 
regular  associated solut ion (RAS) mode l  of Jo rdan  
(44, 45). fl, a l though theoret ical ly d e p e n d e n t  u p o n  
b o n d i n g  or in te rchange  energies  be tween  the meta l  and  
n o n m e t a l  atoms, is best  cons idered  an adjustable,  poten- 
tially measurable ,  and  semiempir ica l  parameter .  Based 
u p o n  Jordan ' s  m e a s u r e m e n t s  (45), flcdTe is p robably  be- 
tween  -104 and  -10  s J/mol.  fl = 0 corresponds  to an  ideal 
solid solut ion and  un i ty  activity coefficients. 

One can define an  effective mole fraction equ i l ib r ium 
constant ,  K'  

K '  - -  XCdTe [19] 
XcdXTe 

Using  the above activity coefficient express ions  and  the 
fact that  x, + x2 -= 1, one finds that  

K ' = K e x p  2 - ~  = e x p  R T  - 2  =- e x p  

[20] 

where 

fl, _= B_B _ AG o [21] 
2 

Since  1 tool of CdTe requires  1 mol of c a d m i u m  and  1 
mol of te l lur ium for its fo rmat ion  

nfcdWe = n i c  d - n f c  d = ~biw e --  ~bfT e [22] 

Now 

K '  ~'CdTe -- ?~fCdTe [n fcd  + nfTe + •fCdTe] 
XcdXTe rbfcdnfTe 

Therefore, by  use of Eq. [22] and  [23] 

[23] 

n i c  d = n f c  d + 

Subs t i tu t ion  of 

and  

K '  nfcdnfT e 
n f c  d + nfTe + nfCdTe 

nfT e = niT e + r6fc d --  n i c  d 

TbfCdT e = niT e --  rifT e 

in to  Eq. [24] and  man ipu la t ion  yield 

[24] 

[22] 

[23] 

nica = nfcd + K'nfcd(niTe + nfca - nicd) [25] 
nfc  d -{- n iT e 

Solving  for the positive, physical ly  permiss ib le  va lue  of 
nfcd yields 

[( ) n icd  _ nlTe + n i cd  _ n,Te 2 + n icdn iTe  ] 0.5 
nfcd = 2 2 ~ J  

Since [26] 

and  

By defining 

Xfcd 

xfca = nfcd [27] 
nfcd  + "/~fTe + rbfCdTe 

nfCdTe = RiT e --  rifT e [22] 

nfc d 1 
- [ 2 8 ]  

nfc d + niT e 1 + 1 

nfcd  / 

RiTe / 

n'cd h - - -  bl = [29] 
niT e bTeJWe ' 

o n e  o b t a i n s  

nfc~ _ h -  1 

TbiT e 2 

h - 1  z h ] o.~ 

and  

[30] 

Xfc d 
1 

1 +  

1 h - 1 2  e + 1 +  K - - - - - ~  

h - l +  + K'  
2 1 +  

h + l +  + K'  
2 1 +  

bc"Jc--------~a- 1 bTeJw--------~--- 1 bweJwe 
bweJWe [_ 

2 2 
= 

0.5 [31] 

M -  

bweJWe bweJTe bweJwe 

bcdJc----- ~ - 1 bc~Jcd 1 bcdJcd + + 
2 2 

XfT e 

bTeJTe bTeJTe bweJTe 
bcdJc--+ 1 - 1 bcdJcd 

+ " + K '  2 2 1 +  

By defining 

one obtains  

bcaJcd 2jcd 

bTeJTe JWe 

2 2 

bcaJcd 
bTeJTe 

jCd - - -  - -  2 M +  1 
JTe 

0.5 [32] 

[33] 

[34] 

�9 bcdJcd bcdJcd 
bc~Jcd- + 1 bweJwe 1 bweJTe bw~ + - + 

2 2 I + K '  

Since  Eq. [19] is symmet r ica l  wi th  respect  to Xfc~ and  xfTe, 
one can  derive a s imilar  express ion  for Xfv ~ by  an  inter- 
change  of Cd and  Te subscr ip ts  
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and  

bTjT~ jre 1 

bcaJcd 2jcd 2M + 1 

2jcd 
- - + 1  
JT~ - M + 1 

2 

J T e  - - + 1  
2jcd M + 1 

2 2 M +  1 

2 M +  1 
[35] x, - 2M + ~  [40] 

[36] 

[37] 

JTe 
- -  - -  1 

2jc~ - M  
- -  - [ 3 8 ]  

2 2 M +  1 

Equa t ions  [33]-[38], in  con junc t ion  wi th  Eq. [13], [14], 
[16], and  [17], yield 

1 
x2 - - -  [39] 

2 M + 2  

1 2 

[41] 

fl [ ( 2 M +  1~'-'] 
YT~ = exp ~-~ [ \ 2-2-M---+-2] J [42] 

and  Xfcd and  XfTe expressed as funct ions  of M. 
The Nerns t  equat ions  for the electrochemical  Eq. [1] 

aad  [2] are 

R T ( a c ~ )  
Ecd = -0.403 - ~ In [43] 

\ a C d + +  

and  

ET~ = 0.551 - ~ In aT~ 4F 1og~o (e) [pH] 

[44] 

Subs t i tu t ion  of all of the above-der ived terms into the 
ind iv idua l  But ler-Volmer  Eq. [6] yields 

Jc~ = 

2 F k ~  i -~ ~r exp RT RT "jlexp[~T(2-~+2) ] 12M IM exp 2 1 7o lice I 

2 F k ~ c d  ~ ~ e x p  - - -  - [1+ ~c~ ac+,(~ + )[-2~c~;0.403)]] 

= f~ (E, M) 

Fk We[(aHweo2 + �9 am J exp [_----R-~ (E - [_----R-~ 4 ~ 3~(~ + ~ o ) [  -4F~Te o.551)] - exp [ 4F~v~ (E - 0.551)J 

J T e  

[1 + 4Fk~ ~ ~ [ -4F~T~ 0.551)]] (aHr~o2§ am3) (~~ + ~ )  exp [ ~  (E - 

�9 . . X exp 
\ TM--J~-) j 

M i x ~ +  + fl, 
2 M +  1 (2M+ 1) 1 + e x p  

2M +------~ + + fl' 
(2M+ 1) 1 + e x p  

• . . �9 

• . . . 

0 .5  

0.5 

(;~ + ~ )  

[45] 

[46] 

. . . •  1 

Fu r the r  man ipu la t ion  reduces  JTe to Eq. [47] 

~ exp [ ~ ( ~  0 . 5 5 1 ) ] -  [ 4F~Te 4FkOTe[(a~eo2~am3)(~ + ~ )  - 4 F ~ ,  . . . .  - exp L ~  (E 0.551)] 

J T e  

[l~4Fk~ ~ I4~Te 0~51]] (aH~eo~§ + ~e) exp [ _ ~  (E - 

. . . •  

[ fl ( 2 M + l ~  ~] 
exp [ ~ \ ~ ]  j 

2 M +  1 
- M  + M 2 + 

1 + exp •' 

M + I +  M 2 +  ~ ,  

1 + exp 

0.5 

0.5 

X . . . 

X . . .  

i 

=f~(E,M) [47] 
1 �9 . . X 
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Computational Algorithm 
There now exist two equations with two unknowns 

(Jcd, Jv~) for a specified E value. To solve the equations for 
the unknowns,  division of Eq. [45] by Eq. [47] is required 
to yield 

fcd(E, M) Jcd 2M + 1 
fiE, M) . . . .  [48] 

f~(E,  M) Jr~ 2 

which can be interpreted as a single equation in M for a 
specified E value or a single equation in E for a specified 
M value. 

One can iterate through E and solve for the M value re- 
quired to satisfy Eq. [48] or iterate through M and solve 
for the required E value. M can range from -1/2 to oo if 
jccd,l ~ % and will saturate at a value 

2jc,lcd 
jc,tr~ 

2 

otherwise. M = 0 corresponds to "perfect stoichiometry" 
with Jcd ~ jc,l~J2 since 

1 

1 + 1 + e x p \ ~ , j  

and 

Hence 

Ycd = exp = ~Te [50] 

a r c  d = XfcdTCd ~ a f T  e = XfTe]lTe [51] 

Once the (E, /14) points are calculated, substi tution into 
the individual Jcd and Jro equations (Eq. [45] and [47], re- 
spectively) yields Jcd, JTe, and their sum, Jtotal (neglecting 
hydrogen generation). Thus, it is possible to calculate 
curves of Jtota~ vs. E as approximations to voltammograms 
conducted with the solutions. 

Subsequently, Xfcd, Xf~e, YCd, "~We, afcd, and afT~, existing at 
the deposit surface for a given deposition potential, can 
be calculated by substi tuting M into Eq. [31], [32], (by 
replacing the current density ratios by the appropriate M 
containing term), [41], and [42], and then multiplying x t by 
7. Then X~cd~ e is obtained from 

X,cd~ e = 1 - Xfc d - x~T e [5] 

Use of Eq. [18] for YCd~e with x, and x2 defined by Eq. [39] 
and [40] yields 

afc~T~ = :~Cd~XwdT~ [52] 

At this point, all partial current densities, mole frac- 
tions, and solid-state activities are known as functions of 
deposition potential. Furthermore, fc.d and fvr can be con- 
sidered functions of acd§247 aHweO2+, T, jc,lcd jC,IT, k~ k~ 

acd, and aT,, and the effects of these parameters upon 
the current densities and stoichiometries can be also ex- 
plored. Calculated j -E and x-E curves and subsequent  in- 
terpretation and discussion will be presented in the sec- 
ond part of this sequence (49) for a representative set of 
equation parameters. 

Conclusions 
An analytical model/computational algorithm has been 

developed for the calculation of constituent current den- 
sities, mole fractions, and activities as functions of depo- 
sition potential for the electrodeposition of CdTe or other 
M,X~ compounds onto bare, inert cathodic substrates 
from solutions containing metal and nonmetal  ions. The 
model utilizes a generalized Butler-Volmer equation that 
includes the cathodic diffusion-limited current density. 
The deposit is assumed to remain in quasi-chemical equi- 
l ibrium as described by the conventional equilibrium 

constant expression and a unity mole fraction sum. An 
exponential form for the solid-state activity coefficients 
is assumed, as suggested by various "regular" solution 
models, but  this development could utilize other activity 
coefficient-mole fraction relationships. The model does 
not take into account second-order effects such as hydro- 
gen generation or impurity reduction, the possible semi- 
conducting nature of the deposit over a narrow stoichi- 
ometry range, and incomplete or slow metal-nonmetal 
reactions, but  does allow computer simulation of the elec- 
trodeposition process for metal selenides, tellurides, ar- 
senides, and antimonides and leads to several interesting 
predictions, as will be discussed in the next paper (49). 
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LIST OF SYMBOLS 

ai activity of constituent or ion i 
ao bulk ion activity 
bi reciprocal of number  of electrons required to re- 

duce ion i, defined in conjunction with Eq. [29] 
co -bulk ion concentration (mol/cm 3) 
ci ion i concentration (moYcm 3) 
D diffusion coefficient 
e electron or exponential  base 
E deposition potential 
EA activation energy, defined in Eq. [7] 
E~ reversible, open-circuit, or Nernst potential of con- 

stituent i (Cd, Te) 
E ~ standard reduction potential 
f general functional expression or final value 
F Faraday's constant 
hG ~ Gibbs'  free energy 
h dimensionless molar ratio, defined by Eq. [29] 
i general subscript variable, species, initial value in- 

dicator, or current (obvious from context) 
j~ current density of constituent i 
jc,l  diffusion-limited current density 
jo exchange current density 
k ~ fundamental  rate constant, defined in Eq. [7] 
/Co pre-exponential rate constant multiplier 
K activity equilibrium constant, defined in Eq. [4] 
K' mole fraction equilibrium, defined in Eq. [19] 
m summation or product subscript, or general metal 
M general metal, or dimensionless current ratio varia- 

ble, defined in Eq. [33] 
nL~ number  of moles of constituent i before solid-state 

reaction 
n~.~ number  of moles of consti tuent i after equil ibrium 
p chemical product indicator 
q electronic charge indicator 
r chemical reactant indicator 
R universal gas constant 
t+ transference number  
T temperature (K) 
x general stoichiometry indicator (e.g., Cd~Te) 
x~ mole fraction of consti tuent i 
x,., total (gross) mole fraction of consti tuent 1 or 2 (Cd 

or Te) 
X general Group V or VI element 
z~ number  of electrons required to reduce ion i to the 

element 
z'~ charge on ion i 
a cathodic transfer coefficient 

anodic transfer coefficient 
fl solid-state activity coefficient parameter, defined 

in Eq. [16]-[18] 
y activity coefficient 
8 diffusion layer width 
v stoichiometric coefficient 
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general summat ion  indicator  
general product  indicator  
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Ionic Electrodeposition of II-VI and III-V Compounds 
I I. Calculated Current Density and Stoichiometry vs. Deposition Potential Curves for Parameter 

Values Representative of CdTe and with One Partial Current Density Diffusion Limited 
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ABSTRACT 

This article presents the results of a computer  simulation of the kinetic model, developed in the first part of this pa- 
per for the electrodeposition of 13-15 (III-V) and 12-16 (II-VI) (notably CdTe) compounds from solutions containing redu- 
cible ions of both deposit constituents. The simulation utilized parameter values approximating those of CdTe. The cal- 
culated graphs of current density and constituent mole fractions vs. deposition potential indicated that the potential of 
perfect stoichiometry (PPS), the potential at which xcd =- xT~ and xcdre ~ 1, can lie positive of the pure cadmium Nernst 
potential (Ecd) at the sharp positive shoulder of  a nearly constant current plateau. This plateau corresponds to cadmium 
underpotential  depositing on a nearly 1:1 basis with tellurium only because of the reduction in cadmium activity associ- 
ated with compound formation. This is named conventional underpotential  deposition (CUD). n-CdTe can be deposited 
within this plateau region, but native p-CdTe can be deposited only within a very small potential range positive of the 
PPS. When the cadmium and tellurium ion concentrations are of the same order of magnitude, the PPS can be shifted 
negative of Ecd and onto the steep portion of the cadmium current curve. If the diffusion-limited current densities are 
matched so that equal molar fluxes occur at the cathode, the PPS  shifts onto the diffusion-limited, nearly-constant cur- 
rent region negative of Ecd so stoichiometric CdTe (MX) can be plated over a broad potential range. This is named 
matched diffusion-limited current (MDLC) deposition. The activity coefficient parameter, fl, has negligible effect on the 
PPS during CUD, but varies the width of the plateau region. Less negative AG~215 values shift the PPS negative and de- 
crease the plateau width. A discussion of various experimental  measurements  and differences with and similarities to 
the calculated results is also presented. 

Because of recent interest in the electrodeposition of 
electronic-grade compound semiconductor films from 
solutions of the constituent ions, and the shortage of pub- 
lished theoretical work on the subject (2-5, 14, 16, 17), the 
first part of this paper (1) presented a simple model/com- 
putational algorithm to simulate the ionic electrodeposi- 
tion of 13-15 (III-VI) and 12-16 (II-VI) compounds, notably 
CdTe, through the calculation of the cadmium and tellu- 
r ium current densities, mole fractions, and activities cor- 
responding to a given deposition potential. The present 
paper presents the results of such a computer simulation 
for parameters representative of CdTe. 

These calculated results lead to several interesting pre- 
dictions. Among these are the following. 

First is the existence of an underpotential cadmium 
current density (Jcd) plateau structure several hundred 
millivolts wide over which n-type CdTe can be plated. 

Second is the existence of a corner, at the positive 
shoulder of this plateau, which corresponds to the poten- 
tial (point) of perfect stoichiometry (PPS) at which intrin- 
sic CdTe (MX) can be plated. 

Third is the electrodeposition of native nondegenerate 
p-CdTe only over an extremely narrow range in potential 
positive of the PPS. 

Fourth is the shifting of the PPS negative of the cad- 
mium Nernst potential (E(.d) and the disappearance of the 
plateau structure for nearly equal and usually small cad- 
mium and tellurium ion concentrations (cod, cT~) and 
diffusion-limited current densities, (jc,l(,d, jC,ITo), and the 
deposition of stoichiometric CdTe by the matched diffu- 
sion-limited current (MDLC) deposition mode. 

Fifth is the lack of sensitivity of the PPS upon fl, the ac- 
tivity coefficient parameter, when the PPS lies on the 
positive shoulder of the plateau during conventional un- 
derpotential deposition (CUD). 

Representative Parameter Values and Computational 
Technique 

Table I presents the parameter values used in the calcu- 
lations discussed in the first part of this paper (1). In sev- 
eral cases, these values were derived or extrapolated from 

*Electrochemical Society Active Member. 

incomplete, questionable, o r  widely varying data and the 
kinetic parameters ko, EA,~ , and jc,l are best considered 
as only order of magnitude estimates. Reference (6) was 
useful in the determination of these representative values. 

Even though ko.~ e > ko,c d, it includes the factor (aH~) -3~Te 
and is based upon a much smaller exchange c_urrent den- 
sity than for cadmium. In both cases, a + a = 1; this 
simplifies the calculations but arc may be considerately 
smaller than 0.45 for small cathodic currents. 

The activity coefficient parameter, fl, corresponding to 
a regular solid solution model, was typically -67,800 
J/mol, an ad hoc value not too different from -12,970 
J/tool found by Jordan (13) for liquid CdTe near its freez- 
ing point, but only an estimate for fi(.~T~ which probably 
lies between -104 and -10 '~ J/mol. In conjunction with 
AG"c~T~ ~ --9.97 x 104 J/mol, the mole fraction equilibrium 
constant parameter, ~', was calculated to be fl' = f l /2-AG ~ 

6.58 x 104 J/mol. 
The jc,l values were estimated from 

ziFDiCoi 
jc,li ~ ~ [1] 

8 

However, due to uncertainty in ~, jc,l~ was taken as an 
adjustable parameter but generally "tracks" c(.d.~ or 
CHTeO2 t ,  

In addition to the rate constant equation 

k"~ = ko.i T exp [-EA,i/RT] [2] 

temperature corrections were also applied to E"i and D, 
through 

E"(,d (T) = -0.403 - 9.3 x 10 -5 (T - 298.16 K) [3] 

E')T~ (T) = 0.551 - 3.7 • 10 -4 (T - 298.16 K) [4] 

and 

D~ = D~(298.16 K) • (T/298.16 K) [5] 

The D~ correction implies that 

jc,l~ (T) ~ jc,l~ (298.16) • (T/298.16 K) [6] 

2910 
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Table I. Parameter values used in the computer simulation and 
approximately representative of cadmium, tellurium, and cadmium 

telluride 

PARAMETER VALUE UNITS 
o 4.7.10 - r  (25Oc) 

k Cd cm~-$ 

kocd 3.9"10 - r  cm -s -K 
k~Te 8.9.10-s (gSOc ) moles 

kaTe 6. 7.10-e moles 
cm'-~gC~-s-K 

13410 
EA C d, T e re--'D-I'd- 
---* 0.45 
o~Cd, re 
<l__ 0.55 
o~Cd, Te 
zcd z 
Zre 
Z~d e 
z~e i 
E Cd -0.403 V(SHE, ZS~ 

E~e 0.551 V(SHE, ZS=c) 

dE~d -9.3"/0"'3 V 
K 

dT 
d,'E " Te -3"7"10-4 ~ V 
dT K 
~CdTe -6 .  78"10 4 J 

Z~G~dT e - 9. 97.10 ~ J" 

pH ~.5 
DC d, T e ~10  -~ cm 2 (25~c) 

$ 

10-~-10-~ cm 

neg lec t ing  any possible  change  in co.~ wi th  t empera tu re  
(avoiding sa tura ted  solutions).  

The  " s t anda rd"  opera t ing  values  were  T = 25~ ac~++ = 
0.019 (ccd++= 0.1M), aHweo~+ = 2.51 X 10 -5 (CnT~O2+ ~ 2.51 • 
10-'~M), pH  = 2.5, jC,lw~ ~ 100 ~A/cm 2, jc,lcd ~ 200 m A / c m  2, 
and fl = -6.78 • 104 J /mol .  

The c o m p u t e r  p rogram was wr i t ten  in Harr is  REAL*12 
(Quadruple  Precis ion)  F O R T R A N  77 and was execu t ed  
on a Harr is  H-800 c o m p u t e r  sys tem at Arkansas  State 
Univers i ty .  In  the  root  f ind ing  routines,  the  absolute  
va lue  of  a func t ion  at a " roo t"  had  to be ~ 10-'s. 

As d iscussed  in the  first part  of  the paper,  the  p rog ram 
invo lved  f inding the  

(2jcd / 
- ~ - /  - 1 

M = [7] 
2 

va lue  that  satisfied Eq. [48] of  that  art icle (1) 

Jcd 2M + 1 fcd (E,M) 
. . . . .  f (E ,M)  [8] 

JTo 2 f~e (E,M) 

for a specif ied E value. This  was done  by s tar t ing at M = 
- 1/2 and i terat ing pos i t ive ly  th rough  M unt i l  the  root  was 
crossed,  and then  us ing  the  convent iona l  b isec t ion  
m e t h o d  to " chop"  in on the  correct  M. 

This  M value  was re inser ted  into separate  equa t ions  for 
Jcd, JT~, Jcd + JT~, x,, x2, xcd, xTr 7cd, 7T~, and ~CdTe tO calculate  
these  values.  After  this, acd = XcdTcd, aTe = XTe'~Te, XCdWe = 1 

- Xcd - XTr and acdr~ = ~CdWeXCdWe were  obtained.  At  this 
point,  the  depos i t ion  cur ren t  densi t ies  and associated de- 
posi t  surface s to ichiometr ies  were  specified as funct ions  
of  depos i t ion  potential .  

Calculated Data  and Associated Discussion 
Figure  1 exhib i t s  ca lcula ted  vo l t ammet r i c  curves  for 

var ious  tempera tures .  The  " e x p e r i m e n t a l "  pa rame te r  
va lues  used  are ind ica ted  on the  graph. The  ca thodic  cur- 

I I I I I I I I I 

400 1 

~ )  s s a , l e  K 

! ~o[- | .e . ,e~ / ~176 - -  
- l -  \ L , ,  . , .s =.=.,o'5- 

=ool-- ~ _  F-  / / /  j .< Eo~,l ,,A/=,l_._ 
l E_ (=et ,GK)  Y ~ V  / / / /  :~J 

,ooL I .d r  .. t : ,  _ 

i 

I L . / J J l  l I I i l  
o.l o.I o -o.i -o.l~ -o ~l -o.4 -o.5 

DEPOSITION VOLTAGE ( VOLTS ) ( SHE ) 
Fig. 1. Plots of total current density vs. deposition potential with 

temperature as o parameter, Note the underpotential cadmium current 
density plateau structure and sharp corner at its positive edge. This 
corner potential is the potential of perfect stoichiometry (PPS). 

rent  dens i ty  (j) increases  above  zero at the  te l lu r ium 
Nerns t  potential ,  Ere, (= 0.37V [SHE] at 25~ and in- 
creases  near ly  exponen t i a l ly  for E < Ere. After  a 0.1V po- 
tent ia l  decrease,  j ~ jve begins  to saturate  and asymptot ic-  
ally approaches  jC, lwe. Since  the " sweep  ra te"  is 
inf ini tes imal ly  slow, the  capaci t ive  cur ren t  is zero and 
there  is no peak  at the  Jre shou lder  due  to a t rans ient  de- 
crease  in CHTeO2+ at the  ca thode  surface. 

After  a fur ther  0.3-0.5V decrease  in potent ia l  a long the  
near ly  cons tant  j = JT~ ~ jc,lT~ curve, ano ther  dis t inct  in- 
crease  in j occurs  be tween  -0.1 and -0.3V. This  n e w  cur- 
rent  c o m p o n e n t  exhibi ts  an abrup t  but  cont inuous  shoul- 
der. Negat ive  of  this shou lder  exists  a cur ren t  p la teau 
wi th  a relat ively small  slope. 

This  second s t ructure  is due  to the underpo ten t ia l  elec- 
t rodepos i t ion  of c a d m i u m  caused by acd < 1 due  to 
bond ing  of  the  pla ted c a d m i u m  wi th  te l lu r ium in the 
Cd~Te depos i t  as desc r ibed  by 

[ --hG~ ] 
qco~ _ exp  = K [9] 

acdawe R T  

and 

acd + __aTe+ __acdTe = 1 [10] 
"~Cd ~Te ~CdTe 

where  acJTcd = Xcd and aTJTTe = XT~ are funct ions  o f  Jcd/J~e 
as descr ibed  by Eq. [31] and [32] of  Ref. (1). 

The sharp shoulder  at the  posi t ive  end of the  underpo-  
tent ial  Jcd p la teau  occurs  exac t ly  at the potent ia l  of  per- 
fect  s to ich iomet ry  (PPS), the  potent ia l  at wh ich  Xcd ~ x~e, 
ao,  =- aTe, XCdTe =-- acdTe ~ 1, and 2jcd ~ jve. The  P P S  for the  
r o o m  tempera tu re  curve  is -0 .300V (SHE) and is indica- 
ted  by a box  and an arrow. At the  PPS,  near ly  intr insic  
CdTe  should be p la ted  and acd = ate ------ [l/K] ~ since acdTe 
= XCdTe ~ 1. 

Within the current  dens i ty  plateau, Jcd is cont ro l led  by 
3Te; that  is, because  E > Ec~, c a d m i u m  can plate only w h e n  
it can react  wi th  te l lur ium.  Any  cadmium-r i ch  regions 
will  qu ick ly  redissolve due  to acd --~ 1, causing a large 
anodic  t e rm in Eq. [45] of  Ref. (1), the  c a d m i u m  Butler-  
V o l m e r  equat ion.  

Within the plateau,  the mater ia l  is sl ightly c a d m i u m  
r ich and cor responds  to n -CdTe  doped  by c a d m i u m  inter- 
stitial atoms. After  an approx ima te ly  0.1V decrease  in po- 
tent ia l  wi th in  the  pla teau region, the  potent ia l  is near  
e n o u g h  Ecd (-0.454V at 25~ that  the  ca thodic  exponen-  
tial t e rm in Eq.  [45] in Ref. (1) becomes  large and Jcd be- 
gins its conven t iona l  exponen t i a l  rise. At ex t r eme ly  nega- 
t ive vol tages,  it wou ld  approach  its di f fusion-l imited 
va lue  of  202.1 m A / c m  2. 

The  P P S  shifts pos i t ive ly  wi th  increas ing  t empera tu re  
(T). This, in con junc t ion  wi th  a nega t ive  shift  in Ecd wi th  
T, widens  the  plateau.  Thus,  h igher  va lues  for T widen  
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the voltage range over which CdTe can be plated as well 
as increasing the grain size. 

Figure 2 plots PPS vs. (1000/T) with the same conditions 
as for Fig. 1 except for just  slightly larger jC,IT~ = 124.0 
~A/cm ~ and jc,lc~ = 247.1 mA/cm ~. The graph is nearly lin- 
ear, indicative of the 1/RT containing terms appearing as 
arguments of the deposition voltage and rate constant 
terms 

e x p (  --2F~cd (E - RT E%d)-) 

and 

k~ = koT exp I ~ -  ] [2] 

The slight bow is due to the minor temperature depen- 
dences ofjc,lTe and E~ Precise temperature control is in- 
dicated during electrodeposition to avoid shifting of the 
PPS and the resultant increase in native doping due to 
cadmium vacancies or interstitial atoms. 

Figure 3 logarithmically plots Xcd, xTe , and XCdTe VS. dep- 
osition potential for the room temperature curve in Fig. 1. 
With a PPS of -0.300V, the "free" cadmium and tellurium 
mole fractions are very small (Xc~ ~ x~e = 1.6 x 10-~), 
equal, and changing very rapidly. XCdT~ approaches unity 
(-= 1 - 3.2 • 10-~). For E > PPS, Xc~v~ decreases and xc~ 
continues its rapid decrease, while xv~ increases rapidly 
as the deposit becomes nearly pure tellurium at -0.2V. At 
-0.27V, XT~ becomes larger than XC~T~ and indicates a 
0.03V range in which native p-CdTe is the predominant  
constituent. These rapid changes are a consequence of a 
sharply decreasing Jc~ for E > PPS in Fig. 1. 

For E < PPS, XCdTe falls off relatively slowly and re- 
mains approximately unity for 0.04V. CdTe is the domi- 
nant  deposit constituent unti l  -0.41V where xcd > xc~v~. 
Near -0.46V, Xc~ --> 1, x c ~  < 10 -~, and xv~ -~ 10 -~. The 
-0.30 to -0.34V range represents a 40 mV plateau width 
in which x c ~  > 0.97. This corresponds to the Jc~ plateau 
in Fig. 1 in which Jc~/JTe is changing relatively slowly. 
Thus, CdTe is predominant  over 0.14V. 

Figure 4 plots the logarithm of 3.11 x 10 ~ (MAX [x ,  x~] 
- 0.5) vs. deposition potential corresponding to Fig. 3. 
The ordinate is a measure of 
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for E < PPS and the same expression with Cd replaced 
by Te for E > PPS. Ai is the number  of atoms of i. These 
quantities represent a measure of the native doping den- 
sity as defined as the per volume number of atoms of 
constituent i minus the number  existing at perfect stoi- 
chiometry. Since cadmium vacancies and tellurium inter- 
stitial atoms are thermodynamically equivalent, the tellu- 
r ium excess will be a measure of the acceptor density due 
to singly ionized cadmium vacancies, and the cadmium 
excess is a measure of the cadmium interstitial donor 
density. 

Although neglecting multiple ionized vacancies and in- 
terstitials and self-compensation effects, Fig. 4 indicates 
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matic and sudden decline at the PPS. 
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that the voltages range over which nondegenerate, elec- 
tronic-quality CdTe can be electrodeposited is probably 
very narrow. The intrinsic carrier density for CdTe is ap- 
proximately 10~/cm :~ at 300 K while Fig. 4 indicates that 
the native doping density is less than 10Wcm :~ only be- 
tween -0.2997 and -0.3046V. Furthermore, the excess 
cadmium density remains less than 10~"/cm 3 over a rea- 
sonably broad 0.02V range (-0.30 to -0.32V), correspond- 
ing to the plateau, while the tellurium excess (cadmium 
deficiency) is less than 10~~ '+ over less than a millivolt 
positive of -0.29974V, the PPS. Thus, the electrodeposi- 
tion of nondegenerate native p-CdTe would be difficult 
and require extremely stringent potential control, while 
nondegenerate n-CdTe might be plated over a critical but 
controllable 5-10 mV range. 

Figure 5 shows the calculated vol tammograms as a 
function of ac~+§ The plateau width decreases with de- 
creasing aco§ and the plateau and associated abrupt 
shoulder at the PPS  disappear when ac~++ decreases to 
10 -*. As ac~++ decreases, Ec~ and the PPS become more 
negative. In fact, the PPS becomes  negative of Ec~ for 
ac~+§ = 2.56 x 10 -4 because small ac~++ do not produce 
enough underpotential  deposition to match j~.  For aco§247 
-< 10 -*, jc,lco comes on scale. 

Figures 6 and 7 exhibit  the effect of a~eo~+ upon the 
voltammograms. For large enough (a.v~o,~Caca++), no dis- 
tinct Jco plateau structure appears and the PPS is shifted 
onto the steep, nearly exponential  portion of the Jc~ plot. 
When aH~+O~+ <<  ac~+~, the j c , l~  value is sufficiently small 
that the underpotential  Jc~ can match it and shift the PPS  
positive of Ec~. 

For example, in Fig. 6, with a.T+O+~ values of 15.2 • 10 -~ 
and 4.64 • 10 -~, the PPS ' s  are both negative of Ec+ 
(-0.454V) and are on the steep portion of the Jc~ curve. In 
Fig. 7, with aHweom+ values of 1.00 x 10 -* and 2.51 x 10 -+, 
the PPS 's  have increased positive of Eco and the sharp 
inflection becomes apparent at the onset of the plateau 
structure. 

Thus, too large a (aH~+o++/ac~+) value erases the plateau 
structure, shifts the PPS onto the exponential  portion of 
the Jc~ curve, and makes the electrodeposition of elec- 
tronic-quality CdTe very difficult. Smaller (aHv,o++/acr 
values result in 2jco -= j++ being satisfied at E > Ec~, and 
the occurrence of the underpotential  Jc~ plateau within 
which a CdTe-rich deposit can be plated. This mode of bi- 
nary compound electrodeposition involving a constant, 
diffusion-limited current density for the more noble com- 
ponent, a larger concentration of the ion of the less noble 
constituent, an underpotential  current plateau, and a 
sharp shoulder (PPS) at the positive side of the plateau is 
named conventional underpotential  deposition (CUD) 
and corresponds to the Class I compounds discussed by 
Kroger (3). CUD is inherently a voltage-controlled process 
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with nondegenerate CdTe being plated only within a nar- 
row and precisely controlled voltage range about a PPS 
dependent  upon jc,ITe and temperature. For random po- 
tential variations about the PPS due to noise, shifts in the 
PPS due to temperature fluctuations and depletion of 
the tellurium ions, or the selection of a slightly incorrect 
deposition potential, the chances of depositing n-CdTe 
are much greater than depositing p-CdTe, as evidenced 
by Fig. 4. Films deposited with E > PPS would likely ex- 
hibit p-type behavior as a result of the p-nature of excess 
tellurium, rather than due to true nondegenerate p-CdTe 
(15). The most useful voltage should lie slightly positive 
of the center of the plateau where n-CdTe could be plated 
with noise immunity because  of the small Id j /dE  I value. 

Matched Diffusion-Limited Current (MDLC) Deposition 
Mode 

In Fig. 6, the PPS lies on the steep exponential  portion 
of the Jcd curve for the largest (aHTeO2~/aCd+*) values. Be- 
cause of the large ]dj/dE] and dxi /dE values at these 
PPS's ,  the electrodeposition of electronic-grade CdTe 
would be difficult and require exact knowledge and sta- 
bility of the PPS. 

However, it is also possible to electrodeposit perfectly 
stoichiometric CdTe with a vanishing dxi /dE value by in- 
creasing (a~TeO~+/acd.+) until [jc, lTjzr~] = [jc,lcJzcd] (CHTeO.++ = 
Ccd++) and then choosing a potential where Jcd ~ jc,lcd and 
JTe ~ jC,ITe. This will ensure nearly equal molar ion fluxes 
at the cathode for all potentials negative of the shoulder 
occurring when Jcd ---> jc,Ica. The advantage of this deposi- 
tion mode is that the deposit  stoichiometry (as deter- 
mined by JcJJT+) is nearly independent  of potential. 

Figure 8 is j -E plot with (a.T+O.~+/acd*+) deliberately cho- 
sen slightly less than unity. The PPS (~ -0.53V), just  pos- 
itive of the jc,lco shoulder, still corresponds to a large 
[dj /dE I value. Figure 9 logarithmically plots Xc~, x~e, and 
XC~Te VS. deposition potential for the vol tammogram of 
Fig. 8. The XCdT+ and Xcd values fall off rapidly for E > 
PPS, while XT~ rapidly approaches unity. For E < PPS, 
XC~T~ approaches the constant, voltage-independent value 
of 0.858 while xcd and xT~ approach the constant values of 
0.142 and 1.79 x 10-",  respectively. At the PPS, xcd = xT~ 
= 1.72 • 10 -6 while XCdTe ~ 1 (--= 1 -- Xcd -- IT+). 

Increasing CHTeO2+ = aHweO2 + t o  equal Cc~++ -~ ac+~+ = 1.2 x 
10-5 would increase jC,lT~ to 30.98 /+/Ucm 2 ~ 2jc,lcd assure- 
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Fig. 7. As in Fig. 6 for different aHTeO~+ values 

ing nearly equal D,. This would shift the PPS of Fig. 8 
negative of the voltammogram shoulder onto the horizon- 
tal section of the curve. A unique PPS would still exist 
but due to the nearly zero ]dj/dE I value, one could define 
a broad potential range over which XCdTe is greater than 
some number  near unity. In Fig. 9, XCdT~ would remain 
just  slightly less than unity (0.9999966 at the PPS) for all E 
< PPS. 

To maintain a small but  experimentally adjustable 
Idj/dEI value at the PPS, jc,lcJjc,IT~ could be chosen just  
slightly greater than one so that the PPS was just  nega- 
tive of the voltammogram shoulder. This would allow one 
to deposit both n- and p-CdTe over broad potential ranges 
negative and positive, respectively, of the PPS. If jc,l}~d =-- 
jc,lre, only p-CdTe could be plated; perfectly stoichiomet- 
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Fig. 8. Plot of total current density vs. deposition potential for 
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Fig. 9. Logarithmic plot of constituent mole fractions for the curve 
in Fig. 8. The cadmium telluride mole fraction does not appreciably 
decrease for potentials negative of the PPS. 

ric CdTe would occur only at E ~ -2 .  This voltage range 
expansion for both n- and p-CdTe is the advantage of hav- 
ing matched diffusion-limited currents, given the narrow 
deposition potential range corresponding to p-CdTe in 
the CUD mode (Fig. 4). 

This deposition involving small Co,i's, nearly equal and 
matched jc,li's, PPS's  negative of the metal jc,lM shoulder, 
and small ]dj/dEJ values is named the matched diffusion- 
limited current (MDLC) deposition mode. In principle, 
MDLC deposition could be used with large Co.i and jc,ll 
values, but  would be complicated by the limited solubil- 
ity of Tea ,  in aqueous solutions and the possible forma- 
tion of Te--, Te : ,  HTe- ,  or H2Te for E < -1V, as required 
to make Jcd --~ jc,lcd. MDLC can, however, be implemented 
with small ccd~ and cHweo2+ values. 

As opposed to CUD, MDLC deposition is inherently a 
current-controlled process since ]dj/dE I is very small. The 
ratio (jc,lcJjc, lT~) must  not drop below unity or n-CdTe 
will never be produced. If (jc,lcJjc,ITe) is too much greater 
than unity, the PPS will be shifted positive of the jc,l(.d 
shoulder to a region of large tdj/dEI and dx~/dE in which 
deposition of perfectly stoichiometric material would re- 
quire precise voltage control. 

Unfortunately, jc,lr and jc,l~, vary with temperature 
due to changes in Di and, more importantly, changes in 
complex dissociation (e.g., CdC1J -x) and TeO~ solubility 
with changing temperature and pH. Increasing stirring or 
cathode rotation rates (or increasing thermal convection 
currents with increasing temperature) decrease 8 at the 
cathode surface and increase both jc,lc~ and jC,tT~. Deple- 
tion of small unsaturated c,,.i with prolonged deposition 
also decreases both jc,1 values. These factors tend to" com- 
plicate effective MDLC deposition. A large volume, sta- 
tionary electrolyte at room temperature containing no ex- 
cess undissolved TeO~ or cadmium salt would be 
desirable. Potentials just  negative of the jc,lc~ shoulder 
and jc,lc~ values just  slightly greater than jc, lT~ would re- 
sult in a still small but  nonzero Idj/dE] value that would 
allow one to compensate for small drifts in the jc,l values 
by changes in the deposition potential. 

Effect of the Act iv i ty  Coef f ic ient  Parameter,  f l ,  Gibbs 
Free Energy, AG ~ , and Meta l  Standard Reduction 

Potential ,  E ~ upon the Calcula ted  Vol tammograms 
As described by Eq. [16]-[18] in Ref. (1), the activity co- 

efficients used in this model were 
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~c~ = exp I~TX~ l [12] 

and 

1 

7 ( . , v e = e x P [ 2 - ~ ( 1 - 4 x , x . , _ )  j [14] 

Figure 10 demonstrates that the PPS does not depend 
sensitively upon the activity coefficient parameter, ft. In 
fact, the PPS visually appears as the same point, and the 
total currents for E > PPS  visually coincide for all curves. 

However, fl does have a strong effect upon the Jc~ pla- 
teau for E < PPS. The apparent plateau width ranges 
from slightly greater than 0.1V for/3 = -1  J/mol to little 
more than an inflection for/3 ---- -10  ~ J/tool. Thus, the 
more "ideal" (/3 ---- 0, ~ = 1) the solid metastable Cd~.Te so- 
lution, the larger will be the potential range over which 
reasonably pure n-CdTe can be electroplated. It might be 
possible to use carefully performed voltammetric studies 
(in the absence of hydrogen or Te(-I I )  generation) to de- 
termine /3 for solid CdTe from experimental  plateau 

widths. Fortunately, if accurate ko~ and ~ are known, 
the PPS can be calculated even with large uncertainties 
in/3 and the lack of PPS dependence upon/3 implies the 
PPS ' s  insensitivity to the functional forms used for :r 
Thus, the PPS is a distinct and important quantity 
characterizing the electrodeposition of M~X1 when j• = 
jc,lx. 

Figure 11 shows the effect of the Gibb's free energy of 
formation, AG%x, for the imaginary compound M1X1 hav- 
ing the same parameter values as CdTe except  for /3, 
which was set to zero to accent the plateau structure. The 
voltammetric curves for AG o = -10 ~ and -10  ~ J/mol coin- 
cide within the resolution of the graph and possess pro- 
nounced Jc~ plateau structures with a PPS near -0.31V 
(SHE). There is substantial underpotential  cadmium dep- 
osition beginning near -0.2V because of the strong 
bonding between M and X. However, as AG ~ is positively 
increased to -10  ~ J/tool, the plateau structure disappears, 
the PPS shifts from -0.31 to -0.43V (still positive of Era, 
-0.454V), and the metal M does not begin to plate to any 
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Fig. 11. Plots of total current density vs.  deposition potential with 
AG~ the free energy of formation of compound MX, as a parame- 
ter. With small 1LIG"I, the plateau structure disappears as the two par- 
tial current densities become nearly independent. 

extent  until -0.35V. The PPS lies on the steep quasi- 
exponential  portion of the metal current curve. 

As hG ~' increases to -10 J/mol, the PPS shifts to 
-0.441V, very close to Era. There is no significant 
underpotential  deposition until E = -0.4V. The small 
]AG~ value indicates weak interconstituent bonding and 
electrodeposits more like mechanical mixtures than com- 
pounds. 

The rapid increase in equilibrium a M (equals x M for 
fl = 0) in the deposit as AG ~ changes from -105 to -104 
J/tool causes the distinct differences in the curves. The 
mole fraction equil ibrium constant [Eq. [20] in Ref. (1)] is 

X~Xx ~ - AG o =- exp ~ [15] 

For fl = 0 and T = 25~ K' is 3.30 • 1017 with AG%• = 
-105 J/tool, but is only 56.5 with hG%x = -104 J/tool. The 
much larger xM and aM with the smaller ]AG~ value result 
in a larger anodic pre-exponential multiplier in the cad- 
mium Butler-Volmer equation [Eq. [45] of Ref. (1)], thus, 
greatly diminishing the underpotential  deposition. 

Although this model  assumes that the solid-state reac- 
tion between plated cadmium and tellurium is suffi- 
ciently rapid (a rate constant approaching infinity) that 
the deposit  is always described by Eq. [9], [10], and 

a i = ~ixi [16] 

with ~ given by Eq. [12]-[14], a finite rate of reaction 
might  be phenomenologically accounted for by a less 
negative AG%ff(t), the t ime varying effective free energy. 
As plated cadmium and tellurium react toward equilib- 
rium, Xcd, Xwe , a c o  and aTe will decrease and XcdTe and aCdTe 
will increase until equil ibrium is reached. At all previous 
t imes 

1 [ -AG%f~(t) .] 
. a C d T e .  ( t)  ~ g e f f ( t  ) ~ e x p  [ 1 7 ]  
k acdaw~J RT 

where hG%f(t) drifts negatively with time and approaches 
5G o. 

Thus, the calculated vol tammograms for hG%x > -9.97 
• 104 J/mol might  approximate the behavior of experi- 
mental current-voltage curves if cadmium and tellurium 
react more slowly than assumed. As hG%f~(t) ---> +% no 
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solid-state reaction occurs and the j~ are totally indepen- 
dent. The effects of incomplete reaction between the cad- 
mium and tellurium atoms near the deposit surface in- 
clude a negative shift in the PPS and a reduction or 
disappearance of the plateau region. 

Figure 12 exhibits the effect of the metal Standard re- 
duction potential E~ upon the vol tammograms for imag- 
inary compounds with the same free energy as CdTe. If jx 
---> jc,lx at the potential where significant underpotential  
metal deposition begins to occur, the vol tammograms are 
identical except for the horizontal offset due to different 
E% values. This similarity is a consequence of hG%x = 
-9.97 • 104 J/tool being used for all three curves. Since 
only the term (E - E~ and never E alone, occurs in the 
metal Butler-Volmer equation and the pre-exponential 
multipliers depend only upon AG ~ B, ax(lv), aM++, jc,lx and 
jc,IM, and not E, the j~'s are always functions of the relative 
potential (E - E%) rather than the absolute potential E, as 
long as Jx -~ jc,lx. When Jx < jc,lx at voltages where signifi- 
cant underpotential  metal deposition can occur, as when 
E% = E%, the voltammetric structure differs from that ex- 
hibited in this paper and perfectly stoichiometric M,X,  
can be plated at voltages positive of both E~ and Ex. This 
mode of deposition is named pure underpotential  deposi- 
tion and corresponds to Class II compounds in Kroger's 
work (3). 

Figure 12 indicates that it is not necessary to have E% 
E~ to electrodeposit the stoichiometric alloy or com- 
pound, as is sometimes assumed. The underpotential  JM 
plateau-with  its small ]dj/dE I values should occur for 
most  base metal chalcogenides. CdTe should be as easy 
to plate as PbTe or SnTe. At very negative voltages where 
H~Te or H T e -  can be generated, the film growth mecha- 
nism could change to a precipitation-like reaction such as 

H2Te + Cd ~ = CdTe + 2H ~ [18] 

and change the observed voltammetric structure for 
ZnTe or MnTe electrodeposition. 

Comparison of Theoret ica l  Results with Experiment  
Other workers investigating CdTe electrodeposition 

have observed plateau-like structures in vottammograms. 
These often exhibited characteristics different from those 
of the calculated curves, probably because of the pres- 
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Fig. 12. Plots of total current density v s .  deposition potential with 
E%, the standard reduction potential of the metal in compound MX, 
as a parameter. The shapes of the curves ore independent of E% as 
long as the tellurium current density is diffusion limited. 

ence of second-order effects such as hydrogen generation 
and nonideal voltammetric characteristics of tellurium 
(multiple steps, very low transfer coefficients, and large 
overpotentials). These last factors could shift the jc,lve 
peak negative of the calculated shoulder voltage. It is pos- 
sible that, in some instances, substantial cadmium begins 
to plate before Jve becomes diffusion limited. In this case, 
to be discussed later in this sequence of articles, the 
voltammograms would not be as simple to interpret as 
those curves calculated in this paper. 

Figure 13 exhibits a voltammogram obtained by the au- 
thors with a graphite cathode in an aqueous solution (pH 
= 2.6, T = 90~ sweep rate ~ 50 mV/s) saturated in TeO~, 
0.24M in- Cd §247 and containing a graphite anode and 
Ag/AgCl reference electrode. At 25~ the potentials of the 
standard calomel (SCE) and Ag/AgCI reference electrodes 
are 0.242 and 0.222V, respectively, vs. the standard hydro- 
gen electrode (SHE). 

Near 0.1V (Ag/AgCl), a shoulder appears in the current, 
possibly due to JTe --) jc,IT~. The current (i) is nearly con- 
stant with a slight decrease for about 0.3V, and a strong 
rise and a peak occur near -0.2 and -0.35V, respectively. 
The current only slowly increases within the apparent 
plateau until icd rapidly increases near -0.7V. 

Three strong anodic peaks occur in Fig. 13. There ap- 
pears to be a correlation between these peaks and the 
three cathodic structures. The negative-most anodic peak 
is due to dissolution of cadmium metal plated at the end 
of the cathodic sweep, which, when stripped, leaves a 
CdxTe deposit. When the potential becomes sufficiently 
positive, cadmium will strip from the surface CdTe layers 
according to 

CdTe = Cd ~ + Te + 2e [19] 

thus producing the middle anodic peak and leaving a tel- 
lurium surface that is stable until the voltage reaches a 
more positive critical potential where tellurium and any 
remaining CdTe is quickly stripped. 

The above interpretation is supported by the cathodic 
photocurrent behavior of the sweeps. On the initial nega- 
tive going sweeps, photocurrents commence at the appar- 
ent underpotential icd shoulder (the middle cathodic 
wave) and remain until pure cadmium deposition begins. 
On the anodic backsweep, the cadmium dissolution peak 
appears and photocurrent reappears at the peak's positive 
foot. Photocurrent  remains strong until voltages just neg- 
ative of the center anodic peak, corresponding to CdTe 
dissolving into Cd*" and tellurium. Between the middle 
anodic peak and the large tellurium dissolution peak, 
there is negligible photocurrent. 

The photocurrent 's  sudden disappearance at the middle 
anodic peak is probably due to the transformation of re- 
maining surface layers from semiconducting CdTe to 
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Fig. 13. Experimental voltammetric data for acidic aqueous solu- 

tions of cadmium and tellurium ions and a graphite cathode. Three 
cathodic waves and three anodic peaks appear and may correspond to 
the p l a t i n g  and  d i s s o l u t i o n ,  r e s p e c t i v e l y ,  o f  t e l lur ium,  c a d m i u m  te l lu -  
ride, and cadmium. 
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quasi-metallic tellurium. The photocurrent onset on the 
shoulder of the center cathodic wave is probably due to 
the sudden onset of nondegenerate CdTe deposition (near 
the PPS). 

The apparent PPS's,  as determined from the shoulder 
of the second cathodic wave, the middle anodic peak, and 
the photocurrent onset, were in the -0.2 to -0.4V (SHE) 
range, consistent with those values calculated. Much of 
the middle cathodic wave is probably due to hydrogen 
and possibly enhanced tellurium reduction, and this is 
probably why there is such a large difference in the ap- 
parent magnitudes of iT~ and icd. Furthermore, the initial 
tellurium reduction appears sluggish, probably indicating 
transfer coefficients and rate constants smaller than as- 
sumed in the calculations. It is possible that the first 
cathodic wave is due to reduction of Te (VI) to Te (IV), as 
speculated by Bhattacharya and Rajeshwar (7) (discussed 
below), and that significant tellurium plating does not oc- 
cur until  within the second wave. However, the shoulder 
or inflection point of the middle cathodic wave is almost 
certainly the potential at which CdTe deposition com- 
mences and should be near the PPS. 

Other workers have made observations qualitatively 
substantiating the authors' analytical model. AMETEK (8) 
found that a deposition voltage of -578 mV (Ag/AgC1) led 
to electronic-grade CdTe in a solution with a temperature 
of 80~ a pH of 2, a Cd ~§ concentration of 1.2M, and a tel- 
lur ium ion concentration of 1.6 • 10-4M. The resistivity of 
the films varied from 103 to 10 ~ ~-cm as the deposition 
potential varied over less than a 20 mV range about -578 
InV. This range is consistent with Fig. 4 showing the ap- 
proximate native doping density, while -578 mV 
(Ag/AgC1) is consistent with the calculated PPS's. 

The Rockwell group (9) determined that a potential of 
-725 mV (SHE) produced near-stoichiometric CdTe in a 
1M HC1, 0.1-1M Cd §247 and 10-3M TeO~-based solution at 
temperatures from room temperature to boiling. This po- 
tential was critical with a 2-6% change in the cadmium/tel- 
lur ium ratio per millivolt change in potential noted. The 
calculated PPS with anTeO.~+ of order 10 -3 is between -0.4 
and -0.5V (SHE), qualitatively agreeing with Rockwell's 
value. Rockwell alluded to the existence of an underpo- 
tential cadmium current plateau. 

The Monosolar group (10) found that the cadmium/tel- 
lur ium ratio could be varied from 0.75 to 0.82 by varying 
the deposition potential from -300 to -700 mV (SCE). Ev- 
idently, this ratio did not exceed unity until  voltages neg- 
ative of Ecd. The high temperatures (~ 95~ probably re- 
sulted in a large TeO~ solubility that led to large values of 
j from 200 to 500 ~A/cm 2. Thus, it is reasonable that the 
PPS was negative of Ec,, consistent with Fig. 6. The 
largest CdTe grain sizes (5.7 ~m) occurred with a potential 
of -400 mV (SCE). They could not grow p-type material, 
even with arsenic, antimony, and gold acceptors, consist- 
ent with the narrow potential range calculated for 
nondegenerate p-CdTe. 

Panicker et al. (11) found that electrodeposited CdTe 
films changed from n- to p-type for potentials between 
-0.45 and -0.5V (SCE) with a solution (T = 85~ pH = 
3.4, stir rate = 160 rpm) 1.2M in Cd ~ and saturated in 
TeO2. A plateau-like region beginning between -0.4 and 
-0.5V (SCE) was observed at 25~ and various acidic 
pH's, was approximately 200 mV wide, and ended with 
the deposition of pure cadmium. The onset of the plateau 
at 25~ correlates with the n-p transition at 85~ 

Llabres (12) found an apparent PPS of -660 mV (SCE) 
for CdTe electrodeposition on stainless steel and ITO 
from a solution (T = 82~ pH = 2.0-3.5) 1M in CdSO4 and 
saturated with TeO2. Plots of bulk resistivity vs. deposi- 
tion potential indicated that the value at -0.66V (SCE) 
(-~ 2 • 105 ~-cm) was several hundreds times that at 
-0.58V (SCE) (m 5 • 102 12-cm). The potential range for 
single-phase (lacking segregated tellurium) p-CdTe elec- 
trodeposition ranged from -0.62 to -0.66V, a narrow 40 
mV range but considerably larger than that implied in 
Fig. 4. The tellurium and cadmium atomic percentages 
decreased and increased, respectively, as the cathodic po- 

tential was made more negative. Although not explicitly 
mentioned, it is likely that n-CdTe was plated over a nar- 
row range of voltages negative of-0.66V, a value close to 
ECd. 

Takahashi et al. (5) deposited CdTe from aqueous solu- 
tions 1M in CdSO4, 10-3M in TeO~, and 0.05M in H2SO4. 
They observed diffusion-limited currents with voltages 
between -0.3 and -0.65V (Ag/AgC1) and a strong current 
increase at -0.65V. A linear relationship between this lim- 
iting current and CHTeO2~ was noted, but  CCdSO 4 had little ef- 
fect. An increase in the strength of the separate tellurium 
x-ray diffraction peaks occurred for more positive poten- 
tials, and no free cadmium peaks were observed for po- 
tentials between -0.2 and -0.6V. The films transformed 
from p- to n-type at -0.45V, possibly the PPS. 

Plots of photocurrent of already deposited films vs. ap- 
plied voltage indicated that maximum photocurrent 
occurred for films deposited at -0.40V (AglAgC1). No 
photocurrents were observed for initial potentials posi- 
tive of -0.20V or negative of -0.55V. Thus, the PPS is 
probably between -0.40 and -0.45, and the range of po- 
tential corresponding to nondegenerate CdTe electrodep- 
osition is approximately 0.35V. They argue that during 
deposition of pure CdTe 

�9 6DTeFCHTeO2+ 
~total 8 

while 

[20] 

�9 4DT~FCHT~~ [21] 
~Te - 6 

where DTe is the diffusion coefficient of HTeO2% Thus, 
at perfect stoichiometry, ito~al equals 1.5iTs, as corroborated 
by the authors' current model and calculations. 

Bhattacharya and Rajeshwar (7) conducted voltammo- 
grams with plat inum microelectrodes in acidic aqueous 
solutions - 5.0 • 10-4M in TeO2. They observed a tellu- 
r ium ion reduction wave near 0.4V (SCE) and verified the 
diffusion-limited nature of iWe from the linear wave peak 
vs. (sweep rate) ~ characteristics. They attributed this 
wave to the reaction 

HTeO4- + 2H § + 2e = HTeO3- + H20 [22] 

Another reduction wave began near -0.1V (SCE) and 
peaked near -0.25V, as shown in Fig. 3 of their article. 
The current dipped slightly near -0.3V and increased 
near -0.4V, the negative end point of that particular 
sweep. Near -0.4V, a black deposit, speculated to be tel- 
lurium, was formed and was stripped near 0.55V during 
the anodic backsweep. 

CdTe films were deposited at potentials from -0.65 to 
-0.85V (SCE) (potentials probably negative of Ecd), with 
current densities ranging from 0.3 to 0.5 mA]cm 2, a pH of 
2.5-3.0, and a temperature of 40~176 from aqueous solu- 
tions 1M in CdSO4 and 10-5-10-3M in TeOz. The Cd:Te ra- 
tio for films grown on t i tanium averaged 45:55, consist- 
ent with tellurium-induced p-type conductivity in the 
as-deposited films. Annealing at ~ 600~ increased the 
Cd:Te ratio and changed the films to n-type, as corrobo- 
rated by photoelectrochemical measurements.  Addition 
of copper to the solutions and films resulted in extrinsic 
p-type conductivity (15). 

Although there are significant variations in the appar- 
ent tellurium deposition onset potential, PPS, plateau 
structure, etc., among the various workers previously dis- 
cussed, several general trends emerge. 

1. For large tellurium ion concentrations (10-4-10-3M) 
and subsequent  large jc,lve , as occur at low pH's and high 
temperatures, the apparent PPS lies very near or even 
slightly negative of Ecd (E ~ = 0.403V [SHE]). 

2. Underpotential cadmium deposition does occur, as 
evidenced by apparent PPS's  up to 200 mV positive of 
ECd. 

3. The range of deposition potential over which elec- 
tronic-grade CdTe can be plated is relatively narrow 
(20-400 mV). 
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4. The apparent tellurium deposition onset potential 
(2  Ewe ) lies negative of that predicted from the kinetic pa- 
rameters assumed in the authors' calculations, and JTe 
may not always become diffusion limited before signifi- 
cant underpotential Jcd occurs. There may exist a large 
overpotential for tellurium deposition, and the ~Te value 
may be much smaller than 0.5. The large cathodic reduc- 
tion wave that commonly occurs a few hundred millivolts 
positive of Ecd is partially due to underpotential cadmium 
deposition, as analytically predicted and substantiated by 
various microanalysis, x-ray diffraction, and photocurrent 
measurements, but is probably partially due to enhanced 
tellurium deposition and hydrogen generation. 

5. Tellurium may exist as Te (VI) and Te ( - I I )  in addi- 
tion to the Te (IV) and Te (O) assumed in the authors' 
model. 

6. Tellurium segregation does occur for sufficiently 
large Te:Cd ratios, as evidenced by x-ray diffraction data. 

7. CdTe exhibiting native p-type conductivity can be 
deposited over a reasonably broad range of potential. 
However, due to the probable existence of separate 
p-tellurium phases, it is unclear if this is due to p-CdTe or 
tellurium. 

Except for trend 6, and possibly 7, these trends are con- 
sistent with the results of the authors' model and calcula- 
tions, but  would require parameter value changes and 
model expansions to precisely incorporate. Indeed, the 
simulated voltammograms were originally intended to be 
only approximately analogous to CdTe. It would be inter- 
esting to conduct voltammograms in organic solutions of 
N-N dimethylformamide or dimethylsulfoxide, TeC14, and 
CdCl 2. TeCl 4 is extremely soluble (> 10-~M), does not un- 
dergo hydrolysis, and exists as yellow TeCl3 + and TeCl~ 
ions in these solvents. The key advantage of the organic 
baths is the absence of hydrogen generation and ion hy- 
drolysis. Thus, their use in voltammetric measurements 
should more conclusively prove the validity of the au- 
thors' model and calculations. 

Conclusions 
This paper has presented the results of a computer sim- 

ulation of the model, developed in the first part of the pa- 
per (1), corresponding approximately to CdTe (or M,X,) 
electrodeposition from solutions containing both cad- 
mium and tellurium ions in a reducible form. 

The calculated graphs lead to the following conclu- 
sions. 

1. For diffusion-limited tellurium current densities, 
there exists an underpotential  cadmium current density 
plateau over an approximately 100 mV range in potential 
which occurs because cadmium can plate at potentials 
negative of its pure element Nernst potential (Ecd) only on 
a nearly 1:1 basis with tellurium. This is because a solid- 
state reaction between the cadmium and tellurium is re- 
quired to reduce the cadmium activity enough that the 
anodic term in the cadmium Butler-Volmer equation is 
small. This activity reduction and underpotential cad- 
mium current is enhanced by more negative fl and AG%x 
values. 

2. At the sharp positive shoulder of this plateau lies the 
potential of perfect stoichiometry (PPS), where Xcd ~ xTe, 
acd ~ aTe, XCdT e ~ O~CdTe ~ 1 ,  and the material is nearly in- 
trinsic, neglecting self-compensation effects in the native 
doping. The PPS shifts positively with increasing temper- 
ature and acd++ (assuming aHTeO2+ remains constant). If 
aHTeO2+ increases with temperature due to enhanced TeO2 
solubility, the PPS may shift negatively with temperature 
due to larger tellurium diffusion-limited currents. 

This mode of deposition, involving PPS's  positive of 
the Nernst potential of the more electronegative deposit 
constituent, occurring at the positive edge of this constit- 
uent 's  current plateau, and occurring when the more no- 
ble consti tuent 's  current is diffusion limited, is named 
conventional underpotential  deposition (CUD). 

3. With CUD, cadmium-rich, n-type, and probably 
nondegenerate CdTe is deposited within a several hun- 
dred millivolt wide potential range between the PPS and 

Ecd. High resistivity p-CdTe (XCdTe > XTe ) can be deposited 
only within a very narrow potential range positive of the 
PPS. 

4. For cadmium and the tellurium ion concentrations 
(activities) sufficiently close together, the PPS may shift 
negative of Ecd and the plateau structure may disappear. 
Under these conditions, the PPS can lie on the steep, 
quasi-exponential portion of the cadmium current den- 
sity curve and cause a strong dependence of deposit mole 
fractions on deposition potential. 

5. In the CUD mode, the PPS is nearly independent  of 
;3, the activity coefficient parameter. This makes the PPS 
a key quantity for characterizing ionic MX electrodeposi- 
tion. However, less negative fl values broaden the plateau 
region, with a maximum plateau width occurring with fl 
= 0 (ideal solid solution) because less negative fl values in- 
crease ~c~ and acd and delay the onset of quasi- 
exponential  cadmium currents. The plateau width de- 
creases and the PPS shifts negatively with less negative 
AG~ values because a smaller MX equilibrium constant 
and larger free M mole fraction (activity) increase the 
anodic current density in the M Butler-Volmer equation. 

6. If the ion concentrations are very nearly equal, the 
two diffusion-limited current densities are close together, 
and the molar fluxes are equal, the PPS may shift onto 
the nearly constant current region corresponding to both 
ions being diffusion limited. In this case, the d~totall/dE 
and, hence, dxi/dE values are very small, so electronic- 
grade CdTe can be deposited over a broad potential 
range. This method of deposition is named the matched 
diffusion-limited current (MDLC) mode. 

7. Experimental voltammetric and stoichiometry vs. po- 
tential measurements by various workers have differed 
but  have shown that underpotential  cadmium deposition 
does occur with apparent PPS's  (based upon microanaly- 
sis measurements,  maximum photocurrent, or n-p transi- 
tions) in qualitative agreement with the calculated results. 
Plateaulike structures appear, but these may be experi- 
mentally complicated by hydrogen and enhanced tellu- 
r ium deposition. Careful voltammetric, composition, pho- 
tocurrent, and conductivity-type measurements should 
be performed as a function of deposition potential with 
organic solvents such as N-N dimethylformamide or 
dimethylsulfoxide containing a tellurium halide (TeC14) 
and cadmium salt. These baths should avoid hydrogen 
generation and allow large tellurium ion concentrations 
and temperatures above 100~ to be used, thus, leading to 
more general and easy-to-interpret data and better corrob- 
oration of the analytical model and calculated results. 
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Coupled Electrocatalysis and Gas Phase Diffusion in a Stabilized- 
Zirconia Tubular Flow Oxygen Pump 

L. M. Rincon-Rubio, B. C. Nguyen,* and D. M. Mason** 

Department of Chemical Engineering, Stanford University, Stanford, California 94305 

ABSTRACT 

A tubular electrochemical reactor constructed from a 10 mole percent YzO~-stabilized ZrO~ electrolyte tube with po- 
rous Au electrodes on its inner and outer surfaces was operated as an oxygen pump in the temperature range 650~176 
Gas mixtures with different 02 content were circulated through the inside cathodic wall of the tube, where 02 was 
electrochemically reduced and pumped out through the outer anodic wall of the tube to an annular chamber. The 
current-overpotential behavior of the cell was found to be dominated by catalytic rate processes at the cathode. The 
electrochemical kinetics can be described by a modified Butler-Volmer expression. The behavior of the tubular flow 
reactor in the integral mode of operation was studied by numerically solving the convective-diffusion equation of 
change for 02 molecules in the gas phase, incorporating both radial and axial diffusion and electrochemical reaction on 
the tube wall. The finite-difference method of successive over-relaxation was used to solve the governing mass:transfer 
equation. When the axial change in O~ concentration at the tube wall is accounted for, the computed integrated currents 
agree very well with the experimentally measured values, allowing the prediction of total ionic current and fractional 
reactant conversion for a given set of flow and physical variables. Under  certain conditions, axial diffusion is found to 
be quite pronounced, with concentration disturbances penetrating the region well upstream of the inlet to the reaction 
zone (~ = 0), and significantly decreasing the 02 concentrations at ~ = 0 from values in the entering feed stream. 

There has been considerable interest in recent years in 
employing solid-oxide electrolytes in practical devices 
such as oxygen sensors, oxygen pumps, electrolysis cells, 
and fuel cells. Among the oxygen anion conductors, those 
compounds based on ZrO2 with the fluorite structure, so- 
called stabilized ZrO2, have been the most widely investi- 
gated (1, 2). The ionic conduction is due to the migration 
of oxygen ions via a vacancy mechanism. The vacancies 
involved are oxygen vacancies, Vo% with an effective 
charge of +2, which are created in order to preserve the 
electrical neutrality of the solids when ZrO2 is doped with 
metal oxides containing cations with valence lower than 
+4, such as CaO, MgO, Y2Oa, or Sc203 (3, 4). In all these de- 
vices, a region of solid stabilized ZrO2 of a particular de- 
sired geometry is used to separate a pair of compartments  
containing gases with different 02 activities. In most 
cases, metals such as Ag, Au, Pd, or Pt are employed as 
electrodes. At equilibrium, there is no current flowing 
through the cell and the theoretical open-circuit potential 
of the cell is given by the Nernst equation, which for a 
predominantly ionic conductor  can be writ ten as 

RT Po2 I~ 
Eo = ~ in Po2' [1] 

where 4 is the total number  of electrons transferred in 
this particular electrode reaction involving 02. 

When a stabilized ZrO2 electrochemical cell is operating 
as an oxygen pump, 02 can be removed from gas mix- 
tures at any predetermined rates by applying an appropri- 
ate external voltage to the cell. As a result of a finite cur- 
rent I circulating through the closed circuit, the cell 
potential E needed to drive the system is increased above 
the theoretical value, Eo, because of potential losses asso- 
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ciated with ohmic resistance of the electrolyte and elec- 
trodes and also with nonohmic rate processes such as 
charge transfer, adsorption, slow gas phase and]or surface 
diffusion of reactants or products. In order to increase 
cell efficiencies, it is necessary to identify the major 
sources of these so-called polarization overpotentials and 
to determine the functional relationship between over- 
potential and current density. Electrode polarization phe- 
nomena in these solid oxide electrolyte cells are strongly 
influenced by factors such as gas composition, tempera- 
ture and total current, electrode morphology, adsorption 
of reactants and]or products on the solid electrolyte 
and/or on the electrode. In recent years, even though 
significant progress has been made in the field of elec- 
trode kinetics, it is still very difficult in the case of ZrO2- 
stabilized cells to derive unambiguous general current- 
overpotential relationships for a particular reacting 
system. 

The reduction of O2 which takes place at the cathode of 
a stabilized ZrO2 electrochemical cell involves species 
from three different phases and the overall reaction can 
be written 

1/2 O2(g) + 2e-(Metal) + Vo(zr02) O0 = Oo(zrO2) x [2] 

A variety of physical-chemical processes have been pro- 
posed as rate-determining steps for the above reaction, in- 
cluding diffusion of 02 through the electrode (5), dissocia- 
tion of 02 or electron transfer (6), surface diffusion of 
adsorbed O on ZrO2 (7), mass transport in the gas phase 
(8, 9), electronation of 02 (10), surface diffusion of ad- 
sorbed O on the metal electrode (11, 12), and gaseous dif- 
fusion in electrode pores (13). Much of the disagreement 
among the investigators is found actually to arise due to 
differences in electrode morphology, operating condi- 
tions, and cell geometries. Recently, the effects of elec- 
trode morphology (11, 14), electrode particle size, and 
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type of electrolyte on the nature of the electrode polariza- 
tion have been emphasized (15, 16). 

Cell geometries employed in most of the previous stud- 
ies have not been amenable to analysis employing fluid 
mechanics theory, and in cases where gas phase diffusion 
has arisen as the rate-determining step a simple linear 
driving force relationship of the type below has been used 

i Dj 
n F -  6 (Cjb- Cj~) [3] 

where i is the current density, n is the total number  of 
electrons transferred in the reaction, F the Faraday con- 
stant, Dj is the effective diffusion coefficient of species j 
in the gas phase, 6 is the thickness of the diffusion layer 
next to a solid surface, and Cjb and Cj~ represent the con- 
centration of species j in the bulk and at the electrode sur- 
face, respectively (17, 18). This so-called lumped mass- 
transfer model is useful in correlating data in complicated 
geometries not amenable to analytical attack. With the 
simple tubular geometry under consideration, the gas 
phase diffusion process near the electrode/electrolyte sur- 
face can be more exactly described by the distributed 
mass-transfer model (19) 

i _ D aCj 
nF J-~Y ~=0 [4] 

where (aC]Oy)lu=o represents the concentration gradient 
of species j at the electrode/electrolyte surface. The value 
of this gradient is obtained either by solving the convec- 
tive mass-transfer equation for component j for the entire 
cell or by using empirical mass-transfer correlations if 
available for the given cell geometry. Most previous stud- 
ies have been devoted to unraveling the complicated ki- 
netics occurring in solid-oxide electrolyte reactors. No 
study has been made of the effects of combined fluid me- 
chanics and electrochemical kinetics on the optimal de- 
sign and operating conditions of cells in practical devices. 

A tubular cell was constructed and operated as an oxy- 
gen pump, both in a differential mode to study electro- 
chemical kinetics, and then in an integral mode to obtain 
the high conversion data encountered in practice. The 
analysis of the experimental  results obtained for the cath- 
odic reduction of 02 on porous Au electrodes have been 
presented elsewhere (20). For high inlet 02 concentration 
(Po2 > 9.9 x 10 -'~ atm), the current-overpotential data were 
correlated with a modified Butler-Volmer expression 

3 F~c 1 F ~  

I = I  .. . .  [e2 RT _ e  2 RT] [5] 

where Io~p is an apparent exchange current density which 
is only a function of temperature and inlet Po2 and *}c is 
the cathodic overpotential assumed to be constant over 
the whole electrode surface. When Po2 < 1.0 x 10 -3 atm, 
the experimental  results no longer obey Eq. [5]. In the re- 
gion of low Po2, the cell was found to operate as an inte- 
gral reactor with high overall conversion (20). The de- 
crease in the 02 wall concentration along the length of the 
cell reduced the gas phase mass-transfer rates as well as 
the reaction rates. Correspondingly, there was a large de- 
crease in Io~,p with downstream position which is not ac- 
counted for by Eq. [5]. The purpose of this paper is to in- 
vestigate whether Eq. [5] can be employed as a boundary 
condition in a more general convective-diffusion model  to 
correlate the experimental  data in the region of low Po2. 
The mathematical  equations derived from this model 
were solved numerically using the method of successive 
over-relaxation (SOR). It is hoped that the results ob- 
tained here with the relatively simple OJAr system will 
permit  a better understanding of the dynamic behavior of 
other chemical systems such as hydrocarbon gas mix- 
tures reacting in a tubular solid-electrolyte fuel cell 
reactor. 

Theory  
Convective-dif fusion equat ion and  boundary  condi- 

t ions . - -The  combined effects of gas phase mass-transfer 

I \ \ \ \ ~  \ \ \ ~ \ \ \  \ \ \ \  \ ~ . \  \ \ \ \ \ \ \ \ .  \ \ \ \ \ \ r  

L 

Fig. 1. Tubular flow geometry 

and electrochemical kinetics on the 02 concentration 
profiles and overall conversions were investigated for 
different operating variables. The tubular stabilized- 
zirconia cell employed in the present study is schemati- 
cally shown in Fig. 1. It is assumed that gas mixtures of 
initial oxygen composition CF flow through the inner tu- 
bular chamber of the reactor with a fully developed lami- 
nar velocity profile V(z). Furthermore, it is assumed that 
the flow is incompressible and isothermal. Oxygen mole- 
cules diffuse from the bulk gas phase to the tube wall, 
where they undergo an electrochemical reaction at a rate 
given by a modified form of Eq. [5] 

3 F ~  1 F~r 

i(~) : g ( ~  01/2(~, P)[p=1 [e  2 RT _ e 2 RT] [6] 

where p = r/Ro, ~ = Z/RoNpe , 0 = C/CF, F is Faraday con- 
stant, and Npe is the Peclet number, defined as Npe = 
Ro<V>/D with Ro the tube radius, <V> the average flow 
velocity, and D the diffusion coefficient of 02. In Eq. [6], 
the local current density i(~) is a function of ~ and the di- 
mensionless 02 concentration 0((, p) is allowed to vary 
with both ~ and p inside the reactor, with 01p=l being its 
value at the tube wall at a given axial position ~. More- 
over, K(T) is the experimentally determined rate constant 
defined as K(T) = A(T)*PF, where P~ is the partial pressure 
of O2 in the feed stream; the values of A(T) are given in 
Table II. At steady state, the convective-diffusion equa- 
tion for gaseous O2 can be written in dimensionless form 
a s  

a0 020 1 00 1 020 
( l - p 2 )  - - -  + - - - - +  - - - -  [ 7 ]  

O~ 0p  2 p a p  Np2 @2 

The boundary conditions for Eq. [7] and the matching 
conditions at ~ = O are 

---> -oo for all p 0 = 1 [8a] 

0 o < ~ < O  f o r p = 0  --00 = 0  [8b] 
Op 

Table I. Experimental values of the constantA(T) 
used in the expression for current density (Eq. [6]) 

Temperature (K) A (Alatm "~) 

1123 4.17 x 10 -2 
1023 1.39 x 10 -2 
923 4.92 x 10 -3 

Table II. Comparison of dimensionless concentration 0 obtained 
for three different grid configurations using the SOR scheme with the 
semianolytical results from Ref. (30). The following parameters were 
used: Npe = 10; dimensionless heterogeneous reaction rate constant = 

10; dimensionless homogeneous reaction rate constant = 1 

Grid 
configuration Relative 
(This work) N M 0~=0 0~=,.12~ CPU time 

(2:1) 21 21 0 .7844  0.1559 0.70 
(4:1) 21 21 0 .7714 0.1484 1.00 
(4:1) 21 21 0 .7714 0.1484 1.00 
(4:2) 21 21 0 .7714  0.1484 1.11 
(4:1) 21 21 0 .7714 0.1484 1.00 
(4:1) 31 21 0 .7715  0.1483 2.26 
(4:1) 21 21 0 .7714  0.1484 1.00 
(4:1) 21 31 0 .7716 0.1483 2.20 

Dang(30) - -  --  0 .7719  0.1488 --  
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aO 
for p = 1 ~ = 0 [8c] 

Op 

L oO 
0 < ~ : < - -  fo rp  = 0  - - = 0  [Sd] 

RoNpe ap 

a0 - R o  i (~)  
forp  = 1 - - - - -  [8el 

ap CFD 4F 

L aO 
- - -  for all p - -  --* 0 [8f] 

RoNpe a~ 

= 0 0 --* continuous [Sg] 

a0 
- -  -* continuous [8h] 

Boundary condition [8a] states that far upstream from the 
reactor entrance, the O~ concentration is uniform (C = CF), 
whereas boundary condition [8f] is a simplifying approxi- 
mation which has been shown to be valid for any finite 
value of the mass diffusivity particularly when the con- 
centration gradients in the radial direction are not ex- 
tremely large anticipating the results, as seen in Fig. 3b, 
4b, and 5b (21). That a0/a~ approaches zero at ~ = L/RoNp ~ 
(or z = L) is borne out by the behavior depicted in Fig. 3a, 
4a, and 5a. 

In order to evaluate the point-to-point change in the O2 
concentration at the tube wall, Eq. [7] must be solved to- 
gether with boundary conditions Eq. [8a]-[8h]. The values 
of the wall O3 concentration thus obtained can then be in- 
t roduced into Eq. [6] to evaluate i(~) as a function of 
a long  the reactor. The total ionic current can be calcu- 
lated according to 

2~r RoL ]~:LmoNP~(~) d~ [9] 

RoNpe 
where L is the active cell length of the Au electrodes. If 
Eq. [6] is valid, then the computed values of I should 
agree with the measured values of the current circulating 
through the cell at steady state. The radially averaged 
bulk or mixing cup O2 concentration at any given axial 
position is calculated in accordance with 

f~ o 2~-rvC(z, r) dr  

CA~(Z) = o [10] 
f 2~rrv dr  

which reduces for the case of fully developed laminar 
flow to 

/: 0Av(~) = p (1 - p 3) 0(r p) dp [11] 

N u m e r i c a l  m e t h o d s . - - T h e  behavior of tubular reactors 
with catalytic walls in which chemical reaction as well as 
diffusion processes play important  roles has been the 
subject of many investigations. Previous investigators 
have made simplifying assumptions such as neglecting 
the effect of axial diffusion (22-25) to facilitate the mathe- 
matical analysis of the problem, and the solutions have 
generally been given in terms of orthogonal eigenfunction 
expansions (24, 26-27). However, in the present case as 
well as other important situations in electrochemistry, the 
mass diffusivity is large and the axial velocity is low. Un- 
der solid-electrolyte working temperatures (600~176 
mass diffusivities are high and ignoring axial diffusion 
leads to incorrect solutions to the problem, especially 
near the entrance of the reactor. On the other hand, the 
inclusion of an axial-diffusion term changes the nature of 
the governing equations from parabolic to elliptic type. 
Walker (28) studied the tubular-reactor problem with ax- 
ial diffusion and first-order homogeneous and heteroge- 
neous reactions and obtained asymptotic results for the 
far downstream region. Dang (29-30) presented an exact 
analysis of a similar problem for the entire domain - ~  < z 

< o~. In this analysis, the eigenvalues and eigenfunctions 
in the upstream region (z < 0) and positive downstream 
(z > 0) region are first obtained separately and then both 
solutions are matched at the reactor entrance z = 0. It has 
been shown that, for the case of a first-order heterogene- 
ous reaction, the error arising in the inlet dimensionless 
concentrations if axial diffusion is not included can be as 
large as 50% for small Npe , and with the error increasing 
when either Npe decreases or the heterogeneous reaction 
rate constant increases (29). When the heterogeneous rate 
expressions are not first order, boundary condition [8el 
becomes nonlinear, and one usually has to resort to nu- 
merical methods in order to obtain complete solutions to 
the problem. Because of the simple geometry of a tubular 
reactor, finite-difference schemes have been used in the 
past to analyze heat- or mass-transfer problems in such 
systems. Cleland and Wilhelm (25) used a finite-dif- 
ference approach to study diffusion and reaction in a 
Viscous-flow reactor but did not consider axial diffusion. 
Poirier (31) used a similar technique to extend the results 
of Cleland to second-order reactions. In the field of heat 
transfer, investigators have frequently used numerical 
techniques to approximate solutions to the classical 
Graetz problem with constant wall temperature and uni- 
form heat-flux density boundary conditions (32-33). 

In the present work, first and second derivatives are 
approximated by central difference operators resulting in 
a leading error of the order of (h~) '~ and (hp)2 for deriva- 
tives in the axial and radial direction, respectively (34). 
The finite difference equation corresponding to Eq. [7] is 

[1 - ( j  - 1)3(hpy] 0i+,z - 0i_,.j _ Oi,j+l - 20ij + Oiz-, 
2A~ (hp) 3 

1 Oiz+, - -  O i , j - -1  1 0~+~ z - 20~,j + O . z  + [12] (j - 1)hp 2hp Np~ 3 (h~) 2 

where O~j is the dimensionless 02 concentration at the (i, j) 
mesh point with i = 1, 2 , . . . ,  M and j = 1, 2 , . . . ,  N. Due to 
the elliptic nature of Eq. [7], boundary conditions are as- 
signed around the complete domain of integration. As a 
result, it is not possible to use a simple marching proce- 
dure to obtain the solution. Therefore, the large system of 
equations that arises after applying Eq. [12] at every mesh 
point has to be solved simultaneously. Fortunately, the 
number  of zero elements in the coefficient matrix associ- 
ated with this system of equations is much greater than 
the number  of nonzero elements. For this type of matrix, 
iterative methods of solution are in general found to be 
more efficient than direct methods, since no computa- 
tion is required with zero coefficients and considerably 
fewer numbers need to be stored in the computer  (34-36). 
It is convenient when working with iterative methods to 
express the finite-difference equation [12] in the form of 
a five-point difference equation (34) 

1 
0i,j = ~ [B~6~,j+, + C # , , j  + D~Oij-, + E # , j  [13] 

with 

2 2 
A~ = A = + - -  

(Ap)2 Nee2(h~)2 

1 1 
B j -  + 

(hp)2 2(j - l)(ip)2 

1 1 - ( / -  1)~(~p) ~ 
C j -  + 

Npe 3 (A~) e 2A~ 

D~ 1 1 

~p~ 2~ - 1)(Ap} 

Npj(ar 2ar 
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Fig. 2. A: Grid configuration (2:1): two axial zones and one radial 
zone. B: Grid configuration (4:1): four axial zones and one radial 
zone. C: Grid configuration (4:2): four axial zones and two radial 
zones. D: Details of the rectangular grids used in the numerical com- 
putations. 

The three  grid conf igura t ions  which  were  used  in this 
s tudy are schemat ica l ly  shown  in Fig. 2a-2c. Each of  the 
axial  regions conta ins  M • N m e s h  points,  whe re  N is the  
n u m b e r  of  points  a long the  radial  direct ion and M is the  
n u m b e r  of  points  in the  axial  d i rect ion as shown in Fig. 
2d. For  all internal  points,  Eq. [13] is applicable.  The  
equa t ions  desc r ib ing  the  points  at the  boundar ies  of  each 
region are obta ined  by c o m b i n i n g  Eq. [13] wi th  the  appro- 
pr iate  bounda ry  condi t ions  Eq. [8a]-[8f] as shown in the 
Append ix .  A F O R T R A N  c o m p u t e r  p rogram based on the 
SOR m e t h o d  toge ther  wi th  a ten-step N e w t o n  lineariza- 
t ion loop (34, 35) was  wr i t ten  to solve the  resul t ing  sys tem 
of nonl inear  algebraic  equat ions .  The a lgor i thm for the  
SOR scheme  can be  wr i t ten  for internal  m e s h  points  as 

O~z(.+~) = A[Bj0~z+?") + CjO..~ ('+1) 

+ Dfl.~-i ("+11 + Ej• - (W - 1 ) 0 J  ~ [14] 

w h e n  n represen ts  the  p rev ious  n th i terat ive step and the 
express ion  in square  bracke ts  is seen  to con ta in  some  
te rms  calculated earl ier  in the  present  (n + 1) t~ i terat ion 
and W is the  accelera t ion  paramete r  charac ter i s t ic  of  the 
SOR method ,  usual ly  in the  range 1 < W < 2. The  numer-  
ical p rocedure  invo lved  a s suming  initial va lues  of the 
concent ra t ion  at all m e s h  points,  usual ly  0.90 for 0 in the 
reg ion  ~ < 0 and 0.10 for t~ in the  region ~ > 0. These  initial 
guess  values  were  t h e n  i tera t ively  i m p r o v e d  wi th  Eq. [13] 
and Eq. [A-1]-[A-11] unt i l  the  dif ference in the  d imension-  
less concent ra t ions  b e t w e e n  success ive  approximat ion 's  
r eached  a t e rmina t ion  condit ion.  The cr i ter ion used  for 
t e rmina t ing  the  compu ta t i on  was 

[ I o U  '<+" - o,~">1', + Io,~.+1), - O,j(")iqj < 10 -5  [15 ]  
i=] j=l 

Exper imenta l  Procedures 

The reactor  was cons t ruc ted  wi th  a 10 mole  percen t  
Y.,O3-stabilized ZrO~ tube  (15 cm long and 2.5 cm od). 
Working and reference  Au e lec t rodes  were  m a d e  f rom un- 
f luxed Enge lha rd  gold pas te  no. A-3156. The  work ing  
e lec t rodes  (10 cm long) have  a superficial  area of  80 cm'-' 
and  an average  th ickness  of  5-8 t~m. All expe r imen ta l  runs 
were  carr ied out  at a tmospher ic  pressure  and in the  tem- 
pera tu re  range 650~176 Certified s tandard  O J A r  mix-  
tures  and research-grade  O., f rom Matheson  were  used. 
The  cell  was opera ted  as an oxygen  p u m p  in wh ich  O~ 
mix tu res  c i rcula ted in the  inner  chambe r  and air circu- 
la ted in the  outer  chamber .  In  order  to avoid  r educ ing  the  
zirconia electrolyte,  the  ex te rna l  vol tage appl ied  to the  
cell  neve r  exceeded  1.5V. Addi t iona l  details r egard ing  the 
appara tus  and procedures  are g iven  e l sewhere  (20). 

Numer ica l  Results and Discussion 
In  order  to check  the  accuracy of  the numer ica l  

scheme,  the F O R T R A N  c o m p u t e r  p rog ram was em- 
p loyed  to inves t iga te  a s imi lar  mass- t ransfer  p rob lem 
which  involves  a s imple  first-order he te rogeneous  reac- 
t ion at the  tube  wall  as well  as a first-order h o m o g e n e o u s  
reaction.  The numer ica l  resul ts  obta ined  for the  dimen-  
sionless oxygen  concen t ra t ion  0 at the  reac tor  en t rance  
(~ = 0) and at the  reactor  out le t  (~ = 1.125) are then  com- 
pared  wi th  semianalyt ical  resul ts  avai lable  in the  litera- 
ture  (30). Three  different  grid conf igurat ions  were  tes ted  
as dep ic ted  in Fig. 2a-2c, and the  resul ts  are g iven  in 
Table  II. As expec ted ,  subd iv id ing  the  basic 
conf igura t ion  into four  axial  regions (4:1) increased  the  
c o m p u t i n g  t ime  as c o m p a r e d  wi th  two axial  regions  (2:1), 
but  the  accuracy  was s ignif icant ly i m p r o v e d  as a resul t  
of  a f iner m e s h  size a round  ~ = 0 where  a step change  oc- 
curs  in the  wall  bounda ry  condit ion.  Fu r the r  subdiv is ion  
into two radial  regions  wi th  finer step size near  the  wall  
(4:2) increased  the  c o m p u t i n g  t ime  but  did not  considera-  
bly improve  the accuracy  of  the solution. The  grid 
conf igura t ion  (4:1) wi th  four  axial  zones and one radial  
zone was thus  chosen  on  this  basis for all s t andard  runs. 
Dif ferent  radial  s tep sizes were  tes ted wi th  this grid 
configurat ion.  As shown in Table  II, increas ing  the  num- 
ber  of  radial  or axial  s teps f rom 2 to 3 m o r e  than  doubled  
the  c o m p u t i n g  t ime  bu t  did not  improve  the  solut ion 
significantly.  Based  on these  results,  va lues  of  M = 21 
and N = 21 were  used  t h roughou t  this work.  

Comple t e  concent ra t ion  profi les were  obta ined  for ex- 
pe r imenta l  condi t ions  wi th  Pec le t  number s  ranging  f rom 
1 to 20, t empera tu re s  f rom 050 ~ to 850~ O~ feed concen-  
t rat ions f rom 0.009 to 21 v o l u m e  pe rcen t  (v/o), and cath- 
odic overpotent ia ls  f rom 50 to 1000 mV. Over-re laxat ion 
parameters  in the  range  1.7-1.9 were  found to be the mos t  
appropria te ,  wi th  the  larger  va lues  co r respond ing  to runs  
wi th  Pec le t  number s  Nv~ < 2. For  h igher  Np~, smal ler  re- 
laxat ion parameters  had  to be  used  in order  to avoid  di- 
ve rgence  or oscil lat ions in the  rate of  conve rgence  Q 

~ [ Io, .P '+'> - o , .?" l '  + Io, . i  "+'> - oU"I"] 
Q -  ' ~ [16] 

E ~, [Io,.i"' - o,,?'~-x)lI + Io,.? '`) - o . p " ) l  I ' ]  
t j 
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Fig. 3. a(top left): Dimensionless overage oxygen concentration vs .  

axial position with Peclet number as o variable. (T = 850~ ~/c = 
700 mV, CF = 0 .009 v/o. b(obove): Dimensionless oxygen concentra- 
tion vs .  dimensionless radial position a t Z  = 0 (solid curves) and Z = 
L (dashed curves) with Peclet number as a variable. (T = 850~ 7/c = 
700 mV, CF = 0 .009  v/o). c(left): Dimensionless local ionic current 
v s .  axial position with Peclet number as a variable. (T = 850~ v/~ = 
700 mV, CF = 0 .009 v/o). 

By c h o o s i n g  the  a p p r o p r i a t e  va lue  of W, t he  ra te  of con- 
v e r g e n c e  Q was  s ign i f i can t ly  i m p r o v e d  a n d  t he  to ta l  
n u m b e r  o f  i t e ra t ions  n e c e s s a r y  to  r e a c h  t h e  t e r m i n a t i o n  
c o n d i t i o n  Eq. [15] was  r e d u c e d  to a b o u t  o n e - q u a r t e r  of  
t h o s e  n e c e s s a r y  w h e n  W = 1, w h i c h  c o r r e s p o n d s  to t he  
G a u s s - S e i d e l  i t e ra t ive  s cheme .  T he  ra te  of c o n v e r g e n c e  
i n c r e a s e d  w i t h  i n c r e a s i n g  Nee a n d  Vc. In  t he  first  case, t he  
fas te r  c o n v e r g e n c e  was  r e l a t ed  to a smal le r  d i m e n s i o n l e s s  
axia l  s tep  size, w h i l e  i n c r e a s i n g  Ve r e s u l t e d  in a l a rger  
c o n c e n t r a t i o n  g r a d i e n t  at  t h e  wall.  I n  general ,  t h e  n u m b e r  
of  i t e r a t ions  r e q u i r e d  for  t e r m i n a t i o n  r a n g e d  f rom a b o u t  
150 for  Npe = 20, h i g h  ~c a n d  CF = 0.009 v/o to a b o u t  5000 
for  Nee = 1, low re, a n d  C~ = 21 v/o. T he  local  ionic  cur- 
r e n t s  are ca lcu la ted  a c c o r d i n g  to Eq.  [6]; S i m p s o n ' s  ru le  
for i n t e g r a t i o n  was  u s e d  to eva lua t e  t he  a v e r a g e d  b u l k  
c o n c e n t r a t i o n s  a c c o r d i n g  to Eq.  [11]. 

As  expec ted ,  t h e  s h a p e  of  the  c o n c e n t r a t i o n  prof i les  
was  h i g h l y  i n f luenced  b y  t he  m a g n i t u d e  of  Np~ as s h o w n  
in  Fig. 3a. As t he  c o n v e c t i v e  veloci ty ,  a n d  t h u s  Np~, de- 
creases ,  b a c k m i x i n g  i n c r e a s e s  owing  to t he  effect  of  axial  
d i f fus ion  p e n e t r a t i n g  f u r t h e r  in to  t h e  r eg ion  u p s t r e a m  
f rom t h e  r eac to r  e n t r a n c e  c a u s i n g  t he  d i m e n s i o n l e s s  aver-  
age c o n c e n t r a t i o n  at  ~ = 0 to d e p a r t  s ign i f i can t ly  f rom 
un i ty .  As s e e n  in  Fig. 3b, w h e n  Npe decreases ,  t h e  radia l  
c o n c e n t r a t i o n  prof i les  b e c o m e  s o m e w h a t  f la t ter  dfie to 
t he  i n c r e a s i n g  i m p o r t a n c e  of  t he  m i x i n g  ef fec t  of  rad ia l  
d i f fus ion .  The  e x p e c t e d  dec rea se  in t he  local  ionic-  

c u r r e n t  ra t io  f lowing  t h r o u g h  t he  e lec t ro ly te  as a func-  
t ion  of  axia l  pos i t i on  is e v i d e n t  in Fig. 3c for d i f f e ren t  Npe. 

T h e  c o n c e n t r a t i o n  a n d  c u r r e n t  prof i les  o b t a i n e d  for  
d i f f e ren t  in le t  02 c o n c e n t r a t i o n s  CF is s h o w n  in  Fig. 4a-4c. 
F o r  a g i v e n  Vc, t h e  ave rage  a m o u n t  of  02 t h a t  r eac t s  at  t he  
wal l  re la t ive  to t he  c o n c e n t r a t i o n  in t he  feed  CF inc rea se s  
w i t h  d e c r e a s i n g  C~, t e n d i n g  to i nc rease  t he  effect  of  axia l  
d i f fus ion  as s een  in  Fig. 4a. F r o m  Fig. 4b, it c an  b e  s een  
t h a t  t he  rad ia l  c o n c e n t r a t i o n  profi les  b e c o m e  s t eepe r  at  
l ower  va lues  of  CF as wel l  as f la t ter  d o w n s t r e a m  f r o m  the  
e n t r a n c e  b e c a u s e  of t he  ef fec t  of c o n v e c t i v e  m a s s  t rans -  
port .  T h e  e x p e c t e d  d e c r e a s e  in  i(~) w i t h  axia l  pos i t i on  is 
s h o w n  in Fig. 4c for d i f f e ren t  CF, a n d  t he  g r o w i n g  impor -  
t a n c e  of  t h e  e l e c t r o c h e m i c a l  r eac t i on  at  t he  wal l  is e v i d e n t  
at  l ower  c o n c e n t r a t i o n s .  

T h e  in f luence  of t he  o v e r p o t e n t i a l  ~?c u p o n  t he  concen -  
t r a t i o n  prof i les  is s h o w n  in  Fig. 5a-5b. A n  inc rease  in  ~r 
causes  a s igni f icant  i n c r e a s e  in  t he  e lec t r ica l  d r iv ing  
force  t e r ra  of  t he  ra te  e x p r e s s i o n  Eq. [6] in  s u c h  a way  
t h a t  t he  r eac t ion  ra tes  at  t he  wal l  b e c o m e  m u c h  h igher .  
As s een  in Fig. 5a, th i s  i nc r ea se  in t h e  r e a c t i o n  ra tes  
causes  b a c k m i x i n g  to b e c o m e  m o r e  p r o n o u n c e d ,  w i t h  t he  
O~ c o n c e n t r a t i o n s  at  ~ = 0 d e v i a t i n g  f u r t h e r  f r o m  u n i t y  as 
~c is inc reased .  The  overa l l  c o n v e r s i o n s  also i n c r e a s e  w i t h  
i n c r e a s i n g  ~c in  s u c h  a way  tha t ,  i n  two  cases,  c o n v e r s i o n s  
on  t he  o rde r  of  99.99% are a t t a i n e d  at  m o d e r a t e  va lues  of 
Vc, as s e e n  in  Fig. 5a. In  t h e s e  cases,  f u r t h e r  i nc r ea se s  in  
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~c do not lead to an appreciable increase in the overall 
conversion and the calculated total currents approach 
limiting values. These limiting values of current corre- 
spond to the current plateaus experimentally ob- 
served at low Po2 (20). Figure 5b shows that as nr is in- 
creased the radial concentration profiles become steeper, 
owing to the presence of a high slope of concentration at 
the wall and the high reaction rate (see Eq. [4]). 

The variation of the current density (based on electrode 
superficial area) with respect to axial position is shown 
in Fig. 6a-6d for four different inlet O~ concentrations. At 
a given re, the area under  the i(z) vs. z curves determines 
the value of the total ionic currents. It is seen in Fig. 6a 
that when air is circulated through the inner chamber, a 
nearly uniform current distribution results along the reac- 
tor for all applied potentials investigated and the reactor 
is operating in a differential regime. However, when gas 
mixtures of lower 02 content are circulated through the 
oxygen pump, the reactor departs significantly from the 
differential regime. At moderate to high values of ~c, 
there is a substantial drop in i(f) with axial position along 
the reactor. As shown in Fig. 6b and 6c, corresponding re- 
spectively to CF = 0.99 and 0.109 Wo, this situation be- 
comes evident when ,}r is in the proximity of 1000 mV. 
For  lower inlet O, concentrations, the marked decrease in 
i(~) at high ~7~ as seen in Fig. 6d indicates that the applied 
potential E has reached a point beyond which any further 
increase in E does not  give rise to an increase in current. 
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Fig. 4 o(top left): Dimensionless average oxygen concentration vs .  

axial position with oxygen concentration in the feed as a variable. (T 
= 850~ Npe = 2, ~?c = 700  mV.) b(above): Dimensionless oxygen 
concentration vs .  dimensionless radial position at Z = 0 (solid curves) 
and Z = L (dashed curves) with oxygen concentration in the feed as a 
variable. (T = 850~ Npe = 2, r/c = 700 mV; A = 21 v/o 02, B = 
0 .99%,  C = 0.109o/o, and D = 0 .009%. )  c(left): Dimensionless local 
ionic current vs .  axial position with oxygen concentration in the feed 
as a variable. (T = 850~ Nee = 2, ~?e = 700  mV.) 

In these cases, the local current density i(~) drops to negli- 
gibly small values at a distance before the end of the ac- 
tive cell region. The length of reactor effectively used is 
then significantly less than the actual total cell length as 
evidenced in Fig. 6d. In this particular case, when ~r 
reaches 1000 mV, most of the ionic current originates in 
an effective reaction zone corresponding to approxi- 
mately one-third of the total cell length. The length of the 
cell being effectively used can be increased by increasing 
the flow rates and keeping the overall conversion at 
around 99.99%. During this process, the total ionic current 
will also increase. Eventually, the gas flow rate reaches a 
value at which the effective cell length is equal to the to- 
tal cell length. Beyond this point, further increases in the 
flow rate will lead to a decrease in the overall conversion. 

The effect of temperature on the axial concentration 
profiles is summarized in Fig. 7. The general trend can be 
interpreted in terms of an increase in the rate of the elec- 
trochemical reaction with increasing temperature as 
would be expected from the Arrhenius rate expression. 

In order to test the validity of the above convective- 
diffusion model and the accuracy of the numerical solu- 
tions, the total ionic currents obtained numerically from 
Eq. [9] for different values of temperature, inlet O2, ,h., and 
flow rate were compared with the experimentally mea- 
sured values. For intermediate and high O~ concentra- 
tions (C~ _-> 0.99 v/o), the reactor was operating effectively 
in the differential mode with low overall conversion 
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Fig. 5. a(left) Dimensionless average oxygen concentration vs. axial position with cathodic overpotential as a variable. (T = 850~C, Nee = 2, 
CF = 0 .009  v/o). b: Dimensionless oxygen concentrations vs. dimensionless radial position a t Z  = 0 (solid curves) and Z = L (dashed curves) with 
cathodic overpotential as a variable. (T = 850~ Npe = 2, C~ = 0 .009 v/o; A = 200  mV, B = 400  mV, C = 700  mV, and D = 1000 mV.) 

throughout  the complete overpotential range. As a result, 
Eq. [6] can be directly used to correlate the current- 
overpotential data because the change in the 02 concen- 
tration at the tube wall along the reactor is negligible as 
shown from the above results. However, for lower 02 con- 
centrations (Cr < 0.109 v/o), the reactor enters the integral 
mode of operation as ~c is increased. In this case, it is 
seen in Fig. 8 and 9 that when changes in 02 concentra- 
tion at the tube wall with respect to axial position along 
the reactor are computed, the resulting total currents ob- 
tained from numerical  integration of Eq. [9] agree very 
well with the measured curves of the steady-state current 
circulating through the cell, indicating that Eq. [6] still 
provides a valid description of the electrode kinetics asso- 
ciated with the cathodic reduction of O~. That the reactor 
is operating in the integral mode is confirmed by mixing 
cup fractional conversions ranging from 0.7 to 0.99 in 
these figures. 

The analysis developed here for a tubular solid-electro- 
lyte flow reactor is flexible enough to be applicable with 
appropriate modifications to any complex form of heter- 
ogeneous rate expression. Thus, the investigation of the 
electrochemical kinetics and/or overall reactor perform- 
ance for a wide variety of reacting systems, including the 
decomposit ion of oxygen bearing species (37), oxidative 
dehydrogenation of hydrocarbons (38), and the anodic ox- 
idation of gaseous hydrocarbons (39), is amenable to anal- 
yses by the numerical scheme presented herein. This 
model  is currently being applied to the electro-oxidation 
of hydrocarbon gas mixtures such as produced from coal 
to produce electrical energy as well as valuable chemicals 
in the so-called "chemical  cogeneration" mode of opera- 
tion. For such fuel cell systems operating with large over- 
all conversions, the assumption of isothermal flow might 
not be adequate due to thermal effects of the reaction on 
the wall, and it might  be necessary to include an energy 
balance. The energy balance would then need to be 
solved numerically together with the convective-diffusion 
equation. Finally, in cases where large concentration gra- 
dients arise in the radial direction, boundary condition 
Eq. [8f] is less valid, and it might become necessary to re- 
cast the mass-transfer problem in the region L/RoNpe < 

< +~ by employing the exact boundary condition 00/a~ --> 
0 as g --+ ~. These two additional complexities are cur- 
rently being incorporated into the numerical scheme. 

C o n c l u s i o n s  

It has been shown that by solving a general convective- 
diffusion equation which incorporates axial as well as ra- 
dial diffusion and a complex electrochemical reaction at 
the wall, the performance of a tubular stabilized-ZrO2 ox- 
ygen pump operating in the integral mode can be 
satisfactorily described. The electrochemical kinetics as- 
sociated with the cathodic reduction of 02 at the wall was 
correlated with a modified Butler-Volmer equation. The 
resulting system of nonlinear equations was numerically 
solved by the method of successive overrelaxation (SOR). 
The numerical results indicate that axial diffusion exerts 
the greatest influence on the concentration profiles at 
low Npo, low inlet Po2, and high values of ~o. The total 
ionic currents computed from these concentration pro- 
files are consistent with those observed experimentally. 
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APPENDIX 

To obtain the equations describing the points on the 
grid boundaries, Eq. [13] must be combined with the ap- 
propriate boundary condition as follows. 

(i) For points at ~ = - %  Eq. [8a] is used 

O~,~ = 1 [A-l] 
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position with cathodic overpotential as o variable. (T = 850~ N p e  = 2 ,  C~,  = 0.009 v/o.) 

with  lengths  co r respond ing  to ~ = - ~  at which  boundary  
condi t ion  Eq. [A-l] is satisfied being found by trial and 
error. 

(ii) In  order  to use  a central  di f ference opera tor  for 
points  at the  wall, it is usua l  to in t roduce  a "f ic t i t ious" 
concen t ra t ion  OLN.+I at the  ex te rna l  m e s h  poin t  (i,N* + 1) 
(26). F r o m  Eq. [8c], i t  is then  obta ined  that  

0i,•*+1 = 0i,N_, [A-2] 

I f  Eq. [13] is wr i t ten  for all points  at the wall, i.e., for i = 
N and then  all the  t e rms  invo lv ing  Oi.N.+Z rep laced  wi th  
Eq. [A-2], the  fo l lowing equa t ion  is obta ined  for points  at 
the wall  in the  reg ion  ~: < 0 

1 
0,,,~. = -~  [C~,O,_,,N + DxO,,~,_, + E~.O,+,.,v] [A-3] 

wi th  

1 2 1 
C N -  Npee(h~) ~ DN = ~ E N -  NpeZ(A~)------------------ 7 

(iii) Similarly,  for points  at the  wall  in the  react ion 
zone (0 < ~ < L/R,,Npr the  finite d i f ference  fo rm of Eq. 
[8e] becomes  

3 F~c 1 F ~  
R o K(T) 9, ~ [ e 2  nT - e  2 RT ] 

8i,N*+l : 0i.v-, -- 2(Ap) C r  ~ 4 ~  " 

[A-4] 
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a n d  c o m b i n i n g  Eq .  [A-4] w i t h  Eq .  [13] to  e l i m i n a t e  t h e  
u n k n o w n  0i,N*+l y i e l d s  

1 
Oi,N : --~ [CNOi-I,N q- DNOi,N - ] q- ENOi+I,N] -- 2Bu(Ap) 

3 F~c 1 F% 

R o K(T)  0~,,~,1~ [e 2 RT _ e 2 RT ] [A-5] 
CrD 4F  
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1 1 
BN - + 0.5 CN - - -  

(Ap)2 Npe'-'(Ap)e 

2 1 
D ~ -  EN 

(hp)'-' Npe~(h$) 2 

(iv) B y  c o m b i n i n g  Eq .  [8b] or  [8d] w i t h  Eq .  [13], t h e  fol- 
l o w i n g  e q u a t i o n  is  o b t a i n e d  fo r  t h e  p o i n t s  a t  t h e  c e n t e r -  
l i n e ( i =  1 , 2 , . . . , M a n d j  = 1) 

0,,1 = 1 [B~O,2 + C~O,, ,  + EI0]+],I] [A-6] 
.zi 

w i t h  

2 
B 1 - (~p)~ 

1 1 1 
C, - - -  E1 - - -  

Npo~(~) ~ Npo~(~) ~ 2A~ 

(v) P r o c e e d i n g  in  a s i m i l a r  f a s h i o n  w i t h  Eq .  [Sf] a n d  
Eq .  [13] y i e l d s  t h e  e q u a t i o n  fo r  t h e  i n t e r n a l  m e s h  p o i n t s  a t  
t h e  far  r i g h t  b o u n d a r y  (i = M a n d  j = 2,3, . . .  , N - i)  

l 
0,.,j = -~--[B~0M,~+~ + CflM ~,j + DflM,j t] [A-7] 

w i t h  

1 
B j -  (Ap) ~ 

1 2 
- -  + 2 ( j -  1)(hp) 2 C ~ -  Npe2(A~) 2 

1 1 
Dj 

(Ap) ~ 2(j - 1)(Ap) 2 

(vi) To o b t a i n  t h e  e q u a t i o n  fo r  t h e  s i n g l e  p o i n t  l o c a t e d  
at  t h e  wa l l  o f  t h e  far  r i g h t  b o u n d a r y  (i = M a n d  j = N), Eq .  
[8e], [8f], a n d  [13] a r e  u s e d  t o g e t h e r  

1 
OM,,V = --'~ [C~OM i,,v + DuO~,~,,v-l] - 2B~(hp) 

3 F~c I F~/~ 
R o K(T) 0~ 1~2[e2 RT 2 RT] 

,,~ - -  e [ A - 8 ]  
CFD 4F 
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with 

1 1 1 
B~.  - + 0.5 CN - - -  D N  --  

(~p)'-' N~J(~) ~ (Ao) ~ 

(vii) Finally, Eq. [8d], [Sf], and [13] are used to obtain 
the equation for the point located at the centerline of the 
far right boundary (i = M and j = 1) 

1 
OM., = ~ [BMOM,2 + C.O~,_~,,] [A-9] 

with 

2 2 
BM - CM - - -  

(hp) 2 Np+2(h~) ~ 

The basic grid configuration used in this study con- 
tains four axial regions and one radial region (Fig. 2b). 
Whenever this layout was used, Eq. [13] was applied at all 
internal mesh points and Eq. [A-1]-[A-9] to boundary 
points as indicated. Matching conditions Eq. [8g] and [Sh] 
were used to solve for the values of the concentration at 
~ = 0  

( ~  ( ~  
0MJ = 0 2 . / t  + 0 ~  l J f l  + - -  [ A - 1 0 ]  

( ~  ( ~  

01.y = 0..] [A-11] 

where superseripts I, II denote the values of 0 in the re- 
gion ~ < 0 and ~ > 0, respectively. 
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Toward an Understanding of the Adhesion of PVA-Deposited MP1 
Phosphor DVST Screens 

Gordon Sletmoe 

Tektronix, Incorporated, Beaverton, Oregon 97077 

ABSTRACT 

MP1 is an MgO surface-modified version of in-house prepared P1 phosphor (Zn._,SiO4:Mn). Reports of "loose phos- 
phor" at CRT Test for a particular lot of this material prompted the present study. Before determining why adhesion 
varied from lot to lot, it first was necessary to discover the factors governing MP1 adhesion. Contrary to expectations, 
the surface magnesium was found to exist in two forms: (i) free MgO, which is bad for adhesion, and (ii) MgSiOa, which 
is beneficial. Process modifications could, however, turn MgO to an advantage by first causing the dissolution of much 
of this material and then later the redepositing of a small but  important portion of it at the phosphor/phosphor and 
phosphor/substrate interfaces. 

In-house P1 phosphor has long been used in our direct- 
view storage tubes (DVST's) because of its high lumines- 
cent efficiency for low voltage bombardment  (i.e., 
130-300V). More recently, phosphor life was improved 
roughly four times, with minimal loss of efficiency, by 
coating the P1 with fine particle MgO, followed by subse- 
quent  firing in air at 800~ This temperature was 
thought to be high enough to cause chemical combina- 

tion of the coating with the underlying silicate material of 
the P1, while not degrading the basic crystalline proper- 
ties of the P1 structure. The morphology of the underly- 
ing P1 structure as well as that of the magnesium-rich 
surface nodules are apparent in Fig. 1. 

Because of the low voltage operation, DVST screens are 
not aluminized but  rely on an indium-tin oxide (ITO) 
coating on the glass (together with conductive collectors) 
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Fig. 1. SEM photographs of MP1 phosphor particles. Figure lb (bot- 
tom) is a ten times enlargement of the center of Fig. la (top). 

to maintain the phosphor potential and to collect second- 
ary electrons. Without an aluminum overcoat, individual 
phosphor grains experience significant coulombic attrac- 
tion under certain operating conditions, as when the 
nearby wall bands are at a potential of +150V and the 
screen is suddenly switched to +300V. 

To prevent phosphor from covering the collector dots, 
the polyvinyl alcohol]ammonium dichromate (PVA/AD) 
photodeposition process is used for depositing phosphor. 
Exposure is through the glass, with the collectors serving 
as their own photomask. A slurry version of this process 
is used to prepare the devices under study. The slurry, 
consisting of phosphor suspended in a solution of PVA 
and AD in a mixture of water and an organic solvent, is 
settled for 20 min before exposure. This permits most of 
the phosphor to settle to the bottom of the fluid. After 
exposure through the glass, a controlled fraction of the 
phosphor is immobilized by the gelled PVA, while the re- 
mainder may be decanted off. Remaining unreacted ma- 
terial is then removed by extensive water rinsing in the 
spray rinser. Finally, the screen is dried and then sent on 
for bakeout. 

In the case of spherically curved screens (as with the 19 
and 25 in. devices), slurry depth--and hence ultimate 
phosphor loading--is kept  uniform by the centrifugal ef- 
fect of slow rotation of the screens during the settling and 
exposure steps. 

Experimental 
During the initial phase of this project, Production En- 

gineering had developed a "blow-off" type of adhesion 
tester, the results of which correlated well with loose 

phosphor at test. This would allow the evaluation of  adhe- 
sion on coated face plates rather than on completed 
CRT's, thereby greatly increasing the number  of  tests 
which could be evaluated. It was a simple arrangement of 
a glass tube positioned at a fixed distance from the sub- 
strate under test. Dry nitrogen flow rate was controlled 
by a variable pressure regulator. Pressure was advanced 
in a regulated manner until a massive blow off was expe- 
rienced. With an arbitrary adhesion value of 10 units, the 
standard deviation was of the order of 1 unit. If  ten 
samples of the same type were measured, the uncertainty 
of the mean value at the 95% confidence level would be 
-+2/3 of a unit. 

Now the most interesting findings of this study per- 
tained to the complex interaction between the deposition 
process and the surface composition of the phosphors. 
Before discussing this, however, let us first consider 
some information concerning the influence of substrate 
type as well as phosphor particle size upon adhesion. 

Figure 2 depicts several adhesion effects related to the 
substrate. The production problem was experienced on 
ITO-coated, curved 19 in. screens (with a relatively rough, 
stippled surface). For comparison the adhesion of the 
same material (Lot no. 18A) on other substrates is shown. 
Also shown is how these data compare to the adhesion of 
another lot of material (Lot no. B17). To obtain the 19 in. 
data, two panels were specially modified to have four dif- 
ferent kinds of surfaces on the same panel (i.e., naturally 
stippled and specially smoothed, both coated by ITO as 
well as uncoated). By repeated deposition of phosphor, 
measurement  of adhesion, removal of phosphor, and 
redeposition, etc., a fairly strong and internally consistent 
data base was built up. For convenience in this and most 
subsequent  adhesion experiments,  the normal collector 
dots were omitted. 

The greatest adhesion difference here was that between 
curved 19 in. screens and flat 5 in. screens, regardless of 
surface coating or roughness. A second significant, al- 
though less striking, observation was that adhesion was 
better to specially polished 19 in. screens as compared to 
those with the regular texture. Whereas ITO vs. uncoated 
had little effect on 19 in. targets or with Lot no. B17 on 5 
in. targets, there was a substantial ITO effect for Lot no. 
18A on 5 in. screens. 

The most plausible explanation for this data is thought 
to be (i) that smooth substrates are more favorable than 
rough, (ii) Lot no. 18A is generally better adhering than 
Lot no. B17, and finally, (iii) although the process was 
held as constant as possible between flat and curved sub- 
strates, there were unavoidable differences which led to 
the improved adhesion of the flat screens. Some of the 
experimentation to be discussed was aimed at discov- 
ering which process variables were responsible for this. 
More important to the remainder of the program is that 
the adhesion of various lots of MP1 on flat screens gener- 
ally paralleled their adhesion on curved screens. This 
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Fig. 3. Adhesion vs. particle size for various lots and treatments 

made it possible to use the more convenient flat screens 
for the remaining experimentation. 

Figure 3 shows some results due primarily to the nature 
of the phosphor. Lot no. B17 was the poorly adhering lot 
of MP1 noted in Fig. 2. P1 (Lot no. 58C) was the lot of P1 
phosphor used in the preparation of this MP1. Because 
the MP1 Lots no. 18A and 12B exhibited nearly identical 
adhesion behavior, their results were combined in this 
figure. 

The three groups of materials were each fractionated by 
two techniques: (i) sedimentation in water, and (ii) air 
classification in a commercial  air fractionator. In every 
case, the fines had better adhesion than the coarse mate- 
rial. Although of interest, this is of little practical value, as 
fines do not generally have the efficiency or other per- 
formance characteristics required. Especially with the 
MPI's,  note also the regular difference between the water- 
settled and the corresponding air-fractionated samples. 
Now as determined from particle size analyses of the 
various fractions, air fractionation was found to be much 
more efficient than water settling. Thus, the better adhe- 
sion of water-settled particles was not because they were 
finer than the air-classified material. The most likely rea- 
son for the better adhesion of water fractionated MPI 's  is 
that their surfaces were favorably modified by this expo- 
sure to water. This will be examined in detail below. 

Although the PVA process is of primary interest to this 
work, it was possible to gain valuable insight from the fol- 
lowing nonstandard screen deposition technique. Large 
beakers or battery jars were affixed with side arms and 
stopcocks near the base, to draw off fluid when required. 
Clean, flat face plates were then placed horizontally near 
the bottoms of the containers (but above the location of 
the drain line). After the covering of the substrates to be 
coated to a depth of several inches with the fluid of inter- 
est (the selection of fluids is discussed below), a phos- 
phor slurry in the same fluid was uniformly sprinkled 
into the container. Phosphor  was then allowed to settle 
onto the face plate. After suitable settling time, fluid was 
carefully drained off, leaving only a thin meniscus of 
fluid on the horizontal plate. This was then evaporated to 
dryness before remov!ng the coated target. 

In one test, we utilized an organic solvent, methyl  ethyl 
ketone (MEK), as the settling fluid, to avoid hydrolysis of 
the magnesium surface coating. In further experiments,  
DI water was used as the settling medium, allowing for 
the possibility of simple hydrolysis, without the influ- 
ence of acidity or residual chromium (as the AD) or or- 
ganic residues (from the PVA). To eliminate extraneous 
variables, targets processed as above were given the same 
PVA bakeout treatment and subsequent warm]dry han- 
dling after bake until adhesion measurement was carried 
out, as were the standard PVA targets. 

Figure 4 compares the adhesion of two lots of MP1, set- 
tled in the two fluids just described as well as deposited 
by the standard PVA process. Several conclusions may 
be drawn. Water settling results in substantially more ad- 
hesion than does MEK settling. The most probable cause 
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Fig. 4. Adhesion vs. settling techique for two phosphor lots 

of this is related to hydrolysis of the magnesium surface 
coating by the water. Also, note the substantial improve- 
ment  for Lot no. 18A but not for Lot no. B17 in going 
from water settling to the PVA reaction. Additional ex- 
perimentation was called for to understand this. 

With the settling technique just  described, we could in- 
corporate the PVA chemicals---one at a t ime-- into  the 
aqueous system, to see if we could trace adhesion differ- 
ences to any one factor. Results from such work are 
shown in Fig. 5. Here, we see minor differences resulting 
from the addition of AD or straight PVA. For reference, 
the standard PVA data are also given. The most impor- 
tant result here was the great improvement  resulting from 
the addition of acetic acid (HAc). HAc was utilized in this 
case as a prototype of a weak acid such as AD but without 
any residual chromium. 

The great improvement  with HAc led us to try to capi- 
talize on this by incorporating HAc in the PVA slurry. Re- 
sults were disappointing; there was only slight improve- 
ment  in adhesion of the PVA samples upon addition of 
HAc. To understand this, we must first consider the 
acid/base reaction occurring between the HAc and the 
phosphor surface, as illustrated in the following pH 
study. 

The pH of a solution of 1 ml glacial acetic acid in 100 ml 
water was about 2.7. When 10g of an MP1 were added to 
this solution (with continuous stirring), the pH jumped  al- 
most instantly to 6.93. Over the first 20 min, it further 
rose to a value of 7.19, which was close to the value of 7.22 
at which it leveled off. Thus, not only was virtually all of 
the HAc neutralized by the MP1 phosphor, but the time 
required for this was within the time frame available dur- 
ing normal PVA processing. 
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Fig. 5. Adhesion as a function of additive type, in modified water 

settling. 
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Assuming this reaction resulted in the formation of sol- 
uble ions such as Mg +§ (an assumption amply validated by 
the results to follow), then the fate of these soluble ions is 
thought to explain the observed differences between the 
two systems. 

In the PVA system, most of the soluble ions generated 
in the above acid/base reaction are thought to be rinsed 
away during the extensive spray rinse step. In the water 
settling process, however, there is no analogous rinse 
step. Instead, whatever ions remain in the meniscus of 
fluid on the plate after draining are allowed to evaporate 
to dryness on the settled phosphor coating. Upon subse- 
quent  bakeout, Mg ++ and Ac-  or OH- ions would react to 
leave a residue of MgO. Because of capillary effects dur- 
ing evaporation, this material would tend to be located at 
the interstices between, phosphor/phosphor and phos- 
phor/substrate--right where it would be most effective in 
promoting adhesion of the subsequent  dry film. 

At this point, it seemed possible that the various lots 
of MP1 owed their differing adhesion tendencies  to vari- 
able concentrat ions and/or reactivity of magnesium 
compounds  on their surfaces. This led us to at tempt to 
render all of the MP1 lots the same by etching with HAc. 
This effort was unsuccessful,  most likely because HAc is 
too reactive, at tacking the P1 underlayer  as well as the 
magnesium-rich surface coating. This led to the use of 
the more gentle AD to etch these materials. Before look- 
ing at the results of this, let us first consider why AD 
should react with MgO at all 

Cr+OT-- + H20 -+ 2HCrO~- [1] 

2HCrO+- ---> 2H § + 2CRO4-- [2] 

MgO + H2O ----> Mg(OH) 2 [3] 

Mg(OH)~ -~ Mg § + 2 OH-  [4] 

Cr.207-- + MgO --+ Mg ++, CrO4-- + 2H~O [5] 

As shown in Eq. [1], chromate ion from the AD hydro- 
lyzes to bichromate ion. The equi l ibr ium constant  is of 
the order of unity. Bichromate ion then can dissociate to 
protons plus chromate ion, as in Eq. [2]. At the same 
time, as shown in Eq. [3] and [4], MgO hydrolyzes to 
magnes ium hydroxide, which, in turn, sparingly dissoci- 
ates to magnes ium and hydroxide ions. The net effect is 
as shown in Eq. [5]. Because the dissociation constant  of 
water is many orders of magni tude  less than the dissoci- 
ation constant  of chromate ion or the solubility constant  
of magnes ium hydroxide, Eq. [5] is shifted far to the 
right. 

In  practice, with finely divided MgO in a typical 
PVA/AD slurry, this reaction will go nearly to comple- 
t ion in the 20 min  settling t ime employed. This has been 
observed in pH vs. t ime experiments  similar to the one 
described above. By way of comparison, reagent MgSiO~ 
powder is scarcely attacked by AD under  these condi- 
tions (i.e., the slightly acidic pH caused by the AD 
remains  unchanged,  and there is a very low level of 
solubilized Mg ++ in the reaction fluid). 

Figure 6 illustrates the effect of processing upon resid- 
ual magnes ium levels. (All magnes ium is reported here 
as MgO.) Starting with a typical level of 5.5 weight per- 
cent (w/o) on the incoming phosphor, roughly one-third 
of this is lost in preparing samples for MEK settling. 
Clearly, this fraction is loosely adhering and is of little 
value to subsequent  adhesion. Additional MgO fails to 
survive water settling. Presumably,  the removal of this 
loosely adhering or readily hydrolyzable material ac- 
counts for the improved adhesion of water-settled vs. 
MEK-settled targets. Additional MgO is lost in going to 
the PVA'd targets. Some or all of this increment  is from 
solubilization by AD (as discussed above). Finally, etch- 
ing of the MP1 with excess AD results in removal of still 
more MgO. The remainder  is probably MgSiO r 

Figure 7 shows the result ing adhesion by removing all 
of this loose as well as dissolvable MgO from a variety of 
lots of varying intrinsic performance. Points above and 

MP.K I f l f l l tor  PJ )  
Original ~ settled PVA'd etched 

Fig. 6. Residual percentage of MgO as a function of MP| treatment 
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Fig. 7. The effect of AD etching upon adhesion of various MP] lots 

to the left of the diagonal benefited by this treatment,  
whereas points below and to the right were degraded. 
What was observed (except for the special case of Lot 
no. B17DF) was a leveling. Poorly adhering materials 
were helped while good adhering materials were de- 
graded. This suggests that the principal difference in 
lots has to do with the amount  and kind of loose and/or 
soluble MgO on the surface, whereas the under ly ing 
MgSiO 3 has the same adhesion in all cases. Lot no. 
B17DF was a retired version of the poorly adhering Lot 
no. B17. Here, presumably,  a substantial ly higher frac- 
t ion of the total magnes ium had become chemically 
bound to the silicate structure. (Unfortunately, double 
firing degraded other performance characteristics, so 
this was not a practical solution. Nevertheless, it pointed 
in the right direction.) 

To see if adhesion could be improved through PVA 
process optimization, the study represented by Fig. 8 
was performed. The shaded area represents the some- 
what reciprocal combinat ion of exposure t imes and AD 

Fig. 8. Residua! percentage of MgO and acceptable target weight en- 
velope as a function of PVA variables. 
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Fig. 9. Adhesion as a function of PVA variables 
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Fig. 12. Adhesion improvement via postdeposition MgAc 2 soak 

concentrat ions which yielded acceptable target weights 
per uni t  area. Screens within this "process window" 
would be expected to give us acceptable performance. 
Note the decreasing residual percentage of MgO with in- 
creased AD level. Figure 9 shows the results of this re- 
duced percentage of MgO, where adhesion was dramat- 
ically improved. The individual  data points of this array 
showed an excellent correlation of increasing adhesion 
vs. decreasing percentage of MgO, as shown in Fig. 10. 
An adverse consequence of the high AD recipe is in- 
creased residual chromium on the final target, which re- 
sults in some loss of efficiency. This trade-off would 
have to be considered carefully in going to this new 
recipe. 

Figure 11 is a composite, comparing the advantages of 
a high AD recipe to the removal in advance of MgO by 
AD etching. In both cases, we see a leveling effect for 
bad and good lots. In  both cases, much  of the loose 
and/or soluble MgO has been removed. Why, then, was 
the high AD recipe so much more beneficial to adhe- 
sion than the pre-etch? The best answer seems to be as 
follows. 

1. Pre-etch removes most of the soluble magnesium, 
making all the samples roughly similar. Differences in 
amounts  of unetchable  MgSiO 3 account for the resulting 
adhesion differences. 

2. The high AD recipe also has the effect of removing 
a substantial  portion of the soluble magnesium, al- 
though not as completely as with the pre-etch treatment.  

3. Unlike with the pre-etch, however, the solubilized 
ions are formed right in the PVA slurry. Whereas many 
of these ions are removed during the subsequent  spray 
rinse step (hence the low residual percentage of MgO 
with this treatment), a small but  important  amount  of 

magnes ium ions is left on the phosphor to dry in the in- 
terstices and subsequent ly  to be converted on bakeout 
back to MgO. To this small but  effectively located 
amount  of MgO is at t r ibuted the improved adhesion of 
this group relative to the pre-etched samples. 

4. But  why does extra AD improve adhesion, whereas 
added HAc in the PVA system (as discussed earlier) re- 
sulted in only slight adhesion improvement?  The an- 
swer seems to be related to the fact that, in the high AD 
recipe, extra chromium is bound  by the gelled PVA (as 
evidenced by high residual chromium levels in the 
baked targets). This bound chromium electrostatically 
holds an equivalent  amount  of Mg ++ ions, prevent ing 
them from being rinsed away. Although small on a per- 
centage weight basis, this strategically placed amount  of 
material has a profound effect upon adhesion. 

In support  of this hypothesis. Fig. 12 indicates a group 
of targets, both 5 and 19 in., which were prepared in the 
normal  manner.  However, before bakeout they were 
soaked briefly in magnesium acetate solutions of the in- 
dicated concentration. After drying and bakeout, the 
magnes ium acetate would have been converted to MgO. 
SEM studies at the highest MgAc2 concentrat ions clearly 
showed residual MgO "glue" at the interfaces. Interme- 
diate levels of this t reatment  caused minimal  negative 
impact on luminescent  efficiency, while substantially 
improving adhesion. 

Conclusions 
1. The magnesium in MP1 is present in two forms: (i) 

MgO--soluble in AD; much of it loosely adhering, and (ii) 
MgSiO~ (or related silicate)---insoluble in AD; tenaciously 
adhering to the phosphor. 

2. Adhesion is favored by: (i) removal of MgO, (ii) the 
presence of MgSiO3, (iii) the formation of Mg deposits at 
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the phosphor/phosphor and phosphor/substrate inter- 
faces, (iv), small particle size, and (v) smooth substrate. 

3. Processes to improve adhesion include (i) high AD 
recipe in the PVA process, and (ii) postdeposition soak- 
ing in MgAc2 solution. (In both cases, there is some fall off 
in efficiency with improved adhesion.) 

4. Better phosphor lots presumably have less loosely 
adhering and/or soluble MgO deposits. This is achieved 
by more rigorous MgO firing conditions. (Again, care 
must  be taken so as not to degrade efficiency.) 
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Photoelectrochemical Properties of Ferrites with the Spinel 
Structure 
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Department of Solid State Chemistry, Physics Laboratory, Utrecht University, 3508 TA Utrecht, The Netherlands 

ABSTRACT 

The diffuse reflection spectra and the photoelectrochemical properties of the ferrites ZnFe204, MgFe204, and 
Li0.sFe2.504 with spinel structure are presented. A marked difference between the reflection spectra and the photocur- 
rent action spectra is discussed. The onset wavelength of the photocurrent lies at about 550 nm. Steady-state photocur- 
rents are severely limited by a relatively low absorptivity in the visible region and by surface recombination at low po- 
tentials. From an admittance spectra analysis, a value for the flatband potential of ZnFe204 was obtained, viz., -0.5V vs. 
SCE in 1M NaOH. 

The use of n-type semiconducting materials in photo- 
electrochemical (PEC) cells for solar energy conversion 
has been studied extensively in the last decade (1). In this 
period, much attention has been paid to iron(III)-oxide, 
a-Fe203. With its bandgap of 2.2 eV, ~Fe203 is quite suita- 
ble for solar energy conversion (2-12). 

Stoichiometric a-Fe20~ is an insulator. It can be made 
n-type semiconducting by doping with higher valent ions. 
Shinar and Kennedy (10) studied extensively the way in 
which the performance of doped a-Fe203 anodes depends 
on the nature and the concentration of the dopant. Dop- 
ing with lower valent ions can lead to p-type semicon- 
ducting ~-Fe203, which acts as a photocathode in a PEC 
cell (13, 14). 

a-Fe_~O 3 can also be made n-type semiconducting by re- 
duction. However, reduction treatments result mainly in 
the formation of a conducting Fe304 layer on the surface 
of the electrode. It has been proposed that recombination 
occurs in this layer (10, 15). This inhomogeneity after the 
reduction treatment is assumed to be due to the inability 
of the corundum structure (~-Fe~O~) to tolerate large con- 
centrations of spinel (F%O 4) inclusions [Ref. (15)_]. 

In view of this, we studied the photoelectrochemical 
properties of ferrites with the spinel structure. Many of 
these ferrites show n-type semiconducting behavior. 
Since these ferrites and Fe304 have the same crystal struc- 
ture, they can form solid solutions. This prevents segrega- 
tion on the surface. 

The spinels CO0.9oFe2.1004 and CoF%.s6Ti0.,404 were in- 
vestigated for use as photoanodes by Archer et al. (16). 
These materials show an almost uniform spectral re- 
sponse in the wavelength region from 400 to 760 nm. The 
quan tum yield is, however, very low. A large bias had to 
be applied to obtain significant steady-state photo- 
response. 

For our investigations, we selected the spinels ZnFe204, 
MgFe204, and Lio.~Fe2.504. The Zn 2§ ion has 3d ~~ con- 
figuration, and the Mg 2+ ion and the Li § ion both have no- 
ble gas configuration. These ions do not give rise, there- 
fore, to optical absorption in the near-UV and visible 
regions. Absorption and photoeffects observed in these 
spectral regions must  then be accounted for by transi- 
tions in which the iron ions are involved. In this way, a 
comparison can be made with a-F%Oz. 

ZnF%O4 has the normal spinel structure (17), Li0.sFe2.~O~ 
is an inverse spinel (18), and in MgF%O4 the degree of in- 
version is around 0.9 (19), depending on the quench- 
ing temperature. The occupation of the tetrahedral and 
octahedral positions in the spinel structure for these 
compounds is thus: Zn[Fe2]O4, Fe[Li0.~Fel.~]O4, and 
Mg0.,Fe0.9[Mg0.gFe,.,]O4. In this sequence, there is a de- 
crease in the number  of iron ions on the octahedral posi- 
tions. This enables us to investigate the effect of this oc- 
cupancy on the photoelectrochemical properties. 

Experimental 
Samples were prepared by usual ceramic techniques 

using high purity oxides and carbonates as starting mate- 
rials. Firing was performed between 1050 ~ and 1200~ in 
air. 

Samples were checked by x-ray powder diffraction. Dif- 
fuse reflection spectra were recorded at room tempera- 
ture on a Perkin-Elmer Lambda 7 UV/VIS spectrophotom- 
eter. 

For the preparation of the electrodes, stoichiometric 
amounts of the thoroughly mixed oxides and/or carbon- 
ates were prefired at 600~176 in air. After regrinding, 
the mixture was pelletized at 120-150 kg/cm 2. The pellets 
were sintered at 1150 ~ (Li0.sF%.sQ), at 1200 ~ (ZnFe2Q), and 
at 1270~ (MgFe204) for 3-4h in air and cooled slowly to 
room temperature. The density ratio of the pellets was 
about 90% for the MgFe204 samples and more than 95% 
for the ZnFe204 and Li0.sFe2.504 samples. The surfaces of 
the pellets were polished using emery paper (grain size: 
40 ~m). 

By heating the pellets in a stream of nitrogen at around 
700~ for 2-2.5h, they became n-type conducting. The 
resistivities of the pellets ( -  1 mm thick) dropped to 1-2 
k12 for the Li0.sFe2.504 pellets, to 3-5 kl2 for the ZnFe204 
pellets, and 8-10 k~ for the MgFe204 pellets. A silver paste 
(Degussa, leitsflber) was applied to the back of each pellet 
to provide electrical contact. 

The surfaces of the electrodes were examined for their 
structure and composition with a Cambridge Stereo Scan 
150 electron microscope, equipped with an energy dis- 
persive elementary analysis system (Link Systems, 
Cambridge, England). 
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The PEC cell arrangement and photoelectrochemical 
measurement  procedures for steady-state conditions have 
been described previously (20). All photocurrent  densities 
have been corrected for variations in the light intensity by 
normalizing them to the number  of photons at X = 470 
nm. Current-voltage scans with hand-chopped illumina- 
tion were recorded on a Bryans X-Y recorder 29000 A3. 
Electrode potentials are referred to the saturated calomel 
electrode (SCE). All photoelectrochemical measurements 
were performed in 1M NaOH. 

The admittance spectra of a PEC cell with a ZnFe204 
anode were studied in the frequency range from 25 mHz 
to 10 kHz using a Solarton 1172 frequency response analy- 
zer. The ac signal amplitude was kept at 20 mV (rms). 
Representative admittance spectra were analyzed using a 
computer  program for nonlinear least squares fitting to 
complex data (21). This procedure has been applied be- 
fore to analyze admittance spectra of PEC cells with TiO2 
and SrTiO3 anodes (22, 23). 

R e s u l t s  a n d  D i s c u s s i o n  

Diffuse reflection spectra.--In Fig. 1, the diffuse reflec- 
tion spectra of the composition ZnFeo.02Al~.gs Q and of the 
compound ZnF%O 4 are shown. The spectrum of 
ZnFe0.0=Al~.98Q shows an intense absorption band around 
275 nm. Around 500 nm, a shoulder can be observed. Go- 
ing from the composition ZnFeo.02A1,.98Q to ZnFe~O4, a 
marked increase of the absorption strength in the short- 
wavelength part of the visible region is observed. At 
about 800 nm, a separate band is observed. 

The Fe 3§ ion has 3d 5 configuration, which in an octahe- 
dral as well as a tetrahedral crystal field gives rise to a 6A~ 
ground state. Since this is the only sextet state, all crystal- 
field (CF) transitions are both spin and, oetahedral sym- 
metry, parity forbidden. In tetrahedral symmetry, the lat- 
ter selection rule is slightly relaxed. Nevertheless, these 
transitions are extremely weak. 
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The shoulder around 500 nm in the spectrum of 
ZnFe0.02All.gsO4 can be assigned to the CF transition 6A, 
4A1, 4E(4G) on octahedral Fe 3§ (24-26). The band around 800 
nm in the spectrum of ZnFe204 can be assigned to the CF 
transition 6A, ~ 4TI@G) on actahedral Fe 3§ (24). This CF 
transition is not observed in the spectrum of 
ZnFeo.0~All.9804. The position of this transition depends 
strongly on the crystal-field strength. With increasing 
crystal field, the transition shifts to lower energy. In the 
case of ZnFe0.02All.9804, the Fe 3+ ion occupies a relatively 
small lattice site, resulting in a stronger crystal field than 
in ZnF%Q. For ZnFe0.02All.9804, the CF transition 6A, 
4T~ is expected at a lower energy, which is beyond the 
limit of the instrument used. 

In the wavelength region between 300 and 450 nm, ad- 
ditional CF transitions on octahedral Fe 3§ are expected. In 
the spectrum of ZnFe0.0~Al,.gsO 4, these are, however, 
masked by the tail of the strong absorption band around 
275 nm. This band must be assigned to the O 2- ~ Fe 3§ 
charge transfer (CT) transition. In A1203:Fe3+, this CT tran- 
sition is situated around 260 nm (27). 

The spectrum of ZnFe~O 4 shows a very strong absorp- 
tion in the wavelength region from 200 to 500 nm com- 
pared to the absorptivity of the CF transitions. Around 
300 nm, this is not unexpected,  because the O ~- ~ Fe 3+ 
CT transition is situated in this region. However, neither 
this CT transition nor the CF transitions can account for 
the intensity of the absorption in the wavelength region 
from 350 to about 500 nm. It should be noted that the ab- 
sorption strength decreases in the region from 200 to 500 
nm (28), a fact which the present type of spectra does not 
reveal. 

The diffuse reflection spectrum in the visible region of 
Z n F % Q  is again shown in Fig. 2, now together with the 
diffuse reflection spectra of MgF%O 4 and Li0.~Fe2.504. 
Both latter compounds show the same relatively strong 
absorption as ZnFe~Ot in the region from 350 to about 500 
nm. Around 620 nm, shoulders can be observed in the 
spectra of MgFe2Q and Li0.~F%.504. For these two com- 
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pounds, containing Fe 3+ on tetrahedral sites, these shoul- 
ders can be assigned to the CF transition 6A, --* 4T,(4G) on 
tetrahedral Fe 3§ (25). 

We will return to the strong absorption observed in the 
region from 350 to 500 nm below in relation with the pho- 
tocurrent action spectra observed for these ferrites. 

Photocurrent measurements.--The steady-state photo- 
current action spectra of the ferrites are shown in Fig. 3. 
The photocurrents start around 550 nm, but remain rather 
low in the visible region. Only with UV irradiation, a rea- 
sonable efficiency is obtained. For ZnFe204 with X = 300 
nm and at V = +0.5V, the quantum efficiency amounts 
approximately 25%. The spectra resemble closely the 
photocurrent  action spectra reported for a-Fe203 
(2, 3, 6, t0). Note that for the three ferrites the photocur- 
rent action spectra are similar (see Fig. 3). From this we 
conclude that the photoeffects occur on the Fe 3§ ions on 
octahedral sites. This makes it tempting to relate the de- 
crease in efficiency, observed in Fig. 3 going from 
ZnFe204 to MgFe2Q, to the number  of Fe ~§ ions on octa- 
hedral sites in these spinels. We will show below, that 
care has to be taken with such an interpretation. 

A comparison between the photocurrent action spectra 
and the diffuse reflection spectra shows, that there is a 
great difference between these spectra in the wavelength 
region from 350 to 500 nm. This will be discussed below. 

In Fig. 4 a current-voltage scan is shown for a 
Li0.sFe2.~O4 anode. The insert shows the low potential part 
scanned with a 10-fold enlargement of the current axis. At 
these low potentials the photocurrents are highly tran- 
sient. The transients near -0.3V are still anodic. This indi- 
cates that the flatband potential is situated at a more 
cathodic potential. 

Significant steady-state photocurrent response starts 
only at +0.3V. Above this potential, the transients de- 
crease and above +0.6V they vanish. The dark current 
starts to increase steeply at +0.6V due to oxygen evolu- 
tion. After long-term polarization at these high anodic po- 
tentials in the dark, gas bubbles could be observed on the 
electrode surface. The same has been observed for 
a-F%O 3 electrodes (2, 4, 7). 

Figure 5 shows the steady-state photocurrent-voltage 
curves for the three ferrites, measured with monochro- 
matic irradiation at 300 nm. The curves measured at 380 
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and 460 nm show the same voltage dependence. In the 
potential region from -0.3V to about +0.3V a low photo- 
current is observed, which increases very slowly. Above 
+0.3V, the photocurrent increases steeply with increasing 
potential and tends to reach saturation above +0.7V. For 
some electrodes, however, the photocurrent showed a 
maximum value around +0.7V followed by a fast de- 
crease with increasing potential. This feature was also ob- 
served for a-FeoO, by Ono et al. (29). 

Photocurrent-voltage curves reported for a-Fe~O3 
(2, 5, 7, 9, 12) show a similar behavior as reported here for 
the ferrites. In several cases, however, the onset potential 
of the photocurrent (i.e., the potential at which the photo- 
current starts to rise steeply) was situated at more cath- 
odic potentials, although the measurements  were per- 
formed in the same electrolyte (2, 5, 12). Transients were 
also observed for a-Fe203 electrodes (4, 9, 12, 30). These 
features, as well as the low steady-state photocurrent in 
the potential region from -0.3 to +0.3V, can be explained 
in terms of surface recombination or back reaction of the 
photogenerated species (30). Oxygen (or a hydroxyl radi- 
cal) produced by the photogenerated holes produces a 
back reaction and a cathodic current component  by re- 
acting with an electron at the surface. This is equivalent 
to a surface electron-hole recombination (31). This cath- 
odic current component  decreases as the potential is 
made more positive (30). 

The steady-state photocurrent in the saturation region 
is higher for the Lio.sFe~.~O 4 anode than for the ZnFe2Q 
anode. This shows that care has to be taken in relating the 
observed efficiency to the number  of Fe 3+ ions on octahe- 
dral sites in these spinels, as the photocurrent  action 
spectra attempt to do. 

Capacitance measurements.--The admittance spectra 
of the PEC cell with the Z n F % Q  anode were measured in 
the potential region from -0.4 to +I.0V at regular inter- 
vals. At high anodic potentials (V t> +0.6V, high dark cur- 
rents were observed and gas evolution on the electrode 
surface could be observed, similar to the behavior of the 
Li0.sFe2.504 anode at these potentials (see Fig. 4). The re- 
sults of the analysis of the ac response data obtained at 
these potentials were not reliable. We limited the analysis, 
therefore, to the data obtained between -0.4 and +0.4V. 
In this potential region, the dark current was less than 1 
t~A/cm 2. The admittance spectra measured between -0.4 
and +0.4V could all be accurately fitted to the equivalent 
circuit given in Fig. 6. This circuit can be represented by 
QscRFPCARASPQBRBPSRsS, following the notation pre- 
sented in Ref. (21-23) (P stands for parallel and S for ser- 
ies). The Q element represents a constant-phase-angle 
(CPA) admittance of the form (21). 

Y~ = kj (ico)~J [1] 

For a = 1, this Q element represents the admittance of a 
capacitor, while for a = 0 this element reduced to a resis- 
tor. The Q element is usually attribued to current in- 
homogeneit ies (32). 

The equivalent circuit of Fig. 6 is adopted from the one 
Tomkiewicz (33) used to model  the n.-TiOJelectrolyte in- 

RF 
RB 

Rs 

Fig. 6. The equivalent circuit to which the ac response data ob- 
tained for the PEC cell with a ZnFe204 anode were fitted. The sym- 
bols are explained in the text. 

terrace. We inserted the branch QBRBP and replaced Csc 
by a Qsc element. Dare-Edwards et al. (12) used the circuit 
after Tomkiewicz to fit the ac response data of a PEC cell 
with a Fe203 electrode. A circuit similar to the one we 
used, with capacitances and Q elements exchanged, was 
used by 't Lam et al. (22) to model the ac response data of 
a PEC cell with a TiO2 anode. 

In the branch QBRBP, the Q element approaches the be- 
havior of a pure capacitance (0.91 ~< ~B < 0.98). The values 
of the elements in the part QBRBPRs S of the equivalent 
circuit are independent  of the applied potential. This part 
can be related to processes in the bulk of the semicon- 
ductor and in the electrolyte (22, 23). 

The other part of the circuit, QscRFPCARASP, must then 
be representative for processes at the semiconductor/elec- 
trolyte interface. The resistance R~ can be related to the 
faradaic dark current. The values of R F are quite large (> 1 
Mr2). This agrees very well with the low dark currents ob- 
served (< 1 tLA]cm2). The values of C A show a marked 
voltage dependence. At -0.4V, C A is around 10 ~F, but 
this value decreases rapidly with increasing potential and 
approaches a constant value above +0.2V. Dare-Edwards 
et al. (12) found the same voltage dependence for the ca- 
pacitance Css in their analysis. The branch CssRssS in 
their equivalent circuit, which is analogous to the branch 
CARAS, models surface states of a particular energy. 

The element Qsc is related to the space-charge capaci- 
tance Csc. The values of asc are between 0.91 and 0.94, 
showing that Qsc approaches closely a pure capacitance. 
Therefore, we may relate the values of ksc to the actual 
Csc values (23). 

In the depletion region the relation between the space- 
charge capacitance Csc and the potential V is given by the 
Mott-Schottky equation (34) 

Csc -2 e~oeN~A--------- ~ V - VFB -- e [2] 

where e is the relative dielectric constant, e o the permittiv- 
ity of free space, e the electronic charge, N D the donor 
density, A the interfaeial surface area, and VFB the flat- 
band potential. We have used the values of ksc to con- 
struct a Mott-Schottky plot (ksc --~ vs. V). This is shown in 
Fig. 7. From the V axis intercept, a value for the flatband 
potential VFB was obtained, viz., VFB = -0 .5V vs. SCE. 
From the slope, a value for N D can be derived. With e = 20 
for ZnFe204 (35), and A = 50 nm 2, this yields N D = 5.6 • 
1021 cm -3. This value is rather high compared with the 
number  of Fe 3~ ions on octahedral sites in ZnFe204 (2.7 • 
10 ~ c m - %  

According to Schoonman et al. (36), surface roughness 
can account for this high value of the donor density. 
Rough electrodes have acutal interfacial areas (A = A o + 
AA), which are greater than the geometrically determined 
surface areas (Ao). The edge of the depletion layer inside 
the electrode follows the surface roughness for small 
values of the electrode potential. Only for large values the 
edge of the depletion layer will approach Ao (37). 

In Fig. 8, an electron micrograph of the surface of the 
ZnFe204 electrode is shown. This picture reveals that we 
are indeed dealing with a rough surface. 

Goodman (37) modified the MS equation to account for 
surface roughness. However, for small band bending the 
MS plot will still be linear and may be used to determine 
VFB. A reliable value for N D will be hard to obtain. The 
value found by applying Eq. (2) is usually too high (36). 

Values of the flatband potential for a-Fe.203, which are 
mentioned here for comparison, have been reported by 
several authors. The ac response data analysis of Dare- 
Edwards et al. (12) resulted in a nonlinear MS plot. This 
could, however, be extrapolated to VFB = -0.SV VS. SSE 
(1M KOH) (SSE = -0.02V vs. SCE). These authors lim- 
ited the analysis to a five-component equivalent circuit 
and used only pure capacitances, although their electrode 
surface was unpolished. This might explain the nonlinear 
MS plot. 

Quinn et al. (3) reported a value of -0.67V vs. SCE (2M 
NaOH) for a single crystal. Kennedy and Frese (6) re- 
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Fig. 7. Mott-Schottky plot of the ksc data obtained for the PEC 
cell with e ZnFe204 anode. 

ported -0.73V vs .  SCE (2M NaOH) for a reduced polycrys- 
talline electrode and -1.00V vs .  SCE (1M NaOH) for a Ti- 
doped polycrystalline electrode. Curran and Gissler (7) 
reported -0.95V vs .  SCE (1M NaOH) for both a sintered 
Fe203 electrode and the thin Fe20 ~ layer of flame-oxi- 
dized iron. All these authors used monofrequency imped- 
ance measurements to obtain these values. Unfortunately, 
they are little coherent, which makes a comparison with 
our value for ZnF%O 4 difficult. 

Genera l  Discussion 
In relation to the photoeffects observed for ~-Fe20 ~ and 

for the ferrites reported here, the question arises of which 
optical transitions generate the charge carriers. Particu- 
larly for the visible region, where a marked difference be- 
tween the diffuse reflection spectra and the photocurrent 
action spectra is observed, this is of interest. The CF tran- 
sitions of Fe ~+, which cannot account for the intensity of 

Fig. 8. Scanning electron micrograph of the surface of the 
ZnFe204 electrode. 

the absorption in this region, are excluded beforehand. 
The localized nature of these transitions make carrier 
generation improbable, i .e.,  they will not give rise to pho- 
tocurrents of any importance. The relatively large absorp- 
t ion coefficient in the visible region might indicate an- 
other type of charge transfer transition, i .e. ,  metal to 
metal, which can be schematically envisaged as 2Fe 3+ -* 
Fe 2+ + Fe 4§ (A). Kennedy and Frese (5) came to the same 
conclusions. Also Pollert e t a l .  (38) discussing the 
photoelectrochemical properties of the magnetoplumbite 
PbFe,20,9 arrived at this assignment. This metal-to-metal 
CT transition starts aound 2.2 eV, i .e. ,  the onset wave- 
length of the photocurrent. In the UV part of the photo- 
current action spectra, the already mentioned ligand-to- 
metal CT, i .e. 02- + Fe 3. ---> O- + Fe 2+ (B) accounts for the 
electron-hole pair generation. 

The total photocurrent consists of two contributions: 
one from carriers generated in the depletion layer, and an- 
other from carriers generated in the bulk which diffuse 
into the depletion layer before recombining (1). The diffu- 
sion current depends on the minority carrier diffusion 
length, which is usually quite short for metal oxide 
semiconductors. For a small absorption coefficient, the 
light will penetrate deep into the semiconductor bulk, 
where most of the photogenerated charge carriers will re- 
combine before reaching the depletion layer. With in- 
creasing absorption coefficient, the charge carrier gener- 
ation in the depletion layer increases, as does the 
photocurrent efficiency. A higher absorption coefficient 
for UV radiation than for visible radiation (cf. the diffuse 
reflection spectra section) accounts, therefore, for the 
higher efficiency observed in the UV region. 

We have summarized the results of this consideration in 
schematical band-structure diagram shown in Fig. 9. This 
is adopted from a semi-empirical energy-level diagram for 
a-Fe203 (39). Since we excluded the CF transitions on 
Fe 3§ the excited-state levels originating from the Fe3§ ~ 
configuration have been omitted in this diagram. The 
two CT transitions responsible for the electron-hole pair 
generation are indicated (A and B, respectively, see Fig. 
9). 

From Fig. 9 it can be seen that we are left with two 
types of holes, each at a different energy level. Upon irra- 
diation with visible light, the holes are in the Feo 3§ band. 
Under UV irradiation, the holes are created in the oxygen 
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valence band. The photocurrents measured for 300, for 
380, and for 460 nm irradiation show the same voltage de- 
pendence. This indicates, that the conduction path for the 
holes is the same, whether irradiation is performed with 
visible light or with UV light. The low hole mobility re- 
ported for p-type ~-Fe203 (40) indicates that the hole mi- 
grates in the Feo 3§ band rather than in the oxygen valence 
band. Dare-Edwards et al. (12) arrived at a similar conclu- 
sion for a-Fe203. 

The value for VrB (-0.5V vs. SCE) obtained from the ad- 
mittance spectra analysis agrees with the value expected 
from the photocurrent-voltage curves observed. The 
values obtained for the capacitance CA, which can be as- 
sociated with surface states, clearly show the decreasing 
importance of these surface states with increasing band 
bending. This strongly supports the explanation given be- 
fore for the transients and the low steady-state photocur- 
rent observed in the low potential region. 

In conclusion, we have shown that ferrites with the spi- 
nel structure can be used as photoanodes in a PEC cell. 
Photocurrents are observed up to around 550 nm, but  the 
efficiency in the visible region is limited by a relatively 
low absorptivity. The flatband potential lies close to, but  
anodic of, the hydrogen evolving level. However, in the 
region of low band bending, steady-state photocurrents 
are severely limited because of surface recombination of 
the photogenerated electron-hole pairs. 
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Polarization Relaxation in Electrodeposited Polyphenylene-Oxide 
Films 

S. H. Glarum* and J. H. Marshall 
A T & T  Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Impedance measurements  of electrodeposited polyphenylene-oxide films, -250~ thick, show a polarization relaxa- 
tion for the metaYpolymer/electrolyte interface. The initial polarization following a potential perturbation is distributed 
across the film. Relaxation tbllows to a much larger polarization characteristic of a bare metal/electrolyte interface. Ki- 
netics are controlled by ion transport within the film and relaxation times range between 1 and 10-4s. Results are re- 
ported for films in strong acids and bases. In the former case, ionic permeability can be reversibly altered by factors > 
103 . 

Electrochemical syntheses of thin polymer films and 
their electric properties are topics of increasing impor- 
tance given the growing interest in microelectrochemical  
applications. Polymerizations which proceed through oxi- 
dative coupling mechanisms are especially attractive for 
electrochemical studies because the reaction is localized 
at the electrode surface by fixed electron-transfer re- 
quirements  for monomer  addition (1). Polymer films can 
be formed in this manner  from phenols (2), pyrroles (3), 
and anilines (4). The latter polymers are electronic con- 
ductors under polymerization conditions, and thick films 
can be produced electrochemically. In contrast, poly- 
phenylene-oxides are insulators and the reaction is 
quickly quenched when thicknesses of 102-103~ are 
reached. This dimension, shared with both Langmuir- 
Blodgett  films and biologic membranes,  introduces pos- 
sibilities for a variety of studies of both fundamental  and 
practical interest. Transport processes too slow to be 
macroscopically significant occur quite expeditiously on 
this scale. From a practical viewpoint, such processes 
may set lower limits for the scaling of macrodesigns. 

In a series of papers, Dubois and co-workers have char- 
acterized many of the chemical  and physical properties of 
polyphenylene oxide films (5). They propose that the ini- 
tial polymerization step is the oxidation of a phenolate 
ion to a radical species. This radical has large spin densi- 
t ies  at its ortho and para ring positions, and, if these sites 
are not blocked by substituents, the radical adds to an ox- 
ygen atom at the end of a growing polymer chain with the 
removal of H § and a second electron. 

In this paper, we report on studies of the electric prop- 
erties of electrodes coated with polyphenylene oxide 
films in aqueous electrolytes. When a potential difference 
is applied across the metal]polymer/electrolyte interface, 
the polymer layer is initially polarized. This polarization 
decays because of charge transport through the film, and 
we have used ac techniques to measure this relaxation. 
Polymers of 2,6-dimethylphenol (DMP) and 4-t-butyl- 
phenol  (TBP) have been examined in detail. The ortho po- 
sitions are blocked in DMP and coupling should take 
place at the para position, leading to a "linear" polymer. 
The ortho and para roles are reversed for TBP. Bruno et 
al. report that polymerization does not take place when 
the para and one of the ortho positions are blocked (5). 
We have observed that 2,4-dimethylphenol does form 
passivating layers when oxidized in aqueous base and, 
the TBP polymers may contain branching points. 

Experiment 
Plat inum rotating disk electrode, 1/16 in. diam, were 

used for this work. Prior to polymer deposition, they were 
polished with 0.05 ~m alumina. Unless otherwise indica- 
ted, films were grown potentiostatically for 20 min at 
-+0.25 Vsc~ (DMP) or +0.35 Vsc e (TBP). These potentials lie 
just  above the monomer  oxidation threshold and well be- 
low the oxygen evolution region. On one occasion, it was 
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noted that, if the platinum surface was fully oxidized 
prior to introduction of  the phenol, dark red material cov- 
ered much of the surface. Electrode rotation rates of 100 
rad]s were used during film growth, although no depen- 
dence on this rate was found. Sufficient monomer  is 
present in a 20 ~m electrolyte layer to meet the demands 
of the polymerization reaction. 

The phenols (Aldrich) were used as received. Solutions 
were vigorously degassed with argon and the electrolytic 
cell was thermostated at 25~ A B&L stereo-zoom micro- 
scope (280• with coaxial illumination was routinely em- 
ployed for surface examinations. The apparatus for im- 
pedance measurements  has been described previously (6). 

Results 
Aqueous solutions, 0.15N in NaOH and 0.02M in the 

phenol monomer,  were used for the preparation of poly- 
mer  films. Dubois et al. have used more concentrated 
phenol solutions in methanol  (5). In the absence of phe- 
nol, substantial currents, presumably due to the oxidation 
of methanol  to formaldehyde, are found at electropoly- 
merization potentials with platinum electrodes. Stoichi- 
ometry between current and electrodeposited material is 
absent with alcoholic solutions because of oligomer solu- 
bility, and deposition efficiency is but  a few percent. 
Films grown from aqueous solutions are soluble in meth- 
anol and are apparently of lower molecular weight mate- 
rial. On the basis of in situ impedance measurements,  
however, films grown from methanol solutions do not 
appear to be perceptibly thicker than their aqueous coun- 
terparts. While the former were not removed with metha- 
nol, their  electrical response was altered, with a nearly ex- 
ponential relaxation being replaced by a broader, 
nondescriptive dispersion. We interpret the latter as due 
to an inhomogeneous modification of the polymer layer. 

When a freshly polished platinum electrode is im- 
mersed in the growth solution, the open-circuit potential 
is near -0.1 V~r Based on cyclic voltammetric measure- 
ments for phenol-free solutions, this potential corre- 
sponds to the beginning of the oxidation plateau charac- 
teristic of platinum surfaces. The electrode was then 
scanned anodically from this potential (Fig. 1). Between 
0.1 and 0.4 Vsce, depending on the phenol, the current be- 
gins to rise exponentially. Formation of an insulating 
layer passivates the surface and the current rapidly drops 
to a constant level characteristic of the oxidation of a bare 
platinum surface. 

The shape of the oxidation wave does not change 
significantly with electrode rotation (100-0 rad/s) but, as 
seen in Fig. 1, the area beneath the wave is proportional 
to the scan rate. A constant faradaic charge is involved in 
formation of a surface film and integrations give 4.2 • 
10 -3 and 2.5 x 10-3 C/cm ~ for DMP and TBP films. As- 
suming 2e- per monomer  oxidized, 2.6 and 1.9 ~g]cm ~ are 
deposited, respectively. The density of a bulk DMP poly- 
mer  is 1.05, leading to a nominal  250~ thickness. 

Growth kinetics can be examined through the current 
transients which follow jumps  from open circuit to poten- 
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Fig. 1. Anodic current-voltage sweeps for 20 mM solutions in 0.15N 
NaOH of 4-t-butylphenol (TBP) and 2,6-dimethylphenol (DMP). a:10 
mV/s. b:20 mV/s. c:40 mV/s. Electrode rotation:100 rad/s. 
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Fig. 2. a (top): Initial current transient for DMP film growth following a 
potential jump from -0 .1  to +0.15 V~c e. b (bottom): Initial current tran- 
sient for DMP film growth following a potential jump from -0 .1  to 
+0.35 Vsc  e.  

rials above the polymerization threshold (Fig. 2a and 2b). 
The initial current is less at the lower potential and 
passivation takes 10-20s. At a higher potential and higher 
initial current, passivation is largely completed with 0.5s. 
Integration of these transients yields the same coulombic 
values found from potential-sweep plots and supports the 
conclusion of a stoichiometry between current and depos- 
ited material. The transients can be followed to longer 
times until constant limiting currents less than 1/~A/cm 2 
are reached after 20 min (Fig. 3 and 4). For TBP films the 
decay varies approximately as 1/t. For DMP films, there 
appears to be an exponential  drop to an intermediate pla- 
teau, followed by a second drop to the limiting current. 

Surfaces were examined microscopically before and 
after film growth. With normal (coaxial) illumination, no 
changes in surface features were evident, although there 
appeared to be a more yellow cast to the surface. With ob- 
lique illumination, only scattered light enters the micro- 
scope and features too small for direct resolution can be 
detected. No additional scattering was seen with TBP 
films, and micropolishing marks were equally apparent 
before and after film formation. The DMP films, how- 
ever, were uniformly speckled blue. We attribute this 
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Fig. 3. Long-term current decay for DMP film growth at several 

potentials. 
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Fig. 4. Long-term current decay for TBP film growth at several 
potentials. 
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scattering to refractive index variations between crystal- 
line and amorphous regions. 

Most ac measurements were made with 100 Hz-200 kHz 
frequency scans, although occasionally lower frequency 
scans, 1-500 Hz, proved helpful. Even at 200 kHz~ the film 
impedance was too high for a reliable evaluation of the 
electrolyte resistance. To determine this parameter, the 
film was removed, either by dissolution or repolishing, 
and the impedance of the bare electrode measured. With 
the electrolyte resistance in hand, corrections were made 
for the nonuniform current distribution at disk elec- 
trodes, the electrolyte resistance was subtracted from the 
corrected impedance, and results were plotted in the 
complex capacitance plane, i.e., io~ C* = (Z* - Re,) -1. 

Figure 5 shows such a plot. It is representative of most 
measurements.  The shape is approximately semicircular 
and well described over most of the frequency range by a 
circular arc centered 10 ~ below the real axis. Straightfor- 
ward extrapolations give 0.26 and 48 ~F/cm 2 for the high 
and low frequency intercepts. The relaxation time given 
by the frequency at the top of the arc is 180/~s (1/2 ~rf). 
The depressed center can formally be attributed to a rela- 
tively narrow distribution of relaxation times. There are 
no distortions to suggest the presence of more than one 
dispersion, except possibly at the lowest frequencies. A 
small dc conductance results in large deviations in C* 
plots in this region. 

Discussion 
Interpretation of the complex capacitance function for 

the metal/polymer/electrolyte interface is best ap- 
proached in terms of the behavior of an idealized block- 
ing electrode (see Appendix). We suppose the polymer 
film contains positive and negative ions of arbitrary 
mobilities. Within the film, ionic fluxes are governed 
both by concentration gradients and an electric field. 
The gradient of this field is determined by the space 
charge resulting from unequal  concentration profiles for 
anions and cations. The boundary conditions required to 
complete the description are rapid ion exchange at the 
polymer/electrolyte interface, pinning concentrations 
within the film at this boundary, and blocking conditions 
or null  ionic fluxes at the metal/polymer b o u n d a r y .  

Macdonald has offered a formal solution for this prob- 
lem couched in terms of a symmetric two-electrode cell 
(7). The half-cell response is, however, equivalent to the 
problem posed for concentration changes vanish through 
symmetry at the midplane. Macdonald's solution is rather 
complicated, in part because of the ab in i t io  separation of 
ionic and dielectric displacement currents. Our Appendix 
offers an alternative expression somewhat more amena- 
ble to evaluation. The problem involves finding the time- 
dependent  response of an equil ibrium configuration to a 
perturbation. An analytic solution has so far been 
achieved only for the perturbation of a spatially uniform 

configuration corresponding to the potential of zero 
charge (pzc). Gouy-Chapman theory describes equilib- 
r ium configurations at other potentials. Our result for the 
complex capacitance function can be written as 

C* = [(e + ~/ico)l]/[1 + ~ (/co)] 

with 

Gr = (eFc/kT)  (Dp + Dn) 

The numerator  contains the leading high frequency terms 
and depends on bulk parameters, e, the dielectric con- 
stant, and ~, the conductivity. Relaxation of the charge 
distribution to create a space-charge polarization is de- 
scribed by the function ~(/~). Five physical parameters 
are needed to describe the response: the thickness and di- 
electric constant of the film, the ionic concentration 
within the film, and the diffusion coefficients for both 
ions. 

The nature of the solutions is best revealed by complex- 
plane plots for C* (Fig: 6.). Parameters were chosen for 
these computer-generated curves so that the low fre- 
quency capacitance intercept was much larger than the 
high frequency intercept. The shape of these plots then 
depends only upon the ratio of the diffusion coefficients. 
When these are equal, the calculated plot is a semicircle. 
Despite the complexity of ~(~), the response is experi- 
mentally indistinguishable from a simple exponential  re- 
laxation. When the diffusion coefficients differ by orders 
of magnitude, the dispersion separates into a high fre- 
quency semicircle and a low frequency circular arc. The 
latter is characteristic of a diffusional relaxation process. 
The ratio of the dispersion amplitudes, x/2, is set by the 
assumptions of a 1:1 electrolyte. 

The potential perturbation initially creates a uniform 
perturbing field within the film. Under the guidance of 
this field, the more mobile ions drift towards or away 
from the metal/polymer interface, creating a space-charge 
region which quenches the field in the bulk of the film. 
This portion of the relaxation appears exponential  in 
time. The slow ions can enhance the space-charge polari- 
zation by a factor ~-2, but, in the absence of a field within 
the film, their redistribution kinetics are diffusive. 

If we accept this model, interpretations for parameters 
derived from experimental C* plots are straightforward. 
For D, = D. and C O > >  Cg 

Cg = e/l 

C O = e/k 

c%a x C O = ~/l 

1/k 2 = 2eFc/ekT  

with Cg and Co being the asymptotic high and low fre- 
quency intercepts, OJma x the frequency at the C* maximum, 
and ~, a Debye length defined by the last equation which 
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Fig. 5. Complex-capacitance plot for a TBP film in 0.05N NaOH at 
-0.1 Vsc e (open-circuit potential). 
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Fig. 6. Theroetical complex-capacitance plots for the space-charge 
relaxation model. Values indicate the diffusion coefficient ratio Dx,/D~,. 
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describes the width of the space-charge region. Cg is the 
geometric capacitance of the polymer film. Applying 
these results to the data plotted in Fig. 5 with I = 250A, we 
find e = 7, ~ = 7 • 10 -z mho/cm, c = 0.9M, and D = 10 -l~ 
cm2/s. However, k = 1.0~, and the validity of macroscopic 
electrostatics used in the model appears questionable. 
The dielectric constant for analogous bulk polymers is 
2.5. Were this the correct value for the film, the true 
thickness would be 85~ and inconsistent with growth 
coulometry. 

Our suspicions regarding the small Debye length are 
confirmed by measurements  at different potentials 
which show no changes in C o. According to Gouy-Chap- 
man theory, C O should vary as cosh(e~/2kT). In fact, C O is 
suspiciously similar in magnitude and potential depen- 
dence to the capacitance of a bare plat inum electrode in 
the electrolyte. This capacitance has limiting high fre- 
quency values in the range 40-50 t~F/cm 2. However, it also 
exhibits a very broad dispersion of unknown origin ex- 
tending to very low frequencies. Examination of the 
width of classic cyclic voltammetric plots in the "double- 
layer" region gives values of several hundred microfarads 
per square centimeter. The correlation appears to be best 
between the low frequency film capacitance and the high 
frequency film-free capacitance. 

When the electrolyte concentration was reduced to 10 
mM, neither bare nor coated electrodes showed a capaci- 
tance dip indicative of the pzc. The absence of this dip 
points to specific ionic adsorptions. The magnitude of 
the capacitance requires a dielectric constant c a .  20 at the 
interface, which is rationalized in terms of a layer of water 
molecules (8). While the relation between interfacial struc- 
ture and capacitance is ambiguous, it seems safe to con- 
clude for polymer-coated surfaces that the equilibrium 
polarization is localized at the metal interface, the low fre- 
quency capacitance reflects the properties of this inter- 
face, and a water layer separates the metal and polymer. 
The low frequency capacitance cannot be relied on, how- 
ever, for the evaluation of ionic concentration, and a dif- 
fusion coefficient cannot be extracted from the film 
conductivity. 

The model analyzed assumes that ionic transport 
within the film limits polarization relaxation. Although 
experiments show but  one dispersion, it is not immedi- 
ately evident that the relaxation is not limited by interfa- 
cial rather than bulk kinetics. If the rate-limiting process 
were spatially localized at the outer and/or inner  film 
boundaries, min imum capacitance values would be set by 
the geometric widths of these regions. Rapid transport 
within the bulk would eliminate a bulk electric field and 
hence the dielectric displacement polarization of the 
bulk. The magnitude of the high frequency capacitance 
rules out localized interpretations for the observed relaxa- 
tion. 

With some insight into the physical significance of the 
complex capacitance, the behavior of this function was 
examined during the period of film formation. Rapid ini- 
tial changes precluded detailed measurements in the first 
few minutes. High-frequency measurements,  however, 
showed the capacitance dropped from an initial value, 
-60  tLF/cm 2, to a limiting value within seconds. Thus the 
film thickness, given by Co, is quickly established. Relax- 
ation measurements at longer times were possible, and 
Fig. 7 plots the values for Cg, Co, and the film conductiv- 
ity, G = cr/l. No significant variations are seen for the ca- 
pacitive parameters showing that the film thickness and 
the nature of the metal/polymer interface are not chang- 
ing. The C O values further indicate the absence of a 
steady-state electric field within the bulk of the film to 
assist phenolate anion transport. 

The film conductivity shows a steady drop over this 
period. As the film thickness is invariant, the decrease 
must  be attributed either to reduced ionic mobilities or 
solubilities. The steady-state current, representing pheno- 
late oxidation, is independent  of potential (Fig. 3, 4), and 
we may assume that it represents a diffusion limited cur- 
rent so that 
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Fig. 7. Variation of the relaxation parameters during TBP film growth 

at +0.35 Vsc e. 

I m = 2FDmKmCmo/ l  

with D m the monomer diffusion coefficient, K m the 
monomer  partition coefficient, and %~ the monomer 
concentration in the electrolyte. Film conductivity is pri- 
marily due to electrolyte ions and 

G = 2 e F D e K e c o / k T l  

The product of the diffusion and partition coefficients 
gives a permeability coefficient. Comparison of the 
steady-state current with the film conductivity indicates 
that the electrolyte permeability is -103 times that of the 
monomer. 

While the structure and ion transport mechanisms in 
these films are not known, the polymers are polyethers 
and have some features in common with polyethylene- 
and polypropylene-oxides. The latter form a variety of 
complexes with alkali metal salts and possess dielectric 
constants and room temperature conductivities similar to 
those measured here for polyphenylene oxide films (9). 
Armand has proposed that the stability of these com- 
plexes arises from cation solvation by a helical arrange- 
ment  of the ether oxygens, and that the complexes are 
cationic conductors along these channels (10). Later mea- 
surements have indicated that cation and anion diffusion 
coefficients are nearly equal (11). 

Figure 8 plots film conductivities obtained from relaxa- 
tion measurements for TBP films in contact with various 
concentrations of three strong bases, NaOH, LiOH, and 
NPr4OH. Measurements were made at open-circuit poten- 
tials, c a .  -0.1 Vsce, just  above the cathodic reduction peak 
for the plat inum oxide region. For the latter two bases, 
this conductivity appears proportional to the electrolyte 
concentration. Conductivity is highest for NaOH solu- 
tions but  appears to be less sensitive to concentration. 
Data were acquired using a single film and making suc- 
cessive 2:1 dilutions. The anomalous behavior of NaOH 
solutions is an artifact of an aging process which causes a 
conductivity increase with time. 

Figure 9 shows aging results for separate TBP films in 
0.5 and 0.05N NaOH and LiOH solutions. The electrodes 
had been stored in water prior to measurement. The con- 
ductivity of films in NaOH is seen to be proportional to 
concentration when aging is considered. There were 
some indications of systematic increases in Cg and Co to- 
taling no more than 10%, but  this variation is commensu- 
rate with extrapolation uncertainties. 

The large conductivity differences show that film per- 
meabitity is strongly cation dependent, but we cannot 
separate solubility and diffusion effects. Electroneutrality 
requires the exchange of both cation and anions between 
polymer and electrolyte. The conductivity cannot be due 
to fixed ionic concentrations within the film, which 
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would be the case if phenolate residues determined this 
value. 

The t ime scale of the aging process is too long to be ex- 
plained by diffusion of water or electrolyte into the film. 
Aging cannot be exclusively due to the incorporation of 
water or hydroxyl ions, for the effect is most marked with 
NaOH solutions. A configurational or structural relaxa- 
tion of  polymer molecules which opens up ionic transport 
paths seems most plausible. If polymer hydrolysis is in- 
volved, the effects are reversible. In a series of experi- 
ments, aging changes were measured during a 3h immer- 
sion period in 0.1N NaOH. The electrode was then rinsed 
in water for 15 min and dried under vacuum for lh. The 
original parameters, including Cg, were found on 
remeasurement.  
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Fig. 9. Aging changes of TBP film conductivity in several basic 

el ectrolytes. 
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Fig. 10. Complex-capacitance plot for a "fast" TBP film in O.2M 
H2SO 4 at +0 .6  Yse e. Frequencies are in kilohertz. 

Polyphenylene oxide films are also stable in strong 
acids. For such solutions, however, two markedly differ- 
ent behaviors were observed. Figure 10 shows a fast re- 
laxation in 0.2M H2SO4, with Cg = 0.28 ~F/cm 2, Co = 80 
~F/cm 2, and a relaxation t ime of 180 ~s. These parameters 
are essentially identical to those obtained from Fig. 5 for a 
NaOH solution. The higher C o value parallels the higher 
capacitance for a platinum oxide surface in sulfuric acid. 
In Fig. 11, we see a much slower relaxation for suppos- 
edly similar film. Even when the frequency scan was 
lowered to 1 Hz, the C* max imum was not reached, and we 
can estimate a relaxation time -> ls. Moreover, the plot 
does not resemble the high frequency extension of a 
nearly semicircular arc. For three decades, the plot has a 
slope near unity, corresponding to (/~)-,2 dependence 
and suggesting a diffusion-controlled relaxation process. 

As a rule, fast responses are found for films freshly 
formed and slow responses appear with films allowed to 
dry out, either under ambient or vacuum conditions. A 
given film can be reversibly cycled between fast and 
slow states. A vacuum treatment leads to a slow relaxa- 
tion, while immersion in NaOH solutions restores fast be- 
havior. The presence of water in the polymer seems im- 
plicated in the fast response films. The polymers are 
hydrophobic, and the facile removal of water is plausible 
(5). Immersion of a "slow" film for 2h in either water or 
acid gives no more than a threefold relaxation time de- 
crease, whereas a similar t reatment in base yields a 
300-fold decrease. 

A simple ion transport mechanism would not lead to 
diffusional relaxation. This behavior occurs while the ca- 
pacitance is still close to its geometric value, and conse- 
quently an electric field must  exist within the film as a 
driving force for ion migration (cf. Fig. 6), Diffusion of an 
electroneutral species appears to govern the relaxation. 
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Fig. 1 1. Complex-capac i tance  plot  for  o " s l o w "  T B P  f i lm in O.1M 

H2SO 4 at + 0 . 6  Yse e. Frequencies are in hertz.  
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Given the film thickness, a ls  relaxation time corre- 
sponds to a diffusion coefficient of order 10 -ax cm2/s. 
This value seems too large to associate with water in a 
polymer matrix. Possibly polar or ionic groups at the 
ends of polymer chains are involved. 

We have also observed that film conductivity in acid 
solutions can be altered by factors of 2-5 following poten- 
tial changes. Suppose we measure the response of a "fast" 
film at +0.2 V~  in the double-layer region of a plat inum 
electrode. After the potential has been lowered to -0.2 
V ~  and then returned to +0.2V~c~, thereby adsorbing and 
desorbing a monolayer of H atoms, the relaxation time is 
increased and the high frequency slope of C* plots is re- 
duced. When the potential is then raised to +1.1 V~e, 
oxidizing the metal surface, film conductivity is in- 
creased, and its higher value is maintained on return to 
+0:2 V~. Accompanying these potential changes are 
large pH transients as H § and OH- ions are taken up and 
released at the metal interface. We cannot draw an obvi- 
ous connection between pH changes and the much larger 
effects of film dehydration. Alternative experiments 
more directly revealing the role of water in modifying the 
structure of the polymer films and their ionic permeabil- 
ity are necessary. 

Our discussion so far has been restricted to results for 
TBP films. Corresponding measurements for DMP films 
gave similar results both qualitatively and quantitatively. 
Relaxation parameters, the influence of electrolytes, and 
aging effects were not distinctively different. Because of 
their thinness, film conductivities are readily measured. 
The slow response films in sulfuric acid have equivalent 
bulk conductivities of 10 -~~ mho/cm, making them re- 
spectable insulators. While lower values are normally 
cited for conventional insulating materials, they are not 
based on measurements with concentrated electrolytes as 
contacts. If the conductivity were ascribed to pinholes 
filled with electrolyte, the fraction of the surface covered 
by such holes would be 10 -9. Perhaps our most interest- 
ing observation is that the permeability of thin polymer 
layers can be reversibly altered by several orders of mag- 
nitude. These materials are not simply passive matrices. 
Effective utilization of this property will depend upon a 
clearer understanding of the structures and dynamics 
within thin films. 

Our results also point out some difficulties inherent in 
thin film applications. The usefulness of ion-selective 
membranes depends on the relative ionic contributions to 
conductivity of the membrane through diffusion and par- 
tition coefficients (12). If one boundary of the membrane 
is a blocking contact, relaxation will lead to an equilib- 
r ium polarization at this contact which depends only on 
the properties of this interface and not the selective prop- 
erties of the overlying matrix. In the case of a plat inum 
contact, this interface turns into a pH sensor within a sec- 
ond for the films used in this work (13). Similar behavior 
can be anticipated with SiO2 contacts. 

Considerable interest exists in combining electrochemi- 
cal polarizations with field-sensitive semiconductor sur- 
faces (14). It is perhaps worth noting that the capacitance 
is closely related to the field at the surface, C = ~ hE(O)/ 
hV. Capacitance relaxation measurements should permit 
an assessment of material performance for such applica- 
tions without the additional complexities of microcircuit 
fabrication. 

Manuscript submitted April 17, 1985; revised manu- 
script received Aug. 9, 1985. 

APPENDIX 

The purpose of this Appendix is to outline the deriva- 
tion of an analytic expression for the complex capaci- 
tance of a blocking electrode more tractable than Eq. [44] 
of Ref. (7). The fundamental  equations to be solved are 

d p / d t  = - d J J d x  ; Jp = - D p  [ d p / d x  - (ez /kT)  p(x ,  t )E(x,  t)] 

d n / d t  = - d J , J d x  ; J,, = -D,~ [ d n / d x  + (ez /kT)  n (x ,  t)E(x,  t)] 

d E / d x  = (ez/e) [p(x,  t) - n (x ,  t)] 
f ,  l 

V(t)  = - / E(x ,  t) d x  
~ o 

with p(x ,  t) and n(x ,  t) cation and anion concentrations 
with diffusion coefficients Dp and D n. E (x  , t) is an elec- 
tric field, and V(t)  is the potential drop across the film 
with thickness I. Time-dependent parameters are consid- 
ered to be harmonic perturbations of a uniform equilib- 
r ium distribution, i.e. 

p (x ,  t) = c o + p* (x) exp (/o~t) 

n(x ,  t) = Co + n*(x)  exp (icot) 

E(x ,  t) = E*(x) exp (ioJt) 

Substi tution leads to a characteristic equation with roots 

T• 2 = 1 + (ioJX2/2)(1/Dp + 1/Dn) 

-+ {1 + [(ir - l/D,)]2} -'~2 

l/k2 = e2z2co/ekT 
and 

4 

E*(x) = E*o + ~ E*i exp (Tix/h) 
1 

with the coefficients E*i determined by boundary condi- 
tions. Similar expressions follow for p * ( x )  and n*(x) .  

At a blocking electrode, the perturbation current, I* = 
icoeE* (0) and consequently the complex capacitance can be 
expressed in terms of the coefficients E*i 

C* = I * / ~ V *  = (e/l) E*~ + ~ E*l 
E* o + ~ E* i [exp (Ti l/k) - 1]/(Til/k) 

From the boundary conditions 

p*(l) = n*(1) = Jp (0) = J,~ (0) = 0 

one readily finds 

E*i = E*o (D, + Dn)licoh "z = E*o (r = E*o/ioJr 

With considerably more effort, the denominator can be 
evaluated giving 

(~ + ~/i~)/1 
C * -  

with 1 + f§ + f_ 

f-+ = (7x" - T+-2) -1 [(./~2 _ 2)/io~ - 2] [tanh (T+_I/h)/(T+_l/h)] 
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Photoelectrochemical Properties of Sputtered and Plasma-Oxidized 
Iron Oxide Films 
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ABSTRACT 

The results for iron oxide, thin film (-500A) electrodes, formed both by reactive sputtering from an iron target and 
by plasma oxidation of a sputter-deposited iron film, are reported. The reactively sputtered electrodes were formed by 
deposition onto sputter-deposited films of both iron and conducting indium tin oxide (ITO), while the plasma oxidized 
electrodes were formed with ITO only. The performance of the electrodes as photoanodes for O2 evolution was found to 
be strongly dependent  on a number  of fabrication parameters, the best results being achieved for films formed on ITO 
and then vacuum annealed, both at 350~ In this case, the performance matched or exceeded that reported in the litera- 
ture for other methods of fabrication of polycrystalline iron oxide. Annealing these films in oxygen resulted in a de- 
crease in photocurrent by a factor of three to four, as well as a 0.7V suppression of the photocurrent onset potential. The 
effect was reversed on reannealing in vacuo. Postfabrication treatment of electrodes in various aqueous solutions was 
found to effect their performance significantly. More specifically, a substantial enhancement  of the photocurrent in the 
onset region was achieved by treatment in a boiling KSCN solution. Mott-Schottky plots and conductivity measure- 
ments  are presented to illuminate these phenomena. 

Iron oxide has two valuable properties as an oxygen 
photoanode in relation to the photoelectrochemical con- 
version and storage of solar energy: (i) it is stable against 
photodissolution; and (ii) its bandgap and flatband po- 
tential are close to the values required for achieving the 
maximum conversion efficiency in an unbiased, tandem, 
photoelectrochemical cell configuration. On the other 
hand, it suffers from poor transport properties, limiting 
quan tum yields to <27% even for single crystals (1). 

The stability of Fe203 against photodissociation is at- 
tributed to the fact that the optical transition, leading to 
the generation of electron-hole pairs, is a d-to-d transition 
(2) and hence not bond breaking. In contrast, most of the 
lower bandgap materials do undergo photodissociation. 

Recently (3, 4), we determined the efficiency limits of a 
number  of different unbiased configurations for the pho- 
toelectrochemical splitting of water using solar radiation. 
The calculations took account not only of the thermody- 
namics of the photophysical processes, but  also of the 
transport properties of the semiconductor(s) and junc- 
tions. We concluded that a single bandgap device, under  
zero bias, is unlikely to achieve a conversion efficiency 
higher than -4.5%, this requiring a semiconductor of 
bandgap -2.6 eV. However, for a tandem photoelectro- 
chemical cell (tandem PEC), consisting, e.g., of a 
photovoltaic of bandgap -1.4 eV in optical and electrical 
series with a photoanode of bandgap -2.0 eV, a conver- 
sion efficiency -17% in unbiased operation becomes a 
practical goal. Thus while Fe203 is unable  to split water in 
a single-bandgap, unbiased PEC (its flatband potential is 
too anodic) it does possess close to the opt imum bandgap 
and fiatband potential for use in an unbiased tandem 
PEC, the former being 2.0 - 0.2 eV (5), the latter 0.3V with 
respect to the reversible hydrogen electrode (1). 

The photoelectrochemical prope~ies of both bulk F%O3 
(1, 6-11) and thin film Fe203 (12-17) have been extensively 
studied. As already noted, the photostability of Fe20~ has 
been attributed to the fact that the carrier generating tran- 
sition is d-to-d. Unfortunately this same feature leads to 
low hole mobility and hence poor transport properties, 
since the d bands in which the holes are generated are 
narrow. It is, in fact, the small overlap of the d orbitals 
that leads to the narrowness of their band, so that this so- 
lution to photostability works directly against achieving 
good transport properties. 

Sputtering is a convenient, inexpensive, readily auto- 
mated method for producing thin film systems. Film 
properties can be varied by controlling the substrate tem- 
perature, sputtering gas composition and pressure, RF 
power, substrate bias, and magnetic field strength (in 
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magnetron sputtering). An important additional advan- 
tage of thin films over bulk specimens arises when deal- 
ing with relatively high impedance materials, since the 
film thickness can be tailored to achieve an opt imum bal- 
ance between photon absorption and impedance and re- 
combination losses. 

We report here the photoanodic and impedance proper- 
ties of iron oxide films formed by (i) reactive sputtering 
of iron in an oxygen plasma onto a presputtered iron 
film, and (ii) sputtering iron onto a presputtered indium 
tin oxide (ITO) film, followed by oxidizing it in an oxy- 
gen plasma. We have also investigated oxide films 
formed onto ITO by reactive sputtering; Auger analysis 
indicates, however, considerable doping of the iron oxide 
film by the underlying ITO, thus complicating interpre- 
tation of the data. Properties of these doped films, while 
mentioned briefly here, will be treated in detail in a later 
publication. 

Experimental 
Sput ter ing . - -Two different sputtering systems were 

used in the course of this investigation. For the films 
formed by reactive sputtering onto iron, a Varian, single- 
target, RF diode system was used. It was modified to in- 
clude a 15 cm diam heated substrate table capable of 
achieving temperatures up to 400~ The films on ITO 
were formed using a three-target Perkin Elmer Model 
2400 RF system, also modified to include a heated, rota- 
table substrate table with an upper temperature limit of 
420~ 

All films were deposited onto microscope slides which 
had been ultrasonically cleaned in 2~propanol, degreased 
via hot 2-propanol vapor, then held at -300~ under  vac- 
uum (1 x 10 -7 torr) for several hours in the sputtering 
chamber. 

Sputter-deposited iron oxide on iron.--Following presput- 
tering of the iron target in 8 • 10 -~ torr argon, -5000/~ of 
iron meta l  was sputtered onto the glass slides at 1000V 
target bias and an argon pressure of 8 • 10 -~ torr, the dep- 
osition rate being -100 ~/min. Immediately following the 
iron deposition, oxygen was bled into the plasma, and in 
most cases the argon flow stopped, leading to reactive 
sputtering in pure oxygen. The oxygen pressure and sub- 
strate temperature were ~aried from run to run. Follow- 
ing deposition of the desired thickness of iron oxide, the 
RF field was turned off, the substrate table cooled to 
room temperature, and the samples removed from the 
sputtering chamber. 

Sputter-deposited iron oxide on ITO.--Deposit ion of the 
conducting ITO film proceeded by presputtering the tar- 
get (Materials Research Corporation 99.97% pure In203-9 
mol percent SnO~) in an argon, oxygen mixture, the total 
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pressure being 8 x 10 -~ torr and the partial pressure of 
oxygen about 5 • 10 -6 torr. Presputtering was continued 
until the oxygen partial pressure remained constant at 5 
• 10 -6 torr under fixed feed conditions. Precise control 
of the oxygen partial pressure was found to be essential 
for forming transparent ITO films of good conductivity. 
The best results were obtained at 1200V target bias, sub- 
strate temperature of 320~ and oxygen partial pressure 
of 5 • 10 -6 torr, the deposition rate being 130 A/min. Films 
formed in this way to a thickness of 4000A were a very 
pale green in color and had a specific conductivity -104 
mho-cm-1. 

Following ITO deposition, the iron target (Materials Re- 
search Corporation 99.995% purity) was presputtered at 
1000V target bias in 8 • 10 -3 torr argon for 30 min, at 
which t ime oxygen was introduced into the chamber  and 
the argon flow stopped. The target was then pre- 
sputtered at 900V target bias in 8 • 10 -~ torr oxygen for 
lh  before deposition of the Fe203 at a rate of 17.5 ~/min. 
The long presputtering procedure was found to be neces- 
sary to eliminate CO2 from the system. Mass spectromet- 
ric analysis of the chamber  gases revealed that the CO2 
peak (mass 44) decreased by two to three orders of magni- 
tude during the presputtering process. Failure to carry 
out this presputtering procedure led to irreproducible 
results. 

Following deposition of the iron oxide, if no annealing 
was planned, the heater was allowed to cool to room tem- 
perature and the samples removed. If annealing was 
planned, the substrate table was adjusted to the desired 
temperature and the films annealed for 10-12h either in 
vacuo or in 2 • 10 -2 torr oxygen. 

Plasma-grown iron oxide on ITO.--Following deposition 
of 4000~ of ITO according to the procedure outlined 
above, the iron target was presputtered at 1000V bias in 8 
• 10 -3 torr argon for 30 min before depositing the iron 
film on top of the ITO, the deposition rate being 60 
A/min. When up to -240~ of iron are exposed to the same 
plasma conditions as were used to reactively sputter iron 
oxide (900V target bias, 8 • 10 -8 torr oxygen), it is fully 
oxidized in less than 1.5 min. This thickness of metal 
(240~), when fully oxidized, will yield -510~ of Fe203 as- 
suming bulk densities. The final films were either an- 
nealed, or not, using the same procedure followed for the 
reactively sputtered films. 

Thickness determination.--Deposit ion rates were de- 
termined b y  three different methods: using an Inficon 
XTM quartz crystal thickness monitor; by weighing the 
film deposited in a given time on a semimicrochemical  
balance; and using a Sloan, Dektac step profiler. The 
three methods agreed to about -+20% on assuming bulk 
density for the films. 

Electrode preparation.--For photoelectrochemical and 
electrode impedance measurements,  electrodes were fab- 
ricated by attaching tinned copper wire to one end of the 
coated glass slide using GC silver print. A 6 mm diam Py- 
rex tube was then fastened over the wire to the glass slide 
using 5 min epoxy glue. The entire assembly was coated 
with 734 RTV silicone sealant, except  for the active oxide 
surface of area, typically, 0.06-0.10 cm ~. 

Conductivity measurements . - -The room temperature 
conductivity of the oxide films were determined by 
forming the oxide directly onto glass substrates. An 
indium-gallium paste was applied to the oxide at fixed 
intervals and the current-voltage behavior recorded using 
a PAR Model 170 electrochemistry system. 

Photoelectrochemical and impedance measurements .--  
Photoelectrochemical  response curves were made using a 
PAR Model 170 electrochemical system in conjunction 
with a focused xenon lamp source, giving a total incident 
power density at the electrode surface of -0.7 W/cm 2. Im- 
pedance measurements  were made using a PAR dual- 
phase, phase-sensitive amplifier, Model 129A. The 1 kHz 
ac signal (3 mV peak to peak) was provided by a Wavetek 
Model 182A function generator. The phase of the lock-in 

amplifier was referenced against the ac voltage across 
the cell and the in- and out-of-phase components  of the 
cell current were measured via a standard 10~ -+ 0.005% 
resistor in series with the cell. Further experimental  de- 
tails can be found elsewhere (18). All measurements  were 
performed at room temperature, 24 ~ -+ 2~ and in 
N2-purged 0.10M NaOH, using triply distilled water and 
analytical reagent-grade sodium hydroxide. 

Spectral measurements . - -The absorbance of thin oxide 
films formed directly on vitreous quartz slides were ob- 
tained in the range 190-820 nm using a Hewlett-Packard 
diode array spectrometer, Model 8451A, with the bare 
quartz slide as reference. 

Action spectra were obtained using a Spex Minimate 
monochromator  and a 150W xenon light source. Quantum 
efficiencies, ~b, were calculated using the expression 6 = 
1.2408J/IoX, where J is the photocurrent  density in micro- 
amperes per square centimeter, 1.2408 is a conversion fac- 
tor relating photon flux density to power flux density, 
and I o is the incident power flux density in milliwatts per 
square centimeters at wavelength ~ (expressed in 
nanometers). While no corrections were made either for 
transmission losses or for reflection losses at the oxide- 
electrolyte interface, the procedure followed took account 
of losses at the electrochemical cell window, since they 
are matched by losses at the window of the actinometer 
cell [aqueous iron oxalate (19)] used to calibrate the radi- 
ometer  (Molectron Model PR 200). The calibration was 
performed at six different wavelengths with the radiome- 
ter used henceforth over the entire wavelength range of 
interest, 250-750 nm. The electrochemical ceil was posi- 
tioned so that the monochromator  slits were imaged at 
the photoelectrode surface. Thus, Io was set equal to the 
total power flux divided by the area of the slit image, 0.80 
cm 2. Using a diode detector, it was determined that the 
slit image was uniform in power flux density to within a 
few percent. 

R e s u l t s  a n d  D i s c u s s i o n  

Sputter-deposited iron oxide on iron.--Films formed in 
this way on substrates held at 100~ or less lead to very 
small photoanodic currents, in agreement with the result 
reported by Benko et al. (17). Performance improved sub- 
stantiaily with increasing substrate temperature, how- 
ever. Figure 1 and 2 show the dc photoanodic response 
and action spectrum, respectively, for a film about 500~ 
thick deposited in a pure oxygen plasma onto the iron 
substrate held at 350~ then cooled immediately to room 
temperature. Increasing the substrate temperature to 
400~ led to no further improvement.  While changing the 
oxygen pressure had no effect on the measured photocur- 
rents, the inclusion of argon in the sputtering gas resulted 
in substantially lower photocurrents, as was found previ- 
ously for sputtered TiO2 films (18). 

The data from the action spectrum are plotted in Fig. 3 
in a form appropriate for an indirect bandgap semicon- 
ductor [(6h,) l/~ vs. hv, Ref. (20)]. The data for hr < 2.70 eV 

% 
? 

2.0 

' I ' I ' I ' I 
0.10 M NaOH 

N 2 sat. 

4.s 

0 , I I 
- 0.4O 0 0.40 O.8O 120 

v (SCE) 

Fig. 1. Photoano~lic response curve for 1000~ Fe203/Fe sputter depos- 
ited at 350~ end cooled immediately. 
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Fig. 3. Indirect bandgap plot for the electrode of Fig. 1, showing a low 

energy linear region extrapolating to Eg = 2.05 eV. 

are linear and extrapolate to a bandgap of 2.05 eV, in 
agreement with the result reported for a-Fe203 by Morin 
(5), namely, 2.2 - 0.2 eV.'A Mott-Schottky plot of the im- 
pedance data is presented in Fig. 4. The data are similar 
to results reported for bulk polycrystalline (7) and ther- 
mally grown (16) thin a-Fe203 films. The break occurring 
at - - - 0 . 4 V  (SCE) has been attributed to deep donor 
(5, 7, 21) levels which act as electron-hole recombination 
centers, thereby suppressing the photocurrent onset po- 
tential, Vpeo to a value -0.3V anodic of the flatband po- 
tential, V~B. Note, however, that Vpco for the film of Fig. 1 
is -0.9V anodic of VFB, representing a further 0.6V anodic 
suppression of the photocurrent onset compared to that 
reported for polycrystalline (6) and single-crystal (1) 
Fe203. This could be due to high recombination losses in 
the bulk and/or at the interface(s), to a kinetic block at the 

oxide-electrolyte interface, or to nonohmic contact of the 
oxide to the underlying iron metal. This same very large 
suppression of V~o is reported by Benko et al. for sput- 
tered films of Fe203 (17). Transient photocurrent studies 
obtained by chopping the white light at 40 Hz showed 
photo-onset around -0.70V (SCE), which is close to the 
extrapolated flatband from Fig. 4. This indicates that the 
large suppression of Vpco is not arising due to an anodic 
flatband shift. 

In an at tempt to check the ohmic conduct ion behavior 
of the oxide-metal contact, an indium-gal l ium paste was 
applied to the front surface of the oxide film and the 
conduct ion properties of the iron]Fe2OJindium-gallium 
system measured. Highly nonl inear  current-voltage 
curves were obtained in contrast to the behavior of an- 
nealed films of F%O3 on ITO, where ohmic behavior, 
was obtained. When indium-gal l ium contacts were made 
to films of iron oxide reactively sputtered directly onto 
glass at 350~ and cooled immediately to room tempera- 
ture, nonl inear  i-V behavior was again obtained. How- 
ever, films which were vacuum annealed (350~ 10h) 
showed linear i-V behavior and conductivit ies of the or- 
der of 2.0 • 10 -4 mho-cm- ' .  From these results, we can- 
not conclude that the Fe~OJFe back contact is ohmic, 
but  the fact that the Mott-Schottky plot extrapolates to 
the accepted flatband potential and the t ransient  onset 
potential  also occurs near flatband suggests that it is 
ohmic. 

Anneal ing of the iron/F%O 3 th in  film elements  at 
350~ in vacuo (10 -7 torr) for 10h led to highly reduced 
films and no photocurrent.  

Sputter-deposited iron oxide on ITO.- -As  for the iron- 
supported films, films deposited on ITO at or below 
100~ showed only a very small photocurrent.  Films de- 
posited onto ITO at 350~ in a pure oxygen plasma and 
cooled immediately gave results very similar to those 
deposited onto an iron substrate. Vacuum anneal ing for 
10h at 350~ however, led to a dramatic improvement  in 
their photoanodic response, as illustrated in Fig. 5, for a 
film 500~, thick. 

While these results showed clearly the pronounced 
benefit of vacuum annealing,  further studies were re- 
stricted to plasma-grown films, since Auger depth 
profile analysis of a 250~ film formed by reactive sput- 
tering onto ITO showed ind ium doping to the extent  of 
10-15% at the outer surface, decreasing to 7-8% in the 
bulk  of the film, before increasing again near the 
F%OJITO back contact. 

Plasma-grown iron oxide on ITO.- -Auger  depth 
profile analysis of iron oxide films grown in this way 
showed no detectable ind ium (<2%) at either the front 
surface or in the bulk of the film. 

Figures 6-8 show the action spectrum, indirect  band- 
gap plot, and Mott-Schottky plot for a 500~ film formed 
by plasma oxidation at 350~ followed by vacuum an- 
nealing for 10h at 350~ The results are close to those 
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Fig. 4. Mott-Schottky plot (1 kHz) for the electrode of Fig. 1. Since the 
dielectric constant, K, was not determined, the slopes are reported in 
terms of the product of K and Nd, the donor density. 
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for the reactively sput tered and vacuum-annealed films. 
However,  comparison of the Mott-Schottky plots indi- 
cates both a higher doping density and a cathodic shift 
of  0.1V in V~B for the plasma-grown oxide relative to the 
reactively sputtered oxide. 

To ascertain the role of vacuum annealing, some films 
were annealed for 10h in 2 • 10 -5 torr oxygen following 
film formation. The photoanodic response curve and 
Mott-Schottky plot for one of these samples are shown 
in Fig. 9 and 10, respectively,  along with those for a 
sample from the same batch that was returned to the 
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vacuum chamber  and vacuum annealed for 10h at 350~ 
The pronounced improvement  in both Vpc o and the pho- 
tocurrent  produced by annealing i n  v a c u o  rather than in 
an oxygen atmosphere is clearly illustrated in the re- 
sults. The reversibili ty of  the changes brought  about by 
annealing alternately i n  v a c u o  and in oxygen suggests a 
compositional,  rather than structural, basis for the 
changes. Samples annealed in vacuum initially then 
reannealed in oxygen also showed the same degraded 
photocurrent  behavior as the films annealed in O5 
initially. 

The absorption spectra for 500~,, plasma-formed iron 
oxide films on vitreous quartz (no ITO present) are pre- 
sented in Fig. 11. There is a significant difference in the 
spectra, depending on whether  the film is annealed at 
350~ for 10h in oxygen or i n  v a c u o .  Both spectra, how- 
ever, are similar to that reported by Gardner  e t a l .  (21) 
for a 440]~ thick iron oxide film formed on alumina by 
an unspecified procedure. The absorption shoulder at 
560 nm (2.2 eV) is consistent  with the indirect  bandgap 
determined here (2.05 eV). Also apparent is an absorp- 
tion peak beginning at about 460 nm (2.7 eV) and 
reaching a max imum of 385 nm (3.22 eV). This absorp- 
tion peak has been at tr ibuted by Gardner e t a l .  (19) to di- 
rect charge transfer from oxygen to iron. A direct 
bandgap plot of  the quan tum efficiency data (Fig. 12) 
does indeed produce a l inear region from 2.85 to 3.2 eV, 
which extrapolates to a bandgap of 2.8 eV. This direct 
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those producing a significant change, for better  or for 
worse, being reported here. 

i Figure 13 shows the effect of including different con- 
centrat ions of  sodium vanadate  in the 0.10M NaOH elec- 
trolyte on the photoanodic response curve. The effect is 
entirely reversible in that upon rinsing the electrode and 
returning it to fresh 0.10M NaOH (no vanadate) the origi- 
nal response curve is recovered. 

Kyriacou (22) has shown that vanadate ions adsorb 
and polymerize on the surface of hemati te  at and above 
pH 10. The mechanism is assumed to involve the dis- 
p lacement  of surface  OH- ,  which would explain the 
suppression of the photocurrent  observed here in the 
presence of vanadate ions, as the surface O H -  are pre- 
sumably the sites for water oxidation. 

A number  of  electron donor complexing agents were 
tested for their  efficacy in increasing the photocurrent ,  
the most  active of which was the thiocyanate ion, SCN-.  
While t reatment  of an electrode in 0.50M KSCN for 5 
min at room temperature  produced no significant 
change in photocurrent ,  the same t reatment  in a boiling 
solution brought  about a marked improvement  in the 
photoanodic response. As can be seen from Fig. 14, the 
improvement  is in the rate of current  rise from Vpc o to 
saturation (i.e., in the fill factor) rather than in Vpc o or 
the saturation current. The improvement ,  however,  is 
substantial, represent ing a factor of  two to three in- 
crease in photocurrent  over much of the rising portion 
of  the photoanodic response curve. Mott-Schottky plots 
for a plasma-oxidized film, both before and immedi-  
ately after t reatment  with KSCN, are il lustrated in Fig. 8. 
While the results appear to indicate that  the t rea tment  
leads to a significant increase in carrier concentration, 
an additional, specific surface effect is not precluded. 
An improvement  in photoanodic behavior  has been re- 
ported by Kennedy et al. (8) result ing from immers ing 
polycrystall ine Fe203 in 1M KI for 3 weeks. They also ob- 
served the onset of a small photocurrent  at the flatband 
potential  associated with photo-oxidation of I -  (9). 
While they attribute these results to surface modifica- 
tion, the possibility of a concurrent  change in the bulk 
propert ies through incorporation of I -  cannot be ruled 
out. 

Results  for t rea tment  with cyanate (OCN-) and 
pyrazine are shown in Fig. 14. As for thiocyanate,  no ef- 
fect was observed for t rea tment  at room temperature.  
All of the nitrogen containing ligands tested led to some 
improvement  in the fill factor for the photoanode when 
the t rea tment  was carried out in boiling solution. Simply 
treating an electrode in boiling 0.10M NaOH, however,  
had no effect on the photocurrent ,  but such treatment,  

transition, which is super imposed on the indirect  transi- 
tion, is clearly responsible  for the break in the indirect 
bandgap plots of Fig. 3 and 7. 

Conduct ivi ty  measurements  made on films deposited 
directly onto glass slides, using indium-gal l ium con- 
tacts, yielded values in the range 5 x 10-6-10-5 
m h o - c m - '  for unannealed samples, and in the range 2 • 
10-4-2 • 10 -3 m h o - c m - '  for vacuum-annealed samples. 
This change in conduct ivi ty  is by a factor substantially 
larger than one would infer from the slopes of the Mott- 
Schot tky plots (Fig. 10). This result, as well as the spec- 
tra of Fig. 11, suggests that  vacuum annealing brings 
about more than simply an increase in the electron do- 
nor concentration. We are currently in the process of 
s tudying systematically the solid-state propert ies of 
plasma-formed iron oxide and the role of vacuum an- 
nealing, with this paper concentrat ing on their  photo- 
e lectrochemical  properties. 

Postformation modification of vacuum-annealed, 
plasma-formed films.--In order to improve  the photo- 
current  onset behavior  of  the vacuum-annealed  films 
formed by plasma oxidation, postformation t reatment  
with a number  of aqueous solutions was tried, with 
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Fig. 13. Photoanodic response curves for 500~ Fe~OJITO plasma 
formed and annealed 10h in vacuo, both at 350~ showing the 
influence of vanadate ion in the electrolyte. Curves 1-3 are for, respec- 
tively, 0, 0.0010, and 0.010M NaVO 3 in 0.10M NaOH. The response 
returns to that of curve 1 when the electrode is rinsed and returned to 
fresh 0.10M NaOH. 
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Fig. 14. Photoanodic response curves for electrodes formed as per Fig. 
13, then treated in boiling aqueous solutions of different complexing 
Lewis bases for 5-10 min, the concentration being in the range 
O. 10-0.50M. 

following e.g., the KSCN treatment,  restored the photo- 
current  response to that of an untreated electrode. The 
change brought about by the complexing agent is evi- 
dently fairly easily reversed. Thus, while the photocur- 
rent  enhancement  was stable for up to 3h, sitting in 
0.10M NaOH for 24h at room temperature restored 
pretreatment  behavior. 

The results of Lin et al. (23) indicate that the active 
sites for H20 oxidation are associated with Fe2 + ions on 
the surface of ~-Fe203. Perhaps the complexing agents 
stabilize this oxidation state, thereby enhanc ing  the 
charge transfer step at the oxide-electrolyte interface. 
Such a proposition is consistent  with the fact that the 
strongest Lewis base, SCN-,  produced that greatest im- 
provement  in the fill factor. Whatever the explanation, 
however, the improvement  achieved is considerable, 
and suggests the possibility of achieving further im- 
provement  in this way. Note, however, that these com- 
plexing agents have little or no effect on Vpco, which is 
-0.3V anodic of VFB. If the source of this anodic shift in 
Vpc o is indeed the presence of deep donor levels, 0.3V 
below the Fermi level (5, 7, 19), then one could not ex- 
pect to alter Vpc o through surface t reatment  alone. Like- 
wise, surface t reatment  is not expected to alter the satu- 
ration photocurrent.  Thus, while we have shown that 
t reatment  with certain complexing agents can result  in a 
substantial  improvement  in the fill factor, the problems 
of late photocurrent  onset and low quan tum yield 
remain. 

Summary and Conclusions 
Thin film (500~) Fe203 photoanodes, with characteris- 

tics closely matching those for polycrystalline iron oxide 
formed by other methods (8, 15) have been fabricated 
using atomic sputtering techniques. Achievement of such 
behavior requires annealing the films at -350~ in vacuo. 
In turn, this treatment dictates a back contact material 
that does not lead to reduction of the Fe203 film during 
the annealing process, eliminating iron for this purpose. 
Procedures for depositing high conductivity, high trans- 
parency ITO films were developed and such films found 
to form excellent, ohmic back contacts for the Fe203 
films produced either by reactive sputtering or plasma 
oxidation of iron films. While reactive sputtering pro- 
duced Fe203 films containing 7-15% In, no In could be de- 
tected in the films formed by plasma oxidation. 

The very large improvement  in the photoanodic re- 
sponse characteristics brought about by vacuum anneal- 
ing at 350~ are reversed on annealing in oxygen at 350~ 

Mott-Schottky, spectral, and conductivity measurements  
were performed on both the vacuum- and oxygen- 
annealed samples to illuminate the mechanism involved 
in this process; the problem, however, awaits a thorough 
investigation. 

Treatment of the electrodes in boiling aqueous solution 
containing electron donor complexing agents resulted in 
larger fill factors, the most substantial increase resulting 
from treatment in KSCN. Boiling in 0.10M NaOH appar- 
ently removed the complexing agent as the fill factor re- 
turned to its original value. The magnitude of the effect 
appears to be related to the Lewis base strength of the 
complexing agent, and we have suggested that the com- 
plexing agent may facilitate electron transfer at the oxide- 
electrolyte interface by stabilizing surface Fe 2§ ions, be- 
lieved to be connected with the sites for water oxidation 
(23). Other possibilities exist, however. Inclusion of vana- 
date ion in the electrolyte suppresses the photocurrent, 
the mechanism being perhaps the chemisorption of vana- 
date ion through substi tution for the surface OH- ions 
(22), such OH- presumably being the site for water 
oxidation. 

Acknowledgments 
The authors wish to express their appreciation to the 

Natural Science and Engineering Research Council of 
Canada for supporting this research, and to Tammy Chan 
of the University of Western Ontario Surface Science 
Group for performing the Auger analysis. 

Manuscript submitted April 22, 1985; revised manu- 
script received Aug. 12, 1985. 

The University of Toronto assisted in meeting the publi- 
cation costs of this article. 

REFERENCES 
1. R. K. Quinn, R. D. Nasby, and R. J. Baughman, Mater. 

Res. Bull., 11, 1011 (1976). 
2. S. P. Tandon and J. P. Gupta, Spectrosc. Lett., 3, 297 

(1970). 
3. M. F. Weber and M. J. Dignam, This Journal, 131, 1258 

(1984). 
4. M. F. Weber and M. J. Dignam, in "Hydrogen Energy 

Progress V," Vol. 3, T. N. Veziroglo and J. B. Taylor, 
Editors, pp. 957-968, Pergamon Press, London (1984). 

5. F. J. Morin, Phys. Rev., 83, 1005 (1951). 
6. J. H. Kennedy and K. W. Frese, Jr., This Journal, 125, 

709 (1978). 
7. J.H. Kennedy and K. W. Frese, Jr., ibid., 125, 723 (1978). 
8. J. H. Kennedy, M. Anderman, and R. Shinar, ibid., 128, 

2371 (1981). 
9. M. Anderman and J. H. Kennedy, ibid., 131, 21 (1984). 

10. C. Leygraf, M. Hendewerk, and G. A. Somorjai, J. 
Catal., 78, 341 (1982). 

11. J. E. Turner, M. Hendewerk, J. Parmeter, D. Neiman, 
and G. A. Somorjai, This Journal, 131, 1777 (1984). 

12. K. L. Hardee and A. J. Bard, ibid., 123, 1024 (1976). 
13. L. R. Yeh and N. Hackerman, ibid., 124, 833 (1977). 
14. J. S. Curran and W. Gissler, ibid., 126, 56 (1979). 
15. K. Itoh and J. O'M. Bockris, ibid., 131, 1266 (1984). 
16. S. M. Wilhelm, K. S. Yun, L. W. Ballenger, and N. 

Hackerman, ibid., 126, 419 (1979). 
17. F. A. Benko and F. P. Koffyberg, ibid., 132, 609 (1985). 
18. M.F. Weber, L. C. Schumacher, and M. J. Dignam, ibid., 

129, 2022 (1982). 
19. C. G. Hatchard and C. A. Parker, Proc. R. Soc. London, 

Set. A, 235, 518 (1956). 
20. M. A. Butler and D. S. Ginley in "Semiconductor Liq- 

uid Junct ion Solar Cells," A. HeUer, Editor, p. 290, 
The Electrochemical Society Softbound Proceed- 
ings Series, Princeton, NJ (1977). 

21. R. F. G. Gardner, F. Sweett, and D. W. Tanner, J. Phys. 
Chem. Solids, 24, 1183 (1963). 

22. D. Kyriacou, Surf. Sci., 8, 370 (1967). 
23. Z. Lin, Y. Cheng, S. Wu, X. Wu, S. Qu, and K. Xie, Wall 

Xuebao, 32, 1595 (1983). 



Electrochemical Oxidation of Methane in Nonaqueous Electrolytes 
at Room Temperature 

Application to Gas Sensors 

Takaaki Otagawa, *,1 Solomon Zaromb,* and Joseph R. Stetter 

Argonne National Laboratory, Energy and Environmental Systems Division, Argonne, Illinois 60439 

ABSTRACT 

The electrochemical oxidation of methane at room temperature was studied using several nonaqueous solvents and 
electrocatalysts. The best sensitivity and reaction stability were obtained with an electrode composed of plat inum black 
mixed with a 35 weight percent Teflon | dispersion and deposited on a porous Teflon membrane in contact with an 
electrolyte of 2M NaC104 in -/-butyrolactone. A working electrode potential of 800 mV vs. Ag/AgC1 gave the least current 
variation with changing relative humidity. However, a potential of 600 mV vs. Ag/AgC1 gave the highest signal-to- 
background current ratio. The sensitivity (net current) measured for the electro-oxidation of methane in ~-butyrolactone 
increased significantly with increasing temperature. The reaction has an activation energy of approximately 12 kcal/ 
mol. An electrochemical methane monitor was constructed exhibiting a sensitivity of 1 ~AJ% CH4 and negligible sensi- 
tivity to parts-per-million levels of CO or NO2. However, it gave responses to > 0.3% H2, 49 ppm NO, and 50% C2HG that 
could be mistaken for methane signals. 

The potential advantage s of amperometric methane 
sensors have been recognized for detecting natural gas (1) 
and for meeting the requirements of the U.S. Bureau of 
Mines' Intrinsically Safe Mine Monitoring System (2, 3). 

Although electro-oxidation of methane on a plat inum 
electrocatalyst occurs at an appreciable rate in aqueous 
phosphoric, sulfuric, and perchloric acids in the 60~176 
range (4-8), methane's  poor electrochemical reactivity at 
lower temperatures has frustrated attempts to develop 
room temperature reactors and sensors (1, 9). A high 
overpotential is required to oxidize methane at room tem- 
perature (4, 9), although the electro-oxidation of methane 
is thermodynamically favored at modest potentials, i.e., 
the reaction CH4 (g) + H20 (1) --> CH3OH (aq) + 2H § + 2e- 
has E ~ = 0.586V vs. the reversible hydrogen electrode 
(RHE) (10). At high overpotentials (-> 0.SV), the water oxi- 
dation reaction proceeds at a high rate and results in in- 
tolerable high background currents in sensors containing 
aqueous electrolytes. 

Problems of this type have been encountered and 
solved in practical sensors by varying the sensing elec- 
trode catalyst, the method of catalyst preparation, the 
electrolyte composition, or the cell geometry (11). The use 
of nonaqueous electrolytes (e.g., propylene carbonate, gly- 
cols, and solid polymers) h a s  been reported as a particu- 
larly promising approach for methane oxidation (12). 

Several novel amperometric sensors that respond to 
methane at room temperature, each using a Teflon | 
bonded plat inum black working electrode and a nonaque- 
ous electrolyte in a three-electrode cell, have been devel- 
oped recently at Argonne National Laboratory (13-15). 
The electrochemical studies that led to development of 
these sensors are described in this paper. 

Experimental 
Cell construction.--The Teflon-bonded plat inum black 

electrodes were prepared by mixing the desired propor- 
tions of commercial plat inum black (Engelhard Indus- 
tries, East Newark, New Jersey), with Teflon 30 disper- 
sion (E.I. du Pont de Nemours and Company, 
Incorporated, Wilmington, Delaware), and bonding the 
mixture to a porous Teflon membrane (Zitex TM, 
Chemplast, Incorporated, Wayne, New Jersey), in a way 
similar to previously reported procedures (16). The 
plat inum black catalyst loading was 14 mg/cm ~, and the 
Teflon content of the dewatered mix was varied between 
20 and 45% of weight. Other noble metal black (Englehard 
Industries) or oxide electrodes [prepared by coprecipita- 
tion of nitrates (17) obtained as reagent-grade chemicals 

* Electrochemical Society Active Member. 
1 Present address: Life Systems, Incorporated, Beachwood, 

Ohio 44122. 

from Aldrich Chemical Company, Incorporated, Mil- 
waukee, Wisconsin], were made in a similar way. 

Each electrode was heat pressed at 100~ and 0.81 
kg/cm 2 for 5 min, with the catalyst pressed against a 40 
mesh platinized plat inum screen that served both as a 
support and as an efficient current collector. The elec- 
trodes were then sealed onto a polypropylene sensor 
body, in which the vertically positioned working and 
counter-reference electrodes were located at opposite 
ends of the electrolyte chamber (see Fig. 1). The geomet- 
ric areas of the working, reference, and counterelectrodes 
were 1.27, 0.42, and 0.84, respectively. 

Electrochemical measurements.--The impedance be- 
tween each pair of electrodes was determined using a 
conductivity bridge (Model 31, Yellow Springs Instru- 
ment  Company, Incorporated, Yellow Springs, Ohio), at 1 
kHz, after allowing the electrodes to stay in contact with 
an electrolyte solution overnight. The potential of the 
platinum/air reference electrode was measured using a 
microflexible Ag/AgC1 reference electrode (Model 
MI-402, Microelectrodes, Incorporated, Londonderry, 
New Hampshire). The potential of the working electrode 
was maintained constant vs. the platinum/air reference 
electrode, which was built  into each sensor, using a 
potentiostat designed and constructed in house. The sig- 
nal output from the current]voltage converter of the 
potentiostat was recorded on a three-channel strip-chart 
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Fig. 1. Bosic sensor design 
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recorder (Model 1243, Soltec Corporation, Sun Valley, 
California). 

Current/potential curves for methane oxidation at each 
potential were determined only after allowing the work- 
ing electrode to equilibrate at the desired potential for at 
least 12h. The current was initially recorded in a back- 
ground of "zero" air (i.e., air containing no methane or 
other known impurities) of a constant relative humidity 
for at least one hour, until  it reached a steady-state value. 
Subsequently, the steady-state currents were measured 
for methane samples of the same relative humidity. 

Various nonaqueous solvents (99-99.9% purity, Aldrich 
Chemical Company, Incorporated), containing 1-3M 
NaC104 or LiC104 (99.99% purity, Aldrich Chemical Com- 
pany, Incorporated), as the electrolytes were prepared 
and placed in the solution reservoir of the sensor (see Fig. 
1). All chemicals were used without further purification. 

Gas sample preparation .--High purity methane 
(99.99%, Scott Environmental  Technology, Incorporated, 
Troy, Michigan) was used for all experiments. The purity 
of the methane samples was further verified using a sen- 
sor array in a portable device for detecting and identi- 
fying hazardous vapors developed at Argonne (18, 19). No 
traces (-> 1 ppm) of CO, NO, NO2, or H2 were detected. 
Various concentrations of methane in air were prepared 
by dynamically mixing 99.99% methane and hydrocar- 
bon-free air (Scott Environmental  Technology, Incorpora- 
ted) at proper ratios using two flow meters. All other gas 
mixtures used in this work (200 ppm CO in air, 49 ppm 
NO in N2, 48 ppm NO2 in air, 200 ppm and 0.5% Hz in air, 
and 99.9% CzH~) were obtained from Scott Environmental  
Technology, Incorporated, in premixed cylinders. About 
2 liters of each pure gas or gas mixture was first collected 
into a Teflon gas sampling bag (30 • 30 cm, Pollution 
Measurement Corporation, Chicago, Illinois) before use. 

Humidified methane samples were prepared by 
passing dry gas samples through a 2.5-5 cm Gore-Tex | 
(porous Teflon) tube (Gore-Tex TA001, W. L. Gore & As- 
sociates, Incorporated, Elkton, Maryland) immersed in 
water. The relative humidity of the gas mixture was de- 
termined by placing a humidity sensor (Model 455, Gen- 
eral Eastern Instruments  Corporation, Watertown, Massa- 
chusetts) in the gas flow path. 

In all experiments, the methane samples were pumped 
with a portable air pump (Model AS-100-1, Spectrex Cor- 
poration, Redwood City, California) through a "zero" 
filter (10 cm length by 2 cm diam) that contained sequen- 
tial beds of activated carbon, Purafil (KMnO4/AlzQ) and 
1% plat inum coated on alumina. This purification system 
was designed to remove CO, H~, and other trace impuri- 
ties from the methane gas before it entered the sensor's 
gas exposure chamber. Unless otherwise stated, all mea- 
surements were performed at 23~ The flow rate for the 
gas samples through the sensor was typically 100 
cma/min. 

An environmental  chamber (Model 816, GCA/Precision 
Scientific, Chicago, Illinois) was used to control the tem- 
perature of the experiments. The entire experimental 
setup, including gas sampling bags for methane and pure 
air, was placed inside the environmental  chamber. The 
system was allowed to thermally equilibrate at the tem- 
perature of interest for at least 3h before any data were 
taken. 

Results and Discussion 
Selection of solvent--The response to dry methane of 

sensors using a plat inum black working electrode (20 
weight percent [w/o] Teflon) on a porous Teflon mem- 
brane (Zitex H606-122) was recorded for sensors con- 
taining 11 solvent and solvent-gel combinations. Table I 
summarizes the results obtained. Two nonaqueous sol- 
vents not listed in the table, benzonitrile and 
dimethylformamide, did not dissolve enough electrolyte 
(NaC104) to yield a conductivity sufficiently high for use 
in an amperometric sensor (low conductivities result in 
small signals and slow responses). Also, solvents with low 

boiling points (e.g., acetonitrile) gave small or insignifi- 
cant signals for methane. These solvents may have been 
too volatile for the electrodes to be properly wetted. Sol- 
vents can also influence the methane signal by inhibiting 
the reaction at the electrode surface or by inhibiting 
efficient transport of the methane to the electrode. 

Propylene carbonate and ~-butyrolactone gave the be'st 
responses to methane under  the test conditions. Although 
the propylene carbonate electrolyte yielded a response of 
about 10 ~A to 100% methane, it exhibited a continuously 
changing background current. This current may have 
been associated with the electrochemical decomposition 
of propylene carbonate into propylene and carbonate at 
the potential used in these experiments (20). The low sen- 
sitivity and rather slow response of this sensor could be 
due to partial or complete flooding of the pores in the 
Teflon-bonded electrode by the electrolyte. To eliminate 
or reduce pore flooding, the propylene carbonate electro- 
lyte was gelled by adding approximately 10 w/o poly- 
methylmethacrylate. A rapid response but  a weak signal 
was observed for 100% methane. Because polymethyl- 
methacrylate cannot withstand the highly anodic elec- 
trode potentials required for methane oxidation, sensors 
containing this gel were characterized by high back- 
ground currents and unstable sensor response over short 
time periods. 

The smallest background current drift was obtained 
with ~-butyrolactone or sulfolane. Because sulfolane does 
not dissolve salt readily, the electrolytes obtained had low 
conductivity, which results in weak sensor signals. On 
the other hand, the sensitivity achieved with ~- 
butyrolactone was as high as that achieved with propyl- 
ene carbonate. The ),-butyrolactone system also exhibited 
lower cell resistance (~60~) than the propylene carbonate 
system (~150~). This result suggested the possibilty of 
achieving more efficient methane oxidation with ~- 
butyrolactone and a working electrode designed to con- 
trol pore flooding. Therefore, small quantities ( -4  w/o) of 
polymethylmethacrylate were added to ~-butyrolactone, 
which rendered the electrolyte more viscous. Such addi- 
tions resulted in methane signals as large as 70/~A, a re- 
sult that can be attributed to reduced pore flooding. 
However, such methane signals are not easily reproduced 
because of the electrochemical instability of poly- 
methylmethacrylate and the formation of an insulating 
white polymer film in the electrode pores when the elec- 
trode is exposed to moisture. 

In summary, the most reproducible methane oxidation 
currents were achieved with pure y-butyrolactone electro- 
lyte, which was used as the solvent in the remainder of 
the experiments. 

Optimization of porous electrodes.--A catalyst bed of 
plat inum black with a 20 w/o Teflon content  was depos- 
ited on different Zitex (porous Teflon) membranes to 
study the effect of pore size and pore thickness on the 
electrochemical signal resulting from methane oxidation. 
Zitex membranes having pores of from 2-5 to 20-30 /~m 
were used. Only those with pores between 5 and 20/~m 
gave large, stable, and repeatable currents. It was appar- 
ent from these measurements that mass transport of the 
reactant to the electrode was important. Satisfactory re- 
sults were obtained with either Zitex H662-123 (10-20 ~m 
pores) or Zitex E606-122 (5-10 ~m pores). The Zitex 
H662-123 membrane performed better because of its open 
structure, which permitted it to supply gas quickly to the 
electrode-electrolyte interface. This membrane was used 
in the following experiments. 

As in fuel cell operation, electrochemical gas sensing re- 
quires establishing a stable triple-phase (gas-electrode- 
electrolyte) interface at the working electrode. The 
Teflon content of the electrode significantly affects the 
nature of this interface, which has a profound effect on 
sensor performance, especially sensitivity and response 
time. Of the three Teflon concentrations tested, the sensi- 
tivity to methane was highest at a concentration of 35 w/o 
Teflon (see Fig. 2). This behavior is similar to that ob- 



Vol. 132, No. 12 O X I D A T I O N  O F  M E T H A N E  2953 

Table I. Physicochemical properties and sensor response for some nonaqueous electrolyte systems 

Compound 

Melting Boiling Cell 
Viscosity point point Dielectric Anodic limit impedance 

(Pa-s) (~ (~ constant (V) (W-C, 12) 

Background 
current 

~A) 

Signal for 
100% CH, 
at 500 mV 
bias a 0zA) 

Acetonitrile: CH3CN 0.00036 -42 

Nitromethane: CH:3NO2 0.000619 -29 

Acetic acid: CH3COOH 0.00122 16.7 

"y-Butyrolactone: 0 0.00167 -4  

G ,,0 

82 38.8 2.4 20 
(Ag/Ag +) (2M NaC104) 

101 3 9 . 4  2.7(SCE) b 150 
(-2M LiC104) 

118 6.2 2.0(SCE) 130 
(1M CH:~COONa) 

206 39 ? 60 
(1-3M NaC104) 

3 

12 

40 

10 

None 

None 

None 

l0 

Dimethylsulfoxide: (CH~)2SO 0.00193 6 

~ 3 
Propylene carbonate: 0.0022 

Cyclohexanone: c ~ 0.0028 

Sulfolane: O~_~ 0.00987 

~,-butyrolactone- > 0.010 
polymethylmethacrylate a 

Acetonitrile-gel e >0.010 
Propylene carbonate gel e >0.010 

-49 

189 48 0.7(SCE) 90 
(2MNaC104) 

242 6 4 . 4  1.7(SCE) 150 
(2MNaC104) 

-16 156 18 ? 200 
(2MLiC104) 

28 285 44 2.3(SCE) 430 
(1.5MLiC104) 

60 

20 
130 

30 

10-25 

350 

1.75 

2O 

1.8 
6.4 

None 

10 

None 

0.15 

40-70 

None 
1.5 

a Corresponds approximately to 0.8V vs. Ag/AgC1 in the same solution. 
b Saturated calomel electrode. 
c Black liquid formed. 
d Not reproducible. 
~ 4-10 w/o polymethylmethacrylate. 
Source: Anodic limits are from Ref. (22). 

se rved  for porous  gas di f fus ion e lec t rodes  used  in fuel 
cel l  t echno logy  (16, 21). At low Teflon concentra t ions ,  the  
act ive  e lect rocata lys t  layer  was  filled wi th  electrolyte,  re- 
sul t ing in internal  diffusion control ;  hence,  obse rved  oxi- 
da t ion  currents  were  small. Indeed,  in the case of  20 w/o 
Teflon, an  increase in the  potent ia l  of  the work ing  elec- 

5 0 -  

4 0 -  

3 0 - -  

5 

g 
~3 

2 0 - -  

1 0 - -  

0 50% OH4 i 
25% CH 4 

[3 10% CH4 

0 5% CH4 

I I I I 
10 20 30 40 50 

Concentration of Teflon (wt%) 

Fig. 2. Net response to various concentrations of methane in air as a 
function of Teflon concentration. Pt black: 14 mg/cm2, -Zi tex:  
H662-123. Electrolyte: 2M NaCIO4 in 7-butyrolactone. Electrode po- 
tential: 0 .85V vs. Ag/AgCI. Flow rate: 100 cmS/min with a zero filter. 

t rode  did not  enhance  ox ida t ion  currents  for methane ,  
wh ich  clearly indica ted  a d i f fus ion-control led  condi t ion  
ra ther  than  one  l imi ted  by electrocatalyst  activity. As the  
Tef lon concen t ra t ion  was  increased  to 35 w/o, the  degree  
of  pore  f looding in the e lec t rode  decreased,  and the  con- 
trol  of  the  react ion rate changed  from diffusion to electro- 
chemica l  activation.  An increase in the  Tef lon concent ra-  
t ion beyond  35 w/o resul ted  in lowered  e lec t rochemica l  
act ivi ty  caused  by a decrease  in the  catalyst 's  ef fect ive  
conduc t iv i ty  and surface area. 

In  the  case of  35 w/o Teflon, the  addi t ion  of  poly- 
me thy lme thac ry l a t e  gave oxida t ion  currents  of  the  same 
m a g n i t u d e  as those  ob ta ined  wi th  pure  1,- butyro lac tone .  
This  observa t ion  suppor t s  our  conc lus ion  that  the  maxi-  
m u m  degree  of  uti l ization of  the  catalyst  may  have  been  
ach ieved  wi th  a Tef lon concen t ra t ion  of  35 w/o. 

Electrode performance characteristics.--Effect of the 
electrolyte.--The electrolyte  used  wi th  the  ~-butyrolac- 
tone  solvent  was NaC104. No substant ia l  d i f ferences  were  
obse rved  in me thane  ox ida t ion  currents  w h e n  LiC104 was 
subs t i tu ted  for NaC104. The  solubil i ty of  NaPF6, wh ich  is 
r epor ted  to be e lec t rochemica l ly  more  s table than  per- 
chlora tes  (22), is too low in ~-butyrolac tone  to p roduce  a 
usable  electrolyte.  

There  have been  repor ts  of  explos ion  inc idents  
invo lv ing  LiC104 in d ioxo lane  (23) or  n i t rometha~e  
(24, 25). In  both  cases, the  e lec t ro lyte  was in di rect  contac t  
wi th  metal l ic  Li. Our l i terature search has no t  u n c o v e r e d  
any repor ts  of  explos ion  inc iden ts  invo lv ing  NaC104 in 
7-butyrolactone,  and we  bel ieve that  our  opera t ing  condi-  
t ions (10~176 ambien t  t empera tu re ,  low opera t ing  cur- 
rent  densit ies)  are sufficiently di f ferent  f rom those  in the  
r epor t ed  inc idents  to r ender  the  probabi l i ty  of  an explo-  
sion hazard wi th  this  sys tem ex t r eme ly  remote .  

The  var ia t ion in the  m a g n i t u d e  of  the  m e t h a n e  oxida-  
t ion cur ren t  w i th  the  concen t ra t ion  of  NaC104 in 
~r is shown  in Fig. 3. The  h ighes t  cur ren t  is 
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C o n c e n t r a t i o n  of NaCIO4 in ) , -Buty ro lac tone (M) 

Fig. 3. Net response to various concentrations of dry methane in air 
and cell impedance as functions of the concentration of NoCIO 4 in 
3,-butyroloctone. Pt block: 14 mg/cm 2. Teflon: 35 w/o, Zitex: H662-  ] 23. 
Electrode potential: 0 .75V vs. Ag/AgCI. Flow rote: ] 00 cm3/min with a 
zero filter. Data were token on cells freshly filled and equilibrated with 
each electrolyte for at least 12h. 

observed for 2M NaC104, and the smallest impedance be- 
tween the working and counterelectrodes is also observed 
at this concentration. The remaining experiments were 
therefore carried out with 2M NaC104 in ~/-butyrolactone. 

Effect of  the working-electrode po ten t ia l . - -The  effect of 
the electrode potential on methane oxidation was studied 
at two relative humidities (75% and 30% RH). The typical 
response (net current due to electro-oxidation of 
methane) vs. potential at 75% RH is plotted in Fig. 4. The 
background current increases sharply with increasing po- 
tential, presumably due to oxidation of water, and the ob- 
served net oxidation currents for methane go through 
maxima at a potential of 800 mV vs. Ag/AgC1. A decrease 
in sensitivity at a potential of 900 mV is attributed to the 
large background current (-90 ~A) at this potential. At 
75% RH, the current is substantially proportional to 
methane concentration over a wide range of concentra- 
tion (0-90%) and potential (500-900 mV vs. Ag/AgC1). 

9 0 - -  
I 

7 5 %  RH I 
I 

I 
8 0  - -  / B a c k g r o u n d  

I Cu r ren t  ( F A )  

I 
7 0 - -  I 

I 

6 0 - -  I I 
' ~  8 8 %  CH4  

r162 5 0 - -  r 
o 

7 5 %  C H 4  

r r  4 0 - -  

O3 5 0 %  CH4  
3 0 - -  

2 5 %  CH 4 

1 0 - -  7 
12% CH4 

o ] I I I t 
4 0 0  5 0 0  6 0 0  7 0 0  8 0 0  9 0 0  

P o t e n t i a l  ( m V  vs.  A g / A g C I )  

Fig. 4. Net response to various concentrations of methane in pure air 
vs.  working electrode potential at 7 5 %  relative humidity. 

At 30% RH, the methane currents gradually increase as 
the potential becomes more anodic. These currents 
display a diffusion-limited region at potentials above 800 
mV vs. Ag/AgC1 for concentrations of methane below 
50%. The background current remained below 20 izA at 
the potentials used. However, at 30% RH, the response be- 
comes nonlinear for methane concentrations greater than 
50% at potentials greater than 700 mV vs. Ag/AgC1. 

The variation of sensitivity with potential for the two 
relative humidities studied is illustrated in Fig. 5. The 
sensitivity values were calculated by applying the least 
squares method to plots of the steady-state current vs. 
concentration. At potentials lower than 800 mV vs. 
Ag/AgC1, increased availability of water vapor increases 
the methane current, which suggests that water is impor- 
tant  in the mechanism of the anodic oxidation of 
methane. At these potentials, a probable reaction is (26) 

CH4 + 2H20 ---> CO2 + 8H ~ + 8e- [1] 

However, at 800 mV vs. Ag/AgC1, the effect of humidity 
becomes negligible, indicating a change in the dominant  
mechanism for the electro-oxidation of methane. The pre- 
dominant  reaction at this potential could be (8) 

CH 4 --~ CH~(ad) + H + + e-  [2a] 

CH3(ad) --~ intermediates [2b] 

Thus, a working electrode potential of 800 mV vs. 
Ag/AgC1 gives the highest response to methane and the 
least variation in response at various relative humidities. 
However, the use of this potential in a practical sensor 
might be limited by the excessive background current (60 
~A,  cf. Fig. 4), even though this current could be compen- 
sated by using a nearly identical sensor or working elec- 
trode that is not exposed to methane (15). 

The ratio of sensitivity to background current at 75% 
RH is plotted against the potential in Fig. 5. In this case, 
the opt imum potential for observing the oxidation cur- 
rent due to methane is 600 mV vs. Ag/AgC1. The effect of 
relative humidity at this potential could be minimized by 
preconditioning the gas samples to an approximately con- 
stant humidity before introducing them to the working 
electrode. This approach could lead to a practical instru- 
ment  configuration for certain field applications. 

Effect of  temperature  on methane ox ida t ion . - -The  ef- 
fect of temperature .on methane oxidation is summarized 
in Table II. The currents due to methane oxidation are 
substantially proportional to methane concentration from 
0 to 100% methane at each temperature. However, the 

0 . 3 -  

0 . 7 -  

0.6 

0.5 
o 

~L 0,4 

0,3 

30% RH 

/ A / / /  X 75% RH 
/ 

�9 I 

| 

\ 
\ 

0.08 

0.07  

0.06 0 ~ 

0.05 c e 
= = 
o 

- 0,04 ~ 

o 
- 0.03 

- 0.02 ~r 

- 0 , 0 1  

0 I I I I I 0 
400 500 600 700 800 900 1000 

P o t e n t i a l  ( m V  vs.  Ag/AoCi )  

Fig. 5. Sensitivity at 3 0 %  and 7 5 %  RH and ratio of sensitivity to back- 
ground current at 7 5 %  RH vs. working electrode potential. 
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Table II. Summary of temperature effect on sensor response 

Response to percentage of 
Pt/air reference methane in pure air 

electrode potential Background (~A, net signal) a 
Temperature (V vs. Ag/AgC1 current Sensitivity 

(~ at 25~ h (/~A) 100 75 50 25 12 ~A/% CH,) 

10 0.346 19 19 14 7 2.5 1.4 0.209 
25 0.329 51 50 38 23 10 5 0.524 
35 0.317 60 82 60 40 17 8 0.847 
42 0.308 150 165 120 80 40 20 1.64 

a The working electrode potential was adjusted to 800 mV vs. Ag/AgC1 at 25~ and maintained at the indicated temperature and at the 
same flow rate (100 cm3/min). The relative humidity at 25~ was 76%. 

b The Ag/AgC1 reference electrode was maintained at 25~ and inserted into the sensor (kept at the indicated temperature) during the brief 
duration (~ 10s) of relative potential measurement. No attempts were made to correct for possible changes in the temperature of the Ag/AgC1 
electrode during this brief measurement period or for any temperature gradients at the liquid junction that could have affected the liquid 
junction potential. 

sensitivity and the background current are dependent  on 
temperature. The sensitivity increases by a factor of eight 
as the ambient temperature is raised from 10 ~ to 42~ al- 
though the potential of the platinum/air reference elec- 
trode decreases slightly (< 0.04V), as measured by the 
Ag/AgC1 electrode. 

The Arrhenius plots of  the temperature/current data are 
shown in Fig. 6. In these measurements,  the working elec- 
trode potential at each temperature was adjusted to 800 
mV vs. Ag/AgC1 at 25~ in accordance with the readings 
of the Pt/air reference-electrode potential of Table II. No 
substantial differences in the magnitude of the signals 
were observed with or without the adjustment of the po- 
tential. 

The apparent activation energies for the observed 
methane oxidation at constant potential, hE*, calculated 
using the equation AEr = -2.3R [0 log (i)/O(1/T)]v, average 
12 kcaYmol. The values of  the activation energy are lower 
than those measured in inorganic acids. For instance, in 
1N I-I2SO4, a value of approximately 30 kcaYmol has been 
reported (8). The electro-oxidation of methane in ~- 
butyrolactone containing 2M NaC102 may proceed by a 
different mechanistic path than in sulfuric acid. An acti- 
vation energy of 8.9 kcaYmol has been reported for the 
electro-oxidation of methane in trifluoromethanesulfonic 
acid monohydrate (27). These studies demonstrate the 
profound influence of the electrolyte on the ability to ox- 
idize hydrocarbons electrocatalytically and ultimately on 
the design of electrochemical sensors. 

Reactivi ty  of  other gases.--~ro design a practical 
methane monitor, the electrochemical sensors must be 
specific to methane and give a min imum signal in re- 
sponse to other pollutants that may be present. Figure 7 
illustrates the response vs. t ime behavior of  the experi- 
mental  sensor upon exposure to several gas mixtures in 
air or N2 at 78% RH. The interference gases were either 
passed directly into the sensor or first through a zero 
filter. No oxidation currents were observed for 200 ppm 
CO, 200 ppm I~, or 48 ppm NO2. Without a zero filter, 
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Fig. 6. Plots of current (log scale)vs. | / r  at various concentrations of 
methane in pure air. Electrode potentioh 0 .8V vs. Ag/AgCI. 

strong responses were observed for 25% CH4, 0.5% K2, and 
49 ppm NO. Upon insertion of the zero filter, the signal 
for 0.5% H2 decreased by about one-third, whereas the sig- 
nals from 25% CH4 and 49 ppm NO remained substan- 
tially unchanged. The response to 50% C2I-I6 was compara- 
ble to that of 50% methane. 

Therefore, I-I2, NO, and C2H6 yielded responses that 
might be mistaken for methane signals, even after some 
chemical filtration. Although the zero filter is designed 
to remove CO, some H2, and other trace impurities, the ef- 
fectiveness of this kind of filter is variable. An improved 
filter with an appropriate selection of heterogeneous cat- 
alysts might enhance the selectivity of the electrochemi- 
cal approach to methane detection. Alternatively, the 
methane sensor could be used in conjunction with either 
a gas chromatograph or with sensors responding to I-I2, 
NO, and C2I-I6, but not to methane (so that the methane 
concentration could be computed from the responses of 
all four sensors). 

Methane electro-oxidation catalysts.--Preliminary in- 
vestigations were conducted on various electrocatalysts, 
including platinized platinum mesh, platinum black, plat- 
inum black/carbon, iridium black, palladium black, car- 
bon, Co304, and C03OJcarbon. Of the noble metals tested, 
only platinum black yielded a significant activity for 
methane oxidation, but it exhibited a relatively slow re- 
sponse t ime of approximately 4 min. The platinized plati- 
num mesh alone produced no signal, but when used as a 
current collector in conjunction with platinum black, it 
reduced the response time (to 90% of final signal) from 
about 4 to about 1 min. The C0304 catalyst produced weak 
signals and a slow response, presumably due to the exces- 
sive resistivity of this catalyst, which yielded an electrode 
resistance of about 1 k~, even with a current collector. To 
reduce the high resistance of the C0304 catalyst, the oxide 
was mixed with fine carbon black powders (Cabot Cor- 
poration, Boston, Massachusetts, or Gulf Oil Products 
Company, Baytown, Texas). However, the carbon black 
did not significantly improve the conductivity of the 
oxide. 
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25% CH4 0,5% H z 25% CH 4 0.5% H 2 r / I / 
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Fig. 7. Response to selected interfering gases in air passed through a 
zero filter or no fiiter. Unless specified, signals ore token in pure air. 
Electrode potential: 0 .7V vs .  Ag/AgCI. 
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Efficiency of the electro-oxidation of methane.--I t  is 
possible to estimate a dynamic steady-state efficiency for 
the electro-oxidation of methane at a porous plat inum 
black electrode in the T-butyrolactone/NaC104 system. An 
elementary argument shows that the number  of moles per 
second being supplied to the sensing electrode gas cham- 
ber for a 50% methane sample at 100 cm3/min is 3.41 • 
10 -'~ mol/s. If the overall reaction [1] is assumed to occur, 
then the maximum obtainable current at 100% efficiency 
would be i = 8F dn/dt  = 26.3A. A typical signal of 50/zA 
was obtained for 50% methane at 800 mV vs. Ag/AgC1, 
which yields an estimated efficiency of 1.9 • 10 -8. Al- 
though the dynamic steady-state efficiency for methane 
oxidation is quite low under  these conditions, this current 
suffices to detect relatively low methane levels. 

In contrast, the estimated efficiency for the oxidation 
of NO on the same plat inum black electrode in the T- 
butyrolactone/NaC104 system is 6.6 • 10 -2. This efficiency 
yields a response ratio about 35,000 times greater per mol- 
ecule of NO relative to that of methane. Since the size and 
weight of methane molecules are comparable to or 
smaller than those of NO molecules, the low efficiency 
for methane oxidation cannot be due to a diffusion- 
limited process. Therefore, the far smaller efficiency of 
methane oxidation must  be due to the kinetics of the re- 
action on the plat inum black electrode. The catalytic ac- 
tivity of plat inum for methane oxidation at room temper- 
ature in the T-butyrolactone/NaC104 system is very poor 
when compared with that of other gaseous species. 
Further, the rate of CO oxidation is approximately 100 
times faster on plat inum electrodes than on gold elec- 
trodes (28). Thus, widely varying sensor responses can be 
produced by variations in the electrode catalyst. A search 
for new electrocatalysts to increase the efficiency of 
methane oxidation could result in significant improve- 
ments in the ultimate detection limit of an amperometric 
sensor. 

Application to Gas Sensors 
Significant electrochemical oxidation of methane at 

room temperature was observed using a Teflon-bonded 
plat inum black (14 mg/cm 2) electrode. The electrode, 
which contained a 35 w/o Teflon dispersion, was depos- 
ited on a porous Teflon (Zitex) membrane with 10-20 ~m 
diam pores. The electrolyte was 2M NaC104 dissolved in 
~-butyrolactone solvent. This system can be used to con- 
struct a room temperature electrochemical methane mon- 
itor (14, 15). As an example, Fig. 8 illustrates the typical 
response characteristics of a sensor for seven different 
concentrations of methane ranging from 1.3 to 50%. The 
response is substantially linear with the methane concen- 
tration, and the response and recovery times are about 
1 min. Concentrations as low as 0.3% methane in air can 
be distinguished from the background current and noise, 
and the response and recovery times are substantially in- 
dependent  of methane concentration. 

20;A 1 
4 min 

5pA 

10 50  0 25  O 13 0 0 

(- 
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Concentration (% CH4 in air) 
Fig. 8. Typical chart recordings of amperometric Sensor responses to 

various concentrations of methane in dry air. Electrode potential: 0.75V 
v s .  Ag/AgCI. Source: Ref. (14). 

To develop a monitor for lower methane concentrations 
(i.e., 0-5%) that has a detection alarm level of say 0.1% 
(1000 ppm) methane in air, further enhancement  of the 
sensor signal-to-noise ratio is needed, as are increases in 
the efficiency of the electro-oxidation reaction. Also re- 
quired are improvements in the selectivity of the sensor, 
as well as compensation for, or a reduction in, the temper- 
ature dependence of the methane oxidation currents and 
background currents. 
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Oxygen Evolution on Nickel Oxide Electrodes 
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ABSTRACT 

The anodic oxygen evolution reaction on Teflon-bonded NiO and Li-doped NiO in KOH solution was studied by 
potentiostatic and galvanostatic techniques as a function of hydroxyl  ion concentration, and the kinetic equations were 
derived. It was shown that the rate-determining step (rds) for NiO at current densities of 100-1000 mA-cm -2 is S + OH-  

SOH + e, and the Tafel slope is approximately 118 mV/decade at 25~ The rds for Li-doped NiO at current densities 
of 10-1000 mA-cm -2 is SOH + O H -  ---> S O -  + H20, and the Tafel slope is approximately 60 mV/decade. The likely reason 
for this difference in rds is related to the concentration of 

Nickel metal  has long been known as the most suitable 
material for anodes in alkaline water electrolyzers (1-3). 
However, a major drawback in the use of this metal is 
that the potential drifts unavoidably toward more positive 
values with time. 

Work at the City University has indicated that there is a 
correlation between the min imum voltage for oxygen ev- 
olution on semiconducting oxides and the potential of  the 
lower oxide/higher oxide couple (4-7). In the case of 
nickel cobalt oxide and Li-doped cobalt oxide, the mini- 
m u m  voltage for oxygen evolution is approximately 1.45V 
vs. RHE, comparable to the published values of the lower 
oxide/higher oxide couple for nickel and cobalt oxide. 
The purpose of the present work is to study the mecha- 
nism of oxygen evolution on NiO as well as Li-doped 
NiO. 

Experimental 
Stoichiometric quantities of Ni(NO~)2 �9 6H20 and LiNO3 
6H20 required to prepare 10g of 10, 5, and 0 atom per- 

cent (a/o) Li-doped NiO was dissolved in 100 cm ~ of dis- 
tilled water and freeze dried (8). The decomposed powder 
was sintered at 600~ for 5h. The catalyst structures were 
confirmed by x-ray diffraction analysis. 

The catalyst powders were then fabricated into 
fluorinated ethylene propylene (FEP)-bonded electrodes 
(9), supported on 60 mesh nickel screens of geometric 
area 1 cm 2. Catalyst loadings were approximately 23 
mg-cm -2, and the FEP  solid content approximately 25%. 

The oxygen evolution performance of the preanodized 
electrodes were tested at 25~ in a thermostated three- 
compartment  Pyrex cell. The electrodes were mounted in 
the submerged mode in 5 mol-dm -3 KOH electrolyte, pre- 
pared by dissolving KOH pellets in doubly distilled de- 
ionized water. A piece of platinum was used as the 
secondary electrode, and the potentials were measured 
against the reversible hydrogen electrode (RHE). A chem- 
ical electronics potentiostat (H. B. Thompson, Model 251) 
was used in the galvanostatic and potentiostatic modes. 
The interrupter technique (10) was used to measure the 
ohmic drop between the Luggin capillary and working 
electrode. 

Experimental  reaction order parameters were obtained 
by simple analysis of the polarization data in KOH con- 
centrations of 0.6, 0.8, 1.0, and 1.2 mol-dm -3 KOH at 25~ 
Anodic charging of  the electrodes was studied by ap- 
plying a current of 10 -4 A-cm -2 to the electrodes, held at 
1V vs. RHE and recording the potential t ime response on 
a Y-T recorder. 

�9 Electrochemical Society Active Member. 

Ni 2§ and Ni ~§ ions in NiO and Li-doped NiO electrodes. 

Results and Discussion 
Table I lists the specific surface area (ssa) and resistivi- 

ties' of  the NiO and Li-doped NiO. It is interesting to note 
that there is a significant difference in the resistivity of 
the Li-doped NiO and the pure NiO, confirming that Li § 
ions have indeed diffused into the NiO lattice, thereby 
creating trivalent nickel ions. The existence of divalent 
and trivalent nickel cations are responsible for the greatly 
enhanced conductivity of  the doped oxides, and this 
should also have a significant effect on their electro- 
chemical activity. 

Figure 1 gives a comparison of  catalytic activity for oxy- 
gen evolution on NiO and Li-doped NiO electrodes. It is 
evident from the figure that the oxygen evolution poten- 
tial of NiO decreases with increase in li thium content. 
Two reasons could be put forward to explain this trend: 
(i) an increase in electrical conductivity with increase in 
l i thium doping (cf. Table I), (it) an increase in the Ni 3~ ion 
concentration with l i thium doping. 

A consideration based solely on increased electrical 
conductivity will not explain the trend observed, espe- 
cially the difference in performance of the 5 and 10 a/o Li- 
doped NiO, both having an electrical resistivity of  ap- 
proximately 1 ft-cm. Howe~cer, if the Li § ions enter the 
NiO lattice, this would oxidize corresponding amounts of 
Ni 2+ ions to Ni 3+ ions; thus, 10 a/o Li-doped NiO will have 
a higher percent of Ni 3+ ions than 5 a]o Li-doped NiO; Ni 3+ 
ions could be the active sites for the oxygen evolution re- 
action, and hence, greater the Ni ~ ion concentration bet- 
ter the performance. This trend is more in accordance 
with the oxygen evolution trend. 

An interesting point to note is that the Tafel plots for 
the two compounds are different. NiO has three slopes. At 
high current densities (100-1000 mAocm-2), the slope was 

132 mV/decade. At current densities between 5 and 100 
mA-cm -2, the slope was - 85 mV/decade, and at current 
densities lower than 5 mA-cm -2 the Tafel slope was - 43 
mV/decade. On Li-dol~d NiO, two slopes were observed, 
i.e., at high current densities (~ 10-1000 mA-cm -2) the 

Table I. Characterization of NiO and I.i-doped NiO catalysts 

Nominal Li content (a/o) 10 5 0 
Temperature of sintering (~ 600 600 600 
Duration of sintering (h) 5 5 5 
Total Li (a/o) 10.0 5.2 0 
Li in lattice (a/o) 9.23 4.8 O 
Free IA (a/o) 0.6 0.15 0 
BET ssa (m2/g) 2 3.6 3.8 
Resistivity (fl-cm ~) 2 1.3 1896 



2958 J .  E l e c t r o c h e m .  Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  D e c e m b e r  1985 

1.65  

1.60 

1.55 

O 

1.50 

1.45 

1.40 
-I 

�9 ' ! | I i I I I I I I 
0 +I +2 +3 

log • (mA cm -= ) 

Fig. i. Tafel characteristics for the evolution of oxygen on NiO (cir- 
cles), 5 a/o Li-doped NiO (squares), and 10 a/o Li-doped NiO (trian- 
gles) in 5 mol-dm -3 KOH at 25~ 

slope was - 73 mV/decade, and at current densities than 5 
mA-cm-2 the slope had a value of - 44 mV/decade. 

The experimental  reaction order parameters for oxygen 
evolution on NiO and 5 a]o Li-doped NiO are as shown in 
Fig. 2. 

Figure 3 shows the potential response of a NiO elec- 
trode (catalyst loading 20.45 mg-cm-9  held at 1V vs. RHE 
on applying an anodic current of 10 -4 A-cm -2. The re- 
sponse curve for NiO has two potential arrest regions be- 
fore oxygen evolution. The first potential arrest occurs at 
approximately 1.31V, and the second at a potential of ap- 
proximately 1.45V vs. RHE. The potential response of a 5 
a/o Li-doped NiO electrode (catalyst loading 21.4 
mg-cm -2) under similar experimental  conditions is given 
in Fig. 4. The trace, unlike that of NiO, shows only one 
potential arrest region before oxygen evolution, i.e., at 

1.42V vs. RHE. The thermodynamic potential of  Ni 2§ --* 
Ni 3§ is 1.304V vs. RHE, and that of Ni 8§ ---> Ni 4§ is 1.434V vs. 
RHE (11). Therefore, the potential arrest observed at 
1.31V on the NiO charging curve is due to the formation 
of Ni 3§ ions, and the potential arrest at 1.45V on both corn- 
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Fig. 2. KOH concentration dependence of oxygen evolution on NiO 
(solid circles) and on 5 a/o Li-doped NiO (solid squares) at a constant 
current density of 5 • 10 -3 A-cm -2 at 25~ The figure also shows 
the KOH concentration dependence of oxygen evolution on NiO (open 
circles) and on 5 a/o Li-doped NiO (open squares) at a constant pe- 
tential of 0.72V vs. SHE at 25~ 
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Fig. 3, Anodic charging curve on a FEP-bonded NiO electrode of 
catalyst loading 21.2 mg-cm -~. 
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Fig. 4. Anodic charging curve on a FEP-bonded 5 a/o Li-doped NiO 
electrode of catalyst loading 20.67 mg-cm -2. 

pounds corresponds to the formation of NP + ions. An- 
other difference between the two curves was the time 
taken to reach oxygen evolution potential. The t ime is 
longer on NiO than on 5 a/o Li-doped NiO. This is most 
probably due to the lower conductivity of the NiO, and 
therefore a slower rate of oxidation. 

From the charging curves, it is inferred that the major- 
ity of  ions on 5 a/o Li-doped NiO are Ni3~; this is as ex- 
pected due to l i thium doping. Before oxygen evolution 
these ions form Ni 4§ ions. Therefore, the Ni ~ ions can be 
considered to be the active sites for oxygen evolution on 
L~-doped NiO. NiO is a nonstoichiometric oxide; hence, it 
will have a certain percentage of Ni 8~ ions, but the major- 
ity of ions will have a valency of 2+. The experimental  re- 
sults where the oxygen evolution performance increases 
with increase in the Li doping of  the oxides (Fig. 1) also 
supports this hypothesis. It should be noted that the pos- 
tulations of the charge transfers were based on the poten- 
tial values and no analysis of  the Ni 2§ and Ni 3§ ions or the 
structure of the species containing these ions was carried 
out. 

A survey of likely reaction paths (12) for the oxygen ev- 
olution on NiO and Li-doped NiO shows a consistency 
with the path previously proposed by Rasiyah and 
Tseung (6). It is shown that the rate-determining step 
(rds) for NiO at current densities of  100-1000 mA-cm -2 is S 
+ OH-  --* SOH + e, and the Tafel slope is approximately 
118 mV/decade at 25~ The rds for Li-doped NiO at cur- 
rent densities of 10-1000 mA-cm -2 is SOH + OH-  ~ SO-  
+ I-~20, and the Tafel slope is approximately 60 
mV/decade. The likely reason for this difference in rds is 
related to the concentration of NF ~ and Ni 8§ ions in NiO 
and Li-doped NiO electrodes. 

The rate equations derived for the two catalysts are as 
follows. 
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Table II. Comparison of kinetic data for the oxygen evolution 
reaction on NiO and 5 a/o U-doped NiO 

Kinetic parameter Theoretical Experimental 

NiO 
(E/log/)OH-. T 2.303 • 2 x RT/F 128 mV/decade 

= 118 mV/decade 
(E/log Co._)l, ~ -2 x 2.303RT/F -116 mV/decade 

= -118 mV/decade 
(log//log Co,_)~, T 1 1.14 ~ 1 

5 a]o Li-doped NiO 
(E/log Co,_)o,_ ' V 2.303RT/F 73 mV/decade 

= 59 mV/decade 
(E/log CoH_)i, T -2 x 2.303RT/F -123 mVldecade 

= - 118 mV/decade 
(log//log CoH_)E. T 2 1.86 - 2 

At high current densities and at limitingly low coverage 
of  SOH, the rate equation for NiO is 

i = FKICo._ exp (EF/2RT) [1] 

The Tafel slope on NiO changes to - 8 5  mV/decade at 
lower current densities. As mentioned earlier, the change 
may be as a result of the change in the rate-determining 
step, i.e., due to oxygen being evolved on Ni 3H ions. The 
concentration of Ni 3+ ions on NiO are limited, and hence, 
with increase in current density the Ni 2H ions become the 
active sites. Unfortunately, it was n~t possible to carry 
out reaction order studies at the intermediate current 
density region as the demarcation when the active sites 
for oxygen evolution changes from Ni ~H to Ni 2§ is not very 
clear, specially at low KOH concentrations. 

The rate equation for oxygen evolution on Li-doped 
NiO is 

i = (FK1K2/K_2) COH -~ exp (EFIRT) [2] 

Table II compares the experimentally obtained and the 
theoretically predicted values of the kinetic Parameters 
for oxygen evolution on NiO and 5 a]o Li-doped NiO. The 
experimentally obtained values agree well with the theo- 
retically predicted values. 

On all the Tafel plots (i.e., NiO and Li-doped NiO), a 
slope of - 40 mV/decade was observed at current densi- 
ties less than 1 mA-cm-L The potentials at these currents 
correspond to higher oxide formation, and, therefore, the 

Tafel slope of - 40 mV was not considered to be related 
to oxygen evolution but to oxide formation reactions. 

Conclusions 
The difference in the rate-determining step for the evo- 

lution of oxygen on NiO and Li-doped NiO at high cur- 
rent densities is related to the difference in the Ni3+/Ni 2§ 
ion concentration. In the case of NiO, the evolution of ox- 
ygen at high current densities is postulated to be on Ni 2+ 
sites and at low current densities from the Ni ~H sites, 
which are the minority ions. By doping the NiO lattice 
with Li + ions, the concentration of Ni 3H ions is increased 
proportionately, and, hence, sufficient Ni 3H ions are avail- 
able for the evolution of oxygen even at high current den- 
sities. 
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ABSTRACT 

The boundary element method coupled with a Newton-Raphson iteration technique is used to determine current 
distributions in electrochemical systems, particularly for applications involving electrode shape change such as electro- 
plating and electrochemical machining (ECM). The derivation of the system of equations with the appropriate boundary 
conditions is presented. Primary and secondary current distributions are calculated for applications including simulta- 
neous deposition and dissolution on opposing electrodes. In the case of copper electrorefining, a comparison between 
theory and experiment is made. An example of surface leveling in ECM is also given. 

The quantitative determination of current distribution 
and the simulation of changing electrode shape in appli- 
cations such as electroplating and electrochemical ma- 
chining are of industrial interest. 

It is well known that only the current distribution of 
rather simple geometries with linear boundary conditions 
can be solved with analytical techniques. In all other 
cases, numerical methods must  be used. Prentice (1) gives 
a good survey of literature. 

In this paper, it is shown that the boundary element 
method, in combination with a Newton-Raphson iteration 
method (to treat the nonlinearity introduced by the 
boundary conditions), is very well suited to calculations 
of current distribution and electrode shape change. 

Equations 
When the solution is sufficiently stirred, the general 

problem of electrochemical transport can be divided into 
two regions: a homogeneous bulk solution where poten- 
tial theory applies, and a boundary layer at the electrodes 
where all mass-transport effects must  be considered. In 
many practical cases, this diffusion boundary layer is 
very thin, so that the effects of these phenomena can be 
encompassed in the boundary condition. This introduces 
the concept of concentration overpotential, which must  
be added to the activation overpotential characterizing 
electrode kinetics. 

The distribution of potential in an electrochemical sys- 
tem can then be described by the following equation and 
boundary conditions (Fig. 1) 

V. ( -  ~VU) = 0 [1] 

in the electrolyte 1~ bounded by F = Fa U F2 t.; F~ 

on the anode F, 

on the cathode F 2 

U = V -  o,(U') [2] 

u = - o ~ ( u ' )  [ 3 ]  

OU 
U' - - 0 [4] 

On 

on the boundary F, (insulator, axis of symmetry), with U 
being the potential field, U' the electric field normal to 
the boundary, V the potential difference between anode 
and cathode minus the Nernst-potential difference, ~1 the 
total overpotential (activation and concentration) on the 
anode (0, ~> 0), 02 the total overpotential on the cathode 
(02 ~< 0), and ~ the electric conductivity of the solution. 
Often, or is assumed to be constant. 

*Electrochemical Society Active Member. 

In order to describe the electrode shape change, Fara- 
day's law in differential form must  be solved 

dh(x~, t) m 
- 0 - - ~ U  (xj, t ) ln  + u(x~, t) [5] 

dt zFpm 

with h(~'~, t = 0) = 0. ~ is a vector describing the displace- 
ment  of each point ~ of the boundary with respect to the 
boundary F at t = 0. At each moment,  the electric field U' 
satisfies Eq. [1]-[4] with the electrolyte 1~ and its bounda- 
ries F changing in time. u is the vector describing the rate 
and the direction of the displacement of each point x~ of 
the boundary. Usually, ~ is taken as time independent.  

Note that, from the mathematical point of view, Eq. [5] 
is also applicable to boundaries where U' is zero. 

For the purpose of determining potential and current 
distribution along electrodes, membranes, and bounda- 
ries, it is advantageous to transform Eq. [1] into an equiv- 
alent relation involving only the boundaries. 

The Boundary Element Method 
Several approximation methods are available to reduce 

the cont inuum problem to a discreet system of algebraic 
equations. Using the method of weighted residuals, one 
can classify (2) all such methods including the finite dif- 
ference method (FDM) and the finite element method 
(FEM). 

Although it is more general to derive the boundary ele- 
ment  method (BEM) using the weighted residual method 
(3) or a variational principle (4), it is much more straight- 
forward, in the case of the Laplace equation, to use 
Green's identity 

f~ fv ~ dr- fr  u ~ dr [6] (-w~2U + VV2w)d~ = w on on 

x l 

Fig. 1. General representation of an electrochemical system 

r, 

2960 
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where w and U are arbitrary, sufficiently continuous 
functions. We can choose U equal to the unknown  poten- 
tial field and define w in such a way that the following 
equation is satisfied 

V2w = ~ [7] 

where 8~ is the Dirac delta function at point i. The func- 
tion w is called the fundamental  solution and represents 
the solution for the Laplace equation in an infinite iso- 
tropic space with a unit  potential source at a given point i. 

In a two-dimensional system, the fundamental  solution 
is 

and, in three dimensions, one has 

1 
W - -  

4rrr 

Using Eq. [1] and the appropriate choice of w, Eq. [6] 
can be reduced to 

0u 
c~u~ + U Ow dF = w dF [8] 

On On 

where c, is equal to 1 at a point i inside the domain 12, 
equal to 1/2 at a point on the boundary F, and equal to 
zero at any point outside 12 (Fig. 1). Equation [8] enables 
us to calculate the value of the potential at any point on 
the domain if U and U' are known on the boundary F. 
Furthermore, when the point i lies on F, Eq. [8] is a func- 
tional relation between U and U' ensuring their compati- 
bility as boundary functions for the Laplace equation. 

In  order to evaluate the integrals in Eq. [8], the bound- 
ary is subdivided into a number  (M) of segments or 
"boundary elements" F s (Fig. 2). On each element, it will 
be supposed that the functions U and U' can be approxi- 
mated by a combination of linearly independent  trial 
functions @A.- An example is 

l ! 

U = ~ ~bkU~. and U' = ~ r [9] 

where U~ and U% are the values of the potential and its 
normal derivative at t well-defined points of the element 
F~, namely, the nodal points. 

Substi tution of Eq. [9] into Eq. [8] and the evaluation of 
the integrals over each element F~ yields the following 
equation for a nodal point i on the boundary 

N N 

H%U~ = ~, G%U'~ [10] 
j = l  J=1 

Such an equation can be wri t ten for each node i, pro- 
ducing an N x N system of equations having the follow- 
ing matrix form 

Fig. 2. Discretization of the boundary in M elements and a total of 
N nodal points. 

[H]*{U} = [G]*{U'} [11] 

Introducing the boundary conditions and passing all 
unknowns  into the right-hand term yields 

[G] U'.~ = [H] 
Ux 

This is a system of nonlinear  equations with the un- 
knowns U', and U' 2 being the normal electric field at the 
nodal points on the anode and cathode, respectively, with 
U, being the potential at the nodal points on the insulat- 
ing boundaries. 

Effectively, by the particular choice of w, the field Eq. 
[1] is automatically satisfied, and a point collocation is 
used to match the boundary conditions. 

It should be noted that the normal electric field at each 
node is found directly. It is not necessary to differentiate 
the potential with respect to the surface normal (as it is in 
FDM or FEM). 

Another important advantage is that only the bounda- 
ries need to be discretized. This results in a smaller sys- 
tem of equations to be solved and a considerable reduc- 
tion of effort in terms of defining the nodal structure. 
Moreover, with straight-line elements used to discretize 
the boundary with polynomial trial functions, the inte- 
grals can be calculated analytically, giving very accurate 
results. 

Solution of the Nonlinear System of Equations 
When the overpotential functions ~1 and ~ are 

linearized, as is frequently done, the system of Eq. [12] 
can be solved directly. Otherwise, one needs an iterative 
process to obtain the solution. Often, a successive approx- 
imation method or a Newton-Raphson iteration technique 
is used. 

Since the matrices [G] and [H] depend only on geome- 
try, the Newton-Raphson process is easily implemented 
(5, 6). 

Defining a function 

~ U'2 ~ = [G] 

[u,J 
U'~ - [/~ -v2(v'~) [13] 
u, 0 

it is found, after some calculation, that the values of the 
unknowns  at iteration step (n + 1) are related to those at 
step n as follows 

U'~+~ = U'~. - [KT.]-1.qj g'2 ~ 
UI "+I UI ~ Ul ~ 

[14] 

where the tangential matrix [KT "] is 

Kr~j" = Glj - ~/'l(U'l ") �9 Hij for Yj ~ F1 

= G l j  - ~ ) ' 2 ( U ' 2  n) �9 H~j for Vj ~ r 2 

= G~j for V j e  r, 

~'1 and ~'2 are the derivatives of the functions Vl and ~2 
with respect to U'. 

Both solution techniques were tested for several exam- 
ple problems. Using a Newton-Raphson technique, con- 
vergence was obtained after three to six iterations, 
whereas the successive approximation method always re- 
quired more than 100 iterations. Using finite elements in 
combination with a Newton-Raphson iteration process, 
Alkire et al. (7) also obtained convergence after three to 
four iterations. The authors' previous experience with 
finite elements (8) as well as the results of Prentice (9) 
confirm that, in the case of successive approximations, 
many iterations are necessary for convergence. 

Therefore, it is clear that whichever numerical  method 
is used to discretize the field Eq. [1], a Newton-Raphson 



2962 J .  Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  December 1985 

ANODE 
i 

. . . .  I T i cm 

l l I I ( I I I I I I I I I ( I I I I l l~ . . . . . . . . . .  ..I, . . . . . . . . . .  A . . . . . . . . .  , 

CATHODE 

Fig. 3. Copper electrorefining m a rectangular cell with edge ef- 
fect: element distribution (45 nodal points). 
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Fig. 4. Copper electrorefining in a rectangular cell with edge ef- 
fect. Current distribution along the cathode. Primary distribution and 
comparison between calculated and measured secondary distribution. 
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Fig. 5. Copper electrorefining in a rectangular cell with edge ef- 
fect. Simulation of simultaneous dissolution and deposition after 11Oh 
electrolysis (53 nodal points). 

iteration process is highly advantageous for treating the 
nonlinear boundary conditions. 

Determination of Electrode Shape Change 
After resolution of  Eq. [1]-[4], Eq. [5] can be solved with 

a forward-difference approximation (Euler). 
As already mentioned, all calculations are restricted to 

the boundaries of the system (U, U', 1,, hh,,). This implies 
that the method is well adapted to simulate electrode 
shape change or ECM since no internal nodes are to be re- 
ordered after each time step. 

This method was implemented on a H-P 1000 21 MX/E 
(196K) minicomputer.  With this configuration, a two- 
dimensional or axisymmetric current-distribution prob- 
lem with 75 unknowns takes no longer than a few min- 
utes. 

Examples 
Copper electrorefining.--Copper electrorefining from 

a 0.8M CuSO4, 0.8M H.~SO4 solution (p = 4.67 fLcm) was 
studied in a cell with a singularity (Fig. 3). 

To model  the overpotentials on anode and cathode in 
the program, an interpolation by cubic natural splines be- 
tween measured points, obtained with a standard three- 
electrode configuration, was used. The advantages are 
that no Tafel relation is to be fitted, and that the deriva- 
tives of the functions ~',(U') and ~'2(U') (used in the New- 
ton-Raphson process) are easily obtained. 

In order to evaluate the computed current distribution, 
a cell with removable segmented cathode was built. This 
cathode was an electronic printboard etched to obtain 
fine parallel strips of  4.2 mm, 0.8 mm from each other. To 
avoid disturbing the system with the measurements  (no 
supplementary voltage drop should be created), we used 

a dc current probe to measure the current through each 
strip. 

In Fig. 4, comparison between calculation and experi- 
ment  is summarized (applied voltage: 0.5V). The agree- 
ment  is within 5%. 

Since reactions on anode and cathode take place, we in- 
troduced two Wagner numbers 

on anode and 

O~loj Jav 

W a - - -  pL 

O'tl2OJ Jay 

W c - - -  pL 
on cathode. As a general, the characteristic length L is 
taken equal to the shortest distance between anode and 
cathode. 

Using the cell geometry of Fig. 3 in the same circum- 
stances, the simultaneous dissolution and deposition of 
copper was simulated. Figure 5 gives the obtained calcu- 
lated profile after 110h electrolysis. 

Two remarkable features are the overgrowth over the 
insulating boundary and the orthogonal incidence be- 
tween the electrode and the boundary. The latter can be 
rationalized as follows. If we replace the insulating 
boundary in line with the cathode by an equivalent  sym- 
metry plane, we see that there is no reason to expect  the 
deposit profile to not be perpendicular to this plane. The 
overgrowth phenomenon is due to the fact that once 
metal is deposited on the cathode, deposition continues 
in all directions perpendicular to the new cathode 
surface. 

In order to verify these results an exper iment  was per- 
formed. After electrolysis, the cathodes were embedded 
in a resin, cut over the length, and polished before mea- 
surement. The mean of six profiles was taken. 

Figure 6 gives a comparison between the numerical  re- 
sult after 68h and an exper iment  that ran for the same 
length of time under the aforementioned conditions. In 
practice, one common strategy for reducing the edge ef- 
fect is to interpose a screen or "shield" masking the edge. 
The influence of such a screen is represented in Fig. 7 

.4 

cm 

�9 2 "~; 
measured �9 I" 

I 

. i , ~''HHHHHHH" ...., 

IG 17 c a t h o d e  19 28 cm 

Fig. 6. Copper electrorefining in a rectangular cell with edge ef- 
fect. Comparison between numerical result and experiment (68h elec- 
trolysis). 
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Fig. 7. Copper electrorefining in a rectangular cell with partial 
masking of the edge effect. Simulation of dissolution and deposition. 
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Fig. 8. Copper electrorefining in a rectangular cell with partial 
masking of the edge effect. Primary and secondary current density dis- 
tribution along the cathode at t = O+ (63 nodal points). 
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Fig. 9. Diaphragm cell for the production of chlorine. Element dis- 

tribution (74 nodal points). Resistivities: anolyte = 1.0 ~-cm; 
catholyte = 3.0 ~-cm; diaphragm = 10.0 ~-cm. 
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Fig. 10. Diaphragm cell for the production of chlorine. Primary and 
secondary distribution along the anode: Wa = 0.09, Wc = 0.18. Ap- 
plied voltage: 5.0V. 
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I 
1 cm 

ANODE 
Fig. 11. Sinusoidal profile. Simulation of deposition and dissolution. 

Resistivity: 4.67 ~-cm. Wc = 0.001 with overpotential relation 72 = 
O.O01J. Wa = O, Q = 9787C. 

The boundary was divided into only 41 elements with a 
total of 45 nodal points. Twenty time steps were used. On 
the cathode, the shapes obtained by Prentice (9) are con- 
firmed, and it is seen that, even for a small Wagner num- 
ber, the dissolution rate of the anode is uniform for the 
interelectrode distance in question. 

CATHODE 

and 8 (the optimal position of the screen was not investi- 
gated). 

Production of chlorine in a diaphragm cell.--This ex- 
ample shows that it is possible to deal with systems hav- 
ing uniform subregions of differing conductivity. Let us 
consider the repetitive part of a diaphragm cell for the 
production of chlorine shown in Fig. 9. 

The overpotential functions on anode and cathode were 
natural  cubic spline interpolations of measured values 
from the literature (10). 

The resulting primary and secondary distributions 
along the anode are given in Fig. 10. 

Influence of the Wagner number on the shape 
change.--The .influence of overpotentials on simultane- 
ous deposition and dissolution of a sinusoidal profile is 
illustrated. Figures 11, 12, and 13 represent the electrode 
shape changes for three Wagner numbers;  the applied 
voltage is 0.5V and total charges (C) are almost the same. 

I i 
i cm 

ANODE 
Fig. 12. Sinusoidal profile. Simulation of deposition and dissolution. 

Resistivity: 4.67 ~-cm. Wc = 1.07 with overpotential relation 72 = 
lOJ. Wa = O. Q = 9963C. 
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CATHODE 

I 
1 cm 

ANODE 
Fig. 13. Sinusoidal profile. Simulation of deposition and dissolution. 

Resistivity: 4 .67 ~-cm. Wc = 107 with overpotential relation ~2 = 
lO00J. Wa = O. Q = 9719C.  

Electrochemical machining . --An iron anode of irregular 
shape stands in front of a flat cathode (Fig. 15). The elec- 
trolyte has a resistivity of 5 ~-cm, the applied voltage is 
10V, and the cathode moves at the rate of 1.2 mm/min. No 
overvoltages were considered. 

Figure 14 gives the primary current distribution along 
the anode, and Fig. 15 gives the obtained profile after 
each time step (0.15 min). The results confirm the notion 
that small irregularities take longer to vanish. 

CURRENT-DENSITY ALONG THE ANODE 
(E IA/Qm2) PRIMARY DISTRIBUTION 

J 
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s / 
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~ /  DEVELOPED 
, ~ ~ " , /  t ', LENGTH 

B C O (E-2CM) 
10 2B 30 4B 

Fig. 14. Surface leveling in ECM. Primary current distribution (Wa 
= Wc = O) along the anode at t = 0§ (geometry of Fig. 15). 

/ \ 
\ / 

Wa=O. ANODE 

I 

0.1 r~m 

Fig. 15. Surface leveling in ECM. Evolution of the anode profile. 
The steady-state gap is about 0 .46  mm. 

Conclusions 
A new method, the BEM in combination with a New- 

ton-Raphson iteration, is presented to determine current 
distribution and electrode shape change. 

The main advantages are that: discretization and calcu- 
lations are restricted to the boundary; data input  is easy; 
accuracy is great; a reduced number  of unknowns is 
needed; the normal derivative is obtained directly and ac- 
curately; convergence on the nonlinear boundary condi- 
tions is fast (Newton-Raphson); singularities are well de- 
scribed because the element distribution can be refined 
in their vicinity; and problems with infinite domain can 
be solved. 

The method has also its disadvantages. They are as fol- 
lows: 

(i) The method is less general. For example, to trans- 
form the Laplace equation into an integral equation we 
need an isotropic medium; otherwise, the function w is 
hard to find. The "domain methods" (FDM and FEM) are 
local discretizations and permit a variation of conductiv- 
ity. In the BEM, the conductivity must  be piecewise uni- 
form (cf. Fig. 9). 

(ii) The underlying mathematics are somewhat more 
difficult. In particular, the integrals necessary to com- 
pose the matrices G and H can be troublesome since they 
are singular when the distance r in the function w be- 
comes zero. 

(iii) The matrices G and H are fully populated, whereas 
the FDM and FEM generate sparse matrices. 

(iv) To simulate electrode shape change, at each time 
step the matrices G and H are to be recalculated since 
each nodal point of the boundary is related to all others. 

Manuscript submitted Sept. 24, 1984; revised manu- 
script received ca. Aug. 2, 1985. 
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LIST OF SYMBOLS 

Faraday constant 
influence matrices depending only on geometry 
influence coefficients defining the interaction 
between the nodal points i and j 
influence matrices depending only on geometry 
influence coefficients defining the interaction 
between the nodal points i and j 
displacement of the boundary 
(average) current density normal to an electrode 
tangential matrix 
coefficient of the tangential matrix at time step 
n 
characteristic length 
molecular weight 
total number  of elements 
total number  of nodal points 
total charge 
distance between a field point and an observa- 
tion point 
time parameter 
potential field 
value of the potential at a point i 
values of U at nodal points on the insulating 
boundary F~ 
electric ,field normal to the boundary 
value of the electric field normal to the bound- 
arc at a point i 
values of the electric field at nodal points on an- 
ode and cathode, respectively 
displacement rate of a point on the boundary 
potential difference between anode and cathode 
minus the Nernst-potential difference 
fundamental  solution 
Wagner number  on anode and cathode, respec- 
tively 
point on the boundary 
charge number  
direction normal to the boundary (outward 
pointing) 
increment of h at time step n 
boundary 
boundary element 
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FI~ F 2 

Fr 
8i 
*/1, */5 
*/'1, 7/'5 
0 
P 
Pm 
Cr 
~- 

12 

anode and cathode, respectively, part of the 
boundary 
insulating part of the boundary 
dirac delta function 
overpotential on anode and cathode 
derivative of */, and */5 with respect to U' 
current efficiency 
electrolyte resistivity 
metal density 
electrolyte conductivity 
shape function 
function defined to be zero after convergence 
computational domain 
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Technica  Notes 

Electrochemical Determination of Hydrogen Transport Through 
Copper 

David W.  DeWul f  and Allen J. Bard* 

Department of Chemistry, The University of Texas, Austin, Texas 78712 

The diffusion of hydrogen into metals and other materi- 
ais has been widely studied because of its importance in 
embritt lement,  permeation through vessels and pipelines, 
and hydrogen storage in metal alloys (1). The diffusion of 
hydrogen in many metals is rapid, and there are many 
cases, e.g., in a hydrogen pipeline, where a practical im- 
permeable material is desired. We became interested in 
this problem in connection with submarine fiber optic 
cable systems, where a transmission loss increase caused 
by hydrogen permeation occurs at wavelengths important 
in communicat ions (2-5). The question of finding a suita- 
ble material to block this permeation led to consideration 
of copper. We report here studies of hydrogen permeation 
in copper by the electrochemical method of Devanathan 
and Stachurski (6, 7). This method has been applied to hy- 
drogen and oxygen diffusion studies in a number  of mate- 
rials (8-15). 

Experimental 
The basic experiment followed previous studies (6-8). A 

thin (15 and 25 ~m) copper foil was clamped as a separa- 
tor (bielectrode) between two half-cells; the clamping ar- 
rangement  consisted of O-ring seal joints and utilized 
Teflon spacers. The area of Cu exposed to each half-ceU 
was 0.78 cm 2. The counterelectrodes in each half-cell 
compartment  were Pt  foil. A saturated calomel electrode 
(SCE) served as a reference electrode in the detection 
half-cell. The Cu foil bielectrode acted as an anode. This 
compartment  was filled with 0.2M KOH, and this side of 
the Cu foil was coated with Pt to improve the kinetics of 
hydrogen oxidation. The potential of the Cu bielectrode 
anode was held at a potential of -0.30V vs. SCE with a 
Princeton Applied Research Model 173 potentiostat. A 
constant  current (19.5 mA) was applied between the cath- 

*Electrochemical Society Active Member. 

ode side of the Cu foil and the Pt counterelectrode; the 
catholyte was 0.2M H2SO 4 containing 10 mg-liter -1 As50 s. 
Copper foils (99.999%, 25.0/xm and 99.8%, 15.0/~m) were 
purchased from Aesar, Incorporated, Seabrook, New 
Hampshire. A P t  film, 0.1 /xm thick, was formed on one 
side by Ar ion sputtering from a Pt target (Material Re- 
search Corporation Model 8620 sputtering system). Other 
thicknesses of Cu were obtained by electrodeposition of 
Cu from a copper pyrophosphate bath (16). The additional 
thickness of Cu plated was calculated from the number  of 
coulombs passed, the exposed area of the foil, and the 
bulk density of Cu. In experiments involving deposition 
of Pd on the Cu, a thin film (0.050/xm) was formed by 

_ _ _ _ i  ~ 

I I ~ I I I 
2 0 0  4 0 0  6 0 0  

Time (sec) 

Fig. 1. Anodic current vs. time far a 15.0/~m foil of 99.8% Cu. 
Solid line: experimental data. Dotted line: best theoretical fit calcu- 
lated from Eq. 11]. 
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Table I. Results from electrochemical measurements of 
hydrogen permeation through copper foil at 23~ ~ 

Number. of 
Foil type L0~m) trials D2~oc (cm2/s) 

Puratonic 25.0 3 2.6 x 10-9 
(99.999%) 

27.5 3 2.3 x 10 -9 
30.0 3 2.1 x 10-9 

Total 9 2.3 ( -  0.3) x 10-9 
99.8% 15.5 5 5.2 (-+ 0.5) x 10 -9 

a lapp ~ (cathode side) = 19.5 mA; E (anode side) = -0.3V vs. SCE; 
anolyte, 0.2M KOH; catholyte, 0.2M Hr + 10 mg-liter -~ As20~. 

v a c u u m  evaporat ion.  All  solut ions were  p repared  wi th  
reagent-grade  chemicals  and milli-Q (Millipore Corpora-  
tion) water .  

Results and  Discussion 

The na ture  of  the  anodic  cur ren t  (i) (for the  ox ida t ion  of  
hydrogen)  wi th  t ime  (t) for the  p la t inum side of  the Cu 
he ld  at -0 .30Vvs .  SCE and wi th  a cons tant  cur ren t  of  19.5 
m A  appl ied to the  ca thode  side was  used to de t e rmine  the  
di f fus ion coefficient,  D. The  basic expe r imen t  and treat- 
m e n t  fo l lowed previous  pract ice  (12). The  anode  side was 
pre-elect rolyzed at -0 .30V for 4-8h before  the  cons tan t  
cur ren t  was  appl ied to oxidize  any res idual  h y d r o g e n  or 
impuri t ies .  Backg round  currents  less than  1/~A were  ob- 
tained.  A typical  i-t curve  is shown in Fig. 1. This  tran- 
s ient  can  be fit to the  equa t ion  (12) 

it 4 ~ ( - i ) "  - ( 2 n  + 1)2,rz~ 
i~ - 1 - - -  ,,~-~0 [1] lr = ~ e x p  4 

where  it is the  pe rmea t ion  current  at t ime  t, is is the 
s teady-state  pe rmea t ion  current ,  and r = D t / L  ~ (where L is 
the  foil thiekness).  The  r va lues  were  ob ta ined  by a com- 
pu te r  fit of  Eq. [1] to the  expe r imen ta l  results. An initial 
guess  for z could  be obta ined  by not ing  that  at it~is = 0.5, 
z ~ 0.630. Values  of  D de t e rmined  in this way  at 23~ for 
two di f ferent  Cu samples  and several  th icknesses  are 
g iven  in Table  I. The  ag reemen t  of  D values  for the  
99.999% sample  for the  th ree  th icknesses  demons t ra t e s  
that  hyd rogen  pe rmea t ion  occurs  by diffusion. An  alter- 
nat ive  way  of  showing  this  is a plot  of  t vs.  L 2 for several  
va lues  o f  r (Fig. 2). As p red ic ted  by the  equa t ion  def in ing 
r, s t raight  l ines that  in tersec t  the  original  w i th  a s lope of  
D/r result .  

The diffusion coeff icient  was  significantly h igher  for 
the  99.8% sample  than  for the  99.999% one,  sugges t ing  
that  impur i t ies  have an impor t an t  effect  on the  rate of  hy- 
d rogen  pe rmea t ion  in Cu. A compar i son  of  the  D va lue  re- 
por ted  here  at 23~ to ear l ier  s tudies  is g iven  in Table  II; 
mos t  invo lved  de te rmina t ions  at m u c h  h igher  tempera-  
tures  and thus  long ex t rapola t ions  based  on the  repor ted  
heats  of  activation.  The va lue  we  repor t  is cons iderab ly  
h igher  than  that  p rev ious ly  measu red  at ambien t  temper-  
atures  (13, 14). 

The  diffusion coefficient  m e a s u r e m e n t  on Cu requ i red  
that  As203 as a "po i son"  be  added  to the  catholyte.  I f  As 

000 

500 

r 2!o lolo 
0 

L = (10- '=  cm =) 

Fig. 2. t vs. L 2 at given values of r (constant i t / i~)  slopes of all lines 
= r / D :  (a) z = 0.24, slope = 1.29 • 10 ~, intercept = - 2 8 ;  (b) z = 
0.38, slope = 1.73 • 10 s (s-cm-2), intercept = - 2 8 ;  (c) ~- = 0.54, 
slope = 2.20 • 108, intercept = - 2 8 .  D calculated from these 
values is 2.2 (+-0.3) • 10 -9 cm2/s. 

(III) was  not  added  to the  catholyte ,  no de tec tab le  hydro-  
gen  pe rmea t ion  cur ren t  t h rough  the Cu foil was  found,  
even  after  6h of  electrolysis.  This  effect  is s imilar  to that  
obse rved  for hydrogen  dif fus ion th rough  P t  (8, 20), where  
hyd rogen  pe rmea t ion  is found only w h e n  the  ca thodic  
s ide of  the  meta l  m e m b r a n e  is poisoned.  For  o ther  materi-  
als, e.g., Pd (20) and pyr i te  (12), such  po i son ing  is unnec-  
essary. This  effect  of  As (III) has  been  ascr ibed  to block-  
age of  sites on the  e lec t rode  surface for r ecombina t ion  of  
a tomic  hydrogen  to molecu la r  hydrogen,  thus  increas ing  
the  concen t ra t ion  of  a tomic  hyd rogen  at the  surface. Pre- 
sumably ,  it is a tomic  hyd rogen  that  diffuses t h rough  the  
Cu lat t ice (1, 14, 18, 21). Ev idence  for the  lack of  penetra-  
t ion of  I-to t h rough  the  copper  film was  ob ta ined  by the  
fo l lowing exper iment .  When the  catholyte  was replaced  
by mois t  hydrogen  gas, w i t h  exact ly  the  same anode  and 
analy te  conf igurat ion as before,  no de tec tab le  permea-  
t ion cur ren t  was observed  after 30h. E v e n  w h e n  a 0.05/~m 
Pd  cover ing  was depos i ted  on the  ca thodic  s ide and gase- 
ous hydrogen  in t roduced,  no pe rmea t ion  cur ren t  was ob- 
served.  S ince  Pd  is k n o w n  to dissociate  H., and al low per- 
mea t ion  m e a s u r e m e n t s  in the  absence  of  a po ison  (20), 

Table II. Comparison of diffusion coefficients found in this study at 23~ with previous values 

Cu Temperature 
Ref. Purity range (K) Do (cm2/s) " AHD (kJ/mol) ~ D23oc (cm2/s) 

(17) 99.999% 500-900 1.1 • 10 -2 39.64 1.11 x 10-9 
(18) 99.999% 700-1200 1.13 x 10 -2 38.85 1.57 x 10-9 
(19) 800-1000 2.29 x 10-2 47.28 1.04 x 10 -'0 
(13) 99.9% 289-336 4.96 x 10-3 40.54 3.46 x 10-'0 

(3.11 • 10-9) b 
This work 99.999% 296 2.33 x 10-9 
This work 99.8% 296 5.2 x 10-9 

a DT (K) = D o exp [-AHJkT]. 
b The value reported by the authors at 292 K is based on application of a constant current to generate hydrogen, but the application of a 

constant potential boundary condition for the theoretical treatment. This value is a recalculation based on a constant current treatment. 
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the lack of permeation for the Pd-coated Cu configura- 
tion suggests rapid H atom recombination at the PcYCu 
interface. A number  of studies have been concerned with 
the mechanism of "poisoning" by arsenic species (22-26). 
It is interesting that As acts in a similar way for such dif- 
ferent metals as Pt and Cu. From the point of view of 
blockage of I~ permeation, the slow step in penetration of 
hydrogen through a Cu film would be the dissociation of 
I-L~ to hydrogen atoms (or in a membrane sense, the rate of 
equilibration of hydrogen at the KJCu interface) rather 
than the rate of diffusion through the film. 

Conclusions 
The diffusion coefficient (D) of hydrogen through a 

99.999% Cu foil at 23~ is 2.3 (-- 0.3) • 10 -9 cm2-s -1. D is af- 
fected by the purity of the Cu. With regard to Cu as a bar- 
rier to H2 permeation, the surface properties of the Cu are 
important, and the rate of H~ crossing the Cu/gas interface 
is the rate-determining step. 
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Electrochemical Observations as Related to Marine Atmospheric 
Corrosion of Chrome-Flashed Stainless Steels 

Gardner Haynes and Robert Baboian* 
Texas Instruments, Incorporated, Attleboro, Massachusetts 02703 

Generally, stainless steels are susceptible to localized 
corrosion (such as pitting) in chloride containing environ- 
ments. This occurs in environments  where the alloys are 
totally immersed as well as in those where intermittent  
wetting occurs, such as marine atmospheres and splash 
and spray zones. Often the concentration of alloying ele- 
ments  such as molybdenum is increased to provide im- 
proved resistance to localized corrosion. 

Stainless steels have been plated with a thin layer of 
chromium (chrome flashed) for decorative purposes for 
automotive applications (1-3). The chromium electrode- 
posit is usually about 0.01 mil thick and does not com- 
pletely cover the stainless steel. It provides a better color 
match with other trim components,  improves appearance, 
and adds abrasion resistance. It has been established that 
chrome-flashed stainless steels have better resistance to 
localized corrosion than their base counterparts in marine 
atmospheres and chloride environments such as the salt- 
belt region for automobiles (1-3). Little is known, how- 
ever, about the performance of chrome-flashed stainless 
steels under  total immersion conditions. The purpose of 
this work was to elucidate the mechanisms of corrosion 
resistance of chrome-flashed stainless steels in chloride 
containing atmospheres and compare its performance in 

*Electrochemical Society Active Member. 

these atmospheres to its performance when totally im- 
mersed. 

Experimental 
The comparative performance of bare and chrome- 

flashed stainless steels was evaluated in laboratory accel- 
erated tests and environmental  exposure tests. A cyclic 
immersion testing procedure was used in the laboratory 
to simulate marine atmospheric exposure. This test for 
pitting resistance of stainless steels for automotive ser- 
vice consisted of a 10s immersion period in a 5% sodium 
chloride solution followed by a 90s drying period at 105~ 
A multiple crevice washer (ASTM G78-83) was tightened 
to a torque of 75 in.-lb in the center of 4 • 6 in. sections of 
434 stainless steel-clad a luminum and chrome-flashed 
434 stainless steel-clad aluminum. These specimens were 
then run for 100 cycles in the cyclic immersion test. 

Bare and chrome-flashed 301 stainless steel-clad alumi- 
num bumpers were exposed in the splash and spray zone 
at the LCCT test facility in Wrightsville Beach, North 
Carolina, to determine their performance in an alternate 
immersion environment. These same materials were to- 
tally immersed in seawater at the Texas Inst ruments  test 
facility in Buzzards Bay, Massachusetts. The a luminum 
was masked in the total immersion tests so that it could 
not provide galvanic protection to the stainless steel. 
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Fig. 1. Appearance of bare and chrome flashed type 434 stainless 
steel after 100 cycles in the cyclic immersion test. 

Electrochemical techniques were used to investigate 
the mechanisms of corrosion. Cyclic potentiodynamic po- 
larization measurements were made for 301 stainless steel 
and 434 stainless steel in 5% sodium chloride solution and 
fresh seawater according to ASTM Designation G61-78. 
Potential measurements for bare and chrome-flashed 
stainless steels were made in 5% sodium chloride solution 
and fresh seawater under  conditions of total and alternate 
immersion. 

Results and Discussion 
The appearance of the bare 434 stainless steel surface 

and the chrome-flashed 434 stainless steel surface after 
100 cycles in the cyclic immersion test is shown in Fig. 1. 
Crevice corrosion of the 434 stainless steel occurred at 
four sites, while no crevice corrosion of the chrome- 
flashed 434 stainless steel occurred. Similar results were 
found for 301 stainless steel in the splash and spray zone 
after 1 yr of exposure. In this case, the bare 301 stainless 
steel surface had numerous  pits, while the chrome- 
flashed stainless steel did not pit. These results confirm 
the beneficial behavior of chrome flashing that has been 
observed in automotive applications. 

These results for intermittent wetting can be contrasted 
with the results of total immersion tests. After six months 
exposure in seawater, both bare 301 stainless steel and 
chrome-flashed 301 stainless steel had crevice corroded. 
The chrome flashing did not provide the improved resist- 
ance to pitting or crevice corrosion of the stainless steel 
that was observed in the marine atmospheres. 

Results from cyclic potentiodynamic polarization and 
the "mixed potential" theory have been used previously 
to describe the behavior of stainless steels in galvanic 
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Fig. 2. Schematic potentiodynamic polarization curve for stainless 
steel in chloride solution showing three corrosion potential regions. 

couples (4-8). This same treatment can be used to provide 
insight into the mechanisms of corrosion in these tests. 
Referring to the schematic polarization curve in Fig. 2, 
the corrosion behavior of a stainless steel can be sepa- 
rated into three potential regions: Region I, below Ep, 
where protection from pitting and crevice corrosion are 
observed; Region II, between Ep and Ec, where propaga- 
tion of existing pits and crevices occurs; and Region III, 
above Ec, where initiation of pitting and crevice corrosion 
occurs. Galvanic coupling of the stainless steel with an- 
other alloy regulates the potential of the stainless steel 
into one of these regions where the appropriate corrosion 
behavior for the stainless steel in that region occurs. This 
behavior has been described for galvanic couples be- 
tween 321 stainless steel and copper and between 304 
stainless steel and carbon steel. 

The potentiodynamic polarization curves for 434 stain- 
less steel and 301 stainless steel in 5% sodium chloride so- 
lution are shown in Fig. 3. The breakdown potential, Ec, 
for 301 stainless steel was more noble than the break- 
down potential for 434 SS, while the protection potential, 
Ep, for both alloys was similar. The open-circuit poten- 
tials as a function of immersion time in 5% sodium chlo- 
ride solution are shown in Fig. 4 for 301 stainless steel and 
chromium. Also shown is the mixed potential for 301 
stainless steel galvanically coupled to chromium (1:1 sur- 
face area ratio). During this test, the potential of the 301 
stainless steel remained in Region II of its polarization 
curve (Fig. 3), indicating that propagation of existing pits 
and crevices could occur. The potential of the chromium 
was much more active than 301 stainless steel, and the 
mixed potential, as expected, was intermediate. The 
mixed potential data showed that the galvanic couple be- 
tween the 301 stainless steel and the chromium regulated 
the potential of the 301 stainless steel below its protection 
potential (Region I in Fig. 2), thereby preventing propaga- 
tion of existing pits and crevices on the 301 stainless steel. 
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Fig. 3. Potentiodynamic polarization curves for Type 301 SS and 
Type 434 SS in 5% sodium chloride solution at 30~ (0.6 Wh scan 
rote). 
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Fig. 5. Corrosion potentials of constantly and alternately immersed 
chrome flashed 301 stainless steel in 5% sodium chloride solution at 
30~ 

Thus, for the 5h immersion period, 301 stainless steel was 
protected from localized corrosion when coupled to chro- 
mium but was susceptible to localized corrosion when 
isolated. 

Since the data in Fig. 4 indicated that the potential of 
chromium drifted toward more noble values with in- 
creased immersion time, additional tests were conducted 
to determine potentials for longer immersion periods as 
well as potentials for repeated short immersion periods. 
These data are shown in Fig. 5 for 301 stainless steel and 
chrome-flashed 301 stainless steel. Two significant 
trends are shown. The Potential for chrome-flashed 301 
stainless steel continuously drifted toward more noble 
values with longer exposure time. After an extended pe- 
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Fig. 7. Corrosion potentials of constantly and alternately immersed 
chrome flashed Type 434  stainless steel in seawater at 30~ 

riod of time the potential eventually drifted into Region II 
of the polarization curve for 301 stainless steel (Fig, 3) 
and, thus, localized corrosion of the 301 stainless steel be- 
came possible. Each time the chrome-flashed 301 stain- 
less steel was removed from the solution and reimmersed 
after 22h, its potential shifted back to the active value ini+ 
tially measured which lies in Region I of the polarization 
curve for 301 stainless steel (Fig. 3). This behavior contin- 
ued irrespective of the number  of cycles, as shown in Fig. 
5. Thus, provided that the chrome-flashed 301 stainless 
steel is removed from the solution at periodic intervals, 
the chrome flashing regulates the potential of the 301 
stainless steel in Region I (Fig. 3) of its polarization curve 
and localized corrosion does not occur. This behavior can 
be attributed to a change in the morphology of the oxide 
film on chromium with continued exposure or absorp- 
tion-desorption kinetics for the chloride ion. 

Similar results were found for the behavior of 434 stain- 
less steel and chrome-flashed 434 stainless steel in 
seawater. The cyclic potentiodynamic polarization curve 
for 434 stainless steel in seawater is shown in Fig. 6, while 
the results of potential measurements for bare 434 stain- 
less steel and chrome-flashed 434 stainless steel under  
conditions of constant immersion and intermittent im- 
mersion in seawater are shown in Fig. 7. The potential of 
the chrome-flashed 434 stainless steel gradually became 
more noble with increased immersion time until  the 
mixed potential resided in Region II of the polarization 
curve for 434 stainless steel (Fig. 6), thus making localized 
corrosion of the 434 stainless steel possible. When 
alternately immersed, the mixed potential of the chrome- 
flashed 434 stainless steel remained more active (Fig. 7). 
Thus, under  conditions of intermittent wetting, the 
chrome flashing regulates the potential of the 434 stain- 
less steel in Region I of its polarization curve and pre- 
vents localized corrosion of the 434 stainless steel. 

C o n c l u s i o n s  
Chrome-flashed 301 stainless steel and chrome-flashed 

434 stainless steel undergo localized corrosion when con- 
stantly immersed in chloride containing environments  for 
extended periods of time. Chrome flashing, however, 
provides improved resistance to localized corrosion for 
both alloys in marine atmospheric (and automotive) envi- 
ronments  where intermittent  wetting occurs. 

Cyclic potentiodynamic polarization data and the 
mixed potential theory can be used to determine the 
mechanisms of corrosion and explain this behavior. Ini- 
tially, the more active potential of the chromium polarizes 
the stainless steel into a region where localized corrosion 
does not occur. With continued exposure, changes in the 
nature of the oxide on chromium and/or chloride absorp- 
tion cause the mixed potential to rise to a value where lo- 
calized corrosion of the stainless steel occurs. Periodic re- 
moval of the chrome-flashed stainless steel from the 
electrolyte reverses or inhibits these changes so that the 
mixed potential remains in a region where localized cor- 
rosion does not occur. 

Manuscript submitted Feb. 14, 1985; revised manuscript  
received June 3, 1985. 

Texas Instruments, Incorporated, assisted in meeting 
the publication costs of this article. 

REFERENCES 
1. H. L. Black and L. W. Lherbier, ASTM STP 435, p. 3 

(1968). 
2. G. F. Bush, Paper 650A presented at the SAE Meeting, 

Detroit, MI, January 1963. 
3. G. F. Bush, Met. Prog., 90, 56 (1966). 
4. M. Pourbaix, L. Klimzack-Mathieiu, C. Mertens, J. 

Meunier, C. Vanleugenhaghe, L. DeNuncky, J. La- 
verys, L. Neelemens, and M. Warzee, Corros. Sci., 3, 
239 (1963). 

5. J. M. Defranoux, ibid., 3, 75 (1963). 
6. M. Pourbaix, Corrosion (Houston), 26, 431 (1970). 
7. "Electrochemical Techniques For Corrosion," R. Ba- 

boian, Editor, NACE, Houston, T,,X (1977). 
8. "Galvanic and Pitt ing Corrosion, R. Baboian et al., 

Editors, ASTM STP 576, ASTM (1976). 



The Production of High Purity Oxygen 
Kurt Buehler 1 and Jack Winnick*  

Georgia Institute of Technology, Atlanta, Georgia 30332 

High purity oxygen (HPO) (99.99%) is used as a feed for 
the Space Shuttle fuel cells. NASA stores the HPO on 
base. The boiloff from the storage tank must  be relique- 
fled instead of vented to maintain the hydrocarbon con- 
tamination below 20 ppm. A traditional turnkey distilla- 
tion process will not allow methane-free HPO to be 
obtained economically, and electrolysis with an energy- 
intensive operation becomes uneconomical. We examined 
use of an oxygen concentration cell as a means of eco- 
nomic, on-site production. 

Electrochemical production of oxygen has been re- 
ported by Langer (1), Tomter (2), Wynveen (3), and 
Tseung (4). Langer achieved > 97% oxygen with acidic 
and basic electrolytes with catalyst-polytetrafluoroethyl- 
ene gas-permeable electrodes. The over-all four-electron 
mechanism was found to be operative in both acid and 
base. Tomter used two porous oxygen electrodes sepa- 
rated by an asbestos matrix saturated with potassium hy- 
droxide. At 0.7V and 71.4~ Tomter achieved 215.3 
mA/cm ~. He recirculated the electrolyte past the anode to 
reduce the concentration overvoltage due to oxygen evo- 
lution. He did not report product purity. Wynveen used a 
KOH electrolyte with Pt black electrodes. No oxygen pu- 
rity was stated, but a four-electron mechanism was found. 
He achieved current densities of 129 mA/cm 2 at 40~ 
Tseung did not state the oxygen purity achieved; how- 
ever, a two-electron mechanism reduced the power con- 
sumption with H~O~ chemically decomposed and col- 
lected in the anode compartment.  

The concentrator cell operates by reducing oxygen in 
the feed gas flowing past the cathode 

02 + 2H20 + 4e- = 4 OH- [1] 

The hydroxyl ions migrate through the asbestos matrix, 
soaked with saturated potassium hydroxide electrolyte, 
toward the anode where the reverse reaction occurs re- 
leasing pure oxygen off the anode. A dc power supply is 
necessary to bias the cell. To prevent anodic degradation, 
the designated cell operating voltage did not exceed 1.2V 
(5). The feed gas was scrubbed with alkaline solution be- 
fore entering the cell to prevent loss of electrolyte (3) and 
carbonate poisoning of the electrodes. The oxygen con- 
centration cell has a hydrophobic cathode and a hydro- 
phllic anode. The hydrophobic electrode permits three- 
phase reaction sites while the hydrophilic allows 
two-phase reaction sites. The theoretical voltage needed 
to bias the cell at open circuit voltage (OCV) can be calcu- 
lated from the Nernst equation (6) 

E = (RT/nF) In (PO2 anode/PO2 cathode) [2] 

For the four-electron reaction mechanism presented in 
Eq. [1], the calculated theoretical OCV is 0.01V with air as 
the feed gas and approximately zero with a propellant- 
grade oxygen (99.6%) feed gas. 

Experimental 
The anodes and cathodes were donated by United 

Technologies (Power Systems Division). The anode, 26 
cm 2 apparent area, consisted of nickel cobalt oxide 
(NiCo204) 20 mg/cm 2, TFE-bonded, on gold-plated 100 
mesh nickel screen. The intrinsic surface area of the an- 
ode was estimated between (15-20) mVg (NiCo204) (5). The 
cathode, 26 cm 2 apparent area, consisted of plat inum 
black 10 mg/crn ~, TFE bonded, on gold-plated 100 mesh, 
nickel screen. The intrinsic surface area of the cathode 
was estimated between (20-25) m2/g (platinum black) (5). 

*Electrochemical Society Active Member. 
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32899. 

The actual area of the anode and cathode was approxi- 
mated at 104,000 and 65,000 cm 2, respectively. A saturated 
calomel electrode (SCE) with a porous-plug-type 5 in. 
body and 1/2 in. diam was used as reference. An asbestos 
matrix 20 mil thick separated the electrodes and sup- 
ported twice-distilled water saturated with certified ACS 
potassium hydroxide. 

The current collectors, donated by Exmet, Incorpora- 
ted, were a perforated expanded-metal material 
(EXMET), with a sheet thickness of 10 mil, and a strand 
width of 58 rail. The anodic current collectors were gold 
plated, which prevented oxidation for the relatively short 
experiments performed. Ten-gauge silver wires attached 
to the EXMET provided the electrical leads out of the 
acrylic cell housing. The cell housing consists of two 
pieces of acrylic each 5 • 5 • 1 in. Ports were drilled in 
the acrylic for feed gas inlet and outlet, electrical leads, 
product gas outlet, and the SCE. The cell housing was 
sealed with a two-part epoxy resin made by Emerson and 
Cumings, Incorporated (stycast 2741 and catalyst 15). A 
Perkin-Elmer Model Sigma 3 gas chi/omatograph 
equipped with a thermal conductivity detector analyzed 
the purity of the oxygen evolving off the anode. A molec- 
ular sieve packing removed the water and KOH from the 
product stream before the gas entered the gas chromato- 
graph. 

The current-interruption technique was used to deter- 
mine ohmic loss, using a Tektronix 5111 single-beam stor- 
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Table I. Comparison of anodic Tafel parameters 

Exchange Exchange 
current current 
density density 

Tafel slope (apparent) (actual) 
(mV/decade) (mA]cm 2) (mA/cm ~) 

Present study 
30% KOH 90 
NiCo~O4 
25~ 

Ref. (8) 
30% KOH 60/120 
NiCo~O4 
25~ 

Ref. (9) 
IN NaOH 601120 
Platinum 
25~ 

Ref. (I0) 
Saturated NaOH 60/120 
Nickel 
25~ 

Ref. (11) 
IN KOH 40/170 
Nickel 
23~ 

1.36 x I0 -4 

2.0 x I0 -G 

3.4 x 10-8 

1.0 x 10-8 

2.2 x 10" 

age oscilloscope with no. 5BION time base and 5A19N 
differential amplifier along with a Princeton Applied Re- 
search Potentiostat/Galvanostat (Model 371) in the galvan- 
ostatic mode. 

Electrodes, current collectors, and leads were cleaned 
before assembling the concentrator cell. The cell was 
filled with electrolyte through the HPO collector port; 
experiments  were conducted immediately after filling to 
prevent the conversion of  the electrolyte to carbonate by 
reaction with CO2. Polarization measurements  were taken 
starting at the lowest current reading and incrementally 
increasing the bias of the cell up to 1.2V. Cathodic mea- 
surements were taken immediately after anodic, and as 
soon as a reasonable steady state was reached. In this 
way, a possible change in the electrode surface during 
cathodic polarization is minimized. Polarization measure- 
ments were repeatable and taken in 5h runs. The purity 
measurements  were taken four t imes in 12h runs. 

Results and Discussion 
The purity of the oxygen evolving off the anode was 

found to be 99.996% after the water and KOH were re- 
moved with either air or propellant-grade oxygen as cath- 
ode feed. The impurities were N2, At, and Kr. The four- 
electron path was verified through volumetric measure- 
ment  of the oxygen evolving off the anode; the current 

Table II. Comparison of cathodic Tafel parameters 

Exchange Exchange Limiting 
current current current 
density density density 

Tafel slope (apparent) (actual) (apparent) 
(mV/decade) (mA]cm 2) (mAicm 2) (mA]cm 2) 

Present study 
Propellant- 
grade 
oxygen 

Present study 
Scrubbed 
breathing 
air 

Ref. (9) 
1N NaOH 
Platinum 
25~ 
Oxygen 

Ref. (12) 
10N NaOH 
Platinum 
Oxygen 

100 

100 

60 

45 

0.205 8.2 x 10-~ 

0.205 8.2 x 10-5 

1.0 x l0 H 

400 

5 . 2  

4 . 4  
'E  

{ J  

E 

3.6 
e,- 

2 . 8  

2.0 
0.45 

I I , I I I 
Feed Gases 

_ Z~ Air  {Scrubbed) 
o P r o p e l l a n t - G r a d e  Oxygen 

o 

o 

J I I I i I 
0.49 0.53 0.57 

Anodic Overpotent ia l , IR  Free (V)  
Fig. 3. Experimental anodic data expanded view 

efficiency was 100% +- 5%. 2 The polarization data are 
plotted in Fig. 1 and 2. The actual cell bias needed is two 
orders of magnitude larger than the calculated theoretical 
OCV because of activation, diffusion, and ohmic losses. 
The ohmic cell losses ranged from 0.0908 to 0.097812; the 
diffusion losses for the air cathode were negligible com- 
pared to the ohmic cell losses. 

The Butler-Volmer equation (6), reduced to the Tafel 
form, was employed to describe the anodic data and the 
propellant-grade oxygen cathodic data in which diffusion 
effects can be neglected. Diffusion effects cannot be ne- 
glected with the air cathodic data. The mass-transfer limi- 
tation is incorporated into the Tafel form of the Butler- 
Volmer equation in the following manner. The Nernst 
effect (Eq. [2]) of 0.01V was subtracted from the polariza- 
tion measurements 

FaT 
In [I/(1 - I / I , ) ]  = In (I o) R T  [3] 

The exchange current densities and Tafel slopes will 
not be equal at the anode and cathode because of differ- 
ent electrode material and different reaction mechanisms. 
However, identical values for the cathodic Tafel slope and 
exchange current are found for the two different feed 
gases when the data are fit in this manner (Tables I and 
II). 

Our polarizations are somewhat lower than Wynveen's 
(3) anodic and cathodic data and Tomter 's  (2) cathodic 
data (Fig. 1 and 2). However, t h e y  are higher than 
Tomter 's  anodic data because he recirculated the electro- 
lyte past the anode, eliminating much of the concentra- 
tion polarization. The break point in the anodic data 
could not be verified conclusively due to experimental  
uncertainties [e.g., Ref. (7)]. However, the data obtained 
compared well with those of Srinivasan (8), who does 
show a break. Figure 3 presents an expanded-scale view 
of our anodic data with two lines with Tafel slopes of 60 
and 120 mV at low and high overpotentials, respectively. 
The anodic Tafel parameters found in the present study 
are compared to the Tafel parameters found in other stud- 
ies (8-11) in Table I. All these authors show a break point 
with two Tafel slopes. The Tafel parameters were unaf- 

2Water content of the evolved oxygen was not considered, con- 
tributing to the uncertainty. 
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fected by a change in electrolyte, anode, or electrolyte 
concentration. 

The cathodic Tafel parameters found in the present 
study are compared to the parameters found in other 
studies (9, 12), in Table II. Plat inum was the common 
electrode, but the electrolyte and electrolyte concentra- 
tion differ from the present study. No limiting current 
density was found by the other studies nor was a break 
point proposed. Our data were corrected for diffusion po- 
larization using the limiting current obtained. 

With an expected cell resistance of 0.34 i2-cm 2 (5), the 
Tafel parameters incorporated into the Butler-Volmer 
equation predict current densities of 500 mA/cm ~ with a 
total cell bias of 1.1V. To produce 5606 kg/week of HPO, a 
total apparent electrode area of 27.9 m ~ would be re- 
quired. The power consumption of 4.05 • 10 -~ kWh/liter 
of 02 at 500 mA/cm 2 is slightly lower than conventional 
electrochemical oxygen extractors but  higher than 
Tseung's (4) two-electron mechanism 2.69 • 10 -~ 
kWh/liter of 02. 3 The feasibility of implementing Tseung's 
process to produce 5606 kg of HPO per week seems re- 
mote because of the difficulty in scaling up the appara- 
tus," although the two-electron mechanism is attractive 
when considering operating costs. 

Complete information is now available to design a full- 
scale system. The economics appear attractive; the 
operating costs are quite low, but  total equivalent cost de- 
pends strongly on the purchased cost for the full-scale 
concentrator cells. 

aApparently incorrectly calculated by Tseung (4). 
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ABSTRACT 

Wet etching of AYSi (2%) films for fine pattern engraving has been studied using an evacuated wet etching system. 
The results indicate that isotropic etching by conventional atmospheric wet etching changes to quasi-anisotropic etch- 
ing with decreasing pressure. The amount  of lateral etching beneath the photoresist pattern, which is around 0.8 ~m in 
conventional atmospheric wet etching, decreases with decreasing pressure and reaches 0.42 ~m at a pressure of 9 torr. 
Uniformity of lateral etching is much better than that by conventional wet and dry etching. This technique is useful in 
the manufacture of fine-pattern a luminum electrodes, for instance, with 1.0-1.2 ~m linewidths. 

Wet etching is a well-established technique and has 
been extensively used for IC production. However, this is 
typical isotropic etching, and the amount of lateral etch- 
ing beneath photoresist pattern is much greater than can 
be achieved by anisotropic etching, such as reactive ion 
etching (RIE). Therefore, fine-pattern engraving of alu- 
minum electrodes less than 2.5-3.0 ~m in linewidth is 
difficult because l inewidth narrowing is evident and 
etching uniformity is insufficient. 

In RIE, however, surface damage induced during the 
etching is a serious problem (1). The etching selectivity of 
a luminum to SiO~ is not so high, for instance, 15/1. Etch- 
ing uniformity, however, was not acceptable. For in- 
stance, uniformity normal to the wafer surface within wa- 
fer was about 10% (2). 

Thus, the wet etching technique is still useful in the 
fabrication of conventional bipolar and MO.~ IC's, owing 
to its damage-free surface and infinite etching selectivity. 
If anisotropic etching can be realized by wet etching, it 
becomes useful for VLSI fabrication. Etching uniformity 
within a wafer is important in fine-pattern engraving to 
avoid overetching. Lateral etching uniformity is also im- 
portant in the fabrication of fine pattern a luminum elec- 
trodes. The removal of hydrogen bubbles formed on the 
a luminum surface should be controlled to attain uniform 
and reproducible etching. 

This paper describes a newly developed a luminum 
electrode etching technique called evacuated wet etching. 
The reduction of lateral etching and improvement of 
etching uniformity within a wafer are also mentioned. 

Experimental Procedure 
Thin a luminum films, A1/Si (2%), were deposited on 

6000~ thick CVD SiO2 layer. Negative photoresist pat- 
terns with linewidths and spacings of 2/2 ~m and 3/3 ~m 
were defined on the a luminum film. 

The etching of the film was performed in hot phos- 
phoric acid without dilution maintained at 55~ where 
the etching bath was evacuated to pressures ranging from 
9 to 80 torr using a newly developed etching apparatus. 1 

*Electrochemical Society Active Member. 
1Type AES 2000, Sigma Corporation, Kawasaki, Japan. 

The etching end point was monitored from the time varia- 
tion of current flowing by the electrochemical potential 
generated between the a luminum electrode under  etching 
and a plat inum electrode dipped in the phosphoric acid. 
A schematic model of the end point detection procedure 
is shown in Fig. 1. Variation of current flowing from 
these electrodes with etching time is shown together with 
the cross-sectional view of the electrode. At A, etching is 
proceeding, as seen in the cross-sectional view, A. Cur~ 
rent remained constant at i2. The etching of the a luminum 
film normal to the SiO~ surface was finished at time t.,, as 
seen in the cross section B. The current decreased rapidly 
from i2 to il at point B. If etching was continued, more- 
over, lateral etching proceeded as shown in cross section 
C, where the current remained nearly constant at il, as 
shown by point C. From observation of the cross-sec- 
tional view of a luminum electrode by SEM at different 
etching times, we have obtained the relation between cur- 
rent and cross-sectional view of the etching (2). From this, 
the exact end point of the etching can be established. 

/ 

i2 A 

L~ 

to  t 1 t 2 

TIME 

Si02 

Fig. 1. Schematic model of end point detection using electrochemi- 
cal potential generated between aluminum electrode and platinum 
electrode dipped in phosphoric acid. Variation of current flowing from 
these electrodes and of cross sectional view of the electrode observed 
by an SEM are shown. Points A, B, and C show etch point of the etch- 
ing procedure. A: During the etching. B: End point for the etching nor- 
mal to wafer surface. C: Overetching, lateral etching is proceeding. 
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Fig. 2. Top view of SEM micrographs for AI/Si (2%) electrodes 
etched by evacuated wet system at different pressures. Rectangular 
test patterns with line/space = 2/2 ~m were etched in hot phosphoric 
acid at 5S~ at various pressures in the range 9-80 torr. Photoresist 
patterns were stripped before measurement. Cross-sectional view of 
each electrode is shown schematically, where the width of electrode 
at top and bottom is given in micrometers. 

Resul ts  and  Discussion 
Etching of the film was performed in phosphoric acid 

at 55~ with evacuated pressure of 80, 30, and 9 torr. Etch- 
ing times, determined by end point detection at point B 
shown in Fig. 1, were around 6 min. Etch rates of the alu- 
minum film normal to the silicon surface were 0.18, 0.17, 
0.18, and 0.18 ~rrgmin at pressures of 760, 80, 30 and 9 torr, 
respectively. This shows that etching rate in this direction 
is unchanged with" evacuated pressure, although bubble  
sizes removed from a luminum surface decreased rapidly 
with decreasing pressure. The etching rate uniformity 
over a 3 in. wafer was better than 5%, which is much bet- 
ter than 10% of conventional wet and dry etching technol- 
ogy (2). 

In the study of lateral etching, etching was stopped at 
etching point B defined by t 2 in Fig. 1. After photoresist 
patterns were removed, and the top view of each elec- 
trode was observed using a scanning electron microscope 
(SEM). Figure 2 shows the SEM micrographs for 2/2 ~m 
in line/space pattern electrode at etching pressures of 80, 
30, and 9 torr, respectively. A cross-sectional view of each 
electrode is also shown schematically, where a luminum 
linewidth at top and bottom of each electrode at different 
pressures are shown numerically in micrometers. Photo- 
resist pattern with 2 ~m linewidth used in the etching is 
shown by broken line. As seen in these micrographs, the 
top l inewidth of the a luminum line, which was 0.1-0.2 ~m 
in atmospheric pressure wet etching, increased drastic- 
ally with decreasing pressure. That is, a l inewidth of 0.8 
~m at 80 torr increased to 1.3 ~m at 9 torr by the reduc- 
tion of lateral etching. Bottom width also increased to 1.6 
~m. Typical isotropic etching in atmospheric wet etching 
changes to quasi-anisotropic etching. This leads to in- 
creased linewidth. 

The amount of lateral etching for each electrode be- 
neath the photoresist pattern, L 1 and L 2 defined in Fig. 3, 
was measured from cross-sectional view of SEM micro- 
graphs. Mean values of L1 and L2, obtained at 50 points 
over whole region of the wafer, are shown in Fig. 3 as 
function of pressure. The value of L~ was 0.8 ~m at atmo- 
spheric pressure. The values of L~ and L2 decrease with 
decreasing pressure and approach 0.42 and 0.24 ~m, re- 
spectively, at a pressure of 9 torr. This shows that iso- 
tropic wet etching at atmospheric pressure becomes in- 
creasingly anisotropic with decreasing pressure. 
Therefore, fine pattern electrodes can be manufactured 
using the reduced pressure wet etching only if uniformity 
of lateral etching is within acceptable limits. 

Uniformity of lateral etching within a wafer was also 
studied from these data. The standard deviation of L, is 
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Fig. 3. The amount of lateral etching, L1 and L2, of AI/Si (2%) elec- 
trode as a function of pressure in evacuated wet etching system, 
where L~ and L 2 are defined in this figure. Rectangular test patterns 
with line/space of 3/3/~m were examined. Mean value of L~ and L~, 
observed from cross-sectional view of SEM micrographs at 50 points 
aver whole region of wafer, is shown. The electrode was etched in hot 
phosphoric acid at SS~ 
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shown. The electrode was etched in hot phosphoric acid at S5~ 
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Fig. 5. Model of anisotropic etching in evacuated wet system. Effec- 
tive diffusion barrier was formed by small hydrogen bubbles on alumi- 
num side wall surface. Here, open and filled circles indicated hydro- 
gen and phosphoric acid, respectively, and arrows show the flux of 
each molecule. 

shown in Fig. 4 as a function of pressure. This shows that 
lateral etching uniformity was improved remarkedly with 
decreasing pressure. That is, the deviation of 0.2 ~m at at- 
mospheric pressure decreased to 0.03 ~m (5%) at 30-100 
torr and increased again at still lower pressures. This indi- 
cates clearly that evacuated wet etching system offers ex- 
cellent lateral etching uniformity. Thus, one is able to 
achieve fine pattern electrode etching with 1.0-1.2 ~m 
linewidth, by the evacuated etching, if the end point de- 
tection technique employing electrochemical potential is 
used. 

In wet aluminum etching, hydrogen bubbles are gener- 
ated on the a luminum film by the chemical reaction with 
phosphoric acid. Therefore, control of  hydrogen bubble 
removal is important  to the improvement  of etching uni- 
formity and reproducibility. The fact that the etch rate of 
a luminum films normal to the wafer surface was con- 
stant with time while the lateral (undercutting) etching 
rate decreased with decreasing pressure suggests the 
model  shown in Fig. 5, which shows the flux of hydrogen 
bubbles (open circles) and ions of phosphoric acid (filled 

circles) during the etching. It  is clear from pressure and 
time variations of the etch rate that the removal rate of 
hydrogen bubbles through the very narrow channel re- 
gion (1 ~m thick) beneath the photoresist can apparently 
be restrained with decreasing pressure. Detailed features 
of this model are reported elsewhere (3). 

Conclusions 
The consideration of the evacuated wet etching of A1/Si 

(2%) electrodes resulted in the following conclusions. 
1. The etch rate of a luminum films normal to the wafer 

surface was nearly constant at a value of approximately 
0.18 ~m/min over the pressure range studied. 

2. The amount of lateral etching in the grooves de- 
creased with decreasing pressure, resulting in increased 
linewidth. Typical undercutt ing of the conventional (iso- 
tropic) wet etching was 0.8 ~m. This was reduced to 0.42 
~m at 9 torr. Thus, the etching has changed from iso- 
tropic to quasi-anisotropic. 

3. Uniformity of lateral etching within a wafer was also 
improved with decreasing pressure. The standard devia- 
tion for side etching within a wafer reaches a min imum 
value of 0.03 ~m (5%) at 30-100 torr. This is greater uni- 
formity than conventional wet and dry etchings. 

4. Overetching for fine pattern aluminum electrodes 
can be reduced markedly by precisely monitoring the end 
point. This leads to 1.0-1.2 ~m linewidth etching includ- 
ing the deviation. 

Manuscript submitted Feb. 20, 1985; revised manuscript  
received June  20, 1985. 

REFERENCES 
1. S. W. Pang, Solid State Technol., 27 (4), 249 (1984). 
2. T. Hara, Unpublished. 
3. T. Hara, T. Hirayama, H. Ando, and M. Furukawa, Jpn. 

J. Appl. Phys., To be published. 

Characterization of Oxide Growth at High Temperatures and Low 
Pressures from Silane/Nitrous Oxide Reaction 

A r t h u r  J. L e a r n *  and R. B. Jackson 

Anicon, Incorporated, San Jose, California 95131 

ABSTRACT 

The reaction of silane and nitrous oxide at high temperatures and low pressures was investigated for a large range of 
mole ratio of the reactants. For a nitrous oxide/silane mole ratio of approximately 100, silicon dioxide having the stoichi- 
ometric refractive index of 1.45 is obtained for growth at 800~176 For a mole ratio of 2.2 and growth at 700~176 
silicon-rich oxide results with the refractive index increasing linearly from 1.75 to 1.94 with increasing temperature. The 
growth rate exhibits an Arrhenius-type temperature dependency in the above ranges with activation energies of  1.43 and 
0.89 eV for stoichiometric and silicon-rich oxide, respectively. The increase in growth rate for both oxides with in- 
creased wafer spacing is quantitatively interpreted, for small wafer spacings, in terms of  a modified model developed 
for semi-insulating polysilicon growth from the same reactants. The refractive index of silicon-rich oxide also increases 
with increased spacing, which correlates with greater silicon incorporation at higher growth rates. The functional form 
of the within-wafer thickness profile for both oxides is also consistent with the model referred to, as is the linear depen- 
dence of stoichiometric-oxide growth rate on silane partial pressure. 

The use of silane and nitrous oxide reactants in the low 
pressure chemical vapor deposition (LPCVD) of semi- 
insulating polysilicon (SIPOS) is well documented (1). Ni- 
trous oxide/silane mole ratios, ~, of less than one are em- 
ployed for this application. Silicon-rich oxides with an 
excess silicon content on the order of 10% are attractive 
for use as electron injectors in electrically alterable- 
memory  devices (2) or as an aid to yield improvement  on 
MOS structures with very thin oxides (3). The value of 
used for formation of such films is greater than one and 

* Electrochemical Society Active Member. 

typically 2-3. Silicon-rich oxides have been prepared by 
atmospheric-pressure CVD (4) and plasma-enhanced 
CVD (5). Stoichiometric oxide grown by CVD at high 
temperatures promises significantly improved con- 
formality (6) and reduced etch rate arising from denser 
deposits. In particular, a similar wet-chemical etch rate 
for deposits on horizontal and vertical surfaces could be 
expected. Such material has been grown by LPCVD (7) 
with a ~ of 50, but little characterization was performed. A 
preferred silicon bearing reactant is dichlorosilane (8), in 
some measure due to the more-ready achievement  of ac- 
ceptable thickness uniformity in this case (7). 
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In the present paper, the growth of silicon-rich and stoi- 
chiometric oxide from silane and nitrous oxide by 
LPCVD in a vertical-flow reactor is characterized. The 
growth parameters considered are temperature, ~, silane 
partial pressure and flow rate, and wafer spacing. The ef- 
fect of these parameters on growth rate, refractive index, 
and uniformity is considered in most detail. 

Experimental 
Experiments  were performed in a vertical system (9) 

configured to provide gas flow parallel to the wafer sur- 
face. The wafers are held upright in the wafer carrier 
(boat). A cage is placed around the wafers in order to en- 
hance uniformity of the deposit (9). A caged boat is placed 
on either side of elongated injectors positioned at the cen- 
ter of the system. An exhaust  slot lies opposite the injec- 
tors for each boat. Provision is made in the boat for vary- 
ing wafer spacing in increments of 4.76 ram. The reactant 
gases, silane and nitrous oxide, are metered through mass 
flow controllers. Heaters are arranged in such a way as to 
provide an isothermal chamber for the reaction. 

Bare silicon wafers of 100 mm diam were used as sub- 
strates. For the high temperature oxide, the ranges inves- 
tigated for growth parameters were: temperature, 800 ~ 
850~ ~, 36-125; silane partial pressure, 4.0-13.8 mtorr; and 
silane flow rate, 8-40 cm~-min -1. For the silicon-rich ox- 
ide, the primary variable considered was temperature, 
which ranged from 650 ~ to 750~ Typically, the growth 
times were in the 30-60 min range. The refractive index 
and thickness of the resultant films were measured by 
ellipsometry. As was pointed out (4), for optically absorb- 
ing materials such as the silicon-rich oxide, multiple 
ellipsometric measurements  should be made in order to 
precisely determine thickness. In the present study, the 
direct ellipsometric readings were considered to be 
sufficient to reveal significant trends in the data. The 
growth rate in all cases was calculated on the basis of the 
thickness at wafer centers. For extensive within-wafer- 
thickness-uniformity measurements,  an interferometric 
technique was used after determination of the refractive 
index as above. A significant measure (9) of such uni- 
formity is the ratio of thickness at the wafer center to the 
average thickness near the wafer edge. Edge measure- 
ments were taken at the top, major fiat, left and right po- 
sitions, excluding the outer 6 mm of the wafer. 

Some characterization of the films was done by Auger 
electron spectroscopy. In particular, the silicon content 
was determined for selected samples. In order to quantify 
such measurements,  a stoichiometric silicon dioxide 
sample grown thermally was used for calibration. The 
AES technique was also utilized to test for impurities in 
the interior of the films. 

Results and Discussion 
Results were obtained for both high temperature oxide 

(HTO) and silicon-rich oxide (SIROX). The ciependencies 
for HTO will be discussed first and for SIROX subse- 
quently. 

Nitrous oxide/silane mole ratio, %--The growth rate and 
the refractive index of HTO as a function of ~ are shown 
in Fig. 1. Other conditions were held constant at a temper- 
ature of 825~ and silane flow rate and partial pressure 
of 20 cm3-min -1 and 10.8 mtorr, respectively. In general, 
the data points in Fig. 1 are the result of a single experi- 
ment. For a ~ of 100, however, several runs were made un- 
der ostensibly identical conditions. The ranges of growth 
rate and refractive index observed are shown in Fig. 1. 
The leveling off of the refractive index indicates the at- 
tainment of stoichiometric HTO for ~ near 100. Analysis 
of  such films by AES verified their stoichiometry within 
the accuracy of this technique  (-+2 a/o). The growth rate 
reaches a max imum at about  the same value of ~. This 
also suggests that the reaction is deficient in oxygen for 
smaller values of ~. For values of ~, > 112, excess nitrous 
oxide adsorbed on the substrate surface may inhibit the 
reaction resulting in reduced growth rate. Somewhat  sim- 
ilar behavior, as regards growth rate, is observed (9) for 
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the low temperature LPCVD silane/O~ reaction. In that 
case, the growth rate also passes through a maximum, 
though for ~ ~ 1. The much lower reactivity of nitrous ox- 
ide than O~, therefore, is apparent. 
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oxide/silane mole ratio of 100. 
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S i l a n e  p a r t i a l  p r e s s u r e . - - T h e  growth rate of HTO as a 
function of silane partial pressure is shown in Fig. 2. In 
this case, the growth temperature is 825~ the silane 
flow is 20 cm:~-min -~, and 7 is 100. Clearly, a linear depen- 
dence of growth rate on silane partial pressure is exhib- 
ited. The refractive index for the films of Fig. 2 is not dis- 
t inguishably different from that for the stoichiometric 
HTO in Fig. 1. 

S i l a n e  f l o w  r a t e . - - T h e  growth rate of HTO as a func- 
tion of silane flow rate is presented in Fig. 3. The temper- 
ature and ~ are as above, i.e., 825~ and 100, respectively, 
while the silane partial pressure is 10.8 mtorr. As for the 
silane/ammonia reaction (10), an increase in growth rate 
from zero with increased flow is anticipated. This de- 
pendency is apparently present for the lower flow rates. 
The decreased growth rate for the larger flow rates may 
be a consequence of the reduced residence time for 
reactants becoming dominant  at high flow rates. The re- 
fractive index does not exhibit  any dependency on flow 
rate. 

G r o w t h  t e m p e r a t u r e . - - T h e  logarithm of growth rate as 
a function of the reciprocal of absolute growth tempera- 
ture is shown in Fig. 4. The silane flow rate is 20 cm 3- 
min - ' ,  the silane partial pressure is 10.8 mtorr, and ~ is 73 
for these data. There is a tendency for growth-rate satura- 
tion at the highest temperature for this set of growth con- 
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Fig. 3. Oxide growth rate as a function of silone flow rate for growth at 
825~ with a silane partial pressure of 10.8 mtorr and a nitrous 
oxide/silane mole ratio of 100. 
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ditions. The lower temperature data points yield an acti- 
vation energy of 1.43 eV. This activation energy is much 
larger than the value of 0.52 eV observed (11) for the 
O2/silane reaction at temperatures near 400~ It is, how- 
ever, lower than the activation energy for the dichloro- 
silane/nitrous oxide reaction of about 2 eV (8). The re- 
fractive index for the highest temperature (850~ film is 
approximately 0.02 higher than for the other films. 

W a f e r  s p a c i n g  .--All of the data listed above were gath- 
ered for a wafer spacing of g.5 mm. The growth rate of 
HTO at the wafer center as a function of wafer spacing is 
shown in Fig. 5. The  associated growth conditions are a 
temperature of 825~ a silane partial pressure of 10.8 
retort, a silane flow rate of 22 cm~-min - ' ,  and a 7 of 90. 
The growth rate has a sublinear dependency on wafer 
spacing. A similar dependency is noted for low tempera- 
ture LPCVD oxide (9). In that case, a proportionality for 
growth rate, G R ,  is derived as follows 

G R  ~ d re2 - r~ [1] 
red + rw2 - r 2 

where d is wafer spacing, r e is the inner radius of the cage 
surrounding wafers, r w is the wafer radius, and r is the ra- 
dial position on a wafer. This relationship for G R  essen- 
tially involves (9) the volume to area ratio of a reaction 
cell comprised of two adjacent wafers and the portion of 
the cage between the two wafers. For boats utilized in the 
vertical-flow reactor, openings in the cage are required in 
order to allow introduction of reactants to the wafers. The 
openings are configured as rings of circular holes spaced 
along the length of the boat. Taking into account these 
holes, the expression for G R  becomes 

dh~ (s + w ) n  rc2 -- r 2 + 

G R  ~ d. [2] 
rcd + rw ~ - r 2 + d h w n  

where dh is the hole diameter, s is the effective spacing 
between the cage and the reaction-chamber wall, w is the 
thickness of the cage wall, and n is the number  of holes 
per reaction cell. The additional volume term is that for 
cylinders extending from the inner surface of the cage to 
the chamber  wall. The additional area term is that for the 
peripheries of the holes. For opt imum within-wafer thick- 
ness uniformity, there is no radial variation of GR, i.e., 
d (GR) /dr  = O. This condition leads to the following 
equality 

r~ ~ - red - rw2 = ndh I w - 
dh / 

(s + w) j [3] 
L 
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T h e  b o a t  d i m e n s i o n s  r e s u l t i n g  in th i s  o p t i m u m  c o n d i t i o n  
for a d of  9.5 m m  a n d  a rw of  50 m m  are  r e , n, dh. a n d  w 
e q u a l  to 52.5, 12, 2.36, a n d  2.5 m m ,  respec t ive ly .  Calcula-  
t i on  of  s f rom Eq. [3] y ie lds  a va lue  of  87 m m .  A boa t  es- 
sen t ia l ly  res ides  in  a r eac t i on  c h a m b e r  of  s q u a r e  cross  
sec t ion  w i t h  a s ide d i m e n s i o n  of  204 m m .  Accord ing ly ,  
t he  r ange  o f s  e x p e c t e d  is 47-89 m m .  T he  ca l cu la t ed  va lue  
of  s falls w i t h i n  t h i s  range,  a lbe i t  a t  t he  h i g h  end.  

The  g r o w t h  ra te  at  t he  wafe r  c e n t e r  as a f u n c t i o n  of  d is 
g iven  b y  se t t ing  r e q u a l  to zero in  e x p r e s s i o n  [2]. Us ing  
t he  va lues  for o the r  p a r a m e t e r s  l i s ted  above,  t he  c u r v e  in 
Fig. 5 is ob ta ined .  The  c o n s t a n t  of  p ropo r t i ona l i t y  was  ob- 
t a i n e d  b y  f i t t ing Eq. [2] to t he  da ta  p o i n t  a t  a d of  9.5 m m .  
I t  m a y  be  no t ed  t h a t  t he  e x p e r i m e n t a l  resu l t s  fall s igni-  
f icant ly  be low th i s  cu rve  for  large  d. 

The  u n i f o r m i t y  p a r a m e t e r  m e n t i o n e d  in  t he  Exper i -  
m e n t a l  s ec t i on ,  i.e., t h e  ra t io  of  t h i c k n e s s  at  t he  wafe r  
c e n t e r  to t he  average  n e a r  t he  edge,  is s h o w n  in  Fig. 6 as a 
f u n c t i o n  of  d. R e l a t i o n s h i p  [2] c an  be  u sed  to p r ed i c t  th i s  
ratio. C o m p a r i s o n  is m a d e  for  r e q u a l  to zero a n d  r e q u a l  
to t h e  wafe r  r ad ius  m i n u s  6 ram.  T he  r e s u l t a n t  c u r v e  is 
p r e s e n t e d  in Fig. 6. Again,  as for t he  GR of  Fig. 5, t he  ex- 
p e r i m e n t a l  po in t s  fall be low th i s  cu rve  for  large d. Shif t -  
ing  t he  GR at  wafer  c e n t e r  for  the  two  large d u p  to the  
level  of  t he  cu rve  in Fig. 5 r e su l t s  in  t he  sh i f t  in  u n i f o r m -  
ity i n d i c a t e d  by  t he  a r rows  in Fig. 6. A good fit to  t h e  the-  
ore t ica l  u n i f o r m i t y  c u r v e  is t h e r e b y  ob ta ined .  T he  impli-  
ca t ion  is, the re fore ,  t ha t  t h e  GR nea r  t he  edge  of  wafe r s  
va r ies  w i t h  d as p r e d i c t e d  b y  Eq. [2]. The  d i f f e ren t  b e h a v -  
ior for t he  edge  a n d  c e n t e r  GR m a y  be  e x p l a i n e d  b y  a dif- 
fus ion  effect.  Fo r  example ,  for a d of  19 m m  two r ings  of  
ho les  lie b e t w e e n  a d j a c e n t  wafers .  Less  r e a c t a n t  m a y  dif- 
fuse to t he  wafe r  c e n t e r  f rom the  m o r e  r emote ly  loca ted  
holes.  S u c h  an  effect  w o u l d  be  less  p r o n o u n c e d  at t he  wa- 
fer  edges ,  s ince  t hey  are n e a r e r  the  holes,  or for sma l l e r  d, 
for t he  same  reason.  

T h e  r e m a i n d e r  of  t he  r e su l t s  p r e s e n t e d  are for SIROX.  

Growth temperature.--The l o g a r i t h m  of  S I R O X  g r o w t h  
ra te  as a f u n c t i o n  of  the  r ec ip roca l  of  a b s o l u t e  g r o w t h  
t e m p e r a t u r e  is s h o w n  in  Fig. 7. T he  r e su l t s  were  o b t a i n e d  
w i t h  a n i t r ous  ox ide / s i l ane  mo le  rat io  of  2.2, a to t a l  flow 
ra te  of  800 c m L m i n  -1, a n d  a s i lane par t ia l  p r e s s u r e  of  ap- 
p r o x i m a t e l y  60 mtorr .  T he  s t ra igh t - l ine  po r t i on  of  the  
c u r v e  at  h i g h e r  t e m p e r a t u r e s  y ie lds  a n  ac t i va t i on  e n e r g y  
of  0.89 eV. Th i s  ac t iva t ion  e n e r g y  is c o m p a r a b l e  to the  
0.78 eV va lue  o b s e r v e d  (1) for  S I P O S  for a y of  0.4. The  re- 
ac t ion  ra te  appea r s  to dec rea se  d i s p r o p o r t i o n a t e l y  at  the  
l owes t  t e m p e r a t u r e  (650~ As d i s c u s s e d  be low,  however ,  
t he  t h i c k n e s s  was  d e t e r m i n e d  in th i s  case  b y  a s s u m i n g  a 
va lue  of  re f rac t ive  i n d e x  a n d  m a y  the re fo re  be  s o m e w h a t  
in  error .  
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Fig. 6. Oxide-thickness uniformity parameter as a function of wafer 
spacing. The growth conditions are as listed for Fig. 5. The curve is uni- 
formity as predicted from Eq. [2]. As discussed in the text, the arrows 
represent corrections for wafer-center growth rates. 
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flow rate of 250 cm3-min-1 and o nitrous oxide/silane mole ratio of 2.2. 

The  ref rac t ive  index ,  n, as a f u n c t i o n  of  g r o w t h  t e m p e r -  
a tu re  is p r e s e n t e d  in  Fig. 8. A l inea r  v a r i a t i o n  of  n w i t h  
g r o w t h  t e m p e r a t u r e  is ind ica ted .  The  ba r s  e n c o m p a s s  t he  
r a n g e  of  n o b s e r v e d  at t he  d i f fe ren t  t e m p e r a t u r e s .  The re  
is less  va r i a t i on  in  n as t h e  g r o w t h  t e m p e r a t u r e  is re- 
duced .  At  650~ t he  f i lms were  suf f ic ien t ly  t h i n  s u c h  
t h a t  n a n d  t h i c k n e s s  cou ld  no t  b o t h  be  d e t e r m i n e d .  An  
e x t r a p o l a t e d  va lue  of 1.56 for  n was  ut i l ized in m e a s u r i n g  
t h i c k n e s s .  A l t h o u g h  p e r h a p s  no t  en t i r e ly  m e a n i n g f u l ,  ex-  
t r a p o l a t i o n  of  t he  c u r v e  to 1.45 for  n i nd i ca t e s  g r o w t h  of  
s t o i ch iome t r i c  ox ide  at  a p p r o x i m a t e l y  625~ for  y equa l  to 
2.2. 

Wafer spacing.--Growth ra te  a n d  n are s h o w n  as a func-  
t i on  of  wafe r  s p a c i n g  in  Fig. 9. G r o w t h  was  at  725~ w i t h  
a n i t r ous  ox ide / s i l ane  mo le  ra t io  of  2.2, a to ta l  f low ra te  of  
400 c m L m i n  -J, a n d  a s i lane  par t ia l  p r e s s u r e  of 47 mtorr .  
The  c u r v e  p r e s e n t e d  for  GR was  o b t a i n e d  f rom Eq. [2] by  
f i t t ing to t h e  da t a  p o i n t  for  a d of  9.5 m m .  The  v a r i a t i o n  
o f  GR w i t h  d is v i r tua l ly  iden t i ca l  to  t h a t  for  H T O  in  Fig.  
5. In  par t icu lar ,  t h e  e x p e r i m e n t a l  GR va lues  fall b e l o w  t h e  
t heo re t i ca l  cu rve  for large d. The  da ta  of  Fig. 7 we re  ob- 
t a i n e d  for  a d of  9.5 m m ,  w h e r e  a g r o w t h  ra te  of  2.4 nm-  
ra in  -1 is n o t e d  at  725~ F o r  t he  s ame  d, f r om Fig. 9, t he  
g r o w t h  ra te  is 0.8 n m - m i n  -1. Th i s  c h a n g e  in  g r o w t h  ra te  
c o r r e s p o n d s  rough ly  to t he  c o m b i n e d  effects  of  a twofo ld  
r e d u c t i o n  in  s i lane  flow ra te  a n d  a 20-25% r e d u c t i o n  in 
s i lane  par t ia l  p ressure ,  i f  a l inea r  d e p e n d e n c e  of  g r o w t h  
ra te  on  t h e s e  p a r a m e t e r s  appl ies .  

The  re f rac t ive  i n d e x  e x h i b i t s  a m o n o t o n i c  i nc rease  w i t h  
i n c r e a s i n g  d. F i lms  g r o w n  at t he  e x t r e m e  wafe r  spac ings  
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Fig. 9. Silicon-rich oxide growth rote and refractive index as o function 
of wafer spacing for growth at 725~ with a silane partial pressure of 47 
retort, a silane flow rate of 125 cm3-min -1, and a nitrous oxide/silane 
mole ratio of 2.2. The curve is a fit of Eq. [2] to the experimental results. 

of 4.76 and 19 mm were tested, by AES and found to con- 
tain 41 +- 2 and 47 + 2 a]o silicon, respectively. The higher 
values of n clearly correspond, therefore, to more silicon- 
rich composition. In fact, combining the above silicon 
contents, and their associated values of n from Fig. 9, 
with the silicon content (33 a/0) and n (1.45) for stoichio- 
metric oxide reveals that a change in n of  0.024 per atom 
percent of excess silicon applies. In any case, increased 
silicon incorporation is promoted at the higher growth 
rates. Such an effect may also account, in part, for the 
lower n of Fig. 9 than that of Fig. 8 at 725~ Similarly, the 
increased n at higher temperatures (Fig. 8) may be par- 
tially attributable to the increased growth rates (Fig. 7). 

The silicon contents listed above are comparable to 
those (4) for atmospheric growth at 700~ with the same 7. 
Also, as is found for the atmospheric films, the AES anal- 
ysis suggests that the excess silicon exists as a separate 
phase in the silicon dioxide matrix. For a 7 of 2.2 with the 
atmospheric process, carbon at the several atom percent 
level and nitrogen in a lesser amount are observed (4) in 
deposits. Neither of  these elements was detected in films 
of the present study by AES, which has sensitivity down 
to about 1 a]o. 

Center-to-edge uniformities for thickness and n as a 
function of d are shown in Fig. 10. The thickness- 
uniformity variation is similar to that for HTO in Fig. 6. 
As was noted above, the same is true of the GR variation 
with d. Consequently, the discussion in connection with 
the HTO data is equally applicable to SIROX. The varia- 
tion with d of refractive-index uniformity illustrated in 
Fig. 10 is generally consistent with the dependency of n 
on growth rate. An exception is the result for the lowest 
value of d in Fig. 10. Since the center growth rate is less 
than the edge growth rate in this case, a lower n at the wa- 
fer center would be anticipated. 

Conclusions 
The silane/nitrous oxide reaction was utilized at high 

temperatures for the low pressure CVD formation of high 
temperature oxide (HTO) and silicon-rich oxide (SIROX). 
The nitrous oxide/silane mole ratio was varied from 35 to 
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Fig. 10. Thickness and refractive index uniformity parameters for 

silicon-rich oxide as a function of wafer spacing. The growth conditions 
are as listed for Fig. 9. 

125 for HTO and fixed at 2.2 for SIROX. For low values 
of this ratio, the HTO growth rate increases, and refrac- 
tive index decreases as the ratio is increased. The growth 
rate and refractive index level off for a mole ratio of ap- 
proximately 100, indicating the attainment of stoichio- 
metric HTO. The growth-rate activation energies for stoi- 
chiometric HTO in the 800~176 temperature range and 
for SIROX in the 700~176 range are 1.43 and 0.89 eV, re- 
spectively. The SIRO.X refractive index is a strong, linear 
function of temperature and increases by 0.19 over the 
50~ range above. The growth rate of HTO depends line- 
arly on silane partial pressure and passes through a maxi- 
mum with respect to silane flow rate at high total flow 
rates. The refractive index and silicon content for SIROX 
increase with increased wafer spacing. This i ;  a conse- 
quence of the monotonic increase in growth rdte with in- 
creased wafer spacing. Quantitatively, at small wafer 
spacings, the variation of growth rate at wafer centers for 
both HTO and SIROX as a function of  wafer spacing is in 
accordance with a modified version of the model  devel- 
oped by Hitchman et al. (1) for SIPOS. The within-wafer 
uniformity variation with wafer spacing in the same range 
is also consistent with this model. In particular, a reversal 
in the slope of the center-to-edge thickness profile at a 
certain wafer spacing is predicted. For large wafer spac- 
ings, a diffusion-length effect may cause deviation of the 
wafer-center growth rate and uniformity from the mod- 
eled values. The commonali ty for all processes to which 
the model  applies appears to be the use of silane as a sili- 
con bearing reactant. This list now includes, SIPOS (1), 
HTO, SIROX, low temperature LPCVD oxide (9), and sili- 
con nitride (12). 
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ABSTRACT 

A correlation between reactive ion etching (RIE) characteristics of W films and their microstructural features has 
been investigated, and it was found that the a-phase W can be controllably etched compared with the a + fl mixed 
modification. The etch rate for the stable, a-phase W films with CF4 and SF~ plasmas has been shown to depend 
strongly on the discharge parameters--RF power and reactor pressure. Effects of the Ar, 02, and N2 additions and the 
etching selectivity between the W film and photoresist (Shipley AZ-1350) have also been studied in detail. These obser- 
vations have led to the conclusion that the CFJN2 (SFJN2) mixed system is mostly attractive for a variety of device pro- 
cessing applications. The chemical nature of the RIE-processed W surface has been examined by secondary ion mass 
spectrometry, and an apparent presence of C, O, F, and S species on the surface has been confirmed. By I-V and C-V 
measurements  of Schottky contacts fabricated on RIE-processed GaAs surface, no indication of damage layers has been 
detected. 

Reactive ion etching (RIE) is of current interest because 
of its importance for use in the fabrication of LSI (VLSI) 
circuits. The processing of refractory metals is also be- 
come of great importance for the fabrication of low resist- 
ive interconnects and contacts for such semiconductor 
devices. W film deposition has, therefore, been investi- 
gated extensively, and sputtering, electron-beam evapora- 
tion, and chemical vapor deposition as well as laser pho- 
tolysis have been developed as deposition techniques (1). 
W plasma etching has also been performed widely in both 
barrel and parallel-plate reactors. 

Maeda and Fujino (2) have demonstrated that the re- 
fractory metals, such as W and Mo, can be attacked and 
etched considerably by activated F atoms produced in a 
barrel-type reactor with a CF4 discharge. The effects of 02 
additions to SF 6 on W etch rate in a reactor have been 
studied by Randall and Wolfe (3). They have found that 
the max imum etch rate occurs with a pure SF G discharge 
and decreases gradually with increasing 02 additions. 
Tang and Hess (4) have also carried out a systematic in- 
vestigation on plasma etching characteristics of W films 
in CF4 and SF 6 discharges. They have measured relative F 
atom concentrations by means of optical emission spec- 
troscopy, and concluded that the W etching is primarily 
controlled by F atoms in the CF4 plasmas, but the mecha- 
nism is not so simple in the case of the SF6 plasmas. Re- 
cently, Tsujimoto et al. (5) have reported fundamental  
properties of W dry etching, such as etching selectivity 
between the W and dielectric films and etching profiles 
of the W films, from the viewpoint of the VLSI applica- 
tions. 

It is the purpose of this paper to clarify a correlation be- 
tween the RIE characteristics of the W films and their 
microstructural features and, moreover, to present accu- 
rate experimental  data on the etch rate of W films (here- 
after referred to as Rw) as a function of the discharge pa- 
rameters, such as RF power and reactor pressure, in a 
parallel-plate reactor with CF4 and SF 6 plasmas. Effects of 

the Ar, 02, and N2 additions to CF 4 and SF6 on Rw are also 
studied in detail. The etching reactions in such plasmas 
are discussed. Considering the growing importance of 
submicrometer-design device rule fabrication, it is some- 
what surprising that relatively little or, to our knowledge, 
no attention has been given in the literature to the etching 
selectivity between the W films and photoresists. Be- 
cause of this, we simultaneously carried out RIE studies 
on photoresists. Shipley AZ-1350 was chosen as the pho- 
toresist for this study. This resist is positive type and is 
frequently used in the VLSI processes. The chemical na- 
ture of the RIE-processed W surface is examined by sec- 
ondary ion mass spectrometry (SIMS). The feasibility of 
the RIE process in the VLSI technology strongly depends 
on its capability of producing damage free surface. A 
group of researchers (6, 7) have proposed a new type of 
the transistor, namely, permeable base transistor (PBT). 
The unique feature of this transistor is the use of W-metal 
grating embedded in the single-crystal semiconductor. 
Because of this importance, Schottky contacts were 
formed on RIE-processed GaAs surface, and the surface 
quality was characterized by I-V and C-V measurements.  

Experimental 

Tungsten deposition.--W films were deposited by con- 
ventional RF diode sputtering system on (001) GaAs sub- 
strates. The W target used was a commercially a~ailable 
one (99.9% pure). After the system had been pumped 
down to - 5 • 10 -7 torr, the target was cleaned by pre- 
sputtering for about 30 min while the GaAs substrates 
were isolated from the plasma by a stainless steel shutter. 
The working gas was argon, 99.999% pure. Sputtering 
pressures tried were in the range of 1 • 10 -2 to 3 • 10 -1 
torr. Unless otherwise noted, the W films used were de- 
posited at working pressure of 4 • 10 -2 torr. The deposi- 
tion runs were carried out at an RF power of 100W. The 
substrate temperature was not measured during deposi- 
tion. A separate series of sputtering experiments, how- 
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ever, indicated an increase of the substrate temperature 
to a saturation value ( -  200~ as the film deposition was 
taking place for about 20 min. 

RIE apparatus . - -The  RIE apparatus used in this work 
was a commercial  parallel-plate reactor. It consists of a 
stainless steel chamber and 28 cm diam SiO~ electrodes. 
The etch gases used in this study were CF4 (99.9999% 
pure) and SF 6 (99.99% pure) purchased from Asahi Glass 
Company. High purity argon, oxygen, and nitrogen gases 
were also added and mixed prior to entering the reactor 
chamber  The flow rates of individual gases were con- 
trolled by thermal mass flow meters. They were cor- 
rected with the following gas calibration factors: 
CF4(0.44), SF~(0.28), Ar(1.43), O~(0.99), and N~(1.00). The 
etching samples, about 5 mm • 5 m m x  320 ~m size, were 
loaded at the center of the electrode. In conducting our 
experiments,  we evaluated separately the effects of var- 
ious plasma parameters on the etch rate with a set of 
standard etch conditions. They are; 50W (RF power), 10 
Pa (reactor pressure), and 35 sccm (gas flow rate). 

Etch rates.--Etching studies were performed for the 
etching selected regions of W films sputter-deposited on 
(001) GaAs substrates through windows in AZ-1350 pho- 
toresist mask. The open windows, 100 ~m wide and 200 
~m long, were defined by standard photolithography 
technique. After etching, removing the AZ-1350 mask, 
and rinsing in deionized water, the etched depths of the 
W films were measured from a step height between the 
etched and unetched surfaces using a Talystep meter. 
The etch rate of photoresists AZ-1350 was also examined 
similarly. Hereafter, we refer to this value as RAz_1350. 
The etching profile was also examined by cleaving the 
samples in a direction along the GaAs (110) cleavage 
plane. 

Etched-surface qual i ty . - -Af ter  RIE processing, the W 
films were removed from the RIE chamber and charac- 
terized by means of the SIMS analysis. Au-evaporated 
Schottky diodes were fabricated on a RIE-processed 
GaAs surface, and the surface quality was tested by I-V 
and C-V measurements.  

Microstructure-Related Data  on Sput te red -W Films 
The purpose of this section is to present a study of the 

dependence of the properties of Ar-ion-sputtered W films 
upon deposition condition (working pressure). A series of 
refractory-metal elements, like W, Mo, and Ta, form stable 
or, sometimes, metastable crystal structure. In the case of 
W, its stable structure is the so-called ~-W modification 
with lattice constant a = 3.156A and density p = 19.6 
g/cm 3, and its metastable one is the 8-W modification of 
the A-15 cubic crystal structure with a = 5.038A and p = 
19.0 g/cm ~. 

In the W metallization process used for the fabrication 
of electron devices, a number  of requirements, such as 
low stress, low interface-state density, and low electrical 
resistivity, have to be satisfied. Especially, the film resis- 
tivity is one of the most important factors for applications 
to W-gate FET's  and circuit interconnects. The room tem- 
perature electrical resistivities of the W films sputtered at 
various pressures were measured by the standard four- 
point probe method. The results of this experiment  are 
shown in Fig. 1 by the crosses (curve 1). The correspond- 
ing sputter deposition rates are also shown in the figure 
by the open circles (curve 2). It can be seen that the elec- 
trical resistivity decreases slightly with increasing work- 
ing pressure, showing a min imum at about 4 • 10 --~ torr, 
and then increasing sharply. This result is identical to 
that reported by Hoffman and Thornton (8). The deposi- 
tion rate also increases gradually with increasing working 
pressure. It is interesting and important to make clear 
some correlations between the electrical resistivities and 
microstructural features of the W films. From this point 
of view, the crystal structure of the films was examined 
by an x-ray diffractometer analysis. When the films were 
deposited at low pressures (p ~< 4.5 • 10 -2 torr), they were 
in a single a-phase because only two peaks of (110) and 

(211) of the a-W were detected. When the films were de- 
posited at pressures greater than 4.5 • 10 -2 torr, they be- 
came a-W/8-W mixture containing a new phase modifica- 
tion, WO3, and the fraction of the 8-W modification 
increased with increasing working pressure. As is shown 
in Fig. 1, the pure ~-W films have a low resistivity. An in- 
crease in the film resistivity at higher sputtering pres- 
sures corresponds to the appearance of the 8-W and WO3 
modifications. It can, therefore, be recognized that rela- 
tively large resistivity of the W films deposited at higher 
pressures is controlled by the amounts of 8-W and WO3 
present in the film. Similarly, Petroffet  al. (9) have found 
from studies on RF-sputtered films that ~-W films con- 
sist of large grains (1500-2000s free of defects, while 8-W 
films consist of small grains (50-100A) with a high density 
of stacking faults and twins. They reported that the high 
resistivity of the 8-W films was attributed to diffuse scat- 
tering of electrons by grain boundaries. 

The plots of the etch rate against working pressure for 
the sputter-deposited W film are shown in Fig. 1 by the 
filled circles. The data were taken in CF 4 plasma with the 
flow rate of 35 sccm at 10 Pa pressure and 50W RF 
power. In the figure, the solid line corresponds to that of 
the as-deposited and without intentional room ambient 
exposure W films (curve 3a), and the dashed line corre- 
sponds to films exposed to room ambient for about two 
months (curve 3b). It should be noted that the etched 
depth of the W films in the ~-W/8-W mixture region (p > 
4.5 x 10 -2 torr) does not increase linearly with etching 
time (see Fig. 2). When the linear relationship is extrapo- 
lated, the line does not pass through the origin, indicating 
that a lag time exists at the start of the W-film etching in 
this region. A considerable change in the etch rates of 
samples with and without room ambient exposure in the 
~-W/8-W mixture region, moreover, suggests instability of 
the (~ + fl) W films with room ambient exposure. It is ap- 
parent from the figure that the etch rate increases drama- 
tically as the Ar working pressure falls in the (a + 8) W 
mixture region. This feature is quite similar to that found 
in the resistivity variation. An identical trend was also 
seen for the W etching in SF6 plasma. 

Etch Rates 

Pure CF 4 and SF 6 plasmas. - -The etched depths as a 
function of etching t ime for W film and photoresist 

Fig. 1. Plots of electrical resistivity (curve D, deposition rate (curve 2), 
and etch rate (curve 3) against working pressure for W films sputter- 
deposited in Ar using an RF diode sputtering system. Curve 3a corre- 
sponds to that of the as-deposited, without intentional room ambient 
exposure W films, and curve 3b corresponds to that of about two 
months room ambient exposed ones. 
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Fig. 2. Relation between etched depth and etching time for ~ - W  
(deposited at 4 x 10 --~ torr), (o~ + B)W (deposited at 1.5 x 10 -2 
torr), and AZ-1350  in pure CF~ plasma. 

(AZ-1350) in pure CF4 plasma are shown in Fig. 2. Similar 
results were also obtained for SF 6 plasma, except  that the 
a-W film was etched faster than the AZ-1350 photoresist. 
The etched depth vs. etching time for GaAs in pure CF4 
plasma is also shown in the figure. As clearly seen in the 
figure, the depth of the a-W film (sputtered at 4 • 10 -2 
torr) and AZ-1350 photoresist increases linearly with etch- 
ing time. When this relationship is extrapolated, the line 

passes through the origin, indicating that no lag t ime ex- 
ists at the start of the ~-W and AZ-1350 etching. This etch- 
ing property of W film is consistent with that reported by 
Tang and Hess (4). However, the result of (a + fl)W film is 
in sharp contrast to that of the ~-W films. It is worth 
noting that the (a + fl)W film (sputtered at 1.5 • 10 -1 torr) 
shows a clear lag-time effect. This feature of the (~ + fl)W 
film etching is similar to that observed during A1 etching 
(10). Thin native oxide film always presents an A1 sur- 
face, and it causes a lag-time effect on the A1 etching. An 
absence of the fl-phase in the W films deposited at p 
4.5 • 10 -5 torr is attributed to their lower oxygen content, 
resulting in lower resistivity of the films (9). The (~ + fl)W 
films cannot be etched with good reproducibility and sta- 
ble etch rates, especially when they are room ambient ex- 
posed for a long time, whereas the a-W films can be. Be- 
yond the lag time, the (~ + fl)W films can be etched with 
relatively high speed compared with the a-W films (see 
also Fig. 1). Such etching characteristics of the (~ + fi)W 
films would be caused by surface oxidation (and/or WO3 
transformation) but not by ~ --> fi phase transformation 
(11). Unless otherwise noted, the stable ~-W films (sput- 
tered at 4 • 10 -'2 torr) were used for RTE studies in the fol- 
lowing. It has also been found that both the CF4 and SF6 
plasmas etch GaAs very slowly. In order for a plasma 
etching system to be successful, a volatile derivative of 
the substance to be etched must be produced. Relatively 
low etch rate of GaAs found here is most likely due to the 
lower volatility of gallium products (GaF3, b.p. > 950~ 
(12). 

It is known (4) that by increasing RF power the electron 
density and average electro n energy increase and, as a re- 
sult, the rate of ionization, excitation, and decomposition 
of gas phase molecules increase. Figure 3 shows the etch 
rate as a function of  RF  power for the W films (R w) and 
AZ-1350 (RAz,350) in pure CF4 and SF6 plasmas. The etch 
rate of GaAs in the CF 4 plasma is also shown in the 
figure. Rw, RAz.1350, and also the etch rate of GaAs in the 
CF4 plasmas increase with RF power superlinearly within 
our experimental  range; a relation between the etch rates 
R and RF power P for these substances can be expressed 
exactly by R ~ p~.0. The etch rates in the SF6 plasma, on 
the other hand, increase linearly up to P = 50W, and then 
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increase  super l inear ly  for bo th  the  W film and AZ-1350 
photoresis t .  

The  d e p e n d e n c e  of  R w and RAz.,3~0 on the  reac tor  pres- 
sure  is shown in Fig. 4. Bo th  R w and RAz.,35o in the  CF~ 
p lasmas  decrease  l inearly as the reactor  pressure  in- 
creases,  showing  a m i n i m u m  at about  40 Pa, and then  in- 
crease  wi th  fur ther  increase  of  the pressure.  The  func- 
t ional  p ressure  d e p e n d e n c e  o f  R w and RAZ_,35o in the  SF  6 
p lasmas  is qui te  different .  R w is near ly  cons tan t  up  to 10 
Pa, and decreases  drast ical ly  wi th  increas ing pressure.  
RAz_,35o , on the o ther  hand, does  not  d e p e n d  s t rongly on 
pressure  wi th in  our  expe r imen ta l  range. 

Effects of Ar, 02, and N2 additions,--Inert gas addi t ions  
can  stabil ize and homogen ize  .plasmas th rough  the  effects  
of  their  addi t ion  on the  the rmal  proper t ies  of  the  dis- 
charge  gas or on the  e lec t ron  dens i ty  and average e lec t ron 
energy  resul t ing f rom al tered e lec t ron ba lance  processes.  
It  is also k n o w n  that  radical  or  unsa tura ted  scavenger  ef- 
fect is expec t ed  wi th  the addi t ion  of  some gases to reac- 
t ive  gas plasmas,  e.g., 02 gas to CF 4 plasmas,  where  the  re- 
mova l  of  CF~ radicals  p reven t s  thei r  r ecombina t ion  wi th  
F a toms and cont r ibu tes  to the  ensu ing  increase in a tom 
density.  In the fol lowing,  the  etch-rate data  of  the W 
films and AZ-1350 photores is t s  will  be p resen ted  as a 
func t ion  of  the  Ar, 02, and N2 addi t ions  in the  CF4 and SF6 
plasmas.  

The  effects of  vary ing  Ar  partial  pressure  on R w and 
RAz.~50 in m i x e d  cF~/Ar and S F J A r  sys tems are shown in 
Fig. 5. In bo th  mixtures ,  R w increases  gradual ly  wi th  in- 
c reas ing  percen t  Ar  f rom 0 to 85 (CFJAr)  and to 95 
(SFJAr).  Fur the r  increases  of  percent  Ar  resul t  in  a dras- 
t ic decrease  in R w. No measu rab l e  e tched  dep th  on the W 
film was observed  w i t h  pure  Ar  plasma. RAz_,~50 also in- 
c reases  gradual ly  wi th  increas ing  percen t  Ar, exh ib i t ing  a 
m a x i m u m  near  95% Ar in bo th  the  C F J A r  and S F J A r  
mix tures .  Pu re  Ar  p lasma resul ts  in cons iderab le  e tch ing  
of  the  AZ-1350 photores i s t  (RAz-,~0 ~ 200 ~/min).  

F igure  6 shows the  effects  of  vary ing  02 part ial  pressure  
on R w and RAz_~3~o in m i x e d  CFJO2 systems.  It is k n o w n  
(13, 14) that  in the  case of  Si etching,  02 addi t ions  to CF~ 
enhance  the  p roduc t s  o f  F a toms and reduce  carbon-re-  
lated residues,  t he reby  increas ing  the e tch  rate of  Si. R w 
in the  CFJO2 sys tem goes  th rough  a m a x i m u m  at about  
40% 02. When the  pe rcen tage  of  O~ exceeds  90, R w de- 

creases  rapidly and approaches  zero as a pure  O2 p lasma 
is approached .  Such  a t r end  is ve ry  similar  to that  found 
for Si e tch ing  in CFJO2 p lasmas  (13, 14). A qual i ta t ive  fea- 
ture  of  W e tch ing  in the  SFJO2 p lasmas  is qui te  different  
f rom that  in the  CFJO2 plasmas.  As clearly seen in Fig. 6, 
Rw in the  SFJO2 p lasma decreases  mono ton ica l ly  wi th  in- 
c reas ing  02 percentage .  RAz-~350, contrar iwise,  increases  
gradual ly  and exh ib i t s  a m a x i m u m  at 90% 02 addit ion.  
This  t r end  of  RAz-,3~0 is near ly  ident ica l  to that  observed  in 
the  CFJO2 plasmas.  

To our  knowledge ,  there  has been  no repor t  on the  
p lasma e tch ing  of  any k ind  of  meta ls  in CF4/N2 or SFJN~ 
mixtures .  The effect of  va ry ing  N 2 partial  p ressure  on R w 
and RAz_1350 in m i x e d  C F J N  2 and SFJN2 sys tems is shown 
in Fig. 7. In these  mix tures ,  R w increases  dramat ica l ly  as 
the  addi t ion of  N 2 to CF  4 or  SF  6 f rom zero to few percent .  
Fu r the r  increases  of  the  N2 addi t ions  resul t  in a sl ight in- 
crease  in R w. The  e tch  rate then  decreases  as the  percen t  
N2 approaches  100 (pure N2). The  W films were  not  
e tched  wi th  pure  N2 plasma. RAz.la~o , o n  the  o ther  hand,  
does  not  depend  so s t rongly  on the  N2 addit ions,  e x c e p t  
at the  region near  pure  S F  6. I t  is no ted  that  f rom an aspect  
of  the  e tch ing  select ivi ty  S(=- Rw/RAz.13~o) the  CFJN~ 
(SFJN2) mix tu re  is more  sui table than  the  C F J A r  (SFJAr)  
and CFJO2 (SFJO2) mixtures .  In the  following, we present  
the data  on R w and RAZ_I.~ 0 as a func t ion  of  the  p lasma pa- 
ramete rs  in the CFJN2 and SFJN2 mix tures .  

F igure  8 shows the  var ia t ion o f R  w and RAz.,350 as a func- 
t ion of  the  appl ied R F  p o w e r  in 90% CF4 + 10% N2 and 
80% SF~ + 20% N2 mixtures .  The  d e p e n d e n c e  of  R w and 
RAz.135o on RF  power  in the  CF4/N2 plasmas  can be g iven  
by R w ~ p~.5 and RAz_,~0 ~ p2o. The  power  d e p e n d e n c e  of  
the e tch  rate in the  SFJN~ plasmas,  on the  o ther  hand,  can 
be  classif ied into two regions;  R w ~ p0.5 and RAz_,~o ~ p~.0 
at R F  powers  up to 100W, and R w oc pLo and RAz.~35o ~ p30 
at above  100W. 

The e tch  rates of  the  W films and AZ-1350 photores is ts  
as a func t ion  of  the  reactor  pressure  in the  CFJN2 and 
S F J N  2 plasmas are shown in Fig. 9. Rw in the  CFJN2 mix-  
ture  increases  wi th  increas ing  pressure,  peak ing  at 20 Pa, 
and then  decreases  wi th  increas ing  pressure.  R w in the 
SFJN2 mix tu re  also increases  w i t h  increas ing  pressure,  
peak ing  at 20 Pa, and then  decreases  abrupt ly  wi th  
increas ing  pressure.  RAz_,3~0 in the  CFJN2 mix tu r e  de- 
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100 

creases as the pressure increases, showing a min imum at 
20 Pa, and then increases very slowly with increasing 
pressure. RAz_1350 in the SFJN2 mixture, on the other hand, 
does not depend on pressure within our experimental  
range. Such pressure dependence of R w and RAz.,350 is 
similar to that found in pure CF4 and SF6 plasmas (Fig. 4). 

E t c h i n g  R e a c t i o n  in P l a s m a  

The chemistry which takes place in a plasma is usually 
quite complex and involves a large number  of elementary 
reactions (15). There exists a large number  of  radicals in 

fluorinated gases and gas mixtures. The chemical reac- 
tions may occur between such radicals and solid materi- 
als. If the products which result from the chemical reac- 
tions have relatively high volatility, just  as in the case of 
tungsten hexafluoride (WF6, b.p. = 17.5~ they are re- 
moved from the solid surface. This is a basic concept of 
the W plasma etching in the fluorinated gases. We can ex- 
pect the reaction for W etching in the CF 4 plasma to be 

CF4 , CF a + F* [la] 

W + 6F* ~ WF, [lb] 

F 
103~ - 

E 

w 102 
I - -  '<t 
r ' r  

'1- 
( .9 
1-- 
14.1 
o ~  
n." 

1s 

I 
O 

(a) 

A Z _1 35 00.~ § ~..---- +""~" + """ + ~ + ' \  

+ �9 % W // 
/ \, 

CF 4 .02 (35 SCCM) 
10 PQ 
50W 

~ 
O \ 

104 

,J 

E 

10 2 
U.I 

- r  

p -  

SF 6.  02 (35 SCCM) 

10 PQ 
50 W 

(b) 

§ 2 4 7  4. """ 4. ~ . ~ " / ~ - 1 3 5 0  

P<~ Xo 
\ 

~176 
\ 

I r z I I l s 1 f 1 I i I I 1 I f ~ i 
20 40 CoO B0 100 O 20 40 60 B0 100 

PERCENT OXYGEN IN CF 4 PERCENT OXYGEN IN SF 6 

Fig. 6. Effect of varying 02 partial pressure on etch rate of (~-W and A Z - 1 3 5 0  in mixed CFJO~ and SFo/O 2 plasma 



Vol. 132, No. 12 RIE OF T U N G S T E N  FILMS ON GaAs  2985 

,o 3 
A 
E 

E: 
o <  
v 

LI.I 102 
r r  

2 :  

LD 

rr 

IC 

(a) 

k+-+ -- ' ' -+ AZ-1350 ~ "  "\ 

CF 4 .N 2 (35 SCCM) 
I0 Pc1 
50W 

103 

(b) 

E 

E 
o< 

10 
W 

T 

W 

rr 10 

~ + ~  + ~  AZ-1350 / + ~  e '~  i 

+~- -  + _ _  + _ _ +  a + - - - ~ +  ~I 
S[% �9 N 2 (35 SCCM) 

10 Pa 
50 W 

I I I I I I I I I 1 I I I I I I I I I 

20 40 60 80 100 0 20 40 60 80 100 
PERCENT NITROGEN IN Cq PERCENT NYTROGEN IN SF 6 

Fig. 7. Effect of varying N~ partial pressure on etch rote of c~-W and AZ-1350  in mixed CF4/N ~ and SFs/N 2 plasma 

D'Agostino (16) has reported that discharges in pure SF6 
yield no stable reaction products  in an alumina reactor 
without  Si or SiO~ substrates.  Various investigators (17), 
on the other hand, repor ted SF4, atomic F, 172, $2F2, and 
SF2, among the products  of SF 6 discharges. Many of these 
studies were carried out in quartz discharge tubes where 
the tube wall part icipated in the reactions. Because of the 
SiO2 electrodes used in the present  study, one can expect  
the same products  as reported for the SF6 plasmas> The 

1See Ref. (16), 

etching reaction of W films in SF6 plasma can also be pre- 
sumed by Eq. [lb]. 

The etching of W in pure CF4 plasma is l imited by the 
supply of reactive species (2, 4). Emission spectra study 
on pure CF4 plasma has suggested that the F atom emis- 
sion intensity decreases with increasing reactor pressure 
(2). Because of the reactant-supply limited mechanism, 
R w in pure CF4 plasma may be expected to decrease with 
increasing pressure. That is the fact (see Fig. 4). If  the 
pressures are further reduced, Rw will reach a max imum 
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and will then decrease to zero at 0 Pa. We found similar 
pressure dependence of R~ in the CF4/Ar and CF4/O2 mix- 
tures; in 70% CF4 + 30% 02 mixture, for example, R w in- 
creased with increasing pressure, peaking at 10 Pa (R w = 
200 ~/min), and then decreases with increasing pressure. 
A decrease in R w with increasing pressure can also be 
found in pure SF6 and 80% SF 6 + 20% N2 plasmas above 
20 Pa (see Fig. 4 and 9). 

Noble gas addition, in general, stabilizes and homoge- 
nizes reactive gas plasmas that otherwise may be able to 
provide precise etching control. It can be seen from Fig. 5 
that the addition of Ar to CF4 increases R w. As one can 
also see in Fig. 4, Rw in the pure CF4 plasma increases 
with decreasing reactor pressure. R w in the pure SF 6 
plasma was constant at pressures up to 10 Pa (see Fig. 4). 
R w in the SFJAr  system also was constant at Ar percent- 
ages from 0 to 60 (see Fig. 5). We have also carried out 
measurements  of R w and RAz.,3~0 as a function of the dis- 
charge parameters (RF power, reactor pressure, and gas 
flow rate) in CFJAr and SF6/Ar mixtures (30% Ar). The 
results obtained are very similar to those in pure CF4 and 
SF6 plasmas. It may, therefore, be concluded that the ad- 
dition of AR to CF 4 or SF 6 leads no drastic change in the 
physical and chemical kinetics of the reactions in these 
etching systems. 

Emission or mass spectra from atomic F as a function 
of feed composition were measured along with the prod- 
uct distribution in CFJO~ and SFJO2 discharges 
(4, 5, 13, 14, 16, 17). The corresponding etch rate of W 
films was also reported (4, 5). In the CFJO2 mixture 
(4, 13, 14), the F atom density increased with increasing O2 
addition, going through a maximum at certain O2 compo- 
sition. The etch rate R w also indicated a max imum at cer- 
tain O.2 composit ion (4). However, the maximum ofR  w did 
not coincide exactly with that of the F atom density, 
where the increase of the F atom with the 02 addition is 
accounted for by a sequence of reactions initiating with 
the production of CF3 radicals by electron impact and fol- 
lowed by a reaction of CF3 with oxygen (and further in- 
crease of the 02 addition decreases the F atom density be- 
cause, probably, of a decrease in electron energy in the 
plasma). A noncoincidence of these maxima may be ex- 
plained by the competition between fluorine and oxygen 

for active surface sites, as in the case of Si etching with 
the CF4/O 2 (13, 14) and SFJO2 mixtures (16). However, the 
W etch rate decreased monotonically with increasing 02 
addition in the SF6/O2 system (3, 4). This trend is in good 
agreement with the present result (see Fig. 6). In contrast, 
Tsujimoto et al. (5) have recently reported the etching 
characteristics of W films in SFJO2 mixtures with a paral- 
lel-plate SiO2 reactor, and obtained a maximum of R w at 
about 10% 02 addition, which was lower than the F atom 
maximum composition (30% O2 addition). Unfortunately, 
however, we cannot suggest the reasons for the striking 
difference in the etching behaviors between Tsujimoto's 
result and ours [and also those in Ref. (3, 4)]. 

Clark (18) has found that for Si etching a 50:50 mixture 
of CF4 and N2 is preferable for smooth, uniform, and con- 
trollable etching. CF4/O2 mixtures and even pure CF4 
tended to pit the surface of crystalline Si, leading it hazed 
rather than shiny. The CFJN2 mixtures, on the other 
hand, gave a smoothly etched Si surface. It is shown in 
Fig. 7 that a small amount of N2 addition to CF4 or SF 6 
dramatically increases R w. Moreover, changes in the N2 
addition within a wide range of compositions can be 
found to have little effect on R w. The effects of admitting 
N~ into the plasma are found to be similar to those of 
admitting Ar, but are in contrast to those of admitting O2. 
An addition of few tens percent 02 tends to increase Rw. 
That is also the case in the CF4/N2 and SF6/N 2 mixtures. 
We may expect the basic reaction in the CFJN 2 plasma to 
be 

CF4 ) CF3 + F* [2a] 

and 

CF3 + N2 ) CN2F2 + F* [2b] 

By the addition of N2 to CF4 or SF6, the etching of W will 
occur via a reaction with F radicals, but nitrogen no 
longer competes with F for active surface sites. Therefore, 
such mixtures would provide stable, efficient, and con- 
trollable etching of the W films. It is quite likely that an 
analogous mechanism operates during Si etching in 50% 
CF 4 + 50% N2 mixture (18). 

The etching processes under consideration are far too 
complex and the available information rather limited to 
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Fig. 10. Cross-sectional SEM image of a resist-patterned a-W film 
deposited on GaAs (a), and near top-view SEM photograph of the 
sample with which resist was stripped (b). 

allow a qualitative discussion of the decomposition mech- 
anism. Moreover, it is difficult to obtain a complete ex- 
planation of the difference in the etching rates with var- 
ious plasma and physical parameters (RF power, 
frequency, pressure, flow rate, temperature, reactor ge- 
ometry, etc.). Detailed etching mechanisms and plasma 
chemistry will, thus, be the subjects of a separate study. 

Etching Profile 
Important  factors determining the choice of an etching 

gas are, generally, the etch rates for the materials, the de- 
gree of surface quality and undercutting, the gas chemical 
aggressiveness toward etching masks, and the desired 
etching profiles for the relevant purpose. Figure 10a 
shows the cross-sectional SEM image of a resist-patterned 
W film. This structure was fabricated as follows. After 
being degreased, wet-etched, and rinsed in deionized 
water, a GaAs substrate of (001) surface orientation was 
coated with 0.45 ~m thick, RF sputtered W film (a-phase 
modification). Next, the 2.5 #~m period grating pattern 
was defined by standard photolithography techniques 
using 0.5 #~m thick AZ-1350 photoresist. This was used as 
an etching mask for plasma etching. The plasma etching 
was then done with 90% CF4 + 10% N~ mixture at 20 Pa 
reactor pressure, 35 sccm total gas flow rate, and 50W RF 
power. As can be clearly seen in the figure, a mesa- 
shaped structure was formed by stripes etched on the W 
film while this system gave a reverse-mesa-shaped pro- 
file on the photoresist mask. The identical situation is 
also noted for SFJN2 plasmas. Apparently, the profiles 
give rise to considerable undercutt ing near the interface 
between the W film and photoresist. It is believed that a 
number  of radicals and etching products nay be ad- 

sorbed on an etching substance. These adsorbed species 
can recombine with incident etchants, thereby influenc- 
ing etching reaction at the sidewalls. The species may de- 
pend on etching materials in question, in this case, W and 
AZ-1350, and may interact with each other as the etching 
proceeds. Such effects will lead to an unusual etching 
profile, as observed in the present study. Similarly, 
Tsujimoto et al. (5) have found that the degree of under- 
cutting of W films depends surprisingly, on the masking 
materials, such as AZ-1350, PSG (phosphorus-doped 
glass), and AZ-1350/PSG. 

A near top-view SEM photograph of the sample on 
which the resist was stripped is also shown in Fig. 10b. 
Fluorine containing reagents and their mixtures with cer- 
tain additives did not etch GaAs (12). The photograph in 
Fig. 10b reveals a high quality GaAs surface without any 
undesirable roughness or etch pits, and also shows that 
the etching process did not take part on the surface. The 
smooth surface appearance of GaAs may indicate the de- 
sirability of RIE for use in device applications. 

Analysis of RIE-Processed Surface 
Surface composition.--Figure 11 shows the SIMS in- 

depth profiles of the a-W films deposited on GaAs. The 
samples were unetched (Fig. l la),  etched with pure CF4 
(Fig. l lb),  and etched with pure SF 6 (Fig. l lc).  A relatively 
large amount of carbon and oxygen is detected near the 
W surface throughout the samples. The adsorption of C 
and O probably occurs primarily after the samples are re- 
moved from the chamber, although small concentrations 
of carbon (CO2) and oxygen (or I-I20) are present during W 
sputtering or etching. As the interface between W and 
GaAs is approached, considerable amounts of C and O are 
also detected. This is due to the air exposure of GaAs sur- 
faces before W sputtering. Clearly, fluorine exists in the 
samples etched with both pure CF, and SF 6. The fluorine 
is a decomposition element  of the plasma gas. Further- 
more, a large amount of sulfur can be detected in the 
sample etched with pure SF 6. In-depth profile studies on 
the samples etched with the CFJN2 and SFJN2 mixtures 
also gave the same trends as those described here. The 
fluorine inclusion is in agreement with Auger electron 
spectroscopy (AES) by Tang and Hess (4). However, they 
have detected no Auger signal of sulfur on the W surface 
during etching in SFJO2 plasmas. This is probably a re- 
sult of the limited detection limit of an AES rather than 
the SIMS analysis used in this study. 

GaAs surface damage induced by RIE.--Since photolu- 
minescence (PL) is sensitive to defects, this method is 
sometimes used to study damaged layers (19). Figure 12 
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Fig. 12. Photoluminescence peak intensity (~  1.51 eV) measured 
at 77 K from GaAs through different processing steps (see text). 

shows the PL peak intensity (-1.51 eV) measured at 77 K 
from GaAs through different processing steps; no RIE- 
processed sample (reference sample), the RIE processed 
sample, and the wet-etched (-3000~) sample after RIE 
processing. The RIE was done here under the following 
conditions: SF, etching gas, 10 Pa reactor pressure, 35 
sccm flow rate, 50W RF power, and 60 min etching time. 
The samples used were Se-doped GaAs epitaxial layers of 
n =  1 • 10 '~cm -3. 

The surfaces of the samples were excited by a He-Cd 
laser (4416,~), and the PL was measured by the conven- 
tional method. The RIE was also done with pure CF4 
plasma. The results obtained were similar, as seen in Fig. 
12. It is recognized from the figure that the plasma im- 
pinging damage which acts as a nonradiative-recombina- 
tion and/or surface-recombination-velocity reduction cen- 
ters are produced a t  the surface of GaAs by the RIE 
processing. It is also found that the RIE does not lead to a 
change in the PL spectrum (i.e., only the ~1,51 eV peak 
was observed before and after the RIE processing). In 
contrast, Kawabe et al. (19) have observed relatively large 
changes in not only the PL intensity, but also the PL 
spectrum after an Ar ion bombardment  of the GaAs sur- 
face. After ~3000A is removed, almost the same emission 
intensity as the reference sample begins to appear. The 
plasma- or ion-bombardment-induced damages can be 
usually recovered by conventional annealing processes 
(19, 20). 

Furthermore, in order to test the surface quality, 
Schottky contacts were made on RIE-processed GaAs 
surfaces and characterized by I-V and C-V measurements  
(see Fig. 13). The RIE conditions used were the same as 
those for the PL measurements  described above. An 
evaporated Au metal was used as the Schottky contact. 
No clear difference was found between the I-V and C-V 
characteristics between samples with and without RIE- 
processed GaAs surfaces. For comparison, we also exam- 
ined Schottky contacts which were fabricated on SiOs- 
sputtered GaAs. An SiO5 film was deposited with a 
conventional magnetron-type sputtering equipment  at 
200W RF power for about 3 min (~750~ thick). After 
removing the sputtered SiO5 film, the diodes were fabri- 
cated in the same manner  as described above. The I-V 
characteristics showed considerably large leakage cur- 
rent. The C-V data taken from the diodes also indicated 
carrier decrease at a sample surface, in contrast to an al- 
most flat carrier concentration profile obtained from the 
RIE-processed Schottky diodes. PL measurements  also 
clearly suggested the presence of a damaged layer on the 
SiOs-sputtered GaAs surface. It can, thus, be concluded 
that distinct damage layer is introduced on GaAs surface 
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Fig. 13. I-V characteristics (a) and carrier concentration profiles (b) 
for Au-GaAs Schottky diodes fabricated on the RIE-processed (CF 4) 
and SiO2-sputtered-damaged surfaces. 

by the SiO2 sputtering but is not so clearly introduced by 
the RIE processing. 

Summary 
We have studied plasma etching characteristics of 

sputter-deposited W films on GaAs in a parallel-plate re- 
actor with CF4 and SF6 plasmas. Properties of the W 
films strongly depend upon sputter-deposition, condition. 
The W films sputtered at low Ar pressure (p ~ 4.5 • 10 -2 
torr) show stable structure, the so-called (~-phase 
modification. When the films are sputtered at higher Ar 
pressures (p > 4.5 • 10 -5 torr), it is possible to identify the 
presence of the fl-phase modification. The reactive ion 
etching (RIE) characteristics of the sputter-deposited W 
films strongly reflect such microstructural features. The 
etch rate of the W films (R w) is nearly constant in the 
a-phase region, and it increases abruptly with increasing 
fraction of the fl-phase modification. Etched depth of the 
~-W films increases linearly with etching time. The 
a-W/fl-W mixtures, on the other hand, show a clear lag- 
time effect. 

R w of the s-phase W films strongly depends on the dis- 
charge parameters, such as RF power, reactor pressure, 
and gas flow rate. The etch rate R w is not strongly depen- 
dent upon Ar addition. The addition of 02 to CF 4 in- 
creases R w considerably, and exhibits a maximum at 
about 30% 02 addition. Further increase of the 02 addition 
results in a gradual decrease in R w. On the other hand, the 
max imum R w occurs with pure SF 6 discharge and gradu- 
ally decreases with increasing O5 additions. A slight addi- 
tion of N5 to both CF 4 and SF 6 increases R w abruptly, and 
further increase of N~ shows no stronger effect on R w (i.e., 
R w keeps nearly constant value) within a wide range of N 5 
additions. It can be considered that the W etching is 
controlled by F atoms in the CF4 plasma and its mixtures, 
but is not so simple in the cases of the SF, plasma and its 
mixtures. 

RIE studies were also simultaneously carried out from 
an aspect of the etching selectivity between the W films 
and AZ-1350 photoresists. Relatively large selectivity can 
be achieved in the CF4/N5 and SFJN5 mixtures. The ef- 
fects of various discharge parameters in the CFJN~ and 
SFJN2 mixtures on RIE characteristics were also studied 
in detail with a set of standard etching conditions. Tung- 
sten (R w) to photoresist (RAz_,350) etching selectivity ex- 
tracted from this work, however, should be used with 
caution. Since SiO2 and photoresist were simultaneously 
etched in CF 4 or SF6 plasmas with an SiO2 electrode. Oxy- 
gen liberated from the SiO5 electrode would probably en- 
hance the etch rate of photoresist. 

The chemical nature of the RIE-processed W surface 
was examined by SIMS analysis, and presences of C, O, 
F, and S species on the surface were confirmed. Schottky 
contacts were fabricated on RIE-processed GaAs surface, 
and the surface quality was examined by I-V and C-V 
measurements.  No appearance of damage layers was con- 
firmed from these measurements.  
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ABSTRACT 

Auger analysis of alloyed ohmic contacts on n- and p-In0.53Ga0.47As shows that substantial changes occur throughout 
a relatively thick interfacial layer during normal alloying cycles. Differences in diffusion of the different semiconductor 
elements are demonstrated and correlated with their reactivity. It is shown that placing a Cr layer at the semiconductor- 
contact interface effectively eliminates interdiffusion of the semiconductor and metals at elevated temperatures. Au/Cr 
metallization coupled with shallow, high dose ion implants gives contact resistances comparable to conventional alloyed 
contacts without the need for alloying. 

A reliable means of producing low resistance ohmic 
contacts to III:V semiconductors has been the subject of 
much study (1-4). Commonly used contact metallizations 
involve the evaporation of a multilayer metal-dopant 
structure or a metal alloy containing a dopant. This struc- 
ture is then heated to alloy the metals with the semicon- 
ductor surface and diffuse the dopant into the semicon- 
ductor producing a region of high carrier concentration at 
the semiconductor surface. The metallization in contact 
with this highly doped region results in an ohmic contact. 
The problems with this technique result from the alloying 
process. The alloying process causes quantities of the 
metallization to diffuse deeply into the semiconductor, 
and several compounds or phases are formed at the metal 
semiconductor interface. These compounds are not stable 
even at room temperature (5) and especially at high cur- 
rent densities. For shallow junct ion devices, the metalliza- 
tion can diffuse into the junct ion region and destroy the 
device. Contact degradation is an important means of fail- 
ure in these devices, also. 

*Electrochemical Society Student Member. 
**Electrochemical Society Active Member. 

In order to develop a manufacturable III-V contact 
technology, a new method of ohmic contact formation 
must  be developed. One approach has been to deposit a 
layered structure consisting of a dopant layer, e.g., Si or 
Ge, followed by a refractory metal layer, e.g., Mo, W, or Ta 
(6, 7) or an amorphous metal layer (8). This structure is 
then heated as in the case of alloyed cdntacts. The high 
melting point of the refractory metals prevent them from 
forming unwanted compounds at the metal semicon- 
ductor interface. These metal layers are typically depos- 
ited by sputtering and may be difficult to  etch. In addi- 
tion, they allow only n- or p-type contacts to be formed in 
a single deposition. 

The approach taken here is to create the highly doped 
region near the semiconductor surface by low energy 
high dose ion implantation and rapid thermal annealing 
(RTA). The use of RTA techniques allows high dopant  ac- 
tivation to 'be achieved (9, 10) and at the same time mini- 
mizes dopant diffusion. The contact metal consists of a 
layer of Cr followed by a layer of Au deposited over the 
implanted regions. This metallization in contact with the 
highly doped semiconductor surface forms the ohmic 
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contact. No contact heating is required in this process. 
Both n- and p-type contacts can be formed in the same 
Cr/Au deposition. In a previous work, we have demon- 
strated that the electrical properties of these contacts are 
comparable to alloyed contacts (11). On n-type material, 
specific contact resistances of 1.5 • 10 -6 ~-cm 2 for Cr/Au 
nonalloyed contacts and 2.3 • 10 -6 ~-cm 2 for AuGe/Ni/Au 
alloyed contacts were achieved. On p-type material, 
specific contact resistances of 1.4 • 10 -4 ~-cm"- were 
achieved for both Cr/Au nonalloyed contacts and AulZn 
alloyed contacts. We now show that the metallurgical 
properties of these contacts are far superior to those of al- 
loyed contacts. 

Auger depth profiling and optical microscopy were 
used in addition to the electrical measurements described 
previously (11) to study the effects of heating on alloyed 
and nonalloyed ohmic contacts to In0.56Ga0.4rAs. The 
changes in the composition of the contact layer which re- 
suit from reactions and diffusion during the alloying pro- 
cess have been investigated with respect to alloying tem- 
peratures and time. Differences in the reactive and 
diffusional behavior of the semiconductor constituents, 
indium, gallium, and arsenic and the dopants, zinc, and 
germanium were observed. The differences observed can 
be explained based on differences in reactivity of the dif- 
ferent elements with gold. The extensive reaction which 
takes place in the Au-In6.53Ga0.47As alloying process (4) 
makes the development of a nonalloyed contact technol- 
ogy of  particular importance for this semiconductor. 

Exper imenta l  Procedures 
Contact samples were prepared for Auger spectroscopy 

by using lift-off to pattern 50 ~m squares of both the al- 
loyed and nonalloyed types of contact metallization. The 
metallizations were prepared by thermal evaporation onto 
1 /~m epi layers of n-type (1 x 10 ~0 cm-3) In6.53Ga047As 
grown by liquid phase epitaxy on semi-insulating iron- 
doped InP. For p-type contact work, p-type regions were 
produced in these epi layers by selective Be ion implanta- 
tion at energies of 50, 100, and 225 keV and doses of 5.4 • 
10 TM, 9.2 • 10% and 5.0 • 10 ~3 cm -2. The shallow, high dose 
Si (n-type) or Zn (p-type) implants prior to Cr/Au deposi- 
tion were done at energies and doses of 50 keV and 3.0 • 
10 TM cm -'~ (Si implant) and 120 keV and 1.0 • 10 ~5 cm -2 (Zn 
implant). The implants were annealed using an AG Asso- 
ciates Heatpulse lamp annealing system. The samples 
were placed face down on a Si wafer, the chamber  was 

8 0 0  I l I I 

_ . 6 0 0  

4 0 0  o 

E 

200 

0 I I I I 
0 5 I0 15 2 0  2 5  

T i m e  ( s e c o n d s )  
Fig. I. The time temperature profile used in the rapid thermal an- 

nealing of the ion implants. 

purged with forming gas, and the anneal cycle completed. 
The peak temperature was 720~ as measured by a ther- 
mocouple mounted alongside the sample. A typical time- 
temperature profile is shown in Fig. 1. For the p-type 
measurements,  both the Be and Zn implants were an- 
nealed at the same time. 

Au/Zn contacts were formed by evaporating 1200s of  an 
Au 95%/Zn 5% alloy. AuGe/Ni/Au contacts were formed 
by evaporating first 800/~ of Au 88%/Ge 12% alloy, fol- 
lowed by 200s of Ni and 500s of Au. CrlAu contacts were 
formed by evaporating 200s of Cr, followed by 1000s of 
Au. Just  prior to loading the samples into the evaporator, 
a cleaning etch was performed to remove surface oxides. 
The etch was ]0s in buffered HF for the p-type contacts, 
and for the n-type contacts the treatment was a two-solu- 
tion etch consisting of a stop solution, 10 ml NH4OH in 
150 ml DI H~O, and an etch solution, 2 drops NH4OH, and 
2 drops H202 in 200 ml DI H20. The etching sequence for 
the n-type contacts was 5s in stop, 5s in etch, 5s in stop. 
For the n-type contacts, the choice of etchant was not crit- 
ical; either the buffered HF or the NH4OH based etch 
were used with equal success. 

The contacts to be alloyed were heated in a furnace un- 
der a forming gas atmosphere. The alloying procedure 
was as follows: the samples were loaded onto a quartz 
boat in the end of the alloying furnace, the furnace was 
sealed and purged with forming gas, and the samples 
were slid into the hot zone of the furnace. When the de- 
sired temperature was reached, the samples were re- 
moved and cooled in forming gas in the end of the fur- 
nace tube. 

Depth profiles were obtained using an Auger spec- 
t rometer  1 equipped with a sputtering gun. The samples 
were sputtered with a 100 ~A Ar ion beam accelerated at 
4 kV and rastered over a 1 • 1 mm area. The sputtering 
rate of Au was measured by sputtering evaporated Au 
films whose thickness had been determined using a 
Sloan Dektak II. The sputtering rate of In0.53Gao.47As was 
determined by masking a 5 ~m line, sputtering for 2 rain, 
and measuring the depth with the Dektak. The resolution 
of the depth profile can be estimated from the interface 
abruptness observed on a profile of a contact prior to 
alloying. 

Results 
Alloyed contacts.--Profiles of Au/Zn contacts as depos- 

ited and after three different alloying cycles are shown 
in Fig. 2. The lowest alloying temperature investigated 
was 350~ Ohmic contacts were obtained by alloying for 
6 min at this temperature. The interface is abrupt, with 
the exception of some outdiffusion of indium into the 
gold. The gold has similiarly diffused into the 
In0.53Ga0.47As with a profile which is complementary to 
the In profile indicating that at this temperature there is 

1Perkin-Elmer Physical Electronics Model 590, digitally 
upgraded. 
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min. d: After alloying at 540~ for 2 min. 
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s o m e  In-Au reaction taking place while the other ele- 
ments are relatively undisturbed. When the temperature 
is raised to 400~ more In-Au intermixing is found to 
have taken place. In addition, a large amount of Zn has 
accumulated at the contact surface. This temperature pro- 
duced ohmic contacts with the lowest specific contact re- 
sistance. When the alloying temperature is raised t o  

540~ a large degree of metal-semiconductor mixing is 
found to have taken place. Gold was found to migrate 0.5 
~m into the semiconductor, and both In and As are found 
in the contact layer. In addition, a large amount of Ga has 
migrated to the contact surface. 

Similar effects are observed in the case of AuGe/Ni]Au 
alloyed contacts on In0.~3Ga0.47As. Figure 3 shows a depth 
profile of a AuGe/Ni]Au contact sintered at 420~ for 2 
min. Ga has diffuse~l out through the metallization and 
accumulated on the contact surface. The morphology of 
the alloyed contacts is always rough. Figure 4b shows a 
typical photomicrograph of a contact sintered at 400~ 
We also found that wire bonding to these alloyed contacts 
was difficult and unreliable because of the metals (e.g., 
Ga, Zn) which had accumulated on the contact surface. 

Nonal loyed contac ts . - -A  dark field photomicrograph of 
the Cr/Au contact is shown in Fig. 4a. The contact is per- 
fectly smooth, and the contact morphology did n o t  

change with heating. 
Composition profiles of nonalloyed Cr/Au contacts be- 

fore and after heat-treatment are shown in Fig. 5. Even 
after heating the contact to 500~ for 10 min, very little 
metal-semiconductor mixing has taken place. In particu- 
lar, diffusion of semiconductor constituents to the contact 
surface has been nearly eliminated and gold has not dif- 
fused into the semiconductor. 

Discussion 
During contact alloying, Ga and Zn appear to be dif- 

fusing to the contact surface. At the surface, diffusion is 
against a concentration gradient, a situation which re- 
quires a change in phase or chemical environment  to 
drive the process. The accumulation of zinc on the sur- 
face of the p-type contacts, for example, could be ex- 
plained by hypothesizing that Zn reacts on the contact 
surface. The chemical potential of free zinc on the surface 
would be less than that in the metallization providing a 
driving force for Zn diffusion to the contact surface. The 
diffusion of Ga to the contact surface might be explained 
using the same mechanism, but with an additional driv- 
ing force which results from the change in phase of Ga in 
going from solid form in In0.53Ga0.47As to Ga liquid (12). A 
similar situation exists in GaAs, where As reacts with the 
Au or evaporates from the sample surface while Ga re- 
mains as a liquid which accumulates on the contact sur- 
face (3). 

The alloying process which takes place in In0.~3Ga0.47As 
has been shown to be more complex than that which ex- 
ists in the In or Ga binary compounds and even the 
InGaAsP quaternary compounds (4, 13). This is due to a 
difference in the reactivity of In and Ga with respect to 
the gold contact layer. Whereas Ga does not interact with 
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Fig. 3. An Auger profile of o AuGe/Ni/Au contact after alloying at 

420~ for 2 min. 

Fig. 4. a: A darkfield photomicrograph of a Cr/Au nonalloyed 
ohmic contact, b: A darkfield photomicrograph of a typical alloyed 
ohmic contact. 

the Au, the complimentary In and Au concentration pro- 
files indicate that In is forming some phase with the Au. 
Other work has demonstrated the existence of several 
phases (5, 14) of In-Au compounds in Au based contacts 
to In0.~3G%.47As. These compounds have been shown to 
form at temperatures as low as 160~ (5). 

The use of a sandwich contact in this work allows a 
metal (e.g., Cr) to be used as a diffusion barrier which pre- 
vents the In from out-diffusing into and reacting with the 
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Au overlayer, and simultaneously prevents the Au from 
penetrating into the semiconductor. The appearance of Cr 
at the contact surface after heating of the nonalloyed con- 
tacts indicates that this system is not completely ideal. 
Other metals, such as Ti and Pt, are known to form diffu- 
sion barriers and may also prevent metal-semiconductor 
intermixing at the In0.~3Ga0.~TAs-Au interface. 

Conclusion 
The effects of heating on both alloyed and nonalloyed 

ohmic contacts to In0.~Ga0.47As have been investigated. It 
was shown that the alloying process causes large amounts 
of dopant and semiconductor constituents to accumulate 
on the contact surface. The accumulation of these metals 
on the contact surface make wire bonding more difficult 
and make shallow junction devices unreliable. It was fur- 
ther shown that these effects can be eliminated by the use 
of a Cr/Au nonalloyed ohmic contact which can be used 
on both n- and p-type material. This contact is thermally 
stable and has a smooth morphology which provides a 
good surface for reliable bonding. 
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Evaluation of Silicon Optical Absorption Data for Use in Minority- 
Carrier-Diffusion-Length Measurements by the SPV Method 
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RCA Laboratories, Princeton, New Jersey 08540 

ABSTRACT 

We have examined and evaluated the published data for the optical absorption coefficient a of crystalline silicon as 
a function of the wavelength ~, for use in the measurement  of minority-carrier-diffusion length L by the SPV method. We 
have compared the ASTM-recommended expression for a(~,) with (i) Runyan's  data on which it is based, (ii) the data o f  
Swimm and Dumas, and (iii) the data of Weakliem and Redfield, and find systematic disagreement that can result in 
significant differences in the values of L determined by the SPV method. We have proposed (i) a set of compromise 
data based on an average between the extremes of the published data and (ii) an expression for a(X) that agrees with the 
compromise data to within about 1%. The use of this expression, a(~,) = [(84.732/~) - 76.417] 2, where a(~) is per centimeter  
and ~ is in micrometers,  reduces the uncertainty in resulting values of L by a factor of approximately two. For L < 60 
~m, a further reduction in uncertainty can be achieved by lowering the maximum value ofk used for the measurements.  
Finally, we believe that the compromise data that we propose should be considered as an interim choice pending further 
experimental  results that more clearly remove the present uncertainty in the value of a(h). 

The constant-magnitude steady-state surface photovol- 
tage (SPV) method for measuring the minority-carrier- 
diffusion length, L, utilizes a beam of photons incident on 
the surface of the semiconductor at an energy just  above 
the bandgap (1, 2). For silicon, the bandgap at 300 K is 
1.12 eV, necessitating photon wavelengths less than 1.11 
t~m (3). The absorbed photons generate electron-hole 
pairs, some of which diffuse toward the il luminated sur- 
face and are separated by the electric field of the surface 
space-charge region, thereby creating a surface photovol- 
tage, iV.  As the absorption depth is varied by changing 
the wavelength of the incident light, i V  is kept constant 
by adjusting the intensity of the light. For a homogeneous 
silicon slab with the geometry illustrated in Fig. la, it can 

1Permanent address: Science Department, Lawrence High 
School, Lawrenceville, New Jersey 08648. 

then be shown that 

~o = C[1 + (alL) -1] [1] 

subject to the conditions 

aW >>  1 [la] 

aw <<  1 [lb] 

W >> L [lc] 

w << L [ld] 

hp <<  n o [le] 

Here, Io is the intensity of the incident light, ~ is the op- 



Vol .  132, No .  12 Si  O P T I C A L  A B S O R P T I O N  D A T A  2993 

' ~ ' ' I ' ' ; / '  ' ' ' I ' ' i i 1 10,000-- I~FO~ 

f / t  9000 -- 

8000 -- 800 
. . . . .  ~ 15o I- / o  !-- 

i T s e l f - -  , /  ooo ,oo, Lu 6000 -- 600 

/ - I I I  
5OO0 5OO 

~ 100 ~ 

~ x , ~z 4 0 0 0  4 o o  
tD 

!__  ooc [,+(oL,-' ] E 
Fig. 1 ~  .~ b ~ SO00 SO0 

L=156~m// ~ ~ g 
1 / , I " 2ooo, 

I l ; , ' I  I I I l I I I ~ I I i f I p I 
~- 2 0 0  

200 100 0 100 200 

\ DIFFUSION LENGTH (p.m) a -l(~m) 150 

Fig. 1. a: Sample geometry, b: Plot of relative photon flux vs .  recipro- 
cal optical absorption coefficient. 

tical absorption coefficient, W is the thickness of the sili- 
con wafer, w is the thickness of the surface space-charge 
region, hp is the excess minority carrier density at the 
edge of the surface space-charge region, no is the majority 
carrier density, and C is a constant. If  Io is plotted against 
a - '  for each constant-magnitude AV point, the result is a 
linear graph whose extrapolated intercept on the negative 
~ - '  axis is L. This is illustrated in Fig. lb. Thus, the 
method is critically dependent  on a knowledge of a(k). 

This method has been applied to the measurement  of 
diffusion lengths in semiconducting materials other than 
silicon, such as gallium arsenide (1, 4) and indium phos- 
phide (5), where the values of a(k) were separately mea- 
sured due to the lack of  a standard or recommended set 
of  values. For silicon, however, there is an ASTM 
standard (2) for a(X) which, for the case of stress-relieved 
silicon, is an empirical fit to data gathered by Runyan (6) 
in 1967. We refer to this expression for a(~) as the ASTM 
fit. More recently, absorption data have been gathered on 
stress-relieved silicon by Swimm and Dumas (7) as well 
as by Weakliem and Redfield (8). Moreover, Swimm and 
Dumas point out that their absorption coefficient values 
are 2-8% lower than those reported by Runyan and up to 
16% lower than the ASTM values; they further state that 
diffusion lengths calculated from their data are approxi- 
mately 16% greater than those calculated using the ASTM 
fit. 

In the present work, we compare the published absorp- 
tion data for stress-relieved silicon between 0.70 and 1.05 
/zm [the ASTM fit (2), the data of Runyan (6), the data of 
Swimm and Dumas (7), and the data of Weakliem and 
Redfield (8)]. All of the data considered are based on 
room temperature measurements.  We also compare the 
values of L calculated using data other than the ASTM fit 
with the values of L obtained using the ASTM fit, and 
find significant differences that are strongly dependent  
on the values of L and the wavelength range covered. In 
the absence of sufficient objective criteria for selecting 
one set of absorption data over the other, we generate a 
set of compromise data which tends to minimize the un- 
certainty in a(X) and the resultant uncertainty in L. We 
then compare the resultant L values obtained using the 
extremes of the a(~) data with the values obtained using 
our compromise data over various wavelength ranges. We 
show that the uncertainty in the value of L can be further 
reduced, especially for low values of L, by an appropriate 
choice of wavelength range. Finally, we present examples 
of  I o vs c~-, plots using representative data from measure- 
ments of real samples. 
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Fig. 2. Published values of the optical absorption coefficient for 
stress-relieved silicon in the wavelength range 0.70 < ,~ < 1.05/~m. 

In addition to the approach described above, we have 
also considered an alternative procedure. This procedure, 
which employs averaging fits to the three data sets, is de- 
scribed in the Appendix. The resulting expression for a(k) 
differs only slightly from Eq. [2]. 

Comparison of Published Absorption Data and Resultant 
L Values 

The published values of ~(~) for stress-relieved silicon 
between 0.70 and 1.05/zm are shown in Fig. 2. The data of 
Weakliem and Redfield agree to within 3% with those of 
Swimm and Dumas, with closer agreement at higher 
wavelengths. Like the d'ata of Swimm and Dumas, they 
are consistently lower than either Runyan's  data or the 
ASTM fit, being approximately 3-10% lower than the 
former and approximately 2-32% lower than the latter. 
The larger discrepancies with the ASTM fit occur at high 
wavelengths where the ASTM fit has very little support 
from Runyan's data. 

The maximum percent uncertainty in a(k) was calcu- 
lated at each wavelength by dividing the difference be- 
tween the extremes of the data by the min imum value 
and multiplying by 100. The results are shown in Fig. 3. 
The maximum percent uncertainty is seen to be a mini- 
mum for the region 0.72 < X < 0.88/zm and to rise rapidly 
for X > 0.88/~m. 

A comparison of diffusion-length values obtained using 
different sets of absorption data is shown in Fig. 4. Simu- 
lated intensities based on Eq. [1], the ASTM fit, and as- 
sumed values of L were used in calculating the diffusion 
lengths from the data of Swimm and Dumas and from the 
data of Weakliem and Redfield. The symbols LA, Ls, and 
L w denote the values obtained using, respectively, the 
ASTM fit, the data of Swimm and Dumas, and the data 
of Weakliem and Redfield. The figure shows that the dif- 
ferences in L resulting from the use of different sets of ab- 
sorption data depend (i) on the magnitude of the diffusion 
length and (ii) on the wavelength range over which the 
data was taken. For data taken over the range 0.826 < X < 
1.005 /zm, curve A and B show that diffusion-length 
values calculated using the absorption data of Swimm 
and Dumas and of  Weakliem and Redfield are approxi- 
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mate ly  20-25% greater  than  those  calculated us ing  the  
A S T M  fit i f  L > 60 um. For  smaller  va lues  of  L, the  dis- 
c repanc ies  are m u c h  higher,  exceed ing  55% for L < 10 tLm 
and exceed ing  95% for L < 5 tLm. Curve C and D show a 
m a r k e d  i m p r o v e m e n t  in the  ag reemen t  for diffusion- 
length  values  as a resul t  of  ga ther ing  data  over  the  wave-  
l eng th  range  0.826 < X < 0.960 ~m. This  is not  surpr is ing 
since the  percen t  uncer ta in ty  in the  absorp t ion  data  is 
smal ler  over  that  range (Fig. 3). Fo r  that  range,  diffusion 
l eng ths  calculated f rom the  data  of  S w i m m  and Dumas  
and f rom the  data  of  Weakl iem and Redf ie ld  agree  wi th  
those  calcula ted f rom the  A S T M  fit to wi th in  15% for L > 
60 tLm and to wi th in  28% for L > 10 t~m. For  L < 10 ~m, 
the  d iscrepancies  again rise rapidly.  

Proposed Compromise  V a l u e s  and T h e i r  E f fect  on 
D i f f u s i o n - L e n g t h  V a l u e s  

The use of  w a v e l e n g t h  ranges  compr i s ing  still shor ter  
wave leng ths  can fur ther  reduce  the  uncer ta in t ies  for very  
smal l  va lues  of  L. However ,  the  use of  such  ranges  is re- 
s t r ic ted by Eq. [lb] which,  for example ,  requires  that  a-1 

3 tLm for a sample  wi th  a doping  concent ra t ion  of  ap- 
p rox ima te ly  10Wcm 3 and w ~ 1 t~m. Moreover ,  for o ther  
than  small  va lues  of  L, the  Io vs. ~-~ plots  mus t  inc lude  
points  wi th  large absorpt ion  depths ,  co r respond ing  to 
longer  wavelengths ,  in order  to define more  clearly the  
l ine tha t  is to be ex t rapo la ted  to obta in  L. Thus,  to mea- 
sure L, it may  be necessary  to use absorp t ion  data  over  a 
w a v e l e n g t h  range for wh ich  there  is significant uncer-  
ta in ty  in a. 

We feel that, at the  p resen t  t ime, there  is insuff icient  
jus t i f ica t ion for choos ing  one set of  absorp t ion  data  over  
the  others.  Therefore,  in order  to min imize  the  uncer-  
ta inty  in d i f fus ion- length  va lues  obta ined  us ing the  S P V  
method ,  we  have  genera ted  a set of  compromise  absorp- 
t ion data  by averaging  the  e x t r e m e s  of  the pub l i shed  data  
at each  of  the  var ious  wavelengths .  These  data  are dis- 
p layed in Fig. 5 in the  fo rm of  a plot  of a '~2 vs. X-'.  A 
straight  l ine fit, after smoo th ing  the  data, yields 

~(X) = [ �9 84"732 ~, 76.417] ~ [2] 

where  a(X) is per  c en t ime t e r  and X is in micrometers .  The  
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Fig. 4, A comparison of diffusion length (L) values obtained using 
three different sets of absorption data, two wavelength ranges and the 
same Io(~) values. LA, Ls, and L w are the values obtained using, respec- 
tively, the ASTM fit, the data of Swimm and Dumas, and the data of 
Weakliem and Redfield. 

~-1  in te rcep t  is 0.902 t~m -1, co r respond ing  to an  ene rgy  of  
1.118 eV wh ich  is wi th in  0.1 kT  of the  bandgap  of  si l icon 
at 300 K. The rms devia t ion  of this fit f rom our  compro-  
mise  data  is 0.7% for 0.70 < h < 1.04 tLm. 

In  Fig. 6-8, diffusion lengths  calculated us ing  previ- 
ously pub l i shed  data  are c o m p a r e d  wi th  those  calcula ted 
us ing  our  compromise  data. For  0.826 < X < 1.005 tLm and 
L > 60 tLm, L va lues  ca lcula ted  us ing c o m p r o m i s e  data  
(L c) are 10-14% lower  than  those  obta ined us ing  the  data  
of  S w i m m  and D u m a s  (L s) and 8-10% higher  t han  those  
obta ined  us ing the  A S T M  fit (LA), (Fig. 6). Thus,  the  max-  
i m u m  uncer ta in ty  in L is 14% as compared  to 25% if  the  
A S T M  fit absorpt ion  values  are used (curves A and B, 
Fig. 8). F igures  6 and 8 clearly show that  for low va lues  of  
L the  uncer ta in ty  rises sharply,  bu t  th rough  the  use of  
c o m p r o m i s e  data  it is r educed  f rom > 55% to > 33% for L 
< 10 t~m and f rom > 100% to > 50% for L < 5 tLm. For  
0.826 t~m < X < 0.960 t~m, the  use  of  c o m p r o m i s e  data  re- 
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Fig. 5. Square root of the compromise absorption coefficents of 
stress-relieved silicon at 300 K, plotted vs. reciprocal wavelength. 



Vol. 132, No. 12 Si O P T I C A L  A B S O R P T I O N  D A T A  2995 

5.0 I I [ I I I 

2.0 

1.5 

L s / L c  - -  

Lw /L  c o 

Z 
Z 

- 1.0 (J 
J .'~. ~  

IL  c - -  
0 . 7  . J  

0 6  ]-/  WAVELENGTH RANGE USED: 0 8 2 6  < X -< "O05H'm 

0.5 

Q4 

0.:5 I I I I r I 
20 40 60 80 100 120 140 

L ( .m)  

Fig. 6. A comparison between diffusion length (L) values obtained 
using published absorption data and L values obtained using the compro- 
mise absorption coefficients proposed in this paper. LA, Ls, Lw, and L c 
are the values obtained using, respectively, the ASTM fit, the data of 
Swimm and Dumas, the data of Weakliem and Redfield, and the compro- 
mise data. The same Io(~) values were used for each L determination, 
and the wavelength range was 0.826 < X < 1.005/~m. 

d u c e s  t he  u n c e r t a i n t y  in  L to less t h a n  25% for L > 6 t~m 
a n d  less  t h a n  12% for L > 20 tLm (Fig. 7, 8). 

I o vs.  o~-1 Plots of Sample  D a t a  
Plo t s  o f I  o vs .  c~-~ for s a m p l e  da ta  are g iven  in  Fig. 9-11. 

P lo t s  u s i n g  t he  c o m p r o m i s e  da ta  for a-~ are  seen  to h a v e  
r 2 va lues  r a n g i n g  f rom 0.992 to 1.000, w h e r e  r is t he  corre-  
l a t ion  coeff icient .  T h e s e  va lues  c o m p a r e  f avorab ly  w i t h  
t h o s e  o b t a i n e d  u s i n g  e i t h e r  t he  a b s o r p t i o n  da ta  of  
S w i m m  a n d  D u m a s  (0.989 < r 2 < 0.999) or  t he  A S T M  fit 
to  R u n y a n ' s  a b s o r p t i o n  da t a  (0.993 < r~ < 1.000). 

S o m e  c u r v a t u r e  can  be  p r e s e n t  in  t h e s e  p lo ts  d u e  to (i) 
d e p a r t u r e  f rom the  a s s u m p t i o n s  m a d e  in  t he  d e r i v a t i o n  of  
Eq. [1], (i i)  sur face  d a m a g e  to t he  s ample  wafe r  (9), or  ( i i i )  
a n o n r a n d o m  e r ro r  in  t he  a b s o r p t i o n  da ta  ove r  a ce r t a in  
w a v e l e n g t h  range.  If, for  example ,  all t h e  a v a l u e s  were  
too low for X > I t~m, t h e  p lo t s  w o u l d  dec rease  in  s lope for- 
h i g h e r  va lues  of  a b s o r p t i o n  dep th .  Th i s  a p p e a r s  to  occu r  
to  a ve ry  smal l  e x t e n t  in  t he  da t a  of  Fig. 10 a n d  11, espe-  
cial ly in  t he  p lo ts  u s i n g  t he  a b s o r p t i o n  da ta  of  S w i m m  
a n d  D u m a s .  These  g r a p h s  s h o w  a s l ight  c o n c a v e - d o w n -  
w a r d  c u r v a t u r e  t h a t  c a n n o t  be  due  to  sur face  d a m a g e  
w h i c h  p r o d u c e s  a c o n c a v e - u p w a r d  c u r v a t u r e  (9). The  use  
of  t he  c o m p r o m i s e  a b s o r p t i o n  da ta  r e su l t s  in  l i t t le  
c o n c a v e - d o w n w a r d  cu rva tu re .  However ,  t he  c u r v a t u r e  
p r e s e n t  in  any  of  t he se  p lo t s  is too s l ight  to offer  a crite- 
r ion  for  t he  se lec t ion  of  one  set  of  a b s o r p t i o n  da t a  ove r  
t he  o thers .  Similar ly ,  t he  lack  of  d e p e n d e n c e  of  r 2 va lues  
o n  t he  cho ice  of  a b s o r p t i o n  da ta  e l imina t e s  t h e i r  use  in  
e s t a b l i s h i n g  any  s u c h  cri ter ia .  

Discusson and Conclusions 
We r e c o m m e n d  t he  use  of  c o m p r o m i s e  a b s o r p t i o n  

coef f ic ien ts  t h a t  s igni f icant ly  r e d u c e  t he  u n c e r t a i n t y  in 
the  va lues  of  L over  all w a v e l e n g t h  ranges .  Fu r the r ,  for 
t he  m e a s u r e m e n t  of  d i f fus ion  l e n g t h s  la rger  t h a n  approx i -  
m a t e l y  60 tLm, we  r e c o m m e n d  g a t h e r i n g  da ta  ove r  a wave-  
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Fig. 7. A comparison between diffusion length (L) values obtained 
using published absorption data and L values obtained using the compro- 
mise absorption coefficients proposed in this paper. LA, Ls, Lw, and L c 
are the values obtained using, respectively, the ASTM fit, the data of 
Swimm and Dumas, the data of Weakliem and Redfield, and the compro- 
mise data. The same Io(C~) values were used for each L determination and 
the wavelength range was 0.826 < ,k < 0.960/~m. 

l e n g t h  r ange  e x t e n d i n g  u p  to b u t  no t  e x c e e d i n g  approx i -  
m a t e l y  1 tLm due  to t he  scarc i ty  of  a b s o r p t i o n  da t a  for 
s i l i con  b e y o n d  1 tLm. 

Fo r  L < 60 t~m, a f u r t h e r  r e d u c t i o n  in  the  u n c e r t a i n t y  of  
L can  be  a c h i e v e d  by  l o w e r i n g  }tma x t h e  m a x i m u m  va lue  
of  X u s e d  for t he  m e a s u r e m e n t s ,  i.e., b y  l im i t i ng  t he  mea-  
s u r e m e n t s  to a r a n g e  of  X w h e r e  t h e r e  is b e t t e r  a g r e e m e n t  
a m o n g  t he  va r ious  se ts  ofa(X) data .  Fo r  example ,  i f L  ~ 15 
~m,  t he  u n c e r t a i n t y  in  an  e x p e r i m e n t a l l y  d e t e r m i n e d  
va lue  of  L due  to d i s a g r e e m e n t  b e t w e e n  t he  va r i ous  ab- 
s o r p t i o n  da ta  is r e d u c e d  f r o m  a b o u t  26% for Xma X = 1.005 
t~m to a b o u t  12% for Xma x = 0.960 t~m to a b o u t  6% for Xmax 
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= 0.880/~m. However ,  it should  be noted  that  as the  range 
of  va lues  used  for the  m e a s u r e m e n t s  is decreased,  any un- 
cer ta in ty  (exper imenta l  error) in the  values  of  the corre- 
spond ing  I o va lues  will  have  an increased  effect  on the  re- 
sul t ing uncer ta in ty  in L. A quant i ta t ive  t r ea tmen t  of  
min imiza t ion  of  the  total  error  in L due  to uncer ta in t ies  in 
bo th  a and Io w o u l d  requ i re  an  overal l  error  analysis  that  
is beyond  the  in t ended  scope  of  this paper. Never theless ,  
we  recognize  in a qual i ta t ive  way  the  effects  of  uncer-  

ta int ies  in both  a and Io, and how the  select ion of  the 
range of  X used for m e a s u r e m e n t s  can affect the  resul tant  
er ror  (uncertainty) in L. 

Finally,  the  c o m p r o m i s e  data  that  we r e c o m m e n d  
should  be cons idered  an in ter im choice pend ing  fur ther  
expe r imen ta l  resul ts  that  clearly r e m o v e  the  p resen t  un- 
cer ta inty  in the  var ia t ion of  the  optical  absorpt ion 
coeff ic ient  of  si l icon in the  wave l eng th  range 0.7 -< X -< 
1.04/~m. 
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A P P E N D I X  
A rev iewer  of  the original  manusc r ip t  of  this  paper  has 

sugges ted  an a l ternat ive  approach  to genera t ing  compro-  
mise  ~(k) data. In this approach,  the data of R u n y a n  (6), 
Swi rnm and Dumas  (7), and Weakl iem and Redf ie ld  (8) 
wou ld  be  averaged,  bu t  the  A S T M  fit wou ld  not  be  con- 
sidered. We had originally cons idered  a similar  approach,  
but  had  d i scarded  it for two reasons:  (i) in genera t ing  the  
new ~(k) data, it ignores  the  reali ty of  the A S T M  fit wh ich  
is today ' s  de facto standard,  and (ii) the  var ious ~(k) stud- 
ies (6-8) do not  cover  the  same wave leng th  range  and do 
not  use  the  same grid of  wave l eng th  values. Never theless ,  
we have  now calculated an a l ternat ive  set of  a(k) va lues  
based  on an averag ing  procedure ,  and find that  these  
va lues  can be desc r ibed  by an express ion  hav ing  the  
same funct ional  form as that  used  fo r  the  compromise  
data  wi th  numer ica l  cons tants  that  are r emarkab ly  close 
to those  of  Eq.  [2]. The  p rocedure  used  and the  resul ts  ob- 
ta ined  are  descr ibed  below. 

In  order  to carry out  an averaging procedure ,  it was 
necessary  to have  each of  the exper imenta l  data  sets 
spann ing  the  ent ire  range of  interest ,  0.7-1.04 /~m. The 
data  of  Weakl iem and Redfie ld  (8) are qui te  comple t e  in 
this  region, and no special  data  t r ea tmen t  was necessary;  
these  data  are des ignated  aw(k). The  data  of  S w i m m  and 
D u m a s  (7) cover  the  range 0.8-1.0/~m, and they  give an ex- 
press ion  for optical  absorp t ion  in this region 

as(X) = [ - ~ - -  77.912 c a  -1 [A-l] 

where  X is expressed  in micrometers .  A least  squares  fit 
of  Runyan ' s  data  (6) to the  same funct ional  form gives  

a,(k) = 84.765 76.271 c m - '  [A-2] 
k 

We then  averaged  aw(k), as(k), and aR(k) at 21 points  in the  
in terval  0.7-1.04 /~m. A least  squares  fit of  those  average  
va lues  gave the express ion  

[ ~(k) = 84.801 76.594 cm -1 [A-3] 
X 

It  is impor t an t  to note  that  we have ex t rapola ted  as(k) and 
aR(k) wel l  beyond  the  wave l eng th  range of  the expe r imen-  
tal data  on wh ich  they  are based. 

A compar i son  of  Eq. [A-3] w i th  Eq. [2] shows  very  little 
d i f ference b e t w e e n  them.  It is also of  in teres t  to see how 
the use of  Eq. [A-3] w o u l d  affect the  numer i ca l  va lue  of  L 
de t e rmined  f rom the  expe r imen t a l  data  used  in Fig. 9-11. 
Us ing  Eq. [A-3] wou ld  have  g iven  L = 9.95/~m instead of  
L c = 9.0/~m in Fig. 9: L = 62.7 u m  instead o f L  c = 60.2/~m 
in Fig. 1O; and L = -  179/~m instead o f L  c = 172/~m in Fig. 
11. 

R E F E R E N C E S  
1. A. M. Goodman ,  J. Appl. Phys., 32, 2550 (1961); A .M.  

Goodman ,  Diges t  of  Technica l  Papers ,  In terna t ional  
E lec t ron  Device  Meeting,  pp. 231-234, D e c e m b e r  
1980. 

2 .  A N S I / A S T M  F 391-78, 1979 Annua l  B o o k  of  A S T M  



Vol. 132, No. 12 Si  O P T I C A L  A B S O R P T I O N  D A T A  2997 

Standards, part 43 (Electronics), p. 770, American So- 
ciety for Testing and Materials, Philadelphia (1979). 

3. S.M. Sze, "Physics of  Semiconductor  Devices," 2nd ed., 
p. 15, John Wiley and Sons, New York (1981). 

4. J. Vilms and W. E. Spicer, J. Appl. Phys. 36, 2815 (1965). 
5. S. S. Li, Appl. Phys. Lett., 29, 126 (1976). 

6. W. R. Runyan, Southern Methodist University Report 
SMU 83-13 (1967). 

7. R. T. Swimm and K. A. Dumas, J. Appl. Phys., 53, 7502 
(1982). 

8. H. A. Weakliem and D. Redfield, ibid., 50, 1491 (1979). 
9. A. M. Goodman, ibid., 53, 7561 (1982). 

Observations of the Temperature Gradient Zone Melting Process 
for Isolating Small Devices 

D. J. Lischner, H. Basseches,* and F. A. D'Altroy 
AT&T Bell Laboratories, Allentown, Pennsylvania 18103 

ABSTRACT 

The temperature gradient zone melting process (TGZM) for doping semiconductors is being investigated for the 
purpose of using it to create the isolation region in a relatively small geometry thyristor. The small size of the chip puts 
tougher morphological requirements on this liquid zone process than in past TGZM investigations. We discuss here a 
number  of problems encountered which include enhanced diffusion of the aluminum dopant in the silicon, lateral 
motion of the molten zone at the edge of the wafer, breakup and smearing of the molten zone, and outdiffusion of the 
a luminum into the passivating oxide layer. 

The thyristor semiconductor  device usually contains 
very deep boron diffusions that are mils in depth and in 
the case of the triac extends through the thickness of the 
wafer. It requires days to make in furnaces at high tem- 
peratures (> 1250~ It runs around the periphery of the 
chip and is about twice as wide as its depth; thus, on 
small chips it takes up a large fraction of the chip area. 
We report here on our investigations to replace the 
standard solid-state diffusion method for forming these 
regions with a liquid-zone method known as temperature- 
gradient zone melting (TGZM). TGZM is a process by 
which a liquid zone in or on a solid can be caused to move 
through or across it by impressing a temperature gradient 
across the zone (1-6, 9). Here, the solid is single-crystal sil- 
icon and the liquid is a silicon/aluminum solution. In 
practice, the process starts at room temperature with 
evaporated and photolithographically defined aluminum 
on one side of the silicon wafer. The wafer is radiatively 
heated from the other side to temperatures considerably 
higher (1000~176 than the eutectic temperature to 
form the molten zone. As a result of the one-sided heat- 
ing, there is a heat flow through the wafer which imposes 
the thermal gradient across the molten zone. The faces of 
the zone are thus at a slightly different temperature (AT < 
0.1~ and consequently have slightly different a luminum 
to silicon ratios with the hotter face having more silicon 
than the colder face. The resulting silicon concentration 
gradient causes a diffusion of silicon from the hot face to 
the cold face, leaving the hotter face undersaturated and 
the colder face supersaturated. As a result, dissolution of 
additional silicon occurs at the hotter face while precipi- 
tation and epitaxial growth of silicon occur at the colder 
face with the silicon there incorporating aluminum at the 
solid solubility limit for that temperature (~ 2 x 10 I9 
at./cm3). Thus the molten zone moves through the wafer, 
up the temperature gradient, leaving in its wake single- 
crystal silicon doped with aluminum. Due to the speed 
with which the zone moves through the silicon, on the or- 
der of 10 ~m/min, wafers can be doped through their 
thickness in minutes. There is also the further benefit of 
less side diffusion during the doping step. With TGZM, 
the concomitant  side diffusion is a few microns compared 
to mils for solid-state diffusion. 

TGZM itself is not new. It was first discovered by 
Pfann in 1955 (2), but was not fully developed due to the 
introduction of planar technology and oxide masking. Its 
unique properties, though, have kept it of interest; in par- 
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ticular, there are the two properties that are being made 
use of here, speed and the ability to form doped areas that 
are deeper than they are wide. 

In the years 1973-1981, Anthony and Cline (3-9) did 
much to enhance the understanding of this process 
through the exploration of various solvenffsolute systems, 
in great detail, and they too used the process for isolating 
thyristors (8) though their device work dealt mainly with 
large (= 1/4 in. diam) high voltage, high power SCR's 
made with the etched groove and glassivation technology. 
In contrast, we are discussing here the adaptation of the 
TGZM process to a small chip made with planar 
technology. 

Wafer Processing Prior to TGZM Step 
In this section, we describe the characteristics of and 

preparation of the wafer leading up to the TGZM step. 
The wafer is 50 mm in diameter, 10-20 Q-cm, n-type mate- 
rial. It is 0.30-0.33 mm thick, but is lapped and polished 
down to 0.2 mm after TGZM. It has a (1,1,1) orientation. 
The (1,0,0) orientation was not examined since it is known 
(6) that only lines of aluminum parallel to the <110> di- 
rection can be TGZM'd without forming discontinuities 
known as "line breaks." There is not a similar constraint 
for the (1,1,1) wafer. The surface finish is the usual, one 
side polished and one side etched where the a luminum is 
deposited on the polished side. Other surface finishes 
were tried since it was felt that a less perfect surface 
would aid the initial wetting and alloying of the alumi- 
num and silicon and thus be more successful with respect 
to being able to TGZM an.aluminum grid through the wa- 
fer with min imum line breaks. Wafers with as-cut sur- 
faces on both sides had a far greater number  of line 
breaks than wafers with the usual surface finish, while 
there was little difference between wafers with the usual 
surface finish and wafers that had both sides etched. 
Since a polished surface is likely to be the best from the 
point of view of being able to make a reproducible alumi- 
num to silicon interface, all other experiments were done 
with wafers with the usual finish and with the aluminum 
on the polished side. 

The formation of the patterned aluminum film starts 
with film deposition. The TGZM process requires an 
unusually thick film, far greater than what is required to 
dope the silicon. A 0.3 mm thick wafer requires the 
amount of a luminum in a 0.1 ~m thick layer to dope it to 
its solubility limit. However, it has been found that to be 
able to TGZM a grid structure with a l inewidth of 2-5 mil 
requires a film thickness greater than ~ 5 ~m. Less than 
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that results in erratic success with respect to being able to 
pass the grid through the wafer with no more than a few 
line breaks. A Varian E-gun deposition system (Model 
3140) was used to form the aluminum layer. It can deposit 

14 tLm of aluminum from two successive pots without 
breaking vacuum on 75 two inch wafers in 1.5-2h. Pat- 
terning the aluminum into a grid with a 35 or 40 rail step 
and repeat was done with conventional photolithographic 
techniques except for the aluminum etch step. The 
etchant used was the PAN solution, phosphorus acid 
(1690 ml):acetic acid (340 ml):nitric acid (70 ml) at 
55~176 Care had to be taken that excessive undercutting 
did not occur, and cleared wafers were promptly removed 
from the etchant and rinsed. Etch time is about 20 rain, 
and while in solution the wafers were rotated 90 ~ every 3 
rain to ensure even etching. Grid lines running parallel to 
the solution surface etched ~ 30% faster than those run- 
ning perpendicular. During the course of etching, the so- 
lution was gently stirred by a magnetic stirrer. As a result 
of the above procedure, the etched aluminum grid line 
width is 2.3-2.5 rail as compared to the photoresist line 
width of 3 rail. 

T h e  T G Z M  Step 

The  a l u m i n u m  gr id  is d r i v e n  t h r o u g h  t h e  wafe r  at  
1200~ w i t h  a t e m p e r a t u r e  g r a d i e n t  ac ross  t he  wafe r  of  
50~ Th i s  is a c c o m p l i s h e d  in a specia l  in -house-  

b u i l t  o v e n  b a s e d  o n  a d e s i g n  d e v e l o p e d  at t he  G e n e r a l  
E lec t r ic  C o m p a n y  a n d  h a s  b e e n  desc r ibed  e l s e w h e r e  (10). 
A t  t he  ou t se t  of  th i s  inves t iga t ion ,  a severe  l ine  b r e a k  a n d  
s m e a r i n g  p r o b l e m  was  e n c o u n t e r e d .  F igu re  1 s h o w s  t h e  
s ide of  t he  wafe r  w h e r e  t h e  a l u m i n u m  exits .  Two t h i n g s  
c a n  be  seen, n u m e r o u s  l ine b r e a k s  a n d  s m e a r i n g  of  the  
p a t t e r n  at  t he  in te r sec t ions .  It  s h o u l d  be  n o t e d  t h a t  a t  t h a t  
t i m e  t he  c o m m o n  prac t ice  was  to car ry  ou t  T G Z M  in a n  
air  a m b i e n t .  N u m e r o u s  cross  sec t ions  t a k e n  t h r o u g h  t h e  
l ine b r e a k s  r evea led  t h a t  t hey  a lways  s t a r t ed  on  the  en- 
t r a n c e  sur face  (Fig. 2) i m p l y i n g  a m e c h a n i s m  o t h e r  t h a n  
t h a t  w h i c h  a p p e a r s  in  t he  l i t e ra ture  (6), w h e r e  i t  is re- 
p o r t e d  t h a t  l ine  b r e a k s  occu r  w h e n  t he  m o v i n g  line- 
s h a p e d  m o l t e n  zone  lowers  i ts  sur face  e n e r g y  by  sp l i t t ing  
a n d  b o u n d i n g  i t se l f  b y  (111) p lanes .  Wi th  t h i s  m e c h a n i s m ,  
t he  l ine b r e a k s  w o u l d  a lways  occu r  r a n d o m l y  as t h e  zone  
m o v e s  t h r o u g h  t he  wafer.  I t  was  h y p o t h e s i z e d  t h a t  b o t h  
t he  l ine  b r e a k s  a n d  s m e a r i n g  were  due  to a cocoon l ike  ox- 
ide  t h a t  fo rms  over  t he  a l u m i n u m  at  t he  ve ry  s ta r t  of  the  
T G Z M  process .  As the  wafe r  c o n t i n u e s  to  h e a t  t h e  a lumi-  
n u m ,  w h i c h  has  t he  l a rges t  coeff ic ient  of  e x p a n s i o n  of  
any  of  t he  phases ,  appea r s  to  r u p t u r e  ou t  of  t he  cocoon  at 
t he  i n t e r s e c t i o n  (Fig. 3) c a u s i n g  the  smear ing .  Th e  l ine 
b reaks ,  however ,  are t h o u g h t  to  be  c a u s e d  b y  t he  flow of  
t he  m o l t e n  p h a s e  d o w n  the  gr id  l ine a n d  ou t  of  t h e  rup-  
ture.  Th i s  t r a n s v e r s e  m o t i o n  t h e n  in some  f a sh ion  inter-  

Fig. 2. Photograph of stained cross section of wafer where cross sec- 
tion was made along the length of a grid line. Molten zone passed 
through wafer everywhere except in dark area which is a line break. Note 
that line break initiated on entrance surface. 

Fig. 3. Photograph of entrance side of wafer at a grid intersection. 
Note the smearing due to escape of molten zone from under the AI203 
cap. 

rupts the initiation of TGZM. When an ~ 1% 02 in argon 
ambient was substituted for air, both problems were al- 
most completely eliminated (Fig. 4). Instead of the contin- 
uous, impermeable oxide, a flaky oxide forms over the 
aluminum. 

A pure argon ambient cannot be used because a quartz 
plate immediately above the wafer develops a coating of 
SiO~. formed from the evaporation of Si from the wafer 
and the wafers thermally etch, by which it is meant that 
the wafers grew Si whiskers and pitted. 

For the molten zone to move everywhere perpendicular 
to the wafer surface, it is required that the temperature 
gradient be everywhere perpendicular to the wafer sur- 

Fig. 1. Photograph of exit side of wafer immediately after TGZM pro- Fig. 4. Photograph of exit side of wafer when ambient during TGZM 
tess step. Note discontinuous grid lines and smeared intersections, step was ~ 1% 02 in argon. 
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face. This is in part accomplished by heating the wafer 
with a radiative flux of sufficient uniformity, and Ref. 
(10) discusses how sufficient uniformity is achieved in 
the present oven. However, uncompensated wafers, 
heated by uniform fluxes of radiation, whether  it be one- 
or two-sided heating as in rapid thermal annealing (10) 
suffer from lateral temperature gradients that cause the 
wafer to be cooler at the edge than at the center and this 
in turn causes the molten zone to move inwards towards 
the center of the wafer (Fig. 5). This effect is understood 
(7) and is caused by net radiative losses at the wafer edge. 
There have been a number  of schemes proposed and/or 
tried to reduce the losses by compensation. For example, 
it has been suggested that the wafer, during the TGZM 
step, sit in a hole cut into a large sheet of silicon that is 
the same thickness as the wafer. It is expected that the in- 
side edge of the hole radiates inwards towards the edge of 
the wafer sufficient energy to effect compensation of the 
net loss. Lord has shown through computer  modeling (11) 
that the gap between the wafer and the sheet and the 
coplanarity of the surfaces of the wafer and sheet must be 
kept to a fraction of the wafer thickness. This small me- 
chanical tolerance renders this approach impractical. 
Lien (12) used a thin aluminum ring located on the en- 
trance surface near the edge that was defined along with 
the aluminum grid during the aluminum etching steps. 
Here, the heat loss was apparently compensated by the 
lessened heat loss at the location of the ring, perhaps due 
to the aluminum's lower emissivity. Though this ap- 
proach was demonstrated to work, the drawback is the 
large number  of inclusions left in the silicon at the wafer's 
edge due to the ring's width being tens of mils. Another 
approach, the authors have developed, uses a thick ring 
of silicon (3/8 in.) with the wafer hole 1/4 in. larger than 
the wafer diameter. This eliminates the mechanical toler- 
ance problem associated with the thin silicon sheet ap- 
proach, but replaces it with the problem of arranging for 
the ring to have a temperature during TGZM that pro- 
vides proper heat-loss compensation. When a simple 
square ring was placed around the wafer (Fig. 6), there 
was insufficient compensation because the ring had its 
own very significant edge-loss problem due to its thick- 
ness. (The amount of compensation was determined by 
cross sectioning test wafers and measuring the angle of 
the molten zone's path.) When a number  of such rings are 
placed side by side and surrounded by silicon blocks, 
there was additional compensation, but it was still not 
sufficient. (The wafer, the silicon ring array, and the alu- 
mina sheet mentioned below are all supported above the 
oven floor on pointed quartz pins.) To boost the ring's 
temperature,  25 mil thick alumina sheets with the same 
lateral dimensions as the blocks (Fig. 7 and 8) were placed 
under them to provide thermal isolation from the cold 
oven floor. (The wafer and ring array are about 1/2 in. 

Fig. 6. A thermal trim ring. It measures 4 x 23,~ x Ya in. and has a 21/4 
in. diam through hole. 

Fig. 7. Drawing of silicon and alumina thermal trim ring pair. 

Fig. S. Photograph of stained wafer cross section made at wafer edge. 
Note slanted regions due to nonperpendicular temperature gradients 
caused by edge cooling. 

Fig. 8. Drawing of assembled trim rings for six wafers. 

above the oven floor, while the alumina sheet is 3/8 in. 
above the floor.) This arrangement works as can be seen 
in Fig. 9. There, the angle of the TGZM path at the wafer's 
edge is plotted against the height of the wafer above the 
bottom surface of the silicon ring. It is estimated that the 
thyristors for which this process was developed can toler- 
ate -+ 10 ~ out of perpendicular TGZM isolation. With that 
criterion, the wafers then have an allowance of -+ 1/16 in. 
in vertical positioning. 

P o s t - T G Z M  W a f e r  Preparation 
It is a requirement of our device fabrication process 

that the wafer's surface be flat and polished. This is ac- 
complished in a few steps. First excess aluminum is re- 
moved with the PAN etch. This is followed by a grinding 
or lapping operation to thin the wafer to within approxi- 
mately a rail or two of its final thickness. A polishing 
step then reduces the wafer thickness to 8 -+ 1/2 mil. 
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Prior to introducing the wafers into the device fabrica- 
tion line, they are stained to reveal the location of the grid 
lines with a short Secco etch. Without this step, mask 
alignment would not be possible. They then enter the line 
at the initial oxidation step, and between there and base 
photolithography step device processing is as usual. At 
base photolithography, a new mask was introduced 
which was designed to help overcome the fact that the 
TGZM grid is not as rectilinear or as evenly spaced as the 
boron-diffued isolation grid, making mask alignment 
more difficult. The base-level mask has special align- 
ment  features to aid this problem. The base level also has 
widened grid lines to overcome the a luminum out- 
diffusion problem which is described next. 

After the high temperature, long-time base drive-in step 
(1215~ 11h), it is observed that this thick initial oxide ly- 
ing over the grid lines has grossly changed. Based on ap- 
pearances alone (Fig. 10 and 11), the SiO2 has devitri- 
fled. This is confirmed by TEM cross-sectional analysis 
which found areas of the SiO~ capable of diffracting the 
electron beam. SIMS analysis has detected aluminum in 
the oxide above the grid line. This evidence suggests that 
a luminum has outdiffused from the silicon into the SiO2 
and has catalyzed the conversion of the SiO~ from the 
amorphous to the crystalline state. It may also be that the 
SiO2 in this region forms aluminum silicate. This last 
possibility is supported by the observation that it is ex- 
tremely etch resistant. As mentioned above, at base pho- 
tolithography, the SiO~ over the TGZM isolation region is 
etched away prior to the high temperature long drive-in 
time of the base drive-in. This procedure eliminates the 
problem of devitrification. 

From this point on in the manufacturing process, de- 
vice fabrication is normal. 

T h e  Enhanced Di f fusiv i ty  Problem 
The initial TGZM-isolated thyristor was designed to ac- 

commodate spreading of the isolation region due to diffu- 
sion of the aluminum to the extent determined by the 
temperature and times of processing and the published 
value of the temperature dependent  diffusivity. It was 
found that the TGZM grid linewidth at the end of the wa- 
fer processing was wider than expected. Given that final 
grid linewidth, it is calculated that the diffusivity of the 
a luminum at 1260~ was 9.5 • 10 -H cm2/s., or about three 
times the published value. This enhanced diffusivity is 
likely due to the aluminum concentration being at its sol- 
ubility limit. It was hoped that with TGZM one could cap- 
italize on the minimal concomitant side diffusion to effect 
a smaller chip design; however, the found enhanced alu- 
minum diffusivity reduces the advantage. 

Device  Character is t ics  
Thyristors made with TGZM isolation regions were in 

almost all respects normal. The reverse blocking current 
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Fig. 9. Graph of angle of slant of TGZM zones at wafer edge v s .  height 
of wafer above bottom of silicon ring. Note that magnitude and sign of 
the angle can be varied and controlled and that an optimum height with 
little slant can be identified. 

Fig. 10. Photomicrograph of oxide over TGZM region after base 
drive-in. Note fractured appearance. 

was a factor of 2-3 t imes above the usual. Making some 
simplifying assumptions on the geometry of the junction, 
the reverse blocking current density of the TGZM isola- 
ted part of the junction was 1.9 x 10 -3 mA/cm 2, which is 
4.4 times greater than the conventional device current 
density. This figure is still more than an order of magni- 
tude smaller than the specification limit for this device. 
The increase in current density may in small part be due 
to the increased size of the space-charge region associated 
with the TGZM junction being more graded, but the ori- 
gin of the remainder is unknown. (It is not due to alumi- 
num contamination of the oxide, since SIM analysis has 
shown that its outdiffusion is confined to immediately 
over the grid.) 

Groups of thyristors with TGZM isolation regions were 
subjected to all of the same reliability tests that the con- 
ventionally designed units experienced. These included 
bias-humidity, temperature-bias, and temperature cycling 
tests. They passed all these tests. 

Summary and Conclusions 
Adapting TGZM to our 40 mfl thyristor has required 

both the improving of the TGZM process itself and the 
development  and alteration of water preparation proce- 
dures. With regard to the process itself, gas ambient con- 
trol is found to be crucial to being able to pass an alumi- 
num grid with a linewidth of a few mils through the wafer 
with very few line breaks and little to no smearing 

Fig. 11. SEM photomicrograph of devitirfied oxide over TGZM region 
taken with wafer inclined to direction of view. 
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of the pattern. Also, thermal trim rings were developed 
which correct the nonperpendicular  motion of the molten 
zone at the edge of the wafer. With regards to wafer prep- 
aration procedures, an a luminum etching technique was 
developed for uniformly defining the grid from the rela- 
tively thick aluminum starting film, and it was found 
that a polished silicon surface is one of the two best sur- 
faces to use under the aluminum in minimizing line 
breaks and smearing. It is observed that the a luminum in 
the silicon will outdiffuse into a capping oxide during 
high temperature treatments causing the oxide to devit- 
rify, and that this problem is avoided by removal of the 
oxide prior to high temperature processing. We also re- 
port the unexpected finding of an enhanced diffusivity 
that is 2-3 times larger than what is reported in the litera- 
ture. Finally, with TGZM and with the modification and 
adaptation of various wafer preparation procedures re- 
ported on here 40 • 40 mil thyris~ors have been made 
with normal reliability and normal electrical 
characteristics. 
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The Composition and Physical Properties of LPCVD Silicon Nitride 
Deposited with Different N HJSiH 2CI2Gas Ratios 

Paihung Pan* and Wayne Berry* 
IBM General Technology Division, Essex Junction, Vermont 05452 

ABSTRACT 

The composition and physical properties of low pressure chemical vapor deposition (LPCVD) silicon nitride films 
were studied. The samples were deposited at 770~ with different NH3/SiI-I~Cl ~ reactant gas ratios (R) ranging from 2 to 
20. Auger electron spectroscopy (AES) showed that the Si/N ratio was about 0.75, and the compositional uniformity as a 
function of depth was good for all samples. No excess Si clusters were detected by TEM for the samples annealed at 
1000~ in N2 for 5h. Only N- -H bonds were observed by infrared (IR) analysis. The amount  of N- -H  bonds in the as- 
deposited samples was estimated to be about 5 • 10 TM cm -2. The normalized N--H absorption peak area was found to in- 
crease by increasing R values, while the amount  of N- -H  bonds was found to decrease after annealing at 1000~ in N~ for 
30 min. The plasma etch rates were found to increase by increasing R values and showed a good correspondence to the 
trend of increasing the N - - H  bonds. The film stress for all samples was tensile and had a level of 1 • 10 '0 dyn/cm 2. No 
difference was observed in the film's ability to act as an oxidation barrier for samples deposited with different R values. 

Silicon nitride films are widely used in the semicon- 
ductor industry for the applications of passivation (1), 
gate dielectric in metal-nitride-oxide silicon (MNOS) (2) 
and storage capacitor in field effect transistors (3), or bi- 
polar memory (4). It is well known that the low pressure 
chemical ~r deposition (LPCVD) process is superior 
to the atmospheric chemical vapor deposition (ATCVD) 
process from the standpoint of film uniformity and mass 
production. It is also known that the physical and electri- 
cal properties of the deposited films rely on the deposi- 
tion conditions (5, 6). Film stress levels and pinhole den- 
sity, which are affected by the process parameters, are 
particularly important when such films are used for pas- 
sivation. The film composit ion and its associated struc- 
ture are fundamental  to understanding the etching behav- 
ior and the film's ability to act as an oxidation barrier or 
as a passivation barrier to mobile ions. Stein (7) has previ- 
ously reported the direct relationship between the Si - -H 
bonding and the MNOS characteristics for the ATCVD 
film. Additionally, it has been observed (8) that silicon- 
rich nitride films have higher electrical leakage current 
and the presence of Si clusters will enhance the charge in- 
jection, which makes the films more suitable for the 
EEROM application (9). 

The composition and structure (10-12) as well as electri- 
cal properties (13, 14) of LPCVD Si3N 4 films have been 
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reported. The purpose of our study is to understand the 
properties of the LPCVD silicon nitride as a function of 
the deposition parameters and then relate these proper- 
ties to the film composition. In this paper, we report on 
the LPCVD Si3N4 film composition (including St, N, O, 
and hydrogen), film stress, etch rate, and the film's abil- 
ity to act as the oxidation barrier. The samples were de- 
posited with different NI-I3/SiI-I2C12 gas ratios (R). 

Experiments 
Silicon nitride films were deposited in an LPCVD sys- 

tem. The silicon wafer was chemically cleaned immedi- 
ately before the deposition. All samples were deposited at 
770~ with the NH3/SiH2Cl~ 2 reactant gas ratio ranging 
from 2 to 20. The SiI42C12 gas flow was kept at a constant 
of 15 sccm. 

Film composition (St, N, and O) of thin samples ( -  50 
nm) was measured by using an Auger system with a beam 
voltage of 5 kV and a current of 1 ~A. An ATCVD Si3N 4 
sample (n = 2.01) of 50 nm, which was deposited with 
NHJSiH4 = 1200 at 800~ served as the standard to deter- 
mine the Si and N concentration. The amount of oxygen 
in the film was estimated by referencing to the oxygen 
concentration (66.7 atom percent [a]o]) of a thermal SiO2 
of 50 nm. The Auger depth profile was used to determine 
the compositional uniformity as a function of depth. 

A Fourier transform infrared (FTIR) system was used to 
analyze the thick samples ( -  500 nm on both sides of wa- 
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fer). T r a n s m i s s i o n  spec t r a  we re  o b t a i n e d  w i t h  t h e  inci-  
d e n t  b e a m  n o r m a l  to t he  wafer .  The  raw spec t r a  were  
t h e n  s u b t r a c t e d  f rom t he  spec t ra  of  the  s i l icon subs t ra te .  
The  to ta l  a b s o r p t i o n  peak  a rea  m e a s u r e d  b y  t he  c o m p u t e r  
was  in the  r ange  of  200 c m  -I. S a m p l e s  i m p l a n t e d  w i t h  H § 
ions  at  an  e n e r g y  of  25 k e V  a n d  w i t h  a dose  of  2 x 1017 
ion /cm ~ se rved  as t he  s t a n d a r d  to d e t e r m i n e  t h e  a m o u n t  
of  N - - H  bonds .  

A para l le l -p la te  r eac to r  w as  u s e d  to e t c h  t he  d e p o s i t e d  
f i lms ~ 200 n m  th ick .  In  t h i s  e t c h i n g  process ,  p o w e r  of  
400W, t e m p e r a t u r e  of  40~ a n d  an  R F  f r e q u e n c y  of  13.56 
MHz were  appl ied.  T he  f low of  CF~ a n d  O2 were  135 a n d  
13 sccm,  respec t ive ly ,  a n d  t he  p r e s su re  of  the  r e ac to r  was  
250 mtor r .  The  film t h i c k n e s s ,  be fore  a n d  af ter  e tch ing ,  
was  m e a s u r e d  b y  an  e l l ipsomete r ,  a n d  t he  e t c h  r a t e s  were  
t h e n  d e t e r m i n e d .  

T h i c k  fi lms (~ 500 n m  on  f ron t  s ide  of  wafer)  were  
u s e d  for s t ress  m e a s u r e m e n t .  T he  film s t ress  was  deter -  
m i n e d  at  r o o m  t e m p e r a t u r e  b y  u s i n g  t he  x-ray topogra-  
p h y  t e c h n i q u e  (15). The  re f rac t ive  i n d e x  for  f i lms 50-100 
n m  t h i c k  was  m e a s u r e d  b y  a n  a u t o m a t i c  e l l i p some te r  
w i t h  an  i n c i d e n t  b e a m  of  X = 632.8 nm.  A t r a n s m i s s i o n  
e l ec t ron  m i c r o s c o p e  (TEM) was  u s e d  to iden t i fy  t he  pres-  
ence  of  t he  exces s  Si p h a s e  in  t h i n  f i lms (20-40 nm).  

Results end Discussion 
As s h o w n  in Fig. 1, t he  d e p o s i t i o n  ra te  a n d  the  p r e s s u r e  

was  f o u n d  to inc rease  b y  i n c r e a s i n g  t he  R value .  B e c a u s e  
p u m p i n g  speed  was  k e p t  c o n s t a n t  in  t h i s  e x p e r i m e n t ,  t he  
p r e s s u r e  in  t h e  r e a c t o r  i n c r e a s e d  b y  i n c r e a s i n g  t he  R 
value.  B a s e d  on  our  o t h e r  s t u d y  o f  d e p o s i t i o n  ra te  as a 
f u n c t i o n  of  p ressure ,  we  be l i eve  the  inc rease  in t he  depo-  
s i t ion  ra tes  by  i n c r e a s i n g  t he  R va lue  was  d u e  to t he  pres-  
sure  increase .  The  u n i f o r m i t y  of  film t h i c k n e s s  a n d  re- 
f rac t ive  index ,  e i t he r  ac ross  a wafe r  or  across  a load  of  50 
wafers ,  was  f o u n d  to be  w i t h i n  5% a n d  w as  i n d e p e n d e n t  
of  the  R value.  The  re f rac t ive  i n d e x  for all a s -depos i t ed  
s a m p l e s  was  1.99 +- 0.02. W i t h i n  e x p e r i m e n t a l  errors ,  no  
d i f fe rence  in re f rac t ive  i n d e x  was  f o u n d  af te r  a n n e a l i n g  at  
I000~ in  N 2 for 30 min .  

Af te r  t he  10 n m  t h i c k  sur face  was  s p u t t e r e d  away  by  Ar  
ions,  t he  A u g e r  spec t r a  for all s am p l e s  were  ob ta ined .  Si, 
Ar,  a n d  N peaks  were  o b s e r v e d  bu t  no t  a t r ace  of  o x y g e n  
a n d  c a r b o n  was  de tec ted ,  w h i c h  impl i e s  t h a t  t h e  o x y g e n  
c o n c e n t r a t i o n  in t he se  f i lms w as  less t h a n  t he  d e t e c t i o n  
l imi t  (0.5 a/o) of  th i s  m e a s u r e m e n t .  S ince  Ar  gas  was  no t  
u s e d  d u r i n g  t he  f i lm depos i t ion ,  t he  Ar  peak  m u s t  be  
c a u s e d  by  t he  s p u t t e r i n g  Ar  ions.  A s s u m i n g  t h a t  t he  elec- 
t r o n - b e a m  a n d  the  i o n - b e a m  effec ts  on  b o t h  t he  s t a n d a r d  
A T C V D  Si3N 4 a n d  the  d e p o s i t e d  L P C V D  s a m p l e s  were  
t he  same,  t he  ave rage  Si]N ra t io  for all L P C V D  s a m p l e s  
was  f o u n d  to be  0.75 -+ 0.02. No d e p e n d e n c y  o n  t he  Si/N 
ra t io  as a f u n c t i o n  of  R va lues  was  found.  T he  Si]N ra t ios  
for  t h e s e  s a m p l e s  are  l i s ted  in Tab le  I. 

As s h o w n  in  Fig. 2, t he  A u g e r  d e p t h  profi le  i n d i c a t e d  
t h a t  the  u n i f o r m i t y  of  t he  Si and  N c o n c e n t r a t i o n  as a 
f u n c t i o n  of  d e p t h  was  good.  A t h i n  layer  of  SiO2 fi lms 
was  o b s e r v e d  at  t he  Si3NJSi  in t e r face  w h i c h  m a y  affect  
t h e  e lec t r ica l  p r o p e r t i e s  o f  t he  m e t a l - i n s u l a t o r - o x i d e  
s t ruc tu re .  A de ta i l ed  A u g e r  s t u d y  of  M N O S  s t r u c t u r e  was  
r e p o r t e d  by  J o h a n n e s s e n  et al. (16). Fo l lowing  t he  r epo r t  

2,0 �9 Deposition RateVs. NH3/SiH2CI 2 ~ ,~x 400 
r x / P ~  
�9 ~ 1.9 
e= 300 =~ 

u 1.~ 
200 

y ~ 1.~ 100 ~ 
e~ 

1.5 I I T 1 t 1 I I 6 T I 
2 4 6 8 10 f2 14 1 18 20 

N H31SIH2CI2 

Fig. 1. The deposition rate as o function of NHJSiH2CI 2 retie (R) or 
as function of pressure, 

Table I. The deposition rate, Si/N ratio, amount of N - - H  bonds, etch 
rate, and film stress of Si3N 4 films deposited with different 

NHJSiH2CI 2 gas ratios (R) 

Deposition N-H (x 1016/cm 2) 
Rate as- 

R (nm/min) Si/N deposited annealed 

2 1.58 0.74 4.54 2.09 

7 1.75 0.73 5.38 3.3g 

10 1.85 0.76 6.05 4.11 

201 2.05 0.74 6.82 4.72 
I 

Etch Rate (nm/min) Stress 
as -  x 1010 

deposited annealed dynelcm 2 

2.34 2.19 1.15 

2.41 2.20 1.16 

2.50 2.23 1.05 

2.56 2.36 1.00 

b y  P a n  et al. (17), t he  t h i c k n e s s  of  th i s  layer  was  esti- 
m a t e d  to b e  a b o u t  2-3 rim. 

T E M  was  u sed  to ana lyze  a n  as -depos i t ed  s a m p l e  and  
an  a n n e a l e d  s a m p l e  (1000~ in  N2 for 5h). B o t h  s a m p l e s  
were  d e p o s i t e d  w i t h  R = 2. The  TEM di f f rac t ion  ana lys i s  
s h o w e d  di f fuse  r ings  for b o t h  samples ,  a n d  n o  s i l icon pat- 
t e r n  was  o b s e r v e d  for  t he  a n n e a l e d  s a m p l e  (Fig. 3a and  
3b). The  T E M  b r i g h t  field i m a g e s  s h o w e d  a t e x t u r e  of  the  
fi lm before  and  af te r  a n n e a l i n g  w h i c h  was  5 a n d  10 nm,  
respec t ive ly .  B o t h  r e su l t s  i nd i ca t ed  t h a t  t h e  d e p o s i t e d  
f i lm was  a m o r p h o u s ,  be fo re  a n d  af ter  annea l ing ,  a n d  no  
Si c lus t e r s  were  d e t e c t e d  e v e n  af te r  a n n e a l i n g  for  a long  
t i m e  at h i g h  t e m p e r a t u r e .  These  r e su l t s  a n d  the  A u g e r  
da ta  of  the  Si/N = 0.75 -+ 0.02 also i nd i ca t ed  t h a t  t he  stoi- 
c h i o m e t r y  of  t h e s e  L P C V D  s a m p l e s  was  Si3N 4 or very  
close.  

The  IR a b s o r p t i o n  s p e c t r u m  for a sample ,  w i t h  a t h i c k  
SigN4 film of  a b o u t  500 n m  o n  b o t h  s ides  of  t he  wafer ,  is 
s h o w n  in  Fig. 4. The  S i - - N  a b s o r p t i o n  peak  was  f o u n d  to 
be  at  845 c m - '  a n d  has  t he  ful l  w i d t h  at  ha l f  m a x i m u m  
(FWHM) of  210 c m - '  for  all samples .  No c h a n g e  in  e i t he r  
t h e  p e a k  w a v e n u m b e r  or t h e  F W H M  v a l u e  was  f o u n d  
af te r  t he  s a m p l e s  were  a n n e a l e d  at  1000~ in  N~ for 30 
min .  Th i s  sugges t s  t h a t  t h e  S i - - N  b o n d i n g  is nea r ly  t he  
s a m e  for b o t h  t he  a s -depos i t ed  and  a n n e a l e d  samples .  
S i n c e  the  m a s s  of  the  h y d r o g e n  a t o m  is l igh t  a n d  t he  
a m o u n t  of  h y d r o g e n  in  t h e s e  s a m p l e s  was  small ,  it was  
e x p e c t e d  t h a t  the  m e a s u r e d  S i - - N  v i b r a t i o n  was  no t  af- 
fec ted  b y  the  e scape  of  h y d r o g e n ,  w h i c h  was  p rev ious ly  
b o n d e d  to t h e  Si  or  N a toms .  

T h e  N - - H  b o n d s  at  3350 c m - '  we re  c lear ly  o b s e r v e d  for 
all samples .  No t race  of  S i - - H  b o n d s  was  d e t e c t e d  e v e n  
w h e n  t he  s p e c t r u m  was  e x p a n d e d  15 t i m e s  (Fig. 4). Th i s  
is d i f f e ren t  f rom resu l t s  r e p o r t e d  in Ref. (11). As r e p o r t e d  
in t he  l i t e ra tu re  (18, 19), t he  abso rp t i v i t y  of  t he  S - - H  
b o n d s  is a b o u t  1.4 t i m e s  t h a t  of  t he  N - - H  b o n d s .  Th i s  in- 
d i ca t ed  t h a t  the  a m o u n t  of  t he  N - - H  b o n d s  in  t h e s e  f i lms 
is at  leas t  20 t i m e s  (15 x 1.4 = 21) t h a t  of  t h e  S i - - H  bonds .  
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Fig. 2. Auger depth profile of Si3N 4 film indicating the uniformity of 
Si, N, as a function of depth. 
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Fig. 3. The TEM diffraction pattern for the SigN 4 film deposited 
with R = 2. a: As-deposited sample, b" Annealed sample (1000~ N2, 
Sh). 
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Fig. 4. The infrared spectrum for a SiaN 4 film (R = 2). The spec- 
trum from 2100-3500 cm-'  was expanded 15 times and is shown in 
the insert. 

W h e n  the  N - - H  a b s o r p t i o n  p e a k  a rea  was  n o r m a l i z e d  by  
t h e  S i - - N  a b s o r p t i o n  peak  area,  we f o u n d  t h a t  t h e  nor-  
ma l i zed  N - - H  p e a k  area  i n c r e a s e d  by  i n c r e a s i n g  t h e  R 
va lues  (Fig. 5). The  i nc r ea se  of  N H  3 gas  flow, w h i c h  en- 
h a n c e d  m o r e  H and /o r  N - - H  d u r i n g  t he  depos i t ion ,  will  
r e s u l t  in  th i s  obse rva t ion .  Af te r  a n n e a l i n g  at  1000~ in  N2 
for 30 min ,  the  N - - H  b o n d s  were  d e c r e a s e d  for  all sam- 
ples,  b u t  t he  t r e n d  of  i n c r e a s i n g  t h e  n o r m a l i z e d  N - - H  
p e a k  a rea  b y  i n c r e a s i n g  t he  R va lues  was  sti l l  o b s e r v e d  
(Fig. 5). The  p r e s e n c e  of  N - - H  a n d  t he  lack of  S i - - H  sug- 
ges t ed  t he  p r e s e n c e  of  S i -  d a n g l i n g  bonds .  T h e  d e n s i t y  of  
t he  e l ec t ron  sp in  r e s o n a n c e  (ESR) for t he  S i -  d a n g l i n g  
b o n d s  in th i s  Si3N 4 was  of  t he  o rde r  of  1 x 1016 c m  -3 (20) 
w h i c h  is c lose to t he  va lue  r e p o r t e d  b y  M a k i n o  (10). Simi-  
lar  to t he  A T C V D  SigN4 (7, 21), t he  p r e s e n c e  of  S i -  
d a n g l i n g  b o n d s  wil l  affect  t h e  dev ice  cha rac te r i s t i c s .  

IR spec t r a  for t he  s a m p l e s  i m p l a n t e d  w i t h  h y d r o g e n  
(H +) we re  also ob ta ined .  S imi l a r  to t he  r e p o r t  by  S t e in  (7) 
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Fig. 5. The normalized N - - H  bonds as a function of R value 
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Fig. 6. The infrared spectrum far an as-deposited Si3N 4 film before 

and after H + ion implantation. 

for CVD Si3N 4, the  S i - - H  b o n d s  at  2200 c m  -1 we re  de- 
t e c t e d  (Fig. 6). T h e  n o r m a l i z e d  S i - - H  b o n d s  for t he  as- 
d e p o s i t e d  s a m p l e  we re  f o u n d  to b e  h i g h e r  t h a n  t h a t  of  the  
a n n e a l e d  sample .  Af ter  i m p l a n t a t i o n ,  t h e  i nc r ea se  in  t he  
N - - H  b o n d s  for  t h e  a s -depos i t ed  s a m p l e  is less t h a n  t h a t  
for  t h e  a n n e a l e d  s a m p l e  (Tab le  II). T h e  p r e s e n c e  of  m o r e  
N + d a n g l i n g  b o n d s  for t h e  a n n e a l e d  samples ,  d u e  to t h e  es- 
cape  of  h y d r o g e n  d u r i n g  annea l ing ,  m a y  p r o v i d e  m o r e  
c h a n c e  to fo rm N - - H  b o n d s  and /o r  p r o v i d e  less c h a n c e  
for t h e  c o n v e r s i o n  of  N - - H  to S i - - H  b o n d s  (7, 22) d u r i n g  
t h e  h y d r o g e n  i m p l a n t a t i o n .  T h e  re su l t  t h a t  t h e  d i f f e rence  
in  t h e  to ta l  w e i g h t  is nea r ly  the  s a m e  for b o t h  t he  as- 
d e p o s i t e d  a n d  t h e  a n n e a l e d  s a m p l e s  s u g g e s t e d  t h a t  a con-  
s t a n t  a m o u n t  of  h y d r o g e n  ion  was  b o n d e d  to Si or  N af te r  
i m p l a n t a t i o n .  

W h e n  one  def ines  t h a t  U (N - -H )  a n d  U(S i - -H)  are t he  
n o r m a l i z e d  N - - H  p e a k  area  a n d  t h e  S i - - H  p e a k  area,  re- 
spec t ive ly ,  one  can  wr i te  e q u a t i o n s  as 

U(N- -H)  = A(N--H)/A(Si--N) [1] 

U(S i - -H)  = A(Si--H)/A(Si--N) [2] 

for s a m p l e s  before  i m p l a n t a t i o n .  One  can  also wr i te  equa-  
t i ons  for  s a m p l e s  af te r  i m p l a n t a t i o n  as 

U ' ( N - - H )  = 

A ' ( N - - H )  - (1/2) x [A(N--H)/A(Si--N)] x A ' (S i - -N)  

(1/2) x A ' (S i - -N)  
[3] 

= E2A'(N--H)/A'(Si--N)]  - [A(N--H)/A(Si--N)] [4] 

U ' (S i - -H)  = A'(Si--H)/[1/2A'(Si--N)] [5] 

= [2A'(Si--H)]/A'(Si--N) [6] 

where A(Si--N), A(N--H), and A(Si--H) are the measured 
absorption peak area for Si--N, N--H, and Si--H bonds, 
respectively. A(Si--N) and A'(Si--N) are expected to be 
equal when the measuring condition is the same. The 
prime (') indicates after implantation. The factor (1/2) in 
Eq. [3] and [4] came from the fact that the hydrogen only 

Table II. The normalized N - - H  peak area [U(N- -H) ]  and Si- -H peak 
area [U(Si--H)] ,  before and after H + implantation, for the as- 

deposited and annealed Si3N 4 films (R = 10). U ( N - - H )  and U(Si - -H)  
are defined in Eq. [1], [2], [4], and [6], and W = 1.4 • U ( N - - H )  + 

U(Si - -H)  

B e f o r e  I I I  A f t e r  I/I AW = 
W (Before III) 

U(N-H) U(Si-H) W U(N-H) U(Si-H) W -W (After I/I) 

As-Deposited 6.03 0 8.44 7.88 3,58 14.61 6.17 

'Annealed 4.10 0 5.74 6.71 2.72 12.11 6.37 
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i m p l a n t e d  on one layer of  Si3N4 cont r ibu ted  only one-hal f  
of  the  measu red  A(Si - -N) .  

The  increase in the  N - - H  and S i - - H  peak  areas can be 
ob ta ined  by subtract ing Eq. [4] f rom [1] and Eq. [6] f rom 
[2]. When one as sumes  that  the  implan ted  hyd rogen  ions 
are all chemica l ly  fo rmed  as S i - - H  or N - - H  bonds,  and 
defines that  U is the  a m o u n t  of  N - - H  bonds  represen ted  
by the  uni t  normal ized  N - - H  peak area, t h e n  one can 
wri te  

U = 
H 

[U'(N--H) - U(N--H)] + (1/1.4) x [U'(Si--H) - U(Si--H)] 

[7] 

where  H is the  total amoun t  of  implan ted  hyd rogen  which  
can  be obta ined by the  in tegra t ion of  h y d r o g e n  profile in 
the  implan ted  sample.  The  factor (1/1.4) came  from the  ra- 
t io of  the absorpt iv i ty  of  the  S i - - H  bonds  to that  of  the 
N - - H  bonds  (12, 13). The  a m o u n t  of  N - - H  bonds  
[Q(N--H)] and the  a m o u n t  o f  S i - - H  bonds  [Q(Si--H)] in 
the  sample  can then  be es t imated  by us ing  Q(N--H)  = U 
x U(N--H) and Q(Si - -H)  = (1/1.4) • U • U(Si--H). In or- 
der  to use this analysis t echn ique ,  one sample  mus t  be 
imp lan ted  wi th  hydrogen.  

F r o m  the  L S S  stat ist ical  table  (23), the  p ro jec ted  range 
was 230 n m  and the s tandard  deviat ion was 50 n m  for the  
implan ted  H �9 ions wi th  25 keV. When the  gauss ian  ap- 
p rox ima t ion  was assumed,  one can es t imate  that  the  
a m o u n t  of  the  N - - H  bonds  in these  films is in the  order  
of  5 • 10 ~6 bond /cm 2. The amoun t  of  N - - H  bonds  for all 
samples  is l is ted in Table  I. Because  the  inc ident  b e a m  
was  normal ized  to the  wafer  and the absorp t ion  peak area 
decreased  wi th  decreas ing  the  film thickness ,  the N - - H  
or S i - - H  bonds  are e x p e c t e d  to be present  ins ide  the  film 
ins tead of  at the  Si3NJSi interface,  or  on the  Si3N 4 surface. 

As shown in Fig. 7, the  p lasma e tch  rates were  found to 
increase as the R va lue  increased.  After  the  samples  were  
annea led  at 1000~ in N~ for 30 min,  the  e t ch  rates for all 
samples  were  decreased  about  2 nm/min .  The  t rend  of  the  
e tch  rates as a func t ion  of  R values  is the  same as that  of  
the normal ized  N - - H  peak area. As desc r ibed  earlier, the  
Si/N rat ios were  near ly  the  same and the  oxygen  contami-  
na t ion  was  very  small  (< 0.5 a/o) for all samples .  These  re- 
sults  indica ted  that  the  a m o u n t  of  the N - - H  bonds  or  total  
hyd rogen  in the  sample,  wh ich  will  affect the  film den- 
sity and/or  the chemica l  bonding,  should  play an impor-  
tant  role in the process  of  p lasma etching.  The  lower  e tch  
rate of  the annealed film was  be l ieved  to be  due  to the  
dens i fy ing  effect, wh ich  r educed  the  n u m b e r  of  the 
w e a k e r  N - - H  or S i - - H  bonds  (24) of  the as-deposi ted  
samples  and increase the  film density.  No loading effects  
were  observed  for these  Si3N 4 films under  the  present  
e t ch ing  process. 

A E S  and x-ray pho toe lec t ron  spec t roscopy  (XPS) were  
used  to analyze the  Si3N 4 surface after p lasma etching.  
The  a m o u n t  of  oxygen  (about  8 a/o) on the  e t ched  surface 
was  found to be sl ightly less than  that  on the  une t ched  
surface  and the dep th  of  the  oxygen  d is t r ibut ion  for bo th  
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the  e tched  and une tched  samples  was near ly  the  same. 
These  resul ts  indicate  that  the  oxygen  p lasma main ly  pro- 
m o t e d  the dissociat ion of  the CF4 (25), ra ther  than  
ox id iz ing  the SigN4 surface dur ing  the  process  of  p lasma 
etching.  

F i lm  stress for all samples  was tensi le  and at a level  of  
about  1 • 10 l~ dyrgcm 2, wh ich  is sl ightly less than  the  
level  for the  A T C V D  SigN4 (26, 27). A sl ight  decrease  in 
stress was observed  by increas ing  the  gas ratio, wh ich  is 
shown in Fig. 8. As desc r ibed  previously,  the  Si]N ratio 
and the  oxygen  in all samples  were  near ly  the  same. This  
suggests  that  the  sample  wi th  h igher  hydrogen,  e i ther  in 
the fo rm of  N - - H  or S i - - H  bonds,  increases  the  re laxat ion  
of  the intr insic rigidity. The  h igher  surface re laxat ion  for 
samples  depos i ted  wi th  h igher  depos i t ion  rate (26) may  
be ano ther  reason for this observat ion.  

The  abil i ty to act as an ox ida t ion  barr ier  was  tes ted  by 
oxid iz ing  the  as-deposi ted  and annealed (1000~ N2, 30 
min)  samples,  in wet  Oz ambien t  at 1000~ for 2h. Auger  
dep th  profiles were  t h e n  used  to de te rmine  the  oxygen  
dis tr ibut ion.  As shown  in Fig. 9, one found that  the  thick-  
ness  of  the oxidized Si3N4 was  near ly  the  same (about  10 
nm) for both  the  as-deposi ted  and the  annealed  samples,  
wh ich  indicated that  the  p inho le  dens i ty  was smal l  in the  
as-deposi ted  samples.  The  observa t ion  of  no di f ference in 
this  abil i ty for the  samples  depos i ted  w i t h  different  
NHJSiH2CL 2 gas ratios indica tes  that  the  s to ich iomet ry  for 
all samples  is near ly  the  same. The  shape of  the Si LVV 
Auger  spec t rum at the oxid ized  layer/Si3N , interface was 
ident ical  to that  in the  L P C V D  oxyni t r ide  film. This  ob- 
servat ion sugges ted  that  the  initial o x y g e n  a toms re- 
p laced some n i t rogen  sites to form an oxyni t r ide  layer. 
When the  ni t rogen-r ich oxyni t r ide  was  conve r t ed  into the  
oxygen- r ich  oxyni t r ide  or SiO~, the  oxygen  a toms  in the  
ambien t  then  diffused th rough  this  layer to react  wi th  the 
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Si3N 4. The slow chemical reaction of Si3N 4 with oxidant is 
believed to be the cause of the slow oxidation rate in 
Si3N4 (28). Both replacement of N with O and diffusion of 
O were observed during the oxidation of oxygen-rich 
LPCVD oxynitride. The mechanism of the oxygen diffu- 
sion in the oxygen-rich oxynitride may be similar to that 
in SiO2 film (29). 

Summary 
LPCVD silicon nitride films were deposited at 770~ 

with different NHJSiH.2C12 gas ratios ranging from 2 to 20. 
Auger analysis was used to determine the Si, N, and O 
concentration. Comparing with the standard ATCVD 
Si3N * sample, the Si/N ratio for the LPCVD samples was 
found to be 0.75 --- 0.02 and was independent  of the R 
values. No excess Si phases were detected by TEM. The 
amount  of oxygen was found to be less than 0.5 a/o. Only 
N--H bonds were detected by IR analysis, and the pres- 
ence of Si dangling bonds was detected by ESR. The nor- 
realized N--H absorption peak area was increased by in- 
creasing the R values. The amount  of the N--H bonds in 
the as-deposited samples was estimated to be about 5 • 
10 TM cm -~. The plasma etch rates increased by increasing 
the R values, and the increase in the amount  of hydrogen 
was believed to be responsible. For all samples, the film 
stress was tensile and the level was in the order of 1 • 101~ 
dyD_/cm 2. The film's ability to act as the oxidation barrier 
was nearly the same for both the annealed and as-depos- 
ited samples, and no dependence on the R values was 
found for all as-deposited samples. 
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CVD Epitaxial Autodoping in Bipolar VI.SI Technology 
G. R. Srinivasan* 
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ABSTRACT 

This paper reviews several aspects of epitaxial autodoping including process effects, flow effects, and the effect of 
profile tolerance on bipolar device characteristics. Emphasis is placed on the examination of the stagnant boundary 
layer hypothesis in l ight 'of  recent evidence. A new derivation of the half-power taw that relates the increase in auto- 
doping to an increase in the buried layer area is presented. This law is the limiting law for discrete point sources when 
they merge to form a continuum. 

In high performance bipolar VLSI technology, the 
trend is toward higher device densities and shallower 
junctions,  both of which are affected by epitaxial auto- 
doping. Autodoping, for example, determines the sharp- 
ness of the buried-layer vertical profile, the min imum 
epitaxial thickness usable for shallow junct ion  devices, 
and the lateral spacing of the devices. I reviewed the 
autodoping phenomenon that occurs in CVD epitaxial sil- 
icon in 1979 (1), and since then considerable progress has 

*Electrochemical Society Active Member. 

been made in modeling the hydrodynamic aspects of the 
dopant redistribution in the epitaxial flow system (2-10). 
One of the important results of this development as it per- 
tains to the VLSI technology is the theoretical prediction 
(2), and the subsequent  experimental verification (4), of 
the half-power law which relates an increase in net 
autodoping due to an increased fraction of the buried 
layer area in the substrate. Recently, this law has been 
reconfirmed for substrates containing buried layers of 
large dimensions (11). The original theory was developed 
for an array of point sources. In this paper, we will derive 
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this power law for extended sources, and show that the 
half power is the consequence of the inverse-distance so- 
lution to the flow equation for point sources and its ap- 
plication to a cont inuum of such sources. 

Yet another important outcome of the flow dynamic 
studies is the finding that for horizontal epitaxial reactor 
flow systems there is no indication of a stagnant bound- 
ary layer (3). This finding has received experimental  sup- 
port recently from direct laser holographic interference 
observations of the flow in horizontal epitaxial reactors 
(12, 13) and from theoretical considerations of flow (8). 

Further, there have been several recent studies which 
have examined the interrelationships between autodop- 
ing, dopant profiles, and transistor characteristics for bi- 
polar integrated circuits (14-17). In this paper, we will re- 
view these flow and device aspects of autodoping in 
silicon epitaxy. 

Process Effects 
Autodoping mainly occurs in the pregrowth (prebake) 

stages of the epitaxial process, and its dependence on pre- 
bake parameters (time t,, temperature Tp) can be de- 
scribed (18) for buried layers by the equation 

C A = a exp (~2tp) - erfc (~tp,/2) [1] 

where C A is the maximum concentration in the lateral 
autodoping peak. If one assumes an Arrhenius behavior 
for fl, which is the ratio of the dopant evaporation velocity 
to the square root of its diffusivity in silicon such that/3 = 
/~o exp (-hE/kT,), a good agreement between theory and 
experiment is obtained. Since fl contains the evaporation 
velocity, both the dopant vapor pressure and the reactor 
pressure are contained in it. The factor a contains both 
the flow parameters and the growth parameters. 

The above equation was derived on the basis that the 
dopant evaporation kinetics is the controlling mechanism 
for vapor phase autodoping. The data for arsenic auto- 
doping are consistent with the above model for epitaxial 
depositions made in a horizontal reactor (18), barrel reac- 
tor (15), and vertical pancake reactor (19). More recently, 
autodoping measurements for epitaxial deposition in a 
pancake reactor have been reported (20) which show that, 
while arsenic autodoping is consistent with Eq. [1], phos- 
phorous autodoping shows a different behavior. How- 
ever, in view of several peculiarities of these data in terms 
of the differences beween the variations of on and off 
buried layer autodoping with respect to prebake parame- 
ters, unexpected growth rate effects, etc., further 
confirmation is necessary before attempting to model 
these effects 

The effect of growth rate on autodoping has been mod- 
eled using the concept of dopant trapping (1, 18). This 
trapping model explains the observed increase in auto- 
doping with increased growth rate in terms of the de- 
creased ability of the trapped dopant atoms to diffuse to, 
and escape from, the rapidly advancing surface. 

One of the autodoping effects that is important for inte- 
grated circuits is the effect of the initial buried-layer pro- 
file, prior to epitaxy. In deriving Eq. [1], an assumption of 
a rectangular profile was made (18) in order to obtain a 
closed-form solution to the evaporation equation. Actu- 
ally, the initial buried layer profile is more complicated, 
especially if an oxidation-drive-in cycle has been used to 
form the buried layer. During this cycle, segregation of 
the dopants into or away from the ~rowing oxide occurs, 
depending on whether it is a P- or an N-type dopant. For 
N-type buried layers used in the formation of subcol- 
lectors in N-P-N bipolar structures, oxidation cycle pro- 
duces a dopant pile-up at the SiOJSi interface. High per- 
formance integrated circuits use high conductivity 
subcollectors in which the doping is made to the solid sol- 
ubility limit. Any further pile-up in these buried layers 
produces mostly electrically inactive dopant and also 
causes enhanced autodoping. 

A method to reduce this pile-up and the consequent 
autodoping for arsenic subcollectors has been described 
previously (21). It depends on arriving at a judicious 
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Fig. 1. Rutherford backscattering profiles of pre-epitaxy arsenic 
buried layers with identical capsule diffusion, but with two different 
oxidation-drive-in temperatures. Note arsenic pile-up at the silicon 
surface for the 970~ case. 

choice of the oxidation-drive-in temperature which allows 
the rate of dopant diffusion to be large relative to the rate 
of oxidation. Figure 1 shows the Rutherford backscat- 
tering (RBS) profiles of arsenic buried layers prior to 
epitaxy from two oxidation temperatures: 970 and ll00~ 
Figure 2 shows the spreading resistance profiles for these 
two cases, after epitaxy, taken on and off the buried lay- 
ers. The epitaxial conditions were identical for the two 
cases: SIC14, 1150~ deposition temperature, 0.13/zrrgmin, 
AMC 7000 radiantly heated barrel reactor. From the RBS 
profiles in Fig. 1, we see that raising the oxidation tem- 
perature from 970 ~ to ll00~ has virtually eliminated the 
arsenic pile-up at the substrate surface. The off-buried 
layer spreading resistance profiles in Fig. 2 show that 
this increase in oxidation temperature has also reduced 
the autodoping peak concentration by more than 50%. 
Further, increased electrical activation of the ll00~ oxi- 
dation has decreased the postepitaxial buried layer sheet 
resistance for the same initial predrive-in profile. VLSI 
circuitry built on wafers using these two subcollector oxi- 
dation temperatures showed that 1100~ temperature pro- 
duced less parasitic subcollector-isolation capacitance 
from 970~ (21), which is consistent with the autodoping 
data. 

Flow Effects 
Since vapor phase autodoping involves a redistribution 

of dopant vapor emitted by the buried layer sources in 
the substrate, it is essential to understand the flow ef- 
fects in the epitaxial reactor before a quantitative formu- 
lation of autodoping can be made. Flow effects have been 
studied in the past, and these include the TiO~ smoke vis- 
ual experiments (22), Raman scattering experiments (23), 
and mass spectrometry (24). Since the TiO~ visual experi- 
ments, it has become customary to analyze the mass 
transport in the epitaxial reactor flow in terms of a stag- 
nant  boundary layer. Recently, however, there have been 
two independent  studies (3, 13) which show that in hori- 
zontal epitaxial reactors which are operated at atmo- 
spheric pressure with H2 as the carrier gas there is no 
stagnant layer formed. In the first study (3), observations 
of flow-induced anisotropy in the epitaxial autodoping 
were made using localized autodoping sources in the wa- 
fer. The second study (13) involved direct experimental 
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Fig. 2. Spreading resistance profiles after epitaxy from wafers used 
in Fig. 1. Open circles are on-buried-layer profile from 1100~ oxida- 
tion-drive-in wafer, and closed circles correspond to off-buried-layer 
profile from the same wafer. Stars and plus markers indicate corre- 
sponding profiles from 970~ oxidation-drive-in wafer, from a sepa- 
rate run. 

observation of the flow using laser interference 
holography. 

We shall first consider the autodoping studies. The 
ability to emit  a calculable quantity of dopant vapor into 
the flow stream from a geometrically defined area on the 
substrate and to measure its redistribution in the epi- 
taxial layers provides a powerful technique for the char- 
acterization of the reactor flow. Also, since the autodop- 
ing source is on the wafer surface, one can investigate the 
stagnant layer, if present, which would be in contact with 
the wafer. By using different sizes and shapes of the 
source and placing them in different directions with re- 
spect to the flow, the distribution pattern can be related 
to the flow dynamics through a-mathemat ical  model. 
Such a study was made (3) for an RF-heated, rectangular, 
horizontal epitaxial reactor which was air cooled. ~ was 
used as a carrier gas. The autodoping sources used were 
arsenic-diffused buried layers of different shapes. The 
susceptor was inclined at an angle of 3 ~ to the horizontal 
plane, and a ramp was used at the flow entrance. 

The steady-state transport equation for the redistribu- 
tion of the dopant vapor which is released at a constant 
rate into a laminar flow of carrier gas of uniform velocity 
V, along a direction x is given by 

DgV2eg VOCg 0 [2] 
Ox 

where C~ is the dopant concentration at any point (x, y, 
z) in the flow. The above equation can be solved analytic- 
ally in closed form for either a point source or a line 
source placed in a direction normal to the gas flow in the 
wafer plane. If  the redistribution were to occur in a stag- 
nant layer (V = 0), solutions to Eq. [2] are spherically sym- 
metric for point sources and cylindrically symmetric for 
line sources. 

For a buried layer of finite area, the solution to Eq. [2] 
has to be integrated over that area. The integration can be 
evaluated analytically for simple geometries such as a 
thin rectangular stripe placed in a direction normal to the 

flow for which the transport equation reduces to the 
modified Bessel equation. The details of this procedure 
are given elsewhere (3). Explicit  expressions were ob- 
tained for' autodoping variation in the downstream and 
upstream directions. Figure 3 shows that variation. The 
dots show experimental  measurements,  and the solid 
lines are from the theory. It is evident from the data that 
pronounced flow-induced anisotropy exists in autodop- 
ing. 

In order to rigorously test the model, anisotropy ratio R, 
defined as the downstream to upstream autodoping ratio, 
was calculated. By this procedure, all unknown quantities 
in the analytical expression for the stripe autodoping 
drop out, except  for the gas diffusivity, Dg, which is calcu- 
lable from the kinetic theory of gases. When the calcu- 
lated values of R were tested against the experimental  
values for different values of x and V, reasonably good 
agreement was obtained for Dg = 2.5 cmZ/s, which was 
also consistent with the value obtained by the kinetic 
theory estimation. Figure 4 shows this comparison. Such 
an agreement found between the theory and experiment  
provides a strong support to the model assumptions. We 
note from this figure that the anisotropy ratio varies from 
about 2 at low flow velocities to about 100 at high flow 
velocities. Taken together with the observation (2) that 
the decay length of the dopant redistribution in the reac- 
tor flow system at typical flow velocities is of the order 
of a few millimeters, this pronounced autodoping anisot- 
ropy rules out the existence of a stagnant layer of several 
millimeter thickness as commonly assumed. 

We will now consider the study of epitaxial flow which 
used an entirely different technique, namely holography. 
The principle of the holography interference technique 
(12) is to provide two coherent laser beams to traverse the 
flow under two different flow conditions and to super- 
impose them for interference. A reference beam (see Fig. 
5) provides for the phase synchronization of the two 
beams. By recording the beam in one condition of the 
flow on a hologram and using this holographic plate dur- 
ing a different condition of the flow, interference pat- 
terns can be generated which can be interpreted in terms 
of  path differences in the laser beam between the two 
flow conditions. Since the optical path length depends 
on the integrated refractive index along that path, which 
in turn depends on the gas density and the temperature, 
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Fig. 3. Variation of autodoping peak maximum with lateral dis- 

tance. (SiCI4, deposition temperature 1150~ growth rate 0.13 
/~m/min, H 2 flow rate 15 liter/rain). 
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Fig. 4. Variation of the autodoping onisotropy ratio with flow veloc- 
ity as measured at two distances from the stripe buried layer. 

one can, in principle, obtain information on the density 
and/or temperature distribution in the flow along the 
beam path. By using an optical shutter, real-time observa- 
tion of the flow development  may be studied. This ele- 
gant procedure has been used to study the effect of g a s  
velocity and carrier gas species on the flow pattern in a 
horizontal epitaxial reactor (13). Important observations 
for horizontal laminar-flow epitaxial reactors which use 
H2 as the carrier gas were that when the reactor walls are ' 

kept water cooled, the flow patterns are stable and are in- 
sensitive to changes in the flow velocity. It was also 
found that for H~ at typical epitaxial flow velocities there 
was little or no turbulence and no convection in the flow. 
Based on these observations, it was concluded that there 
is no stagnant  boundary layer formed for H2 carrier gas in 
a horizontal epitaxial reactor. However, the interference 
observations suggest a well-developed parabolic velocity 
profile in this case. 

It is of interest to compare the results of  the autodoping 
study with those of the holographic observations. Both 
studies indicate the absence of stagnant boundary-layer 
effect in the horizontal epitaxial reactor. Autodoping mea- 
surements show a pronounced flow-dependent anisot- 
ropy. However, the autodoping analysis assumes a con- 
stant and uniform velocity distribution in the flow, while 
the holography observations imply a parabolic velocity 
distribution. One way to reconcile this difference is to as- 
sume that the vapor transport involves some average 
flow velocity which can be related to the flow velocity of 
the input carrier gas. This velocity averaging procedure 
will be valid only for ]aminar flows. 

Autodoping in VLSI Substrates and the Half-Power Law 
We shall now consider the effect due to a large number  

of autodoping sources that one encounters in a typical 

M Sp. f. Laser Scatter- , 
- L Line Filter Plate . r~ 

.#' -~T-'~-I-~-~~ 
- -  L 

SB:mmPle -~P. f. " ~ , i " / ~ , ~ "  

~ I ~ I 
B S I Laser 

Shutter 
Fig. 5. Schematic diagram of o holographic system, b.s.: Beam split- 

ter. m: Mirror. sp.f.: Spatial filter. I: Lens. h: Hologram. After Ref .  
(i3). 

VLSI substrate. For the case of buried layer sources 
which are so small as to be considered as point sources, 
the vapor transport equation (Eq. [2]) can be solved and 
applied to autodoping with the result (2) 

C A = (A/r)  exp [(-V/2Dg)(r  - x)] [3] 

where C A is the autodoping concentration due to a point 
source at a distance r from it in the wafer plane, A is the 
proportionality constant, and x is the projection of r along 
the flow direction. The exponential  term in Eq. [3] is the 
anisotropy factor that modifies the radially symmetric 
term A / r .  Figure 6 shows the autodoping distribution in 
the wafer plane due to Eq. [3] for V/2Dg = 1. For typical 
deposition conditions, the autodoping extends to several 
millimeters in the downstream direction and -1  mm in 
the upstream direction (2). 

For a VLSI substrate which contains many thousands 
of small buried-layer sources, the net autodoping can be 
calculated by summing the contribution from each of 
these point sources. By this procedure, it was shown (2) 
that the net autodoping increases approximately as the 
square root of the total number  n of the point sources on 
the substrate. The study also showed that the near-half- 
power law was valid only for the high density arrays of 
discrete sources separated by distances of less than 
10 t~m. For larger separations, the calculation showed a 
saturation effect, which indicates that the field overlap 
from these sources is incomplete. The theory also pre- 
dicted that when n > 500 the autodoping variation in the 
wafer would fall below 5%, thus assuring a uniform auto- 
doping for typical VLSI substrates. 

Experimental  verification of the half-power law be- 
came available subsequently for VLSI wafers which were 
used for epitaxial deposition in a barrel epitaxial reactor 
(4). More recently (11), more autodoping data have been 
published for the deposition in a barrel reactor. These 
data also confirm the half-power law (see Fig. 7). How- 
ever, in this latest study, buried layers of large area were 
used instead of the small ones that are typical of a VLSI 
pattern. One can intuitively expect  the half-power law to 
be applicable for this case also, although no specific deri- 
vation was available. It was speculated that such a power 
law might be the consequence Of the boundary layer in 
the flow (11). In the t reatment  that follows, we will pre- 
sent a quantitative formulation of this problem and derive 
the half-power law for extended sources. We will also 
show that the half-power law is the limiting law for dis- 
crete point sources which are so close to each other as to 
form a continuum. 

Let us consider an extended buried-layer source in the 
shape of a circle, chosen for symmetry reasons (see Fig. 
8). The shape will not really matter, except  to simplify the 
mathematics. The extended source can be considered as a 
continuous distribution of the point sources, so that the 
discrete summation of the Contribution from each point 
can be replaced by an integral. For a point source, the so- 

1 . 0 -  
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.-_.5 ,, o:y../ / 
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-1.0 -.5 .0 .5 1.0 1.5 2.0 

Distance Along Flow ( c m )  

Fig. 6. Impurity distribution clue to a point outodoping source in a 

moving stream of gas of uniform velocity V. Dopant vapor diffusivity 
in the stream is denoted by Dg, and A is a measure of concentration 
level. 
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i 
Fig. 8. A circular autodoping source in which an elemental ring of 

radius r and width dr is shown. 

lution is given by Eq. [3], which includes the asymmetry 
factor contained in the exponential  term. When the point 
sources merge as to form a continuous distribution, the 
asymmetry for each point disappears due to extensive 
field overlap from neighboring points, and the solution 
reduces to 

A 
CA - [4] 

r 

where C A is evaluated inside the extended source. For 
evaluations outside the extended source for which asym- 
metry remains, procedures as described in an earlier 
work (3) have to be used to sum the contributions from 
each point within the extended source. 

The cont inuum effect also reduces the transport equa- 
tion (Eq. [2]) to a Laplace's equation. It is clear that solu- 
tion given in Eq. [4] satisfies the boundary conditions 

C A = 0 as r-- ,  oo 
and 

where Q is the steady-state evaporation rate used in 
deriving Eq. [3]. 

In  order to calculate the total contribution of the contin- 
uous distribution of point sources in a circle of radius R, 
we define an elemental ring of width dr at a distance r 
from the center (see Fig. 8). The contribution from the 
sources in this elemental ring as evaluated at the center of 
the circle is given by 

dC A = A (21rr dr) 
r 

where 2~rr dr is the area of the ring. The total contribu- 
tion due to all sources contained in the circular area is 
then 

C T = dC A = 27tAR 

Relating R to the total area a of the extended source, one 
obtains 

Cw : ka,12 [5] 

where k = 2~/~r A. Thus, the total autodoping over the 
buried layer is proportional to the square root of the area 
of the buried layer. 

Since the above equation was derived from integrating 
the point source solution, it represents a limiting case of 
the summation of the discrete point sources when the 
number  density approaches infinity for the continuous 
distribution. 

Before concluding this discussion, it is useful to point 
out that the original theory of discrete point sources 
showed a significant departure from the half-power law 
for interpoint source distances of 10/~m or larger. Clearly, 
for this case, the field overlap from point sources is only 
partial, and one would expect a saturation effect. This 
was indeed the prediction from the theory. Such a satura- 
tion effect manifests itself when one considers the ne{ ef- 
fect of several wafers in a single epitaxial run. This load- 
ing effect has also been observed for depositions in the 
barrel reactor (25). 

Trans is tor  Prof i les 
In high performance bipolar transistors, it is desirable 

to have sharp dopant profiles to reduce the diffusion and 
parasitic capacitances and the charge storage. The 
epitaxial process controls only the subcollector (and/or 
subisolation) buried layer profiles. Figure 9 shows a typi- 
cal high performance bipolar transistor profile. The 
subcollector profile can be described by the parameters 
XoD and XAT. XOD refers to the extent of the dopant 
outdiffusion in the solid silicon during growth, and. it de, 
pends on the growth temperature and time and surface 
concentration in the buried layer prior to growth. XAT is 
the thickness of the so-called autodoping tail which re- 
sults from vapor phase autodoping. The shape of this tail 
depends on the flow and process parameters. Considera- 
ble attention is paid to control this autodoping tail, since 
it determines the min imum epitaxial thickness necessary 
to form a transistor of given junct ion depths. It should be 
pointed out that both the lateral autodoping and the verti- 
cal autodoping tail are the consequence of the same vapor 
phase autodoping phenomenon.  In fact, it has been 
shown (1) that the off-buried-layer autodoping peak and 
the autodoping tail over the buried layer almost exactly 
superimpose in the upper layers of the epitaxy. Thus, the 
same factors that control lateral autodoping control also 
the autodoping tail in the vertical profile. This point is of- 
ten not appreciated in literature. Thus, the same mea- 
sures one takes to reduce lateral autodoping also reduce 
the vertical autodoping, leading to a reduction of the 
autodoping tail and a sharpening of the buried-layer 
profile. 

Recently (26), it has been possible to model both the lat- 
eral and vertical autodoping profiles using a dopant 
trapping concept. The salient features of this and other 
epitaxial profile models are reviewed elsewhere (27). 
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Progress has also been made (28) to l ink the "on" and 
"of f '  buried layer profiles through a common adsorption 
layer. 

From a device point  of view, the factor that  is equally 
important  to the reduction of the autodoping tail is the 
control  of  its variation. The following discussion makes  
this clear. The collector/base (C/B)junct ion determines 
the breakdown voltage and the junct ion capacitance. 
Since most of the deplet ion occurs in the autodoping tail 
region, the extent  of this tail determines the deplet ion 
layer capacitance. Exper imenta l  data from high perform- 
ance NPN bipolar devices (15) show that this capacitance 
varies as the square root of the C/B junct ion concentra- 
tion in accordance with the abrupt  junct ion theory. Thus, 
depending on where the C/B junct ion intersects the 
autodoping tail the performance of the device varies. To 
avoid this, the C/B junct ion is always designed to occur in 
the flatly doped portion of the epitaxial  layer, above the 
autodoping tail, in order  to assure a constant  and process- 
independent  C/B junct ion concentration. This concentra- 
tion is then determined by  the intentional doping level 
and not by autodoping. However, in order to accommo- 
date the variations in the buried-layer profile which is 
caused by process variations, a certain min imum thick- 
ness Xf (see Fig. 9) of the flatly doped epi taxy is main- 
tained between the subcollector profile and the C/B junc- 
tion. At  high current  densit ies of the order of the 
max imum drift current  densi ty Jc (Jc = qCoV~, where Co is 
the epitaxial  flat doping level and Vs is the saturation ve- 
locity of the carriers), base stretching is expected to occur 
(17). Base stretching essentially widens the intrinsic base, 
which, in turn, increases the base transit  time, and hence 
increases the device delay. Since the stretching stops at 
the rapidly rising subcollector  profile, it  is l imited by the 
thickness Xf. I t  is therefore desirable to minimize Xf 
while, at the same time, allowing for the profile varia- 
tions. 

One of the ways to reduce the subcollector variations, 
and hence Xt, is to reduce the epitaxial  growth tempera- 
ture. At lower growth temperature,  the variation in the 
subcollector outdiffusion profile is expected to be less 
than that  at higher growth temperatures,  for a given tem- 
perature nonuniformity that  exists across the wafer, from 
wafer to wafer and from run to run. The effect of this vari- 
ation was calculated (15) for two growth temperatures,  
1150 ~ and 105O~ and for a total temperature  nonuni- 
fortuity of -10~ The calculations showed that  the total 
tolerance in the epi flat region can be reduced by a factor 
of 3 by  reducing the epi taxial  growth temperature  from 
1150 ~ to 1050~ Considerable improvement  in the transis- 
tor speed due to such a reduction in X~ is to be expected 
on the basis of the l imitation to base stretching (17). 

The lateral autodoping effects also contr ibute to the col- 
lector isolation capacitance. A detailed analysis of this ef- 
fect has been carried out for both N- and P-type auto- 
doping in high performance NPN bipolar  structures that  
use combined oxide and diffused isolation (14, 16). The P 
autodoping modifies the isolation-epitaxy junction, 
whereas the N-type autodoping shifts the isolation- 
epi taxy junct ion toward the P+ isolation. These calcula- 
tions show that  the junct ion capacitance can increase by 
over 60% due to both types  of autodoping in a typical  
VLSI  bipolar  application. 

The above examples  show clearly that  autodoping ef- 
fect should be included as a design constraint  in high per- 
formance bipolar  devices. Also, since autodoping in- 
creases in proport ion to the square root of the device 
density, it becomes even more important  to take 
autodoping into account for very large scale integration. 
One of the effective ways to reduce autodoping is by re- 
duced pressure epitaxy. This works well for N dopants  
such as arsenic. However, for boron, the reduced pressure 
is found to increase autodoping (29). Thus, for producing 
high resist ivity P epitaxial  films over P+ substrates for 
MOS transistor  applications,  alternate ways of reducing 
autodoping need to be used. These include extended 
prebake ( temperature and/or t ime as indicated by Eq. [1]), 

lower growth rates (1), and cap-and-flush techniques.  In 
addition, in order to reduce the buried-layer vertical 
profile variations, it is desirable to reduce the epitaxial  
deposit ion temperature.  However, at lower deposi t ion 
temperatures,  the vapor phase autodoping increases (18). 
The autodoping increase can be minimized by including a 
high temperature  prebake at 1150~ in H~ prior to the dep- 
osition at a lower temperature  (15, 19, 27, 30, 31). This 
high-low epitaxial  process has the addit ional  advantage of 
reducing the epitaxial  growth defects by over an order of 
magni tude compared to that  without  the 1150~ prebake 
(14, 15, 27, 30). The defect reduct ion due to the 1150~ 
prebake in H2 was first discovered using the SiC14 deposi- 
t ion (30) and it has recently been reconfirmed in a sepa- 
rate s tudy (32). For  t ransistor  structures with predomi- 
nantly N �9 buried layers, a combinat ion of  high-low 
epitaxial  process and reduced pressure epitaxial  process 
offers the advantages of  both (33). 
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Fabrication and Characterization of Epitaxial Heavily Phosphorus- 
Doped Silicon 

Jes(~s A. del Alamo* and Richard M. Swanson** 

Stanford Electronics Laboratories, Stanford University, Stanford, California 94305 

ABSTRACT 

Phosphorus-doped silicon layers have been grown by epitaxy in a PHJSiH4 system. Doping levels from 2.5 • 1017 to 
1.6 • 105~ cm -3 have been obtained. A combination of measurements  of electrical resistivity, Hall mobility, and phospho- 
rus concentration by secondary ion mass spectroscopy has yielded accurate values for the electron mobility and the Hall 
scattering factor. At the lowest doping levels, the phosphorus concentration is proportional to the partial pressure of 

1/4 phosphine in the reactor, while in the high doping regime the dependence is - (PPH3) - The growth rate drops by about 
20% at the highest doping levels. The defect densities increase quadratically with phosphorus concentration and reach a 
value of 3000 cm -~ at No ~ 102~ cm -~. 

The reduction of lateral and vertical dimensions in very 
large scale integration (VLSI) semiconductor devices re- 
quires the doping levels inside the devices to rise so as to 
provide thin low resistivity layers confined between 
tightly controlled depletion regions. This trend places in- 
creased importance on the accurate characterization of 
heavily doped silicon. 

Material problems have hindered a systematic charac- 
terization of heavily doped silicon. Heavy doping studies 
using diffused or implanted layers suffer from uncertain- 
ties caused by their nonuniform doping profiles, while 
heavily doped as-grown wafers are scarce and inconven- 
ient from a test device point of view. Epitaxially grown 
heavily doped silicon is a good candidate for carrying out 
this fundamental  study. Epitaxy is a well-known process 
that produces flat and abrupt impurity profiles, without 
limitations on layer thickness, and is technologically sim- 
ple. The doping level, the variable of most interest here, is 
easy to control. 

Epitaxial heavily doped silicon may also be of interest 
for the fabrication of the base region of VLSI bipolar tran- 
sistors, if grown under low pressure, low temperature 
conditions. Its use has already been reported in the fabri- 
cation of hyperabrupt IMPATT Si diodes (1). 

This paper reports our experience in the growth and 
characterization of heavily phosphorus doped epitaxial 
layers. We have reached doping levels of 1.6 • 105~ cm -3, 
which, to our knowledge, is the highest ever obtained by 
this technique. In the characterization process, we have 
measured Hall mobilities and carried out SIMS measure- 
ments of the total phosphorus concentration. The out- 
come of this characterization procedure indicates that the 
epitaxial material is essentially identical to P-diffused or 
-implanted Si. We have also measured the Hall scattering 
factor (2) throughout three orders of magnitude of doping. 
This parameter establishes the relationship between the 
conductivity mobility and the Hall mobility. 

* E l e c t r o c h e m i c a l  S o c i e t y  S t u d e n t  M e m b e r .  
** Electrochemical Society Active Member. 

This paper extends an earlier account of our work (3) 
and includes new research on the growth and characteri- 
zation of epitaxial phosphorus-doped silicon. 

Experimental Work 
All the depositions were carried out in a horizontal, RF- 

heated epitaxial reactor (Hugle Model HIER II) operating 
at atmospheric pressure. The quartz reactor tube has an 
effective cross section of 27 cm 2 above the susceptor. The 
silicon carbide-coated graphite susceptor is 22.8 cm long 
and it is tilted at an angle of 2 ~ . This reactor is the same 
used previously on a fundamental  study of silicon epitaxy 
(4). 

Hydrogen was used as carrier gas at a flux of 79 
liter/min. Silane was the source of silicon at a partial pres- 
sure of 10 -3 atm except  where indicated otherwise. Phos- 
phine was used as dopant source and delivered through a 
double-dilution system. With PH 3 tanks of 66 ppm, 1%, 
and 5% in hydrogen, partial pressures from 10 -+ to 4 • 
10 -3 atm were reached in the reaction chamber. With a few 
exceptions, all depositions were done at a temperature of 
1050~ during 10 min. Prior to growth, all wafers were 
vapor etched in 5 • 10 -~ atm HC1 and the carrier gas H~ 
during 4 min at 1200~ The temperature of the substrates 
was measured with an optical pyrometer  calibrated ac- 
counting for the emissivity of+silicon. The temperature is 
known within 5~ and was stable during deposition to 
within • 2~ 

The starting material was <100> boron-doped 0.1-0.2 
~l-cm substrates. The 3 in. diam wafers were broken in 
quarters. One quarter was processed at a time. The c lean-  
ing procedure before epitaxy consisted of a standard "re:  
versed RCA" process (5) wi th  a final 50:1 HF dip. After 
epitaxy the sample was sawed in 7 • 7 mm 2 die where the 
characterization was done. 

Electrical Characterization 
A typical electron profile determined by spreading re- 

sistance is shown in Fig. 1. As shown, the carrier distribu- 
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Fig. 1. Spreading resistance profile of a heavily doped epitaxial layer 
grown atPeH 3 = 3.5 • 10 -4 atm. 

tion throughout the layer is very flat, and an abrupt tran- 
sition occurs at the interface with the substrate. 

In all samples, the thickness of the layer was measured 
by the groove and stain method, using a copper sulfate 
solution (6), and an interferometric microscope. The rela- 
tive error in the measurement  is less than 3%. The differ- 
ence between the electrical and metallurgical junctions, 
as determined by spreading resistance or staining, has 
been calculated by Hu (7). For our box profile, he finds a 
discrepancy of  around 6%. 

Great care was taken in the measurement  of doping 
level. First, the sheet resistance was measured at a tem- 
perature of 23 ~ by the van der Pauw technique (8) by con- 
tacting the four corners of the samples. The measurement  
was corrected to account for the roll off of the doping 
level near the junction as seen in Fig. 1 (9). The relative er- 
ror in the sheet resistance was less than 1%. Multiplying 
the value of sheet resistance by the layer thickness, mea- 
sured as described before, the resistivity, p, is obtained. 

Second, the Hall coefficient, R, is measured using the 
same van der Pauw configuration in a magnetic field of 
1.12 kG. The relative error is smaller than 4%. The Hall 
mobility is obtained as ~ = -R/p (8). Since R = - A / q n ,  
where q is the electron charge, n is the electron concen- 
tration, and A is the Hall scattering factor (10), then 
- 1 / q R  = nA. - 1 / q R  therefore represents the electron con- 
centration in the layer if the Hall scattering factor is equal 
to unity, as commonly assumed in the literature (A is de- 
termined below). 

In Fig. 2, we compare our measurements  of ~ ,  vs. 
- 1 / q R  in some of our epitaxial layers with others re- 
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ported on as-grown (11, 12), diffused (13), and ion- 
implanted (14) P-doped Si. [The data of Ref. (13) and (14) 
have been represented by a curve fit reported in Ref. (14) 
so as to not unnecessarily complicate the figure with 
their large number  of data points.] The agreement  among 
these four sets of data is of the order of our experimental  
error, i.e., around 4% for the mobility. This finding 
clearly shows that this epitaxial material displays electri- 
cal properties identical to phosphorus-doped silicon fabri- 
cated by other methods. This fact remains true even at P 
concentrations higher than 1020 cm -3. 

The previously described measurements were carried 
out in two dies of each sample. The differences in value of 
- 1 / q R  between dies was less than 5%, showing a very 
good impurity homogeneity.  Some of the samples that 
had a difference smaller than 2% were selected for sec- 
ondary ion mass spectroscopy (SIMS) measurement  of 
the total phosphorus concentration. These are the 
samples shown in Fig. 2. 

SIMS analysis was carried out in a CAMECA IMS-3f ion 
microanalyzer with a 10 keV Cs + ion beam at a current of 
3 /~A. The mass 31 ions (corresponding to phosphorus) 
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were analyzed from a 30 ~m diam area at the center of a 
crater 400 ~m on the side. Some of the phosphorus inten- 
sity profiles obtained are shown in Fig. 3. The sputtering 
etch rate varies from sample to sample around a value of 
0.25-0.3 ~m/min. We are therefore looking in Fig. 3 at 
profiles approximately 0.5-0.8 ~m deep. Figure 3, like the 
spreading resistance profile shown in Fig. 1, indicates 
that the impurity concentration is very flat next to the 
surface. Deeper profiling was not possible because of a 
calibration drift in the equipment  with time. Because of 
this same problem, the P intensity in the same sample 
changed from measurement  to measurement  and batch to 
batch. However, the ratio of the P intensity to the Si in- 
tensity, the last one measured by means of  a Faraday cup, 
was found to be constant for the same sample throughout 
all measurements.  We assumed this ratio to be propor- 
tional to the phosphorus concentration in the layer 
through a constant denoted as k. 

To be able to estimate the P concentration, we extract 
the value ofk  by relying on measurements  o fN  D made by 
neutron activation analysis (11, 12, 15, 16) by other au- 
thors on P-doped Si of similar resistivity values to ours. 
This process is described in detail in Ref. (2) and will not 
be repeated here. The constant k is estimated to be within 
8%. Figure 4 collects the values of electrical resistivity vs. 
phosphorus concentration obtained by this procedure, to- 
gether with those of other authors. The large error bars at 
low doping levels arise from the gaussian error in P 
counting (see Fig. 3). 

From the data collected in Fig. 4, we can now obtain the 
conductivity mobility. It is shown in Fig. 5 vs. donor con- 
centrations, together with other measurements  from 
Thurber  et al. (11, 12). The agreement is again excellent. 

The ratio of Hall mobility to conductivity mobility is 
the Hall scattering factor. Combining Fig. 2 and 5, we can 
obtain this transport parameter (2), which is represented 
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in Fig. 6 vs. -1 /qR,  together with some previous determi- 
nations of it made in the literature (15-17). It is striking 
that A, usually assumed to be one, is clearly different than 
unity in most of the measurement  range. In fact, it 
reaches a value of around 1.3 in the mid-1018 cm -3 doping 
level and decreases to about 0.9 with N D > 102~ cm -3. The 
theoretical calculations of A predict a value of 1.03 at low 
doping levels and 0.87 in the degenerate regime (18). 
These two limits are seen in our measurements that show, 
for the first time, that A indeed becomes smaller than 
unity at high doping. The determination of A carried out 
in this work requires the assumption of n = ND, or, in 
other words, that all the impurities are located in substi- 
tutional position in the Si lattice, and all are ionized. 
These assumptions have been studied in detail in Ref. (2) 
and (9) and been found to be fulfilled within our experi- 
mental error. The agreement obtained at the high doping 
end between our measurements  of A and the theoretical 
prediction confirms these assumptions. 

Results 
Figure 7 plots the growth rate vs. phosphine partial 

pressure. The growth rate is fairly constant up to a level 
of around 4 • 10 -4 atm, above which it decreases ab- 
ruptly. Similar results have been found by Gupta (19) in 
the AsHJSiH4 and B2HJSiH4 systems. This phenomenon 
is probably related to the decay in the growth rate of the 
Sill4 epitaxy at high temperatures for high Sill4 partial 
pressures observed by Duchemin (20). He postulated that 
homogeneous nucleation occurs in the gas phase that 
consumes large amounts of Sill4, therefore reducing the 
Sill4 available for growth. In our experiments,  we 

observed that, at the highest phosphine levels, a large 
amount of nucleation occurred, resulting in the deposi- 
tion of a Si layer on the walls of the reactor. 

Figure 8 collects the resulting phosphorus concentra- 
tion in the epitaxial layer vs. the partial pressure of PH 3 in 
the reaction tube. A max imum doping level of 1.6. • 1020 
cm -8 has been reached, which, to the knowledge of the 
authors, is the highest ever obtained by epitaxy. 

For low phosphine partial pressures, the proportional- 
ity between the doping level of the growing layer and the 
phosphine partial pressure is linear. At a PPH3 of about 
10 .6 atm, corresponding to N D = 3 x 10 TM cm-% the doping 
level goes as the partial pressure to the 1/4 power. A simi- 
lar phenomenon has been reported by Bloem et al. 
(21, 22). He observes a transition from a linear regime into 
a square root regime that occurs at a doping level decreas- 
ing with increasing temperature (23). The critical point 
from this 1/2 regime into the 1/4 regime increases with 
temperature. At our 1050~ growth temperature, these 
critical concentrations seem to have merged into a grad- 
ual transition that almost erases the 1/2 regime. 

To study these phenomena in further detail, we plot in 
Fig. 9 the critical concentrations vs. growth temperatures 
obtained by Bloem and us. We denote ND1 the doping 
level at which the 1 to 1/2 transition occurs, and ND~ corre- 
sponding to the 1/2 to 1/4 transition. At T = 1500 K, we 
can only assess a lower limit o fN m from the experiments 
of Bloem. 

As previously mentioned, N m decreases with the depo- 
sition temperature. This behavior is related not so much 
to the transition as to the linear regime itself, since at any 
given phosphine partial pressure the incorporation of 
dopant decreases as the temperature increases. In fact, 
this has also been observed by Reif et al. (24) in the 
AsHJSiH4 system in this dilute regime. They observed a 
slope of 30 kcaYmol, while we observe from Fig. 9 a value 
of  38 kcaYmol for our PH3/SiH4 system. They explained 
this behavior as arising from the dominance of surface 
mechanisms as the doping process in their AsH3/SiH4 sys- 
tem (25). 

What is striking about this transition from the linear to 
the square root regime is that, within the measurement  
error, it occurs at the same phosphine partial pressure 
throughout the almost 300~ that separates the highest 
deposition temperature of Bloem and ours. This value is 

10 -6 atm. As postulated by Swanson and Tucker (23) 
and Bloem et al. (21), this square root proportionality 
arises from the gas phase decomposition of the PH3 mole- 
cule into the phosphorus monomer,  P, and phosphorus 
dimer, P2. In computer  calculations of the equil ibrium 
partial pressures of all the components  of the PHJSiH4 
mixture carried out by Bloem et al. (21, 22), it is found 
that the phosphorus dimer becomes the prevalent species 

Fig. 8. Phosphorus doping level 
in epitaxial layer vs. phosphine 
partial pressure. 
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at partial pressures of phosphine of around 10 -6 atm, this 
value being rather independent  of temperature. The phos- 
phorus dimer is in equilibrium with all the other species, 
in particular with the phosphorus monomer  P which is 
further postulated to be the only source of dopant that be- 
comes incorporated to the growing layer. Therefore, as 
the calculations of Bloem show, at around 10 -8 atm the 
concentration of phosphorus monomer  becomes square- 
root dependent  on the initial phosphine partial pressure, 
and this behavior determines the P concentration in the 
epitaxial layer. 

The second transition from 1/2 to 1/4 dependence of the 
P doping level in the growing layer vs. the phosphine par- 
tial pressure (ND2 in Fig. 9) has been related to the semi- 
conductor  becoming extrinsic due to the high concentra- 
tion of donors (21). We have also noted in Fig. 9 the values 
of ni, the intrinsic carrier concentration in silicon, given 
by Morin and Malta (26). The absolute values of  ni disa- 
gree systematically from ND2 by about a factor of two; 
however, the temperature dependence appears very simi- 
lar. The highest temperature at which Morin and Malta 
carried out measurements  was about 1000 K, the line 
plotted in Fig. 9 being an extrapolation of their fitting. It 
is not surprising, therefore, that the absolute values differ, 
while the slope is similar. An additional source of  the dif- 
ference can be the bandgap narrowing that arises from 
the high concentration of donors. This phenomenon 
tends to increase the value of n i from its low doping 
value. 

We have further studied the dopant incorporation in the 
epitaxial layer at high doping levels by analyzing the 
growth rate dependence. Figure 10 shows the resulting 
value of - 1 / q R  (the actual doping level is around 0.9 
t imes this value) and growth rate vs. silane partial pres- 
sure, for a fixed phosphine partial pressure of 3.8 • 10 -~ 
atm. The growth rate is found to be linear with the silane 
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Fig. 10. Values of growth rate and -1 /qR (related to doping level 
through the Hall scattering factor) vs. silane partial pressure at o fixed 
phosphine level. 

concentration. However, the doping level increases with 
silane partial pressure until it reaches a max imum be- 
yond which it decreases again. This behavior has been 
observed and explained by Bloem (22, 27) at lower doping 
levels. For low silane partial pressures and low deposition 
temperatures, a trapping of phosphorus atoms at the 
growing interface occurs if  the phosphorus diffusion 
coefficient is sufficiently small so as to prevent the 
buried atom from diffusing to the growing surface and es- 
cape from it. The phosphorus atom in the solid is not in 
thermodynamic equil ibrium with the gas phase. As the 
growth rate increases and all donors reaching the surface 
are trapped, the concentration in the layer decreases since 
they become buried in a fast growing epitaxial layer. This 
effect is less pronounced at this very high doping regime 
than in the low 10 TM cm -3 level at higher temperatures, as 
observed by Bloem, probably due to the larger phospho- 
rus diffusion coefficient that occurs at high doping levels 
(28). 

Finally, Fig. 11 collects the density of etch pits defined 
by a 5 min Secco etch and its dependence on doping. 
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There is a strong correlation between doping level and 
defect density, with the latter increasing roughly on the 
square of the doping density. The defect seems to be per- 
fect dislocations probably due to strain-induced misfit. 

The values here reported, between 100 and 3000 cm -2 
are compatible with the fabrication of the devices for the 
characterization of minority carrier transport in the heav- 
ily doped epitaxial layers. At the time of this writing, ver- 
tical and lateral bipolar transistors have been fabricated 
on these layers, and measurements of hole diffusion 
length, diffusion coefficient, lifetime, and bandgap nar- 
rowing are in progress. 

Conclusions 
Phosphorus-doped silicon layers have been grown by 

epitaxy in a PHJSiH4 system. Doping levels as high as 1.6 
• 1020 cm -3 have been obtained. Electrical characteriza- 
tion of the layers has resulted in detailed measurements 
of electron mobilities and Hall scattering factor through- 
out nearly three decades of doping level. A regime in 
which the phosphorus concentration is proportional to 
the phosphine partial pressure through a power law with 
exponent  0.25 has been clearly observed. 
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ABSTRACT 

A new etching solution, aqueous potassium peroxodisulfate, was developed for etching GaAs. The peroxodisulfate 
ion is a powerful oxidizing reagent which can extract two electrons and oxidize the GaAs surface. Because this solution 
is acidic with pH value of 2, it can dissolve the oxidized product. The most significant feature of the solution is that its 
etching rate is extremely slow, i.e., 150 s and can be further reduced by adding NaOH to the solution. It is found 
that adding HC1 does not enhance the etching rate but  does significantly improve the morphology of the etched surface. 

Chemical etching of semiconductors plays an essential 
role in electron device technology and is, therefore, 
widely employed in the fabrication of many useful de- 
vices, e.g., n-type GaAs Schottky-barrier field-effect tran- 
sistors (MESFET's) (1). Most power and low noise analog 
FET's use a recessed gate geometry in which the gate 

stripe is placed in an etched slot to locate it slightly below 
the semiconductor surface (2). The depth, typically 
800-2500~, to which the gate is recessed is a critical pa- 
rameter in FET performance. In the past, this etching was 
almost always done by wet etching using a chemical solu- 
tion that is composed of an oxidant (H~O2) and an acid or 
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base solvent (3). The strength of  the etchant should be ad- 
justed by dilution to provide an adequate etching rate 
that is sufficiently slow to allow good control over the re- 
cess process. Usually, the dilution is so great that repro- 
ducibility is a problem. In this paper, we propose a new 
solution, K2S2Os + I-I~O for etching GaAs that solves the 
problem. 

Experimental 
The samples we studied include (i) Si-doped (100) GaAs 

with carrier concentration in the range of 10 '8 cm -:~ and 
(ii) Cr-doped semi-insulating GaAs crystals. In order to 
measure the etching profile and etching depth, the GaAs 
surface was first covered with photoresist, and then a 10 
~m (or 25 ~m) wide stripe window was opened by 
standard photoli thography techniques. The stripes were 
visually aligned with respect to the (011) or (011) cleavage 
planes of the sample. The <011> and <011> directions in 
the (100) plane were determined by etching a striped test 
sample along the natural cleavage plane to  see whether 
the channel is V or U shaped (4). 

The etching solution was prepared by dissolving 2.7 or 
1.4g K2S208 powder in 50 cm 3 deionized water. Since the 
solubility of  K2S20~ in 50 cm ~ water is 0.875g at 0~ and 
2.65g at 20~ (5), the prepared etching solution is already 
saturated for 2.7g case or tmdersaturated for 1.4g case. 
Sometimes, acid (HC1) or base (NaOH) was added to the 
prepared potassium peroxodisulfate aqueous solution to 
study its effect on etching rate. The temperature of the 
etching solution was varied between 9 ~ and 70~ to study 
the activation energy of  the etching process. After etch- 
ing, the photoresist mask was removed and the sample 
was rinsed in deionized water. Then, the etching depth 
and etching profiles were measured along the (011) and 
(011) planes using either an optical microscope or scan- 
ning electron microscope (SEM). 
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Results 
Figure 1 shows the etching depth as a function of the 

etching time using four different solutions, i.e., 2.7 and 
1.4g of  K2S208 in 50 cm ~ water and in 50 cm 3 water + 10 
cm 3 HC1, respectively. It is seen that initially the etching 
rate at room temperature is constant and extremely slow, 
i.e., 150 ~/min, and then gradually the etching rate slows 
down even further. It is also clear that the etching rate of 
the 2.7g K2S208 + 50 cm 3 H20 (2.7g KH) is almost the same 
as that of 2.7g K~S~Os + 50 cm 3 I-~O + 10 cm ~ HC1 (2.7g 
KHH) solution, but is faster than those of the 1.4g K2S2Os 
+ 50 cm ~ I-~O (1.4g KH) and 1.4g K2S2Os + 50 cm 3 H20 + 
10 cm 3 HC1 (1.4g KHH) solutions. To etch 800-2500~ depth 
of GaAs using this saturated solution, it takes as long as 
5-16 min and, therefore, is very easy to control. The etch- 
ing depth of  the 1.4g KH solution is initially the same as 
that of the saturated one, but gradually it falls behind. 
The reason for this is that the 2.7g KH solution is over- 
saturated and has K2S208 solid remaining in the solution. 
The S~O~ = ion grabs two electrons and decomposes into 
two SO~ ions; the solid K2S208 which remains in the solu- 
tion will then dissolve to supply the $20~ ions. Therefore, 
the concentration of  peroxodisulfate ion is always con- 
stant during the etching process. However, the concentra- 
tion of peroxodisulfate ion in 1.4g KH solution (under- 
saturated) decreases gradually during the etching process 
which results in a slower etching rate after a long etching 
time. 

Figure 2 shows the etching depth as a function of tem- 
perature for a period of 60 min. The activation energies 
were determined to be 10 kcaYmol for 2.7g KH and 2.7g 
KHH, 8.7 kcaYmol for the 1.4g KH, and 5.5 kcal/mol for 
the 1.4g KHH solutions. 

It is well known that the dissolution process of a solid 
surface is either reaction-rate limited or diffusion limited. 
If the former process is the rate-limiting one, the etched 
depth d will depend linearly on etching time t, i.e., d ~ t, 
however, if  the latter process is the dominant  one, d is re- 
lated to t through d ~ t ~ (6). Usually, the diffusion-limited 
process has lower activation energy than that of the 
reaction-rate-limited process, for example, Iida and Ito ~7) 
have studied the etching characteristics of (001) GaAs in 
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Fig. 3. The etching shape and etching depth for different etching 
solutions at room temperature, a: 2.7g K2S020 s + 50 cm 3 H20. b: 
2.7g K2S~Os + 50 cm 3 H20 + 10 cm 3 HCI. 

the H2SO4:H202:H20 system and obtained activation ener- 
gies of 6-8 kcal/mol for the diffusion-limited process and 
8-11 kcaYmol for the reaction-rate-limited process. Since 
the etching depth depends linearly on time initially, as 
shown in Fig. 1, the etching process in these etching solu- 
tions is probably controlled by a reaction-rate-limited pro- 
cess at least in the initial few hours. Another way to dis- 
t inguish which process dominates is to measure the 
etching rate while stirring. The diffusion-limited process 
shows a notable stirring effect on the etching rate, while 
the reaction-rate-limited process does not unless the solu- 
t ion is supersaturated. In 1.4g KHH and 1.4g KH solu- 
tions, the etching depths for a period of 60 rain are 1.0 ~m 
both with and without stirring, which indicates that the 
reaction-rate-limited process indeed dominates. In 2.7g 
KHH and 2.7g KH solutions, however, the etching depth 
for a period of 60 rain is 1.4/~m with stirring and 1.1/~m 
without stirring, which we believe is not because the 
diffusion-rate-limited process dominates, but  because the 
solution dissolves more K~S~O~ under stirring conditions 
which enhances the reaction rate. 

Figure 3 shows the etching time effect on GaAs along 
<011> and <01i> directions using 2.7g KH and 2.7g KHH 
etching solutions, respectively. The etching depth for a 
period of 20 rain is the same, i.e., 3000/~, for either etching 
solution. The etching profiles using 2.7g KH solution 
with different etching times are shown in Fig. 3a. A 
V-shaped etching profile was gradually observed on the 
(01i) planes. The etching profiles using 2.7g KHH solu- 
tion on the (011) planes are shown in Fig. 3b. The top and 
second figures show an etched step with photoresist pro- 
tecting a narrow stripe. The third and bottom figures 
show the U-shaped etching profile which results from 
etching through a 25/~m wide photoresist window. These 
etching characteristics are similar to other etching solu- 
tions (8). 

Figures 4a, 4b, and 4c show the etching effect of KH so- 
lution alone, with adding acid (HC1) and base (NaOH), re- 
spectively. It is clear that the etching rate is the same for 
both 2.7g KH and 2.7g KHH solutions, as shown in Fig. 4a 
and 4b, but  the morphology of 2.7g KHH is much better 
than that of 2.7g KH solution. The etching rate, however, 
is much reduced to below 10 ~/min by adding NaOH into 
the solution, as shown in Fig. 4c. 

Figure 5 shows the morphology of the etched step of 
GaAs using 2.7g KHH solution for periods of 20 and 60 
rain, respectively. In general, the etched surface is very 

Fig. 4. Etching characteristics of 2.7g K2S208 + 50 cm ~ H20 (a), 
2.7g K2S:O 8 + ,50  cm 3 H20 + 10 cm 3 HCI (b), 2.7g K2S:O s + 50 cn~ 
H20 + 10 cm 3 (1M NaOH) (c) solutions. The etching times are all 90 
min. 

fiat. This indicates that adding HC1 removes the oxidized 
products on the GaAs surface more effectively. We also 
studied the etching rate of Cr-doped (100) GaAs wafers. It 
is found that by using 2.7g KHH solution the etching 
depths for a period of 20 rain are the same for both Si- 
and Cr-doped GaAs, i.e., 3000~. Therefore, the etching 
rate is not affected by the conductivities of the wafers. 

Discussions 
Most etchants are generally composed of an oxidant 

and an acid (base) solvent. The purpose of the oxidant is 
to oxidize the substrate. The oxidized products are then 
dissolved in the acid or base solvent. The peroxodisulfate 
ion is a powerful oxidizing reagent (9). The reduction po- 
tential hE for the half-reaction 

$20~ + 2e- ~ 2SO~ [1] 

has been estimated to be 2.01 eV (9). The oxidizing mech- 
anism may be varied with reaction conditions; there is 
good evidence for the formation of the radical anion 
SO4" by one-electron reduction (10) 

S~O~ + e- ~ SO~ + SO4" [2] 

In the absence of inorganic or organic reactants, the 
SO4" radical anions react very rapidly among themselves 
to reform $208 = with a second-order rate constant of 3.7 x 
108 M - ' - S - '  (11). The radical anion SO4" is stable in acidic 
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and neutral solutions, but very unstable in alkaline solu- 
tion because of fast reaction with hydroxide ions with a 
large rate constant 7.3 x 107 M - ' - S - '  (12) 

804" ~" O H -  ~ 8 0 4  ~- OH [3] 

Since the OH radical is less active than SO4, the oxida- 
tion process is slowed down. This explains the extremely 
slow etching rate by adding NaOH into KH solution. 

In acidic solution, the peroxodisulfate ion is converted 
to H~S20 s followed by the hydrolysis to obtain the 
peroxomonosulfuric acid and sulfuric acid (9) 

K2S2Og + 2H20 ~ H~S~O8 + 2 OH- + 2K § [4] 

Fig. 5. The etching characteristics of 2.7g K~S208 + 50 cm 3 H20 + 
10 cm 3 HCI solution, a: Etching time is 20 rain; the etched depth is 
3000~. b: Etching time is 60 rain; the etched depth is 9200~. 

Fig. 6. The etching rate does increase by odding H2SO 4 into K2S208 
+ H20 solution, a: 2.7g K2S20s + 50 cm 3 H20 + 10 cm 3 H:S04. b: 
i.4g K2S~08 + 50 cm 3 H20 + 10 cm ~ H2S04. Temperature is 20~ 
The etching time is 20 rain. 

H~S20s + H20 ~ H2SO5 + 2H ~ + SO~ [5] 

The final reaction is 

K2S208 + H20 ~- SO~ + H2SO~ + 2K + [6] 

The pH value of 2.7g KH is 2, and, therefore, it is an acid 
solution. It is also found that the etching rate was much 
enhanced by adding H2SO4 into KH solution, as shown in 
Fig. 6. The etching rates were 1300 and 500 ~/min using 
one H2SO4 + five (2.7g KH) and one I-I2SO 4 + five (l.4g 
KH) solutions, respectively. The etched surface morphol- 
ogy was poor. Since the etching rate was not enhanced by 
adding HC1 into KH solution but the etched surface mor- 
phology was much improved, as shown in Fig. 3 and 5, it 
is concluded that the oxidation process is the etching 
rate-limited process. From Eq. [1], we can find that in- 
creasing the concentration of 804-- ion will also increase 
the concentration of $20~ ion. Therefore, adding H~SO4 
will enhance both the oxidation and dissolving rate and 
thus enhances the etching rate which ends up with a poor 
surface. The HC1 enhances only the dissolution rate but 
not the oxidation, which improves the morphology of the 
etched surface. 

Conclusions 

New etching solutions composed of K2820~, H20, and 
HCI have been developed for the etching of GaAs. The 
etching mechanism is believed to entail sequential one- 
electron transfer oxidations of the GaAs followed by dis- 
solution. The final products should be Ga § As +3, SO4 -~. 
This system has an extremely slow etching rate and re- 
sults in a high quality surface. TO etch 800-2500A depth of 
GaAs using 2.7g KHH solution takes as long as 5 to 16 
rain, and, therefore, it is very easy to control. The etching 
rate does not degrade much after a long period of etching 
time, i.e., 3 days. It is thus a reliable and reproducible 
etching solution. 

Manuscript submitted June 14, 1985; revised manu- 
script received Aug. 14, 1985. 
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The Mechanism of GaAs Etching in CrO3-HF Solutions 
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ABSTRACT 

The etching kinetics and electrochemistry of GaAs in aqueous CrO3-HF solutions were studied. For solutions with a 
low [HF]/[CrO3] ratio, etch rates in the dark depend only on the HF concentration and are similar for n-type and p-type 
GaAs. Illumination strongly increases the etch rate of n-type material but has no effect on p-type dissolution. From cur- 
rent and impedance measurements,  it was concluded that Cr w reduction gives rise to a passivating film on GaAs, which 
inhibits further hole injection from the oxidizing agent. The limiting quantum efficiencies for Crv' reduction at illumi- 
nated p-type electrodes and for GaAs dissolution at n-type electrodes are significantly greater than unity. At higher 
[HF]/[CrO~] ratios the etch rate of both n- and p-type GaAs is determined by Cr v~ diffusion in solution. Conclusions con- 
cerning the etching mechanism are drawn on the basis of these results. 

During the past decade, GaAs and related compounds 
have become increasingly important for applications in 
electronic and optoelectronic devices. The crystallo- 
graphic perfection of these III-V materials directly 
influences electrical and optical properties and deter- 
mines device performance and lifetime. One of the most 
straightforward and powerful methods of defect charac- 
terization is, without doubt, wet chemical etching. For 
GaAs a large number  of etchants has been reported (1-4). 
Most of these etching systems have only been investi- 
gated phenomenologically; dissolution rates and surface 
morphology were studied, but very little attention was 
paid to the essential chemistry involved. 

In this series of papers, a study of the mechanism of the 
recently developed "DSL-system" for GaAs is presented. 
DSL refers to "diluted Sirtl-like etchants with the use of 
light." This system, which is based on CrO~, HF, and H~O, 
has already been described phenomenologically in earlier 
papers (5-7). With an appropriate choice of solution com- 
position, all crystallographic defects can be revealed in 
n-type, p-type, and semi-insulating GaAs with high sensi- 
tivity. A special feature of this system is that defects are 
revealed as hillocks on the surface during etching, not 
only under illumination, but also in the dark. This means 
that the etch rate of crystallographic imperfections is 
lower than that of the surrounding material. 

Dissolution of GaAs in strongly oxidizing solutions, 
such as the present CrOJHF system, generally takes place 
via a valence-band process (8, 9). The energy levels of the 
oxidized states of the redox couple in solution overlap 
with the valence band of the semiconductor, and holes 
are supplied to the solid with reduction of the oxidizing 
agent (8, 9). Localization of holes at the surface of the 
semiconductor causes rupture of GaAs bonds and results 
in dissolution. In such "electroless" systems, the rate of 
reduction of the oxidizing agent, and, consequently, the 
hole supply to the solid, is equal to the rate of oxidative 
dissolution of the semiconductor. Since reduction of Crv' 
and oxidation of GaAs are potential-dependent reactions, 
the electrochemistry of the system was studied, together 
with the etching kinetics, to obtain insight into the mech- 
anism of the etching process. The results of this study are 
presented in this article. In the second part of this paper, 
a model  is proposed which can explain both the etching 
and electrochemical results. The morphological aspects 
of etching in CrO~-HF solutions will be discussed in a sep- 
arate paper (10). 

Experimental 
GaAs crystals, used in this study, were grown by the 

horizontal Bridgman technique. The wafers were (100) 

oriented and supplied by different manufacturers. The 
n-type samples were silicon doped with a carrier concen- 
tration in the range 1.0-2.8 • 10 '8 cm-3; the p-type samples 
were zinc doped and had a carrier concentration of 0.8-1.3 
• 10 TM cm -3. The wafers were first mechanochemically 
polished. To remove impurities and work damage, 
various surface pretreatment methods were used. These 
included anodic polishing in an EDTA electrolyte (11) 
and etching in H2SOJH~OJH20 solutions followed, in all 
cases, by dipping in a diluted HC1 solution. 

The open-circuit etching kinetics were studied with the 
same experimental  setup as described previously (5). To 
vary the intensity of the 24 mW, 632.8 nm He-Ne laser at 
the sample surface, the beam diameter was varied and 
neutral density filters were used. Homogeneity of the 
laser spot was maintained within 5% limits. A light power 
of 150 mW/cm 2 was used with a spot diameter of 4.5 mm, 
except  for the measurements  in which the light intensity 
was varied. During etching, the solution was not stirred 
and depletion of solution constituents was not signifi- 
cant. The GaAs samples were partly masked with 
Apiezon W or photoresist, and the etched depth was mea- 
sured with a step profiler. 

For the electrochemical measurements,  both stationary 
and rotating disk (RDE) electrodes were used. These were 
mounted in a Teflon cell. Current-potential characteris- 
tics were recorded with a Wenking POS73 potentiostat. 
Impedance measurements were performed with a Solar- 
tron 1172 frequency response analyzer using a 10 mV rms 
signal at 10 kHz. Flatband potentials (V~B) were deter- 
mined from Mott-Schottky plots (12). A saturated calomel 
electrode (SCE) was used as a reference, and all potentials 
are expressed with respect to SCE. A platinum foil served 
as counterelectrode. A He-Ne laser was also used as light 
source for the electrochemical measurements.  

HF (p.a. grade) was obtained from Merck. In previous 
work (5), one particular batch of CrO3 (analar grade), 
supplied by BDH Chemicals Limited (Poole, England) 
was used exclusively. In etchants with a low HF concen- 
tration (~< 2.5M) containing this CrO3, the etch rate of 
n-type GaAs was found to be zero. Subsequent  experi- 
ments with other batches from BDH (analar grade) and 
from other suppliers (Merck, p.a. grade and Baker, rea- 
gent grade) showed this behavior to be anomalous. The 
reason for this anomaly is not understood. All etch rates, 
with the exception of those obtained using the particular 
batch mentioned above, were reproducible to within 
5-10%. The anomalous results with n-type GaAs at low HF 
concentration are omitted from this work. The electro- 
chemical experiments were performed with CrO3 (p.a. 
grade) supplied by Merck. Concentrations are expressed 
in moles per liter (M). 

3020 



Vol. 132, No. 12 GaAs ETCHING 3021 

All measurements  were performed at room tempera- 
ture. 

Results 
From an extensive study of GaAs etching in CrO3-HF 

solutions reported elsewhere (10), it was clear that the ra- 
tio of  the HF and C r Q  concentrations is very important 
for the etching kinetics. Consequently, the etching and 
electrochemical results, described in this section, are clas- 
sified on the basis of this ratio. In the present work, only 
HF concentrations lower than 10M have been used. 

High [HF]/[Cr03] ratios.--For solutions with [HF]/[CrO3] 
ratios > 20, the steady-state open-circuit etch rate of GaAs 
is independent  of semiconductor  type and depends line- 
arly on the CrO3 concentration (Fig. t). In this range, the 
HF concentration is not important. The etch rate is sensi- 
tive to stirring in the solution. If it is assumed that six 
holes are required to dissolve one GaAs molecule (13), 
then the measured etch rate agrees well with that calcu- 
lated from the diffusion-controlled reduction current of 
Crv', as described below. The etching reaction is obvi- 
ously determined by diffusion of the oxidizing agent in 
solution. Consequently, it was not surprising that illumi- 
nation was found to have no effect on the etching kinet- 
ics. 

The current-potential curves for n-type GaAs in this 
range seem to conform to the pattern expected for hole 
injection from a simple redox system (8). A well-defined 
cathodic current plateau is observed at potentials positive 
with respect to the flatband value (Fig. 2). This  limiting 
current depends linearly on the CrO3 concentration and is 
directly proportional to the square root of the electrode 
rotation rate, i.e., cathodic reduction of Crv' is diffusion 
controlled. Because of the obvious similarity between 
curve a of Fig. 2 and the corresponding curve for Ce 'v re- 
duction (8), it is tempting to interpret these results in 
terms of a simple hole-injection mechanism: in the range 
in which a constant cathodic current is observed, the elec- 
tron concentration in the space-charge layer is still appre- 
ciable, and holes, provided by Cr vI species in solution, 
recombine with electrons supplied from the bulk (8, 14). 
At more positive potentials, corresponding to a large 
band bending, the surface electron concentration is 
greatly reduced and recombination is no longer possible. 
The injected holes are held at the surface and cause the 
solid to dissolve. Since the holes injected from Cr vI are 
consumed in this reaction, the measured (total) current 
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Fig. 2. Curve a is the measured current-potential curve for an 
n-type GaAs electrode in 0.12M 0 0 3 ,  9.17M HF solution. Dashed 
lines b and c show the cathodic and anodic partial curves, respec- 
tively. V, is the rest potential. Scan rate: 10 mV/s. 

decreases to a very low value. The diffusion-controlled 
hole injection current (curve b) is compensated by the 
anodic dissolution current (curve c). 

However, the results obtained with p-type GaAs show 
that this description cannot be completely valid. The ex- 
pected characteristics for a p-type electrode (9) are only 
observed at extremely high [HF]/[CrO 3] ratios. A current- 
potential curve for an electrolyte with a concentration ra- 
tio of i0 t is shown in Fig. 3. At more positive potentials, 
GaAs is anodically dissolved. At negative potentials, a 
constant cathodic current is observed. From the depen- 
dence of this limiting current on CrO 3 concentration and 
electrode rotation rate, it can be concluded that the reduc- 
tion reaction is again limited by mass transport of Cr w 
species in solution. In this case, it is clear that the open- 
circuit etch rate must be determined by the diffusion- 
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Fig. 1. Steady-state etch rate (v), measured at open circuit, as a 
function of the CrO 3 concentration for solutions with relatively high 
[HF]/[CrO 3] ratio. Solid circles: n-Type GaAs. Open circles: p-Type 
GaAs. 
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Fig. 3. Current-potential curve for a p-type GaAs RDE in 10-3M 
CrO3, 9.0M HF solution at 500 rpm. V r is the rest potential. Scan 
rate: 10 mV/s. 
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controlled reduction of Crv'. For lower [HF]/[CrO3] ratios 
(but ones still > 20), the etching kinetics remain 
unchanged (Fig. 1), but the corresponding current- 
potential curves deviate considerably from that shown in 
Fig. 3. The current, which was less well defined, de- 
pended strongly on the scan rate, scan direction, and 
prepolarization potential. Under certain conditions, a cur- 
rent plateau could be observed. However, in most cases a 
cathodic peak was found at potentials just negative of the 
rest potential (see results in the following section) and the 
cathodic current was lower than that expected for a diffu- 
sion-controlled process. There seem to be discrepancies, 
therefore, between the electrochemical results for n- and 
p-type GaAs and between the electrochemical and etch- 
ing results of p-type GaAs. 

For these CrQ-HF solutions, electrode passivation be- 
havior is observed at higher HF concentration. During 
continued potentiodynamic scanning in the dark, the cur- 
rent gradually decreases. In a 9M HF solution without 
CrO3, the photocurrent  at n-type GaAs also decreases in 
time and a dark layer is formed on the electrode. Removal 
of this layer and reactivation of the electrode occurs when 
a small amount of CrO3 is added to the HF solution. Most 
probably, the passivating layer consists of an insoluble 
gallium fluoride [GaF~ �9 nI-]:20 (15)], whose solubility is 
influenced by the chromium species in solution. Mea- 
surements described above were only made at shorter 
times, for which passivation was not important. 

Low [HF]/[CrO~] ratios.--Dark.--For solutions with a 
[HF]/[CrO~J ratio lower than 10, the open-circuit etch rate 
of GaAs is practically independent  of the C r Q  concentra- 
tion but depends strongly on the HF concentration (Fig. 
4). A comparison of Fig. 4a and 4b (solid circles) shows 
that the etching kinetics for p and n-type GaAs in the 
dark are similar. 
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Fig. 4. Open-circuit etch rate as a function of HF concentration for 

solutions with low [HF]/[CrOa] ratio. Figure 4a refers to p-type, and 
4b to n-type GaAs. Solid circles: Dark. Open circles: illuminated. 
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Fig. 5. Current-potential plot for a p-type GaAs electrode in 1.20M 
CrO~, 1.54M HF solution. Scan rate: 2 mV/s. 

The current-potential curve of  p-type GaAs (Fig. 5) is 
markedly different from that observed for very high con- 
centration ratios and more pronounced than that found 
for lower ratios in the concentration range [HF]/[CrO3] > 
20. At potentials close to or positive with respect to the 
fiatband potential (see Table I), anodic dissolution of 
GaAs is evident in the sharply rising current. At poten- 
tials negative with respect to the rest potential, the cath- 
odic reduction of Cr w does not give a diffusion-controlled 
plateau. Instead, a peak is observed (Fig. 5). At more neg- 
ative potentials, the current decreases to a very low con- 
stant value. This latter value depends on the square of the 
HF concentration (Fig. 6). The peak is reproducible and is 
independent  of the potential scan direction at lower scan 
rates. As the cathodic current does not depend on the ro- 
tation rate of the electrode, it can be concluded that the 
reduction reaction is kinetically determined. 

Analogous behavior was observed for n-type electrodes 
in these solutions. Instead of a diffusion-controlled cath- 
odic current, a sharp peak is again observed (curve a in 
Fig. 7). In contrast to p-type GaAs, the peak shows con- 
siderable hysteresis even at very low scan rates: the cur- 
rent observed during the cathodic scan was markedly 
higher than that observed in the return scan. The peak 
height was, however, reproducible and independent  of 
the scan rate when the potential was scanned in the cath- 
odic direction. The peak currents for n- (cathodic scan) 

Table I. Impedance results for an n- and a p-type 
GaAs electrode in various electrolytes 

ND~ N A 
Electrode Electrolyte V~B (SCE) (cm-3) a 

n-GaAs (dark) 0.5M H.2SO4 -0.98 1.1 • 1018 
1.20M CrO3, 1.54M HF -0.98 1.3 • 1018 
0.57M CrO3, 1.80M HF -0.94 1.3 • 10 is 
2.15M CrQ, 6.96M HF -0.95 1.4 x 10 ,8 

n-GaAs 1.20M CrO3, 1.54M HF -0.94 1.4 • 10 TM 

(illuminated) 
p-GaAs (dark) 0.5M H~SO4 +0.31 1.1 • 10 TM 

1.20M CrOs, 1.54M HF +0.31 1.0 • 1018 

a ND andN A are the donor and acceptor concentrations calculated 
for the n- and p-type electrodes, respectively, from the slope of the 
Mott-Schottky plots. 
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and p-type electrodes were identical and depended on the 
square of the HF concentration (Fig. 8). The peak current 
was considerably lower than the current calculated from 
the open-circuit etch rate at the same HF concentration. 
The etch rate was, however, substantially lower than that 
expected for a dissolution process limited by diffusion of 
Crv' in solution. 

It is obvious, both from the etching and electrochemical 
results presented above, that the reduction of Crv' is seri- 
ously inhibited at GaAs electrodes. From the flatband 
potential measurements  given in Table I for an indiffer- 
ent electrolyte (0.5M H~SO4) and various CrO~-HF solu- 
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Fig. 7. Curve a is the current-potential curve for an n-type GaAs 
electrode in 1.20M CrO~, 1.$4M HF solution. Curve b was measured 
in 0.SM H~SO4 solution. Scan rate: 10 mV/s. 
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Fig. 8. Cathodic peak current in electrolytes with [HF]/[CrO3] < 10 
for p- (open circles) and n-type (solid circles) 

tions, it follows that the position of the bandedges of  the 
semiconductor is not significantly affected by the pres- 
ence of HF or chromium containing species in the electro- 
lyte. Since the standard redox potential of the CrVVCr m 
couple is very positive (16), efficient hole injection from 
Crv' is then expected at GaAs electrodes (8, 9, 12). This is 
obviously not the case. A similar inhibition of the Crv' re- 
duction has been observed at metal electrodes and has 
been attributed to the formation of a blocking film on the 
electrode surface (17-19). From the results presented 
above, it must be concluded that a film is also formed on 
GaAs. For an n-type electrode, the cathodic current at po- 
tentials negative with respect to the peak begins to in- 
crease again (Fig. 7, curve a) before ~ evolution is nor- 
mally observed under these conditions (Fig. 7, curve b). 
This suggests that electrons, which are available in n-type 
material in the dark at potentials approaching VFB are ca- 
pable of reducing the blocking layer. 

Further evidence supporting the formation of such a 
layer in these electrolytes was obtained from measure- 
ments with a Pt electrode. At potentials negative with re- 
spect to the Crv'/Cr I'' redox potential, the electrode was 
clearly passivated, as only a very small constant cathodic 
current was observed. In contrast to GaAs electrodes, a 
current peak was not found at low scan rates. The cath- 
odic current at the Pt electrode began to increase mark- 
edly at approximately 0V (SCE). Since this potential is 
more than 200 mV too positive for hydrogen evolution, 
the cathodic current must be attributed to reduction of a 
chromium species. This again indicates a breakdown of 
the passive layer, analogous to that found with n-GaAs 
electrodes. 

llluminated.--While illumination has no effect on the 
open-circuit etch rate of p-type GaAs (open circles in Fig. 
4a), dissolution of n-type material is strongly accelerated 
by light (open circles in Fig. 4b). The etch rate was found 
to be linearly dependent on the photon flux at low light 
intensities but tended to a limiting value at high intensi- 
ties (10). The photoetch rates, shown in Fig. 4b, were mea- 
sured at high intensity. 

Illumination of a p-type electrode has no effect on the 
current-potential cur~e in the vicinity of the rest potential 
but considerably enhances the cathodic current at more 
negative potentials (Fig. 9, curve a). For comparison, the 
photocurrent in a 0.5M H2SO 4 solution is also given at the 
same light intensity (curve b). In the latter case, photo- 
generated electrons give rise to hydrogen evolution at the 
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CrO3, 1.54M HF solution under illumination (curve a). Curve b gives 
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electrode surface. This electron transfer must  compete 
with an effective electron-hole recombination in the sur- 
face region (20). A considerable overpotential must  be ap- 
plied to reduce the surface concentration of the majority 
carriers and thereby the recombination rate, in order for a 
photocurrent to be observed. In the limiting photocurrent 
potential range, a quantum efficiency close to unity was 
found for H2 evolution in the H~SO4 solution, i.e., one elec- 
tron is transferred per absorbed photon. 

The photocurrent curve for the CrO3-HF solution differs 
in two essential respects from that measured in 0.5M 
H2SO 4. First, current onset in CrO3-HF solutions is ob- 
served at more positive potentials, which suggests that 
the redox reaction can compete more effectively with the 
recombination process. However, recombination still 
dominates the current-potential characteristics at the rest 
potential. Consequently, etching of p-type GaAs is unaf- 
fected by illumination. Second, the limiting photocurrent  
for a CrO3-HF solution is much higher than the corre- 
sponding hydrogen current at the same light intensity. 
This effect is further demonstrated in Fig. 10, which 
shows the current, measured at -1.0V in H~SO4 and 
CrO3-HF solutions, as a function of light intensity. From 
these results it follows that six to ten charge carriers are 
transferred for every photon absorbed. This shows that 
the creation of minority carriers by light has a significant 
effect on the blocking film at the electrode surface. As al- 
ready suggested for n-type GaAs, reduction of the film 
by electrons very likely frees the surface and allows fur- 
ther hole injection into the valence band by the Crv' spe- 
cies in solution. 

The "depassivation" of a p-type electrode by light could 
be used to get an indication of the thickness of the block- 
ing layer. Under strong illumination, the passivated sur- 
face is freed. When the light is switched off, the electrode, 
of course, repassivates. We measured the current involved 
in the repassivation as a function of time. The corre- 
sponding charge was equivalent to the formation of a thin 
film at monolayer or submonolayer coverage. 

Illumination of an n-type GaAs electrode gave a limit- 
ing dissolution photocurrent (Fig. 11), which was the 
same as that found in a 0.5M H2SO4 solution. Both the rest 
potential and the cathodic peak are shifted to lower po- 
tentials with respect to the dark case. The peak current 
increases slightly with il lumination intensity. The hyste- 
resis observed in the cathodic peak is less pronounced 
under illumination than in the dark and disappears com- 
pletely at relatively high light intensity (insert in Fig. 11). 

'E 
~J 

E 

c" 
Q .  

10 

0.1 

I I I I 

0.03 0.1 0.3 1.0 

I rel. 

Fig. 10. The limiting cathodic photocurrent at - 1 . 0 V  as a function 
of light intensity as obtained with a p-type GaAs electrode in 0.5M 
H2SO4 (a) and in 1.20M CrO3, 1.54M HF (b) solutions. The light in- 
tensity is given in relative units. 

It should be noted that in pure CrO 3 solutions no current 
was observed. Addition of a small amount of HF activated 
the electrode and the expected limiting photocurrent was 
measured. 

In order to correlate the photocurrent  and photoetching 
experiments  with n-type material, the etch rate was mea- 
sured at various potentials under potentiostatic condi- 
tions. Results in Table II are expressed in terms of a 
quantum efficiency ~b defined as 

= 10-4nFp(vl - %) [1] 
60 Mi,h 

where v~ and vd refer to the etch rates (in microns per min- 
ute) under illumination and in the dark at the same poten- 
tial, p and M are the density and molecular weight of 
GaAs, F is the Faraday constant, and n (= 6) is the num- 
ber of holes required to dissolve one GaAs molecule. 
Since the quantum efficiency for photoanodic dissolu- 
tion of n-type GaAs in indifferent electrolyte is close to 
unity, the limiting photocurrent  i,~ determined in H2SO4 
solution was used as a measure for the photon flux in Eq. 
[1]. The results in Table II show that, in CrO3-HF solu- 
tions, quantum efficiencies for etching considerably 
greater than 1 are obtained both at the rest potential and 
at more positive potentials. 

Discussion 
At very high [HF]/[CrO3] ratios, the VB reduction of Crv' 

is limited by diffusion of the oxidizing agent in solution 
and the open-circuit etch rate of GaAs is consequently 
diffusion controlled (Fig. 1). At lower [HF]/[CrO3] ratios 
but still larger than 20, an apparent anomaly is observed. 
Although the etch rate of both p- and n-type material is 
diffusion controlled, the cathodic reduction of Crv' at 
p-type electrodes is not limited by mass transport in solu- 
tion; at n-type electrodes, a clearly defined diffusion pla- 
teau current is observed. At [HF]/[CrO3] ratios lower than 
10, both the open-circuit etch rate and the Cr v~ reduction 
rate are kinetically controlled. 

For this latter range of concentrations, the reduction re- 
action is clearly inhibited, despite the favorable corre- 
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Fig. 11. Current-potential curve for an n-type GaAs electrode in 
1.20M CrO 3, 1.54M HF solution under illumination. In the insert, the 
cathodic peak is given in both scan directions for a light intensity cor- 
responding to a limiting anodic photocurrent of 3 mA/cm 2, The scan 
rate for both curves was 1 mV/s. 

spondence of redox potential and semiconductor valence 
band. It was suggested above that this inhibition is due to 
the formation of  a blocking layer on the electrode. Passi- 
vation has also been observed by other workers on Pt and 
other metal electrodes during Cr v~ reduction (17-19). This 
was ascribed to the formation of mixed valence com- 
plexes due to partial reduction of hexavalent chromium 
in dichromate or trichromate ions (18, 19). Hoare suggests, 
for example, that the reduction of a trichromate ion can 
lead to complexes containing trivalent and hexavalent 
chromium entities (19). Such reactions at GaAs can be 
represented schematically as follows 

O O O 
II II IJ + 2H + 

H O _ C r - - O - - C r - - O - - C r - - O  e 
II II II 
O O O 

0 0 o@ 
II II / + H' 

HO--Cr---O--Cr--O--Cr + H._,O + 3h 
II H \ 
0 0 o@ 

@0 0 0 @ 
\ II / 

Cr-- -O--Cr- -O--Cr  + H~O + 3h" [2] 
/ H \ 

(~0 0 oO 

Using the analogy with metal electrodes, we conclude 
that such mixed-valence complexes can adsorb and form 
a blocking layer on GaAs and thus prevent further reduc- 
tion of CrVL 

The Mott-Schottky plots for GaAs in these CrO~-HF 
electrolytes were very similar to those measured in 0.5M 
H2SO4 solution (Table I). No significant difference was 
observed either in the flatband potential or in the slope 

Table II. Measured quantum efficiency for dissolution of 
n-type GaAs in 0.72M CrO:~, 0.93M HF solution 

Potential a ~b 

Of current minimum 0.0 
Of current peak 1.3 
Rest potential (V r) 1.7 
Vr + 0.3V 3.0 

a These potentials refer to the illuminated electrode. 
The light intensity corresponded to a limiting anodic photocur- 

rent density of 3 mA/em ~. 

(expressed here as a calculated donor or acceptor concen- 
tration). It therefore seems likely that the chromium ion 
products of reaction [2] replace the electrolyte anions in 
the Helmholtz layer. The Helmholtz potential at low pH is 
determined by adsorption of  H § ions and does not depend 
on the nature of  the anion in solution. Consequently, the 
surface complex does not disturb the existing Helmholtz 
layer. Of course, this is only possible when the surface 
layer is thin. The transient current measurements  with il- 
luminated p-type electrodes, already described, indicate 
this to be the case. 

The surface coverage due to the film is clearly very 
sensitive to the HF concentration in solution. This is obvi- 
ous from the strong HF dependence of the etch rate (Fig. 
4) and of the cathodic peak current (Fig. 8) for both types 
of electrode. The constant cathodic current of p-type elec- 
trodes at negative potentials also depends markedly on 
the HF concentration (Fig. 6). 

The electrochemistry of the adsorbed film on GaAs 
displays some unusual characteristics. From the various 
measurements,  it can be concluded that the surface com- 
plex is reduced by electrons from the conduction band. 
The dark cathodic current at n-GaAs begins much sooner 
than hydrogen evolution (curves a and b, Fig. 7). Illumina- 
tion of p-GaAs gives a greatly enhanced cathodic current 
(Fig. 9 and 10). The species responsible for the surface 
film must, therefore, have energy levels which corre- 
spond to the conduction band or the bandgap (20). Since 
the quantum efficiency for photocurrent  at p-GaAs is 
much greater than i, reduction of the adsorbed complex 
must free a surface site at which several holes can be sub- 
sequently injected. 

A small constant cathodic current is observed on p4ype 
electrodes at potentials negative with respect to the peak 
value. Since this current is potential-independent but 
strongly dependent on HF concentration, we assume that 
the blocking film can be removed by a chemical reaction 
with HF. This reaction is second order in HF concentra- 
tion (Fig. 6). 

The most intriguing aspect of this system is an appar- 
ent coupling of the GaAs oxidative dissolution and Cr w 
reduction reactions. For both p- and n-type electrodes, 
strong passivation sets in only at potentials at which 
holes are not kept effectively at the surface and GaAs no 
longer dissolves anodically (Fig. 5 and 7). Most probably, 
the adsorbed surface complex can react with an interme- 
diate of the GaAs oxidation reaction, thus freeing a sur- 
face site and enabling subsequent  hole injection by Cr vl. 
The behavior of  the current peak at lower scan rates sup- 
ports this conclusion. Under  these conditions, current 
hysteresis was observed for n-type GaAs in the dark. The 
current was much lower for the anodic scan direction 
(Fig. 7). At potentials slightly negative with respect to the 
peak, both n- and p-type electrodes are strongly 
passivated. Upon increasing the potential, band bending 
conditions become favorable for keeping holes at the sur- 
face. For p-type electrodes and n-type electrodes illumi- 
nated at high intensity, holes are readily available. Conse- 
quently, the GaAs dissolution reaction can be easily 
initiated. Intermediates from this process can subse- 
quently react with the blocking film, thus depassivating 
the surface. In these cases, therefore, the establishment of 
a steady state is expected to be rapid. For an n-type elec- 



3026 J. Electrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  December 1985 

trode in the dark, holes are not available from the bulk 
and must be injected by Crv' in solution. As this process is 
strongly inhibited by the presence of the passivating 
film, retardation effects can be significant. In this case, 
therefore, current hysteresis can be expected even at low 
scan rates. In the next article, it will be shown that such a 
coupling of dissolution and reduction reactions can also 
account for the enhancement  of  the etch rate of n-GaAs 
under illumination and for the surprisingly high quantum 
efficiency (Table II). 

At [HF]/[CrO3] ratios higher than -20,  a discrepancy 
was noted in the electrochemical behavior of n- and 
p-type GaAs. While the open-circuit etch rate of both ma- 
terials depends on diffusion of Cr vl species from the bulk 
solution to the electrode surface, a diffusion-limited cur- 
rent was only found for n-type electrodes. For p-type 
GaAs, the reduction rate of Cr w was diffusion limited only 
at extreme [HF]/[CrO3] ratios. From the discussion above 
of the results obtained in solutions with a concentration 
ratio less than 10, it is clear that the reduction of Cr v~ at 
the open-circuit potential of p-type GaAs must be much 
higher than the cathodic current at more negative poten- 
tials. This is obviously also the case for electrolytes with 
[HF]/[CrO3] > 20 in which the concentration ratio is not 
extremely high. The fact that a reduced cathodic current 
is not observed for n-type GaAs under similar conditions 
(Fig. 2) must be attributed to the presence of electrons at 
the electrode surface. As discussed above, conduction 
band electrons can reduce the adsorbed complex. This 
keeps the surface free for subsequent hole injection. 
Treating the diffusion-limited cathodic current of n-type 
GaAs in these solutions as a simple example of hole injec- 
tion into the valence band is, therefore, not justified. 
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ABSTRACT 

A model is presented to describe the dissolution of GaAs in CrO3-HF solutions, both in the dark and under illumina- 
tion. The etching kinetics are shown to be mainly determined by the mechanism of Cr vI reduction at GaAs. An essential 
feature of the model is the formation of an adsorbed mixed-valence chromium complex which passivates the semicon- 
ductor surface. A novel reaction between the adsorbed complex and a surface-state intermediate of  the GaAs oxidation 
reaction is proposed to account for the many surprising aspects of the etching and electrochemical kinetics. 

In the first part of this series we described the dissolu- 
tion of GaAs in CrO3-HF solutions (1). It was shown that 
the HF/CrO3 concentration ratio determines the etching 
kinetics; at high values of this ratio, the etch rate depends 
on diffusion of Cr w in solution, while at low values etch- 
ing is kinetically controlled and depends only on the HF 
concentration. Il lumination considerably enhances the 

dissolution rate of n-type GaAs but has no effect on 
p-type material. 

In order to gain insight into the etching mechanism, the 
electrochemistry of the system was investigated. This re- 
vealed some unexpected features. The current-potential 
curves for p- and n-type electrodes have a very character- 
istic shape at low values of the HF/CrO3 concentration ra- 
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tio. The  q u a n t u m  eff iciencies  for CrV~ reduc t ion  at p- type 
e lec t rodes  and for GaAs dissolut ion at n- type e lec t rodes  
were  significantly h igher  than  1. On the  basis  of  these  re- 
sults  two main  conc lus ions  were  drawn: reduc t ion  of  Crv' 
g ives  rise to a b lock ing  film which  plays a dec is ive  role 
in the  surface react ions;  and this  film can be  r educed  by 
a surface-state  in te rmedia te  of  the GaAs ox ida t ion  reac- 
tion, wi th  the  resul t  that  the  surface is "depass iva ted . "  

In  this  paper,  the  conc lus ions  f rom the  first ar t icle  are 
c o m b i n e d  wi th  ex is t ing  ideas  on the  m e c h a n i s m  of  oxida-  
t ion of  III-V materials  to give a m o d e l  wh ich  can  account  
quan t i t a t ive ly  for m a n y  of  the  e lec t rochemica l  and etch- 
ing  results.  The  d iscuss ion  will  be main ly  res t r ic ted  to 
those  cases in which  e t ch ing  is unde r  kinet ic  or mixed-  
kinet ic  control,  i . e . ,  to re la t ively low HF/CrO3 concentra-  
t ion ratios (1). 

Model 
Etch ing  of  GaAs in CrO3-HF solut ions involves  two 

e lec t rochemica l  react ions,  oxida t ive  d issolu t ion  of  the  
solid, and reduc t ion  of  the  oxidiz ing agent, Crv'. In the  de- 
v e l o p m e n t  of  a m o d e l  for the  e tch ing  system, it is neces-  
sary to cons ider  bo th  part ial  reactions.  

Recen t  w o r k  on the  d issolut ion of  GaAs suggests  a 
m e c h a n i s m  involv ing  a series of  discrete  steps (Eq. [1]-[3]) 
(2-5) 

\ / h§ ~ \ / Ga:As + G a .  As [1] 
/ \ / \ 

\ / ~.. \ / 
G a .  As + h  § Ga As [2] 

/ \ / \ 

adsorbed  mixed-va lence  c o m p l e x  which  b locks  the  sur- 
face. This  surface c o m p l e x  can be reduced  by e lec t rons  
(step [5]), as is clear  f rom the  resul ts  w i th  p-type elec- 
t rodes  under  i l luminat ion  and n- type e lect rodes  in the 
dark  (1). This  impl ies  that  the  adsorbed  species has  an en- 
e rgy  level  d is t r ibut ion  co r respond ing  to the  bandgap  or 
the  conduc t ion  band.  S ince  the  r edox  potent ia l  of  the  
Cr'"/Cr" couple  is in this energy  range (9), we a s sume  that  
one of the 'minal Cr"' atoms is reduced to CrH; the cen- 
tral Cr w species, being sterically protected, is not reduced 
(8). HF is required to remove the reduced complex and 
free the surface. The unreduced complex can also be re- 
moved in a chemical reaction with HF (step [6]), and the 
liberated Crv' species subsequently injects three holes 
into the VB. This explains the small potential-inde- 
pendent cathodic current observed in the dark on p-type 
electrodes at negative potentials (1). 

A clear relationship has been demonstrated beween the 
reduction of Cr v~ and the availability of holes at the elec- 
trode surface. The reduction reaction is hindered signifi- 
cantly as soon as (photo) anodic dissolution of GaAs stops 
(i). These results suggest an interaction between the dis- 
solving GaAs and the surface complex. Considering the 
likely positions of the relevant energy levels, we conclude 
that a surface-state intermediate of the dissolution reac- 
tion is capable of reducing the adsorbed complex, in a 
manner similar to that suggested above for electrons (step 
[5]) 

\ / \ / 
Ga �9 As + [Cr'"-Crv'-Cr'H}~d~ ~ Ga As 

/ \ / \ 

X X 

\ / ~o \1  I /  
Ga As + 2 X -  L~ Ga As 4~ h+ Gam + As'" [3] 

/ \ / \ fast 

Loca l iza t ion  of  va lence  band  (VB) holes  at the  surface re- 
sults  in the  rup ture  of  Ga-As surface bonds.  The  in terme-  
diates fo rmed  in react ions  [1] and [2] co r respond  to sur- 
face states and have  ene rgy  levels  in the  fo rb idden  gap 
(2, 3). The  charge t ransfer  steps are a c c o m p a n i e d  by 
chemica l  at tack on the  w e a k e n e d  bond  by a nucleophi l ic  
r eagen t  2 X -  f rom solution.  Kinet ic  s tudies  invo lv ing  
compe t i t i on  b e t w e e n  ox ida t ion  of  the  III-V mater ia l  and 
of  a r educ ing  agent  in solut ion have  shown that  
nuc leophi l i c  a t tack ve ry  l ikely  occurs  after t ransfer  of  the  
second  hole  (6). On the  basis of  current  and i m p e d a n c e  
m e a s u r e m e n t s  at d i f ferent  H F  concent ra t ions  (1), it can 
be  conc luded  that  f luor ide species  do not  par t ic ipate  in 
the  anodic  dissolution.  Rup tu r e  of the first Ga-As bond  is 
genera l ly  cons idered  to be  the  ra te -de te rmin ing  step (2, 4). 
Transfer  of  a fur ther  four  holes  occurs  rapidly,  and triva- 
lent  ga l l ium and arsenic species  are fo rmed  in solut ion 
(7). 

On the  basis of  the  e lec t rochemica l  resul ts  p resen ted  in 
the  first article, the  r educ t ion  of  hexava len t  c h r o m i u m  at 
GaAs can be  r ep resen ted  as fol lows 

k4 {CrW-Crv'-CrW} -* {Crm-ar vu arm}ads + 6h + [4] 

{CrHI-CrV'-Crm}ads + e- ~ {CrII-CrW-CrIH}ao~ 
$ H F  [5] 

Cr" + 2Cr m + 3h ~ 

{Crm-CrW-Crm}~d ~ + n H F  ~ 3Cr m + 3h + [6] 

Fo l lowing  the  e x a m p l e  of  Hoare  (8), who  has ex tens ive ly  
s tud ied  the  m e c h a n i s m  of  Crv' r educ t ion  at meta l  elec- 
trodes;  we cons ider  the  t r i ch romate  ion, here  deno ted  by 
{CrW-Crv'-CrV'}, to be  the  e lec t roac t ive  species in solution.  
An exac t  k n o w l e d g e  of  the  solut ion chemis t ry  is not  es- 
sent ial  s ince the mode l  can be  readily modif ied  to take 
into account  o ther  hexava len t  species. In jec t ion  of  six 
holes  into the  va lence  band  of  GaAs in step [4] yie lds  an 

+ {Cr,,-Crv,-Crm}ads 
H F  $ 

Cr" + 2Cr m + 3h + 
[7a] 

The  react ion of a m i x e d  va lence  complex  wi th  a surface 
radical  yields a r educed  c o m p l e x  which  is t hen  r e m o v e d  
by HF. We cons ider  e lec t ron  exchange  b e t w e e n  the  ad- 
sorbed complex  and the surface state to be reversible .  An 
analysis  of  the e tch ing  resul ts  leads us to conc lude  that  
the rate of reoxida t ion  of  the reduced  c o m p l e x  is m u c h  
faster  than  its rate of decompos i t i on  by HF.  Equa t ion  [7a] 
can therefore  be rep laced  by [7b] 

\ / 
Ga' As + {Cr, ii_Crvl.Criii}ads Z-~ 

/ \ mHF 

\ / 
Ga As + Cr II + 2Cr'" + 3h ~ [7b] 

/ \ 

in which k 7 is an "effective rate constant" describing 
both steps of reaction [Ta]. 

In the subsequent sections of this paper, the results of p 
and n-type GaAs will be examined using the compl@te set 
of  Eq.  [1]-[7]. 

Application of the Model to p-GaAs 
E q u a t i o n s  f o r  s t e a d y  s t a t e  i n  t h e  d a r k . - - F o r  a p-type 

e lec t rode  in the  dark, react ion [5] can  be disregarded.  
Us ing  Eq. [1]-[4] and [6]-[7], the  fol lowing express ions  for 
p- type GaAs unde r  s teady-state  condi t ions  are obta ined  

dO 
d t  - k4C~ - 0) - k6CHF"O -- kTCHF~"N10 = 0 [8] 

d N ,  
- k ,p~  - k 2 p s N  ~ - kTCHr'nN,O = 0 [9] 

d t  

dN~ 
d t  

- k 2 P s N  , - k3N2(1 - 0) + kTCHrmN,O = 0 [10] 

Here,  we  denote  the surface coverage  due  to the  ad- 
sorbed  c o m p l e x  by 0 (0 < 0 ~ 1), and the surface dens i ty  
of  the  dissolut ion in te rmed ia te s  g iven  in Eq.  [1] and [2] by 
N 1 and N 2 (cm-2), respect ively .  Cox and CHF refer  to the 
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concen t ra t ion  (mol /cm 3) of  t r i chromate  and H F  species in 
solution, and Ps is the  surface hole  concen t ra t ion  (cm-~). 
It  is a s sumed  that  the  p resence  of  an adsorbed  layer on 
the  surface prevents  bo th  the  Cr w reduc t ion  (reaction [4] 
and the later s tages of  GaAs dissolut ion which  requi re  re- 5.10 -3 
act ion with  X -  f rom solut ion (reaction [3]). This  inhibi-  
t ion is clear  f rom the  (1 - 0) t e rm denot ing  the  free sur- 
face in Eq. [8] and [10]. We also assume that  the  surface 
hole concent ra t ion  is g iven  by the  Bo l t zmann  equa t ion  

Ps = Po e x p  (eVsc/kT) [11] 

where  Po is the bulk hole  concent ra t ion  and the  band 
bend ing  Vsc 

Vsr = Y -  YrB [12] 

is the di f ference b e t w e e n  the  appl ied and f la tband poten-  2.10-3 
tials. 

K i n e t i c  a n a l y s i s  a t  the  res t  p o t e n t i a l . - - T h e  part ial  cur- 
rents  for reduc t ion  of  Cr w (i c) and ox ida t ion  of  GaAs (i s) 
can be def ined accord ing  to the  react ion s c h e m e  [1]-[7] 

ic/F = 6k4Cox(1 - 0) + 3k~CHv'O + 3kTCHFmN,O [13a] 

i~/F = kips  + k2p~N, + 4k3N2(l - 0) [13b] 10_3 

At  the  rest  potent ia l  V,, the  total  cur ren t  mus t  be zero. 
Equa t i ng  i c and i ~ and rear ranging  wi th  the  aid of  Eq. 
[8]-[10], we obtain  

9k4Cox(1 - 0) = 6k,p~ - kTCHFmN10 [14a] 

F r o m  the  measu red  current -potent ia l  curves,  it is clear 
that  the l imit ing ca thodic  cur ren t  due to react ion [6] is 
m u c h  smal ler  than  the ca thodic  peak current .  S ince  the 5.10. ~ 
cur ren t  co r respond ing  to the  e tch  rate at the  rest  potent ia l  
is larger  than  the peak current ,  react ion [6] can  be omi t ted  
f rom a cons idera t ion  of  e tch ing  at open  circuit .  Combin-  
ing Eq. [8] (with k~ = 0) and [14a], we obta in  

9k4Co=(1 - O) = 6k ,ps  - k4Cox(1 - 0) [14b] 

The part ial  cur rents  at V, can now be der ived  f rom Eq. [8], 
[9], and [14b] 

i~ = i c = 18Fklk4C~ [15] 
2kiC~r  m + 5k4(kJkT)Cox 

F r o m  Eq. [15], it is immed ia t e ly  clear  that, d e p e n d i n g  on 
the  ratio of  Cox and C,~, the  e tch  rate may  be  de te rmined  
e i ther  by the oxidiz ing agent  or by HF, p rov ided  the  
va lues  of  the  rate cons tants  are not  too ext reme.  This  is, 
indeed,  found exper imenta l ly  (1). 

At  relat ively low H F  concentra t ion,  the second t e rm in 0 . 3  

the  denomina to r  of  Eq. [15] is expec ted  to be dominant .  
The  equa t ion  then  reduces  to 

i a = i c = 18/5 Fk, (kT /k2)e .F  ~ [16] 

F igure  1 shows a log-log plot  of  the measu red  e tch rates at 
low H F  concentra t ion,  t aken  f rom the  first ar t icle  (1) and 
reca lcula ted  as current  densi ty,  vs .  the  H F  concentra t ion.  0.2 
S ince  it was previous ly  shown that  the  e tch ing  kinet ics  of  
p-GaAs and n-GaAs in the  dark are the same (1), the  e tch  
rates for the lat ter  have also been  inc luded  in the  figure. 
The  expe r imen ta l  resul ts  agree wi th  Eq. [16] for e tch  rates 
differ ing by an order  of  magni tude .  The  slope of  the 
s t raight  l ine in Fig. 1 is 1.9 +- 0.1; this means  that  react ion 
[7] mus t  be second order  in H F  concentrat ion.  

Us ing  m = 2, Eq. [15] can be rearranged 0.1 

Co~ 1 5k2Co~ 
- -  - - -  + [ 1 7 ]  

i ~ 9Fk4 18Fk,kTCa~ 2 

F r o m  Eq. [17], it fol lows that  a plot  of  Cox/i~ as a funct ion  
o f  Cox/Cnr 2 should  give a s traight  line for all e tch  rates 
wh ich  are not  diffusion control led.  The part ial  cur ren t  i a 
at V, was again de t e rmined  f rom the  open-c i rcui t  e tch  
rates. The  resul ts  for p- and n- type mater ia ls  are p lot ted  
in Fig. 2. Cons ider ing  that  the  results  in this  figure repre- 
sent  a wide  range of  Cr w and H F  concent ra t ions  and e tch  

N 

'E 
u 

/ 

/ 

CHF (mol.cm-3) 

I I I 

S.10-z* 10"3 2.10 -3 

Fig. 1. The etch rate at open circuit for low HF concentrations, ex- 
pressed as a current density i a, is plotted os o function of CHF (see Eq. 
[ 1 6 ] ) .  

rates ex t end ing  over  two orders  of  m a g n i t u d e  (1), the  fit 
of  Eq.  [17] should  be cons idered  satisfactory. It can there- 
fore be conc luded  that  the  m o d e l  accounts  very  wel l  for 
the  e t ch ing  kinet ics  at open  circuit.  

! 
<C 

"7' 
E 
u 

"6 
E o/: 

/ 
Cox (cm3. tool_t) 

" CHF 2 

200 ~00 600 
Fig. 2. The etch rote at open circuit, expressed as o current density 

ia, is plotted according to Eq. [17]. 
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Determination of rate constants.--In orde r  to  ca lcu la te  
t he  c u r r e n t  as a f u n c t i o n  of  potent ia l ,  it is n e c e s s a r y  to 
k n o w  the  va r ious  ra te  cons t an t s .  The  c o n s t a n t  k~ is re- 
l a t ed  to a n o d i c  d i s s o l u t i on  of  GaAs.  In t he  a b s e n c e  of  t he  
ox id i z ing  a g e n t  (Cox = 0), it fol lows f rom r e a c t i o n  s teps  
[1]-[3] t h a t  

i~ = 6Fk~p~ 
= 6Fklp  o at  V = V~B [18] 

A va lue  of  k~ c a n  t h u s  b e  o b t a i n e d  f rom t he  a n o d i c  cur-  
r e n t - p o t e n t i a l  c u r v e  m e a s u r e d  in a n  ind i f f e ren t  e lectro-  
lyte. In  t he  p r e s e n t  case, Eq.  [18] w as  o b e y e d  and  i~ was  
1.5 m A / c m  2 at  V~B. T he  r e s u l t i n g  k] va lue  is g i v e n  in  Tab le  
I t o g e t h e r  w i t h  t he  o t h e r  c o n s t a n t s  f rom t he  p r e s e n t  
work .  

T h e  t e r m  kJk,k~ c a n  b e  o b t a i n e d  e i t he r  f rom Eq. [16] 
a n d  Fig. 1 or  f rom Eq. [17] a n d  t he  s lope of Fig. 2. S ince  k~ 
is k n o w n ,  t he  ra t io  k2/k~ can  n o w  be  d e t e r m i n e d .  The  ra- 
t io g iven  in T a b l e  I is a n  ave rage  va lue  f rom t h e  two 
m e t h o d s .  F r o m  Eq.  [17] a n d  t he  i n t e r c e p t  of  Fig. 2, a va lue  
for  k, c an  be  ob ta ined .  Th i s  va lue  was  f o u n d  to b e  no t  
ve ry  cr i t ica l  for  t h e  f u r t he r  analysis .  

At  po t en t i a l s  suff ic ient ly  nega t ive  w i t h  r e spec t  to Vr,, 
t h e  sur face  hole  c o n c e n t r a t i o n  is ve ry  small .  In  t h i s  range,  
on ly  r eac t i ons  [4] a n d  [6] are impor t an t .  T he  las t  t e r m  in 
Eq.  [8] c a n  t he r e fo re  be  d i s r e g a r d e d  a n d  t he  l imi t ing  
v a l u e  of  ~ can  be  ca lcu la ted .  T h e  c o r r e s p o n d i n g  l imi t ing  
c u r r e n t  iHm (= 9Fk~Co~(1 - OHm)) is g iven  b y  

9Fk4Co~k6CHF n 
iHm = [19] 

k4Co~ + k6CH~ ~ 

At low va lues  of  t he  CJCo~ ratio,  t he  l im i t i ng  c u r r e n t  de- 
p e n d s  on ly  on  t h e  H F  c o n c e n t r a t i o n  (1), i.e., k4Co~ > >  
k6CHF ~ a n d  

ium ~ 9Fk~CJ' [20] 

F r o m  t h e  e x p e r i m e n t a l  d e p e n d e n c e  of  iHm o n  CHF g i v e n  in  
t he  first art icle,  b o t h  n a n d  k~ c a n  be  ca lcula ted .  R e a c t i o n  
[6] is also f o u n d  to be  s e c o n d  o rde r  in  H F  c o n c e n t r a t i o n .  

Current-potential curves.--In orde r  to  ca lcu la te  t he  cur-  
r e n t  in  t h e  c o m p l e t e  p o t e n t i a l  range,  r eac t ion  [6] m u s t  be  
i nc luded .  The  to ta l  c u r r e n t  is t he  s u m  of  the  par t ia l  cur-  
r e n t s  (i = i a -I- ic),  w h i c h  are g i v e n  b y  Eq. [13]. F r o m  the  re- 
l a t i o n s h i p  b e t w e e n  p~ a n d  O, w h i c h  can  be  o b t a i n e d  f rom 
the  s t eady-s t a t e  Eq. [8]-[10] 

k4Cox(1 - ~) - k6CHF~O 
p~ = [21] 

k k 2  k2 Cox ( 1 - 0 )  
k, + - k 4 6 k7 k7 CnF2 -~ 

t h e  sur face  cove rage  can  b e  ca lcu la ted  as a f u n c t i o n  of  p~. 
In  t h i s  way,  0 a n d  p~ c a n  be  r e l a t ed  to the  p o t e n t i a l  v ia  Eq. 
[11] a n d  [12]. The  par t ia l  cu r ren t s ,  w h i c h  c a n  also be  ex-  
p r e s s e d  in t e r m s  of  p~ a n d  0 (see Eq. [13] a n d  [14]) c an  
t h e r e f o r e  be  ca lcu la ted  as a f u n c t i o n  of  potent ia l .  

F igu re  3 s h o w s  a ca l cu l a t ed '  cu rve  for  a p - type  GaAs  
e l ec t rode  in a 1.20M CrO3, 1.54M H F  solut ion.  Fo r  compa r -  
ison,  t h e  m e a s u r e d  c u r v e  for  t he  s ame  so lu t ion  is also 
g i v e n  (da shed  line). A g r e e m e n t  b e t w e e n  t he  two  is good: 
t he  gene ra l  form,  t he  ca thod i c  peak  he igh t ,  a n d  t he  res t  
p o t e n t i a l  are p r e d i c t e d  b y  t he  model .  T he  e x p e r i m e n t a l  
p e a k  is s o m e w h a t  b r o a d e r  t h a n  expec ted .  Th i s  is ve ry  
l ike ly  due  to t he  fact  t h a t  t he  H e l m h o l t z  po ten t i a l  is no t  
c o m p l e t e l y  c o n s t a n t  (10), as is impl ic i t ly  a s s u m e d  in  Eq.  
[12]. F i g u r e  4 s h o w s  t h a t  t he  ca lcu la ted  d e p e n d e n c e  of  t he  

Table I. Estimated values of the various rate constants 
and rate constant ratios used in this work 

k, = 2.5 x 10 -~  rno]-crn-s -~ 
k2/k7 = 5.5 • 10 -~5 tool=' cm -~ 
k4 = 5.5 x 10 -4 cm-s - '  
k6 = 1.3 • 10 -5 cm4-rnol-Ls - '  
k,. = 1.5 x 10 -33 mol-crn4-s -~ 
kT/k 8 = 1.7 x 10 r-' cm 3 rnol-'-' 
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Fig. 3. The solid line gives the calculated current-potential curve 

for a p-type GaAs electrode in 1.20M CrO:~, 1.54M HF solution. The 
rate constants used were the first four in Table I. The dashed line is 
the measured curve. 

p e a k  c u r r e n t  on  H F  c o n c e n t r a t i o n  is in exce l l en t  agree-  
m e n t  w i t h  t h a t  m e a s u r e d  expe r imen ta l l y .  

A c o n s i d e r a t i o n  of  the  par t i a l  c u r r e n t s  (Fig. 5) shows  
h o w  t h e  m e c h a n i s m  opera tes .  As long  as the  sur face  ho le  
c o n c e n t r a t i o n  is suf f ic ien t  to  e n s u r e  d i s so lu t i on  of  GaAs  
(V ~> VFB) , r e d u c t i o n  of  Cr w is m a i n t a i n e d .  R e a c t i o n  of  a 
su r face  rad ica l  w i t h  a n  a d s o r b e d  c o m p l e x  a c c o r d i n g  to re- 
ac t ion  [7] leads  to d e c o m p o s i t i o n  of  t he  complex .  T h r e e  
ho les  are in j ec ted  f rom the  l i be r a t ed  Cr v[ species ,  a n d  a 
sur face  si te  is f reed at w h i c h  six ho les  m a y  be  subse-  
q u e n t l y  i n j ec t ed  ( reac t ion  [4]). S ince  th i s  p roces s  invo lves  
t he  in j ec t ion  of  n ine  c h a r g e  car r ie rs  wh i l e  on ly  four  are 
r e q u i r e d  to c o m p l e t e  the  ox ida t i on  of  the  G a A s  pa i r  (reac- 
t i on  [3]), t h e  ca thod ic  par t i a l  c u r r e n t  c an  e x c e e d  t he  corre-  
s p o n d i n g  anod ic  c u r r e n t ;  a c u r r e n t  peak ,  i n d i c a t e d  by  t he  
d a s h e d  l ine  in  Fig. 5, is obse rved .  At  po t en t i a l s  nega t i ve  

10 -2 
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J 

E 
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O .  
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t I I 

5.1o -~ 16 3 5.1d 3 

Fig. 4. The cathodic peak current for a p-type GaA~ electrode as a 
function of the HF concentration. The solid line summarizes the mea- 
sured results from Ref. (1). The points were calculated using the 
model. 
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Fig. 5. The solid lines ere the anodic and cathodic partial current- 
potential curves for the case shown in Fig. 3. The dashed line is the 
total curve. 

with respect to the peak, the reduction rate of Cr w de- 
creases rapidly because of the drop in the GaAs oxidation 
rate resulting from the drastic decrease in Ps. At poten- 
tials more positive than the peak value, the cathodic 
curve tends to a limiting value while the anodic curve 
continues to rise exponentially. This leveling off of i c re- 
sults from an increase in the contribution of reaction [2], 
whose rate is directly proportional to ps. This limits the 
concentration of reactive radicals at the surface and con- 
sequently the rate of reaction [7]. It should be emphasized 
that the limiting cathodic partial current, shown at posi- 
tive potentials in Fig. 5, is not a diffusion current. The 
electrode surface is still blocked and the calculated mini- 
mum surface coverage is 0.95 in this case. 

A comparison of Eq. [15] and [19] reveals the reason for 
the apparent discrepancy between the etching and elec- 
trochemical results reported for p-GaAs in the first arti- 
cle. A diffusion-controlled reduction of Cr v1 was only ob- 
served at extreme values of the ratio of the HF and CrO3 
concentrations, while the etch rate depended on mass 
transport in the solution in a much wider concentration 
range. The limiting cathodic current of Eq. [19] only be- 
comes independent of CH~ when k J k  4 >>  CoJC.~ ~. Since 
k 6 is relatively small, this is only possible for high CHF~/Co~ 
ratios. Open-circuit etching becomes solely dependent  on 
the CrO3 concentration when 2klkT/5k2k 4 >> Co~/CN~2; this 
can be expected at much more modest  values of C~F~/Co, 
since 2k,kJ5k~k 4 is two orders of magnitude larger than 
kJk 4 (see Table I). This effect is, of course, due to the par- 
ticipation of GaAs surface intermediates in reaction [7] 
which results in a depassivation of the surface at open- 
circuit potential. 

Etching morphology.--As described in the first article 
of this series (1) and in previous publications (11, 12), the 
CrO3-HF etchant is, under  kineticaUy determined condi- 
tions, very sensitive to defects in both p- and n-type 
GaAs. Defects generally correspond to crystallographic- 
ally disturbed areas of the solid. Since such areas are ex- 
pected to be less noble than the surrounding material (13), 

selective corrosive attack should occur when etching is 
performed in the dark. Enhanced dissolution of defects 
should therefore lead to etch pits. Surprisingly, this is not 
observed with CrO3-HF etchants: defects are revealed as 
hillocks. Although etching morphology will be dealt with 
in considerable detail in a separate paper (14), we shall 
here consider briefly the reason for this unexpected 
effect. 

As a simple approximation, we equate the high reactiv- 
ity of defects with enhanced rate constants (k,, k 2) for the 
dissolution reaction of GaAs. We further assume that the 
defect has a stronger influence on the second hole trap- 
ping step (k2), which involves the final rupture of the 
bond, than on the first step (ki). The effect on the etch 
rate of such changes in the dissolution rate constants can 
be judged from Eq. [15]. An increase in the ratio kJk 7 
gives a lowering of the partial anodic current at the rest 
potential. The corresponding decrease in etch rate results 
from a heightened preference of the system for reaction 
[2] compared to reaction [7]. Since this latter reaction in- 
volves a depassivation of  the surface, the defects are more 
effectively protected by the adsorbed layer. 

Effect of i l lumination.--When p-type GaAs is exposed 
to light of the correct wavelength, electrons are generated 
in the conduction band (CB) and a cathodic photocurrent 
is observed at negative potentials (1). Measurements in 
CrO:~-HF solutions under these conditions show clearly 
that illumination also affects the rate at which holes are 
injected into the VB from Crv' in solution. We attribute 
the very high apparent quantum efficiencies found in the 
limiting photocurrent  range to reaction [5]. The surface 
complex is reduced by an electron, and a surface site is 
freed. A combination of reactions [4] and [5] involving, in 
the limiting, case, the transfer of ten charge carriers per 
generated electron (i.e., per absorbed photon) accounts 
very well for the experimental  results (1). 

Reduction of the surface complex by electrons, either 
directly via the CB or indirectly via surface states, is obvi- 
ously more efficient than H2 evolution. The onset poten- 
tial for photocurrent flow in CrO~-HF solution is consid- 
erably more positive than in an indifferent electrolyte 
(H2SO4). Nevertheless, .recombination of electrons with 
holes must also be important at potentials close to VFB. In 
previous work (9), it was shown that very effective surface 
recombination at p-GaAs electrodes can effectively com- 
pete with charge transfer to the solution. Therefore, illu- 
mination has no effect on the current or on the etch rate 
near the rest potential. 

Appl ica t ion  of the M o d e l  to n - G o A s  in the Dark  
Steady-state equations.--For oxidative dissolution of 

n-type GaAs in the dark, holes must  be supplied by injec- 
tion from solution. In addition, the competing reaction 
involving recombination of  injected holes with electrons 
from the CB must be considered. This reaction becomes 
important even at potentials considerably positive with 
respect to V~B, for which the electron concentration at the 
surface is relatively low. A representation of the hole bal- 
ance for an n-type electrode in the dark can be given on 
the basis of the reaction scheme [1]-[7], where jp is the 
hole flux at the surface 

jp = 6k4Cox(1 - 0) + 3k6C~20 + 3k~CH~2NIO 

- kiPs - k2psN, - 4k3N2(1 - ~).- Jrec = 0 [22] 

The J~ec term describes the recombination process. De- 
spite the fact that injection occurs mainly at the free sur- 
face, we assume a uniform surface concentration for the 
holes. This is justified if the free surface consists of many 
very small areas. These areas will, of course, change ran- 
domly in time. We also assume that the rate constants de- 
termined for p-GaAs can be used for n-type electrodes. 
The validity of this assumption is supported by results of 
Gomes and Cardon (15), who studied the competit ion be- 
tween redox oxidation reactions and anodic dissolution at 
III-V electrodes. Since identical kinetics were found for 



Vol. 132, No. 12 G a A s  E T C H I N G  3031 

p-type electrodes in the dark and n-type electrodes under 
illumination, they conclude that the rate constants are, in- 
deed, independent  of semiconductor  type. 

As a first approximation, we use a very simple recom- 
bination mechanism. We consider only direct electron- 
hole recombination at the surface 

Jrec = krnsps [23] 

As in the case of p-type electrodes, the majority carrier 
concentration at the surface n~ is described by the Boltz- 
mann equation 

n s = no exp (-eV~JkT) [24] 

where n o is the bulk electron concentration. The magni- 
tude of k r determines the potential at which a transition 
occurs between recombination and anodic dissolution 
(16). An estimate of its value can thus be obtained from 
the photocurrent-potential curve measured in an indiffer- 
ent electrolyte. When the photocurrent  is equal to half its 
limiting value, dissolution and recombination rates must 
be equal (6kzps = krn~ps). The measured potential at which 
this occurs can be used to calculate n~ (via Eq. [12] and 
[24]) and consequently k~. The corresponding value is 
given in Table I. 

Current-potential curves.--Using Eq. [1]-[4], [7]-[10], [12], 
and [21]-[24] and a procedure similar to that followed 
above for p-GaAs, both the partial and total currents can 
be calculated as a function of potential. For convenience, 
reaction [6] was omitted from all calculations on n-type 
material. As already shown, the current due to this step is 
negligible compared to the peak current. Reaction [5] 
involving reduction of the adsorbed complex by CB elec- 
trons was also disregarded, since this only contributes to 
the current at potentials more than 200 mV negative with 
respect to the peak value (1). 

Calculated results are shown in Fig. 6 for an n-type elec- 
trode in the same solution as described above for p-GaAs 
(Fig. 3). The predicted current-potential curve (Fig. 6a) re- 
sembles closely the experimental  curve measured with 
n-GaAs in the vicinity of the rest potential (1). Both the 
magnitude of the calculated current peak and its depen- 
dence on HF concentration are identical to those pre- 
dicted for p-GaAs and thus in complete agreement with 
the experimental  results. 

Again, the mechanism can be more readily understood 
in terms of the partial reactions (Fig. 6b). At extreme band 
bending, n s is very low (Eq. [24]) and recombination can 
be disregarded. Holes injected from solution are used ex- 
clusively to dissolve the electrode. The partial currents 
are, therefore, equal in this range and the total (measured) 
current is very low. Since Jrec is very small, Eq. [22] be- 
comes the same as Eq. [14], which describes p-GaAs at 
open circuit. The partial currents for n-GaAs in this po- 
tential range are the same as for p-type material at V = V r 
(compare Fig. 5 and 6b). At more negative potentials, n~ 
increases and recombination becomes important. The dis- 
solution rate consequently decreases. A corresponding 
decrease is observed in the partial reduction current (Fig. 
6b). As for p-GaAs, only one hole is required to form a 
surface radical. On reacting with an adsorbed complex, 
this can free a blocked site. Subsequent  multiple hole in- 
jection again gives rise to a current peak (Fig. 6a). It 
should be noted that, in the case of an n-type electrode, 
the total (external) current results from recombination of 
injected holes with electrons (16). This current drops to a 
very low value on the cathodic side of the calculated peak 
because the hole injection rate decreases drastically. This 
results from an increasing surface coverage by the ad- 
sorbed complex. It should be noted that the cathodic cur- 
rent, shown in Fig. 6a, begins to flow at potentials at 
which the photocurrent  in an indifferent electrolyte 
reaches its limiting value. 

We have, for simplicity, assumed a surface recombina- 
tion process to analyze the n-type GaAs case in the dark. 
However, recombination within the space-charge layer 
seems more likely considering the very strong band 
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Fig. 6. a: The total current-potential curve calculated for an n-type 
GaAs electrode in 1.20M CrO:~, 1.54M HF solution. Direct electron- 
hole recombination at the surface with a rate constant kr (Table I) is 
assumed, b: The corresponding partial curves. 

bending involved in the potential range under considera- 
tion (16). While the nature of the recombination process 
may influence the shape of the cathodic peak, its posi- 
tion is always linked to the potential range beween photo- 
current onset and photocurrent  saturation, as observed in 
an indifferent electrolyte. This has been indicated in the 
previous section. It can also be shown that the peak cur- 
rent is not dependent  on the recombination mechanism, 
provided that surface intermediates (reactions [1] and [2]) 
are not involved (see final section). 

Etching kinetics.--Using the simple approach as repre- 
sented by Eq. [22] and [23], it is not possible to calculate 
the rest potential of the electrode when minority carriers 
are injected. This potential is determined by a complex 
combination of factors (17). 

An exact knowledge of Vr is, however, not essential for 
determining the etch rate at open circuit. Under open-cir- 
cuit conditions, the rates of GaAs oxidation and Cr v~ re- 
duction must be equal as the recombination rate must be 
zero; a nonzero rate would imply electron depletion in the 
CB. The partial currents at V r must, therefore, be equal to 
the potential-independent partial currents shown in Fig. 
6b. In order to check that this is the case, we measured 
the etch rate of GaAs in a 0.72M CrO3, 0.93M HF solution 
as a function of potential. The results in Table II show 
that the etch rate, determined potentiostatically, has the 
same potential dependence as that expected from our 
model  (see anodic partial current in Fig. 6b): at potentials 
positive with respect to Vr, the etch rate is constant and 
equal to the open-circuit value (this is not a diffusion- 
controlled rate); at more negative potentials, the etch rate 
decreases and becomes zero just  negative of the cathodic 
peak value. 
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Table II. The etch rate of on n-type GaAs electrode, 
measured in 0.72M CrO3, 0.93M HF solution, 

as a function of the applied potential 

Etch rate 
Potential (nm/min) 

ered (5), in which  the in te rmedia tes  of  the GaAs dissolu- 
t ion react ion act as e lec t ron traps 

Ga �9 As + e-(CB)~ Ga:As [26] 
/ \ / \ 

Of current minimum 0.0 
Of current peak 30 -+ 3 
Rest potential (V~) 55 -+ 5 
V~ + 0.3V 55 -+ 5 

F r o m  the  d iscuss ion in the  prev ious  section, it is clear 
that  the mode l  predic ts  the  same open-circui t  e tch  rates 
for n- and p-type materials ,  as is found exper imenta l ly .  
The  model ,  consequent ly ,  accounts  for the H F  concentra-  
t ion d e p e n d e n c e  of  the  e t ch  rate. 

Appl icat ion of the Model  to n-GaAs under I l lumination 
P h o t o c u r r e n t - p o t e n t i a l  c u r v e s . - - F o r  an i l lumina ted  

n- type electrode,  it is necessary  to inc lude  a genera t ion  
t e rm g in Eq. [22] for the  hole  balance 

g + 6k4Cox(1 - 0) + 3k6C~20 + 3kTCHr2NIO 

= k iP  ~ + k2p~N ~ + 4k~N2(1 - 0) + j~r [25] 

It  is found expe r imen ta l ly  that  the  current  peak occurs  at 
a potent ia l  at least  0.5V more  posi t ive then  V~B (1). S ince  
this impl ies  a s t rong electr ic  field at the  surface and since 
the  pene t ra t ion  dep th  of  the l ight  is small, we  a s sume  that  
all holes  crea ted  by l ight  reach  the surface (9); g then  
equa ls  the pho ton  flux. Us ing  Eq. [23]-[25], the  partial  
and total  curves  can again be calculated.  The  pred ic ted  
photocur ren t -poten t ia l  curve  is similar  to that  found ex- 
pe r imenta l ly  (see Fig. 11 of  the first article). At posi t ive  
potentials ,  a cons tan t  anodic  current ,  whose  m a g n i t u d e  
depends  direct ly  on l ight  intensi ty,  resul ts  f rom photo-  
anodic  dissolut ion of  n-GaAs. At more  negat ive  poten-  
tials, the  mode l  predic ts  a ca thodic  peak, shif ted sl ightly 
in the  negat ive  d i rec t ion  wi th  respect  to the  peak  in the  
dark. The  calculat ions  also show that  this  shift  is more  
p r o n o u n c e d  at h igher  l ight intensi ty.  The  p red ic ted  peak  
he igh t  unde r  i l luminat ion  is, however ,  the  same as in the  
dark and is i ndependen t  of  l ight  intensity.  The  measu red  
peak  showed  a weak  d e p e n d e n c e  on pho ton  dens i ty  (1). 

T h e  m e c h a n i s m  o f  p h o t o e t c h i n g . - - A l t h o u g h  the  mode l  
based on direct  e lec t ron-hole  r ecombina t ion  at the  sur- 
face accounts  reasonably  wel l  for the  observed  current-  
potent ia l  curves,  it cannot  expla in  the  increase  in e tch  
rate at the  rest  potent ia l  dur ing  i l luminat ion.  At V,  the 
e lec t rons  genera ted  by l ight  at a rate g mus t  be c o n s u m e d  
at the  same rate, to main ta in  electr ical  neutra l i ty  in the 
CB. As genera t ion  and r ecombina t ion  rates mus t  be equa l  
(g = j ~ ) ,  Eq.  [25] becomes  intensi ty  i n d e p e n d e n t  at the  
rest  potent ia l  and no effect  of  l ight on the  e tch  rate can  be 
expec ted .  This  also holds  for more  e laborate  mode l s  in- 
vo lv ing  recombina t ion  centers  e i ther  at the  surface or in 
the  space-charge layer. 

In general,  two c o m m o n  m e c h a n i s m s  cou ld  account  for 
pho toe t ch ing  of  n-GaAs at open circuit. In the  first, holes 
genera ted  by l ight  are used  for dissolut ion of  the  elec- 
trode,  whi le  the major i ty  carriers, e lectrons,  r educe  an 
ox id iz ing  agent  f rom solution. We do not  have  such a re- 
duc t ion  react ion in the  p resen t  case. The cont r ibu t ion  
f rom react ion [5], the r educ t ion  of  the  surface film by 
electrons,  is too small  at the  rest  potent ia l  to account  for 
the  increase in e tch  rate due  to light. The  second mecha-  
n i sm involves  a d i sp lacement  of  the s emiconduc to r  band-  
edges  by i l luminat ion  (10). In this way, hole  in jec t ion  
f rom an oxidiz ing agent  into the  VB or surface states, 
wh ich  cannot  occur  in the  dark, may  b e c o m e  poss ible  un- 
der  i l luminat ion.  A significant  shift  in the  bandedges  due 
to in jec t ion  f rom solut ion or  i l luminat ion  was, however ,  
not  obse rved  in this  work  (Table I of  the  first article). 

To accoun t  for pho toe tch ing  of  n-GaAs in C r O J H F  so- 
lutions,  a different  r ecombina t ion  m e c h a n i s m  was  consid-  

\ / k.~ \ / 
GaAs + e-(CB)-4 Ga. As 

/ \ / \ 
[27] 

S ince  these  react ions inf luence the concen t ra t ion  of  
the radical  in te rmedia te  respons ib le  for f reeing the sur- 
face (reaction [7]) t hey  should  affect the  e tch  rate. Such  a 
r ecombina t ion  m e c h a n i s m  may  not  be exc luded  for the  
dark  case. The  rest  potent ia l  unde r  i l luminat ion,  however ,  
was found to be more  than  100 mV more  negat ive  than  in 
the  dark (1). The  band bend ing  is therefore  less ex t r eme  
and a surface r ecombina t ion  m e c h a n i s m  of the  type  indi- 
ca ted  in Eq. [26] and [27] is even  more  probable .  Nor- 
mally,  one would  not  expec t  the  second step to be very  
likely. However ,  it mus t  be r e m e m b e r e d  that  the in terme-  
diate is formed under  the b locking  layer and nucleoDhil ic 
at tack by X -  (reaction [3]) is severely  h indered .  Analo- 
gous r ecombina t ion  steps have  been  sugges ted  previ- 
ously by Gomes  and co-workers  for pho toanod ic  
d issolu t ion  of n- type III-V e lec t rodes  (18, 19). 

Equa t ions  [9] and [10] n o w  b e c o m e  

d N  1 
d t  - k 'ps  - k~psN1 - kTCH~2N'O - k sN 'ns  + kgN2n~ [28] 

dN2 

d t  
- k2psN~ - k3N2(1 - 0)+ kTCHF2N,O - kgN2n~ [29] 

For  conven ience  in the  calculat ions,  we l imi t  ourse lves  
to the  case in wh ich  all r ecombina t ion  occurs  via  such a 
mechan i sm;  the  i n d e p e n d e n t  Jrec t e rm in Eq.  [25] is there-  
fore omit ted.  With the aid of  Eq.  [8], [24], and [25]-[29] and 
some s t ra ight forward t hough  ted ious  mathemat ics ,  ex- 
press ions  for O, p~, ksN1, and kgN 2 can be obta ined  as a 
func t ion  of n~ and thus  of  V~c. Apar t  f rom the  k n o w n  pa- 
rameters ,  these  express ions  conta in  two n e w  t e rms  kT/k8 
and k~/k3. The fo rmer  ratio de te rmines  the  potent ia l  at 
wh ich  n-GaAs begins  to dissolve w h e n  holes  are in jec ted  
f rom Crv' in the  dark. Its va lue  can be  a l located accord-  
ingly. The  ratio k9/k3 m u s t  be  chosen  arbitrarily.  

Typica l  resul ts  of  such  a calcula t ion are g iven  in Fig. 7a. 
The  solid curve  shows the  total  current  under  i l lumina-  
t ion as a funct ion of  potential .  The  general  form is very  
s imilar  to that  of  the  measu red  curves  (1). The  cathodic  
peak  is shifted wi th  respec t  to its posi t ion in the  dark 
(dashed curve)  and i l luminat ion  enhances  sl ightly the 
peak  current ,  in ag reemen t  wi th  the expe r imen ta l  results.  
In  Fig. 7b the  calculated q u a n t u m  eff iciency for dissolu- 
t ion of  GaAs, 4, def ined as 

~b = (i*djss - idiss)/gF [30] 

is p lot ted  as a func t ion  of  potential ;  i*diss and idis~ refer  to 
the  calculated current  densi t ies  for GaAs dissolut ion un- 
der  i l luminat ion  and in the  dark at the  same potential .  
F r o m  this figure, it is clear  that  a q u a n t u m  eff iciency in 
excess  of  one can be expec t ed  not  only at posi t ive  poten- 
tials but  also at the  rest  potential ,  as indicated.  A similar  
resul t  was found expe r imen ta l ly  in the potent ios ta t ic  
e tch ing  expe r imen t s  repor ted  in Table  II of  Ref. (1). The  
expe r imen ta l  va lues  were,  however ,  h igher  than  those  
shown  in Fig. 7. 

This  r ecombina t ion  m e c h a n i s m  is clearly too l imi ted to 
account  quant i ta t ive ly  for all the  resul ts  observed  wi th  il- 
luminat ion.  However ,  the  qual i ta t ive  and semiquant i ta -  
t i r e  ag reemen t  be tween  pred ic ted  and measu red  resul ts  
supports the assumption that dissolution intermediates 
must play an important role in the electrochemistry of 
n-type GaAs electrodes illuminated in CrO:~-HF solutions. 
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Fig. 7. a: The solid line gives the calculated current-potential curve 

under illumination for an n-type GaAs electrode in ].20M CrO:~, 
1.54M HF solution. The dashed line represents the dark case. Recom- 
bination is assumed to occur via surface intermediates of the GaAs 
oxidation reaction. The ratio kT/k8 is given in Table I. The ratio kjk:~ 
is assumed to be 2.5 • 10 -'~ cm:L b: The calculated quantum effi- 
ciency for dissolution of GaAs as a function of potential for the case 
described in Fig. 7a. The light intensity used corresponds to a flux of 
2.1 • ]0  -x mol/cm~-s. 

Summary 
The model proposed in this paper for the dissolution of 

GaAs in CrO3-HF solutions involves two important 
features. 

The first is the partial reduction of a hexavalent chro- 
mium species in solution results in the formation of an 
adsorbed mixed-valence complex on the semiconductor 
surface. This acts as a blocking layer which inhibits both 
the further injection of  holes from Cr v~ and the dissolution 
of  GaAs. 

The second is that the adsorbed complex can be re- 
duced by a radical intermediate of the GaAs oxidation re- 
action. The reduced form is then removed from the sur- 
face by HF from solution. 

An analysis of the kinetics of the partial reactions leads 
to equations for the etch rate and the current as a func- 
tion of  applied potential. 

With regard to etching, the model can explain the fol- 
lowing observations: the etch rates of p- and n-type GaAs 
in the dark are the same; etching changes from kinetic to 
diffusion control when the ratio of the HF and CrO3 con- 
centrations is increased; the etch rate of p-type GaAs is 
not influenced by illumination; and crystallographic de- 
fects are revealed as hillocks. 

The model  accounts very well for the electrochemical 
results with p-type GaAs: the form of the current- 
potential curves, including the characteristic cathodic 

peak, is explained; the positions of both the rest potential 
and the peak maximum are predicted; the magnitude of 
the current peak and its dependence on HF concentration 
are accounted for quantitatively; and the very high appar- 
ent quantum efficiency for the cathodic photocurrent 
can be understood. 

For n-type electrodes, recombination of holes injected 
by Cr w with CB electrons must also be taken into ac- 
count. The essential results for n-type GaAs in the dark 
can be explained with the aid of a simple model involving 
direct electron-hole recombination at the surface. The 
general form and the position of the current-potential 
curves is accounted for. The peak current is shown to be 
identical to that of p-type GaAs and to have the same HF 
concentration dependence. 

This simple recombination model failed, however, to 
explain the results obtained with n-GaAs under illumina- 
tion. Since, in this case, the rest potential is shifted to 
values more negative than that observed in the dark, it 
was concluded that recombination of electrons and holes 
occurs via surface intermediates of the GaAs oxidation re- 
action. Although this mechanism predicted a higher cath- 
odic peak current in the dark than was experimentally 
observed, it could account for the results under illumina- 
tion. The form of the calculated photocurrent-potential 
curves agrees with that measured experimentally; the 
shift of the potential of the cathodic peak from its dark 
value to more negative potentials at increasing light in- 
tensity is predicted; the increase in the magnitude of the 
peak current with increasing light intensity is explained; 
and a quantum efficiency greater than one for dissolu- 
tion of n-GaAs both at open-circuit and more positive po- 
tentials can be understood in terms of the model. 
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ABSTRACT 

Quan t i t a t i ve  da ta  are p r e s e n t e d  on  t he  i n f r a r ed  (IR) a b s o r p t i o n  of  in te r s t i t i a l  o x y g e n  in o x y g e n - r i c h  s i l icon u s i n g  
F ou r i e r  t r a n s f o r m  spec t roscopy .  B e s i d e s  t he  w e l l - k n o w n  515 a n d  1106 c m - '  r o o m  t e m p e r a t u r e  IR  b a n d s ,  due  to t he  sym- 
me t r i c  a n d  a n t i s y m m e t r i c  v i b r a t i o n s  of  t he  Si20 ent i ty ,  respect ively ,  t h r e e  o the r  b a n d s  at  1227, 1720, a n d  1013 c m - '  are 
r epor t ed ,  w h o s e  i n t ens i t i e s  are sca led  w i t h  t hose  of  t he  515 a n d  1106 c m - '  bands .  The  b a n d  at 1227 c m  -1 has  o f t en  b e e n  
c o n f u s e d  w i t h  an  o x y g e n  p rec ip i t a t e  b a n d  o b s e r v e d  at 1225 c m - '  in  a n n e a l e d  silicon. E v i d e n c e  is g iven  t h a t  the  1227 
c m  -~ b a n d  is re la ted  to in te r s t i t i a l  oxygen .  It  is also s h o w n  t h a t  a n o t h e r  b a n d  at 1720 c m  -1 is a c o m b i n a t i o n  of  t he  
a n t i s y m m e t r i c  m o d e  of  Si20 w i t h  a p h o n o n  c o m b i n a t i o n  of  t he  s i l icon lat t ice.  A w e a k  b a n d  at 1013 c m - '  is r e p o r t e d  for 
the  first t ime,  a n d  it is a t t r i b u t e d  to an  o v e r t o n e  of  t he  515 c m - '  mode .  

O x y g e n  d i s so lves  in  s i l icon nea r  t he  m e l t i n g  po in t  
(1420~ u p  to c o n c e n t r a t i o n s  of  a b o u t  2 • 10 TM at . /cm 3 by  
f o r m i n g  two s t rong  S i - -O  b o n d s  w i t h  n e a r e s t - n e i g h b o r  Si 
a t o m s  (1). In  th i s  pos i t ion ,  t he  o x y g e n  a t o m  is t e r m e d  to 
be  in te r s t i t i a l  a n d  n o t e d  Oi. Th i s  impl i e s  a d i s to r t i on  of  
the  la t t ice  as the  m e a n  d i s t a n c e  b e t w e e n  t h e  two  Si a t o m s  
inc reases  f rom 0.234 n m  in t he  u n p e r t u r b e d  la t t ice  to 
0.320 n m  w h e n  b o u n d  t h r o u g h  the  o x y g e n  a tom.  Near  t he  
m e l t i n g  point ,  t h i s  d i s to r t i on  is s o m e w h a t  r e d u c e d  b y  the  
g e n e r a t i o n  of  F r e n k e l  pairs ,  b u t  t he i r  p r o d u c t i o n  ra te  de- 
c reases  w i t h  t e m p e r a t u r e  a n d  t he  la t t ice  s t r a in  of  oxygen-  
r i ch  Czoch ra l sk i -g rown  (CZ) s i l icon (2) i nc r ea se s  w i t h  the  
coo l ing  d o w n  of  t he  crystal .  A poss ib le  c h a n n e l  for g lobal  
la t t ice  r e l axa t ion  of  the  c rys ta l  is the  p r ec ip i t a t i on  of 
some  form~of silica. (It m u s t  be  po i n t ed  ou t  t h a t  prec ip i ta-  
t i on  of  sil ica p r o d u c e s  local  s t r a ins  b e c a u s e  of  t he  v o l u m e  
misf i t  b e t w e e n  s i l icon a n d  silica. These  local  s t r a ins  can, 
in  t u rn ,  be  r e l axed  by  o t h e r  m e c h a n i s m s  w h o s e  d iscus-  
s ion  is b e y o n d  the  scope  of  th i s  paper . )  T he  p r e c i p i t a t i o n  
k ine t i c s  of  O~ is such ,  howeve r ,  t h a t  t he  O~ c o n c e n t r a t i o n  
at  r o o m  t e m p e r a t u r e  in  m o s t  a s -g rown CZ Si c rys ta l s  is of  
the  s ame  o rde r  of  m a g n i t u d e  as t h a t  nea r  t he  m e l t i n g  
poin t ,  de sp i t e  the  fac t  t h a t  i ts  so lub i l i ty  is of  severa l  or- 
ders  of  m a g n i t u d e  less  t h a n  t h a t  a t  t he  m e l t i n g  point .  I t  is 
c o m m o n l y  a d m i t t e d  tha t ,  d u r i n g  the  cool ing  d o w n  of  t he  
CZ Si crystals ,  p r e c i p i t a t i o n  of  o x y g e n  can  occu r  (3), espe-  
cial ly for  c rys ta ls  w i t h  la rge  d iamete r s .  Th i s  p o i n t  wil l  b e  
clar if ied here.  

I n f r a r e d  (IR) v i b r a t i o n a l  s p e c t r o s c o p y  can  revea l  t he  
p r e s e n c e  of  d i spe r sed  o x y g e n  as wel l  as t h a t  of  si l ica pre-  
c ip i ta tes  (Op) p r o d u c e d  u n d e r  de l ibe ra t e  h i g h  t e m p e r a t u r e  
a n n e a l i n g  (4). Th i s  t e c h n i q u e  can  al low one  to d e t e r m i n e  
t he  r e spec t ive  a m o u n t  of  e a c h  p h a s e  i f  w h a t  is due  to O~ 
a n d  w h a t  to  Op has  b e e n  iden t i f i ed  u n a m b i g u o u s l y .  Th i s  
t a sk  is c o m p l i c a t e d  by  t he  fact  t h a t  t he  m o s t  i n t e n s e  IR 
b a n d s  a s soc ia ted  w i t h  O~ a n d  Op occu r  in  t h e  s ame  spec- 
t ra l  r a n g e  (950-1250 cm-~), a n d  one  of  t he  p u r p o s e s  of  th i s  
p a p e r  is to  c lear ly  p r e s e n t  w h a t  is due  to in te r s t i t i a l  oxy- 
gen  s ince  recent ly ,  t he  w r o n g  a t t r i b u t i o n  of  a w e a k  ab- 
s o r p t i o n  b a n d  in a s -g rown CZ Si ha s  led to t he  s t a t e m e n t  
t h a t  si l ica a b s o r p t i o n  cou ld  be  de t ec t ed  in  t h i s  mater ia l .  
The  o t h e r  p u r p o s e  is to t ry  to s u m m a r i z e  all t h e  f ea tu res  
of  the  r o o m  t e m p e r a t u r e  a b s o r p t i o n  of  O~ in  si l icon,  in- 
c l u d i n g  a d i s c u s s i o n  on  t he  or ig in  of  a n  O~-related b a n d  
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o b s e r v e d  at  1720 c m - '  a n d  t he  a t t r i b u t i o n  of  a n o t h e r  
w e a k  b a n d  at  1013 c m - ' .  

Experimental 
Dif fe ren t  s amp le s  a b o u t  4 m m  t h i c k  were  cu t  f rom a 

(100)-oriented B - d o p e d  CZ slice w i t h  N a - N d = 1 • 10,5 
c m  -3 a n d  [CJ = 2 • 10 '6 a t . /cm 8. Th i s  slice h a d  b e e n  an- 
n e a l e d  for  2h  at  650~ T h e  spec t r a  s h o w n  he re  h a v e  b e e n  
o b t a i n e d  w i t h  a B O M E M  DA3.01 Fou r i e r  t r a n s f o r m  spec- 
t r ome te r ,  u s i n g  a f loa t -zoned s a m p l e  w i t h  the  s ame  free 
ca r r ie r  c o n c e n t r a t i o n  as a re ference .  The  m e a s u r e m e n t s  
h a v e  b e e n  p e r f o r m e d  at (293 +- 1)K or  at  l ower  t e m p e r a -  
t u r e  u s i n g  a c o n t i n u o u s  flow l iqu id  h e l i u m  cryos ta t ,  and  
t h e y  were  r e a s o n a b l y  i n d e p e n d e n t  of  t he  samples .  In  t he  
d e t e r m i n a t i o n  of t he  ex t r in s i c  a b s o r p t i o n  coeff icient ,  
t h e  effect  of  m u l t i p l e  re f lec t ions  is t a k e n  in to  a c c o u n t  (5). 
N e g l e c t i n g  t h i s  effect  l eads  to a n  o v e r e s t i m a t e  of  t he  ab- 
so rp t ion  coefficient ,  a n  e r ro r  w h i c h  inc reases  for  t he  
smal l  va lues  of  th i s  coeff icient .  Th i s  m u s t  be  r e m i n d e d  
s ince  we c o m p a r e  va lues  of  t he  a b s o r p t i o n  coeff ic ient  
w h i c h  can  differ  by  two  o rde r s  of  m a g n i t u d e .  No correc-  
t i on  ha s  b e e n  m a d e  fo r - t he  p h o n o n  a n d  f ree-car r ie r  ab- 
sorp t ion .  The  Oi c o n c e n t r a t i o n  u s i n g  t he  A S T M  F121-80 
n o r m  is 9.9 x 1017 a t . /cm 3. A ser ies  of  r e c e n t  i n d e p e n d e n t  
ana lyses  ha s  s h o w n  t h a t  t he  R T  ca l ib ra t ion  fac to r  r ecom-  
m e n d e d  b y  the  A S T M  a n d  t he  DIN  (2.45 x 1017 at./cm2), 
b a s e d  on  the  ana lyses  of  G r a f t  et al. (6), was  
u n d e r e s t i m a t e d  and  t h a t  a va lue  of  3.0 x 10 '7 a t . /cm 2 was  
m o r e  real is t ic  (7). 

Results and Discussion 
T h e  first ex t ens ive  s tud ie s  of  the  IR a b s o r p t i o n  of  oxy- 

gen  in s i l icon af te r  t h o s e  of  Kaiser  a n d  Keck  (8) were  
m a d e  by  H r o s t o w s k i  (9). T h e y  d e m o n s t r a t e d  t h a t  the  
a b s o r p t i o n  in a s -g rown ma te r i a l  was  cha rac t e r i s t i c  o f  a n  
Si20 quas i  molecu le ,  t o d a y  d e n o t e d  Ol. We c o n s i d e r  the  
so-cal led 515 a n d  1106 c m  -1 Oi-related b a n d s ,  a n d  we 
p r e s e n t  q u a n t i t a t i v e  da t a  on  t h e s e  b a n d s  as wel l  as on  
w e a k e r  b a n d s  also re la ted  to Oi. 

The  515 c m  -~ b a n d  is ac tua l ly  o b s e r v e d  at 514.0 c m  -~ at 
RT, a n d  it shif ts  a t  517.8 c m  -1 at  l i qu id  h e l i u m  t e m p e r a -  
t u r e  (LHT). It  is due  to a s y m m e t r i c  v ib r a t i ona l  m o d e  of  
Si20. A l t h o u g h  g u e s s e d  by  the  first inves t iga to rs ,  some  
d o u b t s  h a d  b e e n  cas t  on  t h i s  a t t r i b u t i o n  (3), b u t  a compre -  
h e n s i v e  s t u d y  o f  the  s t r e s s - i n d u c e d  d i c h r o i s m  of  th i s  
b a n d  c o m p a r e d  w i t h  t h a t  of  the  1106 c m - '  b a n d  by  
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S tavo la  (10) ha s  c o n f i r m e d  t he  ear ly  a t t r ibu t ion .  The  res- 
o n a n c e  of  t he  515 c m - '  b a n d  w i t h  t he  p h o n o n  s p e c t r u m  
of  Si is r e s p o n s i b l e  for  i ts  a s y m m e t r i c  shape ,  charac te r i s -  
t ic  of  a r e s o n a n c e  b e t w e e n  a d i sc re te  t r a n s i t i o n  a n d  a con-  
t i n u u m  (Fig. la). Th i s  is also t he  p r o b a b l e  r e a s o n  for  t he  
a b s e n c e  of  a n  i so topic  sh i f t  due  to o x y g e n  (9). Th i s  b a n d  
c a n  be  a use fu l  p r o b e  of  t he  O~ c o n c e n t r a t i o n  in  a n n e a l e d  
s i l icon c o n t a i n i n g  silica p rec ip i t a t e s  b e c a u s e  of  i ts  rela- 
t ive  s h a r p n e s s  (FWHM ~ 7.6 c m - ' )  a n d  of  the  w e a k  in ten -  
s i ty  of  t he  si l ica p r ec i p i t a t e s  b a n d  in  th i s  spec t r a l  r eg ion  
(10). W h e n  m e a s u r i n g  t h e  m a x i m u m  a b s o r p t i o n  coeffi- 
c i en t  of  th i s  b a n d  u s i n g  t h e  h i g h  f r e q u e n c y  b a c k g r o u n d  
as a b a s e  l ine,  i ts  ra t io  to t he  m a x i m u m  a b s o r p t i o n  
coef f ic ien t  of  t he  1106 c m - '  b a n d  ( this  will  b e  h e r e a f t e r  
r e f e r r ed  to as t he  re la t ive  in tens i ty )  is 0.26 -+ 0.03. Th i s  
f igure  is an  ave rage  of  m e a s u r e m e n t s  m a d e  on  d i f fe ren t  
Si s a m p l e s  w i t h  neg l ig ib l e  o x y g e n  p rec ip i t a t ion ,  a n d  t he  
m a x i m u m  a b s o r p t i o n  coeff ic ient  of  t he  515 c m  .-] b a n d  
c a n  b e  u s e d  to m e a s u r e  [O~] u s i n g  ca l ib ra t ion  fac tors  of  9.4 
• 10 ]7 a t . /cm 2 ( A S T M  F-121 1980) or 1.25 • 10 '8 a t . /cm 2 to 
c o m p l y  w i t h  Ref. (7). 

F i g u r e  l b  s h o w s  t h e  s t r o n g  R T  a b s o r p t i o n  of  Oi p e a k i n g  
at  1107.7 c m  -], k n o w n  as t he  1106 c m  -] b a n d .  It  c an  b e  as- 
c r i b e d  to t r a n s i t i o n s  i n v o l v i n g  t he  a n t i s y m m e t r i c  s t re tch-  
ing  m o d e  (~3) of  t h e  Si2160 g r o u p  s t a r t i ng  f rom t h e r m a l l y  
exc i t ed  s ta tes  of  a low f r e q u e n c y  a n h a r m o n i c  v i b r a t i o n a l  
m o d e  or  a quas i - f ree  r o t a t i o n a l  m o d e  of  t he  o x y g e n  a t o m  
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Fig. 1. Absorption coefficient of O~ in o B-~loped silicon sample at 

(293 +- 1)K. [Oi] = 1 • 10 TM at./cm :~. "[h~e spectral bandwidth (2 
cm-') and the abscissa scale (15 cm-'/division) are the same for the 
three spectra, a: The band at 514 cm-'. Note the asymmetric shape 
and the weak background feature near 560 cm-'. The integrated in- 
tensity (I.I.) between 474.5 and 534 cm -~ is (11.8 -+ 0.6) cm -2. b: 
The bands at 1013, 1108, and 1227 cm -~. The ordinate scale for b 
corresponds to spectrum N. Spectrum E has been expanded by a factor 
of 25 with respect to spectrum N. The '80, absorption, detected as a 
shoulder on the low energy side of the 1108 cm-' band, is marked by 
an arrow. The I.I. is (136 _+ 1) cm -2 between 1035 end 1185 cm-L 
c: The band at 1720 cm-1. The scale expansion with respect to spec- 
trum N of b is 50. 

a m o n g  e q u i v a l e n t  m in ima .  T h e  ful l  w i d t h  at  ha l f  maxi -  
m u m  of  t he  e n v e l o p e  is 33 c m - ' ,  b u t  t he  i n d i v i d u a l  com- 
p o n e n t s  are e x p e c t e d  to be  sharper .  The  m a x i m u m  of  t he  
e n v e l o p e  is r e s o l u t i o n - i n d e p e n d e n t  for  a spec t ra l  b a n d  
w i d t h  (s.b.w.) less  t h a n  4 c m - ' .  Fo r  a s.b.w, of  8 c m - ' ,  a 
sma l l  dec rease  of  t he  p e a k  a b s o r p t i o n  is obse rved ,  how- 
ever.  Th i s  fact  is no t  in  c o n t r a d i c t i o n  w i t h  i n d i v i d u a l  
c o m p o n e n t s  h a v i n g  n a t u r a l  w i d t h s  ~ 5 c m  -] s e p a r a t e d  b y  
t he  s ame  quan t i ty .  A s t u d y  of  t he  s h a p e  of  t h e  e n v e l o p e  
as a f u n c t i o n  of  t h e  s.b.w, a n d  of  the  t e m p e r a t u r e  b e t w e e n  
250 a n d  350 K cou ld  he lp  to e luc ida te  th i s  point .  In  t h e  ab- 
s ence  of  sil ica prec ip i ta te ,  t he  ra t io  of  t h e  peak  a b s o r p t i o n  
to t he  i n t e g r a t e d  i n t ens i t y  of  t he  1106 c m - '  b a n d  is (2.86 -+ 
0.06) • 10 -2 cm, a n d  t h i s  is a s u p p l e m e n t a r y  i n d i c a t i o n  
t h a t  t h i s  b a n d  is a n  enve lope .  

A n  a s y m m e t r y  o b s e r v e d  on  the  low e n e r g y  s ide  of  t he  
1106 c m - '  b a n d  is a t t r i b u t e d  to t he  v 3 m o d e  w i t h  ~sO. (The  
n a t u r a l  a b u n d a n c e  of  ]80 is 0.002 t i m e s  t h a t  of  ]80.) Dras-  
t ic  base - l ine  c o r r e c t i o n  p r o v i d e s  a p e a k  va lue  of  (1059 - 1) 
c m  -] for  t he  '80 b a n d ,  in  a g r e e m e n t  w i t h  t h e  v a l u e  of  1058 
c m - '  o b t a i n e d  w i t h  a n  ' sO-enr i ched  s a m p l e  (9). A b a n d  at 
1013 c m - '  and  a w e a k e r  s h o u l d e r  at  1006 c m  -] are also 
o b s e r v e d  in all t he  OR s a m p l e s  w i t h  a re la t ive  i n t e n s i t y  of  
(6 -+ 2) • 10 -8. T h e y  are seen  in t h e  left  s ide  of  Fig. lb .  A 
w e a k  b a n d  is also o b s e r v e d  at t he  s ame  pos i t i on  (1012.5 
c m - ' )  at  LHT;  t h i s  b a n d  w a s  also r e p o r t e d  w i t h o u t  com-  
m e n t  by  Oe rh l e in  et al. (11). T h e r e  is a co r r e l a t i on  be-  
t w e e n  t h e s e  b a n d s  a n d  t he  Oi c o n c e n t r a t i o n  b u t  no t  w i t h  
t he  c a r b o n  or  b o r o n  c o n c e n t r a t i o n .  U n d e r  a n n e a l i n g  at  
450~ for  a re la t ive ly  l ong  t ime,  t h e s e  b a n d s  b r o a d e n  a n d  
t h e i r  s t r u c t u r e  is no t  so wel l  def ined.  B e a n  et al. (12) 
q u o t e  a w e a k  b a n d  at 1004.1 c m - '  in  e l ec t ron - i r r ad i a t ed  
OR Si a f te r  a n n e a l i n g  at  450~ We have  i n d e e d  o b s e r v e d  
local  m o d e  a b s o r p t i o n  at  1005.2 a n d  1011.1 c m  -] a t  r o o m  
t e m p e r a t u r e  in  e l ec t ron - i r r ad i a t ed  OR Si a f te r  s h o r t - t i m e  
a n n e a l i n g  in t he  450~ range .  T h e s e  b a n d s  sh i f t  to  1006.7 
a n d  1012.2 c m  -] at  low t e m p e r a t u r e .  The  b a n d  a n d  the  
s h o u l d e r  r e p o r t e d  above  are  ce r t a in ly  d i f f e ren t  f rom these  
o x y g e n  d e f e c t - c o m p l e x  b a n d s  s ince  t he  f o r m e r  are still 
o b s e r v e d  af te r  a h i g h  t e m p e r a t u r e  (1350~ r e d i s s o l u t i o n  
t r e a t m e n t .  B a n d s  n e a r  1006 c m  -1 at  a m b i e n t  h a v e  also 
b e e n  assoc ia ted  b y  C h r e n k o  et al. (13) to  in t e r s t i t i a l  l i th- 
i u m  t r a p p e d  e lec t ros ta t i ca l ly  by  t he  Oi a t o m  in  Li- 
d i f fused  Si, b u t  t h e s e  b a n d s  sh i f t  b y  ~ 8 c m  -1 t o w a r d  
h i g h  f r e q u e n c i e s  at  low t e m p e r a t u r e  a n d  t hey  do no t  
s eem to b e  r e l a t ed  to t h e  b a n d s  o b s e r v e d  here.  

The  s h a r p n e s s  of  t he  1013 c m - '  b a n d  at r o o m  t e m p e r a -  
t u r e  m a k e s  i ts a s s i g n m e n t  to a c o m b i n a t i o n  of the  515 
c m - '  m o d e  w i t h  a p h o n o n  m o d e  unl ike ly ,  b u t  it cou ld  be  
a n  o v e r t o n e  of th i s  mode .  The  a b s e n c e  of a f r e q u e n c y  
sh i f t  b e t w e e n  r o o m  t e m p e r a t u r e  a n d  L H T  cou ld  b e  ex- 
p l a ined  by  a c h a n g e  of t he  a n h a r m o n i c i t y  of the  m o d e  
w i t h  t e m p e r a t u r e .  

The  b a n d  at  1227 c m - '  b e s t  seen  on  the  r i gh t  s ide  of 
s p e c t r u m  E in  Fig. l b  is c o m m o n  to all t h e  OR Si s amp le s  
w i t h  a re la t ive  i n t e n s i t y  of  (11 -+ 2) • 10 -:~. Th i s  b a n d  
s h o u l d  no t  be  c o n f u s e d  w i t h  t he  b a n d  at 1225 c m  -t  ob- 
s e r v e d  in  OR Si a f te r  h i g h  t e m p e r a t u r e  annea l ing ,  w h i c h  
is a s soc ia t ed  w i t h  s o m e  k i n d  of  sil ica p r ec ip i t a t e  (4). Fig- 
u r e  2 s h o w s  t he  1225 c m - '  p r ec ip i t a t e  b a n d  at  r o o m  tem-  
p e r a t u r e  in  a s a m p l e  iden t i ca l  to t h a t  u s e d  to o b t a i n  the  
spec t r a  of  Fig. 1 a f te r  a two- s t ep  annea l ing :  in  t he  first 
s tep,  95% of  O~ p r e s e n t  in  t h e  s a m p l e  was  p rec ip i t a t ed ;  in  
t he  s e c o n d  step,  50% of  t he  o x y g e n  was  r ed i s so lved  and  
t he  1225 c m  -~ p r ec ip i t a t e  b a n d  a p p e a r s  clearly.  F r o m  a 
c o m p a r i s o n  of  t he  i n t e n s i t i e s  of  t he  515 a n d  1106 c m  -~ 
b a n d s  in  t he  s p e c t r u m  of  Fig. 2, a c o n t r i b u t i o n  of  t he  sil- 
ica a b s o r p t i o n  at  1106 c m  -~ of  17% (0.38 c m  -~) to t he  max-  
i m u m  a b s o r p t i o n  coef f ic ien t  a t  t h i s  w a v e  n u m b e r  is cal- 
cu la ted .  Th i s  p r ec ip i t a t e  b a n d  w h i c h  can  genera l ly  be  
o b s e r v e d  a f te r  p r e a n n e a l i n g  a t  600~ fo l lowed  b y  annea l -  
ing  a t  900~ ha s  l o n g  b e e n  a s c r i b e d  to t he  p r e s e n c e  of  
c r i s toba l i te ,  b u t  t h i s  a t t r i b u t i o n  has  r e c e n t l y  b e e n  ques-  
t i o n e d  (14). A n  i m p o r t a n t  p o i n t  is tha t ,  c o n t r a r y  to the  
1227 c m  -~ b a n d ,  t h e  s h a p e  a n d  t he  i n t e n s i t y  of  th i s  pre-  
c ip i t a te  b a n d  r e m a i n  p rac t i ca l ly  u n c h a n g e d  b e t w e e n  
r o o m  t e m p e r a t u r e  a n d  LHT.  
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Fig. 2. Absorption coefficient of Oi and Op in an annealed sample 
identical to that of Fig. 1. The spectral bandwidth is 2 cm -~. Note the 
precipitate band near 1225 cm-' .  [Op] = 5 • 10 '7 at./cm :~ is inferred 
from this spectrum. 

The 1227 cm-'  band, on the other hand, is a combina- 
tion band involving the ~3 mode of the Si20 group. This 
band shifts at 1205.8 cm -~ at LHT. The 1205.8 cm-'  band 
has been ascribed by Bosomworth et al. (15) to a combi- 
nation band of the ~3 mode with a two-quantum excita- 
tion of a low frequency anharmonic motion of the oxygen 
atom tunneling through a potential barrier built by the 
two silicon atoms of the Si20 group. This motion is a two- 
dimensional analog of the low frequency inversion 
motion of nitrogen tunneling through the potential built 
by the three hydrogen atoms in the ammonia molecule. In 
the harmonic oscillator description, it can be visualized as 
a 10,0,0 > --~ ]1,2,0 > t r a n s i t i o n  w h e r e  t h e  first  n u m b e r  
f rom the  lef t  refers  to t h e  exc i t a t i on  n u m b e r  of  t he  v3 
mode ,  t he  s e c o n d  one  to t he  exc i t a t i on  n u m b e r  of  t he  low 
f r e q u e n c y  osci l la tor ,  a n d  the  one  at  t he  r i gh t  to  t h e  I va lue  
of  th i s  osci l la tor .  As ide  f rom t h e  1205.8 c m - ' ,  a s e c o n d  
c o m p o n e n t  at  1216.8 c m - '  a p p e a r s  a b o v e  15 K a n d  it  c a n  
b e  s imi la r ly  a sc r ibed  to a 10,1,1 > --> 11,3,1 > t r ans i t ion .  
(With th i s  labe l ing ,  t he  s t r o n g  1136.4 c m - '  o b s e r v e d  at 
L H T  is a 10,0,0 > --> I1,0,0 > t rans i t ion . )  At  r o o m  t e m p e r a -  
ture ,  i t  is e x p e c t e d  t h a t  t h e  quas i - f ree  ro ta t iona l  m o t i o n  of 
the  o x y g e n  a t o m  a b o u t  the  Si-Si axis  c an  c o m p e t e  w i t h  
t he  low t e m p e r a t u r e  v i b r a t i o n a l  mot ion .  

The  o b s e r v a t i o n  of  the  1227 c m  -~ b a n d  ha s  b e e n  some-  
t i m e s  r e l a t ed  to the  p r e s e n c e  of  some  k i n d  of  sil ica pre-  
c ip i t a tes  in  a s -g rown mater ia l .  We have  t r i ed  i n d e e d  to 
m e a s u r e  t he  c o n c e n t r a t i o n  of p r e c i p i t a t e d  o x y g e n  in t he  
slice f rom w h i c h  t he  IR  s a m p l e  has  b e e n  cut.  A 
r e d i s s o l u t i o n  e x p e r i m e n t  (5h at 1350~ in  a r g o n  a m b i e n t  
fo l lowed  by  r o o m  t e m p e r a t u r e  q u e n c h i n g  at  ~ 100~ on  
a n  a d j a c e n t  s a m p l e  showed ,  a f te r  r e m o v i n g  of  200 ~ m  of  
ma te r i a l  on  e a c h  s ide  of  t he  sample ,  an  inc rease  of  t he  in- 
t en s i t y  of  t he  1106 c m  -~ b a n d  by  2%, i.e., b y  2 • 10 '6 O~ 
at . /cm ~. Bes ides  th i s  point ,  no  d i f fe rences  were  f o u n d  in 
t h e  r o o m  t e m p e r a t u r e  spec t r a  of  b o t h  samples ,  i n d i c a t i n g  
t h a t  in  the  as - rece ived  s a m p l e  a b o u t  98% of  the  o x y g e n  
was  a l ready  p r e s e n t  in  t he  in te rs t i t i a l  form.  

F igu re  l c  shows  a v i b r a t i o n a l  b a n d  assoc ia ted  w i t h  O~ 
a n d  loca ted  at  1720.1 c m - '  at  r o o m  t e m p e r a t u r e  w i t h  a rel- 
a t ive  i n t ens i t y  of  0.016. T h i s  b a n d  has  p rev ious ly  b e e n  re- 
p o r t e d  by  L a p p o  a n d  T k a c h e v  (16). The  e n e r g y  d i f fe rence  
b e t w e e n  th i s  b a n d  a n d  t he  1106 c m - '  b a n d  is 612.4 c m  -~. 
(See Tab le  I for the  exac t  pos i t i on  of  t he  b a n d s  at  293 K.) 
At  LHT,  th i s  b a n d  shi f t s  to 1748.6 c m - ' ;  a b o v e  20 K, two 
n e w  b a n d s  a p p e a r  w i t h  d e c r e a s i n g  i n t en t i t i e s  at  1741.2 
a n d  1735.5 c m - ' .  T h e s e  b a n d s  have  also b e e n  r e p o r t e d  by  
K r i s h n a n  a n d  Hill  (17). T h e i r  s epa r a t i ons  f rom t h e  " h o t "  
b a n d s  at  1128.3 a n d  1121.7 c m  - '  w h i c h  are a s soc ia t ed  (18) 
w i t h  the  1136.4 c m - '  b a n d  are 612.9 a n d  613.8 c m - ' ,  re- 
spect ively .  We h a v e  c h e c k e d  t h a t  t he  1720 c m  - '  b a n d  was  
no t  co r r e l a t ed  w i t h  ca rbon .  Th i s  b a n d  w as  a s c r i b e d  by  

Table I. Characteristics of the infrared bands associated 
with interstitial oxygen in silicon at 293 K for a 

spectral bandwidth of 2 cm-' .  The relative intensities 
are measured taking into account the reflection losses 

Position Relative FWHM 
Origin (cm-')  absorption (cm-')  

vsym(Oi) 514.0 _+ 0.6 0.26 _+ 0.04 7.6 -+ 0.7 
2"sym(Oi) 1013.2 --+ 0.3 (6 --+ 2) • 10 -~ 8 --+ 1 
Va~('8Ol) 1059 -+ 1 NM NM 
v~s('60,) 1107.7 -+ 0.5 1 33 +- 1 
[v~s + vt~,~]('~Oi) 1226.7 _+ 0.7 (11 -+ 2) • 10 -3 22 -+ 2 
v~('~Oj) + vph(Si) 1720.1 -+ 0.6 (16 -+ 2) • 10 -s 31 -+ 1 

L a p p o  a n d  T k a c h e v  to t he  c o m b i n a t i o n  of  two v ib r a t i ona l  
m o d e s  of  t he  Si20 group,  name ly ,  t he  s y m m e t r i c  one  pro- 
d u c i n g  t h e  515 c m - '  b a n d  a n d  a m o d e  t h e y  a sc r ibe  to 
w h a t  we  labe l  t he  1227 c m  -1 band .  The  a g r e e m e n t  o n  the  
f r e q u e n c i e s  is fair  a t  r o o m  t e m p e r a t u r e ,  b u t  t he  L H T  re- 
su l t s  de s t roy  the  a r g u m e n t .  We p r o p o s e  t h a t  t h i s  l ine  is 
due  to a c o m b i n a t i o n  of  the  v 3 a n t i s y m m e t r i c  m o d e  of  the  
Si20 g r o u p  w i t h  t he  t w o - p h o n o n  c o m b i n a t i o n  T A  + TO at  
t h e  X p o i n t  of  t he  Br i l l ou in  zone  (19). Th i s  t w o - p h o n o n  
c o m b i n a t i o n  is IR  act ive,  a n d  it  g ives  r ise  to t he  s t r o n g e s t  
a b s o r p t i o n  ( a p p a r e n t  i n t e n s i t y  ~ 10 c m - ' )  in  the  
m u l t i p h o n o n  s p e c t r u m  of  si l icon.  The  f r e q u e n c i e s  o f  th i s  
c o m b i n a t i o n  are (610 -+ 1) a n d  (613 -+ 1) c m  -~ at r o o m  tem-  
p e r a t u r e  a n d  LHT,  respec t ive ly ,  b u t  we  are u n a b l e  to  de- 
t ec t  th i s  d i f fe rence  in ou r  m e a s u r e m e n t s .  F r o m  the  
F W H P  of  t he  1720 c m - '  b a n d ,  we infer  t h a t  t he  p h o n o n  
m o d e  d i s t r i b u t i o n  is s h a r p  a n d  th i s  is c o n f i r m e d  by  t he  
L H T  re su l t s  w h e r e  t he  F W H M  of t he  1748.6 c m - '  b a n d  is 
3.6 c m - '  aga ins t  0.6 c m - '  for  t h e  ~3 b a n d  at  1136.4 c m - ' .  

Conclusion 
Two Oi-related IR v i b r a t i o n a l  b a n d s  h a v e  b e e n  k n o w n  

for  a long  t i m e  in  OR sil icon.  I t  h a s  b e e n  s h o w n  h e r e  t h a t  
t h r e e  o the r  w e a k  v i b r a t i o n a l  b a n d s  are  also r e l a t ed  to Oi, 
a n d  t h a t  one  of  t h e m  revea l s  a c o u p l i n g  b e t w e e n  t he  v3 
m o d e  a n d  t he  p h o n o n  s p e c t r u m  of  sil icon. W a l d n e r  et al. 
(20) h a d  m a d e  s imi la r  o b s e r v a t i o n s  in  t he  s tudy  of  t he  lo- 
cal m o d e  a b s o r p t i o n  of  Li  B pa i rs  in  sil icon. One of  t he  
b a n d s  ana lyzed  he re  has  b e e n  p rev ious ly  a s c r i b e d  to a sil- 
ica prec ip i ta te .  T h e  p r e s e n t  w o r k  ru les  ou t  t h i s  poss ib i l i ty  
a n d  i ts  c o n s e q u e n c e s .  A p o i n t  w h i c h  has  no t  b e e n  dis- 
c u s s e d  is t h e  or ig in  of  a w e a k  a n d  b r o a d  b a n d  o b s e r v e d  at 
560 c m  -1. This  b a n d  c a n  be  seen  in Fig. la ,  w h e r e  the  ref- 
e r e n c e  s a m p l e  c o n t a i n s  t he  s ame  b o r o n  c o n c e n t r a t i o n  as 
t he  CZ sample :  so, i ts  a t t r i b u t i o n  to a local  m o d e  of  b o r o n  
seems  unl ikely .  The  p r e s e n c e  of th i s  b a n d  af ter  
r e d i s s o l u t i o n  of o x y g e n  s e e m s  to p r e c l u d e  i ts  a t t r i b u t i o n  
to a sil ica mode ,  a n d  i ts  pos s ib l e  re la t ion  w i t h  o x y g e n  de- 
se rves  f u r t h e r  inves t iga t ion .  
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A Modeling Study of Superficial 
Topography for Improved Lithography 
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ABSTRACT 

The contour coating properties of spun-on resist films on topography can influence the lithographic definition of 
features. In some cases, it is desirable to take these effects into consideration in the layout of a device. Superficial to- 
pography, ST, around the perimeter of critical features and large arrays where space permits can improve the uniformity 
of the spun-on coating contour. A computer simulation procedure is used to design the ST and examples presented for a 
real device structure coated with representative spun-on positive resist coating. The same ST can also reduce the effects 
of radial flow-induced coating anomalies that can, in some cases, produce different contours at every location on the 
substrate. Even planarization sublayers in multilayer resist processes cannot always effectively planarize large arrays 
relative to a fiat expanse. ST can play a beneficial role in many lithographic processes using spun-on films that coat 
topographical features. 

Spun-on resist coatings are the dominant  imaging mate- 
rial for IC lithographic processing. Spun-on polymer coat- 
ings are also being used more frequently in etchback 
planarization processes (1) and as passivation coatings. As 
critical dimensions approach the step heights of the to- 
pography, the topography (contour) coating properties of 
these spun-on coatings become an increasingly important 
aspect of all these processes. The spun-on coating thick- 
ness on topographical features is strongly influenced by 
the feature size. Different spun-on solutions and spin pro- 
cesses can produce different contour coating properties. 
Film shrinkage and, in some cases, thermal flow during 
subsequent  cures of the film also influence the coating 
properties. The spun-on coating thickness on topography 
is further complicated by adjacent topography which can 
produce significant changes in the coated contour (2). In 
large, complex repetitive arrays, the interaction of the 
edge features of the array with the flat expanse produces 
significant coating thickness variations. Furthermore, ra- 
dial flow-induced coating anomalies can actually pro- 
duce different coating contours, depending on the radial 
position and orientation of the topography (3, 4). 

For lithographic definition of the spun-on resist films, 
coating thickness variations can greatly influence the 
final patterned dimensions (5, 6). On highly reflective 
substrate materials with conventional positive resists and 
optical g-line exposure (436 nm), standing wave interfer- 
ence phenomena typically produce linewidth deviations 
as large as 0.5/~m with a 0.0650 ~m change in resist thick- 
ness. In reality, the exact linewidth deviations may be dif- 
ferent depending on the exact thickness change, the sub- 
strate reflectivity, resist contrast and processing, and the 
resolving power of the projection printer relative to the 
mask dimension. In the past, lithographic considerations 
in a device layout have concentrated on maximum step 
height of the topography, min imum line, space, pitch, and 
contact hole dimensions, and placement accuracies of 

* Electrochemical Society Active Member. 

interlevel overlays. In this work, we propose that, in some 
cases, the actual configuration of the topography should 
be considered to accommodate the contour coating prop- 
erties of spun-on films during device fabrication. To 
maintain process latitude and improve yields, spun-on 
coating thicknesses on topographical features need to be 
adequately controlled. These considerations become 
most significant for fine-lined lithography, (i.e., design 
rules less than 2 /~m). Sometimes, it is actually desirable 
to add topography that serves no electrical function to a 
design. This topography we shall call superficial topogra- 
phy, ST. The ST can be a permanent  structure or a tem- 
porary one depending on subsequent processing and 
space considerations. ST appears to have its most imme- 
diate and obvious application at the edge of large com- 
plex arrays. The use of ST can improve the coating thick- 
ness uniformity on topographical features at the edge of 
and within the array. A computer simulation technique 
can be used to design the ST. The same ST can reduce 
the effects of radial flow-induced coating anomalies. 

Designing Superficial Topography 
The spun-on film contour coating simulation proce- 

dure has been described in detail elsewhere (2-4) and is 
based on the application of a low pass frequency filter to 
the uncoated contour (topography). This procedure in- 
volves expressing the uncoated contour in the frequency 
domain, that is, in terms of its Fourier coefficients, anm 
and bnm- The spun-coated contour, Tc(x,y), can be approx- 
imated as shown below 

Tc(x,y) ~ ~ ~ w~wmanm cos - -  + 
n=O m ~ O  

+ W~Wmbn,~ sm ~ - - - - ~  + [1] 

where N and M are the total number  of points that span 
the x and y coordinates, w,~ and wm are the frequency 
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weighting factors for the x and y coordinates (i.e., the fre- 
quency filter), j and k equal N/2 and M/2, respectively. 

The same frequency filter is used for both x and y co- 
ordinates. It is determined empirically by measuring the 
step heights of coated isolated line features. The nonunity 
weighting factors (w~ and w~ < 1.0) that make up the low 
pass frequency filter are proportional to the logarithm of 
the period. Two parameters are used to define the filter, 
P~ .  and a. P~i. represents the minimum period that has 
weighting factor equal to one and suggests the range of 
the feature-feature interaction, a is the slope of weighting 
factor-logarithm period curve and reflects the confor- 
reality of the coating. An a parameter of zero would repre- 
sent a perfectly conformal coating. 

For three-dimensional simulations, it is sometimes de- 
sirable to include the effects of film shrinkage. Assuming 
film shrinkage is proportional to thickness, changes in 
the measured step heights for coated topographical fea- 
tures can be computed according to the relationship 
shown below 

H~ = (1 - 1/c) H~ + H, (l/c) [2] 

where, H~ is step height before shrink, H~ is the step 
height after shrink, H~ is the initial uncoated step height, 
and c is the shrink factor. By measuring thicknesses be- 
fore, T~, and after, T~, curing of the film, the shrink factor 
is determined as the fraction of the original thickness, 
TJT~. Figure 1 shows a schematic of the before and after 
shrink contours and denotes the relevant parameters. 

The shrinkage correction can easily be applied to the 
computed frequency weighting parameters 

w' ,  = (1 - 1/c) + w,  (l/c) [3] 

w' ,  is the shrink-corrected weighting parameter and w, 
the normal after-shrink parameter. The normal, after- 
shrink, frequency weighting parameters are determined 
from the isolated-line test pattern. Shrink-corrected, w' ,  
and w%, weighting parameters are computed, and a coat- 
ing contour is calculated from these parameters. The film 
thickness used is the T~ thickness. The shrink factor is 
applied to these thicknesses, and the resulting thick- 
nesses are added to the initial uncoated topography to 
give the shrink-corrected contour. Simulations done with- 
out a shrink-correction procedure produce reduced film 
thicknesses on top of topographical features (i.e., lower 
step heights and a less conformal coating). 

Figure 2a shows the corner portion of a silicon-on- 
sapphire (SOS) epi-island layout. The step height of the 
islands is 0.56 /~m. Gates are defined across the islands 
through the notches on the edge of the islands. The size 
of the islands is 12 • 18/~m. The gaps between the islands 
are 7/~m in the horizontal direction and 2/~m in the verti- 
cal direction. For this layout, only the gate definition on 
top of the islands is critical and the space between gates 
is much larger than the gate length (i.e., width of defined 
line). Solid, dotted, and dashed lines show where the coat- 
ing contour cross sections are displayed for the first, sec- 
ond, and fifth rows of gates, respectively. In Fig. 2b and 
2c, the ST configurations that we have considered at the 
edge of the array are denoted by the slash-filled lines. 

Table I summarizes the simulation parameter, solution 
properties, and coating conditions for a few spun-on posi- 
tive resist films. Figure 3 shows computed shrink- 
corrected coating contour for the various rows of gates in 
the epi island layouts, a, b, and c, shown in Fig. 2. The epi 
island arrays are typically defined by a 512 x 512 array of 
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Fig. 1. Schematic of before shrink and after shrink contours 
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Fig. 2. Epi island layout with and without superficial topography 

points spaced at 1/~m intervals. The frequency weighting 
parameters that correspond to a softbaked OFPR 800 
coating (a = 0.60, Pmi, = 200 /~m) were used for all the top- 
ographical configurations assuming a 0.90 shrink factor. 
The computation typically requires 3 min of CPU time on 
an IBM mainframe computer  and a 4 Mbyte machine. 
These simulated contour traces show thickness variations 
at the edge of, between, and on top of the islands. The 
contour height (Y-axis) represents the height of the simu- 
lated profilometer trace relative to the uncoated flat ex- 
panse. For these designs, only the coating thickness on 
top of the islands is critical for gate definition. Large 
thickness variations at the edge of a feature are always 
present with conventional novalac resin-based positive 

Table I. Solution and coating parameters for spun-on films 

OFPR 800 HPR 204 HPR 206 

Initial step height (/~m) 0.50 
Spin speed (rpm x 103) 6 
Coating thickness (~m) 0.93 
Percentage solid a 26.9 
Viscosity a (cps) 30 
Pml. (/~m) 165 
a 0.60 

0.55 1.01 
6 6 
1.05 1.80 

27.8 33.0 
18.5 43 

160 400 
0.70 0.53 

From manufacturer's data sheets. 



Vol. 132, No. 12 

17 

::L 1.6 

1.5 

~ 1.4 

~ 1.2 
o 
o 1.1 

1.7 

~- L5 - r  

rn 1.4 

~ 1.2 Z 
0 
o I,I 

1.7 

::k 1.6 

I- 1.5 
I 
o 
~ 1.4 

1.5 
0 

o 
o I.I 

I M P R O V E D  L I T H O G R A P H Y  

/":':.~ .z::":.~ c <''.', ~.:'::'.~ : :  
: ~ g t (" 1 t 1 >. b 

--~ 20~m ~ 

Fig. 3. Simulated contour traces for epi island layout for Pmin = 200, 
a = 0.60. 

resis t  systems.  The  ST  p resen ted  here  is only  des igned  to 
control  the  resis t  th ickness  on top of  the  epi  islands. If  
pa t te rn  defini t ion were  impor tan t  b e t w e e n  the  islands, 
th ickness  var ia t ions  b e t w e e n  the  top and bo t tom of the 
steps wou ld  also be  impor tant .  

Table  II  summar izes  th ickness  var ia t ions  b e t w e e n  and 
wi th in  the  rows of  gates  on top  of  the  epi is lands for the  
layouts.  For  the  sp in-coated  layout  w i thou t  ST  (Fig. 3a), 
the  m a x i m u m  th ickness  var ia t ion  be tween  the  top  of  is- 
lands  is 950A. The second layout  wi th  ST  consis t ing of  a 
10 ~ m  line spaced 10 ~ m  f rom the  edge  of  array reduces  
the  m a x i m u m  th ickness  var ia t ions  to 450~. The  th i rd  lay- 
out  wi th  ST  fur ther  r educes  the  m a x i m u m  th ickness  vari- 
a t ions to 250~. The  top  sect ion of  ST  has been  widened  to 
15 ~ m  and is spaced only 5 ~ m  f rom the  edge  of  the  array. 

The  des ign  of  ST  depends  not  only on the  layout,  bu t  
also on the  resist  mater ia l  and spin  process  used.  F igure  4 
shows  addi t ional  coat ing  con tour  s imula t ions  for the  lay- 
out  shown  in Fig. 2a and 2c. The  f r equency  we igh t ing  pa- 
ramete rs  used  are Pmi, = 400 ~m and a = 0.53, wh ich  may  
be  represen ta t ive  of  an H P R  206 coating. No shr inkage  
cor rec t ion  is used  in the  s imulat ion.  Fo r  sof tbaked  posi- 
t ive res is t  films, a 0.85-0.90 shr ink  factor does no t  appre- 
ciably change  the  s imula ted  relat ive th ickness  var ia t ions  
on top  of  the islands;  however ,  small  de tec tab le  th ickness  
var ia t ions  be tween  the  top  and bo t tom of the  s imula ted  

Table II. Thickness variations of photoresist coatings 
on top of epi islands 

OFPR 800 Between first 
PmJ. = 200 Within row and fifth row Total thickness 
a = 0.60 of gates (A) of gates (A) variation (A) 

Layout A 350 600 950 
Layout B 100 350 450 
Layout C 100 150 250 

Pmin = 400 
a = 0.53 

Layout A 400 700 1100 
Layout C 250 400 650 
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Fig. 4. Simulated contour traces for epi island layout for Pmin = 400, 
a = 0.53. 

contours  are present .  A shr ink-cor rec ted  con tour  (Fig. 3) 
appears  to p roduce  a less smoo thed  s imula ted  contour .  
Corners  and edges  of  t opography  appear  more  p r o m i n e n t  
in the  shr ink-cor rec ted  contours .  Without  ST, the  maxi-  
m u m  th ickness  var ia t ion  on top  of  the  islands is l l00A. 
E v e n  wi th  the  ST  shown  in Fig. 2c, the  m a x i m u m  thick- 
ness  var ia t ion  is only  r educed  to 650A. A more  substant ia l  
ST  is necessary  for this par t icular  spun-on coat ing  to re- 
duce  th ickness  var ia t ion  on top  of  the  is lands even  fur- 
ther.  The  conf igurat ion of  the  superficial  t opography  
that  appears  to be  mos t  effect ive  in r educ ing  th ickness  
var ia t ions  tends  to ma tch  the  per iodic i ty  wi th in  the  com- 
p lex  array itself. The  s imula t ion  also sugges ts  that,  at 
least  for this layout,  spun-on  posi t ive  resist  coa t ing  mate-  
rials and processes  that  exh ib i t  longer  effect ive  ranges  
(larger Pmi, values) t end  to p roduce  greater  th ickness  var- 
iat ions wi th in  the  array. 

In  practice,  it is des i rable  to keep  the  th ickness  varia- 
t ions on top  of  the is lands a round  a th i rd  of  the  d is tance  
be tween  the  m a x i m u m  and m i n i m u m  s tanding  wave  ex- 
posure  in tens i ty  nodes.  Thus,  for a g-line (436 rim) expo-  
sure system, the th ickness  var ia t ion should  be a round 
210A. For  the  wors t  poss ib le  case, the  s tanding  wave-  
i nduced  d imens iona l  devia t ion  is app rox ima te ly  halved.  
Fu r the r  reduc t ion  in these  d imens iona l  devia t ions  can be  
obta ined  by still t ighter  th ickness  control  or in some 
cases by reduc ing  subst ra te  reflectivity.  This  type  of  ST  
is only  used  to control  the  m a x i m u m  resist  th ickness  on 
top  of  the  islands. The  th ickness  var ia t ions  at the  edge  of  
the  is land are still present .  These  edge  th ickness  varia- 
t ions are typical ly  1200]~, and the  p resence  of  a s tanding  
wave  m a x i m u m  in tens i ty  node  is unavoidable .  Neck ing  
at steps on reflect ive t opog raphy  needs  to be  addressed  
by o ther  resist  p rocess ing  techniques ,  such  as mul t i layer  
resist  processes  (7, 8). A l though  these  mul t i layer  pro- 
cesses  address  resist  th ickness  changes  wi th in  an individ-  
ual  island, they  do no t  necessar i ly  address  th ickness  vari- 
at ions be tween  islands.  E v e n  with  a th ick  planar izat ion 
sublayer,  a group of  small  features  tends  to behave  as a 
single large feature  and li t t le p lanar izat ion is poss ible  be- 
tween  the  flat expanse  and the  array. Note  that,  i f  the  
spun-on  coat ings shown  in Fig. 3 and 4 had been  used  as 
planar izat ion sublayers,  the  init ial  uncoa ted  step he igh t  of  
0.56 ~nl  wou ld  have  only been  reduced  to 0.42 and 0.39 
~ m  relat ive to the  flat expanse,  respect ively .  Thus,  
superf icial  t opography  can  be impor tan t  even  in 
mul t i layer  resist  p rocess ing  schemes.  

Effect of Radial F low- Induced Coat ing Anomal ies  
The s imula t ions  in the  p rev ious  sect ion only apply  for 

s i tuat ions  where  radial  f low-induced coat ing  anomal ies  
do not  play a p r o m i n e n t  role. These  anomal ies  inf luence 
the  con tour  coat ing  and th ickness  var ia t ions  at var ious  
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Fig. 5. Schematic of II and • orientations with respect to flow from wa- 
fer center. 

o r i en t a t i ons  a n d  pos i t ions  w i t h  r e spec t  to t he  cen t r i fuga l  
c e n t e r  of  t he  wafer .  F i g u r e  5 shows  a s c h e m a t i c  of  l ines  
o r i e n t e d  para l le l  (II) a n d  p e r p e n d i c u l a r  (• to  t he  flow of  
ma te r i a l  f rom the  cen t r i fuga l  c e n t e r  of  t he  wafer .  F i g u r e  6 
s h o w s  p ro f i l ome te r  t r aces  t h a t  i l lus t ra te  h o w  coa t ing  
c o n t o u r s  are  i n f l u e n c e d  b y  t he  o r i e n t a t i o n  of  the  f ea tu re  
w i t h  r e s p e c t  to t he  wafe r  cen ter .  I so la ted- l ine  fea tures ,  40 
a n d  5 /~m wide,  c o a t e d  w i t h  H P R  206 at  a 6 k r p m  sp in  
s p e e d  are  shown .  T he  c i rc led  " •  d e n o t e s  the  II or ienta-  
t ion,  a n d  the  a r r o w  t he  d i r ec t i on  of  f low f rom t h e  wafer  
c e n t e r  at  t h e  • o r i en ta t ion .  T he  n u m b e r s  a b o v e  t he  t races  
i n d i c a t e  t he  m a x i m u m  m e a s u r e d  s tep  h e i g h t  in  mic rons ,  
a n d  t he  n u m b e r s  b e l o w  t he  t r aces  t he  f ea tu re  size. The  
or ig ina l  s tep  h e i g h t  for  t he  fea tu re  was 1.01 /~m. The  
p ro f i l ome te r  t r aces  for  t he  • o r i en t a t i on  we re  t a k e n  25 
m m  f rom the  c e n t e r  of  a 3 in. d i am wafer.  

S t ep  h e i g h t s  are  i n c r e a s e d  for  the  • o r i en ta t ion ,  a n d  a 
b u i l d u p  of  ma te r i a l  on  the  s idewal l  of  t he  s tep  p r o d u c e s  
a n  a s y m m e t r i c a l  s h a p e  for  t h e  coa t ed  l ine  fea ture .  The  
b u i l d u p  a lways  occurs  on  t he  s idewal l  o r i e n t e d  t o w a r d  
t he  wafe r  center .  The  m a x i m u m  s tep  h e i g h t  for  t h e  or ien-  
t a t i on  does  no t  occu r  in  t he  c e n t e r  of  t he  cross  sec t ion  of  
the  l ine  b u t  is d i sp l aced  t o w a r d  the  wafe r  c e n t e r  s ide  of  
the  l ine.  The  edges  a n d  co rne r s  of  f ea tu res  are  t h u s  
coa t ed  dif ferent ly ,  d e p e n d i n g  on  w h e t h e r  t he  edge  is ad- 
j a c e n t  to or oppos i t e  t h e  wafe r  center .  W h e n  coa t ing  fail- 
u res  occur  (i.e., t h i n  or no  fi lm cove rage  of a feature) ,  
t h e y  t e n d  to be  loca ted  at  edges  oppos i t e  t he  wafe r  center ,  
d o w n s t r e a m  f rom t he  rad ia l  flow. 

O.80#m 

~ m 

5 

0.49p.m 

5 

HPR206 6 k r p m  
I N I T I A L  STEP HEIGHT 1.01p.m 

Fig. 6. Profilometer traces of coated isolated-line features at II and • 
orientations. 

Radia l  flow a n o m a l i e s  are  m o r e  c o m p l e x  t h a n  d e p i c t e d  
b y  t h e s e  two or ien ta t ions .  I n t e r m e d i a t e  o r i en t a t i ons  be-  
t w e e n  II a n d  ~ h a v e  a c o m p l e x  coa t ing  behav io r .  T h e  �9 ori- 
e n t a t i o n s  t h e m s e l v e s  h a v e  a rad ia l  d e p e n d e n c e ,  w h i c h  es- 
sen t ia l ly  i n t r o d u c e s  a pos i t i ona l  d e p e n d e n c e  for  eve ry  
f ea tu re  w i t h  r e spec t  to t he  cen t r i fuga l  c e n t e r  (i.e., all fea- 
t u r e s  o n  t he  wafe r  c an  be  c o a t e d  different ly) .  T h e s e  radia l  
f low a n o m a l i e s  b e c o m e  g rea t e r  t he  f u r t h e r  away  fea tu res  
are  f rom the  cen t r i fuga l  c e n t e r  of  t he  subs t ra t e .  L a r g e r  di- 
a m e t e r  s u b s t r a t e s  will  s h o w  e v e n  g rea te r  a n o m a l i e s  at  
t h e i r  edges .  In  t he  c e n t e r  of  t he  subs t ra te ,  t h e  rad ia l  flow 
a n o m a l i e s  are sma l l  and,  in  t e r m s  of  the  coa t ing  c o n t o u r s  
of  l ine  fea tures ,  t he  • o r i en t a t i ons  b e g i n  to r e s e m b l e  t he  II 
or ien ta t ions .  

T h e  f low- induced  coa t ing  a n o m a l i e s  w i t h i n  large  com- 
p l ex  t h r e e - d i m e n s i o n a l  a r rays  can  also be  s ignif icant .  
S ince  a g roup  of  sma l l  f ea tu res  s eems  to b e h a v e  as a large  
fea ture ,  t h e  u p s t r e a m  s ide  of  t he  a r ray  t e n d s  to s h o w  
t h i c k n e s s  b u i l d u p  a n d  t he  d o w n s t r e a m  s ides  t h i c k n e s s  
t h i n n i n g .  A n  e x a m p l e  of t h i s  ef fec t  is s h o w n  in  Fig. 7 for 
10 • 10/~m l ine-space  g r a t i ngs  at  • o r i e n t a t i o n  a n d  at  t he  
c e n t e r  of  t he  subs t ra t e .  The  res i s t  coa t ing  is O F P R  800 
s p u n  on  at  6 k r p m ,  a n d  t he  u n c o a t e d  s tep  h e i g h t  is 0.44 
/~m. The  A va lue  r e p r e s e n t s  a coa t ed  s tep  h e i g h t  measu re -  
m e n t  in  m i c r o n s  for  t he  first  l ine  fea ture ,  a n d  the  B va lue  
the  coa t ed  s tep  h e i g h t  of  a l ine  fea tu re  w i t h i n  t h e  array.  
A l t h o u g h  t h e r e  is s o m e  no i se  p r e s e n t  in  t he  B s tep  
he igh t s ,  t he  d i f f e rence  b e t w e e n  A a n d  B s t ep  h e i g h t s  is 
r e p r o d u c i b l e  f rom wafe r  to wafer  at  t h e  s a m e  c o n t o u r  
t r ace  pos i t ions .  

The  a r rows  on  t he  f igure  s h o w  the  d i r ec t i on  of flow 
f rom the  rad ia l  c e n t e r  of  t h e  subs t ra te .  The  m i d d l e  t race  
was  t a k e n  nea r  t h e  cen t r i fuga l  cen te r  of  t he  subs t ra t e ,  a n d  
the  rad ia l  flow i n d u c e d  coa t ing  a n o m a l i e s  are e x p e c t e d  
to b e  small .  B o t h  s ides  of  th i s  g ra t ing  e x h i b i t  t he  s ame  A 
a n d  B s t ep  he igh t s .  In  t e r m s  of  m i n i m i z i n g  t h i c k n e s s  vari-  
a t ions  across  t he  w h o l e  array,  t he  cen te r  pos i t i ons  are  al- 
ways  super ior .  T h e s e  p o s i t i o n s  p r o d u c e  coa t ing  c o n t o u r s  
t h a t  h a v e  smal l  r ad ia l  f low anomal i e s ,  a n d  t hey  are  pre-  
d ic t ed  w i t h  r e a s o n a b l e  accu racy  by  our  s i m u l a t i o n  pro- 
cedure .  All  II o r i e n t a t i o n s  of  the  g ra t ing  w o u l d  p r o d u c e  a 
s imi la r  coa t ing  con tour .  The  u p s t r e a m  s ide  of  t he  a r ray  at  
a • o r i e n t a t i o n  away  f rom the  c e n t e r  pos i t i on  ( top of  Fig. 
7) s h o w s  t h e  smal l e s t  d i f f e rence  b e t w e e n  t h e  A a n d  B 

~14 mm 
FROM CENTER 

AT CENTER 

B = 0.375 
~ 2 1 m m  
FROM CENTER 

- ~  50/~m ~-- 

Fig. 7. Profilometer traces of coated 10 • 10/~m grating features at • 
orientations. 
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step heights. The first line feature exhibits a thickness 
buildup effect relative to the center trace. The down- 
stream side of the same array away from center position 
(bottom of Fig. 7) shows the largest difference between 
the A and B step heights. The first line feature shows a 
thickness thinning relative to the step height within the 
array. For this coating, the first line feature on the back 
side of the array exhibits the most substantial thickness 
change. This observation suggests that thickness varia- 
tions produced by radial flow anomalies in some cases 
may actually exceed those predicted by our contour sim- 
ulation routine. The exact magnitude of these thickness 
variations depends on the radial position of the ~ orienta- 
tion, but the largest radial flow-induced coating anomaly 
usually occurs at the first feature in the complex array. 
Superficial topography around the perimeter  of the array 
would help minimize this coating anomaly. 

It should also be pointed out that radial flow anomalies 
can also change the coating contour within the array. The 
B step heights in presence of radial flow are different 
from those in the center of substrate and at a parallel ori- 
entation. Superficial topography cannot correct this type 
of coating anomaly. It is important to minimize radial 
flow-induced coating anomalies during the spin coating 
process so that topographical features do get coated uni- 
formly and coating failures are minimized. Devices with 
high step heights and large or long feature sizes are more 
susceptible to these coating anomalies. Low spin speeds 
and careful selection of coating materials can be used to 
minimize, but not eliminate, these effects (3, 4). 

This effect, however, is expected to be much smaller for 
three-dimensional arrays that have both a finite width 
and length. Smaller feature sizes and more broken arrays 
produce less substantial radial flow-induced anomalies. 
In any case, ST around the perimeter of complex arrays 
can only improve the situation. Since radial flow-induced 
coating anomalies increase with distance from the center, 
larger diameter substrates could conceivably benefit 
more from the use of ST. 

Summary 
The use of superficial topography to improve coating 

contour and thickness uniformity at the edge of complex 
arrays has been proposed. Since a group of small features 

tends to act like a single large feature, edge features of an 
array effectively coat differently during the spin coating 
process than the same feature within an array. In the ab- 
sence of large radial flow-induced coating anomalies, the 
configuration of the superficial topography can be 
constructed by computer  simulation techniques. Differ- 
ent spun-on coatings and topography configurations re- 
quire different ST to obtain the most uniform coating 
contours. Films and coating processes .nat produce long 
ranges for feature-feature interaction tend to require more 
substantial ST configurations. Radial flow-induced coat- 
ing anomalies can produce greater coating nonuniformi- 
ties within an array. The larger anomalies also tend to oc- 
cur at the edge of the arrays and on the downstream side 
of the array. ST also helps reduce these coating 
difficulties. ST can also be beneficial in multilayer resist 
processes that employ planarization sublayers, since the 
sublayers cannot effectively planarize a large array rela- 
tive to a flat expanse. The contour coating properties of 
the spun-on resist films used to define critical litho- 
graphic levels and spun-on sacrificial films used in 
planarization etchback procedures are an increasingly im- 
portant aspect of device processing. Careful consideration 
of these properties can improve yields, process latitude, 
and, in some cases, even device performance. 

Manuscript submitted May 24, 1985; revised manuscript  
received Aug. 22, 1985. 
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Studies of the Vaporization/Decomposition of Alkali Sulfates 

K. H. Lau, R. D. Brittain,* R. H. Lamoreaux,* and D. I.. Hildenbrand 

SRI International, Menlo Park, California 94025 

ABSTRACT 

To complement  a previous study of the vaporization behavior of K2SO4, the vaporization of Li, Na, Rb, and Cs sul- 
fates has been studied by mass spectrometry and the torsion-effusion method to determine the total pressures, molecu- 
lar weights, and composit ions of the effusing vapors. Both molecular vaporization of iVs Q and dissociation contribute 
to the vaporization flux. For Na, Rb, and Cs sulfates, the decomposit ion reaction is M2SO4(s) = 2M(g) + SO2(g) + O2(g). 
From the difference between the measured total pressures and calculated decomposition pressures, the contributions at- 
tributable to molecular vaporization of Na~SO4, Rb~SO4, and Cs2SO4 are about 37, 75, and 95% of the total pressures over 
the respective sulfates in the temperature ranges of our measurements.  Vapor molecular weights determined from si- 
multaneous torsion-effusion and mass-loss measurements  are in close agreement with the compositions inferred from 
the pressure data. Decomposit ion of Li2SO4(s) occurs by the reaction Li~SO4(s) = Li20(s) + SO2(g) + 1/2 O2(g); the Li20 re- 
acts with the remaining Li2SO4 to form a liquid solution phase of unknown Li20 activity. Li2SO4 sublimation accounts 
for about 0.3% of the pressure over Li2SO4. The derived heats of sublimation in kilojoules per mole at 298 K were deter- 
mined to be 388.4 -+ 4.1 for Li~SO4, 364.0 _+ 1.3 for Na~SO4, 340.2 _+ 2.8 for Rb2SO4, and 320.1 _+ 2.0 for Cs2SO4. Values of the 
entropies of the gaseous sulfate molecules were derived from slope heats and absolute pressures and are compared with 
values calculated from molecular constants. 

Metal sulfate chemistry is important in technologies 
such as sulfur removal from combustion gases and high 
temperature energy generation and conversion. In most 
of these applications, the high temperature vaporization 
behavior of sulfates is of  particular concern, but the basic 

*Electrochemical Society Active Member. 

thermodynamics and kinetics needed to treat the tech- 
nical problems are not adequately known. In the case of 
alkali sulfates, serious discrepancies exist among sources 
in the literature not only as to total pressures but in re- 
gard to the relative importance of the various vaporiza- 
tion processes. 
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The vaporization of alkali sulfates is complex in that a 
variety of condensed and vapor phase products may be 
observed under appropriate conditions. The vaporization 
behavior may be described as combinations of concep- 
tually simpler individual processes such as molecular va- 
porization 

M2SO4(s,1) = M~SO4(g) [1] 

congruent decomposition 

M~SO4(s,1) = 2M(g) + SO~(g) + O2(g) [2] 

and incongruent decomposition, which results in changes 
in the condensed phase composition. One incongruent va- 
porization reaction that may be postulated is 

M2SO4(s,1) = M20(s,l,sol) + SO2(g) + 1/2 O2(g) [3] 

but various condensed phases, both pure compounds and 
solutions, are possible products. 

Previous studies reported that reaction [2] is the princi- 
pal decomposition mode of Na2SO4 (1-3), K2SO~ (1, 4), 
Rb2SO4 (1, 5), and Cs2SO4 (1, 5); no evidence of incongru- 
ent vaporization was found. The percentage of the total 
vapor pressure attributable to molecular vaporization was 
not established precisely in most studies, but was re- 
ported to increase with the atomic weight of the cation 
from about 14% for Na~SO4 (2) to nearly 100% for Rb2SO4 
and Cs2SO4 (5). 

Although several studies of Li2SO4 vaporization have 
been reported, the results are in poor agreement. A mass 
spectrometric study (1) indicated vaporization according 
to the decomposition reaction [2], with no molecular sul- 
fate detected, but a later mass-effusion and transpiration 
study (6) gave indirect evidence for a lithium containing 
vapor species, presumably Li2SO4(g), as the major compo- 
nent of the vapor. This latter study also found evidence of 
incongruent vaporization, presumably by reaction [3], but 
concluded that it could not be the major vaporization 
process. 

With the exception of condensed phase solutions, relia- 
ble thermodynamic data are available for the various de- 
composition processes, so that equilibrium decomposi- 
tion products under neutral vaporization conditions may 
be predicted from these data. Sulfates of Na, K, Rb, and 
Cs are calculated to decompose by reaction [2], in agree- 
ment  with the experimental  results. Bonnell and Hastie 
(7) showed that the Na(g) pressures observed over Na2SO4 
under neutral vaporization conditions implied that the ac- 
tivity of condensed Na~O was less than about 10 -2. This 
conclusion agrees with thermodynamic calculations that 
predict a Na20(g) partial pressure of 2 • 10 -14 bar for the 
dissociation of Na2SO4 under  neutral conditions at 1200 K, 
whereas the Na20(g) pressure over pure Na20(s) under 
similar conditions is predicted to be 2 • 10 -8 bar. Similar 
conclusions can be derived for the decomposit ion of 
K~SO4, Rb2SO~, and Cs2SO4. However, under neutral con- 
ditions Li~SO4 is calculated to decompose primarily by re- 
action [3]; whether  the condensed phase product is a pure 
substance or a solution is a matter for experimental  deter- 
mination. 

A previous study in this laboratory (4) used Knudsen 
cell mass spectrometry and torsion-effusion vapor pres- 
sure measurement  to investigate the vaporization behav- 
ior of K2SO4. Molecular sublimation accounted for about 
63% of the total vapor pressure under the experimental  
conditions; congruent decomposition by reaction [2] ac- 
counted for the remaining pressure. The enthalpy of sub- 
limation at 298 K was 361.9 -+ 6.3 kJ-mol  -~. The entropy 
derived from mass spectrometric second-law measure- 
ments and torsion-effusion total pressures was 13.8 
J-mol-~-K -~ larger than tabulated values calculated from 
partially estimated molecular constants. 

The present studies were undertaken to resolve dis- 
crepancies in the earlier data, to obtain quantitative infor- 
mation on the relative importance of molecular vaporiza- 
tion and dissociation, and to derive accurate thermody- 
namic data for the gaseous sulfates. To this end, the basic 
approach was the same as in our study of K2SO4 vaporiza- 

tion. Total pressures were determined by the torsion- 
effusion method, a purely mechanical technique that re- 
quires no knowledge of vapor composition to evaluate 
total pressures. Partial pressures attributable to decompo- 
sition species were calculated using literature thermody- 
namic data, and the partial pressures due to M2SO4 mole- 
cules equated to the difference between total and 
decomposit ion pressures. Vapor molecular weights, Mw, 
determined from simultaneous torsion-effusion and mass- 
loss measurements provided a check on our interpreta- 
tion of the vapor composition. The mass spectra of the 
effusing vapors were studied in detail, and thermody- 
namic data were derived for the molecular vaporization 
and decomposition processes. 

Experimental 
Mass spectrometric studies were done in the 12 in. ra- 

dius, 60 ~ sector magnetic instrument equipped with a 
Knudsen cell source (8). Details of the plat inum effusion 
cell, cell holder, and Pt, Pt-13% Rh thermocouple,  and of 
the experimental  technique have been given previously 
(8). Measurements of the temperature dependence of 
pressure and ion intensity were made by varying the tem- 
perature randomly; however, the data are tabulated in or- 
der of ascending temperature so that trends may be more 
readily identified. 

The torsion-effusion apparatus and the associated mi- 
crobalance, which have been described previously (9-11), 
were the same as in our K2SO4 vaporization study (4). 
Pt-30% Rh alloy effusion cells with orifice diameters of 
0.06 and 0.11 cm and capped with tapered, Pt-coated alu- 
mina plugs were used. The system performance was 
checked against the vapor pressure and molecular weight 
of KC1, both cells giving results within 5% of the accepted 
values (12). 

The measurements were made using high purity, anhy- 
drous Mallinkrodt AR-grade Na~SO4, Alfa ultrapure 
Li2SO4-H.~O and Rb2SO4, and Cerac/Pure Cs2SO4. The 
Li2SO4-H~O was dried by heating for 2h at 463 K in N~. No 
obvious impurities were found in the mass spectrum, and 
essentially no outgassing was observed on heating the 
specimens to measurement  temperatures in the torsion- 
effusion apparatus. In view of the pronounced tendency 
of molten Na.2SO4 to wet the walls and to creep out of the 
effusion cell container, as observed by Kohl et al. (13) and 
in our own preliminary experiments,  we charged the cell 
with a mixture of the solid sulfate and high surface area 
platinum powder. The inert Pt  powder provided a large 
internal wicking area that confined the molten sulfate by 
surface tension; two different loadings showed the vapor 
pressure of the liquid to be independent  of the Na2SOJPt 
ratio in the region investigated. This technique proved 
highly effective in eliminating the creep problem in the 
Na2SO4 measurements.  Studies on the other sulfates were 
made at temperatures below the melting points. 

Results 
Vapor mass spectra.--The mass spectra were examined 

to obtain quantitative information on the molecular spe- 
cies in the vapor. Table I presents the threshold appear- 
ance potentials, neutral precursors, and relative ion inten- 
sities at 30 eV ionizing energy. Appearance potentials 
were evaluated by the vanishing current method. The 
close agreement of threshold ionization potentials of Na +, 
Rb § Cs § 02 § and SO2 ~ with the spectroscopic ionization 
potentials (IP) of the corresponding neutrals Na (IP = 5.14 
eV), Rb (IP = 4.18 eV), Cs (IP = 3.89 eV), 02 (IP = 12.08 
eV), and SO., (IP = 12.34 eV) indicate that the ions are 
formed by simple ionization processes near threshold. Be- 
cause of the low appearance potentials of the ions 
Li2SO4 ~, Na2SO4 ~, Rb2SO4 § and Cs2SO4 ~, the correspond- 
ing neutrals are also regarded as parent species. At higher 
ionizing energies, a substantial fraction of the M § signal 
must result from dissociative ionization of M2SO4. Our 
threshold appearance potentials for Rb2SO~ + and Cs2SO4 * 
are about 1 eV lower than those reported by Ficalora et aI. 
(1), but agree closely with that of Kohl et al. (13) on 
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Table I. Appearance potentials and relative intensities of ions 
in mass spectra of LisSOm, Na~S04, Rb~SO~, and Cs~SO~ vapors 

Table II. Second-law slope heats derived 
from ion temperature dependences 

Condensed AP F Electron 
phase Ion T (K) (eV) Neutral (30 eV) energy 

Ion (eV) 

Li2SO4 Li ~ 9.5 -+ 0.5 Li~SO4 28 
Li2SOs 1114 9.7 +- 0.3 Li2SO 4 190 
SO~ ~ 12.5 -+ 0.5 SO~ 5100 Li2SOs 30 
O2 ~ ~ O., 1200 SO,  17 

Na2SO4 Na" 5.0 -+ 0.3 Na 314 
Nasa" 11.5 -+ 0.5 Na, SO4 4.6 
Na._,SOs 1239 8.0 -+ 0.3 Na~SO4 14 Na._,SOJ 50 
SO.f 12.5 -+ 0.5 SO~ 75 50 
O~ ~ 12.0 -+ 0.5 O~ 62 50 

5O 
Rb~SO~ Rb ~ 1225 4.0 _+ 0.3 Rb 178 

Rb~O ~ 10.6 -+ 0.5 RbzSO~ 5.9 Na~ 8 
Rb~SOs 7.5 -+ 0.3 Rb~SO~ 40.8 8 
SO=, ~ 12.3 _+ 0.5 SO~ 37.5 SO~ ~ 17 
O~ ~ 12.1 +- 0.5 O~ 9 

Cs~SO~ Cs '~+ 1170 3.8 -+ 0.3 Cs 318 Rb~SOs 50 
Cs~O + 10.1 -+ 0.5 Cs~SO~ 50 50 
Cs~SOj 7.6 -+ 0.3 Cs2SO~ 118 
SO~ ~ 12.3 -+ 0.5 SO., 12 Rb ~ 7 
O~ ~ ~ O., 1.1 7 

~Notmeasured.  

Na~SO4+; F ica lora  et aI. (1) did  n o t  d e t e c t  Li~SO4 ~ or  
Na~SO4 +. T h e  sp ec i e s  Na20  +, Rb20 ~, a n d  Cs20 +, w h o s e  
m e a s u r e d  a p p e a r a n c e  po t en t i a l s  are  far  g rea t e r  t h a n  t h o s e  
m e a s u r e d  by  H i l d e n b r a n d  and  M u r a d  (14) for  Na20 ~ over  
Na20(s)  (5.5 eV), by  N o r m a n  a n d  Winche l l  (15) for  Rb20 + 
(4.9 eV) a n d  Cs20 § (4.6 eV), a n d  by  G o r o k h o v  (16) for 
Cs20 + (4.45 eV), are c lear ly  f r a g m e n t  ions.  We f o u n d  no  ev- 
i d e n c e  for m o l e c u l a r  SO~, r e p o r t e d  to be  p r e s e n t  in  o the r  
s tud ies .  

O n  t h e  bas i s  o f  t h e  o b s e r v e d  ion s igna l s  a n d  t he  A P  
data ,  we  c o n c l u d e  t ha t  t h e  m a j o r  spec i e s  in t he  v a p o r  
e f f u s i n g  f ro m  Na~SO4(s,1) , Rb2S04(s), a n d  Cs2SO4(s) are the  
M2SO4 m o l e c u l a r  su l fa tes ,  t h e  M g a s e o u s  alkal i  m e t a l  
a t o m s ,  SO2, a n d  O2; t h e  m a j o r  spec i e s  e f f u s i n g  f rom 
Li2SO4(s) are SO2 a n d  O2 p lu s  a sma l l  a m o u n t  of  m o l e c u l a r  
Li2SO4. No Li(g) is d e t e c t e d  in t h e  latter.  T h u s ,  d e c o m p o -  
s i t ion  b y  r eac t ion  [2] a n d  m o l e c u l a r  vapo r i za t i on  by  reac- 
t i on  [1] c o n t r i b u t e  to t he  vapo r i za t i on  of  Na, Rb,  a n d  Cs 
su l fa tes ,  w h e r e a s  Li2SO4 vapo r i ze s  p r ima r i l y  by  d e c o m p o -  
s i t ion  a c c o r d i n g  to  r e ac t i on  [3! w i t h  a sma l l  c o n t r i b u t i o n  
f r o m  d i rec t  s u b l i m a t i o n .  

To o b t a in  s e c o n d - l a w  i n f o r m a t i o n  for t he  m o l e c u l a r  va- 
po r i za t ion  p rocess ,  t he  t e m p e r a t u r e  d e p e n d e n c e s  of  the  
i n t en s i t i e s  of  M2SO4 § s p e c i e s  we re  m e a s u r e d .  S e c o n d - l a w  
h e a t s  we re  de r ived  f r o m  leas t  s q u a r e s  a n a l y s i s  of  log 
(I+T) as  a f u n c t i o n  of  r ec ip roca l  t e m p e r a t u r e ,  w i t h  t he  re- 
s u l t s  s h o w n  in Tab le  II. As  a c h e c k  on  th i s  p r o c e d u r e ,  t he  
d e c o m p o s i t i o n  p r o c e s s e s  were  also s t u d i e d  by  m o n i t o r i n g  
M ~ an d /o r  SO2% for  c o m p a r i s o n  w i t h  t he  e s t a b l i s h e d  reac- 
t i on  t h e r m o d y n a m i c s .  

Tota l  v a p o r  pres sures  a n d  v a p o r  m o l e c u l a r  
w e i g h t s . - - T h e  t o r s i o n - e f f u s i o n  total  v a p o r  p r e s s u r e s  ob- 
t a i n e d  w i th  cells  PR-1 a n d  PR~2 a n d  t he  v a p o r  m o l e c u l a r  
w e i g h t s ,  Mw, e v a l u a t e d  f r o m  s i m u l t a n e o u s  t o r s i on  a n d  
g r a v i m e t r i c  e f f u s i o n  e x p e r i m e n t s  are s u m m a r i z e d  in 
T a b l e s  III, IV, and  V. I n d i v i d u a l  vapo r  p r e s s u r e s  are 
p lo t t ed  in Fig. 1-3 as  log P vs.  lIT. C o n s t a n t s  for t he  effu- 
s ion  cel ls  are i n c l u d e d  in  Tab le  V. 

For  Na2SO4, a few t o r s i o n - e f f u s i o n  m e a s u r e m e n t s  were  
also m a d e  on  t h e  sol id  phase ,  a n d  t h e s e  are s h o w n  in 
Fig. 1. Severa l  of  t h e s e  we re  m a d e  on  a f r e s h  s a m p l e  of  
c rys t a l l i ne  Na2SO4, a n d  seve ra l  on  t he  Na2SO4-Pt m i x t u r e  
a f te r  c o m p l e t i o n  o f  the  m e a s u r e m e n t s  on  t he  l iquid.  T h e  
two se t s  are  in r e a s o n a b l e  a g r e e m e n t  a n d  j o in  wel l  w i t h  
t h e  l i qu id  p h a s e  p r e s s u r e s  at  t he  m e l t i n g  point ,  i n d i c a t i n g  
t h a t  t h e  P t  " w i c k i n g "  t e c h n i q u e  g ives  s a t i s f ac to ry  resu l t s .  

No to ta l  p r e s s u r e  m e a s u r e m e n t s  are r epo r t ed  for Li~SO4 
s ince  t h e  m a s s  s p e c t r u m  ind i ca t ed  on ly  a m i n o r  con t r i bu -  
t ion  (< 1%) f ro m  m o l e c u l a r  s u b l i m a t i o n .  Also,  as  n o t e d  
be low,  it is l ikely  t h a t  t he  ox ide  p r o d u c t  f o r m e d  in  th i s  

Data T range Tavg 
points (K) (K) 

L~SO~(s) 
8 1060-1115 1086 
7 1053-1114 1089 

Na2SO4(s, 1) 
10 1069-1148 1110 a 
7 1069-1155 1114 a 
7 1168-1237 1199" 
9 1167-1257 1210 h 

5 1184-1257 1216 h 
16 1164-1266 1212 ~ 

7 1176-1262 1217 J' 

Rb2SO4(s) 
15 1062-1255 1157 
14 1055-1258 1165 

6 1144-1274 1212 
6 1119-1274 1197 

Cs~SO4(s) 
9 9 9 2 - 1 1 1 2  1045 
5 983-1139 1056 

6 1080-1174 1127 

~ lH  T 
(kJ/mol) 

326.4 -+ 4.0 
328.4 -+ 4.0 

330.2 -+ 1.2 
326.2 -+ 1.3 
291.5 -+ 2.9 
292.9 -+ 1.3 

302.3 -+ 2.5 
302.9 -+ 3.1 

297.2 -+ 4.9 

291.1 -+ 3.4 
299.5 -+ 1.9 

306.0 -+ 2.8 
305.0 -+ 1.1 

279.2 -+ 2.0 
281.8 +- 2.0 

304.3 -+ 1.5 

Cs~SOs 30 
30 

Cs ~ 7 

a Vaporization of Na2SO4(s). 
h Vaporization of Na~SO4(1). 

case  is p r e s e n t  at r e d u c e d  act ivi ty ,  t h e r e b y  c o m p l i c a t i n g  
t h e  in te rp re ta t ion .  For  c o m p a r i s o n  p u r p o s e s ,  a few pre- 
l i m i n a r y  to r s ion  m e a s u r e m e n t s  on  Ls i n d i c a t e d  a to- 
tal p r e s s u r e  of  7 x 10 -8 ba r  at  1115 K. 

Na2SO 4 p r e s s u r e s  m e a s u r e d  w i t h  t he  0.06 c m  d i a m  
orifice were  a b o u t  60% h i g h e r  t h a n  t h o s e  d e t e r m i n e d  
w i t h  t h e  la rger  orifice. A s imi la r  orifice-size d e p e n d e n c e  

Table III. Total vapor pressure of Na~S04 
(torsion-effusion method) 

Cell PR-1 (P~]PT = 2.116) ~ Cell PR-2 (PJPT = 1.331) a 

T(K) P • l0 ~(bar) M~  T(K) P • 10 ~(bar) Mw 

1113.7 0.030 
1117.6 0.033 
1121.7 0.040 
1131.7 0.054 
1137.5 0.072 
1145.9 O.O94 

1166.4 
1172.9 
1174.6 
1181.9 
1185.0 
1188.7 
1190.3 
1195.2 
1199.0 
1204.3 
1209.3 
1217.3 
1218.6 
1219.4 
1227.9 
1236.1 
1236.9 
1240.9 
1251.1 
1259.4 
1263.2 

Solid 

Liquid 
0.164 1188.2 0.464 
0.215 1204.1 0.699 
0.202 1220.6 1.034 
0.245 1230.2 1.329 
0.287 1236.1 1.522 
0.289 1255.9 2.272 
0.306 1264.7 3.027 
0.360 1270.0 3.282 
0.380 1284.3 4.490 
0.429 67.2 1294.4 5.527 
0.508 1302.4 6.635 
0.601 1303.6 6.756 
0.627 
0.633 
0.781 69.4 
0.959 
0.986 
1.075 
1.377 
1.668 
1.828 

Mean Mw = 67 _+ 5 
M w  (Na2SO4) = 142.0 
Mw (decomposition) = 37.3 

Log P (bar) = (6.708 -+ 0.262) - (15,729 -+ 135)/T (PR-1) 
Log P (bar) = (6.798 -+ 0.081) - (15,559 -+ 101)/T (PR-2) 

70.4 
70.3 

62.2 

PJPT = ratio of equilibrium to steady-state pressures. 
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Table IV. Total vapor pressure of Rb~SO~(s) 
(torsion-effusion method) 

Table V. Total vapor pressure of Cs~SO~(s) 
(torsion-effusion method) 

Cell PR-1 (PE/PT = 1.259) a Cell PR-2 (PE/PT = 1.079) ~ 

T(K) P • 106(bar) Mw T(K) P x 10" (bar) Mw 

Cell PR-1 Cell PR-2 

T (K) P x 10 s (bar) Mw T(K) P • 106(bar) Mw 

1107.1 0.105 1154.1 0.516 
1117.6 0.149 1170.0 0.810 
1125.9 0.200 1172.6 0.838 
1128.9 0.209 1185.3 1.206 
1146.6 0.344 1201.1 1.819 
1150.4 0.388 1217.6 2.774 
1175.0 0.788 211.5 1220.9 2.997 
1185.7 1.039 1226.1 3.500 
1192.8 1.248 1237.9 4.598 
1203.9 1.675 207.4 1226.4 5.568 
1212.5 2.108 206.7 1248.7 5.963 
1222.2 2.683 199.7 1260.4 7.886 

Mean M w =  209 • 4 
Mw(Rb~SO~) = 267.0 

Mw(decomposition) = 69.0 

216.0 

212.7 
203.5 
216.2 
207.8 

Log P (bar) = (7.839 • 0.262) - (16,388 • 301)/T (PR-1) 
Log P (bar) = (7.777 • 0.200) - (16,235 • 230)/T (PR-2) 

a pE/p T = ratio of equilibrium to steady-state pressures. 

w a s  f o u n d  for K~SO4 (4). T h e  d i f fe rence  w a s  a b o u t  25% for 
Rb2SO4 b u t  w a s  neg l ig ib le  for Cs2SO4. T h e  orifice effect  
is a t t r i b u t ab l e  to u n d e r s a t u r a t i o n  of  t h e  v a p o r  r e s u l t i n g  
f r o m  a k ine t i c  bar r ie r  in  t h e  vapo r i za t i on  process .  T h e  
W h i t m a n - M o t z f e l d t  m o d e l  (11, 17-19) w a s  u s e d  to ex t r apo -  
late t h e  da ta  for Na2SO4 a n d  Rb2SO4 to zero orifice area  to 
give t h e  e q u i l i b r i u m  p r e s s u r e s  s h o w n  in  Fig. 1 a n d  2; no 
e x t r a p o l a t i o n  w a s  n e c e s s a r y  for t he  Cs2SO4 data.  T h i s  ex-  
t r apo la t i on  y ie lded  the  p ropor t i ona l i t y  c o n s t a n t s  b e t w e e n  
s t e a d y  s ta te  an d  e q u i l i b r i u m  p r e s s u r e s  for t he  severa l  
cells a n d  s a m p l e s  s h o w n  in Tab le s  III, IV, a n d  V. Also  
s h o w n  in Fig. 1-3 are t he  ca l cu l a t ed  d e c o m p o s i t i o n  pres-  
s u r e s  for r eac t ion  [2]; b e c a u s e  o f  t he  r e s t r i c t ion  o f  c o n g r u -  
en t  vapor iza t ion ,  t h e  ca l cu l a t ed  par t ia l  p r e s s u r e s  o f  M, 
SO2, a n d  O2 w i t h i n  t h e  e f f u s i o n  cell are no t  in  t he  in tegra l  
ra t ios  of  2:1:1 b u t  are a d j u s t e d  on  t he  bas i s  o f  t he i r  molec -  
u l a r  w e i g h t s  so t h a t  m a s s  e f fu s ion  y ie lds  s t o i ch iome t r i c  
M~SO4. In  e ach  i n s t ance ,  t he  to ta l  e q u i l i b r i u m  ) r e s s u r e  is 
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I 
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OE OM SITIO \\, TO: Lo .... 

PRESSURE ~ ,  r R ~ u ~  

MELTING TEMPERATURE 
0 

0 

_ ~ .  ~ I I t I t i I I I I I I t I 

7 .  7 .  B 7 , 8  B . O  8 . 2  B .  4 , 8 . 6  O . O  g . o  

l O 4 / T  (K -l) 
Fig. 1. Total pressure over Na~S04(I) measured with two platinum- 

rhodium effusion cells, showing relation to extrapolated equilibrium 
pressure and calculated pressure for the decomposition process 
Na2S04(I) = 2Na(g) + S02(g) + 02(g). 

1059.8 
1072.5 
1086.1 
1096.3 
1107.3 
1117.2 
1125.9 
1134.7 
1144.4 

0.176 1074.9 0.303 
0.272 1086.8 0.415 
0.397 1098.0 0.580 
0.539 1099.6 0.620 
0.738 1111.2 0.856 
0.973 1123.1 1.168 
1.241 1123.8 1.176 
1.553 1135.6 1.680 
2.042 1147.4 2.257 

1148.1 2.339 
1161.0 3.237 
1173.5 4.542 

Mean Mw = 333 • 14 
Mw (Cs~SO4) = 361.9 

Mw (decomposition) = 97.1 
Log P (bar) = (7.515 -+ 0.066) - ~15,112 • 72)/T (PR-1) 
Log P (bar) = (7.528 _+ 0.068) - (15,110 • 74)/T (PR-2) 

313.9 

336.0 
339.1 

341.8 

Torsion-effusion cells 

Cell d (cm) a 5~Ca (cm2) ~ 

PR-1 0.11 1.68 x 10 -5 
PR-2 0.06 5.08 x 10 -3 

a d = orifice diameter. 
~Ca  = effective orifice area. 

h i g h e r  t h a n  the  d e c o m p o s i t i o n  p re s su re ,  s h o w i n g  clearly 
t he  s u b s t a n t i a l  c o n t r i b u t i o n  o f  m o l e c u l a r  vapor iza t ion .  

I n c l u d e d  in  Ta b l e s  III, IV, a n d  V a long  w i t h  t h e  ob- 
s e r v e d  m o l e c u l a r  w e i g h t  da ta  are v a l u e s  of  M w  for the  
m o l e c u l a r  su l f a t e s  M2SO4 a n d  the  c o r r e s p o n d i n g  v a l u e s  
c a l c u l a t e d  for t he  r e s p e c t i v e  d e c o m p o s i t i o n  reac t ions .  
T h e  e x p e r i m e n t a l l y  d e t e r m i n e d  v a l u e s  of  M w  are  in  each  
case  i n t e r m e d i a t e  b e t w e e n  t he  two  e x t r e m e s ,  i nd i c a t i ng  a 
s u b s t a n t i a l  m o l e  f rac t ion  o f  M2SO4 in  t he  vapor ,  increas-  

4 . ~  I l l l l l l l l l l l l  

v 

o_ 

c~ 
._I 

I 

5 . 2  

5 . 6  

B .O 

6 . 4  

B . B  

pR/•K2••jEQUILIBRIUM TOTAL PRESSURE 

\ 
\ 

\ 

DECOMPOSITION PRESSURE 

7.2 i ! I J i i J i I I I I I 

7.8 B.O 8.2 8.4 8~ 8.8 9,0 9. 

I04/T (K -I) 

Fig. 2. Total pressure over Rb~SO4(s) measured with two platinum- 
rhodium effusion cells, showing relation to extrapolated equilibrium 
pressure and calculated pressure for the decomposition process 
Rb2SO4(s) = 2Rb(g) + SO~(g) + 02(g). 
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I04/T (K -I) 
Fig. 3. Total pressure over Cs2SO4(s) measured with two platinum- 

rhodium effusion cells, showing relation to extrapolated equilibrium 
pressure and calculated pressure for the decomposition process 
Cs2S04(I) = 2Cs(g) + S02(g) + 02(g). 

i ng  w i t h  t he  a t o m i c  w e i g h t  of  t he  metal .  T he  q u a n t i t a t i v e  
i m p l i c a t i o n s  of  t he  m o l e c u l a r  w e i g h t  da ta  t o w a r d  v a p o r  
c o m p o s i t i o n  wil l  be  d i s c u s s e d  in a s u b s e q u e n t  sect ion.  

Residual solid phases.--After t h e  e f fus ion  runs ,  cell  resi- 
d u e s  we re  e x a m i n e d  by  x-ray d i f f rac t ion  analysis .  E x c e p t  
for  t h e  case  of  Li2SO4, su l fa tes  iden t i ca l  to t he  s t a r t i ng  
ma te r i a l s  were  de tec ted ,  b u t  no  ox ides  or h y d r o x i d e s  
we re  found ;  a q u e o u s  so lu t ions  of  the  r e s idues  h a d  t he  
s a m e  p H  va lues  as c o m p a r a b l e  so lu t ions  of  the  s t a r t ing  
sulfates .  T h e s e  r e su l t s  i nd i ca t e  t h a t  t h e s e  su l fa tes  vapor -  
ize cong ruen t l y ,  in  a c c o r d  w i t h  t he  o b s e r v a t i o n s  o f  Cubic-  
c io t t i  a n d  K e n e s h e a  (3) for  Na2SO4 a n d  of  Cub icc io t t i  (5) 
for  Rb2SO4 a n d  Cs~SO4; iden t i ca l  b e h a v i o r  w as  o b s e r v e d  
for  K2SO4 (4). 

E x a m i n a t i o n  of  t he  e f fus ion  cell  af ter  t he  e x p l o r a t o r y  
m e a s u r e m e n t s  on  Li2SO4 r evea l ed  par t ia l  m e l t i n g  of  the  
con t en t s ,  a l t h o u g h  t he  cell  t e m p e r a t u r e  h a d  b e e n  k e p t  be-  
low t h e  Ls m e l t i n g  poin t ,  1132 K. T he  p H  of  a n  aque-  
ous  so lu t ion  of  t he  cell  r e s i due  was  9.5. T h e r e  are, appar -  
ent ly ,  no  p h a s e  d i a g r a m  da ta  in  the  l i t e ra tu re  for  the  
L~2SO4-Li20 sys tem.  T he  a n a l o g o u s  L~CO3-Li20 s y s t e m  
(20) h a s  a eu tec t i c  at  13 m o l e  p e r c e n t  Li20 a n d  978 K, 28 K 
b e l o w  t h e  Li~CO3 m e l t i n g  point .  T he  e v i d e n c e  for  par t ia l  
fus ion  d u r i n g  i n c o n g r u e n t  vapo r i za t i on  b e l o w  t he  m e l t i n g  
p o i n t  of  e i t he r  Ls or  Li20 sugges t s  t h a t  Li2SO4 has  a 
s imi la r  p h a s e  d i a g r a m  a n d  t h a t  vapo r i za t i on  a b o v e  t he  eu- 
t ec t i c  t e m p e r a t u r e  p r o d u c e s  a so lu t ion  w i t h  u n k n o w n  
e q u i l i b r i u m  va lues  of  LifO c o m p o s i t i o n  a n d  act ivi ty.  As  
on ly  a sma l l  f rac t ion  of  s p e c i m e n  was  vapo r i zed  in our  

Table VI. Derived vaporization data for 
Na.~S04(I), Rb~SO4(s), and Cs2SO4(s) 

PT • 107 P,) • 10 ~ P(M2SO4) • 107 
T (K) (bar) (bar) (bar) 

Na2SO4 
1180 5.11 3.14 1.98 
1200 8.45 5.26 3.19 
1220 13.75 8.66 5.10 
1240 22.03 14.04 7.99 
1260 34.76 22.42 12.35 
1280 54.09 35.27 18.82 

Rb2SO4 
1180 10.44 2.84 7.60 
1200 17.69 4.80 12.89 
1220 29.49 7.99 21.50 
1240 48.34 13.08 35.26 
1260 78.00 21.04 56.96 
1280 124.00 33.33 90.67 

Cs~SO4 
1180 52.80 2.66 50.14 
1200 86.31 4.51 81.80 
1220 138.84 7.49 131.35 
1240 219.92 12.21 207.71 
1260 343.30 19.59 322.70 
1280 528.51 30.91 497.60 

m e a s u r e m e n t s ,  Ls 4 was  p r e s e n t  in  excess ,  a n d  its ac- 
t iv i ty  in  the  e f fus ion  cell  r e m a i n e d  essen t i a l ly  un i ty ;  t he  
ac t iv i ty  of  LifO in  l iqu id  so lu t ion  was  less t h a n  uni ty .  In 
a c c o r d a n c e  w i t h  t he  law of  m a s s  ac t ion  as app l i ed  to reac- 
t ion  [3], t he  p r e s s u r e  o b s e r v e d  in t he  exp lo r a to ry  run,  due  
p r imar i l y  to SO2 a n d  02, is h i g h e r  by  a fac to r  of  five t h a n  
t h a t  ca l cu la t ed  f rom l i t e r a tu re  t h e r m o d y n a m i c  da ta  (21) 
for  t he  case  of  u n i t  ac t iv i ty  for Li20(s). 

Determination of vapor composition.--It is d i f f icul t  to  
der ive  accu ra t e ly  t he  v a p o r  c o m p o s i t i o n  f rom m a s s  spec-  
t ra  alone,  b e c a u s e  of  u n c e r t a i n t y  in  the  re la t ive  ion iza t ion  
cross  sec t ions  of  t he  va r ious  neu t r a l s  a n d  b e c a u s e  of  pos-  
s ib le  ef fec ts  of  f r a g m e n t a t i o n  o n  spec ies  s u c h  as Na  § R b  +, 
a n d  Cs § However ,  w i t h  b o t h  to ta l  p r e s s u r e s  a n d  molecu-  
lar  w e i g h t  da ta  avai lable ,  v a p o r  c o m p o s i t i o n  c a n  b e  deter -  
m i n e d  quan t i t a t i ve ly  by  two  i n d e p e n d e n t  routes .  F r o m  
the  p r e s s u r e  da ta  a lone,  t he  d i f fe rence  b e t w e e n  t h e  to ta l  
p ressu re ,  PT, a n d  d e c o m p o s i t i o n  pressure ,  PD, is t he  mo-  
l ecu la r  p r e s su re  P(M2SO4). The  q u a n t i t y  P(M2SO4)/PT is 
t h e n  t he  f rac t iona l  c o n t r i b u t i o n  of  m o l e c u l a r  vapo r i za t i on  
to t he  to ta l  p ressure .  Va lues  of  PT t a k e n  f rom the  de r ived  
e q u i l i b r i u m  pressu res ,  of  PD ca lcu la ted  f rom t h e r m o d y -  
n a m i c  data,  a n d  of  P(M2SO4) o b t a i n e d  by  d i f f e rence  are 
l i s ted  at  e v e n  t e m p e r a t u r e s  in  Tab le  VI. 

Al te rna t ive ly ,  t he  v a p o r  m o l e c u l a r  w e i g h t  da t a  c an  be  
u s e d  to def ine  v a p o r  compos i t i on .  The  overa l l  su l fa te  va- 
por i za t ion  p roces s  c a n  be  d e s c r i b e d  b y  t he  e x p r e s s i o n  

M~SQ(s,I)  = (1 - b)M2SO4(g) + 2bM(g) + bSO2(g) + bO2(g) 
[4] 

w h e r e  t he  s t o i ch iome t r i c  coeff ic ient  b c an  be  u s e d  to 
q u a n t i f y  t he  c o n t r i b u t i o n s  of  t he  two processes .  F o r  effu- 
s ion  of  a c o m p l e x  vapor ,  t he  v a p o r  m o l e c u l a r  w e i g h t  M w  
d e t e r m i n e d  f rom s i m u l t a n e o u s  t o r s i on  a n d  g r av ime t r i c  
K n u d s e n  m e a s u r e m e n t s  is a w e i g h t  ave rage  v a l u e  re la ted  
to t h e  va lues  for t he  i n d i v i d u a l  spec ies  b y  t he  e x p r e s s i o n  

M w  = [Zmi(Mw)i-'/2] -2 [5] 

Table VII. Comparison of derived molecular vaporization pressures and vapor molecular weights 

From total pressures a From molecular weights 
M2SO4 b P(M2SO4)/PT Mw (calc) b P(M2SO4)/PT M--w (meas) 

Na2SO4 0.47 0.37 68 0.48 0.36 67 
K2SO4 0.23 0.61 116 0.26 0.59 110 
Rb2SO4 0.15 0.75 205 0.13 0.76 209 
Cs~SO4 0.026 0.95 345 0.046 0.91 333 

a P(M~SO4) = PT - Pp. PD, the dissociation pressure for reaction [2], was calculated for effusion conditions using the data discussed in the 
Appendix. 
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Table VIII. Standard enthalpies of sublimation 
and formation of gaseous alkali sulfates 

Table IX. Entropies of molecular vaporization and 
absolute entropies of gaseous alkali sulfates 

M2804 

AH ~ (sub, 298 K) AST (vap) ~ S~ 
(kJ-mol- ')  afH ~ (298 K) (J-mol- '-K- ')  (J-mol- ' -K- ')  

This work ~ Other (k J-tool- ') M2SO4 T (K) This work This work a, ') Othev 

Li~SO4 
Na~SO4 
K.~SO4 
Rb2SO4 
Cs~SO~ 

388.4 394.6 h -1048.0 Li2SO4 1115 105.3 474.7 495.7 + 42 
364.0 354.4 h -1023.8 Na2SO4 1200 119.4 549.0 533.3 _+ 17 
361.9 343.5 h -1075.8 K,~SO4 1200 143.6 568.2 554.3 +- 17 
340.2 339.3 r -1095.7 Rb2SO4 Ii00 135.5 567.0 567.1 _+ 17 
320.1 320.1 h -1122.5 Cs2SO4 ii00 132.9 580.4 582.0 _+ 17 

Uncertainty -+ 6 kJ-mol- ' .  
"Ref. (22). 

Ref. (23). 

a Uncertainty -+ 5 J-mol- ' -K- ' .  For Na~SO4(1) = Na2SO,(g); for 
M2SO4(s) = M2SO,(g) for other alkali sulfates. 

b Calculated using auxiliary data cited in Appendix. 
c Calculated values taken from literature sources discussed in the 

Appendix. 
w h e r e  m i a n d  (Mw)i are t h e  m a s s  f rac t ion  a n d  m o l e c u l a r  
w e i g h t s  of  t he  i gaseous  species .  Fo r  t he  overa l l  sul fa te  
v a p o r i z a t i o n / d e c o m p o s i t i o n  p rocess  e x p r e s s e d  as reac- 
t ion  [4], t he  o b s e r v e d  m o l e c u l a r  w e i g h t  can  be  r e l a t ed  to 
t he  coeff ic ient  b in  t he  fo l lowing  way 

Mw(M2S04) 

M w  = -(1 - b)Mw(M2SO4) "2 + 2bMw(M) "2 + bMw(SO2) '/~ + bMw(O2)" 2 

The  ra t io  P(M2SO4)/PT e v a l u a t e d  f rom t he  p r e s s u r e  da ta  is 
also r e l a t ed  to Mw a n d  b by  t he  e x p r e s s i o n  

(1 - b)Mw(M2SO4) 'j2 
P(M2SO4)/PT = (1 - b)Mw(M2SO4) 1/~ + 

e q u i l i b r i u m  c o n s t a n t  by  t he  " th i rd - l aw  m e t h o d , "  w h i c h  is 
b a s e d  on  k n o w l e d g e  of  the  a b s o l u t e  e n t r o p i e s  of  r e a c t a n t s  
a n d  p roduc t s .  For  a lkal i  su l fa te  vapor iza t ion ,  we defin- 

2bMw(M) lj~ + bMw(SO2) 1/2 + bMw(O2) '/2 

Therefore ,  t he  p r e s s u r e  da ta  a lone  can  b e  u s e d  to de r ive  
va lues  of  b a n d  t h e n  M w  for c o m p a r i s o n  w i th  t he  d i rec t ly  
m e a s u r e d  va lues  of  M w  or, converse ly ,  t he  l a t t e r  c an  be  
u s e d  to eva lua te  t he  ra t io  P(M2SO4)/PT a n d  c h e c k e d  for  
c o n s i s t e n c y  w i t h  the  va lue  de r ived  d i rec t ly  f rom t he  to ta l  
p r e s s u r e  m e a s u r e m e n t s .  

In  Tab le  VII,  t he  p r e s s u r e  ra t ios  P(M2SO4)/PT, t h e  aver-  
age v a p o r  m o l e c u l a r  w e i g h t s  Mw, a n d  va lues  of  t he  coef- 
f ic ient  b o b t a i n e d  by  t he  two  d i f fe ren t  m e t h o d s  are  s een  
to be  in r e m a r k a b l y  good  a g r e e m e n t ,  g iv ing  a h i g h  degree  
of  c o n f i d e n c e  in t h e  v a p o r  c o m p o s i t i o n  i n f o r m a t i on .  Also 
i n c l u d e d  for  c o m p l e t e n e s s  are r e su l t s  o b t a i n e d  ear l ier  on  
K2SO4 (4). The re  is a s m o o t h  p r og r e s s i on  f rom 37% molec-  
u la r  vapo r i za t i on  for Na2SO4 to 95% for Cs2SO 4. 

Fo r  Li2SO4, w h e r e  t he  f r ac t ion  of  m o l e c u l a r  s u b l i m a t i o n  
was  too  low to yie ld  m e a n i n g f u l  r e su l t s  b y  t he  a p p r o a c h  
d e s c r i b e d  above ,  a n  a p p r o x i m a t e  va lue  of  P(LizSO4)/PT 
was  de r i ved  f rom t he  v a p o r  m a s s  s p e c t r u m  a n d  a pres-  
sure  ca l i b r a t i on  c o n s t a n t  b a s e d  on  the  v a p o r  p r e s s u r e  of  
gold. The Li2SO4 + and SO~ + signals at 1115 K yielded the 
values P(Li2SO4) = 2 x 10 -'0 bar, P(SO2) = 7 x 10 -8 bar, 
and P(Li2SO4)/PT = 0.003. The estimated SO2 pressure is 
in accord with the preliminary torsion value and about a 
factor of five higher than that calculated for unit activity 
of Li20(s), as expected from the partial melting of the 
sample and dissolution of Li20 in Li2SO4 at temperatures 
below the melting point of the sulfate. 

Thermodynamics of M2SO4(g) species.--The e n t h a l p y  
c h a n g e  of  a r eac t ion  is usua l ly  ca lcu la ted  f rom t he  t em-  
p e r a t u r e  de r iva t ive  of  the  e q u i l i b r i u m  c o n s t a n t  by  the  
" s e c o n d - l a w  m e t h o d "  or f rom i n d i v i d u a l  va lues  of  the  

]2 [6] 

,] [7] 

i te ly p re fe r  the  second- l aw me thod .  The  spec t roscop ic  
a n d  m o l e c u l a r  c o n s t a n t  da t a  for  t he  ga seous  a lkal i  sul- 
fa tes  are  sti l l  qu i t e  i ncomple t e ,  a l t h o u g h  t he  ava i lab le  
da t a  h a v e  b e e n  r e v i e w e d  a n d  e x t e n d e d  w i t h  e s t i m a t e s  so 
as to ca lcu la te  t ab l e s  of  t h e r m o d y n a m i c  f u n c t i o n s  (22, 23). 
The  m a j o r  u n c e r t a i n t i e s  i nvo lve  t he  low f r e q u e n c y  defor-  
m a t i o n  v i b r a t i o n s  a n d  m o d e s  i n v o l v i n g  the  m e t a l  a toms,  
l e ad ing  to u n c e r t a i n t i e s  on  the  o rde r  of  -+ 17 J - m o l - ' - K - '  
in  t he  ca lcu la ted  e n t r o p i e s  at  298 K (22). 

In  Tab le  VII I  are l i s ted  t he  s t a n d a r d  e n t h a l p i e s  of  subl i -  
m a t i o n  at 298 K of  t he  m o l e c u l a r  su l fa tes  d e r i v e d  f rom 
the  second- law ana lys i s  of  the  M2SO, + ion s ignals .  Va lues  
for K2SO4 f rom our  ear l ie r  w o r k  (4) are i n c l u d e d  for  com-  
p le t eness ,  as are p r e v i o u s  va lues  f rom the  l i te ra ture .  Hea t  
capac i t i e s  and  e n t h a l p y  i n c r e m e n t s  a b o v e  r o o m  t e m p e r a -  
tu re  are  less  sens i t ive  to e r ro r s  in  m o l e c u l a r  c o n s t a n t s  
t h a n  are t he  e n t r o p i e s  a n d  G i b b s  e n e r g y  f u n c t i o n s ;  the re -  
fore, t he  u n c e r t a i n t i e s  a s soc ia t ed  w i t h  t he  second- l aw 
m e t h o d  are sma l l e r  t h a n  for  t he  th i rd - l aw p r o c e d u r e  for 
t h e s e  molecu les .  Fo r  Na2SO4, ou r  se lec ted  va lue  is b a s e d  
o n  t h e  l iqu id  p h a s e  m e a s u r e m e n t s  b e c a u s e  of  u n c e r t a i n t y  
ove r  w h i c h  of  t he  severa l  p o l y m o r p h i c  sol id  p h a s e s  is in- 
v o l v e d  a n d  t he  s low ra te  of  t r a n s f o r m a t i o n  b e t w e e n  the se  
phases .  The  s t a n d a r d  e n t h a l p i e s  of  f o r m a t i o n  o f  M2SO,(g) 
s h o w n  in Tab le  VII I  we re  b a s e d  on  t he  e n t h a l p y  of  subli-  
m a t i o n  re su l t s  of  t h i s  w o r k  a n d  va lues  for  t he  sol ids  (22, 
23). 

T h e  abso lu t e  e n t r o p i e s  of  t he  gaseous  a lka l i  su l fa tes  
we re  de r i ved  f rom t h e  second- l aw hea t s  of  s u b l i m a t i o n  
a n d  de r ived  va lues  of  the  M~SO4 par t ia l  p r e s s u r e s  at  t he  

Table X. Pressures of molecular vaporization and decomposition and molar enthalpies and entropies of sublimation at 1100 K 

P(M2S04) • 109a PD • 109b zM'v'-~ ~ (sub, ll0O K) AS (sub, 1100 K) 
M2SO4 (bar) (bar) (k J-tool- ') (J-mol- '-K-')  

Li2SO4 0.12 8.9 325.5 106.2 
Na2SO4 19.2 30.1 321.5 144.6 
K2SO4 28.7 18.5 322.2 148.5 
Rb2SO4 83.0 28.0 298.3 135.5 
Cs2SO4 563 26.5 277.8 132.9 

a F o r  M~SO4(s )  = M S O 4 ( g ) .  
h For Li, calculated for reaction [3] assuming unit activity for LifO(s). For others, calculated for reaction [2]. 
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experimental  temperatures. The results are shown in 
Table IX along with corresponding values from the litera- 
ture (22, 23). 

Discussion 
Our vapor composition data are consistent and are felt 

to accurately define the relative contributions of molecu- 
lar vaporization and decomposition to the total vapor 
pressures of the alkali sulfates. There are, however, some 
significant differences between these results and those 
reported earlier. For Na2SO4, results reported before 1979 
are reviewed in the JANAF Tables (22), which give a se- 
lected value ofP(Na2SO4) = 1.3 x 10-7 bar at 1200 K, com- 
pared to our derived value of 3.19 x 10-7 bar; the JANAF 
value is equivalent to 20% molecular vaporization, com- 
pared to 37% found in this study. The subsequent Knud- 
sen effusion results of Halle and Stern (2) which yielded 
P(Na.2SO4) = 4.2 x 10 -8 bar at 1200 K and 14% molecular 
vaporization are clearly too low. For Rb2SO4 and Cs2SO4, 
Cubicciotti (5) reported less than 1% decomposit ion in 
this same temperature region, based on failure to find 
any evidence for elemental Rb or Cs in the collected 
effusate. However~ these results could have been biased 
by low sticking probabilities for the alkali atoms on the 
cool glass collector surface; such behavior has been ob- 
served for Mg atoms (24), and we have observed similar 
behavior for Zn atoms on numerous occasions over the 
years. It is interesting to note in retrospect that 
Cubicciotti 's comparison (5) of observed effusion data 
and calculated decomposit ion pressures indicated about 
5% dissociation for Cs2SO4 and 20-30% for Rb2SO4, in 
close agreement with our findings, but this information 
was discounted as less reliable than the effusate collec- 
tion results. 

The Knudsen effusion data of Cubicciotti (5) on Rb2SO4, 
when corrected slightly for dissociation, give P(Rb2SO4) = 
1.5 x 10-6 bar at 1200 K, in good agreement with our value 
of 1.29 x 10-6 bar; similarly, correction of the effusion re- 
sults of Jagannathan and Wyatt (6) yields P(Rb2SO4) = 2.2 
x 10-6 bar at 1200 K, also in accord with our results. Se- 
lected values for Cs2SO4 in the JANAF Tables (22), based 
largely on the effusion data of Cubicciotti (5), lead to 
P(Cs2SO4) = 8.5 x 10-6 bar at 1200 K, close to our derived 
value of  8.18 x 10 -6 bar. 

Jagannathan and Wyatt (6) concluded correctly that 
Li2SO4 vaporizes incongruently by decomposit ion to 
Li20(s), but their further conclusion that decomposit ion 
cannot be the major vaporization process is way off the 
mark, for unknown reasons. As suggested by Kohl et al. 
(13), interaction of the sulfate samples with alumina-lined 
tantalum cells may well be responsible for the absence of 
Li2SO4 + and NazSO4 § in the mass spectra reported by Fica- 
lora et al. (1). 

A useful measure of the reliability of the second-law 
slope heats is given in the comparison of measured de- 
composit ion enthalpies derived from parent M § and SO2 + 
signals with those calculated from established thermody- 
namic data. Such a comparison cannot be made for 
Li2SO4 because of the dissolution effects and unknown 
Li20 activity mentioned earlier, but  in each other instance 
the M § and SO2 + second-taw values are well within 6 kJ- 
mo1-1 of  the calculated values per mole of gas. Compari- 
son of our derived sublimation enthalpies with previous 
selected values in Table VIII shows the largest deviations 
for Na~SO4 and K2SO4, where those values (22, 23) were 
obtained primarily from third-law analyses. 

As seen in Table IX, the agreement between experi- 
mental and calculated entropies is within the estimated 
error limits in all cases. While the agreement is quite good 
for Rb2SO4 and Cs2SO4, the results indicate that some re- 
vision of the estimated frequencies for Li2SO4, Na2SO4, 
and K2SO4 is in order. 

Our effusion measurements  on Na2SO4, K2SO4, and 
Rb2SO4 showed a pronounced and reproducible depen- 
dence on orifice size, while no such effect was observed 
for Cs2SO4. This orifice-size dependence is generally as- 
sociated with a kinetic barrier arising from structural or 

orientational changes during the transfer from condensed 
to vapor phase. The decomposit ion process would clearly 
require major structural changes during this transition 
and could be the major contributor to such a kinetic bar- 
rier. The absence of an observable orifice-size effect in 
Cs2SO4, which shows the smallest degree of decomposi- 
tion, is in line with this reasoning. 

Assembled in Table X at a common temperature for 
ease of comparison are the molecular sublimation and de- 
composition pressures, and the molar enthalpies and 
entropies of sublimation. The decomposition pressures 
show remarkably little variation through the series, while 
the enthalpies of sublimation show the expected decrease 
for the heavier salts, leading to higher molecular sublima- 
tion pressures. 
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APPENDIX 
Sources of Thermodynamic and Melting Point Data 

Alkali metal atoms, alkali oxides, and oxygen.--Data 
for the species M(g), M20(s,1, and g), and O2(g) were taken 
from the compilation of Lamoreaux and Hildenbrand 
(21). 

K2SO4(s,l,g), Na2SO4(s,l,g).--Data were taken from 
JANAF (1982 supplement) (22). 

Li2SO4(s,l,g).--Data were taken from JANAF (Supple- 
ment  no. 54) (22). 

Cs2SO4(s,l,g).--Data were taken from JANAF (Supple- 
ment  no. 56) (22). 

Rb2SO4(s,l,g).--Data were taken from Glushko et al. 
(23). 

SO2(g), SO3(g).--Data were taken from JANAF (1971) 
(22). 
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A B S T R A C T  

High doses  of  Sb implan ted  in si l icon and then  annealed at a t empera tu re  range be tween  800 ~ and 1200~ cause  Sb 
prec ip i ta t ion  and ext r ins ic  diffusion. Sb prec ip i ta t ion  has not  been  comple t ed  at t empera tu res  be tween  800 ~ and 1000~ 
for 60-400 rain durat ion;  a supersa tura t ion  of  subs t i tu t ional  Sb is de tec ted  under  the  same condit ions.  The ox ida t ion  of  
such  samples  causes Sb segregat ion  and anomalous  oxide  growth.  Res idual  crystal  damage  after anneal ing  can be 
observed.  

Antimony is a suitable element to study simultaneously 
diffusion and precipitation in silicon for Sb has a low sol- 
ubility limit in silicon. A Sb-doped silicon dioxide source 
is frequently used for the study of antimony diffusion in 
silicon (1-3). In most of these cases, the Sb concentration 
in silicon is then just above its solubility limit. These Sb 
profiles differ from ion-implanted profiles. Sb ion 
implantation at high doses turns the implanted silicon 
layer amorphous. The solid phase epitaxy (SPE) growth 
of this amorphous layer induces a high metastab]e substi- 
tutional antimony concentration at suitable temperatures 
(4-6). This metastable concentration is far above its solu- 
bility limit. After SPE and at temperatures greater than 
800~ antimony precipitation occurs (5, 7). 

Experimental results of antimony-implanted silicon an- 
nealed at a temperature range between 800 ~ and 1200~ in 
N~ or dry O~ are presented in this work. The behavior of 
antimony precipitation and diffusion is discussed. 

Experimental 
FZ <100> si l icon crystals of p- type (20 t2-cm) were  im- 

p lanted  wi th  121Sb~ at r o o m  tempera ture .  The implanta-  
t ion energy  ranged  f rom 30 to 120 keV, and the  dose f rom 
10 '3 to 3 • 10 '~ cm -e. The  samples  were  annealed  in N~ or 
dry O~ at 900~176 for 15-120 rain. The chemica l  anti- 
m o n y  concent ra t ion  was measu red  by SIMS and RBS.  
The R B S  m e t h o d  was  also used  to de t e rmine  the ~ubsti- 
tu t ional  Sb concentra t ion.  The  SIMS m e a s u r e m e n t s  were  
carried out  us ing  a C A M E C A  IMS-3F ion probe.  The  elec- 
tr ically act ive Sb was de t e rmined  by the  four-point  probe  
m e t h o d  c o m b i n e d  wi th  anodic  oxidation.  The  measure-  
men t  error  in the  concen t ra t ion  was less than  20% for 
S IMS and less than  30% for electr ical  measurement s .  In 
the  depth,  the  m e a s u r e m e n t  error  was less than  10% for 
bo th  kinds  of  measuremen t .  

Results and Discussion 
Figure  1 shows the R B S  measu remen t s  of  an an t imony-  

imp lan ted  and -annealed  sample  (120 keV, 3 • 10 '~ cm -2, 
1000~ 60 min,  in N._,). The figure shows the  r a n d o m  and 
the  a l igned spec t rum of this specimen.  For  compar ison ,  a 

<100>-al igned reference  signal of  an un imp lan t ed  si l icon 
crystal  is g iven  (broken line). The  h igher  a l igned R B S  sig- 
nal  (circles) of Si suggests  that  after anneal ing  the  sil icon 
sample  still contains  res idual  damage.  The  r andom 
(squares) and a l igned (circles) R B S  spec t rum for Sb 
shows that  a part  of  Sb is not  subst i tut ional .  This  not  sub- 
s t i tut ional  part  can be correla ted wi th  the  SIMS measure-  
m e n t  in Fig. 2. The measu red  sample  in Fig. 2 (curve 2) is 
the  same as in Fig. 1. In this figure, the  measu red  implan-  
ta t ion profile (curve 1) pr ior  to anneal ing  is also shown.  
Be low a concen t ra t ion  of  =6 • 10 TM cm -3, the  annea led  
profi le broadens  because  an t imony  diffusion occurs. 
Above  this concentra t ion,  the an t imony  a toms are immo-  
bile. Therefore,  in this concen t ra t ion  range  diffusion does 
not  take place. Curve 2 indicates  that  the  i m m o b i l e  Sb 
makes  up ~ 70-80% of the  implan ta t ion  dose (area o f  pro- 
file above  6 • 10 TM cm-3). 

Furthel :more,  the  earl ier  R B S  m e a s u r e m e n t  (Fig. 1) 
shows that  these  a toms are not  found on subs t i tu t ional  
sites. Therefore,  it can be  conc luded  that  these  immob i l e  
an t imony  a toms are precipi tates .  The  concent ra t ion  of 6 
• 10 TM cm -'~ at which  Sb diffusion takes  place is h igher  
than  the  Sb solubi l i ty  l imit  of ~4 • 10 TM cm -3 (8). There-  
fore, Sb diffusion occurs  before  the prec ip i ta t ion  process 
reaches  its t he rmodynamica ]  equi l ibr ium.  Moreover ,  the 
subst i tu t ional  an t imony  concen t ra t ion  may  be far above 
its solubi l i ty  l imit  as s h o w n  in Fig. 3. The uppe r  profile 
(curve 1) in Fig. 3 shows the  total  Sb concent ra t ion  (solid 
circles) and the  subs t i tu t ional  electr ical ly act ive concen-  
t ra t ion (open circles) of  a fur ther  an t imony  sample  (50 
keV, 3 • 10 '5 cm -~, 900~ 60 rain in N.2). At 900~ the  sol- 
ubi l i ty  l imit  of  Sb is ~3 • 10 '9 cm -:~ (8). The  m a x i m a l  elec- 
tr ically act ive concen t ra t ion  shown in Fig. 3 is ~7 z 10 TM 

cm -3. In this case, the subst i tu t ional  an t imony  concentra-  
t ion is more  than  a factor two above the  cor respond ing  
solubil i ty l imit  and outs ide  the  l imits  of  our  expe r imen ta l  
m e a s u r e m e n t  error. Therefore ,  it may  be conc luded  that  a 
supersa tura t ion  of  subs t i tu t ional  an t imony  a toms exis ts  
and that  the prec ip i ta t ion  has not  reached  its the rmal  
equi l ibr ium.  This conc lus ion  will  be  clearly suppor ted  
later in this paper  by the  compar i son  of  an t imony  pro- 
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the temperature decreases. This experimental  result sup- 
ports the idea that by annealing of high implantation 
doses the solid phase epitaxy (SPE) causes a high super- 
saturation of substitutional antimony in silicon. After fur- 
ther annealing Sb precipitation takes place (5, 6). 
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The decrease of the carrier concentration (n) toward the 
surface in Fig. 3 cannot be explained with accuracy yet. 
The possibility of a measurement  effect as reported in 
Ref. (9, 10) by the electrical measurement  of As profiles 
implanted through a oxide cannot be excluded. This, 
however, does not affect the above conclusions because 
the main objective of the electrical measurements  in this 
work is to show that the concentration at the shoulder 
profile is also electrically active being a further support 
of the presence of substitutional antimony at this level 
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(which can diffuse before the precipitation reaches its 
thermodynamical  equilibrium). 

Curve 2 in Fig. 3 shows the profile of another antimony 
sample implanted at 50 keV with a dose of 1013 cm -2 and 
annealed at 900~ for 120 min in N2. The maximal  anti- 
mony concentration of this sample is lower than its solu- 
bility limit at this temperature. 

A high substitutional antimony supersaturation can be 
reached by annealing high Sb implantation doses at low 
temperatures, as shown in Fig. 4. A specimen was an- 
nealed at 800~ for 120 min with the same implantation 
parameters as the sample in Fig. 3 (curve 1). The SIMS 
(solid circles), the RBS (triangles), and the electrical 
(squares) measurements are shown. The electrical profile 
shows a sharp change in the carrier concentration at a 
depth of ~50 nm. It cannot be discerned if this jump in 
profile arises from the damage in the crystal. Neverthe- 
less, a broadening of the total antimony concentration 
profile at ~4 x 1020 cm -3 is recognizable. This broad- 
ening can be clearly seen by comparing the profile in Fig. 
3 (curve 1) and the profile in Fig. 4 as done in Fig. 6. Con- 
sequently, Sb diffusion at 800~ for 120 rain takes place. 
The substitutional electrical Sb concentration is at least 
by a factor ~3 above its solubility limit at 800~ This in- 
dicates that the precipitation process at this temperature 
is slow and has not been concluded. Moreover, this high 
substitutional antimony supersaturation supports the 
model in Ref. (5, 6) mentioned earlier. 

Annealing at higher temperatures of high Sb-implanted 
doses was also carried out. A specimen with the same im- 
plantation parameters as in Fig. 3 (curve 1) was annealed 
at 1200~ for 15 rain in N2. The measured antimony pro- 
file is shown in Fig. 5. The peak in the profile at which 
the precipitation is located is considerably smaller than in 
Fig. 2-4. The concentration of ~6 x 101" cm-3 at which the 
tail of the profile begins corresponds with the solubility 
concentration of Sb at 1200~ (8). Here, the precipitation 
appears to reach its equil ibrium value. The occurrence of 
supersaturated substitutional antimony is clearly seen by 
comparing the samples of Fig. 3 (curve 1), 4 and 5 as 
shown in Fig. 6. From this figure, it may be concluded 
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that the supersaturation of Sb increases at lower tempera- 
ture. Also, the antimony concentration level at which the 
diffusion takes place is increased by lowering the 
temperature. 

In the following, we describe Sb high dose-implanted 
silicon specimens which were annealed in oxidizing at- 
mosphere. The samples were implanted at 80 keV with 
doses of 3 x 101.~ cm -~. The annealing was performed in 
dry O~ at 800~ for 400 min (sample 1), at 1000~ for 40 
min (sample 2), and at 1200~ for 5 min (sample 3). Then, 
the samples were annealed at the respective temperature 
in N2 for 15 rain. This last annealing step causes only a 
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further diffusion and precipitation of Sb. At the same 
time, undoped samples (i', 2', 3') were treated using the 
respective annealing parameters. The measurements 
were performed by SIMS avoiding the matrix effect at the 
SiOJSi interface (12, 13). Figure 7 (sample I), Fig. 8 
(sample 2), and Fig. 9 (sample 3) show the antimony con- 
centration profiles in oxide and in silicon. The antimony 
precipitation and diffusion in these figures show a simi- 
lar behavior as discussed earlier. Although not much is 
known about the segregation of Sb at Si/SiO2, it is as- 
sumed that Sb piles up during thermal oxidation in sili- 
con (14, 16). Therefore, the Sb segregation coefficient (m 
= C(si~C(sio~)) is greater than 1 at the SiOJSi interface. 
However, in Fig. 7-9, m = 1 for all three cases, probably 
because the antimony precipitates influence the Sb seg- 
regation. The thickness of the thermally grown oxide is 
not the same on the Sb doped and undoped specimens. 
This is shown in Fig. 10. The reason for this deviation 
cannot be given. 

Summary and Conclusions 
At higher Sb implantation doses at annealing tempera- 

tures between 800 ~ and 1000~ the antimony substitu- 
tional concentration exceeds its solubility limit at these 
annealing temperatures for times up to 400 rain. The 
amount of Sb substitutional supersaturation is the larger 
the lower the temperature. At 1200~ after 15 rain, Sb pre- 
cipitation has reached its equilibrium value. At the same 
time that antimony precipitates, extrinsic Sb diffusion 
takes place. RBS measurements  show residual crystal 
damage caused by Sb ion implantation and/or antimony 
precipitation. The Sb segregation coefficient for the 
SiO2/Si system does not follow the expected behavior. 
Moreover, an anomalous thermal oxide growth can be ob- 
served. 
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Techn ca]l Notes 

Effect of Oxidation Ambient on the Electrical Properties of Thin 
Silicon Oxide 

Richard G. Cosway* 
Motorola, Incorporated, Process Technology Laboratory, SRDL, Phoenix, Arizona 85008 

Beneficial effects of growing oxide, particularly gate 
oxide, with some chlorine present have been known for 
some time. Monkowski 's  paper (1) provides an excellent 
review of these effects which include better passiva- 
tion, minority carrier lifetime enhancement,  improved di- 
electric breakdown characteristics, increased growth 
rate, and stacking fault suppression over oxides grown in 
dry Oz. 

The purpose of the present investigation was to see if 
some of the same benefits realized for thicker oxides 
grown in an HC1 containing ambient still apply to thinner 
(150A) oxides. 

Experimental 
The starting material was Czochralski-grown, 75 mm, 

silicon wafers of <100> crystal orientation phosphorus 
*Electrochemical Society Active Member. 

doped to 7.5-12.5 t2-cm. Immediately prior to each run, the 
diffusion tube, boat, and push rod were cleaned in 10 vol- 
ume percent (v/o) HC1, 90 v/o N~ for lh  at 1000~ All oxi- 
dations were carried out at 900~ in a 150 mm quartz tube. 
Dry O~ runs had an Oz flow rate of 10 liter/min, while 
torch runs had 02 and H~ flow rates of 6 and 10 liter/rain, 
respectively. HC1 runs used no HC1 during the first half 
of the oxidation cycle and 0.3 liter/rain during the last 
half. Immediately following oxidation, wafers were an- 
nealed in N., at 900~ for lh. 

Oxide thicknesses were measured on an IBM 7840 film 
thickness analyzer. Electrical measurements were made 
on capacitors formed by depositing aluminum (dc magne- 
tron) through a shadow mask to give a nominal size of 7.5 
• 10-:' cm ~. The back oxide was stripped and aluminum 
was deposited so as to give good ohmic contact. The front 
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and back  a l u m i n u m  was then  annea led  for 30 rain in 5 v/o 
H2, 95 v/o N2 at 450~ 

C-V plots  con ta ined  three  traces: (i) unbiased ,  (it) 
biased for 1 min  at 200~ at 4.5V, and (ii i)  biased for 1 min  
at 200~ at -4.5V. Total  f la tband vol tage  shifts were  ob- 
ta ined  by taking the  d i f ference  b e t w e e n  the  le f tmos t  and 
r igh tmos t  traces at flatband. 

B r e a k d o w n  vol tages  were  measu red  us ing  a Tek t ron ix  
Model  576 curve  tracer.  The  dc vol tage was r a m p e d  man- 
ua]ly unt i l  the  capaci tor  ruptured .  

Leakage  currents  were  obta ined us ing  an H P  4140B 
p icoammete r .  In te r face- t rapped  charge  va lues  ( repor ted 
as the  dens i ty  of  states at mid  bandgap)  were  obta ined  
f rom quasi-stat ic  C-V m e a s u r e m e n t s  us ing  the H P  4140B 
p icoammete r .  

Results 
Table  I shows that  ox ida t ion  in O2/HC1 gives h igher  C-V 

shifts than  ox ida t ion  in dry 05. Wafers ox id ized  in 
H20/HC1 did not  give e n o u g h  good C-V traces to enable  a 
stat is t ical ly significant  evaluat ion.  Most  of the capaci tors  
p r o d u c e d  in H20/HC1 were  b roken  down  by the  bias- 
t empera ture -s t ress  of  4.5V at 200~ for 1 rain. F r o m  the  re- 
sults  in Table  I, wh ich  give the  average va lues  and 
s tandard  devia t ion  f rom three  runs (2 for OJHC1) 2 
wafer / run  and 2 capaci tor /wafer ,  H20 appears  to give a 
grea ter  total  C-V shif t  than  Oz. 

The  h igher  C-V shifts for the  OJHC1 and H~O oxida- 
t ions were  mos t ly  due  to a nega t ive  shift  af ter  posi t ive  
B T S  (i.e., t race 2 is shif ted to the  left  of  t race 1). This  may  
be due  to the  enhanced  equ i l ib r ium alkali  concen t ra t ion  
wi th in  the  tube  in the  p re sence  of  H~O and/or  HC1 (2). Cre- 
a t ion of  interface traps in  the  p resence  of H20 (3, 4) may  
also be related to the  h igher  C-V shift. Note  that  some 
H=,O is p resen t  dur ing the  HC1/O~ oxida t ion  due to the  de- 
compos i t ion  of  HC1. 

Table  I also shows that  yield is de te rmined  main ly  by 
ox idan t  and that  the  p resence  of HC1 has min ima l  effect. 
The  yields (> 10 M V - c m - ' )  exc lus ive  of ter t iary defects  
f rom three  runs  (two for OJHC1) 2 wafer / run and at least  
15 capaci tor /wafer  are shown for each ambient .  Compari-  
sons were  m a d e  among  the var ious  ambien t s  us ing  statis- 
t ical  analysis which  showed  (i) 02 can be cons idered  
equ iva len t  to OJHC1 and H~O can be cons ide red  equiva-  
lent  to H20/HC1, (it) H~O appears  to give greater  yield than  
O2, and (ii i)  with  90% confidence,  H20/HC1 gives  greater  
yield than  O2/HC]. The  h igher  yield ob ta ined  f rom H20 
ox ida t ion  may  be  caused  by the  micropores  be ing  filled 
by OH groups  to give more  un i fo rm electr ic  fields (3) 
than  wou ld  be the  case for ox ides  g rown in dry O~. 

The  cumula t ive  fai lures as a func t ion  of  appl ied  field is 
shown in Fig. 1, where  it can be seen that  the O2/HC1 am- 
bient  yields ox ides  wi th  the  mos t  cumula t ive  failures be- 
low 11 M V - c m - ' ,  whi le  ox ides  g rown  in H20/HC1 have  the 
lowes t  cumula t ive  fai lure up to 15 M V - c m - ' .  

Leakage  currents  measu red  at 5 M V - c m - '  (7.5V for 150J~ 
oxides)  gave  less t han  0.5 nA-cm -~ for all ambients ,  and 
for those  capaci tors  b reak ing  down  at > 10 M V - c m - '  the 
average  b reakdown  field was approx ima te ly  12.5 MV- 
c m  - I .  

The in ter face- t rapped charge,  Qi,, for the  var ious  ambi-  
ents  is also shown in Table  I. All values  are the same or- 
der  of  magni tude ,  wi th  the  OJHC1 oxides  yie lding the  

Table I. Summary of electrical properties for 150~ oxides 

Interface- 
Yield trapped 

Total flatband > 10 MV/cm charge '~ 
Additive Oxidant shift (mV) (%) (cm-2-eV -~) 

NoHC1 O~ 13 +- 3 88.4-+ 7.2 3 x 10 n 
HC1 O~ 24 + 7 86.3 +- 12.1 6 x 10" 
No HC1 H.,O 40 -+ 26 93.0 -+ 9.2 4 x 10" 
HCt H~O - -  96.9 -+ 6.3 3 x 10" 

a Determined from the density of states at midbandgap. 
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Fig. 1. Cumulative failures as o function of applied field for ] 50~ ox- 
ides grown in various arnbients. 

highes t  va lue  of  6 x 10" cm-2-eV-k  This  may  be ex- 
p la ined  by the f indings of  Kriegler  (5), whe re in  the  use  of 
dry HC1 was shown to lead to damage  of the  sil icon 
surface. 

The  data  for H20 and H20/HC1 oxida t ion  were  pre- 
sen ted  only for comple teness ,  since the  g rowth  rate in 
these  ambients  are too rapid  to enable  good process  con- 
trol  for 150A oxides.  

Discussion 
The increased  ox ide  g rowth  rate repor ted  to occur  

w h e n  HC1 is p resent  (6) was not  observed  in the  p resen t  
study. This is probably  because  the g rowth  takes  place in 
the  l inear  reg ime  of ox ida t ion  for these  th in  films where  
the  HCI was shown to have  no effect. The effect  of HC1 on 
s tacking  faults and minor i ty  carr ier  l i fe t imes was no t  ex- 
amined  in the  cur ren t  study. 

While the  pass ivat ing proper t ies  of  the oxides  were  not  
measu red  by in tent ional  contaminat ion ,  the  as-grown 
films p roduced  in 02 s e e m e d  to conta in  less alkali  impu-  
rit ies (from f latband shifts) than  those  p r o d u c e d  in 
OJHC1 (Table I). The as-grown impur i ty  level  may  be 
more  impor tan t  than  the  pass ivat ing proper t ies  of  the  ox- 
ide for future V L S I  appl ica t ions  where  downs t r eam pro- 
cess ing will  be  cleaner  than  today 's .  

It  is possible  that  c leaning  the  tube  at a cons iderably  
h igher  t empera tu re  may  reduce  the alkali  levels  observed  
for the  films g rown  in OJHC1; however ,  this  was not  
invest igated.  

The  b r e a k d o w n  character is t ics  of  the  dry 05 oxides  ap- 
pear  equ iva len t  to those  for OJHC1 oxides  (Table I). This, 
coup led  wi th  the a rgumen t s  p resen ted  above,  shows that  
ox ides  g rown in dry 02 may  well  be the  gate  oxides  of the  
future.  

By g rowing  oxides  in dry O~ only, re ta in ing HC1 solely 
as a tube  c leaning agent,  the  p rob lems  of HC1 corros ion 
can  be minimized.  Since  precise  control  of  HCI flow rate 
is not  necessary  for tube  cleaning,  it can be p l u m b e d  to 
the  furnace  separately f rom the  other  process  gases and, 
as such, can be  kept  away from the  expens ive  furnace 
parts that  it may  corrode.  

Ano the r  approach  is to use  an al ternate  chlor ine  source 
to HC1 such as TCA (1,1,1-trichloroethane). While this  lim- 
its the  corrosive p rob lems  wi th in  the gas cabinet ,  the  po- 
tent ia l  format ion  of toxic  gases (7), exp los ion  potent ia l  (8), 
as wel l  as poorer  ox ides  g rown under  these  condi t ions  (9) 
make  this a l ternat ive  less than  optimal.  

Conclusions 
The  current  inves t iga t ion  has shown  that  the  p resence  

of  HC1 dur ing g rowth  of  th in  (150~) ox ides  mater ia l ly  af- 
fects nei ther  the  yield (> 10 MV-cm- ' ) ,  average  break- 
d o w n  field above  10 M V - c m - ' ,  nor  the  leakage  current.  
For  dry oxidat ion,  the  p resence  of HC1 actual ly increases  
the  total  f latband shift  and sl ightly increases  the  
in ter face- t rapped charge. H~O has been  shown to give 
h igher  yield but  worse  C-V shifts than  Oz. 
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Thus, it is feasible to grow thin oxides in dry O., only, 
still utilizing HC1 for tube cleaning, however. 
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Effects of Surface Oxide on Leakage Current of Magnetron- 
Sputtered Ta205 on Si 

Shunji Seki, Takashi Unagami, and Osamu Kogure 
Nippon Telegraph and Telephone Corporation, Ibaraki Electrical Communication Laboratories, Tokai, Ibaraki 319-11, 

Japan 

In recent years, tantalum pentoxide (Ta2Q) films have 
attracted much interest for use as storage capacitors in 
large-scale integrated memory cells and as gate insulators 
in MOS devices. The higher dielectric constant for Ta20~ 
films, compared with that for SiO2 films, makes them at- 
tractive for these devices. For these applications, Ta20~ 
films were prepared by chemical vapor deposition (CVD) 
and thermal oxidation of a deposited Ta film (1, 2). In 
these investigations, it has been shown that these films 
show very high leakage current, and that low temperature 
heat-treatment around 400~ results in a significant dete- 
rioration in the resistivity of Ta205 films, especially with 
a luminum electrodes in place. In order to reduce the leak- 
age current, dual-dielectric structures such as Ta~OJSiO2 
have been fabricated. It has been demonstrated that 
thermal oxide grown by interfacial oxidation between 
Ta~O.~ and the silicon substrate reduces the leakage cur- 
rent in the Ta~O~ (30 nm)/SiO~(12 nm)/Si structure (3). 
However, in this dual-dielectric structure, the effective di- 
electric constant of the dual-dielectric film is less than 10 
due to the existence of the low dielectric constant SiO2 
between TarO5 and Si. Therefore, Ta~O.~ films with high 
dielectric constant and low leakage current are necessary 
if these films are to be used in electronic devices. 

The authors have demonstrated that a low dielectric 
constant transition layer formed at the silicon interface 
plays a key role in determining the electrical properties of 
RF magnetron-sputtered Ta20.~ on Si (4). This transition 
layer can be formed as a result of the interaction between 
the sputtered particles and the silicon substrate in the ini- 
tial stage of Ta20.~ formation. The present work explores 
the role of surface oxide on the silicon substrate prior to 
sputtering deposition in the formation of the transition 
layer at the interface and the electrical characteristics of 
the deposited film. This note indicates that the surface 
oxide exerts an important effect on the leakage current 
and dielectric properties of Ta.20~ films deposited on Si. 

Experimental 
Leakage current characteristics were measured by 

using an A1/Ta.20.~/Si capacitor. Single-crystalline silicon 
wafers (p-type, < l l l > - o r i e n t e d  and 2 ~-cm) were used as 
substrates. These substrates were cleaned by a mixture of 
H~SO4 and H~O2 (volume ratio of H~SOJH20~ = 4/1), and 
then rinsed in deionized water. Immediately before being 
installed into the sputtering chamber, the substrates were 

dipped into dilute HF to remove the oxide formed during 
the previous processing steps. Surface oxide thickness at 
the silicon surface prior to sputtering was adjusted to 
1.8 nm (sample A) and 2.5 nm (sample B) by oxidation in 
the plasma. Surface oxide thickness was measured by el- 
l ipsometry and the contact angle of water drops on the 
surface (5). On these substrates, Ta205 films were fabri- 
cated using an RF magnetron sputtering system. The 
Ta20.~ target was of 10 cm diam and 5 mm thickness. The 
sputtering was performed in a mixture of argon and oxy- 
gen (partial pressure ratio of Ar/O2 = 90/10). The deposited 
film thickness was determined by ell ipsometry at the 
wavelength of 632.8 nm. Electron-beam-evaporated alu- 
minum was used for electrodes. Prior to measurements,  
these MOS capacitors were annealed at 450~ in a hydro- 
gen ambient. After annealing, leakage current characteris- 
tics were measured in a dark, shielded box. A negative 
external voltage was applied to the a luminum electrode 
in these measurements.  In addition to these measure- 
ments, dielectric properties of the Ta20.~ films were also 
measured. These measurements  were performed for more 
than 50 capacitors fabricated on the same silicon 
substrate. 

Results and Discussion 
Figure 1 shows typical leakage current characteristics 

for sample A and B. A drastic change can be seen in the 
leakage current characteristics. The film thickness of 
sample A is 70.5 nm, and that of sample B is 60 nm. The 
leakage current in sample A is more than eight orders of 
magnitude lower than that in sample B when an external 
electric field of 1 MV/cm is applied. The leakage current 
in sample A is 1.5 • 10-" A/cm ~ at 1 MV/cm. The dielectric 
breakdown strength is more than 6 • 10" V/cm. It should 
be noted that this capacitor was annealed in a hydrogen 
ambient at 450~ with aluminum electrodes on the Ta20.~ 
film. This result clearly indicates that the surface oxide 
on the silicon substrate prior to sputtering plays a key 
role in determining the leakage current characteristics, 
since Ta205 films in both samples were deposited under 
the same sputtering conditions. 

Figure 2 indicates frequency dispersions in the capaci- 
tance of sample A and B. Capacitance was measured at an 
external bias voltage of - h V  applied to the A1 electrode. 
Capacitances at each f requency were normalized by the 
capacitance measured at 1 MHz. No frequency dispersion 
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Fig. 2. Frequency dispersion in the capacitance of sample A and B. 

has been observed for sample A in the range of 1 kHz-1 
MHz. On the other hand, a large frequency dispersion has 
been observed for sample B. The dielectric constant of 
sample A is calculated to be 16.5 at 1 MHz. This higher di- 
electric constant, compared with that of dual-dielectric 
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structures, makes RF magnetron-sputtered Ta.20~ films 
more attractive for application to electronic devices. Di- 
electric loss of the film at 1 kHz was less than 0.1% in 
sample A, but was more than 10% in sample B. These re- 
sults indicate that high quality Ta20~ films can be ob- 
tained on Si by controlling the thickness of the surface 
oxide. 

In addition to the above-mentioned leakage current and 
dielectric characteristics, a remarkable change was ob- 
served in film thickness and index of refraction de- 
pending on the surface oxide thickness. When Ta20.~ film 
was deposited on Si substrates with different surface ox- 
ide thicknesses for the same sputtering period under the 
same sputtering conditions, the thickness of the film de- 
posited on the Si substrate with 1.8 nm thick surface ox- 
ide was 72 nm, while that of the film deposited on Si with 
2.5 nm thick surface oxide was 61.5 nm. The effective in- 
dexes of refraction for the films deposited on the former 
and the latter substrates were 2.04 and 2.12, respectively. 
This remarkable change in the film thickness and index 
of refraction might be due to the effect of surface oxide 
thickness on the transition layer formation mechanism in 
the initial stage of TarO5 formation on silicon. 

Conclusion 
It has initially been indicated that surface oxide prior to 

sputtering plays a key role in determining the leakage 
current and dielectric characteristics of magnetron- 
sputtered TarO5 on Si. By reducing the surface oxide 
thickness to as low as 1.8 nm, the leakage current after an- 
nealing becomes about 1 x 10 -9 A/cm ~ at 1 MV/cm. The 
dielectric breakdown strength is more than 6 x 10 '~ V/cm. 
Furthermore,  dielectric constant reaches 16.5, which is 
much higher than that of the dual-dielectric structure. No 
frequency dispersion was observed in the film capaci- 
tance from 1 kHz through 1 MHz, and dielectric loss of 
the film was lower than 0.1% at 1 kHz. These results 
clearly demonstrate that high quality Ta._,O5 films with 
high dielectric constant and low leakage current can be 
obtained on Si with magnetron sputtering by controlling 
the surface oxide thickness prior to deposition. 
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Preparation of Thin Continuous Monocrystalline Silicon 
over SiO  

L. Jastrzebski,* J. F. Corboy, R. Pagliaro, Jr., and R. Soydan 

RCA Laboratories, Princeton, New Jersey 08540 

Silicon-on4nsulator (SOI) technology is a technique un- 
der development  to obtain monocrystalline silicon over 
SiO~ islands, which can be used as an alternative to SOS 
(1). If this technology can be successfully accomplished in 
an economical fashion to provide VLSI-quality layers (2), 
device problems such as latchup (3) and bird's beak (4) 
can be eliminated wherever this growth technique is 
applicable. 

Several SOI approaches are currently under investiga- 
tion [for the assets and liabilities of the various ap- 
proaches see, e.g., Ref., (5)]. With some of the SOI tech- 
niques, it is difficult to provide a thin (-0.5 ~m) silicon 
layer over oxide islands. For SOI films obtained by 
epitaxial lateral overgrowth (ELO), a monocrystalline sili- 
con layer is grown by selective CVD from the openings in 
the oxide mask (deposition conditions are chosen to pre- 
vent silicon nucleation over the oxide during homoepi- 
taxial growth) (5-8). The epi layer grows vertically until it 
is level with the SiO2 mask and then laterally over the 
SiO., mask as it continues its vertical growth. Growth is 
continued until the growth fronts, seeded from opposing 
windows, meet to form a continuous film of silicon. The 
minimum thickness at which an acceptably smooth, con- 
tinuous, epitaxial film is obtained depends on the lateral 
to vertical growth rate ratio (overgrowth ratio) and the 
width of the SiO~ islands. Although overgrowth ratios of 
10:1 (6) and 40:1 (7) have been reported, low defect densi- 
ties in ELO films have been reported only for films pre- 
pared at a 1:1 ratio (8). If  the final SOI film thickness is 
greater than required for successful circuit applications, 
e.9., for use as an alternative to 0.6 ~m thick SOS films, 
the SOI film could be thinned to the desired thickness by 
oxidation. Although in the present work we discuss the 
application of oxide thinning to SOI films obtained by 
the ELO process, this approach could be used for any SOI 
film which is too thick for a given device fabrication pro- 
cess. We believe that oxidation thinning is a reliable, eco- 
nomical technique to obtain, in a reproducible way, uni- 
form films of desirable thicknesses (-0.5 ~m) with 
smooth surfaces. 

The substrates were (100)-oriented silicon patterned 
with stripes of 0.65 ~m thick, 6.0 ~m wide SiO2 with 6.0 
~m wide exposed silicon regions between the SiO~ 
stripes. The epitaxial films were prepared in a chemical 
vapor deposition reactor (AMC 7900) at 1050~ at 760 torr 
using a mixture of SiH._,CI.,, HC1, and H2. The deposition 
process was a two-step growth cycle (9). The samples de- 
scribed in this paper were grown at approximately 0.3 
~m/cycle for 21 cycles, to give 6 ~m thick ELO films. 

After epitaxial growth, the wafers are removed from the 
CVD reactor and thinned by oxidation at ll00~ in HC1 
steam. A maximum of 2.1 ~m of oxide was grown during 
each oxidation step, after which the wafers were removed 
from the oxidation furnace and the SiO._, film was 
stripped in buffered HF. When additional silicon thinning 
was required, the wafers were cleaned and oxidized 
again. The amount  of silicon removed by oxidation was 
calculated using the formula (10) ts~ ~ 0.45t.~ (where t is 
thickness). 

Cross-sectional SEM-micrographs of the as-grown SOI 
structure and the structures obtained after each thinning 
~are shown in Fig. 1. The flat continuous nature of the sili- 
con film over and between the SiO._, strips is evident in 
Fig. 1E and 1E'. It is clear that the SOI layers thinned to 
3.2, 1.6, 1.1, and 0.6 ~m have the same flatness as the as- 
grown film 

*Electrochemical Society Active Member. 

According to our experience, it is not currently possible 
to obtain continuous 0.6 ~m thick epitaxial silicon films 
over 0.6 ~m thick (or thicker), 6.0 ~m wide (or wider) SiO~ 
using only an epitaxial CVD technique. By combining a 
CVD growth technique that provides epitaxial silicon 
with a post epi thinning technique, "oxidation," we are 
able to obtain this structure. 

The process of the oxidation of silicon is well docu- 
mented (11, 12). The oxidation conditions used to obtain 
the data presented in this paper were used to demonstrate 
only the feasibility of oxidation as a thinning technique, 
and not the practicality of the technique. A practical 
method of removing 5-10 ~m of silicon would be to use a 
high pressure (13-15) oxidation procedure. 

The t ime required to grow 0.5, 1, 2, 3, 4, 5, and 6 ~m of 
SIO2, which corresponds to the removal of 0.22-2.7 ~m of 
silicon, is given in Table I for oxidation performed at 
various temperatures in steam at atmospheric pressure 
and at 20 arm. The columns labeled I and II represent the 
total t ime required to remove the amount of silicon 
shown in the right-hand column, using one oxidation step 
or two separate but equal length steps (the first oxidation 
step is followed by oxide removal). 

The most practical way of performing thinning by oxi- 
dation is to use high pressure (-20 atm). From an eco- 
nomical standpoint, the thinning should be performed at 
high temperatures (1200~ since the oxidation t ime is 
short. If diffusion of impurities need be taken into consid- 
eration, as in the case of vertically integrated (three- 
dimensional) structures, the thinning by oxidation should 
be carried out at low temperature, high pressure, and 
with repetitious oxidation steps. For example, during the 
thinning of 2.25 ~m of silicon by oxidation at 800~ at 20 
atm, using two successive oxidation steps the impurity 

Fig. 1. Cross-sectional scanning electron micrographs of the silicon 
overgrowth after deposition and after each oxidation experiment. 
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Table I. Si02 thickness (/~m) vs.  oxidation time (h) as a function of temperature and pressure in pyrogenic steam on (100) silicon 

-1  atm 20 arm 
Amount 

SiO2 1200~ 1000~ 900~ 800~ 1200~ 1000~ 900~ 800~ of silicon 
thickness removed 

(~m) I ~ IP  I II I II I II I II I II I II I II (~m) 

0.5 0.38 0.18 1.6 1.23 5.4 4.3 21.7 18 .7  0.019 0.009 0.084 0.063 0.27 0.22 1.08 0.93 0.22 
1.0 1.6 0.76 4.7 3.2 13.4 10.8 50.0 21.7 0.079 0.038 0.25 0.17 0.67 0.54 2.5 2.2 0.45 
2.0 7.1 3.2 17.5 9_4 34.2 26.8 133.3 10.0 0.36 0.16 0.90 0.50 1.7 1.3 6.7 5.0 0.90 
3.0 16.6 7.6 36.7 19.3 63.3 46.7 233.3 180.0 0.83 0.40 1.9 1.0 3.2 2.3 11.7 9.2 1.35 
4.0 33.3 14.2 61.7 35.0 10.0 68.4 366.7 266.7 1.7 0.7 3.2 1.8 7.5 3.4 18.3 13.3 1.80 
5.0 60.0 22.7 93.3 53 .3  141 .7  9 3 . 3  508.3 416.7 3.0 1.1 4.7 2.7 7.1 4.7 25.4 20.8 2.25 
6.0 86.7 33.2 138.3 73.4 208.3 126.6 633.3 466.7 4.3 1.9 6.7 3.8 10.4 6.3 31.7 23.4 2.7 

a Total time at temperature to grow SlOe thickness in one oxidation step. 
h Total time at temperature to grow SiO2 thickness in two equal-length oxidation steps. 

m o v e m e n t  (x/Dt) is k e p t  to a m i n i m u m  (D is t he  d i f fus ion  
c o n s t a n t  of  an  impur i t y ,  a n d  t equa l s  t ime).  T he  i m p u r i t y  
r e d i s t r i b u t i o n  will  b e  0.015 ~ m  for b o r o n  a n d  0.005/xm for 
a r sen ic  u s i n g  DB = 3 x 10 -'~ a n d  DA5 = 1 X 10 -'~/xm/h. This  
a m o u n t  of  d i f fus ion  will  no t  s igni f icant ly  affect  a l ready  
m a d e  dev ices  p r e v i o u s l y  f ab r i ca t ed  in  the  first  level  of  
t he  circuit .  

A n o t h e r  i s sue  is t he  r e p r o d u c i b i l i t y  a n d  u n i f o r m i t y  of  
SOI  f i lms t h i n n e d  by  ox ida t ion .  O x i d a t i o n  is a s t a n d a r d  
s tep  u s e d  by  IC p r o c e s s i n g  a n d  t he  r ep r oduc i b i l i t y  of  t he  
o x i d e  t h i c k n e s s  is con t ro l l ed  to w i t h i n  a b o u t  -+ 1% d u r i n g  
ox ide  fo rmat ion .  Also,  t h e  u n i f o r m i t y  of  t he  ox ide  across  
a wa fe r  is -< +_ 1%. Therefore ,  t he  ma jo r  v a r i a t i o n s  in  t he  
t h i c k n e s s  of  t he  t h i n n e d  SOI film d u r i n g  o x i d a t i o n  are 
a s soc ia t ed  w i t h  t he  a s -g rown  ep i t ax ia l  fi lm u n i f o r m i t y  
a n d  rep roduc ib i l i ty .  To date ,  t h e r e  are no t  suf f ic ien t  da ta  
o n  t he  r e p r o d u c i b i l i t y  of  the  ELO process ,  b u t  t he  r e su l t s  
co l l ec ted  so far i n d i c a t e  t h a t  u n i f o r m i t y  ac ross  t he  wafer  
(for i den t i ca l  p a t t e r n s )  is s imi la r  to  t he  h o m o e p i t a x i a l  lay- 
ers  w h i c h  is a b o u t  -+ 5.0% [for a de ta i l ed  d i scuss ion ,  see  
Ref.  (16)]. S ince  t h i s  t h i c k n e s s  va r i a t i on  will b e  re f lec ted  
d u r i n g  t h i n n i n g ,  a 6 txm t h i c k  SOI f i lm t h i n n e d  to 0 .5/*m 
will  h a v e  a -+0.30/ ,m t h i c k n e s s  var ia t ion .  F o r  CMOS ap- 
p l i ca t i ons  (17), a p p r o x i m a t e l y  3 ~ m  t h i c k  E LO films 
o v e r g r o w i n g  3 t~m w i d e  SiO2 i s l ands  wil l  b e  used ,  a n d  in  
th i s  case  t he  t h i n n e d  f i lm t h i c k n e s s  va r i a t i on  wil l  be  
a b o u t  -+0.15 t~m, w h i c h  is a c c e p t a b l e  for  any  V L S I  
appl ica t ion .  

We p r o p o s e  t h a t  t h i n  (0.6 tim), a c c e p t a b l y  s m oo th ,  con-  
t i n u o u s  s i l icon over  a n d  b e t w e e n  SiO~ layers  c an  be  ob- 
t a i n e d  in  a n  e c o n o m i c a l l y  v i ab l e  f a sh ion  i f  CVD g r o w t h  is 
c o m b i n e d  w i t h  t h i n n i n g  b y  ox ida t ion .  Th i s  p roces s  u se s  a 
re l iable ,  e c o n o m i c a l l y  v i a b l e  a p p r o a c h  to ob ta in ,  in  a re- 
p r o d u c i b l e  way,  u n i f o r m  fi lms of des i r ed  t h i cknes se s .  
W h e n  c o m b i n e d  w i t h  h i g h  p r e s s u r e  ox ida t i on  it  c an  also 
be  u s e d  for ver t i ca l ly  i n t e g r a t e d  ( t h r ee -d imens iona l )  
c i rcui ts .  
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The Fabrication of CMOS Structures with Increased Immunity to 
Latchup Using the Two-Step Epitaxiai Process 

L. Jastrzebski,* J. F. Corboy, R. Soydan, R. Pagliaro, Jr., and C. Magee 

RCA Laboratories, Princeton, New Jersey 08540 

L a t c h u p  b e t w e e n  p a n d  n t r ans i s to r s  in  CMOS c i rcu i t s  
is one  of t he  p r i m a r y  p r o b l e m s  t h a t  ha s  to  be  o v e r c o m e  
be fo re  t he  s p a c i n g  b e t w e e n  n a n d  p t r an s i s t o r s  c an  be  

*Electrochemical Society Active Member. 

s u b s t a n t i a l l y  r e d u c e d  (1, 2). T r e n c h i n g  a n d  the  use  of  
heav i ly  d o p e d  s u b s t r a t e s  are  c u r r e n t l y  u s e d  to r e d u c e  
l a t c h u p  b e t w e e n  n a n d  p r~egions (3). T r e n c h i n g  p u t s  a 
phys i ca l  ba r r i e r  b e t w e e n  t he  n a n d  p reg ions ,  w h e r e a s  
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Fig. 1. Processing sequence for a latchup-resistant structure using 

an epitaxial lateral overgrowth technique. 

heavily doped substrates provide a high conductivity, low 
minority carrier region thereby reducing the minority car- 
rier flow between n and p transistors (4). Currently, 15 
~m thick epi layers are being used. This thick epi layer is 
required to prevent the impurities that out-diffuse from 
the heavily doped substrate, during well. drive, from 
reaching the bottom of the well region. Due to crystallo- 
graphic defect generation and practical considerations 
with present trench technology, only 1-2 ~m deep 
trenches (5) are possible. This leaves a region approxi- 
mately 13-14 ~m thick above the substrate-epi layer inter- 
face through which latchup can occur. 

Other approaches are being sought to improve CMOS 
circuits resistant to latchup. One approach is based on 

Fig. 2. SEM cross-sectional photomicrograph of n -  and p-  epJ 
layers separated by oxide. The oxide has been removed to enhance 
clarity in this micrograph. 

megaelectronvolt implanting a heavily doped region un- 
derneath the well (6), which allows one to have close spac- 
ing between the heavily doped regions and the well. An- 
other approach is SOI/SOS technology (7, 8), which yields 
a totally isolated silicon island. In this paper a new ap- 
proach to obtain latchup resistant structures is reported. 
This approach is based on a two-step epitaxial lateral 
overgrowth (ELO) (9, 10) process. The processing steps 
are shown in Fig. 1. First, a thin 400~ thick oxide (800~ in 
HC1 steam) and an 800~ thick nitride are grown. A photo- 
lithographic pattern corresponding to n or p regions is de- 
fined in the photoresist and etched into the Si3N4 + SiO., 
mask. Subsequently, the first ELO growth step is per- 
formed (Fig. 1A). Growth is carried out at 1050~ at 100 
torr using SiH2CI~, dopant, and HC1 in H.~ in a radiantly 
heated barrel reactor. The deposition process is a series of 
two-step cycles. One cycle consists of a deposition step 
and an etch step. In the deposition step, SiH2CI.,, dopant, 
and HC1 are added to the H2 carrier for 1 rain. At the end 
of the deposition step, the SiH~C12 and dopant are re- 
moved from the gas stream and the etch step (second 
step) begins and continues for 1.5 min. The epi layers are 
grown at a rate of approximately 0.43 t~m/cycle for eight 
cycles. Dopant is excluded from the first cycle, and the 
system is purged for 10 rain between the first and second 
cycles to reduce autodoping. Dopant is added to cycles 
two through eight, and no purge is used between these 
cycles. 

The CVD deposition conditions are such that no silicon 
nucleates on the Si:3N4, but  selectively grows in the area of 
exposed silicon (10), giving the structure shown in Fig. 
1A. Subsequently, the epi layer is oxidized at 1050~ for 
lh  in HC1 steam to form 1.0 tLm of oxide (Fig. 1B). This 
oxidation step is followed by a wet nitride etch and a 
"short" wet oxide etch to remove the 800A Si3N4 and the 
400~ SiO2 layers (Fig. 1C), exposing substrate regions 
which are not covered by the first epi layer. Subse- 
quently, a second selective epitaxial growth step is per- 
formed (Fig. 1D) identical to the first epi growth with the 
exception of using the opposite conductivity dopant type. 
After the second growth, the oxide is removed and the 
wafers are put through the remaining portion of a 
standard CMOS process. 

The n -  and p -  epi layers are isolated from each other 
by an oxide layer which extends from the epitaxial sur- 
face to the Si3NJSiO2 pattern layer on the heavily doped 

10 TM 

10 TM 
E 

Z 
0 

} 

8 
101~ 

lo" [ I 
surface 1 2 

DEPTH (,~m) 

t 

/ 
3 4 

Fig. 3. SIMS profiles of the antimony concentration in the second 
epitaxial layer (broken line) and in the first epitaxial layer (solid 
line) after deposition. 
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substrate surface. A SEM cross-sectional micrograph of 
the resulting structure is shown in Fig. 2. This structure is 
not planar. A dip of about 0.8 ~m exists on the surface in 
the regions where the two epi layers meet. This 
nonplanari ty should not be an important obstacle in the 
application of this technology since during SOS pro- 
cessing island edges -0.6 ~m high can be tolerated. 1 
SIMS profiles of the ant imony concentration in the 
epitaxial layer, which was incorporated via autodoping 
and out-diffusion from the substrate during the CVD 
growth process, are shown in Fig. 3. The ant imony impu- 
rity gradient that extends from the heavily doped sub- 
strate into the p -  and n -  epitaxial regions shows a drop 
in concentration from 10 ~8 to 1016 cm -:~ over a distance of 
0.3 ~m in the second epi layer and 0.7 ~m in the first epi 
layer. (The first epi layer is exposed to both epi layer 
temperature cycles.) Since a "well drive" is not required 
and only low temperature steps are needed to complete 
the CMOS process, one can expect that these gradients 
will not be significantly changed during subsequent  
steps required to complete the CMOS process. 

The proposed structure should avoid all of the most sig- 
nificant device problems encountered during ELO, such 
as high leakage along the interface formed by the ELO 
film overgrowing an oxide. This interface is different 
from the interface formed by oxidation of silicon. The 
leakage along the ELO/oxide interface especially affects 
performance of NMOS transistors giving leakage in order 
of 10-9 A/~m. It is less apparent in PMOS devices, in 
which it is usually three orders of magnitude lower 
(10-12). In the two-step ELO process described, this prob- 
lem is eliminated by depositing the p -  epi layer first and 
then thermally oxidizing it. The n channel transistors fab- 

1Also notice that surface nonplanarity is a gradual one; this 
type of nonplanarity does not affect continuity and definition of 
poly and metal lines. 

ricated in this silicon will be in contact with a "post-epi" 
thermally grown oxide, not in silicon grown over a SiO2 
layer. The less susceptible p transistors will be made in 
the second epi layer (n-) that overgrows the thermally 
grown oxide. In  this way neither the n- or p-channel tran- 
sistors will be affected by sidewall leakage. 
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A Rechargeable All-Solid-State Sodium Cell with Polymer 
Electrolyte 

K. West, B, Zachau-Christiansen, T. Jacobsen,* and S. Atlung* 
Fysisk-Kemisk Institut, The Technical University of Denmark, DK 2800 Lyngby, Denmark 

INTRODUCTION sodium with thicknesses between 50 ;~m 
and 100 ~m were obtained. 

Secondary lithium cells with intercala- 
tion or insertion materials as positive Polymer electrolyte sheets (-~30 ~m) 
electrodes are now an extensively stu- Were prepared by evaporation of aceto- 
died subject. However, only few papers nitrile solutions of poly-(ethylene 
covering the corresponding sodium sys- oxide) (PEO) and the proper amount of 
terns have yet appeared. Ostensibly this Nal, recrystallized from acetonitrile 
is due to the lack of reversible sodium and vacuumdried at l~0~ The PEO (WSR 
/electrolyte half-cells functioning be- 301 Polyox, MW = 4.I0 ~, BDH) was used 
low 200~ higher temperatures most as received. The films were prepared 
electrode materials will react via and handled in an argon filled dry box. 
displacement reactions, which generally The Nal concentration in the films used 
have lower electrode potentials and do corresponded to a Na/O ratio of 1:10. 
not possess the inherent reversibility With this electrolyte, the operating 
of intercalation reactions, temperature of the cell is confined to 

the interval between 98~ (melting of 
Liquid organic electrolytes consisting sodium) and 65~ as the electrolyte 
of NaI dissolved in propylene carbonate conductivity decreases rapidly below 
have been used for electrochemical pre- this temperature. 
paration of sodium intercalated TiS 2 
(1,2). The Exxon group has cycled both Composite MoS 3 electrode films (-~50 ~m) 
Na/TiS~ and Na/MoS 3 using sodium trie- with the overall composition: 72 w/o 
thyl [N-pyrrol) b~orate dissolved in MoS3, 20 w/o PEO, and 8 w/o Nal were 
1.3-dioxolane as electrolyte (3,4). 
Most other groups have chosen to use 
two-electrolyte systems with an ionic 
conducting ceramic membrane. This mem- 
brane separates molten sodium from the 
liquid electrolyte forming contact to 
the active material in the positive 
electrode (5). 

I n  this communication cycling of a cell 
with solid sodium in contact with a 
polymer electrolyte and with amorphous 
MoS 3 as positive electrode is reported. 

EXPERIMENTAL 

prepared by evaporating acetonitrile 
suspensions/solutions of the ingredi- 
ents onto nickel foils. In some cases 
graphite was added as conductive 
diluent, but no improvement of cell 
performance at these very low current 
densities was achieved. 

The cell was mounted with spring load 
in a Ni-plated brass container sealed 
with a viton O-ring. This container was 
heated in air to 90 ~ in a Buchi T0-50 
oven. 

RESULTS 

Amorphous MoS 3 was prepared by thermal 
decomposition of (NH4)2MoS 4 as des- 
cribed by Jacobson et aY (3): 

The first two cycles of the cell 

Na / PEO-NaI (10:1) / HaS 3 

Sodium electrodes were made by pressing are shown in fig. i. The current densi- 
a layer of sodium onto a Ni foil, using ty usgd for discharge and charge was 15 
polyethylene sheets to aid the sprea- ~A/cm ~ in these cycles, corresponding 
ding. In this way smooth layers of to a stoichiometric discharge time of 

45 h. The cell was discharged to 1.5 V 
*Electrochemical Society Active Member. 
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Fig. 1. Initial cycles of the cell Na/ 
NaI-~EO (10:1) /MoS 3 at 15 
#A/cm ~. Charge recalculated as 
X = Na/Mo based on total Mo- 
analysis of cell. 

Fig. 2. Discharge capacity as function 
of cycle number. The total 
number of Na cycled per Mo is 
also shown. 

and recharged to 2.6 V vs Na. It is 
seen that the coulombic cycling effi- 
ciency (the ratio between discharge and 
charge capacity) is considerably less 
than unity, possibly due to dispropor- 
tionation of the electrolyte. An advan- 
tage of using iodide-containing elec- 
trolytes in alkali metal batteries 
might be that the iodine liberated 
during overcharge recombines with the 
alkali metal and thereby scavenges the 
negative electrode of developing den- 
drites. 

The discharge curve is smooth as expec- 
ted for an amorphous electrode mate- 
rial, and 1.4 Na/Mo is inserted during 
the first discharge. Previously dis- 
charge capacities of up to 3 Na/Mo have 
been achieved (4), but the capacity has 
been shown to be sensitive to the de- 
tails of the MoS 3 synthesis (6). The 
stoichiometric cap~city calculated from 
the first discharge is 290 Wh/kg. 

The development of the discharge capa- 
city upon cycling is shown on fig. 2. 
The charge a~d discharge current used 
was 1~0 ~A/cm in cycle 3 to 9, and 15 
~A/cm = in the other cycles, Despite 
the rapid decrease in cell capacity, a 
total number of 10 Na/Mo have been 
cycled during the lifetime of this 
cell, and the available amount of so- 
dium has been cycled 1.5 times. This 
shows that, even close to its melting 
point, sodium forms a sufficiently 

Manuscript submitted July ii, 1985; revised 
manuscript received Oct. 3, 1985. 

stable interface with a PEO-electrolyte 
to allow reversible operation of this 
electrode. Possibly the formation of a 
passive sodium ion conducting film on 
the interface is responsible for this 
stability. 

It is thus concluded that solid state 
sodium batteries might be feasible by 
extension of lithium battery technolo- 
gy, especially when electrolytes with 
better conductivity and more reversible 
electrode materials are developed. 
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Li-AI/FeS  Cell with LiCI-LiBr-KBr Electrolyte 
Thomas D. Kaun* 

Argonne National Laboratory, Chemical Technology Division, Argonne, Illinois 60439 

With i ts high theoretical specific energy and lo~ 
res is t i v i t y  electrolyte, the Li-AI/LiCI-KCI (m.p. 352~C)/ 
FeSo cell has long been projected to be capable of very high 
pertormance (1). However,othe ce l l ,  which is operated at 
temperatures of 425 to 450 C, has an unacceptably high 
capacity-decline rate of O.lO-O.25%/cycle (2) due to sulfur 
migrating from the positive electrode into the separator 
region and depositing there as Li~S (3). Earl ier attempts 
to reduce this capacity-decline r~te concomittantly reduced 
cell performance(2). 

In this study, two major changes from the ear l ier  cells 
were evaluated: 1) a novel electroIxte, 25 mol% LiCl 
-37 mol% LiBr-38 mol% KBr (m.p. 31~C) (4), and 2) a higher 
loading density (2.4 vs. 1.5 Ah/cm ) for the FeSo electrode, 
which was then operated only on i ts higher-voltage (1.75 
avg. V), or "upper-plateau", reaction: 

FeS 2 + 2Li + + 2eZ-~-Li2FeS 2 [1] 

(This reaction is actually a series of three consecutive 
reactions.) (8) In this mode of operation, the electrode 

w i l l  be designated a dense, upper-plateau (U.P.) ~eSe 
electrode. In a conventional 'two-plateau (T.P.) F~S~ 
electrode, the lower-voltage (1.33 avg. V) reaction al~o is 
used. This reaction is: 

Li2FeS 2 + 2 Li + + 2e---~-2 Li2S + Fe [2] 

Experimental 

A sealed prismatic bicel l  was employed to duplicate 
ear l ie r  test cells that had been used in evaluating the 
performance of Li-AI/LiCI-KCI/FeS~ cells (2). The 
electrodes (8.7cm high x 6.3 cm w~de) were comtained behind 
perforated-sheet current collectors--molybdenum for the 
central FeSp electrode and 1008 steel for the two Li-Al 
electrodes. ~ The electrode area, based on the separator, was 
100 cm . 

The iron disulf ide electrode contained FeSp with 15 
mol% CoS~ additive for a total theoretical capacity of 25.2 
Ah (on the upper plateau). The slurry-formed LiAI elec- 
trode (5) contained 53 at% Li-Al al loy for 35 Ah capacity 
with 0.9 Ah/cm loading density. Cells were assembled with 
a BN powder feedthrough seal and were subsequently operated 
in an argon gl~vebox. Cycle- l i fe testing at a 8-~ charge 
rate (25 mA/cm ) and 4-h discharge rate (50 mA/cm ) was 
controlled between voltage cutoffs of 2.05 and 1.25 V, 
respectively. A Ni/Ni~SR reference electrode indicated 
working-electrode poteBtTals during the deep-discharge 
cycling. Current interrupts of one second duration were 
used to evaluate electrode and cell resistances. Power 
measurements were derived by integrating constant-current 
pulses (10-100 A) of 15-s duration. 

Results and Discussion 

The Li-AI/U.P.-FeSR cell h~ving ~iCI-KBr-LiBr 
electrolyte and operate~ at 397 C + 5 C had 50% higher 
energy and power density than Li-AT/T.P.~FeS 2 cells having 
LiCI-KCI electrolyte and operated at 427 C. The voltage- 
capacity curves of the two cells (each of 25.2 Ah capacity) 
are presented in Fig. 1. Energy density at 50 mA/cm was 

enhanced as a result of approximately 50% higher u t i l l zat ion 
of the capacity and a 10% higher average discharge voltage. 
The e~ergy density at higher discharge rates, 100 and 150 
mA/cm , showed even greater improvement with the u t i l i za t ion 
of theoretical capacity ranging from 85 to 65% (Fig. 2). 
The specific power at 80% depth of discharge (DOD) was also 
enhanced by approximately 50% for the new cell because the 
voltage at that point in the discharge was about 0.3 V 
higher than that of a cell with a T.P.-FeS~ electrode. (Six 
cells of 1-Ah capacity have confirmed these improvements.) 

The improved power and energy densities of the iron 
disulf ide ~lectrode at the reduced operating temperatures of 
388 to 427 C are believed to be caused by two factors. One 
is improved electronic conductivity of the electrode. 
According to the Bruggeman equation (6) 

Km : (I - f)3/2 [3] 

where Km = bed conductivity/dense body conductivity and 
f = electrolyte fraction, the increased electrode loading 
density (from 32 to 50 vol %) would double electronic 
conductivity of the iron disulf ide electrode. The second 
factor is an increased "~ynamic range" with the LiCI-LiBr- 
KBr electrolyte.  At 4~0 ~, this electrolyte has a liquidus 
that extends over a Li-/K- rat io of 1.25 to 2.6; for LiCI- 
KCI, the range is only 1.25 to 1.81. The broader liquidus 
for the LiCI-LiBr-KBr electrolyte would tend to prevent salt 
crysta l l izat ion;  i t  has been postulated that the crystal- 
l izat ion of LiCI-KCI impedes operation (7). 

The capacity u t i l i za t ion  vs. cycle number for U.P. FeS 2 
cell is shown in Fig. 3 (the coulombic efficiencY2of the 
cell is 99+%). Its u t i l i za t ion  is 89% at 50mA/cm , based on 
a revised cell capacity (24 Ah) from a lower than assumed 
CoS  ̂puri ty.  The cell capacity has been constant through 
mor~ than 230 cycles and 3000 hours, and the cell voltage 
vs. capacity curve has remained unchanged (as in Fig. 1) 
durin~ this time. In this test,  the cell was charged at 25 
mA/cm to a charge cutoff voltage of 2.05V. These values 
are greater than those that could be used with the Li- 
AI/LiCI-KCI/T.P.-FeS~ cell while maintaining stable capacity 
(2). Electrode potehtials (vs. the Ni/Ni3S ~ reference 
electrode) indicate that both electrodes, L~AI and FeS~, 
mutually attain ful l  charge. The discharge capacity i~ 
limited by the upper-plateau capacity of the positive 
electrode. 

Apparently, both time-related and cycle-related 
capacity-loss mechanisms have been overcome in this cel l .  
Considerable attention has been given to gaining under- 
standing of these mechanisms for FeS~ in LiCI-KCI. Preto et 
al .  (8) indicated that capacity loss:for FeS9 in LiCI-KCl Ts- 
~ e  to i ts complex electrochemistry involvin~ formation of 
non-equilibrium species. Addit ionally, thermal decom- 
position and solubi l i ty  in LiCI-KCI of discharge reaction 
species have also been found to be causes of capacity loss 
in the disulf ide electrode (9). For the dense U.P.-FeSp 
electrode in LiCI-LiBr-KBr, the reduced operating tempe~ a- 
ture and increased electrode-bed conductivity would promote 
capacity s tab i l i t y  according to these understandings. 

*Electrochemical Society Active Member 
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Conclusion 

The use of the dense U.P.-FeS~ electrode and LiCI-LiBr- 
KBr electrolyte, which allows a ceTl operating temperature 
of 397~C, has eliminated disulf ide electrode capacity loss 
and increased cell performance signif icantly. Based on a 
250 Ah multiplate cel l ,  we expect a specific energy greater 
than 150 Wh/kg at the 4-h rate and specific power of greater 
than 160 W/kg at 80% DOD. The expected cycle l i f e  of 
greater than 1000 cycles is comparable to that of the 
LiAI/FeS cell (10). 
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The Extent of the Phenomenon of Oscillatory Anion Incorporation 
in Alumina Barrier Films 

D. L. Cocke,* C. A. Polansky, D. E. Halverson, S. M. Kormali, C. V. Barros-Leite, O. J. Murphy,* E. A. Schweikert, and 
P. Filpus-Luyckx 

Department of Chemistry, Texas A&M University, College Station, Texas 77843 

The recent observation of oscillatory in- 
corporation of tuagstate into anodically grown 
alumina films (i) has now been extended_to in- 
clude s~veral other anions, such as MoO~, MnO~ 
and Cr04. This confirms the general nature of 
the phenomenon, which is the first electro- 
chemically produced oscillation in the solid 
state. The observation has extremely important 
ramifications to electrochemical studies on 
passivity, general electrodics and anodic growth 
mechanisms. 

Incorporation of anions into electrochemi- 
cally grown alumina films is being studied in 
an effort to determine their effect on the 
structure (2,3,4), electronic properties (5,6) 
and stability (2) of the alumina formed. The 
determination of the distribution of anions in 
these films is currently being unraveled (2,7). 
It has been shown through the use of electron 
microscopy (STEM) that initially the entire 
film is amorphous, and incorporation of anions 
into the alumina stabilizes theamorphous 
structure to the process of dehydration and 
subsequent crystallization by the electron 
beam (4). The general structure of electro- 
chemically grown barrier alumina films has been 
reported to consist of an inner region, which 
is relatively pure (7), and an outer region, 
which is thought to be a uniform structure, 
containing species from the anions present in 
solution (8,9). 

Sharp, et al. (6), have established that 
the properties of the films are dramatically 
affected by these anion residues. The incor- 
poration of tungsten species into anodic alumina 
films resulted in a surprising structure (i). 
Through the use of alpha and argon backscatter- 
ing, the tungstate species were found (I) to be 
incorporated periodically in the alumina struc- 
ture, suggesting an oscillatory mechanism for 
formation of the film. This communication de- 

~lectrochemical Society Active Member. 
Key Words: alumina barrier films, anion incor- 

poration, oscillatory phenomena 

scribes the incorporation of three additional 
anionic species into alumina films. 

The anodic oxide films were grown galvano- 
statically at various current densities on 
highly polished aluminum discs in 0.15 M borate 
buffer solutions (pH = 8.4), which also con- 
tained either 0.5 M Na2Mo04 �9 2H20, 0.5 M 
Na2WO~ �9 2H20, 0.5 M Na2Cr04 �9 4H20 or 0.5 M 
E~nO~. The film growth was stopped when the 
cell voltage reached 72 V. The film thicknes- 
ses were calculated to be a~proximately i000 ~, 
using a growth rate of 14 ~/V (5). Two types 
of ~therford backscattering data were taken 
on the films exposed toMoO~ or WO~ species; a 
variable energy cyclotron with a collimated 40 
MeV Ar 4+ ion beam (Texas A&M University) and a 
Van de Graff accelerator employing a collimated 
beam of 2 MeV He 2+ ions (Rio de Janeiro~. Only 
the latter was used on the CrO~ and Mn04 ex- 
posed films. 

In Figure I, the Ar 4+ spectra of molybdate 
and tungstate species incorporated into alumina 
films grown on ultrapure aluminum samples are 
shown. In both cases, the anionic species con- 
centration is seen to decay as one moves from 
the oxide surface into the alumina film. This 
decay is not monotonic, but exhibits a periodic 
structure, which is slightly more pronounced 
for the tungstate than for the molybdate. In 
Figure 2, the alpha backscattering spectra are 
shown for tungstate, molybdate, manganate and 
chromate species incorporated into alumina 
films. The first three species again exhibit 
periodic concentration decay, as found in the 
Ar 4+ backscattering spectra. Furthermore, a 
complementary periodic structure was evident 
in the aluminum oxide spectra (not shown), in 
that minimums in concentration were found for 
the aluminum which correspond to maximum con- 
centrations for the anionic species. Even 
though the periodic structure is not seen on 
the chromium peak, the oscillatory alumina 
variation was seen, due to better counting 
statistics. This is additional evidence to 
support the presence of a layered concentration 
profile for the outer region of the alumina 
films. These spectra also show for the tung- 
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state and molybdate species that the  anion-con- 
taininglayer penetrates less than half the 
thickness of the alumina films. However, the 
chromate and manganate species appear to be 
more evenly distributed throughout the alumina. 
A reason for this difference may be linked to 
the ionic radii of the metal cations, the Cr +6 
and Mn +7 being closer in size to A13+ than the 
W +6 or Mo +6 but is more likely to be related 
to the anions' ease of charge removal. 

As a result of this investigation, it ap- 
pears that incorporation of anionic species 
into anodic barrier oxide films takes place by 
an oscillatory mechanism, resulting in charac- 
teristic growth patters. Current work is in- 
vestigating the mechanism of this incorpora- 
tion, where it is believed that local space 
charge growth control is involved. This phe- 
nomenon, in addition to providing a means of 
dramatically altering the structure and pro- 
perties of the anodic films, may provide a 
means of studying local space charge phenomena 
in these films. 

. 
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2 MeV He 2+ backscattering spectra of 
alumina films grown at a current 
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Morphology of Defects in GaAs Revealed by Eutectic Etch 
W. F. Tseng, H. Lessoff, and R. Gorman 

Naval Research Laboratory, Washington, DC 20375-5000 

Recently a new eutectic (KOH + NaOH) 
(I) has been developed to reveal defects in 
gallium arsenide (GaAs) for evaluating the 
wafer quality. The etched surface shows 
additional, distinct patterns other than 
the features formed by the commonly used 
molten KOH etchant (2). The purpose of 
this paper is to identify the defects 
which cause the formations of such dif- 
ferent etched patterns. 

The GaAs samples used in this study 
were semi-insulating 3-inch (100) wafers, 
grown by Liquid Encapsulated Czochralski 
method. The eutectic etchant with a 
melting point (Tm.p.) of 170~ was a mix- 
ture of KOH (Tm.p. ~ 360oc) and NaOH 
(Tm.p. ~ 318~ in equal mole concentra- 
tion. The etch procedure is described in 
ref 1. There is a modification to the 
procedure described in ref. I to insure an 
oxide free surface after removal of the 
wafer from the hot etchant. The wafers 
are immediately placed in ethylene glycol 
upon removal from the hot etchant. The 
residual hydroxides are soluble in the 
ethylene glycol and the surface of the 
etched wafer is left stain and oxide free. 
After the approximately 20 minutes in the 
ethylene glycol, the etched wafers are 
cleaned as described in ref. 1. To inves- 
tigate the development of etched patterns, 
the GaAs samples were etched at 350~ for 
15, 30, 45 and 60 min. individually. For 
comparison, another set of GaAs samples 
was etched in a molten KOH. The etched 
surfaces were then investigated by SEM, 
followed by TEM observation. TEM thin 
foils were prepared by a standard jet- 
polishing technique from the backside 
of GaAs samples using Br2-methanol solu- 
tion. 

new eutectic (KOH + NaOH) etch, the side- 
walls of etched pits show stair-step 
structure as shown in Figs. 2a and 2b. 
The etched pyramids started with a 
square-shape, then, developed into hexa- 
gonal shape as the etch time increased. 
Most inverted pyramids have sharp pits, 
however, few of them have a flat bottom 
as shown in Fig. 2a. Another typical 
etched pattern is nearly rectangular in 
shape with its long edge perpendicular to 
the (110) cleavage edge. The depth is 
shallower than the depth of the pyramid 
pattern, as shown in Fig. 2b. 

Fig. I SEM micrograph of GaAs surface etched 
by molten KOH etchant. 

Typical KOH etched surface is shown 
in Fig. I. The etched patterns are in 
the shapes of hexagonal pyramid pits, and 
smaller-shallower dimples on the back- 
ground. The side-walls of etched pits 
are smooth. On the other hand, for the 

Fig. 2 SEM micrographs of GaAs surfaces etched 
eutectic (KOH + NaOH) etchant. (a) Pyra- 
mid pattern; (b) Rectangular pattern. 
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The etched pits in Fig. 2a, correlate 
to dislocations directly. The pyramid 
with a sharp pit has a dislocation con- 
necting to the tip of etched pit, as 
shown in the TEM micrograph of Fig. 3. 
However, the pyramid with flat bottom, 
shown in Fig. 2a, does not have disloca- 
tions attached to it. This can be explain- 
ed by the dislocation movement (3). The 
movement of the dislocation may be related 
to the residual stress in the wafers pro- 
duced during the crystal growth. There is 
a large thermal differential at the solid- 
liquid interface during LEC growth, also 
the thermal conductivity of GaAs is such 
that large radial temperature differences 
will occur on cooling after growth. During 
the eutectic (KOH + NaOH at 350 ~ ) etching, 
the dislocations can migrate at the speed 
of sound. A new pyramid pit with the dis- 
location attached to it was formed as a 
result of dislocation movement. The 
pyramid, now without the dislocation 
attached to it, was further etched. The 
(100) surface at the tip of the pyramid 
was flat in shape due to the slower etch 
rate on (100) surface than that on the 
side wall of pyramid. Reference I has 
shown that the rates of etching at 350~ 
for (100) and (111) GaAs are 0.09 and 
0.22 ~m/min, respectively. 

Fig. 4 TEM micrograph of rectangular 
pattern attached with tangled 
dislocations and generated 
dislocations. 

ed dislocations aligned along a projected 
<110> direction. Regular pyramid shape 
etched patterns form when the generated 
dislocations reached the (100) sample sur- 
face. The array of these generated and 
aligned dislocations was revealed by etch 
ing. Due to this alignment of dislocation 
lines along the <110> projected direction 
and the slow etch rate on (100) GaAs (same 
argument as for Fig. 2a), a rectangular 
shape etched pattern was formed. 

Fig. 3 TEM micrograph of pyramid pattern 
attached with a single dislocation. 

As for the rectangular shape etched 
pattern shown in Fig. 2b, TEM observation 
indicates that most shallow patterns are 
free of dislocations and the deep patterns 
contain tangled dislocations as shown in 
Fig. 4. Formation of these rectangular 
shape patterns may be explained in the 
following way: During 350~ etching, the 
residual stress from LEC GaAs growth caused 
the tangled dislocations to generate new 
dislocations, and the generated disloca- 
tions to glide (on (111) planes). As 
evidence, Fig. 4 shows an array of generat- 

Manuscript submitted Nov. 8, 1984; revised 
manuscript received Aug. 9, 1985. 

In conclusion, the defects, which 
result in the formation of pyramid and 
rectangular-shaped patterns as revealed 
by the eutectic (KOH + NaOH) etchant, have 
been identified. The pyramid pattern is 
caused by a single dislocation, whereas the 
rectangular pattern is caused by tangled 
dislocations. 
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Effect of Axial Ligand on the Catalytic Activity of Heat-Treated 
Tetraphenylporphyrinatoiron (111) Halides for the Cathodic 

Reduction of Oxygen 
O. Ikeda, H. Fukuda, T. Kojima, and H. Tamura 

Department of Applied Chemistry, Faculty of Engineering, Osaka University, Suita, Osaka 565, Japan 

Metal complexes of the macrocycles such as 
porphyrin, phthalocyanine, and tetraazaannulene 
are promising electrocatalysts for the cathodic 
reduction of oxygen. It is worth noting that 
the heat treatment of metalloporphyrins in an 
inert atmosphere improves not only the stabili- 
ty, but also the catalytic activity (1-4). As 
the heat treatment gives polymeric products in- 
soluble in any solvents, however, it is not 
easy to determine the true active site and the 
cause for the improvement of the catalytic ac- 
tivity. Thus far the active site for heat- 
treated metalloporphyrins has been ascribed to: 
(a) metal in the N 4 center (4,5), (b) carbona- 
ceous structure formed by the degradation of 
the N 4 center (6), and (c) an intermediate 
structure between (a) and (b), namely, metal 
coordinated to a partially degraded N 4 center 
(7). However, these three types of active site 
may be differentiated by the heat-treatment 
temperature. 

Recently, we found that heat-treated meso- 
tetraphenylporphyrinatoiron(lll) chloride 
(FelII(TPP)CI) showed an anomalously high mag- 
netic moment for a Fe unit, consisting of one 
porphyrin unit per iron ion, and observed that 
the increase in the magnetic moment was closely 
correlated with the improvement of catalytic 
activity for the cathodic reduction of oxygen, 
especially, of the capability of reducing oxy- 
gen to water (4-electron reducibility) (8). We 
speculated a participation of chloride ion as 
an axial ligand in the above anomalous magnetic 
property of heat-treated FelII(TPP)CI. In or- 
der to clarify such a participation of a ligand 
and the presumption that the active site is 
metal, meso-tetraphenylporphyrinatoiron(lll) 
with different axial ligands (FelII(TPP)X, X=F~ 
CI-, Br-, I-) was heat-treated, and the effect 
of axial ligand on the so-called 4-electron 
reducibility of oxygen was studied using the 
rotating ring-disc electrode technique. 

The Felll(TPP)X-coated disc electrode was 
prepared by loading 3x10 -7 mol cm -2 of Fe lll- 
(TPP)X onto the top surface of a glassy carbon 

Key words: Porphyrin, Heat-treatment, 
Axial Ligand, Oxygen Reduction 

rod (0.28 cm 2, Tokai Carbon GC 20), and then 
heating it in an Ar atmosphere at 700~ for i0 
min. After cooling in Ar, the rod was in- 
stalled in the disc cavity of the ring-disc 
electrode. FelII(TpP) X powder was also heat- 
treated and its molar magnetic susceptibility, 
XM, was measured as described before (8). The 
presence of halide ions was confirmed by ESCA, 
although the ratio of X to Fe was somewhat 
lower than unity. 

Figure i shows voltammograms at the rota- 
ting ring(Pt)-disc(glassy carbon coated with 
the heat-treated FelII(TPP)X) electrode in 02 - 
saturated i M KOH. The disc current at lower 
overpotentials decreases in the order F->CI-> 
Br->l-, indicating the relative catalytic ac- 
tivity of heat-treated FelII(TPP)X for the ca- 
thodic reduction of oxygen. 

The apparent number of electrons consumed 
in the oxygen reduction napp, which is a meas- 
ure of the 4-electron reducibility, was evalu- 
ated at several potentials between the onset 
potential and the potential in the diffusion 
limiting region in Fig. I. In the evaluation 
of napp, it is assumed that the 02 reduction 
at the disc consists of a mixed reaction of the 
2-electron pathway (O2+H20+2e--~HO~+OH-) , and 
the 4-electron pathway (O2+2H20+4e-§ 
Thus, nap p was estimated by the next relation: 

napp=41Disc/(IDisc+IRing/Ncorr) , where IDisc 
and IRing are the disc and ring currents at a 
potential, respectively, and Ncorr is the col- 
lection efficiency for HO~, corrected for a 
deviation from coplanarity between the Pt ring 
and the Felll(TPP)X-coated disc. Figure 2 
shows a correlation between the mean of nap p 
estimated in the above way and the effective 
magnetic moment ~eff calculated from XM. It 
is obvious from Fig. 2 that nap p is closely 
correlated with ~eff for a Fe unit. 

The fact that the effect of axial ligand 
is clearly reflected in both the nap p and Peff 
values suggests that the active site for the 
electrocatalytic reduction of oxygen in Fe lll- 
(TPP)X heat-treated at 700~ is not the carbo- 
naceous structure (b), but the metal (a) or 
(c). The magnetic moment of the Fe unit in 
all heat-treated FelII(TPP)X was higher than 
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electrode for the cathodic reduction 
of oxygen in 02-saturated 1 M KOH. 
FeII I(TPP)X: X=F-(. ); Cl-(------); 
Br- ( ....... ,) ; I- (--.--,). Potential of 
the reference electrode: ~g/HgO in 
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electrode (NIIE). Ring potential, 
0.25 V vs. Hg/HgO; sweep rate at the 
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that of unheated compound, about 5.9 HB (Bohr 
Magneton). This anomalously high magnetic mo- 
ment of the Fe unit in the heat-treated Fe III- 
(TPP)X, which varies depending on the axial 
ligand, might be due to a metal-metal inter- 
action based on a structure of two Fe sites 
bridged by halide ion. This interaction seems 
to be a ferromagnetic superexchange interaction, 
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Figure 2 - Correlation between nap p and Heff. 

because both the orders of the bond energy 
between Fe III and X, and the electron donating 
strength of the axial ligands (9) are as fol- 
lows: F->CI->Br->I-. Such a two-Fe site may 
act as an active center for the 4-electron 
pathway in the cathodic reduction of oxygen. 
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ized SO~ electrolyte environment  or the reduction process 
plays a role in the chemistry. The interrelationship among 
the electrolyte-dithionite-carbon matrix in an ever chang- 
ing temperature and pressure environment  of the cell is 
complex and warrants additional investigation. 

ARC studies on cathodes depleted of electrolyte, taken 
from discharged Li/SO2 cells, reveal that the major exo- 
thermic reactions arise solely from the thermal decompo- 
sition of l i thium dithionite, regardless of the complexity 
of sulfur products present. This adiabatic decomposition 
is characterized by a rapid self-heating process, a sudden 
generation of SOs gas pressure, and is catalyzed by car- 
bon black. Further  studies are planned. 

Hazards previously observed during overdischarge, es- 
pecially at low temperature, occur primarily from a rapid 
and very exothermic reaction involving li thium with lith- 
ium dithionite. This triggers additional reactions 
involving carbon black producing additional gas pressure 
in the form of carbonaceous gases. This mechanism of al- 
most synchronous reactions is capable of causing explo- 
sive venting in commercial  Li/SO2 cells. 
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The Oxide Film on Steel and Cathodic Disbondment of a Protective 
Organic Coating 

E. L. Koehler* 
Niles, Illinois 60648-2653 

ABSTRACT 

Cathodic disbondment  of an oleoresinous organic coating on steel with an air-formed oxide film has been investi- 
gated in 0.1N sodium borate solution (pH 9.2) and in pH 7.6 borate buffer solution. This is compared with oxygen reduc- 
tion and with oxide film reduction for uncoated steel surfaces. The rate of oxygen reduction on the steel surface is 
found to increase as Fe +3 in the oxide film is reduced. The rate of cathodic delamination of the organic coating is a func- 
tion of the oxygen reduction rate as determined by the oxide film properties. Reduction of Fe +3 in the oxide film may 
result in either soluble Fe ~ or in intermediate film compositions from Fe20~ to Fe~O4, dependent  upon pH and potential. 
At sufficiently negative potentials, once a portion of the Fe +3 in the oxide film is reduced, the steel substrate becomes 
active, yielding soluble or insoluble oxidation product, dependent  upon pH and potential. This explains observed sur- 
face roughening and oxide film thickening beneath disbonded organic coatings. 

Cathodic disbondment  is caused by high pH at the 
coating/substrate interface, generally resulting from the 
reduction of atmospheric oxygen. Several hypotheses 
exist to explain the means by which the high pH condi- 
tion causes the disbondment.  These include: (i) cohesive 
failure within the polymeric material at the interface as 
the result of hydrolysis of bonding groups (1, 2), (ii) dis- 
placement of the coating by a film of high pH water at 
the interface (3), and (iii) disbondment  by dissolution of 
the oxide film beneath the coating (4, 5). Whatever the 
mechanism, susceptibility to disbondment  is markedly 
influenced by the oxide film, as indicated by differences 
displayed by different metals or by different surface treat- 
ments of the same metal. In this paper, we will consider 
the influence of an air-formed oxide film on untreated 
steel. 

Primarily by ellipsometric measurements,  Ritter has 
shown that disbondment  is accompanied by roughening 
of the metal surface and by an increase in the thickness of 
the oxide film (6, 7). Simultaneous pH measurements be- 

* Electrochemical Society Active Member. 

neath the coating indicated a change of from 6 to 13.5. 
Ease of the oxygen reduction process may be important  
for disbondment. For example, organic coatings on alu- 
minum are not subject to disbondment  under  corrosion 
conditions (8). Leidheiser has related such differences be- 
tween metal surfaces to relative ease of oxygen reduction 
(9). 

Consideration is to be given here to the reduction of the 
ferric component  of the oxide film on steel. Such reduc- 
tion should occur during cathodic disbondment,  but this 
has been given scant attention. Gonzalez et al. have inves- 
tigated disbondment  caused by autoreduction of ferric 
oxide beneath the coating and dissolution of the resulting 
ferrous iron (10). This requires a medium in which ferrous 
iron is appreciably soluble, i.e., a pH <4 or presence of a 
complexing agent, unlike the disbondment at elevated 
pH being considered here. Castle and Watts (11) have in- 
dicated some reduction of oxide only at the disbondment  
front, but they did not consider subsequent  oxide film 
thickening, as reported by Ritter (6, 7). 

The effects of the oxide film during cathodic disbond- 
merit should be related to the behavior of the film on the 
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uncoa ted  meta l  w h e n  it is m a d e  a cathode.  E lec t rochem-  
ical r educ t ion /ox ida t ion  me thods  are used  here  on both  
bare  steel  and on organic-coated steel  to tie toge ther  the  
ox ide  film inf luences  on ca thodic  d i sbondment .  Most  
w o r k  o n  cathodic  d i s b o n d m e n t  uses a corrosive solution, 
usual ly  NaC1. This  m e d i u m  is unsat is fac tory  in the  pres- 
ent  work,  where  effects  at relat ively posi t ive  potent ia ls  
are invest igated.  Bora te  solutions appear  ideal, especial ly  
in v i ew of the  expe r i ence  wi th  these  solut ions in ox ide  
film inves t iga t ions  (12-14). 

The  a im here  is to s tudy  the  effects  of  the  ox ide  film, 
its propert ies ,  and its ca thodic  reductio 'n on Cathodic 
d i sbondment .  

Experimental 
The steel  base  used  was uncoated  and un t rea ted  low 

carbon steel  plate,  such as used in the can industry.  It  was 
desired to w o r k  wi th  a wel l -developed,  a i r - formed oxide 
film. The mater ia l  used  had been in s torage at least  10 yr. 
It  was unrusted.  Pr ior  to organic  coating,  it was vapor  
degreased.  It  was roll  coated to an 8 ~ m  th ickness  wi th  an 
unp igmen ted  o leores inous  enamel  and baked  for 8 rain at 
213~ 

Responses  of  the  coa ted  spec imens  were  compared  
wi th  those  for the  uncoa ted  under  Conditions of  appl ied 
ca thodic  potentials .  Galvanos ta t ic  me thods  were  unsatis-  
factory for such  work.  Bo th  potent ios ta t ic  and  potent io-  
dynamic  me thods  were  used.  A n u m b e r  of  scanning  rates 
were  t r ied for the  po ten t iodynamic  exper iments ,  and a 
scanning  rate of  300 mV/h was selected.  Bora te  solutions 
were  used  as test  media.  A pH 7.6 boric ac id /sodium bo- 
rate buffer  was se lec ted  as a near-neutra l  solution. In this  
case, a soluble ferrous reduc t ion  p roduc t  is expec ted .  For  
a h igher  pH, a 0.1N Na2B407 solut ion at pH  9.2 was used.  
While the  solubil i ty of ferrous iron is still not  negl ig ible  at 
this pH, as a pract ical  ma t t e r  magne t i t e  is produced.  Con- 
s iderable  w o r k  was also done  wi th  a 0.1N Na2HPO4 solu- 
t ion  at p H  9.1. Such  resul ts  were  found to be  in substan-  
tial ag reemen t  wi th  those  for the  sod ium bora te  solut ion 
and will  not  be  repor ted  here.  To avoid confus ing  the  re- 
sults for cathodic  d i s b o n d m e n t  wi th  poss ible  s imple  dif- 
fus ion  effects, h igher  pH  tes t  media  were  not  desired.  

The  cell  shown in Fig. 1 was used for ca thodic  reduc-  
t ion on uncoa ted  steel  in pH  7.6 borate  buffer  solution. 
The  coun te re lec t rode  was pla t inum.  The spec imen,  31.8 
m m  long by 6.4 m m  wide  (1.25 • 0.25 in.), was masked  
wi th  ce l lophane  tape  to give an exposure  of 12.7 • 6.4 m m  
(0.5 x 0.25 in.), or  0.81 cm ~ on each side. Edges  were  not  
masked.  The  exposed  edge area was only 0.05 cm 2. Speci-  

mens  were  cut  about  two weeks  before  use. Exposed  
edges  had no signif icant  effect  on the results. 

The solut ion was pref lushed wi th  purif ied n i t rogen  
and f lushed th roughou t  test ing.  In  operat ion,  the  speci- 
m e n  was he ld  in the space above  the solution.  It  was then  
d ropped  into the  solut ion and instant ly  polar ized to the  
des i red  potential .  The  cur ren t  was recorded  as a funct ion  
of  t ime.  In  p re l iminary  work,  us ing this tes t  method,  it 
was de t e rmined  that  vapo r  degreas ing  the  plate  had  no 
ev iden t  effect  o n  the  r e sponse  of  the  oxide.  

Other  tes t ing was done  in cells consis t ing  of  ha l f  of  a 
spherical  O-ring joint ,  sealed against  the  spec imen  by a 
buna  N O-ring. A plast ic back-up plate of sui table  thick- 
ness  was used, and the  a s sembly  was he ld  toge ther  wi th  a 
jo in t  c lamp.  Two sizes of  cells  were  used:  the  large cell 
had  a tes t  area of 22.1 cm2; the  small  cell had  a test  area of 
3.5 cm 2. It  was not  poss ible  to use  the  small  cell in com- 
para t ive  tests requi r ing  con t inuous  n i t rogen  flushing. In 
tests  on the organic  coated  plate,  t e s t  cells were  filled 24h 
before  runn ing  the  test. On uncoa ted  spec imens ,  tes t ing 
star ted immed ia t e ly  after filling. For  the  air-free tests, 
cells were  f lushed wi th  purif ied n i t rogen  before  filling; 
t hey  were  filled wi th  a pref lushed  solut ion;  n i t rogen  
f lushing con t inued  th rough  the  test. 

In  plot t ing the  results,  r educ t ion  currents  are indica ted  
as posi t ive  and ox ida t ion  currents  are indica ted  as 
negat ive.  

Results 
pH 7.6 borate buffer solution.--Three spec imens  were  

potent ios ta t ica l ly  t reated at each potential ,  every  50 mV 
from -0.150 to -1 .100V vs. SCE. Typical  resul ts  are 
shown in Fig. 2. F r o m  -0.150 to -0.350V, the  curves  were  
of the form indica ted  for the  -0.300 potent ia l  and leveled  
out  at zero current.  Cou lombic  equiva len ts  were  deter- 
m i n e d  by measur ing  the  areas under  the  curves  wi th  a 
p l an ime te r  and are shown  in Table  I. 

For  all potent ia ls  pos i t ive  to the  equ i l ib r ium potent ia l  
for iron, iron would  be  oxid ized  e x c e p t  for the  ex i s tence  
of  the  Fe203 film. At t he  pos i t ive  potent ia ls  indica ted  in 
Table  I, i ron is comple te ly  pass ivated (15). R e d u c i n g  the 
ferric oxide,  or some  signif icant  part  of  it, pe rmi t s  oxida- 
t ion of i ron to proceed,  as shown for the  -0 .550V curve  
(Fig. 2). The -0 .750V curve  again levels  out  at zero cur- 
rent  and represents  the  reduc t ion  of all of  the  Fe.~O3 to the  
ferrous state. Averag ing  the  values  ob ta ined  by integra- 
t ion gives a cou lombic  equ iva len t  of 1.3 m C / c m  2. At  more  
nega t ive  potentials ,  h y d r o g e n  evolu t ion  c o m m e n c e s  and 
the curves  do not  level  out  at zero current .  At still more  
nega t ive  potentials ,  Fe304 is reduced,  resul t ing in a h u m p  
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Fig. 1. Cell used for potentiostatic reduction of oxide film on uncoated 
steel in pH 7.6 borate buffer solution. 

in the  curve. The  - 1.000V curve  is indica t ive  of  these  last 
two features.  Such  potentials ,  negat ive  to the  equ i l ib r ium 
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Fig. 2. Potentiostatic reduction of oxide film on uncoated steel inpH 

7.6 borate buffer solution. 
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Table I. Cathodic charge for the potentiostatic reduction of ferric oxide 
on uncoated steel in pH 7.6 borate buffer solution 

at the more positive potentials 

Potential vs. 
SCE Q 

(volts negative) (mC/crn 2) 

0.150 0.001 
0.200 0.003 
0.250 0.04 
0.300 0.11 
0.350 0.20 

potential for iron, have no relevance to cathodic 
disbondment  produced in corrosion situations. 

It was confirmed that even with this well-developed, 
air-formed oxide film, reduction of oxygen is necessary 
for cathodic disbondment,  at least at potentials positive to 
hydrogen evolution. Figure 3 shows the response for the 
organic-coated plate, potentiodynamically polarized in 
the cathodic direction at 300 mV/h in the pH 7.6 borate 
buffer solution, with just  a trace of air present. This illus- 
trates that oxidation of iron takes place beneath the coat- 
ing in the appropriate potential range. While this was go- 
ing on, cathodic disbondment  was occurring, starting 
from a number  of cationic ingress points in the coating. 
For most purposes, potentiodynamic polarization is not 
ideal for studying cathodic disbondment  of coated metal, 
as too many processes are happening simultaneously. 

0.1N sod ium borate so lu t ion . - -The  potentiodynamic 
method was selected to illustrate the response o f ' t h e  
uncoated steel to cathodic polarization in 0.1N Na2B407 
solution. Typical results are shown in Fig. 4. The light 
curve respresents the response under  air-free conditions; 
the heavy curve indicates the response in the presence of 
air. For the air-free curve, a considerable amount  of cath- 
odic reduction takes place at potentials which the Pour- 
baix diagram for iron indicates should be well within the 
range of Fe203 stability (16). The transition to Fe304 would 
be expected at about -0.590V vs. SCE, which corre- 
sponds to the potential at which Fe oxidation commences 
according to Fig. 4. For the air-free curve, there is a small 
hump in the oxide reduction curve, centered at -0.400V. 
The equivalent of the reduction in this hump is only 
about 0.03 mC/cm ~. It is to be noted how closely the re- 
duction of oxygen follows the oxide reduction curve. In 
particular, the oxygen reduction rate is very low until ox- 
ide reduction commences;  after that, it increases 
dramatically. 

Figure 5 shows the results of the potentiostatic polariza- 
tion of the uncoated steel at -0.650V in the presence and 
in the absence of air. At this potential, oxidation of Fe oc- 
curs. In the absence of air, the oxidation rate is seen to de- 
crease as the Fe:~O4 layer builds up. This is in contrast to 
the -0.550V curve in Fig. 2, in the pH 7.6 borate buffer 
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Fig. 4. Test areas: 22.1 cm 2. Potentiodynamic current responses for 

uncoated steel in 0.1N Na2B4OT solution, nitrogen flushed and with air 
present. Note scale changes at dotted lines; lower curve sections corre- 
spond to the lower abscissa scale. 

solution, where Fe § is soluble. The oxide produced on 
the specimen in the air-free solution after 5h was barely 
visible. The oxide produced in the presence of air was 
much greater in amount  and greenish-black in color. This 
should be considered a layer, rather than a film. It is evi- 
dent that at this potential reduction of oxygen is 
occurring simultaneously with the oxidation of iron. At 
potentials positive to the peak potential in Fig. 4, 
potentiostatic reduction curves in the absence of oxygen 
level out at zero current. 

In Fig. 6, are shown results for nine specimens of the 
oleoresinous-coated plate, potentiostatically polarized for 
14h at 50 mV levels from -0.300 to -0.700V vs. SCE. The 
open-circuit potential of such specimens was usually 
around -0.125V vs. SCE. At -0.300V, there is only a very 
slight disbondment  current, due to the restriction on the 
oxygen reduction process, as has been illustrated in Fig. 
4. At -0.350 to -0.450V, the effects of the slight hump 
(Fig. 4) are noted. At -0.500 and -0.550V, there are greatly 
increased disbondment  currents, as greatly increased ox- 
ygen reduction rates corresponding to the peak in the 
Fe203 reduction rate (Fig. 4) are attained. The dis- 
bondment  currents increase further at -0.650V and more 
negative potentials, but slow down as disbonded areas 
start to run together. 

Actual coating disbondment  for these specimens is 
shown in Fig. 7. Immediately after the test, the specimens 
were quickly rinsed in distilled water, dried with a towel, 
and taped with a "super-stick" cellophane tape to remove 
the disbonded coating. It is noted that there was some 
disbondment  for all of these potentials. There was even 
slight disbondment  for the -0.300V polarization, which is 
not shown because it was too meager to photograph. 
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coated steel specimens, polarized to potentials vs .  SCE as indicated, for 
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Discussion 
As no ted  earlier, the  h igh  pH  genera ted  by  the  reduc-  

t ion process  is i n s t rumen ta l  in ca thodic  d i sbondmen t .  Fo r  
electr ical  neutral i ty,  a cat ion m u s t  be t ranspor ted  to the 
site of  O H -  p roduc t ion  benea th  the  coating. The  p H  re- 
qu i red  for ca thodic  d i s b o n d m e n t  in any par t icular  case is 
a func t ion  of  both  the  coat ing and the  substrate.  In  gen- 
eral, a s t rongly basic  condi t ion  such as p rov ided  by KOH 
or NaOH is required.  Other  c o m m o n  cations,  such  as Ca § 
p rov ided  only weak  bases;  therefore,  the  pH will  not  rise 
to the va lue  requ i red  for d i sbondmen t  (17). Cathodic  dis- 
b o n d m e n t  is charac ter ized  by the  es tab l i shment  of an 
aqueous  film or layer be tween  the  organic  coat ing and 
the  substrate.  The  water  layer is v is ib le  on the  surface of 
the  subs t ra te  i m m e d i a t e l y  after removal  of  the  coat ing 
f rom the  d i sbonded  area by taping. F r o m  a compar i son  
wi th  the  8 ~m organic  coat ing  th ickness  and the  fact that  
the  water  layer evapora ted  in seconds,  it is es t imated  that  
the  water  layer was less than  1 ~m thick. 

In a corrosive si tuation,  such as in NaC1 solution,  meta l  
exposed  at a defect  in the  coat ing deve lops  into an anode. 
Being  freely exposed  to the  corrosive m ed ium,  such  an 
area assumes  a potent ia l  more  negat ive,  or  active,  than  
the  coated  areas, which,  at least  initially, main ta in  their  
ox ide  film. D i s b o n d m e n t  starts f rom a cat ionic  ingress 
point,  wh ich  may  be  a th in  spot  in the  coating,  and 
spreads.  It  may  also spread f rom the ca thodic  area a round 
an exposed  meta l  anode.  In  the  d i sbonded  area, the  Fe203 
original ly exis t ing in the  oxide  film is shown to be  at 
least  part ial ly reduced.  The  fact  that  Ri t ter  observed  sur- 
face roughen ing  of  the  meta l  and ox ide  film th i cken ing  
indicates  that  the  potent ia l  o f  the  meta l  benea th  the  
d i sbonded  coat ing in his  expe r imen t s  was  in the  potent ia l  
range where  Fe  ox ida t ion  to Fe304 should  occur.  

In  spi te  of  the  fact that  the  d i sbonded  coat ing  remains  
intact,  r educ t ion  of o x y g e n  in the  d i sbonded  area is 
great ly  increased.  In fact, i t  is apparen t  f rom the  resul ts  of 
Fig. 6, plus the resul ts  of  supp lemen ta ry  expe r imen t s  not  
repor ted  here, that  at any  g iven  potent ia l  the  "d i sbond-  
m e n t  cur rent"  is a d i rec t  func t ion  of  the  area d isbonded.  
It fol lows that  the ox ide  film or surface t r ea tmen t  film 

benea th  the  organic coat ing is actual ly p a r t o f  the protec-  
t ive  coat ing sys tem from the  s tandpoin t  of l imi t ing corro- 
s ion currents.  E x p e r i m e n t s  involv ing  a p ro tec t ive  organic 
coat ing as a de tached  m e m b r a n e  can only be  expec t ed  to 
tell  part  of the  story. 

The  po ten t iodynamic  cu rve  for Fe203 r educ t ion  at pH 
9.2, ind ica ted  in Fig. 4, suggests  that  Fe20~ is no t  r educed  
direct ly  to Fe304, bu t  that  there  is a con t inuous  change  
b e t w e e n  these  two ex t remes .  Hubba rd  and A n s o n  have  
repor t ed  the  reduc t ion  of Fe  § to Fe  § in th in  layers of  so- 
lu t ion  to yield a be l l - shaped curve, obeying  the  Nerns t  
equat ion,  wi th  the  peak  potent ial  at E ~ Oxide  films rep- 
resent  a thin layer. The s low scan speed  used  in Fig. 4 
should  al low t i m e  for equ i l ib r ium condi t ions  to be  ap- 
proached.  E x c e p t  for the  early peak  cen te red  at about  
-0 .400V vs. SCE, a be l l - shaped curve  is apparen t  for po- 
tentials  posi t ive  to the  cur ren t  m a x i m u m .  I f  a soluble re- 
duc t ion  p roduc t  were  produced,  it wou ld  diffuse away, 
and such  a re la t ionship  would  not  be  obtained.  In  con- 
formity,  the  Pourba ix  d iagram for iron indica tes  that  a 
soluble  reduc t ion  p roduc t  is not  to be expec t ed  and that  
layerwise  reduc t ion  of  Fe~O3 to Fe304 should  no t  occur  at 
potent ia ls  posi t ive  to the  cur ren t  m a x i m u m  (16). It  would  
appear,  therefore,  that  the  resul ts  can be  exp la ined  on the 
basis of  a po ten t i a l -dependen t  reduc t ion  of  Fe203 to pro- 
duce  in te rmedia te  compos i t ions  be tween  Fe20~ and 
Fe304, in a manne r  s imilar  to the  reduc t ion  of  Fe  § in th in  
films of  solution. As closely as can be  discerned,  the  
po t en t iodynamic  cur ren t  m a x i m u m  does  occur  at E ~ for 
Fe20#Fe304 at pH 9.2. This  is also the  potent ia l  be low 
which  the  ox ida t ion  of  i ron to magnet i te  occurs.  

The  small  peak  at about  -0 .400V could  represen t  a 
h igher  oxida t ion  state than  Fe% as has  been  sugges ted  
for the  outer  layer on pass iva ted  iron (15, 19). However ,  
s ince this is low carbon steel  ra ther  than  pure  iron, there  
could  be  other  possibil i t ies.  The  con t inu ing  inf luence of  
this por t ion  of  the  curve  on oxygen  reduc t ion  wou ld  seem 
to favor  its r epresen t ing  an oxida t ion  s ta te  of  iron. An in- 
c reased  res is tance for such  an outer  layer on pass ivated  
iron has been  indica ted  (20). 

For  pH  7.6, soluble  Fe  ~2 should  not  be e x p e c t e d  as the 
reduc t ion  p roduc t  over  the  ent i re  range of potent ia ls  con- 
sidered.  At  the  more  pos i t ive  potentials ,  the  equ i l ib r ium 
solubi l i ty  is too tow (16). This  is subs tan t ia ted  by the  ex-  
pe r imenta l  resul ts  for the  potent ia l  r ange  covered  in 
Table  I. The potent ios ta t ic  reduc t ion  curves  for this po- 
tent ial  range, as indica ted  for the  -0.300V curve  in Fig. 2, 
all level  out  at zero current ,  wh ich  would  not  be expec ted  
if soluble  Fe  § were  the  reduc t ion  product .  The  potential-  
d e p e n d e n t  reduc t ion  in this potent ia l  range is again  indic- 
at ive of  reduc t ion  to a nons to ich iomet r ic  ox ida t ion  state 
in the  film, t end ing  to an equ i l ib r ium at the  r educ t ion  po- 
tential.  At  reduc t ion  potent ia ls  more  nega t ive  than  those  
indica ted  in Table  I, soluble  Fe  +2 is p roduced .  This  results  
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in a potentiostatic "reduction" curve of the type indicated 
at -0.550V in Fig. 2, where continuous oxidation of Fe to 
Fe +2 occurs after a preliminary partial reduction of Fe +3. 

There is much work in the literature concerning elec- 
trochemical formation and reduction of passive films on 
iron in borate buffer solution at pH 8.4. It has been dem- 
onstrated that, in the main, Fe20~ is reduced directly to 
Fe § in galvanostatic reduction (21). The present work, 
however, is concerned with what happens in the limited 
range of potentials which might exist beneath the organic 
coating in a corrosion situation. The data presented in the 
literature at pH 8.4 are in agreement with the present indi- 
cations at pH 7.6 in that at potentials representing the 
positive end of the galvanostatic reduction range, (i) there 
is an amount  of cathodic reduction charge which does not 
result in soluble Fe +~, (it) Fe ~2 in solution at the 10 -4 level, 
and presumably at lower concentrations, is oxidized to 
ferric oxide, rather than the reverse reaction, and (iii) 
charge is passed at identical potentials when going either 
in the passivating direction or in the reverse direction (15, 
22). Other investigations have indicated the existence of 
nonstoichiometric compositions between the Fe20~ and 
the Fe304 layers in passive films and have indicated the 
high electronic resistance of Fe.203 is decreased with in- 
creasing Fe 4~ in the film (19, 23, 24). 

Manuscript submitted Dec. 14, 1983; revised manu- 
script received Jan. 16, 1985. 
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Simultaneous Raman Spectroscopy and Electrochemical Studies of 
Corrosion Inhibiting Molecules on Copper 

D. Thierry and C. Leygraf* 

Swedish Corrosion Institute, S-114 86 Stockholm, Sweden 

ABSTRACT 

Surface-enhanced Raman scattering (SERS) has been used as a complementary in situ technique for electrochem- 
ical measurements i n  order to investigate five structurally related N-heterocyclic molecules on copper. Their different 
abilities to act as corrosion inhibitors are discussed in view of structural information obtained from SERS. It is con- 
cluded that the molecules investigated do not dissociate upon adsorption and that different functional groups result in 
different orientation of the adsorbed molecules on copper. 

Since the early detection of anomalously intense 
Raman scattering from pyridine adsorbed on silver elec- 
trodes (1), surface-enhanced Raman scattering (SERS) 
has become a promising in situ tool for studies of reac- 
tions at metal/electrolyte interfaces. 

The great enhancement  of Raman scattering up to a fac- 
tor of 106 for molecules adsorbed on rough Ag, Cu, or Au 
surfaces has resulted in successful efforts to use SERS as 
a surface-sensitive in situ method in corrosion science. 
Hence, during the last years, several investigations have 
been published on SERS experiments with corrosion in- 
hibiting molecules, such as mercaptobenzothiazole ad- 

* Electrochemical Society Active Member. 

sorbed on Ag (2), benzotriazole adsorbed on Cu (3-5), and 
thiourea on Cu (5)~ These results have shown that SERS 
is an extremely surface sensitive in situ technique for 
studies of inhibitor complexes formed on Ag and Cu sur- 
faces under  potentiostatic control. 

N-heterocyclic compounds have been used as corrosion 
inhibitors on copper for several decades. Benzotriazole 
(BTA) is the most widely used corrosion inhibitor for cop- 
per and copper-based alloys and has been the subject of 
many investigations. Poling (6) attributed the inhibiting 
effect of BTA to a compact film of a Cu-benzotriazolate 
(Cu-BTA) complex polymer, which would act as a phys- 
ical barrier against the corrosive media. Mansfeld et al. (7) 
suggested that the chemisorption of BTA- on Cu pre- 
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vents the adsorption of oxygen and the formation of a 
prenucleation layer, which is the essential condition for 
oxide formation. For these authors, the chemisorption of 
B T A -  p lays  the predominant  role in the inhibition 
mechanisms. 

Although BTA has been studied more extensively than 
other N-heterocyclic compounds,  the structural nature of 
films formed upon adsorption on Cu is not well deter- 
mined. In order to further examine the role played by 
BTA and other heterocyclic compounds as corrosion in- 
hibitors for Cu, we report in this work SERS and electro- 
chemical (polarization resistance and ac impedance) stud- 
ies of BTA and, for the first time, of four other molecules 
structurally related to BTA. 

Experimental  
Electrochemical measurements.--The electrochemical 

measurements  were performed using a potentiostat and a 
standard three-electrode electrochemical cell with a satu- 
rated calomel electrode as reference electrode and a plati- 
num electrode as counterelectrode. 

The working electrodes were cut from a 99.99% pure 
polycrystalline Cu rod, resulting in an exposed surface 
area of 1 cm 2. The circular Cu samples were diamond pol- 
ished down to a particle size of 1/tin, rinsed with distilled 
water, and degreased with acetone before immersion un- 
der potentiostatic control in the electrochemical cell. The 
polarization resistance results were obtained by moni- 
toring the current as a function of electrode potential in 
steps of 1 mV (5 mV/min) from -30 to +30 mV relative to 
the corrosion potential. All values of polarizing potentials 
are given relative to the saturated calomel electrode 
(SCE). 

AC impedance experiments were performed using the 
same cell and electrodes as for the polarization resistance 
experiments.  A frequency response analyzer (Solatron 
1170) was used for measuring the impedance over the fre- 
quency range of 100 kHz-10 mHz. Electrolytes were pre- 
pared by mixing 5 mM of inhibitors in 0.01 or 0.1M NaC1. 
In all cases, triply distilled water and pure reagents were 
used as ingredients. 

Surface Raman measurements.--The Raman Spectrom- 
eter, consisting of a Dilor RTI 30 triple monochromator  
and a photon counting system, has been described in 
more detail elsewhere (8). Oxidation-reduction cycling 
(ORC) in the electrolyte studied was performed in order 
to increase the amplitude of surface Raman signals. It 
consists of triangular sweeps from a cathodic potential 
where Raman spectra later were taken to some anodic po- 
tential in the range of 100-120 mV/SCE (corresponding to 
a total charge passed of 10 mC/cm2). The ORC surface 
pretreatment was done under simultaneous laser illumi- 
nation because this was found to increase the surface 
Raman signals further (8). An Ar laser (5140A) was used 
for normal bulk Raman measurements,  whereas a Kr 
laser (6470~) operating at a power of 100 mW was neces- 
sary for obtaining detectable SERS signals (4, 5). 

Results 
ELectrochemical measurements.--Tables I and II show 

the molecular structure of the investigated molecules, 
their polarization resistance, and their inhibiting 
efficiency in 0.01 and 0.1M NaC1, respectively, obtained 
at the actual corrosion potentials. The inhibiting 
efficiency is defined as 

I % =  1--~--  x 100 

with ii and io the measured currents with and without in- 
hibitor added. According to both electrochemical mea- 
surements and to separate weightless measurements,  the 
molecules investigated exhibit  the same order of inhib- 
iting ability. In the less aggressive solution, the inhibiting 
efficiency varies from 75% for hydroxybenzimidazole to 
99% for mercaptobenzimidazole (Table I). In the more ag- 
gressive solution, the inhibiting efficiency varies from no 

Table I. Molecular structure, polarization resistance, and 
inhibiting efficiency of investigated molecules in O.01M NaCI 

E.O 1M gaCI 

HyC~roxy - Me~hyt- •enzimidazole Benzot r iazole Mercapto- 
Molecute benzimidazole benzimidazote benzimida zole 

H- H-- H-- H--  H-- - -  

I-~ �9 SH 

Polarization- I 54 45 87 245 1775 resistance, 
Kohm.cm 2 

I 

~nh~bJt,o~ 75 80 8g 90 99 

Table II. Molecular structure, polarization resistance, and 
inhibiting efficiency of investigated molecules in 0.1M NaCI 

O.1M gacI 

Mo~cule 

Structure 

Polarization- 
resistance, 

Kohrn.crn 2 

% Inhibition 

Hydroxy - Methyl- Benzimidazole Benzot r i azole Mercapto- 
benzimidazole benzimidazole benzirnidazole 

5 14 15 42 59 

0 32 E5 gg |3 

inhibition at all for hydroxybenzimidazole to 83% for 
mercaptobenzimidazole (Table II). Hence, under present 
conditions, the inhibiting ability of mercaptobenz- 
imidazole is significantly higher than that of 
benzotriazole in 0.01 as well as 0.1M NaC1. 

Surface Raman measurements.--The normal bulk 
Raman spectra of concentrated benzimidazole and 
benzotriazole solutions have been reported and discussed 
elsewhere (3, 9-11). Frequency shifts and tentative assign- 
ments of six main Raman lines taken from the literature 
are shown in Table III for benzotriazole and in Table IV 
for benzimidazole. The Raman lines shown for benz- 
imidazole were found to be present for all benzimidazole 
derivatives. Hence, although no assignments of Raman 
lines have been published for mercapto-, methyl-, and 
hydroxybenzimidazole, the structural resemblance of 
these molecules suggests the same assignments for all 
benzimidazole derivatives. 

Figure 1 illustrates the Raman lines of normal Raman 
spectra (lower part) of benzotriazole in ethanol (used as 
solvent) and of SERS spectra obtained at different ap- 
plied potentials in 0.1M NaC1. Figure 2 illustrates the 
same spectra for benzimidazole. 

The surface-enhanced character of the SERS spectra 
was verified by a marked potential dependence of the 
Raman line intensities. This is illustrated in Fig. 1 and 2, 

Table III. Frequency shifts and assignments of 
Raman lines of bulk benzotriazole 

Raman 
frequency 

(em-') Assignment Ref. 

785 Benzene ring breathing (3, 9, 10) 
1010 Benzene in plane ring bending (9, 10) 
1125 Triazole (11, 12) 
1210 Triazole ring breathing (3, 9, 11) 
1385 Triazole ring stretching (3, 9, 10) 
1455 Benzene ring stretching (3, 9, 10) 
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Table IV. Frequency shifts and tentative assignments of Raman lines of 
bulk benzimidazoie 

a a m a n  
frequency (cm-') Assignment Ref. 

775 Benzene (9, 10) 
1010 Benzene in plane ring bending (9, 10) 
1135 Imidazole ring stretching (9, 12, 22) 
1255 Imidazole (9, 10, 12, 22) 
1370 Imidazole (9, 12, 22) 
1455 Benzene ring stretching (9, 10) 

from which it is further concluded that normal Raman 
and SERS spectra exhibit approximately the same 
Raman peaks (except those originating from ethanol). 
This suggests that the benzotriazole and benzimidazole 
molecules, with exception of a possible loss of protons, 
are not dissociated upon adsorption on copper. This is in 
agreement with previous IR (6) and SERS (3) studies of 
the same system, suggesting that benzotriazole is ad- 
sorbed as an ion (BTA-) rather than as a neutral molecule 
(BTAH). 

Furthermore, a comparison of Raman line intensities of 
normal Raman and SERS spectra reveals that peaks from 
vibrational modes of the triazole ring and the imidazole 
ring, respectively, increase in intensity more than peaks 
from vibrational modes of the benzene ring when going 
from normal Raman spectra to SERS spectra. 

Figures 3-5 illustrate the same studies as in Fig. 1 and 2 
for, respectively, mercaptobenzimidazole, methylbenz- 
imidazole, and hydroxybenzimidazole. Again, normal 
Raman and SERS spectra exhibit similar features with 
Raman peaks at approximately the same positions. As for 
benzotriazole and benzimidazole, this suggests that the 
investigated molecules are not dissociated upon adsorp- 
t ion on Cu. For these molecules, however, no preferential 
enhancement  of Raman intensities is observed, for nei- 
ther the imidazole ring nor the benzene ring, when going 
from normal Raman to SERS spectra. 

Figures 6 and 7 illustrate the potential dependence of 
the six Raman lines given in Tables III and IV for 

BENZOTRIAZOLE 

-IOOn,V, SC, 

"~ ~ -3OOmV, SCE 
14 
qM 

-5OOmV,SCE 

i 
J ERS 
' L ~ ~ ~ k  cuat-7OOmV'ScE 

-- J / I ~ !  ~ NORMAL RAMAN 
~Jk_/k~, ~ ~ ]  ,~.~2M in ~hnnol 

80g 1000 1200 1400 
Photon energy shift,cm -1 

Fig. I .  Normal Roman and SERS spectra of benzotriazole in ethanol 
and in 0.1M NaCI. SERS spectra were obtained at different electrode 
potentials. Arrows indicate normal Roman peaks of ethanol used as 
solvent. 
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=.. -500mV,SCE 
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O~ 

.E 

!. I I  t 0= NORMAL RAMAN 
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8f)O 1000 1200 1400 
Photon energy shift,cm -I 

Fig. 2. Normal Roman and SERS spectra of benzimidazole. See caption 
of Fig. 1 for further explanations. 

benzotriazole and benzimidazole, respectively. Raman in- 
tensities of peaks originating from vibrational modes of 
the triazole or imidazo]e ring, on one hand, and peaks 
originating from vibrational modes of the benzene ring, 
on the other, change approximately uniformly in the po- 
tential interval from -700 to -100 mV/SCE. In agreement 
with (13), the maximum in Raman intensi ty is found at 
around -700 mV/SCE. 

Discussion 
General.--Following established procedures values of 

polarization resistance and inhibiting efficiency given in 
the previous section were obtained at the actual corrosion 
potential (around -150 mV/SCE). Raman spectra, on the 
other hand, were obtained at more cathodic potentials be- 
cause of Raman line intensity problems at the corrosion 

MERCAPTOBENZIMIDAZOLE 

:s x ~  -300mV,SCE 

" _/[~ f~.~.1/~./"~ .500mV,SC E 

"-L 1 I /i . ! i SERS 
l - .- ._. ,*,-, cu, -,ooev,scE 

.*li |! I ~" NORMAL RAMAN 
/~ 2M in ethanol 

k J  j \zJij . , 

gO0 1000 1200 id~O0 
Photon energy shift ,cm -! 

Fig. 3. Normal Roman and SERS spectra of mercaptobenzimidazole. 
See caption of Fig. 1 for further explanations. 
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Fig. 4. Normal Roman and-SERS spectra of methylbenzimidazole. See 
caption of Fig. 1 for further explanations. 

potential and an observed maximum in intensity at 
around -700 mV/SCE (Fig. 6 and 7). Hence, before 
combining results from electrochemical measurements 
with structural information from Raman measurements,  
it is first necessary to establish that no major structural 
changes occur in the interval from -700 to around -150 
mV/SCE. Evidence for this is given in Fig. 1 for 
benzotriazole, which exhibits strong similarities in peak 
positions, of the SERS spectra obtained in the interval be- 
tween -700 and -100 mV/SCE. The same tendency is 

HYDROXYBENZIMIDAZOLE 

~ , ~ ,  -300mV,SCE 

-500 mV,SCE 
= 

- . , ,  

E 
,~ SERS 

Cu at -700mV,SCE 
' 

~= NORMAL RAMAN 
/ ' U  ~ j  ~ 1M inwater 

= 

=o ldoo  2bo 14'oo 
Photon energy shift,cm "1 

Fig. S. Normal Roman and SERS spectra of hydroxybenzimidazole. 
SERS spectra were obtained at different electrode potentials. 
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Fig. 6. Variation in amplitude of main Roman lines for benzotriazole 
with electrode potential. 

found for the other molecules investigated, showing 
strong resemblance in peak positions between different 
potentials up to the most anodic potentials where surface 
Raman spectra could be obtained (Fig. 2-5). These results 
suggest that no major structural changes occur in the in- 
vestigated potential region. 

Further evidence is given by ac impedance measure- 
ments of the same components adsorbed on copper in 
0.1M NaC1 at different potentials. All ac impedance spec- 
tra exhibit characteristic hemicircles from which the total 
capacitance of the solid/liquid interface can be calculated 
(14). In Fig. 8, numerical  values of capacitances are given 
at different potentials between -100 and -700 mV/SCE in 
0.1M NaC1 and with benzimidazole, benzotriazole, or 
mercaptobenzimidazole added. The curves exhibit a con- 
t inuous decrease with applied potential. In qualitative 
agreement with ellipsometry measurements obtained 
elsewhere (7), this is consistent with a continuous growth 
in adsorbed film thickness when going from -700 
mV/SCE to more anodic potentials. Any major change in 
adsorbed film structure would have resulted in more dra- 
matic changes in capacitance in that particular potential 
region than those actually observed. 

From Fig. 8 it is further concluded that the capacitance 
at any given potential decreases with inhibit ing ability for 
the molecules investigated. This observation is in agree- 
ment  with work reported elsewhere and interpreted as 
being due to the formation of a protective layer with ad- 
sorbed inhibitors (15). 

To summarize, both Raman spectra and ac impedance 
measurements suggest that similar inhibition reactions 
occur at -700 mV/SCE (where the maximum of intensity 
in SERS is obtained) and around -100 to -200 mV/SCE 
where the polarization resistance measurements were 
performed. 

Polarization resistance measurements.--Tables I and II 
clearly show that small variations in molecular structure 
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Fig. 7. Variation in amplitude of main Raman lines for benzimidazole 

with electrode potential. 
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Fig. 8. Capacitance values calculated from at-impedance spectra of 
Cu in O. |M NoCI at different potentials and with various inhibitors 
added. 

can result in noteworthy differences in inhibiting 
efficiency. The replacement of the middle nitrogen atom 
in the triazole ring of benzotriazole by a hydrocarbon 
group leads to a significant decrease in inhibiting ability. 
This is consistent with observations reported elsewhere 
(16) that the inhibitive properties of benzimidazole and 
structurally related molecules such as indole and indazole 
are inferior to benzotriazole in  near-neutral solutions. It 
suggests further that all three nitrogen atoms in the tria- 
zole ring may be involved in the adsorption process. 

As further inferred from Tables I and II, the substitu- 
tion of a proton or a methyl  group in the imidazole ring 
by a mercapto group results in a notable increase in in- 
hibiting efficiency, and mercaptobenzimidazole seems 
under present conditions to be a better corrosion inhibi- 
tor than benzotriazole. Functional groups such as the 
mercapto group are, for most organic corrosion inhibi- 
tars, reaction centers for adsorption processes, which be- 
comes evident also from the present results. 

The poor inhibiting ability shown by hydroxybenz- 
imidazole is most likely due to the molecule being in 
equil ibrium with its keto form according to the reaction 
scheme shown below 

H - N C I H - N ~ C  
= - H 

/ tl 
OH (Keto Form) 0 

From this follows that adsorption on copper mainly oc- 
curs through one of the nitrogen atoms in the keto 
structure. 

Considering all molecules investigated in this work, the 
inhibiting efficiency of various atoms in functional 
groups follows the generally observed order (16) sulfur > 
nitrogen > oxygen. 

SERS resuIts.--The enhancement  of Raman scattering 
has been described as a contribution of short-range en- 
hancement  which applies to the first chemisorbed layer 
and long-range enhancement  which includes many mo- 
lecular layers away from the surface (18, 19). The short- 
range contribution is attributed to an increase in the mol- 
ecule polarizability caused by changes in the electronic 
charge density distribution near the surface. This effect 
occurs only for the first adsorbed layer. The long-range 
contribution is attributed to the enhancement  of electro- 
magnetic fields which may arise from excitations of sur- 
face plasmon polaritons. The effect is very sensitive to 

surface morphology. The exact contribution of these two 
effects remains uncertain (20, 21). 

The difference in contribution of long-range electro- 
magnetic and short-range chemical effects occurring at 
different distances from the metal surface can be used 
when interpreting the difference in Raman ]ine intensities 
between normal and SERS spectra (Fig. 1-5). The increase 
in Raman line intensities of the triazole part in 
benzotriazole as compared to that of the benzene part 
(Fig. 1) may arise from short-range contributions of the to- 
tal enhancement  of Raman scattering. The same holds 
true for the corresponding increase in Raman line intensi- 
ties of the imidazole part in benzimidazole as compared to 
that of the benzene part (Fig. 2). This, together with the 
appearance of the same peaks in SERS and normal 
Raman spectra, suggests that benzotriazole and benz- 
imidazole are nondissociatively chemisorbed on Cu and 
that the triazole and the imidazole part, respectively, are 
more affected by the Cu surface than the benzene part of 
the molecules and therefore presumably bonded directly 
to Cu in the first adsorbed layer. 

Further evidence is given by a comparison between fre- 
quency shifts from bulk and surface Raman spectra, re- 
spectively. This shows that there is a significantly larger 
difference in frequency shifts for vibrational modes 
originating from the triazole or imidazole part than for vi- 
brational modes originating from the benzene part. 
Hence, SERS results suggest that adsorption of benzo- 
triazole and benzimidazole occurs solely via the triazole 
and imidazole part, most likely through interaction of all 
three nitrogen or carbon atoms with the Cu substrate. 

On the other hand, mercaptobenzimidazole, hydroxy- 
benzimidazole, and methylbenzimidazole exhibit  neither 
any preferential enhancement  in Raman intensity nor any 
preferential shifts in Raman peak positions originating 
from the imidazole part (Fig. 3-5). Consequently, when ad- 
sorbed on copper, these molecules exhibit  a different ori- 
entation than benzotriazole and benzimidazole as a result 
of other atoms or functional groups in the imidazole ring 
taking part in the adsorption process. Hence, the pres- 
ence of two polar functions in mercaptobenzimidazole 
may result in adsorption on Cu via sulfur and one of the 
nitrogen atoms, which results in a different orientation of 
adsorbed mercaptobenzimidazole than of adsorbed 
benzotriazole or benzimidazole. Similarly, the presence of 
a methyl  group in methylbenzimidazole and the keto 
form of hydroxybenzimidazole suggest that the different 
orientations of these molecules are caused basically via 
interaction of only one of the nitrogen atoms of the 
imidazole ring and the Cu surface. 

Hence, the difference in inhibiting ability of all five 
molecules investigated can tentatively be explained by 
the number  and type of functional groups or atoms in the 
triazole or imidazole ring that interact with Cu according 
to interpretations of SERS results. 

However, even if structural information concerning the 
first adsorbed layer of inhibiting molecules as obtained 
by SERS suggests some explanations for their difference 
in inhibiting ability, it should be emphasized that, also, 
other parameters have to be considered in the design of 
an efficient corrosion inhibitor for Cu. Among such pa- 
rameters should be mentioned possible polymerization of 
chemisorbed molecules, their acid strength, and surface 
film thickness. Their possible influence is the subject of 
further investigations of these and other corrosion inhib- 
iting molecules structurally related to benzotriazole. 

C o n c l u s i o n s  

Polarization resistance studies of organic molecules on 
Cu, namely benzotriazole and four derivatives, show 
marked differences in their ability to act as corrosion in- 
hibitors for Cu. These differences have been combined 
with structural information concerning chemisorbed 
films as obtained by SERS. 

The results of polarization resistance have been ob- 
tained at the corrosion potential (ranging from -100 to 
-200 mV/SCE), while those of SERS have been obtained 
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at more cathodic potentials (ranging from -100 to -700 
mV/SCE). SERS as well as ac impedance measurements, 
however, suggest a similar structure for each molecule in 
the whole investigated potential range from -700 to -100 
mV/SCE. Consequently, results from present polarization 
resistance measurements can be directly combined with 
SERS measurements. 

With the exception of possible losses of protons, SERS 
results show the molecules investigated not to be dissoci- 
ated upon adsorption. 

Bonding between the molecules investigated and the 
Cu surface is suggested to involve the N--N--N and 
N--C--N chain in the case of benzotriazole and benz- 
imidazole, N and S from the  N--H and S--H groups in the 
case of mercaptobenzimidazo!e, and only N from the 
N--H group in the case of hydroxy- and methylbenz- 
imidazole. 

The change in inhibit ing ability of the molecules inves- 
tigated is reflected in the number  and type of functional 
groups or atoms that interact with the Cu surface. 
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Computation of Pourbaix Diagrams Using Virtual Species: 
Implementation on Personal Computers 

John C. Angus* 
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Hawken School, Gates Mills, Ohio 44040 

ABSTRACT 

Computation of the equilibrium composition in complex, multiphase redox systems is accomplished by treating the 
active element as a virtual species. For ideal solutions, the equation set may be solved sequentially, rather than simulta- 
neously, for the concentrations of all species. For nonideal solutions, the method provides the basis for an efficient iter- 
ative solution. The procedure gives a simple test for phase stability and an algorithm for defining the boundaries of the 
regions of dominance of the dissolved species which is independent  of concentration. Examples of Pourbaix diagrams 
generated on a small personal computer are given. 

Since their introduction (1), Pourbaix diagrams have 
proven to be of great value in describing the complex 
phase chemistry of aqueous redox systems. Automated 
generation of Pourbaix diagrams by computer has been 
receiving increasing attention in recent years (2-7). 
Computational methods have been reviewed by Linkson 
(8). 

In this paper, we describe a computational approach in 
which the active element undergoing redox transitions is 
treated as a virtual species. The resulting formalism is 
particularly simple and permits rapid solution on small 
desktop computers or even hand calculators. 

The particular procedures described here are restricted 
to systems involving only one redox element, M, and to 

*Electrochemical Society Active Member. 

pure solid phases containing only M, H, and O. No other 
solids, such as carbonates, or complexes, such as chlo- 
rides, are considered. The method is, however, com- 
pletely general and can be extended to these cases. 

Thermodynamic Analysis 
Phase rule analysis.--Consider a system comprised of k 

species which contain the active element undergoing 
redox transitions. For example, for sulfur, these species 
could include among others: S -2, HS- ' ,  H.2S, S ~ SO:~ -2, 
HSO~-', etc. In addition, there are the species H20, H 4 and 
the electrons, e-, which are a virtual species. Among 
these species one can write k - 1 independent  redox reac- 
tions. 

The phase rule for reacting systems may be written as 
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f =  ( s -  r ) -  P +  2 [1] 

where  s is the  total  n u m b e r  of  species,  r the  n u m b e r  o f  in- 
d e p e n d e n t  react ions,  and P the  n u m b e r  of  phases .  Subst i-  
tu t ing  s = k + 3, r = k - 1, and f ixing bo th  t empe ra tu r e  
and pressure,  the  phase  rule  reduces  to 

f = 4 - P [2] 

I f  O H -  ions appear  in t he  react ions,  the re  is an addi- 
t ional  species;  however ,  there  is ano ther  equ i l ib r ium 
equa t ion  be tween  the  O H -  and H +. Fur the rmore ,  no pro- 
Vision was m a d e  to ensure  e lectroneutral i ty .  Again,  
add ing  an equa t ion  for e lec t roneutra l i ty  and adding  an in- 
ert  coun te r ion  leaves  the  phase  rule  the  same. E q u a t i o n  
[2] indica tes  that  a m a x i m u m  of three  i n d e p e n d e n t  inten- 
sive var iables  c a n b e  chosen,  e.g., E, pH, a n d  [M]~, the  to- 
tal d isso lved  concen t ra t ion  of  act ive e lement ,  M. There-  
fore, a th ree-d imens i0na l  space  is r equ i red  ' to  t ruly 
rep resen t  the phase  equil ibr ia .  It  is cus tomary,  however ,  
to cons t ruc t  a two-d imens iona l  representa t ion  of  the  
th ree -d imens iona l  d iagram by project ion onto the  E-pH 
plane. 

The  full  th ree -d lmens iona l  d iagram for the  copper  sys- 
t e m  is shown in Fig. i; F igure  1 was obta ined  by solving 
the  s imul taneous  equ i l i b r ium equa t ions  a s suming  ideal 
solut ions  (7i = i) and pure,  immisc ib le  solid phases.  In the  
th ree -d imens iona l  E-pH-]og,0 [Cu]T space, a two-phase  re- 
g ion appears  as a surface.  The  in tersec t ion  of two two- 
phase  surfaces is a l ine co r respond ing  to a th ree-phase  re- 
g ion (two solid phases  plus the  aqueous  phase). 

In  Fig. 2, the  th ree -d imens iona l  d iagram of Fig. 1 is 
p lo t ted  in conven t iona l  fo rm as a pro jec t ion  onto the  
E-pH plane. The  projec t ions  of  the  three-phase  l ines are 
shown as solid lines; l ines of  cons tant  total  d i sso lved  con- 
centrat ion,  [Cu]v, are shown as dashed  lines. 

In the  absence  of any s tandardized nomenc la tu re ,  we 
will  call  d iagrams of  the  type  shown in Fig. 2 " P o u r b a i x  
d iagrams ."  These  differ  f rom so-called " p r e d o m i n a n c e  di- 
ag r ams"  in wh ich  the  regions  in which  s ingle species  are 
d o m i n a n t  are also p lo t ted  on the  E-pH field. The  two 
types  of  d iagrams are often supe r imposed  on the  same 
plot. 

Calculation of equilibrium compositions: Virtual 
species,--There are very  wel l -deve loped  techn iques  for 
de te rmin ing  the  m i n i m u m  n u m b e r  of  i n d e p e n d e n t  reac- 
t ions r equ i red  to desc r ibe  the  s to ich iomet ry  of  a react ing 
sys tem (9). For  sys tems  invo lv ing  m a n y  chemica l  species,  
m a n y  different  sets of  ma themat ica l ly  i n d e p e n d e n t  reac- 
t ions can be wri t ten.  However ,  some  sets m a y  have  great  
computa t iona l  and concep tua l  advantages.  We use the  set 
ob ta ined  by wri t ing the  k - 1 f o r m a t i o n  react ions  in the  
s tandard  form 

M = ~ - ' iMi  -~- hi H~ + wlH~O + zie- [3] 

Fo r  example ,  for $20~ =, one has  

S = 1/2 S~O~ = + 3H § - 3/2 H~O + 2e-  [4] 

8 

-Log [Cu]T 

0 2 
4 6 ! 

I , 
c,~ao~+,' AQUEOU~ 

1 1 1 
I I 

x6 "~  8 I0 12 14 16 ,pH 
I i i 

Cu ~ AQUEOUS 9 " 8  

m=-LOglo[Cu] T 

Fig. 1. Three-dimensional Pourboix diagram for the copper system 

I 
2,0 6 8 % [ 

^4,.'~-'"- Cu205 + AQUEOUS 

- - - - . . : 2 - ' - . - . - .  ,, 6, I 

l . O  I I ~ ' ~  I 

I I \ , ,  \ 
( / )  I -- x 
F'- 

0 . 0 -  II 

-0.5 ~ ~  
m . . . . .  Cu~ 

-I.0 m= -L~ 
I I I I I I I I 

0 2 4 6 8 I0 I?. 14 16 

pH 

Fig. 2. Two-dimensional Pourbolx diagram for the copper system Ob- 
tained by projection onto the E-pH plane. 

where  S = M, $203 = = Mi, vi = 1/2, hi = 3, wi = -3/2,  and zi 
= 2. Equa t ion  [3] can be  shown to desc r ibe  the equi l ibr ia  
even  if  the  pure  e lement ,  M, is no t  physical ly  p resen t  in 
the  equ i l ib r ium mixture .  

F r o m  Eq. [3], one has the  equ i l ib r ium equa t ions  

JL~M = P i ~ i  + hll/'H+ + Wi~H20  "~- Zi~I~e [ 5 ]  

The re la t ionship  be tween  the  chemica l  potent ia l  and con- 
cent ra t ion  of  species  M~ is 

g.~ =/zp + RT In y~[M~] [6] 

We define a s tandard  chemica l  potent ia l  pe r  a tom of  ac- 
t ive  e l emen t  by 

/zi ~ - ~i~ --- lu, i~ [7] 

where  a~ (=- l/vi) is the  n u m b e r  of  a toms of  the  act ive  ele- 
m e n t  pe r  molecu le  of  species  i. Combin ing  Eq. [5]-[7], one 
finds 

[Mi] = 1 exp [~M -- /Zi ~ -- hi~s + - W~/ZH20 -- ZiJ~J'e] [8] 
Yi viRT 

The t e rm / ~  is the  chemica l  potent ia l  of  the  act ive ele- 
ment .  I f  the  pure  e l emen t  is not  physical ly  p resen t  in the  
react ive  mix tu re , / z  M still has meaning .  In  this case, the  el- 
e m e n t  is a v i r tual  species.  

Vir tual  species have  been  used  before  to s impli fy  equi- 
l i b r ium calculat ions (10). The  mos t  c o m m o n  e x a m p l e  is, 
however ,  the separat ion of  r edox  react ions into two half- 
ceils. The  e lect rons  wh ich  appear  in the  half-ceil  react ions  
are not  p resen t  as physical ly  dis t inct  species  in the  reac- 
t ion mixture .  It  is never the less  cus tomary  to t reat  t h e m  as 
vi r tual  species and to use  thei r  chemica l  potent ia l  as one 
of  the  t h e r m o d y n a m i c  variables.  

F u r t h e r  insight  ean be  obta ined  by s u m m i n g  Eq. [8] 
over  all d issolved species  conta in ing  the  act ive  e l emen t  
and solving for/zM 

~M = - R T  In Q + R T  In ~ (3,i[Mi]) ~i [9] 
i 

where  

i 

Equa t ions  [9] and [10] are of  cons iderable  interest .  Firs t  
note  the  r e semblance  of the  funct ion  Q to a par t i t ion 
funct ion.  The  s u m m a t i o n  is over  d issolved species  ra ther  
than  a l lowed q u a n t u m  states. Fu r the r  note  that  Eq. [9] 
can  be  cast  into the  s tandard  fo rm for the  chemica l  poten-  
tial 
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~ = ~ *  + RT In aM [11] 

aM ~ X (~[M~]) "~ [12] 

M a y  I985 

and  
~M* -~ - RT  in Q [13] 

The  sum E(Ti[Mi]) "i can  be  in te rpre ted  as the  overal l  activ- 
i ty of  the  act ive e l emen t  in the solution. Note  that  this 
quan t i t y  is well  def ined even  if  the  act ive e l emen t  does 
not  ex is t  as the  e lementa l  form in the  react ion mixture .  

Stabil i ty cri teria.--Consider any two species, j and k, 
which  can e i ther  be  d issolved species  or solid phases.  As- 
s u m e  the  species  coexis t  at some  fixed pH  and E, i.e., 
f ixed values  of ~H+ and ~ - ,  bu t  are not  necessari ly at 
t h e r m o d y n a m i c  equ i l i b r ium with  each  other.  We examine  
the cr i ter ion which  de termines  which  is the  stable 
species. 

Firs t  wri te  the  formal  express ion  for the  s to ich iomet ry  
of  the  t ransformat ion  be tween  j and k us ing  Eq. [3] 

u~M~ + hjH ~ + w~H20 + z~e- 

= PkMk + hk H~ + wkH20 + zke- [14] 

The free energy  change  for this t ransi t ion is jus t  

AG = Uk~k - vj~j + (hk - hj)/z~+ 

+ (Wk -- W~)~H2O + (Zk - zj)/z~ [15] 

But  f rom Eq. [5] 

( ~ M ) k  : /2k~s -~ hk~tH+ + WkbtH20 + Zkl~e [16] 

(/zM) ~ = v~p.~ + h ~ +  + w ~ o  + z ~ -  [17] 

Combin ing  Eq. [15]-[17] 

AG = 0ZM)~ -- (~M)~ [18] 

Equa t ion  [18] shows expl ic i t ly  that  the  AG for a transfor- 
ma t ion  be tween  any species,  d isso lved  or  solid, is jus t  
equal  to the di f ference in chemica l  potent ia l  of  the  act ive 
e l emen t  in these  two species.  I f  AG < 0, i.e., (~u)~ < (~)~, 
the  t ransformat ion  [14] proceeds  to the  right;  i f  AG > 0, to 
the left. In  equ i l ib r ium AG = 0 for all pairs, j, k 

(~M)~ = (~g)~ [19] 

For  any solid phase,  one can obtain  ~ direct ly  by writ- 
ing Eq. [5] for the  solid 

(~M)~ = V~/Z~ + hgz~+ + W~/Z~ o + Z ~ -  [20] 

For  the  aqueous  phase,  ~ can  be  c o m p u t e d  f rom Eq.  [9]. 
Therefore ,  Eq. [18] can be  used  to p rov ide  a s imple  alge- 
braic test  for stability. The  stable phase  will  be the  one 
wi th  the  lowest  ~ .  A solid will  dissolve in an aqueous  so- 
lu t ion if  ( ~ ) ,  > (~)a~. Fur the rmore ,  s ince ~ increases  
monotonica l ly  wi th  aM (see Eq.  [11]), the  solid phase  with  
the  lowes t  solubi l i ty  is stable. This  is in ag reemen t  wi th  
the  wel l -known behavior  of  nonelectrolytes .  

Predominance  d iagrams . - - In  addi t ion  to p lot t ing the 
two- and three-phase  boundar ies ,  it is cus tomary  to d iv ide  
the E-pH field into regions  cor respond ing  to the  domi- 
nan t  d isso lved  species.  The  cr i ter ion used  for de termin-  
ing  the  boundar ies  of  these  regions  is usual ly  

~/j[M~] = Tk[Mk] [21] 

On the  other  hand, the  cr i ter ion 

(%[M~]) ~ = (~/R[M~]) "~ [22] 

may  be easily shown  to be i n d e p e n d e n t  of ~ and hence  
concen t ra t ion  by us ing  Eq. [8]. S ince  the  boundar ies  de- 
t e r m i n e d  by Eq. [22] are i n d e p e n d e n t  of concentra t ion,  
they  m a y  be proper ly  supe r imposed  on the  two-d imen-  
s ional  pro jec t ion  of  a P e u r b a i x  diagram. 

Application of Theory 
Conventions.--In this section,  the  work ing  forms of  the  

equa t ions  are developed.  The equat ions  are cast  into the  

form which  is used  w h e n  the  free energy data are g iven  as 
s tandard  e lec t rode  potent ials .  

We assume that  the  e lec t rode  potent ia ls  are avai lable  
for react ions [3] wi th  all species  in their  s tandard  states. I f  
the s tandard  potent ia ls  are not  tabula ted  for all of  the  for- 
mat ion  reactions,  they  can be  obta ined by mak ing  l inear 
combina t ions  of  the t abu la ted  react ions  in the  normal  
manner .  There  is, of  course,  no guarantee  that  a comple te  
data  set is avai lable for each  act ive e lement .  

The  re la t ionship b e t w e e n  the  s tandard  chemica l  poten-  
tials for the  half-cell  react ion g iven  by Eq. [3] is 

~i a = ~M ~ -- hibtH+ ~ - -  W # L H 2 0 0  - -  Z i ] ~ e i  0 [23] 

Note  that  ~,,i ~ is the  chemica l  potent ia l  of  e lectrons in 
equ i l i b r ium with  chemica l  species M~, H ~, and H20, all in 
thei r  s tandard  states. The  s tandard-s ta te  free ene rgy  data 
f o r  Mi, H +, and H~O are e n c o d e d  in tabula ted  va lues  of  ~ei ~ 
which  are repor ted  as s tandard  e lec t rode  potentials .  

The  fol lowing conven t ions  are used  to relate  chemica l  
potent ia ls  to the  pract ical  var iables  pH  and E 

~H+ -- ~H+ ~ = -- 2.30259RT (pH) [24] 

(/Ze - ~ei ~ = - F ( E  - Ei ~ [25] 

Potent ia ls  only appear  in the  equa t ions  as the  difference,  
E - E~ ~ Therefore,  any cons is ten t  choice  of re ference  elec- 
t rode  is permissible .  

The  chemica l  potent ia l  of  H20 in the  solution,  ~H2o, 
m u s t  be governed  by the  dictates  of the G i b b s - D u h e m  
equa t ion  and the  chemica l  potent ials  of all o ther  species.  
It  appears  customary,  however ,  to ignore  the  inf luence of 
the o ther  species and to replace  the  G i b b s - D u h e m  equa- 
t ion wi th  the  s imple  equal i ty  

~H2o = ~H2o ~ [26] 

I t  is a s sumed  that  all solid phases  are pure  and that  

/z~ = ~o [27] 

Equa t ion  [27] is an  a s sumpt ion  about  the  na ture  of the  
sys tem of in teres t  and is not  a conven t ion  for tabula t ing  
s tandard  t h e r m o c h e m i c a l  data. If, for example ,  the  pres- 
sure in the  sys tem of in teres t  were  not  the  s tandard-s ta te  
pressure,  then  a Poyn t ing- type  correc t ion  wou ld  be  nec- 
essary. Fur the rmore ,  i f  the  solid phase  were  a solid solu- 
tion, t hen  one wou ld  have  to in t roduce  the  proper t ies  of 
this solid solution. 

General working equat ions . - -The  total  d isso lved  con- 
cent ra t ion  of  act ive e lement ,  [M]T, is used  as the  pract ical  
measu re  of  concen t ra t ion  

[M]v = Eai[M,] [28] 

where  the  sum is over  all d isso lved  species. The  concen-  
t rat ions of  the ind iv idual  d isso lved  species  are obta ined  
by subs t i tu t ion  of  Eq. [23]-[27] into Eq. [8] 

1 exp  a i {/zM - ~M~ 
[Mi] = ~i R-'-----T~ 

+ 2.30259hj (pH) + ~ T  zi(E - E?)} [29] 

An  express ion  for ~M - -  ~M ~ can be obta ined  by 
s u m m i n g  Eq. [29] over  all d isso lved  species.  One finds 

[ ~s - ~tM~ J] aq : -- in E exp  {2.30259hi (pH) 

+ ( ~_~) zi(E _ E,o)} + ln E(,i[M,])~i [30] 

Equa t ion  [30] is the  work ing  fo rm of Eq. [9]. 
The  express ion  for the  chemica l  potent ia l  of  the  act ive 

e l emen t  in a pure  solid phase,  s, is obta ined  f rom Eq. 
[23]-[27] and Eq. [20] 

RT J.~ 
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T w o - p h a s e  l i n e s . - - E l i m i n a t i n g  /~M -- ~M ~ b e t w e e n  Eq. 
[31] and [29] one has 

• r 
exp  ~i[2.30259(hi - h~)(pH) [M,] = ~', 

+ ( ~ ) [ z i ( E - E i  ~ - Z s ( E - E ~ ~  [32] 

Equa t ion  [32] gives the  concen t ra t ion  of any d isso lved  
species,  M~, in equ i l ib r ium wi th  a pure  solid phase,  s. 
Us ing  Eq. [32] in Eq.  [28] one  obtains the  impl ic i t  alge- 
braic re la t ionship  be tween  E and pH along a two-phase  
l ine for any concen t ra t ion  [M]T. These  are the dashed  
l ines in Fig. 2. 

Three -phase  l i n e s . - - T h e  cr i ter ion of phase  equ i l ib r ium 
for a pair  of  solids, u, v is 

Table I. Copper data 

Species v, hi zi E, ~ 

Solid 

Cu 
Cu20 
CuO 
Cu:03 
Cu(OH) 
Cu(OH)2 
Dissolved 

1 0 0 0 
0.5 1 1 0.470 
1 2 2 0.570 
0.5 3 3 0.929 
1 1 1 0.568 
1 2 2 0.609 

Cu + 1 0 1 0.520 
Cu ~ 1 0 2 0.337 
CuO2-- 1 4 2 1.515 
HCuO2- l 3 2 1.127 
Cu ~+ 1 0 3 1.049 
CuO~- 1 4 3 1.250 

R T  J ~ R-T ]v [33] 

Us ing  Eq. [33] and [31] gives  the  express ion  for the  po- 
tent ia l  vs.  p H  along a three-phase  line 

Table II. Sulfur data 

Species ri hi zi Ei ~ 

ZvEv ~ - zuE, o 2.30259RT 
E - (pH) [34] 

(z~ - z~) F 

In  der iv ing  Eq. [34], the  genera l  resul t  that  h~ = z~ for all S - -  
HS-  

u n c h a r g e d  solids conta in ing  only H, O, and M was used. H2S 
Subs t i tu t ing  Eq. [34] into Eq. [31], one  obtains  the S~O~ - 

chemica l  potent ia l  a long a three-phase  in te rsec t ion  HS~O~- 
H2S~O3 

( ZvZu I SO~-- 

R T  . . . .  [35] H2SO~ 
SO4-- 

Note that (tz M - IZM~ is constant along the intersec- HSO4- 
tion. 

The concentration of any species, Mi, in equilibrium 
with two solid phases, u and v, can be obtained from Eq. 
[34], [35], and [8]. One finds after some manipulation 

' 
[Mi] = - -  exp  [zu(zi - zv) Eu ~ 

+ zv(z,  - zi) E, ~ + zi(zv - zu) Ei ~ 

2.302598i(hi - zi) (PH) t [36] + 

A n o t h e r  ve ry  useful  resu l t  is obta ined  by different ia t ion 
of  Eq.  [31]. Us ing  the  fact that  for uncha rged  solids, hs = 
Zs, one finds 

In  o ther  words ,  the  chemica l  potent ia l  of  any solid phase  
r emains  cons tan t  a long a l ine of  cons tant  s lope g iven  by 
Eq. [37]. 

By compar i son  wi th  Eq. [34], one  sees that  the  chemica l  
potent ia l  of  any o ther  solid, s, r emains  cons tant  a long a 
three-phase  l ine where  two solids, u and  v, are in equili-  
br ium.  

I m p l e m e n t o t i o n  

P o u r b a i x  d i a g r a m s . - - C o m p u t a t i o n s  were  done  on an 
App le  I I+  computer .  The  s to ichiometr ic  coefficients,  vi, 
hl, zi, and  the  s tandard  e lec t rode  reduc t ion  potential ,  Ei ~ 
were  s tored pe rmanen t ly  on the  p rogram disk. No fur ther  
compu ta t ions  of  free energies  or ba lancing  chemica l  reac- 
t ions are required .  The  sign conven t ion  for Ei ~ e m b o d i e d  
in Eq. [25], is cons is ten t  wi th  p rev ious  pub l i shed  Pour-  
ba ix  diagrams.  The  data  used  to cons t ruc t  the d iagrams 
are g iven  in Tables  I and II. Data were  ob ta ined  f rom 
s tandard  sources  (11, 12). No c la im is m a d e  for these  data 
sets, and  they  are inc luded  only as a re fe rence  for the  
diagrams.  

The  first step in cons t ruc t ing  a Pourba ix  d iag ram is to 
d e t e r m i n e  the  re la t ive  stabil i ty of  solid pairs. This  is done  

Solid 

S 
Dissolved 

1 0 0 0 

1 0 -2  -0.445 
1 - 1 -2  -0.062 
1 -2  -2  0.144 
0.5 3 2 0.465 
0.5 5/2 2 0.440 
0.5 2 2 0.436 
1 6 4 0.583 
1 5 4 0.476 
1 4 4 0.450 
1 8 6 0.353 
1 7 6 0.333 

by first compu t ing  (~s  - -  IZM~ of a solid pair, u, v, f rom 
Eq. [35]. Next ,  c o m p u t e  E for this pair  at any conven ien t  
pH, e.g., p H  = 0, us ing  Eq. [34]. Then,  at this  va lue  of  E 
and pH, compu te  (/ZM -- IzM~ for all o ther  solid phases ,  
s, us ing  Eq. [31]. The  pair  u, v is stable i f  for all o ther  sol- 
ids, s 

~ M  - -  ] ~ M  ~ / ~  ]~ [38] 

Because  the  chemica l  potent ia l  of  any u n c h a r g e d  solid is 
cons tan t  a long a th ree-phase  line, i t  is not  necessa ry  to re- 
peat  the  test  at any o ther  pH. The above  p rocedure  is t hen  
repea ted  for all poss ib le  pairs of  so l ids :  

End  points  of  the  th ree-phase  l ines are found by us ing  
Eq. [36] in Eq. [28]. The  resul t ing  equa t ion  is solved,  for 
f ixed [M]T, by the  N e w t o n - R a p h s o n  technique .  Note  that  
if  (~M)~ > (~M)a, for all pH, no end points  will  be found.  The  
two-phase  boundar ies  are  then  t raced  out  by a s imple  
rout ine  which  follows the  con tour  of cons tan t  [M]T. The  
p rog ram displays the  Pourba ix  d iagram on the  v ideo  
moni tor .  Labe l ing  is accompl i shed  by en te r ing  f rom the  
key  board  the  coordinates  of  a poin t  app rox ima te ly  in the  
cen ter  of  each region. The  p rog ram de te rmines  the  stable 
phase  at these  coordinates  and displays the  n a m e  of the  
s table  solid (or aqueous  phase) at the  poin t  selected.  Type  
fonts  were  obta ined  us ing  Beagle  Brothers  software.  The 
final p lot  is sent  to a dot  mat r ix  pr inter  us ing  a commer -  
cial screen d u m p  p rog ram (Advanced  Grafpak,  Smart-  
ware). Examples  of  several  d iagrams obta ined  in this way  
are shown in Fig. 3-6. 

The  p rog ram automat ica l ly  handles  the  s i tuat ion where  
a solid phase  becomes  uns tab le  wi th  respec t  to the  aque-  
ous phase,  e.g., note  the  absence  of  Cu203 in Fig. 5. The 
case of  a single s table phase  is also covered;  see Fig. 6 for 
sulfur.  

The  p rog ram was wr i t ten  in BASIC.  Typical  run  t imes  
are 5 min,  mos t  of  wh ich  is r equ i red  to trace out  the  two 
phase  boundar ies .  Use  of a commerc i a l  BASIC  compi le r  
p r o g r a m  could  r educe  this t ime  by app rox ima te ly  a factor 
o f  three.  
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Fig. 3. Computer-generated Pourbalx diagram for copper.[Cu]w 
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Fig. 5. Computer-generated Pourbaix diagram for copper. [CULT = 
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Fig. 6. Computer-generated Pourbaix diagram for sulfur. [S]T =lm.  
Triangular area is stability field for solid sulfur. 

P r e d o m i n a n c e  d i a g r a m s . - - C o n s i d e r  any pair (j, m) of 
dissolved species. We are interested in determining the 
relationship between E and pH that guarantees 

(%[Mj]) ~j = (Tm[Mm]) ~m [39] 

Using Eq. [29] in Eq. [39], one finds 

L Z j  - -  Z m / 

+ [ z~E? - zr~Em~ ] [40] 
Z ]  Z m  

M a y  1 9 8 5  

2 CU+++ ~ CU02- 

I CU++ 

E..!! CU+ " ~  COPPER 

Fig. 7. Predominance diagram for dissolved copper species 

Equation [40] is the equation of the lines that appear On 
predominance diagrams. Note that Eq. [40] is indepen- 
dent of concentration. Intersections of these lines deter- 
mine the points where three species have equal values of 
(?i[Mi])'l. Writing Eq. [40] for the two pairs (j, m) and (k, m) 
and solving, one obtains the coordinates of the intersec- 
tion 

E = zjE?(h~ - hm) + zkEZ(hm - hi) + ZmEm~ - hk) 

zj(hk - hm) + zk(hm - hi) + zm(hj - hk) 

[41] 

[ ( Z j  - -  Zm)ZkEk ~ + ( Z m  - -  Zk)ZjEj ~ + ( Z k  - -  Zj)ZmEm ~ 

p H =  
[hk(zj - zm) + hj(zm - zk) + hm(Zk - Zj)]2.30259 

[42] 

It can be shown from Eq. [40] that two lines are parallel 
if 

hj(zm - zk) + hk(zj - Zm) + hm(Zk -- Zj) = 0 [43] 

The above equations provide a very simple algorithm 
for construction of a predominance diagram. First, com- 
pute the coordinates of all possible intersections using 
Eq. [41] and [42]. Intersections falling outside the desired 
range, e.g. ,  -3  < E < + 3 or - 2  < p H  < 16, are discarded. 
At each remaining intersection, compute the value of 
(?i[Mi]) ~i for all other dissolved species using Eq. [29]. The 
intersection (j, k, m) appears on the predominance dia- 
gram if for all other dissolved species, n, one has 

(?j[Mj]) ~) > (?,[Mn])V, [44] 

This procedure is repeated for all possible intersections. 
The result is the coordinates of all intersections which 
should appear within the predominance diagram. 
Straight lines are drawn between all points which share a 
common pair of species. 

The above procedure joins only those intersections 
(j, k, m) which are within the interior of the diagram. To 
complete the construction, one must  connect some of 
these points to the boundaries of the diagram. 
Specifically, those interior points which are connected to 
only one or two other interior points must  be connected 
to two or one boundaries, respectively. The appropriate 
boundary intersections are easily found using Eq. [40] and 
the equations for the boundaries, which in the present 
case were E = -3V, E = +3V, pH = -2,  and pH = 16. All 
but  one of the multiple intersections are discarded by de- 
manding that the intersection be within the above ranges 
and by application of the criterion given by Eq. [44]. 

The predominance diagram for copper shown in Fig. 7 
was obtained using this method. 
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LIST OF SYMBOLS 

aM overall activity of active element in the solution 
E electrochemical potential 
F Faraday's constant 
f degrees of freedom 
hi stoichiometric coefficient for H ~ 
k number  of species containing active element 
M symbol for the active element 
Mi symbol for ith species containing element M 
[Mi] molal concentration of species Mi 
[M]~ total dissolved concentration of active element 
P number  of phases 
Q defined by Eq. [10] 
r number  of independent  reactions 
R gas constant 
s number  of species 
wi stoichiometric coefficient for H20 
zi stoichiometric coefficient for electrons 
ai atoms of active element in species Mi (ai =- ~i-') 
~ activity coefficient of species Mi 
~e chemical potential of electrons 
iz~ chemical potential of species M~ 
~o standard chemical potential of species M~ 
tzi ~ ~i~ 
gM chemical potential of active element 
~M ~ standard chemical potential of element M 
gM* a standard chemical potential defined by Eq. [13] 
~ stoiehiometric coefficient for species M~ (v~ --- a~-') 
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Long-Term Atmospheric Oxidation of High Purity Iron 
R. P. Frankenthal,* P. C. Milner,* and D. J. Siconolfi* 

AT&T Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

High purity iron, cast and rolled more than 20 years ago and stored without special precautions in the laboratory, 
has largely maintained its bright surface finish over this period of time, showing that iron is stably passivated by air. 
Since long-term (>1 yr) oxidation studies of iron do not exist and since iron is usually thought to rust in air at moderate 
relative humidities, the thickness of the passivating oxide film was measured by Auger electron spectroscopy and 
depth profiling. After corrections for an adsorbed carbonaceous layer, the thickness was estimated to be 5-6 nm. This is 
in reasonable agreement with extrapolations of short-term (<24h) oxide film thickness data from gaseous and anodic 
oxidation studies in  the literature. 

There have been numerous  investigations of the oxida- 
tion of iron at or near room temperature by air and by ox- 
ygen from low pressures to about 1 atm for times ranging 
from a few seconds t o a  maximum of several weeks (1-10). 
A summary of the results up to 1961 (7) indicates that the 
oxide film thickness lies in the range of 1-4 nm, de- 
pending on surface pretreatment, oxygen pressure, mois- 
ture content, and time of exposure. Later studies (8-10) 
agree with these findings. The various resu]ts imply that 
iron is stably passivated by oxygen and by air. However, 
there have been no reports of the passivation of iron 
when exposed to oxygen or air for long periods of time, 
i.e., for one or more years. 

Andreeva (4) reported that after three years in a humid 
atmosphere rust centers developed at grain boundaries 
and spread radially over part of the surface. The surface 
not covered by rust retained its original brightness, and 
the thickness of the oxide film on those areas remained 
constant at the thickness it had after 30 days. All and 
Wood (10) reported that oxidation became rapid after 
about 60 days of exposure to laboratory air at room tem- 
perature at 44-46% relative humidity. After 120 days, the 
thickness of the oxide was greater than 50 nm, and it con- 

*Electrochemical Society Active Member. 

sisted primarily of a-Fe20~. They attributed the increased 
oxidation rate to impurities in the atmosphere. 

One of the present authors (RPF) has some strips of 
high purity (99.9+%), zone-refined iron (11) that was 
made in late 1963 or early 1964. These strips were stored 
in a glass bottle with a polyethylene stopper at the E. C. 
Bain Laboratory of the U.S. Steel Corporation in Monroe- 
ville, Pennsylvania, until  1972 and since then at AT&T 
Bell Laboratories in Murray Hill, New Jersey. No effort 
was made to protect these strips or to keep them from 
rusting, other than to keep the bottle stoppered. Recently 
(March 1984), we examined the strips and found most to 
be shiny and free from any visible tarnish or rust. A few 
pieces were partially discolored (gray), indicating that 
some tarnishing had occurred on them. Since we know of 
no really long-term (>1 yr) studies of the oxidation of iron 
in air and since it is generally assumed that iron will rust 
in air at moderate relative humidities, we thought it 
would be of scientific and technological interest and im- 
portance to measure the thickness of the oxide film that 
had formed on the surface of the iron strips that had re- 
mained shiny for a period of 20 years. We report here the 
results of that analysis and of calculations that extrapo- 
late existing short-term gaseous and anodic oxidation 
data to 20 years. 
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Fig. 1. Auger electron spectrum of surface of high purity, zone-refined iron strip after 20 yr exposure to air at room temperature 

E x p e r i m e n t a l  

The prepara t ion  and typical  analyses of the zone-re- 
f ined iron are g iven  in Ref. (11). The p rocedure  used  to 
roll  the  i ron ingots  is not  known.  However ,  the  strips, 
wh ich  were  not  hand led  dur ing  the  in te rven ing  20 years, 
are shiny and free f rom any lubricant ,  rol l ing oil, or inhib- 
itor, as ev idenced  by A u g e r  e lec t ron analysis (see below). 

The  i ron strips were  in t roduced  into the  v a c u u m  sys- 
t em of the  A u g e r  e lec t ron spec t romete r  wi thou t  any 
c leaning  or unnecessa ry  handl ing.  Surface  analysis was 
pe r fo rmed  wi th  a Phys ica l  Elect ronics  Indus t r i es  Thin  
F i lm Analyzer  sys tem (TFA) us ing a single-pass cylin- 
drical  mir ror  analyzer.  Spec t ra  were  recorded  in the  de- 
r ivat ive  mode.  Opera t ing  condi t ions  were  5 kV elect ron 
gun vol tage,  I0 tLA b e a m  current ,  and 3 eV modu la t i on  
ampl i tude .  The  spectral  data  were  digit ized wi th  a Trans- 
Era  752 A/D conver te r  that  was the  in terface  b e t w e e n  a 
Tek t ron ix  4052 m i c r o c o m p u t e r  and the  TFA. Dep th  
profiles were  obta ined  by argon ion sput ter  e tch ing  with  
a Pe rk in  E lmer  no. 04-303 differential  ion gun. The  ion 
gun vol tage  was 3 kV, and the  beam was ras tered over  a 4 
• 4 m m  area. 

Results 
The init ial  spec t rum,  before  any sput ter ing,  is shown  in 

Fig. 1. The  iron peaks  b e t w e e n  550 and 720 eV are clearly 
visible,  whi le  the  low energy  peak  at about  50 eV is barely  
vis ib le  above  the  noise. The  oxygen  peak  is at 510 eV. All 
the  peaks  have  been  a t t enua ted  by a layer  of  adsorbed 
"d i r t "  f rom the  a tmosphere ,  as ev idenced  by the  large car- 
bon  peak  at 270 eV. S ince  all the  iron peaks,  inc lud ing  the  
one at low energy,  are visible,  the layer  is p robably  no 
th icker  than  1-2 nm, wh ich  indicates  that  no lubr ican t  or 
rol l ing oil is p resen t  on the  surface.  The  absence  of  a cor- 
ros ion inhib i tor  is ev idenced  by the fact that  the  only ex- 
t r aneous  peak  in the  s p e c t r u m  is that  f rom carbon.  Most  
organic  inhibi tors  conta in  ni t rogen,  whose  peak  at 380 eV 
is not  evident .  The  mos t  l ikely inorganic  inhibi tors  are 
ch roma te s  and phosphates ,  and nei ther  c h r o m i u m  nor  
phosphorus  appears  in the  spec t rum.  

Sput te r  profiies th rough  the  20 year  ox ide  are shown in 
Fig. 2 for two strips. The  initial r ise in the  oxygen  signal, 

Io, resul ts  f rom the sput ter  r emova l  of  the adsorbed  carbo- 
naceous  layer. The  carbon signal decreases  rapidly as the  
oxygen  signal increases.  

To cal ibrate  the  sput te r  rate, a clean, spu t te red  area was 
exposed  to air for 24h, af ter  wh ich  a dep th  profi le was 
obta ined  (Fig. 2). S ince  the  th ickness  of  a film g rown  for 
24h in air or in 02 conta in ing  a t race of water  vapor  is 
abou t  2 m m  (4, 8) and the t ime  to sput ter  t h rough  the 
film is 25s, the  sput ter  rate  is about  0.08 nm/s. The  two 20 
year  ox ide  films, therefore,  appear  to be about  7-8 and 
9-10 n m  thick. 

The  apparent  d i f ference in film th ickness  b e t w e e n  the  
two spec imens  is a t t r ibu ted  to the  th icker  ca rbonaceous  
layer on c, as ev idenced  by the  longer  t ime  needed  to re- 
m o v e  it, i.e., to reach  the  m a x i m u m  in the  curve.  If  the  ef- 
fect  of  this layer can be  sub t rac ted  Out, curves  b and c 
should  be  the  same, and the  oxide  th ickness  wou ld  be 
signif icantly less than  the  apparen t  th ickness  of  7-10 nm. 
The  t rue  th ickness  may  be  es t imated  as follows. We as- 

I -  

I I I i 
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Fig. 2. Sputter depth profiles (intensity of O 510 eV peak vs.  sputter 
time) of oxide film on high purity, zone-refined iron. Curve a: After 24h 
exposure to air at room temperature. Curves b and c: After 20 year expo- 
sure to air at room temperature. 
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s u m e  that  the  sput ter  t ime  to reach the  m a x i m u m  of  each 
curve  in Fig. 2 is the  t ime  needed  to r e m o v e  the  carbona- 
ceous  layer. Sub t rac t ing  this t ime  f rom the  total  t ime  to 
sput ter  th rough  the  layers  gives the  t ime  to sput ter  
t h rough  the  oxide.  The  ox ide  sput ter  rate calcula ted f rom 
the  spec imen  exposed  to air for 24h is 0.1 nm]s after  this 
correct ion.  Making  the  cor rec t ion  for the  two 20 year  
spec imens  and us ing  the  cor rec ted  sput ter  rate, the  films 
on these  spec imens  are  es t imated  to be  about  5-6 n m  
thick.  

Discussion 
The resul ts  show that  h igh  pur i ty  iron is pass iva ted  by 

ox ida t ion  in air at or near  room tempera tu re  and that  it 
can main ta in  its pass ivi ty  for more  than  20 years.  The  
th ickness  of  the  pass iva t ing  film formed  in 20 years (5-6 
nm) is only two or three  t imes  that  fo rmed  in 24h. Rus t ing  
or the  format ion  of  th icker  films at long t imes  (4, 10), as 
well  as the  ta rn ish ing  observed  on bits of the  iron used  in 
the  p resen t  study,  is mos t  l ikely  caused by con tamina t ion  
f rom the  a tmosphe re  or f rom handl ing.  

To de t e rmine  whe the r  the  observed  20 year  air oxida- 
t ion of  i ron is cons is ten t  wi th  shor t - term measurement s ,  
we sought  s tudies in the  l i tera ture  that  gave  wel l -def ined 
rate  laws "br suff icient  t abu la ted  data to a l low extrapola-  
t ion to 20 years. The  data  of  Kruger  and Yolken  for the 
gaseous  ox ida t ion  of  iron yield the  rate law (8) 

d =  0.13 l n t +  C [1] 

in wh ich  d is the  ox ide  film th ickness  in nanomete r s ,  t is 
the  t ime,  and C is a constant .  The  data of Sato  and Cohen  
for the  anodic  ox ida t ion  of  i ron in pH  8.43 bora te  buffer  
yield the  rate law (12) 

if = k' exp (fie - QT/B) [2] 

in which  if is the  faradaic current ,  E is the  e lec t rode  po- 
tential,  QT is the  total  faradaic charge  accumula t ed  in the  
oxide,  and k', fi, and  B are cons tan ts  at a g iven  tempera-  
ture. 

F r o m  the  data  in Fig. 6 of Ref. (8) for the  ox ida t ion  of  
i ron in 1 a tm of 02 at 27~ one obtains C = 2 at t ime  t = 1 
min.  Then,  f rom Eq. [1], one  calculates  that  the  oxide  
fi lm should  grow to a th ickness  of  4.1 n m  in 20 years. 

To calculate  the  th ickness  of  an anodical ly  g rown  oxide  
film after 20 years f rom Eq. [2], it mus t  be  in tegra ted  to 
obta in  the  charge  passed.  Assuming  that  a tmospher ic  ex- 
posure  is equ iva len t  to anodiza t ion  at a cons tant  potent ia l  
E2 

dQT - if = k' exp  ([3E2 - Qr/B) [3] 
dt 

Rear rang ing  

/~i ~T exp  (QT/B)dQT = exp  (fiE2)t [4] k' 
T, I  

in wh ich  QT.1 is the  init ial  a m o u n t  of oxide.  It  fol lows that  

QT = QT,, + B i n  1 + - -~  exp (fiE2 - QT,1/B)t [5] 

The  ox ide  film thickness ,  d, in nanometers ,  is obta ined  
f rom Eq, [5], a s suming  that  the  f i lm is ~/-Fe~Oa wi th  a den- 
sity of  5 g/cm 3 (13), by  

d = 0.566QT [6] 

w h e n  Q is g iven  in mi l I icoulombs  per  square  cent imeter .  
An analysis of  the  data of Sato and Cohen  (12) and of 
Nagayama  and Cohen  (13) gives  k' = 17.0 A/cm 2, B = 0.181 
m C / c m  2, and fl = 1/2 F/RT at 25~ The ox ide  film thick- 
ness  is t hen  calcula ted f rom Eq. [5] and [6], a s suming  that  
Qr.1 is 0 and that  the  potent ia l  is main ta ined  at the  reversi-  

Table I. Calculated thicknesses as a function of time and temperature 

Anodic oxide thickness (nm) 
Time 20~ 25~ 

1 rain 2.52 2.54 
lh 2.92 2.96 
1 day 3.23 3.29 
10 day 3.45 3.52 
100 day 3.67 3.76 
1 yr 3.79 3.89 
5 yr 3.95 4.06 
10 yr 4.02 4.13 
20 yr 4.08 4.20 
25 yr 4.10 4.22 

ble  oxygen  potent ia l  in air, i.e., at +477.1 mV vs. SCE at 
25~ and at +486.5 m V  vs. SCE at 20~ The calcula ted 
th icknesses  as a func t ion  of  t ime  and t empe ra tu r e  are 
g iven  in Table  I. 

The  a lmos t  ident ical  va lues  calculated f rom Eq. [1] and 
f rom Eq. [5] and [6] for an oxida t ion  t ime  of  20 years are 
p robab ly  fortui tous,  s ince the  equa t ions  represen t  differ- 
en t  rate laws and ox ida t ion  m e c h a n i s m s  (8, 12). However ,  
this  does s t rongly sugges t  that  i ron is pass iva ted  equiva-  
lent ly  by e i ther  gaseous  or anodic  ox ida t ion  and that  the 
pass iva t ing  films p repared  in these  different  manners  
g row at comparab le  rates. 

The  exper imen ta l ly  de t e rmined  ox ide  film thickness ,  
w i thou t  correct ing for the th ickness  of  the  adsorbed  car- 
bonaceous  layer, is about  twice  that  calculated f rom Eq. 
[1] or f rom Eq. [5] and [6]. The  app rox ima te  correc t ion  
yields an oxide  th ickness  only about  1-2 n m  greater  than  
the  ex t rapo la ted  values.  Dif ferences  b e t w e e n  the  experi-  
menta l  and calculated va lues  may  be  a t t r ibu ted  to one or 
more  of  several  factors,  inc lud ing  a tmospher ic  impuri t ies ,  
res idual  surface impur i t i es  f rom roll ing and handl ing,  the  
m a n y  changes  in re la t ive  humid i ty  and t e m p e r a t u r e  expe-  
r i enced  by the  i ron over  the  20 year  period,  and the  l eng th  
of  the  extrapolat ion.  

Conclusions 
The resul ts  show that  h igh  pur i ty  iron is pass iva ted  by 

air oxidat ion.  The  long- term stabili ty of  the  pass iva t ing  
film has been  demons t ra ted .  Over a 20 year  period,  the  
film grew to a th ickness  of  no more  than  5-6 nm, in rea- 
sonable  ag reemen t  wi th  the  va lues  calculated by ext rapo-  
lat ing shor t - term gaseous  and an0dic  ox ida t ion  data  to 20 
years. Rus t ing  of  h igh  pur i ty  i ron apparen t ly  requi res  the 
p resence  of impur i t i es  and/or  ve ry  h igh  re la t ive  humidi -  
t ies or l iquid  water.  

Manuscr ip t  submi t t ed  Oct. 23, 1984; revised  manusc r ip t  
r ece ived  Jan.  28, 1985. 
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Modification of the Electrochemical and Corrosion Behavior of 
Stainless Steels with an Electroactive Coating 

David W. DeBerry* 

S u m X  Corporation, Austin, Texas 78758 

ABSTRACT 

Electroactive polyaniline coatings have been deposited on ferritic stainless steels. The coatings appear to be depos- 
ited over the passive metal  oxide film but can undergo electron transfer with the metal. Polyaniline immobilized on the 
alloys imparts a form of anodic protection which stabilizes the materials in mineral acids. Electrochemical and SEM 
characterization results are presented, and effects of coating application techniques are discussed. Oscillations in the 
open-circuit voltage occur in solutions containing a high enough concentration of chloride ion to initiate pitting at po- 
tentials dictated by the coating. Inhibition of localized corrosion may also be obtainable for favorable systems. 

There has been a great deal of interest for the past few 
years in electrodes chemically modified with electro- 
active materials (1-3). Most of these studies have been per- 
formed using nominally inert substrate materials such as 
Pt, Au, SnO~, and various forms of carbon. Recently, in- 
terest has been shown in application of electroactive ma- 
terials to relatively reactive substrates (4-6). Modification 
of active substrates appears to offer unique opportunities 
for investigation of the substrate itself, as well as any 
intervening "passive" films which may occur between 
the metal and electroactive material (4). The composite 
materials may also have practical applications in corro- 
sion prevention. For example, a form of anodic protection 
may be obtained by coating an active/passive metal with a 
redox species capable of maintaining the native passive 
film on the metal. 

This paper is concerned with electroactive coatings, 
which are shown to protect relatively low alloy 400 series 
stainless steels in corrosive acid media. The preparation 
techniques important to their effectiveness are discussed 
along with possible mechanisms for the observed behav- 
ior. Polyaniline (PA) was the primary electroactive mate- 
rial used in this study. Its use is advantageous in acidic 
environments since hydrogen ion is the preferred 
counterion for maintaining PA electroneutrality during 
electron transfer. Aqueous solutions of sulfuric acid have 
been the major corrosive media in this work, but results 
obtained in chloride-containing dilute acid are also pres- 
ent. 

Experimental 
ConVentional electrochemical equipment  was used for 

electrode modification and characterization. Solutions 
were prepared from analytical reagent-grade chemicals 
and type I water obtained from a Milli-Q (Continental 
Water Systems) water purifier equipped with an Organex 
cartridge for removal of trace organic compounds.  The 
atmosphere in the airtight glass cells was maintained 
using either presaturated zero-grade air or prepurified ni- 
trogen. All potentials were recorded and are reported vs. 
saturated calomel electrodes (SCE). Particularly during 
long-term experiments,  the SCE was separated from the 
main cell solution by two frits, one being a porous Vycor 
frit. Plat inum auxiliary electrodes were used. 

Metal specimens were fabricated into 4-6 cm 2 "flag"- 
shaped samples with the integral "flagpole" or handle 
extending out of the solution and used to make electrical 
connection. This configuration was chosen to minimize 
anomalous effects at the metal]gas/solution interface 
without using insulating coatings, which can also cause 
irreproducible crevice effects, particularly on long expo- 
sure to solution. The electroactive coatings were gener- 
ally applied to a portion of the flagpole as well as the 
main flag area, and the samples were then inserted in the 
corrosion test solution with 2-5 mm of the coated part of 
the pole extending out of solution. Except  as noted, 
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samples were finished to 600 grit SiC on a Buehler 
polishing table and then degreased with methanol and 
thoroughly rinsed with water before use. The composi- 
tion of the metals (obtained from Metal Samples, Incorpo- 
rated, Munford, Alabama) are given in Table I. 

In general, electroactive polyaniline coatings were ob- 
tained on the metals of interest by electrochemical treat- 
ment  in a 1.0M aniline, pH 1.0 perchloric acid solution (7). 
The coating was usually applied by cycling the working 
electrode potential between ca. -0.2 and +I . IV  at a scan 
rate of 50 mV/s. Detailed descriptions of the deposition 
variables and results are given in the next section. 

The quantity of charge in the electrode coating was ob- 
tained by integration of the appropriate portion of the lin- 
ear scan or cyclic voltammogram. Slow (0.5 mV/s) linear 
potential scans were used for determining the corrosion 
properties of the bare metals in the various environments, 
particularly the chloride containing solutions. These runs 
were generally done in deaerated solution with a lh  im- 
mersion of the sample prior to starting the scan. No solu- 
tion agitation was used in the electrochemical treatments 
or tests unless otherwise specified. 

Samples were routinely inspected with a stereomicro- 
scope up to a magnification of 45 times. The scanning 
electron microscope work was done with a JEOL-JSM 
35C operated at 25 kV and equipped with a KEVX ele- 
mental detection system. 

Results and Discussion 

Deposition and characterization of PA films.--ElectrO- 
active polyaniline coatings were obtained on types 410 
(11.6% Cr) and 430 (16.2% Cr) stainless steels (SS) by elec- 
trochemical t reatment in a 1.0M aniline, pH 1.0 perchloric 
acid solution. Typical vol tammograms observed during 
cycling of type 430 SS in the deposition solution are 
shown in Fig. 1. If the electrode is allowed to become ac- 
tive in the pH 1.0 deposition solution, an active-to-passive 
current peak is observed at about -0.27V on the first 
anodic scan from open circuit. Note that this peak is not 
observed again on repeated scanning through the same 
potential region. The current decreases rather slowly past 
this peak on the first scan, with some indication of a 
postpassivation max imum at +0.12V, until a sharp in- 
crease begins at ca. +I.0V, signaling the start of 
polyaniline deposition. The anodic current on the second 
scan is much lower than the first until + 1.0V is reached 
once again and more PA is deposited. The cathodic cur- 
rent does not show a clear increase until the third cycle. 
On the fifth cycle, the oxidation peak for deposited poly- 
aniline at +0.12V starts to become significant, and it ulti- 
mately becomes the dominant peak. Also on the fifth cy- 
cle, three separate oxidation and three corresponding 
reduction peaks become discernable. These peaks then 
increase rather uniformly with continued cycling as more 
PA is deposited. 

The effect of this t reatment is the apparent buildup of 
PA film which increases in thickness with each cycle. 
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Table I. Nominal compositions of metals 

Composition (w/o) 
Metal Fe Cr Ni C Mo Mn S Si P Cu N Other 

Type 410 SS Bal. 11.62 0.19 0.122 0.06 0.54 0.002 0.50 --  --  0.048 0.005 Sn 
Type 430 SS Bal. 16.20 0.41 0.05 0.08 0.50 <0.01 0.46 0.02 0.09 --  - -  

Following the initial passivation peak, the deposition be- 
havior on the active/passive alloys studied is similar to 
that for deposition of polyaniline on platinum or other 
"inert" metals (7-9). The redox reactions occurring in 
polyaniline on cycling are most likely quite complex. The 
results obtained on the first few scans seem to indicate 
that a passive metal oxide film is formed first on the 
stainless steel surface, with deposition of polyaniline 
occurring on top of it. Even a small amount of polyaniline 
appears to stabilize the passive film to some degree 
against dissolution and/or reduction. Once the surface is 
passivated and the initial layer of polyaniline is deposited, 
the cyclic voltammetric response is quite similar to an in- 
ert metal. However, the actual situation may be more 
complicated than indicated by these experiments,  and the 
possibility of polyaniline being incorporated into the 
metal oxide passive film when initially formed cannot be 
ruled out. 

The initial peak passivation current in the PA deposi- 
tion solution is higher for type 410 stainless steel than for 
type 430. Following this, the major part of the scan re- 
sponse for PA deposition on type 410 is very similar to 
that for type 430. 

The reversible electroactivity of the PA-coated stainless 
steel electrodes is demonstrated by cyclic voltammetric 
results in sulfuric acid solutions free of added redox cou- 
ples. A typical response is shown in Fig. 2 for a PA-coated 
type 410 specimen in 0.2M H2SO4. This electrode had been 
exposed to this solution for 19h on open circuit and was 
still passive at the time it was potentiostatically reduced 
then cycled once before recording the cycle shown. A 
similar response is observed for PA-coated type 430 elec- 
trodes, and for both materials in 1.0M H2SO4. The cyclic 
voltammetric  results show little change with t ime of ex- 
posure on open circuit, but  do change somewhat with re- 
peated cycling. The responses observed are quite similar 
to those seen for platinum coated with PA. This is note- 
worthy in view of the likelihood that electron transfer be- 
tween the stainless steel metal phase and polyaniline is 
being mediated by a metal oxide passive film (4). This 

facile electron-transfer exchange with the metal may be 
partially responsible for the ability of polyaniline to main- 
tain the passivity of the specimen, it  is quite likely that a 
high repassivation rate is important in "healing" the 
cracks and ruptures (which continually occur in the pas- 
sive film) before the damage spreads and the metal be- 
comes active. 

Scanning electron microscope (SEM) examination of 
polyaniline-modified type 410 SS was done to further 
characterize the material. Typical photomicrographs for 
samples with no conductive overcoat are shown in Fig. 3a 
and 3b. As observed for PA on Pt, the coating is continu- 
ous and fairly smooth (7), although a number  of small 
nodules can be observed extending out of the surface. A 
400]~ gold overcoat and somewhat higher magnification 
reveals more of the porous structure of the film, as 
shown in Fig. 4a. Both samples which had received a 
final cycle in sulfuric acid and those which had not were 
examined. They had practically the same appearance ex- 
cept at the highest magnification, where the cycled 
sample appeared somewhat "sharper" than the sample 
which had not been cycled. One edge of the electrode was 
abraded and then examined, as shown in Fig. 4b. Starting 
from the metal on the left-hand side of the photograph, 
the base of the polyaniline appears practically continu- 
ous, but then a layered structure becomes apparent, 
which is topped by the nodular growth. Although specu- 
lative, it seems possible that the layers are a result of the 
cyclic deposition procedure. From this photograph the 
polyaniline film appears to be about 3-4/~m thick, exclu- 
sive of the nodules. The nodules may be a residue from 
the nonadherent, inactive material described below. 
Many dark patchy areas can often be observed optically 
in ordinary light on the polyaniline surface, but these 
were not differentiated in the SEM photographs. These 
areas may be locally thicker that the rest of the film, or 
belong to portions of the film trapped in a higher oxida- 
tion state. 

Effect of PA film on corrosion in chloride-free 
solutions.--Weight-loss corrosion measurements  for bare 
type 410 flag samples showed an average equivalent  pen- 
etration rate of 3.1 • 104 ~m/yr for a 64h exposure in 1.0M 
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Fig. 1. Cyclic voltammograms at 50 mV/s for deposition of poly- 
aniline on type 430 stainless steel from 1.0M aniline, pH 1.0 per- 
chlorate solution. 
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Fig. 2. Cyclic voltammogram at 20 mV/s for polyaniline-coated 
type 410 SS in 0.2M H2SO4 after 19h exposure. 
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Fig. 3. SEM photographs for polyaniline-coated type 410 SS. a 
(top): 1000 times magnification 1000. b (bottom): 10,000 times 
magnification. 

H2SO4 at 25~ This rate corresponds to the active corro- 
sion state at ca. -0.5V. Similar weight-loss measurements 
for PA-coated type 410 in the same environment  showed 
rates of less than 25 ~m/yr as long as the coating main- 
tained the open-circuit voltage more positive than ca. 
+0.0 V. Therefore, the open-circuit voltage measurement  
provides an adequate measure of the corrosion rate in this 
system. Continuous open-circuit voltage monitoring was 
accompanied by post-test sample examination for judg- 
ing the effectiveness of a given coating technique. 

Visual examination of the PA-coated samples in situ 
provides information on their corrosion status. Samples 
are ordinarily removed from the deposition bath in their 
most oxidized state and are then dark blue/black in color. 
Some extraneous loosely adherent black material is gen- 
erally present on the electrode and is removed by a 
stream of wash water. Tests show that this material does 
not contribute to the electroactivity of the electrode. On 
placing in the acidic corrosion test solution, the OCV gen- 
erally decreases fairly rapidly from about +0.6V. This is 
accompanied by a change in color to a dark green. On fur- 
ther exposure, a lighter, more metallic appearing green 
color is seen at a potential of ca. +0.2V, and this is usually 
the most  stable state of the electrode. If the electrode be- 
gins to fail, this color becomes a lighter green, and finally 
becomes transparent in the fully reduced state and the 
electrode becomes active. The coating will persist on the 
electrode for some t ime after that, but extended exposure 
in the active state leads to disbonding, probably because 
of undermining of the coating by vigorous hydrogen 
evolution. 

for Fig. 4. SEM photographs polyani/ine-coated type 410 SS. 
a(top): After application of 400Agold overcoat; 20,000 times, b 
(bottom): Edge view; S000• 

Bare or anodically passivated type 410 or 430 stainless 
steel specimens become active within minutes of being 
placed on open circuit in either of the dilute sulfuric acid 
solutions employed. Polyaniline-coated type 410 or 430 
samples remained passive from several hours to at least 
1200h after immersion. The breakdown time (time of ex- 
posure before passive-to-active transition occurs on open 
circuit) appears to be a function of metal pretreatment 
and coating application techniques, acid concentration in 
the corrosion medium, metal substrate properties, and so- 
lution aeration. Postapplication treatment affects the 
protectiveness of the film. With no further pretreatment, 
PA-eoated (28 mC/cm 2) type 430 stainless steel begins to 
fail after about 60 rain in deaerated 0.2M H~SO4. If the 
same electrode is cycled several times in the sulfuric solu- 
tion, and then put on open circuit, there is no sign of 
breakdown after almost 17h. 

Application techniques become more critical when 
1.0M H2SO4 is used at the test solution and the lower alloy 
type 410 as substrate. Results obtained for three different 
PA coating procedures are shown in Fig. 5, and the appli- 
cation methods are summarized in the caption. Similar to 
the type 430 results, cycling PA-coated type 410 in the di- 
lute acid test solution appears to increase stability. Trials 
with various treatment techniques indicated that the 
three most important steps are: (i) an initial active-state 
open-circuit exposure to the PA deposition solution (5 
rain), (ii) cycling the potential during deposition, and (iii) 
cycling in sulfuric acid solution (three cycles) following 
deposition. A type 410 SS electrode treated in this way 
alone (and initially degreased) was found to be stable in 
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Fig. 5. Open-circuit voltage v s .  exposure time in 1 .OM H2SO 4 for 
polyaniline-coated type 410 SS electrodes prepared in following 
ways. Dashed line: active for 5 min in PA deposition solution, then 
cycled seven times and taken out at +0.82V. Dotted line: active for 
3 min in PA deposition solution, then passivated and held at 
+0.96V for 3 min, then cycled six times between - 0 . 2  and 1.15V, 
then removed at 1.02V. Solid line: etched in 1.0M H2SO 4 for 8 min, 
then passivated and cycled in same solution before cycling in PA 
deposition solution eight times (always positive of 0.0 V) then re- 
moved at +0.84V. 

aerated 1.0M H2SO4 for at least 50 days without break- 
down. Part of this exposure run is shown in Fig. 6. The in- 
itial cycling in 1.0M H2SO4 indicated that the polyaniline 
on this electrode had a total charge capacity of 25.1 
mC/cm 2. The electroactive form of polyaniline appears to 
be continuously regenerated by oxygen, producing the 
observed long term stability. 

A quantitative description of the corrosion protection 
offered by the coatings is difficult due to the interactions 
of the variables involved and the complexity of the 
passivation process itself. A major complication is that 
the properties of the passive film vary with exposure 
time. In particular, the anodic passive current density is 
often found to gradually decrease at a given potential in 
the passive region, presumably due at first to an increase 
in thickness of the passive metal oxide film and then to 
repair of defects in its structure. These processes proba- 
bly explain the increased breakdown time with passiva- 
tion t ime recently reported for type 440C SS (10). The sec- 
ond complicating factor is that coating coverage is a 
somewhat nebulous quantity, difficult to determine 
experimentally, which may depend on the coating tech- 
nique in rather subtle ways. Thus the postdeposition cy- 
cling in H2SO4 solutions which was found to be advanta- 
geous for PA-coated electrodes could be explained by a 

restructuring of the film which decreases the effective 
exposed area. 

Polyaniline-modified metals in chloride containing 
solutions.---Performance of the coated stainless steels in 
the presence of chloride ion is of interest since it is well 
known that application of ordinary anodie protection 
measures to such metals must  be done with caution when 
chloride is present because of the possibility of localized 
corrosion. Results obtained for the initial part of an expo- 
sure of PA-coated 430 to a solution of 0.2M NaC1 + 0.2M 
H2SO4 (pH = 0.8) are shown in Fig. 7. The unusual oscilla- 
tions in the open-circuit voltage continued in a similar 
manner for over 30h. At this t ime the solution was 
changed to 0.2M H2SO4 without chloride ion, and the 
oscillations abruptly ceased. No pits were apparent at up 
to 45 times magnification on this particular electrode 
after the run. However, an 18 day exposure of a fresh 
specimen to the same conditions did result in the forma- 
tion of about ten small (0.1 mm diam) pits on each side of 
the electrode. The solution was continuously aerated dur- 
ing this test. Oscillations occurred throughout the test, 
until the electrode finally became active about 7h before 
the run was terminated. A weight loss was observed, but, 
since it was the same as would be expected for the 7h ac- 
tive period, it is quite likely that. there was practically no 
uniform corrosion during the 18 day period preceding 
breakdown. 

These results can be interpreted in part by considering 
the localized corrosion properties of the bare electrode. A 
potentiodynamic scan obtained for bare type 430 stainless 
steel in the same 0.2M NaCY0.2M HzSO4 solution is shown 
in Fig. 8. It can be seen that the oscil]ations occur primar- 
ily in the potential region betwen the pit initiation poten- 
tial (+0.24V) and the so-called protection potential 
(+0.01V) below which pits are repassivated (11, 12). For 
the coated electrode, it appears that the passive film is 
periodically undergoing partial breakdown in the acid 
chloride solution and is then being reformed with the aid 
of the polyaniline. The polyaniline is partially reduced 
during the more negative part of the cycle before the elec- 
trode is completely repassivated. This can be observed 
visually as the electrode becomes clear to pale green. Once 
the electrode is repassivated, the polyaniline is reoxidized 
by the oxygen in the system, as evidenced by a return to a 
green to dark green color and positive open-circuit volt- 
age. However, even though the polyaniline maintains the 
majority of the surface passive, s ince the oxidized state of 
the polyaniline is positive of the pitting potential, pits can 
be initiated and grow during the positive part of the cycle. 

In a somewhat less aggressive environment,  polyaniline 
was able to both maintain a type 430 SS electrode in the 
passive state and stabilize the open-circuit voltage at a 
value where pitting did not occur. The test solution con- 
tained 0.15M Na2SOJ0.05M H~SO4 + 0.1M NaC1 (pH = 1.5) 
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Fig. 6. Open-circuit voltage v s .  initial exposure time for polyani- 
line modified type 410 SS in 1.0M H2504. Application method de- 
scribed in text. Note that the time scale is in hours for this run. 
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Fig. 8. Potentiodynamic response for type 430 SS in 0.2M H2SO 4 
+ 0.2M NaCI at O.S mV/s. Electrode area: 3.9 cm 2. 

and was aerated. The pitting potential for a bare type 430 
SS sample in this solution is 1.18V. The coating was ap- 
plied following a 5 rain active stand in the polyaniline 
deposition solution. The electrode was cycled ten times to 
apply the polyaniline, then removed at a potential of 
+0.30V, rinsed, and placed in the test solution. No oscilla- 
tions as such were noted, but  the open-circuit voltage did 
undergo two rather abrupt  drops during the first 20h pe- 
riod. After that, the electrode stabilized and the open-cir- 
cuit voltage remained near +0.14V until  the run was ter- 
minated after a 30 day exposure. No pits were visible on 
the electrode at 45 times magnification after the run. The 
electrode was still quite electroactive at the end of this 
run, as the remaining charge was 5.9 mC/cm 2 and the cy- 
clic voltammograms were quite similar to those of a 
freshly immersed sample. 

During the run described above, the sample was re- 
moved after 310h immersion and a deep scratch was ad- 
ministered with the point of a sharp knife. On reinserting 
the electrode in the test solution after this scratch, the po- 
tential decreased about 15 mV but  the remainder of the 30 
day run was completed with very little additional de- 
crease. In contrast, a bare type 430 SS electrode was held 
passive potentiostatically in a similar test solution for 9 
days to obtain a passive film stable enough to maintain 
open-circuit passivity for 2 days. It was then removed and 
scratched in the same fashion as the PA-coated sample. 
This specimen became active immediately upon re- 
immersion in the test solution. These results emphasize 

the effect of the electroactive coating as far as preventing 
the breakdown of passivity and acting as an active ad- 
junct  to the passive oxide film. 

Conc lus ions  

Stainless steel electrodes coated with thin films of 
polyaniline remain passive for long periods of time in 
acid solutions in which they are normally active and sub- 
ject to high rates of corrosion. The polyaniline-modified 
steels assume many of the electrochemical characteristics 
of inert metals coated with polyaniline. The stability of 
the coated materials is strongly dependent  on the treat- 
ment  method, but  scratching has little effect once a favor- 
able coating is deposited. Initiation of pitting of the 
coated substrate materials in chloride solutions is predict- 
able from the pitting characteristics of the uncoated 
metal. Pronounced oscillations of the open-circuit voltage 
of the modified electrode are noted in solutions in which 
pitting can occur. 
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The Critical Geometry for Initiation of Crevice Corrosion 
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ABSTRACT 

The critical crevice dimensions for which initiation of crevice corrosion occurs spontaneously was determined ex- 
perimentally for A1 in 0.05M NaC1. An artificial crevice at room temperature and pressure was employed to permit 
controlled variation of the crevice length and crevice gap over the ranges 5-15 and 0.1-0.6 ram, respectively. The range of 
conditions which led to corrosion initiation was compared with theoretical predictions based on a mathematical model 
of the concentration and the potential distribution within the crevice. It was found that the critical condition for initia- 
t ion  of crevice corrosion could be predicted in this system. 

The onset of crevice corrosion occurs when the metal 
oxide film protecting the metal from general corrosion 
breaks down as a result of transport restrictions between 
the crevice and the external solution. These restrictions 
lead to concentration of aggressive species within the 
crevice, to eventual breakdown of protective surface 
films, and to accelerated rates of corrosion attack. Once 
crevice corrosion has initiated, it is often difficult to stop. 

Because crevices are invariably present in engineering 
structures, it is of interest to develop the ability to predict 
which geometries will, or will not, lead to crevice corro- 
sion. The purpose of this investigation was to determine 
by both experimental  and theoretical methods the critical 
crevice geometry which separates the regions between 
those where crevice corrosion initiates and those where 
corrosion initiation does not occur (1). 

The study of  crevice corrosion is commonly divided 
into two main areas, the preinitiation period prior to 
breakdown, and the postinitiation period when acceler- 
ated attack occurs. During the preinitiation period, the 
metal surface is passive and corrodes at the low rates as- 
sociated with such conditions. Owing to transport restric- 
tions, the products of the corrosion process accumulate 
and cause modification of the crevice solution composi- 
tion in~ompar i son  to that external to the crevice. These 
changes \may include depletion of oxygen; lowering of 
pH, buildup by migration of species such as chloride ions, 
and accumulation of dissolved metal species. If  these 
changes cause any of these components to exceed some 
critical condition, then the passive metal oxide may be 
caused to break down, leading to rapid dissolution of the 
unprotected metal. In general, the detailed mechanism of 
breakdown remains unknown for most structural alloys. 

Because the behavior of structural alloys is complex, 
fundamental  studies have emphasized use of model sys- 
tems which consist of pure metals and simple electro- 
lytes. Thus, Siitari and Alkire (2, 3) investigated crevice 
corrosion of pure A1 in 0.05M NaC1. By assuming tenta- 
tively that breakdown occurred as a result of acidifica- 
tion in the crevice, they developed theoretical calcula- 
tions which, when compared with experimental  data, 
gave agreement  with some but not all observations. They 
emphasized that their theoretical model was highly sensi- 
tive to the events associated with breakdown. 

Hebert  and Alkire (4, 5), therefore, investigated in fur- 
ther detail the three mechanisms commonly accepted as 
causes of breakdown of passivity: differential aeration, lo- 
ca lked acidification, and accumulation of chloride ions. 
They found that none of these was operative in the model 
A1 system. Rather, accumulation of dissolved aluminum 
species within the crevice to above a critical value was 
operative. This conclusion is supported by the recent 
work of Foley et al. (6) which indicated that the weight 
loss of A1 in A1C13 solutions was substantially higher than 
that in NaC1 solutions. 

While the classic studies of Rosenfeld (7, 8) were in- 
fluential, more recent studies have emphasized more 
quantitative treatment of both experimental  and theoreti- 
cal aspects. Artificial crevice assemblies have been 

*Electrochemical Society Active Member. 

widely exploited (8-15) since these offer controlled and re- 
producible geometries from which local samples of solu- 
tion composition may be obtained. Theoretical analysis of 
alloy systems is complicated by uncertainty about the dis- 
solution kinetics involved as well as by complex multi- 
component  transport processes in the solution phase. 
Thus, Oldfield and Sutton (13) adopted semiempirical 
methods for estimating transPort processes, while Turn- 
bull (14) emphasized the limiting approximation of differ- 
ential aeration as well as the steady-state active condition 
(15). These analyses represent substantial contributions 
which provide benchmarks for advanced theoretical de- 
velopments.  

From a practical point of view, it is straightforward to 
distinguish between a crevice which breaks down and 
corrodes and a crevice which does not. In this investiga- 
tion, theoretical and experimental  methods are directed 
toward identifying the critical zone between these two 
types of behavior based on the model system of A1 in 
0.05M NaC1. 

Experimental 
The equipment  used in this study was described previ- 

ously by Siitari (2) and Hebert  (4) and is only summarized 
briefly here. A sectioned flat aluminum electrode sur- 
face was prepared by machining a set of concentric cylin- 
ders from an A1 rod (99.9%, 4.45 cm diam, Research Or- 
ganic/Inorganic) and assembling them with epoxy resin 
as illustrated in Fig. 1. There are eight sections numbered 
sequentially from the innermost, no. 1, to the outermost, 

Fig. 1. Sectioned electrode, showing concentric sections separated by 
insulating rings. Diameters of the sections are: 7.19, 10.2, 14.4, 17.7, 
20.4, 22.9, 25.1, and 41.9. 

1027 
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Fig. 3. Schematic of model system showing geometry and coordinate 
system. 

Fig. 2. Experimental crevice corrosion cell described in detail in Ref. 
(2). 

no. 8. Elec t r ica l  c o n n e c t i o n s  we re  m a d e  to each  sec t ion  
on  t he  b a c k  side. The  e lec t rode  was  m o u n t e d  in t he  corro- 
s ion cell, i l l u s t r a t ed  in Fig. 2, in  w h i c h  opt ical ly  flat 
qua r t z  d i sk  cou ld  b e  p o s i t i o n e d  p rec i se ly  to fo rm a crev- 
ice of a p re se t  geomet ry .  The  quar t z  d i sk  sh i e lded  on ly  
t he  i n n e r  sec t ions  of  the  A1 e lec t rode;  the  ou te r  sec t ions  
b e c a m e  c a t h o d e s  d u r i n g  c rev ice  corros ion.  As t he  corro- 
s ion  p roceeded ,  e lec t r ica l  c u r r e n t s  b e t w e e n  t he  sec t ions  
were  m e a s u r e d  w i t h  a m u l t i c h a n n e l  ze ro- res i s tance  
ope ra t i ona l  ampl i f i e r  c i rcu i t  (based  on  A n a l o g  Dev ices  
ampl i f ie r s  no. 233 K). The  o u t p u t  f r o m  the  c u r r e n t  fol- 
lowers  was  r e c o r d e d  o n  s t r ip  cha r t  recorders .  

The  0.05M NaC1 so lu t i on  was  p r e p a r e d  b y  c o m b i n i n g  
ana ly t i ca l  r e a g e n t - g r a d e  NaC1 w i t h  de ion i zed  dis t i l led  
water .  The  me ta l  su r face  was  p r e p a r e d  by  we t  s a n d i n g  to 
600 g r a d e  s i l icon c a r b i d e  on  a flat g ran i t e  b l o c k  (DO-ALL 
Rock fo rd  C o m p a n y ,  no. 501045967), a n d  t h e n  po l i sh ing  
wi th  an  0.3 /~m a l u m i n a  s u s p e n s i o n  (Buehler ,  A l p h a  Pol- 
i sh ing  Alumina) .  

The  co r ros ion  e x p e r i m e n t s  were  c o n d u c t e d  b y  first  
p o u r i n g  a p p r o x i m a t e l y  80 ml  of  e lec t ro ly te  in to  t h e  cell 
wh i l e  t h e  quar t z  d i sk  was  in  a ra i sed  pos i t ion .  Af te r  a b o u t  
20 min ,  t he  quar t z  d i sk  was  l owered  to i ts  p re se t  pos i t ion ,  
t h u s  c r ea t ing  t he  crevice.  

Theoretical 
S i n c e  t he  p r e s e n t  i n v e s t i g a t i o n  was  b a s e d  u p o n  t h e  the-  

ore t ica l  m o d e l  of  H e b e r t  a n d  Alki re  (5), t h e  i n t e r e s t e d  
r e a d e r  is a d v i s e d  to c o n s u l t  t h a t  r e fe rence  for  b a c k g r o u n d  
to t h e  fo l lowing  d i scuss ion .  

T he  s e q u e n c e  of  e v e n t s  l ead ing  to in i t i a t ion  of  crevice  
co r ros ion  b e g i n s  w i t h  t he  f o r m a t i o n  of the  crevice ,  w h i c h  
is s h o w n  schema t i ca l l y  in  Fig. 3. P r io r  to t h e  f o r m a t i o n  of 
the  crevice ,  t he  A1 su r face  co r rodes  u n i f o r m l y  at  a low 
ra te  a s soc ia t ed  w i t h  pass iv i ty ;  the  c o r r e s p o n d i n g  ca thod ic  
r eac t ions  are o x y g e n  r e d u c t i o n  and /o r  h y d r o g e n  evolu-  
t ion.  Once  t he  c rev ice  is fo rmed ,  t he se  co r ro s ion  pro- 
cesses  c o n t i n u e  e x c e p t  t h a t  t r a n s p o r t  r e s t r i c t ions  w i t h i n  
t h e  c rev ice  se t  in  to a n  e x t e n t  d e t e r m i n e d  b y  t h e  c rev ice  
geomet ry .  Thus ,  d e a e r a t i o n  occurs ,  t he  p H  a n d  ch lo r ide  
c o n c e n t r a t i o n  b e c o m e  a l t e r ed  f rom the  b u l k  va lues ,  a n d  
t he  c o n c e n t r a t i o n  of  d i s so lved  A1 bu i ld s  up.  Even tua l ly ,  if  
t he  A1 c o n c e n t r a t i o n  e x c e e d s  t he  cr i t ical  level  of  concen -  
t r a t i o n  n e e d e d  for  ac t iva t ion ,  b r e a k d o w n  occu r s  a n d  crev- 
ice co r ros ion  ini t ia tes .  

In  m o d e l i n g  t he  fo r ego ing  s e q u e n c e  of events ,  H e b e r t  
a n d  Alk i re  u s e d  a o n e - d i m e n s i o n a l  t r a n s p o r t  ana lys i s  of  
t he  c rev ice  reg ion  b a s e d  u p o n  d i lu te  so lu t ion  theory .  
They further assumed that the dissolved aluminum ions 

u n d e r w e n t  hyd ro lys i s  to  t h e  first  s tep  only, a n d  t h a t  t he  
b r e a k d o w n  of  t h e  A1 pas s iv i t y  led  to a s tep  c h a n g e  in  t he  
dissolution kinetics. 

In predicting the critical crevice geometry for initiation, 
it is important to realize that it is only the steady-state 
transport problem that is significant. That is, the critical 
geometry corresponds to that geometry for which the 
maximum value of the total concentration of dissolved 
aluminum in the crevice solution, at steady state, equals 
the critical value. Thus, the transient part of the analysis 
of Hebert and Alkire was not included in the treatment 
which follows. Moreover, these authors also showed that 
the crevice became deaerated well before attaining the 
critical condition for initiation. That is, any effect that ox- 
ygen has would run its course long before initiation oc- 
curs; it is thus appropriate to neglect the presence of oxy- 
gen when evaluating the steady state. Also, they showed 
that both migration of chloride ions and reaction of hy- 
drogen ions within the crevice play a minor role in the ini- 
tiation phenomenon on Al. For these reasons, the analysis 
of Hebert and Alkire can be ~ubstantially simplified 
when used to predict the critical geometric conditions for 
initiation. 

In the steady state, the concentration of dissolved alu- 
minum species builds up owing to metal dissolution at 
the wall, and dissipates by diffusion along the crevice, so 
that the one-dimensional species balance is 

/ d~c 1 dc \ v 
D~--~r2 + r - ~ r ] /  + ~ j  = 0  [1] 

T h e  d i s so lu t ion  ra te  of  a l u m i n u m  in  t h e  pas s ive  s ta te  j is 
a s s u m e d  to h a v e  t h e  l inear  fo rm 

A(~ - q~m); ~ ~> 6al 
J = 0 ; 6 < 4 ~ m  [2] 

w h e r e  6m is the  p i t t i ng  po ten t ia l ,  a n d  t h e  p a r a m e t e r  A is 

Table I. Summary of experiments 

Crevice Crevice Breakdown 
Run radius height time 
no. (mm) (mm) (h) Comment 

33 6.35 0.I0 2-3 
34 6.35 0.16 4 
37 6.35 0.17 5 
48 6.35 0.19 6 
40 6.35 0.20 8 
38 6.35 0.22 
35 6.35 0.30 
25 9.52 0.22 4-5 
50 9.52 0.30 5-6 
24 9.52 0.36 
44 9.52 0.40 
23 9.52 0.50 
21 11.11 0.10 3-4 
22 11.11 0.30 4-5 
46 11.11 0.40 
43 l l . l l  0.50 
26 12.70 0.4 6-7 
28 12.70 0.6 
27 12.70 0.7 

No rise in current 
No rise in current 

Gradual rise in current 
No rise in current 
No rise in current 

Gradual rise in current 
No rise in current 

No rise in current 
No rise in current 
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found  from exper imen ta l  polarizat ion curves.  The  current  
f lowing through the solut ion be tween  the inter ior  anode 
and the  exter ior  cathode,  obeys  Ohm's  law 

d~ 
i - -K [3] 

dr  

and the  one-d imens iona l  conserva t ion  of  charge  

1 d 1 
~ -  d--~-(ri) = --~j  [4] 

so that  the  potent ia l  d is t r ibut ion  wi th in  the crevice  is 

d~(~ 1 d~b 1 
- -  + - j [ 5 ]  

dr-' r d r  Kh 

Equat ions  [1], [2], and [5] const i tute  the steady-state 
mode l  equat ions  to be solved subject  to boundary  condi-  
tions. At the  center  of  the cyl indrical  crevice,  the  poten- 
tial and concent ra t ion  fields are symmet r i c  

d~ - 0  } 

dr  at r = 0 [6] 
dc _ 0 
dr  

and at the edge  of  the  crevice,  ad jacent  to the bulk  solu- 
tion, the concent ra t ion  and the  potent ia l  have  values  
which  are character is t ic  of  the  bu lk  solut ion outs ide  the 
crevice 

4 ) " I  a t  r = r,> [ 7 ]  
c = c~ J 

The  bulk potent ia l  4~ cor responds  to the  m i x e d  poten-  
tial of  a l u m i n u m  in the  pass ive  state, whi le  the  bu lk  con- 
centra t ion of A1 species  wou ld  be  obta ined f rom the  equi- 
l ib r ium solubi l i ty  product .  

The  foregoing equa t ions  are  m a d e  d imens ion less  by in- 
t roduc ing  the fo l lowing var iables  

(~ - -  (~1(I C - -  c,, r 
0p - - -  C - R = - -  [8] 

dp<, - ~ , ,  c,, ro 

U p o n  e l iminat ion of the local react ion rate j ,  the  d imen-  
sionless mode l  equa t ions  b e c o m e  

d~dP 1 ddp 
+ ~F,dp = 0 [9] 

dR  2 R d R  

where  

d~C 1 d C  
- - . + - - - - +  ohCP = 0 [10] 
dR  ~ R dR  

T o 2 A  
or, [11] 

Kh 

The solut ion of Eq. [9] is 

l,,(cr,'/='R) 
r [13] 

l,,(cr,' J~) 

where  I,, is a modif ied Bessel  funct ion of the first kind of 
order  zero. By subs t i tu t ing  Eq. [13] into gq .  [10] and 
integrat ing,  one finds 

C =  if-L[1 l(>(R(r'"~)] [14] 
(r, L>(o-[' "-') 

To obtain the maximum value of concentration, this ex- 
pression is differentiated with respect to distance and set 
equal to zero 

dC or.,. l,(Ro', "2) 
- -  - - -  0 [ 1 5 ]  
dR (r, '~'- l()0r, ';~) 

Since I, has no real zeroes except at R - 0, the maximum 
steady-state concentration always occurs at the center of 
the crevice; by setting the maximum concentration equal 
to the critical concentration required for crevice initia- 
tion, one has 

C~.r = ff_L [1 1 ] [16] 
,r, I,,((r, ,/2) 

which may be rearranged to the form 

i 
I,,(c~, '~) - [17] 

1 - fib' C,.,. 
(T 2 

The r ight-hand side of Eq. [17] is i ndependen t  of  geome-  
try, and contains  only paramete rs  which  can be found by 
expe r imen ta l  measuremen t .  The  left-hand side of Eq. [17] 
conta ins  a funct ion of  a, in which  the  ratio rVh appears  
for the  critical condi t ions  associated with crevice  corro- 
s ion initiation. 

Resul ts  and  D iscuss ion  

Table  I summar izes  condi t ions  for 19 expe r imen t s  car- 
r ied out  wi th  crevices  ranging in he igh t  f rom 0.1 to 0.7 
ram, and in radius f rom 6.35 to 12.70 ram. Table  I also in- 
dicates that  about  half  of  the crevices  expe r i enced  break- 
down  wi th in  2-8h, whi le  the remainder  did not. 

F igure  4 i l lustrates typical  results  on an 11.1 m m  radius 
crevice  upon  var ia t ion in the crevice he ight  f rom 0.1 to 0.5 
mm.  For  this geometry ,  the  quar tz  disk shie lded all of  the 
five inter ior  e lec t rode  sect ions and about  half  of section 
6. The  anodic  currents  f lowing from typical  in ter ior  sec- 
t ions are seen to depend  s t rongly upon  the  crevice  width.  
For  the  nar rowes t  crevice (0.1 ram), the  current  in sect ion 
5 increases by more  than an order  of magn i tude  wi th in  
4-5h, for the wides t  crevice  (0.5 ram), no appreciable  in- 

~Ar,, s 
a2 - - -  (4~,, - ~.,) [12] nFhcoD 

The parameter or, contains the ratio A/k and thereby de- 
notes the ratio of the electrolyte solution resistance along 
the crevice to the charge transfer resistance associated 
with the anodic dissolution process. A value of ~, greater 
than unity would indicate that the electrolyte resistance is 
the dominant factor, so that anodic dissolution would 
tend to occur near the outer edge of the crevice. The pa- 
rameter ~L is analogous to the polarization parameter or 
the Wagner number, which appears in electrochemical 
engineering analyses of current and potential distribution 
phenomena. 

The parameter % contains the ratio A/D and thereby 
denotes the relative importance of the diffusion resist- 
ance along the crevice and the charge transfer resistance 
associated with the anodic dissolution process. A value of 
cr~ greater than unity would indicate that diffusion resist- 
ance dominates so that substantial buildup of dissolution 
products would be expected to occur within the crevice. 

o 

] i i I I i i t i 

h: 0.1 mm 
12-- r : l l . I  mm 

I0 / / / ~  5 

8 - -  

g= 0 . 3  m m  

/ / mm 
4 / / / 4 

2 ~ 
h= 0 5  mm 

o [ , i i , 
0 2 4 6 8 I0 12 14 16 18 

T i m e ,  hours 
Fig. 4. Typical current v s .  time behavior for crevice radius of ] 1. ] mm 

for four different crevice heights: 0 . | ,  0.3, 0.4, and 0.5 ram. 
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Table II. Value of model parameters 

Parameter Value 
E 
E 

A 1.0 x 10 -a A / V - e m  2 
q~m - 0 . 4 4 0  V N H E  ~-r 
~,, -0.437V NHE ,-5 
n 3 1- 
v 1 uJ 
D 1.0 x 10 -s em2/s o 
Co 1.0 x lO-TM > 
K 5 x I 0  -a m h o / e m  ta he" 

e,D 

crease occurred in over 70h of observation. These data in- 
dicate clearly that there is a critical crevice geometry as- 
sociated with this model system which separates regions 
where initiation of crevice corrosion occurs from regions 
where it does not occur. 

Figure 5 provides a summary of the experiments  car- 
ried out. The filled points indicate that for those crevice 
radius crevice height combination crevice corrosion did 
initiate, whereas the open points indicate that no break- 
down of passivity occurred. As expected, breakdown 
occurred where crevice radius was larger and the crevice 
height smaller. 

Theoretical calculations were carried out by setting the 
system equal to values reported in the literature, as sum- 
marized in Table II, except  for the critical concentration. 
The three lines in Fig. 5 represent the predicted geometry 
required for crevice corrosion initiation by Eq. [17] for 
three different values of the concentration of a luminum 
required for breakdown. These values are in the lower 
half of the range which had been identified for the criti- 
cal a luminum concentration by Hebert  and Alkire (4), 
namely, 2-8 mM. These results show that a value of about 
3 mM can now be used for the critical crevice concentra- 
tion of aluminum. Based on this value, the general crite- 
rion for determining whether  crevice corrosion will occur 
in this system is, following Eq. [17] 

1 
I 0 ( ~ , ' 2 )  = [18 ]  

1 - ~' (3 x 10 4) 
0- 2 

These theoretical predictions indicate that the geometry 
required for corrosion initiation is sensitive to the values 
used for the physical parameters of the system, especially 
the critical device concentration. 

E 
E 

-1- 

LU 
-f- 

LU 
L~ 
~> 
LU 
C~ 

1.0 

/ Experimental, 
- -  o no initiation 

�9 initiation occurred / 
0 . .  = m 

/ 
_ Theoretical: 

i:c::: _ / 

2 

: / 

--@ Ccr 4 

0.1 t I I I = I = :  
2 5 4 5 6 7 8 9 I0 20 

CREVICE RADIUS,  mm 
Fig. 5. Summary of experimental data and theoretical comparisons for 

three values of the critical aluminum concentration: Cer = 2 raM; Ccr = 3 
raM; C~, = 4 raM. 
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5 I0  15 

B U L K  C O N D U C T I V I T Y ,  m m h o / c m  

Fig. 6. Effect of bulk conductivity on the critical crevice dimensions 

Figure 6 summarizes theoretical calculations of the 
influence of bulk conductivity upon the critical crevice 
dimensions for the A1 system. The figure contains three 
curves corresponding to a particular value of the crevice 
radius. These curves identify the critical conditions; for 
crevice height above the curve, breakdown will not occur. 
The region below the curves corresponds to that crevice 
height that corrosion initiation will occur. These results 
show that for conductivity above 5 mmho/cm, the critical 
crevice geometry is relatively insensitive to the value of 
the conductivity. Below that value, the dependency is 
strong. It should be noted, however, that the assumption 
of supporting electrolyte may not be valid for very low 
conductivity, as the increase in the ionic strength owing 
to the dissolution of a luminum may cause significant 
changes in the crevice conductivity. 

Conclusions 
This investigation demonstrated that understanding of 

certain features of the mechanism of initiation permits 
prediction of the geometries under which crevice corro- 
sion will initiate on A1 in 0.05N NaC1. The prediction is 
made by analysis of transport processes which occur dur- 
ing the preinitiation period during which crevice compo- 
sition becomes altered by comparison with solution ex- 
ternal to the crevice. The analysis identified groupings of 
the system variables, Eq. [11] and [12], which can be used 
to evaluate the most important physical processes which 
controlled a given situation. For the model system under 
study, a criterion was identified, Eq. [18], which de- 
scribes the boundary between the region of parameter 
space where initiation occurs and the region where it 
does not. 

Experimental  investigations were carried on the AY0.05 
NaC1 system over a region of operation which straddled 
the boundary. By comparison with the foregoing theory, 
it was found that agreement was excellent when the criti- 
cal concentration was set at a value of 0.003M. This value 
falls within the range (0.002-0.008M) previously suggested 
by Hebert  and Alkire (5), and serves, therefore, to im- 
prove their estimate. 

Even for the model system under study, there remain 
questions of mechanism about the phenomena which es- 
tablish the value of critical concentration at which initia- 
tion occurs. Even in the presence of such unresolved 
scientific understanding, however, it is possible to make 
fundamentally sound engineering predictions by limited 
use of empirical knowledge combined with a mathemat- 
ical model of the corrosion process. 
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LIST OF SYMBOLS 

A Kinetic parameter of a luminum dissolution reaction 
C concentration of a luminum, dimensionless 
C~r critical concentration of dissolved aluminum, di- 

mensionless 
c concentration of a luminum (M) 
co bulk concentration of a luminum (M) 
D diffusion coefficient (cm2/s) 
F Faraday's constant (C/eq) 
h height of the crevice gap (mm) 
I0 modified Bessel function of the first kind of order 

zero 
I, modified Bessel function of the first kind of order 

one 
i current density in solution (A/cm 2) 
j electrode current density of a luminum dissolution 

(A/cm 2) 
n number  o f  electrons involved in A1 dissolution 

(gmeg/gmol) 
R radial position, dimensionless 
r radial position (mm) 
ro crevice radius (mm) 
K conductivity (mho/cm) 
v stoichiometric coefficient 
(r, dimensionless polarization parameter 
~2 dimensionless parameter for kinetics and diffusion 

qb electrode potential, dimensionless 
electrode potential (V NHE) 

r potential of initial uniform corrosion (V NHE) 
r rest potential of a luminum dissolution (V NHE) 
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Film Formation and Current Oscillations in the Electrodissolution of 
Cu in Acidic Chloride Media 

I. Experimental Studies 

H. P. Lee 1 and Ken Nobe* 
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Arne J. Pearlstein 

Department of Aerospace and Mechanical Engineering, University of Arizona, Tucson, Arizona 85721 

ABSTRACT 

Oscillatory behavior of Cu electrodissolution in various acidic chloride solutions was studied with rotating disk elec- 
trodes. Oscillations were not observed in the apparent Tafel region. However, for 0.5 and 1M CI-, nonsustained oscilla- 
tions were found in the peak-current, current-minimum, and current-plateau regions. At potentials above the current- 
plateau region, apparent sustained oscillations were observed. Oscillatory behavior disappeared at sufficiently high 
rotation rates. Film dissolution studies indicate that the CuC1 film begins to form at potentials near the peak current 
and suggest that oscillations only occur with the formation of a sufficiently thick film. A model based on the diffusion 
of chloride ions through the porous CuC1 film to account for oscillatory behavior is proposed. 

Observations of periodic electrochemical phenomena 
have been reported for over a century (1, 2). There have 
been numerous reports of oscillatory behavior of metals 
such as iron, chromium, copper, etc., in different aqueous 
media [e.g., see Ref. (3-6)]. Although oscillatory behavior 
occurs in both anodic and cathodic processes, most of the 
reported cases are directly associated with anodic polari- 
zation of metals and the instability of the anodic films 
formed. 
Bonhoef fe r  and Gerischer (7) apparently were the first 

to develop a mathematical model to describe the periodic 
behavior of Cu dissolution in chloride solutions. Their ex- 
planation of the periodicity involved the formation and 
dissolution of CuC1 and Cu20 films. Cooper and Bartlett 
(8) studied Cu dissolution in 2N HC1 under  natural con- 
vection conditions and interpreted the observed oscilla- 
tions in terms of the formation and instability of the CuC1 
film. 

* Electrochemical Society Active Member. 
1 Present address: IBM General Products Division, San Jose, 

California 95193. 

In chloride media, Cu electro-oxidizes to cuprous chlo- 
ride complexes and the rate is dependent  on the chloride 
concentration but  independent  of pH (9); the electrodisso- 
lution rate has also been shown to be strongly affected by 
the rate of mass transfer (8-12). The mechanism of Cu dis- 
solution in C1- media (< 1M) is generally expressed as 

Cu + CI- = CuC1 + e [1] 

CuC1 + C1- = CuCI~- [2] 

At chloride concentrations > 1M, concentrations of higher 
cuprous chloride complexes, such as CuC13 -2, become 
significant. 

In  the present study, the dependence of oscillatory 
anodic behavior of Cu on chloride concentration, poten- 
tial, and hydrodynamic conditions is examined with 
rotating ring-disk electrodes. 

Experimental 
Electrodes were made from a 1.270 cm (0.5 in.) rod of 

pure Cu (99.9%). The rod was first turned down a nd  pol- 
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Fig. 1. Anodic polarization of Cu in 0.]M NaCI + ]N HzSO4, 0.2M 
NoCI + |N H2504, 0.5M NaCI + ]N HzSO4, and ]M HCI. Sweep 
rate: 0.5 rnV/s. 

i s h e d  on  a l a the  to a d i a m e t e r  of  1.128 cm, w h i c h  p r o v i d e d  
a sur face  a rea  of  a p p r o x i m a t e l y  1 cmz. T he  rod  was  t h e n  
cu t  in to  1 c m  leng ths .  Sm a l l e r  sur face  area  e l ec t rodes  
were  also p r e p a r e d  f r o m  t he  s ame  Cu rod. T he  d i sk  elec- 
t r o d e  sur faces  we re  p o l i s h e d  w i t h  w a t e r p r o o f  a l u m i n a  pa- 
p e r  of  va r ious  gr i t  s izes (240, 400, a n d  600), w a s h e d  thor-  
o u g h l y  w i t h  d is t i l led  water ,  d e g r e a s e d  w i t h  ho t  b e n z e n e  
in  a S o x h l e t  c o l u m n  for  4h, a n n e a l e d  u n d e r  v a c u u m  
( ~  10 -~ torr)  a t  560~ for  4h, a n d  a l lowed to cool  s lowly  to 
r o o m  t e m p e r a t u r e .  T he  c o u n t e r e l e c t r o d e  was  a p l a t i n u m  
shee t  (surface  a rea  ~ 14 cm2). T he  r e fe rence  e l ec t rode  was  
a s a t u r a t e d  ca lomel  e lec t rode .  

The  h y d r o c h l o r i c  acid,  su l fu r ic  acid,  a n d  s o d i u m  chlo- 
r ide  we re  r e a g e n t  grade.  T he  wa te r  w as  de ion i zed  a n d  
t h e n  dis t i l led  f rom p e r m a n g a n a t e  so lu t ions .  So lu t ions  
were  d e o x y g e n a t e d  w i t h  p repu r i f i ed  n i t r o g e n  be fo re  (for 
10h) a n d  d u r i n g  e a c h  run .  

T h e  ro t a t i ng  r ing -d i sk  e l ec t rode  a s s e m b l y  u s e d  in  th i s  
work  ha s  b e e n  d e s c r i b e d  e l s ewhe re  (13). T he  po la r iza t ion  
e x p e r i m e n t s  we re  car r ied  ou t  w i t h  a P A R  po t en t i o s t a t  
(Model  173) a n d  a u n i v e r s a l  p r o g r a m m e r  (Model  175). 
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Fig. 3. Typical oscillations during Cu dissolution in 0.1M NaCI + 
1N H2SO4. Eo: +400 mV. 

P o t e n t i a l - c u r r e n t  a n d  c u r r e n t - t i m e  m e a s u r e m e n t s  were  
m a d e  w i t h  an  H.P. (Model  7040A) X-Y recorder .  

P o t e n t i o s t a t i c  e x p e r i m e n t s  were  p e r f o r m e d  to deter-  
m i n e  t he  c u r r e n t - t i m e  b e h a v i o r  of  Cu in  d e o x y g e n a t e d  
ac idic  ch lo r ide  so lu t ions .  U n l e s s  o t h e r w i s e  no ted ,  the  
e l ec t rode  was  f irst  l i gh t ly  p o l i s h e d  w i t h  f ine a l u m i n a  pa- 
pe r  fo l lowed by  a r inse  in  d is t i l led  w a t e r  be fo re  i m m e r -  
s ion  in  t h e  ac id ic  ch lo r ide  so lu t ion ;  the  e l ec t rode  was  
t h e n  set  a t  a r o t a t i on  ra te  of  300 rpm.  Af te r  s t eady-s t a t e  
r e s t  p o t e n t i a l  was  a c h i e v e d  ( ~  0.5h), t h e  ~ a n o d i c  p o t e n t i a l  
s tep  was  imposed ,  a n d  t he  c u r r e n t - t i m e  b e h a v i o r  at  300 
r p m  r e c o r d e d  for  seve ra l  m i n u t e s  be fo re  t he  p o t e n t i a l  
s tep  was  t e r m i n a t e d ;  occas ional ly ,  t h e  t i m e  d u r a t i o n  of  
the  p o t e n t i a l  s tep  r a n g e d  f r o m  a low of  1 m i n  to a h i g h  of 
2-3h. Then ,  wh i l e  at  o p e n  circui t ,  t he  e l ec t rode  was  set  to 
a h i g h e r  ro t a t i on  rate .  W h e n  s t eady-s t a t e  r e s t  p o t e n t i a l  
was  aga in  a t t a ined ,  t h e  po t en t i a l  s tep  was  r e i m p o s e d .  
Th i s  s a m e  p r o c e d u r e  was  fo l lowed for e ach  r o t a t i o n  ra te  
run,  

0.1M NoCI + IN H2S04 
. ~  E 0 = 2 5 0  mV 

I I I I I I I I I I J I t I I I I J 
4 0  8 0  120 160 2 0 0  2 4 0  2 8 0  3 2 0  3 6 0  

TIME (sec.  ) 

Fig. 2. Oscillations during Cu dissolution in 0. IM NoCI + |N H2504. ED: 250 mV 
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Results 
Osci l l a to ry  b e h a v i o r  of  Cu was  o b s e r v e d  d u r i n g  anod ic  

p o t e n t i a l  sweeps ,  as s h o w n  in  Fig. 1. T h e  gene r a l  polariza-  
t i on  cha rac t e r i s t i c s  of Cu in  ac id ic  c h l o r i d e  so lu t ions  
s h o w  a p e a k  c u r r e n t  a n d  a c u r r e n t  m i n i m u m  at  p o t e n t i a l s  
a b o v e  a n  a p p a r e n t  Tafel  r eg ion  ( l inear  E-log i re la t ion-  
sh ip s  are  o b t a i n e d  w h e n  IR  d r o p  co r r ec t i ons  are  made) .  
T h e r e  is a sma l l  c u r r e n t  p l a t eau  d i rec t ly  a b o v e  t h e  cur- 
r e n t  m i n i m u m .  The  po la r i za t ion  resu l t s  in  Fig. 1 were  ob- 
t a i n e d  at  a sweep  ra te  of  0.5 mV/s;  lower  sweep  ra tes  pro- 
v i d e d  es sen t i a l ly  t h e  s a m e  po la r i za t ion  b e h a v i o r  in  t he  
a p p a r e n t  Tafel  reg ion .  

F i g u r e  1 shows  t h a t  for  low c o n c e n t r a t i o n s  (0.1 a n d  
0.2M), t h e  osc i l la tory  b e h a v i o r  s t a r t ed  at  p o t e n t i a l s  g rea te r  
t h a n  a b o u t  200 mV.  At  0.5M CI- ,  osc i l la t ions  were  n o t  ob- 
se rved ,  b u t  at  1M CI- ,  osc i l la t ions  we re  s een  in  t h e  peak-  
cu r r en t ,  c u r r e n t - m i n i m u m ,  a n d  c u r r e n t - p l a t e a u  regions .  
T h e s e  p o t e n t i o d y n a m i c  e x p e r i m e n t s  s h o w  t h a t  oscilla- 
t ions  occu r  in  d i f f e ren t  po t en t i a l  r eg ions  at  d i f f e ren t  chlo- 
r ide  c o n c e n t r a t i o n s .  

T h e  d e p e n d e n c e  of osc i l la tory  b e h a v i o r  o n  r o t a t i o n  
rate,  po ten t ia l ,  a n d  ch lo r ide  c o n c e n t r a t i o n  was  e x a m i n e d  
f u r t h e r  b y  a ser ies  of  po t en t i o s t a t i c  e x p e r i m e n t s .  In  t h e s e  
e x p e r i m e n t s ,  t he  c u r r e n t - t i m e  b e h a v i o r  of  Cu in  ac id ic  so- 
l u t i o n s  c o n t a i n i n g  C1- r a n g i n g  f r o m  0.1 to  1.0M was  re- 
c o r d e d  a t  va r ious  r o t a t i o n  ra t e s  a n d  f ixed  po ten t i a l s .  

For  0.1M CI- ,  osc i l la t ions  we re  no t  o b s e r v e d  at po ten-  
t ials  less  t h a n  + 150 mV.  However ,  a t  + 150 mV,  osci l la tory 
b e h a v i o r  was  r e c o r d e d  at  a ro t a t i on  ra te  of  300 r p m  b u t  
no t  at  3000 rpm.  T he  osc i l la t ions  a p p e a r  to b e  su s t a ined  
a n d  per iod ic  w i t h  a f r e q u e n c y  of  5.4 Hz a n d  a m p l i t u d e  of  
a b o u t  1 m A / c m  2 [see A p p e n d i x  of  Ref. (13)]. F i g u r e  2 
s h o w s  t h a t  chao t i c  a n d  a p p a r e n t l y  s u s t a i n e d  osc i l la t ions  
o c c u r r e d  at  +250 m V  w i t h  a n  i n d u c t i o n  p e r i o d  t h a t  in- 
c r e a s e d  as t he  r o t a t i o n  ra te  i n c r e a s e d  f r o m  300 to 2000 
rpm.  However ,  a t  t h e  h i g h e r  ro t a t i on  ra te  of  3000 rpm,  os- 
c i l la t ions  were  no t  o b s e r v e d  d u r i n g  a 760s r e c o r d i n g  pe- 
r iod.  S u s t a i n e d  a n d  chao t i c  osc i l la t ions  we re  o b s e r v e d  at  
+400 m V  for all r o t a t i o n  ra tes  b e t w e e n  300 a n d  5000 r p m ;  

O.ZM NaCI + I N H2SO 4 

u E D : + 4 0 0 m V  
3oc 

m 

~ 2 0 C  �9 

~ mr 

TLME [ sec.) 

Fig. 5. Typicol oscillotions during Cu dissolution in 0.2M NoCI + 
1N H2S04. ED: +400 mV. 

Fig. 3 s h o w s  the  osc i l la t ing  b e h a v i o r  for  300 a n d  5000 
rpm.  

Fo r  0.2M CI-,  osc i l la t ions  o c c u r r e d  at  +200 m V  a n d  
h i g h e r  po ten t ia l s .  A t  +200 m V  a n d  300 rpm,  n o n s u s t a i n e d  
osc i l la t ions  we re  r e c o r d e d  for  a b o u t  30s b e g i n n i n g  a b o u t  
60s af te r  t he  p o t e n t i a l  s t ep  was  i m p o s e d  (13); t h e  fre- 
q u e n c y  a n d  a m p l i t u d e  we re  a b o u t  the  s a m e  as 0.1M C1- at  
+150 m V  a n d  300 rpm.  Osc i l la t ions  were  no t  o b s e r v e d  at  
r o t a t i o n  ra tes  of  600 r p m  a n d  above .  At  a n  a n o d i c  po ten-  
t ial  of  +300 mV,  s u s t a i n e d  osc i l la t ions  we re  f o u n d  for  ro- 
t a t i o n  ra t e s  f rom 300 to  2500 r p m  b u t  n o t  a t  3000 a n d  4000 
rpm.  F i g u r e  4 s h o w s  t h e  r o t a t i o n  ra te  r u n s  for  1000, 2500, 
a n d  3000 rpm.  At  +400 a n d  +500 mV,  s u s t a i n e d  oscilla- 
t i ons  were  o b s e r v e d  for  r o t a t i o n  ra tes  f rom 300 to 4000 
rpm.  Typ ica l  r uns  at  t h e s e  po t en t i a l s  are  s h o w n  in  Fig. 5 
a n d  6, respec t ive ly .  F o r  0.1 a n d  0.2M CI- ,  t he  a m p l i t u d e  of 
t he  osc i l la t ions  i n c r e a s e d  w i t h  i nc rease  in  potent ia l .  

Fo r  0.5M CI- ,  osc i l l a t ions  were  no t  o b t a i n e d  b e l o w  0 
mV.  However ,  a t  0 mV,  n o n s u s t a i n e d  osc i l la t ions  were  
o b s e r v e d  at  r o t a t i on  ra tes  f r o m  1000 to 5000 rpm,  b u t  no t  
b e l o w  ro t a t i on  ra tes  of  1000 r p m  (Fig. 7). W h e n  t h e  elec- 
t r o d e  was  r e m o v e d  f rom t h e  cell a f te r  e a c h  r o t a t i o n  ra te  
r u n  a n d  t h e  e l ec t rode  sur face  r e p o l i s h e d  a n d  t h e n  
r e i m m e r s e d  in t h e  so lu t ion ,  osc i l la t ions  were  no t  ob- 
t a i n e d  d u r i n g  a n y  of  t h e  n i n e  ro t a t i on  ra te  r u n s  b e t w e e n  
300 a n d  5000 r p m  (13). Th i s  e x p e r i m e n t  p r o v i d e s  a t en ta -  
t ive  i n d i c a t i o n  of  a r e l a t i o n s h i p  b e t w e e n  osc i l la tory  be-  
h a v i o r  a n d  t he  t h i c k n e s s  of  t he  CuC1 film. At  h i g h e r  po- 
t en t i a l s  of  +200 a n d  +400 mV,  s u s t a i n e d  osc i l la t ions  were  
o b t a i n e d  for  all r o t a t i o n  ra tes  b e t w e e n  300 a n d  4000 r p m  
rega rd le s s  of  w h e t h e r  or no t  t he  e l ec t rode  was  r e m o v e d  
a n d  r e p o l i s h e d  a f te r  e a c h  ro t a t i on  ra te  run.  F i g u r e  8 
s h o w s  typ ica l  c u r r e n t - t i m e  b e h a v i o r  at  t h e s e  two 
poten t ia l s .  

Fo r  1M HC1, osc i l la t ions  we re  no t  f o u n d  b e l o w  po ten-  
t ials  of  - 4 0  mV. However ,  a t  - 4 0  mV,  s u s t a i n e d  oscilla- 
t i ons  we re  o b s e r v e d  for  r o t a t i o n  ra tes  of  300, 600, a n d  800 
r p m  b u t  no t  for  1000 r p m  a n d  h i g h e r  ro t a t i on  ra tes  (13). At  
- 2 0  mV,  n o n s u s t a i n e d  osc i l la t ions  we re  r e c o r d e d  for  rota- 
t ion  r a t e s  b e t w e e n  300 a n d  3000 r p m  b u t  no t  for  4000 r p m  
(Fig. 9); t h e s e  osc i l la t ions  w e r e  o b t a i n e d  e v e n  w h e n  t h e  
e l ec t rode  was  r e m o v e d  a n d  r e p o l i s h e d  a f t e r  e ach  ro t a t i on  
ra te  run .  At  +100 mV,  n o n s u s t a i n e d  osc i l l a t ions  were  
f o u n d  at  all r o t a t i on  ra t e s  b e t w e e n  300 a n d  4000 rpm;  a 
typ ica l  r u n  is s h o w n  in  Fig. 10. However ,  a t  200 m V  a n d  
h i g h e r  po ten t i a l s ,  no  osc i l la t ions  we re  o b s e r v e d  for any  of 
t he  12 ro t a t i on  ra te  r u n s  b e t w e e n  300 a n d  7000 r p m  (13). 

For  po t en t i a l s  of  +300 m V  a n d  above ,  a w h i t e  fi lm was  
c lear ly  v i s ib le  at  t he  e n d  of e a c h  ro t a t i on  ra te  run ;  o the r s  
h a v e  also o b s e r v e d  t he  p r e s e n c e  of  t he  f i lm a n d  r e p o r t e d  
it  to b e  CuC1 (8, 14-18). Wi th  t e r m i n a t i o n  of  t he  po t en t i a l  
s tep,  t he  open -c i r cu i t  p o t e n t i a l  a b r u p t l y  d r o p p e d  to a po- 
t en t i a l  a r re s t  region,  t h e  t i m e  d u r a t i o n  of  w h i c h  d e c r e a s e d  
as t h e  ro t a t i on  ra t e  i n c r e a s e d  as  s h o w n  in  Fig. 11 for  0.1M 
C1-; t h e  a r r e s t  p o t e n t i a l  was  d e p e n d e n t  o n  t h e  C1- con- 
cen t r a t ion ,  e.g., - 5 5  m V  (0.1M C1-) a n d  - 7 2  m V  (0.2M 
C1-). Af te r  the  p o t e n t i a l  arrest ,  t h e  open -c i r cu i t  po t en t i a l s  
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decreased  fairly rapidly to a s teady-state  value,  wh ich  was 
approx ima te ly  the  init ial  rest  potential .  

The  potent ia l  arrest  app rox ima te s  the  equ i l i b r ium po- 
tent ia l  of  Eq. [1], i .e .  

C u +  C1- = C u C l + e  

where  

E e = -0.105 - 0.059 log [C1-] (V v s .  SCE) 

For  0.1M CI- ,  E e = - 4 6  mV, and for 0.2M CI-,  E e = -63  
mV. These  calculated equ i l ib r ium potent ia ls  are fairly 
close to the  expe r imen ta l  arres t  potent ials .  These  resul ts  
and the  observed  d e p e n d e n c e  of  the potent ia l  decay 
profile on the  rota t ion rate (Fig. 11) indica te  that  the  dis- 
solut ion rate of  the  CuC1 film (Eq. [2]) is affected by the 
mass- t ransfer  rate. 

IOC 
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0.5 M NoCI + I N HzSO 4 
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Fig. 7. Oscillations during Cu dissolution in 0.SM NaCI + 1N 
H~SO4. Eo: 0 mY. 

E x p e r i m e n t s  were  pe r fo rmed  to obta in  a measu re  of  the 
th ickness  of  the  CuC1 film and its d e p e n d e n c e  on the  po- 
tent ia l  and rotat ion rate. The  Cu disk e lec t rode  was first 
set at a specific potent ia l  for a f ixed t ime  to a l low the  
CuC1 fi lm to form and grow. The  ring e lec t rode  was  set at 
+600 mV to measu re  the  d issolut ion rate of  cuprous  spe- 
cies f rom the  disk [the col lec t ion  efficiency of  the  ring, 
No, was de te rmined  to be 0.58, see Ref. (13)]. Dur ing  the  
potent ia l  step, the  fo rmat ion  (Eq. [1]) and dissolut ion (Eq. 
[2]) of  the CuC1 film occur  s imul taneously .  However ,  
w h e n  anodic  polar izat ion is cut  off at the  end  of  the  po- 
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Fig. 8. Typical oscillations during Cu dissolution in 0.5/91 NaCI + 
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tential step, film dissolution (Eq. [2]) is essentially the 
sole process since the Cu disk is at open circuit. At this 
point, the ring current is recorded as a function of time to 
determine the amount  of film dissolved. Thus, the area 
under  the ring current-time plot to the background ring 
current provides a relative measure of the film thickness 
at the end of the potential step. 

Figure 12 shows that there is essentially no film 
buildup in the apparent Tafel region since the ring cur- 
rent rapidly falls back to the background current when 
the disk polarization is shut off. However, at a potential 
step of -50  mV, which is just  below the peak current (Fig. 
1), formation of a thin but  finite film is evident, as shown 
in Fig. 12. Significantly thicker films are formed at po- 
tentials above the current-plateau region (Fig. 13); the 
thicknesses of the films are shown to increase with in- 
creasing anodic potential. Since the rate of film growth 
(Eq. [1]) increases with anodic potential while the rate of 
film dissolution (Eq. [2]) remains constant at fixed rota- 
tion rates, higher anodic potentials should lead to thicker 
films as indicated by the experimental  results shown in 
Fig. 13. The buildup of the CuC1 film is also dependent  
on the rotation rate. Comparison of the areas under the 
ring current-time curves for each rotation rate (correcting 
for the background current) indicates that the film thick- 
ness decreases with increase in rotation rate (Fig. 14). 

Higher rotation rates should lead to thinner films be- 
cause the dissolution rate increases with increasing rota- 
tion rate. 

The kinetics of the film dissolution reaction (Eq. [2]) 
were investigated by measuring film dissolution rates 
(ring current) at various chloride concentrations and rota- 
tion rates. In this series of experiments,  the Cu disk was 
polarized at +200 mV for 1 min. Then, the ring current 
was recorded at the end of the potential step when the 
disk was at open circuit. The ring currents plotted in Fig. 
15 are corrected for the collection efficiency and based 
on disk surface area (a different Cu disk electrode was 
used for each experiment). Figure 15 shows that the rate 
of the film dissolution reaction (Eq. [2]) is first order 
with respect to C1- (Fig. 15a) and is completely mass- 
transfer controlled, as indicated by the dependence of the 
dissolution rate on the square root of the rotation rate 
(Fig. 15b). 

Discussion 
The experimental  rotating ring-disk results indicate the 

followng: (i) the presence of a sufficiently thick CuC1 
film on the Cu surface is required for oscillatory behav- 
ior, (ii) oscillations are not observed in the apparent Tafel 
region where there is either no film or it is too thin, "(iii) 
an increase in chloride concentration decreases the poten- 
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t ial  at  w h i c h  osc i l la tory  b e h a v i o r  beg ins ,  (iv) osc i l la t ions  
do  no t  o c c u r  a t  suf f ic ien t ly  h i g h  ro t a t i on  ra tes ,  a n d  (v) 
t he  d i s so lu t i on  ra te  of t he  CuC1 film is m a s s - t r a n s f e r  
cont ro l led .  

A m o d e l  to e x p l a i n  osci l la tory  b e h a v i o r  is p r o p o s e d  
b a s e d  on  a f o r m a t i o n - d i s s o l u t i o n  m e c h a n i s m  of t he  po- 
rous  CuC1 film 

C u + C I - =  C u C I +  e [1] 
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Fig. 13. Dissolution of the CuCI film formed after anodic polariza- 
tion (1 min) of Cu at potentials above the current-plateau region. 

CuC1 + CI -  = CuC12- [2] 

At  low po ten t i a l s  ( a p p a r e n t  Tafel  region) ,  t he  ra te  of  for- 
m a t i o n  of  CuCt  (Eq. [1]) is s low c o m p a r e d  to t h e  ra te  of  
f i lm d i s so lu t i on  (Eq. [2]). Therefore ,  CuC1 will  be  dis- 
so lved  (Eq. [2]) as fas t  as i t  is f o r m e d  b y  Eq. [1], and  
b u i l d u p  of  fi lm will  no t  occur .  As t he  p o t e n t i a l  is in- 
c r eased  fur ther ,  t h e  ra te  of  fi lm fo rmat ion ,  w h i c h  is po- 
t en t i a l  d e p e n d e n t ,  wil l  i nc r ea se  un t i l  a CuC1 film b e g i n s  
to  b u i l d  u p  on  t he  sur face  of  the  Cu e lec t rode .  As t he  fi lm 
t h i c k e n s ,  i t  is i n c r e a s i n g l y  di f f icul t  for C I -  to r e a c h  t h e  
Cu m e t a l  surface;  thus ,  t he  ra te  of  fi lm f o r m a t i o n  (Eq. [1]) 
dec reases ,  wh i l e  f i lm d i s so lu t i on  (Eq. [2]) occu r s  at  a ra te  
t h a t  is i n d e p e n d e n t  of  f i lm th i cknes s .  Osc i l la t ions  are no t  
o b s e r v e d  w h e n  t h e r e  is a s table ,  s t eady  b a l a n c e  b e t w e e n  
t he  ra tes  of  fi lm f o r m a t i o n  a n d  film d isso lu t ion .  The  
film t h i c k n e s s ,  t h e  d i s s o l u t i o n  a n d  f o r m a t i o n  rates ,  a n d  
t he  c u r r e n t  are t h e n  c o n s t a n t  a n d  do n o t  v a r y  w i t h  t ime.  

The  o b s e r v e d  osci l la t ions ,  howeve r ,  are s u r m i s e d  to 
c o r r e s p o n d  to s i t ua t ions  for  w h i c h  th i s  s t e a d y  b a l a n c e  is 
u n s t a b l e .  In  t h e s e  cases,  i t  is p r o p o s e d  tha t ,  w h e n  the  
n o m i n a l l y  s t e a d y  b a l a n c e  j u s t  d e s c r i b e d  gives  r ise  to a 
f i lm t h a t  is too  th ick ,  a t ime-pe r iod ic  b a l a n c e  b e t w e e n  
t h e  ra tes  of  f i lm f o r m a t i o n  a n d  film d i s so lu t i on  is ob- 
s e rved  in  w h i c h  t h e  fi lm per iod ica l ly  t h i c k e n s  w h e n  t he  
f i lm f o r m a t i o n  r eac t i on  is fas te r  t h a n  t he  d i s so lu t i on  re- 
act ion,  and  t h i n s  w h e n  t he  d i s so lu t i on  ra te  exceeds  t h e  
fi lm f o r m a t i o n  rate.  

The  s tab i l i ty  of  th i s  pe r iod ic  b a l a n c e  in  p r e f e r e n c e  to 
the  s t e a d y  b a l a n c e  can  b e  e x p l a i n e d  as follows. Normal ly ,  
sma l l  c h a n g e s  in  f i lm t h i c k n e s s  are  p r o m p t l y  co r rec t ed  
for  b y  smal l  c h a n g e s  in  t he  ch lo r ide  ion  c o n c e n t r a t i o n  a t  
t he  f i lm-meta l  i n t e r f ace  as a r e s u l t  of  i n c r e a s e d  (or de- 
c reased)  r:~,sistance of  t he  p o r o u s  fi lm to t he  d i f fus ion  of  
ch lo r ide  ions  f rom the  e lec t ro ly te  to t h e  m e t a l  surface.  
Fo r  ins t ance ,  an  i n c r e a s e d  d i f fus ion  r e s i s t a n c e  r e su l t s  in  a 
l ower  ch lo r ide  ion  c o n c e n t r a t i o n  at  t he  f i lm-meta l  inter-  
face, w h i c h  in  t u r n  gives  r ise  to a d e c r e a s e  in  t h e  f i lm for- 
m a t i o n  rate,  a n d  h e n c e  to a t h i n n i n g  of  t he  fi lm un t i l  a 
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steady balance between the film formation and dissolu- 
tion rates is achieved. 

When the film thickness exceeds some critical value, 
however, there is a large t ime lag associated with diffu- 
sive communicat ion between the electrolyte and the 
metal. This diffusive communicat ion is so slow that the 
corrective decrease in the film formation rate continues 
past the nominally steady value. Eventually, the film has 
thinned so much  that diffusion through the film in- 
creases the chloride ion concentration at the film-metal 
interface to the point that the film formation rate 
(temporarily) balances the dissolution rate, and the film 
thickness reaches a minimum. The chloride ion concen- 
tration elsewhere in the porous film is now higher than 
that in the nominal steady state, so that as chloride dif- 
fuses to the metal surface the film thickens. Again, diffu- 
sive communicat ion is very slow, so that the film thick- 
ness overshoots its nominal value, re turning to the 
original condition (an overly thick film). Thus a cycle is 
completed, and it is readily apparent how an initially 
infinitesimal disturbance can grow and result in oscilla- 
tions of finite amplitude. This loss of stability by the 
steady state is known as "overstability" because it in-  
volves an overshoot by a mechanism that normally serves 
to restore (or stabilize) the steady state when it is dis- 
turbed from its nominal value. 

This mode] predicts that oscillations can occur only for 
those combinations of rotation rate, potential, and chlo- 
ride ion concentration for which a film of sufficient 
thickness exists on the Cu surface. Furthermore,  the 
model  predicts that oscillations can be suppressed by in- 
creasing the rotation rate sufficiently so that the film 
dissolution rate increases to the point where there is ei- 
ther no film or a very thin film. These predictions of the 
model  are in accord with the experimental  findings. 

The mathematical  development  of the model  will be 
presented in a subsequent  paper. 
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A B S T R A C T  

A l u m i n u m  coat ings on metal l ic  substra tes  can be m a d e  by e lec t rodepos i t ion  f rom a nonaqueous  solut ion such as 
LiA1H4 and A1C13 d isso lved  in te t rahydrofuran.  R a m a n  spec t roscopy  has been  used  to ident i fy  the  chemica l  const i tuents  
of  the plat ing bath. A quant i ta t ive  analysis of  the equ i l ib r ium compos i t ion  is given. The  e lec t rode  react ions have  been  
s tud ied  by means  of  ch ronoamperome t ry .  The  catalyt ic  behav ior  of  hyd r ide  and the  role  of  neut ra l  and ionic a l u m i n u m  
conta in ing  species in the  faradaic and chemica l  processes  are e lucidated.  The  inf luence of  var ia t ions  in the compos i t ion  
of  the solut ion on the  proper t ies  of  the  plat ing ba th  is exp la ined  in t e rms  of  the m e c h a n i s m  of the e lec t rodepos i t ion  
process.  

A l u m i n u m  has a wide  range  of applicabil i ty,  due  to a 
combina t ion  of three  ou ts tanding  propert ies:  it is inex- 
pensive,  it has a low densi ty ,  and it is res is tant  towards  
cor ros ion  because  it is a lways covered  wi th  a pass ivat ing 
nat ive  oxide  film. Only in recent  years, however ,  has it 
b e c o m e  possible  to coat  metal l ic  objects  wi th  a l u m i n u m  
by means  of a galvanic  process.  The  difficult ies encoun-  
tered in the e lec t rodepos i t ion  of  a l u m i n u m  are re la ted to 
its be ing  a base metal,  wi th  a s tandard e lec t rode  potent ia l  
of - 1 . 7 I V  vs. N H E  in aqueous  solutions.  This  fact  pre- 
c ludes  the  use of  aqueous  solut ions for a l u m i n u m  plating. 

Bu lk  a l u m i n u m  can be p roduced  by e lec t rowinn ing  
f rom mol ten  salts at h igh  tempera ture .  The  depos i t ion  of  
thin films on metal l ic  subst ra tes  can be  pe r fo rmed  by the 
use  of  a l u m i n u m  complexes  in organic solvents.  The 
choice  of a sui table  plat ing ba th  is governed  by the fol- 
lowing  condit ions.  

1. The  solvent  has to be  e lec t rochemica l ly  s table in or- 
der  to pe rmi t  the reduc t ion  of  an Al(III) c o m p o u n d  with- 
out  electrolysis  of the  solvent.  This requi res  in the  first 
p lace  that  the  Nerns t  potent ia l  which  character izes  the  
e lec t rochemica l  equ i l ib r ium be tween  metal l ic  A1 and the  
solut ion lie wi th in  the  ex i s t ence  reg ime  of the solvent.  
Second,  the  e lec t rode  react ion has to be kinet ical ly  feasi- 
ble (low overpotential) ,  and mass- t ranspor t  p h e n o m e n a  
have to be in favor  of a contro l lable  surface morphology .  

2. The  solute wh ich  is used  as an a l u m i n u m  source 
should  exhibi t  a h igh  solubi l i ty  in this solvent.  A stable 
meta l  comp lex  has to be fo rmed  in the plat ing solution. 

3. For  some applicat ions,  it is desirable  that  the  compo-  
s i t ion of  the  ba th  not  change  dur ing operat ion.  This  
impl ies  tha t  the e lec t rode  process  has to be  chemica l ly  re- 
versible .  In  this case, a l u m i n u m  consumpt ion  at the  cath- 
ode  can be compensa t ed  by the dissolut ion of  an alumi- 
n u m  anode.  This pe rmi t s  long- term opera t ion  of the  ba th  
wi thou t  changes  of  the  e lec t rodepos i t ion  characterist ics.  

4. The  ionic conduc t iv i ty  of  the solut ion should  be suf- 
f icient  to pe rmi t  the  e lec t rodepos i t ion  of a l u m i n u m  at a 
cons iderab le  rate. A ca thode  current  dens i ty  of  1 A/dm 2 
should  be poss ible  wi thou t  excess ive  heat  evolut ion.  

The first successful  a l u m i n u m  plat ing ba th  based  on 
organic  solvents  was repor ted  by Couch and Brenne r  in 
1952 (1). These  authors  d isso lved  l i th ium a l u m i n u m  hy- 
dr ide  (LiA1H4) and a l u m i n u m  t r ichlor ide  (A1CI:~) in 
d ie thy le ther  (Et20). The  technologica l  appl ica t ion of this 
bath was hindered by its instability and extreme flam- 
mability. Later, improvements were made with the choice 
of a less volatile solvent such as tetrahydrofuran (THF) 
(2, 3). By adjustment of the bath composition, an elec- 
trode efficiency of 100% was attained by Daenen et al. (4). 
It was found that the conductivity and the stability of the 
THF-type plating bath could be enhanced by the addition 
of lithium aluminum tetrachloride (LiAICI4) (5). The 
AICIJLiAIH4/THF bath is presently known as the REAL 
(room temperature electroplated aluminum) process (6), 
and has been developed into a technical process. Other 
investigators studied organometallic aluminum corn- 

pounds  (7) or used aromat ic  solvents  (8). At present ,  a 
cons iderable  a m o u n t  of  work  is be ing  conduc t ed  on the  
d e v e l o p m e n t  of  a l u m i n u m  pla t ing solut ions (9-11). 

In  the  present  study, the  hydr ide- type  T H F  pla t ing bath  
is analyzed wi th  respec t  to several  p h e n o m e n a  that  are 
re levant  for the  e lec t rodepos i t ion  process.  The  quant i t ies  
of  in teres t  are the chemica l  composi t ion ,  the  electro- 
chemica l  potential ,  the  e lec t rode  process  and its kinet ic  
characterist ics,  the  conduc t iv i ty  of  the solution,  and the 
morpho logy  of  the  e lec t ropla ted  metal .  

Experimental 
All reagents  used  for the  prepara t ion  of the solut ions 

were  purif ied by dist i l lat ion or  recrystal l ization.  The  ad- 
ducts  A 1 H 3 . 2 T H F  (12), A1H2C1 �9 2THF (13), A1HC12 �9 2THF 
(13), and A1C13 �9 2THF (14) were  prepared  by me thods  re- 
po r t ed  in the  l i terature.  The  hydr ide  con ten t  of  t he  com- 
pounds  was de te rmined  by means  of  i odomet ry  (15). So- 
lut ions of LiAIH3C1, LiAIH2C12, LiAIHC13, and LiA1CI~ 
were  p repared  by the  addi t ion  of  a s to ichiometr ic  a m o u n t  
of anhydrous  LiC1 to the  cor responding  solut ions of  the 
a fo rement ioned  compounds .  All manipula t ions  and all 
measu remen t s  were  pe r fo rmed  in an argon a tmosphere .  

R a m a n  spectra  were  r ecorded  for 1M solut ions  of  these  
compounds ,  us ing  a 19,436 c m - '  and a 20,489 c m - '  laser 
beam. The posi t ions of the  v ibra t ional  l ines were  cali- 
b ra ted  wi th  respec t  to the  "tccl band (A,) of  T H F  at 1029 
e m  -1. 

For  the  EMF measurement s ,  the  e lec t rochemica l  couple  
fe r rocene / fe r r icen ium picrate  (FeCpJFeCp~ § (16) in con- 
tact  wi th  a p la t inum wire  served as a re ference  e lectrode.  
The  conf igurat ion of  the measur ing  cell was 

A]/LiAIH4, A1CI3(THF)//O.5M LiAIC14(THF)//1 mM FeCp2, 

1 mM FeCp2pic, 0.5M LiC104 (THF)/Pt  

The  p resence  of  buffer  vessels  and the  separa t ion  of  the  
solut ions by glass frits p reven ted  reac t ion  b e t w e e n  the  
test  solut ion (left) and  the  reference  solut ion (right). The 
work ing  e lec t rode  consis ted  of  freshly depos i ted  A1 on P t  
wire. Polar izat ion curves  were  recorded  us ing  a solid A1 
coun te re lec t rode  in the  left  vessel.  A Lugg in  capi l lary was 
used  in order  to min imize  the  ohmic  drop be tween  the  
work ing  e lec t rode  and the reference  electrode.  

Ch ronoamperog rams  were  recorded  wi th  the aid of  a 
P A R  173 potent ios ta t ,  a 175 func t ion  generator ,  and  a 4101 
scan recorder.  Fo r  these  measurements ,  a different  elec- 
t rochemica l  cell  was used. The work ing  e lec t rode  was a 1 
cm 2 pol i shed  p la t inum disk pla ted wi th  a l u m i n u m  prior  
to each measurement .  An  Al-plated p l a t inum wire  was sit- 
ua ted  beh ind  the  work ing  e lect rode (17) and served as a 
quasi - reference e lec t rode  (QRE). The  QRE compar tmen t  
was electr ical ly connec ted  with  the  bu lk  solut ion by way  
of  a Teflon tube  fitted in the  work ing  electrode.  The 
u n c o m p e n s a t e d  res is tance  of  this cons t ruc t ion  was deter- 
m ined  by m e a s u r e m e n t  of  the  ohmic  drop by means  of  
current  in terrupt ion,  for which  a Clare P R M E  15005 B 
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Table I. Raman spectra for species in the AICIffLiAIH4/THF system 

Species A1H:~ �9 2THF A1H.2C1 . 2THF A1HC12 �9 2THF A1CI:~ �9 2THF 
Point group Pseudo-D3h Pseudo~C~ Pseudo-C2~ Pseudo- D3h 

Assignment F v hVl] 2 F /2 avl/2 F l 2 A]U]] 2 F 12 5111] 2 

v,[Ai-H] E' ? - -  B, ? . . . . . . .  
~[AI-H] A,'  1773 48 A, 1803 58 A, 1846 72 - -  - -  - -  
v[CO] - -  887 sh - -  875 sh - -  867 sh - -  856 sh 
6[A1H2] E' 733 - -  A, 711 . . . . . . .  
v,[A1-C~ . . . . . .  B~ 417 13 E' 507 - -  
,2[AI-C1] - -  - -  - -  A, 411 30 A, 347 9 AI' 327 18 

Species A]H 4- A1H:~Cl - A1H2CI~ - A1HC13- A1C14 - 
Point group % C3~ C~v C:,~ % 

Assignment  F . AY,I 2 F ~ hpli 2 F p hPl/2 F P AV,] 2 ]~ p AV,I 2 

v l [ A 1 - H ]  - -  - -  - -  E 1789 sh B, 1836 sh . . . . . .  
v2[A]-H ] A, 1756 65 A, 1759 90 A, 1797 48 A, 1844 42 - -  - -  - -  
v[CO] . . . . . . . . . . . . . . .  
~[A1H~] E 762 - -  E 777 - -  B~ 765 . . . . . . .  
v,[A1-C1] . . . . . .  B, ? - -  E 394 1O % 494 - -  
~[A1-CI] - -  - -  - -  A, 401 19 A, 396 I i  A, 343 - -  AI 346 8 

Frequencies are given in cm-L 
F : Normal mode of vibration. 
hv,~ : Peak width at half-height 
sh : Shoulder. 

R e e d  relay was  used.  The u n c o m p e n s a t e d  res i s tance  Ru 
a m o u n t e d  typical ly  to 1.5~. The iRu drop  was compen-  
sa ted  by the  pos i t ive  f e edback  m e t h o d  (18). 

The specific conduc t iv i t i es  of  t he  solu t ions  were  deter-  
m i n e d  wi th  a Ph i l ips  PW9501 conduc t iv i ty  m e t e r  and  a 
PW9510 conduc t iv i ty  cell. 

Thermodynamics of the Plating Solution 
The  chemica l  c o m p o s i t i o n  of  a p la t ing  ba th  p r e p a r e d  

by  the  reac t ion  of LiA1H4 and  AlC13 in  THF is o f  impor-  
t ance  for an u n d e r s t a n d i n g  of  the  e l ec t rochemica l  p roper -  
t ies  of  t he  solut ion.  Recent ly ,  the  resul ts  were  p u b l i s h e d  
of  a 2~A1 NMR s tudy  w h i c h  s h o w e d  the  p r e s e n c e  of  a 
n u m b e r  of  A1 con ta in ing  spec ies  in th is  p la t ing  ba th  (19). 
In  t he  p r e s e n t  s tudy,  a de ta i led  analysis  is g iven  of  the  
chem ica l  c o m p o s i t i o n  of  A1C13/LiA1HJTHF solu t ions  for 
d i f fe ren t  hydr ide / ch lo r ide  ratios.  The p repa ra t ion  of  t hese  
so lu t ions  is b a s e d  essent ia l ly  on the  Sch l e s inge r  reac t ion  
(20), i.e., t h  e reac t ion  of LiAIH4 wi th  A1C13 in d ie thyle ther ,  
w h i c h  is u sed  for the  syn thes i s  of  a]ane (AIH3) 

3LiA1H4 + A1C13 ---> 4A1H3 + 3LiC1 

L i t h i u m  chlor ide  is inso lub le  in d ie thyle ther .  The  con- 
duc t iv i ty  of  the  d i e thy le the r - type  p la t ing  ba th  is deter-  
m i n e d  by  the  p r e s e n c e  of  a lanate  ions, A1H4-. A l t h o u g h  
" m i x e d  hyd r ide s , "  or ch loroa lanes  (ALX~, w i th  X = H, 
CI), have  b e e n  obse rved  in d i e thy le the r  so lu t ions  (20), 
ch loroa lana tes  (A1X4-) do no t  appea r  to be  s tab le  in th is  
ambience .  The s i tua t ion  is more  compl i ca t ed  if THF is 
u s e d  as a solvent .  In  o rde r  to ident i fy  the  chemica l  spe- 
cies  tha t  may  be  p r e s e n t  in THF- type  p la t ing  solut ions,  a 
set  of  so lu t ions  was  p repa red ,  each  of  w h i c h  con t a ined  
the  s to ich iomet r i c  c o m p o s i t i o n  of  a hypo the t i ca l  com- 
pound .  R a m a n  spec t ra  of  t h e s e  solu t ions  were  r eco rd ed  
and  in te rpre ted .  The resu l t s  are s h o w n  in Table  I. The 
sPect ra  of  A1H3 �9 2THF (21, 22), A1C13 �9 2THF (23), AlH4- 
(24), and  A1C14- (25) were  c o m p a r e d  wi th  t he  R a m a n  and  
IR da ta  r epo r t ed  in the  l i terature.  The v ibra t iona l  spec t ra  
for the  o the r  so lu t ions  were  found  to be  cons i s t en t  wi th  
the  pos tu la t ion  of  two  ser ies  of  spec ies  w i th  h o m o l o g o u s  
conf igura t ions ,  viz., A1X3 - 2THF and  AlX4- wi th  X = C1, 
H. The p r e s e n c e  of a shou lde r  on the  CO s t r e t ch ing  b a n d  
(A,) o f  THF (C2v s y m m e t r y )  ind ica tes  so]vat ion of  t he  alu- 
m i n u m  c o m p o u n d  via the  o x y g e n  atom. The m a g n i t u d e  
of  the  shif t  w i th  r e spec t  to t he  pos i t ion  of  th is  b a n d  in the  
u n c o o r d i n a t e d  THF mo lecu l e  at 912 c m - '  al lows a classi- 
f icat ion of  the  relat ive s t r eng th  of  the  A1-O b o n d  (cf. 
Table  II). The largest  shif t  ind ica tes  t he  s t ronges t  A1-O 
bond .  This  o rde r  ref lects  t he  Lewis  acidi ty of  the  m i x e d  

alanes (20); the  nuc leoph i l i c  charac te r  is e n h a n c e d  by the  
p r e s e n c e  of  ch lo r ide  and  decreases  if  a ch lo r ide  group  is 
subs t i t u t ed  wi th  hydr ide .  The nega t ive  ions  did no t  ex- 
h ib i t  a CO shif t  of  the  solvent ,  w h i c h  m e a n s  tha t  the re  is 
no s ignif icant  so lven t  add i t ion  in th is  case. This  is con- 
s i s ten t  wi th  the  fact  tha t  C1- is a s t ronger  Lewis  base  than  
THF (25). 

The ab s en ce  of d imers  of  the  type  A12X6 may  be 
in fe r red  f rom the  fact  t ha t  no  peaks  have  b e e n  o b s e r v e d  
in the  reg ion  for ~-H b o n d s  a ro u n d  1550 c m - '  (21); ne i the r  
have  C1 br idges  b e e n  o b s e rv ed  for A1CI~ in THF (23). The 
fo rma t ion  of  so lven t - sepa ra ted  aggregates  may  occur  at 
h ighe r  concen t ra t ions ,  bu t  th is  does  no t  al ter  the  princi-  
pal  s y m m e t r i e s  and  will  cause  only m i n o r  shi f ts  in the  vi- 
bra t ional  spec t ra  (26). Ions  o f  the  t ype  A1X:~ - A1X2 ~, 
f o rmed  by  assoc ia t ion  (27), we re  no t  de tec ted .  R a m a n  
spec t ra  gave no pos i t ive  ev idence  for the  p r e s e n c e  of ions  
such  as A1X2 ~, bu t  concen t r a t ions  of t hese  spec ies  may  
have  b e e n  be low the  de t ec t ion  limit. The ex i s t ence  of the  
spec ies  A1C12 ~ �9 4THF could  be  in fe r red  f rom the  ~TA1- 
NMR spec t rum,  r eco rd ed  for so lu t ions  of  A1C13 in THF. 
This  is in a g r e e m e n t  wi th  observa t ions  r ep o r t ed  by  
Derouau l t  et al. (23). The ex i s t ence  of A1H2 ~ �9 4THF seems  
to be impl ied  by  the  fact  tha t  so lu t ions  of  A1H3 in THF ex- 
h ib i t  a no tab le  conduct iv i ty .  

These  cons ide ra t ions  lead to the  conc lus ion  tha t  t h r ee  
c lasses  of a l u m i n u m  con ta in ing  c o m p o u n d s  can be  dis- 
c e rn ed  in THF (cf. Fig. 1): t e t rahedra l  un iva len t  nega t ive  
ions, b ipyramida l  neu t ra l  molecules ,  and  oc tahedra l  uni-  
va len t  pos i t ive  ions.  This m a k e s  up  12 spec ies  in total. 
L i t h i u m  is p r e s en t  in the  fo rm of  t e t r ahedra l  Li ~ . 4THF 
(26). Finally,  the  poss ib l e  p r e s e n c e  of  LiH and  und isso-  
c ia ted LiA1H4 shou ld  also be t aken  into account .  

In  commerc i a l  p la t ing  ba ths ,  an exces s  of  A1C13 wi th  re- 
spec t  to LiA1H4 is u s e d  (3, 4). The m o s t  i m p o r t a n t  fea tures  
of  a R a m a n  s p e c t r u m  r e c o r d e d  for such  a ba th  are sum- 
mar ized  in Table  III. A c o m p a r i s o n  wi th  the  data  in Table  
I m a k e s  it clear tha t  the  ba th  conta ins  the  spec ies  A1HC12 �9 
2THF and  AIC14-; th is  is cons i s t en t  wi th  the  p repara t ive  

Table II. Shift of the Vtco~ (A,) band of THF 
in aluminum complexes 

Species hVtco J (cm-') 

A1H~ �9 2THF -25 
A1H2C1. 2THF -37 
AIHCI~ �9 2THF -45 
A1C]~ - 2THF -56 
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Fig. 1. Species present in AICIJLiAIH~rHF plating solutions 

reaction 

LiA1H4 + 4AICI3 ---> 4A1HC12 + LiA1C14 

Characterization of the solutions with Raman spectros- 
copy does not allow an accurate quantitative and qualita- 
tive description of the plating bath. In the remainder of 
this section, the chemical properties of the bath constitu- 
ents will be discussed in the light of experimental  data 
derived from EMF measurements.  

The chemical equilibrium in a solution prepared by dis- 
solving A1CI~ and LiA1H4 in THF may be represented by a 
set of eight arbitrary individual reactions [a]-[h] 

A1H2C1 + A1H4- ~ A1H3 + A1H3C1- [a] 

A1H2C1 + A1H3C1- m A1H3 + A1H~C12- [b] 

A1HC12 + A1H3C1- ~ A1H2C1 + A1H2C12- [c] 

A1HC12 + A1H2CI~- ~ A1H2C1 + A1HC13- [d] 

A1Cl3 + A1H2C12- ~ A1HC12 + AIHC13- [el 

A1C13 + A1HCI~- ~ A1HC12 + AIC14- [f] 

A1C12 ~ + A1CI4- ~ 2A1C13 [g] 

A1H3 + LiH ~ Li + + A1H,- [hi 

The reactions describe the transfer of a chloride or hy- 
dride ligand between two particles. For the sake of clar- 
ity, THF as a ligand has been omitted (cf. Fig. 1). Further- 
more, A1H.2% A1HCI +, and LiA1H4 have been ignored, since 
their respective concentrations are presumably negligible 

Table Ill. Raman spectrum for aluminum hydride plating bath. 
Composition: 0.32.M LiAIH4 and 1.20M AICI3 in THF. 

Assignment (em-') (crn-') 

~EA,-m 1844 75 
VEC01 871 sh 
r[A,-CU 341 10 

and do not affect the final result. In the set [a]-[h], 13 spe- 
cies participate; consequently, 13 equations are required 
to describe the equilibrium. These are supplied by the 
definition of eight equilibrium constants Ka , . . .  ,Kh, asso- 
ciated with the equilibria [a]-[h]; four mass balances, for 
aluminum, hydride, chloride, and lithium, respectively, 
and one "input condition." If  the input concentrations of 
a luminum trichloride and lithium aluminum tetrahydride 
are denoted by [A1C13 ~ and [LiA1H4~ respectively, the in- 
put  condition may be defined as a single parameter, v i z .  
the molar fraction of LiA1H4, denoted by x 

x = [LiA1H4~ ~ + [A1C13~ [1] 

The total aluminum concentration in the solutions pre- 
pared for the EMF measurements  was kept constant (C). 
Thus, the mass balances can be written as 

[All = C [21 

[H] = 4 x C  [3] 

[C1] - C(3 - 3x) [4] 

[Li] = C x  [5] 

For the determination of the equilibrium constants, the 
equilibrium potentials for a series of solutions were mea- 
sured against the ferrocene-ferricenium reference couple 
(cf.  experimental  section). If  a solution is brought into 
contact with metallic aluminum, an equilibrium potential 
is established. The measured equilibrium potential E as a 
function of the composit ion parameter x (cf. Fig. 2) can be 
used to generate a set of equilibrium constants, with the 
aid of the Nernst equation. The results are presented in 
Table IV. With these constants the composition of a solu- 
tion, prepared by dissolving LiA1H4 and A1C13 in THF, can 
be calculated as a function of x. This is shown in Fig. 3. It 
is seen that the initial ratio of AIC13 and LiA1H4 has a great 
influence on the chemical composition. In chloride-rich 
solutions, chemical species such as A1C13, AII-ICl2, and 
AlCl4- are stable, whereas in hydride-rich solutions the 
more important species are A1H4-, A1H3CI-, and A1H3. 
The cation AlCl2 + and LiH are relatively unstable and are 
present only in very low concentrations. 

The most typical feature of the E vs. x diagram is the 
fact that the Nernst potential shifts to more negative 

E(V) 
vs.FeCp: /FeCp2 + 

-2 .5  - 

-2 .0  

/ 
-1.5~ I 

0.0 0.25 
ALC[ 3 

I I I 

[All = 0 , 5 M  

I I I 
O.5 0.75 1.0 

LiALH 4 

X 
Fig. 2. Equilibrium electrode potential of AI in AICI3/I.iAIH4/THF 

solutions as a function of the initial composition. The total aluminum 
(110 concentration is kept constant. 
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Fig. 3. Calculated equilibrium composition of AICIJLiAIH4/THF solutions as a function of the initial composition. The mole fraction of each 
species, defined as xl = [i]/[A1], is plotted on the ordinate. 

v a l u e s  as t he  h y d r i d e  c o n t e n t  of t he  so lu t ion  increases .  
Th i s  is e q u i v a l e n t  to  t h e  c o n s i d e r a t i o n  t h a t  t he  h y d r i d e  
g r o u p  h a s  a t e n d e n c y  to r e s ide  on  n e u t r a l  m o l e c u l e s  or 
t h a t  t h e  ch lo r ide  g r o u p  h a s  a t e n d e n c y  to r e s ide  on  un iva-  
l en t  nega t i ve  ions.  Th i s  fact  is also i l lus t ra ted ,  impl ic i t ly ,  
b y  t h e  re la t ive  m a g n i t u d e s  of  t he  e q u i l i b r i u m  cons t an t s .  
Cons ide r ,  for  i n s t ance ,  t he  ch lo r ide  t r a n s f e r  p r oce s s  de- 
s c r i b e d  b y  r eac t i on  [f]. T h e  m e c h a n i s m  of  th i s  r eac t i on  
m a y  b e  e n v i s a g e d  as t h e  i n t e r a c t i o n  b e t w e e n  a ch lo r ide  
a c c e p t o r  (i.e., a Lewis  acid)  a n d  a ch lo r ide  d o n o r  (a Lewis  
base).  A n o t h e r  way  of r e p r e s e n t i n g  the  r e su l t s  of  t he  equi-  
l i b r i u m  ana lys i s  is to a r r a n g e  a l is t  of  spec ies  a c c o r d i n g  to 
t h e i r  e l ec t roph i l i c  or  n u c l e o p h i l i c  cha rac te r ,  respec t ive ly .  

T h e  Lewis  ac id i ty  d e c r e a s e s  in  t he  o rde r  

A1C13 �9 2 T H F  > A1HC]2 �9 2 T H F  > AIH2C1 �9 2 T H F  

> AlH3 �9 2 T H F  > Li  ~ - 4 T H F  

T h e  Lewis  bas ic i ty  d e c r e a s e s  in  t he  o rde r  

A1H4- > A1H3C1- > AIH2C12- > AIHC13- 

> A1C14- > AIC13 �9 2 T H F  

I t  s h o u l d  b e  r e m a r k e d  t h a t  th i s  r e su l t  is c o n s i s t e n t  w i t h  
t h e  re la t ive  s t r e n g t h  of  t he  A1-H a n d  A1-C1 b o n d s  in  t h e  re- 
spec t i ve  c o m p l e x e s ,  w h i c h  can  b e  d e d u c e d  f r o m  the  
R a m a n  spect ra .  The  r e p l a c e m e n t  of  a h y d r i d e  g r o u p  b y  
t h e  m o r e  e l e c t r o n e g a t i v e  ch lo r ide  g r o u p  r e su l t s  in  a n  in- 
c r ea sed  s t r e n g t h  of  t he  r e m a i n i n g  cova l en t  A1-H bonds .  
This ,  again,  c a u s e s  a sh i f t  of  t he  A1-H s t r e t c h i n g  v i b r a t i o n  
to l a rge r  wave  n u m b e r s .  

Table IV. Equilibrium constants for the 
AICIJLiAIH~/THF system at 25~ 

logKa = 1.02 logKe = 4.21 
logK b = 0 .41  logKf = 0.76 
logKc = 2.18 logKg = 5.25 
log Kd = 0.82 log Kh = 13.45 

T h e s e  resu l t s  c an  b e  u s e d  to e luc ida te  t he  o b s e r v e d  sol- 
v e n t  effect. The  apo la r  d i e t h y l e t h e r  m o l e c u l e  is insuffi-  
c i en t ly  nuc l eoph i l i c  for t he  c r ea t ion  of a s t ab l e  Li  + �9 4Et20 
complex .  Therefore ,  t he  a t t e m p t e d  r e a c t i o n  of  LiC1 w i t h  
A1C13 in  d i e t h y l e t h e r  r e su l t s  in  p r e c i p i t a t i o n  of  t he  former ,  
w h e r e a s  in  T H F  the  s t ab l e  A1C14- is fo rmed .  Th i s  ex- 
p la ins  w h y  t he  c o n d u c t i v i t y  of  so lu t ions  of  A1C13 a n d  
LiA1H4 in  Et20 is re la t ive ly  low c o m p a r e d  to a n a l o g o u s  
T H F  so lu t ions  (28). 

Kinetics of  the Electrode Process 
F i g u r e  4 dep ic t s  a cycl ic  v o l t a m m o g r a m  for  a p l a t i n u m  

d i sk  coa t ed  w i t h  f r e sh ly  d e p o s i t e d  a l u m i n u m  in  con t ac t  
w i t h  a A1C1JLiA1HJTHF p l a t i ng  solut ion.  The  d i a g r a m  
s h o w s  t h a t  t he  c a t h o d i c / a n o d i c  p e a k / p e a k  s e p a r a t i o n  is 
620 m V  (cor rec ted  for t he  iRu drop)  at  a s can  r a t e  of  100 
mV/s.  Thus ,  k ine t i c  m e a s u r e m e n t s  are  m e a n i n g f u l  on  a 
t i m e  scale  of  less t h a n  10s. Also , on ly  a s ing le  ( t h o u g h  
pos s ib ly  compl i ca t ed )  e l ec t rode  p roce s s  t a k e s  p lace  for 
c a thod i c  or a n o d i c  ove rvo l t ages  less t h a n  500 inV. T h e s e  
o b s e r v a t i o n s  p e r m i t  a n  i n t e r p r e t a t i o n  of  po t en t i a l - s t ep  ex- 
p e r i m e n t s  in  t e r m s  of  r e d o x  p roces se s  i n v o l v i n g  t he  alu- 
m i n u m  e lec t rode  a n d  t he  solut ion.  

The  c h r o n o a m p e r o m e t r i c  t e c h n i q u e  can  b e  u s e d  for ob- 
t a i n i n g  i n f o r m a t i o n  on  t he  m e c h a n i s m  of  t he  e l ec t rode  
p r o c e s s  b y  m e a n s  of ana lys i s  of t he  e x t r a p o l a t e d  t ime-  
zero cu r ren t .  Mass  t r a n s p o r t  p h e n o m e n a  c a n  b e  s t ud i ed  
b y  o b s e r v a t i o n  of  t he  t r a n s i e n t  b e h a v i o r  of  t he  cur ren t .  
The  m e t h o d  cons i s t s  of  r e c o r d i n g  the  fa rada ic  c u r r e n t  re- 
s p o n s e  c a u s e d  b y  t h e  i m p l e m e n t a t i o n  of  a po t en t i a l  s tep  
b y  m e a n s  of  a p o t e n t i o s t a t  (29). 

The charge-transfer mechanism.--The r a t e - d e t e r m i n i n g  
s tep  (rds) of  t he  e l ec t rode  p roces s  m a y  be  e i t h e r  mass  
t r a n s p o r t  t o w a r d s  t h e  surface,  sur face  d i f fus ion ,  nuc lea -  
t ion,  or  e l ec t ron  t rans fe r ,  d e p e n d i n g  on  e x p e r i m e n t a l  con-  
d i t i ons  a n d  t r a n s i e n t  t ime.  In  t h e  case  w h e r e  t h e  rds  is 
c o n t a i n e d  w i t h i n  t he  overa l l  cha rge - t r an s f e r  r eac t ion ,  t h e  
r e l a t i o n s h i p  b e t w e e n  c u r r e n t  and  o v e r p o t e n t i a l  is  gov- 
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taining 0.52M AICI~ and 0.29/91 LiAIH4 in THF. The electrode area 
was 1.0 cm 2. The potential was measured vs. a quasi-reference elec- 
trode. 

e r n e d  by  t he  genera l  B u t l e r - V o l m e r  e q u a t i o n  (30) 

i = io {exp ( a a F ~ / R T )  - exp  (-~cF~/RT)} [6] 

w h e r e  i is t he  c u r r e n t  as m e a s u r e d  b y  a c u r r e n t  fol lower,  
io is t he  e x c h a n g e  cu r ren t ,  a n d  ~? is the  overpo ten t i a l .  The  
n o t a t i o n  ha s  b e e n  c h o s e n  in a g r e e m e n t  w i t h  t h e  I U P A C  
r e c o m m e n d a t i o n s  (31). B y  conven t ion ,  t h e  a n o d i c  c u r r e n t  
ha s  a pos i t ive  s ign  a n d  t h e  ca thod ic  c u r r e n t  ha s  a nega-  
t ive  sign. The  t r a n s f e r  coeff ic ients  % for  t he  a n o d i c  a n d  
c~c for  t h e  ca thod i c  r eac t i on  are  def ined  b y  

Ga = ~/v + (1 - fl)r [7] 

~ = ~/~ + #r  [8] 

Here,  ~ is the  n u m b e r  of  e l ec t rons  t r a n s f e r r e d  in  t he  
s teps  p r e c e d i n g  t h e  rds ,  ~ is the  n u m b e r  of  e l ec t rons  
t r a n s f e r r e d  in  t he  s teps  a f te r  t he  rds,  a n d  r is t he  n u m b e r  
of  e l ec t rons  t r a n s f e r r e d  in  t h e  rds.  v is t h e  s t o i ch iome t r i c  
n u m b e r  of  t he  rds,  a n d  fl is t h e  s y m m e t r y  fac to r  in  t he  
rds.  The  to ta l  n u m b e r  of  t r a n s f e r r e d  e l ec t rons  n is g iven  
b y  

n = ~ + vr  + '~ [9] 

In  Fig. 5, e x a m p l e s  are g i v e n  of  c h r o n o a m p e r o g r a m s  for 
r e d u c t i v e  a n d  ox ida t i ve  p roces se s  occu r r i ng  a t  a n  alu- 
m i n u m  e l ec t rode  i m m e r s e d  in  a so lu t ion  of  0.29M LiA1H4 
a n d  0.52M A1C13 in  T H F  a t  25~ Qual i ta t ive ly ,  b o t h  pro- 
cesses  are  c o m p a r a b l e .  An  accu ra t e  ana lys i s  of t he  chro-  
n o a m p e r o m e t r i c  t r a n s i e n t s  m a y  b e  r a t h e r  c o m p l i c a t e d  
(32), b u t  a n  e x t r a p o l a t i o n  of  the  c u r r e n t  to t = 0 for  a 
ser ies  of  va lues  of  ~ can  b e  u s e d  to s t u d y  Eq. [6], w h i c h  is 
c lear ly  t i m e  i n d e p e n d e n t .  T h e  effects  of mass  t r a n s f e r  
a n d  n u c l e a t i o n  a re  e x c l u d e d  in  th i s  way,  a n d  t he  overal l  
c h a r g e - t r a n s f e r  r e a c t i o n  can  b e  s tud ied .  T h e  ex t rapo la -  
t ion  is ca r r i ed  ou t  g r aph ica l l y  (Fig. 6), u s i n g  the  approx i -  
m a t e d  l inea r  r e l a t i o n s h i p  b e t w e e n  i a n d  t "~ for  s h o r t  
t imes.  The  ca thod i c  b r a n c h ,  for  i n s t ance ,  is d e s c r i b e d  b y  
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Fig. 5. Chronoamperograms for the cathodic deposition (negative 
overpotential) and for the anodic dissolution (positive overpotential) 
of aluminum. 

i(t) 2iot lr2 exp  (-~cFV/RT) 
- -  - 1 [ 1 0 ]  
i( t  = O) Ir'r~nFACo*Do lj2 

(Co* is t he  c o n c e n t r a t i o n  at  the  e l ec t rode  sur face  of  t h e  
species  t h a t  is c o n s u m e d  by  r e d u c t i o n ;  Do is i ts  d i f fus ion  
coeff icient ;  A is t h e  e l ec t rode  area.) G r a p h s  s h o w i n g  t he  
r e l a t i onsh ip  b e t w e e n  t he  t i m e - i n d e p e n d e n t  pa r t  of  t h e  
c u r r e n t  a n d  t he  o v e r p o t e n t i a l  are  p r e s e n t e d  in Fig. 7 for 
t h e  r e d u c t i v e  a n d  for  t he  ox ida t ive  process .  The  e x c h a n g e  
c u r r e n t  dens i t y  is f o u n d  b y  e x t r a p o l a t i o n  of  t h e s e  Tafel  
l ines  to V = 0. Th i s  gives io/A = 20 m A / c m  2 for  b o t h  t h e  
ca thod ic  a n d  t he  anod ic  data .  The  t r a n s f e r  coeff ic ients  
are  d e t e r m i n e d  f rom the  s lopes  of  t he  Tafel  l ines.  They  
are  r o u g h l y  equal :  ~ = ~a = 0.3. S i n c e  t he  s u m  of  ~ a n d  aa 
s h o u l d  b e  equa l  to or l a rger  t h a n  uni ty ,  t he  e x p e r i m e n t a l  
va lues  are o b v i o u s l y  too low. This  m a y  b e  due  to an  e r ro r  
in  t he  e x t r a p o l a t i o n  c a u s e d  by  t he  d e c r e a s e  of t he  slo_pe 
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for large overpotent ia ls .  This  devia t ion  cannot  be ac- 
coun ted  for comple t e ly  by  the  possible  inf luence of  un- 
c o m p e n s a t e d  res is tance on the  appl ied vol tage.  A tenta- 
t ive  exp lana t ion  m a y  run  as follows. S ince  no nonelec-  
t roac t ive  suppor t ing  e lec t ro ly te  was available,  the 
conduc t iv i ty  of  a solut ion is largely de t e rmined  by the  
p resence  of  a l u m i n u m  conta in ing  anions  wh ich  partici- 
pa te  in the  e lec t rode  process.  A rela t ively large 
concen t ra t ion  is r equ i r ed  in o rder  to obta in  a conduc t ing  
solution.  This impl ies  that  relat ively h igh  currents  and 
potent ia ls  are encoun te r ed  in the  measurement s .  At  large 
overpotent ia l s  the  s y m m e t r y  factor  is affected,  and this 
will  cause  nonl inear i ty  of  the  i vs. ~ re la t ionship  (33). I f  al- 
l owance  is m a d e  for this,  the  only physical ly  mean ingfu l  
solut ion in a g r e e m e n t  wi th  the  expe r imen ta l  data  re- 
qui res  tha t  the  values  for t he  t ransfer  coeff icients  are  cor- 
rec ted  to a ,  = ac = 0.5. With/3  = 0.5, Eq.  [7], [8], and [9] 
give r = 1 and ~ = 3, wh ich  means  that  the  rds  is execu ted  
thr ice  dur ing  the  reac t ion  sequence .  This  is cons is tent  
wi th  the  fo l lowing mode l  for the  charge- t ransfer  mecha-  
nism.  The cathodic  process  is descr ibed  by 

3lAP* + e --> A12.] (rds) 

3AI 2+ ~ A1 + 2Al 3. 

A13~ + 3e ---> A1 (net react ion)  

S ince  the  process  is symmetr ica l ,  the  anodic  process  is a 
mi r ro r  image  of  the  ca thod ic  process  

A1 + 2Al~* ~ 3A12. 
3[AV + -> A13+ + el (rds) 

A1 --> A13+ + 3e (net reaction) 

The  inf luence of  the  ba th  compos i t ion  on the  elec- 
t r ode  kinet ics  was  s tud ied  qual i ta t ive ly  by m e a s u r i n g  the  
polar izat ion curves  for di f ferent  solut ions (Fig. 8). These  
curves  m a k e  it clear  that  the  e lec t rode  process  is facili- 
ta ted  b y t h e  p resence  of  hydr ide ,  wh ich  lowers  the  polari- 
zat ion resistance.  The  observa t ion  that  the  react ion mech-  
an i sm is in f luenced  by the  LiA1HJA1C13 mola r  rat io has 
been  repor t ed  by Ecke r t  and Galova,  who  s tud ied  the  

A1C13/LiA1HJTHF sys tem us ing  a rota t ing disk e lec t rode  
(34). 

The overall reaction.--On a relat ively long  t ime-scale  
the  e lec t rochemica l  reac t ion  rate b e c o m e s  l imi ted  by 
mass  t ranspor t  to and f rom the  e lec t rode  surface. The  
l imi t ing  case is desc r ibed  by the  Cottrell  equa t ion  

id = nFADo'mCoTr-U2t-'Y2 [11] 

where id denotes the diffusion-limited current. Theoreti- 
cally, i vs.  t - ' 2  yields a straight line. In practice, the cur- 
rent is limited by the kinetics of the electrode process for 
short times, and is influenced by the onset of natural 
convection at longer times. In the intermediate region, 
Eq. [11] is more or less valid. Figure 9 shows the experi- 
mental data for the cathodic process. The slope of the as- 
ymptote (Eq. [II]) is determined by Co*. If the value 10 -5 
cm2s - '  is taken for Do, the experimental results appear to 
be in agreement with line b in Fig. 9, where Co* is equal to 
I/4 times the concentration of ~ 3  (with X = I-I, Cl). Ap- 
parently: only a fraction of the Al containing species 
arriving at the electrode surface is actually reduced: four 
AIX3 molecules are consumed for the creation of only one 
aluminum atom. The reason for this is the fact that, to- 
gether with the AI atom, three unstable ligands of the 
type X- are created. These are bonded to other AIX~ mol- 
ecules. This observa t ion  leads to t he  fo l lowing general  
s c h e m e  for the  e lec t rode  process  

Charge  t ransfer  

AIHX2 + 3e --) A1 + H -  + 2 X -  

L igand  t ransfer  

H- + AIXa --~ AIHX3- 

2X- + 2AIX3 --~ 2AIX4- 
Regeneration 

AIHX3- + AIX3 -> AIHX2 + AIX4- 

The overall reaction is 

4AIX 3 + 3e --> A] + 3A]X4- 

It should be noted that the hydride group does not occur 
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Fig. 8. Polarization curves for an aluminum electrode in several solutions of AICI3 and LiAIH4 in THF. The 
ferrocene/ferricenium reference couple. For the composition parameter x, refer to Fig. 2 and text. 
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Fig. 9. Cathodic current measured as a function of t - ' 2 ,  for several 
overpotentials, the straight lines represent the diffusion-limited tran- 
sients for the case in which aluminum containing species are reduced 
at the working electrode (a) and for the case where ligand transfers 
ore taken into account (b). 

exp l ic i t ly  in  t he  overa l l  r eac t ion .  Howeve r ,  t he  par t ic i -  
p a t i o n  of H -  in  t he  e l ec t rode  p roces s  ha s  b e e n  es tab-  
l i shed  by  D a e n e n  (35), w h o  c o n c l u d e d  cor rec t ly  t h a t  t he  
r e a c t i o n  is c h a r a c t e r i z e d  b y  a cyclic pa t t e rn .  St is s een  t h a t  
t he  h y d r i d e  g r o u p  is no t  c o n s u m e d  in  the  e l ec t rode  reac- 
t i on  a n d  serves  as a ca ta lys t  for  the  c h a r g e - t r a n s f e r  s tep.  
Fo r  t he  e l ec t rode  reac t ion ,  i t  is no t  i m p o r t a n t  w h e t h e r  t he  
ac t ive  spec ies  is A1HC12, A1H2C], or A1H3, as long  as at  
l eas t  one  h y d r i d e  g r o u p  is p re sen t .  

The  f u n c t i o n s  of  t he  b a t h  c o n s t i t u e n t s  in  the  p l a t i ng  
p roce s s  are s u m m a r i z e d  in  T a b l e  V. 

Physicochemical Properties of the Plating Bath 
T h e  c o n d u c t i v i t y  K of  t he  AIC13/LiA1HJTHF so lu t i ons  as 

a f u n c t i o n  of  t h e  c o m p o s i t i o n  p a r a m e t e r  x is s h o w n  in 
Fig. 10. I t  is s een  t h a t  t he  c o n d u c t i v i t y  i nc r ea se s  w i th  in- 
c r eas ing  l i t h i u m  a lana te  con ten t .  Th i s  r e s u l t  s h o u l d  b e  
c o m p a r e d  w i th  Fig. 8, f r om w h i c h  it  c an  b e  d e d u c e d  t h a t  
the  po la r i za t ion  r e s i s t a n c e  dec rea se s  w i t h  i n c r e a s i n g  li th- 
i u m  a l ana t e  con ten t .  T h e s e  r e su l t s  c an  b e  c o m b i n e d  to 
o b t a i n  t he  po la r i za t ion  p a r a m e t e r  k (36), de f ined  as 

k = KId~ /d ( i /A )  I [12] 

The  po la r i za t ion  p a r a m e t e r  is p lo t t ed  as a f u n c t i o n  of  t he  
c o m p o s i t i o n  in  Fig. 11. Th i s  c u r r e n t  d i s t r i b u t i o n  f u n c t i o n  
is of i m p o r t a n c e  for  t h e  t h r o w i n g  p o w e r  of  t h e  p l a t i ng  
b a t h  (37). A s h a r p  m a x i m u m  is v i s ib le  n e a r  t h e  p o i n t  

Table V. Aluminum hydride plating bath 

Constituent Function 

A1HC12 . 2THF H-: Catalyst 
A1CI:~ �9 2THF A1X:,: Aceeptor for X -  
LiA1C14 - 4THF A]X4-: Donor for X -  

Charge carrier 
Ls Charge carrier. 
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where the molar ratio of [A1C13 ~ to [LiAIH4 ~ is about 5. I f  
a plating bath is prepared in this way, a very homogene- 
ous A1 deposit can be obtained on complicated structures 
(38). 

The kinetic results can also be used for a consideration 
of the influence of the bath composition on the average 
grain size of the electrodeposit. Bockris and Razumney 
(39) defined the following relationship between the criti- 
cal nucleus size rc in the initial stage of electrodeposition 
and the overpotential ,j 

rc = a~,lnFps~ [13] 

where a denotes atomic weight, ~, is the edge free energy, 
and Ps denotes the surface density of a two-dimensional 
nucleus. Equation [13] is valid for the case of crystal 
growth governed by surface diffusion. This is expected to 
be the case for low overpotentials (40). If  the bath is oper- 
ated galvanostatically (as is usually the case in plating 
processes), the overpotential is only small during the nu- 
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Fig. 1 1. Current distribution function of AICI3/LiAIHJTHF solutions 
vs. the bath composition. 
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Fig. 12. Grain size parameter as a function of the bath composition 
under similar plating conditions. 

cleation stage. Then, for a constant current, the critical 
nucleus size is proportional to the inverse of the polariza- 
tion resistance. This model  is rather unsophisticated for 
the present complicated case of heterogeneous nuclea- 
tion, and the absolute value of rc is without significance, 
but  it may be assumed that the tendencies of this quan- 
tity under the influence of process conditions reflect the 
variations in the average grain size of  galvanic layers pro- 
duced in different baths. The relationship between the 
grain size and the initial concentration of nuclei is 
inferred from the columnar structure of the grains. 
Hence, the arbitrary quantity re~re ~ (where rc ~ is defined 
as the theoretical critical nucleus size for a pure AIC13 so- 
lution under standard conditions) may be used as a grain- 
size parameter. The variation of rc/rr ~ with the bath 
composit ion is shown in Fig. 12. According to these data, 
the average grain size will increase as the hydride content 
of the plating bath increases. This can be understood by 
noticing that the presence of hydride enhances the rate of 
the plating process and also gives rise to a low density of 
large nuclei under similar plating conditions. This behav- 
ior is in fact observed, as Fig. 13 makes clear. Two baths, 
having comparable conductivities and operated at the 
same current density, produced different electrode- 
posited-aluminum layers. Indeed, the grain size was 
found to increase with increasing hydride concentration. 
If smooth layers are to be deposited, the plating bath 
should contain only a small amount of LiAIH4. 

C o n c l u d i n g  Remarks 
The properties of the a luminum hydride plating solu- 

tions are determined by three parameters. 
The first is the total hydride concentration [H]. Hy- 

dride is present as a catalyst for the electrode reaction. An 
excess of hydride gives rise to instability of the plating 
bath. In this case, reactions of the type 

2A1H3 --* 2AI + 3H2 

occur slowly if the solution is left to stand. Also, ether 
cleavage is possible in hydride-rich solutions (41), accord- 
ing to the reaction 

AlH3 + C4H80 ~ AiH2-O-CH2-CH2-CH2 -CH3 

The second is the total concentration of ligand accept- 
ors [A1X3]. If an insufficient amount  of acceptors is pres- 
ent, the ligand X- ,  created in the cathodic process, cannot 
be stabilized via addition towards A1X 3. The l i thium com- 
plex Li + �9 4THF is the only Lewis acid available. This 
leads to the reactions 

Li ~ + CI- --~ LiCl 

Li ~ + H- --> LiH 

These products precipitate at the cathode. 
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Fig. 13. Scanning electron micrographs of the surfaces of aluminum 
deposited in different plating baths under similar conditions. 

The third is the total concentration of ligand donors 
[A1X4-]. At the anode, the ligands X -  are necessary for 
the creation of stable A1X~ �9 2THF molecules. These 
ligands are supplied by A1X4- anions. If the latter are ab- 
sent, the activation overpotential for dissolution of alumi- 
num increases. This may cause oxidation of the solvent. 
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Effects of Thiourea and Guanidine Hydrochloride on Electroless 
Copper Plating 

Aina Hung 
Department of Chemical Engineering, Ming-Hsin Engineering College, Hsin-Feng, Hsin-Chu, Taiwan, China 

ABSTRACT 

The effects of thiourea and guanidine hydrochloride on electroless copper plating were studied by voltammetric and 
gravimetric methods. Thiourea stabilizes the plating bath and simultaneously decreases the plating rate. The effect of 
stabilization is attributed to the strong complexing ability of thiourea with Cu(I) and the surface adsorption of thiourea 
on copper. The surface adsorption is the main reason for the decrease in plating rate. In the case of guanidine hydrochlo- 
ride, the plating rate is max imum when its concentration is approximately 5 mg/liter. The occurrence of the maximum is 
interpreted in terms of the interplay of the delocalized ~- electron effect of guanidine hydrochloride and its surface ad- 
sorption on copper. 

Since ABS was plated with metals successfully in 1960 
(1), the technology of plastics plating has been improving 
continuously (2, 3). Numerous parts for industrial and 
household products formerly made with metals were re- 
placed by plated plastics (4-6). The demand for plated 
plastics has been increasing rapidly; hence, the technique 
of preparing more stable electro]ess plating baths with 
improved plating rates has become one of the main con- 
cerns in research. Reported improvements  in this regard 
include optimizations in the nature and concentration of 
complexing (7) and reducing agents (8), bath temperature 
(9), pH (10), and, most interestingly, additives (11, 12). Cer- 
tain additives, such as pyridine and cytosine, enhance the 
plating rate of electroless copper plating. Small amounts 
of other additives such as HIQSA (8-hydroxy-7-iodo-5 
quinoline sulfonic acid) not only enhance the plating rate, 
but also stabilize the bath (13). However, high concentra- 
tions of some additives such as thiourea result in the un- 
desirable effect of decreasing the plating rate (14, 15). The 
mechanism of the effect of additives in electroless copper 
bath was discussed by Schoenberg (13), Nuzzi (9), and 
Paunovic (16, 17). The correlation between the plating 
rate and the electronic structure of additives has been dis- 
cussed. It has been speculated that the change in plating 
rate results from the surface adsorption of additives and 
its effect on polarization characteristics of anodic or ca- 
thodic partial reactions. 

In this paper, the effects of thiourea and guanidine hy- 
drochloride on electroless copper plating were studied 
using both voltammetric and gravimetric methods. The 
polarographic method was also used to investigate the 
complexing ability of the additives and sodium potas- 
sium tartrate with copper ions at pH 12.5, an optimized 
pH suggested for practical plating (9, 10). 

Experimental 
The voltammetric  experiments  were performed at room 

temperature with an electroless copper plating bath rec- 
ommended by Pearlstein and Baudrand (18). The bath 
contained 13.8 g/liter CuSO4 �9 5H20, 69.2 g/liter sodium po- 
tassium tartrate, 38 mYliter formaline (37% by weight), 
and sodium hydroxide to give a pH of 12.50. Oxygen was 
removed by bubbling nitrogen through the solution for a 
few minutes. 50 ml of the solution was put in a glass cell 
equipped with three electrodes. The working electrode 
was a 99.5% pure copper wire 1.74 cm long and of 0.165 
cm diam. The counterelectrode was a platinum wire 2.14 
cm long and of 0.085 cm diam. A saturated calomel elec- 
trode (SCE) was used as a reference electrode. The cyclic 
voltammetric  instrument was made by Sun-Light Corpo- 
ration of Taiwan. It includes a 9028 programmer and a 
9627 potentiostat. The scan rate was fixed at 0.1 V/s for 
all measurements.  First, the vol tammogram of static elec- 
troless copper plating solution without additive was 
taken in the range of -0.8 to 0 V. Then the voltammo- 
grams of the same bath with various amounts of additives 
were taken in the same potential range. 

The same plating bath was used for the gravimetric ex- 
periment. 250 ml of the plating solution was used for each 
gravimetric plating rate measurement.  Prior to immersion 
into the plating solution, a copper plate with specific di- 
mensions was cleaned, weighed, and activated in PdC12. 
Oxygen was removed by bubbling nitrogen through solu- 
tion before plating. During plating, nitrogen gas was al- 
lowed to flow over the loosely sealed plating bath to keep 
oxygen away. After 30 min of deposition at room temper- 
ature, the copper plate was removed from the bath, dried, 
and weighed to determine the amount of copper depos- 
ited. 

A Model 384 polarographic analyzer with Model 303 
static mercury drop electrode from EG&G PAR was used 
for measuring the reduction ha]f-wave potential of copper 
ion at room temperature. The blank solution contained 10 
ml of sodium hydroxide solution at pH 12.5. The reduc- 
tion half-wave potential of copper was first measured 
when only copper ions were present at 10-3M in the 
blank. Various amounts of tartrate, thiourea, or guanidine 
hydrochloride were then added, and the reduction half- 
wave potentials of copper were recorded. 

Results 
The effect of thiourea on the anodic peak of the 

vol tammogram is shown in Fig. 1. The peak in the range 
of -0.67 to -0.45V is due to the oxidation of HCHO. The 
current decreased gradually with the addition of thiourea. 
The zero current potential shifted to more positive values 
as the amount of thiourea was increased. The peak at 
-0.43V resulted from the oxidation of copper electrode. 
The peak shifted to more positive values (-0.35V) when 
the amount  of thiourea was increased in the bath. In Fig. 
2, the oxidation of HCHO can be considered separately in 
two ranges: the current in the range between zero current 
potential and -0.67V increased with the increase of guan- 
idine hydrochloride; however, the current in the range be- 
tween -0.67 and -0.45V decreased with the increase of 
guanidine hydrochloride. Figure 2 also shows that the 
zero current potential was shifted to more negative values 
when the amount of guanidine hydrochloride was in- 
creased. The peak current for the oxidation of copper 
electrode (-0.43V) decreased with the amount  of guani- 
dine hydrochloride added. 

The gravimetric study showed that the addition of thio- 
urea caused a decrease in the rate of electroless copper 
deposition (Fig. 3). On the other hand, the plating rate 
showed a maximum with the addition of guanidine hy- 
drochloride at about 5 mg/liter (Fig. 4). 

In the polarographic study using the procedure de- 
scribed by Lingane (19), it was found that Cu(II) and tar- 
trate form a strong 1:2 complex. The stability constant 
calculated was 3.2 • 103. In actual electroless copper solu- 
tion, there are various other possible strong complex ions 
of Cu(II)-tartrate (20). However, the complex between 
Cu(I) and tartrate was found to be relatively weak. On the 
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Fig, 1. Effects of thiourea on the anodic oxidation of formaldehyde 
shown on voltammograms of copper electrode in electroless copper solu- 
tion. The numbers indicate the concentration of thiourea added in milli- 
grams per liter. The I-V curves were shifted along the current (I) axis for 
clarification. Each curve was started to draw from zero current potential. 

other hand, thiourea was found to form a very strong 1:4 
complex with Cu(I). The stability constant calculated was 
2.7 x 10", whereas the complex formed between thiourea 
and Cu(II) was relatively weak. For guanidine hydrochlo- 
ride, there was no evidence of complex formation with 
copper ions from the polarographic study carried out at 
pH 12.5. 
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Fig. 2. Effects of guanidine hydrochloride on the anodic oxidation of 
formaldehyde shown on voltammograms of copper electrode in 
electroless copper solution. The numbers indicate the concentration of 
guanidine hydrochloride added in milligrams per liter. 
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Fig. 3. Effect of thiourea on electroless copper plating rate, deter- 
mined by gravimetric method. 

Discussion 
The disappearance of the peak for the oxidation of 

HCHO in Fig. 1 on addition of thiourea can be explained 
by the adsorption of thiourea to copper surface. This in- 
terpretation is supported by the gravimetric result that 
the plating rate decreases with the increase of the addi- 
tion of thiourea. Suppose that the adsorption of thiourea 
on copper follows the Langmuir  isotherm; then, the frac- 
tional surface coverage of thiourea is given by 

KQ 
0 - - -  [1] 

1 +KCt  

where Ct denotes the concentration of thiourea and K is 
the adsorption constant. 

If  the copper deposition is inhibited by the adsorption 
of thiourea on the copper surface, the fractional surfaee 
coverage of the adsorbed species should be reflected in 
the measured rates of deposition. Thus, if the plating 
rates measured in the presence and absence of thiourea 
are rt and to, respectively, then the fractional surface cov- 
erage may be computed by 

rt 
0 = 1 - - -  [2] 

ro 

Equations [1] and [2] can be combined and rearranged to 
give 

1 1 K 
- -  -~ - -  C t [ 3 ]  

rt ro 7"o 

221 
; 2.o. 

1.s. 

1.6! 

1.4 

1.2 

1.o; 

8 1O 12 14 16 18 20 

iINS2)2C=NHCl]I=g, li~er-l) 

Fig. 4. Effect of guanidine hydrochloride on electroless copper plating 
rate, determined by gravimetric method. 
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Fig. 5. Test of Eq. [3] for thiourea 

The plot of reciprocal plating rate vs. concentration of 
additive (Fig. 5) was linear, as expected from Eq. [3]. How- 
ever, the scattering of data should not be neglected. It 
implies that there are some other factors influencing the 
plating rate. Nevertheless, from the straight line drawn in 
Fig. 5, the adsorption equil ibrium constant was estimated 
to be 3.14 • 105M. The large K value shows that thiourea 
strongly adsorbs on copper surface. Hence, it is clear that 
the plating rate is controlled predominantly by the ad- 
sorption of thiourea on copper surface. 

Small amounts of Cu(I) present in the plating bath may 
exist as Cu~O precipitate. It tends to disproportionate 
readily to form Cu(O). The Cu20 particles or Cu(O) 
particles randomly dispersed in solution can act as nuclei 
for uncontrolled deposition of copper, leading to bath de- 
composit ion (22). From the stability constant, it is evident 
that thiourea forms a strong complex with Cu(I). The 
vol tammograms in Fig. 1 show that the peak for the oxi- 
dation of  copper electrode shifted from -0.43 to -0.35V 
with the addition of thiourea from 0 to 2.0 rag: It is specu- 
lated that a new slow reaction pathway was introduced 
because of the adsorption of thiourea on copper (17, 21). 
The adsorption of thiourea on copper and the formation 
of a strong complex between thiourea and Cu(I) explain 
why a small amount  of thiourea stabilizes the electroless 
copper plating bath. 

Voltammograms of plating solutions with various 
amounts of guanidine hydrochloride are shown in Fig. 2. 
Four  phenomena were observed: (i) the zero current po- 
tential shifted to more negative values as the concentra- 
tion of guanidine hydrochloride was increased; (ii) the 
current for the oxidation of HCHO in the range between 
zero current potential and -0.67V increased concomi- 
tantly; (iii) the current for the oxidation of HCHO in the 
range beween -0.67 and -0.45V decreased as the amount 
of guanidine hydrochloride was increased; and (iv) the 
peak current for the oxidation of copper electrode de- 
creased with the increase of guanidine hydrochloride. 
The first and the second phenomena are interpreted as a 
consequence of rate enhancement  by the delocalized ~- 
electron of guanidine hydrochloride (17). The third is be- 
lieved to result from the decrease in the number  of active 
sites for the oxidation of HCHO caused by the adsorption 
of guanidine hydrochloride to the copper surface. The 
peak for the oxidation of copper electrode does not shift 
with the addition of guanidine hydrochloride. It shows 
that there is no new pathway for the oxidation of copper 
electrode with the addition of guanidine hydrochloride. 
However, the peak current did decrease as the amount  of 
guanidine hydrochloride was increased. This result con- 

firms the decrease of free copper surface by the adsorp- 
tion of guanidine hydrochloride. The effect of delocalized 
~- electron and surface adsorption work simultaneously at 
the copper surface, resulting in the appearance of a maxi- 
mum plating rate at about 5 mg/liter of added guanidine 
hydrochloride. 

With further additions of guanidine hydrochloride up to 
40 mg/liter, the plating rate decreased only slowly. This 
indicates that the surface adsorption of this compound is 
not as strong as that of thiourea. Instead, the effect of de- 
localized ~r electron plays a much more important role in 
determining the plating rate in the presence of guanidine 
hydrochloride. 

Another additive, urea, whose molecular structure is 
similar to thiourea and guanidine hydrochloride, was 
studied for comparison. The addition of urea had no ob- 
servable effect on vol tammogram and plating rate. The 
result implies that neither surface adsorption nor com- 
plex formation with Cu(I) had any significant effect on 
the rate of  electroless copper plating. 

In conclusion, it has been discussed that there are three 
different effects of additives in electroless copper plating: 
(i) the surface adsorption of additive on copper surface 
decreases the plating rate; (ii) delocalized ~ electron of 
additive enhances the plating rate; and (iii) the stronger 
complexing ability of additive with Cu(I) than with Cu(II) 
stabilizes the solution. Besides the three additives stud- 
ied, the effects of other additives reported in the litera- 
ture, such as 2-mercaptobenzothiazole, pyridine, adenine, 
2,2'-biquinoline, and cystine, may also be explained in 
terms of the same arguments. 

Acknowledgments 
This material is based upon work supported by Ming- 

Hsin Engineering College. I am pleased to thank Profes- 
sor Chi-Chao Wan and Professor Hwa Sheng Cheng of 
National Tsing Hua University for permitt ing me to use 
some of their laboratory equipment.  I also wish to ex- 
press my gratitude to Professor Cheu-Pyeng Cheng for 
valuable comments  during the preparation of  the manu- 
script. 

Manuscript submitted Sept. 6, 1984; revised manuscript  
received Dec. 10, 1984. 

Ming-Hsin Engineering College assisted in meeting the 
publication costs of this article. 

REFERENCES 
1. F. A. Lowenheim, "Modern Electroplating," McGraw- 

Hill Book Co., New York (1978). 
2. M. Murphy, Met. Finish. 82, 17 (1984). 
3. M. Murphy, ibid., 81, 21 (1983). 
4. L. Streeter, Electroplat. Met. Finish. 27, 8 (1974). 
5. J. Hulme and N. H. Jordan,Finish.Industries, 15(1977). 
6. A. M. Poskanzer and S. C. Davis, Plating Surf. Finish., 

94 (1982). 
M. Paunovic, This Journal, 124, 349 (1977). 
R. R. Brookshire, U.S. Pat. 3,046,159 (1962). 
F. J. Nuzzi, Plating Surf. Finish., 51 (1983). 
J. Duffy, L. Pearson, and M. Paunovic, This Journal, 

130, 876 (1983). 
J. L. Morico and H. W. Pender, U.S. Pat. 3,595,684 (1971). 
J. F. McCormack and F. J. Nuzzi, U.S. Pat. 4,301,196 

(1981). 
L. N. Schoenberg, This Journal, 119, 1491 (1972). 
E. B. Saubestre, Plating, 59, 563 (1972). 
F. W. Schneble, Jr., R. J. Zeblisky, J. F. McCormack, 

and J. D. Williamson, U.S. Pat. 3,361,580 (1968). 
M. Paunovic, Plating, 55, 1161 (1968). 
M. Paunovic and R. Arndt, This Journal, 130, 794 (1983). 
F. Pearlstein and D. Baudrand, "Electroless Depostion 

of Metals," American Electroplater's Society, Inc. 
(1972). 

J. J. Lingane, Chem. Rev., 29, 1 (1941). 
L. N. Scheenberg, This Journal, 118, 1571 (1971). 
R. H. Wopschall and I. Shain, Anal. Chem., 39, 1514 

(1967). 
P. Malathy and B. A. Shenoi, Finish. Industries, 26 

(1977). 

7. 
8. 
9. 

10. 

11. 
12. 

13. 
14. 
15. 

16. 
17. 
18. 

19. 
20. 
21. 

22. 



Factors That Affect Uniformity of Plating of Through-Holes in 
Printed Circuit Boards 

I. S t a g n a n t  Fluid in the T h r o u g h - H o l e s  
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ABSTRACT 

Solutions are presented to a mathematical  model that accounts for mass-transfer effects on the rate of plating of 
through-holes in circuit boards. The assumption is made that the liquid in the through-hole is stationary. Results indi- 
cate that even for aspect ratios as low as 3:1, very nonuniform plating occurs along the axis of the through-hole, unless 
flow within the through-hole can be induced. 

Printed circuit board design is moving in a direction 
leading to increased aspect ratios for plated through-holes 
that connect parallel layers of circuits. A plating process 
must be designed to achieve deposition rates that are 
high enough to yield acceptable productivity in a plating 
line while maintaining uniformity of deposition consist- 
ent with quality considerations. These criteria will be in- 
creasingly difficult to achieve as aspect ratios increase 
for through-holes. 

Figure 1 suggests the nature of the physical problems 
that must  be dealt with. We consider a cylindrical 
through-hole of diameter D, connecting a pair of plane 
layers separated by a distance L. We define L/D as the as- 
pect ratio of the through-holes. Aspect ratios of 5:1 are 
common today, and ratios of 20:1 are in the prototype 
stage in many board shops. Under most industrial cir- 
cumstances, the rate of plating is controlled by mass- 
transfer resistances between the plating bath and the 
board surface. Bath agitation can promote the delivery of 
electrolyte to the board, but ultimately it is diffusion that 
controls the delivery of the metal ions or compounds to 
the sites of deposition. The fundamental question of con- 
cern here is this: to what degree can control of the exter- 
nal hydrodynamics in the bath be used to promote diffu- 
sion into the relatively stagnant through-holes? 

In this paper, we examine the nature of the problem at 
hand by developing a mathematical model for the non- 
uniformity to be expected in the plating of through-holes 
that are filled with stagnant liquid. Part II of this series 
will present the effect of flow through the through-holes 
on deposition rate and uniformity. 

Mathematical Model 
We consider, as in Fig. 2, the region that includes a 

representative through-hole and the surrounding bath. A 
diffusion boundary layer, of thickness a, separates the 

TURBULENT AGITATED BATH 
Rapid mixing 

~ ~  I ~H~H~H~-'~ ~_. ~ P LA TIN G 
reactions occur on 

D ~  board surfaces 

>,~ ........... I~,,~- .......... .~THROUGH-HOLE 
F / I I / / / / / / / / / / / / / / / / / / / / / / / / / /  

THIN LAMINAR BOUNDARY LAYER 
No mixing 
Diffusion controls transfer 
of ions to board surface 
and into through-hole 

Fig. 1. Phenomena that affect plating within and near the surfaces of a 
through-hole. 

well-agitated bath from the board surface. Fluid within 
this region is not necessarily stagnant. There could be 
flow parallel to the board surface, for example. However, 
we assume that such a flow cannot contribute to the 
transport of any dissolved species in the direction normal 
to the board. In other words, external hydrodynamics in 
the bath, due to agitation, can control the magnitude of 
the diffusion boundary layer, but ultimately it is diffusion 
across this layer that delivers a chemical species to the 
site of plating. In this model, we do assume that fluid in 
the through-hole is stagnant. 

A metallic species is in solution at a concentration Cb in 
the bath. This species must  diffuse through the stagnant 
solution until, upon achieving contact with the solid sur- 
face of the board or through-hole, a reaction occurs which 
leaves a metal film on the solid. 

Within the diffusion layer and through-hole, the 
concentration of the metallic species, C, is a function of 
time and position, governed by the diffusion equation 

ac : ~ . a<: + ! 2_~_ C + [11 
at or 2 r or az 2 / 

For simplification of the mathematics, it is assumed 
here that the concentration field has angular symmetry 
about the axis of the hole. 

Boundary conditions express the following physical el- 
ements of the model 

C = C o f o r t  ~<0 [2] 

The board has entered the plating bath from a prior clean- 

R I 

I r 
" "  Z 

~C]" '  

I 

l 
Fig. 2. Definition sketch for the mathematical analysis 
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ing bath, and the through-holes and the board have en- 
trained a liquid film whose concentration in the metallic 
species is Co, different from the concentration Cb in the 
plating bath. This is an initial condition on the solution of 
Eq. [1] 

C =  C b a t z = - 8  [3] 

This reflects our assumption that the bath is of uniform 
concentration to within a distance 8 of the board. 

OC 1 
Oz - 0 a t z = ~ - L  [4] 

We assume symmetry of agitation on both sides of the 
board. Hence, at the midpoint  along the axis of the hole, 
the concentration gradient vanishes. 

0C 
- 0 a t r = R , - 8  ~ < z < 0  [5 ]  

Or 

We assume that at some distance R from the axis of the 
hole, in the diffusion layer above the board, the influence 
of the hole vanishes and C is no longer a function of r 

aC 
- 0 a t  r = 0 [6 ]  

Or 

This expresses angular symmetry about the axis of the 
hole. 

The final boundary conditions require some assump- 
tions regarding the rate of deposition of the metallic spe- 
cies on the surface. Whatever factors control the deposi- 
tion process, we know that the deposition rate (per unit of 
surface area), ~, must  be balanced by the diffusion flux 
to the surface. In general, then, the boundary conditions 
take the form 

Oc 
= - @ - - a t r =  a, 0 <~z <~L/2 

or [7] 

= - 9  O--S-c a t z  = 0, a ~  < r <~ R 
8z 

These conditions require that we have kinetic data 
sufficient to permit a relationship to be written between 

and C. For example, if the reaction is first order 

= k C  [8] 

where k is the rate coefficient. Of course, more complex 
reaction schemes could be envisioned. In this study, we 
will adopt Eq. [8]. 

It is convenient  to nondimensionalize Eq. [1] in the fol- 
lowing manner. Define a dimensionless time and a radial 
and axial variable as 

~ t  r z 
0 ~- S ~ - -  x = - - - -  a ~ a a 

Define a dimensionless concentration as 

C 
~ b ~ q  

Cb 

Then, Eq. [1] takes the form 

aO Os 2 s as ax  z 

Initial and boundary conditions take the forms 

[9] 

Co for 0 ~< 0 
~ = ~ ~  Cb 

qS= l a t x = - h = - B / a  

8~ 1 L 
- O a t x = A -  

8 x  2 a 

0r R 
- 0 a t s = B = - - , - A  < x  <-0 

Os a 

[10] 

[11] 

[12] 

[13] 

0s 

0x 

where KD = k a l e .  

- 0 a t s = 0  
as 

1 A - - - = K D ~ a t s =  l ' O < - x < -  2 

-- - -  = KDq~ at  x = O, 1 ~<S ~<B 

[14] 

[15J 

[16] 

We note that this nondimensionalization removes all pa- 
rameters from the diffusion equation, and introduces, 
into the boundary and initial conditions, the dimen- 
sionless parameters A, A, B, KD, and ~bo. 

Solution Method 
Equation [9] is solved by a finite difference method, 

using the alternating direction implicit (ADI) procedure 
(1). The spatial (s, x) discretization is refined until the so- 
lution becomes insensitive to mesh size. The advantage of 
the ADI method is that it is convergent and stable for any 
t ime step, although too large a time step gives inaccurate 
results. A few numerical  "experiments"  using various 
time steps and mesh resolution lead to determination of a 
solution method that represents a good compromise be- 
tween accuracy, memory requirements,  and machine 
time. 

Two test problems, for which analytical solutions are 
available, were used as an aid to assessing the accuracy of 
the computational procedure. In each case, Eq. [9] was 
solved under a set of simplified boundary and initial con- 
ditions. 

Tes t  C a s e  1 . - - T r a n s i e n t  d i f f u s i o n  i n to  a t h r o u g h - h o l e  i n  
the  a b s e n c e  o f  r e a c t i o n . - - W e  solve Eq. [9] with the follow- 
ing conditions 

~bo = 0 at 0 ~< 0 [10'] 

(b= l a t x = - A =  0 [11'] 

0~ 
- 0 a t  x = A = 3 [ 1 2 ' ]  

0x 

0~ 
- 0 a t s =  0 [ 1 4 ' ]  

0s 

- 0 a t s =  1 [ 1 5 ' ]  
Os 

From the exact analytical solution (2), we may write 

4 ,_~ (-1)" 
1-~= W 

cos [mzr(A-2_/~ x) ]j exp _(\~m'~-' 0) [17] 

where m = 2n + 1. 

Tes t  C a s e  2 . - - R e a c t i o n  on  the  w a l l s  o f  a t h r o u g h - h o l e  iso- 
l a t e d  f r o m  the  e x t e r n a l  b a t h . - - W e  solve Eq. [9] with the 
following conditions 

~bo = 1 at 0 ~< 0 [10"] 

- 0 a t x = - A =  0 [11"]  
Ox 

0~ 
- 0 a t  x = A = 3 [12"]  

ax  

aep 
- 0 a t  s = 0 [14"]  

Os 

o~ 
- = K .~b  a t  s = 1 [15"]  

Os 

The exact analytical solution (2) may be writ ten 

2Kl)jo(h,,s) 
= ~=,~ e -~2n~ (h2  + K Z)Jo(h,, ) [18] 
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where  the  ;~. are the  roots  of  

K~J0(X,) = X,J,(X,) 

F igure  3 shows the  t rans ient  approach  to equ i l i b r ium of 
the  concent ra t ion  at a po in t  on the  axis of  the  hole  (s = 0), 
m i d w a y  be tween  the  top  and midd le  of  the  ho le  (i.e., at x 
= 1/2 A = 3/2). The  spatial  m e s h  and the  t ime  step used  in 
the  numer ica l  solut ion are shown in the  figure as well. 

It  is apparen t  that  the  m e s h  and t ime  step used  give ac- 
cura te  solut ions over  mos t  of  the  approach  to equi l ib-  
r ium. I t  is also apparen t  that  the  t ime scales character is t ic  
of  the  approach  to equ i l ib r ium differ marked ly  de- 
pend ing  upon  whe the r  radial  or axial  diffusion domi-  
nates,  for an aspec t  ratio of  A = 3. This  observa t ion  sug- 
gests  that  it does not  ma t t e r  m u c h  if  the th rough-hole  has 
plat ing solut ion in it ini t ial ly (Eq. [10"]), or whe the r  it is 
free of plat ing solut ion (Eq. [10']). Any  init ial ly avai lable  
meta l  ion will  qu ick ly  diffuse to the wall, and  subsequen t  
p la t ing  will  depend  u p o n  supply  of meta l  ion  f rom the  ex-  
ternal  bath.  

Results 
Figure  4 shows i soconcen t ra t ion  l ines for a g iven  set of  

geomet r i c  parameters ,  at two different  t imes.  The  t imes  
are selected to be at s teady state, and at the  half-time. 
S o m e  remarks  on the  def ini t ion of  s teady state are neces-  
sary. 

F igure  5 shows the  approach  to equ i l ib r ium (steady 
state) for several  cases. An arbi t rary def ini t ion of  s teady 
state is always necessary  in diffusion problems.  S ince  the  
approach  to equ i l ib r ium is asymptot ic ,  an  infinite t ime is 
r equ i red  to ach ieve  s teady state, and, of  course,  this does  
not  yield a useful  t ime scale for the  process.  We have  used  
the  concen t ra t ion  at the  pos i t ion  s = 0, x = 1/2 A, as a "tra- 
cer"  for the  approach  to s teady state. Thus,  in Fig. 5, we 
plot  1 - ~b (0, 1/2 A, 0)/~b(0, 1/2 A, co) against  8. By 0 = 0% we 
m e a n  a t ime long e n o u g h  that  (b(0, 1/2 A) no longer  
changes.  As Fig. 5 shows,  for the  specific pa ramete r  
va lues  i l lustrated,  half - t imes are  of  order  O = 1, bu t  de- 
pend  on Kn and h. 

F igure  6 gives an indica t ion  of  the  reduc t ion  in the  plat- 
ing rate to be expec t ed  wi th in  the  through-hole .  The  re- 
sults  of the  numer ica l  s imula t ion  are normal ized  to the  
plat ing rate  on the  p lane -exposed  surface of the board,  far 
f rom the  hole  (i.e., at s = B). Resul ts  are shown for t imes  
beyond  that  r equ i red  for a c h i e v e m e n t  of  s teady plating. 
In  effect, Fig. 6 displays  the  plat ing th ickness  at var ious  
posi t ions,  re lat ive to the  th ickness  that  wou ld  be  ach ieved  

II111 
- - . . L - J i l l  

] 17',4,,,.1 
I I 1 %  
I I I  ~'~,~ 

[11 0.5 
NI 

I\1 r \l 
It 1 ,,,x. 
i i K i \ - .  
III _... o.i 
LII "- . . . . .  
III 
LIt 

IR 
II IX 0.05 
I I 1 '  / 

III 
III 

Ill - -  

111 
Fig. 4. Concentration profiles at steady state ( ) and at the half- 

time ( - - - ) ,  for the case A = 3, A = 0.25, cho = 0, KD = 10, R = 1.2S. 

on the  board  if  the  th rough-ho le  were  absent.  Note  that  
the  un i fo rmi ty  of  p la t ing is i m p r o v e d  at smal ler  va lues  of  
KD, U n d e r  no c i rcumstances ,  for the range of parameters  
examined ,  is the pla t ing rate uniform.  In the  cases stud- 
ied, the  plat ing rate falls be low half  of  the  exposed-  
surface rate at a dep th  of  less than  one d iamete r  of  the  
hole. Thus  one  can ant ic ipate  h ighly  n o n u n i f o r m  plat ing 
in th rough-holes  of aspect  ratios of  3 or greater,  unless  
one operates  at ve ry  low pla t ing rates (KD < <  1), unde r  
condi t ions  cons is ten t  wi th  the  a s sumpt ions  of  this s imu- 
lation. In  part icular ,  of  course,  these  resul ts  hold  on the  
assumpt ion  that  the  l iquid  in the  through-hole  is stag- 

diffusion 
No reaction 

(3,0,0) 

" ~  Radial diffusion only 
\No external flux 

\ 0.Ol 

~ q. L7 IKD:~o) 

I '  

o L ~ 
0 

Fig. 3. Transient approoch to equilibrium for two test cases. Compari- 
son of exact solutions ( ) and numerical results (�9 Values of A, 
KD, ~ appended to the upper curve. A uniform mesh is used, with Ax = As 
= 0.12S. A time step of 48  = 0.1 is used. 
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Fig. 5. The approach to steady state, under various conditions. Values 

of A, KD, /~ appended to each curve. In all cases, q% = 0. 



Vol .  132, No .  5 T H R O U G H - H O L E S  1053 

~ ..... It, 

02 (3,0.5,tl 

I 0 I 2 ~ s ~  3 z ~  
[ . 

0.8 ~ o 5 , 0 )  
~ " .6 

0.4 

0.2 \ --..~,,,01 

0 , 
I 0 I 2 

05 

Fig. 6. Plating rate as a function of position, for various parameters, at 
steady state ,  normalized to the rate on the exposed surface far from the 
hole. 

nan t .  (F low w i t h i n  t h e  t h r o u g h - h o l e  wil l  b e  a d d r e s s e d  in  
p a r t  II  of  th i s  series.)  

I n  a d d i t i o n  to t he  n o n u n i f o r m i t y  of  p la t ing ,  ou r  r e su l t s  
a lso i l lus t ra te  t he  effect  of  d i f fus ion  r e s i s t a n c e  o n  t he  
m a g n i t u d e  of  t h e  p l a t i ng  rate ,  re la t ive  to w h a t  one  wou ld  
a c h i e v e  in  the  a b s e n c e  of  any  m a s s - t r a n s f e r  res i s tance .  
The  n o n u n i f o r m i t y  is a c o n s e q u e n c e  of  t he  m a s s - t r a n s f e r  
r e s i s t a n c e  of  t h e  s t a g n a n t  f luid in  t h e  t h r o u g h - h o l e .  The  
m a g n i t u d e  of  t he  p l a t i ng  ra te  is f u r t h e r  r e d u c e d  b y  a 
f ini te  e x t e r n a l  m a s s - t r a n s f e r  res i s tance ,  con t ro l l ed  b y  t he  
v a l u e  of  h a n d  KD. 

In  t h e  a b s e n c e  of  a t h r o u g h - h o l e ,  p l a t i ng  occu r s  via  one- 
d i m e n s i o n a l  d i f fus ion  to t he  p l a n a r  sur face  of  t he  board .  
In  th i s  case,  t he  d i f fus ion  e q u a t i o n s  s impl i fy  to t he  fo rm 
(at s t e a d y  s ta te)  

d26 
- 0 [19]  

d x  2 

6 = l a t x =  - A  

4 6  
- KD6 at  x = 0 

dx  

One  eas i ly  f inds  6(x), a n d  f rom t he  sur face  value,  6(0), 
t h e  p l a t i ng  ra te  is f o u n d  to be  

KD 
~ = KD6(0) [20] 

1 +AKD 

U n d e r  c o n d i t i o n s  of  eff ic ient  agi ta t ion,  w h e r e  t h e  sur- 
face of  t he  b o a r d  is a t  t he  b a t h  c o n c e n t r a t i o n  (6 = 1), t h a t  
is, a t  A = 0, t he  m a x i m u m  p la t ing  ra te  is 

~ m a x  ~ KD [21] 

Hence ,  t h e  r e d u c t i o n  in  rate ,  due  to t he  p r e s e n c e  of A 
a lone,  is g iven  b y  

- (1 + A K D ) - '  [22]  
~max 

As a t y p i c a l  e x a m p l e ,  we  f ind t h a t  for  h = 0.25 (effi- 
c i en t  agi ta t ion)  a n d  KD = 10 ( rap id  reac t ion ,  re la t ive  to t h e  
d i f fus ion  rate), Eq. [22] p r e d i c t s  t h a t  t he  p l a t i ng  ra te  is 
on ly  30% of  t h e  va lue  t h a t  w o u l d  b e  a c h i e v e d  in  t h e  l imit-  
ing  case  of  h = 0, de s p i t e  t h e  fact  t h a t  A is so small .  This  
ref lects  t he  s t rong  i n t e r p l a y  of r eac t i on  w i t h  d i f fus ion .  A 
la rge  KD va lue  can  lead  to s ign i f i can t  m a s s - t r a n s f e r  inhi -  
b i t ion ,  e v e n  t h o u g h  A i t se l f  m a y  b e  q u i t e  small .  Th i s  is be-  
cause  t he  fac to r  AKo m a y  be  w r i t t e n  as 

k6 
AKD - [23] @ 

a n d  it  is t he  m a g n i t u d e  of  t h i s  pa r t i cu l a r  c o m b i n a t i o n  of  
p a r a m e t e r s ,  r a t h e r  t h a n  A a n d  KD ind iv idua l ly ,  t h a t  con-  
t ro ls  t h e  i m p o r t a n c e  of  e x t e r n a l  m a s s - t r a n s f e r  e f fec ts  on  
p l a t i ng  rate.  

S o m e  c o m m e n t s  on  t he  t i m e  r e q u i r e d  to a c h i e v e  s t eady  
p l a t i ng  a re  in  order .  As  Fig. 5 shows ,  ha l f - t imes  a re  of  or- 
de r  one  for  t he  A = 1 cases  e x a m i n e d ,  a n d  a b o u t  h a l f  t h a t  
m a g n i t u d e  for  t he  A = 0 cases.  Hal f - t imes  wil l  b e  l o n g e r  or 
s h o r t e r  for l a rger  or sma l l e r  a spec t  rat ios,  respec t ive ly .  
S i n c e  d i m e n s i o n l e s s  va r i ab l e s  are  used ,  i t  is w o r t h w h i l e  
to e x a m i n e  w h a t  t h e s e  r e su l t s  m e a n  in  t e r m s  of  real  
t imes .  

F r o m  t h e  de f in i t ion  of  0, t h e  rea l  ha l f - t ime  is 
a 2 

t,/2 = - - ~ 0 , j  z [24]  

U n d e r  typ ica l  c o n d i t i o n s  (3), we m i g h t  h a v e  a b o a r d  of  
t h i c k n e s s  L = 0.092 in. w i t h  a t h r o u g h - h o l e  of  d i a m e t e r  2a  
= 0.031 in. (A = 3). The  d i f fus iv i ty  of  c o p p e r  ion  in  aque-  
ous  so lu t i on  is of  o rde r  10 -5 cmZ/s. C o n v e r t i n g  a to  cent i -  
me te r s ,  we  f ind 

tl/2 = 123 0,/2 (s) [25] 

Hence ,  for  ha l f - t imes  of  o r d e r  one  (in O), we  a n t i c i p a t e  t h a t  
t he  t r a n s i e n t  p e r i o d  of  p l a t i ng  is on ly  of  a d u r a t i o n  of  a 
few minu t e s .  S ince  p l a t i ng  t i m e s  are typ ica l ly  of  t he  o rde r  
Of t ens  of  m i n u t e s ,  we  e x p e c t  t h a t  t he  s t eady- s t a t e  r e su l t s  
for  p l a t i ng  ra te  are  of  m o s t  i n t e r e s t  to us. 

S ince  t h e s e  s imula t ions ,  a n d  t h e  c o n c l u s i o n s  d r a w n  
f rom t h e m ,  are s t rong ly  d e p e n d e n t  u p o n  t h e  m a g n i t u d e  
of KD, it  is i m p o r t a n t  to  e s t i m a t e  t he  r a n g e  of KD to b e  ex- 
p e c t e d  in  c o m m e r c i a l  p l a t i ng  opera t ions .  P l a t i n g  b a t h s  
are o f ten  " r a t e d "  in  t e r m s  of m i c r o i n c h e s  of  c o p p e r  de- 
pos i t ed  ove r  a specif ic  t i m e  in terval .  A p l a t i ng  ra t e  of  30 
m i c r o i n c h e s  in 10 m i n  is r e g a r d e d  as a fas t  ra te  in  a n  
e lec t ro less  p roces s  in  a b u b b l e : a g i t a t e d  b a t h  (4). 

U n f o r t u n a t e l y ,  i t  is r a re ly  poss ib l e  to e s t i m a t e  t he  mag-  
n i t u d e  of  t he  d i f fus ion  layer  t h i c k n e s s ,  6, i n  c o m m e r c i a l  
sys tems .  A n  u p p e r  l imi t  c an  b e  e s t i m a t e d  o n  t he  a s s u m p -  
t i on  t h a t  t he  d e p o s i t i o n  is c o m p l e t e l y  m a s s - t r a n s f e r  
cont ro l led .  [In e lec t ro ly t ic  p la t ing ,  th i s  is j u s t  t h e  condi-  
t ion  of p l a t i ng  at  t he  l im i t i ng  c u r r e n t  (6).] We a s sume ,  
then ,  t h a t  t h e  f lux of  m e t a l  ions,  w h i c h  is j u s t  t he  deposi -  
t i on  ra te  p e r  u n i t  area,  m a y  b e  wr i t t en  as 

I:I pm/MW = ~ Cd6max [26] 

w h e r e  / : / i s  t he  ra te  of g r o w t h  of  t he  meta l l i c  layer,  a n d  
pm/MW is t he  m o l a r  d e n s i t y  of  t he  metal .  U n d e r  t h e  condi-  
t ions  t h a t  

/:/ = 3 /z in . /min  = 1.27 • 10 -7 cm/s  
Cb = 18.7g Cu/l i ter  (3) 

= 10-5 cmZ/s 
pm/MW = 6.9/63.5 

we  f ind 6max = 0.2 cm. 
I n  a b a t h  ope ra t i ng  s u c h  t h a t  8 is smal ler ,  so t h a t  t h e r e  

is a f ini te  r e s i s t a n c e  a s soc i a t ed  w i t h  t he  r e a c t i o n  at  t he  
surface ,  we  m a y  ca lcu la te  k f rom a n  a s s u m e d  v a l u e  of  
8 < 6max. We b e g i n  w i t h  

[-1(pm/MW)(1 + AKD) 
k = ~/C = [27] 

Ca 

Note  t h a t  we  u se  Eq.  [22] to co r rec t  t he  b a t h  
c o n c e n t r a t i o n  Cb to t he  v a l u e  C t h a t  is ac tua l ly  in  c o n t a c t  
w i t h  t h e  b o a r d  surface.  

U s i n g  Eq. [26], we  m a y  wr i te  

k 6  ~/~max 
- [28]  

1 -- 818ma x 

Obvious ly ,  any  v a l u e  of k8/~ in  t h e  r a n g e  (0, oo) fo l lows 
f r o m  a guess  of  a/area x i n  t h e  r a n g e  (0, 1), respec t ive ly .  
S o n i n  (5) p r e s e n t s  a d i s c u s s i o n  of  a p l a t i ng  s y s t e m  w h i c h  
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utilizes liquid jets which impinge on the board surface 
and provide very efficient agitation. From the informa- 
tion which he presents, we have calculated a value of 8 = 
5 x 10-4 cm for his "B-1 manifold." Clearly, this leads to a 
very small value for ka/@. However, it is KD which con- 
trols nonuniformity of plating in the hole, and for this 
case we find 

ka k~ a a 
KD . . . .  0.19 [29] 

Based on this value of KD, and our simulations, one 
would expect uniform plating of through-holes in Sonin's 
laboratory system. However, one could easily imagine, in 
a bubble-agitated bath, a value of a considerably greater 
than that in Sonin's jet-agitated system. Hence, one 
would expect  difficulty in achieving uniformity of 
through-hole plating under such conditions, unless the 
bath were agitated in such a way as to induce the flow of 
plating fluid directly through the holes. A discussion of 
the effect of such flow is the topic of the next paper in 
this series. 

Manuscript received Sept. 24, 1984. 

The University of  California, San Diego, assisted in 
meeting the publication costs of  this article. 

NOMENCLATURE 

a radius of through-hole (m) 
A aspect ratio of through-hole (L/2a) 
B (R/a) 

C molar concentration of metal ion (moYm ~) 
diffusion coefficient of metal ion (m2/s) 

k first-order rate constant for the plating reaction 
(re]s) 

KD (kale) 
L axial length of through-hole (m) 
R distance from the hole axis, along the board sur- 

face, at which the effect of the hole on diffusion dis- 
appears (m) 

r radial variable (m) 
surface reaction rate (moYm2-s) 

s (r/a) 
t t ime variable (s) 
x (z/a) 
z axial variable (m) 

Greek 

a diffusion layer thickness (m) 
A (a/a) 
0 (~t /a  2) 
r (C/Cb) 
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Electrode Materials for Hydrobromic Acid Electrolysis in Texas 
Instruments' Solar Chemical Converter 

J. D. Luttmer,* D. Konrad,* and I. Trachtenberg* 
Texas Instruments  Incorporated, Dallas, Texas 75265 

ABSTRACT 

Texas Instruments has developed a solar chemical converter (SCC) which converts solar energy into chemical en- 
ergy via the electrolysis of hydrobromic acid. Various materials were evaluated as anodes and cathodes for the electroly- 
sis of the acid. Emphasis was placed on obtaining low overvoltage electrodes with good long-term stability. Sputtered 
platinum-iridium thin films were identified as the best choice as the cathode material, and sputtered iridium and 
iridium oxide thin films were identified as the best choice as anode materials. Electrochemical measurements indicate 
that low overvoltage losses are encountered on these materials at operating current densities in the SCC. Accelerated 
corrosion tests of the materials predict acceptable electrode stability for 20 years in an environment  representative of on- 
the-roof service. 

The solar chemical converter (SCC) in Texas Instru- 
ments '  solar energy conversion system converts solar en- 
ergy into chemical energy via the electrolysis of hydro- 
bromic acid into hydrogen and bromine (1-6). The choice 
of this electrolyte was dictated by several considerations, 
including electrolysis product separability, ionic conduc- 
tivity, electrode kinetics, optical transmission, and rea- 
sonable load matching to the silicon solar cells. Selection 
of the hydrobromic acid electrolyte system required 
identification, characterization, and selection of appro- 
priate materials to use as anodes and cathodes for HBr 
electrolysis in the SCC. 

The primary requirements  for SCC electrode materials 
are that they have low overvoltage for HBr electrolysis 
and sufficient stability to achieve 20 years of service in 
an on-the-roof environment.  Additionally, the electrode 
should be low in cost and be readily manufacturable. For 
opt imum SCC performance, the electrodes should also be 
transparent, although the SCC electrode structure can be 
designed to minimize light losses associated with the 
electrodes (3, 5, 6). 

* Electrochemical Society Active Member. 

The electrodes on the individual solar cells of the SCC 
experience a wide range of operating conditions over 
their 20 year service life. Wide variations in operating 
temperature, electrolyte composition, and electrochem- 
ical current density are anticipated. The investigations re- 
ported here were designed to encompass these variations 
and predict SCC operating characteristics. 

The electrochemical and corrosion behavior of numer- 
ous materials were investigated as candidates for SCC 
electrodes. The most promising electrode candidates in- 
eluded plat inum and iridium and their alloys and oxides. 
The results of the investigations with the most  promising 
candidates are given here. 

Experimental 
Thin film electrodes and corrosion samples were pre- 

pared by sputter deposition using a MRC 822 sputter sys- 
tem incorporating 8 in. diam targets of iridium and 
platinum]iridium (7:3) alloys. Silicon wafer (n § and P0 and 
quartz substrates were cleaned in boiling nitric acid, 
dried, and sputter etched at 500W for 30s with the sputter 
chamber containing 6 tLm argon. Platinum/iridium and 
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i r i d i u m  t h i n  f i lms were  s p u t t e r e d  at  500W a n d  6 /~m ar- 
gon.  I r i d i u m  o x i d e  t h i n  f i lms were  p r e p a r e d  b y  reac t ive  
s p u t t e r  d e p o s i t i o n  at  500W u s i n g  t h e  i r i d i u m  t a r g e t  w i t h  
t he  c h a m b e r  c o n t a i n i n g  100 ~ m  oxygen .  I r i d i u m  ox ide  
t h i n  f i lm e l ec t rodes  o n  s i l i con  s u b s t r a t e s  i n c l u d e d  a t h i n  
(3 n m )  ba r r i e r  l ayer  of  i r i d i u m  to p r e v e n t  f o r m a t i o n  of  a 
p a s s i v a t i n g  layer  (s i l icon d iox ide)  b e t w e e n  t h e  s i l i con  a n d  
t he  i r i d i u m  oxide.  A 0.1 /~m i r i d i um  fi lm was  d e p o s i t e d  
on  t he  b a c k  s ide  of  t he  t h i n  f i lm/s i l icon e l ec t rodes  to fa- 
c i l i ta te  f o r m a t i o n  of  a n  e lect r ica l  c o n t a c t  to  t he  e lec t rode .  

Tafel  p lo t s  of  t he  t h i n  f i lm e l ec t rodes  we re  o b t a i n e d  
w i t h  a s i n g l e - c o m p a r t m e n t  t h r ee - e l ec t r ode  cell. The  t h i n  
f i lm/s i l icon t e s t  e l e c t r o d e  was  s p a c e d  1 in. f r o m  a para l le l  
t h i n  f i lm i r i d i u m  coun te r e l ec t rode .  A b r o m i n e f H B r  
(1.0M/6.9M) r e f e r ence  e l ec t rode  was  u s e d  w i t h  a L u g g i n  
cap i l l a ry  p o s i t i o n e d  a p p r o x i m a t e l y  1 m m  f rom t h e  t e s t  
e lec t rode .  Tafel  p lo t s  were  o b t a i n e d  w i t h  P A R  173/175 
p o t e n t i o s t a t / w a v e f o r m  g e n e r a t o r  a n d  H P  7004B X-Y re- 
c o r d e r  at  a s can  ra te  of  2 mV/s.  T he  p lo t s  we re  co r r ec t ed  
for  t e s t  cell  r e s i s t ance ,  w h i c h  was  d e t e r m i n e d  b y  c u r r e n t  
i n t e r r u p t i o n .  

Co r ros ion  s t ud i e s  of  t he  t h i n  f i lms we re  c o m p l e t e d  to 
eva lua t e  e l ec t rode  s tab i l i ty  u n d e r  SCC ar ray  o p e r a t i n g  
c o n d i t i o n s  (l ight) a n d  n o n o p e r a t i n g  c o n d i t i o n s  (dark). 
T h e  co r ro s ion  ra t e s  of  t h e  e l ec t rode  ma te r i a l s  we re  mea-  
s u r e d  b o t h  w i t h  a n d  w i t h o u t  a n  app l i ed  p o t e n t i a l  bias.  
A c c e l e r a t e d  t e s t i n g  was p e r f o r m e d  in  48% H B r  a n d  in 
va r i ous  H B r / b r o m i n e  so lu t i ons  c o n t a i n i n g  8.9 eq/ l i te r  bro-  
m i n e  + b r o m i d e .  Tes ts  we re  m a d e  a t  e lec t ro ly te  t e m p e r a -  
tu res  r a n g i n g  f r o m  20 ~ to 100~ A r r h e n i u s  p lo t s  we re  
m a d e  of  log c o r r o s i o n  ra te  as a f u n c t i o n  of  ( t empera -  
ture)  -J to  o b t a i n  t h e  ac t i va t i on  e n e r g y  of  t h e  co r ros ion  
reac t ion .  

C o r r o s i o n  r a t e s  a n d  ma te r i a l s  losses  for n o n o p e r a t i n g  
e l e c t r o d e  ma te r i a l s  were  d e t e r m i n e d  b y  op t i ca l  t r a n s m i s -  
s ion  m e a s u r e m e n t s  a n d  b y  e lec t ro ly te  analys is .  The  op- 
t ical  t r a n s m i s s i o n  of  t h i n  f i lms o n  qua r t z  s u b s t r a t e s  was  
m e a s u r e d  at  600 n m  u s i n g  a V a r i a n  S u p e r S c a n  1BE spec- 
t r o p h o t o m e t e r  w i t h  4 n m  b a n d w i d t h .  T he  co r ro s ion  ra te  
of  t he  e l ec t rode  ma te r i a l s  on  s i l icon s u b s t r a t e s  was  deter -  
m i n e d  b y  m e a s u r i n g  t he  b u i l d u p  of  co r ro s ion  p r o d u c t s  in  
t he  e lec t ro ly te .  E lec t ro ly t e  ana lys i s  for  p l a t i n u m  a n d  
i r i d i u m  was  d o n e  w i t h  a n  A R L  35000 I CP  s p e c t r o m e t e r .  
T h e  r e s o l u t i o n  of  t he  t r a n s m i s s i o n  m e a s u r e m e n t s  is 0.2% 
T. T h e  sens i t iv i ty  is i n d i c a t e d  in  Fig. 5. T he  d e t e c t i o n  l im- 
i ts  for  P t  a n d  Ir  b y  I C P  was  50 ppb .  

O p e r a t i n g  t h i n  f i lm e l e c t r o d e  co r ros ion  ra t e s  we re  de- 
t e r m i n e d  b y  m o n i t o r i n g  t he  overvo l t age  losses  as a func-  
t i on  of  t i m e  a t  f ixed  c u r r e n t  dens i t i e s  a n d  o p e r a t i n g  t em-  
pe ra tu re s .  C a t h o d e  tes t s  were  a c c o m p l i s h e d  w i t h  a 
s i n g l e - c o m p a r t m e n t  cell  w i t h  48% HBr ,  a H B r / b r o m i n e  
(6.9M/1.0M) r e f e r ence  e lec t rode ,  a n d  a P t / h y d r o g e n  (HBr  
sa tu ra t ed ,  1 a tm)  c o u n t e r e l e c t r o d e .  A n o d e  t e s t s  we re  also 
m a d e  w i t h  a s i n g l e - c o m p a r t m e n t  cell  w h i c h  c o n t a i n e d  1M 
b r o m i n e  + 6.9M HBr ,  a H B r / b r o m i n e  r e f e r e n c e  e lec t rode ,  
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Fig. 1. Texas Instruments' solar chemical converter 
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Fig. 2. Reduction of 48% HBr on iridium and platinum/iridium (7:3) 
thin films at 23~ Film thickness is 6 nm. 

a n d  a la rge  i r i d ium foil c o u n t e r e l e c t r o d e .  The  e lec t ro ly tes  
are c o m p a r a b l e  to t h o s e  e n c o u n t e r e d  in  t h e  SCC d u r i n g  
p e a k  o u t d o o r  opera t ion .  T h e  ove rvo l t age - t ime  b e h a v i o r  
was  c o n t i n u o u s l y  m o n i t o r e d  w i t h  a F l u k e  1720/2400 da t a  
a c q u i s i t i o n  sys tem.  D i s a s s e m b l y  of  t he  t e s t  cell  s t r u c t u r e s  
a f te r  o b s e r v a t i o n  of  la rge  s u d d e n  i nc r ea se s  in  ove rvo l t age  
r evea l ed  to ta l  loss of  t h e  t h i n  e l ec t rode  fi lms. The  corro- 
s ion  ra t e s  a re  ca l cu la t ed  f rom the  in i t ia l  f i lm t h i c k n e s s  
a n d  t h e  e lec t ro lys is  t i m e  to to ta l  loss of  t he  film. 

Results and Discussion 

The  e l e c t r o c h e m i c a l  ac t iv i ty  of  t h i n  s p u t t e r e d  f i lms of  
i r i d i u m  a n d  p l a t i n u m / i r i d i u m  (7:3) a l loy o n  s i l i con  sub-  
s t ra tes  in  48% H B r  is s h o w n  in Fig. 2. The  ove rvo l t age  
losses  e n c o u n t e r e d  o n  t h e  p l a t i n u m / i r i d i u m  al loy cath-  
odes  are  c o m p a r a b l e  to  t h o s e  f o u n d  w i t h  b u l k  p l a t i n u m  
e lec t rodes ,  as s h o w n  in  T a b l e  I. The  ac t iv i ty  of  p u r e  t h i n  
f i lm i r i d i u m  c a t h o d e s  is c o n s i d e r a b l y  lower  t h a n  t h a t  of  
p l a t i n u m  or p l a t i n u m / i r i d i u m  alloy. At  t he  ave rage  cur- 
r e n t  dens i ty ,  ove rvo l t age  losses  on  i r i d i u m  a n d  p l a t i n u m /  
i r i d i u m  c a t h o d e s  are  typ ica l ly  - 2 0 0  a n d  - 9 5  mV,  
respec t ive ly .  

Ove rvo t t age  losses  e n c o u n t e r e d  on  t h i n  f i lm a n o d e s  of  
i r id ium,  p l a t i n u m / i r i d i u m  alloy, a n d  i r i d i u m  o x i d e  at  t he  
ave r age  SCC o p e r a t i n g  c u r r e n t  dens i t y  are  g i v e n  in  Tab le  
I. T h e  ave rage  c u r r e n t  d e n s i t y  a n t i c i p a t e d  for  ope ra t i ona l  
SCC e lec t rodes  is 150 m A / c m  ~ (6). The  p l a t i n u m / i r i d i u m  
al loy a n d  i r i d i u m  o x i d e  e l ec t rodes  h a v e  c o m p a r a b l y  h i g h  
e l e c t r o c h e m i c a l  ac t iv i ty  as a n o d e s  for H B r  o x i d a t i o n  rela- 
t ive  to  t he  i r i d ium anodes .  

S o m e  i m p r o v e m e n t  in  t he  p e r f o r m a n c e  of  i r i d i u m  elec- 
t r o d e s  was  o b s e r v e d  w h e n  t h e  e l ec t rodes  were  e lectro-  
c h e m i c a l l y  ac t iva ted .  Cyc l ing  t h e  e l ec t rode  p o t e n t i a l  of  
i r i d i u m  film e l ec t rodes  b e t w e e n  h y d r o g e n  e v o l u t i o n  a n d  

Table I. Electrochemical overvoltage at 150 mA/cm 2 

Material a 

Over- Over- 
voltage b voltage ~ 

Electrode (mV) (mV) Conditions 

Pt/Ir (7:3) Cathode -95 -80 8.9M HBr 
Ir Cathode -200 -140 8.9M HBr 
Pt Cathode -85 -70 8.9M HBr 
Pt/Ir (7:3) Anode 40 35 1M Br.~/6.9M HBr 
Ir Anode 160 120 1M Br2/6.9M HBr 
Ir oxide d Anode 65 40 1M Brj6.9M HBr 

a Electrode films on n § silicon or p~ silicon substrates. Film thick- 
ness is 6-15 nm. 

b Typical values at 23~ 
c Best values at 23~ 
d Includes a 3 nm barrier layer of iridium between the iridium ox- 

ide and the silicon substrate. 
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bromine generation in 48% HBr at 2 Hz for 10s momentar- 1.0 
ily increased the activity of the electrodes. The iridium 
activity for both HBr oxidation and HBr reduction was 
increased by this technique. However the electrodes re- 
sumed their initial activity after several hours of opera- ~ 0.1 
tion at 150 mA/cm 2. Cycling the electrode potential had no ~_ 
apparent effect on the activity of platinum/iridium elec- 
trodes. Total loss of iridium oxide thin films was ob- z o 
served upon identical potential cycling in 48% HBr. 

The variation in electrochemical activity of very thin ~ o 0.01 
(<10 nm) electrode films with film thickness was exam- 
ined to determine SCC electrode thickness requirements,  o 
Films in excess of 6 nm were found to have electrochem- 
ical activity equivalent to thick films or bulk metal, but 
the activity of films less than 6 nm decreased with film 
thickness. 

The stability of the thin films was determined by 
measuring the corrosion rates of the films in various 
HBr/bromine mixtures encountered in the SCC. Measure- 

10G ments were made at various elevated temperatures repre- 
sentative of and in excess of the average operating tem- 
peratures anticipated for the SCC. Arrhenius plots of the so 
corrosion rate-temperature data were used with a knowl- 
edge of the operating temperature anticipated for the 
SCC to predict the total corrosion for 20 years of on-the- ~ 60 
roof service under operating or nonoperating conditions. 

Typical Arrhenius plots of the corrosion data under 
nonoperating conditions are given in Fig. 3 and 4. The z 4o 

corrosion rates of all the films examined increase both ~ / 
with the temperature and with the bromine concentration 
in the electrolyte. Ir{dium and iridium oxide thin films 20 
have comparable, very low corrosion rates in HBr/bro- 
mine mixtures. The corrosion rate of platinum/iridium al- 0 
loy films was considerably larger than the rates of 0 
iridium or iridium oxide films and was found to increase 
with the platinum content in the alloy. The corrosion rate 
of pure Pt was found to be more than 100 times larger 
than that of Pt/Ir (7:3) alloy for the HBr/bromine mixtures 
evaluated. The corrosion rate. of pure platinum is 
unacceptable for its use as an SCC electrode material. 

The corrosion rates measured for iridium and iridium 
oxide thin films on quartz substrates were larger than the 
rates measured on silicon substrates. For these samples, 
the corrosion rate appeared to be determined by the sta- 
bility of the metal film/quartz interface or by the stability 
of the quartz itself. The films evaluated by optical trans- 
mission were sufficiently thin (<20 nm) to allow corro- 
sion of the quartz substrate through pinholes in the elec- 
trode material. In these cases, small metallic particles 
were often visible in the electrolyte after several days or 
weeks at elevated temperature.  The optical transmission 
of platinum/iridium, iridium, and iridium oxide thin 
films on quartz as a function of film thickness is shown 
in Fig. 5. All but the iridium oxide film is essentially 
opaque for film thickness greater than 20 nm. 

In the case of platinum/iridium alloy films, the corro- 
sion rate measured by optical transmission on quartz or 
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Fig. 4. Iridium oxide film corrosion in IM Br2/6.gM HBr 
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Fig. 5. Optical transmission of platinum/iridium (7:3), iridium, and 
iridium oxide films on quartz at 600 nm. 

by electrolyte analysis on silicon substrates were iden- 
tical. The corrosion of the platinum/iridium films was 
limited by the stability of the electrode material rather 
than by the stability of the substrate or electrode 
film/substrate interface in this case. 

A knowledge of the SCC electrolyte operating tempera- 
tures is required to determine the corrosion of SCC sys- 
tem components.  The electrolyte temperatures antic- 
ipated for the SCC were obtained with a SCC thermal 
management  computer  model  and hourly weather data 
obtained from a SOLMET typical meteorological year (7). 
The simulated 20 year t ime/temperature histogram for the 
SCC electrolyte in the Dallas/Fort Worth region was used 
in predicting the corrosion stability of the thin electrode 
films. The histogram is given in Fig. 6. The operating 
temperature of the SCC varies between 0 ~ and 60~ the 
cooler temperatures during the nonoperating hours and 
warmer  temperatures during the operating hours. 
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Fig. 3. Platinum/iridium (7:3) film corrosion in HBr/bromine mixtures. 
Total bromine + bromide content is 8.9 eq/liter. 
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Fig. 6. Simulated 20 year time/temperature histogram for solar chemi- 
cal converter in Dallas/Ft. Worth region. 
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Table II. Projected corrosion for 20 years on-the-roof service 
under nonoperating conditions a 

Table III. Projected corrosion for 20 years on-the-roof service 
under operating conditions a 

C o r r o s i o n  

Material b Electrode (/~m) Conditions 
Corrosion 

Material b Electrode (/~m) Conditions 

Pt/Ir ( 7 :3 )  Cathode 0.14 
Pt]Ir (7:3) Anode 2.4 
Ir Anode 0.0015 
Ir oxide Anode 0.0003 

0.05M Br~/8.8M HBr Pt/Ir (7:3) 
1M BrJ6.9M HBr Pt/Ir (7:3) 
1M BrJ6.9M HBr Ir 
1M BrJ6.9M HBr Ir oxide 

Cathode 0.0048 48% HBr 
Anode 8.3 1M BrJ6.9M HBr 
Anode 0.0066 1M BrJ6.9M HBr 
Anode 0.0042 1M BrJ6.9M HBr 

a Current density = 0 mA/cm 2. 
b Electrode films on n* and p~ silicon substrates, 6-25 nm. 

a Current density = 150 mA/cm 2. 
b Electrode films on n ~ silicon substrates, 6-25 nm. 

The pro jec ted  total  cor ros ion  of  the  e lec t rode  films for 
20 years  on-the-roof  service  unde r  nonopera t ing  condi-  
t ions is g iven  in Table  II. The  worst-case predic t ions  as- 
s u m e  that  the  anodes  are i m m e r s e d  in a 1M b romine  + 
6.9M H B r  anolyte  and the  ca thodes  are i m m e r s e d  in 0.05M 
b r o m i n e  + 8.8M H B r  catholyte  for the  ent i re  20 year  pe- 
riod. B r o m i n e  at low concent ra t ion  m a y  occur  in the  
catholyte  dur ing  nonopera t ing  per iods  in the  SCC. 

The potent ia l  bias imposed  on the  e lec t rodes  dur ing op- 
erat ion of  the  SCC has a significant  effect  on the  stabil i ty 
of those  materials .  An  anodic  bias i m p o s e d  on the  anode  
materials  in HBr /b romine  e lect rolytes  results  in de- 
c reased  stability, whereas  a ca thodic  bias imposed  on the  
ca thode  mater ia ls  resul ts  in increased  stability. Conse- 
quent ly,  it was necessary  to de t e rmine  the  stabil i ty of  the  
materials  unde r  bo th  opera t ing  (biased) and nonopera t ing  
(nonbiased) condi t ions .  

The  corros ion rates of the  e lec t rode  materials  unde r  
opera t ing  condi t ions  were  de t e rmined  by biasing the  
e lect rodes  to the  average  current  dens i ty  ant ic ipated for 
SCC electrodes ,  150 m A / c m  ~, and moni to r ing  the  electro- 
chemica l  overvol tage.  The  overvol tage  observed  wi th  the  
e lec t rodes  ref lected the  in tegr i ty  of  the  thin films. 

A typical  overvo l tage- t ime  plot  observed  for a corros ion 
tes t  wh ich  models  act ive SCC elec t rode  opera t ion  is g iven  
in Fig. 7. A m a r k e d  increase  in the  e lec t rochemica l  volt- 
age on the  i r id ium anode  after  5400h of  anodic  bias at 150 
m A / c m  2 s ignaled the  loss of  the  e lec t rode  film. The  ob- 
se rved  corros ion rate for this  material  unde r  anodic  bias 
was five t imes  larger  than  that  observed  for the  mater ia l  
in the  nonopera t ing  m o d e  wi thou t  bias. A similar  i nc rease  
in cor ros ion  rate was obse rved  for o ther  anode  mater ia ls  
u n d e r  anodic  bias. 

I r i d ium and p la t inum/ i r id ium materials  unde r  ca thodic  
bias in HBr /b romine  e lec t ro ly tes  d isp layed e n h a n c e d  cor- 
ros ion stabil i ty re la t ive  to the  nonopera t ing  tests.  No dis- 
solut ion of  these  mater ia ls  was observed  at t empera tu res  
to 80~ for test  t imes  in excess  of  4500h. However ,  i r id ium 
ox ide  e lect rodes  rapidly d e c o m p o s e d  unde r  ca thodic  bias 
in these  electrolytes.  

The  total  p ro jec ted  corros ion  for the  e lec t rode  mater ia ls  
after 20 years  of  on- the-roof  opera t ion  is g iven  in Table  
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Fig. 7. Overvoltage vs. hours of operation for 9 nm iridium film on p§ 
silicon at 80~ Anodic current density is 150 mA/cm 2 in 1M Br2/6.9M 
HBr. 

III. The  pro jec ted  cor ros ion  rates a s sume  con t inuous  
electrolysis  at 150 mAJcm ~. The  corros ion rates repor ted  
for the  p la t inum/ i r id ium ca thode  unde r  opera t ing  condi-  
t ions is cons iderably  less than  that  r epor ted  for the  mate-  
ria] unde r  nonopera t ing  condi t ions  and represen ts  the  
p la t inum/ i r id ium corros ion  de tec t ion  l imit  in the  former  
case. The  corros ion rates for the  i r id ium and i r id ium ox- 
ide anodes  unde r  opera t ing  condi t ions  are larger  than  ob- 
se rved  unde r  nonopera t ing  condit ions.  

The  total  corros ion p red ic ted  for i r id ium and i r id ium 
ox ide  anodes  and for p la t inum/ i r id ium ca thodes  is small  
for bo th  opera t ing  and nonopera t ing  condi t ions.  The  total  
anode  mater ia l  lost  for 20 years of  on- the-roof  service  is 
less than  0.15 and 0.02 m g  for each  square  me te r  of  array 
anode  area for i r id ium and i r id ium oxide,  respect ively .  
Likewise ,  the  p ro jec ted  loss for p la t inum/ i r id ium is less 
than  3.2 m g  f rom each  square  me te r  of  array ca thode  area. 

C o n c l u s i o n s  

Elec t rochemica l  and cor ros ion  inves t iga t ions  of  th in  
film ir idium, p la t inum/ i r id ium,  and i r id ium ox ide  materi-  
als in HBr /b romine  e lec t ro ly tes  reveal  that  the  mater ia ls  
have  adequa te  ac t iv i ty  and stabil i ty as SCC e lec t rodes  for 
20 years  of  on4he- roof  service.  Overvol tage  losses less 
than  95 and 65 m V  are p red ic ted  for p la t inum/ i r id ium 
ca thodes  and i r id ium ox ide  anodes,  respect ively ,  at the  
average  SCC opera t ing  cur ren t  density.  I r id ium and 
i r id ium ox ide  anodes  and p la t inum/ i r id ium ca thodes  
have  shown excel len t  stabil i ty for s imula ted  20 year  on- 
the- roof  service condit ions.  Current ly  the  pe r fo rmance  of 
the  Texas  In s t rumen t s  SCC which  incorpora tes  the  
hyd rogen /HBr /b romine  sys tem is l imi ted  by electr ical  
character is t ics  of the  ind iv idua l  solar cells and not  by  the  
e lec t rochemica l  behav io r  of  the  anodes  or cathodes .  

In  t he  final analysis,  the  e lec t rode  mater ia ls  se lec ted  
are the  resul t  of  m a n y  trade-offs,  such  as cost, manufac-  
turabil i ty,  activity, and total  expec ted  corrosion.  Elec- 
t rodes  can be  cons t ruc ted  which  ensure  adequa te  act ivi ty  
and con t inued  opera t ion  for the  ent ire  l i fe t ime of  the  SCC 
system. 
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Chemical and Electrochemical Behavior of the Cr(lll)/Cr(ll) Half- 
Cell in the Iron-Chromium Redox Energy Storage System 
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ABSTRACT 

The Cr(III) complexes present in the acidified chromium solutions used in the iron-chromium redox energy storage 
system have been isolated and identified as Cr(H20)6 ~ and Cr(H20)sC1 § by ion-exchange chromatography and visible 
spectrophotometry. The cell reactions during charge-discharge cycles have been followed by means of visible spectro- 
photometry. The spectral bands were resolved into component  peaks and concentrations of the Cr(III) species calcu- 
lated using Beer's law. During the charge mode, Cr(H~O)sCt +2 is reduced to Cr(H20)sCF, and during the discharge mode 
Cr(H20)~C1 § is oxidized back to Cr(H~O)sC1 § Electrode potential measurements also support this interpretation. Hystere- 
sis effects in the charge-discharge curves can be explained by the slow attainment of equilibrium between Cr(H20)~ +3 
and Cr(H20)~C1 § 

Redox flow cells are electrochemical storage devices 
that utilize the oxidation and reduction of two soluble 
redox couples for charging and discharging. The active 
electrode materials, separated by a highly selective ion- 
exchange membrane,  are pumped through a stack of 
redox flow cells, where the electrochemical reactions 
take place at porous carbon felt electrodes. Since the 
redox flow cell concept was first proposed by Thaller in 
1974 (1), a number  of redox couples have been investi- 
gated. More recently, acidified solutions of chromium 
[Cr(III)/Cr(II)] and iron [Fe(III)/Fe(II)] have been success- 
fully used as redox couples, both as unmixed reactants (2) 
and as premixed solutions (3), i.e, both the anolyte and 
catholyte contain both iron and chromium. This study, 
however, was performed on a system containing unmixed 
reactants. 

A schematic diagram of a single iron-chromium redox 
cell and the associated electrode reactions is shown in 
Fig. 1. An ion-exchange membrane separates the com- 
partments and prevents the cross-mixing of the reactive 
cations. Electrodes consist of carbon felt catalyzed on the 
chromium side by trace amounts  of gold and lead. The 
catalyst is required on the chromium side because the 
rate of reduction of CT(III) to Cr(II) is slow on most sur- 
faces (4, 5). The catalyst must  also have a high overvoltage 
for hydrogen, since, from a thermodynamic standpoint, 
hydrogen is evolved before chromium is reduced. Trace 
amounts  of gold (12-25 tLglcm 2) and lead (100-200 t~g/cm 2) 
deposited on the carbon felt meet the requirements for an 
effective catalyst (6). Trace amounts of gold seem to be 
necessary to produce a surface on which lead deposits 
uniformly during the charging cycle. The catalyst also im- 
proves the ceil discharge rate (7). No catalyst is required 
on the iron side. 

During discharge, chloride ions move from the cathode 
compartment  to the anode compartment, and hydrogen 
ions move in the opposite direction. On charge, all reac- 
tions are reversed. Since all species are fully soluble, 
there are no life limiting factors such as shape changes, 
inactive forms of reactants, and dendrite formation. There 
are also many advantages in system sizing and control (2, 8). 

* Electrochemical Society Active Member. 

Semipermeable membranes have been developed that 
are sufficiently conductive and selective for use for pho- 
tovoltaic and wind energy storage applications (9). Meth- 
ods of keeping the iron-chromium redox system in bal- 
ance have been developed. Flow characterization and 
analysis of shunt  currents have been carried out, and 
hardware has been scaled up with little difficulty (10). 

The open-circuit voltage behavior of a typical iron- 
chromium redox cell is shown in Fig. 2, wherein the 
open-circuit voltages during charge and discharge modes 
are plotted as a function of state of charge for a complete 
cycle. There i s  a distinct difference in the open-circuit 
voltage of the system at the same state of charge, de- 
pending on whether the cell is in the charge or discharge 
mode. In addition, when charging the cell, a much greater 
polarization is observed after the open-circuit voltage 

DISCHARGE 
Cr+2-Cr +3 + e- 

INERT 
ELECTRODES 

CHARGE 
Cr +3 + e-.Cr+2 

tll DISCHARGE 
Fe +3 + e-~Fe+2 

"~SELECTIVE 
MEMBRANE 

CHARGE 
Fe+ZoFe +3 + e- 

POWER CONVERSION SECTION ...-''" 

~- .... PUMPS ...... " 

Fig. 1. Schematic showing the principles of operation of an iron- 
chromium redox energy storage system. 
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Fig. 2. Open-circuit voltage behavior of an iron-chromium redox cell 
at 25~ 1M CrCI 3 in 2M HCI and 1M FeCI2 in 2M HCI. 

rises. Charging must  then be done at either a higher volt- 
age or at a much lower charging rate. 

Since these effects contribute to lower energy storage 
efficiency, it seemed critical to undertake a thorough 
study of the processes occurring at the chromium elec- 
trode during the charging and discharging of the system. 

It was observed that, during charging, the color of the 
chromium solution changes from a deep blue-green to a 
blue color at about 50% state of charge, about the same 
time that the open-circuit voltage rises and the rate of 
charging falls. During discharge, the color of the chro- 
mium solution changes back to the blue-green color at 
around 90% state of charge. 

It has been demonstrated conclusively (11) that in aque- 
ous solutions containing Cr(III) and chloride ion three 
inner-sphere complex ions are present: Cr(H20),C12 +' 
(green), Cr(H20)sCI § (blue-green), and Cr(H20)643 (blue). 
These ions are relatively "inert", i.e., they are very slow to 
exchange ligands in their coordination sphere. The elec- 
trochemical  effects are apparently related to the concen- 
trations of these ions and to the fact that equil ibrium be- 
tween them is reached very slowly. 

This paper describes the results of spectrophotometric 
studies and measurements  of electrode potential of the 
chromium solutions during complete charge-discharge 
cycles of a single subscale redox cell. 

Exper imental  
A laboratory subscale flow cell with an active electrode 

area of 14.5 cm ~ was used for all studies. A schematic dia- 
gram of the cell is shown in Fig. 3. An ion-exchange mem- 
brane (CD1L series) supplied by Ionics Incorporated, 
Watertown, Massachusetts, was used in the cell. Elec- 
trodes were made from nominally 1/8 in. thick carbon felt. 
The electrode on the iron side was uncatalyzed, while the 
electrode on the chromium side was catalyzed with 12.5 
~g/cm 2 of gold (6, 12). Lead was electrochemically depos- 
ited at 0.3 mA/cm 2 onto the electrode from the chromium 
solution which contained 6 x 10-~M Pb 2. One set of exper- 
iments was carried out using 1M CrC13 and FeC12 solu- 
tions in 2M HC1. Because of the high absorbancies of the 
Cr § ions, it was difficult to make accurate measurements  
at low states of charge. Another set of experiments was 
run with 0.45M CrCI3 and 0.55M FeC12, so that the absor- 
bancies would be less than 1.0 for all states of charge. 

A 1 mm quartz flow cell was connected in parallel with 
the chromium side of the redox cell and placed in a 
Beckman DK-2A spectrophotometer.  The spectrum was 
then recorded at selected states of charge from 350 to 1000 
nm. Chromium half-cell potentials were measured at the 
same states of charge using a wax-filled graphite rod and 
a Ag/AgC1 (4M KC1) reference electrode placed in the 
chromium reservoir. 

"In order to analyze the spectra o f  the  redox solutions, 
the complexes Cr(H20)6 ~, Cr(H20)~C1 § and Cr(H20)4C12 + 
were prepared by established procedures (13) and the 
spectra recorded. Solutions of Cr(H20)J 3 and Cr(H20)sC] ~2 
in 1M HC10, follow Beer's law up to at least 0.70 and 
0.40M, respectively, which were the highest concentra- 

Fig. 3. Laboratory redox cell. Wax-impregnated graphite end plates 
with bolts for current collection, polyethylene gaskets, carbon felt elec- 
trodes catalyzed on chromium side, ion-exchange membrane. 

tions studied and are in agreement  with literature values 
(14) (Fig. 4). Maxima for the Cr(H20)~C1 ~2 ion are at 430 and 
650 nm and maxima for Cr(H20)6 +~ are at 407 and 575 nm. 

Cr(II) species were generated by reduction with amalga- 
mated zinc in a nitrogen atmosphere (15). Cr(H20)6 § was 
prepared by reducing Cr(C104)3 in 1.0M HC104. The spec- 
trum was then recorded from 350 to 1000 nm using a l 
mm quartz flow cell which was filled directly from the 
reaction flask. The use of a flow cell was necessary be- 
cause of the rapid oxidation of Cr(II) in air. The absorp- 
tion maxima was at 714 nm, identical to that reported in 
the literature (16). Cr(II) was also prepared by reducing 
CrC13 by ZnO in 6.0M HC1. The absorption maxima was at 
750 nm. Reduction of CrC13 �9 6H20 in lower concentra- 
tions of HCI gave max imum absorption peaks between 
714 and 750 nm. 

The spectra measured during the charge and discharge 
cycles were analyzed using a du Pont  310 Curve Resolver. 
The spectra of the highest charged solution was exam- 
ined first. The solution consisted mainly of Cr(H~O)6 § 
and Cr(II) as indicated by absorption maxima. Once the 
curves due to Cr(H~O)6 +3 and Cr(II) were established, the 
curves for other states of charge were resolved b y  
reducing the curves for these species and adding the con- 
tribution of Cr(H20)sC1 § The relative absorbancies of the 
two peaks of the Cr(III) species were always kept in the 
ratio of the molar absorptivities (14): The concentrations 
of the Cr(III) species were then Calculated from the re- 
solved curves using Beer 's  law. 

The Cr(III) species present in the uncharged cell solu- 
tion were also separated by ion-exchange chromatogra- 
phy and the fractions were identified by spectrophotom- 
etry. Approximately 10 ml of cell solution were placed on 
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. . . . .  Cr(H20)~l +2 

- - - - -  Cr(H20)6 +3 

. . . .  Cr +2 SPECIES 
I. O0 -- 

I v I B I G I Y I o I R I  

~ .50 h 

/ / I  / \ \ YJ/ \ ~._.1-~ 
L v , -  . . .  

o I I [ I - ' f i " / I  g ~ N  [ J 
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WAVE LENGTH, nm 

Fig. 4. Spectra of chromium complex ions likely to be present in the 
acidified chromium solutions of the iron-chromium redox cells. 1 mm 
path length of cell, 0.3M concentration. 
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a column of Dowex 50X8-100 cation exchange resin 
(50-100 mesh H + form). The sample was eluted with 0.1, 
1.0, and 3.0M HC104, respectively, and spectra of the re- 
sulting fractions recorded (13, 14, 17). 

Results and Discussion 
The spectra of the chromium solutions of the redox cell 

were characterized by two broad absorption bands with 
maxima of 408-430 nm and 575-610 nm. In the highly 
charged state, a band with a maximum at 750 nm was also 
observed. Figure 5 is a typical spectrum. 

The cell solution was analyzed prior to and immediately 
after taking it through two complete charge-discharge cy- 
cles using ion-exchange chromatography and spectropho- 
tometry. The results indicated that only Cr(H20)6 +3 and 
Cr(H20)sC1 § were present in completely discharged solu- 
tions in detectable amounts under normal operating con- 
ditions of the cell. This is in agreement with equilibrium 
constants reported in the literature, which indicate that 
Cr(H20)~C1 § and Cr(H20)6 § should be the dominant  ex- 
isting species once equil ibrium has been achieved (18, 19). 
It was also found that the spectra of the solution during 
charge and discharge could be resolved satisfactorily 
without assuming the presence of Cr(H20)4C12 +. 

The band with a max imum at 750 nm is obviously due 
to the presence of Cr(II). Since Cr(H20)~ ~2 has a maximum 
at 714 nm (16), other Cr(II) species must be present. Prep- 
aration of Cr(II) in environments containing chloride ion 
at increasing concentrations shows a shift in the maxi- 
mum to longer wavelengths reaching a max imum at 750 
nm. The species identified with this peak are obviously 
chloride containing Cr(II) complexes. Since there is rapid 
equilibration among Cr(II) ions, it is not possible to iden- 
tify the peak with an individual Cr(II) complex. The shift 
to longer wavelengths is in agreement with the decreased 
ligand field strength of chloride as compared to water 
(20). 

The results of the second set of experiments with 0.55M 
FeCl~ and 0.45M CrC13 in 2.0M HC1 are presented in Fig 6 
and 7. (The results from the first experiments in which 
the solutions were 1.0M FeC12 and 1.0M CrC13 in 2.0M HC1 
are similar.) These figures show the concentrations of 
Cr(H20)6 § and Cr(H20)sC1 ~2 at selected states of charge 
and discharge.' Differences between the two cycles are 
due to the different ratios of the species in the initial 
solutions and the different modes of cycling. The impor- 
tant features of both figures are the large decrease in  
Cr(H~O)~C1 § concentration and a rather small change in 

'The error in the spectrophotometric measurements is be- 
lieved to be less than 1%, and the maximum error in resolving 
the curves is about 1%. 
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Fig. 6. Concentration of Cr(III) species in iron-chromium redox cell, 

first cycle, taper current charge (0.4SM CrCI 3 and O.SSM FeCI 2 in 2.0M 
HCI). 

Cr(H20)6 +3 concentration with increasing state of charge. 
The decrease of Cr(H20)~C1 +2 concentration to a minimal 
value at high states of charge coupled with the constancy 
of the Cr(H20)6 § concentration suggests that Cr(H20)sC1 ~2 
is the predominant  species involved in the reduction reac- 
tion at the electrode surface. 

A similar argument applied to the discharge cycle indi- 
cates that the oxidation process involves the production 
of Cr(H20)~C1 +2 rather than Cr(H~O)J 3. In addition, 
the fact that the Cr(H20)6 +3 concentration changes only 
after the Cr(H20)sC1 +2 concentration has reached an appre- 
ciable level indicates a slow equilibrium step involving 
Cr(H20)6C1 § and Cr(H20)sC1 § This is in agreement with 
Gates and King, who have found the equilibrium quotient 
for the reaction Cr(H~O)6 +3 + C1- = Cr(H20)sC1 ~2 + H~O to 
be 0.27 at 30~ (11). (Concentrations are used in the equi- 
l ibrium quotient instead of activities.) The equilibrium 
state is achieved very slowly in the absence of Cr(II) ion, 
but the hydration of the Cr(H20)sC1 +~ to Cr(H20)6 +3 is cata- 
lyzed by Cr(II) (21, 22). 

The electrode potentials in the chromium solution with 
respect to a Ag/AgC1 reference are plotted in Fig. 8 
against the log of the ratio of concentration of Cr(II) 
to the concentrations of the different Cr(III) species. It 
can be seen that the curve for Cr(H20)~CI § is linear and 
has a slope close to the Nernst slope, in contrast to the 
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Fig. 5. Spectrum of ]M chromium chloride solution during discharge of 
iron-chromium redox cell (42.0% charged, 58.0% discharge). 
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0.55M FeCI 2 in 2.0M HCI). 
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Fig. 8. Plot of EMF of chromium solution during charge against ratios 
of Cr(ll) to Cr(lll) concentrations. Reference electrode Ag/AgCI. First 
charge, taper current (0.45M CrCI3 and 0.55/91 FeCI2 in 2.0M HCI). 

curves for the total Cr(III) concentration and Cr(H20)6 +3. 
This Nernstian behavior, together with the formation of 
Cr(H20)sCP 2 in the discharge mode and the disappearance 
of Cr(H20)6C1 +2 in the charge mode, indicates that the re- 
action pathway will most likely involve Cr(H~O)sC1 +2. The 
electroactive species of Cr(II) is presumably Cr(H20)~C1 +, 
since the Frank-Condon principle predicts that the geom- 
etry of the reacting species will be retained upon both ox- 
idation and reduction, and since the spectra of the Cr(II) 
species show the presence of chloride complexes as 
shown by the shift in the absorption maxima in these so- 
lutions from the spectra of Cr(HzO)6 +3. 

Weaver and Anson (5) have carried out extensive 
studies of the electrode reactions of Cr(H~O)sX +2 com- 
plexes at mercury electrodes. The formal potential for the 
Cr(H:~O)6~3/Cr(H20)6 § couple was found to be -0.413 vs. H2, 
while that for the Cr(H~O)sCI+~/Cr(H~O).~C1 § couple was 
-0.347V. They found electrode reaction rate constants of 
2.2 • 10 -6 and 5.60 • 10 -3 for Cr(H20)6 ~3 and Cr(H20)sC1 +2, 
respectively, evaluated at -700 mV vs. SCE (-452 mV vs. 
H2). If we assume that the rate constants on the redox cat- 
alyst are in the same relative order as on the mercury 
electrode, the electrochemical behavior of the cell as 
shown in Fig. 2 can be explained by assuming that when 
the more electroactive pentahydrate is depleted, the equi- 
l ibrium potential rises, since the standard potential of the 
hexahydrate couple is more negative than that of the 
pentahydrate couple. The greater difficulty in charging 
the redox cell after the pentahydrate is depleted is due to 
the slower kinetics of the hexahydrate reduction. Upon 
discharge the pentahydrate is rapidly regenerated and the 
equil ibrium potential falls. 

Weaver and Anson have also found that the oxidation of 
Cr(II) takes place by means of a chloride-bridged inner- 
sphere pathway at a mercury electrode, and they suggest 
that a more efficient reaction pathway is provided by the 
presence of chloride ion (5). It is likely that a similar 
mechanism is involved on the Pb/Au on carbon felt elec- 
trodes, since all the results here are in qualitative agree- 
ment  with the results of Weaver and Anson on mercury 
electrodes. 

Conclusions 
The complex ions Cr(H20)s ~3 and Cr(H20)3C1 § have 

been isolated and identified by ion-exchange chromatog- 

raphy and visible spectrophotometry in acidified chro- 
mium solutions of the discharged iron-chromium redox 
energy storage system. The reactions at the catalyzed car- 
bon felt electrode can be followed spectrophotometrically 
during charge-discharge cycles. The spectra can be re- 
solved and used to determine the concentrations of 
Cr(H20)6 § and Cr(H~O)~C1 +2, which have been demon- 
strated to follow Beer's law up to at least 0.7 and 0.4M, 
respectively. 

The spectral data indicate that the concentration of 
Cr(H20)~C1 § decreases much more rapidly with in- 
creasing state of charge than does the concentration of 
Cr(H20)6 ~3, indicating that Cr(H20)~C1 § is the predominant  
species being reduced during the charging cycle. There is 
a rapid rise in Cr(H20)~C1 § concentration as discharge 
takes place, and the concentration of Cr(H~O)6 ~3 rises only 
after appreciable Cr(H20)sCP 2 is produced. This is in 
agreement with other studies that show that equilibration 
between Cr(H20)6 § and Cr(H20)~C1 § takes place slowly. 
The predominant  electroactive species in the discharge 
cycle is probably Cr(H20)~C1 § The electrode potentials 
also indicate that the main electroactive species in the 
charging mode is Cr(H20)~C1 +2. The electrochemical be- 
havior of the redox cell can be explained on the basis of 
the different equilibrium potentials for the hexahydrate 
and pentahydrate couples and the different rates of re- 
duction of the hexahydrate and pentahydrate species. 
The conclusions are consistent with other studies at mer- 
cury electrodes. 
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ABSTRACT 

The photoelectrochemistry of n-CuInS2 and CuInSe2 in polysulfide electrolyte is studied with particular emphasis 
on the pretreatments of the electrodes and on their output stability. The use of Cd doping, (photoelectro)chemical etch- 
ing, and mild air oxidation all were found to improve electrode performance. The effect of air oxidation was reproduci- 
ble only for the diselenide, where it improved the fill factor and, because of a negative shift of the flatband potential, 
the open-circuit voltage. Optimized cells showed, at elevated temperatures, conversion efficiencies around 5 and 7.5% 
for the sulfide and selenide, respectively. The positive temperature dependence of the photo-I-V characteristics at both 
low and high i l lumination intensities, the existence of optimal polysulfide solution compositions, the linear dependence 
of the photocurrent on the light intensity, and the effects of temperature, solution composition, and initial current den- 
sity on the photocurrent decrease during the first minute  of operation of the cells, are ascribed to limitations of the 
charge-transfer process across the solid/liquid interface. Thermally activated rates of ad- and desorption of sulfur con- 
taining solution species on the semiconductor surface and/or the presence of adsorption-induced electronic states in the 
bandgap are postulated as causes for this behavior. Notwithstanding these limitations the cells are resistant to 
photocorrosion, after the initial decrease is arrested, in contrast to what is known for similar Cd-chalcogenide-based sys- 
tems. We suggest that this stability, which persists under  load and at high light intensities, is due to the strength and 
character of the bonds in CuIn-dichalcogenides, or to the presence of a top layer of indium oxide in which 
recombination will take place, or to both. 

Ternary chalcogenides (and pnictides) with tetrahedral 
coordination and the general formula ABC2 can be de- 
rived from the corresponding II-VI, e.g., CdSe, (and III-V) 
binary compounds by cation substitution. They can be 
thought of as resulting from proton exchange between 
two cations in the corresponding binary compound (1). 
Most of these materials are semiconductors and several of 
them exhibit interesting optoelectronic behavior (2). The 
partial C u d  character of the top of the valence band in 
these compounds, which gives bandgap excitation less of 
a bond breaking character, has been noted (2). To date, 
CuInSe2 is probably the most studied of these com- 
pounds, by virtue of the very promising photovoltaic ac- 
tivitjr of thin film solar cells containing this semicon- 
ductor as the photoactive material (3). Both n-CuInS~ 
(4, 5) and n-CuInSe2 (6) can be used as photoanodes in a 
polysulfide containing photoelectrochemical cell (PEC). 
Such cells show respectable photovoltaic activity and 
very good output stability, as reported previously (4-6). 
Here we present results of our characterization of these 
cells. They show the importance of surface treatments to 
optimize photovoltaic conversion efficiency of these 
PEC's, and the occurrence of charge-transfer limitations 
in them, whose causes we attempt to assess. The time de- 
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pendence of the output of the cells is studied under  a va- 
riety of conditions, and possible reasons for their stability 
are given. Some of the results described here and the con- 
clusions drawn from them aided in the recent develop- 
ment  of improved PEC's with a polyiodide electrolyte (7). 

Experimental 
CuInS2 crystals were prepared by chemical vapor trans- 

port, using halogen transport agents, as described before 
(2). CuInSe~ crystals were obtained by melt growth from 
the purified elements (8). As-grown crystals were gener- 
ally semi-insulating, p-type, with 105-106 f~-cm 
resistivities. They did not exhibit any photoelectrochemi- 
cal activity. Hence, they were doped to obtain useful 
n-type material. Cd was found to be a suitable dopant. 
From various experiments, opt imum doping conditions 
were found  (Fig. 1). The dopant and the crystals were 
sealed in evacuated (10 -6 torr) silica ampuls and heated 
for several days. For both compounds, In doping was 
found to be less satisfactory than Cd doping. The doping 
mechanism probably involves the introduction of Cd on 
Cu sites, Cdcu, where it acts primarily as a donor (9, 10). 

The crystals were analyzed by electron beam-induced 
energy or wavelength disPersive x-ray fluorescence. In 
one case, the incorporation of Cd was verified by second- 
ary ion mass spectroscopy. In  addition, some samples 
were analyzed by Auger and/or x-ray photoelectron spec- 
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Fig. 1. Effect of temperature of Cd-doping on resistivity of CulnS2 

(solid line) and CulnSe2 (dashed line). Samples and dopant were placed 
in a silica ampul, which was evacuated and heated, at the temperatures 
indicated, for several days. 

t roscopy .  E l e c t r o d e s  were  p r e p a r e d  as d e s c r i b e d  previ-  
ous ly  (5). T h e  e t c h i n g  p r o c e d u r e  was  as follows: a se- 
q u e n c e  of  2-3 t i m e s  60s i m m e r s i o n  in  a q u a  regia, H20 
r inse ,  60s i m m e r s i o n  in  10% (w/v) K C N  at  50~ a n d  H20 
r inse.  In  s o m e  cases,  a HNO3:H20 m i x t u r e  (55:100, v/v) 
was  u sed  i n s t e a d  of  a q u a  regia.  P h o t o e l e c t r o c h e m i c a l  
e t c h i n g  was  d o n e  in  a 1:10 (v/v) d i l u t ed  so lu t ion  of  3% 
NHO3 in  HC1 (v/v) at  r eve r s e  b ias  vo l t ages  (vs. t h e  po ten-  
t ial  of  t h e  e t c h i n g  so lu t ion)  b e t w e e n  0.3 a n d  1.0V. Fo r  
CuInS2, o p t i m u m  e l ec t rode  i m p r o v e m e n t  was  o b t a i n e d  
w h e n  th i s  p r o c e d u r e  was  d o n e  at  +I .0V.  Ai r  h e a t i n g  of  
e l ec t rodes  (in a d d i t i o n  to h e a t i n g  a t  50~ to cu re  t h e  s i lver  
epoxy ,  u s e d  as p a r t  of  t h e  o h m i c  b a c k  con tac t )  was  
ca r r i ed  ou t  in  c o n v e n t i o n a l  l a b o r a t o r y  fu rnaces .  

E l e c t r o c h e m i c a l  m e a s u r e m e n t s ,  i n c l u d i n g  spec t r a l  re- 
s p o n s e  a n d  o u t p u t  s t ab i l i ty  e x p e r i m e n t s ,  we re  d o n e  as 
d e s c r i b e d  p r e v i o u s l y  (5, 11). Capac i t ance  m e a s u r e m e n t s  
we re  ca r r i ed  ou t  as ou t l i ned  e l s e w h e r e  (12), u s i n g  fre- 
q u e n c i e s  u p  to 5 kHz.  C o n c e n t r a t i o n s  of  po lysu l f ide  solu- 
t i ons  are  e x p r e s s e d  as fol lows:  X/Y/Z, w h e r e  X, Y, a n d  Z 
give  t h e  m o l a r  c o n c e n t r a t i o n s  for  O H - ,  S =, a n d  S, as 
added .  Na a n d  K w e r e  u s e d  as ca t ions  for  S-  a n d  O H - ,  re- 
spec t ive ly ,  e x c e p t  w h e r e  n o t e d  o the rwise .  

Results and Discussion 
Surface treatments.--Previously, p h o t o e l e c t r o c h e m i c a l  

e t c h i n g  h a s  b e e n  f o u n d  to i m p r o v e  t he  p h o t o e l e c t r o c h e m -  

Table I. Effects of photoelectrochemical etching on CulnX2 
photoanode performance under simulated AM1 illumination 

at room temperature. Potentiostatic measurements 

Jse Yoc 
Electrode Surface treatment (mA]cm 2) (mV) FF ~ 

CuInS2 b Etched 8.5 390 0.32 
CuInS2 b, r Photoetched 11.7 465 0.34 
CuInSe2 d Etched and air-heated 29.7 312 0.38 
CuInSe2 r ~ Photoetched and air-heated 37.5 312 0.33 

a Fill factor. 
b In 2/1.5/3 polysulfide solution. 
c Photoetching was done on the same electrode after the first 

treatment. 
d In 0/1.8/3 Cs-polysulfide solution. 

ical  p e r f o r m a n c e s  of  Cd c h a l c o g e n i d e s  (13), as  wel l  as t h a t  
of  n-CuIn~S8 p h o t o a n o d e s  (14). We f o u n d  t h a t  th i s  t reat-  
m e n t  i m p r o v e s  t h e  I-V cha rac t e r i s t i c s  of  n -CuInX2 PEC' s ,  
a l t h o u g h  it  is less e f fec t ive  i f  t h e  e l ec t rode  p e r f o r m s  wel l  
a l r eady  be fo re  p h o t o e t c h i n g  (af ter  d a r k  e tch ing) .  F i g u r e  2 
s h o w s  t h e  p h o t o c u r r e n t - p h o t o v o l t a g e  p lo t  for  o n e  of  t h e  
be t te r ,  a s - e t ched  e lec t rodes .  Tab le  I c o m p a r e s  t h e  per-  
f o r m a n c e  of two  c h e m i c a l l y  a n d  p h o t o e l e c t r o c h e m i c a l l y  
e t c h e d  CuInS2 a n d  CuInSe~ p h o t o a n o d e s ,  for  w h i c h  t he  
la t te r  t r e a t m e n t  was  effect ive.  

F i g u r e  3 shows  t h e  sur face  of  a CuInS2 p h o t o a n o d e ,  
t h a t  was  p h o t o e l e c t r o c h e m i c a l l y  e t c h e d  and,  subse-  
quen t ly ,  c h e m i c a l l y  e t ched .  On  t h e  su r face  of  t h e  pho to -  
e l e c t r o c h e m i c a l l y  e t c h e d  e lec t rode ,  we  see  t h e  e t c h  p i t  
pa t t e rn ,  f ami l i a r  f rom p h o t o e t c h e d  su r faces  of  o t h e r  
c h a l c o g e n i d e  s e m i c o n d u c t o r s  (13). T h e  r a t h e r  i r r egu la r  
s h a p e  of  t h e  e t ch  p i ts  c an  b e  e x p l a i n e d  b y  t h e  fac t  t h a t  a 
r a n d o m l y  o r i en t ed  sur face  was  used.  P a r t s  of  t h e  sur face  
of  p h o t o e l e c t r o c h e m i c a l l y  e t c h e d  CuInSe2 e lec t rodes  
s h o w e d  s imi la r  e t ch  pits,  w h i l e  o the r  pa r t s  we re  less af- 
f ec ted  b y  t h e  t r e a t m e n t .  

T h e  d i f f e rences  b e t w e e n  t h e  two c o m p o u n d s  are  also 
e x p r e s s e d  in  t h e i r  b e h a v i o r  a f te r  a i r -hea t ing .  Whi le  th i s  
t r e a t m e n t  was  i n v a r i a b l y  f o u n d  to i m p r o v e  t h e  pe r fo rm-  
a n c e  of  CuInSe2 P E C ' s  (Fig. 4) th i s  was  n o t  t h e  case  for  
CuInS2 ones,  w h e r e  i t  m o s t l y  led to a p o o r e r  p e r f o r m a n c e .  

In  t h e  fo l lowing  p a p e r  (15), w e  p r e s e n t  r e s u l t s  of  de- 
t a i l ed  su r face  ana lyses ,  o n  t h e  bas i s  of  w h i c h  we  c a n  at- 
t r i b u t e  t h e  effect  of t h e  air  h e a t i n g  s tep  to t h e  f o r m a t i o n  
of  an  i n d i u m  ox ide  layer  on  t h e  sur face  of  t h e s e  s emicon-  
duc tors ,  or, r a ther ,  to  t h e  i n c r e a s e d  h o m o g e n e i t y  of  a par-  
t ia l ly ex i s t i ng  layer.  [In203 is t h e  na t ive  ox ide  on  t h e s e  
mate r ia l s ;  cf. Ref. (16).] T h e  d i f f e rence  b e t w e e n  CuInS2 
a n d  CuInSe2 m a y  be  d u e  to t h e  l a rge r  t h e r m o d y n a m i c  
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Fig. 2. Petentiestatic I-V curve for n-CulnS= in 3/3/4 polysulfide solu- 
tion at 49~ Illumination intensity: 89 mW/cm 2 simulated sunlight. 
Electrode area: 5.5 mm 2. Electrode efficiency: ca. 4.9%. 

Fig. 3. Scanning electron micrographs of n-CulnS2 crystal (random ori- 
entation) at 1000 (top) and 5000 (bottom) times magnification. Right: 
chemically etched surface. Left: photoelectrochemically etched surface. 
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Fig. 4. Photo I-V characteristics of n-CulnSe2 in 31314 polysulfide 
electrolyte, before (FF = 0.25) and after (FF = 0.40) heating the elec- 
trode, for 60 min at 100~ in air. Illumination intensity: 90 mW/cm ~ sim- 
ulated sunlight. 

dr iv ing  force  for  ox ide  f o r m a t i o n  o n  t he  disulfide,  com- 
p a r e d  to t he  d ise len ide .  

We also m e a s u r e d  t he  f l a thand  po t en t i a l  ( fbp )  of  t he  
e l ec t rodes  as f u n c t i o n  of  su r face  t r e a t m e n t .  Capac i t ance -  
vo l t age  m e a s u r e m e n t s  were,  in  m a n y  cases,  c o m p l i c a t e d  
b y  t he  re la t ive ly  n a r r o w  po t en t i a l  r a n g e  over  w h i c h  t he  
C-2-V plo ts  we re  ] inear ,  b y  large  f r e q u e n c y  d i s p e r s i o n  
t h a t  was  e n c o u n t e r e d ,  a n d  b y  h y s t e r e s i s  in  t he  curves .  
Af te r  an  e t c h e d  e l ec t rode  was  e i t h e r  lef t  s t a n d i n g  in air  
ove rn igh t ,  or  u s e d  for  s o m e  t i m e  in  po lysu l f ide  so lu t ion  
(i.e., s o m e  p h o t o c h a r g e  was  passed) ,  b e t t e r  b e h a v i o r  was  
obse rved ,  s u g g e s t i n g  t he  o c c u r r e n c e  of  c h e m i c a l  c h a n g e s  
in  t he  nea r - su r face  r eg ion  and /o r  at  t he  surface.  A l t h o u g h  
t he  d a r k  fo rward  c u r r e n t s  for  severa l  s a m p l e s  we re  h i g h  
in  t he  r eg ion  of  t h e  fbp,  m e a s u r e m e n t s  of  t he  p o t e n t i a l  of 
onse t  of  p h o t o c u r r e n t  is o f ten  an  a l t e rna t ive  way  to o b t a i n  
a lower  l imi t  (in t e r m s  of  a b s o l u t e  po ten t ia l )  for  t h e  fbp.  
Tab le  II  s u m m a r i z e s  t he  resul ts .  F r o m  it we  see  tha t ,  for 
m o s t  cases  w h e r e  b o t h  t ypes  of  m e a s u r e m e n t s  were  d o n e  
on  CuInSe~, t he  a g r e e m e n t  is r easonab le .  T he  s i tua t ion  
for  CuInS2 e lec t rodes  is n o t  so sa t i s fac tory;  the re ,  t h e  on- 
se t  p o t e n t i a l  a p p e a r s  to  be  t h e  m o r e  re l iab le  measu re -  
men t .  We no t e  t h a t  t h e s e  va lues  for  t he  n-CuInS2 fbp  in  

Table II. Comparison of fbp's estimated from capacitance-voltage and 
onset of photocurrent, with measured open-circuit voltages, for 
CulnX2 in polysulfide solution after various surface treatments 

From 
onset a of 

From C-V a photocurrent Voc ~ 
Semiconductor Treatment (mV) (mV) (mV) 

CulnS2 b Acid etch c 640-980 540 490 
H.~O2 etch 995-1050 570 518 

CuInSe2 b Acid etch c 390-450 490 390 
H202 etch 465-600 510 410 
Overnight 530-555 525 450 

in air 
CuInSe~ d Acid etch r 580-620 600 - -  

Air-heated 600-620 - -  - -  
After use in 400 400 - -  

polysul- 
fide 

a Values given are negative w.r.t, polysulfide solution potential. 
b In 2/2/2 solution. 
e Includes KCN rinse, as described in Experimental section. The 

treatments were done sequentially. 
d In 3/3/4 solution. 
e Under simulated AM1 illumination. 
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polysulf ide ,  e v e n  t h o u g h  t h e y  are  qu i t e  a p p r o x i m a t e  
ones,  are  b e t w e e n  1 a n d  1.5V m o r e  nega t i ve  t h a n  t h o s e  
f o u n d  for  p-CuInS2,  in  po lysu l f ide  (5), or in  1M N a O H  as 
r epo r t ed  b y  M c C a n n  a n d  Pezy  (17), s u g g e s t i n g  t h a t  t h i s  
s e m i c o n d u c t o r / e l e c t r o l y t e  in t e r f ace  b e h a v e s  r e a s o n a b l y  
ideally.  

The  effect  of p H  of a n o n s u l f i d e  so lu t i on  a n d  of  
po lysu l f ide  c o n c e n t r a t i o n  on  t h e  fbp  of  n -CulnS2  was  
br ief ly  inves t iga ted .  The  i m p o r t a n c e  of  s u c h  a n  invest i -  
g a t i o n  s t e m s  f rom t h e  e x p e c t a t i o n  t h a t  i f  CuInSe2 be- 
h a v e s  as CdS  or CdSe,  t h e r e  wil l  be  l i t t le  sh i f t  of  t he  fbp  
as a f u n c t i o n  of  p H  over  m o s t  of  the  p H  range ,  w h i l e  i f  an  
In -ox ide  layer  on  t he  sur face  of  the  CuInSe2 is in  equi l ib-  
r i u m  w i t h  t he  e lect rolyte ,  t h e r e  wou ld  be  a 59 m V / p H  u n i t  
f bp  d e p e n d e n c e .  

The  re su l t s  ( o b t a i n e d  b y  C-2-V m e a s u r e m e n t s )  s h o w  an  
i r r egu l a r  d e p e n d e n c e  of t he  fbp  on  pH,  w h i c h  is, on  the  
average,  l e s s  t h a n  t h e  59 m V / p H  e x p e c t e d  f rom a s i m p l e  
ox ide-e lec t ro ly te  j u n c t i o n .  Still,  i t  is c o n s i d e r a b l y  g rea te r  
t h a n  t h a t  s h o w n  b y  CdS  or CdSe.  Th i s  i nd i ca t e s  t h a t  t he  
In -ox ide /e l ec t ro ly te  in t e r f ace  is e lec t ron ica l ly  act ive,  a n d  
t h a t  in  sulf ide-free e lec t ro ly te  th i s  ox ide  layer  is i n v o l v e d  
in  c h a r g e  t r ans f e r  b e t w e e n  CuInSe2 a n d  t he  e lect rolyte ,  
r a t h e r  t h a n  se rv ing  m e r e l y  as a p o r o u s  in te r layer .  

B e c a u s e  th i s  r e su l t  in  i t se l f  does  n o t  p r o v e  t h a t  a s imi la r  
s i t ua t i on  ho lds  in  polysul f ide ,  fbp  m e a s u r e m e n t  as func-  
t i o n  of  n o m i n a l  po lysu l f ide  c o n c e n t r a t i o n  were  d o n e  as 
well. So lu t i ons  of  e q u i m o l a r  c o n c e n t r a t i o n s  of  a d d e d  hy-  
d rox ide ,  sulfide,  a n d  sulfur ,  b e t w e e n  10 -2 a n d  1M (pH 
12-14) were  used ,  a n d  a c h a n g e  of  nea r ly  100 m V / d e c a d e  
of c o n c e n t r a t i o n  was  found .  Of this ,  s o m e  50 m V  can  b e  
a sc r ibed  to t he  effect  of  pH. The  r e m a i n d e r  of  t he  c h a n g e  
m u s t  b e  d u e  to su l fu r  c o n t a i n i n g  species .  

Af te r  o p t i m i z a t i o n  of t he  sur face  t r e a t m e n t s ,  i t  was  pos-  
s ib le  to  s t u d y  t h e  p h o t o e l e c t r o c h e m i s t r y  fur ther .  Befo re  
p r e s e n t i n g  t he  r e su l t s  of  t h e s e  m e a s u r e m e n t s ,  t he  r e su l t s  
of  t h e  p h o t o e l e c t r o c h e m i c a l  cha rac t e r i za t i on  of  the  
CuInS2 samples ,  w h i c h  d i f fe red  c o n s i d e r a b l y  f rom those  
of  c rys ta l s  u s e d  ear l ie r  (5), are given.  

Photoelectrochemical characterization of CulnS2 
crystals.--Wavelength dependence of the photocur- 
rent.--Previously, we r e p o r t e d  spec t ra l  r e s p o n s e  da t a  for  
n-CuInS2 (5), i n  a rb i t r a ry  un i t s ,  a n d  for  CuInSe2 (6), i n  
t e r m s  of  a b s o l u t e  q u a n t u m  eff ic iencies .  Therefore ,  we  
will  s h o w  h e r e  on ly  the  w a v e l e n g t h  d e p e n d e n c e  of  t he  ab- 
solute ,  ex t e rna l ,  q u a n t u m  eff ic iency for  n-CuInS2 (Fig. 5). 
These  r e su l t s  are  s imi la r  to t hose  o b t a i n e d  p r e v i o u s l y  for  
s ingle  c rys ta l s  (5), for  po lyc rys ta l l ine  f i lms (18), a n d  for  
p-CuInS2 po lyc rys t a l l i ne  s a m p l e s  (19), in  t h a t  t h e y  s h o w  
op t ima l  r e s p o n s e  at  h i g h e r  w a v e l e n g t h s .  The  q u a n t u m  
eff ic iencies  are less  t h a n  t h o s e  o b t a i n e d  for  CuInSe2 (6). 

Monochromatic current-voltage behavior.--As d i s c u s s e d  
in Ref. (5), we  can  o b t a i n  t h e  fbp  f rom the  vo l tage  depen-  
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dence  of  the  m o n o c h r o m a t i c  pho tocu r ren t  (at reverse  
bias). In  the  sulfur-poor  solut ion of  Fig. 5, we find a va lue  
of  -750  mV vs. the  solut ion potential ,  wh ich  is s imi lar  to 
that  r epor t ed  earlier, for samples  wi th  poore r  perform- 
ance  [cf. Fig. 3 wi th  the  I-V curve  in Ref. (5)]. This  differ- 
ence  is exp res sed  main ly  in the  effect ive  minor i ty  carr ier  
diffusion l eng th  obta ined  f rom these  data  [cf., Ref. (5)], 
wh ich  is ca. 0.65 /~m vs. 0.2 /~m for the  infer ior  crystals. 
The  effect ive  ne t  dop ing  density,  ob ta ined  f rom mono-  
chromat ic  I-V plots  in the  range  of  s t rong deple t ion  [cf. 
Ref. (5)], is s imilar  for both  cases: 2.1 • 10 TM cm -3 vs. 2.8 • 
10 TM cm -3 for the  infer ior  crystals.  

Photoelectrochemical performance of  CuInX2/polysul- 
f ide PEC's . - -Light - in tens i ty  dependence of  I-V charac- 
terist ics.--For both  CuInS2 and CuInSe2, plots  of  the  loga- 
r i t hm of the  short-circui t  currents  vs. the  open-ci rcui t  
potent ia l  were  qui te  l inear  f rom ca. 10 mW/cm 2 up  to 100 
mW/cm 2. Sa tura t ion  sets in only well  above  this (normal  
insolat ion) level.  F r o m  the  s lope of  these  plots  va lues  for 
n, the  d iode  qual i ty  factor  for the  i l lumina ted  semicon-  
duc tor -e lec t ro ly te  in terface  could  be  calculated.  Values  
a round  2.4 for CuInS2 and 1.7 for CuInSe2 were  found,  in- 
d ica t ing the  nonidea l i ty  of  the  Scho t tky  barrier.  A s imilar  
s i tuat ion was found for Cd-cha lcogenides  (20). Bo th  types  
of  e lec t rodes  show a l inear  d e p e n d e n c e  of  the  short- 
c i rcui t  current  on the  inc ident  whi te  l ight  in tens i ty  be- 
tween  5 and 100 mW/cm ~. This suggests  the absence  of  ki- 
'netic l imita t ions  due  to s imple  so lu t ion  or  interfacial  
charge t ransfer  processes  up to ca. AM1 i l luminat ion  at 
least. To inves t iga te  this point,  wh ich  has obvious  impli-  
'cations for P E C  per formance ,  we s tud ied  the  effects  of  so- 
lu t ion  compos i t ion  and tempera tu re  on the  photocurrent -  
photovol tage  character is t ics .  

Effect of  polysulfide composi t ion on 1-17 character- 
i s t ics . - -The  actual  compos i t ion  of  aqueous  polysulf ide 
solut ions is a s t rong func t ion  of  the  relat ive and absolute  
concent ra t ions  of  the  .added c o m p o n e n t s  (21). Therefore ,  
we  inves t iga ted  the  effect  of nomina l  polysulf ide  compo-  
sit ion on the  I-V character is t ics  of  n-CuInS2/polysulf ide 
cells. F igure  9 i l lustrates the  m a r k e d  dif ferences  for 
CuInS~ in  two solut ions.  F r o m  sys temat ic  studies,  we  
found  that  op t imal  power  convers ion  efficiencies are ob- 
ta ined  for solut ions  wi th  [S]/[S =] b e t w e e n  ca. 1.5 and  3. 
For  CuInSe2, the  o p t i m u m  value  for this ratio was found  
to be  a round  1. The  solut ion r edox  potent ia l  decreases  
wi th  increas ing  [S]/[S =] ratio, bu t  no sys temat ic  correla- 
t ion be tween  open-c i rcui t  vol tages  and r edox  potent ia ls  
was seen, for e i ther  of  the  two types  of  pho toanodes .  Be- 
cause  no signif icant  var ia t ions  in dark  currents  were  
measu red  in di f ferent  polysulf ide  solutions,  it is l ikely 
tha t  the  solut ion compos i t ion  d e p e n d e n c e  of  the  I-V char- 
acter is t ics  is a t t r ibutable  to changes  in re la t ive  concentra-  
t ions of  the  ol igosulf ide species  in the  solutions,  and es- 
pecial ly  their  avai labi l i ty near  the  surface and thei r  ad- 
and desorp t ion  equil ibr ia .  

Temperature  dependence of  I-V character is t ics . - -Robbins  
et al. (4) first no ted  the  s t rong posi t ive  t e m p e r a t u r e  de- 
p e n d e n c e  of the  n -CuInSJpo lysu l f ide  system. The i r  re- 
sults  were  conf i rmed by us (5), and a s imilar  behav ior  
was  found  for the  d ise len ide  sys tem (16). F igures  6 and 7 
and Table  III  show for CuInS2 that  the  t empe ra tu r e  de- 
p e n d e n c e  is less p r o n o u n c e d  if  an e lec t rode  wi th  bet ter  
r o o m  t empera tu r e  I-V character is t ics  is used.  The  same  
s i tuat ion exists  for CuInSe2, as shown in Fig. 8 and Table  
IV. This  behav ior  is qu i te  di f ferent  f rom tha t  found  for 
sol id-state photovol ta ic  cells, where  the  increase  in short- 
c i rcui t  current  is general ly  more  than  offset  by 'dec reases  
in open-circui t  vol tage and fill factor. It  is also different  
f rom the  t empe ra tu r e  dependence  of  single-crystal  and 
th in  film CdSe/polysul f ide  cells (22-24), where  t he  power  
ou tpu t  goes t h rough  a m a x i m u m  at t empera tu res  slightly 
above  room tempera tu re .  There  the  ini t ial  s t rong increase 
in short-circuit  cur ren t  was a t t r ibuted to the  t empera tu re  
dependence  of  sulfur  dissolut ion f rom the  photoanode.  
Such  an effect  should  d e p e n d  on the  cur ren t  densit ies in- 
volved,  as sulfur  is the  p roduc t  of  the  ox ida t ion  react ion 

Table III. Temperature dependence of n-CulnS2 photoanodes 

Sample A 
In 1/1/1 polysulfide; 98 mW/cm 2 illumination intensity 

J Pma• 
T (~  (mA/cm 2) V (mV) FF (mW/cm 2) ~(%) 

23 9.6 617 0.39 2.31 2.36 
30 12.0 588 0.42 2.96 3.02 
40 13.3 583 0.44 3.41 3.48 
50 14.1 555 0.45 3.52 3.59 
60 15.0 524 0.46 3.62 3.69 

Increase (%) 56 - 15 18 57 57 

Sample B 
In 3/3/4 polysulfide; 89 mW/em 2 illumination intensity 

19 14.2 540 0.41 3.14 3.53 
29 14.8 550 0.44 3.58 4.02 
39 15.3 550 0.47 3.95 4.44 
49 15.9 540 0.50 4.29 4.82 
59 16.1 535 0.50 4.30 4.83 
69 16.3 530 0.51 4.40 4.95 

Increase (%) 15 -2  24 40 40 

occurr ing  at the  pho toanode .  Therefore ,  we  checked  the  
t empera tu re  d e p e n d e n c e  of  the short-circui t  current  at 
low l ight  levels.  Fo r  CuInS2, e x p e r i m e n t s  at 0.75 mW/cm 2 
gave resul ts  s imilar  to those  obta ined  at 85 mW/cm 2. A t  
55~ the  pho tocu r ren t  was 0.11 mA/cm2; at 23~ it was 
0.072 m A / c m  ~. E x p e r i m e n t s  on a n u m b e r  of  CuInS2 elec- 
t rodes  gave comparab le  results.  The  same holds  for 
CuInSe2 electrodes,  where ,  for example ,  the  same 40% in- 
crease in short-circui t  cur ren t  was found  be tween  15 ~ and 
52~ at 1, 5, 12, 36, and 100 mW/cm 2 l ight  intensit ies.  For  
polycrys ta l l ine  CdSe  electrodes,  however ,  the  t empera -  
ture d e p e n d e n c e  of  the short-circui t  cur ren t  decreases  
w h e n  lower  l ight  intensi t ies  are used.  

I t  is in te res t ing  to note  tha t  a sl ightly nega t ive  tempera-  
ture  d e p e n d e n c e  is found  for the  n-CuInsSs/polysulf ide 
(14) and  the  n - C u I n S e J p o l y i o d i d e  sys tems (7). A possible  
exp lana t ion  may  be  the  t empera tu re  d e p e n d e n c e  of  
specific adsorp t ion  processes  involv ing  ol igosulf ides or 
H S -  (21) occurr ing  on the  chalcopyr i te  surface in 
polysulf ide electrolyte,  bu t  to a m u c h  smal le r  ex ten t  on 
spinel  (CuInsSs) surfaces,  wh ich  are p r e d o m i n a n t l y  oxide  
free (14). With iod ide  solut ions,  comple te ly  di f ferent  ad- 
sorp t ion  processes  are expec ted .  The  very  occur rence  of  a 
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Fig. 6. Temperature dependence of the photo-I-V curves of 2 .4% effi- 
cient (at room temperature) n-CulnS2 electrode in 1/1/1 polysulfide solu- 
tion. The temperatures used are, in order of increasing short-circuit cur- 
rent: 23 ~ 30 ~ 40 ~ 50 ~ and 60~ Illumination intensity is 98 mW/cm 2 
(cf. Table III). 
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Fig. 7. Temperature dependence 0 f3 .5% efficient (at room tempera- 

ture) n-CulnS2 electrode in 3/3/4 polysulfide solution. The temperatures 
are, in order of increasing short-circuit current, 19 ~ 29 ~ , 39 ~ 49 ~ 59 ~ 
and 69OC. The light intensity is 89 mW/cm 2 (cf. Table IIIb). 

positive temperature dependence of the short-circuit 
photocurrent  indicates that not all photogenerated holes 
are used for oxidation of sulfide. In the case of Cd 
chalcogenides, it was argued that such a mismatch be- 
tween hole flux and electrochemical reaction flux will 
lead to self-oxidation of the semiconductor and thus to in- 
stability (25, 26). As we will see in the following section, 
this is not so for the CuInX2/polysulfide systems. 

Output stability .--One of the most remarkable features of 
the CuInXJpolysulfide systems is their stability (4, 5). 
Previously, we reported results of initial experiments for 
both semiconductors. Further  work showed the CuInS2 
system to be stable, even in a poorly stabilizing solution 
[cf. Ref. (5)] at various initial current densities (Fig. 10). 
The initial photocurrent  density was regulated by chang- 
ing the incident light intensity. While there is some de- 
crease, which increases with increasing initial current 
density, the ceil stabilizes after a short t ime rather than 
exhibiting the catastrophic decreases known for Cd- 
chalcogenide systems. The initial decrease is also a func- 
tion of the solution composition (Fig. 11) and of the 
efficiency of the electrode used (Fig. 12). Here, we com- 
pare two electrodes with optimal quantum yields, at 750 
nm, of 0.7 and 0.4. Again, the situation is quite different 
from that known for CdSe, for example, where low 
efficiency electrodes will corrode more readily. Here only 
an initial decrease is found. Longer-term experiments,  
comparing an optimally prepared CdSe single-crystal 
electrode (27) with CuInS~ bear out the differences clearly 

Table IV. Temperature dependence of n-CulnSe~ photoanodes in 
3/3/4 polysulfide solution. Illumination intensity: 98 mW/cm 2 

Sample A 
Less-efficient electrode 

J Pmax 
T(~ (mA/cm9 V (mV) FF (mW/cm9 7(%) 

23 32.5 410 0.29 3.86 3.94 
33 33 405 0.29 3.87 3.95 
43 33 405 0.31 4.04 4.22 
53 37 400 0.35 5.18 5.28 
63 40 395 0.39 6.16 6.29 
73 40.5 395 0.41 6.56 6.70 

Increase (%) 25 -4 42 70 70 
Sample B 

More efficient electrode 
19.5 37 430 0.32 5.09 5.20 
29.5 37 425 0.32 5.03 5.14 
39 36.5 420 0.325 4.98 5.09 
49 39 415 0.34 5.50 5.60 
60 41 410 0.39 6.56 6.69 
73 41.5 410 0.43 7.32 7.47 

Increase (%) 12 -5 34 43 43 
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Fig. 8. a(top): Temperature dependence of photo-I-V characteristic of 

n-CulnSe~ in polysulfide (3/3/4) solution. Temperatures used, in order of 
increasing short-circuit current: 19.5 ~ 29 ~ 39 ~ 49 ~ 60 ~ 73~ 
b(bottom): Plot of maximum output power vs. temperature for the elec- 
trode of Fig. 8a (solid line) and for less efficient electrode (dashed line). 
Illumination intensity: 98 mW/cm< 

(Fig. 13). From detailed surface analyses, described else- 
where (15), we find that the CuInS2 surface is at least par- 
tially covered with an indium oxide layer. This layer may 
well prevent direct contact between sulfide ions and the 
semiconductor,  which could lead to further photocurrent  
deterioration. The initial decreases, observed here, might  
then be due to chemical changes of the surface or to the 
relative inability of the electrolyte to dissolve off S, the 
product of the photo-oxidation (28) (vide infra). Surface 
analyses show that for CuInSe2 in polysulfide solution no 
Se/S exchange is found (15). While at first sight this may 
not seem surprising, it should be remembered that this 
type of exchange takes place on CdSe, where it indicates 
the occurrence of semiconductor  self-oxidation, i.e., 
breaking of Cd--Se  bonds. Also, the CuInSe2 initial de- 
creases in photocurrent  output are found at high light in- 
tensities (Fig. 14b) and in dilute solutions (Fig. 14c). For 
comparison, results for CdSe are shown as well (Fig. I4a), 
indicating apparent total stability at low photocurrent 
densities, but steady decreases at higher photocurrent 
densities, even for photoetched samples, i.e., the most sta- 
ble types of electrodes (27). In this case, the quantum ef- 
ficiency of the CuInSe2 electrodes was deliberately kept 
low (0.4) by using electrodes whose surfaces were only 
partly optimized. This provided photocurrents of 16-18 
mA/cm 'z at 100 mW/cm% thereby allowing comparison 
with the structurally similar CdSe electrodes, which gave 
13-15 mA/cm 2 under the same illumination. Here, as in the 
case of CuInS2, the photocurrent  will return to its initial 
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Fig. 9. Phato-I-V characteristics of n-CulnS2 in 3/3/4 (solid line) and 

0.8/0.8/0.8 (dashed line) polysulfide solutions under ca. 80 mW/cm 2 
white light illumination. 
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Fig. 10. Short-circuit current density as function of photocharge 
passed at three different light intensities, for n-CulnS2 in 0.8/0.8/0.8 
polysulfide solution at 47~ 

value if i l lumination is interrupted. The initial periods of 
decreasing photocurrents lasted from a few seconds, in 
solutions poor in S, to ca. 60s in S-rich solutions. Licht 
has shown (21) that the main difference between such so- 
lutions is the higher concentration of free hydroxide in 
the S-poor ones. For very dilute solutions (e.g., 0.8/0.8/0.8), 
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Fig. ! ]. Short-circuit current density as function of photocharge 

passed for n-CulnS2 in two different polysulfide solutions at 35~ 

this initial decline was followed by a much smaller de- 
crease, lasting from 0.5 to lh, after which the output cur- 
rent stabilized. 

The initial output decrease was investigated in a sys- 
tematic fashion, as it was found to be influenced by ini- 
tial current density, solution temperature, solution 
composition, and initial quantum efficiency of the 
CuInSe~ electrode. We can define a ratio J/Ji where Js 
stands for the steady-state value of the photocurrent, 
reached after 1 rain or less, and J, stands for the initial 
photocurrent. Figure 15 shows the dependence of this ra- 
tio and of Js on Ji. A linear decrease of JJJi with increasing 
Ji is found for both electrodes, but the initial 
photocurrent  at which the decrease (from 1.0) starts is 
higher for the more efficient electrode. The value of JJJi  
increases with increasing temperature and with increased 
concentration of the solution. By varying only the con- 
centration of added sulfur, a maximum value for J J J, 
around [S] = 1-1.5M was found for 1/1/[S] solutions. This 
value was still somewhat lower than that obtained for so- 
lutions containing higher concentrations of added OH-  
and S , e.g., 3/3/4. This behavior is reminiscent of that 
found for CdSe (28), where it was explained by the vary- 
ing dissolving power, for sulfur, of the polysulfide solu- 
tions, as S could form a blocking layer on the electrode. It 
was shown, there, that this phenomenon occurs also at 
metaYpolysulfide interfaces. It is likely that, at the high 
photocurrent densities encountered with CuInSe2, a simi- 
lar explanation holds. For some of the experiments at 
CuInS2, the current densities would seem to be suf- 
ficiently low to minimize this effect. It is likely that there, 
and possibly also at CuInS% the above explanation is too 
simplistic and the previously mentioned processes, i.e., 
surface adaptation to the solution, for example by forma- 
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Fig. 13. Short-circuit photocurrent density as function of photocharge 
passed for n-CulnS2, (112) face exposed, and for n-CdSe, (1120) face 
exposed to the 3/3/4 polysulfide solution at 50~ The CdSe crystal was 
photoetched to obtain the best possible output stability characteristics 
(24). The (1120) face of CdSe is more stable than the (0001) or (1000) 
faces. 
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tion of hydrated indium oxide (In(OH)3, for example), and 
varying ad- and desorption of sulfides, need to be consid- 
ered as well. 

All the output stability tests described up to this point 
were carried out under short-circuit conditions, i.e., no 
electrical power was extracted from the system. In the 
case of CdSe, it was shown that PEC is less stable at 
max imum power than at short-circuit, under identical il- 
lumination intensity (29). Therefore, it was imperative to 
check the output stabilities of n-CuInS2 and n-CuInSe2 
under load conditions, and compare them to that of CdSe 
from which a comparable amount  of electrical power was 
obtained. Table V summarizes these experiments.  Except  
for the CuInSe2 entry explained in footnote e, no system- 
atic decrease in performance was found for CuInX 2 
photoanodes. Whenever a lower final than initial 
photocurrent  density is shown, the decrease occurred 
during the initial stages of the experiments (cf. Fig. 10-12, 
14). In two cases, a higher final than initial photocurrent  
is indicated. Then an increase occurred during the initial 
stages of the experiments,  and could be due to some 
"auto-etching" of the electrodes which were, apparently, 
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Fig. ! 5. Dependence of steady-state photocurrent density U.) (lower 
curves) and of the ratio ofJ s and Ji, the initial photocurrent density (up- 
per curves), onJi, for two different n-CulnSe2 electrodes in 3/3/4 polysul- 
fide. ( -  - ) :  2 %  efficient electrode. ( +  +):  6 %  efficient 
electrode. 

not treated optimally before starting the experiments.  A 
similar phenomenon is, at times observed for Cd- 
chalcogenide photoanodes (27). The results shown in 
Table V indicate that the CuInX2 photoanodes are stable 
against photocorrosion, even when they are used at po- 
tentials corresponding to their optimal power points, and 
when they are subjected to high light intensities. For ex- 
ample, the third entry for CuInSe2 was run under an illu- 
mination intensity that corresponded roughly to 2-2.5• 
AM1 solar intensity. 

G e n e r a l  D iscuss ion  and  C o n c l u s i o n s  
The salient features of the work reported here are the 

apparent crucial role of the electrode surface in 
determining cell behavior, the involvement  of the surface 
in the occurrence of kinetic limitations on the charge- 
transfer process, and the stability of these PEC's, 
notwithstanding those limitations. 

To elucidate the role of the electrodes' surface, we 
carried out detailed surface analyses (15), which show 
that the top layer of electrodes, used in polysulfide, is 
composed mainly of indium oxide and is depleted in Cu. 
They also show that no Se/S exchange takes place for 
CuInSe2. The effect of air oxidation can then be con- 
nected with the formation of a more complete, more stoi- 
chiometric indium oxide layer. Our fbp measurements  
show this layer to be an active participant in the charge- 
transfer process. 

A central question concerns the nature of the processes 
that give rise to kinetic limitations on the charge transfer, 
as expressed in the positive temperature dependence. 
The effect of solution composit ion on PEC I-V character- 
istics and on the initial decrease in photocurrent  suggests 
the involvement  of the H S -  and/or oligosulfide species 
IS{ and $4- are those present in the highest concentra- 
tions in most of our polysulfide solutions; cf. Ref. (21)]. 
Because the optimal concentration ratios are similar to 
those found for CdSe (28), these effects can be interpreted 
in terms of the dissolving power (for the oxidized 
oligosulfide) of the polysulfide solution. Still, the differ- 
ent temperature dependences of CdSe and CuInXjpoly-  
sulfide PEC's indicate that other factors are involved as 
well. The linear dependence of the photocurrent  on the 
light intensity and the persistence of the positive temper- 
ature dependence of the I-V characteristics at low light 
levels show that the problem is not the availability of the 
oligosulfides near the surface. We suggest that the main 
additional factor is, rather, the thermally activated ad- 
and/or desorption of sulfides, as fbp measurements  are 
consistent with adsorption of such species. The occur- 
rence of chemisorption implies creation or annihilation of 
electronic states or changes in the population of existing 
ones, of the solid state. Thus, when we discuss (de)sorp- 
tion processes, this includes such electronic effects in the 
solid itself. 
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Table V. Output stability tests under optimal load conditions 

Photocharge 
TemPeratur e Potential a jint, jfib passed Power 

Electrode ~ (~ (mV) (mA]cm 2) (mA/cm ~) (kC/cm 2) (Wh/cm 2) 

CuInS2 40 200 20 22 9 0.5 
CuInS2 40 200 15.5 15.2 5.4 d 0.3 
CuInS2 40 200 30 22 8.4 d 0.5 

CuInSe~ 53 100 33 32 8.2 d 0.2 
CuInSe~ 45 100 34 38 40 1.2 
CuInSe2 50 150 45 68 37 1.5 
CuInSe~ 45 100 33 23 42 e 1.2 

CdSe 50 400 22 8 9 1.3 

a Negative of the solution redox potential. 
Initial and final photocurrent densities. 

c All CuInS2 experiments were done in 1/1/1 solutions. All CuInSe2 experiments and that with CdSe were done in 3/3/4 solutions. 
d Experiment was stopped because a leak in the protective epoxy occurred. 
e Auger analyses showed the presence of Cd on the surface, after the experiment. From scanning Auger microprobe maps, it appears that 

the presence of Cd is connected with that of S and O, i.e., it may occur as CdS and CdO. This phenomenon probably explains the steady, very 
small decrease in photocurrent shown by this electrode. 

The  initial ,  r e v e r s i b l e  d e c r e a s e  in  p h o t o c u r r e n t  cou ld  
b e  due  to a d i f fus ion- l imi t ed  p r oce s s  in  t h e  e lec t ro ly te  (in- 
c l ud ing  s low d i s s o l u t i o n  and /o r  d e s o r p t i o n  of  t h e  oxi- 
d ized  sulf ide  species ,  as for  CdSe).  A n o t h e r  poss ib i l i ty  
w h i c h  can  e x p l a i n  t he  s low sh i f t  in  f bp  of  e t c h e d  elec- 
t rodes  is t h a t  a s o l u t i o n - i n d u c e d  c h e m i c a l  c h a n g e  of  t h e  
surface ,  e.g., to a h y d r a t e d  oxide,  In(OH)3 t akes  place.  The  
fas te r  in i t ia l  c h a n g e  in  S -poor  so lu t ions  can  t h e n  b e  con- 
n e c t e d  w i t h  the  h i g h e r  c o n c e n t r a t i o n  of  f ree  h y d r o x i d e  in  
t h e m ,  as c o m p a r e d  to S- r ich  so lu t ions .  T he  a b s e n c e  of  S 
o n  sur faces  of  CulnX2 e lec t rodes ,  u s e d  in  polysul f ide ,  ar- 
gues  aga in s t  the  f o r m a t i o n  of  m i x e d  oxysul f ides .  T h e  ad- 
a n d  d e s o r p t i o n  p r o c e s s  will  occu r  on  t h i s  mod i f i ed  sur-  
face. The  lack  of  a pos i t i ve  t e m p e r a t u r e  effect  for  
CuInsSs /po lysu l f ide  P E C ' s  c a n  b e  u n d e r s t o o d  f r o m  the  
a b s e n c e  of  a n  i n d i u m  o x i d e  l aye r  on  CuInsS8 e lec t rodes .  

T h e  fac t  t h a t  t he  pos i t i ve  t e m p e r a t u r e  d e p e n d e n c e  is 
less  p r o n o u n c e d  for  m o r e  eff ic ient  e l ec t rodes  i nd i ca t e s  
t h a t  o t h e r  p r o c e s s e s  p lay  a role,  too. Fo r  example ,  t he  nor-  
ma l  so l id-s ta te  p h o t o v o l t a i c  ef fec t  m a y  h a v e  a nega t ive  
t e m p e r a t u r e  d e p e n d e n c e  t h a t  is s t r o n g e r  for  m o r e  
ef f ic ient  sys t ems ,  a l t h o u g h  no  s t rong  t e m p e r a t u r e  depen-  
d e n c e  is e n c o u n t e r e d  w i t h  t h e  CdS/CuInSe2  so lar  cell. An-  
o the r  poss ib i l i t y  w h i c h  m i g h t  e x p l a i n  t he  pos i t ive  t em-  
p e r a t u r e  d e p e n d e n c e  is t h a t  t he  c h a r g e  t r a n s p o r t  t h r o u g h  
the  top  i n d i u m  ox ide  (hydrox ide)  l ayer  is t h e r m a l l y  acti-  
va ted ;  h o w e v e r ,  t he  fact  t h a t  n o  pos i t ive  t e m p e r a t u r e  de- 
p e n d e n c e  is f o u n d  w i t h  t h e  C u I n S e J p o l y i o d i d e  cell  ar- 
gues  aga in s t  this .  

S u m m a r i z i n g ,  we  can  l is t  t h r e e  p r o b a b l e  r e a s o n s  for  t he  
k ine t i c  l imi t a t ions  o n  t he  C u I n X J p o l y s u l f i d e  cells: (i) t he  
S -d i s so lv ing  p o w e r  of  t he  po lysu l f ide  so lu t ions  (as for 
CdSe);  (ii) (near)  su r face  adap t a t i on ,  to In(OH)3, for  exam-  
ple;  a n d  (iii) t h e r m a l l y  ac t i va t ed  a d s o r p t i o n  of H S -  
a n d / o r  ol igosu]f ides  (S{ ,  S { )  and /o r  t h e r m a l l y  ac t iva t ed  
d e s o r p t i o n  of t h e i r  ox id ized  fo rms  f rom t he  a d a p t e d  
surface .  

N o t w i t h s t a n d i n g  t h e s e  l imi t ing  factors,  b o t h  s y s t e m s  
s h o w e d  r e a s o n a b l e  p h o t o v o l t a i c  p e r f o r m a n c e s  w i t h  5 a n d  
7.5% eff ic iencies  at  e l eva t ed  t e m p e r a t u r e s  for  t he  
d i su l f ide  a n d  t he  d i se len ide ,  respec t ive ly .  

We can  a sk  n o w  h o w  t he  r e m a r k a b l e  s tab i l i ty  of  t he se  
t e r n a r y  c h a l c o p y r i t e  P E C ' s  c a n  b e  u n d e r s t o o d .  On t he  ba- 
sis of thermodynamic calculations, we expect less suscep- 
tibility to photoanodic corrosion for them than for CdSe, 
because of the position of their decomposition potentials 
with respect to the solution redox potential. Another fac- 
tor may be the presence of the native indium oxide layer 
on the electrode surface. Such a film was found to pro- 
vide improved performance and improved resistance 
against photocorrosion also for the n-CuInSeJpolyiodide 
system (7). The role of the oxide layer can be to provide a 
phase where those photogenerated holes that are not 
transferred to the solution can recombine without 
causing decomposition. It is unlikely that all these photo- 

g e n e r a t e d  ho les  will  r e c o m b i n e  in  t he  ox ide  layer,  w h i c h  
is r a t h e r  t h i n  [50-100~, cf. Ref. (15)]. The  b o n d  s t r e n g t h s  of  
the  C u ~ X  a n d  In  X b o n d s  a n d  t he  C u d  orb i ta l  charac-  
te r  of t he  top  of t h e  v a l e n c e  b a n d  can  b e  a d d i t i o n a l  fac- 
tors.  A n o t h e r  a s p e c t  of  t he  ox ide  layer  is t h a t  i t  c an  s top  
f ie ld-ass is ted  m i g r a t i o n  of pos i t i ve  ions  f rom the  bu lk .  
The  poss ib i l i t y  exis ts ,  f u r t h e r m o r e ,  t h a t  a pho tovo l t a i c  
sol id-s ta te  j u n c t i o n  fo rms  at  t he  o x i d e / c h a l c o g e n i d e  in ter -  
face; howeve r ,  p r e l i m i n a r y  e x p e r i m e n t s  h a v e  no t  y ie lded  
conc lus ive  e v i d e n c e  for this ,  as yet. 

F inal ly ,  we no t e  the  sens i t iv i ty  of  t h e  p e r f o r m a n c e  of  
t h e s e  p h o t o e l e c t r o d e s  to sur face  t r e a t m e n t .  I t  s h o u l d  be  
s t r e s sed  t h a t  n o  c o m p l e t e  reproducib . i l i ty  ha s  yet  b e e n  
a c h i e v e d  a n d  t h e  ef fec t  of  t h e  va r ious  t r e a t m e n t s  de- 
s c r i bed  h e r e  b e c o m e s  less  p r o n o u n c e d  t h e  b e t t e r  t h e  ini-  
t ial  p e r f o r m a n c e  of  t h e  e lec t rode .  Th i s  is u sua l ly  t h e  case  
b e c a u s e  a n y  s u c h  sur face  t r e a t m e n t  will  be  m o s t  e f fec t ive  
for a n  e lec t rode  w i t h  a severe ly  d a m a g e d  surface ,  w h e r e  
t h e r e  is m u c h  r o o m  for i m p r o v e m e n t .  

I t  is obv ious  f rom ou r  r e su l t s  t h a t  i m p r o v e d  P E C ' s  c an  
b e  o b t a i n e d  w i t h  t h e s e  mate r ia l s ,  i f  so lu t ion - re l a t ed  limi- 
t a t i ons  can  be  overcome .  However ,  w h e n  a t t e m p t i n g  u se  
of  a l t e rna t ive  or modi f i ed  so lu t ions ,  t h o u g h t  s h o u l d  be  
g iven  to poss ib l e  causes  for  p h o t o c o r r o s i o n .  S u c h  a l ine  
of  ac t ion  has  r ecen t l y  p r o v e d  ef fec t ive  for  t he  iod ide  sys- 
t em,  and,  w i t h  i n c r e a s e d  k n o w l e d g e  of  t h e s e  ma te r i a l s  
a n d  r e l a t ed  ones,  o t h e r  s y s t e m s  s h o u l d  be  ach ievab le .  
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Ternary Chalcogenide-Based Photoelectrochemical Cells 
V. Surface Analyses of the CulnXJAqueous Polysulfide Interface (X = S, Se) by X-Ray 

Photoelectron Spectroscopy; Absence of Se/S Exchange in the CulnSe2/Sn = System 
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ABSTRACT 

n-CuInS~ and n-CuInSe2 were subjected to surface analyses by x-ray photoelectron and Auger electron spectros- 
copy, after their use as photoanodes in polysulfide solutions. For CuInS2 samples that had a poor (ca. 2%) conversion 
efficiency, a rather heterogeneous surface was found, with patches rich in In, which is probably present mainly as ox- 
ide. Some Cue  was found as well, although the top layer was depleted in Cu, compared to a reference sample. More 
efficient (ca. 5%) samples showed a more homogeneous surface and even stronger Cu depletion. These changes are as- 
cribed to additional surface treatments, viz., dipping in hot KCN solution and thermal oxidation of the resultant etched 
surface. For CuInSe~ samples, no significant exchange of lattice Se by S from the polysulfide solution is seen, in sharp 
contrast to what is observed for CdSe or CdIn2Se4. If sulfur is found, its presence could be correlated with the spurious 
occurrence of Cd (used as dopant) or Ag (used for the ohmic back contact). Cu depletion also occurs near the surface of 
the diselenide after use in polysulfide solution. Most of the remaining In seems to occur in indium oxide and/or indium 
selenide. Cu 2~ was found neither here nor on the surface of the more efficient disulfide sample. It is suggested that the 
occurrence of an indium oxide top layer, aided by thermal oxidation of the electrode in the case of CulnSe2, has a 
beneficial effect on electrode performance. 

One of the most remarkable aspects of photoelectro- 
chemical cells (PEC's) of the type CuInXJaqueous poly- 
sulfide (X = S or Se) is their excellent output stability, 
even under  high light intensities and near their maximum 
power point (1-4). In this, they defy the often accepted 
rule of thumb that only high bandgap semiconductors 
can be stable under  the conditions of an operating PEC. 
Indeed, we can compare the CuInX2-based PEC's to those 
using CuIn~Ss (5), CdIn2Se4 (6), CdS (7), or CdSe (7) as 
photoanodes. For all of these systems, instability has 
been observed, either with simulated solar i l lumination or 

1Present address: Israel Aircraft Industries, Ben Gurion Inter- 
national Airport, Led, Israel. 

in accelerated tests (cf. Fig. 1). For CdSe and CdIn~Se4, 
this instability could be connected with the occurrence of 
Se/S exchange at the semiconductor surface (7). For 
CuIn~Ss, it was found to correlate to some extent with 
both Cu depletion from the surface and the presence of 
Cu-S-like phases at the surface, while for CdS (and CdSe) 
it could be connected with the formation of a rather disor- 
dered, microcrystalline, top layer. In all of these cases, 
these phenomena can be explained by breaking of chemi- 
cal bonds (between Cd, Cu, or In  and X) by photogener- 
ated holes that reach the surface of the photoanode and 
which prefer to attack the semiconductor itself, rather 
than to oxidize the sulfide species present at the surface. 
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1. Comparison of the output stability of CulnS2 and CdSe 

photoonodes in polysulfide electrolyte (1M KOH, 1M Na2S, and 1M S ~ 
added reagents). 

In the case of Cd chalcogenides, it was found that im- 
proved sulfur dissolution from the surface of the elec- 
trode (where S is formed as the product of sulfide oxida- 
tion), improves output stability of this system (7). The 
reason for this is probably that in such a case the proba- 
bility of the hole attack on the semiconductor itself is de- 
creased because of the increased probability of hole trans- 
fer to the solution species. For n-Cu!nSe~, transient 
photocurrent  measurements  indicated the existence of 
some imbalance between hole flux to the surface and 
hole transfer to the solution (8), which is exactly the crite- 
rion for instability of Cd-chalcogenides. With CuInSe2, 
however, no output deterioration could be observed. 

This would seem to imply that hole attack on the bonds 
in CuInSe2 is not successful under the normal conditions 
of operation for a photoelectrochemical cell, Indeed, the 
argument has been forwarded that participation of d or- 
bitals of Cu in the top of the valence band of CuInSe2 and 
CuInS2 and of anion s and/or p orbitals in the bot tom of 
the conduction band leads to some degree of localization 
of the bandgap photoexcitation on the Cu site and the an- 
ion sublattice (9). This implies that it weakens the chemi- 
cal bonds less than in, for example, CdSe. This would ex- 
plain the ineffectiveness of hole attack, as such a 
localization of the photogenerated electron-hole pairs 
would increase the probability that those that are not 
transferred to the solution will simply undergo recom- 
bination. However, it is well known from the studies of 
Kazmerski and co-workers that CuInSe2, at least, has an 
indium oxide film as the native oxide on its surfa.ce (10). 
It could thus be argued that this oxide layer fulfills some 
protective role, for example,  by serving as a region with 
high probability for recombination which could decrease 
the quantum efficiency. The very high (0.9)-quantum ef- 
ficiencies observed for CuInSe~ (3), argue~against this ex- 
planation. Another possibility is that the oxide film spa- 
tially prevents solution species from reaching the 
semiconductor proper, thus preventing them from stabil- 
izing possible products  0 fho l e  attack (e.g., CuxS or InxS.~, 
analogous to the formation of CdS on CdSe). The fact that 
in sulfide-less aqueous electrolyte some pH dependence 
of the flatband potential is seen (8) indicates that the ox- 
ide is not a completely passive element. A third explana- 
tion could be that the oxide serves to passivate defects, 
which would serve as centers for corrosion. At present, 
insufficient evidence is available to decide between these 
or other functions of this oxide film. 

Notwithstanding the excellent output stability of the 
CuInX2 photoanodes, scanning electron micrographs re- 
veal that some surface restructuring occurs during their 
use in polysulfide electrolyte (Fig. 2). Therefore, we felt 
that analyses of the surfaces of CuInX2 photoelectrodes 
that had been used in polysulfide solutions was needed 
to try toLreach some understanding of the causes for their 
resistance to photocorrosion. Here we report  on our re- 
sults of such analyses, mainly by x-ray photoelectron 
spectroscopy. In future reports, we will deal with more 
detailed surface analyses of clean and etched CuInSe2, 
with analyses of the surface of electrodes used in polyio- 

Fig. 2. Scanning electron microscopy pictures of the surface of 
n-CulnSe2. Left: after stable passage of 36 kC/cm 2 at - 150 mVvs. poly- 
sulfide solution potential, at 45  (initial} to 68 (final} mA/cm 2, i.e., under 
i l lumination equivalent  to several t imes AM1.  The increase in 
photocurrent density occurred during the initial stages of the experiment 
and is not uncommon in this system (8). Right: after subsequent acid 
etching of the surface, i.e., restoration to its initial state. 

dide solutions, and with thermodynamic analyses of pos- 
sible decomposition pathways. 

E x p e r i m e n t a l  

CuInS2 and CuInSe2 electrodes were prepared from Cd- 
doped crystals, as described previously (4, 8). They were 
etched in aqua regia, and, after rinsing with water, dipped 
in KCN solution to remove oxidation products. The 
CuInSe2 electrodes were subsequently heated in air for lh  
at ca. 100~ Polysulfide solutions were prepared from 
analytical-grade reagents: KOH, Na2SgH20, and S. Large 
area brass gauze counterelectrodes were used for two- 
electrode experiments.  Some experiments were done un- 
der potentiostatic control, using a Pt  wire as the reference 
electrode. All solutions were prepared and kept under in- 
ert atmosphere. X-ray photoelectron spectroscopy (XPS) 
spectra were obtained mostly on an AEI ES 200 B spec- 
trometer, using Mg K~ (1253.6 eV) radiation, with -0.7 eV 
linewidth. The samples were handled in a glove box at- 
tached to the spectrometer, which was made free of oxy- 
gen and water by cooling a Cu coil, situated in the glove 
box, with liquid N2, until condensation stopped. Both 
wide scans (1-1000 eV binding energy [BE]) and narrow 
scans (20-40 eV) were made. Ar ion sputter etching was 
done using an ion beam, situated at 60 ~ with respect to the 
sample surface, operating with a beam current of 3-6 tLA 
and 1 kV. 

Some XPS and Auger (including scanning Auger mi- 
croprobe) analyses on less efficient samples, were per- 
formed on a PHI 549 spectrometer,  using Mg K~ radiation 
for the XPS experiments and a 15 ~m focused electron 
beam operated at 3 kV for the AES experiments.  Some of 
the results on other samples, mentioned here for compari- 
son, were obtained using PHI  550 or 590 (XPS or Auger) 
spectrometers. 

Generally, the C~s peak at 284.6 eV was used as an inter- 
nal reference. From time to time, the calibration of the 
spectrometer was checked using the 4f lines of a Au 
sample. 

R e s u l t s  

CuInS2.--Low efficiency electrodes.--The photoelectro- 
chemical characteristics of these electrodes resembled 
those reported earlier by us (1). A typical sample yielded a 
photovoltage of 550 mV, a short-circuit photocurrent  of 9 
mA/cm ~, and a fill factor of 0.36 under 86 mW/cm 2 white 
light illumination, corresponding to a 2.2% conversion ef- 
ficiency. A sample was used for several hours as a photo- 
electrode under short-circuit conditions, in polysulfide 
electrode, and after it was rinsed in aqueous sulfide and 
water was inserted in the sample chamber (of a PHI 549 
spectrometer). After measurement,  the sample was sput- 
ter etched using an Ar ion beam. For comparison, a clean 
sample that had not been in contact with polysulfide so- 
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Table I. Auger parameters (eV) of In and Cu, 
for CulnS2 photoelectrode and reference, and for some 

binary Cu and In compounds 

(a + h,) 

Compound In ~ Cu a 

CuInS2 (reference) 852.0 (1.4) 1849.9 (1.9) 
CuInSe2 (photoelectrode) b 850.8 (1.6) 1851.61849"9 } (3.0) 

cuIns2 (At * sputtered) r 851.9 (1.4) 1850.0 (2.1) 
In,zS~ 852.3 - -  
InS d 852.8 - -  
In~O~ 850.3 - -  
In(oxy 850.6 - -  
In 854.4 - -  
Cu2S d - -  1849.9 
Cu20 d - -  1849.5 
CuO ~ - -  1851.6 

Numbers in parentheses give full widths at half maximum 
(FWHM) of the In 4d 5/2 and Ca 2p 3/2 peaks. 

b Used, after chemical (acid) etching, in polysulfide solution. 
c As in second footnote but after 200s Ar ion sputter etching. 
d From Ref. (11): 

In metal, as received, i.e., with a native oxide layer. 

lu t ion  was  m e a s u r e d  as a reference .  In  Table  I, w e  p r e s e n t  
the  In  and  Cu Auger  p a r a m e t e r s  for t hese  samples ,  as 
well  as for some  b inary  In  and  Cu c o m p o u n d s .  The Auger  
pa ramete r ,  a, de f ined  as t he  d i f fe rence  b e t w e e n  a photo-  
e lec t ron  ene rgy  and  the  c o r r e s p o n d i n g  Auger  e lec t ron  en- 
ergy, is g iven here ,  because  in th is  way  unce r t a in ty  abou t  
the  Cls pho toe l ec t ron  ene rgy  for s o m e  samples  is avoided.  
When  bo th  energ ies  are m e a s u r e d  in  a no rma l  X P S  scan, 
w h e r e  t hey  will be  e x p r e s s e d  as "b ind ing  energies ,"  a = 
BE ( p h o t o e l e c t r o n ) - B E  (Auger  electron).  It is c u s t o m a r y  
to use  a + h~ (the x-ray p h o t o n  energy),  w h i c h  equa ls  the  
s u m  of  t he  kinet ic  ene rgy  of  the  Auger  e lec t ron  (KEA) and  
the  b i n d i n g  ene rgy  of  the  pho toe l ec t ron  (BEp) (11, 12). 

In  add i t ion  to t he  data  p r e s e n t e d  in Table  I, Auge r  mi- 
c r o p r o b e  analyses  were  d o n e  to obta in  i n fo rma t ion  on  the  
spatial  d i s t r ibu t ion  of  the  cons t i t uen t  e l e m e n t s  on the  
e lec t rode  surface.  For  the  n o n s p u t t e r e d  e lec t rode,  a heter-  
ogeneous  surface  was  found,  wi th  oxygen- r i ch  and  sulfur-  
def ic ient  regions  a few t en th s  of  a mi l l ime te r  wide.  These  
reg ions  con ta ined  b o t h  Cu and  In. S o m e  corre la t ion  was  
found  also b e t w e e n  In and  S. Thus  it appea r s  tha t  the  sur- 
face of this  e l ec t rode  had  u n d e r g o n e  s o m e  rear range-  
ment ,  resu l t ing  in pa t ches  of  Cu + In  + O and  In + S. 
This  large-scale d e c o m p o s i t i o n  r e s e m b l e s  the  effect  in- 
d u c e d  by  3 kV e lec t ron  b o m b a r d m e n t  of  a CuInS2 sur- 
face, w h e r e  res idual  oxygen  was  found  to subs t i t u t e  for S 
in t he  areas e x p o s e d  to the  e lec t ron  beam,  y ie ld ing  a com- 
pos i t ion  fo rmula t ed  as Cu20 �9 In20~ (13). In our  exper i -  
men t s ,  the  surface  he t e rogene i t y  was  l imi ted  to the  ou te r  
a tomic  layers  only  as t he  sur face  p r e s e n t e d  a m u c h  less  
var ied  compos i t i on  after  only  ca. 40s Ar ion  sput te r ing .  
Af ter  ca. 200s, it b e c a m e  essent ia l ly  h o m o g e n e o u s ,  wi th-  
out  any oxygen  be ing  p resen t .  

The X P S  resul ts  g iven  in Table  I p rov ide  addi t iona l  evi- 
d e n c e  for the  d i f fe rence  in compos i t i on  b e t w e e n  the  sur- 
face of  a u sed  e l ec t rode  and  its bulk.  The In Auger  param-  
e ter  o f  t he  surface  c o r r e s p o n d s  c losely  to tha t  o f  oxid ized  
In  metal ,  i.e., a nat ive  oxide,  whi le  the  Cu Auger  parame-  
ter  ind ica tes  the  p r e s e n c e  of  Cu '§ and  Cu2% The p r e s e n c e  
of  d iva lent  c o p p e r  was  verif ied by  obse rv ing  the  Cu 2p 
spect ra l  region,  w h i c h  con ta ined  the  shake-up  satellite 
l ines,  character is t ic  for th is  pa ramagne t i c  species  (11, 12). 
In b ina ry  coppe r  sulf ides  and  selenides ,  the  formal  val- 
ence  of  c o p p e r  r ema ins  f ixed at  +1 and  tha t  of the  
cha l cogen  var ies  (14). Therefore ,  we  can c o n c l u d e  tha t  the  
d iva len t  Cu spec ies  is assoc ia ted  wi th  an o x y g e n  envi ron-  
m e n t  such  as CuO or poss ib ly  Cu2In205 (2CuO �9 In203). 
The Auger  pa rame te r s  and  relat ive peak  in tens i t i es  af ter  
200s Ar ion spu t t e r  e t ch ing  agree wi th  the  values  ex- 
p e c t e d  for CuInS2. Thus  only a very  th in  surface  layer  (es- 
t ima ted  at  some  20X) has  been  affected,  in  con t ras t  to 
w h a t  is t he  s i tuat ion for  CdS and  CdSe  e lec t rodes  tha t  un-  

d e r w e n t  similar  t r e a t m e n t  (7). There,  no apprec iab le  devi- 
a t ion f rom s to i ch iome t ry  or s ignif icant  a m o u n t  of  ox ides  
could  be de tec ted  (7). F u r t h e r  clues to w h a t  m i g h t  be  hap-  
p e n i n g  at the  surface  of  th is  la t ter  type  of e lec t rode  are 
f o u n d  in resul ts  ob ta ined  f r o m  c o m b i n e d  ref lec t ion elec- 
t ron  diffract ion,  low angle  x-ray diffract ion,  and  scann ing  
e lec t ron  mic roscopy  ana lyses  on e lec t rodes  tha t  had  
p a s s e d  b e t w e e n  100 and  2500 C/cm 2 of  pho tocha rge .  They 
s h o w  the  fo rmat ion  of  a h igh ly  polycrys ta l l ine  top  layer, 
surface  roughen ing ,  and  s o m e  charg ing  in the  e lec t ron  
beam.  This behav io r  is cons i s t en t  wi th  t he  fo rma t ion  of  
an insu la t ing  po lycrys ta l l ine  p h a s e  on  the  e l ec t rode  sur- 
face [cf. Ref. (1, 15)]. 

These  resul ts  p ro v i d e  a r eady  exp lana t ion  for the  poor  
p e r f o r m a n c e  of  t hese  e lec t rodes  as t hey  ind ica te  a h ighly  
de fec t  surface,  w h i c h  is e x p e c t e d  to lead to low cur ren t s  
and  fill factors,  because  of  t he  p r e s e n c e  of i n t r a -bandgap  
s ta tes  tha t  will e n h a n c e  r ecombina t ion .  

Move efficient eIectrodes.--Surface ana lyses  by X P S  on  
these  e lec t rodes  essent ia l ly  bear  out  the  conc lus ions  ob- 
ta ined  f rom the  less eff icient  ones.  The i m p r o v e d  per- 
fo rmance  was the  resul t  of  be t te r  cont ro l  over  the  dop ing  
p rocess  a n d  op t imized  surface t r ea tmen t s ,  which  in- 
volved,  af ter  acid e tching,  d ipp ing  in ho t  (ca. 50~ KCN 
solut ion (10% w/v) and  mi ld  heat ing  in air at 70~176 for 
lh .  S u c h  e lec t rodes ,  w h e n  used  in 3/3/4 polysul f ide  solu- 
tion, gave the  fol lowing "bes t"  character is t ics :  15.9 
m A / c m  2 shor t -c i rcu i t  current ,  550 m V  open-c i rcui t  volt- 
age, and  0.5 fill fac tor  at 49~ u n d e r  89 mW/cm 2 s imula ted  
solar i l luminat ion.  This  t rans la tes  into a 4.9% convers ion  
efficiency, i.e., a more .  t h a n  two-fold i m p r o v e m e n t  over  
the  samples  d e s c r i b e d  above.  Table II summar i zes  X P S  
resul ts  for this  t ype  of  electrode.  Again,  we  include,  for 
compar i son ,  data  on b inary  Cu and  In cha lcogenides .  In  
addi t ion,  Table II conta ins  some data  on re la ted te rnary  
sulfides.  Because  data ob ta ined  on m o r e  than  one instru-  
m e n t  are inc luded ,  and  the  In  MNN Auger  line was not  al- 
ways  resolved wel l  en o u g h  to allow a p ro p e r  de te rmina-  
t ion of the  Auger  parameter ,  we  have  ch o s en  here  to 
p r e s e n t  the  data ma in ly  as the  d i f fe rences  in b ind ing  en- 

Table II. Binding energies and their differences of Cu, In, and S, 
for efficient CulnS2 samples and related materials 

FWHM (eV) 
Sample A(Cu-S) (eV) a A(In-S) (eV) b Cu In S c 

CuInS2 
Reference 7 7 0 . 3  (931.7) 283 .2  (444.6) 1.2 1.2 2.4 
Etched d 770.1 (931.3) 282 .9  (444.1) 1.4 1.3 2.2 
Used e 770.2 (931.6) 282 .6  (444.1) 1.4 1.2 2.0 

Thin film 770.2 (930.8) 282 .8  (443.4) -2.5 2.4 2.5 

CuIn.~Ss 
Reference 7 7 0 . 3  (930.9) 283 .0  (443.6) 1.7 1.4 2.3 
Used 769.8 (931.0) 282 .3  (443.5) 1.9 1.3 2.5 
CuFeS~ h 770.1 (932.1) - -  - -  - -  

Cu2S i 770.2 (932.0) - -  - -  1.1 - -  (2.4) 
CuS ~ -<-769.6 (931.4) - -  - -  1.3 - -  (2.2) 

Cu20 j - -  (932.2) - -  - -  - -  
CuO j - -  (933.5) - -  - -  - -  

In~S:, - -  - -  283.3 (444.8) - -  1.9 2.5 
InSJ - -  - -  - -  (444.3) 

In.20:~ - -  - -  - -  (444.0) - -  2.3 - -  
In(ox) k - -  - -  - -  (444.4) - -  2.2 - -  

a Difference in BE's between Cu 2p 3/2 and S 2p peaks. Cu 2p 3/2 
peak position given in parentheses, referred to C,s = 284.6 eV. 

'~ Difference in BE's between In 3d 5/2 and S 2p peaks. In 3d 5/2, 
peak position given in parentheses, referred to C,~ = 284.6 eV. 

r For the unresolved S 2p peak. 
Etched in aqua regia and dipped in hot KCN solution. 

e After passage of 1.4 kC/cm 2 at short-circuit current. 
~From Ref. (25). 

From Ref. (5); used after passage of 6 kC/cm ~ at short circuit. 
h From Ref. (16). 
From Ref. (14). 

J From Ref. (12). 
k Indium metal, exposed to air at room temperature. 
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Fig. 3. XPS spectra of Cu 2p, In 3d, and S 2p in CulnS=. I: Reference. I1: 
After etching in aqua regia, dipping in hot KCN solution, and heating in 
air at 100~ II h after passage of 1340 C/cm 2 of photocharge at short 
circuit in polysulfide solution. The poorly resolved Cu2 Pu~ lines in traces 
II and III are a result of the low (11) to very low (111) Cu concentration on 
the surfaces of these samples. 

ergies. For completeness '  sake, the Cu 2p 3/2 and In 3d 5/2 
BE's, referred to C,s at 284.6 eV, are given also. For 
CuInS2, these peaks and the S 2p ones are shown in Fig. 3. 

Etched as well as polysulfide=used CuInS= electrodes 
differ from the Clean CuInS2 mainly in their In 3d 5/2 
BE's, something that can be seen also from their values 
for h(In-S). The rather small In 3d peak widths (cf. Tables 
I and II) suggest that for all these CuInS2 samples only 
one type of In is present on the surface, although the sim- 
ilarity between In2S3 and CuInS2 in terms of In and S 
BE's is such that the presence of In2S3 cannot be ex- 
cluded. Because some broadening of peaks would be ex- 
pected if both CulnS~ and In2S3 were present, due to the 
occurrence of both tetrahedral and octahedral In coordi- 
nation in In=S3 and only tetrahedral coordination in 
CuInS2, the presence of more than -5% In~S3 is unlikely. 
In a way similar to the less efficient material, IntO3 or 
some type of oxidized In seems to be the dominant  In 
containing species on the surface of etched or polysul- 
fide-used samples. 

The results for copper show that this element  is now 
present in mainly one valence state only, namely Cu +', al- 
beit at very low concentrations after etching and espe- 
cially after use, in polysulfide, of the electrode (cf. Fig. 1). 
The widths of the peaks of used and of etched samples 
show more than one type of Cu '+ species on or near the 
surface. The presence of CuxS and/or Cu20 can cause this 
peak broadening. For all etched samples that were stud- 
ied, a high BE peak some 7 eV from the main S peak was 
observed. It is attributed to a S O (  species, present only 
on the very surface as it disappeared after a short t ime of 
sputter etching. On samples that had been used in poly- 
sulfide, this peak could be discerned as well, though at 
lower relative intensity. Not only as regards the formation 
of sulfate does CuInS2 resemble CuIn~Ss (5). Also, the Cu 
environment, with respect to sulfur, is similar in these 
two materials, as well as in CuFeS~ and CusS, and remains 
fairly constant for the different CuInS2 surfaces. 

Thus, while the two types of CuInS2 electrodes studied 
(Tables I and II) behave similarly with respect to use in 
polysulfide solution, the higher efficiency ones are char- 
acterized by a better surface homogeneity,  especially as 
far as Cu species are concerned. The absence of Cu 2+ on 
this latter type of electrode may well be due to the action 
of the hot KCN solution, which will dissolve Cu =~ c o r n -  

pounds. Indeed, the overall amount of Cu on the surface 
was found to be less for the more efficient electrodes. In- 
terestingly, this seems to boost electrode performance, or 
at least, to be connected with it. The decrease in Cu con- 
tent, which is found also for other CuIn-chalcogenide 
photoanodes [cf. Ref. (5)] can be understood from the sol- 
ubility of Cu sulfides in polysulfide solutions with t h e  
formation of CuS4- salts (17, 19). This ability of Cu to dis- 
solve as copper sulfide in polysulfide solutions was 
noted also by Hodes et al., who found CuS, originating 
from the brass counterelectrode, on the CdSe photoanode 
in a PEC (19). 

CuInSe2.--In view of the well-documented Se/S ex- 
change on CdSe in polysulfide, especially when they are 
used as photoelectrodes (7), it was obvious to check if a 
similar process occurs on CuInSe2 electrodes. Figure 4 
shows the Se 3S and 3p peak regions for a clean CuInSe2 
electrode and for one that passed over 13 kC/cm 2 at ca. 35 
mA/cm 2 short-circuit current after washing off the solu- 
tion and of the same electrode after 10 min of Ar ion sput- 
ter etching. For comparison, the S2s and S2p peak re- 
gions from a clean sample of CuInSz are included as well. 
Clearly, no evidence for Se/S exchange is found. The very 
small amount of S that may be present on the surface (ca. 
5%) is probably due to absorbed species that were not re- 
moved by washing the electrode in sulfide (to dissolve 
off any sulfur) and in water. It is much smaller than that 
found for the "clean" reference sample, which probably 
contained some adsorbed sulfur as well. Thus no bond 
breaking appears to take place during operation of 
CuInSe2 in polysulfide solution, in contrast to what is 
found for Cd-chalcogenides and for n-CdIn2Se4 (6). A 
short sputter-etch treatment (10 rain) produces sharp Se 
2s and Se 2p peaks, confirming our suggestion that only 

2 1 
I I I I I I I , I  ] 

Se, 3pl/2 

240 230 220 175 165 155 
Binding Energy 

(eV) 
Fig. 4. XPS spectra of Se 3s and Se 3p regions of CulnSe2 samples. 

Ref.: clean sample. 0 min: After passage of 13 kC/cm 2 of photocharge at 
short circuit in polysulfide solution. 10 min: After 10 min of Ar ion sput- 
ter etching. The bottom spectra are the S 2s and S 2p regions of clean 
CulnS~. 



1074 J .  E l e c t r o c h e m .  Soc . :  E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  M a y  1985 

a s l igh t  a m o u n t  of  a d s o r b e d  su l fu r  spec ies  is p r e s e n t  on  
t h e  su r face  of  t h e  u s e d  e lect rode.  S o m e  e x p e r i m e n t s  on  
a d d i t i o n a l  s a m p l e s  d id  s h o w  m o r e  S on  t he  surface,  b u t  
th i s  was  a lways  a c c o m p a n i e d  by  a fo re ign  meta l ,  Cd or 
Ag. In  one  case, the  Cd u s e d  to d o p e  t he  c rys ta l  a p p e a r e d  
to h a v e  m i g r a t e d  to a n d  seg rega t ed  on  t h e  surface,  w h e r e  
it, obv ious ly ,  r e ac t ed  w i t h  su l f ide  f rom t he  so lu t ion .  In- 
deed ,  for  t h a t  e l ec t rode  s o m e  dec rease  in  p h o t o c u r r e n t  (at 
- 1 5 0  m V  vs.  t h e  sulf ide  so lu t ion  potent ia l )  was  obse rved ,  
whi l e  42 k C / c m  2 of  p h o t o c h a r g e  passed .  On  a n o t h e r  
s a m p l e  w h i c h  s h o w e d  S on  t he  surface,  Ag was  f o u n d  as 
well. Th i s  c o m e s  f rom t h e  Ag p a i n t  u s e d  in  t he  b a c k  con-  
tact,  a n d  c r eep ing  of  t he  Ag t h r o u g h  de fec t s  in  t he  
epoxy /c rys t a l  con t ac t  is a p r o b l e m  t h a t  is, u n f o r t u n a t e l y ,  
no t  u n c o m m o n  d u r i n g  l o n g - t e r m  e x p e r i m e n t s  of  th i s  
type.  In  t h a t  case,  i t  is l ike ly  t h a t  t he  su l fu r  o n  t h e  sur face  
c a m e  f rom AgeS. In  b o t h  t h e s e  ins t ances ,  s p u t t e r  e t ch ing  
r e m o v e d  t he  Cd (or Ag) a t  a ra te  s imi la r  to  t h e  d i sappear -  
ance  ra te  of  S. 

F i g u r e  3 s h o w s  t h e  Cu 2p a n d  I n  3d r eg ions  for  t h e  ref- 
e r e n c e  s a m p l e  a n d  t h e  one  t h a t  p a s s e d  13 k C / c m  ~. In  
Tab le  III,  we  s u m m a r i z e  r e su l t s  for  two s a m p l e s  of  
CuInS~ a n d  c o m p a r e  t h e m  to t h o s e  of  the  r e l a t ed  b i n a r y  
cha lcogen ides .  The  r e su l t s  for Cu ind ica t e  t h a t  i t  ex i s t s  
on ly  in  t h e  + 1 v a l e n c e  state,  i.e., t h a t  CuO is absen t .  Af te r  
u se  in  sulfide,  t he  r e su l t s  for  t h e  first  s a m p l e  s h o w  Cu 
dep le t ion ,  w h i c h  d i s a p p e a r s  a f te r  s p u t t e r  e t ch ing .  The  
sh i f t  in  t he  i n d i u m  p e a k  m a y  c o r r e s p o n d  to t he  p r e s e n c e  
of i n d i u m  oxide,  a l t h o u g h  t h e  ve ry  smal l  full  w i d t h  at  ha l f  
m a x i m u m  (FWHM) s h o w s  tha t ,  i f  such  o x i d e  is p re sen t ,  i t  
cover s  t he  sur face  c o m p l e t e l y  a n d  h o m o g e n e o u s l y .  Sput -  
t e r  e t c h i n g  t h e n  re s to res  t he  n o r m a l  CuInSe2 surface .  Be- 
cause  of t he  s imi la r i ty  in  A(In-Se) b e t w e e n  In2Se~ a n d  
c l eaned  CuInSe2, it is no t  pos s ib l e  to  e x c l u d e  t h e  pres-  
e n c e  of  th i s  b i n a r y  se len ide ,  a f te r  use  of  t he  e l ec t rode  in 
polysulf ide .  Th i s  s i t ua t ion  is d i f fe ren t  f r o m  t h a t  de- 
s c r i bed  for  the  disulf ide ,  b e c a u s e  t h e  c o m m o n  f o r m  of  
In2Se~ c o n t a i n s  t e t r a h e d r a l l y  c o o r d i n a t e d  In,  as in  
CuInSe2. T h e y  differ  on ly  in t he  s t ack ing  a r r a n g e m e n t  of 
the  Se  layers ,  w h i c h  is h e x a g o n a l ,  r a t h e r  t h a n  cubic ,  for  
In2Se3. 

On t he  s e c o n d  sample ,  for  w h i c h  re su l t s  are  g iven  in  
T a b l e  III,  s o m e  S was  f o u n d  o n  t he  surface.  Th i s  was  cor- 
r e l a t ed  w i t h  t he  p r e s e n c e  of Ag (see above).  However ,  t he  
da ta  for  a(In-O), A(Cu-O), a n d  A(Se-O) (not  shown)  as wel l  
as t h e  I n  3d 5/2 B E  va lues  also s ugges t  t he  p r e s e n c e  of  in- 
d i u m  ox ide  here .  Af te r  p r o l o n g e d  s p u t t e r  e t ch ing ,  on ly  
a d s o r b e d  o x y g e n  s e e m s  to occu r  on  t he  sur face  a n d  t he  
CuInSe2 sur face  is res tored .  T he  d i f fe rences  b e t w e e n  t he  

Table III. Binding energies and their differences of Cu, In, and Se, 
for CulnSe~ samples and related binaries 

A(Cu-Se) va lues  of  t he  c l ean  s a m p l e s  are  due  to t h e  fact  
t h a t  t he  first, t h e  re fe rence ,  s a m p l e  h a d  b e e n  e x p o s e d  to 
air  for s o m e  days  be fo re  m e a s u r i n g ,  a n d  t h e y  i n d i c a t e  t he  
p r e s e n c e  of a ful ly f o r m e d  na t ive  ox ide  (23). The  va lues  of  
A(Cu-Se) a n d  h(In-Se)  for  t h e  used ,  t he  second ,  s a m p l e  are  
g i v e n  for  c o m p l e t e n e s s '  s ake  only,  as t h e y  are in f luenced  
b y  t he  p r e s e n c e  of  S (cf. Se FWHM). 

T h e s e  ana lyses  t h u s  i nd i ca t e  t h a t  t he  (near)  su r face  of  
u s e d  CuInSe2 e l ec t rodes  do no t  h a v e  t h e  b u l k  s toichio-  
me t r i c  compos i t i on ;  ra ther ,  t h e r e  is a Cu-def ic iency  a n d  
p r o b a b l y  some  i n d i u m  oxide .  

General Discussion 
The  o b s e r v e d  c h a n g e s  i n  t h e  (near)  su r face  r eg ion  of  the  

Cu- In  d i cha l cogen ides ,  a f te r  e t ch ing ,  a f te r  u se  in  polysul-  
f ide so lu t ion ,  or e v e n  af te r  p r o l o n g e d  e x p o s u r e  to  t he  
a m b i e n t  at  r o o m  t e m p e r a t u r e  m a y  b e  u n d e r s t o o d  f rom 
t h e  fac t  t h a t  t h r e e  c o n s t i t u e n t  e l e m e n t s  are invo lved .  All 
of  t h e  t r e a t m e n t s  d e s c r i b e d  he re  are ox id iz ing  ones ,  and,  
t he re fo re ,  w e  h a v e  to c o n s i d e r  w h a t  m a y  h a p p e n  to 
CuInX2 in  s u c h  ox id iz ing  e n v i r o n m e n t s .  Whi le  i t  is t rue  
t h a t  t he  ac id  e t ch ing ,  for  example ,  will  r e m o v e  recom-  
b i n a t i o n  cen te rs ,  w h i c h  d id  affect  cell p e r f o r m a n c e  ad- 
verse ly ,  s u c h  a t r e a t m e n t  will  also lead to c h e m i c a l  
c h a n g e s  on  t he  surface ,  a n d  t h e s e  can  lead to h e t e r o g e n e -  
ity. We t h e n  can  a sk  t h e  ques t ion :  w h a t  a re  t he  fac tors  
con t ro l l i ng  the  f o r m a t i o n  of  t he  ox ida t i on  p roduc t s ,  s u c h  
as In203, CuO, Cu20, SeO~, S, Se a n d  Cu2S, Cu2Se, In2Se3, 
In2S3? The  final  c o m p o s i t i o n  of t h e  top  layer  will  b e  dic- 
t a t ed  no t  only  b y  the  chemica l  t h e r m o d y n a m i c s  a nd  ki- 
ne t i c s  of t he  p r e f e r r e d  ox ida t ion  reac t ions ,  b u t  also by  the  
m u t u a l  sol id so lub i l i ty  of  ox ida t ion  p r o d u c t s  a n d  t e rna ry  
c o m p o u n d ,  the  d i f fus ion  c o n s t a n t s  of  t he  d i f f e ren t  ele- 
m e n t s  in  t h e s e  c o m p o u n d s ,  e v a p o r a t i o n  ra tes  a n d  solubi l -  
i ty of  p r o d u c t s  in  t he  ac id  e t ch ing ,  a n d  bas ic  po lysu l f ide  
e n v i r o n m e n t s .  Obvious ly ,  n o t  e n o u g h  i n f o r m a t i o n  is 
ava i l ab le  to a l low a f i rm p r e d i c t i o n  as to w h a t  we  can  ex- 
pec t  to h a p p e n .  However ,  we can  get  some  idea  f rom 
k n o w n  data ,  s u c h  as t he  e n t h a l p i e s  of fo rmat ion ,  solubi l -  
i ty in  ac id  a n d  in  bas ic  polysul f ide ,  a n d  ease  of  evapora -  
t ion  at  low t e m p e r a t u r e s .  S o m e  of  t h e s e  are  g i v e n  in 
Tab le  IV. The  pos s ib l e  ox ida t i on  p r o d u c t s  of  t he  chal-  
c o g e n  cons t i t uen t s ,  S or  Se, a n d  SO~ or  SeOz were  no t  ob- 
served.  The  la t te r  ones  are  qu i t e  volat i le ,  wh i l e  the  f o r m e r  

Table IV. Some properties of binary chalcogenides and 
possible oxidation products of CulnS2 and CulnSe2 

Compound 

Ease of 
decomposition/ 

Aqueous solubility b. r evaporation 
hG~ (M-/~ a In basic at room 

(k J/tool) In acid polysulfide temperature 

FWHM (eV) 
Sample A(Cu-Se) a (eV) h(In-Se) b (eV) Cu In Se 

CuInSe2 
Used e 771.5 (931.7) 283.9 (444.1) 1.4 1.1 2.6 
Ar etched d 771.7 (931.8) 284.5 (444.6) 1.4 1.3 2.4 
Reference 771.4 (931.7) 284.2 (444.5) 1.8 1.1 2.6 

CuInSe2 
Used e [770.4] (932.2) [282.4] (444.2) 1.4 2.0 >3.0 
Ar etched ~ 771.6 (932.6) 283.6 (444.6) 1.7 1.6 3.0 
Reference~ 772.2 (932.6) 284 .3  (444.7) 1.6 1.4 2.4 
Cu2Se ~ 772.1 (932.2) - -  - -  2.0 - -  3.2 
In~Se3 - -  - -  284.5 (444.3) - -  1.8 3.3 

a Difference in BE of Cu 2p 3/2 and Se 2p 3/2 ; Cu 2p 3/2 BE in pa- 
rentheses referred to Cls = 284.6 eV. 

b Difference in BE of In 3d 5/2 and Se 2p 3/2; In 3d 5/2 BE in paren- 
theses referred to Cis = 284.6 e~J. 

c After passage of 13 kC/cm 2 at ca. 35 mA/cm 2 short-circuit current. 
d For 10_ rain, corresponding to removal of ca. 50~. 
e After passage of 36 kC/cm 2 (at -150 mV vs. the polysulfide solu- 

tion potential) and ca. 60 mA/cm ~ photocurrent; some S was present. 
f For 12 rain, corresponding to removal of 50-100A. 
g After repolish and chemical etching. 

Cleaned by Ar ion sputter etching. 

In203 -415 - 
In(OH)2- -525 + 
In2S3 -206 + 
In2Se3 ( -  172) + 
In2(SO4)3 - 1220 

CuO - 130 + 
Cu20 -73 + 
CuS -54 
CusS -43 
CuSe (-40) + 
Cu2Se (-30) + 
CuSO4 -661 
CuSeO4 (-478) 

SO2(g) -300 
SeO2(s) (-225) + 
SO4 ~ -744 
SeO4 = -441 

+ 

q- 

q- 

+ 

+ 
+ 
+ 

+ 

"From Res (26). Where values for the free energy of formation 
were not available, those for the enthalpy of formation are given in 
parentheses. AI1 values are per tool of metal (or chalcogen, if no 
metal is present) atoms. 

b Only a qualitative indication is given, where applicable and 
where the information was available. These table entries are based 
on data from Ref. (27, 28). 

c No distinction between acid and basic medium is made for com- 
pounds that are easily soluble in aqueous solutions. 
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ones would dissolve in polysulfide and would be further 
oxidized in acid or dissolved in hot KCN. The only 
chalcogen oxidation product that was observed was SO4 =, 
which could have precipitated as a basic sulfate. 

Recently, Wager et al. (20) have considered the oxida- 
tion of CuInSe2 from a thermodynamic point of view, 
using the heats of reaction per gram-atom of the reagents 
or products as their guideline. They concluded that, when 
no kinetic limitations exist, the oxides or other oxidation 
products with the most negative heat of formation per 
gram-atom are indeed the most likely products. These are 
CuSeO4, In203, and SeO2, with the formation of CuO and 
Cu20 being only slightly less likely. They also noted that 
the very formation of oxidation products should impose 
kinetic limitations on the process, particularly with re- 
spect to Cu out-diffusion. [A recent study by Becker and 
Wagner shows Cu + to be the major diffusing species in 
CuInX2 (21).] If  this is taken into account, the likely prod- 
ucts become Cu, IntO3, and SeO~, with the probability of 
Cu2Se or CuSe formation being somewhat lower. The for- 
mation of CuxSe has been reported (10) for CuInS2 crys- 
tals and films that were thermally oxidized at tempera- 
tures between 150 ~ and 300~ but only in a thin interfacial 
layer between the surface film (of several hundreds of 
angstroms, composed mainly of indium oxide) and the 
bulk, i.e., not in the surface film itself. 

Under  the conditions prevalent in a polysulfide PEC, 
CuSeO4 should dissolve, Cu should react to give Cu 
sulfides (which can dissolve as alkali thiocuprates), and 
SeO2 will dissolve. This leaves In2Oa as the oxidation 
product that is most likely to remain on the surface. Simi- 
lar conclusions can be drawn for CuInS2, by repeating the 
calculations of Wager et al., using S rather than Se oxida- 
tion products. Table V shows the six most probable re- 
actions for the disulfide and the free energy changes per 
gram-atom in them. Thus, it is likely that during the oxi- 
dative etch, the mild air heating step, or during use of the 
electrode as photoanode, oxidation products of In will be 
formed. This is consistent with results from our surface 
analyses, and also with results obtained by Kazmerski et 
al. (10). It can exp]ain the heterogeneity of the top layer 
and the high IrgCu ratios found for all samples, except  
those that were cleaned by sputter etching. Of all the pos- 
sible In containing products, In20~ is the only one that, at 
least in crystalline form, will not dissolve in acid. While 
the formation of Cu-oxides cannot be excluded, and evi- 
dence for CuO was actually seen for the low efficiency 
CuInS~ electrodes, even if they are formed, they are likely 
to be removed from the surface during the acid etching 
step. As we noted in the Results section, the presence of 
binary sulfides or selenides [cf. Ref. (10)] cannot be ex- 
cluded. If  they would form during operation of the photo- 

Table V. Possible oxidation reactions of CulnS2 and 
the corresponding free energy changes 

[after Ref. (20); data from Table IV (Ref. 29)] 

Reaction 
Fully oxidized CuInS2 

AG~ 
(k J/gram- 

atom) 

CuInS2 + 

CuInS2 + 

CuInS2 + 

15 1 
~- O5 -- CuSO4 + ~- In203 + SO2 

13 1 
-~ 02 -- CuO + I In~O., + 2SO~ 

2 

3 02 -- 1/2 Cu20 + 1/2 In20;, + 2SO2 

Reactions limited by Cu diffusion 

11 
CuInS.2 + ~- 02 - -  Cu + 1/2 In20:, + 2SO2 

9 3 
CuInS2 + ~- 02 --  1/2 Cu~S + 1/2 In20:, + ~ SO~ 

7 
CuInS2 + -~ 02 -- CuS + 1/2 IngOt, + SO2 

-101 

- 8 8  

- 8 7  

- 8 4  

- 8 1  

- 7 3  

anode, they too could dissolve off as thiocuprates (17, 18). 
Finally, we cannot exclude the formation of mixed oxo- 
chalcogenides. If a heterogeneous top layer forms on the 
Surface of these electrodes, either during etching or dur- 
ing their use in polysulfide solution, how will the pres- 
ence of such a layer affect the performance of the photo- 
electrochemical cell containing these electrodes? A 
comparison of the surface analyses for the two types of 
CuInS2 electrodes studied indicates that increased homo- 
geneity, as expressed mainly by a lower Cu content, is re- 
lated to increased efficiency. This increase is affected pri- 
marily through an increase in fill factor and short-circuit 
current. Thus, it is likely that heterogeneity introduced 
traps that led to recombination of photogenerated charge 
carriers. Clearly, the mere presence of a top layer differ- 
ent from the bulk material is not sufficient to cause a 
degradation in performance. Indeed, if this layer is thin 
enough and insulating, it may even increase the device 
performance (22). Apparently, in the case of the Cu-In- 
dichalcogenides, an air oxidation step or another type of 
mild oxidation affecting the whole surface is needed to 
create some kind of order in the mixture of possible ini- 
tial oxidation products. The high quantum yields at short 
circuit, obtained for CulnSJS ,  = and for CuInSeJS,,- (0.7 
and 0.9, respectively) indicate that, when a sufficiently 
strong electric field is present, the charge carriers can 
pass the top layer. An additional or alternative explana- 
tion for the effect of the air oxidation step can be that a 
barrier forms between indium oxide and the bulk, and 
that this has a beneficial effect on the cell performance. 
Preliminary results on indium oxide/n-CuInSe2 structures 
(24) suggest that the magnitude of such a barrier is 
insufficient to account for the total photovoltaic effect 
observed here. 

S u m m ~ r y  
CuInS2 . IXPS  and Auger analyses on CuInS~ photo- 

electrodes revealed heterogeneous patches, rich in In, on 

' ' 1  . . . .  I ' ' ' ' 1 '  

Cu,2p 

312 

I/2 

I i 

\ 

\ 

I I I I I I I I I I I I 
9 ~  940 9 ~  

' ' ' l  . . . .  I 
lq3d 

450 440 

BINDING ENERGY (eV) 
Fig. 5. XPS spectra of the Cu 2p and In 3d regions of CulnSe~. Ref.: 

clean CulnSe~. 0 min: After passage of 13 kC/cm ~ of photocharge at 
short circuit in polysulfide solution. 10 min: After 10 rain Ar ion sputter 
etching. 
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the surface of low efficiency photoanodes.  These patches 
probably  contain mainly oxidized In. Some Cu com- 
pounds,  such as CutS, Cu20, and CuO, may be present  as 
well. On the surface of higher efficiency electrodes, a de- 
crease in Cu content is found together with a better  ho- 
mogenei ty  of the top layer. 

CuInSe2.--No significant Se/S exchange is found in 
CuInS2 photoanodes operated in polysulfide solution. If 
S is present, it can be correlated with Cd or Ag, the 
former a dopant,  the latter one from the back contact. 

The surface of CuInSe2 electrodes used in polysulfide 
is depleted in Cu, and the remaining In may be present  
mainly as an indium oxide. 
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The Effect of Hydroxide Ion on Cd-Chalcogenide/Aqueous 
Polysulfide Photoelectrochemical Cells 

Stuart Licht and Joost Manassen 

Department of Materials Research, The Weizmann Institute of Science, Rehovot 76100, Israel 

ABSTRACT 

Alkali hydroxide, added to the aqueous polysulfide electrolyte in n-Cd chalcogenide/S~- photoelectrochemical solar 
cells (PEC's), is shown to be detrimental to cell performance. It is demonstrated that the added hydroxide increases visi- 
ble light absorbtion in the polysulfide solution and decreases the solution lifetime. Even after compensation for the de- 
crease in light transmission by the electrolyte, added hydroxide is shown to decrease the PEC photocurrent, photovol- 
tage, and optical-to-electrical conversion efficiency. In a eel] of 1 cm path length, the transmittance at 580 nm, for 
solutions containing 2m K~S, 3m sulfur, and 0, 2, 6, or 12m KOH, was, respectively, 66, 55, 44, and 37.5%. Analysis of the 
distribution of ionic species reveals a shift from $4 = to S3 = with increasing hydroxide. Compared to S4 =, the peak 
absorbance of $3- is shifted 50 nm toward the visible, causing the variation in solution spectral response with hydroxide. 
K § activity measurements were interpreted as indicative of increasing ion pairing with increased added hydroxide which 
may adversely effect charge-transfer kinetics. A measured negative shift in polysulfide redox potential with increasing 
hydroxide is evidently not paralleled by a comparable shift in Cd(SeTe) flatband potential, resulting in the observed de- 
crease in open-circuit voltage. Relative conversion efficiency for an electroplated thin film CdSe0.6.~Teo.3s electrode was 
36% less in polysulfide with 12m KOH compared to the PEC without added KOH. The electrode immersed in 2/2/2, 
2/2/3, 0/2/3, or 0/1.3/2 (molality KOI4_]K2S/S) exhibited conversion efficiencies of 4.72, 4.80, 5.24, and 5.44, respectively, at 
i00 mW/cm 2 tungsten-halogen lamp illumination. 

Cadmium-chalcogenide/aqueous polysulfide photo- 
electrochemical  solar cells (CdX/S~- PEC's) were intro- 
duced as a potential ly inexpensive method for solar-to- 

electrical energy conversion. Yet, since their early 
inception, nei ther  single-crystal (1) nor polycrystall ine 
thin film (2) CdX/Sx = PEC's  have achieved solar-to- 
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electrical conversion efficiencies higher than 7-8%. Fur- 
thermore, CdX/Sx = PEC operating lifetimes of greater 
than one year have yet to be proven. Little attention has 
been paid to the solution chemistry aspect of these cells, 
possibly due to the complexity of the aqueous polysul- 
fide system. The aqueous alkali polysulfide system is 
known to contain, in addition to H20 and alkali cations, 
OH-,  H +, H2S, HS- ,  S =, $2 , Sa, $4 =, and $5 = (and perhaps 
HS , - ,  x = 2-5). Nevertheless, the equilibria relationships 
for many of these species are known (3, 4). Recently, a 
computer model  which incorporated these equilibria con- 
stants was developed to predict the distribution of ionic 
species in polysulfide solution upon input of the nominal 
sulfur, sulfide, and hydroxide concentrations in solution 
(5). The model provides simultaneous solution of the 11 
equations which relate the species in solution. As 
exemplified in this paper, knowledge of the various spe- 
cies in solution allows for a systematic modification of 
the polysulfide electrolyte, and significant PEC im- 
provements can result. 

In addition to sulfide and sulfur, alkali hydroxide had 
been added, in molar quantities, to the aqueous polysul- 
fide electrolyte preparation for C d X / S i  PEC's. This had 
been done in order to maintain a large concentration of 
sulfide in the solution according to the equilibrium 

H S -  + O H - - - - S  = + H 2 0  [1] 

which has the equilibrium constant 

K' = (as aH2o)/(aHs-aoH-) = KJKw [2] 

where Ks is the aqueous second acid dissociation con- 
stant for H2S and Kw is the water dissociation constant. 
Spectroscopic (6, 7) and potentiometric (8) studies indi- 
cate that K2 is less than 10 -'7, which is many orders of 
magnitude smaller than previously thought. Therefore, 
little divalent sulfide will exist in solution, even upon 
sufficient hydroxide addition to increase the solution pH 
from 14 to 15. 

Recently, we reported on the effect of alkali cations on 
CdX/S, = PEC performance (9, 10). This cation effect, com- 
bined with an optimization of the polysulfide electrolyte 
sulfur-to-sulfide ratio (11) and the effect of added alkali 
hydroxide reported here, has led us to the one of the 
highest sustained solar-to-electrical conversion effi- 
ciencies reported to date for a photoelectrochemical solar 
ceH--12.7% (12). 

Exper imenta l  
Electrolyte preparation.---Analytical-grade potassium 

hydrosulfide and sulfide are not available. Potassium 
hydrosulfide solutions were prepared by saturation of 
aqueous potassium hydroxide solution with H2S 

KOH + H2S - - - KHS + H20 [3] 

The reaction is exothermic and results in an increase in 
volume, a proportional mass increase, and a pH decrease, 
all consistent with Eq. [3]. Saturation with H2S was moni- 
tored by mass change yielding 98.5 (+-1)% reaction. Potas- 
sium sulfide is then nominally formed upon addition of 
equimolar hydroxide 

KOI-I + KHS - - - K2S + H20 [4] 

Polysulfide solutions were obtained by addition of sul- 
fur. Solutions were prepared with analytical-grade rea- 
gents and deionized, doubly distilled water and were pre- 
pared, stored, and utilized under argon to prevent 
solution oxidation. 

Bulk electrolyte measurements .--Potassium ion activi- 
ties were determined by measuring the potential response 
in solution of a cation responsive electrode couple (pM). 
The electrode couple consisted of a Beckman 39137 
cationic selective electrode and a Radiometer K401 satu- 
rated calomel electrode (SCE). The pM cell potential, EM+, 
exhibits a nernstian potential response to cationic activ- 
ity, aM+. In alkaline solutions containing only potassium 
salts, the pM cell responds only to cationic potassium (13) 

H Y D R O X I D E  I O N  1077 

E~+ = E~ + (RT/F) log (a~+) + Ej [5] 

Ej represents the liquid junction potential arising over the 
solution/SCE interface. The pM cell was thermostatically 
maintained at 25.0 ~ -+ 0.1~ The mean solution activities 
of aqueous potassium chloride and potassium hydroxide 
solutions are known (14) and were used for calibration of 
the pM cell. These measurements  are summarized in Fig. 
1. 

Spectroscopic measurements  were made in a UVIKON 
810 spectrometer using a cell of path length 1 cm. Ther- 
mostatically controlled specific conductivity measure- 
ments were made at 25.0 ~ --- 0.1~ using a Radiometer 
CDC304 immersion conductivity cell and a Radiometer 
CDM 2d conductivity meter, as calibrated with solutions 
of known conductivity. 

Electrode preparat ion.- -Thin films of CdSe0,~Te0.a5 
were prepared by electrodeposition. A previous method 
for the electrodeposition process (15) resulted in elec- 
trodes which occasionally evidenced good light conver- 
sion performance, although the results were irrepro- 
ducible. A more reproducible method was obtained by 
optimization of the experimental  parameters. This modi- 
fied procedure, described here, has reproducibly pro- 
duced 1-20 cm 2 electrodes of 4-5% conversion efficiency, 
as measured in a 2m KOH, 2m Na2S, 2m S electrolyte. The 
electrodeposition bath, prepared with deionized, doubly 
distilled water using analytical-grade reagents, is lm in 
sulfuric acid, 0.0654m in 3CDSO4 �9 8H20, 0.02m in SeO2, 
and 0.0058m in TeO2. Upon dissolution of the SeO2 and 
TeO~_, which takes several hours with stirring at 40~ 2 
cm~/liter of 10% Triton X solution is added. 

The deposition substrate is prepared from a section of 
0.67 mm thick Ti sheet which has been cleaned and im- 
mersed in 5% aqueous HF, until the sheet is uniformly 
corroded. On the sheet, a gray layer can be observed 
which is not removed, but only scratched with 220 mesh 
sandpaper. A substrate thus treated turns clear blue when 
heated for 2 min in an argon stream containing 0.5% oxy- 
gen at 630~ 

The blue substrate is immersed into the plating solu- 
tion between a Pt auxiliary electrode and the SCE. The 
solution is not stirred, and at 40~ the potential is 
switched on at -700 mV vs. SCE and brought down to 
-650 mV within 30s. Plating is continued at this voltage 
for 40 rain at a current density of approximately 7.5 
mA/cm ~. 

04 I I 

03 

02 

m OKCI -- 

Ol 

0 

' /  I I I I I 1 
- I'_ -3 -2 -I 0 I 2 

tog (aKO H or OKCI) 

Fig. 1. The voltage response, as a function of solution activity, of a 
Beckman 39137 cationic selective electrode, measured vs. a Radiom- 
eter K401 SCE, in aqueous potassium hydroxide and potassium chlo- 
ride solutions at 25~ Solution activities are calculated from Ref. (9). 
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Electrode treatments.--The plated CdSeTe electrode is 
immersed in polysulfide solution to dissolve excess Se or 
Te and then annealed for 10 min in an argon stream con- 
taining 0.5% oxygen at 630~ The electrode is photo- 
etched (16) under 80 mW/cm 2 illumination at - 1 V  reverse 
bias in (i) 0.1N HCI and then in (if) 10N HC1, until the mea- 
sured photoetchiug current decreases slowly. The photo- 
etching procedure increases the photocurrent, as mea- 
sured in polysulfide electrolyte, by up to fivefo]d. 

PEC measurements.--Standard electrochemical equip- 
ment  was used for obtaining the photocurrent  vs. applied 
potential (I-V) curves data and redox potentials. A con- 
stant distance (5 mm) from the front wall of the test cell to 
the photoelectrode, and also a constant distance from the 
stabilized tungsten/halogen lamp to the photoelectrode, 
was maintained during the experiments. To insure that 
the observed I-V changes were reproducible and reversi- 
ble, each I-V curve measurement  was both preceded and 
followed by an additional LV curve measured using the 
same electrode but in a polysulfide solution set aside for 
this standardization. The I-V measurements reported here 
represent the average of repeated results on two or more 
photoelectrodes. 

Results and Discussion 
The cation electrode couple response in a variety of po- 

tassium sulfide and polysulfide solutions is presented in 
Fig. 2. Accurate theoretical calculation or experimental  
measurement  of the variation of the liquid junction po- 
tential in concentrated aqueous solutions is not available, 
although Licht has indicated that it is small in concentra- 
ted KOH solutions (13). Using the calibration provided by 
Fig. 1, potassium ion activities were calculated from Eq. 
[1], using the data in Fig. 2 and assuming zero liquid junc- 
tion potential variation. The results are presented in Fig. 3 
along with several other bulk properties measured in 
these solutions. 

Activity coefficients larger than one in concentrated 
aqueous solutions result from immobilization of water 
within the sphere of ionic hydration: This decrease in free 
solvent concentration acts to raise activities. This is evi- 
dent for potassium hydroxide in Fig. 3, in which activity 
coefficients of up to 25 are measured. In this figure, it 
can be seen that the measured potassium activities in 
sulfide and polysulfide solutions are depressed com- 
pared to the potassium activities in the hydroxide solu- 
tions. We attribute this, in part, to considerable ion pair- 
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Fig. 2. The voltage response, as a function of potassium ion concen- 

tration, of a Beckman 39137 cationic selective electrode, measured 
vs. a Radiometer K401 SCE, in aqueous potassium sulfide and polysul- 
fide solutions at 25~ The palysulfide solutions contain 2m potassium 
sulfide, 3m sulfur, and either O, 2, 6, or 12m potassium hydroxide. 
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Fig. 3. The specific conductivity, potassium ion, activity, and trans- 

mittance at 580 nm for various aqueous potassium hydroxide, potas- 
sium sulfide, and potassium polysulfide solutions. The activity results 
are at 25~ and were determined from data in Fig. i and 2. Spectral 
data were measured at room temperature. The specific conductivity 
results for polysulfide were measured at 25~ those for KHS and K2S 
are at 18~ and are from Ref. (22) and (23); those for KOH are at 
15~ and are from Ref. (22). The palysulfide solutions contain 2rn po- 
tassium sulfide, 3m sulfur, and either O, 2, 6, or !2m potassium hy- 
droxide. 

ing in solution, similar to that observed in Ref. (10). 
Hence, it appears that the addition of potassium hydrox- 
ide to solution, by increasing the cation concentration in 
solution, increases the probability of sulfide or polysul- 
fide ion pairing. 

The specific conductivities of a variety of potassium 
hydroxide, hydrosulfide, sulfide, and polysulfide solu- 
tions are presented in Fig. 3. The high conductivity of the 
KOH solutions reflects the known high mobility of the 
hydroxide species (17). In all solutions, a near maximum 
conductivity is found at a 10m concentration of ionic po- 
tassium. In a polysulfide solution containing 2m K2S and 
2m S, the maximum specific conductivity occurs upon 
the addition of 6m KOH. 

Polysulfide solutions absorb light strongly at near-UV 
and visible wavelengths. Therefore, concentrated polysul- 
fide solutions act as cutoff filters for shorter wavelength 
light. This will diminish the amount  of solar irradiation 
incident on the photoelectrode in aqueous polysulfide- 
based PEC's and thereby reduce conversion efficiencies. 
Surprisingly, it is seen in Fig. 3 that the relative transpar- 
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Table I. The calculated distribution of species within a polysulfide solution containing 2m potassium sulfide, 3m sulfur, and various concentrations of 
potassium hydroxide. The calculation is based on equilibria constants in Ref. (3) and (4) according to the method presented in Ref. (S). The activity 
coefficient of all species in solution is considered unity except for F, the activity coefficient for OH - and K +, andA ~, the activity coefficient of water. F 

and A~ are the values for potassium hydroxide solutions of the same ionic strength (18} 

Temperature (~ and nominal concentration (moYKg H20) 

T 60 25 25 25 25 
KOH 0 0 2 6 12 

Assumed activity coefficients 

F 1.15 1.34 2.22 6.27 25.0 
Aw 0.826 0.818 0.700 0.447 0.187 

Calculated activities 

H~S 3.41 • 10 -7 5.98 x 10 -8 8.60 x 10 -9 6.06 • 10 -'o 1.12 x 10-" 
HS-  0.877 0.872 0.773 0.571 0.186 
S ~ 0.000658 0.00109 0.00595 0.0460 0.266 
$2 = 0.00998 0.0109 0.0358 0.130 0.305 
$3 = 0.354 0.368 0.594 0.889 1.03 
$4 = 0.749 0.741 0.587 0.363 0.209 
$5 = 0.00838 0.00789 0.00307 0.000782 0.000223 
OH- 1.01 1.17 6.15 41.2 304 
H ~ 7.64 • 10 -'9 7.27 • 10 -'5 1.18 • 10 -'s 1.13 • 10 -'~ 6.37 • 10 -'5 
K + 4.62 5.35 13.3 62.7 400 
H20 45.9 45.5 38.8 24.8 10.4 

e n c y  of  po lysu l f ide  so lu t ions  is a s t rong  f u n c t i o n  of  t he  
a d d e d  p o t a s s i u m  h y d r o x i d e  in solut ion.  T he  580 n m  l igh t  
t r a n s m i t t a n c e ,  t h r o u g h  a 1 c m  p a t h - l e n g t h  cel l  c o n t a i n i n g  
2m su l f ide  a n d  3m sulfur ,  d rops  b y  h a l f  w h e n  12m KOH 
is a d d e d  to t he  so lu t ion .  S imi lar ly ,  t h e s e  po lysu l f ide  solu- 
t i ons  c o n t a i n i n g  0, 2, 6, or 12m KOH, e x h i b i t e d  90% l igh t  
t r a n s m i t t a n c e  at  615, 620, 635, a n d  640 rim, respec t ive ly .  

K n o w n  equ i l ib r i a  c o n s t a n t s  (3, 4) a n d  t he  k n o w n  var ia-  
t i o n  of  a q u e o u s  p o t a s s i u m  h y d r o x i d e  m e a n  so lu t ion  ac- 
t iv i ty  (18) we re  i n c o r p o r a t e d  in to  a n  i t e ra t ive  c o m p u t e r  
m o d e l  (5). Th i s  was  u s e d  to ca lcu la te  t he  d i s t r i b u t i o n  of  
spec ies  in  po lysu l f ide  so lu t ions ,  c o n t a i n i n g  2m K2S a n d  
3m S, as a f u n c t i o n  of  a d d e d  h y d r o x i d e  in  so lu t ion .  The  
r e su l t s  of  t h e s e  ca lcu la t ions ,  p r e s e n t e d  in  T a b l e  I for  25 ~ 
a n d  60~ s h o w  t h a t  t he  m a i n  ionic  c o m p o n e n t s  of  t h e s e  
so lu t ions  are  K ~, O H - ,  H S - ,  $3 =, a n d  $4 =, and,  add i t i ona l ly  
in  t h e  po lysu l f ide  so lu t ions  w i t h  c o n c e n t r a t e d  KOH, S = 
a n d  $2 =. The  d i s t r i b u t i o n  of  spec ies  is no t  a s t rong  func-  
t ion  of t e m p e r a t u r e .  I t  also is s e e n  in  t he  t ab l e s  t h a t  a pri-  
m a r y  ef fec t  of  t h e  a d d i t i o n  of  h y d r o x i d e  is a n  inc rease  in  
t h e  S3-- to-S(  ra t io  w i t h  i nc rea s ing  h y d r o x i d e .  The  $4 = 
spec ies  d i sp lays  p e a k  a b s o r b a n c e  a t  368 rim, t he  $3 spe- 
cies, at  417 n m  (19). T h e  t r a n s m i s s i o n  m e a s u r e m e n t s  in  
Fig. 3 ref lect  t he  l ong  w a v e l e n g t h  s h o u l d e r s  of t h e s e  
peaks .  Hence ,  as a n  i n c r e a s i n g  h y d r o x i d e  c o n c e n t r a t i o n  is 
a d d e d  to t h e s e  po lysu l f ide  so lu t ions ,  t he  c o n c e n t r a t i o n  of  
$3 = inc reases ,  w h i c h  shi f t s  t he  so lu t ion  t r a n s m i s s i o n  spec-  
t ra  f r o m  the  n e a r - U V  t o w a r d  t he  v i s ib l e  a n d  s igni f icant ly  
dec rea se s  t he  t r a n s p a r e n c y  of  t he  so lu t ion .  

T h e r m o d y n a m i c a l l y ,  a q u e o u s  po lysu l f ide  so lu t ions  are  
u n s t a b l e .  G i g g e n b a c h  o b s e r v e d  t h a t  po lysu l f ide  spon ta -  
n e o u s l y  d i s p r o p o r t i o n a t e s  in  so lu t i on  a c c o r d i n g  to t he  re- 
ac t ion  (20) 

$5 = + 3 O H -  ~ S~O3H- + 3 H S -  [6] 

The  half- l i fe  of  a po lysu l f ide  so lu t ion  m a y  b e  de f ined  as 
t h e  t i m e  for  h a l f  of  t he  f ree  su l fu r  (as po]ysulf ide)  to dis- 
p ropo r t i ona t e .  Th i s  t ime,  th (s), is g i v e n  b y  (20) 

th = 0.173cs(aHs-)2[(10.9 - 5600/T)aoH-ass-] -~ [7] 

w h e r e  cs is t he  c o n c e n t r a t i o n  of  su l fu r  in i t ia l ly  a d d e d  to 
t h e  so lu t ion  a n d  arts-, aon-  are  t h e  ac t iv i t ies  of  H S -  a n d  
O H -  in  so lu t ion ,  a n d  T is t he  t e m p e r a t u r e  in  deg rees  
Kelvin .  T e m p e r a t u r e s  ove r  60~ h a v e  b e e n  m e a s u r e d  for 
CdX]Sx = P E C ' s  o p e r a t i n g  u n d e r  n o r m a l  i n s o l a t i o n  (21). At  
t he se  t e m p e r a t u r e s ,  t he  ca l cu la t ed  use fu l  half- l i fe  of  poly- 
sul f ide  so lu t ions  is s een  in  Tab le  H to b e  s t rong ly  l im i t ed  
b y  a d d i n g  h y d r o x i d e ,  d e c r e a s i n g  f r o m  442 to 12 days  in  
so lu t ions  w i t h  0 a n d  12m KOH, respec t ive ly .  

P o t e n t i o s t a t i c  cu r r en t -vo l t age  m e a s u r e m e n t s  were  
m a d e  for  i l l u m i n a t e d  1 c m  2 CdSe0.~sTe0.~ e l ec t rop l a t ed  
t h i n  f i lm e l ec t rodes  i m m e r s e d  in  a va r i e ty  of  po lysu l f ide  
so lu t ions .  T h e s e  r e su l t s  are p r e s e n t e d  in Fig. 4, i n  w h i c h  a 
cu tof f  f i l ter  was  u s e d  to e l i m i n a t e  l igh t  of  w a v e l e n g t h s  
b e l o w  665 n m ,  a n d  also in  Fig. 5, i n  w h i c h  t he  full  spec t ra]  
o u t p u t  of  t he  l a m p  was  i n c i d e n t  on  t he  cell. Use  of  the  
cu to f f  fi l ter n e g a t e d  d i f fe rences  in  l igh t  a b s o r b a n c e  b y  
the  d i f f e ren t  po lysu l f ide  so lu t ions .  

R e d o x  p o t e n t i a l s  of  po lysu l f ide  e lec t ro ly tes  p r e p a r e d  
w i t h  2m K2S a n d  2m S, as a f u n c t i o n  of  a d d e d  K O H  con-  
cen t ra t ion ,  are also i n c l u d e d  in  Fig. 4 a n d  5. I t  is s e e n  t h a t  
the  r e d o x  p o t e n t i a l  of  t he  b u l k  e lec t ro ly te  b e c o m e s  in- 
c reas ing ly  n e g a t i v e  w i t h  i n c r e a s i n g  h y d r o x i d e .  I f  one  
m a k e s  t he  a s s u m p t i o n  t h a t  t he  f l a tband  po t en t i a l  of the  
Cd(SeTe)  p h o t o e l e c t r o d e  r e m a i n s  a p p r o x i m a t e l y  t he  
s a m e  in  e a c h  of  t h e s e  so lu t ions ,  t h e n  t h i s  s h o u l d  b e  re- 
f lec ted in  a n  open-c i r cu i t  vol tage ,  Voc, w h i c h  d e c r e a s e s  
wi th  i n c r e a s i n g  c o n c e n t r a t i o n  of  a d d e d  hyd rox ide .  In  Fig. 
4, t h i s  is i n d e e d  seen  to b e  t he  case.  

In  Fig. 4, t he  va r i a t i on  of  sho r t - c i r cu i t  p h o t o c u r r e n t ,  Isc, 
is s h o w n  to dec rea se  as a f u n c t i o n  of  i n c r e a s i n g  a d d e d  
KOH in  t he  p o t a s s i u m  po lysu l f ide  so lu t ion .  Th i s  depres -  
s ion of  Isc w i t h  i n c r e a s i n g  h y d r o x i d e  m a y  be  a t t r i b u t e d  to 
one  or m o r e  of t h e  fo l lowing  effects.  (i) The  ac t iv i ty  re- 
su l t s  p r e s e n t e d  i nd i ca t e  t h a t  ion  pa i r ing  inc reases  w i t h  
h y d r o x i d e  c o n c e n t r a t i o n .  Th i s  will  r e m o v e  photo-oxid iz -  
ab le  spec ies  f r o m  so lu t ion ,  a n d  t h e r e b y  d i m i m s h  t h e  ra te  
of cha rge - t r ans fe r  k ine t i c s  a n d  t h e  m e a s u r e d  cu r ren t .  (ii) 
As we have  s h o w n ,  i n c r e a s i n g  h y d r o x i d e  will  dec rea se  $4 = 
c o n c e n t r a t i o n  in  solut ion.  I f  we  h y p o t h e s i z e  t h a t  t h e  
k ine t i ca l ly  p r e f e r r e d  pho to -ox id i zed  spec ies  is $4 =, t h e n  
s u p p r e s s i o n  of  th i s  spec ies  will  dec rea se  t he  ra te  of  ad- 
s o r p t i o n  a n d  aga in  d i m i n i s h  c h a r g e  t r a n s f e r  a n d  t h e  cur-  

Table 11. The calculated time for half the free sulfur to disproportionate 
to thiosulfate and hydrosulfide in polysulfide solutions containing 2m 
potassium sulfide, 3m sulfur, and various concentrations of potassium 
hydroxide. The half-life, th, is calculated from Eq. [7] using data from 

Table I 

Nominal concentration (moYKg H~O) 

KOH 0 2 6 12 

Calculated time of 50% sulfur disproportionation (days) 

th (25~ 37,800 14,500 4,640 235 
th (6O~ 442 179 68.9 11.9 
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Fig. 4. The variation, with potassium hydroxide concentration, of 
polysulfide redox potential and of various current- and voltage-related 
properties of an illuminated 1 cm 2 electroplated thin film CdSeo.65- 
Te0.35 electrode in aqueous polysulfide solution at room temperature. 
Es~s=, Voo VMp, and Isr refer to the polysulfide redox potential, the 
open-circuit voltage, the voltage at the I-V point of maximum power, 
and the short-circuit current, respectively. The light source was a 
tungsten halogen lamp with a cutoff filter to eliminate radiation be- 
low 665 nm. Illumination intensity was approximately 60 mW/cm% 

rent. (iii) An increase in OH-  species in solution may 
have some direct negative effect on charge transfer. 

As seen in Fig. 4, the fill factor, calculated as the 
ratio of the maximum measured photopower to the prod- 
uct Voclsc, shows a slight increase from 0 to 2m added 
KOH in the polysulfide electrolyte and then exhibits a 
sharp decrease with increasing hydroxide. Hence, the 
measured variations in Voc and Isc with hydroxide are ex- 
pected to be generally additionally enhanced by the fill 
factor. This is reflected in Fig. 4 by the sharp optical-to- 
electrical energy conversion efficiency gains, for the 
CdSeTe photoelectrode, when a diminishing amount of 
potassium hydroxide is added to the polysulfide electro- 
lyte. Note that there is no correlation between the 
specific conductivity of the electrolyte, presented in Fig. 
3, and the variation in efficiency in Fig. 4. 

In order to roughly simulate real operating conditions 
for these PEC's,  performance was tested under nonfil- 
tered artificial illumination at an intensity approximating 
peak insolation. These measurements  are compiled in 
Fig. 5. As expected, the increasing light transmittance by 
the polysulfide electrolyte, with decreasing added KOH, 
produces an additional increase in relative Isc. It can be 
seen, upon comparison to Fig. 4, that the relative increase 
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Fig. 5. As in Fig. 4, but the light source was a tungsten halogen 
lamp {without cutoff filter) providing an illumination intensity of ap- 
proximately 100 mW/cm< 

in efficiency, with decreasing hydroxide, is also addition- 
ally enhanced. We point out that the magnitude of this ad- 
ditional enhancement  is dependent  on the proximity of 
the photoelectrode to the cell wall. The I-V curves for a 1 
cm 2 electroplated CdSeTe electrode, at approximately 100 
mW tungsten halogen illumination, immersed in polysul- 
fide electrolytes, containing 2m K2S, 3m S, and either 0 or 
12m KOH, are presented in Fig. 6. There is a 36% relative 
increase in efficiency upon comparing the electrode in 
the polysulfide electrolyte with and without the added 
hydroxide. 

Initial tests indicate that by not adding alkali hydroxide 
to the polysulfide solution, not only are solution lifetimes 
improved and CdX/S~. = PEC efficiencies increased (and 
electrolyte costs reduced), but also the operating lifetime 
of the photoelectrode is extended. These results will be 
presented in a future publication. 

An aqueous solution containing 2m KOH, 2m K2S, and 
2m S is typical of electrolytes previously used in CdX/S~ = 
PEC's, Some of the measured improvements,  gained 
upon modification of this polysulfide electrolyte, are 
presented in Table III. Increasing the sulfur-to-sulfide ra- 
tio to 1.5 increases charge-transfer kinetics but decreases 
solution transparency (11). The first effect is evidently 
dominant; a relative improvement  in electrode conver- 
sion efficiency is measured. However, the extent of this 
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Fig. 6. Current/potential curves of an illuminated 1 cm 2 electro- 
plated thin film CdSeQ.6~Te0.3~ electrode in solutions 2m in potassium 
sulfide, 3m in sulfur, and containing either 0 or 12m potassium hy- 
droxide, at room temperature. Scan rate: 10 mV/s. Tungsten halogen 
lamp illumination intensity approximately 100 mW/cm 2. 

improvement  depends on the proximity of the electrode 
to the front wall of the cell. An additional 9.2% relative 
efficiency improvement  is gained employing an electro- 
lyte without added hydroxide. As has been shown, this is 
a result of a decrease in solution transparency and an in- 
crease in both current and voltage light response of the 
photoelectrode. In situations where higher current densi- 
ties are to be maintained by the electrode, the relative im- 
portance of improved charge-transfer kinetics should in- 
crease. Therefore, if the PEC were to be illuminated 
under concentrated light, or if electrodes of higher con- 
version efficiencies were employed, the relative increase 
in efficiency by removal of hydroxide is expected to be 
even higher. As can be seen in Table III, an additional 
3.8% relative efficiency improvement  is gained by main- 
taining the sulfur-to-sulfide ratio but removing total sul- 
fur from solution, i t  should be noted, however, that this 
final efficiency gain is accomplished by decreasing the 
concentration of oxidizable polysulfide in solution, 
which may decrease mass transport in the solution and 
diminish photoelectrode lifetime. 

Conclusions 
Removal of the alkali hydroxide, which had always 

been added in the preparation of the alkali polysulfide 
electrolyte for CdX/S.~ = PEC's,  has been shown to (i) de- 
crease the solution absorbance of light, (ii) positively shift 
the redox potential, and (iii) increase the calculated dis- 
proportionation-limited lifetime of the solution. If alkali 
hydroxide is not added to the polysulfide electrolyte, im- 
provements  in PEC current, voltage, and efficiency are 
observed. These improvements  are shown to be related to 
the calculated change in distribution of the species in the 
solution and to apparent ion pairing in the solution. 

Manuscript submitted July 6, 1984; revised manuscript  
received Nov. 27, 1984. 
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Table III. The measured efficiencies of an electroplated thin film 
CdSeo.6~Teo.~ electrode immersed in various polysulfide solutions at room 
temperature and under approximately 100 mW/cm 2 tungsten halogen 
lamp illumination. Also presented is the effect of electrolyte variation on 
solution transparency and PEC performance; each PEC is compared to 

the PEC described in the column to its immediate left 

Nominal solution composition (mol/Kg H20) 

KOH 2 2 0 0 
K2S 2 2 2 1.33 
S 2 3 3 2 
H20 55.51 55.51 55.51 55.51 

Measured thin film CdSeTe efficiency 

Efficiency 4.72% 4.80% 5.24% 5.44% 

Effect of solution change on I-V and light transmittance 

Photovoltage --  Increase a Increase Decrease ~ 
Photocurrent --  Increase ~ Increase Decrease a 
Transmit hv --  Decrease Increase Increase 

After compensation for variation in solution transparency. 
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ABSTRACT 

A model to describe the transient response to a short light pulse of a circuit containing a semiconductor-electrolyte 
interface is presented. It is applicable to the case where charge separation across the depletion layer is fast compared to 
other processes. Rate constants for charge transfer and carrier recombination at the interface are introduced in the 
model, and the conditions necessary for measuring these are discussed. Experimental  results using 10 ns light pulses on 
n-CdSe electrodes are used to demonstrate the validity of the model for properly prepared electrodes and to illustrate 
the role of semiconductor  defects in masking interface reactions in improperly prepared electrodes. 

The phototransient response of a circuit with a semi- 
conductor-electrolyte interface has been investigated in a 
number  of previous reports (1-4). Attempts have been 
made to use the experimental  observations to obtain in- 
formation about  the rate constants for various charge- 
transfer processes at the interface. There is a need to de- 
scribe these processes with a quantitative model  that can 
be used as a guide in the interpretation of the experimen- 
tal results. In this report, such a model is developed and 
applied to experimental  measurements  using an n-type 
CdSe electrode. 

The model  treats the system as a RC circuit with rate 
constants for charge-transfer processes. A short light 
pulse creates minority carriers in the semiconductor 
which rapidly move across the depletion region to change 
the potential across the depletion capacitance in a process 
faster than other processes in the circuit. Charge transfer 
across the Helmholtz capacitance, recombination of the 
photoexcited carriers, or charge redistribution through 
the external circuit then occur with their own rates. Infor- 
mation available in the resulting external signal depends 
on the relative values of these rates and the relative size of 
the depletion and Helmholz capacitance. 

Measurements with n-CdSe electrodes are used to sup- 
port the applicability of the model. With a properly pre- 
pared sample, the transient decay is dominated by the cir- 
cuit RC time constant at potentials more than about 0.5V 
positive of the flatband potential. Some of the properties 
of poorly prepared electrodes that can interfere with the 
interpretation of the observations are illustrated. Nearer 
the flatband potential, the transient decay is dominated 
by an interface recombination process. Light pulses that 
cause fewer than 10" hole/cm ~ to be transferred across the 
depletion region are used so that the small signal approxi- 
mation used in the analysis is appropriate. 

Analytical Model 
The circuit used is shown in Fig. la. No potentiostat is 

used. The potential is applied to Rv through a power sup- 
p l y  (a battery circuit is used to avoid noise pickup 
th rough  the power line), and the potential between the 
semiconductor and the reference electrode is read with a 
voltmeter  using an isolated dc power supply. 

A simplified circuit with the essential elements used in 
the analysis is shown in Fig. lb. C~ is the capacitance 
across the depletion region of the semiconductor, and CH 
is the Holmholtz capacitance at the semiconductor-elec- 
trolyte interface. Ri is the total, unknown series resistance 
internal to the cell, and Re is the total, known series resist- 
ance external to the cell. Current generators across the 
two capacitors are labeled with k~ and kn which will be 
used as rate constants and defined in the equations de- 
scribing the charge-transfer processes. This circuit differs 
from those in Ref. (3) by the inclusion of the Holmholtz 
capacitance and the use of rate constants in place of re- 
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sistances. This allows physical interpretation of the ob- 
served rates. 

The assumption is that a fraction of the minority carri- 
ers generated by the photons from a short light pulse inci- 
dent on the semiconductor are moved across the deple- 
tion region in a t ime short compared with other processes 
to be measured. The remaining minority carriers recom- 
bine within the semiconductor.  The t ime for this trans- 
port process is the shorter of the minority carrier lifetime 
or (a2D) - '  where ~ is the absorption coefficient of the 
semiconductor for the wavelength of light used and D is 
the diffusion coefficient of the minority carriers. Field* 
driven transport across the depletion region of the semi- 
conductor occurs in a time on the order of 2eeJNdu, where 
eeo is the permittivity of the semiconductor, Nd is its 
doping density, and u its minority carrier mobility. This is 
generally much faster than the diffusion times discussed 
above. 

For purposes of the analysis only deviations from the 
steady-state condition that existed before the light pulse 
will be considered. Thus, the initial condition will be a 
charge, Qse, on the depletion capacitance caused by the 
motion of the minority carriers across the depletion layer. 
QHo is zero. Due to the resulting potential, Qso/Cs, a cur- 
rent will flow through the external circuit with a conse- 
quent  buildup of QH so that the magnitude of the current 
is determined by 

Qs Q. 
- -  + = i ( R ~  + R i )  = i R  [1] 
C~ Cn 

Simultaneously, the excess minority carriers at the 
semiconductor electrolyte interface will begin to react to 
produce charge transfer across the capacitors so that 

dQs 
. . . . . .  i - k~(Qs - Q, )  [2] 
d t  

and 

dQ. 
- i + k . ( Q ~  - Q . )  [3] 

dt  

To avoid conceptual difficulties, it should be pointed 
out that the charge on the right side of Cs in Fig. lb may 
be indistinguishable from that on the left side of CH; it is 
the difference in these two charges that is related to the 
photoinduced minority carrier density at the interface. 
Equations [2] and [3] can be combined to give 

d(Q~ - QH) 
- ks(Qs - QH) - kH(Qs - QH) [4] 

dt  

It should further be noted that the charge transfer pro- 
cesses may be more complex than shown in Eq. [2] and 
[3]. It may be necessary to distinguish between holes in 
the valence band and holes in localized surface states. 
Furthermore, the availability of conduction band elec- 
trons is an important consideration in the value of k~, and 
the availability of reducing agents in solution is an impor- 
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Fig. 1. a: Complete circuit for a semiconductor'electrolyte cell. b: Simplified circuit used in model 

Ri 

tant factor in kH, Such refinements can be made as 
needed. The objective here is to illustrate the competit ion 
between the internal charge transfer rates and the exter- 
nal RC time constant for charge transfer through the ex- 
ternal circuit. 

Using Eq. [1]-[3], the initial conditions Q~ = Q~o and QS = 
0, and the final conditions for large t of Q~ = QH = 0~ the 
expression for the current in the external circuit becomes 

i = Q~o RC~_ e TM + RC Cs e_~JRc 

k - R -  ~ 

[5] 
where k = k~ + ks and 1/C = l/Cs + 1/CH. The potential 
change across the depletion layer is assumed small 
enough so C~ can be considered a constant at a given ap- 
plied voltage. 

Equation [5] fulfills all of the intuitive expectations. In 
addition, it gives insights into the experimental  condi- 
tions necessary to measure the rate constants. The initial 
value of the current is QsJRCs. For kRC >>  1, i.e., a long 
t ime constant for relaxation through the external circuit 
(approximating a coulostatic condition), the internal 
charge transfer controls the current decay. If in that case 
kH >> k,  the current will increase to [1 + (CJCH)] times its 

original value, as the charge is now across a smaller ca- 
pacitance, C, than it was originally. This can be seen in 
Fig. 2a for C~ = Cm (For this change to be significant, Cs 
must  be made comparable to CH by low voltage across the 
depletion region, a high doping density, high dielectric 
constant, or a Combination of these.) The current would 
eventually decrease through the external circuit with 
time constant RC. This case is also shown in Fig. 2a. As 
the RC time constant is decreased, it dominates the de- 
cay, leaving a small tail dominated by k.. 

If, however, ks >>  kH and kRC <<  1, the current would 
simply decay with time constant RC as shown in Fig. 2b. 
As k~ increases, however, the current decays to a negative 
value depending on the relative size of ks and RC. This 
current then decays to zero with a time constant RC, as 
shown in Fig. 2b. This is the case that is addressed ex- 
perimentally in this report. 

Experimental Considerations 
CdSe is a material widely studied for use in solar photo- 

electrochemical applications. Its transient response has 
been investigated previously (3) in the presence of sul- 
fide ions. In the absence of sulfide or se]enide ions in so- 
lution, the dominant photoelectrochemical reaction is a 
two or more electron process leading to cadmium ions in 
solution and a selenium layer on the Surface of the elec- 
trode. An investigation of the kinetics of the corrosion 
process and the factors that affect it seemed appropriate. 
The CdSe crystals available (obtained from Cleveland 

CURRENT 
i0 

IOOF s 

I TIME 
10~s 

io 

CURRENT 
~ 1 0 / i  sec "l 

I 
IO00/ss 

TIM~: 

Fig. 2. Calculated response based on Eq. [5]. a: With C~ = CH for various values of RC. b: With C~ <<  C. and ks >>  kH for various values of k~ 
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Crystals, Incorporated) were doped at about 101Ycm 3, 
making it difficult to achieve a CJCH ratio large enough 
to study the charge-transfer process across the Helmholtz 
layer. Furthermore, the surface recombination process in- 
volved in the rate constant, k ,  can yield important infor- 
mation about intermediates of multielectron reactions (5). 
Therefore, the experimental  conditions chosen approxi- 
mated those of Fig. 2b. 

The internal resistance of the cell is not readily mea- 
sured directly. Assuming good ohmic contact, the elec- 
trode resistance for the samples used was expected to be 
about 212. The electrolyte resistance was calculated to be 
few tens of ohms for the geometry used. As is discussed 
below, the total internal resistance was inferred experi- 
mentally to be about 1012. 

Intensity of the light pulse is another important  consid- 
eration. Pulses producing 1013 minority carriers per 
square centimeter have been shown to produce results 
that are not proportional to the number  of photons. The 
model used here is not appropriate for that case. Light 
pulses of a few times 10 II photons per square centimeter 
were found to produce currents proportional to the num- 
ber of photons. The size of the signal is 100 mV or less, so 
the change in sample bias is not excessive but the signal 
is still measurable. (At low band bending potentials, the 
signal was maintained even lower to avoid excessive per- 
turbations of the applied potential.) Furthermore, by 
using a small number  of photons, the minority carriers 
produce so few reaction intermediates at the surface that 
a second oxidation reaction can probably be neglected. 

Finally, the importance of the quality of the semi- 
conductor electrode should be mentioned. Several elec- 
trode related factors can affect the time response mea- 
surements. 

Minority carrier traps.--If these are present at a density 
high enough, the risetime will be delayed by the rate of 
emptying of these traps. If this rate is very slow, it can 
also affect the decay time of the signal. 

Recombination centers in the depletion region.--The 
photogenerated minority carriers are not all at the semi- 
conductor surface. They are distributed some distance 
into the depletion region. A high rate of recombination in 
the depletion region can control the decay of the signal. 
An experimental  example is presented later. 

Nonuniform doping.--If the doping of the semi- 
conductor is not uniform, then linear Mott-Schottky plots 
are not expected and it is difficult to separate surface and 
bulk effects. 

High leakage current.--If a localized low resistance 
path exists in paraIlel to other parts of the semiconductor, 
both the chemical and potential distributions can be dif- 
ferent than assumed in the model and thereby can change 
the observed effects. The point to be emphasized here is 
that these electrode characteristics must be evaluated by 
independent  measurements  to assure that they do not in- 
terfere with the surface reactions effects that are being 
investigated. 

In the experiments reported here, single-crystal CdSe 
wafers about 0.1 cm thick had Gain contacts mechani- 
cally applied to one side and a copper wire attached with 
silver cement. The wire was fed through a glass tube, and 
the wire, tube, and semiconductor were potted in epoxy 
to make a seal leaving one surface of the electrode ex- 
posed. The exposed area was about 0.25 cm 2. This assem- 
bly was mounted in a quartz cuvette with a platinum 
counterelectrode and a saturated calomel reference elec- 
trode mounted in a separate holder connected by a plastic 
tube. 

The electrodes were connected in the circuit in Fig. l a  
or to a potentiostat system for steady-state dark and 
photocurrent  measurements.  For capacitance measure- 
ments, a phase sensitive detector at 1000 Hz was used. 

Experimental  Results 
The samples were first checked for dark-current, ca- 

pacitance, and quantum efficiency in the potentiostatic 

systems. If a dark current of more than about 1 ~A was 
observed, the phototransient measurements were erratic. 
Most samples gave quantum efficiencies of about 10-40% 
at the dye laser wavelength of 520 nm. An exception was 
a sample that had been baked for 10 rain at 300~ in air to 
improve the Gain contact. This sample gave a much 
lower quantum efficiency, and capacitance measure- 
ments indicated a very lightly doped surface layer. After a 
6 rain etch in aqua regia, however, this sample showed a 
good quantum efficiency, a linear Mott-Schottky plot 
and well-behaved, consistent phototransient results. Fig- 
ure 3 shows Mott-Schottky plots for this electrode in 
1N KC1 and 1N KI. There is a negative shift of 200 mV in 
the intercept of the KI data compared to the KC1 results. 
The slope indicates a doping density of 7 • 1016 cm-~. Un- 
der some conditions with continuous illumination, the 
Mott-Schottky plots shifted to more positive potentials. 
During pulse illumination, however, no shift was ob- 
served, so it is presumed that Fig. 3 gives the capacitance 
for the phototransient measurements.  

When the sample was illuminated with a light pulse 
from a nitrogen laser pumped dye laser at 520 nm [the 
system has been described previously (2)], the voltage de- 
veloped across Rr, in Fig. la  showed a single exponential  
decay when the sample was biased at potentials more 
positive than 0 V vs. the SCE. The voltage decay constant, 
r, determined from exp (-t/r) was measured for different 
values of Re with the electrode biased at 1.2 VscE in 1N 
KC]. Results for several of the lower values of Re are 
shown in Fig. 4. The linearity shown there continues up 
to 20,00012. [The nonlinearity reported in Ref. (3) suggests 
that their decay was affected by the semiconductor itself.] 
Assuming that r is determined by the RC time constant of 
the circuit, the slope shown gives a value of C = 0.017 ~F 
compared to the value determined from capacitance mea- 
surements of 0.016 ~F. The negative intercept on the R 
axis indicates an internal cell resistance of 1012. 

Values of r were measured as a function of electrode po- 
tential with an external resistance of 20,000~. The results 
of 1N KC1 and 1N KI are shown in Fig. 5, where 1/r ~ is 
plotted in analogy with a Mott-Schottky plot. The solid 
curves are calculated for r = RC using the slopes and in- 
tercepts of Fig. 3 and the 20,00012 external resistance. It 
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C-~ 2000 
(1012 f-2) 

-0.5 0 
VSC E (VOLTS) 
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+0.5 +1.0 

Fig. 3. Mott-Schottky plots for properly prepared n-CdSe electrode in 
1N KI and 1N KCI. Capacitance measured at 1000 Hz. 
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Fig. 4. Measured decay constant, ~', as a function of external series 

resistance, R e . 

can be seen that after some deviation at high potentials 
the data points fall on the predicted curve within experi- 
mental error until the potential is about 0.6V positive of 
the flatband potential. Examples of the observed signals 
are shown in Fig. 6. At the lower potentials, there is a dra- 
matic increase in the decay rate and an accompanying de- 
parture from a single exponential  decay curve. Figure 6b 
shows the negative current obtained with some samples 
reminescent  of the calculated behavior in Fig. 2. The be- 
havior of the decay at low potentials depends on the his- 
tory of the electrode surface and the electrolyte used in 
the observation. The investigation of these effects is in- 
complete and will be reported in a later publication. 

Another electrode was prepared in the same manner ex- 
cept it was not baked and not etched. It showed quite dif- 
ferent behavior. Its internal resistance was estimated to 
be 40fi possibly indicating some contact resistance in the 
back contact. A calculated 1/~ plot based on measured ca- 
pacitance is shown in Fig. 7. Under  illumination, there is 
a change in slope of this curve to about one-third of the 
dark slope. A plot of measured 1/~ is also shown in Fig. 7. 
Significant discrepancies are apparent. The r values 
plotted are slopes taken from the longer t ime constant 
after an initial, faster decay. These effects are believed to 
be due to trapping and recombination in the depletion re- 
gion, as suggested earlier and discussed below. This dif- 
ference between samples that were baked and not baked 
was reproduced in other samples. If an unbaked sample 
is etched, it does not give a single exponential  decay, but 
the longer decay constant is that predicted by the mea- 
sured capacitance and known resistance. 

Discussion 
The good agreement between predicted and observed 

values of �9 shown in Fig. 5 suggests that at potentials 

2.0 
CALCULATED FROM 
r = RC 

I 
r 2 

(10-5/~s-2) i.o 

�9 .IN KI 

�9 IN KCI 

0 1.0 2.0 
Vsc E (VOLTS) 

Fig. 5. Reciprocal of the square of the measured decay constant, 7, 
plotted (in analogy to a Mott-Schottky plot) v s .  voltage (referred to a 
saturated calomel electrode) applied to the same electrode as Fig. 3 for 
1N KI (circles) and 1N KCI (squares). The solid lines are calculated from 
Fig. 3 and 20 ,000~ external resistance. 

more positive than 0 V SCE the decay is determined by 
the RC time constant of the circuit. This is not surprising 
since for our samples CH >> C. so that even for large kH 
no effect of charge transfer across the Helmholtz layer 
would be observed. Furthermore, at these potentials, the 
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Fig. 6. Signal as a function of time after 10 ns light pulse as read on the 
oscilloscope of the circuit in Fig. la  with Rm = 20 ,000~  > >  R v. 
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Fig. 7. Plot similar to Fig. 5 for an n-CdSe electrode that was not ade- 

quately etched offer polishing. 

density of electrons in the conduction band at the inter- 
face, n, would be small so ks would also be small, as will 
be discussed later. In addition, the lifetime of holes in 
CdSe is less than 10 ns, i.e., less than the length of the 
light pulse. In other words, under these circumstances 
the model described earlier is applicable and predicts T = 
RC as in Fig. 2b. As n~ increases at more negative poten- 
tials, however, k~ increases and the decay is no longer de- 
termined by RC. The model prediction of this is seen in 
Fig. 2b, and experimental observation of it shown in Fig. 
6. Thus, in a properly prepared sample, transient mea- 
Surements at low potentials can be used to obtain infor- 
mation about rate constants for reactions at the 
semiconductor-electrolyte interface through measure- 
ment of k~. The relationship between k~ and rate constants 
is discussed in the Appendix. 

If, however, the electrode is not properly prepared, sub- 
stantial deviation from the model can occur. For our un- 
baked, unetched sample, not only is the decay faster than 
predicted, as seen in Fig. 7, but the decay is not a single 
exponential. At least two causes for these observations 
are possible. One is a nonohmic contact to the electrode 
which introduces another, unknown circuit element. An- 
other possible cause is traps and/or recombination cen- 
ters in a layer of the electrode near the electrolyte inter- 
face. Recombination at centers away from the interface 
can occur at potentials where the interface density of 
electrons is very small. Such recombination could cause a 
fast decay of the phototransient signal. 

As mentioned before, the slope of the Mott-Schottky 
plot for the electrode of Fig. 7 changes slope under  illumi- 
nation. The change is consistent with a larger positive 
charge density in the depletion region. This could be due 
to photoexcited holes trapped in defects that could also 
give rise to recombination and consequently faster decay 
of the signal. While these measurements could be used to 
study defects in CdSe, they are included here to illustrate 
some of the effects that can interfere with using photo- 
transient measurements to study surface reactions. 

Appropriate criteria for samples to be used in photo- 
transient measurements would be a single exponential  
decay and approximate agreement with predicted RC de- 

cay times at potentials more than several tenths of a volt 
positive of the flatband potential for n-type electrode (or 
negative for p-type). Since this implies an independent  
measurement  Of the capacitance, a word of caution con- 
cerning frequency-dependent capacitance is needed. If a 
strong frequency dependence is observed, then the capac- 
itance should be measured at a frequency on the order of 
reciprocal of the decay times being measured. (In some 
cases, such af requency dependence itself could imply de- 
fects in the semiconductor.) 

Conclusions 
Within the constraints discussed, the model developed 

for the response of a semiconductor-electrolyte circuit to 
short light pulses correctly describes the observed photo- 
voltage decay if the semiconductor itself is sufficiently 
free of defects. At low band bending, the majority carrier 
density at the surface is high enough so that a back reac- 
tion Or recombination controls the decay. An approach to 
analyzing this process is developed in the Appendix, thus 
providing the basis for future use of these methods to 
study the kinetics of the process. 

Manuscript submitted June 29, 1984; revised manu- 
script received Jan. 3, 1985. 
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APPENDIX 

The general relationship between k, and the physical 
parameters at the interface between the semiconductor 
and the electrolyte can be very complicated. A simplified 
relationship is developed here to illustrate the approach. 
The simplifying assumptions used may be appropriate for 
some experimental circmstances but must  be evaluated 
before being used to interpret experimental results in 
detail. 

Starting with Eq. [4], using Q = Q~ - Q~ and assuming 
kH << k~ gives 

dQ 
- k s q  [ A - l ]  

dt 

Under  these circumstances, however, the only mecha- 
nism for changing Q is the flux of electrons, Fn, in the 
conduction band of the semiconductor reacting at the in- 
terface, consequently 

dQ 
- q A r ~  [ A - 2 ]  

dt 

where q is the magnitude of the electronic charge and A 
is the area of the electrode. 

Assume that there are interface states with an area den- 
sity, No, capable of capturing, a hole from the valence 
band and that the area density of these states that have 
captured a hole is Ni. The photogenerated charge is then 
distributed between holes in the valence band and holes 
in these interface states 

Q 
- Hps + Ni [A-3] 

qA 

where p~ is the volume density of valence band holes at 
the semiconductor surface, and H = WkT/2q, where W is 
the width of the depletion region, k is Boltzmann's con- 
stant, and T is the absolute temperature. The value for H 
is obtained from 

H = f ~ p d x - f ; e x p ( - q V ( x ) )  P~ K T  [A-4] 

Ignoring other possible electron reactions at the inter- 
face, Fn can be written 

F~I = Njn~eve [A-5] 

where ns is the volume density at the surface of electrons 
in the conduction band, ~e is the cross section for capture 
of electrons by the interface states, and ve is the thermal 
velocity of the electrons. Combining Eq. [A-l], [A-2], [A-3], 
and [A-5] gives 

Ninst~eVe 
ks [A-6] 

Hps + N i 
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Ni is determined by kinetic expressions such as 

- (N o - Ni)Ps(rhvn - Ninscreve 

- NiPs~,Vh - NikrCr [A-7] 

dNi 

dt 

The first term of the right-hand side is the rate of hole 
capture by the unfilled interface states giving rise to the 
filled state; the second term is the rate of electron cap- 
ture by these filled states; the third term is the rate of a 
second hole capture by the filled states, e.g., the second 
step in a corrosion process; and the fourth term is the rate 
of electron capture from a reducing species in the electro- 
lyte with concentration, Cr. 
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These expressions can be used to interpret the transient 
decay measurements at low potentials. 
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ABSTRACT 

The electrorefining of zirconium metal in alkali halide melts has been investigated. Variables affecting the 
electrodeposition process such as the composition of the electrolyte, the current density, and the configuration of the 
electrodes were studied. Two types of electrolytes were used: the alkali chloride-rich and the alkali fluoride-rich electro- 
lytes. The various electrolytes are considered in terms of their ability to complex the soluble zirconium ions, a property 
which is important  for the electrodeposition of coherent metal deposits from these melts. Crystalline zirconium metal of 
good quality has been obtained from fluoride melts containing NaF, LiF, and either ZrF4 or K~ZrCl~ at about 750~ 

Nuclear-grade, hafnium-free zirconium metal is used in 
nuclear reactors for structural purposes and for con- 
taining the nuclear fuel. Zirconium is an irreplaceable 
component  because of its very low neutron capture cross 
section. 

With the expected depletion in the  supplies of fossil 
fuels throughout the world, a shift toward nuclear energy 
seems inevitable and the demand for nuclear-grade zirco- 
n ium is expected to increase dramaticallyl The metal is 
produced today exclusively by the reduction of zirconium 
tetrachloride with magnesium metal by the well-known 
Kroll process (1). In this method, the tetrachloride is re- 
duced to zirconium sponge in closed reactors. MagneSium 
is particularly suitable, since it is readily available in an 
oxygen-free condition. The oxygen content is critical as 
0.7% oxygen makes zirconium metal unworkable (2) and 
the specifications for reactor-grade zirconium call for a 
maximum oxygen content  of 1000 ppm. In this sense, the 
closed reactor in the Kroll process ensures purity and the 
oxygen carried into the metal product depends on impu- 
rities present in the magnesium and the zirconium tetra- 
chloride reagents. The latter must  be anhydrous and 
freshly distilled. 

High temperature electrolysis from molten salt baths 
containing ZrC14 has been proposed as an alternative to 
the Kroll process. For an electrolytic process to become 
truly competitive, however, it should be continuous, con- 
tamination from oxygen should be avoided at all cost, and 
the metal produced should be in the form of dense, coher- 
ent deposits with very low salt content. In this respect, 
electrolytic deposition of zirconium from aqueous sol- 
vents appears to be impossible (3), owing to the hydroly- 
sis of all zirconium salts by water and to the high chemi- 
cal reactivity of the finely divided zirconium metal. 

* Electrochemical Society Active Member. 

Electrodeposition from fused-salt baths is promising, 
although all efforts to date have yielded poorly defined 
dendritic or microcrystalline powdery  deposits at low 
current efficiencies. A comprehensive review of the work 
prior to 1953 has been given by Steinberg and co-workers 
(4). 

Mixtures of ZrC14 and ZrF4 dissolved in alkali fluoride 
and alkali chloride melts were electrolyzed and produced 
a zirconium metal (5) deposit which was a nonadherent  
granular metal-salt agglomerate. Current efficiencies 
were about 50%. The granules in this deposit had  a 
particle size of about 100 mesh and a large electrolyte 
"pull-out" factor--"one-third metal and two-thirds salt" 
(5). Thus, elaborate crushing and leaching procedures had 
to be adopted to remove the entrapped solidified 
electrolyte. 

Tablets of zirconium oxide and carbon dissolved in a 
fluoride bath (6) upon electrolysis yielded a deposit that 
contained 2% oxygen; 

Recently, Martinez et al. (7, 8) of the U.S. Bureau of 
Mines reported that ductile zirconium dendrites had been 
produced at 800~ from an electrolyte that contained 
NaC1-NaF-ZrC1,. The  current density used was about 3230 
A/m 2, and 93% of the deposit granules had a particle size 
greater than 100 mesh. This deposit also contained salt 
and had to be leached. The average cathode efficiency 
was 76%. At such high current densities and high voltages 
(5.34V), it is likely that metallic sodium was also produced 
and that some of the sodium metal could have reacted 
with tetravalent zirconium to produce powdery zirconium 
metal. 

Lebedeva and Baraboshkin (9-11) have also reported 
that Zr deposits could be obtained from chloride melts. 
Again, these deposits were in the form of coarse loose 
crystals. 
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In all of the preceding efforts, zirconium was deposited 
on a solid cathode. Attempts have also been made to de- 
posit Zr on a liquid cathode, such as molten tin, copper, 
or zinc (12) from electrolyte containing fluorides. With 
the tin cathode, only a black amorphous powder was 
formed, which was dispersed throughout the electrolyte; 
also, a ZrSn alloy was produced. Similarly, powders and 
alloys were produced when a copper cathode was used. 
With a liquid zinc cathode, the deposit was an alloy of zir- 
Conium as well as unidentified lower-valency zirconium 
species. 

A promising electrolytic process for the deposition of 
coherent zirconium metal was reported by Mellors and 
Senderoff (13, 14), who conducted the electrolysis in a 
melt of ZrF4 dissolved in alkali fluorides. Most of the 
work was conducted in the NaF-KF-LiF ternary solvent, 
to which was added 10 weight percent (w/o) ZrF4. The 
most efficient plating conditions were at 750~ with the 
cathode current density at 100-300 A/m ~. However, the ex- 
act nature of the deposit has not been described. 

In all-chloride melts, zirconium was electrodeposited as 
a powder mixed with a large amount of dark colored salt, 
and recoveries were very low (4, 7, 13). It was also noted 
that recoveries from fluoride melts were far from 
satisfactory. 

In the case of electrodeposition from molten chloride 
baths that contain ZrC14, the entire electrolytic process is 
affected by the thermodynamic stability of the ZrC14 in 
solution and the related properties of solubility and vola- 
tility. Previous investigations (15-23) have established that 
the state of ZrC14 dissolved in a lkal ichlor ide melts is de- 
termined by the thermodynamic stability of complex 
compounds of the general formula A~ZrCI~, where A is an 
alkali metal. These compounds melt congruently. 

In the present study, an electrorefining cell was used to 
investigate the deposition characteristics of zirconium 
metal in molten alkali halide electrolytes. Electrorefining 
was chosen in preference to electrowinning mainly be- 
cause the cathodic process, which is of primary interest in 
the deposition of the metal, is expected to be the same 
during electrorefining as during electrowinning. Also, 
electrorefining is becoming more important to industry, 
particularly in the treatment of the zirconium scrap metal. 
Finally, during electrorefining, complicating factors, 
such as depletion of the melt  in zirconium, chlorine, or 
fluorine evolution at the anode, and technical problems 

Zr Cathode Zr Anodes 
Edwards S l i d i n g " ~ ~ T ~ =  A / /  

" O " R i n g ~  ,, ~ -~'~d~h]// O'Ring 
. . . . . . . .  J . . J  L. . . . . . .  -]11~_/...71~/../... f~Brass Plate 

Fig. 1. Furnace-cell assembly for the electrorefining of zirconium in 
alkali chloride-rich electrolytes. 

related to the separation of the anode from the cathode 
compartments  are absent. 

The research work was focused on two types of electro- 
lytes: the alkali chloride-rich melts with small additions 
of alkali fluoride containing zirconium bearing com- 
pounds of the type A~ZrC16 and the alkali fluoride-rich 
melts with small addi t ions  of alkali chlorides. By 
studying these two extreme cases, the behavior of the in- 
termediate melts should be predictable. 

Variables affecting the electrodeposition process, such 
as the composition of the electrolyte, current density, and 
electrode configuration were studied. 

The structural characteristics of the deposits were de- 
termined by means of scanning electron microscopy and 
by optical methods. The purity and hardness of some de- 
posits were also determined. Reducibility experiments in 
which zirconium metal is allowed to react with tetrava- 
lent zirconium in solution in a number of solvent electro- 
lyres were also conducted. 

Experimental 
Zirconium tetrachloride used in this work was obtained 

from two sources: as spectrographic-grade ZrC14 available 
from Puratek MC/B Manufacturing Chemists and 
supplied in glass containers loaded under argon, and as 
reactor-grade ZrC14 purchased from the Teledyne Wah 
Chang Corporation. The later required further purifica- 
tion by the vacuum sublimation technique through mol- 
ten tin, as described earlier (16). 

Zirconium tetrafluoride of purity better than 99% was 
obtained from the Research Organic/Inorganic Chemical 
Corporation and was treated in a vacuum oven. 

Cesium chloride of purity better than 99.9% was ob- 
tained from Cerac, Incorporated, and from the British 
Drug House Limited. All other alkali chlorides were of 
analytical grade and were dehydrated by heating under 
vacuum to 400~ The alkali-metal fluorides were also of 
reagent grade and were treated in a similar way as the 
chlorides. 

Zirconium metal rods of about 6 mm diam were of 
reactor-grade quality and, prior to use, were etched with a 
solution containing by volume 45% HNO3, 45% H20, and 
10% HF (24). 

Spectroscopic-grade graphite was used for electrodes. 
They were purified by heating in a silica glass tube under 
vacuum for about 12h at 900~ followed by chlorination 
at 800~ and then cooling under vacuum. A small amount 
of an oily impurity product was observed at the ends of 
the silica tube after completing the purification cycle. 

Stoichiometric Cs2ZrCI6 and K2ZrC16 were prepared by 
a method previously developed in this laboratory (15). 
K2ZrF 6 and ZrF4 were the commercially available com- 
pounds described earlier. 

The furnace-cell assembly used in these experiments is 
shown in Fig. 1. The furnace was a resistance type with a 
Chromel wire element. The temperature was maintained 
constant with a Honeywell proportionating controller 
connected to a Chromel-A]umel thermocouple. The tem- 
perature in the furnace was constant to within _+2~ and 
a hot zone of about 15 cm could be established. This fur- 
nace could accommodate an electrolysis cell provided 
with a nickel crucible of about i0 cm diam having a ca- 
pacity of 750 ml. 

Special care was taken to exclude nitrogen and oxygen, 
for which zirconium metal is an excellent getter, from the 
environment of the cell, along with moisture which 
causes hydrolysis of the electrolyte components. Dehy- 
drated and oxygen-free helium was used in all of the ex- 
periments for purging and as a blanket gas. 

The cell assembly consisted of the following three main 
parts: the Inconel cell-crucible system, the upper quartz 
part, and the electrode cover assembly. 

The cell-crucible system was made of an Inconel tube 
60 cm long and i0 cm id. A brass fitting, furnished with 
an O-ring for vacuum-tight sealing, was attached to the 
top of the Inconel tube for connecting the two sections of 
the cell. The upper part of the cell was a quartz tube, both 



ZIRCONIUM METAL 1089 

Edwards e n d s  of  w h i c h  we re  f i t ted w i t h  wa te r - coo led  b ra s s  p la tes  
a n d  O-r ing- type  seals  for v a c u u m - t i g h t  c o n n e c t i o n s  w i t h  
t h e  o t h e r  pa r t s  of  t h e  ceil. T h e  ceil  w as  e q u i p p e d  w i t h  a 
s i d e a r m  feed ing  t u b e  f rom w h i c h  a d d i t i o n s  of  so lu te  to 
t he  cell  cou ld  b e  m a d e  u s i n g  a m a g n e t i c a l l y  o p e r a t e d  pis- 
t o n  w i t h o u t  o p e n i n g  t he  cell. 

The  e l ec t rode  a s s e m b l y  cons i s t ed  of t he  z i r con ium 
c a t h o d e  s u r r o u n d e d  s y m m e t r i c a l l y  by  t h r e e  z i r c o n i u m  
anodes .  E lec t r ica l  c o n n e c t i o n s  we re  p r o v i d e d  b y  m e a n s  
of  t h r e a d e d  3 m m  I n c o n e l  leads,  on to  w h i c h  t he  elec- 
t rodes  cou ld  b e  a t t ached .  T he  c a t h o d e  a s s e m b l y  was  elec- 
t r ica l ly  i n s u l a t e d  f r o m  t h e  a n o d e  a s s e m b l y  b y  m e a n s  of 
b o r o n  n i t r i de  space r s  a n d  it cou ld  b e  i n d e p e n d e n t l y  
ro t a t ed  to p r o v i d e  s t i r r ing  of t he  melt .  T he  e l ec t rode  as- 
s e m b l y  cou ld  b e  l i f ted  or l owered  t h r o u g h  s l id ing  seals  at- 
t a c h e d  on to  t h e  cove r  plate .  A spa re  p l a in  cel l  cover  p la te  
b e a r i n g  on ly  a n  o p e n i n g  for  l oad i ng  t h e  ma te r i a l s  in to  t h e  
c ruc ib l e  was  u s e d  d u r i n g  t he  in i t ia l  s tage  of a r u n  
a l t e rna t ive ly  w i th  t he  cover  p la t e  c o n t a i n i n g  t he  e l e c t r o d e  
a s sembly .  

The  a s s e m b l e d  cell  was  c h e c k e d  p r io r  to u s e  for  leaks  
w i t h  a Veeco  MS-9 m a s s  s p e c t r o m e t e r  l eak  d e t e c t o r  u s i n g  
h e l i u m  as a t r ace r  fluid. 

P r i o r  to a run ,  t h e  a s s e m b l e d  cell, e x c e p t  for the  
e l ec t rode -cove r  a s sembly ,  was  h e a t e d  u n d e r  v a c u u m  at  
a b o u t  400~ for a p p r o x i m a t e l y  12h a n d  t h e n  coo led  to 
r o o m  t e m p e r a t u r e  u n d e r  h e l i u m  gas. T h e  sol id so lven t  
sa l t  m i x t u r e  was  l o a d e d  t h r o u g h  t he  o p e n i n g  in  t he  spare  
p la in  cove r  in to  t h e  c ruc ib le ,  a n d  t he  cell  w as  qu ick ly  
e v a c u a t e d .  The  t e m p e r a t u r e  was  s lowly i n c r e a s e d  over  a 
24h p e r i o d  to 450~ w h e n  t h e  sa l ts  we re  m e l t e d  u n d e r  
v a c u u m  a n d  coo led  to r o o m  t e m p e r a t u r e  u n d e r  f low of 
h e l i u m  gas. 

The  e l ec t rode  a s s e m b l y  was  qu i ck l y  p o s i t i o n e d  in to  the  
u p p e r  pa r t  of t he  cell, a n d  t he  so lu te  z i r c o n i u m  salt, 
w h i c h  was  e i t he r  Cs2ZrC16, K2ZrF6, or ZrF4, in  t he  f o r m  of  
pe l l e t s  was  p l a c e d  in to  t he  feed ing  tube .  T h e  cell  was  
aga in  e v a c u a t e d  w i t h  t h e  e l ec t rode  a s s e m b l y  ra i sed  in to  
t h e  u p p e r  cold  s ec t ion  o f  t he  cell, a n d  t he  t e m p e r a t u r e  
was  i n c r e a s e d  un t i l  t h e  sal ts  we re  m e l t e d  u n d e r  v a c u u m .  
Pu r i f i ed  h e l i u m  w as  t h e n  i n t r o d u c e d  in to  t he  sys tem,  
a n d  t he  so lu te  was  i n t r o d u c e d  in to  t he  c ruc ib le .  T h e  addi-  
t i on  of  t he  z i r c o n i u m  b e a r i n g  c o m p o u n d  was  d o n e  at  th i s  
s tage  in  o rde r  to avo id  any  t h e r m a l  d e c o m p o s i t i o n  or 
losses  of ZrC14 d u e  to  p r o l o n g e d  evacua t ion .  T h e  elec- 
t r o d e s  we re  t h e n  l o w e r e d  to  t h e  des i r ed  d e p t h  a n d  elec- 
t ro lys i s  was  s ta r ted .  

At  t he  e n d  of  t he  e x p e r i m e n t ,  t h e  e l ec t rodes  were  wi th-  
d r a w n  f r o m  t h e  mel t ,  lef t  for  a b o u t  l h  in  t he  ho t  sec t ion  
of  t he  cel l  in  o rde r  to  d r a i n  t he  e n t r a p p e d  salt, a n d  t h e n  
l i f ted to t he  u p p e r  pa r t  of t he  cell to cool. 

A m u c h  s imp le r  cell d e s i g n  was  u s e d  for e lec t rore-  
f in ing  z i r c o n i u m  me ta l  in  a lkal i  f luor ide- r ich  e lectro-  
lytes.  The  cell  a s s e m b l y  is s h o w n  in  Fig. 2 a n d  cons i s t s  of  
a n i cke l  t u b e  c losed  at  one  e n d  w i th  a b r a s s  cover  plate .  
Th i s  cell  cou ld  a c c o m m o d a t e  a z i r c o n i u m  or  n i c k e l  cruci-  
b l e  of  a b o u t  12 c m  diam,  h a v i n g  a capac i ty  of  a b o u t  250 
ml.  

The  cel l  was  c h e c k e d  for  leaks  p r io r  to i ts  use ,  a n d  i ts  
ab i l i ty  to  h o l d  v a c u u m  for e x t e n d e d  pe r i ods  of  t i m e  was  
t es ted .  T h e  e x p e r i m e n t a l  p r o c e d u r e  i n v o l v e d  load ing  the  
c r u c i b l e  w i t h  t he  a p p r o p r i a t e  a m o u n t s  of  sa l ts  in  t he  d ry  
b o x  a n d  t h e n  l o w e r i n g  it  in to  t he  e lec t ro lys i s  cell, w h i c h  
was  i m m e d i a t e l y  cove r ed  a n d  evacua ted .  Wi th  t h e  elec- 
t rodes  k e p t  in  t h e  co ld  p a r t  of  t he  cell, t h e  sal ts  were  
m e l t e d  u n d e r  v a c u u m .  Pur i f i ed  h e l i u m  was  i n t r o d u c e d  
in to  t h e  cell, a n d  t he  h e a t i n g  c o n t i n u e d  un t i l  t h e  t e m p e r a -  
t u r e  of  t h e  m e l t  r e a c h e d  t he  des i r ed  level.  T h e n  t he  elec- 
t rodes  we re  l owered  to t h e  des i r ed  d e p t h  a n d  e lec t ro lys is  
was  s ta r ted .  

At  t he  e n d  of  the  e x p e r i m e n t ,  t h e  e l ec t rodes  were  
pu l l ed  over  the  m e l t  level  a n d  left  t h e r e  to  d r a i n  t he  
e n t r a p p e d  salt. T h e n  t he  e l ec t rodes  we re  w i t h d r a w n  to 
t h e  co ld  p a r t  of  t h e  cei l  a n d  t he  cel l  w as  coo led  d o w n  to 
r o o m  t e m p e r a t u r e .  

All  e x p e r i m e n t s  were  p e r f o r m e d  u s i n g  a c o n s t a n t  
c u r r e n t - c o n s t a n t  vo l t age  d i rec t  c u r r e n t  p o w e r  source ,  
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Fig. 2. Electrorefining cell for zirconium in alkali fluoride-rich 

electrolytes. 

h a v i n g  a vo l tage  r a n g e  of 0-15V a n d  a c o r r e s p o n d i n g  cur-  
r e n t  r a n g e  of 0-10A. 

At  t he  end  of  a ser ies  of  e x p e r i m e n t s  t he  e l ec t rodes  
were  c l e a n e d  in  w a t e r  a n d  alcohol ,  air  dr ied,  a n d  s to red  in 
s t o p p e r e d  t e s t  tubes .  S e c t i o n i n g  of  t he  e l ec t rodes  was  
d o n e  b y  m e a n s  of a low s p e e d  d i a m o n d  saw u s i n g  kero-  
s e n e  as lubr ican t .  T h e  s p e c i m e n s  we re  m o u n t e d  w i t h  
" K o l d m o u n t "  se l f -cur ing  r e s in  a n d  p o l i s h e d  in  t he  con-  
v e n t i o n a l  m a n n e r .  

The  m i c r o h a r d n e s s  of  t he  po l i shed  s a m p l e s  was  deter -  
m i n e d  on  t he  K e n t r o n  m ~ c r o h a r d n e s s  t e s t e r  u s i n g  a 100g 
load. D e b y e - S c h e r r e r  x-ray p o w d e r  p a t t e r n s  were  t a k e n  
on  e l e c t r o d e p o s i t e d  z i r c o n i u m  u s i n g  a c o p p e r  t a rge t  a n d  a 
n icke l  filter. E n e r g y  d i spe r s ive  ana lys i s  was  also u s e d  to 
r e c o r d  t he  x- ray  e m i s s i o n  s p e c t r a  of e l e c t r o d e p o s i t e d  zir- 
c o n i u m  samples .  A 20 kV acce l e r a t i ng  vo l t age  sou rce  a n d  
a c u r r e n t  of 120 m A  were  appl ied .  

The  z i r c o n i u m  c o n t e n t  of  t he  depos i t s  was  d e t e r m i n e d  
b y  c o n v e n t i o n a l  we t  c h e m i c a l  analysis .  The  m e t a l  was  no t  
ana lyzed  for  n i t r o g e n  or oxygen ,  b u t  t he  c o n t e n t  of  t he  
m e t a l  depos i t s  in  t h e s e  e l e m e n t s  cou ld  be  d e d u c e d  ap- 
p r o x i m a t e l y  f rom t h e  m i c r o h a r d n e s s  m e a s u r e m e n t s .  The  
so lubi l i t i es  of  z i r c o n i u m  m e t a l  in  a lkal i  c h l o r i d e  me l t s  
c o n t a i n i n g  z i r c o n i u m  t e t r a c h l o r i d e  we re  i n v e s t i g a t e d  
direct ly.  

The  e x p e r i m e n t s  i n v o l v e d  t he  m e a s u r e m e n t  of  t he  
w e i g h t  loss of  z i r c o n i u m  me ta l  w h i c h  was  r eac t ed  w i th  al- 
kal i  ch lor ide  m e l t s  as  wel l  as w i t h  a lkal i  ch lo r ide  me l t s  
c o n t a i n i n g  k n o w n  a m o u n t s  of  t e t r a v a l e n t  z i r c o n i u m  
a d d e d  in t he  fo rm of  s t ab le  h e x a c h l o r o z i r c o n a t e  com- 
pounds ,  A~ZrCl~. 

The  cell u s e d  for  t he  e x p e r i m e n t s  is s h o w n  in Fig. 3; i t  
cons i s t ed  of  a c losed  quar tz  t u b e  s e p a r a t e d  in to  two com- 
p a r t m e n t s .  A b o r o n  n i t r ide ,  or a n  I n c o n e l  crucible ,  lo- 
ca ted  in  t he  l ower  c o m p a r t m e n t ,  c o n s t i t u t e d  t h e  r eac t ion  
c h a m b e r .  The  two  c o m p a r t m e n t s  we re  s epa ra t ed  b y  a 
qua r t z  po rous  f r i t t ed  d i sk  w h i c h  a l lowed  f i l ter ing of  t he  
me l t  and  s e p a r a t i o n  of  a n y  solid r e a c t i o n  p roduc t .  Zirco- 
n i u m  me ta l  a n d  t he  sa l t  m i x t u r e  c o n t a i n i n g  Cs2ZrC16 or 
K2ZrC16 were  l o a d e d  in to  t he  r eac t i on  cell in  a dry  box,  
t he  cell  was  evacua t ed ,  a n d  its s ide  a r m s  were  flame- 
sea led  u n d e r  v a c u u m .  Af te r  h e a t i n g  for  a b o u t  48h in  a fur- 
nace  at  c o n s t a n t  t e m p e r a t u r e ,  t he  cell  was  i n v e r t e d  in s ide  
t he  fu rnace  a n d  t he  m e l t  was  a l lowed  to fi l ter t h r o u g h  
t he  f r i t t ed  disk.  Af te r  sol idif icat ion,  t h e  cell  was  o p e n e d  
in  a dry  box  a n d  the  z i r c o n i u m  m e t a l  was  we ighed  to 
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Fig. 3. Reaction cell for the determination of solubilities of zirconium 

metal in alkali chloride melts containing Zr 4~ as an alkali- 
hexachlorozirconate compound. 

e s t a b l i s h  t he  solubi l i ty .  In  all cases,  t h e  r eac t ed  electro-  
lyte  was  f o u n d  to b e  r eac t ive  t o w a r d  w a t e r  a n d  to evolve  
h y d r o g e n .  

Results 
The  resu l t s  of t h e  i nves t i ga t i ons  on  t h e  e l ec t ro re f in ing  

of  z i r c o n i u m  in a lkal i  ch lo r ide - r i ch  e lec t ro ly tes  a n d  in al- 
ka l i  f luor ide- r ich  e lec t ro ly tes  are s u m m a r i z e d  in  Tab les  I 
a n d  TI, respec t ive ly .  T he  t a b l e s  c o n t a i n  i n f o r m a t i o n  on  
m e l t  c o m p o s i t i o n ,  t e m p e r a t u r e ,  cell  vol tage ,  c u r r e n t  den-  
sity, c o u l o m b i c  eff iciency,  a n d  t ype  of  depos i t .  

T h e  e x p e r i m e n t s  we re  c o n d u c t e d  u s i n g  t h e  fo l lowing  
e lec t ro ly tes :  (i) CsC1-KF w i t h  so lub le  z i r c o n i u m  a d d e d  in 
t h e  fo rm of  t he  s t ab l e  Cs2ZrC16 c o m p o u n d ;  (ii) N aF-L iF  in  
w h i c h  t h e  so lub le  z i r c o n i u m  was  a d d e d  as  ZrFd; (iii) NaF- 
L iF  w i t h  add i t i on  of  z i r c o n i u m  in  the  fo rm of  K2ZrC16 or 
Cs2ZrC16; (iv) N a F - L i F - K F  eutect ic ,  also ca l led  F L I N A K ,  
w i t h  a d d i t i o n s  of z i r c o n i u m  as KzZrF6; a n d  (v) NaF- 
L i F - K F  (1:1:1 mole)  a n d  z i r c o n i u m  a d d i t i o n s  as K~ZrF6. 

T h e  c u r r e n t  dens i t i e s  s h o w n  were  ca l cu la t ed  on  t h e  ba-  
sis of  t he  in i t ia l  g e o m e t r i c  su r face  area  of  an  i m m e r s e d  

e lec t rode .  However ,  as t he  depos i t  grows,  t h e  sur face  area  
i nc r ea se s  subs tan t i a l ly .  T h u s  t he  c u r r e n t  dens i t i e s  l i s ted  
r e p r e s e n t  in i t ia l  a p p a r e n t  c u r r e n t  dens i t y  va lues .  

T h e  e v a l u a t i o n  of  t h e  qua l i ty  of  t he  depos i t s  was  b a s e d  
on  e x t e r n a l  cha rac te r i s t i c s ,  as wel l  as b y  the  ana ly t i ca l  
t e c h n i q u e s  a l ready  m e n t i o n e d .  A n  exce l l en t  depos i t  
w o u l d  b e  smoo th ,  sh iny ,  a n d  con t i nuous ,  h a v i n g  a consid-  
e r ab l e  t h i c k n e s s .  Th i s  k i n d  of  depos i t  w o u l d  be  supe r io r  
to  t he  m e t a l  p r o d u c e d  b y  t he  c o n v e n t i o n a l  Krol l  p rocess  
(25). Coheren t ,  coa r se  d e n d r i t i c  depos i t s  a n d  t he  
n o n c o h e r e n t  f ine c rys ta l l ine  p o r t i o n  of a depos i t  w h i c h  
cou ld  b e  co l lec ted  s epa ra t e ly  on  a d i a p h r a g m  w o u l d  also 
b e  a c c e p t a b l e  (25). 

T h e  Table  I s u m m a r i z e s  t he  r e su l t s  o b t a i n e d  w i t h  solu- 
t ions  r ich  in  CsC1. T h e s e  me l t s  also c o n t a i n e d  K F  in 
a m o u n t s  c o r r e s p o n d i n g  to KF/Cs2ZrC16 ra t ios  f rom 4 to 
12, respec t ive ly .  

The  z i r c o n i u m  m e t a l  o b t a i n e d  f rom r u n  2-a, s h o w n  in  
Fig. 4, is t he  be s t  of  th i s  ser ies  a n d  s h o u l d  be  d e s c r i b e d  as 
coa r se  dendr i t i c ,  no t  too  cohe ren t ,  a n d  r a t h e r  r eac t ive  to- 
w a r d s  water .  Th i s  depos i t  was  s imi la r  to  t h o s e  o b t a i n e d  
p r e v i o u s l y  (26) f rom so lu t ions  of s imi la r  compos i t i ons .  
C o n t r a r y  to expec t a t i ons ,  t he  p r e s e n c e  of f luor ide  ions  
a p p e a r s  to be  d e t r i m e n t a l  to t he  qua l i ty  of  t he  d e p o s i t e d  
z i r con ium.  As  s h o w n  in  Tab le  I, h i g h e r  KF/Cs2ZrC16 ra t ios  
in  t h e  e lec t ro ly te  y i e lded  p o w d e r y  a n d  n o n c o h e r e n t  de- 
posi ts .  P r e v i o u s  i nves t i ga to r s  (10) a t t r i b u t e d  t he  adve r se  
ef fec t  of  t h e  f luor ide  ions  in  m i x e d  ch lo r ide - f luor ide  
m e l t s  to t h e i r  abi l i ty  to i n h i b i t  t he  g r o w t h  of  large 
crystals .  

Sol id i f ied  e lec t ro ly te  r e c o v e r e d  at  the  e n d  of  electroly-  
s i s  c o n t a i n e d  s ign i f i can t  a m o u n t s  of a b l a c k  prec ip i ta te ,  
w h i c h  is i nd i ca t i ve  of  t he  p r e s e n c e  of  z i r c o n i u m  spec ies  
of  lower  va lence .  Th i s  e lec t ro ly te  a lso r eac t ed  w i t h  water ,  
a n d  v i g o r o u s  e v o l u t i o n  of  h y d r o g e n  was  obse rved .  

R e d u c e d  z i r c o n i u m  spec ies  m a y  f o r m  e i the r  electro-  
c h e m i c a l l y  or b y  t he  d i rec t  c h e m i c a l  r eac t i on  of  te t ra-  
v a l e n t  z i r c o n i u m  w i t h  t h e  meta l ,  fo l lowing  r eac t i ons  of 
t he  t y p e  

w h e r e  4 > n > 1. A n o d i c  c u r r e n t  ef f ic iencies  h i g h e r  t h a n  
100% are  c lear  i n d i c a t i o n s  of  s u c h  c h e m i c a l  reac t ions .  

The  r educ ib i l i t y  of  t e t r a v a l e n t  z i r c o n i u m  b y  z i r c o n i u m  
m e t a l  a n d  t he  p r e s e n c e  of  r e d u c e d  z i r c o n i u m  spec ies  
were  c o n f i r m e d  in  a s epa ra t e  ser ies  of  e x p e r i m e n t s .  
T h e s e  resu l t s  are  g i v e n  in  Fig. 5, as p lo t s  of mo le s  of  dis- 
so lved  z i r c o n i u m  m e t a l  vs.  t h e  ini t ia l  n u m b e r  of  moles  of  
ZrC14 p r e s e n t  in  a r e a e t i o n  cell. S o m e  of  our  p r e v i o u s  sol- 
ub i l i t y  m e a s u r e m e n t s  c o n d u c t e d  in s imi la r  c losed  con-  

Table I. Zr electrolysis experiments in alkali chloride-rich electrolytes 

Cell Current 
Run Melt composition Temp. voltage density 
no. (w/o) (~ (mY) (Aim 'z ) 

Coulombic Evaluation 
efficiency* of 

Cathode Anode deposit Comme~s  
Mole ratio 

KF/Cs.2ZrC16 

1-a CSC1:89.01 700 80 50 
KF:6.21 
Cs2ZrC~:4.78 

1-b Same melt as 700 140 110 
above 

1-c Same melt as 700 1B0 190 
above 

2-a CSC1:79.45 700 140 300 
KF:6.30 
Cs2ZrC16:14.25 

2-b Same melt as 700 220 560 
above 

Same melt as 700 160 320 
above 

3-a CSC1:83.88 700 240 340 
KF:6.12 
Cs.2ZrC16:10.00 

3-b Same melt as 700 330 600 
above 

35 128 Loose Nickel 
powdery crucible. 

No alkali metal 
evolution 

42 46 Loose Same as in 
powdery run 1-a 

31 71 Loose Same as in 
powdery run 1-a 

27 177 Dendritic Excessive 
dissolution 
of anode 

36 39 Very poor Same as in 
run 2-a 

33 56 Powdery 

67 108 Black Excessive 
Poor dissolution 

of anode 
52 47 Black 

12.74 

4.34 

6.00 
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Table II. Zr electrolysis in alkali fluoride-rich electrolytes 

Run 
no. 

Temp.  
Melt composi t ion  (~ 

Cell Current  
voltage dens i ty  

(mY) (A/m '2) 

Coulombic  
efficiency* 

(%) 
Cathode Anode  

Type of 
deposi t  C o m m e n t s  

1-a 

1-b 

1-c 

1-d 

1-e 

2-a 

2-b 

2-e 

2-d 

3-a 

3-b 

4-a 

4-b 
4-c 

5-a 

5-b 

6-a 

(NaF-LiF)e~t.:95.0 750 
ZrF4:5.0 

Same  mel t  as 750 
above 

Same  as in 750 
run  1-a 

Same  as in 750 
run  1-a 

S a m e  as in 750 
run  1-a 

(NaF-LiF)eut.:90.0 750 
K2ZrC16:10.0 
Same  mel t  as 750 
above 

Same  as in 750 
run  2-a 

(NaF-LiF)eut.:90.0 750 
K2ZrCI~: 10.0 

(NaF-LiF)eut.:95.0 750 
Cs2ZrC16:5.0 
Same  mel t  as 750 

above 
(KF-NaF-LiF)cut.:97.5 750 
K2ZrF6:2.5 

Same  mel t  as 750 
above 

(KF-NaF-LiF)cut :94.3 750 
K~Zr6:5.7 

Same  mel t  as 750 
above 

(KF-NaF-LiF) 
(1:I:1 mole):95.0 750 
K.~ZrF6:5.0 

180 300 2 132 

160 300 25 113 

140 300 35 30 

350-300 900 27 33 

420-380 1200 32 3 

140-120 300 0 81 

16~140 500 76 108 

200-180 1000 85 97 

25~200 1200 92 93 

420 1000 0 53 

700 2000 0 124 

620-320 1170 0 82 

900-780 2170 18 72 

140-120 250 46 104 

16~150 490 46 104 

160 200 6 129 

130 200 32 175 

200-170 500 69 187 

6-b Same  mel t  as 750 
above 

6-c (KF-NaF-LiF) 
(1:1:1 mole):95.0 750 
K2ZrF6:5.0 

6-d Same  mel t  as 750 
above 

6-e Same  as in r un  6-c 750 

300-360 1000 80 155 

400-370 2000 85 69 

7-a (KF-NaF-LiF) 
(1:1:1 mole):97.5 
K~ZrF~:2.5 

750 240 2000 

t a i n e r s  (26) a r e  a l so  i n c l u d e d  i n  Fig .  5. D a s h e d  l i n e s  r e p r e -  
s e n t  t h e o r e t i c a l  s o l u b i l i t i e s  i n  a c c o r d a n c e  w i t h  v a r i o u s  
p o s s i b l e  r e a c t i o n  m e c h a n i s m s .  T h e  r e s u l t s  i n d i c a t e  t h a t  
t h e  s o l u b i l i t y  o f  z i r c o n i u m  m e t a l  i s  r e l a t e d  to  t h e  d e g r e e  
o f  r e d u c t i o n  o f  t h e  t e t r a v a l e n t  z i r c o n i u m  i n  s o l u t i o n .  T h e  
l a t t e r  a p p e a r s  to  b e  r e l a t e d  to  t h e  s ize  o f  t h e  a lka l i  ch lo -  
r i d e  i o n  p r e s e n t  i n  t h e s e  m e l t s .  F o r  e x a m p l e ,  s o l u t i o n s  o f  
ZrC14 i n  m i x t u r e s  o f  NaC1-KC1, o r  i n  m o l t e n  KC1, a p p e a r  
to  h a v e  b e e n  r e d u c e d  to  m o n o v a l e n t  z i r c o n i u m ,  w i t h  a 
c o r r e s p o n d i n g  h i g h  s o l u b i l i t y  o f  z i r c o n i u m  m e t a l .  

S o l u t i o n s  o f  ZrC14 i n  m o l t e n  CsC1 a r e  r e d u c e d  a p p r o x i -  
m a t e l y  to  d i v a l e n t  z i r c o n i u m .  T h e  a d d i t i o n  o f  K F  or  C s F  
f u r t h e r  r e d u c e s  t h e  s o l u b i l i t y  o f  z i r c o n i u m  m e t a l  a n d  t h e  
z i r c o n i u m  in  s o l u t i o n  a p p e a r s  to  b e  i n  a t r i v a l e n t  s t a t e .  I t  

Nodules  

Nodular  

Crystalline 

Thin  sh iny  
film 
Coarse 
dendritic.  
Plate 
No deposit  

Coarse crys- 
talline. 
Plates 
Massive. 
Plates 
Massive, 
crystalline. 
Large plate 
No deposi t  

No deposi t  

No deposi t  

Zr crucible 
No alkali metal  
evolut ion 
Excess ive  dis- 
solut ion of 
anode  
No alkali metal  
evolut ion 
Same  as in 
r un  1-c 
Anode  a lmost  
intact  

No alkali metal 
evolut ion 
Same  as in 
r un  2-a 

Same as in 
run  2-a 
Ni crucible alkali 
metal  evolution 

No alkali metal  
evolut ion 
Same  as in 
run  3-a 
Ni crucible 
P o t a s s i u m  metal  
evolut ion 

Average 

Average 

Massive, 
nodular  

Fine 

Dendritic 

Massive 

Good, long 
large coher- 
en t  dendri tes  
Very good. 
Large,  coher- 
en t  
flowerlike 
deposi t  
Excellent.  
Large co- 
heren t  crys- 
tals 

Same  as in 
run  4-a 
Ni crucible 
Po t a s s ium  metal  
evolut ion 
Same  as in 
r un  5-a 
Ni crucible 
Excess ive  po- 
t a s s i um evolu- 
tion. 
Pre-electroly- 
sis for 12h 
Same  as in 
r un  6-a 
Ni crucible 
Excess ive  po- 
t a s s i um evolu- 
tion. 
Pre-electroly- 
sis for 12h 
Same  as in run  
6-c 

Same  as in run  
6-c 

Zr  crucible 

s h o u l d  b e  n o t e d  t h a t  s o m e  o f  o u r  p r e v i o u s  s o l u b i l i t y  ex -  
p e r i m e n t s  (26) i n  t h e  p r e s e n c e  o f  e i t h e r  K F  or  K F  a n d  C s F  
w e r e  c o n d u c t e d  i n  o p e n - r e a c t i o n  ce i l s  for  w h i c h  e q u i l i b -  
r i u m  c o n d i t i o n s  c o u l d  b e  d o u b t f u l .  

T h e  l o s s  o f  m e t a l  d u e  to  t h e  r e d u c i b i l i t y  o f  t e t r a v a l e n t  
z i r c o n i u m  h a s  a l so  b e e n  o b s e r v e d  e l s e w h e r e  (27). 

Alkali fluoride-rich electrolytes.--Table I I  s h o w s  t h e  re-  
s u l t s  o b t a i n e d  w i t h  t h e  a lka l i  f l u o r i d e - r i c h  e l e c t r o l y t e s .  
D e p o s i t s  f r o m  t h i s  s e r i e s  o f  e l e c t r o r e f i n i n g  e x p e r i m e n t s  
w e r e  o f  m u c h  b e t t e r  q u a l i t y  t h a n  t h o s e  o b t a i n e d  f r o m  t h e  
a lka l i  c h l o r i d e - r i c h  e l e c t r o l y t e s .  M e t a l l i c  d e p o s i t s  w e r e  
g e n e r a l l y  c o h e r e n t  a n d  o f  n o d u l a r  o r  d e n d r i t i c  m o r p h o l -  
og ie s .  D e n d r i t e s ,  h o w e v e r ,  w e r e  q u i t e  l a rge ,  a n d  i n  s o m e  
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Fig. 4. Dendritic zirconium deposit from run 2-a (Table I). The electro- 
lyte was CsCI-KF-Cs~ZrCI6, the current density was 3.0 A/dm 2, and the 
temperature was 700~ 

cases "plates" or "flower"-like deposits of pure crystal- 
line metal were obtained, indicating that the deposition of 
dense and coherent electrolytic zirconium is possible. It 
should be emphasized that this is the first t ime that such 
truly metallic large electrolytic deposits have been re- 
ported in the literature. 

The observations from the experiments with the alkali 
fluoride-rich electrolytes with respect to the characteris- 
tics of the deposition process are summarized below. 

Experiments  1-a to 1-e in Table II constitute a series in 
which the electrolyte was the eutectic NaF-LiF (40% mole 
NaF, melting temperature of 652~ and zirconium 
tetrafluoride was the zirconium bearing solute. The con- 
tainer was a zirconium crucible, and no evolution of alkali 
metal during electrolysis was observed. 

The applied potentials were in the range of only 140-420 
mV, depending on the apparent cathode current density, 
which was in the range of 30-120 mA/cm or 3-12 A/din ~. 
The solute concentration was the same for all the experi- 
ments, namely 5 w/o ZrF4. 

Each of the deposition experiments in the 1-a to 1-e 
series was conducted using new zirconium electrodes 
which were introduced into the same melt after the com- 
pletion of a run. This was necessary, as it was observed 
that conditioning of the melt  was a preprequisite for ob- 
taining good deposits. Thus, in a series of experiments, 
the first two or three successive experiments yielded de- 
posits of lower quality and low current efficiency. 

However, after the melt  had been conditioned, all sub- 
sequent  deposition runs produced metal of higher qual- 
ity. For example, in the 1-a to 1-e series, the quality of the 
deposits improved from coarse dendritic or nodular, for 
run 1-a to l-c, to the type of deposit shown in Fig. 6 (for 
run l-d). This deposit is continuous, appears to be dense 
and microcyrstalline, and represents shiny metal of good 
quality. 

Cathodic current efficiencies for these experiments 
were very low, and the anodic current efficiencies higher 
than 100%. Solidified salt samples after electrolysis re- 
acted violently with acidified water and evolved hydro- 
gen gas. The behavior indicates that reducibility reactions 
had taken place. 

Runs in the 2-a to 2-d series in Table II corresponded to 
experiments having the same electrolyte as in series 1, ex- 
cept that the solute was the complex K2ZrC16. 

The deposits obtained from these experiments con- 
sisted of massive crystalline zirconium and of large plates 
of pure metal. These plates grew from the electrode sur- 
face as in experiment  2-d and are shown in Fig. 7a and 7b. 
In the case of experiments 2-b and 2-d, the plates origi- 
nate from the dendrites which cover the parent electrode, 
as shown in Fig. 7a. The plates consisted of large crystals 
of zirconium metal and probably acted as a secondary 
surface for electrodeposition. The amount of entrapped 
salt in this part of the deposit was also insignificant. The 
formation of the plates may indicate field-oriented 
preferred electrodeposition, which is common in the elec- 
trodeposition of the refractory metals and has also been 

observed recently by Schulze (28) during the electro- 
refining of niobium. 

The well-defined crystalline nature of this deposit is 
seen in Fig. 8a and 8b, which include photographs of the 
cathodic deposit taken on the scanning electron micro- 
scope. The hexagonal zirconium crystals from experi- 
ment  2-d have well-defined faces and a columnar charac- 
ter which is characteristic for the unidirectional 
electrodeposition process. X-ray diffraction pattern ob- 
tained from a sample of this deposit were compared with 
patterns produced from a sample of reactor-grade zirco- 
nium metal and were identical. 

Microhardness tests were also conducted. The mean 
Vickers hardness of the deposit (162 VHN) is comparable 
to the mean Vickers hardness of the parent electrode (160 
VHN). This may indicate that the deposit contains accept- 
able levels of oxygen and nitrogen impurities. 

From the viewpoint of melt  conditioning, the following 
observations are pertinent. 

The cathode current efficiencies vary from 0, as in ex- 
periment 2-a, which gave no deposit, to the highest value 
of about 92% for exper iment  2-d. The anodic current 
efficiencies varied from 81 to 108%. The current densities 
were in the range 30-120 mA/cm 2 or 3-12 A/din ~. 

The calculation of metal recovery for individual runs 
may be misleading, since run 2-a gave no deposit while 
the anodic current efficiency was 81%. It appears that the 
dissolved metal was used either for the purification of 
the electrolyte from oxygen or for bringing the mean val- 
ence of zirconium in the melt to the proper value for 
electrodeposition. At the completion of the series of ex- 
periments, the metal recovery, calculated as the ratio of 
the amount of the electrodeposited metal to the amount 
of the metal dissolved, was of the order of 72%. Recover- 
ies of zirconium metal in the range of 60-75% have also 
been reported recently (25) from an electrolyte consisting 
of NaC1-K~ZrFG. 

In conclusion, the results of this series of  experiments 
indicate that crystalline zirconium metal of acceptable 
purity may be obtained by electrolysis of fluoride solu- 
tions containing potassium hexachlorozirconate as solute. 
The potassium 'hexachlorozirconate can be easily pre- 
pared by reaction of zirconium tetrachloride vapors with 
solid or molten potassium chloride, thus making the 
electrorefining in these melts compatible with the pres- 
ently employed zirconium extractive cycle. Furthermore,  
electrolysis in chloride-fluoride melts containing potas- 
sium ion is free of any alkali metal evolution as opposed 
to the all-fluoride melts to be discussed subsequently. 

In experimental  runs 3-a to 3-b, the electrolyte was 
again the NaF-LiF eutectic, but K.2ZrC16 was replaced 
with Cs2ZrC16 as the zirconium bearing solute. The  con- 
centration of Cs2ZrC16 in the melt was 5 w/o. As shown in 
Table II, no deposit was obtained. The applied current 
densities were 100 mA/cm ~ and 200 mA/cm ~, respectively. 
No alkali metal evolution was observed. Ih experiment 
3-a, both electrodes lost weight. 

It appears that melts containing Cs~ZrCI~ needed more 
time to be "condit ioned" for successful electrodeposition 
to begin, although this was not understood at the time 
this system was investigated. 

The final series of experiments were conducted in al]- 
fuor ide  melts. For runs 4 and 5, the electrolyte was the 
eutectic of the ternary system KF-NaF-LiF, which is also 
called FLINAK. This electrolyte, containing 10% mole 
NaF, 45% mole KF, and 45% mole LiF, has a very low 
melting temperature of only 454~ The zirconium bear- 
ing solute was potassium hexafluorozirconate. 

The deposits obtained from run 4 were coarse dendritic 
with salt inclusions, as shown in Fig. 9, representing run 
4-c. As shown in Fig. 10, representing run 5-a, the quality 
of the deposit improves as the concentration of the potas- 
sium hexafluorozirconate solute increases and the ap- 
plied cathode current density decreases. The cathode cur- 
rent efficiency varied in the range of 18-97%, with the 
lower values associated with very high cathode current 
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Fig. 5. Solubility of zirconium metal in alkali halide melts containing ZP § as an alkali-hexachlorozirconate compound 

dens i t i es .  Again ,  c a thod i c  d e p o s i t i o n  r e q u i r e d  t h e  condi-  
t i o n i n g  of  t he  melt .  

P o t a s s i u m  e v o l u t i o n  was  o b s e r v e d  d u r i n g  t h e s e  exper i -  
m e n t s .  P o t a s s i u m  e v o l u t i o n  d u r i n g  e l ec t rop l a t i ng  of  zir- 
c o n i u m  in F L I N A K  has  also b e e n  r e p o r t e d  p r e v i o u s l y  b y  
Mel lors  a n d  S e n d e r o f f  (13) a n d  was  a t t r i b u t e d  to t he  ex- 
c h a n g e  r eac t ion  

Z r  + n K F  = ZrFn + n K  [2] 

w i t h  t he  va lue  of  n close to 4. T h e i r  c o n c l u s i o n  t h a t  t h e  
p o t a s s i u m  e v o l u t i o n  is no t  d u e  to e lec t ro lys i s  is sup-  
p o r t e d  b y  t he  r e su l t s  in  t he  p r e s e n t  work .  T h u s  in  exper i -  
m e n t s  w h e r e  p o t a s s i u m  f luor ide  is absen t ,  as in  r u n s  1-3, 
t h e r e  was  no  e v o l u t i o n  of  a n  a lkal i  meta l .  Also,  in  a n  at- 

t e m p t  to e l ec t rodepos i t  t he  m e t a l  f r om a n  e lec t ro ly te  con- 
s i s t ing  of t h e  K F - L i F  eutec t ic ,  c o n t a i n e d  in  a z i r c o n i u m  
cruc ib le ,  t he  e v o l u t i o n  of  p o t a s s i u m  m e t a l  o c c u r r e d  as 
soon  as t he  sal t  m e l t e d  at  492~ w i t h  s i m u l t a n e o u s  to ta l  
d i s i n t e g r a t i o n  of  t he  z i r c o n i u m  crucible .  

The  ef fec t  of  t he  p o t a s s i u m  meta l  e v o l u t i o n  o n  a n  elec- 
t ro ly t ic  process ,  as wel l  as o n  t he  poss ib i l i ty  of  i ts  indus-  
t r ia l  appl ica t ion ,  s h o u l d  no t  be  u n d e r e s t i m a t e d .  A p a r t  
f r om m a k i n g  t he  p roce s s  di f f icul t  a n d  d a n g e r o u s  to oper-  
ate,  i t  c o n s u m e s  v a l u a b l e  m e t a l  b y  e r o d i n g  t h e  anode  and 
t h e  ca thod i c  depos i t .  

E x c e s s i v e  p o t a s s i u m  evo lu t i on  was  also o b s e r v e d  in 
r u n s  6 a n d  7, w h i c h  u t i l ized  t he  e q u i m o l a r  t e rna ry  KF- 
NaF-L iF  s y s t e m  h a v i n g  a m e l t i n g  t e m p e r a t u r e  of  a b o u t  
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Fig. 6. Dense, microcrystalline zirconium deposit from run 1-d (Table 
II). The electrolyte was NaF-LiF-ZrF and the current density was 9.0 
A/dm 2. Temperature was 750~ 

670~ Excessive dissolution of the anodes took place due 
to reaction [2], while the cathodic current efficiency was 
very low at the initial runs of this series. However, for run 
6-d, the current efficiency had increased to its maximum 
value of 85% and the quality of the deposit improved fol- 
lowing the same pattern. For this run, pre-electrolysis was 
also carried out with two graphite electrodes for 12h prior 
to the commencement  of the actual electrolysis. 

The scanning electron microscope photograph of a 
smaller "flower" type of deposit obtained in run 6-e is 
given in Fig. 11, and it indicates a columnar structure. 
With respect to purity, the results of the energy dispersive 
analysis on this deposit did not indicate the presence of 

any other metal except zirconium. The mean Vicker hard- 
ness of the deposit was 156 VHN, which was even better 
than in the starting electrode materials, which had a mean 
Vicker hardness value of 163 VHN. This appears to indi- 
cate that by purifying the melt by pre-electrolysis, the ox- 
ygen level of the deposit is reduced. 

Finally, run 7-a also gave an excellent, coarse, crystal- 
line zirconium deposit which is shown in Fig. 12a, 12b, 
and 12c. The cross section of this deposit reveals the for- 
mation of a continuous coherent crystalline deposit  of 
limited thickness. The smooth interface between the elec- 
trodeposited zirconium metal and the parent electrode is 
shown in Fig. 12c. The electrodeposition is interrupted, 
however, probably due to the evolution of potassium 
metal because of chemical reaction [2] between zirconium 
and potassium fluoride in the electrolyte. A welt-grown 
large zirconium crystal from this deposit is shown in Fig. 
12b. Unfortunately, because of the disintegration of the 
zirconium crucible, used as container in this experiment,  
it was not possible to determine current efficiencies. The 
present results can only be compared with the recent 
work at the U.S. Bureau of Mines (8) and with that on pre- 
vious deposition work in this laboratory (26). 

It should be noted that both studies were directed to- 
ward obtaining zirconium meta l  from all chloride salt 
baths. The deposits, however, were dendritic or powdery, 
loosely adhered to the cathode, and contained an exces- 
sive amount  of salts. Deposits  of better quality were ob- 
tained from cesium chloride-rich electrolytes. Small addi- 
tions of fluoride have shown positive effect, although the 
quality of a deposit did noi  improve significantly (26). 
Additions of larger amounts of fluoride salt (up to 20 w/o) 
resulted (8) in the formation of flakes containing 
entrapped salt. Current efficiencies and metal recovery 
was of the same order as in the results obtained in this 
study. 

Fig. 7. a: Large platelike zirconium deposit from run 2-b. Plates originate from dendrites in deposit. Current density was 5.0 A/dm ~. Electrolyte was a 
mixture of (NaF-I-iF)eutect~c containing 10 w/o ZrF4 at 750~ b: Same melt as in a, except for current density, which was 12.0 A/dm 2. Massive platelike 
crystalline deposit from run 2-d (Table II). 
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Fig. 8, a: Microphotograph of zirconium deposit (X510)  taken on the scanning electron microscope. This crystalline deposit from run 2-d is columnar 
and shows well-defined faces, b" The same as in a, except taken at a magnification of 3000.  Well-defined hexagonal crystal growth is evident. 

The results of the present study indicate that the 
fluoride-rich electrolytes are most promising as electro- 
lytes for electrorefining of zirconium metal. 

Discuss ion  
With respect to electrodeposition from alkali chloride 

baths, the mechanism of the electrolytic process is af- 
fected by the solubility and the thermal stability of the so- 
lutions of ZrC14 in these melts, and particularly by the 
thermodynamic behavior of the complex compounds of 
the general formula A2ZrC16, where A is an alkali metal 
cation. The latter form when ZrC14 reacts with an alkali 
chloride in the bath. 

The alkali metal hexachlorozirconates represent stable 
compounds in which the activities of the corresponding 
tetrachloride are particularly low. This is manifested by 
the dramatic reduction in the pressures of ZrC14 over the 
pure A2ZrC16 compounds, shown in Fig. 13, which repre- 
sents the temperature dependence of the partial pressure 
of ZrCt~ in equilibrium with alkali hexachlorozirconates. 
As shown in Fig. 13, the vapor pressure of pure ZrC14, at 
450~ is about 25 atm (29), as compared to the partial 

pressure of ZrC14 of 0.01 atm over the pure Cs2ZrC16 at 
450~ 

The thermodynamic stability of the A~ZrC16 com- 
pounds, where A represents an alkali metal, may be re- 
lated to the size of the alkali cation A% in Fig. 13, the de- 
composition temperature of the alkali metal 
hexachlorozirconate compounds, which is defined as the 
temperature at which the partial vapor pressure of ZrC14 
over the pure compound becomes 1 atm, increases as in 
the sequence Li2ZrC16 ~ Na2ZrC16 -~ K2ZrCI~ ~ Cs2ZrCI~, 
i.e., as the size of the alkali metal cation increases, 

The thermodynamic properties of these solutions were 
also investigated by vapor-pressure (15-23) measurements 
in the composition range that rePresented the subsystems 
AC1-A2ZrC1G. In this range, the equilibrium pressures of 
ZrC14 over the melts are determined by equilibria of the 
type 

A2ZrCI~ ~ 2ACL + ZrC]4 [3] 
solid, liquid solid, liquid vapor 

or in solution or in solution 

Any composit ion within an AC1-A2ZrC16 subsystem may 
be realized if the applied tetrachloride pressure over the 
system is kept at the corresponding equilibrium value. It 

Fig. 9. Condition of anode and cathode, respectively, after completion 
of run 4-c. Uniform wear of anode is indicated. Zirconium deposit on 
cathode is coarse dendritic with salt inclusions. Electrolyte was the (KF- 
NaF-LiF)eutectic containing K~ZrF 6 (2.5 w/o). Current density was 21.7 
A/dm ~ at 750~ 

Fig. 10. Massive coarse dendritic deposit from run S-a, at o high cur- 
rent density of 2.5 A/dm 2. Electrolyte same as Fig. 9, except for K2ZrF ~ 
content, which was 5.7 w/o. 
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was also shown that solutions that contain ZrC14 in excess 
of the amount required to form A2ZrC]6, i.e., in the com- 
position range that represented the subsystem A.2ZrC16- 
ZrCI4, are extremely unstable and cannot be considered 
as potential electrolytes for zirconium electrolysis. The 
volatility of ZrCI4 from such melts is excessively high. 

The thermal stability of the pure A~ZrC16 compounds 
and of the solutions of A2ZrC16 and AC1 at comparable 
concentrations increases with the size of the alkali-metal 
cation. In this sense, the solutions of ZrC14 in LiC1 are the 
least stable, and the solutions of ZrC14 in CsC1 are the 
most stable in this series. It should also be noted that the 
solutions of ZrC14 in alkaline-earth chlorides are even less 
stable than those in LiC1. 

It is evident that in high temperature electrolytic cells 
in which the parts outside the furnace are at room tem- 
perature and act as a condenser, equilibrium conditions 
cannot be maintained, and industrially useful electrolytic 
solutions should have escaping pressures of ZrC14 of no 
more than 1-2 mm Hg. This requirement restricts the opti- 
mum bath compositions to those that contain less than 10 
mole percent (m/o) A2ZrC16 and to solvent melts that con- 
tain alkali-metal cations such as K § Rb ~, and Cs § 

The thermodynamic stability of the A2Zr~16 complex 
compounds in solution also affects the solubility of zirco- 
nium metal. In consideration of the possible equilibria be- 
tween Zr metal and ZP § species in solution, such as those 
given in reaction [l], it is reasonable to expect  that the po- 
sition of equilibrium for each reaction will be determined 
primarily by the state of the zirconium species having the 
highest valency. Melts that contain ZrC14 at low activity 
levels should also be expected to contain the least 
amounts of zirconium of lower valency. This is in agree- 
ment  with the trends indicated by the reducibility results 
where solutions containing cesium chloride, in which the 
activity of ZrC14 is very low, were reduced to a lesser ex- 
tent than those containing NaC1 or KC1. 

With regard to melts containing fluoride salts, the latter 
introduce an additional element  of stability. Again, within 
the alkali fluoride salt series, the thermodynamic stabil- 
ity of the compounds A2ZrF~ where A is an alkali metal 
cation should increase as in the order Li ~ --* Cs% From 
such considerations, the expected sequence of thermody- 
namic stability of Zr 4+ ions in solution in alkali halide 
melts should be as follows 

2 ACI(s,I ) + ZrCI~(v) = A2ZrCI6(s,I) 

Li2ZrCl6 

Na2ZrCI 5 ~ ALL CHLORIDE SYSTEMS 

K2ZrCI6 

Cs2ZrCI6 

ACI - A~ZrEI 6 

MIXED (~LORIDE- 

FLUORIDE SYSTEMS 

2 AE(s,I ) + ZrE4(s,l) A2ZrF6(s,I) A2ZrCI 6 - A2ZrF6 _ 

ACI or AF 

Li~ZrF~ i ~ ~ 
Na2ZrF 6 ~= 

K2ZrF6 ~> 

Cs2ZrE6 

The probable 
electroreflning cell my be written as follows. 

I. For a chloride type electrolyte, the cathodic reaction 
is 

ZrC162- + 4e- --) Zr%~ + 6C1- [4] 

and side reactions which could lower current efficiencies 
may be written schematically as 

ZV 
Zr~ + Zr4+-~  Zr 2~ [5] 

Zp  + 

ALL-FLUORIDE SYSTEMS 

AF - A2ZrF 6 

anodic and cathodic reactions in an 

Fig. 11. Columnar structure of a zirconium deposit obtained from run 
6-e. Microphotograph taken on the scanning electron microscope repre- 
sents a magnification of 3300. Melt consisted of equimolar KF-NaF-LiF 
and 5 w/o K2ZrCI+ Current density was 20 A/dm 2, at 750~ 

Redox electrode reaction causing lower current 
efficiencies could also be considered, such as 

Zr 4+ + e-  ---> ZV + [6] 

and so on. Disproportionation reactions of the type 

2(ZrCl2) ~ (ZrCI4) + Zr ~ [7] 

which are thought to be responsible for producing metal 
powders, could also be part of the overall equilibration 
process. 

The anodic reactions are the opposite of the cathodic 
processes. In the absence of diaphragms, mass transfer of 
reduced zirconium species should be taking place and 
could result in their oxidation to tetravalent zirconium at 
the anode. In this manner, electrons are consumed with- 
out gaining any useful metallic deposit, creating a "redox 
loop." 

2. For a fluoride-type electrolyte, the main cathodic re- 
action may be written as 

ZrF62- + 4e- -~ Zr~ + 6F-  [8] 

and the side reaction, in addition to possible Zr metal sol- 
ubility and other redox schemes, should include the po- 
tassium evolution reaction [2]. 

All these equilibria depend upon the activity levels of 
the zirconium species in solution and could be controlled 
through choice of a solvent electrolyte having the appro- 
priate salt components. 

The potassium metal producing reaction is predomi- 
nant in the all-fluoride electrolytes, containing potassium 
ions, as in runs 6-a and 6-d, because in such electrolytes 
Zr 4. are present at a very low activity state in the form of 
ZrFs~-. 

To avoid potassium metal evolution, it is necessary to 
add some alkali chloride, which, in effect, increases the 
activity of Zr + ions, probably by an exchange reaction 
mechanism representing the equilibrium 

ZrF62- + 6CL- ~ ZrC16 ~- + 6F-  [9] 

which, however, introduces some zirconium metal reduci- 
bility side reactions. Thus, the conditioning of the electro- 
lytes prior to electrodeposition is necessary for obtaining 
good zirconium metal deposits. 

It appears that conditioning contributes to the 
purification of the melt and allows the formation of zirco- 
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Fig. 12. a: Coarse, crystalline, coherent and shiny deposit obtained from run 7-a. The electrolyte consisted of the equimolar mixture of KF-NaF-LiF 
containing 2.5 w/o K2ZrF 6. Current density was 20 A/dm 2 at 750~ b: Microphotograph (280• of the above deposit, a, obtained on the scanning 
electron microscope showing crystalline nature of deposit, c: Microphotograph showing the interface between the electrodeposited zirconium metal 
and the parent electrode. 

nium species having a mean valence, from which success- 
ful electrodeposition becomes possible. 

The present results and, particularly, the chemical and 
electrochemical behavior of the molten salt electrolytes 
investigated in our laboratory appear to be consistent 
with these general comments.  

Conclusions 
The observations regarding the electrodeposition of zir- 

conium metal from the alkali chloride and alkali fluoride 
melts used in the present study may be summarized as 
follows. 

I. Zirconium deposits obtained from CsCI-Cs2ZrC]6 
melts, to which small additions of potassium fluoride 
were made, are dendritic in nature and highly oxidized. 

The current efficiencies for the applied cathode current 
densities are very low. Although the melts contained po- 
tassium fluoride as a component,  no potassium metal ev- 
olution occurred. The deposits, however, are of no com- 
mercial value. It is doubtful that crystalline zirconium 
metal can be obtained from these melts due ~o the forma- 
tion of lower valence zirconium chlorides. 

2. Truly crystalline zirconium deposits of very good 
quality were obtained from all-fluoride melts containing 
potassium ions. Unfortunate]y, the presence of potassium 
fluoride in the electrolyte, which is helpful to the 
electrodeposition process, is undesirable from the opera- 
tion point of view, as it is thought to cause the evolution 
of potassium metal. 

3. Crystalline zirconium may be obtained from 
fluoride melts to which potassium hexachlorozirconate 
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has been added as a solute, such as those containing NaFo 
LiF-ZrF4 or NaF-LiF-K2ZrC16. Alkali metal is not gener- 
ated from these melts, and the quality of the obtained de- 
posits could be further improved. 

It was found that the metal dissolves in significant 
amounts in melts that contain zirconium tetrachloride. In 
the presence of tetravalent zirconium, the degree of zirco- 
nium metal solubility depended on the type of the alkali 
chloride present, on temperature,  and on the concentra- 
tion of zirconium tetrachloride in the melt. The addition 
of fluoride salts generally reduced metal solubility, and 
appears to increase the average valence of zirconium in 
these melts. 
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Liquid-Line Corrosion of Nickel in Molten Sodium Carbonate 

Venkatraman R. lyer and Owen F. Devereux* 

Department of Metallurgy and Institute of Materials Science, University of Connecticut, Storrs, ConnectiCut 06268 

ABSTRACT 

Liquid-line corrosion of nickel in molten sodium carbonate at 1000~ under reduced air pressures was measured as a 
function of time and of air pressure. The observed attack profile approached a circular arc whose depth increased para- 
bolically with time. Attack depth increased with air pressure from zero under an inert environment,  passed through a 
maximum, and decayed approximately hyperbolically at higher (subatmospheric) pressures. These observations are 
shown to be quantitatively consistent with rate control by the electron-transfer step of the cathodic process, reduction of 
peroxide. 

During the course of a study of  the polarization charac- 
teristics of the nickel electrode in molten sodium carbon- 
ate (1, 2), we observed marked liquid-line attack on a 
specimen that had been only partially immersed in the 
melt. The striking feature of this attack was the remarka- 
bly circular nature of the attack profile shown in Fig. 1. 
The study repor ted  herein was initiated to determine 
whether  such a profile was a reproducible feature charac- 
teristic of this process and to investigate the mechanism 
by which it was created. 

Liquid-line corrosion is generally understood in aque- 
ous systems in terms of an oxygen concentration, or dif- 
ferential aeration, cell in the meniscus region, in which 
ready access of oxygen to the electrode surface near the 
meniscus renders that region cathodic and, thereby, the 
electrode surface immediately below becomes anodic via 
reactions typified by 

1/2 02 + H20 + 2e- ~ 2 OH-  [1] 

*Electrochemical Society Active Member. 

and 
M ~ M §247 + 2e- [2] 

The restricted geometry of the region of meniscus- 
electrode intersection, together with the close proximity 
of the anodic and cathodic regions, encourages hydrolysis 
of the reaction products 

M +~ + 2 OH-  ~- M(OH)2 (s) [3] 

which may further isolate the anotyte, forming an "oc- 
cluded cell" of low pH which continues to experience ac- 
tive anodic dissolution (3, 4). Similarly, the catholyte re- 
mains basic, allowing the cathodic region to be passive 
and enhancing the rate of dissolution in the anodic region 
(4). Pourbaix (5) has reviewed in detail the electrochem- 
ical features of such occluded cells in the general context 
of localized corrosion. 

The partially immersed electrode has also served as a 
model for the gas diffusion electrodes of interest in fuel 
cell technology. Studies of hydrogen oxidation (6, 7) and 
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Fig. 1. Circular arc sUperposed on typical attack profile 

of oxygen reduction (8) on platinum electrodes partially 
immersed in sulfuric acid have shown the electrode reac- 
tions to occur almost exclusively at a narrow region of the 
electrode surface just  above the visible meniscus, pre- 
Sumed to be coated with a thin film of electrolyte, Simi- 
lar results were found for oxygen reduction On silver and 
nickel electrodes partially immersed in aqueous potas- 
sium hydroXide (9). The rates of these electrode reactions 
were found to be dependent  upon molecular and ionic 
transport processes in the thin film region and on charge 
transfer. Similar interfacial effects are seen in molten 
salts; Rahmel  (10) observed enhanced dissolution of silver 
specimens partially immersed in neutral alkali Sulfate 
melts, and attributed the effect to rapid oxygen transport 
through a thin electrolyte film coating the exposed por- 
tion of the specimens. 

Experimental Program 
All of our studies were conducted using nickel speci- 

mens partially immersed in reagent-grade sodium carbon- 
ate at 1000~ under partial vacuum (reduced air pressure). 
Specimens 1.5 cm long were prepared from Ni-200 (99% 
Ni) rod of nominal 1/4 in, diam (0.635 cm) and mounted  to 
1/4 in. (0.635 cm) od alumina support tubes with an alu- 
mina cement  (Ultrabond 552, Aremco Products, Incorpo- 
rated). Surface preparation consisted of grinding with 600 
grit SiC paper, washing, and drying. The test cell was 
similar to that previously described for electrode polariza- 
tion studies (1), consisting of a vertical 3 1/2 in. (8.9 cm) od 
closed-end mullite tube with a vacuum-tight closure from 
which the specimens were suspended. The melt  was con- 
tained in a recrystallized alumina crucible also supported 
by the top flange. The cell was evacuated continuously 
by a mechanical pump; cell pressure was regulated by an 
air bleed valve and measured with a mercury manometer.  
Two sets of experiments  were conducted: one to establish 
the effect of cell pressure, P, at a constant immersion time 
of 48h, and the other to establish the ~ effect of immersion 
t ime at a constant cell pressure of 667 Pa (5 torr). At the 
end of each experiment,  the melt  was cooled and then 
dissolved in water  to permit removal of the specimen. 
The specimen was then immersed in a saturated mercuric 
chloride solution for 48h to remove the oxide scale with- 
out  further dissolution of metal. Following rinsing and 
drying, the profile of the attacked region was recorded as 
a scanning electron micrograph. Depth of attack as a 
function of position was measured directly on the scan- 
ning electron micrograph. In one exception to this proce- 
dure, the solidified carbonate was left intact, and the cru- 
cible containing the carbonate and specimen was sec- 
t ioned vertically to establish the profile of the meniscus 
and its relationship to the region of corrosive attack. This 
specimen h a d  been partially immersed for 24h at a cell 
pressure of 667 Pa. 

Experimental Results 
Specimens showed reasonably uniform attack around 

their circumference; however, there was significant vari- 
ation in attack depth from specimen to specimen at the 
same pressure. Figure 2 shows typical profiles obtained 
at cell pressures of 667, 10,000, 20,000, and 40,000 Pa (5, 75, 
150, and 300 torr), while Fig. 3-6 depict measured attack 
profiles for the several specirffens tested at each pres- 
sure. The abscissa on these plots is a relative height, in 
that position relative to the melt  meniscus Could not be 
fixed with certainty save for the one test in which a sec- 
tion was made through the solidified carbonate. Several 
tests were performed in air at 1 arm and in nitrogen 
(Matheson Extra Dry, >99.9%) at 1 arm. Attack was slight 
in each case; a profile typical of the meniscus region of a 
specimen tested in nitrogen is shown in Fig. 7. The maxi- 
m u m  depth of attack observed thus increases very rap- 
idly from essentially nil in nitrogen to its max imum value 
at the lowest cell pressure tested, then decays to a small 
value in air at 1 arm. Attack profiles for specimens tested 
for various times at a cell pressure of 667 Pa are shown in 
Fig. 8-10, and Fig. 3, showing a somewhat less than linear 
increase in attack depth with time and the development  
of an approximately circular attack profile. The section 
prepared through the specimen and solidified melt  is 
shown in Fig. 11, and Fig. 12 shows the measured mems- 
cus profile superposed on the measured attack profile 
(the scale Of the latter exaggerated) for that specimen. It is 
clear in this figure that anodic activity is confined to the 
upper  portion of the meniscus, but that the anodic region 
does not extend to the top of the meniscus. There is no 
visual indication of a thin electrolyte film above the me- 
mscus, z 

The tested specimens invariably displayed a black ox- 
ide scale, even in the region of anodic activity. The scale 
formed on the immersed portion of the specimen, how- 
ever, was thinner than that on the portion not immersed. 
This thinning was found to be associated with dissolution 
of the oxide in the melt in the following experiment.  
Three specimens were oxidized in air at 1000~ for 6h. 
One of these specimens was subsequently immersed in a 
carbonate melt under vacuum for 24h at 1000~ and a 
second immersed in a similar melt exposed to atmo- 
spheric air, Following this, all three specimens were 
cleaned, but not descaled, and then electroplated with 
nickel to provide mechanical  support for the scale, sec- 
tioned, and polished. Average scale thicknesses, deter- 
mined by SEM examination of the polished sections, 
were observed as follows: as-oxidized was 24 izm; im- 
mersed in air-saturated melt, 4.4 ~m; and immersed in 
melt  under vacuum, 0.5 ~m. These observations indicate 
that the nickel oxide scale is dissolved to a limited extent 
by molten sodium carbonate, and that dissolution is en- 
hanced by reduced air pressure. This is consistent with 
the existence of a nickelate species, e.g., NiO2 =, soluble in 
the basic environment  afforded by carbonate decomposi- 
tion at low CO2 pressures. A similar examination was made 
of a specimen that had been partially immersed in a melt  
under a reduced pressure for 24h without prior oxidation. 
On the nonimmersed portion of the specimen, the scale 
thickness was 14 izm; on the fully immersed portion, it 
was 8.3 ~m; and at the site of maximum attack, 5.5 izm. 
This, together with the aforecited observations on fully 
immersed oxidized specimens, suggests that scale thin- 
ning is enhanced at the liquid line by increased basicity 

1The line through the meniscus profile data is drawn accord- 
ing to the theoretical form (11) 

x = 1 cosh-' (~/2) + + 8 

where x and z are the horizontal and vertical coordinates, re- 
spectively, h 2 =- 2~/(hpg) is the capillary constant, and 8 is the 
thickness of a thin liquid film above the meniscus. The data in 
Fig. 12 correspond to h = 3.756 mm and 8 = 0.08 mm, whereas 
the expected value of h is 4.674 mm (12). The discrepancy is 
most obviously attributable to a lowering of the surface tension 
of the melt by adsorption of the various additional species pres- 
ent in the meniscus region, e.g., O-, O2 , and Ni § 
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Fig. 2. Pressure dependence of liquid line attack after 48h partial immersion. A: 667 Pa. B: 1 • 104 Pa. C: 2 x 104 Pa. D: 4 x 104 Pa 

in that region due to cathodic production of oxide ion. 
The scale, as shown in Fig. 13, was observed to be bilay- 
ered; the outer layer was columnar and compact, while 
the inner  layer was finer grained and porous. Wavelength 

~0.  O0 O. 40 O. 80 1 �9 20 I '. 60 2". O0 
HEIGHT(MM) 

Fig, 3. Measured attack profiles for different specimens after 48h par- 
tial immersion at 667 Pa. 

dispersive x-ray analysis (WDX) in the scanning electron 
microscope revealed that the scales contained nickel and 
oxygen; no sodium was detected. Similar observations 
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~ ( ) ( ) ' ' '  0'.40 0'.80 1'.20 1'.60 2'.00 
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Fig. 4. Measured attack profiles for different specimens after 48h par- 
tial immersion at 1 x 104 Pa. 
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Fig. 5. Measured attack profiles for different specimens after 48h par- 
tial immersion at 2 • 104 Pa. 

were made by Douglass on the structure of air-formed 
films on dilute alloys of chromium in nickel (13). The sec- 
tioned specimens also revealed considerable grain bound- 
ary attack; this is evident in Fig. 13 and also in Fig. 2. 

Discussion 
Three distinct forms of attack were seen in this study: a 

generalized attack above the liquid-line region (gaseous 
ambient), a generalized attack below the liquid-line re- 
gion (liquid ambient), and a localized attack at the liquid- 
line region (liquid ambient). The first of these is mani- 

Fig. 7. Specimen profile after 48h partial immersion under nitrogen 
atmosphere. 

fested simply in a scale formation, but the latter two 
must, in general, be regarded in terms of both scale for- 
mation and scale dissolution in order to explain the oc- 
currence of the thinnest scale at the site of the greatest 
metal loss. Such simultaneous scale formation and disso- 
lution processes have been discussed previously (14, 15). 
The data reported in Fig. 3-6 and 8-10 represent the extent 
of localized liquid-line attack relative to general attack, 
the base line of these figures representing the postex- 
per iment  metal surface above and below the meniscus. 
Examination of the figures indicates that the extent  of 
generalized attack is approximately the same in these two 
regions, the one immersed in the melt  and the other in the 
gaseous ambient above the melt. The extent  of scale for- 
mation above the melt  is consistent with data reported by 
Philips (16) for gas phase oxidation of impure nickel. He 
reports a parabolic constant at 1000~ of 1.5 mg2cm-4h - '  
= 57 t~m2h - ' ,  which corresponds to the formation of an 
oxide layer 7.5 ~m thick after lh  and 52 ~m thick after 
48h, and to a metal losses of 5 and 34 tLm, respectively. 
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Fig. 6. Measured attack profiles for different specimens after 48h par- 
tial immersion at 4 x 104 Pa. 
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Fig. 8. Measured attack profiles for different specimens after 6h par- 
tial immersion at 667 Pa. 
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Fig. 9. Measured attack profiles for different specimens after 12h par- 

tial immersion at 667  Pa. 

The observed 1/6 power dependence of the parabolic con- 
stant on oxygen pressure (17) would cause only a varia- 
tion of a factor of two over the cell pressures studied 
quantitatively in this investigation (667-101,325 Pa). 

Given the p-type nature of NiO (18) and the ubiquity of 
scale formation in this system, it is likely that anodic oxi- 
dation in the liquid-line and subliquid-line regions is pre- 
ceded by injection of cation vacancies at the oxide/melt 
interface 

O=(melt) ~- VNi=(scale) [4] 

o 
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0' . . . .  0'. 40 0'. 80 I '. 20 I '. 60 2'. O0 
HEIGHT (I'IH) 

Fig. 10. Measured attack profiles for different specimens after 24h 
partial immersion at 667  Pa. 

Fig. 11. Metallographic section through solidified interfacial region, 
showing region of maximum attack in relation to the line of three phase 
contact. 

followed by their diffusion to the metal/oxide interface, 
where they are consumed in the anodic reaction 

Ni + VNi = ~ NiO + 2e- [5] 

Scale dissolution in the basic melt may be represented by 

NiO + O=(melt) ~ NiO2=(melt) [6] 

again postulating the existence of NiO2 = in basic solu- 
tions, and may be presumed to be essentially indepen- 
dent of the anodic process. However, the rate and extent 
of such dissolution processes may, in general, be re- 
garded as a function of the electric field at the scale/ 
solution interface as well as of solution parameters such 
as basicity (14, 15). 

The absence of significant attack under oxygen-free 
environments indicates that the cathodic reaction is re- 
duction of dissolved oxygen, and the dependence of the 
extent  of attack upon cell pressure further implies that 
the overall process is rate limited by the cathodic reac- 
tion. Dissolution of oxygen in carbonate melts has been 
observed to be non-Henrian, with formation of peroxide 
according to the reaction (19-23) 

O2+ 2 0  = ~ - 2 O Z  [7] 
o r  

02 + 2CO3 = ~ 2 02 = + 2CO2 [8] 

ATTACK DEPTH(MM) 
(%.00 01.02 01.04 0.06 0{08 O, 10 

o {  
co( 
c;1 

~ O0 2'. O0 4'. O0 6'. O0 8'. O0 1 ~). O0 
THICKNESS (MM) 

Fig. 12. Measured attack profile superposed on measured meniscus 
profile from Fig. 12 (not to scale). 
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K ll2p l/2rv 
1 O2 ~ C 0 3  ~ [ 1 5 ]  

C~ = a~ = Pco2  

where K, is the equilibrium constant for reaction [8]. The 
equilibrium potent ia l  for reaction [12] may then be ex- 
pressed 

Fig. 13. Section through scale, showing two-layer structure and grain 
boundary attack in substrate. 

R T  R T  aco~= [16] 
% ' = ~ ! n K 2 = ~ l n  p D 1/2 K .2  

C02~02 I 

where K2 is the equilibrium constant for half-cell (12). 
Substi tuting 

J,  ~z io, = k_'K?l12-?14)Po2(,12-,~J4~Pco2-(,-.12)aco.~=(,-~12) 
[17] 

If we assume that the partial pressures of oxygen and car- 
bon dioxide are simply proportional to pressure (i.e., their 
mole fractions i n  the cell environment  remain constant), 
Eq. [17] becomes 

J '  ~ io' ~ P-(lJ245~J4!aco3 =(1§ [18] 

Comparable expressions for superoxide reduction are 

if the equil ibrium 

CO5 = ~- O ~ + CO2 [9] 

is assumed, and superoxide according to the reaction (19, 
21-23) 

O2 + 02 = ~ 2 02- [10] 

Reduction in carbonate cells is attributed to (20, 22) 

02 = + 2e- ~ 2 0  = [11] 

or, assuming equil ibrium [9] 

OC + 2CO2 + 2e- ~-~ 2CO~ = [12] 

and, at more negative potentials (22) 

02- + e-  ~ 02 = [13] 

Although the dependence of the extent of liquid-line at- 
tack upon air pressure within the cell indicates control by 
the cathodic reaction on the overall process, it is difficult 
to argue that the localized nature of the attack is due to 
diffusion control by the cathodic :reactants within the 
melt. We lack specific data concerning the diffusivities of 
peroxide or superoxide ions in molten carbonates; how- 
ever, Turkdogan (24) notes that the diffusivities of foreign 
ions in molten salts are similar to the self-diffusivities, 
and that the latter fall in the range of 1 • 10 -5 to 8 • 10 -5 
cm~s - ' .  These values correspond to a diffusion distance, x 
= 2 ~ / D t ,  ranging from 1.6 to 7.4 cm, i ,e . ,  a value of the or- 
der of the melt depth, for the maximum exposure time 
of 48h. However, significant corrosive attack is confined 
to a band of - 2  mm width in the vicinity of the meniscus, 
and a logical explanation is that the major part of the 
flux of cathodic reactants is through the thin electrolyte 
film just  above that region postulated b y  Rahmel (10). In 
their careful potentiostatic investigation revolving the 
gold electrode in carbonate melts, Appleby and Nichol- 
son (22) found cathodic oxygen reduction to be rate lim- 
ited by electron-transfer processes, i.e., reactions [12] and 
[13] with the latter dominant  at high Po.]Pco2 ratios. 

The rate of the cathodic electron transfer process, J, is 
proportional to the corresponding exchange current den- 
sity, expressed by Vetter as (25) 

J ~ i o = k _ c o e x p  ~ o  [14] 

where k_ is a rate constant incorporating the electronic 
charge, Co is the concentration (or, more properly, the ac- 
tivity) of the oxidized species at the reaction site, a is the 
transfer coefficient, and e, is the equilibrium potential of 
the half-cell reaction. For peroxide reduction, assuming 
reaction [8] to be at equilibrium, co may be expressed as 

Kll14K31/2Po23/4aco3 =112 
Co ' ' =  ao2-  = Pco2,2 [19] 

where K3 is the equilibrium constant for reaction [10] 

R T  R T  K ,4.-, it._, 
Co" = ~ In K4 = T In ,2~ ~c~ ,2 [20] 

K3 Po2 Pco2 

where K4 is the equilibrium constant for half-cell (13), 
and 

J" ~ io" = k_"Kl(r~)14K5 (1 -~)12Po2(3-~)14Pco2-"-~")lZaco:~= "-~')12 

[21] 

which, on assuming constant cell gas composition, 
becomes 

J" ~ io" ~ P"-~)J4aco3= "~)12 [22] 

Note that in Eq. [15]-[22], the superscripts ' and " refer 
to peroxide reduction and superoxide reduction, respec- 
tively. In developing expressions similar to Eq. [17] and 
[21], Appleby and Nicholson assumed acos= to be constant 
(22). 

The cathodic reaction rate is related to the depth of 
liquid-line attack by a simple model which is consistent 
with our observations. We presume that initial anodic ac- 
tion is quite localized, occurring only at a narrow band or 
line just  below the intersection of the meniscus with the 
specimen surface. Once attack has started, the profile of 
the corroding surface recedes radially from the initial 
point of attack as seen in the time progression of Fig. 8-10 
and Fig. 3, thus creating the circular attack profile Of Fig. 
1. Since the total rate of dissolution is determined l~y the 
rate of the cathodic reaction, which is constant  with time, 
the depth of attack is described by a simple parabolic ex- 
pression of the form 

X 2 = a v n J t  [23] 

where a is a geometric factor, v is the molar volume of the 
metal (VNi = 6.6 cm3/mol), and n is a stoichiometric factor 
(2 mol Ni]mol 02). If the rate of cathodic reaction is ex- 
pressed per length of meniscus/specimen contact, the 
constant  a is given by the ratio of the attack depth 
squared to the area of the sector representing metal loss 
in the specimen profile, approximately 0.12 as estimated 
from Fig. 3-6. Thus 

J = 0.63 X2/ t  mol 02 cm-~h -~ [24] 

or for constant J, attack depth is proportional to (expo- 
sure time) "2. This parabolic correlation is shown in Fig. 14 
using data from Fig. 8-10 and 3. 

Figure 15 is a log-log plot of the average cathodic reac- 
tion rate, calculated from average maximum attack depth 
by means of Eq. [24] v s .  cell pressure. The plotted line 
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Fig, 14. Plot of attack depth at 667 Pa vs. t ~/2. Line is least squares fit 
through all points. 

represents a least squares fit of the data for P -> 104 Pa to 
the relation 

l o g J = l o g b + m l o g P  [25] 

where b and m are constants with the values of 1.047 x 
10 -2 tool 02 cm-~h-JPa -~ and -0.925, respectively. The 
correlation factor, R = 0.99922 shows excellent corre- 
spondence of the higher pressure data to Eq. [25], which 
itself is consistent with either Eq. [18] or [22] for constant 
carbonate activity. Agreement  with the latter, however, 
would require a transfer coefficient of 1.567, while as- 
sumption of the former, rate limitation by reduction of 
peroxide, leads to a transfer coefficient of 0.603, in agree- 
ment with Appleby and Nicholson, who noted values 
"close to 1/2" (20). 

The equilibrium constant for reaction [9], assumed to 
be at equilibrium in the above argument, is 1.41 x 10 -6 
atm at 1000~ (26). Using the average CO2 content of air, 
0.033% (27), and assuming this to be representative of the 
cell environment  independent  of pressure, at a cell pres- 
sure of 10 ~ Pa the equil ibrium value of the ratio ao-/aco3= 
is 0.0433; i.e., at this and higher pressures very little disso- 
ciation of the carbonate occurs and aco3= is essentially in- 
dependent  of pressure. This is consistent with the simp]e 
power relationship between cathodic reaction rate and 
cell pressure observed in this pressure range. However, at 
the lowest controlled cell pressure, 667 Pa, the equilib- 
rium value of the ratio ao=/aco3= is 0.649, indicating consid- 
erable decomposition of the melt  and suggesting a sub- 
stantial change in the value of aco3=. In order for the 
cathodic reaction rate determined at this pressure to be 
consistent with Eq. [18], the value of the carbonate activ- 
ity would have to be 0.17 (vs. a standard state of pure so- 
dium carbonate), a value not inconsistent with the equi- 
l ibrium activity ratio. At very low pressures, a simple 
proportionality between ar and pressure (or Pco2) is ex- 
pected. For transfer coefficients less than 2, Eq. [18] pre- 
dicts a cathodic reaction rate approaching zero, in accord 
with observation. 

Conclusions 
Liquid-line corrosion of nickel in molten sodium car- 

bonate under reduced air pressures is rate limited by the 
cathodic reaction. Initial attack occurs just  below the line 
of three-phase contact and appears to be quite localized. 
Subsequent  metal loss occurs at a uniform rate along the 
surface of the attacked region; the attack profile thus ap- 
proximates a circular arc whose radius increases with 
time. Inasmuch as the rate of the cathodic reaction is not 
affected by the progress of corrosive attack while the area 
of anodic activity (the attack profile) increases in propor- 

~R---[I Z (J~p- Jo,~c)~ ] "2 
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Fig. 15. Plot of cathodic reaction rate, calculated from attack depth, 
vs. pressure after 48h partial immersion. Points are average values for 
the several specimens tested at each pressure. Line is least squares fit of 
Eq. [25] to open points. 

tion to attack depth, the attack depth displays a parabolic 
dependence upon time. Corrosive attack is nil in the ab- 
sence of oxygen, increases very rapidly to a maximum 
value at the lowest controlled air pressure studied (667 
Pa), and again decreases to approximately nil in atmo- 
spheric air. Higher (subatmospheric) pressure data follow 
a simple power relationship that is consistent with con- 
trol by the electron-transfer step of peroxide reduction. 
Deviation from this behavior at low cell pressures is at- 
tr ibuted to a decrease in carbonate activity. 
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Optimization of Electrolytic Cells 
Richard Alkire,* See-Aun Soon,** and Mark Stadtherr 

Department of Chemical Engineering, University of Illinois, Urbana, Illinois 61801 

ABSTRACT 

A methodology was developed for optimizing electrolytic cells described by a potential field distribution along with 
material, voltage, and economic balance equations. In the presents tudy,  the cell consisted of two flow-through porous 
electrodes separated by a membrane. The model consisted of two nonlinear differential equations, 19 variables, eight 
equality constraints, and five inequality constraints. The opt imum solutions were obtained for simple economic objec- 
tives with use of a successive quadratic programming method. The sensitivity of the optimum to operating variables and 
design constraints was found with the use of Lagrange multipliers. The method may be applied to any electrolytic cell 
which can be modeled by a combination of differential, algebraic, and polynomial (curve-fit) equations. 

A central goal of engineering design practice is to pre- 
dict the optimal configuration of a system on the basis of 
economic and scientific principles. Until recently, elec- 
trochemical cell and process design have depended 
largely on intuition, empirical relationships, and rules of 
thumb based on past experience. As a consequence, large 
margins of safety were required in design and optimiza- 
tion, especially of new systems. 

The modeling of electrochemical systems based on fun- 
damental  principles has advanced to a high degree of so- 
phistication in recent years. Rigorous electrochemical 
models based on current and potential distribution phe- 
nomena  within the cell have been developed for the more 
common cell configurations (1). These models pave the 
way for the use of improved techniques for optimizing 
electrochemical processes. In the present study, a 
flexible and robust method is used to optimize an elec- 
trolytic cell modeled by a set of differential and nonlinear 
algebraic equations. 

The literature on electrochemical optimization studies 
has recently been reviewed (2). Published works on opti- 
mization have generally used an analytical technique in 
which a cost equation is differentiated with respect to the 
variable of interest, the derivative set to zero, and the 
equation solved to obtain the opt imum value. Another 
commonly reported approach is use of a graphical tech- 
nique where the trade-off curves were plotted and the op- 
t imum determined by inspection. 

With the advent of the digital computer, the field of 
optimization has been completely revolutionized. Within 
the past two decades, there has been a rapid growth in the 
literature on optimization. There are available several re- 
views of nonlinear optimization methods (3), applications 
(4, 5), as well as algorithms and software (6, 7). Lasdon (6) 
has identified the four most promising nonlinear optimi- 
zation algorithms as the augmented lagrangian (AL), suc- 
cessive linear programming (SLP), generalized reduced 
gradient (GRG), and successive quadratic programming 
(SQP). Recent comparative studies (8, 9) have found that 
GRG and SQP seemed to be the most promising of the 
four methods. Schittkowski (9) ranked SQP methods 
first in efficiency and reliability, followed closely by 
GRG methods. 

Modern techniques of optimization have not penetrated 
the electrochemical literature to any significant extent. 
To date, there have been few efforts directed towards 
incorporating state-of-the-art optimization techniques as 
an engineering design tool (10). Alkire et al. (10) imple- 
mented a state-of-the-art algorithm for the optimization of 
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an electrolytic cell. They used the GRG method of 
Lasdon (11) to optimize profit for a chlor-alkali cell based 
on a model of a diaphragm cell by MacMullin (12). The 
model consisted of a system of nonlinear algebraic con- 
straint equations which included 42 variables, 37 equality 
constraints, and two inequality constraints. In addition, 
sensitivity to certain design and operating variables was 
also explored. Current and potential distribution phe- 
nomena in the cell, however, were not taken into account 
because the optimization method used in that study did 
not lend itself efficiently to applications which involve 
differential equations. This limitation is removed in the 
present study. 

Models of current and potential distribution within 
cells have increasingly served as guides in the design, 
scale-up, and optimization of electrochemical cells (13). 
Models of electrolytic cells generally include both non- 
linear algebraic and differential equations. In the present 
work, a general methodology was developed that incorpo- 
rate state-of-the-art optimization techniques with a model 
of the current and potential distribution within an electro- 
lytic cell (14). The goal was to optimize efficiently all cell 
parameters simultaneously. In this study, a divided cell 
containing two flow-through porous electrodes was cho- 
sen for investigation. 

Theoretical 
The following text is divided into three subsections that 

involve developing the porous electrode model, estab- 
lishing the additional criteria necessary to identify the op- 
t imum, and carrying out the optimization. 

Formulation of porous electrode model.--An electrolytic 
cell having two flow-through porous electrodes sepa- 
rated by a membrane and operated under  steady, continu- 
ous conditions in a flow-by configuration was investi- 
gated. Figure 1 illustrates the cell configuration, The 
model of the reactor is an extension of that of Alkire and 
Ng (15, 16), and also includes multiple reaction terms fol- 
lowing procedures  established by Alkire and Gould 
(17-19). The porous electrodes were of uniform porosity, 
thickness, and specific surface area throughout, and 
were assumed to be made up bf a packed bed of spheres. 
Dilute solution theory was used to describe the transport 
of species in solution. The kinetic behavior of the electro: 
chemical reactions was represented by the Tafel form of 
the Butler-Volmer equation. 

The main reaction at the anode represents a hypothet- 
ical oxidation reaction involving a two-electron transfer 
process 

2A- = B + 2e- E1 ~ = 0.9V 
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Fig. I .  Schematic diagram of electrolytic cell 

The thermodynamic voltage for the above reaction is 
given by the following equation 

R T  a '  1 
E'+ = E'~ + n - ~  In (a~)---- ~ [1] 

The side reaction at the anode is oxygen evolution and is 
given by 

2H20 = O2 + 4H + + 4e- E~ ~ = 1.229V 

The thermodynamic voltage for this half-cell reaction is 
given by 

R T  a'2(aH+) 4 
E2 § = E~ ~ + ~ In (a2) 2 [2] 

In this case, the activity of oxygen, a'2 was taken to be 
the partial pressure of oxygen and the activity of water; a2 
was taken to be unity. 

The main reaction at the cathode represents a hypothet- 
ical reduction reaction involving a two-electron transfer 
process 

2C + + 2e- = D Ea ~ = 0.2V 

The thermodynamic voltage for the half-cell reaction is 
given by 

R T  (a3) 2 
E a - = E a  ~  a'~ [3] 

The side reaction on the cathode is hydrogen evolution 
and is given by 

2H + + 2e- = H2 E4 ~ = 0.0V 

The thermodynamic voltage for the half-cell reaction 
above is given by 

RT (a4) 2 
E4-  = E4 ~ + ~ In - -  [4] 

a '4 

In this case, the activity of hydrogen, a ' ,  is the partial 
pressure of H2 at the cathode and may be calculated from 
the total pressure of the system minus the cathode vapor 
pressure of water. 

The equations representing the system were based on 
several assumptions: (i) the electrode phase was isopo- 
tential; (ii) the pores of the electrode were large with re- 
spect to the double layer; (iii) convection through the po- 
rous electrodes occurred by plug flow with no channel- 
ing effects; (iv) transport through axial diffusion and 
dispersion were negligible compared to axial convection; 
(v) conduction through bulk electrolyte obeys Ohm's law, 
and migration effects were negligible due to a large ex- 
cess of  supporting electrolyte; (vi) mass transfer from the 
bulk stream to the electrode surface may be characterized 
by an average mass transfer coefficient which was inde- 
pendent  of position; (vii) the system was operated 
isothermally; and (viii) the conversion per pass was low. 

The stoichiometry of the reaction to the porous elec- 
trode can be defined in the general form 

stjMl ~i = nje-  [5] 
i 

The flux of species i due to migration, diffusion, and 
convection is given by 

Ni = -ziu~ciFVq~ - DlVci + civ [6] 

The current density in the solution is defined by 

i = F E ziNi [7] 
i 

A material balance on species i gives 

0C~ 
- (V ' Ni )  + Ri [8] 

Ot 

The source term, R,  for each species may be written as 

Ri = - ~ as~--A-J e 
njF fj [9] 

The solution phase is electrically neutral 

z~ct = 0 [10] 
i 

Combining Eq. [7]-[10] gives the current balance equa- 
tion 

v .  i = - a  ~ f~e [11] 
J 

The rate expression for the main anodic reaction is 

�9 c's exp {an,Fqb+/RT} [12] f e = ~0, C--- ~- 

For the side reaction at the anode, the reaction kinetics is 
given by 

fd  " cd {~n=F(gP + + CrJ/RT} [13] = ~02 c2--- ~ exp 

In the above two equations, r is the potential with re-  
spect to the thermodynamic rest potential of the main 
anodic reaction, while ~brl is the thermodynamic rest po- 
tential of the main anodic reaction with respect to the 
thermodynamic rest potential of the side reaction at the 
anode. The reaction kinetics for the main cathodic reac- 
tion is given by 

fd  = -i0z c3s- exp {-~n3Fcb-/RT} [14] 
C3 ~ 

For the side reaction at the cathode, the reaction kinetics 
is given by 

5 f,e = -i04 exp {-/~n,F(~P= + r [15] 

In the above two equations, q~- is the potential with re- 
spect to the thermodynamic rest potential of the main ca- 
thodic 'reaction,  while ~br2 is the thermodynamic rest po- 
tential o f  the main cathodic reaction' with respect to the 
thermodynamic rest potential of the side reaction at the 
cathode. 

The local concentration difference between the surface 
of the electrode and the concentration of the bulk electro- 
lyte is related through the mass-transfer coefficient 

njFki 
fie = ( c , ,  c?) [16] 

Sij 

In the electrolyte phase, Ohm's law is obeyed 

i = --KVqb [17] 

Combining Eq. [11] and [17], the differential equation 
for the potential distribution in solution is obtained 

a 
V2~P = ~ E fie [18] 

From the assumptions of the model, particularly in 
that it was a differential reactor, the differential equation 
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is one -d imens iona l  and  in Car tes ian coord ina tes  is g iven  
by 

d2eP _ a ~ f e  [19] 
dy 2 K j 

Equa t ion  [19] is app l icab le  to both  the  anode  and the  
cathode.  By c o m b i n i n g  Eq. [12], [13], and [16], the  differ- 
en t i a l  equa t ion  for the  anode  is 

d2cP + _ a f io~ exp  {~n~F(P+/RT} 

dy 2 K, [ io,S,, 
1 + n,Fk,Co------- ~ exp  {an,Fqb+/RT} 

+ io2 exp  {an2F(cb + + r 1 [20] 

Similarly,  c o m b i n i n g  Eq. [14]-[16] gives  the  fo l lowing dif- 
ferent ial  equa t ion  for the  ca thode  

i- 

d249 - a [ i0~ exp  {-fln~Fq~-/RT} 

L io3S33 
dy 2 K.~ 1 + n3Fk3c3----------- 7 exp  {-fln3F~P-/RT} 

7 

+ i04 exp  !-~n4F(qS- + ~b~)/_RT} _[ [21] 

1 § /~04S44 n e x p  [ - ~ n 4 F ( ( I )  - -F {~r2)/RT} ] 
n4Fk4c4" 

The  m o d e l  for the  porous  e lec t rode  was c o m p l e t e d  by 
the  fo l lowing bounda ry  condi t ions.  For  the  anode  

dcP ~ i 
at y = O § [22] 

dy Ki 

For  the  ca thode  

+ d~P + 
a t y  = H , - ~ - y  = 0  [23] 

de)- - i  
at y = O - ,  - - -  [24] 

dy Ks 

d(P- 
at y = H - ,  - 0 [25] 

dy 

Formulat ion of  objective funct ion  and  constraints . - -  
The  objec t ive  func t ion  represen t s  the  goal  of  the  optimi-  
zation. For  example ,  re turn  on inves tment ,  d i scounted  
cash flow rate of  re tu rn  on inves tment ,  and profi t  are 
f r equen t ly  used  as objec t ive  funct ions.  Two object ive  
func t ions  were  fo rmula ted  in this study. The  first objec- 
t ive was that  of  max imiz ing  a profi t  func t ion  consis t ing 
of total  r evenue  minus  to t a l  cost  on  an annual  basis. The  
profi  t func t ion  was chosen  to demons t r a t e  m e t h o d o l o g y  
because  of its simPlici ty.  More c o m p l e x  economic  models  
may  be incorpora ted ,  p rov ided  that  i nves tmen t  cost  data  
are available.  The  second  objec t ive  func t ion  was that  of  
max imiz ing  cur ren t  per  u n i t v o l u m e .  This  is equ iva len t  t o  
max imiz ing  the  space- t ime yield. In order  to relate these  
object ives  to t h e  behav io r  of  the  porous  e lec t rode  mod-  
eled in the  p rev ious  section,  it is necessary  to in t roduce  
addi t ional  equa t ions  in the  form of mater ia l  balances,  en- 
ergy balances,  mass- t ransfer  correlat ions,  and vol tage 
balances.  

The  appl ied  cur ren t  dens i ty  is 

i = I / x z  [26] 

A mater ia l  ba lance  on the  anode  for species  A is 

2IUI 
C,~ = C,Q1 + ~ (moYs) [27] 

A mater ia l  ba lance  on the  anode  for wa te r  is 

_ _  M ,  3 6 I ( 1  - UI )  
M~~ Q1 = ~ Q1 + " (kg/s) [28] 
m, ~ m, 1000n~F 

A mater ia l  balance on the  ca thode  for species  C is 

2IU2 
C3~ = C3Q~ + ~ (mol/s) [29] 

A mater ia l  ba lance  on the  ca thode  for H ~ is 

2I(1 - U2) 
C4~ = C4Q2 + (moYs) [30] 

n4F 

The anode  vo lumet r i c  f low rate is 

Q, = v+yz [31] 

The  ca thode  vo lume t r i c  f low rate is 

Q~ = v - y z  [32] 

There  are also a n u m b e r  of  inequal i ty  constraints .  An- 
ode  and ca thode  convers ion  are cons t ra ined  to be  less 
than  or  equal  to 10% because  of  the  a s s u m p t i o n  of  low 
convers ion  per  pass. The  m e m b r a n e  area is set not  to ex- 
ceed  a m a x i m u m  area Of 4500 cm (45 • 100 cm). A cell 
wi th  a m a x i m u m  e lec t rode  size of  45 x 100 cm al lows for 
m a x i m u m  m e m b r a n e  in te rchangeabi l i ty  s ince avai labi l i ty 
o f ! i on -exchange  mater ia ls  is a size l imi t ing  factor  for 
var ious  appl icat ions  (20). U p p e r  bounds  on the  anode  and 
ca thode  pressure  drops  are also imposed .  The pressure  
drop is corre la ted us ing  the  Ergun  equa t ion  (21) 

hp _ 4.2 ~va~ apv2 L ~ + 0.29 - - - ~  (g/cm2s 2) [33] 

The  vapor  of  p ressure  of  wa te r  in solut ion is ca lcula ted 
wi th  an equa t ion  which  fits the  data  (22) 

in Pw = 0.01621 - 0.1380m + 0.1933m '~2 § 1.024 in pw ~ 
[34] 

The  pure  vapor  p ressure  m a y  be  es t imated  to wi th in  1% 
by (22) 

In pw ~ = 37.04 - 6276/T - 3.416 in T [35] 

Equa t ions  [34] and [35] are val id for the  t empera tu re  
range  25~176 

T h e  mass- t ransfer  corre la t ion  of  Wilson and  Geankop l i s  
(23) is used  in this s tudy  

( pDi ~ zl3 
ki = 1.09 \--~-p / G '~3 [36] 

The  spheres  are a s sumed  to be packed  in a hexagona l  
c lose-packed (hcP) ar rangement .  Fo r  a hcp  ar rangement ,  
e = 0:26 and the  specific surface  area is g iven  by 

6 (1 - E) 
a [37] 

dp 

The  act ivi ty  of  species  i is g iven  by 

ai = fici [38] 

The  act ivi ty  coefficient,  f~, m a y  be ca lcula ted  us ing  a 
Debye -Hucke l  equa t ion  

- log,0fi = 0.5 zi2(A) ~ [39] 

whe re  

A = 0 . 5 ~ M i z i  2 
i 

The  conduc t iv i ty  of  the  solut ion has to be  cor rec ted  for 
the  porous  media.  The  ef fec t ive  conduc t iv i ty  for the  po- 
rous  m e d i a  is g iven  by (24) 

2E 

The vol tage  drop across the  m e m b r a n e  is  calculated 
by tak ing  into accoun t  the  resis t ivi ty of  the  membrane ,  
the  eonduct iv i t ies  of  the  anoly te .and  eatholyte,  as wel l  as 
the  th ickness  of  the  m e m b r a n e .  The  vol tage  ba lance  is 
g iven  by  

V = E, ~ + r = 0+ + VM -- E3- - dp-]y = 0- [41] 
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Table I. Description of variables in optimization 

Variables Description 

X(1) 
X(2) 
X(3) 
X(4) 
X(5) 
X(6) 
X(7) 
X(8) 
X(9) 
X(10) 
X(ll) 
X(12) 
X(13) 
X(14) 
X(15) 
X(16) 
X(17) 

Total cell current (A) 
Applied current density (A/cm ~) 
Thickness of porous electrode (cm) 
Length of porous electrode (cm) 
Width of porous electrode (cm) 
Anodic volumetric flow rate (cm3/s) 
Anodic superficial velocity (crrgs) 
Initial concentration of species 1 (moYcm 3) 
Final concentration of species 1 (moYcm 3) 
Cathodic volumetric flow rate (cm3/s) 
Cathodic superficial velocity (cmJs) 
Initial concentration of species 3 (mol/cm 3) 
Final concentration of species 3 (mol/cm 3) 
Initial concentration of species 4 (mol/cm 3) 
Final concentration of species 4 (moYcm 3) 
Particle diameter (cm) 
Specific surface area (1/cm) 

The final model consisted of two nonlinear differential 
equations, 19 variables, eight equality constraints, and 
five inequality constraints. The two differential equa- 
tions were used to solve for the potential distributions ~P+ 
and r  The remaining 17 variables used in the optimiza- 
tion are presented in Table I. Upper and lower bounds are 
imposed on all these 17 variables. The number  of degrees 
of freedom was determined by the number  of variables 
minus the number  of equality constraints. In this study, 
the total number  of degrees of freedom was nine. 

Method of  solution.--The nonlinear differential equa- 
tions were solved with a finite difference numerical tech- 
nique. The nonlinear differential equations were first 
linearized about a trial solution, and the equations were 
then written in finite difference form by employing cen- 
tral difference operators. The resulting tridiag0nal matrix 
was then inverted by a modified Gauss-Jordan elimina- 
tion method (25) with the use of CDC Cyber 175. Solu- 
tions of the equation were obtained when a convergence 
of 0.01% was achieved by the mesh points during succes- 
sive iterations. 

The optimization problem was solved using a succes- 
sive quadratic programming method as implemented in 
the program SQPHP (26, 27). Successive quadratic pro- 
gramming was chosen because of its need for fewer func- 
tion and gradient evaluations, efficiency, ease of use, and 
reliability. In general, the optimization problem can be 
written in the following standard form 

Minimize F(X)  
Subject to: h,(X) = 0 i = 1, 2, . . . ,  P 

h,(X) I>0 i = P +  1 , . . . , Q  

where X is a vector of variables, F(X) is a nonlinear ob- 
jective function, and hi(X) are nonlinear equality and ine- 
quality constraints. This is the standard problem solved 
by SQPHP. Maximization problems can be easily trans- 
formed into standard minimization problems by multi- 
plying by -1;  hence, there is no loss in generality in con- 
sidering maximization problems. 

In  SQPHP, the P equality constraints are used to elimi- 
nate some of the variables. This is tantamount  to reduc- 
ing the dimensionality of the problem from N to N - P. 
The code then solves the original problem by solving a se- 
quence of reduced quadratic programming (QP) subprob- 
lems. 

The code handles bounds on the variables directly in 
the QP subproblems. There are several options available 
in the code. There is an option to restrict the initial step 
size during the initial first three iterations, and there is an 
option providing for automatic scaling of the objective 
function as well as for user-selected scaling of the varia- 
bles. 

Reverse communicat ion is used to provide SQPHP 
with values for F(X), hi(X), OF/Ox, and oh,/Oxj, i = 1, 2 , . . . ,  
Q; j = 1, 2 . . . .  , N. This means that computer instructions 
for their calculation must  be present in the user's pro- 

gram that calls SQPHP initially. When the subroutine re- 
quires the values of these terms, it sets the appropriate 
values of the variables in the vector X and it returns to 
the user's program with a flag variable, called INF, which 
is set to a negative value that indicates whether the evalu- 
ation of functions and derivatives is required. The user's 
program then sets the values of the required terms and, 
without altering any of the other arguments of SQPHP, 
calls SQPHP again with INF unchanged. The initial call 
of SQPHP is indicated by setting INF = 0, and the final 
return from SQPHP was indicated by INF > 0. Before the 
initial call, it is necessary to calculate F(X), hi(X), OF/Ox~, 
and Oh]Ox~, i = 1, 2, . . . ,  Q; j = 1, 2, . . . ,  N for the initial 
value X. Figure 2 is the flow diagram illustrating reverse 
communication. 

In the execution of the optimization runs, a large num- 
ber of different starting points were used, in an attempt to 
ensure that a global rather than local opt imum was found. 
A total of 68 optimization runs were made for each objec- 
tive function. The final program required 32.25K words 
of core on the CDC Cyber 175. 

Results and Discussion 
The methodology by which the following results were 

obtained was general enough for it to be applied to any 
electrolytic cell which can be modeled by a combination 
of differential and algebraic equations. Hence, the results 
below are presented to illustrate the types of considera- 
tions that can be made with the optimization method pre- 
sented here. The particular results obtained with the 
model system were not intended to correspond to a par- 
ticular application. 

A series of case studies was carried out in order to eval- 
uate optimization methodology as well as to explore elec- 
trochemical aspects of the problem. The 17 variables in 
the optimization problem are listed in Table I. Table II 
summarizes model parameters used, including physical 
property data, thermodynamic and kinetic rate constants, 
mass-transfer correlation, as well as economic data. For 
the case studies here, values of parameters were chosen 
to be representative of a paired synthesis from aqueous 
solution of two organic compounds, one valued at about 
$4/kg and the other about $5/kg. 

The simple profit objective function took into consid- 
eration power costs as well as market prices of feedstocks 
and products. Table III shows the optimal values together 
with the initial guesses. These initial guesses represent 
the starting point in the search for the opt imum and they 
are needed to initialize the program. A total of 68 starting 
points were tried, and several local maxima were found. 
The best of these local maxima has a maximum profit of 
$63,419.45/yr with a production rate of 10.1 mol/h, and cor- 
responds to the optimal values and starting point given in 
Table III. Since a large number  of different starting 
points were tried, making it likely that all local maxima 
were found, one can be reasonably confident, though not 
absolutely certain, that this is the global maximum. 

I,N,,,AL CALL t ,.F O I S0B OOT'NE S0P.. I 
SET _~ 

l 
I C A L L  SQPHP J 
3 ] 
Fig. 2. Flow diagram illustrating reverse communication 
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Table II. Summary of model parameters 

Input data 

Anolyte 
p 1.0056 g/cm 3 

0.0114 g/cm s 
K 0.0515 (12-cm) - '  

Anode reaction 
io 2.0 x 10 -~ A/cm 2 

Other parameters 
= 0.5 

# = 0.5 
P, = $0.72 
P~ = $0.53 
S, = $5.00 
S~ = $3.70 
e, = 0.97 
W1 = 100 g/mol 
W3 = 78 g/mol 
W3 = 50 g/mol 
W4 = 39 g/tool 

Selected upper bounds 
x -< 1OO cm 
y _< 45 cm 
z -< 4 cm 
Ap 1 • l0 s g/cm s ~ (1 atm) 

Catholyte 
1.0061 g/cm 3 
0.01115 g/cm s 
0.0552 (~-cm)-' 

Cathode reaction 
1.4 • I0 -~ A/cm 2 

It is seen  f rom the  op t imal  resul ts  in Table  III tha t  the  
d i m e n s i o n s  x, y, and  z of  t he  porous  e l ec t rode  cell were  
fo rced  to the i r  u p p e r  bounds ;  th is  was  e x p e c t e d  s ince  the  
objec t ive  func t ion  d id  no t  take  into accoun t  capi tal  costs.  
I nc reas ing  the  d i m e n s i o n s  of  the  cell w o u l d  m e a n  an in- 
c rease  in p r o d u c t i o n  ra te  and,  hence ,  profit .  However ,  as 
the  d i m e n s i o n s  of  the  cell increase ,  the  capital  cos ts  asso- 
c ia ted wi th  the  cell also increase.  To accoun t  for th is  
t rade-of f  b e t w e e n  inc reas ing  p r o d u c t i o n  rate  and  capital  
cost,  a capital  cos t  t e r m  inco rpo ra t ing  the  cos ts  of  t he  ma- 
terial  and  the  labor  r e q u i r e d  for  the  fabr ica t ion  of  the  cell 
n e e d s  to be  t aken  in to  cons idera t ion .  P r o v i d e d  e s t ima ted  
or ac tua l  cos t  data  are  available,  th is  can  be  i nco rpo ra t ed  
into the  op t imiza t ion  s c h e m e  wi th  m o d e s t  effort.  

The  o p t i m u m  anod ic  vo lumet r i c  f low ra te  Q, was  
f o u n d  to exis t  at the  u p p e r  b o u n d  of  t he  range,  whi le  the  
ca thod ic  vo lumet r i c  f low rate  Q2 was  not.  I t  was  m o r e  
prof i table  to increase  t he  t h r o u g h p u t  of  t he  a n o d e  s ince  
the  anod ic  p r o d u c t  was  m o r e  va luable  t h a n  the  ca thod ic  
p roduc t .  

With the  s imple  prof i t  objec t ive  funct ion ,  the  effect  of 
an inc rease  in ene rgy  cos ts  was  examined .  Alkire  et al. 
(10) had  u s e d  a d i f fe ren t  op t imiza t ion  p r o b l e m  to exp lo re  
h o w  changes  in the  pr ice  of  e lectr ic i ty  impac t  on profit  
and  on  o p t i m u m  p r o d u c t i o n  rate. As the  pr ice  increases ,  
t he  profi t  and  the  p r o d u c t i o n  rate  were  f o u n d  to decl ine.  
In  t he  p r e s e n t  s tudy,  the  major  impac t  of  inc reas ing  en- 
ergy cos t s  was  dec reas ing  profits.  In  the  s tudy  of  Alkire  
et al. (10), it was  f o u n d  tha t  changes  in m a r k e t  pr ices  af- 
fec t  only  the  o p t i m u m  value  of the  objec t ive  func t ion  and  
no t  t he  op t imal  ope ra t ing  condi t ions .  The same  effect  was  
o b s e r v e d  in the  p r e s e n t  s tudy.  

Table III. Optimal solution obtained with simple profit as objective 

Variable Initial guess Optimal value Unit 

Table IV. Optimal solution obtained with current per unit volume as 
objective 

Variable Initial guess Optimal value Unit 

I 4.5 • 10 -3 1.13 A 
i 1.0 • 10 -3 0.25 AIcm ~ 
x 3.0 3.0 cm 
y 0.25 0.25 cm 
z 1.5 1.5 cm 
Q, 1.88 x 10 -~ 0.56 cmVs 
v ~ 5.0 • i0 -~ 1.5 cm/s 
C, ~ 1.9 • 10 -8 9.10 X 10 -4 mol/cm 3 
C, 1.7 • i0 -s 9.0 x 10 -4 moYcm 3 
Q3 1.88 x I0 -~ 5.86 x 10 -2 cm3/s 
v -  5.0 • 10 -3 0.16 cm/s 
C3 ~ 1.9 x 10 -3 1.0 x I0 -3, moYcm ~ 
C3 1.7 • 10 -3 9.0 • 10 -4 mol/cm a 
C4 ~ 1.0 • 10 -~~ 9.68 • 10 -'~ mo]Jcm 3 
C4 9.0 • I0 -"  9.32 x 10 -'0 mol/cm a 
dp l.O • 10 -3 2.0 x 10 -3 em 
a 220 222 cm- '  

To tes t  the  c o n s i s t e n c y  of  t he  m e t h o d o l o g y  fur ther ,  an 
objec t ive  func t ion  was  c h o s e n  w h i c h  m a x i m i z e d  the  cur- 
r en t  pe r  uni t  vo lume.  Table  IV s h o w s  the  op t imal  values  
of  the  var iables  t o g e t h e r  wi th  initial guesses .  It was  f o u n d  
tha t  the  o p t i m u m  value was  0.5 A/cm 3, or 14,000 A/ft 3. 
Again,  because  a large n u m b e r  of  s tar t ing po in t s  were  
tried, it is l ikely tha t  th is  is the  global  m a x i m u m .  

The  major  d i f fe rences  in the  opt imal  resu l t s  ob ta ined  
f rom the  two d i f fe ren t  ob jec t ives  as s h o w n  in  Tables  III 
and  IV are in the  d i m e n s i o n s  of  the  cell and  in the  app l ied  
cu r r en t  densi ty .  In  t h e  case of  the  cu r ren t  pe r  un i t  vo lume  
as object ive,  the  cell d i m e n s i o n s  are smal le r  and  the  ap- 
p l ied  cu r r en t  dens i ty  h i g h e r  in c o m p a r i s o n  to the  profi t  
as objec t ive  case. This  is b ecau s e  the  ene rgy  cost  in pro- 
duc t ion  is no t  t aken  in to  acco u n t  in t he  cu r r en t  pe r  uni t  
v o l u m e  case. 

Fo r  t he  cases  inves t iga ted ,  t he  total  C P U  t i m e  n e e d e d  
to arr ive at  t he  o p t i m u m  d e p e n d e d  on the  s ta r t ing  po in t  
and  r anged  f rom 1.7 to 40s on a CDC Cyber  175. Of this,  
t he  t ime  s p e n t  in the  op t imiza t ion  code  r anged  f rom 0.5 to 
1.5s, the  r e m a i n d e r  was  s p e n t  in solving the  di f ferent ia l  
equat ions .  These  resu l t s  sugges t ed  tha t  eff ic ient  numer -  
ical m e t h o d s  for t he  so lu t ion  of  t he  d i f ferent ia l  equa t ions  
is cri t ically impor tan t .  These  resul ts  also sugges t ed  tha t  
adroi t  se lec t ion  of  s ta r t ing  po in t  is impor tan t ,  b u t  tha t  the  
compu ta t i ona l  cos ts  of  the  p r e s e n t  m o d e l  are m o d e s t  in 
all cases.  

The resul ts  o f  the  op t imiza t ion  runs  may  be re formu-  
la ted in to  in fo rma t ion  such  as cu r r en t  eff iciency,  selec- 
tivity, space- t ime  yield, and  ene rgy  c o n s u m p t i o n .  Table  V 
compi les  opt imal  resul ts  for t he  two objec t ives  invest i -  
ga ted  in this  s tudy.  

It was  found  tha t  a t e m p e r a t u r e  rise of abou t  1.5~ 
occu r red  in bo th  cases.  Hence ,  hea t  t r ans fe r  was  no t  an  
i m p o r t a n t  cons idera t ion .  

The sens i t iv i ty  of the  opera t ing  var iab les  was  invest i -  
ga ted  by  eva lua t ion  of the  Lagrange  mul t ip l i e r s  associa-  
t ed  wi th  t he  opt imal  solution.  The Lagrange  mul t ip l ie rs  
are sens i t iv i ty  coeff ic ients  and  are the re fo re  capab le  of 
giving an ind ica t ion  of  sensi t ivi ty .  The Lagrang ian  mult i-  
pl iers  are d e t e r m i n e d  as a b y p r o d u c t  of  the  op t imiza t ion  
code. They p rov ide  a relat ive m e a s u r e  of the  sensi t iv i ty  of  

I 1172.5056 543.0 A 
i 0.2513 0.12 A/cm 2 
x 28.75 100.0 cm 
y 1.3125 4.0 cm 
z 1.5 45.0 cm 
Q, 1.5125 270.0 cm3/s 
v + 0.4375 1.5 cm/s 
C1 ~ 2.5002 x 10 4 9.10 x 10 -4 moYcm 3 
C, 2.2502 x 10 -4 9.0 x 10 -4 mol/cm 3 
Q~ 1.5125 37.98 cm3/s 
v-  0.4375 0.21 cm/s 
C3 ~ 2.5002 • 10 -4 9.74 • 10 -4 moYcm 3 
C3 2.2502 x 10 -4 9.0 • 10 -4 mol/cm 3 
C4 ~ 1.0 • 10 -'~ 2.35 x 10 -9 mol/cm 3 
C4 9.0 • 10-" 2.28 • 10 -~ mol/cm 3 
d, 1.0 • 10 -3 9.05 x 10 -3 cm 
a 220 491 cm -1 

Table V. Optimal electrochemical figures of merit 

Objective function 

Profit 
Current per unit 

volume 

Current efficiency of 100% 100% 
anode 

Current efficiency of 100% 100% 
cathode 

Selectivity of anode 100% 100% 
Selectivity of cathode 100% 10(W/o 
Space-time yield . 1,105 molfliter-h 1,041 molfliter-h 
Energy consumption 126.5 kWh/kmoL 197.3 kWh/kmol 
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Table VI. Lagrange multipliers for select variables with simple profit as objective 

Lagrangian Expected change 
Constraints multipliers Units Change in optimal objective 

Current density -5.19 • 10 -Z~ $/A]cm2 1.2 • l0 -3 A/cm -~ - -  

Anodic volumetric 2.35 • 102 $/cm~/s 2.7 cm3/s $634.20 
flow rate 
Initial concentration of -6.39 • !09 $/mol/cm 3 9.1 • 10 -6 moYcm 3 -$58,169.00 
anodic reactant 
Cathodic volumetric 2.27 • 10 -'3 $/cm3/s 0.38 cmVs - -  
flow rate 
Initial concentration of -2.48 • 107 $/moYcm 3 9.7 • 10 -6 mol/cm ~ -$240.16 
cathodic reactant 
Specific surface area -2.01 x 10 -,s $/cm-' 4.9 cm -~ 

Table VII. Lagrange multipliers for select variables current per unit volume as objective 

Lagrangian Expected change 
Constraints multipliers Units Change in optimal objective 

Current density -1.26 • 10 -~4 A/cm3/A/cm 2 2.5 • 10- 3 A/cm z - -  

Anodic volumetric 0.89 A/cm3/cm:*/s 5.62 • 10 -3 cm3/s 0.005 
flow rate 
Initial concentration of -4.82 • 104 A/cm3/moYcm 3 9.1 • 10 .9 mol/cm '~ -0.439 
anodic reactant 
Cathodic volumetric -2.19 • 10 -19 A]cm3/cm3/s 5.86 x 10 -'4 cm3/s - -  
flow rate 
Initial concentration of 2.42 • 10-" A/cm:~/mol/cm '~ 1.0 • 10- ~ mol]cm ~ - -  
cathodic reactant 
Specific surface area 6.75 • I 0 - "  A/cm'Ycm-' 2.2 cm -~ 

the  ob jec t ive  f u n c t i o n  w i th  r e s pec t  to  smal l  c h a n g e s  in  
the  cons t r a in t s .  I f  t he  ob jec t ive  f u n c t i o n  is in  t e r m s  of 
dol lars  of profi t ,  t h e n  t he  L a g r a n g e  m u l t i p l i e r  ~,j m a y  b e  
i n t e r p r e t e d  as dol lars  of prof i t  pe r  u n i t  of the  i th  con-  
s t ra in ts .  

Tab le s  VI a n d  VI I  s h o w  t h e  L a g r a n g e  m u l t i p l i e r s  for  se- 
l ec ted  va r i ab l e s  for  the  two  ob jec t ives  i n v e s t i g a t e d  in th i s  
s tudy.  The  c h a n g e s  were  b a s e d  on  a 1% p e r t u r b a t i o n  of  
t he  va r i ab le s  at  t he  o p t i m u m .  The  e x p e c t e d  c h a n g e s  in 
op t !ma l  va lue  were  ca l cu la t ed  by  m u l t i p l y i n g  the  La- 
g r a n g e  mu l t i p l i e r s  by  t h e  m a g n i t u d e s  of  t h e  change .  By  
th i s  m e t h o d ,  i t  is p o s s i b l e  to  iden t i fy  t h e  m o r e  sens i t ive  
f ea tu res  of  the  cell  f r om a m o n g  t he  large  l is t  of  i n p u t  pa- 
r a m e t e r s  a n d  cons t r a in t s .  Th i s  capab i l i ty  s h o u l d  be  par- 
t i cu la r ly  he lp fu l  in  the  ear ly  s tages  of  e n g i n e e r i n g  assess-  
m e n t  and  d e v e l o p m e n t .  In  the  cases  s tud ied  in th i s  
inves t iga t ion ,  i t  was  f o u n d  t h a t  t he  sens i t i ve  va r i ab les  
were  t he  anod ic  f low ra te  a n d  t he  ini t ia l  c o n c e n t r a t i o n  of  
t he  a n o d i c  reac tan t ,  w i t h  t he  la t te r  b e i n g  t he  m o s t  sensi-  
t ive.  

Conclusions 
In  th i s  s tudy,  a success ive  q u a d r a t i c  p r o g r a m m i n g  tech-  

n i q u e  was  u s e d  to op t imize  a m o d e l  of  a p o r o u s  e l ec t rode  
cel l  t h a t  i n c o r p o r a t e d  c u r r e n t  a n d  po t en t i a l  d i s t r i b u t i o n  
p h e n o m e n a .  T h e  m o d e l  was  p r e p a r e d  for  o p t i m i z a t i o n  b y  
f o r m u l a t i n g  an  ob jec t ive  f u n c t i o n  as wel l  as a' s y s t e m  of  
equa l i t y  a n d  i n e q u a l i t y  c o n s t r a i n t s  t h a t  i n c l u d e d  mate r i a l  
ba l ances ,  c h a r g e  ba l ances ,  phys ica l  p roper ty ,  a n d  phys -  
ical l imi ta t ions .  

The  m o d e l  u s e d  in t h i s  s t u d y  cons i s t ed  of  two  nonl in -  
ear  d i f fe rent ia l  equa t ions ,  19 var iab les ,  e igh t  equa l i t y  con-  
s t ra in t s ,  a n d  five i n e q u a l i t y  cons t ra in t s .  T h e  m e t h o d o l -  
ogy d e s c r i b e d  he re  gave  t he  op t i m a l  va lue  of  a l l  t he  
va r i ab le s  r e q u i r e d  for  o p t i m i z a t i o n  of  two  d i f f e ren t  objec-  
t ives:  m a x i m u m  prof i t  b a s e d  on  the  p r i ces  of  c h e m i c a l s  
a n d  e lec t r ica l  e n e r g y  a n d  m a x i m u m  c u r r e n t  pe r  u n i t  vol- 
ume.  L a g r a n g i a n  m u l t i p l i e r s  were  u s e d  to d e t e r m i n e  t he  
sens i t iv i ty  of  t he  c o n s t r a i n t s  to t he  op t i m a l  so lu t ion .  

The  m o d e l  r e q u i r e d  t he  u s e  of  ce r t a in  phys i ca l  p r o p e r t y  
da ta  s u c h  as m a s s - t r a n s f e r  coeff icients ,  dens i ty ,  viscos-  
ity, conduc t iv i ty ,  v a p o r  p ressu re ,  act ivi ty ,  a n d  p r e s s u r e  
drop .  M e m b r a n e  t r a n s p o r t  p rope r t i e s  were  n e e d e d  to cal-  
cu la t e  cell vol tage.  P h y s i c a l  p rope r ty  da ta  co r re l a t ions  
we re  i n c o r p o r a t e d  w h e r e v e r  poss ib l e  for  d e t e r m i n i n g  
p r e s s u r e  drop,  v a p o r  p r e s s u r e  of  water ,  a n d  co r r ec t i ng  

conduc t i v i t i e s  for  t he  effect  of  poros i ty .  A lack of  availa-  
b i l i ty  of s u c h  aux i l i a ry  da ta  m a y  l imi t  the  accu racy  of  any  
op t im iza t i on  model .  

I t  is r ecogn ized  t h a t  to op t imize  a p roce s s  a n  en t i r e  
f l owshee t  n e e d s  to be  c o n s i d e r e d  r a t h e r  t h a n  a s ing le  
cell. I t  is also r e c o g n i z e d  t h a t  in  p roces s  o p t i m i z a t i o n  t he  
ob jec t ive  f u n c t i o n  n o r m a l l y  cons i s t s  of  m a x i m i z i n g  a ra te  
of  r e t u r n  on  i n v e s t m e n t  or m a x i m i z i n g  v e n t u r e  profit .  
W h i l e , r a t e  of  r e t u r n  is t he  f inal  c r i t e r ion  in  the  assess-  
m e n t  of  a process ,  it is s o m e t i m e s  c o n v e n i e n t ,  e spec ia l ly  
in  e l e c t r o c h e m i c a l  p rocesses ,  to deve lop  a c r i t e r ion  w h i c h  
p e r t a i n s  m o r e  c lose ly  to t he  e lec t ro ly t ic  process .  Hence ,  
for  e lec t ro ly t ic  p r o c e s s e s  in  t h e  p r e l i m i n a r y  d e s i g n  stages,  
h i g h  select ivi ty ,  space - t ime  yield,  c h e m i c a l  yield,  or  en-  
e rgy  yield m a y  be  t he  des i r ed  objec t ive .  However ,  in  a 
f i r s t -genera t ion  s t u d y  s u c h  as this ,  t h e  s i m p l e  prof i t  
f u n c t i o n  se rved  a d e q u a t e l y  to i l lus t ra te  t h e  u s e f u l n e s s  
a n d  feas ib i l i ty  of  t h e  m e t h o d o l o g y .  

T r e m e n d o u s  a d v a n c e s  in  t he  m o d e l i n g  of  e l e c t r o c h e m -  
ical s y s t e m s  h a v e  b e e n  m a d e  in  r e c e n t  years .  R igorous  
e l e c t r o c h e m i c a l  m o d e l s  b a s e d  on  c u r r e n t  a n d  po t en t i a l  
d i s t r i b u t i o n  p h e n o m e n a  w i t h i n  t he  cell h a v e  i nc rea s ing ly  
s e r v e d  as gu ides  in  t he  des ign ,  scale-up,  a n d  op t im iza t i on  
of  e l e c t r o c h e m i c a l  cclls. T h e  d e v e l o p m e n t  of d igi ta l  com- 
p u t e r s  a n d  n u m e r i c a l  m e t h o d s  for  op t imiza t ion ,  as wel l  as 
t h e  r e c e n t  p rog res s  in  t he  t h e r m o d y n a m i c s  of e lec t ro ly te  
so lu t ions ,  has  p a v e d  the  way  for  t he  u se  of i m p r o v e d  
o p t i m i z a t i o n  t e c h n i q u e s  for e l e c t r o c h e m i c a l  p rocesses .  
Th i s  s t u d y  a t t e m p t e d  to s h o w  h o w  s ta te-of - the-ar t  opti-  
m i z a t i o n  t e c h n i q u e s  can  be  app l i ed  to cell m o d e l s  to ob- 
t a i n  o p t i m a l  c o n d i t i o n s  a n d  to p r o v i d e  a n  e s t i m a t e  of  the  
sens i t iv i ty  of  o p e r a t i n g  var iab les .  O p t i m i z a t i o n  m e t h o d s  
can  ass i s t  in  i m p l e m e n t i n g  wise  t e c h n o l o g i c a l  c h a n g e s  in  
t he  e l e c t rochemica l  p roce s s  indus t ry .  
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L I S T  OF S Y M B O L S  

a specif ic  su r face  a rea  ( c m - ' )  
at ac t iv i ty  of  spec ies  i 
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concentrat ion (moYcm 3) 
diffusion coefficient (cm2/s) 
characterist ic part icle diameter  (cm) 
s tandard  electrode potential (V) 
anode thermodynamic  revers ible  potential  (V) 
cathode thermodynamic  reversible p0tential  (V) 
energy consumpt ion (kWh/kmol) 
symbol  for eleCtronic charge 
Faraday 's  constant  (96,487 C/g~eq) 
nonlinear objective function 
intrinsic reaction rate (A]crfi 2) 
activity coefficient of Species i 
l iquid flow rate (g/cm2s) 
thickness of anode (cm) 
thickness of Cathode (cm) 
nonlinear constraints 
total  cell current  (A) 
exchange current  densi ty (A/cm 2) 
appl ied current densi ty  (A/cm 2) 
mass transfer coefficient (cm/s) 
~otal electrode length (cn/) 
moIarity (molfliter) 
symbol  for species i part icipating in reaction 
molali ty (moYkg H20) 
species flux (moYcm2s) 
number  of electron s in reaction (g-eq/mol) 
total number  of variables 
number  of equali ty constraints 
pressure drop (g/cm s 2) 
pure  vapor  _pressure of water  (atm) 
vapor  pressure of water  (atm) 
anode volumetric flow rate (cm3/s) 
cathode volumetr ic  flow rate (cm~/s) 
total  number  of constraints 
molar  gas constant  (8:3143 J/mol~K) 
reaction source term (mol/cm3s) 
stoichiometric coefficient 
temperature  (K) 
t ime (s) 
current  efficiency of anodic reaction 
current  efficiency of cathodic reaction 
mobi l i ty  of species (cm 2 moYJ s) 
cell voltage (V) 
membrane  voltage drop (V) 
velocity of fluid (cm/s) 
anolyte velocity (cm/s) 
catholyte velocity (cm/s) 
vector of variables 
length of porous electrode (cm) 
thickness of porous electrode (cm) 
width of porous electrode (cm) 
symbol  of electronic charge of species i 

Greek characters 

anodic transfer coefficient 
fl cathodic transfer coefficient 
e void fraction (cm 3 void space/cm 3 reactor volume) 
K electrolyte conduct ivi ty [(gt-cm)-'] 
K, anolyte conductivi ty [(ll-cm) -1] 
K~ catholyte conduct ivi ty [(12-cm)-'] 
K0 specific conducivi ty [(12-cm)-'] 
p densi ty  of solution (g/cm 3) 

viscosity of solution (g/cm s) 
~br potential  (V) 
D potential  (V) 

Lagrange mult ipl ier  
A ionic strength 

Superscr ipts  

o value at reactor inlet 
surface value 

' products  of reaction 

Subscr ipts  

i species 1 
j reaction j 
r reference value 
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Voltammetric Studies of Electrodes in Contact with Ionomeric 
Membranes 
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ABSTRACT 

Cyclic voltammetry studies were carried out on platinum and gold screen electrodes in contact with Nation iono- 
meric membranes. In addition, experiments were carried out on multiple combinations of platinum screens with either 
graphite felt or gold screen electrodes, with only one of the electrodes in direct contact with the membrane. In the case 
of platinum and gold screens, it was found that the voltammograms were almost identical to that found for the same 
screens in acidic aqueous electrolytes. When two platinum screens were used, the adsorption charges on the platinum 
doubled. Obviously, adsorption can occur on sites remote from the membrane/electrode contact, provided the metal is 
wetted with water. In the case of platinum, a mechanism based on rapid mobility of adsorbed hydrogen and hydroxyl 
species is proposed. The implications of these findings regarding solid polymer electrolyte electrolyzers and fuel cells 
are discussed. 

In the past 25 years, ionomeric membranes have been 
used in many electrochemical applications. These include 
water electrolyzers (1, 2) fuel cells (2-4), electrochemically 
regenerative energy storage systems (2), and various elec- 
trochemical reactors. The latter include brine electroly- 
zers (2), ozone generators (5), and reactors for organic syn- 
thesis (6-8). In the case of water electrolyzers and fuel 
cells, the electrodes are bonded to the membrane surface. 
This is accomplished by pressure bonding an electro- 
catalyst (e.g., Pt  or RuO2) on to the membrane surface (8) 
or by direct reduction of platinum on to the membrane 
(9). The structure (10, 11) and transport properties (12, 13) 
of these membranes have been characterized by most of 
the sophisticated techniques of materials science. How- 
ever, there have been very few studies of electrodes in 
contact with ionomeric membranes. 

In fuel cells with ionomeric membranes, it is well 
known that good performance can be obtained only with 
prehumidified reactants. This has been attributed to 
maintenance of water content and conductivity of the 
membrane (4). In the case of electrolyzers, corrosion prob- 
lems have been observed on bipolar separator plates in 
regions that are remote from the membrane electrocata- 
lyst interface. The mechanisms of this are not 
understood. 

Stucki and Menth (14) reported the first cyclic voltam- 
mograms for a platinized platinum screen in contact with 
a Nation ionomeric membrane.  They found that the cyc- 
lic vol tammograms for the same screens in IN H2SO4 
were almost identical. No explanation was given for this. 
More recently (15), investigations were made on chemic- 
ally reduced platinum on Nation membranes.  Cyclic 
vol tammograms were found to be the same irrespective 
of whether  the working electrode was exposed to nitro- 
gen or flooded with nitrogen purged 1M HC104. 

The electrochemical oxidation of hydrogen on platinum 
in contact with an ion exchange membrane has been in- 
vestigated (16). However, interpretation of the results is 
difficult because of residual H2SO4 in the membranes 
and the effects of organic materials from the membrane 
on hydrogen oxidation (17). 

Chernyshov has examined the catalyst/solid polymer 
electrolyte both experimentally and in terms of porous 
electrode theory (18). He concluded that increases in elec- 
trode activity can be achieved by dispersing a powder of 
the finely divided ionomeric material in the catalyst (19). 

At present, the current-generation mechanism and the 
factors controlling catalyst utilization at electrodes in con- 
tact with ionomeric membranes are poorly understood. 
This is the subject of the present investigation. Cyclic 
vol tammetry results for platinum and gold screens in con- 
tact with Nation membranes are presented. Initial stud- 
ies with platinum screens confirmed the results of Stucki 
and Menth (14). The hydrogen adsorption charge was 
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identical for a platinum screen pressed against a Nation 
membrane and for the same screen in 0.5M trifluometh- 
anesulfonic acid. Obviously, all of the screen was utilized 
for hydrogen adsorption even though only approximately 
one third of the screen was in contact with the mem- 
brane. Two hypotheses were advanced to explain this: 
one was fast mobility of adsorbed hydrogen on the plati- 
num metal surface; the other was an ionic pathway 
through the water surrounding the Nation membrane.  To 
test these hypotheses, several experiments were carried 
out. These included use of multiple platinum screens one 
on top of the other and the interposition of graphite felt or 
a gold screen between the platinum and the  membrane. It 
is known that hydrogen neither adsorbs nor is mobile on 
either of these materials. By means of these tests, it was 
possible to elucidate the relative contributions of fast sur- 
face mobility and ionic pathways in the water. 

Experimental 
The cell.--The cell used in these investigations is shown 

schematically in Fig. 1. The cell body was machined from 
two blocks of PTFE. The overall dimensions of the ma- 
chined blocks were 6.5 x 6.5 x 2.0 cm. When the cell was 
assembled, the Nation membrane and the electrodes 
were clamped between both PTFE blocks, which were 
bolted together. Provisions were made for having the 
electrodes and membrane under a slight compression 
during a run. A number  of holes and grooves were ma- 
Chined in the PTFE to ensure ready access of water to the 
electrodes and membrane.  

The reference electrode.--The reference electrode was a 
dynamic hydrogen electrode (DHE) and is shown in Fig. 
1. The electrode was in a glass tube containing 0.5M 
trifluoromethanesulfonic acid (TFMSA). The salt bridge 
consisted of a 1.25 mm Nation tubing (du Pont  no. 815X) 
inside a PTFE tube. The tubing was wetted with triply 
distilled water prior to cell assembly. To prevent si- 
phoning of the TFMSA, several knots were tied on the 
tubing. Electrolytic contact was made by pressing the 
tubing against the membrane.  

Working and counterelectrodes.--The counterelectrode 
was a circular disk of 52 mesh platinum screen (2.4 cm 
diam) with a spotwelded platinum lead. The working 
electrodes were similar circular electrodes with wire 
leads. The graphite electrode was a 0.25 mm thick graph- 
ite felt (Fiber Materials, Incorporated, GH Graphite Felt). 

Experimental procedures.--Particular care was given to 
cleaning the cell, the membrane,  and the electrodes. 

The cell was cleaned by immersion in concentrated 
HNO~ for three days and then washed repeatedly in triply 
distilled water for an additional three days. 

The membranes (du Pont  Nation 125) had a yellowish 
tinge which has been ascribed to some unknown impu- 
rity (20). The membranes were cut to size and boiled for 
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Fig. 1. Schematic of cell for cyclic voltammetry studies. This shows 
the electrode arrangement when one platinum and two gold elec- 
trodes were used as the working electrode. 

4h in triply distilled water. The water was changed four 
times during the boiling operation. After  that the mem- 
branes were soaked for five days in triply distilled water. 
The water was changed twice each day. The washed 
membranes were clear. 

The plat inum electrodes were cleaned by a method de- 
scribed by Hoare (21). Gold electrodes were cleaned by 
soaking for three days in concentrated HNO3 and were 
then subjected to repeated washings in triply distilled 
water for three days. The graphite felt was cleaned by re- 
peated washings in triply distilled water. 

Prior to a run, the Nation membrane was placed in 300 
ml of triply distilled water in a covered container. Nitro- 
gen was bubbled through the water for 30 min  to remove 
oxygen from the membrane.  Meanwhile the beaker cell 
container (Fig. 1) was tilled with triply distilled water, 
and the water was purged with nitrogen for 30 rain. The 
cell was quickly assembled and transferred to the beaker 
cell. The cell was immediately evacuated to remove air 
bubbles,  thus ensuring complete flooding of the elec- 
trodes with water. The bell jar was backfilled with nitro- 
gen. The cell was then immediately connected to the 
potentiostat (Stonehart Associates BC 1200), and cyclic 
voltammetry measurements were started. 

Results 
Plat inum screens on Nation and in 0.SM TFMSA.- -  Fig- 

ure 2 shows cyclic voltammograms for a pla t inum screen 
in contact with Nation and in 0,5M TFMSA. The results 
are similar to those of Stucki and Menth, in that the cyclic 
voltammograms are very similar. One salient aspect of the 
cyclic voltammograms on plat inum in contact with 
Nation is the reversibility of the peaks. Peak shifts with 
sweep rate (10-200 mV/s) were very similar to those re- 
ported for pla t inum in 1M H~SO4 (22). 

Results with plat inum electrodes that were not flooded 
with water were similar. However, it was necessary to 
carefully prehumidify the nitrogen gas to get reproduci- 
ble results. Therefore, in the remainder of the experi- 
ments  the simple expedient of flooded electrodes was 
used. 

When two screens, one on top of the other, were placed 
against the Nation membrane,  the amount  of charge in 
the hydrogen and oxide region was doubled (Fig. 3a). 
Even though only one screen was in direct contact with 
the Nation, the surfaces of both screens were utilized for 
hydrogen and hydroxyl adsorption. Introduction of the 
second screen did not  introduce any irreversibilities in 
the cyclic voltammogram. 

When a graphite felt disk was interposed between the 
two plat inum screens and the membrane,  the cyclic 
voltammogram in Fig. 3b was obtained. This cyclic 

0.4 I i ] I I I I 

0.2 

~ o 

~ 02 

0.4 

"~ ""~ 25oC 

',; 

I I I I  I I I I i  I I I 
0 0" 2 0.4 0.6 O IB 1.0 112 1.4 

P O T E N T I A L ,  V, DHE 

Fig 2. Cyclic voltammograms for a 2.4 cm diam, 52 mesh platin,~m 
screen electrode in contact with Nation (solid line) and the same elec- 
trode in 0.SM TFMSA (broken line). Platinum wire diameter was 0.1 
mm; sweep rate was 50 mV/s. 

voltammogram differed from that for the graphite felt 
alone in contact with the membrane (Fig 3c). The results 
in Fig. 3b would indicate that there is double-layer 
charging of the plat inum as well as some hydrogen ad- 
sorption and reduction of plat inum oxide. The shape of 
the cyclic voltammogram is consistent with these pro- 
cesses occurring through a highly resistive electrolyte 
pathway (23, 24). 

A gold screen on Nation and in 1M H~SO~---Figure 4 
shows cyclic voltammograms for a gold screen in contact 
with a Nation membrane and for the same screen in 1M 
H2SO4. Even though there was some shift in the peaks the 
cathodic oxide stripping charge was identical for both 
voltammograms. This indicates that, as with platinum, all 
of the screen is utilized for oxide formation. In the case of 
the screen in contact with the Nation membrane, the 
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Fig. 3. o: Cyclic voltammograms for one and two 2 cm diam, lO0 
mesh platinum screen electrodes in contact with Nation; platinum 
wire diameter was 0.076 mm, b: The same two screens with a 2.8 cm 
diam 0.25 mm graphite felt between the two platinum electrodes and 
the membrane, c: The graphite felt alone with a gold wire contact. 
Sweep rate was 50 mV/s. 
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Fig. 4. Cyclic voltammograms for a 2.8 cm diam, 80 mesh gold 
screen electrode in contact with Nation (solid line) and the same elec- 
trode in 1M H2SO4; the gold wire diameter was 0.1 ram. The sweep 
rate was 50 mV/s. 
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peak shifts with sweep rate (10-200 mV/s) were similar to 
that observed for gold in 1M HC104 (25). There~was no evi- 
dence of hydrogen adsorption. 

Combinations of gold and platinum screens on Na- 
t ion,--Figure 5 shows cycli c voltammograms for a com- 
binatiOn of one gold and two platinum screens, with the 
gold screen in contact with the Nation membrane.  The 
reversible reduction peaks for the oxide on gold can be 
seen at ~ 1.1V. The peaks for hydrogen desorption and 
reduction of platinum oxide and distorted. However, they 
can be seen more clearly than in the case where graphite 
felt was interposed between the platinum and the mem- 
brane. Once again, processes ocurring through a highly 
resistive electrolyte pathway are indicated. The results 
were reproducible. After minor changes in the cyclic 
vol tammogram in the first few cycles, the pattern re- 
mained stable over a 6h period of cycling between 0.05 
and 1.8V. 

On increasing the sweep ra te  from 10 to 100 mV/s, the 
gold oxide reduction peak shifted from 1.14 to 1.09V. The 
corresponding potentials for the platinum Oxide reduc- 
tion peak were 0.6 and 0:32V. 

Figure 6 shows a cyclic vol tammogram for a combina- 
tion of one platinum and two gold screens with the plati- 
num screen in contact with the Nation membrane.  Also 
shown is a cyclic vol tammogram for the two gold screens 
alone. All of the oxide reduction, hydrogen adsorption, 
and hydrogen desorption peaks are at the expected po- 
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Fig. 5. Cyclic voltammogram for a combination of a 2.8 cm diam, 
80 mesh gold electrode and two 2 cm diam, 100 mesh platinum el#c- 
trodes, with the gold electrode in contact with the membrane; sweep 
rate was 50 mV/s. 
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Fig. 6. Cyclic voltammograms for a combination of a 2.8 cm diam, 
100 mesh r platinum electrode and two 2 cm diam, 80 mesh gold elec- 
trodes, with the platinum electrode in contact with the membrane; 
sweep rate was 50 mV/s. Also shown is a Cyclic voltammogram for the 
two gold screens alone. 

tentials. There are no distortions in the cyclic voltammo- 
grams, other than those that can be ascribed to reduction 
of oxygen that i s  dissolved in the membrane. This shifts 
the current in a negative direction at potentials less than 
0.9V. 

Discussion 
General features of the cyclic voltammograms.--The re- 

sults in Fig. 2-4 indicate that the cyclic vo l tammograms 
on either platinum or gold screens in contact with Nation 
are very similar to those found for t h e  same screen in 
aqueous acid electrolyte. Slight negative shifts in the cur- 
rent in the hydrogen region can be ascribed to reduction 
of dissolved oxygen in the membrane. Differences in  the 
oxide region can be explained in terms of anion adsorp- 
tion (26). The doubling of the adsorption charges when a 
second screen is introduced (Fig. 3a) confirms the fact 
that parts Of the electrode that are remote  from the mem- 
brane surface are electrochemically active. The results in- 
dicate that, provided the nitrogen gas humid i ty  is suffi- 
ciently high, flooding of the electrode with water is not 
necessary to achieve complete utilization of the electrode 
surface. 

If either graphite felt (Fig 3b) or a gold screen (Fig. 5) is 
interposed between the platinum electrode and the m'em- 
brane, there is considerable distortion of the platinum ox- 
ide reduction peaks and the peaks for hydrogen adsorp- 
tion and desorption. The results are consistent with the 
effects of a resistive electrolytic path. However, interposi- 
tion of a platinum screen between the gold electrodes and 
the membrane does not affect the oxidation or reduction 
behavior at the gold electrodes. 

Mechanism of current generation:,Three possible 
mechanisms for current generation at sites remote from 
the membrane surface are (i) fast surface mobility of ad: 
sorbed species on the electrodes, (ii) conduction through 
the water because of dissolved Nation fragments, or (iii) 
surface conductance effects. 

If material leached from the Nation into the water, one 
would expect a decrease in the water pH with time. No 
such pH change was observed. The stability of the cyclic 
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vol tammogram in Fig. 5 over a 6h period would tend to 
exclude this mechanism. 

The most likely mechanism for the highly reversible be- 
havior with platinum and gold screens is rapid surface 
mobility o f  adsorbed hydrogen and hydroxyl  species. Ad- 
sorbed hydrogen on plat inum is undoubtedly a very mo- 
bile species (27), and recent  studies show that adsorbed 
hydroxyl  species on plat inum are reactive, even at very 
low temperatures (28). This would imply a rapid surface 
mobility, so the mechanism appears reasonable. 

Hydrogen does not adsorb on gold or graphite. This 
would explain the absence of reversible behavior in the 
hydrogen region (Fig. 3b and 5). Reduction of platinum 
oxides occurs in a potential region where oxide species 
are not adsorbed on gold or graphite. This would account 
for the irreversible behavior found for oxide reduction 
(Fig. 5). However, in the case where the platinum is inter- 
posed between the gold and the membrane,  gold oxide 
formation and reduction occurs in a potential domain 
where hydroxyl groups are adsorbed on the platinum. 
Rapid migration of these on platinum yield the reversible 
behavior for reduction of the gold oxide species (Fig. 6). 

Surface conductance effects are the most plausible ex- 
planation for the resistive conductance path which yields 
the irreversible behavior in the cyclic vol tammograms in 
Fig. 3b and 5. It is well known that, when glass is im- 
mersed in water, ionization of the silicate groups will alter 
the water conductivity at the glass surface (29). Similar ef- 
fects will occur when Nation is immersed in water. These 
surface protons can provide a conductive pathway along 
the surface of the gold or graphite and transmit current to 
the platinum. In the hydrogen region, the gold will be 
negatively charged and the protons at the membrane sur- 
face can rearrange themselves over the gold surface to 
provide a conductive pathway. At more positive poten- 
tials, conduction can occur via adsorbed water and a 
Grotthus mechanism. A mechanism such as this would 
explain the reproducibili ty of the effects and the invari- 
ance of the cyclic vol tammograms in Fig. 5 over several 
hours. 

Implications regarding electrolyzers and fuel cel ls . -  
Solid polymer electrolyte electrolyzers use platinum 
black hydrogen electrodes and noble metal oxides (e.g., 
IrRuOx) as oxygen electrodes (30, 31). The adsorbed inter- 
mediates for both reactions are mobile on their respective 
electrocatalysts. Therefore, a high degree of electrocata- 
lyst utilization is expected. 

I n  a solid polymer electrolyte electrolyzer, the oxygen 
electrocatalyst is in contact with an anode support such 
as porous t i tanium foil. This, in turn, contacts the bipolar 
current collector which is usually made from a carbon- 
plastic composite (1). Because of corrosion problems, it 
has been necessary to coat this with a thin foil of t i tanium 
or platinum. Carbon oxidation can occur either via fast 
hydroxyl  mobility on the porous t i tanium surface or via 
the surface conductance mechanism. 

Solid polymer electrolyte fuel cells use platinum black 
as the electrocatalyst for both electrodes. Hydrogen can 
dissociate anywhere on the platinum and migrate to the 
membrane.  Catalyst utilization is expected, therefore, to 
be high. In the presence of water, oxygen can interact 
with platinum to form adsorbed hydroxyl species (28). 
Fast mobility of the latter would yield high electrocatalyst 
utilization. A carbon-supported platinum catalyst would 
preclude such mobilities and would result  in a low 
electrocatalyst utilization. Only the resistive surface con- 
ductance pathway would be available. There are no re- 
ports of the use of carbon-supported platinum electroca- 
talysts in solid polymer electrolyte fuel cells. Supported 
catalysts would require pathways for ionic conduction in 
the electrode structure (8, 18, 19) or catalyst supports that 
would permit surface mobility of adsorbed hydrogen or 
hydroxyl  intermediates. 

Conclusions 
Cyclic vol tammograms on platinum and gold screen 

electrodes pressed against Nation membranes are almost 

identical for those obtained for the same screens in aque- 
ous acid electrolytes. This indicates that the various elec- 
trochemical  adsorption and desorption processes can oc- 
cur on parts of the screen that are not in direct contact 
with the membrane.  A set of critical experiments was de- 
vised which indicated that two pathways can exist for the 
occurrence of electrochemical adsorption reactions o~, 
parts of the metal not in contact with the membrane. One 
is a fast process involving fast mobili ty hydrogen or hy- 
droxyl species on the metal; the other is a resistive 
pathway involving surface conductance effects. This has 
important impl icat ions  regarding the performance of 
electrochemical devices with Nation membranes.  
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Open-Circuit Photopotentials and Photoelectrochemical Behavior of 
the Si-Doped Semiconductor Electrode in Acetonitrile 

Solutions 

Saeed Sahami and John H. Kennedy* 

Department ofChemist~,  University ofCalifornia, Santa Barbara, California 93106 

ABSTRACT 

The photoelectrochemical behavior of Si-doped sintered polycrystalline a-Fe203 was investigated in acetonitrile so- 
lutions containing the redox couples ferrocene, C1 -, Br- ,  I- ,  Ru(bpy)3 ~+, Fe(bpy)~ 2+, and Fe(phen)32+. There was no oxida- 
tion in the dark at the iron oxide electrode for these couples, but they all showed photo-oxidation at potentials negative 
of their oxidation potential at Pt. Cathodic back reactions of all couples, except  halides, were observed. This indicates 
that surface states capable of mediating electron transfer from the conduction band to the oxidized forms of the couples 
exist in the bandgap region of the iron oxide. In addition, open-circuit photovoltages were found to increase with in- 
creasing redox potentials of these couples. An open-circuit photopotential as high as 0.8V was obtained for Ru(bpy)33*~*. 

Iron oxide (a-Fe~O3) has been widely investigated as a 
semiconductor electrode material for photoassisted elec- 
trolysis of water. This is due to the following facts: (i) it 
has high stability, (ii) it is inexpensive and electrode fab- 
rication is easy, and (iii) it has a relatively small bandgap 
of 2.2 eV. Although photochemistry of variously prepared 
iron oxide electrodes has received considerable attention 
in aqueous media (1-26), little work has been performed in 
nonaqueous solvents (27-29). Fredlein and Bard have re- 
ported the behavior of iron oxide electrodes in acetoni- 
trile (27) using Pb-doped single-crystal, Ti-doped sintered 
polycrystal, and chemical vapor deposited films of Fe203. 

Since it has been shown by Kennedy and co-workers 
(13) that silicon is a better dopant for ~-Fe203 than tita- 
n i u m  (i.e., higher photocurrents were observed for Si- 
doped a-Fe~O3 at less positive potentials), we decided to 
examine the behavior of Si-doped iron oxide in acetoni- 
trile. In the present work, we report the properties of SiC- 
doped ~-Fe203 in acetonitrile solutions containing various 
redox couples, including polypyridine complexes and 
halides. In addition, open-circuit photovoltage measure- 
ments helped to understand the energetics of the 
a-Fe2OJliquid junction interface. 

Experimental 
Preparation of sintered polycrystalline ~-Fe~O3 elec- 

trodes doped with 1 atomic percent (a]o) SiC (n-type 
Fe203) have been previously described (22, 25). The elec- 
trodes were about 0.37 cm 2 area and 0.1 cm thick. Electri- 
cal contact to the a-Fe203 was made by sputtering gold 
film on one side. A Cu wire was attached to the sputtered 
gold using silver epoxy (Epoxy Technology Incorpora- 
ted). The electrode and Cu wire were sealed in a glass 
tube with ordinary epoxy, leaving only one face of the 
a-Fe203 exposed. The resistances of the electrodes mea- 
sured at 1 kHz in aqueous solution were 60-35012. 

A three-compartment electrochemical cell with ~-Fe20~ 
photoanode, a coiled Pt  wire counterelectrode, and a 
silver quasi-reference electrode was used. The reference 
and counterelectrode compartments  were separated from 
the main compartment  by medium porosity fritted-glass 
disks. The main compartment  (containing the working 
electrode) had an optically flat quartz window. The po- 
tential of silver electrode was determined during each ex- 

*Electrochemical Socmty Active Member. 

periment from cyclic vol tammograms of each couple at 
the Pt measured with respect to both silver and aqueous 
saturated calomel electrode (SCE). All potentials are re- 
ported vs. SCE. The cell was kept under a N2 gas blanket 
which was passed through acetonitrile. All measurements 
were carried out at ambient  temperature. 

Cyclic voltammograms and photocurrent-voltage 
curves were obtained using an EG&G PAR 174A, and a 
Houston Omnigraphic Model 2000 X-Y recorder. Open- 
circuit photovoltages were measured with a mult imeter  
(Keithley Model 179). 

The light source was an Oriel 150W Xe lamp. The light 
path included a shutter (1 in.), an infrared filter, and a 
quartz lens. The light intensity was measured with an 
EG&G Model 450-1 radiometer/photometer and light ab- 
sorbing neutral density filters. Light intensity at the elec- 
trode surface was -450 mW/cm ~. Screen-type neutral den- 
sity filters were used to reduce the light intensity when 
desired. 

Spectroscopic-grade acetonitrile (Mallinckrodt) was 
used without further purification. Tetra-n-butylammon- 
ium perchlorate (TBAP) purchased from Alfa was dried 
in a vacuum oven at 80~ and used as the supporting 
electrolyte. Fe(bpy)3(C104)2, Fe(phen)3,(C104)2, and 
Ru(bpy)3Cl~.6H20 (where bpy = 2,2'-bipyridine and phen 
= 1,10-phenanthroline) were obtained from G. F. Smith 
Chemical Company. To eliminate the interference of chlo- 
ride electrochemical oxidation (at both Pt  and illumi- 
nated a-Fe~O3 in acetonitrile), Ru(bpy)3(C104)2 was pre- 
pared from its chloride salt, using a previously published 
method (30). Ferrocene and anhydrous salts of LiC1, LiBr, 
and LiI were purchased from Alfa. The halide salts were 
dried in a vacuum oven prior to their use. For photovolt- 
age measurements,  the oxidized form of each couple was 
generated in solution by means of either constant poten- 
tial or constant current coulometry. 

Results and Discussion 

Open-circuit photopotential measurements.~In order to 
determine the effect of the redox potential and chemical 
nature of the individual redox system on the energetic sit- 
uation at the a-Fe2OJelectrolyte interface, the photovolt- 
ages of several redox couples dissolved in acetonitrile 
were measured. The ideal semiconductor/l iquid junction 
model  (31) predicts that the bandedges, E~b and Evb, are 
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Fig. 1. Open-circuit photovoltage as a function of light intensity for 
various redox couples in 0.1M TBAP/acetonitrile solutions. 1: Ru(bpy)~ ~§ 
2: Fe(bpy~ ~§247 3: CI:~-/CI-. 4: Br:~-/Br . 5: I:~_/I-. 6: Fe(phen)3~/~. 7: 
Ferricinium/ferrocene. 

f ixed and the  a m o u n t  of band  bend ing  depends  on the  
r edox  potent ia l  of  the  couple .  Accord ing  to the  model ,  the  
m a x i m u m  open-c i rcui t  photovol tage ,  Eo~ (max) for an 
n- type s emiconduc to r  is g iven  by 

Eoc (max) = Ere~o x - -  E ~  

where  E~B and  Ere~o~ are the  f la tband potent ia l  of  the  sem- 
i conduc to r  and r edox  potent ia l  of  the couple  in the  solu- 
tion, respect ively .  Thus,  in the  absence  of  changes  in the  
double  layer  or surface  reaction,  the  pho tovol tage  should  
increase  propor t iona l ly  wi th  E~o~ (32). 

Plots  of  the  open-c i rcui t  pho tovol tages  of  var ious  redox  
couples  in 0.1M T B A P  in acetoni t r i le  as a func t ion  of  log- 
a r i thm of  l ight  in tens i ty  are  shown in Fig. 1. The  s lopes of  
the  l ines are in the  range  of  24-27 mV, e x c e p t  for polypyri-  
d ine  couples ,  where  larger  slopes were  observed.  The  
s lopes for Ru(bpy)~ ~+/2+, Fe(bpy)s S ~ ,  and Fe(phen)s ~+~§ are 
36, 38, and 58 mV, respect ively .  Accord ing  to a s implis t ic  
mode l  at 25~ a s lope of  25.7 m V  (i.e., kT / e )  is expec t ed  
(31, 33). A l though  s lopes  close to this va lue  have  been  ob- 
se rved  in several  p rev ious  cases (21, 33), larger  slopes 
have  also been  repor t ed  (31, 33). Slopes  greater  than  k T / e  
have  been  a t t r ibu ted  to a nonequ i l i b r ium dis t r ibut ion  of  
e lec t rons  and holes  in the  space-charge  layer of  the  semi- 
conduc to r  e lec t rode  (31, 33). 

In Fig. 2, the  d e p e n d e n c e  of  the  pho tovol tages  on redox  
potent ia ls  is represented .  Values  of  Eo~ are  obta ined  at 
a-Fe~O~ elect rodes  us ing  the  h ighes t  l ight  in tens i ty  availa- 
ble (~450 mW/cm2). Values  of  E~oox are the  average  of  the  
ca thodic  and anodic  peak  potent ia ls  obta ined  f rom cyclic 
v o l t a m m o g r a m s  at a P t  electrode.  Tabula t ions  of  Eo~, 
E~e~ox, and anodic  peak  potent ia ls  at both  P t  and i l lumi- 
na ted  ~-Fe~O~ are p re sen ted  in Table  I. As can be  seen 
f rom Fig. 2, t he  open-c i rcui t  pho topo ten t i a l  general ly  
rises wi th  increas ing  E~,~o~. A l though  var ia t ion  of  Eo~ for 
the  po lypyr id ine  couples  is less p ronounced ,  it is obvious  
that  the  F e r m i  level  p inn ing  mode l  (that predic ts  a n  Eredo x 

i n d e p e n d e n t  photovol tage)  is not  ent i re ly  appl icable  to 
this sys tem.  H o w e v e r  the  behav io r  is far f rom the  ideal  
expec ta t ion  where  a s t ra ight  l ine wi th  s lope of 1 is antic- 
ipated.  In  add i t ion  to some  F e r m i  level  p inning,  the  nega- 
t ive deviation from the straight line for polypyridine com- 
plexes might also be due to their high molar absorptivity. 
High absorptivity (in addition to h§ - recombination 
processes) limits the light absorption by ~-Fe~O~ which in 
turn prevents achieving the highest possible Eoc. The pos- 
itive deviation of I~-/I- from the theoretical line may be 
partly due to its more negative E~, as discussed later. 

It has been suggested by Wrighton and co-workers 
(34, 35) that the extent to which the photoanodic peak (at 
n-type semiconductors) is more negative than the anodic 
peak at Pt is a measure of the Eoc for fast redox couples. 
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Compar i son  of  the  va lues  of  Eor a n d  AE~ in Table  I indi- 
cates that  there  is a re la t ively  good a g r e e m e n t  be tween  
these  values  for e lec t rochemica l ly  revers ib le  couples  such  
as Ru(bpy)33~/2+, Fe(bpy)33+/2§ and ferr iciniurrdferrocene.  
The  behav ior  of  Fe(phen)33+~2~ is an except ion .  A l though  
the  r edox  potent ia l  of  Fe(phen)33§247 is ve ry  s imilar  to its 
analog b ipyr id ine  complex ,  its Eor is smal ler  than  tha t  of  
Fe(bpy)33+/2+. This  indica tes  that  surface energet ics  are 
sens i t ive  not  only to the  Er~do~ bu t  also to the  chemica l  na- 
ture  and e lec t rochemica l  k inet ics  of  the  couple.  

V o l t a m m e t r i c  m e a s u r e m e n t s . - - I n  Fig. 3, current-poten-  
tial scans for 0.1M TBAP in acetonitrile at a-Fe203 both in 
the dark and under illuminated po]ychromatic light are 
shown. The anodic currents in Fig. 3 are due to the oxida- 
tion and photo-oxidation of the supporting electrolyte 
(i.e., CIO4-) (27). The cathodic currents correspond to the 
reduction of iron oxide. 

Flatband potentials were measured in separate acetoni- 
trile solutions containing different couples, using the pre- 
viously described transient photoeurrent technique (25). 
EFB in I- solutions was found to be somewhat more' nega- 
tive (~0.1V) than those measured in other solutions. In 
general, though, EFB for all acetonitrile solutions was 0.I -+ 
0.1V vs. SCE. Knowing ErB and Ebb, one can locate the val- 
ence and conduction bandedges, E~b and E~b, respectively, 
by recognizing that for a highly doped n-type semi- 
conductor, E~ is within 0.1V of Ecb. This means that for 
couples with Eredo x between ~0.i and 2.2V vs. SCE, St- 

Table I. Open-circuit photopotentials and cyclic voltammetric 
parameters for various redox couples at Pt and illuminated ~-Fe203 in 

0.1M TBAP/acetonitrile 

Redox couple Eoc a Eredox b Epa  Ptc Epa  ~-Fe2OSd /~kE pa e 

Ru(bpy)3 ~j'2~ 0.80 1.28 1.31 0.59 0.72 
Fe(bpy)3 ~§ 0.72 1.05 1.10 0.43 0.67 
Fe(phen), 3~§ 0.46 1.09 1.14 0.92 0.22 
Ferriciniurrffferrocene 0.12 0.4 0.45 0.33 0.12 
I3-/I- 0.43 0.23 0.30 0.49 -0.19 
Br3-/Br- 0.50 0.51 0.69 0.54 0.15 
Cis-/C1- 0.70 0.94 1.06 0.93 0.13 

a Eoc is the difference between the open-circuit potential of Pt vs. 
SCE and the open-circuit photopotential of a-Fe203 vs. SCE. 

b E~dox is the average of the cathodic and anodic peak potentials 
measured at a Pt electrode vs. SCE. 

c E,aPt is the anodic peak potential measured at Pt vs. SCE, with 
scan rate of 200 mV/s. 

d Ep ~-~e2o3 is the anodic peak potential measured at an illuminated 
a-Fe203 electrode vs. SCE with scan rate of 200 mV/s. 

e hEpa is the difference between E,a ~ a ~  Epaa'Fe203. 
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Fig. 3. Linear scan voltammograms for Si-doped ~-Fe20~ in 0.1M TBAP/acetonitrile in the dark and under illumination. Scan rate = 20 mV/s. 

doped a-Fe2Q should be blocked to oxidation in the dark. 
However, upon il lumination with light of energy ->2.2 eV, 
their photo-oxidation should take place. 

Linear and cyclic voltammograms at both dark and illu- 
minated a-Fe203 were obtained for a number  of com- 
pounds that exhibit reversible or quasireversible behav- 
ior at Pt. Some of these voltammograms are shown in Fig. 
4-8. All the redox couples studied have E~do~ situated in 
the bandgap of iron oxide. As expected, there was no oxi- 
dation peak for the experiments performed in the dark 
while under  illumination; photo-oxidations of all reduced 
forms of the redox couples began at potentials negative of 
their oxidation potentials at Pt. 

Polypyridine complexes and ferrocene.--In Fig. 4-6, cy- 
clic voltammograms of Ru(bpy):~ ~, Fe(phen):~ ~, and ferro- 
cene at Pt  and n-type a-Fe203 are shown. In addition, their 

linear sweep voltammograms with chopped i l lumination 
are presented. The polypyridine complexes studied all 
have high molar absorptivity in the visible region. Due to 
this absorbance, only low concentrations (-0.5-1 mM) of 
the complexes were used. The photoanodic currents were 
all diffusion controlled. Cyclic voltammetric results at il- 
luminated iron oxide and Pt for polypyridine complexes 
and ferrocene in 0.1M TBAP/acetonitrile are given in 
Table I. As was mentioned before, the photo-oxidations 
of all these couples occur at potentials negative of their 
reversible potentials. The magnitude of this negative shift 
increased as the standard potential of the redox couple 
increased. 

Chopped i l lumination of all couples showed anodic cur- 
rent spikes decaying with time. During the dark period, 
cathodic spikes in the potential ranges of 0.5-0.9V for 
polypyridines and 0.2-0.3V for ferrocene were observed. 
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This behavior has been observed previously in acetoni- 
trile solutions containing Ru(bpy)3 ~+ and other species 
and was attributed to the back reduction of the product of 
the photo-oxidation (27). The reduction of the photo-oxi- 
dized species in the potential region positive of the E n  is 
inconsistent with the ideal semiconductor/liquid electro- 
lyte model (31, 36). These results, coupled with small vari- 
ation observed in the open-circuit photovoltage measure- 
ments  for the polypyridine complexes, imply that surface 
states, capable of mediating charge transfer, exist 
between E~b and ECb. 

A comparison of our results for Ru(bpy)32+ with those of 
Fredlein and Bard (27), reveals that steady photocurrents 
observed in this work are at least four times more than 
the transient photocurrents obtained at 0.2% Ti-doped 
a-Fe203 for the same concentration of the complex. Any 
meaningful  comparison requires the knowledge of the ir- 
radiation power at the electrode surfaces. Fredlein and 
Bard (27) have not mentioned the intensity of the light in 
their study. However, since they used a 250W lamp, one 
can assume that the light intensity at the electrode sur- 
face was not less than the light intensity used in the pres- 
ent work. This enhancement  is due to the fact that Si is a 
better dopant for ~-Fe20~ than Ti (13). We observed that, 
upon increasing the concentration of ferrocene, the 
photoanodic current also increased. It  reached a satura~ 
tion value of ~2.8 mA/cm ~ at 1.0V vs.  SCE for ~15 mM 
ferrocene. 

H a l i d e s . - - A c e t o n i t r i l e  solutions of LiI, LiBr, and LiC1 
were also investigated at iron oxide electrodes. Cyclic and 
linear sweep voltammograms for LiBr and LiI at illumi- 
nated ~-Fe203 are shown in Fig. 7 and 8, respectively. Cyc- 
lic voltammograms at a Pt  electrode are shown for com- 
parison. It is known that halides (X-) give two anodic 
waves at Pt  in acetonitrile solutions, producing X3-/X~ 
mixtures by the following reactions (37) 

6X- - 4e- --> 2X3- 

2Xa- - 2e- --~ 3X2 

Our results at illuminated a-Fe203 also show two oxida- 
tion waves for halides of low concentrations (-20 mM or 
less). The position of peak potentials for the oxidation of 
halides at both Pt and illuminated iron oxide are not very 
reproducible, but they generally all show photoanodic 
currents at potentials negative of their anodic currents at 
Pt. In Table I, differences between the anodic peak poten- 
tials at Pt and illuminated a-Fe=O3, AEp~, for X3-/X- halide 
couples are presented. Oxidation peaks of Br3-/Br- and 
CI3-/CI- at illuminated e-Fe203 occurred ~0.15 and 
~0.13V, respectively, negative of that at the Pt electrode. 
Although the photo-oxidation peak for Is-/I- is somewhat 
more positive than in oxidation peak at Pt, the onset of 
the photoanodic current is -0.3V more negative. 

As can be seen from cyclic voltammograms and tran- 
sient current behavior of halides at illuminated iron ox- 
ide, unlike the polypyridine and ferrocene couples, nei- 
ther reduction peaks nor cathodic spikes are observed. 
This is probably due to the less reversible nature of the 
halides and would be expected for the ideal model for 
n-type semiconductors. However, the observation of two 
oxidation waves for halides at the illuminated iron oxide 
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Fig. 8. Cyclic voltammograms and steady-state photocurrent-poten- 
tial curves of Lil in 0.1M TBAP/acetonitrile. a: Pt electrode in 6.7 mM 
Lil at 50 mV/s. b: Illuminated ~-Fe20~ in 6.7 mM Lil at 200 mV/s. c: 
Same as b, except in 25 mM Lil. d: Linear sweep at illuminated ~-Fe~O:~ 
in 6.7 mM Lil at 20 mV/s. e: Same as d, except in 25 mM Lil. 

as found at Pt is in contrast to the ideal expectations. 
Within the ideal frame of semiconductor model (31, 32), 
one would expect a single wave for the total oxidation of 
X ~ to X2, rather than two separate waves for oxidation to 
X3- and X2. This is because the photogenerated holes 
should thermodynamically be able to oxidize X -  to X2. 
Similar results (i.e., two peaks rather than one) have been 
found for biferrocene and tetrameth_yl-p-phenylendia- 
mine (TMPD) at i l luminated n-type CdTe and n-type 
MoSe2 in acetonitrile solutions (34, 35). If, as suggested 
earlier, cathodic transients are caused by back reduction 
of photogenerated intermediates, we must  conclude hal- 
ide oxidation does not involve intermediates that are eas- 
ily reduced or that are sufficiently long-lived to exhibit 
cathodic spikes. 

As the concentration of halides increased above -20 
mM, the double waves at the il luminated iron oxide were 
replaced by a single wave. This is shown in Fig. 8 for I - ,  
and the same behavior was observed for Br- .  Apparently, 
at higher concentrations, the photocurrents are not diffu- 

sion controlled and they are limited by photogenerated 
holes in the valence band. Therefore, a single wave, rather 
than two, is observed. 
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Electrodes Modified by a Thick Deposit of an Organic Compound 
Mechanism of Electron Transfer 
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ABSTRACT 

Electrodes modified by a thick crystalline deposit Of an organic compound (phenazine, chloranil, azobenzene, 
benzo(c)cinnoline, 2,6-diaminoanthraquinone) are studied in aqueous medium by cyclic voltammetry and by the poten- 
tial step method. When the deposit  is thick enough, only a fraction of it is electroactive, and the loss of material by disso- 
lution is small. The voltammograms have approximately the shape for a process controlled by diffusion in a confined 
space. It is shown that during the cathodic cycle, the process consists in a dissolution of the crystals of the oxidized form 
O, induced by the reduction of O at the electrode, followed by a crystallization of the reduced form R; the reverse pro- 
cess takes place during the oxidation cycle. The theoretical laws for diffusion in a confined space are approximately 
obeyed, because the system behaves as a thin layer placed near the electrode surface. 

A large number  of electrodes modified by redox poly- 
mers have been described (1); the diffusion-like transmis- 
sion of the electrons through the coating can be limited 
by the hopping of electrons between redox sites, by diffu- 
sion of the counterion or of the solvent, or by the move- 
ments of the polymeric chain. 

By contrast few studies concern electrodes covered by 
a thick deposit  of a redox monomer,  which can be organic 
[benzo(c)cinnoline (2), azobenzene, phenazine (3), chlor- 
anil (3, 4), phenoxazine (4), catechols (5), flavine adenine 
dinucleotide (6), tetrathiafulvalene (7)], organometal]ic 
[metal phthalocyanines (8)], or mineral [Prussian blue (9, 
10), ruthenium purple (10), ferric ruthenocyanide (11), cu- 
pric hexacyanoferrate (12)]. 

We report and analyze in this paper results obtained 
with crystalline deposits of organic substances: phena- 
zine (P), chloranil (QC1) ,  azobenzene (AB), 
benzo(c)cinnoline (BC), and 2,6-diaminoanthraquinone 
(QNH2). We have already briefly described the behavior 
of P, QC1, and AB in a preliminary note (3). On the basis 
of our results, we discuss the possible mechanisms of the 
reduction or oxidation of these films. 

Experimental 
Materials.--Phenazine, azobenzene, Chloranil, and -2,6 

diaminoanthraquinone were commercial products and 
were used without further purification. 

Apparatus . - -Al l  electrochemical experiments were 
carried out on a Tacussel Inst rument  (potentiostat PRT 
30-01, differential amplifier, and GSTP function genera- 
tor). The i-E curves were drawn on a SEFRAM TGM 164 
X-Y recorder, and the i-t curves were recorded on a 
NICOLET 2090-III digital oscilloscope. The measure- 
ments were carried out in water (Britton-Robinson buff- 
ers 0.2M KNO3 or NaC1), in 2M HC104, 5M NH4C1, or in 1M 
NaOH at 20~ The potentials refer to the saturated calo- 
mel electrode. 

Electrodes.~A platinum disk electrode (0.8 or 2 mm 
diam) or a glassy carbon disk electrode (Carbone Lorraine 
V 25, 3 mm diam) sealed in a glass tubing were employed. 
Prior to use, the electrodes were polished successively on 
abrasive disks (ESCIL, grain 400-1200) and on alumina 
(ESCIL A3, grain 0.5 ~m), and then ultrasonically cleaned 
in acetone or dimethylformamide. 

The modified electrodes were prepared by dipping the 
electrodes in CH2CI2, C2H~OH, CH3COCH3, or CF3CO~H so- 
lutions containing i-i0 mg ml -I of electroactive product 
or by micropipetting a few microliters of the solutions 
onto the platinum or the carbon disk and allowing the sol- 
vent to air dry. 

No significant difference has been found in the stabil- 
ity of the electrodes or in their electrochemical properties 
when the supporting electrolyte was changed (LiC104, 
NaC1, or KBr instead of KNO3, for example). 

Results 
Cyclic vol tammetry . - -Examples  of vol tammograms are 

given in Fig. 1-3. At slow sweep rates, the peak is symmet- 
rical and resembles that obtained in a thin layer cell (13). 
At higher sweep rates, a tailing appears, as for a diffusion- 
limited process (14). The sweep rate v at which the tailing 
begins to develop is different for each peak; for phenazine 
at pH 2, it can already be seen for peak A' (Fig. la) for v 
45 mV s - '  whereas much larger rates are needed for other 
peaks (Fig. lb). In the case of azobenzene at pH 2 (Fig. 3), 
the cathodic peak already has a tailing for v ~ 20 mV s -1, 
but the anodic peak remains symmetrical  even for higher 
sweep rates. For chloranil, the limits are much lower (v < 
0.4 mV s-% 

The peaks obtained during the first cycle are often dif- 
ferent from those of the subsequent cycles; a typical ex- 
ample is shown in Fig. 4. 

Another characteristic feature is the marked hysteresis 
of the curves. The cathodic and anodic peaks are often 
widely separated, even at slow sweep rates. The differ- 
ence AEp between the peak potentials is about 170 mV for. 
peaks A]A~, and 250 mV for peaks B/B' of phenazine at 
pH 2 (Fig. 1); it reaches 500 mV in the case of azobenzene 
at pH 2 (Fig. 3). It must be noted that a smaller system of 
peaks, less separated, is often observed at the foot of the 
main peaks (Fig. 3). These peaks might be attributed to 
monolayer adsorption. 

Generally speaking, at slow sweep rates, the peak cur- 
rent ip varies linearly with v, whereas it becomes propor- 
tional to v "2 at higher sweep rates (Fig. 5). The rate for 
which the transition occurs depends on the substance; 
no transition, for example, is observed in the case of 
phenazine at pH 14 (Fig. 5b) or for chloranil (Fig. 5d). 

With thick deposits, the electrodes are quite durable; 
for phenazine at pH 2, the loss of active material after ten 
consecutive cycles between +0.43 and -0.47V at 10 mV 
s - '  is less than 3%; with azobenzene at pH 2, after ten cy- 
cles at 17 mV s - '  between +0.9 and -0.8V, it is about 2%. 
The loss with chloranil is even smaller. The amount  of 
electricity Q involved during the reduction or the oxida- 
tion, measured by integration of the voltammetric peak, is 
then always much smaller than the charge Qt which 
would correspond to the reduction or oxidation of all the 
deposit; some values are given in Table I. The charge Q 
tends to increase slightly when v decreases, but always re- 
mains much smaller than Q,. 

When the deposit is too thin, the vol tammograms are 
not stable, and the peaks disappear after a few cycles. 

i-t Curves at constant potent ial . - -The current obtained 
when the potential is stepped from a value where no elec- 
trochemical reaction occurs to a value well past the re- 
duction (or oxidation) potential decreases with time. A 
few examples of the transform i = f (t-'/2) are shown in 
Fig. 6. 

1121 



1122 

a 

20pA I 

iot 

+0.&3v 

J. Electrochem. Sac.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  

A 
B 

1 

A 
2 

3 

b 

Z, ~uA I 

+ 0.~3 v I 

M a y  1985 

-O J,7 v 

- 0.1,7 V 

v 1 

B 

A 
I 

1 

B' 
Fig. 1. Cyclic voltammograms of phenazine an a platinum electrode (electrode area S = 5 x 10 -3 cm ~) atp H 2 (0.2M KNO3). v (mV s-~ )in a: curve 1, 

300; curve 2, 22S; curve 3, 1S0; curve 4, 112; curve S, 90; curve 6, 4S. v (mV s - l )  in b: curve 1,45,  curve 2, 30; curve 3, 22; curve 4, 15; curve 5, 11. 

The curves have the general shape expected for a pro- 
tess limited by diffusion in a confined space (15), when 

[ ( _k z2  ] 
i = nFADll~C~rr-ll~t-l12 1 + 2 ~ (-1)  ~ exp 

~.=, \ Dt / 

D being the diffusion coefficient, Cs the concentration, 
and t the thickness of the layer. However, if a value of 
D112Cs is calculated from the slope of the linear part (15), 
and if the whole curve is simulated, by using this value, 
discrepancies appear (Fig. 6a, 6c). In certain cases, more- 
over, the curve does not show the characteristic dip of 

current at long times (Fig. 6b). Also, the first curve usu- 
ally differs from the following (Fig. 6a). 

Visual observation of the deposit.--We have observed 
visually under a microscope the evolution of crystals of 
phenazine at pH 2 when the potential is stepped from 
+0.3 to -0.7V by using the cell described in Fig. 1 of Ref. 
(16), in which the carbon particles were replaced by 
glassy carbon fibers. Phenazine is present initially under  
the form of small yellow crystals. When the potential is 
applied, they dissolve, while other long blue green crys- 
tals of dihydrophenazine appear in the solution between 
the fibers. 
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Fig. 2. Cyclic voltammogroms of phenazine on a glassy carbon elec- 
trode (S = 0.07 cm 2) in 1M NoOH. ~ (mV s-I ) :  1, 175; 2, 87.5; 3, 43.7; 
4, 29.2; S, 17.5; 6, 8.75; 7, 4.37. 
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Dissolution of the deposit in a thin layer cell. 
- -Exper iments  were carried out with P, AB, QC], and 
QNH2, as described below. A few microliters of a solution 
containing the compound were micropipetted onto the 
glass plate forming one of the walls of the thin layer cell 
[cf. Ref. (17) and Fig. 7] and allowed to air dry. The cell 
was then filled with the electrolytic solution, and a sheet 
of very thin paper was placed between the spacer and the 
electrode (Fig. 7), to ensure that the crystals would not be 
in contact with the electrode. The potential was scanned 
repetitively at a slow sweep rate (v < 50 mV s -~) between 
two potentials situated on either side of the redox peaks. 
A system of anodic/cathodic peaks appears gradually 
(Fig. 8) until a steady-state system is obtained; the same 
system is still observed when the electrode is lifted into 
the bulk of the solution. This shows that an electrochemi- 
cally induced dissolution of the deposit followed by a 
crystallization on the electrode has taken place. Such ex- 
periments can be used to prepare the modified elec- 
trodes electrochemically. Besides, electrodes can also be 
coated by successive scans in a saturated alcoholic solu- 

+ 0.4v 

ial 

Fig. 4. Cyclic voltommograms of phenazine on a glossy carbon elec- 
trode atpH 2 (0.2M KN03). v: 18 mV s-l .  ( ): First scan. ( - - - - ) :  
Second scan. Apparent coverage F = 2.2 • 10 -8 mol cm -2. 
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s Fig. 5. Variations of log ip.a (ip,a: anodic peak current in microom- 
peres) and log ip, c (ip,c: cathodic peak current in microomperes) with 
Iogtv I (v in millivolts per second). +: i~,,. O: ip,c. a: Phenozine; peaks B 

Fig. 3. Cyclic voltammogroms of azobenzene on a glassy carbon elec- and B' in Fig. 1. b: Phenozine; same conditions as in Fig. 2. c: Azoben- 
trodeatpH2(O.2MKNO3).u(mVs-1):1,42;2,28;3,21;4,17;5,11; zene; same conditions as in Fig. 3. d: Chloranil; on a glassy carbon elec. 
6, 8.5; 7, 5.7. trade in 2M HCIO4. The slope S is indicated on each curve. 
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t ion of  the  compound .  A typical  e x a m p l e  of such an 
e lec t rochemica l ly  modif ied  e lect rode is g iven  in Fig. 9. 

Discussion 
Two types  of  m e c h a n i s m s  can be  cons idered  for the  re- 

duc t ion  or ox ida t ion  of  a crystal l ine deposit .  
The  first consists  in a di rect  e lec t ron t ransfer  be tween  

ne ighbor ing  sites in the  crystal.  This is s imilar  to the  pro- 
cess observed  in the  case of  redox  po lymer  e lect rodes  
wi th  f ixed sites (1, 18). The  electron t ransfer  mus t  be 
accompan ied  here  also by the  t ranspor t  of  a counte r ion  in 
the  crystal  lattice. 

The second m e c h a n i s m  involves  an  in te rmedia te  
e lec t rochemica l ly  i nduced  dissolut ion of the  solid, fol- 
l owed  by a crystall ization, accord ing  to 

Table I. Comparison between the experimental (Q) 
and theoretical (Q0 quantity of electricity 

Q Q, 
Substance (mV s-') (C) (C) 

QNH~ ~ 40 0.93 x 10 -~ 7.16 x 10 -~ 
A B  ~ 10.15 7 x 10 -4 2.29 x l0  -~ 
QC1 ~ 21.5 4.82 x 10 -4 1.48 x 10 -~ 

a A t  p H  3.8 (0.2M KNO:~). 
b A t  p H  2 (0.2M KNO:~). 

I n  5M NH~C1. 

O(solid) dissol.. " O(solution) e lec t rode  red. 
cryst, ox. 

If the two mechanisms can coexist, as suggested to one 
of us (19), with possible redox exchanges between the 
ions in solution and in the lattice, a situation similar to 
that observed with polymer electrodes when the redox 
centers are electrostatically bound to the polymeric chain 
could be found. The theory developed for that case could 
eventually be applied (20). 

It has been demonstrated conclusively that in the case 
of Prussian blue (9b) and its analogs (12), the first mecha- 
nism is operating. The crystal lattice of the reduced and 
oxidized forms are very similar, and the size of the 
counterion is critical; transport occurs if it is small 
enough to enter the lattice. 

With crystalline deposits of organic compounds, on the 
contrary, the redox process takes place exclusively ac- 
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Fig. 6. i-t-'~z transforms of the current-time curves. Values of DI~2Cs 
ore calculated from the slope nFAD'I2C~/~'I2. O: Experimental values. 
( - - - - ) :  Curves from the finite-diffusion theory calculated from the 
D'I2Cs values, a: Phenazine on a glassy carbon electrode atpH 2 (0.2M 
KNO3). Three successive curves on the same deposit. Potential stepped 
from +0.3 to -0 .7V.  Curve 1 : apparent coverage F = 6.7 • 10 -8 mol 
cm-2; D'/2C~ = 2.6 • 10 -8 mol cm-~ s-l/2. Curve 2: F = 9.33 • 10 -s  
reel cm-~; Du~Cs = 7.3 • 10 -8 reel cm -2 s -u2. Curve 3: r = ] 0 -7 real 
cm-2; D112C s = 7.9 • 10 -8 real cm -2 s -1/2. b: Curve for chloronil after 
the steady state is obtained (r  = 1.46 • 10 -8 mol cm -2) on a glossy 
carbon electrode in 0.1M HCIO4. Potential stepped from + ] to -0 .4V.  
Du2Cs = 1.48 • 10 -s real cm -2 s -~/2. c: Curve for azobenzene after the 
steady state is obtained (F = 4.3 • 10 -8 real cm -~) on a glassy carbon 
electrode atpH 2 (0.2M KNO3). Potential stepped from +0.9 to -0 .8V.  
Du2Cs = 2.1 • 10 - g m o l c m  - 2 s  -1/2. 

R(solution) cryst.  R(solid) 
d i ~ .  

cord ing  to the second  mechan i sm,  as shown by the  exper-  
imen ta l  findings. No dif ference is found  w h e n  the  size of  
the  counte r ion  is changed.  The  visual  observa t ion  that  
the  crystals of  the  reac tant  dissolve whi le  those  of  the re- 
duced  p roduc t  g row in a di f ferent  place and unde r  a dif- 
ferent  fo rm is a di rect  p roof  of  the mechan i sm.  The  same 
direct  observa t ion  of  the  dissolut ion process  has been  re- 
por ted  (16) in aqueous  m e d i u m  in the  case of  the  oxida- 
t ion of  part icles of  fe r rocene  Fc to the  fer r ic in ium ion Fc  +, 
wh ich  is soluble  

dissol, e lec t rode  ox. 
Fc(solid) c'---=:-'lrysta Fc(solution) . red. ' Fc~(s~176 

This  scheme,  in wh ich  the  format ion  of  Fc  § is not  fol- 
lowed  by a crystall ization, is simpler,  and can be  t reated 
mathemat ica l ly  (21). The  expe r imen ta l  resul ts  obta ined  
wi th  fe r rocene  are in good ag reemen t  wi th  the  theory  (16). 
That  a di rect  e lec t ron  t ransfer  f rom one site to the  o ther  
in the  crystal  cannot  take place  is also in keep ing  with  the  
fact  that  the  crystal l ine forms of  the  oxid ized  and reduced  
species  are usual ly  very  dif ferent  [see, e.g., the  case of 
azo/hydrazobenzene  (22)]. I t  also tallies wi th  theoret ica l  
(23) and expe r imen ta l  (24, 25) results  wh ich  s h o w  that  in 
the  case o f  qu inones  (24) and  azobenzene  (25) t he  t ransfer  
of  e lectrons be tween  the  r educed  and oxid ized  forms is 

S T A I N L E S S  STEEL ~ 
S P A C E R  ! ~ ELECTRODE 

..... t ~ ...WMIM#IIIA i 

P A P E R  C R Y S T A L L I N E  DEPOSIT 
Fig. 7. Electrochemical cell for the thin layer potential sweep 

voltammetric experiments. 

+0.6v 

,cl 
+0.6V 

I - -  j 

- -  -OJ, v -OJ, v 

' .I '.~ 

Fig. 8. 50 successive cyclic voltammograms of phenozine in the thin 
layer cell (see text) with o platinum electrode (S = 0.03 cm2), v = 9.3 
mV s - I .  a: pH 2 (0.2M KN03). b: pH 2.85 (0.2M KN03). 
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The diffusional process follows only approximately the 
laws for a thin layer, because of the approximate 
(nonplanar crystalline) nature of the wall of the cell. The 
fact that the transition from a thin layer to a semi-infinite 
diffusional behavior depends on the substance is cer- 
tainly linked with the shape and the size of the crystals, 
which determine the equivalent thickness of the thin 
layer. 

Manuscript submitted June 29, 1984; revised manu- 
script received Jan. 20, 1985. 
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14 

Fig. 9. 14 successive voltammetric curves in a saturated solution of 
ozobenzene (pH 3.7; 0.2M NaCI; 20% C2H~OH) on a glassy carbon 
electrode at 10 mV s - I .  Apparent coverage F = 6.4 • 10 -s mol cm -2 
(calculated from the fourteenth curve). 

ACTIVE I I NERT 

LAYER 

3\4.. 

S O L U T I O N  

C R Y S T A L S  
Fig, 10. Schematic representation of the electrode modified by o thick 

deposit. 

very slow in solution, due to the participation of protons 
in the global exchange; it is likely that the same reaction 
would also be slow in the crystal. A last proof of the 
mechanism is given by the dissolution experiments in the 
thin layer cell (vide supra). 

The characteristics of the voltammetric peaks (varia- 
tions of ip with v, shape of the peak) and of the i-t curves 
point to a diffusional transport in a confined space. This 
can be explained schematically as shown in Fig. 10. Two 
zones can roughly be distinguished in the deposit, an in- 
ert part which is too far from the electrode to play a role 
in the process, and a layer near the electrode, where the 
dissolution and recrystallization take place. This active 
zone is similar to a thin layer cell (17), the inert part 
playing the role of the wall of the cell. The inert layer pro- 
tects the active zone from dissolution into the bulk solu- 
tion during the redox process, as shown by the fact that 
the deposit dissolves after a few cycles when it is too thin. 
This insulating role of the crystalline outer deposit has al- 
ready been illustrated in the c~ase of the deposition of 
ferrocene from a solution of ferricinium salt, which ceases 
when the thickness of the crystalline layer has attained a 
certain value (16). 
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A B S T R A C T  

A s i m p l e  m o d e l  b a s e d  on  t he  va l id i ty  of  t he  N e r n s t - E i n s t e i n  e q u a t i o n  a n d  a c o n s t a n t  u iv  p r o d u c t  was  app l i ed  to t he  
i n t e r p r e t a t i o n  of c o n d u c t a n c e  da ta  for  A1C13-RC1 [R = N- (1 -bu ty l )py r id in ium or 1 -methy l -3 -e thy l imidazo l ium]  a m b i e n t  
t e m p e r a t u r e  ionic  l iquids.  T he  d i s soc ia t ion  c o n s t a n t s  of RA1C14 a n d  RA12C17 were  ca lcula ted ,  a n d  the  e x p e r i m e n t a l  
va lues  of  specif ic  c o n d u c t i v i t y  were  r e p r o d u c e d  w i t h  a n  e r ro r  no t  e x c e e d i n g  5% f r o m  ionic  mobi l i t i e s  ca lcu la ted  f rom 
e l ec t rochemica l ly  m e a s u r e d  d i f fus ion  coeff ic ients .  This  ca l cu la t ion  sugges t s  t h a t  a b o u t  50% of  the  ions  are assoc ia ted  
in to  ion  pairs .  F o r  ve ry  bas ic  me l t s  (MC ~< 0.6), t h e  f o r m a t i o n  of  ion aggrega tes  is pos tu la t ed .  

In  t he  pa s t  severa l  years,  l ow t e m p e r a t u r e  m o l t e n  sa l t  
sy s t ems  c o m p o s e d  of  a l u m i n u m  ch lo r ide  a n d  e i the r  
N- (1 -bu ty ] )pyr id in ium ch lo r ide  (BuPyC1) or 1-methyl-3- 
e t h y l i m i d a z o l i u m  ch lo r ide  (ImC1) h a v e  b e e n  f o u n d  to b e  
use fu l  so lven t s  for  e l e c t r ochem i ca l  a n d  spec t ro scop i c  in- 
ve s t i ga t i ons  of b o t h  organic  a n d  i n o r g a n i c  spec ies  (1-4). 
Cer ta in  phys i ca l  a n d  chemica l  p r o p e r t i e s  of t he se  ionic  
l iqu ids  h a v e  b e e n  f o u n d  (5, 6) to  b e  v e r y  d e p e n d e n t  on  t he  
m e l t  compos i t i on ,  de f ined  he re  as  t he  m o l e  ra t io  of A1CI:~ 
to RC1 t a k e n  for  p r e p a r a t i o n  of  the  m e l t  (MC = nAlclJnRci). 
Here  R ~ is e i t h e r  B u P y  ~ or  I m  § B e c a u s e  of th i s  s t rong  de- 
p e n d e n c e  of phys i ca l  a n d  c h e m i c a l  p r o p e r t i e s  on  m e l t  
compos i t i on ,  i t  is di f f icul t  to c o m p a r e  t he  r e su l t s  ob- 
t a i n e d  in  t he  me l t s  of  d i f fe ren t  va lues  of  t he  MC. S i n c e  
t he  e q u i l i b r i u m  r eac t i on  

2A1C14- ~ AI~C17- + C1- [1] 

occurs  ove r  t he  e n t i r e  r a n g e  of  m e l t  c o m p o s i t i o n  (3), t h e  
c h e m i c a l  p r o p e r t i e s  of  t h e s e  m e l t s  h a v e  b e e n  r e l a t ed  to 
t he  ac id i ty  f u n c t i o n  de f ined  as t h e  l o g a r i t h m  of  ch lo r ide  
ion  c o n c e n t r a t i o n ,  pCl.  Th i s  t r e a t m e n t ,  howeve r ,  a s s u m e s  
t h a t  t he  log [C1-] is t he  only essen t i a l  va r i ab l e  (like p H  in  
a q u e o u s  solut ions) ,  w h i c h  is sa t i s fy ing  on ly  in  some  
cases,  e.g.,  t h e  c o m p l e x a t i o n  of m e t a l  ions  w i t h  ch lo r ide  
ions  (7, 8). 

In  t h i s  paper ,  we  wil l  cons ide r  t h e  b i n a r y  m o l t e n  sa l ts  
as m i x t u r e s  of  two  or t h r e e  c o m p o u n d s :  RC1, RAIC14, a n d  
RAI~C17 (R ~ = B u P y  § or Im+). Th i s  t r e a t m e n t ,  s u p p o r t e d  by  
spec t roscop ic  s tud ie s  (9) i n d i c a t i n g  t h a t  on ly  R ~, CI- ,  
A1C14-, a n d  A1,C17- ions  are p r e s e n t  in  t h e  me l t s  in  signi-  
f icant  quan t i t i e s ,  wil l  be  u s e d  for  t h e  i n t e r p r e t a t i o n  of  
e l e c t rochemica l  a n d  c o n d u c t a n c e  data ,  E a c h  m e l t  charac-  
te r ized  b y  a d i f f e ren t  MC will  be  t r e a t e d  as a d i f fe ren t  
ionic  l iquid.  

Le t  one  c o n s i d e r  t he  r eac t ions  o c c u r r i n g  d u r i n g  m i x i n g  
of RC1 a n d  A1CI:, 

xRC1 + yA1CI:~ -+ yRA1C14 + (x - y) RC1 [2] 

for MC = y / x  <- 1, a n d  

xRC1 + yA1CI:~ --> (2x - y)RA1C14 + (y - x)RA12C17 [3] 

for  1 -< MC -< 2. R e a c t i o n  [2] c o r r e s p o n d s  to t he  f o r m a t i o n  
of  so-cal led " b a s i c "  mel ts ,  r eac t ion  [3] to  t he  f o r m a t i o n  of  
so-cal led " ac id i c "  mel ts .  A ve ry  spec ia l  case  is w h e n  MC 
= 1.00, w h i c h  c o r r e s p o n d s  to t h e  f o r m a t i o n  of  the  "neu-  
t ra l"  m e l t  (10), i .e. ,  pure ,  m o l t e n  RAtC1,. I f  MC = 2, w e  ob- 
t a in  pure ,  m o l t e n  RAI~C1, T h e s e  c o n s i d e r a t i o n s  wil l  b e  
n o w  app l i ed  to t h e  i n t e r p r e t a t i o n  of  c o n d u c t a n c e  da t a  i n  
the  l i t e r a tu re  (5, 6). 

Le t  us  c o n s i d e r  t he  2:1 A1CI:cRC1 mel t ,  as m o l t e n  
RAI~C17, c o n s i s t i n g  of  R ~ a n d  AI~C17- ions ,  par t ia l ly  associ-  
a ted  in to  ion  pa i r s  

* Electrochemical Society Active Member. 

R ~ + A12C17- ~ R § . . . A12C17- [4] 
Ka = 1/Kd 

The  deg ree  of a s soc ia t ion  of  ions  (or d i s soc ia t ion  of ion  
pairs)  c an  be  e s t i m a t e d  f rom a n  ana lys i s  of  t he  specif ic  
c o n d u c t a n c e  (K) a n d  e l ec t rochemica l  da ta  (d i f fus ion  coef- 
f ic ients  of R + a n d  AI~C17-) by  u s i n g  two r a t h e r  s i m p l e  
e q u a t i o n s  

K = F Y~ uici [5] 
i 

and  

U i = I z i [ F D i / R T  [6] 

w h e r e  ui, Di, zi, a n d  ci d e n o t e  ionic  mob i l i t y  (cm 2 s -1 V- i ) ,  
d i f fus ion  coeff ic ient  (cm ~ s - ' ) ,  c h a r g e  a n d  c o n c e n t r a t i o n  
of ion  i (mol  cm-3),  respect ive ly ,  a n d  F, R, a n d  T h a v e  
t he i r  usua l  m e a n i n g s .  The  c o n t r o v e r s i a l  p r o b l e m  of  t h e  
app l i cab i l i ty  of  Eq.  [6], t he  N e r n s t - E i n s t e i n  equa t ion ,  to  
m o l t e n  sa l t s  will  be  d i s c u s s e d  in  t h e  n e x t  sec t ion .  

For  pure ,  m o l t e n  BuPyA12CI~, we  o b t a i n  

K/F = uBue~ cBuey+ + uAj~c)7- cAj~cJ 7- [7] 

w i t h  cBuey+ = cAi2c~7-. E x p e r i m e n t a l  v a l u e s  of  t he  d i f fus ion  
coeff ic ients  a n d  ca lcu la ted  mob i l i t i e s  are co l lec ted  in  
Tab le  I. S u b s t i t u t i n g  t he  e x p e r i m e n t a l  a n d  re l a t ed  va lues  
in to  Eq. [7] [ the  specif ic  conduc t iv i ty ,  K, for 2:1 A1Cl:l- 
BuPyC1 m e l t  a t  40~ is equa l  to 0.0104 t l - '  c m - '  (5, 11), 
t he  v a l u e  of  t he  to ta l  c o n c e n t r a t i o n  of  BuPyA12C17 (Co), cal- 
cu l a t ed  b y  u se  of  t he  m o l e c u l a r  w e i g h t  of th i s  sal t  a n d  its 
dens i t y  (5) is co = 3.034 mol  dm-3] ,  we o b t a i n  adi~ = ci/Co 
0.47, a n d  Kd of  an  a s s u m e d  i o n  pa i r  is equa l  to 1.3 mol  
dm-'~. 

U n f o r t u n a t e l y ,  t he  c o n d u c t a n c e  da ta  for  AICI:~-BuPyC1 
me l t s  are  v e r y  i n c o m p l e t e  [ the  specif ic  c o n d u c t a n c e  was  
m e a s u r e d  for  2:1 (5) a n d  1:1 (11) melts] .  Therefore ,  we  will  
ana lyze  c o n d u c t a n c e  da ta  as m e a s u r e d  for  A1CI:~-ImC1 
me l t s  (6). 

Table I. Transport properties of 2:1 AICI3-BuPyCI melt 

Diffusion 
coefficient ~ Ionic mobility 

at 313 K and calculated 
= 0.145P Dn/T from Eq. [6] 

Ion (cm ~ s- ' )  (g cm s-'~K - ')  (em 2 s - 'V -1) 

BuPy + 1.15 x 10 -6 5.3 x 10 -'~ 4.26 • 10 -5 
A12C17- 8.85 • 10 -7 4.1 x 10-! ~ 3.28 • 10 -'~ 

The diffusion coefficients were measured (14) in almost neutral 
A1C13-ImC1 melt at 303 K. The value of the viscosity, ~ = 0.156P (6), 
was recalculated to conditions of the 2:1 AIC13-BuPyC1 melt, ~? = 
0.145P at 313 K (5), under the assumption that  the D~IT product is 
constant and independent of the concentration of electrolyte (see 
Discussion section). 
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Acidic Melts 
The  ac id ic  A1CI~-ImC1 will  b e  c o n s i d e r e d  as a m i x t u r e  

of ions  a n d  ion  pa i r s  of  ImA1C14 a n d  ImAI~CI~ i n v o l v i n g  
two  equ i l ib r i a  

I m  +'--A12CI~- ~- I m + +  AI~CI~- [8] 
KI 

a n d  

I r a % . .  A1CI~- ~- I m P +  Ale14- [9] 
H2 

To f ind t he  c o n c e n t r a t i o n s  of  t he  ionic  c o m p o n e n t s  ( Im ~, 
A1C14-, a n d  AI~C17-) at  a pa r t i cu l a r  m e l t  compos i t i on ,  t h e  
fo l lowing  s y s t e m  of  e q u a t i o n s  is c o n s i d e r e d  

K,  = [ Im § [A12ClT-]/(Cr~A~2C,7 - [A12C17-]) 

K2 = [ Im ~] [A1C14-]/(c,oA~c,4 - [A1C14-]) [10] 

[Zm +] = [A1Ch-] + [AhCl~-] 

The  p a r a m e t e r s  are  e q u i l i b r i u m  c o n s t a n t s  Ki  a n d  K2, as 
w e l l  as t h e  to ta l  c o n c e n t r a t i o n  of  sa l ts  in  a mix tu re ,  
C,mA,2CJ7 a n d  C,mA,C~4 are  o b t a i n e d  f rom t h e  s t o i c h i o m e t r y  of  
the  m e l t  in  t he  ac id  com pos i t i on .  We o b t a i n  a cub ic  equa-  
t ion  in  t he  f o r m  

[Im§ 3 + (K~ + K2) [Im~] ~ + (K~K2 

- K~C,mA12CI7 -- K2C~A,C14) [ Im ~] 

- K,K2 (ClmA]2Cl 7 ~- ChnA1C14) = 0 [11] 

I n t r o d u c i n g  va r i o us  va lues  of  K,  a n d  K2, w h i c h  were ,  
howeve r ,  n o t  v e r y  d i f fe ren t  f r o m  t h e  v a l u e  e s t i m a t e d  for 
p u r e  BuPyA12C17, we were  ab le  to  ca lcu la te  t he  c o n c e n t r a -  
t ions  of  ionic  spec ies  across  t he  r a n g e  of  ac id i ty  (1 < MC 
< 2). F o r t u n a t e l y ,  on ly  one  roo t  of  th i s  c u b i c  e q u a t i o n  was  
posi t ive ,  a n d  n o  p r o b l e m  of  c h o o s i n g  t h e  p r o p e r  roo t  ap-  
peared .  T h e  ca l cu l a t ed  c o n c e n t r a t i o n s  of  ionic  c o m p o -  
n.ents we re  s u b s e q u e n t l y  i n t r o d u c e d  in to  Eq.  [5] fo rmu-  
l a t ed  for  e a c h  e x p e r i m e n t a l  v a l u e  of  specif ic  con-  
duc t i v i t y  m e a s u r e d  for  ac id ic  me l t s  a n d  r e p o r t e d  in  Ref.  
(6) (MC = 1.00, 1.04, 1.08, 1.27, 1.38, 1.50, 1.56, 1.78, 1.94, 2.0, 
see  Tab le  II). S ince  our  p u r p o s e  was  to f ind t he  b e s t  fit 
o f  t he  p a r a m e t e r s  of  Eq. [5] b u t  s ince  t he  mob i l i t i e s  of  
ions  are d e p e n d e n t  o n  m e l t  v iscos i ty ,  we  h a v e  u s e d  t h e  
va lues  of  specif ic  c o n d u c t i v i t y  n o r m a l i z e d  to t he  s a m e  
viscosi ty ,  a s s u m i n g  t h e  c o n s t a n c y  of  t h e  W a l d e n  p roduc t .  
As  a r e f e r e n c e  po in t ,  we  h a v e  c h o s e n  t h e  v i scos i ty  of  t h e  
n e u t r a l  A1C13-ImC1 m e l t  a t  25~ [9 = 0.178 P (6)]. T h a t  is 
~No,,~,~e~ = ~ ' ~ , t . /0 .178.  B a s e d  on  th i s  no rma l i za t ion ,  t e n  
sepa ra te  e q u a t i o n s  we re  f o r m u l a t e d  (one  for e ach  MC), 
s imi la r  to Eq.  [5], in  w h i c h  five p a r a m e t e r s  were  in- 
volved;  t h e  t h r e e  inabi l i t ies ,  u,~+, UA,2C~7-, UA,Cl4-- a n d  two  
e q u i l i b r i u m  c o n s t a n t s ,  K1, K2 d e t e r m i n i n g  t he  concen t r a -  
t ions  of  ions.  (A m o r e  de ta i l ed  e x p l a n a t i o n  of  th i s  proce-  
d u r e  is o f fe red  in  t he  A p p e n d i x ) .  T he  be s t  fit was  f o u n d  
b y  u s i n g  t h e  fo l lowing  set  of  p a r a m e t e r s :  KI = 1.3 rea l  
d m  -3, K~ = 1.2 r ea l  d m  -3, Ulm+ = 4.37 X 10 -5 c m  2 S- '  V - ' ,  
UA~C~- = 2.65 X 10-5 c m  ~ s-1 V - ' ,  a n d  UA~C~4- = 8.0 X 10 -5 
c m  ~ s - '  V - ' .  T h e  l a rges t  d i f f e rence  b e t w e e n  e x p e r i m e n t a l  
a n d  ca lcu la ted  v a l u e  of specif ic  c o n d u c t i v i t y  d id  no t  ex- 
ceed  5% (Fig. 1). 

Basic Melts 
T h e  s a m e  p r o c e d u r e  was  u s e d  for  bas ic  mel t s ,  w h i c h  

were  t r e a t e d  as m i x t u r e s  of  ImC1 a n d  ImA1C14. Add i t i on -  
ally, t h e  e q u i l i b r i u m  

I m . . . C 1  ~- I m  + + C1- [12] 
K3 

was  a s s u m e d .  U s i n g  t he  v a l u e  of  K2 = 1.2 rea l  d m  -3 (for 
ImA1CL), t h e  mob i l i t i e s  of  I m  ~ a n d  A1C14-, as in  ac id ic  
mel t s ,  a n d  t h e  m o b i l i t y  of  C1- (uci- = 3.2 x 10 -5 c m  2 s -1 
V - ' )  c a l cu l a t ed  a c c o r d i n g  to Eq.  [6] f r o m  a r ecen t l y  mea-  
s u r e d  v a l u e  of Dc, -  (Dc,- = 9.55 x 10 -7 c m  2 s -~ in  1:1 
A1C13-ImC1 m e l t  a t  303 K, ~ = 0.156P) (12), t h e  b e s t  fit for  
t h r e e  p o i n t s  (MC = 0.92, 0.72, a n d  0.67) was  f o u n d  w i t h  K~ 
= 0.5 mo l  d m  -3. F o r  two  other ,  v e r y  bas ic  me l t s  (MC = 
0.56 a n d  0.45), t h e  va lues  of  n o r m a l i z e d  specif ic  c o n d u c -  
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Fig. 1. The dependence of normalized specific conductivity on melt 
composition for AICI3-1mCI meltsat 298 K. o: Experimental values taken 
from Ref. (6). x: Values calculated in this paper. 

t iv i ty  we re  v e r y  h i g h  (even  h i g h e r  t h a n  t h a t  for  t h e  neu -  
t ra l  melt) .  We a s s u m e  th i s  is due  to a n  i nc r ea se  of t he  
n u m b e r  of  c h a r g e  carr iers ,  pos s ib ly  b e c a u s e  of t he  fo rma-  
t ion  of  c h a r g e d  ion  aggregates .  

Discussion 
To in i t i a te  t h i s  sect ion,  we  wil l  s u m m a r i z e  a n d  d i scuss  

t he  a s s u m p t i o n s  of  t h e  ca lcu la t ions  p r e s e n t e d  in  t he  pre-  
v ious  sect ion.  Firs t ,  we  a s s u m e d  (i) a c o n s t a n t  ion ic  
mob i l i ty -v i scos i ty  p roduc t ,  i.e., u i~  = cons t an t ,  (ii) t h e  in- 
d e p e n d e n c e  of  ul o n  t h e  c o n c e n t r a t i o n  of  e lec t rolyte ,  a n d  
(iii) no  c h a n g e  of  t r a n s p o r t  m e c h a n i s m  across  t he  en t i r e  
r a n g e  of  m e l t  compos i t i ons .  Second ,  we  a s s u m e d  t he  va- 
l idi ty  of  t h e  N e r n s t - E i n s t e i n  e q u a t i o n  (Eq. [6]). Thi rd ,  we  
a s s u m e d  t he  i n d e p e n d e n c e  of  ion  pa i r  d i s soc i a t i on  con-  
s t an t s  o n  m e l t  compos i t i on .  

The  a s s u m p t i o n  t h a t  t he  v i scos i ty  of  the  m e l t  is  t h e  
on ly  fac to r  i n f l u e n c i n g  t he  inab i l i t i e s  of  ions  a n d  t he  con-  
s t ancy  of  t he  W a l d e n  p r o d u c t  in  t h e  fo rm u lv  = const ,  is 
s u p p o r t e d  b y  n u m e r o u s  e l e c t r o c h e m i c a l  m e a s u r e m e n t s  
p e r f o r m e d  in  t h e  low t e m p e r a t u r e  m o l t e n  salts.  Fo r  exam-  
ple, N a n j u n d i a h  et al. (13) f o u n d  a d h e r e n c e  to t h e  S tokes -  
E i n s t e i n  r e l a t i on  for d i f fus ion  coef f ic ien ts  of  Fe(III)  a n d  
Fe(II)  in  A1C13-BuPyC1 mel t s ,  a n d  t he  c o n s t a n c y  of  D~/T 
va lue  was  s u b s e q u e n t l y  e x t e n d e d  to t he  A1C13-ImC1 m e l t s  
(12). Dv/T was  f o u n d  to b e  c o n s t a n t  for  B u P y  ~ r e d u c t i o n  
in  bas ic  a n d  n e u t r a l  A1C13-ImC1 m e l t s  (14). Ange l l  et al. 
(15) h a v e  ca r r i ed  ou t  p h y s i c o c h e m i c a l  m e a s u r e m e n t s  a n d  
c o m p u t e r  s i m u l a t i o n s  on  t h e  role  of  ca t ion  c o o r d i n a t i o n  
n u m b e r s  on  m e l t  phys i ca l  p r o p e r t i e s  for  a m b i e n t  t e m p e r -  
a tu re  A1C13-~-picolinium ch lo r ide  mel ts .  T h e y  r e p o r t e d  
t h a t  ionic  mob i l i t i e s  genera l ly  sca le  w i t h  t he  m e l t  f luidi ty 
( rec iproca l  viscosi ty) ,  e x c e p t  nea r  g l a s s - t r ans i t i on  t e m p e r -  
a ture .  The  r e l a t i on  b e t w e e n  t r a n s p o r t  p r o p e r t i e s  of  ions  
(d i f fus ion  coeff ic ients)  a n d  t he  v i scos i ty  of  ionic  l iqu ids  
has  a lso b e e n  d i s c u s s e d  in  t h e  l i t e r a tu re  in  t e r m s  of  t h e  
app l i cab i l i ty  of  t he  S t o k e s - E i n s t e i n  e q u a t i o n  [see, e.g., 
Ref. (16)], a n d  t h e  app l i cab i l i ty  of  th i s  e q u a t i o n  was  also 
f o u n d  in  A1C13-BuPyC1 a m b i e n t  t e m p e r a t u r e  m e l t s  (13). 

The  c h a n g e  of  t h e  to ta l  c o n c e n t r a t i o n  of  e lec t ro ly te  in  
go ing  t h r o u g h  t h e  en t i r e  r a n g e  of  m e l t  c o m p o s i t i o n s  is 
no t  v e r y  la rge  (e.g., for A1C13-ImC1 m e l t s  t he  to ta l  concen -  
t r a t i on  c h a n g e d  f rom 4.6 rea l  d m :  3 to  3.35 rea l  d m  -3 for  
1:1 a n d  2:1 A1C13-ImC1 mel ts ,  respec t ive ly) ,  a n d  s h o u l d  
no t  s ign i f i can t ly  i n f l uence  t he  mob i l i t i e s  or d i f fus ion  
coeff ic ients  in  t h e  so lvent .  T h e  m o s t  con t rove r s i a l  ques-  
t ion  in  ou r  t r e a t m e n t  of  t h e  p r o b l e m  is t he  app l i cab i l i t y  of  
t he  N e r n s t - E i n s t e i n  e q u a t i o n  (Eq. [6]) to  t h e  m o l t e n  sa l t  
data .  Th i s  p r o b l e m  h a s  o f t en  b e e n  d i s c u s s e d  in  t h e  l i tera-  
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ture, and it is not our purpose to present a review of this 
subject; a short discussion is in order. 

The values of conductivity calculated from the Nernst- 
Einstein equation using experimental  diffusion coeffi- 
cients, usually measured by radiotracer methods, were 
found to be higher than experimentally determined 
values, and these positive deviations from the Nernst- 
Einstein equation usually increased with increasing tem- 
perature (17). Various interpretations of these facts have 
been given, both in terms of phenomenological  and mo- 
lecular theories. 

Most important is a statement by Bockris. and Hooper 
(18) that the Nernst-Einstein equation does not necessa- 
rily involve the laws of dilute solutions. This limitation is 
avoided in the conclusions of Mort and Gurney (19) and 
Carman and Stein (20). 

The phenomenological  "explanation" of deviations 
from the Nernst-Einstein equation can be derived from an 
irreversible thermodynamic approach [see, e.g., Ref. (21, 
22)]. Using the Onsager phenomenological  equations, it 
was found that the Nernst-Einstein equation is obeyed 
when the cross coefficients L+ and L~, governing the in- 
fluence of the driving force (F_) on the flow of the posi- 
tive ions (J+) and vice versa, are both equal to 0, i.e., when 
the flow of each species is unaffected by the driving 
forces on the other species. Since phenomenological 
treatments cannot throw light on the molecular mecha- 
nism responsible for the deviations from the Nernst-Ein- 
stein equation, several molecular explanations have been 
given. The common conclusion in all these explanations 
is that the extent  to which the Nernst-Einstein equation 
holds is a measure of the similarity of the frictional inter- 
actions for the different modes of motion. If the frictional 
force in electrical conductance is taken to be the same as 
that in diffusion, the Nernst-Einstein relation results [see, 
e.g., Ref. (23)]. 

According to Borucka et al: (24), the measured diffusion 
includes displacements of entities which do not contrib- 
ute to conduction (so-called "vacancy pair" or "molecule" 
diffusion). These authors apparently assumed that the 
Nernst-Einstein equation is applicable to molten salts if 
the "true" diffusion coefficients of ionic components,  
after subtraction of the noncontributing diffusion term 
corresponding to the displacement of entities which have 
a zero net charge during jumps and thus do not contrib- 
ute to conduction, are used. Similar conclusions also have 
been given by Hansen and McDonald (25) in a molecular- 
dynamic study of a model in which the interionic pair po- 
tential consists of the coulombic term and an inverse- 
power repulsion, which is assumed to be the same for all 
ions. The relation between the self-diffusion coefficient 
and the electrical conductivity is discussed, and the ob- 
served deviations from the Nernst-Einstein equation are 
explained in terms of short-lived cross correlation and 
formation of ionic complexes which contribute to the dif- 
fusion flux but not to the electrical current. In both these 
papers, it was suggested that deviations from the Nernst- 
Einstein equation are not necessarily the result of a per- 
manent  association of ions of opposite charge. 

The possibility of partial association of  molten salts and 
its influence on transport properties was also considered 
(26-29). For example, Chemla and Lantelme (27), in dis- 
cussing the validity of the Nernst-Einstein equation in 
molten salts, introduced the polyionic motion model. Ac- 
cording to these authors, any experimental  transport 
property should be the result of the motion of several spe- 
cies, i.e. 

Dc = ~ ,  xiDi [13] 

where x~ denotes the molar fraction of species i con- 
taining element  c. These authors also found that the 
Nernst-Einstein equation is strictly obeyed in ionic single 
crystals. 

Summarizing all these treatments one can see that the 
main problem is to find the proper value of the diffusion 
coefficients, or, in other words, to extract from the mea- 
sured value of self-diffusion coefficients the diffusion 

coefficients which could be attributed to the charged 
particles involved both in diffusion and conduction. We 
assume that the experimental  values of the diffusion 
coefficients measured by using rotating disk electrode 
vol tammetry as employed in this paper do not exceed the 
"true" values of ionic components, as was the case of self- 
diffusion coefficients measured by use of radiotracer 
method (24). If one considers the possibility that both the 
free ions and short-lived ion pairs contribute to diffusion, 
the diffusion coefficients measured here would be a 
weighted average of the respective values for free ions 
and ion pairs and thus would be smaller than the values 
for the free ion. 

The assumption of the independence of the estimated 
equilibrium constants on melt  composition (and concen- 
tration of electrolyte) is not new in the field of thermody- 
namics of reactions in molten salts. Similar assumptions 
have been implicit in all studies regarding the estimation 
of any other equilibrium constants, like that of reaction 
[1] (4) or complexation reactions (7, 8). 

It is also worth mentioning that all the data taken to our 
analysis were measured at temperatures below the tem- 
perature 2To, i.e., in the range of temperatures where the 
deviations from the Nernst-Einstein equation, according 
to Angell (30), are rather small. [To is the temperature of 
configurational ground state for liquids, corresponding 
to the experimental  value of the glass transition tempera- 
ture; these parameters were reported by Wilkes et al. (6); 
the values of To were estimated according to the Vogel- 
Tammann-Fulcher  equation (31).] 

Consequently, using all these assumptions, we were 
able to reproduce the conductivity data in the whole 
range of melt  compositions, except  in the very basic 
A1CI~-ImC1 melts. As follows from Fig. 1, in this region of 
acidity a very significant increase of normalized conduc- 
tivity is observed, presumably corresponding to a distinct 
increase of charge carriers. As follows from our calcula- 
tions of concentrations of associated entities, Im%..- 
A1C14- and Ira*...C1- (see Fig. 2 and Table II), the mini- 
mum of normalized conductivity is located at 
[Im%..C1-]/[Im § . .A1C14-] ratio close to 1. For r = [Im*...- 
C1-]/[Im§ > 1, the steep increase of normalized 
conductivity is observed [the normalized equivalent con- 
ductance (K . . . .  /co) is changing qualitatively in the same 
way (see Table II)]. This "strange" behavior of the con- 
ductivity can be explained if we consider the possibility 
of weak dipole-dipole-type interactions between 
Im§ and Im*...A1C14- at r < 1 and interactions 
I ra+. . .C1--Im§ accompanied with ion aggregate 
formation for r > 1. The hypothesis of ion aggregate for- 
mation in basic melts was considered by Wilkes et al. (32) 
in magnetic resonance studies of A1C13-ImC1 ionic liquids. 
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for AICI3-1mCI melts. The orrow el MC = 0.58 corresl~nds to r = 
[ Im+. . .  A l C l , - ] / [ I m % . . E l - ]  = l .  
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Table H. Physicochemical properties of AICI:~-ImCI melts a 

~ ~ ~- "~, 

7 

~ d  

09 

~ ~ ~ ~- 

7~ 7 

d 7 ~ 

7 ~ 

0.31 0.45 206.6 5.89 3 . 2 4  2.65 - -  1.217 2.68 2.48 37.34 6.34 1.78 1.07 0.71 
0.36 0.56 221.6 5.59 2 . 4 5  3.14 - -  1.239 1.236 3 . 8 8  26.94 4.82 1.79 1.26 0.53 
0.40 0.67 235.5 5.27 1.76 3.51 - -  1.240 ~0.58 6.51 21.88 4.03 1.79 1.41 0.38 
0.42 0.72 243.2 5.13 1.42 3.71 - -  1 .247  0.475 8.0 21.34 4.16 1.80 1.49 0.31 
0.48 0.92 269.7 4.74 0 .37  4.37 - -  1.278 ~0.20 18.2 21.47 4.53 1.82 1.74 0.08 
0.50 1.0 280.0 4.60 - -  4.60 - -  1 .288  0 .178 22.6 22.6 4.86 1.82 1.82 
0.51 1.04 285.4 4.53 - -  4.34 0 . 1 9  1.293 0.175 22.03 21.66 4.78 1.81 0.08 1.73 
0.52 1.08 291.1 4.47 - -  4.09 0 . 3 8  1.300 0.172 21.46 20.74 4.65 1.80 0.16 1.64 
0.56 1.27 316.3 4.19 - -  3.05 1.14 1 .325  0 .162  13 .5  17.64 4.21 1.74 0.51 1.23 
0.58 1.38 330.8 4.03 - -  2.50 1.53 1 .334  0 .156 18.20 15.95 3.95 1.70 0.67 i.03 
0.60 1.50 346.6 3.87 - -  1.935 1.935 1.346 0.151 17 .3  14.63 3.78 1.66 0.85 0.81 
0.61 1.56 355.2 3.80 - -  1.66 2 . 1 4  1.351 0.148 16.85 14.01 3.68 1.65 0.95 0.70 
0.64 1.78 383.7 3.57 - -  0.79 2 . 7 8  1 .370  0 .143 15.57 12.51 3.50 1.59 1.25 0.34 
0.66 1.94 405.5 3.41 - -  0.20 3 . 2 1  1.382 0.141 14.70 11.60 3.40 1.55 1.46 0.09 
0.667 2.0 413.3 3.35 - -  - -  3.35 1.384 0.140 14 .2  11.17 3.33 1.54 1.54 0 

1.58 
1.88 
2.10 
2.22 
2.63 
2.78 

2.53 0.62 
1.92 0.98 
1.38 1.5 
1.11 2.0 
0.29 9.1 

Values of density, viscosity, and specific conductivity are taken from Ref. (6); all concentrations are calculated in this paper. 

The i n t e rp re t a t i on  of  no rma l i zed  specif ic  conduc t iv i ty  
in the  acidic and  sl ight ly bas ic  r eg ion  s e e m s  to be  r a the r  
s t ra igh t forward .  Going  f rom 2:1 A1C13-ImC1 me l t  (pure,  
m o l t e n  ImA12C17) to 1:1 me l t  (pure,  m o l t e n  ImA1C14), the  
increase  of no rma l i zed  specif ic  conduc t iv i ty  (as well  as of  
no rmal i zed  equ iva l en t  conduct iv i ty)  can  be  re la ted  to t he  
r e p l a c e m e n t  of  t he  less mob i l e  an ion  (A12C17-) w i th  the  
more  mob i l e  one  (A1C14-). By  analogy,  t he  smal l  dec rease  
of conduc t iv i t y  in going f rom neut ra l  to basic  mel t s  can  
be exp l a ined  in  t e r m s  of d i lu t ion  of  t he  h igh  c o n d u c t i n g  
neu t ra l  m e l t  wi th  m o l t e n  ImC1, con ta in ing  ch lor ide  ions  
w h i c h  are less  mob i l e  t han  A1C14-. 

An e x a m p l e  of  the  u se fu lnes s  of  th is  t r e a t m e n t  is the  
analysis  o f  the  d i f fe rences  of  no rma l i zed  conduc t iv i t i e s  
m e a s u r e d  for 1:1 and  2:1 A1CI~-RC1 melts .  A s s u m i n g  tha t  
the  deg ree  of assoc ia t ion  for all t he se  me l t s  is similar,  we  
can wr i te  Eq. [5] for each  of  t hese  mel t s  

K . . . .  BuPyA12CIT/{o/FCo,BuPyAI2CI7} : UBIIPy+ + UAI2CIT- [14] 

K . . . . .  BuPyAICI4/{aFco,BuPyAlCI4 } = UBupy++ UAICl 4 -  [ 1 5 ]  

K . . . .  'mA'2CIT/{aFco.~AI2Cj = U~m+ + UA12C17-- [16] 

K . . . .  "nA'C14/{aFco.~,AlC14} = Ulm+ + UAICI4-- [17] 

Sub t r ac t i ng  Eq. [14] f rom [15] and  Eq. [16] f rom [17], we  
get  e x p r e s s i o n s  for the  d i f fe rence  of  mobi l i t ies  of  A1C14- 
and  A12C17- in  the  mel t s  con ta in ing  e i ther  B u P y  + or Im+ 
cat ions.  I n t r o d u c i n g  e x p e r i m e n t a l  values ,  we  f ind tha t  
these  d i f fe rences  are a lmos t  exac t ly  the  same in b o t h  
melts .  The c o n s t a n t  d i f fe rence  b e t w e e n  UA~C~4- and  UA~2C,7- 
ca lcula ted  for b o t h  mel ts ,  w h i c h  is in  accord  wi th  chemi-  
cal i n t u i t ~ n ,  s e e m s  to ind ica te  tha t  t he  a s s u m p t i o n s  in 
our  p a p e r  are  reasonable .  

S o m e  c o m m e n t s  can  be m a d e  r ega rd ing  the  very  h igh  
mobi l i ty  of  t e t r ach lo roa lumina te  anion.  This  obse rva t ion  
canno t  be  e x p l a i n e d  f rom the  v i e w p o i n t  of  ionic radi i  of  
this  ion, and  we  still do no t  have  any  r ea sonab l e  explana-  
tion. However ,  a very  h igh  mobi l i ty  of  A1C14- ion was  pos-  
tu la ted  by  Angel l  et al. (15) in a p a p e r  dea l ing  wi th  ambi-  
en t  t e m p e r a t u r e  A1C13-a-picolinium ch lor ide  mel ts .  

In  v i ew of  the  p robab l e  unce r t a in t i e s  i n h e r e n t  in t he  es- 
t ima t ion  of  ionic mobil i t ies ,  especia l ly  in the  case  of 
A1C14- and  I m  + (no c o r r e s p o n d i n g  d i f fus ion  coeff ic ients  
were  measured) ,  no de ta i led  analys is  o f  t h e s e  data  will  be  

p re sen ted ;  however ,  it is diff icult  to avoid,  for example ,  
the  p r o b l e m  of  t r ans fe rence  n u m b e r s  in  m o l t e n  salt  
chemis t ry .  However ,  for cases  l ike the  2:1 A1C13-BuPyC1 
melt ,  w h e r e  b o t h  d i f fus ion  coeff ic ients  were  m e a s u r e d  
and the  ratio of  DBupy+/DA~2c,7- was f o u n d  to be  abou t  1.26, 
one  can n o t  e x p e c t  tha t  only ca t ions  are  the  charge  carri- 
ers and  tM§ = 1. I f  we  formal ly  calculate  the  t r ans f e r ence  
n u m b e r s  in  th is  par t icu lar  case, we  ob ta in  t he  respec t ive  
value for ca t ion equa l  to 0.56. This  resu l t  is s u p p o r t e d  by 
data  for o the r  m o l t e n  salts con ta in ing  large organic cat- 
ions (5, 33) [see also Ref. (34)]. Recent ly ,  H u s s ey  and  Dye 
(35), by  use  of  t he  Hi t tor f  m e t h o d ,  d e t e r m i n e d  the  exter-  
nal  and  in ternal  t r anspo r t  n u m b e r s  for  the  A1C13-ImC1 
ionic l iquid  in  acidic  mel t  compos i t ions .  The Im§ ex te rna l  
and  in ternal  t r anspo r t  n u m b e r s  were  f o u n d  to be  0.71 and  
1 2 ,  respect ive ly ,  in  the  acidic  range.  This  resu l t  is consis t -  
en t  wi th  our  f indings  only in t he  case  of  more  acidic 
mel t s  (MC close to 2). 

Finally, we  m u s t  e m p h a s i z e  tha t  our  very  s imp le  treat-  
men t ,  b a s e d  on  cons ide r ing  the  mobi l i t i es  of  ions,  s e e m s  
to be m o r e  frui t ful  and  p red ic t ab l e  t han  the  t radi t ional  
t r e a t m e n t  b a s e d  on the  analysis  of  ch an g es  of  equ iva len t  
c o n d u c t a n c e  wi th  concen t ra t ion .  In  our  opinion,  this  lat- 
ter  t r e a t m e n t  can  be  success fu l ly  u s e d  only  for e lect rolyte  
solut ions  in " n o rma l "  so lvents  w h e r e  no s ignif icant  
change  of  v i scos i ty  and  compos i t i on  occurs .  The sense  of  
equ iva len t  c o n d u c t a n c e  in b inary  mo l t en  salts is no t  ve ry  
clear, h o w e v e r  formal ly  th is  p r o p e r t y  can be  def ined  
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A P P E N D I X  

In the  first s tep,  we  calculate  f rom Eq. [10] the  concen-  
t ra t ions  of  ionic c o m p o n e n t s :  I m  4, A]C14-, and  A1.2C17- as- 
s u m i n g  20 d i f fe ren t  sets  of  d i s soc ia t ion  cons t an t s  Ks and  
K2. We a s s u m e  t h e s e  cons t an t s  are  (i) no t  very  d i f fe rent  
f rom the  value  ca lcula ted  for BuPy§ (K = 1.3 
mol  d m  -3) and  (ii) smal ler  t h a n  tha t  va lue  (since the  ra- 



1130 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  M a y  1985 

dius of Im + is smaller than of BuPy~). We expect more 
pronounced ion pairing in the case of imidazolium salts 
and hence smaller dissociation constants. 

In the next step, the concentrations calculated for the 
ionic components were introduced into Eq. [5] formulated 
for ten different melt compositions: MC = 1.00, 1.04, 1.08, 
1.27, 1.38, 1.50, 1.56, 1.78, 1.94, 2.0. Before specific 
conductivities were introduced into Eq. [5], they were 
normalized to the same viscosity; the value of the viscos- 
ity of the neutral A1CI~-ImC1 melt at 25~ was chosen arbi- 
trarily. This normalization permitted the use of the same 
set of mobilities, U[m+, UA~C,4-, and UA12ClT-, in all ten equa- 
tions (one equation for one melt composition). A fixed 
set of dissociation constants, K,, K2, determined the con- 
centrations of ions. At this point, we fitted the ten equa- 
tions with three parameters (three mobilities) for 20 sepa- 
rate cases (various sets of K1 and K2). The initial value of 
uA,2c,~- employed was as calculated from the correspond- 
ing diffusion coefficient (see Table I), and the initial 
value of u,m+ was assumed slightly greater than uBupy+ for 
the same reason as above (size of radius, see also Table I). 
The minimized sum of squares of the difference between 
calculated and experimental normalized specific con- 
ductivities was used to establish the "best" value for the 
mobilities and equilibrium constants. 

In addition, the case of large K, and K2 values (no ion 
pairing) was considered. We assumed a = 1 and applied 
similar procedures to those described by Eq. [14]-[17]. 
That is, we considered the differences of normalized 
specific conductivities between 1:1 and 1.5:1 as well as 
between 1.5:1 and 2:1 melts. In these simple cases, we can 
rewrite Eq. [5] as 

K(1:1~C(1:1 ) ~ Ulm+ + UAICI 4 -  

= 4.91 • 10 -3 12-' c m - '  mo l - '  for MC = 1.0 [A-I] 

K(I.5:l/C(L3:l) = Ulm+ -~- 0 . 5  (UA]c] 4 -  ~" UA12CI7--) 

= 3.78 • 10 -312 -1 c m - '  mol - '  for MC = 1.5 [A-2] 

K(2:1~C(2:1 ) = Ulm + -~- UA12C17-- 

= 3.33 x 10 -3 12 -1 cm -1 tool- '  for MC = 2 [A-3] 

Subtracting Eq. [A-2] from [A-l] and Eq. [A-3] from [A-2], 
we obtain 

[A-I] - [A-2] = 0.5 (UA,c,4- - U A l 2 s  

= 1.I2 • 10 -3 l-l-' c m - '  mol - '  [A-4] 

while 

[A-2] - [A-3] = 0.5 (UA,c,4- -- UA,3C,7--) 
= 0.45 • 10 -3 ~--' c m - '  tool- '  [A-5] 

This significant discrepancy between Eq. [A-4] and [A-5] 
indicates that the "no ion pairing" model is not accepta- 
ble. 
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ABSTRACT 

The magnetic and transport properties of polyacetylene electrochemically oxidized in the presence of perchlorate 
ion have been determined. Room temperature dc conductivity is unaffected by doping between 10 -6 < y -< 10 -3~. A 
rapid conductivity increase occurs with increasing dopant level having a midpoint  of transition at ca. y - 8 x 10-3 By 
comparison, the change in thermopower  vs. y is sharper taking place within a tenfold increase in y with a midpoint  at ca. 
y - 3 x 10 -3. The unparied spin concentrations remain constant as dopant concentration increases before the onset of a 
Dysonian l ineshape at ca. y -= 10 -2. The results are interpreted as the melting of a glassy carrier state causing the sharp 
change of transport properties. A phase separation into metallic domains occurs at y = ca. 10 -~. Side reactions involving 
the electrolyte complicate the electrochemistry of po]yacetylene. 

Polyacetylene, [CH]x, can be doped to the highly con- 
ductive state by chemical, photochemical,  or electro- 
chemical processes (1). The last of {he three (2) is the most 
versatile, since the level of doping can be controlled by 
the applied potential and the approach to equilibrium (3) 
can be monitored by the current. This technique has been 
used to study cis-trans isomerization (4) and changes in 
the midgap states (5). However, even though the magnetic 
and transport properties of chemically doped polyacety- 
lene have been extensively investigated, especially in re- 
gard to the effect of dopant uniformity (6), the same can- 
not be said about the electrochemically doped materials. 
Studies on the electrochemical process have been con- 
fined up to now to high dopant concentration. The cen- 
tral purpose of this paper is to report the magnetic and 
transport properties of electrochemically oxidized trans- 
[CH]x from ppm to percent dopant level. 

Experimental Techniques 
Film preparation.--Free standing films of polyacety- 

lene, approximately 100 ~m thick, were prepared by the 
method of Ito et al. (7) at 195 K. The resulting c/s-rich 
films were thermally isomerized to trans-[CH]x by heat- 
ing at 453 K for lh  in vacuo. Films were handled under N~ 
in a Vacuum Atmospheres dry box and stored at 195 K 
under argon. 

Doping method.--Electrochemical oxidation of trans- 
[CH]x was performed by loading a 1 cm diam circular 
specimen (ca. 10 mg) into a cell constructed from a 
Teflon stopcock (Fig. 1). The working electrode makes 
pressed contact with the film, which can be subse- 
quently removed for characterization of the doped poly- 
mer. Li thium wire counter and reference electrodes were 
scraped clean under  1M LiC104 in propylene carbonate 
immediately prior to use. LiC104 was melt  dried under dy- 
namic vacuum; propylene carbonate was distilled under 
vacuum from anhydrous sodium carbonate and potas- 
sium permanganate. Potential was controlled (with IR 
compensation) by a Princeton Applied Research (PAR) 
173 potentiostat]galvanostat. Charge was recorded with a 
PAR 179 digital coulometer. Open-circuit potential, Vow, 
w a s  measured with a Keithley 616 electrometer. 

Oxidation of [CH]~ was carried out by stepping the ap- 
plied potential of the working electrode just  high enough 
to pass 0.02-0.05 mA rag- '  of polymer. After each poten- 
tial step, the low current, which assures a slow doping 
rate, was allowed to decay to less than 10% of the initial 
current before another potential increase was applied. 
The dopant level per CH unit, y, was determined coulo- 
metrically. 

After doping to the desired level, the film was im- 
mersed in 5 ml of electrolyte for 5 or 10 days to study the 
interaction between doped [CH]~ and the electrolyte. The 
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film was then washed thoroughly in distilled, degassed 
CH2CI~, and dried in vacuo. Alternatively, the doped film 
after washing and drying was allowed to stand in N2 or ar- 
gon atmosphere and changes in Voc and room tempera- 
ture dc conductivity (aRv) followed. 

Measurement methods.--Conductivity was measured 
using the four-probe technique and the thermoelectric 
power coefficient (| was measured as described previ- 
ously (6). EPR spectra were recorded with a Varian 
X-band spectrometer; the unpaired spin concentration 
was obtained by double integration of the EPR spectra 
and compared with a standard solution of tetramethyl- 
piperidinoxy] free radical in hexadecane. However, EPR 
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Fig. 1. Schematic drawing of the electrochemical cell constructed 

from a Teflon stopcock. 
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spec t r a  w i t h  D y s o n i a n  l i n e s h a p e s  c a n n o t  b e  i n t e g r a t e d  in  
t he  s a m e  way.  Vat'S of d r ied  f i lms we re  m e a s u r e d  vs. 
Li/1M LiC104. 

Experimental Results 
Open-c i rcu i t  p o t e n t i a l . - - I t  has  b e e n  r e p o r t e d  (3) t h a t  Voc 

is l inear ly  d e p e n d e n t  on  t he  deg ree  of  o x i d a t i o n  b y  

Voo (24h) = 3.43 + 0.14 In y [1] 

w h e r e  5 x 10 -4 <_ y _< 6 x 10 -2. I t  w as  o b s e r v e d  t h a t  t h e  
va lues  of  Voc d e c r e a s e  w i t h  t i m e  of  c o n t a c t  b e t w e e n  
d o p e d  [CH]~ a n d  t he  e lectrolyte .  We e x t e n d e d  th i s  exper i -  
m e n t  to 10 -6 < y < 9 z 10 -2 a n d  i n c r e a s e d  t he  t i m e  of 
e q u i l i b r a t i o n  to 5 a n d  10 days  (Fig. 2). T h e  re su l t s  s h o w e d  
t h a t  Eq. [1] is va l id  on ly  for  the  r a n g e  of  y s t u d i e d  b y  
K a n e t o  et al  (3). T h e  s h a p e  of t he  Voc vs.  log y p lo t  r e sem-  
bles,  to  a ce r t a in  ex ten t ,  t h e  log o- vs.  log y plots.  

F igu re  3 s h o w s  t h a t  a [CH(ClO4)0.0~]x f i lm re ta ins  i ts ini-  
t ial  c o n d u c t i v i t y  w h e n  s to red  in n i t r o g e n  af te r  r i n s i n g  a n d  
r e m o v a l  of  so lven t ,  w h e r e a s  a s imi la r  f i lm in  con tac t  w i t h  
e lec t ro ly te  loses  c o n d u c t i v i t y  s teadi ly .  

T r a n s p o r t  p r o p e r t i e s . - - T h e  v a r i a t i o n  ~nT w i t h  d o p a n t  
level  is s h o w n  in Fig. 4. T h e r e  is no  s ign i f ican t  c h a n g e  in  

for  10 -6 < y < 10 -3-5 a b o v e  w h i c h  t h e r e  is a 107-fold in- 
c rease  in  (r b e t w e e n  10 -~-5 < y < 10 -~'5. I f  one  t akes  t he  
m i d p o i n t  of th i s  t r a n s i t i o n  at  o- - 10 -2 ( t l c m ) - ' ,  t h i s  corre-  
s p o n d s  to a y v a l u e  of  ca. 8 x 10 -3. 

The  o p e n  s q u a r e s  in  Fig. 4 are  t h o s e  of  s p e c i m e n s  
e q u i l i b r a t e d  w i t h  t h e  e lec t ro ly te  for 21 days.  They  have,  
in  general ,  m u c h  lower  conduc t iv i t i e s  t h a n  t hose  equil i-  
b r a t e d  for  a s h o r t e r  t ime.  

T h e r e  is a sma l l  dec rea se  of  the  t h e r m o p o w e r  coeffi- 
c ient ,  | b e t w e e n  10 -6 -< y -< 10 -3 (Fig. 5). A p r ec ip i t ous  
d rop  in  | occurs  b e t w e e n  10 -3 -< y -< 10 -2 w i t h  t h e  mid-  
p o i n t  of  t h e  t r a n s i t i o n  at  y ~ 3 x 10 -3. Therefore ,  w i t h o u t  
the  in te r f ib r i l  c o n t r i b u t i o n  to r e s i s t a n c e  o b s e r v e d  b y  dc  
conduc t iv i ty ,  t h e  in t r in s i c  t r a n s i t i o n  in  t r a n s p o r t  p r o p e r t y  
a c c o r d i n g  to | occu r s  ove r  a n a r r o w e r  r a n g e  a n d  at  a 
lower  v a l u e  of  y. 

Magne t i c  p r o p e r t i e s . - - T h e  u n p a i r e d  sp in  concen t r a -  
t ions  of e l e c t r o c h e m i c a l l y  d o p e d  p o l y a c e t y l e n e  r e m a i n  
v i r tua l ly  c o n s t a n t  for  10 -6 -< y -< 10-2 (Tab le  I), over  w h i c h  
r a n g e  t h e  E P R  spec t r a  can  be  d o u b l y  in tegra ted .  The  Cu-  
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Fig. :3. Variation of conductivity of electrochemically oxidized 
[CH(CI04)o.o5]~, film with time (solid circles) film immersed in electrolyte 
with 150 ppm H20. Solid triangles: film rinsed, dried, and stored under 
nitrogen. 

r ie  d e p e n d e n c e  dec rea se s  w i th  i n c r e a s i n g  y (Fig. 6) as de- 
t e r m i n e d  by  sp in  c o n c e n t r a t i o n  vs.  T - '  b e t w e e n  133 a n d  
278 K. W h e n  t h e  f i lms a t t a in  a (r > 10 (s c m ) - '  a t  y > 10 -2, 
t he  E P R  spec t r a  a s s u m e d  a D y s o n i a n  l i n e s h a p e  (Fig. 7). 

Discussion 
The  q u e s t i o n s  of  h o m o g e n e i t y  in  d o p i n g  a n d  semicon-  

d u c t o r  to " m e t a l "  t r a n s i t i o n  h a v e  b e e n  t he  sub jec t s  of  nu-  
m e r o u s  pub l i ca t ions .  We h a v e  p r o p o s e d  severa l  cr i ter ia  
for h o m o g e n e i t y  in  t h e  case  of c h e m i c a l  d o p i n g  (6). In  t he  
case  of  e l e c t r o c h e m i c a l  dop ing ,  t he  p roce s s  can  b e  mon i -  
to red  con t inous ly .  Due  to t he  n a t u r e  of  e l e c t rochemica l  
dop ing ,  one  m u s t  c o n s i d e r  t h e  h o m o g e n e i t y  of  d o p a n t  ion  
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d i s t r i b u t i o n  a t  t w o  m o r p h o l o g i c a l  l eve l s .  T h e  f i r s t  i s  t h e  
m a c r o s c o p i c  d i s t r i b u t i o n  a c r o s s  t h e  t h i c k n e s s  o f  t h e  100 
/~m f i l m  a n d  t h e  s e c o n d  i s  t h a t  a c r o s s  t h e  [CH]x f ib r i l s  
f r o m  i t s  s u r f a c e  to  t h e  co re .  

F o r  t h e  m a c r o s c o p i c  [CH]x f i lm,  i n i t i a l  o x i d a t i o n  wi l l  
o c c u r  a t  t h e  P t - p o l y m e r  c o n t a c t .  F u r t h e r  r e m o v a l  o f  e lec-  
t r o n s  p r o c e e d s  a c r o s s  t h e  t h i c k n e s s  o f  t h e  f i lm.  T o  s t u d y  
t h i s  p r o c e s s ,  a n  e x p e r i m e n t  w a s  c a r r i e d  o u t  w i t h  t w o  
[CH]x f i l m s  s a n d w i c h e d  t o g e t h e r  a n d  p l a c e d  i n t o  a d o p i n g  
v e s s e l .  A p o t e n t i a l  o f  3 .7V w a s  a p p l i e d  fo r  24h,  a n d  t h e  

Table I. Unpaired spin concentrations in 
electrochemically oxidized [CH]~ 

Equil ibrat ion Spins 
t ime  y in [CH(ClO4)y]x CH uni t  (x 104) 

5 days  1.3 x 10 -6 4.78 
1.1 x 10 -5 6.58 
3.2 x 10 -5 7.41 
1.0 x 10 -4 6.25 
3.0 x 10 -4 3.89 
1.0 x 10 -3 3.65 
3.0 x 10 -3 6.76 
1.3 x 10 -2 3.64 
3.2 x 10 -2 4.27 

Average  5.25 
Relative s tandard  deviat ion 28.6% 

10 days  3.1 x 10 -5 3.82 
1.3 x 10 -4 4.78 
3.0 x 10 -4 3.33 
1.0 x 10 -3 3.08 
3.1 x 10 -3 3.65 
1.5 x 10 -2 3.39 
3.2 x 19 -2 3.91 

Average  3.71 
Relative s tandard  deviat ion 14.9% 

21 days  Undoped  3.82 
2.9 x 10 -s 4.33 
2.3 x 10 -a 3.88 
9.5 x 10 -a 4.30 
2.3 x 10 -2 3.60 
3.0 x 10 -2 3.25 

Average  3.86 
Relative s t andard  deviat ion 10.7% 
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Fig. 6. Variation of Curie dependency of EPR with log y 

t w o  f i l m s  w e r e  s e p a r a t e d ,  w a s h e d ,  a n d  d r i ed .  W e  f o u n d  
c o m p o s i t i o n s  o f  [CH(C104)o.04]x a n d  [CH(C104)0.03] b y  ele-  
m e n t a l  a n a l y s i s  w i t h  r e s p e c t i v e  c o n d u c t i v i t i e s  o f  11 a n d  9 
( ~  c m ) - L  T h i s  s m a l l  d i f f e r e n c e  w a s  s i m i l a r  to  t h a t  ob-  
s e r v e d  b y  C a s t a i n g  m i c r o p r o b e  s t u d i e s  (8). 

W i t h  r e g a r d  to  t h e  m i c r o s c o p i c  h o m o g e n e i t y  o f  e l e c t ro -  
c h e m i c a l  d o p i n g ,  K a n e t o  et al. (3) a t t r i b u t e d  t h e  v o l t a g e  
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Fig. 7. Change of EPR asymmetry with log ~; A/B ratio defines the 
Dysonian lineshape. Sample equilibrated in electrolyte for 5 days (solid 
triangles), 10 days (solid squares), and 21 days (open circles). Closed 
circles represents no equilibration. 
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decrease of [CH(CIO4)~]~, on standing after doping, to the 
diffusion of dopant ions from the exterior to the interior 
of the ca. 20 nm diam polymer fibrils. This process is 
said to b e  slow and a diffusion-limited equilibrium at- 
tained after 24h (3). Since the Vo~ is determined by that 
portion of the [CH(C104).~]~ in contact with the electrolye, 
its value will decrease with t ime on standing as the extent  
of oxidation at the exterior of the fibrils decreases while 
the degree of oxidation in the fibril interior increases by 
the diffusion of the C104- ion. A theory of electric field 
enhancement  of diffusion was proposed (9) to explain 
how high power and current densities can be generated 
by a [CH]~ battery cell despite the postulated slow diffu- 
sion and low ionic mobility in polyacetylene. We have 
found (10) that for ultrathin [CH].~ films (~ 100 nm) com- 
plete and uniform electrochemical doping took only a few 
seconds. In these samples, there are an abundance of 
microfibrils only 2-3 nm in diameter. For the more con- 
ventional [CH]~ film, i.e., prepared by the procedure of 
Ito et al. (7) comprised of thicker fibrils of 20-30 nm in di- 
ameter, we found equilibrium electrochemical doping to 
take 1.5-2h. 

The following results show definitively that side reac- 
tions involving the electrolyte present complications to 
the electrochemical behavior of [CH]~. For instance, if 
[CH]~ is doped to Voo = 3.67V, washed, dried, and kept in 
argon, there is only a 0.05V drop in Voc after 400h. How- 
ever, if the same film remains immersed in the electro- 
lyte, the Vor drops rapidly and asymptotically to 3.5V. 
There is little further decrease of Vo~ after 24h as reported 
and Vor is virtually unchanged after 5 and 10 days, as 
shown in Fig. 2 for y -> 3 x 10 -4. This result is best inter- 
preted as reactions of doped [CH]~ at high potential 
occurring with electrolyte until all the doped surface sites 
have reacted. The same behavior was found for conduc- 
tivity. In Fig. 3, a [CH(C104)0.0s]x sample, rinsed, dried, and 
kept under nitrogen, shows no decrease of O-RT after 230h. 
But, a similar sample immersed in electrolyte has expo- 
nential decay in conductivity. Figure 4 shows that, even 
though ~rRT (5 days) ~ ~RT (10 days), longer contact with 
electrolyte can reduce ~rRT further, indicating slow but fur- 
ther reaction between doped [CH]x and the electrolyte r 

The side reaction occurs more slowly for [CH]~ doped 
to lower Vo~ < 3.05V (i.e., y < 10-4). Figure 2 shows that at 
a given dopant concentration the Vo, is smaller for 
samples immersed in electrolyte for 10 days than after 5 
days. In other words, side reactions with electrolyte are 
still progressing between 5 and 10 days. The slower side 
reaction may be mainly due to the fact that the [CH]x is at 
lower oxidation potential. An additional factor may be 
that decay of Vor continues until the surface is covered 
with species formed in the reaction with the electrolyte. 

One observation we have made is that, following the 
doping of [CH]~ and removal of the electrode, the e lec t ro-  
lyre solution turned very dark in color after about 3 
weeks. Electrolyte which was not used in the doping pro- 
cess remains clear indefinitely. Therefore, there are oxi- 
dation products dissolved in the electrolyte which were 
formed during the doping process. 

Finally, Eq. [1] is applicable only to a limited range of 
high dopant concentrations. Figure 2 shows that the Vor 
vs. log y is sigmoidal in shape, which reflects the change 
of log ~Rv vs. log y (Fig. 4). Our results cannot be recon- 
ciled with the conclusion of Kaneto et al. (3) that the drop 
of Vo~ with t ime is due to diffusion of dopant ions from 
the surface to the interior of the [CH]~ fibrils. 

The changes in ~ and ~ vs. y observed here (Fig. 4 and 
5) are nearly as sharp as those reported for [CH]x very 
slowly doped with I., and AsF.~ (6). This large increase of 
transport properties, commonly referred to as the semi- 
conductor-metal transition, occurs at a much lower 
dopant concentration than the few percent suggested pre- 
viously. The term semiconductor-metal transition is a 
misleading one. Lightly doped [CH]~ is not a classical in- 
trinsic or extrinsic semiconductor. Heavily doped [CH]x is 
not a true metal, though the conductivity approaches that 
of metals having low conductivity. It does not exhibit the 

metallic properties of increasing conductivity with de- 
creasing temperature. 

We tend to view the sharp conductivity changes with y 
reported here and previously (6) as a phase transition. At 
low dopant concentrations the carriers are strongly 
pinned by the coulombic potential of the counterions. 
They are rather immobile  and can hop only with signifi- 
cant activation. One can speak of  a "glassy" state for the 
charge carriers. At high dopant concentrations, the pin- 
ning potentials are screened and the mobility of the carri- 
ers increases greatly. One can think that the carriers are 
in a "l iquid" state. Thus, the sharp increase of transport 
properties with y may be considered to be a "glass" tran- 
sition of the carriers in a frozen state to a melt  state. 
Above this transition, any further increase of conductivity 
is largely due to an increase in the number  of carriers. 

Comparison of the EPR and conductivity results of 
trans-[CH]x chemically doped with I2 and AsFs (6) very 
slowly and homogeneously and that of electrochemically 
doped materials (Fig. 6 and 7) show similarities as well as 
significant differences. The midpoint  of the large de- 
crease in thermopower  occurs at y - 8 x 10 -4 for I~ and 
AsFs doped [CH]x (6); it occurs at a higher dopant concen- 
tration of y - 3 x 10 -8 for [CH(C104)y]x. According to the 
above interpretation of the "carrier glass transition," 
there should be some dependence on the size, charge den- 
sity, and polarizability of the counterion. The EPR inten- 
sity of unpaired spins in I~- and AsFh-doped [CH]x de- 
creases precipitously in the vicinity of y for the carrier 
glass transition (6, 14). However, the unpaired spin con- 
centration of electrochemically doped [CH]x did not show 
any decrease over the entire dopant range studied. With 
increasing extent of oxidation, the EPR intensity be- 
comes less temperature dependent,  i.e., the Curie suscep- 
tibility decreases (Fig. 6). At high doping levels, the EPR 
is temperature independent  indicative of Pauli suscepti- 
bility. 

There are several ways oxidation of [CH]~ can occur. 
First, it can occur by direct oxidation of a neutral defect 

(there are ca. 10-s unpaired spins/CH in trans-[CH]x) 

Chemical oxidation 

V V V V V  § A " V V V V V  
�9 |174 

[2a] 

Electrochemical oxidation 
-e 

V \ / v V V  :' \ / \ / v V \ /  
�9 +A @ ~AO 

[2b] 

Second it can occur by oxidation of a C--C double bond; 
formation of a polaron 

Chemical oxidation 

V /VV\/ "A > 
| @ 

[3a] 

Electrochemical oxidation 
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Third it can occur by bipolar doping resulting in two 
charged carriers 

Chemical oxidation 
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Electrochemical  oxidat ion 

/ V  
4 - - O  

> % , % / V \ / \ / x / V \  
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[4b] 

Fe ldb lum et al. (5) have interpreted optoe]ectrochemical 
oxidation and reduct ion of [CH]x data as doping by  
polaron injection and undoping by soliton removal. 

In case [2] above, if the chain contains a neutral defect, 
then it can interact  with the polaron to form a positive 
carrier annihilat ing two spins 

A|162 <1 A% 
> / \ A / v " , / / \  

[5] 

At low dopant  levels, y < 10 -3, the changes in unpaired 
spin concentrat ions are small because of the intrinsic spin 
concentrat ion of about  10 -8 in prist ine trans-[CH]x. For y 
> 10 -3, the changes in unpaired spin concentration would 
depend upon  which of the above doping pathways domi- 
nate. The present  electrochemical  doping results appear  
to be consis tent  with predominence of product ion of 
bipolaron pairs by successive oxidations of nearby chains 
or segments of a chain. Increased do, ping produces do- 
mains of metallic electrons which may or may not  include 
the initial neutral  defects of the prist ine polymer.  The 
other mechanism, found previously in I2 and AsFs doping 
(6, 15), reactions [2a], [3a], and [5] are probably  dominant ,  
result ing in the disappearance of Curie susceptibil i ty with 
the increasing y. 

The decrease of the Curie susceptibi l i ty with chemical 
p doping has been widely reported for other systems: SbF5 
doping of cis-[CH]~ (16), Br2 doping of trans [CH]~ (17), 
NOHSO4 doping of [CH]x (18), and electrochemical re- 
duction of cis-[CH]x (19). Furthermore,  Dysonian EPR 
l ineshapes are obtained in saturation chemically doped 
samples such as Li-benzophenone doping of cis-[CH]x 
(19), Fe(C104)3 doping of trans-[CH]x (20), and NOHSO4 
doping of trans-[CH]x (21). Therefore, phase separation 
into metallic domains  occurs in chemical  as well as elec- 
t rochemical  oxidation of [CI-II~. In the case of [CH]x 
cyclically doped with I2 and AsFs (6, 15) to saturation 
levels which show no Dysonian EPR, it is l ikely that  the 
carriers are homogeneously  dis t r ibuted without  a phase 
scf~aration. 
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Characterization of Low Oxidation States of Tungsten and 
Tungsten Electrodes in AICI3-NaCI Melts by X-Ray Photoelectron 

Spectroscopy 
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Department of Chemistry, University of Tennessee, Knoxville, Tennessee 37996-1600 

ABSTRACT 

The ultimate products of the electroreduction of WC16 in acidic A1C13-NaC1 melts at tungsten and platinum elec- 
trodes were investigated by x-ray photoelectron spectroscopy (XPS). The XPS analysis reveals the presence of tungsten 
species, having formal oxidation state between 0 and +2, on electrode surfaces. Evidence for the formation of metallic 
tungsten at platinum electrodes was also obtained. An XPS  study performed on tungsten electrodes electrolyzed in 
acidic chloroaluminates at the chlorine evolution potential revealed no protective polymeric tungsten chloride film. 

The chemistry of tungsten is among the most complex 
of the transition e lements .  Tungsten exhibits a variety of 
oxidation states. The lower oxidation states of tungsten 
are characterized by metal-metal bonding and the formation 
of metal atom clusters, such as the octahedral W6C184~ (1). 

The electrochemistry and chemistry of several refrac- 
tory group metals (groups IVB-VIB) in molten A1C13-NaC1 
have been investigated previously by our group (2-6) and 
others (7). For several metals, such as niobium, tantalum, 
and tungsten, formation of metal clusters was found to 
occur in acidic (A1Cl~-rich) melts. In the case of tungsten 
(6), the cluster W6C184~ is formed by the electroreduction 
of WCI~ and several other solute species. The electro- 
chemical reaction sequence is very complex and not fully 
understood. It was found (6) that W6C184~ can be reduced 
further electrochemically; the essentially insoluble prod- 
uct of this reduction was not characterized in this early 
study. 

In this paper, we report on the x-ray photoelectron 
spectroscopic (XPS) studies of the final products of the 
electroreduction of WC16 in acidic chloroaluminate melts 
at tungsten and platinum electrodes. 

In addition, since tungsten is a very good electrode in 
chloroaluminate melts for studies of reactions occurring 
at very positive potentials, such as the oxidation of sulfur 
to tetravalent sulfur (a process that occurs close to the 
anodic limit of the melt) (8), we examined, using XPS, 
tungsten electrodes which were employed for chlorine 
evolution. It was thought that this unusual resistance of 
tungsten to oxidation may be due to the formation of a 
protective halide cluster layer. 

Other electrochemical studies of tungsten in molten 
salts have been performed by Senderoff  and Mellors in 
molten fluorides (9), Johnson and Mackenzie in molten 
LiCI-KC1 (l{J), Sabbatini et al. in molten nitrates (11), and, 
most recently, by Scheffler and Hussey in the basic 
A1C13-methylethylimidazolium chloride melt (12). 

Experimental 
Dry box system.---Because of the air- and moisture- 

sensitive nature of the compounds used, all handling of 
materials was performed under a nitrogen atmosphere in- 
side a Vacuum Atmospheres dry box equipped with a dry 
train]oxygen removal column. The moisture level of the 
atmosphere was monitored with a Panametrics Model 700 
hygrometer. The moisture level was typically less than 3 
ppm. 

Materials.--The chloroaluminate melts were prepared 
from aluminum chloride (Fluka, anhydrous), purified 
twice by sublimation at =210~ and from sodium chloride 
(Fisher) dried under vacuum at 400~ The melt prepara- 
tion has been described previously (13). Tungsten foil 
(0.127 mm thick), 99.99% purity (Alfa Products), and plati- 

*Electrochemical Society Active Member. 
1Permanent address: Department of Chemistry, University of 

North Carolina, Chapel Hill, North Carolina 27514. 

num foil (0.0254 mm thick), 99.99% purity (Fisher), were 
used. Tungsten (VI) chloride, resublimed, 99% (Alfa Prod- 
ucts), was purified by heating at 180~ under vacuum in a 
Pyrex tube to allow the more volatile tungsten oxychlo- 
rides (WOC14, WO2C12) to sublime off. The Pyrex tube was 
then sealed and the temperature raised to 210~ at which 
point WC16 sublimed to the cool portion of the Pyrex 
tube. 

Sulfur dioxide, anhydrous, 99.98% (Matheson), and pre- 
purified nitrogen (MG Scientific Gases) were used for 
the removal of the melt  from the electrode surfaces (vide 
infra). 

Electrochemical measurements.--Current-voltage curves 
were recorded using a Princeton Applied Research Model 
174 Polarographic Analyzer coupled with a PAR 175 Uni- 
versal Programmer.  Controlled potential electrolyses 
were performed with a PAR 173 PotentiostatiGalvanostat. 
The electrochemical cell was a Pyrex vessel equipped 
with threaded glass connectors and Teflon bushings with 
Teflon ferrules (Ace Glass, Incorporated) to position the 
electrodes. The working electrodes were tungsten (0.75 
mm diam) or platinum (0.5 mm diam) wires sealed in 
glass tubes; the reference electrode was an aluminum 
wire (0.75 mm diam), and the counterelectrode was a 
tungsten spiral. Both counter and reference electrode 
compartments were separated from the working compart- 
ment by means of fine porosity (4.5-5 ~m pore size) frits. 
Samples prepared for examination by XPS employed a 
working electrode made of tungsten or platiffum foil with 
an area approximately 0.4 cm 2. The platinum foils were 
cleaned in concentrated HC1; the tungsten foils were 
cleaned as described below, and sealed under vacuum to 
avoid contamination during transport to the spectrom- 
eter. 

XPS measurements.~All of the spectra were obtained 
using an XPS/Auger spectrometer, Physical Electronics 
Model 548, operated in the Fixed Analyzer Transmission 
(FAT) mode, using MgK~ x-ray radiation. The operating 
pressure in the sample chamber  varied from 10 -8 to 10 -9 
torr. Preliminary XPS studies on the cleaning of tung- 
sten, as well as the characterization of (H~O)2[(W6C18) C16] 
6H20, were carried out at the Oak Ridge National Labora- 
tory (Oak Ridge, Tennessee), while the studies of cluster 
films on electrodes were performed at the University of 
North Carolina (Chapel Hill, North Carolina). The spectra 
were calibrated with respect to the W 4fro metal peak (31.0 
eV) and to the Au 4f7/2 peak (84.0 eV). Spectra are plotted 
to express the photoelectron binding energy of the tung- 
sten compounds relative to that of the tungsten metal 
(i.e., the chemical shift of the photoelectrons). Powders 
were analyzed by pressing them on an indium foil; the 
3d5~2 (443.6 eV) peak of indium was also used as a standard 
in the calibration of  these spectra. To determine the con- 
tribution of different oxidation states of tungsten to the W 
4f photoelectron peak shape, data obtained at UNC were 
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subjected to curve fitting by means of an iterative least 
squares curve fitting computer  program (14), which, with 
interactive feedback from the operator, determines the 
best fit of gaussian-lorentzian peaks with S-shaped base 
lines to the data. 

In this study, the inherent (instrumentally limited) peak 
width is 0.50 eV (25 eV pass energy), and the gaussian- 
lorentzian peak components  are 40% gaussian and 60% 
lorentzian. The computer  used was an in-house built 
microcomputer  based on a Z-80 microprocessor. 

To prevent possible contamination of the tungsten clus- 
ters, special care was taken in introducing the samples 
into the spectrometer. A glove bag was mounted around 
the sample introduction rod, sealed carefully, and main- 
tained under a constant flow of nitrogen (ultrapure 
grade). 

S02 cleaning apparatus.--A prior removal of the rela- 
tively thick layer of the chloroaluminate melt  without in- 
troducing moisture contamination must  be performed be- 
fore the XPS analyses of the electrode surfaces. Liquid 
sulfur dioxide is a very good solvent for covalent sub- 
stances; a luminum chloride has a very high solubility in 
liquid SOs, while sodium chloride is completely insoluble 
(15). However, in the case of a ternary system (16), the sol- 
ubility is enhanced by the formation of compounds of the 
type NaA1C14 �9 nSOs. The apparatus for melt  removal is 
shown in Fig. 1. It consists of a vessel (g) that can be 
opened for sample introduction at clamp (f). Kimax pro- 
cess pipes with beaded ends linked with a coupling as- 
sembly (stainless steel outer band with T-bolt and hex 
nut, Viton liner, and a TFE seal ring from Laboratory 
Glass, Incorporated) were used. The vessel also contains a 
medium porosity (10-20 ~m pore size) frit (k) on which the 
sample (h) is positioned. The vessel is connected to three 
independent  lines: one for SOs, the second for nitrogen, 
the third to vacuum, and, on the other side, to a trap (n) 
filled with concentrated sulfuric acid which converts SO2 
into HsSO3. All the joints between the glass and the stain- 
less steel tubing were made using ultra-torr Swageloks 
(a). A safety valve (d) is placed between the vessel and the 

Fig. 1. S02 cleaning apparatus, o: Ultratorr fitting, b: Inlet stop- 
cock. c: Outlet stopcock, d: Safety release valve, e: Stainless steel 
flexible tubing, f: Clamp. g: Vessel. h: Tungsten. i: Bath. j: Liquid 
SOs. k: Frit. m: Dewar. n: Trap. o: HsS04. 
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trap. During the cleaning operation, the vessel was main- 
tained at -25 ~ to -20~ in an ethanol-Dry Ice bath. The 
system is designed for samples that cannot be exposed to 
air; the main vessel can be sealed with two Teflon stop- 
cocks (b, c) and transferred into a dry box for loading. 
After the sample is positioned, all the lines up to the inlet 
stopcock (b) in the vessel are evacuated below 10 -2 torr; 
prepurified nitrogen is flushed through the system be- 
fore the sulfur dioxide is allowed to flow. The sulfur di- 
oxide pressure is kept below 5 psi. After the sulfur diox- 
ide has condensed above the frit and been in contact with 
the sample long enough to dissolve the melt  covering the 
surface, a pressure of nitrogen (about 3 psi) is used to 
force the l iquid through the frit. This operation can be re- 
peated several times. Finally, nitrogen is passed through 
the system and the temperature is allowed to reach the 
room temperature value so that the sulfur dioxide slowly 
evaporates and is carried away by the nitrogen. After the 
cleaning operation, the vessel is transferred into a dry box 
and the samples are sealed under vacuum. 

Resul ts  

XPS characterization of (H30)2 [(W6Cls)CI6] �9 6H20.--An 
XPS study of the products of the electroreduction of WC12 
(or [W6C18]C14) involves the knowledge of the binding en- 
ergy for the unit W6Cls 4+ (formal oxidation state W~2). For 
the W-C1 system, no XPS data on W § have been previ- 
ously reported. 

The binding energy for the W 4f peaks (split by spin- 
orbit splitting) for the unit W6C184§ was determined on the 
cluster (H~O)s[(WGC18)C16] - 6H20. The hydrate form instead 
of (W~C18)C14 was used because of the high moisture sensi- 
tivity of the anhydrous cluster which also showed some 
decomposition to higher oxidation states as shown by the 
XPS spectra. The synthesis of (H30)s[(W6C18)C16] - 6H20 
was performed according to Dorman and McCarley (17); 
the product was characterized by x-ray powder diffrac- 
tion. The chemical shift for the W6C184§ unit, as compared 
to tungsten metal, is 1.8 eV (see Fig. 2). Spectra recorded 
in the chlorine 2p region show two different chlorine con- 
tributions, in accordance with the structure of the cluster, 
in which at least two different kinds of chlorine Should be 
detected (18). 

XPS studies of tungsten-surface cleaning techniques. 
--Part icular  care was taken to provide very clean tung- 
sten surfaces to use as the electrode material in the elec- 
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Fig. 2. Tungsten 4f XPS spectra of (H30)2[(W6CIs)CI ~ ] - 6H20.  
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Fig. 3. Tungsten 4f spectra for samples cleaned using different 
techniques: A: "as received." B: Electrolyzed in 50% NaOH solution 
containing 5% NaNO2 at ~200 mA/cm ~ for 2h. C: Electrolyzed in the 
same solution at ~200 mA/cm ~ for 30 rain and at 330 mA/cm 2 for 1 h. 
D: Reduced under hydrogen at 500~ for 24h. Peak assignments: (a) 
tungsten (O) doublet, (b) tungsten(VI) doublet. 
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trochemical study of the tungsten cluster film. A tung- 
sten surface is usually covered by a layer of oxides, 
particularly WO3, that would limit the XPS detection of 
lower oxidation state tungsten species. Figure 3A shows 
the spectrum for the W 4f region for tungsten foil "as re- 
ceived." The spectrum shows t h e  presence of oxide 
(doublet d) on the left of the metal peaks (doublet a) that, 
on the basis of the chemical shift of 4.5 eV, can be attrib- 
uted mainly to W(VI) oxide (19). Figures 3B-3D show re- 
sults obtained with different cleaning procedures. The 
spectrum shown in Fig. 3B was recorded on the sample 
WA electrolyzed in 50% NaOH solution containing 5 
weight percent NaNO2 at ~200 mA/cm 2 for 2h. The metal 
doublet is now very sharp while a small shoulder on the 
left is still present, which, on the basis of the chemical 
shift, can be attributed mainly to W(VI) oxide. Similar re- 
sults were obtained by electrolyzing sample WB for a 
longer period of time (Fig. 3C). Figure 3D shows the W 4f 
doublet for the sample WC reduced in hydrogen at 500~ 
In Table I, the percentage amounts, calculated as areas, of 
the tungsten species detected, are reported. It may be 
seen that both cleaning techniques result in clean metal 
tungsten surfaces. The similarity in the results suggests 
that the residual oxide still detected is formed after the 
cleaning operation, possibly during the introduction of 
the sample in the XPS spectrometer. 

XPS studies of the sulfur dioxide cleaning technique.- 
The cleaning power of the method was tested by analyz- 
ing with x-ray photoelectron spectroscopy the surface of 
two tungsten samples. The samples were also checked for 
possible surface modifications due to the contact with 
liquid sulfur dioxide. The two samples, initially cleaned 

Table I. Percentage amounts of tungsten species detected by XPS 

Sample 

a 

a 

Percentage of Percentage of 
W(O) ~ W(VI) 

(%) (%) 

W "as received" 34 66 
WA 96 4 
WB 95 5 
WC 97 3 

The areas were measured manually; the differences between 
samples WA, WB, and WC are not significant. 

~ H t 

e~ 

>, 

C 

ib ~ ~ ~. ~ o 
C h e m i c a l  S h i f t l e V  

Fig. 4. Tungsten 4f spectra. A: Before SO2 cleaning procedure. B: 
After SO~,cleaning procedure. Peak assignments: (a) tungsten (0) 
doublet, (b) tungsten (Vl) doublet. 

by electrolysis as described previously, were dipped for a 
short time in an A1C13-NaC1 (63-37 mote percent) melt. 
One sample was sealed under vacuum while still covered 
with the melt; the other was cleaned according to the pro- 
cedure described in the Experimental  section. Figures 4A 
and 4B show a comparison of the W 4f spectra recorded 
on the two samples. A sharp signal due to metallic tung- 
sten is clearly present in the cleaned sample. The liquid 
sulfur dioxide does not affect the tungsten surface; the 
relative percentage of oxide and metal is the same as in 
cleaned tungsten surfaces not exposed to sulfur dioxide 

2 
_= 

lo ~ ~ ~ 2 b 
Chemica l  Shi f t  / e V  

Fig. 5. Tungsten 4f spectrum of a tungsten sample electrolyzed at 
0.10V for 60 rain. Initial [WCI6] = 7.9-10-3M. Peak assignments: (a) 
tungsten (0) doublet, (b) reduced cluster doublet. In this figure and 
Fig. 6-8, the "erratic" curve represents experimental data, the smooth 
curve is the result of the calculated curve fit. The curve fit doublets 
are based on initially assigned parameters consistent with values de- 
rived from analysis of pure compounds. 
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Chemical S h i f t / e V  
Fig. 6. Tungsten 4f spectrum of a tungsten sample electrolyzed at 

0.10V for 35 mln. Initial [WCI6] = 2-10-2M. Peak assignments: (b) 
reduced cluster doublet. 

(compare  Fig. 3B and 4B). A survey  spec t rum shows that  
the a m o u n t  of sulfur  con tamina t ion  on the  surface is very  
low. 

XPS study of cluster films on tungsten and platinum 
electrodes.--When W(VI) chlor ide  is added  to an  A1C13- 
r ich ch lo roa lumina te  melt,  four  r educ t ion  waves  can  be 
detec ted;  the  last  wave,  occur r ing  at +0.30V vs. the  
AI(III)/A1 re fe rence  electrode,  has been  a t t r ibuted  to the  
e lec t ro reduc t ion  of  (W6Cls)CI4 to an insoluble  p roduc t  (6). 
X P S  analyses  were  p e r f o r m e d  on tungs t en  e lec t rodes  
e lec t ro lyzed at this  and more  nega t ive  potent ia ls  in order  
to define the  na ture  of  the  p roduc t  fo rmed  on the  elec- 
t rode  surface.  An  e x a m p l e  of  an X P S  s p e c t r u m  for such  a 
sample  and cu rve  fi t t ing is shown  in Fig. 5. The  double t  a 
is due  to the  tungs t en  meta l  of  the  substrate,  whi le  t he  
double t  b at a b ind ing  energy  1.13 eV h igher  may  be  at- 
t r ibu ted  to a " r e d u c e d  c lus ter"  wi th  tungs ten  oxida t ion  

Table II. Parameters from the curve fitting of the W 4f peaks 
of tungsten species on a platinum substrate 

Separation 
Position (B.E.) FWHM 4f from W(O) 

Peak (eV) (eV) (eV) 

a 4f7~2 31.06 1.22 
4I~2 33.33 1.17 

b 4f m 32.19 1.23 
4f.~2 34.09 1.24 

c 4fTr2 32.86 1.28 
4f~ 34.81 1.84 

d 4f7~2 35.52 1.43 
4f.~j2 37:42 1.83 

1.13 

1.8 

4.46 

state less than  +2, fo rmed  e lec t rochemica l ly  on the  tung-  
s ten electrode.  A t t empt s  to fit an  ox ide  c o m p o n e n t  were  
unsuccessfu l ;  however ,  the  high b ind ing  energy  taft may  
inc lude  shake-up peaks  over lapping  wi th  a tungs ten  ox- 
ide componen t .  F igure  6, obta ined for a more  concentra-  
ted sample  e lec t ro lyzed for a shorter  t ime,  only shows the  
p resence  of  the r educed  cluster  and a poss ible  tungs ten  
oxide  componen t .  At  longer  t imes,  Some peel ing  of  the  
film was observed  which  explains  the  de tec t ion  of the  
under ly ing  meta l  in some of the  samples .  

The  p resence  of  the  r educed  c lus ter  was also de tec ted  
on a di f ferent  substrate  (namely,  plat inum),  as shown  in 
Fig. 7. Curve  fitting indicates  the  p resence  of  four  oxida-  
t ion states: (a) the  metal ,  (b) the  r educed  cluster,  (c) W(II), 
and (d) t u n g s t e n  oxide.  Table  II  lists some  X P S  parame- 
ters for these  species.  

XPS study of tungsten anodization in chloroaluminate 
melts.--Figure 8 shows the  X P S  s p e c t r u m  and the  curve  
fitting for a t ungs t en  sample  e lec t ro lyzed at the  chlor ine  
evolu t ion  potent ia l  for 60 min.  The  analysis  of the  param- 
eters shows only the  p resence  of  metal l ic  tungs ten;  the  
h igher  b ind ing  energy  peak  represen t s  energy  loss fea- 
tures, p robab ly  shake-up peaks,  and a small  con t r ibu t ion  
of  t ungs t en  oxide.  

Discussion 
The X P S  resul ts  show that  the  reduc t ion  of t ungs t en  

(VI) ch lor ide  in acidic  ch loroa lumina te  mel t s  leads  ulti- 
mate ly  to the  fo rmat ion  of  a c lus ter  f i lm in wh ich  tung-  
s ten has a ve ry  low oxida t ion  state, b e t w e e n  W(II) and the  
metal.  The  same p roduc t  is ob ta ined  at e i ther  p la t inum or 
tungs ten  electrodes.  At  p la t inum,  ev idence  for meta l l ic  

o -  

n 

t .  

r a 
e= 

_r 

Chemical Shift /eV 
Fig. 7. Tungsten 4f spectrum of a platinum substrate electrolyzed at 

O.IOV for 25  rain. Initial [WCI6] = 1.99 - lO-2M. Peak assignments: 
(a) tungsten (0) doublet, (b) reduced cluster doublet, (c) W6CI84+ 
doublet, and (d) tungsten (VI) doublet. 

"a a 
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l 
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Chemical Sh i f t / eV  
Fig. 8. Tungsten 4f spectrum of a tungsten sample electrolyzed at 

+2.5V for 60 min. Peak assignments: (e) tungsten (0) doublet. 
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tungsten was also obtained. No evidence for the forma- 
tion of the metal was obtained from purely electrochem- 
ical studies (6), although Phillips and Osteryoung (7) as- 
sume Mo(O) to be the final oxidation state of the 
reduction of molybdenum chloride in basic chloroalumin- 
ates. It was found that the chlorine-evolution reaction oc- 
curs at a metallic tungsten surface. The hypothesis of the 
formation of an insoluble polymeric tungsten chloride 
that protects the tungsten surface is not supported by 
these results. 
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Surface Potential Difference of Anodized AI203 Electrets 

J. J. Bernstein *'1 and R. M. White 

Department of Electrical Engineering and Computer Sciences, University of California, Berkeley, California 94720 

ABSTRACT 

The surface potential difference (SPD) across barrier-type anodic A120:~ films is much larger than previously 
thought. SPD's  as high as 60V have been measured across these anodized electrets, using an improved SPD measuring 
apparatus and a new rinsing procedure which removes compensating ions from the AI~O~ surface. The intense electric 
field at the surface of these films has been used to make air-gap electret ultrasonic transducers with a sensitivity of 1.5 
x 10 s V/re. Theoretical and experimental  results are presented on the decay of SPD by surface and volume conduction. 

This paper is a study of charge retention in A120~ elec- 
trets formed by anodization. These thin film electrets 
have been used to make transducers for bulk ultrasonic 
waves (1-3). Previously reported values for the surface po- 
tential difference (SPD) across anodic oxide films ranged 
from 0.5 up to 10V (4-6), however, we have measured 
SPD's  as high as 60V across barrier-type A120~ films by 
using a new rinsing procedure which completely removes 
compensating ions left on the oxide surface by the ano- 
dizing electrolyte. 

In the Theory section of this paper, we analyze the 
charge decay in a thin film electret due to surface and 
volume conduction. Using conductivity data from the lit- 
erature, volume conduction is predicted to be negligible 
after a brief initial transient. This is confirmed in the Re- 
sults section, where surface conduction is shown to be 
the dominant decay mechanism. In the Experimental  
Procedures section, a new rinse procedure which re- 
moves compensating ions from the anodic oxide surface 
is described. An improved apparatus for measuring SPD 
is also described, and data taken with this apparatus are 
used to follow the decay of SPD as a function of the 

*Electrochemical Society Active Member. 
1Present address: Solavolt International, P.O.B. 2934, 

Phoenix, Arizona 85062. 

anodizing electrolyte, atmospheric humidity, tempera- 
ture, and the surface roughness of the film. 

Theory of Charge Decay in an Anodized Electret 
In this section, we consider the decay of charge in a 

thin barrier-type anodic oxide film following anodiza- 
tion. We examine first volume conduction, solving for 
both the instantaneous decay time-constant and the ex- 
plicit t ime evolution of the electric field. We then look 
briefly at the surface conduction problem. The bulk of 
the mathematical  derivations are confined to the 
Appendexes in order to clarify the presentation. 

Figure 1 shows the evaporated aluminum films on 
glass used in this investigation. For the volume conduc- 
tion problem, the current flow is assumed to be parallel 
to the film normal; hence, the problem is one-dimen- 
sional and the shape and size of the anodized area are 
unimportant.  However, for the surface conduction prob- 
lem, the size and shape of the anodized region are impor- 
tant because the boundary conditions are applied at the 
edge. Because the aluminum samples were chosen to be 
disk-shaped, the surface conduction problem is also one- 
dimensional (in r), but the length of the surface conduc- 
tion path increases with increasing sample size. 
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(NoT TO SCALE) 
Fig. 1. Configuration of the  anodization samples. Aluminum pattern 

formed by evaporation through shadow mask onto glass slides. 
Photoresist stopoff is then applied at waterline to prevent arcing. 

The rela t ion b e t w e e n  current  dens i ty  (J) and electr ic  
field (E) in the  anodic  film at cons tan t  t empera tu re  is (7) 

J(t) = Jo(e E(t) l~~ - 1) [1] 

where  J0 and E0 can  be der ived  f rom various a tomist ic  
models  (7) bu t  are cons idered  here  to be  s imple  empi r ica l  
constants .  A l though  other,  more  compl ica ted  current-  
field re la t ions have  been  derived,  Eq. [1] fits the  experi-  
menta l  data  ve ry  well, and in the  low electr ic  field reg ime  
of p r imary  in teres t  he re  (E -< E0), mos t  of the  more  com- 
pl icated equa t ions  reduce  to Eq. [1]. 

F r o m  Eq. [1], the  conduc t iv i ty  o- of  the  Oxide is 

J(t) Jo 
- (e  ~")/E~ - 1) [2]  

~(t) E(t) E(t) 

U n d e r  t he  condi t ions  of  the  anodiza t ion  (high electr ic  
field), the  conduc t iv i ty  is large and ionic  currents  flow. 
After  anodizat ion,  the  electric field decays to lower  
values,  and the  conduc t iv i ty  decreases  to a low field lim- 
i t ing va lue  (rm~, = JdEo for E < <  E0. U n d e r  these  low field 
condi t ions ,  the  anodic  ox ide  is a ve ry  good insula tor  and 
can hold  charge  and serve as an electret .  

We n o w  e x t e n d  the  concep t  of  dielectr ic  re laxat ion t ime  
constant ,  wh ich  is str ict ly appl icable  only w h e n  the  con- 
duct iv i ty  is constant ,  to the  ins tan taneous  decay t ime,  
wh ich  is shown  in A p p e n d i x  A to be  

�9 i.~t(t) - - p  _ eEo e_El~o [3]  
(aplOt) Jo 

As the  charge  dens i ty  and the  electr ic  field decay,  the  in- 
s tantaneous  decay  t ime  increases,  approach ing  asymptot -  
ically a low field va lue  

~E0 [4] 
Tmax = J0 

Quali tat ively,  then,  we  expec t  the  initial decay of  the 
electric field to be  rapid, gradual ly  approach ing  an expo-  
nent ia l  decay  wi th  t ime  cons tan t  r ~ .  These  expec ta t ions  
are conf i rmed bo th  by the  expe r imen ta l  data and by the  
expl ic i t  so lut ion for the  t ime  evo lu t ion  of the  electr ic  
field, de r ived  in A p p e n d i x  B. The  equa t ion  for the  elec- 
tric field E2(t2) is (from A p p e n d i x  B) 

E2(t2) = -Eo In [1 - e -~2t . . . .  (1 - e-~E0)] [5] 

where  E, is the  electric field at t = 0. For  large t2, In (1 + x) 
x gives  

E2 = E0(1 - e-E'/~~ -t2/ . . . .  [6] 

conf i rming  our  earl ier  conc lus ion  that  the  decay  is a sim- 
ple  exponen t i a l  for long t imes.  For  ve ry  short  t imes,  as- 
suming  E, > >  E0, we  have  

-E0 In ( 1 -  e -r . . . .  ) ~  -E0 In ( t---2--2 / [7] E2(t2) 
\ r ~ /  

The  init ial  rap id  decay  should  be logar i thmic.  
We wou ld  l ike to rewri te  (5) in t e rms  of  S P D  (surface 

potent ia l  difference)  because  this  is wha t  our  expe r imen t s  
measure .  This  can be  done  if  we  m a k e  the s impl i fy ing as- 
sumpt ion  tha t  the  electr ic  field and polar izat ion are con- 
stant t h roughou t  the  film. This  a s sumpt ion  is equ iva len t  
to a s suming  that  the  space charge  is zero in the  film, (i.e., 
surface charge  only, no v o l u m e  charge), which  probably  
is n o t  true.  The  effect  of  this a p p r o x i m a t i o n  is to underes-  
t imate  the  decay  of  S P D ,  because  the  decay  rate increases  
exponent ia l ly  wi th  electr ic  field, and the  average field is 
lower  than  the  peak  field. 

P roceed ing  unde r  the  a s sumpt ion  of  un i fo rm field, Eq.  
[5] becomes  

V(t) = -dEo In [1 - e -~/ . . . .  (1 - e-Vtd~0)] [8] 

where  d is the  film th ickness  and V0 is the  surface poten-  
tial d i f ference at t ime  t = 0 (assumed equa l  to the  peak  
anodiz ing voltage).  In  the  Resul ts  sect ion,  we will  exam-  
ine this  equa t ion  us ing va lues  of  E0 and J0 f rom the  
literature. 

Charge Decay by Surface Conduction 
We analyze here  the decay  by surface  conduc t ion  of  a 

d isk-shaped anodic  oxide  film charged to a vol tage  V0 
wi th  respec t  to a conduc t ing  substrate .  The  analogous  
p rob lem for hea t  conduc t ion  has been  solved (8). The  
p rob lem can be stated mathemat ica l ly  as follows 

OY(r, t ) _ (rsurf 1 0 [ aY(r, t) ~ [9] 
- -  C ~  r Or ~r Or ] ~t 

Init ial  condi t ion  

Bounda ry  condi t ion  

V(r, O) = Vo 

V(a, t) = 0 

where  V(r, t) is the  vol tage  at a d i s tance  r f rom the  cen ter  
of  a disk of  radius  a, ~.rf  is the  surface or shee t  conduct iv -  
ity of the  anodic  ox ide  film (f/- ' ) ,  and  CA is the  capaci- 
tance  per  uni t  area of  the  film. CA is also the  cons tan t  of  
propor t iona l i ty  b e t w e e n  the  surface  vol tage  V(r, t) and the  
surface charge  density.  The  solut ion is 

V ( r , t ) =  2Vo ~ e x p ( _  (r~,r~ ) J 0 ( r a , ) [ 1 0 ]  
a .=1 -~A a,~t a,,Jl(a,a) 

where  J0(J,) is the  Besse l  func t ion  of  the  first k ind  of  or- 
der  zero (one), and  a, is the  n th  pos i t ive  root  of  the  equa-  
t ion Jo(aa) = O. The  average  potent ia l  over  the  ent ire  disk 
is 

( ( r S u r r )  
4Vo & exp  - ~ 2 t  

= ~.~ [11] 
Vavg a2 n=l ~n2 

which,  because  of  the  large p robe  size of our  S P D  mea- 
sur ing equ ipmen t ,  was  the  potent ia l  actual ly  measured .  

For  large t, the  h igher -order  t e rms  drop  out, leaving 
only the  first term.  We conc lude  that  surface conduct ion ,  
l ike v o l u m e  conduct ion ,  will  lead to an initial rapid  volt- 
age decay  fo l lowed by a s low exponen t i a l  decay wi th  t i m e  
cons tant  

CA a2CA 
Tm~x - - -  - - -  [12] 

(~ z~u~f 5.78~rs~f 

We can use  Eq.  [12] to calcula te  ~.rf  f rom Vm~ ob ta ined  
f rom S P D  decay  m e a s u r e m e n t s  

a2Ca 
o-~,rf - - -  [13] 

5.78rmax 

This  is a poss ib le  way  to measu re  surface conduct iv i t ies  
too small  to be  measu red  by o ther  means.  

In  the  Resul t s  section,  we  will  compa re  the  vol tage  de- 
cay p red ic ted  by v o l u m e  and surface  conduct iv i ty  wi th  
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Fig. 2. Sketch showing rinse with vol tage on, which removes 
compensating ions from anodic oxide film surface. 

the  measured  vol tage  decay. F r o m  the sensi t ivi ty of  volt- 
age decay to a tmospher ic  humid i ty  and surface rough- 
ness, it will  be conc luded  that  surface conduc t ion  is the  
dominan t  decay  mechan i sm.  

E x p e r i m e n t a l  P r o c e d u r e s  

A l u m i n u m  films 300 n m  thick and 99.999% pure  were  
evapora ted  th rough  a s h a d o w  m a s k  onto clean glass mi- 
c roscope  slides, g iv ing the  pa t te rn  s h o w n  in Fig. 1. These  
films were  then  anodized at 50 A/m ~ to 180V, us ing  
photores is t  (Shipley AZ1350J) as a s topoff  and an a lumi-  
n u m  foil countere]ect rode.  The  e lec t ro ly tes  used  were  4.0, 
2.0, 1.0, and 0.1 we igh t  pe rcen t  (w/o) H~PO4 and 1.0 and 0.1 
w/o APB.  All anodiza t ions  were  done  at 4 ~ -+ 0.I~ 

To avoid  charge  compensa t ion ,  the  anodic ox ide  is 
r insed wi th  a s t ream of de ionized water  f rom a plast ic  
squeeze  bot t le  and  dr ied before  the  vol tage  is tu rned  off 
(Fig. 2). This  r ins ing  wi th  vol tage on p rocedure  resul ts  in 
a factor of ten  h igher  surface charge  than  r insing wi th  
vol tage off. Dur ing  this r inse procedure ,  the  water  
draining f rom the  anodic  film into the  electrolyte  ba th  
be low comple tes  an electr ical  circuit ,  and  a current  of 
several  m ic roamperes  can be observed.  As the  ions are 
washed  away, the  current  decreases,  wh ich  could be  used  
for process  end-poin t  detect ion.  

Measuremen t s  of  S P D  (surface potent ia l  difference) 
were  m a d e  by the  v ibra t ing  e lec t rode  me thod  (6). In  this 

method,  a v ibra t ing  e lec t rode  (voltage biased th rough  a 
large resistor) is b rought  near  the  unmeta l l i zed  surface of 
an electret .  The  bias vol tage  is va r ied  to ach ieve  a nul l  in 
the ac signal  (at the  f r equency  of  vibrat ion)  be tween  the  
v ibra t ing  e lec t rode  and the  e lectre t  back  metall ization.  
When the  null  is achieved,  the  electr ic  field be tween  the  
v ibra t ing  e lec t rode  and the  e lec t re t  surface  is zero, and 
the  bias vo l tage  is therefore  equa l  to the  SPD.  In  our  ap- 
paratus,  an  a l u m i n u m  foil v ibra t ing  e lec t rode  was fas- 
t ened  to the  end  of  a plast ic  tube,  and forced to v ib ra te  by 
a small  l oudspeake r  in a funnel  at the  o ther  end of the 
tube. The  ac signal  was buffered  by a J F E T  inpu t  op-amp 
and ampl i f ied  by an H P  415B SWR meter ,  which  has a 
na r row bandpass  filter at 1 kHz, the  f r equency  of  vibra- 
tion. 

The  effect ive  surface charge  was measu red  by press ing  
an a l u m i n u m  foil top e lec t rode  against  the  oxide  film, 
and us ing  the  resul t ing  air gap electre t  t ransducer  to de- 
tect  a k n o w n  acoust ic  signal. An  electr ical  pulser  (Pana- 
metr ics  5052 PR) connec ted  to a 10 MHz resonant  piezoe- 
lectric t r ansduce r  p roduced  a k n o w n  d i sp lacement  ~ (1.6 
rim). The  electr ic  field was c o m p u t e d  as the  ou tpu t  volt- 
age V d iv ided  by the  d i sp lacemen t  ~. The  surface effec- 
t ive charge is re la ted to the  surface field by Gauss ' s  law. 
Electr ic  fields as h igh  as 1.5 x 10 s V/m have  been  mea- 
sured this way  on anodic  Al~O~ films, cor responding  to 
surface charges  of  1.3 x 10 -s C/m 3. 

R e s u l t s  

Figure  3 shows  the  decay of  S P D  wi th  t ime  for anodic  
A120:3 films p roduced  in a var ie ty  of  electrolytes.  In- 
c luded  are var ious  concent ra t ions  of ammonium-pen ta -  
bora te  (APB), which  forms a near ly  ideal barr ier- type 
film, and phosphor ic  acid, which  forms films with  an in- 
ter ior  barr ier  layer and a porous  surface  layer (9, 10). It  is 
clear that  the  anodic  films fo rmed  in H3PO4 solut ions  re- 
ta in thei r  charge  far longer  than  those  fo rmed  in APB.  
This  m a y  be  due  to the  greater  sur face  roughness  of the  
more  porous  phospha te  films, wh ich  leads to a m u c h  
longer  surface conduc t ion  pa th  in compar i son  to a 
smooth  barr ier  film. Ano the r  possible  explana t ion  for the 
different  charge  re tent ion  proper t ies  of  the  films is the  
incorpora t ion  of  phospha t e  or bora te  ions into the  film, 
which  wou ld  be expec t ed  to modi fy  the  surface and vol- 
u m e  conduc t iv i ty  of  the  film. 

To predic t  r~ax f rom the  v o l u m e  conduc t ion  theory  de- 
ve loped  earl ier  (Eq. [4]), we need  values  of  E0 and J0- 
Values for barr ier- type films t aken  f rom the l i terature 
vary  widely.  For  example ,  Ref. (11) gives  E0 = 2.33 x 107 
V/m and J0 = 3.87 • 10 -'6 A/m 2, y ie ld ing  Tm~ = 1.42 • 10 ~ 
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Fig. 3. Decay of surface potential difference (SPD) for AI203 films formed to 180V in the following electrolytes: 1.0 w/o H3PO4 (curve a), 2.0 W/O 
H3PO 4 (curve b), 4.0 w/a H3PO 4 (curve c), 0.1 w/o H3POd, 1.0 w/o ammonium penta-borate (APB) (curve e), and 0.1 w/o APB (curve f). 
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Fig. 4. Variation of surface potential difference (SPD) with time after 
anodlzation for AI203 electret stored in air. Theoretical curve is a plot of 
Eq. [4]. 

yr. Reference (13) gives E0 = 2.9 x 107 V/m and J0 = 2.46 x 
10 -H A/m 2, giving rmax = only 2.78 yr. In the absence of re- 
liable numbers,  one can regard Eq. [4] as a two-parameter 
equation to be fit to the experimental  data, as we have 
done in Fig. 4. We do not regard the good fit as proof of 
the validity of Eq. [4], but we note that the general shape 
of the decay curve is matched by the equation. 

The effect of ambient humidi ty was investigated by 
preparing two identical films and storing one in a petri 
dish at atmospheric pressure and humidity, and storing 
the other in a desiccator with Drierite (CaSO4) desiccant 
and air at a pressure of 3.1 • 10 ~ Pa (0.3 atm). The decay of 
the SPD for the two samples is shown in Fig. 5. The 
change from humid air to dry air at 1/3 atm increased the 
lifetime dramatically from 72 to 1068h. This indicates that 
surface conduction is the dominant  contribution to 
charge decay. 

To further investigate the effects of atmosphere on the 
decay of SPD, an anodic film was sealed in a glass am- 
pul at a pressure of 10 -4 Pa and stored for 6 months. A 
very small change in SPD was detected after storage (30 
mV), which yielded an extrapolated lifetime of 18 yr for 
the anodic A1203 electret in vacuum. 

The effect on SPD of heating an A12Oa electret to 100~ 
for lh  in air is shown in Fig. 6. During the lh, the SPD 
dropped from 22.4 to 8.4V, after which the decay paral- 
leled the decay of an identically prepared sample which 
was not heated. Presumably, both surface and volume 
conductivity increase with temperature and, therefore, 
heating did not help elucidate the decay mechanism. 

The effect of increasing surface roughness on SPD de- 
cay was investigated without changing the chemical c o m -  
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Fig. 5. Decay of SPD for two identical AI203 electrets stared in desic- 
cotor at I /3  otm (a) and air at atmospheric pressure (b). 
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Fig. 6. Effect of heating to lO0~ for 1 h on SPD af on AI20:~ electret. 
Control was kept at room temperature. 

position of the anodization electrolyte by anodizing alu- 
minum films that had been lightly abraded with cotton 
prior to anodization. Pores are known to nucleate prefer- 
entially at surface irregularities such as scratches (13). 
Hence, surface roughness of the anodic film was greatly 
increased by the abrasion process. Charge retention was 
observed to increase in the anodic films formed on t h e  

abraded a luminum films. 

Discuss ion  
The strong dependence of charge decay on surface 

roughness and humidity indicate that surface conduction 
is the dominant decay mechanism, although theory pre- 
dicts that volume conduction contributes to the initial 
rapid decay from the peak anodizing voltage (180V in our 
experiments) to the values measured several minutes 
after anodization and rinsing (about 60V in our experi- 
ments). Equat ion [12] predicts that T due to surface con- 
duction is proportional to the square of the disk radius 
(conduction path), which for a rough film may be much 
greater than the apparent disk radius. T h e  experiment  
with abraded films removes the oxide-composition varia- 
ble by comparing decay on oxide films of identical chem- 
ical composit ion but different surface roughnesses. The 
dependence of charge decay on humidi ty also points to- 
wards surface conduction, because it seems unlikely that 
atmospheric humidi ty would have a strong effect on the 
bulk conductivity of the A1203. Because of this humidity 
sensitivity, any devices made from anodic oxide electrets 
[such as air-gap or polymer-gap ultrasonic transducers (3)] 
would need to be hermetically encapsulated with water- 
impervious material. 

The new rinse-with-voltage-on technique is superfi- 
cially similar to the electrochemical charging technique 
(14), but there are several important differences. Electro- 
chemical charging of uncharged polymer sheets is done 
with electrolytic solutions such as HC1 containing ions 
which are injected into the polymer surface to create the 
electret. Our rinsing procedure is only successful with 
high resistivity deionized water, because we are removing 
charge compensation ions from the surface of a charged 
anodic oxide film. 

It is interesting to compare anodized aluminum elec- 
trets to commercial  state-of-the-art Teflon polymer elec- 
trets. The thin film electrets produced by anodizati0n 
(typically 200 nm thick) have a higher surface charge and 
hence higher surface field than Teflon sheet electrets 
(typically 20 ~m thick) precisely because they are so thin 
and can, therefore, achieve high electric fields at rela- 
tively low voltages. This higher electric field results in 
higher sensitivity for transducers made from thin film 
electrets compared to transducers made from thick film 
Teflon electrets. 

A common limit to the voltage to which an electret can 
be charged is Paschen breakdown (15). When a counter- 
electrode is brought  near the surface of an electret, an 
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electr ical  b r e a k d o w n  can occur  if  the  vol tage across the  
gap is greater  than a certain b r e a k d o w n  value.  This 
b r e a k d o w n  vol tage  is a func t ion  of the  p roduc t  of gas 
p ressure  and gap separat ion (Paschen ' s  law). For  air, the  
m i n i m u m  b reakdown  vol tage is 380V at a pressure  t imes  
gap product  of 0.54 Pa  m. Al though  this l imits  the  vol tage 
to which  Tef lon shee t  e lectrets  can be  charged,  Paschen  
b r e a k d o w n  is no t  a l imita t ion on anodized  a luminum 
electrets  because  the  vol tage  across the  anodized  electret  
(the SPD)  is usua l ly  tess t han  380V, e v e n  dur ing  anodiza- 
tion. 

Manuscr ip t  submi t t ed  Jan.  3, 1984; revised manusc r ip t  
rece ived  Nov. 5, 1984. 

A P P E N D I X  A 
Derivation of Instantaneous Decay Time 

In  this appendix ,  we der ive  the  ins tan taneous  decay  
rate as a func t ion  of  the res idual  field in an anodic  ox ide  
film. Gauss ' s  law in one d imens ion  is 

aE p 
v .  E - - [A-l] 

0x �9 

Conserva t ion  of  charge  yields 

0p _ V . j _  aJ [A-2] 
at Ox 

Subs t i tu t ion  of  Eq. [1] into [A-2] gives  

ap Jo OE J + Jo 
eEIE0 - -  -- - -  V ' E [A-3] 

at Eo Ox Eo 

Subs t i tu t ing  Eq. [A-l] for V �9 E gives  

ap J + J0 P [A-4] - -  _ _  p - -  

at eE0 T 

where  r is the  ins tan taneous  decay t ime  and is g iven  by  

= eEo e_E/e0 [A-5] 
7 Jo 

A P P E N D I X  B 
Open-Circuit Decay of Electric Field in an Exponentially Conducting 

Dielectric 
The electr ic  field as a func t ion  of  t ime  can be  der ived  

as follows. Dif ferent ia t ing  Eq. [A-l] wi th  respec t  to t ime  
and us ing  Eq. [A-2] yields 

a'~E - 1 aJ 
- -  - - -  [B-l] 
axat �9 ax 

Rearranging  this, we  have  

ax 

Since  E = J = 0 for x < 0, (aE/Ot + J/e) mus t  be 0 every- 
where.  Subs t i tu t ing  for J f rom Eq. [1], we  have  

aE J0 - (e E/~o - 1) [B-3] 
at e 

This equa t ion  can be  solved exact ly  by separat ion of  var- 
iables. Le t  Y = E/Eo, u = (1 - e -r) and du  = e -Y dY.  Then  
Eq. [B-3] b e c o m e s  

dE/Eo Jo d t  d u  d t  
d t  - - -  - [B-4] 

( e  EIEO - 1 )  E E  0 Traa x U T m a  x 

In tegra t ing  f rom t~ to t2 gives 

( 1 - e  -E2:~~ ~ _ tl - t2 [B-5J 
In 1 e -EllE-----~ -rm~ 

Let t ing  tl = 0 and solving for E~, we  have  

E.2(t.2) = -Eo In [1 - e -t2/ . . . .  (1 - e-~l~0)] [B-6] 

This  is the  expl ic i t  express ion  for the  decay  of  the electr ic  
field as a func t ion  of  t ime  unde r  open-c i rcui t  condit ions.  
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A B S T R A C T  

A t e c h n i q u e  of  t w o - w a v e l e n g t h  h o l o g r a p h i c  i n t e r f e r o m e t r y  was  app l i ed  to s i m u l t a n e o u s l y  m e a s u r e  t h e  concen t r a -  
t i on  prof i les  of  Cu 2~ ion a n d  H + ion  n e a r  a p l a n e  ver t i ca l  c a t h o d e  p l aced  in  a n  u n s t i r r e d  a q u e o u s  so lu t i on  c o n t a i n i n g  
CuSO4 a n d  exces s  H2SO4. It  was  r evea l ed  t h a t  t he  m e a s u r e d  c o n c e n t r a t i o n  prof i les  of  Cu 2+ ion  a n d  H + ion  are  approx i -  
m a t e d  w i t h  t h e  pa rabo l i c  e q u a t i o n s  of  ho r i zon ta l  d i s t a n c e  f r o m  c a t h o d e  sur face  a n d  t h a t  t he  c o n c e n t r a t i o n  g r a d i e n t  of  
Cu 2+ ion  at  t he  c a t h o d e  sur face  is l a rge r  in  CuSO4-H2SO4 so lu t i on  t h a n  in  CuSO4 so lu t ion  at  t he  s a m e  ca thod i c  c u r r e n t  
dens i t y  a n d  ve r t i ca l  d i s t ance .  T he  fo l lowing  m a t t e r s  we re  a lso clarif ied: (i) t he  n o n d i m e n s i o n a l  ra te  of  ion ic  m a s s  t r ans -  
fer is s h o w n  as a f u n c t i o n  of  Ray]e igh  n u m b e r  b a s e d  o n  t he  b o u n d a r y  layer  theory ,  a n d  (ii) t h e  ef fec t  of  t he  a d d i t i o n  of  
excess  H2SO4 is e x p r e s s e d  b y  a p a r a m e t e r  f w h i c h  is t h e  ra t io  of  Ray le igh  n u m b e r s  in  CuSO4-H2SO4 so lu t ion  a n d  in  
CuSO4 so lu t i on  u n d e r  t he  c o n d i t i o n s  of  t h e  u n i f o r m  d i s t r i b u t i o n  of  ca thod ic  c u r r e n t  dens i t y  a n d  an  exces s  of  H2SO4. 

The  m e a s u r e m e n t  of c a thod i c  c o n c e n t r a t i o n  prof i le  of  
ion is i m p o r t a n t  for  e l uc i da t i ng  n o t  on ly  t he  ionic  m a s s  
t r a n s f e r  i tself ,  b u t  also t he  ef fec t  of  s u p p o r t i n g  e lec t ro ly te  
(1, 2). The  opt ica l  m e t h o d s  s u c h  as J a m i n  (3), M a c h - Z e h n -  
de r  (4), a n d  h o l o g r a p h i c  i n t e r f e r o m e t r y  (5, 6) a re  e f fec t ive  
for  t he  m e a s u r e m e n t  in  t he  s i n g l e - c o m p o n e n t  a q u e o u s  so- 
l u t i ons  b e c a u s e  of  t h e  p r o p o r t i o n a l i t y  b e t w e e n  t he  ion ic  
c o n c e n t r a t i o n  a n d  t he  re f rac t ive  i n d e x  of  t he  solut ion.  

In  t he  i n d u s t r i a l  e lectrolysis ,  s u c h  as t h e  e lec t ro ly t ic  
re f in ing  of  coppe r ,  for  e x a m p l e ,  a n  e x c e s s  of  su l fur ic  acid 
is added .  In  t he  m u l t i c o m p o n e n t  a q u e o u s  so lu t ions ,  t he  
above  p r o p o r t i o n a l i t y  no  l o n g e r  h o l d s  a n d  t he  measu re -  
m e n t  of  c o n c e n t r a t i o n  prof i les  of  ions  b e c o m e s  m o r e  dif- 
ficult.  

A n  e x p e r i m e n t a l  t e c h n i q u e  u s i n g  a n  i m a g e  s e n s o r  of  
o n e - d i m e n s i o n a l  p h o t o d i o d e  a r ray  was  d e v e l o p e d  in  or- 
de r  to  m e a s u r e  t h e  c o n c e n t r a t i o n  prof i le  of  Cu ~+ ion  in  
a q u e o u s  CuSO4-H2SO4 so lu t i on  (7). In  th i s  m e a s u r e m e n t  
of  t he  l igh t  a b s o r b a n c e  d i s t r i bu t i on ,  howeve r ,  a no ise  
c a u s e d  b y  t h e  l i gh t  d i f f rac t ion  n e a r  t h e  c a t h o d e  sur face  
was  s u p e r i m p o s e d  on  t h e  o u t p u t  s ignal ,  a n d  t he  concen -  
t r a t i on  of  Cu 24 ion  o n  t he  c a t h o d e  sur face  was  e s t i m a t e d  
by  e x t r a p o l a t i n g  t h e  profi le  t o w a r d  t he  c a t h o d e  surface.  
The  e s t i m a t i o n  of  t he  c o n c e n t r a t i o n  of  H + i on  on  t h e  ca th-  
ode  sur face  was  t r i ed  b y  s u b t r a c t i n g  t he  l i gh t  a b s o r b a n c e  
due  to Cu 2+ ion  f r o m  t he  re f rac t ive  i n d e x  of  the  so lu t ion  
m e a s u r e d  b y  t h e  c o n v e n t i o n a l  h o l o g r a p h i c  i n t e r f e r o m e t r y  
(5). Due  to t h e  e r ro r  of  the  m e a s u r e m e n t s  a n d  t he  ex t rapo-  
la t ion,  h o w e v e r ,  t h e  p r e c i s i o n  a n d  a c c u r a c y  of  t he  esti-  
m a t e d  H + ion  c o n c e n t r a t i o n  was  re la t ive ly  poor.  

It  is t h e  i n t e n t  of  t h e  p r e s e n t  w o r k  to ca r ry  ou t  t he  si- 
m u l t a n e o u s  m e a s u r e m e n t  of c o n c e n t r a t i o n  profi les  of  
Cu 2+ ion  a n d  H + ion  in  t he  ca thod i c  b o u n d a r y  layer  by  
u s i n g  a t e c h n i q u e  of  t w o - w a v e l e n g t h  h o l o g r a p h i c  in ter -  
f e r o m e t r y  w h i c h  is b a s e d  on  t h e  d i s p e r s i o n  ef fec t  of  re- 
f rac t ive  i n d e x  of  t h e  so lu t ion .  T he  p r o b l e m  due  to diffrac-  
t ion  p a t t e r n  a p p e a r i n g  n e a r  t he  c a t h o d e  sur face  can  b e  
avo ided  in  t h i s  m e a s u r e m e n t ,  b e c a u s e  t he  i n t e r f e r e n c e  
p a t t e r n  is se t  u p  as b e i n g  at  r i gh t  ang le s  w i t h  t h e  diffrac- 
t ion  pa t t e rn .  

The  p r i n c i p l e  of  t he  t w o - w a v e l e n g t h  h o l o g r a p h i c  inter-  
f e r o m e t r y  is s h o w n  in  Fig. 1. T h e  prof i les  of  re f rac t ive  in- 
d e x  in  t he  c a t h o d i c  b o u n d a r y  layer  a re  m e a s u r e d  s imul ta -  
n e o u s l y  a t  two  d i f f e ren t  w a v e l e n g t h s ,  a n d  t h e  p h a s e  
d i f f e rences  Si (i = I, II) a t  a ho r i zon ta l  d i s t a n c e  y = y f r o m  
t h e  c a t h o d e  su r face  are ca lcu la ted .  T h e n  the  d i f f e rences  
in  t he  r e f rac t ive  i n d e x  Ani (i = I, II) are  ca lcu la ted  at  b o t h  
w a v e l e n g t h s  by  u s i n g  t he  idea l  i n t e r f e r o m e t e r  e q u a t i o n  
(8-11). W h e n  t he  r e g r e s s i o n  e q u a t i o n s  of  t he  d i f fe rence  in  
t h e  re f rac t ive  i n d e x  u p o n  t he  c o n c e n t r a t i o n  of  CuSO4 a n d  
H2SO4 are g i v e n  a t  e ach  w a v e l e n g t h ,  b o t h  c o n c e n t r a t i o n  
profi les  of  Cu 2+ ion  a n d  H + ion  are  ob ta ined .  

* Electrochemical Society Active Member. 

Experimental Arrangement 
The  opt ica l  a r r a n g e m e n t  for  t h e  t w o - w a v e l e n g t h  holo-  

g r aph i c  i n t e r f e r o m e t r y  is s c h e m a t i c a l l y  i l l u s t r a t ed  in  Fig. 
2. A n  a r g o n  ion  lase r  e m i t t e r  (Lexel  95-2) a n d  a he l i um-  
n e o n  gas  l ase r  e m i t t e r  ( N i h o n  K a g a k u  E n g i n e e r i n g  
NEO-20M) were  u s e d  as t he  l i gh t  sources .  The  laser  
b e a m s  were  m i x e d  at a ha l f -mi r ro r  B,  to  fo rm a s ing le  
b e a m  w i t h  t he  s a m e  opt ical  axis.  T h e  m i x e d  b e a m  was  
spl i t  in to  two  b e a m s  of  ob jec t ive  a n d  r e f e r ence  waves ,  re- 
spec t ive ly ,  b y  a n o t h e r  ha l f -mi r ro r  B2, a f te r  i t  p a s s e d  
t h r o u g h  a h a l f - w a v e l e n g t h  p la t e  ~,/2 a n d  a s h u t t e r  S. The  
ob jec t ive  wave  was  co l l ima ted  to a b e a m  of  1.2 c m  d i a m  
by  a n  ob jec t ive  lens  E, (magni f ica t ion :  10 t imes)  a n d  a 
lens  LE,  (f  = 200 mm) .  Af ter  p a s s i n g  t h r o u g h  t he  v ic in i ty  
of  c a t h o d e  su r face  in  t he  e lec t ro ly t ic  cell  C, i t  was  pro-  
j e c t e d  on  a h o l o g r a p h i c  p la te  H, o n  w h i c h  t he  i m a g e  of 
t he  c a t h o d e  sur face  w a s  r ecorded .  

The  c e n t e r  l ine  of  t h e  c a t h o d e  sur face  was  focused  on  
t he  h o l o g r a p h i c  p l a t e  by  a lens  LE2 (f = 135 ram)  w h i c h  
r e m o v e s  t he  c h r o m a t i c  a b e r r a t i o n  c a u s e d  by  the  d i f fe ren t  
color  of  t he  l ase r  beams .  The  r e f e r ence  wave  was  colli- 
m a t e d  to a b e a m  of  50 m m  d i a m  b y  a lens  E2 (magnif ica-  
t ion:  40 t imes)  a n d  a lens  LE3 (f = 200 mm).  I t  was  super -  
i m p o s e d  w i t h  t h e  ob jec t ive  w a v e  o n  t h e  s a m e  h o l o g r a p h i c  
plate.  In  o rde r  to  i m p r o v e  t he  c o n t r a s t  of  t he  in- 
t e r fe rogram,  i t  was  r e q u i r e d  to a d j u s t  t h e  re la t ive  in ten-  
s i ty  of b o t h  waves .  Two polar izers  P,  a n d  P3 were  in- 
s ta l led  for  t h i s  p u r p o s e ,  w h i l e  t he  o t h e r  polar izers  P~ a n d  
P4 were  u s e d  to m a i n t a i n  t h e  s a m e  po la r i za t ion  p l a n e  as 
t he  e m i t t e d  lase r  b e a m  f rom the  l igh t  source .  The  recon-  

Wavelength % % = %1 % = kll 

phase difference S i Sl% I = Anl'z % SIIXII = Anll'Z % 

regression of An i An I = ~IACcu2+ Anii = aiiACcu2+ 

+ 811ACH+ + BIACH+ 

i 
ACcu2+ ~ ACH+ 

Fig. 1 Principle of two-wavelength holographic interferometry (X~, 
X., O~x, ch~ , ill,/31i: known) 
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M~ 

1 
M, \ B, ~ IT  s /B, /M, 

Fig. 2. Optical arrangement for two-wavelength holographic inter- 
ferometry 

L V Ar laser. L2: He-Ne laser. M1,M2,M:~,M4: Mirror. 
B1,B~: Beam splitter. E1,E~: Spatial filter. 
I-E,,LE2,LE3: Lens. P~,P2,P:~,P4: Polarizer. 
S: Shutter. C: Electrolytic cell. H: Hologram. 
CA: Camera. M2: Half-wavelength plate. 

s t r u c t e d  i n t e r f e r o g r a m s  were  t a k e n  w i t h  a camera .  In  or- 
de r  to  e l i m i n a t e  a n y  m e c h a n i c a l  v i b r a t i o n  d u r i n g  t h e  
m e a s u r e m e n t ,  all opt ica l  i n s t r u m e n t s  s h o w n  in  Fig. 2 
were  m o u n t e d  o n  a v ib ra t ion- f ree  table .  

A rea l - t ime  t e c h n i q u e  was  u sed  for p r o d u c i n g  a holo-  
g raph ic  i n t e r f e rog ram.  In  o rde r  to a s su re  t he  opt ica l  
r e p r o d u c i b i l i t y  of  m e a s u r e m e n t  at  t h e s e  two wave-  
l eng ths ,  t he  prof i le  of  re f rac t ive  i n d e x  f o r m e d  d u r i n g  a 
s t eady  e lec t ro lys i s  u n d e r  t he  r e s p e c t i v e  e x p e r i m e n t a l  
c o n d i t i o n s  was  first  r e c o r d e d  o n  a h o l o g r a p h i c  plate .  I t  
was  t h e n  r e c o n s t r u c t e d  and  i n t e r f e r e d  w i t h  the  ob jec t ive  
wave  of a u n i f o r m  profi le  of  r e f rac t ive  i n d e x  w h i c h  was  
o b t a i n e d  af ter  i n t e r r u p t i n g  t h e  e lect rolys is .  I t  is t h o u g h t  
t h a t  b y  th i s  t e c h n i q u e  t h e  prof i le  of  r e f rac t ive  i n d e x  is re- 
c o r d e d  o n  a h o l o g r a p h i c  p la t e  for  e a c h  w a v e l e n g t h  u n d e r  
exac t ly  t h e  s a m e  opt ica l  conf igura t ion .  

The  c o p p e r  rod  e l ec t rodes  were  0.5 c m  square ,  a n d  t h e  
effect ive  e l ec t rode  area  was  0.5 x 8.0 c m  ~. The  d i s t ance  
b e t w e e n  b o t h  e l ec t rodes  was  m a i n t a i n e d  at 4.8 cm. The  
deta i l s  of the  e lec t ro ly t ic  cell a n d  e x p e r i m e n t a l  condi -  
t ions  were  a l r eady  d e s c r i b e d  in  t h e  p r e v i o u s  p a p e r  (7). 

Experimental  Results 
A few e x a m p l e s  of  t he  i n t e r f e r o g r a m  o b t a i n e d  b y  t h e  

t w o - w a v e l e n g t h  h o l o g r a p h i c  i n t e r f e r o m e t r y  are  d e m o n -  
s t r a t ed  in  Fig. 3. E lec t ro lys i s  was  ca r r i ed  ou t  a t  a ca thod ic  
c u r r e n t  dens i t y  of 0.946 m A / c m  2. F igu re  3a is t he  holo-  
g r aph i c  i n t e r f e r o g r a m  r e c o n s t r u c t e d  s i m u l t a n e o u s l y  b y  
b o t h  a r g o n  (h~ = 483 nm)  a n d  h e l i u m - n e o n  (~,, = 633 n m)  

laser  beams .  The  d i s p e r s i o n  effect  is c lear ly  shown .  Fig- 
u res  3b a n d  3c are the  i n t e r f e r o g r a m s  sepa ra t e ly  recon-  
s t r u c t e d  by  a r g o n  a n d  h e l i u m - n e o n  laser  beam,  respec-  
tively. 

T h e  a p p a r e n t  p h a s e  d i f f e rences  S in  the  ca thod i c  
b o u n d a r y  layer  in  t h e s e  i n t e r f e r o g r a m s  were  o b t a i n e d  
f rom t h e  m e a s u r e d  prof i les  of r e f rac t ive  index .  T h e n  t h e  
t r ue  p h a s e  d i f f e rences  we re  ca l cu l a t ed  for  b o t h  wave-  
l e n g t h s  a c c o r d i n g  to t h e  c o r r e c t i n g  p r o c e d u r e s  s imi la r  to  
H a u l  et al. (8) a n d  M a y i n g e r  et aI. (10). T h e n  t h e  concen -  
t r a t i o n  prof i les  of  Cu 2+ ion  a n d  H ~ ion  were  o b t a i n e d  b y  
us ing  the  ideal in te r fe rometer  equa t ion  an d  the  regress ion 
equa t i ons  (12) of  re f rac t ive  i n d e x  u p o n  t h e  c o n c e n t r a t i o n  
of  Cu 2~ a n d  H 4 ions  at  t h e  two  w a v e l e n g t h s .  T h e  regres-  
s ion  e q u a t i o n s  we re  o b t a i n e d  as 

An~ = 0.0237180, - 0.01091202 (~, = 488 n m)  [1] 

An,  = 0.0232570, - 0.01011802 (h,, = 633 n m)  [2] 

Di f fe ren t  n u m e r i c a l  coeff ic ients  in  Eq.  [1] a n d  [2] are  due  
to t h e  d i s p e r s i o n  effect  (see A p p e n d i x ) .  

A few e x a m p l e s  of  the  c o n c e n t r a t i o n  profi le  of  Cu ~ ion  
at  a ve r t i ca l  d i s t ance  of x = 4 c m  f rom t h e  lower  edge  of  
c a t h o d e  in  0.05M CuSO4 so lu t i on  are s h o w n  in  Fig. 4. I t  is 
seen  t h a t  t h e  c o n c e n t r a t i o n  d i f f e rence  b e t w e e n  c a t h o d e  
sur face  a n d  b u l k  e lec t ro ly te  a n d  t h e  c o n c e n t r a t i o n  gradi-  
en t  a t  t h e  c a t h o d e  sur face  are  l a rge r  at  h i g h e r  c u r r e n t  
densi t ies .  I t  is also s h o w n  t h a t  t h e  c o n c e n t r a t i o n  profi les 
of Cu ~+ ion  at  a c u r r e n t  d e n s i t y  of  0.946 m A / c m  2 m e a s u r e d  
b y  t h e  c o n v e n t i o n a l  h o l o g r a p h i c  i n t e r f e r o m e t r y  (5), b y  the  
l ight  a b s o r b a n c e  d i s t r i b u t i o n  (7), a n d  b y  t h e  two-wave-  
l e n g t h  h o l o g r a p h i c  i n t e r f e r o m e t r y  are  c o m p a r e d ,  a n d  the  
a g r e e m e n t  is sa t i s fac tory .  

T h e  c o n c e n t r a t i o n  profi les  of  Cu ~ ion  at  va r ious  cur-  
r en t  dens i t i e s  in  0.05M CuSO4-1.85M H2SO4 so lu t ion  are  
d e m o n s t r a t e d  in  Fig. 5. I t  is  s e e n  t h a t  t h e  c o n c e n t r a t i o n  
d i f f e rence  b e t w e e n  b u l k  e lec t ro ly te  a n d  c a t h o d e  sur face  
a n d  t h e  c o n c e n t r a t i o n  g r a d i e n t  a t  t h e  c a t h o d e  sur face  in- 
c rease  a n d  t h e  t h i c k n e s s  of  t h e  c o n c e n t r a t i o n  b o u n d a r y  
layer  dec rea se s  w i t h  t h e  inc rease  of  t h e  c u r r e n t  dens i ty .  
The  l im i t i ng  c u r r e n t  d en s i t y  was  o b t a i n e d  f rom a cu r r en t -  
po t en t i a l  c u r v e  s h o w n  i n  Fig. 6 at  1.96 m A / c m  2, a n d  i t  is 
s een  t h a t  the  su r face  c o n c e n t r a t i o n  of  Cu 2+ ion  is zero at  
th is  c u r r e n t  dens i ty .  

T h e  c o n c e n t r a t i o n  prof i les  m e a s u r e d  u n d e r  t h e  s a m e  
e lec t ro ly t ic  cond i t i ons  in  0.05M CuSO4 a n d  0.05M 
CuSO4-1.85M H2SO4 so lu t ions  are c o m p a r e d  in  Fig. 7. The  
c o n c e n t r a t i o n  d i f f e rence  b e t w e e n  b u l k  e lec t ro ly te  a n d  
c a t h o d e  sur face  a n d  t h e  c o n c e n t r a t i o n  g r a d i e n t  at  t he  
c a t h o d e  surface  in  0.05M CuSO4-1.85M H~SO4 so lu t ion  are  
far  l a rger  t h a n  in  t h e  0.05M CuSO4 so lu t ion .  

Fig. 3. Holographic interferograms of cathodic diffusion layer (0.05M CuSO4-1.8SMH2SO4, x = 4 cm, i = 0.946 mA/cm 2. a: Reconstructed by 
both Ar laser and He-Ne laser, b: Reconstructed by Ar laser, c: Reconstructed by He-Ne laser. 



Vol. 132, No.  5 H O L O G R A P H I C  I N T E R F E R O M E T R Y  1147 

0 . 0 5 ~  

0.04 

0.03 
0 

E 
v key 

0 

o 

- 0.02 
L )  

0.01 

i (mAlcm~ 
0.236 
0.473 
0.946 
1.42 

o 1.96 

0 I I I I I I I 

0 100 200 300 400 500 600 700 800 

y (pm) 

Fig. 4. Concentration profiles of Cu 2~ ion in the cathodic diffusion 
layer (0.05/,4 CuSO4 solution, x = 4 cm). 

(---): Measured by conventional holographic interferometry (5). 
( . . . . .  ): Measured by light absorbance distribution (7). 

Since  t he  ca thod i c  po la r i za t ion  c u r v e s  w i th  t he  s a m e  
c o p p e r  r e f e r ence  e l ec t rode  in  b o t h  so lu t ions  are  v i r tua l ly  
iden t i ca l  a t  t h e  lower  c u r r e n t  d e n s i t i e s  as s h o w n  in  Fig. 6, 
t he  o v e r p o t e n t i a l  for  e l e c t r o d e p o s i t i o n  of  Cu ~+ ion  is no t  
i n f l u e n c e d  by  t he  p r e s e n c e  of  H.~SO4. T he  t r a n s f e r e n c e  
n u m b e r  of  Cu ~ ion  in  t he  so lu t ion  c o n t a i n i n g  CuSO4 a n d  
excess  H2SO4 is r e m a r k a b l y  l ow er ed  due  to t he  h i g h  mo-  
b i l i ty  of  H + ion,  a n d  t he  p r e v a i l i n g  m e c h a n i s m  of  m a s s  
t r ans f e r  of  Cu 2~ ion  in  the  CuSO4-H2SO4 so lu t ion  is diffu- 
s ion  a n d  convec t i on .  T h e n  t h e  i n c r e a s e  of  c o n c e n t r a t i o n  
d i f f e rence  a n d  c o n c e n t r a t i o n  g r a d i e n t  at  t he  c a t h o d e  sur- 
face is e x p e c t e d  in  o rde r  to  m a i n t a i n  t he  s ame  overa l l  ra te  
of e l e c t r o d e p o s i t i o n  as in  t he  CuSO4 solut ion.  At  t he  s a m e  
t ime,  h y d r o g e n  ion  is a c c u m u l a t e d  n e a r  t h e  c a t h o d e  sur-  
face, a n d  t h e  c o n c e n t r a t i o n  profi le  is due  to t he  m a s s  bal-  
ance  a m o n g  t h e  f luxes  of  mig ra t ion ,  d i f fus ion,  a n d  con-  
vec t ion .  

A few e x a m p l e s  of  the  m e a s u r e d  c o n c e n t r a t i o n  profi le  
of  H § ion  are  s h o w n  in  Fig. 8. I t  is s een  in  th i s  f igure  t h a t  
t h e  c o n c e n t r a t i o n  of  H + ion  i nc r ea se s  f rom t he  b u l k  elec- 
t ro ly te  t o w a r d  t h e  c a t h o d e  surface.  I t  is also s een  t h a t  t he  
c o n c e n t r a t i o n  d i f f e rence  b e t w e e n  c a t h o d e  sur face  a n d  
b u l k  e lec t ro ly te  a n d  t he  abso lu t e  va lue  of  t he  concen t r a -  
t i on  g r a d i e n t  a t  t he  c a t h o d e  sur face  are  larger ,  wh i l e  t he  
t h i c k n e s s  of  t he  c o n c e n t r a t i o n  b o u n d a r y  layer  of  H + ion  is 
sma l l e r  a t  h i g h e r  c u r r e n t  densi t ies .  
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Fig. 5. Concentration profiles of Cu 2+ ion in the cathodic diffusion 
layer (O.05M CuSO4-l.85MH2S04 solution, x = 4 cm). 
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Discussion 
I t  was  s h o w n  t h a t  the  c o n c e n t r a t i o n  profi le  of  Cu ~+ ion  

in t he  ca thod i c  b o u n d a r y  layer  is a f fec ted  b y  t he  a d d i t i o n  
of H2SO4. The  ef fec t  of H2SO4 o n  t he  c o n c e n t r a t i o n  
profi le  of Cu 2~ ion  a n d  t he  c o n c e n t r a t i o n  prof i le  of I-I + 
ion  i t se l f  in  t h e  ca thod i c  b o u n d a r y  layer  are c o n s i d e r e d  
below.  

The  c o n c e n t r a t i o n  prof i les  of  Cu 2+ ion  a n d  H + ion  in  t he  
ca thod ic  b o u n d a r y  layer  are e x p r e s s e d  as 

OlO = ( 1 -  y/8) ~ [3] 

T h e  n u m e r i c a l  v a l u e  of p a r a m e t e r  ~o was  e s t i m a t e d  in  
b o t h  0.05M CuSO4 a n d  0.05M CuSO4-1.85M H2SO4 solu- 
t ions :  t he  l o g a r i t h m  of  O'dO'~ i n  0.05M CuSO4 s o l u t i o n  ~ 
was  p lo t t ed  aga in s t  log (1 - y/8'1) i n  Fig. 9, a n d  t he  ~ ' ,  
va lue  for  Cu 2+ ion  was  o b t a i n e d  to b e  1.80 b y  t he  l eas t  
squa re s  m e t h o d .  Similar ly ,  ~o, a n d  (02 va lues  (for Cu ~+ ion  
a n d  H + ion, r espec t ive ly )  in  0.05M CuSO4-1.85M H2SO4 so- 
l u t i on  we re  o b t a i n e d  at 1.98 a n d  2.00, respec t ive ly .  No sig- 
n i f icant  d i f f e rence  was  de t ec t ed  by  t he  s ta t i s t ica l  t e s t  

~Quantities specified with prime are defined for aqueous 
CuSO4 solution. 
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Compariso n of Cu 2~ ion concentration profiles in the Fig. 7. 
cathodic diffusion layer of aqueous 0.05M CuSO~ solution and 0.05M 
CuSO4-1.85M H2SO 4 solution (i = 0.946 mA/cm ~, x = 4 cm). 
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Fig. 8. Concentration profiles of H § ion in the cathodic diffusion 
layer (0.05/4 CuSO4-] .85M HeSO~ solution, x = 4 cm). 

I t  is a s sumed  that  the  values  of  numer ica l  parameters  e, 
~, r wh ich  de t e rmine  the ve loc i ty  profile of  natural  con- 
vec t ion  are s imilar  in the  two solutions.  

F u n d a m e n t a l  equa t ions  descr ib ing  laminar  natura l  con- 
vec t ion  along the  ca thode  surface in a solut ion conta in ing  
CuSO4 and excess  H~SO4 are  the  m o m e n t u m  balance  
equa t ion  and ionic mass ba lance  equa t ions  regarding  a 
v o l u m e  e lemen t  of  he igh t  d x  and leng th  8,~(x) and the 
ionic mass f lux equa t ion  at the  ca thode  surface (7). They 
are as fol lows 

d x  . , u ~ dy  = - v  Oy 
y=O 

f? f: + ~lg O~ dy  + ~2g 82 dy  [6] 

d ( -~  i(1 - *tl) 
d--x J o uO~ d y  z~F [7] 

d f s ~  i't2 [8] 
d x  J o uO~ dy  - z2F 

a m o n g  the  ob ta ined  numer ica l  va lues  of  o~'~, %, and co2. 
These  va lues  are lower  than  2.3 ob ta ined  for Cu 2§ ion  in 
aqueous  CuSO4 solut ion by Ibl  and Mfiller (3). It is 
known,  however ,  that  the resul ts  of  calcula t ion by the  von  
Khrmhn-Poh lhausen  integral  m e t h o d  are not  ve ry  sensi- 
t ive to the  numer ica l  va lue  of  parameters .  Then  it can be 
p r e s u m e d  that  the  above-men t ioned  (o va lues  are vi r tual ly  
the  same and that  the concent ra t ion  profiles of  Cu 2§ ion  
in these  two solut ions are similar. 

The  ve loc i ty  profile of natural  convec t ion  is wr i t ten  as 
(7) (1){ 
U/Um = X -- 0 <= y <= r [4] 

U / U  m = 1 Y - ~ - - -  T = < y = < ( e +  1)r [ 5 ]  
ET 

k a0, ._ i(1 - *t~) [9] 
1 0 y  y=0 z l F  

- k 2  ~0~ _ i ' t2 [10] 
Oy y=o z2F 

respect ively.  These  equat ions  were  solved by the  v a n  
Kf i rmhn-Pohlhausen  integral  m e t h o d  (7), and the follow- 
ing nond imens iona l  rate equat ions  for CuSO4 solut ion 
and CuSO4-H~SO~ solut ion were  der ived  

Sh'~ = A '  �9 (Ra*'~) "5 [11] 

Sh~ = A �9 (Ra%) "5 [12] 

where  

I 

a t  
O 

-1.0 

0.236 
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1.96 

1 2 4 6 

a 0 0 0 

* m �9 r 
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o -  F / .  
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' o 

I 

(d1"=1.80 

- 1 . 0  - 0 . 8  - 0 . 6  - 0 . 4  - 0 . 2  0 

log(l- ~)  (-) 
Fig. 9. Plot of log (0 '~ /O'1)  vs. log (1 - y/8'~) with aqueous O.OSM 

CuS04 solution. 

i(1 - *tOx 
Sh~ - [13] 

ztFk~Ol 

gai(1 - *t~)x 4 
Ra*~ - [14] 

z lFvkl  ~ 

U n d e r  the  assumpt ions  of h igher  S c h m i d t  n u m b e r  and 
the s imilar  profiles of  ve loc i ty  and concentra t ion,  numer-  
ical coeff icients  A '  and A b e c o m e  equal  and 

Shf lSh 'x  = flJ5 [15] 

The pa rame te r  f is def ined as 

Ra% ( a ,  ~ ~o-~a2.~ 
f -=  Ra*'~ = a ' l  / 

, (7)[,6] 
When effect ive  diffusivi ty of  Cu 2~ ion is regarded  as be ing  
the  same as the  diffusivi ty of  CuSO4 since each Cu ~+ ion is 
su r rounded  by SO, 2- ions to satisfy the  e lec t roneutra l i ty  
pr inc ip le  in the  solut ion conta in ing  CuSO,  and excess  
H2SO,, the  f va lue  is obta ined  f rom Eq. [16]. The  numer-  
ical coefficients A '  and A in Eq.  [11] and [12] were  calcu- 
lated to be  0.628 at S c h m i d t  n u m b e r  of  3000 f rom the  sim- 
ilarity pr inc ip le  descr ibed  e l sewhere  (7, 12). Thus  the  rate 
of ionic mass  t ransfer  in CuSO,  and CuSO4-H~SO, solu- 
t ions is g iven by 

Sh'x = 0.628(Ra*',) "5 [17] 

She = 0.628(Ra*x) 1is [18] 

respect ively .  Logar i thmic  Sh'~ and Shx were  plot ted  
against  log (Ra*'x) and log (Ra*x), respect ively ,  for bo th  
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Fig. 10. Relationship between log (Shx) and log (Ra*x). (l): Mea- 
sured by light obsorbonce distribution (7). 

so lu t ions  in  Fig. 10. I t  is s e e n  t h a t  t h e  a g r e e m e n t  b e t w e e n  
t he  t heo re t i ca l  co r re l a t ions  in  t he  fo rm of  Eq. [17] a n d  [18] 
a n d  t he  o b t a i n e d  e x p e r i m e n t a l  r e su l t s  is sa t is factory.  

In  t h e  s a m e  figure,  t h e  e x p e r i m e n t a l  r e su l t s  o b t a i n e d  
b y  t he  m e a s u r e m e n t  of  l ight  a b s o r b a n c e  d i s t r i b u t i o n  (7) 
we re  also p lo t ted .  I t  is aga in  s e e n  t h a t  t he  a g r e e m e n t  is 
exce l len t .  

F r o m  th i s  a g r e e m e n t  b e t w e e n  t h e  t h e o r y  a n d  t he  two  
k i n d s  of i n d e p e n d e n t  m e a s u r e m e n t s ,  it c an  b e  said t h a t  
the  co r r e l a t i on  Eq.  [17] a n d  [18] are  va l id  a n d  t h a t  t he  pa-  
r a m e t e r  f de f ined  b y  Eq.  [16] is m e a n i n g f u l  to revea l  t he  
effect  of a d d e d  H2SO4 on  t h e  ca thod i c  ion ic  mass  t ransfer .  
Once  f v a l u e  is o b t a i n e d  f rom t he  p r o p e r t y  c o n s t a n t s  of  
the  so lu t ions ,  t he  ra te  of m a s s  t r a n s f e r  of  Cu ~+ ion  in  
CuSO4-H2SO4 so lu t i on  can  b e  e s t i m a t e d  f r o m  t he  ra te  of 
ionic  mass  t r a n s f e r  in  CuSO4 so lu t ion ,  so far  as t he  as- 
s u m p t i o n s  of  u n i f o r m  d i s t r i b u t i o n  of  c u r r e n t  dens i t y  a n d  
the  p r e s e n c e  of  exces s  H2SO4 are satisfied.  

With  r e g a r d  to t he  c o n c e n t r a t i o n  of  Cu 2~ ion a n d  H + ion 
at  t h e  c a t h o d e  surface,  t he  ra t io  of  O1 a n d  O2 is g iven  as 

OJO~ = -To- [19] 

w h i c h  was  de r i ved  f rom t he  e l ec t roneu t r a l i t y  p r inc ip l e  
(7). The  T a n d  ~ v a l u e s  were  ca l cu la t ed  as 

l + a  
T - - -  - 0.809 [20] 

l + 2 a  

~r = ~2/~1 = 1.27 [21] 

r e s p e c t i v e l y  (7). Wi th  t h e s e  T a n d  o- va lues  

OjO1 = -1 .03  

However ,  i t  was  o b t a i n e d  f r o m  t h e  e x p e r i m e n t a l  r e su l t s  
of Fig. 5 a n d  8 t h a t  

02/01 = - 1.07 

The  s t a n d a r d  d e v i a t i o n  of t h i s  e x p e r i m e n t a l  v a l u e  is 0.10. 
Again ,  t he  a g r e e m e n t  is sa t is factory.  

Summary 
T h o u g h  it  is p o s s i b l e  to o b t a i n  t he  ca thod i c  concen t r a -  

t ion  prof i le  of  ion  in  a s i n g l e - c o m p o n e n t  so lu t ion  b y  
m e a s u r i n g  t h e  d i s t r i b u t i o n  of  r e f rac t ive  i n d e x  of  t h e  solu- 
t ion,  i t  c a n n o t  be  app l i ed  for o b t a i n i n g  t he  ionic  concen-  
t r a t i on  prof i les  in  t he  m u l t i c o m p o n e n t  so lu t ions  s u c h  as 
t he  a q u e o u s  so lu t i on  c o n t a i n i n g  CuSO4 a n d  excess  H2SO4, 
b e c a u s e  t he  re f rac t ive  i n d e x  of  t he  so lu t ion  is a f u n c t i o n  
of all ionic  concen t r a t i ons .  A n e w  t e c h n i q u e  of two-  
w a v e l e n g t h  h o l o g r a p h i c  i n t e r f e r o m e t r y  was  d e v e l o p e d  to 
m e a s u r e  t he  c o n c e n t r a t i o n  profiles.  In  th i s  t e c h n i q u e ,  t he  
d i spe r s ion  ef fec t  of  r e f rac t ive  i n d e x  is ut i l ized.  

Af te r  t h e  op t ica l  d i s to r t i ons  in  t he  ca thod i c  concen t r a -  
t ion  b o u n d a r y  layer  we re  cor rec ted ,  t h e  c o n c e n t r a t i o n  
profi les  of Cu 2~ i on  a n d  H § ion  we re  o b t a i n e d  f rom t h e  re- 

g ress ion  e q u a t i o n s  of  r e f rac t ive  i n d e x e s  m e a s u r e d  at  e ach  
w a v e l e n g t h  u p o n  t h e  c o n c e n t r a t i o n  of  Cu 2~ a n d  H ~ ions.  

It  was  e l u c i d a t e d  f r o m  the  e lec t ro lys i s  of  0.05M 
CuSO4-1.85M H2SO4 so lu t ion  t h a t  t h e  c o n c e n t r a t i o n  differ- 
ence  of  Cu ~§ ion  b e t w e e n  b u l k  e lec t ro ly te  a n d  c a t h o d e  
surface  a n d  t he  c o n c e n t r a t i o n  g r a d i e n t  at  t he  c a t h o d e  sur- 
face i nc r ea se  a n d  t he  t h i c k n e s s  of  c o n c e n t r a t i o n  b o u n d -  
a ry  layer  dec rea se s  w i t h  t he  i nc r ea se  of  t he  c u r r e n t  den-  
sity. I t  was  also r evea l ed  f rom a c o m p a r i s o n  of t he  
c o n c e n t r a t i o n  prof i les  of  Cu 2~ ion  in  CuSO4 a n d  CuSO4- 
H2SO4 so lu t ions  u n d e r  the  s a m e  e lec t ro ly t ic  c o n d i t i o n s  
t h a t  the  c o n c e n t r a t i o n  d i f f e rence  b e t w e e n  b u l k  e lect ro-  
lyte  a n d  c a t h o d e  sur face  a n d  t h e  g r a d i e n t  at  t he  c a t h o d e  
sur face  are l a rge r  in  CuSO4-H2SO4 solut ion.  Th i s  ef fec t  
was  e x p l a i n e d  b y  t he  r e d u c e d  c o n t r i b u t i o n  of  m i g r a t i o n  
of  Cu 2~ ion  in  t he  CuSO4-H2SO4 so lu t ion  to  t h e  to ta l  cur-  
r en t  dens i ty .  The  c o n c e n t r a t i o n  d i f f e rence  of  H ~ ion  be- 
t w e e n  c a t h o d e  sur face  and  b u l k  e lec t ro ly te  is l a rger  at  
h i g h e r  c u r r e n t  dens i t ies .  T h e  n u m e r i c a l  va lues  of a pa-  
r a m e t e r  co of  t he  c o n c e n t r a t i o n  profi le  of  ca t ions  we re  
f o u n d  s imilar .  T h e y  were  a b o u t  2.0. 

B a s e d  o n  t h e  e x p e r i m e n t a l  r e su l t s  w i t h  t h e  two-wave-  
l e n g t h  h o l o g r a p h i c  i n t e r f e r o m e t r y  a n d  t he  l igh t  abso rb -  
ance  m e a s u r e m e n t ,  t he  ra te  of mass  t r a n s f e r  of  Cu ~ ion  in  
CuSO4 s o l u t i o n  a n d  CuSO4-H2SO4 so lu t i on  was  repre-  
s e n t e d  b y  t h e  co r re l a t ion  e q u a t i o n  of  

Sh 'x  = 0.628(Ra*'x) 1/5 

a n d  

Sh~. = 0.628(Ra*x) ~/5 

respec t ive ly .  T h e y  are  b a s e d  o n  t he  s imi la r i ty  p r inc ip l e  
app l ied  to t h e  p r e s e n t  l a m i n a r  n a t u r a l  convec t ion .  Fur -  
t h e r m o r e ,  t h e s e  two  e q u a t i o n s  are m u t u a l l y  r e l a t ed  b y  a 
p a r a m e t e r  f, w h i c h  is t he  rat io  of  t he  Ray le igh  n u m b e r s  in  
b o t h  so lu t ions .  Th i s  p a r a m e t e r  is p r e d i c t a b l e  f rom the  
phys i ca l  p r o p e r t i e s  of  the  e lec t ro ly tes .  T h e  c o n c e n t r a t i o n  
d i f fe rence  of H § ion  in  t he  ca thod ic  c o n c e n t r a t i o n  b o u n d -  
a ry  layer  is e s t i m a t e d  f rom the  r e l a t i o n s h i p  of  

02/01 = - T O "  

w h i c h  is b a s e d  o n  t he  e l e c t r o n e u t r a l i t y  pr inc ip le .  
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A P P E N D I X  

The  fo l lowing  p r o c e d u r e  h a s  b e e n  car r ied  ou t  to  o b t a i n  
the  c o n c e n t r a t i o n  prof i les  of  Cu 2~ a n d  H § ion  f r o m  the  
i n t e r f e r o g r a m s  (12). 

1. The  l oca t i on  of  c a t h o d e  sur face  is d e t e r m i n e d  f rom 
the  t h e o r y  of  F r e s n e l  d i f f rac t ion  p a t t e r n  (7). 

2. The  d i s tance ,  y, f r om c a t h o d e  sur face  a n d  the  n u m -  
be r  of  f r inge  shift ,  Si M, at  t h a t  p o s i t i o n  are s i m u l t a n e o u s l y  
m e a s u r e d  o n  e a c h  p i c tu r e  to  o b t a i n  t h e  r eg re s s ion  equa-  
t ion  in  a fo rm of  

Si M = aiy 2 + b~y + ci (i = I, II) [A-l] 

The  ra t io  of  s u m  of  s q u a r e s  due  to r e g r e s s i o n  to t he  to ta l  
s u m  of s q u a r e s  was  ca l cu la t ed  to b e  0.998. 
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3. In the present measurement,  the focal plane is set up 
at the center of effective cathode surface whose width is 
2b. The interference equation is thus given by 

SiM~ki = Si~ i Jr hZiD~i -]- ASiE~i [A-2] 

where 

and 

ASiDki = - - ' - ~ -  Z! [A-3] 

2 
AS~E~ = - -  $i X/82 - y2 Xi [A-4] 

Zl 

The first term in Eq. [A-2] is the ideal shift, and the sec- 
ond represents the phase difference due to the light de- 
flection in the concentration boundary layer. The last 
term is due to the end effect of the concentration bound- 
ary layer, which extends over the effective cathode sur- 
face to the electrolytic cell wall. Roughly speaking, the ra- 
tios of AS~ D and hSi e to the true phase difference are about 
0.1 and 0.3, respectively. 

All other errors due to chromatic aberration, spherical 
aberration, parallelness of laser beam, and glass effect of 
electrolytic cell are negligibly small in comparison with 
ASi D and hSi s. 

A 
a 
C 
*C 
C s 

E 
f. 
k 
An 
Ra*x 
Sh~ 
*t 
X 

LIST OF SYMBOLS 

numerical  value 
degree of dissociation of bisulfate ion 
concentration (mo]/cm 3) 
concentration in bulk electrolyte (moYcm 3) 
concentration at cathode surface (moYcm 3) 
electrode potential (V) 
parameter defined by Eq. [16] 
current density (A]cm 2) 
diffusivity (cm2/s) 
difference of refractive index 
Rayleigh number  
Sherwood number  
transterence number  
vertical distance from the lower edge of cathode 
(cm) 

y horizontal distance from the cathode surface (cm) 
zl geometrical path length of reference beam (cm) 

Greek Letters 

~1 densification coefficient of CuSO4 (cm3/mol) 
~ densification coefficient of H2SO4 (cmS/mol) 
~/ ratio of concentration gradients of H ~ ion and Cu 2~ 

ion at cathode surface 
8 thickness of diffusion layer (cm) 
O concentration difference between bulk-electrolyte 

and cathode surface (mol/cm 3) 
0 = *c - c (mol/cm ~) 
~, wavelength (cm) 
v kinematic viscosity (cm2/s) 

ratio of the thickness of concentration boundary 
layer of H * ion and Cu 2~ ion 

co numerical parameter of the concentration profile 

Subscripts 

1 Cu 2§ ion 
2 H ~ ion 
I 488 n m  
II 633 nm 
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Electrocatalytic Activity of Phthalocyanines in Secondary 
Lithium Cells' 

D. W~hrle and M. Kirschenmann 

Organische und Makromolekulare Chemie, FB 2-Chemie, Universitftt Bremen, D-2800 Bremen 33, Germany 

N. I. Jaeger* 

Angewandte und Physikalische Chemie, Angewandte Katalyse, FB 2-Chemie, Universit~t Bremen, D-2800 Bremen 33, 
Germany 

The feasibility of cathodes containing low molecular 
unsubsti tuted phthatocyanines (Pc, 1) in secondary lith- 
ium cells was studied by Yamaki and Yamaji (1). They re- 
ported values of discharge capacities of more than 17 
electrons per molecule of phthalocyanine requiring the 
intercalation of the equivalent number  of charge 
compensating lithium cations. The extensive literature 

'Part  IX of "Polymeric Phthalocyanines and Their Precur- 
sors." 

* Electrochemical Society Active Member. 

concerning the properties of phthalocyanines (2-5), 
namely, electrochemical and chemical redox equilibria 
(6-8), suggests a reversible reduction of up to four elec- 
trons per molecule. The apparent discrepancies gave rise 
to a more detailed investigation of the electrochemistry of 
the cell. At the same time, the properties of low molecular 
copper octacyanophthalocyanine 2 (9) and copper- 
polyphthalocyanine 3 (10, 11) were tested in the same cell 
reaction. The structures of the compounds are given in 
Fig. 1. 
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NC C" ...... 3'~ 

= ~ - -  N-- --N N: --N / 
NC CN " 

NC CN ",,., 

l (M t :2H,  Cu) 2_(blt:Cu) 3_(Mt=Cu) ~ 1 " 

Fig. 1. Structure of Mt-phthalocyanine 1 with Mt = H2, Cu; copper 
octacyanaphthalocyanine 2 and copper polyphthalocyanine 3. 

Exper imenta l  
fl-H2Pc 1, fl-CuPc 1, 2, and 3 used in the experiments 

were synthesized following procedures given in Ref. (2, 3, 
9, 10). The compounds 1 were purified by sublimation 
(12). Test cells were constructed in analogy to the method 
described in Ref. (1). The lithium anodes (3.14 cm 2) were 
punched from Li foil (99%, Goodfellow Metals). The cath- 
ode material contains 0.1g acetylene black (Fa. Hoechst, 
Germany) acting as a current collector and different 3 
amounts of phthalocyanine. The powders were thor- 
oughly mixed in a ball mill for several hours and used di- 
rectly without further treatment. A polypropylene separa- 
tor foil (Freudenberg, Weinheim, Germany) soaked with ~ 2. 
the electrolyte for several days was used to prevent con- 
tact between cathode material and the anode. The separa- ~o 
tar foil was clamped on the powder at the bottom of the ~ l-  
cell by means of a PTFE stamp, which was screwed 
finger tight into the cell. Otherwise, no pressure was ex- 
erted on the cathode. The electrolyte was found to soak 
the cathode material completely. 

The electrolyte was 1M LiC104 in propylenecarbonate, 
which had been dried over a molecular sieve (Linde 3 A) 
and distilled several times under vacuum. The experi- 
ments were carried out in a dry box under dry oxygen- 
free argon. 

The stability of the electrolyte during discharge was fol- 
lowed by gas chromatography and mass spectroscopy 
taking samples from a test volume into which the cell 
could be vented. The phthalocyanines were tested by in- 
frared spectroscopy before and after discharge. 

Results and Discussion 
The discharge capacity of a cell for a given amount  Of 

fi-H2Pc 1 could be optimized by the amount  of acetylene 
black in the cathode mixture. Figure 2 depicts results ob- 
tained for acetylene black to phthalocyanine ratios (by 
weight) ranging from 0.2 to 10.0. The highest absolute dis- 
charge capacities are obtained at the ratio 1.0, since for 
lower ratios (higher amounts of 1) the conductivity of the 
mixture and for higher ratios (higher amounts of acety- 
lene black) the amount  of 1 is too low. The corresponding 
specific discharge capacities are listed in Table I. A 
blank test run without the cathode active material yielded 
no capacity. The absolute cell capacity is highest for the 
acetylene black to #-H~Pc ratio of 1.0. The specific energy 
based on H2Pc weight, however, increases with decreas- 
ing amounts of #-H2Pc in  the mixture. The capacities are 
higher than those reported in Ref. (1). 

Table I. Specific discharge capacities of/~-HePc 1 in 
dependence on the ratio of acetylene black to fi-H2Pc 

in the cathode mixture (0.1g acetylene black in each case). 
Discharge current 3.14 mA, 1V cutoff. 

Specific Specific 
Ratio discharge energy 

acetylene capacity related Cell 
black to of ~-H2Pc to fl-H2Pc capacity 
#-H~Pc (Ah/kg) (Wh/kg) (mAh) 

0.2 190 285 95 
1.0 1014 1521 101 
2.0 1193 1789 60 

10.0 1256 1884 13 
0(blank) 0 0 0 

1 

0 20 

D i s c h a r g e  

I I I I 
0 60 80 100 

Capaci ty  ( m  Ah  ) 

120 

Fig. 2. Discharge capacities V of Li-fl-H2Pc 1 cells in dependence on 
the ratio (by weight) of acetylene black (0.1g) to cathode active mate- 
rial; discharge current 3.14 mA. 

0 20 40 60 80 100 120 140 

Discharge Capaci ty  (m  Ah ) 

Fig. 3. Discharge capacities of Li-fl-H2Pc 1 cells in dependence on the 
discharge current. Cathode composition: 0.1 g 1, 0. lg acetylene black. 

Cell characteristics and discharge capacity in depen- 
dence on the discharge current are given in Fig. 3. For a 
1V cutoff, a specific discharge capacity of up to 1340 Ah 
kg -1 could be achieved corresponding to about 26 elec- 
trons per molecule of phthalocyanine. 

Since the reversible reduction of phthalocyanines ex- 
ceeding four electrons per molecule can be ruled out (6-8), 
the electrocatalytic activity of the material toward the de- 
composit ion of propylene carbonate was held responsible 
for the high discharge capacity of the cell. No irreversible 
changes in the phthalocyanine structure could be de- 
tected by IR spectroscopy following the discharge of the 
cell. Quantitative analysis by gas chromatography (using 
standard mixtures of different hydrocarbons) and also the 
determination of the gaseous reaction products by mass 
spectrometry shortly after start of the discharge proce- 
dure led to the following results: -70% propene (m/e 42), 
- 3 0 %  mixtures of butenes (m/e 56), and -0.5% of 
unidentified hydrocarbons. Therefore, the phthalocya- 
nines exhibit  electrocatalytic activity in the decomposi- 
tion of the electrolyte mainly under formation of propene 
(13) 

CH3 CH--~H2 §  2 e ~  CH 3 .... CH'--'--CH2 ~- CO~" 

0 0 
\ /  

.C 

CuPe 1 also shows high specific capacities (Table II) in 
analogy to Ref. (I). Considerably lower capaeities were 
obtained for 2 and 3. From these r.esults, a drop in the 
eleetroeatalytic activity in the order B-H2Pe 1 > fl-CuPe 1 
> 3 > 2 can be inferred quite in contrast to the 
electroeatalytie activity of these compounds (1, 3 con- 
taining Co or Fe as metal atom) in the reduction of 
dioxygen (14,15). 



1152 May 1985 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  

Table II. Specific discharge capacities of cathode materials containing fl-CuPc 1, copper octacyanophthalocyanine 2, 
and copper polyphthalocyanine 3 

Compound 

Specific discharge 
Acetylene black Discharge current capacity Specific energy Cell capacity 

(g) (g) (mA) (Ah/kg) (Wh/kg) (mAh) 

1 0.1 0.1 1.00 1008 1512 101 
0.1 0.1 3.14 455 637 46 
0.2 --  1.00 168 218 34 

2 0.1 0.1 1.00 260 364 26 
0.1 0.1 3.14 55 72 6 
0.2 - -  1.00 98 t57 20 

3 0.1 0.1 1.00 350 490 35 
0.1 0.1 3.14 251 301 25 
0.2 - -  1.00 100 110 20 

Even though Li-SOC12 cells are superior to Li-propylene 
carbonate cells in theoretical charge density by about 20% 
and in theoretical energy density by about 30%, it could 
be worthwhile to look into the electrocatalytic activity of 
the phthalocyanines in more detail. 
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Cyclic Voltammogram of SnCI2and SnCI2 + PdCI2Sensitizing 
Solution 

Thomas M. Tam* 

Lockheed Missiles and Space Company, Incorporated, Sunnyvale, California 94086 

A mixed SnC1JPdC12 sensitizing solution is commonly 
used to initiate dielectric surface for subsequent metal 
deposition (1, 2). The catalytic activity of this mixed solu- 
tion depends upon several parameters: temperature 
(100~ specific gravity (1.12 minimum); concentration of 
Sn 2~ (50-63 mM) and Pd (1.0-3.8 mM). The most frequently 
changing parameters are the concentration of Sn and Pd, 
and these must  be adjusted periodically. In order to con- 
trol these two parameters, it is important to design an in 
situ analytical sensor to monitor the concentration of Sn 
and Pd. 

This communicat ion describes a cyclic voltammetric 
method for analyzing a Sn-Pd sensitizing solution. Quan- 
titive data will be presented to verify that the technique is 
simple, rapid, and easily adaptable to automation. 

Experimental 
Chemical and solutions.--The solvent used in this study 

was prepared by dissolving 270g of Cataprep 404 salt 
(Shipley Company, Newton, Massachusetts) into 1 liter of 
deionized water. The resulting solution is highly acidic 
and has a high chloride ion concentration. As the 
Cataprep 404 salt used here is a proprietary salt, the exact 
composition of other ingredients are not known. This so- 
lution is used (i) as a predip solution to activate a noncon- 

* Electrochemical Society Active Member. 

ducting material for subsequent treatment and (ii) to di- 
lute concentrated Sn-Pd catalyst provided by the vendor 
(Cataposit 44, Shipley Company, Newton, Massachusetts). 
The procedure below was used to prepare solutions for 
this study. The chloride salts of tin (II, IV) and palladium 
(II) were obtained from Alfa Products. The Sn and Pd 
content of the salts were determined by Inductive Couple 
Plasma Atomic Spectrophotometer  (Instrument S. A.) 
and were used to calculate their concentrations in the 
solutions. 

Solutions containing tin were prepared by dissolving 
known weight of tin salts into Cataprep 404. The tin- 
palladium (Sn-Pd) solutions were prepared by dissolving 
known weight of SnCI~ �9 2H20 and PdC12 in separate 
Cataprep 404 solutions. The two solutions were mixed 
and left to stand overnight before being used in measure- 
ments. Color changes of the solution after being mixed 
were similar to that reported in the literature (1, 2). These 
color changes are due to the formation of Sn-Pd colloid 
suspended in the solution. The catalyst prepared in this 
manner may not have the opt imum activity required, but 
it is adequate for evaluating the analytical technique de- 
scribed herein. 

Cyclic voltammetric measurements.~A 250 ml Brink- 
mann titration vessel was used to hold the platinum 
working, auxiliary (copper wire), and Ag/AgCt reference 
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e lec t rodes .  Th i s  w o r k i n g  e l ec t rode  was  p r e p a r e d  by  
p r e s s i n g  a 0.32 c m  d i a m  p l a t i n u m  rod  in to  0.953 c m  d i a m  
s ta in less  s teel  rod.  T he  e lec t rode  b o d y  was  sealed  b y  
u s i n g  Mic ros top  (Mich igan  C h r o m e  a n d  Chemica l  Corpo-  
rat ion),  a n d  t he  e x p o s e d  p l a t i n u m  sur face  was  p o l i s h e d  
w i t h  600 gr i t  s i l i con  ca r b i de  paper .  T he  sur face  area  of  t he  
e lec t rode  was  0.08 c m  2. T he  e l ec t rode  was  ro t a t ed  at  3000 
r p m  u s i n g  a D i e t z e n  Motor  e q u i p p e d  w i t h  a ro ta t ing  mer-  
cu ry  con t ac t  (Mercota ,  Inco rpo ra t ed ) .  T h e  po ten t i a l  was  
driven by an in-house built cyclic voltammetric unit (3). A 
Soltee X-Y recorder (U. P. 64325) was used to record the 
voltage and current change. The potential was scanned 
between -0.8 and +0.65V t at a rate of 80 mV/s. All voltam- 
mograms were run at room temperature (21 ~ -+ I~ 

The peak intensity is defined as area under the peak, 
which can be converted into total number of coulombs, I, 
by using a proportioning factor. The cyclic voltammetric 
system currently used does not have an area integrator. 
Therefore, to obtain the area, the voltammogram obtained 
from the X-Y chart recorder is photocopied. On the 
photocopied voltammogram, base lines were drawn un- 
der the peaks. The peaks were then cut out along the 
trace and weighed. Using a proportionality factor, the 
weight was then converted to I. 

R e s u l t s  a n d  D i s c u s s i o n  

Voltammograms of SnCIJSnCl2 + PdCl2 in Cataprep 
404.--The cyclic  v o l t a m m e t r i c  t e c h n i q u e  ha s  b e e n  u s e d  
b y  Osaka  et al. (4) a n d  H o r k a n s  (5) for  s t u d y i n g  t h e  chem-  
i s t ry  of  S n - P d  m i x e d  catalyst .  E a c h  of t he  a u t h o r s  u s e d  
d i f fe ren t  e l ec t rodes  a n d  so lu t ions  in  t h e i r  s tudies ,  w h i c h  
are  qu i t e  d i f f e ren t  f r o m  t he  p r e s e n t  work .  In  th i s  work ,  
t he  v o l t a m m o g r a m s  are  o b t a i n e d  in situ b y  i m m e r s i n g  
t he  t h r e e  e l ec t rodes  in to  so lu t ion  c o n t a i n i n g  SnC12, SnC14, 
a n d  SnC12 + PdCI~. 

V o l t a m m o g r a m s  of  S n  2§ a n d  S n  4§ in  Ca t ap rep  404 are  
cha rac t e r i zed  b y  a se t  of  a n o d i c  a n d  ca thod ic  peaks  (Fig. 
1A); t h e  a n o d i c  p e a k  (SnA) is a t  - 0 . 4 1 V  a n d  t he  ca thod ic  
p e a k  is a t  - 0 . 5 3 V  (SnC). As  S n C  is eas i e r  for  analysis ,  i t  is  
u s e d  for  o b t a i n i n g  q u a n t i t i v e  data .  W h e n  PdCI2 is a d d e d  
to t he  S n  ~+ so lu t ion ,  an  a n o d i c  p e a k  (Pdl)  a t  - 0 . 2 1 V  is also 
o b s e r v e d  (Fig. 1A). This  peak  can  be  u s e d  for  the  ana lys i s  
of  P d  ~+ quan t i t i ve ly .  

A n  a d d i t i o n a l  p a l l a d i u m  p e a k  (Pd2) c an  b e  o b s e r v e d  b y  
t r ea t i ng  t he  p l a t i n u m  e lec t rode  as follows. (i) T he  plati-  
n u m  e lec t rode  is i m m e r s e d  in  a S n - P d  c o n t a i n i n g  solu- 
t i on  a n d  is cyc led  t h r e e  t i m e s  b e t w e e n  -0 .8  a n d  § 

' A l l  potentials are measured against Ag/AgC1 reference 
electrode. 

Table I. Parameters of the straight line plot shown in Fig. 2 and 3 

C o e f f .  o f  F i g u r e  
Slope (C/mM) Intercept (C) DTM. (r 2) no. 

I sn  C VS.  Csn2+/Sn4~ 5.69 x 10 -5 -3.3 • 10 -4 0.98 2 
Ipd, vs. Cpd,t 1.45 • 10 -4 -2.22 • 10 -'~ 0.97 3 
Ied2vs. CpdH 4.44 • 10 4 -2.87 x 10 -4 0.99 3 

(This  p e a k  i n t e n s i t y  i nc r ea se s  w i t h  t he  n u m b e r  of  cycles  
scanned) .  (it) Rinse  t he  e lec t rode ,  i m m e r s e  t he  e l ec t rode  
in to  C a t a p r e p  404 solut ion,  a n d  s c a n  t he  vo l t age  anodi -  
cally whi l e  r o t a t i n g  t he  p l a t i n u m  e l ec t rode  at  3000 rpm.  A 
s ing le  a n o d i c  p e a k  is o b s e r v e d  at +0.51V (Pd2, Fig. 1B). 
This  p r o c e d u r e  was  fo l lowed in  ou r  e x p e r i m e n t s  o n  P d  ~ 
b e c a u s e  of i ts  r e p r o d u c i b i l i t y  to o b t a i n  q u a n t i t i v e  da ta  for  
t he  Pd2  peak.  

Intensity of  SnC Peak ( I s ,c ) . - -The  l i nea r  d e p e n d e n c e  of  
Isnc vs. Cs,2+ a n d  Csn4+ is s h o w n  in  Fig. 2, a n d  t he  p roper -  
t ies  of  t he  s t r a igh t  l ine  p lo t  are s h o w n  in  Tab le  I. The  be-  
hav io r  of Is,c vs. Csn2§ a n d  Cs,4+ is i den t i ca l  a n d  t h e r e f o r e  
can  be  c o n s i d e r e d  as one  plot .  In  o rde r  to iden t i fy  t he  
SnC  peak ,  J o i s s o n  a n d  D e v a n d ' s  (6) w o r k  was  r e p e a t e d  
u s i n g  a d i f fe ren t ia l  p o l a r o g r a p h y  t e c h n i q u e  to s t u d y  S n  2~ 
a n d  S n  4~ in  0.1M HC1/4M NH4C1 so lu t ion .  We f o u n d  t h a t  
the  r e d u c t i o n  of S n  4~ a n d  S n  2§ a p p e a r e d  at -0 .286V a n d  
-0 .482V,  respec t ive ly .  The  p e a k  i n t e n s i t y  m e a s u r e d  f rom 
the  S n  4§ so lu t ion  is a p p r o x i m a t e l y  o n e - t e n t h  t h a t  of S n  2~, 
a l t h o u g h  t h e  c o n c e n t r a t i o n s  of the  two  spec ies  are  ap- 
p r o x i m a t e l y  equa l  (10 ppm).  The  r e a s o n  for  th i s  is no t  ye t  
clear.  B a s e d  u p o n  t h e s e  resul ts ,  SnC  was  d e s i g n a t e d  as 
t he  r e d u c t i o n  of  S n  2~ to S n  ~ a n d  S n A  as t he  d i s so lu t i on  of  
S n  ~ in  Ca t ap rep  404. Fo r  a S n  4§ so lu t ion ,  t he  p e a k  at  
-0 .286V due  to t h e  r e d u c t i o n  of  S n  4§ s h o u l d  be  obse rved .  
However ,  t h e  p e a k  in  th i s  r eg ion  cou ld  be  re la t ive ly  smal l  
a n d  b r o a d  so t h a t  w e  are u n a b l e  to  o b s e r v e  it. As a resul t ,  
only the SnC peak is observed. The data points for Is~c vs. 
Cs,2+ w i t h  c o n s t a n t  a m o u n t  of  PdCI~ a d d e d  are  also s h o w n  
in  Fig. 2. A t  low Cs,'2+, t h e  da ta  p o i n t s  c an  b e  f i t ted on to  
the  s t r a igh t  l ine.  As t he  Csnz+ inc reases ,  t he  da ta  po in t s  be- 
g in  to dev ia te  f rom the  s t r a igh t  l ine.  

The  ef fec t  of  P d  2§ o n  Is~c was  m e a s u r e d  b y  u s i n g  solu- 
t ions  c o n t a i n i n g  a n  a p p r o x i m a t e l y  c o n s t a n t  a m o u n t  of 
S n  ~§ (60 -+ 1.5 mM) a n d  v a r y i n g  a m o u n t s  of  P d  2~ (0.7-17 
raM). T h e  a p p a r e n t  p e a k  in tens i ty ,  Is, c/Cs,2§ r e m a i n s  rela- 
t ive ly  cons t an t ,  4.0 -+ 0.4 • 10 -5 C/mM. 

Intensity of  Pdl  peak (Ied~).--When PdC12 is a d d e d  to 
t he  S n  2+ c o n t a i n i n g  so lu t ion ,  a sma l l  anod ic  p e a k  at  
-0 .21V is also obse rved .  The  i n t e n s i t y  of  th i s  p e a k  (Ipd~) 

V SnC 

J r I I I 
0.00 

? 

I ] I J ~ i I I 
-0.50 0.50 

E volts vs Ag/AgCI 

Fig. 1. Cyclic voltammogrom of Sn ~ + Pd ~+ in Cataprep 404.  Temp. = 
21~ Scan rate = 80  mV/s. Csn~+ = 54 mM; Cpd~+ = 9.3 mM. 
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Fig. 2.  Isnc vs. Csn2+/sn4+. Experimental conditions, see Fig. 1. 0 ,  
Sn2~; 0 ,  Sn4+; & ,  Sn 2+ + Pc] 2+ 
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1.64 mM. 

increased linearly with respect to Cp~2+ (Fig. 3). The pa- 
rameters of the straight line are shown in Table I. The ef- 
fect of Sn ~ on Ipdl is shown on Fig. 4. Notice at low Csn~+ 
(20-40 mM) the effect of Sn ~ is negligible, but at higher 
concentrating the intensity of the peak decreases. It is ap- 
parent that this peak can be directly related to the Cp~2§ in 
solution. It is unlikely that this peak is due to the dissolu- 
tion of pa l ladium deposited on the electrode surface. 
Both Osaka et al. (4) and Horkans (5) suggested that in 
this region the observed anodic current is due to the 
desorption of hydrogen (7). Another  hypothesis is that, as 
the Pd-Sn colloid is deposited onto the electrode surface 
during cathodic scan, quantitive amounts of hydrogen are 
absorbed on the palladium surface. During the anodic 
scan, the desorption of hydrogen gives rise to the anodic 
current. But as the concentration of Sn 2§ increases, it 
competes with hydrogen for the coordinate site of palla- 
dium, causing the peak intensity to drop. 

Intensity of  Pd2 peak (Ip~$.--Interestingly, this peak is 
not observed in a Sn-Pd sensitizing solution. It will show 
when the electrode is treated by the steps described in 
the experimental  section. The peak intensity Ied~ in- 
creases linearly with respect to the concentration of Pd in 
solution (Fig. 3, Table I). Using a different procedure, 
Osaka et al. (4) observed a similar peak. There is little 
doubt that Pd2 is due to the dissolution of Pd ~ (4, 8). The 
metallic palladium can be produced on the electrode in 
two ways: (i) activation, the result of a reaction between 

Sn 2§ and Pd 2~ on the electrode; or (ii) electroposition, as the 
result of pretreatment by potential cycling. 

In a Sn-Pd sensitizing solution, it is likely that Pd is 
well protected, or insulated by the excess Sn ~ (stabilizing 
Sn 2~) (9, 10). As the electrode is immersed into a pure 
Cataprep 404 solution, the stabilizing Sn is dissolved and 
Pd is then exposed to the high chloride solution. As a re- 
sult, the dissolution process is possible. 

The following two experiments were done to test the 
above hypothesis. 

1. The Sn-Pd colloid is deposited onto the electrode sur- 
face as described, rinsed, and anodically stripped in a 
Sn 2~ containing Cataprep 404 solution. The Pd2 peak does 
not show up. If the same electrode is further stripped in a 
pure Cataprep 404 solution, the expected Pd2 peak shows 
up. 

2. Six 1 • 1 cm 2 platinum plates were coated with 
Sn-Pd complex similar to the technique used above. 
Three of the plates were rinsed with deionized water (set 
1), and the rest were rinsed with Cataprep 404 (set 2). The 
surface of the Sn-Pd coat was investigated using Auger 
electron spectroscopy. We have found the atomic ratio of 
Pd and Sn o n t h e  surfaces are: set 1, Pd:Sn = 0.17:0.83; 
set 2, Pd:Sn = 0.37:0.63. The standard deviation of these 
values is -+0.03. 

Experiment  1 shows that Sn 2~ in Cataprep 404 will in- 
hibit the dissolution of Pd ~ Exper iment  2 shows that 
significant amount  of Sn 2+ on the electrode surface can 
be leached (stabilizing Sn '2§ by rinsing it with high chlo- 
ride containing solution. The remaining Sn could be the 
complexed Sn. 

Conclusion 
The cyclic voltammetric technique described in this 

communicat ion can be used in monitoring the concentra- 
tion of Sn and Pd in Sn-Pd sensitizing solution. The ad- 
vantages of this sensing system are (i) measurement of Sn 
and Pd in situ; (ii) measurement  of Sn and Pd simulta- 
neously in one scan cycle (SnC, PdI); and (iii) two mea- 
surements on Pd (Pdl, Pd2). 

The system used in the laboratory has an accuracy of 
-+10%. Improvement  is possible by automation of the sys- 
tem. The system cannot measure specifically the Sn ~+ 
and Sn 4+ concentrations. 
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from Electroless Copper Solutions 
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The  m e c h a n i s m  of e lec t ro less  m e t a l  d e p o s i t i o n  ha s  ! 
b e e n  s t u d i e d  so far  f rom two  aspec ts :  e l e c t r ochem ica l  a n d  wA 
s t ruc tu ra l .  Firs t ,  s o m e  m e c h a n i s t i c  a spec t s  of  cha rge  2.4 
t r ans f e r  p r o c e s s e s  in  e lec t ro less  m e t a l  d e p o s i t i o n  we re  2.2 
s tud i ed  b y  t r a n s i e n t  a n d  quas i - s t eady- s t a t e  e l e c t rochem-  
ical t e c h n i q u e s  (1-6); second ,  t h e  m e c h a n i s t i c  a spec t s  of  2.0 
la t t ice  f o r m a t i o n  p r o c e s s e s  we re  s t ud i ed  b y  s c a n n i n g  a n d  
transmission electron microscopy (7-9). One unsolved 1.8 
problem is a correlation between the electrochemical and 
s t ruc tu ra l  k ine t i c  pa r am e t e r s .  1.6 

T h e  p u r p o s e  of  t h i s  s t u d y  is to  in i t i a t e  w o r k  o n  t h e  elu-  
c ida t ion  of  t he  a b o v e  u n s o l v e d  co r re l a t ion  p rob l em.  Fo r  1.4 
t he se  s tud ies ,  we  h a v e  c h o s e n  t he  po t en t i o s t a t i c  t r a n s i e n t  
m e t h o d  (10-13). 1.2 

In  th i s  c o m m u n i c a t i o n ,  we  r e p o r t  po t en t i o s t a t i c  
c u r r e n t - t i m e  t r a n s i e n t s  o b t a i n e d  in  t he  s tud ies  of  t he  ca- 1.0 
t h o d i c  par t i a l  r e ac t i on  in  e lec t ro less  c o p p e r  depos i t i on  
u s i n g  p a l l a d i u m  a n d  p l a t i n u m  e lec t rodes .  Resu l t s  ob- 0.8 
t a i n e d  u s i n g  a c o p p e r  e l ec t rode  we re  r e p o r t e d  p rev ious ly  
(13). T h e s e  m e a s u r e m e n t s  are  the  first app l i ca t i ons  of  t he  0.6 
po t en t i o s t a t i c  c u r r e n t - t i m e  t e c h n i q u e  to t h e  s t u d y  of  pro- 
cesses  in  e lec t ro less  m e t a l  depos i t i on .  0.4 

Experimental 
The  so lu t ions  were  p r e p a r e d  w i t h  ana ly t i ca l -g rade  rea- 

gen t s  a n d  d is t i l led  water .  T he  e lec t ro less  c o p p e r  so lu t ion  
u s e d  for  t h e s e  s t ud i e s  c o n t a i n e d  0.05M CuSO4, 0.15M 
E D T A  ( e t h y l e n e - d i a m i n e t e t r a a c e t i c  acid), 0.25M Na2SO,, 
0.074M CH20, 3.0 x 10-4M NaCN,  a n d  N a O H  to g ive  a p H  
of  12.50. T h e  f o r m a l d e h y d e  w as  a 37% so lu t i on  of  a n  ana-  
lyzed r e a g e n t  grade .  O x y g e n  was  r e m o v e d  by  b u b b l i n g  
argon.  The  t e m p e r a t u r e  was  25~ 

A n  all-glass, t h r e e - c o m p a r t m e n t  cell  w i t h  t h r e e  e lec-  
t rodes  w i t h  500 ml  of  so lu t ion  was  used .  T he  r e fe rence  
e l ec t rode  c o m p a r t m e n t  was  c o n n e c t e d  to the  t e s t  elec- 
t r ode  c o m p a r t m e n t  v ia  a L u g g i n  capi l lary.  The  t e s t  elec- 
t r ode  was  e i t h e r  (i) a p l a t i n u m  disk,  0.442 c m  2 in  area, or 
(it) a p a l l a d i u m  disk,  0.500 c m  2 in  area.  T he  auxi l ia ry  elec- 
t r o d e  was  a p l a t i n u m  cy l inde r  (1 c m  ~ in  area) e lectro-  
p l a t ed  w i t h  c o p p e r  in  a n  acid c o p p e r  so lu t ion  (1), a n d  a 
s a t u r a t e d  ca lome l  e l ec t rode  (SCE) w as  u s e d  as a r e f e r e n c e  
e lec t rode .  The  t e s t  e l ec t rode  was  p o l i s h e d  to a m i r r o r  
f inish u s i n g  0.05 ~ m  a l u m i n a  powder .  B e t w e e n  tests ,  de- 
pos i t ed  c o p p e r  was  s t r i pped  in a p e r s u l f a t e  so lu t ion  
(Na2S208 40 g/ l i ter  a n d  H2SO4 to give a p H  of  2.5) a n d  t h e  
e l ec t rode  was  p o l i s h e d  w i t h  0.05 ~ m  a l u m i n a  powder .  
The  t e s t  e l ec t rode  was  i n t r o d u c e d  in to  t he  so lu t ion  a t  t he  
tes t  p o t e n t i a l  a n d  r e c o r d i n g  of the  c u r r e n t - t i m e  curves  
was  s t a r t ed  s i m u l t a n e o u s l y  w i t h  e s t a b l i s h m e n t  of t he  
e l ec t rode - so lu t i on  contac t .  

Potentiostatic current-time transients were obtained 
with a PAR (Princeton Applied Research, Princeton, New 
Jersey) Model 173 potentiostat-galvanostat. The current- 
time (i-t) curves were recorded on a Hewlett-Packard 7004 
recorder .  

Results and Discussion 
Two typ ica l  se ts  of po t en t i o s t a t i c  c u r r e n t - t i m e  t ran-  

s ien t s  for  t he  r e d u c t i o n  of cupr i c  ions  in  t he  a b s e n c e  of  
f o r m a l d e h y d e  are  s h o w n  in  Fig. 1. F i g u r e  1 s h o w s  t h a t  
t he se  c u r v e s  e x h i b i t  a m a x i m u m  (ira) a n d  t h a t  t he  h e i g h t  
a n d  t he  pos i t i on  of  th i s  m a x i m u m  o n  t he  t i m e  c o o r d i n a t e  
(tin) are  a f u n c t i o n  of  t he  po ten t ia l .  T h e s e  po t en t i a l s  a re  
re la t ive ly  h igh .  T he  re s t  p o t e n t i a l s  for  P t  a n d  P d  w e r e  
- 5 0  a n d  - 2 0 0  m V  vs. SCE, respec t ive ly .  

* Electrochemical Society Active Member. 
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Fig. 1. Potentiostatic current-time transients for the deposition of cop- 
per from the solution containing 0.0SM CuSO4, 0.1SM EDTA, 0.25M 
Na2SO4, 3.0 • 10-4/,4 NaCN, and NaOH to give a pH of 12.50. Ab- 
sence of CH20. a (top): A platinum electrode, b (bottom): A palladium 
electrode. 
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Two se ts  of c u r r e n t - t i m e  t r a n s i e n t s  for  t he  d e p o s i t i o n  of 
c o p p e r  f rom the  e lec t ro less  c o p p e r  solut ion,  in  t he  pres-  
ence  of  f o r m a l d e h y d e ,  are s h o w n  in  Fig. 2. F igures  1 a n d  2 
s h o w  t h a t  t he  cu rves  r e c o r d e d  at  t he  P t  a n d  P d  e lec t rodes  
in the solution in the absence of formaldehyde exhibit es- 
sentially the same shape as those in the presence of for- 
maldehyde. One significant difference is that, at certain 

I 
mA 

2.41 
2.2 

1 .4  - 

1.2-  

1.0- 

0.8- 

0.6- 

0.4-  

-925 

-900 

-850 

I 
-800my 

0 6 10 15 20 25 30 35 40 45 50 
Time, Sec. 

I 
mA 

po ten t i a l s  in  t he  p r e s e n c e  of f o r m a l d e h y d e ,  two m a x i m a  
are clear ly v is ib le ;  t he  ana lys i s  of t he se  m a x i m a  wil l  be  
p u b l i s h e d  e l sewhere .  

A c o m p a r i s o n  b e t w e e n  Fig. 1 a n d  2 shows  t h a t  t he  
height and the position of the maxima are in the same 
current and time range for the both types of solutions (the 
presence and the absence of formaldehyde). Figure 3 
shows that the height and the position of this maximum 
on the time coordinate depend on the additive present in 
the solution. 

Plots of log im vs. overpotential are linear and, when ex- 
trapolated to ~9 = 0, t h e y  y ie ld  i n t e r c e p t s  (ira.o) of 3.0 • 10 -5 
a n d  3.5 • 10 -5 A / c m  2, for  P d  a n d  Pt ,  r e spec t ive ly  (Fig. 4). 
The  i n t e r c e p t  im.o is ana logous  to t h a t  in  t he  classical  Tafel  
re la t ion,  io, a n d  t h e  r eve r s ib i l i ty  p a r a m e t e r  im,o o b s e r v e d  
for  t he  case  of t h e  n u c l e a t i o n  a n d  g r o w t h  p roces s  con t ro l  
(14). A t  the  p re sen t ,  t he re  is no  t heo re t i ca l  e q u a t i o n  for 
t he  d i f fus ion -con t ro l l ed  p roces se s  g iv ing  im,o i n  t e r m s  of  
t he  n u c l e a t i o n  ra t e  cons t an t ,  d i f fus ion  coefficient ,  a n d  
overpo ten t ia l .  

S l igh t ly  d i f f e ren t  va lues  of im,o for  d i f fe ren t  s u b s t r a t e s  
(e.g., Fig. 4) are  due  to d i f fe rences  in  t he  i n t e r ac t i on  ener-  
gies b e t w e e n  t he  s u b s t r a t e  a n d  t he  first layer,  w h i c h  are 
d i f fe ren t  for d i f fe ren t  s u b s t r a t e s  (14). 

I t  was  s h o w n  ear l ier  (6), u s i n g  a ro t a t i ng  d i sk  e lec t rode ,  
t h a t  r e d u c t i o n  of  c o m p l e x e d  c o p p e r  ions  in  a n  e lec t ro less  
c o p p e r  so lu t ion ,  a t  t he  Cu ~4 ion  c o n c e n t r a t i o n  of  0.05M, is 
d i f fus ion  cont ro l led .  Also, in  t he  p r e l i m i n a r y  e x p e r i m e n t s  
in  th i s  work ,  we h a v e  f o u n d  t h a t  t he  h e i g h t  of t he  
po t en t i o s t a t i c  i-t m a x i m a  d e p e n d  o n  t h e  ra te  of ro t a t i on  of  
the  t e s t  e lec t rode ;  thus ,  t h e s e  m a x i m a  are d i f fus ion  
cont ro l led ,  a n d  are  the  r e su l t  of two o p p o s i n g  effects:  
first, a n  i nc r ea se  in  t he  c u r r e n t  due  to t he  i nc rease  i n  t h e  
sur face  area  of  g r o w i n g  nucle i ,  a n d  second ,  a dec rea se  in  
t he  c u r r e n t  due  to (i) over lap  a n d  (ii) a n  inc rease  in  the  
t h i c k n e s s  of  t he  N e r n s t  d i f fus ion  layer  6, 6(t) ~ t "2 (12) a n d  
i ~ (1/8). 

I f  d i f fus ion  of  e l ec t rodepos i t i ng  ions  f rom the  so lu t ion  
to t he  nuc le i  is r a t e -de t e rmin ing ,  a n d  i f  t he  over lap  effect  
is t a k e n  in to  a c c o u n t  (10-12), t h e n  t h e  theo re t i ca l  va lues  of  
t he  p r o d u c t  im~tm for  h e m i s p h e r i c a l  d i f fus ion  are  g i v e n  for  
i n s t a n t a n e o u s  n u c l e a t i o n  by  (11) 

im2tm = [0.163 (nFc)2D] = 1.52 • 10 -4 

a n d  for  p rog re s s ive  n u c l e a t i o n  by  

2.2 i,,'~tm = [0.260 (nFcyD] = 2.42 • 10 -4 

2.0 for c = 5 • 10 -5 M/cm 3, n = 2, a n d  D = 1 x 10 -~ cm~/s, 

1.8 
mA 

1.6. 

2.2 
1.4. 

2.0 

1 .2  - NO Addi t ive  
1.8 

lO 11//  _ 0.8. 1.4 

0.6- 1.2 

- 8 5 0  1.0 
0.4' ~ 3.0 x 10 -4 M NaCN 

0 .4-~ '  I v 

0.2 

Fig. 2. Potentiostatic current-time transients for the deposition of cop- 
per from the electroless copper solution, a (top): A platinum electrode. , , i= In 251 301 315 4,o 415 5to Time. Sec. 
b (bottom): A palladium electrode. The mixed potential of o copper elec- 5 10 14 .v 
trode in this solution is - 7 2 0  mV vs. SCE. The composition of the solu- Fig. 3. Potentiostatic current-time transients of a Pt electrode in 
tion is given in the Experimental section, electroless copper solution showing effect of NaCN. E = - 9 0 0  inV. 
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where c is the concentration of copper ions, n the number  
of electrons, F the Faraday constant, and D the diffusion 
coefficient. 

The experimental  values at -1000 mV vs. SCE, for the 
electroless solution, are 1.98 • 10 -4 and 1.18 • 10 -4 for Pt  
and Pd electrodes, respectively. This relatively good 
agreement between the experimental  and theoretical (in- 
stantaneous nucleation) values can be taken as a con- 
firmation of the diffusion control. 

Other types of analysis of the current-time curves and 
correlation of these to our structural studies (7) will be 
published elsewhere. Also, by changing, the concentra- 
tion of copper ions, controls other than diffusion will be 
studied. 

The current-time curves (and the above-mentioned cor- 
relation) are of great theoretical and practical signifi- 
cance since they enable us to determine (i) number of nu- 
clei N, from i = F(D, t, N) for the instantaneous 
nucleation, (it) the nucleation rate constant k, from 
i = F(D, t, k), for the case of the progressive nucleation, 
and (iii) geometry of nuclei by electrochemical methods. 
The electrochemical methods are much faster than meth- 
ods used in structural studies (7) and are capable of being 
computerized for the continuous monitoring of quality of 
metal deposition. 

Conclusions 
It was shown that the potentiostatic transient technique 

using high overpotentials can be used to study (i) pro- 
cesses comprising electroless copper deposition and (it) 
the effect of additives on these processes. The use of high 
overpotentials in the potentiostatic step functions is a 
limitation when this technique is applied to the studies of 
electroless copper deposition. The dependence of i = f(t) 

I I 

- 3  - 2  

log i (i in Acm-2)  
I I I  

electrodes in electroless copper solution 

transients on (i) the type (morphology, geometry) and (it) 
the number  of nuclei is an advantage of the potentiostatic 
technique over electrochemical techniques used previ- 
ously. This advantage enables one to establish a correla- 
tion between the electrochemical and structural kinetic 
parameters and provide a new method for copper quality 
control. 

Manuscript submitted Aug. 2, 1984; revised manuscript  
received Dec. 13, 1984. 
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Electrochemical oxidation of coal slurries has recently 
been suggested as a means of gasifying coal at low tem- 
peratures by Coughlin et al. (1-3). Subsequent  studies by 
other investigators (4, 5) indicated that electrolytic cur- 
rents observed from the coal slurry in 1M sulfuric acid 
were attributed to the oxidation of iron(II) leached out 
from the coal. We (6-8) and Lalvani et aI. (9) have more re- 
cently shown through various experiments that coal slur- 
ries are catalytically oxidized by iron(III); the reduced 
ion, iron(II), produced in the e]ectron4ransfer process is 
then oxidized back to Fe(III) at the anode, completing a 
catalytic cycle. The oxidation products for this reaction 
were carbon dioxide and hydrogen, and oxygen atoms in 
the product, CO2, were shown to be derived from water. 
Thus, the overall reaction resembles that of the coal gasi- 
fication reaction. This electrochemical reaction, however, 
has the advantages that hydrogen is produced as a pure 
gas product suitable for use in fuel cells or synthetic pro- 
cesses and that high temperature operations are not nec- 
essary to produce hydrogen from the coal. Peat has also 
been shown to oxidize to produce a good yield of regener- 
ated humic acids in alkaline media (10), and we have sug- 
gested the possibility that other organic matrices and 
wastes might be oxidized by this process to produce hy- 
drogen as a useful product (6). 

Experimental  
In our current communication, we report our recent re- 

sults on electrochemical oxidation of oil shale. Similar re- 
sults to those shown with coal were obtained with lower 
reaction rates than shown by New Mexico subbituminous 
coal. 

The Colorado Green River oil shale taken from the Ma- 
hogany Zone (C-a tract) was reduced to 50 x I00 mesh 
samples (44 GPT, density = 1.65 g c m  -3) by a mechani- 
cal pulverizing and sieving procedure. The shale was 
washed first with 6N HC1 and then with a (1:3) mixture of 
6N HC1 and 50% HF at room temperature under the nitro- 
gen atmosphere to minimize or eliminate air oxidation. 
This washing procedure was made to remove minerals 
and to concentrate kerogen. Elemental analysis of this 
sample showed 58.4% C, 7.65% H, 4.96% O, 1.64% N, a n d  
4.12% S. The experimental  apparatus and various rea- 
gents used have been described elsewhere (6, 7). Cyclic 
vol tammograms were recorded using a Bioanalytical Sys- 
tems (West Lafayette, Indiana) Model CV-1 voltammetry 
unit as a function generator along with a Princeton Ap- 
plied Research Model 173 as a potentiostat. All the experi- 
ments were run in 1M sulfuric acid solution using plati- 
num working and counterelectrodes, and the Hg-mercury 
sulfate (saturated) electrode as a reference electrode. The 
potentials shown in current-potential curves were all cali- 
brated to give values against the normal hydrogen elec- 
trode (NHE). 

Results and Discussion 
Cyclic vol tammograms (CV) recorded from an oil shale 

slurry in 1M H2SO4 solution (unstirred) are shown in Fig. 
1. The CV recorded from the initial slurry (Fig. 1, curve a) 
shows peaks attributable to the oxidation/reduction of  the 
Fe(II)/Fe(III) pair. Peaks shown at lower potentials are at- 
tributed to reduction/oxidation of protons in acidic solu- 
tion. After this solution was stirred for about 50h (Fig. 1, 
curve b), we notice that the former peaks grew signifi- 
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cantly, indicating that electroactive material was being 
built up. This is because a reversible, stable redox pair 
was leached out by the acid solution. The redox pair was 
identified by a standard addition method as shown in 
Fig. i, curve c. This CV was recorded after the addition of 
1.0 • 1O-2M Fe(III). This procedure not only helps 
confirm the identity of the electroactive materials, but 
also allows the determination of its concentration. The 
amount of iron extracted after about 50h was thus esti- 
mated to be 1.2 x 10-3M, or approximately 0.27% by 
weight in the oil shale used here. This was confirmed by 
analyzing the electrolyte with atomic absorption meth- 
ods. 

The source of iron leached out should be pyrite, which 
survived the HF-HC1 treatment. The iron content was 
down to 0.96% after the acid enrichment from 3.7% for the 
untreated sample. 

Figure 2 gives the current-voltage characteristics for the 
oil shale slurry under steady-state conditions. That is, the 
current-potential measurements were made while the so- 
lution was stirred. Steady-state measurements  were made 
to determine the oxidation state of iron ions extracted. 
Curve b gives the i-E characteristics for the oil shale 
slurry, whereas curve a is for the acid solution alone. 
These figures show that part of the iron leached from the 
oil shale is in the +2 state, indicating that iron(III) ex- 
tracted is already in the +2 state or has been reduced in 
the oxidation of organic materials as in coal oxidation. 
After oxidation of this solution overnight at +I.0V vs. 

/ 
~1.0 mh 

1 . 5 ~ . 0 0  I 6.50 0.00 
Potentential V vs. NHE 

Fig. 1. Cyclic voltammograms (CV) of oil shale slurries. CV's were 
recorded in a slurry containing 5.0g of oil shale in 200 ml of 1.0/,4 
H2SO 4 at a platinum electrode (area = 10 cm 2) with a scan rate of 20 
mV/s. These were recorded from a freshly prepared slurry (curve a), 
after 50h in the LOM H2SO 4 solution (curve b), and with 1.0 • ]0-~M 
Fe(lll) added (curve c). 
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Fig. 2. The steady-state current-voltage characteristics, a: 1.0M 
H2SO4 solution without shale added, b: 5.0g oil shale in 200 ml of 
1.0M H2SO~ solution, c: After oxidation overnight at + 1.0V. d: After 
addition of 1.0 • 10 -2 Ce(IV) was added to the solution of curve c. 

NHE, curve c is obtained. The oxidation current level has 
dropped considerably, and some of the iron is still in the 
+3 state. This observation indicates that the rate of oxida- 
tion of iron(II) at the electrode is faster than the reaction 
to regenerate the iron(II) in the solution. Addition of 
cerium(IV) to this solution gives the i-E characteristics 
shown in curve d, where both anodic and cathodic cur- 
rents are observed for the Ce(IV)/Ce(III) pair around its 
reversible redox potential. This indicates that cerium(IV) 
oxidizes both iron(II) and organic functional groups 
quickly. 

The electrocatalytic nature of the oil shale oxidation is 
also shown by the t ime dependency of the electrolytic 
current. If the oxidation of iron(II) extracted is the only 
source of the anodic current, the current should approach 
to zero upon complete depletion of iron(II). This was not 
the case, however, as shown in Fig. 3, curves a and b. The 
anodic current leveled off after about 15h of electrolysis, 
maintaining the same current level for a few days until 
the cell was disconnected. The solution was continuously 
stirred while the measurements were made. This observa- 

tion indicates that iron(II) was continuously regenerated 
through the process 

Fe(III) + shale ~ Fe(II) + products 

as was shown in the oxidation of coal (6, 7). When Ce(IV) 
was added to the solution (Fig. 3, curve c), essentially sim- 
ilar processes occurred but with higher steady-state cur- 
rents observed, indicating a higher catalytic reaction rate 
with Ce(IV) than with Fe(III). The same was shown to be 
the case for coal oxidation. This would be expected be- 
cause the oxidation potential of Ce(IV) is higher than that 
of Fe(III). Many organic functional groups that are not ox- 
idized by Fe(III) can be oxidized by Ce(IV). 

The catalytic current increased with the amount of cata- 
lyst ions added, as can be seen in Fig. 4. The addition of 
iron(III) did not increase the current as much as with the 
addition of Ce(IV). The case shown here resembles that 
shown by the electrocatalytic oxidation of Norit A (6) 
(amorphous carbon used as an organic decolorizing 
agent). In the case of Norit A oxidation, we surmised that 
there were very few functional groups oxidizable with 
Fe(III). Cerium(IV), however, is a strong enough oxidant 
to oxidize many more resistant functionalities. 

The results shown here indicate that electrocatalytic 
oxidation of oil shale resembles that of coal in many re- 
spects. Oxidizable functional groups on oil shale are elec- 
trocalytically oxidized by iron(III) leached from the shale, 
as was found for coals. The reason for the lower catalytic 
current with oil shale is perhaps due to the fraction of ali- 
phatic hydrocarbons (i.e., shale kerogen), which is higher 
than that in coal. Many of these compounds require an 
oxidant with more positive standard electrode potentials 
to get oxidized. Oxidation currents might be from alco- 
hol, aldehyde, phenolic, quinone, or some carboxylic acid 
functional groups, which were shown to be present in the 
oil shale used in this study (11). Iron(III) should account 
for most of the catalyst ions, since other major minerals 
present are shown to be A1, Ca, K, Mn, and Si. Manganese 
is present in a trace amount, approximately 100 ppm in an 
untreated, original sample. Further, oxidation of Mn(II) to 
its higher oxidation state, Mn(VII), for example, requires 
higher potentials than +I.0V, which was the potential ap- 
plied in most  of our experiments. 

Also, the large enhancement  in catalytic current, when 
Ce(IV) is added, is consistent with the results obtained 
from coal oxidation. As pointed out, Ce(IV) has a higher 
oxidation potential than Fe(III) and therefore is capable 
of oxidizing many organic functional groups indiscrimi- 
nately (12). 

Current densities observed in our experiments with oil 
shale may not be high enough to justify the use of oil 
shale as an anodic depolarizer for the electrolytic produc- 
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r  
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a " - .  b 

0 5 10 15 20 
Electrolysis Time, hrs. 

Fig. 3. a: Current level v s .  time for 5.0g oil shale in 200 ml of 1.0M 
sulfuric acid at + I .OV vs. NHE at the Pt electrode (area = 10 cm2). 
b; Same as in curve a, except at 1.5V vs. NHE. c: With 1.0 • 10-2M 
Ce(IV) added at 1.5V. 
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Fig. 4. a: Current level vs .  concentration of added Fe(lll) at + 1.0V 
vs .  NHE at 10 cm: Pt electrode, 5g oil shale in 200 ml of 1.0M 
H2SO4. b: Same as in curve a, but corrected for the amount of iron 
leached from the oil sale. c: Current level vs .  concentration of added 
Ce(IV) at + 1.5V vs .  NHE, 10 cm 2 Pt electrode, 5g oil shale in 200 ml 
of 1.0M H2SO4 solution. 
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tion of hydrogen. Electrolytic procedures, however, may 
turn out to be useful for washing and concentrating oil 
shale, and the hydrogen gas produced at the cathode 
would be a useful byproduct. Further work is in progress 
along these lines in our laboratory. 

Manuscript submitted Oct. 26, 1984; revised manuscript 
received Jan. 16, 1985. 
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Oxygen Reduction Kinetics in Deuterated Phosphoric Acid 
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Despite the substantial research on the reduction of O~ 
on platinum in phosphoric acid, the mechanistic aspects 
still remain very uncertain. The situation has become 
even more in question with the recent observation that 
the Tafel slope is almost independent  of the temperature 
over the range 298--500 K, indicating that the apparent 
transfer coefficient is proportional to the temperature (1). 
In an at tempt to gain further insight into the mechanistic 
aspects, polarization measurements for O~ reduction on 
Pt  have been carried out in deuterated and undeuterated 
85% H3PO4 at 25~ This article reports the preliminary 
results. 

Experimental 
The most critical aspect of such isotope studies is that 

of reproducibility of surface and electrolyte conditions 
between the deuterated and undeuterated acid solutions. 
A major effort has been made to reproduce conditions 
and to eliminate impurity effects. 

The O2 reduction measurements have been made with 
the rotating disk electrode technique. The measurements 
were carried out in two identical Teflon cells, each con- 
sisting of a main working electrode compartment and two 
separate compartments  for the reference and counterelec- 
trodes (2). The working electrode was a disk electrode 
(Pine Instruments Company) with an area of 0.46 cm 2. 
The reference electrodes were reversible H2/H + and DJD § 
using a platinized-platinum surface. The counterelectrode 
was bright Pt. 

The working electrode surface was first polished with 
alumina (0.05 ~m) to a mirror finish, submerged in dis- 
tilled water for 15 rain with ultrasonic vibrations, and 
then rinsed in distilled water, followed by purified 
H3PO4. The distilled water used in this work was pre- 
pared by reverse osmosis of tap water followed by distil- 
lation with a counterflow of N~ to purge volatiles such as 
COs and organics. The reverse osmosis-distillation system 
was assembled by B. D. Cahan at Case Western Reserve 
University and is based on a design developed by Gil- 
mont  and Silvis (3). 

A Pine Instruments RDE-3 bipotentiostat with input 
impedance of 10'2~ in the reference circuit and built-in 
triangular sweep generator was used for all measure- 
ments. The current-potential curves were recorded on a 
Yokagawa Electric Works Type 3086 X-Y recorder. Prior 
to electrochemical measurements,  the Pt disk electrode 
was cycled several times between potentials of 1.0 and 
0.3V vs. a reversible hydrogen or deuterium electrode (p 
= 1 atm) at a sweep rate of 10 mV/s. 

For preparation of the D3PO4 and H:~PO4 electrolytes, 
Mallinckrodt 85% HsPO4 was first purified with H~O~ ac- 

*Electrochemical Society Active Member. 
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cording to the procedure of Ferrier et al. (4). Two samples 
of this purified H3PO4, each 120 ml, were then placed in 
Teflon containers and concentrated by boiling out the 
H20 until the acid samples became concentrated to -96% 
at 150~ while passing N2 gas through the boiling acids. 
After cooling, 50g of D20 (99.8% D, Stohler Isotope Chem- 
icals) were added to one acid sample (A). At the same 
time, 50g of distilled H20 were added to the other sample 
(B). The two samples were reconcentrated by boiling un- 
til they reached 150~ while bubbling purified D2 gas and 
H2 gas through samples A and B, respectively. The addi- 
tions of D20 or H~O were repeated ten times. The last step 
was dilution of each sample with D20 and H20 to the orig- 
inal volume (120 ml each). Proton NMR measurements in- 
dicated that the deuterated acid sample was 98% D. The 
deuterated and undeuterated acids were further purified 
by adding 4g of Na20~ (Fisher certified ACS reagent) to 
each, then heating to 50~ for 3h until the H202 and D~O~ 
produced from Na202 were completely decomposed. This 
procedure is similar to that of Ferrier et al. (4), except  that 
Na20~ is added instead of H202 in the present work, to 
avoid introduction of H into the D3PO4 solution. Earlier 
work has shown that sodium phosphate has no apprecia- 
ble effect on 02 reduction on Pt  in 85% H3PO4 (5). The two 
acid solutions were next deoxygenated by passing puri- 
fied N2 through them. The O~ was removed by passing 
the gas over heated copper turnings while trace organics 
in the N2 were removed with molecular sieves at Dry Ice- 
ethanol temperatures. To each acid, 0.2g of Pt  black 
(Engelhart fuel cell-grade) were added and H2 or D2 bub- 
bled through the acid for 48h. Finally, purified N2 was 
bubbled through the acids to remove the H2 or D2 gas. 

Results and Discussion 
The vol tammetry curves for Pt in the deuterated and 

undeuterated acids (Fig. 1) are similar but not identical in 
the double-layer and anodic film regions. The 
vol tammetry curves differ significantly in the hydrogen 
region. Two sets of principal adsorption]desorption peaks 
are present in both curves. The peaks are shifted 
anodically for the deuterated acid by -30  mV and are 
more pronounced, particularly for the weaker bound H/D 
peaks I and I'. The hydrogen oxidation peak III appears 
more reversible in the D~PO4 than in the H:~PO4. The con- 
ditions for the D~PO4 and H:~PO4 differ in temperature (30 ~ 
and 25~ and slightly in acid concentration (86 vs. 85%), 
but prior experience with H~PO4 indicates that these fac- 
tors are not the principal source of the differences in the 
hydrogen region of the vol tammetry curves. The authors 
believe that the principal factor responsible for the differ- 
ence in the vol tammetry curves is the isotopic difference 
and not impurity effects. 
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Fig. l .  Voltammogram for PI disk in purified 85% HaPO 4 at 25~ 
(curve a) and 86% D3P04 (curve b). Sweep rate: 100 mV/s; N2 saturated. 
Reference electrodes for curve a: H2 (1 atm)/W; far curve b: D2 
(1 atm)/D% 

The polar izat ion curves  for 02 r educ t ion  us ing  the  
rota t ing d isk  e lec t rode  are shown in Fig. 2 for 400 and 
1600 rpm. The  P t  e lec t rode  was first cyc led  be tween  1.0 
and +0.3V vs.  R H E  or R D E  and then  held  for a few sec- 
onds at ~ I .0V before  sweep ing  the  potent ia l  in the  ca- 
thodic  d i rec t ion  at 10 mV/s. The  rise in the  curves  at 
~0.3V is due  to the  H/D adsorp t ion  region.  The  apparen t  
d i f ference in the  l imi t ing  current  densi t ies  in Fig. 2 m a y  
not  be s ignif icant  s ince it  is difficult  to saturate  the  solu- 
t ion wi th  O2 to the  same degree.  The  cor responding  Tafel  
plots  are shown  in Fig. 3 wi th  a cor rec t ion  for mass  trans- 
por t  us ing  the  diffusion l imi t ing  cur ren t  eva lua ted  f rom 
the  dot ted  sect ion of  each curve  at ~0.3V in Fig. 2. The  O5 
reduc t ion  appears  to p roceed  about  two t imes  faster  in 
the  deu te ra ted  acid  than  in the  undeu t e r a t ed  acid at the  
same potent ia l  vs.  the  revers ib le  deu t e r ium and hyd rogen  
reference  electrodes.  The  Tafel  s lope  differences are 
small. At  a g iven  current  dens i ty  in the  midd le  of  the 
Tafel  l inear  region,  the  potent ia l  for the  O2 e lec t rode  in 
the deu te ra ted  spec imen  is ~0.055V more  posi t ive  than  
that  in the  undeu te r a t ed  acid at a g iven  current  density.  
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Fig. 2. Rotating Pt disk data for Oz reduction at 400 and 1600 rpm 
in purified Mallinckrodt 85% H3P04 at 25~ (curves I ,  3) and 86% 
D3P04 at 30~ (curves 2, 4). Sweep rate: 10 mV/s; 02 saturated. Ref- 
erence electrodes for curves 1, 3:H2 (1 atm)/H+; for curves 2, 4: D~ 
(1 atm)/D% 
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Fig. 3. Tafel plots obtained for rotating Pt disk data in purified 
Mallinckrodt 85% H3PO 4 at 25~ (curve a) and 86% DaP04 at 30~ 
(curve b). Rotation rate: 1600 rpm. Reference electrodes for curve a: 
H 2 (1 atm)/H+; curve b: D2 (1 atm)/D +. Current is in microamperes per 
centimeter. 

3.0 

To obta in  the  d i f ference  in the  overpotent ia ls  in the  
deu te ra ted  and undeu te ra t ed  acids at a g iven  current  den- 
sity, it is necessary  to take  into accoun t  the di f ference in 
the  revers ib le  potent ia ls  of  the  Oz e lec t rode  vs.  the  revers-  
ible  d e u t e r i u m  and  hyd rogen  elect rodes ,  i.e., the  potent ia l  
d i f ference of  the  cells 

O21D3PO~, D20[D2 vs.  O21H3PO4, H20]H~ 

The potent ia l  for each is g iven  by 

and 

R T  (ao2o) 2 
ED = ED ~ - ~ In (PD2)'2(Po2) [1] 

R T  (aR2o) ~ 
EH = EH ~ -- ~ In (PH~)2(Po'2) [2] 

where  the  act ivi t ies  of the gases have  been  taken  as 
equal  to thei r  pressures  and the act ivi t ies  of  D~O and  H20 
are referred to the  pure  l iquids  as 1. Thus  the  di f ference 
in the  potent ia ls  of  the  revers ib le  O5 e lec t rode  in the  two 
acid samples  vs.  the  revers ib le  d e u t e r i u m  and h y d r o g e n  
e lect rodes  is 

R T  (aD2o) [3] 
E = E D - E H = E D  ~  ~  (aH,2o) 

The va lue  of  ED ~ - E .  ~ cor responds  to the  di f ference in 
the  s tandard  free energy  of  fo rmat ion  of l iquid  D20 and 
H20, which  is AG%2 o - AG%2 o = -1 .51  kcal /mol  (6) at 25~ 
The ca lcula ted  va lue  for (ED ~ -- EH o) is then  +0.033V at 
25~ Since  the  boi l ing points  of  the  86% D3PO4 and 85% 
H3PO4 were  v i r tua l ly  identical,  this p rovides  ev idence  
that  the  ratio (aD2o/aH2o) is --1 and hence  hE  = +0.033V. 
Thus the  overpo ten t ia l  for t he  O~ reduc t ion  react ion is 
-0 .02V less in the  deu te ra ted  vs.  undeu te ra t ed  acid and 
the react ion at the  same overpoten t ia l  is - 4 0 %  faster  in 
the  deu te ra ted  acid. 

This re la t ively small  factor  can  be  exp la ined  on the  ba- 
sis of  the  5~ h igher  t empera tu re  of  the  deu te ra ted  acid 
dur ing the  polar izat ion measurement s .  Us ing  an apparen t  
Arrhenius  energy  of  A = 10 kcal /mol  (2) for O2 reduc t ion  
on P t  in 85% H3PO4, the Ar rhen ius  equa t ion  yields 
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A(1 1) 
(k3oJk~gs) = exp-R- 298 303 = 1.32 

where k.~oJk~98 is the ratio of the rate constants at the in- 
dicated absolute temperature at constant overpotential 
and R is the perfect gas constant. Thus the observed ratio 
of 1.4 is mostly due to the temperature difference and the 
kinetic isotope effect is negligible. 

The lack of any appreciable kinetic isotope effect pro- 
vides evidence that the rate-controlling step in concen- 
trated phosphoric acid does not involve the making or 
breaking of any bonds involving protons (or deuterons). 
For the situation to be otherwise would require the coin- 
cidence of virtually completely compensating isotope ef- 
fects. This observation has important mechanistic impli- 
cations. 
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q 
A B S T R A C T  

At  t e m p e r a t u r e s  b e t w e e n  500 ~ a n d  950~ in  a n  o x y g e n  a m b i e n t ,  a flux of e i the r  nega t ive  or pos i t i ve  o x y g e n  ions,  
g e n e r a t e d  via  a po in t - to -p l ane  c o r o n a  d i scharge ,  is d i r ec t ed  to t h e  f ron t  s ide  of  a s i l icon wafer .  Elec t r ica l  con t ac t  to t h e  
wafe r  was  m a d e  via  t he  b a c k  side. B o t h  ion  b e a m  pola r i t i es  l ead  to o x i d a t i o n  e n h a n c e m e n t ,  bu t  w i t h  v e r y  d i f fe ren t  ox- 
ide  t h i c k n e s s  profiles,  e v e n  t h o u g h  t h e  ion  b e a m  c u r r e n t  dens i t y  profi les  in  t he  gas p h a s e  at  t he  sur face  are  a l m o s t  
ident ica l .  Wafer  o r ien ta t ion ,  Po~, cu r r en t ,  t e m p e r a t u r e ,  a n d  t i m e  d e p e n d e n c e s  h a v e  b e e n  s tud ied .  

A b u n d a n t  s tud ies  h a v e  b e e n  c o n d u c t e d  on  t he  t h e r m a l  
o x i d a t i o n  of s i l i con  w h i c h  m a n i p u l a t e  t he  c o n v e n t i o n a l  
t h e r m o d Y n a m i c  s ta te  va r i ab le s  of  t he  s y s t e m  (concent ra -  
t ion,  t e m p e r a t u r e ,  a n d  pressure) .  S t ud i e s  h a v e  also b e e n  
c o n d u c t e d  to i nves t i ga t e  t he  e l e c t r ochem i ca l  n a t u r e  of 
the  o x i d a t i o n  process ,  a n d  th i s  ha s  led  to e x t e n s i v e  con-  
t r ove r sy  over  t h e  cha rge  s ta te  of t he  o x i d a n t  spec ies  
(1-16). The  p l a s m a  ox ida t ion  s tud ies  b e i n g  p u r s u e d  in 
m a n y  q u a r t e r s  t o d a y  are  a m e a s u r e  of t he  genera l ly  recog-  
n i zed  benefits to be derived from control of the electro- 
chemical state of the oxidizing species. However, in 
plasma oxidation, one has the intermixing of (i) oxygen 
ion species effects, (it) neutral diatomic and monotomic 
oxygen species effects, (iii) electric field effects, and (iv) 
UV radiation effects. In an attempt to understand these 
effects more fully and to learn more about oxidation at 
low temperatures, we have investigated some effects on 
thermal oxidation associated with isolated studies of 
these individual factors. In this paper, we restrict our at- 
tention to only negatively and positively charged oxygen 
ion beam effects since studies involving only electric 
field effects (II) and only laser light (12) ale described 
elsewhere. 
In the present study, at temperatures between 500 ~ and 

950~ in an oxygen ambient, a flux of either negative or 
positive oxygen ions, generated via a corona discharge, is 
directed to the upper surface (the h'ont side) of a silicon 
wafer. Here, the combined effects of both electric fields 
and ion beam species on the oxidation rate are manifest. 
The effects of the electric field alone are manifest on the 
opposite side of the wafer (the back side) (Ii). Both 
polarities of oxygen ion beams lead to oxidation rate en- 
hancement, but, because we have used a point-to-plane 
discharge technique (13, 14) which produces a nonuni- 
form (bell-shaped) ion flux profile in the gas near the 
surface, the oxide thickness profil e on the wafer is quite 
different in the two cases even though the ion beam cur- 
rent d e n s i t y  prof i les  in  t h e  gas  p h a s e  at  t he  sur face  are  
be l i eved  to be  a l m o s t  ident ica l .  

*Electrochemical Society Student  Member. 

Experimental Techniques 
A c o m p l e t e  d e s c r i p t i o n  of  the  a p p a r a t u s  u s e d  for  posi-  

t ive  a n d  n e g a t i v e  ion  b e a m  p r o c e s s i n g  ha s  b e e n  pub -  
l i shed  e l s e w h e r e  (13, 14); the re fore ,  on ly  a few n e c e s s a r y  
deta i l s  will be  g i v e n  h e r e .  The  ion  b e a m s  are  g e n e r a t e d  b y  
a p p l y i n g  a nega t i ve  or pos i t ive  vo l t age  of  -+0.05 to -+2.0 
kV to a p l a t i n u m  n e e d l e  ( the poin t )  re la t ive  to a s i l i con  
wafer  ( the plane) ,  as i l l u s t r a t ed  in Fig. la .  The  ions  are  
g e n e r a t e d  in  a n a r r o w  zone  c lose  to t h e  n e e d l e  b e c a u s e  of  
the  s t r o n g  field e n h a n c e m e n t  a t  t h a t  locat ion.  The  polar-  
i ty of t he  ions  g e n e r a t e d  is the  s a m e  as t he  s ign of  t he  
vo l tage  app l i ed  to t h e  poin t ,  a n d  t h e s e  ions  are r epe l l ed  
f rom the  p o i n t  b y  t he  local  field. The  ions  s p r e a d  ou t  as 
t hey  t r ave l  f rom the  po in t  to the  p l a n e  a n d  fo rm a bell-  
s h a p e d  ion  b e a m  c u r r e n t  d e n s i t y  prof i le  on  t he  sur face  of 
the  p lane .  

A p o r t i o n  of t he  ion b e a m  g e n e r a t i n g  a p p a r a t u s  is 
s h o w n  in  Fig. lb .  A p l a t i n u m  n e e d l e  w i t h  a t ip  d i a m e t e r  
of  0.003 in. is s u s p e n d e d  0.5 c m  a b o v e  t h e  s i l icon wafe r  
w h i c h  re s t s  u p o n  a 63.5 m m  diam,  1.6 m m  t h i c k  quar t z  
disk.  The  b o t t o m  of  the  quar t z  d i sk  is coa t ed  w i t h  a 1 ~ m  
t h i c k  s p u t t e r - d e p o s i t e d  layer  of p l a t i n u m .  In  a d d i t i o n  to 
p r o v i d i n g  e lec t r ica l  con tac t  to t he  b a c k  s ide of  the  wafer,  
t he  quar tz  d i sk  ac t s  as a d i f fus ion  b a r r i e r  b e t w e e n  t he  P t  
and  t he  Si wafer .  The  quar t z  has  a suf f ic ien t ly  h i g h  elec- 
t r ical  c o n d u c t i v i t y  at  900~ to cause  a vo l tage  d rop  of  
<100V at a b e a m  c u r r e n t  of  - 1 0  ~A (14). The  en t i r e  as- 
s e m b l y  res ts  on  a 0.002 in. P t  shee t  w h i c h  is c o n n e c t e d  to 
t he  hig  h vol tage  p o w e r  s u p p l y  via  P t  l ead- in  wires  (14). 

The  P t  l ead- in  wi res  are s e p a r a t e d  b y  s apph i r e  rods  to 
m i n i m i z e  e lec t r ica l  l eakage  b e t w e e n  t h e m .  S ince  a por-  
t ion  of th i s  l eakage  c u r r e n t  is p i c k e d  u p  b y  t he  s a m p l e  
lead- in  wire,  i t  p r o d u c e s  a n  e r ror  in  t he  m e a s u r e m e n t  of  
the  ion  b e a m  cur ren t .  I t  was  o b s e r v e d  t h a t  th i s  l eakage  
c u r r e n t  is a t  i ts  m a x i m u m  va lue  w h e n  t he  d i scha rge  is 
first s w i t c h e d  on  a n d  decays  to a va lue  ~0.25 ~A af ter  
- 1 0  min .  I t  is be l i eved  t h a t  th i s  is due  to e lec t r ica l  polar i -  
za t ion  ef fec ts  in  t he  s a p p h i r e  s tandoffs .  Thus ,  in  o rde r  to 
m i n i m i z e  t h e  c u r r e n t  m e a s u r e m e n t  e r ro r  d u r i n g  t he  oxi- 
da t ion  e x p e r i m e n t s ,  t he  d i s c h a r g e  was in i t ia l ly  s w i t c h e d  
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Fig. 1 a: Schematic diagram of the point-to-plane ion beam generator. 
b: An illustration of the experiment setup. 

on in n i t rogen  for a per iod of  10 min  before  changing  the 
ambien t  gas f rom N~ to O2. For  ox ida t ion  t empera tu res  
less than  800~ a more  sui table  contac t  t echn ique  involv-  
ing p la t inum sil icide format ion  was ut i l ized (13, 14). 

Si l icon samples  were  first g iven  a 15 min  ul t rasonic  
clean in w a r m  soap and deionized (DI) H20 to degrease  
and r e m o v e  particles,  fo l lowed by a 5 rain r inse in DI 
H20. The wafers  were  then  c leaned according  to the  fol- 
lowing schedule:  (i) boil  for 10 min  in (5:1:1) H~O: H~O~: 
NH4OH, (ii) r inse  in DI  H20 for 3 rain, (iii) boil for 10 rain 
in (5:1:1) H20:H202:HC1, (iv) r inse in DI H~O for 3 min,  (v) 
30s dip in (50:1) H20:HF, and (vi) r inse in DI  H~O for 5 
min.  

After  the  above  cleaning,  the  wafers  were  hydrophob ic  
and were  "pu l l ed  dry"  and placed direct ly  in the  wafer  
boat. This e l imina ted  the need to b low the  wafers  dry 
with  N~. The  larger  pieces  of  quar tz  apparatus ,  i.e., diffu- 
s ion tubes,  wafer  boats, etc., were  c leaned us ing a soap 
and DI  H:O degrease  fo l lowed by a 10 rain e tch  in (10:1) 
HF: (DI) H~O (p /> 18 MOt cm). P l a t i n u m  parts were  de- 
greased by an ul t rasonic  soap and w a r m  DI H20 bath, 
then  by boil ing in TCE, acetone,  and methanol ,  fo l lowed 
by a DI H~O rinse. 

Experimental Results 
Negative point.--Oxide thickness profiles.--Oxide 

th ickness  profiles on <111> Si substra tes  for a range of  
oxida t ion  t imes  at 900~ in 100% O~ wi th  a cons tant  nee- 
dle cur ren t  of  - 5  ~A are  shown in Fig. 2. The  bel l -shaped 
profiles, wh ich  were  measured  via e l l ipsometry,  m imic  
those  of the  ion  b e a m  dens i ty  such  that  the peak  oxide  
th ickness  lies direct ly  be low the tip of  the  point  e lec t rode  
and the cons tan t  backg round  level  occurs  where  the 
beam in tens i ty  has fallen to zero. F igure  3 shows that  the  
<111> and <100> Si substrate  resul ts  are similar  but  wi th  
the <100> be ing  be low the  <111> by a cons tant  offset 
which,  for the  case of  an ox ida t ion  at 900~ for lh  at - 5  
t~A, is abou t  100s 

Peak oxide thickness variations.--In Fig. 4 and 5, the  
peak  oxide th ickness ,  Xp, is p lot ted  as a funct ion  of time, 
t, for a range of  tempera tures ,  T, beam currents,  I, and the  
substrate or ienta t ions  <111> and <100>. Each data poin t  
is the average of  several  exper iments .  The  data are pre- 
sented on a backg round  of  the  convent iona l  I = 0 data for 
<111> Si. We note  a marked  difference in the  I < 0 data 
f rom the  I = 0 data. 

In the  600~176 range, the  peak ox ide  thickness ,  for a 
cons tan t  beam current ,  I, is re lat ively insensi t ive to 

I i 1 I I i I I I 
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Fig. 2. Oxide thickness profiles for S i < 1 1 1 >  wafers oxidized in 

100% oxygen at 900~ with I = - 5 / ~ A  for various times. 
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with I = - 5 / ~ A  oxidized at T = 900~ for O.5h with Po2 = 1 atm. 
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Fig. 4. Oxide thickness at the profile peaks for S i < I l I >  and 
Si< 100>  wafers for T = 900~ with I = - 5 y.A and Po2 = 1 arm. Each 
datum is the average of several experiments. The I = 0 data are shown 
for reference. 

changes  in t empera tu re  and begins  to increase  marked ly  
only in the  900~176 range (see Fig. 6). At t empera tu res  
lower  than  -600~ it became  difficult  to p roduce  a stable 
discharge in 100% oxygen:  The  d a t u m  at 500~ represen ts  
an e x p e r i m e n t  carr ied out  desp i te  the  fact  that  signifi- 
cant  instabi l i ty  or "f l icker"  was p resen t  in the  ion beam. 

As has been  stated earlier, in the  expe r imen t s  carried 
out at t empera tu res  be low 800~ a P tS i  contac t  to the  
back  side of  the  wafer  was used ins tead of  the  quartz  con- 
tact  because  of  the  great ly reduced  electr ical  conduct iv i ty  
of the quartz  and the  relat ively s lower  sil icide format ion  
rate at these  tempera tures .  A cross-check of these  two 
contact  schemes  was pe r fo rmed  to insure  consis tent  re- 
sults. Samples  were  oxidized at 900~ wi th  a beam cur- 
rent  of  - 5  ~A for lh ,  and the  resul t ing  ox ide  th ickness  
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profiles were  found  to be  ident ical  regardless  of which  
t echn ique  was used  to contact  the  back  side of  the wafer. 

Oxygen partial pressure dependence.--An inves t iga t ion  
of the  effects  associa ted wi th  a r educed  oxygen  part ial  
pressure,  Po~, was carried out  at 700~ us ing  an admix tu re  
of O2 in Po2 argon.  In  Fig. 7, va lues  of the peak  ox ide  
th ickness  at I = - 1 0  /~A for l h  are shown for a range of  
Po2. W.~ note  that  a reduc t ion  of  Pox by a factor of ten  leads 
to a r educ t ion  in Xp of only -18%.  

Substrate doping dependence.--A series of  expe r imen t s  
was c o n d u c t e d  on <111> Si substrates  doped  wi th  ei ther  
boron  or  phospho rus  at I = - 5  /~A and  t = lh. The  sub- 
strate res is t ivi ty  was var ied  f rom 0.5 to 20 D cm with  no 
observable  d i f ferences  in the  resul t ing  oxide  th ickness  
profiles. 
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Fig. 7. Oxide thickness at the profile peaks for Si< 111 > wafers with 
I = - 5 / ~ A  at 700~ for 1 h at a range of Po2 in argon (Ptota] = 1 atm). 

Positive point.--Oxide thickness profiles.--In Fig. 8, ox- 
ide th ickness  profiles for S i ( l l l )  wafers  at 900~ and I = 
4-5/~A for dry 02 are shown as a func t ion  of  posi t ion on the  
wafer. The  profiles are seen to have  a b imoda l  shape wi th  
a crater  appear ing  direct ly  benea th  the  needle.  In  Fig. 9, 
the  2h I = +5 /~A profile is compared  wi th  that  ob ta ined  
wi th  a nega t ive  po in t  at I = - 5  /~A for 2h. The reference  
markers  at 0.725 and  1.275 in. indicate  the  half-width of  
both  the  pos i t ive  and negat ive  ion beams  measu red  at low 
tempera tures .  While there  is a clear co r re spondence  be- 
tween  the ion b e a m  current  dens i ty  and the  ox ide  thick- 
ness  profi le for the  negat ive  ion case, there  appears  to be  
vir tual ly  none  for the  posi t ive  ion case. 

The  m a n n e r  by which  the  back  side of  the  wafer  was 
contac ted  did no t  inf luence the  front-s ide oxide  thick- 
ness profile s ince vir tual ly ident ical  profiles were  ob- 
ta ined with  or wi thou t  a silicide back-s ide  contact.  

Crater effects.--The normal  sample ,  wh ich  was a quar te r  
sect ion of  a 3 in. wafer  p laced on the  quar tz  plate benea th  
the needle,  exh ib i t ed  the  type  of ox ide  profile ske tched  
in Fig. 10a. The  dark and l ight  areas cor respond  to re- 
gions of  th ick  and thin  oxide,  respect ively .  F igure  8 was 
genera ted  by plot t ing the oxide  th ickness  found along the  
l ine Y,Y2 f rom po in t  A to poin t  B. F r o m  Fig. 10a, we note  
that  the  ox ida t ion -enhancemen t  effect  d isappears  com-  
pletely be tween  the  contour  Q, and the  edge of  the  
sample. In  addit ion,  the  region be tween  the  center  of  the  
crater  C, and the  con tour  Q, is nonun i fo rmly  enhanced;  
e.g., the  ox ide  is somewha t  th icker  in the  lower  right- 
hand por t ion of  the  enhanced  region. 

To inves t iga te  a poss ible  sample  edge  effect, a who le  3 
in. wafer  ins tead  of a quar tz  wafer  was  used.  F r o m  Fig. 
10b, we see that  the  enhanced  area does, in fact, expand,  
whereas  the  total  b e a m  current  was he ld  constant  at 4-5 
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(b) 
Fig. 10. Illustration of S i< l  1 1 >  wafer surfaces oxidized at 900~ 

for 1 h at I = + 5/~A. The light and dark areas correspond to thinner and 
thicker oxides, respectively. 

/~A. U n d e r  ident ical  ox ida t ion  condi t ions ,  the  craters C, 
and C.2 are the  same size, while the  contour  Q~ is m u c h  
larger  than the  con tour  Q,. The  e longat ion  of Q~ was 
found to be  a long the  di rect ion t aken  by  the  P t  needle  
lead-in wire ins ide  its quar tz  condui t  above  the wafer. 

As a check  to see if  the  crater  effect  could be due  to 
electrolyt ic  th inn ing  of  the SiO~ layer (15, 16), several  wa- 
fers wi th  di f ferent  ox ide  th ickness  were  sub jec ted  to posi- 
t ive ion beams  of up to +20 /~A for l h  in argon at 900~ 
For  wafers  wi th  ox ides  about  1000~ thick,  a change  of  less 
than  5-10A was observed.  This is cons idered  to be an in- 
significant  effect;  therefore,  e lectrolyt ic  th inn ing  d o e s  
not  seem to be  respons ib le  for the  cratering.  

Because  of  the  nonun i fo rm na ture  of the posi t ive poin t  
resul ts  and the  fact  that  the  ox ide  th ickness  profiles 
t ended  to vary  s o m e w h a t  from e x p e r i m e n t  to exper iment ,  
a detai led inves t iga t ion  of  the  t empera tu re ,  t ime, and ion 
beam cur ren t  dens i ty  d e p e n d e n c e  was no t  a t tempted .  

Discuss ion  

Negative point.--Thickness as a function of time.-- Fig- 
ure  4 shows that  the  ox ide  growth  curves  for I = 5/~A are 
concave  u p w a r d  wi th  the  <100> data fall ing below the  
<111> data at shor t  t imes  while,  for long times,  the  two 
sets of data are essentially identical. These phenomena  can 
be under s tood  in t e rms  of  a s imple  in terpre ta t ion  of  the  
in teract ion b e t w e e n  the  ion beam and the  nat ive g rowth  
process.  We a s sume  that  the  flux of  ox idan t  due to the  
ion b e a m  and due  to the nat ive g rowth  process  add line- 
arly at the  Si/SiO2 interface.  Thus,  for short  t imes,  the  ion 
beam-enhanced  data approach  those  of  the  nat ive process  
because  the  rapid  nat ive  oxida t ion  rate in the  thin ox ide  
reg ime  is m u c h  grea ter  than  that  due  to the  ion flux at 
low values  of  I. For  long times, the  g rowth  rate becomes  
domina ted  by the  ion flux. As the  oxide  th ickness  ap- 
proaches  1 /~m, the  g rowth  curves  t end  toward  a slope of  
unity.  I f  the ion flux had not  been  present ,  the  g rowth  

curves  wou ld  have  t ended  towards  a s lope of  1/2, corre- 
spond ing  to di f fus ion- l imi ted growth.  F r e e d o m  from dif- 
fusion- l imited growth,  via  the  agency  of  the ion beam, 
s t rongly e n h a n c e d  the overall  ox ida t ion  rate. 

If  the t empera tu re  is low enough  (T - 700~ so that  the  
cont r ibut ion  of the  nat ive  ox idan t  to the  g rowth  rate is 
negligible,  t hen  the  g rowth  rate is domina t ed  by the  ion 
b e a m  flux (see Fig. 5). In this  case, we have  

Jpt 
Xp = XN + - -  [1] 

qNo 

where  Xp is the  peak  ox ide  th ickness  wi th  an ion  beam, 
XN is the  nat ive  ox ide  thickness ,  Jp is the  peak  current  
density, t is the  ox ida t ion  t ime, q is the  magn i tude  of  the  
e lectronic  charge,  and No is the  dens i ty  of  ne twork  oxy- 
gen a toms in v i t reous  SiO~. 

In Eq. [1], the va lue  of  Jp is re la ted to I via the low tem- 
pera ture  measu remen t s  (13, 14). I t  is a s sumed  to be inde- 
penden t  of  t empe ra tu r e  a l though first-order analysis pre- 
dicts that  it will  decrease sl ightly as T increases. 
Assuming  a va lue  for X~ of -20~  at low tempera tures ,  one 
calculates  Xp = 820~, for I = - 5  ttA, t = lh ,  and No = 4.5 x 
1022 a tom/cm 3. This  agrees  fairly wel l  wi th  the ext rapo-  
lated value  of 875~ g iven  in Fig. 6. As the  t empera tu re  is 
increased above  700~ X,~ accounts  for a th ickness  in- 
crease of  - 3 0 %  above  that  due  solely to the  ion beam at T 
-< 700~ Thus,  at T -< 700~ the  ion b e a m  flux essential ly 
domina tes  the  g rowth  process.  

Independence of native oxidant species and ionic 
fiuxes.--Figure 11 shows the  resul ts  of  two exper imen t s  
where in  profiles for samples  oxid ized  at - 1 0  and - 5 / ~ A  
for 1 and 2h, respect ively ,  are over layed  upon  each  other.  
We note  that  the  - 1 0 / ~ A  profile has a r educed  peak and a 
b roadened  base  and ques t ion  whe the r  this is due  to dif- 
fer ing b e a m  shapes  for the  two cur ren t  levels  and corre- 
spond ing  vol tages  or it, instead, reveals  an in teract ion be- 
tween  the  nat ive  and ionic f luxes of  the  ox idant  species. 

Cons ider ing  the  b e a m  shape factor,  we  have found (3) 
that, for the  appara tus  shown in Fig. la  wi th  a gap of a 0.5 
cm at room t empera tu re  in air, the  b e a m  wid th  is g iven  
by 

WB = 1.3 + 0.05I [2] 

where  W, is the  beam wid th  in cen t ime te r s  and I is the 
beam current  in microamperes .  Thus,  the  b e a m  wid th  in- 
creases by 16% in going f rom - 5  to - 1 0 / ~ A  at r o o m  tem- 
perature.  This is due to the  enhanced  electrostat ic  repul-  
s ion associa ted  wi th  the  increased  ion dens i ty  and is 
consis tent  wi th  the  -16% oxide  profile wid th  change  of 
Fig. 11. The  cor respond ing  decrease  in ox ide  peak  height,  
Xp, on increas ing  the  total  b e a m  cur ren t  f rom - 5  to - 1 0  
/~A should  then  be due  to the  r educed  va lue  of the  peak  
current  density.  Again,  a 1:1 corre la t ion with the  r o o m  
tempera tu re  resul ts  was found.  S ince  the  beam-shape  fac- 
tor  is able to accoun t  for the  data of Fig. 11, it appears  rea- 
sonable  to a s sume  that  little, if  any, in teract ion occurs  be- 
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Fig. 11. Oxide thickness profiles for Si< i 0 0 >  wafers at 700~ for 1 h 
a t /  = - 1 0  txA and 2h  a t /  = - S  IxA. 
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tween the native oxidant and ionic fluxes at these 
temperatures and that they act independently. 

Temperature dependence.--One of the most striking fea- 
tures of the negative point results is the apparent insensi- 
tivity of the oxide thickness profile to changes in temper- 
ature. The smooth curve in Fig. 6 has been linearly 
extrapolated to 400~ without regard to the datum at 
500~ This implies that, if one controls the beam flicker 
which sets in at T < 650~ the corrected data will lie on~ 
the projected curve. It is also likely that, due to the' 
greatly reduced ionic mobility, at lower temperatures, the 
large voltages needed across the SiO2 to sustain a con- 
stant beam current result in sufficiently strong electric 
fields in the SiO2 such that electrons would dissociate 
from the O. Thus, the current becomes increasingly elec- 
tronic as T is decreased. 

To test this hypothesis, samples of Cu, Ni, Al, and Si 
were subjected to a current of -10/~A for lh  at room tem- 
perature in air under a laminar flow hood. By visual ob- 
servation of the interference patterns, it was determined 
that the greatest amount of oxide formed on the Cu 
sample with successively less oxide forming on the Ni 
and A1 samples. Virtually no oxide was observed to form 
on the Si sample. This ordering of the relative oxide 
thicknesses is consistent with the relative magnitudes of 
both anion and cation diffusion coefficients measured in 
the corresponding oxides (16-24), i.e., D* and D-  are 
highest for Cu20 and least for SiO2. Thus, in SiO2, because 
the diffusion coefficients and solubilities of anions and 
cations are relatively low, very large electric fields (> 107 
V crn- ')  (25) are necessary to induce ionic motion and 
hence form an anodic oxide. Because of these high fields, 
e lec t ron and hole injections into the conduction and val- 
ence bands, respectively, become likely. The conse- 
quence is that many electrons and holes cross the oxide 
layer, whereas few cations and anions move. Thus, for Si 
at room temperature, anodic oxidation via corona dis- 
charge is a very inefficient process, and under the pres- 
ent experimental conditions we do not expect  to be able 
to readily form an anodic oxide of appreciable thickness. 

From the foregoing, we can conclude that, in the low 
;emperature regime, 25 ~ < T < 600~ the ionic transport 
efficiency, v, defined as the ratio of ionic to total cur- 
rent, increases from - 3  • 10 -2 (25) at 25~ to -1.0 at 
600~ Thus it is likely that the combined effects of the 
ion beam "flicker" and the reduced transport efficiency 
are responsible for the reduced values of Xp for T < 600~ 
In the intermediate temperature regime, 600 ~ < T < 800~ 

~ 1, and the native oxidant flux plays a minor role 
compared to the ion beam flux in the overall growth rate. 
In the temperature regime T - 800~ V = 1, and both the 
native oxidant flux and the ion beam flux contribute 
significantly to the growth rate and hence to Xp. 

Po2 dependence.--From the results of Fig. 7, we can infer 
that, with 100% 02 gas, the concentration of free electrons 
is very small since Xp decreases by only -2% per percent 
decrease in Po2 content  of the argon. The explanation for 
this behavior is related to the strong electron affinities of 
O (1.75 eV) and 02 (0.4 eV) (26). Because of the relatively 
large electron collision cross section and the large num- 
ber of collisions to be made between the needle electrode 
and t h e  SiO.2 surface, very few electrons will cross the gap 
without attaching to oxygen molecules in the 100% oxy- 
gen case. For T -> 200~ once 02- ions have formed they 
will readily dissociate to generate O plus O-  (27). Because 
the electron affinity for O-  is -1.75 eV, there is very little 
chance that O -  species will deionize before crossing the 
gap. Thus, even in the 10% oxygen case, the number  of 
electrons surviving to reach the SiO2 surface is only 
-18%. 

Positive point.--Unlike the negative point case, it is 
clear that the positive point results cannot be explained 
simply by a flux of interstitial ions (positive in this case) 
injected into the oxide by the ion beam which are trans- 
ported across the oxide in parallel with the native oxidant 
species. First, in contrast with the negative point results, 

the oxide thickness profiles obtained with a positive 
point bear little, if any, resemblance to the ion beam cur- 
rent density profile (see Fig. 9). Second, the crater- 
shaped oxide thickness profiles imply that multiple in- 
teractions affecting the oxidation rate are present in the 
positive point case. A simple explanation for the crater- 
shaped oxide-thickness profiles involving a growth- 
enhancement  factor due to the positive ions and a retar- 
dation factor due to electrolytic thinning of the oxide can 
be ruled out since a pregrown oxide was not found to thin 
after being subjected to a positive ion beam treatment in 
an inert ambient. Furthermore,  as seen in Fig. 10, the spa- 
tial extent  of the enhanced area increased when the wafer 
size was increased even though the ion beam current was 
held constant. From the above, we conclude that more 
work will be necessary in order to fully explain the posi- 
tive point results. 

Conclusions 
Oxidation enhancement  occurs for both the negative 

point and positive point cases with the negative point 
case providing the larger effect. In the negative point 
case, (i) the geometry of the oxidation enhancement  mim- 
ics the ion beam profile in the gas, (it) the effect seems to 
be independent  of the native oxidant, (iii) the effect de- 
creases slowly with decrease in Po2 content of the gas, and 
(iv) the effect is linearly proportional to the product of the 
local ion beam current density and the time. The above 
results imply that the native oxidant species is/are elec- 
troneutrat since the negative ion enhancement  effects ap- 
pear to be independent  of the presence of the native 
oxidant species. 

In the positive point case, a shallow crater develops un- 
der the ion beam. This crater is surrounded by a ridge of 
oxide thickness enhancement  which falls off radially as 
the outer edge of the wafer is approached. Although no 
explanation for these results is provided, we conclude 
that electrolytic thinning of the oxide due to the positive 
voltage developed across the oxide is not a significant 
factor. Additional work is currently in progress to provide 
an explanation of the positive point results. 
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Resist Materials Utilizing Oxygen Plasma Resistance of Iodine 
Compounds 

Takumi Ueno, Hiroshi Shiraishi, Takao Iwayanagi,* and Saburo Nonogaki 
Hitachi, Limited, Central Research Laboratory, Kokubunji, Tokyo 185, Japan 

ABSTRACT 

Relative rates were measured for polymer film loss in an oxygen plasma environment. Both polymers doped with 
iodine compounds and iodinated polymers show high resistance to the oxygen plasma. Our ESCA studies on iodinated 
polystyrenes indicate that the oxygen plasma converts the iodo-substituent to iodine oxides. Through taking advantage 
of the oxygen plasma resistance of iodine compounds, we have been able to come up with a two-layer photolithography 
system for microfabrication. In the context  of this two-layer process, evaluations were made of a positive photoresist for- 
mulated from OFPR-800 (Tokyo Ohka Kogyo Company) and 2,4,6-triiodophenol, as well as a negative deep-UV resist 
composed of iodinated poly(vinyl phenol) and 3,3'-diazidodiphenyl sulfone. 

Resist system requirements for modern IC fabrication 
are becoming more and more difficult to meet  as the 
minimum feature size is reduced. One of the most serious 
problems in conventional single-layer resist systems is 
that it is very difficult to control resolution and linewidth 
control over high steps in different parts of the wafer to- 
pology. This problem can be alleviated by using a multi- 
layer resist system (1-3). Utilizing a thick planarizing layer 
at the bottom and a thin imaging layer on top, multilayer 
resist systems offer improved linewidth control and 
height-to-width aspect ratio of the resist image. Since an 
oxygen plasma etching is used for transferring the pat- 
tern to an underlying planarizing layer, an understanding 
of the factors leading to polymer resistance to an oxygen 
plasma environment  is important in a multilayer system. 

Here, we report on measurements of oxygen plasma re- 
moval of polymer film, and on high oxygen-plasma re- 
sistance of polymers doped with iodine compounds and 
iodinated polymers. We apply this high oxygen-plasma 
resistance of iodine compounds to develop a novel two- 
layer photolithography system which uses resists con- 
taining iodine compounds as a top image layer. 

Experimental 
Materials.--Iodinated polystyrene (IPS).--IPS was pre- 

pared by iodination of polystyrene using the previously 
described method (4). While the reaction vessel was kept 
at a temperature of 90 ~ -+ 2~ polystyrene was dissolved 
in nitrobenzene. Iodine, iodine pentaoxides, carbon tetra- 
chloride, and sulfuric acid were added to the polystyrene 
solution. From the infrared spectrum, it is confirmed that 
iodination takes place at the para position. The iodina- 
tion degree was defined as the mole fraction of  4-iodosty- 
rene monomer  units in IPS and evaluated using elemen- 
tary analysis with a Hitachi 026 CHN analyzer. 

Chlorinated polystyrene and brominated polystyrene.- 
Chlorinated polystyrene was prepared by polymerization 
from a mixture of the freshly distilled 4-chlorostyrene and 
styrene monomers using a,a'-azobisisobutyronitrile as a 
catalyst. Brominated polystyrene was polymerized from a 
mixture of 4-bromostyrene and styrene monomers in the 
same manner. The chlorination degree and bromination 

*Electrochemical Society Active Member. 

degree were defined as mole fractions of 4-chlorostyrene 
and 4-bromostyrene monomer  units in chlorinated poly- 
styrene and brominated polystyrene, respectively. 

Iodinated phenolic resin (IP).---Poty(vinyt phenol) ob- 
tained from Maruzen Oil Company and morpholin were 
dissolved in ethanol. While stirring the solution at room 
temperature, ethanol solution of iodine was added drop- 
wise. The polymer precipitated after stirring for 2h. It was 
purified by precipitation using dioxane and water. From 
NMR analysis, it was ascertained that the polymer ob- 
tained was poly(3,5-diiodo-4-hydroxystyrene). 

Poly(styrene sulfone).--Poly(styrene sulfone) was pre- 
pared by copolymerization of styrene with sulfur dioxide 
according to the previously reported method (5). 

Other polymers and resists.--Most polymer and resist 
samples were obtained from external suppliers, i.e., 
Scientific Polymer Products Incorporated, Tokyo Ohka 
Kogyo Company, Maruzen Oil Company, Hochest AG, 
Daikin Kogyo Company, and Mead Associates. 

Oxygen plasma etching.--All oxygen plasma etching in 
our study on relative removal rateS was carried out using 
an LFE Company, Model PDE/EDS~301 etcher which was 
modified to make it into a diode-coupling plasma etcher. 
Operating conditions were 0.5 torr and 55W. The diameter 
of the a luminum electrode was 60 ram. Several sections of 
silicon wafers spin coated with polymer films were 
etched on the lower-grounded electrode. A silicon wafer 
section coated with polystyrene was etched on the elec- 
trode as a standard for checking the oxygen plasma con- 
dition. Film thicknesses were measured with an interfer- 
ometer both before and after etching. 

Surface analysis.--ESCA spectra measurements were 
made with a VG Company Model ESCA-1 spectrometer. 

Oxygen Plasma Removal of Polymer Films 
Removal rates for polymer and resist films.--Absolute 

rates, for oxygen plasma removal were obtained from the 
slope of film thickness vs. etching time plots, as shown in 
Fig. 1. The oxygen plasma removal rates for polymers and 
resists relative to polystyrene, kr, are summarized in 
Table I. Taylor and Wolf (6) have measured the rates of 
oxygen plasma removal for 40 polymer samples, and dis- 
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~ i ; ; ; I '  i 
ETCH TIME (min) 

Fig. 1. Thickness remaining vs. oxygen plasma etching time at 55W 
and 0 .55 torr. 

cussed  t he  m e c h a n i s m  of  p o l y m e r  f i lm r e m o v a l  by  an  ox- 
y g e n  p lasma.  Our  r e su l t s  do no t  c o m p l e t e l y  agree  w i th  
t h o s e  r e p o r t e d  b y  Taylor  a n d  Wolf. This  d i s c r e p a n c y  m a y  
be  due  to d i f f e r ences  b e t w e e n  t he  o x y g e n  p l a s m a  e tchers  
used:  we u s e d  a d iode  coup l ing  sys tem,  w h e r e a s  t hey  
u s e d  a n  i n d u c t i v e  c o u p l i n g  sys tem.  

The  m o s t  s t r i k ing  re su l t  in  Tab le  I is t h a t  i od ina ted  
po lys ty renes  ( IPS)  (4) h a v e  r e m a r k a b l y  smal l  va lues  of  kr, 
wh i l e  t he  k,. va lues  for  o the r  p o l y m e r s  a n d  res is ts  are in  
the  r a n g e  of  0.7-3.5. We m e a s u r e d  in s o m e  deta i l  t h e  kr 
va lues  for I P S  h a v i n g  va r ious  i od ine  pe rcen tages .  P lo ts  of  
kr as a f u n c t i o n  of  iod ine  c o n t e n t  are s h o w n  in  Fig. 2. This  
f igure  ind ica t e s  t h a t  t he  o x y g e n  r e m o v a l  ra te  for I P S  de- 
c reases  as t h e  i o d i n a t i o n  degree  inc reases .  

Table I. Relative rates (kr) of oxygen plasma removal 
for polymers and resists 

Polymer MW (10 s) kr 

Polystyrene 
Iodinated polystyrene 

Chlorinated polystyrene 

Brominated polystyrene 

Poly(a-methyl styrene) 
Poly(vinylbenzylchloride) 
poly(styrene sulfone) 

2% I ' 
4% I 

13% I 
27% I 
61% I 
85% I 
10% C1 

100% C1 
10% Br 

100% Br 

2.7 
2.7 
2.8 
3.1 
3.6 
4.5 
5.5 
9.4 

11 
10 
20 

0.39 
75 
4.1 
0.5 
7.0 

Poly(styrene-co-maleic anhydride) 
PoIy(epichl or ohydrin) 
Novolac resin 
Poly(vinylphenol) 0.07 
Brominated poly(vinylphenol) 0.14 
AZ 1350J 
Poly(methyl methacrylate) 6.8 
Poly(glycidyl methacrylate) 1.4 
Poly(methyl methacrylate-co-acrylonitrile) 6.3 
Poly(glycidyl methacrylate-co-ethyl acrylate) 
Poly(hexafluorobutyl methacrylate) 5.3 
Poly(methyl isopropenyl ketone) 3.13 
Cyclized poly(isoprene) 
OMR-83 h 
Polyimide e 

1 . 0  " 

0.89 
0.86 
0.72 
0.51 
0.10 
0.04 
1.25 
1.15 
1.12 
0.98 
0.95 
1.12 
0.71 
1.20 
3.5 
1.0 
1.1 
1.65 
0.84 
1.69 
1.69 
1.61 
1.44 
1.82 
1.8 
1.33 
1.0 
0.83 

The halogenation degree is defined in the Experimental section. 
h A negative photoresist composed ofcyclized poly(isoprene) with 

a bisazide manufactured by Tokyo Ohka Kogyo Company. 
c Polyimide was prepared by baking spin-coated PIQ (obtained 

from Hitachi Chemical Company) at 200~ 
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Fig. 2, Dependence of reiatlve rotes of iodinated polystyrene film 

loss on iodination degree. 

To conf i rm  t h a t  i o d i n a t e d  c o m p o u n d s  have  i n h e r e n t  
p rope r t i e s  of  h i g h  r e s i s t a n c e  to o x y g e n  p lasma ,  we mea-  
s u r e d  t he  r e m o v a l  ra tes  for  m i x t u r e s  of  p o l y s t y r e n e  a n d  
s u c h  i o d i n a t e d  c o m p o u n d s  as i o d o f o r m  a n d  1,4-diiodo- 
benzene .  T h e  re su l t s  for  m i x t u r e s  of  i o d o f o r m  a n d  poly- 
s ty rene  are s h o w n  in  Fig. 3. This  f igure ind ica t e s  t h a t  t he  
r e m o v a l  ra te  dec rea se s  w i t h  a n  i n c r e a s e  of i o d o f o r m  con-  
c e n t r a t i o n  in  t h e  po ly s ty r ene  mat r ix .  A s a m p l e  b a k e d  at  
80~ over  10 ra in  gives  the  s a m e  r e m o v a l  ra te  as for  poly- 
s tyrene .  Th i s  is due  to the  vo la t i l i za t ion  of  i o d o f o r m  f rom 
the  p o l y m e r  m a t r i x  d u r i n g  t he  b a k i n g  process .  S imi la r  re- 
sul ts  were  o b t a i n e d  for  m i x t u r e s  of d i i o d o b e n z e n e  a n d  
po lys ty rene .  T h e s e  resu l t s  m a k e  it  e v i d e n t  t h a t  p o l y m e r s  
d o p e d  w i t h  i od ine  c o m p o u n d s  a n d  i o d i n a t e d  p o l y m e r s  
h a v e  h i g h  r e s i s t a n c e  to a n  o x y g e n  p l a sma .  

The  r e m o v a l  ra te  for I P S  w i t h  r eac t ive  ion  e t c h i n g  
(RIE) was  also m e a s u r e d  as s h o w n  in  Fig. 4. He re  i t  c an  
be  s een  t h a t  t he  I P S  ra te  is sma l l e r  t h a n  t h a t  for  polys ty-  
rene.  The  RIE  p roce s s  is less se lec t ive  in  t e r m s  of  e t c h i n g  
s p e e d  t h a n  t he  o x y g e n  p l a s m a  e t c h i n g  p roces s  (7). 

Surface analysis.--We ana lyzed  the  p o l y m e r  su r face  
u s i n g  ESCA,  so as to e luc ida te  t he  r e a s o n  for o x y g e n  
p l a s m a  r e s i s t a n c e  b y  iod ine  c o m p o u n d s .  E S C A  spec t r a  
for  I P S  (83% iodina t ion) ,  b o t h  be fo re  a n d  af te r  t h e  o x y g e n  
p l a s m a  t r e a t m e n t ,  are s h o w n  in  Fig. 5 a n d  6. Those  
figures,  r espec t ive ly ,  s h o w  w i d e - b a n d  spec t r a  a n d  I:~d 
core  level  s igna ls  for IPS ,  t a k i n g  t h e  c a r b o n  s ignal  C~s 
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Fig. 3. Thickness remaining vs. oxygen plasma etching time at 55W 
and 0.55 torr for polystyrene as well as mixtures of polystyrene and 
iodoform. Molar ratios of iodoform to polystyrene monomer units: 0%,�9 
6%,/~; 13%,[=]; 24%V. 
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Fig. 4. Thickness remaining for IPS (83% iodination) and polysty- 

rene, shown vs. reactive ion etching time at 2 4 W  and 20 mtorr. 

(284.6 eV) as a n  in t e rna l  s t anda rd .  I t  is c lear  f rom Fig. 5 
t h a t  t h e  o x y g e n  core  level  s igna l  appea r s  af ter  o x y g e n  
p l a s m a  t r e a t m e n t .  In  Fig. 6, t he  I:~d core  level  s ignals  a f te r  
o x y g e n  p l a s m a  t r e a t m e n t  sh i f t  to l a rger  b i n d i n g  ene rg ies  
t h a n  t h o s e  be fo re  t r e a t m e n t .  

I t  is k n o w n  t h a t  t he  b i n d i n g  e n e r g y  of  a n  ox ide  is l a rger  
t h a n  t h a t  of a p u r e  e lement .  In  fact,  t h e  va lue  of  I:~ b ind-  
ing  energy for diiodo pentaoxide (I~O.5) is 3.4 eV larger 
than that for IPS. The above results suggest that a thin 
layer of iodine oxide is formed on the surface of the poly- 
mer during the initial stage of oxygen plasma treatment 
and that this thin surface layer protects the bulk polymer 
from further etching. 

Two-Layer Photolithographic System 
T h r o u g h  u t i l iz ing  the  oxygen  p l a s m a  r e s i s t ance  of  io- 

d ine  c o m p o u n d s ,  we were  able  to p r o d u c e  a two-layer  re- 
s is t  sys tem.  Res i s t s  c o n t a i n i n g  iod ine  c o m p o u n d s ,  af ter  
e x p o s u r e  a n d  d e v e l o p m e n t ,  act  as an  e t ch  m a s k  for pat- 
t e rn  t r ans f e r  to  t he  u n d e r l y i n g  p l ana r i z ing  p o l y m e r  in a n  
o x y g e n  p lasma .  
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Fig. 5. Wideband ESCA spectra for IPS (83% iodination): (a) before 
and (b) after oxygen plasma treatment. 

(a) 

I3ds/2 

Z I I 1 
w 
~- 13dsm 
z (b) 

] I I 
620 630 640 

B INDING E N E R G Y  ( e V  ) 

Fig. 6. 13d core level ESCA signal of IPS (83% iodinotion): before, 
a, and after, b, oxygen plasma treatment. 

Top imaging layer.--Resists e v a l u a t e d  as t he  top  imag-  
ing layers  were  a pos i t ive  p h o t o r e s i s t  app l i cab le  to  t he  re- 
d u c t i o n  p r o j e c t i o n  a l igner  a n d  a nega t ive  deep -UV resist .  

Positive photoresist.--Investigations were  m a d e  of a phe -  
nol ic  r e s i n - q u i n o n e  d iaz ide  p h o t o r e s i s t  m i x e d  w i t h  
va r ious  k i n d s  of  iod ine  c o m p o u n d s .  A res i s t  c o m p r i s e d  of  
2 ,4 ,6- t r i iodophenol  (TRIP)  a n d  OFPR-800 (Tokyo O h k a  
Kogyo C o m p a n y ,  a q u i n o n e  d iaz ide  pho tores i s t )  was  
used.  

T w e l v e  pa r t s  of  T R I P  by  w e i g h t  w e r e  d i s so lved  in  a n  
OFPR-800 res i s t  so lu t ion.  The  ra te  of  o x y g e n  p l a s m a  re- 
m o v a l  for O F P R - T R I P  was  m e a s u r e d  as s h o w n  in  Fig. 7. 
The  e t c h i n g  ra t io  of OFPR-800 to O F P R - T R I P  was  4 to 1. 
O F P R - T R I P  sens i t iv i ty  was  a l m o s t  t he  s ame  as t h a t  for 
OFPR-800.  

Negative deep-UV resist.--A d e e p - U V  nega t i ve  res i s t  com- 
p o s e d  of a n  i o d i n a t e d  p h e n o l i c  r e s in  a n d  an  azide  com- 
p o u n d  was  s tud ied .  I o d i n a t e d  p h e n o l i c  r e s in  (IP) was  syn-  
thes ized  b y  i o d i n a t i o n  of po]y(vinyl  phenol ) .  3,3 '-Diazido- 
d i p h e n y l  su] fone  (DS), w h i c h  was  u s e d  as a n  azide  
c o m p o u n d  for deep -UV res is t  (8), was  selected.  The  
IP -DS res i s t  was  p r e p a r e d  b y  d i s so lv ing  t he  I P  a n d  D S  
[20 w e i g h t  p e r c e n t  (w/o) b a s e d  on  t he  res in]  in  cyc lohexa-  
none. The etching ratio of OFPR-800 to IP DS was 5 to I. 
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Fig. 7. Thickness remaining vs. oxygen plasma etching time at 55W 

0.55 torr for polystyrene, �9  OFPR, [~, and a mixture of OFPR and 
tr i iodophenol ,  /~. 
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of 1-2 ~m, and hard baked at 200~ for 20 min. The top im- 
aging layers described above were coated over the under- 
lying layer and baked at 80~ for 20 rain. After exposure 
and development of the top layer in an aqueous base solu- 
tion, the resulting pattern was transferred to the bottom 
OFPR layer by oxygen plasma etching. The results for 
OFPR-TRIP used as a top imaging layer are shown in Fig. 
8. The optical exposure was carried out with a Hitachi 
RA-101 Reduction Projection Aligner. IP-DS results are 
shown in Fig. 9. Deep-UV light was exposed through the 
test pattern mask which was in contact with the resist. It 
is clearly demonstrated in these photographs (Fig. 8 and 
9) that the top layer formed by photolithography was 
transferred to the OFPR layer by oxygen plasma etching. 

Fig. 8. SEM photography of two-layer patterns generated by a Hita- 
chi RA-101 Reduction Projection Aligner. A positive photoresist form- 
ulated from OFPR, and triiodophenol was used as the top imaging 
layer. 

Conclus ion  
Iodinated polymers and polymers doped with iodine 

compounds are found to have a high resistance to an oxy- 
gen plasma. Our ESCA studies indicate that thin surface 
layer iodine oxides are formed during the early stage of 
oxygen plasma etching. Utilizing the oxygen plasma re- 
sistance of iodinated compounds, we propose a two-layer 
photolithographic system. Two resists, a positive 
photoresist containing triiodophenol and a deep-UV re- 
sist comprised of an iodinated phenolic resin as well as an 
azide compound, were evaluated for use as a top imaging 
layer. Good quality patterns are obtained as a result of a 
sequence starting with exposure followed by develop- 
ment of the top imaging layer and transferring the image 
by means of oxygen plasma etching to the bottom layer. 

Fig. 9. SEM photograph of two-layer patterns transferred by deep- 
UV exposure. A negative deep-UV resist formulated from iodinated 
poly(vinyl phenol) and 3,3'-diazidodiphenyl sulfone was used as a top 
imaging layer. 

Bottom polymer layer.--Requirements for the underlying 
polymer layer were the following: the underlying layer 
should be free from any mixing with the top layer; it 
should not dissolve in the top-layer developer; and it is 
desirable that it show resistance to dry etching of the sub- 
strate. OFPR-800 baked at 200~ meets these require- 
ments. 

Lithographic characteristics of the two-layer system.~ 
OFPR-800 was spin cast on a silicon wafer to a thickness 
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A B S T R A C T  

It  is wel l  k n o w n  (1-4) t h a t  s u b s t a n t i a l  a m o u n t s  of ch lo r ine  can  be  i n c o r p o r a t e d  in  HC1 g r o w n  t h e r m a l  ox ides  on  sili- 
con  to ef fec t ively  pas s iva t e  s o d i u m  ions.  I t  has  b e e n  of  i n t e r e s t  to f ind ou t  if  s imi la r  effects  c an  be  o b t a i n e d  for ox ides  
ch lo r i na t ed  b y  i m p l a n t i n g  C1 ions  at  t he  sur face  of SiO2 films on  St. I t  a p p e a r s  (5, 6), howeve r ,  t h a t  w h e n  t h e s e  films are  
a n n e a l e d  at  t e m p e r a t u r e s  in  excess  of  700~ no  Na neu t r a l i z a t i on  p r o p e r t y  is ev iden t .  In  th i s  paper ,  we  s h o w  w i t h  the  
he lp  of 4He ion  R u t h e r f o r d  b a c k s c a t t e r i n g  (RBS)  e x p e r i m e n t s  on  ch lo r ine  i m p l a n t e d  in to  a t h e r m a l  ox ide  film on Si 
t ha t  the  ox ide  loses  a b o u t  10 (50) p e r c e n t  of  t he  i m p l a n t e d  C1 d u r i n g  a n n e a l i n g  at  600~ (1100~ in  n i t r o g e n  for 30 rain.  
We o b t a i n  t he  d i f fus ion  coeff ic ient  D of  C1 in  SiO2 at  va r ious  t e m p e r a t u r e s  w i t h  t he  he lp  of  a p roces s  s i m u l a t i o n  pro- 
g r a m  ( S U P R E M  II) a n d  s h o w  t h a t  for D - Do exp  (-Ea/kT), Do = 10 -~2 cmVs a n d  E a - 0.5 eV. Cor rec t ions  for  s y s t e m  reso- 
l u t i on  a n d  e n e r g y  straggling~ effects  are  m a d e  to o b t a i n  t he  ac tua l  C1 dens i t y  prof i les  in  t he  SiO~ film. I t  is s een  t h a t  C1 
at 50 keV  has  a r a n g e  of  440A in SiO2 w i t h  a s t a n d a r d  dev i a t i on  of 220A for  a g a u s s i a n  form. 

I t  is a we l l - e s t ab l i shed  fac t  t h a t  smal l  add i t i on  of  a chlo- 
r ine  c o n t a i n i n g  species  ( such  as HC1, CI~, C2HCI:0 to t he  
ox id iz ing  a t m o s p h e r e  (oxygen)  d u r i n g  t h e r m a l  ox ida t i on  
of s i l icon can  lead  to severa l  benef ic ia l  effects  on  t he  sta- 
bi l i ty  of t he  oxide,  qua l i ty  of  the  in terface ,  d ie lec t r ic  
b r e a k d o w n  p roper t i e s ,  etc. (1, 2). T he  bas ic  p h y s i c o c h e m -  
ical m e c h a n i s m s  of m a n y  of the  p h e n o m e n a  assoc ia ted  
w i th  c h l o r i n a t e d  ox ida t ions ,  howeve r ,  are no t  ful ly u n d e r -  
s tood.  M e n t i o n  in  th i s  r ega rd  m a y  b e  m a d e  of t h r e s h o l d s  
o b s e r v e d  for  ch lo r ine  i n c o r p o r a t i o n  a n d  for s o d i u m  ion  
pa s s iva t i on  in  t he  HC1 to O~ v o l u m e  ratio,  a n d  in  t he  oxi- 
d a t i o n  t e m p e r a t u r e  (3, 4). C o n v i n c i n g  e x p l a n a t i o n s  also 
r e m a i n  to b e  g iven  as to  t h e  p rec i se  ro le  of  C1 in  Na ~ neu-  
t ra l izat ion.  E l i m i n a t i o n  of  t he  u s e  of  a cor ros ive  gas  l ike  
HC1 for c h l o r i n a t i o n  of ox ides  h a s  b e e n  r ecen t l y  at- 
t e m p t e d  w i t h  t he  he lp  of  t he  c h l o r i n e - i m p l a n t a t i o n  tech-  
n i q u e  (5-7). This  idea, howeve r ,  ha s  t he  fo l lowing  p rob-  
lems.  Firs t ,  s ince  r a t h e r  large  a m o u n t s  (> 10 '~ cm -~) of  
i n c o r p o r a t e d  ch lo r ine  ions  a r e  r e q u i r e d  to ach ieve  appre -  
c iab le  Na p a s s i v a t i o n  (4), t he  r e s u l t i n g  r ad i a t i on  d a m a g e  
in the  ox ide  as wel l  as at  t he  in t e r f ace  is r a t h e r  severe.  I t  
is n e c e s s a r y  to a n n e a l  the  i m p l a n t e d  s a m p l e s  at  t e m p e r a -  
tu res  in  exces s  of  800~ in  o rde r  to  a ch i eve  a d e q u a t e  re- 
covery  of the  d a m a g e d  ox ide  and  of  t he  de t e r i o r a t ed  
Si/SiO2 in t e r f ace  (8). Second ,  no  Na pa s s i va t i on  p r o p e r t y  
is e x h i b i t e d  by  ch lo r ine  i m p l a n t e d  ox ides  a n n e a l e d  at  
t e m p e r a t u r e s  in  excess  of 700~ (5-7). These  o b s e r v a t i o n s  
m a y  i m p l y  t h a t  t he  s o d i u m  neu t r a l i z a t i on  m e c h a n i s m s  
w h i c h  opera te  in  t h e  case  of HC1 ox ides  are  a b s e n t  in  t he  
c h l o r i n e 4 m p l a n t e d  oxides.  T he  r e c e n t  w o r k  on  x-ray mi- 
c roana lys i s  a n d  e l ec t ron  m i c r o s c o p y  of  HCI ox ides  (9-11) 
has  e s t a b l i s h e d  t h a t  a C1 c o n t a i n i n g  s epa ra t e  a m o r p h o u s  
p h a s e  is f o r m e d  at  t he  Si/SiO~ in t e r f ace  d u r i n g  HCI oxida-  
t ion  in t he  Na p a s s i v a t i o n  reg ime.  Th i s  r e su l t  has  r ece ived  
fu r the r  s u p p o r t  f r om x-ray p h o t o e l e c t r o n  s p e c t r o s c o p y  
s tudy  of  ch lo r ine  i n c o r p o r a t i o n  in  HCI ox ides  (12). Fo rma-  
t ion  of  s u c h  a p h a s e  is pos s ib l e  w h e n  r eac t ions  of  Si b o t h  
w i th  C1 and  O are  c o m p e t i n g  as t h e y  are at  the  O-defi- 
c ien t  ox ida t i on  f ron t  at  t he  in terface .  T he  cor re la t ion  of  
f o r m a t i o n  of th i s  p h a s e  w i t h  s ign i f ican t  Na neut ra l iza-  
t ions  h a s  b e e n  d e m o n s t r a t e d  (9-11). I t  is n o t  c lear  w h e t h e r  
a s imi la r  p h e n o m e n o n  is pos s ib l e  in  t h e  case  of  C1- 
i m p l a n t e d  ox ides  in  v i ew  of  t he  l a rger  Si-O b o n d  e n e r g y  
as c o m p a r e d  to t h e  St-C1 energy.  T h e r e  is also t he  possi-  
bi l i ty  t h a t  a c o n s i d e r a b l e  loss  of C1 t akes  p lace  d u r i n g  
t h e r m a l  a n n e a l i n g  of C l - implan ted  ox ides  at  t e m p e r a t u r e s  
e x c e e d i n g  700~ in  con t r a s t  to  t he  o b s e r v a t i o n s  t h a t  t he  
a m o u n t  of C1 i n c o r p o r a t e d  in HC1 g r o w n  ox ides  does  no t  
r e d u c e  a p p r e c i a b l y  un le s s  t he  a n n e a l i n g  t e m p e r a t u r e s  
well  e x c e e d  1100~ (13, 14). This ,  of course ,  w o u l d  be  t he  

case  i f  t he  c h e m i c a l  s ta te  of a C1 a t o m  is no t  t he  s ame  in  
the  two  s i tua t ions .  The  p u r p o s e  of  t he  p r e s e n t  p a p e r  is to 
r epo r t  t he  r e su l t  of our  nuc l ea r  (Ru the r fo rd )  backsca t t e r -  
ing (NBS or RBS) experiments on Cl incorporated in SiO~ 
by ion implantations. They provide clear evidence that 
the implanted Cl atoms diffuse away as the annealing 
temperatures exceed 6O0~ We further deduce that the 
diffusivity of implanted Cl is characterized by a small ac- 
tivation energy of about 0.5 eV. 

Experimental 
Si l icon wafers  [(100), n- type ,  p h o s p h o r o u s - d o p e d ,  2.6-3.2 
cm, po l i shed]  w e r e  t h o r o u g h l y  c l eaned  in  s t a n d a r d  

H202-based bas ic  a n d  ac idic  so lu t i ons  a long  w i t h  d i lu te  
H F  d ips  a n d  DI w a t e r  r inses .  They  were  t h e n  ox id ized  in  
dry  O~ for  75 m i n  at  ll00~ E l l i p some t r i c  m e a s u r e m e n t s  
m a d e  on  a G a e r t n e r  Scient i f ic  Mode l  117 gave a th ick-  
ness  of 1415.8s a n d  re f rac t ive  i n d e x  1.46 for t he se  oxides.  
[The m e a s u r e d  va lue  of  t he  t h i c k n e s s  i n c r e a s e d  to a b o u t  
1450~ on  i m p l a n t a t i o n  due  to t he  d i l a t ion  effect  (8).] 3sC1 
ions o b t a i n e d  f rom a coba l t  ch lo r ide  source  were  im- 
p l a n t e d  u n i f o r m l y  all over  t he  f ron t  s ide  of  the  ox id ized  
wafers  a f te r  r e m o v i n g  t he  ox ide  on  t h e  b a c k  surface.  The  
i m p l a n t a t i o n  dose  was  8 • 10 ''~ c m  -~ at  a n  ene rgy  of 50 
keV. The  e x p e c t e d  r a n g e  of  C1 in  SiO2 a t  50 keV  f rom the  
p lo ts  of  ca l cu la t ions  b a s e d  on  a n  i m p r o v e d  L i n d h o r d -  
Sha r f f -Sch io t t  f o r m u l a t i o n  (15) is a b o u t  500A. The  wafers  
were  t h e n  cu t  in to  four  qua r t e r s  e ach  a n d  co l lec ted  in to  
four  g r o u p s  ca l led  C(1), C(2), C(3), a n d  C(4): S a m p l e s  C(2), 
C(3), a n d  C(4) we re  sepa ra te ly  a n n e a l e d  in  d ry  N~ for  30 
m i n  at  600 ~ 850 ~ a n d  l l00~ respec t ive ly ,  wh i l e  C(1) was  
left  u n a n n e a l e d .  The  m o i s t u r e  level  in  t he  d ry  o x y g e n  a n d  
n i t r o g e n  u s e d  in  t h e s e  e x p e r i m e n t s  was  s t a t ed  b y  t he  sup-  
pl iers  to be  a b o u t  4 ppm.  S a m p l e s  C(1), C(2), (C3), a n d  C(4) 
were  n o w  cut  to o b t a i n  pieces  w i t h  t he  d i m e n s i o n s  8 • 6 
ram,  su i t ab le  for  m o u n t i n g  in t he  R B S  m e a s u r e m e n t  
setup.  4He ions  of  e n e r g y  2 MeV were  i n c i d e n t  on  t he  
s amp le s  at  a c u r r e n t  of  20 n A  to give i n t e g r a t e d  cha rge  of 
10 ~C. The  sur face  ba r r i e r  de t ec to r  de t ec t ed  t he  backsca t -  
t e red  par t ic les  at  a s ca t t e r ing  a n g l e  of 165 ~ The  de t ec to r  
solid ang le  was  1.9 ms te rad .  The  v a c u u m  in  t h e  s y s t e m  
was  a b o u t  10 -5 tor t .  To o b t a i n  t h e  c h a n n e l  n u m b e r  to en- 
ergy conve r s ion ,  R B S  e x p e r i m e n t s  for  s c a t t e r i n g  f r o m  A1 
and  A u  t a rge t  fi lms were  also ca r r ied  out.  

Results and Discussion 
We first br ief ly  d i scuss  t he  p roce s s  of R u t h e r f o r d  

b a c k s c a t t e r i n g  (16) and  t he  a s soc ia ted  k i n e m a t i c s  w i t h  
the  he lp  of  Fig. 1 as follows. The  sca t t e r ing  cross  s ec t ion  
in  t he  cen te r  of mass  (c.m.) f r ame  is 
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Fig. 1. (o) Kinematics of Rutherford backscattering of 4He ions from 

atoms in Si02 on Si. (b) The expected energy spectrum of the 
backscattered ions (schematic). 

1 zZe '2 
- -  sin4(0c/2) [1] 

c ~ -  16 V2/xv ~ 

where z(m) and Z(M), respectively, are the projectile a n d  
target charges (masses), v is the c.m. velocity, and t~ = 
mM/(m + M). The laboratory frame cross section is given 
by 

[ z Z e 2 ~  4 { [ 1 - ( - - ~  s i n 0 ) ~ ] ' ~ + c ~  2 

(rL= \-4-E--/ sin40 [ 1 -  (--~) sin 0) 511j2 [2] 

( zZe ~ ~ o 

where E is the energy before scattering. The energy of 
particles scattered by the atoms at the surface is related to 
the incident energy E. by 

E, = K~Eo [4] 

where 

face occurs at channel no. 183, 289, 299.5, and 500, respec- 
tively, whereas the corresponding values of the kinematic 
factor KM are given by 0.3635, 0.5555, 0.568, and 0.923. This 
leads to a straight line plot with a slope of ~ = 3.53 
keV/channel and an offset of -35 keV. It is now possible 
to express RBS spectra in terms of yield vs. energy. The 
target atoms inside the surface of a substrate see less en- 
ergetic ions due to the energy loss in the traversed path. 
Atoms in a thin SiO2 film close to the Si/SiO2 interface, 
for instance, see ions of energy E2 ~ Eo - (dE~dr) tox, 
where (dE~dr) is the rate of energy loss at the incident en- 
ergy. The displacement of detected energy 8E from E, is 
related to the depth ~t in SiO2 by 

~E = IS] ~t [6] 

where the stopping factor [S] given as 

[S]= [(dE/dt)Ei,KM + (dE/dt)Eout c o - ~ ]  [7] 

is related to the stopping cross section [e] by [S] = [e]N, 
where N is the density of SiO2 units. For thin films a n d  
when the E dependence of [e] is insignificant, one can ob- 
tain the energy width hE corresponding to the full thick- 
ness of the film under  the surface energy approximation. 
Since tox is given by ellipsometric measurements to be 
about 1400~, [e]sio2 at 2 MeV for scattering from Si in SiO2 
is 2.26 x 10 -1 eV cm 2 (16), and, taking Nsio2 to be 2.3 x 1055 
cm -3, one obtains AE(Si) to be 72.7 keV. This, using qJ = 
3.53 keV/channel, can be seen to correspond to about 20 
channels. Using hE(C1) = AE(Si)~/ where n = [S]c][S]Si 
[which is about 1.01 (14)], and Eq. [4] for C1, one has 
KM(C1) = 0.637, E~(C1) = 1.2736 MeV, and AE(C1) ~ 73.4 
keV. 

Figure 2 shows the RBS yield against channel number  
spectra for samples C(1), C(2), C(3), and C(4). The results 
provide clear evidence for the loss of the C1 atoms during 
postimplant annealing. This is to be contrasted with the 
fact that no appreciable loss of C1 incorporated in the 
HCl-grown oxides occurs unless the annealing tempera- 
tures well exceed t100~ (13, 14). This may be taken as a n  
indication that the physicochemical environment  of C1 
atoms in the two cases is quite different. The results of 
Fig. 2 can, to some extent, explain the observed failure 
(5-7) of Cl-implanted samples in exhibiting Na passivation 
when annealed at temperatures of 700~ or higher. It 
must, however, be pointed out on the basis of Fig. 2 that 
the loss of C1 is not complete even at ll00~ [sample C(4)]. 
The failure of Na passivation in Cl-implanted samples, 
therefore, raises questions such as: is the presence of 
large C1 concentrations alone enough for Na passivation? 
Since the neutralizing negative charge must  come from 
the silicon substrate, is the vicinity of the C1 containing 
phase to Si/SiO2 interface crucial for Na passivation? Fur- 
ther study to clarify these aspects will be necessary. 

Coming now to obtaining chlorine density profiles in 
SiO2 from the RBS spectra, we note that Eq. [6] can be 
utilized to obtain the energy to depth conversion. In the 
ideal case, the '~'~C1 peak can be well separated from the Si 
peak provided E4(C1) > E~(Si) (see Fig. 1) which requires 

El(St) ( KM(C1) 
1t > tox [8] [S]c,s~~ ~ / 

KM = cos 0 + sin 2 0 [5] 
m 

To convert the RBS data of yield per channel into 
yield vs. energy, the observed spectra due to scattering 
from Si and O atoms in SiO~ and from Au and A1 films 
c a n  be used to obtain a plot of the channel number  at the 
high energy edge E, of the various peaks vs. the corre- 
sponding kinematic factors KM (Eq. [5]). The standard 
practice (in the case of peaks broader than the resolution 
width) is to associate the scattering from surface atoms 
with the half-height points on the leading edge. We found 
that scattering from O, A1, St, and Au atoms on the sur- 

For E,, = 2 MeV, one can estimate the left-hand side of 
Eq. [8] to be about 2500~. In practice, however, the line 
shapes show departures from the idea] case (16) due to: (i) 
system resolution limitations, (it) energy straggling for 
the projectile ions inside a target substrate, (iii) back- 
ground counts due to pulse "pile up" on the high energy 
side, and (iv) dependence of various cross sections on the 
energy of the scattering ions, etc. These factors can affect 
the shapes of both the low and high energy edges a n d  c a n  
also lead to slopes in the plateau region. In  order to obtain 
the correct chlorine concentration profiles from the data 
of Fig. 2, one needs to eliminate the effects of the above 
factors as far as possible. To estimate the effects of the 
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system resolution, it  is customary to assume a gaussian 
form for the detect ion response function and est imate its 
full width at half max imum (FWHM) either by obtaining 

the energy difference for the points on high energy edge 
for Si in SiO2 corresponding to 12% and 88% of the peak 
height or by measuring FWHM of the peak for a very thin 
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Au film. We have  ob ta ined  f rom bo th  these  m e t h o d s  an 
es t imate  for the  sys t em resolu t ion  FWHM of  about  21 
keV. The s t anda rd  devia t ion  glR of  the  reso lu t ion  func t ion  
is to be equa t ed  to FWHM/2.355. The second  factor,  
namely,  the  ene rgy  s t raggl ing due  to f luctuat ions  in the  
n u m b e r  of col l is ions (and the  energy  lost  in each) the  inci- 
den t  ions e x p e r i e n c e  in t ravers ing  a d i s tance  ins ide  the  
substra te ,  has  a smal ler  effect  in the  case of  a th in  film 
such  as the  one  we  have.  One usual ly  es t imates  the  en- 
ergy s t raggl ing var iance  for a th in  film wi th  the  he lp  of 
the  formula  (16) 

~s ~ = 12B 2 (K~ + 1/cos 0) [9a] 

w h e r e  

~-tB '2 = 4[[ (Ze2) 2 (ZN)sio2 t [9b] 

as g iven by Bohr ' s  theory  (16), (ZN)s~o2 = (Zs~ + 2Zo)Nsio2 
and  t = t r ave r sed  d e p t h  in SIO2. For  t = to~, 12B can  be esti- 
ma ted  to be  abou t  3.0 keV, whi le  an average  of 12s 2 over  
"t" is abou t  2.7 keV. (We use  this  va lue  as an app rox ima-  
t ion in the  analys is  to be desc r ibed  present ly . )  As for the  
b a c k g r o u n d  con t r ibu t ion  to the  yield  due  to pulse  pile-up, 
one needs  to use  pi le-up re jec t ion  e lec t ronics  in  t he  detec-  
t ion sys tem.  Not  hav ing  done  this,  we  have  correc ted  the  
yield for ch lor ine  by  sub t rac t ing  out  a cons t an t  w h i c h  is 
an average of the  ra ther  flat b a c k g r o u n d  seen  for abou t  
20 channe l s  on the  h igh  ene rgy  s ide  of  E,(C1). Us ing  the  
fo rmula  

Ac, o-si(Eo) 
(Nt)cl = Hsi (rcl(Eo) [e0]sto2 si [10] 

in the  case of  C(1), the  cor rec ted  data po in t s  give (Nt)a = 
8.49 x 10 's c m  -2, w h i c h  r ep roduces  the  nomina l  C1 im- 
p lan ta t ion  dose  of  8 x 10 's cm -2 r ea sonab ly  well. Here  Hsi 
is the  he igh t  of  Si peak  (for Si in SIO2) and  Acl = ZiH~(C1) 
is the  area u n d e r  the  C1 peak.  [Surface ene rgy  approx ima-  
t ion is used  in Eq. [10] a long wi th  (rsi(Eo)/(rcl(E o) = 0.638.] 
The chlor ine  peak  dens i ty  is ob ta ined  f rom 

Ncl Peak HclPeak ~ O-si(Eo) ~ [eoJslo2 cl . 
- H s ~  \ ocx(Eo) ] [eo]s~o2 s - - - - - - -7  NsiS'~ [11] 

to be 1.26 • i0 ~' cm -3, where Nsi  st02 = 2.3 • 1022 cm -'~. 
Now we express the "observed" density profile No(E) in 
terms of the true profile NT(E) as follows (18) 

= f NT(E')R(E - E') dE' [12] No(E) 
Ja ll channels 

w h e r e  R is the  reso lu t ion  func t ion  and  is a s s u m e d  to be  a 
gauss ian  wi th  a s t anda rd  dev ia t ion  of  ( ~ 2  + 12s2),2 w h e r e  
f~s may  take  channe l  n u m b e r  d e p e n d e n t  values.  To ex- 
t ract  NT(E) f rom Eq. [12], we  have  fo l lowed the  fo l lowing 

p rocedure .  First :  NT(E) is initially ob ta ined  f rom p roces s  
s imula t ion  p r o g r a m  S U P R E M  II (17) u s ing  trial i n p u t  pa- 
r amete r s  such  as implan ta t ion  dose,  range,  and  s t anda rd  
devia t ion  as well  as diffusion,  surface  t ranspor t ,  and  seg- 
regat ion coefficients .  S ince  ch lor ine  d i f fus ion  is no t  con- 
s idered  in S U P R E M  II, we  use  As as the  d u m m y  n a m e  to 
s imula te  C1 d i f fus ion  in SiO2 by  appropr ia t e ly  varying the  
above pa ramete r s .  The s eco n d  s tep is to use  Eq. [12] to 
obta in  No(E), w h i c h  is a s m o o t h  func t ion  and  is e x p e c t e d  
to serve as a fit to the  actual  data  po in t s  N,(E). We vary 
the  va lues  of the  i npu t  pa r ame te r s  in Nr(E) unti l  Eq. [12] 
obta ins  a least  X 2 fit No(E) to NA(E). Here  X 2 -= Ei ([No(El) - 
NA(Ei)]/6NA(Ei)) 2 and  6NA is the  er ror  in NA given by  ~ A  
for Po i s s o n  stat ist ics.  A reasonable ,  s impl i fy ing  approxi-  
ma t ion  is m a d e  by  res t r ic t ing  the  in tegra t ion  in Eq. [12] to 
t hose  channe l s  w h i c h  c o r r e s p o n d  to CI in SiO~. The  pro- 
cedure  ou t l ined  earl ier  is u sed  to obta in  the  ene rgy  to 
d e p t h  scale convers ion .  F igure  3 s h o w s  the  data po in t s  
NA(X) along wi th  t he  fit No(x) to t hose  po in t s  and  the  cor- 
rec ted  line shapes  Nr(x). It may  be  no t i ced  tha t  the  50 keV 
C1 imp lan ta t ion  in SiO2 [sample  C(1)], Fig. 3a, fol lows a 
gauss ian  fo rm wi th  a range  of 440~ a n d  a s t anda rd  devia- 
t ion of 220}~. These  may  be  c o m p a r e d  wi th  the  p r ed i c t ed  
values  of 500 and  160~, respect ive ly ,  b a s e d  on L indhord -  
Shor f f -Sch io t t  t heory  (15). Table  I s u m m a r i z e s  the  va lues  
of the  var ious  p a r a m e t e r s  u sed  to ob ta in  No(x) and  NT(X) 
by al lowing S U P R E M  II to s imula te  C1 di f fus ion in SiO2 
dur ing  annea l ing  at 600 ~ 850 ~ and  1100~ for 30 rain in N2, 
g iven the  initial d i s t r ibu t ion  of Fig. 3a. We first reach  a 
m i n i m u m  X z po in t  by  vary ing  Dc~(SiO2). T h e n  all the  pa- 
r amete r s  are var ied  to obta in  smal le r  X ~. We find tha t  the  
fits and  X ~ are no t  very  sens i t ive  to var ia t ions  in So, ST, 
and  D(Si). To get  an idea of  th is  behavior ,  Table  I s h o w s  
var ious  va lues  of SG, St, and  D(Si) and  the  c o r r e s p o n d i n g  
X 2. F igure  4 s h o w s  the  plot  of  Dcl(SiO2) g iven  by  S U P R E M  
II agains t  1000/T. F r o m  the  l ine s h o w n  in Fig. 4 as an  at- 
t e m p t  to fit t he se  points ,  one  can d e d u c e  tha t  D = Do exp  
( -EJkT) ,  w h e r e  Do ~ 10 -'2 cm2/s and  the  act ivat ion en- 
ergy E, ~ 0.5 eV. This ra ther  small  act ivat ion ene rgy  is 
c o m p a r a b l e  to tha t  for H2 d i f fus ion  in  SiO2 (-0.7 eV) (19). 
The p r e - e x p o n e n t  in D(C1), however ,  s eems  to be smal le r  
t han  tha t  for m o s t  impur i t i es  in SIO2. It may  be  no ted  tha t  
Greeuw and  H o s p e r  (5) had  earl ier  sugges ted  a m u c h  
larger  e s t ima te  of  E~ - 2 eV based  on  the i r  long wave- 
l eng th  x-ray analys is  o f  Cl - implanted  oxides ,  Do was  g iven 
to be 2 • 10-~ cm2/s. Their  value of  D can be found  to vary 
b e t w e e n  10 -'7 and  10 -'3 in  the  range  600~176 The  or- 
ders  of m a g n i t u d e  of  these  n u m b e r s  are c o m p a r a b l e  to 
those  of th is  paper .  On the  o ther  hand ,  the  value D = 10-"  
cm2/s e s t ima ted  by  Schaef fe r  et al. (20) at 750~ f rom thei r  
t racer  e x p e r i m e n t s  on radioact ive ch lor ine  (3~C1) solut ion 
on SiO2 is m u c h  larger. The sources  of  this  d i sc repancy  
are no t  immed ia t e ly  clear. F igure  5, in w h i c h  we show R, 

Table I. Sensitivity of X 2 to the values of the fit parameters for NT(E) 

Anneal temp. DcI(SiO~) x 10 ,s ST • 10 -4 Dc~(Si) 
Sample (~ (cm~/s) S~ (cm~/s) (cm2/s) X z x 10 z~ 

C(2) 600 1.92 0.1 21.7 1.96 x 10 -~2 7.90 
1.92 100 21.7 1.96 • 10 -22 7.84 
1.92 100 3.66 x 10 -s 1.96 • 10 -~ 10.50 
1.92 100 21.7 1.159 • 10 -'~ 7.84 
1.92 100 21.7 3.3 x 10 -2~ 7.84 
2.2 100 21.7 1.95 • 10 -2~ 8.07 
1.68 100 21.7 1.95 x 10 -2~ 7.94 

C(3) 850 5.71 1.0 31.0 2.7 x 10 -'7 16.3 
5.71 1O0 31.0 2.7 • 10 -'T 15.1 
5.71 100 0.95 2.7 x 10 -'7 15.1 
5.71 100 0.95 8.28 • 10 -':~ 15.1 
5.71 100 0.95 8.79 • 10 -2~ 15.2 
6.33 100 0.95 2.7 x 10 -'7 15.2 
5.15 100 0.95 2.7 x 10 -'7 15.4 

C(4) 1100 15.87 100 3.56 5.0 x 19 -,~ 15.9 
15.87 0.001 3.56 5.0 x 10 -'4 7.65 
15.67 0.001 521.0 5.0 • 10 -'4 7.66 
15.87 0.001 3.56 2.34 x 10 -'~ 7.67 
15.87 0.001 3.56 1.067 x 10 -'7 7.65 
19.6 0.001 3.56 5.0 x 10 -'4 8.16 
8.34 0.001 3.56 5.0 • 10 -'4 19.1 
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Fig. 5. Percentage loss of CI ions implanted in Si02 as a function of 
annealing temperature. 

the percentage loss of C1 against temperature T, indicates 
that about 56% of implanted charge has been lost from 
SiO~ after annealing at 1100~ in nitrogen for 30 min. We 
find that R ~ bT, where b - 0.08/~ 

Conclusion 
We have shown in this paper, with the help of our ex- 

periments on Rutherford backscattering from C1 ions im- 
planted in a thin thermal SiO2 film on Si, that: (i) the im- 
planted C1 atoms diffuse away as one anneals the samples 
at temperatures in excess of 600~ (ii) the chlorine im- 
plantation profile shows a gaussian form ( -  exp - ((x - 
Rp)2/2AR, "~) with Rp = 440]~ and hRp = 2204) after correc- 
tions for system resolution and energy straggling effects. 
We have also obtained the chlorine profiles (corrected for 
system resolution and projectile energy straggling effects) 
after diffusion in SiO2 during annealing at 600 ~ 850 ~ and 
1100~ in nitrogen. An estimate based on the process sim- 
ulation program SUPREM II indicates an Arrhenius rela- 
tion D = Do exp (-Ea/kT) for the C1 diffusion coefficient 
in SiO2 with Do - 10 -'2 cm2/s and Ea = 0.5 eV. The results 
show that the implanted C1 has a diffusivity different 
from that of C1 in HCl-grown oxides. 
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Oxygen RIE-Resistant Deep-UV Positive Resists: Poly 
(trimethylsilylmethyl methacrylate)and Poly (trimethylsilylmethyl 

methacrylate-co-3-oximo-2-butanone methacrylate) 
E. Reichmanis and G. Smolinsky 

A T & T  Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

The polymer, P(SiMA), derived from trimethylsilylmethyl methacrylate and the copolymer, P(SI-OM), with 
3-oximino-2-butanone methacrylate are resistant to oxygen reactive ion etching in the pressure range 20-100 ~m and 
thus are effective patterning masks for planarizing layers such as hard-baked HPR-204. At 100 ~zm of 02, the latter mate- 
rial is etched about 40 times faster than either methacrylate resin. P(SI-OM) is sensitive to short wavelength (< 260 rim) 
radiation. A resin containing 25% oxime requires an exposure dose of 0.25 J/cm-2 to delineate 0.75 and 1.0 ~m lines and 
spaces. These materials are potentially useful in a bilevel resist system. 

Incorporation of silicon into organic polymers gener- 
ates materials which are resistant to oxygen reactive ion 
etching (RIE) and thus are potentially useful in two-level 
photoresist processes. The effects of silicon were first re- 
ported by Taylor and Wolf (1), who suggested that a pro- 
tective layer of S i Q  was formed when the polymers were 
exposed to an oxygen discharge. These findings laid the 
basis for the development of resist systems which could 
be employed in a multilevel RIE pattern-transfer process 
as depicted in Fig. 1. Specifically, the chemical incorpo- 
ration of silicon into a novolak-base polymer  (2) has 
proved effective in enhancing the oxygen RIE resistance 
of these polymers. Several silicon-substituted, negative, 
deep-UV resists have also been reported. The trimethyl- 
silyl group has been used to lower the oxygen discharge 
erosion rate of styrene-chlorostyrene (3) and styrene- 
chloromethylstyrene (4) copolymers, and thin films of 
dialkylsiloxane polymers have themselves proved useful 
as deep-UV negative resists (5). 

Since a positive deep-UV resist is desirable to ensure 
high resolution capabilities, we previously investigated 
the efficacy of siloxane substitution on methacrylate 
polymers for improving the oxygen RIE resistance of 
poly(methyl methacrylate) (PMMA) without destroying 
its high resolution properties (6). Terpolymers of methyl 
methacrylate, methacrylic acid, and pentamethyldi- 
siloxy]propyl methacrylate are high resolution, RIE- 
resistant materials, which, however, lack photosensitivity. 
While improvements in resist sensitivity should obtain 
upon incorporation of such photoreactive chromophores 
as the a-keto-oxime in 3-oximino-2-butanone methacry- 
late (7-9) preparation of the four-component polymers 
may be complicated. 

Sensitive, high resolution, oxygen RIE-resistant, 
deep-UV resists have been prepared using trimethylsilyl- 
methyl methacrylate and 3-oximino-2-butanone methac- 
rylate as components. Etching rate ratios relative to hard- 
baked HPR-204 (novolac-quinonediazide conventional 
photoresist) of 12 to 45:1 have been observed, and it is 
demonstrated that these resists are useful as oxygen RIE 
masks in two-level photoresist systems employing dry 
etching pattern-transfer techniques. 

Experimental 
Materials.--3-Oximino-2-butanone methacrylate was 

prepared as described in the literature (7). Trimethylsilyl- 
methyl methacrylate was  obtained from Petrarch Sys- 
tems, Incorporated. High molecular weight (Mw - 250,000) 
poly(methyl methacrylate) was obtained from the Aldrich 
Chemical Company and used without further purifica- 
tion. HPR-204 photoresist was obtained from the Philip A. 
Hunt Chemical Company. Hexane, cyclohexane, cyclo- 
pentanone (Gold Label spectroquality solvents), and 
methyl isobutyl ketone were obtained from the Aldrich 

Chemical Company. Ethyl acetate and toluene were ob- 
tained from MCB, Incorporated. 

Poly (trimethylsilylmethyl methacrylate) and copoly- 
mers of trimethylsilylmethyl methacrylate and 3-oximino- 
2-butanone methacrylate were prepared and purified by 
standard techniques. Conversions were carried out to 
<20%. Molecular parameters for these polymers are given 
in Table I. 

Processes.--Under typical processing conditions, the 
polymer (10 weight percent [w/o]) was dissolved in cyclo- 
pentanone, filtered through a 0.5 ~m membrane, applied 
with a spin coater (Headway Research Spinner, Model 
EC101) operated at 4000 rpm, to either silicon, hard-baked 
HPR-204 on silicon, or NaC1 substrates and baked at 
150~ for 60 rain. HPR-204-coated silicon substrates were 
prepared in the same manner  to give nominal 1/~m thick 
films which were baked at 250~ for 60 rain. 

The oxygen RIE resistance of each polymer was deter- 
mined by etching the appropriately coated silicon sub- 
strate in a Cooke Vacuum Products, Incorporated, Model 
C71 RIE system. The etching rates were determined from 
the slope of the least -squares linear fit of points obtained 
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Fig 1. Schematic representation of the two-level resist process in 
which the top level is a deep-UV sensitive resist. 
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Table I. Polymer molecular parameters 

Weight percent Molecular weight c 
Polymer Mole ratio" silicon ~ Mw x 10 -~ Mw/Mn Tg 

Absorbance d 
215 nm (Xm~x) 248 nm 

P(SiMA) e - -  14.82 2.02 1.78 108~ 0.13 0 
P(SI-OM) f 90:10 14.33 1.49 2.36 85~ 0.83 0.06 
P(SLOM) 77:23 10.80 1.01 2.23 80~ > 1 0.20 
P(SI-OM) 62:38 9.61 1.25 3.46 91~ >1 0.25 

This refers to the ratio of the two components as determined by elemental analysis. 
As determined by elemental analysis. 
GPC analysis using polystyrene equivalent molecular weights. 

d The absorbance is given for 1/~m +- 10% thick films. 
P(SiMA) refers to poly (trimethylsilylmethyl methacrylate). 

f Si refers to trimethylsilylmethyl methacrylate. OM refers to 3-oximino-2-butanone methacrylate. 

f r om a m e a s u r e m e n t  of t h i c k n e s s  as a f u n c t i o n  of e l ap sed  
e t c h i n g  t ime.  T h e  ra tes  are essen t i a l ly  l i nea r  w i t h  t ime.  

Res i s t  s ens i t i v i ty  a n d  c o n t r a s t  we re  a s ce r t a i ned  b y  
c o n t a c t / p r o x i m i t y  p r i n t i n g  t he  coa t ed  s u b s t r a t e s  t h r o u g h  
a qua r t z  M u l t i d e n s i t y  R e s o l u t i o n  T a r g e t  (Model  B, Opto-  
L ine  Corpo ra t i on )  w i t h  a d e e p - U V  e x p o s u r e  s y s t e m  
(Model  29DHI Opt ica l  Assoc ia tes ,  I n c o r p o r a t e d )  opti-  
m ized  for  u se  at  260 -+ 20 nm .  

I n f r a r e d  s p e c t r a  of res is t  f i lms coa t ed  on  NaC1 sub-  
s t ra tes  were  o b t a i n e d  w i t h  a Nicole t  Mode l  5DX FT- IR  
s p e c t r o p h o t o m e t e r .  

Results and Discussion 
P o l y ( t r i m e t h y l s i l y l m e t h y l  m e t h a c r y l a t e )  [P(SiMA)] was  

e x a m i n e d  for  i ts  phys i ca l  p r o p e r t i e s  a n d  abi l i ty  to  wi th-  
s t a n d  o x y g e n  R I E  t r e a t m e n t .  T h e  re la t ive ly  h i g h  glass 
t r a n s i t i o n  t e m p e r a t u r e  (T D of  th i s  ma te r i a l  (108~ obvi-  
a tes  t h e  n e e d  for  e n h a n c e m e n t  v ia  copo lymer iza t ion .  I t  is 
pos s ib l e  to  i n c r e a s e  t he  p h o t o s e n s i t i v i t y  of t he  s y s t e m  
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Fig. 2. The absorption spectre of nominal ! /~m films of P(SiMA) 

) and P(SI-OM) (77:23) (---). 

t h r o u g h  i n c o r p o r a t i o n  of  s u c h  m o n o m e r s  as 3-oximino-2-  
b u t a n o n e  m e t h a c r y l a t e .  To th is  end,  t h r e e  d i f fe ren t  com- 
pos i t ions  of  po ly ( t r ime thy l s i l y lme thy ]  methacryla te-co-3-  
o x i m i n o - 2 - b u t a n o n e  me thac ry l a t e )  [P(SI-OM)] we re  pre-  
pared .  I n  all  cases ,  t h e  a m o u n t  of  s i l i con  ac tua l ly  incor-  
p o r a t e d  in to  t he  p o l y m e r  was  lower  t h a n  t h a t  a n t i c i p a t e d  
f rom t h e  m o n o m e r  rat ios.  Whi le  th i s  m a y  r e su l t  par t ia l ly  
f rom so lven t  t r a p p e d  in  t he  res in ,  i t  also impl i e s  t h a t  t he  
reac t iv i ty  ra t ios  (r) for  t he  two c o m p o n e n t s  are  unequa l .  A 
h i g h e r  va lue  for  t he  ~-ke to -ox ime  w o u l d  exp l a in  t he  in- 
c r eased  i n c o r p o r a t i o n  of  t he  n o n s i l i c o n  c o n t a i n i n g  spe- 
cies. 

E x a m i n a t i o n  of  Tab le  I r evea l s  t h a t  t he  a b s o r b a n c e  of 
(nomina l )  1 /~m films of  P(SI-OM) inc rea se s  w i th  increas-  
ing k e t o - o x i m e  con ten t .  A b s o r b a n c e  va lues  are  l i s t ed  for  
248 n m  a n d  for  t he  m a x i m u m  at 215 nm.  F i g u r e  2 com-  
pares  the  a b s o r p t i o n  spec t r a  of P(S iMA)  a n d  P(SI-OM) 

CH2_(~_CH2_C_...}. hu ~ ]t_CH2_C_CH2_ C ~ 
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Fig. 3. Scheme depicting the photodegradation of P(SI-OM). 
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(77:23). The deg rada t ion  m e c h a n i s m  of  these  mater ia ls  
should  be s imilar  to tha t  obse rved  for P M M A  and  copoly-  
mers  of m e thy l  me thac ry la t e  and  3-oximino-2-butanone  
methacry la te ,  and  is ou t l ined  in Fig. 3. 

Oxygen RIE behavior.--The oxygen  RIE rates of 
P(SiMA) and  P(SI-OM) at a p r e s su re  of 20 ~m are g iven  in 
Table II. The values  for P M M A  and  HPR-204 are i n c l u d ed  
as r e fe rence  points .  As e x p e c t e d  f rom the  s tudy  of  etch-  
ing rate  vs. si l icon con t en t  in  t he  series of  pen t ame thy ld i -  
s i loxylpropyl  me thac ry l a t e  p o l y m e r s  (6) (where only 
smal l  i n c r e m e n t a l  r educ t ions  in  e t ch ing  rate were  ob- 
served  wi th  i nc reased  si l icon con t en t  above  abou t  8-10%), 
only m i n o r  var ia t ions  in the  oxygen  RIE rate  are ob- 
served  for the  po lymer s  inves t iga ted  in the  cu r r en t  s tudy.  

I00 , ~  i I 

| .o 

i lfeo 
m 
m 

~ 4 0  

~ o ~  

q A / t I = 40 ZO ~0 = 
TIME (rain) 

Fig. 5. A plot of the etching rate of P(SiMA) vs.  time at oxygen 
pressures of 20 ( 0 )  and 100/~m ( * )  (RF power =20W) .  
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Table II. Etching rate of silicon containing polymers 
as a function of silicon content and oxygen pressure 

02 RIE rate 
Mole Weight (A/min) 

Polymer ratio percent Si at 20 ~m at 100 t~m 

PMMA - -  O.0 3700 - -  
HPR-204 - -  0.0 1750 3250 
P(SiMA) - -  14.8 160 80 
P(SI-OM) 90:10 14.33 70 (25) 
P(SI-OM) 77:23 10.80 125 70 
P(SI-OM) 62:38 9.61 150 70 

While an increase in power effects an increase in etching 
rate of both HPR-204 and P(SiMA) (Fig. 4), an increase in 
oxygen pressure results in a decrease in the etching rate 
of P(SiMA). Figure 5 depicts the etching rate vs.  time for 
P(SiMA) at low and high oxygen pressure. A comparison 
of the rates obtained for HPR-204, P(SiMA), and P(SLOM) 
at an oxygen pressure of 20 vs.  i00 /~m is given in Table 
If. The silicon substituted species generally show a de- 
crease in etching rate with increased pressure, while the 
converse is true for HPR-204. This effect appears linear 
with respect to pressure, as seen in Fig. 6, which depicts 
the RIE rate of HPR-204 and P(SiMA) as a function of ox- 
ygen pressure. An etching rate ratio ranging from 12:1 to 
>40:1 may be obtained for the si]ylated polymers vs.  

HPR-204. 
The divergence observed in the etching rates of 

P(SiMA) and HPR-204 vs. oxygen pressure (see Fig. 6) is 
readily explained. An increase in pressure effects an in- 
crease in the concentration of reactive species in the dis- 
charge. Thus, a polymer such as HPR-204, which gener- 
ates only volatile etching products, will erode more 
rapidly  as t he  p r e s s u re  rises. However ,  P(SiMA) repre-  
sen ts  a s i tua t ion  in w h i c h  b o t h  volat i le  and  nonvola t i l e  
(i.e., SiO~) p r o d u c t s  resu l t  f rom RIE. Thus,  if  suff ic ient  
sil icon is p r e s e n t  in the  po lymer ,  an inc reased  concent ra -  
t ion of reac t ive  oxygen  spec ies  will more  efficiently pro- 
duce  a u n i fo rm  barr ier  of s i l icon ox ide  w h i c h  will p ro t ec t  
the  u n d e r l y i n g  p o l y m e r  f rom fur ther  RIE. Concomi tan t ly ,  
t he  inc reased  p r e s s u r e  causes  a dec rease  in  the  spu t t e r ing  
eff ic iency of  the  d i scharge  w h i c h  s lows the  removal  of  
the  si l icon ox ide  layer  and  fu r the r  e n h a n c e s  the  e t ch ing  
rate di f ferent ia l  b e t w e e n  the  HPR-204 and  P(SiMA). 

O x y g e n a t e d  si l icon spec ies  are  f o r m e d  u p o n  o x y g e n  
RIE t r e a t m e n t  of  P(SiMA) and  its a -ke to -ox ime  analogs.  
A l though  we have  been  unab le  to conc lus ive ly  s h o w  the  
fo rma t ion  of  SIO2, it is clear f rom the  changes  in the  IR 
spec t ra  before  and  after  e t ch ing  tha t  Si-O b o n d s  have 
been  genera ted .  

Lithographic characteristics.--The si lylated po lymers  
are pos i t ive  work ing  pho to re s i s t s  w h o s e  sensi t iv i t ies  are 
far i m p r o v e d  over  the  parent ,  PMMA. The e x p o s u r e  dose  
r equ i red  for  co mp l e t e  d e v e l o p m e n t  of the  i r radia ted  re- 
gions wi th  m i n i m u m  loss of  film th i cknes s  in t he  unir- 
radia ted  areas is g iven  in Table  III. It was  no t  poss ib le  to 

Table III. Polymer lithographic characteristics 

Sensitivity 
Mole (J/cm 2) 

Polymer ratio Developer " A h B ~ Contrast 

PMMA - -  MIBK d - -  3.6 - 2  
P(SiMA) - -  C6H,2e-MIBK(5:2) 1.05 1.5 2.1 
P(SI-OM) 9 0 : 1 0  . . . .  
P(SI-OM) 77:23 C6H,4 f 0.13 0.30 1.5-2 
P(SI-OM) 62:38 CsH~2 0.14 0.25 2.2 

a For 60s. 
h Determined as the exposure required to clear an area of 1 cm ~ 

(film thickness -0.7 t~m). 
r Determined as the exposure required to delineate 1 t~m lines and 

spaces (film thickness -0.7 tLm). 
d Methyl isobutyl ketone. 

Cyclohexane. 
Hexane. 
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find a suitable developing solvent for P(SI-OM) (90:10), 
i.e., the polymer was simply too soluble in all solvents ex- 
amined. Generally, silylation of methacrylate polymers af- 
fords increased solubility in organic solvents. This is evi- 
denced by the need to use the hydrocarbon solvents 
hexane and cyclohexane for the development  of 
P(SLOM) (77:23) and P(SI-OM) (62:38), respectively. 

The improved absorption characteristics of P(SI-OM) 
relative to P(SiMA) (see Fig. 2 and Table I) lead to im- 
proved sensitivity of these copolymers relative to 
P(SiMA) and PMMA (Table III). The exposure required to 
clear an area of 1 cm ~ drops from 1.05 J/cm '2 for P(SiMA) 
to 0.13 J/cm 2 for P(SI-OM) (77:23). Table III also gives the 
dose required to delineate 0.75 and 1 ~m features in the 
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resists examined. Of interest ar6 the doses required for 
P(SI-OM) (77:23) and P(SI-OM) (62:38), which are 0.3 and 
0.25 J/cm ~, respectively. 

Resist contrast (7), the rate at which a resist responds to 
incident light, is given in Table III along with the sensi- 
tivity data. Figure 7 depicts the contrast curves for 
P(SiMA) and P(SI-OM) (62:38). The values are approxi- 
mately equal to that of PMMA (-2). 

The high resolution characteristics of PMMA have been 
retained in the silicon containing analogs. Figure 8 de- 
picts lines and spaces with nominal  dimensions of 0.75, 
1.0, and 0.75 ~m contact/proximity printed in -0.7 ~m of 
P(SiMA), P(SI-OM) (85:15), and P(SI-OM) (62:38), respec- 
tively. The developers employed were those used to de- 
termine resist sensitivity and contrast, and are given in 
Table III. Deviations from the stated feature sizes result 
primarily from linewidth variations in the mask and im- 
perfect mask to wafer contact. 

Two-level photoresist processing.--The high resolution 
characteristics and oxygen RIE resistance of P(SiMA) and 
P(SI-OM) combine to produce deep-UV positive resists 
which act effectively as etching masks for a two-level 
pattern-transfer process such as that depicted in Fig. 1. 
Micron and submicron features printed in these resists 
are readily transferred through a hard-baked HPR-204 
planarizing layer to the substrate. Figures 9a and 9b de- 
pict, respectively, nominal  0.75 and 1.25 ~m lines and 
spaces obtained in P(SiMA) (-0.7 ~m) after RIE pattern 
transfer into HPR-204 (-1.2 ~m) at an oxygen pressure of 
25 ~m. The effect of raising the pressure to 95 ~m is 

Fig. 9. SEM micrographs depicting nominal (a) 0.75 and (b) 1.25 
/~m lines and spaces printed in P(SiMA) and RIE pattern transfer at 25 
p,m 02, and (c) 1.5 and (d) 1.25 /~m lines and spaces printed in 
P(SiMA) after RIE pattern transfer at 95 ~m Oz. 

Fig. 8. SEM micrographs depicting nominal 0.75 /~m lines and 
spaces printed in P(SiMA) top, 1.0 /~m lines and spaces printed in 
P(SI-OM} (77:23), middle, and 0.75/~m lines and spaces printed in 
P(SI-MO) (62:38) bottom. 

Fig. 10. SEM micrographs depicting nominal (a) 1.0 and (b) 1.25 
/~m lines and spaces printed in P(SI-OM) (77:23) and (c) 0.75 and (d) 
1.5/~m lines and spaces printed in P(SI-OM) (62:38) after RIE pattern 
transfer at 95 ~m 02. 
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Fig. 11. SEM micrographs depicting nominal 1.25/~m, top, and (b) 
2.0/~m, bottom, lines and spaces printed in P(SiMA) after RIE pattern 
transfer at an oyxgen pressure of 25/~m followed by dilute HF rinse. 

shown in Fig. 9c and 9d, which depict 1.5 and 1.25 t~m 
lines and spaces, respectively, printed in the same resist. 
High resolution is observed at both pressures. However, 
the effects of residual photoresist on the surface of the 
planarizing layer are more pronounced at the higher oxy- 
gen pressure; for example, note the ragged left edge of 
the 1.25 t~m lines shown in Fig. 9d, which is presumably 
due to both a decrease in sputtering and etching rate of 
the resist. Also, the surface of the polymer appears less 
rippled whenh ighe r  oxygen pressures are employed. De- 
creased sputtering may result in decreased redeposition 
of material. Figure 10 depicts nominal  1.0 and 1.25 ~m, 
and 0.75 and 1.5 t~m lines and spaces printed in P(SI-OM) 
(77:23) and P(SI-OM) (62:38), respectively, followed by a 
95 tLm oxygen RIE pattern transfer. In these cases, the 

photodefining layers were clearly delineated. While the 
increase in oxygen pressure does effect slight isotropic 
etching (compare, in particular, Fig. 10b with 9b), some- 
what less residue is apparent in the larger open spaces be- 
cause of a decrease in sputtering and consequent redepo- 
sition of material (i.e., the effects of backsputtering are 
alleviated). With either high or low oxygen pressure, the 
residue appears to be primarily SIO2, which can be re- 
moved from the substrate by a brief (1 rain) rinse with di- 
lute aqueous HF (5%). This is demonstrated in Fig. 11, 
which depicts 1.25 and 2.0 t~m lines and spaces printed in 
P(SiMA) followed by oxygen RIE pattern transfer and an 
HF rinse. 

Summary 
P(SiMA) has been shown to be a high resolution, oxy- 

gen RIE-resistant, deep-UV photoresist. Incorporation of 
3-oximino-2-butanone methacrylate into this polymer 
renders it sensitive to short wavelength (< 260 nm) radia- 
tion without loss of resolution or etching resistance. 
P(SI-OM) (62:38) requires an exposure dose of 0.25 J/cm 2 
to delinate 0.75 and 1.0 ~m lines and spaces. The oxygen 
RIE rate of the polymer is on the order of 100 J~/min and 
decreases with a rise in pressure. P(SiMA) and P(SI-OM) 
(77:23) and (62:38) are effective etching masks for such 
planarizing materials as hard-baked HPR-204. Oxygen 
pressure-dependentetching ratios relative to the HPR-204 
ranging from 12:1 to 45:1 have been observed. 
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A B S T R A C T  

The galvanosta t ic  e lec t rodepos i t ion  of  manganese  d iox ide  films onto a p la t inum substra te  is s tud ied  over  a thick- 
ness range f rom 0 to 2000 nm. At the  uppe r  end of  the  th ickness  range, optical  absorpt ion causes the  e l l ipsometer  null  
set t ings to approach  wi th in  0.02 ~ of the  infinite th ickness  limit,  at which  the  films are ind is t inguishable  f rom sub. 
strates. The  optical  ex t inc t ion  coeff ic ient  increases  wi th  film th ickness  over  the  range 0-50 nm, bu t  f rom 50 to 160 n m  
the  films have  optical  constants  which  are i n d e p e n d e n t  of  th ickness  but  which  d e p e n d  on the  depos i t ion  current  den- 
sity. B e y o n d  160 rim, the  optical  data  b e c o m e  progress ive ly  more  difficult  to in te rpre t  in t e rms  of  un i fo rm  isotropic  or 
anisotropic  film models .  When  rela t ively th in  films (50 nm) are t ransferred to alkal ine e lect rolyte  and are cycled 
galvanostat ical]y,  optical  changes  are observed  which  correlate  wel l  wi th  the  e lec t rochemica l  behav ior  for bo th  reversi-  
ble part ial  d ischarge  cycles and i r revers ib le  comple te  d ischarge  cycles. 

In  a prev ious  e l l ipsometr ic  s tudy  (1), Spr ic is  et al. found  
the optical  proper t ies  of  manganese  d iox ide  films to be  
qui te  sensi t ive  to the  depos i t ion  condi t ions.  The deposi-  
t ion was carr ied out  us ing a s equence  of  potent ios ta t ic  
pulses  wh ich  enab led  the  process  to be  s tudied  us ing  a 
conven t iona l  e l l ipsometer ,  and increases  in depos i t ion  
potent ia l  and pu l se  dura t ion  were  bo th  repor ted  to lower  
the  ex t inc t ion  coeff icient  of the  film by as m u c h  as a fac- 
tor  of  two. For  th icknesses  be low 40 nm, bo th  the  refrac- 
t ive index  and the  ex t inc t ion  coeff ic ient  were  repor ted  to 
vary somewha t  wi th  film thickness,  and above  about  70 
n m  the  optical  data  were  found  to devia te  f rom the  theo- 
ret ical  curves.  The  th ickness  d e p e n d e n c e s  were  attrib- 
u ted  to insular  s t ruc ture  in the th inner  films and surface 
roughen ing  in the  th icker  films, and the  ex t inc t ion  coef- 
f icient  var ia t ion  was a t t r ibuted  at least  part ial ly to a 
change  in porosi ty.  

In  this paper ,  we use  an au tomated  e l l ipsometer  to fol- 
low the  galvanosta t ic  depos i t ion  and charge-discharge  cy- 
cl ing of  m a n g a n e s e  d iox ide  films. We s tudy depos i t ion  
over  a cur ren t  dens i ty  range of  64 for th icknesses  up to 
2000 n m  to see whe the r  the  r epor t ed  d e p e n d e n c e  on 
th ickness  and depos i t ion  rate  is found  also under  galvan- 
ostat ic condi t ions .  In  the  optical  analysis,  we use  bo th  iso- 
t ropic and anisot ropic  film mode ls  to see whe the r  or not  
the  d e p e n d e n c e  of  refract ive  i ndex  on film th ickness  is 
an ar t i fac t  resu l t ing  f rom isotropic  analysis  of  an aniso- 
t ropic  system. The objec t ive  of  the s tudy  of charge-dis-  
charge  cycles  in alkal ine e lec t ro lyte  is more  to eva lua te  
the  usefu lness  of  e l l ipsomet ry  for such  m e a s u r e m e n t s  
than to p rov ide  any defini t ive s t a t emen t  about  the  pro- 
cesses involved.  E l l ipsomet ry  is an effect ive  tool for the  
s tudy of  h o m o g e n e o u s  f i lm-convers ion processes ,  bu t  
he t e rogeneous  processes  can only be s tudied  if the film 
remains  stratified. 

This  inves t iga t ion  forms part  of  our  cont inu ing  s tudy of  
oxida t ion  and reduc t ion  processes  which  involve  ionic 
t ranspor t  t h rough  thin  solid films. Inc luded  in this cate- 
gory are both  the  growth  of  films of  fixed ox ida t ion  state 
by the  anodic  ox ida t ion  of  a substra te  and the ox ida t ion  
or r educ t ion  wi thou t  film g rowth  which  occurs  in 
bat ter ies  and e lec t rochromic  displays.  Our e l l ipsomet r ic  
s tudies  of charge-d ishcarge  cycles  on nickel  hyd rox ide  
(2, 3) and color-bleach cycles on tungs ten  oxide  (4) and 
i r id ium h y d r o x i d e  (5) lead us to conc lude  that  all of  the  
processes  invo lve  the  h o m o g e n e o u s  convers ion  to oxy- 
hyd rox ide  by a m e c h a n i s m  in wh ich  hyd rogen  ions f rom 
the e lec t ro ly te  m o v e  into the  film and back  out  again, ex- 
actly the  same  m e c h a n i s m  p roposed  for the  initial reversi-  
ble s tage of  the  d i scharge  of  manganese  d iox ide  (6). 
D e S m e t  and  co-workers  have  carr ied out  e l l ipsometr ic  
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inves t igat ions  of  he te rogeneous  e l ec t rochromic  processes  
in the anodic  ox ides  of v a n a d i u m  (7) and  m o l y b d e n u m  
(8), bu t  these  processes  can be  r eve r sed  and may  have  lit- 
t le in c o m m o n  wi th  the  he t e rogeneous  stage of  the dis- 
charge of  manganese  dioxide.  

Experimental 
The manganese  d iox ide  films were  depos i ted  onto a 

p la t inum single-crystal  e]ect rode f rom 0.1M MnSO4 + 
0.017M H2SO4, the  same p H  2 e lec t ro ly te  used  in the  ear- 
l ier  potent ios ta t ic  s tudy  (1). The  alkal ine e lect rolyte  used 
for the charge~discharge cycles was 0.05M NaOH. The cell 
consis ts  of  a ho l low equi la tera l  glass p r i sm wi th  s tandard-  
taper  jo ints  for the  work ing  e lec t rode  holder,  a p l a t inum 
countere lec t rode ,  a gas d ispers ion tube,  and the mercury-  
mercu rous  sulfate e lec t rode  to which  all potent ia ls  
quo ted  in this paper  are referenced.  The  e lect rolyte  was 
main ta ined  at r o o m  t empera tu re  (22~ and was air satu- 
rated, excep t  in expe r imen t s  tes t ing  for the  effect  of  dis- 
solved oxygen,  where  it was a rgon saturated.  The  work-  
ing e lec t rode  is in the  form of a cYlinder wi th  a flat on 
one side: for optical  measurement s ,  and w h e n  it is 
c l amped  b e t w e e n  Teflon washers  in its ho lder  and 
m o u n t e d  in the  cell, i t  exposes  a ver t ica l  surface 1.44 cm ~ 
in area to the  electrolyte.  

The  self-null ing e l l ipsometer  uses  quadra tu re  Faraday  
modu la t ion  decoded  by a two-phase  lock-in amplif ier  
and fed back  to min i s t epp ing  drives th rough  voltage-to-  
f r equency  converters .  Unde r  typical  opera t ing  condi t ions,  
the  i n s t rumen t  has  a response  t i m e  of  a few tenths  of a 
second and a resolut ion of  a few thousand ths  of  a degree.  
The angle  of inc idence  is set  at 60 ~ to a c c o m m o d a t e  the 
equi la tera l  cell, and  refract ive i ndex  va lues  quo ted  here  
are for a w a v e l e n g t h  of  632.8 nm, the  wave l eng th  of  the 
he l ium-neon  laser  source.  

A process-cont ro l  compu te r  opera tes  the  circui try used  
with  the  cell  and records  current  and potent ia l  a long wi th  
polarizer  and analyzer  set t ings at specif ied t ime intervals.  
Potent ia ls  are digit ized by a 16-bit analog-to-digital  con- 
ver ter  wi th  a 25 t~s convers ion  t ime. The  opera t ion  of  the  
e l l ipsometer  is mon i to red  on a four- trace oscilloscope, 
and progress  of  the  expe r imen t  is fo]lowed on two storage 
displays and an X-Y plot ter  which  are upda ted  by the 
computer .  

Results and Discussion 
Figure  1 shows  resul ts  f rom a depos i t ion  expe r imen t  at 

a current  dens i ty  of 44 tLA/cm 2. As ide  f rom a minor  initial 
overshoot ,  the  potent ia l - t ime plot  in the  lower  por t ion  of  
the  figure is featureless.  However ,  the  polar izer  vs. ana- 
lyzer (P-A) plot  of  the  e l l ipsomete r  nul l  set t ings in the  up- 
per  por t ion  of  the  figure shows a great  deal  of  s tructure,  
spi ra l ing ou tward  f rom poin t  A to form open  loops, t hen  
spiral ing inward  toward  a di f ferent  po in t  as the  film be- 
comes  qui te  thick. P-A curves  of  this type  are characteris-  
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Fig. 1. Galvanostatic deposition onto a platinum substrata at 44 
~A~m ~. 

t ic of  t he  g r o w t h  of a film w h i c h  a b s o r b s  s o m e  of the  
l igh t  p a s s i n g  t h r o u g h  it. A n  e l l i p s o m e t e r  m e a s u r e s  t h e  
c h a n g e  in  po la r i za t ion  r e s u l t i n g  f rom i n t e r f e r e n c e  be- 
t w e e n  l igh t  re f lec ted  at  the  e lec t ro ly te- f i lm a n d  film- 
s u b s t r a t e  in te r faces ,  a n d  g r o w t h  of  a t r a n s p a r e n t  fi lm 
p r o d u c e s  a P -A " loop,"  w h i c h  c loses  w h e n  the  p r o d u c t  of  
film t h i c k n e s s  a n d  t he  cos ine  of t he  ang le  of r e f r ac t ion  is 
equa l  to ha l f  t h e  w a v e l e n g t h  of l igh t  in  t he  film. I f  t he  
film is par t ia l ly  a b s o r b i n g ,  t he  loop does  no t  close,  a n d  
an  o u t w a r d  sp i ra l  resul ts .  L i g h t  re f lec ted  at  the  s u b s t r a t e  
in te r face  t r a v e r s e s  t he  film twice  be fo re  s u p e r i m p o s i n g  
on  l igh t  re f lec ted  at  the  e lec t ro ly te  in ter face ,  a n d  h e n c e  
its a m p l i t u d e  b e c o m e s  p r o g r e s s i v e l y  sma l l e r  as t he  film 
grows if the film is optically absorbing. When film 
growth reaches the point where the amplitudes are 
greatly different, interference can have only a small effect 
on the polarization of the reflected light, and the P-A lo- 
cus spirals rapidly inward. The point toward which it spi- 
rals is the point at which the film becomes the substrate 
as far as optical measurements are concerned. For the 
deposition experiment in Fig. i, this point (not shown in 
the figure) is reached by the end of a 6h deposition. 

Deposition experiments at the other current densities 
give optical results which are similar in their general 
character, but different in specific detail. The P-A curves 
all start at the same point (determined by the platinum 
substrate) and have a spiral structure, but they differ in 
the number of loops in the inward and outward spirals, 
and the asymptote of the inward spiral. Figure 2 shows 
the first-loop data for current densities ranging from Ii 
to 704 tLA/cm ~ ( the  loop  at  704 ~ A / c m  2 over l aps  t he  loop  a t  
176 ~/Ucm~). The  t en  po in t s  at  f ixed c h a r g e  in te rva l  u s e d  
in t he  ana lys i s  are  ident i f ied  o n  e a c h  curve .  In  t h e  ana ly-  
sis, a v a l u e  is first c h o s e n  for  t he  film i n d e x  N, t h e n  t h e  
P-A da ta  are  u s e d  to ca lcu la te  a set  of va lues  for  t h e  fi lm 
t h i c k n e s s  L a n d  e x t i n c t i o n  coeff ic ient  K. The  va lue  of N 
is t h e n  v a r i e d  to m i n i m i z e  t he  s t a n d a r d  dev ia t ions  in  t he  
va lues  of K a n d  L/Q, t h e  f i lm t h i c k n e s s  to a c c u m u l a t e d  
cha rge  ra t io  (9). Th i s  ana lys i s  p r o c e d u r e  impl ic i t ly  as- 
s u m e s  t h a t  t h e  c o m p o s i t i o n  a n d  s t r u c t u r e  of the  f i lm do 
no t  va ry  a p p r e c i a b l y  as t he  film grows,  a n d  h e n c e  N a n d  
K are  i n d e p e n d e n t  of film t h i c k n e s s .  S ince  th i s  m a y  no t  
be  t rue  here ,  t h e  t h i c k n e s s  r a n g e  over  w h i c h  d e v i a t i o n s  
are m i n i m i z e d  is also va r i ed  in  t he  analysis . .  

Ana lys i s  of t he  da ta  f rom Fig. 2 u s i n g  th i s  p r o c e d u r e  
shows  t h a t  t he  fi lms h a v e  wel l -def ined  p rope r t i e s  over  
t he  t h i c k n e s s  r a n g e  of  50-160 rim. T he  va lue  of N, 1.9, does  
no t  d e p e n d  on  d e p o s i t i o n  c u r r e n t  dens i ty ,  b u t  t he  va lues  
of K dec rease  f rom 0.187 at 11 t~A/cm ~ to 0.096 at 704 
t~A/cm '~, a n d  t he  s t a n d a r d  dev ia t ions  in  K a n d  t he  L/Q ra- 
t io are a p p r o x i m a t e l y  4 a n d  2%, respec t ive ly .  F igure  3 
s h o w s  the  d e p e n d e n c e  of  f i lm t h i c k n e s s  o n  a c c u m u l a t e d  
cha rge  at  e ach  d e p o s i t i o n  c u r r e n t  d e n s i t y  ( the 44 tLA/cm "2 
re su l t s  over lap  t he  176 tzA]cm 2 re su l t s  a n d  are  no t  
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Fig. 2. First-cycle optical data for galvanostatic deposition onto e 
platinum substrote at current densities from 11 to 704/LA/cm 2. The 
optical analysis uses a common value of 1.9 for N and finds the value 
of K which gives the best fit to the data. The cycle at 704 /~A/cm ~ 
(with K = 0.096) overlaps the cycle at 176/~A/cm 2 and is not shown. 

plot ted) .  L e a s t  s q u a r e s  l ines  f i t ted to t h e  r e su l t s  h a v e  
s lopes  of  2.62, 2.97, 3.00, a n d  2.78 n m / m C / c m  2 in  o rde r  of  
i n c r e a s i n g  d e p o s i t i o n  c u r r e n t  dens i ty .  

I f  we k n o w  the  c o m p o s i t i o n  of  t he  fi lm a n d  the  n u m -  
be r  of  e l ec t rons  t r a n s f e r r e d  to t h e  e l ec t rode  pe r  mo lecu l e  
depos i t ed ,  we can  use  t he  s lopes  in  Fig. 3 to ca lcu la te  
va lues  for  t he  fi lm dens i t y  ( a s s u m i n g  r o u g h n e s s  a n d  
eff ic iency fac tors  of  unity) .  I f  we  a s s u m e  t h a t  t he  f i lms 
are  en t i r e ly  m a n g a n e s e  d i o x i d e  d e p o s i t e d  b y  t r a n s f e r r i n g  
two e lec t rons  p e r  mo lecu l e  (10), we  ca lcu la te  d e n s i t y  
va lues  w h i c h  r a n g e  f rom 1.50 to 1.72 g /cm 3 a n d  b r acke t  
t he  1.65 g/cm 3 f o u n d  u n d e r  po t en t i o s t a t i c  depos i t i on  con-  
d i t ions  (1). I f  we a s s u m e  t h a t  t he  f i lm con ta ins  some  
M n O O H  a n d  t h a t  d e p o s i t i o n  requ i res  t he  t r ans fe r  of on ly  
1.9 e lec t rons  pe r  m o l e c u l e  on  ave rage  (11), we get  s l ight ly  
h i g h e r  values,  b u t  t he  average  is still  on ly  a b o u t  one- th i rd  
the  dens i ty  of a c o m p a c t  film of m a n g a n e s e  dioxide.  This  
low a dens i t y  va lue  does  no t  a p p e a r  to be  c o n s i s t e n t  w i t h  
a ref rac t ive  i n d e x  as  h i g h  as 1.9. 

S ince  n e i t h e r  r o u g h n e s s  no r  ef f ic iency fac tors  c an  ac- 
c o u n t  for a dens i t y  v a l u e  w h i c h  is u n r e a s o n a b l y  low, we 
were  fo rced  to c o n s i d e r  o t h e r  poss ib i l i t ies .  We ru led  ou t  
effects  due  to d i s so lved  o x y g e n  w h e n  d e p o s i t i o n  in  
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Fig. :3. Dependence of film thickness on accumulated charge for the 
data from Fig. 2. The slope is steepest at a deposition current density 
of ] 76 /~A/cm 2, shallowest at ] ] /~A/cm ~, and intermediate at 704 
/zA/cm 2. The data at 44/~A/cm ~ overlap the data at 176/~A/cm 2 and 
ore not shown. 
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deaerated electrolyte gave a density value which agreed 
with the value in air-saturated electrolyte at the same cur- 
rent density to within half a percent. We tested for the 
presence of other deposition processes by tracking film 
growth optically after opening the circuit, and found that 
at a deposition current density of 44 tLA/cm 2 perhaps 10% 
of the film growth could be attributed to nonelectro- 
chemical processes. The only alternative left is to assume 
that manganese dioxide is deposited by a one-electron 
process similar to the solid phase oxidation of MnOOH. If 
we make this assumption, and assume further that the 
10% MnOOH content of the film is not electrochemically 
deposited, we calculate density values which are on the 
order of three quarters of the density of a compact film. 
We will test these assumptions later when we compare 
the deposition charge with the charge passed on charge- 
discharge cycles in alkaline electrolyte 

Films thinner than 50 nm appear to have extinction 
coefficients which are lower than those fitted over the 
50-160 nm thickness range. This is most likely due to the 
fact that the film nucleates in an insular structure and 
grows into a uniform film by the time its thickness 
reaches 50 nm. The 160 nm upper limit of the fitting 
range, on the other hand, appears to be due to a limitation 
of the optical model, not to a change in film structure. 
The model assumes homogeneous films of uniform 
thickness, and, although nonideal films may fit such a 
model over a reasonable thickness range, the deviation of 
the experimental  data from theoretical curves generated 
by the model  becomes progressively larger as the thick- 
ness increases. This point is illustrated in Fig. 4. The op- 
tical data in the lower portion of the figure are from the 
same experiment  as the data in Fig. 1. Deposition on a 
bare platinum substrate begins at point A, and the film 
thickness reaches 1000 nm at point B if the proportional- 
ity between thickness and charge determined in Fig. 3 re- 
mains valid throughout  the deposition. Point C, reached 
after 6h of deposition, marks the infinite thickness limit, 
the point at which the film behaves optically as if it were 
a substrate. Two theoretical curves for 1000 nm of film 
growth are shown in the upper portion of the figure. 
Curve A-B has N = 1.9 a n d / (  = 0.126, the values fitted to 
the first loop data in Fig. 2, and A-C has N = 1.548 and h= 
= 0.689, the values obtained by treating the infinite thick- 
ness limit as a substrate. The high extinction coefficient 
causes growth curve A-C to approach within 0.01 ~ of the 
infinite thickness limit by the time the thickness reaches 
500 rim. Clearly, theoretical curve A-C does not fit the 
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experimental  data in either the thin film or thick film re- 
gions, whereas A-B fits the data in the thin film region 
and describes the shape of the curve in the thick film re- 
gion fairly accurately, although it  spirals about a different 
infinite thickness limit. 

We initially thought  that the "tilt" between the theoreti- 
cal and experimental  curves in Fig. 4 was due to optical 
anisotropy, and we spent a great deal of t ime developing 
procedures to deal with the parameters involved in the 
analysis of absorbing anisotropic films. We found, how- 
ever, that even for anisotropic films the measured P and 
A values at the infinite thickness limit require that the 
extinction coefficient be so high that the growth curve 
cannot spiral appreciably as it approaches this point. We 
regard the N and K values fitted to the first-loop data in 
Fig. 2 as characteristic of the film right through to the 
infinite thickness limit, and attribute the deviation be- 
tween the theoretical and experimental  curves in Fig. 4 to 
the inhomogeneous codeposition of oxide and oxyhy- 
droxide, even though we have no quantitative model to 
support this viewpoint. 

The results of an exper iment  in which the deposition is 
followed by cycling in 0.05M NaOH are shown in Fig. 5. 
The optical results in the upper portion of the figure in- 
clude the deposition data (A-B), but the potential-time 
plot in the lower portion of the figure shows only the cy- 
cles in the alkaline cell. The current density was 44 
~A/cm 2 throughout,  and the duration of the deposition 
was 405s. To avoid overlap of the cycling data, segments 
E-H and J - K  are omitted from the optical plot. 

The optical cycling data exhibit  many qualitative f e a -  
tures which correlate well with features in the electro- 
chemical data. The optical changes on the first anodic cy- 
cle are consistent with oxidation of the MnOOH in the 
deposited film, and the changes on the initial restricted 
range cycles which reverse complete ly  with no residual 
offset are consistent with reversible MnO2 to MnOOH 
conversion. The first complete discharge cycle (D-E) has 
an inflection in the optical data at the x, which marks the 
beginning of a second change in the structure of the film, 
a change which appears irreversible. Further cycling pro- 
duces progressive optical changes which correlate well 
with changes in the structure of  the potential-time plot. 

Quantitative optical analysis of the cycling data is com- 
plicated by inhomogeneity problems which are encoun- 
tered when thicker films are cycled in alkaline electro- 
lyte. Ideally, we would like to base the optical analysis on 
data from cycles which span a wide range of film thick- 
ness, but here our thicker film data are not reliable. To 
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tion: theoretical 0 -1000  nm curves for films with N = 1.9, K = 0 .126  
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the unaided eye, thicker films appear transparent in the 
reduced state and highly absorbing in the oxidized state, 
and they give the sharpest ellipsometric nulls in the fully 
reduced state. If  we assume that K = 0 for fully reduced 
films, we can determine values for N and film thickness 
at point E in Fig. 5 without using thicker film data. How- 
ever, if we take point E from Fig. 5 and a similar point ob- 
tained by cycling a thicker film, we can find common 
values of N and K which fit both points. The first ap- 
proach gives N = 1.64 with an assumed K = 0, and the 
second gives N = 1.57, K = 0.02. No matter which ap- 
proach we follow, we find that both N and h: are signifi- 
cantly lowered by reduction, and that there is a corres- 
ponding 10% increase in film thickness. We do not have 
sufficiently reliable data on thicker films to enable us to 
calculate optical constants at the point x, the inflection 
point on the first discharge cycle, but  the shape of the 
optical curve between D and x indicates that the conver- 
sion is a homogeneous process. 

The electrochemical aspects of  the conversion process 
can be studied by comparing the cycling time intervals 
with the deposition time, since the Same constant current 
density is used throughout. The initial cycling between C 
and D is designed to determine the charge required to ox- 
idize any MnOOH in ' the  deposited film to MnO~. The ca- 
thodic time interval required to return the film to its ini- 
tial optical state, 45s, is a more reliable charge indicator 
than the anodic charging time because it avoids oxygen 
evolution corrections. The 45s interval is one-ninth of the 
405s deposition time, a result which is consistent with our 
earlier assumption of a one-electron deposition process 
and a 10% MnOOH content in the deposited film. With 
this assumption, a 450s time interval produces a unit 
change in the oxidation state of the film, or in the more 
common nomenclature,  a change of 0.5 in the value of x 
in MnOx (6). In terms what happens to the value of x, the 
cycling in Fig. 5 begins from 1.95 at C, goes to 2.00, 1.95, 
back to 2.00 at D, then to 1.75 at x, and finally 1.19 at E. 
These x values appear reasonable, and it is worth noting 
that a change in the conversion process has been reported 
at x = 1.75, the midpoint  of the MnO2 to MnOOH conver- 
sion (11). What is more worthy of note is the fact that un- 

reasonably low x values (0.54 at E) result from assuming 
that deposition is a two-electron process, and hence the 
cycling results support the conclusion we reached ini- 
tially on the basis of the refractive index of the deposited 
film. 

As we stated at the outset, the primary objective of the 
cycling study was to see whether the film-conversion 
processes in alkaline electrolyte are suitable for study by 
ellipsometry, and the answer appears to be a qualified 
yes. There is scope for further profitable ellipsometric 
study of the system, but problems with inhomogeneity 
may eventually limit the amount of useful information 
which can be obtained. 
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Gallium Contamination of InP Epitaxial Layers in InP/InGaAsP 
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ABSTRACT 

Gallium contamination of InP epitaxial layers grown in CVD reactors designed for InGaAsP/InP multilayer struc- 
tures was observed by secondary ion mass spectrometry (SIMS). Defect characterization of gallium-contaminated InP 
buffer layers by the damage-free grooving and etching technique showed misfit dislocations and an interfacial layer 
containing a high density of saucer pits. Cross-sectional transmission cathodoluminescence further indicated that these 
defects are nonradiative recombination centers. Results from x-ray double-crystal diffractometry on a successively 
chemically stripped InP buffer layer indicated that the misfit was confined to the region near the interfacial layer 
which was consistent with the SIMS profile where the gallium content peaked near the interfacial layer. By 
presaturating the reactor with PH3, the amount  of the gallium which was incorporated into the InP was found to be re- 
duced. SIMS profiles of gallium on layers grown after the withdrawal of the gallium source from the reactor indicated 
that the indium melt  was cross contaminated even though the reactor was designed to physically exclude the gallium 
source from the indium source. Small amounts of As, Fe, Si, Cr, and Zn were also found. The possible mechanisms 
which lead to the cross contamination are discussed. The evidence seems to support the suggestion that Ga is incorpora- 
ted preferentially in the growth of ternary and quaternary compounds. In a four-layer laser structure consisting of 
n-InP(buffer)/InGaAsP(active)/p-InP(cap)/p§ layers, both gallium and arsenic contamination were 
observed in p-InP and n-InP regions by Auger spectroscopy. 

Hydride transport vapor phase epitaxy has been dem- 
onstrated (1, 2) to be a viable technique for the fabrication 
of low threshold InGaAsP/InP heterostructure laser di- 
odes operating in the wavelength region of 1.3-1.5 /zm. 
The high throughput  and large area uniformity possible 
via vapor phase epitaxy render the technique particularly 
attractive for large-scale production. However, because of 
the large number  of input gases involved and the compli- 
cation of the gas phase reaction chemistry, the reactor de- 
sign has to take into consideration various factors such a s  
the flexibility and rapidity of switching gas types, the re- 
quirement  of sepmate source tubes to prevent reactive 
gas mixing before reaching the deposition zone, and the 
degree of turbulence for reactive gas mixing before depo- 
sition, etc. Although we have successfully demonstrated 
the growth of low threshold heterostructure lasers (2), a 
systematic investigation of the defect structure associated 
with the VPE layers has only been performed recently. In 
this work, we report the observation of gallium contami- 
nation of InP epitaxial layers grown in a reactor designed 
to p roduce  InGaAsP/InP multilayer structures. The de- 
fect structure associated with the contaminated layers has 
b e e n  characterized, and various factors leading to the 
contamination will be discussed. Results for contami- 
nants other than gallium will also be presented. 

Experimental 
Undoped InP buffer layers were grown on S-doped 

(100) InP substrates by hydride transport vapor phase 
epitaxy using a computer-controlled vapor phase epi- 
taxial reactor described previously (2, 3) and designed to 
grow InGaAsP/InP multilayer structures. Briefly, the 
VPE reactor made out of quartz tubes consisted of two 
temperature zones, i.e., the source zone at 800~176 and 
the deposition zone at 700~ as shown in Fig. 1. The 
source zone was constituted of four separate small quartz 
tubes: two of the tubes were used for the metal sources 
(In and Ga contained in the graphite boats), the third 
supplied AsH:~ (4% in H2) and PH:~ (5% in H=), and the 
fourth tube was used to add dopants. The Group III met- 
als were transported in the form of chlorides by reacting 
the molten metals with input HC1 (5% in H2 over In and 
1.5% in H.~ over Ga) at high temperature (800~176 All 

*Electrochemical Society Active Member. 
1Present address: AT&T Bell Laboratories, Allentown, 

Pennsylvania 18103. 
2Present address: Bell Communications Research, Murray 

Hill, New Jersey 07974. 

the input gases were controlled by mass flow controllers 
interfaced with a minicomputer.  The reactor had a contin- 
uous flow of purified hydrogen at 4 liter/min all the t ime 
to prevent air from leaking in. An overnight bake out pe- 
riod at the oPerating temperature was utilized each time 
when the reactor was restarted from shutdown for ser- 
vice. Since each source tube has a constant flow of H2 at 
1 liter/rain, cross contamination of the elements in differ- 
ent source tubes was not expected. For the growth of 
epitaxial layers, Group III chlorides emerging from a 
large nozzle were mixed and reacted with Group V hy- 
drides in front of the substrate wafer, and deposition of 
the III-V compound then occurred on the surface of the 
substrate a t  700~ The four-layer laser structure used in 
this study was grown by manually retracting the sub- 
strate wafer to the loading zone after the growth of each 
individual layer. The reactive gases were then turned off 
and the reactor was flushed with hydrogen. The reactive 
gas flow controllers were then reset for the succeeding 
layer and turned on after the wafer was reinserted into 
the deposition zone. The elapsed time between the 
growth of individual layers is - 5  min. No preheating and 
cooling of the wafer was incorporated. Prior to the growth 
of a multilayer structure, the melts were presaturated 
with chlorides. For InP, only In was presaturated with 
chloride, while if  the structure involved both In and Ga 
compounds both melts were presaturated with chlorides. 
A typical growth condition o f  a four-layer structure is 
given in Table I. 

Analysis of the laser structure was made by SIMS, Au- 
ger spectroscopy, double-crystal x-ray diffractometry, a 
damage-free grooving and etching technique, and cross- 
sectional transmission cathodoluminescence. 

SIMS mass spectra and depth profiles were obtained 
with a Cameca IMS-3F ion microanalyzer. An O~ ~ primary 

VPE GROWTH APPARATUS 
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Fig. i. Schematic diagram of computer-controlled VPE mctor 
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Table I. Typical growth condition of a four-layer structure 

Reactive gas mole fraction 

Reactive gases n-InP Q p-InP p~-Q 

10 7 r 

lO 6 

InC1 3-4 • 10 -:~ 5 • 10 -:~ 3-4 • 10-:' 5 x 10 -:~ 
(5% HCYH2) 10 5 

GaCI 1.5 • 10 -4 0.7 • 10 -4 
(1.5% HCYH~) z 

(5%PH:~inH~) 3-4 • 10 -3 1.0 • 10 -:~ 3-4 • 10 -:~ 4.0 • 10 -:~ ~" 10 4 

AsH:~ 1.0 • 10 -:~ 0.6 • 10 -:~ >- 
(4% in H=~ 

Typical 10 t~m/h 15 t~m/h 10 t~m/h 15 t~m/h ~ 103 
growth rate 

to  2 

BUFFER LAYER * SUBSTRATE 
~ F  

ion b e a m  at  a ne t  ene rgy  of 6.1 keV  was  u sed  at  a c u r r e n t  
of 2000 nA. The  p r i m a r y  b e a m  was r a s t e r ed  over  a 500 ~ m  
s q u a r e  area f rom w h i c h  on ly  ions  f r o m  a 150 ~ m  d i am cir- 
cle at  t he  c e n t e r  w e r e  de tec ted .  S p u t t e r  ra tes  we re  in  t h e  
r ange  of  5-25 ]~/s. Only  pos i t ive  s e c o n d a r y  ions  were  ana- 
lyzed. Crater  d e p t h s  were  m e a s u r e d  w i t h  a prof i lometer .  
The  b a c k g r o u n d  p r e s s u r e  in  t he  s a m p l e  c h a m b e r  was ap- 
p r o x i m a t e l y  5 • 10-9 to r r  w i t h  t he  p r i m a r y  b e a m  off a n d  5 
• 10 -8 to r r  w i t h  t he  b e a m  on. 

The  c o m p o s i t i o n  profi le  of the  four- layer  laser  s t ruc-  
tu re  was  d e t e r m i n e d  by  A u g e r  s p e c t r o s c o p y  u s i n g  a 
Phys i ca l  E lec t ron ic s  590A sys tem.  Da ta  were  t a k e n  f rom 
a n o m i n a l l y  5 ~ ang le - l apped  s a m p l e  a n d  b y  d i rec t  d e p t h  
profil ing.  T h e s e  two m e t h o d s  p r o v i d e d  c o m p l e m e n t a r y  
da ta  t h a t  we re  n e c e s s a r y  for  co r rec t ly  i n t e r p r e t i n g  t h e  re- 
sults.  The  a n g l e - l a p p e d  s a m p l e  p r o v i d e d  da ta  w i t h  a good  
s ignal - to-noise  ra t io  as wel l  as a n  e x p a n d e d  d e p t h  scale,  
wh i l e  t he  d e p t h  prof i le  da ta  p r o v i d e d  good  d e p t h  resolu-  
t ion.  The  ang l e - l apped  s a m p l e  cou ld  be  c l eaned  b y  ion 
mi l l ing  away  on ly  a b o u t  100~ of t he  surface;  in  fact,  if  
m o r e  t h a n  1000~ was  mi l led  off, t h e  d e p t h  scale  b e c a m e  
d i s to r t ed  due  to d i f fe r ing  ion  mi l l ing  ra tes  of t he  va r ious  
layers.  The  A u g e r  v a c u u m  s y s t e m  is p u m p e d  b y  ion  
p u m p s ;  the re fore ,  Ne ions  were  u s e d  for  d e p t h  prof i l ing  
to avo id  t he  A r  ins tabi l i t ies .  

The  ac tua l  la t t ice  m i s m a t c h  was  m e a s u r e d  u s i n g  a n  
x-ray doub le - c ry s t a l  d i f f rac tometer .  The  first c rys ta l  of  
the  doub le - c ry s t a l  d i f f r ac tome te r  was  (100) LEC InP ,  a n d  
r o c k i n g  cu rves  were  m a d e  for  t he  (400) ref lec t ion  w i th  Cu 
Ka  radia t ion.  

The  defec t  m o r p h o l o g y  of t he  I n P  ep i l aye r  was  charac-  
te r ized  u s i n g  a damage- f ree  g roov ing  a n d  e t ch in g  tech-  
n i q u e  d e s c r i b e d  p rev ious ly  (4). Th i s  m e t h o d  expo s e s  t h e  
mu l t i l aye r  s t r u c t u r e  on  a cy l indr ica l ly  l a p p e d  sur face  b y  
c h e m i c a l  m e a n s .  The  defec t  s t r u c t u r e  was  r evea l ed  v ia  a 
d i s loca t ion  e t ch  (5). 

The  d i s t r i b u t i o n  of the  defec t s  a s soc i a t ed  w i t h  t h e  non-  
rad ia t ive  r e c o m b i n a t i o n  cen te r s  was  i m a g e d  u s i n g  t rans -  
m i s s i o n  c a t h o d o l u m i n e s c e n c e  (TCL) on  b o t h  g rooved  a n d  
c ros s - sec t ioned  samples .  Deta i l s  for.  t h e  p r e p a r a t i o n  of  
t h in  c ross - sec t iona l  s a m p l e s  c o n t a i n i n g  t he  mu l t i l aye r  
s t r u c t u r e  was  s imi la r  to t h a t  for  p r e p a r i n g  t he  cross- 
sec t iona l  s a m p l e s  for  TEM (6). TCL was  p e r f o r m e d  i n s i d e  
an  E T E C  A u t o s c a n  SEM u s i n g  a s i l icon pho tode t e c t o r .  

Resul ts  and  D iscuss ion  
InP buffer layer.--Gallium c o n t a m i n a t i o n  was  f irst  ex- 

a m i n e d  on  bu f fe r  layers  g r o w n  d u r i n g  t he  ini t ial  runs  
af ter  the  s t a r t -up  of  a n e w  reac tor  w h e r e  t he  ga l l ium 
source  was  n e v e r  e x p o s e d  to the  i n p u t  HC1. The  reac tor  
was  b a k e d  ou t  in  H2 o v e r n i g h t  be fo re  t he  first  r u n  to re- 
m o v e  ox ide  f i lms on  t he  me ta l  sources .  The  as -grown 
sur face  m o r p h o l o g y  of  u n d o p e d  bu f fe r  layers  g r o w n  dur-  
ing  t he  in i t ia l  r u n s  were  h igh ly  specu l a r  a n d  revea led  a 
typ ica l  w a v y  s t r u c t u r e  for V P E  layers  u n d e r  t he  Nomar -  
ski  i n t e r f e r ence  c o n t r a s t  microscope .  The  layer  t h i c k n e s s  
of  s a m p l e  r u n  n u m b e r  4 was  a r o u n d  10 t~m. A l t h o u g h  gal- 
l i um was  no t  e x p e c t e d  to be  p re sen t ,  S IMS mass  s p ec t r a  
s h o w e d  s t rong  m/e 69 a n d  m/e 71 ion  i n t ens i t i e s  in  t h e  
cor rec t  i so top ic  a b u n d a n c e  for  Ga. S IMS d e p t h  profi les  
i nd ica t ed  the  Ga was  Concen t r a t ed  in t he  buf fe r  layer.  
X- ray  w a v e l e n g t h  d i spe r s ive  ana lys i s  gave  a n  e s t i m a t e d  
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Fig 2. SIMS depth profile of 3iF,  '~176 and 85GaO§ in the InP 
buffer layer run no. 4. 

c o n c e n t r a t i o n  in  t h e  o rder  of  1.0 a t o m i c  p e r c e n t  (a/o). The  
Ga  ~ ion  c u r r e n t  was  excess ive ,  and,  there fore ,  t h e  d e p t h  
profi les  were  m a d e  for GaO + a n d  G a P  ~ b e c a u s e  t h e s e  
ions  are less i n t e n s e  t h a n  Ga  y b u t  w o u l d  have  a s imi la r  
d e p t h  profile. F igu re  2 s h o w s  t h e  8'~GaO + a n d  '~176 dis- 
t r i b u t i o n s  vs. t h e  d e p t h  f rom t h e  sur face  of the  bu f f e r  
layer.  T h e  two  prof i les  c o n f o r m  to e a c h  o the r  a n d  are 
a r o u n d  t h r e e  o rders  of  m a g n i t u d e  h i g h e r  in  t h e  ep i layer  
as c o m p a r e d  to t h e  subs t ra te .  F u r t h e r m o r e ,  t h e  profi le  
con ta ins  two  p e a k s  as i t  a p p r o a c h e s  t h e  interface.  T h e s e  
p e a k s  are  no t  d u e  to s e c o n d a r y  ion  yie ld  e n h a n c e m e n t  
caused  by  t h e  p r e s e n c e  of s o m e  o the r  poss ib l e  species ,  
such  as oxygen ,  b e c a u s e  t h e  P m a t r i x  ion  c u r r e n t  is con-  
s t an t  f r o m  t h e  sur face  to the  subs t ra t e .  T h e  exac t  cause  of 
h i g h  Ga c o n c e n t r a t i o n  nea r  t h e  i n t e r f ace  is n o t  clear.  
However ,  i t  does  reflect  a n  in i t ia l  t r a n s i e n t  b e h a v i o r  of  
t h e  source  of c o n t a m i n a n t .  Defec t  cha rac t e r i za t i on  u s i n g  
a damage- f r ee  g r o o v i n g  a n d  e t c h i n g  t e c h n i q u e  r evea l ed  
a n  in te r fac ia l  layer  c o n t a i n i n g  a h i g h  d en s i t y  of  s a u c e r  
pits,  as s h o w n  in  Fig. 3. T h e  or ig in  of  t h e  s auce r  p i t s  is be- 
l i eved  to be  a s soc i a t ed  w i t h  p o i n t  de fec t  clusters .  The  
cross-gr id  p a t t e r n  o r i en t ed  a long  t h e  <110>  d i rec t ions  in- 

Fig. 3. Interfaciol layer of the InP buffer layer (sample no. 4)  revealed 
by a damage-free grooving and etching technique. The marker repre- 
sents 50 ~m. 
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Fig. 4. Cross-sectional transmission cathodolumlnescence of a [I  10] 
cross section of InP buffer layer (sample no. 4). The thickness of the cross 
secton is less than 50/~m. 

dicates the existence of misfit dislocations near the inter- 
facial layer, which is consistent with the high concentra- 
tion of gallium in the buffer layer. 

Cross-sectional transmission cathodoluminescence on a 
50/~m thick [110] cross section showed a dark interfacial 
layer as seen in Fig. 4. The irregularity of the dark con- 
trast indicates that it is composed of overlapping dark 
spots which were observed before in a layer containing a 
high density of saucer pits (4). The dark spots distributed 
over the buffer layer are believed to be the dislocations. 

The width of the interracial layer as revealed by chemi- 
cal etching and measured by Dektak is usually larger 
than the width of the peaks measured from the SIMS pro- 
file. 

X-ray double-crystal rocking curves for sample no. 4 are 
shown in Fig. 5a. The Iinewidth of  the as-grown wafer 
was 62 arcseconds, which is twice as large as that mea- 
sured for the substrate alone. Such a broad linewidth is 
attributed to the defect structure described above. The 
mismatched layer near the epitaxial interface was further 
demonstrated by etching away 8 /~m of the 10 /zm 
epitaxial InP layer and making another rocking curve. 
This rocking curve is shown in Fig. 5b. The major rocking 
curve is from substrate InP, while the shoulder on the 
right indicates that the remaining 2/zm were mismatched 
with h a / a  = -4.3 x 10 -4, where the minus sign indicates 
that the 2 /zm layer had a smaller lattice parameter than 
that of the substrate. An application of Vegard's law (7) 
yields 0.6% for the Ga concentration. 

By presaturating the reactor with PH3 (at mole fraction 
of 2 • 10 -3 in 5 liter/min H2 flow) for 5 min prior to the 
growth of InP, the incorporation of the gallium into the 
InP buffer layer was found to be greatly reduced. Figure 6 
shows a SIMS profile of 3,p~, 85GaO+ ' and '~176 of 
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Fig. 6. SIMS depth profile of 3,p+, ~O0GaP+ ' and 8'~GaO ~ in buffer layer 
(run no. 16). 

sample number  16, for which this was done. The gallium 
content is oniy two orders of magnitude higher in the 
buffer layer than in the substrate and has only one peak 
at the interface between the buffer layer and substrate. 
The defect structure of the buffer layer was found to be 
greatly improved. Defects revealed by the damage-free 
growing and  etching technique did not show misfit dislo- 
cations and saucer pits. This is shown in Fig. 7. However, 
an interfacial layer is still present. Furthermore,  cross- 
sectional TCL revealed a uniform luminescence intensity 
across the entire buffer layer as shown in Fig. 8. The over- 
all low luminescence efficiency of the buffer layer com- 
pared to that of the substrate is attributed to the undoped 
nature of the buffer layer. 

In order to determine the cause of the gallium contami- 
nation, the gallium source was completely removed from 
the reactor just prior to run number  127. Between run 
numbers 16 and 127, the reactor was occasionally used to 
grow InGaAs. Figure 9a shows SIMS profiles of a buffer 
layer grown during the tenth run after the removal of the 
gallium source. The amount of gallium observed inside 
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Fig. 7. Interfacial layer of sample no. 16 revealed by a damage-free 
grooving and etching technique does not show misfit dislocation and sau- 
cer pits. The marker represents 50 p,m. 
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Fig. 8. Cross-sectional transmission cathodoluminescence of a [110]  
cross section of sample no. 16. 

the buffer layer was similar to that found for run number  
16. 

Figure 9b shows SIMS profiles of 69Ga*, ~~176 and 
8~GaO * for the same sample as in Fig. 9a, but at reduced 
sputter rate in order to show the similarity of the shapes 
of the profiles and the relative intensity of the three ions. 
Since the reactor was cleaned thoroughly after each run 
by passing HC] through the deposition zone, the re- 
maining possibility which leads to the contamination of 
the InP buffer layer is that the indium melt was cross 
contaminated. This was confirmed later by examining 
the buffer layer grown during run 410, which is more than 
2 0 0  runs after the removal of the gallium source. Because 
of the consumption of the indium metal, the indium had 
been replenished in the meantime. A SIMS profile of 
69Ga+ ion in sample 410 (Fig. 9c) showed that the gallium 
content had dropped to a level only slightly higher than 
that of the substrate, and the GaO * and GaP * were re- 
duced almost to background levels. The Ga peak at the 
interface has been totally eliminated. We conclude that 
the indium source for the early runs had indeed been con- 
taminated with gallium. 

n-InP/InGaAsP/p-InP/p~-InGaAsP laser structure.-  
Gallium contamination of InP epilayers was also exam- 
ined in a four-layer laser structure. Figures 10a and 10b 
show the Ga and As profiles from a four-layer structure 
obtained by scanning Auger spectroscopy on a 2~ ~ bev- 
eled surface. The presence of Ga on both sides of the ac- 
tive Q layer is clearly visible. The As line scan will be dis- 
cussed in the next section. 

Figure 10c shows Auger depth profiles for all four ele- 
ments. The abscissa is the milling time and therefore is a 
distorted depth scale. The relative thickness of the 
various layers do not agree with those of Fig. 11 (see be- 
low); this disagreement is probably due to ion milling ar- 
tifacts, but the detailed explanations are not yet under- 
stood. The concentration profiles are normalized to 100 
a/o using approximate sensitivity factors. It is clear that 
gallium is present in both n- and p-InP regions as indica- 
ted by the arrows. A complementary lowering of the In 
concentration is also observed. A similar situation is ob- 
served for As and P. 

Defect characterization using damage-free grooving and 
etching revealed an orange peel morphology in both InP 
regions, as seen in Fig. 11; High magnification photo- 
graphs show that they are composed of a high density of 
saucer pits which is similar ~o that observed previously in 
Fig. 3. Furthermore,  TCL imaging of the buffer layer re- 
gion also indicates a h i g  h density of dark spots as shown 
in Fig. 12. These results indicate that the gallium con- 
tained in the buffer layer is probably on the order of 1 a/o. 
The orange peel morphology in the p-InP region is less 
distinct because of the difference in etching rate of the 
defect revealing etchant on p-type InP. A similar amount 
of the gallium is believed t o b e  present in the p-InP, as in- 
dicated bY the Auger profile. 

Other contaminants.--Besides the gal l ium contamina- 
tion observed, small amounts of arsenic were found in 
the InP epilayer. Figure 13 is a SIMS profile of 3,p§ and 
75As~ obtained from run number  4. The arsenic concentra- 
tion in the epilayer is around an order of magnitude 
higher than that found in the substrate. The same amount  
of arsenic was observed in most of the single layers. For a 
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four-layer laser  s t ructure,  scanning A u g e r  spec t roscopy 
on 2~ ~ beve led  surface also de tec ted  arsenic in bo th  I n P  
buffer  and cap layers,  as seen in Fig. 10b. 

SIMS profi l ing of  InP  single layers also indica ted  that  
small  amoun t s  of  Fe, Si, Cr, and Zn accumula t ed  at the  
subst ra te-epi layer  interface.  These  con taminan t s  are be- 
l ieved to have  c o m e  f rom the  react ion of  HC1 wi th  the  
steel cy l inder  or wi th  the  stainless steel  gas hand l ing  
system. 

Possible factors leading to contamination.--Gallium 
contamination.--Gallium contamina t ion  of  InP  
buffer  layers wh ich  have  b e e n  s tud ied  m a y  be  ascr ibed ei- 
ther  to t ranspor t  of  Ga f rom a con tamina ted  In~) source or  
to t ranspor t  of  volat i le  Ga conta in ing  c o m p o u n d s  f rom 
the  Ga(]) source.  Assuming  that  Ga con tamina t ion  of  the  
Into source  was  accidenta l  (loss of H~ flow whi le  t he  reac- 
tor  was hot, or  cross con tamina t ion  dur ing  prepara t ion  of  
the meta l  sources),  only t ranspor t  of  Ga f rom the  Ga<~) 
source  will  be  considered.  Three  aspects  of  the Ga con- 
taminat ion  in the  samples  s tudied  above  requi re  explana-  
tion: (i) the  source  of  Ga in I n P  epi layers  g rown wi thou t  
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Fig. 12. Transmission cathodoluminescence imaging of a n-lnP buffer 
layer on as-grooved sample. 
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exposure of the Gar source to HC1; (ii) the effect of 
passing PH~ through the reactor immediately prior to 
growth on suppressing Ga contamination; and (iii) Ga 
contamination of InP in multilayer structures with at 
least one layer containing Ga. 

Several of the InP buffer layers examined contained 
large amounts of Ga even though the Ga(1) source was not 
exposed to HC] (run numbers 4-15). The two most likely 
sources of Ga transport in the absence of HC1 include 
atomic Ga (PGa - 10 - '~ atm at 700~ (8) and Ga20 formed 
by reaction of trace 02 or H20 contained in the H2 carrier 
gas. For growth of InP, the InC1 partial pressure (P,nc,) is 
on the order of 3-4 • 10 -3 atm at a total flow rate of 4 
liter/rain. Assuming that Ga contamination from atomic 
Ga occurs according to 

Ga(~) + 1 P4 ---> GaP 

with PP4 at 5 • 10 -4 atm typical for InP growth, the equi- 
librium PG~ is calculated (9, 10) to be -10  -'~ atm. Since 
this is much less than Po, expected from evaporation of 
Ga(,> from the liquid source, it is unlikely that this source 
could account for contamination levels as high as ~1%. 

A more plausible source of Ga contamination involves 
the formation of Ga~O, which has been used as the trans- 
port agent in epitaxial growth of GaP (11). Although the 
Ha used for growth is purified using commercial Pd dif- 
fusers, it is possible that contamination with O2 occurs in 
the gas manifold (valves, mass flow controllers) or con- 
nections to the reactor. This may be particularly true for 
the early runs owing to the possibility of outgassing of 
new components  which constitute the growth system. As- 
suming an upper limit of ~10 ppm H20 over the Ga(D 
source at 800~ thermodynamic data for Ga20 predicts a 
Pc,2o of 5 x 10 -~ atm (8). Based on calculations by Seki 
and Minagawa (12) for the system In~Ga,_~P and 
substituting GazO/H~O for GaCYHCI as the transport sys- 
tem, the assumed level of H20 contamination is thermo- 
dynamically sufficient for the incorporation of 1% Ga in 
InP. 

The effect of PH3 presaturation on Ga incorporation in 
InP buffer layers may be due to the deposition of GaP on 
the reactor walls prior to layer growth: The presence of 
such deposits may serve to getter Ga and prevent its in- 
corporation into the growing InP layer. By nucleat ing 
such deposits prior to growth, both high Ga content at the 
interface of the grown layer and the substrate, as well as 
the Qa content in the remainder of the layer, would be 
reduced. 

The growth of multiple layer structures which include 
at least one ternary or quaternary layer require transport 

of Ga using HC1. In order to assure stable conversion of 
HC1 to GaC1 (InC1) in the reactor source zone, the Gar 
(In(~)) source is usually saturated with HC1 prior to growth 
of any layers. Recent optical absorption studies of InC1 
and GaC] formation in these reactors have demonstrated 
that transport continues for over 10 rain after the HCI in 
the reactor is turned off because of evaporation of GaC1 
(InC1) dissolved in the Ga(~) (In(l)) sources (13). This effect 
is responsible for the high Ga content observed in both 
InP buffer and cap layers of the four-layer laser structure 
described above. 

Additional contaminants.--The presence of additional 
contaminants, with the exception of As, is probably due 
to the reaction of HC1 with the steel components of the 
growth system. Since AsI-I:~ and PH~ pass through the 
same lines in the manifold, outgassing of these lines dur- 
ing InP growth may contribute to the presence of As in 
InP buffer layers. Another possibility is due to the pres- 
ence of trace amounts of AsH3 in the PH3 used for growth. 
In multiple-layer structures which involve at least one As 
containing layer, contamination may also be due to evap- 
oration of As4 from deposits formed on the reactor walls 
during ternary or quaternary growth, or from elemental 
As deposited in the source end of the reactor due to the 
extremely rapid pyrolysis of AsH3 at the point where the 
reactor enters the furnace (14). If  the wall deposit contains 
As containing compounds, the reaction with unreacted 
HC1 can also form As4. 

Conc lus ions  
We have observed the gallium contamination of InP 

epitaxial layers grown in a hydride transport VPE reactor 
designed for InP/InGaAsP multilayer laser structures by 
secondary ion mass spectrometry and Auger spectros- 
copy. Despite the fact that the Ga and In sources are 
physically excluded from each other, the initial InP layers 
grown from a new reactor were found to contain Ga at 
levels as high as -1  a/o. Defect structure characterization 
of the InP epitaxial layer revealed misfit dislocations and 
an interfacial layer containing a high density of saucer 
pits. Cross-sectional transmission cathodoluminescence 
further confirmed that these defects were nonradiative 
recombination centers. Results from x-ray double-crystal 
diffractometry indicated that the mismatch was confined 
to the region near the interfacial layer which is consistent 
with the SIMS profile of Ga which showed a peak in the 
same region. Since the Ga source had not been exposed 
to HCt, the exact  cause leading to the Ga contamination 
was not clear. A plausible transport agent for Ga was sus- 
pected to be the formation of Ga20 due to a trace amount  
of 02 or H~O in the H2 carrier gas. 

For a four-layer laser structure, the Ga contamination of 
InP is further complicated by the evaporation of the GaC1 
dissolved in the Ga source after the turn-off of HC1. This 
delay turn-off of GaC1 contributes to the major Ga con- 
tamination of InP in multilayer laser structure. 

A small amount  of As was also present in the single 
buffer layer. This can be attributed to the outgassing of 
AsH3 absorbed on the walls of the input tubing and to 
trace amounts of AsH3 in the PH3 gas used for growth. 
However, in a four-layer laser structure, considerable 
amounts of As were present in both the InP buffer and 
cap layers. A possible explanation is the evaporation of 
As containing deposits formed on the reactor walls dur- 
ing the growth of ternary or quaternary layers. The fact 
that the InP buffer layer contains the same amount  of As 
as those in the subsequent  InP cap layer indicates that 
these deposits were formed in the previous runs. The 
small amounts of Fe, Si, Cr, and Zn found at the sub- 
strate-buffer layer interface are believed to derive from 
the reaction of HC1 with the steel cylinder or gas handling 
system. 
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ABSTRACT 

Both reversible and irreversible resistance switchings have been investigated in boron- and arsenic-doped LPCVD 
polycrystalline silicon film resistors. The effects of film thickness and doping concentration on the transition voltage 
and current have been characterized for different length resistors having film thickness from 0.1 to 1.2 t~m and doping 
concentration ranging from 5 • 10 TM to 1 • 10 z~ cm -3. Under  a large voltage bias, the resistor can be switched to a conduc- 
tive "on" state or to a "short" state having resistance reduction by a factor of 103-106, or it can be blown "open". The tran- 
sition voltage and current and the resistance after switching depend strongly on film thickness, doping concentration, 
and applied power. A simple qualitative model is proposed to explain these resistance switching phenomena. 

Polycrystalline silicon (polysilicon) films have been 
widely used as solar cell and integrated-circuit elements, 
and such applications have stimulated extensive studies 
of the electrical properties of this material. Both revers- 
ible and irreversible resistance switching phenomena 
have been reported (1-3). The irreversible resistance 
switching has been extensively applied to integrated- 
circuit applications, such as a memory  element in fusible- 
link PROM's (3-5) and a fuse or antifuse in redundancy 
circuits in high density RAM's (6). However, there are a 
limited number  of papers in the literature systematically 
studying resistance switching properties of polysilicon re- 
sistors. Greve studied the programming mechanism of 
heavily doped polysilicon resistor fuses and showed that 
formation of a second-breakdown state is necessary to 
blow open the fuses (1). He also studied n~-p-n § 
polysilicon devices and showed that the dopant migration 
and the a luminum penetration in molten filaments 
through polysilicon devices are the mechanisms for re- 
sistance switching (7, 8). On the other hand, Mahan re- 
ported a reversible switching phenomenon in undoped 
polysilicon resistors having high value resistance (2). 

This work reports new experimental  results on the ef- 
fects of film thickness, doping concentration, and device 
dimensions on resistance switching behavior in poly- 
silicon resistors. The resistances before and after switch- 
ing, the switching IrV curves, and the transition voltage 

*Electrochemical Society Active Member. 

and current beyond which the switching occurs were 
characterized extensively. Different switching patterns 
have been clearly identified from this systematic study, 
and a better physical understanding of the switching be- 
havior in polysilicon resistors has been obtained from a 
qualitative model. 

Sample Preparation and Measurements 
A 0.80 tLm thick oxide was grown at ll00~ on top of 

N-type (100) silicon wafers with resistivity of 4 - 7 ~l-cm. 
Undoped polysilicon films with thickness ranging from 
0.1 to 1.2 tLm were deposited in a low pressure CVD reac- 
tor at 620~ with deposition rate of 80 •/min. Either boron 
or arsenic dopants were then implanted with various 
doses to yield doping concentrations from 5 • 1026 to 1 x 
10 ~~ cm -3 for arsenic and from 5 • 10 TM to 2 • l0 is cm -3 for 
boron. After polysilicon resistors were patterned by 
plasma etching, an 8000~ CVD oxide layer was deposited 
at 430~ to avoid dopant evaporation during subsequent  
thermal steps. For p-type samples, the contacts were ei- 
ther undoped or heavily doped with boron. For n-type 
samples, the contacts were all heavily doped with arsenic 
to avoid Schottky barrier formation. All samples were an- 
nealed at 900~ for 60 rain to activate and uniformly redis- 
tribute the dopants, as well as to remove the implantation 
damage. A 1.0 ~m thick aluminum layer was deposited 
and etched to form the contact pattern. The contacts were 
sintered in N2 at 450~ for 20 rain. 
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The th ickness  of  polysi l icon films was measu red  by an 
optical  m e t h o d  (Nanospec  Model  Axp-010-0180) and an 
a-step profiler. Measured  electr ical  proper t ies  of  
polysi l icon resis tors  inc lude  zero bias res is tance and I-V 
characterist ics.  The  m e a s u r e m e n t  sys tems  were: (i) an  H P  
4140B p i coampere  me te r  wi th  dc p r o g r a m m a b l e  vol tage 
source, coup led  to an HP-85 m i c r o c o m p u t e r  to measure  
the zero bias resis tance,  and (ii) a Tek t ron ix  576 curve  
t racer  to observe  I-V characteris t ics  and  to t r igger  polysil- 
icon-resis tance switching.  The  surface of  resistors after 
swi tching  was s tudied  by an optical  mic roscope  and a 
scanning  e lec t ron  microscope  (SEM). 

Results 
The general  behavior  of the  I-V characteris t ics  of  

polysi l icon resistors is i l lustrated in Fig. 1. The  I-V curve  
of polys i l icon resistors before  swi tch ing  follows the  pre- 
dic ted hyperbo l ic  sine func t ion  (curve 1) (9, 10) to a cer- 
tain po in t  A. It  was found that  the  h igh  vol tage part  of 
curve  t was no t  stable for mos t  device  configurations.  
The resis t ivi ty drast ical ly decreases  wi th  increasing volt- 
age, and wou ld  contract  to a stable curve  2 ( "of f '  state) 
(2). 

When vol tage  increases  a long curve  2, a negat ive  resist- 
ance behav ior  may  appear.  When the  vol tage  fur ther  in- 
creases, the  I-V curves  of  devices  of  l ight  doping  concen-  
t rat ion and short  d imens ions  were  swi tched to a more  
conduc t ive  " o n "  state (curve 3). When the  power  of  the  
curve  t racer  was l imi ted be low a cer ta in  value,  the  nega- 
t ive res is tance  character is t ic  is s table and the  swi tching  
be tween  cu rve  2 and 3 is reversible .  This  revers ib le  
swi tching in polys i l icon film was repor ted  by Mahan as 
" th resho ld  swi tch ing"  (2). When more  power  was added  
into the  resistor,  a sudden  change  f rom "on"  state (curve 
3) to the  " shor t "  state (curve 4) occur red  for th ick  film de- 
vices. However ,  for th in  film devices,  more  power  can 
cause  the  res is tor  to " o p e n "  (curve 5). Both  swi tchings  
f rom curve  3 to 4 and f rom 3 to 5 are irreversible.  Fo r  me- 
d ium and heavi ly  doped  polys i l icon resistors,  the  switch- 
ing always j u m p s  direct ly  f rom " o f f '  state to e i ther  
"open"  or " shor t "  state wi thou t  going  th rough  the  " o n "  
state. Fo r  example ,  in boron-doped  samples  wi th  NA I> 5 
x 10 '7 cm -3, no swi tching to " o n "  state has been  ob- 
served. However ,  for short  and l ight ly  doped  samples  (NA 
--< 1 • 1017 cm -~, and nomina l  l eng th  less than  15 ~m), re- 
vers ib le  swi tching  was observed.  

S imi lar  observa t ions  were  m a d e  on arsenic-doped poly- 
si l icon resistors,  and  the  same conclus ions  were  obtained.  
These  var ious  swi tch ing  pat terns  are summar ized  in Fig. 
1. The  revers ib le  swi tching  is more  l ikely to occur  for 
short  and l ight ly  doped  samples.  No revers ib le  swi tching  
has been  observed  for our  samples  wi th  dop ing  level 
h igher  than  1 x 10 '7 cm -3 and/or  longer  than  15 ~m. 

Along the  s table curve  2, the  vo l tage  beyond  which  the  
swi tching  occurs  is def ined as " t rans i t ion  vol tage,"  VT, 
and the  cor respond ing  current  as " t rans i t ion  current ,"  I~. 
The  zero bias res is tance before  swi tching  is def ined as Rb 
and after swi tch ing  as R~. 

F igure  2 shows the  t ransi t ion vol tage  and res is tance vs. 
doping  concen t ra t ion  for bo ron-doped  resis tors  wi th  
lengths  of  10 and 5 ~m before  and  after switching.  The  re- 
sistance before  swi tching  s t rongly  depends  on the  dop ing  
concentra t ion,  especial ly  a round  a crit ical  doping  concen-  
t rat ion N* whe re  mos t  of the  grains change  f rom total  de- 
p le t ion  into part ial  deplet ion,  thus  causing a drast ic  
change of  res is tance  (10). An  in te res t ing  p h e n o m e n o n  is 
that  the  t rans i t ion  vol tage  has shown a m a x i m u m  around  
N*. Away  f rom N* on the  heavi ly  doped  side, the  transi- 
t ion vol tage  general ly  fol lows the  decreas ing pa t te rn  of 
R~. It  was also found  that  the  t ransi t ion vol tage scales pro- 
por t ional ly  to the  resis tor  length.  Res is tance  after 
swi tching  decreases  by a factor  of  10"L10t For  the  short  
and l ight ly  doped  samples ,  the  resis tor  most ly  swi tched  
first to "on" ,  t hen  to "open"  ra ther  than  "short" .  

As the m a x i m u m  power  of  the  curve  t racer  was raised 
f rom 0.5 to 2.2W, the  res is tance after swi tching  (already 
"short")  can be fur ther  r educed  by a factor  of  10~-10 ~. Fi- 
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nal resistance is approximately several ohms and rela- 
tively independent of doping concentration (Fig. 3). Shiny 
aluminum penetration path was found in these further 
"short" state resistors, which accounts for the low 
resistance. 

Figure 4 shows the relationship between film thickness 
and measured resistances before and after switching for 
two doping concentrations of 1 • 1017 and 2 • I0 TM cm -3. 
The resistance before switching decreases drastically as 
the film thickness increases for resistors at doping con- 
centration of 2 • 1018 cm -3, but not so much for resistors 
at doping concentration of I • 10 '7 cm -3. The details of ef- 
fect of doping effect on resistivity vs. film thickness was 
investigated by Lu et al. (12). Almost all the devices with 
film thickness less than 2000~ were switched to "open" 
state, and R~ is infinite. 

The behavior of VT vs. film thickness is shown in Fig. 5. 
It is similar to the relationship of Rb vs. film thickness in 
Fig. 4, except that for the thinnest sample at doping level 
of 2 • I0 TM cm -3, the transition voltage decreases and the 
postswitching was an "open" state instead of a "short" 
state. The similar behavior between VT and R~ suggests 
that Joule heating plays an important role in the switch- 
ing mechanism (I, 2). 

Figure 6 shows the VT and IT of boron-doped resistors at 
doping level of 2 • i0 's cm -'~ for various film thicknesses. 
There is no significant difference whether the contacts 
have been heavily doped or not (12). It is found that over 
the observed range of film thickness, IT and VT obey an 
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empirical expression 

Iv = Io[exp (VJVT)] 

where lo and Vo are empirical parameters. 

D i s c u s s i o n  

A simple qualitative model is proposed to unders tand 
the above observations. When the applied voltage is be- 
low the transition voltage, the I-V characteristics of 
polysilicon resistor can be described by the carrier 
trapping and dopant-segregation models (9-13). According 
to these models, the active dopant concentration can be 
obtained by subtracting the inactive segregated dopant 
concentration from the actual doping concentration (10, 
11), and the grain-boundary trapping states can trap free 
carriers from the ionized active dopants and act as recom- 
bination centers (14, 15). This trapping process reduces 
the number  of free carriers and creates built-in potential 
barriers surrounding the grain boundary, which impede 
carrier motion from one crystallite to another. The carrier 
transport across the grain boundary and the built-in po- 
tential barriers by thermionic emission and tunnel ing 
processes show a hyperbolic sine function I-V character- 
istic (13). 

As the applied voltage further increases, the forward- 
biased space-charge barrier can eventually be flattened 
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and a great number  of carriers is then injected into the re- 
sistors. Once this happens, bulk resistance of silicon crys- 
tallite becomes dominant, and the I-V characteristic ex- 
hibits a transition from "grain-boundary limited" to 
"bulk-limited" condition. Thus the observation that tran- 
sition voltage reaches a maximum value around the criti- 
cal doping concentration can be understood by the fact 
that the highest built-in potential barrier exists at this 
doping concentration (10) and, therefore, a higher voltage 
is needed to flatten the forward-biased built-in potential 
barrier. 

For lightly doped polysilicon films, the crystallites are 
totally depleted by the grain-boundary trapping states, 
and hence the films are nearly intrinsic. The resistivity of 
totally depleted polysilicon films is very high, and this 
semi-insulating property is mainly due to carrier deple- 
tion rather than mobility degradation (10). If a finite volt- 
age which is large enough to flatten the built-in potential 
barrier is applied across the resistor, a large number  of 
electrons and holes can be injected at the cathode and the 
anode, respectively. Because there are more unf i l led 
grain-boundary traps for capturing minority carriers than 
for majority carriers, the lifetime of minority carriers is 
shorter. 

If the resistor is long compared to the mean free path of 
minority carriers, the minority carriers are not able to 
transverse the resistor, and this condition results in single 
injection. Under a high current level, majority-carrier 
single injection is space-charge limited (16). However, as 
the bias is further increased, the field across the resistor 
eventually becomes high enough to allow the minority 
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carriers to reach the other end of the resistor. This double 
injection process causes the majority space-charge barrier 
to be lowered and minority carrier lifetime (mobility) to 
increase, permitt ing more carriers to transit the resistor; 
as a result, a lower voltage is required to provide the cur- 
rent for maintaining the condition. This positive feedback 
process results in negative resistance characteristics. The 
condition causing this negative resistance behavior is that 
the minority carrier transit time is equal to their lifetime. 
It is clear that in a shorter resistor it is easier to reach this 
condition. Eventually, the high level injection condition 
will be reached when the lifetimes of minority and major- 
ity carriers are equal. A t  this point, two-carrier recombi- 
nation-limited current flow prevails and the negative re- 
sistance behavior terminates; the polysilicon resistor can 
then switch to the "on" state. This double injection mode 
is much more likely observed for small grain and/or 
lightly doped polysilicon films which have plenty of 
recombination centers for both majority and minority car- 
riers (17). 

Similar phenomena have been observed in many 
amorphous semiconductors where the initiation of 
switching and the maintenance of the "on" state in 
threshold switching can be satisfactorily explained as a 
double injection electronic process (18, 19). Undoped or 
lightly doped polysilicon films of small grain size have 
many properties close to amorphous films. Just  like any 
electronic transport process, heat will be generated by 
current, and thermal effects will accompany this elec- 
tronic injection process. For short polysilicon resistors, 
however, the high field induced carrier generation is 
more likely to occur before thermal effects take over the 
major role. Therefore, if  the double injection process and 
positive feedback mechanism occur before Joule heating 
makes any microstructure change, a reversible threshold 
switching occurs. However, if more power is fed into the 
"on" state resistor, the Joule  heating will finally become 
large enough to cause an irreversible switching from "on" 
state to "short" or "open" state. 

For heavily doped polysilicon films, although the 
grain-boundary trapping states are completely filled up 
with majority carriers, the concentration of free majority 
carriers is still substantially larger than the intrinsic car- 
rier concentration and of the same order of magnitude as 
the active doping concentration (10, 11). The lifetime of 
minority carrier is much shorter than that of majority car- 
rier. This majority carrier transport process is not space- 
charge limited. The double injection condition is hardly 
reached even under a relatively large bias. Usually, the 
thermal process will then prevail to induce current 
filamentation (20). Thermal current filamentation results 
in irreversible switching to either "short" or "open" state, 
depending on the configuration of resistor and program- 
ming conditions. For thick and short resistors, thermal 
filamentation can induce either dopant migration or alu- 
minum penetration through the molten filament to form 
"short" state (1). For thin and long resistors, Joule heating 
can simply evaporate the polysilicon film to leave a void 
(21), or the applied field can be strong enough to sweep 
the molten silicon ions to form an "open" gap (1). 

It should be noted that the coexistent electronic and 
thermal processes always compete and influence each 
other. Therefore, the device configuration, composition 
of the resistor, and the programming conditions all have 
their roles and become a control parameter in some par- 
ticular stage of this complex switching phenomenon. 

Conclusion 
Several distinct patterns of polysilicon resistance 

switching have been observed for both arsenic- and 

boron-doped materials over a wide range of doping con- 
centration and film thickness. The transition voltage 
reaches a maximum value around the critical doping con- 
centration, which separates the totally depleted and par- 
tially depleted cases. Beyond this point, toward higher 
doping levels, the transition voltage generally follows the 
variation of Rb. As applied power increases, resistance 
after switching to "short" state can be further decreased 
and becomes less dependent on film thickness and dop- 
ing level and, finally, aluminum penetration occurs, caus- 
ing a resistance of only a few ohms. 

Lightly doped resistors are more likely to show revers- 
ible threshold switching, probably due to their abundant 
recombination centers. Short and thick resistors are more 
likely to switch to "short" state, and the aluminum pene- 
tration path can be easily observed. Long and thin resis- 
tors are more likely to switch to "open" state, and a phys- 
ical gap is observed. These distinct patterns have been 
understood by a qualitative model. 
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ABSTRACT 

We report, for the first time, the success of GaAs molecular layer epitaxy (MLE) using AsH3 as an As containing gas 
and trimethyl-gallium (TMG) as a Ga containing gas. Growth conditions for a single layer by layer deposition process 
were investigated as a function of the substrate temperature, the pressure in the growth chamber, the admittance quan- 
tity per cycle, and photoirradiation. The substrate temperature of 500~ fulfilled the conditions for a m0n01ayer growth, 
where the film thickness per one cycle is saturated with the admittance quantity, at the higher temperature that in- 
creased with the TMG admittance quantity. The electrical properties of the film grown by MLE method strongly de- 
pended on the gas admittance rate, i.e., pressure in the growth chamber. The carrier density of the film proportionally 
decreased with increasing AsH3 pressure and decreasing TMG pressure. However, all growth films show p-type behav- 
ior with a carrier density of 1 • 10's-10 ~~ cm -3. Photoirradiation during the growth by a high pressure Hg lamp, Ar laser 
(514.5 rim), and with a doubler (257.3 nm) largely improved the surface morphology and electrical properties of the films 
by MLE. 

In recent years, there has been an increasing demand 
for high speed integrated circuits, micro- and mil]iwave 
devices, optical devices, and optoelectronic integrated cir- 
cuits. Nishizawa proposed an ideal static induction tran- 
sistor (ISIT) and estimated the maximum gain bandwidth 
product as 780 GHz for GaAs. Tunnel injection types of 
SIT may operate in the region of Tera Hz (i, 2). For such 
high speed devices, the control of epitaxial layer thick- 
ness to within single atomic dimension becomes neces- 
sary. Molecular layer epitaxy can afford such demands. In 
this paper, we report for the first time the success of 
GaAs molecular layer epitaxy (MLE). 

The halide-transport vapor phase epitaxy (VPE), the 
metalorganic chemical vapor deposition (MO-CVD), and 
molecular beam epitaxy (MBE) are well known as vapor 
phase epitaxial techniques for III-V compound semicon- 
ductors. Very recently, atomic layer epitaxy (ALE) has ap- 
peared in the academic publications (3, 4). 

VPE and MO-CVD, however, are not available tech- 
niques for preparing semiconductor thin films with an 
atomic-order accuracy. MBE is a widely used technique 
for producing semiconductor thin films with an atomic-- 
order control, which is based on the vacuum deposition 
technique in UHV region (5). Typical problems, however, 
appear owing to the vacuum deposition. Out gassing due 
to heating the source cell, evacuation of evaporants, and 
complicated replenishment of the source material be- 
come considerable problems for a vacuum system. Fur- 
thermore, growth-rate control has been achieved by the 
evaporation rate monitored by a quartz microbalance os- 
cillator or mass spectrometer. As a result of the complex- 
ity of controlling the evaporation rate, epitaxial films 
with an accuracy of a single molecular layer have been 
difficult to prepare and confirming the  achievement of a 
stoichiometric film is equally difficult. 

Very recently, Suntola et al. reported ALE (6, 7) produc- 
ing II-VI compound films like CdTe and ZnTe using con- 
ventional MBE equipment. Since the film grows by a 
monolayer per reactant pulse in the ALE method, the 
film thickness is exactly determined by the number  of 
cycles of the reactant pulses. 

We define molecular layer epitaxy (MLE) as follows. 
MLE is a crystal-growth method using chemical reaction 
of adsorbates on the semiconductor surface, where gas 
molecules containing one of the semiconductor elements 
are introduced alternately into the growth chamber by 
which a single layer of film growth develops. ALE is the 
crystal-growth method where a specific atomic element 
is alternately deposited on the substrate. Suntola also 
tried MLE preparing ZnS polycrystalline films and Ta~O~ 
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amorphous films, but no single-crystal films were ob- 
tained (8). Furthermore,  Si and GaAs, the most popular 
semiconductor materials, which are widely used for VLSI 
circuits today, have not been investigated. 

Photoepitaxy was proposed by the author (J. Nishi- 
zawa) in 1961 and has been applied to Si and GaAs vapor 
phase epitaxy, resulting in higher crystal quality at lower 
epitaxial temperatures (9-12). A combination of MLE and 
photoepitaxy may increase the film quality by MLE at 
even lower temperatures, and photostimulated processes 
of the crystal growth can be better controlled. 

We report here the MLE method applied to GaAs using 
AsH3 as an As containing gas and TMG as a Ga con- 
taining gas. 

Experimental Procedure 
A main part of the experimental  setup used here, 

shown in Fig. 1, consists of a gas-admittance system, a 
mass spectrometer for reaction species determination, a 
heating lamp system, a temperature controlling unit with 
a pyrometer, and a pumping system. After the substrate is 
etched by a usual treatment, the substrate is set in the 
preparation chamber and evacuated to 1 • 10 -'~ Pa. The 
substrate is transported from the preparation chamber to 
the growth chamber (p ~< 5 x 10 -8 Pa). The growth cham- 
ber is evacuated for as long as 30 rain. The substrate is 
heated by the lamp system situated outside of the growth 
chamber. The temperature measurement  is achieved by 
the pyrometer, and the power of the heating lamp is 
controlled by an automatic controlling unit coupled to the 
output signal of the pyrometer. The substrate tempera- 
ture could be stabilized within -+-I~ during the epitaxial 
growth. 

After heating the substrate up to 600~ for evacuating 
the surface contaminants mainly consisting of oxides, 
AsH:~ gas is a d m i t t e d  for 2-200s at the pressure of 
10-'-10 -~ Pa and evacuated; then TMG is admitted for 
0.5-20s at the rate of 10-3-10 ~' Pa-liter/s and evacuated. 
Such a periodic gas admittance cycle is repeated up to the 
desired film thickness. Figure 2 shows the dependence of 
the growth chamber pressure on t ime during gas admit- 
tance. . 

No deposition on the insulating material was observed 
in the case of MLE. Using a mask pattern of an insulating 
film, the film thickness was measured by the alpha step. 
GaAs substrates (100) and off-angle were etched more 
than 2 ~m deep by H~SO4 etchant (H~SO4:H~O2:HzO = 
4:1:1 and 10:1:1). Thereafter, a Si:~H4 film was deposited 
by plasma CVD -200 nm, and mask patterns were made 
on the substrate. Furthermore, the liftoff area of the sub- 
strate was etched by Cica TMK-1 (Kantokagaku, Tokyo) 
150~ deep, producing a contamination-free surface. 
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Fig. 1. A main part of the experimental setup consisted of a gas  ad- 
mittance system, a mass spectrometer for reaction species determina- 
tion, a heating lamp house with two ports for light beam irradiation, a 
pyrometer, and pumping units. 

Results and Discussion 

Monolayer film growth.--The diffract ion pat tern  of a 
film of GaAs g rown  by MLE is shown  in Fig. 3, which  
was p repared  by a l ternate ly  in t roduc ing  AsH:~ and TMG 
at the  inlet  p ressure  of  7 x 10 -3 and 1.3 • t0 -3 Pa  for a gas 
admi t tance  m o d e  (20", 1", 2", 1") at the  g rowth  tempera-  
ture  of 500~ A beaut i ful  spot  pa t te rn  clearly indicates  
the single-crystal  na ture  of the  g rowth  film. 

For  a purpose  of  finding out  the  g rowth  condi t ion  of 
monolayer  epi taxial  growth,  film th ickness  per  cycle  was 
measu red  as a func t ion  of TMG admi t t ance  quan t i ty  a t  
the  substra te  t empera tu re  of  500~ The admi t tance  t ime  
of TMG was kep t  cons tant  for the  m e a s u r e m e n t s  only, ex- 
cept  for the  m a x i m u m  quan t i ty  for wh ich  it was varied.  
Therefore,  the  t ransverse  axis of  Fig. 4 represen ts  also the  
admi t tance  rate cor responding  to the inlet  pressure.  As 
the admi t t ance  rate of  TMG increased  f rom 1.0 • 10 -3 to 
0.6 Pa-liter/s, the  film th ickness  per  cycle  was near ly  sat- 
ura ted  and indica ted  2.2-2.3 k/cycle.  When the  admi t t ance  
rate decreased  to 0.33 • 10 -3 Pa-liter/s, the  th ickness  re- 
duced  to 1.2 k/cycle,  near ly  one-hal f  of  the sa turated 
value. As the  admi t t ance  quan t i ty  becomes  lower  than  2.7 
• 10 -2 Pa-liter,  the  suppl ied  quant i ty  is no longer  suffi- 
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Fig. 2. The pressure in the growth chamber during the gas admit- 

tance. AsH 3 is introduced 20s and evacuated 3s, then TMG is intro- 
duced 4s and evacuated 3s (20", 3", 4", 3"). This is a standard gas 
admittance mode in this paper. Such a periodic cycle preparing one 
monolayer film growth is repeated up to the desired film thickness. 

Fig. 3. The diffraction pattern of GaAs growth film by MLE, which 
is prepared by alternately introducing AsH:~ and TMG at the inlet 
pressures of 7 x 10-3 and 1.3 x 10 -3 Pa for a gas admittance mode 
(20", 1", 2", 1") at T~u b = 500~ 

cient  for mono laye r  adsorp t ion  coverage.  So, the  film 
th ickness  per  cycle  was dropped.  The  dashed and dot ted  
l ine indicates  2.83/~ cor respond ing  to a s ingle mono laye r  
of GaAs (100) surface. 

At  the  growth  t empera tu res  of 600 ~ 550 ~ and 450~ the  
film th ickness  per  cycle  was also invest igated,  and the  
data, a long wi th  those  at 500~ are shown in Fig. 4 in 
semilog scale. At  the  substrate  t empe ra tu r e  of 600~ the  
film th ickness  increases  wi th  increas ing  TMG admit-  
tance  rate, wh ich  is qui te  di f ferent  compared  wi th  the  
growth  at 5000C. In  the case of  T~ub = 500~ a mirror l ike  
surface is ma in ta ined  dur ing the  growth,  even  as the  ad- 
mi t tance  quan t i ty  per  cycle is increased  up to 2.4 Pa-liter, 
whi le  at T~ub = 600~ the  film surface becomes  whi te  at 
the  admi t tance  quan t i ty  of  0.7 Pa-li ter/cycle.  It  indicates 
that  d e c o m p o s e d  products  f rom adsorbed  TMG on the 
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Fig. 4. Film thickness per cycle as a function of TMG admittance 

rate (closed circle) and quantity (open circle) at the substrata temper- 
ature of 600 ~ 550 ~ 500 ~ and 450~ with o gas admittance mode 
(20", 3", 4", 3") (closed circle) and other modes (open circle). AsH 3 
pressure is always kept 7 x 10 -3 Pa. The film thickness is nearly sat- 
urated at 2.2-2.3/~/cycle at T~b = 500~ The dashed and dotted 
line indicates 2.83~. corresponding to a single monolayer of GaAs 
(100) surface. 



Vol. 132, No. 5 M O L E C U L A R  L A Y E R  E P I T A X Y  1199 

s u b s t r a t e  m a y  s u p p l y  m o r e  t h a n  is c o n s u m e d  b y  chemi -  
cal r eac t ion  w i t h  AsH~ to f i lm growth .  

At  t he  l ower  t e m p e r a t u r e ,  T M G  is d e p o s i t e d  on  the  sub-  
s t ra te  as s o m e  k i n d  of  Ga  complex ,  a n d  m o n o l a y e r  ad- 
so rp t i on  m a y  t ake  p lace  as a c h a r a c t e r  of  t h e  chemica l  ad- 
so rp t ion .  Wi th  i n c r e a s i n g  t he  s u b s t r a t e  t e m p e r a t u r e ,  CH3 
rad ica l  c an  be  re leased  f r o m  the  Ga complex ,  w h i c h  be-  
c o m e s  a d s o r b e d  in  t he  f o r m  of  a s ingle  Ga  e lement ,  so a t  
h i g h e r  p r e s s u r e s  a c o n d e n s a t i o n  of  Ga  t akes  p lace  to mul -  
t ip le  layer  adso rp t ion .  Now we  Suppose  N m o l e c u l e s  of  
T M G  a d s o r b e d  on  t he  s u b s t r a t e  m a y  b e  d iv ided  in to  two  
pa r t s  

N(TMG)~d = ( t  - ~)N(Ga-complex)~d + ~N(Ga)~d 

w h e r e  a is t he  ra t io  of a d s o r b e d  TMG as a s ingle  Ga ele- 
men t ,  w h i c h  is w r i t t e n  as a f u n c t i o n  of  t he  s u b s t r a t e  t em-  
pe ra tu re ,  su r face  state,  a d s o r p t i o n  t ime,  a n d  so on. I f  one  
chooses  t he  c o n d i t i o n  ~ < <  1 a n d  t he  v a p o r  p r e s s u r e  of 
T M G  to b e  no t  too  h igh ,  as a typ ica l  r e s u l t  o f a  c h e m i s o r p .  
t i on  t he  s a t u r a t e d  va lue  is i n d e p e n d e n t  of t he  a d m i t t a n c e  
q u a n t i t y  of  T M G  a n d  m o n o l a y e r  g r o w t h  is ab le  to b e  real- 
ized. T h e  s u b s t r a t e  t e m p e r a t u r e  of 500~ fulfills the  con-  
d i t ions  for  s u c h  a m o n o l a y e r  g rowth .  

The  i n f l u e n c e  of  AsH3 p r e s s u r e  on  t he  fi lm g r o w t h  has  
b e e n  i n v e s t i g a t e d  at  t he  s u b s t r a t e  t e m p e r a t u r e  of  500~ a 
T M G  a d m i t t a n c e  ra te  of  0.2 Pa-l i ter /s ,  a n d  a gas admi t -  
t a n c e  m o d e  (20", 3", 4", 3"). With  i n c r e a s i n g  AsH3 pres-  
sure,  t he  f i lm t h i c k n e s s  p e r  cycle i n c r e a s e d  nea r ly  one  
monolayer ,  c o r r e s p o n d i n g  to 2.83]t, w h i c h  is i nd i ca t ed  as 
a d a s h e d  a n d  d o t t e d  l ine  in  Fig. 5. The  AsH3 p res su re ,  
however ,  i n f luences  the  f i lm t h i c k n e s s  less t h a n  t h e  
TMG p r e s s u r e  u n d e r  t h e s e  e x p e r i m e n t a l  condi t ions .  T h e  
m e a s u r e d  va lues  are g radua l ly  s a t u r a t e d  at  first  in  t h e  
p r e s s u r e  r eg ion  of  p ~> 2 • 10 -'2 Pa,  w h i c h  c o r r e s p o n d s  to 
t h e  AsH3 a d m i t t a n c e  q u a n t i t y  of 103L. I t  is w o r t h w h i l e  to  
no t e  that ,  w i t h  i n c r e a s i n g  AsH~ p res su re ,  the  surface  mor-  
pho logy  of  t he  g r o w t h  film is i m p r o v e d .  

Photo MLE.--During t h e  film g r o w t h  b y  MLE,  t h e  sub-  
s t ra te  ha s  b e e n  i r r ad ia t ed  b y  a h i g h  p r e s s u r e  Hg l a m p  
(500W), Ar  laser  (514.5 nm),  a n d  Ar  lase r  p lus  D o u b l e r  
(257.3 rim). I r r ad i a t i on  l igh t  is i n j e c t e d  t h r o u g h  t h e  two  
por t s  of t h e  h e a t i n g  l a m p  h o u s e  in  Fig. 1 on to  t h e  sub-  
s trate.  I t  is w o r t h w h i l e  to no te  t h a t  t h e  t e m p e r a t u r e  in- 
c rease  of t h e  s u b s t r a t e  is d e t e r m i n e d  by  a p y r o m e t e r  to  be  
less t h a n  1 ~ u n d e r  any  pho to i r r ad i a t i on .  This  m e a n s  t h a t  
any  c h a n g e s  of t h e  film qua l i ty  or t he  g r o w t h  b e h a v i o r  
b y  i r r ad i a t i on  are  p u r e l y  i n f l u e n c e d  b y  p h o t o n s  a n d  are  
no t  due  to the  t empera tu re  increase.  The  p h o t o n  flux levels 
at  the  subs t ra te  were  abou t  3 mW/cm ~, 0.1 W/cm 'z, and  0.1 

Table I. Electrical properties of films prepared by MLE 
and photo-MLE under the same gas-admittance conditions 

Carrier density 
Ts,b Light source ~ (cm~/V-s) (cm -3) Type 

600~ 56 1.9 • 10 ~9 p 
600~ Hg tamp 103 1.3 x 10 ~8 p 
700~ 68 1.2 • 10 '9 p 
500~ Hg lamp 103 3.1 • 10 TM p 
500~ Laser 84 4.6 • 10 ~8 p 

(257.3 nm) 
500~ Laser (257.3 110 2.4 • 10 TM p 

+ 514.5 nm) 

m W / c m  ~ for  a Hg l a m p  for  514.5 a n d  257.3 n m,  respec-  
t ively.  

T h e  sur face  m o r p h o l o g y  of  g r o w n  fi lms b y  M L E  at  T~,b 
= 500~ w i t h o u t  p h o t o i r r a d i a t i o n  a n d  w i t h  pho to i r r ad i a -  
t ion  b y  a Hg l a m p  are s h o w n  in  Fig. 6a a n d  6b, respec-  
t ively.  T h e  film sur face  w i t h  a Hg  t a m p  i r r ad i a t i on  is 
s m o o t h e r  t h a n  t h a t  w i t h o u t  i r rad ia t ion .  At  T~ub = 350~ 
film g r o w t h  was  o b s e r v e d  w i t h  t h e  Hg ] amp  i r rad ia t ion ,  
wh i l e  at  T~,b = 400~ film g r o w t h  was  n o t  o b s e r v e d  wi th-  
ou t  i r r ad i a t i on  u n d e r  t h e  s ame  e x p e r i m e n t a l  cond i t ions ,  
A n  e l ec t ron  d i f f rac t ion  p a t t e r n  o f  t h i s  g r o w t h  film a t  Tsub 
= 350~ clear ly  i nd i ca t e s  s ing le-crys ta l  na tu re .  This  
g r o w t h  t e m p e r a t u r e  is the  l o w e s t  v a l u e  eve r  r e p o r t e d  for  
MO s o u r c e  a n d  ASH3. M O - M B E  r e p o r t e d  b y  T a k a h a s h i  
et al. n e e d e d  a g r o w t h  t e m p e r a t u r e  of  m o r e  t h a n  500~ 
(13). Th i s  d e m o n s t r a t e s  t h a t  p h o t o - M L E  g r o w t h  la rge ly  
dec rea se s  t h e  g r o w t h  t e m p e r a t u r e  a n d  i m p r o v e s  t he  sur- 
face mo rp h o l o g y .  

Electrical properties of the growth film.--In t h e  case  of 
MO-CVD, e lec t r ica l  p r o p e r t i e s  of t h e  f i lms a re  s t r o n g l y  
in f luenced  b y  t h e  AsH~ a n d  t h e  T M G  flow ra te  a n d  the  
rat io  d u r i n g  t h e  g rowth .  We f o u n d  t h a t  t h e  car r ie r  dens i t y  
of  t h e  fi lms g r o w n  b y  M L E  are  s t rong ly  d e p e n d e n t  on  
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Fig. 5. Film thickness per cycle as a function of AsH:~ pressure in 
the growth chamber. With a gas admittance mode (20", 3", 4", 3") 
and a TMG admittance rate of 0.2 Pa-liter/s at the substrate tempera- 
ture of 500~ The dashed and dotted line indicates 2.83/~ corre- 
sponding to a single monalayer of GaAs (100) surface. With increas- 
ing AsH:~ pressure, the film thickness per cycle becomes close to that 
of one monolayer. 

Fig. 6. Optical photos of the growth film by MLE without photo- 
irradiation (a) and with irradiation by a Hg lamp (b) at T~ub = 500~ 
The film surface with irradiation by a Hg lamp is smoother than that 
without irradiation. 
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Fig. 7. Carrier density of growth film ( - 2 0 0  nm) by MLE as a func- 

tion of TMG admittance rate (open circle) and AsH~ pressure (closed 
circle) at the substrote temperature of 500~ with o gas admittance 
mode (20", 3", 4", 3"). 

the  gas admi t t ance  rate, i.e., TMG and AsH:~ pressure.  Fig- 
ure  7 shows  the  carr ier  dens i ty  of  these  films as a func- 
t ion of the TMG admi t t ance  rate at the  constant  AsH3 
pressure  of 6.7 x 10-3 Pa  and as a func t ion  of  the  AsH:~ at 
the cons tan t  TMG admi t tance  of 0.2 Pa-liter/s at the  sub- 
strate t empera tu re  of  500~ All films for these  measure-  
ments  were  g rown  only -200  nm on the  n § Si -doped sub- 
strates of  (100) and of  (100) misor ien ted  4 ~ to <110> faces. 
All g rowth  films show p-type behavior .  Carrier densi t ies  
were  calcula ted by inc lud ing  a cor rec t ion  of dep le t ion  
layer widths.  A deple t ion  layer wid th  of  an abrupt  ap- 
p rox imat ion  is e s t imated  to be about  400~ for GaAs at the 
carrier  dens i ty  of  10 TM cm 3. 

With decreas ing  TMG admi t t ance  rate f rom 1 to 10-'-' 
Pa-liter/s, the  carrier  dens i ty  propor t ional ly  decreased  
f rom 1020 to 10 TM cm -3, whi le  wi th  decreas ing  AsH:~ pres- 
su re  the carrier  dens i ty  increased.  It  demons t ra tes  that  
the qual i ty  of the  film g rown  by MLE can be t remen-  
dously  i m p r o v e d  with  s lower  TMG admi t t ance  rate  and 
h igher  AsH3 pressure.  However ,  unde r  these  exper imen-  
tal condit ions,  all g rowth  films are p- type with  a carrier  
densi ty  in the  order  of  10'8-10 ~~ cm -3. Such  a high impu-  
rity level  suggests  the ex is tence  of a deviat ion f rom the  
s to ich iomet ry  and contaminat ions ,  such  as carbon doped  
in the  film dur ing  the  growth.  At  the  momen t ,  we will 
not  c o m m e n t  in detail  on such a marked  inf luence of 
TMG and AsH3 pressure  dur ing  the  film growth.  Those  
will be d iscussed  in another  paper.  The  inf luence of the  
photoi r radia t ion  on the  electr ical  proper t ies  was s tud ied  
and is summar i zed  in Table  I. Photo i r rad ia t ion  signifi- 
cant ly i m p r o v e d  the  Hall  mobi l i ty  and decreased the car- 
rier density.  

Selective film growth by MLE.--An observat ion  of the 
growth film surface  by an optical  mic roscope  indicates  
no deposi t ions  on the  Si:~N4 film used  for a mask  pattern.  

Auger  e lec t ron spec t roscopy  shbws nei ther  Ga nor  As 
componen t s  on the  Si:~N~ mask  film. On the  contrary,  
film growth  occur red  only on the  region of  GaAs surface  
wi thout  SigN4 film. These  facts indicate  that  the  se lect ive  
adsorpt ion  and select ive react ion for crystal  g rowth  of 
TMG and AsH3 took  place on the  substrate.  We can con- 
c lude  that  M L E  is a crysta l -growth t echn ique  that  pro- 
gresses  by a chemica l  adsorpt ion  react ion,  i.e., surface 
catalysis. 

It  is qui te  in teres t ing  to note  that  the substrate  orienta- 
t ion does not  inf luence the film growth  by MLE. No sig- 
nificant d i f ferences  be tween  (100) and (100) misor ien ted  
4 ~ to <110> substra tes  have  been  observed  on the g rowth  
rate and on the  electr ical  proper t ies  of  the  film. However ,  
films on the  (100) substrate  have  a be t ter  surface mor- 
phology  than  those  on the (100) misor ien ted  4 ~ to <110>. 

Conclusion 
For  the  first t ime,  s ingle-crystal  GaAs films were  pre- 

pared by M L E  us ing  TMG and AsH:~ and mono laye r  
growth  condi t ions  were  de t e rmined  as a func t ion  of  the 
gas admi t t ance  m o d e  and substra te  tempera ture .  At  the 
substrate  t empe ra tu r e  of 500~ mono laye r  film growth  
was realized. The  electr ical  proper t ies  of the  film were  
s t rongly in f luenced  by the  TMG and  AsH3 pressure.  
Those  were  i m p r o v e d  by  increas ing  ASH:3 pressure  and 
decreas ing TMG pressure  at the  gas admit tance .  Photoir-  
radiat ion i m p r o v e d  the  surface morpho logy  and the  elec- 
trical proper t ies  of the  g rowth  film by MLE. At the sub- 
strate t empera tu re  of  350~ single-crystal  film growth  
was realized by the  i r radiat ion of  a Hg lamp.  
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scr ipt  r ece ived  Dec. 17, 1984. 
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A B S T R A C T  

In  this paper ,  the  effect of low t empera tu re  preannea l  fo l lowed by rapid the rmal  anneal ing  on arsenic- implanted  Si 
is s tudied.  The  electr ical  proper t ies  and impur i ty  d is t r ibut ion  of the annea led  Si are discussed.  Shee t  mobi l i ty  and 
dopan t  ac t iva t ion  of  t he  imp lan ted  Si (100) samples  (As+: 80 keV, 1 • 103-~ and 1 • 10 ~6 cm -~ doses) as func t ions  of anneal- 
ing t empe ra tu r e  are reported.  TEM m e a s u r e m e n t s  on samples  wi th  and wi thou t  p reannea l  (550~ lh) are presented.  
RBS and channe l ing  resul ts  on samples  wi th  and wi thou t  preanneal  are also inc luded.  It is found that  the  dopan t  diffu- 
sion dur ing  R T A  of 1 • 10 ~5 cm -~ dose As implants  can be r educed  s o m e w h a t  by employ ing  a 550~ lh  furnace  pre- 
anneal  pr ior  to RTA. However ,  the p reannea l  does  not  have  significant effect  on the  carr ier  profiles o f  the  1 • 10 ~6 cm -2 
dose implants .  In  some  cases, the  p reannea l  increases  the  dopan t  act ivat ion slightly. 

In  the  fast deve lop ing  V L S I  technology,  the  t rend  is to 
have  smal ler  device  d imens ions  and shal lower  junct ions .  
More s t r ingent  r equ i r emen t s  have  thus  b e e n  imposed  on 
the  annea l ing  of  ion- implanta t ion  damage.  One p romis ing  
t e c h n i q u e  is rap id  the rmal  annea l ing  (RTA), dur ing  
which  the  imp lan ted  wafer  is hea ted  by a short  exposure  
to an i ncohe ren t  light. The  wafer  is usual ly  the rmal ly  iso- 
lated, and its m a x i m u m  tempera tu re  is l imi ted by a bal- 
ance b e t w e e n  absorbed  and radia ted  power.  Compared  
wi th  furnace  anneal ing,  R T A  is found  to be  capable  of 
more  efficient  dopan t  ac t ivat ion wi th  min ima l  diffusion. 
In the  pas t  two  years,  m a n y  researchers  have repor ted  
their  f indings  on the  R T A  of ion- implan ted  St. Be ing  a 
wel l -behaved  dopan t  for St, arsenic  is of special  interest ;  ~ 100 
its R T A  behav io r  has been  s tudied  ex tens ive ly  (1-6). 
Hodgson  et at. used  ion backscat ter ing ,  channel ing,  and >" 80  
TEM to s tudy  the  As- implan ted  (100) Si rapidly annea led  z 
wi th  an arc lamp (1). Wagner  et at. did research on photo-  to 60  

U 
l u m i n e s c e n c e  f rom rapidly annealed,  As- implan ted  Si (2). ,'7 
Kal ish  et at. r epor t ed  their  S IMS resul ts  of  As implants  " 4 0  
annealed wi th  a t ungs t en  halogen R T A  sys tem (3). Fair  

20  et at. have  m o d e l e d  the  As dif fus ion dur ing  R T A  and sug- o 
ges ted  the  poss ibi l i ty  of  enhanced  dif fus ion for As dur ing '~ 0 
R T A  (4). Wilson et al. repor ted  the  R T A  resul ts  of  As im- 
plants  us ing  a Varian IA-200 graphi te  anneal ing  sys tem >- 8 0 

A (5). Recent ly ,  Seidel  p resen ted  a pape r  in which  he re- "5 ,, 
por ted  the  absence  of  enhanced  diffusion dur ing  R T A  for ~ :~ 6 0 
arsenic implan t s  (6). o ~'- 4 0 

In  this paper ,  the  two-s tage annea l ing  process  using a ~ E 
low t empera tu re  furnace  preanneal  and a high tempera-  ~6 u 
ture rapid  t he rma l  anneal  for high dose As s implants  is in- > ~ 2 0 
vest igated.  Emphas i s  has been  g iven  to the  electr ical  0 
proper t ies  and the  damage  remova l  of  the  annealed sam- 
pies. o 80 

I 

Experimental  ~c 
60 

Si wafers  of  (100) or ienta t ion and 7 gt-cm p- type resistiv- ~ o 
ity were  imp lan t ed  wi th  As s ions at an energy  of  80 keV to w ~. 4 0 
a dose  of  1 • 10 ~5 or 1 • 10 ~6 cm -2. The  implan ta t ion  was ~ 
pe r fo rmed  at r o o m  tempera tu re  wi th  the  substra te  t i l ted ~4 ~ 2 0 
7 ~ off  the  d i rec t ion  of the  inc iden t  b e a m  to min imize  

*t 0 
channel ing.  S o m e  of the  samples  were  preannea led  in a 
quar tz- tube furnace  at 550~ for l h  in a f lowing N2 ambi-  
ent. Both  the  p reannea led  and unannea l ed  samples  were  
then  exposed  to radiat ion f rom h igh  in tens i ty  t ungs t en  

* Electrochemical Society Active Member. 
** Electrochemical Society Student Member. 

lamps in a f lowing N~ ambient .  The  annea l ing  t ime  was 
2s, and the  annea l ing  t empera tu res  were  about  1000 ~ 
1050 ~ and ll00~ The t empera tu re  of  each sample  was 
measu red  dur ing  the  i r radia t ion us ing  a t he rmocoup l e  
contac ted  to the  back  of  the  same sample.  The  sample  
heat ing  rate was 150~ and the init ial  cool ing rate was 
90~ Hall  effect  measu remen t s  us ing  the  van  der  P a u w  
m e t h o d  in con junc t ion  wi th  anodiza t ion  and layer  re- 
mova l  were  used  to de te rmine  the  carr ier  concentrat ion,  
sheet  resis tance,  and mobil i ty.  The  mic ros t ruc tu res  of the  
samples  were  s tud ied  by  t ransmiss ion  electron micros-  

I I I i 1~ I I I I 

�9 With Preonneal 

oWithout  Preanneal 

m m 

I 

I000 
I I I I I I I I I 

IO50 IIOO 

TEMPERATURE (~ 
Fig. 1. Dopant activation efficiency, sheet mobility, and sheet resistiv- 

ity as functions of RTA temperature for 1 • 10 ~'~ cm -~ dose sample, both 
with and without preanneal (550~ lh). 
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Fig. 2. Carrier concentration and mobility profiles for 80 keV, 1 x 
10 ~5 cm -~ dose arsenic implants rapidly annealed at 1000~ for 2s. 

copy (TEM). Channeled RBS measurements were also 
taken from a group of unannealed and annealed samples 
with and without furnace preanneal. The results obtained 
are discussed and correlated to those from TEM and Hall 
measurements. 

Results 
Hall and TEM Measurements.~Figure 1 shows the 

dopant activation efficiency, sheet mobility, and sheet re- 
sistivity as functions of RTA temperature for the 1 x 10 ~5 
cm -2 samples (both with and without preanneal). Nearly 
complete electrical activation was achieved for all the 
samples with or without preanneal. Figure 2 shows the 
carrier concentration and mobility profiles for the 1000~ 
RTA sample without preanneal, and the results for the 
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Fig. 3. Carrier concentration and mobility profiles for 80 keV, 1 x 
10 ~ cm-Z dose arsenic implants preannealed at 550~ in furnace, fol- 
lowed by RTA at 1000~ for 2s. 

Fig�9 4. Planar TEM micrograph of 80 keV, I x 10 ~ cm-2 dose arsenic 
implants preannealed (550~ 1 h), followed by RTA at 1000~ for 2s. 

preannealed, 1000~ RTA sample are shown in Fig. 3. The 
sample with the preanneal has a shallower concentration 
profile and higher peak carrier concentration than the 
sample without preanneal. This result indicates that the 
preanneal may have some effect  on the dopant diffusion 
during RTA, resulting in a shallower junction. Figure 4 is 
a planar TEM micrograph of the preannealed, I000~ 
RTA sample. The regrown layer (lower portion of the mi- 
crograph) is defect free, although defects (dislocations) 
are observed underneath this layer. The depth of the de- 
fects was evaluated from the number  of thickness fringes 
produced by the dynamical diffraction conditions in the 
wedge-shaped sample�9 The defects were found to be 
about 0.13 tLm deep, roughly corresponding to the posi- 
tion of original amorphous-crystalline interfaces. 

The activation efficiency, sheet mobility, and sheet re- 
sistivity for the 1 x 10 ~ cm -2 samples without and with 
preanneal are shown in Fig. 5, respectively, as a function 
of RTA temperatures. The activation efficiency increases 
with temperature, while the mobility and sheet resistivity 
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decrease  s l ight ly wi th  tempera ture .  This  is p robably  due  
to the  effect  wi th  a h igh  As dose. F igures  6 and 7 show the  
carrier  concen t ra t ion  and mobi l i ty  profi les for the  non- 
p reannea led  samples  wi th  R T A  t empera tu re s  of  1000 ~ and 
ll00~ respect ively .  The  carr ier  concent ra t ion  profiles 
are re la t ively fiat in compar i son  with  the  gauss ian  pro- 
files for the  1 • 1015 cm -2 samples  shown  in Fig. 2 and 3. 
This  d i f ference  is observed  because  the  As concent ra t ion  
for the 1 • 10 '6 cm -2 samples  exceeds  the  equ i l ib r ium 
solid solubi l i ty  near  the  peak  of  the  i m p l a n t e d  dopant  dis- 
t r ibut ion,  and the  As near  that  region is only part ial ly 
act ivated.  

The  l l00~ R T A  sample  (Fig. 7) shows  a m u c h  deeper  
profi le due  to bet ter  act ivat ion and dopan t  diffusion. Fig- 
ures  8 and 9 are  the  carr ier  concen t ra t ion  and mobi l i ty  
profiles for the  p reannea led  samples  wi th  R T A  tempera-  
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Fig. 8. Carrier concentration and mobility profiles for 80 keV, 1 • 
10 TM cm -2 dose arsenic implant preannealed at 550~ in furnace, fol- 
lowed by RTA at 1000~ for 2s. 

tures  of 1000 ~ and ll00~ respect ively .  Higher  ac t iva t ion  
eff iciency (-50%) is observed  for the  p reannea led  1000~ 
sample  of Fig. 8 compared  to the  sample  of  Fig. 6, wh ich  
was not  preannealed .  For  the  l l00~ sample ,  shown  in 
Fig. 9, h igher  carr ier  concent ra t ions  are achieved,  g iv ing  
rise to h igher  act ivat ion eff ic iency compared  to that  of  
1000~ sample  of  Fig. 8. The  profi le  is s l ightly shal lower  
than  that  of the  sample  wi thou t  p reannea l  in Fig. 7. S ince  
this d i f ference is wi th in  the  expe r imen ta l  uncer ta in ty  of 
the Hall  measu remen t ,  as far as the  carr ier  concent ra t ion  
profile is concerned ,  the  p reannea l  did not  seem to have  
very  m u c h  effect. This constras ts  wi th  the  resul ts  re- 
por ted  by Fair  et al. (4), w h o  found  a significant  reduc-  

I022 

A 

10 21 
i 

E 
u 

z 
o 
t-  I0 zO 
r~ 
I- 
z 
t,lit 
(,.) 
z 
0 

10 i9 

o o 
~oOOooooOO o 

o 

I l 

S i : A s  

80 K eV 
I x 1016 cm 

RTA I100 ~ 

I 0  le I I I 
0 0.10 0.20 0.30 

DEPTH ( m i c r o n )  

10 3 

10 2 
n 
3 o 

r 0 E J  

~E 

IO n 

0 .40  

Fig. 7. Carrier concentration and mobility profiles for 80 keV, 1 • 
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Fig. 10. Planar TEM micrograph of 80 keV, 1 • 10 TM cm -~ dose ar- 
senic implant rapidly annealed at 1000~ for 2s. The arrow indicates a 
precipitate, a: Without 550~ 1 h furnace preanneal, b: With preanneal. 

Fig. 11. Planar TEM micrograph of 80 keV, 1 • 10 TM cm-~ dose arse- 
nic implant rapidly annealed at 1100~ for 2s. a: Without 550~ 1 h fur- 
nace preanneal, b: With preanneal. 

tion of atomic profile broadening in preannealed 
samples. 

Figure 10 shows the TEM micrographs of the 1000~ 
RTA samples without (Fig. 10a) and with (Fig. 10b) pre- 
anneal. "Hairpin" dislocations are present in the regrown 
layers for both samples. However, the sample without 
preanneal has a higher density of As precipitates, re- 
sulting in poorer activation. Figure II shows the TEM mi- 

Table I. All samples were < 1 0 0 > ,  10 ~Q-cm Si 
implanted with 80 keV arsenic 

Arsenic dose 
Sample  from RBS 

no. Descript ion (A/cm ~) 

I Dose 1 x 10 '~ cm -2, 8.2 x 10 '4 
unannealed 

2 Dose I • 10 '6 cm -2, 8.6 • 10 '~ 
unannealed 

3 Dose 1 • 10 '~ cm -2, 8.9 • 10 TM 

RTA ll00~ 
4 Dose  1 • 10 '~ cm ~, 8.1 • 10 '4 

preanneal  + RTA ll00~ 
5 Dose  1 • 10 TM cm -2, 8.1 • 10 '~ 

RTA ll00~ 
6 Dose 1 • 10 '6 cm -2, 9.0 • 10 '~ 

preanneal  + RTA 1100~ 
7 Dose  1 • 10 TM em -2, 8.9 x 10 '5 

p r e annea l  + RTA 1050~ 

c r o g r a p h s  for  t h e  l l 0 0 ~  R T A  s a m p l e s  w i t h o u t  (Fig.  l l a )  
a n d  w i t h  (Fig.  l l b )  p r e a n n e a l .  N o  d i s l o c a t i o n s  a r e  ob-  
s e r v e d  for  e i t h e r  s a m p l e .  

RBS/channeling measurements.--Rutherford b a c k s c a t -  
t e r i n g  ( R B S )  a n d  c h a n n e l i n g  m e a s u r e m e n t s  o f  2.275 M e V  
H e  i o n s  w e r e  m a d e  a t  C h a r l e s  E v a n s  A s s o c i a t e s .  T h e  
" r o t a t i n g  r a n d o m "  o r i e n t a t i o n  t e c h n i q u e  w a s  u s e d  w h e n  
m e a s u r i n g  t h e  t o t a l  A s  d o s e  i n  e a c h  o f  t h e  s a m p l e s .  T h e  
s a m p l e  w a s  c o n t i n u o u s l y  m o v e d  t h r o u g h  al l  c r y s t a l  o r i en -  
t a t i o n s  d u r i n g  t h e  d a t a  a c q u i s i t i o n  p h a s e  so  t h a t  a n  av e r -  
a g e  o r  " r a n d o m "  c r y s t a l  o r i e n t a t i o n  is  o b t a i n e d .  T h e  de-  
s c r i p t i o n  o f  t h e  s a m p l e s  a n a l y z e d  is  s u m m a r i z e d  i n  T a b l e  
I. 

F i g u r e s  12-17 p r e s e n t  t h e  b a c k s c a t t e r i n g  s p e c t r a  in  
< 1 0 0 > - a l i g n e d  a n d  r a n d o m  d i r e c t i o n s  fo r  t h e  s a m p l e s .  
T h e  c h a n n e l e d  s p e c t r a  a re  d e n o t e d  w i t h  t h e  s u f f i x  " C C , "  
w h i l e  r a n d o m  s p e c t r a  a r e  d e n o t e d  w i t h  t h e  s u f f i x  " R R . "  
T h e  a l i g n e d  b a c k s c a t t e r i n g  y i e l d  is  i d e n t i c a l  to t h e  y i e l d  

Table II. Arsenic suhstitutionality 

Sample X,1~. Si Xm,, As S 

3 0,04 0.21 0.82 
5 0.03 0.19 0.83 
6 0.04 0.16 0.88 
7 0.04 0.24 0.79 
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Fig. 13. Rutherford backscattering spectra in < 100> aligned and ran- 
dom directions for unannealed, 80 keV, 1 x 10 '~ cm -2 dose arsenic 
implant. 

f rom a v i rg in  crysta l  for all the  annea led  samples  (with or 
w i t h o u t  preanneal) .  The m i n i m u m  sca t te r ing  yields (Xm~,) 
for the annealed samples are around 0.03-0.04, indicating 
that the recovery of the crystal is nearly perfect. The total 
arsenic dose measured in each sample is shown in Table 
I, and the first-order substitutional fractions S are shown 

in Table  II. The fol lowing equa t ion  was  used  to calculate  
the  values  of  S 

S - 1 -Ximpurity 
1 - Xho~t 

These  S va lues  are only first e s t ima tes  (7). However ,  t hey  
do corre la te  well  wi th  the  values  f rom Hall measure -  
ments .  
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Fig. 16. Rutherford backscattering spectra in < 100> aligned and ran- 
dom directions for 80 keV, 1 • 10 TM cm -2 dose arsenic implant 
preannealed (SSO~ l h), followed by RTA at 1 I00~ for 2s. 
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dom directions for 80 keV, ] • 1012 cm-2 dose arsenic implant rapidly 
annealed at ] ]O0~ for 2s. 
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Summary and Discussion 
For  arsenic  implan t s  wi th  1 • 10 '~ cm -~ dose, a 1000~ 

R T A  resu l t s ' i n  near ly  comple te  act ivat ion,  but  m a n y  re- 
sidual defects  still exis t  even  after a 550~ lh  furnace 
preannea l  pr ior  to RTA. Higher  t empera tu re  (> 1050~ is 
needed  for be t te r  defect  removal .  For  a dose of  1 • 10 '6 
cm -2, a 1000~ R T A  resul ts  in ~50% activat ion,  and m a n y  
residual  defects  still exis t  even  after a 550~ furnace pre- 
anneal,  wh ich  seems  to increase  the  act ivat ion slightly. 
An  1100~ RTA,  wi th  or  wi thou t  preanneal ,  r emoves  m o s t  
of  the  res idual  dis locat ions and resul ts  in an act ivat ion 
bet ter  than  80%. We have  found  that  dopan t  diffusion dur- 
ing R T A  of 1 • 10 ~5 cm -2 dose As implan t s  can  be re- 
duced  somewha t  by employ ing  a low tempera tu re  fur- 
nace preannea l  pr ior  to RTA. For  1 • 10 '6 cm -2 dose,  
there  is no s ignif icant  d i f ference b e t w e e n  the  carrier con- 
centra t ion profiles wi th  and wi thou t  preanneal .  However ,  
the preannea]  t r ea tmen t  in some cases increases the  
dopant  ac t ivat ion efficiency. 
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Fluence (Dose) Monitoring of Energetic H B N and As § 
Ions Using Ionization in a Radiachromic Film 

Kranti V. Anand and Myron Cagan *'1 
Fairchild Research Center, PaIo Alto, California 94304 

A B S T R A C T  

We have  measu red  the  increase  in optical  densi ty  vs. ion  f luence (dose) of  H § B ~, N ~, P~, and As ~ ions implan ted  at 
80 and 150 keV energies  us ing a rad iachromic  dye in a nylon matr ix.  The  t echn ique ,  wi th  some  modif ica t ion  to the sub- 
strate, wou ld  be  sui table  for automat ic ,  rout ine  moni to r ing  of  low ion implan t  doses  in the  range of  about  10" to 10 '3 
cm -'2. The  data  have  been  theore t ica l ly  analyzed,  and a mode l  for optical  dens i ty  saturat ion (or bleaching)  at h igh doses 
is proposed.  

In  this paper,  we  descr ibe  a m e t h o d  for moni to r ing  the  
implan t  f luence 2 (dose) for H +, B +, N ~, P+, and As ~ ions 
at 80 and 150 keV. These  species are c o m m o n l y  used  in 
the si l icon in tegra ted  circui t  industry,  and the  energies  
cover  the  va lues  typical ly  encountered .  The  m e t h o d  is 
par t icular ly sui table  at low doses (typically in the range of  
about  10" cm-2-10 '3 cm -2, d e p e n d i n g  on the  ion  species) 
which  are at least  an order  of  m a g n i t u d e  lower  than  the  
other  c o m m o n l y  emp loyed  m e t h o d  such  as sheet  resistiv- 
ity (Ps) (1). However ,  the  t echn ique  of  threshold  vol tage 
m e a s u r e m e n t  us ing  ei ther  M O S F E T ' s  or MOS structures  
(2) suffers f rom the  d i sadvantage  that  comple t e  wafer  pro- 
cessing is required .  This new t e c h n i q u e  to be  descr ibed  
has the  advantage ,  because  it is rapid, that  it can be  used  
for rout ine  moni to r ing  of implan te r  per formance .  The  
measured  dose is accura te  and absolu te  in the  sense that, 
unl ike  Ps measu remen t ,  it does not  d e p e n d  on mobi l i ty  
and free carr ier  concent ra t ion  after a high t empera tu re  
anneal.  I t  is also capable  of  be ing  au tomated ,  so that  a 
dose map  of each wafer  can be  obtained.  It  should  be  
poin ted  out  that  a system similar  to the  one proposed,  bu t  
relying on opt ical  changes  in photoresis t ,  is commerc ia l ly  
available (3). Though  that  sys tem has the  advantage  of  a 
wider  dose range capabi l i ty  (5 • 101~-5 • :10 '5 cm-~), the  
low end  of  the  range  is app rox ima te ly  an o rder  of  magni-  

*Electrochemical Society Active Member. 
~Present address: Philips Research Laboratories Sunnyvale, 

Sunnyvale, California 94086. 
~Fluence is defined as the number of incident ions per unit 

area (cm-2). However, since in the semiconductor industry this 
is referred to as dose, we shall call it by that name from now on. 

tude  h igher  than  that  observable  wi th  the p roposed  
method .  

Experimental Details 
The ions were  implan ted  into a sample  of  1 cm x 1 cm 

• 40 ~m th ickness  of  radiachromic  dye  (RCD) us ing an 
i m p l a n t e r  ~ wi th  a hot  ca thode  ion source.  The  RCD was  
originally deve loped  by McLaugh l in  and Chalkley (4, 5) 
and is commerc i a l l y  avai lable as self-support ing flexible 
films as th in  as about  8 tLm (6, 7). The  films consist  of  a 
nylon  mat r ix  conta in ing  a dye of  hydroxyethyl -subst i -  
tu ted  amino t r ipheny l  me thane  nitrile. Such  materials are  
used  most ly  for x-ray, g a m m a  ray, and e lec t ron dos imet ry  
in radiat ion p rocess ing  and medica l  fields. Shaw et al. (8) 
have used this mater ia l  4 for l i thographic  applicat ions and 
have  g iven  detai ls  of  its sensi t ivi ty to UV radiation, 
x-rays, e lec t ron beams,  and, to a '  smal ler  extent ,  H ~ and 
Ga ~ ion beams.  Dur ing  implanta t ion,  the  sample  is he ld  
on a stainless steel  backing  fixture, and a circular  area of  
7.5 cm diam is exposed  to the  bea  m. The  measured  beam 
currents  wi th  and wi thou t  the RCD sample  were  found to 
be essent ia l ly  the  same, indicat ing tha t  there  were  no 
anomalies  in charge  col lect ion due  to the  presence  of  the  
RCD. Simi lar  conclus ions  were  reached  by Rosens te in  
and co-workers  ( 9 ) f o r  the  same mater ia l  when  bom- 
barded  with  1.5 MeV electrons and wi th  3 MeV protons.  
Hansen  et al. (10) have  also exposed  it to 3 and 16 MeV 
protons,  10 MeV ~ particles,  21 MeV Li § ions, 42 MeV N + 

SHigh Voltage Engineering, Model 300 keV/LS5. 
4Far West Technology, Incorporated, Goleta, California 93117. 
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ions, and 64 MeV O 4 ions. S ince  the  RCD is  sensi t ive to 
UV and normal  f luorescent  light, all opera t ions  are car- 
r ied out  u n d e r  ye l low light. The opt ical  dens i ty  (OD) was 
calculated f rom t ransmiss ion  data  measu red  us ing a UV 
spec t rometer  5 at 610 n m  wavelength .  The  m i n i m u m  
t ransmiss ion  actual ly  occurs  at 600 nm, but  we found bet- 
ter  repeatabi l i ty  at 610 nm. 

Analysis of Experimental  Results 
As can be  seen in Fig. l a  and  lb ,  the  response  data  for 

this dye  to the  var ious  ions consis ts  of  an initial r eg ime  in 
which  the  OD increases  wi th  dose. It  is fo l lowed by a sat- 
ura t ion and a b leach ing  regime.  The  dose at which the  
m a x i m u m  in OD occurs  we  shall  refer  to as Dmax- 

We find (solid l ines in Fig. la  and lb) that  the  initial re- 
g ime can be  fit ted to a theoret ical  curve  of the  form of 
Eq. [1] 

OD = K[1 - exp (-D/Do)] m [1] 

This  equa t ion  resul ts  f rom the  "one  or more  hi t"  theory  
(11, 14) and  was shown to apply  to a w ide  range of detec- 
tors. Though  in the  past  this t r ea tmen t  has been  appl ied  
to megae lec t ron  vol t  g a m m a  rays and protons,  Sha rma  
et al. (11) have  d i scussed  its appl icabi l i ty  to heavy  ions as 
well. The  theory  uses  Po isson  statist ics to work  out the  
probabi l i ty  o f p h o t o i o n i z a t i o n  even ts  as a func t ion  of  the  
radial  d is tance  f rom the  par t ic le  track. The  mode l  as- 
sumes  that  it is the  energet ic  secondary  e lect rons  which  
cause the  rad io ly t i c  i~nization process  and  that  the  d i rec t  
par t ic le  cont r ibu t ion  is negligible.  

Table  I gives  the  calculated va lues  of  the three con- 
stants k, Do, and m; m is cal led the  " ta rge t"  or "ext rapola-  
t ion"  number .  We note  that  for H ~, the  va lue  of  m is 1, im- 
plying that  i t  is a ~ n e - h i t  de tec tor  as referred to by 
Sha rma  and Katz (11). This  has also been  observed by 
Rosens te in  et al. (9) wi th  3.0 MeV pro tons  and by Hansen  
et al. (10). However ,  as seen in Table  I for the  o ther  ions, 
m ~ 1. For  this reason,  the  ionizat ion process  appears  to 
be more  complex .  In  spi te  of  this,  the  theory  gives a satis- 
factory fit to the  ions and energies  wh ich  were  used. 

We proceed  n o w  to calculate  the  saturat ion dose, Dm~, 
f rom a di f ferent  set of  theore t ica l  considerat ions.  In  the  
d iscuss ion above,  we  have  neg lec ted  the  nuc lear  energy  

5Perkin-Elmer UV spectrophotometer (Model 320). 

loss of the  pene t ra t ing  ion. We calculate  t he  pa ramete r  ETN 
(defined below), toge ther  wi th  the  pro jec ted  range  Rp, 
us ing  a range  theory  deve loped  by one of  us (K.V.A.) 
us ing  a semi-Monte  Carlo t e c h n i q u e  (12, 13). The  theory  
uses a Thomas -Fe rmi  screening  potent ia l  for calcula t ing 
the  nuc lea r  energy  loss. The  values  of  ETN and Rp are also 
g iven  in Table  I. I f  we  were  to a s sume  that  b leach ing  oc- 
curs w h e n  the  total  nuc lear  energy  absorbed  by the  RCD 
reaches  a cons tan t  value,  which  is i n d e p e n d e n t  of the 
type  of  ion  or  its init ial  energy,  t hen  for the  best  fit to our  
expe r imen ta l  data, this cons tan t  is as g iven  by Eq. [2]. 

DmaxET~ = total  nuc lea r  energy  absorbed  (const.) = 2.3 • 
1014 keV-cm -2 [2] where  ETN is total  nuc lea r  energy  loss in 
[keV-(ion)- ' ]  over  its s topping  t rack length.  Table  I shows 
the  theore t ica l  (using Eq. [2]) and expe r imen ta l  va lues  of  
Dmax. As can  be  seen, the  co r re spondence  is good, im- 
p ly ing that  our  a s sumpt ion  that  b leach ing  is caused by 
nuc lear  energy  loss is correct.  

I t  shou ld  be no ted  that, as expec ted ,  the  h ighes t  calcu- 
la ted range  (10,350;~) is that  of  the  l ightes t  ion, H § at 150 
keV and the lowes t  calculated range  (930~) is for the  
h e a v i e s t  ion, As% However ,  the  total  nuc lear  energy  loss 
w h e n  b leach ing  occurs  is the  same for each ion, i.e., 2.3 • 
10 TM keV-cm -2. This  means  that  the  average  nuclear  en- 
ergy loss per  uni t  v o l u m e  for As ~ is an order  of  m a g n i t u d e  
h igher  than  for H +. This  sugges ts  that  b leach ing  is not  
due  to the  p r imary  react ion be tween  the  i ncoming  ion  
and the  material .  Instead,  it is caused by secondary  pro- 
cesses wh ich  dis t r ibute  the  nuc lea r  energy  loss over  a 
m u c h  wider  range.  S ince  H makes  up 60% of the a tomic  
densi ty  of  the  dye  mat r ix  and has the  requis i te  long 
range,  it is p roposed  that  it is p r imar i ly  respons ib le  for 
the  b leach ing  act ion by direct ly  d i s rup t ing  the  dye mole-  
cule. 

Measurement  of Ion Dose Using the Dye 
The expe r imen ta l  data g iven  in Fig. l a  and lb  can obvi- 

c,usly be used  to calculate  dose f rom the  measu red  va lue  
of OD on any g iven  sample.  The  accuracy  wi th  which  the  
dose can be  measu red  us ing  this data  depends  on the ac- 
curacy of the OD measurement .  Our spec t romete r  is capa- 
ble of  measur ing  the  t ransmiss ion  th rough  the  dye wi th  a 
m a x i m u m  error  of  -+0.1%. Us ing  the  funct ional  relat ion- 
ship be tween  OD and dose as g iven  by Eq. [1], we  calcu- 
late the  dose tha t  can be measu red  wi th  an  accuracy  of 
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Fig. I .  The experimental data (points) and the best theoretical fit (in solid lines) far optical density increase at 610 nm as a function of ion fluence 
(dose) using Eq. [1] for 80 keY (a) and 150 keY (b) for the various ions. Arrows indicate tEe values of D ... .  as calculated by Eq. [2]. 
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Table I. This shows for H ~, 8 § N § P~, and As ~ the various parameters defined in the text associated with the ions at the two implant energies of 80 
(columns 2-9) and 150 keV (columns 10-17) 

Dmax Dm~x Dmax Dm~• 
Do ET~ (theor.) (expt.) Dm~, Range Do ETN (theor.) (expt.) D~,  Range 

Ion m (x 10 '2) k (keV) (x 10 '2) (x 10 '2) (x I0") (s m (x I0 '~) k (keV) (x 10 '2) (x 10 '2) (x I0") (A) 

H 1.00 4.5 0.23 1.2 192 >50 2.0 7,470 1.00 2.9 0.32 1.1 209 >50 0.8 10,350 
B 0.81 5.8 0.13 25.7 8.9 8.7 2.6 4,860 1.23 2.3 0.20 32.7 7.0 7.4 1.8 7,695 
N 0.70 5.8 0.09 35.5 6.5 6.5 3.5 3,450 1.23 3.8 0.23 48.2 4.8 5.5 2.7 5,875 
P 0.97 3.5 0.07 59.1 3.9 4.4 5.0 1,625 1.33 1.5 0.09 95.5 2.4 3.0 2.7 3,075 
As 0.81 3.8 0.03 71.1 3.2 3.2 12 930 0.78 2.0 0.06 128.1 1.8 1.6 3.1 1,650 

-+5.0%. Th i s  dose,  Drain, is also s h o w n  in Tab le  I. Drnin 
r a n g e s  f r o m  8.0 • 10 TM cm -2 for  t he  l igh t  ion  H + at  150 keV  
to 1.2 • 10 ~ c m  -~ for  As + at  80 keV. Fo r  doses  a b o v e  Dm~n, 
t he  accu racy  will be  b e t t e r  t h a n  -+5.0% u p  to a dose  close 
to Dmax, w h e r e  a c c u r a c y  d rops  aga in  due  to t he  m a x i m u m  
in the  r e s p o n s e  curve.  Hence ,  for  i m p l a n t  m o n i t o r i n g  pur -  
poses ,  a dose  va lue  s h o u l d  be  c h o s e n  w i t h i n  th i s  r ange  to 
give the  be s t  dose  p rec i s ion  d e p e n d i n g  on  the  e n e r g y  a n d  
ion  type.  We ca lcu la te  tha t ,  u s i n g  th i s  m e t h o d ,  t h e  preci-  
s ion  of the  dose  m e a s u r e m e n t  w o u l d  be  -+0.5%. 

It  s h o u l d  be  p o i n t e d  ou t  t h a t  t he  e x p e r i m e n t a l  sca t t e r  
in  the  m e a s u r e d  OD in  c o m p a r i s o n  to t he  s m o o t h  cu rve  
s h o w n  in  Fig. l a  a n d  l b  is occas iona l ly  g rea te r  t h a n  the  
i n s t r u m e n t  OD error.  Th i s  is b e c a u s e  t h e  s t a n d a r d  devia-  
t ion  of t he  OD of t he  u n e x p o s e d  ma te r i a l  is speci f ied  b y  
the  RCD m a n u f a c t u r e r  is -+5%. In  o rde r  to real ize t he  be s t  
accu racy  for dose  m e a s u r e m e n t ,  a n  OD m a p  of the  RCD 
de tec to r  s h o u l d  b e  o b t a i n e d  p r io r  to  i m p l a n t a t i o n  (a refer- 
ence  check).  T h e n  the  i m p l a n t e d  s a m p l e  wou ld  b e  
m a p p e d  a n d  co r rec t ed  u s i n g  t he  r e f e r ence  m e a s u r e m e n t  
on a point-by-point basis. With this technique, it will be 
possible to realize the dose measurement accuracies dis- 
cussed above. 

In principle, it should be possible to use this technique 
for doses larger than Dm~• (when OD begins to go down 
due to the bleaching action). However, since our interest 
was primarily in low dose monitoring, this was not inves- 
tigated. It should, however, be noted that dose error near 
Dmax will be very large. Hence, measurement near that re- 
gion should be avoided. 

It is envisaged that, in a semiconductor manufacturing 
facility, the dye would be deposited on a glass or quartz 
plate whose dimensions conform to silicon wafer specifi- 
cations. After implantation in the usual way, the RCD 
containing wafer would be mapped automatically on a 
spectrophotometric dosimeter (at 610 nm) with a com- 
puter-controlled X-Y stage. Such a system would produce 
an X-Y map of the ion implantation dose distribution 
using the calibration data shown in Fig. la and lb. 

Conclusions 
We h a v e  s h o w n  t h a t  for  a w ide  m a s s  r a n g e  of ions  s u c h  

as H ~, B § N 4, P4 a n d  As + i m p l a n t e d  in to  RC D  at  ene rg i e s  
of 80 a n d  150 keV  t he  r e l a t i ons h i p  b e t w e e n  OD a n d  dose  
at  t he  low doses  can  be  m o d e l e d  on  t h e  bas i s  of Eq. [1]. 
The  t h r e e  c o n s t a n t s  a s soc ia t ed  w i t h  th i s  m o d e l  e q u a t i o n  
h a v e  b e e n  ca l cu la t ed  f rom our  e x p e r i m e n t a l  da ta  a n d  al- 
low dose  ca l i b r a t i on  to b e  m a d e  f rom OD data.  As t he  
dose  inc reases ,  a b l e a c h i n g  ac t ion  causes  a m a x i m u m  in  
OD to b e  r eached .  O ur  de ta i l ed  ca l cu la t ions  of  t he  ene rgy-  

loss m e c h a n i s m  sugges t s  t h a t  th i s  b l e a c h i n g  ac t ion  is pri- 
mar i ly  due  to t he  h y d r o g e n - a s s i s t e d  n u c l e a r  e n e r g y  loss 
d i s r u p t i n g  t he  dye  molecule .  

We e s t ima te  t h a t  th i s  t e c h n i q u e  can  be  success fu l ly  
u s e d  for  dose  m o n i t o r i n g  in  ion  i m p l a n t a t i o n  sy s t ems  
w i th  a n  accu racy  of  b e t t e r  t h a n  -+5.0% d o w n  to ve ry  low 
doses  of  a b o u t  10 '~ cm -~ for  m o s t  ions  a n d  typ ica l  acceler-  
a t ion  po t en t i a l s  in  the  50-200 keV  r a n g e  u s e d  in  t he  semi-  
c o n d u c t o r  i ndus t ry .  
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A B S T R A C T  

InP  g rowth  character is t ics  in low pressure  meta lorganic  vapor  phase  ep i taxy  (MOVPE) in a ver t ica l  reactor  were  
studied.  A m a x i m u m  mobi l i ty  of  32,000 cm2/V s at 77 K was obtained.  Selec t ive  ep i taxy  was also invest igated,  and com- 
ple te ly  se lec t ive  ep i taxy  was real ized for 15 ~m wide  SiO2 masks  at 40 torr. P re l imina ry  resul ts  are shown  for a hybr id  
L P E / M O V P E - g r o w n  d i s t r ibu ted- feedback  laser diode. S ingle  longi tudinal  m o d e  opera t ion  under  pu l sed  current  injec- 
t ion was ach ieved  at room tempera ture .  

Recent ly ,  I n P  has b e c o m e  increas ingly  impor tan t  be- 
cause of its appl ica t ions  to op toe lec t ronic  devices  and to 
monol i th ic  in tegra t ion  of lasers, detectors ,  and FET 's .  For  
such device  integrat ion,  ul t raf ine l i thography  and larger  
surface areas wi th  smooth  specular  layers will be  re- 
quired.  Large-area  epi taxial  films can be obta ined fairly 
easily by meta lorganic  vapor  phase  ep i taxy  (MOVPE) or 
meta lorganic  chemica l  vapor  depos i t ion  (MOCVD) (1). 
MOVPE has p r o v e n  its sui tabil i ty for GaAs and GaA1As 
epi taxial  g rowth  and for device  appl icat ions  (2, 3). The  
pr incip les  of M O V P E  opera t ion  and  reac tor  design are 
compara t ive ly  s imple,  and mater ia ls  wi th  un i fo rm device  
qual i ty  over  large areas are readi ly  obtained,  par t icular ly  
for GaAs. 

Appl ica t ion  of the  MOVPE t e c h n i q u e  to the  g rowth  of  
I n P  has  been  inves t iga ted  th rough  a var ie ty  of  ap- 
p roaches  (4-13); t r i e thy l ind ium ( T E I ) +  phosph ine  (PH3) 
(4-8), adduc t s  (9, 10), t r ime thy l i nd ium (TMI) + PH3 (11, 
12), and TMI .  + t r ime thy lphosph ine  (TMP) (13). Early 
p rob lems  encoun te r ed  for the  M O V P E  growth  of In  con- 
ta ining c o m p o u n d s  are a t t r ibuted  to the  parasi t ic  react ion 
be tween  TEI  and PH~ in the  gas phase  to form nonvola-  
ti le po lymer ic  l iquids  ups t r eam f rom the  substrate.  To 
solve these  problems ,  some  groups  have  adopted  the  use  
of adducts ,  such  as TMI-TMP (9) or  TMI-t r ie thylphos-  
ph ine  (TEP) (10), as sources. These  molecu les  do not  
themse lves  fo rm nonvola t i le  polymers ,  hence  the  disad- 
vantages  of  this approach  are the  low vapor  pressures  of  
the adducts ,  wh ich  necess i ta tes  hea t ing  the  tub ing  and re- 
actor  walls u p s t r e a m  f rom the  substrate ,  and the  diffi- 
cul ty for g rowing  m u l t i c o m p o n e n t  systems.  The  o ther  ap- 
p roach  is to use  TMI instead of TEI.  TMI was observed  to 
par t ic ipate  in the  gas phase  react ions ]ess than  TEI. A dis- 
advantage  of  this m e t h o d  is the  low mel t ing  poin t  of  TMI; 
prec ise ly  contro l led  t ranspor t  to a reactor  is difficult be- 
cause TMI is solid at near  room tempera ture .  At  the  pres- 
ent  stage, therefore ,  the  conven t iona l  sources,  TEI  and 
PH:,  have fewer  problems.  In  us ing TEI  and PH3, effec- 
t ive  approaches  are to adopt  the  low pressure  g rowth  
t echn ique  (5), to pyrolyze  PH3 (5), or to keep  the reactants  
separated unt i l  the  last possible m o m e n t  in the  growth  
process  us ing  a special  guide  which  also plays a role of  
the oven for PH:~ pyrolysis  (6). There  have  been  some suc- 
cesses wi th  these  approaches .  

Note  that  these  s tudies  have  used  horizontal  reactor  
(HR) systems.  A l t h o u g h  successfu l  resul ts  were  obta ined  
us ing  ver t ica l  reactor  (VR) sys tems  for GaAs M O V P E  
(14, 15), no successful  resul ts  have  yet  been  repor ted  con- 
cerning the  I n P  g rowth  us ing  a VR system. The reasons 
for this m a y  arise f rom difficulties invo lved  in a VR sys- 
tem:  (i) parasi t ic  react ion problem,  or (ii) the rmal  convec-  
t ion problem.  These  p rob lems  are more  crucial  in a VR 
sys tem than  in an H R  system. In fact, the  radiat ion f rom 
the  hea ted  suscep to r  in a VR sys tem direct ly  p romotes  
the p rema tu re  decompos i t i on  of  MO molecu les  far f rom 
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the  substrate  and accelerates  the parasi t ic  reaction. More- 
over, some tu rbu len t  gas f low is l iable  to deve lop  in a VR 
system, because  the  p ronounced  the rmal  convec t ion  due  
to the  hea ted  suscep tor  impedes  the  smoo th  s t ream of the  
source gases. So, f inding a way  out  of the  difficulties 
men t ioned  above  and applying a VR sys tem to MOVPE 
of InP  is wor th  invest igat ing.  

In addit ion,  a h ighly  select ive ep i taxy  technique ,  once  
accompl ished ,  can ex tend  the  des ign flexibil i ty of  inte- 
grated devices  and reveal  the  g rowth  mechan ism.  In  
many  cases, M O V P E  is carr ied out  over  the  ent i re  area of  
planar  subs t ra te  surfaces. Se lec t ive  M O V P E  has been  in- 
ves t iga ted  for appl icat ion wi th  GaAs (16-19), bu t  ve ry  lit- 
t le a t ten t ion  has bee'n.paid to I n P  (20). 

The  authors  inves t iga ted  the  p romis ing  appl icat ion of  a 
ver t ical  reactor  sys tem to MOVPE of I n P  and select ive  
epi taxy us ing  TEI  and PH3. The  t echn iques  of low pres- 
sure  M O V P E  and  separa te  in t roduc t ion  to source  gases 
are adopted  to ove rcome  the  p rob lems  men t ioned  above.  
As a test  of the qual i ty  of the films p roduced  and their  
appl icabi l i ty  to devices,  a hybr id  l iquid  phase  ep i taxy  
(LPE) /MOVPE t echn ique  was used  to fabricate  distri- 
bu ted - feedback  bur ied-he te ros t ruc ture  (DFB-BH) lasers. 

In this paper,  the  growth  and proper t ies  of InP  films 
p roduced  by low pressure  M O V P E  in a ver t ical  sys tem 
are reported.  Se lec t ive  ep i taxy  is also inves t iga ted  to es- 
tabl ish the  necessary  condi t ions  for comple te ly  se]ective 
epitaxy.  An appl ica t ion to d i s t r ibu ted- feedback  buried-  
he te ros t ruc tu re  (DFB-BH) laser fabr icat ion toge ther  wi th  
L P E  (a hybr id  L P E / M O V P E  techn ique)  is also reported.  

Experimental 
Growth system.--The growth  sys tem used  in this s tudy  

is s imilar  to one previous ly  r epor t ed  (21), a schemat ic  dia- 
g ram of wh ich  is shown in Fig. 1. The  reactor  gas mani-  
fold and mix ing  sys tem were  cons t ruc ted  of stainless 
steel, and all gases were  control led by mass  flow control-  
lers. T r i e thy l ind ium [TEI, In(C~H.~)3] was used as the  in- 
d ium source,  and PH3 di luted to 10% in hydrogen  was 
used  as the phosphorus  source. TEI  was conta ined in a 
stainless steel  bubb le r  and main ta ined  at constant  tem- 
pera ture  wi th  a thermosta t .  PH~ was conta ined  in a com- 
mercia l ly  supp l ied  high pressure  gas cylinder.  The carrier 
gas was pa l lad ium-di f fused  high pur i ty  hydrogen.  PH3 
flow-rate values  refer  to the  flow rates of  d i lu ted gases. 

The  cold-wal led  growth  reac tor  was a quar tz  t ube  40 cm 
long. It was of  4 cm diam for its uppe r  one-quarter ,  10 cm 
for the  lower  three-quar ters ,  and had O-ring seals for sep- 
arat ion at the  base. Two lines for TEI  and PH3, respec-  
tively, are separate ly  connec ted  to the  reactor  to suppress  
the  parasi t ic  reaction.  TEI  is i n t roduced  via a fine tube  to 
the  v ic in i ty  of  the  pedestal ,  whi le  PH3 flows down  f rom 
the  reactor  top  end.  A rota table  pedes ta l  m a d e  Of h igh  pu- 
r i ty graphi te  is induct ive ly  hea ted  (300 kHz). Tempera tu r e  
is measu red  by a t h e r m o c o u p l e  inser ted  into this pedesta l  
wi th in  the  quar tz  tube. All t empera tu re  values  g iven  refer  
to readings of  this the rmocouple .  
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Fig. 1. Schematic diagram of vertical MOVPE growth system 

G r o w t h  at r e d u c e d  p r e s s u r e  was  ca r r ied  ou t  by  incor-  
p o r a t i n g  a ro t a ry  p u m p  at  t he  ou t le t  of  t h e  r eac to r  tube .  
To m o n i t o r  t he  p r e s s u r e  w i t h i n  t h e  r eac to r  and  the  gas  
mani fo ld ,  d i a p h r a g m  p r e s s u r e  gauges  were  used.  A mo- 
l ecu la r  s ieve  was  u s e d  to i m p e d e  oil back -d i f fus ion  at the  
i n p u t  of the  p u m p .  The  w o r k i n g  p r e s s u r e  was  a d j u s t e d  b y  
v a r y i n g  t h e  l ine  c o n d u c t a n c e  u s i n g  a valve.  

Ep i tax ia l  g r o w t h  was  car r ied  ou t  (i) on  i r o n - d o p e d  semi-  
i n s u l a t i n g  I n P  s u b s t r a t e s  to  faci l i ta te  s u b s e q u e n t  electr i-  
cal eva lua t ion ,  (ii) o n  m a s k e d  I n P  s u b s t r a t e s  for t he  s t u d y  
of se lec t ive  ep i taxy ,  a n d  (iii) on  p - type  I n P  s u b s t r a t e s  for  
f ab r i ca t i ng  D F B - B H  lasers.  T he  s u b s t r a t e s  were  o b t a i n e d  
c o m m e r c i a l l y  a n d  h a d  one  s ide  po l i shed .  T he  o r i en ta t ions  
of t he  s u b s t r a t e s  w e r e  (100) a n d  3 ~ off t h e  (100) p l a n e  to- 
wa rd  [110]. I den t i ca l  r e su l t s  were  o b t a i n e d  for b o t h  sub-  
s t ra te  o r i en ta t ions .  

Growth procedures.--The s u b s t r a t e s  were  c l eaned  w i t h  
t r i ch lo roe thy l ene ,  ace tone ,  a n d  i sopropy l  alcohol.  T h e y  
were  e t c h e d  first in  a n  H.eSO4-H20~-H20(3:1:l) m i x t u r e  
a n d  t h e n  in  10% B r - m e t h a n o l  j u s t  p r io r  to  g rowth ,  t h e n  
r in sed  in de ion i zed  water ,  a n d  finally dried.  

S u b s t r a t e s  for  t he  s tudy  of se lec t ive  ep i t ax ia l  g r o w t h  
were  also p repa red .  First ,  a n  SiO~ layer  a b o u t  300 n m  
t h i c k  was  R F  s p u t t e r e d  on  t he  c l e a n e d  sur face  of t he  sub-  
s t rates .  F ive  d i f f e ren t  types  of m a s k s  (pa t t e rn s  A-E s h o w n  
in Fig. 2) we re  f o r m e d  a long  t he  [110] or [ l i0 ]  d i r ec t ions  
wi th  c o n v e n t i o n a l  p h o t o l i t h o g r a p h y  t e c h n i q u e s  a n d  
u s i n g  bu f f e r ed  H F  as t he  e t chan t .  P r i o r  to l oad ing  in  t h e  
g r o w t h  sys t em,  t h e  s u b s t r a t e s  were  c l e aned  aga in  in  or- 
gan ic  so lven t s .  

The  s u b s t r a t e s  we re  p l aced  p e r p e n d i c u l a r  to t he  gas  
s t r e a m  o n  t he  qua r t z  s u s c e p t o r  w h i c h  was  set  on  t he  
g r aph i t e  pedes ta l .  Af te r  load ing  t he  subs t ra t e s ,  t h e  reac- 

I'111 Clll 
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to r  was  p u r g e d  w i t h  a h y d r o g e n  flow of 5 l i te r / ra in  for 60 
rain,  a n d  t he  p r e s s u r e  was  b r o u g h t  d o w n  to t h e  w o r k i n g  
level.  Af ter  t he  p r e s s u r e  h a d  s tabi l ized,  h e a t i n g  was  be- 
gun.  T h e  PHa flow was  m a i n t a i n e d  as long  as t he  t e m p e r -  
a tu re  s t ayed  a b o v e  450~ Typica l  g r o w t h  p a r a m e t e r s  a re  
l i s ted  in T a b l e  I. 

Sample evaluation.--The s a m p l e s  g r o w n  in  th i s  s t u d y  
were  eva lua t ed  u s i n g  v a n  de r  P a u w - H a l l  effect  measu re -  
men t s .  The  m e a s u r e m e n t s  were  t a k e n  on  r e c t a n g u l a r  
s a m p l e s  b y  p lac ing  S n  dots  a r o u n d  each  s a m p l e  pe r iph -  
ery. The  Hal l  effect  was  m e a s u r e d  in  1 k G  m a g n e t i c  
fields. To m e a s u r e  t h e  t h i c k n e s s  of  t he  ep i t ax ia l  layers ,  
s t a in ing  t e c h n i q u e  was  app l ied  to c l eaved  sect ions .  

P h o t o l u m i n e s c e n c e  (PL) was exc i t ed  w i t h  t he  530.8 n m  
l ine  of  a Kr* laser.  The  exc i t a t ion  i n t e n s i t y  was  typical ly  5 
W/cm ~. 

I n P  ep i tax ia l  layers  o n  F e - d o p e d  I n P  s u b s t r a t e s  were  
s tud ied  by  x-ray d i f f rac t ion  u s i n g  a doub le -c rys t a l  m o n o -  
c h r o m e t e r ,  i n  w h i c h  t h e  first c rys ta l  was  a (100) I n P  wa- 
fer a n d  the  (400) ( + , - )  para l le l  a r r a n g e m e n t  was  used .  The  
x-ray b e a m  size i n c i d e n t  on  a s a m p l e  sur face  was  less  
t h a n  1 m m  in  d iamete r .  The  e x t i n c t i o n  d i s t ance  of t he  
(400) re f lec t ion  of a n  I n P  crys ta l  is 1.2 tLm (22). This  is 
sho r t e r  or t h e  s a m e  as t he  t h i c k n e s s e s  of  t he  I n P  ep i t ax ia l  
layers  g r o w n  here .  Fo r  th i s  reason ,  t he  x- ray  d i f f rac t ion  is 
c o n s i d e r e d  to b e  m a i n l y  f r o m  t h e  I n P  ep i t ax ia l  layers  
w i th  on ly  a neg l ig ib le  c o n t r i b u t i o n  f r o m  the  s u b s t r a t e s  
t hemse lves .  

DFB laser fabrication by the hybrid LPE/MOVPE tech- 
nique.~MOVPE was app l i ed  to d i s t r i b u t e d - f e e d b a c k  
b u r i e d - h e t e r o s t r u c t u r e  (DFB-BH)  lase r  fabr ica t ion .  In  t he  
f ab r i c a t i on  of  D F B  lasers ,  t he  m e l t - b a c k  or d e f o r m a t i o n  
of  t h e  c o r r u g a t e d  layers  h a s  o f t en  b e e n  o b s e r v e d  d u r i n g  
L P E  g r o w t h  (23). However ,  M O V P E  is e x p e c t e d  to keep  
the  s h a p e  of t he  co r ruga t ion .  

M O V P E  was  app l i ed  to g row the  on=corruga t ion  layer  
a n d  t he  o the r  layers  were  m a d e  b y  L P E  (hybr id  L P E /  
M O V P E  t e c h n i q u e )  b e c a u s e  at  t he  s tage  of th is  w o r k  
d o p i n g  was  no t  inves t iga ted .  F i g u r e  3 shows  t he  sche-  
ma t i c  d i a g r a m  of  a D F B - B H  laser  g r o w n  b y  th i s  h y b r i d  
L P E / M O V P E  t e c h n i q u e .  I t  was  f a b r i c a t e d  b y  t he  follow- 
ing  process .  A th ree - l aye r  s t ruc tu re ,  c o m p o s e d  of  a Zn-  
d o p e d  I n P  bu f fe r  a n d  a lower  c l a d d i n g  layer  (5 tLm th ick ,  
p = 3 • 10 '7 cm-~),  a n  u n d o p e d  I n G a A s P  ac t ive  layer  (0.25 
t*m th ick ,  k = 1.55 t~m), a n d  a S n - d o p e d  I n G a A s P  wave-  
gu ide  layer  (0.25 t*m th ick ,  n = 2 • 10 TM c m  -a, k = 1.3 ~m), 
was  g r o w n  o n  a Z n - d o p e d  (100) I n P  s u b s t r a t e  (p = 5 x 1017 
c m  -a) b y  t he  c o n v e n t i o n a l  L P E  t e c h n i q u e  (Fig. 4a). A 
s e c o n d - o r d e r  c o r r u g a t i o n  was  t h e n  f o r m e d  on  the  
I n G a A s P  w a v e g u i d e  layer  by  h o l o g r a p h i c  pho to l i t hog ra -  
p h y  a n d  c h e m i c a l  we t  e t c h i n g  (24) (Fig. 4b). The  p i t ch  a n d  
the  d e p t h  of  t he  co r ruga t i on  were  typ ica l ly  460 a n d  160 
nm,  respec ' t ively.  The  d i rec t ion  of t he  co r ruga t ion  was  
[110]. 

The  c o r r u g a t e d  sur face  was  o v e r g r o w n  w i t h  a n  un-  
d o p e d  I n P  layer  f o r m e d  b y  M O V P E  (Fig. 4c). P r io r  to t he  
l oad ing  of the  wafe r  in to  t he  M O V P E  reactor ,  t he  corruga-  
t ed  sur face  was  c l eaned  in  ho t  ace tone ,  c o n c e n t r a t e d  
H2SO4, a n d  HF.  The  g r o w t h  t e m p e r a t u r e  a n d  t he  r eac to r  
p r e s s u r e  we re  600~ a n d  90 torr ,  r espec t ive ly .  D o p i n g  was  
no t  u t i l ized at  th i s  s tage of t he  M O V P E  s tudy.  

Af ter  t h e  M O V P E  gro~rth,  a b u r i e d - h e t e r o s t r u c t u r e  was  
f o r m e d  by  t he  se lec t ive  L P E  t e c h n i q u e  (25) (Fig. 4d). 
Firs t ,  r e v e r s e - m e s a  s t r ipes  we re  f o r m e d  in  t he  [110] direc-  
t ion  w i t h  t he  SiO.2 masks .  Next ,  succes s ive  n- a n d  p - type  
I n P  layers  were  grown.  The  w i d t h  of t h e  ac t ive  r eg ion  
was 19 ~m. O h m i c  con tac t s  were  m a d e  b y  e v a p o r a t i n g  

o E l U l l  
l l l l  
I l l l  

W : 40  Area Size : 3 0 0 x 2 5 0  
S : 3 7 0 x 2 0 0  S : 30 

Fig. 2. Five mask patterns for the study of selective epitaxy 

Table I. List of typical growth conditions 

Substrate temperature 
Total flow rate 
TEI flow rate 
H2 flow rate through TEI at 21~ 
PH:~ flow rate (10% in H2) 
Growth time 

600~176 
2-~ liter/rain 
120 cma/min 
600 torr 
150 cm'~/min 
60 rain 



Vol. 132, No. 5 VAPOR PHASE EPITAXY OF InP 1211 

tilted facet 

/ . 

Au-Zn cleaved facet p-lnP(sub.) 

Fig. 3. Schematic diagram of on InGoAsP/InP DFB-BH laser grown by 
hybrid LPE/MOVPE. 

( a )  I (11o) 

@ 

@ 

n-lnGaAsP 

I~ undoped InGaAsP LPE 
p-lnP 
p-lnP sub. 

Chemical Etching 

Fig. 5. Photomicrograph of the surface of an epitaxial layer grown 

(C) r - v ~ ~ ( 1 T 0 )  "- n-lnP(undoped) 
MOVPE 

(d) ~ " ~ ~ ~  p-lnP LPE 
n-lnP 

Fig. 4. Fabrication procedures for hybrid LPE/MOVPE-grown DFB-BH 
loser. 

Fig. 6. Micrograph of a roughened surface grown under PH 3 depleted 
condition. 

Au-Zn on the p side, and Au-Ge-Ni on the n side. One 
facet of the laser was formed by cleavage and the other 
was tilted by the etching technique to suppress oscilla- 
tion in the Fabry-Perot modes. The length of the laser 
f ab r i ca ted  was  500 ~m.  

Results and Discussion 
Study of growth.--The layers  g r o w n  s h o w e d  good  sur- 

face qua l i ty  ove r  a w ide  r a n g e  of  g r o w t h  cond i t ions .  Fur-  
t h e r m o r e ,  t he  m o r p h o l o g y  was  f o u n d  to be  essen t i a l ly  in- 
d e p e n d e n t  of  t he  TEI  or PH3 flow ra tes  as l ong  as t h e  
mo le  ra t io  i n t r o d u c e d ,  P H g T E I ,  was  g rea te r  t h a n  1. Fig- 
u r e  5 s h o w s  a sur face  f ea tu re  of  t he  ep i t ax ia l  layers .  Fig- 
u re  6 p r e s e n t s  a r o u g h e n e d  su r face  g r o w n  u n d e r  t h e  PHi-  
d e p l e t e d  cond i t ion .  I n d i u m  d rop le t s  we re  f o r m e d  on t h e  
r e c t a n g u l a r  p i t s  w h i c h  h a d  b e e n  t he  r e su l t  of  t h e r m a l  
damage .  

F igu re  7 s h o w s  t h e  g r o w t h  ra te  of  t he  ep i t ax ia l  layers  as 
a f u n c t i o n  of TEI  flow rate.  The  l inea r  va r i a t i on  in  t h e  
g r o w t h  ra te  w i t h  t he  TEI  flow ra te  a n d  t he  i n d e p e n d e n c e  
of t he  g r o w t h  ra te  f r o m  t h e  PH~ flow rates ,  w h i c h  h a d  
b e e n  wide ly  r e p o r t e d  in t he  M O V P E  l i t e r a tu re  (26), was  
also o b s e r v e d  here .  O the r  p a r a m e t e r s ,  s u c h  as s u b s t r a t e  
t e m p e r a t u r e  a n d  PH3/TEI ra t io  h a d  no  effect  on  g r o w t h  
rates .  The  g r o w t h  ra te  was,  thus ,  m a s s - t r a n s p o r t  l i m i t ed  
as l ong  as p l a n e  s u b s t r a t e s  were  used .  

The  u n d o p e d  I n P  layers  are  n - type  w i t h  car r ier  concen -  
t r a t ions  of (0.5-10) x 10 '5 cm -~. T h e  e l ec t ron  mob i l i t i e s  
typ ica l ly  r a n g e d  f r o m  3000 cm2/V s a t  r o o m  t e m o e r a t u r e  

to 30,000 cm2/V s at 77 K. The lowest carrier concentration 
and the highest mobilities are 5 • i0 ~ cm -3, 4100 cm~/V s 
(room temperature), and 32,000 cm2/V s (77 K), respec- 
tively. These values are Comparable to the epitaxial layers 
grown from TEI and PH~ using an HR system (6, 8) and 
from adducts (9, I0). 

The photoluminescence (PL) spectrum of undoped InP 
epitaxial layers at 77 K is shown in Fig. 8. PL intensity is 

4 

2 

1 

0 0,1 0.2 0.3 0.4 

TEl FLOW RATE (cma/min) 
Fig. 7. Growth rate as a function of TEl flow rates 
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Fig. 8. PL spectra of undoped InP epitaxial layer at 77 K 

as high as that  of the  best  sample  of MBE-grown InP  (22). 
It has only one peak  and a t race of a second peak;  the  
peak is cen te red  at 1.41 eV wi th  a full  wid th  at ha l f  maxi-  
m u m  (FWHM) of 11 meV, which  is a near  band-edge  emis-  
sion, and the  t race is near  1.38 eV. The  peak  intensi ty  ra- 
tio of the  1.38 eV peak to the 1.41 eV peak has often been  
repor ted  as 1/10 or  more (6, 7). In this case, however ,  the  
ratio was as small  as 1/100. Assuming  that  the  1.38 eV 
peak resul ts  f rom the  t ransi t ion due  to the  acceptors  (6), 
this d i f ference can be a t t r ibuted  to the  concent ra t ions  of  
the  residual  acceptor- l ike  impur i t ies  in the  unintent ion-  
ally doped  layers. 

The FWHM of the x-ray rock ing  curve  of the epi taxial  
layer is as smal l  as 20s. This  va lue  is comparab le  wi th  
those  of  the  subs t ra tes  used  in t he  study.  

Application to DFB-BH laser fabrication.--Figure 9 
shows SEM pho tographs  of the  cor rugated  s t ructure  be- 
fore (Fig. 9a) and after (Fig. 9b) MOVPE overgrowth.  The  
shape of  the  corrugat ion  was hard ly  affected dur ing  
MOVPE overgrowth .  

F igure  10a shows l ight  output /cur rent  characteris t ics  at 
25~ under  pu lsed  opera t ion  (pulse wid th  = 5 t~s; duty  cy- 

Fig. 9. SEM photographs of the corrugated structure before (a,top) and 
after (b,bottom) MOVPE overgrowth. 

cle = 3 kHz). The  th reshold  current  Ith was 400 mA, which  
corresponds  to a current  densi ty  of  6.8 kA/cm 2. F igure  10b 
shows the  emiss ion  spectra. S ingle  longi tudinal  m o d e  op- 
erat ion was achieved.  The lasing wave leng th  was 1.55 tLm 
(at 25~ and the  t empera tu re  d e p e n d e n c e  of  the lasing 
wave leng th  was 0.11 nm/K.  

In  the  p resen t  d iode  structure,  dop ing  was not  ut i l ized 
for the MOVPE-g rown  I n P  c ladding  layer and the wid th  
of the act ive  layer  was not  so nar row as that  of  the  con- 
vent ional  BH lasers. These  factors are cons idered  to 
cause low in jec t ion  efficiency and h igh  Ith. Therefore,  fur- 
ther  r educ t ion  of It~ can be  ach ieved  by opt imizing the 
structure.  
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Fig. 10. Light output/current characteristics and emission spectra (in- 

set) of a hybrid LPE/MOVPE grown InGaAsP/InP DFB-BH laser. 
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Fig. 12. Growth features on mesa, a, and reverse-mesa, b, structures 

Fig. 11. Epitaxial InP on SiO~ masked substrates. Pressure is 40 and 90 
torr. 

Selective epitaxy.--InP was g rown  on SiO2-masked sub- 
strates under  90 and 40 torr. F igure  11 shows pho tographs  
of  the  surfaces grown.  Resul t s  are summar i zed  in Table II 
f rom the  v i ewpo in t  of selectivity.  Here  the  symbol  O indi- 
cates " c o m p l e t e l y  se l ec t ive  epi taxy,"  that  is, no deposi-  
t ion was obse rved  on the SiO2 masks  and mi r ro r - smooth  
InP  was g rown  on the  InP  region. The  symbol  A shows 
that  mi r ro r - smooth  I n P  was obta ined  on the InP  region 
and polycrys ta l l ine  I n P  was par t ly  depos i ted  on the  
masks.  The  symbol  x shows that  polycrysta l l ine  InP  was 
obta ined  over  the  ent ire  area of the masks  and mirror-  
smoo th  I n P  was  g rown  on the  I n P  region. Finally,  x x 
means  that  polycrys ta l l ine  I n P  was depos i ted  bo th  on the  
masks  and on the  InP  region. 

"Comple t e ly  se lec t ive  ep i taxy"  was ach ieved  for 15/~m 
wide  str ipes at 40 torr. The  select ivi ty b e c a m e  more  effec- 
t ive wi th  the  na r rowing  of  the  str ipes and the lower ing  of  
the work ing  pressure.  It  can be  supposed  f rom this resul t  
that  the  surface mobi l i ty  of  In  d e c o m p o s e d  f rom TEI  is 
h igher  on the  SiO2 masks  than  on the  I n P  region, which  
makes  it poss ib le  for InP  nuc lea t ion  or g rowth  on the  I n P  
region to be larger lhan that on the SiO~ masks. 

Typical growth features on the mesa and reverse-mesa 
structures are shown in Fig. 12. For GaAs, Azoulay et al. 
demonstrated single-layer growth on a mesa-etched sub- 
strate without the use of masks (19). In their report, one 
layer grown covers the entire mesa structure (25 tLm 
wide), and straight edges perpendicular to the substrate 
are obtained after growth over a long period. In this ex- 
periment, however, the sidewall of the layers grown coin- 
cided with the reverse-mesa edges when the reverse-mesa 
was fabricated. When the mesa structure was fabricated, 

Table II. Summary of selective epitaxy results (see text) 

Mask patterns 
Pressure (torr) A B C D E 

90 z~ x x ~ •  x - 

4 0  0 z~ x 5 x 

the  g rowth  f ront  c l imbed  over  t he  SiO~ masks.  The  lateral  
g rowth  rate in the  di rect ion of  [110] is larger  than  that  in 
the  direct ion of  [150], or, rather,  (111) p lanes  on reverse- 
mesa  have the  func t ion  of l imi t ing  the  g rowth  towards  
[111]. 

This t e c h n i q u e  for the  g rowth  of  epi taxial  layers on 
SiO~ masked  substrates,  and especial ly  on reverse-mesa  
substrates,  will  be useful  in obta in ing  bur ied  s t ructures  
wi th  flat surfaces.  

C o n c l u s i o n  

We have  inves t iga ted  the low pressure  MOVPE of I n P  
in a ver t ica l  reactor.  Without  mak ing  any special  consid-  
erations, InP  epi taxial  layers wi th  free carrier  concentra-  
t ions of as low as 5 x 10 ~4 cm -.~ have  been  obtained.  The  
h ighes t  mobi l i ty  is 4100 cm~/V s at r o o m  tempera tu re  and 
32,000 cm2/V s at 77 K. 

Se lec t ive  ep i taxy  by this t e chn ique  has also been  stud- 
ied. The  condi t ions  for comple te ly  se lect ive  ep i taxy  have  
been  establ ished.  It has also been  demons t r a t ed  that  we  
can achieve  comple te ly  se lect ive  M O V P E  of I n P  on 15 
/~m wide  SiO2-striped InP  substrates.  This  t e chn ique  is 
p romis ing  for the  fabricat ion of  in tegra ted  devices.  

D F B - B H  lasers have  been  fabr icated by a hybr id  
L P E / M O V P E  technique .  R o o m  t empera tu re  pulsed  oper- 
ation has been  achieved.  These  devices  opera ted  s tably in 
a single longi tud ina l  m o d e  at r o o m  tempera tu re  unde r  
pu lsed  operat ion.  
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An Optical Imaging Method for Wafer Warpage Measurements 
K. H. Yang 
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ABSTRACT 

A simple optical imaging method is developed for quick evaluation of wafer surface quality and warpage. Surface ir- 
regularities 50-100}~ deep can be detected by this method. The detection limit is about 270m for the radius of curvature. 
The sense of curvature can be unambiguously determined by image contrast and image size. The principle of this 
method for warpage measurements is described. A comparison of this method with the optical interference method and 
the x-ray method is given and discussed. 

Wafer warpage can lead to serious degradation in de- 
vice yield. The warpage, in general, is generated by exces- 
sive thermal stresses during hot processings, or by elastic 
stresses due to thin film deposition. At present, measure- 
ment of wafer warpage and film stresses relies mainly on 
techniques such as the surface profiling method (i), the 
Newton-ring method (2), the x-ray method (3-6), and the 
optical interference method (7, 8). The first three meth- 
ods can only produce a single scan of surface profile or 
measure warpage at two reference points. Recording a 
warpage map of an entire wafer through these methods is 
difficult and time consuming. The optical interference 
method is the only one that can provide a contour map of 
an entire wafer. The contour map is represented by 
fringes at equal height. For severely warped wafers and 
rough surfaces, the contour map sometimes becomes too 
complex and difficult to be recognized. Availability of a 
simple method capable of examining the warpage of an 
entire wafer surface is therefore most desirable. 

Recently, Kugimiya (9) reported an optical method that 
allows one to examine irregularities and warpage of an 
entire wafer surface. In this method, a projection lens is 
used to form a defocused image of a wafer surface. The 
use of the projection lens, however, imposes some restric- 
tions on the flexibility and sensitivity of this method. 
Namely, the wafer size has to be smaller than the size of 
the projection lens, and the sensitivity is limited by the 
magnification power of the lens. As a result, this method 
has a relatively low sensitivity, about 500~ for surface ir- 
regularities and 100m for the radius of curvature. Because 
of the low sensitivity, it can hardly be used to measure 
thin film stresses. In 1980, we developed a similar optical 
method, which required no projection lens. With elimina- 
tion of the lens, our method is capable of examining wa- 
fers of any size and has a greater sensitivity. The detec- 
tion limit is 50-i00~ for surface irregularities, and 270m 
for the radius of curvature. 

In this paper, we first describe the experimental setup 
and principle of our optical imaging method. The results 
of our measurements are expressed in measurable param- 
eters, which can be used to calculate radius of curvature, 

wafer warpage, and film stresses. Optical imaging photo- 
graphs of warped wafers and surface irregularities are 
also given as examples. 

Experimental 
82 mm (100) wafers processed through MOS process- 

ings or deposited With Si:~N4 thin film were used as 
samples for warpage measurements.  The MOS processed 
wafers were covered with 0.5 ~m thermal SiO~ and 1.5 
mm A1 dots on the wafer front side and with 1 ~m AI con- 
tact film on the back side. The deposition temperatures 
were 1000~ for atmospheric pressure CVD (APCVD) 
Si~N4 and between 200 ~ and 300~ for plasma Si:~N4. Wafer 
warpage due to the MOS processing on the film deposi- 
tion was measured by the optical imaging method. 

The experimental setup of the optical imaging method 
is shown schematically in Fig. 1. A collimated beam (di- 
vergence of about 1.4 ~ is used as a light source. The beam 
passes through a transparent square grid. The lines of the 
square grid are projected onto a wafer surface. The wafer 
is mounted on a goniometer, which provides a three- 
dimensional rotation. The square lines on the wafer sur- 
face are reflected back horizontally at an angle of 2~, 
which is approximately 12 ~ and vertically at nearly 0 ~ A 
matt-glass image screen intercepts the reflected beam to 
produce an image that can be photographed. For practical 
purposes, the angle, a, between the incidence beam and 
the wafer surface normal is kept as small as possible. 
Thus, the difference in image size between the vertical 
and the horizontal directions is kept to a minimum. For 
the present setup with ~ = 6 ~ the image difference is only. 
0.5%. 

The image distortion produced by a warped surface is 
schematically shown in Fig. 2. Figure 2 shows that two 
beams A and B (with a small divergence of 2/3) incident at 
positions W1 and W2 on an optically flat wafer surface W 
will reflect and form a magnified image I,I,2 in the image 
plane I. For the convex surface W', the image formed is 
I'~I'~. From simple geometry, the size of the image is 

I~I.~ = W~W2 + 2L tan fl [1] 
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Image Screen 

Fig. 1. Experimental setup of the optical imoging method 

a n d  

!'tI'.2 = W,W2 + 2L t a n  03 + 20)  [2] 

w h e r e  L is t h e  d i s t a n c e  b e t w e e n  t h e  i m a g e  p l a n e  a n d  t he  
wafe r  surface ,  a n d  2 0  is t h e  a n g l e  of b e n d i n g  for  t he  con- 
vex  wafer .  The  i m a g e  d i s to r t ion  due  to t he  c o n v e x  sur- 
face is 

d = I',I '2 - I,I2 = 2L (20) [3] 

for sma l l  O a n d  ti- 
The  m a g n i f i c a t i o n  fac tor  m, de f ined  as t he  ra t io  of  ref- 

e r e n c e  i m a g e  I,I.2 a n d  r e f e r ence  s p a c i n g  W, W2, m = 
I,I2/W, W2, can  b e  m e a s u r e d  f rom a n  opt ica l ly  flat m i r r o r  
or o b t a i n e d  f r o m  Eq.  [1]. 

The  i m a g e s  I,I2 a n d  I',I '2 are  r e d u c e d  b y  a fac to r  o f n  in  
t he  r e c o r d e d  p ic tu re .  T he  image  size in  t he  r e c o r d e d  pic-  
t u r e  b e c o m e s  Ip = I,I2/n, I'p = I ' ,I '2/n, a n d  the  image  dis- 
tor t ion ,  d,  = d / n .  

K n o w i n g  t he  v a l u e s  of m a n d  n, t he  ang le  of b e n d i n g  
can  be  read i ly  o b t a i n e d  f rom a r e c o r d e d  p i c tu re  as 

2 0  = ndp/2L [4] 

T h e  r ad ius  of  c u r v a t u r e  is 

R = arc WIW~/20 ~ 2L I , / m d ,  [5] 

The  wafe r  w a r p a g e  of a wafe r  d i a m e t e r  D is ca l cu la t ed  
f rom s i m p l e  g e o m e t r y  as 

h = 2R • sin2[(20)/4] ~ DV8R [6] 

Fo r  m = 2.3, n = 2.8, D = 82 ram,  I = 49 m m  (ob t a ined  
f rom a flat mirror) ,  a n d  L = 3175 ram,  Eq.  [4]-[6] r e d u c e  to 

20 = 91.6d, ( seconds)  [7] 

R = 135/dp (mete rs )  [8] 

h = 6.21 dp ( m i c r o m e t e r s )  [9] 

w h e r e  dp in  m i l l i m e t e r s  c an  be  m e a s u r e d  f rom t he  differ- 
ence  in I ,  b e t w e e n  the  s a m p l e  a n d  an  opt ical ly  flat 
mir ror .  

The  s e n s e  of  w a r p a g e  can  b e  d e t e r m i n e d  u n a m b i g -  
uously .  A c o n v e x  sur face  will  p r o d u c e  a magn i f i ed  i m a g e  
w i th  a d a r k  con t ras t ,  wh i l e  a c o n c a v e  sur face  will  g ive a 
d e m a g n i f i e d  i m a g e  w i t h  a b r i g h t  con t ras t .  

The  film s t ress  is ca lcu la ted  f rom R a c c o r d i n g  to 

o-f = +_1/6 (t~'z/tfR) E/(1 - v) [10] 

w h e r e  + a n d  - d e n o t e  t ens i l e  a n d  c o m p r e s s i v e  s t resses ,  
respec t ive ly ,  t~ is t he  wafer  th ickness , :  t~:is t he  film th ick-  
ness ,  E is t h e  Y o u n g  m o d u l u s  of  t h e w a f e r ,  a n d  v is t h e  
P o i s s o n  ra t io  of  t h e  wafer .  F o r  (100) Si wafers ,  t h e  v a l u e  of 
E/(1 - ~) is 1.85 x 10 '2 d y n / c m  2 (6). 

The  re su l t s  of  t he  opt ica l  i m a g i n g  m e t h o d - w e r e  com- 
p a r e d  w i t h  t h o s e  o b t a i n e d  by  b o t h  t he  x-ray m e t h o d  and  
the  opt ica l  i n t e r f e r e n c e  m e t h o d .  In  t he  x- ray  m e t h o d ,  t he  
ang le  of  b e n d i n g  was  m e a s u r e d  f r o m  t h e  d i f f e rence  in  t he  
Bragg  a n g l e  b e t w e e n  two r e f e r ence  p o i n t s  (6). B o t h  t r ans -  
m i s s i o n  a n d  re f lec t ion  a r r a n g e m e n t s  we re  used .  I n  t h e  
t r a n s m i s s i o n  a r r a n g e m e n t ,  t he  d i f f e rence  in  t h e  (220) 
Bragg  ang le  b e t w e e n  two  p o i n t s  at  a s p a c i n g  of  50 m m  
was  m e a s u r e d  t h r o u g h  a n  x-ray t o p o g r a p h i c  c a m e r a  
u s i n g  M o K ~  rad ia t ion .  In  t h e  re f lec t ion  a r r a n g e m e n t s ,  
t he  (444) B r a g g  ang les  at  a s p a c i n g  of 20 m m  w e r e  mea-  

I - - ~ Z p + c , p - T - - f l  

cture P 

! ~ ~ I ~ / . ~  , , , . .  ~ Image Plane I 

\ / 
\ /: 
\ / 

R\\ i /  
\ / 
\ / 

v 
Fig. 2. The principle of the optical imaging method 

su red  by  t he  B o n d  t e c h n i q u e  (10) u s i n g  C u K a  radia t ion .  
The  ref lec t ion  x-ray m e t h o d  is m o r e  sens i t ive  to la t t ice  
d i s to r t ion  in  t h e  sur face  layer,  wh i l e  t he  t r a n s m i s s i o n  
m e t h o d  is m o r e  sens i t i ve  to i n t e r n a l  la t t ice  d i s tor t ion .  
The  a p p l i c a t i o n  of  t he  opt ical  i n t e r f e r e n c e  m e t h o d  for  
f i lm-stress  m e a s u r e m e n t s  has  b e e n  d e s c r i b e d  b y  I r e n e  
(7). 

Results 
Si:~q. 4 f i l m  s t r e s s . - -F i gure  3a s h o w s  t he  opt ica l  i m a g i n g  

p h o t o g r a p h  of a n  82 m m  wafe r  cove red  w i t h  4000• 
p l a s m a  Si3N4 on  t he  f ron t  side.  M e a s u r e m e n t s  of  t he  spac- 
ing  b e t w e e n  n i n e  l ines  i nd i ca t e  t h a t  t he  I ' ,  is 60 m m .  The  
r e fe rence  spac ing  I ,  is 49 ram.  Therefore ,  t he  image  dis- 
t o r t i on  is +11 ram:  T h e  pos i t ive  s ense  of t h e  i m a g e  d is tor -  
t i on  i n d i c a t e s  t h a t  t h e  c u r v a t u r e  of w a r p a g e  is convex .  
This  imp l i e s  t h a t  t he  p l a s m a  Si:~N4 film is u n d e r  a com- 
p re s s ive  s t ress  a n d  t ha t  t he  s u b s t r a t e  at  t he  Si.~NJsub- 
s t ra te  i n t e r f ace  is u n d e r  a t ens i l e  stress.  

The  film s t ress  of a s -dep0s i t ed  p l a s m a  Si:~N4, as mea-  
su red  by  t he  opt ica l  i m a g i n g  m e t h o d ,  t he  opt ical  in ter fer -  
e n c e  m e t h o d ,  a n d  t h e  x- ray  m e t h o d ,  is p lo t t ed  as a func-  
t ion  of film t h i c k n e s s  in  Fig. 4. No te  t h a t  the  opt ica l  
i m a g i n g  m e t h o d  a n d  t he  opt ica l  i n t e r f e r e n c e  m e t h o d  
yie ld  a l m o s t  iden t i ca l  profiles.  The  film s t ress  i nc r ea se s  
g radua l ly  as t h e  film t h i c k n e s s  inc reases .  The  a g r e e m e n t  
o b t a i n e d  b y  t h e s e  two m e t h o d s  is w i t h i n  30%. On t he  
o the r  h a n d ,  t r a n s m i s s i o n  x-ray m e a s u r e m e n t s  yie ld  a 
c o m p l e t e l y  d i f f e ren t  profile.  T h e  film s t r e s s  d e c r e a s e s  as 
the  film t h i c k n e s s  increases .  The  d i s c r e p a n c y  b e t w e e n  
the  t r a n s m i s s i o n  x-ray m e t h o d  and  t he  o the r  two m e t h -  
ods  is subs t an t i a l ,  espec ia l ly  at  low va lues  of film th ick-  
ness .  

We further investigated the effect of thermal annealing 
on the film stress. The annealing is carried out at 1000~ 
in H2 for 15 rain, As shown in Fig. 3h, the curvature of the 
substrate reverses from convex in the as-deposited state 
to concave after annealing. This results in a tensile stress 
in the plasma Si3N4 film. The tensile stress probably 
arises from a densification of the plasma Si3N4 during an- 
nealing. As a result of densification, holes and cracks are 
generated in the wafers deposited with 0,2 and 0.4 ~m 
thick plasma SigN4 films. The film stresses measured by 
the optical imaging method and the transmission x-ray 
method are shown in Fig. 4. Again, both methods show 
substantial discrepancies. 

The film stress for LPCVD and APCVD Si:~N4 films is 
also measured by the optical imaging method. The film 
stress is (15.8 +- 6.0) • 10 9 dyn/cm 2 for LPCVD Si3N4 and 
(10.2 +- 3.0) • 10 9 dyn/cm 2 for APCVD Si3N4. Both films 
are in tension. The value of the film stresses is in good 
agreement with that obtained by the optical interference 
method (7) and by the Newton-ring method (2). 
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Fig. 3. Optical imaging photographs of a wafer front-side deposited with 4000~ plasma Si 3 N 4. a: As deposited, b: After annealing. (Note: Ip' is reduced 
through reproduction). 

Process-induced warpage.--Wafer warpage  induced  by 
ho t  p rocess ings  can be easily mon i to red  th rough  this 
t echnique .  F igure  5a shows a severely  convex  wafer,  
whi le  Fig. 5b shows a severely  concave  wafer  induced  by 
MOS process ings .  The  convex  Wafer exhibi ts  a magni-  
fied image  wi th  a dark contrast ,  whi le  the concave  wafer  
exhibi ts  a demagni f ied  image  wi th  a br ight  contrast .  The 
process - induced  warpage  in general  has  a nonun i fo rm 
curva ture  across the  wafer. This can be  seen f rom the  var- 
iat ion in l ine spacings.  In  some  cases, the shape of warp- 
age is very  complex .  The advantage  of this optical  imag-  
ing  m e t h o d  is that  the shape of  w a r p a g e  can be 
immedia te ly  visualized.  

The elastic and plast ic deformat ions  in a warped  wafer  
can be  measu red  by success ive  r emova l  of  surface th in  
films. F o r  example ,  these  MOS-processed  wafers  are  cov- 
ered with  5000Jr the rmal  oxide  and 1.5 m m  A1 dots  on the  
front  side and wi th  1 t~m A1 contact  film on the  back side. 
As shown in Fig. 6, removal  of A1 film and dots has negli- 
gible change in image  distortion, thus  indica t ing  negligi- 
ble A] film stresses.  However ,  r emova l  of  thermal  oxide  
shows a decrease  of dp in convex  wafers  or a n  increase of  

20 
Optical Image (O) ( ) 
X-Ray (11) ( - - - - - - )  
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Fig. 4. Film stress of as-deposited and annealed plasma Si:~N 4 as mea- 
sured by the optical imaging method, the transmission x-ray method, and 
the optical interference method. 

dp in concave  wafers.  The value  of  dp is ve ry  consistent,  
even  though  two of these  wafers,  shown  in Fig. 5, are se- 
vere ly  warped.  The  average of  dp is 2.25 _+ 0.22 mm.  F r o m  
Eq. [10], the  SiO2 film stress is calculated as (2.23 -+ 0.21) 
x 109 dyn /cm 2 in compress ion.  The film stress is in good 
ag reemen t  wi th  pub l i shed  values of  2 - 3 x 109 dyn /cm ~ 
(1, 3, 5). The  resul ts  of  t ransmiss ion  x-ray, measuremen t s  
as shown in Fig. 6 are less consistent ,  and the SiO.2 film 
stress so ob ta ined  is (1.30 -+ 0.78) x 109 dyn /cm ~ with  a 
s tandard devia t ion  of more  than 50%. After  removal  of 
elastic film stresses, the residual warpage  due to plast ic 
deformat ion  is obtained.  It  is g iven in Fig. 6. 

Damage-induced warpage.--As will  be shown later, 
mechan ica l  damage  in a wafer  back  side tends  to generate  
a concave front  surface. Various degrees  of  mechanica l  
damage  were  in t roduced  in the wafer  back  sides. Subse- 
quently,  the  bend ing  in the  front surface  was measured  
by both  the  optical  imaging  m e t h o d  and the  reflect ion 
x-ray me thod  us ing  the  Bond  t echn ique  (10). The  degree 
of bend ings  20, at a spacing of 60 mm,  is shown in Fig. 7. 
F igure  7 shows that  the ag reement  be tween  these  two 
methods  is ve ry  good for 20 > 500". The  agreement  be- 
comes  relat ively poor  for small  bending.  The  bending  ob- 
ta ined by the optical  imaging  me thods  tends  to be h igher  
than  that  ob ta ined  by the  x-ray method .  For  20 be tween  
100" and 500", the  a g r e e m e n t  is wi th in  20%. At  the  detec- 
t ion l imit  of  the  optical  imaging m e t h o d  (about 46"), the 
d i sag reemen t  increases  to 50%. 

Surface irregularity.--In addi t ion  to stress and warp- 
age measurement s ,  the optical  imaging  me thod  is ve ry  
sensi t ive in de tec t ing  i r regular i t ies  on a wafer  surface. 
For  inves t iga t ion  of surface irregulari ty,  the  square  grid 
in Fig. 1 is r e m o v e d  in order  to i m p r o v e  the  image  resolu- 
tion. 

F igure  8a shows the  front  surface of  an 82 m m  wafer. 
Three  i rregular i t ies  are noticed. First,  res idual  saw marks  
run  nearly ver t ical ly  across the  wafer.  Second,  a br ight  
spot at the  left  corner  resul ts  f rom laser-scr ibed serial 
number s  on the  wafer  f ront  surface. Third,  br ight  let ters 
and numbers ,  A, B, C, 1, 2, and 3, resul t  f rom hand-  
scr ibed let ters and number s  on the  wafer  back  surface. 
The  br ight  and dark contras t  of the saw marks  corre- 
sponds  to the  val leys and ridges,  respect ively .  The  val leys 
are locally concave  surfaces,  wh ich  gives  s t ronger  inten- 
sity in the ref lected light. The  r idges are locally convex  
surfaces, wh ich  give weaker  intensi ty .  For  the  same rea- 
son, the br ightness  of laser-scribed serial numbers  and 
hand-scr ibed let ters and number s  indicates  that  they are 



Vol. 132, No. 5 WAFER W A R P A G E  M E A S U R E M E N T S  1217 

Fig. 5. Optical imaging photographs of severely warped wafers induced by MOS processing, e: Convex surface, b: Concave surface 

sur face  d e p r e s s i o n s .  I t  is i n t e r e s t i n g  to no t e  t h a t  t he  ser ia l  
n u m b e r s  are  l ase r  s c r ibed  on  t he  wafe r  f ron t  surface ,  
wh i l e  t he  le t te rs  a n d  n u m b e r s  are  h a n d  s c r i bed  on  t h e  wa- 
fer  b a c k  surface.  T h e  s ame  b r i g h t  c o n t r a s t  o b t a i n e d  f rom 
two oppos i t e  su r faces  i n d i c a t e s  t h a t  laser  s c r i b ing  a n d  
h a n d  s c r i b ing  p r o d u c e  s t r e s ses  of oppos i t e  sense  in  t h e  
wafer .  L a s e r  s c r i b ing  g e n e r a t e s  a c o m p r e s s i v e  s t ress  d u e  
to sur face  c o n t r a c t i o n  a n d  causes  a local ly  c o n c a v e  sur- 
face. H a n d  s c r i b i n g  gene ra t e s  a t ens i l e  s t ress  due  to sur- 
face t e n s i o n  a n d  causes  a local ly  c o n v e x  surface.  

This  is f u r t h e r  c o n f i r m e d  b y  e x a m i n i n g  the  b a c k  s ide  
of the  wafer ,  as s h o w n  in  Fig. 8b. F i g u r e  8b s h o w s  t h a t  t h e  
c o n t r a s t  of  t he  l a se r - sc r ibed  ser ia l  n u m b e r s  a n d  t h e  h a n d -  
s c r ibed  le t te rs  b e c o m e s  dark,  in  c o n t r a s t  to t h e  b r i g h t  
c o n t r a s t  o b s e r v e d  on  t he  f r o n t  side, Fig. 8a~ The  d a r k  con-  
t r a s t  i n d i c a t e s  a local ly  c o n v e x  surface .  The  size of the  
da rk  c o n t r a s t  a rea  r e su l t i ng  f r o m  a c o n v e x  sur face  is 
l a rger  t h a n  t h a t  of  t h e  b r i g h t  c o n t r a s t  a rea  o b t a i n e d  f r o m  
a c o n c a v e  surface.  This  is e v i d e n t  by  c o m p a r i n g  t h e  size 
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sion x-ray method for werpage induced by MOS processing. 

of l a se r - sc r ibed  ser ia l  n u m b e r s  in  Fig. 8a a n d  8b. T h e s e  
r e su l t s  i nd i ca t e  aga in  t h a t  the  s e n s e  of  t h e  s t resses  in t ro-  
d u c e d  b y  lase r  s c r i b ing  a n d  h a n d  s c r i b ing  are oppos i te .  
Lase r  s c r i b i n g  gene ra t e s  a c o m p r e s s i v e  stress,  a n d  the  
h a n d  s c r i b ing  g e n e r a t e s  a t ens i l e  s tress.  W h e n  t h e  s t r e s ses  
are la rge  e n o u g h ,  t h e y  p r o p a g a t e  to  t h e  oppos i t e  s ide  of  
the  wafe r  a n d  resu l t  in  local  b e n d i n g  of  oppos i t e  sense.  
This  m e t h o d  u n a m b i g u o u s l y  d i sp lays  th i s  effect. 

In  o rde r  to  app rec i a t e  t h e  sens i t i v i ty  of th i s  m e t h o d ,  
two  su r face  profi les,  1 a n d  2 in  Fig. 8a, are  m e a s u r e d  b y  a 
S loan  su r face  prof i le  uni t .  Prof i le  1 m e a s u r e s  t h e  profi le  
of saw m a r k s  only. Prof i le  1, Fig.  8c, s h o w s  t h a t  t he  
h e i g h t  of saw m a r k s  var ies  f rom 100 to 350~. T h e  var ia-  
t ion  of  t h e  h e i g h t  cor re la tes  w i t h  t h e  c o n t r a s t  in  Fig. 8a. 
The  va l ley  c o r r e s p o n d s  to t h e  b r i g h t  c o n t r a s t  area,  a n d  
the  r idge  c o r r e s p o n d s  to t h e  da rk  c o n t r a s t  area.  In  addi-  
t ion  to t h e  saw marks ,  prof i le  2 i n t e r s e c t s  once  t he  bot -  
t o m  of le t te r  B a n d  t h r e e  t imes  t h e  n u m b e r  2. T h e  in ter -  
sec t ions  at  t h e  n u m b e r  2 clear ly give t h r e e  dips,  as indica-  
t ed  by  the  a r rows  in Fig. 8c. T h e  d e p t h  of t h e  d ips  is 
a b o u t  50-100~. T h e  dip  is c o n s i s t e n t  w i t h  t h e  b r i g h t  con-  
t ras t  of  a local ly  co n cav e  sur face  i n t r o d u c e d  by  h a n d  
sc r ib ing  on  t h e  wafe r  b a c k  side. 

This  m e t h o d  is e x t r e m e l y  v a l u a b l e  in  the  e v a l u a t i o n  of  
the  sur face  qua l i ty  of c h e m - m e c h  p o l i s h e d  wafers .  Wafers  
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Fig. 7. A comparison of the optical imaging method and the reflection 
x-ray method for bending induced by back-side damage. 
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Fig. 8. Optical imaging photographs Showing (a) the front surface and (b) the back surface of an 82 mm wafer, c: Surface profiles 1 and 2 in (a) 

obtained from different vendors usually show different 
characteristics in surface finish. 

Discussion 
This optical imaging method uses the image distortion 

of a reflected beam from a warped surface as a means to 
detect surface irregularities and wafer warpage. This al- 
lows one to examine surface irregularities and wafer 
warpage simultaneously. The technique can be used as a 
tool for quality control. Several examples for the mea- 
surement of surface irregularities, process-induced warp- 
age, and thin film-induced warpage have been given. 

The sensitivity of th is  method, as indicated in Eq. [2], 
depends on L. For the present setup, L = 3175 ram, and 
with a measurable d, of 0.5 ram, the detection limit is 
270m for R, 45.8" of arc for 20, and 3.1 tLm of warpage h 
for 82 mm wafers. This sensitivity is sufficient for most 
practical purposes. The detection limit can be improved 
through the use of more sophisticated optics or simply by 
the increase of L. For examination of extremely rough 
surfaces and severely warped wafers, the sensitivity 
should be decreased by decreasing L. This approach can 
also be used to examine saw masks after slicing. 

Measurements of plasma Si3N4 film stresses indicate 
that the agreement between the optical imaging method 
and the optical interference method is within 30%. This 
agreement is considered to be good in consideration of 
the errors involved in these two methods. For example, 
the optical interference method has a relatively poor ac- 
curacy for highly warped wafers, while the accuracy for 
the optical imaging method is relatively poor for low 
warpage. 

A comparison of the optical imaging method with the 
reflection x-ray method (Bond's technique) also shows a 
reasonable agreement  of 20% for a wafer bending larger 
than 100". However, the agreement between the optical 
imaging method and the transmission x-ray method is 
poor, especially at low film stresses. The poor agreement 
arises probably from a difference in the principle of mea- 
surements. The optical imaging method and the optical 
interference method use the curvature of a wafer surface 
for warpage measurements.  The reflection x-ray method 
measures the lattice distortion in a surface layer. These 
three methods are more sensitive to the curvature change 
and the lattice distortion in a wafer surface. As a result, a 
reasonable agreement among these three methods is ob- 
served. 

On the other hand, the transmission x-ray method, 
which uses a transmission diffracted beam for the warp- 

age measurements,  is sensitive not only to external film 
stresses, but also to internal lattice distortion. At low film 
stresses, the contribution of internal lattice distortion is 
significant in comparison with film stresses. This results 
in a substantial disagreemen between the optical imaging 
method and the transmission x-ray method. 

Summary 
A simple optical imaging method was developed for 

quick evaluation of wafer surface quality and warpage. 
Surface irregularities of 50-100~ can be detected by this 
method. The detection limit for the radius of curvature is 
about 270m. The agreement between this method and the 
optical interference method is within 30%. A comparison 
of this method with the reflection x-ray method also 
shows a reasonable agreement of 20%. A substantial dis- 
crepancy exists between this method and the transmis- 
sion x-ray method. The discrepancy arises mainIy from 
the fact that the transmission ~x-ray method is also sensi- 
tive to internal lattice distortion. The film stress obtained 
by this method is (2.23 + 0.2t) • 109 dyn/cm 2 in compres- 
sion for thermal SiO~, (15.8 + 6.0) • 109 dyn/cm ~ in tension 
for LPCVD Si3N4, and (10.2 -+ 3.0) • 109 dyrgcm ~ in ten- 
sion for APCVD Si3N4. 
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Dry Etch-Back of Overthick PSG Films for Step-Coverage 
Improvement 
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ABSTRACT 

In this article, we present the results of a study initiated to improve the step coverage of phosphosilicate glass (PSG) 
obtained with a low temperature LPCVD process and intended for Use in VLSI multilevel interconnect structures. It is 
shown that increasing the PSG film thickness leads to a substantial improvement in the PSG step-coverage profile, but 
could create problems for subsequent patterning steps. We have alleviated these problems through the use of dry etch- 
ing to reduce the thickness of these films to values more Compatible wi th  VLSI multilevel interconnect technology, 
while successfully maintaining the superior step-coverage profile obtained with the thicker PSG films. 

A very important  requirement  of interlayer dielectric 
films in multi level interconnect structures is smooth and 
conformal coverage of the underlying topography (1-9). 
For the intermetal dielectric level, the need for compati- 
bility with an underlying aluminum alloy interconnect 
also precludes any high temperature treatments. The dry 
etching techniques required for the fine line lithography 
of VLSI chips produce features that can be much sharper 
than the wet etching methods used in LSI technology. As 
a consequence, with currently available dielectric deposi- 
tion techniques, it has become very difficult to obtain 
satisfactory as-deposited coverage over these sharp fea- 
tures, thereby leading to poor overlying metallization. To 
overcome this difficulty, work was initiated in our labo- 
ratory to investigate methods of improving the step- 
coverage characteristics of phosphosilicate glass (PSG) 
films obtained using low temperature oxidation of silane 
and phosphine in a low pressure chemical vapor deposi- 
tion (LPCVD) system. 

Preliminary experiments included varying the deposi- 
tion parameters and increasing the ratio of PSG film 
thickness (t) to underlying step height (h) (9). It was found 
that variations of the deposition conditions, within the pa- 
rameter ranges investigated, did not result in any appreci- 
able step-coverage improvement,  while a significant im- 
provement  could be obtained by increasing the ratio of 
t/h. In the present study, the deposition of overthick PSG 
films is followed by a dry etch-back cycle to reduce the 
glass film thickness to values compatible with VLSI 
multilevel interconnect  technology, while preserving the 
superior step-coverage profile obtained with the thicker 
PSG films. 

Experimental Procedure 
The test structure used for step-coverage evaluation is 

shown schematically in Fig. 1. A thin (100 nm) silicon di- 
oxide layer was first thermally grown at 1000~ over a 
(100) Si substrate. An LPCVD polysilicon film was then 
deposited at 625~ phosphorus doped with a POCI~ cycle 
at 900~ and patterned into sharp steps using plasma 
etching. 

The PSG films were deposited in a conventional hori- 
zontal tube, hot-wall, LPCVD system using the following 
typical hydride oxidation conditions: gas flow ratios of 
6/5 for O~/SiH4 and 1/10 for PHJSiH4, total gas flow rate of 
335 sccm, deposition temperature of 410~ and pressure 
of 0.4 torr. These conditions resulted in a deposition rate 
of 26 nm/min and a nominal phosphorus concentration in 
the PSG films of 4 weight percent (w/o). 

A layer of A1-Si alloy was sputtered over the PSG films 
to evaluate the effect of the PSG film step coverage on 
subsequent metallization. The deposition was performed 
in an MRC DC-Magnetron sputtering system (Model 603), 
using a double-pass procedure under the following condi- 
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tions: target composition of Al-(1%)Si, Ar pressure of 0.01 
torr, power of 8 kW, wafer preheat temperature of 300~ 
and dc bias voltage of 50V. The deposition rate was ap- 
proximately 700 rim/rain. 

Scanning electron microscopy (SEM) was used to ex- 
amine the step-coverage profile of all test samples. The 
SEM cross-sectional micrographs were taken near the 
center of the cleaved wafers. The polysilicon-PSG inter- 
face was delineated with a CF4-O2 plasma etch of the cross 
section. Figure 2 shows an SEM micrograph of a 1.1 /zm 
thick PSG film deposited over a 0.9/zm high polysilicon 
step having a step angle $ = 70 ~ for a t/h ratio of approxi- 
mately 1.2. A 1.2 /~m A1-Si layer was sputtered over the 
PSG film. In this case, the PSG step-coverage profile is 
characterized by an acute reentrant angle O of about 75 ~ 
and a sidewall thickness ratio t~w/t of approximately 0.75. 
Such a difficult topography resulted in even poorer step 
coverage of the A1-Si metallization, as shown in Fig. 2, 
where the metal step-coverage angle ~b is approximately 
70 ~ and its sidewall thickness ratio T~w/T is about 0.2. In 
the present study, we have used the PSG profile of  this 
control sample as a reference for comparison with later 
experimental results to determine step-coverage improve- 
ment. 

Reactive ion etching (RIE) of the overthick PSG films 
was performed in an AMT 8110 system which uses a hex- 
agonal cathode configuration. Typical RIE conditions 
were as follows: gas flow ratio of 5/3 for CHFJO2, total 
gas flow rate of 83 sccm, pressure of 0.05 torr, and dis- 
charge power of 1350W. These conditions yielded an etch 
rate of approximately 50 nm/min. The amount of  PSG re- 
moved was determined with laser interferometry. 

Plasma etching was also tested in a Perkin-Elmer Omni- 
Etch system. The etching conditions were as follows: gas 
flow ratios of 2/1 for CFJCHF:~ and 5/1 for Ar/(CF4 + 
CHF.~), total gas flow rate of 364 sccm, pressure  of 1.8 
torr, and discharge power of 255W. An etch rate of ap- 
proximately 12.5 nm/s was obtained under these condi- 
tions. This value was used to calculate the duration of the 
etch cycle for control of the amount of PSG removed. 

-~"h ~ ' " ~  PSG 

//%// / /  / / /  / / / /  / / / /  / / / / / / / / / / / / / /  
Thermal Si02 Si < 100 > / / /  '/////2//////, 

Fig. 1. Step-coverage test structure 

1219 



1220 J. Electrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  May 1985 

Fig. 2. SEM micrograph showing the step coverage of a control 
sample. A sputtered AI-Si layer can also be seen on top of the PSG 
film. 

Results and Discussion 

Effect of film thickness.--In the  first series of  experi-  
ments ,  PSG films ranging in thickness from 0.6 to 2.3 ~m 
were deposited over polysilicon steps with-height varying 
from 0.3 to 1.2/~m, and the ratio of t/h was varied from 0.6 
to 4.7. The results are shown in Fig. 3, where the depen- 
dence on the ratio of t/h for the PSG step-coverage angle 
O and the sidewall thickness ratio of t,Jt are plotted. 

The scatter of the results in these graphs can be attrib- 
uted partly to our measurement accuracy for O, which is 
-+5 ~ Furthermore, the angle $ at the bottom of the poly- 
silicon steps defined in Fig. 1 varied from 65 ~ to 75 ~ and 
has been modeled to have a direct influence on the PSG 
step-coverage angle O (I0). Finally, in most cases, the cor- 
ners at the bottom and at the top of the polysilicon steps 
were quite sharp. Indeed, the top corners of most of the 
steps were actually acute, displaying a "dog-ear" feature. 
The radius of curvature of these corners, although quite 
small, could not be controlled very well and may have 
had an influence on the reproducibility of our results. 
Modeling of small variations in these radii of curvature 
has shown that they are likely to be amplified by subse- 
quent PSG film deposition (ii). 

Despite the sources of variation discussed above for our 
results, a definite trend emerges from the plots in Fig. 3, 
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namely,  that  s ignif icant  i m p r o v e m e n t  in P S G  step cover- 
age resul ts  f rom an increase in the ratio of t/h. This can 
be clearly seen  in the  micrograph  of Fig. 5a, where  the  
step angle  ~ is about  67 ~ and the  ratio of  t/h has a value of  
approx imate ly  3.0. The angles O (PSG) and r (A1-Si) have 
both increased to more  than  125 ~ as compared  to a va lue  
of  about  75 ~ for O and 70 ~ for ~, for t/h ~ 1.2 (Fig. 2). Also, 
the s idewal l  th ickness  ratio of  tsw/t (PSG) has increased 
f rom approx ima te ly  0.75 to a lmost  0.95, whi le  the  s idewall  
th ickness  ratio of  T~w/T (A1-Si) wen t  f rom about  0.2 to 
more  than  0.75, a substant ia l  improvemen t .  

I t  should be po in ted  out  that  a test  s t ructure  step angle 
of  approx imate ly  70 ~ does not  cons t i tu te  the worst-case 

topography  that  an angle  ~ close to 90 ~ wou ld  offer to the 
depos i t ion  of  glass films. Never theless ,  it can represent  a 
realistic si tuation for V L S I  applicat ions,  since tapered 
e tch ing  t echn iques  are be ing  act ively deve loped  in many  
laboratories.  

Various s tudies  invo lv ing  a tmospher ic  pressure  chemi- 
cal vapor  depos i t ion  (APCVD) repor ted  that  the P S G  
film coverage exh ib i t ed  a more  p ronounced  reent rant  
profile (i.e., a decrease  in O) wi th  an increase of  t/h 
(1, 3, 4, 12-14). In  o ther  A P C V D  studies (5, 7), the  step- 
coverage angle  @ was repor ted  to increase up to 90 ~ as t/h 
was increased  to unity,  bu t  r emained  at 90 ~ w h e n  t/h was 
increased further.  

For  LPCVD,  an i m p r o v e m e n t  in step coverage  with  an 
increase  in t/h was observed for the  pyrolysis of  
te t raethyl  or thosi l icate  (TEOS) (1). This i m p r o v e m e n t  has 
been  a t t r ibuted  to the  inheren t  conformal i ty  of  the  TEOS 
process  which  min imizes  the  se l f -shadowing effect that  
init iates a reen t ran t  profile in o ther  processes .  In  effect, 
good initial step coverage  should get  better,  whi le  poor  
initial step coverage  should  get worse.  

S ince  the initial step coverage obta ined  in our  experi-  
ments  was not  conformal ,  but  i m p r o v e d  wi th  an increase 
in the  ratio of  t/h, this explana t ion  does not  apply  to our 
results. Therefore,  fur ther  work  is r equ i r ed  to unders tand  
the m e c h a n i s m s  invo lved  in the i m p r o v e m e n t  of  step cov- 
erage obta ined wi th  increas ing the th ickness  of P S G  
films p roduced  wi th  low t empera tu re  LPCVD.  

Thin film g rowth  f rom a diffuse depos i t ion  source  has 
recent ly  been  mode l ed  by Ross and Vossen  (10). In  addi- 
t ion to the effect  of  the  ratio of t/h on the  sidewall  thick- 
ness  ratio t~Jt, the  inf luence of  the  under ly ing  step angle 

has been  taken  into account.  The impac t  of the proxim- 
ity of  c losely spaced  steps, r epresen ted  by the  ratio of  the  
spacing be tween  steps w to the  step he igh t  h, was also in- 
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Fig. 3. Effect of ratio of PSG film thickness t over underlying step height h on step-coverage angle O, (a, left), and sidewall thickness ratio of 
t~w over t, (b, right). The underlying step angle ~ varied between 65 ~ and 75 ~ Points 1-4 correspond to the process steps explained in the diagram 
of Fig. 4. 
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corporated in the model. In effect, the step-coverage test 
structure used in Ref. (10) is a groove of width w and of 
depth h. The overlap with our experimental  results is 
minimal, since the highest value considered in their cal- 
culations for t /h is unity. Nevertheless, for isolated steps 
and for all values of the step angle $ considered, one of 
their findings was that the sidewall thickness ratio t~w/t 
becomes independent  of t/h, for t /h  <- 1. Our experimen- 
tal findings, shown in Fig. 3b, appear to contradict these 
theoretical results. Furthermore, for t /h = 1, ~ = 75 ~ and 
w/h  --* ~, the value calculated in Ref. (10) for t~w/t is below 
0.5, while our experimental  results for ~ = 65o-75 ~ are 
grouped around 0.7, as shown in Fig. 3b. More theoretical 
work is therefore required to resolve these discrepancies. 

A conclusion of this theoretical study indicates the pos- 
sibility that unacceptable step coverage would be ob- 
tained for narrow, deep and vertical trenches (i.e., small 
values of w/h  and ~ close to 90~ This conclusion can also 
be reached intuitively from geometrical shadowing con- 
siderations. As the glass films on opposing vertical sides 
of each groove get closer and closer, it becomes increas- 
ingly difficult for a fresh supply of reactant gases to 
reach the bottom of the trench and this results in a lower 
local deposition rate. Furthermore, opposing vertical PSG 
walls will eventually touch and at that point, the glass 
step-coverage angle @ must be at least 90 ~ because the top 
part will touch before the bottom part and a triangular 
void will be formed (1). 

For O > 90% a minimum value of t /h ~ 1.5 can be de- 
rived from Fig. 3a and a corresponding value of tsw/t = 0.8 
is obtained from Fig. 3b. For this case, the vertical glass 
film has a uniform thickness equal to tsw and the mini- 
mum step separation w is equal to 2t~w. After the proper 
substitutions, a minimum value of approximately 2.5 is 
derived for the step spacing ratio w/h.  

It must  be noted that, since the results of Fig. 3a and 3b 
are for isolated steps (w/h ~ 10), the shadowing effect of a 
neighboring step is not taken into account in the above 
deduction although it is not expected to be dominant for 
w/h  ~ 2.5. The specific minimum value for w/h  would, of 
course, increase with the underlying step angle $. 

Etch-back of overthick PSG f i lms. - -The use of 
overthick PSG films may present problems in subse- 
quent  patterning steps for VLSI multilevel interconnec- 
tion structures, especially if sloped-wall vias are to be dry 
etched through the glass layer. Accordingly, in a second 
series of experiments,  we explored the use of dry etching 
techniques to reduce the ratio of t /h to a value more suita- 
ble for VLSI processing. This concept of anisotropic etch- 
back of overthick PSG films is illustrated in the diagram 
of Fig. 4, where the step-coverage profile of an as- 
deposited PSG film with t /h near unity is also shown for 

1111+11 

Poly-Si 

Fig. 4. Dry etch-back of overthick PSG film. 1: Thin as-deposited 
film. 2: Thick as-deposited film. 3: Dry etch-back. 4: Final etched- 
back film. 

comparison purposes. The micrographs of Fig. 5 show the 
cross section of a 2.1 ~m thick PSG film, as deposited 
over a 0.7 ~m step (~ ~ 67 ~ and after an etch-back cycle, 
using RIE, down to a thickness of about 1.0 ~m (~ ~ 75~ 
Similar results were obtained with plasma etching. 

The superior step-coverage profile obtained with the 
thick as-deposited PSG film was clearly conserved dur- 
ing the etch-back cycle. As t /h decreased from approxi- 
mately 3.0 down to 1.4, the step-coverage angle O (PSG) 
actually increased slightly from 125 ~ to almost 130 ~ while 
the step-coverage angle r (AI-Si) remained close to 125 ~ 
The changes in O during the etch-back procedure are il- 
lustrated in the graph of Fig. 3a (closed circles). The etch- 
back cycle also resulted in rounding of the bottom of the 
PSG step-coverage profile. Furthermore, Fig. 3b shows 
that the sidewall thickness ratio of %w/t (PSG) increased 
from less than 0.95 to almost 1.6 during the etch-back cy- 
cle, while the sidewall thickness ratio of Tsw/T (A1-Si) re- 
mained close to 0.75. It should be.noted that the above 
improvements were observed despite the fact that the 
step angle $ was larger under the etched-back film (75 ~ 
than under the overthick film (67~ 

An attractive feature of the etch-back method, aside 
from its being a low temperature technique, lies in its 
simplicity as compared to more elaborate step-coverage 

Fig. 5. SEM micrograph showing the step coverage of an overthick PSG film before (t/h = 3.0), (a, left), and after (t/h = 1.4) the etch-back 
procedure, (b, right). An AI-Si layer has been sputtered on both PSG films. 



1222 J.  Elec trochem.  Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  M a y  1985 

improvement schemes reported elsewhere (15-20). The 
etch-back technique does not need sacrificial 
planarization layers, such as resists (15, 16) or silicon ni- 
tride(17 18) where precise characterization and control 
of differential etch rates are essential. It is very simple 
compared to complicated lift-off procedures where low 
temperature directional deposition processes, such as 
electron cyclotron resonance plasma deposition, are 
needed to obtain a suitable SiO~ layer (19). tn  other meth- 
ods, RF-bias sputtering is used in a complex technique 
involving simultaneous deposition and resputtering of 
SiO., to obtain self-planarized as-deposited films (20), In- 
deed, for the etch-back procedure described in this work, 
deposition and dry etching equipment readily available in 
most production lines can be used directly, with minimal 
optimization needed. 

However, the creation of triangular voids during the 
deposition of overthick PSG films over closely spaced 
steps would limit the applicability of the etch-back 
method to cases where the step separation ratio w/h  is 
sufficiently large. In our case (i.e., ~ ~ 70~ if we apply 
the criterion derived above (w/h ~ 2.5), 0.8/~m thick inter- 
connect lines could not be closer than about 2.0/~m. Since 
for more vertical steps (i.e., ~ ~ 90 ~ this min imum re- 
quired separation would be even larger, some taper etch- 
ing of the underlying steps would be needed. 

Conclusion 
This study demonstrates the feasibility of a procedure 

designed to improve the step coverage of LPCVD phos- 
phosilicate glass films over sharp, dry-etched steps. A 
dry etching technique was successfully applied to 
overthick PSG films to reduce the ratio of the PSG film 
thickness to underlying step height towards unity while 
preserving the superior step-coverage profile obtained 
with the thicker PSG films. The low temperature feature 
of this method makes it compatible over a luminum alloy 
interconnections in multilevel metallization structures. 
However, in this experiment, the applicability of the pro- 
cedure over closely spaced vertical steps appears to be 
limited to step separation over step height ratios (w/t) 
larger than approximately 2.5. 
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Preparation and Characterization of Boron- and Phosphorus-Doped 
Hydrogenated Amorphous Silicon Nitride Films 

Y. K. Fang, C. F. Huang, C. Y. Chang,* and R. H. Lee 
Semiconductor and System Laboratories, National Cheng Kung University, Tainan, Taiwan,  China 

ABSTRACT 

Hydrogenated amorphous silicon nitride (a-SiN) films were deposited on silicon wafers by plasma-enhanced chemi- 
cal vapor deposition and in situ doped with boron or phosphorus. Film properties, including both wet and dry etching 
rate, refractive index, dielectric constant, breakdown strength, dc resistivity, and pinhole density vs. doping percentage 
were systematically investigated and compared with the undoped films. It has been found that the films with doping 
concentrations around 2-3% exhibit the best film quality, which drastically deteriorate when the doping concentrations 
are beyond 6%. 

Plasma-enhanced chemically vapor-deposited hydro- 
genated amorphous silicon nJtride SiN films are useful 
for semiconductor passivation and for diffusion or oxida- 

* Electrochemical Society Active Member. 

tion barriers (1-7). However, plasma-deposited SiN films 
are extremely sensitive to the deposition conditions, in- 
cluding the reactant gas composition, RF power, sub- 
strate temperature, gas flow rate, and reactor pressure (6, 
7). 
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Efforts have been made to investigate the relationship 
between deposition conditions and the properties of these 
films, and it has been found a SiN film with lower chem- 
ical etch rate and higher optical refractive index Can be 
obtained by tailoring the process conditions (6, 8). Never- 
thetess, in real fabrication process, due to diffusion or 
auto'doping, the SiN films may be incorporated with the 
dopan~ impurities (i.e., P or B) and change the properties. 

Litt le research about this phenomenon has been re- ~" 
ported, In  i976, Bind and Bigger reported that suitable "~ 
addition of impurities (i.e., boron carbide, boron, or alu- 
mina) can make the siiicon carbide more dense and rests- E c 
tire. It is the purpose of this study to investigate the 
change of doped SiN film proPerties as a function of <~ 
dopant impurities (i.e., P or B) with various doping con- 
centrations. The properties include etch rate in 49% HF, 
bt{ffered HF, 180~ H~PO4, and CF4 + O2 plasma, dc rests- z 
tivity, dielectric breakdown strength, pinhole density, di- O 
electric constant, and deposition rate. The chemical com- 
POSition and doping traces in SiN film were examined by (~ 
Auger electron spectroscopy and infrared (IR) spectros- 
copy. c3 

Film Preparation 
The samples used in this study were prepared by RF 

glow discharge both silane gas and doping gas on silicon 
wafers with an Anelva PECVD 301 plasma CVD system. 
The stainless steel reaction chamber of the system pos- 
sesses one pair of capacitive electrodes, which can create 
the RF glow-discharged plasma by a 13.56 MHZ RF high 
voltage power supply. Also, the chamber contains a rota- 
tory susceptor equipped heating elements. 

First, the (100)-oriented, 4-7 ~-cm n-type silicon wafers 
were cleaned sequentially by acetone, deionized (DI) 
water, H~SOjH20 mixture, and HNO~ solutions, then 
rinsed thoroughly in DI water and blown dry with nitro- 
gen (N~) gas. After the cleaning process was completed, 
the wafers were placed on the susceptor and we began to 
pump down the chamber. At the same time, the substrate 
was heated up to 350~ 

When the total pressure in the chamber was pumped 
down to 1.33 • 103 Pa (10 torr), diluted silane (25% Sill4 + 
75% N2), ammonia (NHz), and diluted diborane (1% B2H~ + 
99% N~) or phosphine (1% PH3 + 99% N~) were introduced 
into the chamber and adjusted the valves of the system to 
obtain a 133 Pa (1 torr) reaction pressure in chamber. 

During the deposition of SiN films, the flow rates of 
diluted Sill4 and NH;~ were kept at 60 and 20 sccm, respec- 
tively, and those of B2H~ and PH:~ were varied from 15 to .-~ 
100 sccm, according to the doping percentage desired. .~ 

The RF power was kept at 150W (which is a power den- ~- 
sity of about 4.34 kW/m2). The cathode voltage was kept at E 

C 
2.6 kV. 

uJ 
F-- 

F i l m  Analysis < (~ 
To identify the quantities of doping impurities P or B in 

the doped SiN films, the Auger spectroscopy (AES) was -r 
employed. Infrared (IR) spectroscopy was used to exam- ~- 
ine the structure of doped SiN films, td 

Auger analysis.--From the Auger spectrum (with 
Anelva AAS-200 Auger Spectoscopy) of phosphorus- or 
boron-doped SiN films, the films were found to contain 
St, N, O, C, B, or P. The existence of boron or phosphorus 
identifies the effectiveness of the doping processes, and 
their related peak amplitudes were used to calculate the 
individual doping concentration in the films. However, 
the doping concentrations of P or B are dependent  on the 
PH:~ or B2H6 flow rate during film deposition and will be 
discussed in the next section. The presence of oxygen 
and carbon may be due to the residues from cleaning pro- 
cess or surface contamination during exposure to the air. 

IR analysis.--IR spectoscopy gives information on the 
type and nature of the chemical bonds. 

To prepare for IR analyzing, the SiN films were depos- 
ited on 1000 ~-cm, (100)-oriented silicon wafers. The 
higher intrinsic property of silicon eliminates auto-doping 
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Fig. 1. The measured deposition rate of phosphorus- or boron-doped 

plasma-deposited silicon nitride films as a function of doping concentra- 
tion in weight percent. 

effect. The IR spectrum shows N-H absorption at 3300 
cm- ' ,  a St-It bond at 2100 cm -~, a Si-O bond at 1120 cm- ' ,  
and a Si-N bond at 870 cm-L The N-H bond at 3300 cm- ' ,  
Si-H bond at 2100 cm- ' ,  and Si-N bond at 870 c m - '  show 

0 1 2 3 4 5 6 7 

DOPING CONCENTRATION (wt%) 

Fig. 2. The measured etch rate of phosphorus- or boron-doped SiN 
films by various etching solutions or methods as a function of doping 
concentration in weight percent. The black dots indicate the B-doped 
films, and the blank dots P-doped films. The circles, triangles, squares, 
and hexangles indicate the etching by BHF, H:+P04, 49% HF, and CF+ + 
02, respectively. 
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the structure of doped SiN, which is the same as the 
undoped one. The Si-O bond at 1120 cm -1 indicates the 
incorporation of O and coincides with the results from the 
AES analysis. 

Depos i t ion  Rate vs. Doping  C o n c e n t r a t i o n  
Deposition rate vs. doping concentration is shown in 

Fig. 1. For undoped films, the deposition rate is around 
15 rim/rain. However, it decreases with increasing boron 
or phosphorus concentration to a min imum a round  3% 
doping and then increases again to 5% doping. The lower 
deposition rate at 3% doping concentrations causes the 
more dense SiN film with better bonding scheme, as 
seen from the higher dielectric constant and lower etch 
rate of films with 3% P- or B-doped as presented in the 
following sections. The reason why 3% B- or P-doped SiN 
films get lower deposition rate is not clear. More studies 
should be made in the future. 

C h e m i c a l  Etching Propert ies 
Various kinds of etching solutions, including wet etch- 

ing in 180~ of H:~PO4, 49% HF, buffer HF(BHF), and 96% 
CF4 + 4% O~ plasma dry etching are used to investigate the 
etching rate of doped SiN films. Figure 2 shows the re- 
sults. It is interesting to note that the 2-3% B- or P-doped 
SiN films possess the lowest etching rate in these various 
etching solutions, except the etching rate of films in 49% 
HF solution is higher and lower in BHF and H:~PO~ solu- 
tions, respectively. For dry etching in 96% CF4 + 4% O2 
plasma (with Plasmaline Plasma Etcher) as indicated 
with hexangular dots in Fig. 2, the tendency is also simi- 
lar to the previous wet etchings, i.e., in both P- or 
B-doped SiN films, the etch rate decreased to a minimun 
at 2 or 3% doping concentration (2% for B-doped, 3% for 
P-doped) and then increased again with increasing 
doping concentration. However, in general, the etching 
rate of doped films with dry etching is higher than the 
wet etching, except  in the case of the 2% B-doped or 3% 
P-doped films, where the etching rate of 49% HF wet 
etching is larger than that of the dry etching. 

Electr ica l  Propert ies 
The effect of doping P or B on the electrical properties 

of plasma-deposited nitride films could be found from 

the change of resistivity, breakdown field strength, and 
dielectric constant of the doped SiN film as a function of 
doping concentrations, as described below. 

Resistivity vs. doping concentration.--The doped films 
were measured with a six-point probe (Four-Dimension, 
Incorporated). As shown in Fig. 3, the resistivities of both 
P- and B-doped films increase to a maximum of 6 x 10 '~ 
~-cm at 3%P doped or 5%B doped, then decrease with in- 
creasing the doping concentration. In this measurement, 
it is noteworthy that both the P- and B-doped SiN films 
possess higher resistivities than the undoped ones. This is 
a positive performance for these films used as passiva- 
tion layer of devices. 

Breakdown field strength vs. doping concentration.--A 
Tektronix 577 curve tracer was applied for evaluation of 
the breakdown field strength of both P- and B-doped 
films by measuring the breakdown voltage of A1-SiN-Si 
MIS diodes. 

Figure 4 shows the breakdown field strength as a func- 
tion of doping concentration. The tendency is also similar 
to that of resistivity. The maximum breakdown field 
strengths are 9 x 10 ~ V/cm and 8 • 10 ~ V/cm for 2-3% 
phosphorus and boron doped, respectively. The maxi- 
mum field strength of doped films is almost 2-3 times 
larger than that of undoped ones. 

Dielectric constant vs. doping .--With measuring the ca- 
pacitance of A1-SiN-Si MIS diodes biased with reverse 
constant voltage, the dielectric constant of SiN film was 
calculated, as shown in Fig. 5. Again, the dielectric con- 
stant increases to a maximum at a doping concentration 
of 2-3% both for P and B and then decreases with further 
increasing the doping. The maximum dielectric constant 
value for the P-doped film is 8.3, whereas it is 7.6 for the 
B-doped one. 

Pinhole  Densi ty  
The pinhole density of doped SiN was measured by the 

copper decoration method (10). The samples were in- 
serted into copper plating solution first, and then the sili- 
con substrate was plated with copper through the pin- 
hole. The pinhole density is calculated with the aid of 
microscopy. Figure 6 shows the measured results. 

I I I I I I I I 10 , , , , , I 

1 2 -  o B - d o p e d  a-SiNx - 
P - d o p e d  a-SiN x 
undoped a-SiN x 

10 -  

4 -  

2 -  

I I I I I I I J 
0 1 2 3 4 5 6 7 

DOPING CONCENTRATION(wt~ 

Fig. 3. The measured resistivities of P- or B-doped SiN as a function of 
doping concentration in weight percent. 
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For phosphorus-doped films, the lowest pinhole den- 
sity was found at 2% doping. For boron-doped ones, it 
occurred beyond 5% doping. The thickness of these SiN 
films is around 100 nm. 

Discuss ion  and  C o n c l u s i o n s  
In  general, the resistivity, dielectric constant, and 

breakdown field strength of both P- and B-doped film 
increase to a maximum value at 2-3% of doping, and then 
decrease with increasing doping concentration. The deP0- 
sition rate, pinhole density, and etching rate show an op- 
posite tendency. 

These results show that film quality is enhanced with 
P or B doping of 2-3%, but  deteriorates for higher doping. 
The cause of enhancement  is considered to be the correct 
slow growth rate in deposition of 2-3% P- or B-doped 
films. The slower growth rate provides a better bond 
scheme of the film and thus higher film quality. How- 
ever, the mechanism of lower growth rate in deposition of 
these P- or B-doped films is still not clear. More experi- 
ments are required to unders tand this doping effect and 

the application of these doped films, e.g., passivation, dif- 
fusion, or impurity barriers in device fabrication. 

Manuscript submitted July 16, 1984; revised manuscript  
received Jan. 10, 1985. 
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Sulfidation Properties of Fe-AI Alloys (6-28 a/o AI) at 1173 K in 
Sulfur Vapor at Ps2 = 1.45 • 10 Pa 

P. C. Patnaik*  and W.  W.  Smel tzer * *  

Institute for Materials Research and Department of Metallurgy and Materials Science, McMaster University, Hamilton, 
Ontario, Canada L8S 4M1 

ABSTRACT 

Sulfidation properties of Fe-6, 9, 18, and 28 atomic percent (a/o) A1 alloys were investigated at 1173 K in sulfur vapor 
at the dissociation pressure of FeS. The Fe-6 A1 alloy exhibited internal sulfidation; the Fe-9 and 18 A1 alloys exhibited 
internal sulfidation along with formation of an external FeAI~S4 scale. Compositions of the internal sulfide precipitates 
corresponded to FeAI~S4 in the Fe-6 A1 alloy and to FeAI~S4-AI~S:~ in the alloys containing 9 and 18 a/o AI. The Fe-28 a/o 
A1 alloy upon sulfidation only formed an A12S3 external scale. The apparent permeability of sulfur in the alloy of the in- 
ternal sulfidation zone as defined by Ns'S~Ds product increased linearly with alloy composition. Growth of the sulfide 
precipitates which extended as plates across the internal sulfidation zones is Satisfactorily interpreted by a model 
involving enhanced sulfur diffusion along the interfaces between the internal sulfides and alloy matrix. Transition from 
internal sulfidation to internal sulfidation plus external scale formation and finally to only external scale formation 
based upon the alloy aluminum composition is discussed. 

The sulfidation resistance of iron in sulfur as well as 
H~S bearing atmospheres is improved considerably by ad- 
dition of a luminum as an alloying element (1-7). The reac- 
tion kinetics of these alloys are generally complex due to 
growth of a multilayered scale and internal sulfidation 
(7). The present paper is concerned with obtaining an un- 
derstanding of the sulfidation properties of Fe-A1 alloys 
with respect to internal sulfidation and of the transition 
to external sulfide scale formation. Accordingly, Fe-A1 al- 
loys containing up to 28 atomic percent (a/o) A1 have been 
sulfidized at 1173 K in sulfur vapor at the dissociation 
pressure of FeS (1.45 x 10-3 Pa) to prevent  formation and 
influence of this rapid growing phase on the reaction 
mechanism. 

Experimental  
Alloys of nominal compositions 6, 9, 18, and 28 a/o A1 

were prepared by electric arc melting of iron (99.99% 
pure) and aluminum (99.98% pure) in an argon atmo- 
sphere gettered of oxygen by ti tanium chips. Chemical 
analyses for impurities in the pure metals are given in 
Table I. Actual compositions of these ferritic solid solu- 
tion alloys were 5.8, 8.8, 18.2, and 27.8 a/o A1. The alloy in- 
gots were annealed at 1473 K for 12h in a furnace 
equipped with a continuous ultrapure argon flow system. 
The average grain size of any alloy was usually large; it 
varied from 0.1 mm to about 0.8 ram. Small cylindrical 
plates approximately 1-3 mm thick and of 10 mm diam 
were prepared from the alloy ingots using silicon carbide 
cutting blades. These specimens were polished on all 
sides through a series of silicon carbide papers using 
water as a lubricant. Final polishing was carried out on 
napless cloths impregnated with 6 and 1 ~m diamond 
paste with kerosene as the lubricant. 

Sulfidation of the alloys was carried out at 1173 K in 
sulfut vapor set at the dissociation pressure of FeS equal 
to Ps2 = 1.45 • 10-3 Pa (8) by means of the reaction cell as- 
sembly shown in Fig. 1. Two alloy specimens suspended 
in open-ended alumina tubes by platinum wires and a 
pressed Fe + FeS porous compact were encased in an 
evacuated quartz tube. The alloys were sulfidized for pe- 
riods extending up to 20 ks. Metallographic examination 
of the Fe + FeS compacts after sulfidation runs demon- 
strated that these compacts retained their porosity with- 
out any evidence of a protective iron layer. 

Sulfide phases were identified by x-ray diffraction 
powder analyses using Ni-filtered Cu-Ka radiation. Op- 
tical microscopy was used to study the morphology of the 
reaction products and to measure the depths of internal 
su]fidatlon zones. Electron probe microanalyses (EPMA) 
were used to determine composition profiles within the 
sulfidation zones. 

*Electrochemical Society Student Member. 
**Electrochemical Society Active Member. 

Table I. Chemical analyses of iron and aluminum 

Iron Aluminum 
Impurities (ppm) (ppm) 

C 18 - -  
Cu 30 < 1 
Si 50 --  
Cr 30 --  
Mo 30 --  
Mg <10 10 
Ca <10 --  
Ti <10 --  
S 40 - -  
A1 60 By difference 
Fe By difference 2 

Results 
Sulfidation kinetics.--These kinetics for the alloys con- 

taining 6, 9, and 18 a/o A1 were  determined by measuring 
the depths of internal sulfidation and the sulfur uptakes. 
As demonstrated by the plots of these results in Fig. 2 and 
3, these reaction kinetics w e r e  of parabolic type. The 
depths of internal sulfidation in the alloys after corre- 
sponding exposures decreased with aluminum content 
only up to 9 a/o A1; the alloy containing 18 a/o A1 exhib- 
ited the largest penetration depth. This is also indicated 
by the corresponding parabolic rate constants for internal 
sulfidation (see Table II). A scale on the Fe-9 A1 alloy was 
only observed at isolated small areas over the alloy sur- 
face. The scale on the Fe-18 A1 alloy which sulfidized 
both internally and externally was continuous and grew 
parabolically at 8.9 x 102 ~m/s 1~. Sulfidation led only to 
growth of a scale on the Fe-28 A1 alloy which grew at 7.2 
• 10 -2 ~m/s~/2. 

Scale morphological development .--The internal 
sulfide precipitates formed in the Fe-6, 9, and 18 A1 alloys 
were acicular in morphology, and they extended as plates 
across the internal sulfidation zones largely oriented nor- 
mal to the alloy surface, with the exception of some alloy 

ALUMINA TUBES 

Fe-AI ALLOY Fe + FeS 
Fig. l. The reaction cell assembly for Fe-AI alloys in $2 vapor at the 

dissociation pressure of FeS. 
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Fig. 2. Plots of internal sulfidation depth vs. (time) lm for various 
Fe-AI alloys. 

grains in which they were oriented at an angle slightly 
less than 90 ~ Figure 4 illustrates these features. The ad- 
vancing front of an internal sulfidation zone was quite 
uniform, although slight irregularities were found occa- 
sionally at the corners of the specimens. Preferential in- 
tergranular sulfidation was not observed in these alloys. 

Figure 5 shows transverse sections of the internal 
sulfides at different depths from the surface of the alloy 

! I / | ! I 
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Fig. 3. Plots of sulfur uptake (AW/A)  vs. (time) I/2 for various Fe-AI 
alloys. 

containing 9 a/o A1. The sulfide platelets are oriented in 
several crystallographic directions. Those platelets ex- 
isting deep within the internal sulfidation zone near its 
advancing front in this alloy contained more than one 
phase, one enveloping the other (Fig. 5, bottom), appar- 
ently due to conversion of AI~S:~ into FeAI.2S4. The sulfide 
precipitates right at the internal sulfidation front were 
composed of only the AI~S3 phase. 

Fig. 4. Photomicrographs of the polished cross section of the internal sulfidation zones in (a) Fe-6 a/o AI, (b) Fe-9 a/o AI, and (c) Fe-18 a/o AI 
alloys, d: The change in orientation of internal sulfide platelets at a grain boundary. 
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Table II. The parabolic rate constants for internal sulfidation 
of Fe-AI alloys in $2 (Fe/FeS) at 1173 K 

Parabolic 
Alloy rate constant 

composition kp (~rn/s '/2) 

Fe-6 aJo A1 7.4 
Fe-9 a/o A1 5.1 
Fe-18 a]o A1 8.5 

May 1985 

In  all t h e  al loys,  the  p]a te l ike  i n t e r n a l  sul f ide  prec ip i -  
ta tes  r a n g i n g  f r o m  0.5 to 2 ~ m  t h i c k n e s s  a n d  10 to 20 ~ m  
w i d t h s  e x t e n d e d  e i the r  f rom j u s t  b e l o w  the  gas/al loy in- 
te r face  or f rom t h e  ex t e rna l  s ca l e / subsca le  in t e r f ace  
across  t he  i n t e rna l  su l f ida t ion  zone  as s h o w n  in Fig. 6. As 
s h o w n  in  Fig. 7, t he  spac ing  b e t w e e n  sulf ide p la te le t s  
w i t h i n  t he  i n t e rna l  su l f ida t ion  zones  d e c r e a s e d  w i t h  in- 
c r eas ing  a l u m i n u m  c o n t e n t  in  t he  alloy. Tab le  III  pre-  
s en t s  the  va r i a t i on  of  th i s  spac ing  w i th  al loy compos i t i on .  
These  spac ings  are ave rage  va lues  of m e a s u r e m e n t s  car- 
r ied  ou t  at  va r ious  d e p t h s  in  t he  i n t e rna l  su l f ida t ion  zone  
for e ach  alloy. I t  was  no t  pos s ib l e  b y  t h i s  m e a s u r e m e n t  
t e c h n i q u e  to d i s t i n g u i s h  any  v a r i a t i o n  in  spac ing  at  
va r ious  d e p t h s  w i t h i n  t he  i n t e rna l  zone.  

An  e x t e r n a l  scale  w i t h o u t  any  a s soc ia t ed  in t e rna l  sulfi- 
da t ion  was o b s e r v e d  to g row on  t he  Fe-28 A1 alloy. This  
c o m p a c t  a d h e r e n t  scale  spal led  off  the  al loy d u r i n g  cool- 
ing. I ts  m o r p h o l o g y  is s h o w n  in  Fig. 8. 

Sulfide compositions and structures.--Compositions of 
the  i n t e rna l  su l f ide  p rec ip i t a t e s  c o r r e s p o n d e d  m o s t  
c losely to FeAI~S4 in  t he  Fe-6AI al loy a n d  FeA12S4-A12S:~ 
p la te le t s  in  t he  al loys c o n t a i n i n g  9 a n d  18 a/o A1. The  
FeA12S, p h a s e  a p p e a r e d  to be  a t  leas t  80-90% of a sul f ide  

Fig. 5. Photomicrographs of the Fe-9 a/o AI alloy depicting the mor- 
phology of the internal sulfides at various depths in a transverse sec- 
tion. Top: close to the external surface. Bottom: close to the alloy/ 
internal sulfidation front. 

Fig. 6. Photomicrographs illustrating the cross section of an internal 
sulfidation zone near the alloy and external scale/alloy interface for 
(top) Fe-9 a/o AI and (bottom) Fe-18 a/a A! a!loys. 

platele t ,  b a s e d  u p o n  t h e  m e t a l l o g r a p h i c  obse rva t ions ;  in  
par t icu la r ,  t h e  AI~S:~ p rec ip i t a t e s  were  p r e s e n t  t o w a r d  t he  
i n t e rna l  sul f ide/a l loy in terface .  In  t h e  case  of  Fe-9 a n d  18 
A1 alloys,  t h e  i n t e r n a l  su l f ida t ion  zones  of FeA12S4-A12S:, 
were  o v e r g r o w n  b y  FeA12S4 e x t e r n a l  scales.  F igu re  9 
s h o w s  m i c r o p r o b e  t races  for  i ron  a n d  a l u m i n u m  across  
the  i n t e rna l  su l f ida t ion  zone  of  the  Fe-9A1 alloy. The  al- 
loy is dep l e t ed  of  a l u m i n u m  n e a r  t h e  i n t e rna l  su l f ida t ion  
zone  in t e r f ace  w h i c h  c a u s e d  a s l ight  e n r i c h m e n t  of a lumi-  
n u m  in  t h e  su l f ida t ion  zone.  T h e  x- ray  d i f f rac t ion  p a t t e r n  
f rom t h e  i n t e r n a l  su l f ida t ion  zone  of  t h e  Fe-gA1 al loy cor- 
r e s p o n d i n g  to t h e  p r e s e n c e  of FeA1.2S4 is i l l u s t r a t ed  in Fig. 

Table III. Intersulfide spacings for Fe-AI alloys 
at 1173 K in S~(Fe/FeS) 

Alloy Spacing 
composition (~m) 

Fe-6 aJo A1 7.9 _+ 0.5 
Fe-9 a/o Al 3.8 _+ 0.6 
Fe-18 a/o A1 2.6 - 0.5 
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Fig. 7. Photomicrographs revealing the cross section of internal sulfide precipitates and their spacings in (left) Fe-9 a/o AI and (right} Fe-18 a/o 
AI alloys. 

10a. The  ex te rna l  scale on the  Fe-28A1 was ident i f ied to 
be AI~S3, as i l lus t ra ted in Fig. 10b. 

Discussion 
In  order  to p resen t  a diffusion mode l  for g rowth  of  the  

internal  sulfide p!atelets in the  Fe-6, 9, and 18 a/o A1 al- 
loys, a compar i son  is m a d e  of the  permeabi l i t ies  (NdS)Ds) 

for these  alloys calculated f rom the  classical diffusion 
mode l  for internal  sulf idat ion (9-12). Accord ing  to this 
lat ter  model ,  the  depth,  ~, of  the  in ternal  sulf idat ion zone 
is a parabol ic  func t ion  of time. It can be  shown that  for 
the Fe-A1 alloys 

Ns Isl DAj 
- -  < <  - -  0 . 1 - 1  [1] 
N~ Ds 

Fig. 8. Photomicrograph of the cross section of the sulfide scale (AI2S: ~) formed on the Fe-28 a/o AI alloy 
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Fig. 9. Electron microprobe traces for iron and aluminum in the internal sulfidation zone of Fe-9 a/o AI alloy 
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Therefore,  the  dep th  of the in ternal  sulf idat ion is de- 
scr ibed as (9) 

N s  ( S )  

= zJNOA----- ~ (w6D,t) '~'- [2] 

where  Ns (s) and N%~ are the a tomic  fract ions of  d issolved 
sulfur at the  alloy surface and of a l u m i n u m  in the bu lk  al- 
loy, respect ively ,  and 6 = Ds/DA] is the  ratio of diffusivi t ies  
of sulfur and a l u m i n u m  in the  alloy. The  l imit ing case in 
Eq. [2] cor responds  to signif icant  diffusion of a luminum,  
hence  its en r i chmen t  wi th in  the  internal ly  sulfidized 
zone. In  the  p resence  of an ex te rna l  reced ing  scale as the  
source of  sulfur, the  depth  of  internal  sulf idat ion zone is 
g iven by (13, 14) 

* AI2S3 

x A L L O Y  

�9 F e  A I 2 S 4  

O .  

': r 
6 ,b z b  

] 

i i Ti 
~,o 4'o so 6'0 -,'b ~o 9'0 ,oo 

[ 
I 

2 e  ~ ( C u  K a )  

Fig. 10. Reflection x-ray diffraction of sulfides from (a) internal 
sulfidatien zone of Fe-9 a/o AI alloy and (b) external scale on the 
Fe-28 a/o AI alloy. 

~(r - ~') NslS)Ds 
- -  - - -  r ( n )  [3] 

2t vN~ 

where  the  auxi l iary  func t ion  F(V) is def ined as 

F(V) = ~'~'2V exp  (V 2) erfc (7) [4] 

wi th  

�9 / = ~/2 (DAIt) '/2 [5] 

and ~' is the  posi t ion coordinate  of  the  alloy/scale inter- 
face at any t ime. Equa t ions  [3] and [4] were  used, respec- 
tively, to calculate  the  apparen t  pe rmeab i l i t i e s '  of sulfur  
in the  Fe-6, 9, and 18 a/o A1 alloys (see Table  IV). 

A l inear  increase  in the  apparen t  permeabi l i ty  wi th  al- 
loy compos i t ion  is observed,  as i l lustrated in Fig. 11. In  
order  to account  for this behavior ,  a mode l  involv ing  sul- 
fur diffusion wi th in  the  internal  sulf idat ion zone in the  
alloy mat r ix  and along the  boundar ies  be tween  the  sul- 
fide and the  alloy mat r ix  is considered.  The mode l  which  
we e m p l o y  cor responds  to that  advanced  by Whitt le and 
co-workers  (15) to account  for enhanced  diffusion of  oxy- 
gen in the  internal  ox ida t ion  of  Ni-A1 alloys. 

The effect ive  sulfur flux th rough  the  internal  sulfida- 
t ion zone is expressed  as the sum of sulfur fluxes 
th rough  the  alloy lattice, j s, the  in ternal  sulfide/alloy in- 
terface, j s, and  the  internal  sulfide particles,  JSsmf, as il- 
lus t ra ted schemat ica l ly  in Fig. 12. Thus  

JSar = J ,SA,  + JiSAi + JS~,,A~ulf [6] 

where  A~, A ,  and A~u,f are the  area fract ions of  alloy phase,  
alloy/sulfide interfaces,  and sulfide, respect ively,  in a 
uni t  cross sect ion cut  parallel  to the  ex te rna l  surface. Sul- 

1In the subsequent text, the product Ns(S'Ds is termed as the 
apparent permeability. 

Table IV. Apparent permeability of sulfur in Fe-AI alloys at 1173 K 

Alloy Apparent Equation 
composition Ns(S)Ds used 

Fe-6 a/o A1 5.7 • 10 -'0 [3] 
Fe-9 a/o A1 9.7 x 10 -'0 [4] 
Fe-18 a/o A1 18.3 • 10 -t~ [4] 
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Fig. ] ]. Plot of apparent permeability of sulfur as o function of al- 
loy aluminum content, 

fur diffusion in the  sulfide can be  neg lec ted  in compar i -  
son to di f fus ion in the  alloy lat t ice and along the  inter- 
faces. A s s u m i n g  a c o m m o n  sulfur concen t ra t ion  gradient ,  
the  effect ive sulfur  diffusion coeff ic ient  in the  internal  
sulfidation zone  is g iven  by 

Ds,af = Ds,lAl + Ds,iAi [7] 

where  Ds,~ is the  lat t ice d i f fus ion coeff ic ient  for sulfur,  
and Ds,~ the  interfacial  or b o u n d a r y  diffusion coefficient.  

The  area fract ions A, and A~ are calcula ted as follows. 
The  th ickness  and  wid th  of the  p la te le ts  are des ignated  as 
d and w (Fig. 12), and it is a s sumed  that  they  ex t end  con- 
t inuous ly  t h rough  the  internal  sulf idat ion zone up to its 
depth,  ~, be low the  meta l  surface. I f  the  mole  f ract ion of  
the sulfide is expressed  as N~A,~s~, the  n u m b e r  of  sulfide 
pla te le ts  z pe r  uni t  cross-sect ional  area is calculated to be  

N~nl~s~: w d ~  
- -  - z - -  [ 8 1  

Valloy Vsulf 

assuming  that  no v o l u m e  expans ion  has  occur red  due  to 
internal  sulfidation.  In  this equat ion ,  V~f and V~n,,y are 
the  molar  v o l u m e s  of  sulfide and alloy phase,  respec-  
tively, The  fract ional  area of  the  in ter face  is g iven  by 

Ai = 2(w + d)zb~ -~ 2wzbi  [9] 

s ince d < <  w for th in  plates and b~ is the  wid th  of  the  in- 

~ Front of 
Internal 
Sulfidation 

Alloy Zone 
Surface W / I V  ,W /I.Y / 

OR ~ ~/ J / I /  ~/ 
Scale/Alloy ~Z . . . . .  f 
, . , . . , o~  

Sz / /[ ~/ Alloy 

/ / / //[ 

Fig. 12. Schematic internal sulfidotion model for Fe-AI alloys sulfi- 
dized in S~ vapor at the dissociation pressure of FeS. 

terface. Therefore ,  the  fract ional  cross-sect ion area availa- 
ble for lat t ice di f fus ion is g iven  by 

AL = 1 - Ai - A,~lf = 1 - 2wzbi  - z w d  [10] 

Subs t i tu t ing  Eq. [8]-[10] into Eq. [7] wi th  the  rest r ic t ion 
that  bi < <  d gives u p o n  r ea r r angemen t  

D s , a f _ l +  [ 2 bi Ds,~ 1] V~u~f 
Ds,l d Ds.~ Valloy N(AIFe)S. [11] 

Thus,  the  effect ive  diffusion coeff ic ient  in the  in ternal  
sulf idat ion zone is a l inear  func t ion  of  the  mole  f rac t ion  
of in ternal  sulfide precipitate.  This  pa ramete r  is propor-  
t ional  to the  original  a tom fract ion of  a l u m i n u m  in the  al- 
loy, N~ if one  assumes  that  a l u m i n u m  en r i chmen t  into 
the  internal  sulf idat ion zone by dif fus ion can be  ex- 
pressed  by a factor  a i n d e p e n d e n t  of alloy compos i t ion  
(11) 

Ns~S'Ds'~fr - 1 +  [2 .bt Ds'~ 1] V"' faN~ [12] 
Ns(SlDs,1 d Ds.~ Vall0y 

The sulfur solubi l i ty  at the  in ter face  does  not  d e p e n d  
upon alloy a l u m i n u m  composi t ion ,  s ince the alloy mat r ix  
is vir tual ly  pure  iron due to the se lec t ive  sulfidation of  
a luminum.  The  ratio on the  lef t -hand side of Eq.  [12] cor- 
responds  to the  ratio of the  apparen t  Ns~S~Ds p roduc t  ob- 
ta ined  by ex t rapola t ing  to pure  iron. A plot  of Eq.  [12] is 
shown in Fig. 13; a l inear fit is ob ta ined  wi th  0.997 corre- 
lat ion coefficient.  The  Slope of  the  l inear  plot  in Fig. 13 
cor responds  to 

2 Ds,i bi ) V~.,f 
Ds,l d 1 - - a =  1030 [13] 

Valloy 

The ratio DjD, ,~  was calcula ted us ing  Eq. [13] to exam-  
ine whe the r  the  parameters  in Eq.  [13] are physical ly  rea- 
sonable.  S ince  the  internal  sulf ide prec ip i ta tes  were  
largely c o m p o s e d  of  FeAI=S4, V~a~f = 8 • 10 -'~ m :*, Van,,y = 
7.2 • 10 -6 m 3, a = 2, bi = 1 nm, and the  th ickness  of  the  in- 
ternal  sulfide precipi ta tes  ranged  f rom 0.5 to 2 /~m, the  
calculated Ds,i/Ds,, ratio has va lues  in the  range 1.2-8.4 • 
104. These  va lues  compare  wel l  to a calcula t ion of the  ra- 
tio f rom independen t l y  de te rmined  values  for sulfur grain 
boundary  diffusion (16) and lat t ice diffusion in i ron (17, 
18), Ds,]Ds,l = 8.3 • 10 "~. 

200 I I i I I l i t  
/ 

Fe - AI / Se Vopour , , m  
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0 I I I I I I , 
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ATOM FRACTION OF AI tN THE ALLOY =-- 
Fig. 13. Plot of the ratio of apparent sulfur permeability in Fe-AI al- 

loys to that in pure iron as a function of alloy aluminum content (Eq. 
[15]). 
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The average intersulfide spacing decreased from 7.9 -+ 
0.5 tLm for Fe-6A1 alloy to 2.6 -+ 0.5 ~m for Fe-18A1 alloy, 
but the dependence of platelet size with distance into a 
specific alloy could not be quantitatively assessed. It is 
not possible, therefore, to give a more complete analysis 
to account for the diverse internal sulfidation phenom- 
ena involving an unusual  dependence of the reaction rate 
which does not decrease regularly with alloy composition 
presumably caused by different properties of the 
alloy/sulfide boundaries with respect to sulfur diffusion. 

Three modes of sulfidation were exhibited by the al- 
loys dependent  upon their a luminum composition: inter- 
nal sulfidation, internal-external sulfidation, and sole 
growth of an external sulfide scale. The sequence of the 
stability of FeAI~S4 and AI~S:~ with increasing A1 contents 
of the alloy is consistent with the ternary thermodynamic 
properties (20). The growth of the AI~S:~ scale on the alloy 
of high a luminum content of 28 a/o proceeded at a very 
slow rate. It would appear that this transition from inter- 
nal sulfidation to sole growth of an external scale is de- 
termined by the criterion that the diffusion path in this al- 
loy phase contacts without crossing the sulfur solubility 
curve into the two-phase alloy-sulfide phase field at an 
alloy composition determined by solid solution thermo- 
dynamics and diffusion (10, 19). It is necessary to post- 
pone an analysis of this sulfidation behavior to a subse- 
quent paper in which the internal-external sulfidation 
transition is analyzed with respect to positive interactions 
which occur between sulfur and a luminum alloying so- 
lutes in the Fe-AI-S ternary system (21). 

Summary 
High temperature sulfidation properties of Fe-A1 alloys 

at the dissociation pressure of FeS were investigated at 
1173 K, with special interest given to the microstructure 
and growth of internal sulfide precipitates and the transi- 
tion from internal sulfidation to external scale formation. 
The alloys sulfidized parabolically and the alloy of 
highest A1 content (27.8 a/o) only exhibited growth of a 
protective external scale. 

The Fe-6 a/o A1 alloy exhibited growth of FeAl~S4 acicu- 
Jar platelets which extended into and across the internal 
sulfidation zone. In the cases of Fe-9 and 18 a/o A1 alloys, 
the internal sulfidation zones containing FeA12S4-A12S~ 
platelets were overgrown by external FeA12S4 scales. A 
diffusion model was advanced to describe the sulfidation 
behavior of these alloys involving enhanced sulfur diffu- 
sion along the interfaces between the internal sulfides 

and the alloy matrix. In the internal sulfidation zones of 
these alloys, the apparent permeability of sulfur N~S~Ds 
increased with increasing alloy a luminum content. The 
ratio of boundary to lattice diffusivities of sulfur in iron 
estimated from this model were in satisfactory agreement 
with the values available in the literature. 
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Transition from Internal Sulfidation to External Scale Growth on 
Fe-AI Alloys at 1173 K 
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Ontario, Canada L8S 4M1 

ABSTRACT 

The transition from internal sulfidation to exclusive growth of an external scale on Fe-A1 alloys sulfidized at 1173 K 
in sulfur vapor at the dissociation pressure of iron sulfide was studied using the criterion that the diffusion path in the 
alloy contacts the sulfur solubility curve without crossing into the alloy-sulfide phase field. This analysis based upon a 
vacancy mechanism for diffusion of aluminum and sulfur and repulsive interaction between sulfur and aluminum is 
used to show the effect of diffusion coefficients, the parabolic scaling rate constant, and the Wagner sulfur-aluminum 
interaction coefficient on the relationship between the diffusion path and the sulfur solubility curve in the alloy. It  is 
demonstrated that the critical atom fraction of a luminum required for exclusive growth of an A]2S3 scale can only be 
defined when account is given to positive values of the sulfur-aluminum interaction coefficient. 

In our preceding paper (1), an investigation was re- 
ported on the sulfidation properties of Fe-A1 alloys at 
1173 K in sulfur vapor at the dissociation pressure of iron 
sulfide. Emphasis was given to examining the growth 
and morphologies of the FeA12S4 scale and FeA12S4-A12S3 
internal precipitates and to the transition for exclusive 
growth of an external protective A12S3 scale. A diffusion 
model was employed to account for internal-external sul- 
fidation. 

In this paper, a diffusion analysis is carried out to ac- 
count for the transition from internal sulfidation to exter- 
nal scale formation by a model in which account is given 
to sulfur diffusion by a vacancy mechanism and to repul- 
sive interaction between sulfur and aluminum in the al- 
loy. The problem is posed in terms of ternary diffusion 
and solution thermodynamics,  and equations are deduced 
for describing the sulfidation phenomena based on asser- 
tions relating to the locus Of the virtual diffusion path on 
t h e  Fe-A1-S phase isotherm. Since the methodology corre- 
sponds closely to that previously introduced by Smeltzer 
and Whittle (2) to define the criterion for onset of internal 
oxidation beneath the oxide scale on binary alloys, direct 
reference is made whenever  possible to equations em- 
ployed in that paper. 

The Ternary Sulfidation Model 
Placement  of representative diffusion paths on the 

Fe-A1-S isotherm determined at 1173 K (3) is shown in 
Fig. 1. Diffusion path (1 in Fig. 1) corresponds to exclu- 
sive growth of an A12S3 scale. Here, the virtual diffusion 
path contacts, or, in the limit, tangents, the sulfur solubil- 
ity curve and corresponds to the actual diffusion profile 
in the alloy sulfidizing by parabolic kinetics. This 
sulfidation behavior was exhibited by the Fe-28 atomic 
percent (a/o) A1 alloy (1). Path 2 in Fig. 1, corresponds to 
the case for A12S3 scale formation and A12S3 internal pre- 
cipitation in the alloy by relief of sulfur supersaturation. 
Consequently, the criterion for the absence or presence of 
internal sulfidation during scaling is based upon the rela- 
tionship between the locus of the virtual diffusion path 
and the sulfur solubility curve in the alloy. If path 2 in 
Fig. 1, was to cut across the alloy-FeA12S4-Al,~S:~ field into 
the alloy-FeA12S4 field before contacting the alloy sulfur 
solubility curve, sulfidation would lead to precipitation 
of FeA12S4-AI~S:~ precipitates in the alloy beneath the 
FeA12S4 scale as encountered for the alloys containing 
9-18 a/o A1 (1). 

Ternary solution thermodynamics determine the shape 
of the sulfur solubility curve as a function of metal solute 
alloy content, as illustrated in Fig. 2. Sulfur solubility 
over a region of alloy composition is determined by the 
following reaction equilibrium 

* Electrochemical Society Active Member. 
** Electrochemical Society Student Member. 

A1,_~Fe~S, = (1 - 6)A1 + 6Fe + vS [1] 

where A1, Fe, and S refer to the alloy components, and 
v = 1.5 and 6 <<  1 represent the small iron solubility of 
0.3 a/o in A12S3 (3). If  the non-Henrian solution behavior of 
sulfur in this alloy is interpreted by Wagner interaction 
coefficients, equil ibrium of reaction [2] can be repre- 
sented by Eq. [32] of Ref. (2) 

= A r  A I Y  s exp - ~saNa 

\ N A /  

where (NS)NH is the non-Henrian sulfur solubility, K and 
KH are the actual and Henrian equil ibrium constants, re- 
spectively, yo is a Henrian activity coefficient, and es A is 
the Wagner interaction coefficient for sulfur with alumi- 
num. The sulfur solubility curves exhibit  minima with 
negative values of es A at larger sulfur concentrations and 
smaller alloy contents with increasing negative values of 
this interaction coefficient. 

o from binary data 
S 

ALLOY PHASE 
FIELDS 

cE - Fe(AI)S.S 
- Fe(AI)z 
- Fe2AI5 

(~ - FeAI3, 

,AI2S 3 
Fel-x S ~ =  o 

FeA; 
AI 

Sulfur Sulfur 

AI2S3 AI2S 3 

o %" o'o~ .~= Internal AI2S3 
o , . . . .  precipitation Alloy Alloy 

(I) . . . .  DIFFUSION PATH (2) VIRTUAL DIFFUSION PATH 

Fig. 1. Diffusion paths for metal and sulfur superimposed on the A-B-S 
ternary isotherm. Diffusion path, 1, corresponds to exclusive growth of 
an external AI2S:~ scale. Virtual diffusion path, 2, leads to internal- 
external sulfidation. 
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Fig. 2. The shape of the sulfur solubility curve in the Fe-AI alloy as a 
function of alloy aluminum atom fraction for Henrian (as a = 0) and 
nonideal (as A :~ 0) solid solution behavior. 

In the previous analysis for internal-external oxidation 
of a binary alloy (2), account was given to oxygen diffu- 
sion in the alloy by an interstitial mechanism and oxygen 
interaction with the alloying solute element of an 
attractive kind (negative Wagner interaction coefficient). 
These properties, however, do not apply to the Fe-AI-S 
system. Sulfur diffusion in bcc iron proceeds by a va- 
cancy mechanism (4-6), and the thermodynamics of liquid 
Fe-A] alloys containing dissolved sulfur are determined 
by a repulsive interaction between sulfur and aluminum 
(positive Wagner interaction coefficient) (7, 8) even 
though AI~S:3 is a relatively stable compound (3). Conse- 
quently, the diffusional analysis for sulfidation in con- 
trast to oxidation of the Fe-Al alloys must take into ac- 
count a different type of diffusion mechanism and of 
thermodynamic behavior. We are able to demonstrate, 
notwithstanding, that this analysis is similar to that previ- 
ously carried out and gives a more detailed general under- 
standing of internal-external oxidation phenomena. 

The scale-alloy diffusion model is shown schematically 
in Fig. 3. Then, equations describing diffusion in the alloy 
when the gaseous solute element is regarded as diffusing 
on both its own and metal gradient are as follows 

dNA 
JA = --DAA - -  [3] 

d x  

S u l f u r  I (AIFe)Sul  A l l oy  (Fe-AI )  

o 

X Distance 
x=O > 

x 
Fig. 3. The ternary scale-alloy sulfidation model 

dNr dNA 
Js = -Dss  ~ - DsA d--~-- [4] 

where  D is a diffusion coeff icient  for a luminum and sul- 
fur and Dsn is the  off-diagonal diffusion coefficient. For  
the te rnary  di lute  subst i tu t ional  solid solut ion approxi-  
mat ion  and a solute  vacancy  dif fus ion m e c h a n i s m  (9) 

DsA DssNs(es a ~ / Daa _ NB D~. ~ ~ 
= - Ns - -  Dss ] J [53 

Since  Ns <<1;  Dss - 10 DAA or DBB 

DSA = esADssNs [6] 

in exac t  co r r e spondence  to the  p rev ious  case for intersti-  
tial oxygen  diffusion in a b inary  alloy, Eq.  [36] of  Ref. (2). 
Thus we may  util ize Eq. [1] and [39] of Ref. (2) to define 
the a tom fract ion of  a l u m i n u m  and sulfur at any d is tance  
x wi th in  the alloy 

erfc x/2 ~/(DAAt ) 
NA = NAO - -  ( N A o  - -  NA,) erfc N/(k/2DAA) ; x >~ X [7] 

DSA erfc [x/2 N / ( D A A t ) ]  

Ns = ~ (NAo - NA,) erfc (k/2DAA) '1'2 

erfc [x/2 x/(Dsst)] 
+ Ns, 

erfc (k/2Dss) "2 

DsA erfc [x/2 ~/(Dsst)] 
- -  - -  (NAo -- NA, ) ; X ~> X [8] 

Dss erfc (k/2Dss) "2 

T 
Ns 
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Fig. 4. Sulfur solubility curves calculated according to Eq. [2] with dif- 
fusion paths calculated by means of Eq. [7]-[9]  superimposed for an 
Fe-20 a/o AI alloy. The region above a solubility curve corresponds to the 
alloy-sulfide phase field�9 
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X = x/2kt [9] 

Dif fus ion  pa ths  are  de t e rmined  f rom Eq. [7]-[9] by cal- 
culat ing the  meta l  and sulfur  profi les and then  elimi- 
na t ing  the  var iab le  x/x/t. In  Fig. 4, ca lcula ted diffusion 
paths  have  been  supe r imposed  on alloy sulfur solubi l i ty  
curves  for an al loy of  compos i t ion  NAO = 0.2 and Henr ian  
(es s = 0) and non-Henr ian  (es A > 0) sulfur  solut ion behav-  
ior. The  values  of  the  equ i l ib r ium constant ,  diffusivities,  
and the  parabol ic  sulf idat ion rate cons tant  cor respond to 
those  for g rowth  of A12S3 on the  Fe-A1 alloy at 1173 K. As 
was emphas i zed  earlier, the  solubi l i ty  curves  wi th  posi- 
t ive in te rac t ion  coefficients  did not  exhib i t  m i n i m a  but  
they decreased  marked ly  in va lue  wi th  increase in the  
posi t ive  va lue  of es A. Moreover ,  the  calculated diffusion 
paths  in all cases cut  into the  two-phase  alloy and sulfide 
phase  field (region above  each  solubi l i ty  curve) in a man-  
ner  such  that  the  interfacial  a l u m i n u m  concent ra t ions  do 
not  pract ical ly  d e p e n d  on the  va lue  of es A even  though  the  
sulfur interfacial  concen t ra t ion  decreases  by several  or- 
ders of magni tude .  It  also is to be no ted  that  a decrease  in 
the  va lue  of  Es A decreases  the  s lopes of  bo th  the diffusion 
path  and the  sulfur  solubi l i ty  curve;  it is the  re la t ionship  
be tween  these  two parameters  which  governs  the  critical 
a tom fract ion of  a l u m i n u m  necessary  for p reven t ion  of  in- 
ternal  oxidat ion.  

T r a n s i t i o n  f rom In te rna l  Su l f ida t ion  to Externa l  Sul f ide  
Scale  G r o w t h  

For  scale g rowth  only, one has the  re la t ionship  (2) 

(dNs OP (dN  so, 
-dN~J o<,:x ~ \ d-N-~A 7.~=, [10] 

where  the  s lopes  of the sulfur  diffusion and solubi l i ty  
profi les in the  alloy are des igna ted  as D P  and Sol, respec-  
tively. S ince  the  diffusional  analysis for sulf idat ion has 
been  shown to cor respond  to that  for oxidat ion,  Eq.  [26a], 
[42], and [57] of  Ref. (2) can be  ut i l ized to define the  ex- 
press ions  in Eq.  [10] and the  crit ical  a tom fract ion of  alu- 
minum,  NAO*, for suppress ion  of  in ternal  sulfidation and 
exc lus ive  g rowth  of  the  A12S 3 scale. 

esA(NAoo)3 + (1-F~_)F(u) [ 1 + ~-u \---D--~AA ) (~rDss ~,/2]j 

- esA[1 + F(u)]}(Nao'.)+ {e~AF(u) -- [1 - F(U)] 

_ u ( 1 - F(u) } 
v \ ~ /  ~(~-~ - j  = 0 [11] 

whe re  u replaces k/(2DAA) "'z and F(u) represents the aux i l -  
ia ry  func t ion  

F(u) = ~/Ir u exp  u 2 erfc u [12] 

Thus,  NAo* depends  on the  two dif fus ion coeff icients  Dss 
and DAA, the  alloy/sulfide interfacial  recess ion  rate as 
g iven  by the  parabol ic  scal ing rate  cons tan t  k and the 
t h e r m o d y n a m i c s  of  sulfur solubi l i ty  in the  alloy depend-  
ent  u p o n  the  in te rac t ion  coeff icient  es A. 

Equa t ion  [11] was used  to calculate  NA,,* as a func t ion  of  
nega t ive  and pos i t ive  values  of Es A, several  va lues  of  
k/DAA, K .  = 10 - '~  (10, 11), and Dss/DAA = 10 (4, 12). These  
resul ts  are  shown  in Fig. 5. An increase  in the  meta l  
diffusivi ty or decrease  in the  parabol ic  sulf idat ion rate  
cons tant  decreased  the  initial bulk  a tom fract ion of  alumi- 
n u m  requ i red  for exc lus ive  scale format ion.  NAo* m a y  be 
larger or smal le r  than  the  concen t ra t ion  g iven  by I l en r i an  
or ideal  so lu t ion  behav ior  (es A = 0). With increas ing  nega- 
t ive values  of  es A cor respond ing  to s t ronger  a t t ract ive in-  
teract ions  b e t w e e n  the  alloy solutes,  NAo* becomes  of  
smal ler  value.  The  converse  is val id  unde r  solute  repul-  
sive in teract ions:  NAoo increases  wi th  increas ing  posi t ive  
values  of  es A. Moreover ,  the  var ia t ion  in NAo. is largest  in 
the  range - 5 0  < es A < +50 if  klDAA > 10-:L 

It  is appropr ia te  here  to cons ider  sulf idat ion of  the  
Fe-A1 alloys at 1173 K in sulfur  vapo r  at the  dissocia t ion 
pressure  of  FeS.  The  Fe-18 a/o A1 alloy exh ib i t ed  internal-  
external  sulf idat ion giving rise to FeAI~S~-AI.~S:~ in ternal  

1.0 

o t l  NA 

0.1 

I I I I I I I t I I t 

k,oAA 
, '~163 / . , ' /  

/,,7 ' 2 # 

5 x ~ / Z  

10 -4 

DsslDAA = I0 

0.01 I I I I I I I I [ I I 
- 1 2 0 - I 0 0 - 8 0 - 6 0 - 4 0  -20 0 20 40 60 80 I00 120 

Fig. 5. The critical atom fraction of aluminum in the Fe-AI alloy, NAO*, 
for exclusive external oxidation as a function of k/DAA and the interac- 
tion parameter es A, Dss/DAA = 10. The region above the calculated NAO* 
represents alloy compositions for external scale formation only. 

precipi ta tes  and an FeA12S4 scale, whereas  the  Fe-28 a/o 
A1 alloy exh ib i t ed  exc lus ive  g rowth  of  an  A12S~ scale. The  
va lues  k = 1 .9  x 10 - '2 cm/s 'I2 for scale g rowth  (1), DAA = 
5.8 • 10 - '~  cm2/s (12), and Dss = 1.3 x 10 -.9 cm2/s (4) were  
used  in these  calculat ions.  If  es A = 0, the  initial al loying 
concen t ra t ion  is 12.7 a/o A1. Thus,  a es A > 0 mus t  be  con- 
sidered.  U n d e r  this  condi t ion  of an a luminum-su l fu r  re- 
puls ive  in teract ion,  more  a l u m i n u m  alloy conten t  is nec-  
essary to take  up the  sulfur and to pe rmi t  the  t ransi t ion 
f rom internal  sulf idat ion to ex te rna l  scale growth.  NAo~, 
was de t e rmined  as a func t ion  of  pos i t ive  va lues  of  es A by 
Eq. [11], and these  resul ts  are shown in Fig. 5. Values  of  9 
< es A < 15 cor respond  to a l u m i n u m  alloy contents  18 a/o 
< NAo~ < 28 a/o A1. Thus,  pos i t ive  in terac t ion  coeff icients  
mus t  be cons idered  for suppress ion  of  internal  sulfida- 
tion. These  values ,  however ,  can  only be compared  to 
values  present ly  avai lable  for l iquid  Fe-A1 alloys, es A = 
4.4-6.7 at 1823 K (7, 8), which,  u p o n  ext rapola t ion  to 
1173 K, yield es A = 12-18 (8); 

This analysis  has demons t r a t ed  that  repuls ive  interac- 
t ions b e t w e e n  sulfur  and a l u m i n u m  (es A > 0) m u s t  be  
taken into accoun t  to define the  critical a tom fract ion of  
a l u m i n u m  to p reven t  internal  sulf idat ion of  Fe-A1 alloys. 
A cons idera t ion  of th i s . i n t e rac t ion  coefficient  was rea- 
sonable  even  t h o u g h  values  of ~s s = -3.3 and eA A = 5.3 
have  been  r epor t ed  for l iquid  alloys a t  1823 K (7). The  sul- 
fur solute  in terac t ion  coefficient  only occur red  as a factor  
esSNs in the  di f fus ion a n d  sulfur solubi l i ty  equat ions ,  and 
this factor is negligible,  s ince Ns < <  1 in the  solid alloys. 
eA A only occur red  in the  equa t ions  as a factor (cA A + es A) NA 
and therefore  did not  alter the  fo rm of the equa t ions  
wi thin  the  approx imat ions  carr ied out  to obtain  expres-  
sions in analyt ical  form. 
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Kinetics of the Hydrogenation of Silicon Tetrachloride 

William M. Ingle and Marilyn S. Peffley 
Motorola, Incorporated, Semiconductor Products Sector, Phoenix, Arizona 85008 

ABSTRACT 

The hydrogenation of SIC14, in the presence of silicon, was investigated at temperatures between 525 ~ and 650~ and 
at various pressures. It was found that increasing the temperature increased the HSiC]3 conversion efficiency and 
throughput. Increasing the pressure increased the conversion efficiency at the expense of the reaction rate and adding 
CuC1 catalyst enhanced the HSiC13 conversion efficiency and throughput. An energy of activation of 10-15 kcaYmol was 
found for the SIC14 hydrogenation with CuC1 catalyst and 20-25 kcaYmol without catalyst. A HSiC13 throughput  rate of 
2578 kg/m 3 h was observed at 5.1 atm with a residence time of -0.5s and conversion efficiency of 18.5%. Finally, the ef- 
fect of HC1 being added to the reactants and products was examined and a reaction mechanism was proposed. Without 
CuCI catalyst, the addition of HC] slightly enhances the concentration of HSiC13 in the products; with CuC1 catalyst, the 
addition of HC1 slightly reduces the concentration of HSiC13 in the products. When HC1 is added to the effluents of the 
hydrogenation reaction in a cooler zone (-325~ above the first stage, then HSiC13 conversion efficiencies and 
throughputs are markedly increased. Virtually 100% of the HC] is converted into HSiC]3. 

The majority of all of the high purity silicon used for 
manufacturing of semiconductor devices is produced by 
the chemical vapor deposition (CVD) of silicon from 
HSiC13 onto hot filaments in a bell jar-type reactor 

1100~176 
2HSiC13 ~ SicvD + SIC14 + 2HC1 

The molar SIC14 to HC1 ratio of approximately 1:2 is 
typical of the effluents for hot-filament reactors. 

The HC1 can be reacted with metallurgical-grade silicon 
(MG silicon) to regenerate HSiCI:3, which, when purified, 
is suitable for high purity silicon production 

325~ 
3 H C I + M G S i  -- >HSiC13+H2 

In the reaction of HC1 with MG silicon, anhydrous HC1 
is injected into a bed of silicon particles in a fluidized 
bed-type reactor. The reaction is highly exothermic and 
requires heat exchange to minimize overheating. How- 
ever, hot spots do occur which reduce HSiC13 conversion 
efficiency and degrade the reactor. 

The recycling of the SIC14 by-product, which accounts 
for approximately 70% by weight of the HSiC13 feed, is an 
important consideration in the overall economics of the  
silicon-production process. One process currently used is 
to hydrolyze or burn the by-product SIC14 in a O2/H2 mix- 
ture to recover HC1 and by-product_ SIO2. 

Investigations at Union Carbide Corporation (1), 
Massachusetts Institute of Technology (2), Solar Electron- 
ics (3), and Dow Corning Corporation (4) have examined 
the hydrogenation of SIC14 in the presence of silicon at 
high temperatures and intermediate to high pressures 

3SIC14 + 2H~ + Si -~ 4HSiCI:~ 

The hydrogenation of SIC14 in the presence of silicon is 
suggested as a combination of two reactions 

Step 1: SiCI4 + H2 --* HSiCI~ + HC1 

Step 2: 3HC1 + Si ~ HSiC13 + H~ 

In this work, the combined reaction is referred to as 
STH (an acronym for SIC14 hydrogenation), which differ- 
entiates the combined reaction from the SIC14 hydrogena- 
tion reaction (step 1) and the silicon hydrochlorination re- 
action (step 2). 

Typically, a SiC1JH2 mixture was passed through a 
heated vertical tubular reactor containing silicon particles 
with catalyst. Reactor temperature, pressure, residence 
time, H2 to SiCl4 ratio, and presence of catalyst dictate the 
SIC14 to HSiC13 conversion efficiency and HSiC13 
throughput rate. 

The purposes of the present investigation were as fol- 
lows: (i) to study process parameters affecting HSiC]3 
throughputs and conversion efficiencies, (it) to obtain ki- 
netic data and postulate a reaction mechanism, and (iii) to 
study the effect of the addition of HC1 on conversion 
efficiencies, HSiCI3 throughputs, and reaction rates of 
the STH reaction. 

Experimental Apparatus 
The STH reactor was constructed of Incoloy 800H after 

the basic design of Mui (2). Incoloy 800H was chosen be- 
cause of its superior corrosion resistance and mechanical 
strength at high temperatures. Mui's reactor design was 
modified to include a heat-exchange coil to preheat the 
incoming HJSiC14 mixture. This preheater helped to pro- 
vide a more uniform temperature distribution over the 
entire reactor length and ensure that the reactor inlet was 
at reaction temperature. 

Near the completion of the STH experiments, the reac- 
tor was modified to allow for HC1 to be mixed with in- 
coming Hz/SiC14 or injected into the effluents of the STH 
reaction in a cooler zone (stage 2) as depected in Fig. I. 

The H~/SiC14 mixture was formed by bubbling hydro- 
gen through two SIC]4 cylinders arranged in series to en- 
sure a saturated SiC1JH2 gaseous mixture. The SiC1JH2 
ratio was set by controlling the temperature and pressure 
in the two SIC14 cylinders. Internal temperatures were 
monitored at three points in each cylinder and pressures 
were monitored at each cylinder. As the SiCI~ was 
consumed, the level in the first cylinder would drop and 
the liquid level could be determined at the point where 
the sharp temperature gradient occurred. A rapid in- 
crease in temperature was observed when the liquid level 
dropped below each of the three thermocouple points. 
When the liquid level in the first cylinder dropped below 
the level of the lowest thermocouple, positioned about 
one-quarter of the way up from the bottom, the reactor 
and apparatus would be shut down for emptying and 
recharging SIC14 in the cylinders and the silicon and cata- 
lyst in the reactor. 
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Analysis of the reaction products was accomplished via 
a Hewlett-Packard 5880A gas chromatograph with level 
four logic and in-line automated injection and with a 
Finnigan 3300 GC/MS with data system equipped with a 
heated six portal manual GC sampling valve. Reaction 
products were diluted with nitrogen and passed through 
a heat-traced line to the GC sampling valves. Sampling in 
this manner assured that a representative sample would 
be analyzed for accurate determination of reaction prod- 
uct concentration. The unanalyzed portion of the reactor 
effluent was scrubbed in a continuous-spray water 
scrubber. 

The SIC14 utilized in the experiments was of semicon- 
ductor-grade (SG) quality and contained <0.1% HSiC13. 
The H~, HCI, N2, and other gases utilized in these experi- 
ments were of "Ultrahigh Purity" grade. The SG and MG 
silicon used in these experiments had been crushed in a 
jaw crusher and sieved to a particle size smaller than 10 
mesh. The CuC1 catalyst was in the form of a fine powder 
and of A.C.S. reagent grade. 

Results 
Residence times and HSiC13 production throughput 

rates were calculated for each of the various pressures, 
temperatures, and flow rates. Typically, the 200g silicon 
charge would occupy a volume 181.8 cm 3 with a bed den- 
sity 1.1 g/cm 3. This is 50% of the solid silicon density of 2.2 
g/cm 3, which yields a free bed volume of 90.9 cm 3 for the 
nominal 200g charge in a static bed. 

The high pressure studies (35 atm) were conducted at 
525 ~ 550 ~ and 600~ at a H2 to SIC14 ratio of 2 to 1 on SG 
silicon with CuC1 catalyst. H2/SiCI4 flow rates were varied 
to yield varying residence times with corresponding SIC14 
to HSiC13 conversion efficiencies and HSiC13 production 
rates [e .g . ,  see ReL (2)]. 

In Fig. 2 is depicted the high pressure reaction rate data 
generated by plotting the mole fraction of the HSiC13 in 
the product v s .  the residence time. The highest conver- 
sion efficiencies were observed at higher temperatures 

20 I 

600~ 
El 

550~ 

525~ 

[ /  5% CuCI CATALYST 

I I I I 
20 40 60 80 

RESIDENCE TIME (SECONDS) 

Fig. 2. Percentage of HSiCI 3 product at H2:SiCI 4 ratio of 2:1 at 35 
atm. 

(600 ~ > 550 ~ > 525~ longer residence times, and with a 
CuC1 catalyst. 

The intermediate pressure studies (5.1 atm) were con- 
ducted at 550 ~ 600 ~ and 650~ at a 2 to 1 HJSiC14 ratio on 
MG silicon, with and without CuCI catalyst. Again, 
H~/SiC14 flow rates were varied to generate throughput 
and rate data. A plot of the mole fraction of the HSiC13 in 
the chlorosilane product v s .  residence t ime is depicted in 
Fig. 3. Again, highest conversion efficiencies were ob- 
served at higher temperatures, with longer residence 
times and CuC1 catalyst. 

The low pressure studies (2.7 arm) were conducted at 
600 ~ and 650~ with a 2 to 1 HJSiC]4 ratio on MG silicon 
with and without catalyst and with and without HC1 in- 
jected into the H2/SiC14 feed mixture. In Fig. 4 is depicted 
a plot of reaction rate data at 600 ~ and 650~ with and 
without catalyst. Higher temperatures and presence of 
CuC1 catalyst enhanced the conversion efficiency. 

In Table I are listed HSiC13 production rates for the 
CuC1 catalyzed STH reaction at 35, 5.1, and 2.7 atm. It is 
worth noting that even though the equilibrium conver- 
sion efficiencies continued to drop with decreasing pres- 
sure (35 > 5.1 > 2.7 atm), the enhanced reaction rates at 
lower pressures had compensating effects and therefore 
similar HSiC13 production rates were observed over this 
wide pressure range. 

In Table II, the effect of variable HC1 concentrations on 
HSiCI~ conversion efficiency at 2.7 arm with and without 
CuC1 catalyst is found. It was observed that without CuC] 
catalyst the addition of HC1 slightly increased the HSiCl:~ 
concentration in the product mixture. However, increas- 
ing concentrations of HC1 in the presence of CuC1 catalyst 
apparently diminished the HSiCI:~ concentration in the 
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== 
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I~'~ ~ 550~ CuCI 
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o o0c coc, 

" I f  / _ o 
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RESIDENCE TIME (SECONDS) 

Fig. 3. Percentage of  HSiCI 3 product at H2:SiCI 4 ratio of 2:1 at 5.1 
arm. 
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Fig. 4. Percentage of HSiCI 3 product at H~:SiCI4 ratio of 2:1 at 2.7 
otm. 

p r o d u c t  mix tu re .  T he  add i t i on  of  25 mo le  p e r c e n t  (m/o) 
HC1 s h o r t e n e d  t h e  r e s idence  t i m e  a b o u t  0.4s w i t h  a 
c o r r e s p o n d i n g  r e d u c t i o n  in c o n v e r s i o n  eff ic iency of 
1.0%. E v e n  t h o u g h  these  inc reases  a n d  dec reases  in  
HSiCla c o n v e r s i o n  eff ic iency were  qu i t e  small ,  t h e  
m e t h o d  of  da ta  co l lec t ion  sugges t s  t h a t  t he  t r e n d s  are re- 
p roduc ib le .  Specif ical ly,  t he  da ta  for  t he  unca t a l yzed  a n d  
ca ta lyzed  sets  of e x p e r i m e n t s  were  co l lec ted  in a con t inu-  
ous  m a n n e r  on  one  s i l icon cha rge  for  e ach  w i t h  t he  HC1 
flow ra te  b e i n g  va r i ed  f rom 0 to 33 m/o two or t h r e e  
t imes .  D u r i n g  th i s  co l lec t ion  per iod,  t he  da ta  were  ve ry  
r ep roduc ib le .  

In  a final ser ies  of e x p e r i m e n t s ,  v a r y i n g  a m o u n t s  of  
HC1 were  a d d e d  to s tage  2 of  t he  STH/HC1 (Fig. 1) reactor ,  
wh i l e  t he  HJSiC14 flow ra te  r e m a i n e d  cons tan t .  In  t h e s e  
e x p e r i m e n t s ,  s tage  1 of  the  reac tor  was  se t  a t  650~ a n d  
s tage  2 was  se t  a t  325~ w i t h  a n  in le t  p r e s s u r e  of 5.1 a tm.  
The  re su l t s  of  t h e s e  e x p e r i m e n t s  are  dep i c t ed  in Tab le  
III.  The  a d d i t i o n  of  25 m/o HCI (HJI-IC1/SiC14 ra t io  
e q u a l e d  2/1/1) r e su l t ed  in  a m a r k e d  inc rease  of  t he  p e r c e n t  
HSiC13 in  t he  p r o d u c t  f rom 20.5 to 33.3%. Ca lcu la t ions  
con t r a s t i ng  t heo re t i ca l  vs. o b s e r v e d  yie lds  sugges t  t h a t  
u n d e r  t he se  r e a c t i o n  cond i t ions ,  100% of t he  HC1 reacts  to 
fo rm HSiCI3. 

A cri t ical  r e a c t i o n  t e m p e r a t u r e  of a b o u t  325~ was  re- 
q u i r e d  in  s tage  2 over  a l e n g t h  of  a b o u t  40-45 cm to o b t a i n  
t he se  resul ts .  U n d e r  t h e s e  e x p e r i m e n t a l  cond i t ions ,  th i s  
v o l u m e  a n d  f low ra te  sugges t  a m i n i m u m  r e s i d e n c e  t i m e  
of a b o u t  0.5s for t he  HC1 to reac t  w i t h  t h e  sil icon. W h e n  
pa r t  of  t he  s tage  2 r eac t ion  zone  was  b e l o w  a p p r o x i m a t e l y  
300~ HC1 was  d e t e c t e d  in  t he  r eac to r  e f f luents  
a c c o m p a n i e d  by  a dec rease  in  p e r c e n t  HSiC13 in  t he  
eff luent .  W h e n  t h e  t e m p e r a t u r e  of pa r t  of  t he  zone  dr i f ted  
a b o v e  a p p r o x i m a t e l y  350~ SIC14 w as  f o r m e d  f r o m  t h e  
HC1 r eac t i ng  w i t h  t he  HSiC13 w i t h  a c o r r e s p o n d i n g  loss of  
percent of HSiCI~. 

At the completion of the HCI addition experiments, the 
reactor was dismantled and inspected for corrosion 

Table I. HSiCI 3 production rates calculated for the STH reaction 

Table II. Effect on mole fraction of HSiCI3 in effluent 
through the addition of HCI to H2/SiCI4 feed 

No CuC1 catalyst 
HSiCl:~ 

in product Residence 
HC1 (m/o) (%) time (s) 

0 13.3 1.1 
6-7 13.4 1.0 

20-21 13.9 0.8 
33-34 14.0 0.7 

CuC1 catalyst (5%) 
0 17.4 1.1 

2-3 17.4 1.1 
5-6 17.4 1.1 

11-12 17.4 0.9 
16-17 16.8 0.85 
20-21 16.7 0.8 
32-33 16.4 0.7 

Experimental conditions: 600~ H2:SiC14 ratio of 2:1, MG silicon, 
with and without CuC1 catalyst at 2.7 atm. 

and /o r  " h o t  spots . "  No e v i d e n c e  of co r ro s ion  or ho t  spots  
was  o b s e r v e d  in  t he  cooler  s e c o n d  s tage  of  the  reactor .  
This  cor re la tes  w i th  o b s e r v a t i o n s  m a d e  d u r i n g  t he  ac tua l  
HC1 add i t i on  e x p e r i m e n t s .  I n  t h e  p r e s e n c e  of  a H2/SiC14 
mix tu re ,  m o d e r a t i o n  of  t he  h y d r o c h l o r i n a t i o n  reac t ion  oc- 
curs  w h i c h  re su l t s  in  a m o r e  u n i f o r m  t e m p e r a t u r e  distr i-  
b u t i o n  w i t h o u t  " h o t  spots ."  

Discussion 
P r e v i o u s  p u b l i c a t i o n s  o n  t he  i nves t i ga t i ons  of  t he  S T H  

reac t ion  (1-4) h a v e  focused  m a i n l y  o n  t h e  data  co l lec t ion  
for HSiC13 c o n v e r s i o n  eff ic iency ca lcu la t ions  a n d  engi-  
n e e r i n g  d e s i g n  for  sca led-up  HSiC13 p r o d u c t i o n  facilities. 
In  a r e c e n t  repor t ,  Mui  (3) d e m o n s t r a t e d  t h a t  t he  reac t ion  
of  H2 w i t h  SIC14 in  t h e  p r e s e n c e  of  CuC1 ca ta lys t  was  no t  
t he  ra te - l imi t ing  step.  

The  fo l lowing  d i s c u s s i o n  will se rve  to in t eg ra t e  t h e  re- 
su l t s  of  t he  p r e v i o u s  e x p e r i m e n t s .  Ra t e  c o n s t a n t s  a n d  en- 
ergies  of  ac t i va t i on  will  b e  ca lcu la ted  as in  p rev ious ly  re- 
p o r t e d  data. A m e c h a n i s m  will b e  s u g g e s t e d  w h i c h  is 
m o r e  c o n s i s t e n t  w i t h  the  b o d y  of  k n o w l e d g e  def in ing  t he  
S T H  reac t ion .  

One  of  t he  in i t ia l  goals of t he  c o n v e r s i o n  e n h a n c e m e n t  
s tud ies  was  to i den t i fy  t he  r eac t ion  p a r a m e t e r s  w h i c h  led 
to e n h a n c e d  c o n v e r s i o n  eff ic iency a n d  i nc r ea sed  HSiC13 
t h r o u g h p u t .  In  Tab le  IV are s u m m a r i z e d  t he  t r e n d s  
w h i c h  were  o b s e r v e d  d u r i n g  t he  c u r r e n t  inves t iga t ion .  

In  o rde r  to  g e n e r a t e  ra te  data,  t e m p e r a t u r e s  a n d  flow 
ra tes  c o n t i n u e d  to be  va r i ed  even  t h o u g h  h i g h e r  t empe ra -  
t u r e s  a n d  f low ra tes  y ie lded  g rea tes t  HSiC13 t h r o u g h p u t s .  
E x p e r i m e n t s  were  c o n d u c t e d  at  h i g h  p r e s s u r e  (35 atm), 
i n t e r m e d i a t e  p r e s s u r e  (5.1 atm), a n d  low p r e s s u r e  (2.7 
a tm)  to gene ra t e  c o n v e r s i o n  ef f ic iency da ta  a n d  to evalu-  
a te  t he  feas ib i l i ty  of  ope ra t i ng  t he  S T H  p roces s  at  cons id-  
e rab ly  r e d u c e d  p ressu re .  

A s i m p l e  f i r s t -order  ra te  e q u a t i o n  of  t he  fo rm 

Xe Kla 
l n - - -  t 

Xe - X Xe 

Calculated 
HSiC13 HSiC13 

Residence concentration production 
Pressure time in product rate 

(atm) (s) Catalyst (%) (kg]m~-h) 

5.1 1.4 none 15.3 785 
2.7 0.25 none 10.4 15.24 

35 5.6 CuC1 25.0 1695 a 
5.1 0.51 CuC1 18.5 2578 
2.7 0.25 CuC1 13.5 1730 

Experimental conditions: temperature of 600~ H2:SiC14 ratio of 
2:1, MG silicon, with and without CuC1 catalyst. 

35 atm HSiC13 production rate limited by heat-exchange capac- 
ity of the H2SiC14 preheater. 

Table III. Effect on mole fraction of HSiCI3 in effluent 
through the addition of HCI to two-stage STH/HCI reactor 

HSiC13 
in product Residence 

HC1 (m/o) (%) time (s) 

6.0 20.5 0.69 
8.3 23.5 0.69 

16.6 25.3 0.69 
25.0 33.3 0.69 

Experimental conditions: Temperatures of 650~ for stage 1 and 
325~ for stage 2; H2:SiCI~ ratio of 2:1; MG silicon with CuC1 catalyst 
at 5.1 atm. 
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Table IV. Summary of effects of process parameters on conversion efficiency, HSiCI:~ throughputs, reaction rates, 
and energy of activation for the STH reaction 

1239 

Process Conversion HSiCI:, Energy of 
parameters efficiency throughput Reaction rate activation 

Increased temperature Increases Increases Increases No measurable 
effect 

Reduced pressure Decreases Compensating Increases No measurable 
effects effect 

CuCI catalyst Increases Increases Increases Decreases 
Increased H2/ Increases Compensating No measurable - -  

SIC14 ratio effects effects 
Particle size No measurable No measurable No measurable No measurable 

effect effect effect effect 
Increased Increases Decreases - -  - -  

residence time 
HC1 addition 

Stage 1 Minor Increases Compensating Insufficient 
effects data 

Stage 2 Increases Increases - -  - -  

was appl ied  to the  S T H  react ion (2). In  solving the  
pseudo-f i rs t -order  kinet ics  for the  rate of  convers ion  of  
SIC14 to HSiC13, X is the  concent ra t ion  of  HSiC13 at t ime  t, 
Xe is the  equ i l i b r ium concen t ra t ion  of  HSiC13, and a is the  
initial concen t ra t ion  of  SIC14. 

The  pseudo-f i rs t -order  rate equa t ion  was appl ied to 
each set of  the  35, 5.1, and 2.7 a tm data. Ind iv idua l  partial 
pressures  of  HSiC13 (PHs~c,s), initial SIC14 partial  pressures  
(Posic~), and equi l ibr ium partial pressure of HSiCI~ (P~sic~3) 
were  calcula ted at each res idence  t ime  f rom convers ion  
eff iciency and flow data. Plots  of  In Pe,,ac,3/P~,~s~c,3 - 
P,,s~c,3 vs. r e s idence  t imes  y ie lded  s t ra ight  l ines wi th  slopes 
equal  to K,Pos~c,4/P~sic,4. Mult ip lying the  slope by PeHslc13 
and dividing by  Pos~c,4 y ie lded  the  rate  cons tan t  K, for 
var ious  react ion condit ions.  

Table  V conta ins  the  rate constants  calculated f rom 
data depic ted  in Fig. 2, 3, and 4. It  is in teres t ing  to ob- 
serve  the  inverse ly  propor t ional  effect  of  react ion pres- 
sure  on rate cons tan t  K ,  Specifically,  as the  pressure  is 
r educed  f rom 35 to 5.1 to 2.7 atm, the  rate cons tan t  is ob- 
se rved  to increase  f rom 0.07 to 1.0 to 5.0 (600~ wi th  CuC1 
catalyst). 

The  act ivat ion energy,  E, was de t e rmined  by plot t ing 
the  log of  KI vs. the  inverse  t empe ra tu r e  l/T, in the 
Arrhen ius  equa t ion  

k 1 = Ce--~'E]RT 

hE 
In K1 = In C - - -  

R T  

where  R is the  gas cons tant  (1.987 cal/moY~ and C is a 
constant .  Values  ca lcula ted  for energ ies  of  act ivat ion are 
also found in Table  V. 

The  f luctuat ions  that  were  obse rved  in the  calculated 
act ivat ion ene rgy  values  for the  S T H  react ion were  due  in 
part  to the  var ia t ions  in the  reac t ion  condi t ions  that  
occur red  as the  f low rates were  increased  and in part  to 
the  s impl ic i ty  of  the  pseudo-f irs t-order  rate t rea tment .  At  

Table V. Comparison of rate constants and energies of activation 
under various process conditions 

Energies of 
Rate activation 

Reaction parameters constants (kcaYmol) 

35 atm/MG silicon 
CuC1 5%, 600~ 0.07 10-15 
CuC1 5%, 500~ [Ref. (2)] 0.007 s - '  13.2 

5.1 atm]MG silicon 
CuC1 5%, 600~ 1.0 15-20 
No catalyst, 600~ 0.26 25-30 

2.7 atm/MG silicon 
CuC1 5%, 600~ 5.0 -10 
No catalyst, 600~ 1.6 -15 

low flow rates (e.g., res idence  t imes  of  -> -10s),  the sili- 
con par t ic le  bed  behaved  as a packed  bed,  at in te rmedia te  
flows (eig., res idence  t imes  of  1-10s) as a fluidized 
part ic le  bed,  and at h igh  flows ( res idence t imes  of  - l s )  
the  bed behaved  as a tu rbu len t  f low bed (5). These  
changing  condi t ions  dramat ical ly  affect  free vo lume,  cata- 
lyst dis tr ibut ion,  p ressure  drops,  and gas/solid interact ion 
wi th in  the  si l icon part ic le  bed. 

In Table  II, the  effect  of  the  addi t ion  of  HC1 on the  S T H  
react ion wi th  and wi thou t  CuC1 catalyst  are contrasted.  
The  in terpre ta t ion  of  the  significance of  these  resul ts  was 
a key  factor  in the  postula t ion of  a m e c h a n i s m  for the  
S T H  reaction.  

P rev ious  expe r imen ta l  s tudies  have  sugges ted  a plausi- 
ble react ion pa thway  involv ing  the  fo l lowing s tepwise  
react ion 

Step 1: SIC14 + H2 K ,  HC1 + HSiC13 

Step  2: 3HC1 + Si K 2  HSiC13 + H2 

Fur the rmore ,  the  a s sumpt ion  has been  m a d e  that  step l is 
s low and step 2 is fast (i.e., K2 > K,). I f  s tep 2 is faster than  
step 1, then  the  addi t ion  of  HC1 to the  react ion should  in- 
crease the  concen t ra t ion  of  HSiC13 via  step 2. This .was in- 
deed  the  case w h e n  CuC1 was not  present .  Apparent ly ,  
w i thou t  CuC1 catalyst  H2 reacts s lowly wi th  SIC14, possi- 
bly in the  fo l lowing m a n n e r  (step 1) 

H--C1 C1 

H2 + SIC14 s low \ $ 1 /  -~ " ~ HC1 + HSiCls 

H--CI / \CI 

However, in the presence of a CuCl catalyst, step 1 could 
proceed through a previously identified, labile, low en- 
ergy route (6) as follows 

H2 + 2CuCl fast 2HCI + Cu 

H 
H2+ Cu fast Cu / 

\ H  

H H--C1 CI 
/ fast Cu / \ / CU\H + SiCl4 Si 

\H--C1 / \ C 1  

Cu + HCI +~HSiCI3 
s low 

3HC1 + Si ~ HSiC13 + H~ 
pressure  d e p e n d e n t  

Thus it is pos tu la ted  that  step 1 react ion rate is considera-  
bly enhanced  by the  addi t ion  of  Cu (CuC1). This  is con- 
s is tent  wi th  the  lower  act ivat ion energies  associa ted wi th  
the  CuCl-catalyzed S T H  react ion (Table II). 
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\s/ \s/ \s/ \s/ \s/  
Fig. 5. Blockage of reactive sites by SiCI 4 

A plausible explanation for the retarded reaction rate of 
HC1 with silicon and consequently the inverse depend- 
ency of the reaction rate on pressure is as follows: (i) SIC14 
forms a Si-SiC14 dipole-induced dipole bond at the surface 
of the silicon particles as depicted in Fig. 5, (ii) at high 
pressures the density of these groups is greatly enhanced 
(i.e., more SIC14 molecules per unit area), and (iii) HC1 has 
to diffuse through the SIC14 to react with the silicon 
(step 2). The enhanced density of these SIC14 groups at 
high pressure greatly retards this reaction rate of HC1 
with silicon. Consequently, the reaction rate of HC1 with 
silicon in the presence of SIC14 would be expected to be 
reduced as the pressure is increased. 

Observations made while conducting experiments on 
the two-stage STH]HC1 reactor are also consistent with 
the two-step mechanism. Previous investigators studying 
the direct reaction of HC1 with silicon (step 2) have found 
that the highest HC1 to HSiC13 conversion efficiencies are 
obtained when the reaction is maintained at about 
300~176 (7, 8). Above about 350~ HC1 also reacts with 
HSiCI~ to form SIC14, which reduces the HSiC13 product as 
follows 

>350~ 
HC1 + HSiCl~ ) SIC14 + Hz 

In the current investigation, it was found that a reaction 
zone about 40-45 cm long was required to completely re- 
act the HC1 with the silicon particles in the two-stage 
reactor. 

If  temperatures in this zone rose above -350~ SIC14 
concentrations increased at the expense of the HSiC13. If 

the temperature of this zone dropped below -300~ 
unreacted HC1 was observed at the expense of the HSiC13. 
The length of this zone suggests that a residence time of 
about 0.5s is required for the complete reaction of HC1 
with silicon in the presence of SIC14. This residence time 
is only a small amount less than the 0.69s required to 
complete the entire STH reaction which combines steps 1 
and 2. 

Consequently, if the assumption is made that steps 1 
and 2 are mutually independent  and if step 2 requires 
about 0.5s, then step 1 must  occur in approximately 0.19s 
and K1 > K2. Thus, it would appear that in the presence of 
CuC1 at 5.1 atm that step 1 does occur at a faster rate than 
step 2. As stated earlier, this observation is considerably 
different than what is commonly accepted in the 
literature. 
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ABSTRACT 

At temperatures above -180~ trace levels of oxygen react with the Si-H bond of HSiCI:~ to form an "Si-OH" species, 
which in turn complexes impurities in the HSiCI:~ such as BCl:~ or PCI:~. Purification occurs during a subsequent  distilla- 
tion step which separates the purified HSiCI:, from the less volatile complex BCI:, and PCl:~. In the laboratory-scale stud- 
ies, 1 tool of oxygen was found to complex 0.38 mol BCI:~. In the pilot-scale studies, the addition of 0.025% (tool]tool) oxy- 
gen to a HSiC1JSiC14 mixture reduced both the acceptor (boron) and donor (phosphorous) concentrations of 1.2 and 1.0 
ppb to <- 0.05 ppb. 

Currently, commercial purification of HSiCI:~ for the 
semiconductor industry occurs via a combination of re- 
petitive distillation steps and chemical complexing opera- 
tions. Repetitive distillation steps are capable of render- 
ing HSiCI:, of  suitable purity for semiconductor device 
fabrication. However, chemical purification can reduce 
the number of these repetitive steps and offers a higher 

level of purification than distillation alone. Furthermore, 
the introduction of a chemical purification step into a 
chlorosilane recovery loop can reduce the probability of a 
potential impurity buildup. 

Previous studies (1-6) suggest that boron impurity lev- 
els in silicon could be reduced by a number  of tech- 
niques. The first of numerous patents using partial hy- 
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drolysis purification of chlorosilanes was that of 
Rosenberger (6) in 1954. The purified HSiCI:~ is separated 
from the partially hydrolyzed polysiloxane residue via 
distillation. If bromine or iodine is added to HSiCI:~ con- 
taining elemental boron or phosphorous, Bradley et al. (2) 
also suggest that the respective bromides and iodides can 
be formed which facilitate separation by distillation. 

In the first part of the present investigation, a labora- 
tory-scale apparatus was constructed for the demonstra- 
tion of the BCI:~ complexation via partial oxidation of 
HSiCI:~. The BCI:~ concentration was monitored by low 
temperature distillation mass spectroscopy. The second 
part of this investigation was conducted in a pilot-scale 
silicon production operation. Oxygen was added to a 
heated HSiCI:~/SiC14 mixture and, after a one-step distilla- 
tion, the HSiCI:~ was analyzed for boron and phosphorous 
content. 

Experimental 
The laboratory-scale purification apparatus was con- 

structed primarily of stainless steel hardware, 6.35 mm 
tubing, valves, gauges, and tanks due to the corrosive 
properties of HSiC13. In this apparatus, 0.2 standard 
literTmin (SLM) of compressed nitrogen at 4.4 atm was 
bubbled through a 95 liter trap containing semiconduc- 
tor-grade HSiC13 doped to 1.0% with BC13. The HSiC1J 
BCI:~ mixture was maintained at 26~ to ensure a constant 
delivery rate and constant BC13 concentration. Oxygen 
was metered through a calibrated mass flowmeter and 
mixed with the HSiCI~/BCI~]N~ mixture just prior to heat- 
ing. In this way, various oxygen flow rates could be se- 
lected to determine the effect of oxygen concentration on 
the extent  of BC13 complexation. All desired gases 
flowed into the reactor, where they were heated to deter- 
mine the effects of temperature on BC]:~ complexation 
rate. 

Construction materials of the reactor consisted of 50 
mm stainless steel tubing, 2m long with Swagelok fit- 
tings at each end. Clam-shell heaters were fitted around 
approximately 70 cm of the lower portion of the vertical 
reactor tube. Temperatures inside the reactor were moni- 
tored by placing a multizone thermocouple  in a stainless 
steel sheath along the center axis of the tube. Regulation 
of the reactor temperature was controlled manually by 
variable voltage regulators, one each for the top and bot- 
tom heating elements. 

Analysis of the reaction products was accomplished 
with a Finnigan 3300 GC/MS with data system. Exhaust- 
ing gases passed through a heat-traced line to a heated 
six-portal manual GC sampling valve. Sampling in this 
manner assured that the same sample size would be ana- 
lyzed for accurate determination of reaction product 
concentration. The unanalyzed portion of the reactor ef- 
fluent was scrubbed in a continuous-spray water 
scrubber. 

Inasmuch as the analysis of BCI3 on a standard chroma- 
tography column was not possible (7), a new analytical 
technique was adopted. For these experiments,  a distilla- 
tion column was designed and built of 6.35 mm quartz 
tubing packed with crushed quartz sieved to a size of 
10-20 mesh. The crushed quartz had been etched with 5% 
HF, rinsed, and dried before being packed into the col- 
umn. The packed column was fitted into the GC/MS and 
conditioned before experimental  runs by injecting BCI~/ 
HSiC13 samples every 2 min for lh. 

TO initiate the analysis of a sample, the distillation col- 
umn was cooled with liquid N~ in a Dewar flask for 1 
rain. Data collection was initiated and a sample was in- 
jected via the sampling valve and allowed to freeze onto 
the column for 1 rain. The Dewar flask was then re- 
moved, the column would come to ambient temperature, 
and the individual components would distill into the MS. 
All laboratory-scale samples were analyzed by this 
procedure. 

The pilot-scale HSiCI~ oxidative purification facility 
was designed and engineered to operate 24h per day. Un- 
der normal operation, a chlorosilane mixture consisting 

mainly of HSiCI:~ and SIC14 flowed out of a storage tank, 
through a particulate filter, and into a small metering 
pump where the pressure was increased to about 6.8 atm. 
The chlorosilane mixture then flowed through the first 
of two heat exchangers, where incoming chlorosilanes 
were heated at the expense of exhausting chlorosilanes. 
Oxygen (10.7 sccm) is metered from a regulated cylinder 
and added to the heated HSiCI:,~ Additional heating oc- 
curs in a second heat exchanger located within a small 
1600W furnace. The exhausting chlorosilanes are cooled 
via a water-cooled heat-exchange unit and filtered before 
entering the distillation unit. Pressure gauges at the inlet 
and outlets of the filter register pressures. 

In addition, internal thermocouples (J type) were lo- 
cated at strategic points throughout the system to moni- 
tor and control the purification process temperature.  The 
thermocouples were monitored via a five-channel Doric 
Trendicator, and the temperature was controlled via a 
two-channel Doric temperature controller. 

Under normal operation, power to the furnace was reg- 
ulated via a l l0V variable transformer set at 90V. The pro- 
cess stream temperature was maintained at 210 ~ +- 30~ 
The apparatus was operated 24h/day for the duration of 
the experiments.  

The flow of chlorosilanes through the purification unit 
averaged about 11.4 liter/h. An oxygen flow rate of 10.3 
sccm was utilized which was equivalent  to 0.025 tool oxy- 
gen/mo] chlorosilane. 

During the subsequent distillation process, HSiC13 was 
separated from the SIC14 which now contained the higher 
boiling complexed impurities. The purified HSiC13 was 
collected at a rate of about 2.5 liter/h and retained for bo- 
ron and phosphorous analysis. Analysis included wet 
chemical analysis for boron and seven-pass float-zone 
analysis technique for both boron (acceptor) and 
phosphorous (donor) concentrations. 

The minimum detectable limit in the boron wet chemi- 
cal analysis was approximately 0.050 ppb (tool/tool) with 
an uncertainty of 5%. The limiting factor was the 
reproducibility of the spectrophotometer.  

In an alternate analysis procedure, acceptor (boron) and 
donor (phosphorous) concentrations were measured in 
the HSiCI3 by growing a small polysilicon rod in a metal 
analysis reactor followed by a gas pass and seven-pass 
vacuum float-zone analysis. Wet chemical and float-zone 
analysis were conducted once a day throughout the ex- 
periment. 

The HSiC13 utilized in the laboratory-scale experiments 
was of semiconductor-grade quality doped to 1.0% with 
BC13 to facilitate BCI~ analysis. The HSiC1JSiC14 mixture 
utilized in the pilot scale studies represented a "re- 
claimed" chlorosilane mixture generally containing 2-3 
ppb of combined donor and acceptor impurities. All other 
gases utilized throughout the experiments were of ultra 
high purity grade. 

Results 
In a series of preliminary experiments,  nitrogen was 

bubbled through separate cylinders of HSiC13 and BC13 
and then mixed. Periodically, samples of the gaseous 
product mixture were injected into the GC/MS for spec- 
tral analysis. Various flows of BC13 and HSiC13 were uti- 
lized. Total separation of the individual products was not 
always accomplished via low temperature distillation 
mass spectroscopy. However, calculations of the peak 
areas of the BCI~ component  peaks was accomplished by 
monitoring the total BCI~ + ion in the single ion mode ancl 
comparing it with the total SIC13 ~ ion. With this technique, 
it was found that the areas of the BC13 ~ ion peaks were in- 
dicative of the BCl~ concentration in the gas stream. In 
this manner, the BC13 detection limits were also estab- 
lished for the process. 

In the initial laboratory-scale oxidative HSiC13 purifica- 
tion experiments,  flow rates of both HSiCI:~ and oxygen 
were set at 3.0 • 10 -4 tool/rain. Below 170~ no reaction 
was observed between the oxygen and HSiCI~. However, 
at higher temperatures (->-180~ the oxidation of HSiC13 is 
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rapid and the consumption of oxygen complete. In fact, 0.,0 
no trace of oxygen could be detected via GC/MS (< 1 
ppm). .z 

The major HSiC13 oxidation products were examined, 0,o0 

and it was found that at low temperatures one small chain ~, 
species predominated. For example, the only detectable 
HSiC13 oxidation product found in the 170~176 range 

O.2O 

had a molecular weight of m/e = 248. The following struc- 
ture is consistent with this molecular weight 

C1 C1 g 0.1D 

H-- --O-- --el o 

' ICl C] .o0 

At higher temperatures, higher molecular weight species 
resulted (at the expense of the m/e = 248 species). The role 
values were consistent with linear and cyclic compounds 
containing three and four silicon atoms. 

In Fig. 1 are depicted the results from the laboratory- ,., 
scale studies in which oxygen concentrations were 
varied. In this series of experiments,  the BCl~ flow rate 
was set at 3.0 • 10 -4 mol/min and the oxygen flow rate 
was alternately selected between 0.0, 2.0 • 10 -4, and 4.0 • ~ 1.2 
10 -4 moYmin. A straight line with a slope of 0.38 was ob- 
tained while varying the oxygen concentration. This indi- -~ 
cates that, under these experimental  conditions, 1 mol of ~ o., 

oxygen reacts with 0.38 mol of BC13. The data depicted in 
this graph were extracted from more than 4000 spectra 
and 1.5 • 106 data points. A mean value was then selected 
for each data point, o 0., 

It was postulated that "during the intra/inter molecular 
rearrangement that the BCI~ could possibly react further 
with the intermediate species or final products. This .o 

would result in enhanced purification at higher tempera- 
tures. From the results represented in Fig. 2, it was con- 
cluded that no additional purification was observed at 
higher temperatures. 

In Fig. 3 is depicted the average daily boron concentra- 
tion in the HSiC13 recovered off the top of the 4 in. distilla- 
tion column of the pilot-scale purification unit. During ,.e 
the first seven days of operation, no oxygen was added to 
the chlorosilanes, but analyses were conducted and 
served as base-line studies. Over the next seven days, ox- ~ ,.2 
ygen was added to the chlorosilane mixture at a rate of 
0.01 mol OJmol HSiC13. A 2 day lag time was observed be- 
tween when the oxygen flow is initiated and when puri- ~- 
fication was definitely occurring. During an additional 5 o ~ o.8 

days at the conclusion of the experiment,  oxygen flow o 

was terminated. Similarly, a 4 day lag time was observed 
between when the oxygen flow was terminated and ~ o., 

when purification ceased. 
In Fig. 4 is depicted the daily phosphorous concentra- 

tion in the HSiCI~ recovered from off the top of the 4 in. .0 
distillation column of the pilot-scale purification unit. 
The reduction in phosphorous levels parallels those of the 
boron levels. 

Upon completion of the pilot-scale experiments, the 
purification reactor, heat exchanger, and filters were dis- 

| 

e~ 

.J o 

0.ooo0e~176176176 R E A C T ~  
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Fig. 1. Rote of BCI 3 complexed rio oxidation during Ioborato~-scale 
purification of HSiCI 3. 
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Fig. 2. Effect of reaction temperature on laboratory-scale purification 
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Fig. 3. Average daily boron concentration of HSiCI a in pilot facility 
after distillation. 
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Fig. 4. Daily phosphorous concentration of HSiCI 3 in pilot facility 
after distillation. 

assembled and checked for residues and/or potential 
problems. In the various filters and tubing were found 
small quantities of metal flakes and corroded metallics, 
but no sign of liquid or solid polysiloxane residues was 
observed. 

Discuss ion  
The oxidative purification of HSiC13 can be described 

by the following equations 

>170~ 
Step la: HSiC13 + 02 ~ [HOSiC13] + O 

Step ib: HSiCI3 + O 

Step 2:BCI3 + [HOSiCI3] 

Competing side reaction: 

HSiCI3 + [HOSiCI3] 

> [HOSiCI3] 

CI2B-O-SiCI~ + HCI 

> CI3Si-O-SiCI~H + HCI 
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The initial step in this process is written as the forma- 
tion of an [HOSiCI:~] intermediate. The justification for 
this type of species is the formation of only CI:~Si-O- 
SiCI~H during the low temperature oxidation studies. The 
driving force in this reaction is the thermodynamically 
favorable formation of strong Si-O and H-C1 bonds. 

The addition of SIC14 to the HSiCI:~ during oxidative 
purification can have the following advantages. 

1. The oxidative purification process increases the boil- 
ing points of most of the unwanted impurities. The subse- 
quent distillation/separation of the SIC14 from HSiCl:~ fa- 
cilitates the separation of these impurities from HSiCI:~. 

2. SIC14 will reduce the amount  of HSiCI:, consumed in 
the competing side reaction as follows 

SIC14 + HOSiCI:~ ~ CI:~SiOSiCI:~ 

3. The SIC14 also undergoes the same degree of purifi- 
cation after subsequent  distillation. 

The pilot-scale demonstration of the oxidative HSiCI:~ 
purification process presented some unique problems in 
data interpretation at the sub-parts per billion levels. For 
example, (i) typical wet chemical analysis of boron took 
8-12h of laboratory work per sample, (it) a typical float- 
zone analysis on a silicon rod took 75-95 liter of purified 
HSiCla, which limited the number  of analyses to one per 
day, (iii) Every 3-4 days, a new shipment of HSiC13 would 
be delivered to the plant which could affect the boron and 
phosphorous background concentrations, (iv) the turn- 
over rate of HSiC13 through the purification system, dis- 
tillation column, transfer lines, and collection tank was 
about 1.5 days. Bearing in mind this turnover period, it 
still appears that purification continued to occur even 
after the termination of oxygen flow. This effect suggest 
the presence of an undetectable substance or coating 
which remains active even after the oxygen  flow has 
stopped. 

In order to compare the oxidative HSiC13 purification 
with hydrolysis puYification, wet nitrogen was reacted 
with HSiCI:~ in the laboratory scale reactor at 200~ Dur- 
ing the operation, sizable quantities of solid and semi- 
solid residues were formed which after a few hours of op- 
eration clogged the transfer lines and made smooth con- 

tinuous operation of the reactor impossible. GC/MS of the 
reaction products revealed numerous small polysiloxane 
species, the most abundant having a m/e = 214. The fol- 
lowing structure is consistent with this molecular weight 

C1 C1 

H - -S i - -O - -S i - -H  

Even though both purification processes (1, 8, 9) are be- 
lieved to complex boron impurities in a similar manner 
(for example, the formation of an "Si-O-B" bond), each 
appears to have advantages. The advantage of the hydrol- 
ysis purification process is that it oeeurs at ambient 
temperatures, where as the advantage of the oxidative 
purification process is that no solid residues were ob- 
served when the reaction was carried out below -250~ 
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. Structureof Selective Low Pressure Chemically Vapor-Deposited 
Films of Tungsten 

M. L. Green* and R. A. Levy* 
A T & T  Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Tungsten films have been selectively deposited (i.e., deposited on Si and TaSi2 to the exclusion of SiO.z) by LPCVD 
via the reduction of WF6 by either Si or H2. Films formed by H2 reduction can be unlimited in thickness; however, those 
formed by Si reduction are self-limited in thickness to about 150~. The effects of deposition parameters such as temper- 
ature and WF6 and H~ flow rates on the properties of the W films have been investigated. To prevent excessive erosion 
of Si in window areas, the volumetric flow ratio of H2 to WF6 must be larger than the critical value of about three. Typi- 
cal films are polycrystalline with an average grain size of 2000~ and exhibit  a tensile film stress of about 7 x 109 
dyrdcm 2. W film resistivity is found to be about 13/~{2-cm for a 1000~ film, resulting in a sheet resistance of 1.3 fY[~. The 
W films exhibit  good contact resistance to N § and P* St, and are also found to be excellent diffusion barriers between A1 
and Si at annealing temperatures up to 450~ 

Tungsten (W) is a very useful metal for VLSI pro- 
cessing. As a diffusion barrier between A1 and Si (1, 2), it 
prevents spiking (interdiffusion of A1 and St), thereby 
permitting the use of shallow junct ion contacts. As an al- 
ternative to a luminum and aluminum alloys for second- 
level metallization (3, 4), W has the advantage of superior 
electromigration resistance due to its high melting point. 
Therefore, although W has a higher resistivity than A1 (5.3 

* Electrochemical Society Active Member. 

/~fl-cm as opposed to 2.6 ~f~-cm) it may be a useful 
second-level metallization in circuits with high current 
densities and/or high operating temperatures. 

W can be chemically vapor deposited by the hydrogen 
reduction of WF6 or WC]6 (1-6), or by the pyrolysis of 
W(CO)6 (7, 8). For several reasons, the hydrogen reduction 
of WF6 has proven to be the most favorable deposition 
chemistry. First, W can be deposited selectively from WF 6 
and WC16, i.e., W can be deposited on St, silicides, and 
metals to the exclusion of SiO2 (2, 9). The deposition of W 
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from W(CO)6 does not exhibit such selectivity (8). W films 
deposited from WF6 have an advantage over those depos- 
ited from WC16: lower contact resistance to Si (4). Finally, 
WF~ is a liquid that boils at about room temperature, 
whereas WC16 is a solid that melts at 275~ making its use 
as a CVD source more difficult. 

Although significant work has been devoted to CVD 
W, extensive characterization of the structural aspects of 
the films is lacking. 

Deposit ion Chemistry 
W can be chemically vapor deposited by the reduction 

of WF~ at temperatures as high as 700~ (4, 6). However, 
by lowering the deposition temperature to approximately 
300~ one can achieve selective deposition of W on Si (2). 
This becomes very advantageous for diffusion barrier ap- 
plications, because the W barrier layer can be deposited 
exclusively in the windows to N ~ or P~ Si, as is shown in 
Fig. 1, thereby bypassing the usual patterning and etch- 
ing steps. 

Extensive evaluation of the kinetic literature pertaining 
to the hydrogenreduct ion  of WF6 (10) 

WF~ + 3H2 --~ W + 6HF ~ [1] 

has led to the conclusion that the rate-limiting step in re- 
action [1] is the dissociation of H2 into atomic hydrogen 

(H) on the reaction surface. Therefore, selectivity is 
achieved by depositing at a temperature below which 
glass (e.g., thermally grown SiO2, phosphorus-doped glass 
grown by CVD, etc.) will not catalyze H~ dissociation, but 
Si, with its thin (~ 20~) native SiO2 layer, wi l l  At tempera- 
tures below about 400~ this is apparently the case and 
selectivity is observed; above this temperature,  W will de- 
posit on both Si and glass simultaneously. In addition, 
even in the selective temperature regime, the selectivity 
mechanism is only operative for films of a given thick- 
ness. Once the selective W deposit reaches a thickness of 
about 2500~, W begins to deposit on thermal SiO2. The ex- 
act thickness of W that can be deposited selectively on Si 
before nonselective deposition occurs depends upon the 
composition of the glass (9). For example, it has been 
found in this work that phosphorus-doped SiO2 (PSG) 
tends to enhance selectivity more than thermal SiO~; 
therefore, one can deposit thicker selective W films on 
devices surrounded by PSG than on devices surrounded 
by thermal SiO2. Compositional variations of the glasses 
lead to variations in selectivity behavior most probably 
because of differences in the etch rate of the glass by WF6 
(9). Obviously, if a fresh glass surface is being created, W 
film nucleation will be difficult. 

An alternate reduction scheme for WF~ exists, the so- 
called displacement reaction 

2WF~ + 3Si ~ 2W + 3SiF45 [2] 

I~ig. 1. Two views of CVD W selectivity deposited in windows to Si. 
Deposition conditions: 290~ P = 800 mtorr; V'H2/QwF~ = 20. Larger 
opening of phosphorus-doped SiO~ (thicker upper layer) is due to prefer- 
ential dry etching of this layer as compared to undoped SiO~ layer (thin- 
ner, lower layer) during opening of window. 

in which Si reduces the WF6 (3, 5). Displacement will 
compete with hydrogen reduction, Eq. [1], when hydro- 
gen is present, and will occur exclusively when hydrogen 
is absent. Both reactions are thermodynamically possible, 
the free energy being -285 kca]/mol for the hydrogen re- 
duction, Eq. [1], and -364 kcaYmol for displacement, Eq. 
[2], (both at 327~ 

The displacement of Si by WF~ imparts some interest- 
ing structural features to the W film, with some impor- 
tant consequences for VLSI processing, First, the dis- 
placement reaction is self-limiting. Once a substantially 
thick film of W (-150~) is formed by displacement, the 
reaction stops because the WF6 can no longer diffuse 
through the W (product) film to react with the underlying 
Si. In addition, the reaction of WF6 with Si causes erosion 
of the Si. As is demonstrated in the Appendix, about 
twice as much thickness of Si is consumed for a given 
thickness of W film formed. 

The displacement reaction will not, in general, be self- 
limiting on a device wafer. This is because a fresh supply 
of Si, needed to react with WF~, is present at the Si]SiO2 
interfaces of the windows. Figure 2 illustrates an effect, 
called the "halo effect," which results from the erosion, 
by WF6, of the Si at the Si/SiO2 interface of a device fea- 
ture, in this case, a window. A self-limiting W film has 
formed in the center of the window area, (Fig. 2a and 2b), 
but the displacement reaction has then eroded the Si at 
the interface. Because the interface is a region of high 
stress, this erosion is a stress-assisted corrosion reaction 
reminiscent of many bulk metallurgical phenomena. 
Haloing can be so extensive that neighboring windows 
become completely linked under the SiO~ (Fig. 2c). 

The sample illustrated in Fig. 2 was grossly overex- 
posed to WF6 with no H~ present, in order to produce a 
pronounced halo effect. By controlling the ratio of the hy- 
drogen flow rate to the WF~ flow rate during film deposi- 
tion, haloing can be prevented. A simple explanation for 
this is that by controlling VH~/~'%,F6, where ~'z is the volumet- 
ric flow rate, the ratio of W produced by reduction to that 
produced by displacement is controlled. Figure 3 illus- 
trates the effect of ~'l~.2/fZw~ 6 on haloing behavior. In this 
figure, the extent  of the halo effect is followed by optical 
microscopic investigation of windows on a device. When 
~H~/flWF 6 is greater than about 20 (Fig. 3a), no haloing is ob- 
servable. When H2 is absent (VM~/VwF6 = 0), haloing is seen 
to extend to the window-pad boundaries (Fig. 3c). An in- 
termediate case, fzHJflw~ ~ 5, reveals the beginnings of 
haloing (Fig. 3b). 
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Fig. 2, Three views of the halo effect (stress-assisted corrosion) ob- 
served on a typical device wafer. Deposition conditions: 290~ P = 600 
mtorr; VHe~WFs = 0. 

Fig, 3. Halo effect observed optically on a device wafer, Deposition 
conditions as follows, a: 290~ P = 600 mtorr; VH2~WF6 ~ 20. b: 
290~ P = 600 mtorr; VHJVwF6 ~ S. c: 290~ P = 150 mtorr; 
V'H2~w~6 = 0. Circular features (windows) are 2.5 ~m diam. 

Film Deposit ion 

The  W fi lms we re  d e p o s i t e d  in  a hot -wal l  CVD reactor ,  
d e p i c t e d  in  Fig. 4. M a n y  d i f fe ren t  d e p o s i t i o n  schemes ,  
b a s e d  on  t h e  r e d u c t i o n  and /o r  d i s p l a c e m e n t  reac t ions ,  
w i t h  t e m p e r a t u r e ,  p re s su re ,  a n d  H~ a n d  WF6 flow ra tes  as 
var iab les ,  we re  s tud ied .  All of  t he  d e p o s i t i o n  s c h e m e s  can  
b e  t h o u g h t  of as va r i a t ions  of  t he  one-  a n d  two-s tep  proce-  
d u r e s  ou t l i ned  in  Fig. 5. One-s tep  p r o c e s s e s  invo lve  depo-  
s i t ion  by  r e d u c t i o n  or d i s p l a c e m e n t  only. Two-s tep  pro-  
cesses  i nvo lve  d e p o s i t i o n  b y  d i s p l a c e m e n t  fo l lowed b y  
depos i t i on  by  r educ t ion .  

The  s u b s t r a t e s  cons i s t ed  of  4 in. d i a m  u n p a t t e r n e d  
(moni tor )  Si, SIO2, or  TaSi~ wafers ,  a n d  dev ice  wafers .  The  
Si m o n i t o r s  a n d  t h e  dev ice  wafers  were  p r e c l e a n e d  by  im- 
m e r s i o n  in b u f f e r e d  30:1 H F  for 2 rain,  fo l lowed by  a 10 
ra in  r inse  in  H20 (18 M ~  qual i ty)  a n d  sp in  drying.  This  re- 
su l t ed  in Si su r faces  w i t h  na t ive  ox ides  of  - 2 0 ~ ,  as mea-  
su red  by  a n  e l l ipsomete r .  The  SiO2 a n d  TaSi2 m o n i t o r s  
were  p r e c l e a n e d  in  t he  s a m e  way,  to r e m o v e  some  sur face  
ox ide  a n d  c o n t a m i n a t i o n .  Usual ly ,  40 wafers  were  p l aced  
in the  fu rnace  for  e ach  run.  D e p e n d i n g  u p o n  w h e t h e r  a 
one - s t ep  or a two- s t ep  d e p o s i t i o n  p r o c e d u r e  was  used,  t h e  
va r ious  s t eps  ou t l i ned  in Fig. 5 were  fo]lowed.  D e p o s i t i o n  

t e m p e r a t u r e s  we re  va r i ed  b e t w e e n  260 ~ a n d  400~ Depo-  
s i t ion  p r e s s u r e s  r a n g e d  b e t w e e n  100 a n d  1000 mtorr .  WF6, 
H~, a n d  Ar  f low ra tes  were  v a r i e d  b e t w e e n  0.5 a n d  100 
sccm,  100 a n d  2000 sccm,  a n d  500 a n d  2000 sccm,  respec-  
t ively.  Op t iona l  h e a t - t r e a t m e n t s  a f te r  depos i t ion ,  to 
evolve  gases  t r a p p e d  in  t h e  f i lms or cause  i n t e rd i f fu s ion  
(si l icidat ion) of  W a n d  Si, r a n g e d  b e t w e e n  290 ~ a n d  750~ 
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Fig. 4. Schematic diagram of apparatus used to deposit CVD W films 
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all for 30 min. The exhaust furnace (see Fig. 4), which was 
kept at 600~ prevented unspent WF+ from entering the 
pumping system. At the end of the deposition, which usu- 
ally lasted between 20 min and 3h, depending upon depo- 
sition conditions, the wafers were removed. 

The thickness of the W films was measured using a me- 
chanical stylus profilometer on steps etched in the film. 
Steps are readily etched in W using 30% H202. Figure 6 is 
a plot of W film deposition rate as a function of WF+ 
flow rate for W films produced by hydrogen reduction. 
The data of Fig. 6 were gathered for deposition runs at es- 
sentially the same total pressures, in the range 600-800 
mtorr. The flow-rate ratio, V,j(;wFs, is not constant for 
this data, but there was no satisfactory correlation be- 
tween this ratio and the deposition rate. Rather, the depo- 
sition rate seems to be a function of the WF6 flow rate 
only, implying that the deposition rate is controlled by 
the rate of WF6 adsorption on the wafer surfaces. Our dep- 
osition conditions are therefore characterized as mass- 
transport limited. Films deposited by displacement (no 
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Fig. 7. Wafer-to-wafer uniformity (film thickness vs. wafer position) 

for a typical CVD W deposition. 

hydrogen present) were self-limited to about 150~ in 
thickness at 290~ and formed in less than 1 min. The 
deposition rate for displaced films is, therefore, faster 
than that of reduced films. 

Figure 7 illustrates the wafer-to-wafer uniformity that 
can be achieved under typical experimental  conditions. 
Forty Si wafers were placed back to back in a wafer boat, 
the spacing between each pair being 3/4 in. It can be seen 
from Fig. 7 that the 24 wafers between positions 34 and 56 
are within -+ 10% of each other in thickness. More precise 
manipulation of the temperature gradient in the three- 
zone CVD furnace would have further extended the uni- 
formity zone. Thickness variations on each wafer (center 
to edge) were <5%. This degree of wafer-to-wafer, as well 
as center-to-edge uniformity, is sufficient for W barrier 
technology, since the barrier thickness is not critical as 
long as it is thicker than about 400~. 

Fi lm C h a r a c t e r i z a t i o n  
Electrical resisitivty.--The sheet resistance of the CVD 

W films was measured on a four-point probe. Figure 8 is 
a plot of sheet resistance, R+, as a function of film thick- 
ness, for films produced by displacement and/or reduc- 
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Fig. 8. Sheet resistance of selective C V D  W films as a function of film 
thickness. 
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Fig. 9. Resistivity of selective C V D  W films as a function of film 
thickness. 

tion. The  shee t  resistance,  w h e n  mul t ip l ied  by the  film 
thickness ,  is conve r t ed  to f i lm resist ivity,  wh ich  is 
p lot ted  in Fig. 9 as a func t ion  o f  film thickness .  Severa l  
observat ions  can  be  m a d e  f rom Fig. 9. First,  as f i lm 
th ickness  increases ,  the  resis i t ivi ty decreases  and tends  
toward  the  bu lk  resis i t ivi ty  of  W, 5.3 ~ - c m .  Also, it can  
be seen that  for films be tween  about  500 and 1500s the  
film res is t iv i ty  falls be tween  10 and 15 ~ - c m ,  wh ich  is in 
ve ry  good a g r e e m e n t  wi th  earl ier  data (4). Finally,  film 
resis t ivi ty increases  dramat ical ly  for films less than  500s 
thick. The  increase  is be l ieved  to be due  in part  to th in  
film e lec t ron  scat ter ing effects and due  in part  to the  
four-point  p robe ' s  lack of  precis ion in measur ing  vol tage 
drops  in this th ickness  range. 

Film stress and adhesion.--Figure 10 is a plot  of  f i lm 
stress vs. film th ickness  for se lect ive  CVD W on St. All of 
the films whose  stress data  is r ep resen ted  in Fig. 10 were  
adheren t  to the  Si substrates,  i.e., they  did not  come  off 
w h e n  sub jec ted  to a t ransparent  adhes ive  tape peel  test. 
The  stress is seen to be a m a x i m u m  for films less t han  
400~, a m i n i m u m  for films be tween  500 and 600A, and at 

an in te rmedia te  and fairly cons tan t  level  for th icker  
films. Figure  10 can be in terpre ted  in te rms  of  an interfa- 
cial stress and a v o l u m e  stress. The  largest  cont r ibut ion  
to the residual  film stress usual ly  comes  f rom the  interfa- 
cial stress. For  the th in  W films, the  stress is domina ted  
by this contr ibut ion,  wh ich  falls off rapidly  away from the  
interface ( thicker films), at which  po in t  the largest  contri- 
bu t ion  to the  stress is the  vo lume-genera ted  stress. The  
combina t ion  of  these  two stress cont r ibu t ions  gives rise 
to a s t ress- thickness  curve  remin i scen t  of  Fig. 10 (11). The  
observed  stress is tensile,  wh ich  is cont ra ry  to that  ob- 
served in earl ier  CVD W films (4). However ,  those  films 
were  significantly th icker  (>1 ~m), and were  deposi ted  at 
h igher  t empera tu re s  (-700~ therefore ,  the  stress state is 
l ikely to be different.  

Table  I is a s u m m a r y  of  film adhes ion  data based on 
the t ransparen t  adhes ive  tape peel  test.  It can be seen that  
displaced films t end  to adhere  to the  St. Hydrogen-  
reduced  films show an increas ing t endency  to adhere  to 
the  Si as the  vo lumet r i c  flow-rate ratio, fT.~/f%~, increases.  
Two-step films t end  not  to adhere  to Si unless  they  are 
g iven a pos tdepos i t ion  anneal  at 450~ or if  the  second 
step (reduction) occurs  at 350~ The fact that  raising only 
the  first-step (displacement)  t empera tu res  ->- 350~ does 
not  give rise to adhes ion  impl ies  that  the  adhes ion  inhib- 
i t ing m e c h a n i s m  is act ive in the  reduc t ion  step. These  re- 
sults will  be  exp la ined  later in te rms  of  the  deposi t ion 
chemistry .  

CVD W films depos i ted  on TaSi2 were  always adherent  
and general ly  had lower  stress than  the films depos i ted  
on St, i.e., 0 to 3 • 109 dyn /cm ~ (tensile). W films on TaSi~ 
showed  no stress dependence  on film thickness .  

Film microstructure.--Figure 11 is a TEM photomicro-  
graph of a typical  W film, showing  that  it is composed  of  
grains ranging be tween  1000 and 3000s in diameter .  Fig- 
ure  12 is an x-ray diffract ion pat tern  of  a typical  W film, 
compared  to a s t ick figure pa t te rn  of  a r andomly  or iented 
W standard. It can be seen that the grains comprising the 
W film are randomly oriented in the film, as there is a 
one-to-one correlation between observed and standard 
intensities. 

Figure 13 is a TEM photomicrograph of a W film de- 
posited on a Si window, exhibiting a tunnel-type defect in 
the Si substrate. That the defects are actually tubular 
voids has been proven by contrast experiments in the 
TEM. The tunnels are observed only at the rim of the 
window, suggesting that the interfacial stress present 
there has aided in their nucleation. The tunnels are not 
observed in Si onto which W has been deposited solely by 
displacement (no hydrogen). Therefore, HF gas, a by- 
product of W deposition by reduction with hydrogen, is 
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Fig. 10. Film stress vs. fi lm thickness for C V D  W films deposited on Si 
Fig. 11. Darkf ield transmission electron photomicrograph of a W film 

deposited by the two-step procedure at 290~  



1248 May 1985 J. Electrochem. Soc.: SOLID-STATE SCIENCE AND TECHNOLOGY 

Table I. Film adhesion results 

Film 

Number of runs for which 
monitor wafers were 

adhesion tested 

Percentage of these runs 
for which wafers 
exhibited 100% 

adhesion of Si on W ~ Comments 

Single step (displacement), 290~ 
Single step (reduction), 290~ 

Two Step 
Displacement 290~ reduction 290~ 
Same, plus 450~ min postdeposition anneal 
Displacement T >- 350~ reduction 290~ 
Displacement 350~ reduction 350~ 

9 78% 

11 73% VH~/Vw,6 between 
100 and 500 

11 91% VHz/17wr~ between 
800 and 3000 

11 9% 
10 80% 
3 0% 
2 100% 

a Transparent adhesive tape test. 

t h o u g h t  to be  t he  a g e n t  r e s p o n s i b l e  for  a t t a c k i n g  t h e  Si 
and  e t c h i n g  ou t  t he  t unne l s .  

Silicidation experiments.--Attempts were  m a d e  to fo rm 
WSi2 f rom the  d e p o s i t e d  W fi lms by  r eac t i on  w i th  t h e  Si 
subs t ra tes .  As is i l l u s t r a t ed  in  Fig. 14b, a t e m p e r a t u r e  of 
750~ is suf f ic ien t  to cause  all of  t he  W to conve r t  to WSi2 
( te t ragona l  form).  S ince  the  W did  no t  r eac t  a t  675~ (Fig. 
14a), t he  s i l ic ide f o r m a t i o n  t e m p e r a t u r e  is s o m e w h e r e  be- 
t w e e n  675 ~ a n d  750~ Th i s  is in  good  a g r e e m e n t  w i t h  
ear l ier  da ta  (12). We d id  no t  o b s e r v e  t h e  h e x a g o n a l  f o rm  
of  WSi~ at  lower  r eac t ion  t e m p e r a t u r e s ,  as ha s  b e e n  re- 
p o r t e d  (12). 

Discussion 
Our  r e su l t s  d e m o n s t r a t e  t h a t  h i g h  qual i ty ,  se lec t ive  

CVD W fi lms can  b e  g r o w n  in  a r e p r o d u c i b l e  m a n n e r .  We 
w o u l d  l ike  to d i s cus s  t he  o b s e r v a t i o n s  of  ha lo ing  b e h a v -  
ior  a n d  film a d h e s i o n  in some  detail ,  as t h e y  are ve ry  
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Fig. 12. X-ray diffraction pattern of a typical selective CVD W film, 
deposited on (100)  Si at 290~ The one-to-one intensity correlation be- 
tween the observed pattern and the W standard (stick figure), indicates 
that the film is composed of randomly oriented grains. 

Fig. 13. TEM of a W film deposited on a window to Si on a tester device 
(wet-etched window). Note tunnels in the Si emanating from the window 
edges. 

m u c h  re la ted  to fi lm p r o c e s s i n g  h i s t o r y  a n d  reveal  im- 
p o r t a n t  sub t l e t i e s  of  CVD W process ing .  

Ha lo ing  behav io r ,  d e p i c t e d  in Fig. 2 a n d  3, is t h e  stress-  
ass i s ted  r eac t ion  b e t w e e n  WF6 a n d  e x p o s e d  St. As such ,  
one  w o u l d  e x p e c t  t h e  s ta te  of  s t ress  at  t h e  Si/SiO2 inter-  
face to i n f l uence  t h e  course  of th i s  react ion.  We be l ieve  
t h a t  th i s  i n f l uence  is i l lus t ra ted  in  Fig. 3c, w h e r e  ha lo ing  
b e h a v i o r  is o b s e r v e d  to b e  nea r ly  c o m p l e t e  u n d e r  t h e  
SiO2 pads  t h a t  c o n t a i n  t h e  w i n d o w s  to St, b u t  is o b s e r v e d  
to s top  a b r u p t l y  at  t h e  p ad  b o u n d a r i e s .  Wh erea s  t h e  pads  
are c o m p r i s e d  of - 1  tLm of  P S G  on  t o p  of 1000• of  
u n d o p e d  SIO2, b o t h  depos i t ed  b y  L P C V D  at  430~176 
t h e  ox ide  b e t w e e n  the  p a d s  is field oxide,  -7000A th ick ,  
a n d  is g r o w n  a t  950~ T h e  L P C V D  fi lm s t ress  is a b o u t  3 
• 109 d y n / c m  ~ ( tensi le)  (13), w h e r e a s  t h e  t h e r m a l  ox ide  
s t ress  is a p p r o x i m a t e l y  zero (14). There fore ,  i t  is  be l i eved  
t h a t  t h e  near -ze ro  s t ress  s ta te  of  t h e  f ield ox ide  p r e v e n t s  
t h e  WFG a t t a c k  of  t h e  u n d e r l y i n g  Si  f rom spread ing .  

A d h e s i o n  tests ,  u s i n g  t h e  t r a n s p a r e n t  a d h e s i v e  t ape  
peel  m e t h o d ,  we re  car r ied  out  on  at  leas t  one  Si m o n i t o r  
wafe r  p l aced  in eve ry  run.  Var iab les  s u c h  as r o o m  h u m i d -  
ity, c h a n g e  of  gas cy l inders ,  an d  s l igh t  u n i n t e n t i o n a l  vari-  
a t ions  in  wafe r  c l ean ing  p r o c e d u r e  r e su l t ed  in less t h a n  
100% p red i c t ab i l i t y  of  fi lm adhes ion .  However ,  as the  ad- 
h e s i o n  da ta  of  Tab le  I reveal ,  t he re  are severa l  in t e res t ing  
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Fig. 14. X-ray diffraction patterns of typical selective CVD W films, 
deposited on (100)  Si at 290~ and reacted with Si substrate at 675~ 
for 30 min (top) and 750~ for 30 min (bottom) both in hydrogen. 
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trends in adhesion behavior that are related to deposition 
processing. 

The data in Table I suggest that a chemical species 
causes lack of adhesion. This is most strikingly demon- 
strated for the two-step films, where it can be observed 
that films deposited at 350~ or postdeposition annealed 
at 450~ after 290~ deposition, exhibit  good adhesion. 
However, two-step films deposited at 290~ rarely exhibit  
adhesion in the as-deposited state. Although information 
is lacking regarding low temperature interactions be- 
tween W and St, it is likely that there is no significant 
interdiffusion between the two at temperatures less than 
about 500~ Therefore, the effect of the higher deposition 
temperature and postdeposition anneal is most probably 
the evolution of the chemical species, thereby restoring 
adhesion. 

There is much circumstantial evidence to support this 
hypothesis. First, Table I shows, for the ease of single- 
step reduced films, that adhesion is possible at 290~ if 
~H2/~?w~6 is large enough, further suggesting that lack of 
adhesion is due to some sort of interfacial film. That the 
adhesion improves as fZH~/fZWF6 increases indicates that the 
speeies causing lack of adhesion might be a reaction by- 
product, which is diluted and pumped out to a greater ex- 
tent when this ratio is high. Furthermore, in some 40-wa- 
fer runs, the films in the front of the reactor (furthest 
from pumps, upstream of flowing gases, see Fig. 4), ad- 
hered, whereas those near the back did not. Again, the 
reason may be the preferential incorporation of larger 
amounts of by-products in wafers positioned in the back 
of the reactor, as that is where their concentration will be 
highest. 

Some recent work on the computer  analysis of the ther- 
modynamics of CVD W on a variety of substrates has ra- 
tionalized the adhesion behavior in terms of the forma- 
tion of reaction by-products (15). Poor adhesion of W is 
observed on substrates that form nonvolatile fluorides 
during reduction of WF6. Therefore, the lack of adhesion 
observed for certain W films deposited on Si can be due 
to the presence of, for example, WF4, which has previ- 
ously been identified as the cause of porosity in CVD W 
thermionie emitters (16). WF4 melts at 502~ and boils at 
627~ and therefore becomes increasingly volatile as tem- 
peratures increase; however, it would be nonvolatile at 
our deposition temperatures. As many subfluorides (i.e. 
WF3, WF2, etc.) probably exist (17), others of them can be 
invoked to explain the lack of adhesion. The existence of 
partially reduced WF6 compounds is even more likely as 
the concentration of H~ is decreased; therefore, it is not �9 , 
surprising that adhesion gets worse as VH2/Vw~6 decreases. 
Finally, since the free energy for Si reduction of WF6 ex- 
ceeds that of the I-l:~ reduction at 327~ (-364 vs. -285 
keal]mol), one would expect there to be more reduction 
of WF6, and, therefore, less incorporation of W subfluor- 
ides in  displaced films. This is supported by  the observa- 
tion from Table I that single-step displaced films almost 
always adhere. Indeed, lack of adhesion is determined 
during the hydrogen reduction step, as two-step films, 
even those whose displacement step has occurred at T -> 
350~ do not adhere after a 290~ reduction step, as is in- 
dicated in Table I. 

Conclusions 
W films have been chemically vapor deposited by the 

reduction of WF6, and extensively characterized. W films 
can be deposited selectively, i.e., on Si and and TaSi2 to 
the exclusion of SiO2, thereby eliminating the need for 
patterning and etching of a diffusion barrier layer. 
Whereas W films of unlimited thickness can be deposited 
by H~ reduction of WF6, W films formed by Si reduction 
(displaced films), are self-limited to about 150A in thick- 
ness. However, on actual device wafers, uncontrolled dis- 
placement reaction (.haloing) can occur if the volumetric 
flow-rate ratio, VHJVwF~, is between zero and approxi- 
mately 15. Haloing behavior is aggravated by a high stress 
state at the Si/SiO.2 interface of device features. 

W films were deposited by H2 and/or Si reduction of 
WF6, under a variety of temperatures and pressures. The 
hot-wall, horizontal CVD reactor was mass-flow limited, 
i.e., the W growth rate was proportional to the WF6 flow 
rate. The films were specular, with resistivity of -13  x 
10 -6 ft-cm, and a sheet resistance of 1.3 f~/[E for a 1000~ 
thick film. The films are composed of grains averaging 
2O00A diam, and have a tensile film stress of about 7 x 109 
dyn/cm ~. Film adhesion was almost always observed if 
any of the following steps were taken: deposition at 
3500C, deposition at 290~ followed by a 450~ postdeposi- 
tion anneal, or the use of very high H2 to WF6 volumetric 
flow-rate ratios. That these steps lead to adhesion sug- 
gests that the incorporation of nonvolatile WF~ 
(W subfiuoride) into the W at the 290~ deposition tem- 
perature is the eause of the lack of adhesion sometimes 
observed. 

CVD W films are excellent diffusion barriers between 
A1 and St. In view of the physical attributes of the films 
reported here and the convenience of depositing selective 
W, these films are good candidates for diffusion barriers 
in shallow junction VLSI technologies. 
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APPENDIX 
During the displacement reduction of Si by WF~ 

2WF~ + 3St ~ 3SiF4 + 2W 

what thickness of Si is consumed in forming a W film of 
a certain thickness? 

mw nwMWw 
Vw = Awtw - - -  - -  

P~ Pw 

where Vw is the volume of W film, Aw the area of W film, 
tw the thickness of W film, m ~ t h e  mass of W film Pw the 
density of W (19.3 g/em3), nw the number  of moles of W in 
the film, and MWw the molecular weight of W (183.85 
g/mob. Therefore 

AwtwPw 
n w  - _ _  

MWw 

similarly 

AsitsiPsi 
nsi - MWs, 

where nsl is the moles of St displaced by W, Asi the area of 
Si displaced by W, tsi the thickness of Si displaced by W, 
psi the density of Si (2.33 g/cm'~), and MWsi the molecular 
weight of Si (28.09 g/tool). For every mole of W formed, 3/2 
tool of Si are required. Therefore 

3 
n s i  ~ - ~ -  n w 

o r  

but 

 wtw w 
MW.~i MWw 

e s i  ~ n w 

Therefore 

t m  
- 1.90 

tw  
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The thickness of Si consumed to form a W film of thick- 
ness tw by displacement is, therefore, about twice tw. 
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ABSTRACT 

The absorption of water by powders of sodium, potassium, and lithium beta alumina was observed using thermo- 
gravimetric analysis (TGA), differential scanning calorimetry (DSC), and x-ray powder  diffraction. For samples derived 
from Union Carbide beta alumina, no water absorption/adsorption was observed for potassium beta alumina, about 2.1 
molecules of water per unit cell for sodium beta alumina, and about 4 molecules per unit cell for li thium beta alumina. 
All of these results are at 25~ with the composition at 400~ as a base line. Some samples also were observed to react 
with CO~ in the presence of water to form complex hydrated carbonates, which underwent  multistage decomposition re- 
actions upon heating. 

Since the rediscovery of the beta aluminas (1, 2), it has 
been widely recognized that various compounds of this 
family react with water. The effects of hydration vary 
greatly. Water absorption by sodium beta alumina, for ex- 
ample, decreases its Na ~ ion conductivity (3). In contrast, 
a high water content is essential for high conductivity in 
various protonic beta" aluminas (4). Hydration reactions 
of powders of the beta aluminas can influence their be- 
havior dur ing  forming and sintering into polycrystalline 
ceramics. 

Over the past few years, the absorption Of water by var- 
ious beta aluminas has been investigated extensively. A 
complete picture of the phenomenon does not yet exist. It 
is complicated by the many ions which can substitute for 
sodium in the beta aluminas, their nonstoichiometric 
compositions, and the fact that their hydration reactions 
may be influenced by particle size. 

Beta (typically Mt.24Al,lO,7.12)and beta" alumina (typi- 
cally M1.67Mg0.67A1,0.~O,7) in which M is Na + , Li*, (4, 5) or 
H ~ (6)are known to hydrate in air at room temperature. 
Most experimental  evidence indicates that water is not lo- 
calked in cracks or micropores but enters the conduction 
planes and is bulk rather than surface water. The extent 
of hydration is strongly influenced by the identity of the 
mobile ion. Na § beta alumina absorbs less water than Li ~ 
beta alumina. In contrast, even with powder samples, we 
have been unable to measure any water uptake for Ag § 
K ~, T] § and Rb ~ beta aluminas ~7). To our knowledge, a 
phase diagram for a water/beta alumina system has only 
been explored for Li + beta alumina above 200~ (8), a tem- 
perature range in which water diffuses more rapidly in 
the compound but in which the hydration equilibrium is 
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shifted toward a lower bulk water content. The study, by 
Dudney et al. (8), found the maximum hydration state of 
Li § beta alumina single crystals to be 1.6 water molecules 
per unit cell at 235~ 

The hydration reactions of the beta aluminas are quite 
complex. Considerable spectroscopic evidence indicates 
that water can dissociate in the compounds and that a 
number of different water complexes can exist (8-10). 
Kuhns et al. (11), Hayes et al. (12), and Dunn (3) have sug- 
gested that, during hydration, the sodium in beta" alu- 
mina ceramics is replaced by protonic species. They sug- 
gested that the sodium migrates to the surface to form 
hydroxides, which can react with CO2. These reactions 
can be reversed by heating. 

This paper reports the results of our recent investiga- 
tions of the hydration and carbonation of Na § and Li + beta 
alumina powders. It demonstrates that the hydration re- 
actions of beta alumina are strongly influenced by the 

Table I. Rapid hydration of Li beta alumina 
at various temperatures (particle size <44 p,m, 

sample prepared by exchange in LiN03) 

Water uptake 
% (weight) 

T (~ increase 

20 1.2 
60 3.2 
96 3.0 

130 3.1 
178 1.9 
208 1.2 
230 0.6 



Vol. 132, No. 5 B E T A  A L U M I N A  P O W D E R S  1251 

sou rce  of  t h e  mater ia l ,  t h a t  p o w d e r  s a m p l e s  a b s o r b  m o r e  
w a t e r  t h a n  s ing le  crystals ,  a n d  t h a t  c a r b o n a t i o n  r eac t i ons  
occur readily wi th  various powdered  beta  and  beta" aluminas.  

Experimental Description 
Beta  a l u m i n a s  f rom four  sou rces  were  e x a m i n e d .  

1. Melt-grown Na* beta alumina obtained as single crys- 
tals f rom the Union Carbide Corporation.--The compos i -  
t i on  of  t he  c rys ta l s  was  d e t e r m i n e d  to b e  Na,.22AluO,7.~2 b y  
m e a s u r i n g  t he  w e i g h t  c h a n g e  af te r  c o m p l e t e  s u b s t i t u t i o n  
of  Na ~ b y  Ag% Single -c rys ta l  s a m p l e s  we re  g r o u n d  to f ine 
powder s ,  a n d  a se t  of  s ieves  f rom 40 to 400 m e s h  was  u s e d  
to se lec t  p o w d e r  f rac t ions .  P o w d e r s  w i t h  ave rage  g ra in  
sizes of  a b o u t  20 a n d  10 /zm were  o b t a i n e d  b y  fu r t he r  
g r i n d i n g  of  the  f ines t  f ract ion.  T he  par t i c le  size d i s t r ibu-  
t ions  we re  d e t e r m i n e d  w i t h  a Cou l t e r  (TM) C o u n t e r  par-  
t ic le  analyzer .  

1. Mg-stabilized Na + beta" alumina crystals grown by 
the f lux  evaporation method (13).--Crystals were  g r o w n  
at  severa l  d i f f e ren t  t e m p e r a t u r e s  b e t w e e n  1650 ~ a n d  
1700~ a n d  h a d  c o m p o s i t i o n s  of  Nal.67Mg0.67A1,0.~30~7 b a s e d  
on  t he  w e i g h t  c h a n g e  o b s e r v e d  af te r  Na + e x c h a n g e  w i t h  
Ag% 

3. Monofrax Na § beta alumina from the Carborundum 
Corporation.--This h a d  a par t ic le  size of  44-105 ~m.  

4. Na § beta alumina that was synthesized as a powder 
from sodium carbonate and alumina.--Powder x-ray dif- 
f r ac t ion  ana lys i s  d e t e c t e d  no  p h a s e s  o t h e r  t h a n  s o d i u m  
be t a  a lumina .  The  pa r t i c l e s  nea r ly  all  p a s s e d  t h r o u g h  a 44 
tzm sieve. Th i s  ma te r i a l  was  by  no  m e a n s  as wel l  charac-  
t e r i zed  as t h e  p r e v i o u s  three .  B e c a u s e  i t  was  no t  de r ived  
f rom a we l l - ana lyzed  s ingle  crystal ,  i ts  b e h a v i o r  c a n n o t  be  
c o n s i d e r e d  to def ine  the  in t r in s i c  p r o p e r t i e s  of  s o d i u m  
be t a  a lumina .  N e v e r t h e l e s s  it is i n c l u d e d  he re  b e c a u s e  i t  
is a n  e x a m p l e  of  t he  k i n d  of  be t a  a l u m i n a  f rom w h i c h  
po lycrys ta l l ine  t u b e s  are p repa red .  

B e t a  a l u m i n a  c o n t a i n i n g  ions  o t h e r  t h a n  Na § was  syn-  
t he s i zed  b y  ion  e x c h a n g e .  Li  § be t a  a l u m i n a  was  p r e p a r e d  
f rom large s ing le  c rys ta l s  of  U n i o n  C a r b i d e  s o d i u m  be ta  
a l u m i n a  b y  ion  e x c h a n g e  in  e i the r  LiC1 at 650~ or  LiNO3 
at  350~ K § b e t a  a l u m i n a  was  p r e p a r e d  f rom the  s a m e  
U n i o n  C a r b i d e  s t a r t i ng  ma te r i a l  b y  ion  e x c h a n g e  in  mol -  
t en  KNO3 a t  350~ All sal ts  we re  g r ea t e r  t h a n  99.99% 
pure ,  a n d  t he  m o l t e n  sa l t  b a t h s  we re  c h a n g e d  th r ee  or 
four  t i m e s  in  o rde r  to m a i n t a i n  a low Na  ~ c o n c e n t r a t i o n .  
The  w e i g h t  c h a n g e  m e a s u r e d  on  la rge  s ing le  crys ta ls  was  
t h a t  e x p e c t e d  for  t h e  c o m p l e t e  r e p l a c e m e n t  of  Na% 

T h e r m a l  ana lys i s  was  ca r r i ed  ou t  w i t h  d u  P o n t  990 a n d  
1090 sys t ems .  T h e  c rys t a l l og raph ic  p a r a m e t e r s  of  t he  
s a m p l e s  were  o b t a i n e d  w i t h  a n  x- ray  p o w d e r  diffrac- 
t o m e t e r  e q u i p p e d  w i t h  a t h e r m a l  a t t a c h m e n t  w h i c h  per-  
m i t t e d  con t ro l  of  b o t h  t e m p e r a t u r e  ( - 1 8 0  ~ a n d  900~ a n d  
a t m o s p h e r e ,  

R e s u l t s  a n d  D i s c u s s i o n  

Union Carbide Na § beta alumina.---A T G A  for a s a m p l e  
of  Na  § be t a  a l u m i n a  w i t h  g ra in  size 4 4 / z m  < d < 63 tzm in  
d ry  n i t r o g e n  is s h o w n  in  Fig. 1, a long  w i th  a DSC ana lys i s  
for  t he  s a m e  mater ia l .  T he  D SC  p lo t  i n c l u d e s  a base - l ine  
t race  o b s e r v e d  w i t h  a s a m p l e  o f K  * b e t a  a lumina .  B o t h  
t he  Na § a n d  K § be t a  a l u m i n a  p o w d e r s  h a d  b e e n  e x p o s e d  
to air  for one  yea r  at  r o o m  t e m p e r a t u r e  af te r  g r ind ing .  
- T h e  T G A  re su l t s  i nd l ca t e  t h a t  w a t e r  d e s o r p t i o n  occurs  

by  a p roces s  w h i c h  is wel l  d e s c r i b e d  b y  f i r s t -order  k ine t -  
ics. No f u r t h e r  w e i g h t  loss w a s  o b s e r v e d  f rom 300 ~ to 
1O00~ In  t h e  DSC :trace, t he  e x p e c t e d  e n d o t h e r m  was  
seen  in  t he  s a m e  t e m p e r a t u r e  r eg ion  as t he  d e h y d r a t i o n  
in  t he  T G A  plot .  A smal l  b u t  r e p r o d u c i b l e  dev i a t i on  in  
t he  e x o t h e r m i c  d i r ec t i on  s o m e t i m e s  o c c u r r e d  n e a r  250~ 
The  e n d o t h e r m i c  p e a k  in  t h e  DSC p lo t  g ives  a n  e n t h a l p y  
of  d e h y d r a t i o n  of  14.5 kcaYmol  H~O. S i m i l a r  va lues  o f  de- 
h y d r a t i o n  e n t h a l p i e s  we re  o b t a i n e d  for  s a m p l e s  w h i c h  
were  e x p o s e d  to air  for s ho r t e r  t i m e s  a n d  c o n t a i n e d  less  
w a t e r  t h a n  t h a t  of  Fig. 1. 

A p rev ious  r e p o r t  (5) i n d i c a t e d  t h a t  w a t e r  u p t a k e  in  
p o w d e r  s a m p l e s  of  th i s  t ype  occurs  in  two  steps:  a fas t  
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Fig. 1. T G A  (top) and DSC (bottom) results for Union Carbide Na  ~ 
beta alumina powder in nitrogen. Particle size distribution: 4 4 / ~ m  < 
d <: 63  p~m. 

o n e  w h i c h  m a y  affec t  on ly  a n a r r o w  b a n d  n e a r  t he  sur-  
face, a n d  a s low one  w h i c h  is c o n t r o l l e d  b y  t w o - d i m e n -  
s ional  d i f fus ion  in to  t he  bulk .  T h e  p r ev ious  w o r k  ob-  
t a i n e d  a good  fit of  the  g ra in  size d e p e n d e n c e  for  t h e  fas t  
u p t a k e  p roces s  b y  a s s u m i n g  t h a t  i t  i n v o l v e d  a 3.3 izm 
wide  b a n d  at  t he  crys ta l  su r face  w h i c h  was  u n i f o r m l y  
filled w i th  o n e  w a t e r  mo lecu l e  for  e a c h  s o d i u m  ion. We 
h a v e  c h e c k e d  th i s  m o d e l  b y  m e a s u r i n g  t he  w e i g h t  lost  
d u r i n g  h e a t i n g  of  Na* be t a  a l u m i n a  s a m p l e s  h a v i n g  a n  
average  g ra in  size of  10 izm. S a m p l e s  w h i c h  were  a l lowed 
to s t a n d  for a few h o u r s  in  air  a f te r  g r i n d i n g  h a d  a we igh t  
loss t h a t  c o r r e s p o n d e d  to 2.8 w e i g h t  p e r c e n t  (w/o) w a t e r  
(1.9 H20/un i t  cell), w h i c h  agrees  wel l  w i t h  t he  model .  
Af te r  severa l  w e e k s  or m o n t h s  in  air, s amp le s  ga ined  
s l ight ly  m o r e  water ,  3.10-3.15 w/o (2.10-2.13 H~O/unit  cell). 

The  c h e m i c a l  d i f fus ion  coeff ic ient  of  w a t e r  in  Na  ~ be t a  
a l u m i n a  was  e s t i m a t e d  f rom the  ra te  of  w e i g h t  i nc rease  of  
t he  Na ~ be t a  a l u m i n a  p o w d e r  w i t h  par t i c le  d i a m e t e r  (d) < 
44 / zm a n d  was  f o u n d  to b e  2 • 10 -':~ cm~s - '  a t  27~ a n d  1 
• 10 - '2 cmZs - '  a t  50~ These '  da ta  c o r r e s p o n d  to a n  acti-  
v a t i o n  e n e r g y  for  d i f fus ion  of  0.56 eV, a f igure w h i c h  is 
c lear ly qu i t e  u n c e r t a i n ,  b e c a u s e  on ly  two Poin ts  we re  
u s e d  to o b t a i n  it. 

The  c h e m i c a l  d i f f u s i o n  coeff ic ients  a r e  a l so  ave rage  
values .  T h e y  were  Calculated a s s u m i n g  a u n i f o r m  par t i c le  
r ad ius  of  d = 33 tzm, e v e n  t h o u g h  t he  ac tua l  s a m p l e  h a d  a 
d i s t r i b u t i o n  of  pa r t i c l e  sizes. T h e  rad ius  of 33 ~ m  was  
c h o s e n  b e c a u s e  i t  y i e lded  t he  b e s t  fit to t h e  data.  In  addi-  
t ion,  d u r i n g  t h e  p o r t i o n  of  t he  d i f fus ion -con t ro l l ed  u p t a k e  
t h a t  was  ana lyzed ,  t he  overal l  w a t e r  c o n t e n t  c h a n g e d  
f rom 1 to 2.5% b y  weight .  T h e r e  is no  r e a s o n  to a s s u m e  
tha t  t he  d i f fus ion  coeff ic ient  of  w a t e r  is i n d e p e n d e n t  of  
i ts  c o n c e n t r a t i o n .  

Monofrax Na* beta alumina.- -The to ta l  w e i g h t  loss of  a 
s a m p l e  of  pa r t i c l e  size d < 45 ~ m  w h i c h  h a d  b e e n  ex -  
p o s e d  to air  for two  m o n t h s  a t  r o o m  t e m p e r a t u r e  af te r  
g r i n d i n g  was  2.6% (see Fig. 2), a b o u t  t he  s a m e  as  for  t he  
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Fig. 2.  T G A  ( top)  and DSC (bot tom)  results for  M a n o f r a x  N a  ~ beta 
a lumina powder  in nitrogen. Part icle size distr ibut ion d < 4 4  ~ m .  

Union Carbide material described in the previous section. 
However, as Fig. 2 .shows, the TGA and DSC plots for the 
dehydration of this sample are very different from those 
for the Union Carbide material. The sharp peak in the 
DSC plot corresponds to the rapid weight ioss of about 
1% which occurs at 115~ Sharp peaks around 100~ have 
also been observed with beta" alumina and type 4 beta 
alumina. They are believed to be due to the decomposi- 
tion of products formed on the surface of powders ex- 
posed to ambient air for extended periods of time. Possi- 
ble products are discussed later in this paper. 

Union Carbide K ~ beta alumina.- - -No evidence of hy- 
dration of dehydration reactions was observed with TGA 
and DSC analysis of finely ground powders of K § beta 
alumina prepared by ion exchange from Union Carbide 
Na § beta alumina crystals. 

Union Carbide Li  § beta a l u m i n a . - - T h e  general 
phenomena of water absorption/desorption in Li § beta 
alumina are qualitatively similar to the parent sodium 
compound. However, preparation conditions appear to in- 
fluence the hydration reactions of Ls beta alumina. Fine 
powders of Li + beta alumina prepared by ion exchange in 
molten LiNO:~, and equilibrated in air lost considerably 
more water, 6.2-6.3 w/o (4.2 H~O/unit cell) vs. 3.0-3/2 w/o 
(2.1 HzO/unit cell), than comparable powders of Na § beta 
alumina when heated from 100 ~ and 400~ Weight losses 
observed with samples prepared by ion exchange in LiC1 
were systematically lower, typically 5.1-5.2 w/o (3.4 
H20/unit cell). 

We also have observed that the amount of water ab- 
sorbed by Li § beta alumina depends on grain size. Figure 
3 illustrates the water lost upon heating of freshly ground 
powders of LiCl-exchanged beta alumina as a function of 
grain size. TGA analysis of the crystals before crushing 
showed about 1.5% weight loss to 400~ After grinding, 
samples were exposed to air for about 12h, then heated to 
400~ at l~ and held at 400~ until constant weight 
was attained. 
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Fig. 3.  W e i g h t  loss of  LH beta a lumina  powders upon beat ing from 
2 5  ~ to 4 0 0 ~  as a funct ion of  part ic le  size. Samples prepared by ion 
exchange in LiCI .  

The solid curve in Fig. 3 has been drawn according to a 
model which assumes that the grains homogeneously hy- 
drate to a level of 1.5 w/o (1 H20/unit cell) and that those 
portions of the grains within 30 ~m of the surface hydrate 
to a maximum water content of 5.1 w/o (3.4 H~O/unit cell). 
The penetration depth and max imum hydration level 
were chosen to give a best fit to the data. The data actu- 
ally do appear to reach a limiting hydration level of about 
5.2 w/o for particle sizes less than 50 ~m, which is consis- 
tent with this model. A similar experiment and model for 
sodium beta alumina gave a penetration depth of 3.3 ~m 
and no background water in the crystals (5). 

Changes in the c-lattice parameter for a Li ~ beta alu- 
mina powder exchanged in LiNO:~ (d < 45 ~m) were mea- 
sured during heating/cooling cycles. The data are plotted 
in Fig. 4 along with the results of parallel TGA experi- 
ments. Regardless of the water content, the c-axis ex- 
pands as the sample is heated from 60 ~ to 140~ It con- 
tracts from 140 ~ through 300~ the region in which most 
of the water is lost, and then expands again above 300~ 
When a sample is then cooled to 160~ in dynamic vac- 
uum, only the expected thermal contraction is observed. 
Although it was possible to cool samples to 160~ without 
significant water uptake, it was never possible to prepare 
anhydrous Li* beta alumina powders (d < 45 ~m) at room 
temperature. Weight increases were always observed 
when samples were cooled below about 60~ even if the 
experiment was carried out under dynamic vacuum (10 -3 
torr or lower) or under a flow of dry gas. 

The Li § beta alumina samples lost no weight between 
400 ~ and 750~ but they lost about 0.5% between 750 ~ and 
850~ The source of this weight loss is not known, but it 
is irreversible and accompanied by a number of changes 
in the sample. X-ray powder diffraction patterns were 
taken for a sample before and after being held for 16h at 
850~ After heating, the formerly transparent crystals 
were opaque and no longer reacted with water. These re- 
sults are consistent with an earlier report (14), which indi- 
cated that Li~-Na * beta alumina decomposes in this tem- 
perature range by a process that involves the irreversible 
migration of Li § into the spinel blocks of the structure. 

Na § beta a l u m i n a  synthesized as powder . - -Th i s  mate- 
rial, which had a particle size of d < 44 ~m, had been in 
contact with air for several years. Its x-ray pattern before 
heating showed several weak reflections which do not 
belong to beta alumina. Immediately after annealing at 
600~ the positions and intensities of these foreign re- 
flections had changed. The original spectrum was even- 
tually restored after months of exposure to air. A very 
reasonable explanation for the extra reflections is that 
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they arose from the hydration and, possibly, carbonation 
reactions which these powders underwent  upon pro- 
longed standing in air. The formation of carbonates and 
bicarbonates on the surface of beta alumina powders was 
previously reported by Garbarczyk etal. (15-17) and 
Harbach (18). 

A TGA, taken under dynamic vacuum, of a sample of 
this powder more than two years old is shown in Fig. 5. 
Various steps are apparent in the weight-loss process. 
However, the steps are not clearly distinguished even at 
very slow heating rates (l~ Although the exact 
weight lost in each step is uncertain, the total weight lost 
from room temperature to 700~ is reproducibly 9-10%. 

During cooling at 0.5~ from 700~ to room temper- 
ature in air, the weight increased about 3%. After five 
months of exposure to air, the powders reproduced the 
thermal behavior of Fig. 5. 
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Fig. 5. TGA results and humidity detector output during heating of 
sample of Na § beta alumina powder (type 4)  in dry nitrogen at 10~C/min. 

To determine whether all of the weight losses in Fig. 5 
actually correspond to the evolution of water a PsO.5 
humidity detector was connected in series with the gas 
stream exiting the TGA chamber. Its output is also plotted 
in Fig. 5. A downward trace represents an increased water 
signal. What is most interesting is that only the high tem- 
perature weight loss (> 600~ is not accompanied by 
water evolution. A reasonable explanation is that it is the 
result of the decomposition of carbonates on the surface 
of the powder. 

To explore this possibility, a series of TGA analyses 
were carried out in various atmospheres. Fresh samples 
of Na ~ beta alumina were heated to 800~ and then cooled 
to room temperature at 0.5~ Gas flows of 8 liter/h 
were maintained over the samples. The total weight in- 
creases from 800~ to room temperature were 1.4% for a 
wet nitrogen atmosphere with no CO2, 0.4% for dry COs, 
and 5.5% for wet COs. These results demonstrate that si- 
multaneous carbonation/hydration can be responsible for 
considerable weight increase in these beta alumina 
samples. 

Moist CO2 presumably leads to the formation of bicar- 
bonate and carbonate species on the surface of the beta 
alumina powders. Separate TGA analyses on sodium bi- 
carbonate and sodium carbonate show that the former de- 
composes to the carbonate between 100 ~ and 200~ and 
the carbonate begins to decompose above 800~ The de- 
composition of bicarbonate/carbonate species can there- 
fore account not only for the high temperature weight 
loss in these powders, but also for some of the complexity 
of the low temperature weight losses. 

To further corroborate the role of CO2 in these reac- 
tions, infrared spectroscopy (IR) measurements  using a 
Nicolet FTIR spectrometer with a HgCdTe detector were 
carried out on powder samples. The results were consist- 
ent w i t h  the presence of various sodium carbonates, bi- 
carbonates, and their hydrates. 

Additional evidence for carbonate formation was ob- 
tained by bubbling the effluent from the TGA into a 
water trap and measuring the pH as a function of weight 
loss. Distinct acidic peaks were observed to correspond 
with weight loss regions. The largest occurred above 
500~ the temperature range in which COs evolution is 
expected f r o m  carbonate decomposition. The second 
largest peak was observed at 100~ and correlates well 
with bicarbonate decomposition. 

The high temperature weight loss signaling the pres- 
ence of carbonates did not appear with all samples. It was 
absent with those prepared from Union Carbide crystals. 
Some weight loss which could indicate the presence of 
carbonation was observed with Monofrax Na ~ beta alu- 
mina. It was observed with sodium beta" alumina pow- 
ders prepared from single crystals of Mg-stabilized mate- 
rial and also with Li + beta alumina crystals prepared from 
Union Carbide crystals. 

Summary and Conclusion 
We have studied the hydration reactions of various beta 

aluminas under conditions that were intentionally quite 
different from those of several previous investigations 
that used large single-crystal samples. The prior work 
yielded considerable insight into the nature of the hydra- 
tion processes at high temperatures and over-long diffu- 
sion pathlengths. We have emphasized the other ex- 
t reme-- low temperatures and short diffusion pathlengths. 
Our conditions required powder samples, which made it 
more difficult to obtain structural insight into the pro- 
cess of water intercalation in these compounds. Neverthe- 
less, the data obtained from powder samples are quite im- 
portant. They highlight reactions that may be too slow to 
be observed with larger crystals, and the short hydration 
pathlengths of powders reveal reactions that occur in re- 
gions very near the surface. Understanding reactions of 
this type is especially important in the study of interfacial 
ion transfer. 

Our results underscore that the beta alumina hydration 
reactions are strongly influenced by the ion present in 
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the conduction plane. The behavior of K ~ beta alumina is 
one extreme. Even in fine powder form, it neither ad- 
sorbs nor absorbs significant amounts of water. In con- 
trast, at 100~ Na ~ beta alumina intercalates the equiva- 
lent of about 2.1 H~O molecules per uni t  cell. At the same 
temperature, Li + beta alumina absorbs about 4 H20 mole- 
cules per unit  cell, which is considerably greater than the 
maximum of 1.6-1.8 H20 molecules per uni t  cell reported 
by Dudney et al. (8) from studies of single crystals. 

The fact that fine powders of K ~ beta alumina do not 
hydrate indicates that surface hydration reactions and the 
condensation of water in microcracks probably are minor 
mechanisms for the trapping of water by this material. 
Assuming that the physical characteristics of powders of 
other beta aluminas are similar to those of K ~ beta alu- 
mina, microcrack condensation can be generally ignored. 
In addition, if general surface adsorption is invoked to 
help explain the greater water uptake by powders of Na § 
and Li ~ beta alumina, it must  be strongly influenced by 
the ion in the conduction plane. 

On the basis of these results, we suggest that the near- 
surface region of beta alumina hydrates more rapidly and 
to a greater extent than the interior. As shown previously 
(5) and confirmed here, the hydration behavior of Na + 
beta alumina powders is well explained by assuming that 
regions 3.3 ~m wide around the edges of each particle hy- 
drate rapidly to a level of about two H20 molecules per 
unit  cell. The interior region hydrates to a lower water 
content. The behavior of Li § beta alumina powders can be 
explained by assuming regions 30 ~m wide which hy- 
drate to about four H20 molecules per unit  cell. Since Li § 
beta alumina is an extremely powerful desiccant, it is not 
clear whether a truly anhydrous form has ever been 
prepared. 

Our results indicate that some beta aluminas react with 
CO2, especially in the presence of water, to form bicarbon- 
ates and carbonates. These are presumably surface reac- 
tions. We have no evidence to indicate that CO2 pene- 
trates the conduction planes near the surface. The extent 
of carbonation varies greatly. Powders of Union Carbide 
Na ~ beta alumina show no evidence of carbonation. But, 
Na ~ beta alumina powders synthesized as powders and 
Mg-stabilized Na § beta" alumina both have high tempera- 
ture weight losses that are not the result of the loss of 
water vapor. IR analyses with the beta alumina samples 
reveal multiple absorptions characteristic of bicarbon- 
ates/carbonates. Felsche (18) has identified x-ray diffrac- 
tion lines as being due to sodium sesquicarbonate, 
Na~H(CO3):~ �9 2H20. The decomposition of such a species is 
probably responsible for the sharp weight losses ob- 
served in the 70~176 temperature range. Li ~ beta alu- 
mina powders from Union Carbide crystals also have a 
high temperature weight loss that may be the decomposi- 

tion of carbonates, although we have no clear evidence 
that it is. 
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N o r m a n  H a c k e r m a n  
E d i t o r  

Martensitic Transformation of Gd 
s. Yarnaguchi 

(pp. 1145-1146, Vol. 129, no. 5) 
A, E. C u r z o n '  a n d  M. Gasgnier~:  T he  p a p e r  b y  Yama-  
g u c h i  3 r e p o r t i n g  m a r t e n s i t i c  t r a n s f o r m a t i o n s  in  G d  a n d  Dy 
is o p e n  to c r i t i c i sm b e c a u s e  it does  n o t  t ake  in to  a c c o u n t  
n u m e r o u s  w e l l - k n o w n  resu l t s  of  o t h e r  workers .  S p a c e  re- 
s t r i c t ions  p r e c l u d e  a full  d i scuss ion .  I m p o r t a n t  po in t s  are  
as follows. 

1. As  p r e s s u r e  is inc reased ,  the  r a re  ea r th s  follow the  
s t r u c t u r e - s e q u e n c e  hcp ,  Sin-type,  dhcp ,  fcc. 4~'~,6,7 Some-  
t imes ,  u n s t a b l e  s t r u c t u r e s  can  b e  " f rozen  in. ''4 B e c a u s e  
the  h c p  a n d  S in - types  of Gd  a n d  Dy h a v e  no t  b e e n  ob- 
s e rved  to coexis t ,  i t  is even  less l ikely t h a t  t he  hcp  a n d  fcc 
fo rms  w h i c h  a re  at  oppos i t e  ends  of  t he  s e q u e n c e  s h o u l d  
coexist .  

2. Y a m a g u c h i  r epo r t s  fcc G d  is p a r a m a g n e t i c  a n d  no t  
f e r r o m a g n e t i c  l ike  t he  b u l k  phase .  Th i s  is a t t r i b u t e d  to 
c h a n g e  in  b o n d  l e n g t h  b u t  cou ld  b e  due  to impur i t i es .  

3. T h e  p o l y t y p e  s e q u e n c e  gives a0 = 5.10~ 4 for fcc Gd.  
Y a m a g u c h i  ob t a in s  5.51~, i n d i c a t i n g  t h a t  o the r  e l e m e n t s  
are p resen t .  

The  a b o v e  p o i n t s  s t rong ly  s ugges t  t h a t  impur i t i e s  
s h o u l d  b e  cons ide red .  T he  ra re  e a r t h  m e t a l s  reac t  readi ly  
w i t h  oxygen  a n d  h y d r o g e n .  4,s,9,'~ T he  p l a n e  spac-  
ings  of  t h e  s t r o n g  ref lec t ions  f rom Gd~O3 [bcc, space  
g roup  Th T (Ia3)] ag ree  to --2% w i t h  t h o s e  r epo r t ed  by  
Yamaguch i .  The  la t t ice  p a r a m e t e r  of  fcc G d  ca lcu la ted  
f rom t h e  i n d i v i d u a l  r e p o r t e d  re f lec t ions  ~ r a n g e s  f rom 5.41 
to 5.60~, i n d i c a t i n g  a n  e r ro r  of a b o u t  2%. Thus ,  t he  l ike ly  
e x p l a n a t i o n  of  t h e  resu l t s  is t ha t  t he  r e p o r t e d  fcc Gd  a n d  
Dy are due  m a i n l y  to s t rong  ref lect ions  of  t he  ox ide  R203 
w i t h  t he  poss ib i l i ty  of  t h e  p r e s e n c e  of  s o m e  h e x a g o n a l  
me ta l  or of  t h e  d i h y d r i d e  RH2 (fcc). S imi l a r  a r g u m e n t s  ap-  
ply  to  r e su l t s  for  fcc Tb. '~ 
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Physiochemical Effects of Heating Gold Thin Films an 
Gallium Arsenide 

s. Leung, L. K. Wang, D. D. L. Chung, and A. G. Milnes 
(pp. 462-468, Vol. 130, no. 2) 

A. J. MeEvoy :  '~ I n  t h e  r e p o r t  by  L e u n g  et a l . "  o n  in t e r f ace  
effects  on  h e a t i n g  b e t w e e n  a ga l l i um a r s e n i d e  s u b s t r a t e  
a n d  an  e v a p o r a t e d  gold  over layer ,  e t c h i n g  of the  sub-  
s trate,  d i s soc ia t ion  of  t he  s e m i c o n d u c t o r ,  d i f fus ion  of t h e  
d i s soc ia t ed  spec ies  t h r o u g h  t he  over l aye r  a n d  c o n s e q u e n t  
evo lu t ion  of  a rsenic ,  a n d  f o r m a t i o n  of  a go ld-ga l l ium 
in te rmeta l l i c  we re  all no ted .  However ,  b y  s c a n n i n g  A u g e r  
spec t roscopy ,  t he  p r e s e n c e  of ga l l i um a n d  arsen ic  on  t he  
gold  sur face  p r io r  to h e a t i n g  was  also es tab l i shed .  Whi le  
the  d i s soc ia t ion  m a y  be  in i t ia ted  b y  t he  c o n d e n s a t i o n  of  
gold  o n  t he  s e m i c o n d u c t o r  surface,  a n  ef fec t  of  pa r t i cu la r  
r e l evance  for  dev ice  s t r u c t u r e s  in  t h a t  i t  d e t e r m i n e s  t he  
F e r m i  level  p i n n i n g  in  the  ini t ia l  s tages  of  S c h o t t k y  bar-  
r ier  f o r m a t i o n  '8,'9, i t  does  c o n t i n u e  at  a m b i e n t  t empe ra -  
tures ,  as ver i f ied  in  t he  t i m e - d e p e n d a n c e  m e a s u r e m e n t s  
of Hi rak i  et al. 2~ T h e r e  i t  was  e s t a b l i s h e d  t h a t  a m b i e n t  
t e m p e r a t u r e  i n t e rd i f fu s ion  even tua l ly  p r o d u c e s  a non-  
a b r u p t  i n t e r f ace  b e t w e e n  the  s e m i c o n d u c t o r  a n d  t he  
me ta l  over layer ,  e x t e n d i n g  over  a d e p t h  of  some  200s 

In  S c h o t t k y  ba r r i e r  pho tovo l t a i c  devices ,  t he  metal l iza-  
t ion  is l imi ted  to 100A if i t  is to be  suff ic ient ly  t r anspa r -  
ent.  I t  is t h e r e f o r e  t h i n n e r  t h a n  o t h e r  of  t h o s e  r epor ted ,  7,2~ 
a n d  t h i n  re la t ive  to t he  i n t e rd i f fu s ion  dep th .  I t  is  k n o w n  
empi r ica l ly  t h a t  t he  de l ibe ra te  i n t r o d u c t i o n  of an  o x i d e  
layer  b e t w e e n  s e m i c o n d u c t o r  a n d  m e t a l  g ives  a h i g h e r  
S c h o t t k y  bar r ie r ,  a n d  the  r e su l t i ng  MOS solar  cell is a 
more  eff icient  device,  z' O p t i m u m  ox ide  t h i c k n e s s  is 
some  35A, i.e., s igni f icant ly  t h i n n e r  t h a n  t he  inter-  
d i f fus ion  layer  f o r m e d  at  an  i n t i m a t e  me ta l - s emicon-  
d u c t o r  junc t ionY 2 T h e  ox ide  does  no t  c o m p l e t e l y  sup-  
p ress  in te rd i f fus ion ,  however ,  a n d  ga l l i um a n d  a r sen ic  
spec ies  h a v e  b e e n  de t ec t ed  by  E S C A  o n  t he  surface  of  a 
MOS cell. None the l e s s ,  t he  t h e r m o d y n a m i c  da ta  ~3 does  
e s t ab l i sh  t he  re la t ive  s tabi l i ty  of the  ox ides  of  ga l l ium a n d  
a r sen ic  in  c o n t a c t  w i t h  gold, so s o m e  i n h i b i t i o n  of  in ter -  
d i f fus ion  m u s t  occur .  

In  t he  l i t e ra tu re  on  pho tovo l t a i c  devices ,  t he  c o n s i s t e n t  
a p p r o a c h  is to  c o n s i d e r  t he  MOS cell  as a p l a n a r  s e q u e n c e  

'~tnstitute for Physical Chemistry, University of Hamburg, 
Hamburg, Germany. 

'7S. Leung, L. K. Wong, D. D. L. Chung, and A. G. Milnes, This 
Journal, 130, 462 (1983). 

'sW. E. Spicer, P. W. Chye, C. M. Garner, I. Lindau, and P. 
Pianetta, Surf. Sci., 86, 763 (1979). 

'9I. Lindau, P. W. Chye, C. M. Garner, P. Pianetta, C. Y. Su, and 
W. E. Spicer, J. Vac. Sci. Technol., 15, 1332 (1978). 

2~ Hirali, S. Kim, W. Kammura, and M. Iwami, Surf. Sci., 86, 
706 (1979). 

2'H. J. Hovel, "Solar Cells," Academic Press, New York (1975). 
22G. T. Wrixon, Report EYR 6933 EN, Commission of the Euro- 

pean Communities, Luxenbourg (1980). 
~S. P. Kowalczyk, J. R. Waldrop, and R. W. Grant, J. Vac. Sci. 

Technol., 19, 611 (1981). 
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of layers ,  w i t h  in te r faces  a b r u p t  on  t he  a tomic  scale. I t  is 
n o w  s u g g e s t e d  t h a t  t he  e x p e r i m e n t a l  e v i d e n c e  does  no t  
a l low of  s u c h  mode l s .  The  role  of  t he  ox ide  m a y  be  t he  
b e t t e r  to  def ine  the  in terface ,  so t h a t  t he  ba r r i e r  charac-  
te r i s t ics  are no t  u n d u l y  d e g r a d e d  b y  t he  a m b i e n t  t empe r -  
a tu re  i n t e rd i f fu s ion  process .  I t  is n o t e d  t h a t  for  silicon, 
w h e r e  t he  MOS s t r u c t u r e  also d i sp lays  supe r io r  pho tovo l -  
ta lc  behav io r ,  a s imi la r  i n t e rd i f fu s ion  ha s  b e e n  observedY 4 

The  c o n c l u s i o n  is d r a w n  t h a t  t h e r e  is still  a n e e d  for  
careful  c o m p a r a t i v e  mic roana ly t i ca l  p rof i l ing  of  i n t i m a t e  
S c h o t t k y  ba r r i e r  a n d  MOS s t r u c t u r e s  to d e t e r m i n e  t he  
c o n s e q u e n c e s  of  t h e  p r e s e n c e  of  t h e  ox ide  layer  in  t h e  lat- 
t e r  case, for  t h e  in te r rac ia l  r eac t ions  a n d  c o n s e q u e n t  
in te rd i f fus ion .  F r o m  t h o s e  data,  a m o r e  def in i t ive  theo-  
re t ical  u n d e r s t a n d i n g  cou ld  arise, w i t h  c o n s e q u e n c e s  for  
dev ice  des ign.  

I. Mojzes  a n d  R. Veresegyhazy :  ~ Go ld  a n d  go ld -based  al- 
loys are  f r e q u e n t l y  u sed  as c o n t a c t  ma te r i a l s  to com- 
p o u n d  s e m i c o n d u c t o r s .  C o n t a c t  t e c h n o l o g y  invo lves  h i g h  
t e m p e r a t u r e  h e a t - t r e a t m e n t .  D u r i n g  th i s  t echno log ica l  
step,  an  i n t e r a c t i o n  of  t he  me ta l l i za t ion  w i th  t he  semicon-  
d u c t o r  ma te r i a l  to be  c o n t a c t e d  t akes  place.  The  invest i -  
ga t ion  of  th i s  i n t e r a c t i o n  is of h i g h  i n t e r e s t  f r om p o i n t  of  
v iew of t he  dev ice  p a r a m e t e r s  a n d  t h e  re l iabi l i ty  of  de- 
vices.  

In t he  c i ted  paper ,  '7 the  p h y s i o c h e m i c a l  effects  t a k i n g  
place  in  t h e  s y s t e m  Au-GaAs  were  i n v e s t i g a t e d  u s i n g  t he  
evo lved  gas  ana lys i s  (EGA) t e c h n i q u e ,  c o m p l e t e d  by  
var ious  ana ly t i ca l  m e t h o d s .  These  t e c h n i q u e s  m e n t i o n e d  
la ter  were  app l i ed  ex situ. 

The  c h a r a c t e r  of  t h e  Ass i o n - t e m p e r a t u r e  profi le  pre-  
s e n t e d  in t he  c i t ed  p a p e r  is in  good  a g r e e m e n t  w i t h  our  re- 
sul ts  26~2~ p u b l i s h e d  pa r t ly  d u r i n g  t h e  ed i t i on  pe r iod  of  t he  
c i ted paper .  '7 The  g ian t  peak ,  o b s e r v e d  in b o t h  labora to-  
ries, f o u n d  for  t he  Au  c o n t a c t  cou ld  b e  c o m p l e t e l y  e l imi-  
n a t e d  by  c o e v a p o r a t i n g  Ga  w i t h  t he  go ld  con tac t  mater ia l .  
The  s a m e  effec t  was  o b s e r v e d  for  o the r  con tac t  mater i -  
als 27 a n d  for t he  I n P - A u  systemY 8 I t  s h o u l d  be  n o t e d  t h a t  
Ga in  t h i s  r e l a t i on  could  n o t  b e  r e p l a c e d  b y  In.  ~8 

B a s e d  on  ou r  ear l ier  e x p e r i m e n t s ,  we c o n c l u d e d  t h a t  
the  t e m p e r a t u r e  b e l o n g i n g  to t h e s e  g i an t  p e a k s  does  no t  
d e p e n d  on  the  h e a t i n g  ra te  or t he  t h i c k n e s s  of  t he  m e t a l  
layer. ~6 Concerning the effect of the heating rate Leung 
and co-workers found that it is smaller than the system- 
atic error of temperature measurement. During the last 
year, we studied the role of the layer thickness. A 
definite dependence on the layer thickness was found. 
Some of our results are shown in Fig. I. For comparison, 
results from the work of Leung et at. are also shown. 
These results are in good agreement. Based on these ex- 
perimental results, one should conclude that the arsenic 
evolution temperature also depends on the heating rate. 
The effect of heating rate on the arsenic yield was also in- 
vestigated. ='6 Our results show that the arsenic yield de- 
pends on the heating rate. A higher heating rate causes 
lower arsenic yield for both the first and second heat cy- 
cle. During the EGA experiments, the evaporation of Ga 
was also monitored. In the case of GaAs, no Ga evolution 
was de t ec t ed  b y  us,  e i ther .  2~ In  t he  case  of  I nP ,  a sma l l  
e v a p o r a t i o n  of In  was  regis te red .  2'q Th i s  is in  good  agree- 
m e n t  w i t h  G u t h b i e r ' s  ear l ier  r e su l t s  '~~ o b t a i n e d  for  t he  
t h e r m a l  d e c o m p o s i t i o n  of pure ,  e.g., u n c o v e r e d  com- 
p o u n d s .  

Sur face  m o r p h o l o g y  a n d  m i c r o s t r u c t u r a l  c h a n g e s  are  
also to be  inves t iga ted .  To i nves t i ga t e  t h e s e  p h e n o m e n a ,  
p rac t ica l ly  t h e  s a m e  e x p e r i m e n t s  h a v e  b e e n  ca r r ied  ou t  in  
our  l a b o r a t o r y  as are d e s c r i b e d  b y  L e u n g  et al. Au-GaAs  

~4y-s. Wang, H. Yu, C. Hsu, B. W. Lee, and W. A. Anderson, So- 
lar Energy Mater., 7, 291 (1982). 

~Research Institute for Technical Physics, Hungarian Academy 
of Sciences, H-1325 Budapest, Hungary. 

~I. Mojzes, T. Sebestyen, and D. Szigethy, Solid.State Electron., 
25, 449 (1982). 

27T. Sebestyen, I. Mojzes, and D. Szigethy, Electron. Lett., 16, 504 
(1980). 

'~I. Mojzes, D. Szigethy, and R. Veresegyh~zy, ibid., 19, 117 
(1983). 

~'I. Mojzes, R. Veresegyhs and V. Malina, To be published. 
:'H. Guthbeir, Z. Natur.forschung A, 16, 268 (1961). 
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samples  were  q u e n c h e d  at severa l  p o i n t s  of  the  hea t  cy- 
cle. Typica l  d e n d r i t i c  s t r u c t u r e s  were  ob ta ined ,  w h e n  t he  
s amp le s  were  q u e n c h e d  at the  p e a k  a r sen ic  evo lu t ion  
t e m p e r a t u r e  (Fig. 7B of  t he  w o r k  of  Mojzes  et al.~"). Sur-  
face m o r p h o l o g y  o b s e r v e d  d u r i n g  our  s t u d y  was s l ight ly  
d i f fe rent  f rom t h o s e  d e s c r i b e d  by  L e u n g  et al. Dif fe ren t  
layer  t h i c k n e s s e s ,  d i f fe ren t  s a m p l e  p r e p a r a t i o n  tech-  
n iques ,  a n d  d i f fe ren t  h e a t - t r e a t m e n t  p a r a m e t e r s  are or 
m a y  be  r e s p o n s i b l e  for th i s  i ncons i s t ency .  It  shou ld  be  
n o t e d  t ha t  r e c t a n g u l a r  p r o t r u s i o n s  were  also o b s e r v e d  by  
us  in  t he  case  of  con t ac t  s y s t e m  w i t h  add i t iona l  Ga. 26.:, I t  
m a y  be  t h a t  in  t he  case of L e u n g  et al. t h i s  a m o u n t  of  Ga  
or ig ina tes  f rom the  d e c o m p o s i t i o n  of  GaAs,  b e c a u s e  of 
the  longer  h e a t - t r e a t m e n t  cycle  u s e d  in t he i r  work.  It  is of  
t echno log ica l  i n t e r e s t  to i nves t iga t e  t h e  e lectr ical  charac-  
ter is t ics  of  t he  p r o c e s s e s  t a k i n g  p lace  d u r i n g  the  annea l -  
ing. For  th i s  pu rpose ,  t he  in si tu e lec t r ica l  r e s i s t ance  mea-  
s u r e m e n t ,  '~,'~3 a n d  t h e  con t ro l  of t he  ba r r i e r  h e i g h t  ~4 cou ld  
be  used.  The  h e a t i n g  ra tes  w h i c h  h a v e  to be  u sed  to 
o b t a i n  good  qua l i t y  o h m i c  con tac t s  m a k e  the  e lect r ica l  
m e a s u r e m e n t s  a l m o s t  imposs ib le .  B y  u s i n g  t h e s e  tech-  
n i q u e s  in  t he  fu ture ,  usefu l  new  i n f o r m a t i o n  m a y  b e  ob- 
ta ined .  T h a t  is to say, no  s ingle  t e c h n i q u e  p rov ides  a com- 
p le te  d e s c r i p t i o n  of  the  p rocesses  t h a t  t ake  place  d u r i n g  
t he  hea t - t r e a tmen t .  

S u m m a r i z i n g  ou r  resul ts ,  we c o n c l u d e  t h a t  the  peak  ar- 
senic  evo lu t i on  t e m p e r a t u r e  d e p e n d s  on  t he  hea t i ng  rate  
a n d  layer  t h i c k n e s s .  The  effect  causes  t h e  g i an t  Ass p e a k  
w h i c h  is no t  ye t  ident i f ied.  F u r t h e r  e x p e r i m e n t s  w i t h  
o the r  c o m p o u n d s  a n d  layer  s t r u c t u r e s  are in  p rogress  in  
our  l abora tory .  

Fabrication of Via Holes in 200/~m Thick GaAs Wafers 
S. P. Yenlgalla and C. Z. Gosh 

(pp. 1377-1378, Vol. 130, no. 6) 
H '  B e n e k i n g :  '~5 I t  s h o u l d  be  m e n t i o n e d  t h a t  t he  fabr ica-  
t i on  of  v ia  ho les  is u s e d  for t h r o u g h  c o n n e c t i o n s  of  GaAs  
M E S F E T ' s  s ince  1972 a n d  was  first  p r e s e n t e d  in 19732" 

3% Mojzes, T. Sebestyen, P. B. Barna, G. Gergely, and D. 
Szigethy, Thin Solid Films, 61, 27 (1979). 

:~I. Mojzes, Phys. Status Solidi A, 47, K183 (1978). 
:~"~I. Mojzes, Acta Phys. Hung., 48 131 (1980). 
:~4A. Diligenti and P. Terreni, J. Phys. E., 14, 1441 (1981). 
:~SInstitute of Semiconductor Electronics, Technical University 

Aachen, 5100 Aachen, Germany. 
:*"H. Beneking and E. Kohn, "X-Band GaAs MESFET's," paper 

presented at the European Specialist Seminar on Active Micro- 
wave Semiconductor Devices, Calvi]Corsica, Nov. 1973. 
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we were  ab le  to m e a s u r e  the  i m p e d a n c e  of the  via  con tac t  
itself, t he  va lue  b e i n g  less  t h a n  p H  13 a n d  0.2~2, de- 
p e n d i n g  on  t h e  t h i c k n e s s  of t h e  gold  cover ing .  

Fig. 2. Etched hole in a GaAs-substrate, rear side on top, after 
Beneking and Kohn. 

Fig. 3. Laser bore in o GaAs-substrate, after Beneking and Kohn 

Figure  2 s h o w s  a via  ho le  c h e m i c a l l y  e t c h e d  t h r o u g h  a 
300 ~ m  t h i c k  wafe r2  ~ The  c h e m i c a l  e t ch  we u s e d  cons i s t s  
of  NaOC1 + H20 (1:7), t e m p e r a t u r e  70~ The  p r o c e d u r e  is 
d e s c r i b e d  in  m o r e  deta i l  in  t he  t hes i s  of  Kohn27 

Also,  laser  p r o c e s s i n g  can  be  u s e d  as d e m o n s t r a t e d  in  
1973. 36 U s i n g  a CW laser  (He-Ne), t he  ma te r i a l  is s t r e s sed  
ve ry  s t rongly ,  r e s u l t i n g  s o m e t i m e s  in d e s t r o y e d  crystals .  
A p p l y i n g  a p u l s e d  r u b y  lase r  (50 Ws/1 mS)  can  also r e su l t  
in  sa t i s fy ing  holes ,  also w i t h o u t  a d d e d  c h e m i c a l  e tch ing .  
The  con t ro l  of  g e o m e t r y  is as good  as w i t h  c o m b i n e d  
chemica l  e t c h i n g  f avo red  b y  T u c k e r  a n d  B i r n b a u m  38 (see 
Fig. 3). 

A p p l y i n g  a spec ia l  t i m e - d o m a i n  m e a s u r e m e n t  se tup,  '~9 

37E. Kohn, Thesis Aachen Technical University, Aachen, 
Germany (1975). 

38A. W. Tucker and M. Birnbaum, IEEE Trans. Electron. Devices 
Lett., edl-4, 39 (1983). 

'~gU. Piller, Thesis, Aachen Technical University, Aachen, Ger- 
many (1973). 

Phosphorus-Doped Polycrystalline Silicon via L P C V D  
I. Process Character izat ion 

B. S. Myerson and W. OIbricht 
(pp. 2361-2365, Vol. 131, no. 10) 

A. L e a r n P  ~ In  t h e  p a p e r  l i s ted  above ,  da ta  are p r e s e n t e d  
for t h e  rad ia l  va r i a t i on  of  g r o w t h  ra te  of  po lycrys ta l l ine  
s i l icon p h o s p h o r u s - d o p e d  d u r i n g  growth .  F i lm  g r o w t h  
was p e r f o r m e d  u n d e r  low p r e s s u r e  (LPCVD)  c o n d i t i o n s  
u s i n g  Sill4 a n d  PH,.~ source  gases.  S imi l a r  g r o w t h  rate  var-  
i a t ions  we re  o b s e r v e d  for s emi - i n s u l a t i n g  po lys i l i con  4' 
(S IPOS)  a n d  s i l i con  d i o x i d e  42 g r o w n  a t  low p r e s s u r e  f r o m  
S i H J N 2 0  a n d  SiHJO2 reac t ions ,  respec t ive ly .  T h e  S I P O S  
g r o w t h  ra te  cha rac t e r i s t i c s  we re  i n t e r p r e t e d  41 on  t he  bas i s  
of t h e  fo l lowing  s equence :  r e d u c t i o n  of  Sill4 to Sill2 + H2 
at  a n  o x y g e n  c o n t a i n i n g  s i te  on  t h e  s u b s t r a t e  surface,  ad-  
so rp t i on  of  S i l l :  on  a s i l icon c o n t a i n i n g  si te  w h e r e  g r o w t h  
wou ld  n o r m a l l y  occur ,  a n d  r eac t ion  of Sill2 w i t h  Sill4 to 
fo rm Si2H6. T h e  n e t  effect  of t h e  SiH~ is, the re fore ,  to re- 
duce  t h e  g r o w t h  rate.  I f  t he  Sill2 c o n c e n t r a t i o n  var ies  ra- 
dially, t h e n  t h e  g r o w t h  ra te  will  va ry  co r r e s p o n d ing ly .  
S l igh t  mod i f i ca t i on  to t h e  S I P O S  m o d e ]  leads  to quant i -  
t a t ive  a g r e e m e n t  w i t h  g r o w t h  ra te  da ta  for  oxide.  42 In  th i s  
case, a p r o p o r t i o n a l i t y  for  g r o w t h  rate ,  GR, is de r ived  as 
fol lows 

?-c2 - -  T2 

G r  ~ d [1] 
red + r w  2 - -  T 2 

w h e r e  d is wafe r -wafe r  spac ing ,  rr is t h e  i n n e r  rad ius  of  
t h e  t u b e  s u r r o u n d i n g  wafers ,  rw is t h e  wafe r  radius ,  a n d  r 
is the  rad ia l  pos i t i on  on  a wafer .  Wafe r -cen te r  g r o w t h  ra te  
da ta  for  po lyc rys t a l l ine  s i l icon f rom t h e  s u b j ec t  p a p e r  are  
p lo t t ed  in  Fig. 4 as a f u n c t i o n  of wa fe r  spac ing .  The  sol id  
l ine  r e p r e s e n t s  r e l a t i o n s h i p  [1], w h e r e  rc = 2.0 in., rw = 
1.125 in., a n d  r = 0. The  p ro p o r t i o n a l i t y  c o n s t a n t  was  de- 
t e r m i n e d  b y  f i t t ing  t h e  cu rve  to t h e  da ta  p o i n t  a t  d = 0.15 
in. T h e  co r r e l a t i on  coeff ic ient  b e t w e e n  theore t ica l  a n d  
e x p e r i m e n t a l  p o i n t s  is nea r  u n i t y  (0.997). A s e c o n d  t e s t  of 
r e l a t i onsh ip  [1] is s h o w n  in  Table  I w h e r e  o b s e r v e d  a n d  
p red i c t ed  rad ia l  va r i a t ions  n e a r  t h e  wafe r  edge a re  
compared .  

4~ Incorporated, San Jose, California 95134. 
4'M. L. Hitchman and J. Kane, J. Cryst. Growth, 55, 485 (1981). 
42A. J. Learn, This Journal, 132, 390 (1985). 
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Fig. 4. Doped-polycrystolline-silicon growth rote at wafer center os o 
function of wafer spacing. The solid line is a plot of relationship [1]. 
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Table I. Ratio of GR at wafer edge and center 

Wafer spacing, Predicted 
d (in.) Observed at r = rw 

0.15 1.98 3.58 
0.31 1.71 2.08 
0.47 1.54 1.61 
0.63 1.37 1.37 

Agreement between predicted and observed values is 
good, particularly for the large d values. Part of the differ- 
ence at small d may be accounted for by the inability to 
measure precisely at the wafer edge. As a matter of inter- 
est, relationship [1] predicts no radial variation for d equal 
to 1.37 in. For larger d, a lower GR at wafer edge than at 
wafer center is predicted. The reasonably close agree- 
ment  between theory and experiment suggests that the 
models used for SIPOS and oxide may also be relevant to 
doped-polycrystalline silicon growth. Adsorbed- 
phosphorus sites could thus play the same role as oxygen 
containing sites. The fact that observable amounts of 
Si2H6 were detected, as reported in this paper, lends addi- 
tional credence to the type of mechanism discussed 
above. 

B. S. Meyerson: 4" There are several aspects of radical 
chemistry that must  be discussed to properly respond to 
this comment.  First, the overall reaction 

SiH~ + Sill4-~ SigH6 

is derived from observations 44 of chemistry in the gas 
phase, and is an insertion reaction of the Sill2 diradical 
into Sill4. The two unbound electrons of the diradical in- 
sert across an Si-H bond in the silane molecule to pro- 
duce Si2H6. Our experiments have shown that silane, 
when adsorbed on the silicon surface, bonds to that sur- 
face via a dissociative adsorption, where a hydrogen is 
transferred to the surface, and the silane then bonds 
across the now free orbital to another site. Thus, although 
written as "bound" SiH~, where x < 4, there are not 4 - x 
unbound and active electrons on the bound Sill,., Chemi- 
sorbed Sill2 is thus quite distinct from the gas phase spe- 

43IBM Corporation, Thomas J. Watson, Research Center, 
Yorktown Heights, New York 10598. 

44p. John and J. H. Purnelt, J. Chem. Soc., Faraday Trans., 69, 
1455 (1973). 

cies as it is unlikely that an unbound and active electron 
pair exists. 

Although one can propose this bound Sit-I~ reacts with 
incoming Sill4 to give Si2H6, many other steps for Si2H6 
formation are possible, such as the surface recombination 
of adsorbed Sill3. There is no a priori reason to assume 
Sill2 is involved in the chemistry, if any occurs, that would 
take place on the surface. 

Second, the rate of insertion of SiH~ into phosphine has 
been measured by Blazejowski and Lampe 45 and was 
found to be roughly four times the rate of insertion of 
SiH~ into silane. Were there silylene present on the surface, 
as argued in the comment,  it would preferentially insert 
into and likely remove the phosphine from the surface, 
reacting to a lesser degree with silane. Thus, any Sill2 
present would serve to primarily interact with adsorbed 
phosphine. This directly contradicts our observation that 
the presence of silane near a phosphine saturated silicon 
surface fails to produce any effect. Were phosphine acting 
as an active site for the production of SiH~ from Sill4, as 
argued in the comment,  rapid insertion of Sill2 into the 
P-H bond of adsorbed phosphine would be expected, yet 
was not observed. It was found 46 that with phosphine 
present on the Si surface, no silane adsorption or decom- 
position occurred. However, with a bare Si surface, silane 
dissociated and adsorbed even at room temperature, until 
saturation coverage by resulting molecular fragments was 
obtained. Thus, in fact, the silicon surface itself promoted 
silane decomposition, while phosphine suppressed it. 
Furthermore, as the comment  argues that phosphine pro- 
motes the decomposition of Sill4, eventually producing 
Si2H6, it predicts an increase in silane consumption 
(forming Si2H6 rather than film) as phosphine on the sur- 
face should promote silane pyrolysis. The opposite of this 
is observed, as noted in Fig. 5 of our work. When phos- 
phine is added to the silane LPCVD process, silane con- 
sumption decreases significantly. 

Finally, the presence of Si~H~ as reported in our paper is 
attributed by us to the homogeneous,  gas phase pyrolysis 
of silane. 44 As Sill2 insertion into Sill4 is well known to 
produce Si2H-~ in the gas phase, its presence is expected. 
In summary, we find the deposition mechanism pro- 
posed in the comment  at odds with numerous aspects of 
our experimental  data, and thus implausible. 

45j. Blazejowski and F. W. Lampe, J. Photochem., 2@, 9 (1982). 
4~B. S. Meyerson and M. L. Yu, This Journal, 131, 2366 (1984). 

ERRATUM 
In the paper titled "Electrodeposition and Characteriza- 

tion of Cu~S Films," by R. D. Engleken and H. E. McCloud 
[This Journal, 132, 567 (1984)], the caption to Fig. 9 (p. 572) 
was omitted. The correct caption and the figure are at the 
right. 

Fig. 9. Micrographs for sample E79 (Cu~..oS) after annealing 
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The recent discovery that conductive 
polymers can be doped electrochemically 
has opened the possibility of using 
these materials as electrodes in rechar- 
geable batteries. In this respect, poly- 
acetylene has been the most studied 
polymer and various papers have been 
published on the behavior of p-doped 
(cathode) or n-doped(anode) polyacety- 
lene in lithium batteries(l-4). The 
most of the results indicate that poly- 
acetylene suffers of poor coulombic 
efficiency and of instability and thus 
the possibility of its use as a cathode 
in high-energy, long-life lithium 
batteries, is now somewhat doubtful 
(4-6). However, the interest in polymer 
electrodes remains high and various new 
electrochemically active polymers are 
presently under investigation. 

In this paper we report preliminary 
results on the electrochemical behavior 
of doped polydithienothiofene (pDTT), 
whose chemical structure is shown in 
Figure I. 

Figure I- Chemical structure of poly- 
dithienothiofene. 

As previously described(7,8), this 
conductive polymer can be prepared 
electrochemically on a Pt or on a SnO 2- 
coated glass support, by constant 
current electrolysis of a methylene 

chloride solution containing the monomer 
2' 3'-d) thios dithieno ~3,2-b:+ , _ 

and MX (M =CIO~, PF6) as  the 
=N(BU)4ThL o x i d a t i o n  o f  t h e  s u p p o r t i n g  s a l t .  

monomer s t a r t s  a t  1.2V v s .  SCE w i t h  the 
g r o w t h  on t h e  e l e c t r o d e  s u p p o r t  o f  an 
e l e c t r o a c t i v e  a d h e r e n t  f i l m .  The polymer 
so f o r m e d  may he r e p e a t e d l y  r e d u c e d  t o  
t h e  n e u t r a l  s t a t e  and o x i d i z e d  t o  t h e  
conducting state with a cycling regime 
which involves about 20% of the total 
charge consumed in the initial electro- 
chemical preparation. The electrochemical 
doping-undoping process is accompanied 
by a color change since the oxidized 
film is black and the neutral film is 
red (7,8). 

The good cyclability and the color 
change of the electrochemical reaction 
open the possibility of using pDTT as 
electrode in rechargeable batteries and 
in electrochromic displays(8). In this 
prospective, we have examined the 
beahavior of pDTT in a cell having a 
Li counter electrode, a Li reference 
electrode and a solution of lithium 
perchlorate in propylene carbonate 
(LiCIO.-PC) as the electrolyte. 

In ~igure 2 are shown the Ist and 
the 9th consecutive cyclic voltammograms 
of a pDTT electrode in the LiCIO.-PC 

4 
electrolyte. The pDTT electrode used 
for these voltammograms was electrosynthe- 
sized on Pt in the oxidized form for a 
total charge of 450 mC and then reduced 
to the neutral state, in a N(Bu)]CIOA, 
CH C1 solution. 

2Th~ voltammograms of Figure 2 reveal 
that the polymer may be doped both 
anodically (presumably with CIO2 as the 
p-doping specie~ and cathodical~y (pre- 
sumably with Li as the n-doping specie). 

@ 
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However, while the p-doping process 
shows a narrow separation and a good 
reproducibility of the oxidation and 
reduction waves, the peaks of the 
n-doping process are different in 
shape and far apart. This indicates 
that favourable kinetics are to be 
expected for the p doping-undoping 
process only. 

Work is in progress to further 
characterize the electrochemical 
properties of pDTT and to fully 
evaluate the performance of this 
novel polymer cathode material in 
lithium, rechargeable batteries. 
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Figure 2-Cyclic voltammograms of a 
pDTT electrode in the LiCIO4-PC 
electrolyte. Cycle I starts with a 
neutral pDTT electrode from 2.5V vs. 
Li in the anodic direction. 
Scan rate: 40 mV/s. 

This suggests that pDTT might be 
considered as a good cathode material 
in lithum, organic electrolyte 
batteries. Some preliminary results 
obtained in our laboratories confirm 
this suggestion since cells of the 
type Li/LiCIO4-PC/pDTT may be cycled 
at a constant current of the order of 
50 vA/cm 2 with charge-discharge 
coulombic efficiencies of the order of 
75%. 

This work has been carried out 
with the financial support of the 
Consiglio Nazionale delle Ricerche, 
Progetto Finalizzato Energetica 2. 
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q 
ABSTRACT 

An alternating current (ac) resistance technique for sodium-sulfur cells is described. The method has been applied 
to central sodium and central sulfur cells with between 16 and 650 Ah capacity. The shape of the ac charge resistance- 
capacity plot has been correlated with resistive layer composition. Anomalies in direct current (dc) resistances for 
oriented-mat sulfur electrode cells are explainable in conjunction with ac analysis. The increased sensitivity of ac com- 
pared to dc measurements  has been utilized to identify incipient electrolyte failure and sodium electrode problems not 
discernable by the latter technique. 

The sodium-sulfur (beta) cell is comprised of liquid so- 
dium and sulfur electrodes separated by a solid sodium 
beta- or beta"-alumina electrolyte. Interest in this second- 
ary battery arises from its high energy density, effi- 
ciency, achievable current densities, and the availability 
and cost of the electrode components. Since it was first 
described by Kummer  and Weber in 1967 (1), the beta cell 
has reached a fairly advanced state of development (2). 
Typical cells are tubular, and both central sodium (so- 
dium contained within the beta" electrolyte) and central 
sulfur designs exist. Considerable development  effort has 
been devoted not only to the sodium-sulfur cell itself, but 
also to the individual cell components (2). For example, 
alternating current (ac) impedance techniques have been 
applied to the electrolyte (3), sodium-electrode in sodium- 
sodium cells (4), and the sulfur electrode (5). Although ac 
impedance or resistance methods have been utilized in 
other battery systems (6), little work in this area has been 
performed on beta cells (13). This paper describes such an 
ac technique developed to analyze and evaluate sodium- 
sulfur cell performance. 

Cell Operation and Description 
During cell discharge, sodium is oxidized at the anode 

(negative electrode). The sodium ions are transported 
through the electrolyte to the cathode compartment 
where sulfur is reduced. Electrons flow from the sodium 
to the sulfur electrode via an external circuit. The low 
electronic conductivity of sulfur is overcome by 
incorporating a conductive carbon mat in the sulfur- 
electrode compartment.  It is generally accepted that the 
initial reaction product is Na~S~ (2). At the cell operating 
temperature of 330~ sulfur and Na2S5 are immiscible liq- 
uids. Thus, a "two-phase" region yielding a constant cell 
open-circuit voltage (OCV) of 2.08V is defined and exists 
until all the sulfur has reacted. Continued discharge pro- 
duces lower polysulfides, which are miscible. At this 
point, the cell potential begins to drop and a "one-phase" 
region is created. A polysulfide composition correspond- 
ing to Na~S~ represents complete discharge. The exist- 
ence or absence of Na~S3 as a discrete species in 
polysutfide melts is disputed. The formulation is used 
here simply to refer to a quantity of charge passed, suffi- 
cient to produce an overall sodium to sulfur.ratio of 2:3 in 

* Electrochemical Society Active Member. 

the cathode compartment  (7). Discharge much beyond 
this point produces insoluble polysulfides at the temper- 
atures normally employed for cell operation (2, 7a, 8). 

The electrode processes are reversed during cell 
charging. If sodium polysulfide oxidation occurs directly 
at the solid electrolyte/conductive mat interface, then the 
beta"-alumina electrolyte becomes passivated with a layer 
of elemental sulfur when the cell enters the two-phase re- 
gion. The high sulfur resistivity hinders further recharge 
(2). This problem can be circumvented by the use of a 
high resistivity, porous m~trix adjacent to the electrolyte 
surface (9). This matrix is commonly referred to as the 
"resistive mat" or "barrier layer." 

Most of the cells utilized in this study were 16 Ah with 
respect to Na2S~, central-sodium laboratory cells. The let- 
ter preceding the cell number  indicates the type of seals 
employed, and the last letter designates the sodium-fill 
technique. The cells were either filled electrotytically (10) 
from reagent-grade NaNO3, or via vacuum filling of the 
liquid metal. For example, B800L contained two thermo- 
compression bonded seals and was vacuum filled .with 
liquid sodium. The "800" refers to the cell number. The 
sulfur electrode was cast and contained sulfur purified 
by the Bacon-Fanelli process (11). Union Carbide Thornel 
VMA| carbon fiber as the conductive mat, and a carbon- 
or ceramic-based resistive layer. Carbon-based resistive 
layers were made from 0.006 in. thick nonresilient paper, 
hereafter referred to as NRP-6, purchased from Fiber Ma- 
terials, Incorporated (Biddeford, Maine). Two types of 
ceramic-based resistive layers were used, Saffil | alumina 
fiber (Imperial Chemical Industries, England), and 
alumina-based papers (F. K. Fiber, Incorporated, Wil- 
mington, Delaware) designated A1-2 and Al-4 which were 
nominally 0.020 and 0.040 in. thick, respectively. The elec- 
trolytes were 99% beta"-alumina and had an - 3  t~-cm 
330~C specific resistivity. 

A Hewlett-Packard 9825B minicomputer  was used to 
control an automated test system. Laboratory cells were 
cycled at 330~ and a constant direct current (dc) of 108 
mA/cm 2 with respect to the electrolyte area. Each cell oper- 
ated between individually preset voltage limits. The sys- 
tem monitored each cell voltage every 3 min. Every 27 
min, the cells were removed from load and placed on 
open circuit. At the conclusion of the 3 rain open-circuit 
period, the voltage was again recorded and the cell re- 
turned to test. The difference between the OCV and load 
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voltage at the same depth of discharge (or charge) divided 
by the current yielded the dc resistance. The dc resist- 
ance calculated in this manner will contain a contribution 
from concentration polarization effects. This fact should 
be borne in mind. 

Alternating Current Resistance Technique 
Alternating current resistance measurements were per- 

formed concomitantly with dc testing. The experimental 
arrangement is depicted in Fig. i. An ac signal was gener- 
ated by a Princeton Applied Research (PAR) Model 121 
lock-in amplifier/phase detector or a Model 5204 lock-in 
analyzer. This signal flowed across an in-series, 1 k~t 
carbon-film resistor to the cell. The 1 k~ resistor fixed 
the ac current and prevented direct current from passing 
through the ac circuit. Two voltage probes were con- 
nected between the cell and the lock-in amplifier. The 
lock-in amplifier output was fed to a Houston Instrument 
Superscribe 4950, dual-pen, strip chart recorder. The PAR 
Model 5204 has analog outputs for both the signal-phase 
and magnitude, whereas the Model 121 has only a magni- 
tude output. In the latter case, the phase was read off a 
front-panel meter. Measurements performed at 1000 Hz 
on a 100t2 resistor yielded almost no phase shift between 
the reference signal and measured ac voltage. Thus, the 
dc output from the lock-in amplifier was proportional to 
the ohmic portion of the ac impedance. Both lock-in 
amplifiers were checked in a similar manner. 

To prevent disruption of dc testing and measurements, 
the ac signal was maintained at less than 2 mArm~. This 
implies that the ac voltage between the probes was typi- 
cally less than 100 tLVrms. The automated recording system 
has a 1 mV sensitivity. Further, the 10t2 limiting resistor 
used in the dc circuit is at least 100 times larger than the 
measured cell resistance. Thus, the ac signal flowing 
through the dc circuit should be minimal. Ideally, the ac 
res i s tance ,  Rac , should be insensitive to dc effects or flow. 
Most cells display little difference in Rac whether under 
load or open-circuit conditions (vide infra). If, however, 
dc effects are present, it is expected that Ra~ will increase 
when the ceil is removed from load during discharge and 
decrease under similar circumstances during charge. 

The above technique has been applied to nonlaboratory 
central sodium (100-650 Ah) and central sulfur (25-150 Ah) 
cells as well. Measurements on these cells were made sim- 
ilarly, except the low, ~1-3 mgt, resistance of the 650 Ah 
utility cell required a PAR Model 124A lock-in amplifier. 
The Model 124A has an increased ac reference signal and 
enhanced detector sensitivity relative to both the Model 
121 and 5204. 

AC CURRENT LEADS 

LIMITING RESISTOR 

LOCK-IN 
O ANALYZER 

(- )  

DC CURRENT LEADS ~ i  

OUTPUT (SIGNAL ~ 
MAGNITUDE, PHASE)q RECORDER I 

AC VOLTAGE LEADS 

~(+) 
( - )  

DC VOLTAGE LEADS 

RNACE 

Fig. 1. Apparatus for four-probe ac resistance measurements. In mea- 
surements on laboratory cells, the dc current leads are connected to a 
Hewlett-Packard 9825B minicomputer-controlled power controller. The 
9825B is interfaced to a digital voltmeter which monitors cell voltage 
every 3 min. 

Results and Discussion 
The sections below detail the effects of cell components 

and quality on the resistance fingerprint. 
Laboratory cell BS00L was examined in half-decade fre- 

quency increments between 10 and 100,000 Hz at 1 Ah in- 
tervals during both charge and discharge. In these experi- 
ments, the PAR Model 121 was used as both the signal 
generator and detection device between 10 and 1000 Hz, 
and the signal generator for the Model 5204 detector be- 
tween 1000 and 100,000 Hz. Data obtained from both in- 
struments at 1000 Hz generally agreed to within 10%. The 
experimental setup was checked out by measuring the re- 
sistance and phase dependence of 1 and 0.1~ resistors. 
Measured resistances were within 10% of the actual 
values and phase shifts less than 10 ~ were detected. More 
precise phase shifts are difficult to obtain with a lock-in 
amplifier. Crossover from the Model 121 to the 5204 was 
necessitated by inductance in the Model 121, the effects 
of which became evident at -10,000 Hz. 

Load measurements on cell B800L were performed at 
10, 100, and 1000 Hz in the 3 rain interval preceding an 
open-circuit period. The depth of discharge varies only 
0.1 Ah per 3 min. The open-circuit period was extended to 
9 min in order to examine the desirable frequency range. 
Less than 5% deviation was detected between the load 
and open-circuit impedance values. Figures 2 and 3 pres- 
ent frequency vs. impedance plots for charge cycle num- 
ber 266 and discharge cycle number  267, respectively. Lit- 
tle phase shift, < 10 ~ was observed in these experiments 
except at high depths of discharge, > 80%, and even then 
it was only 15~ ~ at 100,000 Hz. When present, the phase 
shifts were capacitive; however, the general flatness of 
these curves indicates that capacitive and inductive con- 
tributions to the impedance are minimal. Therefore, 
single frequency measurements at any frequency be- 
tween 10 and 3000 Hz can be utilized to probe cell per- 
formance. 

The discharge-charge resistance behavior for cell 
B800L is shown in Fig. 4. Data were recorded in cycle 353. 
The t ime increment  between each datum is 30 min, and 
the ac frequency was 1000 Hz. The drop in resistance at 
the beginning of discharge (Fig. 4a) is attributed to re- 
moval of sulfur deposited during the previous charge cy- 
cle (vide infra). Alternating current and dc resistance 
values differ due to electrode polarization effects and the 
inclusion of concentration polarization effects to the dc 
value. These arise because the dc measurement is not 
made rapidly enough, i.e., electrochemical changes occur 
during the measurement  time interval. Although no 
discernable break was seen in the dc data during charge 
(Fig. 4b), a sharp increase was detected at -60% depth of 
discharge by the ac measurement. The resistance rise co- 
incides with recharge into the two-phase region and oxi- 
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Fig. 2, Plots of ac impedance vs .  frequency for cell B8OOL. The cell 
operated at 330~ and 108 m~cm 2. Data were recorded during charge 
cycle 266. 
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Fig. 3. Alternating current impedance-frequency graphs for cell 
B800L. Operating conditions same as those in Fig. 2. Data were col- 
lected during discharge cycle 267. 

dation of sodium polysulfide to sulfur. The resistance 
break indicates that the resistive layer is not completely 
effective in preventing sulfur deposition on the beta"- 
alumina electrolyte surface. 

Res is t ive  layer  m a t e r i a l s . - - E x a m i n a t i o n  of ac charge re- 
sistance vs. depth of discharge plots indicates that the 
"hump"  or "break" which occurs during cell charging is 
more pronounced, i.e., greater in magnitude and narrower 
in breadth, in cells containing a NRP-6 resistive mat (Fig. 
5a), and flatter and broader in cells with Saffil- or 
alumina-resistive layers (Fig. 5b). A possible explanation 
is afforded by the equivalent-circuit model  of Brennan 
(12). Brennan divided the sulfur electrode compartment 
into 1000 annular segments, and then calculated the effect 
of varying felt resistance on electrochemical activity. He 
found that when r~, the resistive mat resistivity, equaled 
r~, the conductive mat resistivity, that the reaction rate 
was greatest at the electrolyte/resistive mat interface. As 
r=/r~ increased, the percent reaction occurring at the solid 
electrolyte/resistive mat interface decreased, and a reac- 
tion spike formed at the resistive mat/conductive mat 
interface. 

When the resistive and conductive mats are NRP-6 and 
Thornel VMA, respectively, rJr~ is ~600 (9). One might 
presume that very little reaction should occur at the NRP- 
6/beta"-alumina interface. However, NRP-6 has a finite 
electrical conductivity; therefore, some reaction still oc- 
curs at the electrolyte surface. During charge, sulfur coats 
the beta"-alumina surface, and an abrupt change in ac re- 
sistance occurs. Whether or not this phenomenon is de- 
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cell BS00L. The cell contains an unoriented-sulfur electrode and a 
NRP-6 resistive layer. Data from cycle 353. a: Discharge-alternating 
current resistance (+ )  at 1000 Hz. See text for dc resistance. ([~): calcu- 
lation technique, b: Same as in a, except charge cycle. 
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tected in the dc calculation is dependent  on the severity 
of sulfur deposition (cf. Fig. 4b and 5a). 

In contrast, when a Saffil- or alumina-resistive layer is 
employed, r.Jrl approaches 10 TM. These resistive layers act 
as electronic insulators. In effect, the electrochemical re- 
action takes place at the resistive mat/conductive mat in- 
terface. The increased surface area of this interface com- 
pared to the electrolyte surface area makes it much more 
difficult to deposit a continuous sulfur blocking layer the 
entire length of the cell. Therefore, the charge resistance 
increase should be more gradual (Fig. 5b). The ideal curve 
shape is one in which no break and no resistance increase 
occurs. Although cells have been constructed and tested 
which display only a minimal break, such as B857L 
shown in Fig. 5b, all cells display a gradual resistance in- 
crease during cell charging. 

Conduc t i ve  m a t  o r i e n t a t i o n . - - T h e  standard laboratory 
cell sulfur electrode was manufactured by shredding the 
Thornel VMA conductive mat, twisting the mat fibers to- 
gether, adding the resistive layer, and molding. Each elec- 
trode consisted of three sections in which the mat fibers 
were randomly oriented. A new electrode was developed 
which consisted of oriented-mat segments. Mat orienta- 
tion within each segment was radial and axial. Orienta- 
tion was achieved by proper manipulation of the layered 
bulk mat. Cells containing the new electrode had lower 
resistance, improved chargeability, and increased 
efficiency, e.g., 91% vs. 87% for oriented- and non- 
oriented-sulfur electrode containing cells, respectively, 
operating at 330~ and 108 mA/cm =. 

Figure 6 presents resistance vs. percent capacity plots 
for cell B888L. This cell contained an oriented-sulfur elec- 
trode and a Saffil-resistive layer. The improved charge- 
ability of cells with oriented electrodes can be seen by 
comparing the discharge inception points in Fig. 4a and 
6a and the final charge depths. Further, the improved 
chargeability was achieved with an -140 mV lower cutoff 
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voltage in cell B888L than in cell B800L. Also note the re- 
duced sulfur polarization effect in cell B888L at the begin- 
ning of discharge and end of charge compared to cells 
B800L (Fig. 4) or A834L (Fig. 5a, charge only). Both of 
these latter two cells contained nonoriented-sulfur 
electrodes. 

Other than magnitude, the ac resistance plots for cell 
B888L were similar to those presented for cell B800L. The 
dc behavior, however, has been considerably altered. Cell 
B800L displays a gradually declining discharge resist- 
ance. In contrast, as cell B888L neared the two-phase/one- 
phase transition and then entered the one-phase region, 
the dc resistance increased, displayed a broad maximum, 
and then declined again. A similar type of behavior has 
been reported by Mennicke on metal-oxide containing 
electrodes (13). Although the resistance increase reported 
herein was not as great as that discussed by Mennicke, in- 
creases as large as -25% have been observed. A more per- 
plexing situation is shown in Fig. 6b, where the dc charge 
resistance decreased upon nearing the one-phase/two- 
phase transition. Declines up to -20% have been ob- 
served. In contrast to the decreasing dc resistance, the ac 
charge resistance continued to increase throughout this 
period. 

The sodium-sulfur cell resistance contains contribu- 
tions from the leads, carbon-fiber to sulfur canister con- 
tact resistance, sulfur electrode, beta" electrolyte, and a 
polarization resistance due to electrochemical processes. 
If contact resistances are lumped together with the sulfur- 
electrode resistance, the major contributors to cell resist- 
ance are the sulfur electrode and beta" electrolyte (14). 
Therefore, a crude ac sulfur-electrode resistance can be 
calculated by subtracting the electrolyte resistance from 
the overall cell resistance. Aging studies and pre- and 
post-test resistivity measurements on RS-1 electrolytes 
substantiate the validity of this type of approach (15). 

Breiter and Dunn developed a sulfur electrode model 
which allows direct calculation of a sulfur electrode re- 
sistance (16). Manipulation of their equations and utiliza- 
tion of Cleaver et al. sulfur/polysulfide data (17) allow 
calculation of the conductive mat resistivity. A 330~ re- 
sistivity value of 2.8 and 0.45 s  was obtained for the 
standard- and oriented-sulfur electrode, respectively. Out- 
of-cell resistivity measurements employing Pt  electrodes 
confirmed these values (18). 

Brennan studied the effects of fiber orientation on cell 
recharge characteristics, in particular, mat resistivity and 
reaction zone thickness (19). Using Le Carbone RVC 
4000 ~ carbon felt, he found an ~2.5-fold increase in resis- 
tivity between parallel and perpendicular mat orienta- 
tions. Orientations are referenced to the direction of cur- 
rent flow. The discrepancy between his value and the 
factor of ~6-7 reported herein results from the use in this 
study of an oriented and a completely unoriented elec- 
trode. In contrast, both Brennan's electrodes had oriented 
fibers. Further, differences in carbon fiber-sulfur 
canister and interfiber contact resistances exist between 
the present electrodes and Brennan's electrodes (18, 20). 
Brennan also stated that the lower the mat resistivity, the 
greater the percentage reaction located adjacent to the 
electrolyte. The high electronic resistivity of Saffil- or 
alumina-resistive layers implies that conduction through 
these porous matrices is via parallel ionic paths (16). The 
resistive layers can, therefore, be considered extensions 
of the solid electrolyte. 

Based on these considerations, more reaction should 
occur at the electrolyte/conductive mat interface in cells 
with oriented-sulfur electrodes. At the current density 
employed in this study, mass-transport limitations exist. 
During cell discharge, melt adjacent to the electrolyte be- 
comes overreduced, "overdischarged," with respect to the 
bulk melt. Overreduction refers to a condition in which 
polysulfides lower than Na~S.~ are formed when sulfur 
still exists within the melt. This lowers the working volt- 
age. In the open-circuit periods, the melt reequilibrates. 
The calculated dc resistance is thus larger than expected 
and increases with time near the two-phase/one-phase 

transition. This is because the potential of Na~S~ (x < 5) is 
lower than the constant two-phase potential of 2.08V (21). 
In the one-phase region, the potential difference between 
the various polysulfides formed decreases, and Rac, the 
dc resistance, declines. 

Upon charge inception, Rdo increases as expected. 
Again, however, diffusional limitations are present and 
the melt  near the electrolyte surface becomes over- 
oxidized. When Na~S5 first forms, the OCV jumps ab- 
ruptly to near the two-phase value of 2.08V. Sudden in- 
creases as large as -60-70 mV have been observed 
between two successive open-circuit periods. The work- 
ing voltage remains relatively constant, however. This 
causes a drastic reduction in Rac. Direct current resistance 
plots are relatively flat in the two-phase charge region, 
whereas ac resistance curves continue to increase. This is 
because the ac measurement  is sensitive to changes in 
melt composition. The ac resistance behavior of cells con- 
taining oriented- and unoriented-sulfur electrodes is simi- 
lar. The disparate dc resistance traits are an artifact of the 
manner in which the dc resistance is calculated. 

Electrolyte related phenomena.--Since the lock-in am- 
plifier output is recorded on a strip chart recorder, Rac 
can be determined for any point during the 
discharge/charge cycle. This capability is unaffected 
whether  or not direct current flows. Changes in Rac 
within a cycle, between cycles, or during open-circuit pe- 
riods are easily detected and most informative. Figures 7a 
and 7b display discharge and charge, respectively, ac re- 
sistance behavior for a typical sodium-sulfur cell con- 
taining an unoriented-sulfur electrode. Resistance is pre- 
sented on the ordinate and time on the abscissa. The lxl 
symbols represent open-circuit periods and were sepa- 
rated by 30 rain or 0.9 Ah. As can be seen in the figures, 
passage of direct current had little effect on the ac mea- 
surement. Furthermore,  the ac changes which did occur 
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during the open-circuit periods were abrupt, i.e., ohmic in 
nature. 

Asymmetric behavior has been observed in sodium- 
sulfur cells and is characterized by a greater discharge 
than charge resistance (10, 22). This phenomenon de- 
pends upon ceramic electrolyte composition, its phase, 
and previous handling, and has been attributed to film 
formation on the sodium side of the solid electrolyte. The 
presence and level of certain impurities within the beta" 
electrolyte or sodium can induce asymmety. Recently, the 
distribution and composition of the film has been deter- 
mined (23). 

Alternating current resistance measurements  on asym- 
metric cells also showed enhanced discharge resistances. 
In contrast to "normal" cell behavior, however, a large dc 
effect was observed, i.e., passage of direct current af- 
fected the ac resistance value. During discharge open- 
circuit periods, Rac varied by as much as 50% from the 
load value. An -30% decrease is depicted in Fig. 7c for a 
cell with unusually high calcium species present in the 
sodium electrode (15). The resistance was not constant 
and displayed diffusional limitations. Similar trends were 
seen during charge, as shown in Fig. 7d. Differences in 
the discharge load-resistance behavior are also readily ap- 
parent (cf. Fig. 7a and 7c). These arise from changes in the 
electrolyte surface film and changes in sodium wetting, 
which may or may not be related to the surface film (10, 
22, 23). 

Frequency dependence of the ac resistance has been 
detected in asymmetric  cells; however, the resistance 
t ime-dependent  nature makes quantification difficult 
(22). Although the magnitude of the dc effect varied, cells 
with sodium-side problems were characterized by the ac- 
resistance traits depicted in Fig. 7c and 7d. This is in 
sharp contrast to "normal" cell behavior and to cells with 
sulfur-electrode problems. The latter situation is dis- 
cussed elsewhere (8). 

Alternating current resistance measurements  on 25-650 
Ah central sulfur or central sodium cells were very simi- 
lar to those described above on laboratory sodium-sulfur 
cells. The same discharge/charge characteristics, e.g., 
electrode orientation effects, were found regardless of cell 
size or configuration. 

Examination of utility cell F09115, 650 Ah capacity, 
was conducted between cycles 72 and 75. This cell oper- 
ated at 350~ and was discharged and charged at 150 and 
105 mA/cm 2, respectively. The ac resistances at the end of 
cycles 72D and 72C (D represents discharge, C charge) 
were -3.2 and -4.7 m12, respectively. The next discharge 
cycle was relatively uneventful  until -65% depth of dis- 
charge was reached (discharge limit was 90%). At this 
point, Rac began to fluctuate. No dc effect was apparent 
and Rac at the end of the cycle was -3.4 ml2. Alternating 
current resistance oscillations of the sort detected are 
usually associated with cell failure. This is evidenced by 
abnormalities in the dc load voltage-time relationship 
and/or a decrease in cell voltage to zero. In the present ex- 
ample, however, the voltage appeared normal. 

The subsequent  charge cycle began normally. However, 
at -33% depth of discharge (charge limit was 18%), Rac 
dropped drastically (Fig. 7f). A dc effect was apparent and 
opposite in direction to that previously observed. Inter- 
estingly, for a given depth of dischargei Rac was  approxi- 
mately the same in this cycle, 73C, when no direct current 
flowed as in previous charge cycles. In fact, during an ex- 
tended open-circuit period at the conclusion of the cycle, 
Ra~ was -4.7 m~. The next discharge cycle, 74D, was initi- 
ated, and a large dc effect was noted (Fig. 7e). Again, as in 
the preceding charge cycle, the resistance increased dur- 
ing open-circuit periods and at the same depth of dis- 
charge matched previous discharge cycle resistances. 

Specific resistivity measurements on similar ceramics 
yielded an electrolyte resistance of -1.1 to -1.3 ml2. This 
value corresponded to the magnitude of the dc effect. It is 
felt that the electrolyte underwent  a noncatastrophic fail- 
ure which was detected in the ac, but  not the dc, measure- 
ment. When direct current flowed, sodium was pushed 

through the flaw and the beta" electrolyte was partially 
shorted from the sodium side. Hence, Rac dropped. Inter- 
ruption of dc flow broke the sodium short and reintro- 
duced the electrolyte resistance into the ac measurement. 
Another indication of a beta"-alumina ceramic fracture 
would be a reduction in cycle-to-cycle capacity. During 
this period, however, the capacity did not follow any 
specific trend. Comparison of Rdc at a particular depth of 
discharge in this and 10-15 cycles previous revealed a de- 
crease in Rdc. This is also an indication of a short. 

Conclusion 
An alternating current resistance technique for sodium- 

sulfur cells has been described. The trends observed were 
independent  of size (16-650 Ah), configuration (central so- 
dium or central sulfur), and seal type. Except  for severely 
asymmetric cells, no frequency dependence was observed 
in 16 Ah laboratory cells between 10 and 100,000 Hz. 
Alternating current resistance analysis has proven most 
useful in identifying resistive mat and electrode orienta- 
tion effects on cell performance. Furthermore, ac mea- 
surements are more sensitive to electrolyte failure, asym- 
metric contributions, and changes in cycle-to-cycle 
behavior than traditionally used techniques. The method 
has been applied to the investigation of current density, 
temperature, and polysulfide composition effects on cell 
performance and life (8). 
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The Effects of Current Density, Temperature, and Discharge 
Beyond Na2S3on Sodium-Sulfur Cell Performance and Life 

Bradley R. Karas* and Randall N. King 
General Electric Company, Corporate Research and Development, Schenectady, New York 12301 

ABSTRACT 

The effects of current density (54-865 m/Ucm~), temperature (330~176 and discharge depth (Na2S3 to Na2S2.4) on 
sodium-sulfur cell efficiency, resistance, capacity, and longevity are presented. Equal discharge and charge cycle times 
obtained on 16 Ah laboratory cells at 865 mA/cm 2 and 335~ demonstrated the resistive layer effectiveness in preventing 
sulfur passivation of the beta"-alumina electrolyte surface during cell charging. Elevated temperatures increased cell 
efficiency -3%/10~ decreased resistance, and increased capacity. A group of cells operating at 216 mAJcm ~, twice the 
standard current density, and 330~ have obtained -700 cycles, -900 Ah/cm 2, with little performance deterioration. The 
cells are -82% efficient and display -80% of theoretical capacity. Alternating current resistance analysis of typical labo- 
ratory cells revealed an increase in discharge resistance occurred when cells were cycled between Na2S3 and Na2S2. Cor- 
relations with the sodium-sulfur phase diagram indicate the resistance rise was due to precipitation of Na2S2. Upon sub- 
sequent charge inception, the ac resistance dropped. However, an increased two-phase charge resistance was recorded. 
This suggested that  Na~S2 deposition occurred at the resistive-mat/conductive-mat interface. 

The sodium-sulfur (beta) cell has a myriad of potential 
uses, for example, load leveling, vehicle propulsion, or 
satellite power. The exact application determines the cell 
size, power requirements,  and cycling conditions. Cir- 
cumstances will arise, however, which will necessitate ag- 
gressive cell operation. The effects of current density 
(54-865 mA/cm2), temperature (330~176 and discharge 
level (between Na2S3 and Na~S2.4) on sodium-sulfur cell 
performance and life are discussed herein. 

Experimental 
Tubular, central-sodium cells of nominally 14-16 Ah ca- 

pacity were utilized in this study. The sulfur electrode 
contained a Union Carbide Thornel VMA | carbon-fiber 
conductive-mat and either a Saffil | or alumina-fiber pa- 
per resistive layer. Incorporation of a porous, high resis- 
tivity layer adjacent to the beta"-alumina electrolyte pre- 
vents deposition of a passivating sulfur layer on the solid 
electrolyte during cell charging (7, 11). Saffil, an alumina- 
based material, was obtained from Imperial Chemical In- 
dustries (England), and the alumina-fiber papers from 
F.K. Fiber, Incorporated (Wilmington, Delaware). Two 
styles of sulfur electrode were employed: oriented and 
nonoriented. Unoriented-sulfur electrodes were formed 
by shredding the conductive mat, twisting the mat fibers 
together, adding the resistive layer, and finally casting 
with sulfur. This process yielded an electrode comprised 
of three randomly oriented sections. Oriented-fiber elec- 
trodes were produced by appropriate manipulation of the 
layered bulk mat (1). The fiber orientation within the sul- 
fur electrode was both radial and axial. 

The electrolyte was polycrystalline beta"-alumina (99%), 
with an - 3  i2-cm 330~ specific resistivity. The cells util- 
ized in this study contained thermocompression-bonded 
seals and were vacuum filled with liquid sodium. 

Cells were cycled under constant current conditions be- 
tween individually preset voltage limits at 330~176 
Current densities are referenced to the 18.5 cm ~ fl"- 
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alumina electrolyte. An automated test system monitored 
cell voltage every 3 rain. Cells were placed on open circuit 
for 3 rain every 0.5h. Cycles performed at current densi- 
ties ~>400 mA/cm 2 employed a 15 rain interval between 
open-circuit periods. Direct current (tic) resistances were 
calculated from the difference in open-circuit voltage 
(OCV) and load voltage at the same depth of discharge di- 
vided by the load current (1). 

Simultaneous alternating current (ac) resistance mea- 
surements were performed with a lock-in amplifier. De- 
tails of the experimental  arrangement were described pre- 
viously (1), and will therefore only be briefly summarized 
herein. Appropriate precautions were taken to prevent in- 
teraction of the dc an~t ac systems. The alternating cur- 
rent signal, generated by the lock-in amplifier, flowed 
across an in-series limiting resistor to the cell. Two volt- 
age probes were connected between the cell and lock-in 
amplifier. Single frequency measurements between 10 
and 100,000 Hz on 16 Ah cells revealed that, except for se- 
verely asymmetric cells, no frequency dependence of im- 
pedance was observed (1). This indicated that capacitive 
and inductive contributions to cell impedance were mini- 
mal. Therefore, ac measurements were conducted at 1 
kHz. 

Efficiencies were the quotient of energy out during cell 
discharge and energy in during cell charge. Capacities 
were determined by dividing the ampere-hours removed 
during discharge by the theoretical capacity. An effective 
polysulfide composition corresponding to Na2S:~ was the 
theoretical limit. Oei (2, 3) and Janz et al. (4) have shown 
that, at temperatures greater than -100~ Na2S~ is a eu- 
tectic mixture of Na2S2 and Na2S~. While this is generally 
accepted, there remains some controversy over the exact 
polysulfide ion composition and distribution within the 
melt (5, 6). The sodium trisulfide formulation used herein 
simply refers to a quantity of charge passed sufficient to 
produce an overall sodium-to-sulfur ratio of 2:3 in the 
sulfur-electrode compartment.  Likewise, similar chemical 
symbolizations, for example, Na~S~.4 or Na2S2.6, indicate 
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s o d i u m - s u l f u r  rat ios,  no t  necessa r i ly  d i sc re te  po lysu l f ide  
species .  

R e s u l t s  a n d  D i s c u s s i o n  

Current density and temperature.--Tlie i n t e n t  o f  th i s  
s t u d y  was to eva lua t e  cell  qual i ty ,  a n d  in  par t icu la r ,  to as- 
sess  res i s t ive  l ayer  p e r f o r m a n c e  and  du rab i l i t y  vis-a-vis 
a g g r a v a t e d  cyc l ing  r eg imens .  I d e n t i c a l  d i scha rge  a n d  
cha rge  c u r r e n t  dens i t i e s  were  ut i l ized in each  test .  Cur- 
r en t  dens i t i e s  f r o m  54 to 865 m A ] c m  ~ were  e x a m i n e d  be- 
t w e e n  330 ~ a n d  355~ n o r m a l  o p e r a t i n g  c o n d i t i o n s  were  
330~ a n d  108 m A / c m  2. T he  h i g h e s t  cycle  rate,  865 
m A / c m  2, was  t e s t e d  on ly  at  335~ W h e n  ope ra t ed  at  cur- 
r e n t  dens i t i e s  ~>400 m A / c m  ~, the  cells were  p laced  on  
o p e n  c i rcui t  eve ry  15 m i n  to inc rease  t he  n u m b e r  of  open-  
c i rcui t  da ta  po in t s .  A 16 A h  cell ope ra t i ng  at  108 m A / c m  ~ 
r equ i r e s  ~ 12-14h pe r  c o m p l e t e  cycle  (bo th  cha rge  a n d  dis- 
charge) ,  and  typ ica l ly  y ie lds  14 or 15 open-c i r cu i t  vol tage  
p o i n t s  pe r  half-cycle,  i.e., for  t he  d i s c h a r g e  or  cha rge  half- 
cycle. O p e r a t i o n  at  432 m A / c m  ~ was  c o m p l e t e d  wi th in  4h, 
w h i c h  w o u l d  h a v e  r e su l t ed  in  on ly  3 or 4 OCV read ings  
pe r  hal f -cycle  w i t h o u t  t he  ex t ra  open -c i r cu i t  per iods .  The  
pauc i ty  of  OCV po in t s  was  f u r t h e r  m a n i f e s t e d  at  865 
m A / c m  ~. T h e s e  m e a s u r e m e n t s  we re  p e r f o r m e d  on 
s o d i u m - s u l f u r  cells w i t h  b o t h  o r ien ted-  and  nono r i en t ed -  
su l fu r  e lec t rodes .  Un le s s  o the rwise  s ta ted ,  the  resu l t s  
were  i n d e p e n d e n t  of  su l fu r  e lec t rode  type.  

C h a r g e - d i s c h a r g e  p lo ts  as a f unc t i on  of  c u r r e n t  dens i ty  
at  335~ are  p r e s e n t e d  in  Fig. 1. F u r t h e r  deta i ls  are con- 
t a i n e d  in  T a b l e  I. As  can  be  s een  in  Tab le  I, h i g h  
eff ic iencies  were  m a i n t a i n e d  at  c u r r e n t  dens i t i e s  ~<250 
m A / c m  ~. Eff ic iency  dec l ines  at  432 a n d  865 m A / c m  ~ re- 
su l t ed  f rom i n c r e a s e d  IR  d rop  a n d  e n h a n c e d  concen t ra -  
t ion  po la r i za t ion  effects.  The  la t ter  r e s u l t e d  f rom g rowing  
r eac t i on  h e t e r o g e n e i t y  caused  b y  a n  inab i l i t y  of  t he  me l t  
to di f fuse  r ap id ly  enough .  Reac t ion  n o n u n i f o r m i t i e s  are  
pa r t i cu l a r ly  e v i d e n t  in  t he  rap id  d r o p  in  d i scha rge  load  
vo l tage  at  ~80% capac i ty  d u r i n g  t he  865 m A / c m  ~ measu re -  
m e n t  (Fig. 1). A n  a t t e n d a n t  i nc rease  in  dc  a n d  ac resist-  
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PERCENT THEORETICAL CAPACITY (wrt Na2S3) 

Fig. 1. Charge-d ischarge characteristics of o 16 Ah  laboratory cell 
operat ing at  3 3 5 ~  

Tab le  I. Current  density effects on sodium-sulfur cell 
performance at 3 3 S ~  a 

Current AC cell 
Cycle density" Efficiency ~ Capacity ~ resistance ~ 

no. (mA/cm ~) (%) (%) (mf~) 

75 54 91.4 82.5 36.6 
12 108 89.6 78.8 35.1 
14 216 82.2 72.6 33.8 
18 432 08.4 77.6 29.2 
48 865 58.9 80.1 24.3 

Cell contained oriented sulfur-electrode and Saffil-resistive 
layer. 

b Current density referred to the electrolyte log mean area, 18.5 
e m  2. 

c (Energy out during discharge/energy in during charge) • 100. 
d (Ampere-hours removed during discharge cycle/theoretical ca- 

pacity) • 100. This cell contained 28.7g sulfur, which yields a theo- 
retical capacity of 16.0 Ah. 

Alternating current resistance measured during discharge at a 
polysulfide composition corresponding to Na2S:, 6. 

ance  was  no ted .  A lesser  inc rease  in  ac r e s i s t ance  was ob- 
s e rved  at  432 m A / c m  ~. No c h a n g e  in  t he  432 m A / c m  ~ dc  
r e s i s t ance  was d e t e c t e d  because  of  the  15 m i n  in te rva l  be- 
t w e e n  open-c i rcu i t ,  hence ,  r e s i s t ance  poin ts .  

Small ,  i n t e rcyc le  capac i ty  f luc tua t ions  m a y  have  re- 
su l t ed  due  to " l im i t "  errors .  These  e r ro rs  have  more  im- 
pac t  a t  h i g h e r  c u r r e n t  rates .  For  a g iven  t empe ra tu r e ,  
vo l tage  cu to f f  l imi t s  we re  ca lcu la ted  f rom the  l imi ts  em- 
p loyed  at 108 m A / c m  ~. The  da ta  in  Tab le  I ind ica te  tha t ,  
e x c e p t  for t he  216 m A / c m  ~ case  p r e s e n t e d ,  t he  l imi ts  we re  
r e a s o n a b l y  correct .  S imi la r  a g r e e m e n t s  were  r e t a ined  a t  
the  o t h e r  t e m p e r a t u r e s  s tudied .  At  a g iven  t empera tu re ,  
d e c r e a s e d  r e s i s t ances  at  e l eva ted  c u r r e n t  dens i t i e s  m a y  
h a v e  r e su l t ed  f rom hea t i ng  effects.  A t h e r m o c o u p l e  la id  
on  t he  t h e r m o c o m p r e s s i o n  b o n d  r eg i s t e red  on ly  a 3~ 
c h a n g e  d u r i n g  the  432 m A / c m  ~ cycle. F l u c t u a t i o n s  in t he  
t h e r m o c o u ~ l e  r e ad ing  m a y  no t  accu ra t e ly  reflect  i n t e rna l  
cell  var ia t ions .  However ,  t h e r m o c o u p l e  i n s e r t i o n  d i rec t ly  
in to  the  cell  is diff icul t  f r om an  e n g i n e e r i n g  v iewpoin t .  
Di rec t  a t t a c h m e n t  of  severa l  t h e r m o c o u p l e s  to t he  su l fu r  
can i s t e r  of  a 120 Ah,  c en t r a l - sod ium cell  r evea led  t h a t  t he  
cell t e m p e r a t u r e  c h a n g e d  f rom 373 ~ to 375 ~ , 377 ~ to 385 ~ , 
a n d  373 ~ to 403~ w h e n  the  cell was  cyc led  at  96, 192, a n d  
383 m A / c m  2, respec t ive ly .  

D u r i n g  cell cha rg ing ,  s o d i u m  po lysu l f ides  are oxidized,  
even tua l ly  to sulfur .  This  la t te r  r e ac t i on  occurs  at  t he  
r e s i s t i ve -maf f conduc t ive -ma t  i n t e r f ace  (1). E x c e p t  for spe- 
cial ly d e s i g n e d  cells, s o d i u m - s u l f u r  cells w i t h  a poor ly  
p e r f o r m i n g  or no  res i s t ive  layer  c a n n o t  be  c h a r g e d  at  ap- 
p r ec i ab l e  rates ,  ~>100 m A / c m  ~-, m u c h  b e y o n d  t he  one- 
p h a s e / t w o - p h a s e  b o r d e r  (7). This  r e su l t s  f r o m  f o r m a t i o n  
of a b l o c k i n g  l aye r  of  su l fu r  on  t he  sol id e lec t ro ly te  sur- 
face. The  t w o - p h a s e  r eg ion  e x t e n d s  b e t w e e n  - 6 0  a n d  0% 
d e p t h  of d i scharge ,  a n d  der ives  i ts n a m e  f rom t h e  immis -  
c ibi l i ty  of  t he  su l fu r  a n d  Na2S~ p re sen t .  One  m e a s u r e  of  
t he  r e s i s t i ve -ma t  e f fec t iveness  in  p r e v e n t i n g  su l fu r  depo-  
s i t ion  o n  the  be t a " -a lumina  e lec t ro ly te  surface,  is t he  de- 
g ree  of  cha rge  accep tance .  This  is t he  n u m b e r  of  ampere -  
h o u r s  r e t u r n e d  to t h e  cell d u r i n g  cha rg ing ,  e x p r e s s e d  as a 
p e r c e n t a g e  of  t h e  theore t i ca l  capaci ty .  A c h a r g e  accept-  
ance  of  0% c o r r e s p o n d s  to a s o d i u m  t r i su l f ide  melt ,  i.e., 
t h e  ful ly d i s c h a r g e d  state,  a n d  a c h a r g e  a c c e p t a n c e  of  
100% r e p r e s e n t s  a p u r e  su l fur  melt ,  i.e., a c o m p l e t e l y  
c h a r g e d  state. 

The  Saff i l - res is t ive layer  eff icacy in  p r e v e n t i n g  su l fu r  
depos i t i on  on  t he  be ta"-e lec t ro ly te  sur face  is dep ic t ed  in  
Fig. 1. No te  t h e  re la t ive  f l a tness  of  t h e  108-432 m A / c m  '~ 
t w o - p h a s e  c h a r g e  cu rves  a n d  t he  h igh ,  -85-90%, cha rge  
a c c e p t a n c e  a c h i e v e d  at  all cu r r en t  dens i t ies .  A n  a l t e rna te  
ana lys i s  m e t h o d  is to c o m p a r e  t he  d i s c h a r g e  a n d  cha rge  
cycle  t imes .  I t  was  e x p e c t e d  t h a t  t h e  l a rge r  c u r r e n t  densi-  
ties, 432 a n d  865 m A / c m  2, w o u l d  cause  excess ive  su l fur  
depos i t i on  d u r i n g  cha rge  a n d  i n h i b i t  t h e  t i m e  of  t he  
c h a r g e  cycle. In  fact ,  t h e  d i s c h a r g e / c h a r g e  t i m e s  ag reed  to 
w i th in  6 ra in  or less. The  a u t o m a t e d  t e s t  s y s t e m  moni -  
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tored cell voltages every 3 min. No changes in cycling 
conditions, i.e., whether a cell is charging or discharging, 
can be made in shorter time intervals. Thus, charge/dis- 
charge time agreement to within two clock periods is con- 
sidered excellent. Apparent discrepancies shown in Fig. 1 
arose from current density effects. At 108 mAJcm ~, only 
0.1 Ah (0.63% with respect to depth of discharge) were 
passed per 3 rain clock period, whereas 0.8 Ah (5.00%) 
were passed at 865 mA/cm ~. 

The humps observed in the 865 mA/cm ~ charge curve 
were reminiscent of those seen in sodium-sulfur cells 
with a carbon-based resistive layer (1). This material has a 
moderate electrical resistivity (11) and thus allows some 
passivation of the solid electrolyte surface by sulfur (1). 
Cyclic voltammetric studies on oxidation of Na2S4 to sul- 
fur by Tischer and Ludwig (6) demonstrated that sulfur 
was removed from their electrode surface by a chemical 
reaction which followed the electron transfer step. At low 
enough charge rates, <100 mA/cm 2, resolubilization by 
chemical reaction is faster than sulfur deposition and no 
passivation occurs. At intermediate rates, ~100-250 
mA/cm 2, a balance between sulfur deposition and re- 
moval is maintained, and the large resistive-mat/conduc- 
tive-mat interfacial area precludes formation of a continu- 
ous blocking layer. T h e  sulfur deposition and removal 
imbalance becomes further aggravated at elevated cur- 
rent densities. Net sulfur deposition occurs and a block- 
ing layer forms. This causes an erratic and rapid increase 
in cell voltage. 

Temperatures between 330 ~ and 355~ influenced the 
data listed in Table I. For the cells examined, temperature 
increased efficiency by ~3% per 10~ The increase be- 
came less at the lower current densities as the efficiency 
approached the IR-limited value. For a given current den- 
sity, resistance decreased with increasing temperature in 
a nonsystematic manner. Capacities increased with tem- 
perature. Increases were more apparent at elevated cur- 
rent densities, 432 mA/cm 2. This was not unexpected 
since diffusional limitations were less at higher operating 
temperatures. Therefore, more ampere-hours could be re- 
moved before reaction nonuniformities depressed the cell 
voltage beyond the cutoff limit. 

A group of cells containing various sulfur electrode 
types was placed on test at 216 mA/cm 2 and 330~ to as- 
sess the effects of more rapid cycling on cell performance~ 
This current density was selected based on lifetime ex- 
pectations and experimental  ease. These cells have accu- 
mulated -900 Ah/cm 2 (~700 cycles) with only minimal 
changes in cell characteristics. The efficiencies and 
capacities remain about 82 and 80%, respectively. 

Discharge between Na,,fi3 and N a ~ . - - T h e  theoretical 
capacity of a sodium-sulfur cell is calculated from the 
quantity of sulfur loaded into the cell during assembly, 
referenced to the number  of coulombs required by Fara- 
day's law to convert  all the sulfur to Na2S3. Capacities are 
typically expressed in terms of ampere-hours or percent- 
ages of the theoretical capacity. Based on this definition, 
values in excess of 100% are possible when the final dis- 
charge depth is such that the effective polysulfide com- 
position is Na2S.r, and where x < 3. Full charge, 0% depth 
of discharge, corresponds to a pure sulfur melt. 

The terms "overdischarge" or "deep discharge" are 
used herein to refer to situations in which polysulfides 
lower than Na2S~ were formed. Lowering or decreasing 
the discharge cutoff voltage limit, e.g., changing the limit 
from 1.7 to 1.6V, allows more discharge time, and is 
termed "increasing the discharge depth." Increasing or 
raising the discharge cutoff voltage limit produces shorter 
discharge times, and implies that the discharge depth was 
"decreased." These conventions are shown diagrammat- 
ically in Fig. 2, and are used throughout  the remainder of 
this paper. 

While typical laboratory cells were constructed with 
electrochemically equivalent ' sodium and sulfur weights, 
the effects of overdischarge on cell performance were 
studied in cells specially designed to be sulfur limited. 

The cells utilized in this part of the study were filled with 
excess sodium and underfilled with sulfur. Sulfur weight 
reduction not only decreased the theoretical capacity, but 
also served to increase the volume available for poly- 
sulfide formation within the sulfur-electrode compart- 
ment. Deep discharge experiments were conducted on 
these 14.2 Ah, 25.5g sulfur cells at 108 mA/cm 2 and 330~ 
Although the discharge voltage limit was varied, a con- 
stant charge cutoff voltage was employed. No depen- 
dence of the results on sulfur-electrode orientation, i.e., 
whether the cell contained an oriented- or unoriented- 
sulfur electrode, was observed. 

Alternating current resistance measurements were per- 
formed several times on cell B878L during the first 28 cy- 
cles. The results indicated that performance had stabil- 
ized. The lower limit, i.e., discharge cutoff voltage, had 
been set at 1.80V. A dc cell resistance of 50 rot2 at the end 
of discharge implies that the IR-corrected voltage corre- 
sponds to a 1.90V potential. Interpolation of Gupta and 
Tischer's (8) open-circuit voltage data indicates that 
Na2S:~.6 has this potential. The cell cycled to -Na~S:~.7 
and -Na2S:~.~ in cycles 5 and 28, respectively. Based on 
further interpolation of Gupta and Tischer's data, a new 
lower limit was chosen, and the cell should have dis- 
charged 14.2 Ah to NazS:, The data in Table II indicate 
that this was indeed the case, cf. cycle 33. In examining 
the polysulfide composition column of Table II, one 
might think, that the capacity for this cycle should have 
been 100%. The capacity was not 100% because the cell 
had not recharged completely to sulfur at the end of the 
previous cycle. This fact should be borne in mind when 
utilizing this table. The cell was cycled in this manner a 
total of nine cycles. A very slight increase in ac resistance 
at the end of discharge was observed in these cycles, al- 
though no overall increase in resistance was evident. 

Two unsuccessful attempts were made to cycle the cell 
to Na2S2.6, cf. Table II, cycles 41 and 43. The lower limit 
was decreased further and the cell cycled to Na2S~.6. Sur- 
prisingly, the cell resistance, both ac and dc, was higher 
at the end of discharge than at the beginning (Table II, cy- 
cle 44). One should not presume that the resistance rose 
the entire cycle. Rather, it increased at the end only. In 
fact, the ac resistance climbed from -33  raft at 13.2 Ah 
depth of discharge to -96  mfi at the end of discharge. The 
effects of discharge depth on the cell ac resistance behav- 
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Table II. The effects of discharge depth on laboratory cell B878L Performance 

Weight 
Cycle Lower limit ~ Capacity ~ Efficiency r Po]ysulfide percent R~r f 

no. (V) (%) (%) Ah g composition d sulfur ~ (m~) 

5 1.80 76.8 89.9 11.4 Na~S3.7 72.3 34.5 (74.6) 
28 1.80 76.1 90.4 11.7 Na2S3 ~ 71.6 33.5 (73.2) 
33 1.69 93.7 90.2 14.2 Na2S.~ 0 67.7 33.6 (74.6) 
39 1.69 91.6 88.7 14.0 Na2S.~ o 68.0 35.3 (73.9) 
41 1.64 100.0 90.4 15.1 Na2S2.s 66.3 36.2 (72.5) 
43 1.60 101.4 88.1 15.2 Na2S2.8 66.2 35.0 (73.2) 
44 1.50 110.6 h 16.4 Na~S2 ~ 64.2 34.7 (73.9) 
45 1.50 102.1 89.3 15.2 Na2S~.8 66.2 36.0 (70.4) 
53 1.50 98.6 88.1 14.9 Na2S.2.9 66.6 34.4 (73.9) 
56 1.75 ~ 77.5 89.4 11.9 Na~S~.6 71.4 35.5 (73.9) 

a Discharge cutoff voltage. 
b Discharge capacity. Based on sulfur loading of 25.5g, which yields Na2S3 at 14.2 Ah. Note: capacity may not be 100% even though final 

composition is Na2S3 because previous charge cycle did not charge to 0 Ah depth of discharge (cf. text). 
e Energy out during discharge/energy in during charge. 
d Average polysulfide composition at end of discharge. 

Weight percent sulfur in melt at end of discharge. Based on average composition and assumes no solid deposition occurred. 
f Alternating current discharge resistance at percentage of theoretical discharge listed parenthetically. 
g Discharge depth in ampere-hours. 
h No value obtainable due to equipment malfunction. 
Direct current resistance increase from ~50 to ~57 m~ occurred between cycles 41 and 53. The resistance increase was partially offset by 

utilization of a lower cutoff voltage. 

ior are s h o w n  in  Fig. 3. When  cell cha rg ing  was init iated, 
the  ac res i s tance  p l u m m e t e d  to - 3 9  m~ .  Other  t han  an in- 
crease  in the  t w o - p h a s e  charge  res is tance ,  there  were  no 
a p p a r e n t  ef fec ts  of  ove rd i scha rg ing  the  cell on the  charge  
curve  (vide infra). The data in Table II d e m o n s t r a t e  t he  
overall  cons i s t ency  in d i scharge  p e r f o r m a n c e  t h roughou t  
these  m e a s u r e m e n t s .  

A l though  the  d i scha rge  cutof f  vo l tage  l imit  r e m a i n e d  
f ixed for ten  cycles,  the  d i scharge  d e p t h  decreased .  Note, 
for example ,  tha t  the  n e x t  cycle d e p t h  of  d ischarge ,  cycle 
45, was  the  s ame  as in cycle  43, even  t h o u g h  the  cycle 43 
cu tof f  voltage was  100 mV higher.  F igure  4 p re sen t s  an  
over lay of  cycle 28 and  45 d i scharge /charge  behavior .  The 
rap id  res i s tance  inc rease  at  t he  e n d  of  d i scha rge  in cycle  
45 is ev iden t  in the  figure. Dur ing  t h e s e  t en  deep  cycles,  
the  dc res i s t ance  rose  f rom - 5 0  to - 5 7  m ~  and  the  d e p t h  
of  d i scharge  r e a c h e d  a p la teau at -Na2S2.8. The impor-  
t ance  of  th is  c o m p o s i t i o n  is d i scussed  below.  

The d i scha rge  vol tage  was  raised in cycle  55. The cell 
was  r e e x a m i n e d  in cycle 56. The data  for cycle 56 in Table 
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Fig. 3. Alternating current cell resistance vs. percent theoretical ca- 
pacity for laboratory cell B878L. Cell operated at 108 mA/cm 2 and 
330~ 

II imply  a r e tu rn  to n o rma l cy  occurred.  As in previous  cy- 
cles over  a s imilar  polysul f ide  compos i t i on  regime,  no re- 
s i s tance  inc rease  was  de tec ted  at t he  end  of  discharge.  
The two-phase  charge  res i s t ance  was  lower  t h a n  in cycles 
44 to 54; however ,  it was  e levated wi th  r e spec t  to t he  cy- 
cles 5 to 28 values.  The cell failed two cycles  later. There- 
fore, it was  no t  poss ib le  to d e t e r m i n e  if the  cell would  
comple te ly  r e tu rn  to its original  pe r fo rmance .  

At the  t ime  cell B878L failed, it was  unc lea r  w h e t h e r  or 
no t  the  failure was  re la ted  to the  ove rd i scha rge  exper i -  
men t s .  Therefore ,  a s econd  cell, B890L, was  cons t ruc ted .  
These  two cells were  ident ical  wi th  r e s p ec t  to s o d i um and  
sulfur  we igh t s  and  res is t ive  layer mater ia ls .  They  d i f fered  
only  in t he  des ign  o f  the  sulfur  e lec t rode.  Cell B890L con- 
t a ined  an o r i en ted-su l fu r  e lect rode.  This  cell was  b r o k e n  
in for - 3 5  cycles  before  the  deep  d i scha rge  e x p e r i m e n t s  
were  init iated. A rise in the  d i scharge  res i s t ance  was  ob- 
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Fig. 4. Charge-discharge characteristics for cell B878L obtained in cy- 
cles 28 and 45. Abscissa referenced to discharge state. Filled and open 
squares represent discharge and charge open-circuit voltages, respec- 
tively. Note the precipitous drop in discharge voltage and the open- 
circuit voltage plateau beyond 14 Ah in cycle 45. No open-circuit volt- 
age data are displayed for cycle 28. Theoretical capacity is 14.2 Ah. 
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pacity for cell B890L. Data recorded during cycle 41 at 108 mA/cm ~ and 
330~ 

served when the cell was cycled at or below Na2S3. The 
magnitude of the resistance rise was dependent  on the 
final discharge depth. Figure 5 displays the ac resistance 
behavior obtained when cell B890L was discharged to an 
effective polysulfide composition corresponding to 
Na~S2.4. The current was reversed at this point for several 
reasons. First, the load voltage had dropped to -0.6V. 

Second, the ac discharge resistance increased from -28  to 
-210 mr2. The initially lower ac resistance of cell B890L 
compared to cell B878L results from sulfur-electrode ori- 
entation effects (1). Interestingly, upon charge initiation, 
the ac cell resistance was -34  mr2. Cell B890L behavior 
further mimicked that of cell B878L, in that only the two- 
phase charge resistance increased (as discussed above 
and shown for cell B878L in Fig. 3). 

In contrast to the regimen employed for cell B878L, the 
lower voltage limit for cell B890L was returned to its orig- 
inal value after only one deep discharge cycle. After -30  
invariant cycles, the lower voltage limit was once again 
decreased to permit  discharge beyond Na2S3. Within ap- 
proximately ten cycles, the discharge depth began to de- 
crease (Fig. 6). The upper curves in the figure display the 
charge and discharge capacity limits vs. cycle number. 
Changes in the discharge cutoff voltage are marked. Al- 
though the depth of discharge was limited with respect to 
the "very deep" cycles, the charge-discharge plots dis- 
played characteristics reminiscent of severe over- 
discharge, cf. curve for cell B878L cycle 45 in Fig. 4. 
Alternating current resistance analysis revealed that ex- 
treme overdischarge was indeed occurring. The decline in 
discharge depth and its erratic nature were very similar to 
the behavior observed in cell B878L just before its failure. 
Therefore, cell B890L was removed for examination (9). I 

The cause of the resistance rise at the end of discharge 
is explained with the aid of Table II and Figs. 3, 5, and 7. 
Figure 7 presents a sodium sulfur phase diagram (2, 5, 8). 
An isothermal line has been drawn at 330~ the cell 
operating temperature, and several key points labeled. 
During discharge, sodium is injected into the sulfur com- 
partment and sodium polysulfides of various composi- 
tions form. The exact composition is dependent  on the 
amount of sodium injected and the quantity of sulfur 
present. Until the sulfur content in the polysulfides 
reaches -78  weight percent (w/o), an immiscible mixture 

' Post-test examination of sodium-sulfur cells is part of an on- 
going research effort. Results obtained on cell B890L will be re- 
ported separately. 
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of sulfur and Na2S,~ results. This area is to the right of A in 
Fig. 7. Point  A represents pure Na2S~. Further discharge 
results in the formation of a homogeneous mixture of 
Na~S.5 and Na2S4, A to B. The exact composition of the 
mixture varies with depth of discharge. As the sulfur con- 
tent drops below -74%, point B in Fig. 7, increasing 
amounts of Na2S2 form (5, 6). At the cell operating temper- 
ature, Na2S3 is really an equimolar mixture of Na2S2 and 
Na~S4 (2-5) both of which remain in solution. A slight re- 
sistance increase at the end of discharge, cycle 33 in Fig. 
3, for example, indicates that the Na~S~ solubility was ex- 
ceeded. An equil ibrium exists between solid and liquid 
Na~S2. As the discharge depth increases, the amount  of 
Na.2S2 present increases. If the quanti ty of Na2S2 present 
is greater than the solubility limit, solid Na2S2 will precip- 
itate and the resistance is expected to rise. Local current 
nonuniformities can affect the "calculated" composition 
at which solid Na2S2 forms. This implies that just  because 
the coulombs passed indicate a particular polysulfide 
composition exists, regions of the cell may be overdis- 
charged unknown amounts. This was demonstrated by a 
resistance rise at the end of discharge during the 432 and 
865 mAJcm 2 cycles discussed above. 

Point  C in Fig. 7 is critical. To the right exists a homo- 
geneous solution of Na2S2 and Na2S~; to the left is solid 
Na2S~ and a solution of composition C. This point corre- 
sponds to Na2S2.s, which contains ~66 w/o sulfur. Dis- 
charge leading to precipitation of Na2S2 with an overall 
resultant composition in the BC region should be reversi- 
ble. However, little is known about discharge into the CD 
region. If the morphology of the deposited Na~S2 changes, 
it may not be possible to resolubilize the solid. The stud- 
ies of Tischer and Ludwig (6) and South et al. (10) indi- 
cate that electrochemically formed Na2S2 may be more ef- 
fective than chemically formed Na2S2 in producing a 
blocking layer within the cell. Chemically formed Na2S2 is 
sodium disulfide produced by disproportionation of 
Na2S3 or in a chemical reaction following an electron- 
transfer step. Electrochemically formed Na2S2 results 
from the reduction of higher polysulfides. 

Examination of cell B878L data in Table II reveals that 
the cell was discharged more deeply than point C during 
cycles 41 to 53. Figures 3 and 5 clearly demonstrated the 
effect of solid precipitation on cell resistance. It is ex- 
tremely important  to note that the ac discharge resistance 
remained virtually unchanged in the two-phase region 
and in the one-phase region until  solid deposition 
occurred. Further, the ac discharge resistance increased 

more rapidly during subsequent  cycling. Interestingly, 
the resistance rise stabilized and the capacity leveled out 
at point C. 

The OCV data for the cycles listed in Table II were 
plotted against percent discharge. Some of these curves 
are shown in Fig. 8. The solid line represents the "ideal" 
curve generated from the original cell sulfur weight and 
Gupta and Tischer's data (8). The horizontal line repre- 
sents the constant two-phase voltage, and the sloped line 
the varying one-phase values. Data from cycles 28 and 33 
(Fig. 8a) closely follow the ideal curve and indicate that 
the sulfur weight was reasonably accurate. Deviations 
from ideality within these two cycles result from concen- 
tration polarization effects. Cycle 41 was the first cycle 
conducted to Na2S2.s. As can be seen in Fig. 8a, a very 
small shift relative to previous cycles and ideality towards 
lower percent discharge occurred. Additional shifts were 
seen during cycles 43 and 45 (Fig. 8b). The OCV percent 
discharge performance stabilized and did not return to its 
original relationship even when the discharge cutoff volt- 
age was returned to its starting value. This can be seen by 
comparing cycle 28 (Fig. 8a) to cycle 56 (Fig. 8b). The cy- 
cle 56 data was coincident with that from cycles 45 to 53. 
Although not shown, similar trends were seen in cell 
B890L. 

These curves imply that cycling at or below -Na2S2.s, 
point C in Fig. 7, results in permanent  sulfur loss. For a 
given number  of ampere-hours removed, utilization of a 
corrected, i.e., decreased, sulfur weight would yield a 
greater percentage discharge and shift the OCV curves to 
the right in Fig. 8. Further these curves serve to illustrate 
the difference between electrochemically and chemically 
formed Na2S2 (6). Resolubilization of electrochemically 
formed Na~S2 was not accomplished under  the conditions 
of these tests. In contrast, chemically formed Na2S2 did 
not result in permanent  sulfur loss, cf. Fig. 8a, cycle 33. 
This concept was tested in a sodium-sulfur cell. Follow- 
ing break in, the discharge limit was lowered and a cell 
cycled to Na2S2.,~+0.05 for -30 cycles. A small resistance 
rise was observed at the end of discharge. The cutoff volt- 
age limit was then returned to its original value. Compari- 
sons to the initial cell performance indicated that the cell 
continued to operate with no change in performance, 
shift in the OCV-percent discharge plot, or resistance in- 
crease, ac or dc, for -200 cycles before it was lost due to 
an oven failure. Although it was possible to discharge 
cells below Na_~S2.s as computed from the initial sulfur 
weight, it seems that repeated discharge beyond this 
point resulted in permanent  sulfur loss and decreased cell 
life. 

Severe overdischarge like that shown in Fig. 5 or for cy- 
cle 44 in Fig. 3 was observable by both ac and dc resist- 
ance techniques. Evidence of overdischarge discernible 
in dc measurements was a rapid drop in cell voltage, cy- 
cle 45 in Fig. 4, and a leveling out of the OCV at -1.76V, 
cycle 45 in Fig. 4 and cycles 43 and 45 in Fig. 8b. The lat- 
ter phenomenon is consistent with Gupta and Tischer's 
open-circuit voltage data (8). More mild overdischarge, cy- 
cle 33 in Fig. 3, was usually only detected in ac measure- 
ments. This was due to the 30 rain interval between dc re- 
sistance points. 

The effect of deep discharge on the charge resistance 
was extremely enlightening. Examination of Fig. 3 indi- 
cates that the one-phase ac resistance was affected 
minimally by the depth of discharge. However, the two- 
phase resistance increased substantially. Comparison of 
cycle 44 and either cycle 28 or 33, reveals that a slight in- 
crease occurred in the one-phase region in cycle 44. The 
effect on the two-phase charge resistance was not as be- 
nign. For example, an -30% increase was observed in cy- 
cle 44 relative to cycle 28 at -42% depth of discharge. 
This strongly suggests that Na2S2 precipitates at the 
conductive-mat/resistive-mat interface. If solid deposition 
occurred on the beta" electrolyte or in the bulk of the sul- 
fur electrode, both charge and discharge resistances 
would be affected. During charge, reentry into the two- 
phase region is when the resistive-mat performance is 
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most crucial. Solid Na2S2 formation in this area should 
hinder sulfur formation and further aggravate the nor- 
mally observed resistance rise. 

C o n c l u s i o n s  

An ac resistance technique has been applied to the 
study of current density and depth of discharge effects on 
sodium-sulfur cell performance and life. 16 Ah laboratory 
cells were discharged and charged at current densities be- 
tween 54 and 865 mA/cm 2. The equality of the charge and 
discharge cycle times demonstrated the extreme effec- 
tiveness of ceramic-based resistive layers in preventing 
sulfur passivation of the beta"-electrolyte surface. 
Temperatures between 330 ~ and 355~ increased cell 
efficiency, -3% per 10~ and capacity, and decreased 
cell resistance. Cells operated at twice the normal current 
density have achieved -700 cycles, -900 AlYcm 2, while 
remaining -82% efficient. The capacities were -80% of 
theoretical. 

The effects of overdischarge, i.e., formation of 
polysulfide species Na2S~ where x < 3, on cell perform- 
ance were studied in cells specially constructed so as to 
be sulfur limited. Final effective compositions of Na2S2.6 
and Na2S2.4 were achieved in separate cells. An ac resist- 
ance rise was detected when either cell was discharged at 
or below Na2S3. The magnitude of the rise was dependent  
on the final discharge depth. Direct current measure- 
ments are less sensitive and showed abnormal behavior 
only in the case of severe overdischarge. The resistance 
rise was attributed to having exceeded the Na~S2 solubil- 
ity limit, thus causing solid Na2S2 deposition. The one- 
phase ac charge resistance and subsequent  discharge re- 
sistance were unaltered. In contrast, the two-phase charge 
resistance increased. This implied that precipitation of 
Na2S2 occurred at the resistive-mat/conductive-mat inter- 
face. The results of these tests indicated that severe over- 
discharge can be tolerated in laboratory cells to a very 
limited degree and for a very limited number  of cycles. 
Whether this limit is one or two cycles has not been deter- 

mined. On a recurring or repeated basis, however, dis- 
charge beyond Na2S.3 x, where x ~> 0.2, shortened life. Dis- 
charge "to" Na2S3 appeared satisfactory; this is attributed 
to the differences in behavior of chemically and 
electrochemically formed Na2S2. 
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Mathematical Modeling of the Chlorine Flow-Through Porous 
Graphite Electrode in the Zinc-Chloride Battery 

Emad Roayaie' and Jacob Jorne 
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ABSTRACT 

A mathematical  model which includes mass transfer within the pores has been applied to the flow-through porous 
graphite electrode during the discharge of the zinc-chloride battery. The purpose of the model is to obtain key design 
parameters such as potential distribution, concentration distribution of dissolved chlorine and zinc chloride, and local 
reaction rate distribution within the porous electrode. The resultant coupled nonlinear differential equations have been 
solved numerically for the galvanostatic operation. Potential, concentration, and reaction-rate distributions have been 
obtained for various operating conditions such as specific area of the porous electrode (100-1000 cm- ' ) ,  electrolyte flow 
velocity (0.5-3.0 cm/min), discharge current density (30-100 mA/cm~), electrode thickness (0.2-0.4 cm), and direction of 
flow. The results can be used in the optimization of the energy efficiency of the zinc-chloride battery. 

The zinc-chloride battery, presently being developed 
for load leveling and electric-vehicle applications, incor- 
porates porous electrodes. Porous electrodes accommo- 
date the heterogenous nature of electrochemical reactions 
by providing large reaction rates per unit volume. The ef- 
fectiveness of the porous electrodes is restricted by the 
ohmic resistance of the electrolyte in the pores and mass- 
transfer limitations on the supply of reactants to the po- 
rous matrix. To overcome these difficulties, new reactor 
designs and methods of predicting reactor performance 
have become increasingly popular (1, 2). The purpose of 
this study is to apply a mathematical model (3, 7) for im- 
proving the porous-graphite chlorine electrode employed 
in the zinc-chloride battery. 

Figure 1 shows the flow configuration of the chlorine 
electrode in the zinc-chloride battery. The ZnC12 electro- 
lyte solution, containing dissolved C12 and KC1 and NaC1 
supporting electrolyte, enters at x = 0, flows through the 
porous graphite, and exits at x = L. During discharge, dis- 
solved chlorine is reduced to chloride ion (C1-) in the po- 
rous electrode CI~ + 2e -~ 2C1- and zinc ion species are 
produced at the downstream zinc counterelectrode. A 
mathematical model  is developed to evaluate the concen- 
tration distribution of dissolved C12, potential distribu- 
tion, and local reaction rate within the porous electrode 
region during discharge. 

Mathematical Model 
The porous graphite is considered to be of uniform po- 

rosity and specific area throughout. The porous electrode 
is assumed to behave in a one-dimensional manner in 
which mass transfer within the pores is included. The hy- 
drodynamic motion is assumed to be a plug flow, trans- 
port parameters are assumed constant, and activities can 
be replaced by concentrations. External diffusion resist- 
ances are negligible. 

Scanning electron micrographs of porous graphite (Un- 
ion Carbide, PG-60) are shown in Fig. 2. The specific 
macroarea can be estimated from Fig. 2a to be around 
100-600 cm -1. A 500 times magnification of a single pore 
is shown in Fig. 2b, from which the pore diameter is esti- 
mated at 10 -~ cm (100 ~m). It is assumed that only the 
macroarea is being used since the reaction of chlorine is 
quite fast and diffusion within the micropores is limited. 

In the absence of electrical migration, the following 
mass-conservation equation can be written for dissolved 
chlorine (3) 

d'~cR dcR 
- e D ~  + V--~x = aJRn [1] 

where cR is the dissolved chlorine concentration, e is the 
porosity, D is the effective diffusion coefficient, v is the 

1Present address: Department of Chemical Engineering, 
Wayne State University, Detroit, Michigan 48202. 

superficial velocity, and a is the specific interfacial area 
(cm-').  JR, is the local flux of dissolved chlorine between 
the solution and the pore wall, and can be expressed by 
the average mass-transfer coefficient km 

Fig. 1. Flow configuration of the flow-through porous chlorine elec- 
trode during discharge. 

Fig. 2. Scanning electrode microscope of porous-graphite (Union Car- 
bide PG-60). A (top left): After 10h activation in H~SO4. B (top right): 
Close-up of a single pore. C (bottom): Cross-sectional view of 0.15 cm 
thick porous graphite activated on one side. 
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JRn = --km(CR -- C~w) [2] 

where  CRw is the  concent ra t ion  of d isso lved  chlorine at the  
wall. 

The  local f lux can be also expressed  by the BUtler- 
Volmer  equa t ion  

J R , -  SRioR.,~fn~ ( exp  [ a~FL RT (r r 

cRw exo[ I} 
- c---~- - ~ ( ~ '  - ~)  [3] 

where  the d e p e n d e n c e  of the e x c h a n g e  current  dens i ty  
on the  concen t ra t ion  of  the r educed  specie  (C1-) is ne- 
glected,  since its concent ra t ion  is m u c h  h igher  (100-1000 
t imes) than  that  of  the  oxidized specie  (CI~). Thus,  Eq. [3] 
is ident ical  to the  But le r -Volmer  equa t ion  for metal  depo- 
sition. 

The local pore-wal l  flux JR, is ob ta ined  by e l iminat ing  
the wall  concen t ra t ion  f rom the  mass- t ransfer  equa t ion  
and the But le r -Volmer  equa t ion  (3) 

CR 
- -  - exp  [(aa + ar 
CRf 

JR, = 1 nF  [4] 
- -  exp  [acFn/RT] 

kmCRf SRioR,ref 

where  cRf is the  feed concentra t ion,  k m the  mass-transfer  
coefficient,  SR = --1 is the  s to ichiometr ic  coefficient,  and 
ioR.~ef is the  e x c h a n g e  current  dens i ty  which  is a s sumed  to 
have  a nonl inear  compos i t ion  dependence ,  according  to 
Tra inham and N e w m a n  (3). The overpotent ia l  V = q~, - ~b2, 
where  ~b~ and ~2 are the  potent ia ls  in the  mat r ix  and the  
solution,  respect ively ,  measured  vs. a reference  e lect rode 
of  the same k ind  at the feed condit ions.  The  equa t ion  for 
the potent ia l  is g iven  by 

dx  2 = ~ ajR, [5] 

because  in the  p resence  of  large excess  of suppor t ing  
electrolyte  the  cur ren t  dens i ty  in the  solut ion is governed  
by Ohm's  law. K is the  effect ive conduc t iv i ty  in the  solu- 
tion, and ~r is the  effect ive conduc t iv i ty  of  the  solid 
matr ix.  

The fol lowing boundary  condi t ions  mus t  be  satisfied 
(1, 3) 

At x = 0 CRW = CRV -- ~Da dcR ~d, _ i [6] 
d x  dx  ~r 

dcR d~ i 
A t x = L  dx  = 0 dx  r [7] 

where  i is the  appl ied  current  density.  The  above  bound-  
ary condi t ions  apply  for the  case of  a downs t r eam coun- 
te re lec t rode  and galvanostat ic  d ischarge  condit ions.  The  
downs t r eam bounda ry  condi t ion  for d issolved chlor ine is 
the  Dankwerts ,  Wehner-Wilhelm condi t ion,  where  the ax- 
ial diffusion and dispers ion are included.  S ince  the  con- 
duct iv i ty  of  graphi te  is high, o- > > 0 ,  the  second boundary  
condi t ion  in Eq.  [6] is pract ical ly  d~/dx  = O. 

Results and Discussion 
The coupled  nonl inear  differential  equa t ions  were  first 

l inearized about  a trial solut ion and t h e n  pu t  into finite 
d i f ference  form. The  trial mat r ix  was  then  inver ted,  and a 
solut ion was obta ined  by an i terat ion process  resul t ing in 
a success ive  i m p r o v e m e n t  of  the  trial solution,  unti l  con- 
ve rgence  was achieved,  wh ich  cor responds  to the  appl ied  
current  densi ty  (1-3). 

Resul ts  have  been  obta ined for the  fol lowing operat ing 
d ischarge  condi t ions:  i = 0.03-0.10 A/cm2; v = 0.5-3.0 
cm]min  (5); and at = a~ = 0.5 (4). The  exchange  current  
densi ty  was measu red  on pyroli t ic  graphite ,  io = 10 -5 
A/cm 2 (7). The  specific area a = 500 c m - '  has been  esti- 
ma ted  f rom the SEM pictures  (Fig. 2). The  length  of  the  

e lec t rode  is L = 0.2 cm and the  inlet  ch lor ine  concentra-  
t ion is cR~ = 0.028M. The m e a n  mass- t ransfer  coeff icient  
km is calculated accord ing  to Wilson and Geankopl i s  (1) 

1.09 
km - -  e[6(1 - e)] 2/~ (v)~13(aD~ [8] 

where  E is the  porosi ty,  v is the  superficial  flow veloc- 
ity, a is the  specific area, and Do is the  diffusion 
coeff icient  for d isso lved  chlorine. The  solut ion is taken  
as 2.5M ZnCI~, 4.0M KC1, and 1.0M NaC1 for which  the  
specific conduc t iv i ty  at r o o m  t empera tu r e  is K = 0.3 D,  -~  

c m - L  The solubi l i ty  of  chlor ine is t aken  as 2 g/liter (5). 
The d is t r ibut ion  of dissolved chlor ine  for two electro- 

lyte veloci t ies  is shown  in Fig. 3. For  the  g iven  condit ions,  
the  dif ference be tween  the bu lk  and wall  concentra t ions  
is very  small. At  a low veloci ty  of 0.5 crrgmin, the react ion 
proceeds  to a h igher  degree  of  comple t ion  and the  out let  
chlor ine concen t ra t ion  is lower  in compar i son  to that  at a 
h igher  e lectrolyte  veloci ty  of  2.0 cm/min.  

The  overpoten t ia l  d is t r ibut ion is shown in Fig. 4. The 
overpotent ia l  at the  downs t ream,  x / L  = 1, represents  the  
total overpotential contribution of the chlorine electrode. 
By increasing the velocity from 0.5 to 2.0 cm/min, the 
overpotential drops from -71 to -66 inV. At higher veloc- 
ity, the effect of increasing velocity on the overpotential is 
negligible. 

The dimensionless reaction rate can be defined as 

jp~aL 
J - [9] 

i 

The  calcula ted d is t r ibut ion  of  J is shown in Fig. 5. The  
react ion rate  is h igher  d o w n s t r e a m  due  to the  potent ia l  
dis tr ibut ion.  The  increase in the  u p s t r e a m  side is due to 
the  h igher  chlor ine  concentrat ion.  The  react ion-rate  dis- 
t r ibut ion  ins ide  the  e lec t rode  depth  is somewha t  interest-  
ing. For  the  case of  low flow rate, 0.5 cm/min,  the  reac- 
t ion rate decl ines  steadily. Even  though  the h igher  
overpoten t ia l  at the out le t  por t ion  of  the  e lec t rode  should 
resul t  in h igher  react ion rates at the  outlet,  the  low chlo- 
r ine concen t ra t ion  there  domina tes  the  effect  of  h igher  
overpotent ia l .  On the  o ther  hand,  for h igher  f low rates 
such  as 2.0 cm/min,  the  effect  of  h igher  overpotent ia l  at 
the electrode outlet results in higher reaction rates at that 
position. 

The effect of  electrode th ickness . - -The  effect  of increas- 
ing the  e lec t rode  th ickness  f rom 0.2 to 0.4 cm is shown in 
Fig. 6. Increas ing  the  th ickness  resul ts  in a substantial  de- 
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CONDITIONS: 

a = 500 cm -1 
i o = 10 -5 A/cm 2 
L = O 2 c m  

CRf = 0 .028 M 
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Fig. 4. Overpotential distribution during discharge for two different 
flow-through velocities. 
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Fig. 5. Dimensionless reaction-rote distribution during discharge for 
two different f low-through velocities. 

crease in the overpotential and a corresponding improve- 
ment  in the voltaic efficiency of the battery during 
charge. 

The effect of discharge current density.--The effect of 
discharge current density on the overpotential of the 
flow-through porous chlorine electrode is shown in Fig. 7 
in the form of a polarization curve. For example, by in- 
creasing the current from 0.03 to 0.10 A/cm 2, the overpo- 
tential increases by about 50 mV. 

The effect of increasing the current density from 0.02 to 
0.10 A/cm 2 on the current distribution is shown in Fig. 8, 
where the dimensionless reaction rate is plotted vs. the di- 
mensionless distance. By increasing the current density, 
the current distribution becomes less uniform and the 
depth of penetration is higher�9 

The effect of reversing the f low.--The results above are 
referred to the case where the counterelectrode (the zinc 
electrode) is located in the downstream position (see Fig. 
1). By reversing the flow in the battery, a situation in 
which the counterelectrode is located in the upstream po- 
sition can be achieved. This flow is represented schemat- 
ically in Fig. 9. 

The boundary conditions for this situation are given by 
the boundary conditions presented in Eq. [6] and [7], ex- 
cept x = 0 is located at the edge facing the zinc electrode 
and x = L corresponds to the far face of the porous elec- 
trode. 
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Fig. 6. The effect of electrode thickness on the overpotential 
distribution. 
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Fig. 9. Flow configurntin of the flow~through porous chlorine electrode 

for upstream location of the counterelectrode. 

The distribution of dissolved chlorine concentration is 
very similar (see Fig 1) to the distribution for the case of a 
downstream position of the counterelectrode. 

The overpotential distributions for upstream and down- 
stream positions of the counterelectrode are compared in 
Fig. 10. It appears that under the practical operating con- 
ditions of the battery, reversing the flow makes very little 
difference from a voltaic efficiency point of view. 

The effect of reversing the flow on the current distribu- 
tion is shown in Fig. 11, where the dimensionless reaction 
rate is plotted vs. the dimensionless distance from the 
zinc facing edge of the porous electrode. As can be seen, 
the reaction rate is higher at the entrance for the up- 
stream counterelectrode because both the overpotentiai 
and the chlorine concentration are higher there. For the 
case of a downstream counterelectrode, the reaction rate 
is also nonuniform. A minimum can be observed due to 
the opposing effects of the overpotential distribution and 
chlorine concentration distribution. This behavior is in 
agreement with the analysis of Trainham and Newman (8) 
concerning the effect of the counterelectrode placement. 

Conclusions 
The mathematical  model suggests the following conclu- 

sions. 
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Fig. 10. Comparison of overpotential distribution for upstream and 

downstream location of the counterelectrode. 
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Fig. 11. Comparison of distribution of dimensionless reaction rate for 
upstream and downstream location of the counter distribution of the di- 
mensionless reaction rate. 

1. The macroarea is the most important since the actual 
area available for the electrochemical reaction is based on 
the macropores. 

2. It appears that mass transfer within the pores is of no 
importance under the practical operating conditions 
where the flow-through velocity is greater than 2 cm/min. 

3. The lower limit of the flow depends on the mass 
transfer of dissolved chlorine to the wall. 

4. The reaction rate distribution is quite uniform. For an 
electrode thickness of 0.2 cm the entire electrode partici- 
pates in the reaction. 
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ABSTRACT 

This paper examines the effect of graphite and silicon carbide reinforcements on the pitting behavior of 
graphite/aluminum (Gr/Al) and silicon carbide/aluminum (SiC/A1) metal matrix composites. Electrochemical corrosion 
tests were performed on both Gr/A1 and SiC/A1 composite specimens. Identical tests were completed on powder metal- 
lurgy processed aluminum and wrought aluminum of the same composition. The electrochemical behavior of the SiC/A1 
composites was essentially identical to that of the powder processed and wrought aluminum alloys; however, the pitting 
attack on the SiC/Al composites was distributed more uniformly across the surface, and the pits penetrated to 
significantly less depths. The presence of graphite in the Gr/A1 composites did not cause an electropositive shift in cor- 
rosion potential as anticipated, but caused a substantial decrease in resistance to passive film breakdown. This effect is 
the predominant  reason for the poor performance of Gr/At composites in marine environments. 

Interest in implementat ion of metal matrix composites 
(MMC) in marine applications is rapidly expanding due to 
the materials' higher strength and modulus than that 
which can be attained by conventional alloying. Utiliza- 
tion of MMC in marine environments requires adequate 
corrosion resistance. To date, composites considered for 
marine application are typically aluminum-based, specif- 
ically 5000 series or 6061 Al, with reinforcements of 
graphite (Gr) and silicon carbide (SIC). It has been re- 
ported tl~at a luminum alloys suffer localized attack by pit- 
ting in chloride environments (1, 2). A reinforcement of 
Gr or SiC added to the aluminum matrix could poten- 
tially decrease the corrosion resistance as compared to an 
unreinforced alloy due to the structure of the composite. 
Continuous graphite/aluminum (Gr/A]) composites typi- 
cally consist of Gr/Al wires (graphite multifilament tows 
infiltrated with aluminum) diffusion bonded between 
aluminum foils. This composite configuration could pro- 
mote wicking of the electrolyte (thereby increasing the 
corrosion rate) at the foil-to-wire and wire-to-wire inter- 
faces once pitting corrosion progresses through the alu- 
minum foils. The structure of the discontinuous silicon 
carbide/aluminum (SiC/A1) composites, that of silicon car- 
bide whiskers or particles blended into a powder alumi- 
num matrix could increase the probability of pitting/crev- 
ice corrosion at exposed SiC-A1 interfaces in the 
composite. 

Dull et al. (3, 4) studied the Gr/A1 system in 3.5% NaC1. 
They concluded that the corrosion rate was slightly 
higher for Gr/AI relative to 6061 aluminum alloy controls. 
The explanation for this increased corrosion rate was gal- 
vanic corrosion at the graphite fiber-aluminum interface. 
Trzaskoma et al. (5) studied the SiC/A1 system in 0.1N 
NaC1. They concluded that the SiC whiskers did not in- 
fluence the susceptibility of 6061 aluminum to pit initia- 
tion, but promoted the development  of a smaller size pit 
morphology relative to 6061 aluminum controls. 

In this research, both SiC/A1 and Gr/A1 composites were 
evaluated in the laboratory utilizing an electrolyte of 
ASTM ocean water, which simulates the inorganic 
constituents of marine environments more closely than 
sodium chloride. Also, a series of exposures was con- 
ducted in two natural marine environments. The results 
of the laboratory tests are correlated with actual exposure 
behaviors. 

Background 
Pitting corrosion involves two stages: pit initiaUon and 

propagation. Initiation of pitting occurs at local 
discontinuities or flaws in the natural oxide film on the 
aluminum surface (6). Numerous investigators (7-11) have 
shown evidence of flaws in aluminum passive films, 
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attributing the defects to voids, inclusions, or other impu- 
rities. At each initiated pit site, a high local anodic current 
density is created with a very low oxygen concentration 
due to limited access into the pit. The high concentration 
of a luminum cations within each pit encourages chloride 
ion migration to maintain charge balance. Precipitation of 
AI(OH)3 occurs once the solution inside the pit is ade- 
quately concentrated with aluminum cations. This lowers 
the pH within the pit and creates a solid corrosion prod- 
uct. A low pH and a high chloride ion concentration ac- 
celerates the anodic dissolution reaction, thereby facilitat- 
ing the aluminum corrosion process (12, 13). Work by 
Trzaskoma et al. (5) states that in addition to the localized 
corrosion from structural flaws in the a luminum passive 
film, surface variations due to the presence of ceramic re- 
inforcements in the matrix could also promote increased 
corrosion. 

Both potential- and current-controlled electrochemical 
techniques have been utilized to study the pitting mecha- 
nism in aluminum alloys (5, 14-30); however, controversy 
still exists among researchers as to which electrochemical 
method accurately assesses the pitting corrosion mecha- 
nism. Characteristic potentials determined from these 
methods are Ep, the breakdown or pitting potential, and 
E,rot, the protection or repassivation potential. Ep is de- 
fined as the critical potential at which pitting will initiate 
and propagate, and Eprot is the potential at which propa- 
gating pits repassivate. 

In this investigation, cyclic anodic potentiodynamic po- 
larization was used to determine Ep and Eprot values on 
graphite/6061 aluminum (Gr/6061 A1), silicon carbide 
(whisker)/powder metallurgy 6061 aluminum (SiC J6061 
A1), silicon carbide (whisker)/powder metallurgy 6061-T6 
aluminum (SiCJ6061-T6 A1), 6061-T6 aluminum (6061-T6 
A1), and powder metallurgy 6061 aluminum (PM6061 A1) 
specimens. The anodic potentiodynan~lic polarization test 
was chosen because both the susceptibility to initiation, 
estimated by Ep, and the potential below which pitting 
would not occur, Eprot, could be readily determined and 
compared. While the significance and reproducibility of 
Ep by this technique is debated, it can be adequately em- 
ployed to compare the susceptibility to pit initiation for a 
variety of materials. Also, potentiostatic tests were con- 
ducted on specimens held between Ep and E, rot in order to 
compare the extent and morphology of pitting between 
SiC/A1 and Al materials. 

Experimental Procedure 
Gr/A1 composites, containing approximately 30 volume 

percent (v/o) graphite, were fabricated by first forming 
Gr/A1 wires. The wires were then stacked and hot-press 
diffusion bonded between 6061 aluminum surface foils to 
a 3.8 mm (0.150 in.) 1 final plate thickness. The SiCw/6061 

1Imperial dimensions are actual and stated to appropriate pre- 
cision; derived metric dimensions are approximate. 
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A1 compos i t e s  were  fabricated f rom a tomized  6061 A1 
powder  and 25 v/o d i scont inuous  si l icon carbide  whiskers  
(approximate ly  0.1 to several  microns  in diameter ,  1-50 
tLm in length).  The  6061 A1 p o w d e r  and SiC whiskers  were  
consol ida ted  into plate  form, and the  plate  was v a c u u m  
hot  pressed  and then  forged to its final 2.5 m m  (0.1 in.) 
thickness.  SiCJ6061-T6 compos i tes  were  addit ional ly 
t e m p e r e d  to a T-6 condi t ion  after forging. PM6061 A1 ma- 
terial was fabr icated us ing  the  same procedures  as for the  
SiCw/6061 A1 MMC but  wi thout  the added  SiC reinforce- 
ment .  The 6061-T6 A1 alloy was conven t iona l  wrought ,  
T-6 t e m p e r e d  mater ia l  in the  form of a 6.4 m m  (0.25 in.) 
th ick  plate. 

Marine env ironment  test ing.--Corrosion test  panels  of  
Gr/6061 A1, SiCw/6061 A1, SiCw/6061-T6 A1, 6061-T6 A1, and 
PM6061 A1 were  exposed  at the LaQue  Center  for Corro- 
sion Technology in environments  of (i) quiescent, filtered 
natural  seawater  control led  at 30 ~ -+ 2~ (86 ~ -+ 3.6~ (full 
immersion) ,  and (ii) mar ine  a tmosphere ,  25m (80 ft) f rom 
the  ocean. The  tes t  panels,  wi th  surface  areas rang ing  
f rom 77 cm ~ (12 inY) to 168 cm ~ (26 inY), were  exposed  for 
1-12 m o n t h s  and some  exposures  are still in progress.  
Panels  are per iodica l ly  inspected  dur ing  exposure  to as- 
sess the pi t t ing corros ion behavior.  

Electrochemical testing.---Electrochemical tes t ing in- 
c luded  corrosion potent ia l  (Ecorr) moni tor ing ,  cyclic 
anodic  polarizat ion,  and potent ios ta t ic  holds. All 
e lec t rochemica l  tests  were  conduc ted  in A S T M  ocean 
water,  p repared  according  to A S T M  Standard  Dl141-75 
(31). Compos i t e  spec imens  of Gr/6061 A1, SiCw/6061 A1, 
and SiCw/6061-T6 A1 were  m o u n t e d  to mutua l ly  expose  
both  the  Gr  or  SiC re in fo rcement  and the  a l u m i n u m  ma- 
trix. Corrosion potent ia ls  were  mon i to red  for 30 days on 
spec imens  of  Gr/6061 A1, SiCw/6061 A1, SiCw/6061-T6 A1, 
6061-T6 A1, and PM6061 A1 i m m e r s e d  in aerated ocean 
water.  

Cyclic anodic  polar izat ion tes t ing was carried out  on 
Gr/6061 A1, SiCw/6061 A1, SiCw/6061-T6 A1, 6061-T6 A1, and 
PM6061 A1 materials .  These  tests  were  conduc ted  to 
m a k e  a qual i ta t ive  assessment  of the suscept ibi l i ty  to 
b r eakdown  for both  compos i te  and control  materials.  
S p e c i m e n s  were  m o u n t e d  to expose  a 2 cm 2 area. A 
P r ince ton  App l i ed  Research  (PAR) sys tem was ut i l ized in 
these  tests  (Model 173 Potent ios ta t ,  Model  175 Program-  
mer,  and Model  RE0074 X-Y Recorder) .  Each  s p e c i m e n  
was a l lowed to reach  a stable cor ros ion  potent ia l  in par- 
tially deaerated,  ambien t  t empera tu re  (21-27~ ocean  
water  before  tes t ing began. Part ial  deaera t ion  was neces-  
sary to clearly observe  the  b reakdown  and repass ivat ion 
potentials.  Tes t ing  was init iated at the  stabil ized corro- 
sion potent ia l  and a scan carried out  in the  e lectroposi t ive  
direct ion at a rate of  0.1 mV/s unt i l  a b r e a k d o w n  potent ia l  
(Ep) was reached.  This  potent ia l  is m a r k e d  by a rapid in- 
crease in the  current .  Once  Ep was reached  and the  cur- 
rent  dens i ty  increased  to approx ima te ly  1-5 m A / c m  ~, the  
scan was reversed  and cont inued  at the  same rate unti l  
this e lec t ronegat ive  direct ion scan crossed  the original 
e lec t roposi t ive  d i rec t ion  curve. This  c rossover  point  was 
taken  as the  repass iva t ion  potent ia l  (E,rot), where  act ive 
pits are repass ivated.  

Potent ios ta t ic  tests  were  also conduc t ed  on SiCw/6061 
A1, SiCw/6061-T6 Al, 6061-T6 A1, and PM6061 A1 materials.  
The  test  began  by impos ing  potent ios ta t ic  control  of  each 
spec imen  at the  prev ious ly  stabil ized corros ion potential .  
The  potent ia l  was then  shifted in the  e lect roposi t ive  di- 
rec t ion  at a rate  of  approx ima te ly  50 mV/s to 0 m V  vs. a 
sa tura ted  ca lomel  re ference  e lec t rode  (SCE) to init iate pit- 
t ing, and then  i m m e d i a t e l y  reversed  at the same rate to 
-700  m V  vs. SCE.  Each spec imen  was he ld  at -700 mV 
vs. SCE,  and the  currents  were  mon i to red  for approxi-  
mate ly  one week.  This  potent ia l  was chosen,  based  on the  
anodic  polarizat ion tests,  as the  potent ia l  at wh ich  pits  
wou ld  cont inue  to propagate  for all specimens .  In  o ther  
words,  the  -700  m V  potent ia l  is b e t w e e n  Ep and Eprot for 
all spec imens  tested.  The  spec imens  were  c leaned after 
tes t ing according to A S T M  Standard  G1-81 (32). 

Results and Discussion 

Marine exposures . - -A t ho rough  rev iew of  the mar ine  
exposures . fo r  Gr/6061 A1, SiCw/6061 A1, and 6061-T6 Al is 
covered  e l sewhere  (33). The  major  resul ts  of  the  above  
panel  exposures  as well  as exposures  of  SiCw/6061-T6 A1 
and PM6061 A1 are descr ibed  in this section. 

6061-T6 A1 and PM6061 A1 panels  exposed  in fil tered 
seawater  exh ib i t ed  more  accelera ted  corros ion than  the  
a l u m i n u m  alloy panels  exposed  in the  mar ine  atmo- 
sphere.  For  both  mar ine  env i ronments ,  the  quant i ty  of 
pi t t ing was s imilar  be tween  the  two 6061 alloy process ing 
forms,  bu t  the  dep th  of a t tack was sl ightly greater  for the  
PM6061 A1 spec imens .  Corrosion of  the  SiCw/A1 panels  
also p roceeded  by pi t t ing on the  surfaces,  wi th  the  6061 
A1 controls  exhib i t ing  super ior  corros ion res is tance to the  
composi tes .  F igure  1 exempl i f ies  the  increased  corrosion 
res is tance of the  6061-T6 A1 controls  relat ive to the  
SiCw/6061 A1 after 60 days in fil tered seawater.  The  sur- 
face deposi ts  obse rved  on the  panels  are corros ion prod-  
ucts  resul t ing  f rom pi t t ing processes  beneath .  S E M  analy- 
sis of  a meta l lographica l ly  po l i shed  cross sect ion th rough  
the  a fo remen t ioned  SiCw/6061 A1 panel  (Fig. 2) revea led  
that  the  pi t t ing corros ion was concen t ra ted  a round the 
si l icon carbide  whiskers ,  suggest ing that  the  crevices 
fo rmed  at each  SiC-A1 interface  are preferent ia l  sites for 
pi t t ing corrosion. 

Marine exposures  of  the Gr/6061 A1 panels  in fil tered 
seawater  exh ib i t ed  severe  attack for exposure  per iods of  
1-4 months .  F igure  3 presents  a typical  fai lure of a Gr/6061 
A1 iVI1VIC, wh ich  occur red  after 60 days in fil tered sea- 
water .  Severe  bl is ter ing of the a l u m i n u m  surface foil 
a long one  edge  is evident ,  which  exempl i f i es  the acceler- 
a ted corrosion which  takes  place w h e n  the  a l u m i n u m  sur- 
face foil is pene t ra ted  and the  graphi te  fibers and the alu- 
m i n u m  are mutua l ly  exposed  to the  env i ronment .  The 
severi ty  of a t tack observed  in these  field exposures  is 
significantly more  severe  than  that  repor ted  by other  in- 
vest igators  (3, 4). 

It  should  be emphas ized  that  the corrosion resis tance of 
Gr/Al compos i tes  is h ighly  d e p e n d e n t  on the  integri ty  of 
the a l u m i n u m  surface foils. For  example ,  Gr/6061 A1 pan- 
els f rom ano ther  phase  of  this p rog ram were  exposed  in 
the  mar ine  a tmosphe re  and  o ther  mar ine  env i ronmen t s  
for up  to 20 m o n t h s  and revealed  no severe  attack. Only 
l ight  surface  pi t t ing of  the  foils and no pene t ra t ion  into 
the  Gr/A1 mat r ix  occurred.  Corrosion of  the  a l u m i n u m  
surface foils will  p roceed  at a rate typical  for mar ine  alu- 
m i n u m  alloys unt i l  the  foils are penetra ted ,  whe reby  both  
graphi te  and a l u m i n u m  are exposed  to the e n v i r o n m e n t  

Fig. 1. SiC/AI and AI control panels after 60 day filtered seawater 
exposure. Top: SiCw/6061 AI. Bottom: 6061-T6 AI. 
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Table I. Average corrosion potentials for Gr/AI, SiC/AI, and 
AI immersed in aerated ASTM ocean water for 30 days 

Average Ecorr 
Material (mV vs. SCE) 

Gr/6061 A1 - 8 4 0  
SiCJ6061 A1 -740 
SiCJ6061-T6 A1 -735 
6061-T6 A1 (Control) -750 
PM6061 A1 (Control) -720 

Fig. 2. Cross section through SiCw/6061 AI panel after 60 days in 
filtered seawater. 

and accelerated corrosion of the Gr/A1 occurs. Thus, the 
service life of Gr/A1 composites is determined solely by 
the corrosion resistance of the a luminum surface foils. 
This has also been reported by other researchers (33, 34), 
who suggested that the accelerated corrosion following 
penetration is due to anodic polarization of the aluminum 
by the graphite, i.e., classical galvanic corrosion. 

Stabilization of corrosion potentials.--Average corro- 
sion potentials for three specimens each of Gr/6061 Al, 
SiCw/6061 A1, SiCw/6061-T6 A1, 6061-T6 A1, and PM6061 A1 
immersed in aerated ASTM ocean water are shown in 
Table I. The average Ecorr value listed for Gr/6061 A] is 
more electronegative than the average Ecorr for the unrein- 
forced A1 controls in the same solution, indicating that 
the graphite fibers do not polarize the composite in the 
electropositive direction (as would be expected in normal 
galvanic corrosion). An explanation of this shift in E .... 
will be discussed below. The similarities seen in the cor- 
rosion potentials between the SiC/A1 and A1 specimens 
suggest that the Eco~r of the SiC/A1 composites is not af- 
fected by the presence of the silicon carbide. This is not 

Fig. 3. Gr/6061 AI MMC panel after 60 day filtered seawater exposure 

an unexpected result because of the known poor electri- 
cal conductivity of silicon carbide. 

Potentiodynamic tests.--Figure 4 shows the cyclic 
anodic polarization results for 6061-T6 A1 and PM6061 A1. 
The solid curves represent a range of potential and cur- 
rent density values based on four PM6061 A1 specimens 
tested. The dashed curves represent a range of values for 
four 6061-T6 A1 specimens. The shaded areas represent 
the range of Ep and Eprot values for both 6061 A1 alloy 
forms. The measured corrosion potentials exhibited a 
large amount of scatter because the extent  of deaeration 
was not carefully controlled. 

A wide range of breakdown potentials is evident for 
both 6061-T6 A1 and PM6061 A1, yet the most electronega- 
tive values for each material are identical. Further, the re- 
passivation potentials for both materials tend to fall 
within a narrow band, showing good reproducibility for 
the E,rot parameter. The Eprot range for the PM6061 A1 is 
somewhat electronegative to the Eprot values for the 
6061-T6 A1. In general, though, the similarities seen in the 
pitting scans between 6061-T6 A1 and PM6061 A1 suggest 
that the differences in the processing forms of 6061 A1 al- 
loy do not significantly affect the anodic polarization 
characteristics. 

Potentiodynamic polarization curves generated for 
SiCJ6061 A1 and SiCw/6061-T6 A1 specimens are included 
in Fig. 5. These curves also represent a range of values 
based on four specimens evaluated for each material. 
Again, a large scatter in Ecorr is evident and is due to 
differences in the extent of deaeration of the solution. As 
in the 6061 A1 alloy specimens, the breakdown potentials 
for the SiC/A1 composites extend over a wide range of 
values, demonstrating the difficulty in reproducibility of 
the E, parameter. However, the lowest detected break- 
down potentials for both SiCw/6061 A] and SiCw/6061-T6 
A1 composites are electropositive relative to the lowest 
breakdown potentials for the aluminum alloys. Therefore, 
the presence of the SiC in the composite does not in- 
crease the susceptibility of the aluminum surface film to 
breakdown. This result is consistent with the work of 
Trzaskoma et al. (5). In addition, the repassivation poten- 
tials for both SiC/A1 composites were quite reproducible 
(as with the A1 alloys) and general similarities in these po- 
tentiodynamic scans suggest that heat-treating does not 
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Fig. 5. Cyclic anodic polarization of SiCJ6061 AI and SiCw/6061-T6 AI 

significantly influence the anodic polarization behavior 
of the SiC/A1 composites. 

SEM examination of all specimens after cyclic anodic 
polarization revealed irregular pitting scattered over the 
surfaces. The max imum pitting size on the SiC/A1 speci- 
mens was generally an order of magnitude smaller than 
on the A1 specimens, ranging in the 10-50 ~m size for the 
SiC/A1 and in the 100-500 ~m size for the Al. Although the 
maximum pitting size range was smaller on the SiC/A1 
composites as compared to the A1 alloys, there were a 
larger number  of pits on the SiC/A1 specimens. An expla- 
nation for this phenomenon is that the SiC/AI interfaces 
are preferred sites for passive film breakdown and are 
more numerous than preferred sites on the unreinforced 
alloy. 

Cyclic anodic polarization curves for the Gr/Al MMC 
are presented in Fig. 6. Again, this figure represents a 
range of potential and current density data based on four 
specimens tested. Both Ep and Eprot values are quite repro- 
ducible. The Eprot values are similar to those reported for 
the SiC/A1 and A1 materials, but the Gr/6061 A1 Ep values 
are significantly more electronegative than those materi- 
als, indicating that the passive film of the Gr/A1 compos- 
ite is more susceptible to breakdown compared to the 
other materials tested. This result, coupled with the fact 
that this composite does not exhibit  an electropositive 
shift in corrosion potential, suggests that classical gal- 
vanic corrosion is not the predominant  cause of the 
accelerated corrosion. The diffusion of carbon into the 
aluminum matrix and the possible formation of alumi- 
num carbides at the reinforcement-matrix interface may 
change the properties of the a luminum surface film in 
these localities, rendering it more suceptible to break- 
down. This theory, also postulated by Pfeifer (35), ex- 
plains the electronegative shift in corrosion potential of 
Gr/A1 composites which is presumably caused by active 

-0.6 

-0 .0  

-0 .9  

~ -1.1 

-1 ,3  

EOO+I 
. . . . . . . .  I , , , , , , , , i  . . . .  , . , I  . . . . . . . .  I . . . . . . . .  I . . . . . . . .  I . . . . . . .  

10-7 10-6 10-5 10-4 10-3 10-Z 10- I  

CURRENT DENSITY (A/CM 2) 

Fig. 6. Cyclic anodic polarization of Gr/6061 AI 

Fig. 7. Representative pitting of SiC/AI and AI surfaces after poten- 
tiostatic testing. Left: SiCw/6061-T6AI. Right: 6061-T6 AI. 

dissolution at such sites, the observed decrease in the 
breakdown potential, and the concentration of attack at 
the graphite fiber-aluminum interfaces. Further, if 
mechanical disturbance alone was responsible for the 
lowering in Ep, it would have been expected to cause sim- 
ilar behavior for the SiC/A1 composites, which it did not. 
These results and explanations contradict those of previ- 
ous investigators (3, 4). 

Pitting morphology tests.--Potentiostatic testing of 
SIC+/6061 A1, SiCw/6061-T6 A1, 6061-T6 A1, and PM6061 A1 
consisted of holding each specimen at -700 mV, a poten- 
tial between Ep and Eprot where the pitting propagated, as 
previously described. The resultant currents, monitored 
over a one week period, ranged from 5 to 8 mA/cm 2 for all 
specimens. SEM photomicrographs showing typical pit- 
ting on the specimen surfaces after the potentiostatic 
testing are seen in Fig. 7. The pitting morphology of the 
potentiostated specimens generally correlated with the 
size range and extent  of pitting seen on the composite 
and A1 control specimens after cyclic anodic polarization 
testing. The size and distribution of pitting was similar 
between SiCw/6061 Al and SiCJ6061-T6 Al specimens and 
between 6061-T6 A1 and PM6061 Al specimens, with the 
composites exhibiting a maximum pit size generally an 
order of magnitude smaller than that seen on the Al sur- 
faces. These results agree with the work of Trzaskoma 
et al. (5). The potentiostated specimens were held at ap- 
proximately the same current densities, indicating that 
the overall corrosion rates were sin~ilar for all specimens. 
Since there are more active sites on the SiC/A1 as com- 
pared to the A1 alloys, the pitting on the SiC/A1 will be 
more uniformly distributed on the surface and the depths 
of pitting attack will be less. An interpretation of this re- 
sult is that the silicon carbide whiskers present in the alu- 
minum matrix distribute the pitting corrosion across the 
surface and subsequently limit the depths of attack. 

Conclusions 
1. Breakdown potentials as determined from cyclic 

anodic polarization testing on both SiC/A1 and A1 materi- 
als exhibit a wide range of values; however the repassiva- 
tion potentials are highly reproducible. 

2. Utilization of different 6061 A1 processing forms 
(wrought vs. powder metallurgy) and SiC/A1 composite 
heat-treating (as-fabricated vs. T-6 temper) does not affect 
the anodic polarization characteristics of SiC/A1 and A1. 

3. The presence of SiC in the 6061 A1 matrix does not 
alter the corrosion potential in aerated ocean water. Fur- 
ther, the SiC does not increase the pitting susceptibility 
of the SiC/A1 composite. 

4. The morphology and extent of pitting differs be- 
tween SiC/A1 and A1 materials. SiC/A1 composites exhibit  
pitting concentrated predominantly at the SiC/A1 inter- 
faces, with the pitting being greater in number, smaller in 
size, and more shallow in penetration depth relative to the 
unreinforced aluminum alloys. 

5. Accelerated corrosion of Gr/A1 occurs when the alu- 
minum surface foils are penetrated and the graphite and 
the aluminum are mutually exposed to the marine envi- 
ronment. Electrochemical test results indicate that the ac- 
celerated Gr/A1 corrosion is not predominantly due to 
classical galvanic corrosion. The suggested explanation 
for the corrosion is that carbon diffuses into the alumi- 
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num at the reinforcement-matrix interfaces during fabri- 
cation, which causes a decrease in the surface film integ- 
rity at these localities and renders the composite more 
susceptible to breakdown. 

Manuscript submitted Aug. 24, 1984; revised manu- 
script received Nov. 26, 1984. This was Paper 155 pre- 
sented at the Washington, DC, Meeting of the Society, 
Oct. 9-14, 1983. 
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Establishment of the Zn Corrosion Rate in NaHSO3 Aqueous 
Solutions 
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ABSTRACT 

By means of electrochemical techniques, the corrosion of Zn in NaHSO3 aerated and deaerated aqueous solutions at 
25~ was studied. The kinetic equations proposed from values obtained in the Tafel region were in good agreement with 
those provided by computer program POLCURR (1) developed by Gerchakov et al. for overpotentials of -+20 inV. On 
those bases and analyzing by x-ray, the corrosion products formed an overall reaction was proposed which would be 
controlled by an adsorption-oxidation step. 

The aim of this paper is to contribute to establishing 
the mechanism of corrosion of Zn in aqueous NaHSO~ so- 
lutions. 

Usually, corrosion rates are determined by an electro- 
chemical technique, originally described by Wagner and 
Traud (2) and by Stern et al. (3), designed herein as the 
Stern-Geary or polarization resistance technique. 

In this work, the POLCURR computer program was 
used to obtain some kinetic parameters controlling the 
corrosion of Zn in NaHSO3 solutions. It accepts initial es- 
timates for all parameters and applies the Gauss-Newton 
method to generate a new set of parameter estimates. 
This process is repeated until  the nonlinear residual error 
fails to change by more than a preset value. The initial es- 
timated values for these parameters are provided by 
CORFIT (4) program, which was incorporated as a 
subroutine into POLCURR. 

The CORFIT program is based on an expansion in a 
Taylor series of the expression 

I 2.303 Rp 1 1 " exp Ba 

_ e x ,  
B~ 

which is derived from a eombination of the theoretical 
expression of the polarization curves (2) proposed by 
Wagner and Traud and of the definition of the polariza- 
tion resistance (Rp) (3) 

Ba Bc 



1282 J. E lec t rochem.  Sac.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  J u n e  1985 

~i = 1 = 2.303I~ 1 + 
~=~o R~ [3] 

I~ and ~bo be ing  the  corrosion cur ren t  and potent ia l  and 
B~, Be the  anodic  and cathodic,  respect ively ,  Tafel  con- 
stants used  for mechanis t ic  considerat ions .  Trunca t ing  
Eq. [1] and p rov id ing  an initial es t imate  of one of  the  un- 
k n o w n  parameters ,  an express ion  resul ts  which  is l inear  
wi th  respec t  to the  u n k n o w n  parameters  and may  be  
solved by the  usual  m e t h o d  of l inear  least  squares.  

The  e lec t rochemica l  parameters  were  es t imated  intro- 
duc ing  the expe r imen ta l  resul ts  for overpotent ia ls  in the  
m i x e d  potent ia l  range (Ih~l<20 mV) obta ined  f rom the  po- 
larizat ion curves  in deaera ted  solutions.  

A subrout ine  C O R F I T  on the  P O L C U R R  program was 
applied. P O L C U R R  reelaborates  the  data and calculates  
the  es t imates  of  the  paramete rs  wi th  a h igh  level  of statis- 
tic significance. The  p rogram was adap ted  to the  For t ran  
IV plus language  and processed  in a Digital  P D P l l  
computer .  

Experimental  
The test  samples  were  99.99% Zn sealed in a polyes ter  

o r thophtha la te  methacry la te  resin, catalyzed by MEK, 
leaving exposed  areas of 0.2 cm ~. For  each test, the  
sample  was pol i shed  wi th  0.25 t~m d iamond  paste  washed  
wi th  water ,  fo l lowed by an alcohol  polish, and was finally 
dr ied wi th  a j e t  of  air. The aqueous  solut ions were  pre- 
pared wi th  pure  reagents  and bidis t i l la ted water  over  al- 
kal ine pe rmangana te .  The  tests were  all pe r fo rmed  at 
25~ 

Open-c i rcui t  potent ia ls  were  measu red  wi th  respect  to 
the  sa turated ca lomel  e lect rode (SCE) in NaHSO~, NaC1, 
and Na~SO~ (10-~-I.0M) in oxygena t ed  solut ions dur ing  
24h. This  was also done  in phtha l ic -phtha la te  buffered so- 
lutions,  at pH  = 4, in the concent ra t ion  range  10-~-10-~M 
in NaHSO3 (Fig. 1). 

Polar izat ion curves  in the  absence  of  oxygen,  in the  
buffered solut ions,  were  col lected after  deaerat ing by 
99.99% N~ bubb l ing  for 2h and cathodic  c leaning at - 1.300 
mV (SCE) for 30 min.  Potent ios ta t ic  polar izat ion curves  
were  measu red  after mainta in ing  the  potent ia l  at each  
given cur ren t  dens i ty  for 15 min.  For  the  oxygena ted  so- 
lutions,  air bubb l ing  and magnet ic  st irr ing were  main- 
ta ined dur ing  the  polarizat ions (Fig. 2 and 3). 

Results and Discussion 
The resul ts  shown  in Fig. 1 co r respond  to the behav ior  

descr ibed by Brasher  (5), where  E = a - b log c, wi th  b = 
40 mV for NaC1, Na~SO~, and in d i lu ted  NaHSO3 nonbuf-  
fered solutions.  

Accord ing  to Brasher  et al. (6), the  potent ia l  decrease  
wi th  the  concen t ra t ion  increase wou ld  be due  to the  pre- 
dominance  of  the  film rupture  by the  anion over  its re- 
pair  by oxygen,  as can be  p roposed  for C1- and S O (  over  
the  who le  range of  concent ra t ions  tested.  For  HSO.~- con- 
centra t ions  above  5 • 10-3M, the  potent ia l  is i n d e p e n d e n t  
of concentra t ion.  This  effect  is associa ted  wi th  compet i -  
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Fig. 2. Polarization of Zn in deaerated NaHSO~ solutions. Solid lines: 

10-'~M. Dot-dashed line: 10-~M. Dashed line: 10- 'M.  

t ive adsorp t ion  (7) be tween  SO2 and HSO3-,  being pH de- 
pendent ,  as can be  seen f rom the  fo l lowing equ i l ib r ium 

SO~ + H20 ~ HSO3-  + H ~ 

[HSO3-] 
log - -  - 1.82 + pH [6] 

/~SO2 

At low concentra t ions ,  the  HSO3-  anion presents  a 
s imilar  behavior  to species SO4 = and C l - ' ,  as can be seen  
in Fig. 1. Its adsorp t ion  wou ld  cause the  ox ide  film rup- 
ture, whi le  SO2 exhibi ts  a pro tec t ive  effect  s trongly de- 
penden t  on the  pH  of the solutions (8-10). Two dis t inct  be- 
haviors  are observed  depend ing  on the  anion concentra-  
tion. For  HSO3-  concent ra t ions  lower  than  5 • 10 -'~, the  
same s lope as for aggress ive  C1- and SO4- ions can be  as- 
sociated to [HSO3-]/Pso2 > 100, in t roduc ing  in Eq. [6] the  
pH  va lues  7-4 p roduced  by the  salt  dissolution.  

For  HSO3-  concent ra t ions  5 • 10-3M or higher,  the pH  
value  obta ined  is approx imate ly  4. The  opposi te  effects 
associated to bo th  species seem to compensa t e  to each  
other  due  to the  cons tan t  relat ion [HSO3-]/Pso2 ~ 100 for 
cons tan t  pH va lue  produced.  To conf i rm that  interpreta-  
tion, s ta t ionary potent ia ls  of  Zn, in buf fe red  solutions at 
pH  = 4, were  measured .  They  were  i n d e p e n d e n t  of  the 
salt concen t ra t ion  over  the  whole  range,  as is shown in 
Fig. 1. The  overal l  react ion p roposed  for [HSO~-] > 5 • 
10-~M is 

Zn + HSO3- ~ ZnSO3 + H ~ + 2e 

2H + + 1/2 0.2 + 2e---> H20 

SO2 + H~O ~ HSO3- + H ~ 

SO2 + Zn + 1/2 O2---~ ZnSO3 [7] 

The  s to ich iomet r ic  HSO3- coeff ic ient  v can be  calcu- 
lated f rom the  var ia t ion  of  the corros ion potent ia l  of Zn  
with its concent ra t ion  

E c s  
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Fig. 1. Stationary open-circuit potentials of Zn. p H = 4. Circles: NaCI. 
X: No2SO~. Triangles: NoHS03. Squares: NoHS03. 
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Fig. 3. Polarization of Zn in aerated NaHSO:~ solutions. Solid lines: 
I 0 - ' M .  Dot-dashed line: 2 • 10-'2M. Dashed line: 10-2M. Dash-two 
dots line: 5 • |0-'~M. Dash-circle line: 10-'~M. 
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OEc 2.303RT 
0 log C~so~- n F  V.so~- [8] 

The  s lope  (OEr log C.so~-) of  t he  r e spec t ive  cu rve  in 
Fig. 1 is 0; in  Eq.  [8], n = 2 (total  n u m b e r  of  e x c h a n g e d  
electrons) ,  t h e n  Vsso~- = 0, in  good  a g r e e m e n t  w i th  the  Eq. 
[7] p roposed .  The  co r ros ion  p r o d u c t s  s h o w  the  p r e s e n c e  
of  S, O, a n d  Zn.  T h e i r  p r e s e n c e  was  d e t e r m i n e d  b y  elec- 
t r o n  p r o v e  mic roana lys i s .  B y  x-ray d i f f rac t ion ,  ZnSO~ • 
2x/2 HsO was  d e t e r m i n e d .  

The  overa l l  r e a c t i o n  for  [HSO~-] < 5 • 10-'~M is 

2x (Zn  --> Z n  ~2 + 2e) 

2HSO3-  + 4H + + 4e --* S~O~ = + 3H.,O 

Zn + 2HSO~- + 4H § --> S~Oj + 2Zn ~ 3HsO [9] 

Following the same scheme from Eq. [8] as n = 4 and 
the OEJO log Cuso~ = 40 mV, then V~so~- = 2, in agreement 
with Eq. ]!9]. In dilute solution, nonprotective corrosion 
products are formed. It was not possible to confirm the 
presence of the reduced specie SsO~ =, owing to its low 
concentration and to the interference by other sulfur 
compounds (i I) produced during the reduction of SO.H-. 

In order to get mechanistic information about the corro- 
sion of Zn, polarization curves were recorded in buffered 
solutions at pH 4 of ionic strength high enough to act as 
support electrolyte for solutions as diluted as I0-3M in 
NaHSO~. The results are shown in Fig. 2. 

Using the computer program POLCURR previously de- 
scribed, the Tafel slopes B a and Bc, the polarization resist- 
ance R,, and the corrosion current Ir were calculated from 
the experimental data obtained for IA(bl < 29 mV. The re- 
sults are summarized in Table I. 

B a and B c were also determined from the Tafel region of 
the overall polarization curves, and were found in good 
agreement with those determined by the computer 
method in the vicinity of r The kinetic parameters were 
calculated from the expressions 

RT 
Ba = 2.303 

~F 

a n d  

R T  
Bc = 2.303 ~ 

a F  

w i t h  ~ a n d  ~ b e i n g  the  t r a n s f e r  coeff ic ients  for t he  
a n o d i c  a n d  ca thod i c  reac t ions .  T he  e l ec t rochemica l  
a n o d i c  and  c a t h o d i c  r eac t i on  o rde r s  w i t h  r e g a r d  to HSO3-  
we re  o b t a i n e d  f r o m  t he  Tafel  r eg ion  in o rde r  to avo id  t he  
r eve r se  reac t ions .  We p lo t t ed  log i vs .  log [HSO3-] for dif- 
f e r en t  p o t e n t i a l s  

f f l o g l i l  _~ = 
0 log [HSO~-] /~ n~.~ 

w i t h  

R T  
r  F 

na a n d  nr = 0.5 we re  ob ta ined .  
The  k ine t i c  e q u a t i o n s  c o n s i s t e n t  w i t h  t he  r e su l t s  sum-  

m a r i z e d  in T a b l e  II  are 

i+ = K+[HSO~-]~ exp  [ 1.62 RF~T ] [iO] 

Table I. Electrochemical results from the POLCURR program 

[HSO3-] -d~r Ir R~ B a B c 
(M) (mV SCE) (A cm0 (~) (mV) (mV) 

10 -3 1076 2 x 10 -~ 674.2 36 125 
10 -2 1080 2.8 • 10 -a 237.1 40 130 
10 -~ 1083 8.2 X 10 -4 71.8 35 120 

Table II. Kinetic parameters 

Polarization B ~ ~ n~ n~ 

Anodic 37 1.62 - -  0.5 - -  
Cathodic 125 - -  0.48 - -  0.5 

i _ =  K_[HSO3-]  ~ exp  [ - 0 . 4 8  ~-~-~T. ] [11] 

The  co r ro s ion  p r o d u c t  f o r m e d  b y  i m m e r s i o n  in  
NaHSO3 so lu t i ons  bu f f e red  at  p H  = 4 was  ZnSO3 • 2 1/2 
H20. The  d e p e n d e n c e  of  the  p o t e n t i a l - c u r r e n t  cu rves  on  
the  sur face  s ta te  of  t he  t e s t  s ample  i nd i ca t e s  t h a t  t he  pro- 
cess c o n t a i n s  a h e t e r o g e n e o u s  reac t ion .  These  facts  en- 
a b l e d  us  to  u n d e r s t a n d  the  ro le  of HSO3-  on  t h e  cor ros ion  
of  Z n  t h r o u g h  an  a d s o r p t i o n - o x i d a t i o n  m e c h a n i s m  w i t h  
t he  fo l lowing  pos s ib l e  s teps  for t he  a n o d i c  r eac t ion  

I 
Z n  + HSO3-  ~ (ZnHSO3-)~d [12] 

II  
(ZnHSO3)~d- ~ (ZnHSO3)~d + e [13] 

I I I  n § [14] (ZnHSO3)~d ~ ZnSO~ + + e 

F r o m  Eq. [11], a p p l y i n g  t he  F r u m k i n  i s o t h e r m  

O(ZnHSO3~d _ KiC~so3_e_g o [15] 
1 - O  

w i t h  KI = k / k _ l  a n d  g t he  va r i a t i on  in the  a p p a r e n t  ad- 
so rp t i on  free e n e r g y  wi th  t he  coverage:  g = oAG~ 

For  i n t e r m e d i a t e  va lues  of  O, a p p l y i n g  t he  T e m k i n  ap- 
p r o x i m a t i o n  

e g~ = KIC.so3-  [16] 

For  r eac t ion  [13] in  q u a s i - e q u i l i b r i u m  s ta te  

O(ZnHSO3)ad -k,i exp  
(1 - fl)Fh(b 

R T  

= k_iiO(ZnHSOD~d exp  - -  
R T  

FA$ 
O(ZnHSO3)aa = KH exp  ~ O(ZnHSO3)ad- [17] 

w h e r e  Kn = kn/k_n w i t h  e q u a t i o n  (14) as rds  

flFA~ 
vm = kmO(ZnHSO3)~d exp  e ~ ~  [18] 

R T  

Neglec t ing  t he  p r e - e x p o n e n t i a l  O ( Z n H S O D -  in Eq.  [17] 
a n d  r ep l ac ing  Eq.  [16] a n d  [17] in  Eq. [18] 

FA~ flFh~ 
VII I  = kmKuKi~CHsoz 5 exp  ~ exp  R ~  

(I + ~)FA6 
= KmCsso3- ~ e x p  

R T  

w i t h  K I .  = kmKnKl% 
C o n s i d e r i n g  t he  s y m m e t r y  coeff ic ients  ~ a n d  fi = 0.5 

viii = KHICnso3- ~ exp  1.5Fs [19] 

The  s t o i c h i o m e t r i c  coeff ic ient  of  t he  a n o d i c  p roces s  is 

n 
v -  1 ~ + ;  

U s i n g n  = 2, Eq. [13], [14], ~ = 1.62, a n d  a = 0.48 we re  
ca lcu la ted  (Tab le  II). 
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The theoretical expression (12) of the transfer coeffi- 
cients enabled us to verify the consistency of the pro- 
posed steps with the experimental results 

= ~ / v +  fir = 1.5 

and 

= ~ /~+ r - r f l =  0.5 

with ~ being the number  of steps previous to the con- 
trolling one, ~ the number  of steps after the control- 
ling one, r the number  of electrons transferred in that 
step, and fl the symmetry coefficient. 

Derivation of log of Eq. [19] for high anodic overpoten- 
tials leads to 

: l o g  E _ 2 . 3 0 3  R r _ 4 0  m Y  

\ ~ log i /CHso3- 1.5 F 

which is in good agreement with the experimental  value 
of the Tafel slope. Equation [19] also fits the anodic reac- 
tion order in H S Q - .  

Cathodic curves in the presence of O~ were also deter- 
mined to complete the analysis of the reactions occurring 
during the atmospheric corrosion of Zn. The limiting cur- 
rent for the 02 reduction increased with the concentration 
of the salt, as can be seen in Fig. 3, indicating the positive 
effects of the anion, as it was also observed for N Q -  for 
the 02 reduction on Zn (13). The variation of the limiting 
current iL for 02 reduction with the anion concentration 

a log iL 
= 0.65 

0 log [HSO3-] 

indicates that the reaction is under diffusion control at 
which a reaction overpotential is superposed with a heter- 
ogeneous reaction order 0.65 in the anion concentration. 

For this reason, mechanistic conclusions cannot be ob- 
tained. The 02 reduction would depend on the coverage 
of the electrode by the adsorption complex formed. 

Conclusions 
From the results presented here, the following can be 

concluded. 
i. The Tafel constants and corrosion rate obtained from 

the POLCURR program in the vicinity of the corrosion 
potential are in good agreement with those extrapolated 
in the Tafel region. 

2. In the absence of 02, the Tafel constants and the reac- 
tion orders experimentally obtained for the anodic reac- 
tion, shown in Eq. [10] and [11], are in good agreement 
with the electrochemical parameters of the theoretical Eq. 
[19] derived on the base of an adsorption-oxidation se- 
quence of reactions. 

3. The controlling step in the oxidation of Zn is the 
charge transferrer reaction [14] giving as final product 
ZnSO3 • 2 1/2 H20. 

4. The 02 reduction implies a heterogeneous reaction 
depending on the adsorption complex. 

5. The overall reactions proposed, in aereated solutions 
are for 

[HSO3-] < 5 • 10-'~M 

2Zn + 2HSO3- + 4H + ---> $203 = + 2Zn ++ + 3H20 

and for 

[HSO3-] > 5 x 10-.~M 

Zn + SO~ + 1/2 02 --> Z n S Q  

Manuscript submitted Jan. 6, 1984; revised manuscript 
received Feb. 18, 1985. 
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Mechanical and Current Oscillations in Corroding Electrodes 

O. Teschke,* F. Galembeck, and M. A. Tenan 

Instituto de Fisica and Instituto de Quimica, Universidade Estadual de Campinas, 13100 Campinas, SP, Brasil 

ABSTRACT 

Mechanical oscillations of the solution meniscus risen around a corroding wire electrode were observed in synchro- 
nism with electrical current oscillations. Scanning electron microscopy coupled to microprobe analysis was used to in- 
vestigate the topochemistry of the system under study. Solution capillarity effects on iron and on iron compounds are 
related to the oscillations detected in this system. 

Iron corrosion by acids is a rather complex phenome- 
non (1-5), involving many steps of chemical and physical 
transformation of the system constituents. A recent work 
(6) shows that anodically polarized electrodes made of 
pure iron, immersed in sulfuric acid, are covered with fer- 
rous salts; oxide formation occurs underneath these. The 
oscillatory phenomena observed during passivation of 
iron seems to be related to the formation and dissolution 
of salt films (7). 

* Electrochemical Society Active Member. 

During experiments on the behavior of iron immersed 
in sulfuric acid solution, we have observed mechanical 
oscillations (i.e., oscillatory vertical movement  of sulfuric 
acid solution touching an iron tip, anodically polarized) 
coupled to electrical current oscillations. This observa- 
tion suggests that capillary phenomena may be relevant 
to understand the behavior of passivating systems, at 
least in the case of incompletely immersed metal. The in- 
terpretation of capillary effects requires information on 
the topochemistry of the system under study, for which 
reason we have used scanning electron microscopy cou- 



C O R R O D I N G  E L E C T R O D E S  

f 
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pled to microprobe analysis to examine corroding iron 
electrode. Results of these experiments are reported in 
this paper. 

Experimental 
The apparatus in which oscillations were observed con- 

sists of a borosilicate glass cylinder (8 cm diam, 15 cm 
height) as shown in Fig. 1. There is a lateral tubing (5 mm 
id at its top) exiting the cylinder. The cylinder volume is 
at least 100 times bigger than the capillary tube volume. A 
convex meniscus at the wetted capillary end (see detail in 
Fig. 1) was obtained by keeping the liquid level in the 
main cylinder a few millimeters above the meniscus level. 

Reagent-grade chemicals were used without further 
purification. 1N aqueous H2SO4 was prepared using 
twice-distilled water. A 99.99% pure (C. Erba) iron wire 0.3 
mm thick, cleaned with methanol and rinsed with twice- 
distilled water, was used as anode. 

The iron electrode was grounded. Voltage was applied 
between the counterelectrode, a platinum wire with a 
downed area of at least 20 times larger than the area of the 
iron tip, and a saturated calomel electrode (SCE). An 
operational amplifier-based potentiostat kept the elec- 
trode voltages at the desired level, independent  of the 
current. A constant voltage of +300 mV was applied be- 
tween the iron electrode and the SCE. The current-time 
curves were recorded on a 7100 BM Hewlett-Packard 
Strip Chart Recorder. The photographs of the liquid level 
changes were taken using a Nikkon F-2 reflex camera 
fitted with extension tubes for greater magnification. In 
order to obtain reproducible current-time curves, it was 
necessary to use a fresh solution and a new iron electrode 
tip for each experiment.  

The topography and composition of deposits formed 
during iron corrosion were examined using a scanning 
electron microscope. The pictures were obtained by sec- 
ondary electron imaging, and the composition by x-ray 
microanalysis using a beam energy of 20 keV. The data 
reduction was made by a computer  correction program. 
Since the x-rays producing regions in the sample are 
about 2 ~m wide, it was possible to characterize different 
regions of the surface. The results obtained were then re- 
lated to the most likely compounds of iron, sulfur, and 
oxygen to identify the substance in each point analyzed. 

Results 
A typical current-time oscillation is given in Fig. 2. It 

was observed that the oscillation period depends on the 
applied voltage, the diameter of the iron tip, and the ra- 

dius of curvature of the liquid surface. Oscillation periods 
for other radii of curvature of the liquid surface were 
measured, but the results reported here are for a tube di- 
ameter of 5 mm (id). 

It was found that the peak maximum was affected by a 
number of physical factors including magnetic stirring of 
the solution, concentration, shape of the conducting (iron) 
tip, and the exact placement of the iron tip with respect to 
the liquid interface. In the experiments reported here, the 
iron wire was cut normal to its axis. The iron tip was 
placed approximately at the center of the liquid menis- 
cus, and it was positioned to touch the liquid surface gen- 
tly by using micromanipulators. By capillary action, the 
liquid rises immediately, wetting the lower part of the 
iron electrode. 

After an induction period of a few minutes, mechanical 
oscillations of the liquid level around the iron electrode 
are observed. The oscillation occurs between the levels 
shown in Fig. 3a and 3b. These oscillations are sustained 
for periods of up to lh  with changes of frequency and 
pulse amplitude. 

The measured solution electrolyte contact angle on a 
surface covered with iron sulfate is approximately 30 ~ 
and for an oxide-covered metallic iron surface this is ap- 
proximately 83 ~ (measured directly from photograph 
prints). This change in the contact angle for the initial and 
final product of the electrode reaction indicates a consid- 
erable change in the iron tip wetting ability as it is c o r -  
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Fig. 2. Current-time profile for an iron electrode in a solution 1N of 
H2S04 at constant external potential (300 mV SCE). 



1286 J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY June 1985 

Fig. 3. Photograph of the liquid level changes at the iron electrode tip. a(left): Lower level, b(right): Upper level 

Fig. 4. SEM photograph of an iron tip. a(top left): Low amplification photograph showing the base iron (or oxide covered iron) as dark regions covered 
by a lighter overlayer of iron sulfate, b(top right): A detailed view of the drowned area of iron wire. c(bottom left): Oxide layer found under a crystal of 
iron sulfate removed in the SEM. d(bottom right): A detailed view of iron wire surface above the meniscus upper level. 
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roded by sulfuric acid. Note that these angles cannot be 
observed in Fig. 3 because the shape of the iron tip is be- 
ing continuously altered by corrosion. 

After some oscillations, the iron tip was gently removed 
from the solution and dried in air. SEM photographs were 
taken from these samples showing in detail the micro- 
structure of the product formed at the movable air-liquid- 
metal interline. 

A corroded iron tip is pictured in Fig. 4a. It is partly 
covered with thick pieces of light material appearing as 
bright, white areas. This material is also spread along the 
iron wire which was in contact with the solution, as 
shown in Fig. 4b. Microprobe analysis showed this mate- 
rial to contain iron and sulfur in different proportions: 
9.52 atomic percent  (a/o) Fe and 10.72 ego S (Fe:S ratio 
1), and 19.32 ego Fe and 12.70 ego S (Fe:S ratio - 3:2). 
These two different measured Fe:S ratios may corre- 
spond to FeSO4 �9 nH20 and Fe3(OH),(SO4)2, respectively, 
or could be attributed to the different compactness pre- 
sented by the sample in different regions. This is a low 
conductivity solid which acquires charge under the SEM 
beam. It is possible to remove chunks of this material by 
allowing the sample to stay for some t ime under the 
beam. Under the iron sulfate pieces, we find the material 
shown in Fig. 4c, appearing as white, patched areas. From 
microprobe analysis, we obtained a composition of 52 
weight percent (w/o) Fe and only ca. 1 w/o S. This mate- 
rial has a composit ion corresponding to that of hydrous 
iron (III) oxide. The dark product below this oxide layer 
is pure iron (95+ %, perhaps covered with an oxide layer 
much thinner than the microprobe sampling depth). 

Examination of another area which corresponds to a 
point above the liquid-iron-air line, shown in Fig. 4d 
shows three main features: (i) bright spots which contain 
20.73 a/o Fe and 13.27 a/o S (Fe:S ratio - 3:2), (ii) dark, 
rough areas (24 w/o Fe, 0.88 w/o S), and (iii) dark, even 
areas (100% Fe). From the microprobe analysis data, it is 
clear that the flat areas are made of bare metal. The 
highly reflecting areas are rich in iron sulfate, and the 
dark, rough areas contain less sulfate than the former; 
their composition corresponds to that of an hydrous iron 
oxide contaminated with some sulfate mixture. The fea- 
tures described above were found in other samples, but in 
many instances bare metal was not detected. Varying 
Fe:S ratios were frequently observed, indicating the oc- 
currence of phases containing different proportions of ox- 
ide and sulfate. 

Figure 5 shows a SEM photograph of the morphology 
of an area of the iron wire produced by the movement  of 
the liquid-iron-air boundary. The iron wire was removed 
from the solution a few minutes after the mechanical os- 
cillations started. The dark region (iron or iron oxide) sur- 
rounded by the lighter, overlayer of iron sulfate was lo- 
cated just on the triple-phase boundary for the meniscus 
upper level. The dark area shown had its layer of iron sul- 
fate removed by the liquid fall. 

Discussion 
From the results reported here, some conclusions may 

be drawn: (i) iron sulfate precipitates on mechanically 
oscillating iron electrodes, forming rather large crystals 
which tend to bulge out of the surface, instead of making 
films; (ii) other deposits are found which still contain 
some sulfate (perhaps as the result of adsorption or ab- 
sorption in amorphous iron hydroxide); these are neither 
as prominent,  nor as strongly insulating (at least regard- 
ing their ability to acquire electrostatic charge in the SEM 
beam); (iii) bare metal may also be detected, contiguous 
to areas covered with salt and oxide. However, this occurs 
less frequently than the other features found. Oxide films 
were found to form a porous layer under  the iron sulfate 
in agreement with another recent report (6); (iv) the 
liquid-iron-air line movement  removes the iron sulfate 
layer from the iron wire lateral surface, producing a re- 
gion of bare metal. 

The following mechanism i s t h e n  proposed to justify 
the mechanical oscillations of the liquid level. 

Fig. 5. SEM photograph of an iron tip removed from the solution a few 
minutes after mechanical oscillations started. The dark region (iron or 
iron oxide) surrounded by the lighter overlayer of iron sulfate was lo- 
cated just on the triple-phase boundary for the meniscus upper level. 

1. Fe 2~ ions are generated at the surface of the corroding 
positive electrode. 

2. Metal oxidation is accompanied by a slow rise of the 
liquid level because the reaction products deposited on 
the metal surface are more hydrophilic than the metal it- 
self. This resulting change in the contact angle for the ini- 
tial and final product at the electrode surface plays an 
important role in the oscillation phenomenon.  As can be 
seen from the equation for the total weight W of a liquid 
column rising above a flat liquid surface 

2~rpg fr| d x  = W = 2~r  ~ cos 0 [1] 

(where the integration variable x represents the radial dis- 
tance from the wire axis), the static equilibrium height 
h(x  = r) attained by the meniscus above the liquid surface 
is expected to be (i) an increasing function of both the 
wire radius r and the liquid-air surface tension ~ and (ii) a 
decreasing function of the solid-liquid contact angle 0. 
According to Eq. [1], a change in the wettability condi- 
tions of the solid wall corresponding to a contact angle 
change from 80 ~ to 30 ~ leads to a fourfold increase in the 
weight of the liquid column supported by capillary ac- 
tion. The change in the exposed area of the electrode wire 
as suggested by this considerable weight increase can 
thus be responsible for the current rise prior to the cur- 
rent pulse. Figure 2 shows this increase of ca. 125% mea- 
sured from the min imum current at the end of the sharp 
peak to the beginning of the next one. In analogy to liq- 
uid flow in cylindrical capillaries (8, 9), we can estimate 
for the conditions found in our experiments a time of a 
few seconds for the meniscus to attain its maximum 
height. This corresponds to the time of the slow rise of 
the current before the current pulse (see Fig. 2). Conse- 
quently, meniscus oscillations and current oscillations fit 
into the same t ime frame. 

3. The liquid level oscillates between lower level and 
upper level shown in Fig. 3a and 3b. The liquid is at the 
upper level at the beginning of the current pulse. The liq- 
uid level stays at this position only for a very short period. ~ 
Then the liquid falls rapidly, removing from the iron 
metal surface the iron solid compounds and forming a 
visible stream of solid products. As the solid layer falls 
off, the new bare metal surface reacts with the draining 
solution generating a current pulse. Figure 2a (lower 
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level) shows the position corresponding to the current 
minimum. 

4. The time of the slow rise of the meniscus determines 
the spacing between current pulses, as shown in Fig. 1, 
and it increases after each oscillation. This is a conse- 
quence of the removal of the lateral cylindrical surface 
material by corrosion. The removal is faster at the tip in 
contact with the liquid. The iron corroded surface is grad- 
ually cone shaped in the successive motion steps until, 
finally, the liquid loses contact with iron electrode. At 
this point, the iron tip diameter has decreased so much 
that the surface tension forces are unable to stop the liq- 
uid downward movement (cf. Eq. [1]). 

Conclusion 
The meniscus oscillations described herein are induced 

by the combined action of three phenomena: capillarity 
of the liquid on the wire wall, wetting changes on the wire 
surface due to chemical reaction, and gravity. The iron 
oxidation reaction produces changes in the physical and 
chemical characteristics of the substrate solid surface, 
making the electrode wall more hydrophilic, up to the 
moving triple-phase boundary of the meniscus. Capillar- 
ity is thus responsible for the meniscus rise around the 
vertical wire. Gravity, on the other hand, is responsible 
for the liquid fall when, due to the poor wetting character 
of the iron surface at which oxide was converted to sul- 
fate, the liquid-metal adhesion force is not sufficient to 
hold the liquid column. 

Mechanical oscillations and current oscillations at an 
anodically polarized iron tip are thus interdependent  for 

the system described. They are related to the formation 
and destruction of passivating oxide films. We believe 
that these findings should be relevant to the understand- 
ing of metal corrosion at liquid-air-metal intersection 
lines. 

Manuscript submitted Sept. 12, 1984; revised manu- 
script received Jan. 23, 1985. 
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Current and Potential Transients during Localized Corrosion of 
Stainless Steel 

Hugh S. Isaacs* and Yuichi Ishikawa 1 

Brookhaven National Laboratory, Upton, New York 11973 

ABSTRACT 

The currents flowing from a localized corrosion site (LCS) on passive stainless steel in air-saturated 0.25M NaC1 
have been studied using a vibrating probe electrode. The potential behavior during applied currents was analyzed by as- 
signing equivalent circuits to the passive surface and the localized site so that the paths of the current across the passive 
surface and the LCS could be calculated and compared with the measured values. The equivalent circuit of the passive 
surface without active localized corrosion was determined from potential transients and was found to be dependent  on 
the prior history of the electrode. The LCS was equated to a resistance with an EMF which were calculated from the 
LSC current and specimen potential. The variations of this resistance were attributable to changes in solution resistance 
adjacent to the LCS. It was found that the capacitance of the passive surface played a major role during potential tran- 
sients and the initiation of pitting. 

Potential fluctuations, observed during open-circuit 
exposure of stainless steels (1-5) and other passive metals 
(6-8) have been associated with the onset of chloride- 
induced localized corrosion. The potential of the passive 
metal depends on the behavior of both the freely exposed 
surface and the growing localized corrosion site (LCS). 
Under freely corroding conditions with rapid cathodic ki- 
netics, for example, in ferric chloride solutions, the poten- 
tial variations are determined by the polarization of this 
reaction. When these cathodic polarization currents are 
known, the corrosion rate can be determined directly 
from the potential (5). The potential has been observed to 
decrease relatively slowly when pits initiate and grow, 
but increase almost immediately when they repassivate in 
these solutions (4, 5). In contrast, when the cathodic reac- 
tion is slow, as with dissolved oxygen, the behavior be- 
comes more complex. The potential then drops rapidly 

* Electrochemical Society Active Member. 
'Visiting Scientist from Hitachi Limited, Mechanical Engi- 

neering Research Laboratory, Tsuchiura 300, Japan. 

during the onset of pitting and increases slowly following 
repassivation (1-3, 6). The causes of the potential varia- 
tions have not been presented in detail. 

This work describes an approach to this problem which 
also closely resembles the exposures to which stainless 
steels are generally subjected. The approach developed 
from an analysis of results obtained with a scanning 
vibrating probe which has been used to monitor current 
from a LCS and leads to a number  of interesting conclu- 
sions and possible applications. 

Experimental 
The location and monitoring of the currents from local- 

ized corrosion sites was accomplished using a scanning 
vibrating electrode. This technique was developed by bi- 
ologists to overcome the noise interfering with amplifica- 
tion by masking small dc voltages (9, 10). The specific 
frequency of vibration enabled other signals associated 
with the noise to be filtered out and signals of the order 
of a few nanovolts to be measured (10). The design used 
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in this and other studies (11-13) was based on the work of 
Jaffe and Nuccitelli (10). The vibrating electrode was a 
coated platinum wire of 0.12 mm diam and coated with an 
insulation layer, having only the tip of the wire exposed 
to the solution. The tip scanned above the steel surface at 
a height of 0.1 mm. A similar wire was positioned well 
above the surface and was incorporated to reduce noise. 
The wires were attached to a piezoelectric bimorph reed 
and vibrated perpendicular to the steel surface. Gener- 
ally, the frequency was about 600 Hz and the vibration 
amplitude about 0.03 ram, which could be adjusted by 
changing the voltage to the piezoelectric reed. 

A schematic of the apparatus is shown in Fig. 1. The 
(Vibrating Probe Company) Probe Vibrator Power Sup- 
ply activated the reed and also supplied a reference signal 
for the (Princeton Applied Research, Model 5204) Lock-in 
Amplifier. The experiments were computer  controlled 
(Hewlett-Packard Desktop Computer, Type 9845T and 
Control and Data Acquisit ion Unit, Type 2240). The stage 
on which the vibrating probe was held was positioned 
with computer-activated stepping motors giving a single- 
step distance of 0.005 ram. 

Samples of Type 304 stainless steel (Cr 18.88, Ni 8.61, Si 
0.68, Mn 1.58, C 0.07, P 0.026, S 0.007 weight percent) with 
one 20 x 13 mm face exposed to the solution. The 
samples with insulated leads were mounted in epoxy 
resin (Buehler Type Epo Quick). The exposed sUrface 
was wet abraded down to a 600 grade silicon carbide 
finish. A series of samples with known crevice sizes was 
also prepared, but, as corrosion generally initiated at the 
interface with the epoxy, the carefully characterized crev- 
ices were discarded. The polarization measurements were 
made on samples with the edges coated with lacquer to 
reduce the initiation of localized Corrosion leaving an area 
of 10 z 15 mm exposed. 

All measurements  were made at room temperature in 
0.25M NaC1 solutions prepared from deionized water and 
analytical-grade salt. The solutions were aerated before 
use and held in an open square flat-faced glass cell to al- 
low observation of the probe from the side With a stereo- 
scopic microscope. The cell also contained a calomel ref- 
erence electrode and a platinum counter electrode. 

Results 
Localized corrosion was initiated and maintained by ap- 

plying currents of about 1 ~A. When the potential contin- 
ued to drop for a few minutes after its initial rapid in- 
crease, the position of the localized corrosion was located 
by scanning the entire sample to ensure only one local- 
ized corrosion site (LCS) was present. If  more than one 
site did initiate, it was repassivated by washing with a jet 
of solution or the sample was cathodically polarized be- 
low the protection potential and the process repeated. 
When only a single LCS was found, the scanning was re- 
peated around the site on a finer scale to more accurately 
determine the position of the maximum current density 
over its center. The vibrating probe was then positioned 
at this place and the effects of applied currents on the po- 
tential and the current from the LCS were studied. No ef- 
fect of the vibrating probe on the behavior of the LCS 
was observed. 

The output from the lock-in amplifier was calibrated 
against the applied current. When the potential showed 
only slow changes (<1 mV/s) and the LCS current ap- 
proached a constant value, it was considered that a very 
small fraction of applied current flowed across the 
passive surface and the currents from the LCS were equal 
to the applied current. The calibration was linear and 
gave a slope of 4.3 ~V/~A with an accuracy for the cur- 
rents from the LCS of -+0.1 ~A. The linear calibration also 
implied the LCS behaved as a point source, because the 
current density measured was proportional to the current. 

Figure 2 shows the variations of the potential and the 
LCS current following step changes in the applied cur- 
rent. Immediately following the step, they both changed 
linearly with t ime for a short period. The linear change in 
the potential was indicative of no significant series resist- 

" ' I 

PIEZOELECTRIC BIMORPH RE D 
I I 

SAMPLE/ 

V P POWER SUPPLY 
reference signal 

LOCK-IN AMPLIFIER 

CONTROL AND 
DATA AQUISITION UNIT 

COMPUTER 

/ 

Fig. 1. Schematic of the vibrating electrode instrumentation 

ance and a dominant  capacitance. The value of the effec- 
tive capacitance (C) was calculated from the equation 

Ai 
C - [1] 

dE/dt 

where hi was the change in applied current and dE/dt the 
linear slope of the potential curve. The value of the capac- 
itance was 95 --_ 15 ~F (36 ~F/cm~). On increasing the ap- 
plied current, the potential initially increased and if the 
current change was relatively large (>0.5 ~tA) the potential 
reached a max imum before decreasing. The opposite 
effect was seen on decreasing the potential. If the cur- 
rent changes were small (<0.5 ~A), no maxima or minima 
were observed. The LCS currents approached constant 
values when the applied currents were above 0.6 ~A, but 
below this value the LCS currents generally decreased 
until the LCS repassivated. Following repassivation, the 
potential increased rapidly until a new LCS initiated. 
After the results shown in Fig. 2 were recorded and the 
sample was at open circuit, the potential rose to a steady 
value of -110 mV, following repassivation of the LCS. 
This potential was taken as the EMF of the passive 
surface. 

The behavior of passive surfaces was studied without 
any localized corrosion occurring on the surface. The 
open-circuit potential and the impedance derived from 
potential or current transients, as well as the polarization 
behavior, all depended on the history of the electrode. At 
open circuit, a freshly abraded surface initially increases 
in potential and reaches around -120 mV after a few 
hours and about -75 mV after a few days. During these 
exposures, there were very few indications of LCS initia- 
tion events. If, however, the sample was anodically polar- 
ized repeatedly in the chloride solution to potentials 
above 250 mV, the long-term open-circuit potential was 
about 200 mV (the applied potential was turned off imme- 
diately after any initiation), and repeated initiation events 
having similar shapes were observed at open circuit. An 
example of such an initiation event is shown in Fig. 3. 
The potential dropped rapidly as the initiated site grew 
and after its repassivation the potential rose slowly over a 
period of 1000s. This behavior is typical of initiation and 
repassivation events in solutions containing only oxygen 
as the cathodic reactant. 
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Polar izat ion m e a s u r e m e n t s  of  the  pass ive  surface were  
carried out  both  po ten t iodynamica l ly  and, essentially, 
galvanostat ical ly.  F igure  4, t aken  after 20h cycl ing at 0.1 
mV/s, shows the  currents  d e p e n d e d  on the  potent ia l  di- 
rection. Over  the  range of  -200  to 50 mV, the polarizat ion 
curves  had  a greater  s lope (or impedance)  on increas ing 
the  potential .  The  increased polar izat ion i m p e d a n c e  was 
also observed  w h e n  a " squa re"  cur ren t  wave  was s tepped  
be tween  two f ixed values  of  - 1 5  and -165 nA]cm ~ at 1 
mHz.  The  m a g n i t u d e  of  the  potent ia l  r esponse  increased 
wi th  t ime, ind ica t ing  an increased e lec t rochemica l  imped-  
ance. It  was about  24 mV after 0.5h and 160 mV after 
about  21h. This  change  was less rapid  than  expec ted  f rom 
the  inverse cur ren t - t ime dependence  at more  posi t ive  po- 
tentials  wi th  pass ive  meta ls  (14, 15). 

The  potent ia l  response  to a square  current  wave  was 
analyzed at 5 mHz,  as this f requency  correla ted with the  
changes  in the  appl ied  current  w h e n  a LCS was active 
(see Fig. 2). F igure  5 shows the  potent ia l  response  to a 
step current  wave  of  -125  and 75 nA/cm 2. The  asymmet-  
ric response  again indicated a h igher  i m p e d a n c e  on in- 
creasing the  potential .  The  equ iva len t  c i rcui t  for each of 
these half  cycles was de te rmined  graphical ly  (16) in t e rms  
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Fig. 3. The open-circuit potential of abraded and anodically pre- 
treated surfaces. 

of a series of res is tances  (R,) wi th  paral lel  capaci tances  
(C,). The  equa t ion  represen t ing  the  response  is 

V = 0.5I ~ R,,[1 + tanh (T/C,R,)][1 - exp  (-t/C,,R,)] [2] 
n - i  

where  I is the  peak- to-peak current  (200 nA/cm2), T is ha l f  
the  per iod  of  the  cycle (100s), and t the  t ime. The  resul ts  
wi th  n = 2 are g iven  in Table  I and have  an accuracy  of 
about  10%. 
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Discussion 
The analysis of the behavior of the passive surface with 

an active localized corrosion site (LCS) has been carried 
out by considering the electrical analogue of the 
steel/solution interface shown in Fig. 6a. Za represents the 
LCS, Zr the passive surface with both metal oxidation 
and oxygen reduction taking place, I the externally ap- 
plied current, ia the LCS current measured with the 
vibrating probe electrode, and E the potential measured 
against a calomel reference electrode. Because of their 
electrochemical nature, Z~ and Zc must also incorporate a 
potential generator or EMF. 

The impedance of a passive surface has been attributed 
to the dielectric, resistive, and space-charge properties of 
the oxide (17) or to the presence of adsorbed species on 
the surface (18). Neither of these models has been equivo- 
cally demonstrated, and an equivalent circuit based on ei- 
ther mode] will be controversial. In view of this, we chose 
an analogue for convenience of analysis of the response of 
the systems rather than attempt to confine to a particular 
model. The analysis of the potential response was in 
terms of capacitors with parallel resistors and offered 
sufficient accuracy for the present results and the time 
frame of minutes for the purposes of these discussions. 

Table I shows the magnitude of the capacitors and re- 
sistors obtained from Fig. 5 and were used to partly re- 
place Zc. An EMF source having the value of the open- 
circuit potential observed after the LCS had repassivated 
( i .e . ,  Ec = -110 mV) was added to complete the analogue 
of the passive surface. The polarization curve in Fig. 4 
shows curvature, indicating that the equivalent circuit 
changed with potential direction. The derived equivalent 
circuit was therefore an approximation covering the po- 
tential over which the LCS measurements were made and 
was also dependent  on the direction of potential change. 
The open-circuit potential also depended on the potential 
history, as was shown by the effects of anodic pretreat- 
ment  and the results in Fig. 3, which led to higher poten- 
tials than observed with the specimen following the LCS 
current measurements.  The value of -110 mV was taken 
because it was representative of the particular sample for 

Table I. Calculated values of the equivalent circuit of the 
passive surface from analysis of o stepped current wave of 5 mHz 

Potential 

Parallel Parallel Time 
capacitances resistances constants 

(/iF/cm 2) (kl2-cm -~) (s) 
C, C2 R, R2 T, T2 

Increasing 80 29 558 153 45 4.4 
Decreasing 35 44 879 137 31 6.1 

I 

i Zc 

I_1 
-io I z~ 

< E > 

ia Ro Ea 

Cc E c 

II II -, 

Ro 
Fig. 6. a (top): An equivalent circuit showing the impedance of the 

LCS, Z a, the passive surface, Zc, the applied current, I, and the LCS cur- 
rent, i a measured using the vibrating electrode, b (center): An equivalent 
circuit showing the experimentally derived analogue components. 
c (bottom): The simplified equivalent circuit during the early stages of 
pit initiation. 

which a simulation of the potential variations and LCS 
current were carried out. 

The equivalent circuit of the LCS was determined from 
the analysis of the current flowing through the LCS (ia) 
and the potential in Fig. 2 and does not incorporate the 
passive surface. In order to characterize the behavior of 
the LCS, the LCS current was plotted against the poten- 
tial of the specimen in Fig. 7. These plots indicated that 
there was a linear relation between LCS current and the 
potential immediately following the changes in the ap- 
plied current. The linear relation was indicative of a re- 
sistive response having a resistance equal to the slope of 
this line. A second observation was the extrapolations of 
these lines all intersected the ordinate at close to -230 
mV, as emphasized by their inclusion in Fig. 7 for the 
various applied currents. It is clear from the results in 
Fig. 7 that the value of the resistance varied with time. 
There is obviously a representational difficulty involved 
with this approach. Generally, inductances and capaci- 
tances are invoked to account for time variations, and in- 
deed an added inductance and series resistance, placed in 
parallel with a resistance, could possibly be used to fit 
the potential responses. However, a single inductance 
could not fit the results. In addition, when small changes 
in applied current were made (<0.5 /~A), there was no in- 
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dication of inductive behavior, and trials with induc- 
tances led to resonances not observed experimentally. 

Potentials close to that of the constant intercept in 
Fig. 7 have also been observed in other studies (19, 20) 
and result from the localized corrosion cell consisting of 
the active metal and the concentrated chloride electrolyte 
with dissolved corrosion products within the LCS. The 
open-circuit potential for this cell, and the Type 304 alloy 
used in these experiments,  has been observed to be about 
-250 mV and was dominated by the presence of copper 
corrosion product from the alloy (19). 

The above consideration led to an equivalent circuit for 
the LCS consisting of a resistor (R) and an EMF (Ea) in 
parallel with that of the passive surface giving an equiva- 
lent circuit shown in Fig. 6b. The LCS resistance was cal- 
culated from the results in Fig. 2 or 7 from the equation. 

R = (E - Ea)/ia [3] 

Graphically, this was the slope of the line between the in- 
tercept on the potential axis and the point on the curve 
obtained at the t ime of interest. 

The results of Fig. 2 and 7 are related to the dissolution 
characteristics of the LCS as the applied current was 
changed. The best measure of the state of the LCS was 
the resistance R, which generally decreased after the cur- 
rent was increased and vice versa. This was obviously 
caused not by changes in size of the LCS because a par- 
ticu]ar resistance could be obtained repeatedly on cy- 
cling, but rather by a result of the changes in the localized 
environment. One explanation could be the effect of 
changes in the concentration of dissolution products, 
chlorides, and pH on the conductivity in and around the 
LCS. The conductivity range of the solution that could 
possibly be present varies from that of 0.25M NaC1 having 
a resistivity of about 45 ll-cm to that within the LCS with 
a resistivity of around 5 tLcm. Similar effects have been 
discussed by Newman (21). The difference in solution 
conductivity of, say, nine times is adequate to account for 
the observed changes in R which from Fig. 7 and Eq. [3] 
were calculated to vary from 75 to 275 ktl. 

In order to confirm the equivalent circuit, the potential 
changes and LCS currents were computer  calculated. The 
changes in R were used as input to the calculation. The 
passive surface impedance which depended on the direc- 
tion of potential was taken from Table I, and the values of 
Ec and Ea were fixed at -110 and -230 mV (SCE), respec- 
tively. A comparison of the observed and calculated 
values are shown in Fig. 8, showing good agreement be- 
tween the observed and the calculated potentials and 
LCS currents with time. This clearly demonstrates the va- 
lidity of the analogue circuit requiring only the resistance 
of the LCS to change fairly rapidly-with time and shows a 
consistent split of the current between the passive surface 
and the LCS. It also shows that if the behavior of the an- 
ode and cathode during localized corrosion can be de- 
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Fig. 8. Comparison between the observed and calculated LCS currents 
and specimen potential for transients 3 and 4 are shown in Fig. 2. 

scribed in sufficient detail, the potential behavior can be 
predicted. 

The equivalent circuit in Fig. 6b can also be used to an- 
alyze the open-circuit potential changes following initia- 
tion of the pit in Fig. 3. It becomes clear from the equiva- 
lent circuit that the capacitance of the passive surface is 
the component  of major importance when the potential 
varies rapidly either immediately following changes in 
applied current or when pitting initiates. The equivalent 
resistances of the passive surface then play a minor role 
because of their high values. During the potential de- 
crease in Fig. 3, the passive surface can be represented by 
a single capacitor. The equivalent circuit of the stainless 
steel is shown in Fig. 6c. The capacitance markedly re- 
tards the potential changes, with virtually no faradaic or 
net electrochemical reaction taking place. This was also 
noted when the applied currents were turned off and the 
current flowing from the LCS were far greater than those 
that could be produced by the oxygen reduction reaction. 

The role of the capacitance is also extremely important 
during freely corroding conditions when pitting initiates. 
Considering Fig. 6c prior to pit initiation, the value of R is 
infinite. On initiation of localized corrosion, the presence 
of R leads to charging the capacitance. The amount of 
charge involved, Q, is given by the product of the poten- 
tial change hE, and the capacitance, i.e. 

Q = CAE [4] 

In other words, the potential change observed in Fig. 3 
when pitting initiated can, on one's knowing the magni- 
tude of the capacitance, be used to estimate the amount 
of charge passed through the pit. From the charge, the 
amount of metal  dissolved or the size of the pit can be cal- 
culated. Taking the capacitance as 25 t~F/cm 2, which is 
representative of the passive surface over a period of less 
than a few seconds, and a surface area of 1 cm 2, the tran- 
sient in Fig. 3 of 230 mV results in a hemispherical pit size 
of about 5 ~m. 

This approach can be extended to give information 
about the rate of growth of pits. Differentiation of Eq. [2] 
gives 

i = C dE/d t  [5] 

and indicates that the rate of pitting or pit growth can be 
determined from the shape of the rapidly decreasing 
portion of the curve in Fig. 3. This approach requires that 
the capacitance remains constant or its dependence with 
time be known. This approach was not developed in the 
present work but will be used in the future. 
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Following the repassivation of the pit, the value of R is 
again infinite and the potent ia l  changes are then 
controlled by the slow discharging of the capacitance via 
the high parallel resistances which are determined by 
passive surface polarization currents. 

It may also be of interest to note that, because the ca- 
pacitance increases with surface area of the stainless 
steel, this must  have a bearing on pit propagation. From 
Eq. [5] and [4], increasing the capacitance decreases both 
the magnitude and rate of potential change. For both 
these reasons, increasing the surface area increases the 
likelihood of a pit's remaining active and not 
repassivating. Because of the greater charge available, the 
potential does not drop below any protection potential for 
the very small pits and the pit remains active. This analy- 
sis strongly suggests that the probability of forming a sta- 
ble pit increases with area of stainless steel. The cause is 
related not to the statistics of initiation, as has been sug- 
gested, but to stabilizing propagation after initiation, The 
critical stages in producing a stable pit occur relatively 
rapidly and hence appear to be essentially independent  of 
the rate of oxygen reduction and dependent  on factors 
determining the interfacial capacitance. 
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Kinetics of the Low Temperature Hot Corrosion of Co-Cr-AI Alloys 

Krishan L. Luthra* 
General Electric Company, Corporate Research and Development, Schenectady, New York 12301 

ABSTRACT 

Hot corrosion rates have been measured on many Co-Cr, Co-A], and Co-Cr-A1 alloys coated with 2.5 mg/cm ~ of 
Na2SO4 and exposed in O2-0.15%(SO2 + SO3) at 750~ The hot corrosion resistance of the binary alloys increases with the 
chromium and a luminum content of the alloys. However, the additions of a luminum to Co-Cr and of chromium to Co-A] 
alloys have deleterious effects. These results can be explained on the basis of a mechanism similar to one previously 
proposed in the literature (1, 2). Additional experiments have been conducted as a function of temperature and the 
(SOs + SO3) content of oxygen to extend the proposed mechanism. 

Sodium sulfate-induced hot corrosion problems have 
plagued the gas turbine industry for more than 30 years. 
Until about the mid nineteen-seventies, it was believed 
that these problems occurred only when liquid salts de- 
posited on the surface of gas turbine components. How- 
ever, since then, severe degradation of cobalt containing 
alloys and coatings has been observed at temperatures 
below the melting point of Na~SO4 (884~ This corrosion 
is believed to be caused by formation of an Na2SO4-CoSO4 
eutectic and is identified in the literature as low tempera- 
ture hot corrosion. 

Many publications in the literature have been con- 
cerned with various aspects of low temperature hot corro- 
sion (1-8). In earlier papers, we described the morphology 

* Electrochemical Society Active Member. 

and mechanism of corrosion of cobalt-base alloys (1-3). 
While attempting to quantify further the corrosion rates 
of Co-Cr-A1 alloys, some rather strange interactions were 
observed between the effects of chromium and alumi- 
num, which ultimately led to the development of new 
coatings (9). This paper discusses these results and corre- 
lates them with the mechanism proposed earlier (1, 2). 

Experimental 
Hot corrosion studies were conducted on coupons of 

several cobalt-base alloys listed in Table I' by using 
laboratory-accelerated oxidation tests with 2.5 mg/cm ~ of 
Na2SO4. The coupon specimens (-12.5 x 6.3 x 1.0 ram) 
were obtained by machining small chill cast ingots pre- 

' All alloy compositions in this paper are in weight percent. 
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Table I. Compositions of alloys used for corrosion study 10-1 I I I I I 

Nominal 
composition 

(w/o) 

Actual 
composition a 

(w/o) 
Cr A1 

Co-20Cr 18.5 --  
Co-30Cr 29.6 - -  
Co-35Cr 34.6 - -  
Co-40Cr 38.5 - -  
Co-10A1 - -  9.7 
Co-12A1 - -  11.9 
Co-15A1 - -  14.8 
Co-20A1 - -  19.5 
Co-40Cr-IA1 39.1 1.1 
Co-40Cr-2A1 39.9 1.9 
Co-40Cr-5A1 40.0 4.3 
Co-15A1-2Cr 1.8 13.7 
Co-15A1-5Cr 4.5 16.3 
Co-15A1-20Cr 19.9 14.7 

As measured by Chemical Analysis and Balance Company. 

p a r e d  f rom 99.9% p u r e  e l ement s .  T h e  sa l t  coa t ings  were  
o b t a i n e d  by  s p r a y i n g  a n  a q u e o u s  so lu t ion  of Na2SO4 w i t h  
a n  air  b r u s h  on  p r e w a r m e d  (~150~ spec imens .  These  
s amp le s  were  t h e n  e x p o s e d  at  1 a t m  to ta l  p r e s su re  in  a n  
O2-0.15%(SO2 + SO.~) gas  m i x t u r e  at  750~ to s imu la t e  low 
t e m p e r a t u r e  h o t  co r ros ion  cond i t i ons  p r e s e n t  in  engines .  
A p l a t i n u m  ca ta lys t  was  u s e d  to e n s u r e  e q u i l i b r i u m  in  t he  
gas  mix ture .  D u r i n g  t he  course  of t he  e x p e r i m e n t s ,  w h i c h  
usua l ly  l a s t ed  for a b o u t  24-72h, t he  s a m p l e s  were  con t inu-  
ous ly  w e i g h e d  u s i n g  a C a h n  1000 mic roba l ance .  F u r t h e r  
deta i ls  of the  e x p e r i m e n t a l  a r r a n g e m e n t  are g iven  else- 
w h e r e  (1, 10). 

Thermochemica l  Considerat ions 
T h e r m o d y n a m i c  ca lcu la t ions  were  p e r f o r m e d  to deter-  

m i n e  t he  m i n i m u m  Pso3 for  w h i c h  an  Na2SO4-CoSO4 liq- 
u id  can  f o r m  on  va r ious  coba l t  ox ides ;  t he  resu l t s  are 
s h o w n  in  Fig. 1. T h e  deta i l s  of  ca l cu la t ions  for  CoO a n d  
C0304, i n c l u d i n g  t h e  r e q u i r e d  m i n i m u m  act iv i ty  of CoSO4, 
were  d e s c r i b e d  in  ear l ier  pub l i c a t i ons  (1, 10). T h e s e  calcu- 
l a t ions  will be  e x t e n d e d  to o the r  ox ides  here .  

The  su l fa t ion  of  any  cobal t  ox ide  can  b e  c o n s i d e r e d  as 
t h a t  of  CoO ex i s t i ng  at  a n  act ivi ty  of less  t h a n  or equa l  to 
uni ty .  Thus ,  t h e  r eac t ion  for t he  f o r m a t i o n  of a n  Na2SO4- 
COSO4 l iqu id  can  be  r e p r e s e n t e d  b y  

CoO(s) + SO3(g) = CoSO, (1) [1] 

w h e r e  t he  u n d e r l i n e  ind ica t e s  t h a t  CoO a n d  COSO4 can  
ex is t  at  less t h a n  u n i t  act ivi ty.  F r o m  reac t ion  [1], at  any  
t e m p e r a t u r e  

acos04 _ const .  [2] 
acooPso~ 

Thus ,  t he  SO3 p r e s s u r e  n e e d e d  to s tabi l ize  a l iqu id  will in- 
c rease  inve r se ly  w i t h  acoo. 

T h e  e q u i l i b r i u m  CoO act ivi ty  in  CoaO4 can  b e  calcu- 
l a ted  f rom the  e q u i l i b r i u m  c o n s t a n t  of the  fo l lowing 
reac t ion  

3CoO(s) + 1/20~(g) = Co:304(s) [3] 

Ca lcu la t ions  b a s e d  o n  J A N A F  Tab les  (11) s h o w  t h a t  a t  Po~ 
= 1 a rm  C%O4 is t he  s t ab le  coba l t  ox ide  a n d  t he  CoO ac- 
t iv i ty  in  Co:304 is less  t h a n  un i ty  b e l o w  947~ Conse-  
quent ly ,  t he  SO3 p r e s s u r e  r equ i r ed  to fo rm l iqu id  Na~SO4- 
CoSO~ f r o m  Co~O4 in  Fig. 1 is h i g h e r  t h a n  t h a t  for  CoO. 
The  CoO ac t iv i ty  m a y  b e  e v e n  lower  a n d  the  r e q u i r e d  
SO3 p r e s s u r e  e v e n  h i g h e r  i f  coba l t  ex i s t s  on ly  as CoCr204 
or CoA1204, w h i c h  is pos s ib l e  on  coba l t - ba s ed  alloys con- 
t a in ing  h i g h  c h r o m i u m  or h i g h  a l u m i n u m ,  respect ively .  
U n d e r  t he se  cond i t i ons ,  t he  CoO ac t iv i ty  c an  be  calcu- 
l a t ed  f rom the  e q u i l i b r i u m  c o n s t a n t s  of t he  fo l lowing  
r eac t i ons  

CoO(s) + Cr20:~(s) = CoCr204(s) [4] 

10-2 

10-3 

"6 

10-4. 

10-~ 

Bo 

/ , I ~ I I 
650 700 750 800 850 

TEMPERATURE, ~ 
10-~0 ( 900 

Fig. 1. Plats of the calculated SO3 needed to form an Na2SO4-CoSO4 
liquid from CoO, Co.~O4, a CoCr~O4/Cr203 mixture, and a CoAI2OJAI203 
mixture. The SOs values for Co304 decrease with Po~ '/~, and the values 
shown here are for Po~ = 1 atm; all other curves are Po2 independent. 
Also shown are the SOs pressures of an O2-0.15%(SO2 + SOa) mixture at 
1 atm (curve A) and of an O2-1%(SO2 + SO3) mixture at 1 atm and 
750~ (point B) (1, 10). 

CoO(s) + A1203(s) = CoAl~O4(s) [5] 

T h e s e  ca lcu la t ions  were  p e r f o r m e d  u s i n g  the  free e n e r g y  
da ta  for r eac t ions  [4] a n d  [5] f r o m  K u b a s c h e w s k i  (12). The  
c o r r e s p o n d i n g  SO3 p r e s s u r e s  n e e d e d  to s tabi l ize  t he  liq- 
u id  p h a s e  are s h o w n  in  Fig. 1. A t  p re sen t ,  i t  is no t  possi-  
b le  to a sce r t a in  e r ro rs  assoc ia ted  w i t h  t h e s e  SO3 va lues  
b e c a u s e  t he  e r ro rs  assoc ia ted  w i t h  t he  SO~ p res su res  for 
CoO in  Fig. 1 a n d  w i t h  t h e  free ene rgy  da ta  for reac t ions  
[4] a n d  [5] are  u n k n o w n .  

Results and Discussion 
Hot  cor ros ion  s tud ie s  we re  c o n d u c t e d  on  severa l  Co-Cr 

a n d  Co-A1 alloys.  As s h o w n  in  Fig. 2, t h e  co r ros ion  ra tes  
d e c r e a s e d  w i th  an  i nc r ea se  in  the  c h r o m i u m  c o n t e n t  of 
Co-Cr alloys. Mac roscop i c  e x a m i n a t i o n  of t he  reac ted  
s a m p l e s  s h o w e d  t h a t  t h e  Na2SO4 sa l t  h a d  m e l t e d  on  all al- 
loys  e x c e p t  on  Co-40Cr, w h i c h  c o r r o d e d  ve ry  slowly. Sim-  
i lar  r e su l t s  w e r e  o b t a i n e d  on  Co-A1 alloys.  As s h o w n  in 
Fig. 3, co r ros ion  ra tes  dec rea sed  w i t h  a n  inc rease  in t he  
a l u m i n u m  c o n c e n t r a t i o n ;  again,  t he  m a c r o s c o p i c  exami-  
n a t i o n  of  t he  r e ac t ed  s amp le s  s h o w e d  t h a t  t he  NazSO4 sa l t  
d id  no t  m e l t  on  Co-15A1 a n d  Co-20A1, al loys t h a t  r eac ted  
ve ry  slowly. 

A n  u n e x p e c t e d  r e su l t  was  o b s e r v e d  w h e n  a l u m i n u m  
was  a d d e d  to Co-40Cr. As s h o w n  in  Fig. 4, e v e n  1% alumi-  
n u m  s igni f icant ly  i n c r e a s e d  t he  co r ros ion  rate. A p u r p l e  
Na2SO4-CoSO4 l iqu id  was  o b s e r v e d  on  t h e  surface  of t he  
co r roded  s a m p l e s  c o n t a i n i n g  a l u m i n u m .  The  de t r imen t a l  
effect  of  a l u m i n u m  was  also o b s e r v e d  on  o the r  Co-Cr al- 
loys, such  as Co-35Cr (see Fig. 5), t h a t  n o r m a l l y  f o r m e d  a 
l iqu id  a n d  c o r r o d e d  signif icant ly.  However ,  c o m p a r i s o n  
of Fig. 4 a n d  5 s h o w s  t h a t  t he  effect  was  less p r o n o u n c e d  
on  Co-35Cr t h a n  on  Co-40Cr. The  d e t r i m e n t a l  effect  of 
a l u m i n u m  h a s  b e e n  r e p o r t e d  be fo re  (5). However ,  w h a t  
ha s  no t  b e e n  a p p r e c i a t e d  is t h a t  a t  a h i g h  e n o u g h  chro-  
m i u m  c o n c e n t r a t i o n  (e.g., ~> 40% Cr) t he  l iqu id  m a y  no t  
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Fig. 2.  Effect of chromium concentration on the hot corrosion of bi- 
nary Co-Cr alloys. 

form and that under  these conditions even a small 
amount  of a luminum promotes the liquid formation and 
severely degrades the alloy. Figure 6 shows that the addi- 
tion of 2, 5, and 20%Cr to Co-15A1, an alloy with excellent 
corrosion resistance at 750~ also produced a detrimental 
effect. 

These results show that the simultaneous presence of 
chromium and a luminum accelerates low temperature 
hot corrosion. The coatings used in industry (e.g., 
CoCrAIY) contain both of these elements because they 
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at 750~ 

are believed to be beneficial from the standpoint of hot 
corrosion at higher temperatures. Indeed, as shown in 
Fig. 7, chromium addition to Co-15Al and aluminum addi- 
tion to Co-40Cr have beneficial effects at 900~ 

These results can be explained on the basis of an earlier 
mechanism (i, 2) that is based on the rapid dissolution of 
the more noble metal or metal oxide in liquid salts. An 
Na2SO4-CoSO4 liquid forms on the surface of cobalt con- 
taining alloys by interaction of cobalt oxide, formed dur- 
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and of aluminum addition on the hot corrosion of Co-40Cr at 900~ 

ing the transient oxidation, with the Na2SO4 salt and SO3 
present in the gas. Subsequent to the liquid formation, 
degradation is caused by the dissolution of cobalt and co- 
balt oxide. 

Consider first the corrosion of Co-Cr alloys. The pro- 
tection against corrosion is offered by formation of a 
CoCr~OJCr203 film and the exclusion of CoO and Co304. 
With an increase in chromium content, the rate of growth 
of CoCr204 and Cr20~ increases, in competit ion with CoO 
and Co304 formation, which thereby increases the corro- 
sion resistance of alloys. For chromium levels >~ 40%, the 
growth rate is presumably so fast that for all practical 
purposes the salt is in contact with only a CoCr2OJCr~O3 
mixture; consequently, as expected from Fig. 1, the liquid 
phase would not form at 750~C in O~-0.15% (SO2 + SOD 
and corrosion would not occur. The addition of alumi- 
num must increase the corrosion rate of binary alloys by 
retarding the rate of growth of Cr203 and CoCr204, which 
therefore makes the scales less protective. For alloys con- 
taining high chromium on which the liquid does not nor- 
mally form (~> 40% Cr), the effect would be most pro- 
nounced. If a luminum oxidation lowers the growth rates 
of Cr203 and CoCr204, some cobalt may exist as Co304 dur- 
ing transient oxidation which would then promote the 
degradation of alloys by formation of an Na2SO4-CoSO4 
liquid. The liquid formation was indeed observed on alu- 
minum containing Co-40Cr alloys reported in Fig. 4. 

The proposed mechanism of corrosion of Co-A1 alloys is 
similar. With an increase in the aluminum content of al- 
loys, the rates of growth of A1203 and CoA1204 increase, 
thereby making the oxide film more protective. At alumi- 
num levels above about 15 weight percent, the protection 
is presumably markedly improved because cobalt exists 
only as CoA1204 which prevents the formation of the liq- 
uid phase. For such high-aluminum alloys, the chromium 
addition may retard the growth rate of an Al~OJCoA1204 
film and, thus, may promote the formation of the liquid, 
thereby increasing the corrosion rate. Indeed the liquid 
was observed on chromium containing Co-15A1 alloys re- 
ported in Fig. 6. At present, it is not known whether the 
detrimental effect of chromium observed here is limited 
to the Co-A1 alloys on which the liquid film does not 
form normally or whether it extends to lower aluminum 
alloys also. 

A new conclusion in the mechanism proposed here 
compared to that previously proposed (1, 2) is that liquid 
formation on binary alloys containing high chromium 
and aluminum concentrations can be prevented by spinel 
formation. However, the presence of spinels has not been 
confirmed experimentally. The only oxide identified by 
x-ray diffraction on the Co-40Cr sample in Fig. 2 was 
Cr203. This, however, provides no information about the 
formation of CoCr204 during the early stages of oxidation. 
The available literature on oxidation is also not helpful. 
At steady state, the formation of CoCr204 and COA1304 has 
been reported on binary and ternary alloys in the Co- 
Cr-A1 system at 1000~176 (13-15). However, there have 
been no studies on transient oxidation of binary alloys 
containing high chromium and aluminum used in this 
study at 600~176 According to the current theories of 
oxidation, some cobalt containing oxide should form on 
the surface during transient oxidation. It is, therefore, rea- 
sonable to expect  that this oxide is a spinel on binary 
cobalt-base alloys containing high chromium and alum- 
inum. 

At present, it is not clear why additions of even small 
amounts of a luminum in Co-Cr alloys and of chromium in 
Co-A1 alloys have such marked effects on the growth rate 
of Cr203/CoCr204 and A1203/CoA1204 films, respectively. 
These detrimental effects seem particularly surprising be- 
cause at 1000~176 addition of Cr to Co-A1 promotes the 
formation of an A120~ film and addition of A1 to Co-Cr al- 
loys promotes a Cr~O3 film (15-16). As discussed above, 
these detrimental effects may be related to the oxides 
formed during transient oxidation. A more quantitative 
explanation is not possible without extensive studies on 
the transient oxidation of Co-Cr-A1 alloys as a function of 
Cr and A1 concentration at 600~176 which are beyond 
the scope of this work. 

Additional experiments were conducted to further 
prove the formation of spinels. Figure 1 shows that the 
SO3 content of an O2-0.15%(SO2 + SO3) gas mixture at 
750~ is slightly higher than the calculated value for for- 
mation of the liquid on a CoA12OJA1203 film. However, 
due to uncertainties associated with the calculated 
values, higher SO3 values than in O2-0.15%(SO2 + SO3) or 
lower temperatures than 750~ might be necessary to 
form the liquid. Experiments  were, therefore, conducted 
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and in O2-1%($O2 + 503) at 750~ two conditions under which an 
No2SOcCoSO4 liquid can form even from a CoAI2OJAI203 film. Also 
shown for comparison ore the plots of results in O~-0.15%(50= + 
SO3) at 750 ~ and 900~ 

in O2-1%(SO2 + SOD at 750~ and in O~-0.15%(SO2 + SOs) 
at 650~ Liquid formation was indeed observed, and as 
shown in Fig. 8, significant corrosion rates were ob- 
served on Co-15A1 for both sets of conditions. Figure 9 
shows a plot of an average hot corrosion rate in O2- 
0.15%(SO2 + SOs) as a function of temperature. A mini- 
mum in corrosion rate occurs at 750~ where the liquid 
does not form. Higher corrosion rates are observed at 
600~ where low temperature corrosion occurs as a result 
of the formation of an Na2SO4-CoSO4 liquid, and at 900~ 
where normal high temperature hot corrosion occurs. 

Whereas a liquid can form at 600~ in O2-0.15%(SO2 + 
SO.*) on a CoA12OJA1203 film, it may not form on a 
CoCr~OJCr~O3 film because the SO., content of the mixture 
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Fig. 9. A plot of an average corrosion rate, obtained by dividing 
weight gain/area with time, over 24h as a function of temperature for 
corrosion of Co-15AI in O2-0.15%(SO2 + SO3). The Na2SO4-CoSO4 
liquid forms at 600 ~ and 900~ but not at 750~ The curve con- 
necting data points may not be smooth and is therefore shown dashed. 

is close to the minimum required to form the liquid (see 
Fig. 1). Indeed, the liquid did not form, and the observed 
corrosion rate was very low on Co-40Cr. A weight gain of 
0.6 mg/cm 2 was observed in 24h at 600~ which is compa- 
rable to that observed at 750~ (0.5 mg/cm 2) in Fig. 2. 

These results show that, due to differences in the stabil- 
ity of CoCr204 and CoAl~O4, binary Co-Cr alloys can offer 
protection against low temperature hot corrosion up to 
higher SO3 partial pressures in comparison to binary 
Co-A1 alloys. It is known that due to solid-state diffusion 
effects the growth rates of Cr203 films are much higher 
than of A120~ films. Therefore, from the standpoint of ki- 
netics also, the Co-Cr alloys should be superior to Co-A] 
alloys at lower temperatures. 

This study shows that the simultaneous presence of Cr 
and A1 is detrimental to low temperature hot corrosion. 
Traditionally, coatings developed for high temperature 
hot corrosion have been MCrA1Y compositions con- 
taining 20-30% Cr, 6-15% A1, and a small amount of an ac- 
tive element, such as Y, to promote scale adhesion. But 
from the standpoint of low temperature corrosion, coat- 
ings of Co-Cr alloys containing ~> 40% Cr with a small 
amount of an active element should be good candidates 
for coating materials. Extensive studies conducted in our 
company show that coatings containing ~> 37.5% Cr pro- 
vide excellent resistance to low temperature corrosion, at 
least an order of magnitude better than the current 
CoCrA1Y coatings, and provide adequate resistance to 
normal high temperature corrosion, comparable to cur- 
rent CoCrA1Y coatings (9). Figure 10 shows the results of 
a few such laboratory tests, where Co-40Cr coatings have 
been compared with CoCrA1Y coatings normally used in 
marine engines. A patent application has been filed for 
these new, high-chromium cobalt-base coatings. 

Conclusions 
The degradation of cobalt-base alloys during low tem- 

perature hot corrosion is caused by formation of an 
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Clearly, the Co-40Cr is superior to the CoCrAIY coating. (The coatings 
were ~0.10  mm thick end were obtained by electron beam vapor deposi- 
tion). 
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Na2SO4-CoSO4 liquid that forms by interaction of cobalt 
oxide formed during the transient oxidation of alloys, 
with SO3 in gas and Na2SO4 salt. Accelerated oxidation 
tests at 750~ show that the corrosion resistance of binary 
Co-Cr and Co-A1 alloys increases with the Cr and A1 con- 
tent of alloys, respectively. This protection is offered by 
the rapid growth of CoCr2OJCr2Q and CoA12OJA12Q ox- 
ides in comparison to CoO and Co304. At high enough 
chromium (~> 40%) and a luminum (>- 15%) concentrations, 
the growth rates are so fast that the liquid does not even 
form; consequently, the corrosion rates are very low. The 
SO~ pressures below which the formation of a liquid film 
can be prevented have been calculated. 

Contrary to the experience i t  higher temperatures 
(_> 884~ tests on Co-Cr-A1 alloys indicate that the simul- 
taneous presence of chromium and a luminum is deleteri- 
ous to the resistance against low temperature hot corro- 
sion resistance. It is proposed that the additions of 
a luminum to Co-Cr and of chromium to Co-A1 alloys re- 
tard the growth rates of CoCr204/Cr203 and CoA1204/A1203 
films, respectively, thereby reducing their corrosion re- 
sistance. Further work is, however, needed on transient 
oxidation of Co-Cr-A1 alloys at 600~176 to confirm the 
mechanism of these deleterious effects. 
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A Mathematical Model for the Periodic Electrodeposition of 
Multicomponent Alloys 

Mark W. Verbrugge* and Charles W. Tobias** 
Lawrence Berkeley Laboratory, University of California, Berkeley, California 94720 

ABSTRACT 

A mathematical model is presented for the electrodeposition of mult icomponent alloys by an arbitrarily specified 
current source. The model takes into consideration transient, convective mass transfer to a rotating disk electrode, 
Butler-Volmer kinetics, and individual component activities in the electrodeposit. The model can be used to calculate. 
current-potential relationships, ionic concentration profiles, and electrodeposit composition. Results for square-pulse, 
pulse-reversal, and triangular current waveforms are presented. An analogous model for potential-controlled electrolysis 
is also discussed. 

The properties of alloys vary over a wider range than 
those of their parent metals, and thus can often be de- 
signed to better fulfill the mechanical and chemical re- 
quirements of our civilization. Electrodeposition offers 
several unique advantages for the formation of alloys. 
The superior control of the alloy composition, including 
the formation of nonequil ibr ium alloys, and the ability to 
prepare thin films are well documented. Brenner's ency- 
clopedic monograph (1) reviews some practical methods 
for the electrodeposition of various alloys, and Gorbu- 
nova and Polukarov's treatment (2) outlines the funda- 
mental principles involved. Srivastava and Mukerjee (3) 
review developments in the electrodeposition of binary 
alloys. 

It has long been known that pulsing the current can 
profoundly affect the nature of single*component electro- 
deposits. Although the pulsed plating of alloys has re- 

*Electrochemical Society Student Member. 
**Electrochemical Society Honorary Member. 

ceived comparatively little attention, it has been observed 
that the phase structure and morphology of alloy deposits 
can be altered by changing the characteristics of the 
pulsed-current waveform. This work presents a model for 
predicting the current-potential relationship and the com- 
position profiles in the electrodeposit and the electrolyte. 

Wan et al. (4) have presented a literature review dealing 
with the application of pulsed-plating techniques for 
single-component metal deposition. Avila and Brown (5) 
have cited the following advantages of pulsed plating 
over dc electroplating: (i) extremely dense and highly 
conductive deposits, (ii) a reduced need for plating addi- 
tives, and (iii) increased plating rates. In reference to the 
last advantage, Cheh (6) has shown analytically that 
pulsed-current plating can never attain a higher average 
plating rate than dc plating at the diffusion-limited cur- 
rent. However, a higher average current density is often 
used in pulsed plating, relative to dc plating, since poor 
quality electrodeposits are often formed under dc condi- 
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tions near the diffusion limiting current. Lamb (7) has in- 
vestigated the mechanical properties of single-component 
copper and silver electrodeposits obtained by current 
pulses in the microsecond range. Puippe and Ibl (8) stud- 
ied the morphology of pulse-plated cadmium, copper, and 
gold electrodeposits. The influence of the off time, the 
pulse-current density, and the length of the pulse time 
were analyzed. Different morphological trends were ob- 
served and discussed for the different chemical systems. 
Ismall (9) investigated the periodic, reverse-current elec- 
troplating of copper from an alkaline-cyanide bath. The 
maximum brightness occurred at 0.27 Hz with a cathodic- 
current to anodic-current ratio of 2. Despic and Popov 
(10) examined the effect of a pulsating potential on the 
morphology of copper and zinc electrodeposits. Typical 
results illustrated that increasing the frequency led to a 
progressively smoother deposit. Popov (11) also has re- 
viewed some approaches to the quantitative modeling of 
the surface-roughness amplification during an electro- 
deposition process. Sullivan (12) has reported that high- 
current-density pulsed plating of cobalt results in signifi- 
cantly stronger and harder electrodeposits. 

The pulsed plating of mult icomponent electrodeposits 
has received less attention than pure-component electro- 
deposition. Gelchinski et al. (13) electroplated chromium- 
cobalt alloys using a pulsed-potential source. Mirror- 
bright electrodeposits containing supersaturated solid 
solutions were obtained. It has been observed that the 
structure and the physical properties of the electrodepos- 
ited alloys can be very different from the thermally pre- 
pared alloys of similar composition. Gelchinski et al. also 
found that a change in the electrodeposition conditions 
can cause a marked change in the phase structure of the 
electrodeposit, even for those deposits of identical chemi- 
cal composition. Burrus (14) has described various condi- 
tions where the pulsed plating of different metals and 
metal mixtures can be used advantageously. Leidheiser 
and Ghuman (15) used a pulsed-current setup to electro- 
deposit silver-tin alloys which could be easily polished to 
a high luster. Cohen et al. (16) have electroplated cyclic, 
multilayered, alloy coatings of varying silver and palla- 
dium composition with square-pulse and triangular cur- 
rent waveforms. They also report on periodic-potential 
plating studies of various mult icomponent  electrode- 
posits. 

Mathematical Analysis 
In considering the mathematical modeling for the 

electrodeposition of mult icomponent  alloys, it is conven- 
ient to divide the problem into three interrelated parts: 
the liquid phase containing the discharging ions, the elec- 
trolyte-electrodeposit interface, and the electrodeposited 
alloy. 

The liquid phase , - -One  of the goals of this work is to 
quantitatively predict the ionic surface concentrations 
throughout the electrodeposition process. It has been 
well established that the ionic surface concentrations can 
greatly influence the electrodeposit composition and 
morphology (17, 18). 

A theoretical analysis for single-component mass trans- 
fer in pulsed electrolysis was recently published by Chin 
(19). A stagnant (Nernst) diffusion layer was assumed 
valid in order to develop a comprehensive theory for 
pulsed electrolysis. Chin's paper includes a brief review 
of previous theoretical studies in single-component 
pulsed electrolysis. 

Since our treatment uses a current-step solution and 
the method of superposition to derive a model for multi- 
component  mass transfer, we shall review some current- 
step solutions which can be used with this technique. The 
method of superposition is computationally very effi- 
cient, although the differential equations describing the 
process must be linear for this method to be applied. 
Therefore, migration effects are not included in this 
model. Double-layer charging is also not considered. 
Since practical plating baths usually contain an excess of 
supporting electrolyte, migration effects can often be ne- 

glected. Double-layer charging effects can become impor- 
tant in an electrodeposition process if microsecond cur- 
rent cycles are used (20). Before proceeding, it should be 
mentioned that attempts have been made to qualitatively 
describe multicomponent,  pulsed-current processes 
(21-24). Also, Cheng and Cheh have presented finite-dif- 
ference models for the pulsed-current eleetrodeposition 
of copper with hydrogen evolution (25) and of lead-tin al- 
loys (26). 

The convective diffusion equation for the one-dimen- 
sional mass transport of species i is 

OCi q- V, Oci = 02Ci 
Ot ~--~-y Dc~y2 [1] 

For high Schmidt numbers,  the appropriate expres- 
sion for the normal component of the fluid velocity to a 
rotating disk electrode (RDE) is (27, 28) 

v~ = -0.51023 oJ3/2v-'/2y2 [2] 

The radial variation of the ionic surface concentration is 
neglected in this treatment, as it would considerably com- 
plicate the problem (29-31). In a rigorous treatment for the 
RDE system incorporating both radial and axial varia- 
tions, dimensionless groups arise which include the disk 
radius (29, 30). For small disks, it is appropriate to neglect 
radial variations in concentration and potential. Nanis 
and Klein (32) qualitatively address 'this assumption in 
their one-dimensional treatment for transient mass trans- 
fer to an RDE in the absence of kinetic resistance. 

For the current-step problem, the initial condition and 
boundary conditions are 

and 

Ci(0,y) = c~ b [3] 

ci(t,oo) = ci b [4] 

aci(t,O) i(0) 
- -  - [ 5 ]  

Oy niFDi 

where the electrode reaction for metal deposition is 

ke ,i 
Mi niz + n i e -  ~- Mi [6] 

ka.i 

Krylov and Babak (33) have obtained an analytic series 
solution for the current-step problem stated by Eq. 
[1]-[5]. However, the solution does not converge for long 
times (34). Nisaneioglu and Newman (35) numerically cal- 
eulated an alternate series solution which is valid for long 
times and can be used in conjunction with a short-time, 
asymptotic series representation of Krylov and Babak's 
solution. 

Nisancioglu and Newman's long-time solution is 

ii6i e_ Z3 dx  
c~ = ci b + niFD~F(4/3) F(4/3)y 

61 
~kD t[ F(4/3 ) ]2} 

/~'=1 

The values ofBk, Zk, and Xk are given in Ref. (20) and (35). 
The first few terms of the short-time, asymptotic series 

representation of Krylov and Babak's solution are 

1 D1t .]3+ ...} is] 

In Eq. [7] and [8], 6i is the Levich diffusion-layer thick- 
ness (36) 
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( D~i ' s (  v l ' s  
6L = 1 . 6 1 2  [ 9 ]  

\ t'l k e e l  

which is the characteristic distance for long times. 
More approximate representations for the current-step 

problem have also yielded relatively accurate results. In a 
classic treatment, Rosebrugh and Miller (37) derived an 
analytic solution for the current-step problem by replac- 
ing Eq. [1] with the equation representing Fick's second 
law of diffusion and Eq. [4] by 

ci(t,Si) = ci b [10] 

This solution is presented in the Appendix. 
Rosebrugh and Miller used the method of superposition 

on their current-step solution to describe single- 
component mass transfer with a periodic current source 
(37). Cheh et al. (6, 38, 39) have made use of this solution 
by comparing it with some experimental results. Visa- 
wanathan and Cheh (40) and Hale (41) have presented nu- 
merical solutions to Eq. [1]-[5] and compared their solu- 
tions to that of Rosebrugh and Miller. [Hale actually 
compared his solution to Siver's solution (42), which 
Siver had in turn referenced to Rosebrugh and Miller.] 
The error was always less than 4%. Visawanathan et al. 
(43) numerically solved the system of Eq. [1]-[4], with a 
pulsed-current boundary condition in place of Eq. [5], and 
compared this to Rosebrugh and Miller's analytic solution 
for a pulsed-current source. The agreement between the 
two solutions was excellent. 

Thus far, we have reviewed one analytical current-step 
solution (that assumes a Nernst diffusion layer) and three 
numerical solutions. For the problem we address in this 
paper, we require a current-step solution for short and 
long times. There is very little extra numerical effort in- 
volved in using Eq. [7] instead of Eq. [A-2], especially if 
only the surface concentrations of the discharging ions 
are required. For this reason, we have chosen to use Eq. 
[7] and [8], along with the method of superposition, to 
model the ionic mass transfer. This restricts our treat- 
ment  to a RDE. The procedure to be used for other sys- 
tems which can be modeled accurately with a Nernst dif- 
fusion layer is presented in the Appendix. A comparison 
between the two methods is shown in Fig. 2 for the RDE 
system. 

Using the method of superposition on Eq. [7], the con- 
centration expression for an arbitrarily specified current 
source is 

Cl = ii,nOi,n + x]~i,n [11] 

where 

|  - -  - -  ~i [f~yr(4/3) niFDiF(4/3 ) e-~Sdx 
6~ 

n [ F(4/3) ] 
- ~= BkZke ...... [ ~ ? - j  (t-t,,_,)} 

and 

~IYi,n = Ci b -~ 

[12] 

[ F(4/3) ] '-"t t 
{~'~=1 ~ r -kkD, I - - t  t - s ,J 

(~i , i i Jk~ l  L niFDiF(4/3) _ BkZk e [ a, j 

[r(4/3)], 
-- e-;%D' - - ~ L  (t-t~)]} [13] 

The current source has been expressed as n discrete cur- 
rent steps. The method of superposition has been used 
previously for single-component, pulsed-current ehrono- 
potentiometry by Andricacos and Cheh (44), and there are 
a number  of references in the literature which can be con- 
sulted to derive Eq. [11]-[13] (37, 45, 46). 

For short times, the series in Eq. [12] and [13] will not 
converge. Equation [8] can then be used to express O~,n 
and 't~.,. For very short times, only the first term in Eq. 
[8] need be retained. Equation [8] then becomes the famil- 

tar Sand equation and 8, drops out of the problem since 
there is no characteristic length for the semi-infinite lin- 
ear diffusion problem. Equations [12] and [13] are then re- 
placed by 

2~/t - t,,-1 
@~.~ - [ 1 4 ]  

niF"JrrDi 

and 

2 n 
~,n = c~ b + ~ i~ [%/t - t~_, - V t  - t~] [15] 

niF ~/~-D-]( j=, 

Equations [14] and [15] can also be used to solve the 
analogous problem of mult icomponent  mass transfer to a 
stationary electrode. 

The liquid-electrodeposit interface.--While a relatively 
accurate liquid-phase transport model can be developed, 
such an exacting and general approach is not as easily ac- 
complished for the interface. In mult icomponent  electrol- 
ysis, the potential distribution across the double layer will 
be affected by the various discharging ions. However, in 
well-supported solutions, the discharging ions will not 
significantly influence the double-layer structure. The 
crystallization kinetics can also be changed, although this 
will not be considered in this paper. An excellent treat- 
ment of this problem can be found in the work of Fleisch- 
mann and Thirsk (47). 

For the electrode reaction of component  i, given by Eq. 
[6], a Butler-Volmer expression will be used to describe 
the electrode kinetics. Specific adsorption and chemi- 
sorption are not taken into account. Thus (48) 

ii,n (1-fi.) n fE  n Ci,n s /3~nfEo 
- ka.iai.~e - k c .  i - - e  [16] 

niF po 

where 

1 el,re ] 
E, = V. + Ure ~ - ~. Si,re in - i,r [17] 

nref "7 Po J 

The bracketed term in Eq. [17] represents the open- 
circuit potential difference between the reference elec- 
trode and a standard hydrogen electrode. The potential 
difference between the working electrode and the refer- 
ence electrode is Vn. The last term in Eq. [17] accounts for 
the ohmic drop between the reference electrode and the 
working electrode. Hence, En is the potential difference 
between the working electrode and a standard hydrogen 
electrode, corrected for ohmic drop. 

The individual currents can be obtained by substituting 
for Ci.n S in Eq. [16] using Eq. [11], evaluated at the surface, 
and solving for i~,, 

ka.iai ne (1-/3')nLfE~ 1 �9 �9 �9 h~c.iW~, n e 
P~ [18] 

z~.. 1 + 1 kc,i~)i,nSe-B~n~fEn 
niF Po 

The total imposed current must equal the sum of the m 
individual currents 

ii.. - i n =  0 [19] 

Equations [18] and [19] can be combined to yield a 
nonlinear equation in En, the electrode potential. The 
second-order Newton-Raphson algorithm (49) is used to 
solve the resulting equation for an arbitrary number  of 
depositing metal ions. 

Using Eq. [18] and [19], the function Hn is defined as 

For the correct value of the electrode potential, Hn will be 
equal to zero. Hn is given by 
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(1-~0nfE, 1 kc,i~).i,nSe-fl~nfEo ka.iai.ne 

H~ = 1 1 k 0 ~e -~'mf~~ 
= - -  q- - -  c,i i,n 

n i F  Po 

The va lue  of  E,  is found by i terat ion 
q 

(En)ne w ~ (En)ol d - ( ~ H n  ~ "~ 

\ - ~ n /  o~d 

The va lue  of  the  der ivat ive  in Eq.  [22] is 

[21] 

[22] 

ka.iai.n(1 - fli) (1-f~,)n~fE, kc,i~Irisfli -flin~En 
e + - - e  

oH, ,~ RT  poRT 
OE~ i=l= ~2, ( 1 1 )2 

+ - -  kr iO?e -/3LnfE" 
niF Po ' 

1 
- -  kc,iOi,nSka,iai,n; 6nfe (1 

2fli)ngT,~ 

+ Po [23] 

(~(1 F 1 kr174 e ) + _ _  s -/3~n~,\ ~ 

Po 

For  each  t ime  step, the  i terat ion s c h e m e  out l ined in Eq. 
[20]-[23] mus t  be  completed .  However ,  w h e n  the previous  
t ime  step's va lue  of  E~ is used  to start  the  i terat ion in Eq. 
[22], conve rgence  is general ly  ob ta ined  wi th in  three or 
four  i terations.  

It  should  be no ted  that  the  partial  cur rents  can be ob- 
ta ined expl ic i t ly  in te rms  of  En in Eq. [18] because  the  
e lec t rochemica l  react ion was a s sumed  to be first order  in 
the  concen t ra t ion  of  the  d ischarging meta l  ion concentra-  
tion. This  is usual ly  the  case in the  e lec t rodepos i t ion  of  
metals.  I f  the  react ion were  not  first order,  it wou ld  still 
be relat ively easy to solve numer ica l ly  for the  e lec t rode  
potent ia l  and  the  part ial  currents.  

Equa t ion  [18] is also val id for control led-potent ia l  elec- 
trolysis.  I f  the  ohmic  drop is neg lec ted  in Eq. [17], Eq. [18] 
yie lds  the  part ial  cur ren t  expl ic i t ly  for control led- 
potent ia l  electrolysis .  S ince  the  ohmic  drop  can easily be  
subt rac ted  out  in one-d imens ional  systems,  this does not  
p resen t  a major  restr ict ion.  

The mode l  we  have  provided  for the  l iquid-phase  mass  
t ransfer  and kinet ics  could  also be  used  to descr ibe pro- 
cesses for the  e lec t rosynthes is  of  c o m p o u n d s  by a peri- 
odic current  source.  Alkire  and Tsai  (50) have  l is ted a 
n u m b e r  of  re ferences  for the  synthesis  of  c o m p o u n d s  by 
a per iodic  cur ren t  source.  

The electrodeposit.--Two prob lems  m u s t  be t reated for 
a comple te  descr ip t ion  of t he  sol id-state alloy. The  first 
p rob l em concerns  the  dependence  of  the  surface activity 
on the  alloy composi t ion .  When expe r imen ta l  data are 
combined  wi th  the  jud ic ious  choice  of  an activity model ,  
the activities of  the  alloy componen t s  can  be obtained.  
The  second p r o b l e m  involves  the  actual  n u m b e r  of  mono-  
layers in the  e lec t rodepos i t  which  affect  the  surface activ- 
ity, or the  re levant  surface-activi ty th ickness  (RSAT). 

The  first step in de te rmin ing  c o m p o n e n t  act ivi ty  
coefficients  is to choose  a mode l  for the  molar  excess  
Gibbs  energy  G E. The  excess  proper t ies  are taken  wi th  
r e f e rence ' t o  an ideal  solut ion where in  the  s tandard  state 
for each c o m p o n e n t  is the  pure  solid at the tempera ture  
and pressure  of  the  mixture .  Once  the  molar  excess  Gibbs 
energy  is expressed ,  the  activity coefficients  ?i can be  
found by (51) 

: ( RT In Vi \ ~ ]  [24] 

S ince  no genera l  t r ea tmen t  has  yet  been  deve loped  to 
cons ider  repu ls ion  be tween  ion cores  or the  interact ion 
among  cores  and e lec t rons  at the  Fe rmi  surface, a useful  
approach is to t reat  the interact ion be tween  ions in a mix-  
ture  by a pai rwise  model .  The  proper t ies  of  such a sys tem 

are represen ted  by the  sum of in teract ions  be tween  
ne ighbor ing  pairs of  ion cores, and the  compl ica t ions  due  
to h igher-order  in terac t ions  are ignored.  This quasi- 
chemica l  (or lat t ice theory) approach  is out l ined by  
Swal in  (52) for regular  solutions in wh ich  there  is no ex- 
cess en t ropy  creat ion upon  mixing,  and any nonideal i ty  is 
considered in an en tha lpy  of mix ing  term.  For  the  quasi- 
chemica l  approach,  the act ivi ty coefficients  for a binary, 
regular  solut ion are  g iven  by (52, 53) 

(1 - xA)2~ 
In ~/A -- [25] 

RT 

(i - xB)='~2 
In ~/B - [26] 

RT 

where  f~ is an  ad jus tab le  parameter .  
Equat ions  [25] and [26] bear  close r e semblance  to the  

two-suffix Margules  equat ion.  G u g g e n h e i m  (54) has ex- 
t ended  the  quas i -chemica l  approach  to mode l  sys tems 
which  exh ib i t  cons iderable  deviat ion f rom randomness .  
For  this case, the  excess  ent ropy of  mix ing  is no longer  
zero and a shor t - range order  pa ramete r  is in t roduced  
which  may  be de t e rmined  in some  cases by x-ray and 
neu t ron  diffract ion t echn iques  (52). 

Two other  in format ive  t rea tments  of solid-state thermo-  
dynamics  should  be m e n t i o n e d  before  p resen t ing  the  the- 
oretical  aspects  for the  act ivi ty mode l  we have  chosen to 
use  in this paper.  Darken  and Gurry ' s  t ex t  (55) contains  a 
great  n u m b e r  of  references  wi th  tabular  t he rmodynamic  
data for n u m e r o u s  meta l  systems,  as wel l  as an informa- 
t ive descr ip t ion  of  solid-state physical  chemistry.  
L u m s d e n ' s  (56) m o n o g r a p h  i l lustrates the  usefulness  of  
t he rmodynamics  for the  accurate  corre la t ion of  various 
equ i l ib r ium proper t ies  in alloy systems.  

E lec t rodepos i ted  metals  usual ly  have  a more  fine- 
grained,  amorphous  s t ructure  than  thei r  pyrometal lurgi-  
cal counterparts .  Hence,  the s imple  quas i -chemical  lattice 
mode l  does not  general ly  represent  the  t rue  the rmody-  
namic  nature  of  e lec t rodepos i ted  alloys. The activity 
mode l  p roposed  by R e n o n  and Prausn i tz  (57, 58) is wel l  
sui ted to such  a morphology.  The  au thors  define a local 
mole  fraction xij represen t ing  the mole  fract ion of  i in the  
v ic in i ty  of j. In a t r ea tmen t  similar to Guggenhe im ' s  ex- 
tens ion  of  the  quas ichemica l  lattice theory,  the local mole  
fractions are re la ted to the overall  mole  fract ions th rough 
Bol tzmann  factors 

xji xj exp  (-a,jgji/RT) 
- [ 2 7 ]  

xki x~ exp  ( -aikgJRT) 

The paramete r  aij (a~j = aj~) character izes  the  t endency  of  
componen t s  i and j to mix  in a n o n r a n d o m  fashion. The 
paramete r  gik (gik = gki) represen ts  the  energy  of  interac- 
t ion be tween  an i-k molecu la r  pair. Scot t ' s  theory  (59) is 
used  to relate the  ex tens ive  excess  proper t ies  to the  inter- 
act ion energies  and the  local mole  fractions.  For  a solu- 
t ion of  m componen t s ,  the molar  excess  Gibbs energy  is 

G E ,~m ~ TjiGjixj 
- ~ xi ~=~-i [ 2 8 ]  

RT i=1 ~ G k i X  k 
k=l 

where  

and 

(gJi - g i i )  [29] rjl -- RT 

Gji = exp  (-~jirji) [30] 

Using  Eq. [24] and [28], the  act ivi ty  coeff icient  of compo-  
nen t  i can be calculated (57) 

__ j=l -~- ~ - -  Tij -- "' m 
ln~i ~GkiXk = ~ G k j x k  E G k j X k  [31] 

k=l k--I k=l 
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One of the advantages of this activity model is that it 
can be extended to as many components as desired with- 
out any additional assumptions and without adding any 
constants other than those obtained from binary data. 
This treatment is applicable to partially miscible as well 
as completely miscible systems. 

Equilibrium-potential measurements of binary solids in 
contact with an aqueous phase containing the corre- 
sponding ions represent a convenient method for ob- 
taining activity data. For some alloy systems, the simpler 
quasi-chemical treatment may represent the activity data 
quite well. This approach, outlined by Eq. [25] and [26], 
can also be extended to model mult icomponent  systems. 
When Eq. [25] and [26] cannot be used to fit the data, the 
computer programs listed in Appendix K of Ref. (60) can 
be used to fit the parameters of Eq. [31]. 

For this general treatment, we have chosen to use Eq. 
[27]-[31] to describe the electrodeposit thermodynamics. 
However, the overall mole fractions in Eq. [27] must be 
adjusted to represent the surface, rather than bulk, com- 
position. Though the activity model accounts for local 
composition, no characteristic length is associated with 
the range of applicability. Even for single-component 
electrodeposition systems, the surface plays a major role 
in the kinetics. Wranglen (61) observed that metals of low 
overvoltage grow by the lateral extension of layers 0.1-1 
/xm thick. It was also observed that changing the current 
density changes the relative growth rates between crystal 
faces as well as where the deposited layers begin to grow 
on the respective crystal faces. Wranglen's microphoto- 
graphic study of growth layers contains results for a peri- 
odic current source, although no high frequency results 
are reported. 

Underpotential deposition studies can yield some infor- 
mation about the RSAT. Kolb et al. (62) correlated the 
underpotential shift between the bulk deposit  stripping 
peak and the first deposited monolayer stripping peak as 
a function of the difference in work functions between 
the substrate and the deposited material. The authors 
conclude that the work function of the first deposited 
monolayer may not differ greatly from that of the bulk 
electrodeposit, although the optical properties of such a 
monolayer are usually far from those of the bulk. Adzic et 
al. studied the underpotential deposition of Zn on Ag (63) 
and Zn on Cu and Au (64). For these reversible systems, 
the results support the work of Kolb et al. Approximately 
one monolayer of zinc was formed on the polycrystalline 
substrates prior to bulk deposition. 

All of the work mentioned above indicates that the 
RSAT is about one monolayer. However, this may not be 
the case for all systems. Cadle and Bruckenstein (65) 
found that although only one monolayer of Bi is depos- 
ited on Pt by underpotential  deposition, it is not until ap- 
proximately five monolayers have been deposited that 
bulk deposition occurs. 

Takamura and Kozawa (66) have reviewed a great deal 
of literature concerned with the use of optical reflectance 
methods to investigate an electrode-electrolyte interfaee 
in  si tu.  They have found that, for a number  of systems, 
the first few atomic layers do not have the same reflec- 
tance properties (67). 

In general, higher current densities will shorten the 
RSAT. Setty and Wilman (68) have shown by electron dif- 
fraction experiments that high current densities promote 
the growth of a random, polyerystalline deposit growth 
which does not reflect the original electrode structure 
even during the initial stages of electrodeposition. Since 
most pulse plating processes make use of unusually high 
current densities, a highly random (or amorphous), poly- 
crystalline deposit typically results. It has also been ob- 
served that the influence of a polycrystalline substrate 
with small erystallite grains ceases to exist at much 
earlier stages of deposition than that of the surface of a 
large single-crystal substrate (69). 

Although there is a wealth of literature concentrating 
on epitaxy and morphology of electrodeposits, there is no 
clear a pr ior i  approach to estimate the RSAT. The work 

reviewed in this paper dealt only with the early stages of 
electrodeposition. In pulse plating processes, the deposit 
usually has a random, polycrystalline structure, and the 
RSAT is probably much less than that of the initially de- 
posited monolayer. 

Optical studies seem to indicate that the RSAT can be 
greater than a monolayer. Conversely, the high current- 
density pulses often used in practical plating operations 
may lower the RSAT to about a monolayer. In light of the 
above considerations, it may be advantageous to weight 
the substrate's influence on the newly forming surface 
with a function that decays with depth (70, 71). For the 
purposes of this work, the following heuristic treatment 
will be used in estimating a relevant surface composition 

2 [1-exp(- RSAT- 
xi [ 1 RSAT - din1 [32] 

where dml --< RSAT. 
In Eq. [32], the subscript ml refers to a monolayer, dmt is 

the monolayer's distance from the surface, ~ is a system- 
specific proportionality constant, Xi.mt refers to the mono- 
layer mole fraction of component i, and the bracketed 
terms are weighting functions for each monolayer. Mono- 
layers that are deep below the surface make only a small 
contribution to the relevant surface composition. For dmt 
> RSAT, no effect on the surface composition is taken in 
account. Equation [32] assures that the sum of the overall 
mole fractions is unity. It can also be seen that if ~r is 
set to a very high value, then the weighting function for 
each monolayer within the RSAT will essentially be 
unity. 

We can now formalize in the following algorithm the 
procedure for the implementation of the mathematical 
model. 

For t = t, t2, �9 �9 �9 t,,, the procedure is as follows. 
I. Obtain the total current i,,. 
2. Solve for (gi.n s and 'I%n ~ (Eq. [12]-[15]). 
3. Solve for Hn (Eq. [21]). 
4. Solve for (OHn/OEn) (Eq. [23]). 
5. Solve for En by iteration (Eq. [22]). 
6. Obtain the new surface composition from the individ- 

ual currents according to Faraday's law (Eq. [18] and [32]). 
7. Determine the new surface activity (Eq. ]31]). 

Results 
We have chosen to model a three-component  system to 

illustrate the flexibility of the algorithm. It is not possible 
to obtain the necessary parameters required for the model 
from the literature; for this reason, we are presently work- 
ing on experiments that should yield the necessary data. 
We will discuss the experimental investigation and make 
a model comparison in a future publication. 

The model inputs are listed in Table I. The values of the 
standard electrode potentials UL ~ can be calculated from 
the rate constants. The values of Ut ~ are 0.3, 0.1, and 
-0.1V for components  1, 2, and 3, respectively. For each 
reaction, the rate constants, have been chosen to yield an 
exchange-current density of 2 nLA/cm ~ for as = 1 and (C]po) 
= 1 mol/kg. The transport properties for all components 
are equivalent since the diffusion coefficient and the 
characteristic length 8~, which has been used to nondi- 
mensionalize the mass-transfer problem, were set equal 
for all ionic species. 

For the base case, the current is pulsed to the total dc 
limiting current of the system. This current program is 
displayed in Fig. 1. In Fig. 2, the dimensionless surface 
concentrations are plotted for a system in which a Nernst 
diffusion layer is applicable (the dotted curves) and for 
the more rigorous solution outlined by Eq. [12] and [13] 
(the unbroken curves). It can be seen that the two solu- 
tion techniques yield very similar answers, as would be 
expected from the close agreement of the respective 
current-step solutions. Due to the low bulk concentration 



Vol. 132, No. 6 M U L T I C O M P O N E N T  A L L O Y S  1303 

Table I. Model inputs a 1 . 0 0 

Quantity Units 

0 . 8 0  
c? I x 10 -6 1 x I0 -'~ 1 x 10 -4 moYcm 3 
dm 3 ~ 
ka.i 8.741 x 10 -'4 2.109 x 10 -'~ 5.091 x 10 -7 mol/cm2-s -J 
kc i 1.229 x 10 -3 5.092 x 10 -7 2.110 x 10 -'0 kg/cm~-s D 

�9 m 
n, 2 2 2 - -  0 . 6 0  r 0 ~-cm 2 o 
RSAT 9 ~ 
xi ~ 1.0 0.0 02 mol i/mol ~" 
fl~ 0.5 0.5 0.5 - -  o 
~ 1.0 1.0 1.0 - -  < 
6~ 0.001014 0.001014 0.001014 cm ~ 0.  40 n- 
Po 0.001 kg/cm'~ D 
p~ 0.073 0.073 0.073 mol/cm ~ co 
(r 1.0 - -  

O 

a For component entries, component 1 is at the farleft, followed by 
components 2 and 3, respectively. 

and  more  nob le  charac te r  of  c o m p o n e n t  one, its surface  
concen t ra t ion  r ema ins  negl igible  t h r o u g h o u t  the  electro- 
depos i t ion  process .  The leas t -noble  c o m p o n e n t  3 has  the  
h ighes t  bu lk  and  surface  concent ra t ion .  F igure  2 illus- 
t ra tes  tha t  the  p roces s  r eaches  a un i fo rm  and  sus ta ined  
per iodic  s tate  af ter  a b o u t  t he  four th  cycle.  

The e lec t rode-po ten t ia l  profile is po r t r ayed  in Fig. 3. 
The lower  por t ions  of the  curve c o r r e s p o n d  to the  on 
t ime. While depos i t i on  is occurr ing,  the  e lec t rode  poten-  
tial is forced  to m o r e  ca thodic  (negative) va lues  s ince  the  
d i scharg ing  ion concen t r a t ions  are decreas ing .  During the  
off  t imes ,  t he  po ten t ia l  drif ts  in the  anodic  di rect ion as 
cor ros ion  reac t ions  take  place and  meta l  ions are trans-  
po r t ed  to the  e l ec t rode  surface  by  convec t ion  and  diffu- 
sion. 

One of  t he  m o r e  pract ica l  alms of th is  w o r k  is to obta in  
the  e l ec t rodepos i t  compos i t ion .  A plot  of  the  depos i t  com- 
pos i t ion  is s h o w n  in Fig. 4. Though  c o m p o n e n t  1 is the  
m o s t  nob le  c o m p o n e n t ,  its low bu lk  concen t r a t i on  l imits  
its rate of  mass  t ransfer ,  t he r eby  s u p p r e s s i n g  its depos i t  
concent ra t ion .  The oppos i t e  is t rue  for c o m p o n e n t  3. 
A b o u t  t en  m o n o l a y e r s  are depos i t ed  du r ing  the  on t ime; 
thus ,  there  is a cons ide rab le  var ia t ion in the  e lect rode-  
pos i t  concen t r a t i on  du r ing  the  on  t ime.  The  corros ion  
cu r r en t s  also cause  a change  in t he  depos i t  mole  fract ions 
dur ing  the  off  t ime.  At  h ighe r  f r equenc ies ,  t he re  wou ld  be 
less  var ia t ion in t he  depos i t  c o m p o s i t i o n  dur ing  a pulse.  

In o rde r  to ob ta in  the  depos i t  mole  f ract ions ,  t he  partial  
cu r ren t s  m u s t  be known .  A plot  of  part ia l  cu r ren t s  is 
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Fig. 1. Current source for the base case. The maximum cathodic 
current is the sum of the dc limiting currents of the discharging ions 
( - 2 1 1  mA/cm2). 
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Fig. 2. Dimensionless surface concentrations for the first five cy- 
cles. The current source is shown in Fig. 1. The dotted curve was ob- 
tained using tbe Nernst diffusion layer approximation. The surface 
concentration of component 1 remains near zero throughout the depo- 
sition process. 

0 . 1 0  

> 

z 0 . 0 0  

_J 
< 

~- - . 1 0  
z 
Ld 

0 
EL 

w - . 2 0  
CI 

0 
c~  
b -  
(D 

w - . 3 0  
i , i  

j I 

f S 
I 
t 

f 

f f 

- - . 4 0  I I I I 

0 . 0 0  0 . 0 4  0 . 0 8  0 . 1 2  0 . 1 6  0 . 2 0  

T I M E  I N  SEC 

Fig. 3. Electrode potential relative to a SHE for the base case. The 
lower portion of the curve represents the on time. 

s h o w n  in Fig. 5 for a pulse- reversa l  cu r ren t  source. A 
pulse-reversa l  cu r r en t  source  is of ten  u s e d  to p roduce  
s m o o t h  depos i t s ,  and  it has  a s ignif icant  effect  on the  al- 
loy compos i t i on  and- ionic  surface concen t ra t ions .  Due to 
t he  h igh  bu lk  concen t r a t i on  of c o m p o n e n t  3, it carr ies 
m o s t  of  t he  ca thodic  current�9 Figure  5 s h o w s  tha t  compo-  
n e n t s  1 and  2 incur  mass - t r anspor t  l imi ta t ions  dur ing  the  
on t ime. C o m p o n e n t  3 also carries m o s t  of  the  anodic  cur- 
r en t  due  to its more  negat ive  s t andard  e lec t rode  potential .  
At  the  end  of  the  fifth cycle,  the  total  depos i t  mole  frac- 
t ions  are 0.028, 0.222, and  0.750 for c o m p o n e n t s  1, 2, and  3, 
respect ively.  For  the  base  case (Fig. 1-4) the  analogous  
values  are 0.021, 0.175, and  0.804. In addi t ion,  the  pulse-  
reversa l  cu r r en t  source  s u p p o r t s  h i g h e r  ionic surface con- 
cen t ra t ions  due  to the  per iodic  depos i t  dissolut ion.  A 
compar i son  of  Fig. 2 and  6 i l lustrates  this.  

S o m e  ins igh t  into m u l t i c o m p o n e n t  e lec t rodepos i t ion  
can be ga ined  by  e x a m i n i n g  the  case of  a t r iangular  cur- 
r en t  source.  The t r iangular  cur ren t  w a v e f o r m  in Fig. 7 
reaches  a ca thod ic  cu r ren t  dens i ty  1.7 t imes  the  total  dc  
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Fig. 4. Deposit mole fraction variation for the base case. Upper 
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nent 1. At time zero, the electrode is pure I.  
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Fig. 6. Dimensionless surface concentrations for the pulse-reversal 
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the pulsed-current source depicted in Fig. 2. 
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Fig. 5. Component currents for a pulse-reversal current source. The 
current is reversed to 52.8 mAJcm 2. The maximum cathodic current is 
the same as that shown in Fig. 1 (211.2 mA/cm2). 

l imit ing current  dens i ty  displayed in Fig. 1. The  nonl inear  
nature  of the e lec t rode  kinet ics  is mani fes t  in t he  elec- 
t rode-potent ia l  profi le in Fig. 8. The  wave fo rm in Fig. 7 
was cons t ruc ted  to disal low the ach i evemen t  of a per iodic  
state. In  Fig. 8, it can be seen that  the m i n i m a  reach more  
ca thodic  values  for each succeeding  period. At 0.20s, all 
three d ischarging meta l  ions reach a zero surface concen- 
tration. Direct ly  after this another  react ion would  be 
forced to take place,  such  as solvent  decomposi t ion .  

The  inf luence  of the  individual  solid-state activities 
can be seen by compar ing  Fig. 9 and 14) for the  last off 
t ime d isp layed in Fig. 1. The  partial currents  for the  base 
case are shown in Fig. 9. C o m p o n e n t  1 carries its dc limit- 
ing current  dens i ty  t h roughou t  the  process.  C o m p o n e n t  2 
is also depos i t ing  dur ing  the  off t ime, whereas  componen t  
3 dissolves.  The  part ial  currents  sum to zero dur ing the 
off  t ime. 

When the  energy  of in teract ion b e t w e e n  componen t s  1 
and 3 and c o m p o n e n t s  2 and 3 is at tractive,  the  corrosion 
currents  are r educed  and the  depos i t  is more  stable dur- 
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Fig. 7. Triangular current source. The maximum current is 1.7 times 
the base  case  maximum cathodic  current source  shown in Fig. 1. 

ing the  off t ime. This is dep ic ted  in Fig. 10. These  con- 
cepts  are impor t an t  to the  unde r s t and ing  of  the  corrosion 
of alloys. In  part icular ,  e l emen t s  can  be  chosen  to form a 
more  corrosion res is tant  alloy. Though  the partial cur- 
rents are relat ively low in Fig. 9 and 10, and the overal~ 
deposi t  compos i t ion  will  not  change  great ly because  of 
the surface f ree-energy changes,  s i tuat ions can occur  in 
which  the  ind iv idual  solid-state act ivi t ies  could  be  very  
important .  For  instance,  in pulse-reversa l  e lectrodeposi-  
tion, where  the  magn i tude  of  the  anodic  current  is high, 
the  surface act ivi t ies  will  p lay an impor t an t  role in 
de te rmin ing  the  e lec t rodepos i t  compos i t ion  and the  ionic 
surface concentra t ions .  

C o n c l u s i o n s  
This paper  presents  a ma themat i ca l  mode l  for the  peri- 

odic e lec t rodepos i t ion  of m u l t i c o m p o n e n t  alloys by an ar- 
bitrari ly specif ied current  source. An  analogous  mode l  
for potent ia l -control led  electrolysis  is also discussed.  The  
m e t h o d  of  superpos i t ion  is used to solve this p rob lem 
wi th  an efficient numer ica l  a lgori thm. This t r ea tment  ex- 
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Fig. 8. Electrode potential relative to the SHE for the triangular 
current source displayed in Fig. 7. For the specified conditions, a pe- 
riodic state will not be achieved. 

(.) 

0 
u3 

Z 

U3 
I-- 
Z 
Ld 
n," 
rr- 

C) 

I-- 
Z 
DJ 
Z 
0 
13- 

0 
0 

7 . 5  

5 . 0  

2 . 5  

0 . 0  

- 2 . 5  

- 5 . 0  

0 . 1 8  

T I M E  

I 

o .  19 0 . 2 0  

I N  SEC 

Fig. 9. Component currents during the fifth off time for the base 
case. The activity coefficients are all unity. 

poses the large number  of parameters the electroplater 
must consider for obtaining thin alloy films with the de- 
sired properties. If  an accurate model is used by the elec- 
troplater, the different plating parameters can be intelli- 
gently varied to assist in manufacturing the desired 
electrodeposit. 

Acknowledgments  
Our modeling efforts were benefited by insightful dis- 

cussions with Professor John Newman. This work was 
supported by the Director, Office of Energy Research, 
Office of Basic Energy Sciences, Materials Sciences Divi- 
sion of the Office of the U.S. Department  of Energy, un- 
der Contract no. DE-AC03-76SF00098. 

Manuscript submitted Aug. 31, 1984; revised manu- 
script received ca. Feb. 11, 1985. 

The University of California assisted in meeting the 
publication costs of this article. 

APPENDIX 

Rosebrugh and Miller's solution can be used to derive 
alternate expressions for Eq. [12] and [13]. The current- 
step solution is first required. Fick's second law 
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Fig. 10. Component currents during the fifth off time of the current 
source shown in Fig. 2. For this case, the activity coefficients deviate 
from unity. G 3 . 1  - G 3 . 3  = G:~.2 - G3.3 = -20 ,000  J/mol. Component 3 
is attracted to components 1 and 2 in the electrodeposit 

(~C i (~2C i 
- D ~ -  [ A - l ]  at ay 2 

with the initial condition and the boundary conditions 
given by Eq. [3], [5], and [10] outline the current-step 
problem. The solution is (37) 

i,6j [ y 8 ~ cos (mg,y) -m~,t] 
ci = c~ b + niFD i 1 6i ~.2 -= m2 e 

[A-2] 

where m = 2j - 1, gi = ~/26i, and ~i = ~2Di/46i2. 
The similarity between Eq. [7] and [A-2] is evident. Re- 

tention of the velocity term in Eq. [1], the convective dif- 
fusion equation, tends to change slightly the eigenfunc- 
tions and the eigenvalues. The form and the behavior of 
-the two current step solutions are very similar. 

For short times, Eq. [A-2] can be reduced to the Sand 
equation. Thus, Eq. [8] bears a close resemblance to the 
asymptotic expression of Eq. [A-2] evaluated for short 
times and at the electrode surface. 

When the method of superposition is used to obtain an 
expression for a varying current source, the concentration 
can be expressed by Eq. [11] and 

-m~a~(t-t,,_,) _ 

I 
| = niFD----T 6i ~ m 2 J j=l 

[A-3] 

and 

6i {8 ~-' ~ cos(mgiy) 
Wi,n = ci h + niFD i ~-~ ~ ii.j m2 

j=l s 

[e -m2~'(t-tk)- e-m~(t-t~'-')]} [A-4] 

The similarity between Eq. [12], [13], [A-3], and [A-4] is 
evident. This is especially true at the electrode surface 
where Zk is unity. Equations [A-3] and [A-4] and Eq. [14] 
and [15] were used to model the solution-side mass trans- 
port in order to obtain the dotted curves in Fig. 2. 

LIST OF SYMBOLS 

ai., surface activity of component i at time step n 
ci,, concentration of species i during time step n 

(mol/cm '~) 
ci b bulk concentration of species i (mol/cm 3) 
c~,n s surface concentration of species i during time step 

n (mol/cm '~) 
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ci.~, reference electrode compartment concentration of 
species i (moYcm '~) 

dml monolayer thickness of electrodeposit (cm) 
Di diffusion coefficient of species i (cm2/s) 
f F/RT, (mol/V-eq) 
F Faraday's constant (96,487 C/eq) 
gij energy of interaction between components i and j 

(J/tool) 
G E molar excess Gibbs energy (J/tool) 
H, zeroing function (mA/cm 2) 
ii., current density carried by species i at time step n 

(mA/cm ") 
i, total current density at time step n (mA/cm 2) 
ka.i anodic rate constant of component i (moYcm2-s) 
k~,~ cathodic rate constant of species i (kg/cm2-s) 
m number  of deposit components 
M~ symbol for chemical formula for species i 
n time step 
n~ number  of electrons in the deposition reaction of 

species i 
nr~ number  of electrons in reference-electrode reaction 
N~ moles of component  i 
N~ total moles 
r cell ohmic resistance (~2-cm 2) 
R universal gas constant (8.314 J/tool-K) 
RSAT relevant surface-activity thickness (cm) 
s~.~e stoichiometric coefficient of species i in reference 

electrode reaction 
t time (s) 
T absolute temperature (K) 
U~ ~ standard electrode potential for reaction involving 

species i (V) 
Ur, ~ standard electrode potential of the reference elec- 

trode reaction (V) 
V, electrode potential referred to the reference elec- 

trode, during time step n (V) 
vy normal velocity component to a rotating disk elec- 

trode (cm/s) 
x~ mole fraction of component i 
y normal distance from the electrode surface (cm) 

Greek Symbols 

~j species interaction constant characteristic of the 
nonrandomness of the mixture 

B~ symmetry factor for component i 
Ti activity coefficient of component i 
F(4/3) 0.89298, the gamma function of 4/3 
O~.n concentration function (moYA-cm) 
O J  surface-concentration function (moYA-cm) 
6~ Nernst diffusion layer thickness of species i (cm) 
a exponential  proportionality constant for the RSAT 

mole fraction 
v kinematic viscosity (cm2/s) 
po solvent mass density (kg/cm 3) 
Pi species i molar density (mol/cm '~) 
co disk rotation speed (rad/s) 
~/i.n concentration function (mol/cm 3) 
~i., S surface concentration function (mol/cm 3) 
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Electrolytic Recovery of Gallium from Dilute Solutions Employing 
Microelectrodes 
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ABSTRACT 

The recovery of gallium from dilute solutions is known to be slow and inefficient due to competing hydrogen evolu- 
tion and the limitations of mass transport. Methods used to improve the process include pulse plating, inhibition of hy- 
drogen evolution by suitable additives, increasing the pH, and conducting the process at temperatures above the melt- 
ing point of gallium. In the present work, an alternative approach was taken employing microelectrodes to enhance the 
rate of mass transport and thus to increase the rate of gallium recovery. Potentiostatic plating and stripping experiments 
were performed using electrodes ranging in diameter from 1 cm down to 45/zm. The effect of electrode diameter on the 
rate and efficiency of the plating of gallium was studied at different potentials and under different conditions of mass 
transport. The effect of plating t ime was also determined, and the conditions for the optimum recovery of gallium in 
terms of the overa l l ra te  as well as the current efficiency were evaluated. Carbon fiber epoxy composites can serve as 
ensembles of microelectrodes. It was shown that, with a typical radius of 3-5/zm for the individual fibers, considerable 
enhancement  of the rate of recovery of metals from dilute solutions can be expected. 

Novel electrode designs have been suggested in recent 
years for the recovery of metals from dilute solutions, ei- 
ther as a means for purifying industrial waste, or as a 
method of primary recovery of the metal from low grade 
ore. Some well-known designs include the "Swiss roll" 
(1), the fluidized bed (2), the so-called "Eco cell" (3), as 
well as various types of porous electrode flow-through 
cells (4). Most of the above designs cannot be used effi- 
ciently for the recovery of gallium due to the low current 
efficiency caused by hydrogen evolution and because 
gallium tends to be soluble in the electrolyte used after it 
has been detached from the electrode surface and is no 
longer cathodically protected. An alternative electrode 
design, which has so far not been studied for this pur- 
pose, is a microelectrode or an ensemble of microelec- 
trodes on a planar surface. 

Recent interest in the electrochemical properties of 
microelectrodes is due to several possible applications of 
such systems. They can be considered for implantation in 
living organisms to follow the changes in concentration of 
biologically active molecules. The various future applica- 
tions of microelectrodes were discussed in a recent sym- 
posium devoted to this subject (5). A number  of theoreti- 
cal papers have dealt with the calculation of the rate of 
mass transport to a microelectrode (6-11). In two recent 
studies (12, 13), the rate of mass transport to ensembles of 
microelectrodes was calculated, taking into account the 
interaction of the diffusion layers of adjacent electrodes. 
It was shown (13, 14) that an added advantage of ensem- 
bles of microelectrodes, as compared to large continuous 
electrodes, is the reduced ohmic potential drop. A num- 
ber of experimental  studies employing microelectrodes of 

*Electrochemical Society Active Member. 

various types have been reported in recent years (15-23). 
Further possibilities for such experimental studies are en- 
hanced by the advent of modern techniques of microelec- 
tronics and by the introduction of carbon fiber epoxy 
matrix composite materials as electrodes in certain appli- 
cations (19, 24-26). 

The inherent advantage of ensembles of microelec- 
trodes for the recovery of metals from dilute solutions is 
the enhancement  of mass transport, as compared to pla- 
nar electrodes of equal total area. Since the partial current 
for metal recovery from dilute solutions will usually be 
limited by mass transport, enhancing the rate of mass 
transport should increase both the rate of metal recovery 
and the current efficiency for recovery (assuming that 
the competing reaction, which is typically hydrogen evo- 
lution, is not limited by mass transport). A possible draw- 
back of microelectrodes is their tendency to be easily 
blocked by impurities and specifically by minute gas 
bubbles formed in the accompanying reaction of hydro- 
gen evolution. This may lead to a significant scatter of 
experimental results in laboratory experiments, ~ but 
should be of lesser importance in large-scale industrial 
operations in which flow rates of the solutions are typi- 
cally high and large ensembles of microelectrodes will be 
used in any one reactor. 

Theory 
The l imi t ing current density on a planar electrode fol- 

lowing a potential step was given (8) for (rrDt)'" <- r as 

I = nFCD [ A [1] 
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in wh ich  C is the bulk  concentrat ion,  A is the  area, and P 
is the  c i r cumfe rence  of  the  electrode.  By set t ing A = v r  2 
and P = 2~r, for a disk electrode this equa t ion  reduces  to 
the wel l -known equa t ion  of the  l imi t ing current  to a 
spherical  e lec t rode  

[ 1 1 ]  
I = n F C D A  ,,/~-Dt + r [2] 

The first t e rm in the brackets  represents  the  classical 
Cottrel l  equa t ion  and is val id  at short  t imes  w h e n  the  dif- 
fusion layer th ickness  ~ = (TrDt) ~2 is small  wi th  respect  to 
the radius r of  the  microeleet rode.  I f  diffusion is the only 
m o d e  of  mass  t ransport ,  the  t ime -dependen t  t e rm in Eq.  
[1] and [2] will  approach  zero at long t imes  and the  cur- 
rent  will be  gove rned  by the radius of the  mieroelec t rode .  
This, however ,  is no t  a ease of  pract ical  interest ,  s ince in 
any e lec t rochemica l  reactor  the  diffusion layer th ickness  
at s teady state is governed  by the  condi t ions  of flow near  
the  e lec t rode  surface. Such  steady state is reached w h e n  
the natural ly g rowing  diffusion layer reaches  the  thick- 
ness enforced by e lect rolyte  flow. I f  the  lat ter  is known,  
the  t ime  to reach  s teady state can  readi ly  be es t imated 
f rom the  re la t ionship  t = ~2hrD. 

In the  p resen t  work,  the ease s tudied  was that  in which  
the diffusion layer  was de te rmined  by the  m e t h o d  of stir- 
r ing of  the  solution.  In  this case, one  can define a capture  
area, shown in Fig. 1, as the enve lope  wi th in  which  the  
concent ra t ion  of  the  reactants  and produc t s  significantly 
devia te  f rom thei r  respect ive  bulk  values.  F r o m  s imple  
geomet r ica l  considerat ions ,  it can be seen that  the "cap- 
ture  area"  A~ def ined above  is re la ted to the  diffusion 
layer th ickness  and the  radius of  the  microelec t rode .  The 
ratio be tween  the  capture  area and the  area of the  micro- 
e lec t rode  is g iven  by 

Ac/A~ = 1 + 7rS/r + 2~2/r "~ [3] 

This  ratio may  serve as a qual i ta t ive  measure  of  the 
e n c h a n c e m e n t  of  mass t ranspor t  to a mic roe lec t rode  or to 
an ensemble  of microelec t rodes .  For  an infinitely large 
planar  electrode,  the  above  ratio is, by definition, equal  
to unity. As the  ratio be tween  the  diffusion layer thick- 
ness  and the  radius  of the  mic roe lec t rode  increases,  the 
second and the  third te rms  in the  above  equa t ion  become  
predominant .  When the ratio is ve ry  large, the  t e rm 
involving the square of this ratio is most important. With 
this concept, the enhancement of the rate of diffusion is 
to an extent proportional to the ratio of areas of a circle 
having a radius equal to the diffusion layer thickness to 
the area of the microelectrode. A similar result was 
reached for an ensemble of microelectrodes assuming 
that the rate of mass transport was controlled only by dif- 
fusion, with no convective flow (13, 14). 

Experimental 

The cell and  electrodes.--A rec tangular  cell cons t ruc ted  
of po lyme thy lme thac ry l a t e  was employed .  The  dis tance 
be tween  the  work ing  and countere lec t rodes  was 8.5 cm, 
and a sa tura ted  ca lomel  reference e lec t rode  (SCE) was sit- 
ua ted  in the compartment with a~d at a distance of 3.5 cm 
from the working electrode. All potentials shown in this 

C=C b (DIFFUSION LAYER BOUNDARY) 

Fig. 1. The capture envelope 

paper  are wi th  respect  to the  sa turated ca lomel  electrode.  
The  coun te re lec t rode  and work ing  e lec t rode  compar t -  
men t s  were  separa ted  by a 125 ~m Tyvek  separator  in or- 
der  to p reven t  oxygen  from get t ing to the  working  elec- 
t rode  w h e n  it  was polar ized cathodical ly.  A 1 cm 2 copper  
plate was used  as the  cont inuous  or plate electrode.  Cop- 
per  wires  e m b e d d e d  in an epoxy  mat r ix  were  used  as the 
microelec t rodes .  The  d iameters  of  these  e lect rodes  were  
1000, 510, 250, 100, 67, and 45 ~m. For  the  three larger  
sizes, s ingle e lec t rodes  were  used. For  the  three  smaller  
sizes, ensembles  of e lec t rodes  hav ing  6, 13, and 15 elec- 
trodes,  respect ively ,  were  employed.  The  electrodes  were  
s i tuated at a re la t ively large dis tance  f rom each other  to 
ensure  that  the i r  diffusion layers wou ld  not  over lap dur- 
ing the  exper iment .  Bond ing  of  the microe lec t rodes  to 
the  e m b e d d i n g  po lymer  initially posed  some  problems.  
These  were  o v e r c o m e  by the  use  of a siIane coupl ing  
agent  prepared  by  mix ing  5 ml  of organosi lane ester  (Un- 
ion Carbide,  A 176) wi th  5 ml  acetic acid and di lut ing with  
5 ml  of  dist i l led water.  

Af ter  i m b e d d i n g  the  copper  wires  into the  polymer,  the  
e lect rodes  were  pol i shed  to be flush wi th  the surface. 
Po l i sh ing  was pe r fo rmed  with  success ive ly  finer polish- 
ing materials,  s tar t ing with  180, 320, 400, and 600 grit  pa- 
pers  (3M Company) ,  fo l lowed by 10 and 5 ~m SiC papers  
(Mager Scient if ic  Company).  In the  final pol ish ing stage, 
6 and 1 t~m diamond pastes were used, followed by 0.05 
~tm alumina powder (Buehler). 

Electrolyte and  methods of  s t i r r ing . - -The  electrolyte  
was p repared  f rom reagent  grade N a O H  (Fisher 
Scientific, 283 g/liter) and anhydrous Ga~(SO4)3 (Alfa 
Products, 2 g/liter, dissolved in distilled water). The molar 
concentrations were 7.07M hydroxide and 9.4 mM gal- 
lium, in the form of the gallate ion GaO3 -3. The pH of the 
solution was 15.1 (27). 

Two methods were used to agitate the solution. In ini- 
tial measurements, a magnetic stirrer was employed. This 
was found to be unsatisfactory, since hydrogen bubbles 
sticking to the electrode surface were not removed. Much 
more efficient stirring was achieved by the use of an 
impinging jet of electrolyte, which was positioned 1.5 cm 
above  and 0.5 cm away from the work ing  electrode.  The 
effect ive va lue  of  the  diffusion layer thickness ,  es t imated  
f rom m e a s u r e m e n t s  on the  plate e lec t rode  (see Resul ts  
and Discussion)  was 68 and 19 ~ m  for the  two me thods  of  
stirring, respect ively .  The  great  advantage  of  the  
imp ing ing  je t  was that  it he lped  r e m o v e  mos t  of  the  hy- 
drogen  bubbles  f rom the surface of the  microelect rodes .  

Procedure and  a p p a r a t u s . - - A t  the  start  of each set of  
exper iments ,  the  solut ion was deaera ted  wi th  pure  nitro- 
gen  for 30 min.  The  work ing  e lec t rode  was main ta ined  at 
a potent ia l  of  -1 .4V to protect  it cathodical ly.  All experi-  
ments  were  conduc t ed  potent ios ta t ical ]y  us ing a P A R  
Model  173 potent iostat .  Pla t ing was conduc t ed  for 10, 30, 
and 50s at potent ia ls  ranging  f rom -1.70 to -1.90V. 
Anodic  s t r ipping was pe r fo rmed  at a potent ia l  of -0.75V, 
unti l  the  anodic  s t r ipping cur ren t  decayed  to zero. The 
charge dur ing  plat ing and anodic  s t r ipping was measu red  
with a bipolar computing coulometer (Electrosynthesis 
Company, Model 680). The amount of gallium stripped off 
was also measured in some of the experiments by 
determining the weight loss which varied from the 
coulometric determinations by no more than ~ 5%. 

A peristaltic pump (Cole-Palmer Instruments Com- 
pany) was used to form the impinging jet. It provided a 
volume flow rate of 9.6 ml/s and a linear flow velocity of 
ca. 5m/s. 

Results and Discussion 

The rate of  ga l l ium depos i t ion . - -The  average  rate of  gal- 
l ium deposi t ion  is shown in Fig. 2 as a func t ion  of  poten- 
tial for microe lec t rodes  of different  size. In  this  figure, 
the  current  dens i t ies  are based on the e lec t rode  conduc-  
tors '  apparent  area wi th  t he  data  for the  1 cm 2 plate  elec- 
t rode  shown for compar ison.  The  resul ts  for the two 
largest  microe]ec t rodes  s tud ied  here  are not  inc luded  in 
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Fig. 2. The effect of the diameter of the electrodes and the poten- 
tial on the rate of deposition of gallium. 

Fig. 2, s ince they  are the  same as for the  plate electrode.  
The  di f fus ion- l imi ted  current  dens i ty  for ga l l ium deposi-  
t ion was es t ima ted  f rom the  current  dens i ty  and the  cur- 
rent  eff iciency measu red  in the  range  of  potentials  of  
-1 .8  to -1.9V. On the  plate e lectrode,  the  va lue  obta ined 
in this m a n n e r  was iL = 4.5 m A / c m  2. This  va lue  was used  
to calcula te  the  diffusion layer th ickness  5, g iven  here. 
The  v iscos i ty  of  the  solut ion is app rox ima te ly  6.0 cP, and 
the  diffusion coeff ic ient  for the gallate ion is D = 3 x 10 -G 
cm2/s, s ignif icant ly lower  than  in di lute  aqueous  solu- 
tions. Thus, the  rate of  gal l ium depos i t ion  was under  
m i x e d  ac t iva t ion/mass- t ranspor t  control  on the  plate elec- 
t rode  up to a potent ia l  of  -1 .80V and swi tched  to fully 
mass- t ranspor t  cont ro l  at more  nega t ive  potentials .  Due  
to s ignif icant  e n h a n c e m e n t  of  the  rate of  mass  t ranspor t  
on the  microe lec t rodes ,  the  rate of  ga l l ium depos i t ion  was 
probably  unde r  m i x e d  control  t h roughou t  the  range of  
potent ia ls  s tudied.  

I f  we  were  to a s sume  that  the  reac t ion  is unde r  mass- 
t ranspor t  control  for all e lect rodes  at all potent ials  mea- 
sured,  it wou ld  be  easy to calculate  the  dif ference be- 
tween  the  cur ren t  densi t ies  on the  plate and on the  
microe lec t rodes ,  s ince 

iL(micro) - iL(plate) = nFDC 

T h e  d i f f e r e n c e s  c a l c u l a t e d  i n  t h i s  w a y  a m o u n t  to  3.8, 2.5, 
1.7, and 0.7 m A / c m  2 for the  45, 67, 100, and 250/xm diam 
electrodes,  respect ively .  The  average values  observed  at 
the  less nega t ive  potent ia ls  are 3.7, 2.5, and 1.7 mAYcm 2, 
respect ively,  the  values  for the  250 /xm e lec t rode  be ing  
wi th in  expe r imen ta l  error  of  the  va lue  for the  plate elec- 
trode. It  is no tewor thy ,  however ,  that  this di f ference in- 
creases  at more  nega t ive  potentials .  It  is reasonable  to as- 
s u m e  that  in this reg ion  the  plate e lec t rode  is already 
comple te ly  unde r  mass- t ranspor t  control ,  whi le  the  rate 
of  ga l l ium depos i t ion  still increases sl ightly wi th  increas- 
ing negat ive  potent ia l  on the microelec t rodes .  

The solut ion res is tance may play an impor t an t  role in 
de te rmin ing  the  rate  of  ga l l ium depos i t ion  at the  less neg- 
at ive potentials .  S ince  the  revers ib le  potent ia l  for the  dep- 
osi t ion of  ga l l ium in the  so lvent  is close to - 1.70V, a small  
d i f ference in the  potent ia l  across the  interface,  caused by 
an IR  drop, may  effect  the rate of depos i t ion  of  ga l l ium in 
a major  way. As po in ted  out  above  (13, 24), the  solut ion 
res is tance  (for a f ixed va lue  of  the cur ren t  density) de- 
creases wi th  decreas ing  radius of the  microelec t rode .  
This may  expla in  the  relat ively large dif ference in current  
dens i ty  be tween  the  plate e lec t rode  and the smallest  
mic roe lec t rode  observed  in Fig. 2. 

It  should  be no ted  that  the  condi t ion  r < <  ~ did not  ex- 
ist even  for the  smal les t  mic roe lec t rodes  e m p l o y e d  in this 

study. It  was shown  (12, 13) that  for e leetroanalyt ical  ap- 
pl icat ions the  radius  of  the microe lec t rodes  in the  ensem-  
ble should  be  3 ixm or less to have  a s ignif icant  advantage  
over  large e lect rodes .  However ,  the  compar i son  in that  
case was done  wi th  pulse  polarography,  which  is in i tself  
one of  the  mos t  sensi t ive e lect roanatyt ica l  techniques .  
The  p resen t  resul ts  clearly show that  w h e n  the radius is 
decreased  be low 50 txm, a defini te  advan tage  over  large 
e lect rodes  is observed  and  this  advan tage  increases  
sharply  wi th  decreas ing  radius. Ex t rapo la t ing  the  data in 
Fig. 2 to a radius of  3-5 ~ m  would  indica te  a poss ible  in- 
crease in the  rate of  recovery  of gal l ium by one to two or- 
ders of  magn i tude  compared  to large cont inouous  elec- 
trodes.  This  may  be very  significant  technological ly ,  
s ince the  radii  of  the  fibers in graphi te  fiber epoxy  com- 
posi tes  are in that  range. Thus,  g raphi te  fiber composi tes  
wi th  re la t ively low graphi te  fiber loading may  turn  out  to 
be  very  useful  as ensembles  of  mic roe lec t rodes  for the re- 
covery  of  meta l s  f rom di lute  solutions.  

Anodic stripping and alloy formation.--Anodic 
s t r ipping was conduc t ed  fol lowing each  plat ing experi-  
ment .  The potent ia l  was he ld  at -0 .750V unt i l  the  anodic  
current  decayed  to zero, and the  charge  passed in this pe- 
r iod was de t e rmined  with  the  aid of a coulometer .  S o m e  
typical  anodic  s t r ipping curves  are shown in Fig. 3. The  
longer  the  plat ing t ime,  the  longer  the  pla teau dur ing 
str ipping.  I t  should  be noted that  a Cu/Ga alloy was 
fo rmed  dur ing longer  per iods  of plating,  l ead ing  to a 
somewha t  c o m p l e x  form of the  anodic  s t r ipping tran- 
sient. 

The format ion  of an alloy is indica ted  in Fig. 4. The 
l ines shown represen t  consecut ive  cathodic  plat ing tran- 
sients, each fol lowed by anodic str ipping,  as out l ined 
above. The cur ren t  dens i ty  increases after each plat ing 
cycle and the  current  efficiency decreases,  showing  that  
the increase in cur ren t  dens i ty  is due  to an e n h a n c e m e n t  
of the  rate o f  hydrogen  evolut ion.  The  surface could be  
res tored to its original  form (i.e., all the  alloy could  be re- 
moved)  by se t t ing the  potent ia l  at a m u c h  more  posi t ive 
value  of  0.00V for a short  t ime fol lowing anodic s tr ipping 
at -0.75V. I t  was not  main ta ined  at this potent ia l  for any 
length  of  t ime,  s ince some anodic  dissolut ion of  copper  
could occur.  

Current efficiency.--Plots of the  average current  
eff iciency for ga l l ium depos i t ion  as a func t ion  of  poten- 
tial are shown in Fig. 5 for di f ferent  sized microelec-  
trodes.  For  the  plate  and the  two largest  microelec t rodes ,  
the  eff ic iency is low at -1.70V, has a broad  m a x i m u m  be- 
tween  -1.75 and -1.80V, and decreases  somewha t  at 
h igher  negat ive  potentials .  This behav ior  is easy to under-  
stand. At the lowes t  nega t ive  potent ials ,  one is close to 
the  revers ible  potent ia l  of gal l ium deposi t ion,  and its rate 
is low and rising s lowly (in a l inear  ra ther  than  exponen-  
tial form) with  potential .  As the potent ia l  reaches  -1.75V, 
both the  ga l l ium depos i t ion  and the  h y d r o g e n  evo lu t ion  
are in the  Tafel  region and the  two part ial  cur rents  in- 
crease to the  same ex ten t  wi th  potential ,  l eav ing  their  ra- 
tio, wh ich  is propor t iona l  to the  cur ren t  efficiency, essen- 
tially constant.  I t  should  be noted  that  the  size of  the 
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electrodes  has no effect  in this range since their  radii are 
large compared  to the diffusion layer th ickness  under  the 
present  expe r imen ta l  condit ions.  The results  shown for 
the smaller  microe lec t rodes  (250 ~ m  or less) are more  
difficult  to reconci le  wi th  theory. A priori, one might  
have  expec ted  the  eff iciency to increase wi th  decreas ing 
radius of  the  microe lec t rode ,  since ga l l ium deposi t ion is 
under  partial  mass- t ranspor t  control  and its rate should 
increase wi th  decreas ing  size, while  hyd rogen  evolu t ion  is 
under  act ivat ion control  and hence  should  not  be effected 
by the  size of  the  electrode.  This view, howeve r  ignores 
the  effect  of  IR  drop  in solution. This can be es t imated by 
cons ider ing  the  partial  current  densi t ies  for hydrogen  
evolu t ion  shown in Fig. 6. The apparen t  Tafel s lopes ob- 
served are qui te  high, in the range of  0.20-0.25V. I f  one as- 
sumes  that  the correct  Tafel  slope should  be 0.12V, the  
exper imenta l  data can be corrected by mak ing  Rso,n = 4.5 

cm 2 for the plate  e lectrode and 0.3 ~ cm 2 for the  
microelec t rode .  While these  n u m b e r s  should  only be con- 
s idered as approx imate ,  they  show clearly the  impor t an t  
effect of  decreas ing  IR  at microelec t rodes .  It  should  also 
be  noted  that  a p re l iminary  es t imate  of  R,o~n, based on the  
k n o w n  geome t ry  of  the  cell and the  conduc t iv i ty  of  the  
solut ion (0.38 m h o  cm-1), y ie lded a va lue  of 9.0 t2 cm 2 for 
the plate electrode.  For  a spher ical  e lec t rode  of the  same 
d iameter  as the  mic roe lec t rode  used  here, a value  of  0.011 

cm ~ is calculated,  s ignificantly lower  than  found for the 
flat disk microe lec t rode ,  as expected .  

The rate of  ga l l ium deposi t ion is part ial ly diffusion 
control led  and is hence  lit t le ef fec ted  by the  decrease in 
solut ion resistance.  As the  radius of  the  microe lec t rode  is 
decreased,  both  part ial  current  densi t ies  increase,  al- 
t hough  for di f ferent  reasons.  The diffusion-l imited cur- 
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rent  dens i ty  for ga l l ium depos i t ion  increases  as expec ted  
according  to Eq.  [1] and [2]. At  the  same time, the  IR drop 
in solut ion is decreased  (13, 14), l ead ing  to an increased 
rate of  hyd rogen  evolut ion.  The lat ter  can d e p e n d  on a 
n u m b e r  of  factors,  inc lud ing  cell  geome t ry  and the  con- 
duct iv i ty  of  the  electrolyte.  The resul ts  shown in Fig. 5 
ev ident ly  indicate  that  in the p resen t  e x p e r i m e n t  the lat- 
ter  effect  was p redominan t .  

The  large increase  of cur ren t  dens i ty  for hydrogen  evo- 
lut ion for the  mic roe lec t rodes  shown in Fig. 6 cannot  be  
expla ined  on the  basis of the  change  in solut ion resist- 
ance alone. I t  is p robably  a catalytic effect  occurr ing  at 
the bounda ry  be tween  the  meta l  and the sur rounding  
epoxy  mat r ix  and silane binder.  (It could  be, for example ,  
that  ga l l ium cannot  we t  this region, leaving a free copper  
surface on which  hydrogen  evolu t ion  can occur  m u c h  
faster). This  effect  has not  been  s tudied  quanti tat ively.  

It  is of  in teres t  to cons ider  the  way  in which  the  two 
part ial  current  densi t ies  wou ld  change  wi th  a fur ther  de- 
crease in the  size of  the  microe lec t rode .  When 8/r is ve ry  
large, the  part ial  current  for ga l l ium depos i t ion  increases  
as 1/r wi thou t  limit,  accord ing  to Eq. [2]. The  solut ion re- 
s is tance for uni t  area tends  to zero under  these  condi- 
tions, but  this can increase the  hydrogen  evolu t ion  rate 
only to the  va lue  cor responding  to the  Tafel  l ine in Fig. 6. 
Thus one would  expec t  that  the  current  eff iciency would  
go th rough  a m i n i m u m  at a certain va lue  of  the  d iameter  
of  the microelec t rode ,  and then  increase wi th  fur ther  de- 
creases in diameter .  The  size of  the  microe lec t rode  for 
which  this m i n i m u m  will  occur  depends  on exper imenta l  
condit ions,  as po in ted  out  above. It  is indeed  possible 
that  the  smal les t  microe lec t rodes  used  in this s tudy fall in 
the region of  this m i n i m u m ,  since the radius of 22.5 t~m 
was not  sufficiently small, compared  to the  diffusion 
layer thickness ,  to cause a very  large increase in 
dif fusion-l imited current  density, as seen f rom Eq. [2]. 

Conclusions 
Elect ro ly t ic  recovery  of  ga l l ium f rom di lute  solut ions in 

concen t ra ted  alkal ine has been  demons t r a t ed  exper imen-  
tally. The  rate of  recovery  (i.e., the  part ial  current  densi ty  
for ga l l ium deposi t ion)  was found to be h igher  on micro- 
e lect rodes  than  on large plate  e lect rodes .  This  resul t  is 
par t icular ly  s ignif icant  in v iew of the  fact  that  the  micro- 
e lec t rodes  were  not  really very  small,  the  radius  of  the  
smallest  be ing  only 22.5 t~m, about  the  size of  the  diffu- 
sion layer thickness .  It  was shown recent ly  (13, 27) that  
ensembles  of  microe lec t rodes  wou ld  b e c o m e  very  effec- 
tive, compared  to large electrodes,  only  w h e n  the radius 
of each microe lec t rode  was of  the  order  of  3 tLm or even  
less. This is t rue  w h e n  the  e n s e m b l e  is cons idered  for 
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electroanalytical applications and its performance is com- 
pared to pulse polarography, which is itself a powerful 
tool in electroanalytical chemistry. For metal recovery, it 
was shown in the present work that that the advantage of 
ensembles of microelectrodes becomes apparent already 
when the radius of each microelectrode is 50 t~m and their 
relative efficiency increases sharply as the radius de- 
creases further. Carbon fibers used in fiber epoxy com- 
posites have radii in the range of 3-5 tLm. Thus, a carbon 
fiber epoxy matrix composite with low fiber loadings (to 
comply with the requirement that the diffusion layers of 
adjacent electrodes will not overlap) could serve as a very 
good and relatively inexpensive ensemble of microelec- 
trodes, which would be highly effective for the recovery 
of metals from dilute solutions. An effort to fabricate such 
composite electrodes or other types of ensembles of 
microelectrodes having even smaller radii of the individ- 
ual microelectrodes is fully justified in view of their pos- 
sible application for the recovery of metals and for the 
purification of industrial effluents containing heavy 
metal contaminants. 

The decrease in current efficiency with decreasing di- 
ameter needs further investigation. If this is indeed due to 
a decrease of the IR drop in solution, as suggested above 
(12, 13), the current efficiency should reach a minimum, 
dependent  on cell configuration and specific conductiv- 
ity of the solution, and rise thereafter steadily with de- 
creasing radius, after solution resistance has become 
insignificant. If the hydrogen evolution reaction is en- 
hanced on the microelectrodes for some other reason 
(e.g., due to the reduction in the nucleation overpotential 
associated with hydrogen bubble formation at the edges 
of the microelectrodes), then an increase of the current 
efficiency with decreasing radius of the microelectrode 
may not be observed. In such event, one may still take ad- 
vantage of the enhanced rate of gallium deposition on en- 
sembles of microelectrodes, combined with suitable 
highly effective hydrogen inhibitors, to further identify 
conditions for high rate, high efficiency recovery of the 
metal from dilute solutions. 
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ABSTRACT 

Texas Instruments '  solar energy system contains a solar-chemical converter (SCC) which converts solar energy into 
chemical energy via the electrolysis of hydrobromic acid (HBr) into hydrogen (H~) and bromine (Br2). Previous predic- 
tions of SCC performance have employed electrical dry-probe data and a computer  simulation model to predict the H2 
generation rates. The method of prediction described here makes use of the photoelectrochemical I-V curves to deter- 
mine the "wet"-probe parameters of Voc, Jsc, FF, and efficiency for anodes and cathodes. The advantages of this tech- 
nique over the dry-probe/computer simulation method are discussed. A comparison of predicted and measured H2 gen- 
eration rates is presented. Solar to chemical efficiencies of 8.6% have been both predicted and measured for the 
electrolysis of 48% HBr to hydrogen and bromine by a full anode/cathode array. Individual cathode solar to hydrogen 
efficiencies of 9.5% have been obtained. 

Texas Instruments '  solar energy system contains a 
solar-chemical converter (SCC) which converts solar en- 
ergy into chemical energy via the electrolysis of hydro- 
bromic acid into hydrogen and bromine (1-5). Figure 1 il- 
lustrates the various processes which occur in the SCC. 
Photons from the sun are absorbed by the spherical sili- 
con solar cells either directly or by reflection and scatter- 
ing from the SCC matrix. Hydrogen and bromine are 
simultaneously generated at metal electrodes deposited 
on the n/p (cathode) solar cells and on the p/n (anode) so- 
lar cells as electrons flow through the back-side con- 
ductor. 

Previous evaluations and quality control required fabri- 
cation of completed arrays followed by actual hydrogen- 
generation tests. In most instances, either the anode cells 
or the cathode cells were limiting the performance of the 
SCC array. The hydrogen data alone were not sufficient 
to determine which electrode was in fact limiting. Predic- 
tions of SCC performance were then made based on dry 
probe data (Voc, Isc, and FF) of a small sampling of the 
cells and a complex computer simulation model (3, 5). 
The computer model included algorithms which de- 
scribed the relationships between the electrical character- 
istics of the individual solar cells, the assumed electro- 
chemical behavior of the front-side electrodes, and the re- 
sistance parameters associated with the electrolyte, 
back-side conductor, membrane separator, and SCC 
panel geometry. This approach toward predicting the 
SCC performance was complicated by the difficulty en- 
countered in measuring the electrical characteristics of a 
statistically significant number  of solar cells and in 
estimating or measuring the area and activity of the elec- 
trodes on the solar cells. A prediction method is de- 
scribed where photoelectrochemical LV curves are used 
with a simplified model  to predict  hydrogen generation 
rates and the performance of the SCC. This method also 
allows for the pairing of individual anode and cathode ar- 
ray sections in order to optimize the performance of a 
given anode/cathode combination for HBr electrolysis. 

Experimental 
The SCC arrays used in these experiments  consisted of 

near-single-crystalline silicon spheres, each of 380-400 t~m 
diam. Typically, SCC arrays are fabricated to include only 
anode cells or only cathode cells. The cells are cast and 
fired in a glass matrix with a center-to-center sphere 
spacing equal to 2.2 sphere radii, yielding more than 600 
cells for each square centimeter of array area. The thin 
film electrodes on the front surface of the solar cells con- 
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sist of platinum/iridium alloy (7:3), sputter deposited as 
equatorially positioned bands around the individual solar 
cells. The electrode thickness is 100-400]~. The cores of 
the solar cells are interconnected on the back side of the 
SCC array with a thick, corrosion-resistant, sputtered tan- 
talum film. For hydrogen-generation measurements,  an- 
ode and cathode sections with a total area of 38-40 cm 2 
were interconnected and mounted on a conductive sub- 
strate with conductive adhesive. 

Hydrogen generation rate measurements for complete 
arrays which include both anode and cathode cells were 
accomplished by immersing the arrays in a quartz fixture 
which contains 48% hydrobromic acid. The fixture was 
illuminated with a solar simulator incorporating multiple 
ELH-type tungsten-halogen lamps. The insolation at the 
fixture was calibrated with a NBS traceable Si solar cell 
to air mass 1 (100 mW/cm2). The spectral mismatch be- 
tween  the solar simulator and air mass 1 is less than 5% as 
measured with a LICOR 1800 spectroradiometer. Hydro- 
gen was collected for 4 min, and the hydrogen generation 
rate was calculated from the gas volume. 

The photoelectrochemical behavior of SCC array sec- 
tions was determined with the test cell illustrated in Fig 2. 
Electrical contact was made to the back-side conductor 
by a clip along one edge of the array section. Selected 
areas of the array were masked off with photoresist. Typi- 
cally, array areas of 5-10 cm ~ containing thousands of so- 
lar cells were evaluated with each determination. The 
three-electrode configuration included a hydrobromic 
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acid/bromine (6.9M/1.0M) reference electrode and a large 
plat inum foil counterelectrode placed just  outside the op- 
tical path of the multiple lamp solar simulator. Current- 
potential scans were obtained with a computer-driven 
ECO Model 555/B potentiostat at a scan rate of 40 mV/s in 
various hydrobromic acid/bromine mixtures (8.9 eq/liter). 
The electrochemical cell resistance was determined either 
by current interruption or from the slope of the current- 
voltage curve when the sections were strongly forward 
biased in the electrolyte (+ 10V for cathode cells, -10V for 
anode cells). Computer-plotted and -stored current- 
potential data were corrected for the photoelectrochemi- 
cal cell resistance and normalized to the current density 
of the array section. The current density on the individual 
solar cell electrodes is typically ten times larger than the 
array section current density since the ratio of the elec- 
trode area to the projected array section area is approxi- 
mately h 10. 

The condensed, normalized, and resistance-corrected 
data were transmitted to a main frame computer system 
for additional SCC system performance modeling. A 
simplified computer model calculated the SCC perform- 
ance from the photoelectrochemical data and various re- 

sistance parameters associated with the electrolyte, the 
back-side conductor, the membrane separator, and the 
pane] geometry. 

Results and Discussion 
Typical photoelectrochemical behavior of SCC array 

anode and cathode sections in hydrobromic acid/bromine 
solutions is given in Fig. 3 and 4. From the photocurrent- 
potential curves, wet-probe parameters including open- 
circuit voltage, short-circuit current, fill factor, and 
efficiency are obtained for separate anode and cathode 
sections. These values are readily measured relative to 
the bulk electrochemical potential of the anolyte and 
catholyte. The potential values in these examples are -81 
and -756 mV vs. the reference electrode for the anolyte 
and catholyte, respectively. 

The increase in current observed on the cathode cells at 
potentials more negative than the electrochemical poten- 
tial of the bulk catholyte results from a small number  of 
leaky and shorted solar cells among the cathode cells of 
good quality. Analogous behavior is not observed on pho- 
toelectrochemical scans with anode sections. The poor 
quality anode cells have been selectively passivated. No 
attempt was made to passivate poor quality cathode cells, 
since they have little detrimental effect on the perform- 
ance of the cathode section when used to reduce hydro- 
bromic acid. Shorted or low Voc cells among the anode 
cells can severely degrade the performance of the anode 
section, especially at high anolyte bromine concentration 
(> 300 raM), since they consume rather than generate 
bromine. 

The observed photoelectrochemical response of a typi- 
cal anode and cathode section is compared with the cal- 
culated response in Fig. 5. The calculated response was 
obtained with the previous computer simulation model 
which utilized dry-probe data for a mult i tude of individ- 
ual solar cells (3, 5). The anode and cathode sections are 
readily matched to obtain the operating current density of 
complete arrays, which incorporate both section types. 
The operating current density is given where the anode 
and cathode photoelectrochemical response curves inter- 
sect. The calculated and observed response are in good 
agreement, especially along the current-limited regions of 
the photoelectrochemical curves and at the operating 
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point of the combined anode/cathode array. Some small 
error is observed in the calculated response along the 
voltage limited regions of the curves. The error primarily 
arises from two sources: the dry-probe sampling error 
and the error encountered in estimating the area and ac- 
tivity of the platinum/iridium electrodes on the individual 
solar cells. Typically, less than 1% of the individual cells 
are probed to obtain representative values of Voc, Isc, and 
FF. 

Table I compares the hydrogen generation rates of sev- 
eral complete SCC arrays. The table includes the experi- 
mentally measured values, the values predicted from the 
photoelectrochemieal behavior of the separate anode and 
cathode sections, and the values predicted from the dry- 
probe data/computer simulation model. Excellent  agree- 
ment  is found among the two prediction techniques and 
the observed SCC array performance. The best individual 
hydrogen generating cathode section fabricated had a 
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Fig. 5. Comparison of observed and calculated photoelectrochemical 
response. Anolyte contains 0.05M bromine + 8.8M HBr. Catholyte is 
8.9M HBr. 

solar-to-chemical efficiency of 9.5%. The efficiency for 
individual array sections is defined as the product of the 
wet-probe Jsc, Voc, and FF. In combination with the best 
bromine generating anode section, the best HBr electroly- 
sis efficiency obtained was equivalent to a solar-to- 
chemical efficiency of 8.6%. In this case, the efficiency is 
defined as the product of the operating current density 
and the difference in the electrochemical potential of the 
bulk anolyte and the bulk catholyte divided by the inci- 
dent light power (100 mW/cm2). 

The advantage of the photoelectrochemical method is 
that it encompasses the actual electrochemical activity of 
the front-side electrodes and the electrical characteristics 
of a mult i tude of individual solar cells in a single mea- 
surement. Consequently, sampling errors are reduced by 
this method. A larger number  of solar cells are more read- 
ily characterized by the photoelectrochemical method 
since the dry-probe method requires that individual solar 
cells be probed. Anode and cathode SCC sections can be 

Table I 

SCC ARRAY EVALUATION 
H 2 GENERATION RATES (mL/hr) 

H 2 QUICK TEST ELECTROCHEMICALLY DRY PROBE COMPUTER 
ARRAY MEASURED PREDICTED SIMULATION PREDICTION 

1015-A2 153 155 151 

1015-A3 157,5 149 154 

1015-PN 156 159 158 

1018-AI 159 158 159 

1018-A2 157.5 154 158 

1018-A3 154.5 149 N.D.* 

1018-A4 150 159 N.D. 

1018-PN 148.5 158 N.D. 

1028-AI 151.5 148 146 

1036-,6,1 192 194 183 

*NOT DETERMINED 
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fabricated and evaluated separately without the need to 
fabricate complete arrays incorporating both cell types 
and to measure the hydrogen-generation rate. Anode and 
cathode sections are readily matched by their photoelec- 
trochemica] behavior to obtain performance-optimized 
SCC modules. Additionally, the photoelectrochemical 
method can be used as a diagnostic tool to evaluate 
alternate SCC fabrication processes. 

Although the dry-probe method is more difficult to 
use, the dry-probe technique itself serves as a useful diag- 
nostic tool. It is particularly useful in distinguishing be- 
tween array performance limitations associated with the 
electrical characteristics of the solar cells and those asso- 
ciated with the electrochemical activity of the front-side 
electrodes and the electrochemical process. In other 
words, the dry-probe method gives all the solid-state and 
electrical data and yields considerable information con- 
cerning array processing. It is a very good quality-control 
tool for the array-fabrication process. The photoelectro- 
chemical measurements yield information on the elec- 
trode and electrochemical characteristics. 

Conclusions 
Performance predictions for solar-chemical converters 

are facilitated by investigations of the photoelectrochemi- 
cal behavior of separate anode and cathode sections. The 
photoelectrochemical method encompasses the actual 
electrochemical activity of the front-side electrodes and 
the electrical characteristics of thousands of individual 
solar cells in a single measurement  and minimizes 
sampling errors. This method allows for the separate 
optimization of the design and processing of anode and 

cathode array sections. Anode and cathode sections can 
be evaluated separately and matched by their photoelec- 
trochemical behavior to obtain performance-optimized 
SCC modules. 

Use of the solar-chemical converter is not restricted to 
the hydrogergHBr/bromine system. Different anolytes 
and catholytes can be examined independently for 
alternate systems. Likewise, electrodes of other materials 
can be fabricated on the anode or cathode cells and 
tailored for performance-optimized array sections. By 
changing the electrodes, electrolytes, or even the types of 
solar cell spheres (such as GaAs), a wide variety of photo- 
electrochemical systems can be investigated. 

Manuscript submitted Nov. 7, 1983; revised manuscript  
received Feb. 4, 1985. 
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Investigation of Electroreduction Kinetics on Modified p-lnP in 
Alkaline Electrolyte 
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ABSTRACT 

The electroreduction kinetics of surface modified p-InP were investigated. The surface was modified by electro- 
deposition of Co, Ru, Rh, Pt, Co/Pt, Ru/Pt, and Rh]Pt. Exchange current densities (to) for hydrogen evolution were ob- 
tained both in the dark and under  100 mW/cm ~ illumination. For sequentially deposited metals, io values are lower com- 
pared to individually deposited metals during hydrogen evolution. Cathodic currents observed positive of the 
hydrogen-evolution region can be explained by electron-transfer processes involving p-InP surface states. In this latter 
potential region, io values are higher for the sequentially deposited metals. 

In optimizing the efficiency for light to chemical con- 
version for hydrogen evolving photocathodes such as 
p-InP, attention must  be paid to two surface-related pro- 
cesses which can influence overall photoelectrochemical 
(PEC) performance. The first of these is the presence of 
extrinsic surface states which can act as recombination 
centers for the radiationless recombination of the photo- 
generated electrons and holes. If appropriate surface 
modification of the semiconductor is not performed to 
suppress the activity of such recombination centers, then 
there will be little opportunity for electron transfer to oc- 
cur across the semiconductor/liquid junct ion to promote 
the desired hydrogen-evolution reaction. The second sur- 
face process relates to the electrocatalysis of the hydro- 
gen-evolution reaction. 

Clearly, the photogenerated electron, once successfully 
reaching the liquid junct ion interface, must  find an ap- 
propriate catalytic site favoring this reaction. Here, the 
free energy associated with the formation and cleavage of 
the metal-hydrogen bond at the catalytic site plays a criti- 
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cal role in determining overall reaction kinetics. As is well 
documented, plat inum group metals have metal-hydro- 
gen bond strengths in the 15 kJ mo l - '  range which per- 
mits significant coverage of the catalytic site but  does 
not impede cleavage of the M-H bond (1). 

Here, the role of surface modification procedures on 
photoelectrodes should ideally fulfill the dual role of sup- 
pressing surface recombination sites and enhancing the 
kinetics for the desired photoelectrochemical (PEC) reac- 
tion. 

For p-InP present in strong aqueous acids, a stable hy- 
drated layer of In203 is present which can serve to effec- �9 
tively suppress electron-hole recombination (2, 3). Such 
oxide surfaces are not suited, however, for the promotion 
of the hydrogen evolution reaction. Hence, introduction 
of plat inum group metals onto the p-InP surface favors 
the kinetics for this reaction (4). For Rh and Re, hydrogen 
evolution results in the formation of hydrogen alloys 
which can serve to increase the barrier of the modified 
p-InP, resulting in greater photopotentials and conse- 
quently larger overall solar efficiencies. 
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The photoelectrolysis of strongly acidic aqueous solu- 
tions might introduce severe materials restraints, particu- 
larly at the oxygen evolution site. For this reason, we 
have recently started to investigate the PEC characteris- 
tics of p-InP in strongly alkaline electrolytes (5). For such 
electrolytes, however, the strategy of suppressing surface 
states via the i n  s i tu  formation of a hydrated metal oxide, 
by analogy to the acid electrolyte case, is probably not 
valid. As a consequence, we have investigated various al- 
ternative approaches for both the simultaneous suppres- 
sion of such surface states and enhancement  of the elec- 
tron-transfer step leading to hydrogen evolution. This 
work resulted in the identification of a 14.2% efficient 
p-InP photocathode (as calculated from power savings) 
after surface modification by the sequential electrodepo- 
sition of cobalt and platinum. Similar enhancements in 
PEC behavior have also been observed by us after surface 
modification with ruthenium/platinum and rhodium/ 
platinum codeposits. Since in 6M KOH surface oxides can 
be expected to be largely absent from the p-InP surface, 
the question remains as to what is the apparent role of 
such surface modifications on the suppression of surface 
states. It has recently been shown from photocapacitance 
measurements (6) that the initial density of interface 
states present near the valence band can be significantly 
reduced after the sequential electrochemical deposition 
of cobalt and platinum and, in addition, introduces a sur- 
face state close to the conduction band associated with 
the metallic absorbate. This latter introduced state proba- 
bly facilitates the electron-transfer step leading to hydro- 
gen evolution during illumination. 

If one of the roles of such bimetallic surface modifica- 
tions is essentially electrocatalytic in nature for the hy- 
drogen evolution process, then it is to be expected that 
there should be some correlation between exchange cur- 
rent density (io) as measured during hydrogen evolution 
and the nature of the metal introduced onto the p-InP 
surface. In addition, further electrode kinetic information 
relating to the presence or suppression of surface states 
might be obtained from steady-state measurements made 
on p-InP at potentials positive of the hydrogen evolution 
reaction. Such measurements can be made under cath- 
odic bias conditions since the equilibrium potential of 
p-InP in alkaline electrolyte is significantly positive of 
that for the hydrogen evolution reaction. 

In order to pursue this overall approach, we have mea- 
sured exchange current densities on p-InP photocathodes 
both unmodified and modified with Co, Pt, Rh, Ru, 
Co/Pt, Ru/Pt, and Rh]Pt at potentials both positive and 
negative of the hydrogen evolution potential. These in- 
vestigations were performed both with and without 100 
mW/cm 2 ELH illumination. In the hydrogen evolution re- 
gion, exchange current densities were obtained directly 
from the Tafel relationship. Cathodic processes occurring 
at potentials below the inception of hydrogen evolu- 
tion may well be due to electron transfer via surface 
states involving metal oxides or hydroxides present at the 
liquid junction. In this second potential region, kinetic in- 
formation was obtained via the use of the Allen-Hickling 
relationship (7) 

i ~nF 
log 1 - enF~ -- log io 2 .3RT  [1] 

where io is the exchange current density, and the other 
symbols have their usual significance. Here, by plotting 
log (i/[1 - exp (nF~)]) vs.  ~, io can be obtained directly 
from the current axis intercept. 

By comparing io data for these two distinct electro- 
chemical processes, some insight into the respective role 
of p-InP surface modifications on both the suppression 
of surface states and enhancement  of the electron-transfer 
step leading to hydrogen evolution can be gained. 

Experimental 
p-InP was obtained from Varian Associates (VAIPC no. 

109, Zn-doped, 1.27 • 10 '7 cm-'~). Electrodes typically had 

electrode areas of 0.06 cm 2. The (100) face was used in all 
experiments. Ohmic contact was performed by initialy 
etching with concentrated HC1 followed by rinsing with 
distilled water. To this was sequentially vacuum- 
deposited Au, Zn, and Au layers followed by annealing 
under hydrogen at 400~ for lh. Current collection was 
achieved using a nickel wire contacted via silver epoxy 
and curing. Surface modifications of p-InP were 
achieved by electrodeposition from 1M solutions of the 
appropriate acidic chloride salt. Typical current densities 
varied between 0.09 and 0.11 mA/cm'-'. 

The electrolyte was 6M KOH in all experiments. A 
three-electrode configuration was used with platinized 
platinum as the counterelectrode and a SCE reference 
electrode connected via a salt bridge. The light intensity 
was 100 mW/cm 2 from a Sylvania 300W ELH bulb. The 
light intensity was measured with an Eppley 8-48 pyra- 
nometer. PEC measurements were made via the use of a 
Stonehart BC 1200 potentiostat and data recorded on a 
Linear Instruments 8036XY recorder. 

Results and Discussion 
Initial equil ibrium potentials for single-crystal p-InP 

both with and without surface modification were initially 
in the range -500 to -600 mV vs.  SCE after introduction 
into 6M KOH electrolyte. Following hydrogen evolution 
on the surface modified p-InP, rest equilibrium poten- 
tials were generally found to be in the -900 to -950 mV 
range. The cathodic shift in potential realized here after 
hydrogen evolution is probably a result of either forma- 
tion of a metallic hydrogen alloy or surface adsorbed hy- 
drogen species. In the absence of hydrogen evolution, the 
initial rest potential of = -600 mV was shifted to = -400 
mV vs.  SCE under 100 mW/cm 2 illumination, p-InP photo- 
cathodes were surface modified with Co, Pt, Rh, Ru, 
Co/Pt, Ru/Pt, and Rh/Pt by electrodeposition. Deposits 
were not uniform but more in the form of islands. Their 
nominal "thickness" was 100~, however. These surface 
modified photoelectrodes were subjected to current- 
voltage measurements  up to -1000 mV from the initial 
rest potential both with and without illumination. 

A typical Tafel-type plot under illumination for 
ruthenium-modified p-InP is shown in Fig. 1. Here, the 
linear portion of the curve starts at an overpotential of 
-400 mV and corresponds to the hydrogen evolution re- 
gion. Figure 2 shows a typical current-overpotential curve 
for platinum-modified p-InP in the dark. The io data ob- 
tained here for these various modified photocathodes in 
6M KOH are summarized in Table I. As can be seen, all 
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Fig. 1. Current-voltage curve for p-lnP surface modified by 100~ 
ruthenium under 100 mW/cm 2 ELH illumination. 
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Fig. 2. Current-voltage curve for p-lnP surface modified by 100/~ Pt 
in the dark. 

metallic surface modifications resulted in increased io 
values for the hydrogen evolution region. 

In the dark, currents were in the microampere per 
square centimeter range. Upon illumination, the minority 
carrier concentrations are substantially increased and the 
observed currents are in the milliampere per square centi- 
meter range. 

For p-InP, the increase in io for hydrogen evolution 
on modification with platinum group metals appears to 
be essentially electrocatalytic in nature. For p-InP surface 
modified with individual metals, measured io values for 
hydrogen evolution were found to be in the order Rh > 
Rh ~ Pt  > Co > unmodified. For the sequentially surface 
modified p-InP, however, the exchange currents are sim- 
ilar or lower in value than those observed on p-InP modi- 
fied by the individual metals. This is in contrast to the 
observed improvement  in PEC performance for p-InP 
surface modified by sequentially deposited cobalt and 
platinum (5). This suggests that although photoelectro- 
catalytic phenomena are expected to have a dominant 

Table I. Exchange currents for hydrogen evolution 
on modified p-lnP in 6M KOH (Tafel region) 

p-InP surface Dark 100 mW/cm 2 
modification (~A/cm9 (mA]cmD 

Unmodified 3.2 0.025 
Co 3.65 0.327 
Ru 5.69 5.68 
Rh 9.71 8.08 
Pt 5.45 6.3 
Co/Pt 1.20 0.89 
RuTPt 1.23 6.68 
Rh/Pt 2.56 6.85 

Table II. Exchange currents for surface-modified 
p-lnP electrodes in 6M KOH (Allen-Hickling region) 

p-InP surface Dark 100 mW/cm ~ 
modification io (~A/cm'-') io (~A/cm=') 

Unmodified 0.58 5.38 
Co 0.485 1.98 
Ru 2.65 11.7 
Rh 3.22 65.7 
Pt 18.7 71.0 
Co/Pt 3.47 17.0 
Rh/Pt 12.7 136.7 
Rh/Pt 10.2 148.7 

role in influencing the photocurrent-voltage characteris- 
tics for hydrogen evolution on surface-modified p-InP, 
other factors such as the presence or absence of surface 
states might also be influential in dictating overall per- 
formance. 

Differential capacitance studies on surface-modified 
and unmodified p-InP have indicated that the p-InP flat- 
band potential remains relatively constant. Recent photo- 
capacitance measurements  have, however, shown that 
surface modification of p-InP with Co/Pt appeared to re- 
duce the density of energy levels in the bandgap near the 
valence band and introduce new states near the conduc- 
tion band (8). Such an observation could in part explain 
the improved fill factors found for Co/Pt modified p-InP 
by suppressing recombination at the semiconductor 
surface. 

For p-InP surface modified with Co/Pt, Rh/Pt, or 
Ru/Pt, it appears that improved PEC performance may be 
influenced by both electrocatalytic and surface state re- 
combination effects. Improvements  in photocurrent- 
voltage behavior were observed for p-InP surface modi- 
fied by RtYPt and Rh/Pt where increases of 20% were ob- 
served in fill factors on going from p-InP surface 
modified by single metals to sequential modification by 
two platinum group metals. 

The large overpotential (with respect to the flatband 
potential) required for hydrogen evolution has been ob- 
served by others for p-InP (9), p-GaAs (10), and p-GaP 
(11). It has been suggested that surface recombination 
and trapping of electrons in these systems may be respon- 
sible for the large observed overpotential for hydrogen 
evolution (10). In view of photocapacitance results which 
indicate that surface-state recombination may be signifi- 
cantly suppressed by the sequential deposition of plati- 
num group metals onto the p-InP surface, we have, in ad- 
dition, investigated the photocurrent-voltage behavior of 
these electrodes at potentials positive of the inception of 
hydrogen evolution. In this potential region, cathodic cur- 
rents may be explained by electron-transfer processes via 
surface states, possibly involving metal oxides or hydrox- 
ides present at the liquid junction. 

Figures 3 and 4 show the current-overpotential curves 
for p-InP surface modified by Ru (illuminated) and Pt 
(dark). As anticipated from Eq. [1] plotting log (i/[1 - exp 
(nFv)]) vs .  ~} is linear in the overpotential region 0-100 mV 
cathodic of the equilibrium potential. Table II gives io 
values for p-InP modified with Co, Pt, Rh, Ru, Co/Pt, 
Ru/Pt, and Rh/Pt in this potential region (with respect to 
the flatband potential). 

Here, io values do not follow the same order seen in the 
hydrogen-evolution region. In general, the sequentially 
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Fig. 3. Allen-Hickling plot for p-lnP surface modified by 100/~ of 
ruthenium under 100 mW/cm ~ ELH illumination. 
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Fig. 4. Allen-Hickling plot for p-lnP surface modified by 100A of 
platinum in the dark. 

deposited metals give higher exchange currents than the 
respective single metals. The higher exchange currents 
observed for the sequentially deposited metals are con- 
sistent with other results observed on p-InP by us. On go- 
ing from p-InP modified with Co, Ru, or Rh to the se- 
quentially deposited metals (Co/Pt, Ru/Pt, Rh/Pt) an 
increase in the fill factor of = 20% can be generally ob- 
served. The higher exchange currents, fill factors, and 
the photocapacitance results are all consistent with an in- 
creased suppression of surface-state recombination when 
p-InP is modified by the sequential deposition of Co/Pt, 
Ru]Pt, and Rh/Pt. 

For electron transfer via surface-state energy levels, the 
exchange current is given by (10) 

is~o = kseN~f [2] 

where ks is the rate of electron transfer to the solution 
from the surface state, C the concentration of redox spe- 
cies in solution, Nt is the total number  of surface states, 
and f the fraction of surface states occupied by electrons, 
If nt is defined as the number of electrons in the surface 
state, then f becomes nt/Nt, and 

i~ o = k~Cnt [3] 

The change in the number  of electrons in the surface 
state in terms of the schematic energy level diagram 
shown in Fig. 5 will be determined by (i) the rate of cap- 
ture of electrons from the conduction band, (ii) the rate of 
hole capture from the valence band, and (iii) the rate of 
transfer of electrons to the solution redox species. Thus 

dnt 
- k,(n~[Nt - nt]) - -  k,(p~nt) - k~ntC [4] 

dt 

where k, is the rate of electron capture from the conduc- 
tion band, n~ is the surface electron density in the conduc- 
tion band, kp and Ps are the rate of hole capture by the sur- 
face state and the concentration of holes in the valence 
band, respectively. At steady state (dnt/dt = 0), Eq. [4] can 
be solved for n t to give 

nt = Nt k.n~ + kpps + k~C [5] 

Equation [5] can be inserted into Eq. [3] to give the de- 
pendence of the surface state current is~o on the electron 
concentration in the conduction band and the hole con- 
centration in the valence band. Thus 

ksCknn~o ) 
isso = N t  k,n~o + k,P~o + k~oC [6] 
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Fig. 5. Schematic energy level diagram representing electron trans- 
fer from p-lnP to electrolyte via either the conduction band or surface 
states. 

When the surface state is close to the conduction band, 
recombination may be negligible and the exchange cur- 
rent density would be determined by the electron density 
present in the conduction band, the concentration of the 
redox species at the interface, and the relative values of ks 
and kn. For surface modified p-InP in this work, it is not 
clear how ks correlates with the observed exchange cur- 
rent in the low overpotential region. It appears, however, 
that for p-InP modified with Co/Pt, Rh/Pt, and Ru]Pt, the 
larger io values are due to increases in kn and a decrease in 
kp. This may be due to the suppression of surface states 
near the valence bandedge and introduction of a new sur- 
face state near the conduction bandedge. 

Although the exchange current densities for hydrogen 
evolution are smaller for the sequentially deposited met- 
als than for the single metals on p-InP, the fill factors are 
increased for the sequentially deposited metals, leading 
to an overall increase in efficiency in these cells. It has 
been concluded (12) that improving the fill factor may 
play a larger role in increasing the efficiency than 
reducing the overpotential. Both our results and those ob- 
tained separately with a Co/Mo modified p-InP photo- 
cathode (13) are consistent with this conclusion. 
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Structural and Solar Conversion Characteristics of the 
(CurSe)x(I n Se3)l System 

J. C. W. Foimer, 1 John A. Turner,* R. Noufi,* and David Cahen 2 
Solar Energy Research Institute, Golden, Colorado 80401 

A B S T R A C T  

Member s  of  the  t i t le sys tem were  p repa red  by  direct  syntheses  and s tudied  by  means  of  x-ray diffraction,  e lectron 
mic rop robe  analyses,  and pho toe lec t rochemis t ry .  We found three  new hexagona l  phases  in the  low x reg ion  (0.25 < x < 
0.09), all of  wh ich  can  be  under s tood  in te rms  of  Se  close packing.  They  p rov ide  indicat ions  for the  occur rence  of  
poly typism.  Two of the  three  p rev ious ly  repor ted  phases  wi th  cubic  s tacking  were  found in the  less Cu-poor  part. This 
region of  cubic  s tack ing  ex t ends  f rom at least  x = 0.5 to x = 0.23. CuIn3Se ~ (x ---- 0.25) was found to be  the  end m e m b e r  of  
the  cubic  s tack ing  region,  and its f r equen t  recur rence  in var ious  synthesis  a t tempts  indicates  its stability. This com- 
pound,  as wel l  as all o thers  ident i f ied in this s tudy  (e.g., x = 0.15), were  pho toe lec t rochemica l ly  act ive wi th  some varia- 
bility. Their  opt ical  bandgaps  all fell b e tween  0.9 and 1.3 eV. Two m i x e d  sulfoselenides  were  prepared  as well. One of  
t h e m  wi th  x = 0.55 possessed  the  normal  chalcopyr i te  s t ruc ture  and a direct  opt ical  bandgap  that  co r r e sponded  to wha t  
one  wou ld  e x p e c t  for such  a m i x e d  sulfide-selenide.  Close to the  nomina l  s to ich iomet ry  CuIn~Xs, we  d id  not  find the 
spinel  phase  as found  for X = S; instead,  we  found two di f ferent  poly type  phases  for the  pure  selenide and the sulfo- 
selenide.  

The  c o m p o u n d  CuInSe2 is of ten regarded  as a ternary 
analog of  e l ementa l  Group  IV semiconduc to r s  (e.g., St, 
Ge) and of  b inary  semiconduc to r s  (e.g., GaAs, ZnSe)  (1). 
To suppor t  this po in t  of  view,  the  close re la t ionship  of its 
chalcopyr i te  s t ruc tu re  to the  d i a m o n d  and sphaler i te  
s tructures,  f rom which  it can be  der ived  by s imple  uni t  
cell doub l ing  (because  of  cat ion ordering),  is often men-  
t ioned.  The  p romis ing  photovol ta ic  and photoelec t ro-  
chemica l  proper t ies  (2) of  CuInSe2 have  s t imula ted  exten-  
s ive s t ructural ,  optical,  and  e lec t ronic  s tudies  of  this and 
related materials .  

To some  extent ,  this effort  ove r shadows  the  fact that  
the mater ial  is also a m e m b e r  of  a ra ther  different  family  
of  in teres t ing  and versati le,  but  compl ica ted ,  materials:  
the  cha lcogen ides  of  t ransi t ion metals ,  in part icular ,  those  
of  copper .  This  g roup  of  materials  of ten displays a num-  
ber  of  r emarkab l e  character is t ics  (3), such  as broad homo-  
gene i ty  ranges,  order-disorder  t ransi t ions,  s trong d-p 
cova len t  mix ing  (4, 5), and fast ionic diffusion (6). Con- 
cern ing  the  meta l  a toms,  one often finds compl ica ted  
s t ructural  character is t ics ,  in contras t  to a r igidly close- 
packed  a r r a n g e m e n t  of  the  cha lcogen  atoms,  albeit  in 
var ious  s tackings.  

This s tudy  represen t s  a first step towards  unders tand-  
ing the  pho tovol ta ic  impl ica t ions  o f  the  sol id-state chem-  
istry of  CuInSe2, par t icular ly  where  devia t ions  f rom the  
1:1:2 s to ich iomet ry  a long the  Cu~Se-In~Se:~ tie l ine are 
concerned.  Resul t s  of  m e a s u r e m e n t s  of  some  photoe lec-  
t rochemica l  proper t ies  a long this t ie l ine are inc luded  as 
well. 

The (Cu2Se)~(In2Se3),_~ Pseudo-Binary System 
F r o m  s imple  va lence  considera t ions ,  i t  is clear that  

changing  the  nonmolecu la r i ty  parameter ,  x (7), of  the  
(Cu2Se)~(In2Se3),_x sys tem does no t  necessar i ly  undo  
the  s e m i c o n d u c t i n g  proper t ies  that  are k n o w n  for 
CuInSe2 (x ~ 0.5). Rather ,  i t  is the  nons to ich iomet ry  
parameter ,  y, descr ib ing  the  devia t ion  of  the  total  metal -  
to -nonmeta l  rat io f rom the  ideal  va lue  of  2/(3 - 2x) that  
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Rehovot, Israel. 

will  s t rongly affect  sign and level  of  dop ing  of  a Cu-In-Se 
ternary (cf. Fig. 1). A l though  small  var ia t ions  in the pa- 
ramete r  y were  observed  in our  study,  we  shall l imit  our  
discussions  to the  x parameters .  3 

The  phase  d iagram data that  are used  exclus ively  by 
the  workers  in the  photovol ta ic  field covered  only part  of  
the ti t le sys tem (8), a l though recen t ly  some  addit ional  
data have  b e c o m e  avai lable (9). The  lat ter  resul ts  refute  
the  ex is tence  of  a n u m b e r  of  d is t inct  s to ichiometr ic  pha- 
ses purpor ted  to exis t  (10). This  is in a g r e e m e n t  wi th  part  
of  our  own  findings. The  ear l ier  data  s h o w  that  a two- 
phase  region exists  be tween  CurSe and the wel l -known 
chalcopyr i te  phase  with  x values  s l ight ly larger  than  0.5. 
Other  recent  w o r k  (11) indicates  that  at e leva ted  tempera-  
tures an addi t ional  phase  Cu~InSe4 (x = 0.84) exists  in the  
copper  se lenide-r ich  part  of  the  d iagram;  unfor tunately ,  
its s t ructure  is unknown.  

For  the  comparab le  sulfide system, B insma  and co- 
workers  repor ted  a tenta t ive  d iagram (12) in which  one  
other  definite phase  besides  the  chalcopyr i te  was 
identified,  viz., the  spinel  phase  CuIn.~S8 (x = 0.167). This  
mater ia l  has shown  some  photovol ta ic  mer i t  (13). A nar- 
row range  of  s to ich iomet ry  for the  chalcopyr i te  phase  
(nominal ly x = 0.5) was sugges ted  by B i n s m a  et al. (12), 
a l though  no specif ic  expe r imen ta l  ev idence  was availa- 
ble. S imi lar  inference  was appl ied to the selenide dia- 
grams (8, 9). 

It  seems clear  that  the phase  re la t ionships  along x are 
not  ve ry  well  e laborated.  I m p r o v e m e n t  of  our  knowledge  
on this subjec t  can clearly be beneficial ,  par t icular ly  for 
the  prepara t ion  of  th in  layer  cells, where  p roper  control  of  
the  x and y paramete rs  is as impor t an t  as it is difficult. 

Experimental 
Preparation.--Bulk polycrystal l ine samples  were  typi- 

cally prepared  f rom the  e lements  in evacuated,  sealed 
quar tz  ampuls .  All s tar t ing materials  used  were  5N pure  
or be t ter  ob ta ined  f rom Cerac (Milwaukee,  Wisconsin) or  
Spex  (Metuchen,  N e w  Jersey)  (Cu, In, Se, S). In2S3 and 
In.2Se3 were  5N pure  (Cerac). The  reagents  were  heated  to 

3 Note that not all x, y combinations are equally likely from a 
structural point of view. For example, x > 0.5 and y > 0.5 are ex- 
tremely unlikely to be single phase because it would involve 
overcrowding of the metal sites in the chalcopyrite lattice. 
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Fig. 1. The ternary Cu-ln-Se system indicating the tie-line Cu2Se- 
In2Se3 along which runs the nonmolecularity (7) parameter x (from 0 to 1 ) 
and the nonstoichiometry (nonmetal excess or deficiency) ratio parame- 
ter y. Note that the two parameter axes are not perpendicular in this 
diagram. 

temperatures of 600~176 where they were held for sev- 
eral weeks. A pronounced tendency towards chemical 
vapor transport under their own vapor pressures (a slight 
excess of chalcogen was usually present) was observed. 
Even small accidental gradients in an otherwise well- 
controlled furnace were sufficient to produce this effect. 
The transport always took place towards the cooler end 
and the transported material, usually in the form of thin, 
at times brownish, translucent platelets, of hexagonal 
habit, always proved to be of significantly lower x than 
the bulk (x ranging from 0.18 to - 0.09). Often, the trans- 
ported material did, however, contain Cu, which indicates 
that a species containing both Cu and In must be present 
in the vapor phase [Cu alone is not known to give this ef- 
fect (29)]. Due to the transport effect, the samples ob- 
tained were often quite inhomogeneous in the sense that 
a gradient in x was obtained in conjunction with the tem- 
perature gradient that had been present. Since this made 
the information concerning the stoichiometry, as weighed 
in, worthless, we divided our samples in various parts, de- 
termined their stoichiometries by microprobe analyses, 
and correlated the obtained compositional data with 
structural data obtained from x-ray powder diffraction for 
each part. 

Polycrystalline thin films were prepared by vacuum 
evaporation from the elements (2a, 14). The films were 
deposited on glass substrates. During deposition, the sub- 
strate temperature was held at 350~176 The rates of 
evaporation of the three elements were determined em- 
pirically, so that the composition of the deposited films 
could be controlled by variations in one or more of the 
rates of evaporation of the elements. Film thicknesses 
varied between 3 and 5 ~m. 

Characterization.--X-ray diffraction.--All samples 
were characterized by powder x-ray diffraction using a 
powder diffractometer (Rigaku) with a rotating Cu anode 
source (Cu K~). In one case, a Guinier-H~igg camera was 
used as well (Cu Kal). 

Electron microprobe analyses.--All samples were ana- 
lyzed by electron beam-induced wavelength dispersive 
x-ray fluorescence. A Cameca MBX electron microscope 
was used. The electron beam voltage was 20 kV; this volt- 
age, which allows detection of the Se K~ line, was chosen 
because results obtained with it on a CuInSe2 sample 
matched those of wet analyses most closely (30). The ZAF 
correction program (Tracor Northern) plus the following 
empirically derived multipliers (Cu:0.98; In:l.02; Se:0.99) 
were used. Except  for very smooth samples, a defocused 
beam with 20 ~m spot size and ca. 30 nA beam current 

was employed. (We thank C. Herrington for these analy- 
ses.) 
Optical spectroscopy.--Diffuse reflectance and scattered 
transmission spectra were obtained using a Beckman 
5200 spectrophotometer.  Thin film samples were used as 
prepared. Other samples were spread on a glass plate 
using double-sided tape or collodion. 

Photoelectrochemical studies.--Electrodes were made 
from suitable crystals or oligocrystalline specimens, 
where possible, by mounting these on a small copper disk 
wetted with a liquid In-Ga alloy; a copper wire had been 
soldered previously to the back of the disk. The metallic 
parts and all but one face of the specimen were covered 
by insulating epoxy. In some cases, when only polycrys- 
ta]line material was obtained, the powder was pressed 
onto tantalum foil, and a copper wire was attached to the 
back. A similar sealing procedure using epoxy was 
followed. 

The photoelectrochemical measurements  and analyses 
were accomplished using a computer-controlled appara- 
tus. Its principal components were a 250W tungsten light 
source, a Jarrel-Ash Mark X monochromator  fitted with 
a TTL-driven stepper motor, a PAR 92 light chopper 
(operating at 18 Hz), a PAR 174 polarograph, and a lock-in 
amplifier. 

The Model 174 polarograph was used both as potentio- 
stat and as current-to-voltage converter for output to the 
lock-in amplifier. The computer controlled the wave- 
length via the monochromator/stepper motor and mea- 
sured the spectral response via the lock-in amplifier. 
Typically, a number  of averages, ranging from 100 to 200, 
were taken at each wavelength depending on the sample 
response. The averaging was done on two time scales; a 
set of ten points was taken at 50 ms intervals, with each 
set of ten separated by 0.5s. Appropriate cutoff filters 
were used to eliminate second-order light from the 
monochromator.  Lamp spectra was taken separately un- 
der the same conditions using a Dexter  Research Model 
2M thermopile with quartz window. The semiconductor 
response was corrected off line. The nature of the optical 
transitions was analyzed, as described in Ref. (15c), using 
a model first presented by G~rtner (15a) and subse- 
quently applied to liquid junctions by Butler (15b). The 
true photocurrent, J, will be proportional to the absorp- 
tion coefficient, a, for low values of a, if the conditions 
for this model are satisfied (15c). Then, if plots of (Jhv)" 
vs. (hv) are linear, they will provide values for the energy 
of the direct (n = 2; 2/3) or indirect (n = 1/2, 1/3) transitions 
(16). Such an analysis can be incorporated in a general 
photoelectrochemical characterization procedure (31). 
Part of our goal in applying these analyses was to identify 
complications. In the course of our present study, two 
main sources of such complications were identified. The 
first is the interference of photoconductive effects; the 
second is the absorption in the IR by the electrolyte (par- 
ticularly H20). A possible remedy for the first one is to 
apply a bias voltage when the spectral data are taken. 
This problem is encountered particularly for low doped 
samples. The second problem is relevant only if bandgap 
analyses are carried out over a region where the electro- 
lyte absorbs significantly. For H20, this effect becomes 
important if data at wavelengths beyond ca. 925 nm need 
to be used for analyses. Possible remedies are reducing 
the optical pathlength through the solution to minimize 
absorption (in the case of H20, this may extend the useful 
wavelength region to about 1100 nm), correcting for the 
solution absorption (if the optical pathlength through the 
solution is known accurately), or using a different solvent 
(e.g., D20 will not start to absorb significantly until ca. 
1250 nm). Both kinds of complications were encountered, 
and their implications are discussed below. 

The optical-transition analysis routine was written in 
FORTRAN IV. 

Results 
Compositions and structures.--For stoichiometries 

ranging from x = 0.5 to ca. 0.23, we typically find 
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ref lect ions in the  p o w d e r  d i f f rac tograms cor responding  
to the  cubic  sphaler i te  sublat t ice  toge the r  wi th  super-  
s t ruc ture  ref lect ions that  can be i n d e x e d  on the  basis of  a 
body-cen te red  te t ragonal  cell  wi th  c ~ 2ao. For  va lues  
a round  x -- 0.5, these  addi t ional  l ines obey  the  ex t inc t ion  
rules of  the  cha lcopyr i te  space  g roup  I42d. For  x = 0.23, 
however ,  l ines wi th  indexes  (114) and (118) are observed,  
indica t ing  that  the  s t ructure  does not  possess  a d i amond  
glide. In  all cases, the  te t ragonal  d is tor t ion c/a is at the  
edge  of  or b e y o n d  our  de tec t ion  l imits .  The  te tragonal  
super l ines  were  par t icular ly  weak  or even  absent  for th in  
film samples ,  especia l ly  for those  wi th  low x values  (x - 
0.3). No s to ich iomet r ies  be tween  0.23 and 0.18 were  ob- 
served,  and there  appears  to be a two-phase  reg ion  be- 
tween  these  l imits .  For  va lues  rang ing  f rom x = 0.17 to 
0.09, we  found  three  different  new phases.  Excep t  for 
In~Se3, we  d id  no t  inves t iga te  the  x < 0.09 region.  The  
three  n e w  phases  were  often found  in heavi ly  mixed  
form. Our ev idence  leads us to be l ieve  that  their  stoichio- 
met r ics  are qui te  comparable .  As ind ica ted  above,  these  
mater ia ls  were  often obta ined  as e x t r e m e l y  thin, milli- 
meter-s ize  pla te le ts  of  hexagona l  habit.  Thei r  appearance  
suggests  that  t hey  may  have  a layered  structure,  which  is 
not  un reasonab le  since the  s t ructures  of  a- and fi-In2Se3 
are also layered  ones  (17). The  crystal  habi t  leads to ex- 
t r eme  preferent ia l  or ienta t ion w h e n  tak ing  p o w d e r  
d i f f rac tomet ry  data. In  this par t icular  case, this is he lpful  
in ident i fy ing  the  phases  because  it reveals  the  periodic-  
ity in the  d i rec t ion  pe rpend icu la r  to the  p]atelets. All 
three  phases  have  one relat ively s t rong ref lect ion in c o m -  
m o n  wi th  each o ther  and with  the  chalcopyr i te  phase.  
This l ine is i n d e x e d  (112) in the  lat ter  case [or (111) in the  
co r respond ing  sphaler i te  and d i amond  structures].  I t  is 
wel l  k n o w n  tha t  the  direct ion along which  the  close- 
packed  Se layers  are s tacked cor responds  to this  latt ice 
plane. The  s t ruc ture  of  the  major i ty  of  cha lcogenides  can 
be descr ibed  as hav ing  such a s tacking  of  c lose-packed 
anion layers as its backbone  (3). In the  chalcopyr i te  case, 
the  s tacking occurs  in a cubic  fashion wi th  a per iodic i ty  
of  three  layers.  For  the  low t empera tu re  phases  of  In2Se3, 
the  s tacking  s equence  is hexagona l  (based on a twofold  
sequence) .  The  mos t  obvious  approach  to s t ructura l ly  
ident i fy ing  the  n e w  phases  is there fore  to t reat  t h e m  as 
poss ible  m i x e d  cub ic /hexagona l  s tackings,  i.e., polytypes .  
I ndeed  it is poss ible  to i ndex  mos t  s t rong l ines of  the  
three  pat terns  as (00l) ref lect ions after pu t t ing  the  l ine 
they  have  in c o m m o n  wi th  the  cha lcopyr i te  (d ~ 330 pm) 
equa l  to (005), (006), or (007), respect ively .  On the  one 
hand,  this demons t r a t e s  that  the  n e w  c o m p o u n d s  are ac- 
tually po ly types  wi th  s tacking sequences  of  5, 6, or 7 Se  
layers and makes  it  p laus ib le  that  t hey  are often obta ined 
together .  Kine t ic  effects  are k n o w n  to p lay  an impor t an t  
role  in t he  appea rance  of  po ly types  s ince their  t he rmody-  
namic  di f ferences  can be  ra ther  small  (18). However ,  the  
ex t r eme  preferent ia l  or ienta t ion suppresses  a lmost  all in- 
fo rmat ion  concern ing  direct ions o ther  than  the  s tacking 
direct ion.  

S ince  for CuInSe.2 and In2Se3 the  pref ixes  7, ~, and a, fl, 
7, 6, respect ive ly ,  are a l ready in use, we  will  refer  to the  
new phases  as �9 (7 layers), ~ (6 layers), and ~ (5 layers). 
They  will  be  d i scussed  in detail  below. F igure  2 shows a 
ten ta t ive  phase  d iag ram as a m e n d e d  by in tegra t ion of our  
results  into the  p rev ious  ones (8, 9). 

The �9 phase (x ~ 0.144).17); [(112) chalcopyrite corre- 
sponds to �9 (007) or (O014)].--We obta ined  a more  com- 
plete  p ic ture  of  the  lat t ice per iodic i ty  of  this phase  by 
c o m b i n i n g  p o w d e r  d i f f rac tometry  data  wi th  data f rom a 
Guinier-H~gg pattern.  The  preferent ia l  or ienta t ion effect  
for the  lat ter  is such  that  the  two da ta  sets are comple-  
mentary .  A h e x a g o n a l  i ndex ing  based  on a sep tup le  axis  
(i.e., seven  c lose-packed  Se layers) and  an a axis  corre- 
spond ing  to ca. 2x/3 t imes  the  shor tes t  Se-Se dis tance  in a 
c lose-packed layer  was successful  for bo th  patterns.  The 
re f inements  of  the  cell  parameters  were  execu ted  sepa- 
rately, and a sl ightly different  c/a ratio was found for the  
two sets of  data. S ince  the  data were  col lec ted  f rom adja- 
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Fig. 2. Tentative T-x diagram for the title system. It is based on our 

results, as discussed in the text, and dote from Ref. (8-]0, 18). Two 
endothermic thermol arrests were observed in o preliminory DTA run 
on on x = 0. ] 4 sample at 610 ~ and 645~ These may indicate order- 
disorder transitions in the �9 + ~ mixed phose. 

cent  parts of  the  same sample,  this could  indicate  that  the 
phase  possesses  a cer ta in  wid th  of  homogene i ty .  A num-  
ber  of  weak  l ines in both  pat terns  r ema ined  un indexed .  I f  
we assume,  however ,  that  the  c axis is doub le  the  septu- 
ple value,  the  l ines in the  d i f f rac togram are easily in- 
dexed,  mos t ly  again as (00l) ref lect ions wi th  l be ing  odd. 
This may  m e a n  that  a sevenfold  s tacking  per iodic i ty  of 
the  Se  layers  is to be  combined  wi th  a twofo ld  order ing  of  
the  meta l  a toms  be tween  them.  App ly ing  this  doubl ing  o f  
the  axis to the  Guin ie r  pat tern  provides  an index ing  of all 
lines, bu t  s ince the  resul t ing  cell is qu i te  big, we cannot  
cons ider  this as addi t ional  evidence .  It  should  be  stressed 
that  no a t t empt  was m a d e  to find poss ible  indexes  wi th  l 
be ing odd for l ines that  were  successful ly  i ndexed  wi th  7 
be ing  even  previously.  P o w d e r  x-ray diffract ion data for 
the  se lenide  �9 phase  are g iven in Table  I. These  are the  
observed  and calcula ted d spacings for bo th  diffracto- 
me te r  and Guinier -H~gg data and the i r  (common)  in- 
dexing.  The two pat terns  were  ref ined independen t ly  
and gave  s l ight ly di f ferent  axes. The  doubl ing  of  c ex- 
pla ining the  few remain ing  hkl (1 be ing  odd) l ines was ap- 
pl ied afterwards.  It  should  be no ted  that  we  find this 
phase  to be the  one  closest  to a nomina l  CuInsSe8 stoichi- 
omet ry  (x = 0.167). No spinel phase  as for the  pure  sul- 
fide analog is found,  whi le  a m i x e d  sul fose lenide  wi th  
s imilar  s to ich iomet ry  adopts  ano the r  po ly type  s t ructure  
(see ~ phase  below). 

The ~ phase (x ~ 0.14); [(112) chalcopyrite corresponds to 
(O06)].--Powder x-ray d i f f rac tometry  data  for the  se lenide  

phase  are g iven  in Table  II. The sixfold per iodic i ty  in 
the  c d i rec t ion  is well  documented ,  bu t  the  a axis only 
cor responds  to a va lue  that  is c o m p r e h e n s i b l e  in te rms  of  
short  Se-Se d is tances  if  we as sume  it to be x/3 t imes  the  
value  found f rom the  indexing .  The  pa t te rn  can be  in- 
dexed  on the  basis of  a hexagona l  cell  wi th  a = 913.9(7) 
and c = 1964(4) pm. The c axis co r responds  to a sixfold 
s tacking (without  doubling),  but  the  a axis only shows a 
clear re la t ionship  to a short  Se-Se d is tance  if  we take it to 
be x/3 t imes  as large. S ince  the  a m o u n t  of  informat ion  on 
this axis con ta ined  in the pat tern is l imited,  this assump-  
t ion is p laus ib le  enough,  especial ly since the  resul t ing cell  
wi th  a = -1600  p m  is ident ical  to the  cell  of  a-In2Se3. It  
should  be noted,  however ,  that  no ex t inc t ions  of  (00l) 
reflections, as i m p o s e d  by the  6~ axis repor ted  for 
a-In2Se~ (17) are observed.  A n u m b e r  o f  l ines correspond-  
ing to the  s t ronges t  (00/) reflections of the  �9 phase are 
also observed  in the  pattern.  It  should  also be noted  that  a 
phase  with  a cell  l ike the one descr ibed  here  was repor ted  
by Gambarov  et al. (10c). They claim, however ,  that  its x 
value  is 0.25. 
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Table I. Powder x-ray diffraction data for se]enide �9 phase 

dobs ~ dr ~'" do,,~ ~u~n d~,r ~u~" hk 1 .. . .  hk l "dd OOl 

766 w ~ 767 00 6 6 
655 w 657 00 7 7 
574 m 575 00 8 8 
511 w 511 00 9 9 
460 vw 460 0010 10 
418 w 418 11 8 0011 11 

395.7 w 397.0 21 0 
383.4 vw 383.4 384.5 w 385.1 0012 12 
353.5 w 353.0/9 21 6 0013 13 

349.6 m 350.2 30 0 
340.9 m ~ 340.2 21 7 
336.2 vw 335.1 30 4 

328.7 s 328.6 330.6 w 330.1 0014 14 
324.3 w 324.2 325.2 vs 325.1 1112 

316.8 w 318.8749 30 6/1014 
306.1 w 306.7/81 
293.2 w ~ 293.3 

272.7 vw 272.5 

228.5 vw 228.3 

306.9 vw 305.8/67 

287.6 s 287.6 

255.7 w 255.6 

219.1 vw 219.1 
216.8 vw 216.9 

1113/0015 15 
22 4 
0016 16 
31 6 
0018 18 
4010 

0021 21 
4012 

213.3 w 213.1 418 
211.8 w 211.5 2020 

211.3 w 211.4 
209.0 w 209.1 0022 
202.3 w 202.4 202.2 w s  191.3 33 0 
196.9 vw 197.0 4112 

191.2 w 191.3 5010 
188.3 w 188.3 4114 

187.8 w 187.9 42 8 
183.8 vw 184.0 

180.0 w ~ 180.1 3022 
179.1 vw 179.0 179.0 w ~ 179.0 3312 
177.0 w 177.0 0026 
175.5 vw 175.5 3218 

175.2m- 175.1/2 60 0/1026 
173.6 m -  173.5 4020 

172.0 vw 172.2 2222 
171.7 m 171.6 
169.9 vw 169.9 
166.4 vw 166.5 

164.3 vw 164.3 
162.1 w 162.2 
158.4 vw 158.3/5 

148.4 vw 148.4 
146.4 146.3 

143.8 vw 143.8 
139.0 vw 138.9 
I37.5 vw 137.6 

135.3 w 135.3 

127.8 vw 127.8 
122.1 vw 122.1 
121.1 w 121.1 

132.3 m 132.3 
131.8 m 131.9 
131.1 m 131.1/0 
130.1 w 130.1 
128.5 w 128.6 

118.5 w 118.5 

116.7 s 116.7 
114.5 w 114.4/5 
113.8 w 113.9 
111.7 w 111.7 
110.0 w 110.0 

118.2 vw 118.4 

5016 
52 4 
0028 
2126 
3222/3026 

0032 
6210 

0034 
63 0 

3115 

0025 

5111 
43 3 

22 

25 

26 

28 

0031 31 
70 7 

32 

71 5 
34 

54 7 
80 2/54 8 
6216 
4324 
0036 36 
8014 
0038 38 
2038 
73 2 
9O 0 
90 8/82 2 
5514 
9012 
9014/0042 42 

Diffractometer  Guinier-H~gg 

a = 1214.7(2) pm a = 1213.0(1) pm 
c = 2*2300.5(2) pm c = 2"2310.5(6) pm 

= 4601.0(3) pm = 4621(1) pm 

The  ~ p h a s e  ( x  ~ 0.09); [(112) c h a l c o p y r i t e  c o r r e s p o n d s  to 
(005) or  (O010) . - - Ju s t  as  w h a t  is  f o u n d  for  t h e  e p h a s e ,  

t h e r e  i s  e v i d e n c e  fo r  d o u b l i n g  o f  t h e  c a x i s  a n d  r a t h e r  li t-  
t l e  i n f o r m a t i o n  o n  t h e  a a x i s .  T h e  p a t t e r n  c a n  b e  i n d e x e d  
s u c c e s s f u l l y  b y  a n a l o g y  to  t h e  e p s i l o n  p h a s e  u s i n g  a n  a 
a x i s  t h a t  is  2 x / 3  t i m e s  t h e  s h o r t e s t  S e - S e  d i s t a n c e  a n d  a 
t e n f o l d  s t a c k i n g  i n  t h e  c d i r e c t i o n .  T h i s  i n d e x i n g  s h o u l d  
b e  r e g a r d e d  as  t e n t a t i v e  i n  t h e  a,  b d i r e c t i o n s .  O n e  l i n e  
c o r r e s p o n d i n g  to  t h e  s t r o n g e s t  l i n e  o f  t h e  z e t a  p h a s e  w a s  
a l s o  o b s e r v e d  a s  a w e a k  s i g n a l .  T a b l e  I I I  s h o w s  t h e  p o w -  
d e r  x - r a y  d i f f r a c t o m e t r y  d a t a  fo r  t h e  s e l e n i d e  ~ p h a s e .  
B o t h  t h e  b a s i c  f i v e f o l d  p e r i o d i c i t y  i n  c a n d  i t s  d o u b l i n g  
(cf. T a b l e  I) a r e  w e l l  d o c u m e n t e d .  T h e  a ,  b i n d e x i n g  w a s  
a d o p t e d  i n  a n a l o g y  to  t h e  �9 p h a s e  a n d  i s  t e n t a t i v e .  A s l i g h t  

m i s c a l i b r a t i o n  r e n d e r e d  a r e f i n e m e n t  u n r e l i a b l e ;  i n s t e a d ,  
t h e  c e l l  p a r a m e t e r s  w e r e  b a s e d  o n  a n  a v e r a g e  o v e r  t h e  
h i g h  i n d e x  r e f l e c t i o n s  (d < 200 pro).  

I t  s h o u l d  b e  m e n t i o n e d  a t  t h i s  p o i n t  t h a t  c r y s t a l s  
o b t a i n e d  b y  s p o n t a n e o u s  v a p o r  t r a n s p o r t  f r o m  a 
CuInS0.sSel .z  b u l k  a l s o  p r o v e d  to  h a v e  a f i v e f o l d  p e r i o d i c i t y  
i n  t h e  c d i r e c t i o n .  T h e  m e a s u r e d  s t o i c h i o m e t r y  co r r e -  
s p o n d s  to  x - 0.18. ( T h e  r e m a i n i n g  b u l k  h a d  a n  x v a l u e  
r a n g i n g  f r o m  0.55 to  0.48). 

The  c u b i c  s t a c k i n g  r e g i o n  (0.5 <- x <- 0 . 2 4 ) . - - A s  m e n t i o n e d  
a b o v e ,  m a t e r i a l s  w i t h  c u b i c  s t a c k i n g  a n d  a t e t r a g o n a l  or- 
d e r i n g  w e r e  o b s e r v e d  i n  t h e  r e g i o n  0.5 > x > 0.24. T h e  ce l l  
p a r a m e t e r s  do  n o t  c h a n g e  v e r y  m u c h  o v e r  t h i s  b r o a d  
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Table II. Powder x-ray diffraction data for selenide ~ phase Table II}. Powder x-ray diffractometry data for selenide T/phase 

d0Ds d0a~r hk 1 O0 l Impurity lines 

1898 vvw 1964 00 1 1 
812 vvw 79! l0 0 
756 w w  - -  - -  e(003) 
649 m 655 00 3 3 
570 w § - -  - -  r 
506.8 vw 504.6 10 3 
490.1 vvw 491.5 00 4 4 
414.3 w 414.2 10 4 

417.5 11 2 
391.7 vvs 393.2 00 5 5 
381.7 s - -  - -  e(006) 
351.9 vw 352.1 10 5 
327.3 s 327.6 00 6 6 
286.7 m - -  - -  e(O08) 
280.5 m ~ 280.8 00 7 7 
255.0 vvw 255.4 21 4 
245.7 w 245.7 00 8 8 
218.3 w 218.4 00 9 9 
196.4 vw 196.6 0010 10 
189.9 vw 189.8 21 8 
178.7 w 178.7 0011 11 
176.7 vvw 176.7 40 5 
163.9 vw 163.9 0012 12 
151.3 vw 151.2 0013 13 
143/6 vvw 143.6 1113/2112 
140.4 w 140.4 0014 14 

dobs dca, c hk l O0 1 Impurity lines 

a = 913.9(7) pm *~/3 - = 1600 pm 
c = 1965.8(4) pm 

r a n g e  o f  h o m o g e n e i t y ,  a n d  t h e  t e t r agona l  sp l i t t ing  re- 
m a i n s  at  t h e  ed g e  o f  obse rvab i l i t y  by  o r d i n a r y  d i f f rac t ion  
m e a n s .  We o b s e r v e d  a = 574.5(5) a n d  c = 1148(1) p m  at  t he  
low x b o u n d a r y  [ c o m p a r e d  to 578.5 a n d  1157 p m  for x = 
0.5 (1)]. D i f f r a c t o m e t r y  of  a n u m b e r  o f  t h i n  f i lm s a m p l e s  
d e p o s i t e d  b y  m u l t i p l e  s o u r c e  e v a p o r a t i o n  a c c o r d i n g  to 
t h e  m e t h o d  d e s c r i b e d  in  Ref. (14) (at 400~ s h o w e d  t he  
p r e s e n c e  of  m o n o c l i n i c  Cu2Se for  c o m p o s i t i o n s  w i th  x > 
0.6, a n d  a t e t r a g o n a l  p a t t e r n  w i t h o u t  l ines  b e l o n g i n g  to 
m o n o c l i n i c  Cu2Se, for  a b o u t  x = 0.6 to x = 0.45; f r om x = 
0.45 to x = 0.3, on ly  t he  cub ic  s u b s t r u c t u r e  l ines  were  ob- 
se rved .  Obv ious ly ,  t he  f i lms do no t  a ch i eve  c o m p l e t e  
e q u i l i b r u m  u n d e r  t h e  depos i t i on  cond i t i ons .  T h e  (pseudo-  
cubic)  cell p a r a m e t e r  d e c r e a s e s  s l i gh t ly  f r o m  579 to 578 
p m  over  t h i s  r ange .  T h e  h o m o g e n e i t y  r a n g e  a t  t h e  h i g h  x 
s ide  s e e m s  s o m e w h a t  m e t a s t a b l y  b r o a d e n e d ,  w h e r e a s  at  
the  low x s ide  t h e  Cu/ In  or m e t a l / v a c a n c y  o rde r i ng  is no t  
e s t ab l i sh ed .  A n  i n t e r e s t i n g  q u e s t i o n  r e l evan t  to pho tovo l -  
talc ap p l i c a t i o n s  in  th i s  r e s p e c t  is h o w  long  s u c h  u n s t a b l e  
or m e t a s t a b l e  s t a t e s  m a y  e n d u r e  at  r o o m  t e m p e r a t u r e .  
T h e  s a m p l e s  we  i n v e s t i g a t e d  we re  a b o u t  one  yea r  old. 
T h e  q u e s t i o n  is m o s t  l ike ly  to be  a n s w e r e d  in  t e r m s  of 
yea r s  at  least .  We no t e  t h a t  t he  de ta i l ed  e l ec t ron  diffrac- 
t ion  s t u d y  b y  M a n o l i k a s  et al. (19) a lso m e n t i o n s  f reez ing  
of  t h e  d i s o r d e r e d  s ta te  by  q u e n c h i n g  of  t he  h i g h  t e m p e r a -  
tu re  d i s o r d e r e d  state.  It  is c l a imed  t h a t  above  700~ t he  
s y m m e t r y  is t h a t  o f  spha l e r i t e  (or e v e n  Li20). U n f o r t u -  
na te ly ,  t h e  c o m p o s i t i o n  r epo r t ed  by  t h e s e  a u t h o r s  falls 
o u t s i d e  t h e  r a n g e  we  f ind to be  t h e  r eg ion  of  e x i s t e n c e  o f  
t h e  cub ic  s t ack ing .  We a s s u m e ,  the re fo re ,  t ha t  th i s  s t u d y  
was  d o n e  on a s a m p l e  c o r r e s p o n d i n g  to  t he  l owes t  x l imi t  
(-0.24).  

Th e  p r ec i s e  n a t u r e  of  t he  Cu/ In  a n d  m e t a l / v a c a n c y  or- 
d e r i n g s  for  l ower  x v a l u e s  is far  f r o m  clear. W h e r e a s  
M a n o l i k a s  et al. (19) c la im an  I4 th ioga l l a t e  s t ruc tu re ,  
D j e g a - M a r i a d a s s o u  et al. (20) c l a im t h e y  obse rved ,  by  
ca re fu l  x - r ay  work ,  t h a t  b e t w e e n  x = 0.34 a n d  x = 0.31 
t h e r e  is a cu b i c  o rde r i ng  P43m,  w i t h  a cell e igh t  t i m e s  t h e  
spha le r i t e  cell a n d  a t e t r agona l  o r d e r i n g  f r o m  x = 0.28 to 
x = 0.25 w i th  a " p a r a c r y s t a l l i n e "  ( two-phase)  r eg ion  in  be- 
tween .  S ince  b o t h  t h e s e  a n d  t he  cha l copy r i t e  o r d e r i n g  
s t e m  f r o m  th e  s a m e  d i s o r d e r e d  spha l e r i t e  s u b s t r u c t u r e ,  
we  h a v e  n a m e d  t h e m  ?, ? ' ,  a n d  ~/', r e s p e c t i v e l y  (Fig. 2). A 
g r o u p  theo re t i ca l  t r e a t m e n t  s h o w e d  t h e  t h r e e  o rde r i ngs  to 
be  v e r y  c lose ly  r e l a t ed  in  t e r m s  of  s y m m e t r y  (21). Tab le  
IV s u m m a r i z e s  t h e  s t r uc tu r a l  t y p e s  e n c o u n t e r e d  in  t he  
(Cu2Se)x(In2Sea),_~ s y s t e m  for x <0.6. (For x > 0.6, the  
m o n o c l i n i c  Cu_2Se is f ound ,  m i x e d  w i th  ? or  6.) 

1590 vw 1630 00 2 2 
1070 vw 1090 00 3 3 
808 vr + 816 00 4 4 
651 m 653 00 5 5 
542 s 544 00 6 6 
478.3 w 478.6 10 6 
464.7 m 466.2 00 7 7 
434.3 vvw 434.2 11 5 
406.8 vs 407.9 00 8 8 
392.6 w - -  - -  
377.8 m 378.1/2 21 1/108 
361.9 w 362.6 00 9 9 
325.5 s 326.3 0010 10 
319.8 w 320.8 30 3 
298.8 s 298.6 30 5 
271.4 s 271.9 0012 12 
217.6 w 217.5 0015 15 
214.1 w 214.3 40 8 
206.7 w 206.9 40 9 
203.8 vw 203.9 0016 16 
201.4 vw 201.5 50 0 

201.1 32 8/3013 
199.3 vw 199.9 1016 

199.7 2015 
199.4 4010 

193.7 vw 193.5 41 8 
192.6 vw 192 .0  0017/4011 17 

192.5 50 5/1116 
181.1 w 181.3 0018 18 

181.0 51 0 
180.7 50 8 

176.2 w 176.3 42 7 
176.1 50 9/3212 

171.0 vvw 171.0 33 9 
171.5 5010 
171.1 4014 
171.4 2117 

163.1 w 163.2 0020 20 
148.2 vw 148.3 0022 22 
142.7 vw 142.7 70 3/533 

142.9 6012 
142.6 3218 

142.1 w 141.9 0023 23 
142.3  2220/2022 

136.1 w ~ 136.0 0024 24 
136.2 6014 

125.6 w 125.5 0026 26 

~(005) 

a = 1163 pm 
c = 2"1631.5 = 3263 pm 

Photoe lec trochemical  e x p e r i m e n t s . - - F o r  t h e  app l i ca t ion  
of t h i n  film Cu-Tn-Se ma te r i a l s  to so lar  e n e r g y  conver-  
sion,  it  is i m p o r t a n t  to k n o w  h o w  the  s t r u c t u r a l  c o m p l e x -  
i ty  o f  t h e  p h a s e  d i a g r a m  re la tes  to t he  p e r f o r m a n c e  of 
t h e s e  ma te r i a l s  in  pho tovo l t a i c  or p h o t o e l e c t r o c h e m i c a l  
cells. S ince  w e  o b t a i n e d  in  t he  a b o v e  s t r u c t u r a l  s t u d y  a 
n u m b e r  of  s a m p l e s  t ha t  m e t  wi th  t he  r a t h e r  m o d e s t  re- 
q u i r e m e n t s  for  p h o t o e l e c t r o c h e m i c a l  charac te r iza t ion ,  we  
r epo r t  he re  a n u m b e r  of  r e l e va n t  da ta  o b t a i n e d  u s i n g  th i s  
m e t h o d .  

The cubic  s t ack ing  r e g i o n . - - S a m p l e s  of  on ly  two of  t he  
s t o i c h i o m e t r i e s  e n c o u n t e r e d  in  t h i s  r e g i o n  were  su i t ab l e  
for  m o u n t i n g  as  e l ec t rodes  [ excep t  for  t he  x = 0.5 
cha l copyr i t e  p h a s e s ,  cf. R e f  (2d)]. F i g u r e  3 s h o w s  t he  
c u r r e n t - v o l t a g e  b e h a v i o r  w i th  m o d u l a t e d  w h i t e  i l l umina -  
t ion  for a s a m p l e  w i th  x ~ 0.25 in  a n  ace ton i t r i l e  so lu t ion  
of  Co(bpyh(C104) [see l e g e n d  to Fig. 3 a n d  Ref. (22)]. It  is 
clear  t h a t  the  s a m p l e  s h o w s  m a i n l y  a p h o t o c o n d u c t i v e  
effect.  S imi la r  r e su l t s  w e re  o b t a i n e d  in  a q u e o u s  po lysu l -  
fide e lectrolyte .  No s ign i f i can t  p h o t o a c t i v i t y  was  ~de- 
t ec t ed  in  a q u e o u s  I - / I3- .  U s i n g  a lock- in  t e c h n i q u e ,  we  
were  ab le  to de t e c t  a sma l l  t rue  n - t ype  p h o t o e l e c t r o c h e m -  
ical effect,  p r o b a b l y  s u p e r i m p o s e d  on  t he  p h o t o c o n d u c -  
t ive one. F i g u r e  4 s h o w s  t he  w a v e l e n g t h  d e p e n d e n c e  of  
w h a t  a p p e a r s  to be  a t rue  pho tovo l t a i c  effect  in  
d e u t e r a t e d  p o l y s u l f i d e  so lu t ion .  B y  a n a l y z i n g  t h e s e  da ta  
as e x p l a i n e d  in  t h e  E x p e r i m e n t a l  sec t ion ,  w e  d e d u c e  a di- 
rec t  a l lowed  opt ica l  t r a n s i t i on  of  1.15 eV a n d  an  ind i rec t  
one  of  0.87 eV. T h e s e  n u m b e r s  a re  in r e a s o n a b l e  agree-  
m e n t  wi th  ou r  r e f l ec tance  da ta  w h i c h  ind ica te  a l owes t  
b a n d g a p  a r o u n d  0.95 eV. B e c a u s e  t h e  0.87 eV va lue  is 
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Fig. 3. Current-voltage characteristics in the dark and under illumina- 
tion for hot-pressed layer ofx = 0.25 (~,") on Ta foil (see Experimental 
section). The redox couple used was 0 .1M Co(bpy):3(CIO4)2 in 
acetonitrile with 0.1M tetraethylammonium perchlorate as supporting 
electrolyte. This solution was developed by us for use in diagnostic tests 
on Cu-ln-Se thin films (22). 

signif icantly be low the  ind i rec t  gap values  ob ta ined  for 
the  o ther  phase s  s tud ied  (see below),  we  should  cons ider  
it wi th  some  caution,  as it may  be  lowered  artificially due  
to impur i ty  bands .  The s econd  s amp le  s tud ied  was  a 
m i x e d  sul f ide /se lenide  (2:3) wi th  a ra ther  large x value  of  
0.55. Its pho toe l ec t rochemica l  effect  (also n-type) in 
polysul f ide  e lec t ro ly te  was  ha rde r  to de tec t  t han  tha t  of 
the  se len ide  p h a s e  wi th  x = 0.25. Its spect ra l  r e sponse  
shows  a sharp  b a n d e d g e  at 1.18 eV. This value can be ex- 
pec t ed  on the  basis  o f  l inear in te rpola t ion  b e t w e e n  the  re- 
po r t ed  values for the  pure  1:1:2 (x = 0.5) sulfide and  sele- 
n ide  (1). The value of  1.18 is also in exce l l en t  a g r e e m e n t  
with the value obtained from diffuse reflectance (1.17 -+ 0.1 
eV). 

Because  all th in  film samples  were  on a n o n c o n d u c t i n g  
subs t ra te  (glass), no  pho toe l ec t rochemica l  m e a s u r e m e n t s  
were  poss ib le  wi th  them.  F rom optical  spec t roscop ic  ex- 
pe r imen t s ,  we  could,  however ,  d e d u c e  values  for the i r  op- 
tical bandgaps .  All s amples  b e t w e e n  x = 0.35 and  x = 0.84 
s h o w e d  a b a n d g a p  of  1.0 -+ 0.02 eV. The  m o s t  Cu-poor  (x 
= 0.31) s am p le  gave a s o m e w h a t  h ighe r  value of  1.05 -+ 
1.02 eV. 

The epsilon phase.--Several platel ike crystals  of th is  
phase  (x = 0.14-0.17) were  sui table  for use  as e lectrodes .  
F igure  5 shows  the  current -vol tage  behav io r  u n d e r  illumi- 
na t ion  and in the  dark  for one of t h e s e  s amples  in aque- 
ous polysulf ide  electrolyte.  A l though  they  exh ib i t  rea- 
sonab le  n - type  photovol ta ic  activity (Vo~ ~ 110 mV), the  
figure shows  clear ev idence  for some  pho toconduc t iv i ty ,  
too. E x p e r i m e n t s  in a 6M KI, 0.1M CuCI2 solut ion (2d) 
s h o w e d  an open-c i rcu i t  vol tage of  s o m e  300 mV, bu t  the  
p h o t o c o n d u c t i v e  effect  was  even  more  p r o n o u n c e d  in 
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Fig. 4. The wavelength dependence of the photo effect of x = 0.25 
(~,") at + 5 0  mV bias vs. the redox potential of the deuteroted 
polysulfide solution, 1.2M in Na~S and 2M in S ~ and (Jh,)" vs. hv plots 
of these data to determine value of direct (...) and indirect (xxx) gaps. 
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Fig. 5. The current voltage behavior of x - 0.14 (e phase) in aqueous 
polysulfide, 3M in KOH, 3M in No2S, and 4M in S. A three-electrode 
configuration with on SCE reference electrode was used. White illumi- 
nation corresponding to ca. eight times AM] was applied. The exposed 
crystal area was 3 mm 2. 

this  solution.  E t ch i n g  the  crystal in a 2% B r J M e O H  solu- 
t ion i m p r o v e d  the  r e s p o n s e  in iodide  solu t ions  by a factor  
of  -25 .  The i m p r o v e m e n t  in polysul f ide  solut ions  was  
m u c h  less  ( some 50%). Never the less ,  the  r e s p o n s e  in the  

Table IV. Structural types encountered in the (Cu~Se)x(In~Se3)~ j. system for x < 0.6 

Composition 
(x) Symbol Type Symm Se stacking Ref. 

0.5-0.24 
Sphal. F43m 3 This work, (8), (1) (0.45-0.31) ~ 

(O.6-O.45) a 
0.5-0.47 ~ Chalc. I42d 2 x 3 This work, (8), (1) 

0.34-0.31 ~,' Own PYi3m 2 x 3 (20) 
0.28-0.24 ~/' ? I42m ? 2 • 3 This work, (19) 
0.17-0.15 ~ ? > P3 2 x 7 This work 

-0.14 ~ ? > P3 6 This work, (10c) 
-0.09 ~ ? > P3 2 x 5 This work 

a For thin film samples on glass. 



Vol.  132, No.  6 (Cu2Se)~(In2Se:3) ,_~ S Y S T E M  1325 

i J ' I 1 I ' J i } , 

i 
o 
o r- 

a.  

0 t I ,  , I i I i I I I , 
1 .4  1.3 1.2 1.1 1 .0  

P h o t o n  E n e r g y  ( e V )  

Fig. 6. Photoresponse spectrum ofx ~ 0.15 (�9 phase), in deuterated 
polysulfide, ] .2M in Na2S, and 2M in S ~ at + 2 0 0  mV vs. the solution 
redox potential. 

l a t t e r  so lu t ion  was  a b o u t  t en  t imes  b e t t e r  t h a n  t he  bes t  re- 
s p o n s e  o b t a i n e d  in  t h e  former .  This  is in  con t r a s t  to re- 
su l t s  o b t a i n e d  f rom CuInSe2 c rys ta l s  (2). I t  is l ike ly  t h a t  
the  e t ch  r e m o v e s  a pa r t ly  rec t i fy ing  layer  f rom t he  crystal  
surface.  S o m e  of  t he  pho t ovo l t a i c  r e s p o n s e  s h o w n  in Fig. 
5 m a y  b e  due  in p a r t  to a h e t e r o j u n c t i o n  f o r m e d  by  th i s  
layer,  w h i c h  m i g h t  be  an  i n d i u m  ox ide  [cf. Ref. (2d)], as 
t h e  m o s t  p r o n o u n c e d  c h a n g e  was  o b s e r v e d  af ter  a ca- 
t h o d i c  scan.  Th i s  c o n c l u s i o n  is in  a g r e e m e n t  w i th  t he  ob- 
s e r v e d  dec rea se  in  d a r k  c u r r e n t  w i t h  t ime,  a f te r  i m m e r s -  
ing  a f resh  e l ec t rode  in t h e  so lu t ion  ( sugges t ing  a sur face  
reac t ion)  a n d  t h e  o b s e r v e d  s l ight  h y s t e r e s i s  in  t he  C-2-V 
plots .  T h e s e  p lo t s  s u g g e s t e d  a d o n o r  dens i t y  of  ca. ]0 TM 

cm-3.  
The  p h o t o c o n d u c t i v i t y ,  a l luded  to above ,  was  con- 

f i rmed  b y  spec t r a l  r e s p o n s e  da ta  on  a s a m p l e  w i t h  x 
0.15 in  D~O-based po lysu l f ide  so lu t ion  (cf. Fig. 6), w h i c h  
s h o w e d  a p r o n o u n c e d  p e a k  a r o u n d  1100 nm.  This  p e a k  
p e r s i s t e d  also a f te r  e t c h i n g  t he  e lec t rode ,  t h u s  m a k i n g  it  
un l ike ly  t h a t  i t  is due  to sur face  effects  s u c h  as sur face  
r e c o m b i n a t i o n .  I t  b e c a m e  m o r e  p r o n o u n c e d ,  w h e n  posi-  
t ive  b ias  was  app l i ed  and  d i s a p p e a r e d  w i t h  suf f ic ien t ly  
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Fig. 7. The photorespanse spectrum of x = 0.15 (�9 phase) in the 
deuteroted polysulfide solution of Fig. 6 at - 3 0 0  mV vs. the solution 
redox potential. Uh~)" vs. hp plots to determine direct (...) and indirect 
(xxx) allowed transitions are shown as well. 

Table V. Structural types and estimated optical bandgaps 
(E~) of(Cu2X)~(In2X:~),_x 

X Sample a 
S:Se x form Structure E~" 

1 0.58-0.44 f/cr y 1.05(d) 
1 0.58-0.44 f/cr ~, 1.55(d) 
2:3 0.55 cr ), 1.20(d) 

1 0.35 f 6 1.10 
1 0.31 f ~ 1.00 
1 0.25 cr y"? 1.15/0.85(d/i) 
1 0.23 cr ~"/e - -  

-4:5 0.18 cr ~ 1.35/1.10(d/i) 
1 0.17 f/cr spinel 1.50/1.30(d/i) 

1 0.17 cr �9 1.00(dr) 
1 0.15 cr �9 1.30(d)/1.15(i) 
1 -0 .15  cr ~ 1.30/1.10(d/i) 
1 0.09 cr ~ - -  
1 - -  cr fl 1.70/1.20(d/i) 
1 0 cr spinel 2.35/2.00(d]i) 

a f = film; cr = crystal. 
h d = direct allowed optical transition; i = indirect allowed optical 

transition; df = direct forbidden optical transition. 
An accuracy of 50 meV is assumed for all data. 

nega t i ve  b ias  (cf. Fig. 7) (23). Also, t he  w a v e l e n g t h  d e p e n -  
d e n c e  of t he  res i s t iv i ty  of  t h e  cell  s h o w e d  a severa l fo ld  
dec rease  a r o u n d  1100 n m  a n d  t he  capac i t ance  i n c r e a s e d  
in  th i s  w a v e l e n g t h  r a n g e  ( p h e n o m e n a  t h a t  c an  b e  as- 
c r ibed  to op t ica l  doping) .  

T h e  da ta  at  - 3 0 0  m V  b ias  were  ana lyzed  for i nd i r ec t  
and  d i rec t  a l lowed  opt ica l  t r ans i t i ons ,  as s h o w n  in Fig. 7. 
In  th i s  way,  a n  i nd i r ec t  gap  of  1.13 eV (1097 rim) was  
found ,  c o n f i r m i n g  t he  s u g g e s t i o n  t h a t  t he  1100 n m  p e a k  
(Fig. 6) is due  to p h o t o c o n d u c t i v i t y .  A d i rec t  gap  of 1.31 
eV was  ident i f ied ,  as well. A s a m p l e  w i t h  x = 0.17 
s h o w e d  s imi la r  p h o t o c o n d u c t i v i t y  behav io r ,  w i t h  a p e a k  
at  s l igh t ly  l onge r  w a v e l e n g t h s  (1000-1050 nm),  w h i c h  
could  b e  s u p p r e s s e d  at  - 1 0 0  m V  bias.  T h e n  ana lys i s  of  
t he  da ta  was  pos s ib l e  on ly  in t e r m s  of  a d i rec t  f o r b i d d e n  
t rans i t ion ,  y i e ld ing  a gap  va lue  of 1.0 eV. S imi la r  ana lyses  
in  H 2 0 - b a s e d  e lec t ro ly te  gave  " e v i d e n c e "  for  i n d i r e c t  a n d  
d i rec t  a l lowed  t r an s i t i ons  at  1.10 a n d  1.25 eV, respec-  
t ively,  i l l u s t r a t ing  t he  effect  of H20 abso rp t i on .  A n a l y s e s  
of spec t r a  t h a t  still  s h o w e d  t he  p h o t o c o n d u c t i v i t y  p e a k  
gave  e r r o n e o u s l y  low resul ts .  T h e  m a r k e d  dec rea se  in re- 
s p o n s e  at  s h o r t e r  w a v e l e n g t h s  (Fig. 6) m a y  ind ica t e  t h a t  
sur face  r e c o m b i n a t i o n  b e c o m e s  a d o m i n a n t  de -exc i t a t ion  
m e c h a n i s m  at  h i g h e r  energ ies .  

The zeta phase . - -This  p h a s e  genera l ly  was  no t  o b t a i n e d  in  
fo rm p u r e  e n o u g h  to a l low f u r t h e r  s tudy.  The  few 
s a m p l e s  t h a t  cou ld  be  i n v e s t i g a t e d  s h o w e d  c o m p l i c a t e d  
behav io r ,  i n d i c a t i v e  of  b o t h  b u l k  p h o t o c o n d u c t i v e  a n d  
sur face  effects.  Capac i t ance  m e a s u r e m e n t s  i nd i ca t e  a 
n - type  d o n o r  dens i t y  s imi la r  to t h a t  o b s e r v e d  for  t he  �9 
s a m p l e s  (ca. 10 TM cm-3).  A p h o t o c o n d u c t i v i t y  p e a k  a r o u n d  
950 n m  was  s een  in  D20-based  e lect rolyte .  Note  t h a t  s u c h  
a p e a k  wou ld  h a v e  b e e n  o b s c u r e d  in H20-based  solu t ions .  
At  s ] ight ly  nega t i ve  bias,  spec t r a  cou ld  b e  o b t a i n e d  t h a t  
a l lowed ana lyses  of  t he  opt ica l  b a n d g a p s .  In  th i s  way,  
va lues  of  ca. 1.3 a n d  1.1 eV were  d e d u c e d  for  d i rec t  a n d  
i nd i r ec t  gaps,  respec t ive]y .  

The eta phase. - -While  no p u r e  s e l en ide  s a m p l e s  w i t h  th i s  
s t r u c t u r e  cou ld  b e  isolated,  a m i x e d  su l fose l en ide  w i t h  
S/Se ~ 0.8, a n d  x = 0.18, p r o v e d  su i t ab l e  for  pho toe l ec t ro -  
c h e m i c a l  s tudy .  Crysta ls  of th i s  p h a s e  s h o w e d  pho to -  
ac t iv i ty  of  p r e d o m i n a n t l y  pho tovo l t a i c  n a t u r e  in  va r ious  
e lec t ro ly tes :  a q u e o u s  fe r ro / fe r r icyanide ,  in  a q u e o u s  a n d  
d e u t e r a t e d  polysul f ide ,  in  a q u e o u s  poly iodide ,  a n d  in  t he  
p r e v i o u s l y  m e n t i o n e d  (Fig. 4) o rgan ic  electrolyte .  
P h o t o v o l t a g e s  u p  to 200 m V  could  be  o b t a i n e d  in  aque-  
ous  f e r ro / fe r r i cyan ide  a n d  po lysu l f ide  as wel l  as in  polyi- 
odide,  b u t  in  t he  las t  e lec t ro ly te  th i s  p h a s e  was  g ross ly  
uns t ab le .  Capac i t ance -vo l t age  p lo t s  in  bu f f e r ed  a q u e o u s  
n i t r a t e  so lu t ion  i n d i c a t e d  a d o n o r  d e n s i t y  of  10'5-10 TM c m  -3 
a n d  a f l a t b a n d  p o t e n t i a l  of - 0 . 8 V  vs. SCE in  th i s  so lu t ion .  
S o m e  e v i d e n c e  for  su r face  r e c o m b i n a t i o n  [ f rom doub le -  
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Fig. 8. The photoresponse spectra of x = 0.18 (W phase) sulfoselenide 
(solid line) in the deuterated polysulfide solution of Fig. 6 under short- 
circuit conditions. Plots to analyze for direct and indirect allowed 
transitions ore shown as well. For details, see Fig. 7. 

illumination experiments,  cf.  Ref. (25)] and/or photocon- 
ductivity effects was seen in the spectral response data 
for one sample, but others showed straightforward n-type 
photovoltaic response (cf. Fig. 8). Analyses of the wave- 
length dependence of the photocurrent, both at 0 V bias 
(Fig. 8) and at + 200 mV bias yielded values for direct and 
indirect allowed gaps of 1.34 and 1.11 eV, respectively. 
These values are surprisingly close to those obtained for 
the pure selenide, e, and ~ phases discussed above. More 
experiments on pure samples are needed to confirm this 
anomaly. 

I n ~ e  (8).--For completeness '  sake, we investigated 
briefly samples of In~Se3 on Ta. These samples were ob- 
tained from 5N pure In2Se3 which was heated at 780~ for 
several weeks, and subsequently hot pressed at 104 psi (69 
MPa) and 350~ in a N2 atmosphere for 60 rain and held at 
this pressure during the 3h of cooling. Such samples 
showed appreciable n-type photoresponse in the acetoni- 
trile (Fig. 4) electrolyte. 

The wavelength dependence of the photoresponse was 
measured in aqueous ferro/ferricyanide solution, and its 
analysis showed the presence of a direct (allowed) transi- 
tion at 1.7 eV, in fair agreement with the 1.6 -+ 0.1 eV 
value obtained from diffuse reflectance. Further analysis 
of the photocurrent  spectrum showed some evidence for 
an additional, indirect allowed transition at -1.2 eV, 
which value agrees with the earlier reported 4 one, ob- 
tained by optical absorption spectroscopy. 

I n 2 S 3 . - - W e  made some attempts to look at the other 
possible end members of the generalized series 
(Cu2X)j.(In~X:~),_x, where X stands for S or Se, in view of 
our success in preparing some mixed sulfoselenides and 
the obvious photovoltaic interest in such mixed 
chalcogenides. No significant photoelectrochemical ac- 
tivity was observed for Cu2S or Cu2Se (prepared as hot 
pressed pellets or layers on Ta). We had some success, 
though, with In~S:~. The electrode was prepared from 5N 
pure In~S:~ powder, which was melted i n  v a c u o  at -1100~ 
in a ampul and allowed to cool slowly. A slice was cut offthe 
end of the resulting boule and mounted on a Ti plate. (We 
thank G. Hodes for this sample.) 

This electrode was tested without further treatment, 
and showed appreciable n-type response in polysu]fide 
electrolyte, extending far beyond the reported bandgap 
for In.2S3 [2.03 eV, Ref. (26)], although a distinct disconti- 
nuity in the photoresponse was observed at ~2.02 eV. 

4 Rehwald and Harbeke (26a) and Garlick et al. (26b) report a 
bandgap of 2.28 eV. Both these measurements were done on 
single crystals by optical absorption spectroscopy. 

Analyses of this photoresponse revealed a direct, allowed, 
optical transition at 1.84 eV and an indirect, allowed one 
at 1.54 eV. (We did not note any photoconductive effect 
and the solvent absorption effect is minimal around these 
energy values.) The direct transition corresponds very 
closely to that reported for InS [27], 1.86 eV, although this 
value was obtained from thermal activation of electrical 
conductivity measurements.  However, Diehl and Nitsche 
(28) report absorption edges for p-In2S3 (As) and p-In2S3 
(Sb) of 1.88 and 1.44 eV, respectively, indicating that 
significant shifts of the absorption edge are possible by 
incorporation of small amounts of impurities. In view of 
the high purity starting material, and the likelihood of 
some S loss during the vacuum anneal, it seems reasona- 
ble to assume that the top layer was composed of a 
S-poorer indium sulfide. Indeed, after polishing off the 
top layer of the electrode and etching it in BrJMeOH, no 
significant photoresponse could be obtained anymore in 
polysulfide. This is easily understood because of the so- 
lution absorption. Subsequently,  we tested this electrode 
in ferro/ferricyanide (0.1M Fe(CN)64-; 0.01M Fe(CN)63-) to 
which 1M K2HPO4 buffer was added (pH 8.8). Quantum 
yields up to 0.04 were obtained at 480 nm and 0.0 V vs .  
SCE and a photoresponse was obtained (Fig. 9) that 
yielded, after analyses, an indirect bandgap (allowed) of 
1.99 (-+ 0.01) eV, in reasonable agreement  with the 2.03 eV 
literature value, and a direct gap (allowed) of 2.33 eV, 
which corresponds to the 2.28 eV literature value (26). 

Discussion 
The pseudobinary system (Cu2Se)x(In2Se3),-x presents a 

rich variety of structural complexities like so many 
chalcogenide systems. We can distinguish one common 
denominator: the fact that all structures are based on a 
close packed lattice of chalcogen atoms. Further, we can 
distinguish two or possibly three complicating structural 
features. 

First of all, with decreasing x there is a change in the 
stacking of the close packed lattice from cubic via a num- 
ber of mixed polytype-like stackings to hexagonal while 
at the same time the structures become more layerlike. 
Secondly, the Cu vs .  In vs .  vacancy ordering is quite 
varied in the region of cubic stacking. At high tempera- 
tures this region is very broad and a disordered structure 
is established; at lower temperatures there are indications 
for various types of order and the precise equilibrium 
phase boundaries are unclear; it is likely that at room 

1 I I i ' I I i I 
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Fig. 9. Wavelength dependence of the short-circuit photocurrent of on 

etched In~S3 electrode (d. text), in aqueous ferro/ferricyanide solution, 
phosphate buffered to pH = 8.8. The arrow indicates the onset of solu- 
tion absorption. 
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temperature metastable (or unstable) materials can be ob- 
tained over the broad homogeneity range of the high tem- 
perature phase. A third feature is illustrated in the analo- 
gous sulfide system (12) where for lower x values the 
coordination of In  changes from tetrahedral to octahedral. 
Although a spinel phase is not encountered in the sele- 
nide system, partial octahedral coordination is claimed 
for the a- and fl-In~Se3 structures (17). Only a complete 
structure determination of the E, ~, and V phases can re- 
veal if these structures are purely tetrahedral as the cubic 
stacked phases seem to be. 

Our photoelectrochemical (PEC) survey has shown 
both the power and a number  of complications of the 
PEC method as a characterization tool in solid-state 
chemistry. Because it only yields results if materials are 
obtained that answer to a number  of requirements not al- 
ways in control of the investigator (e.g., specimens of suit- 
able size, appropriate doping levels, mobilities and 
recombination rates, and suitable chemical behavior with 
respect to some electrolyte), a survey such as this is likely 
to be somewhat patchy. Nevertheless, useful information 
was obtained on a number  of (new) materials which 
would not easily have been obtained otherwise and which 
allows us the following generalizations. The lowest 
bandgap of all the Cu-In-Se materials shows values that 
range only between 1.15 and 0.85 eV, even if the stacking 
is completely different. However, the rather subtle differ- 
ences in the ratios of vacancies and Cu and In atoms and 
their orderings are able to destroy the good photo- 
response of the chalcopyrite phase. It seems imperative, 
therefore, to monitor closely the value of x for any thin 
film material made and possibly the order parameter of 
the material can be of equal importance. For the former, 
x-ray diffraction will be of limited use since the lattice pa- 
rameters change so little, but the intensities of the super- 
structure lines as opposed to those of the cubic sublattice 
may give at least some semiquantitative idea of the latter 
parameter. Of course, the details of the ordering(s) can 
only be elaborated on basis of detailed single-crystal 
x-ray, or, preferably, electron diffraction efforts. 
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ABSTRACT 

Gas permeation properties for Nation membranes and their composites were investigated under various conditions. 
The permeabili ty coefficients of Nation depended greatly on the water content, the cation form, and the ion-exchange 
capacity. The gas permeation rate through a same sample varied with temperature, pressure, and membrane thickness. 
The permeabilty of hydrogen was about twice as great as that of oxygen. The electrocatalyst plated on the membrane 
did not serve as a barrier for gas permeation, but the structure of the catalyst layer played an important role in gas per- 
meation during water electrolysis. 

Perfluorosulfonic acid membranes (Nation| which 
has excellent chemical stability and high protonic con- 
ductivity, have received remarkable attention owing to 
their importance in electrochemical applications such as 
hydrogen-air fuel cells (1), chlor-alkali electrolysis (2, 3), 
and water electrolysis (4-6). In these electrochemical cells, 
catalytic electrodes are tightly bonded to the both sides of 
Nation membrane to form an intimate electrode/elec- 
trolyte contact, and the membrane serves as both solid 
polymer electrolyte (SPE) and cell separator. It is well 
known that gas permeation through the SPE membrane 
causes a decrease in current efficiency. Recently, many 
studies on polymer structure (7-11) and ion transport 
(12-14) in Nation membranes have been reported; how- 
ever, detailed studies on gas permeability of the SPE 
membranes are few (15-17). 

In this work, therefore, the effects of water content, cat- 
ion form, ion-exchange capacity, and catalyst plating for 
Nation membranes  were examined on gas permeation. 
On the basis of the results, gas permeation during water 
electrolysis (18) was discussed. 

Experimental 
Membrane materials . --Measurements  were made on 

Nation 117 and 125 membranes (Plastic Department, du 
Pont) which have film thickness of 0.0185 and 0.013 cm 
and equivalent weight (EW) of 1100 and 1-200, respec- 
tively. The EW is defined as the weight of acid polymer 
which neutralizes one equivalent of base and is given by 

IEC = 1000/EW [1] 

where IEC is an ion-exchange capacity expressed in 
milliequivalents per gram of dry H ~ form polymer.. 

Pretreatments of the purchased membranes were made 
as follows. They were thoroughly washed with acetone, 
then boiled in 2N HC1 solution for lh, and repeatedly 
washed with distilled water. The H -~ form membrane ob- 
tained in this way was used as a starting material. Water 
absorption of the membrane was controlled by changing 
hydrothermal treatment temperature using an autoclave 
and expressed in weight percentage of water per lg  of dry 
polymer. The drying processes at 100~ in an air were re- 
peated until a constant value was obtained. Potassium 
form membrane was obtained by immersing the H § form 
membrane in 2N KOH solution for several days. 

Nafion-electrocatalyst composites, which load metals 
in the range of 1-2 mg/cm 2, werc prepared by an 
electroless plating of noble metal such as Pt, Rh, and Ir 
onto both sides of membrane (5). In order to improve ad- 
hesive property between the membrane and the plated 
metal, the surface of the membrane was roughened by a 
sand blasting machine (Daiichi Meteco Company). The 
thickness of the plated catalyst layer and the extent of the 
surface roughening were examined by means of a 
scanning electron microscope (Hitachi, S-430). 

Measurement of  gas permeation.--Gas permeability was 
measured with a volumetric method under high pressure 

differences. The sample was sandwiched between stain- 
less cells which have permeation area of 15.2 cm 2. In or- 
der to prevent the wet membrane from drying out during 
the experiment,  filter paper soaked in distilled water was 
placed on the both sides of the membrane and penetra- 
ting gas was humidified by passing through distilled 
water in an autoclave. The penetrating gases such as H2 
and 02 were introduced into the higher pressure cell after 
several flushings to replace the air. Gas permeation rate v 
(expressed in cubic centimeters per second), was mea- 
sured by a precise gas flowmeter based on soap mem- 
brane (Standard Technology Company) in a steady state 
and converted to a STP (0~ 1 arm) state of gas volume. 
The permeation rates under various pressures in the 
range of 1-30 atm were obtained at a constant temperature 
and plotted against the pressure differences (Ap). From 
the slope of the v vs. Ap plot, average permeability coeffi- 
cient (Pro) expressed in cm ~ (STP) �9 crn/cm ~ �9 s �9 cm Hg 
was derived from the following equation 

(v / hp )L 
P m -  ~ [2] 

where L is the membrane thickness (in centimeters), A 
the permeating area (in square centimeters), and P the 
pressure difference (in cm Hg). The permeability values 
of H2 and 02 were obtained in the temperature range of 
20o-90oc. 

Results and Discussion 
Table I shows characteristics of various kinds of 

Nation membranes for gas permeation measurements. 
The water content of the membranes depended greatly on 
the treatment temperatures, equivalent weight, and salt 
form, as reported previously (19). Considerable loss of ab- 
sorbed water occurred during gas permeation measure- 
ments for the highly swollen membranes,  despite the ex- 
istence of the wetted filter paper. By measuring 
permeability after a gas permeation for several hours, re- 
producible values of permeability coefficients (Pro) were 
obtained within -+5% on repeated runs. The existence of 
the wetted filter paper scarcely had influence on the per- 
meation rate. We discussed the Pm values of the mem- 
branes on the basis of the values of water content and 
film thickness after the permeability measurements.  Fig- 
ures 1, 2, and 3 show Arrhenius plots of the Pm values of 
H2 and 02 for Nation 117 (H ~ form), 125 (H ~ form), and 117 
(K + form) membranes with various water content, respec- 
tively. 

Effect of water  con ten t - -The  Pm values of H2 and 02 for 
all the types of membranes increased with increasing 
water content, suggesting that water contained in the 
membranes plays an important role in gas permeation. In 
order to discuss in more detail the influence of water on 
the Pm values, the permeabilities for Nation 117 (H § con- 
taining water less than 35 weight percent (w/o) and for 
Nation 125 (H +) containing water less than 22 w/o were 
examined as follows. Immediately after the dry mem- 
brane was wetted with distilled water, the Pm value at 
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Table I. Characteristics of Nation membranes 
for gas permeation measurements 

Type of 
membrane 

Thermal 
treatment 

temperature 
(~ 

Water content b 
(Film thickness) ~ 

Before d After" 

NIt7H ~ Dry ~ 1.7 
(0185) 

100 36 35 
(0.220) (0.220) 

140 60 50 
(0.242) (0.237) 

170 121 102 
(0.280) (0.265) 

N125 H + Dry 1.6 
(0.132) 

100 26 22 
(0.152) (0.149) 

140 39 34 
(0.162) (0.159) 

180 63 50 
(0.175) (0.169) 

Nl17 K § Dry 1.5 
(0.185) 

100 22 21 
(0.200) (0.198) 

140 31 27 
(0.220) (0.215) 

Dried at 100~ in an air for 5h. 
h In weight percent water per lg of dry polymer. 

In millimeters, The average deviation is • 0.003. 
d Before gas permeability measurements. 

After gas permeability measurements. 

26~ was  m e a s u r e d ,  a n d  t h e r e a f t e r  t h e  w a t e r  c o n t e n t  was  
d e t e r m i n e d .  T h e  w a t e r  c o n t e n t  d e p e n d e n c e s  of  t h e  P ~  
va lues  of  H2 a n d  O2 a t  26~ are  s h o w n  in  Fig. 4 a n d  5, re- 
spect ively .  T h e  p r e v i o u s  da t a  b y  L a C o n t i  et al. (15, 16), 
w h i c h  e x h i b i t e d  ave rage  v a l u e s  for  t h r e e  k i n d s  of  Na t ion  
(H ~ form)  m e m b r a n e s  w i t h  d i f f e ren t  i o n - e x c h a n g e  
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( 2  
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Fig. 1. Arrhenius plots of permeability coefficients (Pro) of H2 and O2 
for Nation 117 (H ~) membranes with various water contents. Estimated 
values for water and previous values (22) for PTFE were shown for 
comparison. 
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Fig. 2. Arrhenius plats of permeability coefficients (Pro) of H2 end 02 
for Notion 125 (H ~) membranes with various water contents. 

capac i t i es  (EW = 1640, 1260, a n d  1090), are s h o w n  by  t he  
do t t ed  l ine  for c o m p a r i s o n .  T h o u g h  b o t h  sets  of  va lues  
were  ve ry  close in  the  r a n g e  of  low w a t e r  con ten t ,  previ-  
ous  va lues  s h o w e d  a m o r e  rap id  inc rease  t h a n  those  in  
th i s  w o r k  w i t h  i n c r e a s i n g  wa te r  con ten t .  

The  w a t e r  c o n t e n t  d e p e n d e n c e s  o f  p e r m e a b i l i t y  ratio, 
Pm (t-I2)/Pm(O~), at  80~ for  Na t ion  117 (H+), 125 (H~), a n d  
117 (K0 are  s h o w n  in  Fig. 6. The  p e r m e a b i l i t y  ra t io  dras-  
t ical ly  d e c r e a s e d  w i t h  i n c r e a s i n g  w a t e r  c o n t e n t  a n d  be- 
c ame  a l m o s t  c o n s t a n t  in  the  h i g h e r  w a t e r  c o n t e n t  region.  
The  c o n s t a n t  Pr~(H2)/Pm(Oz) va lue  was  a p p r o x i m a t e l y  2 at  
80~ for  Na t ion  117 (H § a n d  125 (H*). The  Pm(H2)/Pm(02) 
va lues  for  t he  K + f o r m  m e m b r a n e  h a d  a t e n d e n c y  to c o m e  
close to t he  va lues  for  t he  H ~ f o r m  m e m b r a n e s  w i t h  in- 
c reas ing  t he  w a t e r  con ten t .  

The  s t r u c t u r e  of  Na t ion  m e m b r a n e  ha s  b e e n  p r o p o s e d  
by  G i e r k e  et al. (7) b a s e d  on  t he  r e su l t s  o b t a i n e d  b y  smal l  
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Fig. 3. Arrhenius plots of permeability coefficients (Pm) of H2 and 02 
for Nation 117 (K +) membranes with various water contents. 
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angle x-ray scattering, mass-transfer experiments includ- 
ing hydraulic permeation and water diffusion, and elec- 
tron microscopy. The structure model, so-called the 
cluster-network model, is as follows. Polymeric ions and 
absorbed water exist in approximately spherical domains 
as ionic clusters, separated from the polytetrafiuoro- 
ethylene (PTFE) matrix. These clusters are assumed to be 
connected by short narrow channels which have a diame- 
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ter of about 10s It was revealed that the cluster size 
grows with increasing amount of absorbed water; for ex- 
ample, a diameter of ionic cluster changed from 25.2 to 
40.8~ when a water content increased from 5.4 to 19.4 w/o 
for 1200 EW membrane (8). 

Since the swollen membrane was composed of both the 
PTFE matrix and the water absorbed in ionic cluster, its 
permeability properties are expected to depend strongly 
on those of their materials. The permeability coefficients 
(Pro) for water were estimated from the previous data (20, 
21) of the diffusion coefficients (D) and the solubility (S) 
on the assumption that the equation Pm = DS was applica- 
ble to the gas permeation in water. The Pm values esti- 
mated here for water and previously reported for PTFE 
(22) are plotted in Fig. 1 for comparison. The Pm values for 
Nation dry membrane were very close to those for PTFE, 
while the Pm values for the wet membranes increased and 
approached those for water with increasing water con- 
tent. 

The water-content dependences of gas permeation 
properties can be explained in terms of the cluster-net- 
work model of Nation structure. In a dried state, since 
only small amounts of absorbed water are accommodated 
in the clusters and these are isolated from each other, the 
water can scarcely influence the gas diffusion. When the 
membrane absorbs water and the narrow channels are 
filled with water, the gas diffusion through water would 
become predominant,  causing the rapid change in the Pm 
and the Pm(H2)/Pm(02). With an increase of the water con- 
tent, since an interaction between gas and polymer chains 
is reduced, the Pm(H2)/Pm(O2) value would become almost 
constant. 

Effect of equivalent weight.--A slight decrease of ion- 
exchange capacity from 0.91 meq/g (Nation 117) to 0.83 
meq/g (Nation 125) is attended by a significant decrease 
of water absorption from 36 to 26 w/o (hydrothermal treat- 
ment  at 100~ This behavior is ascribed to the decrease 
in ion-cluster size with decreasing ion-exchange capacity 
as reported previously (8). When both the membranes 
were treated at a same temperature, the Nation 117 had 
higher Pm values than the Nation 125. In order to discuss 
whether the Pm is influenced by only the water content 
or by both the water content and the ion-exchange capac- 
ity, the Pm values of Nation 117 (H § and 125 (H +) were 
compared on the Pm vs. water content plots in Fig. 4 and 
5. The Pm values of H2 and O~ for Nation 117 drastically 
increased about six to eight times and then became al- 
most constant in the water content range of 20-50 w/o, fol- 
lowed by a further increase in Pm in the higher water con- 
tent range. On the other hand, the Pm values for Nation 
125 increased smoothly with the water content. The dif- 
ference of behaviors of both the membranes  may be ex- 
plained by using the structure model of Nation. Since the 
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a m o u n t  of  w a t e r  w h i c h  can  be  a c c o m m o d a t e d  w i t h i n  a 
c lus t e r  in  Na t ion  117 is c o n s i d e r a b l y  g r ea t e r  t h a n  t h a t  in  
Na t ion  125, t h e i r  s t r u c t u r e s  at  t h e  s a m e  w a t e r  c o n t e n t  
w o u l d  be  d i f f e ren t  f rom each  other .  I f  we  a s s u m e  t h a t  
Na t ion  117 ha s  a w a t e r  c o n t e n t  r eg ion  w h e r e  a b s o r b e d  
w a t e r  is u s e d  on ly  in t he  c lus te r  g r o w t h  a n d  t he  c h a n n e l  
d i a m e t e r  is k e p t  a l m o s t  cons t an t ,  t h e  o c c u r r e n c e  of  t he  
c o n s t a n t  P ~  r e g i o n  c a n  b e  u n d e r s t o o d .  

T h e  d i f f e rence  in  t h e  P ~  v a l u e s  b e t w e e n  Na t ion  117 
a n d  Na t ion  125 w o u l d  be  m a i n l y  a s c r i b e d  to t he  differ- 
e n c e  in  w a t e r  con ten t .  T he  c h a n g e  in  t h e  i o n - e x c h a n g e  ca- 
pac i ty  i t se l f  c an  af fec t  t he  b e h a v i o r  of  t he  Pm vs. w a t e r  
c o n t e n t  plot .  

Effect of cation form.--The c h a n g e  in  ca t ion  fo rms  in- 
f luences  t he  c lu s t e r  size a n d  t he r e fo re  w a t e r  c o n t e n t  (8), 
r e s u l t i n g  in  t he  c h a n g e  in  t he  Pm va lues .  In  o rde r  to dis- 
cuss  t he  effect  of  ca t ion  fo rm i t se l f  on  t h e  pe rmeab i l i ty ,  
t he  Pm va lues  of  t he  Na t ion  117 (H~form) a n d  (K + form) 
m e m b r a n e s  we re  c o m p a r e d  at t he  s a m e  w a t e r  c o n t e n t  in  
Fig. 4 a n d  5. The  P~, va lues  of  H2 a n d  O~ for  the  H ~ fo rm 
m e m b r a n e  were  m u c h  grea te r  t h a n  t h o s e  for  t he  K ~ f o r m  
one, s u g g e s t i n g  t h a t  t he  K ~ ions  h i n d e r  t he  gas dif fusion.  
Similar ly ,  t he  Pm(H~)/Pm(02) va lues  for  H + f o r m  m e m b r a n e  
were  less  t h a n  t h o s e  for  the  K ~ fo rm m e m b r a n e  (Fig. 6). 
S i n c e  t he  va lues  of  Pm a n d  Pm(H~)/Pm(02) for  t he  K ~ f o r m  
m e m b r a n e  h a v e  a t e n d e n c y  to c o m e  close to the  va lues  
for t he  H + f o r m  one  w i t h  i n c r e a s i n g  w a t e r  con ten t ,  t h e  in- 
f luence  of  ca t ions  on  t he  Pm s e e m s  to dec rea se  w i th  an  
i nc r ea se  of w a t e r  con ten t .  

T h e s e  r e su l t s  s u p p o r t  t h e  gas  p e r m e a t i o n  m o d e l  t h a t  
gases  d i f fuse  t h r o u g h  t he  pa r t  of  t he  c h a n n e l s  a n d  t he  
c lus te r s  w h i c h  c o n t a i n  ions  a n d  water .  

Effect of electrocatalyst plating.--The m e m b r a n e - e l e c -  
t roca ta lys t  compos i t e ,  w h i c h  was  f o r m e d  b y  p l a t i ng  n o b l e  
me ta l s  o n  b o t h  t h e  s ides  of  Nat ion,  was  u s e d  in  a S P E  
w a t e r  e lec t ro lys i s  cell. I n  o r d e r  to d i s cus s  t he  dec rea se  in  
c u r r e n t  e f f ic iency  in  t e r m s  of  t he  gas  p e r m e a t i o n  t h r o u g h  
t he  c o m p o s i t e  d u r i n g  wa te r  e lect rolys is ,  t h e  p e r m e a b i l i t y  
p rope r t i e s  of  t he  c o m p o s i t e s  were  e x a m i n e d  a n d  com- 
p a r e d  w i t h  t h o s e  o b t a i n e d  for t he  or ig ina l  m e m b r a n e  
( n o n p l a t i n g  Na t ion  117). T he  r e su l t s  we re  s u m m a r i z e d  in  
Tab le  II. The  A r r h e n i u s  p lo t s  of  t he  Pm s h o w e d  t h a t  t h e  
a p p a r e n t  a c t i v a t i o n  ene rg ies  were  a l m o s t  c o n s t a n t  
t h r o u g h o u t  all t h e  samples .  B y  t he  sur face  r o u g h e n i n g  
t r e a t m e n t  of  t he  or ig ina l  m e m b r a n e  (OM), t he  sur face  was  
e t c h e d  in  t he  d e p t h  o f  5-10 ~ m  w h i c h  c o r r e s p o n d s  to t he  
2-5% of  t he  swo l l en  m e m b r a n e  t h i c k n e s s ,  c aus i ng  a l i t t le  
i nc r ea se  in  t he  P~.  T he  OM-e lec t roca ta lys t  c o m p o s i t e  
w i t h  a ca ta lys t  t h i c k n e s s  of  5-10 t~m h a d  a l i t t le  grea te r  
p e r m e a b i l i t y  t h a n  t h e  OM, i n d i c a t i n g  t h a t  t he  ca ta lys t  
l ayer  h a d  a p o r o u s  s t r u c t u r e  a n d  d id  no t  serve  as a gas 
barr ier .  The  i n c r e a s e  in P~  wil l  b e  d u e  to t he  ef fec t  of  
m e t a l  i n s e r t i o n  in to  t he  m e m b r a n e  b y  w h i c h  t he  p a t h  of 

Table II. Permeability coefficients (PJ  at 80~ 
and their ratios Pm(H~)/Pm(02) for 

Notion 117 membrane and its electrocotalyst composites 

Pm a (80~ Pm(H~) 
Sample Type of 

no. sample H~ O~ Pm(O2) 

1 OM r 144 71 2.O 
(4.7) h (4.0) ~' 

2 SRM ~ 154 7I 2.2 

3 Pt-OM-Rh 170 78 2.2 
(4.7) h (4.1) h 

4 Pt-SRM-Rh 191 78 2.4 
5 Pt-SRM-Ir(Ru) 203 80 2.5 
6 Pt-SRM-Pt 250 92 2.7 

(4.8) h (3.9) h 

aPm in 10 -'o cm (STP) �9 crrgcm 2 . s �9 cm Hg. 
h Activation energies in kilocalories per mole. 
c Original membrane (35 w/o water content). 
d Surface-roughened membrane. 

gas p e r m e a t i o n  is s p r e a d  out. This  b e h a v i o r  b e c a m e  m o r e  
s ign i f ican t  for  t he  s u r f a c e - r o u g h e n e d  m e m b r a n e  (SRM)- 
e l ec t roca ta lys t  compos i t e s ,  w h e r e  t h e  m a x i m u m  c rack  
d e p t h  w e n t  to 18-22 t~m af ter  t he  m e t a l  p la t ing.  The  in- 
c rease  in  Pro, w h i c h  was  a l m o s t  p r o p o r t i o n a l  to t he  in- 
c rease  in  t he  d e p t h  of  crack,  was  a t t e n d e d  b y  a n  inc rease  
in  t h e  P~, rat io,  Pm(H2)/P,~(O2), s u g g e s t i n g  a n  i nc r ea se  in  
t h e  n u m b e r  o f  f ine p o r e s  w h o s e  size is c o m p a r a b l e  to t he  
m o l e c u l a r  size of  h y d r o g e n .  

I t  was  r evea l ed  t h a t  t he  d e p o s i t i o n  of  t h e  ca ta lys t  layer  
on  t he  m e m b r a n e  sur face  does  no t  p r e v e n t  gas  pe rmea -  
t ion,  b u t  p r o m o t e s  i t  b e c a u s e  the  m e t a l  f o rms  p o r o u s  
layer  a n d  is d e e p l y  i n s e r t e d  in to  t he  po lymer .  

W h e n  t h e s e  c o m p o s i t e s  were  u s e d  for the  wa te r  elec- 
t rolysis ,  t h e  c u r r e n t  eff ic iencies  in  t h e  r a n g e  of 94-97% at  
100 A]dm ~ a n d  ve ry  h i g h  gas  pur i t i e s  (grea ter  t h a n  
99.999% for H2, g r ea t e r  t h a n  99.98% for 02) we re  o b t a i n e d  
as p r ev ious ly  r e p o r t e d  (18). The  loss  of  c u r r e n t  will  b e  
a sc r ibed  to t he  gas  p e r m e a t i o n  t h r o u g h  t he  m e m b r a n e  
and  r e c o m b i n a t i o n  r eac t ion  of  t he  p e r m e a t i n g  gas  on  t he  
e lec t rocata lys t .  I n  t e r m s  of mass  ba lance ,  t he  c u r r e n t  
ef f ic iency can  be  re la ted  to t he  gas p e r m e a t i n g  ra te  as 
follows. W h e n  a p a r t  of  g e n e r a t i n g  h y d r o g e n  on  t h e  cath-  
ode  p e r m e a t e s  t o w a r d  t he  a n o d e  at  t he  ra te  ofXH (cm3/s - 
c m  2) a n d  a p p r o x i m a t e l y  100% of i t  u n d e r g o e s  r e c o m b i n a -  
t ion  r eac t i on  on  t he  anode ,  o x y g e n  of  1/2 XH will  be  inh ib -  
i t ed  to evolved.  In  t he  s a m e  m a n n e r ,  w h e n  a pa r t  of 
g e n e r a t i n g  o x y g e n  on  t he  a n o d e  p e r m e a t e s  t o w a r d  t he  
c a t h o d e  at  t he  ra te  of  Xo (cm'~/s �9 c m  ~) a n d  u n d e r g o e s  
r e c o m b i n a t i o n  r e a c t i o n  on  t h e  ca thode ,  h y d r o g e n  of  2Xo 
will  b e  i n h i b i t e d  to evolved.  Therefore ,  t he  c u r r e n t  effi- 
c i ency  (E) c an  b e  g i v e n  by  

E ( c a t h o d e  side) = E (anode  side) 

= (C,  - 2Xo - XH)/CR [1] 

w h e r e  CH is t h e  h y d r o g e n  e v o l v i n g  ra t e  p r e d i c t e d  f rom 
the  c u r r e n t  dens i ty .  T h e  loss  v o l u m e  a t  80~ (P = 2Xo + 
XH) was  p lo t t ed  aga in s t  the  c u r r e n t  d e n s i t y  for  s amp le s  
no. 3, no. 4, a n d  no. 6 in  Fig. 7. The  loss v o l u m e  va r i ed  al- 
m o s t  p r o p o r t i o n a l l y  w i th  t h e  c u r r e n t  dens i ty ,  s u g g e s t i n g  
t h a t  t he  evo lved  gas  is d i s t u r b e d  to e s c a p e  f rom t h e  cata- 
lys t  l ayer  a n d  i n d u c e s  a c o n s i d e r a b l y  h i g h  local  p ressure .  
I f  a n  i n d i v i d u a l  p e r m e a t i o n  ra te  (Xa, Xo) is e s t ima ted ,  t he  
va lues  of  the  i n d u c e d  local  p r e s s u r e s  c an  be  o b t a i n e d  b y  
u s i n g  t h e  p e r m e a t i o n  ra te  vs. p r e s s u r e  d i f f e rence  re la t ion  
s h o w n  in  Fig. 8. 

The  p e r m e a t i o n  ratio,  XH/Xo, u n d e r  w a t e r  e lec t ro lys i s  
will  b e  g i v e n  b y  

Xs/Xo = [ (Pm(He)/Pm(O2) ] [A PH/~O)  ] [2] 

w h e r e  Pm(H2)/P~,(02) is the  p e r m e a b i l i t y  ra t io  s h o w n  in  
Tab le  II  a n d  AP~/AP o t he  rat io  of  local  p r e s s u r e  of  hydro-  
gen  to oxygen .  S ince  t he  local  p r e s s u r e  ha s  t e n d e n c y  to 
i nc r ea se  w i t h  i n c r e a s i n g  t he  gas  g e n e r a t i n g  vo lume ,  t h e  
APH/APo is a s s u m e d  r o u g h l y  to b e  2 a c c o r d i n g  to t he  vol- 
u m e  rat io of  g e n e r a t i n g  gases.  F r o m  t h e  XH/Xo ra t io  esti-  
m a t e d  here  a n d  t h e  loss v o l u m e  (P = 2Xo + XH), h y d r o g e n  
p e r m e a t i o n  ra te  (X~) was  o b t a i n e d  a n d  t h e n  t he  h y d r o g e n  
local  p r e s s u r e  was  d e t e r m i n e d  b a s e d  on  the  p e r m e a t i o n  
ra te  vs. pre s su re  d i f fe rence  relat ion.  The  h y d r o g e n  local  
p r e s su re s  at  80~ at  50 and  100 A]dm ~ for  the  compos i t e s  
are l i s ted  in Tab le  III. 

The  local  p r e s s u r e s  of  t h e  S R M  c o m p o s i t e s  were  lower  
t h a n  t h a t  of  t he  OM c o m p o s i t e  b y  a b o u t  30% at  109 A / d m  2. 
S i n c e  t h e  ca t a ly s t  p l a t e d  o n  t he  S R M  h a s  a m o r e  p o r o u s  

Table III. The estimated values of local pressure induced 
by the evolving gas under water electrolysis at 80~ 

Current LocM pressure (atm) 
density 

Pt/OM/Rh Pt/SRhrgRh Pt/SRM/Pt 
(A �9 dm -2) (no. 3) (no. 4) (no. 6) 

50 29 28 28 
100 65 43 50 
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structure for the evolved gas to escape than that plated on 
the OM, this result would be explained in terms of the dif- 
ference in structure of the catalyst layer. On account of 
the above effects of electrode structure, the loss volume 
under water electrolysis increased in order of no. 4 
(Pt/SRM]Rh), no. 3 (Pt/OM/Rh), and no. 6 (Pt/SRM/Pt), as 
shown in Fig. 7, despite the fact that the permeability 
coefficients of H~ for no. 4 and no. 6 were higher than 
that for no. 3 by about 12% and 47%, respectively. There- 
fore, it is concluded tht the mild surface roughening treat- 
ment, by which porous layer of catalyst is formed, is very 
effective for suppressing the gas permeation under  water 
electrolysis. 

Summary 
The gas permeation measurements carried out in this 

work revealed the following matters. The permeability 

coefficients (Pro) of the Nation depend greatly on the 
water content, the cation form, and the ion-exchange ca- 
pacity. The gas permeation rate through a same sample 
varies with temperature, pressure, and membrane thick- 
ness. The permeability of hydrogen is about twice as 
large as that of oxygen. Though the electrocatalyst plated 
on the membrane surfaces does not serve as a barrier for 
gas permeation, the structure of the catalyst layer is very 
important for gas permeation during water electrolysis. 
The porous structure facilitates the departure of the 
evolving gas, leading to the decrease in the induced local 
pressure and then the decrease in the gas permeating 
rate. 

Further investigations are in progress in order to under- 
stand more completely the gas diffusion mechanism 
through Nation membranes. 
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ABSTRACT 

The feasibility of polyether-based all-solid-state cells has been assessed in a joint research and development  pro- 
gram. At 80~176 cells using TiSE or VsO,3 positive-electrode material and excess l i thium show high material utilization 
at 0.5-1.0 mA/cm 2 and can be cycled more than 250 times. Furthermore, a new family of polyether electrolytes has been 
found that allows room temperature (26~ operation at 3-20 ~A/cmt  

A joint research and development  project ("ACEP' 
Project") between Soci~t~ Nationale Elf Aquitaine 
(SNEA), Institut. de recherche d'Hydro-Qu~bec (IREQ), 
and ANVAR 2 acting for Laboratoire d'Energ~tique 
~.lectrochimique (LEE) has been under way since 1980 to 
develop thin film solid-state batteries based on polyether 
complexes. The starting point for this project was 
Armand's pioneering work, which suggested the use of 
polymer electrolytes for high energy-density batteries (1). 
Albeit only slightly conducting, these materials can be 
obtained in a high surface-to-thickness ratio, and they 
also maintain a good contact with the electrode materials. 

The main interest of SNEA and IREQ in this joint proj- 
ect is to develop a battery for electric vehicle (EV) appli- 
cation. Consequently, the work was organized along the 
lines of the main technical tasks identified an essential 
for success (Fig. 1). 

Only two of the aspects of the project shown in Fig. 1 
are dealt with in the present paper: the performance of 
TiS2 and V60,3 positive composite electrodes and their cy- 
cling properties vs. an excess-lithium negative electrode, 
and the ambient  temperature project. To meet the power 
density requirements  for EV applications (>80 W/kg sus- 
tained power) while using polyethylene oxide (PEO, Mw 
= 5 x l0 g or 5M), the operating temperature was fixed at 
80~176 for most of the tests. As shown below, PEO elec- 
trolytes have a very limited performance at temperatures 
below 40~ which precludes their use in electrochemical 
cells working at ambient temperature. In the course of re- 
search, however, a family of improved electrolytes was 
developed that appears to be useful for ambient tempera- 
ture applications. Initial results on primary and recharge- 
able ceils at 26~ are presented to give an idea of the po- 
tential applications of this emerging technology. 

Experimental 
The experimental  work described here was done using 

electrolyte and composite-electrode films obtained by so- 
lution casting techniques, as previously described ( 1, 2). 
Commercial PEO (5M and 0.9M) from Polyscience was 
used as received. The ratio between the number  of mon'0- 
mer units (CH2-CH2-O) and the number  of lithium in the 
salt (O/Li) was fixed at ~8/1 for both LiC104 (Ventron- 
Alfa Division) and LiCFgSO3 (Ozark-Mahoning) com- 
plexes. 

The electrolyte thickness varied from 160 to 100 ~m for 
small electrochemical cells and from 80 to 50 ~m for 

*Electrochemical Society Active Member. 
1Accumulateurs ~ ~lectrolyte polym~re. 
2Agence Nationale de Valorisation de la Recherche. 

larger surface cells. The anodes were cut from freshly 
pressed Li ~ or from =100 ~m li thium foils. The TiS~ and 
V6Olg (< 37 ~m grain size) were prepared by in-house syn- 
thesis after adapting published procedures (6, 7). 

Electrolytic MnO.~ (Trona Chemicals, Kerr-McGee 
Chemical Corporation) and MoO2 (Ventron-Alfa Division) 
(< 15 ~m grain size) were used after drying. The positive 
composite electrodes included the electrolyte (O/Li = 8/1), 
the active material (40-50 volume percent [v/o]) and acety- 
lene black (=10 v/o). 

The 3.9 cm g cells were crimp-sealed button cells or the 
cell constituents were housed in containers such as illus- 
trated in Fig. 2 and 3. As shown in Fig. 2a, a central Li ~ 
reference electrode was used on one side of the electro- 
]yte, while in the configuration of Fig. 2b a LiA1-A1 refer- 
ence electrode was made by inserting a 10 ~m aluminum 
strip during cell assembly and electrochemically charging 
it. The EMF of the latter reference electrode ranged from 
+400 to +360 mV vs. Li ~ between room temperature and 
100~ (3). 

Figure 3b shows a larger 70 cm 2 cell. Cells like this can 
be stacked in parallel for the scale-up tests described 
later. This design is convenient for laboratory tests. 
Optimization in terms of the energy density for future 
cells is presently under study. 

The cycling mode used for this study is based on con- 
stant discharge and charge currents with high and low 
voltage limits. 

ACEP PROJECT 
(solid-state thln-film polymer batteries) 

MAIN GOAL: ELECTRIC VEHICLES 

C o s t  and  r a a r k e t t n g  
New polymer-s~it complexes Negative electrodes: evaluatlons 
with improved conductivity: Li ~ rechar~eability Legal protection: 
preparation, characterization Li alloys patents, llcenees, 

external contracts 

First famil 
temperature 

i 

Optimization of known 
posl=ive-electrode materials 
Development of new active 

compounds 

"labl ommere aval e of ambient- C Jelly 
electrolytes materials 

Processing technologies ] 
and assembly 

SolutioJcasting 

AMBIENT-TEMPE~TURE PROJECT 

Scarred January 1983 - reassessed December i 9 8 a  
Applications: mieroelectronies; small rechargeable power sources 

Fig. 1. ACEP Proiect organization 

1333 



1334 

Li~ reference electrode . . .  
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b) Strip-type reference electrode 

Fig. 2. Electrochemical cells with reference electrodes, a: Central- 
type Li ~ electrode, b: Strip-type LiAI-AI electrode. 

)OFm 

~de 

b) current collector 

Fig. 3. a: Welded stainless steel cells with glass to metal seal. b: 70 
cm ~ capacitor-type cell. 

Results and Discussion 
The results presented here serve to establish the char- 

acteristics of experimental  Li/PEO/TiS2 and Li/PEO/V6013 
cells with respect to their performance on cycling. The 
achieved power and energy densities represent only a 
first step towards performance optimization based on 
presently known or commercially available materials. Al- 
though the present work is based on the results of a large 
number  of cells, efforts have been made in this presenta- 
tion to gather most of the studies into a limited number of 
cells. The results are then considered typical of the tech- 
nology. 

In the discussion of the cycling profiles, unless other- 
wise indicated, comparison is made between a discharge 
curve and the subsequent charge curve. 

Li/PEO/TiS~ cell cycling profiles.--Figure 4 illustrates 
the cycling profile of a 2.9 mAh cell, showing the number  
of coulombs measured during discharge and charge vs. 

cycling. During the tests, several parameters such as T 
(~ or the charge and discharge currents, Jc and JD, were 
modified and/or systematically studied. 

The changes (a to k on cycle number  scale in Fig. 4) ob- 
served are listed below. They are also illustrated by addi- 
tional figures. 

a. At this point appears the effect of a lower discharging 
current on the number  of coulombs followed by the effect 
of lower operating temperatures at constant current (Fig. 
5). 

b. This point shows charging/discharging at 70~ pur- 
sued for 14 cycles. 

c. This marks the restorations, at 65~ of the initial util- 
ization of the TiS~ electrode (previously observed at 
100~ by the reduction of currents JD and Jc. 

d. Here, cycling is continued at 44~ with a utilization 
lower than 10%. (Not shown here are some attempts at 
26~ where, after a few hours, no current could be drawn 
from the cell.) 

T i S z l P E O  5 M -  L i C l 0 4  IL l  ~ 
Q Theoretical capacity: 2.9 rnAh (11 C) 
Area : 5 .8 cm 2 

, 0 0 C  - ,  0 , - - i  , -  6 I - 5 4  I ~ , - 4 4  - , - 9 6 ,  l H ' , - - - - , 2 2  - I  t00 
F 7 

! [  . . . . .  C,or~ i 4t' ............ ...... :d 
. ~  . . . . . . . . . . . . . . . . . .  D i s c h a r g e  f " "  .. " ' " "  

, I-- II / /A  f il - 
41- -w'3, "/ \ i I ',', - 

/ . a . ,bt c , , ~ .  d ~ _ ~ f  , ig h , j+ k 
n l  ~ ~ ~ ~ I i ~ h t ' ~ l  ~ I I t i ~ i i I i I t ~ ~ Jvl  i = ~ ~ ~ t J ~ . [ - - ( - l ' " i " - v i v~  ! ! ITI t i i i i i i i i i i i i i - i  "~ 
"0 5 t0 I~ 30 55 40 45 ~ 70 75 I '  405 t'10 4'15 

Cycle number 
Fig. 4. Cycling profile of a 2.9 mAh TiS2/Li cell: effect of temperature and cycling conditions on the number of coulombs observed on discharge (full 

lines) and charge (dotted lines). The discharge and charge currents, JD and Jc, are represented as - and +0 respectively. 
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Fig. 5. Effect of the temperature on percentage of utilization of TiS2 at 
0 .27 mA/cm 2 during discharge. The number on each curve corresponds to 
the cycle number. 

e. At this point is marked the appearance of dendrites 
on charge after 24 cycles at 44~ (50h), a phenomenon be- 
lieved to be related to the onset of crystallization of the 
PEO/LiC104 complex. The test temperature is relatively 
close to a eutectic temperature in the PEO/LiC104 phase 
diagram presently under study (4). 

f. The initial utilization of TiS2 is restored when the 
temperature increases to =100~ 

g. This marks continuation of cycling under initial con- 
ditions. 

h. At this point, the increase of the operating tempera- 
ture to 122~ results in a high utilization but leads to inef- 
ficient and anomalous recharge plateaus (Fig. 6). 

i. This point indicates a return to operating temperature 
of 100~ which leads to initial utilization on discharge 
(Fig. 7) but to slightly less efficient recharge. (Possible 
damage resulted from previous high temperature cycles, 
(Fig. 6)). 

j. A dendrite at the end of the l l 8 th  recharge plateau ap- 
pears here (Fig. 6). This phenomenon was not observed in 
other experiments,  not reported herein, when Li ~ was re- 
placed by an LiA1 alloy, which seems to confirm that lith- 
ium dendrite formation is involved. 

k. This marks the return to stable performance of the 
cycle observed before the dendrite appearance; this sug- 
gests that (i) the dendrite is burnt by the Joule  effect and 
(i i)  no permanent  damage results from occasional den- 
drites owing to the self-healing properties of the polymer 
electrolyte. 

The second cycling profile (Fig. 8) also for a 
Li/PEO/TiS2 cell with a 3.3 mAh capacity was used princi- 

t ] ' ] , I i I , 1 , ] r ] , ] 

_ 

(D:C) C-I02 /,~,S.4~, C-119~ 

~ ~ C-I06 

 2.c 
o Charge plateaus of TiS2 I PEO 5M- LICe041 Li o 

Theoretical capacity = 2.9mAh (IIC) 
Area = 3.8cm 2 
JD = 0.500 mA/cm z 

Is Jc = 0.125 mA/cm 2 

0(~ J I i I l I t I t I t I t I t I 
2 4 6 8 10 12 t4 16 

Number of coulombs on charge 
Fig. 6. Typical charge plateaus of TiS2/LI ~ cell at different cycle num- 

bers. C-102: Efficient charge plateau (C = D). C-106: Double-wave 
charge plateau of TiS2 at 122~ C- 112: Slightly inefficient charge pla- 
teau after 10 cycles at 122~ C-118: Charge plateau showing a den- 
drite occurrence. C-117/119:  Charge plateaus before and after C-118. 

pally to establish the relations between the charge and 
discharge currents and the utilization of the TiS2 elec- 
trode, especially for power and energy evaluation. The 
main observations are described below. 

Points a, a', and a" mark the appearance of occasional 
dendrites observed during charge, similar to cycle C-118 
of Fig. 6. 

Points b and b' indicate where several cycles are run at 
100 ~ and 80~ to establish a relation between the utiliza- 
tion of TiS2 and the discharge current JD (mA/cm 2) (Fig. 9 
and 10). The results at 100~ (Fig. 9) show very good 
agreement with the theory of the insertion of an alkali 
metal in a composite electrode (5), which proves that the 
limiting mechanism at 100~ is the li thium diffusion in 
TiS.~ and not the polymer electrolyte conductivity. 

Points c and c' mark improved utilization, of the 's 
electrode at 80~ as a result of the lower charging current. 

Point d shows the effect of a t ime delay (lh) between 
the end of a discharge and the next charge, indicating the 
presence of local concentration gradients in the Li/TiS2 
cell at 80~ 

Point e marks drop in utilization of the TiS2 electrode 
resulting from a relatively high charging current (1 
mA/cm2). 

Point f indicates cycling at JD = 0.5 mA/cm 2 and Jc = 1.0 
mA/cm 2 for more than 90 cycles without any evidence of 
dendrite formation or significant performance degrada- 
tion. 

Point g marks the appearance of a certain inefficiency 
of the charge half-cycle (5-10%) after 275 cycles (already il- 
lustrated for cycle C-112 in Fig. 6). This test was pursued 
under similar conditions for more than 450 cycles. 

A third cycling profile illustrated in Fig. 11 is also 
based on a Li/PEO/TiS2 cell of 3.7 mAh capacity. It is a 
study of the effect of uninterrupted deep-discharge/ 
charge cycles on the cell performance at 100~ 

The area between a and a' is an area of stable perform- 
ance of the cell and the balanced discharge and charge 
plateaus over the first 36 cycles. 

At point b, ~95% overall energy efficiency (energy out 
at C/2)/(energy in at C/7) was observed at cycle 16 (Fig. 12). 

The span from c to c' encompasses the appearance of a 
slight inefficiency of the charge half-cycle at cycle 31, in- 
creasing to ~10% at cycle 89. 

At point d, a temporary reduction in the observed 
charge inefficiency took place through an increase in the 
charge current (cycles 90-100). 

Point e shows the stabilization of the charge half-cycle 
inefficiency vs .  cycling from cycles 100 to beyond 250. 
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Nature of  the l i thium salt .--All  cells described so far 
were prepared with li thium perchlorate complexes (O/Li 
= 8/1) present in the electrolyte and in the TiS2 composite 
electrode. However, other cells were prepared which con- 
tained li thium salt only in the electrolyte and not in the 
composite electrode (where only pure PEO was used) 
when they were assembled. The results presented in Fig. 
13 and 9 (at 100~ and 0.5 mA/cm 2) afford the conclusion 
that there is no significant difference in performance 
whichever of the two methods of cell preparation is used. 

Furthermore, if for a given cell LiC104 was replaced by 
LiCF~SO3, the utilization of the TiS~ electrode dropped 
from 80% to =15% to 100~ and 0.5 mA/cm 2. To obtain an 
equivalent performance with LiCF3SO~, the operating 
temperature had to be increased to >130~ and the cur- 
rent density reduced by half. This large difference in the 
performance of LiC104- and LiCF3SO~-based cells at 100~ 
is expected considering that the conductivity of LiCF3SO3 
8/1 complexes is much lower than that of LiC104 8/1 com- 
plexes (1.9 x 10 -5 vs.  1.6 x 10 -4 ~l-' cm-' at 100~ fur- 
thermore, the LiCF3SO3-PEO phase diagram predicts the 
presence of crystalline phases in the electrolyte. An addi- 
tional explanation could be a higher anionic transference 
number in PEO-LiCF3SO3 vs. PEO-LiClO4 complexes. 

Origin of  the polarizat ion.--The in situ LiA1-A1 refer- 
ence electrode described in Fig. 2b was used (3) on sev- 
eral occasions in the present study in order to determine 

the origin of the polarization that limits the Li/PEO/TiS2 
cell performance. Figure 14 illustrates a test in which the 
cell potential is recorded simultaneously with the poten- 
tial of the TiS2 electrode vs. the LiA1 reference electrode. 
It is clear from the similarity of the two curves at 100~ 
that the cell potential is largely controlled by the positive 
compositive electrode. This behavior, typical of most of 
the present results, was obtained against a negative Li ~ 
electrode. 

Li/PEO/V60,3 cells.--V60,3 has many practical advan- 
tages as a positive-electrode material for EV application, 
namely, its light weight, high voltage, and number  of lith- 
ium inserted per vanadium. These advantages compen- 
sate for the relatively sharp decrease in performance dur- 
ing the first few cycles (illustrated in Fig. 15 for a 2.42 
mAh cell tested at 80~ This behavior is typical of a high 
purity acicular V60,3-C (x-ray diffraction). Up to 0.5 
mAJcm 2, the initial utilization of this positive-electrode 
material is close to 90-95% (vs. LisV60~3). However, in the 
subsequent cycles this value decreases and stabilizes at 
about 60% for a current density of 0.5 mA]cm 2. These re- 
sults are in agreement with those obtained by Murphy (6) 
for liquid organic electrolytes (0.7 Li/V). Under these con- 
ditions, V60,~ electrodes appear to compare well with TiS2 
electrodes in terms of energy and power densities. 

Larger cells (140 cm 2) made up of two 70 cm 2 units con- 
nected in parallel (represented in Fig. 3b) were assem- 

TiS2, T:101% *- 2~ 
Q Theoretical capacity: 5.7 mAh (13 C) 
Area : 5.8 cm z 

t6  , , , , i , , , , , , , , , , , , , , , , , , , l , , , , l l , , , i , , , ,  , , , , l , , , , i , , , , i l l ! ! l i l i l i i  , 
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Fig. ! ]. Cycling profile of a 3.7 mAh TiSJLi ~ cell: effect of uninterrupted deep-discharge/charge cycles. The discharge and charge currents, JD and 

]c ,  are represented as - and + ,  respectively. 
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Li/PEO-LiX, 9/1 I TiSz 
Theoretical capacity = 3.5 mAh 

5D Area: 5.8 cm 2 
- - - -  TiS2 (PEO electrode) 

PEO- LiC~04 electrolyte 
o~ k TiSz (PEO electrode) 

~ PEO-LiCF3S03 electrolyte 

\ ....... ,oooc 
\ ~ ~ ........ ~ Jo =0.25mA/cm 2 

JD =0.5 mA/cm 2 JD=0.75 mA/cm ~ JD=O.4mA/crn ~ 
T~IO0~ I 150% 11300C I 

4.C 20 40 60 80 100 
Utilization of TiS2 electrode (%) 

Fig. ] 3. Utilization of Li/TiS= cells prepared without lithium salt in the 
composite electrode vs .  a LiCIO~ (dotted line) or a LiCF~SO~ containing 
electrolyte (full line). 

>o 

i I i I i ] t I i 
" Theoretical capacity :3.3 mAh - 

5.0 Area: 5.8cm 2 
T=lO0~ 

~ cell 

tO 

I I I I I I I I I 
20 40 60 80 I00 

Utilization of TiS2 electrode (%} 

Fig. 14. Comparison of the Li/TiS2 cell voltage with the signal of the 
same positive composite electrode vs .  LiAI-AI reference electrode. 

' I ' I ' I ' I ' J 
5.2-- / 

~, Theoretical capacity = 2.42 mAh -~ 
2 . 8 ~  ~eOc: 589 cm2 -~ 

"~ - D-3 to D-7 ", 

.1.2 - t I I I t I '" I l I i 
0 20 40 60 80 t00 

Utilization of Vs013 electrode (to LisVs013) (%} 

Fig. 15. Evolution of the discharge plateaus of a Li/V60,~-C cell during 
cycling at 80~ 

bled,  one  w i t h  V~O,3-C, t he  o the r  w i t h  a lower  pur i ty  
V60,3-B c o n t a i n i n g  a sma l l  p e r c e n t a g e  of  v a n a d i u m  ox- 
ides  s u c h  as V205. T he  p e r f o r m a n c e  of  the  98 m A h  
V60,~-B cell, cyc led  a t  100~ p r e s e n t e d  in  Fig. 16 is ve ry  
close to t h a t  o b s e r v e d  for  smal l  cel ls  m a d e  w i t h  t he  s ame  
b a t c h  of  V60,~. E x c e p t  for  t he  in i t ia l  cycles,  t h e s e  exper i -  
m e n t s  s h o w  a c o u l o m b i c  eff ic iency of  a b o u t  100% be- 
t w e e n  d i s c h a r g e  a n d  cha rge  w i t h o u t  any  f o r m a t i o n  of  
dendr i t e s .  

S tab i l i zed  u t i l iza t ion ,  b o t h  for la rge  a n d  smal l  cells, a t  
h i g h  c u r r e n t  d r a i n s  (C/2.7 or C/1.5) d e p e n d s  on  t he  qua l i ty  
of  t h e  V60,3: 60-65% for V~O,3-C v s .  40% for V60,~-B at  0.5 
m A / c m  ~ for  140 c m  2 cells a n d  60-70% for V~O,3-C v s .  

50-60% for V6OL3-B at  0.5 m A / c m  = for  3.9 c m  '2 cells. 

5.0 

t.0 

I I I 
Theoretical capacity =98 mAh 

k- Area = 140 cm 2 _ 
tI-B , 100 ~ 

- D - l O f ~  ~ D ' 6  "~'~',',.~, 
/ ~ D ' 9 ~ 3 4  ''!i\ ~D-1 

JD:O.500 mA Do ,:, 
o 

-- d 0 =0.285mA/crn 2 Jo = 3"5/~A/cm 2 -~ 

Utilization of V 6 013 electrode (to LiBV6013) (%) 
Fig. 16. Behavior of a 140 cm2 Li/V60,3-B cell with cycling at ]O0~ 

ACEP Technology at 80~176 
T a b l e  I c o n t a i n s  e s t ima te s  of  t he  p o w e r  a n d  e n e r g y  den-  

s i t ies  a long  w i t h  o the r  charac te r i s t i c s  d e d u c e d  f rom t h e  
p r e s e n t  resu l t s  o b t a i n e d  m o s t l y  o n  Li/TiS2 cells. T h e s e  es- 
t i m a t e s  are b a s e d  on  e x p e r i m e n t a l l y  d e t e r m i n e d  va lues  
s u c h  as t he  u t i l iza t ion ,  t he  e l ec t rode  t h i c k n e s s ,  etc. The  
on ly  a rb i t ra r i ly  f ixed va lues  are t h e  nega t i ve  e l ec t rode  
capac i ty  a n d  a 10 /~m p rov i s ion  for  t he  c u r r e n t  col lector  
a n d  t he  e lec t r ica l  insu la t ion .  

The  p o w e r  a n d  e n e r g y  dens i t i e s  p r e s e n t e d  in  Tab le  I 
c o r r e s p o n d  to a f irst  s tep  t o w a r d s  t he  op t imiza t ion  of  t he  
pos i t ive  c o m p o s i t e  e lec t rodes ,  bu t ,  a l ready,  t hey  c lear ly  
d e m o n s t r a t e  t he  p o w e r  d e n s i t y  of  po lymer -e l ec t ro ly te  
ba t ter ies .  This  c an  b e  a t t r i b u t e d  to t h e  p o l y m e r  electro-  

Table I. Present performance of ACEP technology 
based on positive-electrode-limited Li/TiS2 cells 

Calculations are based on 3.1 C/cm 2 Li/TiS2 cell characteristics 
and performance: average discharge plateau voltage V, electrode 
composition, thickness, and utilization at 2, 1, and 0.5 mA]cm 2. Elec- 
trolyte thickness of 50, 1O0, and 150/~m. The anode capacity is three 
times that of the cathode. Provision of 10/~m is made for collectors 
and/or insulators. 

Electrolyte 
Energy density Sustained power thickness 

(Wh/kg) (Wh/liter) (W/kg) (W/liter) (~m) 

O.5mA/cm 2 101 154 68 104 50 
(C/1.7) 71 103 48 70 100 

55 77 37 52 150 

1.OmA]cm 2 87 133 130 198 50 
(1.2 C) 61 89 92 132 100 

47 67 71 1O0 150 
2.0mA/cm 2 56 86 260 397 50 
(2.3 C) 40 58 183 266 I00 

31 43 141 199 150 

Peak power (5-10s) 
1O0~ 8O~ 

Full charge Half-charge Full charge Half-charge 
1553 W/liter 1435 W/liter 888 W/liter 431 W/liter 

(9 mA/cm 2 at (9 mA/cm 2 at (6.4 mA/cm ~ at (2.6 mA]cm 2 at 
1.7V) 1.37V) 1.36V) 1.65V) 

Li~ 
Li~ 

LiiTiS~ 

Cycling performance at 100~C 
(% Util.) 

250 discharges > 80 
100 discharges > 60 

Energy efficiency at 100~ 
Wh out (C/2) 

95% 
Wh in (C/7) 
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lyte's unique combination of solid-state characteristics 
with plastic behavior, which is particularly well suited to 
the power and cycling performance of positive composite 
electrodes. 

The cycling values presented in Table I were obtained 
with excess-lithium electrode capacity and constitute in- 
direct evidence of the efficiency of l i thium redeposition 
from polymer electrolytes. However, systematic work 
with lithium-limited cells is under  way and tends to con- 
firm the high efficiency of the electrodeposition process. 
As for the dendrite problem, it appears to be an occa- 
sional phenomenon,  dependent  on the control of several 
technological parameters, which does not affect the cy- 
cling capacity of small or larger (70-140 cm 2) cells built  
with li thium negative electrodes. Moreover, the polymer 
electrolyte appears to possess self healing properties 
since the dendrites do not seem to affect the following 
cycles. 

The projected energy efficiency of large-scale practical 
Li/PEO/TiS2 cells is notably higher than that found with 
existing rechargeable batteries. This will certainly con- 
tribute to the thermal management of large installations 
of thin film batteries. 

A m b i e n t  T e m p e r a t u r e  C e l l s  
As mentioned earlier, at room temperature the P E a  

conductivity is too low for this material to be used in 
practical cells, even at a very low drain (see first cycling 
profile in Fig. 4). In the ACEP Project, therefore, new 
polymer-salt complexes were developed with improved 
electrochemical and transport properties which allow op- 
eration of all-solid-state primary and secondary cells at 
ambient  temperature. 

Several cells have already been built  and tested at low 
to moderate current drains. Figures 17 and 18 illustrate 
typical performances. The primary high voltage MnO2 
electrode and the reversible low voltage MoO2 electrode 
both show utilizations in excess of 80% at rates up to C/37. 
In addition, nonoptimized MoO2 cells have confirmed the 
feasibility of a large number  of cycles: > 20 cycles at deep 
discharges (> 75%) have already been demonstrated at 
C/36, while 400 cycles have been obtained with the same 
cell but at rates between C/50 and C/10 at 27~ Figure 20 
shows that good electrochemical properties have been 
maintained at C/50 even after 300 cycles at C/10. 

Moreover, the results presented in Fig. 19, based on a 
MoOJLi cell with a larger surface area (70 cm2), suggest 
that scale-up is possible and that the results obtained 
with small cells will be repeated. 

Although the technology used for the construction of 
such ambient  temperature cells has not reached a high 
level of development, a first attempt has been made to 
establish some of the characteristics of ACEP batteries at 
room temperature (see Table II). At the time these tests 
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2.0 
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I I I 
Theoretical co,city = 1.0 mAh 
Area = 3.9 cm z 
T = 26~ C/57 

I I 1 
25 50 75 

Utilization of MnOz electrode (%) 
Fig. 17. Utilization of primary Li /Mn02 cell at 26~ 
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Fig. ] 8. Utilization of rechargeable Li/Mo02 cell vs. cycling at 26~ 
The number on each curve corresponds to the cycle number. 
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Fig. 19. Discharge plateau of a scaled-up (36 mAh) Li/Mo02 cell at 
26~ 
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Fig. 20. Discharge plateau of a nenoptimized Li/Mo02 cell at C/10 

and C/50 for more than 300  cycles at 27~ 

were conducted, the temperature observed in the glove 
box was =25~176 Based on more recent results, the au- 
thors consider that the performances presented here are 
still representative of ACEP technology at 20~ for 
example. 

The authors believe that this emerging technology 
based on polymer electrolytes is promising for microelec- 
tronic and other applications, especially those requiring a 
rechargeable power source. 

Conclusions 
In conclusion, the present work, although incomplete, 

suggests the feasibility of thin film polymer electrolytes 
in high energy- and power-density batteries for EV appli- 
cations. 

Projected energy densities of -~100 Wh/kg were shown 
to be possible associated with a sustained power of >- 200 
W/kg and peak power over 900 W/kg at half-charge and at 
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Table II. Performance of ACEP technology at ambient temperature 
Electrolytes: aprotic polyethers + lithium salt complexes 

Calculations based on observedcharacteristics of positive com- 
posite electrodes and electrolyte: V, utilization of positive electrode 
material thickness, etc. Arbitrarily fixed parameters were (i) the an- 
ode capacity is three times that of the cathode, and (ii) provision of 
10 tLm is made for collectors and/or insulators. 

LifMnO2 systems 
0.1-0.17 Wh/cm 3 at C/15-C/40 for 0.3 mAhJcm 2 + 
0.2-0.4 Wh/cm '~ at C/250-C/600 for 2 mAh/cm 2 + 
Projected performance of primary cells: 

0.3-0.5 Wh]cm '~ at C/10 to C/400 
LifMoO2, Li/TiS2 

0.5-0.1 Wh]cm ~ at C/15-C/30 for 0.3 mAh/cm 2 + 
0.1-0.17 Wh/cm 3 at C/60-C/160 for 1 mAh/cm 2 + 
For 20 cycles (75%), projected performance of secondary cells: 

0.15-0.3 Wh/cm ~ at C/10-C/200 > 100 cycles 
State of the art 

= 0.07 Wh/cm 3 for packaged Ni-Cd at C]I0 
Other characteristics: (i) no self-discharge or performance losses 

after storage for 1 month at 71~ or > 6 months at ambient tempera- 
ture; (ii) no liquid electrolyte (thus reducing sealing problems), and 
(iii) scale-up demonstrated at 70 and 150 cm 2. 

100~ Also, an energy  eff ic iency in excess  of  90% and a 
cycl ing pe r fo rmance  of -> 250 deep  discharges  (or 450 me-  
d i u m  to deep discharges)  have  been  demonst ra ted .  

In  the  au thors '  opinion,  the  resul ts  obta ined  in the  pres- 
ent  study, especia l ly  in t e rms  of  power  densi ty,  m a y  be a t -  
t r ibuted  most ly  to the  u n i q u e  combina t ion  of  solid-state 
proper t ies  wi th  those  of  plast ic materials ,  such  as the  
deformabi l i ty  inhe ren t  in po lymer  electrolytes.  This ap- 
pears desi rable  as a means  of main ta in ing  the  electro- 
chemica l  in tegr i ty  of the  e lec t rode/e lec t ro lyte  interfaces,  
especial ly  wi th  respect  to the  cycl ing proper t ies  of  com- 
posi te  e lectrodes.  

In  addit ion,  it has  been  shown  tha t  po lymer  electrolyte  
cells can be opera ted  at r o o m  tempera tu re  wi th  lower  rate 
capaci t ies  (C/15-C/300) for pr imary  and secondary  sys- 
tems.  These  p re l iminary  resul ts  appear  ve ry  p romis ing  
for small  r echargeab le  applicat ions.  

The fact  that  recent ly  the  pe r fo rmance  obta ined on 
small  cells has been  successful ly repea ted  at 100 ~ and 
26~ wi th  cell  areas greater  t han  100 cm 2 has  led to the ini- 
t ia t ion of  a demons t r a t ion  program.  In  this  program, the  
large-scale prepara t ion  t echn iques  n o w  used  at both  
S N E A  and I R E Q  will  be adapted  to the  present  manufac-  
tur ing  p rocedure  in order  to bui ld  a first generat ion of  
cells wi th  capaci t ies  of  10-50 Ah. These  cells will  serve to 
es tabl ish realist ic pe r fo rmances  for the A C E P  technology 
and to assess the  scale-up prob lems  and  manufac tur ing  
costs. 

These  act ivi t ies  will  be pursued  in parallel  wi th  the  re- 
search into new famil ies  of  e lect rolytes  and e lec t rode  ma- 
terials and on pe r fo rmance  opt imizat ion  in part icular  by 
increas ing  the  surface capaci t ies  of the  posi t ive  e lec t rode  
in order  to improve  the  energy  dens i ty  ye t  main ta in  simi- 
lar power  densit ies.  
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Ionic Conductivity in Solid Solutions of the Na3YSi309 Type 
Chy Hyung Kim, Bingyi Qiu 1 and Ephraim Banks* 

Department of  Chemistry, Polytechnic Institute of  New York, Brooklyn, New York 11201 

A B S T R A C T  

Samples  based  on the  Na3MSi309 s t ructure  (M = Sin, Eu,  Gd, Dy, Ho, Er, Tm, Yb, Lu, and Y) were  prepared.  A com- 
b ina t ion  of  phosphorus  subs t i tu t ion  and reduc t ion  of M '~§ con ten t  pe rmi t t ed  increas ing sod ium content ,  the  m a x i m u m  
sod ium conten t  be ing  3.3. Conduc t iv i ty  of  this sample,  measu red  by pulse  and two- te rmina l  ac methods ,  was about  5.5 • 
10 -4 (i2-cm)- '  at  320~ compared  to 9 x 10 -6 (~l-cm)-'  for Na3YSi309 at the  same tempera ture .  Act ivat ion  energies  were  
sl ightly lowered  wi th  increas ing  sod ium content ,  f rom 15 to 14 kcaYmol. In  compos i t ions  wi th  o ther  rare earths,  conduc-  
t ivi ty increased  wi th  increas ing ionic radius  of  the  rare ear th  ion. L i th ium ions were  in t roduced  by ion e x c h a n g e  in mol- 
ten  L i N Q .  The conduct iv i t ies  were  sl ightly lower  than  those  of  the  cor responding  sod ium samples,  bu t  decreased  with  
increas ing rare ear th  radius. 

The c o m p o u n d s  of  the  type  Na~MSi309 (M = Y, Dy, Gd) 
were  p repa red  by S h a n n o n  et al. (1). The  sod ium ion con- 
duct iv i ty  of  Na3YSi:~O~ was repor ted  to be  6 x 10 -6 
(gt-cm)-'  at 300~ 

In our  s tudy  of Na~MSi~Og-type compounds ,  it was 
found that  excess  sod ium could  be in t roduced  into the  
structure.  Also, r educ t ion  of  M :*+ con ten t  (M = Y, Sm, Eu, 
Gd, Dy, Ho, Er, Tm, Yb, Lu) and subs t i tu t ion  of  small  
amoun t s  of  phosphorus  for si l icon wi thou t  dis tor t ion of  
the Na~MSi30, s t ruc ture  were  possible,  as ev idenced  by 
x-ray analysis. The  conduct iv i t les  of  these  modif ied  corn- 

*Electrochemical Society Active Member. 
1Present Address: Peking University, Beijing, China. 

pounds  i m p r o v e d  wi th  the values  be ing  in the range of  
10 -4 (t2-cm) -I at 300~ 

Experimental 
Star t ing mater ia ls  Na2CO3, SIO2, and M.,O3 of reagent  

grade were  m i x e d  and fired overn igh t  at 900~176 in 
covered  p la t inum crucibles.  The p rocedure  of  gr inding  
and heat ing each of  the  samples  was repea ted  to insure  
that  the  react ions  were  complete .  The  x-ray pat terns  were  
obta ined on a Phi l ips  Di f f rac tometer  us ing  CuKa  radia- 
tion. The  x-ray pat terns  of  p roduc t s  obta ined by 
quench ing  at the  react ion t empera tu re  and by anneal ing  
were  essent ia l ly  the  same. 
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Table I. Ionic conductivity (~-cm)- '  x tO e 
at 320~ by pulse and ac method in 

Na~+.~.Y,_uSi3 ~P9+(.~,-~,+~2 

~ ' ~ x  0.0 0.I 0.2 

Z = 0.0, 0.0(1170~ 0.90 (0.94) 2.3 (2.3) 6.8 (6.8) 
0.3(1040~ 43 (42) 
0.4 ~ ~ 

z = 0.1, 0.0(ll00~ ~ 2.0 (2.1) 
0.1(1070~ 
0.2(1045~ 17 (17) 29 (28) 26 (25) 
0.3(1015~ 31 (30) 40 (40) 58 (55) 
0.4(990~ ~ ~ 

z = 0.2, 0.0(1090~ " 2.3 (2.4) 
0.1(1065~ 10 (10) 
0.2(1040~ 17 (15) 
0.3(1010oc) ~ ~ 

IONIC CONDUCTIVITY 

0.3 
16.0 

15.0( 

1.9 (1.9) E 
14 (13) 
29 (27) ~ 14.0 
60 (55) ~ 

a 
O 

4.0 (3.9) ~J 
a [ ~ . 0  
a 

a 

The value in parentheses is the conductivity by ac method. 
Does not belong to Na.~YSi309 phase. 
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To tes t  the  effect  of  each e l emen t  on the  m a g n i t u d e  of  
the conduct iv i ty ,  the  electrical  conduc t iv i ty  of  the  sys tem 
Na3+xY,_,Si3 ~P:O9+~-3.~+~,2 was measu red  for di f ferent  
va lues  of  x, y, and z in the  range  of  ex is tence  of  the  
Na3MSi309 phase.  The  firing t empera tu re s  were  de- 
creased wi th  decreas ing  y t t r ium and  increas ing  phospho-  
rus to avoid  fo rmat ion  of amorphous  phases,  as descr ibed  
in Table  I. 

T h e  compos i t ions  Na3.2M0.TSi2.9P0.~Os.7 were  selected to 
compare  the  conduc t iv i ty  values  for d i f ferent  rare earth 
e lements .  The  firing t empera tu res  were  also adjus ted  de- 
pend ing  on the  sort  of  M203. After  suff icient  firing was 
carr ied out, x- ray  p o w d e r  diffract ion was used  for phase  
analysis. 

To synthes ize  Li3.2Mo.TSi2.9P0.,Os.7, powders  of  
Na3.~M0.TSi2.9P0.,Os.7 were  t reated wi th  excess  mol t en  
LiNO3 at 300~176 for about  30 m i n - l h  and washed  wi th  
warm water,  fi l tered, and dr ied  overn igh t  at 150~ X-ray 
diffract ion of  these  phases  showed  a "ha lo"  in the  p o w d e r  
pat tern,  ind ica t ing  the ex is tence  of  amorphous  material ,  
p robably  due  to the  synthet ic  t e c h n i q u e  employed .  No 
Na~.2Mo.~Si2.gP0.,Os.7 could  be  detected.  However ,  i t  is as- 
s u m e d  that  smal l  quant i t ies  of  impur i ty  (< 5%) m a y  not  
be  de t ec t ed  in x-ray analysis. 

Samples  for the  conduct iv i ty  m e a s u r e m e n t  were  pre- 
pared as ceramic  pellets.  Abou t  0.6g of  p o w d e r  was m i x e d  
wi th  about  0.05g of  recrystal l ized naph tha lene  as b inde r  
(more naph tha lene  was  needed  for mak ing  pel lets  of  lith- 
i um compounds )  and pressed  into pel lets  at 3500-4000 psi. 
The  pellets  were  hea ted  at 250~ for l h  to drive off  naph- 
thalene,  fo l lowed first by  s inter ing at 800~176 for 
15-20 min  and then  q u e n c h i n g  in air. The  l i th ium com- 
pounds  were  no t  s intered due  to its unde rgo ing  a phase  
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I0.5 I i i l 

3.0 3. I 3.z 3.3 
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Fig. 1. Variation of ionic conductivity with sodium content at different 
temperatures for Na~+xYo.TSi~.sPo.,O~.~+x/2. 

T 
O [  , I , ,  I , 

3.0 3.1 3.2 3.3 
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Fig. 2. Variation of activation energy with sodium content for 
No3+xYo.TSi2.9Po.,Os.6+x12. 

change  or reac t ion  a round 600~176 as ev idenced  by 
D T A  and x-ray. Re]at ive densi t ies  of the  pel lets  were  
64-83%. 

After  s intering,  the  pel lets  were  coated  by v a c u u m  dep- 
osi t ion of  a th in  layer of  gold, wh ich  acted as e lect rodes  
for conduc t iv i ty  m e a s u r e m e n t  (3). These  are b lock ing  
electrodes,  be ing  i r revers ib le  to alkali  meta l  decompos i -  
tion. A thin layer of  c h r o m i u m  was in terca la ted  be tween  
the  surface of  the  pel le t  and gold layer  because  gold i tself  
does not  adhere  s t rongly to the  surface of  the pellet.  A 
pulse  me thod  was used  in combina t ion  wi th  dc measure-  
ment ,  pe rmi t t ing  the  separat ion of  ionic  and electronic  
componen t s  of  the  conduct iv i ty  (4). Voltage pulses  of  
3-7V in magni tude ,  a pulse  wid th  of  80/~s, and pulse  repe- 
t i t ion t ime  200/~s were  used  at 200 ~ 250 ~ 280 ~ and 320~ 
For  the  dc measu remen t ,  0.5V f rom a cons tan t  source  was 
applied,  bu t  the  e lect ronic  cont r ibu t ion  was found to be 
negl igible  u n d e r  the  condi t ion  tha t  the  k n o w n  resis tance 
was 10 k~.  Also, ac measu remen t s  were  done  at 10~-105 Hz 
and at 1V in all cases; the  resul ts  at h igh  f requency  agreed  
wel l  wi th  those  of  the  pulse  method.  
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Fig. 3. Arrhenius plots of ionic conductivity for Na~+.rYo.~Si2.9- 
Po.,0~.6+.,.~2. 
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Results and Discussion 
Table I shows the range of the Na3YSi3Og-type phase 

and the ionic conductivities at 320~ by pulse and ac 
method. The conductivities listed in the table are cor- 
rected for porosity under the assumption that the pores 
inside the sample are in the form of spherical cavities (4). 
Beyond the range of the Na3YSi309 phase, one or more 
other phases such as NasYSi40,2, Na~PO4, Na~Y(PO4)2, 
Na3YSi207, Y2SiOs, and Y2Si207 appeared. The table also 
shows the effect of each element on the magnitude of the 
conductivity. With increasing sodium concentration in 
the structure, the conductivities are seen to increase. This 
would appear to be due to the increase of mobile sodium 
ion concentration. Figures 1 and 2 show the variation in 
conductivity and activation energy calculated from the 
equation ~r = o-JT exp ( - E j k T )  as functions of increasing 
sodium content in the Na3+~Yg.TSi2.9P0.~Os.6+~./2 series. Fig- 
ure 3 shows Arrhenius plots of the ionic conductivity as a 
function of temperature for the same system. The con- 
ductivities increase-with decreasing yttrium concentra- 
tion because vacancies in the structure are apparently 
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Fig. 5. Variation of activation energy with yttrium content for 

Na3.3Yl-ySi2.9 Po.,Og.2-~/z. 
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Fig. 6. Arrhenius plots of ionic conductivity for Na3.3Y,-~Si2.~- 
Po.,09.2-3u:2 

formed with decreasing yttrium content. Figures 4 and 5 
show the dependence of the electrical conductivity and 
activation energy on yttrium content. Figure 6 shows Arr- 
henius plots of the conductivity in the Na3.3Y,-ySi2.9- 
Po.,09.2-3,:2 system. The influence of yttrium content on 
the conductivity is larger than that  of the sodium content 
in the same structure. The Na3YSi~O9 structure has been 
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Fig. 7. Variation of ionic conductivity with phosphorus content at dif- 
ferent temperatures for Na~.2YSi3-zP,09.,+~/2. 
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Table II. No:~.~Mo.~HSi~..~Po.,08.~ 

Formula  Lat t ice  cons tants  (~) 

Na:~.~Lu0,~Si~.~Po.,Os.~ a = 15.160 -+ 0.006 
b = 15.076 + 0.004 
c = 14.989 -+ 0.005 

Na:~.~Yb0.TSi~.~,Po.,O~.~ a = 15.165 -+ 0.001 
b = 15.103 -+ 0.001 
c = 15.000 -+ 0.001 

Na3,~Tm0.TSi2.~Po.,O~.~ a = 15.192 -+ 0.006 
b = 15.095 -+ 0.020 
c = 15.011 -+ 0.015 

Na:~.2Ero.TSi~.~P0.,Os.~ a = 15.193 -+ 0.008 
b = 15.108 -+ 0.019 
c = 15.011 -+ 0.016 

Na:,.2Yo.~Si~.~P0.,O~.~ a = 15.211 ~ 0.002 
b = 15.118 -+ 0.001 
c = 15.017 -+ 0.001 

Na~.~Ho0.TSi~.~Po.,Oo.~ a = 15.197 -+ 0.003 
b = 15,124 -+ 0.001 
c = 15.034 -+ 0.001 

Na:~.2Dyo.~Si~.~Po.,Os.7 a = 15.218 -+ 0.002 
b = 15.146 -+ 0.001 
c = 15.040 -+ 0.002 

Na~.~Gdo,TSi~.,,Po.,Os.~ a = 15.241 -+ 0.001 
b = 15.175 -+ 0.002 
c = 15.064 -+ 0.002 

Na:~.,~Euo.~Si~.~Po.~O~.~ a = 15.300 -+ 0.004 
b = 15.201 -+ 0.005 
c = 15.074 -+ 0.004 

Table III. Cell dimensions of Na~MSisO~' 

I O N I C  C O N D U C T I V I T Y  1 3 4 3  

4OO 
I 

6 . 0 0  

5 .00  

4.00 

b- 

b 
~ 3 . 0 0  c -  

! 

2 . 0 0  

1.00 

0 
1.400 

32O 
I I 

/ /  

/ 

20O 
I 

, Lu 3+  
T.,3 ++ 

Q / / / y b o  

~ ~/y3+  

150'~D 
I 

I I I I 
1.600 1 .800 2DO0 2 . 2 0 0  lOOq 

T'i'K 
Fig, 8. Arrhenius plot of ionic conductivity for Na.~.~M~§ 7 

Formula  Lat t ice  constants  (/Q 

Na3YSi309 a = 15.215 -+ 0.001 
b = 15.126 -+ 0.001 
c = 15.036 -+ 0.001 

Na~DySi~O9 a = 15.234 -+ 0.002 
b = 15.165 + 0.001 
c = 15.050 -+ 0.001 

Na3GdSi.~O~ a = 15.289 -+ 0.003 
b = 15.221 -+ 0.002 
c = 15.084 -+ 0.003 

r e p o r t e d  (1) to  s h o w  s i m i l a r i t y  t o  t h e  Ca3A1206 s t zx l c tu r e  
w i t h  a = 15.263A (5) a n d  Na4CaSi309  w i t h  a = 15.115A (6, 
7). T h e  o r t h o r h o m b i c  Na~YSi309 p h a s e  w i t h  a = 15.215A, 
b = 15.126A, a n d  c = 15.036A is  e x p e c t e d  to  c o n t a i n  
[Si~O,s] r i n g s .  T h e  s u b s t i t u t i o n  o f  p h o s p h o r u s  fo r  s i l i c o n  

d o e s  n o t  c o n t r i b u t e  t o w a r d  i m p r o v i n g  t h e  c o n d u c t i v i t y ;  
i n s t e a d ,  i t  d e c r e a s e s  t h e  c o n d u c t i v i t y  a n d  i n c r e a s e s  t h e  
a c t i v a t i o n  e n e r g y  ( see  F ig .  7). T h a t  is ,  PO,~2 s u b s t i t u t i o n  
for  s i l i c o n  i n c r e a s e s  t h e  n u m b e r  o f  a t o m s  a n d  t h e r e b y  in-  
t e r f e r e s  w i t h  i o n  t r a n s p o r t .  B u t  e x p e r i m e n t a l l y  w e  f o u n d  
t h a t  m o r e  s o d i u m  c o u l d  b e  i n t r o d u c e d  i n t o  t h e  s t r u c t u r e  
b y  s u b s t i t u t i o n  o f  a v e r y  s m a l l  a m o u n t  o f  p h o s p h o r u s  (z = 
0.1) fo r  s i l i c o n  ( see  T a b l e  I). F o r  e x a m p l e ,  i n  Na3+~Yo.TSi3- 

O8.~5+~2 a n d  i n  t h e  Na3+~.Yo.~Si~.~O~.35+~ s e r i e s ,  t h e  x v a l u e s  
w e r e  l o w e r  t h a n  0.2 i n  s p i t e  o f  r e g r i n d i n g  a n d  r e h e a t i n g  a t  
1040~ fo r  3 d a y s .  H o w e v e r ,  i n  t h e  Na,+~Yo.TSi2.gP0.,O s.~+~2 
s e r i e s ,  w h i c h  i s  t h e  s a m e  as  t h e  f o r m e r  s e r i e s  e x c e p t  t h a t  
a s m a l l  a m o u n t  o f  p h o s p h o r u s  i s  i n t r o d u c e d ,  t h e  x v a l u e  
c o u l d  b e  i n c r e a s e d  (<  0.4) b y  h e a t i n g  a t  1015~ fo r  24h.  I t  
a p p e a r s  t h a t  p h o s p h o r u s  h a s  t h e  e f f e c t  o f  s t a b i l i z i n g  t h e  
s t r u c t u r e  a t  h i g h e r  s o d i u m  c o n c e n t r a t i o n ,  p e r h a p s  b y  

Table IV. Temperature dependence of the ionic conductivity for Na3.2Mo.TmSi2.gPo.,08.7, pulse (ac method), corrected for porosity 

Ionic conductivity (D-cm)-' 

IVP" 200~ 250~ 280~ 320~ Ea (kcal/mol) 

Lu 7,10 x I0 -~ 3.21 • 10 -5 5.95 • 10 -5 1.75 • ]0 -4 16.24 -+ 0.1O 
(7.83 • 10 -~ (3.63 x 10 -5) (6.04 • I0 -~) (1.77 x 10 -4) (15.89 -+ 0.12) 

Yb 1,13 • 10 -5 5.50 • 10 -5 1.12 • 10 -4 2.57 • 10 -4 15.47 -+ 0.13 
(1.21 x 10 -5) (5.20 x 10 -5) (1.10 • 10 -4) (2.45 x 10 -4) (14.97 -+ 0.08) 

Tm 9.47 x 10 -8 5.13 • I0 -5 1.00 • 10 -4 2.30 x 10 -4 15.53 -+ 0.03 
(I.01 x 10 -5) (4.94 • 10 -5) (9.36 • 10 -5) (2.32 x 10 -4) (15.17 -+ 0.I0) 

Er 2.15 • 10 -~ 8.64 • 10 -5 1.70 x 10 -4 3.98 • 10 -4 15.27 -+ 0.06 
(2.37 x 10 -5) (8.04 • i0 -~) (1.71 x 10 -4) (3.75 x 10 -4) (14.62 -+ 0.09) 

Y 2.94 x 10 -5 1.27 • 10 -4 2.63 • 10 -4 5.83 x 10 -4 14.62 -+ 0.10 
(3.12 x 10 -5) (1.23 • 10 -4) (2.66 • 10 -4) (5.54 • 10 -4) (14.19 -+ 0.14) 

Ha 2.24 x 10 -5 8.25 • 10 -5 1.60 • 10 -4 3.85 x 10 -4 14.55 -+ 0.05 
(2.27 x 10 -5) (7.85 • 10 -5) (1.52 • 10 -4) (3.79 x 10 -4) (14.39 -+ 0.08) 

Dy 1.56 x 10 .5 6.87 x 10 -0 1.57 x 10 .4 3.52 x I0 -4 15.31 -+ 0.03 
(1.70 x 10 -~ (6.85 x 10 -5) (1.52 x 10 -4) (3.27 • 10 -4) (14.59 -+ 0.04) 

Gd 2.78 x 10 -5 1.31 • 10 -4 2.47 x 10 -4 5.71 x I0 -4 15.66 -+ 0.13 
(3.04 • 10 -5) (1.35 • 10 -4) (2.36 x 10 -4) (4.83 • 10 -4) - (14.45 -+ 0.18) 

Eu 3,10 x 10 -2 1.19 • 10 -4 2.86 x 10 -4 6.36 • 10 -4 15.14 -+ 0.05 
(3.24 x 10 -~) (1.20 x 10 -4) (2.68 • 10 -4) (5.96 • 10 -4) (14.57 -+ 0.07) 

Sm 5.00 x i0 -5 1.51 • 10 -4 3.31 x 10 -4 8.25 x 10 -4 14.92 -+ 0.07 
(5.02 • 10 -5) (1.36 • 10 -4) (3.07 • 10 -4) (7.34 x 10 -4) (14.41 -+ 0.06) 
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Fig. 9. Arrhenius plot of ionic conductivity for Naa.2M3+o.~Si2.gPo.,Os. 7 

enlarging the available sites, even though the increase of 
oxygen may induce a decrease in conductivity. At higher 
phosphorus concentrations, the appearance of other pha- 
ses like Na3Y(PO4)2 and Na2PO4 was observed by x-ray 
analysis. 

Other rare earth compounds could be fabricated in the 
same way as described above for yttrium. In the case of M 
= Sm, more regrinding and reheating were needed to 
complete the reaction. The x-ray patterns of Na3.2M0.TSi2.9- 
P0.,Os.7 showed that they are isostructural with NaaYSi3Og. 
Only some shifts in the position of the peaks depending 
on the size of M 3~ were observed. The orthorhombic 
Na2.2M0~TSi~.gP0.,Os.7 lattice constants were estimated using 
x-ray powder diffraction patterns (see Table II). The cell 
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volumes of these modified compounds were less than 
those of Na2MSi30~, as can be seen in Table III, mainly 
due to the reduction of M s§ and 02- contents even though 
the sodium content was increased. However, the ionic 
conductivity was improved in modified compounds. 
Table IV and Fig. 8 and 9 indicate the conductivities and 
Arrhenius plots of Na~.2M0.TSi2.gP0.,Os.7 compounds. In 
general, with increasing size of the rare earth ion the con- 
ductivity increases, as shown in Fig. 10. If it is assumed 
that the [Si6012] rings are held together by sodium and 
rare earth ions, the amount of space between the rings 
will be influenced by the size of six coordinated M3% The 
larger the M 3~ size, the larger the cell volume, which can 
probably provide more space in the structure. But in the 
Li2.2Mo.TSi~.gP0108.7 series, the conductivity decreased with 
increasing size of the rare earth ion (see Fig. 11). It might 
be expected that the lithium ion size becomes smaller 
than the opt imum size for ionic motion as the size of M TM 

becomes larger. 
Detailed structural analysis of Na3Y~i3(99 woula help in 

understanding the mechanism of the conductivity. This 
will probably require the growth of single crystals, which 
has not yet been accomplished. 
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Solvent Effects on the Electrochemistry of 
Tetracyanoquinodimethane Polymer Modified Electrodes 
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ABSTRACT 

The electrochemistry of tetracyanoquinodimethane (TCNQ) modified electrodes in contact with simple alcoholic 
solvents containing li thium salt electrolytes has been studied. Cyclic voltammetric responses characteristic of each alco- 
hol are obtained for 0.1M LiCYROH solutions where R = CH3, CH3CH2, CH.~CH2CH2, and CH.~CH2CH~CH.2. Film stability 
in the - 2  oxidation state and persistence on the electrode were greatly improved in the alcohol solvents relative to the 
behavior in water. Based on the voltammetric responses, reversible and facile swelling of the polymeric TCNQ films 
was found when the electrodes were transferred between solvents and electrochemically cycled between the neutral and 
reduced forms. The effective diffusion coefficient for charge transport (Det) through the films decreases as the solvent 
size increases, but  the product of the effective diffusion coefficient and viscosity was found to be approximately con- 
stant. 

The modification of electrode surfaces with polymers 
has been pursued actively in recent years (1). Materials 
studied have included conducting metallic polymers such 
as polyacetylene (2) and poly(pyrrole) (3), ion-exchange 
polymers such as Nation (4) and poly(vinylpyridine) (5), 
and polymers with fixed electron-transfer sites such as 
poly(vinylferrocene) (6), poly(bipyridine) metal com- 
plexes (7), and poly(nitrostyrene) (8). Judging by the 
many examples reported in a relatively brief time, it is ev- 
ident that polymeric materials have great versatility for 
the chemical elaboration of the electrode/solution inter- 
face and mediation of concomitant redox processes. 

We have recently synthesized a polyester that incorpo- 
rates the electron-acceptor unit, tetracyanoquinodi- 
methane (TCNQ), into the polymer backbone (9). Thin 
films of this polymer cast on metal substrates are 
electroactive and have been studied in contact with aque- 
ous electrolytes. Aside from possible applications, these 
electrodes are of interest because the electron hopping 
charge-transport process through the films is markedly 
affected by chemical reactions in the polymer film phase. 
The rapid electron-transfer reactions of the TCNQ accept- 
ors renders the films fully electroactive and permits the 
observation of the effects of coupled chemical reactions 
on the film electrochemistry. Association (10), pro- 
tonation (11), and ion pairing (12) of reduced sites in the 
polymer phase have been documented in previous publi- 
cations from this laboratory. 

Solvent swelling of electroactive polymer films can be 
extensive, although the role of solvent in the film charge- 
transport process is difficult to establish. Film thickness 
increases of approximately 80% were reported by Leddy 
and Bard for electrodeposited poly(vinylferrocene) films 
in contact with acetonitrile (13). Earlier, in the case of 
plasma-polymerized vinylferrocene, Daum and Murray 
observed that the shapes of the cyclic voltammetric 
waves are solvent dependent  and interpreted the differ- 
ences by invoking solvent swelling effects (14, 15). A simi- 
lar observation was reported by Shigehara and by Oyama 
and Anson for poly(vinylpyridine) ion exchange films 
(16). It is to be expected that solvent swelling will favor 
motions of electron donor and acceptor sites, migration of 
counterions in and out of the polymer film, and, accord- 
ingly, will promote electrochemical charge transport. 

Herein we report on the electrochemistry of TCNQ 
polymer films in contact with aliphatic alcohol solvents 

1Present address: Department of Chemistry, Kossuth Lajos 
University, Debrecen, Hungary. 

(ROH: R = CHs, CHiCHi, CH.~CH~CH~, and CH:3CH2CI~2CH~. 
Cyclic voltammograms and spectroelectrochemical data 
characteristic of each solvent are observed. Since the 
TCNQ electrochemistry is well understood, both in solu- 
tion (17) and in the polymer film state (10), the results 
provide some insight into the role of solvent on the poly- 
mer film electrochemistry experiment. 

Experimental Section 
The preparation of the TCNQ polymer has been de- 

scribed previously (9). Gel permeation chromatography 
analysis of material synthesized recently indicates that 
the molecular weight of the polymer is somewhat higher 
than that prepared initially (9). Voltammetric results in 
aqueous electrolytes were identical with previous reports. 
Analytical-grade LiC1 and LiC104 (Fisher Scientific) were 
recrystallized and dried under vacuum prior to use. Meth- 
anol, ethanol, n-propanol, and n-butanol (all Fisher 
Scientific) were distilled and stored over 3A, 8-12 mesh 
molecular sieves (Aldrich). 

The film electrode preparation procedures by spin 
coating and evaporation procedures using saturated tetra- 
hydrofuran (THF) solutions of the polyester have been 
described (12, 18). Freshly distilled THF was used to pre- 
pare the solutions. The coated Pt but ton (Beckman, r = 
0.25 cm) and Pt-on-quartz optically transparent disk (r = 
0.65 cm) electrodes were usually baked for 5 rain at 130~ 
in order to produce a stable, adherent coating. 

An Ag/AgC1 reference electrode and Pt auxiliary elec- 
trode were employed and immersed directly in the alco- 
hol, 0.1M LiC1 solutions. In order to correct for variation 
of the reference electrode potential in the alcohol sol- 
vents, the potential of the ferrocene/ferricenium "refer- 
ence redox system" (19) was also measured at a bare plati- 
num electrode in the solvents studied. 

Results 
Cyclic vottammetry.--Cyclic voltammograms (CV's) of 

(TCNQL films adsorbed on plat inum substrates in ROH 
(R = H, CH:~, CH:~CH~, CH:ICH2CH2, and CH:~CH2CH.~CH~) 
are shown in Fig. 1-5. An initial observation is that the sol- 
vent markedly influences the qualitative voltammetric 
wave shapes, although all of the CV's display the basic 
EE behavior that has been reported previously for TCNQ 
polyester-modified electrodes. Solvent effects are found 
on the reversibility for the TCNQ ~ and TCNQ -j2- pro- 
cesses, the effective diffusion coefficients for charge 
transport through the film, the film "break-in" process, 
and the stability of the film in the reduced state. 
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Table I. Voltammetric parameters for tetracyanoquinodimethane modified electrodes 
in alcoholic solvents containing 0.1M LiCI supporting electrolyte ~ 

Solvent Ep, r (V) E,~" (V) E~,  r (mV) Ep~ r (V) E,2 ~ (V) Ep,~ r (mV) 

CH3OH 0.110 - 0.219 - 0.203 73 
0.045 0.055 90 b 

E,j~' = 0.05 (-0.32) d E,.22 = -0.21 (-0.58) d 

CH3CH2OH 0.108 0.150 140 -0.166 -0.131 66 
E,/~' 7= 0.13 (-0.34) d E,/22 = -0.15 (-0.62) d 

CH3(CH2)2OH 0.11 0.19 c -0.19 -0.14 
E,,~' = 0.15 (-0.34) ~ E,~2 ~ = -0.17 (-0.66) ~ 

CH~(CH~)~OH -0.02 0.23 ~ -0.27 -0.14 r 
E,;~' = 0.11 (-0.40)" E~.~ ~ = -0.20 (-0.71) d 

a Volts vs.  Ag/AgC1, unless stated otherwise. Sweep rate: 20 mV/s. 
b Peak width at i = i,~ak~2. 

Diffusion wave shape, E,w, not measured. 
d Values in parentheses give E,~, volts vs .  E ,  ~ for Fc~~ see text. 

P e a k  potent ia ls  and  EI~ values  are col lec ted  in Tables I 
and  II for the  p o l y m e r  film and  TCNQ m o n o m e r ,  respec-  
tively. For  the  first  wave  in particular,  good cor respond-  
ence  is found  b e t w e e n  the  half-wave potent ia ls  for t he  
film and  m o n o m e r  in solution.  All o f  the  E,~2 va lues  are 
posi t ive  relative to the  values  in water .  This  is especial ly 
t rue  for the  s econd  wave,  which  is p robab ly  a ref lect ion 
of s t ronger  ion assoc ia t ion  be tween  TCNQ 2- and  Li § ion 
in t he  alcohol  so lvents  relative to water .  

The half-wave potent ia l  v s .  the  fe r rocene  couple  does 
not  d isplay  any s ignif icant  t r ends  in the  alcohol solvents .  
The fer rocene  r e fe rence  sys tem was  c h o s e n  in order  to 
min imize  var ia t ion  of the  re ference  e lec t rode  potent ia l  be- 
t w e e n  solvents.  Cyclic v o l t a m m o g r a m s  were  ob ta ined  for 
fe r rocene  at  a bare  p l a t i num e lec t rode  in each  solvent/  
e lectrolyte  v s .  an Ag/AgC1 re fe rence  e lect rode.  Unfor tu-  
nately,  the  cyclic v o l t a m m o g r a m s  of fe r rocene  in 
ROH/0.1M LiC1 did no t  have  the  theore t ica l  shape  for a 
s imple  revers ib le  one-e lec t ron  t ransfer  e lec t rode  reaction.  
The reverse  ca thodic  peak  was  a t tenua ted ,  ind ica t ing  tha t  
the  fe r r ic in ium ion was reactive in t hese  alcoholic sol- 
vents ,  and  the  anodic  wave  was d r a w n  out. Nonethe less ,  
the  fer r ic in ium ion r educ t ion  wave  was  deve loped  to ap- 
p rox imate ly  t he  same ex t en t  in all so lven t s  s tud ied  and  
was  used  as a po in t  of r e fe rence  for the  TCNQ waves .  

The mos t  d ramat i c  so lvent  effect  is seen  on the  stabil i ty 
of the  film in the  - 2  ox ida t ion  state  w h e r e  p ro tona t ion  of 
the  TCNQ 2- g roups  occurs  in aqueous  e lec t ro lytes  (11). 
The film ins tabi l i ty  in water  is seen  in Fig. 1, w h i c h  docu- 
m e n t s  t he  effect  of  var ia t ion of  t he  swi t ch ing  potent ia l  in 
the  cyclic vo l t ammet r i c  expe r imen t .  When  the  potent ia l  
sweep  is e x t e n d e d  into the  region of  the  s econd  wave  in 
u n b u f f e r e d  aqueous  med ia  (on the  s econd  cycle in Fig. 1), 
the  film disso lves  as e v i d e n c e d  by  the  i r revers ible  
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E / V o l t s  vs Ag/AgCI  

Fig. 1. Cyclic voltammogram of a TCNQ film in contact with aqueous 
0.SM LiCIO4. Sweep rate, 10 mV/s; current axis, 10/~A/division; initial 
potential, 0.3V vs .  Ag/AgCI. Cycles 1-3 are shown. 

TCNQ -/2- wave  (Ep = -0 .48V v s .  Ag/AgC1), the  great ly di- 
m i n i s h e d  TCNQ ~ wave  on s u b s e q u e n t  cycles,  and  the  
appea rance  of  the  character is t ic  color of  TCNQ and  
T C N Q -  in solut ion.  By the  th i rd  cycle  of  this  vo l t ammo-  
gram,  only abou t  10% of the  TCNQ si tes  r ema i n  in com-  
mun ica t i on  wi th  t he  p l a t i n u m subs t r a t e  based  on the  
charge  u n d e r  the  TCNQ ~ ca thodic  peak.  This  p h e n o m e -  
non  has  b e e n  a sc r ibed  to hydro lys i s  of  the  es ter  l inks in 
the  TCNQ po lyes t e r  by  the  O H -  ions  f o r m e d  by hydroly-  
sis of  the  r e d u c e d  accep to r  s i tes  (11). 

In t he  alcohol  solvents ,  the  TCNQ p o l y mer  films are 
m u c h  more  pe r s i s t en t  in the  - 2  ox ida t ion  state. In 
CHaOH, for example ,  we l l -deve loped  revers ib le  waves  are 
obse rved  for bo th  the  first and  s eco n d  e lec t ron- t ransfer  
s teps  w h i c h  pers i s t  as the  e lec t rode  is cyc led  b e t w e e n  the  
0 and  the  - 2  ox ida t ion  states.  With r epea t ed  cycl ing in 
CH~OH/0.1M LiC1, however ,  the  so lu t ion  acqui res  the  
color of  TCNQ m o n o m e r  and  the  peak  cur ren t s  decrease ,  
ind ica t ing  tha t  film d isso lu t ion  does  occur.  

At  s low s w e e p  rates,  the  peak  w i d t h s  (Epw = peak  w i d t h  
at i = ip/2) and  peak  separa t ions  ( E p  a - Ep c) are typical  of  
revers ib le  surface  waves.  At  very s low sweep  rates (less 
t han  c a .  5 mV/s), a p rewave  on the  first  wave  b e c o m e s  
well  deve loped  in the  CH:3OH v o l t a m m o g r a m s .  This pre- 
wave  is ev iden t  in the  v o l t a m m o g r a m  s h o w n  in Fig. 2, 
w h e r e  the  s w e e p  rate  is 20 mV/s; at h igher  sweep  rates, 
the  p rewave  s e e m s  to m e r g e  into t he  first  wave.  The ori- 
gin of  th is  p r ew av e  is d i scussed  below. 

In the  h ighe r  molecu la r  weigh t  alcohols ,  the  stabil i ty 
and  .pers is tence of  the  TCNQ films increase .  In  addi t ion,  
a ra ther  d i f ferent  t ype  of  "break- in"  p h e n o m e n o n  is ob- 
served.  For  th ick  films in contac t  wi th  aqueous  electro- 
lytes, several  po ten t ia l  s w e e p  cycles  are r equ i red  to acti- 
vate  fully a TCNQ film as d o c u m e n t e d  in the  l i terature 
(12). In  the  v o l t a m m o g r a m  in Fig. 3 ob ta ined  in ethanol/  
0.1M LiC1, t he  peak  cur ren t  for t he  first wave  decreases  
and  a n e w  wave,  a s s igned  to the  TCNQ - ~ -  process ,  de- 
velops.  A b s o r b a n c e  m e a s u r e m e n t s  at 720 n m  on the  
T C N Q -  radical  an ion  b a n d  s u p p o r t  th is  a s s i g n m e n t  of the  

Table II. Voltammetric peak potentials for 2,5-bis(2-hydroxyethoxy) 
7,7,8,8-tetracyanoquinodirnethane in 0.1M LiCI, alcohol solvents a 

Solvent E ,,c/V E ,,a/V E .2~/V E ,2~/V 

CH:~OH 0.013 0.077 -0.265 -0.155 
E,j.2' = 0.045 E,~., 2 = -0.21 

CH:~CH2OH 0.098 0.170 -0.286 -0.219 
E,~2 E = 0.13 E~22 = -0.25 

CH:~(CH~)2OH h 0.099 0.158 -0.304 -0.236 
E,~.~' = 0.13 E,j~ 2 = -0.27 

CH:,(CH~):~OH h 0.102 0.173 -0.317 -0.243 
E,/~' = 0.14 E,~ ~ = 0.28 

a All potentials are reported vs .  Ag/AgC1. Sweep rate: 20 mV/s. 
b IR compensated values. 
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Fig. 2. Cyclic voltommograrn of a TCNQ film in contact with 0.]M 
LiCI/CH:}OH. Sweep rote, 20 rnV/s; current axis, 5/zA/division; initial 
potential, 0.4V vs. Ag/AgCI. Two cycles are shown. 
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developing wave to the TCNQ -~2- process. After several 
cycles, two waves with approximately equal peak cur- 
rents are evident in the voltammogram. The value of 
dAbsr2~ decreases and reaches a minimum in the re- 
gion of Ep catn for the second wave in the CH:~CH2OH/0.1M 
LiC1 solution as would be expected for EE behavior (12). 
Careful inspection for the voltammograms in n-propanol 
and n-butanol reveals similar behaviors. In n-butanol (see 
Fig. 5), the current on the first negative going sweep is 
poorly defined, while subsequent cycles reveal a well- 
developed first wave and a steadily increasing second 
wave. The reason for this behavior is not fully under- 
stood. Virgin films achieve almost full electroactivity in 
the initial cycle in methanol and acetonitrile solvents, im- 
plying that the solvent swelling process occurs more 
readily in these solvents than in water. 

Other implications of the role of solvent in these 
"break-in" phenomena can be seen in cyclic voltammo- 
grams obtained when a film is cycled in solvent A until a 
steady-state behavior is obtained and then transferred to 
solvent B for subsequent  voltammetric experiments. For 
all of the solvents examined, the voltammetric pattern of 
a given solvent could be regenerated by potential cycling 
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E / V o l t s  vs Ag/AgCI  

Fig. 3. Cyclic voltarnmogram of a TCNQ film in contact with 0.1M 
LiCI/GH3CH,2OH. Sweep rate, 20 mV/s; current axis, 10/~A/division; ini- 
tial potential, 0 .4V vs. Ag/AgCl. Seven cycles are shown. 

E / V o l t s  vs A g / A g C l  
Fig. 4. Cyclic voltammogram of a TCNQ film in contact with 0. ]M 

LiCI/H20 (cycles 1 and 2) and transferred to 0.1M LiCI/CH:~CH2CH2OH 
(cycles 3-6).  Sweep rate, 20  rnV/s; current axis, 20/.eA/division; initial 
potential, 0 .4V vs. Ag/AgCl. 

through the TCNQ ~ and TCNQ - ~ -  redox processes. An 
example is shown in Fig. 4 for the transfer of a TCNQ 
film from water to n-propanol. The first two cycles of 
this vol tammogram are typical of the behavior observed 
in lithium salt electrolytes (9). Cycles 3-6 were obtained 
when the film was transferred to n-propanol/0.1M LiC1. 
Even on the first sweep in the alcoholic solvent (sweep 
number 3), the characteristic voltammetric curve in 
H20/0.1M LiCI is replaced with that in CH3CH2CH2OH/ 
0.1M LiC1. In this experiment,  the potential was swept 
only into the foot of the TCNQ -~2- wave in n-propanol, 
but the definition and peak current for the oxidation of 
TCNQ 2- clearly increases as the electrode is cycled. After 
six cycles, the pattern is almost identical to that obtained 
on a virgin film that is broken in in CH3CH2CH2OH/LiC1. 

The striking feature of these voltammograms, and in- 
deed all of the results of these transfer experiments, is 
that the voltammetric response characteristic of an alco- 
hol solvent develops on the first cycle. The second wave, 
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Fig. 5. Cyclic voltarnrnogram of a TCNQ film in contact with 0.1M 
LiCIOJCH3(CH,2)3OH. Sweep rate,  20 rnV/s; current  axis, 10 
p.A/division; initial potential, 0 .4V  vs. Ag/AgCl. Five cycles are shown. 
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in contras t  to the  observa t ion  in water  (Fig. 1), has the  ap- 
pearance  of  a quas i - revers ib le  one-e lec t ron surface wave. 
(The small  a s y m m e t r y  apparen t  in these  v o l t a m m o g r a m s  
is p robab ly  due  to u n c o m p e n s a t e d  res is tance in the  elec- 
t rochemica l  cell.) In  water,  film elect roact iv i ty  is lost 
after the  initial potent ia l  sweep into the  region of  the  sec- 
ond wave;  see Fig. 1. 

In n-butanol  also a not iceable  break-in  process  is ob- 
served;  see Fig. 5, wh ich  displays cycles 1-5 of  a vi rgin  
film in n-butanoY0.1M LiCIO4. The perchlorate ,  and not  
the chloride salt, was used in this e x p e r i m e n t  in order  to 
increase the solut ion conduct ivi ty .  In  n-butanol/0.1M 
LiC1, the same vo l t ammet r i c  features  were  evident ,  but  
the effect  of  u n c o m p e n s a t e d  res is tance was more  evident.  
In the  v o l t a m m o g r a m  of Fig. 5, the  first negat ive  going 
sweep is cons iderab ly  drawn out. However ,  on subse- 
quen t  cycles, the  second wave  develops  at the  expense  of  
the  first wave  in a manne r  similar  to the  e thanol  behavior  
of  Fig. 3. 

It  is also clear that  the e lec t rochemica l  reversibi l i ty  of 
the film redox  processes  is solvent  dependent .  There  is 
an increase in the  TCNQ wave  peak  separat ions in the  se- 
quence  me thano l  to n-butanol.  The  peak  separations,  Ep a 
- Ep c, and peak  wid ths  are s ignif icantly larger in the  
h igher  molecu la r  we igh t  solvents.  Quant i ta t ive  measure-  
ments  of  "ef fec t ive  charge t ransfer  rate constants"  were  
not  m a d e  f rom the  peak  separat ions owing  to the  diffi- 
cul ty of  assess ing the  role of u n c o m p e n s a t e d  res is tance 
artifacts wh ich  will  also contr ibute  to the  observed  peak  
separations.  

A final qual i ta t ive  solvent  effect  is ev iden t  in the  
v o l t a m m o g r a m s  obta ined in methanol .  In  this solvent,  
even  for vi rgin  films, a spli t  wave  is seen for the  first 
e lect ron- t ransfer  step. At  even  s lower  sweep rates, the  
separat ion and defini t ion of  the  two componen t s  of  this 
split  first wave  increase. Similar  behavior  is seen in 
acetoni t r i le  solvents  for the  TCNQ films cast us ing the 
above p rocedures  (20). 

The  TCNQ film reduc t ion  in CH3OI-I/0.1M LiC1 was 
s tudied  in fur ther  detail  by two spec t roe lec t rochemica l  
t echniques ,  s imul taneous  e lec t rochemis t ry  and electron 
spin resonance  spectroscopy,  S E E S R  (21), and der ivat ive  
vo l t abso rp tomet ry  (22). In the  lat ter  t echnique ,  absorb- 
ance m e a s u r e m e n t s  at 735 n m  on the  T C N Q -  radical  an- 
ion band  showed  that  the p rewave  in the  CH3OH 
v o l t a m m o g r a m  was not  due  to reduc t ion  of the  TCNQ 
units  to the  radical  anion state. This  e x p e r i m e n t  is shown 
in Fig. 6 for a thin (TCNQ).,. fi lm on a p la t inum substrate.  
(Essential ly ident ica l  pat terns  were  ob ta ined  on gold sub- 
strates.) The  va lue  of  dABS735/dE reaches  a m a x i m u m  in 
the region of  the  symmet r ica l  wave  at ca. 0.05V and a 
m i n i m u m  at ca. -0 .25V in the  region of  the  second wave. 
This pat tern  is that  expec t ed  for the  TCNQ ~ redox  
chemis t ry  unde ro ing  EE reduct ion.  Unfor tunate ly ,  par- 
tially reduced  T C N Q  units,  or the  "mixed-va lence  spe- 
cies," do not  absorb l ight  in the  vis ib le  or near- infrared 
spectral  regions  (12). Thus,  i t  was not  possible  to moni tor  
this state in a vo l t absorp tomet ry  exper iment .  Accord-  
ingly, we tu rned  to e lec t ron spin resonance  t echn iques  to 
s tudy  the  process  further.  

The S E E S R  signal did not  d isplay a m a x i m u m  in the  
region of  the p rewave  at ca. 0.1V vs. Ag/AgC1 as wou ld  be  
expec ted  for fo rmat ion  of  a pa ramagne t ic  "mixed-  
va lence"  species  in a r educed  film where  ex tens ive  
d imer iza t ion  of  the  radical  anion occurs  (10). Only a slight 
increase (ca. 10%) over  the  residual  E S R  signal was noted 
in this potent ia l  region. However ,  s tepping  the  e lec t rode  
potent ia l  t h rough  the  TCNQ ~ w a v e  at ca. 0.05V great ly 
increased  the  magn i tude  of  the E S R  signal and sl ightly 
increased  the  peak  wid th  f rom 4.7 to 5.2G. This can be  un- 
ders tood if there  is less d imer iza t ion  of the  radical  anion 
sites in me thano l  than  in water.  

The  r edox  process  respons ib le  for the  p rewave  in 0.1M 
LiC1/CH~OH is not  clear. The addi t ion  of  t race amount s  of  
water  or air to the  cell  had  no effect  on the  vo l t ammo-  
grams. Based  on prev ious  s tudies  in water,  it is possible  
that  format ion  of  part ial ly reduced  TCNQ units  
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Fig. 6. Cyclic voJtammogram and derivative voltabsorptometry (ob- 
tained simultaneously) of a TCNQ film in contact with 0.1M 
LiCI/CH:~OH. Sweep rate, S mV/s; current axis, S ~A/division; dAME 
axis, 2 • 10 -2 absorbance unit/V/division; initial potential, 0.4V vs. 
Ag/AgCI. 

TCNQ 6e~ TCNQ~_ [1] 

occurs  in this reg ion  where  the  e lec t ron  charge is delo- 
calized into a s emiconduc to r  band fo rmed  by a super- 
s t ructure  of  T C N Q  uni ts  in the  po lymer  film. Semicon-  
duc tor  and "organic  m e t a l "  salts of  part ial ly reduced  
TCNQ m o n o m e r s  have  been  k n o w n  for some t ime  (23, 
24). 

Spectroelectrochemistry . - -Absorpt ion spectra of fully 
r educed  films in ROH/0.1M LiC1 solut ions in the wave- 
length  range, 300-750 nm, were  qual i ta t ively  ident ical  to 
spectra in aqueous  LiC1 solut ion (12). U p o n  reduction,  
bands  for the radical  anion (Xm~ = 720 nm) and d imer  
dianion (a,,ax = 650 nm) grow in intensi ty.  The  radical  an- 
ion  band  is dis t inct ly  more  p r o m i n e n t  relat ive to the  
d imer  band in the  a lcohol  solvents  than  in aqueous  solu- 
tions. The  degree  of  d imer  dissociation,  a = [TCNQ-]/CT, 
where  CT is the  total  concent ra t ion  of acceptor  sites in the  
po lymer  film, was found to be approx imate ly  0.5 for all 
the  a lcohol  so lvents  studied.  This  compares  to a = 0.27 
found prev ious ly  in aqueous  solution. This resul t  is con- 
s is tent  wi th  the  above  cyclic vo l t ammet r i c  results  which  
show that  the  anodic  s egmen t  of  the  TCNQ ~ process  is 
less drawn out  in a lcohol  than  in water ,  indicat ing that  
oxidat ion  of the  radical  anion domina tes  the  anodic  peak  
current  for this process.  

Another  qual i ta t ive  di f ference be tween  the aqueous  
and alcoholic solvents  is that  react ion of the  reduced  film 
in the  - 2  ox ida t ion  state wi th  oxygen  is more  rapid in the  
lat ter  solvents.  This  is ev idenced  in the absorp t ion  spec- 
tra by the  i r revers ib le  d i sappearance  of all TCNQ bands,  
the  appearance  of  a n e w  band at ~max = 480 rim, and a de- 
crease of  film electroact ivi ty.  It  is l ikely, in v iew of  the 
observa t ion  of  Sushansk i  and Van  Duyne  (25), that  the  
480 n m  band is due  to the  p roduc t  react ion of the  
TCNQ 2- d ianion wi th  02. 

In  the  p rev ious  s tudies  in water,  the  potent ia l  region for 
the  genera t ion  of  the  dianion was avo ided  due to the  fi lm 
dissolut ion process ,  and as a consequence ,  the  O2 decay 
p roduc t  wi th  kmax = 480 n m  was usua l ly  not  observed.  
Fur thermore ,  the  prev ious  der ivat ive vo l t absorp tomet r i c  
spec t roe lec t rochemica l  s tudies (12) were  conduc t ed  in the  
presence  of aqueous  CaC12 where  the  d ianion and the  
TCNQ po lymer  films were  relat ively stable. However ,  
even  unde r  these  condit ions,  T C N Q  films in the  - 2  oxi- 
dat ion state will  undergo  i r revers ib le  react ion in the  pres- 
ence  of air to give a species wi th  Xma• = 480 rim. F i lms  that  
have  been  he ld  in the  - 2  ox ida t ion  state in a lcohol  for ex- 
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tended periods of time (> ca. 10 min) no longer display 
the spectral characteristic of the TCNQ group. Potential 
sweeps in the region of +0.4 to -0.3 only revealed weak 
TCNQ redox processes and did not indicate the presence 
of any new waves. 

Chronocoulometry.--In order to determine the "effec- 
tive diffusion coefficient" for charge transport (Dot) in the 
various solvents, potential step chronocoulometry was 
performed. Typical results are shown in Fig. 7 for 0.1M 
LiC1 in each of the four alcohols studied. Based on the 
Cottrell slopes, there is approximately an order of magni- 
tude decrease in Dct in the sequence methanol through 
n-butanol. The following values (Dot • 10'2/cm2s - ')  were 
determined: CHzOH, 1.0 -+ 0.1; CH3CH~OH, 0.4 -_+ 0.1; 
CH3CH~CH3OH, 0.2 -+ 0.1; and CH3CH2CH2CH2OH, ca. 0.1. 
The values of Dr in n-butanol, and to a lesser extent in 
n-propanol, were difficult to reproduce, owing in part to 
the high resistance of the 0.1M LiC1 solutions in these sol- 
vents. In  addition, the Dct values in n-butanol appear to be 
strongly dependent  on the film preparation procedures, 
i.e., baking time and temperature. 

The viscosity of the alcohol solvents increases as the 
chain length increases (26). Not surprisingly, the product 
of the effective diffusion coefficient for charge transport 
and viscosity is approximately constant. At ca. 25 ~ , we 
find the following values for Dct• 10'Vcm2s-'cP: CH~OH, 
0.55 -+ 0.06; CH3CH2OH, 0.44 _+ 0.11; CH3CH2CH.2OH, 0.4 -+ 
0.2; CtI3CH2CH~CH.2OH , 0.3; average, ca. 0.4. 

Summary and Conclusions 
These experiments have shown that the electrochem- 

ical behavior of TCNQ film electrodes is basically the 
same in a series of alcohol solvents as it is in water. Suc- 
cessive electron-transfer reactions (EE behavior) are ob- 
served in all solvents studied, including acetonitrile (20). 
The natures of the charge transport process, however, 
and the resulting voltammetric behavior are solvent de- 
pendent. 

Cyclic voltammograms characteristic of each solvent 
are observed, and relatively facile transitions from the 
pattern of one solvent to that of another are found when 
film electrodes are transferred between solvents con- 
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Fig. 7. Chronocoulometric Cottrell plots for reduction of TCNQ films 

in contact with O.1M LiCI/(A) CH3OH, (B) CH:~CH2OH, (C) 
CHsCH2CH~OH, and (D) CH:~CH2CH2CH.~OH. Charge axis, 1 x 10 -4 
C/division. 

taining the same supporting electrolyte. These results im- 
ply that solvent uptake by the film and film swelling oc- 
cur readily. The break-in phenomena observed in these 
transfer experiments indicate that this solvent swelling 
process can be electrochemically driven. This conclusion 
is consistent with our observation (27) that coupling of 
plat inum oxidation with the TCNQ ~ couple and penetra- 
tion of water to the polymer/substrate interface take place 
in films that have been electrochemically cycled. 

The approximately constant value of Dct • suggests, but 
does not prove, that counterion migration balanced by a 
Stokes viscous force controls the charge-transport pro- 
cess in these TCNQ polymer films. Approximately con- 
stant D • values are predicted by the Stokes-Einstein rela- 
tion for diffusion of particles of uniform size in viscous 
media (28). Polymer backbone segmental motions should 
also be diminished as the viscosity of the solvent in- 
creases. Both effects are likely to be involved in the elec- 
tron hopping charge-transport process in electroactive 
polymer films (18). 

Regardless of the detailed mechanism of the charge- 
transport process, however, it can be concluded that the 
solvent is intimately involved in the polymer film phase. 
Facile swelling is observed when the TCNQ electrodes 
are transferred and electrochemically cycled in different 
solvents. The voltammetric parameters reflect the swell- 
ing process. In the sequence from methanol to n-butanol, 
deviations from reversible surface wave behavior in- 
crease. 
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Semiconducting Characteristics of Galena Electrodes 
Relationship to Mineral Flotation 

P. E. Richardson* and C. S. O'Dell* 

U.S. Department of the Interior, Bureau of Mines, Avondale Research Center, Avondale, Maryland 20782-3393 

ABSTRACT 

Electrochemical,  interfacial capacitance, and surface photovoltage (SPV) measurements have been used in a study 
of oxygen reduction and xanthate chemisorption on in situ cleaved natural and synthetic lead sulfide crystals. Elec- 
trodes cleaved in nitrogen-sparged 0.1M sodium tetraborate assume the flatband potential, Vr,p, at the instant of cleav- 
age, and thus the cleavage potential decreases with increasing bulk electron concentration. Highly n-type electrodes 
have a cleavage potential (VFBp) of -~-0.6V (SCE), and highly p-type electrodes have a value of =-0 .2V (SCE). The space 
charge is readily varied by applied potentials in the range -0.2 to -0.6V. This Bureau of Mines, U.S. Department  of the 
Interior, report discusses the effect of the variable space-charge layer on oxygen reduction and xanthate chemisorption. 

The use of xanthates as flotation collectors for sulfide 
minerals is one of this century's more successful exam- 
ples of applied surface chemistry, and their practical sig- 
nificance has stimulated extensive research on the reac- 
tions that confer hydrophobicity. The 1950's marked a 
major milestone when it was discovered by Plaksin (1) 
that oxygen was an essential reagent in the xanthate flo- 
tation of sulfides. Most sulfides are semiconductors, and 
Plaksin and Shafeev (2) suggested, in t h e  case of galena, 
that oxygen chemisorption converted the surface from n- 
to p-type, energetically favoring the oxidation of xanthate 
anions to produce an adsorbed hydrophobic species 

02 + e -  = (O~-)ads 

ROCSz- = (ROCS~)~ds + e -  

At about the same time, Salamy and Nixon (3) proposed a 
mixed potential model of sulfide flotation where xan- 
thate oxidation to a hydrophobic surface species is com- 
pensated by the reduction of dissolved oxygen. The ma- 
jor difference between these two proposals is that the 
mixed potential model  focuses on the solution side of the 
interface and assumes that the potential drop, Vh, be- 
tween the surface and the outer Helmholtz plane, OHP, 
adjusts to make the rate of the anodic and cathodic reac- 
tions equal. In contrast, the semiconductor model focuses 
on the potential drop across the solid, which is assumed 
to control collector adsorption by changes in the Fermi 
level at the surface or by changes in the energetics of xan- 
thate oxidation. 

During the past decade, the mixed potential model has 
gained wide acceptance in flotation research. In the ap- 
plication of this model, semiconducting effects have been 
neglected by assuming sulfides behave as metals. For ga- 
lena, it is assumed (4, 5) that there is no varying potential 
drop across the solid side of the interface so that the 
transfer coefficient has the same value as at metal elec- 
trodes, i.e., 20.5. A transfer coefficient of 0.5 suggests 
that the Fermi level at the surface is pinned at a fixed 
value. However, Fermi level pinning at galena surfaces is 
inconsistent with a potential-dependent photovoltage (6), 
a Tafel slope of 225 mV, which has been reported for oxy- 
gen reduction at pH 9.2 (7), the influence of light on xan- 
thate adsorption (8), nonuniform adsorption of xanthate 
and nonuniform deposition of  copper, suggesting areas of 

*Electrochemical Society Active Member. 

differing electrochemical potential (9), and the depen- 
dence of oxidation rate on light and stoichiometry (10). 

In an attempt to reconcile the different viewpoints ex- 
pressed in the two models and the conflicting experi- 
mental results, the present study on oxygen reduction 
and xanthate chemisorption on in situ cleaved galena 
electrodes was undertaken by the Bureau of Mines. 
In situ cleavage was selected to obtain unoxidized elec- 
trode surfaces having minimum mechanical damage in 
the surface region in order to avoid defect states that 
might pin the surface Fermi energy. Surface photovoltage 
and capacitance measurements were used to study varia- 
tions in the space-charge potential. 

Experimental 
A conventional three-compartment quartz cell was used 

for xanthate chemisorption studies and a two-compart- 
ment  cell for oxygen reduction studies. Potentials are re- 
ported with respect to a saturated calomel electrode con- 
nected via a Luggin capillary to the cells. A constant- 
current charging pulse with an amplitude of 0.1-1 mA/cm 2 
and width of 15-20/~s was used to determine the capaci- 
tance. The electrode response of galena is characterized 
by a nearly vertical rise and fall in potential when the 
pulse is applied and terminated, a linear increase in po- 
tential during the on time of the pulse, and an exponen- 
tial decrease in potential after the pulse is terminated. 
The surface photovoltage (SPV) was excited by illumina- 
tion from a 200W xenon-arc lamp filtered to pass a 2000~ 
band near 8000A, chopped at 86 Hz, and measured by a 
procedure described previously (6). 

The electrolyte was 0.05 or 0.1M sodium tetraborate. 
The cell was sparged with ultrahigh purity nitrogen or 
with nitrogen containing known oxygen partial pressures 
(pO2 = 10 -3 and 10 -2 atm). Separate measurements on a 
platinum electrode in the cell used for oxygen reduction 
studies indicated that the diffusion current due to resid- 
ual oxygen when sparging with nitrogen was 21 ~A/cm ~, 
which corresponded to a pO2 ~ 10 -4 atm (11). 

The electrodes were natural crystals of galena from Ga- 
lena, Kansas, and Brushy Creek, Missouri, and synthetic 
crystals obtained from the Naval Surface Weapons Cen- 
ter, White Oak, Maryland. The semiconducting character- 
istics of the actual electrodes were determined from sur- 
face photovoltage (SPV) measurements (12-14), which are 
discussed in detail in the Results section. Based on the 
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SPV, all of the natural crystals were highly n-type, possi- 
bly degenerate. Hall-effect measurements on a selected 
natural sample gave a bulk electron density, nb, of =2 X 
10 -'8 cm -'~. The synthetic samples mounted as electrodes 
were from several different growth runs, and the SPV 
showed that they ranged from slightly n-type to highly 
p-type. 

Electrodes were cleaved in situ in the electrochemical 
cell. Figure 1 shows an electrode prior to and after cleav- 
age and illustrates the mounting technique. A platinum 
wire spot welded to the back surface prior to encapsula- 
tion in a nonconductive epoxy provided an ohmic con- 
tact. A sharp blow on a glass rod resting on the electrode 
resulted in (100) cleavage. Usually, the samples cleaved 
flush with, or just below, the surface of the epoxy so that 
the entire electrode area after cleavage was that of the 
freshly cleaved surface. 

Results 

Electrode potentials and photovoltages at cleavage.--All 
of the "as-mounted" samples had open-circuit potentials 
o f -0 .26  to -0.1V in oyxgen-free borate. These potentials 
were dependent  on dissolved oxygen but had no correla- 
tion with carrier densities. They are believed to represent 
the mixed potential of oxidation and/or dissolution reac- 
tions occurring on the surface. All electrodes except those 
found in subsequent  studies (next section) to be highly 
p-type had positive photovoltages, indicating positive 
(electron-deficient/hole-rich) space charges. 

Figure 2 shows the change in electrode potential and 
SPV for a typical natural mineral electrode as it is cleaved 
under borate. At cleavage, the electrode potential in- 
stantly decreases by several hundred millivolts and then 
slowly increases with time; simultaneously, the SPV in- 
stantly decreases to zero and then becomes increasing 
positive as the electrode potential increases. The behavior 
of the other electrodes at cleavage is qualitatively similar 
to the highly n-type, as shown in Table I. The zero SPV 
suggests that the electrodes all assume the flatband po- 
tential, V~Bp, at the instant they are cleaved, which will be 
substantiated in the next section. Since the fiatband po- 
tential depends on the bulk carrier concentration through 
the well-known relationship (14) 

VrBp = const. - (kT/q) In (nb/ni) 

the progressive increase in the potential at cleavage with 
decreasing electron concentration is also explicable by 
the assumption that the potential assumed at cleavage is 
equal to the flatband potential. 

The increase in potential following cleavage represents 
a slow oxidation process, which gives rise to a positive 
SPV (upward band bending) on all electrodes except the 
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Fig. 2. Changes in electrode potential and surface photovoltage fol- 
lowing cleavage of a natural galena electrode in O . IM  sodium tetra- 
borate. 

highly p-type. The latter is presumb]y close to degener- 
acy, preventing upward band bending at the surface due 
to an anodic process. Electrodes cleaved in oyxgen con- 
taining solutions exhibit  a much faster increase in elec- 
trode potential following cleavage. The increase in poten- 
tial and the development  of a positive space charge, 
therefore, can be plausibly attributed to an acceptor state 
associated with oxygen chemisorption. Alternatively, lead 
vacancies are known to act as acceptors in lead sulfide 
(15-16) and a dissolution reaction whereby lead is leached 
from the surface to produce a metal-deficient surface 
may also account for the development of a positive space 
following cleavage. 

The behavior of the cleaved electrodes is in essential 
agreement with Plaksin and Shafeev's proposal (2) that an 
oxidation reaction increases the free hole concentration at 
the surface of galena, either by their mechanism of oxy- 
gen chemisorption or by a dissolution process that pro- 
duces a lead-deficient surface. 

Oxygen reduction and anodic oxidation reactions on 
cleaved samples . - -The bottom and middle curves of Fig. 
3-5 show the SPV and interfacial capacitance for two syn- 
thetic and one mineral electrodes. The SPV and capaci- 
tance curves exhibit  the classical shape (12-14) character- 
istic of semiconductor electrodes, establishing qualita- 
tively the existence of a polarizable space-charge layer. It 
can also be noted that variations in the SPV and capaci- 
tance occur over a potential range greater than the ther- 
mal bandgap, Eg = 0.37 eV (15), of lead sulfide. Therefore, 
changes in the Helmholtz potential cannot be neglected, 
and the usual Schottky-Mott plots (17) cannot be used to 
determine the flatband potential or the carrier densities 
of the electrodes. However, VrBp can be determined from 
the SPV measurements for samples in which both the 
positive and negative branches are observed (Fig. 3 and 
4). 

Theoretically, the ratio of the saturation SPV's under 
strong anodic and cathodic bias should vary as the bulk 
electron-hole ratio, nJPb (13). The ratio for the synthetic 
sample in Fig. 3 is close to unity, establishing that the 
sample is intrinsic. From the zero value of the SPV, the 
flatband potential, VFB,, is at -0.375V, essentially the po- 
tential observed at cleavage. The equality of VFep deter- 

Table I. Electrode potential, VE, and SPV of cleaved electrodes 

Rest potential Potential Rest potential 
before cleavage at cleavage after cleavage 

VE, VE, Ve, 
Sample V(SCE) SPV V(SCE) SPV V(SCE) SPV 

Fig. 1. Electrodes before and after cleavage 

Highly n-type -0.237 + -0.540 O -0.240 + 
Slightly n-type -0.232 + -0.465 0 -0.225 + 
Intrinsic -0.137 + -0.380 0 -0.137 + 
Highly p-type -0.260 0 -0.235 0 -0.225 0 
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mined from the SPV with the potential of the capacitance 
minimum provides further support of the intrinsic nature 
of this electrode (18). 

The flatband potential of the synthetic sample in Fig. 4 
is at -0.475V, again in agreement with the cleavage poten- 
tial. The ratio of the saturation SPV's, after a small ex- 
trapolation of the negative branch, suggests this sample is 
slightly n-type with 5 < ndpb < 10. The slight shift of the 
capacitance min imum to potentials more positive than 
VFB,, i.e., toward depletion, is in agreement with the ex- 
pected theoretical shift (17) and provides further support 
for a slightly n-type sample. 

Only the positive branch of the SPV is observable on 
highly n-type mineral electrodes (Fig. 5). Typically, at 
electrode potentials between -0.5 and -0.6V, the SPV of 
natural electrodes becomes less than the noise level (= 
0.05 mV), and no photosignal is observed at potentials as 
low as -1.0V, suggesting that the bulk is degenerate 
p-type. Therefore, the surface Fermi level is at the con- 
duction bandedge at VFB,, preventing downward band 
bending even with strong cathodic polarization. The flat- 
band potential cannot be determined precisely without 
reversal in the sign of the SPV, but it is apparently lo- 
cated at potentials < -0.5V. From the potential of several 

natural electrodes at the instant of cleavage, it is believed 
to be between -0.54 and -0.69V (SCE). The capacitance 
minimum (Fig. 5) occurs 0.2-0.3V positive of the flatband 
potential, i.e., is shifted farther toward the depletion re- 
gion, as expected for a highly n-type sample. 

The uppermost  curves of Fig. 3-5 show the constant- 
current polarization behavior of the electrodes. The oxy- 
gen reduction reaction (Fig. 4-5) is close to first order 
with respect to pO.> The Tafel slopes are not constant but 
have approximate values of =0.21V for the intrinsic elec- 
trode, ~0.16-0.22V for the slightly n-type electrode, and 
=0.2V for the highly n-type.mineral  electrode. A Tafel 
slope of 0.059V is usually anticipated (19) for cathodic re- 
actions on semiconductors when the rate is dependent on 
the surface concentration of electrons, ns, and changes in 
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trode at oxygen partial pressures of 10 -2, 10 -'~, and = 1 0  -4 atm in 
0.1M sodium tetraborate. 

electrode potential occur solely across the space-charge 
layer; whereas, an ideal Tafel slope of 0.118V is antic- 
ipated for the simplest one electron reduction reaction at 
metal electrodes. For the present electrodes with nb >I ni 
(n~ = intrinsic concentration), the rate of oxygen reduc- 
tion is not dependent  on ns. In this case, any changes in 
potential across the space-charge layer should reduce the 
changes in overvoltage available in the Helmholtz layer 
for oxygen reduction, giving rise to the large apparent 
Tafel slopes. In the Appendix, the SPV has been used to 
estimate the partition of the potential between the solid 
and solution phases. The results indicate that over the 
range of potentials corresponding to the Tafel region for 
oxygen reduction, the potential is partitioned nearly 

equally between the solid and solution phases. This sug- 
gests that Tafel slopes referenced to the change in 
Helmholtz potential have values approximately one-half 
as large as the experimental  values, that is, =0.08-0.12V. 

These "corrected" Tafel slopes are not sufficiently ac- 
curate to warrant their use for a detailed analysis of the 
mechanism of oxygen reduction. The important point is 
that independent  measurements of the SPV and capaci- 
tance establish the existence of a polarizable space-charge 
layer, which logically accounts for the large Tafel slopes 
observed experimentally on electrodes with nb /> ni. It 
should also be noted that, on p-type electrodes, the rate of 
oxygen reduction conceivably could become limited by 
the rate of diffusion of electrons to the surface (19). How- 
ever, the rate could only be less than at n-type electrodes. 
A slower rate is inconsistent with the semiconducting 
model of flotation reactions where p-type minerals are 
predicted to react more readily with anionic collectors 
than are n-type minerals (2). The results and the above ar- 
gument  suggest that a semiconducting limit of the rate of 
oxygen reduction should not be significant in galena 
flotation. 

Xanthate  chemisorption on cleaved electrodes.-- 
Ethylxanthate is known to chemisorb on galena, possibly 
as a 1:1 complex with surface lead (4, 20). Chemisorption 
is l imited to a monolayer or less and accordingly does not 
give rise to steady-state currents but may be studied 
using transient methods such as voltammetry, after cor- 
recting for background effects. Figure 6 shows a back- 
ground vol tammetry curve at high current sensitivity for 
galena in 0.05M borate. The electrode was cleaved in situ 
while potentiostated near the flatband potential, a proce- 
dure selected to inhibit oxidation. The anodic and ca- 
thodic limits of the voltammetry scan were then gradually 
increased until an oxidation wave (03 and a reduction 
wave (R,) became apparent at potentials /> -0.2V and ~< 
-0.9V, respectively. These waves are believed to produce 
second solid phases on the electrode, corresponding to 
PbO + S ~ at potentials > -0.2V (6, 21) and to Pb ~ at poten- 
tials < - 0 . g v  (22). R~ and O. appear only after prior oxida- 
tion at potentials > -0.2V and reduction at potentials < 
-0.9V, respectively. For electrodes cleaved in situ and 
potentiostated in the range -0.9 < VE < -0.2V, no gross 
compositional changes in the surface occur, and their be- 
havior should be characteristic of lead sulfide and should 
not be influenced by other solid phases on the surface 
produced by oxidation or reduction. 

In the presence of high concentrations of ethylxanthate, 
the currents between -0.6 and -0.2V (Fig. 7) are much in 
excess of those occurring on the background voltam- 
metry curve. The excess currents, therefore, are due to 
redox reactions between lead sulfide and ethylxanthate. 
The dotted vol tammetry curve (Fig. 7) is in excellent 
agreement with voltammograms of Woods (4) and 
Gardner and Woods (23). The anodic prewave beginning 
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Fig. 6. Cyclic voltammogram of a cleaved natural galena electrode 
in O.05M sodium tetraborate at 5 mV/s. 



1354 J .  Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  June 1985 

80 50 

60 X " / ' P b x 2  + S~ / i  

<~ 40 :' :" 

20 X ' - - ' X a d s -  ," ,I .: 

o . . . . . . . . . . . . . . . . . .  " ,i~ "': 

u 

-2o '"...... .. ............. ~'~ X a d s ~  x - 
....,. 

-40-.7 -.6 �9 , , 0.0 -'5 -:4 -~3 -'2 -'1 
P o t e n t i o l  (V vs  SCE) 

Fig. 7. Cyclic voltammograms of natural galena electrode in the 
presence of O.01M sodium ethylxanthate/O.OSM sodium tetraborate 
at 5 mV/s. 

4o 

" "  - 2 0  

~. ao 

2O 
'i 4~ 
D 

-2~ 7 -i~ -:5 -.4 -.3 -.2 -.~ ' 0.0 
Potential (V vs SCE) 

Fig. 8. Cyclic voltammogram and surface photovoltoge of o syn- 
thetic PbS electrode in O.01M sodium ethylxanthate and O.OSM so- 
dium tetraborate. V~Bp = potential at cleavage. Sweep rate S mV/s. 

at -0.4V has been attributed to xanthate chemisorption to 
form a surface analogue of lead ethylxanthate (4), the 
wave at = -0.2V to the formation of a mixed lead 
xanthate/sulfur/dixanthogen product layer (23, 24), and 
the reduction peak at = -0.55V to the reduction of the 
mixed layer and any chemisorbed xanthate (23, 24). 

When the anodic limit is kept slightly below the poten- 
tial of mixed film formation, a distinct cathodic peak is 
observed at -0.35V that contains the same charge as the 
anodic chemisorption peak. A cathodic peak at as posi- 
tive a potential as -0.35V, with distinct separation of this 
peak from that for PbXJS/X2 reduction, has not been re- 
ported previously. It clearly represents the reduction and 
probably desorption of chemisorbed xanthate. It is also 
apparent that the chemisorption/desorption process is 
more reversible than reactions leading to PbXJS/X~ prod- 
ucts on the surface and their reduction. This result is not 
unexpected,  since chemisorbed xanthate is an obvious in- 
termediate in the formation of a PbXJS/X2 layer and the 
formation of PbX2 requires structural rearrangement at 
the surface. 

From the standpoint of possible semiconducting ef- 
fects, we are primarily interested in the chemisorption]de- 
sorption process occurring between -0.4 and -0.2V. Fig- 
ures 8 and 9 show the xanthate chemisorption/desorption 
reaction and the SPV for a synthetic and natural mineral 
electrode. The SPV was obtained on the freshly cleaved 
surfaces immediately prior to xanthate addition. Only 
negative SPV's were observed on the synthetic electrode, 
establishing this electrode as highly p-type; only positive 
SPV's were observed on the natural mineral electrode, es- 
tablishing it as highly n-type. 

The fiatband potentials of the electrodes (determined 
as the potentials at cleavage) are also indicated in Fig. 8 
and 9. These provide reference potentials where the sur- 
face densities of carriers are qualitatively known; that is, 
the surface of the highly p-type electrode is highly p-type 
at - -0.2V, and the surface of the highly n-type is highly 
n-type at -~ -0.6V. Since at the semiconductor-electrolyte 
interface the Fermi level at the surface is independent  of 
the bulk Fermi level (17), it follows that the p-type elec- 
trode has a highly n-type surface = -0.6V, and the n-type 
has a highly p-type surface at = -0.2V. The band con- 
figurations relative to a vol tammetry curve are schemati- 
cally illustrated in Fig. 10. The xanthate chemisorp- 
tion/desorption process occurs between -0.4 and -0.2V, 
i.e., over the range of potentials where the space charge 
changes, suggesting chemisorbed xanthate may be repre- 
sented by a surface state (donor-like) having an energy 
within the forbidden gap. The bandgap of PbS (15) is only 

15kT (0.37 eV). With such a narrow gap, surface states 
are anticipated to be in equilibrium (facile charge ex- 
change) with bandedge states, and with their occupancy 
determined by the location of the Fermi level at the sur- 
face. The occupied state corresponds to chemisorbed 
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Fig. 9. Cyclic voltommogrom and surface photovoltage of a natural 
mineral electrode in O.OSM sodium ethylxanthate and O.OSM sodium 
tetraborate. VrBp = potential at cleavage. Sweep rate 5 mV/s. 

xanthate, probably in a 1:1 coordination with a surface 
cation, whereas the unoccupied (or reduced state) is rap- 
idly desorbed to a xanthate anion in solution. 

The results from the earlier cleavage experiments are 
also summarized in Fig. 10. The cleavage experiments es- 
tablish that fresh surfaces of highly p-type galena assume 
a potential where ethylxanthate can spontaneously 
chemisorb; whereas highly n-type galena must undergo 
an oxidation or oxygen chemisorption reaction to lower 
the Fermi level at the surface to the point where it is 
thermodynamically favorable for xanthate to chemisorb. 
The inversion of the surface from n- to p4ype by oxygen 
chemisorption is essentially in agreement with the origi- 
nal proposal of Plaksin and Shafeev (2) and explains the 
energetic changes that must occur at the interface before 
xanthate chemisorption. However, contrary to Plaksin 
and Shafeev, oxygen chemisorption alone cannot lead to 
significant, approximately monolayer, xanthate adsorp- 
tion, for, as pointed out by Woods (25), an isolated surface 
cannot remain nearly neutral if the only processes are the 
anodic chemisorption of xanthate and oxygen chemisorp- 
tion. The charge balance in this case simply represents 
the transfer of a negative xanthate ion and molecular oxy- 
gen to the surface and transfer of an electron from ad- 
sorbed xanthate to adsorbed oxygen, a process that 
would quickly lead to an electric field retarding further 
xanthate adsorption. To maintain electrical neutrality, it 
is assumed that oxygen must also be simultaneously re- 
duced, as in a mixed potential model, to obtain a signifi- 
cant coverage with xanthate. The role of oxygen is appar- 
ently twofold with (i) oxygen chemisorption initially 
providing the energetic change that is thermodynamically 
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necessary before xanthate can chemisorb on n-type ga- 
lena, in agreement with Plaksin and Shafeev, and (ii) oxy- 
gen reduction maintaining a "near"-neutral surface to 
sustain chemisorption to approximately monolayer cover- 
age, in agreement with the mixed potential of Salamy and 
Nixon (3). 

From the standpoint of flotation, the only significant 
difference that might be expected between p- and n-type 
galena is that the flotation of the latter may exhibit an in- 
duction period, following grinding, during which the po- 
tential increases to the point where xanthate chemisorp- 
t/on can occur. An induction period for the aqueous 
oxidation of n-type galena has been reported by Eading- 
ton and Prosser (10) and is explicable by the present 
work; that is, the potential of n-type electrodes must in- 
crease to the dissolution potential before measurable ox- 
idation occurs. However, sulfide flotation circuits, ex- 
cepting recent molybdenite practice, are operated with an 
infusion of air. With the abundant  availability of oxygen, 
any induction period may be unobservable or insignificant. 

Conclusions 
Interfacial capacitance and surface photovoltage mea- 

surements have provided independent  evidence of a po- 
larizable space-charge layer on galena electrodes at pH 
9.2, with the surface ranging from highly n-type at 
=- -0.6V (SCE) to highly p-type at = -0.2V. The flatband 
potential of galena decreases with increasing bulk elec- 
tron concentration, consistent with the expected relation 
(14) 

VF~p = const. - (kT/q)  In (nb/ni) 

It has also been shown that galena surfaces instantly as- 
sume the flatband potential when cleaved in an electro- 
lyte, with highly n-type galena having a cleavage potential 
(VFBp) of = --0.6V and highly p-type a potential of = -0.2V. 

The Tafel slopes for oxygen reduction are larger than 
would be predicted from simple models of oxygen reduc- 
tion at semiconductor or metal electrodes. The large 
slopes have been qualitatively explained by assuming the 
rate of oxygen reduction is not dependent  on the surface 
concentration of electrons. The partition of changes in 
electrode potential between the solid and solution phases 
then simply reduces the Helmholtz overvoltage available 
for oxygen reduction. 

Ethylxanthate has been shown to chemisorb and de- 
sorb over a narrow potential range between -0.4 and 
-0.2V. The chemisorption/desorption process is consist- 
ent with a sere/conducting model in which xanthate 
chemisorption induces a donor-like surface state in the 
forbidden gap whose occupancy is determined by the 
Fermi energy at the surface. Ethylxanthate can spontane- 
ously adsorb on freshly fractured, highly p-type galena, 
but  the surface of freshly fractured, highly n-type galena 
must  oxidize to increase the free hole concentration 
(lower the Fermi energy at the surface) to the point where 
xanthate can chemisorb. 

Manuscript submitted Nov. 19, 1984; revised manu- 
script received Feb. 19, 1985. 
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APPENDIX 
Taking into account  lack of minori ty  carrier effects 

(approximately equal current  density-potential  plots for 
the three electrodes and the negligible influence of 
steady illumination), the rate of oxygen reduction, I [see, 
for example, Ref. (18)] on electrodes with nb /> n~ may be 
writ ten 

I = Ioe -~(F/RT)~vh [A-l] 

where Io = exchange current  density, a = transfer 
coefficient, hVh = change in  Helmholtz potential, and 
the other symbols have their usual meaning.  Changes in  
electrode potential, AVr., are assumed to be partit ioned 
between the Helmholtz and space-charge layer, hVsc, 
which can be expressed as 

AVh = ~(VE)AVE [A-2] 

AVsc = -(1 - ~)AVE [A-3] 

AVE = AVh - AVsc [A-4] 

where ~(V) describes the partit ion of the potential across 
the two phases. The sign conventions are such that hVh 
and AV~ are both measured with resoect to their bulk 
phases. To calculate the appropriate hVh value from Eq. 
[A-2] for use in Eq. [A-l] a knowledge of ~/(V) under  
steady-state polarization conditions is required. Values 
of 7 can be estimated from the SPV with appropriate 
assumptions. 

Following the t reatment  of Frankl  and Ulmer (26), the 
SPV in the absence of surface traps is given by 

SPV = 
GoT (e ~vsc + e -~vsc _ 2) 

(1 + e) (1 + s*/v)ndJ[e pCb (e pvsc - 1) - e - ~ b  (e - p v s c  - 1) ] 

[A-5] 

where Go = light intensity, r = lifetime, e = absorption 
coefficient, s* and v = surface recombinat ion and diffu- 
sion velocities, respectively, ni = intrinsic carrier con- 
centration, fl = q / k T  = R T / F ,  and ~bb = bulk potential. If 
we assume a depletion barrier layer at the surface with 1 
<<  ] ~Vs{ << 2/~4'b and that s*/v << 1, Eq. [A-5] reduces to 

SPV = -Go~JS-'nb-' (I + e)-'e -~VSC [A-6] 

which may be writ ten using Eq. [A-4] as 

SPV = - G o r f l - ' n b - '  ( l+e)- ' e  pv~ e (1-~) (F/aT}~VE [A-7] 

If we also assume that ~/(V) is a slowly varying function 
of electrode potential, 8~/8(hVE) = 0, it can be shown 
from Eq. [A-7] that  

6(hVE)/6 In [SPV[ = ( R T / F ) / ( 1 - ~ )  [A-8] 

The log [SPV I vs. AVE plots of Fig. 4 and 5 are fairly lin- 
ear over the depletion region, in agreement  with the 
exponential  dependence suggested by Eq. [A-7]. The 
slopes are 125 and 110 mV per decade change in SPV, re- 
spectively. From Eq. [A-8] the slopes yield 7 values of 
0.53 (Fig. 4) and 0.46 (Fig. 5). These values suggest that 
Tafel regions for oxygen reduction vs.  AVh have slopes 
=50% smaller than the experimental  values determined 
from Fig. 4 and 5, i.e., Tafel slopes of 0.08-0.12V for the 
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slightly n-type electrode (Fig. 4) and 0.092 for the highly 
n-type electrode (Fig. 5). 
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Computer Modeling of Batteries from Nonlinear Circuit Elements 
S. Waaben, I. Moskowitz, J. Federico, and C. K. Dyer*, 1 
A T&T Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

Circuit analogs for a single battery cell have previously been composed of resistors, capacitors, and inductors. This 
work introduces a nonlinear circuit model for cell behavior. The circuit is configured around the PIN junct ion diode, 
whose charge-storage behavior has features similar to those of electrochemical cells. A user-friendly integrated circuit 
simulation computer program has reproduced a variety of complex cell responses including electrical isolation effects 
causing capacity loss, as well as potentiodynamic peaks and discharge phenomena hitherto thought to be thermody- 
namic in origin. However, in this work, they are shown to be simply due to spatial distribution of stored charge within a 
practical electrode. 

Circuit analog models for the cell of a battery have typi- 
cally been structured from resistors, capacitors, and in- 
ductors (1). This limited set of linear circuit elements can- 
not simulate many nonlinear cell characteristics such as 
transients, recovery from deep discharge and gassing 
effects. 

The present work introduces a nonlinear circuit model 
for cell behavior. It is based on the PIN junct ion diode, 
whose t ime-dependent charge-storage behavior is related 
to that of electrochemical cells. The integrated circuit 
simulation computer program, ADVICE (2), is used to 
"painlessly" predict nonlinear responses from a circuit 
analog of the cell built  directly by simply specifying the 
interconnection of components available from the circuit 
simulation program library. 

Charge Sourcing, Transport, and Sinking 
The basic features of a PIN diode and a cell are similar 

because their mechanisms of charge dynamics are analo- 
gous, as illustrated in Fig. 1. For charging a nickel- 
cadmium (NiCd) cell, the electrochemical reactions pro- 
vide sourcing and sinking of charge carriers, OH- ions, at 
the electrodes. Similarly, in a PIN diode under  forward 
bias, negative charges (electrons) are injected by the 
N-type side into the I region, and negative charges are re- 
moved from the I region by the P side. Thus, there are 
analogies between the N-type side of the diode and the 

* Electrochemical Society Active Member. 
Present address: Bell Communications Research, Incorpora- 

ted, Murray Hill, New Jersey 07974. 

negative electrode of the cell, the P-type side and the pos- 
itive electrode, the I region and the electrolyte, and the di- 
ode space-charge regions and the interfacial regions in 
the cell. In brief, during the forward operation of both the 
diode and the cell, charge carriers are transported be- 
tween interfaces; however, the time scales differ by many 
orders of magnitude (3-7). 

Charge-Storage Diode Transients 
The dynamic response of a minority carrier PIN junc- 

tion charge storage diode is summarized in Fig. 2 (6, 7). 
The stored charge Q~ equals Ifr for the condition where 
the forward diode current IF has been conducted for a pe- 
riod much longer than the minority carrier lifetime u It is 
significant to note that, as long as the diode contains sub- 
stantial numbers  of minority carriers, it remains forward 
biased even under  reverse current conduction. Typical in- 
tegrated circuit analysis packages like ADVICE (2) in- 
clude minority carrier charge storage in the model for the 
circuit element "PIN diode." In cell circuit-analog model- 
ing, by choosing an "infinitely" long minority storage 
lifetime for the diode, the basic charge-discharge cell re- 
sponse is obtained. The diode's minority carriers simulate 
the charge storage of the cell by chemical transformation 
and its discharge by the reverse chemical reaction. 
Changing the direction of the diode current produces a 
minor modulation of the voltage across the forward 
biased diode due to the voltage drop across the finite re- 
sistance of the diode (4-7). This small voltage AE can be 
expressed by the algebraic symbols Rdl~e(IF + IR). The 
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Fig. 1. Adhoc charge transport and accumulation in NiCd cell and PIN 
diode, a: NiCd cell. A forward current causes Cd(OH)2 to produce Cd, 
injecting OH-  ions into the neutral solution across o charged double 
layer. The OH-  ions are transported through the electrolyte and ab- 
sorbed at another charged double layer at the Ni(OH)2 side, where 
NiOOH is formed by oxidation of Ni(OH)z. Discharge involves the relax- 
ation by reversal of the chemical and transport process that formed the 
Cd and the NiOOH: OH - ions return to the Cd electrode, forcing current 
to flow in the external circuit, b: PIN diode. A forward current causes the 
N-type side to inject electrons into a neutral intrinsic region across a 
space-charge layer. The electrons are transported through this I region 
and absorbed across another space-charge layer at the P-type side, 
where they activate minority carriers. Discharge involves the relaxation 
reversal of the charge storage and transport process: stored minority car- 
riers are returned to the side where they originated, forcing current to 
flow in the external circuit. 

"double-layer" capacitance at electrode surfaces is here 
represented by a simple capacitor of constant value in 
parallel to the charge-storage PIN diode. 

Electrochemical Turn-On Transients 
After a NiCd cell has been completely discharged for a 

long period of time, the first application of a charging 
current produces a "turn-on transient." This consists of a 
short-term rise in voltage associated with an initial phase 
change at the surface of the electrode (8). Similarly, a 
semiconductor PIN diode has a conductivity turn-on 
transient (4), but  it is 6-8 orders of magnitude faster. In 
the case of the diode, the conductivity of the semicon- 
ductor is modulated by the injection of charge carriers 
into a previously uncharged region. Circuit simulation 
methodology using ADVICE circuits used as a function 
generator rather than sets of equations has been used for 
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Fig. 3. Response of a charged NiCd battery to a current pulse. Top: 
Oscilloscope trace of the voltage response (upper curve) of a 1 Ah bat- 
tery to a current pulse (lower curve) with risetime on the order of 
microseconds. Bottom: Circuit topology for ADVICE that simulates bat- 
tery behavior shown in top of Fig. 3. 

the simulation of PIN junctions (15). This subcircuit 
model method will be used for modeling the electrochem- 
ical turn-on transient of an electrochemical cell. 

Electromagnetic Turn-On Transients: Series Resistance 
and Inductance 

Figure 3 shows the measured two-terminal response of 
a small, charged, NiCd cell to a current pulse with 
risetime of about 1 /~s. For fast rising pulses, capacitors 
behave as short circuits. Therefore, Fig. 3 shows only an 
inductive spike, E = L h i / A t .  Eventually, a steady-state 
voltage is reached which is proportional to the series re- 
sistance and the amplitude of the current pulse. The in- 
ductance is roughly that of a conductor of the geometrical 
dimensions of the cell, approximately 10-BH in the pres- 
ent case. The resistance, about 10 ml2, results from the 
combination of the metallic resistance of the electrode 
and the ionic conductance of the electrolyte. Figure 4 
shows the basic circuit model for the cell: a PIN diode 
with a parallel capacitor, in series with an inductor, and a 
resistor. 

Charging and Discharging 
The cell overvoltage, ~, can be defined as (3) 

= nonequi l ibr ium voltage - equilibrium voltage [3] 

expressing that while a cell is being charged or dis- 
charged, there is a temporary increase or decrease, re- 
spectively, in the terminal voltage compared with the 

IOlOOg FORWARD I F 

VDIODE 
vF 

(a) 

~IME 

\ - 
,-- V R 

(b) 

Fig. 2. Standard response of charge storage diode, a: During the for- 
ward current (charging) direction, semiconductor regions are filled with 
minority carriers; stored charged Q, = fi~dt for infinitely long minority 
carrier lifetime T. Far finite T and t > >  T, Q~ = I ~ .  b: During reverse 
conduction, the diode remains forward biased until the semiconductor 
regions are emptied of charge; then, the current and voltage decay. A 
correction ~E is due to a voltage drop across the internal ohmic diode 
resistance. 
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Fig. 4. PIN diode, double-layer capacitance (Ca1), series resistance, 
and series inductance interconnection topology. 
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Fig. 5. Overvoltage characteristics and modeling, a: Voltage response 
of a battery to constant current drive and subsequent open circuit, b: Plot 
of drive current i vs. ?7. c: Circuit analog model for overvoltage only. 

open-circuit or equilibrium cell voltage. Typical over- 
voltage characteristics are shown in Fig. 5a (3). The over- 
voltage response curves are exponential for large currents 
and are linear for small currents (Fig. 5b). A circuit for im- 
plementing these responses is shown in Fig. 5c and con- 
sists of two diodes in parallel but in opposite directions, 
both in parallel with a resistor and a capacitor. These 
ADVICE model diodes are specified to have a relatively 
low barrier height of tens of millivolts to simulate typical 
low-load cell overvoltages. 

The cell model with the overvoltage circuit section 
added is shown in Fig. 6. The internal node, "equilibrium 
voltage," marked in this figure is not physically accessi- 
ble in an actual cell. Note that the PIN diode section con- 
tributes nearly all of the steady-state voltage developed 
across the two external terminals. For NiCd, this voltage 
is about 1250 mV, compared to overvoltages of only tens 
of millivolts. The measured overvoltage decays rapidly 
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Fig. 6. PIN diode, overvoltage section, and series resistance and in- 
ductance interconnection topology. Typical relative contributions to the 
overall battery voltage are indicated at the right. 

when the external cell current flow is set to zero, as 
shown in Fig. 5a. Hence, in the ADVICE model, the mi- 
nority carrier charge-storage lifetime for these over- 
voltage model diodes is short. 

The queuing effect of charge carriers in a cell gives rise 
to a charge cloud at the electrode interfaces which is 
simplistically simulated by placing a fixed capacitor in 
parallel with the overvoltage diodes. 

Charge Relocation in Grains 
The voltage value to which the cell recovers after open 

circuiting depends in a very complicated way on previous 
cycling history. The circuit topology shown in Fig. 6 does 
not reproduce the open-circuit voltage "recovery" from 
deep discharge, open-circuit "charge loss," or "past his- 
tory effects." A typical recovery from deep discharge is 
shown in Fig. 7. 

Voltage recovery after deep discharge and "past history 
effects" are commonly assumed to be due to gradual 
charge relocation within the granular structure of the ac- 
tive material of the electrodes (9-12). In the case of the 
nickel electrode of a NiCd cell, for example, the nickel hy- 
droxide grains at the spongy surface are converted to 
NiOOH by "absorbing" electrical charge. The internal 
sections of the grains are originally electrochemically un- 
charged, but  can slowly absorb charge (9-12). The 
nonlinear circuit topology of Fig. 6 has been extended in 
Fig. 8 to model this relocation of charge by a nonlinear- 
diffusion mechanism, where the analytically complex re- 
sponses can be directly computed using the ADVICE 
simulation program. In Fig. 8, the outermost diode and 
capacitor sections represent the interfacial reactions fed 
by exterior charge transport to and from the electrode. 
The charge storage and transport mechanism for a one- 
dimensional interior grain is modeled by a parallel combi- 
nation of nonlinear storage sites represented by capaci- 
tors and PIN charge-storage diodes, where the diffusion 
of charge between the storage sites is modeled by adding 
1 k12 connecting resistors. When the circuit in Fig. 8 is 
first charged and then rapidly discharged, the overall 
voltage is mostly determined by the outer diodes and ca- 
pacitors. The inner  diodes and capacitors still retain 
much of their previous charge state due to the isolation 
provided by the 1 k~  resistors; rapidly discharging the 
outer diodes leaves the charge within internal grains rela- 
tively untouched. However, on open circuiting, charge 
from the internal PIN diodes leaks back into the outer 
PIN diodes and causes the Fig. 8 circuit voltage to rise 
again, simulating the cell's recovery characteristic. 

The inclusion of this grain model also reproduces the 
anomalous "bumps" in the final portion of the cell dis- 
charge curves observed when the load is a resistor (e.g., 
on the order of 100~-1 k12 depending upon the cell type 
and size). If we qualitatively assume that the internal di- 
odes are all initially charged, say after operating at a con- 
t inued constant voltage or "float," then, if at the end of a 
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Fig. 7. Measured voltage recovery of a NiCd battery after deep dis- 
charge at 200 mA. 
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Fig. 8. Circuit topology modeling the behavior of a one-dimensional 
granular electrode. Outer PIN charge-storage diodes simulate grain sur- 
face; internal diodes simulate internal grain charge storage mechanism. 

discharge cycle of the outer diodes a resistive load on the 
order of 1 kl2 is applied, voltage divisions are caused by 
the progressive discharge of each internal diode through 
the 1 k~  connecting resistors. Changing the size of the 
load resistor produces different plateaus in the simulated 
cell discharge curve, similar to the experimental observa- 
tions. One may think of the cell as a nonlinear Th6venin- 
like source where the impedance of the charge source de- 
pends upon the charge state determined by the past 
history of operation, and Fig. 8 as the circuit model repre- 
sentation of such a distributed Th6verdn source. 

Gas Evolution during Overcharge 
Continued charging to a high voltage triggers a gassing 

reaction when all active material at the grain surfaces is 
exhausted (11). For modeling simplicity, assume a con- 
stant voltage for the start of the gassing reaction. The cir- 
cuit shown in Fig. 9 includes a mathematical function 
generator simulating the voltage climb for a nonsealed 
cell. The function generator circuit model works as fol- 
lows. The outer charge storage diodes model the charge 
stored at the grain surfaces. When the surfaces are fully 
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VOLTAGE DROP 
DIODE CLAMP 

L$ 32 x I0 -~ H 

R s ~0812 

f" . . . .  ['-1 / ~  INTERNAL GRAIN STRUCTURE "~ I'-~-- . . . .  

', r - E !  ~ i J-7 
I $ " ~  ', I ~,,~1 I I I ~,~ I I ~ ,~  i I r "  ~aASE i 

I SUP PL UPPLY I I 

L , 
DIODE - -  DIODE 

SWITCH {"SURFACE"] (*'SURFACE") SWITCH 

Fig. 9. Circuit analog topology for functional response simulation of 
gas-generation behavior. The bottery's external charging current flow is 
switched from outer chorgeostorage PIN diodes to internal PIN diodes 
when the outer diode voltages reach that of the base supplies. (Simple 
ADVICE bipolar switches are used.) The clamping diode limits voltage 
rise to simulate sealed-battery behavior. 

charged (i.e., when the surface diode reaches a specified 
potential), it is disconnected from further charging by 
operating a switch. In the circuit of Fig. 9, from the begin- 
ning of charging, the switches (transistors) are "on," i.e., 
shorted, and the outer charge storage diodes receive 
charge. When these outer diodes reach the voltage of the 
transistor base sulololies, the switches (transistors) turn 
off. The charging current is now routed to the internal di- 
ode string as well as to the gassing process; current 
through the 1 ki) resistors to the grain causes the voltage 
to climb. The value of the transistor base supply thus sim- 
ulates the gassing potential. 

For generating the two-terminal response of a sealed 
cell, it can be of sufficient modeling precision to add the 
clamping diode shown in Fig. 9, which causes the rising 
voltage to level off, which occurs in sealed cells upon the 
buildup of gas pressure. 

Computer-Generated Simulation 
A variety of responses have been computed with the 

Fig. 9 circuit. The "user-friendly" ADVICE computer pro- 
gram analyzes circuits described by the node connections 
of circuit elements and their models. It should be noted 
that other standard circuit simulation computer pro- 
grams, such as the commonly available SPICE program 
(2), can also be set up to compute the response of a given 
circuit. Since the ADVICE computer program is geared 
towards silicon integrated circuit simulations, such as 
0.7V silicon diode junct ion drops, some ad hoc adjust- 
ments are required to scale the computer printout and 
plotting voltages up to values corresponding to cell volt- 
ages. Further, for Pb-acid simulations, a voltage source 
was for convenience placed in series with each charge 
storage diode to raise the overall cell voltage above 2V. 
This additional circuit complexity is due only to the re- 
striction of "mathematical" access for ADVICE users to 
coefficients in the program's exponential expressions 
and may not exist for other circuit simulation packages. 
For NiCd, a judicious choice of the existing basic library 
diode parameters specified for the ADVICE user was 
sufficient to achieve the desired voltage magnitudes for 
plotting by the computer directly. 

For "programming" simplicity, the circuit topology 
used was that of Fig. 9 for both NiCd and Pb-acid cells. 
There is no fundamental  circuit difference in the re- 
sponses of these two cell types on the level of precision of 
topology assumed here (14); only the quantitative parame- 
ter choices are different. For a particular cell, one set of 
device parameters was chosen, so that the computer- 
generated results matched the best available measure- 
ments. The NiCd measurements shown were performed 
on the GE GCR 1.0ST 1.0 Ah cell using an HP87 mini- 
computer in a laboratory experiment control and data 
gathering mode. The Pb-acid data were taken from the 
1980 Gates Energy Products Battery Application Manual 
as well as from measurements on the Gates 2V, 5 Ah 
X-cell, PN 0800-0004. 

Figure 10 shows a set of constant-current charge to 
open-circuit curves for the NiCd cell, starting from an ini- 
tial equilibrium voltage of 1.290V. The differences be- 
tween simulated and measured curves are less than 5 mV 
over a current range of nearly a decade. 

Figure 11 shows constant-current charge-discharge 
open-circuit cycles for the NiCd cell, along with the simu- 
lations, for various current levels and initial voltages. 

Figure 12 changes the time scale to microseconds and 
demonstrates the measured and model results for the in- 
ductive spike and series resistance. 

Figure 13 shows an example of simulated recovery be- 
havior. Values of the model's grain resistors can be se- 
lected to match the measured conditions. 

Figure 14 shows simulated overcharge behavior after 
600s. 

Figure 15 exhibits simulated results under  potentio- 
dynamic conditions. In this simulation, an applied volt- 
age is slowly ramped to the gassing overvoltage potential 
and down again. The computed current is plotted against 
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Fig. 10. Measured (solid lines) and simulated (broken lines) curves for 
constant-current to open-circuit measurements. 
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Fig. 11. Measured (solid lines)and simulated (broken lines) curves for 
charge-discharge open-circit measurement cycle. Also shown is the sim- 
ulated voltage recovery after discharge. 

the voltage, showing first a major peak due to the 
charging reaction, then a rise in current due to the gas- 
sing reaction, then, on ramp reversal, a second and/or 
third large peak dependent  upon the ramp rate (16). 
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Fig. i 2. Measured (solid lines)and simulated (broken lines)results for 
NiCd response to current pulse. 
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Fig. 13. Simulated voltage recovery after deep discharge of a float- 
charged battery. Note that the overall cell voltage drops during dis- 
charge as the outer diodes lose charge, while the internal diodes retain 
charge throughout the grain and contribute charge to cause recovery. 
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ation reproduced by the circuit model of Fig. 9. 

Figure 16 shows an example of the computed frequency 
response of the two-terminal admittance using the circuit 
of Fig. 8. Due to the nonlinear properties of the cell, such 
responses are of ambiguous value. 

5,0E + 01 

3.OE + 01 

1.0E +01 

-1.0E + 01 

-3.0E + 01 
0.0 

CYCLIC VOLTAMMETRY 

~ P T I M E  
L ~ 2 5 0  sec 

~ 25 sec 

l ,  , I I 
0.5 1.0 1,5 2.0 2.5 

VOLT 

Fig. 15. Cyclic voltammetry simulation using Fig. 9 for NiCd battery 
parameters, showing effect of voltage ramp rate. Shown as time (s) to 
complete one-half cycle (2.0-0.0V). 
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Fig. 16. Admittance simulation, plotted IM(Y) vs. RE(Y), for o ge- 
neric battery type using the circuit of Fig. 8. Frequencies in Hertz are 
designated on the plot. 

In terpretat ion of Cel l  Discharge Plateaus and 
Potent iodynamic Peaks 

Common to several cells is the phenomenon of "capac- 
ity loss." That is, the coulombic storage capacity is 
significantly less than that which is theoretically availa- 
ble from the amount  of electrochemically active material 
in the cell electrodes. In the case of NiCd and NiH2 cells, a 
secondary discharge plateau is often measured at a lower 
voltage than that which is generally associated with the 
electrochemical couple. The magnitude and duration of 
the secondary plateau voltage is a very sensitive function 
of the discharge current such that the higher the current 
the lower the voltage and the shorter the plateau length. 
For  example, for a threefold increase of  discharge current 
there can be a 0.5V depression in voltage, while the pri- 
mary plateau is only reduced by 30-50 mV (17). In the 
published literature, this phenomenon has been attrib- 
uted to either (i) a different chemical phase, so that the 
lower voltage discharge plateau is due to different ther- 
modynamics (18), (ii) a change in conductivity (decrease) 
due to removal of "defects" (17, 19), or (ii i)  reduction of 
adsorbed oxygen. The first direct experimental  verifica- 
tion in favor of the second mechanism was reported re- 
cently (20) and showed undischarged regions of a Ni elec- 
trode electrically isolated from the conducting Ni grid by 
a lower conductivity phase, presumably Ni(OH)2. Also, an 
additional mechanism of "capacity loss" has been 
identified as a loss of contact between the metal grid and 
the electrochemically active material (21). 

The same basic circuit topology used above to simulate 
the electrical behavior of a single grain will now be used 
to model the electrically resistive connection of a group of 
individual grains or charge storage sites to the current 
collecting metal grid. The modeling of this physical situa- 
tion involves the addition of resistive elements and a new 
choice for the value of resistors Re in Fig. 9. Any of the ca- 
pacity loss mechanisms mentioned above (20, 21) effectiv- 
ely interpose a resistor between each "internal" diode, 
representing a grain of active material, and the metallic 
contact or ground, as shown in Fig. 17. Secondary dis- 
charge plateaus similar to those observed in Ref. (17) can 
be produced from ADVICE by choosing equal values for 
each of the three resistors, Rb, in the range 0.112 (for 3A 
charges and discharges) to 1012 (for 0.1A rates = C/10) (Fig. 
18). This circuit simulation arrangements also shows high 
sensitivity to current amplitude. For example, for Rb = 
0.1~1, tripling the current from 3A (3C rate) to 9A (9C rate) 
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Fig. 17. Circuit analog topology for functional simulation of discharge 
plateaus. 

depresses the secondary plateau from 1.1 to 0.7V. This is 
similar to the reported cell measurements (18). To calcu- 
late the electrolyte resistances Re within the pore struc- 
ture the following electrochemical data were used: solu- 
tion resistivity (p) = 1.84 12-cm, 1 Ah electrode area (A) = 
50 cm% the electrode thickness (t) = 0.030 in., porosity 
after impregnation (P) = 10%, and 

R e = (pt) /(4AP) = 0.0112 

The four series resistances Re between each "grain" in 
Fig. 17 were chosen to be 0.0112 for the computation 
shown in Fig. 18. Note that ohmic conduction and not a 
diffusion mechanism is modeled here. For increasing 
values of Rb, there is a greater depression computed in 
voltage of the secondary plateau, and for Rb = 0 there is 
no secondary plateau. However, an increase in the value 
of Re while Rb = 0 can also produce secondary plateaus 
with similar dependences on current. For instance, a ten- 
fold increase in resistivity or reduction in porosity such 
that Re 0.1t2 gives two secondary plateaus in the model. 
Although the general results of such calculations are pos- 
sibly intuitively obvious, the model gives quantitative in- 
formation for a particular design choice. 

The model demonstrates that the effect of the inclusion 
of the resistances Re and Rb is to produce additional 
potentiodynamic peaks which might  otherwise have been 
misinterpreted as arising from new thermodynamic be- 
havior such as the proposed appearance of new electro- 
chemical phases in the case of the Ni electrode (18). Addi- 
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Fig. 18. Simulation of 11 h charge at a current of C/10 = 0.1A, capac- 
ity = I Ah, discharge current = 0.1A, Re = 0.01D, and Rb = 10~. 
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tion of Rb elements in the model topology to simulate the 
electrical isolation (20, 21) produces a second peak on re- 
duction at scan rates lower than that shown in Fig. 15 
where otherwise only one reduction peak would have ap- 
peared. This work corresponds to the second plateau un- 
der constant-current conditions. This second peak ap- 
pears at lower potentials for higher values of Rb. A third 
peak appears on raising the scan rate from 0.3 to 3 mV/s. 
For negligible values of Rb, increasing R~ from 0.01 to 0.1~ 
or more also produces second and third peaks on poten- 
tiodynamic reduction. 

Similar modeling of the Pb-acid system may also be 
used to interpret the observed relationship between elec- 
trolyte accessibility and composition within the porous 
electrode structure and the available discharge capacity 
(22). Recent work (22) shows that higher conductance of 
the electrolyte in pores gives higher delivered capacities, 
which is predicted from our model by lowering Re. 

Conclusions 
The measured electrical behavior of NiCd and lead-acid 

cells can be simulated using a nonlinear circuit ton 
pology model based on the dynamic properties of the 
charge storage PIN diode and RLC circuit elements. A 
circuit-analysis computer program such as ADVICE (sim- 
ilar to SPICE) can be used to compute circuit responses 
directly from an interconnection description of the com- 
ponents. For a particular cell, one set of parameters accu- 
rately simulates a variety of measured data to within the 
precision of measurements. Charge-discharge, pulse re- 
sponse, deep discharge, turn-on transients, gas genera- 
tion, cyclic voltammetry, and admittance characteristics 
all can be simulated by computer from the model. Since 
suitable circuit components for the cell model can be 
found to simulate both the spatially distributed electro- 
chemical processes and the physical structure of the cell, 
the effects of a design change on performance can be 
simulated. 

Application of the model shows that considerable care 
should be exercised in interpreting additional peaks dur- 
ing potentiodynamic scanning or additional plateaus dur- 
ing constant-current discharge. They may not be thermo- 
dynamic in origin, but  may simply be the nonequil ibr ium 
response of spatially distributed electrochemical pro- 
cesses within the electrode structure. 

Cell characteristics missing in the present model can be 
added by simply developing a physically reasonable cir- 
cuit analog and including it in the present model through 
the use of a circuit simulation program. 
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The Electrochemistry of Surface Oxidation of Chalcopyrite 
T. Biegler and M. D. Horne 

CSIRO Division of Mineral Chemistry, Port Melbourne, Victoria 3207, Australia 

ABSTRACT 

Linear sweep voltammetry with a freshly renewed surface of a chalcopyrite (CuFeS2) mineral electrode shows a 
small anodic prewave in acid electrolytes. The main anodic reaction, with complete dissolution of copper and iron, 
occurs at more positive potentials. Experiments under nitrogen show that the prewave is not a consequence of 
atmospheric oxidation during surface preparation. The prewave represents a surface oxidation of chalcopyrite to form a 
thin passivating film. The charge passed in forming this film is around 2 mC cm-2 for a polished surface. The prewave 
reaction is identified with the initial phase of the oxidative dissolution or leaching of chalcopyrite. Contrary to the re- 
ported behavior at 80~ the surface film is stable at 25~ for long periods at open circuit. Various evidence, includ- 
ing the relative charges passed in forming and then reducing the surface film, and the presence of dissolved copper, 
leads to the following suggested stoichiometry for the prewave reaction 

CuFeS2 -~ 0.75CUS + 0.25Cu 2§ + Fe 2~ + 1.25S + 2.5e- 

The product layer containing CuS and S is about 3 nm thick. 

The main interest in electrochemical studies of the min- 
eral chalcopyrite (CuFeS2) arises from the information 
such studies provide concerning the mechanism and ki- 
netics of chalcopyrite dissolution in acidic oxidizing solu- 
tions. The dissolution, or leaching, process is a corrosion 
reaction, with anodic and cathodic half-reactions. The re- 
action in the oxidizing media most suited to practical use, 
such as acidic ferric chloride or sulfate solutions, is very 
slow. Since copper dissolution from chalcopyrite is the 
primary step in many hydrometallurgical processes for 
copper extraction, it is important to establish what deter- 
mines this slow rate, especially from the viewpoint of the 
anodic process. 

The recent work of Dutrizac (1-3) seems to have re- 
solved some of the controversial issues in the kinetics of 
chalcopyrite leaching, such as the influence of tempera- 
ture, iron concentration in chloride or sulfate media, sur- 
face area of the chalcopyrite particles, and locality of ori- 
gin of the mineral sample. However, many different 
mechanisms have been proposed to explain the observed 
rates. Chemical leaching and electrochemical studies 
(4-12) show that a type of passivating surface layer limits 
the oxidation rate and causes the parabolic kinetics (rate 

t '~2) found under  some conditions, particularly in sulfate 
media. The precise nature of this layer is in dispute. It has 
variously been described as sulfur (1, 7), a metal-deficient 
chalcopyrite-like sulfide (5, 12), a polysulfide (10), a solid 
electrolyte interphase (11), or precipitated iron com- 
pounds (1). Its effect on the oxidation kinetics has been 
explained in terms of physical blockage (1), solid-state 
diffusion of metal ions (5), electron-transport properties 
(7), passive film growth (12), or electrolytic conduction of 
metal ions (ii). 

How one could distinguish between some of these 
mechanisms, if indeed a distinction exists, is as yet 
unclear. An acceptable mechanism should also draw a 
clear line between reactions which form the passivating 
film and further reactions, such as film dissolution or 
transport through the film, which could continue when 
the film is complete. We believe that electrochemical 
studies will help to resolve some of these problems and to 
define these reaction stages. 

The passivating reaction is a low potential electrochem- 
ical process (e.g., 0.7-0.8V vs. SHE at ambient tempera- 
tures) such as would occur when chalcopyrite is oxidized 
in a ferric solution. At higher potentials (I.0-1.2V vs. 
SHE), where there is continuous current, a number of 
studies agree [see Ref. (8)] that the reactions 

CuFeS2 --* Cu 2~ + Fe "~ + 2S + 5e- [i] 

and 

CuFeS2 + 8H20 -~ Cu 2+ + Fe3++ 2SO42- + 16H § + 17e- [2] 

both take place, in the proportion of around 6:1. 

In this paper, we wish to present further evidence [see 
Ref. (8)] that an anodic prewave in voltammetry with a 
freshly prepared chalcopyrite surface represents the ini- 
tial stages of chalcopyrite oxidation and gives informa- 
tion concerning the initial product layer. Other authors 
[e.g., Parker et al. (10)] have explicitly discarded "first 
sweep" results as spurious effects produced by surface 
oxidation during electrode preparation (grinding, polish- 
ing, washing). We are able to show that this view is incor- 
rect and that the electrochemical results are representa- 
tive of a clean chalcopyrite surface. Obviously, this 
conclusion has important implications for other kinds of 
surface studies on chalcopyrite, such as with Auger elec- 
tron spectroscopy (13) or ESCA (14), where a knowledge 
of the initial state of the mineral surface is vital to inter- 
pretation of results. 

Experimental 
Electrodes suitable for rotation (Beckman variable- 

speed rotator) were prepared, as previously described 
(15), from high quality natural polycrystalline specimens 
of chalcopyrite showing no foreign inclusions under  the 
microscope. Of the four electrodes used at various times, 
three (designated as A, B, and C) were cut from the same 
sample, from Moonta, South Australia, and the fourth (D) 
was from Mt. Lyell, Tasmania. The exposed areas were: 
A, 0.41 cm2; B, 0.24 cm2; C, 0.61 cm2; D, 0.35 cm 2. Two 
types of surface finish were .used: ground surface, fin- 
ished on fine silicon carbide paper (grit size: 15 ~m) and 
polished surface finished with 0.3 ~m alumina on a pol- 
ishing cloth. 

A three-compartment glass electrolysis cell was used, 
with an isolated gold counterelectrode and a Luggin 
probe from the reference electrode compartment. Pro- 
grammed voltammetry was carried out with conventional 
instrumentation (potentiostat, potential programmer, X-Y 
recorder). The reference electrode was a saturated calo- 
mel electrode (SCE), and all potentials are quoted with re- 
spect to the SCE. Measurements were carried out at 25~ 
in nitrogen-purged solutions prepared from doubly dis- 
tilled water and reagent-grade chemicals. 

Results and Discussion 
Prewave shape and charge.--Figures 1 and 2 show the 

prewaves obtained for one specimen in different acid 
electrolytes and for different chalcopyrite specimens in 
the same electrolyte. These curves were all obtained by a 
similar procedure. The electrode was ground or polished, 
washed with a jet of distilled water, and quickly inserted 
into the deoxygenated electrolyte. Then, the potentiostat 
circuit was closed at or near the rest potential (which was 
usually drifting slowly at this stage) and the sweep 
started. The time between ending the surface preparation 
and starting the voltammogram was around 30-40s. 
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Fig. 1. First-sweep voltammograms on chalcopyrite electrode C; 
sweep rate 20 mV s- l ;  rotation rate SO Hz. a: Polished surface; 1M HCI 
(two cycles), b: Ground surface. Curve 1 : 1M HCI (two cycles). Curve 2: 
1M HN03. Curve 3: 1M H2S04. Curve 4: 1M HCI04. 

These  curves  conf i rm and ex t end  the  l imi ted resul ts  
p resen ted  p rev ious ly  (8) for one spec imen  in 1M H2SO4. 
The first anodic  sweep shows a prewave,  absent  or, in 1M 
HC1, great ly  d imin i shed  on subsequen t  sweeps.  The  
shape, posi t ion,  and area (i.e., charge) of  the  p rewave  de- 
pend  on the  m o d e  of  surface prepara t ion  (Fig. 1) bu t  not  
m u c h  on the  acid (Fig. 1) or the  sample  origin (Fig. 2). 
St irr ing has  l i t t le effect  on the  p r ewave  i tself  bu t  does 
inf luence associa ted p h e n o m e n a  as desc r ibed  in a subse- 
quen t  section. 

The p rewave  for a pol i shed  e lec t rode  (Fig. 1) shows two 
clear peaks  at a round  0.28 and 0.38V vs. SCE. These  vary 
in relat ive he igh t  f rom run to run  and wi th  different  spec- 
imens.  For  a g round  electrode,  the  major  peak  is more  
posit ive,  at 0.55-0.59V. The p resence  of  two poor ly  de- 
fined shoulders  on the  r is ing branch  of  this peak  leads us 
to sugges t  that  it contains  componen t s  cor responding  to 
the peaks seen wi th  a pol i shed  surface.  An  elect rode 
which  gave the  p rewave  shown in Fig. 3 seems to have  
been  incomple t e ly  pol i shed  after gr inding;  it shows the  
two character is t ic  peaks  for a po l i shed  surface, plus a 
peak  at 0.59V. I f  we  as sume  that  peak posi t ion is a func- 
t ion of  exposure  of  different  aspects  of  the  chalcopyri te  
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Fig. 2. First-sweep voltammograms for three chalcopyrite electrodes 

in 1M HCI. Gound surfaces; sweep rate 20 mV s- l ;  rotation rate 50 Hz. 

7 
o E 0.2 

E 
-~ o.i 
c 

0 

I I I I 

I I I I 
0 0.2 0.4 0.6 

P o t e n t i a l / V  vs SCE 

Fig. 3. First-sweep voltammogram on polished electrode C in 1M HCI, 
showing residual peak for a ground surface. 

lattice, then  the  surface fractures p roduced  by pol ishing 
and gr ind ing  m u s t  be qui te  different.  This  behavior  could 
resul t  f rom the  br i t t leness  of  chalcopyr i te  and its tend-  
ency  to fracture unevenly .  However ,  the  peak  shift  wi th  
gr inding  is ve ry  large, and an explana t ion  based on site 
exposure  may  no t  be  adequate .  

P r ewave  charges  ob ta ined  by in tegra t ing  the recorded  
curve  f rom the  foot  of  the  p rewave  (0.15V) to the  current  
t rough at a round 0.55 or 0.7V for po l i shed  or g round  elec- 
trodes,  respect ively ,  are g iven  in Table  I. Most  values  rep- 
resent  the m e a n  of several  de terminat ions ,  wi th  a typical  
range of  -+ 10%. Charges  for different  spec imens  unde r  the  
same condi t ions  and for the  same spec imen  in different  
acids are similar.  The  ratio be tween  the  charges  for a 
g round  and a po l i shed  surface is about  8. This ratio is a 
li t t le less than the  va lue  of  11 repor ted  prev ious ly  (8) bu t  
still seems ra ther  h igh  to be  exp la ined  by an increase in 
surface roughness .  The  d e p e n d e n c e  of  p rewave  charge  on 
sweep rate was similar  to the  previous  f inding (8), e.g., for 
a g round  surface in 1M HC1, charges  were  15.9, 17.7, and 
11.3 mC cm -2 at sweep  rates of  10, 20, and 50 mV s -1, 
respect ively.  

In general,  the  observed  behavior  suppor t s  the earlier 
hypothes i s  (8) tha t  the  p rewave  represen ts  a surface reac- 
t ion invo lv ing  ox ida t ion  of  a th in  layer  of  chalcopyri te .  
For  comple t e  ox ida t ion  to S, Cu 2+, and Fe  ~+ (see be low for 
d iscuss ion of  the  ox ida t ion  state of  iron), chalcopyri te  
wou ld  be c o n s u m e d  at a rate of 1.14 nnYmC cm -~, based  
on t rue  surface area, so that  the  p r e w a v e  p roduc t  layer 
can be  no more  than  a few atoms th ick  (see below). The 
small  d e p e n d e n c e  of  p r ewave  charge  on sweep rate 
impl ies  some  inf luence  of  the  k inet ics  of the p rewave  
process  on the  a m o u n t  of  chalcopyr i te  oxidized.  

Prewave in dilute acid electrolyte.--Prewaves in 1, 0.1, 
and 0.01M HC1 (the lat ter  two with  added  0.1M NaC1) are 
shown in Fig. 4. The  p rewave  seems not  to shift  wi th  pH,  
but  the  main  w a v e  moves  to less posi t ive  potent ia ls  wi th  
increas ing p H  and begins  to obscure  the  prewave.  This  is 
p resumab ly  connec ted  wi th  the  p H  d e p e n d e n c e  of  reac- 
t ion [2], which  involves  protons.  The  resul ts  show that  the  
p rewave  p h e n o m e n o n  exists at p H  levels  c o m m o n l y  

Table I. Prewave charges for various chalcopyrite electrodes 
and electrolytes at sweep rate 20  mV s - I  

Surface Charge 
Electrode Electrolyte preparation (mC crn-~) 

B 1M HCl Polished 2.2 
C 1M HCl Polished 2.0 
D" 1M HCl Polished 2.0 
A 1M HC1 Ground 16.1 
B 1M HC1 Ground 15.5 
C 1M HC1 Ground 15.6 
D ~ 1M HC1 Ground 17.0 
C 1M H2SO4 Ground 14.5 
C 1M HNO3 Ground 12.1 
C 1M HC104 Ground 14.3 

a Integrated with a steeper baseline than for other electrodes, with 
slope estimated from second and subsequent sweeps. 
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Fig. 4. First-sweep voltommograms on ground chalcopyrite electrode 

C in chloride electrolytes of different acidity. Sweep rate 20 mV s-l; 
rotation rote 20 Hz. Curve 1: 1M HCI. Curve 2: 0.1M HCI, 0.1M NaCI. 
Curve 3: O.01M HCI, 0.1M NaCI. 

found in chalcopyrite leaching processes and is therefore 
relevant to the mechanism of those processes. 

Surface preparation under nitrogen.--In view of the 
suspicions [e.g., see Ref. (10)] that first-sweep results may 
be influenced by exposure of the fresh chalcopyrite sur- 
face to air and to aerated water during preparation, it is 
important  to establish what effect exclusion of oxygen 
has. We have at tempted to do this by enclosing the cell, 
electrode assembly, and wash bottle in a glove box 
purged with nitrogen. No significant effect of the oxygen 
exclusion procedures was found. Indeed, prewave areas 
tended to be 10-20% greater than average, although this 
could easily be attributed to the different grinding tech- 
nique required in the glove box and the likelihood of a 
different surface roughness. 

We conclude, therefore, that the prewave is not a conse- 
quence of surface oxidation during electrode preparation. 
While this conclusion should be further substantiated un- 
der more rigorous conditions (fracturing chalcopyrite un- 
der oxygen-free electrolyte would be ideal), it is hard to 
accept arguments that the prewave is an artifact of prior 
exposure to oxygen. Preoxidation would surely tend to 
lower the anodic current, and this is not observed except 
after long exposure to air (8). 

Effects of varying the potential program.--In Fig. 5, the 
normal prewave (program 1, solid curve) is compared 
with the vol tammogram for an initial short sawtooth cy- 
cle to 0.45V, immediate  return to the starting potential, 
and a triangular cycle extending to 0.9V (program 2, bro- 
ken curves). In Fig. 6, a series of sawtooth cycles to 0.55V 
is followed_ by a fifth cycle to 0.9V. In both sets of curves, 
the diminishing currents on successive cycles are consist- 
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Fig. 6. Initial voltammograms on ground chalcopyrite electrode A in 

1M HCI for the potential program indicated. Sweep rate 20 mV s-';  ro- 
tation rate 20 Hz. 

ent with an accumulation of a prewave product layer. 
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Fig. S. Initial voltammograms on ground chalcopyrite electrode A in 
1M HCI for the two potential programs indicated. Sweep rate 20 mV s-';  
rotation rate 20 Hz. 

Thus, the charge passed during the four sawtooth cycles 
in Fig. 6 is 17.9 mC cm -~, of the correct magnitude for a 
complete prewave. On the fifth cycle, the prewave has es- 
sentially disappeared. Similarly, the charge in the second 
cycle of program 2 (Fig. 5) is diminished by about the 
charge passed during the first cycle. Note that the shoul- 
der on the rising branch of the prewave appears only on 
the first cycle in such programs. 

Figure 7 shows pairs of curves for potential programs 
which include a period at open circuit between two po- 
tential scans. The first scan for a fresh surface is inter- 
rupted at 0.45, 0.55, or 0.70V, the potential decays at open 
circuit to 0.24V. At this point, the second scan is started. 
As the potential of interruption increases, the charge 
passed on the second scan decreases, but the total charge 
remains constant; the full prewave charge (solid curve) in 
Fig. 7 is 13.3 mC cm -2, and the sum of the charges is 13.3 
mC cm -~ and 12.0 mC cm -~ for the pairs of curves with 
interruption at 0.55 and 0.45V, respectively. Thus the 
complete surface layer can be formed in stages, unaf- 
fected by interruptions at open circuit. 

Further experiments were carried out to test the stabil- 
ity of the prewave product at open circuit. After an initial 
sweep to give a complete prewave, the various treatments 
at open circuit were (i) leave electrode in the electrolye 
(deoxygenated 1M H2SO4) for 17h, (ii) withdraw electrode, 
rinse with water, and keep wet while exposed to air for 4 
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Fig. 7. "Interrupted" initial voltammograms an ground chalcapyrite 

electrode B in |M HCI without rotation. Sweep rate 20 mV s -1. First 
scan is interrupted at X (0.7V), Y (0.55V), or Z (0.45V). In each case, 
the potential is allowed to decay at open circuit to 0.24V (approximate 
time taken is S, 4, and 1 min, respectively). Then, a triangular scan from 
0.24 to 0.7V is started. 
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min, (iii) withdraw electrode, dry, and leave in air for 4 
min, and (iv) withdraw electrode, rinse, and leave in deox- 
ygenated water for 6h. In all cases, the first sweep from 
the new rest potential after returning to the cell gave no 
prewave. 

Thus, the open-circuit reactivation phenomena ob- 
served by Parker et al. (10) at 80~ which would be ex- 
pected to lead to "regeneration" of the prewave, are not 
seen at 25~ Any decomposition or solid-state diffusion 
processes tending to restore the initial surface composi- 
tion must, therefore, be very slow at 25~ 

Effects of  stirring-detection of a soluble product .--As 
noted above, stirring (by means of electrode rotation) 
does not significantly affect the prewave itself, but it 
does produce some interesting changes in other parts of 
the first and second cycles of triangular cyclic 
vol tammograms (Fig. 8). Without stirring (solid curves), 
there are two small waves, marked A and B, on return 
sweep 1, and a peak C on sweep 2, which are all absent 
when the electrode is rotated (broken curves). The disap- 
pearance of these waves on stirring indicates that they in- 
volve a soluble species generated by the prewave process 
and dispersed by stirring. 

Analogous results are found in the other acid electro- 
lytes used, 1M H2SO4, 1M HNO~, and 1M HC104, except  
that there is only a single cathodic peak on the first re- 
verse sweep (Fig. 9, solid curve). 

The obvious condidates for a reducible dissolved spe- 
cies are Cu ~ and Fe 3+. Copper (5 • 10-4M) added to the 
electrolyte clearly enhances the waves shown in Fig. 8 
and 9 (see, e.g., the broken curve in Fig. 9). Iron (either 
Fe 2+ or Fe '~+) at a concentration of 5 x 10-4M has no effect 
on the voltammograms, consistent with the known irre- 
versible nature, i.e., the slow kinetics, of this redox sys- 
tem on chalcopyrite (10). In other words, iron as a soluble 
product of the prewave reaction would not be detected in 
voltammograms covering the potential range in Fig. 8 and 
9. The cathodic waves are therefore due to dissolved cop- 
per, the presence of two waves A and B in 1M HCI pre- 
sumably being due to the stability of a Cu(I) intermediate 
in chloride media. The size of the cathodic waves indi- 
cates that only a small amount of Cu 2~ is released in the 
prewave reaction. 

In establishing the nature of the process in the presence 
of Cu 2§ we note that it seems to have a reversible poten- 
tial (e.g., at 0.16V in Fig. 9) well positive to the Cu2+/Cu ~ 
potential for this copper concentration (around 0 V vs. 
SCE). This indicates formation of a sulfide rather than 
copper metal by reactions such as 

CuFeS2 + 3Cu 2+ + 4e- --> 2Cu2S + Fe 2~ 

(E ~ = 0.40V vs. SCE) [3] 
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Fig. 8. First and portion of second cyclic voltammograms for ground 

chelcopyrite electrode B, unstirred (solid curves) and stirred (50 Hz, bro- 
ken curves), in 1M HCI. Sweep rate; 20 mV s -1. 
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Fig. 9. First and portion of second cyclic voltammograms for ground 
chalcopyrite electrode C in 1M H2504 (solid curve)and 1M H2504 + 5 • 
10-4M CuS04 (broken curve). No rotation; sweep rate 20 mV s-1. 
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which has been demonstrated (16) for chalcopyrite reduc- 
tion in the presence of Cu 2~, or 

CuS + Cu z~ + 2e- --> Cu~S (E ~ = 0.25V vs. SCE) [4] 

Either of these reactions is feasible in the potential range 
of interest. If, as seems likely, Cu2S is the solid product, 
the anodic peak on the second cycle would then represent 
reoxidation according to the reverse of reaction [4] 

Cu~S -* CuS + Cu 2+ + 2e- [5] 

We shall discuss evidence below that the anodic peak po- 
sition at 0.28V vs. SCE (Fig. 8 and 9) is characteristic for 
this reaction. 

Effects of  surface reduction-scanning to negative 
potentials.--Results  considered so far have involved only 
the potential region positive to the initial rest potential, 
about 0 V vs. SCE. When cycling covers lower potentials 
(Fig. 10), the shape of the first cycle depends on the ini- 
tial scan direction (see below) but subsequent  cycles cov- 
eting the full potential range (i.e., at least +0.6 to -0.3V) 
give the main features shown in cycle 2 of Fig. 10. These 
features are a cathodic peak D centered around -0.22V 
and two anodic peaks, E and F, at 0.27 and 0:56V, the lat- 
ter coinciding with the anodic prewave. Further cycling 
causes progressive small changes in these peaks. In each 
cycle (apart from the first), there is an approximate bal- 
ance of the total anodic and cathodic charge passed. 

The general behavior in 1M H~SO4 is similar to that 
shown for 1M HC1. With polished chalcopyrite, peak D is 
sharper and has no shoulder. In unstirred solution, extra 
peaks appear, indicating further reactions involving dis- 
solved products of the main processes. 

The first cycle (la) of Fig. 10 starts in the positive direc- 
tion from -0.03V and gives the anodic prewave expected 
with a freshly ground surface. At the positive limit, a sur- 
face layer of an as yet undetermined composit ion is pres- 
ent. The first return sweep (lc) gives the complex ca- 
thodic wave G in the region -0.1 to -0.3V. Wave G is 
found only on cycle 1 and clearly differs from D found 
from cycle 2 onwards. It also differs from the cathodic 
prewave (17), a single sharp peak at -0.10V found when 
the first scan with a fresh surface starts in the negative 
direction. Since this wave corresponds to the reduction of 
chalcopyrite itself, we conclude that wave G is character- 
istic for reduction of the surface layer formed during the 
anodic prewave. 

The surface compositions at the end of the scans lc  and 
2c must  be very similar as their anodic oxidation charac- 
teristics in curves 2a and 3a are virtually identical. Since 
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Fig. 10. First (broken curve), second (solid curve), and segments of 
third cyclic voltammograms for ground chalcopyrite electrode B in 1M 
HCI, with starting potential -O.03V,  initial scan in positive direction, 
and potential limits +0.70 and -0 .45V.  Rotation rate 50 Hz; sweep 
rate 20 mV s -~. 

peak E at 0.27V is in the region where an anodic peak for 
chalcocite oxidation is found (18), it can reasonably be as- 
signed to reaction [5]. The reduced surface formed at 
-0.45V is therefore chalcocite, or a similar sulfide. This is 
consistent with the known potential region of stability of 
chalcocite and related sulfide phases, which form 
through reactions such as 

2CuFeS2 + 6H § + 2e-  ~ CusS + 3H2S + 2Fe s~ [6] 

o r  

2CuS + 2H § + 2e- ---> CusS + H2S [7] 

Various other phases, e.g., digenite Cu~.7sS, djurleite 
Cu~.93S, and bornite Cu~FeS4, are formed (19-21) by similar 
reactions and could be present with, or in place of, chal- 
cocite in the reduced surface layer. 

We now have to decide whether peak F at 0.55V on 
curves 2a, 3a, etc., represents the same reaction as the 
anodic prewave on curve la. The evidence on this point is 
contradictory. On the one hand, the two waves virtually 
coincide and are of similar heights. Furthermore,  the size 
of wave E, but  not o fF ,  depends on the negative potential 
limit of the sweep. This is consistent with a surface- 
limited process of the prewave type and not with the 
other obvious possibility, that E and F are successive oxi- 
dation steps of the chalcocite layer. On the other hand, 
wave D is clearly different from wave G, which we have 
suggested is characteristic for reduction of the prewave 
product layer. 

On balance, we favor the prewave process for wave F. 
This, of course, requires that fresh chalcopyrite surface is 
available, and we envisage that this occurs through the 
volume decrease in the solid phases formed during the 
electrochemical reactions. In the sequence 2CuFeS2 ---> 
Cu2S --* CuS, the total volume decrease is calculated to be 
about 77%. 

At the positive potential limit of curve 2a, the surface 
contains a layer of CuS (formed in E) and prewave prod- 
uct (formed in F). These are reduced, together with more 
chalcopyrite, over the potential range -0.1 to -0.45V in 
the next  sweep 2c, and a quantity of Cu2S is again formed. 
A charge of 2 F/mol of Cu2S is passed through either reac- 
tion [6] or [7], while 2 F/mol of Cu2S is also passed when 
Cu2S is oxidized according to reaction [5]. This accounts 
for the observed approximate balance of charges in the 

anodic and cathodic branches of these voltammograms 
from the second cycle onwards. At higher pH, charge bal- 
ance in cyclic vol tammograms is explained (22) by revers- 
ible transformations of phases within an immobile sur- 
face layer. Such explanations cannot apply here, where 
soluble products are formed and leave the reaction zone. 

In summary, cyclic vol tammograms which extend into 
a region where cathodic processes occur in a stirred solu- 
tion show that the surface layer formed during the anodic 
prewave is reduced to Cu2S (or a related sulfide), that 
reoxidation of this reduced layer to CuS occurs, that this 
sequence of reactions exposes fresh chalcopyrite surface, 
and that these processes continue for numerous cycles. 

The prewave  process.--The knowledge of the various 
processes in the voltammograms of Fig. 10 can be used to 
derive further details of the prewave reaction. We start 
with several assumptions as follows. 

1. The only process occurring within wave G is the re- 
duction o f  the layer of prewave product. The evidence for 
the lack of reduction of chalcopyrite itself in this region 
was discussed above, but is certainly not conclusive. 

2. The solid reduction product is Cu2S (see above); 
other products of the reduction process are taken to be 
Fe 2~ and H2S. 

3. In the potential region of the anodic prewave, iron 
dissolves as Fe 2§ Given that the prewave extends over the 
range 0.2-0.7V vs. SCE and the E ~ for Fe2~/Fe 3§ is 0.52V vs. 
SCE, this is a reasonable assumption for most of the pre- 
wave. The slow kinetics of Fe 24 oxidation at a chalcopy- 
rite surface (10) would further favor this assumption. 

4. The charge in wave G can be obtained by integration 
from -0.08V to the current min imum at -0.32V. On this 
basis, the cathodic charge in wave G for a rotated elec- 
trode (at which any soluble reducible species have been 
dispersed) is around 1.3 times the anodic prewave charge. 

Applying these assumptions, we write general reactions 
for the anodic prewave 

CuFeS2 -~ Cu~FebSc + (1 - a)Cu 2~ + (1 - b)Fe 2§ 

+ (2 - c)S + (4 - 2a - 2b)e- [8] 

and for cathodic reduction of the solid products 

Cu~FebSe + 2 ( c - 2 ) H4 + (2c - 2b - a ) e -  

( ~  a Cu,~S+ c -  H ~ S + b F e  2~ [9] - ' 7  ~- 

and 

(2 - c)S + (4 - 2c)H ~ + (4 - 2c)e- ~ (2 - c)HsS [10] 

We can then determine whether  there are stoichiometries 
consistent with the observed charge ratio 1.3. 

Summing  the charges in reactions [9] and [10] and tak- 
ing this sum as 1.3 times the charge in [8], we obtain 

8a + 3b = 6 [11] 

The only additional information is that a and b are both 
positive and no greater than unity. With these restrictions, 
we can deduce the possible ranges of values as 0.75 /> a ~> 
0.375 and, correspondingly, 0 <~ b < 1. Hence 

4 I > ( 1 -  b y ( l -  a) I>0 [12] 

In other words, a series of equations in the form of reac- 
tions [8]-[10] can be written which satisfy the measured 
charge ratio of 1.3. In these equations, the ratio of dis- 
solved iron and copper can lie anywhere in the range 0-4. 

The small amount  of Cu 2+ detected as a prewave reac- 
tion product (see above) and the evidence from leaching 
studies (5, 23), that  the Fe2~:Cu 2~ ratio is at least 2:1 and 
perhaps as high as 6.6:1 in the initial stages of 
chalcopyrite dissolution, both point to an Fe2+:Cu ~ ratio 
close to the upper  limit given by Eq. [12]. At this limit, the 
reaction stoichiometry would be 

CuFeS2 ~ Cu0.75S2 + 0.25Cu 2~ + Fe 2~ + 2.5e- [13] 



1368 J.  E lec t rochem.  Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  J u n e  1985 

i.e., the product layer contains no iron. Cu0.7~$2 is not a 
known phase, but is reminiscent of the metal-deficient 
polysulfide suggested by Parker et al. (10) as the compo- 
sition of the passivating film on oxidized chalcopyrite. 
Since there are no restrictions on how sulfur appears on 
the right-hand side of this equation (c is eliminated when 
the charges in reactions [9] and [10] are summed), we can 
equally write reaction [13] in the form 

CuFeS2 --> 0.75CUS + 0.25Cu 2~ + Fe ~ + 1.25S + 2.5e- [14] 

in which the product layer contains the more familiar 
CuS and S. 

With reaction [14] as the basis for the prewave reaction, 
the thickness of the reaction layer can be calculated from 
the prewave charge, estimated to be around 2 mC cm -2 
for a smooth surface in 1M HC1. This gives the thickness 
of chalcopyrite reacted as 3.7 nm and, from the molar vol- 
umes of CuS and S, a product layer thickness of 2.9 nm. 

To summarize, the evidence from iron and copper ra- 
tios in chalcopyrite leaching, from copper dissolution 
during the anodic prewave, and from the charge passed in 
reducing the prewave product is consistent with a pre- 
wave reaction in which the product contains CuS and S, 
according to reaction [14]. The product layer is estimated 
to be about 3 nm thick. 

Implications for  chalcopyrite leaching and related 
studies.--The evidence from recent electrochemical stud- 
ies shows that the initial stages of oxidative dissolution 
(i.e., leaching) involve the formation of a copper-rich sur- 
face layer (10-12). The description of this layer is different 
in each study, depending on how the various authors 
view the way it inhibits the leaching process. Thus, it is 
described as a polysulfide layer (10), a solid-electrolyte 
interphase (11), and a passivating film (12). 

The present contribution is to show that the formation 
of this material occurs in a voltammetrically distinct step, 
the anodic prewave, which can help characterize the 
product layer. Study of the prewave has not resolved the 
views of the inhibition mechanism. However, we see no 
compelling reason to go past the simplest view of the 
prewave reaction as an energetically favored process pro- 
ducing an ordered product layer which eventually covers 
the surface and blocks any further movement  of iron and 
copper atoms. At ambient temperatures, the further reac- 
tion of this blocking layer is slow, but as the potential is 
increased the bulk oxidation process can be nucleated, 
with sulfate formation as the possible trigger (8). At 
elevated temperatures, decomposition of the blocking 
layer occurs at a measurable rate, as evidenced by the 
"reactivation" of the low potential process at open circuit 
(10). 

Several authors have analyzed decaying current-time 
transients in the low potential region to derive the inhibi- 
tion mechanism. Apart from the difficulty that the stud- 
ies disagree on the experimental form of the transient 
(9, 11, 12), there seem to be inadequate criteria to allow 
such analysis to be diagnostic of any particular mecha- 
nism. A current decay with t 112 (9, 11) could be indicative 
of some form of transport control within a thickening 
product layer, but the conclusion that this passivating 
layer is an electrolytic and not an electronic conductor 
(11) seems unjustified. The evidence points to the con- 
trary, as other authors (9, 10) have also concluded. One 
could also reasonably hope for more convincing i - t 1/~ 
data [compare the time scales used in Ref. (9), 0-100 min 
and Ref. (11), 0-16 ms) and more systematic temperature 
effects (11). Warren et al. (12) attach significance to their 
finding that the current decays according to in i = b - 
mQ (where Q is the total charge passed and b and m are 
constants), which is characteristic of some passive film 
growth kinetics. This is simply the electrochemical form 
of the Elovich equation which is widely obeyed in surface 
chemical and electrochemical reactions (24) and reflects 
a linear increase in the activation energy of a reaction 
with coverage of the surface. It conveys limited mecha- 
nistic information. 

Warren et al. (12) found large electrochemical reactivity 
differences between different chalcopyrite specimens 
which they attributed to the presence of impurities in 
some of the samples. As the differences they saw were in 
the same potential region as the prewave studied here, 
the properties of the prewave (shape, position, depen- 
dence on stirring, and sweep rate) established in this 
work should provide a method of determining whether a 
particular vol tammogram is characteristic of chalcopyrite 
or contains contributions from, say, a more reactive 
sulfide impurity. One could then decide whether or not 
the differences were intrinsic to the chalcopyrite. This is 
important information in view of the continuing interest 
in reactivity differences of natural minerals (3, 8). 

Two aspects of chalcopyrite electrochemical behavior 
have implications for spectroscopic studies (e.g., 
photoelectron spectroscopy) of chalcopyrite surfaces [see, 
e.g., Ref. (13, 14)]. First-sweep studies, both in the nega- 
tive (17) and positive directions, show that a freshly pre- 
pared chalcopyrite surface is moderately stable to atmo- 
spheric oxidation, so that surface preparation in air 
before transfer to the instrument is feasible. Voltam- 
metric characterization after spectroscopic examination 
should be a useful auxiliary tool. Further, the layer of ini- 
tial oxidation product, which is formed during a suitable 
voltammetric scan, is also stable over periods of minutes 
or longer after withdrawal from the electrolyte, and this 
should provide an appropriate method of preparation of 
samples for studies of the composition of this layer, 
which has been one of the key problems in interpreting 
the leaching behavior of chalcopyrite. 

Conclusion 
The anodic prewave found on linear sweep volt- 

ammograms for freshly prepared chalcopyrite electrodes 
in acid solutions represents a surface oxidation process 
which is distinct in mechanism from the bulk oxidation 
of chalcopyrite observed at higher potentials. All indica- 
tions are that it is a genuine reaction of a clean 
chalcopyrite surface and not a spurious process attributa- 
ble to reaction with atmospheric oxygen prior to voltam- 
metry. The significance of the prewave lies in the insight 
it provides into the mechanism of oxidative dissolution 
(leaching) of chalcopyrite, a reaction known to be pro- 
gressively inhibited by formation of a thin surface film. 
This film is considered to be the same as the layer of 
product formed by the prewave reaction. 

The main characteristic of the prewave is that its area is 
roughly independent  of sweep rate and type of acid elec- 
trolyte used. The layer of product can be shown to accu- 
mulate progressively with a variety of potential programs 
and to remain stable for many hours at open circuit, even 
when the electrode is withdrawn from the cell. The 
prewave characteristics do not depend on specimen ori- 
gin, implying that the initial reactivity with leachants 
such as ferric ion should also not depend on origin. The 
charge passed in forming the prewave product is about 2 
mC cm -2 for a polished chalcopyrite surface. 

The nature of the prewave reaction is deduced from in- 
formation on the relative amounts of Fe 2~ and Cu 2~ which 
pass into solution and the relative charges associated with 
formation and reduction of the product  layer. The latter 
comparison involves an arbitrary separation of the 
surface-layer reduction from other overlapping processes 
and an assumption of the composition of the reduced sur- 
face layer. A set of reactions is then obtained which 
satisfy the observations. The most plausible of these indi- 
cates a prewave reaction with Fe ~ and Cu ~§ dissolving in 
the ratio 4:1 and a solid product of stoichiometry Cu0.7~$2. 
If the phases in this layer are taken to be CuS and S, the 
layer is 2.9 nm thick and is formed from a 3.7 nm thick 
layer of chalcopyrite. 

Manuscript submitted Aug. 15, 1984; revised manu- 
script received Jan. 22, 1985. This was Paper 261 pre- 
sented at the Cincinnati, Ohio, Meeting of the Society, 
May 6-11, 1984. 
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Electrochemistry of Prussian Blue Films on Metal and 
Semiconductor Electrodes 

Alfred Viehbeck* and David W. DeBerry* 
S u m X  Corporation, Austin,  Texas 78758 

ABSTRACT 

The electrochemical properties of Prussian blue films on Pt and spark anodized n-type TiO2 electrodes were investi- 
gated. Evidence for four redox states for Prussian blue was obtained. While the oxidation of Everitt's salt to Prussian 
blue involves the high spin iron atoms, the oxidation of Prussian blue to Berlin green and Berlin green to Prussian yel- 
low involves the low spin hexacyanoferrate groups. The Prussian blue/Everitt's salt redox system (E0 = +0.2V vs. SCE) 
is the most stable and reversible couple. The diffusion coefficients for reduction and oxidation of this redox couple are 
5.0 x 10 -~ and 2.7 x 10 -9 cm2/s, respectively. The photoelectrochromic behavior of Prussian blue on semiconductor TiO2 
electrodes is discussed. The films deposited on TiO2 have short-circuit memory, and lateral color spreading through the 
film is slow. A light addressable electrochromic display is described. 

In a previous communication, we demonstrated revers- 
ible photoelectrochromic imaging using a semiconductor 
electrode coated with an electrochromic material (1). The 
system consisted of a thin film of Prussian blue on an 
n-type TiO2 electrode (both single crystal and anodized 
metal). Light absorbed by the semiconductor produced 
electrochromic reactions in the Prussian blue film at po- 
tentials negative of that measured at noble metals. Images 
resulted that were stable at open circuit but  erasable 
upon reversal of potential bias. Other electrochemical 
photoimaging systems have been reported (2-6). Abrfina 
and Bard (7) demonstrated the photoreduction of surface- 
confined poly(benzylviologen) on p-Si electrodes. 
Ingan~s and LundstrSm (8) investigated the photoelectro- 
chromic properties of poly(N-methylpyrrole) polymer on 
n-type silicon. And, recently, Itaya et at. (9) reviewed the 
photoelectrochemical properties of Prussian blue on 
single-crystal n-TiO2 electrodes. 

The present study is concerned with both the redox 
conductivity of Prussian blue films and their photoelec- 
trochromic characteristics on spark-anodized polycrystal- 
line TiO2 electrodes. Spark anodization of Ti metal, as 
first reported by Sato et al. (10), yields n-type TiO~ films 
with much-improved photoconversion efficiencies com- 
pared to anodic oxide films formed at low voltage. The 
various redox states of Prussian blue films on Pt  and 

*Electrochemical Society Active Member. 

TiO.~ electrodes are discussed. This work also examines 
the "short-circuit" memory (image retention) properties 
of the Prussian blue/semiconductor electrode. A proto- 
type light addressable electrochromic display (LAED) de- 
vice is described and an example of a light-pen-written 
image is shown. 

Experimental 
Polycrystalline semiconductor TiO2 electrodes were 

made by high current-high voltage sparking of Ti metal 
(10). The anodic films were formed by applying 103V be- 
tween a Ti electrode (0.25 mm thick) and a large-area Pt 
electrode in 1M Na~SO4 solution. During the anodization 
process, the Ti electrode exhibits various interference col- 
ors as the oxide film thickens with increasing voltage. 
Avalanche breakdown of the surface film occurred at 
-85V as evidenced by the localized eruption of oxygen 
bubbles, followed by the visible generation of sparks at 
the surface. Sparking was maintained at 103V for 2 min. 
Following complete breakdown of the entire surface, the 
electrode has a uniform gray appearance. Scanning elec- 
tron micrographs of the spark-anodized surface showed 
that the oxide film was quite porous in nature. Cross- 
sectional views allowed an estimate for the film thick- 
ness of -15  ~m. The sparked electrodes were etched in 
concentrated HC1 for 2 min, then reduced at -1.0V for 2 
min in 1M KC1 solution. The quan tum efficiencies of 
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these polycrystalline films ranged between 5 and 15% in 
the near UV region. Spectral response measurements 
yielded a value of 2.95 eV for the energy gap. 

The Prussian blue films were formed on the Pt and 
TiO2 electrodes by electrochemical deposition from a so- 
lution of 0.02M FeCI:/0.02M K3Fe(CN)~ in 0.01M HC1. The 
most uniform coatings were obtained by galvanostatic 
deposition from freshly made ferric-ferricyanide solutions 
under a cathodic current of 50 ~A/cm 2. A coating from 10 
to 15 mC/cm '~ was sufficient for good contrast between 
the blue Prussian blue form and the gray TiO~ back- 
ground visible through the transparent Everitt 's salt form. 

Experiments were conducted in a three-compartment 
Pyrex cell with a Pt counterelectrode and saturated calo- 
mel reference electrode (SCE). A quartz window was pro- 
vided in the main compartment for illuminating the 
working electrode. Electrode illumination was done using 
either a 150W Xe lamp or a 200W Hg lamp through appro- 
priate bandpass filters and a 4 cm water filter (Oriel Cor- 
poration). All solutions were made with purified water of 
resistivity greater than 107 12-cm (Millipore [Super-C, 
Ion-EX, Organex-Q] reagent water system) and reagent- 
grade chemicals. Test solutions were kept under a N2 
blanket throughout  the experiments. All potentials are 
referred to SCE. 

Results and Discussion 
Pruss ian  blue e lectrochemis try . - -Al though the litera- 

ture contains considerable information regarding the 
spectral properties and the electronic nature of the solid 
phase, there remains a controversy concerning the exact 
stoichiometry and redox mechanisms of Prussian blue- 
modified electrodes. The electrochemical redox behavior 
of Prussian blue-modified electrodes is quite complex. A 
typical current-potential (i/E) profile is shown in Fig. 1 
for a Prussian blue-coated Pt  electrode in 1M KC1 solu- 
tion. The three main valence forms of the film corre- 
spond to Everitt 's salt for E < 0.2V, Prussian blue for 0.2 
< E < 0.9V, and Berlin green for E > 0.9V. The electro- 
chromic redox process with its reversible potential at 
0.2V involves the blue-colored Prussian blue and trans- 
parent Everitt 's salt forms. Coulometric measurements 
show that the total amount of charge consumed in the re- 
duction of Prussian blue to Everitt 's  salt is -30% greater 
than that used to prepare the film. The Prussian blue for- 
mula Fe4[Fe(CN)G]~ or so-called water-insoluble form is 
consistent with these results and supports a redox reac- 
tion as follows 

FeJ~[Fe"(CN)6]3 + 4K ~ + 4e- ~- K4Fe,*~[FeH(CN)6]3 
Prussian blue Everitt 's salt [1] 

Itaya et al. first postulated this mechanism for the Prus- 
sian blue reduction couple on the basis of coulometric, 
ESCA, and Mbssbauer measurements (11, 12). The reduc- 
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POTENTIAL (V vs SCE) 
Fig. I .  Cyclic voltommogram for Prussian blue film on Pt showing 

redox forms stable in the various potential regimes. Scan rote = SO 
mV/s. 

tion of Prussian blue to Everitt 's salt involves the high 
spin iron. Electrons enter the film at the metaYfilm inter- 
face. The electrolyte solution in contact with the film 
provides the counterions, in this case K +, that migrate 
through the open lattice channels in order to preserve 
electroneutrality. Prussian blue is zeolitic with channel 
diameters -3.2A allowing transport of certain sized cat- 
ions and perhaps anions (11-14). The charge-transfer reac- 
tion causes the blue Prussian blue to become transparent. 

The oxidation/reduction waves centered at -0.9V on Pt 
corresponds to the Prussian blue/Berlin green redox cou- 
ple. The mechanism for this process involves the low spin 
iron atoms of the iron-cyanide groups (11, 12). Itaya et al. 
(11) have suggested that this redox process might involve 
anionic counterions for charge balancing. Neff et al. (15), 
however, have proposed a cationic counterion balancing 
mechanism for both Prussian blue reduction to Everitt 's 
salt and Prussian blue oxidation to Berlin green. The in- 
complete oxidation of all low spin iron is inferred from 
coulometric analysis. Further evidence for incomplete ox- 
idation is provided later in this paper. Other studies have 
shown that the Prussian blue to Berlin green oxidation 
involves incomplete oxidation of the hexacyanoferrate 
(II) groups (15, 16). Due to the nature of these films, water 
molecules are probably incorporated into the film (17). 
The electrochemical properties of other mixed valence 
hexacyanometalate films, including nickel and copper 
cyanoferrate and iron cyanoruthenate, have also been in- 
vestigated (18-21). 

Pruss ian blue redox conduct iv i ty . - -Dur ing  the oxida- 
tion or reduction of fixed lattice sites, the localized char- 
ges introduced into the film require the uptake of 
counterions from, or expulsion of ions into, the electro- 
lyte. While electron hopping may be the electron- 
transport mechanism, either electron hopping or ion mi- 
gration may determine the rate of overall electrochemi- 
cal-charge transport, or the redox conductivity. Redox 
conductivity controlled by either process in the absence 
of any chemical kinetic effects such as slow electron 
transfer at the electrode/film interface should follow 
Fick's diffusion laws (22). 

Quantitative measurements of the charge diffusion rate 
were made by potential step chronoamperometry (23, 24). 
In these experiments,  the voltage was stepped to a poten- 
tial where the heterogeneous electron-transfer rate is fast, 
and the current-time response was recorded. If the redox 
conductivity follows Fick's law and the apparent diffu- 
sion constant Da,p is uniform throughout  the film, then 
the current transient at short t ime can be described by 
the Cottrell equation 

i = nFADapp'12C/(~rt) '12 [2] 

where C is the initial concentration of electroactive sites 
in the film and n, F, and A are the number  of electrons 
transferred, Faraday's constant, and electrode area, re- 
spectively. Thus, a linear relation between i and t -'r-' is 
expected when a semi-infinite boundary condition 
exists. 

The chronoamperometric experiments were performed 
using a Pt disk (area = 0.019 cm 2) electrode coated by a 10 
mC/cm 2 Prussian blue film. The measure of film charge 
density refers to that required to reduce the Prussian blue 
form to Everitt 's salt. Using the Prussian blue unit cell di- 
mension of 10.17A and a density of 1.78 g/cm 3, the concen- 
tration C of electroactive sites in the Prussian blue film is 
-6.3 x 10 -~ g-moYcm 3. Ohmic solution and internal film 
resistances were compensated by a positive feedback cir- 
cuit. 

A typical Prussian blue to Everitt 's salt reduction i / t  re- 
sponse is shown in Fig. 2A. The transient is unaffected by 
the magnitude of the signal when stepped from +0.6V to 
between 0.0 and -0.6V. A typical Everitt 's salt oxidation 
response initiated at -0.2V is shown in Fig. 2B. Likewise, 
the chronoamperometric behavior is independent  of the 
final potential. For each step, it is estimated that over 
50% of the film charge is transferred within the first 20 
ms. These charging transients are plotted in Fig. 3 as i vs. 



Vol. 132, No. 6 P R U S S I A N  B L U E  F I L M S  1371 

A, 

E 
v 

U 

o 
c- 

6 

8 

B, 

8 

_.. .L,- - . . - - - ,  I 

I I I I I 
20 40 60 80 100 

I I I I ! 

6 

E 

. ~  4 

-O 
O 
~- 2 

0 I i ~ I I 

0 20 40 60 80 I00 

Time (msec) 

Fig. 2. Negative (A) and positive (B) current transients for the reduc- 
tion of Prussian blue and oxidation of Everitt's salt, respectively, for a Pt 
electrode with a 10 mC/cm z Prussian blue film in 0.9M KCI solution. 

t -~2 to test applicability of the Cottrell equation. Only at 
very short times, t < 10 ms, are the plots linear with a zero 
intercept as expected for a semi-infinite diffusion-con- 
trolled process. The apparent diffusion coefficients for 
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Fig. 3. Cottrell plots for Prussian blue reduction and Everitt's salt oxi- 
dation transients of Fig. 2A and 2B, respectively. 

the reduction and oxidation redox processes are 5.0 x 
10 .3 and 2.7 x 10-9 cm2/s, respectively. The deviation from 
Cottrell behavior at longer times indicates the transition 
from semi-infinite to finite diffusion boundary condi- 
tions (22-24). The kinetics of the Prussian blue/Everitt's 
salt redox process is reflected by the shape, relative posi- 
tion, and potential sweep rate behavior of the voltam- 
metric response (23, 25). The excellent reversibility of this 
couple demonstrated by the small potential peak separa- 
tion (see Fig. 1) is indicative of rapid electron-transfer ki- 
netics. The linear relationship found for both the oxida- 
tion and reduction peak current density as a function of 
sweep rate (to 500 mV/s) further indicates that the 
diffusion-layer thickness quickly approaches the film 
thickness. 

Concentration profiles during Prussian blue reduction 
are shown schematically in Fig. 4. The permeation of 
redox charge during the potential pulse is represented by 
the concentration profiles for Prussian blue sites in the 
film at time zero (solid line), relatively short time, <10 ms 
(broken line), and at longer times (dot-dash line). Using 
the calculated diffusion coefficients and the onset time 
for thin layer behavior, the film thickness is estimated at 
2000A, in good agreement with the predicted thickness. 
As expected for a diffusion-controlled process, similar 
overall results are obtained for the experiments carried 
out in 0.1M KC1. 

It is very interesting to note that the Cottrell slope 
(D,,,"2C) for Everitt 's salt oxidation is smaller than for 
Prussian blue reduction. This difference might be due to 
a change in the film resistance with a change in oxida- 
tion state of the film. However, this effect is also possibly 
the result of a change in the actual site concentration of 
the film due to film swelling during incorporation of 
counterions (20). Humphrey et al. (26) have recently inves- 
tigated the charge-transport properties of nickel hexa- 
cyanoferrate derivatized nickel electrodes and found that 
D,,, for oxidation was greater than for reduction. The 
redox conductivity of this system was interpreted in 
terms of t ime-dependent diffusion coefficients. 

Prussian blue/semiconductor properties.--Figure 5 
shows i/E curves for a Prussian blue-modified Pt elec- 
trode (A) and a Prussian blue-modified TiO~ electrode (B) 
for comparing the potential regions of the various surface 
processes. Under dark conditions, Prussian blue reduc- 
tion on the TiO2 electrode occurs at ~ -0.35V as shown 
(a), with no corresponding reoxidation of Everitt's salt 
form on the positive scan (b). Following reduction of the 
Prussian blue film, it remains in the Everitt's salt form 
on positive potential scan even at potentials above + 1.0V 
- - i n  sharp contrast to its facile reoxidation on Pt. Such 
behavior is expected for an n-type semiconductor elec- 
trode on which dark oxidation reactions are inhibited. 
However, if this electrode, with its "Everitt's salt- 
coating," is i l luminated with light having energy greater 
than the bandgap separation of the electrode, in this case 
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Fig. 4. Schematic representation of the Prussian blue form concentra- 

tion profiles in the film during reduction at time zero (solid line), < 10 ms 
(broken line), and > l0  ms. (dot-dash line). 
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UV (~ < 400 nm) light, an anodic photocurrent is exhib- 
ited on the positive-going scan at potentials above -0.35V 
(dashed line). No difference in the photocurrent output 
was observed between the Prussian blue-modified TiO~ 
and the bare TiO~ electrode. Therefore, the photoresponse 
of this system is due to light absorption only by the TiO2 
electrode. The negative 0.5V shift for photo-oxidation of 
Everitt 's salt on TiO~ as compared to the Pt electrode is 
due to conversion of light energy to electrochemical en- 
ergy and consequent decrease in potential needed to 
drive the reaction. After photo-oxidation of Everitt 's salt 
on TiO2, the negative going scan again shows the reduc- 
tion of Prussian blue. 

In our previous communication, we showed that the 
rate of Everitt 's salt photo-oxidation depends on the semi- 
conductor conversion efficiency, electrode potential, and 
light intensity (1). The ratio of the total quantity of cath- 
odic reduction charge (Qc) to anodic photocharge (Q~) 
shows that the average charge storage efficiency is 
greater than 95% for Everitt 's salt oxidation to Prussian 
blue. However, once the anodic photocharge exceeds the 
capacity of the Prussian blue form, the storage efficiency 
decreases and the subsequent reduction scan exhibits a 
separate peak at -0.20V, as seen by comparing curves 2 
and 3 in Fig. 6. The excess photocharge is then partially 
consumed by Prussian blue oxidation to Berlin green. On 
reduction, this doublet is due to the two-step process 
from Berlin green to Everitt 's salt. Itaya et al. (10) recently 
confirmed the further photo-oxidation of Prussian blue 
to Berlin green on semiconductor electrodes. 

Figure 7 shows the reduction response on TiO2 follow- 
ing an extended potentiostatic hold at +0.SV and elec- 
trode il lumination with UV light. We postulate that the 
additional peak at -0.05 represents the reduction of the 
completely oxidized form of Prussian blue, i.e., 
Fe~§ the so-called Prussian yellow or Prussian 
brown form. This form seems to be less stable in aqueous 
solution as compared to the others. 

The electrochemical characteristics of the semiconduc- 
tor system can be explained using an energy-band model 
(27). For the n-type TiO2 semiconductor under cathodic 
bias, the band bending makes electrons available at the 
electrode/Prussian blue interface for the reduction of any 

Prussian blue form in the film. As shown in Fig. 5, the 
Prussian blue reduction process occurs at - -0.35V. Un- 
der anodic bias, however, since no free carriers are availa- 
ble in the valence band, the oxidation process is inhib- 
ited. While the anodic photocurrent was linearly related 
to the UV light intensity, the potential of photocurrent 
onset was only slightly affected by intensity. The onset 
potential was used as an approximation for the flatband 
(ErB) potential of -0.35V (28, 29). This value for EFB agrees 
well with those estimates obtained by capacitance mea- 
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Note: scan to higher positive potential 3, shows Berlin green and Prus- 
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surements in acidic solutions (30, 31). In this highly doped 
n-type TiO2 material, the conduction band is usually 
within -0.2V of E~B (32). Since the spectral response mea- 
surement of the spark-anodized TiO~ bandgap gave a 
value of 2.95 eV, the valence band is therefore located 
positive of 2V. The potential of the photogenerated holes 
is sufficiently positive to oxidize Everitt 's  salt, Prussian 
blue, Berlin green, and electrolyte. The reduction of the 
more oxidized forms positive of EFB is perhaps due to 
electron transport via intermediate surface states of the 
semiconductor to the redox centers in the film (33). The 
band bending must  be reduced before electrons in the 

conduction band fill the intermediate states. This ac- 
counts for the narrow potential range for the reduction of 
Prussian yellow, Berlin green, and Prussian blue just pos- 
itive of the flatband potential as compared to the spacing 
for the reductions on a Pt electrode. 

Electrochromic memory.--The ability to photogenerate 
a stable image on Prussian blue-modified TiO~ electrodes 
indicates short-circuit memory because the imaged re- 
gion of the electrochromic film is not in equilibrium with 
the reduced form of the rest of the surface coating. The 
redistribution of redox charge is suppressed by the semi- 
conductor properties of the electrode substrate. There- 
fore, the effect of lateral charge transport within the film 
(involving self-exchange) is ahnost negligible for practical 
applications. For instance, if the lateral conduction is sim- 
ilar to the process normal to the surface (diffusion coeffi- 
cient - 5  • 10 -9 cm2/s), it would require an estimated 1 x 
104 min for an image to spread about 1 mm. 

A metal-semiconductor electrode was fabricated to test 
the persistence of an image and the low degree of lateral 
self-exchange. This electrode had both an Au and a TiO2 
surface region with a Prussian blue coating over the com- 
bined electrode surface. It was made from a strip of Ti 
metal, first spark anodized, then partially etched and 
electroplated with gold. Front and cross-sectional draw- 
ings of the electrode are shown in Fig. 8. Figure 8 also 
gives i/E curves for the TiO2-Au/Prussian blue electrode 
in 1M KC1 solution. The first scan (film in Prussian blue 
form) toward negative potentials (curve a) shows Prussian 
blue reduction on the Au surface at -+0 .2V and on the 
TiO~ region at - -0.4V. On the following positive scan, 
only the film on the Au side oxidizes and turns blue, as 
depicted by the anodic peak at - +0,3V. The subsequent 
negative scan shows only reduction of the Prussian blue 
coating on Au (curve b). Thus, following total film reduc- 
tion, the electrochromic process can then only proceed 
electrochemically (in the dark), on the Au substrate. How- 
ever, as expected, the Prussian blue coating on TiO2 can 
be photoelectrochemically oxidized under illumination 
with UV light at potentials positive of -0.3V. In this man- 
ner, only the TiO2 side undergoes the electrochromic pro- 
cess, provided the overall electrode potential does not ex- 
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ceed +0.2V. These results illustrate the feasibility of using 
combination semiconductor/metal electrode segments 
side-by-side in a multiplexed, light-addressable display 
device. 

Following complete reduction, then polarization to 
+0.4V, the Au film in the Prussian blue form and the 
TiO2 film in the Everitt's salt form are stable at open cir- 
cuit. However, in this condition, UV illumination of the 
TiO~ portion results in a blue image with simultaneous 
loss of blue color on the Au side. In  other words, this 
"short-circuited" semiconductor/metal system acts as a 
photobattery with Everitt's salt.oxidation at the TiO2 and 
Prussian blue reduction at the Au regions. This effect is 
due to the difference in "reversible potential" for the 
Prussian blue/Everitt 's salt redox couple on these sub- 
strates. While photo-oxidation of Everitt 's salt to Prussian 
blue on TiO~ generates electrons with sufficient energy 
to reduce Prussian blue on Au, Prussian blue is not re- 
duced by the oxidation of Everitt 's salt on Au. A further 
demonstration involved an all-TiO2 electrode containing a 
blue region. The charge (color) in this image can be trans- 
ferred by i l luminating a region containing Everitt's salt 
while under  open circuit. Thus, the Prussian blue portion 
becomes the electron accepting region for open-circuit 
photo-oxidation of Everitt's salt at some other location. 

Photoelectrochemical display operation.--A light 
addressable electrochromic display (LAED) based on a 
three-electrode configuration was developed. The photo- 
electrochromic electrode consists of a Prussian blue-mod- 
ified spark anodized Ti sheet. A tin oxide-coated glass 
plate acts as both the counterelectrode and display 
window. This laboratory device has an Ag/AgC1 reference 
electrode for allowing potentiostatic control. The display 
face measures -30 cm 2 and the flat panel is -0.5 cm 
wide. Figure 9 shows an example of a "light-written" im- 
age generated on the LAED. The image was written using 
the output of a fiber optic cable ("light-pen") connected 
to a UV light source (200W Hg lamp). The writing rate was 
-1  cm/s. No noticeable spreading of the image occurred 
after lh  on open circuit. The image was completely 
erased by a cathodic voltage pulse, leaving no "ghost" 
images. 

Conclusion 
The photo-oxidation of Everitt's salt to Prussian blue 

on semiconductor TiO2 electrodes occurs with better than 
95% photocurrent conversion efficiency. The oxidation 
of the Prussian blue film leads to the Berlin green form 
involving the incomplete oxidation of the hexacyanofer- 
rate (II) groups. A fourth oxidation stage of the film cor- 
responds to Prussian yellow or iron (III) hexacyanoferrate 
(III). Cottrell slopes of the reduction of Prussian blue and 
the corresponding oxidation of Everitt 's salt yield diffu- 
sion coefficients of 5 • 10 -9 and 2.7 • 10 -9 cm2/s, respec- 

Fig. 9. Photograph of the I.AED displaying a light-pen-written image 

tively. For the PB-modified TiO2 electrode, surface illu- 
mination with UV (X < 400 nm) light at potentials positive 
of the flatband, EFa = -0.35V, can lead to oxidation of 
Everitt 's salt to Prussian blue and Berlin green because of 
the high potential of photogenerated holes. 

Spark anodization provides polycrystalline n-type TiO2 
electrodes with reasonable photoconversion efficiencies 
(5-15%). The n-type properties of the anodically formed 
electrodes allow a stable image to be produced since 
charge transport between different redox forms present 
in the same surface film via the electrode substrate is in- 
hibited. A stable image further implies that lateral charge 
transport through electrochromic film itself is quite slow. 
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Transport Numbers in Molten Aluminum 
Chloride-l-Methyl-3-Ethylimidazolium Chloride Mixtures 

Chester J. Dymek, Jr.,* and Lowell A. King 

The Frank J. SeiIer Research Laboratory (AFSC), United States Air Force Academy, Colorado Springs, Colorado 80840 

ABSTRACT 

The transport numbers of 1-methyl-3-ethylimidazolium (MEP), AIC14-, and C1- ions were measured in equimolar 
and A1C13-poor melts of A1C13 and 1-methyl-3-ethylimidazolium chloride (MEIC1). The moving boundary method and a 
modified Hittorf method were used. The external transport numbers of the three ions in the equimolar melt were 0.70 - 
0.02, 0.30 -+ 0.02, and 0, respectively. As A1C13 mole fraction decreases, the transport number  for A1C14- decreases, while 
that for C1 § increases and that for MEI § remains the same. The internal transport number  of the MEI + relative to C1 as the 
reference is 1.00 -+ 0.02. 

Chloroaluminate melts have attracted great interest in 
recent years in connection with battery applications, as 
solvents for the stabilization of unusual  oxidation states, 
as media for conducting inorganic and organic reactions, 
and in the Alcoa smelting process. In the most familiar 
chloroaluminate melts, which contain A1C13 in combina- 
tion with an alkali chloride such as NaC1, the probable 
but never proven assumption generally made is that the 
alkali metal cation transports virtually all the charge 
passed through such a melt  (1, 2). The fraction of the 
charge carried by an individual species during the 
passage of an electrical current is called the "transport 
number"  of the species. The transport number  is an "ex- 
ternal" transport number  when the flux of the transport- 
ing species is measured relative to some physical refer- 
ence in the electrolytic cell, such as a porous separator or 
the wall of the cell. It is an "internal" transport number  
when the flux is measured relative to some other species 
present in the electrolyte. 

If one makes the assumption that the cation is the prin- 
cipal charge carrier, and ff charge transport actually is 
carried out by anions or shared between the cations and 
anions, serious errors may occur in calculating activities 
and equilibrium constants and in predicting concentra- 
tion changes and voltage changes during discharge and 
charge of batteries utilizing these melts (3). The informa- 
tion on ion transport numbers may also be sufficient to 
rule out certain battery-design concepts at some electro- 
lyte compositions. Conversely, knowledge of transport 
numbers may suggest the most promising designs to be 
investigated. 

The assumption that only the cation transports charge 
may not be valid for a melt with an organic cation, which 
can be significantly larger than A1C14-. In fact, in recent 
studies (4-6) of room temperature chloroaluminates, 
which contain A1C13 in combination with an organic salt 
such as a 1-alkylpyridinium chloride or a 1,3-dialkylimi- 
dazolium chloride, there was abundant  circumstantial ev- 
idence that anions were important charge carriers. These 
melts with organic cations are liquid at and below room 
temperature for mixtures with apparent mole fractions of 
A1C13, N, in the range 0.30 < N < 0.70. The three most 
probable anions present in chloroaluminate melts in this 
mole fraction range are CI-, A1C14-, and A12C17-. The an- 
ion fractions of all three vary with overall melt  composi- 
tion (see Fig. 1). 

The first experimental  verification that  anions trans- 
port significant charge in chloroaluminate melts was 
made by Hussey and Oye (7). They studied mixtures of 
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A1CI3 and 1-methyl-3-ethylimidazolium chloride (MEIC1) 
in the composition range 0.507 < N < 0.670. They used a 
classical Hittorf-like procedure, in which current was 
passed through a three-compartment cell. The compart- 
ments were isolated from each other by fine-porosity 
glass disks. 

At the end of each experiment,  the melt in each com- 
partment was weighed, then dissolved in water, and the 
composition determined from absorption spectroscopic 
analysis of the 1-methyl-3-ethylimidazolium cation (MEI § 
in water. Their method yielded the external transport 
number of MEI% Anion external transport numbers could 
also be extracted with lesser precision from the data. 
They obtained a value of 0.71 + 0.05 for the cation and 
composit ion-dependent values for the two chloroalum- 
inate anions. Chloride ion was present in negligible 
amounts in their composition range and was assumed to 
carry no charge. 

Hussey and Oye also calculated the internal transport 
numbers for the MEI + cation and for a luminum atoms, 
relative to chlorine atoms as the internal reference. They 
found the internal transport number  of the cation to be 
1.0, and the corresponding value for a luminum to be 0.0. 
Notice that this result does not imply that the cation car- 
ries all the charge. Since in their treatment, by definition, 
chlorine was assigned a zero internal transport number,  a 
zero value for a luminum atoms indicates that a luminum 
and chlorine are bound together in the same chemical 

1.0 ~,~,., = , l , A ! 

z O - 8  ~ ' * ' ~ -  C l -  / /  \ / "  
o / \ / 

~" ~ / / ~  AIClC '\\/' 0 0 . 6  
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z 0.4 f / / / /  - 
0 I=CIz 
Z 
< 0.2 / " "  ~ "/ 

0 t 1 I I I I \~* /  I 
0 0.1 0.2 0.3 0.4 0.5 0.6 

MOLE FRACTION AICI 3 
Fig. 1. Anion mole fractions vs. apparent mole fraction of AICI:~ in 

MEICI~/AICI 3 melts. The basis for these calculated plats is described in 
Ref. (11). 
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species, and the bare chloride ions carry no charge. The 
latter might be expected, since the concentration of C1- is 
extremely small in the composition range studied. 

This report describes work done in equimolar melts 
using a moving boundary method and also work done in 
AlCl~-poor (0.37 < N < 0.50) melts, which do contain 
significant C1- concentrations, using a modified Hittorf 
method. 

AI  COIL e -  
C A T  . . . . .  

AI COIL  
" " ' ' "  E 

Experimental 
Sample preparation.--The 1-methyl-3-ethylimidazo- 

lium chloride, MEIC1, and its binary mixtures with A1C13 
were prepared as described elsewhere (8). All sample 
preparation and handling (except in sealed apparatus) 
was conducted in an argon-filled glove box (Vacuum/At- 
mospheres Company dry box and Model MO-40 Dri 
Train) having a combined moisture and oxygen concen- 
tration less than 10 ppm. Borosilicate glassware was used. 

Apparatus.--In both methods, electric current was 
supplied and monitored by a Princeton Applied Research 
Model 173 Galvanostat and Model 179 digital coulometer. 
The moving boundary cell was immersed in a silicone oil 
bath maintained at 93~ by a Haake constant-temperature 
circulator. This temperature is slightly above the melting 
point of MEIC1. The modified Hittorf cell was kept at the 
ambient  glove box internal temperature (ca. 30~ Weigh- 
ing was done in the dry box using a Mettler AE 163 elec- 
tronic balance. Figures 2 and 3 show the main features of 
the two cells. 

Moving boundary method.--The moving boundary 
technique for determination of transport numbers  in mol- 
ten salts depends on the maintenance of a sharp bound- 
ary between two liquid phases. The two phases should 
possess one common ion, in our case, MEP, and differing 
counterions, C1- and A1C14-. It is most convenient experi- 
mentally if hydrostatic flow is eliminated. This was ac- 
complished in our cell by means of a very low porosity 
fritted disk through which all liquid transport must oc- 
cur, and by filling the two arms of the cell to about equal 
heights. Use of such a cell for determination of transport 
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Fig. 2. Moving boundary cell 
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Fig. 3. Modified Hittorf cell 

numbers in fused salts was previously reported by Duke 
and Cook (9). 

The charge transporting ions will move when an elec- 
tric current is passed across the boundary. The direction 
of electron flow is indicated by the arrow at the top of 
Fig. 2. If all the charge is carried by the common ion, 
MEF, no movement  of the meniscus will be observed be- 
cause every MEI ~ crossing the meniscus into the pure 
MEIC1 phase will be "replaced" by a MEt ~ crossing the 
fritted disk. However, if the counterion in the melt in 
which the porous disk is located, i.e., A1Ch-, carries 
charge, the effect of current passage is for the meniscus to 
move in the direction of the disk. In this case, an A1Ch- 
moving down through the fritted disk is not "replaced" 
by another from above the meniscus. As a practical mat- 
ter, the leading counterion, A1Ch-, must  possess a higher 
mobility than the trailing counterion, C1-. This will insure 
the maintenance of a sharp moving boundary between 
the two _phases. 

Moving boundary experiments were conducted in cells 
such as shown in Fig. 2. The fritted disks originally were 
fine through ultrafine porosity. They were partially 
fused during cell assembly to further reduce the possibil- 
ity of significant hydrostatic flow during the course of 
an experiment. The capillary tubing used in the moving 
boundary cells was calibrated beforehand in volume per 
unit  length with mercury in the conventional manner. 
The radius of the capillary we used was 0.104 cm. (We also 
used capillaries of 0.059 cm and 0.17 cm. The ohmic re- 
sistance of the former was too large to permit passage of a 
convenient current. A sharp meniscus was difficult to 
maintain in the largest radius capillary at the maximum 
currents the galvanostat could provide, given the total re- 
sistance of the cell.) 

The moving boundary cell was filled inside the glove 
box in the following manner. Equimolar MEIC1-A1CI~ at 
ambient  temperature was placed in the compartment op- 
posite the capillary. The compartment was filled so that 
the melt was in contact with the porous separator. A sev- 
eral centimeter head was maintained unti l  liquid could be 
seen on the capillary side of the disk (this required, as a 
minimum, 15h and insured that the disk was saturated 
with the equimolar melt). Then, more of the equimolar 
melt was added on the capillary side until  the capillary 
was very nearly filled. Thus, the equimolar melt is the 
electrolyte in contact with both sides of the porous disk 
and therefore also the electrolyte in which the transport 
numbers are being measured. The addition was made 
with a Pasteur pipette inserted through the capillary to 
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exclude bubbles and to avoid wetting the wall of the com- 
partment above the capillary. With another Pasteur pi- 
pette, pure MEIC1 from a reservoir maintained above its 
melting point was carefully added on top of the 
equimolar melt column. 

The a luminum coils (Alfa Products, 99.999% A1) were 
quickly (but carefully, to minimize mixing at the liquid- 
liquid interface) immersed in the two compartments be- 
fore the MEIC1 solidified. The capped cell was then re- 
moved from the glove box. When the MEIC1 was remelted 
in the oil bath, a distinct meniscus was evident between 
the two liquids. [The densities at 93~ of MEIC1 and of the 
equimolar melt  are 1.1120 and 1.2395 g/cm '~, respectively 
(6).] The meniscus became very sharp within a few sec- 
onds after the current was turned on. As indicated in Fig. 
2, electron flow in the external circuit was from the right 
electrode to the left, and, consequently, negative ion con- 
duction in the electrolyte would be from the left compart- 
ment  to the right, or "down the capillary." A constant 
current of 20-30 mA was most convenient, and no depen- 
dence of calculated transport numbers on current was 
noted between 7.5 and 50 mA. The meniscus fell at about 
1.4 cm/h at 20 mA. The meniscus movement  was deter- 
mined by measuring (using a cathetometer) the distance 
between the meniscus and an index mark on the capil- 
lary. Cathetometer readings of the meniscus location and 
index mark were made to a precision of _+9.05 cm. 

When the current was turned on, the meniscus location 
and the total number  of coulombs passed were recorded 
at periodic intervals. By the time the first reading was 
taken, the meniscus was sharp; the number  of coulombs 
passed at that point was subtracted from all subsequent 
values. The corresponding meniscus location thus be- 
came the "zero" position for meniscus movement.  

We evaluated the electrode reaction products and hy- 
drostatic flow through the fritted disk for their possible 
effects on the melt  composition and the meniscus posi- 
tion. Oxidation of aluminum at the anode (in the N = 0.5 
melt) can be represented by the reaction 

A1 + 7A1C14- ---> 4A1~C17- + 3e- 

The acidic melt  formed at the anode is well removed from 
the fritted disk. Also, since it is denser than neutral melt 
and mixes slowly, it is unlikely that significant A12C17- 
concentration builds up near the fritted disk. The cathode 
reaction (in the pure MEIC1) must involve reduction of 
MEI ~, but  the products of the reaction have not been 
identified. The reduction does produce a distinct orange- 
brown color in the vicinity of the coiled aluminum cath- 
ode; however, the colored product does not appear to dif- 
fuse into the capillary. This observation, along with the 
constancy of the transport number  obtained during a run 
(see Fig. 4 and related discussion), strongly support the 
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Fig. 4 Experimental results for Run 174,16 of moving boundary 

method. Equivalents of salt transported across the porous disk vs .  charge 
passed. 

assumption that the electrode reaction products do not 
significantly affect the calculated transport numbers. 

In separate experiments (for each different porous disk 
used), enough equimolar melt was added to the capillary 
side of the cell to only half fill the capillary section. 
Motion of the meniscus was followed for 12-24h as a sev- 
eral centimeter head of melt  was maintained on the other 
side of the porous disk. A typical hydrostatic flow rate 
was about 1% of the total flow rate observed during 
passage of a 20 mA current. Not even this hydrostatic 
flow rate would occur in an actual experiment,  where the 
two liquid columns were at about the same height. Fur- 
thermore, a connecting tube between the vapor spaces of 
the two compartments  prevented any unequal buildup of 
gas pressure from the electrode reactions. Accordingly, 
no corrections to the data for hydrostatic flow or pres- 
sure differences in the gas above the columns were 
deemed necessary. 

Modified Hittorf method.--The cell was comprised of 
two concentric tubes,, open at the top, and communicat- 
ing by a fine-porosity glass disk, which was the bottom 
of the inside tube (see Fig. 3). Coils of aluminum wire 
(Alfa Products, 99.999% A1) were placed in each compart- 
ment. As with the other cell, the porosity of the glass disk 
was further reduced by partial fusion to reduce the possi- 
bility of hydrostatic flow between the compartments. 
This cell was filled and operated inside the glove box. 

We call this technique a "modified Hittorf method" be- 
cause there is a region defined by the porous separator in 
the cell in which the changes in species concentrations 
are measured and related to transport of ions into and out 
of the region. The inner compartment  is such a region in 
our cell and it is also the anode, so the expected ionic 
motion during the passage of current is for MEI § cations 
to migrate out of this compartment  and for anions to mi- 
grate into it. The composit ion and mass of the anolyte 
would be affected by both ion migration and the anodiza- 
tion of the aluminum electrode, i.e, A1 + 4C1- --* 4A1C14- 
+ 3e-. Thus, the mass and composition of the anolyte (be- 
fore and after electrolysis), along with the charge passed 
through the cell, are required to determine how many 
moles of each species transported charge across the disk. 
Because of the unknown cathodic processes in basic (N < 
0.5) melts (aluminum deposition does not occur to any 
significant extent), we did not at tempt to relate the 
catholyte composit ion to any transport properties. 

The hydrostatic flow rate was determined by moni- 
toring the change in mass of the anode compartment  for 
several hours while it was filled with sufficient melt to 
provide a 12 mm hydrostatic head above the frit. The leak 
rate was found to be 0.0012 g/h per mm of pressure head. 
In the cell assembly and operation, we estimate that the 
anolyte and catholyte levels can be maintained to within 
-- 2 mm, so our leak-rate error did not exceed -+ 0.002 g/h. 
In a typical measurement,  this leak-rate uncertainty con- 
tributes -+ 0.006 to the overall uncertainty in the transport 
number. 

The anode compartment  (including the aluminum an- 
ode) was weighed empty of melt except  for the amount of 
melt required to saturate the frit. This recorded tare 
weight also included a beaker used to hold the anode 
compartment  during the weighings. The anode compart- 
ment  was then filled with melt  of a known composition 
and weighed again to obtain the initial mass of anolyte. 
Melt of the same composition then was placed in the cath- 
ode compartment.  Next, the cell was assembled so that 
the anolyte and catholyte levels were at the same height. 
Finally, the cell was connected and a known charge 
passed at constant current of 50 mA. Then the anode 
compartment  was removed, its outside surface was wiped 
clean, and it was weighed. 

Since the method of wiping the outside frit surface can 
introduce serious error into the weight of the anolyte, the 
magnitude of this error was determined. The anode com- 
partment containing melt  was submerged in the catholyte 
for several minutes and then removed, wiped, and 
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weighed .  S u c c e s s i v e  cycles of  th i s  p r oce s s  r e su l t ed  in  an  
u n c e r t a i n t y  of -+ 0.0005g for t h e  m o r e  v i scous  bas ic  me l t s  

(0.33 < N < 0.7~0). F o r  t he  less  v i scous  me l t s  (0.40 < N < 
0.48), t he  w i p i n g  p roces s  h a d  to b e  d o n e  m o r e  gen t ly  to  
a ch i eve  a n  u n c e r t a i n t y  of  -+ 0.001g. Run no. 

By  co r r ec t i ng  for  t he  a m o u n t  of  a l u m i n u m  a n o d i z e d  
in to  t h e  m e l t  u s i n g  t he  k n o w n  a n o d e  r eac t i on  s to ich iome-  
try, t he  w e i g h t  c h a n g e  of t he  m e l t  c an  be  c o m b i n e d  w i t h  174,14 174,16 
the  c o m p o s i t i o n  c h a n g e  to ob ta in  t he  n u m b e r  of  moles  of  174,20 
ions  t r a n s p o r t e d  in to  or ou t  of  t he  a n o d e  c o m p a r t m e n t  for 174,21 
a g iven  pa s sage  of  charge.  T he  ano ly t e  c o m p o s i t i o n s  be- 174,23 
fore a n d  af ter  pa s sage  of  a m e a s u r e d  c h a r g e  we re  deter-  174,31 
m i n e d  b y  p r o t o n  nuc l ea r  m a g n e t i c  r e s o n a n c e  (NMR) 174,33 
s p e c t r o s c o p y  of a l iquo t s  r e m o v e d  f r o m  t he  ano ly te  com- 
p a r t m e n t .  P r io r  to o b t a i n i n g  t h e  a l iquots ,  t he  anolyte ,  
w h i c h  h a d  a l r eady  b e e n  weighed ,  was  s t i r red  to i n su re  a 174,36 
u n i f o r m  c o m p o s i t i o n  of m e l t  in  t h e  a n o d e  c o m p a r t m e n t .  
NMR spec t r a  we re  t a k e n  w i t h  a J E O L  Mode l  FX90Q 174,43 
NMR s p e c t r o m e t e r .  Th i s  p r o c e d u r e  is t he  s a m e  as de- 
s c r ibed  e l s e w h e r e  (10), e x c e p t  t h a t  a h e x a m e t h y l d i s i l o x -  
ane  e x t e r n a l  s t a n d a r d  was  u s e d  a n d  t he  s p e c t r o m e t e r  was  
o p e r a t e d  at  90 MHz in  t he  p r e s e n t  work .  

Th i s  p r o c e d u r e  was  p e r f o r m e d  for  severa l  m e l t s  in  t h e  175,3 
r ange  0.33 < N < 0.48. P r io r  to each  e x p e r i m e n t ,  t he  fr i t  175,5 
was  s a t u r a t e d  w i t h  m e l t  to be  u s e d  in  t h a t  e x p e r i m e n t  b y  175,6 
p lac ing  s o m e  of  t he  m e l t  in  t he  a n o d e  a n d  le t t ing  it  dif- 175,7 
fuse t h r o u g h  t he  frit. 

All data 
Results and Discussion 

Moving boundary method.---For each  ion  m o v i n g  in  t he  
v ic in i ty  of  the  b o u n d a r y ,  a c o r r e s p o n d i n g  ion  is m o v i n g  
t h r o u g h  t h e  p o r o u s  disk.  Thus ,  th i s  e x p e r i m e n t  real ly  
m e a s u r e s  t he  t r a n s p o r t  of ions  t h r o u g h  t h e  disk.  I t  fol- 
lows t h a t  t he  t r a n s p o r t  n u m b e r s  o b t a i n e d  are ex t e rna l  
t r a n s p o r t  n u m b e r s  as d e s c r i b e d  b y  .!-Iussey a n d  Oye. The  
t r a n s p o r t  n u m b e r s  were  ca l cu la t ed  f rom 

e q u i v a l e n t s  of  sa l t  t r a n s p o r t e d  
t_(A1C14-) = 

e q u i v a l e n t s  of  c u r r e n t  p a s s e d  

(IIr2hh)p/M 
Q/F 

w h e r e  r is t he  capi l la ry  rad ius ,  p is t he  dens i ty  of  
e q u i m o l a r  mel t ,  hh is t he  d i s t ance  t r a v e l e d  b y  t he  b o u n d -  
ary, M is t h e  g r a m  e q u i v a l e n t  w e i g h t  of  the  e q u i m o l a r  
melt ,  F is t h e  F a r a d a y  cons t an t ,  a n d  Q is t he  cha rge  
passed.  The  " e q u i v a l e n t s  of  sa l t  t r a n s p o r t e d "  d o w n  t h e  
capi l la ry  is e q u a l  to t he  e q u i v a l e n t s  of  A1C14- t r a n s p o r t e d  
across  t he  p o r o u s  d i sk  s ince  t he  ME I  § is t he  on ly  ca t ion  in  
t he  two  p h a s e s  f o r m i n g  t he  b o u n d a r y .  

The  r e su l t s  of  t he  m o v i n g  b o u n d a r y  e x p e r i m e n t s  are  
g iven  in  T a b l e  I. The  da ta  f rom e x p e r i m e n t  174,16 are  also 
p lo t t ed  in  Fig. 4. T h e  p lo t t ed  da ta  s h o u l d  be  c o n s i d e r e d  
on ly  r e p r e s e n t a t i v e ;  t hey  are n e i t h e r  t he  be s t  no r  t he  
poores t  in  t e r m s  of  e x p e r i m e n t a l  scat ter .  

S ince  A1C14- is, p r e s u m a b l y ,  t he  on ly  a n i o n  p r e s e n t  in  
s ign i f ican t  c o n c e n t r a t i o n  in  t he  N = 0.50 mel t ,  t h e  re- a n d  
m a l n d e r  of  t he  c h a r g e  will  b e  car r ied  b y  t he  i m i d a z o l i u m  
cat ion.  I f  one  a s s u m e s  for t he  t r a n s p o r t  n u m b e r  of  A1CI~- 
t he  overa l l  v a l u e  0.30 -+ 0.02, g i v e n  in  Tab le  I, t h e  
i m i d a z o l i u m  ion  t r a n s p o r t  n u m b e r  wil l  be  0.70 -+ 0.02. 
This  v a l u e  is in  a g r e e m e n t  w i t h  t he  0.71 -+ 0.05 r e p o r t e d  
by  H u s s e y  a n d  Dye (7) for acidic  mel t s .  H u s s e y  a n d  Oye 
c la im t h e i r  v a l u e  is va l id  t h r o u g h o u t  t he  A1C13 compos i -  
t i on  range ,  0.50 < N < 0.67. T he  a g r e e m e n t  is pa r t i cu la r ly  
g ra t i fy ing  in  v i ew  of  t he  two  d i f f e ren t  e x p e r i m e n t a l  ap-  
p r o a c h e s  t aken .  

It  s h o u l d  b e  n o t e d  t h a t  H u s s e y  a n d  0 y e  w o r k e d  at  28~ 
wh i l e  t h e  p r e s e n t  da ta  were  t a k e n  at  93~ I t  is no t  k n o w n  
what ,  if  any,  ef fec t  t he  t e m p e r a t u r e  ha s  on  the  o b s e r v e d  
t r a n s p o r t  n u m b e r s .  

Modified Hittorf method.--In t h i s  m e t h o d ,  t h e  mea-  
s u r e d  mass ,  m, a n d  m o l e  f r ac t ion  of  A1C13, N, of  t he  ano-  
lyte  we re  u s e d  to ca lcu la te  t he  n u m b e r  of  mo le s  of  MEIC1 
a n d  A1C13 be fo re  a n d  a f te r  e ach  p a s s a g e  of c h a r g e  as 
fol lows 

Table I. Moving boundary data for equimolar 
AICI3-1-methyl-3-ethylimidazolium chloride 

Total 
Number charge 

I (mA) t_(A1C14-) of data (meq) 

20 0.258 -+ 0.003 3 0.24 
20 0.314 -+ 0.001 9 0.69 
20 0.260 -+ 0.0008 9 0.68 
20 0.253 -+ 0.001 9 0.67 
20 0.256 - 0.0004 8 0.66 
20 0.330 +- 0.0009 4 0.28 
15 0.343 _+ 0.001 7 0.37 
20 0.318 _+ 0.002 4 0.20 
15 0.327 -+ 0.002 9 0.40 
13 0.336 -+ 0.002 4 0.20 
[all] 0.335 -+ 0.002 17 0.87 
40 0.333 -+ 0.002 9 1.37 
50 0.365 -+ 0.0006 4 0.46 
20 0.265 2 0.03 
17.5 0.286 -+ 0.005 3 0.10 
15 0.278 -+ 0.002 4 0.18 
12.5 0.272 _+ 0.002 4 0.14 
10 0.272 -+ 0.003 3 0.12 
7.5 0.256 -+ 0.004 4 0.14 

[all] 0.272 -+ 0.008 20 0.90 
30 0.330 -+ 0.002 10 0.62 
30 0.301 -+ 0.0006 15 0.79 
30 0.300 -+ 0.001 9 0.44 
30 0.291 -+ 0.0007 10 0.85 

0.299 +- 0.02 143 

(1 - N)m 
mol  (MEIC1) = 

MAlcl3N + MME1Cl(1 -- N) 
a n d  

Nm 
mol  (A1CI~) = 

MAIc13N + MMEICl(1 -- h0 

w h e r e  t he  M is t h e  f o r m u l a  w e i g h t  of  the  subsc r i p t ed  
species .  

S ince  h mo l  (MEIC1) is t he  s ame  as h mol  (MEI ~) in  t he  
anolyte ,  we can  ca lcu la te  t he  tools  of  MEI  ~ t r a n s p o r t e d  
ou t  of t he  anoly te .  Similar ly ,  h mo l  (A1CI~) - Q/3F gives  h 
mol  (A1C14-), or t he  n u m b e r  of moles  of A1C14- t rans -  
p o r t e d  in to  t he  anolyte ,  s ince  A1C14- is the  on ly  A1 
c o n t a i n i n g  a n i o n  p r e s e n t  in  t he  bas ic  melt .  The  Q/3F cor- 
r ec t ion  is r e q u i r e d  to a c c o u n t  for A1C14- f o r m e d  b y  anodi -  
za t ion  of  t he  A1 a n o d e  b y  t he  r eac t ion  

A1 + 4C1- --> A1C14- + 3e -  

T h u s  we  h a v e  

t§ (MEI § = 
h mol  (MEICl)  

Q/F 

t_ (A1C14-) = 
h mol  (A1C13) - Q/3F 

QIF 

t_ (C1-) = 1 - t_ (A1Cl4-) - t§ (MEI ~) 

The  da ta  r e c o r d e d  are t a b u l a t e d  in Tab le  II  w i th  the  
runs  l i s ted  in  o rde r  of  i nc rea s ing  A1C13 mole  f rac t ion  of 
the  me l t s  used.  The  resu l t s  u s ing  t h e s e  da ta  are l i s ted  in 
Table  III  w i th  t he  s ame  o rde r ing  of  t he  runs .  The  ini t ial  
ta re  we igh t s  l i s t ed  in Table  II  i nc lude  t he  w e i g h t  of  t he  
b e a k e r  u s e d  to con t a in  the  a n o d e  c o m p a r t m e n t  for the  
we igh ings .  In  Fig. 5, t he  t r a n s p o r t  n u m b e r s  o b t a i n e d  b y  
th i s  m e t h o d  are p lo t t ed  aga ins t  t he  mo le  f r ac t ion  of  t he  
m e l t  used.  Severa l  r u n s  were  p e r f o r m e d  at  N = 0.37, a n d  
the  r e su l t s  a t  t h i s  p o i n t  ref lect  t he  u n c e r t a i n t y  in t h e  
data.  E v e n  c o n s i d e r i n g  th i s  fair ly l a rge  sca t t e r  in  t he  re- 
sults ,  it is c lear  t h a t  t h e  t r a n s p o r t  n u m b e r s  for  t he  C1- a n d  
A1C14- v a r y  a p p r o x i m a t e l y  w i t h  t h e  c o n c e n t r a t i o n s  of  
t h e s e  species .  W h e n  t he  t r a n s p o r t  n u m b e r s  for t h e s e  an- 
ions  are  p lo t t ed  aga in s t  t he i r  mo la r i t i e s  in  t he  me l t s  (Fig. 
6), i t  also b e c o m e s  c lear  t h a t  t he  two  a n i o n s  h a v e  app rox-  
ima te ly  t he  s a m e  mobi l i t i es .  Th i s  m a y  b e  ra t iona l i zed  b y  
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Table II. Data from modified Hittorf method experiments 

Initial N Final N Q Initial m Final m m (tare) 
(-+ 0.001) (• 0.001) (_+ 0.5C) (• 0.0001g) (-+ 0.0001g) (-+ 0.0001g) 

Table III. Results from modified Hittorf method experiments 

0.337 0.348 100 8 4 . 6 2 4 6  84 .5882  77.6930 
0.338 0.354 100 8 3 . 0 6 3 5  82 .9958  77.7058 
0.359 0.383 145 8 2 . 7 4 9 5  82 .6673  77.7679 
0.359 0.382 121 8 1 . 9 7 9 7  81 .9125  77.7582 
0.371 0.390 247 8 9 . 0 2 1 2  88 .9088  77.5058 
0.371 0.379 100 8 7 . 8 2 7 0  87 .7827  77.5883 
0.372 0.387 148 8 7 . 2 0 2 1  87 .1366  77.7888 
0.372 0.384 151 8 8 . 6 6 7 3  88 .8021  77.5810 
0.372 0.406 342 8 5 . 8 0 8 5  85 .6707  77.2831 
0.373 0.388 160 8 6 . 7 4 3 2  86 .6697  78.0754 
0.373 0.392 194 8 5 . 9 3 4 0  85 .8583  77.3232 
0.374 0.398 154 8 3 . 3 5 4 8  83 .2864  78.3489 
0.389 0.420 189 8 3 . 4 9 1 6  83 .4020  77.7366 
0.405 0.427 132 8 3 . 9 3 6 1  83 .8758  78.5722 
0.405 0.427 141 8 4 . 3 9 6 2  84 .3307  78.5513 
0.406 0.418 125 8 6 . 7 9 6 9  86 .7439  77.4382 
0.424 0.454 147 8 3 . 0 7 8 3  83 .0107  78.5441 
0.424 0.451 144 8 3 . 4 6 2 7  83 .4000  78.5359 
0.449 0.474 126 8 3 . 7 4 3 4  83 .6919  78.6353 
0.450 0.478 159 8 4 . 2 2 0 5  84 .1640  78.6213 
0.467 0.489 168 8 5 . 8 4 2 6  85 .7727  77.7502 
0.479 0.496 111 8 4 . 7 7 8 1  84 .7265  78.5159 

Initial N t+(MEI § t _(A1CI4-) t_(C1-) t 'R 

0.337 0.640 0.175 0.185 0.991 
0.338 0.790 0.115 0.096 1.009 
0.359 0.735 0.130 0.135 0.979 
0.359 0.712 0.115 0.173 0.948 
0.371 0.703 0.177 0.120 1.002 
0.371 0.700 0.183 0.118 1.006 
0.372 0.661 0.140 0.199 0.934 
0.372 0.697 0.188 0.115 1.009 
0.372 0.677 0.187 0.136 0.995 
0.373 0.668 0.136 0.197 0.933 
0.373 0.665 0.183 0.153 0.982 
0.374 0.643 0.119 0.238 0.899 
0.389 0.746 0.212 0.042 1.052 
0.405 0.715 0.190 0.095 0.996 
0.405 0.719 0.189 0.092 0.997 
0.406 0.707 0.205 0.088 1.004 
0.424 0.744 0.219 0.037 1.029 
0.424 0.739 0.232 0.029 1.038 
0.449 0.762 0.276 -0.037 1.071 
0.450 0.737 0.288 -0.025 1.063 
0.467 0.791 0.303 -0.093 1.099 
0.479 0.763 0.235 0.002 1.013 

no t ing  tha t  the  smal le r  ionic radius  of  the  C1- ions  may  
be offset  by  its s t ronger  assoc ia t ions  w i th  s u r r o u n d i n g  
ions  due  to its larger  cha rge /vo lume  ratio. This  depen-  
d e n c e  of  the  s t r e n g t h  of  ion assoc ia t ions  on charge/vol-  
u m e  ratio m a y  also exp la in  in  par t  t he  large t r anspo r t  
n u m b e r  of  the  MEI  + relat ive to t he  smal le r  anions.  How- 
ever,  fu r the r  work,  i nc lud ing  molecu la r  orbital  calcula- 
t ions  on the  spec ies  in the  mel t s  and  the i r  in terac t ions ,  is 
r equ i red  for  an u n d e r s t a n d i n g  of  the  actual  t r anspo r t  
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Fig. 5. External transport numbers of the-melt species vs.  mole fraction 
AICI 3 in the melt. Squares: Experimental results for modified Hittorf 
method. Circles: Results for moving boundary method. 

m e c h a n i s m ,  and  s u c h  work  is in  p ro g re s s  at th is  labora- 
tory. 

Internal transport numbers . - -The use  of  in ternal  t rans-  
por t  n u m b e r s  to relate E M F  data  f rom concen t r a t i on  cells 
us ing  these  mel t s  to t h e r m o d y n a m i c  data  was  de sc r ibed  
by  Oye and  King  (3). In the i r  p a p e r  on t r anspo r t  n u m b e r s  
in  acidic mel ts ,  H u s s ey  and  Oye (7) r ep o r t ed  tha t  the  in- 
te rna l  t r anspo r t  n u m b e r  of  MEI ~ (relative to C1 p r e s e n t  in  
the  ch lo roa lumina te  anions)  is 1.00. Thei r  ex te rna l  t rans-  
por t  n u m b e r s  for MEI § (tR) and  A1 (tA~) can  be  re la ted to 
our  ex te rna l  t r a n s p o r t  n u m b e r s  for MEI + and  A1C14- as 
fol lows 

tR = t§ (MEI § 

and  

tA] = -3[t_(A1C14-)] 

We can  t h e n  use  the i r  Eq. [19] to calculate  the  in te rna l  
t r anspor t  n u m b e r  for MEI § (tR') f rom our  data  

1 - N  
tR' = t R + - - ( 1 - - t A t - - t R )  

2 N +  1 

The va lues  of  tR' ca lcula ted  f rom our data  in th is  way  are 
t abu la ted  in Table  III and  p lo t ted  aga ins t  N in  Fig. 7. The 
m e a n  value for tR' in t he  basic  mel t s  we  u s e d  is 1.00 -+ 0.02 
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(95% confidence limits). It thus appears that, over the en- 
tire range in which the MEIC1/A1C13 melts are liquid at 
room temperature (0.33 < N < 0.67), the internal transport 
member  for the MEI ~ is 1.00. 

Conclusions 
The external and internal transport numbers of species 

in basic and neutral MEIC1/A1C13 melts obtained using 
the two methods reported agree with the values obtained 
for acidic melts by Hussey and Oye (7). The MEI § has ex- 
ternal (relative to porous glass disks) and internal (relative 
to C1 in the melt) transport numbers  of 0.70 and 1.00, re- 
spectively. The external transport numbers  of the anions 
are roughly proportional to their concentrations in the 
melts. 
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Notes 

Large-Scaled Polyacetylene Batteries 
Takao Nagatomo,* Hidehiko Kakehata, Chiaki Ichikawa, and Osamu Omoto 

Shibaura Institute of Technology, Shibaura, Minato-ku, Tokyo 108, Japan 

Many detailed investigations on the electronic structure 
and the physical properties of (CH)~ film have been done 
since Shirakawa et al. proposed the synthetic method in 
the form of silvery films by a direct polymerization of 
acetylene on the surface of concentrated soluble catalyst 
solution in 1974 (1). Polyacetylene, (CH)x, film is the 
simplest conjugated polymer consisting of parallel chains 
of CH groups. It has recently been of considerable inter- 
est as the electrode active material of secondary batteries, 
with many superior features: (i) it contains an interwoven 
network of ca. 200~ (CH)x fibrils; (ii) the electrical con- 
ductivity of (CH).r films can be varied over 12 orders of 
magnitude from insulator to metal when suitably doped 
with donor or acceptor species; (iii) it is very stable chemi- 
cally; there are other attractive features (2, 3). This battery 
promises to be lighter and has higher power and energy 

*Electrochemical Society Active Member. 

densities as compared to conventional batteries such as 
lead-acid batteries. 

We have reported the properties of the polyacetylene 
batteries (4-6). An n-(CH)x/LiC104 + PC/p-(CH)j. battery 
was investigated for 2600 charge-discharge cycles, al- 
though doping levels were shallow (y = 0.002). The maxi- 
mum energy density obtained was 424 Wh/kg, based on 
the weight of the electrbde active material (both elec- 
trodes; - 8  mg) under the charge-discharge conditions of 
the stored charge of 10.8C and the liberated charge of 
4.52C (4-6). In this paper, we describe the charge-dis- 
charge characteristics of large-scaled polyacetylene 
secondary batteries with electrode areas of 20 - 54 cm 2. 

The cis-(CH)~ films were polymerized by the Shira- 
kawa technique (1). Care was taken to achieve pure (CH)x 
starting material through extensive washing to remove all 
catalyst, with subsequent  storage and handling in inert at- 
mosphere to minimize oxygen content. All experiments 
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for batteries were carried out in the absence of air and 
moisture in the argon atmosphere of a dry glass vessel as 
the electrical properties of (CH)x films degraded on expo- 
sure to air and moisture. In our experiments,  (CH)x film 
on which 1000A of gold had been evaporated on one side 
and aluminum foil (-100/~m) were employed as the posi- 
tive and negative electrodes on the doping and charging 
processes, respectively. Gold wire was attached to one 
end by pressed mechanical contact, and the (CH)x with 
current collector of the evaporated gold film and alum- 
inum foil electrodes were placed at ca. 3 mm distance in a 
1.0M solution of LiC104 in the mixture of propylene car- 
bonate (PC; 20%) and ethylene carbonate (EC; 80%) 
through a glass filter. The cis-(CH)x film used as the elec- 
trode active material had the film thickness of 50 - 100 
~m and the areas of 10 ~ 27 cm 2. The battery was com- 
prised of two (CH).~ cathodes and one A1 anode, arranged 
in an alternating fashion with A1 forming the inner elec- 
trode in the stack. Two types of batteries were fabricated 
for use in these studies: the first had a cathode area of 20 
cm 2 (2 cm width • 5 cm length • 2 sides); the second had 
a cathode area of 54 cm 2 (3 cm width • 9 cm length • 2 
sides). If  the (CH).~ film and A1 foil electrodes were at- 
tached to the positive and negative terminals, respec- 
tively, of a battery or dc power source (ca. 3.8V), perchlo- 
rate ions diffused into the positive electrode in a manner 
analogous to the way one would dope a semiconductor 
and lithium ions deposited on the negative electrode. The 
extent of doping was calculated from the weight of the 
(CH)~ film employed and the number  of coulombs 
passed. 

The course of the cell voltage of a p-(CH)JLiC104 + PC 
+ EC/A1 battery during charge and discharge is illustrated 
in Fig. 1. These batteries had a cathode area of 20 cm 2. A 
1.0M solution of LiC104 in the mixture of propylene car- 
bonate (PC; 20%) and ethylene carbonate (EC; 80%) was 
used as the electrolyte. These batteries were charged at 
constant currents of 10, 15, and 20 mA for 10 min and dis- 
charged at constant currents of 10, 15, and 20 mA to 2.5V 
immediately after charging, respectively. These charge 
and discharge rates in amperes per kilogram of (CH)x (35 
mg) are 286, 429, and 571, respectively. In these condi- 
tions, the charging voltage was gradually raised with an 
increase in charging current and was in excess of 4.5V at 
the charging current of 20 mA. The coulombic and power 
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Fig. 1. The course of the cell voltage of p-(CH)x/LiCIO4 + PC + 
EC/AI battery with a cathode area of 20 cm 2 during charging and 
discharging as a parameter of charge and discharge currents. Charge 
and discharge rates of (CH)x (3S mg): 10 mA, 286 A/kg; 1S mA, 429 
A/kg; 20 mA, 571 A/kg. The inset shows the coulombic and power 
efficiencies vs .  the charging and discharging currents. 
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Fig. 2. The coulombic (r/~) and power.(~/p) efficiencies of the charge- 
discharge cycle of p-(CH)JLiCIO4 + PC + EC/AI battery with a cath- 
ode area of 20 cm 2. Charge and discharge conditions: charging at 10 
mA (286 A/kg) for 10 min; discharging at 10 mA to 2.5V. 

efficiencies vs. the charging and discharging currents are 
illustrated in the inset. The coulombic and power effi- 
ciencies of charge-discharge cycle decreases with an in- 
crease in the charging and discharging currents. The loss 
of charge becomes gradually large, and can be caused by 
the chemical reaction of the electrolyte or by the reaction 
of impurities in the electrolyte with [CH+"(CIO4)~-]x and 
A1, and by the degradation of (CH)~ and the decomposi- 
tion of the organic solvent due to the excess amounts of 
charge and the large charging voltage. In addition, the 
loss of charge can be caused by the insufficient extrac- 
tion of charge during the discharge to 2.5V. The problems 
of the degradations of (CH)x, such as the cross-linking re- 
action and the replacement of (CH)~ due to charging and 
discharging processes, and of the decomposit ion of the 
solvent are the subjects for a future study. 

The coulombic ( ~ )  and power (Vp) efficiencies of the 
charge-discharge cycle of p-(CH)flLiC104 + PC + EC/A1 
battery are shown in Fig. 2. This battery was charged and 
discharged for 30 cycles, each cycle consisting of a 10 min 
charge at 10 mA (286 A/kg) and a discharge at 10 mA to 
2.5V. The coulombic and power efficiencies were 83 and 
69%, respectively. No degradation of the charge-discharge 
characteristics was observed even after 30 successive 
charge-discharge cycles. This battery has a cathode area 
of 20 cm 2 as aforesaid. Although this battery had a cath- 
ode area ten times as large as that of the 2 cm 2 polyacety- 

4 Charge 15mA(54C) 

,,., 15 10mA 5mA 
~> . (25.8C) (26.4C) 
- -  Discharge 

0 I I I 

0 30 60 90 
T ime  ( ra in )  

Fig. 3. The course of the cell voltage of p-(CH)x/LiCIO4 + PC + 
EC/AI battery with a cathode area of 54 cm 2 as a parameter of dis- 
charging current. 
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lene battery, the characteristics of the battery were by no 
means inferior to the 2 cm 2 battery. 

The course of the cell voltage of the polyacetylene bat- 
tery with a cathode area of 54 cm 2 during discharging is il- 
lustrated in Fig. 3 as a parameter of discharging current. 
These polyacetylene batteries were initially charged at 15 
mA for 60 min (54C, doping level y = 13.7%) and dis- 
charged at constant currents of 5, 10, and 15 mA to 2.5V 
immediately after charging. These discharge rates, in am- 
peres per kilogram of (CH).~ (94.5 mg) are 52.9, 105.8, and 
158.7, respectively. The energy density values obtained 
were: 5 mA, 114 Wh/kg; 10 mA, 110 Wh/kg; and 15 mA, 100 
Wh/kg when the battery was discharged to 2.5V. As com- 
pared with the charge-discharge characteristics of 2 cm 2 
polyacetylene battery, there was no significant difference 
between large-scaled polyacetylene battery (cathode area 
of 54 cm ~) and 2 cm 2 battery. The coulombic efficiencies 
for the 5, 10, and 15 mA discharges in Fig. 3 are 48.7, 47.8, 
and 45.0%, respectively. As compared with the charge in 
short t ime (10 min) as shown in Fig. 1, the coulombic 
efficiencies are extremely low. This could be because, as 
charging time becomes longer, the (C104)- ions diffuse 
into the interior of the (CH)x fibrils and the (CH)x film. It 
is difficult to release completely their ions diffused into 
the interior of the (CH)x fibrils and the (CH)~ film during 
discharging to 2.5V (6, 7). 

Compared to conventional batteries, such as lead-acid 
battery, the polyacetylene secondary battery promises to 
be lighter and has high power density and energy density. 
However, there are several problem areas that must be re- 
solved before use of polyacetylene electrode becomes a 
reality. Especially, although we did not deal with the 
polymer salt solvent combinations, these are serious 
problems. Further work is needed in this area. There is no 
significant difference between the charge-discharge 
characteristics of large-scaled polyacetylene battery (cath- 

ode area of 54 cm 2) and that of 2 cm 2 battery as metioned 
above. Consequently, we consider that scaling up of the 
battery is not a serious problem. 
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Some Performance Characteristics of a Prussian Blue Battery 

Vernon D. Neff 
Department of Chemistry and the Liquid Crystal Institute, Kent State University, Kent, Ohio 44242 

In the past, we (1-3) and Itaya et al. (4-6) have reported 
some of the thermodynamic and kinetic characteristics of 
the electrochemical oxidation and reduction of thin films 
of Prussian blue (PB) on various substrates. The purpose 
of this note is to point out the feasibility and to determine 
some preliminary performance characteristics of a Prus- 
sian blue battery. If PB is deposited on a substrate under 
controlled conditions, it is possible to reduce it to 
Everitt 's salt (ES) according to (2) 

PB + K ~ + e -  = ES (E ~ = 0.195Vvs. SCE in 1N K2SO4) [1] 

or oxidize to Berlin green (BG) according to 

P B = B G +  2/3K ~+ 2 / 3 e - ( E  ~ 

= 0.870V vs. SCE in 1N K2SO4) [2] 

In reaction [2] a definite compound is formed when only 
two-thirds of the ferrocyanide ions in the PB lattice have 
been oxidized (2). According to the voltammograms, a 
second oxidation occurs at ca. 1.1V vs. SCE and a yellow 
film is formed. We shall not be concerned with this sec- 
ond oxidation since the electrochemistry is not well un- 
derstood and the film gradually deteriorates at potentials 
above 1.2V. 

It is apparent that the two half-cells above could be 
combined to make a PB battery which, in the uncharged 
state, would consist of PB as both anode and cathode. 
The cell reaction would be 

3/2 BG + ES = 3/2 PB + PB [3] 

with a theoretical voltage of 0.68V. 
An obvious disadvantage is the low energy density of 

such a cell. A pure PB electrode, based on the stoichio- 
metric formula KFeFe(CN)6, would have an energy den- 
sity of only 95 mWh/cm '~. Even so, there are good reasons 
for considering such a cell. First of all, the reactions [1] 
and [2] above are highly reversible (3). Second, the energy 
density, though small, is about five times greater than 
that for 1M redox couples in solution (such as the iron- 
chromium couple) which are being considered for off- 
peak power storage. Another advantage is that the PB cell 
requires no separator as do the redox solution cells. 
Finally, there is the advantage of the high chemical stabil- 
ity of these mixed valence hexacyanides in acid solutions. 
Judging from our experience (2) and that of others (7) 
concerning the cycling of carefully prepared thin films, it 
should be possible to develop a cell which is essentially 
indefinitely rechargeable. 

Experimental 
The electrodes consisted of PB electrochemically de- 

posited on highly porous graphite. The graphite (PG-60) 
was obtained from the Union Carbide Corporation. This 
material has a density of ca. 1.2 g/cm '3. The graphite was 
cut into blocks 2.5 • 2.5 • 0.6 cm with a volume of 3.75 
cm 3. The leads into the substrate electrodes were made 
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from 1/8 in. graphite rods press fit into holes drilled into 
the graphite blocks. 

All chemicals used were reagent grade, and triply dis- 
tilled water was used throughout. The deposition of PB 
was carried out from rapidly stirred i liter solutions 
which were 0.01m in Fe2(SO4)3, K3Fe(CN)6, H2SO4, and 
0.1M in K~SO4. Since these bright red solutions are 
unstable over time, and gradually form a green suspen- 
sion, they were replaced at 3h intervals. The PB was de- 
posited at constant current of 1 mA with a PAR Model 
173 potentiostat. The electrodes were removed periodi- 
cally and drained on filter paper. During this process, a 
considerable amount  of nonadherent PB came out of the 
electrodes. Deposition times varied from several hours to 
several days. After deposition, the electrodes were 
flushed extensively with 0.01N H2SO4 solution and 
finally with water and were allowed to dry in air for sev- 
eral days. 

The amount  of active PB on the electrodes was deter- 
mined from the constant-voltage charging curves. Cath- 
odes were prepared which had approximately one-third 
more PB (as determined by weighing) than the anodes. 
The electrodes were inserted in a 100 ml closed cell which 
could be purged with deoxygenated nitrogen. The cells 
were charged with a Sola OSV constan4:-voltage power 
supply. Cells were tested which had capacities varying 
between 10 and 40 mAh. The main cell characteristics 
studied were constant-voltage charging curves, discharge 
under constant load, and discharge at constant current. 
Preliminary measurements  of voltage retention in the 
presence and absence of oxygen were also carried out. 

Results and Discussion 

In terms of oxidation and reduction, the mixed valance 
transition-metal hexacyanides which have been studied 
to date behave like solid solutions (2, 3, 8). In this sense, 
they most closely resemble redox polymeric films like 
the vinylferrocenes (9). It is instructive to consider the 
thermodynamic potential of the PB cell as a function of 
the amount (mole fraction) of PB in the electrodes. We 
have previously shown that, for the oxidation of PB to 
BG, the solid solution is approximately ideal so that activ- 
ities can be set equal to mole fractions. This is apparently 
not the case for the reduction of PB to ES (2). For care- 
fully prepared thin films, the vol tammograms for the re- 
duction are very sharp in 1N potassium ion solutions. One 
possible explanation of this observation is based on the 
assumption of a regular solution where the activity of PB 
is given by (2) 

a(PB) = x exp W(1 - x2)/RT [4] 

and that for ES is given by 

a(ES) = (1 - x) exp Wx2/RT [5] 

where W is a repulsive energy and x is mole fraction of  
PB. The general expression for the thermodynamic po- 
tential according to Eq. [3] would be 

_ ~  a(PB, anode) a(PB, cathode) .~/2 
E = 0.68 - In a(ES) a(BG) '~/2 [6] 

Substituting Eq. [4] and [5] for the activities at the anode, 
and setting activities equal to mole fraction x for ES and 
(1 - x) for BG at the cathode, we can plot the thermody- 
namic potential for the discharge of the PB battery, as 
shown as the solid curve in Fig. 1. For this calculation, the 
repulsive energy parameter w / R T  was set equal to 1.72, 
which was the value obtained for thin PB films on a plat- 
inum substrate (2). The solid circles in Fig. 1 represent the 
experimental  cell voltage for the discharge of a 30 mAh 
cell at constant current of 1 mA in 1N K2SO4. For these 
data, the mole fraction x of PB at t ime t was determined 
from x = Y(td - t), where td is the time for complete dis- 
charge. Finally, the dashed curve in Fig. 1 represents the 
calculated potential for a cell in which activities are set 
equal to mole  fractions for both anode and cathode. It is 
seen that the experimental  cell voltages fall between the 
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Fig. 1. Solid curve: Calculated difference in potential E - E ~ as a func- 
tion of mole fraction x of PB. The ES at the anode is assumed to behave as 
a regular solid solution with repulsive interaction W / R T  = 1.72. Dashed 
curve: Calculated potential difference as a function of mole fraction as- 
suming that both anode and cathode behave as ideal solid solutions. 
Solid circles: Experimental cell voltage minus E ~ for the constant current 
discharge of a 30 mAh capacity PB cell in 1N K2SO 4 solution. The current 
was maintained as 1 mA, and the mole fraction x of PB was determined 
from t / ( td - t ) ,  where t is time and td is the time for complete discharge. 
E ~ = 0.68V. 

two calculated curves, indicating a situation intermediate 
between the thin film behavior and that for ideal solid so- 
lutions. The experimental  data clearly illustrate the 
nernstian behavior and the highly reversible nature of the 
cell reactions. The underpotential at x = 0.5 is only ca. 10 
mV below the theoretical value. 

In Fig. 2, we have shown the constant voltage charging 
curve for a 30 mAh capacity cell in 1N K2SO4 solution. 
Under rapid charge, the electrode is subject to the com- 
bined effects of ohmic, concentration, and diffusion po- 
larization. From the current in the initial stages of charge, 
the total ohmic resistance is estimated to be only ca. 3 ~. 
The low initial resistance is attributed to the fact that the 
PB on the outside surface of the electrode is the first to 
react. Sectioning of the porous carbon showed a distinct 
gradient in the amount  of PB from the outside of the elec- 
trode inward. Figure 2 indicates that, as charging pro- 
ceeds, the current is dominated by the diffusion process. 
The diffusion process is complicated by the nature of the 
porous electrodes and by the fact that potassium ions 
must migrate into or out of the solid PB as well as in the 
solution. The curve appears to be more exponential than 
cottrellian, indicating that the diffusion in the PB, rather 
than in solution, is the primary limiting factor (3). When 
the cell is charged rapidly at potentials of 1V or greater, a 
yellow color develops gradually around the anode. The 
yellow color does not occur under conditions where the 
cell is charged slowly, and the current does not exceed 5 
mA. 

We also made some preliminary measurements  with re- 
gard to the retention of charge. For good charge retention, 
it is necessary to exclude oxygen from the cell and to 
make sure that electrodes are well flushed of impurities. 
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Fig. 2. Constant voltage charging curve at 1.0V for a 30 mAh capacity 
PB cell in unstirred 1N K2S04 solution. 

We epoxy sealed a purged cell with a Lucite cap and 
slowly charged it to 1.0V. There was an initial voltage 
drop which leveled out to 0.93V within a few hours and 
remained constant for 10 days (the duration of the test). A 
second cell was charged to 1.0V and left open to the air. 
The voltage dropped to 0.74V within 24h. In this case, the 
voltage dropped due to the presence of molecular oxygen 
which reacts chemically with ES to form PB (2). Ad- 
sorbed ferric ions will also react with ES. 

In these preliminary studies, we make no pretense with 
regard to having optimized conditions for a practical PB 
battery. One of the major problems we have encountered 
is the adherence of the PB deposit on the carbon sub- 
strate. In all cases, we observed a gradual loss of PB from 

the electrodes after repetitive charging cycles. The PB 
comes out of the electrodes as a finely dispersed sol. The 
average rate of loss was ca. 5% capacity per cycle. The na- 
ture of the deposition reaction and the conditions for 
good adherence of the PB deposit are, at present, not well 
understood (2, 7). It is also obvious that a much more 
heavily loaded graphite or other substrate should be 
developed. 

Finally, we should point out that it is not necessary to 
construct both electrodes from PB. There are a large 
number  of insoluble, chemically stable, transition-metal 
hexacyanides which have not been studied electrochemi- 
cally. For example, we have recently synthesized manga- 
nese blue films [KFeMn(CN)6] which can be electrochem- 
ically reduced to a colorless state at -0.25V vs. the SCE. 
The details of this reaction will be discussed in a later 
communication. 
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Direct Observation of Voids and Cracks in the Barrier Oxide Layer 
of Composite Aluminum Oxide Films 

K. Shimizu* and K. Kobayashi 

Department of Chemistry, Faculty of Science and Technology, Keio University, 3-14-1 Hiyoshi, Yokohama 223, Japan 

Composite a luminum oxide films, formed by the se- 
quential process of the reaction with boiling water fol- 
lowed by anodic oxidation, have been widely used in the 
fabrication of electrolytic capacitors because of their ex- 
cellent dielectric properties (1, 2). However, the barrier 
oxide layer of the composite oxide films frequently ex- 
hibits an electrical instability: losing the ability to sustain 
the original anodizing voltage after anodization. A refor- 
mation is needed to restore the barrier oxide to its origi- 
nal state. In an investigation of the electrical instability of 
the composite oxide films, Alwitt and Dyer (3) suggested 
that the instability is an intrinsic property of the films 
that arises from the presence, in the barrier oxide layer, of 
internal voids or cracks into which water can diffuse 
when the formation field is removed. A considerable 
amount of circumstantial evidence (4-6) has been accumu- 
lated supporting the mechanism proposed by Alwitt and 
Dyer. It was hoped that the presence of voids and cracks 
could be verified independently and directly. Thus, an 
attempt has been made, by Alwitt et al. (7), to detect the 
voids and cracks by transmission electron microscopy of 
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the stripped and subsequently ion beam thinned compos- 
ite oxide films using defocus contrast. Phase objects 
have been observed in the barrier oxide layer of the com- 
posite oxide films and explained as representing discrete 
voids or cross sections of cracks which are thought to be 
responsible for the electrical instability of the composite 
oxide films. 

Here, transmission electron microscopy of ultramicro- 
tomed sections has been employed to reveal clearly the 
existence of voids and cracks in the barrier oxide layer of 
the composite oxide films. 

Electropolished superpure a luminum sheets of dimen- 
sions of 50 • 10 • 0.2 mm were immersed in boiling dis- 
tilled water for 5 min and subsequently anodized to 300V 
in 0.1M ammonium pentaborate solution at 298 K with a 
constant current density of 50 A m -2. 

Ultramicrotomed sections of the a luminum substrate 
and the composite oxide films were prepared in the now 
usual manner using a du Pont Sorvall MT2B ultramicro- 
tome (8). In short, encapsulated specimens were t r immed 
initially with a glass knife and suitably thin sections, be- 
tween 25-50 rim, were obtained finally by sectioning in a 
direction parallel to the metal/oxide interface with a dia- 
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Fig. 1. Transmission electron micrograph of a cross section of the 
300V composite oxide film. 

mond knife. Ultramicrotomed sections obtained were ex- 
amined in a Hitachi HU-12AS transmission electron mi- 
croscope operated at 100 kV. 
Transmission electron micrograph of an ultramicro- 

tomed section of the aluminum substrate and the com- 
posite oxide film formed to 300V is shown in Fig. i. The 
aluminum substrate is observed at the bottom of the mi- 
crograph and shows the darker bands or extinction con- 
tours that diffract at that particular orientation to the elec- 
tron beam. Residual hydrous oxide layer is observed at 
the top of the micrograph as a fibrillar layer of varying 
thickness. 

A barrier oxide layer separating the aluminum sub- 
strate and the residual hydrous oxide is clearly observed. 
The total thickness of the barrier oxide layer is about 290 
nm, representing a nanometer4o-volt ratio of 0.97, which 
is considerably smaller that the 1.18 reported for conven- 
tional barrier anodic films formed under similar condi- 
tions (9). Within the barrier oxide, an amorphous layer be- 
tween 70 and II0 nm thick is observed next to the metal. 
A crystalline region is present adjacent to the amorphous 
layer and is observed to extend near to the barrier/hy- 
drous oxide interface. An electron diffraction analysis 
made recently by Alwitt et al. (7) has shown that the crys- 
talline oxide within the barrier oxide layer of the compos- 
ite oxide films formed under a condition similar to ours 
is -/'-AI~O3. Numerous discrete voids, a few nanometers in 
diameter, and a network of fine cracks, a few nanometers 
wide, are observed clearly within the ~/-crystalline region. 
The voids and cracks could well be artifacts introduced 
during the sectioning. Our experiences in the ultra- 
microtomy indicate, however, that the cracks introduced 
during the sectioning appear generally as lines of dif- 
fering widths running approximately perpendicular to 
the direction of the sectioning. In the present case, the 

cracks introduced during the sectioning should appear as 
vertical cracks, since the direction of the sectioning is ap- 
proximately parallel to the metaYoxide interface. No such 
cracks are readily apparent in the -/'-crystalline region of 
the composite oxide barrier layer. Therefore, our view is 
that the voids and cracks represent largely genuine fea- 
tures, although it is difficult to exclude totally the possi- 
bility that the original features of the voids and cracks 
might have been distorted to some extent  during the sec- 
tioning operation. 

It is interesting to note that the -/'-crystalline region, 
containing voids and cracks, is seen to be separated from 
the hydrous oxide layer by a thin barrier oxide layer, 
about 20 nm thick, which is not penetrated by the cracks 
and appears relatively featureless. The thin barrier oxide 
layer appears to prevent the penetration of water into the 
voids and cracks in the -/'-crystalline region and to also 
prevent the escape of 02 gases known to be trapped 
within the voids and cracks under an extremely high 
pressure or even as a condensed state (5, 6). 

In the fabrication of a luminum electrolytic capacitors, 
freshly anodized foils are usually given a short-time im- 
mersion in a boiling distilled water and then reanodized 
to the original anodizing voltage to obtain the composite 
oxide films of stable electrical property. It is readily un- 
derstood that the role of the boiling water treatment prior 
to the reformation is to accelerate the complete conver- 
sion of the thin protective barrier oxide layer, separating 
the -/'-crystalline region and hydrous oxide into a nonpro- 
tective porous hydrous oxide. 
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In Situ X-Ray Diffraction of Surface Layers on Lithium in 
Nonaqueous Electrolyte 

Gholamabbas Nazr i *  and Rolf H. Mul le r *  

Lawrence Berkeley Laboratory, MateriaLs and Molecular Research Division, Berkeley, California 94720 

X-ray diffraction, combined with electrochemical tech- 
niques, has been used for the in situ identification of ma- 
terials on electrode surfaces based on their crystal struc- 
ture during the progress of electrochemical reactions. 
This approach avoids some long-recognized problems of 
ex situ measurements,  which may not represent the ha- 

*Electrochemical Society Active Member. 

ture of electrode materials because changes can occur 
upon transfer out of the electrochemical environment, 
when potential control is not possible (1-3). The combina- 
tion of different in situ techniques has been reviewed by 
several authors (4-8). 

Previous studies with x-ray diffraction from electrodes 
includes work by Salkind et al. (9), who obtained x-ray 
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Fig. 1. Arrangement for combined electrochemical technique and 
x-ray diffractometer for in situ x-ray diffraction. X-ray source: Cu K~ 
with Ni filter. The angle of incident x-ray beam with the electrode sur- 
face was 6 ~ Working electrode (WE), counterelectrode (CE) and refer- 
ence electrode (RE) were connected to a potentiostot for electrochemi- 
cal studies. 

patterns of iron electrodes during cycling in alkali using 
sealed polyethylene bags. Salkind and Bruins used i n  s i tu  
x-ray diffraction to study the Ni electrode in Ni-Cd cells 
during charge and discharge (10). Falk determined x-ray 
diffraction patterns of submerged positive and negative 
electrodes of Ni-Cd cells during charge and discharge 
(11). Recently, Fleischmann et al. used a position- 
sensitive proportional counter as x-ray detector to study 
the UPD of Pb on Ag and the adsorption of I2 on graphite 
(12, 13). Fleischmann's work indicates that, with use of a 
sensitive detector, x-ray diffraction is capable to deter- 
mine diffraction from a monolayer. Unlike LEED, Auger, 
and ESCA, for which the electrode must be removed 
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Fig. 2. Electrochemical cell forln situ x-roy diffraction. A: Cell body, 
polypropylene. RE: reference electrode. WE: working electrode. CE: 
counterelectrode. Leads connected to potentiostat. 1: Working elec- 
trode with Li deposited on Ni 1.9 cm diam. 2: Li reference electrode, 0.3 
cm diam. 3: Li caunterelectrode, 0.3 cm wide. 4: Groove for O-ring. B: 
O-ring. C: Polyethylene window. D: Cu washer. E: Syringe for electrolyte 
delivery to cell. F: Syringe for electrolyte removal from cell. 
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Fig. 3. In situ x-ray diffraction from the surface layer formed on Li 

electrochemically deposited on a Ni substrate at ] mA/cm 2, observed 
during deposition after (A) 5 min, (B) 10 min, (C) 15 min, and (D)20 min. 
Electrolyte PC, 1.5M LiCIO4. Peak indicative of polymer formation. 

from the electrochemical environment and exposed to 
ultrahigh vacuum, the specimen can remain under elec- 
trochemical control during in  s i tu  x-ray diffraction. An- 
other in  s i tu  x-ray technique is represented by the use of 
high intensity beams, usually provided by an electron 
storage ring for EXAFS electrode studies (14). EXAFS is 
able to provide information on short-range order such as 
distance and number  of nearest neighbors and is particu- 
larly useful for amorphous compounds and clusters with 
short-range order. 

In this work, i n  s i tu  x-ray diffraction, using a conven- 
tional x-ray source and detector, has been applied to the 
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Fig. 4. In situ x-roy diffraction from the surface luyer formed on Li 

electrochemically deposited on a Ni substrote observed during deposi- 
tion, after (A) 5 min, (B) 10 min, (C) 15 min, (D)20 min, (E) 25 min. Peak 
indicative of Li~CO3 formation. 
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study of surface layers formed on li thium in nonaqueous 
electrolytes. The properties of these surface layers are im- 
portant for the charge and discharge behavior of l i thium 
electrodes in ambient-temperature batteries. Because of 
the high reactivity of lithium, use of in situ techniques for 
the characterization of surface layers is essential. 

Experimental 
The arrangement for in situ x-ray diffraction from elec- 

trode surfaces is illustrated in Fig. 1. A commercial dif- 
fractometer (Siemens Model D500) has been used. A colli- 
mated x-ray beam is directed toward the electrode 
surface at a fixed, glancing angle (6 ~ from the surface), 
and the diffracted x-rays are measured by a rotating de- 
tector. In contrast to traditional x-ray diffraction, in 
which sample and detector are rotated, this arrangement 
enhances sensitivity for the surface region, although it 
does not detect monolayer films. The cell containing the 
electrode is shown in more detail in Fig. 2. The cell body 
was made of polypropylene and contained the working 
electrode of 1.9 cm diam in the center, surrounded by a 3 
mm wide counterelectrode. A li thium reference electrode 
of 3 mm diam was located between working and counter- 
electrodes. Electrolyte could be injected and removed 
from the cell by the use of two syringes, which were con- 
nected to the cell with Teflon spaghetti tubing. Elec- 
trodes and electrolyte were separated from the atmo- 
sphere by a polyethylene or Mylar window 0.3 mm thick. 
The x-ray beam enters and exits through this window, 
which is sealed by use of an O-ring and a washer. 

The cell is assembled in an inert atmosphere box where 
the nonaqueous solution (1.5M LiC14 in propylene carbon- 
ate) is also prepared. Permeation of water through the cell 
window in air over the time of the measurements was 
found to be negligible (no change in water concentration 
observed by cyclic voltammetry) (15, 16). 

Results and Discussion 
Results are illustrated by the formation of surface lay- 

ers on lithium during its cathodic deposition at 1 mA/cm ~ 
from 1.5M LiC1Ot on a nickel substrate. Figure 3 shows a 
broad peak at low diffraction angle (20~ which is charac- 
teristic of polymeric compounds. This peak cannot be 
caused by adsorbed electrolyte because the present ar- 
rangement  is not sensitive to monolayers. Also, the peak 
remains after evaporation of the electrolyte in vacuum. 
Figure 4 shows the much sharper diffraction peak charac- 
teristic of l i thium carbonate. Both peaks increase with 
time. The identification of the two film materials agrees 
with earlier analyses by IR spectroscopy, SIMS, and 
ESCA (17). In the presence of trace amounts of water, the 
formation of Li20 has also been observed. Use of a 
position-sensitive x-ray detector would make it possible 
to detect monolayer films and to collect diffraction data 
on a millesecond time scale, which would be of interest 
for mechanistic studies of nucleation, film formation, 

and phase transformation during the application of poten- 
tial or current pulses (18-21). 
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Kinetic Parameters of the Electro-Oxidation of Adsorbed 
Methanolic Fragments on Platinum in Acid Solution 

D. Brynn Hibbert* and Foo Y. Y. Yon-Hin** 
Department of Chemistry, Royal Holloway and Bedford New College, Egham Hill, Egham, Surrey, England 

Several workers (1-3) have studied the properties of ad- 
sorbed methanol with a view to elucidating the mecha- 
nism of this potentially important fuel cell reaction (4). It 
is thought that the rapid adsorption of methanol occurs 
giving fragments having the formulas COH or COOH (5-8) 

*Electrochemical Society Active Member. 
**Electrochemical Society Student Member. 

and, eventually, CO (9). The fragment (CHO ~) has been de- 
tected after a plat inum emitter was exposed to methanol 
vapor (10). At potentials below 0.6V (vs. SHE), the slow 
step in the oxidation is thought to be the reaction of the 
adsorbed fragment with an adsorbed hydroxyl radical (6). 
The work presented here has measured the rates of oxida- 
tion of adsorbed methanol at potentials between 0.6 and 
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1.0V a n d  t e m p e r a t u r e s  b e t w e e n  0 ~ a n d  40~ by  a po ten t io -  4 0 
s tat ic  s tep  m e t h o d  a n d  by  s t eady-s t a t e  cu r ren t -vo l t age  
m e a s u r e m e n t s .  T h e  ox ida t i on  of  f r a g m e n t s  f r o m  ful ly 
d e u t e r a t e d  m e t h a n o l  h a s  also b e e n  s tud ied .  

E x p e r i m e n t a l  

Materials.--Spectroscopically p u r e  m e t h a n o l  a n d  
99.5%D CD3OD were  u s e d  w i t h o u t  f u r t h e r  pur i f ica t ion.  3 0  
Sul fur ic  ac id  (0.5 mo l  d m  -'~) was  p r e p a r e d  f rom A R - g r a d e  
sul fur ic  acid a n d  dis t i l led,  de ion ized  water .  P l a t i n u m  foil 
e l ec t rodes  (1 c m  2 J o h n s o n  M a t t h e y  99.99% pure)  we re  
chemica l ly  c l e aned  (ni tr ic  acid,  d i s t i l l ed  water ,  te t ra-  
ch lo roe thy l ene ,  d is t i l led  water)  a n d  t h e n  r e p e a t e d l y  cy- E 
cled b e t w e e n  -0 .2  a n d  +2.0V vs. SH E  in  t h e  sul fur ic  ac id  u 
e lec t ro ly te  un t i l  t h e  cycl ic  v o l t a m m o g r a m  was  r ep roduc i -  < 2 .0  
ble. The  e l e c t r o c h e m i c a l  su r face  a rea  of the  e l ec t rodes  
was m e a s u r e d  b y  c o n s t a n t  c u r r e n t  c h a r g i n g  cu rves  (11). 

Apparatus . - -Al l  e l e c t r o c h e m i c a l  m e a s u r e m e n t s  were  
m a d e  in  a n i t r o g e n - p u r g e d ,  t h r ee -e l ec t rode  cell  aga ins t  a 
d y n a m i c  h y d r o g e n  r e f e r ence  e l ec t rode  (DHE). T he  DHE 
was  f o u n d  to be  at  a po ten t i a l  of - 2 5  m V  aga ins t  a 1C 
b u b b l i n g  h y d r o g e n  e l ec t rode  in  t he  s a m e  electrolyte .  

Method.--A p l a t i n u m  e lec t rode  was  he ld  at  +0.15V vs. 
D H E  in  0.5 m o l  d m  -3 su l fur ic  ac id  for  s o m e  minu t e s ,  a f te r  
w h i c h  it  was  d i p p e d  in m e t h a n o l ,  d r i ed  for  2-3 min ,  a n d  
r e i n t r o d u c e d  in to  t he  cell, aga in  at  0.15V. All so lu t ions  
were  t h e r m o s t a t e d  (-+0.2~ at  t he  w o r k i n g  t e m p e r a t u r e  
and  p u r g e d  w i t h  n i t rogen .  T he  po t en t i a l  was  t h e n  O 0 
s t e p p e d  to t he  w o r k i n g  vo l tage  (0.6-1.0V) a n d  t he  c u r r e n t  
m e a s u r e d  w i t h  t ime.  S teady-s ta te  po t en t i o s t a t i c  measu re -  
m e n t s  were  m a d e  on  a 0.1 mol  d m  -3 m e t h a n o l  so lu t ion  in 
0.5 tool  d m  -3 su l fur ic  acid u s ing  a T h o m p s o n  Assoc ia tes  
po ten t ios ta t .  In  all cases,  b l a n k  e x p e r i m e n t s  in  the  ab- 
s ence  of m e t h a n o l  we re  car r ied  ou t  and,  w h e r e  appropr i -  
ate, r e su l t s  h a v e  h a d  th i s  b a c k g r o u n d  c o m p o n e n t  sub-  
t r a c t ed  f rom t h e m .  

Results 
Steady-s ta te  c u r r e n t  vo l tage  da ta  are s h o w n  in Fig. 1 for 

a r a n g e  of  t e m p e r a t u r e s .  T he  da ta  t a k e n  a b o v e  0.7V were  
fi t ted to an  e x p r e s s i o n  of  t he  fo rm 

1 0  
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\ 
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in  i = in  (A) + (E - ~FV)/RT 

0 5 10 
t /s 

Fig. 2. Current response on stepping a platinum electrode from 0.15 to 
0.80V (vs. DHE) in 0.5 mol dm-3 sulfuric acid at 291.0 K. Full line: elec- 
trode with adsorbed methanol. Broken line: clean electrode. 

wi th  in (A/A c m  -~) = 15.31 + 0.07, E = 36.1 - 0.2 k J  m o l - ' ,  
= 0.10 -+ 0.05. 
A typica l  t r a n s i e n t  c u r r e n t  r e s p o n s e  on  s t epp ing  a 

m e t h a n o l - a d s o r b e d  e lec t rode  f rom 0.15 to 0.8V is s h o w n  
in  Fig. 2. The  da ta  q u o t e d  for t he  h i g h e r  po ten t i a l s  h a v e  
b e e n  co r rec t ed  for t he  smal l  ox ida t i on  c u r r e n t  on  a pu re  
p l a t i n u m  surface.  T h e s e  da ta  are p lo t t ed  as In (it - i t  b l a n k )  

aga ins t  t (Fig. 3) a n d  t he  f i rs t -order  ra te  c o n s t a n t  (k) de- 
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Fig. 1. Tafel plots for the oxidation of methanol (0.1 mol dm -s) in sul- 
furic acid (0.5 mol dm -:~) at a platinum electrode. Open circles: T = 
290.0 K. x :T  = 298.5 K. Closed circles: T = 305.0 K. + : T  = 314.2 K. 

i 
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Fig. 3. First-order plot of the transient current response on stepping a 
methanol-adsorbed electrode from O. 15 to 0.8V in 0.5 mol dm 4 sulfuric 
acid at 297.5 K. 
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Fig. 4. First-order plots of the transient current response of the oxida- 

tion of adsorbed methanolic fragments from CH30H (�9 and CD30D 
(0). Voltage step 0.15-0.80V, T = 299.5 K. Electrolyte 0.5 mol dm-3 
sulfuric acid. 

termined from the slope of the line. Data from such ex- 
periments conducted between 0.7 and 1.1V and 275.0 and 
313.3 K (20 experiments  in all) were fitted to 

In (k) = in (A) - (E - ~FV)/RT 

with in (A) = 10.8, E = 39.2 kJ  mol -~, and ~ = 0.10. The to- 
tal charge passed during oxidation of the fragments was 
measured and compared with the charge required to oxi- 
dize the electrode surface in a galvanostatic experiment. 
In all cases, the coverage of the adsorbed species was less 
than 0.1. The oxidation of adsorbed deuterated methanol 
was measured between 0.8 and 1.0V and 292.0 and 
311.0 K. No kinetic isotope effects were observed (that is, 
similar values of the rate constant k were measured at a 
given temperature and potential), as may be seen in Fig. 
4. In all experiments,  however, a greater coverage of the 
deuterated species was observed, the ratio of the cover- 
ages of normal and deuterated methanolic fragments be- 
ing approximately 1:1.5. 

Discussion 
The current passed when a potential step is applied to 

an electrode with adsorbed methanol shows an exponen- 
tial decay, indicating a first-order oxidation of the ad- 
sorbed species 

i /nF = dCaJdt = kead s [1] 

where Cads is the concentration of the surface species. As- 

suming an irreversible oxidation, the current is 

i = nFCad~A exp ( -E/RT) exp (aF~?/RT) 

= nFCad~A exp (-E'/RT) exp (aFV/RT) [2] 

where E' is an activation energy at the zero of potential to 
which V is referenced. Comparison of Eq. [1] with [2] 
shows 

k = A exp (-E'/RT) exp (~FV/RT) [3] 

The solution of Eq. [1] is 

Cad s : GOads exp (-kt)  [4] 

and, thus, combining Eq. [2] with Eq. [4] 

i = nFC~ exp ( -k t )  [5] 

A plot of in (i) against t yields k, the potential and temper- 
ature dependence of which allows the determination of E' 
and ~. The measurement  of current transients on 
stepping the potential gives useful information on the ki- 
netics of the oxidation of surface species. The corre- 
spondence between the kinetics of the steady-state oxida- 
tion of methanol and the oxidation of adsorbed 
methanolic fragments suggest a similarity in the rate- 
determining step. This is consistent with the proposal of 
Bagotzky and Vassilyev (6) that 

CHOads + OHads---> CHO2ads -t- H ~ + e 

is rate limiting. This step is also consistent with the lack 
of isotope effect between CDOad~ (from CD:~OD) and 
OH~d~, the adsorbed hydroxyl coming from the normal 
electrolyte. Wiekowski (12) has found a kinetic isotope ef- 
fect in the oxidation of methanol in H2SO4 and D~SO4, 
which is also consistent with the proposed mechanism. 

Bewick has shown that the ultimate species which is 
present at a platinum surface from several precursors is 
CO (9, 13). The oxidation of COads would, of course, show 
no deuterium isotope effect. Considering the time scale of 
the experiments presented here, CO may indeed be the 
fragment which is oxidized. We note, however, that in re- 
cent studies of the oxidation of HCOOH and DCOOH on 
lead adatom covered platinum (14) a deuterium isotope 
effect of 2.6 was observed suggesting an initial rate- 
determining step involving the cleavage of the CH bond. 
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ABSTRACT 

Cross-linked positive resists derived from copolymers of methacrylonitrile (MCN) and methacrylic acid (MAA) have 
been developed based on the theoretical formula which shows that a large Mw • G~ value is essential to improve the 
cross-linked positive resist sensitivity, where Mw is the weight-average molecular weight and Gs is the main chain scis- 
sion efficiency. The cross-linked positive resist consists of P(MCN92-MAAs) with a viscosity-average molecular weight 
(M~) of 5.7 • 10 ~ and tripropylene glycol diglycidyl ether (TPG) as a cross-linking agent. It has high sensitivity (3 ~C/cm 2) 
and high dry-etch resistance, reflecting the large Mw • Gs value of the copolymer and the high dry-etch resistance of the 
MCN component.  The resist is applied to a trilayer resist system as the top imaging layer. Submicron fine patterns de- 
lineated at 3.4 ~C/cm 2 are transferred to the thick organic layer, and high aspect ratio patterns are obtained. 

Cross-linked positive resists were suggested to attain 
high sensitivity and good resolution (1-4). In cross-linked 
positive resists, linear polymers are cross-linked in  s i tu  
on the substrate by heat or light to form an insoluble gel 
before the exposure. Only the exposed part is changed 
into a solub]e material. The dose Q required to make the 
exposed part completely soluble is approximately written 
a s  

200pNA(~- 1) Q_-> 
G~AMw 

where p is the polymer density, NA is Avogadro's num- 
ber, 8 is the cross-linking coefficient, G~ is the G value for 
scission, A is the proportionality constant, and Mw is the 
weight-average molecular weight (5). This formula shows 
a large Mw • G~ value is essential to attain high sensitivity 
in cross-linked positive resists. On the other hand, dry- 
etch resistance is an inherent property of a resist material. 
Gokan et al. showed that the etch rate of the organic re- 
sist materials under ion bombardment  condition had a 
linear dependence on the N/(Nc - No) value, where N, Nc, 
and No denote the total number  of atoms in a monomer  
unit, the number  of carbon atoms in a monomer  unit, and 
the number  of oxygen atoms in a monomer  unit, respec- 
tively (6). Since the polymers with the smaller N/(N~ - No) 
value have the higher dry-etch resistance, a cross-linked 
positive resist derived from a polymer with a large Mw x 
Gs value and a small N/(Nc - No) value is expected to be a 
positive resist with high sensitivity as well as high dry- 
etch resistance. 

This paper reports the cross-linked positive resist con- 
sisting of methacrylonitrile (MCN) as a main constituent. 
MCN was selected because PMCN has a high Gs value 
[G~ = 3.3 (7, 8)] and high dry-etch resistance (9) because of 
its small N/(Nc - No) value. 

Molecular Design 
In Table I, Gs values and N/(N~ - No) values of well- 

known positive resists are listed with the qualitative esti- 
mates for their dry-etch resistance. PMCN and poly(~- 

methylstyrene) (P~MeSt) have small N/(Nr - No) values 
and high dry-etch resistance. Though P~MeSt shows the 
highest dry-etch resistance among investigated positive 
resists, its Gs value is too small. On the contrary, PMCN 
has a large Cr~ value while keeping high dry-etch resist- 
ance. Thus, MCN has been chosen as a main constituent 
for the cross-linked positive resist. Methacrylic acid 
(MAA) has been copolymerized with MCN to introduce a 
functional group which reacts with the cross-linking 
agent TPG. This cross-linking agent has been mixed with 
the copolymer so that the mixture contains equivalent 
quantities of epoxy and carboxyl groups. 

Experimental 
The copolymer of MCN and MAA has been synthesized 

by free radical polymerization. The viscosity-average mo- 
lecular weights (M0 were measured using acetone as a 
solvent, assuming that the constants values in the Mark- 
Houwink equation relating ~ to Mv were the same as 
those for PMCN. MAA content was measured by titration 
and elemental analysis. The My values and MAA contents 
of the copolymers synthesized are shown in Table II. 

Table I. Gs values and dry-etch resistance of positive resists 

Dry-etch 
Polymer Gs N/(Nr - No) resistance Ref. 

PMCN 3.3 2.5 Good (7, 9) 
PMMA 1.3 5.0 Fair (14) 
PMIPK 1.1 3.5 Fair (15) 
PMAAN 2.9 4.2 Fair (7) 
PaMeSt 0.3 2.1 Very good (16) 
PBS 11.0 4.7 Poor (17) 

PMCN: Poly(methaerylonitrile) 
PMMA: Poly(methyl methaerylate) 
PMIPK: Poly(methyl isopropenyl ketone) 
PMAAN: Poly(methacrylic anhydride) 
PaMeSt: Poly(a-methyl styrene) 
PBS: Poly(butene- 1-sulfone) 
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Table II. Viscosity-average molecular weights and MAA contents 
of MCN-MAA copolymers 

Sample MAA content 
no. Polymer M~ (• 104) (m/o) 

(~H3 CH 2 (~H3 ,~-, C - -  - -  ~ - -  CH2"-v /Ok 
+ C H 2--CH- 

N 

1391 

/O\ 
R --CH-CH 2 

1 P(MCN.~-MAA~) 10 9.1 
2 P(MCN,5-MAA.~) 1.91 5.3 
3 P(MCNs.~-MAA,,) 7.17 11.4 
4 P(MCN,~-MAAs) 57.0 7.9 
5 P(MCN,,-MAA~) 32.1 9.0 

The mixtures of P(MCN-MAA) and TPG were dissolved 
in cyclohexanone (the polymer was 5-7 weight percent of 
the solution), spin coated on silicon wafers, and prebaked 
at 90 ~ to 100~ for lh  in flowing nitrogen. Hiraoka et al. 
reported P(MCN-MAA) as a deep-UV resist (10). As shown 
in Fig. 1, this copolymer undergoes a cyclization reaction 
at temperatures over 120~ (11), which gives a broad UV- 
absorption band with the maximum at 246 nm. In the 
present experiment,  a cross-linking agent TPG was added 
and prebaking condition was set to form cross-linkages 
without the formation of ring structures (Fig. 2). No infra- 
red spectral change or color formation was observed by 
baking even at 110~ for lh. 

Electron beam exposures were carried out at 20 kV 
accelerating voltage with a JEOL JBX-5A electron beam 
exposure system. Sensitivity was measured on a 60 x 60 
/~m square pattern. The cross-linking coefficient 6 was 
calculated from the gel fraction assuming that the molec- 
ular weight distribution of polymer follows a Poisson dis- 
tribution and the weight-average molecular weight ap- 
proximately equals the viscosity-average molecular 
weight. The gel fraction was estimated by measuring the 
thickness of the cross-linked polymer system before and 
after soaking in acetonitrile (MeCN) for more than 16h to 
wash out the sol fraction completely. 

The resist-layer thicknesses were measured with a 
Taylor-Hobson Talystep instrument. Fine patterns ob- 
tained after the development  were checked by an optical 
microscope and a scanning electron microscope. 

Etching rates for P(MCN~,-MAAg), PMCN, polystyrene 
(PS), polymethylmethacrylate (PMMA), and Ship]ey 
photoresist AZ-1350J were measured using Ar ion milling 
and CF4 + H~, CC13F + 05, and CC14 + air reactive ion 
beam etching (RIE). 

A Kaufman-type 3 in. ion gun (Veeco) and a 10 in. diffu- 
sion pumping system were used in Ar ion beam etching. 
The etching condition was 2 x 10 -4 torr Ar pressure, 500 
eV acceleration energy, and 0.83 mA/cm 2 ion current den- 
sity. The RIE system was a parallel-plate reactor. The 
etching conditions are described in Table III. The target 
materials were polypropylene, quartz, and stainless steel 
for CF4 + H~, CC13F + 02, and CC14 + air RIE, respectively. 

Results and Discussion 
Sensitivity.--The obtained sensitivity (Qexp) for each 

molecular weight P(MCN-MAA) + TPG system with its 
theoretical sensitivity (Qmeo) is shown in Table IV. In a 
fine pattern fabrication, a MeCN and toluene (Tol) solu- 
tion was used because it was found to be a good devel- 
oper from the resolution standpoint. Except  for the case 
when a strong developer is used to wash out the sol com- 
pletely, the sensitivities measured are lower than the the- 
oretical values. The explanation for this phenomenon will 
be given as follows. The Mw value is infinite at the gel 
point dose (Dgi), and the Mw at a dose a little higher than 

(~H 3 (~H 3 
C --CH 2 -  C - -  CH 2 -~J ~,c ?=o 

oH OH 
CH2-(~H -- R - [ ;H-  CH 2 

? 
i:H3 i:=o 
c,-cH -C - 

IF CH3 
N 

( R=-CH20--(CH2CHOI-CH2._ ) 
~H 3 3 

Fig. 2. Cross-linkage formation in a P(MCN-MAA) + TPG system 

Dg i is quite high. The ultrahigh molecular weight polymer 
molecules that are almost insoluble in a developer exist in 
the exposed area. These ultrahigh molecular weight poly- 
mer molecules remained after the development  in a 1:1 
MeCN and Tol solution and are observed as remaining 
thicknesses. A practical electron exposure requires degra- 
dation of not only an insoluble gel but also ultrahigh mo- 
lecular weight polymer molecules so that the smaller mo- 
lecular weight molecules can be dissolved by the proper 
developer. Polymer 4[P(MCN92-MAAs), Mv = 5.7 x 105] 
showed the highest sensitivity among the systems devel- 
oped with the practical developer. The exposure charac- 
teristics for the P(MCN92-MAAs) My = 5.7 x 105 + TPG sys- 
tem are shown in Fig. 3. These exposure characteristics 
look unusual because of the surface roughness after de- 
velopment. The gel fraction of this sample is 52%. This 
means a large amount  of sol is washed out in a developer 
leading to the surface roughness even though the moder- 
ate developer is used. 

Resolution.--The development of the cross-linked posi- 
tive resist is similar to that of the negative resist. The 
most important factor influencing the resolution is the 
swelling during the soak in a developer; therefore, to find 
the developer that minimizes the swelling is very impor- 
tant. Dimethylformamide, dimethylsulfoxide, benzoni- 
trile, MeCN, and acetone were selected as good solvents, 
and Tol and isopropanol (IPA) were chosen as poor sol- 
vents. Good solvents and mixed solutions of a good sol- 
vent and a poor solvent were tried at various component 
ratios. As a result, a 1:1 MeCN and Tol solution was found 
to be a proper developer minimizing the swelling. It has 
been found that soaking in MeCN for 10 min to wash out 
the sol fraction before the electron exposure has a favora- 
ble effect on the resolution; that is, it prevents scum in 
the exposed area and improves the surface roughness in 
the unexposed area. This is because of two favorable ef- 
fects: the initial resist thickness has been thinned and sol- 
uble materials washed out. Though this soaking proce- 
dure lessens the resist sensitivity [for example, from 3.0 to 

i/ 

CH3 (~H 3 
C CH 2 , 

N H 

CH2~-- 

CH. CH~ CH~ CH. CH. 
F;C   .lLt A s  ~ 

Fig. 1. Ring structure resulting from cyclization reaction 
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Table III. Etching rates for resist materials under various etching conditions 

Ar ion milling CFJH2 100/20 CC13F/O2 40/5 CC1JAir 70/80 
2 • 10 -4 torr 120 sccm 45 sccm 150 sccm 

500V" 0.83 mA/cm -~ 80 mtorr; 0.16 W/cm 2 40 mtorr" 0.12 W/cm 2 300 mtorr; 0.33 W/cm 2 
' (~/min) (~/min) (~imin) (]~/min) 

P(MCN~rMAA~) 281 103 1605 285 
PMCN 228 104 1325 155 
PMMA 400 194 2740 365 
AZ-1350J 190 100 925 170 
PS 220 --~ 800 85 

a Some polymerization occurred. 

Table IV. Viscosity-average molecular weights and sensitivities 

Prebake Development Sensitivity 
Sample __ Q~• Qtheo 

no. M~ (• 104) Temp. (~ Time (min) 6 Solvent Time (~C/cm 2) 

1 10 100 30 1.4 Acetone 16 h 1.15 1.0 

2 1.91 120 60 2.2 MeCN/Tol 5 rain 25 16 
3 7.17 100 60 1.7 = 1/1 5 rain 10 2.5 
4 57.0 90 60 1.7 5 rain 3.0 0.32 
5 32.1 100 120 1.7 5 rain 4.0 0.56 

3.4 t~C/cm -~ for P(MCN92-MAAs) (My = 5.7 • 105) + T P G  
sys tem]  and  inc reases  the  n u m b e r  of  p roces s  steps,  a fine 
pa t t e rn  is de l inea ted  at 3.4 ~C/cm 2 w h i c h  is a h igh  sensi-  
t ivity a m o n g  posi t ive  resists .  Pa t t e rn s  ob ta ined  wi th  
P(MCN92-MAAs) (My = 5.7 • 105) + T P G  are s h o w n  in Fig. 
4. 

Dry-etch r e s i s t a n c e . - - E t c h i n g  rates  for P(MCNg,-MAAg), 
PMCN, PS,  PMMA, and  AZ-1350J u n d e r  var ious  e tch ing  
cond i t ions  are s h o w n  in Table  III. T h o u g h  a quant i ta t ive  
relat ion b e t w e e n  the  e t ch ing  rates  and  the  chemica l  struc- 
tures  u n d e r  the  RIE condi t ions  is no t  easily found,  the  se- 
q u e n c e s  of  e t ch ing  res i s t ance  are the  s ame  u n d e r  every 
e tch ing  condi t ion.  The s e q u e n c e  f rom the  po lymer  wi th  
h igher  res i s tance  is 

P S  > AZ-1350J > PMCN > P(MCN~,MAA~) > P M M A  

This s e q u e n c e  is para l le led  by  the  c o r r e s p o n d i n g  N/(Nc - 
No) va lues  f rom the  lowes t  value to the  highest .  This  
shows  tha t  N/(Nc - No) value  can be t aken  as a cr i ter ion 
for the  po lymer ' s  dry  e t ch ing  res is tance.  Very  few posi- 
t ive resis ts  are h igh ly  res i s tan t  to dry  e t ch ing  and  highly  
sensi t ive  at the  s ame  time. The d ry-e tch  res i s tance  of  
P(MCN92-MAAs) is a lmos t  the  s a m e  as tha t  of  P(MCN91- 
MAAg), w h i c h  is 1.4-1.8 t imes  as h igh  as tha t  of  PMMA. 
This r e s i s t ance  is good  for a posi t ive  resist ,  cons ide r ing  
the  sensi t ivi ty  of  P(MCN92-MAAs) ~fv = 5.7 • 105 + TPG 
sys t em is 3.4 ~C/cm'-', w h i c h  is 35 t imes  as h igh  as tha t  of 
PMMA. 

"~ 1.0 

(/) 
t./) 
i , i  
z y. 
(o 
"1- 
~- 0 . 5  

t-i 
LIJ 
N 
..J 

n- 
O 
Z 0 

0.1 

i v I * l ' V l  t , I I I I  nz I n n 

P( M C N g s  e) 

+ T P G  

" • 0  o Mv =5 .7x10~ 

1 I V V I I I  I L I I ' ' I  
0 , 5  I 5 I0 

DOSE Q ( / .LC/cm 2) 

Fig. 3. Exposure characteristics for P(MCN,~-MAA s) + TPG. Develop- 
ment: MeCN/Tol = 1/1; S rain. Rinse: IPA, 1 rain. 

Fig. 4. Scanning electron micrographs of resist profiles delineated in 
0.3/~m thick P(MCN,.2-MAA 8) + TPG as a top imaging layer in a trilayer 
resist system. The white bar represents 1 ~m. 
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Conclusion 
A highly sensitive cross-linked positive resist with high 

dry-etch resistance has been developed according to the 
two theoretical formulas which define the highest sensi- 
tivity attainable for cross-linked positive resists and the 
resist etching rate's linear dependence on the N/(N~ - No) 
value. The resist consists of P(MCN-MAA) and TPG as a 
cross-linking agent. 

A submicron fine-line pattern was obtained at 3.4 
t~C/cm 2 using P(MCN~2-MAAs) (My = 5.7 • 105) + TPG 
cross-linked positive resist. The developed cross-linked 
positive resist has been applied to a trilayer system as the 
top imaging layer. High aspect ratio patterns were ob- 
tained by successive etching of an intermediate layer and 
a bottom layer. 
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Fig. 5. Scanning electron micrographs of high aspect ratio patterns ob- 
tained by successive etching of organosilica film and AZ bottom layer. 
Fig. Sa (top) and 5b (bottom) correspond to Fig. 4 (top) and 4 (bottom), 
respectively. 

Application to a trilayer resist system.--P(MCN92- 
MAAs) is so highly resistive to CFJH2 RIE that it is etched 
only 60]~ (7.5 ~/min), while an organosilica film is etched 
2400A (300 A/rain) when the etching condition is chosen 
properly (CFJH2 = 10/2, 0.12 W/cm ~ 80 mtorr, 60 sccm, 8 
rain). An organosilica film is c~uite.resistive to 02 RIE and 
is etched only 163~ (16.3 ~/min), whereas AZ-1350J 
photoresist is etched 8500s (850 s (02, 0.08 W/cm 2, 60 
mtorr, 30 sccm, 10 rain). 

The cross-linked positive resist was applied as the top 
imaging layer in the trilayer resist system (12, 13). It con- 
sisted of a 1.0 t~m thick AZ-1350J photoresist as a bottom 
layer, a 0.1 tLm thick spin-coated organosilica film as an 
intermediate layer, and a 0.3 ~m thick top imaging layer. 
The cross-linked positive resist was soaked in MeCN for 
10 rain to wash out the sol before exposure. The exposure 
dose was 3.4 ~C/cm 2. The resist was developed in a 1:1 
MeCN and Tol solution for 5 rain, then rinsed in IPA for 1 
rain. 

High aspect ratio patterns were obtained by successive 
etching of the organosilica film and the thick AZ-1350J 
photoresist layer. (CFjI-I2 RIE: CFJH2 = 10/2, 0.12 W/cm 2, 
80 mtorr, 60 sccm, 8 min; 02 RIE: 0.08 W/cm 2, 60 mtorr, 30 
sccm, 12 rain). The resultant profiles are shown in Fig. 5. 

LIST OF SYMBOLS 

A proportionality constant (eV �9 cm2/C) 
Dg i gel point dose (t~C/cm 2) 
Gs number  of main chain scissions per 100 eV energy 

absorption 
Mv viscosity-average molecular weight 
Mw weight-average molecular weight of the polymer 
N total number  of atoms in a monomer unit  
NA Avogadro's number  
Nc number  of carbon atoms in a monomer unit  
No number  of oxygen atoms in a monomer unit  
Q dose (tLC/cm 2) 

cross-linking coefficient 
p density of the polymer (g/cm 3) 
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Morphological Clue to a Pyrolytic Thin Film Growth Mechanism 

Charles B. Greenberg* 

PPG Industries, Incorporated, Glass Research and Development, Pittsburgh, Pennsylvania 15238 

ABSTRACT 

Methods for forming thin, transition metal oxide films pyrolytically from liquid spray vehicle are well known. On 
the one hand, there are the uniform and finely crystallized spinel-structured films grown from organic solutions of 
acetylacetonates; one of these is herein reviewed. A spectrally similar film grown from aqueous solution, of another spi- 
nel composition (1), is not so well formed. This film's relatively gross morphology is a clue to its growth mechanism. 
The morphology can be explained qualitatively by invoking a model for closely associated phenomena characteristic of 
spray drying (2). By this model, solid or partially molten metal-organic material approaches the hot substrate in the form 
of roughly spherical, porous, hollow shells. These remain after solvent evaporation from the droplets of the liquid spray. 
The hollow shells vaporize on the approach to the substrate, and the film.grows by a CVD reaction at the substrate. 
Constituents which do not readily vaporize, such as impurities, impact the substrate and imprint a morphological pat- 
tern of collapsed shells. These comprise the rare clue for the analysis and for modeling film growth. 

Thin, transparent, transition metal oxide films have 
been prepared by organic-based pyrolytic spray for many 
years. They are known to be very uniform and are often 
quite durable. The latter implies abrasion resistance as 
well as broad chemical stability. A cobalt-iron-chromium 
oxide film with these attributes is widely used architec- 
turally in windows for its good solar attenuation (3). The 
film is grown on a hot, pristine soda-lime-silica float 
glass surface. It is deposited from a chlorinated hydrocar- 
bon solvent containing acetylacetonates of the transition 
metal cations (4); a pneumatic spray traverses the moving 
glass normal to its path. The temperature of the glass 

565~ To preserve both the transparency of the film 
and its visual uniformity, primarily its freedom from iri- 
descence, the physical thickness must be limited. The up- 
per limit for the high cobalt oxide containing composition 
of particular interest is about 400~. This film is herein re- 
viewed because it sets a standard for preferred morphol- 
ogy. By contrast, a film grown from an aqueous solution 
containing cobaltous acetate and methyltin chloride is of 
a less desirable morphology, which suggests the mode of 
film formation. This constitutes the real focus of discus- 
sion herein. 

The Organic-Based Film 
Film composition and morphology.---A typical composi- 

tion for the organic-based film, as determined by atomic 
absorption analysis, is shown in Table I. Assuming a 
dense oxide structure, the film thickness is 400A, which 
is in agreement with interferometric measurements (5). 
The averaged composition and standard deviations are, in 
this instance, for six different 50 cm'-' samples of 3 mm 
thick glass. The spray solvent was a 1:1 mixture by vol- 
ume of methylene chloride and trichloroethylene. The so- 
lution contained 125, 43, and 32 g/liter, respectively, of the 
acetylacetonates of trivalent cobalt, chromium, and iron; 
these were obtained from the Harshaw Chemical Com- 
pany, Industrial Chemical Department. Figure 1 shows 
the characteristic microstructure for this film, obtained 
by using electron microscopy and C/Pt replication. The 
fine-grained morphology is accompanied by such low 
grain boundary porosity that the film blocks the other- 
wise instantaneous dissolution of underlying glass in 0.5% 
HF solution, at least for 5-10 min at room temperature. 
The film itself is generally slow to dissolve in various 
chemical agents, including the HF solution for 5-10 min 
and hot HC1, H2SO4, NaOH, and NaC1 solutions. Based 
upon the electron diffraction pattern's similarity to that of 
Co~O4, the most probable film structure is that of a spi- 
nel; however, the individual transition metal ion valence 
states and unit cell sites are unknown. 

Optical characteristics.--The curves in Fig. 2 show the 
reflectance and transmittance for a film in the 400-800 
nm spectral range. The reflectance is high generally for 
an oxide. Values for the index of refraction and extinction 
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coefficient are given by n-ik = 2.8 - i(0.5) at a wavelength 
of 550 nm. These values were calculated (6) from the op- 
tical data, corrected for substrate, and film thickness. 
The decimal precision in the calculated values is in large 
degree governed by film thickness, which is not known 
with better certainty than about + 75~. 

The Aqueous-Based Film 
Solution and film composition.--A Co-Sn-oxide film 

with virtually the same spectral properties is known from 
Michelotti and Ohlberg (1). Their spray formulation is an 
aqueous solution of cobaltous acetate (7) and methyltin 
chloride with the composition shown in Table II. The so- 
lution is acidic, with pH = 4.4, controlled by addition of 
acetic acid; the latter can be complexing for Co(II) (8). 
Sn(IV) is known to be very susceptible to hydrolysis with 
standing (9, 10), although perhaps it is inhibited by the 
carbon bonding in organotin halides. The possibility of 
hydrolysis is to be considered again in the interpretation 
of data. The electron diffraction pattern of the film indi- 
cates a spinel structure similar to Co304, a result in com- 
mon with the organic-based film. The ratio Co:Sn in the 
film is approximately that of the solution. 

Cylindrical defect morphology at low magnifica- 
tion.--Generally, there are two ways in which cobalt ox- 
ide containing films prepared from aqueous solution, 
with or without Sn(IV), are of poorer uniformity. Aside 
from a tendency to be visually textured, they are suscepti- 
ble to haziness, except  where great care is taken to main- 
tain solution purity. At least for the purpose of viewing in 
conditions that are not overly rigorous, the haze can be 
avoided. In Fig. 3 is an optical micrograph in pseudo- 
three-dimensional relief for a cobalt-tin-oxide film which 
exhibits no qualitatively discernible haze in normal 
viewing conditions. It was prepared with reagent grade 
cobaltous acetate and recrystallized methyltin chloride; 
distilled water was used for both recrystallization and 
preparation of the solution (11). The cylindrical and 
nearly cylindrical features, of comparatively low profile 
here, are projections above the plane of the film. Vigui6 
and Spitz (12) showed a similar cylindrical feature in a py- 
rolytic iron oxide film prepared from an HC1 solution of 
ferric chloride. While recognizing the spray droplet-to- 

Table I. Spinel composition for acetylacetonate-based film 

Film content 
Cation constituent (~g/cm'2) a 

Co 10.9 - 0.7 
Fe 3.1 +_ 0.2 
Cr 2.8 -+ 1.0 

a Blanks were used to make allowance for well-known interfer- 
ences, by cobalt for iron, and by both of these for chromium. 
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Table II. Michelotti-Ohlberg aqueous solution (1) 

Concentration 
Constituent (weight percent) Solute 

Co(II) 4.8 Co(C2H:~O2)~ �9 4H20 
Sn(IV) 0.5 Methyltin chloride [80% 

(CH3)2SnCI~ and 
20% CH3SnC13] 

CH:~COOH 5.0 Glacial acetm aclcl 

micrograph in Fig. 4, which suggests generally greater de- 
fect height above the plane of the film. Haze or light scat- 
tering is also very readily visible in the film. 

Elevated defect relief is indicated from electron 
microprobe analysis of a cobalt oxide film that was pre- 
pared from aqueous solution of unspecified purity. In so- 
lution were cobalt acetate and acetic acid, approximately 
in the concentrations of Table II. Signal intensities for se- 
lected film and substrate constituents were normalized 
to the signal intensity for cobalt and were compared in 
and around high projections (-100~); the more typical 
morphological features could not be resolved generally 
by microprobe counting. The normalized intensity for cal- 
cium, a major glass constituent, was typically -20% less 
from within a defect than from substrate underlying 
defect-free film. This suggests in-defect masking of the 
substrate, that is elevated relief. Positive in-defect identi- 
fications were made for compounds of nickel and iron. 
The normalized in-defect probe signal for nickel impurity 
was typically approximately four times more intense than 
that for defect-free film; for iron the intensity was ap- 
proximately two times greater. In general, nickel is a prin- 

Fig. 1. Typical morphology of the organic solvent-based, Co-Fe-Cr- 
oxide spinel film at high magnification, showing the low profile struc- 
ture. The electron mlcrograph is of a standard replica taken with a 
JEM-7 microscope. 

vapor pathway in general for uniform film growth, they 
did not expand on the defect's origin. 

There are typically many more prominent cylindrical 
features at low optical magnification in films prepared 
from solutions of low purity. This is shown by the photo- 
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Fig. 2. Characteristic spectral curves for an organic solvent-based, 

spinel film. Data were obtained with a Beckman DK-2A Spectropho- 
tometer, with an integrating sphere and angle of reflection of 8 ~ 
Transmittance was corrected with sufficient approximation by dividing 
by that for the uncoated glass at each wavelength. 

Fig. 3. Typical optical micrograph for the Co-Sn-oxide film pre- 
pared on a pristine glass surface from purified aqueous solution, show- 
ing characteristic raised features. Zeiss/Nomarski differential inter- 
ference-contrast microscopy was used with reflected light. Background 
patchiness is associated with film texture. 
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solid cobalt acetate droplet also. Rather, a reasonable ex- 
planation is to be found in the spray drying work of 
Charlesworth and Marshall for dissolved solids (2). These 
authors concerned themselves with vaporization of the 
solvent, not the solute. They showed the various configu- 
rations which an aqueous spray droplet takes when it is 
being dried, the most likely one of which is represented 
in Fig. 5 for the case at hand. Initially, while the coating 
droplet is in flight, and while receiving radiated energy 
from the glass, evaporation is from a free liquid surface. 
The droplet decreases in size at first, but then a solid, 
smooth, spherical or nearly spherical crust forms, with 
evaporation of liquid continuing from or through it. The 
crust is thus porous. In most cases observed by 
Charlesworth and Marshall, admittedly with relatively 
large droplets, the final particle was a hollow, thin, and 
nearly spherical crust. This was the result with a rigid but 
porous solid, as compared with one pliable and non- 
porous. By analogy, with the aqueous solution of Table II 
therefore, metal-organic vaporization and film growth 
proceed from a hollow solid crust after complete vapor- 
ization of the solvent. This situation is most likely to exist 
late in a droplet 's flight, nearest the hot substrate. 

If an impurity or a coating constituent, perhaps methyl- 
tin chloride, does not vaporize readily, it constitutes a 
part of a residual spherical skin that impacts the glass. 
The residual skins of the many spray droplets give the 
film its characteristic morphology at low optical magni- 
fication. 

Vaporization and film growth.--It has been suggested 
that hydrolysis occurs first, and then the film grows by 
(13) 

Fig. 4. Typical Zeiss/Nomarski optical micrograph for a Co-Sn- 
oxide film similarly prepared from impure aqueous solution, showing 
the characteristic raised features even more distinctly. The metal 
compounds in solution were industrial grades; nickel is a major 
noncobalt impurity. 

6Co(OH)2 + O~ __A 2C0aO4 + 6H~O 

That, however, is not consistent with bulk simulations 
of the liquid in the droplet. With regard to the dry crust it- 
self, its temperature will exceed that of the liquid boiling 
point, and hydrolysis of cobalt acetate is not likely (14). 
After refluxing a 500 cm a volume of impure solution at 
about 90~ for 0.5h, there was no evidence for hydrolysis 

cipal impurity in cobalt acetate, and iron is a minor one. 
In the impure cobalt acetate used for the cobalt-tin-oxide 
sample of Fig. 4, the nickel content is within 0.2-0.7% by 
weight. The iron content <0.01%. These are known from 
emission spectrographic analysis. This impure solution 
also contains -0.2% fluoride as HF, an earlier batch con- 
stituent (1). 

Morphological features such as those in Fig. 3 and 4 are 
not observable at all at low magnification in a Sn(IV)-free 
cobalt oxide film made from reagent-grade cobaltous ac- 
etate. This indicates that cobalt acetate by itself is not a 
significant contributor to defects, although the low pro- 
file defects in Fig. 3 suggest methyltin chloride may still 
be. Yet, in the aforementioned microprobe analysis, the 
signal for cobalt in-defect was greater than that of sur- 
rounding cobalt oxide film by about 25%. It is assumed 
that this is indicative of nonacetate impurities of cobalt. 
As the cobalt signal was approximately twenty times 
stronger within the defect than that for nickel, it was used 
for the indicated estimate of defect height for high projec- 
tions. Apparen t ly ,  the height of more typical defects 
above surrounding film <100A, which is well below the 
typically micron-sized diameters in Fig. 3 and 4. These di- 
mensions suggest a model. 

The Charlesworth-Marshall model.--It is not necessary 
to invoke the impact  of liquid droplets of aqueous spray 
to explain these particular features, even though physical 
appearances of the photomicrographs might suggest it. 
With such improbable collisions, it is likely that distinctly 
raised features would always occur at the points of im- 
pact, by instantaneous pyrolysis in situ (12). They do not 
occur with reagent-grade cobalt acetate. The same consid- 
eration very likely excludes the impact of a molten or 

LIQUID 
DROPLET 

POROUS, 
HOLLOW 
CRUST 

.Y..S, HOi GLASS SUBSTRATr 

Fig. 5. A Charlesworth-Marshall droplet approaching a hot substrate 
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beyond solubility limits on a 3 ~m Millipore MF-type 
membrane filter. Not even when heated to dryness to 
100~ was there any significant hydrolysis or oxidation of 
Co(II), nor any unmethylated Sn(IV) hydroxide or oxide. 
That is, there were no significant formations of insoluble 
materials left on 3 ~m filter paper after redissolving the 
dried material in water. The metal oxides and hydroxides 
are generally insoluble in water. One might even specu- 
late that impurity hydroxides present initially could be of 
shape and size to cause the defects in Fig. 3 and 4 without 
invoking the drying model. This was, however, not ob- 
served when impure solution was filtered in advance of 
these bulk simulation experiments. 

With the loss of bound water at 140~ for Co(C2H~O2)2 
4H20, it is assumed that the crust thereafter contains, 
aside from impurities, the anhydrous acetate and uniden- 
tified methylt in compounds. Judging from the dried 
bulk, the methylt in compounds are water soluble, and 
perhaps undecomposed from the original, up to at least 
100~ For the major constituent in the dried solid shell(s) 

up to 

C0(C2H~O2)~ �9 4H.20(s) 140~ Co(C~H302)~(s) + 4H20(g) 
[1] 

and there are two possible routes to vaporization (14) 

and]or 

A 
Co(C2H302)2(s) in air Co(C2H30.,)z(g) [2] 

~255~ 
Co(C~H302)2(s) . .* Co(C2H,O2)2(1) ---> Co(C2H302)z(g) 

in air [3] 

Sublimation has been reported with relatively slow heat- 
ing in air and vacuum, and partial melting has been ob- 
served with decomposit ion at temperatures ~255~ Ei- 
ther way, pyrolysis and film growth may proceed on the 
hot surface from the gas phase, with the evolution of 
CH3COOH, H20, and CO2 (14). However, for the purpose 
of comprehending the morphology in Fig. 3 and 4, it is 
certainly more consistent to assume the validity of Eq. [2] 

t h a n  that of Eq. [3]. Otherwise, liquid surface tension 
works against a stable, hollow sphere. 

It is appropriate to question whether an acetylacetonate 
particle is, prior to vaporization and pyrolysis, also in the 
configuration of a hollow, solid sphere. Even in the pres- 
ence of known impurities, however, this has not been ob- 
served. Perhaps this relates in snme way to the generally 
high vapor pressures of chlorinated hydrocarbons, rela- 
tive to the less readily evaporated water. On the other 
hand, perhaps the relatively easy sublimation of acetyl- 
acetonate materials in general (15, 16) is an important dif- 
ference. This matter is unclear in part because films 
grown from acetylacetonates lack the pronounced mor- 
phology that characterizes films prepared from aqueous 
solution. 

Concluding Remarks 
The method known as chemical vapor deposition, or 

CVD, is widely used for the growth of thin films of all 
sorts, particularly on a laboratory scale. As a typical ex- 
ample, acetylacetonates often are sublimed first and then 
carried to a hot substrate in a neutral gaseous vehicle. It is 
much less common, or at least not as well published aside 
from patent literature, to use a liquid carrier. Yet the lat- 
ter, for many practical reasons, has lent itself best for 
coating substrates with thin, transparent films when the 

emphasis has been on uniformity over a large area. It is 
most probable that morphologically good film formation 
with a liquid carrier, like other CVD, takes place entirely 
from the  gas phase after vaporization. This view was ex- 
pressed by Vigui6 and Spitz (12) and is reinforced by our 
own data. The liquid vehicle is, to a great extent, only a 
carrier. It is suggested herein that the aqueous vehicle in 
particular gives the in-flight, to-be-vaporized, metal- 
organic material its heretofore undisclosed shape as a hol- 
low solid sphere, or nearly so. This follows from photomi- 
crographic data, and microprobe scanning, for aqueous- 
based pyrolytic films and from a model by Charlesworth 
and Marshall (2) for spray drying of solutions. Finally, the 
analysis suggests that morphologically good films can 
also be grown from very fine metal-organic particles 
without liquid solvent, given proper dispersion in air and 
adequate momentum to the hot substrate. Various 
acetylacetonate-based systems have been described in re- 
cent patent literature to support this, which may well 
presage a technology in transition. 
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ABSTRACT 

Tin oxide films were deposited by chemical vapor deposition on borosilicate and fused silica substrates using 
dibutyltin diacetate (DBTD) as tin feedstock and SbC]5 or CC13-CF3 as dopants. The film growth rate was measured as a 
function of dopant/DBTD ratio, temperature, and film thickness. Scanning electron microscopy and x-ray diffraction 
spectra of the films were used to determine the grain sizes and the preferential orientations of the crystallites in the 
film as a function of film thickness. Optical and electrical properties were measured. A model is proposed to elucidate 
the variation of transport properties of doped SnO2 as a function of film thickness. It could be shown with this model 
that the thickness dependence of the conductivity of doped SnO2:Sb and SnO2:F films could be analyzed in terms of 
carrier concentration taking into consideration deep-level compensation. The number  of carriers is decreased by elec- 
tron trapping at Sb(III) or Sn(II) surface states when antimony or fluorine are used as dopant, respectively. The model 
based on results of the literature related to a single crystal with (110) orientation is extended in this work to other crys- 
tallite orientations. The present analysis indicates that deep levels appear only on the grain boundary surfaces with 
(110), (211), and (301) orientations, and not on the (200) and (400) ones. The concentration of free carriers can be calcu- 
lated on the basis of x-ray diffraction spectra indicating an estimate of the relative fraction of the crystallites with each 
orientation as a function of the film thickness. The conductivities of the films can be computed using this model and 
taking a single value for the electron mobility of 19 cm 2 (V-s) -1 for all film thicknesses and a total donor concentration 
of 2 • 102~ cm -3. All the obtained experimental  data can be accounted for exclusively on the basis of film-thickness- 
dependent carrier concentration. 

Tin oxide films have been extensively studied for their 
wide applications. Among these, they can be used in 
semiconductor-insulator-semiconductor solar cells (1) as a 
back contact in either CdS/Cu2S structures (2) or photo- 
electrochemical devices (3). As well, such thin films de- 
posited on silicon can protect it from photocorrosion in 
photoelectrochemical cells (4). For these applications, a 
high electrical conductivity and a high transparency, in 
the visible Dart of the spectrum, are reauired. 

Tin oxide films have been prepared by various tech- 
niques. Detailed review papers have recently been pub- 
lished on the preparation and characterization of these 
layers (5-7). Chemical vapor deposition (CVD) of SnO2 
films using dibutyltin diacetate (DBTD) have been devel- 
oped, and it was found that films with high conductivity 
and hig h transparency could be produced by this method 
(8-10). In these studied, antimony (V) chloride was used as 
a dopant. Recently, CVD of fluorine-doped SnO2 films 
have been prepared using a Freon as a dopant (11). 

The production of SnO2:F films doped with trichloro- 
trifluoroethane (C~F3C13) is reported in this work. The lat- 
ter compound has the advantage of being liquid at room 
temperature, so it can be transported through a saturator. 
It is also a cost efficient and noncorrosive chemical. 

In the present paper, a systematic investigation for the 
thickness dependence of optical, structural, and electrical 
properties of antimony- and fluorine-doped tin oxide is 
reported. This work shows that structure, grain size, and 
optical and transport properties of the deposited layers 
are thickness dependent up to 1 ~m. For thicker films, 
transport properties become thickness independent, 
while structure, grain size, and optical properties of these 
layers undergo a continuous variation. 

The electrical properties of the deposited layers were 
analyzed on the basis of a polycrystalline conduction 
model. It has been realized that the dominant crystal 
structure is of major importance in the elucidation of the 
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transport properties controlled by the grain-boundaries- 
generated trapping centers. 

Experimental Procedures 
The CVD setup consists of a resistance-heated Kanthal 

wire furnace (Lindberg, Model M-200) containing the re- 
action chamber made of a fused silica tube of 50 mm 
diam and 1.8m long. An inner fused silica tube of 20 mm 
diam was used to bring the reactants in the middle of the 
reaction chamber separately from oxygen and nitrogen 
carrier gases. The substrates, being 2.5 x 7.5 cm borosili- 
cate slides, were positioned at the downstream side of the 
reactor starting at about 8 cm from the end of the inner 
tube. Tin oxide films were prepared following the 
method of Kane and co-workers (8, 9) using DBTD (Ko- 
dak) as the tin feedstock and antimony (V) chloride (Alfa 
Products) or trichloro-trifluoroethane, Freon 113 (Dupont 
Canada, Incorporated) as a dopant. Nitrogen was bubbled 
through the saturators containing the tin feedstock and 
the dopant. The DBTD, SbCI~, and C2F3C13 sources were 
maintained at temperatures of 100 ~ 25 ~ and 0~ respec- 
tively, in order to obtain the required vapor pressure for 
each compound. Prior to deposition, the substrate was 
preheated for 5 rain under a nitrogen gas flow which was 
equivalent to the total flow of the reactants during depo- 
sition. The typical deposition flow rates of gases were 400 
ml/min nitrogen carrier gas, 550 mYmin oxygen, and 1.14 
liter/rain nitrogen through the DBTD saturator. Through 
the dopant saturator, the nitrogen flow rates ranged from 
5 to 210 ml/min for SbCI~ and from 25 to 280 ingrain for 
C~F3C13, depending upon the chosen molar ratio. 

After deposition, the sheet resistivity of the deposited 
films was measured with a four-point probe setup for a 
routine verification of the electrical properties of the de- 
posited layers. Plates of 10 mm width were cut from the 
SnO,2-covered slides. The clover leaf sample geometry 
was defined by photolithography followed by selective 
etching of the SnO2 film by a mixture of zinc powder and 
dilute HC1 (6M) (12). This procedure corresponds to the 
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van der Pauw technique (13). Film thicknesses were de- 
termined by a profilometer (Talysurf). Ohmic contacts to 
SnO~ layers were obtained using Indium solder no. 3 (In- 
dium Corporation). In the galvanomagnetic measure- 
ments, the Hall coefficient was verified to be field inde- 
pendent  above 0.05T. Therefore, the reported data in this 
investigation were measured at 0.5T. The temperature de- 
pendence of resistivity and Hall coefficient were deter- 
mined between 77 and 400 K. 

The film structure has been analyzed by conventional 
x-ray diffraction (X = 1.544~) and scanning electron mi- 
croscopy (SEM). Transmission measurements  were per- 
formed with a double-beam spectrophotometer using a 
borosilicate slide in the reference beam for substrate com- 
pensation. The transmission spectra were recorded be- 
tween 400 and 750 nm for each sample. Average transmis- 
sion in this region was calculated from measurements at 
every 25 nm. 

Results 
Film growth rate.--It has been found that the growth 

rate (film thickness divided by the deposition time) of 
doped SnO2 films is a function of temperature, dopant/tin 
feedstock molar ratio, and film thickness. The maximum 
growth rates were obtained at 464 ~ and 478~ for SnO2:Sb 
and SnO2:F films, respectively. These temperatures were 
used for the remainder  of this study. 

Figure 1 shows the growth rate variation of SnO2:Sb 
and SnO~:F films as a function of dopants/DBTD molar 
ratio. Growth rates were determined for 1-2 /~m thick 
films. The maxima were found to be at two very different 
molar ratios: 0.1 for SbCl~ doping and 27 for Freon 
doping. In the case of SnO2:Sb films, the growth rate 
passes through a min imum at a molar ratio of 0.15. Cata- 
lytic effects of dopants on the growth rate of semicon- 
ductors have already been reported (14, 15). For example, 
B2H, increases the growth rate of Si deposited by pyroly- 
sis of Sill,,  but AsH3 acts as a catalytic poison by 
impeding the adsorption of silane on the growing film. 
The decrease of the growth rate for SnO2:Sb could be in- 
terpreted in these terms, but the presence of a minimum 
in the curve is difficult to understand if there is catalytic 
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poisoning. Another rationalization of the growth rate be- 
havior could be the preferential formation of Sb-O bonds. 
The formation of preferential P-O bonds was postulated 
to explain the SnOz deposition rate decrease in the case of 
doped SnO2 deposited by CVD from tetramethyltin and 
PH3 (16). In the present study, however, x-ray diffraction 
spectra did not reveal any antimony oxide phases in 
SnO2:Sb films. 

Figure 2 shows the film-thickness dependence of the 
growth rate. Depositions were made with a SbC1JDBTD 
molar ratio of 0.09 for SnO~:Sb and with a Freon/DBTD 
molar ratio of 8 for SnO~:F. These are also the deposition 
conditions used for the remainder of this study. Doped 
SnO2 films of different thicknesses were obtained by 
varying the deposition time from 1 to 90 min. For both 
dopants, the growth rates decrease up to film thicknesses 
of about 1 ~m. For thicker layers, it stabilizes at about 10 
and 13 ~-s - '  for SnO2:Sb and SnO~:F films, respectively. 
Growth rate was defined as film thickness d divided by 
the deposition time ht. In Fig. 2, it can be seen that d/ht 
varies with the film thickness; therefore, the growth rate 
values reported in Fig. 1 were determined by the mean 
value obtained for 1-2/~m thick films. 

X-ray diffraction.--X-ray diffraction spectra of SnO2:F 
and SnO2:Sb films, using a beam with ~ = 1.544~, are de- 
picted in Fig. 3 and 4. The deposited layers were found to 
be composed mostly of cassiterite with a tetragonal rutile 
structure (17, 18). Additional peaks at 20 = 24.5 ~ and 31.8 ~ 
could be assigned to Sn30, (17, 19), and the peak at 20 = 
19.0 ~ appearing only in SnO2:F suggests the existence of 
an unknown tin oxide phase (Sn~O~) or a tin fluoride 
(SnF2) phase. 

These figures clearly show the thickness dependence 
of the crystallite orientations in the films. It can be seen 
that, with both dopants, the (110) plane is dominant for 
films thinner than 1 /~m (Fig. 3a and 4a). Above 1 /~m, 
however, the dominant  plane becomes (200) (Fig. 3b and 
4b). The distribution of the diffraction peaks are different 
for larger film thicknesses, depending on the dopant. For 
example, the plane (211) becomes dominant  for thick 
SnO~:Sb films (Fig. 4c). This peak also appears in the 
spectrum of SnO2:F in addition to (301) and (400) ones. 
The occurrence of the plane (400) as a major crystallo- 
graphic orientation for SnO2:F films has previously been 
observed (6). 

This switching from densely populated crystallographic 
planes for thin films to less densely populated ones for 
thicker films is reflected in the growth rate. It is indeed 
known that the fastest growth direction is perpendicular 
to the plane of the largest atomic density (20). The 
densely populated (110) crystallites appear to represent 
the dominant  species with both dopants for films thinner 
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than 1 ~m. The preferent ia l  or ienta t ion  changes  for 
th icker  films, to o ther  crys ta l lographic  planes  such as 
(200), (211), (301), and (400) which  are all character ized by 
a smal le r  t in  surface  density,  compared  to the  one of  (110), 
leads to a r educ t ion  of the  g rowth  rate. 

Scanning electron microscopy.--Grain sizes at the outer  
surface were  de t e rmined  by scanning  e lec t ron  micros-  
copy (SEM). Two types  of  grain s t ructures  were  observed.  
In one s t ructure  (Fig. 5a), grains of di f ferent  sizes grow ei- 
ther  i ndependen t l y  or are c lus tered  in a caulif lower-l ike 
shape p ro t rud ing  f rom the surface of the  film. For  the  
o ther  s t ruc ture  (Fig. 5b), large grains are su r rounded  by 
many  smal ler  grains. Co lumnar  g rowth  s t ructure  was re- 
vea led  f rom SEM observat ions  of  cross sect ions of th icker  
films, so the grain sizes measu red  only refer  to those  at 
the outer  surface of  the  film. I t  is, however ,  difficult  to 
deduce  f rom cross sect ions of  th icker  layers whe the r  they  
conta in  smal l  grains,  as do th in  layers,  close to the  sub- 
strate. 

In Fig. 6, the  average  grain size is p lot ted  as a funct ion  
of layer thickness .  It  can be  seen that  the gra in  size lin- 
early increases wi th  the film thickness .  Such  behavior  
has been  obse rved  for i nd ium tin ox ide  depos i ted  on zir- 
conia  in the  same th ickness  range (21). It is usual ly  found 
that  the grain size saturates for a g iven  th ickness  (22). 
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Fig. 5. SEM micrographs of A, 5.1 ~m, and B, 5.3 ~m thick SnO.,:Sb 
films. 

However ,  in this s tudy,  there  is no ev idence  of such a 
trend, at least  up to a th ickness  of 5 ~m. 

Optical properties.--Figure 7 depic ts  the  var ia t ion of  
the optical  t ransmiss ion  with  the  layer thickness .  In  the  
wave leng th  range  of  400-750 nm, the  t ransmiss ion  de- 
creases as the  th ickness  of  SnO~ layer  increases.  The o b -  
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crystallites as a function of film thickness. 
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tained values of the transmission are similar to those re- 0 . 0 0  I I I 
ported in the literature for fluorine-doped tin oxide (23, 0 2 . 0  

24). In view of a possible application as transparent con- T H I C K N E S S  
ductors, films thicker than 1 gm are not to be recom- 
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mended due to their low transmission of the visible part 
of the spectrum. 

Electrical properties.--Hall effect measurements  indi- 
cate that SnO2:Sb and SnO2:F are n-type semiconductors. 
The variations of conductivity, a, and Hall coefficient, 
Rn, with film thickness are illustrated in Fig. 8 and 9 for 
both dopants, respectively. From these data, it can be de- 
duced that above 1 /~m, doped SnO2 films have a charge 
carrier concentration n - 2 x 1020 cm -3 and a mobility of 
-19  cm 2 (V-s) -1. 

For films thinner than 1 gm, both carrier concentra- 
tions and mobilities decrease with decreasing film thick- 
nesses. Such behavior has already been reported for the 
conductivity of undoped SnO= on Pyrex (25), doped 
SnO2:F on sheet glass (23, 24) and on Pyrex (23), and 
doped SnO2:Sb on sheet glass (26). In some instances, 
however, the conductivity of SnO2 films remains con- 
stant down to very small thicknesses. These were found 
to be 0.05/~m for undoped SnO2 on Si (27) and 0.1/~m for 
SnO2:Sb on Pyrex and on fused silica (26). The influence 
of the substrate in the experiments of this investigation 
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Fig. 9. Hall coefficient for SnO2:Sb (open points) and SnO2:F (dark 
points) as a function of film thickness. Calculated curve (solid line) 
using the model presented in the discussion. 

has been ruled out, since the same behavior of o- and R.  
was obtained on both fused silica and borosilicate sub- 
strates. 

In Fig. 10, the conductivity of three SnO2:Sb films of 
different thicknesses is plotted against the reciprocal tem- 
perature. Since the carrier concentration, characteristic of 
each film thickness, remains constant in the investigated 
temperature range, the change of the film conductivity as 
a function of the temperature reflects a similar variation 
of the mobility. The largest activation energy calculated 
from Fig. 1O is only -0.01 eV for a 0.31 /~m SnO2:Sb film 
in the high temperature region. 

Discussion 
Transport properties models.--It can be seen from the 

above results that SnO2 films are polycrystalline. They 
are composed of crystallites joined together by grain 
boundaries which are transitional regions between differ- 
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ent orientations of neighboring crystallites. Among poly- 
crystalline semiconductors, polysilicon has been the most 
extensively studied material. Two existing models were 
employed to analyze the effects of grain boundaries on 
electrical properties of this material. 

The first is a charge trapping model (15, 28-33) where it 
is assumed that grain boundaries contain lattice-defects- 
induced trapping states. These states compensate a frac- 
tion of the charge carriers of the ionized uniformly dis- 
tributed dopants. This process creates a potential barrier 
across the depletion region, impeding the carrier motion 
from one crystallite to another. The influence of the grain 
size becomes very important when the depletion layer 
width becomes commensurable with the grain size of the 
crystallite. This treatment was applied to SnO2 as well 
(34). In this model, the conduction mechanism is based on 
thermionic emission over the potential barrier. This, of 
course, requires a barrier energy larger than kT. As has 
been deduced from Fig. 10, the largest activation energy 
calculated from this figure is only -0.01 eV for 0.31 ~m 
SnO2:Sb film in the high temperature region. This is well 
below kT; therefore, the model based on thermionic emis- 
sion of carriers over an energy barrier at the grain bound- 
ary is not applicable to doped SnO2 films. 

The second is a dopant segregation model. In this case, 
the grain boundaries are assumed to act as sinks for pref- 
erential segregation of the dopants. Therefore, they be- 
come inactive in the boundary layers (35, 36). 

In the following discussion, this model will be extended 
to analyze the conductivity variation of our SnO2:Sb or 
SnO2:F films with the layer thickness. In this compound 
semiconductor, it is to be recognized that the different 
crystal planes are having characteristic charge distribu- 
tion to maintain specific neutrality conditions. This was 
not the case in elemental semiconductor discussed previ- 
ously in the literature (28-36). In polycrystalline-doped 
SnO2 films, based on the x-ray diffraction data (see Fig. 3 
and 4), five dominant  planes were considered. These are 
(110),(200), (211), (301), and (400). It will be discussed in 
the following that only three of these, (110), (211), and 
(301), are introducing deep lying trapping levels. These re- 
sult in a compensation of free carriers of the crystallites. 
Consequently, the thickness dependence of the experi- 
mental carrier concentration is analyzed in terms of two 
factors. On the one hand, the specific effects of the crys- 

�9 k_ 

talllne orientations of the grains are examined. On the 
other hand, the total surface area of the grains is taken 
into account. 

The extension of the segregation model has been based 
on the following results obtained from the literature. The 
maximum solid solubility of ant imony in the rutile phase 
of SnO2 is limited to an Sb/Sn ratio of -4% (37). An inves- 
tigation of polycrystalline material with this critical com- 
position by MSssbauer spectroscopy indicated the pres- 
ence of ant imony (V) ions in the bulk together with 
ant imony (III) ions at the surfaces of the grain boundaries 
(38). In  order to investigate further the surface properties 
of SnO2, Cox et al. (39) studied undoped and doped SnO2 
(Sb/Sn = 3%) with surface sensitive techniques such as 
x-ray photoelectron spectroscopy (XPS) and ultraviolet 
photoelectron spectroscopy (UPS). Although the results 
of their investigation will be used in the present discus- 
sion, it is important  to notice that their preparation 
method yielded single-crystal material in the (110) orien- 
tation for both undoped and doped SnO2. 

It has been shown by XPS that a dramatic surface en- 
r ichment in ant imony occurs. This was interpreted by the 
exchange of Sn cations by Sb at the surface of the bulk 
rutile structure. The normal N(Sb)/N(Sn) bulk ratio is 
reestablished immediately beneath this monoatomic sur- 
face layer. Their UPS data indicated that the bulk free 
carrier concentration extends very close to this surface 
but  surface ant imony atoms do not contribute to the con- 
duction. This suggests that free carriers may be trapped 
in these surface states which lie deep below the conduc- 
tion band. In the literature, the surface states were identi- 
fied to be Sb(III). These states also exist on the surface of 

undoped materials where they are associated with Sn(II). 
In addition, Cox et al. (39) rationalized the stabilization of 
Sn(II) and Sb(III) on the surface of undoped and doped 
SnO~ on the basis of electrical neutrality of the rutile 
structure. It is to be mentioned that although they recog- 
nized the strong tin oxygen covalency in SnO2, the 
ionicity of the covalent bond is used in their model. 

Following the results of the literature, Fig. 11a shows 
the SnO~ (110) surface without reduction of the top oxy- 
gen layer. The sequence of charged planes is -2,  +4, -2. 
If the top oxygen plane with two negative charges is re- 
moved, the (110) surface terminates on the Sn(IV) con- 
taining plane, with four positive charges. To retain electri- 
cal ~neutrality, one Sn(IV) atom of this plane has to be 
reduced to Sn(II) as is depicted in Fig. l lb .  Consequently, 
the sequence of charged planes at the surface will be +2, 
-2.  This represents both undoped and fluorine-doped 
SnO2. In  the antimony-doped films, however, the neutral- 
ity principle requires that all t in atoms should be ex- 
changed by Sb(III) as is shown in Fig. l lc .  Consequently, 
here as well, the sequence of charged planes at the sur- 
face remains +2, -2.  This argument clarifies why, on 
doping (110) SnO2 grains, part of the antimony is first 
used in the surface plane as Sb(III). Thus, this fraction of 
the ant imony doping does not participate in the conduc- 
tion mechanism. 

The results obtained by Cox et al. (39) are used in the 
present investigation to extend the segregation model to 
other crystallographic orientations of interest. This is dis- 
cussed in the following. Figure 12 shows the sequence of 
charged planes for a (200) surface. In  contrast to the 
above-discussed (110) plane, no top oxygen plane has to 
be removed in th is  case in order to terminate the surface 
of a tin containing plane. Therefore, the (200) SnO~ sur- 
face will only contain Sn(IV) atoms. Doping with anti- 
mony will substitute for some Sn(IV) Sb(V), which are 
acting as donors. Then, according to this treatment, there 
will not be any surface states as electrons traps [e.g., 
Sb(III)], since surface atoms are either Sn(IV) or Sb(V). 

The (211) planes, however, behave like (110) planes. Fig- 
ure 13a represents the sequence of charged planes of a 
(211) surface without reduction. The charges are -4, + 16, 
-4,  and -8  considering four unit  cells. If the top oxygen 
plane is removed (-4), then the (211) surface terminates 
on a tin containing plane with (+16) charges. To retain 
electrical neutrality, two Sn(IV) atoms have to be reduced 
to Sn(II) as it is shown in Fig. 13b, decreasing the surface 
charge to (+12). The sequence of charged planes in this 
case will be +12, -4,  -8.  This represents the case of 
undoped and fluorine-doped films. In  the antimony- 
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Fig. 11. Crystallite surface of SnOz grown according to the (110) 

plane, a: Undoped SnO2 with the outside oxygen layer, b: Undoped 
and F-doped SnO2 after reduction, c: Antimony-doped SnOz after re- 
duction. 
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oL j; 
Fig. 12. Crystallite surface of SnO~ grown according to the (200) 

plane for undoped SnO~. The symbols are described in Fig. 11. 

doped SnOz, however, the neutrality requires that all tin 
atoms in the top layer should be replaced by Sb(III), as it 
is shown in Fig. 13c, resulting in a surface charge of (+12). 
Then, the sequence of charged planes remains +12, -4,  
-8.  As in the case of (110) orientation, part of the antimony 
is first used in the surface plane as Sb(III). This fraction 
of the antimony doping cannot participate in the conduc- 
tion mechanism. In the case of undoped and fluorine- 
doped material, however, the compensating trapping cen- 
ter concentration will be given by the Sn(II) concentra- 
tion in (110) and (211) grains. 

Using this model, based on the crystallographic analy- 
sis of the SnO~:Sb films prepared in this investigation, 
one can compute the variation of the carrier concentra- 
tion as a function of film thickness. The results are sum- 
marized in Table I. Here, FH0, F200, and F~, are the frac- 
tions of crystall i tes ' in the films having (110), (200), and 
(211) crystallographic orientations, collected for various 
film thicknesses. These fractions were obtained taking 
into consideration the relative amplitudes of the (110), 
(200), and (211) peaks of the x-ray diffraction spectra. It is 
assumed, as a first approximation, that the peak ampli- 
tudes are proportional to the relative amounts of the crys- 
tallites of the corresponding orientations. The above- 
mentioned three orientations are considered for SnO2:Sb 
in this analysis. 

The Sb(III) densities of the doped (110) and (211) crys- 
tallites, Nu,o and Nr~m can be calculated for various film 
thicknesses as follows 

/ T 

-4 /  / d / 

- , i , , i , , I  

undoped and F doped 

,,~ J T o J  

- 4 /  / 

-'Ix'/,7 

Sb doped 

~,~1 /z~./ 
r e 1  ]" 

-./:/:/  
Fig. 13. Crystallite surface of SnO~ grown according to the (211) 

plane, a: Undoped SnO2 with the outside oxygen layer, b: Undoped 
and F-doped SnO2 after reduction, c: Antimony-doped SnO.z after re- 
duction. The symbMs are described in Fig. 11. 

Table 1. SnO2:Sb film thickness, grain size, fractions of 
(I 10), (200), and (21 !) cyrstallites, total Sb(lll) concentration 

for (110) and (211 ) crystallites, and carrier concentration 

Nt (cm -'~) n (cm -'~) 
d(pm) l(/~m) FHo F2o0 F2H (• 10 '2~ (• 10 ~~ 

0.11 0.0~. 0.67 0.18 0.15 15.3 0.38 
0.31 0.06 0.57 0.33 0.10 4.26 0.69 
0.47 0.08 0.52 0.39 0.09 2.89 0.82 
0.86 0.14 0.65 0.30 0.05 1.95 0.74 
1.28 0.21 0.16 0.70 0.14 0.446 1.97 
2.3 0.37 0.10 0.79 0.11 0.170 2,00 
3.4 0.54 0.15 0.45 0.40 0.264 1.96 
5.1 0.80 0.21 0,22 0.57 0.253 1.90 
5.5 0.87 0,17 0,18 0.65 0.233 1.91 

Ni l10  = F l l  0 X N l l  o [1] 

where N110 is the number  of tin atoms per cubic centime- 
ter on the surface of (110) crystallites. NH0 is calculated as- 
suming columnar crystallites using the following equa- 
tion 

where l and d are the diameter and height (film thick- 
ness) of the erystallite, respectively. Al~o is the number  of 
tin atoms per square centimeter on (110) plane. Since the 
lattice constants for SnO~ are a = b = 4.737/~ and c = 
3.185~ (18), A,,0 = 9.4 • 10 '4 Sn at./cm ~. Nt2,j c a n  be ob- 
tained similarly using A2H = 4.8 • 10 TM Sn at./cm ~. 

Since Sb(III) replaces all tin atoms on (110) and (211) 
surfaces, Nt110 and Nt211 represent also the Sb(III) density 
of their respective crystallographic orientations. Then the 
total density of Sb(III) in the film, Nt, is given by 

N~ = N.,o + N,~H [3] 
The obtained N t values are collected in Table I and de- 
picted in Fig. 14 (open triangle). Since, as has been dis- 
cussed above, the Sb(III) act as trapping centers, the tree 
carrier concentration can be computed as follows. If No is 
the donor concentration, antimony, in this case, the elec- 
tron density in the conduction band for the (110) and (211) 
orientations will be n = (Na - NO. This corresponds to the 
number of Sb(V) donors. However, for (200) orientation, 
the electron concentration in the conduction band will be 
equivalent to N~ since no Sb(III) are present on the sur- 
face of these crystallites. Therefore the total carrier con- 
centration for SnO2:Sb can be given by 

n = (F200 x N~) + [(1 - '  r2o0) x (Nd - NO] [4] 

The calculated values of the free carrier concentration, n, 
for various film thicknesses are collected in Table I and 
shown as open circles in Fig. 14. Nd is an adjustable pa- 
rameter, but  its value must be very close to the experi- 
mental donor concentration for the largest crystallites. In 
this case, the effect of surface trapping becomes negligi- 
ble. Thus, the value of No = 2.0 x 1050 cm-3 has been used 
in these calculations. 

From Fig. 14, it can be deduced that the contribution to 
charge carrier concentration, n, of the (110) and (211) crys- 
tallites begins for SnO~:Sb films thicker than about 0.5 
gm when the surface-state-introduced deep-level trapping 
center concentration, Nt, becomes less than the doping 
concentration Nd. For thinner films, all the carriers are 
coming exclusively from (200) crystallites, and their con- 
centration increases with the increasing fraction F~0o as a 
function of film thickness (see Table I). It is implicitly as- 
sumed in these calculations that an electric path exists 
between the (200) crystallites present in these films by di- 
rect contact between the (200) grains or, in the case of in- 
creasing dilution of these grains, by the formation of pref- 
erential conducting path according to the percolation 
theory (40). 

In the case of fluorine doping, the Sn(II) surface states 
will behave as trapping centers. Therefore, the model  can 
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Fig. 14. Total electron trap concentration N t (/~, A )  and charge 

carrier concentration n(O, @) calculated on the basis of x-ray diffrac- 
tion spectra, for different thicknesses of SnO2:Sb (open symbols) and 
SnO2:F (dark symbols). The n curve represents a mean value through 
the calculated points. 

be  e x t e n d e d  to ana lyze  t he  t r a n s p o r t  p r o p e r t i e s  o f  the  
f luo r ine -doped  SnO2 as well. Th i s  is t r e a t ed  in  t he  follow- 
ing  way.  F ive  c rys t a l l og raph ic  p l a n e s  o u g h t  to b e  cons id-  
e red  as t h e y  b e c o m e  i m p o r t a n t  a t  d i f fe ren t  t h i c k n e s s  
ranges .  As  far  as Sn(I I )  su r face  s ta tes  are  c o n c e r n e d ,  t he  
(400) p l a n e s  can  b e  t r e a t ed  l ike (200) p lanes ;  s imilar ly,  t h e  
(301) p l anes  b e h a v e  l i k e t h e  (110) or t h e  (211) ones.  Th i s  is 
s h o w n  in  Fig. 15. Here ,  all Sn(IV)  (full circles,  Fig. 15a) 
m u s t  be  r e d u c e d  to Sn(II)  ( open  circles,  Fig. 15b) a f te r  t he  
r e d u c t i o n  of  t he  o x y g e n  layer  to  m a i n t a i n  t he  e lec t ros ta t i c  
neut ra l i ty .  T h e  to ta l  t r a p p e d  e l ec t ron  concen t r a t i on ,  Nt, 
co r r e sponds ,  the re fore ,  in  t he  case  of  f l uo r ine -doped  
SnO2, to  t he  dens i t y  of  Sn(II).  Th i s  c an  be  g iven  b y  t h e  
fo l lowing  e q u a t i o n  

Nt = N ,  lo + gt2H + Nt3o, [5] 

w h e r e  Nul 0 a n d  Nt211 a re  ob ta ined ,  as before ,  f rom the  
x-ray d i f f rac t ion  spect ra .  I t  is, howeve r ,  to  b e  no t i ced  tha t ,  
in  th i s  case, on ly  ha l f  of  t he  Nt,o and/Vt,21~ c o n c e n t r a t i o n s  
d e d u c e d  ear l ie r  h a v e  to be  cons idered .  In  effect,  examin -  

-,/./ / undoped and F doped 

/ / 
Fig. 15. Crystallite surface of Sn02 grown according to the (301) 

plane, a: Undoped SnOw with the outside oxygen layer, b: Undoped 
and F-doped Sn02 after reduction. The symbols are described in Fig. 
11. 

ing  Fig. 11b a n d  13b, one  can  see t h a t  on ly  ha l f  of  t he  S n  
a t o m s  c o n t r i b u t e  to t he  t r a p p i n g  d e n s i t y  i n s t e a d  of  all 
su r face  a toms ,  as in  t he  case  of  a n t i m o n y  d o p i n g  s h o w n  
in  Fig. l l c  a n d  13c. Fo r  t he  (301) crystal l i tes ,  A~o~ = 4.0 x 
10 J4 S n  a t . /cm 2 d e t e r m i n e d  f rom t h e  u n i t  cell  pa rame te r s ,  is 
u s e d  to ca lcu la te  Nt3o~. 

Final ly,  t h e  f ree  car r ie r  c o n c e n t r a t i o n ,  in  t he  case of 
f luor ine  dop ing ,  c an  b e  e x p r e s s e d  as 

n = (F~00 + F4oo) Nd + [(1 -- [F200 + F40o]) • (Nd -- Nt)] [6] 

The  ca l cu la t ed  va r i a t i on  of  n v s .  t h e  f i lm t h i c k n e s s  for  
SnO2:F is s h o w n  in  Fig. 14 (full circles),  a long  w i th  N, (full 
t r iangles) .  A s ing le  cu rve  ha s  b e e n  d r a w n  t h r o u g h  t he  cal- 
cu l a t ed  n va lues  for  b o t h  dopan t s .  The  e x p e r i m e n t a l l y  de- 
t e r m i n e d  f r ac t ions  b a s e d  on  the  x- ray  d i f f rac t ion  spect ra ,  
for  all  t h e  c ry s t a l l og raph i c  o r i en t a t i ons  w h i c h  h a v e  b e e n  
t a k e n  in to  cons ide ra t i on ,  are co l l ec ted  in  Tab le  II. 

Va lues  f r o m  t h e  ca lcu la ted  ca r r ie r  c o n c e n t r a t i o n  c u r v e  
d i s p l a y e d  in  Fig. 14 can  b e  u sed  to d e t e r m i n e  a ca lcu la ted  
Hal l  coef f ic ient  curve .  Th i s  is s h o w n  as a ful l  l ine  in  Fig. 
9. F u r t h e r m o r e ,  a s s u m i n g  t h a t  t he  dr if t  mob i l i t y  is equa l  
to t he  Hal l  mobi l i ty ,  t he  c o n d u c t i v i t y  c an  b e  calcula ted.  
The  r e su l t  is d i s p l a y e d  as a full  l ine  in  Fig. 8. Here,  a mo-  
bi l i ty  of  19 cm '2 (V-s) -~ has  b e e n  u s e d  in  t he  ca lcu la t ion  for 
all f i lm t h i c k n e s s e s .  The  fit of  t he  ca lcu la ted  curves  to 
the  e x p e r i m e n t a l  po in t s  in Fig. 8 a n d  9 is qui te  
reasonab le .  

Conclusion 
I t  h a s  b e e n  s h o w n  t h a t  t he  t h i c k n e s s  d e p e n d e n c e  of  t he  

c o n d u c t i v i t y  of  d o p e d  SnO2 f i lms can  b e  e l u c i d a t e d  in  
t e r m s  of  c h a r g e  ca r r ie r  c o n c e n t r a t i o n  t a k i n g  in to  cons id-  
e ra t ion  d e f e c t - i n d u c e d  deep- leve l  c o m p e n s a t i o n .  Inde -  
p e n d e n t l y  of  t he  d o p a n t s  used,  t he  m a x i m u m  c h a r g e  car- 
r ier  c o n c e n t r a t i o n  in  t he  f i lms is d e c r e a s e d  b y  e l ec t ron  
t r a p p i n g  of  Sb(I I I )  or Sn(II)  su r face  s ta tes  w h e n  a n t i m o n y  
or f luor ine  are  u s e d  as a dopan t ,  r espec t ive ly .  T h e s e  deep  
ly ing  t r a p p i n g  cen te r s  a p p e a r  on ly  o n  t he  sur face  of crys- 
ta l l i tes  w i t h  (110), (211), a n d  (301) c rys t a l l og raph ic  or ienta-  
t ions .  

The  n u m b e r  of  free car r ie rs  in  t he  f i lms can  b e  calcu-  
l a ted  on  t he  bas i s  of  x-ray d i f f rac t ion  spec t r a  g iv ing  a n  es- 
t i m a t e  of t he  re la t ive  f r ac t ions  of  (110), (211), a n d  (301) 
c rys ta l l i tes  as a f u n c t i o n  of  fi lm t h i c k n e s s .  The  conduc -  
t iv i ty  c an  be  d e d u c e d  f r o m  th i s  m o d e l  u s i n g  a s ing le  

Table II. SnO~:F film thickness, grain size, fractions of (110), (200), (211 ), (301), and (400) crystollites, total Sn(ll) concentration 
for (110), (211 ), and (31 O) crystallites, and carrier concentration 

N t ( cm -'~) n (cm -3) 
d(tzm) l(~m) F,,0 F~0o F2H Fa01 F40o (• 10 ~~ (• 10 ~~ 

0.14 0.03 0.45 0.32 0.23 0 0 3.92 0.6 
0.39 0.07 0.53 0.33 0.09 0.03 0.02 1.75 0.8 
0.76 0.13 0.14 0.74 0.05 0.02 0.05 0.290 1.9 
1.65 0.27 0.04 0.76 0.06 0.01 0.13 0.059 1.9 
2.9 0.46 0.02 0.72 0.02 0.02 0.22 0.021 1.9 
3.0 0.48 0.02 0.59 0.17 0.10 0.12 0.080 1.9 
3.7 0.59 0.004 0.65 0.01 0.03 0.306 0.012 2.0 
4.5 0.71 0.007 0.51 0.06 0.20 0.223 0.059 1.9 
5.3 0.83 0.12 0.43 0.28 0.12 0.05 0.088 1.9 
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value for the electron mobil i ty of 19 cm 2 (V-s) -1 and a to- 
tal doping concentration, Nd = 2 • 102o cm -3, for all film 
thicknesses.  The computed  values are in good agreement  
with the exper imenta l  data. 

In this model,  it  is assumed that  in the case of doping 
with antimony,  for example,  the dopant  first substi tutes 
all tin sites on the surface by  Sb(III). This fraction of the 
ant imony does not act as donor, but  does introduce deep- 
lying t rapping states. However, it  is argued that  only 
some of the  crystalli tes with specific orientations partici- 
pate in this t rapping mechanism. 

If  this model  is correct, very thin films (<< 1 ~m) dom- 
inated by (200) crystalli tes should have the same t ransport  
propert ies  as thicker  films (> 1 ~m) where this crystallo- 
graphic orientation prevails. As SnO2 is used as a trans- 
parent  electrode, the thinner  the film, the better  its trans- 
mission. Therefore, the product ion of very thin films 
with the same conduct ivi ty as thicker  ones could be an 
asset if thin film technology of (200) dominant  orienta- 
tion can be developed. 
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LPCVD Oxide/LPCVD Nitride Stacks for Interpoly Dielectrics 
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ABSTRACT 

An LPCVD oxide/LPCVD nitride stack has been investigated as a possible substitute for the interpoly oxide in 
double-level-polysilicon VLSI processes. Results from capacitor lots show that 25 nm LPCVD oxide/25 nm LPCVD ni- 
tride stacks yield breakdown voltages greater than 25V with a tight distribution. The breakdown voltage can further be 
enhanced by depositing an additional LPCVD blocking oxide of 50A thickness on the stack. Suitable thermal sealing ox- 
ides are also shown to be effective in enhancing the breakdown field strength. A further scaling of the stack thickness is 
also demonstrated. 

The thermal oxide grown on polysilicon is known to be 
much leakier than the single-crystal counterpart. It 
is also well known that a higher oxidation temperature 
(> 1100~ tends to smooth the asperities and yield better 
polyoxide (1, 2). However, such a high temperature treat- 
ment may be prohibitive in future VLSI process flows. 
On the other hand, the use of lower temperature (less 
than or equal to 1000~ oxidation results in surface- 
reaction-controlled oxidation and, thus, a rougher poly- 
silicon surface and a much leakier resultant polyoxide. 
An alternative dielectric deposited by LPCVD is a poten- 
tial substitute for thermal polyoxide in VLSI processes. 

Different combinations of thin LPCVD oxide and 
LPCVD nitride stacks (with equivalent SiO~ thickness 
less than 500~) have been demonstrated to yield good- 
quality, low defect density interpoly dielectrics suitable 
for VLSI EPROM/EEPROM applications (3, 4, 7, 8). 

Experiments 
P-type, (100) silicon slices at resistivity of 12-16 12-cm 

were used as the starting material. After growing a 400A 
HCl-oxide, LPCVD polysilicon with nominal thickness of 
3000~ was deposited; slices were then saturation POCI~ 
doped at 1000~ After stripping of the PSG grown during 
POCI~ predeposition, different LPCVD oxide/LPCVD ni- 
tride stacks were then deposited (see Table I). For some 
splits, the oxide/nitride stacks were subjected to different 
postdeposition oxidation treatments to grow a suitable 
sealing oxide. A 4500A polysilicon film was then depos- 
ited and saturation POCI~ doped to serve as the upper 
electrode. The polyoxide capacitors were defined by 
photolithography and plasma etching. An additional 
1000~ 30 min heat-treatment and a 450~ hydrogen 
sintering were incorporated to simulate a full process 
flow. Breakdown and I-V characteristics were measured, 
with breakdown being defined as the voltage at which 
the current density exceeds 20 ~AJcm 2 when a positive 

*Electrochemical Society Active Member. 
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94304. 

voltage ramp is applied to the second-level polysilicon 
gate. The capacitor area is 0.0052 cm 2. 

Results and Discussion 
Figure 1 shows the histogram of a 25 nm LPCVD ox- 

ide/25 nm LPCVD nitride stack. With an equivalent elec- 
trical SiO~ thickness (the thickness assuming a dielectric 
constant of 3.9 E0) of 37 nm, the stack shows a tight break- 
down voltage distribution centered at 27V. The I-V char- 
acteristic of a typical 25 nm LPCVD oxide/25 nm LPCVD 
nitride stack is shown in Fig. 2. It can be seen that the 
low-field leakage is approximately 1 nA/cm ~ at 12V. An- 
other feature of the oxide/nitride stack is that the I-V 
curves of the first (from a virgin sample) and second 
stresses fall almost upon each other, suggesting that a 
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neg l ig ib le  a m o u n t  of  cha rge  t r a p p i n g  o c c u r r e d  d u r i n g  t he  
I-V m e a s u r e m e n t s .  Th i s  is con t r a ry  to  w h a t  is f o u n d  w i th  
a typica l  1000~ d ry  O~ p o l y o x i d e  t h a t  s h o w s  a 
s ign i f ican t  sh i f t  of  t he  I-V cu rve  to l o w e r  va lues  for t he  
s e c o n d  stress,  s u g g e s t i n g  s igni f icant  e l ec t ron  t r app ing .  2 

F i g u r e  3 dep ic t s  t he  h i s t o g r a m  of  a 25 n m  L P C V D  ox- 
ide/25 n m  L P C V D  ni t r ide/5  n m  L P C V D  ox ide  t r i l ayer  
s tack.  The  b r e a k d o w n  vo l tage  is s ign i f i can t ly  i m p r o v e d  
to a b o u t  40V. Th i s  is no t  surpr i s ing ,  as i t  is wel l  k n o w n  in  
t he  me ta l -n i t r ide -ox ide - s i l i con  (MNOS) field (5) t h a t  a 
su i t ab l e  b l o c k i n g  ox ide  b e t w e e n  t he  n i t r i d e  a n d  t h e  sill- 
con  gate  e l ec t rode  will  se rve  to i nc r ea se  t h e  e n e r g y  bar= 
t i e r  h e i g h t s  ( ene rgy  ba r r i e r  h e i g h t  is 2.05 eV for  a n  elec- 
t r o n  a n d  1.95 eV for  a ho le  at  t he  s i l icon n i t r i de  in terface ,  
wh i l e  t he  b a r r i e r  h e i g h t  is 3.1 eV for  a n  e l ec t ron  a n d  3.8 
eV for a ho le  at  t h e  s i l icon d iox ide  in te r face)  b e t w e e n  gate  
e l ec t rode  a n d  n i t r ide ,  t h u s  s u p p r e s s i n g  car r ie r  in t e r face  
in j ec t ion  f rom the  ga te  e lectrode.  

The  e f f ec t iveness  of a sea l ing  ox ide  can  also b e  
a c h i e v e d  b y  t r e a t i n g  t he  ox ide /n i t r i de  s t ack  in  a n  02 or 
s t e a m  a m b i e n t ,  t h e r e b y  forming_a sea l ing  oxide.  F igu re  4 
s h o w s  h i s t o g r a m s  for  s t acks  a n n e a l e d  in  O~ at  1000~ for  

2At least an order of magnitude decrease in leakage current at 
low field (3 MV/cm) was usually observed for the dry thermal 
interpoly oxide grown at 1000~ with otherwise the same 
growth condition. 
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Fig. 7. Histograms of breakdown voltage for 30  nm LPCVD oxide 
film (lower), 30 nm LPCVD nitride film as deposited (middle), and fol- 
lowing 65 min anneal in oxygen at 10007C (upper). 

20 and  90 min.  The  20 ra in  annea l  p r o d u c e d  a m e a n  
b r e a k d o w n  vol tage  of  26.3V, w h i c h  is c o m p a r a b l e  to an  
u n a n n e a l e d  stack;  the  90 m i n  anneal ,  however ,  p r o d u c e d  
a m e a n  b r e a k d o w n  vol tage of 38.0V, a s ignif icant  im- 
p rovemen t .  F igure  5 shows  h i s tog rams  .for s tacks  an- 
nea led  in s t e a m  for  65 min  at 900 ~ and  1000~ The 900~ 
anneal  has  li t t le effect,  p r o d u c i n g  a m e a n  b r e a k d o w n  

vol tage of  26.4V; the  1000~ anneal ,  however ,  raises the  
m e a n  b r e a k d o w n  vol tage to 36.0V. The  spli ts  tha t  re- 
ce ived shor te r  t ime  or lower  t e m p e r a t u r e  hea t - t r ea tmen t s  
do no t  show any de tec tab le  e n h a n c e m e n t  in b r e a k d o w n  
field s t rength ,  sugges t ing  tha t  a m i n i m u m  sealing oxide 
th i ckness  is r equ i r ed  to act as a wel l -def ined  Si-SiO~ en- 
ergy barr ier  to e n h a n c e  the  b r e a k d o w n  vol tage (6). 

The s tack has  also b e e n  scaled in t h i cknes s  to 15 n m  
L P C V D  oxide/15 n m  L P C V D  nitr ide.  F igure  6 shows  
h i s tog rams  of  b r e a k d o w n  vol tage for th is  s tack  (lower), 
for a s tack  an n ea l ed  in oxygen  at 1000~ for  90 rain (mid- 
dle), and  for a s tack  sealed wi th  a 5 n m  L P C V D  oxide.  
The m e a n  b r e a k d o w n  vol tage increases  f rom a value of  
18.4V for the  b i layer  film to 35.2V for the  t r i layer  film. 

The charac te r i s t i cs  of  s ingle- layer  L P C V D  films have  
also b e e n  exp lo red .  F igure  7 ( lower h is togram)  s h o w s  a 
h i s tog ram of  b r e a k d o w n  vol tage for  a 30 n m  L P C V D  ox- 
ide  film; the  d i s t r ibu t ion  is t igh t  wi th  a m e a n  value of the  
b r e a k d o w n  vol tage  of  13.4V. The 30 n m  L P C V D  ni t r ide  
film (middle  h i s togram)  s h o w s  a m e a n  b r e a k d o w n  volt- 
age of  16.5V, and  the  30 n m  ni t r ide  film, annea led  in oxy- 
gen at 1000~ for 65 min,  shows  a m e a n  value of  26.3V. 

Conclusion 
The twelve  d i f fe ren t  in te rpoly  die lect r ic  p roces ses  are 

c o m p a r e d  in Table  I. The total  t h i c k n e s s  of  the  L P C V D  
films var ied f rom 30 to 55 nm.  The annea ls  l is ted in the  
table  are done  pr ior  to depos i t ion  of  the  s econd  poly- 
si l icon film. The capaci tors  were  s t r e s sed  to 50V; the  
b r e a k d o w n  vol tage  was  def ined  as t he  vol tage  at w h i c h  
the  CUl~rent d en s i t y  r e ach ed  20 ~A]cm 2 (100 nA t h r o u g h  
capaci tors  of  area 0.0052 cm~). A b r e a k d o w n  vol tage of  
26-27V resu l t s  f rom e i ther  an u n a n n e a l e d  25 n m  oxide/25 
n m  ni t r ide  fi lm or a 30 n m  ni t r ide  film w h i c h  is sealed in  
oxygen  at 1000~ A 25 n m  oxide/25 n m  ni t r ide  film pro- 
duces  a b r e a k d o w n  vol tage of  > 35V w h e n  sealed wi th  a 5 
n m  L P C V D  ox ide  at 800~ or w h e n  sealed at 1000~ in 
s t eam for 65 rain or in o x y g en  for 90 rain. Note  tha t  the  
t h i n n es t  d ie lect r ic  to achieve  a b r e a k d o w n  vol tage of  35V 
is t he  15 n m  oxide/15 nitride/5 n m  ox ide  film, w h i c h  is 
roughly  equ iva len t  to 28.5 n m  of  SIO2. 
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Evaluation of Diffusion Coefficients from Nonlinear Impurity 
Profiles 
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ABSTRACT 

At high concentrations, impurity diffusion in semiconductors is governed by nonlinear diffusion processes. Using 
similarity analysis, a general expression for evaluation of the diffusion coefficient from experimental impurity profiles 
is derived for the case of redistributive diffusion of implanted impurities. This expression corresponds to the 
Boltzmann-Matano analysis for the case of diffusion with constant surface concentration. 

Evaluation of diffusion coefficients from measure- 
ments of impurity profiles requires detailed knowledge 
of the diffusion conditions as well as the expected doping 
profile. Actually, only very few sources of diffusivity data 
in literature are reliable (1~. For instance, Hu (2) has 
shown how fictitious diffusion coefficients have been 
obtained from junct ion depth and sheet resistivity mea- 
surements when the evaluation was based on a theory 
which was not appropriate for the diffusion conditions. 
Even when detailed impurity profiles are available from 
scanning ion mass spectroscopy (SIMS), erroneous diffu- 
sion coefficients may be obtained when Arrhenius-type 
expressions are fitted to diffusivity data that represent 
the sum of two diffusion mechanisms with different acti- 
vation energies. Recently, e.g., the diffusion coefficient of 
arsenic in silicon has been changed by a factor of two (1) 
after a reevaluation of the diffusion data. 

In this paper, we will show that the conditions of diffu- 
sion for implanted impurities as arsenic and boron are im- 
portant and will affect the evaluation of diffusion coeffi- 
cients at high impurity concentrations. In particular, we 
demonstrate that for drive-in situations, where a constant 
predeposited high impurity dose is redistributed by 
means of nonlinear  diffusion, the Boltzmann transforma- 
tion is not valid. Consequently, diffusion coefficients 
derived from experiments involving high impurity 
concentrations of, e~g., arsenic, must be viewed with con- 
siderable caution and perhaps even reevaluated. 

In analyticaI studies of impurity diffusion, the use of 
the Boltzmann transformation (3) plays an important role 
and has greatly simplified the analysis by reducing the 
diffusion equation from a partial differential equation to 
an ordinary equation. This makes it possible to obtain 
simple explicit solutions for the impurity profile in a va- 
riety of different physical situations. Furthermore, it also 
provides a simple way to infer the diffusion coefficient 
from the observed impurity profiles. The corresponding 
Boltzmann-Matano analysis has become a standard proce- 
dure for the determination of diffusion coefficients (4). 

Analysis 
The diffusion of impurities in semiconductors is gener- 

ally assumed to be governed by the diffusion equation 

aC ,9 (D aC ) 
Ot - Ox ~ [1] 

where C(x) is the impurity concentration and D is the 
diffusion coefficient. The diffusion of substitutional im- 

purities is a result of the interaction with vacant states in 
the semiconductor. This multiple-charge vacancy model 
has recently been summarized by Fair (1). The vacancies 
may be neutral or charged. Since the number  of charged 
vacancies is dependent  on the electron concentration, it 
makes ' the diffusion coefficient concentration dependent  
according to 

D = h[D ~ + D§ + D-(n/nO + D-(n/ni) '~] [2] 

where D% D § D-,  and D = represent the effective diffusivi- 
ties under  intrinsic conditions for the neutral, positive, 
and negative singly and doubly charged states, n is the 
electron concentration 

n = - ~ -  1+  1 +  [3] 

and h the self electric-field enhancement  factor 

h : 1 + ~  1 + [4] 

At low impurity concentrations (C << ni), when the dif- 
fusion coefficient is independent  of concentration, Eq. [1] 
becomes a linear differential equation and explicit solu- 
tions in terms of gaussians or erfc functions are easily 
found for different diffusion conditions using the Boltz- 
mann  transformation, cf. (3). However, if C > n~, Eq. [1] 
becomes nonlinear,  and analytical solutions are not as 
easily available. 

In a previous paper (5), we have determined the charac- 
teristic impurity profiles, which appear as solutions of 
Eq. [1] in the case of strongly concentration-dependent 
diffusion coefficients (D - (n/ni)D. This analysis clarified 
the limitation of the conventional Boltzmann transforma- 
tion in situations where the nonlinear diffusion process 
involves a redistribution of a predeposited impurity. In 
such cases, the proper diffusion variable is not the 
Boltzmann variable x / t  ~2, but  rather x / t  '~'~. This point 
has caused considerable confusion in previous works 
(6-8). 

The purpose of the present work is to consider the im- 
portant consequences of this result for the evaluation of 
nonlinear diffusion coefficients from the observed impu- 
rity profiles. The conventional interpretation of the diffu- 
sion data, in order to infer the diffusion constant, e.g., the 
Boltzmann-Matano analysis, relies crucially on x / t  ~2 as 
the proper diffusion variable. 
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As shown in Ref. (5), similarity methods are a powerful 
tool for studying nonlinear diffusion equations. This 
implies that the solution of the diffusion equation, Eq. [1], 
is assumed to be of the form 

~(~) 
C(x,t) - [5] 

t ~ 

where the similarity variable, $, is given by 

X 

= t ~ [6] 

The unknown function, ~b(~), as well as the parameters 
and fl, may be determined by insertion of the expressions 
in Eq. [5] and [6] into the diffusion equation and by using 
the appropriate boundary or initial conditions. 

In the case of diffusion with a constant surface concen- 
tration, Cs, it follows that a = 0 (cf. Eq. [5]), and by insert- 
ing Eq. [5] and [6] into Eq. [1], we obtain 

~ d~ d (D d~b) 1 
- ~ d~ d~ ~ -  .t- ~- [7] 

where D now is a function of ~. For the powers of t to 
match, fl = 1/2 is required. (Note that the resulting diffu- 
sion variable is then the usual Boltzmann variable ~ = 
x/V~.) 

Integration of Eq. [7] results in 

1 f l  d(~ [8] 2 ~d(~ = D d--~ 

Substi tuting back to variables x and t and rearranging 
yields the diffusion coefficient 

f C'x dC 
1 ~ o  [9] 

D ( C ' ) - 2 t  ( ~ x ) x ,  

where C, = C(x,). This is the well-known Boltzmann- 
Matano (4) expression for evaluation of concentration- 
dependent  diffusion coefficients from experimentally de- 
termined impurity profiles. The accuracy of this method 
has been discussed (9). 

However, for drive-in diffusion of a high dose of im- 
planted impurities, the nonlinear character of the diffu- 
sion constant has important consequences for the similar- 
ity variable, ~. At high impurity concentrations, one of the 
charged vacancies dominates the effective diffusivity, 
making 

D = 2Di [10] 

where D~ is the intrinsic diffusion coefficient, a good ap- 
proximation of the concentration dependence of the dif- 
fusion coefficient. The parameter ~, is equal to one for ar- 
senic and boron diffusion, and ~ is equal to 2 for 
phosphorus diffusion in the "flat region" (1). 

In this case, instead of constant surface concentration, a 
constant amount  of implanted impurities redistribute 
during diffusion. Thus, we require 

f~C(x,O dx = T'-~ f :~(D d,  = Qo = const. 
[ i i ]  

This obviously requires that a = fl, and the diffusion 
equation corresponding to Eq. [7] becomes 

t~+, a (~(b) = - ~  2Di~" t~,~+~ [12] 

Matching powers of t now requires 

+ 1 = ~ + 2 f l + a  [13] 

i.e. 

= f l =  1/(~+ 2) 

Integration ofEq.  [12] yields 

[14] 

d~ 
~ = 2D'~ d~ 

The diffusion coefficient may then be written 

[15] 

(C) v ~b v a~:(b [16] 
D = 2Di ~ = 2Di /~ d~b 

t~ 
d~ 

Substi tuting variables back to x and t yields the follow- 
ing expression for the diffusion coefficient 

1 xlC, 
D(C,) = [17] 

~ + 2 t~ dC ~ 
\ d x / x ,  

This equation implies a graphical method for determina- 
tion of diffusion coefficients from experimentally deter- 
mined impurity profiles. In this case, the evaluation is 
simplified as the graphical integration of the Boltzmann- 
Matano analysis for diffusion with constant surface con- 
centration is eliminated. However, the degree of nonlin- 
earity in the diffusion coefficient must  be known in order 
to perform correct evaluations. 

A further integration of Eq. [15] for 7 = 0 yields the well- 
known gaussian profile. For nonlinear diffusion (~ > 0), 
the integration yields, after substitution of variables (5) 

/ X 2 \ 
C(x,t) = Cs(t) (1 - ! 

xjZ(t) / 

where the surface concentration is 

[18] 

7 Qo,,.niV .~ I/('Y~2) 
Cs(t) = 4(~/+ 2)Iv ~ " Dit / 

and the junct ion depth is 

[19] 

(4(~ + 2) QoVDit ~ 11(~,2~ 
xj = [20] 

7I~ ~ ~ / 

I v is a numerical factor given by I, = 2/3 and I2 = 7r/4 (5). 
For ~ --~ 0, this solution (Eq. [18]-[20]) gradually ap- 
proaches the well-known gaussian profile. 

Discussion and Conclusions 
The impurity profiles given by Eq. [18]-[20] give excel- 

lent agreement with experimental data on impurity pro- 
files for high concentration arsenic diffusion (~ = 1), see 
Ref. (5). Some of these data are repeated in Fig. 1. 

Two points in relation to Eq. [18]-[20] should be empha- 
sized. 

1. The impurity profile is not a function of x / t  "2, as was 
previously believed. Instead, the profile depends on x / t  '~3 
in the case of arsenic and boron (~ = 1) and on x / t  '14 in the 
case of phosphorus (~ = 2). The proper diffusion variable 
in these cases has caused considerable problems in previ- 
ous investigations on nonlinear diffusion in semiconduc- 
tors (6-8). 

2. The inherent  form of the impurity profile changes 
with increasing nonlinearity and tends to become more 
"rectangular." The high concentration region becomes 
more uniform and the descent toward low concentrations 
is steeper than for the linear profiles, cf. Fig. 1. 

To evaluate the concentration dependence of the diffu- 
sion coefficient, the Boltzmann-Matano analysis (4) is 
used when diffusion is performed with constant surface 
concentration. The diffusion coefficient is then deter- 
mined by 

D [9] 
2t(  d e  

\ d x / ~ ,  
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Fig. 1. Doping profile for shallow implanted arsenic (7 = 1) com- 
pared with experimental results from Hill (10). The gaussian profile 
for linear diffusion (T = 0) is given for comparison. 

as shown in the analysis. This method has been success- 
fully used to evaluate the diffusion coefficient of several 
diffusants. The only condition is that the diffusion pro- 
cess must obey Fick's second law, on which the Boltz- 
mann-Matano analysis is based. Hence, the analysis is in- 
valid when other effects are involved, such as precipita- 
tion, clustering, or other nonequil ibr ium complex or 
vacancy formations. However, there are no restrictions on 
the concentration dependence of the diffusion coeffi- 
cient. 

In the case of a two-step diffusion process when an im- 
planted or predeposited dose of impurities are redistrib- 
uted during the drive-in diffusion step, detailed knowl- 
edge is needed about the diffusion process before the 
diffusion coefficient can be evaluated from the doping 
profile. First of all, as in the Boltzmann-Matano analysis, 
the diffusion process must  obey the diffusion equation. 
Furthermore, the impurity profile should not contain res- 
idues of the originally implanted or predeposited profile, 
cf. Fig. 1. However, as shown in Eq. [17], detailed knowl- 
edge about the concentration dependence of the diffusion 
coefficient is also required. For arsenic and boron, with 
T = 1, the diffusion coefficient may be evaluated from 

C(x,, t)x, 
D - [21] 

3t( dC I 
\ dx/~., 

A similar expression has been used in the analysis by 
Fair and Tsai (7) giving the diffusion coefficient as 

C(x,, t)x, 
D [22] 2t( dC 

\ dx/.r, 

However, this expression is based on the assumptions 
that the Boltzmann transformation is the proper variable 
and that the diffusion coefficient is a function of 
C(x, t)/Cs = C(x, t)/C(O, t) (7, 8). This assumption is physi- 
cally not realistic, and the expression is useful only for 
constant diffusion coefficients and gaussian profiles. 

From this point of view, the evaluation in Ref. (7) 
should give values of diffusion coefficients that are 1.5 
times too large. However, great care must  be taken with 
the conditions under  which the diffusion was performed. 
A gaussian profile is a well-known reference assuring 
that the diffusion was performed under  linear conditions. 

C/Cs 
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Fig. 2. Normalized impurity profiles for linear (7 = O) and non- 

linear (T = 1) diffusion plotted together with experimental data for 
arsenic [from Fair and Tsai(7)]. For some lower doses of implanted ar- 
senic an effective T, 7elf = 0.5, is the best approximation. 

For nonlinear diffusion involving large doses of arsenic, 
the impurity profile is given by Eq. [18] as long as the 
concentration is so high that the nonlinear diffusivity is 
dominating. These two reference curves are shown in Fig. 
2 together with experimental results from previous work 
by Fair and Tsai. Only the high dose implants agree with 
the theoretical curve, indicating a mixture of linear and 
nonlinear diffusion at lower doses. Only for the high dose 
implants may accurate evaluations of diffusion coeffi- 
cients be performed using Eq. [21]. For the lower implant 
doses, approximate diffusion coefficient evaluations may 
be obtained from 

C(x,, t), 
D = - [23] 

('~eff ~- 2)t( ~-~Cx )~, 

D ( c m 2 / s )  

10-11 1200~  
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Fi 9. 3. Arsenic diffusivity vs. total concentratian usin 9 Eq. [24] and 
[25]. The upper dots ore experimental data from Fair and Tsai (7). 
The lower dots are the same experimental data reevaluated according 
to Eq. [21]. 
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where ~/eff is an effective nonlinearity coefficient (0 < ~eg~ 
< ~), which empirically accounts for the mixing of linear 
and nonlinear diffusion effects. Thus, before evaluating 
the diffusion constant by means of Eq. [17], the appropri- 
ate ~ f  has to be determined by fitting a curve of the form 
given by Eq. [18] to the available data points. This is dif- 
ferent from the Boltzmann-Matano analysis, which is 
valid for arbitrary concentration dependence of the diffu- 
sion coefficient. In Fig. 2, the theoretical doping profile 
for diffusion with Ye~f = 0.5 is also shown. 

To illustrate the validity of our theoretical analysis, we 
have plotted in Fig. 3 the arsenic diffusion coefficient as 
a function of concentration using the expression 

D = h  Do+ D-  [24] 
n[ 

where h is given by Eq. [4] and Do and D-  by the today 
widely accepted (11) values of 

Do = 0.066 exp (-3.44/kT) and D-  = 12 exp (-4.05/kT) 

[25] 

In this figure, the experimental data of Ref. (7) for the dif- 
fusion coefficient evaluated from profiles of implanted 
impurities using Eq. [22] are also shown. 

This experimental data generally seem to be too large 
compared with theoretical curves. On the other hand, if 
these experimental values are reevaluated using Eq. [21], 
as shown in Fig. 3, very good agreement with present day 
theory is obtained, especially for high concentrations 
when ~ truly equals one. At lower concentrations, how- 

ever, when ~/becomes zero corresponding to linear diffu- 
sion, the evaluation of diffusion coefficients from Eq. [21] 
shows the best agreement with theory, as predicted by 
Eq. [17]. 

Manuscript received Dec. 11, 1984. 
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ABSTRACT 

In this paper, the origins of the microscopic impurity inhomogeneity in Czochralski (CZ) silicon are reviewed. The 
relevance of impuri ty segregation behavior and microscopic growth rate variations to the impurity microfluctuations 
are analyzed and discussed. The nature of the oxygen microfluctuations is studied in terms of its segregation behavior 
and its effects on precipitation. Spatially resolved infrared absorption and spreading resistance are used to study the 
oxygen microfluctuations induced by the melt thermal asymmetry, isolated by a manually controlled crystal growth. It 
is shown that oxygen segregates microscopically in the same manner  as arsenic in silicon, that is, Ko < 1 for oxygen. A 
quantitative analysis yields a Ko value in the neighborhood of 0.3 for oxygen, which agrees well with the previous result 
based on a macroscopic analysis. Heat-treatment experiments have shown that when CZ silicon exhibits microfluctua- 
tions in oxygen concentration the precipitation is not uniform; rather, the precipitation is enhanced in the high oxygen 
regions of the fluctuations. Such behavior can impede the formation of the denuded zone where the high oxygen re- 
gions meet the wafer surface, resulting in nonuniform denuded zone width across the wafer. 

The microscopic inhomogeneity of impurity distribu- 
tions in Czochralski (CZ) silicon crystals is, in general, a 
result of growth-rate fluctuations during crystal growth. 
The growth-rate fluctuations cause variations in the im- 
purity incorporation levels. The lattice strain associated 
with local impuri ty concentration variations gives rise to 
the so-called "striation," as may be revealed by chemical 
etching. Severe microscopic dopant inhomogeneity corre- 
sponds to a large variation in carrier concentration, and is 
not desirable in silicon materials used for device fabrica- 
tion, especially when such variation is comparable to the 
device feature size. This is an important consideration in 
VLSI fabrications. Large local fluctuations in oxygen 
concentration can result in preferential precipitation, of- 

ten observed as concentric ring patterns in etched wafers 
following heat-treatments. 

Several recent works have addressed impurity incorpo- 
ration in CZ silicon crystals and the effects associated 
with inhomogeneous impurity distribution (11, 12). Here, 
we have grown crystals with very regular impurity stria- 
tion patterns so that a more quantitative analysis of the 
causes and consequences of microscopic inhomogeneity 
can be made. The main focus of our work is upon oxygen 
incorporation and striation. 

This paper is organized as follows. First, the sources of 
impurity concentration fluctuation are reviewed briefly. 
Next, the growth and characterization of a specially 
grown crystal with widely spaced, regular impurity stria- 
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tions are described. From the measured impurity distri- 
butions, the segregation behavior of oxygen in silicon is 
determined. Finally, a number  of effects associated with 
oxygen precipitation in inhomogeneous crystals are 
shown very clearly in our samples that have regular stria- 
tion patterns. 

Microscopic Inhomogeneity in Czochralski Silicon 
In Czochralski silicon growth, there are several sources 

of microscopic growth rate variations. 

Noncentral symmetric thermal distribution in silicon 
melt.--In i a r g e  melt  silicon growth systems, finite 
thermal asymmetry  exists about the center of the melt. 
During crystal growth, as the crystal is rotated about the 
growth axis, the interface will experience slightly differ- 
ent temperatures at different positions of the melt. There- 
fore, the growth rate of a given crystal element parallel to 
the crystal axis would fluctuate periodically, as illus- 
trated schematically in Fig. 1. In general, the fluctuation 
is most  pronounced in the crystal elements furthest from 
the crystal center. The periodicity of the fluctuation is 
determined by the average growth rate f, and crystal rota- 
tion rate oJ, as f/co. Corresponding to the growth-rate varia- 
tions, there are variations in the impurity incorporation 
level. When the equilibrium segregation coefficient (Ko) 
of the element  involved is less than unity, the fluctuation 
in impurity incorporation level is in phase with the 
growth rate fluctuation. If Ko > 1, the two fluctuations 
will be out of phase. This is also illustrated in Fig. 1. The 
relationship may be realized readily by examining equa- 
tion of Burton et al. (1). 

Thermal convection-related temperature fiuctua- 
tions.--These fluctuations are mostly random in nature 
and etched striations are characteristically aperiodic (2). 
When thermal convection is significant, the microstria- 
tions would bear the signature of high frequency fluctua- 
tions, on the order of tens of hertz. 

Automatic  diameter control-induced perturbations.-- 
Growth rate fluctuations can be further perturbed by the 
automatic diameter control mechanism (ADC) commonly 
employed in silicon growth. The crystal pull rate is slaved 
by optically monitored crystal diameter  variations in or- 
der to maintain a preset diameter. The pull rate adjust- 
ments are both "instantaneous" (a few seconds) and 
"long-term" (minutes). The long-term pull rate adjust- 
ment  determines average growth rate. The instantaneous 
pull rate adjustment imposes modifications on the micro- 
scopic growth-rate fluctuations resulting from thermal 
asymmetry and thermal convection. The net effect is to 
smear the periodic nature of the impuri ty fluctuation re- 
sulting from the melt thermal asymmetry. 

Microscopic Analyses and Crystal Growth 
In this study, the microfluctuations of oxygen were 

measured directly by spatially resolved infrared absorp- 
tion near 9 ~m, 1 and indirectly by spreading resistance 
(SR) following an oxygen donor activation treatment at 
450~ 

Our apparatus for making spatially resolved IR mea- 
surements is based upon a Hughes Model 3802H-L line 
tunable CO2 waveguide laser. The laser could be tuned 
(4-6) to 9.17 ~m, near the maximum of the well-known 9 
~m IR absorption band that is used routinely to charac- 
terize the concentration of oxygen in silicon. The laser 
spot diameter (FWHM) at the focus was measured to be 
less than 200 ~m. 

Silicon samples were ground wedge shaped (.surfaces 6 ~ 
off parallel) to eliminate the multiple-reflection interfer- 
ence effects that give rise to large interference fringes for 
uncoated plane parallel surfaces. Samples were then pol- 
ished to a mirror finish on both sides. We chose wedge- 

1The earliest microscale measurement of lOll we are aware of 
was performed by McDonald (3). Recent microscale measure- 
ments have been reported by Ohsawa et al. (4, 5) and by Rava 
et al. (6). Our measurement system is most like that described by 
Rava et al. 

f > 
j ,  

GROWTH RATE / / /  ~ ' \ h  
r 

f ~  . . . . . . . .  

IMPURITY INCORPORATION 

FOR K~ (! ~ 

FOR Ko) i  

Fig. 1. Schematic illustration of growth-rate fluctuation and its rela- 
tionship with microscopic impurity fluctuation in CZ crystal, f and co 
are growth rate and crystal rotation rotes, respectively. 

shaped rather than antireflection-coated samples be- 
cause it was more convenient to perform heat-treatments 
and remeasure absorption spectra on uncoated speci- 
mens. Our system was carefully checked with float-zone 
(oxygen-free) silicon to ensure that interference effects 
and surface imperfections had indeed been eliminated. 
We also measured the spatially resolved IR spectrum for 
our Czochralski-grown samples at 9.6 ~m (off the oxygen 
absorption band) to determine transmission fluctuations 
not due to oxygen striation. Such nonoxygen~related 
fluctuations of the transmitted beam were -0.3% of the 
transmitted signal. 

The spreading resistance measurements were per- 
formed on a Solid State Measurement Model ASR210 SR 
probe. The probe spacing used was 150 ~m. 

To understand the nature of the microscopic oxygen 
inhomogeneity induced by the various mechanisms of 
growth-rate fluctuations during the crystal growth, it is 
helpful to isolate the major contribution. For this pur- 
pose, a <100> crystal was grown under  a constant pull 
rate of 90 mm/h to avoid the effect of forced pull-rate vari- 
ations of the ADC mechanism. The crystal was grown 
from a relatively small charge, 5 kg, to minimize the 
thermal convection effect. The crystal was lightly doped 
with arsenic to serve as a reference. A slow crystal rota- 
tion rate of 2 rpm was used in order to maximize the peri- 
odicity of the rotational striations and to facilitate SR and 
IR measurements.  After growth, (110) longitudinal slices, 
1.4 mm thick, were prepared from near the center of a 
crystal section 75 mm from the seed. Slices were polished 
on both sides. The average [Oil of these slices were mea- 
sured by FTIR to be 19 and 17 ppma (7) at the center and 
near the crystal edge, respectively. 

Figure 2 shows IR absorption scans along the growth 
direction, 8 mm from both crystal edges (labeled sample 
A and sample B). The observed periodic oxygen concen- 
tration fluctuations are well resolved. The average spac- 
ing measured is 0.76 ram, consistent with the constant 
pull rate and crystal rotation rate used. The large absorp- 
tions at the ends of the scans are due to reference scratch 
markers. From the change in transmission, the change in 
absorption coefficient, about the mean and the percent 
change in the interstitial oxygen concentration can be de- 
duced. An analysis of ten periods gives an average fluc- 
tuation of 4.4% about the mean. Under  growth without 
forced pull-rate variations, these well-resolved fluctua- 
tions in microscopic oxygen incorporation rate are due to 



1414 J. Electrochem. Sac.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  June  1985 

.~_ 16 
,o. 

20~ C 

18 

t I I I h 
4.0 2.0 0 

d (mm) 

Fig. 2. 9 /~m IR absorption scans on crystal's longitudinal slice at 
positions A and B and C, in as-grown condition. Insert shows sample 
positions with respect to the experimental crystal. Horizontal seg- 
ments on the sample represent scratch markers. 

melt thermal asymmetry. The relatively symmetrical 
waveform of the fluctuations indicates that the thermal 
asymmetry consists of hi-lo temperature regions approxi- 
mately 180 ~ apart across the melt  center. Since the "in- 
strument width" of the laser beam was measured to be 
narrower than 200 tem, far less than the periodicity of the 
oxygen fluctuation, the instrument convolution and 
smearing effect is insignificant. Therefore, the measured 
amplitude of the oxygen fluctuations are very close to 
the actual magnitude. However, some details in the mi- 
crofluctuation are not resolved by the laser beam, but 
can be detected by high resolution SR measurements. 

Variations in oxygen concentration are observed in the 
IR scans near the crystal center, (such as position C in 
Fig. 2) along the growth direction. The fluctuations are 
small (-< 3% peak to valley) and are not periodic in nature. 
They are mainly due to thermal convection-related 
growth-rate fluctuations. 

Microfluctuations of oxygen were also measured by SR 
after sample A was annealed at 450~ for 4h to convert 
some of the interstitial oxygen to electrically active donor 
complexes (8). Figure 3a shows the SR profile measured 
at the same sample location as the laser scan, 8 mm from 

o 

I 
~ 450~ 4hr 

'~ ,"Vi ..". .-\ : .  . - .  r - ,  
I / L... ....' ";. / x ,,...: ;..... ; -..,.. ./.- .... (a) 

s F "~-" %" ""/" " "  "'~ ' '" 

2 0 1 .  7000C 2hr 

GROWTH DIRECTION 

Fig. 3. Spreading resistance profiles measured along growth direc- 
tion offer the as-grown slice was heat-treated at 450~ for 4h (o), 
and additional 700~ for 2h followed by quenching (b). The spacing 
of the data points is 20/~m. 

the crystal edge, after the donor heat-treatment. The 
higher resistance corresponds to lower oxygen concentra- 
tion. When the scratch marks are aligned in the laser and 
SR scans, it may be seen that the fluctuations are well 
matched. It is noted that some of the fine features de- 
tected by SR are not resolved by the laser IR. Since the 
oxygen donor formation kinetics are proportional to 
fourth power of the [O~] (9), the donor profile measured 
would give a larger fluctuation than the actual magni- 
tude. A SR measurement  at the same sample position 
after an oxygen donor elimination treatment would reveal 
dopant fluctuations, in this case arsenic, due to exactly 
the same growth-rate fluctuations that oxygen experi- 
enced during the growth. Figure 3b shows such a SR 
profile after sample A was annealed at 700~ for 2h fol- 
lowed by fast cooling to room temperature. The average 
arsenic concentration measured is on the order of 2.5 x 
10 TM. This is in a good agreement with the four-point 
probe measurement  on the neighboring bulk crystal 
samples after 700~ donor-elimination treatments. The 
measured arsenic fluctuations can be discerned and have 
a periodicity of 0.76 mm. With the scratch marks aligned 
between profiles in Fig. 3a and 3b, it is seen that the peri- 
odic fluctuations are in phase. This demonstrates that 
oxygen segregates in the same manner as arsenic (Ko = 
0.3) and that Ko for oxygen is also smaller than unity. 

Oxygen Segregation 
It is realized that under constant-pull-rate growth (or 

nominally constant average growth rate), the fluctuations 
in impurity incorporation level, such as have been ob- 
served, are the result of impurity segregation and micro- 
scopic growth-rate fluctuations about the average growth 
rate. It is possible to deduce the magnitude of the growth- 
rate fluctuation when Ko is known, or vice versa. An anal- 
ysis of the microscopic arsenic fluctuation yields an aver- 
age of 5.1% about the mean. Figure 4 shows graphically 
the effect of growth-rate fluctuations on the impurity- 
incorporation level. In this plot, the percent change in Keff 
is computed as a function of the percent growth-rate 
change about the nominal value used in the present ex- 
periment, i.e., f = 90 mm]h, for the Ko values of interest. 
The computat ion assumes an oxygen diffusion coeffi- 
cient D = 10 -4 cm2/s and a diffusion boundary layer, 8, of 
0.04 cm (10). From the figure, the observed hKeff As corre- 
sponds to a growth-rate fluctuation of 11% about the 
nominal growth rate. With this range of growth-rate fluc- 
tuations, the 4.4% microfluctuation observed in oxygen 
incorporation would correspond to a Ko value of slightly 
greater than 0.3. This value may be compared with the 
previously determined value of -0.25 by a macroscopic 
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Fig. 4. Percent change in Keff as o function of growth rate fluctua- 
tions about a nominal growth rote of 90 mm/h for equilibrium segrega- 
tion coefficients 0.2-0.5. 
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analysis (10). Considering the difference in the methods 
used and the measurement  errors involved, the two re- 
sults are in a good agreement. Our results from direct 
crystal growth experiments with both macroscopic and 
microscopic analyses have yielded similar results. The 
equilibrium segregation coefficient of oxygen in silicon 
is considerably smaller than unity. The Ko value is in the 
neighborhood of 0.3. 

Effect  on O x y g e n  Precip i ta t ion 
In order to examine the effects of microscopic oxygen 

fluctuations on precipitation behavior, two neighboring 
samples from the experimental crystal with different 
thermal history were further heat-treated at 1050~ for 5h. 
Sample A was previously heat-treated at 450~ for 4h and 
700~ for 2h for the study described above. Sample B was 
in the as-grown condition. After the heat-treatment, the 
[Ol] measured at 8 mm from the crystal edge in sample A 
was 10 ppma, a decrease of 6 ppma from the as-grown 
concentration of 16 ppma. In other words, about 38% of 
the original interstitial oxygen was precipitated. A similar 
measurement in sample B showed the corresponding [O~] 
decrease was only 2 ppma. The low temperature treat- 
ments preceding the 1050~ treatment in sample A clearly 
enhanced precipitation. 

Microstructural analyses of these samples indicate that 
the precipitation is not uniform. Rather, preferential pre- 
cipitation takes place in the originally high oxygen re- 
gions of the microfluctuations. Figure 5a shows the 
etched surface of sample A after 1050~ treatment, 8 mm 
from the crystal edge. The striking microstructure shows 
periodic bands of oxygen precipitation which extend to 
the silicon surface. There appears to be no defect-free vol- 
ume (denuded zone) under  the surface in the precipita- 
tion band regions. The vertical scratch reference marks 
are shown at each end. The original SR trails parallel to 
the growth direction can be vaguely seen among the ran- 
dom scratch damage due to sample handling. With refer- 
ence to the SR tracks and scratch marks, the precipitation 

bands in Fig. 5a may be matched with the SR profile 
shown in Fig. 3a to show that the heavy precipitation 
bands correspond to the originally high oxygen regions. 
The precipitation density in the low oxygen regions ap- 
pears to be insignificant. However, relatively small pre- 
cipitates can be seen under  high magnification micros- 
copy. These observations suggest that when there are 
microfluctuations in oxygen distribution, in the present 
case - 4.4% about the mean, enhanced precipitation can 
occur in the high oxygen regions. Furthermore, the fact 
that the precipitation occurs at the sample surface sug- 
gests that no denudation takes place in the banded pre- 
cipitation regions. Apparently, the oxygen out-diffusion 
near the sample surface is suppressed by a fast nuclea- 
tion/growth mechanism in the high oxygen regions. Such 
effects are especially pronounced in the case where pre- 
cipitation was assisted by low temperature nucleation 
treatments. These preferential precipitation bands would 
correspond to concentric ring patterns in the crystal's 
transverse cross sections, i.e., normal wafer slices. It is be- 
lieved that the preferential oxygen precipitation mecha- 
nism associated with microscopic oxygen fluctuations is 
the cause of the concentric rings often observed in oxi- 
dized or heat-treated CZ wafers, following chemical etch- 
ing. Figure 5b shows etched striated micrograph in 
sample A near the crystal edge after 1050~ treatment. 
There is no preferential precipitation taking place due to 
low oxygen concentration at the crystal edge. The aver- 
age periodicity of the striations, - 25/~m, corresponds to 
a high frequency fluctuation of 1 Hz associated with melt 
thermal convection. 

Our data indicate that the oxygen precipitation kinetics 
in CZ silicon with microfluctuations is not strictly pro- 
portional to oxygen concentration. Several factors for 
such preferential precipitation may be speculated. It is 
likely that the preferential precipitation of oxygen in the 
high [Oi] regions reflects the number  of nuclei formed 
during the low temperature heat-treatments. Our SR mea- 
surements show that, following 450~ heat-treatment, the 

Fig. S. a: Micrograph of Secco-etched sample A showing preferential oxygen precipitation at high [0i] regions after 1050~ 5h treatment, b: 
Microstriations near the crystal edge (of sample A) showing average periodicity of 2S/~m. The heat-treatment condition is same as in a. 
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distribution of thermal donors reflects [O~] distribution 
but with greater fluctuation amplitude. We have not mea- 
sured directly the distribution of nuclei following 700~ 
treatment, but  the precipitation behavior at 1050~ would 
seem to indicate a large fluctuation amplitude for the 
concentration of nuclei also. 

Another postulated mechanism for inhomogeneous pre- 
cipitation behavior involves the preferred nucleation and 
growth of oxygen precipitation at microdefect centers in- 
troduced during crystal growth. Such defects, ranging 
from several hundred angstroms to tenth of a micron in 
size, have been related to temperature oscillation and 
remelting occurring at the growing crystals' solid-liquid 
interface (13, 14). The defect centers would provide con- 
venient nucleation sites for oxygen precipitations at a 
preferential rate. The remelting phenomenon is closely 
related to growth conditions where thermal asymmetry 
exists. 

Remelting can occur when the rotating crystal's inter- 
face changes from low to high temperature fields such 
that a negative instantaneous growth-rate results. In the 
present sample, this condition would correspond to the 
low growth-rate portion of the microfluctuations. That is, 
logically, if remelting-related microdefects exist in the 
current sample, they are likely to occur in the low oxygen 
regions, not the high oxygen regions. This is not consist- 
ent with the current observation of the enhanced precipi- 
tation, which occurs in the high oxygen regions. Further- 
more, the present SR measurements and microstructures 
do not give a sufficient indication that a correlation ex- 
ists between the microdefects and enhanced precipitation 
in the present crystal. The possible role of the microde- 
fects in enhanced precipitation needs to be further inves- 
tigated. 

One of the strong characteristics observed in the precip- 
itation band regions is that oxygen outdiffusion at the 
surface is being suppressed such that precipitation ex- 
tends to the surface with no "denuded zone." In compari- 
son, much weaker precipitation effects have been ob- 
served in CZ silicon with similar [O~], but  much better 
microscopic uniformity when receiving identical heat- 
treatments. In the latter case, the precipitation-free depth 
region near the surface is not zero, but  10 ~m or so. Thus, 
CZo silicon wafers fabricated from crystals with signifi- 
cant microfluctuations would be likely to display non- 
uniform precipitation and denuded zone width across the 
wafer. This phenomenon has often been observed (15). 
The degree of nonuniformity in the denuded-zone width 
would depend on the amplitude and periodicity of the 
fluctuations, the crystal's interface curvature, and the 
thermal history of the wafer prior to the precipitation pro- 
cess. The significant implication of such behavior is that, 
when the crystal with [O~] microfluctuations is fabricated 
into wafers, the formation of the wafer surface-denuded 
zone may be impeded where high oxygen regions of the 
fluctuations meet the surface. 

Summary and Conclusions 
In this paper, the origins of the microscopic impurity 

inhomogeneity in Czochralski silicon have been re- 
viewed. The relationship of impurity segregation behav- 
ior and microscopic growth-rate variations to the impu- 
rity microfluctuations is analyzed and discussed. The 
observed microfluctuations in large diameter CZ silicon 
crystals are characteristically a result of convoluted 
growth-rate fluctuations due to melt thermal asymmetry, 
thermal convection, and forced pull rate variations in- 
duced by automatic diameter control. 

In general, the effect of the oxygen microfluctuations 
may be minimized by reducing the periodicity of the 
fluctuations, via increased crystal rotation rate during 
crystal growth. However, a more fundamental  approach 
would be to improve the melt thermal symmetry. In a 
side-heated Czochralsl}i growth system, it is essential that 

good contact be maintained between the entire crucible 
wall and surrounding graphite susceptor for uniform and 
symmetrical heating. The forced pull-rate variations in- 
duced by the automatic diameter control can be reduced 
by proper adjustment  in the control electronics. More re- 
cent diameter-control designs based on advanced optical 
sensors coupled with a microprocessor offer smoother 
control. Thermal convection-induced temperature oscilla- 
tions can be suppressed by using either small melt 
growth, such as a double crucible (16) or low aspect ratio 
approaches, or by applying magnetic field (17). 

The nature of the oxygen microfluctuations is studied 
in terms of its segregation behavior and its effects on pre- 
cipitation. High resolution laser IR absorption and 
spreading resistance are used to study the oxygen 
microfluctuations induced by the melt thermal asymme- 
try, isolated by a manually controlled crystal growth. It is 
shown that, microscopically, oxygen segregates in the 
same manner  as arsenic in silicon, that is, Ko < 1 for oxy- 
gen. The quantitative analysis yields a Ko value in the 
neighborhood of 0.3 for oxygen, which agrees well with 
the previous result based on a macroscopic analysis (10). 

Heat-treatment experiments have shown that when CZ 
silicon exhibits microfluctuations in oxygen concentra- 
tion, the precipitation is not uniform; rather, the precipi- 
tation is enhanced in the high oxygen regions of the fluc- 
tuations. Such behavior can impede the formation of the 
denuded zone where the high oxygen regions meet the 
wafer surface, resulting in nonuniform denuded zone 
width across the wafer. 

Manuscript received Dec. 5, 1984. 
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Process-Induced Leakage Current in a Low Noise GaAs MESFET 
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ABSTRACT 

The cause of a process-induced leakage current in low noise GaAs MESFET's  has been traced to conduction along 
the semi-insulating buffer surface surrounding the mesas that contain the active elements of the device. The ion milling 
process, which we used to define the mesas, is responsible for inducing large, variable increases in surface leakage. For 
a fixed voltage between the gate and source pads of IV the induced leakage current ranged from 5 nA to 10 vA at 23~ 
We compared the effects of several commonly used etches for cleaning GaAs. A buffered peroxide solution did not re- 
duce the induced leakage current. By contrast, a concentrated aqueous NH4OH solution reproducibly reduced the in- 
duced leakage current to below 1 nA. Auger analysis revealed a correlation between high surface leakage and the pres- 
ence of a surface Ga oxide layer. We were unable to definitively identify the cause of the leakage, but suggest two 
possible mechanisms that are consistent with our data: (i) band bending due to charges in the surface oxide, or surface 
state effects, and (ii) conduction through a thin layer of elemental As located between the surface oxide and the GaAs. 

GaAs MESFET's  are receiving increasing attention be- 
cause of their use as preamplifiers in light wave receivers 
(1). There is interest in understanding and minimizing the 
leakage current in GaAs FET's, since at low bit rates the 
receiver sensitivity is limited by shot noise, which is pro- 
portional to the leakage current. 

The data shown in Fig. 1 illustrate that, if special pre- 
cautions are not taken, a t remendous variation is ob- 
served in the gate leakage current of GaAs MESFET's  
from similarly processed wafers. Measurements of the re- 
sistivity of the GaAs substrates showed no difference in 
substrate resistivity, suggesting that the large leakage 
current variation was induced by processing. We focused 
on the following aspects of this problem: (i) location of 
the leakage current, (ii) the processing steps responsible 
for inducing leakage, (iii) the physical mechanism in- 
volved, and (iv) techniques to reduce leakage. We show 
below that we succeeded with the first, second, and 
fourth aspects. Although we were unable to definitively 
identify the third, we suggest two candidates that are con- 
sistent with our data. 

Experimental 
GaAs FET structure.--A schematic cross section of the 

transistor structure is shown in Fig. 2. The substrate is 
high resistivity chromium-doped GaAs. An epitaxial high 
resistivity chromium-doped GaAs buffer layer (3-5 ~m 
thick) separates the substrate from the n-type active layer, 
which is only 0.4 ~m thick. An n + layer grown over the ac- 
tive layer facilitates the formation of ohmic contacts. All 
epitaxial layers were grown by chemical vapor deposi- 
tion. 

Figure 3 shows a top view of the FET. The active region 
of the device is enclosed by the heavier dashed line. The 
shorter dashed lines delineate the gate metal. Isolation 
between different devices is achieved by the creation of 
mesas using an ion milling process (Ar ions at 300 }~/min). 
Milling is preferred over chemical etching because of 
undercutting around mesa edges and other problems. 
The region outside the heavier dashed line in Fig. 3 is the 
surface of the high resistivity GaAs:Cr buffer that is ex- 
posed by the ion milling. The source, drain, and gate 
bonding pads, which are deposited onto the buffer sur- 
face, are indicated in the diagram by the letters S, D, and 
G, respectively. Typical dimensions are, for mesa length 
75 ~m, for S and G pads 50 • 100 ~m, for G to mesa spac- 
ing 40 ~m, for gate width 250 ~m, and for gate length 
1 ~m. 

Electrical measurements .~In order to identify the pro- 
cessing steps responsible for inducing the leakage cur- 
rent, the current-voltage (I-V) characteristics of wafers 
were monitored at several stages during processing. The 
I-V characteristics were measured as a function of the ap- 
plied voltage between the gate and source pads with the 
drain floating. We demonstrate below that the current be- 
ing measured was the current flowing between the gate 

pad and the entire mesa. Typically, each wafer was char- 
acterized by measuring the leakage current of eight de- 
vices from different sections of the wafer. Unless other- 
wise noted, the leakage current was measured at an 
applied gate voltage of IV. A computer-controlled mea- 
surement system, consisting of a Hewlett-Packard HP-85 
computer, an HP Model 3497A Data Acquisition/Control 
Unit, an HP-6002A programmable power supply, and an 
HP-7245 plotter/printer, was used. The devices were ac- 
cessed using an Electroglas Model 131 wafer prober. The 
processing steps of interest, in sequential order, are: 1, 
growth of buffer and n-type active layers, 2, mesa 
definition by ion milling followed by PA etching (using a 
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Fig. 3. Top view of the FET structure 

solution of 30% hydrogen peroxide in deionized water 
buffered to a pH 7.2 with ammonium hydroxide), 3, 
ohmic metal deposition and alloying, 4, gate notch etch 
and gate metal (A1) deposition, 5, final metal deposition, 
and 6, dicing. Wafers were evaluated after processing 
steps 3, 4, 5, and 6, as well as before and after alloying of 
ohmic metal. Only a small number of devices was mea- 
sured after dicing, owing to the long sorting time required 
to find specific devices. In order to investigate the ef- 
fects of processing steps 1 and 2 on leakage, wafers were 
grown with no n-type active layer on top of the high resis- 
tivity buffer layer. Each wafer was then cleaved into sev- 
eral samples. The surfaces of some of these samples were 
ion milled in separate runs and had metal deposited on 
them for ohmic contacts, while others had metal depos- 
ited on them without any ion milling. The leakage cur- 
rents of these samples were then measured. 

The ion miller was a Technics Model TLA-20, operated 
at an ion beam energy of 500 eV with the substrate tem- 
perature held at 60~ by use of a water-cooled wafer 
holder. It is important to note that the machine and the 
procedure for this ion milling is very different from those 
used in the Auger apparatus (described below) for depth 
profiling and surface cleaning. 

Surface etching.=The wafers were treated with a vari- 
ety of etchants to determine whether the leakage current 
path is at the surface and to develop a technique to re- 
duce the leakage. The PA etch of processing step 2 and an 
aqueous NH4OH solution were used primarily in these ex- 
periments; however, the effects of a H2SO4:H20~:H20 
(1:1:200) and a 0.05% bromine-methanol solution were 
also investigated. 

The NH, OH etch, when used in conjunction with a 
prior anodic oxidation of the GaAs surface, can produce 
an essentially stoichiometric and contaminant-free GaAs 
surface (2). We used a 1:1 solution of NH4OH in deionized 
water with a pH of 12.7. Wafers were etched for 2-10 rain, 
rinsed with deionized water, and blown dry with filtered 
nitrogen. The etch rates were measured using a Talystep 
1 instrument. 

Auger electron spectroscopy.--The chemical nature of 
the GaAs buffer surface was studied by Auger electron 
spectroscopy (AES) using a PHI 590A system. The experi- 
mental system and analysis conditions have been de- 
scribed elsewhere (3). For depth profiling and surface 
cleaning, a PHI  Model 04-303 differentially p, umped ion 
gun was used, operated at an ion energy of 3:4 keV (Ne), 
and milling rates of 50-100 ]t/min. The main objective of 
the AES analysis was to look for any correlations between 
the chemical nature of the GaAs surface and the leakage 
current. This information is important in understanding 
the mechanism responsible for the leakage current. 

Electrical Measurements  
Effects of processing steps 3-6 on leakage.--Figure 4 

shows typical leakage current vs. voltage curves for two 
devices from different wafers which were measured after 
(i) formation of ohmic contacts, (ii) gate deposition, and 
(iii) deposition of final metal. Most of these data were 
taken with the gate biased negatively with respect to the 
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Fig. 4. Typical set of I-V characteristics after ohmic metal, gate, 
and final metal. 

source, after we had established that the leakage current 
is insensitive to the polarity of the gate. Note that at the 
ohmic contact and gate formation steps the leakage cur- 
rent varies linearly with voltage over the voltage range 
0.1-12V, whereas after final metal the current is ohmic up 
to 7V and then increases steeply with increasing voltage. 
This sharp increase in current is indicative of space- 
charge-limited current flow caused by the injection of 
electrons into the semi-insulating buffer from the ohmic 
metal (4). Measurements of over 200 devices showed that 
the threshold voltage for the transition from ohmic to 
space-charge-limited current flow lies in the range of 
6-10V. The operating voltage of the device is only about 
2V, which is well below this space-charge-limited thresh- 
old. This fact, along with Fig. 4, indicates that the varia- 
tion in leakage current is not related to space-charge- 
limited current flow but is due to variations in the 
resistivity of a conducting region in the buffer. Figure 5 
shows the broad distribution of wafer average leakage 
current (at 1V) measured at room temperature shortly 
after formation of ohmic contacts. 

Figure 4 also shows that the processing steps subse- 
quent to the formation of ohmic contacts have little effect 
on the leakage current. Measurements on 40 additional 
wafers supported this observation. Table I lists the aver- 

Table I. Leakage current (nA) at Vgs = IV  after: 

Wafer no. Ohmic metal Gate Final metal 

CX2028 0.4 0.4 0.6 
M3062 0.5 0.4 1.2 
CX2523 11 12 11 
1196 0.2 0.3 0.6 
1197 7 10 6 
1338 0.4 0.2 0.4 
1403 1.5 2.5 3 
1411 0.2 0.2 0.2 
1456 9 5.5 9.4 
1414 0.1 0.2 0.1 
1477 8.4 5.8 6.8 
1479 1.7 1 1.2 
1001 40 40 - -  
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age l eakage  c u r r e n t  at  r o o m  t e m p e r a t u r e  of  s o m e  of  t h e s e  
wafe r s  af ter  p r o c e s s i n g  s teps  3, 4, a n d  5. Most  wafe rs  
s h o w e d  no s ign i f i can t  c h a n g e  in  leakage ,  a n d  approx i -  
m a t e l y  20% c h a n g e d  by  a fac tor  of 2-3. A l imi t ed  a m o u n t  
of  da ta  f rom dev ices  m e a s u r e d  af te r  d i c ing  s h o w e d  t h a t  
th i s  p r o c e s s  does  no t  affect  leakage.  As  i l lus t ra ted  b y  
Tab le  II, a l loy ing  of  t he  depos i t ed  o h m i c  me ta l  does  no t  
i nc r ea se  t he  leakage .  T h e s e  r e su l t s  s u g g e s t  t h a t  a t  leas t  
one  of  t he  p r o c e s s e s  w h i c h  p r e c e d e  t h e  depos i t i on  of  
o h m i c  m e t a l  is r e s p o n s i b l e  for i n d u c i n g  a n  inc rease  in the  
l eakage  cu r ren t .  

Effects of ion milling on leakage.--Measurements of t he  
l eakage  cu r ren t ,  Ig, in  t he  u n m i l l e d  h i g h  res i s t iv i ty  bu f f e r  
were  ca r r ied  ou t  u s i n g  wafers  w i t h o u t  a n y  n - type  ac t ive  
layer.  Ig r a n g e d  f rom 0.1 to 1 nA,  as s h o w n  in Tab le  III. 

The  ion -mi l l ed  s a m p l e s  f r o m  t h e s e  s a m e  wafers  s h o w  a 
la rge  v a r i a b l e  i n c r e a s e  in  t he  o b s e r v e d  l eakage  cur ren t .  In  
par t i cu la r ,  one  wafer ,  l abe l ed  " T e s t e r "  in  Tab le  III, was  
c l eaved  in to  e igh t  s amples ,  t h r e e  of  w h i c h  we re  m e a s u r e d  
as u n m i l l e d  samples .  Fo r  the  ion-mi l l ed  samples ,  Ig 
r a n g e d  f rom 2 n A  to 10/~A, as s h o w n  in  Tab le  III; t h e s e  
were  mi l l ed  in  s epa ra t e  runs .  Fo r  t he  u n m i l l e d  samples ,  Ig 
was  c o n s i s t e n t l y  e q u a l  to 1 hA. 

T h e s e  r e su l t s  p r o v e  t h a t  t he  ion  mi l l i ng  p roces s  is re- 
s p o n s i b l e  for  i n d u c i n g  la rge  va r i ab le  i nc r ea se s  in  l eakage  

Table II. Leakage current (Vgs = 1V) 

Before alloying After alloying 
Wafer no. (nA) (nA) 

1346 0.2 0.1 
1338 0.2 0.4 
1336 1 1.7 
1347 6 11 
1337 20 21 

Table III. Leakage current (nA) at Vgs = 1V 

Unmilled Ion-milled 
Wafer no. buffer surface buffer surface 

Tester 1 1 10,00O 
Tester 2 1 584 
Tester 3 1 150 
Tester 4 1 2 
Tester 5 1 293 
1485 0.1 5 
V3995 1 51 
V3997 0.2 7 
V3993 0.2 
V3989 0.1 
V3874 0.1 

Table IV. Evaluation of PA etch 

Leakage current 
Wafer PA etched (nA) 

1485 No 5 
1485 Yes 0.1 
1505C No 0.8 
1505H No 0.5 
1505F No 0.6 
1505A No 1.5 
1505B Yes 1.2 
1505D Yes 1.3 
1505G Yes 0.4 
1505E Yes 2.8 
1606B No 3,6 
1606G No 2.2 
1606C No 2.6 
1606E No 3.1 
1606H Yes 2.2 
1606D Yes 1.1 
1606F Yes 1.4 
1606A Yes 3.1 

cu r ren t .  They  are  also an  i n d i c a t i o n  t h a t  t he  l eakage  cur- 
r e n t  p a t h  is loca ted  at  (or v e r y  near)  t h e  bu f f e r  su r face  
s ince  t h e  500 eV ion  mi l l ing  p roces s  (wi th  the  wafe r  sur- 
face t e m p e r a t u r e  m a i n t a i n e d  at  a p p r o x i m a t e l y  60~ is 
no t  e x p e c t e d  to d a m a g e  t he  GaAs  ma te r i a l  wel l  b e l o w  the  
sur face  (5). 

PA etching effects.--An e x p e r i m e n t  to eva lua t e  t he  P A  
e tch  is s h o w n  in  Tab le  IV. The  wafe r s  were  ion  mi l l ed  
a n d  t h e n  c l eaved  in to  severa l  samples .  Be fo re  t he  forma-  
t ion  of  o h m i c  con tac t s ,  ha l f  of  t h e s e  s a m p l e s  were  P A  
e t c h e d  for  1 m i n  u s i n g  a f resh ly  p r e p a r e d  so lu t ion  each  
t ime,  wh i l e  t h e  o t h e r  se t  was  no t  e tched .  T h e  re su l t s  s h o w  
tha t ,  e x c e p t  for  wa fe r  1485, t h e r e  is no  s ign i f ican t  differ- 
ence  in  t h e  m e a s u r e d  l eakage  c u r r e n t  of  t h e  e t c h e d  a n d  
u n e t c h e d  samples .  I t  s h o u l d  b e  p o i n t e d  ou t  t h a t  th i s  se t  
of  s a m p l e s  h a p p e n e d  to h a v e  u n i f o r m l y  low leakage  cur- 
rents .  S imi la r  resu l t s  we re  ob t a ined  on  s amp le s  w i t h  
h i g h e r  l eakage  c u r r e n t s  (see Fig. 6 a n d  7). 

R e p e a t e d  P A  e t c h i n g  of  t h e  b u f f e r  sur face  c a n  e v e n  
lead to i n c r e a s e d  leakage,  as s h o w n  in  Fig. 6. The  ini t ia l  
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Fig. 7. Effects of NH40H and PA etching on the leakage current of 
the ion-milled sample Tester 1. 

I-V curve is shown by the solid line. After three 2 min PA 
etches the leakage current increased by a factor of 2. A 
Tatystep measurement  showed that the PA etch removed 
6000A from the buffer surface. A subsequent  15 min 100W 
oxygen plasma "c lear ing"  of this wafer surface reduced 
the leakage by a factor of 4. We tried a few more experi- 
ments with oxygen plasma cleaning and became con- 
vinced that the slight reduction in leakage current did not 
warrant further investigation of this aproach; these sur- 
faces were not Auger analyzed. 

Further evidence of the erratic nature of the PA etch 
can be seen in Fig. 7. The solid line is the leakage I-V 
curve for the ion-milled sample, Tester 1. This sample 
was cleaved into two pieces after ion milling. One half 
was etched with the PA etch for 1 min, while the Other 
was etched with the NH4OH solution. After the PA etch, 
the leakage current, which was initially 10/~A, decreased 
to 4 /~A. A Talystep measurement  showed that the PA 
etch removed less than 30,;, of material from the surface; 
it appears that, in this case, the PA etch did not remove 
any GaAs. 

The sample which received the PA etch was cleaved in 
two and each piece etched in either H2SO4:H202:H~O or 
the bromine-methanol solution. Both treatments in- 
creased the leakage current nonuniformly across the 
wafer. 

NH40H etching effects. Figure 7 shows much more fa- 
vorable results for the other half of Tester 1, which was 
etched several times in the NH4OH solution. The first 
NH4OH etch, which lasted for 1 rain, reduced the leakage 
current from 10 /~A to 140 nA. Subsequent  etches of the 
same sample resulted in a steady decrease in the leakage 
current. After the fourth etch, corresponding to a total 
etch time of 6 min, the leakage current decreased to 0.4 
nA. Similar results were observed on all the other ion- 
milled wafers irrespective of the magnitude of the initial 
leakage current. Figure 8 shows the leakage current of 
four different wafers, which were etched in NH4OH, as a 
function of etch time. 

Talystep measurements of these NH4OH-etched wafers 
show that in all cases less than 100~ of material was re- 
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Fig. 8. Leakage current, Ig (at IV )  as a function of length of time of 
etch in the 1:1 NH40H solution for four different samples. 

moved from the surfaces after 6-8 rain of etching. Because 
the etch rates are so small, a more careful measurement  of 
the NH,OH etch rate was made using a wafer on which no 
active layer was grown. After ion milling, the samples 
were cleaved from this wafer and etched in the NH4OH 
solution for various periods of time using e]ectroplating 
tape as an etch barrier to create a step. Figure 9 shows 
that the etch rate of ion-milled buffer surface is approxi- 
mately 10 Mmin. These results confirm that the leakage 
current path is located at the GaAs buffer surface. 

Use of the NH40H etch in processing.--Table V shows 
the average leakage current at room temperature of wa- 
fers from nine device lots which received an 8 rain 
NH~OH etch after mesa definition. The first three wafers 
were measured after processing steps 3, 4, and 5; the oth- 
ers were measured only after processing steps 3 and 5. 
The average gate leakage current of devices from three 
wafers operating at 85~ (with V~ = 1.5V and V~ = -0.25 
-+ 0.05V) were 17, 9, 13 nA, respectively. 
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Fig. 9. Etch rate of the ion-milled buffer surface using a 1:1 aque- 

ous solution of NH4OH. 
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Table Vt Leakage current {hA) at V~, = 1V Table VI. Analysis of Auger data 

Wafer no. Ohmic metal Gate Final metal Sample O Peak A s / G a  Plasmon Symmetry ~ 

1684 0.1 0.1 0.4 
1876 0.1 0.1 0.3 
1877 0.1 0.2 0.3 
1859 0.1 0.2 
1977 0.2 0.6 
1978 0.3 0.3 
1979 0.2 0.5 
1980 0.4 0.7 
1981 0.2 0.3 

Surface chemical analysis.--Surface chemical analyses 
were performed using Auger spectroscopy. Typical Auger 
spectra are shown in Fig. 10-12; these were taken under 
identical experimental  conditions (3 keV incident elec- 
trons at 1 ~A current) and are all displayed at the same 
vertical magnification scale (except Fig. l lc )  so that the 
relative sizes of the Auger peaks can be directly com- 
pared. The Auger data are summarized in Table VI, in 
which the height of the oxygen Auger peak (labeled O 
Peak in Table VI in arbitrary units), the As/Ga peak 
height ratio (As/Ga), the height of the GaAs plasmon loss 
peak of the Ga spectra (plasmon, normalized to the 1067 
eV Ga peak height), and the "symmetry factor" (ex- 
plained in the table) are shown. 

The buffer surface immediately after mesa delineation 
by ion milling was examined before PA etch (top row of 
Table VI). Auger data from this surface are shown in Fig. 
10a. From these spectra, we estimate that there is a sur- 
face Ga oxide containing less than 5 atom percent of  As. 
Note the small value of the GaAs plasmon loss peak 
height in Table VI, top row, indicating that the surface 
oxide is sufficiently thick to almost completely attenuate 
the plasmon loss signal from the GaAs substrate. The ox- 
ide was then milled off while monitoring the O, Ga, and 
As signals, in order to determine the oxide thickness. The 
oxide was found to be about 60A thick, as shown by the 
Auger data in Fig. 10b, which were taken after milling off 
60~. The milled thickness was est imated assuming the 
milling rate for SiO~. In the figure, the Ga and As signals 
from the substrate are strong, and the oxygen signal is al- 
most  gone, indicating that the data were taken at the in- 
terface between the oxide and the GaAs buffer layer (the 
rate of oxygen readsorption in our Auger system was 
negligible). 

The escape depth of  oxygen Auger  electrons (at 507 eV) 
is about  t0~; we estimate that an oxygen signal of  4 in 
Table VI should correspond to an oxide 10 + 5]~ thick- A 

Ion milled (mesa) 7.0 0.05 0.05 0.75 
High leakage (PA) 5.4 0.40 0.04 0.73 
Low leakage (PA) 3.8 0.57 0.12 0.56 
NILOH etched 2.8 0.84 0.15 0.53 
"Clean" GaAsb 0 0.67 -+ 0.07 0.19 0.53 -+ 0.03 

a Symmetry = Pos/Neg, where Pos/Neg is the ratio of the positive 
excursion to the negative excursion of the Ga (1067 eV) peak plotted 
in the "derivative" mode. 

b Ion mill cleaned in the Auger apparatus. 

more quantitative analysis would become somewhat in- 
volved because the peak shape (which affects the peak 
height) is chemistry dependent  (6). The oxide thickness is 
not linear with the oxygen signal, but  increases very rap- 
idly with the oxygen signal above about 4 (6). 

The thicknesses of the oxides on both PA etched sur- 
faces are small, about 10~ for the low leakage, and 17~ for 
the high leakage surface (see Table VI). This thicker- 
oxide conclusion is supported by the smaller GaAs 
plasmon loss peak and greater symmetry  of the Ga (1067 
eV) peak from the high leakage surface than from the low 
leakage surface. The Auger spectra from these surfaces 
are given in Fig. l l a  and l lb .  The plasmon loss peak for 
the Ga (1067 eV) peak of Fig. l l b  is shown more clearly in 
Fig. l lc .  The GaAs plasmon toss peak and the asymmetry 
of the Ga peak are signatures of the GaAs substrate. Au- 
ger data from a thick oxide show no GaAs plasmon loss 
peak and very symmetric Ga peak shape (symmetry fac- 
tor about 0.8). The decreasing plasmon signal and increas- 
ing Ga peak symmetry with increasing oxygen intensity 
in Table VI are due to attenuation of signals from the sub- 
strate by the surface oxide (6). 

The oxide on the high leakage PA etched surface is As 
deficient because of the small As/Ga peak height ratio 
(Table VI). The true As deficiency in the high leakage ox- 
ide is probably greater than indicated by the As/Ga ratio 
because the leaky surface should have a thin As-rich layer 
under the As deficient oxide, according to the literature 
(2, 7). Because these compositional changes occur in a 
depth of only about  10A, useful data can only be gener- 
ated using the lowest energy {below 1 ~  eV) Auger transi- 
tions; unfortunately, such peaks are difficult to quantify. 
A large amount  of  such data were taken and analyzed, but 
the only definitive conclusion we could draw was that we 
could not exclude the existence of  the interfacial As layer. 
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Fig. l O. a (left): Auger spectra from the surface oxide produced after mesa definition by ion milling. The vertical axis is the "derivative" Auger 
peak intensity in arbitrary units. The same vertical magnification has been maintained in Fig. 10-12 (except Fig. 1 lc), so that relative intensities 
can be compared from figure to figure, b (right): Spectra after 60~ were removed from the same sample used in Fig. lOa. 
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Fig. ! 1. a (top left): Auger spectra from the buffer surface of a PA- 
etched, high leakage wafer, b (above): Auger spectra from the buffer 
surface of a PA-etched, low leakage wafer, c (left): Detail of the Ga 
Auger peak of Fig. 1 lb, showing the plasmon loss peak. 

We conclude that the high leakage PA-etched surface has 
a thicker oxide that contains mostly Ga oxide, and that 
there can be a thin As layer between this oxide and the 
semiconductor. 

Auger data from a surface etched in NH4OH are dis- 
played in Fig. 12. The O peak is smaller and the As peak 
is larger than that from the low leakage PA-etched sur- 
face; therefore, the NH,OH etched surface is even closer 
to the "Clean GaAs" (Table VI) surface than the low leak- 
age PA etched surface. The clean GaAs surface of Table 
VI was ion-mill-cleaned in the Auger apparatus until no 
contaminants could be detected. This surface is As 
deficient (2) by about 7%, a negligibly small quantity 
compared to the much larger As deficiencies we encoun- 
tered in this work. 

Finally, there are certain perverse situations in which 
the above quantitative results will not be valid because of 
diffraction effects in the single-crystal substrates; we did 
not observe any suspicious variations in our data, but we 
made no systematic studies of angular dependencies of 
the peak heights. Possible difficulties from chemical 
shifts and diffraction are the reasons why we tabulated 
four properties in Table VI instead of just the oxygen 
peak height. Since all four columns of data agree, there 
does not appear to be any significant experimental 
artifacts. 

Discussion 
We have found a direct correlation between the amount  

of surface (As-deficient) Ga oxide and the leakage cur- 

rent. The failure of the bromine methanol etch to reduce 
the leakage is consistent with this correlation because 
bromine methanol leaves just  such a surface oxide (2). A 
mechanism that would explain the large leakage current 
variations must take the following factors into considera- 
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Fig. 12. Auger spectra from an NH4OH-etched surface 
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tion: (i) the leakage current is a near-surface phenome- 
non, (ii) the range of leakage current is large, from 0.5 nA 
to over 10 ~A, (iii) it operates in the environment  of the 
semi-insulating substrate, and (iv) leakage can be 
controlled by an oxidized surface layer only about 10-60A 
thick. 

A mechanism consistent with the above is the surface 
band bending due to fixed charges in the surface oxide 
or surface states. Band bending could lead to either accu- 
mulation or inversion at the buffer surface with the asso- 
ciated increase in surface conductivity (8). The variation 
in leakage could then be explained by variations in the 
buffer surface potential (amount of charge in the oxide) or 
the type and degree of carrier compensation (buffer layer 
quality). 

Another possible mechanism for current leakage is con- 
duction along an elemental As layer at the interface be- 
tween the oxide and the semiconductor; the large range 
of leakage current then results from the thickness varia- 
tion and degree of continuity of the As layer. It is possi- 
ble that both mechanisms control the leakage current. 
The first mechanism is especially interesting because it 
should be less effective in wide-gap (uncompensated) 
semi-insulating GaAs. 

The composition (almost pure Ga oxide) and thickness 
(only about 60~) of the surface oxide created by ion mill- 
ing for mesa delineation indicate that the poor perform- 
ance of the PA etch in controlling leakage is caused by 
the inability of the pH-adjusted PA etch to reproducibly 
remove this oxide. However, it is not a simple problem of 
slow or variable etch rate, since, if that were the case, the 
leakage current should eventually come down after a 
sufficiently long etch time (which is not the case). We 
propose that the basic problem is not the oxide etch rate, 
but  rather the competition between the oxide etch rate 
and growth rate. According to the literature (9), the solu- 
bility of Ga oxide is lowest in a neutral solution and in- 
creases with both acidity and alkalinity. This is consistent 
with our finding in this work that the etch rate of GaAs 
with a Ga oxide surface layer in our neutral PA etch can 
be very fast or slow (PA etching effects section). It is also 
known that the oxidation rate of GaAs in the PA etch can 
be relatively fast because of the presence of the peroxide. 
Therefore, the slow attack of GaAs can be explained by 
the growth of a slowly etching oxide during PA etch 
when the initial surface layer is a passivating oxide. When 
steady state is established, the surface is covered with a 
thicker oxide than when the NH4OH etch is used; in the 
NH4OH case, the Ga oxide is dissolved rapidly because of 
the high pH. However, the PA etch can attack GaAs rap- 
idly if the initial passivating oxide is absent because the 
rapid oxidation of the unpassivated surface results in the 
growth of more nonpassivating oxide. According to our 
data, one criterion of a passivating oxide is its low As 
content. 

Conclusion 
We have shown that the leakage current is due to con- 

duction along the semi-insulating buffer surface outside 
the active area of the device. We have also shown that the 
ion milling process used to define mesas is responsible 
for inducing the leakage and that the PA etch does not 

consistently reduce the induced leakage current. A con- 
centrated aqueous NH4OH solution will remove the sur- 
face oxide rapidly but  will etch the GaAs very slowly and 
reproducibly reduce the induced leakage current to be- 
low 1 hA. 

Auger spectroscopy results indicate that ion milling for 
mesa delineation results in a surface oxide layer which is 
mostly Ga oxide. Wafers which were ion milled and then 
PA etched also have an As-deficient surface oxide, prob- 
ably with a thin As-enriched layer underneath it. We pro- 
pose that the leakage current phenomenon can be ex- 
plained by one, or a combination, of the following 
mechanisms: (i) band bending due to charges in the sur- 
face oxide and surface state effects, and (ii) conduction 
through a thin interface layer of elemental As. 

No investigation is ever complete, and neither is this 
one. A more definitive verdict on the existence of the As 
layer (perhaps by use of ion scattering spectrometry), 
electrical measurements of the effect of charges in the Ga 
oxide layer, and the dependence of the surface etch rate 
on pH, NH4OH concentration, solution temperature, As 
content of the surface oxide, and semiconductor doping 
level would certainly contribute to better control of the 
surface leakage problem. Future experiments using pure 
(uncompensated) semi-insulating GaAs should be espe- 
cially i l luminating with respect to our band bending 
model. Finally, it is truly surprising that an unpassivated 
semiconductor surface can be simply etched chemically 
in such a way that the leakage current can be repro- 
ducibly reduced to below 1 nA, and at times by as much 
as five orders of magnitude. 
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ABSTRACT 

The liquidus isotherms of the In-Ga-As system were determined at 600 ~ and 700~ by the improved seed dissolution 
technique. From the results of the liquidus isotherms and the lattice-constant measurements,  the substrate orientation 
dependence of solution compositions to grow lattice-matched In0.53Ga047As layers on the (100), ( l l l )A,  and (111)B InP 
substrates by liquid phase epitaxy (LPE) was exactly obtained in the temperature range 600~176 The solution compo- 
sitions of Ga for the ( l l l )A and ( l l l )B  faces are always larger than those for the (100) face over the entire temperature 
range 600~176 The solution compositions of As for the (1 l l )A and ( l l l )B faces are always smaller than those for the 
(100) face over the entire temperature range 600~176 In order to study effects of the surface free energy on the In- 
Ga-As phase diagram which was determined by using the LPE method, the In-Ga-As phase diagram was calculated, for 
the first time, by adding the surface free energy to the chemical free energy of the In,_~Ga~As solid phase. According to 
the calculated phase diagram, the composition of Ga in the solution to obtain the (111) oriented In0..~3Ga0.47As is smaller 
than the composition of Ga in the solution to obtain the (100)-oriented In0.53Ga0.47As. This tendency of the calculated re- 
sults is contrary to the experimental results. That is to say, the difference in the surface free energy is not a main reason 
for the substrate orientation dependence of the In-Ga-As phase diagram. 

The liquid phase epitaxial (LPE) growth of lattice- 
matched In0.~3Ga0.47As on InP is important especially for 
infrared photodetector (1-3) and FET (4-6) applications. It 
has been reported that the solution composition for the 
growth of lattice-matched In0.53Ga0.47As strongly depends 
on the orientation of InP substrates (7-10). However, the 
growth temperature dependence of the difference of the 
solution compositions for the growth of lattice-matched 
In0.~3Ga0.47As on (100) and (111)B InP  substrates is differ- 
ent according to each author. Antypas et al. (7) studied 
the temperature dependence of the incorporation of Ga 
during LPE growth of In0.53Ga0.47As on (100) and ( l l l )B  
InP in the temperature range 621~176 and they re- 
ported that there was a cross point at 629~ at which the 
solution composition for the growth of In0..~.~Ga,,7As on 
both faces of InP  are equal. On the other hand, Pearsall 
et al. (8) and Nakajima et al. (9) reported that the composi- 
tion of Ga in the solution for the growth of In0.~3Ga047As 
on ( l l l )B  InP is always larger than that on (100) InP  in 
the temperature range 600~176 Recently, it was re- 
ported by Hsieh (10) that the difference between the solu- 
tion compositions for the growth of In0.~3Ga0.~TAs on (100) 
and (II1)B InP decreased with increasing temperature, 
and above about 700~ the solution compositions for both 
faces were the same. In order to yield clues to these in- 
consistent results and to unders tand the LPE growth 
mechanism of mult icomponent  systems, it is very impor- 
tant to study the temperature dependence of the solution 
composition in detail and to make clear the origin of the 
substrate orientation dependence of the solution compo- 
sition. 

The equilibrium phase diagram is not completely ade- 
quate for describing the LPE growth of In,_~Ga~As on 
InP because of the strong perturbing effects of the sub- 
strate orientation on the phase diagram. It has been gen- 
erally discussed that these perturbing effects of the sub- 
strate orientation presumably result from the attachment 
kinetics at the growth interface or from a difference in 
surface energy (8-10). However, the origin of the substrate 
orientation dependence of the phase diagram has not 
been made clear unti l  now because no one has calculated 
the phase diagram by adding these effects to the chemical 
free energy of the solid phase or confirmed how the 
phase diagram was influenced by the addition of these 
effects. Therefore, the influence of these effects on the 
phase diagram must  be investigated in order to develop a 
theoretical model for calculating the phase diagram 
which is adapted to the LPE growth. 

In this work, the liquidus isotherms of the In-Ga-As 
system were experimentally determined using an im- 
proved seed dissolution technique (9). The results of the 

phase diagram and the lattice-constant measurements 
were used to obtain the solution compositions for the 
growth of lattice-matched In0.5~Gao.4rAs layers on the (100), 
( l l I)A, and ( l l l )B  InP substrates. From these results, the 
substrate orientation dependence of the solution compo- 
sitions and the distribution coefficients were exactly ob- 
tained in the temperature range 600~176 The surface 
free energy was obtained for the (100)- and (l l l)-oriented 
In,_~GaxAs layers. The In-Ga-As phase diagram was cal- 
culated, for the first time, by adding the surface free en- 
ergy to the chemical free energy of the In,_~Ga~As solid 
phase. The origin of the substrate orientation dependence 
of the phase diagram was studied by the calculation. 

Experiments and Results 
Liquidus isotherms.--The accurate liquidus isotherms 

of the In-Ga-As system were determined at 600 ~ and 700~ 
by the improved seed dissolution technique, which had 
been used previously to obtain the 650~ liquidus iso- 
therm of the ternary system (9). A ternary In-Ga-As solu- 
tion was brought into contact with an InP seed at 600~ 
(or 700~ and kept in contact at this temperature for 30 
rain. If the As concentration in the ternary solution was 
below the solubility limited at 600~ (or 700~ the ini- 
tially undersaturated solution became saturated with P, 
and the P solubility could be calculated from the weight 
loss of the seed after removal of the solution. If the As 
concentration in the solution was just  at or above the sol- 
ubility limit, P could not dissolve from the InP seed, and 
no weight loss could be detected. Therefore, the accurate 
ternary solution compositions just saturated at 600~ (or 
700~ could be known by measuring P solubility as a 
function of As concentration. In this improved seed disso- 
lution technique, a very thin epitaxial film of the ternary 
alloy was formed on the surface of the InP  seed in contact 
with the saturated ternary solution. The thin film pro- 
tected the InP  seed from further dissolution. Therefore, 
the ternary solution was in equilibrium with the ternary 
thin film when the solution was saturated. 

The ternary solution was made from semiconductor- 
grade In, InAs, and GaAs. The InP  seeds were semicon- 
ductor-grade polycrystals. The experimental apparatus 
consisted of a horizontal furnace system and a conven- 
tional sliding graphite boat. Pd-purified H2 was flowed 
through the fused silica tube set in the furnace. 

Figure 1 shows the P solubility in solutions at 600~ as a 
function of XAs' at several XGa l, where Xi' represents the 
atomic fraction of an element i in the solution. At con- 
stant XGa 1, Xp ~ decreases with increasing XA, 1. Xe I becomes 
zero at a certain value of XA~ ~, and Xe ~ remains zero when 
XAs' is above that value. The value of XA~' at which Xe ~ be- 
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Fig. 1. P Solubility, Xp ~, at 600~ in In-Ga-As-P quaternary solutions 
as a function of XAs ~ as determined by the seed dissolution technique. 

comes zero is the As solubility in the ternary In-Ga-As so- 
lution just saturated at 600~ Figure 2 shows the P solu- 
bility in solutions at 700~ as a function of XA~ ~ at several 
XcaL The value of XA~ ~ at which Xp ~ becomes zero also cor- 
responds to the As solubility in the ternary In-Ga-As solu- 
tion just saturated at 700~ From the results shown in 
Fig. 1 and 2, the accurate liquidus isotherms at 600 ~ and 
700~ were determined as shown in Fig. 3. The hquidus 
isotherm at 650~ was quoted from our previous work 
(9). The data reported by Wu and Pearson (11) and Liu 
and Peretti (12) are also shown in Fig. 3. In the tempera- 
ture range 800~176 much available data have been re- 
ported (11-15). Figure 4 shows the liquidus isotherms at 
800 ~ 850 ~ and 900~ which were derived from the previ- 
ously reported data. 

Lattice-matching.--In, ~Ga~As ternary layers were 
grown from solutions with compositions on the liquidus 
isotherms at 600 ~ 650 ~ 700 ~ and 790~ shown in Fig. 3 and 
4. The (100), ( l l l )A,  and ( l l l )B  oriented InP single crys- 
tals were used as substrates. No supersaturated solutions 
were used in the growth. In,_~GaxAs layers were grown at 
a constant cooling rate of 0.5~ by the ramp cooling 
technique. The lattice constants of In,_~Ga~As were mea- 
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Fig. 2. P Solubility, X,  ~, at 700~ in In-Ga-As-P quaternary solutions 
as a function of XAs ~ as determined by the seed dissolution technique. 
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Fig. 3. Liquidus isotherms at 600 ~ 650 ~ and 700~ in the In-Go-As 
ternary system, including points from this work (�9 Ref. (9) (0), Ref. 
(11) (El), and Ref. (12) (11). 

sured by the double-crystal x-ray diffraction technique. 
The precise diffraction angles of the ternary layers were 
determined from the (333) Cu-K~ or (400) Cu-K~ reflec- 
tion by using the substrate reflection as an internal 
standard. 

The lattice constant is displayed as a function of XG~ ~ in 
Fig. 5 and 6. The dashed line represents the lattice con- 
stant of InP. They are lattice constants of the epitaxial lat- 
tice perpendicular to the wafer surface. The lattice con- 
stant of a layer grown on a (111)A substrate is larger than 
that of a layer grown on a (100) substrate from a solution 
with the same composition, and the lattice constant for 
the ( l l l ) A  face is smaller than that for the ( l l l )B  face. 
The solution compositions required to grow lattice- 
matched layers on InP substrates with various orienta- 
tions can be exactly known from these results. 

Substrate orientation dependence of solution composi- 
tions and distribution coefficients as a function of growth 
temperature.--Figure 7 shows the compositions of Ga in 
the ln-Ga-As ternary solutions for the LPE growth of 
lattice-matched In0..~aGa0.47As on the (100), ( l l l )A,  and 
( l l l )B  InP substrates as a function of the growth temper- 
ature, which are derived from Fig. 5 and 6 and our previ- 
ous work (9, 16). The data reported by other authors are 
also shown in Fig. 7. The data for the (100) and ( l l l ) B  
faces at 620~ were reported by Pearsall etal. (17) and the 
data for the (100) and ( l l l )B  faces at 600 ~ 691 ~ and 714~ 
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Fig. 4. Liquidus isotherms at 800 ~ 850 ~ and 900~ in the In-Go-As 
ternary system, including points from Ref. (11 ) (O 1 ), Ref. (12) (02), Ref. 
(13) (13), Ref. (14) (04), and Ref. (15) ( t5) .  
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Fig. 5. Lattice constants of the Inl_~Ga.~As ternary alloys grown on 
(100), (111 )A, and (111 )B InP substrates at 600 ~ 650 ~ and 700~ Bro- 
ken line represents the lattice constant of InP. 

were reported by Hsieh (10). Hsieh's data imply that the 
solution compositions of Ga for the (100) and ( l l l )B  faces 
are the same above about 700~ However, it is apparent 
from our present data in Fig. 7 that the solution composi- 
tions of Ga for the (111)B face are always larger than those 
for the (100) face over the entire temperature range 
600~176 It is also apparent that, over the entire temper- 
ature range, the solution compositions of Ga for the 
( l l l )A face are always somewhat larger than those for the 
(100) face and are always smaller than those for the ( l l l )B  
face. These results also make it clear that there are not 
any cross points as reported by Antypas et al. (7). 

Figure 8 shows the solution compositions of As in the 
In-Ga-As ternary solutions for the LPE growth of lattice- 
matched Ino.53Ga0.47As on the (100), ( l l l )A,  and ( l l l )B  InP 
substrates as a function of the growth temperature. These 
results are derived from Fig. 3-6. The data reported by 
Pearsall et al. (17) and Hsieh (10) are also shown in Fig. 8. 
Hsieh's data show that the solution compositions of As 
for the (100) and ( l l l )B  faces are the same above about 
700~ However, it is apparent from our present data in 
Fig. 8 that the solution compositions of As for the ( l l l )B  
face are always smaller than those for the (100) face over 
the entire temperature range 600~176 It is also appar- 
ent that, over the entire temperature range, the solution 
compositions of As for the ( l l l )A face are always some- 
what smaller than those for the (100) face and are always 
larger than those for the ( l l l )B  face. The degree of the 
difference between the solution compositions for the 
three orientations is almost constant and is independent  
of the growth temperature, as shown in Fig. 7 and 8. 
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Fig. 6. Lattice constants of the In]_.,.Ga.,.As ternary alloys grown on 

(100), (111 )A, and (111 )B InP substrotes at 790~ Broken line repre- 
sents the lattice constant of InP. 
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Fig. 7. Compositions of Ga, Xaa 1, in the In-Ga-As ternary solutions for 
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(111 )B InP substrates as a function of the growth temperature, including 
points from this work (�9 .~, D), Ref. (17) (O 1, �9 1 ), and Ref. (10) (O2, 
A2). 

Figure 9 shows the distribution coefficient of Ga for 
the LPE growth of lattice-matched In0.5~Ga0.~TAs on the 
(100), ( l l l )A,  and ( l l l )B  InP substrates as a function-of 
the growth temperature. These results are derived from 
Fig. 7. The distribution coefficient of Ga for the (100) face 
is always larger than those for the ( l l l )A  and ( l l l )B faces 
over the entire temperature range. Figure 10 shows the 
distribution coefficient of As for the LPE growth of 
In0.s3Ga0.47As on the (100), ( l l l )A,  and ( l l l )B  InP sub- 
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(111 )B InP substrates as a function of the growth temperature, including 
points from this work (�9 .&, [~), Ref. (17) (01 ,  �9 ! ), and Ref. (1 O) (02,  
A2). 
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strates as a function of the growth temperature. These re- 
sults are derived from Fig. 8. The distribution coefficient 
of As for the (100) face is always smaller than those for the 
( I l l )A and ( l l l )B  faces over the entire temperature range. 

Substrate orientation dependence of growth rate.--In 
order to study whether or not the growth rate of 
In,_~Ga~As layers has influence upon the substrate orien- 
tation dependence of the liquid-solid phase data for the 
LPE growth, the substrate orientation dependence of the 
growth rate was studied over the temperature range 
650~176 In,_~Ga~As layers were grown on the (100) and 
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Fig. 10. Distribution coefficient of As for the LPE growth of lattice- 
matched Ino..~Gao.47As on the (100), (1 i 1 )A, and (111 )B InP substrates 
as a function of the growth temperature, including points from this work 
(C), A, [~), Ref. (17) (11,  A1),  and Ref. (10) (O2,& 2). 

( l l l )B  InP substrates by the ramp cooling method. 
Epitaxial layers were grown at the same time on two sub- 
strates with different orientations using the same solu- 
tion. This technique was used in our previous work (18). 
In the ramp cooling growth, a constant cooling rate of 
0.5~ was used. The temperature interval cooled from 
the starting growth temperature, 650 ~ 700 ~ and 790~ 
was 6~ 

Figure 11 shows the ratio of the thickness on the (100) 
face, d(loo>, to the thickness on the ( l l l )B  face, d(mjB, as a 
function of the growth temperature. When the growth 
temperature is 650~ the ratio, d(,0o}d(,mB, is about 3, and 
when the growth temperature is 700 ~ or 790~ d~,oo}d~l,,B 
is less than 2. In  spite of the dependence of d(,00Cd(,,l~B on 
the growth temperature, the degree of the difference be- 
tween the solution compositions for the (100) and ( l l l )B 
faces is almost constant and is independent  of the growth 
temperature as shown in Fig. 7 and 8. Therefore, the dif- 
ference of the growth rate does not play an important role 
in determining the orientation dependence of the liquid- 
solid phase data for the LPE growth. 

As shown in Fig. 11, the growth rate of In~_=Ga=As lay- 
ers grown on the (100) InP  substrates is larger than that 
on the ( l l l )B  InP substrates. Therefore, the depletion of 
solute Ga in the solution near the interface between the 
solution and the substrate is stronger for the growth on 
the (100) face than for the growth on the ( l l l )B  face. Be- 
cause of the different depletion effect on the substrate ori- 
entation, the solution composition of Ga, XG~ ', required to 
grow In0.53Ga0.,TAS layers on the (100) face must  be larger 
than that on the ( l l l )B  face. However, as shown in Fig. 7, 
the experimentally determined XG~' required to grow 
In0.53Ga0.47As layers on the (100) face is always smaller 
than that on the ( l l l )B  face. These results indicate obvi- 
ously that the different growth rates on the different ori- 
entations do not have important influence on the orienta- 
tion dependence of the liquid*solid phase data for the 
LPE growth. Pearsall et al. also reported that kinetic 
effects in the solution or growth-rate differences played 
an unimportant  role in determining the orientation de- 
pendence of the distribution coefficient data (8). Our re- 
sults are in good agreement with theirs. 

Theory  and C a l c u l a t i o n  
Surface free energy.--The effect of substrate orientation 

on the solidus data cannot be ignored and must  be con- 
sidered in the calculation of the solid composition of 
epitaxial layers on substrates in equil ibrium with the liq- 
uid solution. It is considered that this effect presumably 
results from a difference in surface free energy (9, 10) or 
from the at tachment kinetics at the growth interface (10). 
However, no one has calculated the phase diagram by 
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c o n s i d e r i n g  t h e  su r face  free  e n e r g y  or  t he  a t t a c h m e n t  ki- 
ne t i c s  a n d  h a s  c o n f i r m e d  h o w  t h e s e  fac tors  i n f luence  
t he  p h a s e  d i a g r a m  un t i l  now.  I n  th i s  sect ion,  i t  is de- 
s c r ibed  h o w  t h e  sur face  free  e n e r g y  in f luences  t he  sub-  
s t ra te  o r i e n t a t i o n  d e p e n d e n c e  of  t he  In -Ga-As  p h a s e  dia- 
g r a m  for  t h e  L P E  g r o w t h  of  In~_xGa~As layers.  

On the  sur face  b e t w e e n  t he  v a p o r  a n d  sol id phases ,  t he  
surface  free energy ,  7~.~f(v.s), c an  b e  g i v e n  a p p r o x i m a t e l y  
by  

7~u~(v,~) = (1 - w/u)hH~oNo "z3 [1] 

w h e r e  u is t he  n u m b e r  of  nea r e s t  n e i g h b o r s  of  a n  a t o m  in  
the  b u l k  of  the  sol id a n d  w is t he  n u m b e r  of  n e i g h b o r s  in  
t he  sol id  of  a n  a t o m  o n  t he  face in ques t ion ,  hH~o is t he  
e n t h a l p y  of  e v a p o r a t i o n  of  t he  m a t e r i a l  a t  0 K, a n d  No is 
the  n u m b e r  of a t o m s  pe r  u n i t  v o l u m e  (19). T he  a r g u m e n t  
u sed  is t h a t  t he  sur face  free e n e r g y  is t he  e n e r g y  to b r e a k  
all of t h e  n e a r e s t  n e i g h b o r  b o n d s  across  a g iven  plane .  
The  n u m b e r  of  a t o m s  pe r  u n i t  area,  N~, c a n  b e  r e l a t ed  to 
No as fol lows 

N~ = No '-'/3 [2] 

For  III-V z inc -b l ende - type  c o m p o u n d ,  N~ for the  (111) a n d  
(100) faces c a n  b e  g i v e n  by  

for  t he  (111) face, a n d  

4 
N~ = X/~a 2 [3] 

2 
N~ = - -  [4] 

a 2 

for  t he  (100) face, w h e r e  a is t he  la t t i ce  c o n s t a n t  of  t h e  
III-V c o m p o u n d  (20). 

Fo r  g r o w t h  f rom solu t ion ,  s u c h  as t he  L P E  growth ,  
howeve r ,  t h e  e n t h a l p y  of  d i s so lu t i on  p e r  one  a tom,  Arid, 
m u s t  be  u s e d  i n s t e a d  of  hH~0 in  o rde r  to  ca lcu la te  t h e  sur-  
face f ree  e n e r g y  on  the  su r face  b e t w e e n  the  l iqu id  a n d  t h e  
solid, ~/surf(l,s). Arid is g iven  b y  t he  e n t h a l p y  of  d i s so lu t i on  
pe r  mol,  AH, as fol lows 

A H  d = A H / 2 N .  [5] 

w h e r e  NA is A v o g a d r o ' s  n u m b e r  (NA = 6.023 x 1029. 
Therefore ,  f r o m  Eq.  [1]-[5], 7~.r~l.~) for  t he  (111) a n d  (100) 
faces c an  be  w r i t t e n  as fol lows 

AH 
"Ysurf(1,s)- 2X/~a2NA [6] 

for  t he  (111) face, a n d  
AH 

[7] 
y~.~,~,~- 2a2N * 

for t he  (100) face. 
In  o rde r  to  o b t a i n  t he  sur face  free e n e r g y  pe r  mol ,  

AG~.~f, i t  was  a s s u m e d  t h a t  all a t o m s  pe r  mol  we re  ar- 
r a n g e d  on  the  surface.  T he  o b t a i n e d  area,  A, on  each  face 
is g iven  by  

~ / 3 N . a  2 
A - - -  [8] 

2 

for t he  (111) face, a n d  by  

A = N . a  2 [9] 

for  t he  (100) face. Then ,  AG~.~f c an  be  w r i t t e n  as fol lows 

AG~.~f = ~.:f(~,~) A = iH/4(calJmol)  [10] 

for  t he  (111) face, a n d  

hG~.~f = AH/2(cal /mol)  [11] 

for  t he  (100) face. T h e  m e t h o d  to de r ive  t he  e q u a t i o n  of  
AH is d e s c r i b e d  in  t he  A p p e n d i x .  

Sur face  e n e r g y  p e r  mol  is a f fec ted  b y  a sol id- l iquid in- 
t e r face  s h a p e  b e c a u s e  o r i e n t a t i o n  of  i n t e r f aces  a n d  to ta l  

su r face  area  can  be  va r i ed  a c c o r d i n g  to t h e  so l id- l iquid  in- 
te r face  shape .  T h e  ca lcu la t ion  of  t he  sur face  e n e r g y  for  
the  L P E  g r o w t h  w h i c h  is p e r f o r m e d  o n  a sur face  of  sub-  
s t ra tes  is a spec ia l  case  of  t h e  ca l cu la t ion  of t he  sur face  
energy.  In  th i s  case,  all a t o m s  pe r  mole  g row o n  t he  sur- 
face o f  t he  s u b s t r a t e  a n d  t h e n  o n  e a c h  sur face  of  each  
ep i t ax ia l  layer  as t hey  are a r r a n g e d  success ive ly  on  each  
sur face  of e ach  layer.  Therefore ,  t h e  sur face  e n e r g y  pe r  
mo le  for  the  L P E  g r o w t h  j u s t  c o r r e s p o n d s  w i t h  the  sur- 
face e n e r g y  for  a r r a n g i n g  all  a t o m s  p e r  mo le  on  a w ide  
p lane .  In  t h i s  case,  t he  sol id- l iquid  in t e r f ace  s h a p e  is con- 
s ide red  to b e  a w ide  p lane .  

E x p r e s s i o n s  to ca lcu la te  the t e r n a r y  p h a s e  d i a g r a m  in-  
f l u e n c e d  by the sur face  f r ee  e n e r g y . - - T h e  fo l lowing  ex- 
p r e s s i o n s  can  be  u s e d  to ca lcu la te  t he  p h a s e  d i a g r a m  of  
t he  I I I -V A-B-C t e r n a r y  s y s t e m  in  w h i c h  t h e r e  are a l iqu id  
so lu t ion  of  e l e m e n t s  A, B, a n d  C a n d  a sol id of  t he  b i n a r y  
c o m p o u n d s  AC a n d  BC (22) 

, ~]ATC 
R T  In YAC + R T  In x = R T  i n  .~AS--~Cs I 

+ R T  In 4XglXc l + ASAcF(TAc F -- T) [12] 

a n d  

R T  In VBc + R T  In (1 - x)  = R T  In 3'.~'______2_c 
"~BSI'~cSl 

+ R T  in  4XB1Xc I + ASBcr(TBc r -- T) [13] 

w h e r e  V,c a n d  ~',c are  the  ac t iv i ty  coef f ic ien ts  of  t he  AC 
a n d  B C  c o m p o u n d s  in t he  solid,  respec t ive ly ,  7i is t he  ac- 
t iv i ty  coeff ic ient  of  a n  e l e m e n t  i in  t he  t e r n a r y  l iqu id  so- 
lu t ion ,  x is t he  m o l e  f rac t ion  of  AC in  t h e  solid,  AS F a n d  T F 
are t he  e n t r o p y  of  fu s ion  a n d  t he  t e m p e r a t u r e  of fus ion  of  
the  i n d i c a t e d  p u r e  b i n a r y  c o m p o u n d ,  respec t ive ly ,  R is 
t he  gas cons t an t ,  a n d  T is t he  a b s o l u t e  t e m p e r a t u r e .  The  
s u p e r s c r i p t  " s l "  i nd i ca t e s  t he  s t o i c h i o m e t r i c  l iquid.  W h e n  
t h e  sur face  free  e n e r g y  is c o n s i d e r e d  to ca lcu la te  t h e  
p h a s e  d iag ram,  t h e  t e r m s  o f  R T  In 7,c a n d  R T  in  YBc i n  Eq. 
[12] a n d  [13] are  i n f luenced  b y  t he  su r face  free energy.  
The  to ta l  e x c e s s  f ree  e n e r g y  of  t h e  sol id,  hG~to~ , c an  b e  
g iven  b y  

~ G t o t a l  xs = AGra xs + AGs ur f  [14] 

w h e r e  AGm~ is t h e  excess  free e n e r g y  of  m i x i n g  of  t h e  
solid. On  a bas i s  of  a s i m p l e  so lu t ion  mode l ,  AG~ ~ can  be  
w r i t t e n  u s i n g  Eq.  [A-8] (see A p p e n d i x )  as fol lows 

AGmXS = AHm(ABC) xs = AHm(ABC) s = X ( 1  - -  X)~AC_BC s [15] 

w h e r e  AHm(ABc) ~s is t he  excess  e n t h a l p y  of  m i x i n g  of  t h e  
t e rna ry  solid. R T  In YAC a n d  R T  In YBc are  g iven  b y  

"/Ac = hVtot~f ~ + (1 - x) ( dAGt~ R T  In dx ] [16] \ 

a n d  

( dAGt~ 
R T  In ~'Bc = hGto tJ  ~ - x d x  ] [17] 

R T  In ~.c a n d  R T  in  YBc for  the  (111) a n d  (100) faces c an  
b e  o b t a i n e d  b y  u s i n g  Eq. [10], [11], [14]-[17], a n d  [A-12] 
(see A p p e n d i x )  as follows. For  t he  (111) face 

3 
R T  in  ~AC = ~"  (1 -- X)2~.C.BC ~ + AS.cFTAc r 

a n d  

1 1 1 1 
16 f~Ac~ -- -8- HA'~ -- -8- Hc~ + - ~  a [18] 

3 1 
R T  In 7Be = ~ -  x2~.c-~c s + --~/SscFTBc r 

1 1 1 1 
- - ] ~ a = c ' - v H = " - ~ - H c  ~ + - ~ - a  [19] 
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and for the (100) face 

1 i 
RT in 7Ac = ~-  (1 - x)Zl%,c.~c ~ + ~- hS,c~T,c  ~ 

and 

1 1 1 1 
- ~ IIAC' - ]-H,,' - -~-Hc" + -~-~ [20] 

R T  In YBc = -~- X211AC-BC ~ + ASBcrTac ~ 

1 1 1 1 
- ~ t 2 . c ' - ~ - H B . ' - ~ - H c . ' + - ~ - a  [21] 

where 

O~ = XA1XBI~AB 1 ~- X A I X c I ~ A c  1 

+ XalXclflBc t + XA'HA" + XaLHB '' + XclHc '' [22] 

The III-V A-B-C ternary phase diagram which is in- 
fluenced by the surface free energy can be calculated by 
using Eq. [12], [13], and [18]-[22]. 

2.6, I I I I I I I I 1 

I n l - x G a x A s  r b ~  
2.4 X/s=O. 5 

~ 2.2 

E ~ o 011) 
2.0 

1.8 

I I I I ] 1 I I I 

I nAs 0.5 GaAs 
X 

Fig. 12. The calculated enthalpy of dissolution per mole, AH 
(cal/mol), from In,_~GaxAs to solutions withXAs ~ = 0.5 as a function ofx 
in In,-xGaxAs. 

Calcu la ted  r e s u l t s . - - T h e  parameters to calculate the 
In-Ga-As ternary phase diagram are listed in Table I. Fig- 
ure 12 shows the enthalpy of dissolution per tool, hH, 
which was obtained from the phase diagram calculation 
and Eq. [A-12]. In this calculation, XA~' takes a constant 
~r of 0.5. In Fig. 12, curve a represents AH obtained 
from the phase diagram calculation in which the influ- 
ence of the surface free energy was not considered, and 
curves b and c represent hH for the (100) and (111) faces, 
respectively. AH of InAs is the smallest, as shown in Fig. 
12. When a small amount  of InAs is mixed into GaAs, AH 
for the (111) face increases slightly and decreases, but AH 
for the (100) face decreases monotonously. AH is nearly in 
proportion to the strength of bonds in In,~Ga~.As solids. 
~Therefore, when the weak bonds of InAs are mixed into 
the strong bonds of GaAs, the strength of the bonds 
weakens, hH for the (111) face is larger than AH for the 
(100) face, that is to say, the energy to dissolve the 
In,_~Ga~As film from the (111) oriented In,_,.Ga.~,As sur- 
face into the In-Ga-As solution is larger than the energy to 
dissolve the film from the (100) oriented In,_.~GaxAs sur- 
face into the solution. 

Figure 13 shows the surface free energy of the (111) and 
(100) oriented In,_~Ga~As surface, which was calculated at 
XA,' = 0.2 and 0.5. As a matter of course, the surface free 
energy depends on the composit ion of the solutions. The 
surface free energy for the (100) face is larger than for the 
(111) face. Therefore, the (111) surface is more stable than 
the (100) surface. As shown in Fig. 13, the surface free en- 
ergy of In,_~Ga~As which is in contact with the solution 
of XA~ 1 = 0.2 is larger than the surface free energy of 
In,_~GaxAs which is in contact with the solution of XAJ = 
0.5. That is to say, the surface in equil ibrium with the so- 
lution of XA~ ' = 0.2 is more unstable than the surface in 
equilibrium with the solution of XA,' = 0.5. 

Table I. Thermodynamic input data for the calculation 
of the In-Ga-As phase diagrams 

I n p u t  da t a  

TG~A, F = 1511 K 
h S ( ~ A ~  r = 16.64 ca l /mol  K 
ll~A~ l = 5160 -- 9.16T ca l /mol  
i l i a , '  = 1060 ca l /mol  
H(W' = -63 ,353 ca l /mol  
HA~" = --73,166 ca l /mol  

T,.A~ r = 1215 K ~,nJ = 14.52 caYmol  K 
~I]~A,' = 3860 -- 10.0T caYmol  
~.~. , . .~  ~ = 3000 cal/mol 
H,n" = -55,909 cal/mol 

TA, F a n d  AS,B F a r e  t h e  t e m p e r a t u r e  a n d  e n t r o p y  of  fus ion  of  t h e  A B  
c o m p o u n d ,  r e s p e c t i v e l y  (22). 12 ~ a n d  i2 ~ a r e  t he  i n t e r a c t i o n  p a r a m e -  
t e r s  in t h e  l iqu id  so lu t ion  a nd  solid, r e s p e c t i v e l y  (22). H r '  is t h e  
e n t h a l p y  o f  t he  p u r e  i m e l t  (23). 

The calculated In-Ga-As phase diagrams which are in- 
fluenced by the surface free energy are shown in Fig. 14, 
15, and 16. Figure 14 shows the solution composition of 
Ga, XGa ~, in the In-Ga-As ternary solution in equilibrium 
with the (100)- and ( l l l ) -or iented In0.53Gao.47As, which are 
represented by the curves a and b, respectively. The ex- 
perimental results for the (111) and (100) faces are also 
shown by the broken lines of curves f and g, respectively. 
The calculated XGa ~ of the solution in equilibrium with the 
(100)-oriented In0.53Ga0.47As is larger than the calculated 
XGa' of the solution in equilibrium with the ( l l l ) -or iented 
In0.~Ga0.,As. This tendency of the calculated results is 
contrary to the experimental  results as shown in Fig. 14. 
Figure 15 shows the solution composition of As, XAs J, in 
the In-Ga-As ternary solution in equilibrium with the 
(100)- and ( l l l ) -or iented In0.~;~Ga0.47As, which are repre- 
sented by the curves a and b, respectively. The experi- 
mental results for the (111) and (100) faces are shown by 
the broken lines f and g, respectively. The calculated XA.~' 
of the solution in equilibrium with the (100) oriented 
Ino.53Ga0.47As is larger than the calculated XA~' of the solu- 

' ' ' ' I ' i , , 

14 Inl-xGaxAs 

r 
W 8 -  

ffl 

I I I I I i I I i 

I nAs 0.5 GaAs 
X 

F ig .  13. The c a l c u l a t e d  s u r f a c e  f r e e  e n e r g y  ( c a l / m o l )  o f  t h e  (111 ) a n d  

I100) oriented In,_.rGa,As surfaces in equilibrium with solutions with 
" XA~' = 0.2 and 0.5 as e function of x in In, .rGa,As. 
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Fig. 14. The solution composition of Ga, XGa', in the In-Ga-As ternary 
solution in equilibrium with the (100) and (| 11 )-oriented Ino.5:r 
as a function of the growth temperature. The solid lines are the calcu- 
lated results and the broken lines are the experimental results. 

tion in equilibrium with the ( l l l ) -or iented In0..~3Ga0.47As. 
This tendency is in agreement with the experimental re- 
sults shown in Fig. 15. Figure 16 shows the composition 
of Ga in In,_~.Ga~As in equilibrium with solutions of XA~ ~ 
= 0.2 as a function of X~, ~. The curves a and b show the 
calculated results for the  (100) and (111) faces, respec- 
tively. Obviously, Xca ~ of solutions in equilibrium with the 
(100)-oriented In0.saGa0.47As is larger than XG~' of solutions 
in equilibrium with the (11 D-oriented Ino..~3Ga0.47As. 

0.25 

0.20 

0.15 

I / )  

0.10 

0.05 

0 
0 200 400 600 800 
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Fig. 15. The solution composition of As, XA~ ~, in the In-Ga-As ternary 
solution in equilibrium with the (i 00)- and (! 11 )-oriented Ino.53Gao.47As 
as o function of the growth temperature. The solid lines are the calcu- 
lated results and the broken lines are the experimental results. 

, i " /  
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"/ l l l l 
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Fig. 16. The composition of Ga, x, in In,_.,.Ga.,.As in equilibrium with 
solutions of XA~' = 0.2 as a function of XcaL which is calculated by 
adding the surface free energy effects. 

Discussion 
The experimental  results indicating that the solution 

compositions of Ga in equilibrium with the (111)-oriented 
In0.53Ga0.~TAs are larger than those in equilibrium with the 
(100)-oriented In0.~3Ga0.4~As cannot be explained by the ef- 
fect of the surface free energy only as shown in Fig. 14. 
The results calculated by adding the surface free energy 
to the chemical free energy of the solid phase are contrary 
to the experimental  results. These results imply that 
other effects must be considered to explain the substrate 
orientation dependence of the In-Ga-As phase diagram 
for LPE growth of In0..53Ga0.4~As on InP. 

In Fig. 14, 15, and 16, the curves e show the results cal- 
culated by the conventional simple solution model (21), 
which is not influenced by the surface free energy. The 
results calculated by adding the surface free energy 
which are shown by the curves a and b are very much 
apart from the calculated results shown by the curves e. 
This is mainly caused by overestimation of the surface 
free energy per mole, AG~urf. In order to obtain AGsurf, it 
was assumed that all atoms per mole were arranged on 
the surface. However, in the actual LPE growth, it is natu- 
rally considered that, prior to the growth, Ga-As or In-As 
pairs are made in the liquid solution due to large ionicity 
of III-V compounds (24, 25). Much of these pairs seems to 
exist within the region between the grown surface and 
the liquid solution as shown in Fig. 17, because the crys- 
tal structure must  be rapidly knitted using the elements 
in the solution. Therefore, it is only natural that the crys- 
tal is grown using these pairs in the solution. That is to 
say, in order to obtain AG~urf, it can be assumed that, in- 
stead of each atom, Ga-As or In-As pairs per mole were 
arranged on the surface. Then, hG~,r~ can be written under 
this assumption as follows 

AGsurf = AH/8 (cal/mol) [23] 

for the (111) face, and 

hGs~ = AH/4 (cal/mol) [24] 

for the (100) face. In the actual In-Ga-As ternary solution, 
it is more natural that bigger pairs (for example, Ga2- 
In~-As, Ga-In3-As, Ga-As4, or In-Ask) than Ga-As or In-As 
pairs are made and exist within the region between the 
grown surface and the liquid solution as shown in Fig. 18. 
Therefore, hG~,rf must be written as follows 

hG~u~ = AH//3 (cal]mol) [25] 

where B is the value which depends on the size of pairs in 
the solution. 

The calculated In-Ga-As phase diagrams which are 
influenced by the surface free energy of Eq. [25] with fl = 
16 for the (111) face and/3 = 8 for the (100) face are shown 
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Fig. ]7 Schemotic representation of the interfoce between the 

In,_~GaxAs solid and the growth solution with Go-As or In-As pairs. 

in Fig. 14, 15, and 16 by the curves c and d, respectively. 
This case corresponds to the ternary solution with pairs 
of Ga2-In2-As, Ga-In,-As, Ga-As4, and In-As4 near the 
growth surface. The curves c and d are closer to the 
curves e calculated by the conventional simple solution 
model and the experimental curves f and g than the 
curves a and b calculated by Eq. [10] and [11]. These re- 
sults imply that the crystal is grown using some pairs in 
the solution. 

In  the calculation of the surface free energy, the differ- 
ence of the ( l l l )A  and ( l l l )B  faces cannot be explained. 
The nature of bonding on ( l l l ) A  and ( l l l )B  surfaces of 
III-V compounds was qualitatively described by several 
authors (20, 26). According to them, the Group V atoms of 
the B surface are triply bonded to the lattice and have an 
unshared pair of electrons. The (sp 3) tetrahedral 
configuration of the bulk is thus retained. On the other 

0 �9 �9 0 00  �9 0 0 �9 0 0 �9 

0 �9 0 �9 �9 0 �9 0 �9 
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Fig. 18 Schematic representation of the interface between the 

In,_~Ga~.As solid and the growth solution with complex pairs. 

hand, the Group III atoms of the A surface are also triply 
bonded to the lattice but  have no dangling electrons. Con- 
sequently, it is proposed that these atoms tend toward a 
planar (sp 2) configuration. It is not clear how the differ- 
ence between the configurations reflects the surface free 
energies of the ( l l l )A  and ( l l l )B  faces. In order to under- 
stand the difference between the phase diagrams for the 
LPE growth on the ( l l l )A  and ( l l l )B  faces, it seems that 
the attachment kinetics at the ( l l l )A  and ( l l l )B  growth 
interfaces must  also be considered. 

Summary and Conclusion 
The liquidus isothelTnS of the In-Ga-As system were de- 

termined at 600 ~ and 700~ by the improved seed dissolu- 
tion technique. From the results of the liquidus isotherms 
and the lattice-constant measurements,  the substrate ori- 
entation dependence of the solution compositions to 
grow lattice-matched In0.53Ga0.,TAs layers on the ~100), 
( i l l )A,  and ( l l l )B  InP substrates was exactly obtained in 
the temperature range 600~176 The solution composi- 
tions of Ga for the ( l l l )A and ( l l l )B  faces are always 
larger than those for the (100) face over the entire temper- 
ature range 600~176 The solution compositions of Ga 
for the ( l l l )A face are always smaller than those for the 
( l l l )B  face over the entire temperature range. The solu- 
tion compositions of As for the ( l l l )A  and ( l l l )B  faces 
are always smaller than those for the (100) face. 

The In-Ga-As phase diagram was calculated, for the 
first time, by adding the surface free energy to the chemi- 
cal free energy of the In,_xGaxAs solid phase. According 
to the calculated phase diagram, the compositions of Ga 
in solutions to obtain the (100)-oriented Ino.~3Gao.47As is 
larger than the compositions of Ga in solutions to obtain 
the OlD-oriented Ino.53Gao.47As. This tendency of the cal- 
culated results is contrary to the experimental results. 
The difference in the surface free energy for both faces is 
not a main reason for the substrate orientation depen- 
dence of the In-Ga-As phase diagram. Other effects must  
be considered to explain the experimental results. The 
surface free energy can be estimated more accurately by 
considering complex formation in the growth solutions. 

Acknowledgments 
The authors wish to acknowledge their discussions 

with Dr. S. Yamazaki and Mr. Y. Kishi and the encourage- 
ment  of Dr. T. Musugi, Dr. O. Ryuzan, Dr. T. Kotani, and 
Mr. I. Umebu. 

Manuscript submitted Sept. 13, 1983; revised manu- 
script received Feb. 21, 1985. 

Fuj i t su  Laboratories  L imi ted  assisted in meeting the 
publicat ion costs o f  this article. 

APPENDIX 

AH corresponds to the enthalpy change accompanying 
the transfer of one mole of solid AxB,_~C to the ternary 
A-B-C solution with which it is in equilibrium at the 
growth temperature, T. The enthalpy of the ternary solid, 
HABC s, is given by 

HABC s = /~kHm(ABC) s + X H A c  "s % (1 - X)HBc "s [A-l] 

where AHm(ABc) ~ is the enthalpy of mixing of the ternary 
solid, and HAc s and HBc "~ are the enthalpy of the pure AC 
and BC binary compounds, respectively. The enthalpy of 
the ternary solution, HABC', is given by 

HABC 1 = hHm(ASC) 1 + XAlHA '' + XaIHB '' + X c l H c  a [A-2] 

where hHmcnBc)' is the enthalpy of mixing of the ternary 
solution, X~ ] is the atomic fraction of an element i in the 
ternary solution, and H~ .] is the enthalpy of the pure i 
melt, that is to say, Hi" corresponds to the heat of evapo- 
ration of the pure i melt. The enthalpies of the pure A-C 
and B-C binary melts, PlAC ] and Hsc A, are given by 

HAC" = AHm(Ac) ] + H A ' l / 2  + Hc']/2 [A-3] 

and 

HBc '] = A/-/mmc)' + HB']/2 + Hc"/2 [A-4] 
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where AHm~AC) 1 and M-/m(BC) ~ are the enthalpies of mixing of 
the pure A-C and B-C binary melts, respectively. The 
enthalpies of fusion of the pure AC and BC binary com- 
pounds, hHnc F and M-/nc F, are given by 

5Hnc F = HAt-' - H A C  's [A-5] 

and 

hHBc F = HBc .1 - HBc "~ [A-6] 

The enthalpy of dissolution per mole, hH, can be written 
using Eq. [A-1]-[A-6] as follows 

A H  = HABC 1 - -  HABC s = AHm~ABC) 1 

+ X A - 1 H A  .I + X B ' I H B  '1 + X c , 1 H c  .1 

- AHm(ABC) s + X A H A c  r + ( 1  - -  x ) A H B c  F - x A H m c A c )  1 - X H A ' V 2  

- -  ( 1  - x ) A H m 0 3 C )  1 - (1  - X ) H B ' I / 2  -- Hc'I/2 [A-7] 

The enthalpies of mixing can be written using a simple 
solution model (21, 22) as follows 

AH~.~A~C? = x(1 - X)f~AC.BC ~ [A-8] 

AHm(ABC)'  = X A I X B I ~ A B  l "~ X A I X c I ~ A c  I ~- X B I X c I ~ B c  1 [A-9] 

AHm(AC) '  = S2nc'/4 [A-10] 

AHm~BC) 1 = ~ B c l / 4  [A-11] 

where f~AC_BC ~ is the interaction parameter in the ternary 
solid AxBI_xC, and O~j~ is the interaction parameter of the 
ij pair in the ternary solution, hH can be given using Eq. 
[A-7]-[A-11] as follows 

AH = XA~XBI~AB~ + XaIXcIf~ac 1 + XB~XcIY1Bc I 

- x(1 - X)f~AC_BC ~ + xAHAc v + (1 - x)M-t~c v 

- xf~Acl/4 - (1 - x)f~Bc~/4 

+ X A ~ H ~  "~ + XB~HB "~ + X c ~ H c  "~ - XI-IA.~/2 

- (1 - x)HB'~/2 -- Hc'V2 [A-12] 

For the growth from the solution such as the LPE growth, 
AH can be calculated by Eq. [A-12]. 
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Electrochemical Characteristics of n-Doped Polyacetylene 
R. Huq and G. C. Farrington* 

Department of Materials Science, University of Pennsylvania, Philadelphia, Pennsylvania 19t 04 

ABSTRACT 

Polyacetylene can be electrochemically reduced in tetrahydrofuran containing dissolved LiC104 to form composi- 
tions of the type, (LiyCH)x. The reduction occurs with high coulombic efficiency for doping levels of y < 0.10. Reduced 
polyacetylene in this composition range appears to be quite stable in this particular electrolyte. The potential of (LiyCH)x 
is 0.5-1.5V positive of that of Li. Compared with Li as a nonaqueous battery negative electrode, (Li~CH)x has considera- 
bly lower gravimetric and volumetric energy densities and a higher electrochemical potential. 

Polyacetylene [(CH)~.] is a simple conjugated polymer 
with unusual  electrochemical properties. It can be elec- 
trochemically reduced or oxidized to compositions which 
are n- or p-type electronic conductors (Eq. [la] and [lb]) 
(1). Nigrey et al. (2) have proposed using polyacetylene as 
an electrode material for nonaqueous electrolyte batter- 
ies. They found that cation-doped (n-type) polyacetylene 
can function as a negative electrode and anion-doped 
(p-type) polyacetylene can as a positive electrode. Since 
their pioneering work, the various forms of polyacetylene 
have received considerable attention as potential elec- 
trode materials (3-7). 

*Electrochemical Society Active Member. 

[CH]x + yX- = [CHX~)~ + ye- [la] 

[CH]x + yLi ~ + ye- = [Li~CH].~ [Ib] 

MacDiarmid et al. (2, 3) have reported that the p doping 
process is electrochemically reversible with high coulom- 
bic efficiency. Other authors (5-7) have confirmed that 
polyacetylene can be reversibly oxidized to doping levels 
of y = 0.09 and less with near 100% coulombic efficiency. 
The same researchers (5-7) have also shown that only 
about 50% of the charge stored in oxidized polyacetylene 
at a current density of 0.05 mA/cm ~ can be recovered at a 
discharge rate comparable to (1-10 times) the charging 
rate. The remainder of the charge can be recovered, but  
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only upon extended (10-20h) controlled potential dis- 
charge at far lower (10 ~A/cm 2) current densities. Several 
cyclic vol tammetry and polarization studies (8, 11) have 
suggested that electrochemical p doping involves a slow 
diffusion process, presumably that of the dopant species 
within the polymer. 

The few studies of n doping that have appeared include 
those of Kaner et al. (9) and Shacklette et al. (10). Kaner et 
al. (9) concluded that polyacetylene can be reduced to 
dopant concentrations of y = 0.06 with excellent stability 
and reversibility. The reduction/oxidation coulombic 
efficiency (Qout/Qi,) was found to be about 99% at Ls Na +, 
and (Bu4N) § dopant concentrations up to y = 0.06. Shack- 
lette and co-workers (10) observed considerable swelling 
of polyacetylene when it was reduced in tetrahydrofuran 
(THF) with Li + as the doping ion. They reported that 
unreduced, neutral polyacetylene did not swell in the 
presence of THF. 

Our goals in the present work were to examine the gen- 
eral electrochemical characteristics of the n doping reac- 
tions of polyacetylene in order to evaluate its attractive- 
ness as a battery electrode. The lithium electrode was 
chosen as the standard of comparison, since it has re- 
ceived the most investigation as an electrode material for 
high energy density, nonaqueous electrolyte batteries. 
Our studies have included measures of the coulombic 
efficiency, rate capability, stability, and electrode poten- 
tial as a function of  doping level. 

Experimental 
Electrochemical measurements were carried out in a 

miniature glass cell having three compartments  separated 
by glass frits. The polyacetylene film electrodes (approxi- 
mately 1 cm 2 in area and 0.01 cm thick) were sandwiched 
in Pt mesh and housed in the central compartment  of the 
cell. The l i thium reference and counterelectrodes were lo- 
cated in the two side compartments. About 1 ml of elec- 
trolyte was required to fill all three compartments.  The 
electrolyte used was 0.8-1.0M LiC104 in THF. 

Electrolytes were prepared from Burdick and Jackson 
tetrahydrofuran, which was distilled and percolated 
through neutral activated alumina (Woelm). The LiC104 
(Anderson Physics) was dried at 180~ in vacuum before 
use. After the salt was dissolved, the electrolyte solution 
was purified by a second percolation through activated 
alumina. 

All experimental  procedures were performed in an 
argon-atmosphere dry box (Vacuum Atmospheres). 
Standard electrochemical equipment  was used for carry- 
ing out the cyclic voltammetry and constant current/po- 
tential experiments.  

The polyacetylene films used in these experiments 
were prepared by the technique first described by 
Shirakawa (12). They were graciously provided to us by 
the research group of Professor A. MacDiarmid of this 
university. 

Results and Discussion 
Controlled potential studies.--Cyclic vol tammetry . - -  

Cyclic vol tammetry experiments used samples of poly- 
acetylene which had areas of 0.3-1.0 cm 2 (single side) and 
weighed approximately 0.00475 g/cm 2. Cyclic voltammo- 
grams were recorded between 0.5 and 2.5V vs. Li/Ls un- 
der the following conditions. (i) Pt  mesh electrode in 
fresh electrolyte; (ii) fresh polyacetylene in fresh electro- 
lyte; (iii) reduced polyacetylene; and (iv) polyacetylene 
after various reduction/oxidation cycles. The results are 
shown in Fig. 1-3. 

Cyclic vol tammograms on the Pt mesh electrode with- 
out polyacetylene were carried out to monitor the level of 
background current and the stability of the electrolyte. 
Fresh electrolyte (Fig. la) showed a window of stability 
from 2.5 to 0.6V that was interrupted by only a few small 
peaks. The electrolyte decomposition rate increased at 
potentials less than 0.5V. A P t  electrode in the same sol- 
vent after 11 reduction/oxidation cycles on a polyacety- 
lene sample (Fig. lb) showed essentially identical cycIic 
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Fig. 1. a (top): Cyclic voltammogram of a Pt mesh electrode in fresh 

LiCIO4-THF electrolyte. Scan rote of 20 mV/s. b (bottom): 
Voltammogram of same Pt mesh electrode in same solution after elev- 
enth reduction/oxidation cycle of a polyacetylene film. Scan rate of 20 
mV/s. 

voltammetry behavior. No evidence of soluble electrolyte 
degradation products was observed over this number  of 
cycles. 

The rest potential of fresh polyacetylene was about 2.2V 
vs. Li/Li +. Repeated cyclic vol tammograms of a fresh 
sample of polyacetylene (Fig. 2a) showed that both the re- 
duction and oxidation peaks increased with cycling. For 
polyacetylene reduced to y = 0.047 (Fig. 2b), both the re- 
duction and oxidation peaks were broader and the maxi- 
mum current densities were 10-15 mA/cm 2. 

After six cycles (Fig. 3a), the vol tammogram was similar 
to that for fresh polyacetylene, although the peak cur- 
rents had decreased. After the eleventh cycle (Fig. 3b), the 
peak current decreased dramatically, and the shape of the 
vot tammogram indicated that the reaction had become 
less reversible. Since there was no change in the cyclic 
vol tammogram of a Pt electrode in the electrolyte after 
the eleventh cycle (Fig. lb), it is reasonable to conclude 
that the decreased peak current and reversibility were the 
result of changes in the polyacetylene electrode itself. 

Controlled potential reduction of polyacetylene.--Samples 
of polyacetylene were reduced and then reoxidized in two 
different controlled potential experiments.  In the first, 
the potential was decreased in 100 mV steps from 2.2V 
(approximately the rest potential) to 0.7V. At each point, 
the current was allowed to decrease to a steady value of 
about 20-25 ~A/cm ~. When the series of reduction steps 
was complete, the potential was stepped to 2.5V to oxi- 
dize the film. 

The results are shown in Fig. 4, which plots the cumula- 
tive doping level, y, as a function of the controlled poten- 
tial. The points on the curve are not the true maximum 
doping levels that could be attained, since the current 
was not allowed to decay below 20-25 ~A]cm 2. However, 
they are quite close to the maxima that would be ob- 
served after exhaustive reduction. 

As Fig. 4 shows, very little doping took place between 
2.2 and 1.3V; but, from 1.2 to 1.0V, the rate of doping in- 
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Fig. 2. a (top): Voltammogram of a fresh polyacetylene sample in 
LiCIO4-THF electrolyte. Scan rate of 20 mV/s. The starting potential 
was the potential of zero current, b (bottom): Voltammogram of 
polyacetylene sample reduced to y = 0.047 in LiCIO4-THF electrolyte. 

creased rapidly. By 0.7V, the maximum doping level of 
0.09-0.10 was reached. It may be possible to achieve 
higher levels by decreasing the potential below 0.7V. Un- 
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Fig. :3. a (higher): Vottammogrom of polyacetylene after sixth 
reduction/oxidation cycle. Scan rate of 20 mV/s. b (lower): 
Voltammogram of same electrode after eleventh reduction/oxidation cy- 
cle. Scan rate of 20 mV/s. 
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Fig. 4. Reduction level, y, as a function of controlled reduction poten- 
tial in 100 mV steps. 

fortunately, below 0.6V, the electrolyte was increasingly 
unstable and the reduction process was inefficient. 

In the second set of experiments, the polyacetylene was 
electrochemically cycled by reduction at either 1.1 or 0.7V 
followed by oxidation at 2.5V. The oxidation was consid- 
ered complete when the current decayed to about 0.5 
~A/cm 2. The current decay curves during controlled po- 
tential reduction at 1.1V showed an interesting evolution 
with increasing cycle number  (see Fig. 5). The current lev- 
els upon initial polarization were typically 4-5 mA/cm ~, 
based on the geometric area of one side of the electrode, 
regardless of the cycle number.  In the earlier cycles, the 
current decreased to a plateau (0.75-1.2 mA/cmD after 
which it decayed to much smaller values. High current 
densities were only observed in early cycles, and the mag- 
nitude of the current plateau decreased steadily with cy- 
cling. By the tenth cycle, the current plateau was in the 
range of 200 ~A/cm 2. 

Because the average reduction current decreased dra- 
matically with cycling, longer and longer times were re- 
quired to reach the same doping level at a potential of 
1.1V. For example, reduction times of 60 min in the sec- 
ond and fifth cycles yielded 3.32 and 3.2% doping, respec- 
tively. However, by the tenth cycle, the same reduction 
time produced only 2% doping. Not only did the doping 
time increase with cycling, it became necessary to de- 
crease the reductio n potential to achieve the same doping 
levels. For example, 3.8% doping was achieved at 1.1V 
during the second cycle, but  the potential had to be de- 
creased to 0.8V to reach the same doping level during the 
tenth cycle. All of these results are consistent with the cy- 
clic voltammogram study, which showed a significant 
decrease in the peak reduction current by the tenth cycle. 

Controlled potential oxidation of polyacetylene at 2.5V.-- 
In  this series of experiments, polyacetylene was cycled by 
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Fig. 5. Curves 1, 2, and 3 ore current decoy curves for the second, 
fifth, and tenth constant potential reduction cycles, respectively. 
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Fig. 6. Curves 1 and 2 are current decay curves for the second and 
tenth constant potential oxidation cycles, respectively. Curves 1' and 2' 
show the coulombic efficiencies (QoJQin) upon immediate oxidation for 
3.8% reduced polyacetylene for the second and tenth cycles, 
respectively. 

first reducing it to y = 0.038 under  appropriate condi- 
tions of controlled potential and then exhaustively 
oxidizing it at a controlled potential of 2.5V. The variation 
of the oxidation current with time for the second and 
tenth cycles is shown in Fig. 6. For each oxidation, a high 
current in the range of 10 mATcm ~ was observed upon ini- 
tial polarization. The current then decreased at a quasi- 
exponential rate. Over the first two to ten cycles, about 
30-50% of the charge initially passed during reduction was 
recovered at current densities greater than 1 mA/cm 2. 
After lh, the oxidation current level had decayed to less 
than 0.1 mA/cm 2, and the fraction of charge recovered was 
60-70%. After exhaustive oxidation until  the current level 
was less than 2 ~ATcm 2, which typically required 40-60h, 
the apparent coulombic efficiency, Qo.t/Qin, was 0.93 or 
greater. 

Controlled current studies.--Constant current reduc- 
t ion.--In these experiments, samples of polyacetylene 
were reduced at a constant current of 0.1 mA/cm 2 until  a 
desired doping level was reached. They were then oxi- 
dized at 1 mA/cm ~ until  the cell potential reached 2.5V. 
Oxidation was then continued but  at a controlled poten- 
tial of 2.5V. 

Figure 7 shows the cell potential for (Li, CH).~ during re- 
duction and the open-circuit potential after a 1 rain cur- 
rent interruption for the second and eleventh cycles as a 
function of the doping level, y. The electrode established 
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Fig. 8. Change in open-circuit potential with time offer the twelfth 
reduction/oxidation cycle. The polyacetylene was reduced to 3.5%. 

a reasonably flat voltage plateau in the second cycle. But, 
by the eleventh cycle, it decreased sharply with increas- 
ing doping level. If 0.5V is considered a cutoff point for 
efficient reduction, it is clear that the capacity (y) of the 
polyacetylene electrode that could be efficiently cycled 
decreased with cycling and was about 0.04 by the elev- 
enth cycle. 

In addition, the overvoltage for the reduction process 
was considerably greater in the eleventh cycle than in the 
second cycle. The rate at which the open-circuit potential 
rose after current interruption demonstrates this point. In 
the third cycle, the current was interrupted at the 4% 
doping level. The open-circuit potential gradually rose 
120 mV over 17h. When the current was interrupted at 4% 
doping during the twelfth cycle the potential rose about 
300 mV within 5s and then gradually rose another 200 mV 
over 12h. 

These observations are consistent with the results of 
the cyclic voltammetry and constant potential experi- 
ments previously discussed. They indicate that the elec- 
trochemical characteristics of the polyacetylene elec- 
trodes changed upon electrochemical cycling. The 
behavior of polyacetylene evolved from that which re- 
sembles a redox couple with an extended voltage plateau, 
behavior that is desirable for a battery electrode, to a state 
in which the potential decreased steeply with increasing 
charge, a characteristic that ' i s  undesirable in a battery 
electrode. The gradual decrease of the open-circuit poten- 
tial of polyacetylene doped to 4% as function of cycle 
number  (Fig. 9) severely limits the electrode capacity that 
can be efficiently cycled. 

Constant current oxidation.--Constant current oxidation 
experiments showed that the rate at which Li+-doped 
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Fig. 7. Open circuit and cell potential of (Li,CH).,. as a function ofy for 
the second (1,2) and eleventh (3, 4) reduction/oxidation cycles. See text 
for more complete description of experimental conditions. 
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polyace ty lene  cou ld  be oxid ized  decreased  as the  mater ial  
was  cycled.  In  initial exper iments ,  samples  of  polyacety-  
lene were  cyc led  by reduc t ion  to an n dop ing  level  of  y = 
0.04-0.06 at 0.1 m / U c m  2 and oxidized at 1 mA/cm -~ unti l  the  
potent ia l  reached  2.5V. The a m o u n t  of  charge that  could 
be ex t rac ted  before  the  potent ia l  r eached  2.5V decreased  
wi th  cycling.  In  the  third and four th  cycles, about  60% of 
the charge could  be ext rac ted  before  the potent ia l  
reached  2.5V. By the e leventh  cycle, only about  40% of  
the charge could  be recovered  in this way. In  each case, 
the  remain ing  charge  could  be a lmos t  comple te ly  recov- 
ered by  an e x t e n d e d  (40-60h) oxida t ion  at a control led po- 
tent ial  of  2.5V. 

The  total cou lombic  eff iciency for the  reduct ion/oxida-  
t ion process  was measu red  by reduc ing  polyace ty lene  to 
var ious  doping  levels  at 0.1 mA/cm 2, and then  reoxidizing,  
first at  a cons tan t  current  of  1 mA/cm ~ and then  exhaust-  
ively at a contro l led  potent ia l  of  2.5 V. Table  I summa-  
rizes the  results  ob ta ined  in one set  of  expe r imen t s  over  
15 cycles. 

Po lyace ty lene  r educed  to y = 0.04 main ta ined  a coulom- 
bic eff ic iency of  near ly  100% to the  f i f teenth cycle. The  
react ions were  very  efficient  despi te  the  obvious  de- 
crease in the open-c i rcui t  potent ia l  of  the  r educed  poly- 
ace ty lene  at the  y = 0.04 dop ing  level.  I f  this gradual  de- 
crease in open-c i rcui t  potent ia l  were  to cont inue,  the 
potent ia l  wou ld  u l t imate ly  enter  the reg ion  of  so lvent  in- 
stability, and the  cou lombic  eff ic iency of  the reduc t ion  
react ion wou ld  decrease.  

Reduc t ion  to levels  h igher  than  v ~ 0.04 and al lowing 
the sample  to s tand on open circui t  bo th  decreased  the  
fract ion of  charge  which  could  be  recovered  upon  oxida- 
tion, as Fig. 10 demonst ra tes .  When reduc t ion  was fol- 
lowed by i m m e d i a t e  oxidat ion,  a cou lombic  eff iciency of  
near ly  100% was main ta ined  to dop ing  levels  of  about  y = 
0.06. I t  then  dec l ined  sharply,  and reached  about  80% at y 
= 0.09. An  18-20h s tand on open circui t  after reduc t ion  de- 
creased the  overal l  cou lombic  eff iciency at dop ing  levels  
above  about  y -- 0.04. For  example ,  for polyace ty lene  
doped  to y = 0.07, the  cou lombic  eff iciency d ropped  
f rom 93% u p o n  i m m e d i a t e  d ischarge  to 76% after  an 18h 
delay. 

C o n c l u s i o n s  

The mos t  impor t an t  concerns  regard ing  the attractive- 
ness  of  po lyace ty lene  as an a l ternat ive  to the  l i th ium elec- 
t rode for h igh  energy  density,  rechargeable  bat tery  tech- 
nology are its stability, potent ia l  as a func t ion  of  doping  
level  (y), and vo lumet r i c  and gravimet r ic  capacity.  Our re- 
sults p rov ide  ins ight  into each of  these  issues. 

The stabili ty of  Li+-doped polyace ty lene  is qui te  good. 
At  the  reduc t ion  levels  of  y < 0.10 inves t iga ted  in this 
work,  r educed  po lyace ty lene  e lec t rodes  wi th  Li  + as the  
dopan t  appear  to be  qui te  stable in THF/LiC104 toward  
shor t - term loss of  capacity.  Po lyace ty lene  that  has been  n 
doped  under  these  condi t ions  is far more  to lerant  of  im- 
puri t ies  in the  e lect rolyte  and ex t ended  s torage in contact  
wi th  the  e lec t ro lyte  than  its ra ther  fragile p -doped  coun- 
terpar t  (4). 

However ,  we found  that  the  e lec t rochemica l  character-  
istics of  po lyace ty lene  gradual ly  changed  as the  material  

Table I. Coulombic efficiency for reduction/oxidation of (CH),r 

Percentage Total 
out at percentage 

Cycle y~ 1 mA/cm ~ h out ~. 

1 0.040 57 67 
2 0.038 75 93 
6 0.038 77 100 
7 0.085 50 63 
8 0.038 78 106 
9 0.040 85 105 

Value of y in (CHLi,).~. 
hQouJQ, , x 100%. 

Same as in footnote b except after exhaustive oxidation at 2.5V. 

ioo 
>- 

z 90 
w 

,'7 80 
kL 
W 

-- 70 
rn  

o -J 60 
0 
U 

5C 

I i I L 

- 0  a 0 o 0 o 

A 0 

- -  0 A 

A 

l 

I I I I I I I I I 
1 2 5 4 5 6 7 8 9 10 

y in (LiyCH) x 

Fig. 10, Coulombic efficiency (Qout/Qin) as a function of y upon imme- 
diate (circles) and delayed (triangles) (18-20h)  oxidation. 

was cycled  f rom y = 0 to y = 0.04-0.06 t en  or 20 t imes.  The 
e lec t rochemica l  reduc t ion  process  grew less reversible,  
and the  cyclic v o l t a m m e t r y  peaks cor responding  to the 
reduc t ion /ox ida t ion  processes  b e c a m e  more  diffuse. 

The  rate capabi l i ty  of  po lyace ty lene  e lec t rodes  also de- 
creased wi th  cycling. The  current  levels  observed  dur ing  
reduc t ion  and  subsequen t  oxidat ion  grew smaller.  A care- 
ful s tudy of  the  current / t ime curves  for the  reduc t ion  of  
polyace ty lene  films at 1.1V showed  that  a fresh sample  
had an initial r educ t ion  current  of  4-5 m A / c m  2, wh ich  de- 
cayed wi th in  30-60s to a p la teau of  about  0.7 m A / c m  2. I f  
the  sample  was then  oxidized to res tore  the  va lue  of  y te  
near ly  0, and then  re reduced  at 1.1V, the  initial reduc t ion  
current  was about  the  same as in the  first reduct ion,  but  
the magn i tude  of  the  plateau cur ren t  decreased.  The  
t rend  con t inued  th rough  subsequen t  cycles unti l  the  pla- 
teau  d i sappeared  entirely.  

The  open-c i rcui t  potent ia l  of  r educed  polyacetylene  
also changed  wi th  cycling. At a cons tan t  va lue  of  y, the  
potent ia l  gradual ly  shif ted toward  that  of  Li  as the  num-  
ber  of  cycles  increased.  For  example ,  dur ing  the  second 
reduc t ion /ox ida t ion  cycle, the  potent ia l  of  (Li0.o,CH)~ was 
1.27V. It  es tabl ished a p la teau  of  about  1.2V be tween  y = 
0.01 and  0.05 and then  decreased  sharply  at h igher  reduc-  
t ion levels.  By the  e leventh  cycle, the potent ia l  at y = 0.01 
was 1.38V, bu t  it decreased  to 0.84V at y = 0.04. Because  
the e lec t ro ly te  was increas ingly  uns tab le  be low 0.5V, the 
reduc t ion  of  po lyace ty lene  to h igh  doping  levels  was in- 
creasingly inefficient.  

All of these  observa t ions  indicate  that  the  e lec t rochem-  
ical character is t ics  of  po lyace ty lene  in this e lect rolyte  de- 
ter iorate  marked ly  after a few cycles. It  becomes  increas- 
ingly difficult  to achieve  h igh  reduc t ion  levels  (0.06 < y < 
0.10) efficiently. I t  takes longer  to r educe  and oxidize the  
film, because  the reduc t ion /ox ida t ion  current  densit ies at 
control led  potent ia l  decrease  wi th  cycling. Whether  this 
de ter iora t ion  cont inues  beyond  10-15 cycles  is not  known.  
It  is also not  clear  whe the r  the degradat ion  is pecul iar  to 
the e lec t ro lyte  used  in these  exper iments .  Perhaps  more  
stable behav io r  wou ld  be observed  in ano ther  electrolyte.  

The  grav imeter ic  and vo lumet r i c  energy  densi t ies  of 
po lyace ty lene  that  has been  n doped  wi th  Li  + to the maxi-  
m u m  level  of  y = 0.10 that  was ach ieved  in this investi-  
gat ion are ra ther  low. The equ iva len t  we igh t  of  (Li0.~0CH).~ 
is 137g; that  of  Li  is 6.9g. The  equ iva len t  v o l u m e  of 
(Li0.,0CH), is abou t  190 cm3; that  of  Li  is 12.9 cm'% In addi- 
tion, the potent ia l  of po lyace ty lene  doped  wi th  Ls  to y < 
0.10 in THF/LiC104 is 0.5-1.5V posi t ive  of  that  of  Li, a sub- 
stantial  penal ty  in u l t imate  cell  voltage.  

All of  our  resul ts  indicate  that  r educed  polyace ty lene  
can serve  as a nega t ive  e lect rode in a nonaqueous  electro- 
lyte bat tery in the  t radi t ional  role of  l i thium. However ,  
wi th  the THF/LiC104 elect rolyte  used  in this study, it suf- 
fers from signif icant  degrada t ion  in e lec t rochemica l  
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characteristics upon cycling, a low to moderate gravimet- 
ric energy density, low volumetric energy density, and re- 
stricted rate capability. Naturally, its performance may be 
better in other solvent/electrolyte salt combinations. 

Our findings do not suggest that n-doped polyacety- 
lene is an attractive alternative to Li for high energy den- 
sity, rechargeable, nonaqueous battery electrodes. How- 
ever, it is critical that fundamental  studies of the 
electrochemical reactions of this material be continued. 
We need to learn whether the electrochemical characteris- 
tics observed for n-doped polyacetylene in this study rep- 
resent ultimate limitations on its performance or are arti- 
facts of, for example, the polymer morphology or the 
solvent/electrolyte salt combination. If the maximum 
doping level of (LiyCH)x could be increased by a factor of 
3-4 and a larger fraction of the stored charge could be re- 
covered at high current densities, n-doped polyacetylene 
might be an attractive electrode for some applications. 
However, at present, it appears to be more of an intrigu- 
ing electrochemical curiosity than a material with imme- 
diate technological applications in high energy density 
batteries. 
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Method for Reducing Metal Salts Complexed in a Polymer Host 
with a Laser 

A. Auerbach 
The BOC Group, Incorporated, New Providence, New Jersey 07974 

ABSTRACT 

We describe a novel method for generating fine metal lines with a laser. The laser radiation is focused onto the sur- 
face of a nonconductive silver nitrate-doped polymer film to reduce silver. By translating the surface relative to the 
laser beam, a highly conductive silver line is formed. The measured resistance agrees well with the computed value for a 
silver conductor of comparable dimensions. 

In the past few years, the application of lasers to a wide 
variety of technologies has occurred. Among the factors 
contributing to this are the laser's versatility and ability to 
provide localized photons and/or heat. In no area is this 
more evident than microelectronics. Pulsed xenon laser 
systems have been available for some time as oblative tools 
for the localized removal of thin metals or polymer films 
from a substrate (1, 2). Laser machining and welding appli- 
cations have also been investigated and applied (3). 

Recently, lasers have been used to deposit or remove 
conductors. Applications of these kinds include work 
done by Raffel et. al., who used laser radiation to form 
carbon conductors in polyimide film by graphitization 
(4). Since the resistivity of carbon is high compared to 
metal, these conductors are generally not useful. Another 
application reported by von Gutfeld et al. (5) involves 
laser-assisted electroplating. The laser makes possible 
rapid electrodeposition of dense and crack-free gold by 
providing localized heating of the substrate. Laser- 
assisted electroless gold and plat inum deposition from so- 

lution was investigated by Karlicek et al. (6). Tsai et al. 
have described an etching application where a laser is 
used to remove a luminum under an ambient  bromine 
atmosphere (7). 

In the area of photochemical metal deposition, UV- 
visible lasers are being used to enhance the deposition of 
metals and semiconductors (8-10). While this technique 
shows good promise for producing thin film conductors, 
exotic and highly toxic organometallics are often re- 
quired. Also, to accomplish bond scission with a single 
photon, large and expensive UV lasers are required. 

This paper describes a new approach for generating 
highly conductive metal lines by laser-assisted thermal 
reduction of metal salts dissolved in a polymer host. The 
technique is especially promising, since very low cw laser 
power (10-30 mW) is required. For the silver system de- 
scribed below, we have achieved conductivities on the or- 
der of pure silver. Future publications will describe other 
metal salt/polymer systems which can be used to form 
copper or gold conductors. 
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E x p e r i m e n t a l  

Reagent-grade solvents were used. The polymers were 
purchased from Amoco Chemical Corporation and du 
Pont Specialty Coatings Division. The AI-10 polyamic 
acid (Amoco) came as pellets which had to be dissolved in 
a suitable solvent. The du Pont materials, PyraLN 2540, 
2560, and PyraMIL 5057, are polyamic acid solutions, and 
were further diluted with either N-methyl pyrrolidone or 
N,N-dimethyl formamide. 

Silver nitrate salt (AgNO3-99.9%) was purchased from 
Metron, Incorporated. ULTEM TM sheets (1.5 mm thick) 
were provided by the Specialty Polymers and Plastics Di- 
vision of General Electric. 

Films were cast from solution with a Headway Re- 
search spin coater (Model 1EC101-R485). They were dried 
and baked in a Blue M oven. A programmable X-Y trans- 
lator stage (Anorad Corporation Model 170) was used in 
conjunction with an argon ion laser (Spectra Physics 
Model 171). The output of the laser was focused through a 
10• planar convex microscope objective. The focal region 
was viewed and displayed with a solid-state camera and 
television. 

Resistance measurements were made with a multi- 
meter. The linearity (I-V) of the conductors and the qual- 
ity of connection to the contacts were investigated using a 
curve tracer (Tektronix, Incorporated, Type 576). The 
curve tracer was also used to determine the electric cur- 
rent carrying capacity of the conductors. A scanning elec- 
tron microscope (Hitachi Corporation Model 5-520LB) 
and PGT 4 x-ray analyzer were frequently used. 

R e s u l t s  

The present study was undertaken after previous work 
had shown that highly conductive polymer films result 
when silver nitrate doped polyamic acid films are pro- 
cessed in an oven at 300~ (11, 12). Resistivities as low as 
10 -5 ~-cm (pure silver = 1.6 • 10 -6 ~2-cm) were achieved. 
We decided to investigate the possibility of using a laser 
to accomplish the reduction in a localized region. 

The first at tempt at thermal reduction using a laser 
was successful. A mixture consisting of 1.5g of silver ni- 
trate dissoved in 10g of polyamic acid solution (PyraML 
5057) was prepared and cast onto a glass substrate. The 
film thickness depends both on the viscosity of the solu- 
tion and the spin speed; for the above formulation and a 
spin speed of 3000 rpm, a 0.75 ~m thick film resulted as 
measured after a 30 min bake at 150~ The sample was 
placed on the Anorad translator stage and translated rela- 
tive to the laser beam focused onto its surface. Using low 
output powers, and a 300 ~m/s translating speed, conduc- 
tive silver lines were written. One series of lines formed in 
this manner is shown in Fig. 1. These conductors were 
written using laser powers between 10 and 40 roW. Pyrol- 
ysis of the undoped polymer, which is transparent in the 
visible, does not occur at these low powers; it is only after 

Fig. i. Laser-reduced silver conductors on glass substrate 10 roW, 
20 mW, 30 mW, 40 mW, 40 mW (100/~m/s). Film thickness: 0.75 
/~m. 
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Fig. 2. Absorption spectra. Solid curve: (AgNO~)-doped AI - ]0  poly- 
mer film. Thickness: 0.75/~m. Middle curve: undoped AI - ]0  polymer 
film. Bottom curve: adsorption of Supersil II substrate. 

the silver ion is incorporated in the polymer matrix that 
sufficient absorption occurs to allow the rapid heating 
and reduction. Figure 2 compares the absorption spectra 
in the 200-800 nm spectral range for doped and undoped 
AI-10 polyamic acid films. The prominent  adsorption 
band centered at 450 nm is present only for the doped 
polymer film. This band results from complexation be- 
tween the nitrogen containing imide moiety and the silver 
ion. The rate of complexation is temperature dependent, 
and the absorbance increases with temperature and time. 
This is shown in Fig. 3, where the absorbance at 450 nm is 
plotted against the sample dry temperature. The reason 
for the high efficiency with which the reduction occurs 
(as shown below, approximately 100% of the Ag is re- 
duced) is a direct consequence of this temperature depen- 
dence. As the laser radiation is adsorbed, heating occurs 
increasing the absorbance until reduction occurs. Since 
the polymer is a poor thermal conductor, the reduced vol- 
ume remains localized. 

Initial work using a glass substrate showed that a con- 
tinuous metal conductor results when the film is trans- 
lated relative to the focused laser radiation. The resist- 
ance of these conductors was measured by forming them 
between InSnO2 contacts patterned on glass substrate. 
Contact metals including aluminum, gold, or silver were 
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Mix 

Polyamic acid 
and quantity AgNO3 

(g) (g) 

AgNOJNMP b AgNOJNMP Drying 
(33%/67%) (25%/75%) DMF c time/temp. 

(g) (g) (g) (min?C) 

PyraML-5057 ~ 
1 5 0.5 
2 5 
3 5 
4 10 1.5 

AI-10 ~ 
5 3 3 
6 3 4 

PyraLIN-2530 a 
7 3 
8 3 

10/180 
3 10/180 
8 10/180 

10/180 

7 20/140 
7 20/140 

3 10/180 
6 10/180 

a du Pont. 
h N-Methyl pyrrolidone. 
c Dimethyl formamide. 
d Amoco Chemicals polyamic acid powder. 

also evaluated.  A var ie ty  of  AgNO:3 doped  polyamic  acid 
solut ions (see Table  I) were  fo rmula ted  and evaluated.  
Good  connec t ion  be tween  the  laser - reduced si lver and 
the different  con tac t  metals  was achieved.  As the thick- 
ness  of  the  contac t  meta l  is increased,  h igher  output  pow- 
ers are requ i red  to ach ieve  good electr ical  connect ion,  
s ince the  meta l  is thermal ly  more  conduc t ive  than  the  
glass substrate.  

A var ie ty  of po lymer  substrates were  also evaluated. 
A m o n g  these,  the  thermoplas t ic  U L T E M  worked  best  be- 
cause of  its h igh  heat  def lect ion t empera tu re  (-200~ 
Squares  (2.54 x 2.54 x 0.120 cm) were  cut  f rom U L T E M  
sheet  and l amina ted  wi th  56g copper  foil, (Gould, Incor-  
porated). The  copper  was pa t te rned  us ing  convent ional  
pr in ted  circui t  board  processing.  Afterwards ,  a relaminat-  
ing step was pe r fo rmed  to planarize the  surface. This is 
done  to p resen t  a un i fo rm surface t opography  so that  no 
refocusing is required .  F igure  4 shows one such  pa t te rned  
substrate  coa ted  wi th  mix tu re  no. 3 (see Table  I). Also 
shown is a laser - reduced  silver connec t ion  be tween  the 
two copper  conductors .  The  measu red  res is tance be- 
tween  the  contacts  was 60~. This is r emarkab ly  low for 
the  silver l ine  1 cm long by 40/~m wide.  As is shown be- 
low, the  calcula ted resist ivi ty agrees wel l  wi th  that  of  
pure  silver. 

A l though  laser wri t ing directly on a po lym er  substrate 
is s t raightforward,  fo rming  good electr ical  connect ion  to 
pa t te rned  meta l  l amina ted  on the po lym er  surface is more  
difficult,  s ince the  meta l  is inheren t ly  thick, and, to 
ach ieve  good connect ion ,  a high laser power  is required;  
too h igh  a power  can mel t  the  po lym er  underneath .  Ex- 
cel lent  connec t ion  be tween  the  r educed  si lver and 
copper-  or gold-pla ted  copper  contac t  metals  has been  
ach ieved  by us ing  one power  level  for wri t ing on the ther- 

moplas t ic  (10-20 roW) and a power  10 t imes  greater  (ap- 
p rox imate ly  100-200 mW) to form connect ions  to the  
metal.  Us ing  this approach,  we have  fo rmed  connect ions  
having contact  res is tance be low lf~. This  is shown in Fig. 
5, where  the I-V characteris t ics  of  one such  conductor  is 
inves t iga ted  wi th  a curve  tracer. The t race is l inear to 20 
mA. The current  carrying capacity of  the  si lver line is ex- 
cellent;  a 20/~m by 1 cm long conduc to r  can pass 20 m A  
(at 3V) cont inuously .  This is equ iva len t  to 1 mA/~m,  and 
agrees wi th  the  power- to-width  specif icat ion for s tandard  
V L S I  conductors  hav ing  a comparab le  th ickness  (see be- 
low). Also shown in the figure is a c]oseup of the contact  
region. A h igher  p o w e r  was used  to form the  low resist- 
ance connect ion.  These  conductors  were  formed us ing a 
scan rate of  1 cm/min  (0.2 mm/s). S ince  scan speed and 
laser power  are i n t e rdependen t ,  it is expec t ed  that  faster 
scan rates are possible.  

Discussion 
We have  shown that  dur ing  laser r educ t ion  enough  

silver forms to genera te  h ighly  qonduct ive  lines. The  sim- 
ple calculat ion which  follows predicts  a lmos t  100% con- 
vers ion  and agrees both  wi th  the  measu red  resist ivi ty and 
optical  SEM results.  The calculat ion is based on mix  5 
(see Table  I) and a film th ickness  of  2 ~m. Two assump-  
t ions are made:  first, all solvent  evapora tes  dur ing the  
cast ing and oven drying; second, the  dens i ty  of  the  doped  
film is approx imate ly  double  that  of  u n d o p e d  film, s ince 

Fig. 4 Laser-written silver connection between two patterned cop- 
per conductors on Ultem. 

Fig. 5. Laser-written silver lines connecting patterned aluminum con- 
ductors to an aluminized silicon square imbedded in Ultem. A: SEM 
close-up of silver conductors showing the smooth (not granular) silver 
deposit. B: The contact region. C: I-V trace of one silver conductor. 
The linearity is indicative of little contact resistance. 
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AgNO~ has a molecular weight comparable to that of an 
AI-10 unit z. 

The mass of silver nitrate contained in the volume 
occupied by a typical laser-scribed conductor (1 cm x 20 
~m x 2 ~m) can be calculated, since the polymer volume 
is - 4  x 10 -~ cm .~ and the density of the doped film is ap- 
proximately 2.5 g/cm 3. The mass of AgNO:3 in this volume 
is 1 x 10-6g, and since the mole ratio is approximately 1:1 
(AI-10 unit to AgNO3) the mass of Ag § is 108/200 x 1 x 
10-6g or 5 x 10-Tg. Assuming all the Ag ~1 is reduced to the 
metal during the laser writing, then the volume of re- 
duced silver is mass (Ag)/density(Ag) or 5 x 10 -8 cm 3. For 
a conductor 1 cm long by 20 ~m wide, this implies a silver 
thickness of -0.25 ~m. Using this value and the tabulated 
resistivity of silver (1.6 x 10-6 ~-cm), the resistance of the 
1 cm long by 20 ~m by 0.25 ~m conductor is 

1 
R = r ~-  - 3 2 a  [1] 

Since this value agrees well with resistance values which 
have been measured, the reduction is very efficient. Also, 
it is expected that the contact resistance between the re- 
duced silver and the contact metallization is small. This is 
in agreement with the linear I-V character observed on 
the curve tracer Fig. 5. 2 

An important consideration is that these laser-written 
conductors be durable. Although at the present time no 
careful study has been undertaken, it has been deter- 
mined that, once formed, the silver has little tendency to 
be oxidized if protected with an epoxy or polymer over- 
coat. This is equally true in the region where the silver 
contacts the substrate metal. Unprotected contacts tend 
to open (i. e., electrical connection is lost) with time in the 
presence of humidity. This is because reaction occurs be- 
tween the silver, nitrate ion, and substrate metal. The 
problem is severe with copper; substrate metals such as 
aluminum, gold, and molybdenum are less reactive. Once 
encapsulated in epoxy, both the contact region and con- 
ductors exhibit good stability under ambient conditions 
(25~ and 40-80% relative humidity). 

Finally, as the silver is reduced on the polymer sub- 
strate, it forms in the polymer melt pool, and becomes 
imbedded into the thermoplastic material as it cools. This 
means that intimate attachment to the polymer occurs. 

~This assumes that the silver ion occupies a much smaller vol- 
ume than the polyamic acid repeat unit. 

2Contact resistance would appear as nonlinearity in the V-I 
plot at low voltage (and current). 

We have observed that moderate flexing of the substrate 
does not detrimentally affect the electrical conductivity of 
the conductor. 

Conclusion 
It has been shown that, under  appropriate conditions, 

the output of a laser can be used to supply thermal energy 
for the oxidation reduction reaction between polymer and 
dopant salt to occur. By translating the substate relative 
to the laser beam, highly conductive lines can be gener- 
ated. Since sufficient heating occurs mainly in the local- 
ized region of the focused laser radiation-beam waist 10 
~m-fine lines result. 

There are a variety of applications for this technique. 
One which we have begun to investigate is to write con- 
nections between the bonding pads on a chip to external 
conductors on a printed circuit board. Briefly, this in- 
volves laminating copper to the surface of a thermoplastic 
polymer, then patterning and gold plating the copper. A 
chip is laminated into the thermoplastic so that the pat- 
terned conductors surround it. The polymer/salt solution 
is cast onto the surface, and electrical connection be- 
tween the bonding pads on the chip to the conductors is 
made by laser writing. Initial results look very promising 
(13). 

Manuscript submitted Oct. 1, 1984; revised manuscript 
received Feb. 12, 1985. 
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Near-Surface Damage and Contamination after CF,/H2 Reactive 
Ion Etching of Si 

G. S. Oehrlein,* R. M. Tromp, J. C. Tsang, Y. H. Lee,* and E. J. Petrillo 
IBM Thomas J. Watson Research Center, Yorktown Heights, New York 10598 

ABSTRACT 

Silicon surfaces which had been exposed to CFJ40%H~ reactive ion etching have been characterized by x-ray photo- 
electron emission spectroscopy, He ion channeling, H profiling, and Raman scattering techniques. Plasma exposure of 
a clean Si surface leads to the deposition of a thin (-30-50/~ thick) C,F containing film. The near-surface region (-30-50~) 
of the Si substrate is heavily disordered ("amorph~zed"), as found by ion channeling and Raman scattering. A modified, 
less damaged Si region extends from about 30-50A from the surface to a depth in excess of 250A. This layer contains a 
high concentration ( -5  atom percent) of H as shown by hydrogen profiling techniques. From the observation of Si-H 
and Si-H~ vibrational modes by Raman scattering, it has been shown that the H is bonded to the Si lattice. In  ion scatter- 
ing, the extended modified Si layer appears to cause a strongly enhanced background in the energy spectra. Results of 
Monte Carlo range calculations are reported and compared with the damage depth found experimentally. 

Fine-line pattern transfer in very large scale integrated 
(VLSI) device processing is achieved by anisotropic dry 
etching techniques (1). Presently, the most widely used 
directional etching techniques are reactive ion etching 
(RIE) and ion beam sputtering. The directionality of these 
etching techniques is based on energetic ion bombard- 
ment  of the etched surface (2). The low energy ion expo- 
sure of electronic materials can result in bombardment  
damage, which can affect the device applicability of these 
materials in a detrimental way. Indeed, a large number  of 
reports has appeared in the literature, where detrimental 
side effects of dry etching techniques on semiconductors 
were reported and related to dry etching-induced damage 
in the semiconductor substrates (3-5). In the case of sili- 
con, the following effects have been observed: a degrada- 
tion of the minority carrier lifetime (6), changes in the bar- 
rier height and of the ideality factor of Schottky barriers 
formed on dry etched Si (7), high contact resistance in 
contact hole etching (8), and a deterioration of the oxide 
quality (interface state density, dielectric strength) of 
thermal SiO2 films grown on dry-etched substrates (4, 6). 
The physical and chemical origins of these effects are at 
this time poorly understood. 

An interesting property of the dry etching-induced 
"damage" is the depth to which it appears to penetrate 
into the Si substrate. Several investigators report that in 
order to recover the original electrical properties of a Si 
wafer, about 500~ of modified Si had to be removed by 
wet etching techniques (4, 9). This finding was assumed 
to imply that the "damaged" region would extend 500~ 
from the free surface into the bulk of the semiconductor. 

Another key feature of a dry etching process is the se- 
lective etching of one material vs. another material. An 
important problem in Si technology is selective etching of 
SiO~ over Si. Addition of H2 to CF4 has been found to in- 
crease the SiO2-to-Si etch-rate ratio (10). There are indica- 
tions that this selectivity is in part due to the deposition 
of an involatite carbon containing residue onto the Si sur- 
face once the SiO2-Si interface is reached during dry etch- 
ing (11). It is clear that the formation of surface residues 
during etching will affect the electrical properties of 
structures or layers formed on so-contaminated surfaces. 
By electrical measurements alone, it would be difficult to 
identify the origin of modified electrical behavior as ei- 
ther surface contamination or displacement damage in 
the substrate. This differentiation is, however, important 
in the search for suitable post-RIE cleaning or annealing 
procedures. 

In the present paper (12), we report results of studies 
aimed at identifying the structural and chemical changes 
of the surface and near-surface properties of Si caused by 
reactive ion etching. A number  of surface and near- 
surface sensitive techniques were employed to character- 
ize as-etched room ambient-exposed Si. Although for sur- 
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face characterization, in situ analysis would be more 
desirable in order to exclude further contamination by 
room ambient  exposure, the results of the present study 
are of direct technological interest. 

Sample Preparation 
500• layers of thermal oxide were grown on chemically 

cleaned 2 12 cm, B-doped, <100> 3.25 in. diam Si wafers. 
The oxide was subsequently completely removed either 
by dry etching or, in the case of control samples, by wet 
etching in buffered HF. The dry etching experiments 
were performed in a single-electrode RIE reactor, i.e., in a 
configuration where the sample is placed on the powered 
electrode. The etching conditions were 0.178 W/cm ~ RF 
power density applied using a CF4/40%H2 gas mixture. A 
self-bias voltage of about -425V developed at the pow- 
ered electrode during etching. The gas flow was 40 sccm, 
and the chamber pressure 25 mtorr. The etch rate of SiO2 
under  these conditions was 400 ~/min, while the etch rate 
of Si was -15-20 }~/min [see also Ref. (10)]. 

In order to study the effect of different overetching con- 
ditions on the quality of the exposed Si, the etching times 
were varied. The etch end point was determined by laser 
interferometry at the center of a Si wafer. In one case, the 
RIE was stopped once the whole SiO2 layer had been 
etched away (denoted by "no" overetching). In other 
cases, the RIE conditions remained unchanged for 
various times up to 10 min after complete etching of the 
SiO2 film. In those experiments, the Si surface was there- 
fore exposed for the length of the overetching time to the 
CFJ40%H~ plasma. 

In reactive ion etching, the max imum energy of im- 
pinging ions at the Si surface is given by the difference of 
the self-bias voltage developed at the powered electrode 
and the plasma potential [both potentials measured with 
respect to ground, i.e., in the present case, the numerical 
values add (1)]. In  our experiments, the maximum ion en- 
ergy was about 450 eV. (We assume that the density of 
doubly ionized species is negligible.) Collisional pro- 
cesses in the sheath region can lower this energy. As a re- 
sult, ions and neutrals with a great spread of energies, 
ranging from the maximum energy listed before to no en- 
ergy, bombard the etched surface during the discharge. 

From the cathode current the ion flux at the Si surface 
was estimated to be 1.6 x 10 '~ ion]cm 2 s (ignoring un- 
known corrections, such as secondary electron emission). 
For specimens overetched for 10 min, the total ion dose is 
therefore of the order of 1.0 • 10 TM ion/cm ~. 

After completion of the RIE treatments, the Si speci- 
mens were removed from the plasma chamber. The as- 
etched and room ambient-exposed surfaces were charac- 
terized using x-ray photoemission spectroscopy (XPS) 
and high resolution He ion scattering/channeling tech- 
niques. The presence of hydrogen in the near-surface re- 
gion of the Si specimens was detected by the 'H + 'SN nu- 
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clear reaction technique (13). Raman scattering was used 
to detect the presence of disorder in the Si lattice and to 
observe vibrational Si-H modes. 

Experimental Results 
Photoemission measurements.--In Fig. 1 and 2, XPS 

survey spectra are shown for dry-etched Si samples and 
Si samples etched in buffered HF (BHF). Magnesium Ka 
radiation was used for the excitation of the photoelec- 
trons. In Fig. 1 (250-800 eV binding energy range), we no- 
tice O Auger, O ls, and C ls peaks due to the native oxide 
on the control (BHF-etched) specimen. The native oxide 
was 20~ thick, as determined by ellipsometry. The carbon 
contamination is caused by exposure to room atmo- 
sphere. A Si sample where the SiO2 had been dry etched 
with no overetching shows additional peaks due to F at 
the surface. The oxygen intensity is decreased, while the 
C intensity is increased. The changes are more dramatic 
for a Si specimen which had been 1 min overetched: the 
F- and C-related peaks are further increased, while the 
O-related lines are much weaker than those for the con- 
trol. The F, C, and O photoemission signals of a specimen 
which had been overetched for 10 min are very similar to 
the sample which had been overetched 1 min. 

The buildup of dry etching-related F, C contamination 
on the surfaces of processed Si specimens is reflected in 
the intensity of the photoelectron peaks from the underly- 
ing Si substrate. This is shown in Fig. 2. For the dry- 
etched samples, the Si-related photoelectron peak height 
is decreased as compared to the BHF control. The peaks 
are weaker for the 1 min overetched Si than for the no 
overetched sample, implying a greater amount of surface 
contamination with longer overetching time. This trend is 
not continued during prolonged overetching. The 10 min 
overetched specimen in Fig. 2 shows stronger Si related 
peaks than the 1 min overetched sample, which can be in- 
terpreted as being due to less surface contamination. 1 

tThe escape depth of Si 2s and 2p electrons excited with Mg 
Ks x-rays in polymeric materials is about 304 (14). This XPS- 
derived thickness of the C, F layer is in agreement with an esti- 
mate based on the ion channeling measurements. 
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Fig. 1. XPS survey spectra (250-800 eY binding energy range) of 
control and CF4:40%H 2 dry etched Si samples. With no overetching, a 
sample is denoted where the RIE was stopped when the Si02/Si inter- 
face had been reached during etching. 
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Fig. 2. XPS survey spectra of the 0-250 eV binding energy range of 

control and dry-etched Si specimens. Note that the Si 2s and 2p peaks 
are stronger after 10 min overetching as compared to I min over- 
etching, indicating less C,F film contamination after 10 rain overetch- 
ing. 

The atomic percentage of the surface contaminants for 
the different Si specimens together with their processing 
histories is summarized in Table I. The table verifies the 
trends apparent in Fig. 1 and 2 concerning Si and C. It 
also shows that there is a monotonic increase in F concen- 
tration with longer overetching time. 

In Fig. 3 the C ls fine structure of a sample which had 
been overetched for 3 min in CF4/H2 is shown. On the 
nigh binding energy side of the regular C ls peak, one can 
recognize three chemically shifted weaker components. A 
comparison of the binding energy positions of these 
weaker components  with published CF, CF2, and CF3 
spectra (15, 16) shows that the energy positions found 
here agree very well with the literature values. One con- 
cludes that the carbon, in addition to being bonded to H 
and C, is primarily bonded to one, two, or three F neigh- 
bors. The relative concentration of the various bonding 
states depends on the parameters of the particular "etch- 
ing" process and on the length of the plasma exposure. 

Ion scattering and channeling studies.--In order to see 
whether subsurface damage was introduced by RIE, sev- 
eral samples were studied with He + scattering and chan- 
neling techniques. The initial energy of the He + ions was 
120 keV. High surface sensitivity was achieved by per- 
forming the experiments in a double-alignment geometry 
(17). Here the incident and the (detected) scattered 
particle beam are aligned with respect to channeling and 
blocking crystal directions, respectively. 

In Fig. 4, the intensity of backscattered particles vs. 
backscattering energy is shown for some representative 

Table I. Atomic concentration of Si surface contaminants 
as measured by x-ray photoelectron emission spectroscopy 

Atomic concentration (%) 
Sample F O C Si 

HF control --  24.1 20.4 55.4 
No overetching 7.3 26.1 31.1 35.6 
1 min overetching 15.0 14.8 63.4 6.8 
10 min overetching 35.4 11.3 40.8 12.5 
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Fig. 3. High resolution XPS spectrum of the C ls region of a Si 

sample which had been overetched for 3 min in a CFj40%H~ plasma. 
The chemically shifted weaker components on the high binding energy 
side correspond to the indicated bonding states. 

experiments.  The bottom curve in Fig. 4 is for the wet- 
etched control sample. At 99 keV, a pronounced random 
peak due to scattering from Si at the surface is observed. 
Additional peaks due to oxygen and carbon (from the na- 
tive oxide layer) occur at 85.5 and 75.9 keV. No other ma- 
jor  features appear in the spectrum. The background 
level is very low. 

The second curve from the bottom is for a dry-etched Si 
specimen where no overetching was applied during RIE, 
i.e., the plasma was immediately turned off once the 
SiO~-Si interface had been reached. The Si surface peak is 
larger than for the control sample. Furthermore,  the back- 
ground level is higher and an additional F peak at about 
90.3 keV is just  noticeable. The next curve is for a speci- 
men which had been overetched for 1 min. Strong peaks 
due to C and F are present in this spectrum. The oxygen 
peak appears weaker and is shifted to somewhat lower 
energy. The Si surface peak is also shifted to lower en- 
ergy, except  for a small fraction which remains at 99 keV. 
The energy shift in the Si and O peaks is caused by the 
C,F overlayer. The small Si peak remaining at 99 keV in- 
dicates that the C,F film is not continuous. The back- 
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Fig. 4. High resolution He ion scattering and channeling spectra of 
control and d r y - e t c h e d  Si s a m p l e s .  

ground level is clearly higher than for the HF control in 
the present case. The upper curve of Fig. 4 is the RBS 
spectrum tbr a specimen which had been overetched for 
10 min. In this case, most features are similar to the 1 min 
overetched sample. Notable differences are that no Si 
peak is remaining at 99 keV (signifying a continuous C,F 
film) and that the background to the left of the large Si 
surface peak is about twice that measured for the 1 min 
overetched sample. For the 10 min overetched sample, 
the Si surface peak occurs at slightly higher backscatter- 
ing energy than after 1 min overetching, which is consist- 
ent with a thinner C,F layer on top of the Si. 

Hydrogen profiting experiments.--The presence of H 
in the Si lattice was detected using a nuclear reaction pro- 
filing technique (13) based on the reaction 

~SN + 'H-* I~C + 4He + 7 [i] 

A complete description of the application of this tech- 
nique to the analysis of H in Si can be found in Ref. (19). 

Hydrogen concentration depth profiles for the speci- 
mens previously studied with XPS and RBS techniques 
are shown in Fig. 5. For the control (HF-etched) sample, 
the H concentration close to .the surface exceeds 15 
atomic percent (a/o). The H arises in this case from a 
moisture contamination of the native oxide (13). The H 
concentration drops off rapidly at increasing Si depth, 
and at about 200A away from the surface a constant back- 
ground level is reached. The Si specimens which had 
been etched in CFJH2 display a much greater H concen- 
tration near the surface and deeper into the bulk. The 
greater H concentration close to the surface is most likely 
caused by the C,F surface films ("C,F polymer") present 
on these samples. The 1 and i0 min overetched Si 
samples, which according to XPS and RBS had about the 
same thickness of C,F-film contamination, show also 
nearly the same concentration of H close to the surface. 
At greater Si depths the H concentration is markedly dif- 
ferent for the two samples. The I0 min overetched sample 
displays consistently a higher H concentration. From this 
comparison of the 1 and I0 rain overetched specimens, it 
is clear that the substantial H concentration observed in 
the bulk, e.g., 250~ away from the surface, is not caused 
by a measurement artifact, e.g., due to a higher H surface 
concentration, but reflects a H concentration increase in 
the near-surface region of the I0 min overetched Si 
caused by the CFJH2 RIE process. 
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Fig. 5. Hydrogen depth profiles of control (BHF-etched) and dry- 
etched Si wafers. Note that, for the 1 and 10 min overetched speci- 
mens, the H surface peaks are the same (due to similar C,F film con- 
tamination), while deeper in the bulk the H concentration of the 10 
min overetched sample is higher. 
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Raman scattering analysis.--Raman spectroscopy can 
probe several hundred angstroms deep into a Si sample. 
By observing vibrational excitations of impurities, direct 
information about the chemical bonding can be obtained 
(20). The Raman spectrum of amorphous Si shows no 
sharp lines at frequency shifts larger than 200 cm- ' ,  but 
does show a broad continuum which peaks at about 480 
c m - '  (21). The Raman spectrum of crystalline Si consists 
of a single sharp line at ~520 cm- ' .  The difference arises 
from the fact that for a-Si no translational symmetry ex- 
ists as a result of which the selection rules for Raman 
scattering are relaxed (21). Therefore, all vibrational 
modes of the amorphous material can take part in the 
scattering process and a continuum reflecting the den- 
sity of vibrational states results. These favorable charac- 
teristics of Raman scattering have been used to study 
properties of hydrogenated ~-Si (21, 22). 

In Fig. 6, Raman spectra of heavily disordered Si which 
had been produced by several methods are shown. The 
top curve was obtained with a 60~ thick amorphous Si 
film which had been deposited onto a single-crystal Si 
substrate at 225~ by decomposition of Sill4 in a glow dis- 
charge. (The contribution of the single-crystal Si sub- 
strate has been subtracted, causing the negative excur- 
sion of the Raman intensity near 522 cm-i.) The Raman 
spectrum agrees with the reported spectrum for ~-Si (21). 
The second curve from the top was obtained with a 
CFJ40%H~ reactive ion etched Si sample (10 min 
overetching). The Raman spectrum is similar to the one 
obtained with the deposited a-Si film. This result demon- 
strates (in agreement  with the RBS findings) that a heav- 
ily damaged or amorphized Si layer has been produced 
by the RIE processing. The two lower curves in Fig. 6 
were obtained with single-crystal Si samples which had 
been implanted with 500 eV Ar + ions or 1000 eV H ~ ions to 
a dose of 1.0 x 10 's ion/cm ~. We notice that these pro- 
cessing steps also introduce Raman scattering similar to 
the one observed for a-Si. 

In Fig. 7, Raman spectra for the same samples are 
shown at a Raman shift corresponding to Si-H vibrational 
modes in a-Si (-2000 cm- ' )  (22). The top curve in Fig. 7 
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Fig. 6. Raman scattering spectra of amorphous Si layers on top of 

single-crystal Si. (The Raman spectrum of the crystalline Si substrate 
has been suppressed in the figure.) The disordered Si layers were ei- 
ther produced by Sill4 decomposition in a glow discharge, 10 min 
overetching of a Si sample in a CF4/40%H 2 RIE, 500 eV As ion bom- 
bardment, or 1000 eV H * ion implantation. 
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Fig. 7. Raman scattering spectra of Si-H vibrations in CFJ40%H~ 
RIE Si (no overetching), a, 10 min CFj40%H~ overetched Si, b, 60A 
of hydrogenated amorphous Si on top of single-crystal Si, c, and 1000 
eV H 4 ion-implanted Si, d. 

was obtained with a CFJ40%H2 dry-etched sample with- 
out overetching. The spectrum is flat, which indicates a 
low density of Si-H active modes. The second spectrum 
from the top was obtained with a sample which had been 
overetched for 10 min in CFJ40%H2. In this case a very 
pronounced double peak is visible. The peak at -2050 
c m - '  corresponds to a Si-H vibration, while the band at 
-2200 cm -~ is due to a vibrational mode of Si-H~ (22). Fig- 
ure 7 shows for comparison also Raman spectra of a 60~ 
thick hydrogenated ~-Si film on single-crystalline Si and 
a H+-implanted single-crystalline Si target (1000 eV H +, 1.0 
x 10 ,8 ion/cm ~) in the same wave number  region. A more 
complete description of the Raman scattering experi- 
ments and discussion of the results will be published in a 
separate paper (23). 

Monte Carlo range calculations.--We have performed 
Monte Carlo range calculations utilizing a program devel- 
oped by Ziegler et al. (24). Several elements typically used 
in RIE (C, F, and H) and an amorphous Si target were em- 
ployed. The initial energies of the ions were varied from 
about 100 eV to 2 keV. The following (possibly important) 
effects were ignored in the range calculation: physical 
sputtering of the target by the bombarding ions and the 
influence of damage on the sputter yield; diffusion of al- 
ready implanted species caused by the high ion flux; and 
channeling of ions. 

The energy dependence of the mean range (projected 
range) of the ions found in these calculations is displayed 
in Fig. 8. Despite the many effects which were not consid- 
ered in the calculation, the following conclusions can be 
drawn from Fig. 8: (i) the mean range of ions such as F 
and C is of the order 20-30~ or less for typical ion energies 
encountered in reactive ion etching; (ii) the mean range of 
about 150~ or less for hydrogen is significantly larger. 
The depth of the damaged or modified Si layer should 
roughly correspond to the ion range. 2 

2In several investigations of H-implanted single-crystal Si, it 
has been found that the H profile coincided with the damage 
profile (25a). For electrically active dopant ion implantation, it 
has often been found that the damage distribution peaks at 
about 10% closer to the surface than the dopant distribution 
(25b). 
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Discussion 
Surface contamination.--The surface contamination 

caused by direct exposure of a Si surface to CFJ40%H2 
RIE consists mainly of a C,F layer [Ref. (34) describes a 
similar XPS study of freon-etched Si]. Immediately on 
top of the Si surface, there is a O-rich transition layer. It is 
likely that this transition layer is formed upon exposure 
of the reactive ion-etched sample to room ambient. X-ray 
photoelectron spectroscopy data (which are not presented 
here) show that the thickness of the C,F film reaches a 
maximum after about 3 rain overetehing and decreases 
slightly in thickness after overetching times in excess of 3 
min. After even longer overetching times (-10 min), it ap- 
pears that a steady-state situation is reached, where the 
deposition of new C,F material is equal to the amount re- 
moved by the RIE. 

We did not verify in our experiments that the Si etch 
rate of 15-20 h/min was constant during overetching. 
However, the quoted etch rate had been determined with 
the same RIE tool and using the same RIE parameters 
(10). Silicon etching implies a dynamic 30-50A thick C,F 
film on Si, which will change its composition during 
overetching due to different simultaneous processes: sili- 
con etching and transport of reaction products through 
the C,F-film; deposition of new C,F-material; physical 
sputtering of the deposited film; and chemical etching of 
the C,F-film by F species, which will form C-F bonds, 
produce volatile fluorocarbon molecules, and desorb. 
One expects, therefore, that the composition of the C,F 
film will depend on the overetching duration, which is 
borne out by Table I. 

The C-, F-, and O-related information obtained by the 
ion scattering experiments is in agreement  with the XPS- 
derived information as regards trends in atomic percent- 
age vs. processing history, C,F layer thickness, etc. The 
ion scattering results also indicate near-surface damage in 
the dry-etched Si substrates. 

Near-surface disorder.--The increase of the Si surface 
peak for the no, 1, and 10 min overetched samples indi- 
cates that Si atoms close to the surface have been dis- 
placed from regular lattice sites as a result of the RIE pro- 
cessing. The width and the area of the surface peak are 
both a measure of the depth at which the surface damage 
occurs. The energy resolution in the present experiment  
of 400 eV for 100 keV ions (31) corresponds to a depth res- 
olution of 6A and is high enough to enable a determina- 
tion of the depth of the heavily damaged near-surface 
layer. In the first two columns of Table II, we list the 
thickness of the disordered surface region as inferred 
from the width of the surface peak and the number  of Si 

Table II. Silicon surface peak width and area (at./cm2), and background 
intensity (as a percentage of the intensity obtained with random beam 

incidence) for the He ~ ion scattering spectra of Fig. 4 

Surface peak 
Width Area Background (%) 

Sample (h) (at./cm 2) Measured Calculated 

HF control 17 4.7 x 10 ~,~ 0.8 0.0 
No overetch 27 8.9 • 101'~ 2.2 0.1 
1 min overetch 34 9.7 x 10 ~5 7.5 0.4 
10 rain overetch 37 14.4 • 1015 16 0.6 

atoms per square centimeter present in this disordered re- 
gion as determined from the surface peak areas. Both the 
width of the disordered region and the number  of surface 
atoms displaced from a regular lattice site increase with 
increasing etching time. Between 1 and 10 rain, the width 
increases less than the number  of displaced atoms. This 
indicates that the surface region gets more heavily disor- 
dered, although the depth of the disorder does not change 
much any more. The thickness of this saturation disorder 
depth is -35~. 

This heavily damaged layer is most likely created by 
the heavier ions in the plasma, which give rise to collision 
cascades. In particular, polyatomic species such as CF~ § 
can be critical for damage production since the deposited 
energy density in the collision cascade has been found to 
be important in terms of damage creation and retention 
(29). The extent  of the heavily disordered region is 
roughly in agreement with the max imum projected range 
of -25  and -30~ found for F and C in the Monte Carlo cal- 
culations. It is possible that this heavily disordered region 
contains trapped F and C. 

Hydrogen penetration .--One of the surprising results of 
initial RIE-damage investigations was the "damage 
depth" of -500/~ (4, 9) caused by the low energy ion bom- 
bardment in a glow discharge. The data presented in the 
previous paragraph showed that there is a heavily disor- 
dered region very close to the surface (-35~). The energy 
spectra of backscattered He ions, however, do not only 
show an increase in the surface peak width and area, but 
also an increase in the background intensity at lower en- 
ergies and a buildup of a C,F contamination film. The in- 
crease in background intensity can be because of two rea- 
sons. The first reason is that the ion beam loses its 
angular definition when it passes through the amorphous 
film in the surface area before it enters the underlying 
single crystal. Due to this angular straggling, channeling 
of the ion beam cannot be as good as for a well-collimated 
beam, and the background intensity is higher. Alter- 
natively, the region immediately below the heavily disor- 
dered surface area may contain a certain concentration of 
defects, giving rise to an increased background intensity, 
due either to direct scattering or dechanneling. We have 
calculated the increase of background intensity caused by 
dechanneling of the ion beam in the amorphous over- 
layer, which consists of the heavily disordered Si surface 
region and the C,F contamination film, if present. These 
Monte Carlo calculations were performed by following 
the trajectories of many ions through the amorphous 
overlayer and the underlying crystal. The background in- 
tensity was calculated by evaluation of the nuclear en- 
counter, probability between ion and substrate atoms 
along the trajectory, and averaging over a large number of 
trajectories (32). This method only takes dechanneling by 
nuclear interaction into account. Since the inelastic en- 
ergy losses are small, we believe this to be a good 
approximation. 

Columns 3 and 4 in Table II show the measured and 
calculated background intensities as a percentage of the 
scattering intensity when the beam enters the crystal in a 
random direction. For the BHF sample, the measured and 
calculated intensities agree quite well. (A 1% deviation is 
not surprising, since the calculation assumes the incident 
beam to be perfectly collimated. In the experiment,  the 
beam has an angular spread of 0.1~176 For the RIE- 
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etched samples, the measured intensities are consistently 
much higher than the calculated intensities. This can only 
be explained by the presence of defects. Thus, on the ba- 
sis of these results and the H profiling experiments, we 
attribute the increased background (especially observed 
for the 10 min overetched Si sample) to the presence of H 
and possibly H-related secondary defects in the Si lattice. 
The suggested origin of the increased background ap- 
pears to be in good agreement with a transmission elec- 
tron microscopy analysis of H2 plasma-treated Si (3), 
where centers which compressed the Si lattice and dislo- 
cation loops were found in the near-surface region. It is 
known (18) that dislocations are ineffective in scattering 
and can be observed primarily by dechanneling effects: 
Hydrogen-related secondary defects are indicated by the 
observation of Si l l  and Sill2 vibrational modes, since, 
presumably, the occurrence of Si l l  bond formation re- 
quires that initially broken Si-Si bonds are present, i.e., 
disorder. 

According to the H profiling experiments,  even at 
depths in excess of 250~ there exists a substantial H con- 
centration for the 10 min overetched sample caused by 
the reactive ion etching. The Monte Carlo calculations 
found a projected H range of -150A for the maximum ion 
energy possible in our plasma conditions. According to 
the modeling results, a substantial H concentration can 
therefore exist at distances in excess of -200~ from the Si 
surface for H ~ ion energies of about 500 eV. We have no 
experimental data on the actual ion energy distribution at 
the Si surface for our RIE experiments,  and it is possible 
that due to collision processes the "average" ion energies 
are much lower than the max imum ion energy and the H 
range would accordingly be reduced. However, chan- 
neling effects can be important, and, additionally, diffu- 
sion effects can occur during the ion bombardment.  It ap- 
pears that the diffusion coefficient of H in Si is not well 
known at room temperature. If diffusivity values deter- 
mined by trit ium diffusion at about 500~ (26) are extra- 
polated to room temperature, a diffusion distance of 
-300~ is obtained. An atomic H diffusivity value deter- 
mined at about 900~ (27) gives a diffusion distance or- 
ders of magnitude larger (-2.0 • 104~). Recent H diffusion 
determinations based on compensation of a Au donor 
level in Si with H by deep level transient spectroscopy 
(28) gave diffusion values close to the tritium diffusion re- 
sults. Therefore, the possible H diffusion distances during 
the plasma processing times used in our experiments 
should be significant (-300~). [We ignored here the fact 
that during reactive ion etching the Si wafer temperature 
can rise by as much as 30~ (30). The conceivable H diffu- 
sion distances could, therefore, be even greater.] We con- 
clude that the observed depth of the H-"modified" layer 
is not inconsistent with the projected H range and a possi- 
ble profile redistribution brought about by H diffusion 
occurring concurrently with the plasma treatment. 

Overetch time dependence of damage.--The question 
arises of how long overetching can proceed before a 
steady-state damage profile has been reached. Upon ex- 
posure of the free Si surface to the CFJH2 plasma, there 
will be accumulation of damage in the Si substrate. At the 
same time, reactive ion etching of the Si substrate is oc- 
curring which will consume the damaged layer. Initially, 
the degree of disorder near the Si surface will increase 
with overetching time. The conditions for obtaining 
steady state are different for the heavily damaged near- 
surface layer which has an extent of -30-50~ and 
H-modified Si, which has an extent in excess of 250~. 

A simple, approximate s way to estimate the times to 
reach steady state in terms of damage production or accu- 
mulation of trapped impurities is given here. We assume 
that the effects of different ions on the Si substrate are in- 

SA full treatment would require knowledge of the energy dis- 
tribution, mass, and partial flux of the bombarding species, the 
way in which physical sputtering and chemical reactivity inter- 
act and result in a net removal rate of material for each species, 
the effect of accumulated "damage" and impurities on the 
various reactive ion sputtering coefficients, etc. 

dependent and simply add. The erosion of the target and 
the creation of damage and trapping of ions in the sub- 
strate are treated as occurring simultaneously but inde- 
pendently. We assume that the damage profile and the 
impurity profile coincide (25) and that the impurity 
profile is given by a gauss:an. With n(x,t'), the ion con- 
centration at position x introduced in the time interval dt' 
at t ime t' is denoted. The surface is located at x = 0 ini- 
tially but moves with a velocity v to the right (v = etch 
rate). A point in the Si substrate located at a distance 
x from the original surface will receive an ion density 
n(x,t') dr' at t ime t' in the interval dt' 

n(x,t')dt'= 2 exp[-O.5((x-v t - -~ ' -RP)2)]dt '  
X/2~rhR, hR, 2 [2] 

with Q being the dose rate per square centimeter, R, the 
projected range of the impinging ions, and hRp the strag- 
gling. The ion (or damage) distributions n(x,t') of all t ime 
intervals dt' up to time t will add up to give a resulting 
ion (or damage) distribution N(x,t) 

9 L [ v, . ) ]  exp - 0.5 - -  - �9 dt' 
~/2~TARp hRp 2 [3] 

which gives 

Q [ e r f (  x -  Rp / _ e r f (  x - v t - R p . l t  
N(x,t) = x/2-- ~ L \ N/2ARp / %/~/]LR, / J [4] 

A point xi fixed with respect to the actual surface will 
have coordinates xl + vt at t ime t with respect to the orig- 
inal coordinate system. The ion (or damage) distribution 
N(x, t) is, therefore, given by 

N(xz, t) x / ~ v  [ e r f ( X ~ + v t - R p t - e r f ( X ~ - R P ) ]  

For a given location x~ from the Si surface, N(x, t) will 
have reached its maximum possible value to within 1% 
after a time t (33) 

2.69ARp + Rp - xl 
t -> [6] 

v 

In our experiments,  the etch rate of Si was about 15-20 
~/min and the maximum range of C and F are about 30~. 
For the sake of simplicity, we assume that the range 
straggling equals the numerical value of the projected 
range. The heavily damaged Si (as measured with ion 
channeling at x, = 0) will have reached its maximum 
value after about 5-7 rain. Consistent with this t ime esti- 
mate for reaching steady state, the RBS spectra show that 
the Si surface peak due to displaced Si atoms increases 
from no overetching to 1 rain overetching. However, it is 
nearly the same for the 1 and 10 min overetched speci- 
mens. The intensity (or extent) of the heavily damaged 
near-surface layer should have reached the maximum 
possible value possible for the experimental  RIE condi- 
tions used prior to 10 min overetching. 

The overetch time required to measure the maximum H 
concentration in the H-modified Si is -18-30 min (taking 
into account the maximum range and a measurement  lo- 
cation xl of about 50~ from the surface). Consistent with 
this much greater t ime to reach steady state, we measured 
a large increase in H concentration for the 10 min 
overetched sample as compared to the 1 min overetched 
specimen. It is likely that the H concentration obtained 
after an even longer overetching time, e.g., 20 min, would 
be greater than the concentration which we measured 
after 10 min overetching. 

Conclusions 
Our experimental  data allow us to summarize some of 

the effects which direct exposure of a Si surface to 
CFJ40%H~ RIE has on the Si surface properties as follows 
(see also Fig. 9): (i) a C,F containing film is deposited 
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Fig. 9. Schematic diagram of changes of Si near-surface region 
caused by CF4/H2 reactive ion etching. 

onto the Si, the thickness of which is l imited to less than 
50~; (ii) a layer of -30-50}~ thick heavily damaged Si is 
formed as a result  of the energetic particle bombardment ;  
(iii) hydrogen is implanted to depths  in excess of -200~. 
This layer is less damaged than the Si layer immediate ly  
adjacent  to the surface. In ion channeling studies, these 
defects give rise to a strongly enhanced background in 
the energy spectra. At  least some of the H bonds to the Si 
lattice and gives rise to S i l l  and Sill2 vibrational modes 
observable by  Raman spectroscopy. 

Since, at present,  the energy and part icle flux distribu- 
tions impinging upon the Si substrate  are unknown, the 
data were discussed mainly in terms of max imum possi- 
ble ion energies. The results of Monte Carlo range calcula- 
tions for F +, C § and H ~ are roughly in agreement  with the 
damage depths or impuri ty  ranges found experimentally.  
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ABSTRACT 

An oxidation rate law for thin oxides, as suggested by Hu (2, 3), has been found to correlate very well with experi- 
mental data. The growth law, although not based on any interface reaction mechanism, has been formulated to be con- 
sistent with the observed power-law pressure dependence of the linear rate constant through the use of a dummy pa- 
rameter, p. The higher oxidation rate observed at thin oxides has been taken into account by an exponentially decaying 
term. The analysis assumes that p varies linearly over the thickness of the oxide. Values of the other parameters in the 
rate law have been taken from available data. 

In the process of miniaturization of metal-oxide-semi- 
conductor field-effect transistors (MOSFET's), the gate 
oxide is being reduced to below 300]~. In case of oxidation 
under wet oxygen conditions, and for large oxide thick- 
ness grown in dry oxygen, the Deal-Grove expression (1) 
predicts oxide growth accurately. However, oxide growth 
for thin oxides in dry oxygen conditions has an anoma- 
lously high oxidation rate, the mechanism of which is yet 
not fully understood. 

With increasing need to obtain thin oxides, it has be- 
come necessary to predict oxide thickness for oxidation 
in dry oxygen. In this work, therefore, an attempt has 
been made to correlate an oxidation rate law, suggested 
by Hu (2, 3), with known experimental  values (4). The 
new law takes into account the power-law dependence of 
the interface reaction rate. It is therefore not based on any 
interface reaction mechanism, and is independent  of 
whatever mechanism might give rise to that pressure de- 
pendence. In our analysis, we have only assumed an ox- 
ide thickness of 700A over which a dummy parameter p = 
P]Po (ratio between the oxygen pressure at the Si-SiO2 in- 
terface and that in the ambient) varies linearly over the 
thickness of the oxide. Values of other parameters in the 
rate law have been taken from available data. Excellent 
correlation with experimental  values at two different tem- 
peratures has been obtained up to 300A, above which the 
Deal-Grove expression should be used. 

Theory 
The classical Deal-Grove relationship, widely used to 

describe the growth kinetics of oxidation of silicon, is 
given by 

X2/B + X/(B/A) = t + r [1] 

where X is the oxide thickness, t is the oxidation time, B 
and B/A are the parabolic and linear rate constants, re- 
spectively, and r is a correction parameter for the pres- 
ence of any initial oxide Xi. The Deal-Grove model  sug- 
gests that molecular oxygen goes through the gas 
boundary layer, diffuses through the oxide, and reacts 
with the silicon substrate. The expression is based on the 
assumption of three fluxes in steady state: the flux of 
oxidant from the gas ambient to the gas-SiO2 interface; 
the diffusive flux of oxidant through the SiO2 film; and 
the flux representing the oxidation reaction at the Si- 
SiO2 interface. 

By equating the three fluxes and by integrating from 
time zero to t ime t, and from an initial thickness Xo to a 
final thickness X, one can obtain 

X = -~- 1 + A2/4 B /  - 1 [2] 

Equation [2] reduces to 

*Electrochemical Society Active Member. 

B KC* A 2 
X ~ - ~ - ( t  + r) -~ ~ (t + r) for (t + r) <<  ~ [3] 

where Nj is the number  of oxidant molecules to form a 
unit volume of oxide and C* is the maximum oxidant 
concentration for a given pressure. The other limit is 

( 2DC*t \ '~ A '2 
X ~(Bt)  'j2 ~ k ~ / /  f o r t > > ~ - ~  [4] 

Hence, for short oxidation times (and therefore for thin 
oxides), the oxide thickness is linearly proportional to the 
surface reaction rate constant. For long oxidation times 
(and hence for thick oxides), oxide thickness is deter- 
mined by the diffusion constant D. It also follows that 
B/A, the linear rate constant, is a more important factor 
for thin oxides than the parabolic rate constant, B. 

The oxidation rate can be obtained from Eq. [1] 

dX (B/A)B S 
- -  - [ 5 ]  
dt 2(B/A)X + B 2X + A 

The oxidation rate obtained from the Deal-Grove ex- 
pression is dependent  on both the linear rate constant 
(B/A) and the parabolic rate constant (B). However, by 
Eq. [3] and [4] it is clear that for very thin oxides the linear 
rate constant is a more important factor. The growth-rate 
law suggested by Hu (2, 3) is for very thin oxides and 
therefore does not depend on the parabolic rate constant 
B. 

To account for the high oxidation rate for thin oxides in 
dry oxygen, various models have been suggested which 
differ significantly from each other. Adams et al. (5) be- 
lieve that the best fit for their data is parabolic. Irene (6), 
Haas and Gray (7), and van der Meulen (8) suggest that 
thin oxide grows linearly with time. Kamigaki and Itoh 
(9) show that a different law is obeyed when the oxidation 
ambient pressure is varied. 

Hu's model (2, 3) proposes a general law which encom- 
passes the Deal-Grove linear parabolic growth law and 
Blanc's law (10) as two special cases. The law assumes 
that the intermediate step in the oxidation reaction is the 
chemisorption of oxygen molecules. The chemisorbed 
molecular oxygen may directly oxidize the silicon or it 
may dissociate into atomic oxygen, which then rapidly 
oxidizes the silicon. Hu suggests that the Freundlich iso- 
therm fits data very well and uses this isotherm to derive 
the general equations for oxide thickness (X) and time (t) 
(2) 

X =  1 / 2 a ( p - m - p ' - m ) ;  1 > p > 0  

t = 1/4 b ( 2 m -  1)[(2m - 1)p -2m 

+ 2 ( 1 - m ) p  ' - 2 m -  1];m r 

t = (1/4 b)(p-' - 1 - log p); m = 1/2 [6] 

where a and b are related to B/A  and B as follows 
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a = ( B / A ) / B  

b = (B /A)2 /B  

m lies be tween  0.6 and 0.8; p def ined as p = P]Po can be  
regarded  as a d u m m y  paramete r  runn ing  f rom p = 1 
(X = 0) to p = 0 (X ---> ~). When m = 1, the  above  set of  
equa t ions  r educes  to l inear  parabol ic  law, and, w h e n  m = 
1/2, the  set  r educes  to Blanc ' s  g rowth  law (10). 

Massoud et  al .  (11) sugges t  that  their  data can be fit ted 
by 

d X  B 
- -  - - -  + C,e -XIL, + C2e -x~L~ [7] 

d t  2 X  + A 

where  the  character is t ic  l eng th  L, s lowly increases  wi th  
t empera tu re  and C1 has  a break-in  act ivat ion energy  at 
-- 900~ (11). The  first added  exponen t i a l  t e rm represen ts  
the  fast g rowth  obse rved  at the  onset  of  ox ida t ion  and up  
to about  50]~ (11). By neg lec t ing  the  first exponen t i a l  
term,  one  arr ives  at errors of  less than  5% in  fit t ing the  
expe r imen ta l  data  (11). The  ox ida t ion  rate could  therefore  
be rewri t ten  as 

d X  B 
- -  - - -  + C2e -XIL~ [8] 

d t  2 X  + A 

The  decay l eng th  L~ is app rox ima te ly  i n d e p e n d e n t  of  
t empera tu re  and  is equa l  to -- 70~ (12). C2 is a singly acti- 
va t ed  funct ion  of  t empe ra tu r e  wi th  an act ivat ion energy  
of  2.35 eV for <111> and <100> or ienta t ions  (12). The  
physical  or igin of  these  parameters  is n o w  known,  bu t  Ho 
e t  al .  (12) c la im that  i m p l e m e n t a t i o n  of  Eq.  [8] . in  
S U P R E M  TII has  p r o d u c e d  good s imula t ion  capabi l i t ies  
for the  th in  ox ide  region. 

The  l inear  rate cons tan t  B / A  has been  found to have  a 
p0.8 _ pO.8 p ressu re  d e p e n d e n c e  (4, 8). B / A  was also ob- 
se rved  to have  a p0.~ _ p0.S p ressure  d e p e n d e n c e  in a h igh  
pressure  ox ida t ion  s tudy  by Lie  e t  a l .  (13). Massoud ' s  data  
(11) show tha t  ox ida t ion  rate in the  th in  ox ide  reg ime  has 
a h igh  p ressure  d e p e n d e n c e  of  -~ p0.8, wh ich  is in agree- 
m e n t  wi th  o ther  data. 

To take into accoun t  this p ressure  dependence ,  H u  
(2, 3) suggests  a di f ferent  equa t ion  for oxida t ion  rate  
wh ich  takes  in to  accoun t  this p ressure  dependence .  The  

equa t ion  is g iven  by 

d X  B 
- -  - p "  + C2e-XJLz [9] 

d t  A 

where  the  exponen t i a l ly  decaying  t e rm is s imilar  to that  
in Eq.  [8]. A l t h o u g h  the  equa t ion  takes  into accoun t  the  
pressure  dependence ,  the  phys ica l  reason  of the  non- 
l inear  p ressure  d e p e n d e n c e  is u n k n o w n  at this time. It  
p robably  reflects  the  re la t ive  cont r ibu t ions  of  a tomic  and 
molecu la r  02 react ions  at the  in ter face  as sugges ted  by 
van  der  Meulen  and Ghez  (8, 14). It  should  therefore  be  
emphas ized  again that  the  new g rowth  law is not  based 
on any interface  react ion mechan ism.  

Results 
In  our  analysis,  we  have  used  Eq. [9] to sat isfactori ly 

pred ic t  the  ox ida t ion  rate for th in  oxides.  The  calculated 
oxida t ion  rates have  been  compared  wi th  the  data of Hop- 
per  et  al .  (4). H o p p e r  et  al .  (4) ob ta ined  ox ida t ion  rates for 
< 111>-oriented si l icon ox id ized  at 760 torr  oxygen  at tem- 
pera tures  of  870 ~ and 930~ The  l inear  rate constant ,  B / A ,  
has been  de t e rmined  by Deal  and Grove  (1), bes ides  oth- 

t i i i i 

32 <HI>Si ~ . "  

28 - -  HOPPER'S DATA 

24 �9 CALCULATED VALUES .~,,~ 

o. 20 

~'. 930oc . . . . . . . . . ~ ~  

4 . ~ -  DRY OXYGEN 

0 I i I I I 
5 0  I 0 0  150 2 0 0  2 5 0  5 0 0  

O X I D E  T H I C K N E S S  ( ~ . )  

Fig. 3. Fitting of the new growth law (dots) with the data of Hopper 
et al. (4). 
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Table I. Effects of changing values of m and L 2 
on the calculated values of dt/dX (s/h) at 930~ 

Oxide m = 0.8 m = 0.7 m = 0.6 m = 0.8 
thick- L~=67.~ L2=67h L.,=67h L~=70h 
ness dt/dX dt/dX dt/dX dt/dX 
(h) (s/h) (s/h) (s/h) (s/h) 

T = 930~ 10 3.5 3.5 3.5 3.5 
200 10 10 10 10 
300 13 12 12 13 

T = 870~ 10 10 10 10 10 
200 26 25 25 26 
300 33 32 31 33 

ers, bu t  we have  used  the  values  for B/A, C2, L2, and m as 
de te rmined  by Massoud et al. (11). 

B/A and C~ are k n o w n  to be  d e p e n d e n t  on tempera ture .  
The variat ions of  these  parameters  as a func t ion  of tem- 
pera ture  are shown in Fig. 1 and 2 (11). F r o m  Fig. 1, the  
values  ofB/A a~ 870 ~ and 930~ are 2.76 and 7.17 A/min, re- 
spectively.  The va lue  of C2 at 870 ~ and 930~ is 3.72 and 
11.87 A/min (see Fig. 2). L2 has been  de t e rmined  to be in- 
d e p e n d e n t  of  t empera tu re  (11, 12). We have  chosen  a 
value  of  67]~ wh ich  is near  to the  va lue  of  70A sugges ted  
by Ho et al. (12). m lies be tween  0.6 and 0.8 (4, 8, 11, 13), 
but  in our  analysis  a va lue  of  0.8 has  been  used  (11). 

A l though  only par t icular  values  of  m and L2 have  been  
used, us ing d i f ferent  repor ted  values  of  m and L2 have  a 
small  effect  on the  results.  As can be  seen  in Table  I, tak- 
ing m = 0.6 or 0.7 instead of  0.8, and L2 as 70A instead of 
67A, changes  the  resul ts  by a small  percentage.  

Hence ,  the  only pa ramete r  which  is not  avai lable f rom 
l i terature is p. In  our  analysis, we have  a s sumed  that  p 
varies l inear ly  f rom p = 1 (X = 0) to p = 0 (X = X) over  an 
ox ide  th ickness  X. Taking  X = 700A, a per fec t  fit of  cal- 
cula ted values  wi th  Hopper ' s  data  has been  obtained at 
both  870 ~ and 930~ Taking  X to be b e t w e e n  600 and 800A 
gives an error  of  dt/dX (s/A) of  less than  5% up to an oxide  
th ickness  of  200A. The expe r imen ta l  and Calculated 
values  of  the  inverse  of oxidat ion  rate vs. oxide  th ickness  
are shown in Fig. 3. 

Calculated va lues  show that  a good corre la t ion exists  at 
both  t empera tu res  up to an ox ide  th ickness  of  about  

300A. B e y o n d  300A, the calculated and exper imenta l  
va lues  devia te  f rom each  other.  Oxide  g rowth  can there-  
fore be  b roken  up into two regimes.  Up  to 300A, the  n e w  
oxida t ion  law can be used.  For  th icknesses  greater  than  
300A, the  Dea l -Grove  equa t ion  (Eq. [1]) is suitable. 

Conclusions 
An oxida t ion  rate law, wh ich  incorpora tes  the  pressure  

dependence  of  ox ida t ion  rate, has been  shown to corre- 
late ve ry  wel l  wi th  expe r imen ta l  data  up  to an  ox ide  
th ickness  of  300•. Values of  the var ious  t e rms  in the 
equa t ion  are avai lable  f rom literature.  The  only assump-  
t ion m a d e  by the  authors  is that  the  pa ramete r  p varies 
l inearly be tween  0 and 1 over  an oxide  th ickness  of  700~. 

Manuscr ip t  submi t t ed  Oct. 29, 1984; revised  manusc r ip t  
r ece ived  Feb.  9, 1985. 
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Effect of Cu on the Kinetics and Microstructure of ALTi Formation 
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A B S T R A C T  

Impur i t i e s  and s t ructural  defects  have  a s t rong inf luence on the  kinetics of  th in  film reactions. We have  investi- 
ga ted  the  effect  of  Cu on the  kinet ics  of  fo rmat ion  and micros t ruc tu re  of Al:~Ti in the  t empera tu re  r angeof  375~176 We 
found that  the  p resence  of  1 weight  pe rcen t  Cu in the  A1 changes  bo th  the  act ivation energy  and the  pre -exponent ia l  fac- 
tor  of  the  growth  law. At  the  same t ime,  the  Cu influences the  micros t ruc ture  of  the  g rowing  Al~Ti phase  and smooth-  
ens the  reac t ion  interface.  The results  are discussed in te rms  of possible  diffusion mechan i sms  in AI:~Ti. 

There  is a con t inu ing  interest  in the  in terdi f fus ion and 
interact ion p h e n o m e n a  of  thin meta l  films for two rea- 
sons. First,  such  p h e n o m e n a  occurr ing  in thin film diffu- 
sion couples  m a y  be  very  different  f rom those  observed  
in bu lk  diffusion couples .  In  contras t  to bulk  spec imens ,  
thin films conta in  a lot more  in terfaces  and surfaces. In  
addit ion,  the  film th ickness  is usual ly  l imi ted to a few 
thousand  angstroms.  These  s t ructural  d i f ferences  are of- 

*Electrochemical Society Active Member. 

ten  respons ib le  for the par t icular  behav io r  of  thin film 
diffusion couples  (1, 2). Second,  m a n y  areas of  thin film 
techno logy  requi re  a detai led unde r s t and ing  of interdiffu- 
sion and in terac t ion  in th in  meta l  films. Part icularly,  
microe lec t ron ics  makes  use  of  mul t i layer  meta l  films for 
electr ical  contacts  and in terconnects .  A l u m i n u m  alloys 
are widely  used  for metal l izat ion of  in tegra ted  circuits, 
and, consequent ly ,  s tudies of  the  reac t ion  of a l u m i n u m  
with  t ransi t ion meta ls  are of great  interest .  
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Interdiffusion and intermetallic compound formation in | 
binary aluminum-transition metal thin film systems have 

l been reviewed by Baglin and Poate (3). In the case of the 
A1-Ti thin film reaction, it was found that the intermetal- "$ l0 
lic compound A13Ti is formed with an activation energy of 
1.85 _+ 0.05 eV (4). Recently, it has been reported that cop- 8 
per, which is often added to A1 for improved electromi- 
gration resistance, retards the growth of A13Ti and in- 
creases the activation energy (5, 6). We have studied the ~, 

tO influence of Cu in the A1-Ti thin film reaction in detail V- 
by comparing the changes in the kinetics with the con- (.9 

comitant changes in the microstructure of the films. _z 
fE 
tO 

E x p e r i m e n t a l  
Oxidized silicon wafers were used as a substrate 

throughout the course of this study. Bilayers of Ti and A1 
O were prepared by sequential deposition of a 1500A thick < 

Ti layer, followed by a 6300]~ thick A1-Cu layer with a Cu m 
content varying from 0 to 4.5 weight percent (w/o) (all per- 
centages are given in weight percent). The layers were 
evaporated with an electron gun in a diffusion-pumped 
vacuum system. The base pressure of the system was 
about 7 x 10 -5 Pa. Care was taken to prevent  oxygen con- 
tamination of the Ti film by first evaporating a thin layer 
of Ti onto the walls of the vacuum system while the sub- 
strates were protected with a shutter. The oxygen content 
in the Ti film was measured with Auger depth profiling 
technique and found to be less than 0.1 atom percent 
(a/o). The A1-Cu films were evaporated from an alloy 
source of proper composition. Subsequently,  the wafers 
were cleaved and small samples of the thin-film couples 
were annealed in forming gas (N~:H~ = 9:1) in the temper- 
ature range of 375~176 for various times. 

The kinetics of the A1-Ti reaction were investigated 
with Rutherford backscattering spectrometry (RBS) and 
electrical resistivity measurement. A commercially availa- 
ble four-point probe was used for the resistivity measure- 
ments. Compound formation was examined with glanc- 
ing angle x-ray diffraction on selected samples. The 
microstructure of the films was studied with a Philips 
scanning transmission electron microscope (STEM) on 
flat-on as well as cross sections of the bilayer thin films. 

Resul ts  
Kinetics of phase formation by RBS.--The interaction of 

A1 and Ti was analyzed with RBS at an energy of 2 MeV. 
The superposition of two RBS spectra from an 
AI(I%Cu)/Ti sample are shown in Fig. 1. The solid line 
presents the analysis of the as-deposited sample and the 
dotted line shows the results of the same sample after a 
heat-treatment at 400~ for 16h. The vertical arrows in 
Fig. 1 indicate the energy of 4He* particles scattered from 
the surface position of the corresponding element. 

We have chosen to deposit first Ti, the heavier metal, 
and then the A1 alloy, which is the lighter metal. The rea- 
son was to protect Ti from oxidation during heat- 3ooo 
treatments. As a result, the signals of the A1 and Ti over- 
lap in the RBS spectrum because the Ti signal, which 
would otherwise be at higher energies, is now shifted to 
lower energies due to the energy loss of the 4He* particles 
in the overlying Al-alloy film. The leading edges of the A1 2000 
and Ti signal coincide in the spectrum of the as-deposited 
sample. Shown in Fig. 1 is also the Cu signal which is 
magnified by a factor of 10. Finally, the RBS signals from ~ z 

o the SiOJSi  substrate make up the low energy part of the o 
spectra in Fig. 1. 

The heat-treatment at 400~ caused a partial inter- Iooo 
mixing of A1 and Ti. This can be seen in Fig. 1 from the 
steps occurring simultaneously at the trailing edge of the 
A1 signal and the leading edge of the Ti signal. The rela- 
tive composition of the intermixed layer can be calcu- 
lated from the heights of the A1 and Ti signals in that 
layer, as is shown in Fig. 1. The atom ratio is found to be 
AI:Ti = 3:1, indicating the formation of the compound 
AI~Ti. Positive phase identification was made by 
glancing-angle x-ray diffraction using a Seeman-Bohlin 
camera. Figure 2 presents the diffraction pattern obtained 

I I I 
moo~, 63oo~ 

k / ~ ,. .0 MeV 
4He+ 

AS-DEPOSITED 8 
...... ANNEALED: 400~ 

6 ,0",  0 

2 ~ I$Ti 

V' ~ ,[U'413Ti| 
I I '(-Jl JE l l  ~ I ~ 

I I 
AI  Si  1 

Ti Cu 

I - xlO 

1.2 1.6 0.4 0.8 
ENERGY (MeV) 

Fig. 1 . 2 . 0  MeV 4He* RBS spectra of AI(1%Cu)/Ti  samples follow- 
ing deposition of the layers and subsequent heat-treatment at 450~ 
for 16h. The vertical arrows mark the surface position of the corre- 
sponding elements. The heights of the AI and Ti signal near the AI in- 
terface indicate a composition of AI:Ti = 3:1 in the intermixed layer. 

with Cu Ka radiation of an A1(4.5% Cu)Ti sample which 
has been annealed at 450~ for 6h. The diffraction lines 
confirm unambiguously the formation of the compound 
A13Ti. This result agrees well with those published in the 
literature (4-6) and demonstrates that 4.5% Cu dissolved in 
the A1 does not affect the nucleation and growth of the 
A13Ti phase. 

The copper distribution observed with RBS in the as- 
deposited sample is very uniform, as can be seen from 
Fig. 1. Even after the heat-treatment, the Cu backscat- 
tering yield in the A13Ti layer is unchanged. A slight re- 
duction of the yield of the Cu signal is observed near the 
surface at an energy of 1.5 MeV. This is due to the fact 
that the spectra of Fig. 1 were taken from two different 
samples which had a slight variation of the Cu content in 
the surface region of the A1 film. In conclusion, we find 
that the heat-treatment does not disturb the copper distri- 
bution in the bilayer thin film. It should be noted that the 
RBS results present an average over an analysis area of 1 
mm 2. It will be shown that TEM analysis finds many 
A12Cu precipitates. But, from RBS, we know that these 
precipitates are uniformly distributed in the alloy film. 

The thickness of the A13Ti layer can be calculated from 
the width in energy of either the A1 or the Ti step in Fig. 
1. By assuming bulk density for the compound A13Ti and 

I 
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oAI  
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48 
Fig. 2. Glancing angle x-ray diffraction pattern obtained with a 

Seeman-Bohlin camera and Cu Ka radiation of a AI(4.S%Cu)/Ti 
sample after annealing at 450~ for 9h. 
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Fig. 3. Growth kinetics of the compound AI3Ti for pure AI films at 
four different temperatures. 
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Fig. 5. Growth kinetics of the compound AI3Ti for AI -4 .5% Cu films 
at four different temperatures. 

by using the surface approximation in evaluating the 
stopping cross sections, we find a thickness of 19501. In 
the same fashion, we analyzed a large number  of samples 
annealed for various times in the temperature range of 
375~176 to obtain the growth kinetics of A13Ti. The re- 
sults are presented in Fig. 3, 4,,and 5 for three cases, A1 
without Cu, with 1% Cu, and with 4.5% Cu, respectively. 

A common characteristic of the plots in Fig. 3-5 is that 
the data points can be fitted to straight lines. It is evident 
from Fig. 3 that the straight lines do not intercept the ori- 
gin of the plot. A finite thickness of A13Ti exists for zero 
annealing time. The reason for this peculiarity is twofold. 
First, the annealing time has been measured as the time 
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Fig. 4. Growth kinetics of the compound AI3Ti for Al -1% Eu films 
at four different temperatures. 

which the samples spent in the center of the annealing 
furnace. The time for the manual loading and unloading 
of the samples has not been taken into account. Thus, the 
measured annealing time is slightly shorter than the ac- 
tual annealing time. Second, it will be shown in the Mi- 
crostructural analysis section that the A13Ti/A1 interface is 
rough, which leads to a certain ambiguity in the determi- 
nation of the actual interface location and, thus, to an un- 
certainty in the measurement  of the A13Ti thickness by 
RBS. The samples with 1% and 4.5% Cu solute have a 
smooth AI.~Ti/A1 interface. Consequently, the straight 
lines in Fig. 4 and 5 intercept the axes close to the origin 
of the plot. 

Since the abscissa in Fig. 3-5 is calibrated in square root 
of time, the growth of AI:~Ti obeys a parabolic law. This 
behavior is independent  of Cu solute and characterizes a 
diffusion-limited reaction process. Thus it is possible to 
determine the chemical interdiffusion constant from the 
slopes of the straight lines in Fig. 3-5. 

The logarithm of the interdiffusion constant D is 
plotted as a function of reciprocal temperature 1/T 
(Arrhenius plot) in Fig. 6. Straight lines can be fitted 
again to the data points. It appears from Fig. 6 that the 
growth kinetics of A13Ti with 1% and 4.5% Cu solute are 
the same, but differ from those without Cu. Thus the 
growth of A13Ti is thermally activated in all cases, but 
with different activation energies E a and preexponential  
factors Do. The parameters Ea and Do were obtained from 
a fit of D(T) = Do exp (-E#kT) to the straight lines in Fig. 
6 and are listed in Table I. The addition of 1% Cu to the A1 
increases the activation energy from 1.6 to 2.05 eV and the 
pre-exponential factor by three orders of magnitude. 

Table I. Effect of Cu on the kinetics of AI~Ti growth 
as determined from Rutherford bockscattering (RBS) and 

resistivity (Res.) measurements 

Ca 
concentration 

(%) 
E,(eV) 

RBS Res. 
Do(cm2/s) 

RBS 

0 1.60 -+ 0.10 1.50 -+ 0.10 
1 2.05 -+ 0.10 2.00 -+ 0.10 
4.5 2.05 -+ 0.10 2.00 -+ 0.10 

3.4 • 10 -'~ 
2.9 
2.9 
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Fig. 6. Arrhenius plots of the chemical interdiffusion coefficients 
calculated from the data of Fig. 4-6. The addition of Cu to the AI al- 
ters both the activation energy and the pre-exponential factor. 

Electrical resistivity measurement . - -Provided that the 
Ti has a limited solubility in A1 and that the tel film has a 
low resistivity, then any change in resistivity can be as- 
cribed to the formation of an Al-intermetallic compound 
layer if the reaction interface is planar. We will show in 
the next section that this assumption holds in Ti/A1 thin 
film couples. Thus, a t ime-dependent parameter, fl, can 
be defined which measures the increase in resistivity as a 
result of the progressing interaction between A1-Cu and 
Ti, according to 

1 1 p(t) - Po 
# -  (t) 

Po P pop(t) 

po being the electrical resistivity of the as-deposited thin 
film assembly and p(t) the resistivity after annealing the 
assembly for time t at a given temperature. 

It has been shown that the resistivity of a AI(Cu)/Ti 
bilayer film first decreases rapidly after very short an- 
nealing at an elevated temperature, due in large extent to 
the precipitation of A12Cu particles, and then increases 
monotonically due to the formation of an Al-intermetallic 
compound (6). Thus, a min imum in resistivity is observed 
for short anneals of a bilayer film where a certain amount  
of Cu has been added to the A1. We have chosen this mini- 
mum in resistivity to represent the value of po. 

The parameter fl calculated from the measured resis- 
tivities of samples with various Cu contents is plotted in 
Fig. 7 as a function of the square root of the annealing 
time at 400~ As shown in Fig. 7, fl varies linearly with 
t 1j2, except for short annealing times where departure 
from the parabolic behavior cannot be explained at pres- 
ent. The effect of Cu on the reaction rate is also clearly il- 
lustrated in Fig. 7. These results are consistent with those 
obtained by RBS. 

The correlation between the resistivity increments due 
to compound formation and the compound layer thick- 
nesses measured by RBS is shown in Fig. 8. The results 
were obtained from samples with pure A1 and A1 with 1% 
and 4.5% Cu which were annealed at 400~ for various 
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Fig. 7. fl vs. annealing time at 400~ for AI(Cu)/Ti bilayer films 
with various Cu contents. 

times. It can be seen in Fig. 8 that the resistivity incre- 
ments vary linearly with the compound layer thicknesses 
measured by RBS. The better linear correlation for the A1 
(l%Cu) and A1 (4.5%Cu) samples suggests that the com- 
pound layer formed in the presence of Cu has a more pla- 
nar interface, because the resistivity analysis assumes a 
planar layer growth. This point has been confirmed by 
cross-sectional TEM observation as discussed in the next 
section. 

The slopes of the curves in Fig. 7 determine the reac- 
tion rate constants, which, if obtained at several anneal- 
ing temperatures, can be used to calculate the corre- 
sponding activation energies. The results are listed in 
Table I. It is not surprising that, due to the linear correla- 
tion, the activation energies determined from the resistiv- 
ity data are in good agreement with those obtained with 
RBS. 

Microstructural analys is . - - I t  is well known that solutes 
influence the microstructure of thin metal films. An in- 
dication of the effect of Cu on the microstructure of the 
A13Ti compound can be obtained from a careful RBS 
analysis. In Fig. 9, we present 2.3 MeV RBS spectra of two 
samples, one with 1% Cu and the other without Cu solute 
in the At, following a heat-treatment at 425~ for 2h. The 
retardation of the A13Ti formation can immediately be 
seen by the difference in widths of the steps at the trailing 
edges of the A1 signals and leading edges of the Ti signals. 
Besides a difference in widths, there is also a difference in 
slopes of the signals at these steps. The sample with 1% 
Cu dissolved in the A1 exhibits steeper slopes at these 
steps than the sample without Cu solute. This points to a 
smoother and/or laterally more homogeneous interface 
between the A13Ti compound and the A1 layer. Since RBS 
cannot distinguish between the two possibilities, a TEM 
analysis is needed. 
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Fig. 8. Correlation between resistivity measurements end thickness 
of the AI3Ti compound determined by RBS. 
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Fig. 9. 2.3 MeV 4He* RB5 spectra of two samples with AI layers 
containing 1% Cu and no Cu following simultaneous heat-treatment 
at 425~ for 2h. The contribution of the AI signal to the overall spec- 
tra is indicated by the dashed line. 

Figures 10 and 11 show micrographs of cross sections of 
samples which have been annealed at 450~ for 30 min 
and 4h, respectively. The micrographs of Fig. 10 were ob- 
tained from samples with a pure A1 layer, and those of 
Fig. 11 from samples with a Al-l% Cu layer. The labeling 
distinguishes the different layers in Fig. I0 and 11. The 
thickness of the A13Ti is much larger for the samples 
without Cu. Also, without Cu, there is a marked penetra- 
tion along the AI grain boundaries, where the A13Ti com- 
pound formation is more advanced. In  contrast, the 
growth of A13Ti in the presence of 1% Cu solute in A1 is in- 
dependent  of the A1 grain boundaries. As a result, the 
A13Ti/A1 interface is rough in the samples without Cu, 
while the samples with Cu exhibit a smooth interface. 
Finally, it should be noted that the grain size of the A1 is 
larger when Cu is added than without Cu. 

Discussion and Conclusion 
The above results show that Cu has a significant effect 

on the formation kinetics and microstructure of A13Ti. 
The presence of 1% Cu in the A1 increases the activation 
energy for the growth of AlaTi to 2.05 - 0.10 eV. This 
value is in good agreement with that found by Huang and 
Wittmer (6) and Tardy and Tu (7) but  is lower than the 
value of 2.4 eV published by Krafcsik et al. (5). Higher Cu 
concentrations do not increase the activation energy fur- 

ther. Without Cu we found an activation energy of 1.60 -+ 
0.10 eV, which also agrees well with those published by 
Huang and Wittmer (6) and Tardy and Tu (7), but  is again 
lower than both the value of 1.8 eV reported by Krafcsik 
et al. (5) and the early value given by Bower (4). A possi- 
ble explanation for the difference in activation energies 
found by the different groups could be that in the preced- 
ing work Ti was contaminated by some impurities, nota- 
bly oxygen. Titanium is well known for its oxygen get- 
tering capability, and in many cases Ti thin films contain 
a small but measurable amount  of oxygen. 

The growth of A13Ti necessitates a continuous supply of 
A1 and Ti atoms to the reaction interface. Each atom spe- 
cies can be supplied by diffusion through the growing 
A13Ti layer. The parabolic growth of the A13Ti, which has 
been observed in all studies on A1-Ti thin film reactions, 
indicates that the rate-limiting step is the interdiffusion 
through the growing AI~Ti layer and not the interfacial re- 
action at the metal-compound interface. Tardy and Tu (7) 
have carried out marker experiments to determine which 
atom species, A1 or Ti, is the predominant  diffusing spe- 
cies. They found that the diffusivity of A1 is about ten 
times faster than that of Ti in the temperature range of 
350~176 irrespective of the presence of a small amount  
of Cu in the A1. Thus, it appears that the growth kinetics 
of A13Ti are governed mainly by the diffusivity of A1 
through the growing A13Ti layer. 

In determining the role of Cu on the microstructure of 
A13Ti, we recall that Cu is known to precipitate as 0-phase 
particle (A12Cu) on surfaces and interfaces of the A1 film 
(8, 9). Without Cu solute in the AI, the A1 grain boundaries 
are preferential nucleation sites for the formation of A13Ti, 
because grain boundary diffusion is faster than bulk dif- 
fusion. The presence of Cu in the A1 layer causes the for- 
mation of 0 partic]es and, probably, Cu segregates at the 
grain boundaries. Both prevent a significant diffusion of 
Ti along the AI grain boundaries. Consequently, the 
growth of Al3Ti occurs more uniformly at the AI-Ti inter- 
face, which results in improved smoothness of the inter- 
face. 

Other factors influence the smoothness of the A1-Ti in- 
terface. In  the absence of Cu, the Ti diffusing along the A1 
grain boundaries impedes the growth of the A1 grains. 
However, in the presence of Cu, not only is the grain 
boundary diffusion of Ti inhibited, but also the Cu pro- 
motes the grain growth of the A1 (10). The difference in A1 
grain size is evident from a comparison of Fig. 10 and 11. 
With larger A1 grains, the A1-Ti interface becomes 
smoother, independent  of the nucleation process of the 
A13Ti. 

It is consistently found that the Cu slows the growth of 
AI~Ti. With A1 being the dominant  diffusing species, 
Krafcsik et al. (5) proposed that segregation of Cu on the 

Fig. 10. Cross-sectional TEM micrographs of AI/Ti samples following a heat-treatment at 450~ for (a) 30 min and (b) 4h 
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a)  4 5 0  ~  I / 2 h b) 4 5 0 0 C , 4 h  
Fig. ] 1. Cross-sectional TEM micrographs of AI(1%Cu)/Ti samples following o heat-treatment at 450~ for (a) 30 mln and (b) 4h 

A13Ti grain boundaries retards the diffusion of A1 along 
these fast diffusing paths and shifts the transport of A1 
atoms more to bulk diffusion. Unfortunately, this segre- 
gation model cannot be corroborated with solid solution 
data of Cu in A13Ti because the latter are not known. 
From our investigation, however, we find an increase in 
the diameter of the A13Ti grains by a factor of 3 to 4 in the 
presence of Cu, which means that the areas of the fast 
diffusing paths are reduced by a factor of about 10. This 
could account for the reduced growth rate of A13Ti in the 
presence of Cu, if grain boundary diffusion is the princi- 
ple transport mechanism of the A1 atoms. 

The effect of Cu on the A1-Ti reaction kinetics can also 
be due to the formation of phases which are different 
from A13Ti. At low Cu concentrations, a (AI~Ti, Cu) solid 
solution is likely to be formed. With higher Cu concentra- 
tions, however, one may expect from the A1-Cu-Ti ternary 
phase diagram (11) the formation of A123Ti9 or All,Tis, 
whose phase fields extend to ternary alloys of A170CusTi2~ 
composition. It is also possible that the ternary com- 
pound A14CuTi2 forms and is stable in contact with AI(Cu) 
and Ti. Unfortunately, the crystal structure of A12~Tig, 
which is the only one known, is so close to that of A13Ti 
that it is difficult to determine unambiguously which one 
is formed in our AI(Cu)-Ti reaction couples. Therefore, 
more work is needed to clarify the A1-Cu-Ti ternary sys- 
tem near the A13Ti intermetallic compound. In conclu- 
sion, the role of Cu in the A1-Ti reaction kinetics is a diffi- 
cult one and may not be explained by a simple segrega- 
tion model. 
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ABSTRACT 

We have investigated the silicide-silicon interface during the oxidation of ti tanium silicide on polysilicon. We find 
that during oxidation the polysilicon layer under the silicide is consumed inhomogeneously and that at the same time 
the ti tanium silicide moves into the polysilicon layer. Oxidations were carried out both in wet and dry O2 with similar re- 
sults. This nonuniform consumption of the polysilicon layer appears to be related to the condition of the silicide-silicon 
interface prior to the oxidation step. This effect can result in the reduction of the dielectric breakdown strength of un- 
derlying gate oxide in ti tanium silicide/polysilicon/oxide/Si structures. 

The application of refractory metal silicides to intercon- 
nects in VLSI has been the subject of many investiga- 
tions in the last few years (1-6) because of their low resis- 
tivity and ability to withstand high temperature pro- 
cessing. Of the four refractory metal silicides, WSi2, TaSi2, 
MoSi~, and TiSi2, that are commonly considered, TiSi2 has 
the lowest resistivity (15-25 ~12-cm), and from this point it 
appears very attractive. However, one of the desired fea- 
tures of any interconnect material which is to be used in 
place of polysilicon is the ability to grow a passivating 
layer of oxide over it. Silicides by themselves do not have 
this feature. Moreover, it is desirable to maintain the work 
function of the gate at the value for doped polysilicon in 
order to retrofit existing processes that utilize polysilicon 
gates. For this reason, the use of a silicide layer on top of 
a doped polysilicon layer (polycide) has gained wide ac- 
ceptance. It has been shown that, during oxidation, sili- 
con from the underlying polysilicon layer diffuses 
through the silicide layer and provides the silicon neces- 
sary to grow the silicon dioxide layer (2). It has been 
found for MoSi~ 3 and WSi2 '~ films and TaSi24 that the 
thickness of the polysilicon layer (pad poly) underneath 
the silicide has to be kept larger than a certain minimum 
thickness in order to maintain the gate integrity after oxi- 
dation of the polycide structures. The requirement  of a 
minimum pad poly thickness may be related to the degra- 
dation of the silicide-silicon interface after oxidation. It 
has been shown in the case of WSi2 polycides that the 
presence of a native oxide on the polysilicon can lead to 
silicon being consumed from only a few points in the 
polysilicon, thus causing voids to be formed at the 
silicide-silicon interface (5). These voids, besides affecting 
the MOS properties, can also cause loss of adhesion be- 
tween the silicide and polysilicon. In this paper, we report 
on the effects of oxidation of TiSi~ polycide structures on 
the gate oxide integrity. We show that this is closely re- 
lated to the structural changes that occur at the silicide- 
polysilicon interface during oxidation. The effect of the 
cleanliness of the initial interface is investigated with the 
aim of preventing the degradation of the silicide-poly- 
silicon interface and maintaining gate oxide integrity. 
The consequences of these results on the use of TiSi~ 
polycides for process applications will be discussed. 

Experimental Details 
The starting wafers for the MOS capacitor studies were 

n-type (100) having a resistivity of 3-5 ~-cm. Standard 
500~ gate oxides were grown and annealed. Polysilicon 
films with thicknesses ranging from 500 to 2500~ in steps 
of 500~ were deposited on these oxides by low pressure 
chemical vapor deposition (LPCVD) and were doped N ~ 
using POCI.~ at 1000~ for 15 rain. The sheet resistance of 
a 2500s thick polysilicon layer was 28 12/[] after the 

*Electrochemical Society Active Member. 

doping. Two wafers with a 2500A polysilicon layer were 
kept as controls; the rest of the wafers were coated with a 
2000s layer of t i tanium silicide, which was sputtered from 
a cold-pressed TiSi2.2 composite target (Varian, CPVS 
grade) in a CVC Model 601 sputtering system. In addition, 
two wafers with only the gate oxide also received the 
2000A layer of t i tanium silicide. The sheet resistance of 
the silicide film after deposition was 20 ~l/~ and de- 
creased to 1.2 ~/[] after an anneal at 950~ in ultrahigh pu- 
rity (UHP) argon for 30 min corresponding to a resistivity 
of 24 ~l~-cm. One group of wafers was subsequently oxi- 
dized in dry O5 for 60 min at 950~ The oxide grown on 
top of the silicide was removed using a dry plasma etch. 
In order to simulate realistic devices, both groups of wa- 
fers, oxidized and unoxidized, were coated with 1 ~m of 
A1/1% Si and patterned using wet etching into 10 mil diam 
dots to form capacitors. The back of each wafer was 
coated with a luminum to ensure good ohmic contact. A 
voltage ramp of 1 V/s was applied to 100 capacitors on 
each wafer, and the voltage necessary to reach 1 cA was 
recorded. 

In order to study the oxidation process in more detail, a 
second set of wafers was also prepared. In this set, the 
gate oxide was replaced by a 4000A thermal oxide layer. A 
2500h layer of LPCVD polysilicon was deposited and 
doped, followed by a 2000A layer of t i tanium silicide. Sili- 
cide films of the same thicknesses were also deposited 
on bare Si wafers. This set of wafers was oxidized either 
in dry O~ at 950~ or in O~ bubbled through water at 96~ 
This was done to study the growth rate and oxide quality 
in each case. Prior to turning on the O~, the wafers were 
annealed in dry N~ for periods of t ime ranging from 10-60 
min. 

Auger depth profiles of the annealed samples revealed 
no detectable oxygen in the films, and the stoichiometry 
estimated from Auger and x-ray dispersive spectroscopy 
was that of TiSi~.,. X-ray diffraction confirmed that the 
main phase existing in the films after the anneal was the 
disilicide. 

The oxide thickness on top of the silicide was estimated 
using values obtained by the sputtering rate in our Auger 
system, where the oxide sputtering rate was known. The 
wafers were also examined by SEM. The interface be- 
tween the silicide and polysilicon film was studied by 
etching the oxide and silicide film in buffered HF, which 
does not etch polysilicon or single-crystal silicon sub- 
strates. 

Results and Discussion 
The measured breakdown field strength of the inert 

ambient-annealed polycide capacitors is plotted in Fig. 1 
as a function of the pad polysilicon thickness tp. The 
polysilicon thickness was measured prior to doping. The 
inert ambient annealing was done at 950~ for 30 rain in 
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Fig. 1. Breakdown field strength for polycide capacitors as a func- 

tion of pad poly thickness, when the silicide layer was inert ambient 
annealed in Ar (not oxidized)and oxidized at 950~ in wet oxygen 
for 30 min. 
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UHP Ar. For tp ranging from 500 to 2500]~, the gate oxide 
field strength remains at approximately 9 MV/cm, which 
is the breakdown field strength measured for the control 
polysilicon'capacitors on gate oxide. However, when the 
silicide is in direct contact with the gate oxide, the field 
strength drops to about 5 MV/cm. This shows that even 
for an inert ambient  anneal, a TiSi2 layer cannot be placed 
directly on the gate oxide without compromising the gate 
oxide integrity. 

This reduction in gate oxide field strength may be the 
result of an interaction between the t i tanium silicide film 
and the SiO2 layer during which the SiO2 layer is partially 
consumed (6). This thinning of the gate oxide may be the 
cause of the observed lowering of the breakdown voltage. 

The polycide films that had been annealed in Ar or N2 
at 950~ for various lengths of time ranging from 10 to 60 
rain had the top layer of silicide stripped away with BOE 
to investigate this phenomenon with respect to the sili- 
cide-polysilicon interface integrity. The interfaces were 
examined by SEM and were found to be smooth with no 
indication of any reaction between the polysilicon and ti- 
tanium silicide. 

In contrast, when the polycide was subjected to either 
dry or wet oxidation, the gate oxide field strength de- 
creased to approximately 5 MV/cm even with an initial 
2500~ thick layer of pad polysilicon underneath (Fig. 1). 
This indicated that the process of oxidation appeared to 
cause deterioration of the gate oxide integrity even in a 
polycide structure. This phenomenon has been observed 
in other polycide structures using Ta, W, and Mo silicide 
(3, 4). To further investigate this deterioration of the gate 
oxide during oxidation of the polycide structure, the 
silicide-polysilicon and silicide-single-crystal silicon inter- 
faces were examined in detail under  various oxidation 
conditions. 

Since wet oxidation of gate structures is common in IC 
processing, the polycide structures on 4000~ field oxide 
layers were subjected to wet oxidation at 950~ for 
various intervals of time. The Auger profiles of the 
polycide structures which were subjected to wet oxida- 
tions for 10, 30, and 60 rain at 950~ are shown in Fig. 2. 
The depth of the profiles extends to the lower portions of 
the polysilicon layer. As expected, the thickness of the sil- 
icon dioxide grown on top of the polycide increases with 
time and was estimated to be 600, 1500, and 2200~ for 10, 
30, and 60 min, respectively, based on Auger sputtering 
rates. These oxide thicknesses on top of the silicide are 
consistent with the literature (7, 8). Visually, the films be- 
came progressively cloudier as the oxidation time prog- 
ressed, indicating increasing surface roughness. The Au- 
ger profiles show that in all three cases the interface 
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Fig. 2. Auger depth profiles of polycide structures oxidized at 
950~ in wet 02 for 10 min (a), 30 min (b), and 60 min (c). 

between the oxide and the silicide is very sharp, that is, 
the thickness of the oxide layer is uniform over the 
scanned area, even though the surface morphology is not 
smooth. In contrast, the interface between the silicide and 
polysilicon is less sharply defined, with the Ti signal tail- 
ing into the polysilicon. This interface broadens with in- 
creasing oxidation time such that in the 60 min oxidation 
case, the silicide and polysilicon are intermixed. 

The silicide-polysilicon interface was examined by 
stripping the oxide and silicide over half the sample using 
buffered HF. SEM pictures of the samples are shown in 
Fig. 3. The top half of each micrograph shows the oxide 
surface, while the lower half shows the exposed surface 
of the polysilicon. The polysilicon layer, in all cases, is 
pitted, and the size of the pits increases with increasing 
oxidation time. The Auger results suggest that these pits 
were filled with silicide before the HF etch, and 
confirmation of this is provided by cross-sectional SEM 
pictures of the 30 rain wet oxidized sample shown in Fig. 
4. Prior to delineation in BOE, no voids are seen between 
the silicide and the polysilicon (Fig. 4a). After silicide de- 
lineation by dipping the sample in BOE for 10s, the result 
is shown in Fig. 4b. It is clear that the silicide filled the 
pits seen earlier in Fig. 3. Note that the oxide layer is very 
uniform in thickness and that the oxide-silicide interface 
is abrupt.  In contrast, the silicide layer is no longer uni- 
form but  is very thick in some places and thin in others. 
The silicide spiking into the polysilicon reduces the effec- 
tive pad polysilicon thickness and, therefore, allows the 



1458 J. Electrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  June  1985 

/ / / / / / / / / / / / / / /--SI,ICIDE 

- O X I D E  
0 MIN, 

- -OXIDE 

10 MIN. 

30 MIN. 

Fig. 3. SEM micrographs of polycide samples that were oxidized at 
950~ in wet 02. The upper half of each picture shows the surface of 
the oxide film, the lower half the exposed surface of the polysilicon 
after e BOE etch. a: 10 rain oxidation, b: 30 min oxidation, c: 60 min 
oxidation. 

reduction of gate oxide integrity�9 This is evident in the 
Auger profiles, where the range over which the silicon 
and titanium signals are flat (indicating uniform silicide) 
decreases with increasing oxidation time. On the basis of 
Auger and SEM results, it is possible to show the progres- 
sion of the various layers with increasing oxidation, as 
shown in Fig. 5. This mechanism has also been cited in 
Ref. (4) as the cause of the gate oxide breakdown field 
strength reduction in TaSiJpolysilicon structures. 

In order to study the effect of the rate of oxidation, the 
polycide structure was also oxidized in dry 02 at 950~ for 
30 min to grow about 200A of oxide. On stripping the ox- 
ide and silicide, pits similar in size to the wet oxidation 
which produced the same oxide thickness were once 
again observed in the polysilicon layer. Thus the rate of 
oxidation does not appear to be the critical factor in 
causing the deterioration of the silicide-polysilicon inter- 
face. The 950~ 30 min dry 02 oxidation was used as a 
test for all subsequent  attempts to improve the oxidation 
characteristics of the polycide structures. 

The effect of different anneal times in nitrogen prior to 
oxidation was investigated. The function of the anneal is 

Fig. 4. SEM cross sections of the titanium silicide/polysilicon struc- 
ture after 30 min oxidation is wet 02. a: Before delineation of silicide 
layer, b: After delineation of the silicide layer by dipping the wafer in 
buffered HF for lOs. 

60 MIN. 

Fig. 5. Schematic representation of the change in the silicide- 
polysilicon interface with increasing oxidation time. 

to crystallize the silicide, to allow it to reach its equilib- 
rium stoichiometry, and to let the silicon distribute uni- 
formly throughout the film so that free Si is readily avail- 
able at the time of oxidation. The time of the anneal prior 
to a 30 min dry oxidation at 950~ was varied from 10 to 
60 min. Increasing the time of preanneal appeared to de- 
crease the extent  of pitting seen in the polysilicon layer 
but did not remove it entirely. 

All the results indicated that the thermal cycle during 
the oxidation process was not the critical factor causing 
the silicide penetration into the silicon. In the case of 
WSi2 ~, the interfacial oxide between the silicide and 
polysilicon was shown to be responsible for the formation 
of voids at the silicide-polysilicon interface during oxida- 
tion. The effect of an interfacial oxide that could cause lo- 
calized consumption of silicon was investigated by trying 
different cleaning techniques prior to the titanium silicide 
deposition. The initial technique of cleaning the wafers in 
HF just prior to silicide deposition was not successful. In 
situ sputter etching of the polysilicon prior to silicide 
deposition was also attempted but appeared to aggravate 
the problem, possibly due to redeposition of impurities 
onto the polysilicon surface. In a third cleaning method, 
the wafers were given a slight etch in CF4 + O2 in a barrel 
plasma reactor to remove some of the native oxide and 
about 100~ of polysilicon immediately prior to silicide 
deposition. The silicon was again consumed nonuni- 
formly, but the pits appeared to be shallower than in the 
case of an HF dip and rinse prior to deposition. Whenever 
the pits are shallow, their areal density is higher than 
when they are deep, which is to be expected because the 
same amount of Si is consumed in both cases�9 Finally, 
high dose ion implantation of heavy ions was considered 
as a means of dispersing interfacial oxides (9, 10). It has 
been shown in the case of the direct reaction of Ti films 
with silicon that the implantation of Si or P ions through 
the films not only facilitates the diffusion of Si into the 
Ti, but also leads to the more uniform consumption of sil- 
icon (11). Since the oxidation of silicides requires the  
transport of Si across the silicide-polysilicon interface, 
ion implantation should prevent localized penetration of 
the titanium silicide. The thickness of the silicide film 
was reduced to 1000/~ because of the limitations imposed 
by the highest energy limit of 200 keV in the ion 
implanter. The film was implanted with 170 keV phos- 
phorus ions to a dose of 1 • 10 '" ion/cm 2. At this energy, 
the phosphorus penetrates into the polysilicon and the 
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Fig. 6. SEM micrograph of the polysilicon surface after the polycide 
was implanted with 170 keV P ions at a dose of 1 x 10 TM ion/cm ~, an- 
nealed at 9S0~ in dry 02 for 30 min, and the oxide and silicide top 
layers stripped away in BOE. 

damage peak should be located at the silicide-polysilicon 
interface. After oxidation for 30 rain in dry 02 at 950~ 
and stripping the oxide and silicide, pits were once again 
observed in the polysilicon layer. However, the pits were 
more widely distributed and formed a distinctive pattern, 
as shown in Fig. 6. 

It is possible that the doped polysilicon layer may be re- 
sponsible for the degradation of the interface. Any effect 
of the polycrystalline nature of the underlying silicon 
layer and any effect of heavy doping were removed by re- 
peating the oxidation experiments with silicide deposited 
on undoped single-crystal silicon substrates. Wet oxida- 
tions at 950~ were carried out simultaneously with the 
polycide samples discussed earlier. The oxide thick- 
nesses were the same as for the polycide samples. Figure 
7 shows the surface and the silicide-silicon interface of 
wet oxidized films at 950~ for 10, 30, and 60 min. As in 
the case of the polycides, nonuniform consumption of sil- 
icon occurs from the underlying silicon substrate. Several 
points of distinction are to be noted between the polycide 
case and the silicide-single-crystal sihcon case. First, the 
shape of the pits is different. Second, in the case of the 
single-crystal silicon, the top surface of the oxidized film 
shows a network which is distinctive of grain boundaries 
and is not seen on polysilicon. We believe this relates to 
the ti tanium silicide grains. The shape of the depressions 
observed in the silicon substrate match the silicide grains. 
Numerous voids also appear between the grain-like struc- 
tures extending into the oxide layer which are not ob- 
served in the _polycide case (Fig. 4). Similar penetration of 

Fig. 7. SEM micrographs of titanium silicide layers on single-crystal 
silicon that were oxidized at 950~ in wet 02. The upper half of each 
picture shows the surface of the oxide film and the lower half of the 
exposed surface of the polysilicon after the oxide and silicide films 
were stripped away in BOE. a: 10 min oxidation, b: 30 min oxidation. 
c: 60 min oxidation. 

Fig. 8. a: SEM micrograph of the top surface of titanium silicide 
layer on single-crystal silicon, implanted with 15.0 keV Si to a dose of 
1 x ]0  '6 ion/cm 2 and oxidized in dry 02 at 950~ for 30 min. b: Same 
sample as in a, but with the oxide and silicide layer stripped away. 

TiSi2 is noticed when the silicide on single-crystal silicon 
is oxidized in dry 02 at 950~ for 30 rain. 

To further examine the silicide-single-crystal silicon 
case, the effect of ion implantation interface mixing was 
also investigated. The implantation consisted of a 150 keV 
implant of Si ions to a dose of 10 TM ion/cm ~. Si was used in- 
stead of P to rule out any doping effects, but the masses 
of the two ions are so close that the ion implantation- 
related effects should be similar. These films were then 
oxidized in dry 02 at 950~ for 30 min following a 15 min 
N2 anneal. The top surface of the film (Fig. 8a) shows a 
pattern resembling grain boundaries and a pitted silicide 
single-crystal silicon interface (Fig. 8b). It should be noted 
that some grains appear raised in Fig. 8a and that the dis- 
tribution and shape of these grains match the pits seen at 
the interface. This seems to indicate that some of the 
grains in the silicide film grow perpendicular to the sur- 
face both upwards and downwards into the silicon. This 
takes place only during oxidation, as films annealed in 
N2 for the same length of time show a very smooth sur- 
face. Faint traces of grain boundaries can be seen in the 
single-crystal silicon following the anneal with size of the 
grains being similar to those seen in oxidized films. This 
grain growth is expected in t i tanium silicide at 950~ and 
the removal of silicon underneath the silicide due to oxi- 
dation allows the grains to grow vertically downwards. 
However, the fact that only some grains of the silicide 
grow vertically confirms that the silicon is being 
consumed very nonuniformly from the underlying silicon 
layer. 
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Conclusions 
It is known that during the oxidation of refractory 

metal silicides on silicon the silicon required to form the 
SiO2 diffuses through the silicide to the top surface from 
the underlying silicon. As the silicon is consumed, the sil- 
icide layer is depressed into the silicon. We have shown 
that this silicon consumption is nonuniform, as silicon is 
consumed only from selected sites. In the case of a poly- 
cide, the uniformity of silicon consumption was shown to 
be dependent  on the condition of the silicide-polysilicon 
interface. In the case of silicide on single-crystal silicon, 
the t i tanium silicide grain boundaries also affected silicon 
consumption. In addition, we have shown that the tita- 
n ium silicide fills the areas where the silicon is 
consumed, and hence, instead of voids, isolated pockets 
of silicide penetrate into the underlying silicon. 

We propose that the presence of a nonuniform silicon 
diffusion barrier at the silicide-polysilicon interface re- 
sults in localized silicon consumption. We have attempted 
to clean this interface by HF etching, plasma etching, in 
situ bias sputter etching, and ion-beam mixing without 
success. None of the methods described was successful in 
completely removing the t i tanium silicide penetration. 
The best that could be achieved was to reduce the depth 
of the penetration. The technique that gave the best re- 
sults was the plasma etching prior to the t i tanium silicide 
deposition. Thus, the key to maintaining the gate oxide 
integrity is to use a pad poly of sufficient thickness to 
prevent the silicide from spiking through the poly and 
reaching the gate oxide. This is necessary, since the tita- 
nium silicide was shown to have a deleterious effect on 

the integrity of the gate oxide when in contact with it. We 
have shown that the silicide spiking problem is exacer- 
bated with increasing oxidation, and, therefore, a thicker 
pad poly would be needed with increasing oxidation. 

Manuscript submitted Oct. 1, 1984; revised manuscript 
received Feb. 11, 1985. 
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Low Temperature Oxidation of Silicon in a Microwave-Discharged 
Oxygen Plasma 

Shin-ichiro Kimura, Eiichi Murakami, Kiyoshi Miyake, Terunori Warabisako, Hideo Sunami, and Takashi Tokuyama* 
Hitachi Limited, Central Research Laboratory, Kokubunji, Tokyo 185, Japan 

ABSTRACT 

Silicon dioxide growth in an oxygen plasma is investigated using newly developed microwave discharge equipment  
with electron cyclotron resonance. It is found that the plasma oxidation kinetics can be explained by the Cabrera-Mott 
model, in which the drift motion of ions is assumed, rather than by the Deal-Grove thermal oxidation model. The drift 
motion of oxygen ions across the oxide film under the influence of self-bias in the plasma is considered to be the 
plasma oxidation mechanism. Infrared absorption and etch-rate measurements reveal that the physical properties of 
plasma oxidized SiO~ at 600~ are structurally quite comparable to those of thermally oxidized SiO2. 

Low temperature film formation techniques have re- 
cently been considered a key process for realizing forth- 
coming VLSI's. This is because such conventional high 
temperature processes as thermal oxidation, chemical 
vapor deposition, or damage annealing of implanted areas 
have given rise to defect formation and impurity redistri- 
bution which seriously damage a VLSrs  performance. 

Plasma oxidation, utilizing a highly activated oxygen 
plasma, is one of the low temperature techniques used to 
grow dielectric films on semiconductor surfaces. This 
plasma oxidation is usually divided into two categories. 
One is plasma anodization, in which the specimen to be 
oxidized is positively biased to enhance the diffusion of 
oxygen or substrate atom ions through the oxide film, 
and the other is plasma oxidation without external bias. 

The most extensively investigated technique is the 
former, because with it a considerably higher oxidation 
rate is obtained. For example, an oxidation rate of about 1 
~m/h has been reported (1-3) at 600~ for Si oxidation. 
This rate is equivalent to that of thermal oxidation in an 
H~O atmosphere at 1200~ 

*Electrochemical Society Active Member. 

Plasma anodization has several disadvantages, as 
pointed out by Ray et aI. (4). For example, since the two 
electrodes used to apply a bias to the specimen are di- 
rectly immersed in the plasma, it is difficult to avoid con- 
tamination caused by electrode sputtering. Also, heavy 
damage by irradiation of charged particles and UV light is 
unavoidable (5). 

On the other hand, plasma oxidation has not been as in- 
tensively investigated as plasma anodization, since it is 
difficult to obtain high oxidation rates (6). One of the ex- 
ceptions is the very thin oxide film formation on lead or 
niobium for Josephson junctions (7). 

However, as the thickness change of the gate oxide in 
MOS transistors clearly shows, the gate oxide becomes 
increasingly thinner  in accordance with the decrease in 
device geometry (8). This means that plasma oxidation 
has potential uses in place of plasma anodization, because 
the above-mentioned disadvantages of anodization can be 
avoided. 

In this paper, the newly developed plasma oxidation 
equipment  using a microwave discharge is first de- 
scribed (9) along with an  investigation of oxygen plasma 
characteristics. Second, plasma oxidation kinetics are dis- 



Vol. 132, No. 6 OXIDATION OF SILICON 1461 

cussed based on the oxidation mechanisms proposed by 
Deal and Grove, Tiller, and Cabrera and Mott. The physi- 
cal properties of the oxide film, such as infrared absorp- 
tion and etch rate, are also described. 

Plasma Ox ida t ion  Equipment and Experiments 
Several k inds of  plasma anod~at ion  and/or ox idat ion 

equipment  have been reported, utilizing dc [Chesler et al. 
(10) and Gourrier et al. (11)], RF [Ho, et al. (2, 3)] and mi- 
crowave [Ligenza (1), Kraitchman (12), and B&rdoSet al. 
(13)] discharge plasmas. 

The plasma oxidation equipment  used in this study is 
similar to the plasma stream transport system initially 
proposed by Tsuchimoto (14) for Si~N4 film deposition 
and later developed by Suzuki et al. (15) for plasma etch- 
ing. A schematic diagram of the equipment  is shown in 
Fig. 1. 

A 2.45 GHz microwave generated by a magnetron is 
guided through the waveguide to the quartz discharge 
tube filled with oxygen gas (99.99%). The vacuum cham- 
ber can be evacuated to 6 • 10 -6 Pa using a turbo- 
molecular pump. 

The diameter of the discharge tube is 100 ram. The oxy- 
gen gas is supplied directly from an oxygen cylinder to 
the discharge tube, and the oxygen pressure in the cham- 
ber is controlled by a leak valve. No special purifying sys- 
tem such as a liquid nitrogen trap is provided. The dis- 
charge tube is surrounded by three magnetic coils, and 
the magnetic field is set to meet the electron cyclotron 
resonance (ECR) condition. 

When the electrons rotating spirally absorb the micro- 
wave under the ECR condition, a high density oxygen 
plasma is easily obtained even at a low oxygen pressure 
(< 1 x 10 -2 Pa). This is the characteristic phenomenon of 
a microwave discharge with a magnetic field which no 
other discharge system can achieve. 

The plasma is then transported to the specimen con- 
fined by the magnetic field, as shown in Fig. 2. The sili- 
con substrate to be oxidized is placed on the quartz 
holder with two halogen lamps to heat it. The oxygen 
plasma irradiates the specimen at almost normal inci- 
dence. The characteristics of this oxidation equipment 
are summarized as follows. 

1. A high density oxygen plasma is easily obtained by 
ECR discharge. 
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Fig. 1. Schematic diagram of microwave plasma oxidation equip- 

ment and distribution of magnetic flux density, B. 

Fig. 2. Side view of oxygen plasma. The plasma is confined by a 
magnetic field and transported to the specimen. 

2. An oxygen plasma with little contamination is ob- 
tained, because the plasma is kept away from the cham- 
ber wall and sputtering is avoided. 

3. Independent  temperature control of the specimen is 
accomplished by separating plasma generation from the 
specimen. 

The physical properties of the oxide film grown using 
this equipment were investigated. Fourier transform in- 
frared (FTIR) is applied to investigate the IR absorption 
peak of the oxide. Etch rate measurement  using the P 
etch solution (HF:HNO~:H~O = 1.5:1:30) is carried out to 
evaluate the densification of the oxide film. 

Emission Spectrum from Oxygen Plasma 
It is well known that plasma characteristics are in- 

fluenced by factors such as gas pressure and flow rate. 
The emission spectrum and electron temperature, there- 
fore, were measured to obtain the opt imum oxidation 
condition. The optical emission spectrum from the micro- 
wave discharge oxygen plasma is shown in Fig. 3. The ox- 
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Fig. 3. Emission spectrum from microwave discharge oxygen plasma. 

The oxygen pressure is 2.7 • 10 -2 Pa. The microwave power is 
140W. Spectra from oxygen atoms (01) and molecular oxygen ions 
(02 ~) are observed. 



1462 J .  E l e c t r o c h e m .  Soc . :  S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  J u n e  1985 

ygen pressure is 2.7 • 10 -~ Pa, and the microwave power 
is 140W. 

Very sharp spectra from oxygen atoms at 394.7, 436.8, 
532.9, and 615.8 nm and somewhat broader spectra from 
molecular oxygen ions at 525.1, 559.7, 597.3, and 635.1 nm 
are clearly observed in this figure. These peaks show that 
highly excited species such as O and O2 § exist in the 
plasma. Dzioba et al. (16) have already reported the emis- 
sion spectra from a microwave (without ECR) oxygen 
plasma, where the oxygen pressure was 13 Pa. They ob- 
served emission not only from O and O2 ~, but also from 
0% However, the emissions from O~ § were weak com- 
pared with the present results. In addition, they observed 
a peak from Na ~, which was not observed in this experi- 
ment. 

Figure 4 shows the oxygen pressure dependence of the 
relative peak height of O (436.8 nm) and O2 ~ (525.1 nm). 
The peak height reaches a maximum near 5 x 10 -~ Pa. 
Additionally, in the pressure region below 5 x 10 -2 Pa, 
the O~ + peak is higher, while above this pressure, the peak 
heights are reversed. Taking the dissociation energy (5 
eV) and the ionization energy (13 eV) (17) of the oxygen 
molecule into consideration, it is likely that dissociation 
rather than ionization occurs in the high pressure region, 
since the electron energy is low due to frequent collision. 
However, in the low pressure region, the electron energy 
is high enough to preferentially give rise to ionization. 

Since peak height is related to the concentration of ex- 
cited species in the plasma, an oxygen pressure of 2.7 • 
10-~ Pa, which gives a nearly max imum peak height, was 
selected for the oxidation experiment. 

In order to investigate the electron temperature of the 
plasma, a probe current measurement  was conducted. 
Figure 5 shows the probe current and applied bias. From 
the semilog plot of the probe current and positively ap- 
plied bias, an electron temperature of 5-7 eV was obtained 
(18). In addition, from the negative bias at which the net 
current of the probe became zero, the potential of the 
specimen held electrically floating in the plasma can be 
evaluated as -15V. The floating potential of the micro- 
wave plasma is small compared with that of the conven- 
tional dc or parallel-plate-type RF discharge plasma, since 
the bias is not directly applied to the specimen. This 
small floating potential in the microwave plasma is one 
of the advantages useful in the prevention of irradiation 
damage. 

Results and Discussion 
P l a s m a  o x i d a t i o n  k i n e t i c s . - - I n  order to discuss the 

plasma oxidation kinetics based on the proposed oxida- 
tion model, the time and temperature dependences of ox- 
ide growth were investigated. The thickness of the SiO., 
film was measured by an ellipsometer, assuming a re- 
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Fig. 5. Current of the probe immersed in the microwave discharge 
argon plasma. The electron temperature of the plasma is about 6 eV. 
The floating potential is -15V ,  which is small compared with that of 
the conventional dc or parallel-plate-type RF discharge equipment. 

fractive index of 1.47. Also, since the thickness varied 
about 10% from one point to another owing to the plasma 
distribution, the average of measurements taken at nine 
points near the center of the specimen was used. 

Figure 6 shows the relation between thickness and oxi- 
dation time as a function of temperature. The result from 
thermal dry oxidation (700~ at i atm) is shown as a 
dashed line for comparison. Since an oxide thickness 30 
times as large is obtained by plasma oxidation even at 
640~ it is obvious that the oxygen plasma enhances the 
oxidation considerably. 

Fuller et al. (19) demonstrated that oxide thickness (x) 
and oxidation time (t) can be expressed by the power law 
relation, i.e. 

x" = kt  [1] 

where n and k are constant. Deal and Grove (20) reported 
that the constant n varied from 1 to 2 according to a 
change of the mechanism from the linear rate region in a 
thin oxide to the parabolic rate region in a thick oxide. 

The results in Fig. 6 are replotted according to the 
power law relationship in Fig. 7. It is obvious that the 
values of n obtained from the slope of the curves exceed 
2, in contrast to Deal and Grove's results. 

In the thermal oxidation mechanism of Deal and Grove 
(DG model) (20), the relation between oxide thickness and 
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Fig. 6. Oxide growth as o function of oxidation temperature. The 
dashed line shows thermal oxidation at 700~ and 1 atm. 
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Fig. 7. Plot of oxide thickness (x) and oxidation time (t) using a 
power law relation. Every n obtained from the slope of the lines ex- 
ceeds 2. 

oxidation time is expressed by the linear-parabolic equa- 
tion 

X2/B + X/(B/A) = t + r [2] 

where B/A, B, and r are constants which include the reac- 
tion rate constant at the Si/SiO2 interface, diffusion of ox- 
ygen through SiO~, and the time representing oxide thick- 
ness present at the beginning of oxide growth, respective- 
ly. All the constants can be obtained by fitting the data in 
Fig. 6 to Eq. [2] by the least squares method. The results 
are shown in Table I. Every 1/(B/A), which contains the 
reaction rate constant at the Si/SiO2 interface, becomes 
negative. 

According to a modified DG model proposed by Tiller 
(21), it is shown that B/A can become negative if migra- 
tion of oxygen ions is considered. The results shown in 
Table I indicate that the plasma oxidation mechanism 
may be explained by a model in which oxygen ion migra- 
tion is assumed. In Tiller's model, a linear-parabolic oxi- 
dation rate equation similar to the DG model is essen- 
tially obtained, although the effect of field-aided ion 
migration enters B/A, B, and r. The reason why every n in 
Eq. [1] exceeds 2 in the present exper iment  is thus not ex- 
plained by Tiller's model. 

However, Fehlner  (22) reported that the Cabrera-Mott 
model (23) (CM model) is valid for explaining the oxida- 
tion under  low temperature or low pressure conditions. 
Kamigaki et al. (24) and Horiuchi et al. (25) reported that 
the CM model rather than the DG model was adequate for 
explaining the kinetics of thermal oxidation under low 
partial pressures, in which diluted oxygen is used to grow 
very thin oxide films of less than 10 nm for MNOS non- 
volatile memory devices. Furthermore, Yamasaki et al. 

Table I. Values of T, II(B/A), and I/B from the Deal-Grove thermal 
oxidation model. Every 1/(B/A), even though it includes the reaction 
rate constant at Si/Si02 interface, becomes negative for plasma 

oxidation 

Deal-  Grove 
model 1: 

(rain) 

1 
B / A  

(min/nm) 

1 
B 

(minlnm 2) 

350*C 9.17 -1.42 0.556 

4 4 0 ~  1.05 - 2.68 0 .308  

560~  -19.40 - 1.93 0 .104 

640~  -62 .63  - 4 . 8 6  0.122 

Deal-Grove model t . =  = ~ X  2 ,  X 

(26) proved that the plasma anodization of GaAs was also 
well explained by the CM model. 

In the model, it is assumed that the electric field 
originating in the contact potential difference between 
the metal and the adsorbed oxygen ions decreases the ac- 
tivation energy for ion movement,  resulting in the rate 
equation 

dx/dt  = 2U sinh (X1/x) [3] 

where X1 and U are a characteristic distance and velocity, 
respectively. X1 is linearly proportional to the contact po- 
tential difference, and U contains the activation energy. 
Moreover, Fehlner et al. (27) concluded that the same 
equation could be appled to both cation and anion move- 
ment. 

When X1 >>  x, Eq. [4], which produces the parabolic 
rate law, can be derived as 

dx/dt  = 2C(X1/x) [4] 

However, when X1 << x, Eq. [5], which was discussed 
above in connection with previous reports, can be derived 
a s  

dx/dt  = U exp (X1/x) [5] 

In the present experiment,  it is reasonable to directly use 
Eq. [3] rather than Eq. [5], since the oxide thickness is 
much larger than the results obtained from Kamigaki 
et al. (24) and Horiuchi et al. (25). 

The oxidation rate, i.e., dx/dt  at an arbitrary oxide 
thickness, can be estimated by differentiating Eq. [1] 
(dx/dt = k /nx  "-1) using the n and k obtained in Fig. 7. U 
and X1 from Eq. [3] are determined using this dx/dt,  ap- 
plying the repetition method. The results of the analysis 
are indicated in Fig. 8, which includes values determined 
for U and X1. The measured oxidation rate (closed circles) 
coincides well with the calculated curve. 

It is found that the present plasma oxidation results can 
be readily explained by the CM model. However, charac- 
teristic distances, X1, obtained here (20-40 rim) are much 
larger than those found in previous results (< 10 nm) (24, 
25). These details will be discussed later. 

The characteristic velocity, U, in Eq. [3] is closely re- 
lated to the activated process such as diffusion or solution 
of substrate atoms in the oxide. The Arrhenius plot of U 
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is shown in Fig. 9. Although it is peculiar that the data ob- 
tained at 560~ are larger than those of 640~ a very small 
activation energy (0.40 eV) is obtained. This activation en- 
ergy is much smaller than the previous results for 1-2 eV 
(24, 25). In addition, this activation energy is also smaller 
than the value obtained in thermal oxidation (20). 

The kinetics of plasma oxidation can be more readily 
explained by the CM model and partially by Tiller's 
modified DG model than by the DG model. It is also 
found that plasma oxidation is quite similar to low pres- 
sure oxidation. Distinguishing differences have appeared, 
however, between plasma and low pressure oxidation 
with respect to activation energy and characteristic dis- 
tance, X1. 

Since X1 in the CM model is proportional to the poten- 
tial across the oxide, the reason it becomes larger in the 
present experiment  as compared with the low pressure 
oxidation can be considered as follows. The specimen to 
be oxidized is held electrically isolated in the plasma. 
Therefore, more mobile electrons can arrive at the speci- 
men surface faster than ions, resulting in a floating po- 
tential around the specimen. The electrons on the speci- 
men surface also apply a negative bias across the oxide 
film. Since this negative bias is considered to be larger 
than the contact potential assumed in the CM model, it is 
almost certain that the characteristic distance, X1, in 
plasma oxidation becomes larger. 

The second question is the very small activation energy 
obtained in this experiment. Kamigaki et al. (24) obtained 
2 eV, which coincided with the bond breaking energy of 
Si during low pressure oxidation. Additionally, the activa- 
tion energies obtained by Deal and Grove (20) in the diffu- 
sion dominant  region were 1.24 eV in a dry atmosphere 
and 0.71 eV in a wet atmosphere. They concluded that 
these activation energies were equivalent to the diffusion 
of O2 and H20 in quartz. However, the activation energy 
(0.40 eV) obtained here is quite small. 

The CM model assumes the diffusion of substrate 
atoms toward the oxide surface in contrast to the oxygen 
diffusion of the DG model. In  order to investigate the 
diffusing species of this plasma oxidation, oxidation in a 
tracer ambient  and depth profile analysis using SIMS 
were carried out. 

Briefly, the specimen was first oxidized in a ~60~ atmo- 
sphere at 640~ for 25 min. This oxidation condition grew 
a 25 nm thick oxide layer, as shown in Fig. 6. Next, the 
same specimen was reoxidized in a 20% 'so 2 atmosphere 
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Fig. 9, Arrhenius plot of characteristic velocity (U). The activation 
energy of plasma oxidation is 0.4 eV. 

at the same temperature over 2.5h. The total thickness 
was therefore 50 nm. Following this oxidation, a depth 
profile analysis of '80 and ~60 was conducted using SIMS 
with Cs § as the primary ion. The results are shown in Fig. 
10. The closed circ]es represent the intensities from '60 
and '80, and the open circles represent the ratio 'sO/'60. In 
the ratio curve, it is found that 'sO exists throughout the 
oxide film. These results clearly indicate that oxygen dif- 
fuses during plasma oxidation, in contrast to the results 
obtained from plasma anodization of Si (3) and GaAs (26), 
in which diffusion of substrate atoms is also observed. In 
addition, the ratio in the bulk of the oxide is equivalent to 
the tracer content in the atmosphere. Rochet et al. (28) re- 
port that most of the tracer appears at the Si/SiO2 inter- 
face in the case of thermal oxidation. The existence of the 
tracer in the bulk of the oxide in Fig. 10 may imply that 
oxygen exchange takes place during plasma oxidation, 
similar to oxidation of Si in wet ambient  (29) and plasma 
anodization of silicon through thin ZrO~ films (30, 31). 
Studies are in progress to examine such oxygen exchange 
phenomena during plasma oxidation. 

From these results, we can discuss the plasma oxida- 
tion mechanism as follows. 

As suggested by Hu (32), the diffusing species are con- 
sidered to be oxygen ions (O-). The O-  ion is produced in 
the plasma by dissociation of oxygen molecules followed 
by electron attachment. Formation on the oxide surface is 
also possible, since the specimen is covered with elec- 
trons from the plasma. 

The diffusion process should involve ion drift, since 
there is a built-in potential across the oxide. This origi- 
nates in the potential which exists around the specimen 
held electrically floating in the plasma. Also, since this 
built-in potential is considered to be larger than the con- 
tact potential assumed in the CM model, it is likely that a 
large X1 (characteristic distance) can be experimentally 
obtained. 

Moreover, since the O-  ion is smaller than the oxygen 
molecule in size, the activation energy is expected to be 
smaller in plasma oxidation. Ray et al. (4) also reported a 
considerably smaller activation energy (0.16 eV) in their 
RF discharge plasma oxidation. However, the details are 
subject to further investigation. 
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Physical properties of plasma oxidized Si02 
films.--Infrared absorption properties.--As there have 
been several reports concerned with the IR absorption 
properties of SiO2 films grown by various methods, it has 
become well known that absorption peaks vary to a large 
extent with physical properties such as the density of 
strains in the film. 

Figure 11 shows the IR absorption peaks of microwave- 
plasma-oxidized SiO2 films as a function of oxidation 
temperature. The result from a thermally dry-oxidized 
films (curve a) is also given for comparison. 

The absorption peaks of SiO~ grown above 500~ 
(curves b and c) are very similar to that observed in ther- 
mally oxidized SiO2. In addition, the absorption peak co- 
incides well with previous results. On the other hand, the 
peaks of SiO~ films grown below 500~ (curves d and e) 
are shifted slightly (15 cm- ' )  toward greater wavelengths. 

Dylewski et al. (33) investigated the properties of SiO.2 
films formed by oxygen ion implantation using IR ab- 
sorption techniques. They reported that the absorption 
peaks of heavily implanted films shifted toward greater 
wavelengths. It was concluded that this shift can be at- 
tributed to strain in the Si and O bonds. Pliskin (34) ob- 
served the same peak shift of SiO2 films made by a sput- 
tering technique. 

These results indicate that SiO2 films made by a low 
temperature method, when compared with thermally oxi- 
dized films, can differ in structural or physical properties 
due to large strains in the film. However, since even ther- 
mally oxidized SiO~ films show a peak shift when they 
are very thin, it is difficult to judge whether the shift IR 
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Fig. 11. Relation between infrared absorption peak and plasma oxi- 
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absorption peaks in the plasma oxidized SiO~ film below 
500~ is attributable to strain. 

Etch-rate measurement.--The etch rate using P etch solu- 
tion (35) has been occasionally used as a parameter to in- 
dicate the degree of densification of SiO2 films. Figure 
12 plots the relation between etch rate of the present 
films and oxidation temperature. The dashed line indi- 
cates the etch rate of thermally oxidized SiO.2 at 1000~ for 
comparison. 

Although no peak shift is observed in the plasma- 
oxidized SiO~ grown above 500~ the etch rate is slightly 
larger than that of the thermally oxidized film. In addi- 
tion, the lower the plasma oxidation temperature, the 
larger the etch rate. 

Conclusion 
Microwave plasma oxidation equipment  using electron 

cyclotron resonance has been developed. An oxygen 
plasma is ignited under  ECR conditions, and optical 
emissions from oxygen atoms and oxygen molecular ions 
are observed. The intensities of both emissions depend 
on the oxygen partial pressure. Below 5 x 10 -2 Pa, the 
emission from the oxygen molecular ion is stronger. How- 
ever, the emission from the oxygen atom becomes 
stronger above this pressure. 

It is found that plasma oxidation kinetics can be ex- 
plained using the Cabrera-Mott model rather than the 
Deal-Grove model. However, there are two differences in 
the present results compared with previous reports in 
which the CM model was applied to explain the oxidation 
kinetics of the low pressure thermal oxidation of Si. One 
difference is a large characteristic distance (X1). Since X 1  
is proportional to the potential across the oxide film, the 
floating potential is taken to be the cause of the large X1. 
The other difference is a small activation energy, which 
may imply that the diffusing species is small in size. 
Moreover, the depth profile analysis of the oxygen iso- 
tope clarifies that the diffusing species is oxygen, similar 
to the case of thermal oxidation. 

From these results, the diffusing species is concluded 
to be the O- ion produced in the plasma or on the sub- 
strate surface. In addition, the O-  diffusion is enhanced 
by the potential across the oxide, which originated in the 
floating potential existing around the specimen held 
electrically floating in the plasma. 

The physical properties of plasma-oxidized SiO~ are 
comparable to those of thermally oxidized SiO2 with re- 
spect to IR absorption. However, the etch rate is a little 
faster than that of the thermally oxidized SiO2. 
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Planar Deposition of Aluminum by RF/DC Sputtering with RF Bias 

Yoshio Homma and Sukeyoshi Tsunekawa 
Hitachi, Limited, Central Research Laboratory, Kokubunji, Tokyo 185, Japan 

ABSTRACT 

Planarization of multilevel interconnection is most effective for achieving a higher packing density. However, it is 
shown by computer simulation that degradation of metallization step coverage becomes serious as the via aspect ratio 
increases. Conventional deposition methods, in which emitted particles flow onto the substrate and usually do not mi- 
grate, are shown to be inadequate for maintaining sufficient step coverage. A new deposition technique, RF/dc sput- 
tering with RF bias for metal, is developed and found to provide sufficient step coverage and, moreover, planarity. In an 
application of the technique to a luminum film deposition, the existence of a resputtering effect was confirmed. Alumi- 
num particles were found to deposit primarily near the bottom of the depressions and to fill up the depressions com- 
pletely, through sputtering at a high bias. Steep, deep grooves and vias with aspect ratios up to 3 were found to be com- 
pletely filled with the a luminum film by deposition at resputtering rates higher than 50%. It was also found that 
substrate biasing has a decisive effect on giving a luminum films an almost complete (111) crystallographic texture. 

Highly packed, multilevel interconnection has become 
one of the most fundamental  and indispensable tech- 
nologies for improving VLSI packing density. Planariza- 
tion of interlevel insulation layers has been most effective 
for achieving finer patterns of overlapping metallization 
layers. For use in interlevel insulation planarization, 
etchback planarization (1), polyimide insulation (2), and 
bias sputtering (3, 4) have been developed. Planar SiO2 
films, e.g., those obtained by a planar magnetron bias 
sputtering technique, have been applied to a two level in- 
terconnection for a 1 Mbit dynamic random access mem- 
ory, and have proved effective in improving the packing 
density (5). 

However, the insulation layer has to be somewhat 
thicker than in ordinary structures in order to planarize 
the insulation layer on the very jagged substrate surface 
produced by fabrication of devices and underlying metal- 
lization. This leads to higher aspect ratio vias, through 
which the upper  layer metallization has to be connected 
with the under  layer. This may limit the packing density 
of interlevel connection in future VLSI's, due to severe 
degradation of step coverage of the upper layer metalliza- 
tion around the vias. 

This paper first discusses step coverage degradation of 
the metallization layer around such vias. Then a newly 
developed a luminum film deposition technique is intro- 
duced (6). It is shown that this technique can improve alu- 
minum step coverage drastically, and, furthermore, fill 
up and planarize the fine vias for multilevel interconnec- 
tion. These effects are obtained by film deposition using 
RF/dc sputtering with RF bias. The effects of substrate 
biasing on film quality are also described. 

Experimental 
Step coverage evaluation.--Coverage of metallization 

layers around jagged steps on LSI surfaces has been an 
important measure of reliability. Much research has been 
reported on improving the metallization step coverage 
(7, 8). However, it seems that the concept of step coverage 
has been treated ambiguously. 

The step coverage dependence on metal deposition 
conditions and-underlying groove profiles is investigated 
systematically utilizing a computer simulation which fol- 
lows Blech's model (9, 10). In the model, particles are as- 
sumed to impinge onto the substrate surface isotropically 
within designated maximum incident angles, ---~o~,ax, cor- 
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responding to the geometrical structure of the deposition 
systems. The sticking coefficient of the deposited par- 
ticles is assumed to be 1, and no surface migration effect 
is taken into account. The step coverage factor was 
defined as the ratio of the min imum film thickness 
around the grooves to the nominal film thickness (equal 
to the groove depth), since the factor changes according 
to deposited film thickness as well as groove aspect ratio 
and w~ax. 

Aluminum bias sputtering.--A high rate bias sputtering 
technique, employing both a planar magnetron cathode 
instead of a conventional cathode and RF substrate 
biasing during deposition, was developed to deposit pla- 
nar SiO2 films at a higher deposition rate (4). This tech- 
nique was introduced for metal deposition. 

The bias sputtering system is shown schematically in 
Fig. 1. Either dc or RF power can be applied to the cath- 
ode, while the application of RF power to the water- 
cooled substrate electrode causes the resputtering effect 
necessary to achieve planarization (3). The magnetron 
cathode was chosen to achieve a high deposition rate of 
a luminum at low substrate temperatures. The cathode 
was 122 mm, and the distance between the cathode and 
the substrate electrode was normally 35 ram. The back- 
ground pressure of the system was 0.13 mPa. 

First, the influence of substrate biasing on the film 
deposition rate was examined to determine the resputter- 
ing effect. Second, the influence of biasing on film qual- 
ity was investigated by SIMS and x-ray diffractometry. 
Finally, the effects of substrate biasing on the film step 
coverage were shown. 

Results and Discussion 
Step coverage degradation around fine vias.--Cus- 

tomarily, it has been thought that step coverage is mainly 
determined by film deposition conditions such as maxi- 
mum incident angles. It is believed that methods for 
wider deposition incident angles, such as sputtering, pro- 
vide better step coverage than those with narrow maxi- 
mum incident angles, such as vacuum evaporation (8, 11). 
The effects of underlying surface topography have not re- 
ally been taken into account. 

However,  these conventional ways of evaluating and 
improving step coverage were found to be inadequate for 
future VLSI metallization. For example, the step cover- 
age factor of the second-level metallization layer has been 
evaluated using isolated steps, as shown in Fig. 2a. The 
underlying projected line was produced by depositing 
CVD PSG (phosphosilicate glass by chemical vapor depo- 
sition) film on a dry-etched first level metallization. The 
second-level metallization layer was deposited by a con- 
ventional magnetron sputtering system. Around such iso- 
lated steps, conventional sputtering technique can 
achieve good step coverage. On the other hand, Fig. 2b 
shows an example  where the step coverage of the second- 
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Fig. 2. Influence of underlying step density on second-level metalliza- 
tion step coverage, a: Step coverage around an isolated step. b: Step cov- 
erage around dense steps. 

level metallization shows extreme degradation around 
narrow and deep depressions, though the metal deposi- 
tion conditions are the same as those in Fig. 2a. 

The influence of the aspect ratio of vertical grooves on 
step coverage was investigated by computer  simulation. 
The model is two dimensional and is insufficient for dis- 
cussing step coverage problems around "three- 
dimensional" vias. However, the simulation is effective 
enough for showing qualitatively the seriousness of the 
problems. The step coverage factor was measured from 
the calculated figures, as shown in Fig. 3. As shown in 
Fig. 3, the particles are assumed to flow onto the sub- 
strate isotropically through a sliced hemisphere surface 
within the angular range ---COmax. Figures 3b and 3c show 
examples for a sloped and a vertical groove, respectively. 
These results are shown together in Fig. 4. The groove as- 
pect ratio was changed from 0.33 to 2.0, i.e., the groove 
width was changed from three times to one-half of the 
depth. This figure shows two things. First, the step cov- 
erage factor shows extreme degradation as the aspect ra- 
tio increases. Second, film deposition under wider COmax 
does not necessarily provide better step coverage, espe- 
cially around grooves of larger aspect ratio. Almost the 
same results have been reported for steep grooves (slope 
angle 0 = 80 ~ with dc magnetron sputtering (12). 

Next, the effects of maximum incident angles, OJmax, on 
film step coverages are shown in Fig. 5. The slope angle, 
O, of groove side wails is used as a parameter. It can b e  
seen from Fig. 5 that the change of step coverage factor is 
roughly divided into three parts. The step coverage fac- 
tor is constant, irrespective of r and is dependent 
only on the 0, in region A. In region B, where cOmax exceeds 
(90 - O) ~ the step coverage factor increases and reaches a 
maximum. Then, in region C, the step coverage factor de- 
creases as r  increases. 

As the slope angle, 0, increases, region A becomes nar- 
rower, and disappears when 0 reaches 90 ~ Region A cor- 
responds to where there is no shadowing effect. In region 
B, the effect of step coverage improvement  due to COm~x in- 
crement is larger than the degradation due to the shadow- 
ing effect. In region C, the coverage degradation due to 
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t h e  s e l f - shadowing  effect  b e c o m e s  t he  m a j o r  effect. The  
s i tua t ion  for  ac tua l  v ias  w o u l d  b e c o m e  m u c h  more  se- 
vere,  s ince  t h e  r e su l t s  are  for  t w o - d i m e n s i o n a l  g rooves  
a n d  t he  i n f l u e n c e  of  t he  se l f - shadowing  effect  i nc reases  
more  a r o u n d  t h r e e - d i m e n s i o n a l  vias.  

I t  c an  be  c o n c l u d e d  f rom t h e s e  r e su l t s  t h a t  conven-  
t iona l  depos i t i on  m e t h o d s ,  in  w h i c h  par t ic les  s imply  
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t h o s e  u s i n g  su r face  m i g r a t i o n  or  su r face  r eac t ion  effect, 
a p p e a r  to  be  necessa ry .  

Resputtering effect in aluminum bias sputtering.--Bias 
s p u t t e r i n g  for  me ta l s  ha s  b e e n  m a i n l y  u s e d  for  i m p r o v i n g  
film qua l i ty  (13). The  e x i s t e n c e  of  t he  p l a n a r i z a t i o n  ef fec t  
in  me ta l  b ias  s p u t t e r i n g  due  to r e s p u t t e r i n g  effect  h a d  no t  
b e e n  d o c u m e n t e d  (11). We first t r i ed  to con f i rm  the  ex- 
i s t ence  of  t he  r e s p u t t e r i n g  effect  b y  u t i l iz ing  t h e  p l ana r  
m a g n e t r o n  b ias  s p u t t e r i n g  s y s t e m  (6). I t  was  r ecen t ly  re- 
p o r t e d  t h a t  the  a l u m i n u m  film s tep  cove rage  was  im-  
p r o v e d  b y  u s i n g  a n  MRC 603 bias  s p u t t e r i n g  s y s t e m  (14). 
However ,  t he  i m p r o v e m e n t s  we re  s l igh t  a n d  it  cou ld  be  
a r g u e d  t h a t  the  effects  we re  due  to su r face  ref low or a 
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migration effect caused mainly by an increase in sub- 
strate temperature. Such an interpretation is possible be- 
cause the resputtering effect was not confirmed in the 
work, and substrate heating as reported in the work could 
improve surface migration effect and step coverage. 

The influence of substrate biasing on the a luminum 
deposition rate is shown in Fig. 6. Though a strict mea- 
surement of the resputtering rate is difficult, it can be 
defined practically as follows 

DN - D~ 
Resputtering rate - - -  

Dr 

where Dr and D, are deposition rates without and with 
substrate biasing, respectively, under  the same cathode 
RF power (15). 

The figure shows that the a luminum deposition rate 
decreases when RF power is applied to the substrate elec- 
trode. This reduction of the deposition rates corresponds 
to the resputtering rates from 50 to 70~ as the cathode RF 
power is varied, while the substrate RF power is kept 
constant. It is reasonable that such an extreme reduction 
in deposition rate was caused by the resputtering effect 
rather than the substrate temperature increase due to 
biasing. The resputtering rates when a luminum films 
were deposited under  Ar pressure of 0.13 Pa were larger 
than those under  6.7 Pa. Similar effects were observed 
when the films were deposited with dc power to the cath- 
ode and RF power to the substrate electrode. 

Effects of deposition conditions on film quatity.--The 
effects of substrate biasing on film crystalline structure 
were investigated utilizing x-ray diffractometry. It was 
previously reported that substrate biasing gives alumi- 
num films a (111) texture (16). However, in that report, 
the influence of substrate temperature increase due to 
substrate biasing on crystalline structure was overlooked. 
Therefore, it was not determined whether the texture was 
the result of the resputtering effect or the substrate tem- 
perature increase due to biasing during deposition. 

Four kinds of test samples were prepared, as shown in 
Table I, to clarify this point. Samples a and b were made 
through normal dc sputtering without substrate biasing, 
and, in both samples, films were deposited under  almost 
identical sputter conditions with the exception of sub- 
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Fig. 6. Effects of substrate biasing on aluminum deposition rate 

strate temperature. A comparison of these two samples 
shows the influence of substrate temperature during 
deposition on the film crystalline structure. Samples b 
and c were made under  nearly the same deposition rate 
and substrate temperature conditions but  without and 
with RF substrate biasing, respectively. Thus, a compari- 
son of these two samples shows the influence of sub- 
strate biasing on film crystalline structures. Sample d 
was made with a higher resputtering rate to show the ef- 
fect of an increment  in resputtering rate. 

Measurements made with conventional x-ray diffrac- 
tometry are shown in Fig. 7, and a standard ASTM dif- 
fraction pattern is also shown for comparison. The other 
four figures represent the results for each sample. 
Sample a, deposited normally at low deposition tempera- 
ture, shows no special preferred orientations. On the 
other hand, sample b, deposited normally at a higher tem- 
perature, shows a strong (111) texture, although some 
amount  of other orientation textures still remain. Higher 
deposition temperatures strongly influence a luminum 
film toward a (111) texture. 

However, samples c and d, deposited through bias sput- 
tering, show almost complete (111) texture. Furthermore, 
although the deposition temperature for sample d was 
lower than for sample c, there was little difference be- 
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Fig. 7. Influence of aluminum deposition conditions on film crystalline 
structure. Cu K~ x-rays were used. 
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Table I. Aluminum deposition conditions in crystalline structure evaluation 

June 1985 

Sample no. 

Cathode Substrate 
Ar pressure dc power RF power Resputtering Deposition rate Substrate 

(Pa) (W/cm 2) (W/cm ~) rate (%) (nm/min) temperature (~ 

a 0.67 1.74 0 0 176 23 
b 0.67 1.73 0 0 175 173 
c 0.67 1.88 0.6 17 158 -150 
d 0.67 0.82 0.6 38 50 -100 

t w e e n  resu l t s  for t h e s e  two samples .  F r o m  these  resul ts ,  i t  
c an  be  c o n c l u d e d  t h a t  s u b s t r a t e  b i a s ing  ha s  a dec i s ive  
in f luence  in  g iv ing  a l u m i n u m  film s t r u c t u r e s  a n  a l m o s t  
c o m p l e t e  (111) t ex tu re ,  a n d  t h a t  th i s  p h e n o m e n o n  is 
caused  by  t he  r e s p u t t e r i n g  effect  r a t h e r  t h a n  s u b s t r a t e  
t e m p e r a t u r e  i nc r ea se  d u r i n g  depos i t ion .  The  in f luence  of  
s u b s t r a t e  b i a s ing  o n  i m p u r i t y  c o n c e n t r a t i o n  in  t h e  fi lm 
was  also i n v e s t i g a t e d  b y  SIMS,  b u t  no  s ign i f ican t  differ- 
ence  cou ld  be  obse rved .  

Planarization effect in bias-sputtered aluminum 
film.--The i n f l uence  of  s u b s t r a t e  b i a s ing  o n  a l u m i n u m  
s tep  coverage  was  eva lua t ed  by  d e p o s i t i n g  t h e  fi lms on  
ver t i ca l ly  d r y - e t c h e d  SiO~ grooves ,  as s h o w n  in  Fig. 8. 
The  fi lms were  d e p o s i t e d  at  t e m p e r a t u r e s  lower  t h a n  
250~ B o t h  t h e  w i d t h  a n d  the  d e p t h  of  t h e  g rooves  are 1.5 
~m.  The  a l u m i n u m  was  d e p o s i t e d  on  t h e s e  subs t ra tes ,  
a n d  the  cross  s ec t ions  were  o b s e r v e d  by  e t c h i n g  t he  f ron t  
s ides  of  t h e  a l u m i n u m  films. 

Fig. 8. Cross-sectional compari- 
son of aluminum films deposited on 
vertical grooves, a: Resputtering 
rate of 0%. b: Resputtering rate of 
40%. c: Resputtering rate of 50%. 
d: Resputtering rate of 70%. The 
aspect ratio of the grooves is about 
1. 

Fig. 9. Change of bias-sputtered 
aluminum film as o function of dep- 
osition time. a: 3 min. b: 6 rain. c: 9 
min. d: 18 rnin. The resputtering 
rate is about 50%. 
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A cross section of the normally sputtered aluminum 
film on the vertical grooves is shown in Fig. 8a. The step 
coverage factor of the film is estimated to be less than 
0.2, due to the self-shadowing effect, as shown in the 
figure. However, the cross sections of aluminum films 
deposited with substrate biasing show an extreme 
change. As shown in Fig. 8b, the film deposited at about 
40% resputtering rate connects the a luminum film sur- 
faces on top of the grooves to each other, but small crev- 
ices can be seen in the middle of the grooves. As the 
resputtering rate exceeds 50%, the grooves fill up com- 
pletely with aluminum, and the degree of film surface 
planarization improves with the rate increase, as shown in 
Fig. 8c and 8d. The film surface, deposited at about a 70% 
resputtering rate, was planarized almost completely. In 
the cases shown in c and d, the conventional term "step 
coverage" has no meaning. "Filling factor" or "surface 
planarity" may be more suitable. 

The change in film cross section around the grooves as 
a function of deposition time is shown in Fig. 9. These 
SEM micrographs illustrate how the bias-sputtered alu- 
minum films fill up the vertical grooves of aspect ratio 1. 
The resputtering rate in this experiment  was about 50%. 
As can be seen from these micrographs, the bias- 
sputtered aluminum particles deposit first primarily near 
the bottoms of the vertical sidewalls. As the film grows, 
the grooves become shallower and are finally filled up 
completely. This suggests that some portion of the alumi- 
num particles deposited around the upper edges of the 
grooves is etched by Ar ions and is deposited inside of the 
grooves again. Thus, the particles fill up the grooves 
without the influence of the shadowing effect. 

Via filling up with bias-sputtered a luminum.- -The  alu- 
minum bias sputtering technique was applied to fill up 
small, high aspect ratio vias. Figure 10a shows an SEM 
micrograph of 2.5 ~m deep, 2 x 2 ~m ~ vias formed in a 
bias-sputtered SiO2 film. The aspect ratio of the vias is 
about 1.2. The SEM micrograph in which the aluminum 
film was deposited normally is shown in Fig. 10b. In the 
figure, a significant shadowing effect can be observed 
which results in poor step coverage. In contrast, by de- 
positing aluminum film at about a 50% resputtering rate, 
the vias were filled up completely, and only very gently 
sloped, shallow depressions remained on the film sur- 
face, as shown in Fig. 10c. 

Cross sections of these test samples were observed 
utilizing cross-sectional polishing, as shown in Fig. 11. 
Via sizes in the SEM micrographs are 2 x 2, 1.5 • 1.5, and 
0.8 x 0.8 /~m ~, respectively. From these micrographs, it 

Fig. 10. Via filling with bias-sputtered aluminum film. a: Vias pro- 
duced through dry etching in bias-sputtered Si02. b: Normally sputtered 
aluminum surface, c: Surface of bias-sputtered aluminum deposited at 
about 50% resputtering rate. 

can be seen that even a 0.8 x 0.8 ~m ~ via, whose aspect ra- 
tio is about 3, can be completely filled up with aluminum 
by bias sputtering. It can be seen from these results that 
bias sputtering for metals should become a very effective 
technique for near-future VLSI interconnection. 

Summary 
A new metal deposition technique, i.e., RF/dc sput- 

tering with RF bias for metal, was developed to solve the 
step coverage problem in VLSI multilevel interconnec- 
tion. An application of the technique to aluminum film 
deposition confirmed the existence of the resputtering 
effect. Through sputtering at a high bias, aluminum 

Fig. 11. Cross section of vias 
filled up with bias-sputtered alumi- 
num. a: Via of aspect ratio 1.2. b: 
Via of aspect ratio 1.8. c: Via of as- 
pect ratio 3. 
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particles were found to be deposited primarily near the 
bottom of the depressions and to fill up the depressions 
completely. By deposition at resputtering rates higher 
than 50%, the a luminum film was found to fill up steep, 
deep grooves and vias, even when the aspect ratio was as 
high as 3. It was shown that substrate biasing has a deci- 
sive effect on giving a luminum films an almost complete 
(111) crystallographic texture. It  was also confirmed that 
these effects were obtained by the resputtering effect it- 
self rather than by the substrate temperature increase as- 
sociated with substrate biasing. 
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Evaluation of the Phosphorus Concentration and Its Effect on 
Viscous Flow and Reflow in Phosphosilicate Glass 

R. A. Levy,* S. M. Vincent, and T. E. McGahan 
AT&T Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

This study describes the use of x-ray fluorescence as an analytical tool for determining phosphorus concentration 
in phosphosilicate glass. By comparison with other available methods, we shall demonstrate that this direct measure- 
ment technique is accurate, simple, fast, reproducible, and nondestructive. With the use of this technique, flow and 
reflow profiles of phosphosilicate glass will be illustrated at different phosphorus concentrations and representative 
thermal cycles. 

Low pressure chemical vapor deposited phosphosil- 
icate glass (PSG) serves a variety of important functions 
in the fabrication of semiconductor devices (1). It is 
widely used as a dielectric to insulate gate interconnects 
from metallization, as a getter of sodium and other rap- 
idly diffusing metal ions, as a material that undergoes vis- 
cous flow to provide a planar topography, as a passiva- 
tion overcoat to provide mechanical protection, and as a 
solid diffusion source of phosphorus in silicon. Since the 
properties of the PSG, which make it useful in a given ap- 
plication, are directly related to the phosphorus concen- 
tration, a technique which can offer an accurate, 
nondestructive, fast determination of the composition be- 
comes very desirable in an IC processing line. Many tech- 
niques have been used to measure phosphorus concentra- 
tion in phosphosilicate glass. These include wet chemical 
analysis (2, 3), neutron activation (4, 5),~Auger electron 
spectroscopy (6), electron microprobe (7), energy disper- 
sive x-ray spectrometry (8, 9), x-ray fluorescence (10-12), 
infrared absorption (13), refractive index determination 
(5), etch rate variation (2, 4, 14, 15), and diffusion tech- 
niques (4, 16). Although tedious and time consuming, wet 
chemical analysis, which is independent  of film thick- 
ness, phosphorus content, or any variation in phosphorus 
throughout a wafer, is considered by the industry as the 
primary standard. Neutron activation, Auger electron 
spectroscopy, electron microprobe, and energy dispersive 
x-ray spectrometry all require sophisticated and expen- 
sive equipment, skilled engineers, lengthy sample prepa- 

* Electrochemical Society Active Member. 

ration procedures, and destruction of the specimens. In- 
frared absorption, index of refraction determination, 
etch-rate variation, and diffusion techniques are relatively 
simple but lack the required accuracy and reproduci- 
bility. In this study, we describe the use of x-ray fluo- 
rescence as an analytical tool for determining phosphorus 
concentration in phosphosilicate glass. We shall demon- 
strate that this direct bulk measurement technique is sim- 
ple, fast, accurate, reproducible, and nondestructive. 
However, as is typical of all other analytical techniques 
which yield relative results, it requires proper standardi- 
zation. Based on a compilation of x-ray fluorescence data 
and results gathered on the identical PSG films with 
electron microprobe and energy dispersive x-ray (EDS) 
analysis, a correlation among all three techniques will be 
established. We shall then proceed to examine the effect 
of phosphorus concentration on the viscous flow and 
reflow profiles of PSG at Lrepresentative thermal cycles. 

Principles of X-Ray Fluorescence Analysis 
In the x-ray fluorescence technique, electrons acceler- 

ated within the system generate, by collision with a metal 
target, x-rays which are directed toward the sample. 
These primary x-rays activate orbital electrons within the 
sample that cause emission of secondary x-rays which are 
analyzed. The principles governing the operation of the 
electron microprobe are quite similar, with the excep- 
tions that no target is used and that the electrons, in this 
case, are directly accelerated toward the sample. Since 
x-rays cannot be focused and are more penetrating than 
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electrons, the fluorescence technique represents more of 
a bulk measurement  than the microprobe. That could be 
an advantage if large local fluctuations in phosphorus 
concentration exist across the sample. 

A schematic representation of the x-ray fluorescence 
apparatus used throughout  this investigation is shown in 
Fig. 1. The mode of operation includes three basic func- 
tions, namely, excitation, detection, and analysis. The ex- 
citation system consists of an EA 75 dual target (Cr-W) 
tube driven by a General Electric XRD-6 power supply 
operated at 50 kV and 60 mA. The analyzing system util- 
izes a coarse collimator, a graphite crystal with a 2d spac- 
ing of 6.704~, and a 250 /~m Soller slit. In order for the 
Bragg equation to be always satisfied for a given x-ray 
wavelength, the graphite crystal is coupled to the detector 
and detector slit through a spectrogoniometer which au- 
tomatically rotates the detector and its associated slit by 
20 while the crystal rotates by 0. The detection system in- 
cludes an Ar-10%CH4 flow proportional counter operated 
at 1480V and assorted electronic modules to amplify the 
pulses and display the count rate. 

For thin films, the observed intensity at a given wave- 
length is related to film thickness and the concentration 

of the corresponding element emitt ing the radiation, 
through the equation (17, 18) 

= - ~ -  (i - e -B~) [I] I 

where I is the emitted radiation in normalized counts, T 
the f i lm thickness in units of angstroms, P is the concen- 
tration of the element emitting the radiation (in this case, 
phosphorus), and A is a parameter that includes the five 
separate factors involved in the excitation process, which 
are, as stated by Jenkins and De Vries (17): (i) the number 
of primary photons striking the sample surface per un i t  
time; ({ i) the attenuation of this intensity by the absorbing 
matrix; ( i i { )  the efficiency of the actual excitation of char- 
acteristic radiation; ( iv) the proportion of these photons 
which are accepted by the collimator; and (v) the attenua- 
tion of the characteristic radiation by the sample matrix. 
B is a parameter that depends on the mass absorption 
coefficient and density of the sample matrix as well as 
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Fig. 5. Plot of average sheet resistivity in (100) p-type silicon (1-10 
~ocm) as a function of w/o P. Thermal drive was 1100~ for 20 min in 
99% N2-1% Oz. 

x-ray pa th  cor rec t ion  factors.  S ince  bo th  A and  B are 
func t ions  of  the  dens i ty  of  the  s ample  matr ix,  the  as- 
s u m p t i o n  tha t  t hese  pa rame te r s  will be  cons t an t  can  only 
be val id over  a l imi ted  range  of p h o s p h o r u s  concen-  
t rat ions.  

M e a s u r e m e n t  P r o c e d u r e  
With a s tabi l ized p o w e r  supp ly  to the  x-ray tube  and  

p ropor t iona l  counter ,  and  wi th  the  g o n i o m e t e r  set  at an 
angle  of 133.33 ~ to sat isfy the  Bragg equa t ion  for ph o s p h o -  
rus  K s  radiat ion,  the  m e a s u r e m e n t  p r o c e d u r e  is ini t ia ted 
by placing the  s t anda rd  wafer  onto an a l u m i n u m  m a s k  
wi th  a �88 x �90 in. w i n d o w  in the  e x p e r i m e n t a l  chamber .  
The x-ray shu t t e r  is open  and  the  a m b i e n t  gas in the  
c h a m b e r  f lushed  out  wi th  He to min imize  abso rp t ion  of  
p h o s p h o r u s  radiat ion.  After  an equi l ibra t ion  t ime of 
about  30s, the  coun te r  is ac t ivated and  P K s  coun t s  are 
taken,  typically,  at a f ixed 100s interval .  This p rocedu re  
is repeated after removal of the standard and insertion of 
the test sample. A sequence of up to ten measurements 

Table I. Characterization of standards 

Phosphorus 
Thickness concentration 

Sample (~) (x 102~ at./cm ~ 

Phosphorus 
concentration Normalized 

(w/o) intensity 

P03 5,899 28.3 
P06 10,363 28.8 
P13 15,784 28.5 
P31 22,906 35.1 
P37 8,814 34.3 
P42 6,127 34.7 
P53 10,153 38.6 
P60 14,662 39.8 
P63 19,902 40.9 
P68 6,023 39.2 

7.28 0.614 
7.42 0.933 
7.33 1.237 
9.03 1.729 
8.82 1.000 
8.94 0.797 
9.93 1.231 

10.24 1.658 
10.52 1.939 
10.08 0.866 

June 1985 

Table II. Comparison of calculated and measured 
values of normalized intensity 

Sample 

Calculated Measured 
values of values of 

normalized normalized Percentage 
intensity intensity Residuals deviation 

P03 0.618 0.614 -0.004 -0.65 
P06 0.950 0.933 -0.170 - 1.82 
P13 1.207 1.237 +0.030 +2.43 
P31 1.757 1.729 -0.028 -1.62 
P37 1.013 1.000 - 0.013 - 1.30 
P42 0.781 0.797 +0.016 +2.01 
P53 1.257 1.231 -0.026 -2.11 
P60 1.620 1.658 + 0.038 +2.29 
P63 1.934 1.939 +0.005 +0.26 
P68 0.871 0.866 -0.005 -0.58 

Table III. Determination of PSG density 

Thickness Area Volume Mass Density 
Sample (s (cm ~) (x 10 -4 cm :~) (x 10 -;~ g) (g/cm :~) 

P03 5,899 5.36 3.162 0.673 2.128 
5,899 3.96 2.336 0.494 2.115 

P06 10,363 2.98 3.088 0.623 2.017 
P13 15,784 1.84 2.904 0.600 2.066 
P31 22,906 1.72 3.940 0.788 2.000 
P37 8,814 2.10 1.851 0.375 2.026 

8,814 1.62 1.428 0.302 2.115 
P42 6,127 3.13 1.918 0.393 2.049 
P53 10,153 2.31 2.345 0.508 2.166 
P60 14,662 2.01 2..947 0.692 2.348 
P63 19,902 1.73 3.443 0.785 2.280 
P68 6,023 3.11 1.873 0.4t2 2.200 

6,023 2.30 1.385 0.321 2.318 

can be  t aken  before  r e in t roduc ing  the  s t an d a rd  wafer  for 
cal ibrat ion purposes .  The e lapsed  opera t ion  t ime w h i c h  
inc ludes  loading,  equi l ibrat ion,  and  m e a s u r e m e n t  per iods  
has b e e n  e s t i m a t e d  to a m o u n t  to less  t han  3 rain/wafer,  
p rov ing  x-ray f luorescence  analysis  to be  one of the  
fas tes t  avai lable t e c h n i q u e s  for de t e rmina t i on  of  phos-  
p h o ru s  concen t r a t i on  in phosphos i l i ca t e  glass. Fur ther -  
more,  the  fact  tha t  who le  wafers  can  be a c c o m m o d a t e d  in 
the sys tem wi th  no pre- or p o s t s a m p l e  p repara t ion  
qualif ies x-ray f luorescence  as a n o n d e s t r u c t i v e  tech-  
n ique.  Poss ib i l i t ies  of  r ad ia t ion - induced  damage  to t he  
device  b e c o m e  n o n e x i s t e n t  af ter  the  s u b s e q u e n t  h igh  
t e m p e r a t u r e  flow or reflow p roces s ing  s teps.  F r o m  
values  of no rmal i zed  intensi ty ,  I, given  by  the  ratio of  tes t  
wafer  coun t  rate  to s t an d a rd  wafer  coun t  rate, and  film 
th ickness ,  the  p h o s p h o r u s  concen t r a t ion  in P S G  is deter-  
m i n e d  for k n o w n  cons t an t  values  of  A and  B. These  con- 
s tants  were  ca lcula ted  f rom a sys temat ic  inves t iga t ion  of 
a set  o f t e n  P S G  samples  (to be  re fe r red  to as " s t anda rds" )  
wi th  var ious  p h o s p h o r u s  concen t r a t ions  and  film thick-  
nesses .  The P S G  films were  d e p o s i t e d  direct ly  onto  
p- type  (1-10 Yt-cm) si l icon wafers  in a low p re s su re  CVD 
(LPCVD) reac tor  us ing  Sill4, O~, and  PH:~ as source  mate-  
rials. The  PH3 gas f low or depos i t i on  t ime  was  ad ju s t ed  
in each  run  to achieve  the  des i rab le  p h o s p h o r u s  concen-  
t ra t ion  or film th ickness ,  respect ively .  Half-wafers  f rom 
this  set  of  s t a n d a r d s  were  fo rwarded  to Balazs Analytical  
Labora tory '  for chemica l  analysis,  w i th  the  c o r r e s p o n d i n g  
halves  u n d e r g o i n g  x-ray f luorescence  m e a s u r e m e n t s  in 
adjoin ing par ts  of the  samples .  Table  I ident i f ies  the  
s amples  inves t iga ted  wi th  the i r  charac te r i s t ic  th ickness ,  
p h o s p h o r u s  concen t r a t i on  e x p r e s s e d  in at . /cm 3 and  
we igh t  pe rcen t  (w/o) P, and  count  rate normal ized  to a se- 
l ec ted  sample  (P37) w h i c h  was  m i d r a n g e  in p h o s p h o r u s  
concent ra t ion .  A c o m p u t e r  p ro g ram wi th  a non l inear  
curve  fit t ing rou t ine  was t h e n  u s e d  to calculate  t he  
values  of  A and  B f rom the  bes t  fit o f  t he  data  to Eq.  [1]. 
(A s u m m a r y  of  t he  p rog ram logic is d e s c r i b e d  in the  Ap- 
pendix.)  The value  of A was  d e t e r m i n e d  to be  equal  to 

' Balazs Analytical Laboratory, Mountain View, California 94043. 
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Fig. 6. Graphical representation of degree of correlation between 
energy dispersive spectrometry and x-ray fluorescence. 

4.5874 • 10 -26 cm3/at.-h a n d  t h a t  of  B equa l  to 7.5331 • 
10-4 ~ -1. In  Tab le  II,.a c o m p a r i s o n  b e t w e e n  ca lcu la ted  a n d  
m e a s u r e d  va lues  of  n o r m a l i z e d  i n t ens i t i e s  y ie lded  a per- 
cen t  dev ia t ion  less  t h a n  _+2.5%, c o n f i r m i n g  t he  va l id i ty  of  
the  theore t i ca l  m o d e l  u s e d  in t he  d e r i v a t i o n  of  Eq.  [1]. 

In  we t  c h e m i c a l  analys is ,  t h e  p e r c e n t a g e  of P in  P S G  is 
d e t e r m i n e d  f rom accu ra t e  m e a s u r e m e n t s  of  t he  mass- of  
t he  film. T h a t  is a c c o m p l i s h e d  f r o m  a n  eva lua t ion  of  
s a m p l e  we igh t  loss  due  to d i s so lu t i on  of  P S G  in  a n  HF- 
b a s e d  mix tu re .  T h e  s a m p l e s  are  t h e n  r u n  aga ins t  k n o w n  
s t a n d a r d s  of  t he  s a m e  species  u s i n g  co lo r ime t r i c  spect ro-  
p h o t o m e t r y .  F r o m  m e a s u r e m e n t s  of  t h e  m a s s  a n d  those  
of t he  c o r r e s p o n d i n g  t e s t  area, t h e  d e n s i t y  of  P S G  has  
b e e n  ca lcu la ted  w i t h  t he  r e su l t s  s u m m a r i z e d  in  Tab le  III. 
Fo r  s a m p l e s  w i t h  u p  to 9 w/o P, t he  ave r age  dens i ty ,  p, of  
L P C V D  p h o s p h o s i t i c a t e  glass  e x h i b i t s  a va lue  of  2.06 _+ 
0.05 g /cm 3, in  e x c e l l e n t  a g r e e m e n t  w i t h  t he  r epo r t ed  va lue  
(10) of  2.00 g /cm 3 for  a t m o s p h e r i c  p r e s s u r e  CVD films 
w i t h  p h o s p h o r u s  in  t he  r a n g e  of  1.31-9.00 w/o. At  - 1 0  w/o 
P, ou r  r e su l t s  i nd i ca t e  an  inc rease  on  t he  o rde r  of - 7 %  in  
the  va lue  p, p o i n t i n g  to a po ten t i a l  loss  in  a c c u r a c y  for  the  
x- ray  f l uo re scence  t e c h n i q u e  at  t h e s e  h i g h e r  concen t r a -  
t ions .  Fo r  c o n s i s t e n c y ' s  sake,  a va lue  of  p = 2.0 g /cm 3 has  
b e e n  sys t ema t i ca l l y  u s e d  in all ca lcula t ions .  

F i g u r e  2 i l lus t ra tes  t he  ca lcu la ted  c u r v e s  of re la t ive  in- 
t en s i t y  vs. w/o P for  f i lms of  c o n s t a n t  t h i cknes s .  As ex- 
pec ted ,  t he  l i nea r  cu rves  i n t e r c e p t  t he  or ig in  a n d  e x h i b i t  
in  t h e  l imi t  as T ---> ~ a s lope equa l  to t he  rat io  A/B. In  Fig. 
3, t he  ca l cu l a t ed  cu rves  of  re la t ive  i n t e n s i t y  vs. fi lm 
t h i c k n e s s  are  s h o w n  for p h o s p h o r u s  c o n c e n t r a t i o n s  in  t he  
o p e r a t i n g  r a n g e  of  5-9 w/o. T he  resul t s ,  in  th i s  case, con-  
vey  t he  m e s s a g e  t h a t  a t  fi lm t h i c k n e s s e s  as h i g h  as 2 t~m, 
a s a t u r a t i o n  r e g i m e  ha s  yet  to be  r eached .  

Correlat ion of Results 
F r o m  the  g r o u p  of s t a n d a r d s ,  r e p r e s e n t a t i v e  s a m p l e s  

w i th  p h o s p h o r u s  c o n c e n t r a t i o n s  of  7.42, 8.32, a n d  9.93 w/o 
were  se lec ted  to i nves t i ga t e  t he  e t ch - ra t e  a n d  s u b s t r a t e  
shee t  r es i s t iv i ty  va r i a t i ons  of  dens i f i ed  P S G  films. 
Dens i f i ca t ion  of  t h e s e  f i lms was  p e r f o r m e d  in t he  cen te r  
zone  of  a d i f fus ion  f u r nace  a t  l l00~  for  20 m i n  in  a 
99%N~-1%O2 a m b i e n t .  T he  e t c h i n g  e x p e r i m e n t s  were  
ca r r ied  ou t  at  r o o m  t e m p e r a t u r e  (22~ in  a 30:1 bu f f e r ed  
H F  so lu t ion  (30 pa r t s  40%NH4F to 1 pa r t  49%HF b y  vol- 
ume).  The  f i lm t h i c k n e s s  was  m e a s u r e d  w i t h  a n  in ter fer -  
o m e t e r  a f te r  1 ra in  in te rva l s  in  t he  e t c h  ba th .  A tota l  of  
five r ead ings  was  t a k e n  for each  of  t h e  s a m p l e s  so as to 
e x t e n d  t h e  ana lys i s  d o w n  to d e p t h s  of  ove r  4000s F igu re  

4 e x h i b i t s  t he  o b s e r v e d  d e p e n d e n c e  of  e t ch  ra te  (h/min)  
on  w/o P over  th i s  i n v e s t i g a t e d  r a n g e  of  concen t r a t i ons .  A 
l inea r  fit t h r o u g h  t he  da ta  e m e r g e s  w i t h  a pe r fec t  correla-  
t ion  fac to r  (R z = 1.000) a n d  a va r i a t i on  in  e t ch  rate,  as cal- 
cu la t ed  f rom the  s lope  of  t he  curve,  of  92 ~w/o  P. How- 
ever,  t he  s ca t t e r  in  t he  data ,  re f lec t ing  t he  s lower  e t ch  
ra te  at  t he  surface,  appea r s  to w i d e n  w i t h  h i g h e r  phos -  
p h o r u s  concen t r a t i on .  P red i c t ab ly ,  as a c o n s e q u e n c e  of 
H e n r y ' s  l aw (19), t h i s  is caused  by  h i g h e r  p h o s p h o r u s  
evapora t ion ,  f r o m  the  su r face  of  s a m p l e s  w i t h  a h i g h e r  
p h o s p h o r u s  con t en t ,  d u r i n g  dens i f ica t ion .  Fo l lowing  
t h e s e  e tch- ra te  e x p e r i m e n t s ,  t he  s a m p l e s  we re  s t r i p p e d  in  
an  H F  so lu t ion  d o w n  to t he  bare  s i l i con  s u b s t r a t e  sur face  
and  t he  shee t  r es i s t iv i ty  m e a s u r e d  w i th  a four -po in t  p r o b e  
at  four  si tes ac ross  each  sample .  The  ave rage  s h e e t  resist-  
ance  t o g e t h e r  w i t h  its a ssoc ia ted  s t a n d a r d  dev ia t ion  is 
p lo t t ed  in  Fig. 5. The  s u b s t r a t e  s h e e t  res i s t iv i ty  is ob- 
served,  here,  to i nc rease  w i t h  lower  w/o P in t he  P S G  
film ref lect ing t he  dec rease  in  s u b s t r a t e  sur face  free car- 
r ier  concen t r a t i on .  The  ra te  of  var ia t ion ,  ca lcu la ted  f rom 
the  s lope of  a l inea r  fit of  t he  data ,  y ie lds  in  th i s  l imi ted  
r a n g e  of p h o s p h o r u s  c o n c e n t r a t i o n  a va lue  of -2 .1  
~l[]lwlo P. 

Since  e l ec t ron  m i c r o p r o b e  (EM) ana lys i s  a n d  e n e r g y  
d i spe r s ive  x- ray  s p e c t r o m e t r y  (EDS) are  r o u t i n e l y  u s e d  in  
t he  d e t e r m i n a t i o n  of  p h o s p h o r u s ,  a c o m p a r a t i v e  ana lys i s  
of  t he  s t a n d a r d s  b e c o m e s  a p r e r e q u i s i t e  in  e s t a l i sh ing  a 
cross  co r r e l a t i on  a m o n g  EM, EDS,  a n d  x-ray f luores-  
cence.  The  se lec ted  s t a n d a r d s  for th i s  e x p e r i m e n t  are 
l i s ted  in Tab le  IV wi th  the  c o r r e s p o n d i n g  resu l t s  of c h e m -  
ical analysis ,  e l ec t ron  m i c r o p r o b e ,  a n d  ene rgy  d i s p e r s i v e  
spec t rome t ry .  The  EM ana lys i s  was  c o n d u c t e d  in  a 
C a m e c a  M B X  s y s t e m  at  a 6 keV acce l e r a t i ng  po t en t i a l  
w i th  Si, O, a n d  P K s  l ines  b e i n g  e x a m i n e d .  I n t e n s i t y  cor- 
r ec t ions  were  m a d e  to a c c o u n t  for a t o m i c  n u m b e r ,  fluor- 
escence ,  a n d  a b s o r p t i o n  effects.  G a P  was  u s e d  as a 
s t a n d a r d  for P a n d  t h e r m a l  ox ide  (SiO2) as a s t a n d a r d  for  
b o t h  Si a n d  02. S a m p l e s  coa t ed  w i t h  c a r b o n  yie lded,  ap- 
p a r e n t l y  b e c a u s e  of poo r  conduc t iv i ty ,  m a r g i n a l  resu l t s  
re la t ive  to b o t h  c h e m i c a l  ana lys i s  a n d  EDS.  O the r  
s a m p l e s  coa ted  w i t h  A1 a c h i e v e d  a b e t t e r  cor re la t ion  w i t h  
t he  chemica l  ana lys i s  resul ts .  Each  of  t h e  E M  resu l t s  rep- 
r e s e n t s  an  ave r age  of five da ta  p o i n t s  p e r  sample .  T h e  
E D S  ana lys i s  was  ca r r ied  ou t  at  5 keV  in  a s c a n n i n g  elec- 
t r o n  m i c r o s c o p e  in t e r f aced  to an  Or tec  E D S  detec tor .  The  
i n t ens i t y  ra t io  of  P/Si  was  m e a s u r e d  at  two  p o i n t s  on  t he  
c a r b o n - c o a t e d  s a m p l e s  w i th  t he  r e su l t s  averaged .  S u c h  
rat io m e a s u r e m e n t s  r e n d e r  t he  d e p e n d e n c e  on  good  con-  
d u c t i o n  to b e  no t  as crucia l  as in  case  of e l ec t ron  
m i c r o p r o b e  analysis .  The  E D S  s y s t e m  was  ca l ib ra t ed  
aga ins t  E M  s t a n d a r d s .  E x a m i n a t i o n  of  Tab le  IV  revea ls  
exce l l en t  a g r e e m e n t  b e t w e e n  t he  E D S  t e c h n i q u e  a n d  we t  
c h e m i c a l  analys is ,  over  t he  i n v e s t i g a t e d  r a n g e  of P con-  
cen t ra t ions ,  w i t h  r e c o r d e d  p e r c e n t  dev i a t i ons  typ ica l ly  of  
the  o rde r  of _+2% for m o s t  samples .  The  E M  resu l t s  on  t he  
c a r b o n - c o a t e d  s a m p l e s  e x h i b i t e d  s t r o n g  devia t ions ,  f rom 
b o t h  t he  c h e m i c a l  ana lys i s  a n d  E D S  data,  m o s t  l ike ly  
c a u s e d  b y  sur face  c h a r g i n g  effects.  On t he  o the r  h a n d ,  t h e  

Table IV. Comparative results of chemical analysis, 
electron microprobe, and energy dispersive spectrometry 

Sample 

w/o P 
w/o P w/o P w/o P (Energy 

(Chemical (Electron (Electron dispersive 
analysis) microprobey ~ microprobey ~ spectrometry) 

P03 7.28 7.0 
P06 7.42 6.9 
P13 7.33 7.4 
P31 9.03 8.9 
P37 8.82 8.2 
P42 8.94 8.2 
P53 9.93 8.9 
P60 10.24 9.6 
P63 10.52 10.1 
P68 10.08 9.1 

7.4 
7.3 

9.3 
8.8 
9.7 

9.8 

a Carbon-coated samples. 
h Aluminum-coated samples. 
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Sample 

Table V. Comparative analysis of energy dispersive 
spectrometry and x-ray fluorescence 

w/o P 
(Energy 

dispersive (X-ray Percentage 
spectrometry) fluorescence deviation 

RL17 (28F) 4.58 -+ 0.07 4.96 +8 
RL18 (28F) 5.78 -+ 0.14 5.72 -1 
RL19 (28F) 6.14 -+ 0.08 6.19 +1 
RL20 (28F) 6.47 - 0.01 6.80 +5 
RL21 (28F) 7.73 -+ 0.19 7.84 +1 

results on the Al-coated samples are within ---1.5% of the 
standards up to 9 w/o P, but  start diverging at the higher 
P concentration, possibly due to the influence of matrix 
density changes. 

These previous results lead to the next step of estab- 
lishing a direct correlation between EDS and x-ray fluor- 
escence. For that purpose, LPCVD films of phosphosili- 
cate glass typically 10,000~ thick were deposited directly 
onto p-type Si wafers. The phosphorus concentration was 
varied from run to run by sole adjustment of the PHa gas 
flow in the LPCVD reactor. X-ray fluorescence measure- 
ments were conducted at the center of each of the wafers, 
followed by EDS analysis in corresponding carbon- 
coated areas of the sectioned wafer. Table V identifies 
the run number  as of the tested wafer in the reactor and 
also lists the results and percentage of deviation between 
these two techniques. It is interesting to note that except 
for the sample with the lowest P concentration (4.96 w/o) 
where limitations of the EDS technique have been recog- 
nized, the results from all other samples agree to within 
5%, with a majority of cases being closer to 1%. A graph- 
ical representation of the degree of correlation between 
these two techniques is shown in Fig. 6 where a slight 
trend toward systematically lower values for the EDS 
technique is noted. However, in view of the otherwise ex- 
cellent agreement achieved, such trends in either direc- 
tion are judged to be insignificant. Finally, with regard to 
reproducibility, x-ray fluorescence measurements gath- 
ered on the standard wafer (P37) at many interval periods 
in a lengthy sequence of runs have never been observed 
to deviate more than -+ 1%. 

Having established the viability of  x-ray fluorescence 
as an analytical tool, we shall, now, use it in illustrating 
the effect of phosphorus concentration on the viscous 
flow and reflow characteristics of phosphosilicate glass. 

Effect of Phosphorus on Viscous Flow and Reflow of PSG 
The effect of P concentration on the viscous flow and 

reflow of PSG has been investigated, by SEM examina- 
tion of cross sections of both monitor and patterned wa- 
fers, at representative thermal cycles. The selected moni- 
tor wafers were from runs made to generate the standards 
and consisted of PSG films with average P concentra- 
tions of 7.34, 8.93, and 10.19 w/o deposited directly onto 
p-type silicon substrates. The patterned wafers used were 
fabricated with a -6000~ TaSi2 over polysilicon step (20). 
Preceding PSG deposition, a -1000A LPCVD undoped 
oxide layer was deposited on all patterned wafers. The 
PSG deposition proceeded with the PH3 gas flow ad- 
justed from run to run to yield P concentrations over a 
range of 6.59-11.83 w/o. The P concentration of each of the 
product wafers was deduced from x-ray fluorescence 
measurements of the adjoining monitor wafer. A compari- 
son of P concentrations on several sets of monitors posi- 
tioned back to back in a given slot yielded the percentage 
of deviation (~- 2%) within the accuracy of the measure- 
ment technique. 

Following deposition, both sets of monitor and pat- 
terned wafers underwent  several high temperature pro- 
cessing steps. In the case of monitor wafers, samples with 
the three considered P concentrations were cross sec- 
tioned for SEM examination after undergoing reactive 
sputter etching (RSE) of windows, window reflow, and 

Fig. 7. Series of SEM cross sections of windows at RSE step for PSG 
films deposited on silicon monitors. Tilt angle was (A) ~60 ~ (B) 
- 9 0  ~ . 

aluminum metallization. In Fig. 7, a series of SEM micro- 
graphs, shot at angles close to 60 ~ and 90 ~ , reveal the win- 
dow profile at the RSE step, following a high tempera- 
ture flow (1000~ miniNg) and phosphorus gettering 
(950~ mirgPBr3) cycles. The sharp edges and steep 
walls, characterizing windows of all samples, reflect the 
anisotropic nature of the plasma etch and are considered, 
at that stage, unsuitable for metal coverage with present 
line-of-sight deposition techniques. It is interesting to 
note in all samples the presence of a step extending 
-1000X upward from the bottom of the window. There is 
the possibility that the rounded bottom of the RSE con- 
tour can, due to a dry. etch-rate difference at the PSG/Si 
interface, produce that step. A series of micrographs 
taken, again after window reflow (1000~ min N~), are 
shown in Fig. 8. For samples with an average P concen- 
tration of 7.34 w/o, the window edges appear adequately 
rounded and suitable for metal coverage. At 8.93 w/o P, 
there is a significant change in window geometry 
reflected here by the excessive rounding of the edges 
and sloping of the sidewalls. At 10.19 w/o P, the windows 
are shown to have severely receded, but no signs of a re- 
entrant angle are noted on any of the windows at this 
higher P concentration. With a remnant undoped layer on 
top of the PSG, the reflow is shown in Fig. 9 to be ham- 
pered, and, furthermore, due to etch-rate differences be- 
tween undoped and PSG films in HF, a ledge is formed 
on the top surface which may disrupt continuity of the 
metal coverage. SEM micrographs taken on monitor wa- 
fers at the a luminum meta]lization step are shown in Fig. 
10. The step coverage, calculated from the ratio of the alu- 
minum thickness along the window sidewalls to that 
along the PSG top surface, varies, in extreme cases, from 
-23% for samples with 7.34 w/o P to -41% for samples 
with 10.19 w/o P. Improvements in step coverage of that 
magnitude for such dramatic differences in window 
profile emphasizes the inherent limitations, in this case, 
of In Source A1 or similar line-of-sight deposition tech- 
niques, in providing the conformal coverage needed for 
further horizontal or vertical integration of devices. 
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Fig. 8. Series of SEM cross sections of windows at reflow step for 
PSG films deposited on silicon monitors. Tilt angle was (A) ~ 60 ~ (B) 
- 9 0  ~ . 

The effect of bypassing the flow and gettering steps so 
as to minimize the thermal cycle and achieve shallower 
junctions was also investigated on monitor wafers with 
average phosphorus concentrations of 7.34, 8.93, and 10.19 
w/o. The wafers were, in this case, patterned directly after 
PSG deposition and underwent  a reflow cycle of 1000~ 
for 30 min in N2. SEM cross sections revealed window 
profiles similar ~o those of wafers which received the ad- 
ditional flow and gettering step. The observations em- 
phasize the higher order dependence of viscous flow on 
phosphorus concentration and temperature over time. 

The influence of surface topography on the viscous 
flow and reflow characteristics of PSG films was deter- 
mined from examination of SEM cross sections of pat- 
terned wafers. The phosphorus concentration was varied, 
in this case, in steps of typically 0.5 w/o over a range of 
6.59-11.83 w/o. Following PSG deposition, these wafers 
underwent,  prior to aluminum deposition, several high 
temperature steps. Parts of each wafer were cross sec- 
tioned after reactive sputter etching the windows, after 
window reflow, and after a 2 rain 30:1 buffered oxide 
etch. Figure 11 shows a series of SEM micrographs of the 
combined -1000~ undoped oxide and PSG structure over 
a polycide runner  after a flow (1000~ mirgN2) and get- 
tering (950~ mirgPBr3) cycles for films with phospho- 
rus concentrations of 6.59, 7.07, 7.34, 8.14, 8.48, and 9.09 
w/o. The films are observed to exhibit  profiles over steps 
that get progressively smoother with higher phosphorus 
concentration reflecting the corresponding enhancement  
in viscous flow. Samples from the same wafers examined 
after reflow yield, as shown in Fig. 12, a further reduction 
in topography for films with low phosphorus concentra- 
tions; however, at 7.34 w/o P or above the films are nota- 
bly similar to those at the RSE step (i.e., prior to reflow). 
Consistent with previous observations on monitor wafers 
and published results (21), the window edges become, as 
seen in Fig. 13, progressively rounded with higher phos- 
phorus concentration while the window sidewalls in- 
crease correspondingly their tapering angle. Inspection of 
the same wafers after a 2 min 30:1 buffered oxide etch did 

Fig. 9. SEM micrographs revealing window profile at reflow with a 
remnant undoped oxide on top of the PSG. 

not reveal noticeable changes in the step or window pro- 
file of any of the considered phosphorus concentrations. 

It is interesting in this context to point out that SEM 
cross sections of a patterned wafer with a measured phos- 
phorus concentration of 11.83 w/o yielded a step and win- 
dow profile, shown in Fig. 14, characteristic of PSG 
films with <6 w/o P. This appears to have been common 
amongst all wafers which exhibited a preponderance of 

Fig. 10. SEM micrographs illustrating aluminum step coverage on 
PSG films with phosphorus concentrations of 7.34 and 10.19 w/o. Tilt 
angle was (A) - 6 0  ~ (B) ~ 9 0  ~ 
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Fig. 11. Series of SEM cross sections of polycide runners at RSE 
step for PSG films of various phosphorus concentration. 

Fig. 13. Series of SEM cross sections of windows at reflow step for 
PSG films of various phosphorus concentration. 

Fig. 12. Series of SEM cross sections of polycide runners at window 
reflow step for PSG films of various phosphorus concentration. 

droplets  on the  wafer  surface. A l i tmus  test  on these  war 
fers tu rned  in color,  conf i rming the  p resence  of  an acid, 
p r e s u m e d  here  to be  phosphor ic  acid. The  t endency  of  as- 
depos i ted  P S G  films with  phosphorus  concentra t ions  
h igher  than  8 w/o to be hygroscopic  has been  well  docu-  
m e n t e d  (22-28) and recognized  as the  source  of a l u m i n u m  
corrosion. However ,  the work  of  Nagos ima  et al. (22), as 
well  as that  of Lev in  (23), have  also shown that  the effect  
of  densif icat ion,  at t empera tu res  of  700~ or above,  is to 
shift  the  th resho ld  concent ra t ion  f rom - 8  w/o P to - 1 2  
w/o P. The  de lamina t ion  of  the  P S G  film s t ructure  over  
steps at the  h igher  P concent ra t ion  (11.83 w/o) is a s sumed  
to be the  resul t  of  a phase  separa t ion  of  the glass into a 
pr imary  SiO~--P~O~ (with P < 6 w/o) phase  and a hygro-  
scopic, water  soluble  P~O~ phase.  S ince  the  stress of  as- 
depos i ted  P S G  films has been  de t e rmined  to be t en s i l e  
(1, 29, 30), fur ther  increases  in the rmal  stress due  to a mis- 
ma tch  in the rmal  expans ion  coefficient  of the  PSG/SiO~ 
film and silicon substrate  (~Psc < ~si) coup led  wi th  lack of  
v iscous  flow of the  low phosphorus  p r imary  phase could  
account  for the  observed  film delaminat ion .  

Conclusion 
In this s tudy,  we have e x a m i n e d  the  use of x-ray fluor- 

escence  as an analytical  tool for de te rmin ing  phosphorus  
concent ra t ion  in phosphos i l ica te  glass. By compar i son  
with  o ther  avai lable methods ,  we have  demons t r a t ed  that  
this d i rect  m e a s u r e m e n t  t e chn ique  is accurate,  s imple,  
fast, reproducible ,  and nondes t ruc t ive .  Us ing  this  tech- 
nique,  we have  i l lustrated the  effect  of  phosphorus  con- 
centrat ion on the  v iscous  f low and ref low of P S G  at 
typical  the rmal  cycles. For  a g iven  heat - t rea tment ,  both  
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Fig. 14. SEM micrographs of step and window profile of PSG with 
11.83 w/o P. Film is presumed to have phase separated. 

flow and reflow profiles were observed to be dependent  
on changes in the phosphorus concentration of the glass. 
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APPENDIX 

Starting from a set of measurements of phosphorus 
concentration, thickness, and normalized intensity 
(P~, %, L) i = 1, 2 , . . . ,  n, the purpose, here, is to fit this 
data to an equation of the form 

AP 
I = ~ [ 1 - e  -Br] 

in a ]east squares sense to I. Thus, we want to find A and 
B which minimize 

R(A,B) ~ I ~ rAP, 1 ~ ,=1 L--B---(1 - e-BT9 -- I, j1~2 

By setting A/B =- C and the i th  component  of the vector M 
to 

Mi = Pi [i - e-BTq 

then the least squares problem reduces to finding C and 
B such that 

R(C, B) = IIM(B)C - 7]1._, 

[A-l] 
is minimized. 

In this problem, C appears linearly and B nonlinearly, 
which means that if the optimal B is known, call it B ', the 
optimal C is given as 

C = [M(B') r M(B')] -~ M(B')rI [A-2] 

It has been shown (31) that Eq. [A-2] can be substituted 
into Eq. [A-l] and that B' also minimizes the one variable 
function S(B) defined by 

S(B) =- II(M(B)(M(B) r M ( B ) )  -1 M (S 2T - -  I)III2 

where I is the identity matrix. 
A one-dimensional problem that has a unique local 

min imum in a given interval is much simpler to solve 
than a two-dimensional problem. We chose to solve Eq. 
[A-l] by applying Brent 's algorithm (32) to minimize S(B) 
and then use Eq. [A-2] to determine the optimal C. Brent's 
algorithm does not require derivatives of S(B) and uses a 
combination of golden section steps guaranteed to yield a 
terminating algorithm and parabolic interpolation steps 
to speed convergence. It is superlinearly convergent. 

REFERENCES 
1. G. L. Schnable, W. Kern, and R. B. Comizzoli, This 

Journal, 122, 1092 (1975). 
2. W. Kern, RCA Rev., 37, 78 (1976). 
3. E. S. Beskova, G. I. Zhurzvlev, and L. M. Morozova, 

Zh. Anal.  Khim., 31, 1572 (1976). 
4. K. Chow and L. G. Garrison, This Journal, 124, 1133 

(1977). 
5. A. C. Adams and S. P. Murarka, ibid., 126, 334 (1979). 
6. C. C. Chang, A. C. Adams, G. Quitana, and T.T.  

Sheng, J. Appl.  Phys., 45, 252 (1974). 
7. G. DiGiacomo, This Journal, 121 419 (1974). 
8. S. E. Omrod and B. P. Richards, Microelect., 8, 5 

(1977). 
9. G. J. Wolfe, "Proceedings of the Workshop on Micro- 

electronics Device Fabrication and Quality Control 
with the SEM," O. Johari and R. P. Becker, Editors, 
p. 587, IIT Research Institute, Toronto (1976). 

10. P. Durant, in "Chemical Vapor Deposition," J.M. 
Blocker, Jr., H. E. Hintermann, and L. H. Hall, Edi- 
tors, p. 421, The Electrochemical Society Softbound 
Proceedings Series, Princeton, NJ (1975). 

11. F. X. Pink and V. Lyn, Electrochem. Technol., 6, 258 
(1968). 

12. C. Grilletto, Solid State Technol., 20, 27 (1977). 
13. A. S. Tenney and M. Ghezzo, This Journal, 120, 1276 

(1973). 
14. W. A. Pliskin and R. P. Gnall, ibid.. 111, 872 (1964). 
15. A. S. Tenney and M. Ghezzo, ibid., 120, 1091 (1973). 
16. E. Tannenbaum, Solid-State Electron., 2, 123 (1961). 
17. R. Jenkins and J. L. DeVries, "Practical X-Ray 

Spectrometry," Phillips Technical Library, Eind- 
hoven, The Netherlands (1967). 

18. J. A. Blokhin, "Methods of X-Ray Spectroscopic Re- 
search," Pergamon Press, Ltd., Oxford, England 
(1965). 

19. L. S. Darken and R. W. Gurry, "Physical Chemistry of 
Metals," McGraw-Hill Inc., New York (1953). 

20. L. C. Parrillo, L. K. Wang, R. D. Swenumson, R.L. 
Field, R. C. Melin, and R. A. Levy, IEEE Tech. Dig., 
Int. Electron Device Meet. (1982). 

21. W. E. Armstrong and D. L. Tolliver, This Journal, 121, 
307 (1974). 

22. N. Nagasima, H. Suzuki, K. Tanaka, and S. Nishida, 
ibid., 121, 434 (1974). 

23. R. M. Levin, ibid., 129, 1765 (1982). 
24. G. L. Schnable, R. B. Comizzoli, W. Kern, and L. K. 

White, RCA Rev., 40, 416 (1979). 
25. R. C. Olberg and J. L. Bozarth, Microelectron. Reliab., 

15, 601 (1976). 
26. K. Takahashi, K. Kitajima, and S. Imaoka, Jpn. J. 

Appl.  Phys., 21, 757 (1982). 
27. A. T. English and C. M. Melliar-Smith, Ann. Rev. Ma- 

ter. Sci., 459 (1978). 



1480 J. Electrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  June 1985 

28. N. Lycondes, Solid State Technol., 21, 52 (1978). 
29. H. Sunami, Y. Itoh, and K. Sato, J. Appl. Phys., 41, 

5115 (1970). 
30. R. Lathlaen and D. A. Diehl, This Journal, 116, 620 

(1969). 

31. G. H. Golub and V. Pereyra, SIAM J. Numerical Anal- 
ysis, 10, 413 (1973). 

32. R. Brent, "Algorithms for Minimization Without De- 
rivatives," Prentice-Hall, Inc., Englewood Cliffs, NJ  
(1973). 

Si Epitaxial Growth of Extremely Uniform Layers by a Controlled 
Supplemental Gas Adding System 
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ABSTRACT 

A new approach to uniform growth, which directly modulates and controls the reactant gas concentration distribu- 
tion within a reactor, has been proposed. A rotary disk (pancake) type reactor with a controlled supplemental gas adding 
system for regions of insufficient epitaxial layer thickness was designed and fabricated after consideration of gas flow 
patterns and reaction gas concentration distribution within the reactor. Simulation and control methods were developed 
to optimize the parameters of the multiple supplemental gas nozzles so that a uniform layer thickness distribution over a 
large range of susceptor radial directions could be achieved. Experiments using three supplemental nozzles showed that 
this system and control method could achieve deviations in thickness of less than -+ 1% both within a wafer and within a 
growth lot. 

The chemical vapor deposition of epitaxial layers of sili- 
con is a widely used process in the semiconductor indus- 
try. In this process, there is a requirement  for better accu- 
racy in growth control of the layer thickness, both to 
improve device production yield and to allow use of 
larger diameter wafers. As the diameter of the silicon sub- 
strate wafers becomes larger, the size and capacity of the 
growth reactor are inevitably scaled up to maintain the 
wafer charge number  per growth lot. However, reactor 
scale-up reduces uniformity in the layer-thickness distri- 
bution, since more variation occurs in the growth rate 
along the gas stream due to depletion of the silicon source 
gas concentration. Therefore, it is important to consider 
how high uniformity can be achieved over a large growth 
area within larger reactors. 

Chemical and transport phenomena in the epitaxial re- 
actor have been studied by a number  of investigators to 
obtain the optimal reactor design and operating condi- 
tions which ensure higher uniformity. A number  of mod- 
els, describing the growth-rate distribution along the gas 
stream in horizontal reactors have been studied (1-6). 
Other groups (7-8) have reported on quantitative models 
which describe the deposition-rate distribution in vertical 
cylinder reactors. More recently, another model has been 
presented which describes growth-rate distribution along 
the reactor deposition zone (9). Although these models 
have proven to be useful in optimization of the growth 
process conditions, they do not give any clue to how to 
overcome the fundamental problem of reactant gas deple- 
tion along the gas stream at reasonable gas flow rates. 
Unless some basic change is made in the present reactor 
construction, this problem cannot be avoided and limita- 
tions will continue to be placed on realization of extreme 
uniformity. Therefore, it is necessary to develop a new ap- 
proach such as direct modulation of gas conditions within 
a reactor or to utilize a quite different reactor construc- 
tion. With respect to the latter approach, Ban (6) reported 
on a novel reactor with a significantly large wafer capac- 
ity. This reactor, however, has the disadvantage of me- 
chanical complexity and it has not achieved a thickness 
uniformity higher than that of conventional reactors. 

In this paper, first, gas flow conditions and reaction 
gas concentration distributions within a rotary disk (pan- 
cake) type reactor were observed by means of gas flow 
pattern visualization and quadrupole mass spectrometric 
monitoring in order to understand transport and chemical 
phenomena. After consideration of the observation re- 
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sults, a practical, new approach to uniform growth, which 
directly modulates and controls the reactant gas concen- 
tration distribution within a reactor, was proposed and in- 
vestigated. In this approach, supplemental  reactant gas is 
added using multiple auxiliary gas nozzles in regions of 
poor thickness distribution according to a correction fac- 
tor supplied from data for the preceding growth lot. The 
growth results for the extremely uniform layers obtained 
by using this supplemental  gas control method are also 
shown. 

Growth Reactor 
Figure 1 is a schematic drawing of the rotary disk-type 

reactor used in our experiments.  The diameter of the 
graphite susceptor was 12 in. The main gas inlet nozzle, 
positioned at the center, had an alternating vertical row 
arrangement of three and two holes for gas emission, 
spaced at an angle of 60 ~ A special feature of this reactor 
was the supplemental  gas system used in addition to the 
conventional main gas system. The former had its own 
gas control system, inlet nozzle, and position regulator. 
The reactor had an in situ reaction gas concentration 
measuring system which consisted of a quartz capillary, 
position regulator, and gas concentration monitor (quad- 
rupole-type mass spectrometer). This monitoring system 
and measurement  method were the same as used previ- 
ously (10). Deviations in the concentration measurements 
were less than -+10% within the concentration range 
studied. 

Figure 2 defines the coordinate axes x and y and angle 
0 that are used in the following description. The arrows 
depicted around the center inlet nozzle indicate the direc- 
tion of gas emission. The thick arrows show the direction 
of gas emission from the three vertically rowed holes and 
the smaller arrows show the two holes. The angle 0 is 
defined as the angle from the direction shown by a thick 
arrow. 

The epitaxial films were deposited by the hydrogen re- 
duction of tetrachlorosilane (SiCI~). Typical growth condi- 
tions were as follows: total gas flow rate (Fo) = 27 
liter/min; SIC14 concentration (C,,) = 2.1 mole percent 
(m/o); and silicon substrate temperature (T~) = 1200~ 
(corrected). The radial temperature distribution of the 
susceptor surface was almost constant within +-10~ Im- 
purity doping gas was not used. The substrates used were 
mirror-polished CZ silicon wafers 3 in. in diameter with 
(111) orientation (off angle: 3 ~ -+ 1~ The rotation rate of 
the disk pedestal was kept constant during all experi- 
ments at 20 rpm. 
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Fig. 1. Schematic representation of rotary dlsk-type reactor used in 
this study. 
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Transport  and Chemical  Phenomena in Reactor 
D e p o s i t i o n  a n d  u n i f o r m i t y  in  CVD reac to r s  are  func-  

t ions  of  c h e m i c a l  a n d  t r a n s p o r t  p h e n o m e n a .  A l t h o u g h  a 
few theo re t i ca l  s tud ie s  of t r a n s p o r t  p h e n o m e n a  in  rotat-  
ing d i sk  r eac to r s  h a v e  a p p e a r e d  p r e v i o u s l y  (11-13), l i t t le  
e x p e r i m e n t a l  w o r k  u s i n g  a ro ta ry  d isk- type ,  m u l t i w a f e r  
r eac to r  ha s  b e e n  repor ted .  Only  D u c h e m i n  (14) has  pre-  
s e n t e d  re su l t s  dea l ing  w i t h  t he  m e c h a n i s m  of  s i l icon dep-  
os i t ion  b a s e d  on  ana lys i s  of  gas c o n c e n t r a t i o n  profiles.  

In  our  s tudy ,  first, gas f low p a t t e r n s  in  t he  r eac to r  
were  obse rved .  In  o rde r  to  v i sua l ize  t h e  gas  flow, mono-  
s i lane  (Sill4) gas  m i x e d  w i t h  h e l i u m  gas  was  i n t r o d u c e d  
t h r o u g h  t he  m a i n  in le t  nozzle  to p r o d u c e  a s m o k e  s t ream- 
l ine.  F low  p a t t e r n s  on  a se lec ted  r eac to r  cross  sec t ion  
were  o b s e r v e d  b y  p r o j e c t i n g  co l l ima ted  para l le l  l i gh t  
t h r o u g h  a sli t  on to  t he  t r a n s p a r e n t  qua r t z  reac tor .  T h e  
d i sk  t e m p e r a t u r e  a n d  to ta l  gas  f low ra te  in  t he  fo l lowing  
two e x p e r i m e n t s  we re  800~ a n d  27 l i ter /rain,  respec-  
t ively.  P h o t o g r a p h s  of  t he  gas  f low p a t t e r n  were  t a k e n  

~ INLET 
_ NOZZLE 

SUSCEPTOR 

Y 

-.es--- 

~ f ~ A  ( /  / / / j / j j ~  X 

Fig. 2. Definition of coordinate axes x and y and angle 

1-5s af te r  o p e n i n g  t h e  va lve  for  i n t r o d u c t i o n  of t r ace r  gas 
(Sill4 + He) s ince  t h e  p a t t e r n  b e c a m e  u n c l e a r  af ter  that .  

F igu re  3 s h o w s  typ ica l  s t r e a m l i n e  r e su l t s  obse rved  o n  
two d i f fe ren t  ve r t i ca l  c ross  sec t ions  w h e r e  0 equa l s  (a) 0 ~ 
a n d  (b) 30 ~ S t r e a m l i n e s  of t h e  e m i s s i o n  flow t o w a r d  t h e  
ou te r  c i r c u m f e r e n c e  of  t h e  suscep to r ,  as wel l  as t he  as- 
c e n d i n g  f low c a u s e d  b y  t h e r m a l  convec t ion ,  cou ld  be  
seen  on  the  ver t i ca l  cross  sec t ion  w h e r e  0 = 0 ~ In te res t -  
ingly,  s t r e a m l i n e s  f lowing b a c k w a r d s ,  t o w a r d  the  cen te r  
nozzle,  cou ld  also be  s een  on  t h e  ver t ica l  cross  sec t ion  
w h e r e  6 = 30 ~ 

Fig. 3. Typical gas streamlines observed on two different vertical cross sections where (a) 0 = 0 ~ and (b) 0 = 30 ~ T~ = 800~ and F = 27 
liter/min. 
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Fig. 4. Typical observed gas flow pattern on a horizontal cross section, h = 65 mm; T~ = 800~ and F = 27 liter/min 

Figure 4 shows typical streamline results observed on 
the horizontal cross section at a height 65 mm above the 
susceptor. Some gas streams, emitted from the center 
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Fig. 7. SiCI4 concentration profiles measured along the radius of the susceptor at various heights y above the susceptor on two different cross 
sections where (a) 0 = 0 ~ and (b) 0 = 30 ~ 

nozzle  w h i c h  s t r u c k  t h e  bel l  j a r  wal l  we re  t h e n  t u r n e d  
b a c k  in  t he  o p p o s i t e  d i r ec t i on  (a long t h e  l ine  of  t h e  a n g l e  
0 = 30 ~ to  m a k e  a n  e d d y  s t r e a m l i n e  (Fig. 4b). A t  t h e  s a m e  
t ime,  t he  a s c e n d i n g  c o n v e c t i o n  f lows f r o m  t he  su scep to r  
c a u s e d  by  h e a t i n g  we re  a d d e d  to t h e s e  la tera l  flows to 
give a ve ry  c o m p l i c a t e d  gas  f low pa t t e rn .  

Next ,  t h e  gas  c o n c e n t r a t i o n  d i s t r i b u t i o n  in  t he  reac t ion  
c h a m b e r  was  m e a s u r e d  b y  m e a n s  of  in situ mass  spec- 
t r o m e t r y  m e a s u r e m e n t s .  F igu re  5 s h o w s  a n  e x a m p l e  of  
c o n c e n t r a t i o n  prof i les  for  t he  r e a c t a n t s  m e a s u r e d  a long  a 
d i s t ance  a b o v e  t he  s u s c e p t o r  at  a pos i t i on  def ined  b y  x = 
103 m m  a n d  0 = - 3 0  ~ . T r i ch lo ros i l ane  (SiHCI:~), 
d i ch lo ros i l ane  (SiH~C12), a n d  h y d r o g e n  ch lo r ide  (HC1) 
we re  p re sen t ,  i n  a d d i t i o n  to s i l icon t e t r a c h l o r i d e  (SIC14) as 
r e a c t a n t  species .  S i l icon  d i ch lo r ide  (SIC12) was  no t  ob- 
served.  Prof i les  of  SIC14 a n d  SiHCI:~ h a d  a c o n c e n t r a t i o n  
g r a d i e n t  in  t h e  a rea  b e t w e e n  t he  s u s c e p t o r  sur face  a n d  a 
h e i g h t  of a b o u t  15 m m ,  i n d i c a t i n g  t h a t  t h e s e  spec ies  dif- 
f u sed  t o w a r d  t he  s i l icon s u b s t r a t e  sur face  a n d  cont r ib -  
u t e d  to h e t e r o g e n e o u s  s i l icon g r o w t h  reac t ion .  HC1 dif- 
f u sed  u p w a r d s .  

In  t h e  u p p e r  r e g i o n  of  t he  reac tor ,  t he  c o n c e n t r a t i o n  
profi les  of  t he  r e a c t a n t  gases  were  fair ly cons tan t .  The  
c o n c e n t r a t i o n  of  SiCI~ at  t he  u p p e r  p a r t  was  a b o u t  1.1 
m/o, a n d  th i s  v a l u e  was  smal l e r  t h a n  t he  c o n c e n t r a t i o n  
va lue  of 2.1 m/o in i t ia l ly  i n t r o d u c e d  in to  t he  r eac to r  as t he  
source  gas. Th i s  i n d i c a t e d  t h a t  t he  SIC14 fed in to  t he  reac- 
to r  was  e x t e n s i v e l y  d e c o m p o s e d  to o the r  ch lo ros i l anes  
s u c h  as SiHCI~ a n d  SiH.,C12. F r o m  t h e s e  resul ts ,  i t  s e e m e d  
t h a t  t he  h e t e r o g e n e o u s  r eac t ion  d i rec t ly  r e l a t ed  to t h e  
depos i t i on  of  s i l icon was  n o t  on ly  t h e  r e d u c t i o n  of  SIC14, 
b u t  also t he  r e d u c t i o n  of  o the r  r e l a t ed  c o m p o u n d s  s u c h  
as SiHC13. Th i s  k i n d  of  c o m p l i c a t e d  h e t e r o g e n e o u s  reac- 
t i on  h a s  also b e e n  d e s c r i b e d  for  a h o r i z o n t a l  r eac to r  b y  
Ni sh izawa  a n d  Sa i to  (1) a n d  t he  au tho r s ,  (10). 

F i g u r e  6 s h o w s  a typ ica l  e x a m p l e  of  SIC14 c o n c e n t r a t i o n  
prof i les  m e a s u r e d  o n  a c u r v e d  p l a n e  at  va r ious  he igh ts ,  
y, a b o v e  t he  suscep to r .  T he  rad ia l  d i s t ance  x f rom the  
c e n t e r  nozzle  to t he  p l a n e  was  103 ram.  A l t h o u g h  t h e r e  

was  no t  s u c h  a s ign i f ican t  va r i a t ion  in SIC14 c o n c e n t r a -  
t i on  in  t he  u p p e r  r eg ion  of t he  r eac to r  (y = 45 ram),  t h e r e  
was  a n o t i c e a b l e  v a r i a t i o n  in  t he  l o w e r  r eg ion  nea r  t h e  
s u s c e p t o r  su r face  (y = 5, 10 ram). The  c o n c e n t r a t i o n  p e a k  
at  0 = 0 ~ c o r r e s p o n d e d  to t he  gas f low e m i t t e d  f rom the  
cen te r  nozzle,  a n d  t he  peaks  at  0 = -+30 ~ c o r r e s p o n d e d  to 
t h e  gas f low b e i n g  t u r n e d  b a c k  t o w a r d s  the  c e n t e r  f rom 
the  bel l  j a r  wall. 

F igu re  7 s h o w s  SIC14 c o n c e n t r a t i o n  prof i les  m e a s u r e d  
a long  t he  r ad ius  of  t he  s u s c e p t o r  at  va r ious  he igh t s  y 
f rom the  s u s c e p t o r  surface.  F igu re  7a ind ica t e s  the  pro-  
files m e a s u r e d  on  a sec t ion  w h e r e  0 = 0 ~ a n d  Fig. 7b 
w h e r e  0 = 30 ~ Qui te  c o m p l i c a t e d  prof i les  were  seen  in  
b o t h  cases.  The  d i s t u r b e d  profi les  in  t he  n e i g h b o r h o o d  
of  t he  s u s c e p t o r  c i r c u m f e r e n c e  cou ld  p r o b a b l y  b e  a t t r ib-  
u t e d  to t he  gas  flow s t r i k ing  t he  bel l  j a r  wall. 

As m e n t i o n e d  above ,  i t  was  s een  t h a t  t he  gas  cond i t i ons  
in  t he  ac tua l  g r o w t h  reac to r  were  ve ry  compl i ca t ed .  The  
t h i c k n e s s  d i s t r i b u t i o n s  r e su l t ed  f rom t h e  i n t e r ac t i ons  of  
the  va r ious  gas  r eac t ions  a n d  gas c o n d i t i o n s  s u c h  as t he  
flow p a t t e r n  a n d  c o n c e n t r a t i o n  a n d  t e m p e r a t u r e  d i s t r ibu-  
t ions.  Accord ing ly ,  i t  was  t h o u g h t  tha t ,  a t  p resen t ,  t he  in 
situ (real t ime)  con t ro l  of t h i c k n e s s  u n i f o r m i t y  w i t h  s u c h  
accu racy  as -+ 1% cou ld  no t  be  d o n e  b y  a m e t h o d  b a s e d  on  
m o n i t o r i n g  ce r t a i n  gas  p a r a m e t e r s  w i t h i n  the  reactor ,  es- 
pecia l ly  in  a la rge-sca le  p r o d u c t i o n  facili ty.  Therefore ,  we 
took  a n o t h e r  a p p r o a c h  in  our  inves t iga t ion .  

Supplemental Gas Control Method 
I t  was  f o u n d  in t h e  p r e l i m i n a r y  e x p e r i m e n t s  t h a t  

g r o w t h  ra te  cou ld  be  i n c r e a s e d  local ly  b y  a d d i n g  supple-  
m e n t a l  r e a c t a n t  gas  in to  t he  m i d s t  of  t he  m a i n  gas  flow. 
Us ing  th i s  effect,  a n e w  a p p r o a c h  for rea l iz ing  e x t r e m e l y  
u n i f o r m  d i s t r i b u t i o n  w h i c h  d i rec t ly  m o d u l a t e d  a n d  con-  
t ro l led  t he  r e a c t a n t  gas  d i s t r i b u t i o n  w i t h i n  a reac tor  was  
inves t iga ted .  

In  th i s  a p p r o a c h  (Fig. 8), add i t i ona l  r e a c t a n t  gas  is in t ro-  
d u c e d  t h r o u g h  t he  s u p p l e m e n t a l  gas  nozz le  to reg ions  of  
insuf f i c ien t  t h i c k n e s s  d i s t r i b u t i o n  as d e t e r m i n e d  by  a 
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correction factor supplied from data for the preceding 
growth lot. That is, preliminary growth is needed first, 
and then the difference between the uniform and nonuni- 
form distribution is detected. The supplemental gas con- 
ditions required to form a uniform distribution are deter- 
mined. Then, epitaxial layers are grown by applying these 
conditions to achieve a uniform thickness distribution. If 
necessary, this revision process can be repeated. 

In order to control the uniformity with this method, cal- 
culations must be made which simulate the effects of gas 
supplements on the growth-rate distribution. Therefore, 
these effects were investigated in detail. 

Figure 9 shows the configuration of the supplemental 
gas nozzles used in the experiments and defines the pa- 
rameters related to the nozzles (ci is the SIC14 concentra- 
tion, xNi the distance from the susceptor center, and h m 
the nozzle height, where i indicates the nozzle number). 
These supplemental  gas nozzles are used to widen the 
area affected by the supplements. These nozzles are 
arranged between the emitted streamlines, where the gas 
velocity is relatively slow, as observed before. 

First, the effects of gas supplements using a single noz- 
zle were examined. The nozzle was positioned at x = 100 
mm. Figure 10a shows the effects of supplemental gas 
concentration c on the growth-rate distribution along the 
susceptor radius. As the concentration was increased, the 
peak height of the growth rate curve increased, although 
the position and general shape of the peaks were almost 
unchanged. Figure 10b shows the effect of changes in 

nozzle height hN. As the nozzle height was increased, the 
peak height of the growth rate curve decreased, while the 
width of the distribution increased. At the same time, the 
peak position shifted toward the center of the susceptor. 
This may be due to the gas flow being turned back to- 
wards the susceptor center from the bell jar wall. 

As could be seen from these figures, the increase in the 
growth-rate curve, using a gas supplement,  has the same 
appearance as that of a typical normal distribution func- 
tion. Therefore, we approximated the increase in growth 
rate AG(x) as follows 

AG(x)= A e x p {  (x-xP)}2~ ~ [1] 

where A is the peak height, cr is the standard deviation 
corresponding to the width of the peak, and x,  is the dis- 
tance of the peak from the susceptor center. Using this 
expression, the effects of supplemental  gas parameters, c, 
hN, and xN on the shape and position of the distribution of 
the increase in growth rate curve, A, (r, and x,  were exam- 
ined further and summarized in Fig. 11. These plots 
showed that the distribution shape could be controlled by 
using the three nozzle parameters. The shape of the distri- 
bution of the increase in growth rate was also influenced 
by the flow rate f of the supplemental  gas. Our experi- 
ments showed that, as the flow rate f was decreased, the 
peak height A decreased, and, at the same time, the peak 
distance from the susceptor center Xp became less, be- 
cause the supplemental  gas flow was carried away by the 
main gas stream flowing toward the susceptor center. 
This fourth nozzle parameter f, however, was kept at a 
constant value of 1.5 liter/rain in the following experi- 
ments in order to simplify the supplemental  gas control. 

Next, we considered a method for calculating the nor- 
mal distribution functions of the individual supplemental 
gas nozzles. This was necessary to achieve a uniform dis- 
tribution from a given nonuniform distribution when 
multiple supplemental  gas nozzles were used. It was as- 
sumed that the resultant increase in growth rate using 
multiple supplemental  gas nozzles could be expressed by 
the simple superposition of the increase in growth-rate 
curves for individual gas nozzles. Then the normal distri- 
bution functions of each supplemental  gas nozzle neces- 
sary to achieve a uniform distribution from a given non- 
uniform distribution were obtained as the solution of Aj, 
~j, and xpj in the following equation 

V Aj exp { (x - xPJ)2} 
7 2---2 = T - Go(x) [2] 

, N O Z Z L E  3 

] M A I N  S U P P L .  G A S  N O Z Z L E S  
' G A S  NOZZLE 2 3 / "\ / \ 

- 

- 

S U S C E P T O R  M A I N  G A S  N O Z Z L E  

Fig. 9. Configuration of three supplemental gas nozzles and definitions of their parameters 
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hN 

where j is the number  of supplemental  gas nozzles, T is 
the uniform growth rate distribution (constant), and G,(x) 
is a given nonuniform distribution of the growth rate. Al- 
though an analytical solution of Eq. [2] could not be ob- 

tained, an approximate solution was possible using the 
Newton method in which reasonable values of A~, ~rj and 
xpj were given as initial values. Figure 12 shows an exam- 
ple of calculated distribution functions of the growth rate 
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Fig. 1 I. Relation between supplemental gas conditions and parameters of normal distribution function (increase in growth rate) 
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Fig. 12. An example calculation of the distribution functions of the 
growth rate supplement which ore required to make the nonnuniform 
distribution Go(x) uniform, assuming the use of three nozzles. 

supplement which are required to make the nonuniform 
distribution Go(x) uniform, assuming the use of three 
nozzles. 

Since the growth-rate distribution functions of each 
supplemental nozzle could be calculated by solving Eq. 
[2], it was now possible to control the thickness uniform- 
ity by applying the supplemental gas control method 
shown in Fig. 13. This figure shows a flow diagram for 
thickness uniformity control by the supplemental gas 
method. First, preliminary growth was needed to detect 
the difference between uniform and nonuniform thick- 
ness distribution. Then the distribution functions of the 
growth-rate supplement of each nozzle required to realize 
a uniform distribution were calculated. After this, the 
supplemental gas conditions of each nozzle cj, hNj, xNj 
could be calculated approximately by using calibration 
data between the distribution functions of the growth- 
rate supplement  and the supplemental  gas conditions. 
Applying these conditions, epitaxial layers were then 
grown, and the resulting thickness distributions were 
measured. However, growth rate (or thickness) distribu- 
tion as uniform as initially planned (for example, -+1%) 
could not always be achieved at once due to errors in the 
calibration curves and approximations made in the calcu- 
lations. If the obtained uniformity was insufficient, then 
the supplemental  gas conditions were corrected by 
comparing the actual distribution functions of each sup- 
plemental gas nozzle with the initial ones. The actual sup- 
plemented distribution functions after epitaxial growth 
could be calculated by applying the method which was 
used for obtaining the distribution of the growth rate sup- 
plement required to achieve a uniform distribution. By 
repeating such growth and correction procedures as 
needed, the desired uniformity in thickness distribution 
was achieved. 

Results and Discussion 
Figure 14 shows an example of the transition to uni- 

form thickness distribution along the susceptor radius on 
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Fig. ]3. Flow diagram of thickness uniformity control by supplemen- 
tal gas method. 
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Fig. 14. Example of the transition to uniform thickness (growth 

rate) distribution along susceptor radius by the application of the sup- 
plemental gas control method. Three supplemental gas nozzles were 
used. 

application of the developed supplemental  gas control 
method. Three supplemental gas nozzles were used in 
this case. The variation in thickness (or growth rate) dis- 
tribution before the gas supplement was -+6.9%. By re- 
peating the correction, the uniformity was enhanced until  
a deviation of only -+0.7% was achieved, on the third 
growth, within a 3 in. wafer. 

Figure 15 shows an example of the transitions of uni- 
formity within a growth lot when a similar repetition of 
growth was performed. In this case, six 3 in. wafers were 
charged per lot. The thickness deviations of less than 
-+1% were obtained and maintained from the third 
growth. 

Thus, it was demonstrated that a thickness uniformity 
deviation of less than -+ 1% both within a wafer and within 
a growth lot could be obtained by applying the supple- 
mental gas control method. Application of the same con- 
trol method, it is believed, should make possible the same 
extremely uniform growth by widening the effect of the 
gas supplement for each nozzle or by increasing the num- 
ber of supplemental gas nozzles. Furthermore, automated 
computer control of the process is possible, since the con- 
ditions for the gas supplement can be calculated. 

Summary and Conclusions 
Gas flow conditions and reaction gas concentration 

distributions were observed by means of gas-flow-pat- 
tern visualization and quadrupole mass spectrometric 
monitoring in order to understand transport and chemical 
phenomena of silicon epitaxial growth within a rotary 
disk-type reactor. After consideration of these observa- 

z 

0 
0 1 2 3 4 5 6 7 

NUMBER OF G R O W T H  LOTS 
Fig. 15. Example of the transitions of uniformity within a growth lot 

with the application of the supplemental gas control method. Six 3 in. 
wafers were charged per lot. 
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tions, a practical, new approach to uniform growth, which 
directly modulated and controlled the reactant gas con- 
centration distribution within a reactor, was proposed 
and investigated. 

A rotary disk-type reactor with a controlled supplement 
gas system for adding reaction gas to regions of insuf- 
ficient layer thickness distribution was designed and fab- 
ricated. Simulation and control methods were developed 
to optimize the parameters of the multiple supplemental 
gas nozzles so that a uniform thickness distribution over a 
large area of the susceptor radial direction could be 
achieved. In this method, the resultant increase in 
growth-rate distribution by multiple supplements was 
simulated by superposition of the individual increase in 
growth-rate curves, with each single gas supplement be- 
ing approximated by the normal distribution function. 
The supplemental  gas conditions of each nozzle were de- 
termined using calibration data and corrected by compar- 
ing resultant distribution functions after growth with the 
initial ones. Experiments  using three supplemental noz- 
zles showed that this system and control method could 
yield a thickness uniformity deviation of less than -+1%, 
both within a 3 in. wafer and within a growth lot. 

It is believed that the same extremely uniform growth 
can be achieved in a scaled-up reactor and that auto- 
mated, computer  control of the process is possible. 
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Physical Properties of Sputter-Deposited Titanium Silicide as a 
Function of Substrate Temperature 

M. Tanielian and S. Blackstone 

Gould Research Center, Rolling Meadows, Illinois 60008 

ABSTRACT 

The resistivity, composition, and microstructure of sputtered titanium silicide films from a composite TiSi2., target 
were investigated as a function of substrate temperature T~ in the range of T~ --- 25~176 We find that there are essen- 
tiaUy three distinct regimes of properties, for T~ ~ 25~176 Ts ~ 200~176 and Ts ~ 450~176 The oxygen incorpora- 
tion, oxidation sensitivity, and resistivity of the films decrease as the substrate temperature increases. The most notable 
observation was that the physical properties of the films in the temperature range of 450~176 are similar to fully re- 
acted t i tanium disilicide films formed in a furnace anneal at 900~ and, in addition, they are oxygen free. In order to ex- 
plain this result, we had to assume that the surface substrate temperature was several hundred degrees higher during 
sputtering than what the macroscopic measurements of the bulk substrate temperatures would indicate. 

The preparation and processing of the refractory metal 
silicide films such as TiSi~, TaSi~, MoSi~, and WSi~ have 
been the topic of many investigations (1). Their impor- 
tance arises from their usefulness as low resistivity inter- 
connection materials in VLSI circuits. Films of these re- 
fractory metal silicides have been deposited using all 
types of conventional thin film deposition techniques, 
such as sputtering from a single composite target, co- 
sputtering, coevaporation, and CVD. Each method pro- 
vides different advantages in terms of purity, step cover- 
age, and stress. However, one aspect all these methods 
share in common is that the formation of the fully re- 
acted, low resistivity disilicide phase can only be 
achieved after a high temperature sinter, typically in the 
range of 850~176 subsequent to the thin film deposi- 
tion. One exception to this process is in the case of 
plasma-enhanced chemical vapor deposited titanium sili- 
cide films where it appears that only a 650~ anneal is 
necessary to get fully reacted films. 

Of all the refractory metal silicides, TiSi.~ has the lowest 
resistivity, which makes it an attractive candidate as a 
VLSI interconnection material. However, it also presents 

some special problems, since the unreacted (room tem- 
perature as-deposited film) has a high affinity for oxy- 
gen. For instance, during deposition, some oxygen may 
be incorporated into the film; also, during sintering, a 
thick oxide may grow on the film, unless the sintering is 
done in vacuum or in an inert ambient. 

Here, we report that the sintering step is not necessary 
when the ti tanium silicide films are sputtered at elevated 
substrate temperatures, because the high substrate tem- 
perature films appear t o b e  fully reacted. In the case of ti- 
tanium silicide sputtered from a cold-pressed composite 
target, this range of substrate temperatures (2, 3) is 
450~176 In fact, there appear to be three distinct re- 
gimes in the properties of sputtered titanium silicide 
films as they relate to the substrate temperature. 

Experimental 
The films were sputtered in a small glass bell jar cham- 

ber which was fitted with two 2 in. dc magnetron sputter 
guns. The target was a cold-pressed target from Varian 
with a nominal composition of TiSi.,.,. The system was 
pumped down to 3 • 10 -7 torr before each deposition and 
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then backfilled with ultrahigh purity argon to a pressure 
of about 3 mtorr. Before the deposition of the film, the 
target was presputtered for approximately lh with the 
shutter closed, in order to clean the target and getter any 
background oxygen in the system. The substrates were 
(111), 10 ~-cm, bare silicon wafers. The heating of the wa- 
fers was done using a Mo resistor fabricated on the oxi- 
dized back of the wafers. This heating technique was cho- 
sen because it minimized the heating of other parts and 
fixtures in the sputtering chamber, which could degas 
and produce unwanted background gases. Using this 
technique, we could reprodueibly heat the wafer between 
ambient and 650~ The substrate temperature was mea- 
sured on the front side of the wafer using a thin wire ther- 
mocouple via a spring contact. The sheet resistance of the 
films was measured using a four-point probe and the 
thickness was obtained from a Dektak II stylus probe. 
The Auger signals were calibrated using TiSi~ powder 
samples. The sintering step was carried out in a furnace 
tube in argon at 900~ for 30 min. 

Results  

The room temperature resistivity of the films both be- 
fore and after a 900~ 30 min Ar anneal was measured as 
a function of substrate temperature over the range of 
25~176 The results, shown in Fig. 1, indicate that there 
are three distinct regions. Presumably, these correspond 
to three distinct phases of t i tanium silicide, 

Phase I: T~ ~ 25~176 is the range of substrate 
temperatures conventionally used for sputtering. The Au- 
ger analysis of a film deposited at 25~ which is typical of 
this range (3) is given in Fig. 2. The as-deposited film 
contains 5-7 atom percent (a/o) oxygen throughout its 
thickness. No carbon or Ar signals were detected (3). 

When annealed, the top third of the film was converted 
to a mixture of Si, Ti, and their respective oxides. It is 
worthwhile to observe that the amount  of oxygen incor- 
porated in the annealed film decreases to some extent 
after the high temperature anneal. This effect has been 
seen before (4) and has to do with the thermodynamic 
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Fig. 1. The resistivity as o function of substrate temperature of tita- 
nium silicide films both before and after anneal. As one can see, the re- 
sistivity of the films deposited at T,~ > 450~ is unchanged after a 900~ 
30 min argon anneal. 
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Fig. 2. Auger depth profile of o film deposited at T~ = 25~ o: As 
deposited, b: After o 900~ 30 rain argon anneal. 

equilibrium of this ternary system (5, 6). The x-ray diffrac- 
tion trace from this film shows that the as-deposited film 
is amorphous, and it crystallizes after the high tempera- 
ture anneal, as shown in Fig. 3. SEM pictures of the sur- 
face of the film are shown in Fig. 4. They reveal a grainy 
structure with a typical grain size of about 1000A both be- 
fore and after anneal. These grains cannot be related to 
the crystallite size in these films, since the x-ray data 
show that the as-deposited film is amorphous while the 
annealed film is polycrystalline. 
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Fig. 3. X-ray diffraction data of a film deposited at T~ = 25~ a: As 
deposited, b: After a 900~ 30 min argon anneal. The peak corresponds 
to the (004) peak of TiSi~. 
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Fig. 4. SEM micrographs of the surface texture of a film deposited at Ts 
= 25~ a: As deposited, b: After a 900~ 30 min argon anneal. The 
surface morphology remains unchanged although the film crystallized. 

Phase II: T~ ~ 200~176 this range of substrate 
temperatures, we find that the t i tanium silicide films are 
partially reacted. A fully reacted film in this case is 
defined as a film that has properties similar to a film 
which has undergone a 900~ 30 min, argon anneal. This 
characterization is based on the fact that these films 
share some features of a fully reacted film. For instance, 
the surface layer oxide is made of SiO~ with no Ti or TiOx 
species mixed in, which is typical of a fully reacted film. 
This layer remains unchanged after annealing. The Auger 
analysis of a film deposited at T~ ~ 300~ which is typical 
of this range is shown in Fig. 5. The reason these films 
are referred to as partially reacted relates to the resistivity 
of  the films in this range which, although lower than the 
resistivity of the fihns in Phase I, is still higher than the 
value of the fully reacted film. Further justification for 
the term "partially reacted" is based on TEM studies (10) 
where it was found that the T~ ~ 300~ film was com- 
prised of two silicide phases, the equilibrium titanium sil- 
icide phase (C54 structure), and a metastable TiSi2 phase 
(C49, ZrSi2 structure) which is a precursor to the equilib- 
rium phase. It is interesting to note that the amount of ox- 
ygen incorporated into the film in this phase is about 2-4 
a/o. This is lower than the amount  present in the films 
deposited in Phase I, and, again, it decreases somewhat 
after annealing. These films are also less oxidation sensi- 
tive than those in Phase I, as seen by a comparison of the 
Auger depth profile of the as-deposited and annealed 
films. SEM examination of the surface of these films in 
Fig. 6 reveals that the grain size is very smal l  The films 
appear quite smooth before and after anneal. This is 
somewhat surprising, since at higher T~ one expects a 
higher surface mobility and, therefore, larger grains. 

Phase III: 450~176 range of substrate tempera- 
tures is normally unavailable in commercial  sputtering 
systems. Our special heater design allowed us to heat the 
wafer without heating any other fixtures in the sput- 
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Fig. 5. Auger depth profile of a film deposited at T~ = 300~ a: As 
deposited, b: After a 900~ 30 min argon anneal. 

Fig. 6. SEM micrographs of the surface morphology of a Ts = 300~ 
film. a: As deposited, b: After a 900~ 30 min argon anneal. 
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Fig. 7. X-ray diffraction of a film deposited at T~ = 500~ a: As de- 

posited, b: After a 900~ 30 rain argon anneal. The x-ray diffraction 
trace remains unchanged. It is interesting to note that the (004) peak 
present is the same feature present at the Ts = 25~ film which was an- 
nealed (Fig. 3). 

tering system and thus reduced the amount of degassing 
taking place. The resistivity of the as-deposited films in 
this temperature range is the same as for the fully reacted 
films as seen in Fig. 1. X-ray diffraction of a film 

deposited at T~ = 600~ in Fig. 7 shows a single peak (004) 
of the equilibrium type of TiSi2 (orthorhombic, C54 struc- 
ture) indicating that the film is crystalline. The absence 
of other strong peaks suggests that there is a preferred 
orientation in these films. This feature is unchanged after 
a 900~ 30 rain argon anneal. TEM studies showed this 
film to be exclusively of the C54 structure in agreement 
with the x-ray data. The surface grain size of the films is 
large, typically 0.6-0.8 ~m and is a strong function of tem- 
perature. The higher the temperature, the larger the fea- 
ture size, as seen in Fig. 8 for Ts = 450 ~ 500 ~ and 600~ 
films. An Auger depth profile of a film deposited at T~ = 
500~ and representative of f i lms in this regime is de- 
picted in Fig. 9. The oxygen incorporation in the as- 
deposited film is very low and is unchanged after a 
900~ 30 min anneal in argon. The only oxygen present is 
in the form of SiO~ on the surface. These films, then, 
have all the desirable characteristics of a fully reacted 
film and, in addition, are oxygen free. 

Discussion 
From the results we have described in the previous sec- 

tion, it is apparent that when we refer to substrate tem- 
peratures we are referring to a macroscopic measurement 
which does not take into account the actual kinetics pres- 
ent on the substrate surface during the sputtering pro- 
cess. The reason is that the formation of fully reacted tita- 
nium disilicide films at 500~ is several hundred degrees 
below typical furnace-reacted, sputter-deposited films. It 
has been suggested (7) that the high temperature furnace 
anneals are necessary because of the incorporation of ox- 
ygen in the film, which slows down the formation reac- 
tion. However, since the system in which these deposi- 
tions were done had a fairly high oxygen background, as 
evidenced by the Auger analysis of the low substrate tem- 
perature films, the only explanation that could account 
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for the observed results is that the surface temperature of 
the wafer was actually much higher, perhaps several hun- 
dred degrees higher, than the macroscopically measured 
bulk temperature of the wafer. This hypothesis is sup- 
ported by experiments done on the direct reaction kinet- 
ics of a Ti film on Si. It was found that for partially re- 
acted t i tanium silicide phases there may be a significant 
amount of oxygen present in the silicide film. As the 
film is annealed at about 900~ or above, the oxygen is 
segregated (6) and pushed to the surface (4), where some 
of it is lost in the form of SiO. The remaining oxygen 
forms an SiO2 layer on the surface of the TiSi2 film. As 
one can see in a comparison of Fig. 2, 5, and 9, the amount  
of oxygen incorporated in the as-deposited film de- 
creases with increasing substrate temperature. Assuming 
that the background amount  of oxygen stayed constant, 
the results can be explained on the basis that in situ for- 
mation of the TiSi~ excludes the oxygen from the growing 
film. This is in accordance with results found by other 
workers (4-6). 

It is well known (8) that the species deposited during 
sputtering have, on the average, higher kinetic energies 
than in other vacuum deposition techniques such as 
evaporation or chemical vapor deposition. Furthermore, 
this kinetic energy is a function of the forward power ap- 
plied during sputtering. When the sputtered species 
arrive at the substrate surface, they will transfer part of 
that kinetic energy to the substrate surface and the chem- 
ical species present there. Increased substrate tempera- 
ture acts in a similar way by increasing the mobility and 
diffusivity of the substrate surface species. The combina- 
tion of the two parameters gives rise to an enhanced sur- 
face temperature process which we call TEPSI (thermally 
enhanced plasma surface interaction), which may have 
consequences for a number  of material systems where 
high bulk substrate temperatures are not desirable. 

Further evidence to support the TEPSI hypothesis 
comes from a different set of experiments. When a tita- 
n ium film was deposited onto a Si wafer at a substrate 
temperature of 515~ in the same system, the results was 
not a Ti film on Si, but  a fully reacted t i tanium silicide 
film (9), free of oxygen, with a resistivity of about 15 
~ - c m .  This could only be explained using the above 
TEPSI model. Similar results were seen for Ta and Mo 
films deposited at T~ = 600~ We believe that this tech- 
nique of sputtering films at high substrate temperatures 
could be used in a variety of other thin film systems. 

Summary and Conclusions 
We have studied the substrate temperature dependence 

of t i tanium silicide films, sputtered from a composite tar- 
get in the range of Ts = 25~176 We found that at high 
substrate temperatures, T~ /> 450~ there is enough en- 
ergy available to the species on the substrate surface to 
promote the formation of fully reacted t i tanium silicide 
films. To explain these results, we hypothesize that the 
surface temperature of the wafer, during sputtering, is 
much higher than what the bulk substrate temperature 
would indicate, and this effect can be used in other mate- 
rial systems where high bulk temperatures are not desira- 
ble. 
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ABSTRACT 

Single crystals of BaFX:Eu '-" phosphors have been prepared. Optical absorption spectra and stimulation spectra 
measured with polarized light are in good agreement with each other. The experimental ESR spectra of the F--r ich and 
X--r ich undoped BaFX powder phosphors which have been x-rayed coincide with the calculated spectra of F(X-) and 
F(F-) centers, respectively. In addition, the decrease of the ESR signal intensity with light exposure is substantially in 
agreement with the stimulation spectra for each case. It is concluded that the PSL of BaFX:Eu ~ phosphors is caused by 
the liberation of electrons trapped at F centers created by the x-ray exposure. 

A new system of computed radiography, Fuji computed 
radiography (FCR), has been developed. It is based on 
new concepts and the latest computer  technology. This 
system can eliminate the drawbacks of the conventional 
film-screen radiography. The basic principle of the sys- 
tem is the conversion of x-ray energy patterns into digital 
signals utilizing a He-Ne laser scanning of the imaging 
plate, which consists of photostimulable phosphors (1). 

The photostimulated luminescence (PSL) phenomenon 
was discovered in the middle of the nineteenth century, 
but it has been almost ignored because of a lack of indus- 
trial applications. We have found some materials which 
exhibit  strong PSL (2), of which the europium-activated 
barium fluorohalide materials, BaFX:Eu 2~ (X = C1, Br, I), 
have the most favorable characteristics for the FCR sys- 
tem. Some characteristics of these are as follows (1). 

The PSL emission peaks are located between 385 and 
405 nm, while the main peaks of the stimulation spectra 
are found between 430 and 630 nm. These peaks shift to 
longer wavelengths as the halogen ion is changed from C1 
to I. The response of the PSL intensity to the exposed 
x-ray energy shows good linearity in the more than 105 
range of x-ray dosage. 

The lifetimes of these phosphors are listed in Table I. 
Because of their fast response characteristics, the scan- 
ning readout system (like FCR) can be realized. 

It is well known that BaFX crystals have the tetragonal 
structure as PbFC1 (P4/nmm;D74D and that in BaFC1 two 
types of color centers, F(F-) and F(C1-), can be created 
corresponding to trapped electrons in F -  and C1- ion va- 
cancies, respectively (4). The relation of F centers and 
PSL in these phosphors has not been investigated yet. 

In this paper, we show, using the results of optical and 
ESR measurements,  that the PSL of BaFX:Eu ~§ is caused 
by the liberation of the electrons trapped at F centers. 

Results 
Preparation of single crystals.--The single crystals 

were prepared by the horizontal Bridgman method. 
Packed in a graphite boat, Eu2<activated BaFX (X = C1, 
Br) was heated to 1070~ in a nitrogen atmosphere. The 
material was then cooled at the rate of 0.2~ to 800~ 
and 1.0~ to room temperature. Because of the neigh- 
boring halogen ion planes, it is easy to cleave the crystals 
perpendicular to the c axis, and so it is difficult to make a 
thick sample. In preparing single crystals, only stoichio- 
metrically F--r ich  ones were grown well. 

Optical measurements.--Optical absorption spectra of 
an irradiated BaFCI:Eu ~ single crystal are shown in Fig. 
la. In the case of the c axis perpendicular to the electric 
vector E of the incident light, the absorption band peaks 
at about 550 nm. If the c axis is parallel to E, the absorp- 

*Electrochemical Society Active Member. 

Table I. The lifetimes of BaFX:Eu 2+ phosphors 

Lifetime (PSL) Lifetime (UV) 
Sample (txs) (~s) 

BaFCI:Eu ~+ 7.4 a 5.7 b 
BaFClo.~Br0..~: Eu 2+ 2.0 1. P 
BaFBr:Eu 2+ 0.8 ~ _ 
BaFI:Eu 2+ 0.6 ~ -- 

See Ref. (1). 
b See Ref. (3). 

tion peak stands at about 440 nm. These absorption spec- 
tra coincide with those of F(C1-) centers in BaFC1 single 
crystals (4). Stimulation spectra of the same sample are 
given in Fig. lb, the peaks of which are in good agree- 
ment with those of the absorption spectra. In a 
BaFBr:Eu 2+ single crystal, the same results have been ob- 
tained (see Fig. 2a and 2b). 

ESR investigations.--ESR studies on undoped BaFX 
(X = C1, Br) powder phosphors have been made to show 
that color centers created by x-rays are F centers. Um 
doped materials were used because ESR signals of 
trapped electric charges become undetectable in the pres- 
ence of ESR signals of Eu 2§ ions. The undoped BaFX 
powder phosphors also show PSL emission whose stimu- 
lation spectra are similar to those of BaFX:Eu ~§ phos- 
phors, although in this case PSL emission was thought to 
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Fig. 1. Optical absorption spectra (a) and stimulation spectra (b) of 

the x-ray-irradiated BaFCI:Eu > single crystal. 
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Fig. 2. Optical absorption spectra (a) and stimulation spectra (b) of 
the x-ray-irradiated BaFBr:Eu 2~ single crystal. 

b e  due  to a t r ace  of  c o n t a m i n a t e d  E u  2+ ions.  F o u r  
samples ,  w h o s e  BaF2/BaX~ c h a r g e d  ra t ios  are  95/105 a n d  
105/95, X = C1 a n d  Br,  respect ive ly ,  h a v e  b e e n  p r e p a r e d  to 
i nves t i ga t e  t he  effect  of  t he  c h e m i c a l  c o m p o s i t i o n  in  
B a F X  p h o s p h o r s .  In  sp i te  of  d e v i a t i n g  f rom the  1:1 ra t io  
b e t w e e n  BaF2 a n d  BaX2 b y  as m u c h  as 10%, the  x- ray  dif- 
f r ac t ion  p a t t e r n s  of  t h e s e  ma te r i a l s  s h o w  t h a t  t hey  are  
still subs t an t i a l l y  s ingle  p h a s e  (see Fig. 3). T he  E S R  mea-  
s u r e m e n t s  on  heav i ly  x - rayed  B a F X  p o w d e r  p h o s p h o r s  
h a v e  b e e n  ca r r i ed  ou t  at  Q b a n d  u s i n g  a V a r i a n  E-109 
spec t rome te r .  The  E S R  spec t ra  of  BaFC1 (F/C1 = 95/105), 
BaFC1 (F/C1 = 105/95), B a F B r  (F/Br  = 95/105), a n d  B a F B r  
(F/Br = 105/95) are  s h o w n  in  Fig. 4 (curves  A). T h e s e  spec-  
tra,  w h i c h  d e c r e a s e  u n d e r  t he  v i s ib le  rays,  are no t  ob- 
s e r v e d  in  B a F X  p o w d e r  p h o s p h o r s  u n t i l  t h e y  are i rradi-  
a ted  b y  x-rays.  T h e  dec rea se  of  t he  E S R  s igna l  i n t e n s i t y  
with the light exposure was also measured. The results 
are shown in Fig. 5 (curves A) for the above samples. 

Discussion 
In  case  of  F cen t e r s  in  BaFX,  on ly  t he  hype r f i ne  inter-  

ac t ion  b e t w e e n  t h e  e l ec t ron  t r a p p e d  at  t he  F cen te r  a n d  
t he  n e a r e s t  n e i g h b o r  b a r i u m  nuc le i  s h o u l d  be  t a k e n  in to  
account .  The  h a m i l t o n i a n  sp in  can  be  w r i t t e n  as 

YC = fieH(g)S + Ik(Tk(Ba))S 

w h e r e  (Tk(Ba)) a n d  Ik are  t he  h y p e r f i n e  t e n s o r  a n d  t he  nu-  
c lear  sp in  of  t he  k t h  B a  nuc leus ,  r e spec t ive ly  [k r a n g e s  
f rom 1 to 4 for  F ( F - )  a n d  f r o m  1 to 5 for  F(X-)] .  B a r i u m  
has  two  i so topes  of n u c l e a r  sp in s  w i t h  3/2, ~3~Ba(g, = 
0.555) a n d  '37Ba(g, = 0.621), w h o s e  n a t u r a l  a b u n d a n c e s  are  
6.6% a n d  11.3%, respec t ive ly .  T he  two  o the r  i so topes ,  
'36Ba a n d  ~3SBa, h a v e  no  n u c l e a r  sp ins  (4). 

E x p e r i m e n t a l  E S R  spec t ra  can  be  s i m u l a t e d  s u p p o s i n g  
t h a t  t he  h y p e r f i n e  i n t e r ac t i on  t e r m s  w i t h  f luor ine  a n d  
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Fig. 4. The experimental ESR spectra of the x-ray-irradiated 
BaFCI(F/CI = 95/105), BaFCI(F/CI = 105/95), BaFBr(F/Br = 95/105) 
and BaFBr(F/Br = 105/95) powder phosphors (curves A), and the cal- 
culated ones of F(F-) centers in BaFCI, F(CI-) in BaFCI, F(F-) in 
BaFBr, and F(Br-) in BaFBr, respectively (curves B). 

o the r  h a l o g e n  nuc le i  will  only  c o n t r i b u t e  to t he  broad-  
e n i n g  of t he  h y p e r f i n e  l ines  a n d  t h a t  mic roc rys ta l s  are 
o r i en t ed  in  all d i r ec t ions  w i th  equa l  p r o b a b i l i t y  in  p o w d e r  
samples .  The  r e su l t s  of the  ca lcu la t ion  are s h o w n  in Fig. 4 
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Fig. 3. The x-ray diffraction patterns of BaFCI(F/CI = 95/105), 
BaFCI(F/CI = 105/95), BaFBr(F/Br = 95/105), and BaFBr(F/Br = 
105/95), measured with Cu Ka. 

Table II. The ESR parameters used to calculate the simulated spectra 
of F(F-) and F(X-) centers in BaFX (X = CI, Br) 

Phosphor BaFC1 BaFBr 
F center 

F(F-) F(C1-) F(F -) F(Br -) 
Parameter center center center center 

g / /  1.985 1.983 1.988 1.980 
g ~ 1.970 1.970 1.966 1.980 
Linewidth 12G 12G 50G 50G 
A//(135Ba, k = 1 - 4) 69G 37G 73G 39G 
A//(13rBa, k = 1 - 4) 69G 41G 73G 43G 
A~ ('35Ba, k = 1 - 4 ) 78G 34G 82G 30G 
A~ ('~SBa, k = 1 - 4 ) 78G 38G 82G 34G 
A//( '35Ba, k = 5) - -  41G - -  43G 
A//(~37Ba, k = 5) - -  45G - -  48G 
A~ (l~Ba, k = 5) - -  38G - -  36G 
A~ ('37Ba, k = 5) - -  42G - -  40G 
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Fig. 5. The decrease spectra of the ESR signal intensity with the 
light exposure (curves A) and the stimulation spectra (curves B) in the 
BaFCI(F/CI = 9S/10S and 10S/9S) and BaFBr(F/Br = 9S/10S and 
10S/9S) powder phosphors, h ESR signal intensity from F centers after 
the light exposure. Io: ESR signal intensity from F centers before the 
light exposure. 

(curves B), and the ESR parameters used in the calcula- 
tion are listed in Table II, where A,(c axis//magnetic 
field) and A =- (c axis ~- magnetic field) represent the hy- 
perfine constant measured at 9.1 GHz. The values for 
BaFC1 were obtained by the simulation based on the data 
of Yuste et al. (4). 

Table III. The types of color centers created 
in BaFX by x-ray exposure 

Phosphor BaFC1 (X = C1) BaFBr (X = Br) 

F/X atomic ratio 95/105 105/95 95/105 105/95 
Color center F(F-) F(C1-) F(F-) F(Br-) 

The coincidence between the experimental spectra and 
the calculated ones in Fig. 4 implies that color centers cre- 
ated by x-ray exposure in BaFX phosphors are such cen- 
ters as listed in Table III. 

It is shown in Fig. 5 that these centers decrease effec- 
tively under  the visible radiation that gives rise to 
efficient PSL. Because of the difference between the ex- 
posures of light in the PSL measurement  and the ESR, 
the spectral correlations of these data are not so good. 
Thus, in BaFX:Eu 2§ phosphors, PSL emission is caused 
by the liberation of the electrons trapped at F centers. 

Conclusion 
In photostimulable BaFX:Eu '-'+ phosphors, F centers 

can be created by x-ray exposure. When these are irradi- 
ated by the visible rays in the F center absorption band, 
they liberate the electrons and show PSL emission. 
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The development  of high performance LSI's  has in- 
creased the requirement  for precise control of mask mak- 
ing in addition to that of wafer processing. One method 
for obtaining precise control is "in-process" end-point de- 
tection. End-point detection methods have previously 
been devised for thin film formation, such as thickness 
control of SOS (silicon-on-sapphire) epitaxial layers (1), 
homoepitaxial layers (2), and for plasma etching (3). In 
mask making, "wet  etching" has been used due to thin Cr 
film deposited on mask blanks and to flat surface in 
comparison with the wafer fabrication. In this note, a 
novel method of the end-point detection used for the 
mask making will be reported; it is quite different from 
that used for the "dry etching." 

A schematic diagram of the end-point detection appara- 
tus is shown in Fig. 1. The specimen used in this experi- 
ment  was an electron-beam resist coated mask blank with 
a Cr film of 800~ thick and was developed by the spray 
method. This apparatus consisted of (i) a light source, (it) 
a reflector, "corner cube," which reflected the incident 
light, (iii) a photodetector which detected the reflected 
light and transduced it to the electric signal, (iv) a 
photosensor which had a disk with a slit in order to gen- 
erate a timing signal synchronized with the incident light, 
and (v) a control circuit which decided the end point by 
receiving the electrical signal converted from the re- 
flected light. The light source and the photodetector 
were installed above the mask. The corner cube was used 
as the reflector to separate the incident and the reflected 
light. The disk with the slit was attached to the mask 
holder; the slit was adjusted to be located just above the 
photosensor when the corner cube was rotated just under 
the light source. The signal from this photosensor pro- 
duced the t iming signal for the control circuit. The 
reflected light was converted by the photodetector to an 
electrical signal, synchronized with the t iming signal, and 
the electrical signal was used to detect the end point. 

Figure 2 is a block diagram of the control circuit. The 
signal generated by the reflected light was first ampli- 
fied, then sampled at the rate of once per revolution, syn- 
chronized by the timing signal, and transferred to an A-D 
converter. The signal was converted to the digital signal 
through the A-D converter and processed by an 8 bit mi- 
crocomputer. Thus, the microcomputer,  which judged 
the end point, gave the control signal to the spray etching 
apparatus and stopped the etching. 

There was approximately 10% fluctuation in the output 
of the A-D converter at the end of the etching unless fur- 
ther signal processing was done. Therefore, a novel algo- 
rithm was devised to obtain accurate end-point detection 
as shown in Fig. 3. The first step was the moving average 
process. The output value of the signal, TN,, at a certain 
time, n, is given by 

*Electrochemical Society Active Member. 

TN. = ~. V. l i  [1] 
n - i  

where V,, is the value of the nth signal before the process 
and i is the sampling number of data to average, ordinar- 
ily 16. Thus, the signal of the reflected light became 
smoothed. The next  step was the differential process. The 
essential object was to increase the judging accuracy. In 
our method, the end point was defined as the point at 
which the reflected light signal reached saturation, and 
was where the signal difference reached 0. That is, the nth 
signal converted after the differential process, T,, is ex- 
pressed as 

7', = (TNn - TN,,_j)IAtj [2] 
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Fig. 1. Schematic diagram of the apparatus to detect the end point 

during the spray etching of Cr mask. 
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Fig. 2. Block diagram of the control system to judge the end point 
during the spray etching. 
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Fig, 3. Data flow to judge the end point during the spray etching 

where TN,, and TN,-1 are the data after the moving aver- 
age process at the nth and the (n - 1)th signal, respec- 
tively; j is the sampling number  to be used for the pro- 
cess, and At is the interval of the timing signal. Figure 4 
shows examples of the data thus treated. Figure 4a is the 
signal generated by the reflected light, Fig. 4b is the 
smoothed signal which was treated after Eq. [1], and Fig. 
4c is the signal to judge the end point after the differential 
process using Eq. [2]. The pattern in Fig. 4c shows the 
sharp peak, which fell to 0 after a few seconds. The spray 
etching was stopped just after the 0 signal of the end- 
point detection was sent to the etching apparatus. 

For accurate control of mask making using sp~ay etch- 
ing, a novel method using reflected light from a corner 
cube to detect the end point of the etching precisely, after 
smoothing the signal and increasing the accuracy by 
means of both a moving average process and differential 
process, was developed. Using this method, the variation 
of the Cr mask critical dimension after etching could be 
improved from -+0.2 to -+0.1 ~m. 
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Fig. 4. Example of data treatment to judge the end point during the 
spray etching. 
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The characteristics of polished Si wafer surfaces (1) 
have been recognized as being very influential to the 
properties and yields of IC's for a long time. Characteriza- 
tion is carried out by, for instance, Newton ring observa- 
tion (2), x-ray analyses (3, 4) and optical methods (5, 6). 
Yet, because of many difficulties, only a few quantitative 
observations have been made. The optical observation 
method (7, 8) derived recently from the "Makyo concept" 
(observation of projected images of mirror surface con- 
tours reflecting the surface waviness) has been a very 

*Electrochemical Society Member. 

powerful tool for the analyses of the topological nature of 
wafer surfaces. It is a nondestructive, instantaneous, and 
visual observation method, although a qualitative one. 
Some of the recent applications, the in-line monitoring of 
IC processes, and the improvement of the wafer surface 
quality, are herein briefly summarized. 

Experimental 
The in-line monitoring (7) was done using a surface 

monitor ZX-5100 (Matsushita Industrial Equipment Com- 
pany, Limited) at our laboratory and the production lines. 
(I00) and (iii) Si wafers were purchased commercially 
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from several vendors. After the initial examination of the 
surfaces, single and cyclic thermal processes (9, i0) were 
carried out to detect crystal'defects hiding behind the ap- 
parent deformation at the surfaces. Defects were deline- 
ated by the Secco etchant. 

The monitor was further applied for optimizing epi- 
taxial Si growth conditions in a barrel-type reactor. Slip 
lines were observed by the monitor. It was also applied 
for the improvement of wafer surface quality. 

Results and Discussion 
Figure 1 shows the various surface deformations of as- 

received wafers observed by the monitor over a few 
months. Bright lines and areas correspond to surface con- 
cavity and dark lines and areas to surface convexity. Most 
of observed deformations are polishing/lapping marks 
(Fig. l, parts 2, 3, 5, 7, 8), dimples (Fig. i, parts i, 5, 9), and 
back-side damage irregularities (Fig. I, part I) and a few 
are scratches (Fig. I, parts 8, 9), orange peels, protrusions, 
and some unknown deformations (Fig. I, parts 2-4, 6, 8). 
Scratches appearing as dark lines (Fig. i, parts 8, 9) were 
made at the front sides (7). The diameters of wafer images 
indicate the flatness of wafers. A specimen in Fig. i, part 
5 is fairly fiat, while a specimen in Fig. i, part i shows 
concavity and those in Fig. I, parts 2 and 9 convexity. 
Skews are also observed in the images. Most of the defor- 
mations were clearly made during the processing by wa- 
fer vendors, possibly because of the difficulty of 
achieving perfect process control, e.g., cloths and pow- 
ders in polishing, dust and air bubbles in pasting, etc. 
(11). 

X-ray topographs of the deformation showed that back- 
side damage irregularities, scratches, and some of un- 
known deformations were accompanied by a slight lattice 
deformation and thus by the residual stresses. However, 
optical microscopic observation of oxidized and etched 
wafers showed that most of the deformations were 
proved to be harmless and some were related with crystal 
defects (12). A typical example of the stacking fault for- 
mation after the dry oxidation at 1000~ for lh is shown in 
Fig. 2. Stacking faults revealed by the Secco etching are 
shown by dots, and their distribution as shown by two 
gray bands in Fig. 2B is in a fair agreement with lapping 
marks in Fig. 2A. This clearly indicates that some lapping 
marks are accompanied by latent mechanical damage. 
Some specimens with the residual strains, Fig. I, parts i, 
2, 9 showed an unusual denuded zone formation after cy- 
clic annealing (Fig. 3B). For a wafer with an interstitial 
oxygen concentration of about 10Wcm 3 as used in this 

experiment, no denuded zone nor microprecipitate for- 
mation is usually observed even after the heat cycle of 
II00~ Oe 1% 4h/800~ N2 16h/1000~ N2 6h (9). Stress- 
enhanced precipitate formation by Si3N4 or poly-Si layers 
has been observed (13). These stress effects are obviously 
different and ambiguous, i.e., precipitates are formed 
with the relaxation of the residual stress in the former 
while the stresses are present all through the heat cycle in 
the latter. 

The in-line monitoring of the epitaxial Si growth pro- 
cess has been very successful. In a usual technique, slips 
are, for instance, delineated and observed after etching, a 
destructive and time consuming process. An abnormal 
wafer as shown in Fig. 4 clearly reveals the presence of 
numerous slip lines without destruction. One of the large 
slip lines is revealed and shown in the circle in Fig. 4 after 
angle lapping and staining. The surface profiles also 
shown in the figure clearly point out numerous small 
steps. Some are of less than i00/~. These small steps of 
surface curvatures result in dark and bright line images 
as shown in the figure. 

Minor modification and some improvement of polish- 
ing and pasting methods in the wafer process resulted in 
better quality, as shown in Fig. 5. In-line monitoring 
could still readily pick up any slight change in the wafer 
process. 

GaAs wafers were generally of a very poor surface 
finish, worse than those shown in Fig. I. Large residual 
stresses and distortion were generally observed. The im- 
provement of the wafer process using a surface monitor is 
now in progress. 

Fig. 1. In-line monitoring of as-received Si wafers. Parts 1-3: left 
column, top to bottom, respectively. Parts 4-6: middle column, top to 
bottom, respectively. Parts 7-9: right column, top to bottom, respec- 
tively. Fig. 4. Monitoring of sllp lines formed in the epitoxial process 
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Fig. S. Surface regularity after the minor modification in the wafer 
process. Processes A, B, and C. 

Conclusion 
It has been shown that the optical method derived from 

the Makyo concept is simple and nondestructive, and 
thus suitable for the in-line monitoring of wafers and IC 
processes. The monitoring could effectively stabilize the 
wafer surface quality and the epitaxial process. It could 
also eliminate abnormal wafers with unusual residual 
stresses. The method can be further applied to minimize 
slip lines in heat processes and also to analyze mirror sur- 
faces and even lenses. 

Since the method can pick up surface deformations, 
which other flatness testers using the scanning laser or 
Moire methods can barely detect, the method is comple- 
mentary to the others. Thus, combined analyses will re- 
sult in the better characterization of the wafer surface. 
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Sulfation of Ce02 and Zr02 Relating to Hot Corrosion 

R. L. Jones,* S. R. Jones, 1 and C. E. Wil l iams 

Naval  Research Laboratory, Chemistry Division, Washington, DC 20375-5000 

The reactions of SO2-SO~ (SO2 + 1/2 02 ~ SO3) with ce- 
ria (CeO~) are of interest in the development  of materials 
for resisting hot corrosion in gas turbine engines. Addi- 
tion of CeO2 as a dispersed oxide phase in the metal re- 
duces sulfidation-oxidation attack on nickel-based tur- 
bine blade super alloys presumably by reducing the 
sulfur activity through formation of Ce202S (1). Ceria ap- 
pears also to promote hot corrosion resistance in ZrO2- 
based ceramics. In material tests for MHD channels, 
CeO2-ZrO2 has shown good resistance to 1200~ K2SO4- 
K2CO3 melts (2). And, of more immediate  relevance to hot 
corrosion in gas turbines, plasma-sprayed CeO~-ZrO~ has 
been patented as protecting super alloys against attack by 
vanadium and SO.r impurities in turbine gas (3). 

Ceramic coatings of Y2Q-ZrO2 have been considerably 
studied as thermal barrier coatings for gas turbines and 
diesel engines, and reaction with molten vanadates is 
known to "leach" Y~O3 from the ceramic, with resultant 
rapid degradation of the coatings (4). Perhaps less well 
known is the fact that the concurrent action of Na2SO4 
and SO3 can also cause Y~O3 depletion and ceramic degra- 
dation under SO3 partial pressures, e.g., as low as 700 Pa 
(7 • 10 -3 atm) at 700~ (5). In a recent investigation of 
Y203 and HfO2 sulfation, we have confirmed the high re- 

*Electrochemical Society Active Member. 
1Member of the Naval Research Laboratory Ensign Program. 

activity of SO3 with Y203 and determined the equilibrium 
SO~ partial pressure for the initial sulfation reaction, 
Y203(s) + SO3(g) ~ Y202(SO4)(s), to be approximately 1.5, 
2.5, and 3.5 Pa at 850 ~ 900 ~ and 950~ respectively (6). 
Mixed sulfates of Y2(SO4)~-Na2SO4 were formed when 
Na2SO4 was present, with the system exhibiting a eutectic 
in the vicinity of 25 mole percent (m/o) Y2(SO4):~ which 
melted below 800~ Pure hafnia was strongly resistant to 
sulfation, and although liquid phase mixed sulfates could 
be produced by sulfation of 50 m/o HfO2-Na2SO4 mixtures 
at 700~ SO3 partial pressures in excess of 1500 Pa were 
required. 

In the experiments reported here, we have applied the 
techniques of our Y203-HfO2 investigation to study the 
sulfation behavior of CeO2 and ZrO2. Our goals were to 
determine if CeO,2 is more resistant to SO3-Na2SO4 reac- 
tion than Y203, and if ZrO2, like HfO2, is strongly resistant 
to sulfation (Hf and Zr commonly show similar chemical 
behavior). The first finding could help to confirm 
whether CeO2- or Y203-stabilized zirconia should be best 
against molten sulfate hot corrosion, while the second 
would aid in defining the corrosion resistance of zirconia 
itself. 

Experimental 
Our experiments were conducted using controlled gas 

atmosphere furnaces, described previously (7), wherein 
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the pure oxides and oxide-Na~SO~ mixtures were exposed 
to low concentrations of SO~ or equilibrated (over Pt  at 
temperature) SO~-SO~ in air at temperatures of 650 ~ 
800~ The incoming SO= concentrations were controlled 
by electronic mass flow controllers, and the furnaces 
were fitted with analytical trapping systems which al- 
lowed determination of the SO~, SO~, and SO= (SO~ = SO~ 
+ SO~) concentrations in the exhaust air. Gas control and 
analyses were within -+ 10%, except  at high SO~ partial 
pressures (> 500 Pa) where sulfuric acid mist formation 
and SO~ polymerization reduced accuracy substantially. 
Furnace temperatures were maintained within -+ 5~ 

The specimens were exposed in porcelain boats using 
100 mg samples of the oxides and 250 mg samples of the 
oxide-Na~SO~ mixtures which were of 50 m/o composition 
and taken from thoroughly ground and mixed master 
stocks. The reagents were of high purity as indicated: 
CeO= (99.9%, Alfa Ventron), ZrO~ (99.998%, Alfa Ventron 
Puritronic), Na~SO4 (reagent grade, Fisher), and SO2 
(99.98%, Matheson). 
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Fig. 1. Determination of the equilibrium S03 partial pressure for 
sulfation of Ce02 at the temperatures indicated. 

Results and Discussion 

C a t a l y t i c  a c t i v i t y  o f  CeO2.--To understand sulfation re- 
actions, one must know whether the metal oxide reacts 
predominantly with SO3, or with SO2 + 1/2 Oz. Our studies 
with Co304, NiO, and ZnO indicate that the 700~ 
sulfation of these oxides proceeds by reaction with SO3 
(7). This is somewhat  difficult to discern with Co~O4 and 
NiO, since both oxides catalyze the reaction, SO2 + 1/2 O2 

SO3, and sulfation can occur (although at higher SOx 
partial pressure) even when the furnace gas contains only 
SO2. With ZnO, which is not catalytic, the effect is readily 
evident, and sulfation occurs essentially only when an ex- 
ternal catalyst is present. This can be important, as illus- 
trated, for example, in a study of the sorption of SO2 from 
synthetic flue gas by metal oxides where ZnO was found 
not to sorb SO2 (i.e., sulfate), even though the thermody- 
namics were favorable (8). 

The catalytic activity of CeO2 was tested by passing low 
concentrations (< 30 Pa) of SO2 in air at 200 ml/min over 
100 mg samples of the oxide contained in porcelain boats 
at 650~ and analyzing for the SO2 and SO3 concentra- 
tions in the furnace exhaust air. The SOJSO2 ratio after 
passing over the CeO~ was approximately 0.6, whereas 
with all the conditions the same, except  for CeO2's ab- 
sence, the SO3/SO2 ratio was near 0.08. Clearly, therefore, 
CeO2 catalyzes the SO~ ~ SO~ reaction. 

E q u i l i b r i u m  S03  p a r t i a l  pressure  f o r  CeO.2 s u l f a t i o n . - -  
The equilibrium SO:~ partial pressure for the initial 
sulfation reaction of CeO~ at 650 ~ 700 ~ and 750~ (Fig. 1) 
was determined following a procedure employed previ- 
ously (7). By this technique, the weight gain after 24h ex- 
posure for individual 100 mg samples of CeO~ was deter- 
mined for increasing concentrations of SO:~, and these 
data points were then plotted and extrapolated to zero 
weight gain, as shown in Fig. 1, to define the equilibrium 
SO:~ partial pressure for the reaction. To verify that equi- 
l ibrium S Q  was in fact obtained, the sulfated specimens 
were re-exposed at SO:~ partial pressures below the equi- 
l ibrium value and shown to revert to the oxide. 

The equilibrium Pso:~ values obtained in Fig. 1 are 30, 
100, and 230 Pa at 650 ~ 700 ~ and 750~ respectively. As- 
suming the initial sulfation product to be CeOSO4 (see be- 
low), and that there is negligible intersolubility, the 
standard free energy of the sulfation reaction 

CeO~(s) + SO:~(g) ~ CeOSO4(s) [1] 

can be calculated from AG ~ = - R T  In K, where taking the 
solid phase activities as unity, K = (1/Pso:~). Estimating the 
probable error in temperature to be -+5 ~ and in SO3 equi- 
l ibrium partial pressure to be -+20%, the standard free en- 
ergies were calculated as being -62.2 -+ 2, -55.9 -+ 2, and 
-51.7 -+ 2 k J/tool at 650 ~ 700 ~ and 750~ No standard free 
energy for reaction [1] exists in the literature for compari- 
son with these values. However, the calculated free ener- 
gies can be fitted (to within less than the experimental 

error) over the investigated temperature range to the ex- 
pression AG = AH - ThS,  where AH = -160 kJ/mo] and 
h S  = -0.105 kJ/mol-deg. The AS so derived can then be 
compared to data compiled, e.g., by Turkdogan (9) where 
hS ranges from -0.105 for K20(s) + SO3(g) ~ K2SO4(s) to 
-0.186 for CdO(s) + SO3(g) ~- CdSO4(s). The h S  in these 
reactions presumably results mainly from the incorpora- 
tion of I mol of SO3 that occurs. The agreement in AS thus 
tends to support the postulated CeOSO4 sulfation reaction 
and the measured SO3 equilibrium partial pressures. 

Test  f o r  the c r i t i ca l i t y  o f  S03  in  Ce02 s u l f a t i o n . - -  Al-  
though "equilibrium SO~ partial pressures for sulfation" 
were determined above, it cannot be unequivocally 
shown that the reaction involves S Q  solely. For non- 
catalytic oxides such as ZnO, the relative roles of SO2 and 
SO3 can be evaluated by comparing the sulfation behavior 
with and without the platinum catalyst in the gas stream. 
When the catalyst is removed, the SO~ concentration at 
the oxide surface is greatly reduced and, unless the oxide 
reacts with SO2, it will not sulfate even though the total 
SO~ concentration is as high (or higher) as when sulfation 
occurred when the Pt catalyst was present. This behavior 
was clearly evident with ZnO (7). 

Conversely, the weight gain (sulfation) with CeO2 could 
not be seen to be affected by the presence or absence of 
the external catalyst even at SOt partial pressures near 
the equilibrium value (Fig. 2). This implies either that 
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Fig. 2. Sulfution of CeO~ at 650~ with and without the external Pt 
catalyst present (as a test of whether the sulfation proceeds princi- 
pally by SO 2 or SO:~ reaction; see text). 
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CeO~ reacts as readily with SO~ as with SO:~, or more 
likely, that SO2-SO3 equilibrium is achieved at the cata- 
lytic CeO2 surface (at least in the initial stages of sulfation) 
with sulfation then actually proceeding by SO:~ reaction. 
Unfortunately, however, neither possibility can be proved 
within the context  of the present investigation. 

Identification of the Ce02 sulfation product.--In stud- 
ies of CeO2 for desulfurization of hot gases, the sulfation 
product has been variously identified as CeO~O(SO~):3 (10) 
or Ce(SO~)~ (8). Cerium sulfate has also been proposed (11) 
to decompose in eutectic sulfate melts according to 

Ce(SO4):--> CeOSO4 + SO,,, [2] 

and then at higher temperature 

CeOSO~ ~ CeO~ + SO:~ [3] 

To identify the sulfation product in the present experi- 
ments, 500 mg samples of CeO2 were sulfated over long 
times, with periodic grinding, at 650 ~ and 750~ under SO3 
partial pressures only moderately above the equilibrium 
SO3 pressure for sulfation. In each case, the weight gain 
approached a limiting value of approximately 220-240 mg, 
as shown in Fig. 3. The theoretical weight gains for total 
conversion of the CeO~ to CeOSO4, to Ce20(SO4), and to 
Ce(SO4).2 are 233,349, and 465 mg, respectively. Therefore, 
the gravimetric data indicate that the initial product in 
the sulfation of pure CeO~ is most likely CeOSO~. At 
higher SO:~ pressures, of course, other sulfates including 
Ce~O(SO4)3 and Ce(SO4)= could be formed, which might 
explain the different CeO., sulfation products reported. 

The su]fation product produced in these experiments 
gave a characteristic x-ray diffraction pattern having nu- 
merous lines (Table I). The pattern is presumably that of 
CeOSO4, but no reference pattern for CeOSO 4 exists in 
the JCPDS Powder  Diffraction File or in other x-ray dif- 
fraction literature to our knowledge to allow this to be 
confirmed. The JCPDS file contains a pattern for CeOSO4 �9 
H20 (card 12-89) which, like the Table I pattern, exhibits 
numerous lines, but there appears to be no simple rela- 
tionship between the two patterns. 

Sulfation of 50 m/o CeO.z-Na2S04 mixtures.--Under hot 
corrosion conditions, Na2SO4 is normally found on tur- 
bine blades, and sulfation of CeO~ in the presence of 
Na2SO4 (50 m/o mixtures were chosen arbitrarily) provides 
a better measure of the potential hot corrosion perform- 
ance of CeO2 containing coatings than simply the 
sulfation of pure CeO2. Many sulfates form low melting 
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Fig. 3. Long-term sulfation of CeO~ at 750~ under an SOs partial 

pressure of - 300 Po. (Powder removed from boat and reground in 
mortar and pestle at points labeled "Ground.") 

Table I. X-ray diffraction pattern of CeO~ 
sulfation product (presumably CeOSO4) 

dA I/I,, dA I/Ii, dA l/I,, 

8.28 2 2.76 9 1.87 25 
7.15 7 2.72 9 1.85 22 
6.33 4 2.67 33 1.84 27 
6.11 13 2.64 32 1.82 11 
5.57 4 2.59 20 1.78 11 
4.96 100 2.58 14 1.77 16 
4.87 36 2.56 48 1.74 13 
4.79 15 2.47 4 1.72 7 
4.42 3 2.43 16 1,69 i i  
4.22 20 2.39 2 1.68 16 
4.08 15 2.36 11 1.65 5 
4.00 21 2,32 2 1.62 41 
3.63 22 2.28 5 1.58 5 
3.70 51 2.26 15 1.55 13 
3.58 7 2.20 9 
3.42 77 2.17 20 Plus numerous 
3.37 59 2.15 16 other weak 
3.27 65 2.13 19 lines below 
3.12 73 2.11 23 1.55A 
3.04 8 2.10 17 
2.98 38 2.08 39 
2.94 8 2.04 17 
2.87 19 2.01 20 
2.84 77 1.98 7 
2.79 10 1.90 48 

Data obtained using a goniometer-equipped Norelco x-ray unit 
with Cu radiation, diffracted ray monochromation, and a xenon- 
filled proportional counter. 

mixed sulfates with Na2SO~, with phase diagrams that 
show for temperatures above the eutectic melting point 
and starting at 100 m/o Na~SO4, first a single-phase region 
of MSO~-Na2SO4 solid solution, then a narrow ~egion of 
solid solution-liquid solution coexistence, and then a 
single-phase region of MSO4-Na~SO4 liquid solution. The 
single-phase regions have two degrees of freedom, and 
therefore, at fixed temperature the solution composition 
will be a function of the S Q  partial pressure. 

Figure 4 shows representative results from experiments 
where 50 rrdo CeO2-Na~SO4 specimens were exposed over 
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Fig. 4. Equilibrium Ce(SO4)2-Na2SO 4 compositions obtained in the 

700 ~ and 800~ sulfation of 50 m/o CeO2-Na2SO4 at the SO3 partial 
pressures indicated. Note that liquid sulfate phases were produced at 
800 ~ but not 700~ 
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long periods (some > 168h) until  they reached constant 
weight (equilibrium composition) at the temperatures and 
SO:~ partial pressures indicated. Since hot corrosion is 
generally considered to become aggressive only when 
molten sulfates are formed, attention was focused on 
determining the conditions under which molten phases 
were generated in the CeO2-Na2SO4 sulfation. [Note: al- 
though not determined by analysis, Ce(SO4)~ is assumed 
to be the CeO.~ sulfation product in Na2SO4 by analogy 
with other systems (6, 7) where direct oxide sulfation 
yields the oxysulfate, but sulfation in Na~SO4 gives the 
sulfate.] No molten phases were observed at 700~ for 
compositions up to 39 m/o Ce(SO4)2. The large composi- 
tion change for small increase in Pso.~ shown by the first 
two 700~ data points may indicate transition across a re- 
gion of coexistence of two solid phases; there is (at con- 
stant temperature) a fixed equil ibrium Pso3 for such a re- 
gion, and even slight increases above this Pso3 will cause 
the sulfate composition to change from the lower to up- 
per limit of the region. At 800~ molten phases were 
clearly visible when the specimen boats were withdrawn 
from the furnace in the runs giving 21 and 31 m/o Ce(SO4)~ 
formation (Fig. 4). It appears, therefore, that Ce(SO4)2- 
Na2SO4 forms a eutectic which melts below 800~ (but 
probably above 700~ and has a composition somewhat 
greater than 20 m/o Ce(SO4)_~. 

The Y2(SOt)3-Na~SO~ system exhibits a similar eutectic 
melting below 800~ and with a composition of - 25 m/o 
Y~ (SO4):~ (6). For Y~O, vs. CeO~ hot corrosion performance, 
however, the important point is not so much the composi- 
tion of the eutectic, or even the identity of its compo- 
nents, but rather the SO~ partial pressure required for 
molten phase generation. As Fig. 4 shows, this is 100-150 
Pa of SO~ for CeO~-Na~SO~ at 800~ whereas Y~O,-Na~SO4 
forms liquid phases under  > 5 Pa of SO~ at the same tem- 
perature (6). Assuming other factors to be equal, CeO., 
thus should be significantly superior to u as the sta- 
bilizer in ZrO~ coatings intended to withstand SO.rNa~SO~ 
hot corrosion. 

Sulfation of 50 m/o ZrO~-Na~SO~ mixtures.--Zirconia 
alone, like HfO2 (6), was found to resist sulfation at 700~ 
at SO~ partial pressures as high as 3000 Pa (N.B., the par- 
tial pressures are reported here as SOx because of the 
difficulty in analyzing for SO~ at such high concentra- 
tions; the external Pt catalyst was used, however, and the 
SO~ concentrations should presumably be near equilib- 
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rium, i.e., ~ 1/2 of SO.J. In the presence of Na~SO4, ZrO2 
could be sulfated and liquid phases formed, although 
high SO.x. partial pressures were required (Fig. 5). The 
sulfation behavior in Fig. 5 is very similar to that shown 
with 50 rn]o HfO2-Na.~SO4 (6). Both the HfO~- and ZrO2- 
Na2SO4 systems are noteworthy in that while they each 
yield mixed sulfates with eutectic melting below 700~ 
the extent of sulfation appears not to become significant 
(at 700~ except above SOs. partial pressures of - 1000 
Pa. This suggests that ZrO2 (and HfO~) should have good 
inherent resistance to hot corrosion by SO:,-Na~SO4 attack. 

Conclusions 
With increasing Pso:,, the first sulfation reaction of CeO~ 

with SO:~ is 
CeO2(s) + SO:,(g) ~ CeOSO4(s) [1] 

with hG ~ for reaction over the temperature range 650 ~ 
750~ given by AG ~ = -160 kJ/mol - T (K) (-0.105 
kJ/mol-deg). 

Sulfation of CeO2 in the presence of Na~SO4 yields a 
Ce(SO4)~-Na2SO4 mixed sulfate system with a eutectic 
melting below 800~ An SO~ partial pressure of 100-150 
Pa is required for liquid sulfate phase formation in the 
Ce(SO4)~-Na2SO4 system at 800~ 

The sulfation behavior of Y~O:~ vs. CeO2 may be com- 
pared to indicate their potential 650~176 hot corrosion 
resistance when used as stabilizing additives in ZrO2- 
based ceramic coatings for gas turbine blades. Extrapola- 
tion of the thermodynamic data for Eq. [1] predicts the 
equilibrium SO:~ partial pressure for sulfation of CeO~ at 
850~ to be - 1200 Pa, whereas for Y20., it is only - 15 Pa 
(6), or nearly 10 '~ lower. Similarly, the SO:~ partial pressure 
for liquid phase formation in the sulfation of Y~O:~-Na2SO4 
at 800~ is < 5 Pa (6), or approximately 10 ~ lower than for 
liquid phase production with CeO~-Na~SO4 at the same 
temperature. Thus, all other factors being equal, CeO~ 
should be superior to Y203 for improving the hot corro- 
sion performance of zirconia coatings. 

Zirconia is substantially more resistant to SO:~-Na2SO4 
attack than either Y203 or CeO2 and remains essentially 
unsulfated at SOx partial pressures of 1000 Pa (~ 500 Pa of 
SO3) at 700~ The limiting factor in hot corrosion 
performance appears therefore to lie not with ZrO~, but  
rather with the elements used for stabilizing additives. 
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Interest in III-V compound semiconductors has in- 
creased rapidly in recent years due to the advances in 
both optoelectronics and GaAs IC technology. In contrast 
to silicon technology, where dislocation-free substrates 
are available, III-V technology suffers from the lack of ho- 
mogeneous, dislocation-free substrates. To study the fab- 
rication and growth processes of such materials, it is, 
therefore, necessary to characterize the distribution of 
crystalline defects, especially dislocations in the GaAs or 
InP substrates. Many methods are available for defect 
characterization, including x-ray topography and prefer- 
ential etching. However, x-ray topography requires long 
exposure times, and is, therefore, t ime consuming. Prefer- 
ential etching is destructive since it destroys the surface 
of the substrate and often exhibits artifacts not represent- 
ative of crystalline imperfections. Another particularly el- 
egant technique to study dislocations is cathodolumines- 
cence (1, 2). Dislocations are revealed by cathodolumines- 
cence due to the presence of nonradiative centers at the 
dislocation. The cathodoluminescence efficiency varies 
for the different positions of the electron beam on the 
sample. 

The experimental  apparatus usually used for cathodo- 
luminescence (CL) consists of an electron-emission sys- 
tem and a monochromator  for analysis of the wavelength 
of the emitted light, with corresponding photon counting 
electronics (1, 2). The disadvantage of this experimental 
setup is that it exhibits poor sensitivity, and therefore re- 
quires very high primary beam currents and/or low tem- 
perature stage to increase the nonradiative lifetime. Re- 
cently, silicon photodiodes have been placed inside the 
chambers of a scanning electron microscope (SEM) to 
serve as a wavelength integrating detector (4-6). In this 
paper, we present an improved detection scheme utilizing 
a photodiode located in the position usually occupied by 
a solid-state backscattered electron detector in the SEM. 
This detection scheme offers very high collection 
efficiency. Consequently, low primary beam currents can 
be used at room temperature for satisfactory CL images. 
These advantages thus make cathodoluminescence easy 
to use and increase the fields of potential application. 

ted (Norcross, Georgia), for backscatter imaging. How- 
ever, the surface of the backscatter detector is coated 
with aluminum in order to reject cathodoluminescence. A 
disk-shaped glass cover with a 5 mm hole in the center is 
attached in front of the cathodoluminescence detector to 
reject any backscattered electrons. This is necessary, 
since the backscattered electrons of the primary beam en- 
ergy would penetrate the silicon, and create a signal by 
scattering and creation of electron-hole pairs. The back- 
scatter signal would obscure the CL signal. The glass pro- 
tection is coated with approximately 50 nm of sputtered 
indium-tin oxide to prevent charging and subsequent de- 
terioration of the resolution. The output of each diode is 
amplified separately, summed to the other signals, and 
displayed on the CRT. 

For amplification and summation, we used a standard 
Type 30 Backscatter Electron Detector System manufac- 
tured by GW Electronics, Incorporated. The output of the 
detector is connected directly to the auxiliary CRT input 
of the microscope. The capacitance of the detector diodes 
is small enough to allow operation at 2 MHz, half of the 
TV rate. Due to the geometrical arrangement of the de- 
tector, most of the light emitted into the upper half- 
sphere can be detected. 

Results 
Figure 2a represents an enlargement of a reflection 

x-ray topograph of a semi-insulating GaAs wafer grown 
by the ]iquid encapsulated Czochralski (LEC) method. 
Dark regions correspond to disruptions of the periodic 
lattice, i.e., dislocations or dislocation clusters. Figure 2b 
is the cathodo]uminescence image of the same area im- 
aged with the above-described detector. The image is re- 
corded at a working distance of 15 mm and a sample cur- 

Experimental 
The detection arrangement utilized in the present ex- 

periment is shown in Fig. 1. A donut-shaped Si detector is 
positioned on the pole piece of the objective lens in the 
SEM. The detector consists of a single-crystal silicon wa- 
fer with a 5 mm hole drilled in the middle to allow the 
passage of the electron beam. The wafer is then masked, 
and a p-n junction is diffused to act as a photodetector. 
The mask is designed in a way to fabricate four separate 
diodes in a quadrand arrangement. A similar detector is 
commercially available from GW Electronics, Incorpora- 

Fig. 1. Geometrical arrangement used for the cathodoluminescence 
detection. 
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Fig. 2. a: Reflection x-ray topography, b: Cathodoluminescence im- 
age of the same area of a liquid encapsulated Czochralski (I.EC) grown 
semi-insulating GaAs wafer, c: An enlarged portion of Fig. 3b as indi- 
cated by the white box. The individual dislocations of the cell bound- 
ary are well resolved in the enlarged portion. The cathodolumines- 
cence images are recorded at currents of 400 and 500 nA, respec- 
tively. 

rent of 400 nA. No degradation of the sample is observed 
at this current level. The cathodoluminescence signal 
shows excellent correlation to the structure revealed in 
the topograph. The dislocations are clustered in cell 
walls,, leaving almost dis]ocation-free cell interior (5, 7). 
The dislocations in cell walls are clearly resolved, as an 
enlarged portion of the cell structure reproduced in Fig. 
2c demonstrates. These images suggest that the disloca- 
tions and dislocation clusters getter the nonradiative im- 
purities through the Cottrell effect in the adjacent v01- 
ume. Every dislocation is therefore surrounded by a 

bright Cottrell cloud (7). For LEC, GaAs cathodolumines- 
cence yields better resolution than reflection x-ray topog- 
raphy. At the same time, the image collection is much 
more rapid than x-ray topography. SEM images are re- 
corded within minutes, while the x-ray topography tech- 
nique requires several hours. 

As a second example, a cathodoluminescence as well as 
quasi backscatter image of an A1GaAs double-hetero- 
structure are reproduced in Fig. 3. The quasi backscatter 
image is obtained by switching off the accelerating volt- 
age of the scintillator. The quasi backscatter image re- 

Fig. 3. a: Quasi backscatter electron image of slip dislocations in a AIGaAs heterostructure grown by LPE. b: Cathodoluminescence image of 
slip dislocations in a AIGaAs heterostructure grown by liquid phase epitaxy. Both images are recorded at the same position of the sample and 
the same beam conditions. The specimen current is 3 nA. 
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veals only a diagonal wavy structure of the surface due to 
the growth by liquid phase epitaxy (LPE) as well as some 
remaining debris. The cathodoluminescence image in 
Fig. 3b exhibits a dense array of dislocations. The image 
pair of Fig. 3 is recorded on a part of the sample close to 
the wafer edge. Slip dislocations are introduced probably 
by the thermal stress. The penetration depth of electrons 
in GaAs at 30 keV is approximately 3 ~m (8). The catho- 
doluminescence signal originates in the volume defined 
by the penetration depth and the diffusion length of the 
excited carriers in the semiconductor. The dislocations 
therefore appear diffused. Any surface debris is imaged 
very sharply in contrast to the defects inside the material. 
This difference in the image formation mechanism is spe- 
cially observed in the middle of the lower part of the im- 
age, where five particles of debris align very closely. At 
30 kV accelerating voltage, a specimen current of only 3 
nA is needed to obtain such contrast. 

Conclusions 
In summary, a new detection scheme for cathodolumin- 

escence has been presented which utilizes a large area 
photodiode attached to the objective pole piece of the 
scanning e]ectron microscope. Due to the geometrical ar- 
rangement, the emission in almost all of the upper half- 
sphere is detected. Cathodoluminescence images at room 
temperature are recorded at specimen currents as low as 
3 nA in the case of A1GaAs heterostructures. The detector 

operates at half of the TV rate resulting in good visual im- 
ages. The high collection efficiency should enlarge the 
application possibilities of cathodoluminescence to in- 
clude materials with low cathodoluminescence efficiency 
and/or high electron beam sensitivity. 

Manuscript submitted Nov. 23, 1984; revised manu- 
script received Feb. 12, 1985. 

Hewlett-Packard Company assisted in meeting the pub- 
lication costs of this article. 
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Compounds which can reversibly 
incorporate lithium atoms into their 
structure are of interest because of their 
potential use as cathode materials in 
secondary batteries. Recently Cava et el, 
reported on the lithium insertion reactions 
of Wadsley-Roth type phases (1-3). These 
compounds are oxide crystallographic shear 
structures which form with stoichiometries 
between MO 3 and MO 2. The structures can be 
described in terms of blocks of corner 
sharing MO 6 octahedra which are finite in 
two out of three dimension, and are joined 
to adjacent blocks by edge sharing. Thus 
there are nxmx~ ReO3-type units, where n and 
m are the length and width of the blocks. 
The structures display open tunnel llke 
regions (which can accommodate small 
cations) bound by extensive MO 6 octahedra 
edge sharing. It has been shown that some 
crystallographic shear is required to 
stablilize ReO3-type structures upon lithium 
insertion (4). 

V3NbgO29 is made up of 4x3x= ReO 3 type 
blocks (Fig i) with relatively large 

V W ~ , ~ ' , d / ~ / b , / M  
N. , 4 ~  / \ / 1 ; g ~  ;gtx~ M"/.J 

Figure i. Idealized projection of the 
4x3x~ block structure of 
V3Nb9029 along the [010] 
direction. Shaded and unshaded 
octahedra are centered at 
z = 1/2,0 respectively, result- 
ing in edge sharing along the 
block perimeters. 

proportion of ReO 3 like regions. This 
suggested a good combination of structural 
stability and sufficient interstitial volume 
for reasonable lithium insertion 
stoichiometries. 

EXPERIMENTAL 

V3Nb9029 was prepared by heating 
stoichiometric mixtures of V205, VO 2 and 
Nb205 powders in sealed, evacuated quartz 
tubes at 1000~ for 1 week. Chemical 
lithiation of the product was carried out by 
treatment with ~!.5N n-butillithium (n-BuLi) 
in hexane. The amount of lithium inserted 
was determined by acid base titration of the 
excess n-BuLl and by plasma emission 
spectroscopy of the lithiated product. 
Delithiation reactions were carried out on 
the lithium inserted compound with ~O.IN 
iodine in acetonitrile (I2/CH3CN). The 
amount of 12 reacted was determined by 
titration of the excess with standard thio- 
sulfate solution. 

V3Nb9029, its lithium-inserted and 
delithiated analogues were identified by 
powder X-ray diffraction using Ni filtered 
Cu radiation. 

Small electrochemical test cells (5) 
were fabricated using V3Nb9029 mixed with 15 
weight percent graphite as cathode, Li metal 
foil as anode and IM LiCI04 in propylene 
carbonate (PC) as electrolyte. 

RESULTS AND DISCUSSION 

Chemical lithiation of V3Nb9029 (brown) 
by treatment with n-BuLi/hexane for ~ a week 
with mechanical stirring yielded 

LiI3.6V3NbgO29 (black); ~1.2 Li/metal. The 
electrochemical reaction yielded 
stoichiometries similar to that obtained by 
the n-BuLl reaction. Open circuit voltages 
of a test cell as a function of lithium 
composition (x), is shown in Fig. 2. 
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Powder X-ray diffraction patterns of 
the lithiated compound and the starting 
material are quite similar as shown in Table 
I, but with substantial changes in the unit 
cell parameters. The cell parameters of 

TABLE I:fo Powder X-ray Dls Paccurml 

V3~9029 and IJ.13%Y3~agO29 

L113.6V31;bg029 V3Nbg029 

hie1 dob m deazc Z/Io dob m dcaZC ~/Io 

400 5.10 5.10 100 5.16 5,16 50 

~'03 4.78 4.78 90 4.72 ~.72 ~$ 

110 4.05 4.04 ~ 3.752 3.7'%7 90 

"~'03 3.577 3.577 ~,0 3.521 3.~22 1.00 

600 3.402 3.401 60 3.438 3~ 100 

112 2.977 2.972 20 2.858 2.863 25 

712 2,880 2.880 20 2.748 2.TAt 50 

Y13 2.799 2.802 ~.5 2.712 2.701 45 

800 2.348 2.~51 ~0 2.$76 2.$79 20 

T006 2.361 2.353 25 2,301 2.304 20 

TO07 2.050 2.050 25 2~ 2.056 tO 

1000 2,0'%2 2,041 95 2.015 2.013 45 

V3Nb9029 are: a = 28.3A, b = 3.81A, c = 
14.1A and 8 = 133.2~ compared to 
that of LiI3.6V3Nb9029: a = 28.68A, b = 
4.118A, c = 14.35A and 8 = 134.6 ~ which was 
obtained by least-squares fit to the 
observed powder x-ray data. There is a 
significant (8.4%) increase in the b axis, 
parallel to the infinite dimensions of the 
ReO 3 type blocks; similar results have been 
observed in other Wadsley-Roth phases on 
lithiation (1-3). It is probable that part of 
the observed unit cell dimension increase on 
lithiation is associated with increase in the 
effective ionic radii in reducing Nb 5+ to Nb 4+ 
and V 5+ to V 4+ and V 3+. The similarity of unit 
cell dimensions and x-ray powder pattern 
intensitites of the lithiated and host 
materials respectively, suggest that there has 
not been extensive distortion of the host 
lattice on Li insertion. Delithiation of the 
fully lithiated phase by 12/CH3CN restores the 

30 

Figure 2. 

20 

LO 
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x 

Open-circuit voltage vs x for 
Li I IM LiCIO 4, PC I LixV3Nb9029, 
graphite. 

original color and X-ray pattern of the host 
compound. Futhermore, the shape of the emf 
curve Fig 2. also supports occurance of 
topotactic lithium insertion and suggests a 
continuous homogeneous single phase region at 
least up to x = 13 in LixV3Nb9029. One cycle 
of the electrochemical test cell showed very 
small difference in the emf between charge 
and discharge curve indicating good 
reversibility of lithium insertion. 

Qualitative measurement of the 
electrical resistivity at room temperature on 
pressed powder pellets showed a drastic 
decrease of resistivity from ~IM~ for 
V3Nb9029 to ~40~ for LiI3.6V3Nb9029. The 
significant increase in the conductivity of 
the lithiated phase is most likely due to the 
presence of small concentrations of mixed 
valent V4+/V 5+, V4+/V 3+, Nb5+/Nb 4+ transition 

metal ions that facilitate charge hopping. 

The theoretical energy density of the 
Li/V3Nb9029 cell based on the n-BuLl stoi- 
chiometry of 1.2 Li/metal is approximately 
441Whr/kg which is comparable to those of 
other cells that are considered for 
application for lithium secondary batteries. 

In summary, V3Nb9029 a Wadsley-Roth type 
phase undergoes lithium insertion reversibly 
to LiI3.6V3Nb9029 at room temperature and 
shows promise as a feasable electrode 
material for secondary lithium batteries. 
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ABSTRACT 

We present a general percolation model for electrocatalysis by microparticles dispersed in a nonconduct ing film on 
a conducting substrate. The model addresses the problem of charge transfer between microparticles and the require- 
ment  of large effective catalytic surface. A characteristic peaked curve of effective catalytic surface area per 
microparticle vs. the microparticle concentration is found in computer simulations. The behavior of the electrode as a 
function of various experimental parameters is discussed. 

Recent work has shown it is possible to improve 
significantly the efficiency of certain redox reactions by 
coating the electrode surface with thin films of micro- 
particles dispersed in a supporting matrix. Examples in- 
clude plat inum and palladium micr0Particles suspended 
in nonconduct ing polymer films or clay colloids on metal 
and glassy carbon electrodes (1-5) and in polymer films 
on p-type semiconductor photocathode surfaces (6-10). 
Because of their high catalytic activity and stability, these 
systems appear promising for various practical applica- 
tions, such as fuel cells. 

The microparticles in these systems are believed to act 
as catalytically active centers for the reaction. This means 
they must be accessible to the electrolyte and be in elec- 
trical contact with the electrode supporting the film. An 
optimum catalytic system would then maximize the sur- 
face area of the microparticles, with the constraint that a 
large fraction Of them form part of a conducting pathway 
to the electrode. 

We present here a simple model for microparticle elec- 
trodes with nonconductive supporting matrix, based on a 
variation of the standard percolation picture (11-13), 
which includes two important aspects of the problem: 
charge transfer to the microparticles from the electrode 
and the amount  of effective catalytic surface. We investi- 
gate the opt imum loading of microparticles and the opti- 
mum thickness of the film, both of which are important 
experimentally. 

The model does not depend on details of the supporting 
matrix, and should therefore be generally applicable to a 
range of systems with minor modifications. We do as- 
sume that the microparticles are roughly spherical and 
are distr ibuted randomly throughout the film, and that 
the limiting factor for the reaction is the amount  of effec- 
tive catalytic surface area and not the rate of chemical 
transport through the film. In particular, we are con- 
cerned here with the geometrical restrictions imposed by 
the  requirements of electrical conductivity through the 
microparticles. We believe it is essential to understand 
these effects before transport effects are considered in de- 
tail (although transport effects will doubtless also be im- 
portant and should be included in a complete theory). 

Another, somewhat related example in which connec- 
tivity and surface area are important is porous Vycor 
glass. Porous Vycor is made by embedding small grains 
of a soluble material in liquid glass and then chemically 
leaching out the grains after the glass has solidified. This 

process leaves a convoluted network of pores throughout 
the system. If a large fraction of the pores intersect to 
form a pathway connected to the exterior of the glass, this 
process results in an extremely large surface area which 
is available for adsorbing gases, etc. This example is in a 
sense the complement of the first, since the micro- 
particles in the microparticle electrodes play a similar 
role to that of the pores in Vycor. 

For definiteness, we will specifically consider the case 
of plat inum (Pt) microparticles (or "crystallites"), which 
provided the original motivation for this work. The ideas 
underlying the microparticle electrode are quite simple. A 
nonconduct ing film of thickness t is laid down on a sup- 
porting electrode and is seeded with Pt. The seeding is 
presumed to occur at random positions throughout the 
polymer. The seeded regions are then allowed to accrue 
Pt by electroreduction of platinum salts until  the micro- 
particles have grown to the desired size. 

The redox reaction can take place only if electrons can 
reach the Pt from the electrode, and if the reactants can 
reach the Pt from the electrolyte solution above the film. 
Electron transfer between the microparticles presumably 
occurs in two ways: by direct contact between crystal- 
lites, and by hopping between crystallites which are suf- 
ficiently close. Those crystallites sufficiently near the 
bottom of the film are in electrical contact with the elec- 
trode. All crystallites which are electrically connected to 
the electrode by at least one route are said to belong to 
the "effective network." Since electron transfer from the 
electrode is necessary for the reaction to occur, only the 
surface area of the Pt crytallites belonging to the con- 
nected network is available for catalysis. We shall refer to 
that surface area simply as the "effective surface" of the 
system. 

The catalytic properties of the system are maximized 
by maximizing the total effective surface of the platinum. 
However, since Pt is expensive, the more relevant figure 
of merit for the electrode is the "effective dispersion," or 
the effective catalytic surface per particle 

D =- S/M [1] 

where S is the effective surface and M is the total mass Of 
Pt  in the supporting film. D differs from the usual quan- 
tity known as "dispersion" only in that S includes only 
that surface area electrically connected to the electrode, 
rather than the total surface. Optimum efficiency of the 
catalyst system is expected near the percolation thresh- 
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old, since at that concentration of metal a large fraction of 
the crystallites becomes part of a conducting cluster, 
while the cluster contains many branches giving a large 
surface area per volume of Pt added. At higher Pt concen- 
trations, the cluster becomes less branched and D is ex- 
pected to decrease. 

We turn now to the body of the paper. The following 
section gives a qualitative picture of how the catalytic 
efficiency is expected to vary with experimental  parame- 
ters, based on these ideas. We then present a specific lat- 
tice model and in the final section describe the results of 
computer calculations using this model. 

Review and Application of Percolation Theory 
Some of the main features of the microparticle elec- 

trode can be understood from percolation theory, the rele- 
vant results of which we briefly review here. [For a more 
extensive review, see, e.g., Ref. (11) and (12).] We also dis- 
cuss below how these results are modified when surface 
area is relevant. 

To illustrate the main results of percolation theory, we 
consider a regular lattice, whose sites can be "occupied" 
or "unoccupied" at random with probabilities p and 
1 - p, respectively. Each occupied lattice site is consid- 
ered to be connected to all occupied nearest neighbor 
sites. (This version is known as "site percolation," to be 
distinguished from "bond percolation," in which the 
bonds are occupied or empty at random.) Groups of 
occupied sites which are connected together are called 
"connected clusters," and percolation theory is con- 
cerned, among other things, with the growth of these 
clusters as p increases. At low p, the clusters are small 
and isolated from one another. In the limit of a system 
which is very large in all directions, the "percolation 
threshold" Pc is defined by the appearance of a con- 
nected cluster which reaches from one edge of the lattice 
to the opposite edge, the so-called "incipient infinite 
cluster" (IIC). Various properties associated with the for- 
mation of the IIC are characterized by power law depen- 
dence (13) on the variable (p - Pc); this behavior accounts 
for much of the interest in the subject. 

For example, P(p), the fraction of all occupied sites 
which belong to the infinite cluster when the occupation 
probability is p, is found to vanish at p = Pc; while for p 
just greater than Pc, P(P) is found numerically to vary as 

P(p) ~ (p - pc) ~ [2] 

where fl is a critical exponent  which is independent  of lat- 
tice type and is the same for site and bond percolation. It 
is also the same for nearest neighbor or farther neighbor 
percolation models. (It does, however, depend on whether 
the underlying lattice is two or three dimensional.) The 
value of fl in three-dimensional samples is about 0.2, indi- 
cating that just above po the fraction of grains belonging 
to the infinite cluster grows very rapidly from zero. 

In contrast to fi, the value of the percolation threshold 
Pc is not universal, but depends on details of the model. 
For most three-dimensional lattices, Pc is surprisingly 
low, typically between 0.1 and 0.2; Pc is even lower if 
connections are allowed between a central site and fur- 
ther neighbors. 

The behavior of connectivity described by percolation 
theory is clearly important in the catalysis problem be~ 
cause of the requirement  of electrical connectivity be- 
tween the Pt microparticles. "Connected" thus translates 
to "electrically connected" for the electrode case. How- 
ever, in the catalysis problem, the quantity of interest is 
not the fraction of Pt particles in the infinite cluster, 
which connects opposite faces of the sample, but rather 
the total number  of particles connected to one face (the 
electrode). 

The qualitative behavior of the effective surface per 
microparticle (the effective dispersion D) can be deduced 
from the percolation results. At low Pt  concentrations, 
most crystallites are isolated and cannot contribute to the 
effective surface. When the microparticle concentration 
increases, the crystallites begin to form connected c]us- 

ters and more of them become connected to the electrode. 
As the concentration increases above the infinite sample 
percolation threshold Pc, the effective surface area is ex- 
pected to increase abruptly as a large fraction of the crys- 
tallites becomes part of the connected network. However, 
the effective surface per crystallite soon begins to de- 
crease for two reasons. First, as p (the filling fraction of 
metal) increases beyond Pc, more and more grains inter- 
sect, obscuring each other's surface area. The connected 
network, in other words, becomes less and less highly 
branched. Second, at sufficiently high p, the supporting 
matrix will begin to form isolated pockets which are en- 
tirely surrounded by platinum and therefore cannot be 
reached by the reactants (that is, the concentration begins 
to approach the percolation threshold of the matrix). The 
Pt surface bounding this trapped pocket  cannot take part 
in the reaction and becomes ineffective. 

Thus, the Pt concentration must  be sufficiently large 
that many crystallites belong to the connected network, 
but not so large that the effective surface is decreased by 
excessive contact between neighboring crystallites, or by 
the formation of isolated pockets of matrix. The effective 
surface area per Pt microparticle viewed as a function of 
Pt concentration is, therefore, expected to be fairly 
sharply peaked just above the percolation threshold of 
the crystallites. 

Although this picture is constructed for a particular ge- 
ometry, namely a solid electrode with a microparticle- 
film catalyst above it, similar effects are expected in 
quite different contexts. For Vycor, the percolation 
threshold once again plays an important role in determin- 
ing the surface activity. Clearly, enough pores must be 
present to form a large connected network, but if the pore 
volume fraction is too large, the pore cluster will become 
less convoluted and the available area of the glass will fall 
dramatically. For Vycor, however, it is probably the total 
effective surface area, rather than D, which is relevant. 

Lat t ice  M o d e l  
To demonstrate the effects just described, we model the 

supporting matrix as a three-dimensional lattice of N lay- 
ers, each of R • R sites, which can be occupied randomly 
by Pt crystallites (see Fig. 1). While the Pt microparticles 
in the actual electrode obviously do not sit on a lattice, 
the presence of the underlying regularity is expected to 
have little effect on our results (14). In our model, the sites 
are assumed to be occupied with probability p, and a rule 
is imposed to determine if nearby occupied sites are to be 
considered electrically connected. Another rule is neces- 
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~ S o l u t i o n ~ _ _ _  
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Electrode 
Fig. 1. Schematic of composite film geometry discussed in the text. 

The film is shown in an edge view. In this schematic, it is four layers 
thick, and is modeled as a set of cubes, Which may be occupied either 
by Pt (darkened squares) or polymer, randomly distributed on the sites 
of a periodic lattice, as shown (other models are discussed in the 
text). The carbon substrate acts as a donor of electrons, which can be 
transported through those metal particles which are electrically con- 
nected to the substrate as discussed in the text. The polymer is as- 
sumed permeable to the electrolyte, so that chemical reactions can 
take place on the polymer-Pt interface. 
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sary to determine by how much the presence of nearby 
crystallites reduces the surface available for catalysis. 
This reduction is assumed to result from direct contact 
between crystallites. Specifying these rules is equivalent 
to assuming a size and shape for the crystallites. For con- 
venience we assume that all crystallites throughout the 
sample have the same size and shape; in particular, we 
take them to have the shape of the Wigner-Seitz cell for 
that lattice. (The Wigner-Seitz cell is the polyhedron 
bounded by planes which perpendicularly bisect lines 
drawn from a lattice point to all other lattice points). The 
results of the model  are independent  of the crystallite 
size, which is determined by the lattice spacing. 

The simplest lattice we have considered is simple cubic 
(SC), which leads to cubic crystallites (six faces). This is a 
somewhat unappealing choice for a realistic composite, in 
which the grains probably more closely approximate 
spheres, since the number  of possible nth nearest neigh- 
bors a grain can have is a rather important  property in 
models of connectivity, and is considerably smaller for 
cubes than for spheres. We have, therefore, carried out 
most of our calculations on face-centered-cubic (FCC) lat- 
tices, whose rhombic dodecahedral crystallites (12 faces) 
more closely approximate spheres. We have considered 
connections not only between nearest neighbors, but also, 
in some of our calculations, between second and third 
shells of neighbors. These further neighbor connections 
model the physical fact that electron transfer may occur 
between micropartictes which are sufficiently close to 
one another but are not in direct physical contact, and 
which therefore do not reduce the effective surface. While 
the actual composite is certainly more complicated than 
our idealized model, the model does include the two ef- 
fects we believe to be of principal importance: connectiv- 
ity between microparticles and the reduction of effective 
surface by the presence of neighbors. 

Modeling the crystallites to have flat faces permits us 
to calculate the reduction of effective surface area in a di- 
rect way. If  two nearest neighbor sites are occupied, we 
assume the crystallites are in contact along a face, so that 
the common faces are rendered unavailable for catalysis. 
If  we allow more distant neighbors to be in electrical con- 
tact, we assume that no surface area is obscured by this 
contact. (The Wigner-Seitz cells of second and further 
neighbors have, at most, an edge in common.) We shall 
find that the effective surface area per microparticle is 
rather insensitive to the assumed crystallite shape. 

The occupied sites in the lowest layer of the film are 
taken to be in electrical contact with the electrode on 
which the film sits. All microparticles electrically con- 
nected to one or more of these sites form the effective cat- 
alytic network (the "connected network"). The surface 
area of the connected network is found by summing up 
the effective surface areas of all the crystallites in the 
network. 

The relevant figure of merit for this reaction is the 
quantity D (the lattice version of D), defined as the ratio 
of the total effective surface of the connected network, S, 
to the total number  of occupied sites, whether  or not they 
are part of the connected network. In addition, it is con- 
venient  to divide by the surface area per crystallite. This 
ratio is clearly appropriate, since the catalytic potential 
depends on the effective surface, while the cost is propor- 
tional to the number  of occupied Pt  sites. 

Results 
The results of computer  simulations on an FCC lattice 

with N layers of 40 • 40 sites are shown in Fig. 2-4. We 
plot here D, the average fraction of surface area per crys- 
tallite which is available for catalysis. In all three cases, 
the sites of  the lattice are occupied at random. These 
plots show the results of individual runs on the computer; 
details of the curve shapes may vary slightly from run to 
run. The size of the lattice was chosen to minimize such 
statistical fluctuations wh i l e  giving reasonable run times 
on the computer. Values of Dmax and Pmax vary by, at most, 
a few percent between runs. In Fig. 2, only occupied 
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Fig. 2. Computer resuJts on an FCC lattice with N = 2, 4, and 8 

layers af 40 • 40 sites. The horizontal axis is the fraction af sites 
occupied by Pt grains, and the vertical is the fraction of surface per 
grain available for catalysis. Electrical connections ore only allowed 
between nearest neighbor sites, i.e., one shell of neighbors. 

nearest neighbor sites are assumed to be in electrical con- 
tact, while, in Fig. 3 and 4, electrical contact is assumed to 
extend to second and third nearest neighbors, 
respectively. 

In all three cases shown, the curves have the same 
characteristic shape. D increases sharply at the percola- 
tion threshold, reflecting an abrupt rise in the fraction of 
particles belonging to the connected network. This in- 
crease becomes sharper as the number  of layers increases 
and the percolation transition approaches that of a bulk 
sample. Little change in the curves occurs as the number  
of layers N increases above 4, except  for some further nar- 
rowing of the peak. The curves shown for N = 8 are thus 
probably very similar to those for N = ~ (bulk). Slightly 
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Fig. 3. Results far FCC lattice with electrical connections allowed 
to first and second nearest neighbor sites, i.e., two shells of neigh- 
bors. Other details are the same as in Fig. 1. 
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Fig. 4. Results for FCC lattice with electrical connections allowed 
to first, second, and third nearest neighbor sites, i . e . ,  three shells of 
neighbors. Other details are the same as in Fig. 1. 

above  Pc, all t he  curves  reach a m a x i m u m  and  begin  to 
fall as the  c o n n e c t e d  ne twork  b e c o m e s  less ex tens ive ly  
b ranched .  

As we  inc rease  the  n u m b e r  of  near  n e i g h b o r  shells  as- 
s u m e d  to be in electr ical  contac t  w i th  a central  crystallite, 
the  peak  concen t r a t ion  Pm~x decreases .  This dec rease  re- 
flects a dec rease  in the  perco la t ion  t h r e s h o l d  Pc w h e n  
second  and  th i rd  ne ighbo r s  are a l lowed.  Fu r the rmore ,  the  
effect ive sur face  area per  crystal l i te  increases  because  
more  e lec t ron  t r a n s p o r t  can take place w i thou t  obscu r ing  
surface area. 

The resul ts  of  th is  m o d e l  d e p e n d  on two effects:  con- 
nect ivi ty ,  or the  total  n u m b e r  of n e i g h b o r s  to w h i c h  a 
crystal l i te  can  be connec ted ;  and  the  obscu r ing  of  surface  
area, w h i c h  d e p e n d s  only on the  n u m b e r  of  neares t  neigh-  
bors.  In  o rde r  to tes t  the m o d e l . d e p e n d e n c e  of our  calcu- 

lat ion of  o b s c u r e d  surface,  we  ran c o m p u t e r  s imula t ions  
for an  SC lat t ice wi th  s eco n d  nea res t  n e i g h b o r  connec-  
t ions  (see Fig. 5), s ince (by co inc idence)  w h e n  second  
n e i g h b o r  c o n n e c t i o n s  are al lowed,  a crystal l i te  in bo th  the  
SC and  FCC lat t ices  can  be c o n n e c t e d  to 18 ne ighbors .  
Because  the  n u m b e r  of  connec t i ons  is t he  s ame  in bo th  
cases,  we  e x p e c t  the  pure ly  connec t ive  aspec t s  of  the  
p r o b l e m  to be the  same.  However ,  s ince  the  n u m b e r  of  
nea res t  n e i g h b o r s  is no t  the  s ame  in t he  two lattices, the  
degree  of surface  o b s cu red  by  nea re s t  ne ighbor s  may  be  
qui te  d i f fe ren t  in the  two cases.  

We find tha t  b o t h  the  mo d e l s  give near ly  ident ical  re- 
sul ts  for N = 4 and  N = 8 layers (N = 2 is too far f rom bu lk  
behavior).  In  bo th  cases,  the  m a x i m u m  eff ic iency occurs  
at p - 0.24, and  the  f rac t ion of  ef fec t ive  surface area per  
crystal l i te  is 0.74 -+ 0.02. Thus ,  the  m o s t  i m p o r t a n t  feature 
of the  m o d e l  in d e t e r m i n i n g  reac t ion  eff ic iency is the  
n u m b e r  Of poss ib le  connec t ions ,  and  no t  the  grain shape.  
The very  weak  d e p e n d e n c e  of  t he  resul ts  on detai ls  of the  
grain  shape  s t rong ly  sugges t s  that  the  resul ts  of  the  s imu- 
lat ions p r e s e n t e d  here  are appl icable  to the  physical  
samples ,  in w h i c h  grain  shapes  may  differ  f rom the  obvi- 
ously ideal ized s h ap es  a s s u m e d  here.  

The cor rec t ion  ar is ing f rom the  p r e s e n c e  of  i sola ted  
p o ck e t s  o f  ma t r ix  (i.e., a por t ion  of t he  ma t r ix  wh ich  is 
not  par t  of  the  c o n n e c t e d  mat r ix  ne twork)  can be esti- 
mated .  1. I t  is f o u n d  to be  comple t e ly  negl ig ib le  (of o rder  
0.01%) in the  n e i g h b o r h o o d  of  t he  peak  in efficiency. 
This resu l t  is reasonable ,  because  the  peak  occurs  at ma- 
t r ix co n cen t r a t i o n s  m u c h  above the  ma t r ix  perco la t ion  
th resho ld ,  so tha t  the  f rac t ion of  ma t r i x  si tes w h i c h  be- 
long to the  c o n n e c t e d  ma t r ix  c lus ter  is very  near ly  unity.  

In  v iew of  t h e s e  results ,  we display  in Table I the  maxi-  
m u m  in effect ive  surface  area per  grain  (D) as a func t ion  
of  the  pr inc ipa l  e x p e r i m e n t a l  p a r a m e t e r  of  impor tance :  
the  n u m b e r  of  potent ia l  connec t ions .  The value of  th is  

~If the Pt and matrix are both distributed randomly, the perco- 
lation problem for the matrix is the same as that for the Pt, but 
with p replaced by (1 - p). From our simulations, we therefore 
automatically know the fraction of matrix sites which are in iso- 
lated pockets (i.e., not in the connected matrix network) at any 
value of p. If we assume that the exposed surface per matrix site 
is the same in the pockets as in the connected cluster (a quantity 
we have calculated), then we can estimate the total exposed sur- 
face of the matrix in the pockets from the total amount of matrix 
in pockets. This equals the amount of platinum surface sur- 
rounding the pockets, which is therefore available for catalysis. 
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Fig. 5. Results for SC lattice with electrical connections allowed to 
first and second nearest neighbor sites. Other details are the same as 
in Fig. 1. 

Table I. Results of computer simulations. Ncon, is the number of 
neighbors to which a grain can be connected; it is varied by allowing 
electrical contact between further neighbors. N]ayer is the number of 
layers of points in the lattice, b•a• is the maximum fraction of surface 
area per microparticle available for catalysis. Pmax is the critical Pt 

concentration at which bmax occurs. The final column tells which lattice 
was used for th e calculation. Most of the values shown are averages over 
more than one run. Variations in bmax and pmax between runs are, at 

most, a few percent 

N .... N, .... p ~  /)~.~ (%) Lattice 

6 2 0.38 53 SC 
4 0.44 50 
8 0.43 50 

12 2 0.29 72 FCC 
4 0.31 68 
8 0.30 67 

18 2 0.20 72 SC 
4 0.23 72 
8 0.24 72 

18 2 0.25 76 FCC 
4 0.24 75 
8 0.24 75 

26 2 0.17 75 SC 
4 0.20 76 
8 0.18 77 

42 2 0.19 83 FCC 
4 0.15 83 
8 0.12 84 
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maximum increases with the number  of connections, as 
would be expected. The concentration at which the maxi- 
mum occurs likewise shows a monotonic decrease. For a 
reasonable number  of connections (ten or more) this 
concentration is surprisingly low, indicating that even at 
a relatively low filling fraction of Pt, most of the crystal- 
lites are indeed able to participate in the chemical 
reaction. 

Our results appear to have several experimental  impli- 
cations. If the pecolation model is applicable to a given 
reaction, then a relatively low filling fraction of micro- 
particles will maximize the catalytic efficiency or effec- 
tive dispersion (as defined above). Also, it appears that 
catalytic efficiency mainly depends on the number  of po- 
tential electrical connections between microparticles, 
rather than on particle shape. We speculate that the same 
results would hold for a porous electrode in which the 
microparticles are characterized by a distribution of 
shapes (or sizes). 
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The Passivation of Zinc in Alkaline Solutions 

B. Aurian-Blajeni* and Micha Tomkiewicz* 
Department of Physics, Brooklyn College, Brooklyn, New York 11210 

ABSTRACT 

We report  on the behavior of zinc electrodes in stirred alkaline solutions saturated with soluble zinc species. Based 
on the application of the differential effective medium theory for the interpretation of frequency dispersion spectra of 
the impedance, a mechanism is proposed for the growth of the passive layers on zinc electrodes in batteries. It was con- 
cluded that a principal role, during the growth of the passive layer, is played by the diffusion of the electrolyte across a 
porous layer and that, after passivation, the film becomes more compact, with grains approaching spherical shapes. 

Zinc is one of the most  important materials being used 
for electrodes in battery applications. The properties of 
zinc are the subject of numerous studies. For comprehen- 
sive reviews, see Ref. (1-3); many useful references to re- 
cent literature are also given in Ref. (4), and recent devel- 
opments are summarized in Ref. (5). 

Under  anodic bias, zinc electrodes passivate with for- 
mation of zinc oxide layers (4, 6, 7). The mechanism of 
formation of these layers in alkaline solutions is by a 
solution-precipitation path. This results in a wide mor- 
phological variety, depending on the growth environ- 
ment. Basically, the passive layers are described in terms 
of a duplex structure with a thin compact  component un- 
derneath a porous one, although it was shown that little 
morphological difference exists between the two layers 
(8). 

Since we shall make use of concepts from the model de- 
scribed in Ref. (7), a short description of that model fol- 
lows. The passivation of zinc electrodes by a solution- 
precipitation mechanism occurs by growth and merger of 
crystallites. The development  of an anodic passive film 
would proceed in a series of steps: a quasiequilibrium 
state formed immediately after the switching on of the 
perturbation, which corresponds to a charging of the dou- 
ble layer; and development  of a transport region, followed 
by polymerization. These steps are succeeded by the ac- 
tual formation of the film by nucleation and growth of 

* Electrochemical Society Active Member. 

the nuclei, growth of the oxide, and densification. The 
last stage is a peeling off of the film by buckling and 
folding. 

The aim of the present study is to get some insight 
about the anodic behavior of zinc electrodes in alkaline 
solutions by investigating the frequency dispersion of the 
impedance as a function of various electrochemical pa- 
rameters such as current density prior to passivation and 
amount  of charge passed after passivation. Although 
studies using impedance techniques were carried out for 
zinc electrodes, most of them involved the active regime 
(9, 10). 

Experimental 
The experiments were performed in a three-compart- 

ment  cell. The anodic compartment  was separated from 
the cathodic one by means of a strongly acidic Nation 
membrane, in order to repel the zincate ions and to avoid 
zinc plating on the counterelectrode during discharge. 
Prior to mounting into the cell, the membrane was 
soaked in 5M KOH for 24h at room temperature. All the 
potentials were measured vs. a saturated calomel refer- 
ence electrode. A 7 cm 2 platinum foil was used as a 
counterelectrode. The working electrode was a zinc rod 
(0.08 cm 2 exposed area) (Fisher), pressure fitted in a 
Teflon holder. During the experiments, the exposed area 
was kept in vertical position. Before each experiment,  the 
exposed area was polished down to 4/0 grid and then 
etched in concentrated hydrochloric acid for about 10s (9) 



1512 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  July 1985 

and rinsed in purified water (18 M~). The 5M KOH solu- 
tions were prepared from purified water and analytical- 
grade potassium hydroxide (Fisher). 

The experimental  setup is shown in Fig. 1. A typical ex- 
periment comprised two kinds of measurements,  which 
were performed alternately. During the experiments, a dc 
voltage was applied across the whole circuit by means of 
a dc power supply (Hewlett-Packard HP 6111A). In the 
first type of measurements,  the electrode potential and 
the current were monitored with a Keithley 192 dmm and 
a Keithley 177 dram (measuring the potential drop across 
a 66.5~ resistor), respectively. This type of measurement 
enabled us to observe the t ime evolution of the process of 
passivation of zinc in alkaline solution (Fig 2). At various 
time intervals (shown by arrows in Fig. 2), impedance 
measurements were made according to the procedure de- 
scribed in Ref. (11) in order to characterize the layers 
formed up to a certain moment.  The ac source was a 
Hewlett-Packard HP 3325A synthesizer/function genera- 
tor, supplying a 5 mV amplitude signal at frequencies be- 
tween 1 Hz and 1 MHz. The phase angle and the modulus 
of the ac response were measured with a Hewlett-Packard 
HP 3575 gain-phase meter. During the impedance mea- 
surements, all the voltmeters were disconnected, as was 
the magnetic stirrer, which was used during the 
passivation stage of the experiments. Since hydrody- 
namic control is important in the passivation process (12, 
13), the use of a stirrer is the major flaw of our experi- 
ments and it is kept responsible for the scatter of the data. 
Nevertheless, we tried to minimize the errors (or at least 
make them systematical) by keeping the same stirring re- 
gime (except for voltage fluctuations) during all the ex- 

66.5f~ 

[i-12 6 

Fig. i. Schematic diagram of the experimental setup used for the study 
of the anodic behavior of zinc electrodes. 1 : Small amplitude signal gen- 
erator. 2: Power supply. 3: Voltmeters. 4: Cell. 5: Reference circuit. 6: 
Gain-phase meter. 7: Desktop computer. 

periments. The whole setup was controlled by a Hewlett- 
Packard HP85 desktop computer, which was used also 
for data collection. 

The key feature from the experimental point of view is 
obtaining a stable layer of zinc oxide. Owing to the high 
solubility of zinc oxide in alkalies, the passive layers are 
unstable on smooth electrodes. However, the porous elec- 
trodes for which the passivating layer is stable have ex- 
ceedingly complex impedance characteristics. This p rob-  
lem was overcome by using an extra zinc electrode. 
Before starting the actual experiments, the solution in the 
anodic compartment  was prepared in situ (14). A current 
was passed between the platinum electrode and this 
fourth electrode until qualitative turbidimetry showed 
that the solution was saturated in zinc species. This pro- 
cedure was necessary to prevent (or slow down) the disso- 
lution of the zinc oxide species formed on the surface of 
the electrode, based on the fact that electrolytically 
formed zinc oxide is more soluble than the one externally 
added [e.g., Fisher (dry process), certified ACS] (1). More- 
over, our experimental  setup allowed impedance mea- 
surements to be performed while the electrode was kept 
in the passive state. 

Results 
The layer formed at the surface of the electrode is dark 

for the first half-hour after exposure to air. It whitens aft- 
erwards, and its texture changes. This fact was previously 
observed and associated with an excess of zinc (15). 

The typical behavior of the electrode potential and cur- 
rent density as a function of time is shown in Fig. 2. From 
Fig. 2, one can see that, following a region of almost con- 
stant current and potential, a sudden change occurs. This 
change is followed by an increase in current density (de- 
crease in electrode potential), and a second, slower, de- 
crease follows. The characteristics of the curves of the 
type shown in Fig. 2, relevant for the present study, are: 
the initial current density (I); the initial electrode poten- 
tial (Vi); the final electrode potential (V~); and the time of 
passivation, considered to be the t ime corresponding to 
the major change in current density (electrode potential). 
Passivation experiments were carried out for various 
values of the initial current density in the range 60-160 
mA-cm-2. 

The impedance measurements reported in this paper 
are made for the electrode under steady-state conditions, 
since the frequency dispersion spectra recorded before 
passivation exhibited no structure in the range of 
measurement.  

In Fig. 3, we show typical experimental  results obtained 
for the impedance of a zinc oxide layer anodically grown. 

In Fig. 4, we show the evolution of the frequency dis- 
persion spectrum of the imaginary part of the impedance 
for the same passivation experiment  as a function of the 
charge passed after passivation. 
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Fig. 2. Time evolution of the current density and electrode potential. 

The small arrows indicate the times at which impedance measurements 
were performed. The curved arrows indicate the scale for the plotted 
quantity. 
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Discussion 
The advantage of using a potentiometric setup is that it 

is closer to battery operating conditions than a con- 
strained system, in which either constant current or con- 
stant electrode potential are imposed. Moreover, it allows 
the observation of the evolution of the system under 
charge. 

Before passivation, the process is in an ohmic (linear) 
regime, as shown in Fig. 5, in which the current density is 
represented as a function of the electrode potential. 

Figure 6 shows the change in electrode potential with 
the total potential drop across the cell. It is noted that the 
initial electrode potential does not change much with 
voltage, while the slope of the final electrode potential as 
a function of voltage is Close to one. We interpret this as 
follows: after passivation, the main potential drop occurs 
across the passivating layer. In other words, passivation 
in our case occurs not because a "passivation potential!' is 
reached, but because the overpotential is too small at the 
reaction interface, because of increased potential drop 
across the oxide layer. If  the potential drop across the cell 
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Fig. 3. Typical dispersion spectrum of a passivated zinc electrode. 

Top: imaginary part of the impedance. Bottom: real part of the imped- 
ance. Closed circles: experimental values. Open circles: theoretical 
values. 

is calculated (cf. Fig, 5 and 6), it is observed that, before 
passivation, the potential drop has a constant value of 
0.350 - 0.03V, which compares well with 0.415V predicted 
for the reaction Zn + H20 = ZnO + H2 (16) and an internal 
resistance of the cell of 55 -+ 10Yr. The value of the series 
resistance of the cell is consistent with the value obtained 
from impedance measurements (the high frequency pla- 
teau of the real part of the impedance spectrum in Fig. 
3b). 

The frequency-dependent  impedance may be ex- 
pressed as 

Z = R + i X  = il/(T A co e) [1] 

where l is the thickness, T is the roughness factor, A the 
area of the sample of material under consideration (l is 
parallel to the electric field), oJ the angular velocity, and e 
the complex dielectric constant of the composite. From 
Fig. 4, one can see that the slope in the low frequency re- 
gion is not only different from 1 (as for a passive RC ele- 
ment) or 1/2 (corresponding to a Warburg- or de Levie- 
type impedance), but increases monotonically as a 
function of the amount  of charge passed. 

During the growth of oxide layers at the surface of z~nc 
electrodes, electrolyte solution is also imbedded. The di- 
electric properties of the resulting layer are not a linear 
combination of the dielectric characteristics of the com- 
ponents (i.e., oxide and solution), but are affected by 
other cross-term effects as well (17). One of the ways of 
describing the dielectric behavior of composites is the ef- 
fective medium approximation (18, 19). Among the most 
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Fig. 4. Change of the dispersion spectrum of the imaginary part of the 

impedance as a function of the quantity of charge. Data from Fig. 2. 
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used forms of this approximation are the Maxwell- 
Garnett, the Bruggeman, and the self-similar or differen- 
tial form. The Maxwell-Garnett approximation for a two- 
component  system is valid whenever a distinction may be 
made between a "host" and a "guest" component  in the 
composite material. This limitation is not present in the 
Bruggeman version, which applies for spherical inclu- 
sions in a homogeneous medium consisting from the two 
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components.  The refinement of this latter approxima- 
tion, the self-similar or differential effective medium 
theory, allows for any form of inclusions in media in 
which the conductive phase remains interconnected for 
any ra{io of the components.  

We used this interpretation of the frequency dispersion 
of the impedance based on the SEM data in Ref. (7) and 
the fact that the behavior of the impedance can be pre- 
dicted by neither equivalence to a passive circuit nor by 
Warburg-type impedance (Fig. 4). 

The form of the effective medium approximation used 
by us was developed for the description of the dielectric 
characteristics of sedimentary rocks (17, 18, 20). In its 
closed form, for a composite consisting of a porous insu- 
lator saturated with electrolyte solution, the equation for 
the porosity is as follows 

P - -  [2] 
�9 w - -  � 9  

where P is the porosity; �9 �9 and ed the complex dielec- 
tric constants of the composite, solution, and insulator, 
respectively; and 0 < m < 1 is a screening factor (depolari- 
zation factor) dependent  on the shape of the grains in the 
composite (18, 19). The forms encountered in the litera- 
ture use a limited number  of fixed values of the parame- 
ter m. We extended the model for the continuous varia- 
tion of m in the interval [0, 1] (21). 

The complex dielectric constant, at frequencies lower 
than 107 Hz, may be written as 

�9 = k + i (4vAo)~ [3] 

with k is the real dielectric constant, (0 the angular veloc- 
ity, and o- the dc conductivity. 

The dissipation spectrum of the impedance will be de- 
pendent  on the geometric factors of the sample (1, % and 
A), the dielectric characteristics of the components (ew 
and especially ed, their ratio and microstructure (P and m). 
The results predicted by the effective medium theory 
are compared with the experimental  values in Fig. 3. 
Some of the parameters used were taken from the litera- 
ture as kw = 70 (12), kd = 9 (22), o-w = 0.500 (~-cm) -1 (1). 
The adjustable parameters are the thickness to roughness 
ratio l/7 (one parameter), the conductivity of zinc oxide o-d 
(depending on the nonstoichiometry of the anodically 
formed zinc oxide), the porosity P, and the depolarization 
factor m. The adjustable parameters were fit by least 
mean squares fitting for nonlinear models. Fitting was 
performed only for the imaginary part of the impedance 
(Fig. 3, top). As a check for the consistency of the model, 
the values obtained for the parameters were fed into the 
expression for the real part of the impedance and the re- 
sults were compared with the experimental  data (Fig. 3, 
bottom). Thus, some of the characteristics of the passi- 
rat ing layers were derived from impedance measure- 
ments: the porosity, the depolarization factor, the thick- 
ness to roughness ratio, and the conductivity of the 
insulating phase. 

Figure 7 shows the evolution of the parameters of the 
system from Fig. 4 and 2 as a function of the quantity of 
charge passed after passivation. From Fig. 7a, which rep- 
resents a typical set of data after passivation, a jump in 
porosity is observed. We associate this jump with the 
phase transition mentioned by Dirkse (14) and postulated 
by McKubre and Macdonald (4), probably related to the 
transformation from polyhydroxide to oxide (7). After this 
transition is finished, the porous layer considered to 
comprise zinc oxide and solution becomes more compact, 
as seen from the decrease in porosity. The decrease of the 
depolarization factor (Fig. 7b) toward values characteris- 
tic for spheres suggests that densification occurs by the 
grains becoming more and more spherical and, according 
to Ref. (7), finally merging. This process is accompanied 
by a decrease in conductivity of the insulating phase (zinc 
oxide) (Fig. 7c). The number  of free carrier concentration 
derived from conductivity data (106 cm -~ as compared to 
10-" cm -~ for the intrinsic material) is consistent with the 
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excess of zinc in the passive layer (15). The decrease in 
conductivity may be due either to migration of impurities 
in the high field across the layer or to electrochemical re- 
action inside the layer. After the above parameters reach 
roughly their steady-state values, the layer continues to 
grow (Fig. 7d). This conclusion is based on the assump- 
tion of constant roughness (the initial decrease in the 
thickness-to roughness-ratio is probably due to the fact 
that this assumption is not valid at that stage). 

The terms used in Ref. (7) to describe the passivation 

IO00 

800 
N 

E 6OO - 0 

400 

o 200 

0 I I - I I ~ 

.-. 80 ~ 
N 60 
o_ 40 

2O 

0 6 0  i i i i 

8 0  I 0 0  120 140 

I ( m A / c m  2 ) 
Fig. 8. Variation of the amount of charge passed before passivotion 

(top) and of the initial porosity (bottom) as a function of initial current 
density. 



Vol. 132, No. 7 P A S S I V A T I O N  O F  Z I N C  1515 

160 

< 120 

i-i 
8o / /" 
60 I i I I 

0 .01 .02 .03 .04 .05 

t-~/z (sec-V2) 
Fig. 9. Initial current density as a function of the reciprocal square root 

of the posslvotion time. 

are "polymerization" and "densification," where the pro- 
cesses occur successively. We believe that they occur con- 
comitantly and that the ratio of their rates is ~ dependent  
on the current density. This is better illustrated by Fig. 8, 
in which are represented the dependence of the amount  
of charge before passivation (top) and of the initial poros- 
ity obtained from impedance measurements (bottom) as a 
function of the initial current density. The picture sug- 
gested by Fig. 8 is that the lower the current density, the 
"fluffier" the layer formed, since with an increase in cur- 
rent density less charge is necessary for passivation and 
the passive layer is less porous, i n  other words, at low 
current density the polymerization is rapid, while at high 
current density the densification is rapid. This may be in- 
terpreted as a diffusion-controlled mechanism in which 
the diffusing species is the electrolyte. That the passiva- 
tion process is a diffusion-controlled one is indicated by 
Fig. 9, in which the initial current density is seen to be lin- 
ear with the reciprocal square root of the passivation 
time. That this is a realistic possibility is also indicated by 
the observation that, if a passive electrode is left at open 
circuit, it is "reactivated" after a certain period of time 
(23). An alternative explanation invokes dissolution. Un- 
der the present conditions, we do not believe this to be 
the case, since the solution is electrolytically saturated in 
zinc species. Moreover, chemical dissolution would not 
explain the fact that the time of passivation of the 
"reactivated" electrode is shorter than that for initially ac- 
tive electrodes. In  view of our model, the passivated elec- 
trode is just  reflooded with electrolyte and again 
repassivated, with diffusion of the electrolyte becoming 
more difficult, as the porous layer becomes thicker. 

A word about the implicit assumptions involved in this 
analysis is called for. One is that the passive layer is con- 
sidered homogeneously porous. The effect of removing 
this assumption is currently under  investigation in our 
laboratory. Another assumption is that the passivating 
layer comprises only two components: zinc oxide and so- 
lution. Other assumptions are more drastic; namely, that 
the effects of the high field in the passive layer were ne- 
glected, as well as the random orientation of the grains 
[although the latter assumption is justifiable for an elec- 
trolytically grown layer (15)]. 

C o n c l u s i o n s  
The study of vertical flat zinc electrodes in alkaline so- 

lutions electrolytically saturated with soluble zinc species 
has led us to the following conclusions. 

1. The passivating layers under  these conditions are 
composite layers comprising both oxide and solution. 

2. The growth of the layers and electrical passivity/ac- 
tivity of the electrodes are dictated by the diffusion of the 
electrolyte across these layers. 

3. After passivation, the characteristics of the passive 
layers change as a function of the amount  of charge 
passed after passivation. These changes are summarized 
as follows: the passive layer becomes more and more 
compact with grains approaching a spherical shape; after 
a certain porosity and conductivity of the insulating layer 
is reached, the thickness of the layer increases. 
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Second-Order Harmonic in the Current Response to Sinusoidal 
Perturbation Voltage for Lead-Acid Battery 

An Application to a State-of-Charge Indicator 

S. Okazaki, S. Higuchi, and S. Takahashi 
G o v e r n m e n t  I n d u s t r i a l  Research  Ins t i tu te ,  Osaka ,  M i d o r i g a o k a  1, I keda ,  O s a k a  563, J a p a n  

ABSTRACT 

Distortion of the current response to sinusoidal alternating perturbation voltage has been quantitatively measured 
as a function of state of charge for commercially available lead-acid batteries. The input amplitude adopted here was 
greater than those used for ordinary impedance measurement. The distortion is represented as a power spectrum. 
Among higher order harmonics, that of the second one was selected for the parameter of a state-of-charge indicator. Ex- 
cellent linearity was observed for the state of charge. It was also clarified that, compared to other parameters of the indi- 
cator, such as terminal voltage, impedance of fundamental  tone, and concentration of sulfuric acid, this parameter is less 
influenced by other factors during practical operation, such as discharge current and rest time. 

Many types of state-of-charge indicators have been pro- 
posed for use in primary and secondary batteries. In par- 
ticular, interests have been directed to lead-acid batteries, 
which are very popular as SLI batteries, emergency 
power supplies, and electric vehicle power sources. For 
the last case, especially, a state-of-charge indicator serves 
as a fuel meter and plays an important role in the system. 
As for the SLI batteries, though state-of-charge is pres- 
ently not monitored, it is hoped that its indication can be 
incorporated into the car's indicator system for the sake 
of convenience. 

Recently, special efforts have been made to develop 
various advanced secondary batteries for vehicular and 
load leveling applications. In consideration of their 
operational conditions, a correct understanding of the 
state-of-charge is very important. Consequently, the need 
for the development  of indicators of high accuracy at low 
cost now becomes greater and greater. 

Most indicators proposed so far are based in principle 
on terminal voltage (1), impedance (2), and especially the 
concentration of sulfuric acid in the case of lead-acid 
batteries. Density (3), refractive index (4), and saturated 
humidity (5) have been studied as physical properties rep- 
resenting the concentration of sulfuric acid. The state-of- 
charge can also be obtained from integrated current. To 
measure these physical quantities accurately, simply, and 
automatically in packed batteries, many devices have 
been proposed (1-5). Still, many problems remain, and 
only a few devices have proved good enough to be of 
practical use. For example, when sulfuric acid concentra- 
tion is selected as a parameter, a large time delay exists 
between the change of residual charge and the corre- 
sponding concentration at the probe. Thus, real-time 
monitoring is not possible in this case. Terminal voltage 
takes different values in the absence and in the presence 
of a load. If this difference is corrected according to cur- 
rent, the device will be very complicated and costly. 
Finally, fundamental  wave impedance is largely depend- 
ent on rest t ime for lead-acid batteries (6). An attempt is 
now being made to apply it to primary cells before use (2). 

Thus, a new parameter closely correlated to the residual 
charge of a battery should be proposed. For this purpose, 
the distortion of output current from a single sinusoid 
generated by alternating input voltage, represented as a 
power spectrum quantitatively, has been investigated. 
Among higher-order harmonics, that of the second one is 
adopted as such a parameter. The second harmonic was 
discussed first by Smith with reference to ac voltam- 
merry (7). Using the apparatus stated in the Experimental  
section, it is possible, in principle, to analyze it more di- 
rectly. This quantity provides important information 
about reaction kinetics. Our discussion here is limited to 
the application of the second harmonic to the state-of- 
charge indicator, i.e., to phenomenological  treatment. 
More fundamental  treatment and application of this pa- 

rameter to reaction kinetics will be carried out in the near 
future. 

Experimental 
When a sinusoidal alternating voltage 

V(o~,t) = V0 sin ~0t [1] 

is superimposed on an inherent terminal voltage, Vt, of a 
battery as input, the current response is represented as a 
Fourier series expansion 

I(oJ, t) = I0 + ~ I,, sin (n~t  + 6) [2] 

where co = 2~rfl.f: frequency) and 6 are the angular velocity 
of the imposed sinusoidal voltage and phase deviation 
of the response, respectively. The direct current I0 corre- 
sponds to faradaic rectification effect, and I with the sub- 
scripts n = 1, 2, 3 , . . . ,  are amplitudes of the fundamental 
tone, second-order harmonic, third-order harmonic, . . . ,  
respectively. In order to evaluate the m-order wave com- 
ponent, m = 1, 2, 3 , . . . ,  the distorted wave I(o~,t) is treated 
as follows. First, I((o,t) is integrated with cos moJt and sin 
moot from 0 to the period T. Then 

and 

f ~  T I',, = I(oJ,t) cos moJt d t  = ~ Im sin (b [3] 

f ~  T I"m = I(o~,t) sin m~ot d t  = -~m L, cos ~b [4] 

The amplitude Im is obtained from equation 

2m , 2 
I,, = - - T  x / I  m + r ' j  [5] 

Of course, Io, I,, Is, �9 �9 are functions of (o and V0. In the or- 
dinary chemical impedance measurement,  V0 must  be se- 
lected so that direct current and higher-order harmonics 
may be neglected. In such a case, a perturbation voltage 
of a few millivolts is usually employed. 

In order to carry out the above measurements,  a new 
system was constructed similar to those used for imped- 
ance measurements.  This system is controlled by a 
microcomputer having a potentio/galvanostat to provide a 
perturbation voltage (or current) to the battery and to 
charge and discharge it. 

The terminal voltage is monitored by a digital 
mult imeter  connected to the computer,  according to 
which the offset voltage, Vt, is determined. This device is 
also used to detect the cutoff voltage of discharge in ca- 
pacity tests. The main block of the system is FRA S-5720 
manufactured by NF Electronic Instruments Company 
and analyzes distorted waves. 

1516 



Vol. 132, No. 7 L E A D - A C I D  B A T T E R Y  1517 

The computer  automatically controls charge, discharge, 
and rest period of the cell, carries out capacity tests ac- 
cording to the defined cutoff voltage, provides perturba- 
tion and offset voltage, and performs analysis of response 
wave forms. 

A commercially available pasted-type lead-acid battery 
with nominal  voltage and capacity of 6V and 12 Ah, re- 
spectively, was used. The battery was placed within the 
thermostat at 25 ~ +- I~ 

The influence of rest t ime on the parameter was evalu- 
ated first. This test concerns not only rest time, but also 
the difference in behavior of the parameters in the pres- 
ence and absence of a load. The effect of the discharge 
current magnitude was then clarified. For this purpose, 
the battery was treated in the following way. 

After a 15-20 min discharge, its terminal voltage was 
perturbed by an external power supply immediately or 
after a 15-120 min rest. In the former case, the offset volt- 
age Vt was polarized, i.e. a closed-circuit voltage, where 
three kinds of discharge rates were adopted, i.e. 10, 8, and 
5 HR, respectively. In the latter case, the rest times were 
20 and 120 rain for the 10 HR and 15 rain for the 5 HR dis- 
charge. This procedure was repeated until the terminal 
voltage dropped to a cutoff voltage defined as 5.4V for 
the 10 and 8 HR and 5.25V for the 5 HR discharge. The 
state-of-charge is available from integrated discharge time 
at each measurement  and capacity obtained at the end of 
discharge. 

Results and Discussion 
Nonlinear current response.--Rigorously, current re- 

sponse to sinusoidal voltage input does not consist of a 
single sinusoid as stated in the previous section. It does 
so only when the low field approximation is valid in the 
Butler-Volmer equation. Figure 1 shows practical wave 
forms of current response for a fully charged lead-acid 
battery with an open-circuit voltage of 6.498V. The ordi- 
nate and abscissa scales are arbitrary. When the imput is 
10 mV rms, the output is nearly sinusoidal and the ratio of 
the amplitude for the second harmonic to the fundamen- 
tal tone is less than a few percent. When the amplitude of 
the input is as much as 30 mV rms, the output wave be- 
comes somewhat distorted and the content  of the second 
harmonic is about 10%. It is evident from the figure that 
there is a barely distinguishable shoulder at the very cen- 
ter of each of the two sharp peaks for 100 mV rms. This 
corresponds to the existence of a large second harmonic 
and the ratio becomes as much as ~20%. Thus, the larger 

the amplitude of the perturbation voltage, the greater the 
distortion of the current response. 

Wave distortion should be discussed in some detail 
here. First, we shall consider the ratio as a function of per- 
turbation frequency. The ratio is plotted against the loga- 
rithm of frequency in Fig. 2, where V0 = 30 mV rms. It is 
clear that, although at higher frequencies the system con- 
tains only a negligible second harmonic, it increases ab- 
ruptly at low frequencies less than a few hertz. In spite of 
the small ratio, 1 or 2% at high frequencies, it is 10% at 1 
Hz and exceeds 20% at 0.1 Hz. These frequencies belong 
to the Warburg region in a usual complex plane analysis 
for the lead-acid battery. Figure 2 also shows plots against 
the amplitude of perturbation voltage V0, where the fre- 
quency is 1 Hz. When V0 is as small as that used in an or- 
dinary impedance measurement,  - 3  mV rms, In:2/I,:i is 
less than 1%. In this case, even at a lower frequency, the 
low field approximation may be considered valid. 

A linear relation is observed between I,~2/I,=1 and small 
V0, <50 mV rms. This is the case when alternating varia- 
tion 5 in the reactant concentration in the Taylor expan- 
sion of the Butler-Volmer equation is proportional to the 
perturbation voltage, i.e., the expansion shows that if  5 
V0, then I,:1 ~ V0 and I,:2 ~ V0 ~, so I,:~/I,-1 must  be propor- 
tional to V0. In Fig. 3, there is a linear relation between I~=1 
and V0 and also between I,=2 ~12 and V0 at small V0. But 
these three plots deviate from linear lines at similar V0. 
The deviation at large V0, >50 mV rms, may possibly arise 
from a complicated diffusion process. 

A perturbation voltage of 30 mV rms was selected, 
though this value has no special meaning. At least the 
second harmonic is large enough to be measured easily at 
this voltage and the total current is small enough to flow 
using a common potentiostat. In the following sections, 
the application of this parameter to the state-of-charge in- 
dicator is discussed based on the amplitude, 30 mV rms, 
and a small number  of frequencies. 

Relation between second~rder harmonic and state-of- 
charge.--In the previous section, some general features of 
second-order harmonic in current response were dis- 
cussed for a lead-acid battery. In this section, the behav- 
ior of the second harmonic as a function of state-of-charge 
is discussed. 

The battery was discharged at a constant current, 10 
HR, for a certain period. After a 20 rain rest, a sinusoidal 
perturbation voltage, 1 Hz and 30 mV rms, were superim- 
posed on the inherent terminal voltage. Figure 4 shows 

a 

b 
p e r t u r b a t i o n  

C 

r e s p o n s e  

Fig. 1. Wove forms of input perturbation voltage and current re- 
sponses for fully charged lead-acid battery. The response wave forms are 
those for three kinds of input magnitudes: a, 10 mV rms, b, 30 mV rms, 
and c, 100 mV rms. Amplitude scale is arbitrary. 
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tion of the input voltage for a fully charged lead-acid battery. 

the second harmonic in current response, where the ab- 
scissa is the residual charge. From the figure, a linear 
correlation is evident. The residual charge may thus be 
easily obtained from the value of the second harmonic. 
Also, measurements of different cycles of the battery (rep- 
resented by the different shapes at the data points) show 
good reproducibility of the parameter. Consequently, it 
may be said that the second harmonic can be applied to 
the state-of-charge indicator. 

However, it should be pointed out that, considering the 
practical usage of the battery, a rapid and precise mea- 
surement is required under various conditions of practi- 
cal use. But there are many questions in regard to the 
influence of the discharge rest time, the degree of the pa- 
rameter change when measured in the presence of a load, 
and the effect of the magnitude of a load on the value. In 
other words, only a parameter not influenced by the con- 
ditions of measurement  or state of the battery except for 
its charge must  be used. 

The next section covers these problems, and a compari- 
son is made with classical parameters such as terminal 
voltage and impedance of the fundamental tone. 

Application to the state-of-charge indicator.--The line- 
arity of the relation between the second harmonic in cur- 
rent response and state-of-charge was shown in the previ- 
ous section. However, it may be influenced by the 
histOry of the battery, its environment, and its state, as 
well as the charge. 

We first consider the load. When present, there is a cer- 
tain concentration gradient in the solution near the elec- 
trode. After a sufficient off-load time, there is no concen- 
tration gradient, indicating an equilibrium state. Of 
course, in the former case, there is a deviation of the elec- 
trode potential owing to the concentration and reaction 
overpotential generated by the direct current. These phe- 
nomena should be considered in relation to the change in 
amplitude of the second harmonic as well as fundamental 
tone. They are influenced by the magnitude of the dis- 
charge current itself. 

Second, fundamental  tone impedance has been re- 
ported to depend on the rest t ime of the battery (6). After 
load is switched off, concentration gradient decreases and 
the electrode surface changes slowly, though it is 
difficult to interpret quantitatively because of its com- 
plexity. It is quite probable that the second harmonic is 
also influenced by the rest time. 

The parameters may depend on such factors as ambient 
temperature, bulk concentration of sulfuric acid, and cy- 
cle history, and their effects on the parameters should be 
clarified. But, at this point, it should be sufficient to say 
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Fig. 4. Second harmonic in current response to perturbation voltage, 1 
Hz and 30 mV rms, measured after a 20 min rest in 10 HR discharge for a 
lead-acid battery as a function of state-of-charge, Q. 

that in the course of the work the battery was immersed 
in thermostat controlled at 25 ~ +- I~ the bulk concentra- 
tion was not strictly controlled, and the charge-discharge 
cycle of the battery was from about 10 to 60, the discharge 
or measurement  modes being taken arbitrarily. 

Measurement was carried out at various frequencies of 
input. There must  be a frequency that is most ideal for 
application to the indicator. Here the results are shown 
for three frequencies, 1, 10, and 100 Hz, representative of 
the diffusion-controlled, both the diffusion- and reaction- 
controlled, and reaction-controlled regions, respectively. 
The amplitude of the input was 30 mV rms for all 
measurements. 

In order to determine the differences in parameter be- 
havior arising from the state and conditions of the bat- 
tery, the second harmonic, fundamental  tone in the out- 
put  wave, and terminal voltage were measured in the 
presence of a load, 10 HR, and in its absence after 20 and 
120 rain rests. This measurement  was also carried out in 
the presence of two other loads, 8 and 5 HR. 

The apparent total charge or capacity of the battery 
may vary between continuous discharge and intermittent 
discharge, but the resulting difference in the capacity is 
negligibly small. Therefore, no correction was made for 
the measured capacity. 

Measurements for terminal voltage are given in Fig. 5. 
As expected, the lines are separated into two classes, one 
for the presence and the other for the absence of a load. 
The difference is so large that direct application of this 
parameter to an indicator would not be possible. 

The second harmonic and fundamental  tone are shown 
in Fig. 6-8 as a function of state-of-charge for three fre- 
quencies, 1, 10, and 100 Hz. In each figure, there are six 
kinds of plots corresponding to different discharge and 
measurement  modes. The dispersion of the lines or 
curves in the figure must be a measure of the stability of 
the parameter toward the state or condition of the battery. 
In Fig. 6, larger currents are found in the case without 

rest of the load than that with it, both for the second har- 
monic and fundamental tone. This means that ]z] proba- 
bly increases by the rest or load-off and is in good agree- 
ment with other observations for similar frequency 
regions (6). In regard to the fundamental tone, Fig. 6b, the 
curves spread out like a fan. The dispersion of the plots 
exceeds about 60% of total battery charge. This means 
that when this parameter is used as a state-of-charge indi- 
cator, it contains an error larger than 60%. Thus, it is ira- 
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Fig. 5. Terminal voltage of a lead-acid battery for various discharge 
and measurement modes as a function of the state-of-charge, Q. Open 
circles: 10 H R and 20 min rest. Open triangles: 10 H R and 120 min rest. 
Open squares: 5 HR and 15 min rest. Darkened circles: 10 HR without 
rest. Darkened triangles: 8 HR without rest. Darkened squares: 5 HR 
without rest. 

possible to apply this parameter to a state-of-charge indi- 
cator. As for the second harmonic (Fig 6a), however, the 
line dispersion is remarkably small compared to that of 
the terminal voltage and fundamental tone at this fre- 
quency. It is less than 10% at the first stage of discharge, 
and increases somewhat at the final, but does not exceed 
15%. This satisfies the requirement for accuracy of the in- 
dicator as a fuel meter  for electric vehicles, i.e., <15%. 
Thus, the second harmonic is excellent as a parameter for 
the state-of-charge indicator. 

The behavior of the second harmonic is even better at 
10 Hz, as shown in Fig. 7a. Although it has a large devia- 
tion after a long load-off time, other lines only have errors 
of less than 10% and are  little influenced by the magni- 
tude of the direct current in the case of continuous dis- 
charge. Thus, after a small load, at just  the initial starting, 
remarkably accurate information for res idual  charge of 
the battery can be obtained and is scarcely influenced by 
a subsequent  short t ime rest. From Fig. 7b, it is impossi- 
ble to apply fundamental  tone impedance to the indica- 
tor, since its dispersion is too large. 

The results for fundamental tone measurement  are 
shown in Fig. 8 at 100 Hz. The fraction of the second- 
order harmonic is within only 0.1% of the total wave  at 
this frequency. It would be difficult to detect such small 
signals correctly at low cost. The curve  of the second har- 
monic has a min imum in the intermediate region. Conse- 
quently, it cannot be applied to an indicator and therefore 
is not shown here. 

The plots for fundamental  tone impedance show two 
separated groups of curves, one with rest time and an- 
other without it. The curves within each group are quite 
similar. The dispersion was about 15% for the former and 
only a few percent for the latter. However, the groups are 
somewhat separated and the error exceeds 20%, particu- 
larly in the initial region of discharge where the slope of 
the curves are low. Consequently, it is necessary to con- 
struct a device capable of covering this separation. 

Concluding Remarks 
General pictures have been given for the behavior of 

the second harmonic, fundamental tone in current re- 
sponse, and terminal voltage as functions of state-of- 
charge for a lead-acid battery. The frequencies of the in- 
put sinusoidal voltage were 1, 10, and 100 Hz, which are 
representative of the regions where diffusion, both diffu- 
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Fig. 6. Second harmonic (a, top) and fundamental tone (b, bottom) in 
current response tO the perturbation voltage, 1 Hz and 30 mV rms, for 
lead-acid battery for various discharge and measurement modes as a 
function of the state-of-charge, Q. Symbols are the same as in Fig. 5. 

sion and reaction, and reaction play important roles in 
output, respectively. The second harmonic was found su- 
perior to fundamental  tone and terminal voltage and to be 
less influenced by measurement  conditions and state of 
the battery, other than its charge. It satisfies the require- 
ments for electric vehicular use and should find practical 
application. 

In this work, the second harmonic was evaluated by a 
Fourier transform of the primary wave so as to obtain pre- 
cise ones. The apparatus is very expensive for state-of- 
charge indicators. But an ordinary high pass filter is 
sufficient for the second harmonic, in principle. It is pos- 
sible to use the electromotive force of the battery itself in- 
stead of an external power supply such as a potentiostat. 
That is, a lower voltage must be used in place of the ter- 
minal voltage, and from this direct voltage level, the volt- 
age is perturbed sinusoidally. The final problem is 
display. This is a rather simple problem. It may be possi- 
ble to produce the indicator at low cost. Many problems 
still prevent development  of the indicator for practical 
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Fig. 7. Second harmonic (a, top) and fundamental tone (b, bottom) in 
current response to the perturbation voltage, 10 Hz and 30 mV rms, for a 
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function of the state-of-charge, Q. Symbols are the same as in Fig. 5. 

use, such as comparison with galvanostatic method, de- 
termination of the best frequency and amplitude, 
influence of ambient  temperature, charge-discharge cy- 
cle history, and battery differences. 

It should be mentioned that the parameters discussed 
here have application only when a battery is discharged. 
They are not applicable to the case of charging and thus 
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Fig. 8. Fundamental tone in current response to the perturbation volt- 
age, 100 Hz and 3 0 m V  rms, for lead-acid battery for various discharge 
and measurement modes as a function of the state-of-charge, Q. Symbols 
are the same as in Fig. 5. 

have limited use for SLI batteries. Such an application of 
these parameters by a technique such as forcing a small 
discharge current to flow for a short time before mea- 
surement may be possible. 
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AC Impedance Analysis of Polycrystalline Insertion Electrodes: 
Application to Li,_xCo02 

M. G. S. R. Thomas, P. G. Bruce, and J. B. Goodenough 
Inorganic Chemistry Laboratory, Oxford University, Oxford OX1 3QR, England 

ABSTRACT 

It is argued that a porous insertion electrode can be modeled, for purposes of ac impedance analysis, by a modified 
Randles equivalent  circuit containing a generalized constant-phase-angle impedance in series with the double-layer ca- 
pacitance. The impedance spectrum of the disintercalation system Li,_xCoO~ showed two t ime-dependent semicircles, 
indicating the need for a further modification of the equivalent circuit by a physical process that could be represented 
by a resistor/capacitor combination. An adsorption process and a Li§ surface layer are each shown to 
refine to identically low R factors and to be represented by equivalent circuits that transform one into the other, each 
having circuit values with reasonable values for the physical processes represented. Time-dependent experiments could 
eliminate the adsorption models, and electron microscopy gave direct evidence for the surface-layer model; further 
indirect evidence came from constant-voltage experiments and the preparation of electrodes with greater 
electrode/electrolyte interface area. Although propylene carbonate appears to be kinetically stable in contact with 
Li,_~CoO2 at potentials of up to  4.5V vs. lithium, mixtures of propylene carbonate with oxide particles having x = 0.34 
produce thick polymer films. 

Many successful battery systems, primary as well as 
secondary, are based on electrodes that utilize insertion 
compounds. An insertion compound is a mixed elec- 
tronic/ionic conductor into which atoms may be 
topotactically inserted over a wide range of solid solution. 
The mobile species generally enters the host as a cation, 
donating an electron(s) to the conduction band of the host 
matrix; it may also enter as an anion, taking an electron(s) 
from the conduction band of the host matrix. The most 
successful insert ion-compound electrodes now in use are 
based on mobile H ~ or Li * ions in the host matrix, and the 
search for alternate insertion compounds represents an 
active area of research. 

Although the reversible insertion/removal of mobile Li 
ions has been extensively studied in layered structures 
such as LixTiS2 (0 -< x -< 1) (1) and Li~V60,3 (0 -< x < 7) (2), 
fundamental  electrochemical investigations have been 
mostly limited to studies of the ionic diffusion within the 
insertion compounds,  as this has been assumed to be the 
rate-limiting process. However, other processes, such as 
charge transfer and adsorption at the surface, are impor- 
tant and could prove rate limiting, especially if new mate- 
rials provide a high alkali-ion mobility within the host. In 
this paper, we report an elecrochemical investigation of 
the system L i, ~CoO~ (0 < x < 1), a system first explored 
by Mizushima et al. (3), in which the interfacial processes 
prove to be increasingly important as x increases. 

The kinetics of insertion-electrode reactions have been 
most commonly studied by potentiostatic or galvano- 
static pulse measurements.  However, ac measurements 
are also applicable; in fact, they have been utilized exten- 
sively in classical electrochemistry (4). Whereas, in princi- 
ple, pulse and ac measurements contain the same infor- 
mation, in practice, ac measurements  offer several 
important  advantages over pulse techniques. These ad- 
vantages  are as follows. 

1. A cell suffers a significantly smaller perturbation in 
an ac measurement  (<10 mV) than in a pulse measure- 
ment  (>100 mV); therefore, the cell is not displaced so far 
from equil ibrium during the measurement.  The severe 
polarizations induced by a current or voltage pulse may 
introduce concentration gradients of such a magnitude 
that the diffusion coefficient can no longer be assumed 
to be invariant with distance along the diffusion path, 
making invalid the simple diffusion equation on which 
analysis of the pulse data is generally based. 

2. The cyclic nature of an ac perturbation produces a 
psuedo steady state within the cell, so no net electrolysis 
o c c u r s .  

3. In an ac experiment,  it is possible to obtain a clear 
separation of the kinetics of the several different electro- 
chemical processes involved by determining the ac re- 

sponse as a function of applied frequency; with pulse 
techniques, the kinetics of the different processes are 
generally not well resolved. 

4. The ac data may be interpreted directly, whereas 
pulse data must generally be Fourier transformed into the 
frequency domain before analysis. 

The use of ac techniques for classical electrochemical 
measurements have been reviewed by Sluyters (4), 
Grahame (5), and Armstrong (6). Ho et al. (7) have dis- 
cussed application of the method to single-crystal and 
thin film WO3 insertion electrodes; they focused atten- 
tion on solution of the diffusion equation in the frequency 
domain, but they avoided the problem of surface rough- 
ness and porosity encountered in pressed-powder inser- 
tion electrodes. The latter problem is important because 
the insertion-compound electrodes used in commercial 
cells, and many that are tested in the laboratory, consist 
of finely divided powders pressed so as to ensure elec- 
tronic conduction between particles, but not so as to elim- 
inate a continuously connected porous space between the 
particles. The interparticle space allows the electrolyte ac- 
cess to a large surface area. In this paper, we present an 
equivalent-circuit model for interpreting the ac imped- 
ance of a pressed-powder insertion-compound electrode 
in contact with a liquid electrolyte that penetrates the 
pores. 

The ac results presented below demonstrate that the 
electrode material Lil_~.CoO2 in propylene carbonate can- 
not be characterized in terms of a simple intracompound 
Li ~ ion diffusion; more complex electrochemical pro- 
cesses, including the formation of a surface layer on the 
electrode due to oxidation of the electrolyte, must be con- 
sidered. A model for the ac impedance  of these complex 
electrochemical reactions, including adsorption and sur- 
face-layer formation, is presented and rationalized. 

Experimental 
Samples of LiCoO2 were prepared by heating an inti- 

mately ground, stoichiometric mixture of Li2CO3 (BDH 
Chemicals Limited, ANALAR purity) and cobalt metal 
(Koch-Light Laboratories, 1 tLm, 99.5% purity) in air 
initally at 600~ for 12h with subsequent heating at 900~ 
for 24h. The product was repeatedly ground and reheated 
at 900~ until x-ray diffraction indicated it was single 
phase. Atomic absorption analysis confirmed production 
of a Li:Co ratio of 1:1, and the semiconducting character 
of the blue-black product indicated an essentially stoichi- 
ometric oxide-ion concentration. Lithium-deficient elec- 
trodes Li, xCoO2 were prepared by galvanostatic titration 
of a two-terminal cell constructed as the three-terminal 
cell described below. 

Because the materials used in these studies are air sen- 
sitive, the cells were constructed in an argon-filled Vac- 
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uum Atmospheres glove box in which the dioxygen level 
was maintained in the region of 3 ppm and the H..,O level 
in the region of 7 ppm. 

�9 A three-terminal cell suitable for kinetic measurements 
on pressed-powder electrodes is shown in Fig. 1. The 
working electrode consisted of a 200-mesh stainless steel 
gauze (N. Greening and Company) current collector 
shaped as a 13 mm diam disk onto which was pressed (5 
ton) about 20 mg of the powdered Li~_,CoO2 that, in some 
cases, was premixed with one or two drops of the liquid 
electrolyte, a 1M solution of LiBF4 (Ventron GMBH) in 
propylene carbonate (Aldrich). Nickel gauze was found to 
be unstable in contact with an oxide containing cobalt in 
the highly oxidizing Co 4+~3+ mixed-valence state. Simi- 
larly, propylene carbonate was selected for the electrolyte 
because it appears kinetically stable in contact with 
Lil_,CoO2 at potentials of up to 4.5V vs. lithium. The pro- 
pytene carbonate was distilled under reduced pressure at 
80~ and dried over Li chips before preparation of the 
electrolyte. The pressed-powder compact  was placed 
against one of the two stainless steel spigots, Fig. 1; a 
freshly cut disk of li thium metal was placed against the 
other spigot to act as the counteretectrode. The wortdng 
and counterelectrodes were separated by Whatman glass- 
fiber pads that had been saturated with electrolyte; one 
low porosity pad (type GF/F) was placed next to the 
working electrode and two type GF/D pads next to the 
counterelectrode. A lithium annulus placed between the 
two GF/D pads acted as a voltage-reference electrode. 
The whole cell assembly was compressed by screwing to- 
gether the stainless steel spigots; pressure on the cell 
components was increased until a stable and identical 
voltage was obtained between the working electrode and 
both counter and reference electrodes. 

Impedance measurements  were carried out by con- 
necting the cell to a Solartron 1186 Electrochemical Inter- 
face that was, in turn, connected to a Solartron 1174 Fre- 
quency Response Analyser. The combined system 
potentiostatically controls the cell voltage and supplies a 
10 mV-rms ac perturbation sweeping the frequency range 
105-10 -4 Hz. The Model 1186 is a four-terminal device; the 
two reference leads are provided with driven shielding, 
which minimizes the stray lead capacitances and induc- 
tances, a potential problem with ac measurements. The 
cell-Solartron system was under the control of an Intertec 
Superbrain microcomputer;  the Superbrain was also used 
to apply a dc bias to the cell via a digital-to-analog 
converter and to provide a graphical presentation of the 
data. The results reported here are presented exclusively 
in the complex-impedance plane. 

The data were analyzed with a complex-nonlinear-least- 
squares refinement program developed for microcom- 
puters (8). The program allows interactive specification 
of equivalent-circuit models and their component  values. 
(We are grateful to Dr. B. A. Boukamp for recommending 
the use of an interactive approach.) The program gener- 
ates as output the refined component  values, the ob- 
served and calculated impedance responses and their 
percentage difference, and a reliability factor R calculated 
a s  

~i [O(coi) - E(~oi) ]'-' 
R =  

where O(oJL) and E(~oi) are the observed and estimated re- 

sponses at the frequencies wi. With this program, the opti- 
mized component values for a wide variety of different 
equivalent-circuit models could be rapidly evaluated. 
This procedure allows comparison of alternative models 
and an evaluation of  the physical interpretation of the 
components used in any given model. 

AC Impedance of a Model Pressed-Powder Electrode 
The ac impedance of an electrochemical cell containing 

a pressed-powder electrode can be described by an equiv- 
alent circuit such as that shown in Fig. 2a; a model of the 
electrode/electrolyte interface is shown in Fig. 2b. The 
model of Fig. 2a is based on the assumption that the elec- 
tronic conductivity of the insert ion 'compound is high and 
that the powder is compacted sufficiently to ensure that 
each particle is in contact with the aggregate across a 
solid-solid interface making an ohmic contact of low re- 
sistance to electron flow. Under  these conditions, the 
insertion-compound aggregate forms a rough, but contin- 
uously interconnected, porous solid of low bulk resist- 
ance Rb < <  Re, where Re is the bulk electrolyte resistance. 

The model divides the problem into three segments: 
the bulk electrolyte, the interface region, and the bulk 
electrode. The bulk electrode resistance consists of a very 
tow electronic resistance in parallel with a higher inser- 
tion-ion resistance. The interface region includes three 
segments: the interface itself across which insertion-ion 
transfer and double-layer charging occur, and regions on 
either side of t he  interface where these processes intro- 
duce insertion-ion concentration gradients in the electro- 
lyte and/or the electrode. In a porous electrode, electronic 
currents in the solid induce ionic countercurrents in the 
electrolyte to produce a circuit element analogous to that 
of a nonuniform RC-transmission line (see Fig. 3). Two 
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Fig. 3. Transmission-line equivalent circuit 

types of currents through the interface must, therefore, be 
distinguished: that due to insertion-ion and electron mi- 
gration (faradaic process), and the displacement current 
due to charge polarization (nonfaradaic process). These 
two currents flow in parallel branches. We now argue 
that the faradaic-current branch may be represented by a 
charge transfer resistance Ret and by a Warburg imped- 
ance Zw, the nonfaradaic-current branch by a generalized 
Warburg impedance Z'w and a double-layer capacitance 
Cdl. 

Representation of the insertion-ion migration across the 
interface by a charge transfer resistance Ret is more gener- 
ally valid, but it may be conveniently derived from the 
Butler-Volmer equation used in classical electrochemical 
systems for charge transfer current across an interface of 
effective area A 

I = A n F k  [ao exp ( -  a6) - aR exp (/3~b) ] [1] 

where reduction currents are defined as positive quanti- 
ties. In Eq. [1], k is the charge transfer rate constant, 4 = 
n F v / R T  (with n = 1 for alkali-ion transfer) is proportional 
to the overpotential 7/ and the Faraday constant F, and 
the transfer coefficients obey the relation a + /3 = 1. The 
coefficients ao and aR represent the insertion-ion activi- 
ties at the interface in the electrolyte and electrode, re- 
spectively. At low overpotentials, linearization of Eq. [1] 
allows the faradaic current flowing across the interface to 
be represented by V/Rct, where 

R~t -~ RT/nFIo; Io =-- AnFkao~aR ~ [2] 

is the charge transfer resistance and Io is the exchange 
current. In the case of a layered compound supporting 
only two-dimensional conductivity, the effective area A 
across which ions are inserted into or withdrawn from the 
solid is only a Small fraction of the total surface area; this 
reduction is exaggerated by the tendency of layered-com- 
pound particles to form as platelets supporting ion trans- 
fer only across an edge interface. 

Diffusion-controlled migration, whether in the electro- 
lyte or the solid, may be described by the Warburg imped- 
ance (7) 

V,n aV,c 
Zw = Aw (1 - j)r Aw - [3] 

AnF(2~),2 Oc 

provided the applied f requenc ies  are high enough to 
satisfy the relation co > D//2, where D is the chemical diffu- 
sion coefficient and l is the width of the layer supporting 
a mobile-ion concentration gradient. At lower applied fre- 
quencies ~ < D/l 2, the impedance may be represented by a 
resistance and a capacitance in series (7) 

gL = RL - j (~CD -~ [4] 

In Eq. [3], Vm is the molar volume of the solid and aVor 
is the slope of the open-circuit voltage Voc vs. mobile-ion 
concentration c. In the absence of any supporting electro- 
lyte, ionic transport in the electrolyte is not diffusion 
controlled, and the Warburg impedance in the faradaic 
branch is related only to the chemical diffusion coeffi- 
cient Db of the bulk via Eq. [3]. For an ion blocking elec- 
trode, there is no ionic transport in the bulk of the elec- 
trode (I = tb --~ 0), and any Warburg impedance in the 
faradaic branch is related only to diffusion-controlled pro- 
cesses in the electrolyte; this situation has been discussed 
by Randles (9) for a diffusion-controlled reaction between 
soluble species at an ion blocking electrode. In the gen- 
eral case, the Warburg impedance in the faradaic branch 
must  be related to the diffusion coefficients of the inser- 
tion ion in both the electrolyte and the electrode. 

If the concentration of the insertion ion in the electro- 
lyte is low, it may be necessary to introduce a concentra- 
tion overpotential where there is no supporting electro- 
lyte. In our experiments,  a 1M solution of LiBF4 in 
propylene carbonate gives a high enough Li § ion concen- 
tration that any concentration overpotentials may be ig- 
nored. However ,  for a pressed-powder electrode con- 
taining a layered insertion compound having only 
two-dimensional ionic conduction, ion transport between 
particles is generally difficult; the interfaces are only 
good electronic conductors. In this case, the width Ib of 
the mobile-ion concentration gradient in the solid is es- 
sentially limited to the radius of the particle in the con- 
ducting plane, so we may expect to encounter, at lower 
applied frequencies, the condition co < D//b'-' where Eq. [3] 
transforms to Eq. [4]. Although this transformation intro- 
duces an effective capacitance into the faradaic branch, it 
must be appreciated that, as dc conditions are ap- 
proached, the circuit component transforms further to a 
simple resistance. 

For a smooth electrode or at lower frequencies, uniform 
charging of the entire electrode surface gives rise to a ca- 
pacitance Cd~, the classical double-layer capacitance, in 
the nonfaradaic branch. This was the situation in the cell 
investigated by Randles (9); the Randles circuit has also 
been used to model  the ac response of electrochromic 
WO3 films (7). However, in the former case, the Warburg 
component  in the faradaic branch represented diffusion- 
controlled processes in only the electrolyte; in the latter, 
the Warburg impedance includes diffusion-controlled 
processes in the solid. 

On the other hand, at higher fl 'equencies with a rough 
or porous electrode in which the ac signal penetration 
depth is comparable to the depth of the pores, an in-pore 
ionic current counter to the in-solid electronic current 
produces a situation analogous to an RC-transmission- 
line network (Fig. 3) (10). Current flow in a semi-infinite, 
uniform transmission line is described by the telegra- 
pher's equation, which has the same form as the diffusion 
equation since the process taking place in an RC line may 
be regarded as electronic diffusion into a semi-infinite 
medium (11). The RC line may therefore be represented 
by a Warburg impedance. For a porous electrode, the RC- 
transmission line is nonuniform, and a more general 
constant-phase-angle impedance is required to represent 
it (12) 

Z',,, = A ' , ,  (joJ) " = A ' w  ~ - ~  [ c o s  ( ~ - - ) -  j sin ( - - ~ )  ] ;  

O < m < l  [5] 

If the nonfaradiac branch of the equivalent circuit of Fig. 
2a includes the two components Z'w and Cd~ in series, then 
at low frequencies Cdl dominates and at high frequencies 
Z'w dominates. 

The ac response of the equivalent circuit of Fig 2a is 
shown in Fig. 4. This is similar to that for the circuit pro- 
posed by Randles (9) except  for its modification by Z',,. to 
include the effect of electrode porosity at higher applied 
frequencies co. Inclusion of Z'w results in the charge trans- 
fer semicircle being replaced by a semicircle with a high 
frequency linear tail. 

]iv1 (z) / ~0 -I 
1500 

1000 

0 
0 200 300 
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Fig. 4. Simulated ac impedance response for modified Randles circuit: 
Re = 50~;Rct  = 2 0 0 ~ ;  Cdl = IO/~F;A~ = 4 ~ ; A ' w  = 105~/s- ' /2 ;m = 
0.5. 
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Application to Lil xCo02 
A four-probe dc-conduc t i v i t y  measurement  was carried 

out  on a Li0.6CoO~ pel le t  fabr icated wi th  a pressure  (ca. 5 
ton) similar  to that  used  to m a k e  electrodes.  An  electronic  
conduct iv i ty  (stainless steel e lectrodes)  of 0.2 ~ - ' - c m  -~ 
confirms that  this pressure  is suff icient  to establ ish a po- 
rous e lect rode in which  the  individual  part icles are mak-  
ing electr ical  contact .  Therefore,  the  physical  mode l  de- 
scr ibed in the  last sect ion should  be appl icable  to our  
e lectrodes  of Li,_xCoO... However ,  the  observed  ac re- 
sponse  (see Fig. 5) differs marked ly  f rom the response  
predic ted  for a modif ied  Randles  c i rcui t  (Fig. 4); two 
semicircles  are clearly observed.  S ince  each semicircle  re- 
quires  the inc lus ion  of a resis tor /capaci tor  combina t ion  in 
the  equivalent -c i rcui t  model ,  the modif ied  Randles  cir- 
cuit  is clearly an inadequa te  mode l  of the  e lec t rode  r e a c -  
t i o n .  

The appearance  of  two semicircles  p roved  h ighly  repro- 
ducible;  of more  than 200 impedance - re sponse  spectra  
col lected f rom m a n y  different  samples  of different  stoi- 
ch iometr ies  of  Li,_xCoO2, every  one showed  this feature. 
However ,  the  re la t ive  sizes of the  semici rc les  were  found 
to depen t  on the  previous  his tory  of the  cell; bo th  semicir- 
cles were  genera l ly  found to increase in size with time. 
The spec t rum in Fig. 5 was obta ined  wi th in  one day of 
cons t ruc t ion  of  the  cell; o ther  cells of  s imilar  age had im- 
pedance  spect ra  of  a s imilar  form. Visual  inspec t ion  of  
Fig. 5 clearly reveals  that  at least  six circui t  compo-  
n e n t s - t h r e e  resistors,  two capacitors,  and a Warburg 
c o m p o n e n t - - a r e  requ i red  to p roduce  the  basic form of 
the  response.  

Two different  physical  processes  m a y  be invoked  to ac-  
c o u n t  for the addi t ion  of  a resis tor /capaci tor  pair to the  
Randles  equ iva len t  circuit:  (i) adsorp t ion  of Li  ~ ions or 
p ropy lene  carbona te  onto the  surface  of the  e lect rode 
wi thou t  charge t ransfer  and (ii) format ion  of  an ionical ly 
conduct ing  bu t  e lect ronical ly  insula t ing surface layer at 
the e lec t rode  surface. In  order  to d is t inguish  be tween  
these  two possibil i t ies,  it is necessary  first to const ruct  
the cor responding  equ iva len t  circuits,  which  are illus- 
t rated in Fig. 6. 

Adsorp t ion  represen ts  a nonfarada ic  process  that  oc- 
curs in paral lel  wi th  the  nonfaradiac  processes  already 
discussed for the  modif ied  Randles  c i rcui t  of Fig. 4. The  
adsorpt ion b ranch  of the circuit  has two componen t s ,  one 
represen t ing  the  kinet ics  of  fo rmat ion  of  the  adsorbed 
species and the  o ther  the energy s tored by subsequen t  
bond  format ion  (see Fig. 7). The kinet ic  c o m p o n e n t  may  
be r ep resen ted  by a res is tance (Fig. 6a) or, i f  diffusion 
controlled,  by a Warburg i m p e d a n c e  in series with a re- 
s is tance (Fig. 6b); the  energy-s torage c o m p o n e n t  by a ca-  
p a c i t a n c e .  These  two steps occur  in series, so they  form a 
single adsorp t ion  b ranch  in paral lel  wi th  the  interface- 
region branches  of  the  modif ied  Randles  circuit. 

A surface-layer  e lect rolyte  having  a smal ler  insert ion- 
ion conduc t iv i ty  than  the  l iquid e lec t ro ly te  is i l lustrated 
in Fig. 8. Across  the  surface layer, the  ion t ranspor t  may  
be represen ted  by the  insert ion-ion res is tance R~,, and po- 
larizat ion of  the  surface-layer  e lec t ro ly te  by a capaci tance  
C~, in parallel. The  ex is tence  of  a surface-layer  e lectrolyte  
modif ies  the  double- layer  capaci tance,  wh ich  is associ- 
a ted with  the  mobi le  species in the  surface layer. S ince  
the  double  layer is confined to a smal l  fract ion of  the  sur- 
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Fig. 5. Measured ac impedance response for Lio.~CoO2 
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Fig. 6. Equivalent circuits for three models: adsorption (a), diffusion- 

controlled adsorption (b), and surface layer (c). 

face layer, the  relat ion Cd~ > >  C~1 can be anticipated,  so we  
a r e  just if ied in put t ing  the surface-layer  s egmen t  in 
series wi th  the  interfacial-region segmen t  as shown in 
Fig. 6c. 

A l though  the  two equ iva len t  circuits  g iven  in Fig. 6a 
and 6c were  deve loped  to represen t  different  physical  
processes,  they  may  be formally t rans formed  one into the  
other  (13), and s imula t ion  of the  i m p e d a n c e  responses  for 
all three  circuits  of Fig. 6 are ind is t inguishable  f rom one 
ano ther  wi th  real ist ic  resis tor  and capaci tor  values  for ei- 
ther  the  adsorp t ion  or surface-layer model .  It  is therefore  
not  possible to de te rmine  which  physical  mode l  is more  
appl icable  to the  Lil ~CoO~ sys tem s imply  by least 
squares  r e f inement  of  the  impedance  data. This examp le  
demons t ra tes  the  danger  inheren t  in any just i f icat ion for 
select ion of a phys ica l  mode l  pure ly  on the  grounds  of  
"goodness  of fit" be tween  a s imula ted  and an observed  

Rads Cads 
II 

Energy 
~ E a d s  

Reaction 
Coordinate 

Fig. 7. Modeling of the adsorption process 
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impedance spectrum; the choice of either the circuit or 
the physical process it represents need not be unique. 
The equivalence of at least two superficially different 
equivalent circuits used to model two distinguishable 
physical processes demands the establishment of more 
rigorous criteria upon which to base acceptance of a 
physical model. The following criteria can be identified. 

1. Viable model  circuits must contain components that 
are connected together in the same order as the physical 
processes they represent. 

2. Convergent fits of simulated and observed imped- 
ance spectra must  be obtained through least squares re- 
finement. 

Nonconvergence arises either if the component  values 
are significantly different from those needed for an opti- 
mum fit or if two or more of the component  values are 
highly correlated, which indicates that one of them may 
have no basis in reality. Without a convergent fit, the 
values of the components in the equivalent circuit may 
not be determined, in which case the following criteria 
cannot be met. 

3. A low R factor as well as visual inspection of the 
graphical output produced by the fitting program must 
verify good agreement  between calculated and observed 
impedance spectra. 

4. The optimized values of the individual circuit com- 
ponents produced by the fitting program must corre- 
spond to reasonable values for the physical processes 
they represent. The magnitude of any component  value 
must be significantly greater than the calculated esti- 
mated standard deviation. 

5. The individual circuit-component values should vary 
in an explicable and self-consistent manner  as the condi- 
tions of an exper iment  are varied. 

6. Independent  evidence, not based on ac-impedance 
studies or circuit fitting, should be sought to verify spe- 
cific conclusions of the fitting procedure. 

All three of the equivalent-circuit models shown in Fig. 
6 are found to satisfy generally the first four of the above 
criteria, as can be seen from Fig. 9. However, criterion 3 
could not be met  for Fig. 9a and 9c without use of the 
constant-phase element  (modified Randles circuit) to pa- 
rametrize the electrode porosity. It should be noted that 
the values for the charge transfer resistance and the 
Warburg prefactor Aw for the intraelectrode diffusion are 
generally independent  of the model used for fitting. This 
proved reproducibly true for all of the data that were 
fitted for these three equivalent circuits. In contrast, the 
values of the double-layer capacitance Co, vary widely 
with the choice of model. 

In order to differentiate between the models, the condi- 
tions of the cells were varied systematically. The aim of 
these experiments  was to identify correlations between 
the variations in the external conditions and the varia- 
tions in the fitted values of the individual  circuit compo- 
nents, Three separate types of exper iment  were carried 
out to determine: (i) the time dependence of the ac- 
impedance response, (ii) the influence of premixing of 
the electrolyte with the cathode material, and (iii) the var- 
iation of the circuit parameters with applied voltage. 

As discussed above, the relative sizes of the semicircles 
characteristic of our Li,_,CoO2 electrodes increased with 
the age of the cell. Impedance-response spectra were re- 
corded at  increasing time intervals over a period of seven 
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Fig. 9. Fitted at-impedance response for Lio.65Co02. (a) Adsorption: R e 

= 52.0(2)D-, R~ds = 357(24)D-, Cad~ = 15.4(2) ~ F, Rct = 123.3(5)D~, Aw 
= 2.8(2) D--s -1/2, C~I = 84(11)/~F, A'w = 1803(30) D--s - ' 2 ,  m = 0.5 
(b) Diffusion-controlled adsorption: Re = 56.0(1)D,, Rads = 22.7(8),0,, 
Cad~ = 113(5)/-tF,R~t = 119.7(4)~,A~ = 2.6(2) ~,-s-'~,Cdl = 2.62(7) 
#F,A % = 1095(22) D,-s-'2, m = 0.5. (c) Surface layer: R~ -- 53.1 (2)11, 
Rsl = 12.4(5)D-, Cs~ = 10.1(6) /~F, Rct = 1097(7)D-, Aw = 2.8(1) 
D--s -~/~, Cdl = 1.13(4)/~F, A'w = 682(28) ~ - s - ~  m = 0.442(7). 

days; the t ime-dependent behaviors of the optimized 
equivalent-circuit parameters for each of the three models 
of Fig. 6 are shown in Fig. 10-18. 

Premixing the electrolyte and electrode material to- 
gether was done to increase the electrode/electrolyte in- 
terface area; the results of this experiment  are given in 
Table I. 

To investigate the variation in circuit parameters with 
applied voltage, the high frequency (> 1 Hz) impedance 
response was monitored during short potentiostatic 

Table I. Dependence of resistances and capacitances upon 
preparation method for two equivalent-circuit models 

Dry-pressed Premixed 
Parameter electrode electrode 

Surface-layer model 
Electrolyte resistance (Re) 52(1)~ 52(1)~ 
Surface-layer resistance (R~I) 27(1)12 184(1)12 
Surface-layer capacitance (C~,) 7 . 8 ( 4 ) / z F  0.35(3)/~F 
Charge-transfer resistance (RCt) 136(1)fl 23(1)s 
Double-layer capacitance (Cot) 128(8) ~F 1530(120) ~F 
Warburg prefactor (Aw) 3.1(1) ~-s -'~2 0.93(7) ~-s -'~ 

Diffusion-controlled adsorption model 
Electrolyte resistance (Re) 56(1)~ 57(1)~1 
Adsorption resistance (R~d~) 43(2)11 44(1)12 
Adsorption capacitance (Cads) 127(12) ~F 102(34)/zF 
Charge-transfer resistance (Rot) 159(1)11 201(1)12 
Double-layer capacitance (Cd,) 2.4(1) tzF 0.78(2) izF 
Warburg prefactor law) 3.1(1) 12-s -'~2 0.90(3) g~-s -'~2 
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Fig. 10. Time dependence of Aw for three models 

pulses. The voltage dependence of the electrochemical 
parameters are shown in Fig. 19 for the diffusion-limited 
adsorption model  and the surface-layer model. 

It is immediately apparent from Fig. 10 that the 
Warburg prefactor Aw is essentially independent  of both 
time and the choice of model, as required for bulk diffu- 
sion. A slight decrease with time is observed; it is attribu- 
table to an electrolyte penetration that increases the effec- 
tive electrode/electrolyte surface area A. 

Adsorption models.--The simple adsorption model of 
Fig. 7 may be eliminated by inspection of Fig. 11 and 12; 
inexplicable changes in the adsorption resistance and ca- 
pacitance over a 24h period are required by this model. 
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Initially, a Ceil > Cads is found; this is a physically unrea- 
sonable situation. Moreover, it is most improbable that 
adsorption should cause Ca1 to decrease with time; rather, 
increasing electrolyte penetration with time should in- 
crease Cdi. Therefore, this model  was not considered fur- 
ther. 

Similarly, t h e  diffusion-controlled adsorption model, 
Fig. 6b, could be discarded. The irregular increase in Cad~ 
with time is peculiar; see Fig. 13. This model  gives a Cd~, 
see Fig. 14, that is two to three times smaller than the Cd~ 
measured by Bruce (14) for a LixTiS2 electrode in 1M 
LiBF4 in propylene carbonate. The Li~TiS2 system shows 
only one semicircle; it can be expected to have a similar 
surface roughness and, hence, a similar Cdl value. More- 
over, the small  decrease in Ce] with time, as in the simple- 
adsorption model, is inconsistent with the rationalization 
of the decrease in Aw with time as a manifestation of in- 
creased electrolyte penetration. To check this rationaliza- 
tion further, the contact surface area was deliberately in- 
creased by premixing the cathode material with the 
electrolyte before pressing the electrode. The resulting 
decrease in the Warburg prefactor Aw (Table I), which is 
consistent with a larger effective contact area A, is clearly 
inconsistent with the tenfold reduction in Cd~ obtained 
with the diffusion-controlled adsorption model. Finally, 
the physical basis for a diffusion-controlled adsorption 
model does not exist, as all o f  the experiments were 
carried out in the absence of any supporting electrolyte. 
Under our conditions, Ls ion transport in the electrolyte 
is controlled by field migration. Propylene carbonate is 
the only other species that could be adsorbed on the elec- 
trode; i t  is present in such high concentrations that its 
movement  could not possibly be diffusion controlled. 

Surface-layer model.--Having eliminated adsorption as 
a plausible explanation for the appearance of two semicir- 
cles in the impedance plane, we now argue that the 
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surface-layer model  provides a consistent and physically 
reasonable interpretation of our experimental  data. 

According to the model of a Li ~ ion electrolyte surface 
layer having a fixed resistivity p and permittivity �9 with 
thickness L, the resistance R ~  = p ( L / A )  should increase 
with the layer thickness L, and hence with time; the 
surface-layer capacitance C~ = � 9  should decrease 
with time. From Fig. 16 and 17, this is just  the behavior 
that is observed. The monotonic increase in R~ and de- 
crease in C~ with time was maintained over a period of at 
least seven days. The data also imply that the rate of 
growth of the surface layer is rapid over the first 6h after 
construction of the cell and thereafter slows continuously 
with increasing thickness. 

According to Fig. 18, the Cdl of the surface-layer model 
increases from 113 to 200 ~F over the duration of the ex- 
periment. This increase is consistent with an increase in 

the total surface area as a result of greater electrolyte pen- 
etration even though the relative invariance of the 
Warburg prefactor Aw indicates that the effective surface 
area (the particle edges) does not increase significantly 
over the t ime scale of the experiment.  Since the particles 
are platelike, this discrepancy can be rationalized. 

From Fig. 16, the charge transfer resistance increases 
by about 30% over the time scale of the experiment. Com- 
parison with Fig. 11 and 15 shows that this variation is 
model independent.  From Eq. [2], the exchange current 
Io = A F k a o ~ a R  ~ decreases with time, i .e . ,  with surface-layer 
thickness L. Surface-layer formation would tend to trap 
Li § and BF4- ions in the same concentration as that in the 
liquid electrolyte. If  the equilibrium concentration of Li + 
and BF4- ions in the surface layer is smaller than that in 
the liquid electrolyte, then ao would decrease with time. 
Thus, the observed increase in Rot with time is under- 
standable with the surface-layer model. 

Table I indicates that premixing of the electrode pow- 
der with the electrolyte, which must increase the effective 
surface area A, significantly decreases Rot and Aw while 
increasing Cdl for the surface-layer model. From Eq. [2] 
and [3], an increase in A is expected to decrease Rct and 
Aw. The increase in Cdt also follows directly from an in- 
crease in A. Table I also shows that premixing increases 
R~I and decreases C~, indicating an increase in the surface- 
layer thickness and, hence, initiation of the surface-layer 
growth in the premixing. 

The fitted values derived from the voltage stepping ex- 
periments, see Fig. 19 and 20, provide the final evidence 
for acceptance of the surface-layer model. These data 
show that R~ and C~t are, as expected, independent  of the 
applied voltage, whereas R~d~ and Cad~ vary irregularly. 

In conclusion, t h e  surface-layer model- -and only the 
surface layer model--contains equivalent-circuit parame- 
ters that vary in a self-consistent manner with the electro- 
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chemical processes they represent as the cell conditions 
are varied. 

Independent  support for the surface-layer model is 
provided by the electron micrograph picture in Fig. 21, 
which clearly shows an amorphous layer surrounding the 
crystalline area where lattice-image fringes occur. The 
sharp boundary between the two regions makes it un- 
likely that the amorphous region was created by electron- 
beam reduction in the electron microscope. Electron- 
beam reduction is generally much more catastrophic, 

Fig. 21. Lattice image of a Lio.,Co02 crystal showing lattice deforma- 
tion in the layer planes. 

affecting the entire crystalline region rather than the 
edges alone. With the separation of the (003) lattice fringes 
as a guide, the surface-layer thickness is estimated to be 
30h, which is in good agreement with values estimated 
from the surface-layer capacitance. 

Studies of the impedance response as a function of 
composition over the range 0 < x < 0.5 in the system 
Lil_~CoO2 gave the same form of response as the spectrum 
of Fig. 5, which indicates that the surface Li 4 ion electro- 
lyte layer forms on the particles of Li,_xCoO2 for all values 
of x. The different stoichiometries were prepared in situ 
by application of a constant-voltage step to the cell. The 
impedance response of the cell was measured once the 
cell current had decayed to less than 1 ~A; the voltage 
was subsequently stepped to a new value. The 
compositional ranges studied by this procedure were 0 < 
x < 0.3 and 0.2 < x < 0.5. A steady change from a regime 
totally dominated by the Warburg component repre- 
senting bulk diffusion occurred between 3.3 and 3.9V 
(0 < x < 0.05); above 3.9V, the response had the form of 
that in Fig. 5. 

A mixture of propylene carbonate with Li,_xCoO2 (x -~ 
0.35) produces immediately a polymer, which is consist- 
ent with the strong oxidizing power of a Co ~ cation on 
the surface of an Li,_~.CoO2 particle. For x < 0.35, polym- 
erization is probably still present, though less extensive. 
Although we have no direct information on the composi- 
tion of the surface layer formed on our electrodes, these 
results are consistent with the formation of a polymeric 
film on the electrode surface that traps within it Ls and 
BF4- ions. Also consistent with such a model are the time 
dependence of surface-layer formation and growth, the 
apparent lack of a comparable surface layer on the less 
oxidizing Li~TiS2 particles, and a lowering of the surface- 
layer time constant RslCsl = pe for the premixed elec- 
trodes; a better LiBF4 distribution is made possible dur- 
ing premixing. 
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Polyacetylene and Polyphenylene as Anode Materials for 
Nonaqueous Secondary Batteries 
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ABSTRACT 

The conjugated polymers polyacetylene (PA) and poly(p-phenylene) (PPP) have been examined for their possible 
use as negative electrode materials in nonaqueous secondary batteries. Cathodically stable electrolytes have been 
identified which allow high reduction levels for these polymers, and charge-storage capacities of 0.34 Ah/g for PA and 
0.15 Ah/g for P P P  have been demonstrated. Structural evolution of these polymers during cation insertion and extrac- 
tion has been shown to have a significant influence on their electrochemical behavior. Several new stoichiometric pha- 
ses have been identified. 

Polyacetylene (PA) (1) and poly(p-phenylene) (PPP) 
(2, 3) are crystalline conjugated polymers which can be ei- 
ther partially oxidized or reduced electrochemically. This 
process results in the formation of a highly conducting 
complex between the reduced or oxidized polymer and 
the appropriate counterion from the electrolyte. The elec- 
trochemical reaction which occurs in a cell containing PA 
or P P P  electrodes involves the removal or addition of 
electrons through the external circuit and the insertion of 
ions from the electrolyte into the polymer lattice. 

Polyacetylene (1), polyphenylene (2, 3), and other conju- 
gated polymers have been considered for application to 
nonaqueous-electrolyte secondary batteries, where they 
may function as either anode or cathode. Recently, the 
prospects for a particular cell employing polyacetylene as 
a cathode have been reviewed (4). In this paper, we will 
discuss the characteristics of polyacetylene and poly- 
phenylene as they relate to the potential use of these poly- 
mers as anodes. In this case, we will only be concerned 
with partially reduced polymers for which the ion- 
insertion reaction may be represented by 

+xye 
[P]x + xyC + ~ [P-~C~+]~ [1] 

- x y  e 

where P denotes the polymer compositional repeat unit, 
C ~ the inserted cation, y the fractional charge per repeat 
unit (frequently called the doping level), and x the degree 
of polymerization. In this paper, P denotes - - C H - -  for PA 
and --C6H4-- for PPP.  

Two of the most  important considerations relating to 
use in batteries concern the charge storage capacity (max- 
imum value of y) and the operating voltage of the poly- 
mer. To date, there has been a discrepancy in the re- 
ported values of y obtainable with Li + for polyacetylene 
by chemical means (5) (y = 0.3) and by electrochemical 
means (6) (y = 0.08). We have been able to resolve this dis- 
crepancy by performing electrochemical reductions in 
more cathodically stable electrolytes. 

Having found a stable electrochemical system, we have 
been able to study the intrinsic properties of polyacety- 
lene and polyphenylene at varying degrees of reduction. 

Experimental 
As we will detail in the following sections, we have 

found that a variety of organoborate salts offer superior 
stability to the reduced polymers. Some of these salts, 
l i thium tetraphenyl borate (LiBPh4), l i thium tetrabutyl 
borate (LiBBu4), and sodium tetraethyl borate (NaBEt4), 
were purchased from Atfa Products. Others, which in- 
cluded lithium tetramethyl borate (LiBMe4) and potas- 
sium tributyl(N-pyrrolyl)borate (KBBu~Py), were synthe- 
sized by methods analogous to those of Ref. (7) and (8), re- 
spectively. The LiBMe4 was prepared by reacting 
methyll i thium and tr~imethylborane, (CH.~)3B, in diethyl 
ether. The KBBu3Py was prepared by first reacting po- 
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tassium hydride and pyrrole in tetrahydrofuran to form 
KC4H4N. A stoichiometric amount  of tributylborane, 
(C3H,)~B, was then added to form the desired salt. Lith- 
ium perchlorate was obtained pelletized and sealed under 
vacuum from Anderson Physics. Li thium tetrafluorobor- 
ate and lithium hexafluorophosphate were obtained from 
Alpha Products, l i thium trifluoromethane sulfonate from 
3M, and li thium hexafluoroarsenate from U.S. Steel. The 
solvents used in this study, tetrahydrofuran (THF), 
2-methyltetrahydrofuran (2-MTHF), methyl tetrahydro- 
furfuryl ether (MTFE), and diethyl ether (DEE), were all 
purified by distillation and storage over sodium benzo- 
phenone ketyl. 

Since reduced PA and P P P  are powerful and even cata- 
lytic reducing agents, ex t r eme  care was taken in puri- 
fying both electrolytes and solvents. The borate salts 
were typically dissolved in either THF or diethyl ether 
and crystallized by solvent removal. The salts were then 
washed with pure pentane and vacuum dried as a final 
step. After dissolving the salt in the chosen solvent, the 
electrolytic solution was stirred over a mercury amalgam 
of the corresponding alkali metal for at ]east  16h to re- 
move any remaining reductively unstable impurities. 

The Lewis acid salts were purified by heating at ca. 
100~ under vacuum for 16h, followed by stirring as a so- 
lution over Li/Hg amalgam. Where necessary, solutions 
were centrifuged and recrystallized a final time. 

Measurements of potential vs. composit ion were taken 
with a computer-controlled incremental-voltage-step 
(IVS) technique (9). The potential of the polymer elec- 
trode vs. an M]M ~ reference was stepped in 10, 25, 50, or 
100 mV increments or decrements between preset voltage 
limits. The current after each voltage step was allowed to 
decay to a preset minimum, typically corresponding to 25 
~A]cm 2. Once the minimum current was reached, the cir- 
cuit was opened for 1 min, and the potential of the poly- 
mer was recorded after this wait. A typical insertion and 
extraction cycle required 30h to complete with the 
longest high resolution cycles requiring up to 10 days. 

Test cells were assembled in glass containers in an 
argon-filled dry box, degassed under  vacuum, and 
sealed. Each cell contained an alkali metal reference/ 
counterelectrode along with the-polymer  working elec- 
trode. The cells contained about 1 ml of electrolyte solu- 
tion and 8-30 mg of polymer. Polymer electrodes were 
contacted by expanded nickel screen which was wrapped 
around the outside surface of the electrode. Polyacetylene 
was in the form of a film grown by the technique of 
Shirakawa et aL (10). Such PA films were typically 0.01 
cm thick, had a density of ca. 0.4 g/cm 3, and were com- 
posed of 500A diam fibrils. After synthesis the 
polyacetylene was stored at -40~ within the dry box. 
This procedure allowed the film to maintain a high cis 
isomer content (cis:trans > 80%). Isomerization to the all 
t rans polymer was accomplished during the first cycle to 
a reduction level greater than 6% (i.e., y > 0.06). This 
method of isomerization has been shown to produce 
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longer conjugation lengths (fewer defects) than are pro- 
duced by thermal isomerization (11). 

Poly(p-phenylene) electrodes were fabricated from 
powdered polyphenylene synthesized from benzene with 
an A1C1JCuCI~ catalyst in accordance wth the method of 
Kovacic (12). These electrodes were composed of 80 
weight percent (w/o) PPP,  10 w/o carbon black (Shawini- 
gan Black| and I0 wlo poly(ethylene-chlprotrifluoro- 
ethylene) (Halar| They were compressed and cured at 
175~ Such PPP  electrodes were typically 0.025 cm thick 
and had a densitY of ca. 0.9 g/cm 3. 

Results 
Compat ib i l i ty  o f  electrolyte w i t h  highly reduced 

po lymer . - -The  problem with the electrolytes used previ- 
ous ly  (5) is illustrated in Fig. 1, which shows the reduc- 
tion (Li ~ insertion) of polyacetylene in an electrolyte solu- 
tion c(~mposed of 1M LiC104 in THF. The discharge curve 
shows a reversible portion for a reduction level of ca. 8% 
(y = 0.08), followed by a large irreversible decomposition 
of the electrolyte (presumably C]O4-) between 0.6 and 
0.5V vs. Li/Li ~ on the 8% reduced po]yacetylene substrate. 
The flat (irreversible) portion of the curve was termi- 
nated after a fixed amount of charge had passed, The 
system would not reach an equilibrium at 0.5V vs. Li/Li ~. 
The charging of the cell (Li ~ extraction) reoxidized the 
original 8% reduced polymer. This cycle, as depicted in 
Fig. 1, was repeated several more times. It exhibited iden- 
tical behavior each time. Therefore, no significant part of 
the irreversible portion of the reduction curve involved a 
degradation of the polyacetylene itself. Any such degra- 
dation would have increased the cell resistance and/or de- 
creased the capacity with cycling. The 8% reduced 
polyacetylene, [(CH)-~176 evidently serves as a cata- 
lytic substrate for the reduction of C104- dissolved in 
THF. As long as the voltage is maintained above 0.6V, the 
coulombic efficiency of the reduction and reoxidation 
process is essentially 100% (3). 

At this point, the failure of previous attempts to obtain 
high reduction levels electrochemically can be associated 
with the failure of the electrolyte used, LiClO4 in THF. 
Other Lewis acid Salts were also investigated. Results are 
summarized in the upper portion of Table I. In this table, 
"minimum stable voltage" refers to the lowest voltage 
with respect to an M/M ~ reference where an equilibrium 
could be obtained. A typical cycle from neutral polyacety- 
lene (at ca. 2.0V vs. M/M ~) to the min imum potential and 
back over a 10-30h period could be accomplished in each 
case with at least 95% coulombic efficiency. These crite- 
ria determine the definition of the term stability as em- 
ployed in Table I. As an added caution, the reader should 
note that less or more rigorous purification procedures 
may influence the results of Table I. There can also be a 
solvent dependence to the stability ranges given. For all 
cases presented in the table, there was no evidence for the 
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Fig. I. Reduction of o polyocetylene film in on electrolyte of ]M 

LiCIO4 in THF. Irreversible reduction of the electrolyte occurs on the 
partially reduced polyacetylene, [CHLi,]j, when y > 0.08. 

Table I. Cathodic stability of electrolytes 
against reduced polyacetylene 

Salt, solvent 

Minimum Maximum 
stable voltage reversible y 

vs. M/M ~ value in CHM, 

LiCIO4, THF 0.6 0.0B 
LiCF3SO~, THF 0.6 0.08 
LiAsF~, THF 1.7 0 
LIB4, THF 1.3 0.02 
LiPF6, THF 0.2 0.14 
LiBMe4, THF 0.07 0.19 
NaBEt~, 2-MTHF 0.0 0.15 
KBBu.~Py, 2-MTHF 0.1 0.17 

Me = Methyl; Et = Ethyl; Bu = Butyl; Py = Pyrrolyl. 

formation of any protective (passivating) film on the 
polyacetylene. We have observed, however, that some sol- 
vents can react with the surface of reduced polyacetylene 
to produce a protective interface which limits further de- 
composition of either salt or solvent (13), Of all the Lewis 
acid salts studied here, LiPF6 exhibits the best perform- 
ance and LiAsFG the worst. Interestingly, this order of 
performance is the reverse of that observed for the plat- 
ing and stripping of li thium metal from ether solutions of 
LiPF6 (14) and LiAsF~ (15). The difference between poly- 
acetylene and li thium metal lies with the importance of 
the formation of a passivating film (or solid electrolyte 
interface) in the latter case. 

In addition to li thium hexafluorophosphate, we have 
found that various organoborate salts possess even 
greater cathodic stability against reduced polyacetylene 
and polyphenylene. As can be seen in Table I and Fig. 2, 
we have been able to approximately double the previ- 
ously reported (5) reversible doping levels by going to a 
more cathodic potential (i.e., to 0.15V vs. Li/Li ~ in Fig. 2) 
in an electrolyte solution of 1.5M LiBMe4 in THF. Maxi- 
mum reduction levels obtained with other alkali-metal 
counterions (Na t and K ~) are comparable as can be seen 
in Fig. 3 and 4. The maximum electrochemically revers- 
ible reduction level for polyacetylene is obtained with 
li thium counterions in THF and is approximately y = 0.18 
-+ 0.01. This value is supported by our electrochemical 
data and by elemental analysis of samples chemically 
doped with lithium. The remaining discrepancy with the 
literature (5) probably results from solvent coinsertion, 
which will raise the apparent li thium content as deter- 
mined by weight  increase. The maximum charge storage 
capacity of reduced polyacetylene is then 0.34 AtYg (in- 
cluding the weight of Li ~ but not the weight of coinserted 
solvent). 

2 .5  I I I I I 

2.0 I (CHLiy)x 

i 1.5 ~. 
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0 I I q I 
4 8 12  16 20  

Y (%) 
Fig. 2. Lithium ion insertion and extraction in polyocetylene, 

[CHLi~].,., with on electrolyte of lithium tetromethylborate in THF. The 
curve shown represents the open-circuit potential after o ] rain wait dur- 
ing the third cycle by the incremental-voltage-step (IVS) method. 
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Fig. 3. Sodium ion insertion and extraction in polyocetylene, 
[CHNo,];, with an electrolyte of sodium tetroethylborote in 2-MTHF. 
Curve represents the open-circuit potential taken by the IVS method (] 0 
mV steps at o minimum current of 25/~A/cm2). 
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Fig. 4. Potassium ion insertion and extraction in polyacetylene, 
[CHKy]x, with an electrolyte of potassium tributyl (N-pyrrolyl)borate in 
2-MTHF. Curves represent open-circuit potential after a 1 min wait dur- 
ing the third cycle with the IVS method (25 mV steps at a mininum cur- 
rent of 25/~A/cm2). 

Solvent coinsertion.--The weak van der Waals forces 
which bind polymer chains together also readily allow the 
coinsertion of solvent. Clearly, the charged polymer itself 
will act to some degree in "solvating" the inserted cation; 
however, the structural constraints imposed on the poly- 
mer may prevent it from achieving a coordination with 
the cation which has minimum energy. In this latter case, 
solvation of the inserted cation may be partially accom- 
pIished by coinserted solvent. One expects that solvent 
coinsertion will be the most pronounced for small cations 
which are the most strongly solvated. The solvating 
power of the solvent is also important. In this regard, 
Gutmann (16) has developed the concept of donor num- 
ber (DN), which may be measured for a given solvent. For 
our purposes, the magnitude of DN gives an empirical 
measure of the tendency of the solvent to donate elec- 
trons (Lewis base) and hence a qualitative measure for 
the solvation energy of cations in that solvent. Solvents 
with high donor numbers will tend to be more readily 
coinserted into our polymers. The size and structure of 
the solvent is also important. For example, tetrahydro- 
furan (THF) and glyme (DME) have the same relatively 
high donor number  (DN = 20) (16), but  the size and biden- 
tate nature of DME allow it to more strongly solvate 
larger cations such as Na ~ and K § 

We have observed that the coinsertion of solvent is 
accompanied by significant changes in the shape of the 
voltage vs. reduction level curves. Note the marked differ- 
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Fig. 5. Comparison of the behavior of polyacetylene during lithium ion 

insertion and extraction performed in three different solvents: (a) 1M 
LiBMe4 in THF, (b) LiBBu4 in 2-MTHF, and (c) LiBBu4 in MTFE. Curves 
were taken with the IVS technique. 

ences in the curves presented in Fig. 5 for the solvents 
tetrahydrofuran (THF), 2-methyltetrahydrofuran (2- 
MTHF), and methyl tetrahydrofurfuryl ether (MTFE). The 
potential variation in each solvent is characterized by 
three plateaus; however, the voltage and extent of each 
plateau is markedly different. These differences are pre- 
sumably brought about by the different size and solvating 
power of each solvent molecule. Other workers (17) have 
previously shown that THF is reversibly incorporated 
into l i thium-doped polyacetylene by alternate exposure 
to THF vapor and vacuum. 

In this work, we attempted to make a rough quantita- 
tive estimate of the solvent coinsertion effect during Ls 
ion insertion in polyacetylene by performing a chemical 
doping exper iment  in 2-MTHF. We employed lithium bi- 
phenyl as the doping agent in order to obtain a very high 
reduction level of the PA. 

Table II gives the history of one sample that was doped, 
evacuated for 2h at 25~ and then evacuated for 16h at 
60~ 

Electrochemical undoping of half of the PA after the 
final annealing under vacuum at 60~ determined the 
doping level to be y = 0.168. Elemental  analysis of the 

Table II. Solvent coinsertion in (CHLi~). r 

Conductivity Molecules of 
Procedure (S/cm) 2-MTHF/Li + 

Dynamic vacuum 51 0.23 
2h, 25~ 

Dynamic vacuum 59 0 
16h, 60~ 
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other half of the sample after this final anneal gave a 
doping level of y = 0.177 and no evidence for incorpora- 
ted solvent. Solvent content after 2h evacuation at room 
temperature was calculated from the weight difference 
between the two entries in the table. This evacuation at 
25~ was performed to remove any solvent which might 
have been simply adsorbed on the surface of the PA or 
trapped in its pores. Since this procedure might also have 
removed some of the coinserted solvent as well, the value 
of 0.23 molecules of 2-MTHF per Li ~ should be considered 
a lower limit. Similar experiments which were performed 
with K ~ insertion in 2-MTHF indicated minimal solvent 
coinsertion with this larger counterion. 

The role ofstructure.--Solvent coinsertion in these poly- 
mers is controlled by a complex interplay of electrochem- 
ical and structural effects. At this point, we need to en- 
large our discussion by considering in more detail certain 
structural aspects of PA and PPP. In all cases in Fig. 2, 3, 
and 4, one or more plateaus are evident in the voltage vs. 
percent reduction curves. The first major plateau 
(highest voltage) ends in the range 4-6% reduction for all 
cations, and the second major plateau ends in the range 
12-16%. These features may reflect a maximum in the 
electronic density of states of the polymer, but are more 
likely to have a structural origin. Sharp plateaus in volt- 
age vs. composit ion curves are normally indicative of 
multiphase structural effects as seen in the electrochemi- 
cal intercalation of graphite (18, 19), TiS2 (20), and WO2 
(21). For instance, in the electrochemical intercalation of 
graphite with Me4N + ions (19), a series of plateaus is ob- 
served, corresponding to various discrete stoichiometric 
phases [in particular, C4s(Me4N) and C.z4(Me4N)]. 

Structural modification in crystalline polymers upon 
ion insertion is expected to be a complex function of ion 
size and shape. Both polyacetylene and polyphenylene 
are crystalline polymers which possess similar packing 
arrangements when in their neutral (undoped) state (22). 
When inserted with certain cations or anions, these poly- 
mers again form crystalline complexes. Since the poly- 
mer  chains are only weakly bonded to each other, the 
polymer chains readily reorganize to accommodate the in- 
serted counterion. In general, different crystalline struc- 
tures appear for different counterions. The particular new 
structures arising from charge-transfer complex forma- 
tion are known in some detail only for alkali-metal-doped 
polyacetylene (23), although staged structures have been 
found for iodine-doped polyacetylene (24). In the case of 
polyacetylene heavily doped with an alkali-metal, a 
channel-like structure is formed in which alkali-metal 
atoms are inserted into channels formed by four poly- 
acetylene chains (left side of Fig. 6). This tetragonal struc- 
ture has been iden t i f i ed  for polyacetylene chemically 
doped to saturation with the alkali metals: Na, K, Rb, and 
Cs (23). The structure is flexible in that the interchaln 
distance expands to accommodate the larger ions, Rb ~ 
and Cs% The plateaus observed at low levels of reduction 

(y - 0.05) in Fig 2, 3, 4 are indicative of different "higher- 
stage" structures for these more dilute compositions. A 
more detailed description of the structure of these differ- 
ent phases based  on electrochemical and x-ray diffraction 
data has been presented elsewhere (25, 26). This study 
was primarily devoted to the structure of potassium- 
doped polyacetylene and poly(p-phenylene), since these 
complexes are the most crystalline and since solvent 
coinsertion does not occur when either THF or 2-MTHF 
are used. Polyacetylene film was electrochemically re- 
duced in an electrolyte of KBBu3Py/THF and samples 
were removed for x-ray analysis at compositions near y = 
0.06, 0.12, and 0.16. (Electrical conductivities were 170, 
220, and 260 S/cm, respectively.) The x-ray data suggest 
that the organization of K * ions in columns is preserved in 
the more dilute compositions. However, the spacing of 
ions within columns and the number  of chains per col- 
umn are variable. 

At the highest doping levels obtained, the "first-stage" 
structure of Ref. (23) is observed where the ratio of PA 
chains to columns of K ~ ions is 2 (Fig. 6). Meridional x-ray 
data suggest a separation around 3.7A between K ~ ions in 
a given column. Such a spacing leads to a commensurate 
arrangement of ions along a given polymer chain, as 
shown in Fig. 7. Since there are three CH units per ion 
and two chains per ion column in this phase, we denote 
this composition by (C~H3)~K, i.e., y = 0.167. Various pos- 
sible phases are plotted in Fig. 8 according to their partic- 
ular composition. X-ray data from samples taken at the 
end of the first plateau (y = 0.06) exhibit  a long spacing 
of ca. 8.2~, which supports the "second-stage" structure 
of Fig. 6 where there are three polymer chains per ion 
column. Other higher-stage compounds are likely to be 
identified by further study since preliminary evidence 
suggests a longer spacing (11.7~) for samples taken near 
5% reduction. Samples taken at y = 0.12, 0.15, or 0.16 all 
exhibit  a long spacing of 6.0A and other shorter spacings 
characteristic of the first-stage structure of Fig. 6. The 
samples near 16% reduction also exhibit  a meridional line 
corresponding to a 3.72A spacing between K § ions. As 
mentioned above, this spacing leads to a theoretical com- 
position of 16.7% for the crystalline regions observable by 
x-ray diffraction. Amorphous regions of the sample may 
be doped to a lesser degree. 

Electrochemical reversibility.--Another general feature 
of the electrochemical behavior of polyacetylene which 
suggests structural transformations over the plateau re- 
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Fig. 6. Proposed first-stage structure, where a' (calc) = 6.04~ and a' 
(obs) = 5.98~, and second-stage structure, where b'/2(calc) = 8.18~ 
a n d b ' / 2 ( o b s )  = 8.20A. View is along the chain direction. K ~ ions (black 
circles) are arranged in columns. 

I" ' ]  
6.2oA 

Fig. 7. Possible commensurate phases of reduced polyacetylene. Black 
dots show the positions of K* ions in a given ion column in relation to one 
of four neighboring PA chains. The spacing of 3.72~ has been observed 
for heavily reduced PA. 
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gions is the appearance of hysteresis in the discharge 
(ion-insertion) and charge (ion-extraction) curves (Fig. 2, 
3, and 4). The disproportionation into two or more sepa- 
rate phases involves first-order phase transformations 
which proceed with appreciable kinetics only when the 
reaction takes place some distance from the critical point. 
Thus, some degree of hysteresis is expected for all sys- 
tems involving multiple structurally different phases. 
Hysteresis is best seen with voltammetry measurements. 
Such measurements are difficult to perform by conven- 
tional means on thick nonswollen electrodes. Fortunately, 
Thompson (9) has developed a stepped-potential tech- 
nique, called electrochemical potential spectroscopy 
(ECPS), which is equivalent to linear sweep voltammetry 
(LSV) at nearly infinitesimal effective sweep rate. Exam- 
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Fig. 9. ECPS data for [CHNo,~  in an electrolyte of 1M NaBEt4 in 
2-MTHF. The cathodic sweep corresponds to Na 4 insertion, the anodic 
sweep to Na § extraction. 

ples of such scans presented in Fig. 9 and 10 were ob- 
tained for Na + and K + insertion (cathodic sweep) and ex- 
traction (anodic sweep). Peaks in these voltammograms 
correspond to the voltages at which plateaus appear in 
Fig. 3 and 4. In  order to have a one-to-one correspondence 
with LSV, each voltage step should be made at equal time 
intervals. Then dV/dt is constant for each step and dQ/dV 
will then be directly proportional to average current per 
step. In the present case, however, the current was al- 
lowed to decay to a fixed low value (25 ~tAJcm :) followed 
by an open-circuit stand of 1 min; hence, the system was 
allowed to nearly approach equilibrium at the end of each 
step rather than being continually perturbed from equi- 
l ibrium by the imposition of a constant sweep rate. How- 
ever, very similar curves are in fact obtainable by tradi- 
tional LSV provided relatively thin films (< 75 /~m) and 
slow scan rates (0.1 mV/s) are employed (27). 
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The curves of Fig. 9 and 10 show that ion insertion in 
PA is not a simple reversible process. Particularly with K § 
ion insertion and extraction, the cathodic and anodic 
peaks are not well matched. By scanning only in the 
range 1-1.8V vs. K/K § it can be shown that the reduction 
at 1.32V is reoxidized at 1.49V. The other two reduction 
peaks at 1.12 and 0.95V are associated with the reoxida- 
tion at 1.24V. Thus, there is not only considerable inher- 
ent hysteresis, but also clear evidence for a different se- 
quence of reactions upon ion insertion than appears on 
ion extraction. This difference is not likely to be the re- 
sult of solvent coinsertion, since we have observed no 
tendency for 2-MTHF to be coinserted with K § The ex- 
planation lies at least partly with the structural evolution 
of the polymer during ion insertion and extraction. Figure 
8 suggests that the sequence of phases obtained during 
insertion may be different from that during extraction. 
This different sequence may be caused by kinetic limita- 
tions on transformation from one phase to another. Even 
though the scan rate is effectively very low, the structural 
evolution of the sample will tend to proceed along a 
kinetically favored path. In particular, long spacings be- 
tween K + ions in a given channel [e.g., with (C~Hs).2K] are 
most likely to be observed during ion extraction from al- 
ready established channels. Likewise, one expects that 
compression into established channels will be kinetically 
favored over the creation of new channels during ion in- 
sertion. Such different pathways on insertion and extrac- 
tion will cause a large part of the differences observed be- 
tween cathodic and anodic waves in Fig. 9 and 10. Note 
that in Fig. 4 there is very little hysteresis in the region 
above 12% reduction, where x-ray studies indicate that a 
single structure ("first stage" in Fig. 6) persists over the 
entire composition range from 12 to 17%. The voltage 
over this range is rapidly varying because changes in y re- 
sult in continuous changes in the actual degree of reduc- 
tion of each chain rather than the growth of a new phase 
at the expense of an old. The latter process (nucleation 
and growth) results in a discontinuous change in y and an 
abrupt change in voltage to a new level, which remains 
nearly constant while the new phase grows. Other possi- 
ble influences on hysteresis and reversibility include (i) 
geometrical relaxation of polymer chains subsequent  to 
insertion (e.g., approach to equalization of bond lengths), 
(ii) initial insertion of anions rather than removal of cat- 
ions during reoxidation [the reverse process having been 
observed for oxidized polypyrrole by microgravimetric 
measurements (28), and (iii) solvent coinsertion (largely 
discounted for Na § and larger cation insertion with the 
use of 2-MTHF, but of significant importance with Li § or 
with strongly solvating solvents such as diglyme and 
DMSO). 

Poly(p-phenylene ) structure and electrochemistry.--Re- 
duced poly(p-phenylene) also displays many of the char- 
acteristics observed with polyacetylene, although reduc- 
tion takes place at generally lower potentials (<- 1V vs. 
Li/Li§ Reduction of PPP  with Li § counterions (and with 
K § not shown) exhibits a series of weak plateaus which 
are indicative of multiple phases as with PA (Fig. 11). 
With PPP,  both chemical and electrochemical doping 
techniques give rise to the same approximate limiting re- 
duction level: y = 0.50 in Eq. [1] where P is --C,H4--. The 
max imum reduction level achieved electrochemically 
with the use of alkali-metal organoborate salts in an ether 
is approximately 0.45 for Li § K § and Na § (Fig. 12). Thus, 
the max imum charge storage capacity with Li § is 0.15 
Ah/g (including weight of Li§ 

As mentioned above, the packing arrangement of pris- 
tine polyphenylene is very similar to that of polyacety- 
lene. Likewise, PPP  also forms crystalline complexes 
when inserted by alkali-metal counterions. X-ray diffrac- 
tion studies on heavily reduced PPP  suggest the struc- 
ture illustrated in Fig. 13, where  again alkali-metal atoms 
are arranged in columns with each column being associa- 
ted with two polyphenylene chains. If one assumes a 
commensurate arrangement of ions along each chain (a 
spacing of K + ions in each column matching that of 

( C s H 4 L l y ) x  

(CsH4)s Li 

~ ~ ~  / (C6H4)4 Li C H Li 

0 ~ 110 ~ I t I i 41 J 
20 30 0 50 

Y(%) 
Fi 9. 1 1. Li § insertion and extraction in poly(p-phenylene), [CGH4Liy]x, 

using an electrolyte of lithium tetraphenylborate in THF. 

2.0 

1.0 

0 :> 

(C6H4Nay)x 

C s H 4 ) 3 N a  

, , , " - ' - ~ ~ C s H 4 1 2 N ~  

10 20 30 40 50 

Y (%) 
Fig. 12. Na + insertion and extraction in poly(p-phenylene), 

[C6H4Nau],, using an electrolyte of sodium tetraphenylborate in THF. 

phenyl rings, 4.35~), then a series of phases may be postu- 
lated as described in Table III, where the observed num- 
ber of chains per column varies from two to four. As this 
ratio increases, planes containing K § columns are presum- 

Fig. 13. Proposed structure for PPP inserted by K + ions (black circles) 
to the maximum composition, y = O.SO. View is along chain direction. 
Spacing of ions Within each column is assumed to be 4.35~. 
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Table III. Possible commensurate phases for Allied Corporation assisted in meeting the publication 
alkali-metal-doped poly(p-phenylene) costs of this article. 

Value Of Value of Value of Value of 
y from y from Li ~ y from Li y from K ~ 
theory insertion extraetion insertion 

(C6H4)M (1.00) Not observed 
(C~I-I4)2M 0.50 0.48 0.48 0.50 
(C6H4)3M 0.33 0.35 0.34 0.37 
(C6H4)4M 0.25 0.25 0.20 0.25 

(C6H4)~M denotes m polymer chains per alkali-metal column. 

ably separated by increasing numbers  of planes con- 
taining only PPP  chains. Table III illustrates the excel- 
lent agreement between the compositions predicted by 
this model and the inflection points observed for Li ~ and 
K § insertion in PPP  (25, 26). 

Thus as with PA, structural changes during reduction 
influence electrochemical behavior. PPP,  however, does 
not exhibit plateaus so pronounced as those observed for 
PA. Hysteresis between insertion and extraction is also 
significantly less. In addition, although we have not stud- 
ied it directly, solvent coinsertion does not appear to play 
as much of a role with PPP, since all three counterions 
(Li +, Na ~, K ~) give nearly identical behavior. As we have 
seen, the behavior of PA with Li ~ is generally different 
from its behavior with Na + and K ~ and is strongly solvent 
dependent  (Fig. 5). 

Conclusions 
Polyacetylene and polyphenylene have been shown to 

have competitively high gravimetric charge storage 
capacity (0.34 Ah/g for PA, 0.15 Ah/g for PPP) when com- 
pared with other ion insertion anode materials (e.g., 0.12 
Ah/g for Li~WO2, 0 < x < 1). Less competitive volumetric 
charge storage capacities, however, still pose challenges 
for the practical realization of nonaqueous batteries with 
electroactive polymeric anodes. 

Our electrochemical and x-ray diffraction data demon- 
strate that alkali-metal insertion in PA and PPP  proceeds 
at least in part via a sequence of stoichiometric phases. 
The discontinuous transformation from one phase to the 
next causes the appearance of plateaus in potential vs. 
composition curves obtained during ion insertion or ex- 
traction. Such a process will lead to the nucleation and 
growth of particular stoichiometric phases and not to a 
homogeneous distribution of dopant. In other regimes, 
where plateaus are not evident, continuous evolution of 
nonstoichiometric phases is suggested. 

Since transformations between phases dominate the 
electrochemistry of reduced polyacetylene and poly(p- 
phenylene), reduction of these polymers does not proceed 
by a simple reversible process, although the coulombic 
efficiency of reduction and reoxidation cycles ap- 
proaches 100%. 
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Optimization of Carbon Cathodes for Li/SO2CI2 Cells 
Charles W. Walker, Jr., Michael Binder,* William L. Wade, Jr., and Sol Gilman* 

US Army ERADCOM, Power Sources Division, Fort Monmouth, New Jersey 07703-5302 

ABSTRACT 

Five carbon blacks were evaluated for use as cathode materials in lithium-sulfuryl chloride half-cells. The best over- 
all performance at high discharge rates was obtained with Cabot's CSX-179B. Cathode load voltage and capacity were 
dramatically increased at 40 mA/cm'-' current density without resorting to catalysts or additives by chemically treating ei- 
ther Shawinigan acetylene black or CSX-179B powder with acetone prior to cathode fabrication. 

The lithium sulfuryl chloride (Li/SO~C12) primary sys- 
tem employing LiA1C14 as conductive electrolyte salt and 
porous carbon black cathodes has recently evoked con- 
siderable interest (1-3) because of its high open-circuit 
voltage (3.91V). During cell discharge, the lithium anode 
is oxidized and liquid sulfuryl chloride is reduced at the 
carbon black cathode. The major conclusions from 
various studies indicated that the capacity (i.e., life) of the 
oxyhalide cathodes is determined by the ability of the 
cathode to accommodate  solid LiC1 product formed dur- 
ing cell discharge. This is especially prevalent during dis- 
charge at high current rates and/or low temperature, 
where cathode surfaces facing the anode are blocked by 
deposited LiC1 leading to inefficient cathode use. The 
search for new or improved high performance cathode 
materials is a major goal in most laboratories. 

Although physical and chemical characterizations of 
carbon blacks, graphites, and activated carbons are 
known, many aspects of electrochemical interactions of 
surfaces are not sufficiently understood. Improvements 
in cathode performance such as increased cathode output 
voltage and specific cathode capacity are still results of 
trial and error techniques in cathode fabrication and 
preparation. Our aim was to increase rate capability and 
specific room temperature cathode capacity of high rate 
Li/SO2C12 cells. 

Improved cathode performance is also important from 
a safety point of view, since, in cathode-limited cells, 
more efficient cathodes allow less unreacted lithium an- 
ode at end of discharge. This implication for greater 
safety is an important  concern for a dense energy pack- 
age; the energy density of lithium sulfuryl chloride cells 
(600 Wh/kg) approaches that of dynamite (920 Wh/kg). Al- 
though cathodes for lithium thionyl chloride cells formu- 
lated with Shawinigan acetylene carbon black (a rela- 
tively low surface area carbon black of 60 m~/g) achieve 
satisfactory performance (4), similarly constructed cath- 
odes in l i thium sulfuryl chloride cells produce reduced 
operating voltages and capacities (1). The explanation for 
this depends on the nature of sulfuryl chloride itself. Ac- 
tive carbon blacks catalytically induce a decomposition of 
sulfuryl chloride, SO2C12, to yield SO2 and CI~, both of 
which are soluble in SO2C12. Molecular C12 reduces at 
higher potentials than does SO2C1..,, thereby contributing 
to increased operating voltages. Gilman and Wade (1) 
evaluated a number  of carbon blacks for use as cathodes 
in sulfuryl chloride cells and postulated that high surface 
area carbons increase the SO2C12 decomposition rate by 
providing absorption or reaction sites where parent 
SO2C1~ molecules can absorb and subsequently decom- 
pose formation of an adequate supply of chlorine is nec- 
essary to maintain high cathode operating voltages. 

Gilman and Wade (1) found that highest cathode capac- 
ity and operating voltages in li thium sulfuryl chloride 
cells discharged at medium current densities were ob- 
tained using United XC-6310, an experimental, high sur- 
face area (1000 m2/g) carbon black. However, the 
mixability and wettability of this high area carbon black 
with water are not particularly good; resulting porous 
cathodes tend to crack and crumble rather easily. Be- 
cause of these problems, and the fact that United XC-6310 

* Electrochemical Society Active Member. 

is no longer commercially available, state-of-the-art cath- 
odes for sulfury] chloride cells have continued to be con- 
structed using lower surface area carbon blacks such as 
Shawinigan acetylene black. 

The need to improve cathode performance in oxyhalide 
cells when using low surface area carbon blacks has led 
to a large number  of innovative research efforts to con- 
sider whether incorporation of expensive additives, 
modification of TFE levels, or use of various added 
carbon blacks could improve cathode performance. Addi- 
tives recently studied in sulfuryl chloride and thionyl 
chloride systems include C12 (5), metal halides (6), copper 
metal (7), finely divided expensive precious metal cata- 
lysts such as platinum (8), addition of heterogenous and 
homogeneous macrocyclic electrocatalysts such as cobalt 
and iron phthalocyanines (9), and tetraazannulenes (10). 
Lithium anode stability and start-up is expected to be 
strongly affected by catalytic materials or additives dis- 
solved within the oxyhalide electrolyte, and cathode im- 
provements which do not rely upon external additives are 
favored. 

We felt it was important to extend Gilman and Wade's 
comparison study to other carbon blacks in order to dis- 
cover a reasonable substitute for United XC-6310 and also 
to understand how to improve performance of existing 
carbon blacks. 

Experimental 
The porous carbon cathodes were fabricated by slowly 

adding a 1:3 mixture  of isopropyl alcohol:water to carbon 
black powder and mixing well until the carbon powder 
was adequately wetted. Typically, 100 cm 3 of alcohol: 
water would wet 18g of carbon black. A 10% TFE- 
30:water emulsion (1:9 v/v) was slowly added (1 mug dry 
carbon) and mixed well until the resulting carbon paste 
took on a glossy shine. The resulting paste was spread 
into both sides of a nickel expanded metal screen and, 
while sandwiched between absorbing blotting paper, was 
rolled through a dough sheeter. The cathodes, sand- 
wiched between two dry pieces of blotting paper, were 
then sandwiched between two flat steel plates, each 
weighing approximately 8 kg, and placed in a vacuum 
oven at 100~ for lh. The cathodes were then removed 
and placed in an elevated drying oven at 280~ for lh. 
Upon cooling, the cathodes were rolled to the desired 
thickness (1 ram) to give a relatively crack-free cathode 
surface. Cathodes were then cut to size, and nickel tabs 
were welded to the ends. 

Final cathode dimensions were 0.5 cm on each side for 
a total geometric area (both sides) of 0.5 cm'-'. Prepared 
cathode working electrodes were placed in glass half-cells 
with a large lithium counterelectrode and lithium refer- 
ence and flooded with excess 1.5M LiA1C14-SO2Cl~ elec- 
trolyte. Our half-cells were clearly cathode limited. Indi- 
vidual cathodes were discharged at constant current and 
the voltage-time profile was monitored on a strip chart 
recorder. 

Our pretreatment procedure for raw carbon blacks con- 
sisted of soaking the carbon black powder in an excess of 
acetone at room temperature, filtering, washing three 
times with deionized water, filtering again, and drying 
overnight at 140~ We also at tempted to oxidize the sur- 
face groups of Shawinigan acetylene black by following 
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Fig. 1. Li/SO2Cle half-cell capacity curves at 40 mA/cm 2 constant cur- 
rent discharge for cathodes constructed with various carbon blacks. 

an alkaline permanganate oxidation procedure. Approxi- 
mately 2g of dry acetone treated carbon black was placed 
in 250 ml of 5% KMnO4 solution containing 50 ml of 25% 
KOH solution and allowed to react at 50~ for approxi- 
mately 1.5h. The carbon was filtered and rinsed with 5% 
oxalic acid solution and excess distilled water; the carbon 
was then dried overnight at 140~ Cathodes were pre- 
pared from these carbon blacks in the same manner as 
cathodes prepared from untreated carbons. The pH's of 
the carbon blacks were measured at room temperature 
with a standard combination electrode immersed in 
enough water to make an aqueous slurry from the various 
carbon blacks and boiled deionized water. 

Results and Discussion 
Figure 1 shows typical discharge curves at 40 mA/cm 2 

of geometric cathode area for cathodes constructed with 
four commercial ly available carbon blacks and assembled 
as working electrodes in Li]SO2C12 half-cells. Highest 
operating voltages and longest operating cathode life (to 
1.5V) were obtained with cathodes constructed with 
CSX-179B. Similar data (within experimental  error) were 
obtained with the commercial product Black Pearls 2000. 

Figure 2 compares cathodes constructed with CSX- 
179B and cathodes constructed with United XC-6310, un- 
der both 40 and 80 mA/cm 2 constant current discharge 
conditions. Although United XC-6310 has been shown to 
be the opt imum carbon black for Li/SO~C]2 cells (1), cath- 
odes constructed from CSX-179B also yield comparable 
load voltages and capacities. At current drains of 80 
mA/cm '2, cathodes constructed with CSX-179B have even 
higher operating voltages and capacities than cathodes 
made from United XC-6310. 

Since it was not experimentally possible to maintain 
constant carbon loadings for the various carbon types, 
constant current  discharge cathode capacities from Fig. 1 
and 2 were normalized to both geometric cathode volume 
and grams of carbon in the cathode (Table I). Untreated 
CSX-179B and United XC-6310 cathodes yield compara- 
ble ampere-hours per gram of carbon, which are about 
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Fig. 2. Li/SO2CI2 half-cell capacity curves at 40 and 80 mA/cm 2 con- 
stant current discharge for cathodes constructed with CXS-179B and 
United XC-6310 carbon black. 

twice that of Consel I and about three times that of the 
commonly used Shawinigan acetylene black. This is an 
important result: it shows that judicious selection of car- 
bon blacks for cathode applications can yield dramatic 
improvements in cathode performance without one's re- 
sorting to added catalysts or alternate electrolytes. Cath- 
ode capacities normalized to cathode volume show that 
cathodes constructed with CSX-179B yield comparable 
capacities to cathodes constructed with United XC-6310 
and more than three times the capacity of cathodes con- 
structed with Shawinigan acetylene black. 

Since Shawinigan acetylene black is one of the most 
widely used carbon b]acks in fabricating cathodes, we 
first studied effects of solvent pretreatment of Shawini- 
gan acetylene black. Figure 3 shows cathode discharge 
performance curves for Li/SO2Cl~ half-cells whose 
Shawinigan acetylene black cathodes were prepared with 
acetone-treated carbon black. The dramatic improvement  
in cathode load voltage and the approximate doubling of 
cathode capacity are remarkable. Since high surface area 
carbon blacks should be more susceptible to pretreat- 
ment due to larger percentage of exposed surface area, we 
also compared cathode performance in cathodes prepared 
from pretreated CSX-179B carbon blacks. Figure 4 clearly 
shows that acetone treatment of CSX-179B dramatically 
improves cathode operating voltages and capacities. 

In order fully to understand the reasons for dramatic 
cathode improvements  upon acetone treatment, the fol- 
lowing experimental  avenues were used to explore 
treated and untreated base line carbon blacks. 

Chemical analysis.--There is no clear change in con- 
centration of free radicals present in the carbon black, 
since ESR spectra of these carbon powders show no dif- 
ference between treated and untreated samples. Acetone 
treatment may, however, remove soluble organic im- 
purities. The acetone rinse solution from CSX-179B 
showed a weak UV fluorescence in the 3900-35001 region 
and implies that fluorescing impurities are removed. 

Table I. Physical characteristics and cathode capacity for various carbon blacks 

Carbon type Manufacturer 

Capacity at Capacity at 
Surface area 40 mA/cm 2 40 mA/cm 2 

pH (m2/g) (Ah/cm 3) (Ah]g carbon) 

United XC-6310 
Vulcan XC72R 
Consel I 
Shawinigan acetylene black 
Shawinigan acetylene black 

(acetone treated) 
CSX-179B (Black Pearls 2000) 
CSX-179B (Black Pearls 2000) 

(acetone treated) 

United Carbon Co. 5.2 1000 0.82 2.27 
Cabot Corp. 6.6 250 0.30 0.63 
Stonehart Assoc. 8.3 250 0.44 1.10 
Gulf 5.2 53.6 0.25 0.73 

- -  54.0 0.46 1.47 

Cabot Corp. 7.4 1475 0.68 2.31 
4.5 --  0.93 2.94 
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Fig. 3. Li/S02CI2 half-cell capacity curves at 40 mA/cm ~ constant cur- 
rent discharge for cathodes constructed with treated and base line 
Shawinigan acetylene black. 

From the combined acetone-water rinse solution from 
CSX-179B, a white fluffy solid was isolated and qualita- 
tively identified by chemical microprobe analysis as con- 
taining calcium and sulfur. These impurities could have 
originated in feedstock or quench water during the car- 
bon manufacturing process, since typical ash analysis by 
Cabot Corporation shows 2000 ppm (if calcium ash pres- 
ent in CSX-179B. No such solid was isolated from the 
combined acetone-water rinse solutions of Shawinigan 
acetylene black. Perhaps CSX-179B, because of its higher 
surface area, absorbs more impurities than does the lower 
surface-area Shawinigan acetylene black. Acetylene black 
may also contain fewer impurities. Although calcium im- 
purities are not likely to be soluble in acetone, the ace- 
tone rinse may change the water wettability of the carbon 
black and allow the subsequent water rinse to remove 
these calcium-based impurities. Soluble calcium ions in 
the form Ca(AiCl02 have been shown to severely reduce 
cathode capacity and operating voltage in Li/LiAiClJ 
SO2C12 cells (ii). The reason for this decrease is believed 
to be preferential formation of glassy CaCl2 at the cathode 
surface rather than the normally produced crystalline 
LiCI. Precipitated, glassy CaCl2 tends to block cathode 
pores more efficiently than does LiCl, and the pore 
blockage leads to rapid cathode concentration polariza- 
tion (12). Since the acetone treatment removes calcium 
ash from the carbon black starting material, the cathode 
capacity increases. 

It is interesting that, although in lithium battery manu- 
facturing processes extensive care is usually taken in an- 
ode and electrolyte preparation, typically no purification 
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Fig. 4. Li/S02CI 2 half-cell capacity curves at 40 mA/cm '2 constant cur- 
rent discharge for cathodes constructed with treated and base.line 
CSX-i 79B carbon blacks. 

procedure as such is carried out for carbon black pow- 
ders. In the strong oxidizing agents such as SO2C12, even 
traces of impurities from carbon black can be readily oxi- 
dized and react with the anode. Removal  of this impurity 
from the carbon blacks prior to cathode and cell assembly 
should diminish anode start-up problems as well. 

Treated carbon blacks are expected to show cathode 
performance improvements  primarily at high (30 mA/cm 2) 
cathode discharge rates where electrochemical kinetics 
considerations and restrictions overshadow mass-trans- 
port limitations. Applications would include pulsed 
power applications where high load voltage and current 
density are primary considerations and cathode capacity 
is only of secondary importance. 

Cathode capacity improvement  at 34 mA/cm ~, after ace- 
tone rinsing, have been recently demonstrated in Li/SO2 
laboratory cells by Reddy and Thurston (14), who found 
up to 56% improvement  in cathode capacity upon treat- 
ment  of various carbon blends. 

We attempted to increase the amount  of oxygen con- 
taining functional chemical groups o n  the Shawinigan 
black carbon surface by using alkaline KMnO4 as a chem- 
ical treatment. Cathode operating voltage and specific 
cathode capacity of the resulting cathodes were severely 
decreased. This perhaps indicates that for the cathode re- 
duction process in SO~CI~, the opt imum carbon black 
would be one containing only a small number  of surface 
oxide groups. 

Physical analysis.--Acetone treatment does not change 
carbon lattice spacings; this is clear because powder x-ray 
diffraction patterns show that lattice parameters of car- 
bon black powder remain unchanged after acetone treat- 
ment. Transmission electron micrographs of CSX-179B 
carbon black particles before and after acetone treatment 
also did not show discernable differences in average 
particle size aggregate morphology of particle shapes. 
However, a subtle but perhaps subjective change ap- 
peared. Particles of treated carbon black under -1.1 x 106 
magnification appeared to be less dense (i.e., transmitted 
more light) than the untreated base line carbons. This is 
fully consistent with our chemical microprobe data, 
which indicate that calcium and sulfur inorganics or or- 
ganic species are chemically removed by acetone treat- 
ment. Removal of these impurities to give slight surface 
area enhancement  improves interparticle contact and 
makes a more conductive cathode. 

In order to quantify the effects of acetone treatment fur- 
ther, samples of treated and untreated Shawinigan acety- 
lene carbon black were analyzed by Quantachrome, In- 
corporated (Syosset, New York) for surface area, average 
pore size, and mercury wetting characteristics. The re- 
sults are summarized in Table II. This table lists various 
surface physical measurements using BET techniques on 
untreated and acetone-treated Shawinigan acetylene car- 
bon black. As expected, the carbon black powder surface 
area is essentially unchanged after acetone treatment. 
However, the total pore volume, as well as the calculated 
average pore diameter (based on surface area and pore 
volume), more than doubles. This dramatic change is 
fully consistent with our hypothesis of impurity removal 
by acetone treatment. As the various impurities are re- 
moved, void volume is increased, and, in the finished 
cathode, more pores are available for deposition of the 
LiC1 cell discharge product. The mercury contact angle is 
only slightly higher for the treated carbon black sample, 

Table II. Comparison of various physical characteristics of 
acetone-treated and base line Shawinigan acetylene carbon black 

Shawinigan 
Shawinigan acetylene black 

acetylene black (acetone treated) 

Surface area (m2/g) 53.6 54.0 
Total pore volume (em~/g) 0.186 0.388 
Average pore diameter (A) 139 287 
Mercury contact angle 142.6 ~ 148.5 ~ 



Vol. 132, No. 7 O P T I M I Z A T I O N  OF C A R B O N  C A T H O D E S  1539 

which implies less surface roughness. This is also consist- 
ent with impurity removal. 

Conclusions 
Results provided in this study show that substantial im- 

provements in carbon cathode operating voltage and 
specific cathode capacity at high discharge current den- 
sities can be obtained in lithium sulfuryl chloride cells by 
simple acetone treatment of the starting carbon black. 
This inexpensive and rapid treatment may provide a ba- 
sis of extension to other battery systems which use car- 
bon black in cathode fabrication. 
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Sodium Ion Conducting Glasses for the Sodium-Sulfur Battery 
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Coming Glass Works, Research and Development Division, Coming, New York 14831 

ABSTRACT 

Composition and properties of sodium borate, aluminoborate, and aluminoborosilicate glasses are described. Elec- 
trolyte glass degradation by battery environment  and chemicals and problems of thermal instability of some glasses are 
discussed and interpreted on the basis of glass chemistry and structure. A relationship between sodium ion conductivity 
and composition of the present glasses is established. Constraints on electrolyte glass composition based on its physical 
and electrical behavior and corrosion stability are tentatively defined, and options allowing various trade-offs between 
these properties are discussed. 

Development of the sodium-sulfur storage battery has 
been based mostly on the use of fl alumina as a solid elec- 
trolyte separating anodic and cathodic liquids in the bat- 
tery operating at 300~ An alternate approach of develop- 
ment  is based on the use of a Na ion conducting glass 
instead of fl alumina for solid electrolyte (1). Because the 
conductivity of glass is several orders of magnitude lower 
than/3 alumina, it has to be used as a large area thin mem- 
brane. 1 Glasses used under  these conditions have to be 
stable against corrosion by battery chemicals and should 
not undergo phase transformation or structural changes; 
and these characteristics should be coupled with a suffi- 
ciently high ionic conductivity, of the order of 10-4-10 -5 
S, for satisfactory operation of the battery. The object of 
the present work is to define areas of glass composition 
best suited for these requirements. Mechanisms of glass 
corrosion by battery chemicals and structural changes in 
glasses in the 300~ range are discussed first based on 
data from the literature. Then, selected composition areas 
are described and their characteristics compared with the 
requirements. 

Reactivity with metallic sodium.--Reaction between 
glasses and sodium metal at 300~176 has been studied 

1The best membrane configuration for mechanical strength is 
obtained by the use of capillaries or bundles of capillaries (2). 

in the past for sodium vapor lamp applications (3). Two 
effects were observed: a discoloration of the glass due to 
absorption of sodium, and a surface reaction resulting in 
the formation of a thin layer of a sodium compound. Re- 
sistance to attack decreases in the order aluminates --* bo- 
rates --* silicates ~ phosphates (4). Silicate glasses show a 
great difference in behavior depending on composition. 
At high SiO2 content over 70 mole percent (m/o), there is a 
strong attack and a black scale is formed, originated by 
the reaction 

4Na + 5SIO2 -* 2Na~Si20~ + Si 

The free energy of this reaction at 25~ is -107.4 kcal; that 
is, the reaction is favored thermodynamically. This is not 
the case of the direct reduction step 4Na ~- SiO2 --* 2Na20 
+ St, having a low positive free-energy value. With in- 
creasing Na20 content of Na~O-SiO~ glasses, scale forma- 
tion is replaced by discoloration attributed to atomic dif- 
fusion of sodium in the glass. This process is at least 
partially reversible e.g. by heating in vacuum, but some 
residual reaction will take place modifying the transmis- 
sion spectrum of the glass. At high Na~O content (45 m/o 
Na20), absorption becomes too low to be detected by sim- 
ple transmittance measurement. This lack of discolora- 
tion, however, does not mean immuni ty  from attack on 
the surface of the glass by sodium. The explanation is 
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t h a t  dif fusivi ty  of  neu t r a l  s o d i u m  a t o m s  is low in the  
modi f i e r  ion-fi l led si l icate glass, b u t  on  t he  glass surface  
a ser ies  of r eac t i ons  can  take  place  w i th  the  f o r m a t i o n  of 
si l icate c rys ta ls  in  spots  or as a t h i n  layer.  La te r  on, 
a tomic  d i f fus ion  will  be  r ep l aced  by  ionic  d i f fus ion  due  to 
b u i l d u p  of a la rge  s o d i u m  ion c o n c e n t r a t i o n  grad ien t .  
These  r eac t ions  are  

4Na + 5SIO2 -~ 21NazSi205 + Si, ~F~5o = -107.4  kcal  

4Na + 3Na2Si20~ --* 5Na2SiO8 + Si, AF2~ = - 87  kca l  

4Na + 4Na2SiO3 --* 3Na4SiO4 + Si, AF2~ = - 31  kca l  

F r o m  the  s t a n d p o i n t  of  t h e  Na-S b a t t e r y  opera t ion ,  b o t h  
m e c h a n i s m s ,  a t o m i c  d i f fus ion  a n d  sur face  crystal l izat ion,  
are undes i r ab l e .  A c c o r d i n g  to E lyard  a n d  R a w s o m  (4) dis- 
co lora t ion  of glass  is an  ear ly  i n d i c a t i o n  of fa i lure  in  so- 
d i u m  vapor  l a m p s  w h i c h  even tua l ly  l eads  to m e c h a n i c a l  
e m b r i t t l e m e n t .  S imi l a r  p rocesses  are  l ike ly  in ba t t e ry  
m e m b r a n e  glass.  This  a s s u m p t i o n  is s u p p o r t e d  by  
obse rva t i on  of d i sco lo ra t ion  in fi a l umina ,  w h i c h  has  b e e n  
a t t r i b u t e d  to b a t t e r y  d e g r a d a t i o n  (5). S t r u c t u r a l  c h a n g e s  
in  the  glass c a u s e d  by  s o d i u m  d i f fus ion  can  lead to losses  
of eff ic iency due  to e lec t ron ic  conduc t i on .  Bes ides  th i s  
b u l k  effect  c a u s e d  by  s o d i u m  di f fus ion ,  t he  r eac t ion  prod-  
uc t s  f o r m e d  on  t he  surface,  by  in i t i a t ing  faul ts  on  t he  
glass, are a sou rce  of fa i lure  by  faul t  p r o p a g a t i o n  u n d e r  
s tress.  One  can  also see  tha t ,  in  v i ew  of  t he  t e n d e n c y  to 
sur face  pass iva t ion ,  i m m e r s i o n  tes t s  are  unre l iab le .  

B a s e d  on  t h e s e  ear l ier  da ta  (4, 5), one  m a y  c o n c l u d e  t h a t  
h igh  silica glasses  are unsa t i s fac to ry ,  w h e r e a s  bo ra t e s  a n d  
a l u m i n o b o r a t e s  are  s table ,  even  w i t h  a m i n o r  p e r c e n t a g e  
of sil ica in the  n e t w o r k .  This  is i m p o r t a n t  b e c a u s e  con t ro l  
of  v i s c o s i t y - t e m p e r a t u r e  cha rac te r i s t i c s  and,  therefore ,  
prac t ica l  u s e f u l n e s s  of t h e s e  g lasses  d e p e n d  on  the i r  sil ica 
con ten t .  Below,  a m e t h o d  is p r e s e n t e d  to def ine  t he  usa-  
ble sil ica c o n t e n t  in  m o r e  conc re t e  t e r m s  b a s e d  on kinet -  
ics of  t h e  r e a c t i o n  b e t w e e n  s o d i u m  a n d  si l ica in  glass. 

S to rage  of  g lass  p r io r  to u s e  was o b s e r v e d  to cause  a 
m o r e  severe  de t e r i o r a t i on  in co r ros ion  r e s i s t ance  to so- 
d i u m  for s i l icate  as wel l  as for a l u m i n o b o r a t e  glasses  (4). 
This  q u e s t i o n  wil l  be  d i s c u s s e d  la ter  on  in re la t ion  to cor- 
ros ion  by  w a t e r  vapor .  

Reactivity with sulfur and sulfides.--No i n f o r m a t i o n  
has  b e e n  f o u n d  on  co r ros ion  of  g lasses  by  sulfur.  The re  
are severa l  paper s ,  howeve r ,  dea l ing  w i t h  t he  s0]ubi l i ty  of 
su l fu r  in glasses .  I t  has  b e e n  r e p o r t e d  (6) t h a t  Na~S can  be  
subs t i t u t ed  for  Na20 in all p r o p o r t i o n s  in  the  Na20-SiO2 
b i n a r y  at  any  Na20/SiO~ ratio;  t h a t  is, t h e  n e t w o r k  re- 
m a i n s  i n t ac t  w i t h  S - -  r ep lac ing  O - - .  B o r a t e  glasses  be- 
have  d i f ferent ly ;  the  a m o u n t  of  su l fu r  d i s so lved  in  t he  
glass  inc reases  w i t h  t he  s o d i u m  c o n t e n t  f rom zero at  zero 
Na to a m a x i m u m  for t he  Na20 �9 2B~O:~ compos i t i on ,  
w h e r e  u p  to 100% of t he  Na20 can  b e  r ep l aced  b y  Na~S. 
The  d i f fe rence  in  b e h a v i o r  b e t w e e n  s i l icates  a n d  bora tes  
is a t t r i b u t e d  to d i f f e rences  in  basici ty ,  a c o n c e p t  b a s e d  o n  
a s s u m p t i o n  of  a Lewis  ac id -base  e q u i l i b r i u m  in the  glass. 
Data  on  bas ic i ty  h a v e  b e e n  r e p o r t e d  in  t he  l i t e ra tu re  (7). 
The  m a i n  s o u r c e  of  bas ic i ty  is n o n b r i d g i n g  oxygen  in  
si tes - O -  -Na% In  si l icate glasses ,  all t h e  s o d i u m  is in  
s u c h  sites a n d  all a s soc ia t ed  - O -  ions  can  b e  r ep laced  b y  
- S -  ions.  I n  b o r a t e  glasses ,  on  the  o t h e r  h a n d ,  at  first so- 
d i u m  will  no t  b r e a k  the  n e t w o r k  b y  as soc ia t ion  w i t h  
n o n b r i d g i n g  oxygen .  I t  will, ra ther ,  e n h a n c e  n e t w o r k  con- 
nec t iv i ty  b y  l e n d i n g  o x y g e n  to b o r o n  a t o m s  a n d  c h a n g i n g  
t h e m  f rom t h r e e  to four fo ld  c o o r d i n a t i o n  (B 3 --, B4). With  
i n c r e a s i n g  c o n c e n t r a t i o n  of  B 4, howeve r ,  n o n b r i d g i n g  ox- 
ygen  si tes wil l  also be  f o r m e d  a n d  t h e  bas ic i ty  increases .  
The  m a x i m u m  bas ic i ty  is r e a c h e d  w h e n  t he  rat io B4/B :~ 
r eaches  i ts  m a x i m u m  (~1) t o g e t h e r  w i t h  the  su l fu r  solu- 
bility. A1 a t o m s  in a glass of  h i g h  Na c o n t e n t  all h a v e  four- 
fold c o o r d i n a t i o n  a n d  b e h a v e  l ike  t he  fourfo ld  coordi-  
n a t e d  B a toms .  I n  conc lus ion ,  su l fu r  so lub i l i ty  d e p e n d s  
on  t he  bas i c i t y  of  t h e  glass,  w h i c h  i nc r ea se s  in  the  o rde r  
p h o s p h a t e s  ---> bo ra t e s  ---> a l u m i n a t e s  --~ si l icates.  

Low c o n c e n t r a t i o n s  of S in bo ra t e  glasses  g ive  a b lue  
color. T h e s e  g lasses  b e c o m e  color less  w h e n  i r rad ia ted  b y  

x-ray a n d  are  u s e d  for x-ray d o s i m e t r y  (8). In  si l icate 
glasses  of h i g h e r  S con ten t ,  t h e  color  is r ed  due  to poly- 
sul f ide  ions  (9). The  fo l lowing m e c h a n i s m s  h a v e  b e e n  
p r o p o s e d  

4S + 4Na20 (glass) ~:Na2SO4 + 3Na2S 

3S + Na2S ~:NaeS4 

With  h i g h  Na ~ ac t iv i ty  (basici ty)  a n d  ava i l ab i l i ty  of  oxy- 
gen, t he  su l fu r  is d i s so lved  as su l fa te  w i t h o u t  sul f ide  
f o r m a t i o n  

S + Na20 (glass) + 3/2 02 ~:Na2SO~ 

On the  o the r  h a n d ,  at  ve ry  low Na ~ act ivi ty,  t he  su l fur  is 
ox id ized  to SO2 a n d  escapes  f rom the  melt .  Water  dis- 
so lved  in  t he  glass  he lps  color f o r m a t i o n  by  s o m e  syner-  
gis t ic  mode .  

All  t h e  d i s c u s s i o n  so far  was  r e l a t ed  to t h e  so lubi l i ty  of  
su l fur  in  glass  mel ts .  F r o m  the  t h e r m o d y n a m i c  view- 
point ,  t he  p roces se s  d e s c r i b e d  a b o v e  are also a l lowed at  
lower  t e m p e r a t u r e s  s u c h  as 300~ b e c a u s e  of k ine t ic  l imi-  
ta t ions ,  howeve r ,  t he  r eac t ion  m a y  b e  l imi ted  to r a n d o m  
spots  or to a t h i n  sur face  layer. I n  th i s  respec t ,  cons idera-  
t ion  has  to be  g iven  to a reac t ion  m e c h a n i s m  based  on  
in t e rd i f fus ion  b e t w e e n  Na20 a n d  Na2S re su l t i ng  in a O ~, 
S ion exchange .  This  p roces s  is t h e r m o d y n a m i c a l l y  al- 
lowed,  a n d  t h e  b o n d  ene rg ies  Na-O a n d  Na-S are  - 4 0  a n d  
- 3 7  kcal,  r espec t ive ly .  The  q u e s t i o n  is w h e t h e r  the  diffu- 
s ion ra tes  are  suf f ic ien t ly  h i g h  to cause  sur face  corrosion.  
The  p r e s e n c e  of  t r aces  of  wa te r  v a p o r  m a y  b e  a factor  
acce le ra t ing  co r ros ion  by  a m e c h a n i s m  to be  d i s c u s s e d  in 
the  n e x t  sect ion.  

In  conc lus ion ,  t h e s e  cons ide r a t i ons  m a y  p rov ide  some  
g u i d a n c e  for se l ec t ing  c o m p o s i t i o n s  m o r e  r e s i s t an t  to at- 
t ack  by  su l fu r  on  s o d i u m  sulfides.  Reac t iv i ty  is l owered  
in glass  c o m p o s i t i o n s  by  the  fo l lowing  condi t ions :  h i g h  
boron ,  or  p h o s p h o r u s ,  con t en t ;  a l u m i n a  con ten t ,  par t icu-  
larly in  a s soc ia t ion  w i t h  boron ;  low soda  con ten t ;  low 
T/Tg, i.e., l ow n e t w o r k  ion  diffusivi ty;  a b s e n c e  of  surface  
water .  

Effects of humidity exposure.--Problems f rom th i s  
source  are o r i g i n a t e d  f rom the  f iber  f o r m i n g  a n d  assem-  
bly  opera t ions .  The  r o o m  t e m p e r a t u r e  s t r e n g t h  of silica 
f ibers  of h i g h  qua l i ty  is rap id ly  d e g r a d e d  b y  heat - t rea t -  
m e n t  at  t e m p e r a t u r e s  a b o v e  300~ Th i s  d e g r a d a t i o n  is 
t he  r e su l t  of  co r ros ion  of t he  glass  su r face  by  wa te r  (10). 

S o m e  glasses  of  h i g h  B203 c o n t e n t  are  so lub le  in  water .  
E x p o s e d  to h u m i d i t y ,  t h e y  are  g radua l ly  c o n v e r t e d  to cry- 
s ta l l ine  hydra t e s .  For  glasses  c o m p o s e d  w i th  a rat io of  
Na/B : 1/2, h y d r a t i o n  can  t ake  p lace  w i t h o u t  a c h a n g e  in 
th i s  ratio,  by  m o l e c u l a r  d i f fus ion  of  H20 t h r o u g h  the  hy-  
d ra t ed  layer.  A m o r e  c o m m o n  p roces s  app l i cab le  to prac- 
t ical ly  all a lkal i  c o n t a i n i n g  glasses  is b a s e d  on  the  ion ex- 
c h a n g e  m e c h a n i s m  p r o p o s e d  by  D o r e m u s  (11) 

Na ~ (glass) + H,20 ~ N a O H  + H ~ (Glass) 

surface:  ] b u l k  glass:  

H20 --* H +, D - 1 0  -'~ cm~/S 
NaOH ~ Na § D - 1 0  - '~  cm2/S 

This  p roces s  has  b e e n  success ive ly  ver i f ied  for soda- l ime  
glass  (12) a n d  o t h e r  g lasses  a n d  was also u sed  for da t ing  
a n t i q u e  glass  ob jec t s  (13). The  first s tep  is a d s o r p t i o n  of 
H20. Th i s  wil l  t ake  place  p re fe ren t i a l ly  at  defec ts  p r e s e n t  
on  t h e  surface.  L a t e r  on, an  a c c u m u l a t i o n  of  N a O H  takes  
p lace  on  t he  s a m e  spots  f o rming  smal l  p ro t rus ions .  

Si l ica  glasses  are m o r e  du rab le  aga ins t  water ,  a n d  t he  
du rab i l i t y  of bo ra t e  glasses  is i m p r o v e d  by  sil ica addi t ion .  
Durab i l i t y  i nc reases  wi th  t h e  SiO2 c o n t e n t  a n d  is h i g h e r  
a long  t he  t ie- l ine  NazO = B203, n e a r  ac id -base  ba l ance  
(14). A par t ia l  r e p l a c e m e n t  of  B203 by  AI~O~ can  s l ight ly  
i m p r o v e  d u r a b i l i t y  w i t h o u t  c h a n g i n g  t he  genera l  t r end .  

In i t ia l  co r ros ion  by  wa te r  v a p o r  can  cause  sur face  de- 
fects,  l e ad ing  to s t r e s s - i n d u c e d  faul t  p r o p a g a t i o n  a n d  me-  
chan ica l  failure.  S t re s ses  can  be  s t r u c t u r a l  or of  t h e r m o -  
m e c h a n i c a l  (10) origin.  Cor ros ion  by  s o d i u m  meta l  is 
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accelerated by exposure to traces of moisture (4). The 
same has been reported in the case of sulfur corrosion (9). 
Such complexities make evaluation of corrosion resist- 
ance to sodium or to  sulfur particularly difficult. 

Stability of glass composition and structure.-  
Compositional homogeneity and structural stability of 
electrolyte glass throughout  the thermal history of fiber 
forming, battery assembly, and operational cycling are 
other key requirements.  Glasses known to phase sepa- 
rately should be avoided. An example of such instability 
is in the well-known Vycor range of sodium borosilicates 
and the middle range of the Na20-B203 glass system (15). 
Network former substitutions for boron may extend the 
range of instability to higher sodium content glasses of in- 
terest for electrolyte use. Another instability inherent to 
all boron containing glasses, in proportion to the boron 
content relative to other network formers, is the variabil- 
ity of boron coordination with respect to oxygen as a 
function of alkali content (16) of the glass, temperature, 
and t ime (17). Generally, a glass quenched from high tem- 
perature has a high B4/B 3 ratio frozen in. Reheating to, 
say, 300~176 will cause a slow drift toward the low tem- 
perature value. This also means a drift in pertinent phys- 
ical properties such as viscosity, density, electrical con- 
ductivity, etc. In alumino-borate glasses of high alkali 
content, A1 is tetrahedrally coordinated, as [A104-], while 
boron remains mostly trigonal (18), so that structural vari- 
ability as a function of formation conditions and tempera- 
ture cycling is greatly decreased (17). In sodium borosili- 
cate glasses, on the other hand, the coordination state 
instability of boron is not affected substantially (17, 19) 
and these glasses show time dependence of properties. 

Devitrification or crystallization of glass is another 
source of structural instability. Crystal phases of high so- 
dium content may have increased conductivity if present 
in concentration sufficient for forming an interconnected 
dispersion, so that current flow is not l imited by the sec- 
ond, low conductivity phase. Grain boundaries, however, 
are a source of undesired conduction or corrosion pro- 
cesses. Aside from grain boundary effects, structural and 
corrosion stability is more difficult to obtain in two 
phases than in one. Crystallization may also be induced 
by surface reactions, as discussed in the earlier chapters, 
and proceed from there to the interior, causing current 
focusing leading to thermomechanica] failure. 

Other compositional instabilities are related to impuri- 
ties present in the glass, in the sodium, sulfur, sealants, or 
electrodes. Most of these instabilities are caused by ion 
exchange or ion migration phenomena. Mobile ions intro- 
duced in the sodium conducting glass, like other alkali, 
calcium, hydronium, or protons from dissolved water (20), 
etc., can reduce conductivity due to the mixed alkali ef- 
fect. Often impurity introduction in or removal from the 
glass is gradual, resulting in a steady drift in conductivity 
or other properties. Even anions such as C1- or F -  can 
cause problems. Movement  of these ions is very slow 
compared to sodium, but their displacement can lead to 
exhaustion or accumulation layers at the surfaces. These 
inhomogeneit ies may cause resistivity drift, surface 
stresses, or corrosion. 

Composition studies.--Excluded from this study were 
glasses containing modifiers other than sodium; glasses 
having network forming ions such as Ge, P, As, Te, easily 
reduced by sodium; and unstable glasses obtainable by 
fast cooling only. 

Three groups of glasses were studied, all of high so- 
dium content. Glasses of the first group were based on 
the composition Na~O-2B203, and some variations. This 
work had the objective to improve understanding of the 
system. The second group included aluminoborate 
(NABAL) glasses to determine their relative merit  com- 
pared to the first group. The third group was based on 
the A1-B-Si network former system. This was investigated 
systematically to explore any combination of properties 
of interest for battery use. All glasses were melted in Pt 
crucibles at 900~176 and formed by pouring on a steel 

plate. Afterward, they were annealed sufficiently to allow 
cutting and grinding necessary for making test samples. 

Sodium borate glasses.--The base composition Na20- 
2B20~ can be obtained by melting borax at temperatures 
sufficiently high for dehydration without significant 
volatilization. Dissolved water of 0.1% or less has been 
found to have little effect on electrical properties. The re- 
sistivity at 300~ is 6.104 t2-cm (log p = 4.8). Depending on 
thermal history of the sample, variations of about -+30% in 
resistivity can be observed, together with variations in 
viscosity and other properties due to boron coordination 
changes as discussed earlier. 

The composit ion used in batteries (1) is Na~O-2B~O3- 
0.16NaC1-0.2SiO2 (21). This has been selected to suit best 
the requirements for resistivity, formability, and cell per- 
formance. This glass has a resistivity of 2.5 x 105 ~-cm at 
300~ (log p = 4.4), or about one-half of the value of the 
same composition without NaC1 addition. Compositions 
were melted here with variations in the NaC1, SiO.2, and 
Na20 contents. The use of chlorides allows an increase in 
sodium content, hence the higher conductivity, without 
making the composit ion more basic, that is, more reactive 
with sulfur. The tendency to crystallization is not in- 
creased with NaC] addition as much as by the equivalent 
Na20 addition. This seems to indicate that in C1 ion 
containing borate glasses, the equivalent Na + is not tied to 
nonbridging oxygen; it may form, instead, something like 
a Na+-C1- sublattice within the glass network. No such ef- 
fect is seen in silicate glasses. This may be related to the 
relatively small ionic size of boron as compared to silicon 
and to availability of more space in the glass network. In 
conclusion, conductivity enhancement  by chlorides is pri- 
marily related to an increase in the number  of mobile, 
dissociable alkali ions and, second, in increased mobility. 
The use of NaC1 addition also has some disadvantages, 
such as volatility, causing problems in fiber forming by 
deposition of crystallites by condensation on the fibers. 
Furthermore, anionic mobility, however slight, may lead 
to structural drift near the surfaces. 

The use of SiO~ at a low percentage has the purpose of 
improving glass workability and, very slightly, the 
humidity sensitivity. Glasses were prepared with combi- 
nations of SiO2 and NaC1 at levels up to three times those 
used in the original composition. At higher chloride lev- 
els, particularly if paired with an increase in silica con- 
tent, crystallization and phase separation became a prob- 
lem. Benefits were a two to threefold increase in 
conductivity and 20~176 increase in softening point. 

Aluminoborate glasses.--Compositions as described be- 
fore, sodium borate glasses with low SiO2 content, with 
and without chlorides, were prepared with varying 
amounts of boron replaced by aluminum. The structure 
of aluminoborate (NABAL) glasses is well described in 
the literature (17, 18). The fraction of tetrahedral boron. 
B4/(B 4 + B3), increases rapidly with the Na/B ratio with no 
A1 in the glass, whereas the increase becomes much less 
at high A1 content. In glasses of high Na content, on the 
other hand, A1 is always tetrahedrally coordinated so that 
structural connectivity increases with the A1/B ratio. Be- 
cause of the higher connectivity, higher Na contents are 
possible without devitrification, and slightly higher con- 
ductivities and softening point are obtained. This is well 
supported by the experimental data in Fig. 1. No advan- 
tage has been seen in the use of chlorides at high A1 con- 
tent. Selected compositions and properties are listed in 
Table I. 

In glasses when the A1 content is near to or higher than 
the Na content, there are not enough O ions to form A1-O4 
groups and some A1 ions will assume higher coordination. 
This results in higher viscosities and lower conductivi- 
ties. 

From the standpoint of corrosion behavior, aluminobor- 
ate and borate glasses are similar. The stability of alum- 
inoborates with respect to sodium corrosion is equal or 
better, while stability to sulfur attack is slightly lower be- 
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Fig. 1. Resistivity and softening point of sodium-aluminoborate or 
NABAL glasses. Composition keys: @, aluminoborate only; III, 3 ct.% 
CI included; �9  3 ct.% Si included; [Z, 3 ct.% each CI and Si. 

cause  of  t h e  dec rea se  in t he  m o r e  ac id ic  t r igona l  b o r o n  
con ten t .  With  r e s p e c t  to sens i t iv i ty  to w a t e r  v~por ,  t h e r e  
is a l i t t le  i m p r o v e m e n t  w i th  A1 con ten t .  T h e  use  of  t h e s e  
glasses  for ba t t e r i e s  has  b e e n  p r o p o s e d  by  Rus s i an  au- 
t ho r s  (22) a n d  in a U.S. p a t e n t  (23). 

Alumino-borosilicate glasses.--Further sea rch  for  
e lec t ro ly te  g lasses  was  m o t i v a t e d  m a i n l y  by  t he  e x t r e m e  
h u m i d i t y  sens i t i v i ty  of  b o t h  bo r a t e s  a n d  a l u m i n o b o r a t e s  
a n d  b y  p r o b l e m s  in sea l ing  to t h e s e  s o m e w h a t  u n s t a b l e  
low v i scos i ty  glasses.  Hav ing  e x c l u d e d  p h o s p h a t e  
c o n t a i n i n g  s y s t e m s  b e c a u s e  of  s o d i u m  corros ion,  t he  bi- 
n a r y  a l u m i n o s i l i c a t e  s y s t e m  h a d  to b e  d i s c a r d e d  also be- 
cause  of  s o d i u m  reac t iv i ty  due  to h i g h  sil ica con ten t .  Fur-  
t h e r m o r e ,  g lasses  of h i g h  soda con t en t ,  no t  c o n t a i n i n g  
boron ,  are also l ike ly  to fail by  su l fu r  reac t iv i ty  due  to 
h i g h  basici ty.  

This  leaves  o p e n  for  f u r t h e r  c o n s i d e r a t i o n  a lumino-  
boros i l i ca te  a n d  b i n a r y  boros i l i ca te  g lasses  of lower  sil ica 
con ten t .  The  q u e s t i o n  to b e  a d d r e s s e d  is w h a t  is t he  l imi t  
of SiO2 a d m i s s i b l e  f rom s t a n d p o i n t  of  co r ros ion  by  so- 
d ium.  Si l ica  in  t h e  r a n g e  of  3-10%, ca t ion  based ,  ha s  b e e n  
u s e d  w i t h o u t  adve r s e  reac t ion ,  w h e r e a s  at  m o r e  t h a n  50% 
SiO~ level  r eac t i on  w i t h  s o d i u m  h a s  b e e n  obse rved .  In  or- 
de r  to def ine  b e t t e r  l imi ts  in  the  10-50% range,  a k ine t i c  
m o d e l  is p r o p o s e d  to exp la in  t he  r eac t i on  w i th  sod ium.  

The  co r ro s ion  p r oce s s  has  b e e n  ident i f ied ,  as d i s c u s s e d  
earlier,  by  t he  r eac t i on  

4Na (liq.) + 5SiO2 (glass) ---> 2Na~Si2Os(cr) + Si (cr) 

Fo r  a p o l y m o l e c u l a r  r eac t ion  to p r o c e e d  at  an  apprec i ab le  
ra te  in  t h e  sol id  s t a t e  (at 300~176 i t  is  n e c e s s a r y  to 
h a v e  t he  r e a c t a n t s  local ized in  h i g h  concen t r a t i on .  For  ex- 
ample ,  l i qu id  s o d i u m  a n d  SiO2 in p u r e  sil ica glass  w o u l d  
sat isfy th i s  r e q u i r e m e n t .  On  t he  o t h e r  h a n d ,  a glass  net-  
w o r k  wi th  l ower  p e r c e n t a g e  of  SiO2, s u c h  as 10-50% of  t he  
n e t w o r k  ca t ions ,  m a y  h a v e  t he  n e c e s s a r y  a c c u m u l a t i o n  of  
Si a t o m s  on ly  at  s o m e  loca t ions ,  owing  to the  r a n d o m n e s s  
of t he  n e t w o r k .  A few spots ,  howeve r ,  m a y  be  too  m a n y  if  
t he  c r ack  p r o p a g a t i o n  m e c h a n i s m  f rom p o i n t  defec ts  on  
t he  glass  su r face  is cons ide red .  A n  a p p r o a c h  to q u a n t i f y  
the  p r o b l e m  h a s  b e e n  m a d e  b a s e d  on  s ta t i s t ica l  p robab i l -  
i ty ca lcu la t ions .  

In  a n e t w o r k  of  t e t r ahed ra l l y  c o o r d i n a t e d  cat ions ,  each  
n e t w o r k  ca t ion  sha re s  o x y g e n  wi th  four  o thers .  A s s u m i n g  
one  ca t ion  is s i l i con  (St) a n d  t he  o t h e r  s o m e t h i n g  else (N), 
one  can  ca lcu la te  t he  p r obab i l i t y  of  f ind ing  two Si cat- 
ions  s ide  b y  s ide for  any  g iven  rat io Si/N. D es i gna t i ng  

R =  S i / N , A  = N / ( S i + N ) , B  = S i / ( S i +  N ) , A +  B = 1 

the probability of finding two Si cations nearby is 

P2 = B (1 - A 4) 

Composition 101 102 103 104 105 

Weight percent 
Na20 28.4 30.3 32.5 27.3 30.9 
NaC1 4.3 4.0 - -  5.3 - -  
B~O~ 53.3 45.9 36.5 27.4 26.0 
AI~O~ 9.7 15.7 26.8 40.0 38.1 
SiO2 4.3 4.1 4.2 - -  - -  

ct.% 
Na 35.5 38.2 38.9 38.3 38.8 
B 55.0 48.1 38.9 30.9 29.0 
A1 6.9 11.2 19.6 30.8 29.0 
Si 2.6 2.5 2.6 - -  3.2 
(el) (2.6) (2.5) - -  (3.6) - -  

Properties 
log (l~-cm), 4.4 4.4 4.1 4.2 4.1 

300~ 
Softening 528 500 485 530 528 

point (~ 
Therm.exp. 12.5 13.0 13.i 13.3 13.4 

(ppm]~ 

Similar ly ,  t he  p robab i l i t i e s  of f ind ing  3, 4, or 5 s i l icons  
close b y  are respec t ive ly ,  P3 = p2 ,  P4 = P23, a n d  P5 = P24. 
Va lues  of P2, P~, P4, a n d  P~ are p lo t t ed  aga ins t  R in Fig. 2. 
The  g r a p h  shows  the  p robab i l i t y  of  f ind ing  five SiO4 
g r o u p s  in p r o x i m i t y  as n e e d e d  for  t h e  co r ros ion  react ion.  
One  can  see  t h a t  t he  p robab i l i t y  falls off r ap id ly  at  or  be- 
low the  rat io  Si /N : 1/2, w h i c h  has  b e e n  a d o p t e d  for the  
u p p e r  l imi t  of sil ica c o n t e n t  in the  p r e s e n t  compos i t ions .  
In  reality, t he  p robab i l i t i e s  m a y  be  lower  t h a n  i nd i ca t ed  
b y t h e  resu l t s  o b t a i n e d  by  r a n d o m - d i s t r i b u t i o n - b a s e d  cal- 
cu la t ions  b e c a u s e  (i) t h e r e  is a degree  of  o rde r ing  in  glass 
me l t s  favor ing  s e p a r a t i o n  o f ' i den t i ca l  g roups ,  pa r t i cu la r ly  
(BO4), f rom e a c h  o t h e r  (17); (it) the p r o x i m i t y  of  s o d i u m  
ions,  m a n y  l i n k e d  t h r o u g h  n o n b r i d g i n g  o x y g e n  to silicon, 
has  b e e n  d i s r ega rded ;  a n d  (iii) a s ing le  r eac t ion  site ac- 
co rd ing  to the  g iven  e q u a t i o n  m a y  no t  p r o v i d e  a s t ab le  
n u c l e u s  to s ta r t  t he  corr}~sion process ,  as several  e v e n t s  
m a y  have  to i n t e r a c t  local ly  for t h a t  pu rpose .  

The  c r i te r ion  of  s tab i l iz ing  SiO2 aga ins t  s o d i u m  reduc-  
t ion  by  s h a r i n g  o x y g e n  w i t h  a ca t ion  of h i g h e r  b o n d  en- 
e rgy  can  be  e x t e n d e d  to g lasses  c o n t a i n i n g  e l e m e n t s  l ike  
Zr, Ta, l a n t h a n i d e s ,  etc., as n e t w o r k - f o r m e r s  or modi-  
fiers. 

The  c o m p o s i t i o n s  to be  d i s c u s s e d  are  h i g h  soda  glasses,  
c lose  to t he  l imi t  of  g lass  s tab i l i ty  in  t h e  Si-A1-B n e t w o r k -  
f o r m e r  te rnary .  T h e  s o d i u m  c o n t e n t  of  t h e s e  glasses  (Na) 
is in  t he  r a n g e  of  36-42 ca t i on -based  p e r c e n t  (ct. %). As t he  
effects  of  v a r i a t i o n s  in  s o d i u m  c o n t e n t  are  c o m p a r a b l e - -  

lo-' ~ ~ ~ ~ ~ ' - ~ - ' " -  P2 

p I0"= 

i0-~ 

10-4 - 

10-5 I I I I I s 
I / t  I/?_ I / 3  I /4  l / 5  1/6 

R= S_j_i 
N 

Fig. 2. Probability of silicon clustering in a mixed cation network. 
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Fig. 3. Ronge of network forming components in sodium ion con- 

ducting glasses for Na-S batteries. 

th i s  will be  s h o w n  b e l o w - - t h e  p r e s e n t  d i s c u s s i o n  can  be  
b a s e d  on t h e  n e t w o r k  ca t ion  t e r n a r y  s y s t e m  A1-B-Si, re- 
m e m b e r i n g  t h a t  t he  total  n e t w o r k  ca t ion  c o n t e n t  is 

100-Na; a n d  the re fo re ,  t he  i n d i v i d u a l  n e t w o r k  ca t ion  per-  
c e n t a g e s  in t he  c o m p o s i t i o n s  are N(100-Na)/100 w h e r  e N is 
the  p e r c e n t a g e  of  A1, Si, or B read  f r o m  the  t e r n a r y  dia- 
g r a m  in Fig. 3. T h e  Si ca t ion  c o n t e n t  in  t he  n e t w o r k  ter- 
na ry  is 10% or more ,  u p  to a b o u t  33%, as e x p l a i n e d  above.  
C o m p o s i t i o n s  be low 10% w e r e  d e s c r i b e d  ear l ier  as  
a l u m i n o b o r a t e s .  A1 c o n t e n t  is be low  60% for me l t ab i l i t y  
a n d  a bove  5% for be t t e r  s t r u c t u r a l  s tabi l i ty .  B c o n t e n t  is 
be low 70% to se t  a l imi t  to h u m i d i t y  sens i t iv i ty .  T h e  com-  
pos i t i on  a n d  p rope r t i e s  of  t he  g l a s se s  b a s e d  on t he  po in t s  
s h o w n  in the  d i a g r a m  are  l i s ted  in Tab le  II. The  s o d i u m  
bora te  glass ,  no.  112, is i n c l u d e d  for c o m p a r i s o n .  All 
g l a s se s  w e re  f o u n d  to be  s o d i u m  r e s i s t a n t  in s tat ic  corro- 
s ion  tes ts ,  b u t  g l a s se s  of  h i g h  SiO2 c o n t e n t  were  m a r g i n a l  
wi th  r e s p e c t  to s u l f u r  cor ros ion  at  350~ t h e y  were ,  on  
t he  o the r  h a n d ,  t h e  be s t  for wa te r  durab i l i ty .  T h e s e  obser-  
va t i ons  are in  a g r e e m e n t  wi th  t he  da ta  a n d  in t e rp re t a t i ons  
g iven  as b a c k g r o u n d  earlier.  

Effects related to sodium content.--Table III g ives  t he  
c o m p o s i t i o n  of  g l a s se s  of  d i f fe ren t  s o d i u m  con ten t ,  all 
b a s e d  on po in t  A of  t he  d i a g r a m  in Fig. 3 as t he  c o m m o n  
n e t w o r k  f o r m i n g  s y s t e m .  The  c h a n g e  in p rope r t i e s  wi th  
i n c r e a s i n g  s o d i u m  c o n t e n t  i l lus t ra ted  in  Fig. 4 is p red ic ta -  
ble a n d  does  no t  r e qu i r e  c o m m e n t s .  T h e  m a i n  p u r p o s e  of 
t he  ser ies  w a s  to d e t e r m i n e  t he  m a x i m u m  s o d i u m  con- 
t e n t  in  a g lass  su i t ab l e  for  f ibe rd raw or s imi la r  f o r m i n g  
t e c h n i q u e s .  T h e  cr i te r ion  u s e d  w a s  devi t r i f ica t ion  at a 

Table II. Composition and properties of the glasses 

Network position in Fig. 3 A B C D E F 

Network components 
ct.% A1 17.0 

B 53.0 
Si 30.0 

Glass composition no. 106 

25.4 43.7 51.8 49.8 32.8 - -  
59.7 39.1 28.1 20.1 37.0 95.2 
14.9 17.2 20.1 30.1 30.1 4.8 

107 108 109 110 111 112 

ct.% Na 39.5 
A1 10.2 
B 32.0 
Si 18.3 

w/o Na20 30.9 
A1203 13.1 
B~O3 28.2 
SiO2 27.8 
NaCI 

Log resistivity at 300~ 4.00 4.16 
Thermal expans. (ppm/~ 13.2 13.7 
Annealing temp. (~ 457 424 
Softening temp. (~ 550 514 
Melting temp. at 10 poise 1023 967 

To sodium corrosion Good Excellent 
To sulfide corrosion Fair Excellent 
To moisture Excellent Poor 
To structural change Good Fair 

38.6 41.2 41.2 41.2 41.1 33.9 
15.6 25.7 30.5 29.3 19.3 - -  
36.6 23.0 16.5 11.8 21.8 62.9 

9.2 10.1 11.8 17.7 17.7 3.2 
(C12.5) 

31.4 31.9 31.0 30.1 31.2 27.8 
20.8 32.8 37.7 35.1 24.1 - -  
33.4 20.1 14.6 9.7 18.6 62.6 
14.4 15.2 17.3 25.1 26.1 5.4 
. . . . .  4.2 

Glass properties 
4.00 3.92 3.88 3.90 4.40 

14.6 13.6 14.0 13.8 12.4 
424 550 590 460 456 
545 680 720 548 531 

1350 1420 1380 1120 840 

Estimated stability 
Excellent Excellent Good Good Excellent 
Good Good Good Fair Excellent 
Fair Fair Good Excellent None 
Good Good Good Excellent Poor 

Table III. The effect of sodium content on glass properties. Network former composition in ct.%: 
AI 17.0, B 53.0, Si 30.0, based on point A in Fig. 3 

Glass composition no. 113 114 115 116 117 118 

ct.% Na 35,0 36.5 38.0 39.5 41.0 42.5 
A1 10.0 10.7 10.4 10.2 10.0 9.8 
B 34.5 33.6 32.9 32.0 31.3 30.6 
Si 19.6 19.2 18.7 18.3 17.7 17.1 

w/o Na20 27.0 28.3 29.6 30.9 32.3 33.6 
A1203 13.8 13.6 13.4 13.1 12.9 12.7 
B203 29.9 29.3 28.7 28.2 27.7 27.2 
8i02 29.3 28.8 28.3 27.8 27.1 26.5 

Glass properties 
Log resistivity at 300~ 4.98 4.49 4.20 4.00 3.84 3.73 
Annealing temp. (~ 478 471 466 457 449 438 
Softening temp. (~ 562 561 557 550 539 523 
Melting temp. at 10 poise 1083 1071 1050 1023 992 955 
Thermal expans. (ppm/~ 11.5 12.1 12.7 13.2 13.8 14.5 
Devitrification at 2~ . . . .  Trace Yes 
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Fig. 4. The effect of sodium content on the properties of glosses 

with the network AI ]7.0, B 53.0, 5i 30.0 ct.%. 

cool ing rate  of  2~ a cri t ical  va lue  b a s e d  on  pas t  ex- 
per ience .  By  m e a s u r i n g  t he  v i scos i ty  of t he  glass as a 
f unc t i on  of t e m p e r a t u r e  at  a c o n s t a n t  ra te  of  cool ing b y  
t he  ro ta t ing  c y l i n d e r  m e t hod ,  any  t race  of  devi t r i f ica t ion 
is readi ly  obse rved ;  in  t he  p r e s e n t  case, th i s  h a p p e n e d  for 
co mpos i t i on  no. 117. 

I f  we a s s u m e  a cr i t ical  cool ing  ra te  as a c o n s t a n t  factor,  
t he  a s soc ia t ed  s o d i u m  con ten t ,  he re  ca l led  s o d i u m  th re sh -  
old, b e c o m e s  an  i m p o r t a n t  cha rac t e r i s t i c  of t he  n e t w o r k  
f o r m i n g  s y s t e m  for  s o d i u m  ion  c o n d u c t o r  appl ica t ions .  
The  s o d i u m  t h r e s h o l d  inc reases  w i t h  t he  coo r d ina t i on  
n u m b e r  of  t he  n e t w o r k  formers .  Wi th in  t he  A1-B-Si ter- 
nary,  i t  is t he  h i g h e s t  for  si l icates,  a l um i nos i l i c a t e  glasses  
b e i n g  a close second ,  t h e n  dec rea se s  w i t h  i nc rea s ing  bo- 
ra te  con t en t .  F i g u r e  5 p lo ts  log res i s t iv i ty  aga ins t  t he  mea-  
su red  or e s t i m a t e d  s o d i u m  t h r e s h o l d  of  g lasses  p r e p a r e d  
he re  or c o m p a r a b l e  glasses  p u b l i s h e d  in the  l i te ra ture .  
The  n u m b e r e d  po in t s  of t he  cu rve  give t h e  res i s t iv i ty  of  a 
pa r t i cu la r  glass  at  t he  s o d i u m  t h r e s h o l d .  The  compos i -  
t ions  are iden t i f i ed  in Tab le  IV. This  f igure shows  t h a t  
s o d i u m  ion  c o n d u c t i v i t y  is d e t e r m i n e d  m a i n l y  b y  t he  so- 
d i u m  c o n t e n t  of  t h e s e  glasses  a n d  t h a t  d i f fe rences  in  re- 
s is t iv i ty  are  d u e  to d i f fe rences  in  t he  capab i l i ty  of  a net -  
work  to a c c e p t  m o r e  or- less  s o d i u m  w i t h o u t  
devi t r i f ica t ion .  

Rava ine  a n d  S o u q u e t  (26) d e m o n s t r a t e d  a l i nea r  rela- 
t i o n s h i p  b e t w e e n  s o d i u m  ion  ac t iv i ty  a n d  c o n d u c t i v i t y  in  
alkal i  s i l icate  glasses .  This  is r e f l ec ted  a p p r o x i m a t e l y  in 
Fig. 5. Act iv i t i es  are  n o t  too  far  off  f rom t he  ca t ion -based  
p e r c e n t a g e s  of  s o d i u m  ions  u s e d  he re  to  p lo t  res is t iv i t ies .  
Dev ia t i on  f rom l inea r i ty  r e su l t s  f rom c h a n g e s  in  co- 
o r d i n a t i o n  a n d  s t r u c t u r e  f r o m  four fo ld  c o o r d i n a t e d  sili- 
cates  (6) a n d  a luminos i l i c a t e s  (5) to a l u m i n o b o r o s i l i c a t e s  
(4), a l u m i n o b o r a t e s  (3), a n d  bo ra t e s  (2, 1) w h i c h  c o n t a i n  

log 

5 -  

4 ~  

5 -  

2 -  
I I I I 

30  4 0  5 0  6 0  {Na )c t% 

I I I I 
1.5 1.6 1.7 1.8 log (NO) 

Fig. 5. Resistivity vs. sodium threshold. 

i n c r e a s i n g  a m o u n t s  of  t h ree fo ld  c o o r d i n a t e d  boron .  A 
m o r e  de t a i l ed  d i s c u s s i o n  of t h i s  r e l a t i o n s h i p  in t e r m s  of 
t he  w e a k  e lec t ro ly te  t h e o r y  of glass wil l  b e  p r e p a r e d  later.  

C o n c l u s i o n s  
S o d i u m  ion c o n d u c t i v i t y  in  g lasses  b a s e d  on  the  A1- 

B-Si  n e t w o r k - f o r m e r  s y s t e m  is m a i n l y  d e t e r m i n e d  b y  t h e  
a m o u n t  of  s o d i u m  in  t he  glass. This  s h o u l d  be  m a x i m i z e d  
w i t h o u t  c a u s i n g  dev i t r i f i ca t ion  at  a p r e se l ec t ed  cool ing  
ra te  c o m p a t i b l e  w i t h  the  f o r m i n g  m e t h o d  used.  This  so- 
d i u m  t h r e s h o l d  inc reases  w i th  t he  c o o r d i n a t i o n  n u m b e r  
of t he  n e t w o r k  f o r m i n g  ca t ions  in t he  glass.  

Cor ros ion  b y  meta l l i c  s o d i u m  does  no t  affect  a l u m i n a t e  
and  bora te  glasses.  In  si l icates,  b e c a u s e  of  k ine t i c  l imita-  
t ions ,  on ly  g lasses  h a v i n g  s i l icon in m o r e  t h a n  one-ha l f  of  
t he  n e t w o r k  f o r m i n g  ca t ion  sites are  s igni f icant ly  af- 
fected.  Glasses  c o n t a i n i n g  ions  m o r e  r e d u c i b l e  t h a n  sili- 
ca tes  s h o u l d  no t  be  used.  S o d i u m  cor ros ion  is m a i n l y  by  
sur face  react ion.  R e a c t i o n  be low the  sur face  is sl ight;  it is 
p r e c e d e d  b y  a t o m i c  d i f fus ion  of s o d i u m  in t he  glass. 

Cor ros ion  b y  su l fu r  a n d  sulf ides is r e l a t ed  to t he  basic-  
i ty of t he  e lec t ro ly te  glass. Bas ic i ty  is e n h a n c e d  by  the  so- 
d i u m  ion  concen t r a t i on ,  wh i l e  i t  is r e d u c e d  by  the  pres-  
ence  of  b o r o n  a n d  to a l esse r  e x t e n t  of  a l u m i n u m ,  w h i c h  
fo rm Lewis  acid s i tes  in  t he  glass.  The  m e c h a n i s m  of  cor- 
ros ion  is l ike ly  to be  O - -  ~ S - -  ion  exchange .  This  is a 
d i f fus ion-con t ro l l ed  process ;  the re fore ,  t h e  T/Tg rat io is 
i m p o r t a n t  for t h e  ra te  of  corros ion.  

C o r r o s i o n  of b u l k  glass exposed  to h u m i d i t y  is due  to 
H* ~ Na* ion  e x c h a n g e  l ead ing  to h i g h  s o d i u m  ion con-  
c e n t r a t i o n  on  t he  sur face  and  a g r a d i e n t  of d i sso lved  OH 
g r o u p s  u n d e r n e a t h .  S o d i u m  a c c u m u l a t i o n  on  t he  sur face  
inc reases  su l fu r  cor ros ion ,  w h e r e a s  s o d i u m  dep l e t i on  a n d  
OH g r o u p s  u n d e r  the  sur face  e n h a n c e  co r ros ion  b y  so- 
d i u m  metal .  Suscep t ib i l i t y  to co r ros ion  by  h u m i d i t y  is en- 
h a n c e d  b y  b o r o n  c o n t e n t  a n d  d i m i n i s h e d  by  s i l icon con- 
t e n t  for h i g h  s o d i u m  c o n t e n t  glasses .  

P h a s e  s e p a r a t i o n  a n d  s t ruc tu ra l  i n s t ab i l i t y  is a p r o b l e m  
af fec t ing  m a i n l y  b o r a t e  a n d  boros i l i ca te  glasses.  

S u m m i n g  up  t he  q u e s t i o n  of glass  c o m p o s i t i o n  vs. cor- 
ros ion ,  t h e  r e q u i r e m e n t s  for  l im i t i ng  s o d i u m  cor ros ion  
are  less severe  t h a n  t h o s e  re la ted  to su l fu r  corros ion.  Con- 
t ro l l ing t he  la t te r  r equ i r e s  g lasses  of low s o d i u m  a n d  h igh  

Table IV. Composition and resistivity at 300~ of glasses and maximum sodium content 

Position in Fig. 5 1 2 3 4 5 6 

Composition 
ct.% Na 32.2 33.9 39.1 39.5 52.7 66.6 

B 64.6 62.9 39.1 32.0 - -  - -  
A1 - -  - -  19.4 10.2 15.8 - -  
Si 3.2 3.2 2.4 18.3 31.5 33.4 

(2.5 C1) 
Resistivity (300~ 

log p (12-cm) 4.75 4.40 4.10 4.00 3.12 2.64 
Composition no. 119 112 103 106 123 124 
Reference - -  (21) (23) - -  (24) (25) 
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boron content with a sacrifice with respect to conductiv- 
ity, moisture resistance, and structural stability. Consider- 
ing these factors, further work may be based on the fol- 
lowing options. 

i. There must  be continued effort on sodium borate 
glass, avoiding exposure to humidi ty to preserve fiber 
strength, and using stress- and water-free sealing and as- 
sembly conditions. 

2. There must  be explorations of the use of composi- 
tions of the no. 115 type, barely adequate with respect to 
sulfur corrosion, good in other respects. 

3. There must  be use of compositions of the no. 108 type 
representing a compromise between the first and second 
options. 

4. The perspective of electrolyte glass compositions 
could be broadened by concentrating on the sulfur corro- 
sion problem and revising the battery system, particularly 
the anolyte. Reduced sulfur corrosion may be obtained by 
lowering T/Tg of the glass, for example, with the use of 
hard, high viscosity glasses. For such glasses, however, 
new forming techniques would have to be found. The 
same can be achieved by lowering the battery tempera- 
ture from 300 ~ to 200~ or below. This would require re- 
placing the Na2S~ anolyte with a lower melting system, 
preferably of lower basicity. 
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Application of Linear Stability and Bifurcation Analysis to 
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ABSTRACT 

Linear stability and bifurcation analysis is applied to two passivation models from the literature. The necessary and 
sufficient conditions for multiple steady states are determined for one of the models. For the other model, the parame- 
ter values for oscillatory solutions of the two-dimensional system of equations are evaluated. The results of these analy- 
ses show the power of these mathematical techniques in determining the conditions for multiple steady states and peri- 
odic solutions of various nonlinear models 

Over the past century, the formation of passive films 
on metals has been investigated experimentally and 
mechanisms for their formation have been hypothesized. 
There still remains much uncertainty about the specific 
electrochemical steps or the important  elements neces- 
sary for passivity under  particular environmental  condi- 
tions. Efforts have been made to define the mechanism 
of passivation by developing models (1-4) to reflect the 

*Electrochemical Society Student Member. 
**Electrochemical Society Active Member. 

special nature of the anodic polarization curves, which 
show that with increasing anodic potential the oxidation 
current reaches a maximum and then quickly decreases 
by several orders of magnitude to the passivation current 
at the Flade potential. Thus, the models developed have 
attempted to account for the multiple values of potential 
for a particular current in the active-passive transition 
region. 

Current oscillations at constant potential or potential 
oscillations at constant current have often been observed 
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in the  act ive-passive t ransi t ion range for a var ie ty  of  
metal -e lect rolyte  sys tems (5-8). These  oscil lat ions can 
take diverse  forms,  per iodic  or aperiodic,  and of constant,  
changing,  or even  d a m p e d  ampl i tude .  Al though  mos t  of  
the explanat ions  of  e lec t rochemica l  oscillations are 
phenomenolog ica l ,  there  have  been  some  a t tempts  to pos- 
tulate  mechan i sms  and to mathemat ica l ly  mode l  these  os- 
cillations (9-11). However ,  the only endeavo r  pr ior  to our  
own (12, 13) to mode l  the oscil lat ions found  in the  passi- 
va t ion  process  is that  of Franck  and F i tzhugh  (10). Their  
work  mode ls  i ron polar ized at a cons tan t  potential ,  fo- 
cusing on the  change  of  overpotent ia l  and of e lect rode 
surface coverage.  

It  may  be  possible  to gain a be t ter  insight  into the  
mechan i sms  of  pass ivat ion by the  inves t iga t ion  of the  
mul t ip le  values  of  potent ia l  character is t ic  of anodic polar- 
ization curves  and the  oscil latory behav ior  observed in 
the  act ive-passive region. By  uti l izing l inear  stabil i ty and 
bifurcat ion analysis,  the  exis tence  of  and condi t ions  for 
mult ipl ic i ty  of  s teady states and per iodic  solutions of the  
mode l  equat ions  may  be determined.  The  purpose  of  this 
paper  is to apply  these  mathemat ica l  tools to two models  
in the  l i terature to show the  usefu lness  of  these  tech- 
n iques  for eva lua t ing  the  criteria for mul t ip le  s teady 
states (MSS) in one case (4) and oscil lat ions in another  
(10). 

Linear Stability Analysis 
Generally,  different ial  equat ions  wh ich  represen t  oscil- 

latory behav ior  are nonl inear  and se ldom lend themselves  
to analytical solutions.  There are m a n y  texts  on the  
theory  of analysis of nonl inear  different ial  equat ions  [for 
example ,  Ref. (14-16)], and only a br ief  d iscuss ion of cer- 
tain fundamen ta l  concepts  and resul ts  is needed  here. 
L inear  stabil i ty analysis allows qual i ta t ive  informat ion to 
be obtained about  the  solutions of different ial  equat ions  
by examin ing  wha t  a small  change  in the  init ial  condi-  
t ions does to the  solut ion by l inear iz ing the  original 
nonl inear  equat ions .  Appl ica t ion  of  b i furcat ion theory  re- 
sults in in format ion  regard ing  the  dynamic  behavior  of 
the sys tem of equa t ions  as parameters  change.  

Suppose  we have  a sys tem of  non l inear  au tonomous  
equat ions  

d x  
- r ( x )  [1] 

dt  

The steady-state  solut ion is def ined by 

d x  
= F(xs) = 0 [2] 

dt  

I f  we e x p a n d  F(x) in a Taylor series about  the  steady- 
state solution, x~, and t runcate  at the  l inear  terms,  we  
obtain 

6F 
r ( x )  = F(x~) + ~ (x - x~) [3] 

By le t t ing u = x - x, and subs t i tu t ing  Eq. [3] into Eq. [1], 
and knowing  by Eq. [2] that  F(x~) = 0, one obtains 

d u  
- J u  [4] 

dt  

where  Jij = (6F~/6xj), the  l inearized Jacob ian  evaluated  at 
the  s teady state. S ince  the  solut ion of  Eq. [4] is of  the  
form u = exp  (Jt)uo, the  stabili ty of the  solut ion to in- 
f ini tesimal  pe r tu rba t ions  depends  on the  e igenvalues  of  
J. The  charac ter  of  the  s teady state is de t e rmined  by the  
real par t s  of the  e igenvalues  (},) of  Eq. [4]: Re (~) < 0 
means  stable, Re (X) > 0 means  unstable ,  and Re (k) = 0, 
Im (~) ~ 0 may  indica te  per iodic  solutions.  

Usually,  we  are in teres ted  in the behav io r  of  a sys tem of 
equat ions  such  as Eq. [1] as pa ramete rs  (p) vary, that  is 

d x  
= F(x,p) [5] 

dt  

Bifurca t ion  is the  change  of  stabil i ty or changes  in the  
qual i ta t ive s t ruc ture  of  the  solut ions for certain values of  
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the  parameters .  A static bifurcat ion occurs  w h e n  a single 
e igenvalue  passes th rough  the origin of the  complex  
plane  as a par t icular  parameter  changes,  leading to MSS. 
Hopf  bifurcat ion to per iodic  solutions occurs  w h e n  a pair 
of  comp lex  conjuga te  e igenvalues  crosses  the  imaginary 
axis of the  c o m p l e x  plane. In  o ther  words,  Hopf  bifurca- 
t ion requires  two pure ly  imaginary  e igenvalues ,  wi th  the  
remain ing  eigenvalues ,  i f  any, hav ing  nega t ive  real parts 
and d Re (k)/dp ~ 0 at the  imaginary  axis. 

For  a two-d imens iona l  sys tem of different ial  equations,  
the  e igenvalues  are the  roots of fo l lowing equa t ion  

k~ - (tr J)X + det  J = 0 [6] 

These  roots  are 

~+ = 1/2 tr  J _+ 1/2 [(tr j)2 _ 4 de t  j] ,2 [7] 

and they  can be expressed  in terms of  the  sys tem parame-  
ters. The  necessa ry  and sufficient condi t ions  for local as- 
ympto t ic  stabil i ty are that  det  J > 0 and tr J < 0. I f  det  J < 
0, the  two e igenva lues  are real and oppos i te  in sign, and 
this specifies a saddle  (an unstable  s teady state). I f  det  J 
> 0 and tr J > 0, an uns tab le  s teady state (node or  focus) is 
signified. If, unde r  cer ta in  paramete r  condi t ions,  det  J = 
0 wi th  tr  J < 0, then  a static b i furca t ion  to MSS would  oc- 
cur. I f  t r  J = 0 wi th  det  J > 0 and d Re (k)/dp ~ 0, t hen  
H o p f  bifurcat ion to osci l latory solut ions wou ld  occur. 

The  resul ts  of  s tabil i ty analysis can be pictorial ly repre- 
sen ted  by phase-p lane  portrai ts  where  the  solutions of 
Eq. [5] are t raced  as t rajectories  by plot t ing one variable 
vs. another .  Trajector ies  can approach  or leave the vicin- 
ity of  a s teady state depend ing  on its stability. An  isolated 
closed t ra jectory is called a l imit  Cycle, such  that  any tra- 
j ec to ry  in the  ne ighborhood  ei ther  approaches  it (a stable 
l imit  cycle) or leaves it (an unstable  l imi t  cycle). A l imit  
cycle represents  sus ta ined oscil lat ions i n d e p e n d e n t  of  ini- 
tial condit ions.  A stable l imit  cycle represen ts  unchang-  
ing  per iodic  oscil lations,  whereas  an uns tab le  l imit  cycle 
represents  e i ther  d a m p e d  or growing  oscillations. Bifur- 
cat ion d iagrams trace the  Hopf  points  or l imit  points  
(points of static bifurcation) as sys tem parameters  
change.  

Case I - -  Analysis of Griffin's Model 
Griffin's simple phase-transition model (4) for metal 

passivation kinetics consists of only two rate processes: 
(i) the oxidation of surface metal atoms M to produce ad- 
sorbed cations M ~+, according to 

M ko~ M.+(~a~ + n e  [8] 

and (ii) the  subsequen t  dissolut ion of  cations into the  
electrolyte,  e i ther  f rom adsorbed  a toms at low coverage  
on the  e lec t rode  surface 

k'd] ~ 
Mn+~ads) M~+taq) [9] 

or  f rom a high coverage  adsorbed layer, also cal led an ox- 
ide layer (4) 

k'rdi~ Mn+(ox) M'+~..) [1O] 

The rate constant for cation dissolution, whether accord- 
ing to Eq. [9] or [I0], is written as 

kd~ = k%~ exp  (-riO) [11] 

where  k%s is the  rate cons tan t  for the  dissolut ion of an 
isolated adsorbed  cation, 0 is the  surface  coverage  by ad- 
sorbed cations,  and fi is a Temkin - type  adsorbate-  
adsorbate  in te rac t ion  parameter .  The  rate express ion  for 
the dissolut ion cur ren t  for e i ther  Eq.  [9] or [10] is g iven by 

idis = k%is 0 exp  (-riO) [12] 

and the  rate of  adsorbed  cation fo rmat ion  (Eq. [8]) is ex- 
pressed  by the  Tafel  re lat ion 

iox = k~215 (1 - 0) exp  (rE) [13] 
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w h e r e  f = e F / R T ,  E is t he  po ten t ia l ,  a n d  k~ is t h e  chemi -  
cal ra te  cons t an t .  By  e q u a t i n g  Eq.  [12] a n d  [13], an  expres -  
s ion  r e l a t i ng  t h e  s t eady- s t a t e  p o t e n t i a l ,  E ,  a n d  s teady-  
s ta te  coverage ,  0 ,  is d e t e r m i n e d  

E~ = ( l l f )[- f lO~ + In ( k%Jk~  + i n  (0J1 - 0~)] [14] 

The  so lu t ion  of  Eq.  [14] y ie lds  M S S  for  O~(Es) for/3 > 4. Po-  
l a r iza t ion  c u r v e s  for  IS > 4 ca l cu l a t ed  f rom Eq.  [12]-[14] 
s h o w  t h e  m u l t i p l e - v a l u e d  ac t ive -pass ive  region.  The  criti-  
cal va lue  of  4 for  t he  i n t e r ac t i on  p a r a m e t e r ,  fl, r e p r e s e n t s  
t he  m e a n  field a p p r o x i m a t i o n  of  a p h a s e  t r a n s i t i o n  be-  
t w e e n  i so la ted  ca t ions  a n d  t h e  c o n t i n u o u s  ox ide  layer. 

A n  a l t e rna te  a p p r o a c h  to d e t e r m i n e  t h e  p a r a m e t e r s  nec-  
e s sa ry  for  mu l t i p l i c i t y  for  Gri f f in ' s  m o d e l  is to app ly  bi- 
fu rca t ion  ana lys is .  Firs t ,  we m u s t  wr i t e  a d i f fe ren t ia l  
e q u a t i o n  to e x p r e s s  t he  c h a n g e  of  su r face  coverage  w i th  
t i m e  for  t h e  p r o p o s e d  m e c h a n i s m ,  as fol lows 

~t =- dO/dt  = kox(1 - 0) - k ~ O  

= ko~(1 - 0) - k%~O exp  ( - /30)  [15] 

w h e r e  ko~ = k~ e x p  (rE). A t  s t e a d y  state ,  dO/dt  = 0. We can  
g raph ica l ly  s h o w  the  s teady-s ta te  so lu t i ons  by  le t t ing  

F1 = (ko• - 0~) =- ?(1 - 0~) [16] 

F2 = 0~ e x p  (-/30~) [17] 

w h e r e  t h e  i n t e r s e c t i o n s  of t he  c u r v e s  F1 a n d  F2 are  t h e  
s t eady  states.  Th i s  is i l l u s t r a t ed  in  Fig. 1 for  severa l  va lues  
of IS. The  n e c e s s a r y  a n d  suff ic ient  c o n d i t i o n s  for M S S  are 
f o u n d  b y  e v a l u a t i n g  

6a60 ~ = 0  [18] 

a n d  k n o w i n g  ~ = 0 at  s t eady  state ,  w h i c h  ind ica t e  t he  
p o i n t s  of  s t ab i l i ty  change .  This  gives  t h e  fo l lowing  ex- 
p r e s s i o n  in  t e r m s  of  0~ 

O~ 2 - O~ + 11/3 = 0 [19] 
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Solv ing  for 0s y ie lds  

0s = 0.5 -+ 0.511 - 4/fl] 1/2 [20] 

Rea l  roots  ex i s t  for  fl -> 4. Therefore ,  t h e  b i f u r c a t i o n  p o i n t  
is fl = 4 (0s = 0.5) a n d  M S S  occu r  for  IS > 4. Also f rom Eq.  
[18] 

? = (/30s - 1) exp  (- /30s) [21] 

a n d  at  t he  b i f u r c a t i o n  p o i n t / 3  = 4, ? = 0.135. Therefore ,  
a n o t h e r  c o n d i t i o n  for  MSS  is t h a t  7 < 0.135 ca lcu la ted  
f rom Eq. [21]. F i g u r e  2 s h o w s  t h e  b i f u r c a t i o n  set  o f ? v s ,  ft. 

The  s tab i l i ty  of  so lu t ions  of  Eq. [15] c an  be  d e t e r m i n e d  
f rom the  s ign  of  t h e  e igenva lue ,  w h i c h  is 8~/60 e v a l u a t e d  
at  t he  s t eady  state.  W h e n  t h r e e  s t e a d y  s ta tes  exist ,  t h e  
m i d d l e  so lu t ion  is u n s t a b l e  a n d  t h e  ou t e r  two  are  s table .  
Th i s  also can  b e  c h e c k e d  by  e v a l u a t i n g  t he  t ra jec tory  
dO/dt;  t h e  t r a j ec to ry  a lways  m o v e s  a w a y  f rom the  cen t r a l  
s t eady  state. I n  Fig. 3, t he  r eg ions  of  s tab i l i ty  are  s h o w n  
for 0s v s .  IS at  c o n s t a n t  ? a n d  08 v s .  ? at  c o n s t a n t  IS. Th i s  
o n e - d i m e n s i o n a l  m o d e l  c a n n o t  give osc i l la t ions ,  s ince  a 
pa i r  of  p u r e l y  i m a g i n a r y  e igenva lues  is r equ i red .  I n  o the r  
words ,  the  m o d e l  m u s t  be  at  l eas t  two d i m e n s i o n a l  for pe- 
r iodic  so lu t ions .  In  Grif f in ' s  analys is ,  t h e  c u r r e n t  dens i ty-  
p o t e n t i a l  cu rves  we re  ca lcu la ted  for a n  e l ec t rode  po t en t i a l  
r a n g e  of  a b o u t  -1230  to -1250  m V  for MSS  for  t he  f ixed 
pa r ame te r s :  k~ = 1300 m A J c m  2, k~ = 8 • 1032 m A / c m  2, 
a n d f  = 57.6 V -1. U s i n g  the se  p a r a m e t e r s ,  ? = 6.15 • 1029 
exp  (57.6E). F r o m  b i f u r c a t i o n  ana lys i s  for  IS = 6, 0.0529 < ? 
< 0.0754 or - 1 2 5 0  < E < -1235  mV,  w h i c h  is in  a g r e e m e n t  
w i t h  Grif f in ' s  resul ts .  

The  r e q u i r e m e n t  for IS for M S S  was  d e t e r m i n e d  b y  
Griff in  for  one  pa r t i cu l a r  se t  of  ra te  c o n s t a n t  va lues  by  
so lv ing  Eq. [14], a n d  our  resu l t s  ag ree  w i t h  t h o s e  of  Grif- 
fin. However ,  ou r  ana lys i s  gives m u c h  m o r e  in fo rmat ion .  
As s h o w n  in  Fig. 2, t he  r eg ion  of  mu l t i p l i c i t y  in  p a r a m e t e r  
space  is eva lua ted ;  t h a t  is, ? =- koxlk%~ < 0.135 a n d  IS > 4. 
F r o m  our  analys is ,  we can  d e t e r m i n e  t he  r a n g e  of  all pa-  
r a m e t e r  va lues  t h a t  are i m p o r t a n t  for  th i s  m o d e l  to pre-  
d ic t  t he  ac t ive -pass ive  t r ans i t i on  f ea tu re  of  t he  polariza-  
t ion  curve.  

Case II - -  Analysis of the Franck and Fitzhugh Model  
F r a n c k  a n d  F i t z h u g h  (10) f o r m u l a t e d  a m a t h e m a t i c a l  

m o d e l  of i ron  po la r ized  at a c o n s t a n t  p o t e n t i a l  a n d  f o u n d  
osci l la tory  so lu t ions  of  t he  two s y s t e m  var iab les ,  sur face  
coverage  a n d  a n  overpoten t ia l ,  E = Ep - El, w h e r e  Ep is 
t he  c o n s t a n t  app l i ed  po ten t i a l  a n d  Ef is t h e  F l ade  po ten-  
tial. The  F l ade  p o t e n t i a l  is de f ined  b y  t h e m  as t he  elec- 
t r ode  po t en t i a l  a t  w h i c h  t he  t r a n s i t i o n  f r o m  the  ac t ive  to 
pass ive  s ta te  t a k e s  place.  The  m e c h a n i s m  w h i c h  was  
m o d e l e d  is 

Fe  -* Fe  ~+ + 2e [22] 

Fe  + n H 2 0  -~ Fe(OH),, + n H  + + 2 n e  [23] 
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Quali ta t ively ,  t he  m o d e l  desc r ibes  the  fo l lowing  sequen-  
t ial  s teps  as i ron  is anod ica l ly  po la r i zed  in H2SO4. First ,  
t h e  i ron  e l ec t rode  is in  a n  ac t ive  s ta te  w i t h  a local  c u r r e n t  
dens i ty  of  - 1 0  A / c m  2. B e c a u s e  of  t he  p r e s e n c e  of  Fe '-'+, hy- 
d r o g e n  ions  e l e c t r om i g r a t e  away  f rom t he  e lect rode,  con-  
s e q u e n t l y  r e d u c i n g  t he  H ~ c o n c e n t r a t i o n  at  t h e  e lec t rode.  
The  F lade  p o t e n t i a l  d e p e n d s  u p o n  t he  H ~ concen t r a t i on ,  
a n d  it  is sh i f t ed  nega t ive ly  as t he  H + c o n c e n t r a t i o n  de- 
creases .  The  o v e r p o t e n t i a l  t he r e fo re  inc reases ,  caus ing  
pas s iva t i on  to occu r  a n d  t h e  c u r r e n t  d e n s i t y  to dec rease  
to a few m i c r o a m p e r e s  pe r  s q u a r e  c en t i m e t e r .  However ,  
t he  back -d i f fu s ion  f lux of  H* is i nc reased ,  even tua l ly  in- 
c reas ing  the  H ~ c o n c e n t r a t i o n  at  t he  e lec t rode .  Hence ,  t he  
ove rpo t en t i a l  dec rea se s  a n d  t he  e l ec t rode  b e c o m e s  ac t ive  
again.  This  cycle  of  even t s  is said to  p r o d u c e  the  o b s e r v e d  
e l ec t rochemica l  osci l la t ions .  

The  bas ic  f ea tu res  of  the  m o d e l  are  t he  a s s u m p t i o n s  of  
a d i s c o n t i n u i t y  in  t he  k ine t i c s  at  t he  F l a d e  po ten t i a l  (E = 
0) a n d  t he  d e p e n d e n c e  of  t he  F lade  p o t e n t i a l  o n  H § con-  
cen t ra t ion .  The  m o d e l  is s impl i f ied  by  l inear iz ing  (i) t he  
c u r r e n t - p o t e n t i a l  curve ,  ( i t )  t h e  d e p e n d e n c e  of  F l ade  po- 
t en t ia l  on  t he  c o n c e n t r a t i o n  of H ~, a n d  ( i i i )  t h e  concen t r a -  
t i on  profi les in  t he  e lec t rode  d i f fus ion  layer.  The  ox ide  
fi lm is f o r m e d  on  t he  e lec t rode  w h e n  E > 0 a n d  d i sso lves  
w h e n  E < 0. The  ra te  of  fi lm d i s s o l u t i o n  is p r opo r t i ona l  
to  coverage  0, a n d  t he  ra te  of  f i lm f o r m a t i o n  is p ropor -  
t iona l  to t he  ac t ive  e l ec t rode  area  (1 - 0). A t  t he  act ive 
sites, meta l l ic  d i s so lu t i on  occurs  w h e n  E < 0. T he  s u m  of 
t he  par t ia l  c u r r e n t s  of  b o t h  r eac t ions  (Eq. [22] a n d  [23]), 
e ach  of w h i c h  d e p e n d s  l inear ly  on  po ten t ia l ,  m a y  be  writ-  
t en  as 

I ,  = ki(1 - 0) + kgEO* [24] 

w h e r e  

0* = 0 for E < 0 

0* = 1 -  0 f o r E > 0  

k~ is t he  c u r r e n t  d e n s i t y  of  meta l l i c  d i s so lu t i on  (Eq. [22]) 
a t  E~, a n d  kg is t he  g r a d i e n t  of  t h e  l inea r i zed  po la r iza t ion  
cu rve  for  t h e  p a s s i v a t i o n  r eac t i on  (Eq. [23]). B y  l inear iz ing  
the  N e r n s t  equa t i on ,  an  e x p r e s s i o n  for  E as a f u n c t i o n  of  
H ~ c o n c e n t r a t i o n  is g i v e n  b y  

E = kc(ho - h) - ( E ~  E~) [25] 

w h e r e  ho is t he  H + c o n c e n t r a t i o n  at  a c o n s t a n t  s t a n d a r d  
po ten t i a l  of a g i v e n  electrolyte ,  h is the  H ~ c o n c e n t r a t i o n  
at  t he  e l ec t rode  surface,  E~ is t he  F l ade  po ten t i a l  a t  ho, 
and  kr = R T / F .  I t  is a s s u m e d  t h a t  on ly  the  H* ions  are  
c h a r g e  carr iers  in  t h e  e lec t ro ly te  a n d  t h a t  the  f lux of H § is 
equa l  to t he  s u m  of t he  d i f fus iona l  a n d  e l ec t romig ra t i ona l  
t e rms .  Wri t ing  t he  c h a n g e  of  H § c o n c e n t r a t i o n  f rom the  
flux e q u a t i o n  y ie lds  

d h  
- kd(ho - h) - kmIp [26] 

d t  

w h e r e  kd = 2D/3  '~, k m =  2/F6, D is t he  d i f fus ion  coeff ic ient  
for H +, a n d  6 is t he  d i f fus ion- layer  t h i c k n e s s .  By  differ- 
e n t i a t i n g  Eq. [25] a n d  t h e n  b y  s u b s t i t u t i o n  of  Eq. [24] a n d  
[26], t he  r e su l t  is 

w h e r e  

d E  

d t  
- K~ - K 2 E  - K 3 6  + K4EO* [27] 

The  c h a n g e  in  

K ,  = kd(Ep - E~ + kmkeki  

K.2 = kd 

K 3  = kmkck i  

K 4 = kmkckg 

cove rage  is g iven  by  

w h e r e  

dO 
- -  = K4EO* [28] 

d t  

K~ = k f k ,  

a n d  ~ kf is equa l  to t he  pass ive  layer  area,  s q u a r e  cen t ime-  
te r s  pe r  cou lomb .  

The  s y s t e m  of  e q u a t i o n s  (Eq. [27] a n d  [28]) is n o n l i n e a r  
due  to t he  EO t e rms .  By  m e a n s  of  a n  ana log  c o m p u t e r ,  
t h e s e  e q u a t i o n s  we re  i n t eg ra t ed  by  F r a n c k  a n d  F i t z h u g h  
a n d  a c o m b i n a t i o n  of t h e  five K p a r a m e t e r s  (or e igh t  in- 
d iv idua l  constants) was found, evidently by a considera- 
ble searching effort, to give sinusoidal periodic solutions. 
A phase-plane portrait was drawn of the solutions for the 
set of differential equations for three cases: E > 0, E < 0, 
and for the discontinuous case of all E not equal to zero. 
The trajectories indicated an unstable focus for the cases 
of E > 0 and E < 0, but a stable limit cycle was found for 
the discontinuous ease for the following set of parameter 
values:  K, = 1250 m V  s - ' ;  K2 = 2 s - ' ;  K:~ - 2000 m V  s - ' ;  
K4 = 20 s - ' ;  a n d  K.~ = 1 m V - '  s. Therefore ,  i t  was  con-  
c l u d e d  t h a t  t he  d i s c o n t i n u i t y  in  E was  essen t i a l  for peri-  
odic  solut ions .  Addi t iona l ly ,  it was  i n fe r r ed  t ha t  the  as- 
s u m e d  l inea r i za t ions  in  t he  m o d e l  c a u s e d  it  to b e  inval id ,  
s ince  in i t ia l  va lues  of E a n d  0 far  ou t s i de  the  l imi t  cycle 
r e su l t ed  in  t r a j ec to r i e s  t r ac ing  t o w a r d  infini ty.  

The  a u t h o r s  were  ab le  to i m p r o v e  t h e i r  m o d e l  by  as- 
s u m i n g  a l o g a r i t h m i c  d e p e n d e n c e  of  F l ade  po ten t i a l  on  
H § c o n c e n t r a t i o n  a n d  i n c l u d i n g  a f u n c t i o n  for cha rge  
t r a n s p o r t  of SO4 -2 a n d  Fe  Z* ions.  However ,  t he  charge-  
t r a n s p o r t  f u n c t i o n  was  g iven  on ly  g raph ica l ly  a n d  t he  
n e w  p a r a m e t e r  va lues ,  w h i c h  r e su l t ed  in  r e l axa t ion  oscil- 
la t ions,  we re  no t  s t a t ed  explici t ly.  Therefore ,  th i s  im- 
p r o v e d  m o d e ]  wil l  no t  b e  u s e d  in t he  p r e s e n t  analysis .  
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Table I. The determinant and trace of the linearized Jacobian 
evaluated at the steady states of Eq. [27] and [28] 

Steady state 
(E~, 0~) det J tr J 

E < 0 (0, K,/K3) K,K5 - K~ + (K,K#Ks) 
(K1/K2, O) -K~K5 -K2 + (K~K,/K2) 

E > 0 (0, K#K3) K~(K.~ - -  K I )  -K. 2 + K 4 - (K,KJK3) 
([K, - K3]/K2, 1) -K~(K3 - K,) -K., + (K#K~)(K~ - K3) 

By apply ing  l inear  stabili ty and b i furca t ion  analysis to 
the  mode l  of  F ranck  and Fi tzhugh,  we can gain  m u c h  in- 
fo rmat ion  about  the  s teady states and condi t ions  for peri- 
odic solut ions.  By set t ing both  d E / d t  and dO~dr (Eq. [27] 
and [28]) equa l  to zero, the  fo l lowing s teady states are de- 
t e rmined  

(E~,Ss) = {(O,K1/K3), (K1/K2,0)} for E < 0 

(E~,8~) = {(O,K,IK3), ([K, - K3]IK~,I])} for E > O 

The  m o d e l  equa t ions  may  be  l inear ized about  the  s teady 
state and the  de t e rminan t  and t race of  the  l inearized Jaco-  
bian may  be evaluated,  as shown in Table  I, to de te rmine  
the  stabil i ty of  the  s teady states and the  condi t ions  for bi- 
furcation.  A l t h o u g h  K.~ th rough  K5 are always positive,  
cons ider ing  the  defini t ions in Eq  [27] and [28], K~ can be 
posi t ive  if  E~ - Ep < K#K2  or nega t ive  if  E~ - Ep > K31K2. 
However ,  s ince 0 -< 8 -< 1 and (O,K,/K3) is a c o m m o n  
s teady state in bo th  cases of  E <> 0,K, mus t  be  greater  than  
zero. 

F ranck  and F i t zhugh  conc luded  in thei r  paper  (10) that  
a d i scont inu i ty  in E is necessary  for oscil lat ions of  the  
mode l  variables  E and 8. However ,  f rom our  analysis, the  
s teady state (O,K,/K3) is a H o p f  b i furca t ion  poin t  for the  
fol lowing condi t ions  
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for E < 0 K~ > 0, K4 = K~K31K1 

for E > 0 K3 > K~, K4 = K~K#(K3 - K,)  [29] 

Not ice  that  the  condi t ions  are di f ferent  for the two cases 
and coincide  only w h e n  K, = 0.5K3. This  cor responds  to a 
s teady state of  (0, 0.5) and a b i furcat ion parameter /<4  = 
2K2 for E <> 0. I f  we  inspect  the  pa rame te r  va lues  found by 
F ranck  and F i t zhugh  to p roduce  oscil lat ions and though t  
by t h e m  to cor respond  to a stable l imi t  cycle, we find 
that  a l imi t  cycle 6ccurs  not  w h e n  K,/K3 = 0.5, but  w h e n  
K,/K3 = 0.625. The  s teady state where  H o p f  bifurcat ion 
can occur  is at the  d iscont inui ty  E = 0, which  is not  de- 
fined in the  m o d e l  differential  equa t ions  (Eq. [27] and 
[28]). This is a weak  poin t  of  this model .  

As shown f rom the  present  analysis,  condi t ions  for 
H o p f  bifurcat ion to per iodic  solutions do exis t  for the  two 
separa te  sets of  mode l  equat ions.  I f  we  can neglec t  the  de- 
v e l o p m e n t  of  the  mode l  wh ich  inc ludes  the  reasoning for 
the  d iscont inui ty  at E = 0, then  both  sets of  equat ions  can 
p roduce  osci l la tory behavior  for cer ta in  pa ramete r  values. 
By us ing  the  pa rame te r  va lues  g iven  by F ranck  and Fitz- 
hugh,  excep t  for the  b i furcat ion pa rame te r  K4, which  is 
calculated f rom Eq. [29], a s table l imi t  cycle is de te rmined  
a round the  s teady state (0, 0.625) for bo th  sets of  mode l  
equat ions  wi th  8" = 0 or 0* = 1 - 8. In  Fig. 4, a stable l imi t  
cycle and oscil lat ions are shown for 8" = 0 and K4 = 3.2. 
The  f r equency  of  the  oscillations is 5.6 Hz, wi th  ve ry  
small  ampl i tudes  of  E and 0 of  0.88 m V  and 0.0016, respec- 
tively. F igure  5 shows  a stable l imit  cycle and per iodic  so- 
lut ion t ransients  for 0* = 1 - 8 and K4 = 5.33. The fre- 
quency  is 4.4 Hz, and the  ampl i tudes  of  E and 0 are 
somewha t  larger  than  in Fig. 4, 1.68 mV and 0.022, respec-  
tively. Thus,  bo th  sets of  different ial  equa t ions  f rom Eq. 
[27] and [28] can give l imi t  cycles and s inusoidal  oscilla- 
t ions of  E and 0. However ,  the mode l  d e v e l o p m e n t  m u s t  
be recons idered  to give a basis for these  equa t ions  to rep- 
resent  the act ive-pass ive  t ransi t ion region.  
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Fig. 4. Limit cycle of E vs. 0 around the steady state (E,,O,) = (0, 0.625) and trajectories of E and 8 for the following parameter values: K, = 
1250 mV s-';  K2 = 2 s-';  K3 = 2000 mV s-';  K4 = 3.2 s-'; and K~ = 1 mV-'  s. 
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Fig. 5. Limit cycle of E vs. 0 around the steady state (Es,es) = (0, 0.625) and trajectories of E and 0 for the following parameter values: K1 = 
1250 mV s- ' ;  K2 = 2 s - ' ;K3 = 2000 mV s- ' ;  K4 = 5.33 s- ' ;  and K5 = 1 m V - '  s. 

Another conclusion drawn by Franck and Fitzhugh (10) 
was that the model did not represent the real system far 
outside the limit cycle. This is incorrect, for at initial con- 
ditions far from the limit cycle trajectories would ap- 
proach the other steady state. The other steady state in 
each case is an unstable saddle point, since det J < 0, as 
displayed in Table I. Actually, these saddle points are 
each out of the region of consideration of the model. But 
as a saddle point, the trajectories near them would even- 
tually wind back to the stable steady state. 

S u m m a r y  

The application of stability and bifurcation analysis to 
two models of passivation from the literature shows the 
strength of these relatively new mathematical tools. For 
the one-dimensional model of Griffin (4), the conditions 
for a static bifurcation to MSS were determined. The two- 
dimensional model of Franck and Fitzhugh (10) was ana- 
lyzed for a Hopf bifurcation to periodic solutions. Obvi- 
ously, MSS does not necessarily imply oscillatory 
solutions. Indeed, a system of equations of at least two di- 
mensions is required for oscillations to exist. This type of 
analysis, together with the inherent physical constraints, 
such as possible positive-valued constants and 0 -< 0 -< 1, 
for example, gives limits and sometimes exact values of 
the system parameters for MSS and periodic behavior. 
Therefore, the search for a set of physically reasonable 
parameter values which give the desired system dynam- 
ics, particularly if there are numerous parameters that 
could be varied, can be immensely aided by these tech- 
niques of analysis. In some cases, the necessary condi- 
tions imposed upon the model may prove not to be phys- 
ically realistic; such an outcome would cast serious doubt 
on the physical reasonableness of the mechanism itself. 
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Digital Impedance for Faradaic Analysis 
Introduction to Digital Signal Analysis and Impedance Measurements for Electrochemical and 

Corrosion Systems 

William H. Smyrl *A 
S a n d i a  Nat iona l  Laboratories,  Albuquerque,  New Mexico 87185 

ABSTRACT 

The faradaic impedance for single reactions on electrodes and for multiple parallel reactions (e.g., corrosion) is dis- 
cussed for both voltage and concentration perturbations. Concentration perturbations in the presence of convective 
flow are discussed for the rotating disk. The measurement of impedance by the techniques of digital signal analysis is 
briefly discussed, and instrumentat ion to perform the measurements is described. 

Previous reports (1, 2) have described preliminary work 
on the application of digital signal analysis to impedance 
measurements on corroding systems. The technique of 
digital impedance for faradaic analysis (DIFA) is to be 
more fully discussed here. In  the following papers, appli- 
cation of DIFA to copper electrodissolution and to copper 
corrosion in HC1 will be discussed in turn. In other papers 
in the series, DIFA studies of copper corrosion in H~SO4 
will be described. 

An electrochemical cell with two electrodes is charac- 
terized by the impedance contributions as shown in Fig. 
1. The electrolytic solution has an impedance, Zs, due 
only to the resistivity of the solution, except at high fre- 
quencies, where the Debye-Falkenhagen effect becomes 
important (4). Ionic conduction in the solution is trans- 
formed to electronic conduction in the metal phase by 
charge transfer at the interface, which leads to an interfa- 
cial impedance Zi at each electrode. Zi is composed of a 
capacitance arising from the departure of the composition 
from electroneutrality (electrical double layer) and a 
faradaic impedance associated with the charge-transfer 
reactionJ In  the simplest case of a single electrode reac- 
tion on an electrode, the interfacial impedance is a paral- 
lel combination of the double-layer capacitance, Zr and 
the faradaic impedance, Zf, i.e. 

1 1 1 
- I- [ I ]  

Zi Zc Zf 

The faradaic impedance is determined by the kinetics of 
the charge-transfer reaction. 

The current for a single electrode reaction may be ex- 
panded in a Taylor series about steady-state conditions, 
i.e. 

() / = 7 +  -g-V Oo 

The Taylor expansion of the current in Eq. [2] is for 
small perturbations of the voltage and concentration 

V = V + V  

[3] 
c=~+t 

where-V and C are steady-state terms and the time vary- 
ing voltage and concentration are V and C, respectively. 

*ElectrOchemical Society Active Member. 
IPresent address: Department of Chemical Engineering and 

Materials Science, University of Minnesota, Minneapolis, Minne- 
sota 55455. 

~A priori separation of double-layer impedance and faradaic 
impedance is assumed here. 

The subscript on the concentration in Eq. [2] denotes in- 
terfacial conditions. The derivatives in Eq. [2] are deter- 
mined at steady state, i.e., V =-V, C = C. With more than 
one reaction, as in corrosion, a similar expansion may be 
made for each reaction. Coupling them appropriately will 
yield the total current as a function of all the 
perturbations. 

Impedance with No Concentration Perturbations 
The Butler-Volmer relationship for the current and 

voltage of a single anodic dissolution reaction is 

fa~F 1 I - ~ F  V~ 
i _ k q e x p l ~ V ~  - k c C o e x p [  R T  J [4] 

nF  

where ka and kc are heterogeneous rate constants and ~a 
and ao are transfer coefficients. V is the voltage with re- 
spect to an arbitrary reference electrode, and both ka and 
kc depend on that choice of reference electrode. Co is the 
concentration of the metal product ion at the surface. For 
negligible concentration flUctuations, Eq. [4] and [2] yield 
a relationship for the faradaic impedance. Since 

/ ( ~  A 
Z~ = iA = 1 /  \OV / ~o 

the faradaic impedance at zero current density is 

R T  
Zf = ion(aa + ac)AF (at i --> 0) 

[5] 

[6] 

ELECTRODE I ELECTRODE II 

Zc Zc 

- - tF -  
R$ 

m 

Zf Zf 
Fig. 1. Equivalent circuit for a simple electrochemical cell con- 

sisting of an interfacial impedance on each electrode and a resistor 
for the electrolytic solution separating the two. 
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where  A is the  area of the  electrode.  The  exchange  cur- " "  
rent  dens i ty  for the  react ion is re la ted  to the  he terogene-  >" r r  
ous rate constants  by  < 

io = [(k~"c)(kcCo) a a ]  1 / ( a a  + % )  ~ Z 
0 

At large anodic  or ca thodic  current  densit ies,  the  imped-  < 
ance depends  on the  current  density.  In  the  Tafel  l imit  of  2~ 
large anodic  cur ren t  densi t ies ,  f rom Eq. [4] and [2] 

N 
R T  I 

Zf - _ [7] 
i % A F  

A similar  express ion  holds  for the ca thodic  Tafel  region. 
Fo r  s i tuat ions such  as corros ion where  several  parallel  

react ions occur  s imul taneously ,  the d e v e l o p m e n t  above  
may  be genera l ized to 

= \--gg: + Z \ ov / 
e a I h o d i c  

o r  

1 1 1 

z, Z zZS + Z z,o , a n o d i c  , c a t h o d i c  , 

The faradaie i m p e d a n c e  for a cor ros ion  couple  (single 
anodic  react ion 1, s ingle ca thodic  reac t ion  2) at the  corro- 
sion potential ,  i.e., iv = O, is g iven  by 

R T  
Zr.v = [10] 

ieorr(%, + ~r 

The corros ion cur ren t  dens i ty  is 

i .... = i,~ = -ir [11] 

The faradaic i m p e d a n c e  in Eq.  [10] has also been  called 
the  l inear  polar izat ion res is tance in the  corros ion litera- 
ture (5). 

As an aside, two assumpt ions  were  m a d e  in deve lop ing  
Eq. [8] and [9]. The  first a s sumpt ion  is the  pr inciple  of  su- 
perpos i t ion  of  several  parallel  react ions  (6-8). This sup- 
poses  that  each  react ion makes  an i n d e p e n d e n t  contribu- 
t ion (except  for electr ical  coupling)  to the  total  faradaic 
process.  The  second  assumpt ion  is real ly an approxima-  
t ion that  the  faradaic process  m a y  be t rea ted  as a l inear 
system. Elec t rode  processes  are inheren t ly  nonl inear  (see 
Eq. [4]), but  for smal l  per turba t ions  in vo l tage  or concen-  
tration, the  response  may  be l inear in the  limit.  This is im- 
pl ied in the  use  of  the  Taylor  expans ions  in Eq.  [2]. Arm-  
strong et al. (9) have  also used  Taylor  expans ions  for the  
t r ea tmen t  of  i m p e d a n c e  of  e lec t rochemica l  systems.  

The interfacial  i m p e d a n c e  for the  sys tems descr ibed by 
Eq. [6]-[10], coup led  wi th  the  double- layer  capaci tance,  
has the  we l l -known semici rcular  behav io r  in the complex  
p lane  as shown in Fig. 2. The  low f r equency  intercept  on 
the real axis gives  the  faradaic i m p e d a n c e  Zf. A res is tance 
character iz ing the  solut ion resis t ivi ty  wou ld  act in series 
wi th  the  interfacial  i m p e d a n c e  to shift  the  ent i re  semicir-  
cle in Fig. 2 a long the  real axis. The  low f requency  inter- 
cept  wou ld  then  be  the  sum of the  faradaic i m p e d a n c e  
and the  solut ion series resistance.  The  h igh  f requency  in- 
te rcept  on the  real axis wou ld  be the  solut ion series resist- 
ance. Sluyters  et al. (4, 10) give a comple t e  descr ipt ion of  
the  analysis. More will  be said be low about  the  applica- 
t ion to the  copper  corros ion system. 

Z(REAL) 
Fig. 2. Complex plane impedance plot of interfacial impedance of 

an electrode. 

[8] has  only recent ly  rece ived  at tent ion,  and will  be de- 
scr ibed here  for the  purposes  of  this pape r  and the suc- 
ceeding  two papers.  The  concent ra t ion  of  a react ive spe- 
cies C, in the  p resence  of a large excess  of  suppor t ing 

[9] electrolyte,  obeys  the  equa t ion  

O~C OC OC 
- -  + 3 U  - 0 [12 ]  

0~ 2 0~ 0t* 

The d imens ion less  d is tance  normal  to the  disk surface is. 

and the  d imens ion less  t ime  t* is def ined by 

/ au \ 2/3 
t * = t ~ - ~ )  ( - ~ - )  [14] 

In  the  above equat ions ,  z is the  d is tance  normal  to the  
electrode,  a is a cons tant  (=0.51023), v is the  kinet ic  vis- 
cosity, D is the  diffusion coefficient,  and  fl  is the rate of  
rotat ion of the  rota t ing disk. H o m s y  and N e w m a n  (11) 
and Tribol let  and  N e w m a n  (12) desc r ibed  the  concentra-  
t ion f luctuat ions caused by s inusoidal  signal super im-  
posed  on a s teady-sta te  signal at the  l imi t ing  current.  The  
t ime  varying current ,  i, and surface concentra t ion,  Co, are 
re la ted by 

i OC ~ = [15] 
n-- -F=-D Oy . o 

o r  

i 7 _ - D  Co__dO ~ [16] 
nF  (3 d~ = 0 

The last  equa t ion  was der ived  by recogniz ing  that  C 
would  be  g iven  by a separat ion of  var iables  

= B (exp iKt*)O [17] 

for a s inusoidal  cur ren t  of  f r equency  co. The  pa ramete r  K 
is a d imens ion less  f r equency  g iven  by 

3D 21~ u 

is the  s teady-sta te  diffusion layer  th ickness  on the  
rotat ing disk, i.e. 

Impedance with both Voltage and Concentration 
Perturbations 

In  the  p resence  of  concent ra t ion  effects, the  last t e rm of 
the  Taylor  expans ion  in Eq.  [3] mus t  be inc luded  in the  
i m p e d a n c e  analysis.  It  is useful to i n t roduce  the  concen-  
t ra t ion t e rm for a par t icular  problem,  and we  choose  mass 
t ransfer  at the  rota t ing disk for fur ther  discussion. The  
classical Warburg t r ea tmen t  (3) of  the  i m p e d a n c e  of  diffu- 
sion is val id  for s i tuat ions wi th  no convect ion ,  and has re- 
ce ived adequa te  t r ea tmen t  in the  l i terature.  The  imped-  
ance for di f fus ion wi th  supe r imposed  convec t ive  flow 

8 =  \ a v /  \ f ~ /  F(4/3) 

The  variable  0 obeys  the equa t ion  

dO 
d2Od~ 2 + 3(  - ~ -  - jKO = 0 

where  j = ~ / -  1, subjec t  to the  boundary  condi t ions  

O= l a t ~ = O  

0 = 0 as ~:---> ~ 

[19] 

[20] 
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Tribollet and Newman (12) have solved Eq. [19] for both 
low and high frequencies, and Levart and Schuhman (13, 
14) treated the problem earlier. Analytic results were also 
obtained for 

dO ~ = O'(O) 

d~ = o 

which is the surface flux and is important  for imped- 
ance calculations through Eq. [16]. 

The Taylor expansion, Eq. [3], may now be written 

oi - oi -1 [21] 
o nFD-~'(0) 

o r  

Co nFDS'(0) 

The faradaic impedance is given by the formal equation 

Zt  = ~A  

= _ Oi 8 1 A oi [23] 

The concentrat ion-dependent term is the Warburg im- 
pedance in the presence of convective flow. The Warburg 
impedance is dependent  on the frequency of the pertur- 
bation, becoming negligible at high frequencies, but  with 
a finite value at low frequencies. The latter property 
should be contrasted with the classical Warburg imped- 
ance (no convective flow), which approaches an infinite 
value as the frequency decreases to zero. Equation [23] 
will be used in succeeding papers in the analysis of cop- 
per dissolution kinetics in HC1, and further discussion 
will be presented there. 

To summarize this section, the departure from steady- 
state current due to small perturbations of voltage and 
concentration may be treated by a Taylor series expan- 
sion. Equations [6] and [7] give the faradaic impedance for 
single reactions, and Eq. [8] and [10] give the impedance 
for coupled, parallel reactions--all in the absence of con- 
centration perturbations. For the reaction of a minor com- 
ponent  in an excess of supporting electrolyte, concentra- 
tion effects lead to a faradaie impedance which is given 
by Eq. [23] for a rotating disk system. 

Digital  impedance for Faradaic Analysis 
In  the previous section, the relation between the total 

impedance and the faradaic impedance was briefly de- 
scribed for simple systems. Several equations for the 
faradaic impedance were developed which gave the de- 
pendence on reaction parameters for single and multiple 
reactions. These results will be used in the following pa- 
pers for analysis of the impedance of copper dissolution 
and corrosion in order to determine the kinetics of the re- 
actions. The purpose of the present section is to describe 
the measurement of the overall interfacial and cell imped- 
ance by digital acquisition and processing of voltage and 
current signals. 

Studies of the impedance of electrochemical cells have 
been carried out for many years for the purpose of deter- 
mining the kinetics of faradaic processes. Reviews are 
available on the classical techniques of measurement (4, 
10, 15), and in the analysis of results (4), and for corrosion 
systems as well (16). The present paper will describe the 
technique of digital impedance for faradaic analysis 
(DIFA), which was first described elsewhere (1, 2). This 
represents the first application of fast Fourier transform 
(FFT) processing of multiple-frequency signals for corro- 
sion studies. It is similar to the studies of Smith et  al .  
(17-23) on electroanalytical applications, and Epelboin 
et  al .  (24) have used similar ideas for frequency-by-fre- 
quency impedance analysis in corrosion systems. 
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/ 
/ 

# 

I O.O ! . 0  

~'(jr f~(t)e -J~at [24] 

/~ has both real and imaginary parts, and is periodic over 
(o with period 2rr/at. In actual practice, one samples over a 
finite period T, so that Eq. [24] becomes 

~(jco) f~(t)e - j ~ t  [25] 
n ~ 0  

where there are a total of N samples which begin at t = 0. 
Since there are only N independent  samples, there are N 
independent  parts of ~', to be computed over one of its pe- 
riods, say (oAt = 0 to 27r. Let 

2 7 r m  
(o b 

N A t  

and Eq. [25] becomes 

m =  0,1 . . . .  , N -  1 [26] 

N 1 

~,~ = ~ f~,(t) e - J ( ~ N )  m = 0, 1 . . . . .  N -  1 [27] 

Of the 2N parts (real and imaginary) of F,,, in Eq. [26], only 
the values from m = 0 to N/2  need to be computed since 

1~, = $'N-,,* [28] 

and the asterisk denotes complex onjugate. We complete 
the definitions by noting that the inverse DFT is 

1 N ~ I  

f,,(t) = - ~  = o $'" eJC~n/~ n = O, 1 . . . . .  N - 1 
[29] 

For each set of samples in the time domain ~,(t)], there is 
a set of values in the frequency domain (Fro), and the two 
sets are related by Eq. [27] and [29]. The frequency to of an 
individual member  of [Fro] is given by Eq. [26]. 

For a sinusoidal signal such as in Fig. 3 

f(t) = Ae ~r f,,(t) = fi~e j ' ~ t  [30] 

all the spectral content is concentrated at Wo. Using Eq. 
[24] 

1~(j(o) = A ( I  - e JN(~o-~*~t) (I - e j ~ o - ~ t )  [31] 

As (o--* %, one obtains 

The basic ideas of digital signal analysis (1, 25) may be 
developed by considering the signal in Fig. 3. The signal 
f ( t )  is sampled at regular intervals At to produce a set (not 
a series) of samples, [f,,(t)]. The total sampling interval is 
T = nAt .  The sample f~,(t) is presumed to be the value of 
the continuous function f ( t )  at the sampling point. The 
discrete Fourier transform (DFT) of the sample set is de- 
fined by (25) 

Fig. 3. Continuous signal and the equal interval samples over one 
period. 
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P(jWo) = AN [32] 

and at multiples of OJo, i.e., o~ = mwo 

~'(jo~) = 0 [33] 

This means that at harmonics of the input signal of fre- 
quency (OJo), the DFT gives the correct spectrum if the fre- 
quency of a member  of the set IF,,] matches ~o, i.e. 

27rm 
~o. ,  - - COo [ 3 4 ]  

NAt 

All other members of the set [Fm] are zero. For specifics, 
we choose m = 1, and see that the product (Nat) must be 
chosen such that Eq. [34] is obeyed. This constitutes 
"matching" the frequency of the DFT to that of the input 
signal to obtain accurate results. Stated another way, the 
input spectrum should be sampled over an integral num- 
ber of periods. Failure to do this leads to a "leakage" er- 
ror, which is discussed elsewhere (25). 

The results may be generalized as follows. For an input 
spectrum which consists of superimposed sinusoids such 
that the higher frequency members are harmonics of the 
lowest frequency %, the DFT gives a spectrum set [Fm] 
which is accurate at ~o and each of the higher harmonics, 
provided that sampling is over exactly an integral num- 
ber of periods of the lowest frequency. This requirement 
automatically ensures that the higher frequency harmon- 
ics are sampled over an integral number  of periods as 
well. One other restriction concerns the highest fre- 
quency that may be included in the spectrum. For a given 
sample interval, at, the highest frequency that may be ac- 
curately sampled is given by the relation 

1 
oJ.1 <- [35] 

2At 

otherwise, "aliasing" will occur (25). Thus, it is seen that 
the full power of DFT processing is utilized by multiple 
frequency signals subject to the restrictions of periodicity 
and aliasing. The use of such an excitation signal (1) is de- 
scribed further below. Smith et al. (17-23) and de Levie 
(26) have used multiple frequency signals for impedance 
determinations in other applications. 

Performing the discrete Fourier transform on a com- 
puter is done by the fast Fourier transform (FFT) algo- 
rithm (25). The operation gives the spectral content of the 
processed signal in terms of a set (not a series) of values 
[F,,]. This has a close similarity to the classical method of 
approximating an arbitrary function by the superposition 
of sinusoids, i.e., a Fourier series. The set [Fm] has a close 
correspondence to the coefficients of the Fourier series 
representation. In the present application, the input sig- 
nal is not arbitrary, but has known frequency content, 
which is chosen to match the requirements of the FFT, as 
discussed above. 

The ratio of the voltage excitation spectra [Vm] to the 
current response [I~], at each frequency, is the impedance 
for a linear system, i.e. 

T•m Z.~ - [36] 
Im 

The subscript m identifies the frequency of the respec- 
tive functions, as given in Eq. [26]. The requirement of 
linearity is met  for electrochemical systems for voltage 
perturbations of < 5 mV as a general rule, and means that 
the impedance at one frequency is independent  of that at 
other frequencies. A more detailed discussion of the im- 
pedance transfer function for linear electrical circuits and 
networks is given by Stearns (25). As a closing comment,  
it should be noted that Eq. [36] is valid at the frequency 
~m (see Eq. [26]), independent  of the form of the input. 
Several different voltage excitation signals could be used, 
but, compared at the same frequency, all would give iden- 
tical values of the impedance. 
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Fig. 4. Block diagram of system used for digital impedance for fa- 
radaic analysis measurements. 

Measurement System Description 
The measurement  of impedance by DIFA is reported 

here and following with a system (1, 2, 27) which con- 
sisted of four elements. 

1. The first component  was the multiple frequency sig- 
nal generator (Hewlett-Packard Noise Generator) which 
provided a signal of known frequency content. It con- 
sisted of several (in our case, either 51 or 101) sinusoids 
superimposed to produce the final signal. The lowest fre- 
quency of the set was (0o, and the higher members were 
harmonics (both odd and even) up to the cutoff fre- 
quency. 

2. The second component  was the digitizer (Biomation 
Waveform Recorder Model 1015) and low-pass filter and 
amplifier (Preston Scientific). The filter eliminated high 
frequency noise to prevent aliasing. The digitizer had a 
1024 word memory per channel, so that a total of 511 fre- 
quencies would be analyzed simultaneously. The signal 
generator cannot be matched with the digitizer for more 
than 101 frequencies and still avoid leakage and/or ali- 
asing, and the results described below typically used 51 
frequencies in the input signal. The digitizer was synchro- 
nized exactly with the signal generator so that the total 
sampling period is equal to the germrating sequence pe- 
riod. 

3. The third member  of the system was the calculator- 
controller (Hewlett-Packard 9830), which initiated the 
measurement cycle and stored the data received from the 
digitizer. Repetitive cycles could be run for time domain 
averaging of data. No FFT processing was done with the 
calculator. The data were transmitted via phone line to a 
large-scale computer  (CDC 6600) for FFT  processing and 
plotting. Impedance data could be transmitted back to 
the calculator for mass storage, but  were stored on mag- 
netic tape in the 6600 system more typically. 

4. The electrochemical cell and control potentiostat 
constituted the fourth element of the system. The voltage 
excitation signal was superimposed on the steady-state 
control voltage at the input to the potentiostat and was a 
small perturbation to the control voltage, typically 3-5 mV 
peak to peak. The data described below were taken at 500 
Hz and below, which was quite quite adequate for analy- 
sis of the copper dissolution and corrosion system. The 
voltage signal between the working electrode and the ref- 
erence electrode was measured at the electrochemical cell 
by a voltage follower, and the signal was filtered and in- 
put to one channel of the digitizer. Simultaneously, the 
current response signal was measured as a voltage drop 
across a precision resistor in series with the electrochemi- 
cal cell. The current signal was filtered in a duplicate 
filter and input  to a second channel of the digitizer. In 
this way, the impedance data corresponded to the interfa- 
cial impedance plus a solution ohmic drop for that part of 
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the electrolytic solution between the reference electrode 
and the working electrode. 

The system is capable of application over a wide range 
of frequencies. The signal generator can generate spectra 
between 1.5 x 10 -4 Hz and 50 kHz. The digitizer can 
sample signals between 2 • 10 -5 Hz and 50 kHz, and the 
low-pass filters may be used to 100 kHz. The system has 
been used successfully over the frequency range 10 -4 to 
50,000 Hz with no difficulty. The precision of the results 
has been limited by the Biomation digitizer which stored 
the data as 10 bit words, i.e., the precision as i part in 
1024. Noise pickup over some frequency ranges limited 
the precision for single runs to about 1%, but multiple run 
averages significantly improved the results. Typical pre- 
cision has been found to be 0.5-1%. The accuracy of the 
system checked with precision resistor-capacitor net- 
works approached 0.1%. 

A final word may be said about convenience of DIFA 
as compared to frequency-by-frequency techniques. At 
high frequencies, the two are rather comparable in the 
time involved for data collection. DIFA offers significant 
savings of time at lower frequency ranges where the data 
are collected at the higher harmonics in the frequency 
band at the same time that the fundamental  frequency is 
sampled. The time savings may be crucial for electro- 
chemical systems that change with time, such as corro- 
sion. 

Summary 
The impedance of several electrochemical processes 

have been reviewed in general, with use of a Taylor ex- 
pansion for small amplitude voltage and concentration 
perturbations. Special attention was given to the Warburg 
impedance in the presence of convective flow for a rotat- 
ing disk electrode. The principles of digital signal analy- 
sis have been reviewed briefly, and an experimental ap- 
paratus for conducting FFT electrochemistry has been 
described. 
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Digital Impedance for Faradaic Analysis 
II. Electrodissolution of Cu in HCI 

William H. Smyrl *'1 

Sandia National Laboratories, Albuquerque, New Mexico 87185 

ABSTRACT 

The electrodissolution of Cu was studied experimentally by both steady-state and impedance (DIFA) techniques on 
a rotating disk. The anodic dissolution was found to be largely mass-transfer controlled, but a kinetic contribution could 
be identified at high rotation rates. The steady-state behavior was satisfactorily modeled, and kinetic parameters aa, ac 
and the exchange current density were determined. The impedance of the system was also modeled; experimental re- 
sults confirmed the steady-state kinetic parameters and the mass-transfer-kinetic model at all frequencies. 

Copper anodically dissolves in acidic chloride solution 
to form CuC12- (1-14) at low current densities and C1- 
concentrations less than -1M. Higher complexes are 
formed at other current densities and concentrations (11). 
The dissolution to form CuCI~- has been found to follow 
Tafel-like behavior with a slope of 60 mV/decade at 25~ 
(1-14). The current at any potential has been found to be 

*Electrochemical Society Active Member. 
1Present address: Department of Chemical Engineering and 

Materials Science, University of Minnesota, Minneapolis, Minne- 
sota 55455. 

strongly dependent  on stirring conditions, and the depen- 
dence is roughly the square root of rotation speed for a 
rotating disk (7, 8, 10-13). The purpose of the present pa- 
per is to extend these measurements on electrodissolu- 
tion, and to give a more complete analysis for both 
steady-state and impedance determinations. 

Kinetics of Electrodissolution 
Copper anodically dissolves in acidic chlorides by the 

one-electron reaction 
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Cu ~ CW + e -  [1] 

The  cuprous  species  also par t ic ipates  in a complexa t ion  
reaction,  wh ich  has the  equ i l ib r ium cons tan t  (15) 

K~ - [CuCI~-] _ 6.96 x 104 [2] 
[cw][c1-]~ 

The  cur ren t  dens i ty  for copper  d issolut ion is t hen  (16) 

i f a ~ F  ] f - a ~ F  ] 
k~ exp i-R-~V~ - kc(C~ ~ V ~  [3] 

F 

or, with Eq. [2] 

i k a exp  I ~aF V/  - kc C~ f -~cF  l 
f f  = [ R T  J Kc(C%) ~ exp  I---R-~V~ [4] 

In these  equat ions ,  the  first t e rm is the  anodic  term,  the  
second is cathodic,  and bo th  react ions are taken  to be 
fast~ i.e., both  k~ and kc, the  he t e rogeneous  rate constants ,  
are large. The  superscr ip ts  on the  concent ra t ions  in the  
cathodic  t e r m  indicate  interfacial  condi t ions  (z = 0). C ~ is 
the  surface concen t ra t ion  of  CuC12-, and C~ that  for C1-. 
aa and ~ are the  kinet ic  t ransfer  coeff icients  for the for- 
ward  and backward  react ions,  respect ively ,  and are 
shown be low to be  equal  to 0.5. F, R, and T have  thei r  
usual  significance. The  potent ia l  V is the  potent ia l  of  the  
e lect rode wi th  respec t  to the  sa tura ted  calomel  electrode,  
unless  o therwise  noted.  This  choice  of  a re ference  of  po- 
tent ia l  is arbi trary,  bu t  conven ien t  for e lec t rodissolut ion 
m e a s u r e m e n t s  in solut ions conta in ing  none  of  the  prod- 
uc t  metal  ion. 

For  zero bu lk  solut ion concent ra t ion  of  CuC12-, and a 
large excess  of  C1- in solution, Eq. [4] becomes  

i ~otaF l kcC~ ~ -O~cF Vl 
~- = ka exp I--R~V~ - KoC2 2 exp [ RT J [5] 

The surface concentration C ~ , at steady state is deter- 
mined by the kinetics of the reactions, subtracting that 
which is transported into the solution by diffusion and 
convection. The rotating disk electrode system was cho- 
sen for the studies in this and the fol]owing paper be- 
cause the mass transport can be characterized quantita- 
tively under both steady-state and time varying 
conditions at the surface (17-19). 
The steady flux of CuCI2- at the surface may be shown 

to be (for zero CuClz- concentration in the bulk) 

DiC~ 
NI - [6] 

6 

Equa t ion  [6], a long wi th  

i 
N, - [7] 

F 

may  be  used  to e l iminate  C ~ in Eq. [5], to yield 

i ka exp  l R T  I 

- - =  [ k f - ~ c F  l ]  [8] 
F ~ 1 + ~ exp l--R-K-Vii 

The diffusion-layer  th ickness  for the  rota t ing disk, 8, in 
Eq. [6] is g iven  by the  re la t ionship (17, 18) 

6 = 1.6117D,'~3v'~t2 - '~  [9] 

where  ~ is the  k inemat ic  viscosi ty of  solution, D, is the  
diffusion coeff ic ient  of  CuCI~-, and II is the disk rotat ion 
rate. In  Eq.  [8], k is 

I c  
= - ~  (1.6117D,-2/'~v'/6) [10] 

Equa t ion  [8] descr ibes  the  general  current -vol tage  be- 
havior  expec ted  for e lec t rodisso lu t ion  of  copper  in HC1. 
In the  l imi t  that  the  second t e rm in the  denomina to r  of  

Eq. [8] is m u c h  larger  than  the  first 

Fi _ ~k~C22fl'C~ exp  { (aa + ~ ) F  V [11] 

The s lope 

dV 
d(log i) 

2.303RT 
- -  - (constant  rota t ion rate) 

( ~  + ~o)F [12] 

is 59 mV/decade  at 25~ w h e n  

(~a + ac) = 1 [13] 

The  slope g iven  by Eq. [12] and [13] is that  found experi-  
menta l ly  in all laborator ies  (1-14), inc lud ing  our  own (to 
be repor ted  below). The  slope d V / d  (log i) expec ted  for 
the  general  Eq. [8] is a comp lex  func t ion  which  ap- 
proaches  Eq. [12] as a l imit ing case. 

Equa t ion  [11] descr ibes  the  l imi t ing  behav ior  when  the  
dissolut ion rate  is control led  by the  rate at which  the  
p roduc t  species is r emoved  f rom the  surface by convec- 
t ion and diffusion. The  l imit ing case wou ld  be expec ted  
for fast k inet ics  (specifically fast ca thodic  kinetics) and 
slow rates of  mass transfer.  Conversely,  as the  rotat ion 
rate of a rota t ing disk is increased,  the  dissolut ion rate 
should  devia te  f rom Eq. [11] and should  fol low the  more  
general  Eq. [8], where  there  is m i x e d  mass-transfer- 
k inet ic  control.  The  m i x e d  mass- t ransfer-kinet ic  regime 
for e lec t rodisso lu t ion  of  Cu was inves t iga ted  in this labo- 
ratory, and the  resul ts  are descr ibed  fur ther  below. 

Bockr is  and Despic  (20) were  apparen t ly  the first to de- 
ve lop  a re la t ionship  similar  to Eq.  [8], but  not  for a 
rotat ing disk. The  same equat ion  was der ived  again later  
(6), for d iscuss ion  of  the e lec t rodisso lu t ion  of  Cu and 
Cu-Ni alloys, but  it was never  used.  Instead,  an equat ion  
similar  to Eq.  [11] was used  under  condi t ions  of  modes t  
rates of mass  transfer.  Kiss et al. (7-8) deve loped  Eq. [11], 
and, for genera l  complexa t ion  react ions,  for Cu dissolu- 
t ion studies on a rota t ing disk. Equa t ion  [11] (or an equiv-  
alent) for the  rota t ing disk was used  by all o ther  invest iga- 
tors for Cu e lec t rodisso lu t ion  in chlor ide  solutions. No 
one has prev ious ly  invest igated the  m i x e d  mass-transfer-  
kinet ic  reg ime for Cu dissolution. 

Nobe  et al. (11) found the  dissolut ion current  densi ty  to 
be  propor t iona l  to the  square  of  the  chlor ide  concentra-  
tion, in a g r e e m e n t  wi th  Eq. [11]. At  h igher  current  densi- 
t ies and chlor ide  concentrat ions,  some deviat ions were  
observed,  bu t  these  were  found to be due  to the  format ion  
of  h igher  cuprous  complexes  or  to prec ip i ta t ion  of  chlo- 
r ide  films. 

Kiss et at. (7, 8), Bonfiglio et aI. (14), Nobe  et aI. (11), 
and Moreau (10) all found the  Cu dissolut ion rate to be a 
funct ion  of  ro ta t ion rate for a ro ta t ing disk. The current  
densi ty  was shown  to be a l inear func t ion  of tl  '~, wi th  i 
0 as f~'/~ --> 0, as g iven  by Eq. [11]. In  all these  studies,  the  
mass- t ransfer  rates were  e i ther  m o d e s t  (low rotat ion 
rates) or  the chlor ide  concent ra t ion  was high and Eq. [11] 
would  be expec t ed  to be a sui table  approx imat ion  for 
mass t ransfer  control led  dissolution.  

Riddi ford  (21) has sugges ted  the  use  of  the  rotat ing disk 
for the  s tudy  of fast e lec t rode  react ions  under  mixed  
mass- t ransfer-kinet ic  control,  bu t  it has  not  been  used  
for the  s tudy of  anodic  dissolut ion reactions.  For  anodic  
dissolution,  a desi rable  p rocedure  wou ld  be  to use high 
rotat ion rates and zero solut ion concent ra t ion  of  the  prod- 
uc t  ion. Inver t ing  Eq. [8], one  obta ins  

F 1 ~ - ~ a F  V~ 
i - ka e x p [  RT J 

{ -(~a + ~ ) F  } 
+ kaC.., zfl'r~ exp  -RT- [14] 

The  reciprocal  of  the  current  dens i ty  should  be a l inear 
funct ion of  12-'% wi th  a finite in te rcep t  at fl ~, ~. The in- 
te rcept  is jus t  the  anodic  cont r ibut ion  to the  current  den- 
sity, evaluated  in the  absence  of mass- t ransfer  effects, i.e. 
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lira (~) ( 1 ) ~-a~Fv'~ 
a~= = ~ e x p L  RT J 

and the slope at constant  potential  is 

a(a- , ,~  kaC~ ~ exp / -R-~ v l  

The two heterogeneous rate constants 

aaF V~ 
k~ exp ( R T  J 

and 

~ - a c F  V~ 
ke exp ( RT J 

may be de te rmined  from Eq. [15] and [16]. The present  
investigation used this analysis technique with high rota- 
t ion rates and low chloride concentrat ion to enhance the 
influence of kinetics on the dissolution process. It should 
be noted that  the behavior  descr ibed in Eq. [15] and [16] is 
general and should be approached by all "mass-transport-  
controlled" dissolution reactions as the rotation rate is in- 
creased. In this sense, the technique of determining the 
rate cons tan t s  by extrapolat ing to ~1 -~ oo is general and 
may be appl ied  to other situations as well. Aside from 
aqueous systems, the dissolution of Cr in molten A1C13- 
NaC1 also appears  to be described by the formalism given 
above (22). 

The exchange current  density for the Cu/CuCI2- system 
is related to the heterogeneous rate constants by 

~o = (ka)~J(~+~3(kc)aJ(a~+~h [17] 
F(Cc~+)~J(~+~o) 

Thus, one may obtain the quantit ies 

f a~F ] f-a~F ) 
k~ exp ~ - - ~ V ~  and kr exp ~---R-~V ) 

as described above at any measured potential.  The ex- 
change current density, given in Eq. [17], is independent  
of the choice of the reference electrode, since 

ka a~F ~J(~,+~D exp 

vll kc exp ( R T  JJ 

= ka~ol(~+~3kc ~ J ( a ~ + a o )  [18] 

The measurements  to be descr ibed below were analyzed 
to yield the exchange current  densi ty  for Cu/CuC1.2-, a 
fundamental  kinetic parameter  for the system. A proce- 
dure descr ibed earlier (6) to determine  the exchange cur- 
rent densi ty involved Eq. [11], and this appears to be inap- 
propriate.  

DIFA Measurements in Electrodissolution 
Time varying measurements  on electrodissolution sup- 

p lemented the steady-state investigations. The digital im- 
pedance for faradalc analysis (DIFA) technique was de- 
scribed in the first paper  of this series (23) and was used 
here for the kinetic investigation. The rotating disk was 
used for the impedance  studies, and the t ime varying cur- 
rent  (~) and concentrat ion gradient  at the electrode surface 
are related by 

F- D , ~  ~=0 [19] 

As in the previous paper, the concentrat ion of CuCI~- 
has a s teady part  and a t ime varying component  

C1 = C, + C, [20] 
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whereC1 is of the form [cf. Ref. (19) and (24)] 
[15] 

C1 = BO exp (jtw) [21] 

where B is a constant,  j = x / -1 ,  o~ is the excitation fre- 
quency, and the function 0 contains the spatial depen- 
dence of CI. Equation [19] becomes 

[16] 
___-D1C ~ 00 ~= [22] 

F 6 0# o 

the variable # is 

# = zF(4/3)/6 [23] 

and 8 is given by Eq. [9]. F is the gamma function (31). 
The faradaic impedance  was given formally in the pre- 

ceding paper, i.e. 

and 

\ 0C 1Jr 0i [24] 
Zf = 1 + FDIO'(O) O-V ~o 

a0 [25] 0'(0) = -~-  ~ =0 

The t ime varying voltage and concentrat ion are small 
perturbat ions about  steady state, and the derivatives may 
be evaluated from the previous section. F rom Eq. [5] 

( 0 ~ o )  V keF f - a ~ F - - )  [26] 

( ~  F2(aaWac)ka {-~-TV } r ( F---)[ 
aV , } ~o RT  exp - ~ 27] 

where V, C ~ and ~ are steady-state quantities.  With Eq. 
[26] and [27], the equation for the faradaic impedance  of 
copper electrodissolution becomes 

Zf 
M{ 1 1 1 

F(4/3)(-0'(0)) } +  F(4/3)(-0'(0))] 

~A(a~ + ac)F 1 -  (a~a~a~)M]+ [28] 

The quanti ty M is the ratio 

(~/F) 
M = [29] 

f a~F-- /  
ka exp ~--R-~ V~ 

which measures the steady-state current densi ty relative 
to the current densi ty extrapolated to ~1 --~ oo (see Eq. [15]), 
and A is the area of the electrode. 

The complex function {- 1/0'(0)} has all the frequency 
dependence  of  Zf. This function has been discussed previ- 
ously for another  impedance  situation (17, 24), and has the 
properties 

and 

R e ( -  0 ,T0)) - ->01 co --~ oo [31] 

In Eq. [30] and [31], the l imits are given for the real and 
imaginary parts,  respectively. Therefore, the impedance 
from Eq. [28] has the l imits 
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RT[x 1 Zf - "iA(o~ a + a0)F 1 - o ~  M 

Ot a -Jr O~ c 

[32] 

z RT[  lc 
iA(cq + ~r 1 - -  M 

~ a  -~ (~c 

In the limit of mass-transfer control, M ~ 0, and 

[33] 

( R T E  1 ]) 
Zf = ~A(aa + ac)F F(4/3)[-0'(0)] M = 0 

with the limits 

[34] 

RT 
[35] 

Z f ] ~  = 0 (M = 0) [36] 

It will be shown below that Eq. [35] and [36] are good ap- 
proximations for copper electrodissolution impedance 
because M is small. 

The faradaic impedance of copper electrodissolution 
should be a function of the level of current, ~, and the ra- 
tio M, both of which are obtained from steady-state mea- 
surements. Determinations of the impedance and the 
steady-state quantities provide an independent  check on 
the consistency of the measurements.  The frequency de- 
pendence of the faradaic impedance is given by the con- 
vectiv e Warburg function {-1/0'(0)} discussed by 
Newman et al. (17, 24), and arises from the transport of 
CuC12- away from the surface. At high excitation fre- 
quency oJ, the magnitude of the real and imaginary parts 
of {-1/O'(0)} are equal, in agreement with classical 
Warburg impedance behavior for diffusion with no con- 
vection. Convection becomes important  at low excitation 
frequency, however, and there is deviation from the clas- 
sical semi-infinite Warburg impedance to give a finite 
value for the real part  of the impedance and zero for the 
imaginary part at zero frequency (see Eq. [30]). In other 
words, there is a steady-state flux of the diffusing species 
with convection because there is a steady diffusion-layer 
thickness. Without convection, there is no steady-state 
flux into an infinite medium and the diffusion boundary 
layer grows as ~/t. 

Experimental 
Both steady-state and impedance measurements of Cu 

electrodissolution were made. The steady measurements 
were more extensive, and the impedance provided an in- 
dication of consistency for the mass-transport-kinetic 
model derived above. 

A rotating disk electrode system was used for all the de- 
terminations. The disk assembly was constructed so that 
the disk could be attached to the rotating shaft by a 
threaded mount. The shaft and attached disk had an ec- 
centricity that was less than 0.1% of the disk diameter 
(19). Electrical contact to the rotating shaft was made by a 
silver ring-silver graphite brush assembly (Graphite 
Metallizing Corporation). Rotation of the shaft was 
controlled by a dc servo motor, and the speed was cali- 
brated with a stroboscope. The copper rotating disk was 
fabricated by attaching a copper button onto a brass rod 
and inserting the lower end into a Teflon body with a 
tight press fit. The upper end of the brass shaft was 
threaded to mount  on the rotating shaft. The lower part of 
the assembled electrode was immersed in the solution 
through a matched hole in the Teflon cover of a glass 
vessel in which the experiments were conducted. A Pt 
mesh counterelectrode was mounted in the bottom of the 
vessel, facing the Cu rotating disk. A reference electrode 
capillary was inserted through the cover and positioned 
just  outside (5 mm) the outer Teflon edge of the rotating 
disk, and in the plane of the disk. Nitrogen gas was 

sparged continuously through the solution during the 
course of the measurements.  

Surface preparation of the Cu rotating disk consisted of 
polishing on a metallography wheel with 0.05 ~m alumina 
in deionized water. The polishing cloth used on the wheel 
was extensively washed with deionized water before use, 
and the cloth was replaced after 3-4h of use. The polished 
specimen was rinsed in deionized water and soaked in 
0.1N HC1 for 1-2 min, mounted on the rotating disk shaft, 
and immersed in the solution for measurement.  The prep- 
aration technique produced a surface that gave highly re- 
producible results. Light etching of the Cu with dilute 
HNO3 in an ultrasonic bath gave identical electrochemical 
behavior if the specimen was rinsed carefully in water 
and HC1 after the etch step. Electrode area, A, equals 
0.695 cm 2. 

Copper for the rotating disk electrode was OFHC rod of 
99.99% purity. HC1 solutions (0.1N) were prepared from 
ampuls available commercially for analytical standards 
(Baker Analyzed) and diluted to volume with freshly pre- 
pared deionized water. The water was 20 M~ quality pro- 
duced by cascaded ion-exchange beds in series with acti- 
vated charcoal. The nitrogen gas used was Ultra High 
Purity Grade (99.999%) from Matheson. 

Steady-state electrochemical measurements were per- 
formed under potentiostatic control. Current to the 
rotating disk was measured after steady state was 
achieved at each potential ( -5  min), and the potential was 
changed in increments  of 5 mV between measurements.  
Current was measured as the potential drop across a pre- 
cision 10~ resistor in series with the electrochemical cell. 

Impedance measurements were made as described in 
the preceding paper and as demonstrated in an earlier pa- 
per (26). A multiple frequency voltage signal from a signal 
generator (Hewlett-Packard 3722A Noise Generator) was 
superimposed on a constant control voltage at the input 
of the control amplifier of the potentiostat. The maxi- 
mum amplitude of the voltage perturbation was 3-5 mV 
peak to peak, independent  of the frequency range used. 
Each frequency range contained 51 superposed sinusoids 
consisting of a fundamental  frequency and the next 50 
harmonics (both even and odd). The voltage signal was 
measured between the working and reference electrode 
leads at the cell with a voltage follower, amplified and 
filtered by a differential amplifier with a low-pass filter, 
and digitized on one channel of a Biomation Waveform 
Recorder (Model 1015). The current signal was measured 
as the voltage drop across a precision resistor in series 
with the cell. The signal was also passed through a differ- 
ential amplifier with a low-pass filter, and recorded on a 
second channel of the digitizer. The voltage and current 
signals were recorded simultaneously and strobed out of 
the waveform recorder buffer memory into the calculator- 
controller (Hewlett-Packard 9830B). The data were stored 
on a floppy disk for subsequent treatment and analysis. 
The data were digitized over two periods of the lowest 
frequency in the spectra. The higher frequencies were 
also periodic in this sequence length, and the sampling 
rate was always greater than five times the highest fre- 
quency to avoid "aliasing" (26). The total time for data 
taking was two times the period of fundamental fre- 
quency summed over the number of frequency ranges 
sampled. This was approximately 22s for the data de- 
scribed here. Additional time was required for manually 
setting up the instrumentation for each frequency range, 
initiating the data acquisition through software control, 
and strobing out the data. The total elapsed time for data 
acquisition was typically 1-2 rain for the total of three fre- 
quency ranges (153 frequencies). The DIFA apparatus 
could be used for time domain averaging of multiple de- 
terminations (26), but the data reported here were from 
single runs. 

The stored data were transmitted to a CDC 6600 com- 
puter for analysis. A fast Fourier transform (FFT) was 
performed on the voltage and current. The ratio of the 
voltage to the current at each frequency yielded the di- 
mensionless impedance at that frequency, i.e. 
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V 
2 = ~ [37]  

I 

The dimensional impedance was calculated by the pro- 
cedure introduced by Smith (28). This consists of making 
measurements on a "dummy cell" of precision resistors 
and capacitors that closely approximate values for the 
electrochemical cell. All amplifier gains and other instru- 
mentation settings are then identical for the two determi- 
nations. From the known values of the "dummy cell," the 
theoretical impedance at each of the measured frequen- 
cies is calculated and compared to the measured dimen- 
sionless impedance of the dummy cell, i.e. 

ZRD = ZTo/ZD [38] 

The application of ZRD to the dimensionless impedance of 
the electrochemical system then yields the impedance at 
each frequency, i.e. 

Z = ( 2 )  ZRD [39] 

The procedure amounts to a calibration of the measure- 
ment  system at the measured frequencies and automatic- 
ally corrects for instrumentation gain and phase-shift 
errors�9 

R e s u l t s  a n d  D i s c u s s i o n  

Results of the steady-state investigation of electrodis- 
solution of Cu from a rotating disk are given in Fig. 1. 
Also plotted therein are cathodic H~ evolution results on 
the Cu electrode. Identical results in both regions were 
obtained with either Hz or N2 as the cover gas. The Tafel 
slope for hydrogen evolution was 110 mV/decade, in good 
agreement with the investigation by Bockris and Pent- 
land (29). At cathodic current densities greater than 10 
mA/cm 2, deviation from Tafel behavior, in large part due 
to ohmic drop in the solution, was observed. 

Anodic current curves are shown for two rotation rates, 
and additional data were obtained at 2000 rpm. The Tafel- 
like slope was 60 mV/decade at all three rotation rates, in 
agreement with Eq. [12] and [13] and earlier results (1-14). 
This result implies that the anodic dissolution is largely 
mass-transport controlled at these rotation rates and 
(a, + a~) = 1. At higher current densities, ohmic drop 
caused deviations from the Tafel-like behavior. 

To determine the influence of kinetics, the data were 
plotted as a function of rotation rate, as shown in Fig. 2. 
The data follow Eq. [14] for mass-transport-kinetic control 
with a finite intercept on the current axis as ~ --~ ~. The 
same behavior was observed over the entire potential 
range investigated, up to current densities where ohmic 
drop became significant. The finite intercept in Fig. 2 
provides a measurement  of the anodic kinetic rate con- 
stant according to Eq. [15], and the slope is identified in 
Eq. [16]. The anodic term determined from the intercept 
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Fig. 2.  Reciprocal current density as o function of disk rotation rote 

was found to be a function of potential as demonstrated 
in Fig. 3, where the function 

log [ka exp [ - -~-V~ J 

is plotted vs. V. The straight line has a slope of 120 
mV/decade, and, therefore, oL a = 0.5. This leads to the con- 
clusion that ~ = 0.5 as well. The quantity [O(F/i)/a~ -'2] in 
Eq. [16] was found to be a function of potential, and the 
data are shown in Fig. 4. The straight line has a slope of 
60 mV/decade, in agreement with the finding above that 
( a ~ + ~ ) =  1. 

The anodic and cathodic rate constants 
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f a~F ] f-a~F 1 
ka exp  ~---~- V ~ and k ~ e x p / - - R - ~ V  ~ 

respect ively ,  were  de te rmined  at several  potent ials  f rom 
the  data above  and plot ted  in Fig. 3. The  constants  in F~ 
(see Eq.  [10]) were  ass igned the  values  

v = 0.89 x 10 _2 cm2/s [30] 

D 1 = 5.68 x 10 -6 c m 2 ] s  

Kc = 6.96 x 104 [15] 

F(4/3) = 0.89298 [31] 

The  diffusion coefficient,  D,, was eva lua ted  f rom the  im- 
pedance  m e a s u r e m e n t s  desc r ibed  below. 

The exchange  cur ren t  densi ty  d iv ided  by  the  CuC12- 
concentrat ion,  i.e., ijC,~G was ca lcula ted  f rom Eq. [17], 
[18], and [2] 

( i ~ 2 )  Fka"2kc"2Kc,,~C.2 [40] 

The  quan t i ty  [iJC1 ~l~] was found to be  i n d e p e n d e n t  of  po- 
tential,  as shown in Table  I. 

The resul ts  r epor ted  here  are in substant ia l  ag reemen t  
wi th  previous  studies.  The  major  con t r ibu t ion  of  the  pres- 
ent  s tudy  has been  the  de te rmina t ion  of  the kinet ic  pa- 
rameters  of  the  d issolut ion react ion enab led  by the  use of  
lower C1- concen t ra t ion  and h igher  ro ta t ion rates than  
used  previously.  The  kinet ic  contr ibut ion,  though  meas- 
urable,  was found to be  small  in the  vol tage  ranges  stud- 
ied here. A measu re  of  the  kinet ic  con t r ibu t ion  is g iven 
by the  ratio M (see Eq.  [32]). For  comple t e  control  by mass 
transfer,  M = 0, and  depar tures  f rom this l imit  increase as 
kinet ics  b e c o m e  impor t an t  for anodic  dissolution.  The ki- 
net ic  cont r ibu t ion  is dominan t  as M = 1. In  the  l imit  of  
small  M, the  "Tafe l"  s lope was found to be  60 mV/decade,  
in a g r e e m e n t  wi th  l i terature values.  E v e n  at -150 mV, 
where  M was found  to be  substant ia l ly  di f ferent  f rom zero 
(see Table  II), the  Tafel  s lope was a lmos t  unaffected.  
Us ing  Eq. [8] and the  M values  f rom Table  II, the  Tafel  
s lope at - 150 mV was calculated to be 66 mV/decade.  One 

Table I .  Exchange current density 

ijCd 12 V (mV vs. SCE) 

Avg. = 

0.866 -130 
0.841 -150 
0.969 -155 
0.881 -165 
0.793 -175 
0.852 -185 
0.767 -205 

0.853 (-+0.045) 

July  1985 

Table II. Values of the ratio M as a function 
of potential and rotation rate 

V 
M (mV vs. SCE) 

- 130 
0.275 1000rpm 
0.357 2000rpm 
0.415 3000rpm 

- 1 5 0  

0.227 1000rpm 
0.301 2000 rpm 
0.353 3000 rpm 

- 1 5 5  

0.151 1000rpm 
2000rpm 

0.-234 30O0rpm 

-165 
0.154 1000rpm 
0.203 2000 rpm 
0.240 3000rpm 

-175 
0.129 1000rpm 

2000rpm 
0.203 3000 rpm 

-185 
0.095 1000 rpm 
0.135 2000 rpm 
0.160 3000 rpm 

-205 
0.079 1000 rpm 

2000 rpm 
0.130 3000 rpm 

would  expec t  to ach ieve  full k inet ic  control  at M = 1, 
which  is equ iva len t  to the  condi t ion  

I ~ ] F :  ~ r~l ~ f - o a F  ] 

[41] 

(2.-~3) L ~ , r - ~ c F  ] exp  J ~ V [  < <  1 
[42] 

for 1000 rpm. F r o m  Fig. 3, it can be  seen that  the  equal i ty  

k2.~3 ) f - a c F  ] exp  J , - - -~ ' -V~ --- 1 [43] 

should  be  obeyed  at about  - 6 5  inV. The inequal i ty  
wou ld  then  be observed  at potent ia ls  more  posi t ive than  
approx imate ly  +45 mV, where  the  cur ren t  densi ty  wou ld  
be approx ima te ly  19 mA]cm 2. The  dissolut ion current  
dens i ty  wou ld  be  i n d e p e n d e n t  of  ro ta t ion rate, and the  
Tafel  s lope wou ld  be  120 mV/decade.  Verif icat ion of the  
predic t ion was outs ide  the  scope of  the  present  study, but  
it is of in teres t  for future  s tudy in this laboratory.  

Impedance  Results 
The digital  i m p e d a n c e  results  were  found to confirm 

the descr ip t ion  g iven  above  for e lec t rodissolu t ion  of cop- 
per. The  c o m p l e x  i m p e d a n c e  at -205  mV is g iven in Fig. 
5 bo th  as a func t ion  of  f requency  and rotat ion speed.  An  
impor tan t  quan t i ty  to be der ived  f rom these  measure-  
ments  is the  i m p e d a n c e  at zero f requency ,  ZG where  the  
imaginary  part  goes to zero (Eq. [30]) and the  real part  be- 
comes  propor t iona l  to the  s teady-state  dissolut ion current  
(see Eq.  [32] and [35]). 

The  de te rmina t ion  of  the  faradaic i m p e d a n c e  was ac- 
compl i shed  by  the  fo l lowing procedure .  

i. The  ohmic  solut ion concentra t ion,  R~, was deter- 
m ined  as the h igh  f requency  in te rcep t  on the  real imped-  
ance  axis, s ince R, acts in series wi th  the  interfacial  im- 
pedance.  For  the  current  vol tage range studied,  Rs was 
found to be 15f~, and this agrees wi th  the  ohmic  drop cal- 
cula ted for the  posi t ion of  the  reference e lec t rode  and the  
solut ion resis t ivi ty  (24). 

2. Rs was vectoriaUy subtrac ted  f rom the  total  imped-  
ance,  and the  admi t tance / f requency ,  Y/~, was calculated. 
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A plot of Y(imag.)/oJ vs .  Y(real)ho yielded the double-layer 
capacitance, CA ,  as the intercept on the Y(imag.)/oJ axis as 
~0 --+ ~. The double-layer capacitance C was calculated 
from the result by dividing by the area of the disk elec- 
trode. C was found to be 40-46 • 10 -0 F/cm 2 for all the 
tests. 

3. Vectorial subtraction of C A  from the interfacial im- 
pedance yielded the faradaic impedance for the system. 

The faradaic impedance calculated as described above 
is plotted in Fig. 6 as Zf(real) vs .  -oJZgimag.). A straight 
line was fitted to the low frequency data, and extrapola- 
tion to zero frequency gave Zf(real). The imaginary part of 
Zf should be zero at zero frequency (Eq. [30]), and the real 
part can be related to the steady-state current density by 
Eq. [32] or [35], depending on the value ofM. M was calcu- 
lated from Eq. [32], and is given in Table III at two poten- 
tials and three rotation rates. The results compare favora- 
bly with M values determined in the steady-state 
measurements (Table II). 

The experimental faradaic impedance was made di- 
mensionless according to Eq. [28] with the experimental 
values of the current density and M. The result should be 
identical to the theoretical convective Warburg function 
{- 1/0'(0)}. The two are compared in Fig. 7. The two agree 
very well. This was found to be true at all rotation rates 
and potentials used in the study. The agreement con- 
firms that the faradaic impedance for Cu dissolution in 
HC1 is given by Eq. [28]. 

It is noted that Eq. [28] gives the general behavior of the 
faradaic impedance where there is mixed kinetic and 
mass-transfer control of dissolution. In the limit of mass- 
transfer control, M = 0, the impedance is given by Eq. [34] 
with the limits given by Eq. [35] and [36]. For M = 1, i.e., 
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Table III. M values from impedance measurements 

V 
M (mV vs. SCE) 

-200 
0.07 1000 rpm 
0.10 2000 rpm 
0.11 3000 rpm 

-150 
0.245 1000 rpm 
0.263 2000 rpm 
0.300 3000 rpm 

kinetic control of anodic dissolution, from Refi (28) 

RT 
Zf - - -  [44] 

iAa~F  

as expected. 
Finally, a new technique was discovered for determina- 

tion of the diffusion coefficient of CuC12- from the im- 
pedance measurements.  The technique involves calcula- 
tion of the diffusion coefficient from the slope of the 
linear relationship observed between Zdreal) and 
[-coZf(imag.)] at low excitation frequencies (see Fig. 6). 
The linear behavior is expected from the properties of the 
function {- 1/0'(0)}. Theoretical values of the real and im- 
aginary parts of this function taken from the literature 
(19, 31) yield the relationship valid for Schmidt number  
(~'ID~) ~ 

- 0.373 [45] 

where (23) 

{ 3D, ~ 2/3 
K = oJv~---~-u} (g~DO-' [46] 

and a has the value 0.51023 (17, 18, 21). The experimen- 
tal slope, S, is defined as 

dZ~(real) ( ~_~_K ) 
d[~0Zf(imag.)] = S = -0.373 [47] 

o r  

Equation [48] for the diffusion coefficient is general for 
(HD1) ---> ~, and does not require knowledge of the solution 
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concentration C~ or the electrode area for calculation of 
the diffusion coefficient. For finite values of the 
Schmidt number,  Sc, the limiting slope at low frequency 
is a function of Sc, and may be calculated from the results 
given in Ref. (19) and elsewhere (33). For example, for Sc 
= 1500, the functional relationship is obeyed 

= ~ 0.400 [49] 

Equation [48] for the diffusion coefficient becomes 

D~ "a = -0.400(3/a)~/3v~3(Sg)-~ [50] 

for Sc = 1500. 
D~ was determined for several rotations rates and 

steady-state currents, and was found to 5.68 • 10 -6 cm~/s. 
This compares favorably with values quoted in the litera- 
ture (3), which were 6.2-6.6 • 10 -6 cm2/s. It should be 
noted again that the calculation of the diffusion coeffi- 
cient from the low frequency impedance measurements is 
independent  of solution concentration and electrode area. 
The calculation is based solely on the experimental 
faradaic impedance and the properties of the convective 
Warburg impedance function {- 1/0'(0)} which are de- 
scribed in the literature. Further discussion is outside the 
scope of this paper, but a more detailed description of 
this technique for diffusion coefficient measurements 
will be published shortly. Some results have been dis- 
cussed previously (35). 

Conclusions 
A theoretical model was developed for electrodissolu- 

tion of Cu in 0.1N HC1 solutions which were copper free. 
The mass-transfer-kinetic model agreed with steady-state 
measurements on a rotating disk. The kinetic parameters 
aa, ac, and the product (ka"~kc ~12) were determined from the 
experimental data. The faradaic impedance for the elec- 
trodissolution was also developed for the mass-transport- 
kinetic model. Experimental  results agreed with the theo- 
retical development here as well, and gave confirmation 
to the steady-state model. The experimental impedance 
results, made dimensionless in an appropriate way, match 
the theoretical function {- 1/0'(0)}, in agreement with the 
development given in the section on DIFA measurements 
in electrodissolution. A new technique for determination 
of diffusion coefficients from impedance measurements 
at low frequency was used to evaluate the diffusion 
coefficient of CuC12-. The value was 5.68 x 10-6 cm2/s, 
which compares favorably with literature results. 
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Digital Impedance for Faradaic Analysis 
III. Copper Corrosion in Oxygenated 0.1N HCI 

William H. Smyrl* and Larry/.  Stephenson 

Sandia National Laboratories, Division 1841, Albuquerque, New Mexico 87185 

ABSTRACT 

Impedance measurements  have been made on copper rotating disks corroding in oxygenated 0.1N HC1. A model is 
developed here for the first t ime for the faradaic impedance of a corrosion couple consisting of an anodic dissolution re- 
action dominated by convective diffusion and a cathodic reaction under kinetic control. The model was found to be 
obeyed for all values of disk rotation rate, oxygen concentration, and voltage excitation frequency. The corrosion rate 
was found to depend on oxygen concentration to the 2/3 power, and on rotation rate to the 1/6 power. 

The corrosion of copper in aqueous acid solutions oc- 
curs on an oxide-free surface that makes it an attractive 
metal for generic studies. Copper corrodes slowly in acids 
free of oxidizing agents (1, 2), but in the presence of dis- 
solved oxygen or other reactants the corrosion rate in- 
creases substantially, depending on the oxidation poten- 
tial of the reactant, its concentration, and rate of supply to 
the copper surface (2-4). The acid participates in the pro- 
cess by stabilizing either the cuprous [Cu(I)] or cupric 
[Cu(II)] product ion. 

In HC1 solutions, the CuC12- species is dominant  at low 
concentrations of C1- (5), with other chloro complexes be- 
coming important at higher chloride concentrations. 
Miller and Bellavance (6) investigated the corrosion of 
copper in oxygenated acid chloride solutions by a rotat- 
ing ring-disk technique. CuC12- was produced at the disk 
electrode and detected at the outer ring electrode. The 
corrosion rate was found to depend weakly on the rota- 
tion speed (see below), and was controlled by the rate of 
reduction of dissolved oxygen at only 5-10% of the diffu- 
sion limiting current of 02. These studies established that 
the corrosion process obeyed the principle of superposi- 
tion (7, 8) for the metal dissolution and O.~ reduction. The 
present investigation confirmed that the system obeys 
the superposition principle, as described below. 

The faradaic impedance of the parallel simultaneous re- 
actions is (9) 

1 1 1 
- -  - - -  + - -  [1] 
Zf,T Zf.~ Z~.c 

The reduction of oxygen has complex kinetics, and pro- 
ceeds by an overall two-electron reaction to produce per- 
oxide (10, 11) in chloride solutions. Subsequent  reduction 
of peroxide to hydroxide or water is not important for 
this discussion [see Miller et al. (6)]. The faradaic imped- 
ance of the oxygen reduction is assumed to be given by 
(see below) 

- R T  
Zf.c - . [2] 

ZcaccFA 

The impedance of the Cu dissolution reaction was shown 
in the preceding paper (5) to be given by 

M 1  + - 
Zf,a = F(4/3)[- 0'(0)] F(4/3)[- O'(O)] [3] 

ia(aaa + aac)Fe I aac MI 
RT 1 (aac -~ acc) 

where M is the quantity (5) 

M = [41 
f aaaF--1 

k,a exp I---R-~-V ~ 

From Eq. [1]-[3], one obtains for the corrosion couple 

*Electrochemical Society Active Member. 

icorrFA • 
Zf,t RT 

where 

aacM ] 
(OLaa • aac ) 1 (aaa ~- OLac) 

F(4/3)[-0'(0)]} + F(4/3)[-0'(0)]] 

[5] 

i . . . .  = i a = - i c  [6] 

when the anodic dissolution reaction is completely mass- 
transfer controlled (5) 

M = 0 [7] 

and Eq. [5] becomes 

1 icorrFA 
- -  - - -  {ace + (aaa + aac) F(4/3)[-0'(0)]} [8] 
Zf, t RT 

Equations [5] and [8] are the fundamental  relationships 
between copper corrosion current density and measured 
impedance. The oxygen concentration in solution and the 
copper disk rotation rate influence the corrosion rate and 
will be discussed below. It should be emphasized that Eq. 
[5] and [8] are specific to an anodic reaction which is in- 
fluenced by mass-transport coupled to a cathodic reac- 
tion which is kinetically controlled. The treatment here is 
the first for a corrosion system of this type, but other sys- 
tems may exhibit  the behavior described here as well. 
One might expect, for example, that the behavior shown 
here will be obeyed for molten salt systems where many 
anodic dissolution reactions are known to be mass-trans- 
fer-kinetic controlled. 

It will be demonstrated in this paper that the corrosion 
rates measured by weight loss, by prediction from 
deaerated solution currents at the same potential, and by 
direct impedance measurement agree very well. The cor- 
rosion rate will also be reported as a function of dissolved 
oxygen concentration and rotation rate of the corroding 
copper disk. It will be shown that this agrees with the be- 
havior predicted from the kinetics of the reactions. Both 
steady-state and impedance results will be reported. Pre- 
liminary results were published earlier (8, 12). 

Experimental 
Copper for the rotating disk electrodes was OFHC rod, 

of 99.99% purity. Copper foil for the weight loss experi- 
ments was 99.999% purity. HC1 solutions (0.1N) were pre- 
pared from ampuls available commercially for analyt- 
ical standards (Baker Analyzed) and diluted to volume 
with freshly prepared deionized water. The water was 
18-20 MI~ quality produced by cascaded ion exchange 
beds in series with activated charcoal. Gases used were 
Ultra High Purity Grade (99.999%) from Matheson. 

The analysis of dissolved oxygen concentration was 
done by a specific oxygen electrode assembly. O~ con- 
centrations obtained by analysis were in excellent agree -  
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m e n t  with those  calculated from the  gaseous 02 part ial  
pressure  wi th  Henry ' s  law (13). Copper  concent ra t ion  in 
solut ion f rom the  foil corros ion tests was de te rmined  with  
a specific copper  e lec t rode  and conf i rmed by emiss ion  
spectroscopy.  

The rotat ing disk assembly  was descr ibed  in the 
preced ing  paper  (5). As before, gas was sparged continu- 
ously th rough  the  solut ion dur ing  the  course  of  the  mea- 
surements .  The  copper  disk was p repa red  as before  (5). 

Weight  loss m e a s u r e m e n t s  were  conduc t ed  on copper  
foils of 100 cm ~ surface area. E x p e r i m e n t s  were  per- 
fo rmed  e i ther  at constant-potent ia l  (no O2 in solution) or 
at open-c i rcui t  corrosion condi t ions  (with d issolved O2). 
The cons tant -potent ia l  measu remen t s  were  made  at the  
same potent ials  as were  observed  for the  corrosion tests. 
The rec tangular -shaped Cu foil was su r rounded  on both  
sides wi th  a P t  screen, with a Teflon screen separat ing 
the  two. Gas was sparged th rough  the  solut ion dur ing the  
measurements .  The  exper imenta l  a r r angemen t  made  it 
possible  to conduc t  the dissolut ion and corrosion tests  
unde r  ident ical  condi t ions  of d issolut ion d is t r ibut ion  and 
solut ion convect ion .  The  solut ion v o l u m e  Was 295 ml. 

The  foils were  degreased  with me thy l  e thyl  ke tone  and 
acetone,  l ight ly  e tched  in air-saturated HC1 in an ultra- 
sonic bath, r insed  in deionized water  and ace tone  sequen-  
tially in the  ul t rasonic  bath, and air dr ied  to constant  
we igh t  (~10 min). Af te r  a d issolut ion of  corros ion experi-  
ment ,  the foil was again r insed in wate r  and ace tone  and 
air dried. Repea t ed  measu remen t s  showed  the  weights  to 
be good to -+1 • 100-Sg. 

I m p e d a n c e  m e a s u r e m e n t s  were  m a d e  w i t h  the  appara- 
tus descr ibed  earl ier  (5, 9), over  the  f r equency  range 
0.1-500 Hz. The  m e a s u r e m e n t s  were  pe r fo rmed  under  po- 
tent iostat ic  condi t ions  at the  corros ion potential .  The cop- 
per  d isk  was i m m e r s e d  in the solut ion after polishing.  
The m e a s u r e m e n t s  after 10 and 30 rain were  ident ical  to 
the 2 min  measu remen t s .  One set  of  data  in e a c h  fre- 
q u e n c y  range (i.e., 0.1-5, 1-50, and 10-500 Hz) was taken in 
approx imate ly  1 min  e lapsed time. The  actual  data collec- 
t ion requi red  12s, wi th  the remaining  t ime  being requi red  
to change manua l  set t ings on amplif iers,  signal genera- 
tor, and digitizer. 

Results and Discussions 
The resul ts  of  the  Cu foil expe r imen t s  are summar ized  

in Table  I. The ag reemen t  is exce l len t  be tween  the  weight  
loss and solut ion analysis in O2-saturated 0.1N HC1, on 
one hand,  and the  current  dens i ty  measu red  in deaera ted  
solution, on the  o ther  hand.  This  ag reemen t  confi rms 
that  superpos i t ion  is obeyed  for the  Cu/O2 corrosion sys- 
t em in HC1. The  rate  of  corrosion was found  to be at ~ 10% 
of  the O2 di f fus ion- l imi ted  current  densi ty,  so we a s sume  
that  02 r educ t ion  was under  k ine t ic  control.  The  reduc-  
tion, w h e n  coupled  wi th  Cu dissolut ion,  gave  a corros ion 
sys tem which  was used  as a m o d e  ! for i m p e d a n c e  studies.  

The i m p e d a n c e  measu remen t s  on the  Cu rotat ing disk 
were  made  in the  f r equency  range 10-'-500 Hz, at disk ro- 
tat ion rates of  700, 1000, 2000, and 3000 rpm,  respect ively,  

Table I. Results of the Cu foil experiments 

and for d isso lved  oxygen  concent ra t ions  of f rom 3.2 to 
33.5 ppm.  All m e a s u r e m e n t s  were  m a d e  unde r  potent io-  
static control  at the  corrosion potential .  

In Fig. 1 are p lo t ted  the results of  i m p e d a n c e  measure-  
men t s  at three  di f ferent  rotat ion rates and an oxygen  con- 
centra t ion of  33.5 ppm.  The results  at o ther  oxygen  con- 
centrat ions were  similar. At  low exci ta t ion  frequencies ,  
the  i m p e d a n c e  was found to d e p e n d  s trongly on rotat ion 
rate as shown,  bu t  at h igh  f requency  the  curves  coincide,  
as expec ted  for a d i f fus ion-dominated  process  (Cu disso- 
lution). That  is, for va lues  of (oJ/t2) > 0.6, the  real and imag-  
inary parts of  the  i m p e d a n c e  are of equa l  magn i tude  (this 
is str ict ly t rue  only for the convec t ive  Warburg part  of the 
interfacial  impedance) .  

The  i m p e d a n c e  data  at each rotat ion rate and oxygen  
concen t ra t ion  were  analyzed to de t e rmine  the corrosion 
rate. As shown above,  it is necessary  to ext rapola te  the  
measu red  i m p e d a n c e  to zero f r equency  to de te rmine  the  
s teady-state  corros ion rate. For  the  p resen t  system, the  
ext rapola t ion  was s t ra ight forward and unequ ivoca l  be- 
cause the react ions  (kinetics) and processes  (mass trans- 
fer) were  successful ly  mode l ed  and obeyed  Eq. [5] (see 
also Eq.  [8]). Accoun t ing  for all react ions  and processes  
was necessary  before  the ext rapola t ion  could  be  per- 
fo rmed  wi th  any confidence.  For  sys tems  more  complex  
than copper  corros ion in oxygena t ed  acid solutions,  the  
react ions mode l ing  may  not  be unequ ivoca l  and the  im- 
pedance  in fo rmat ion  will  not  give a u n i q u e  de te rmina t ion  
of  rate parameters .  The  data  t r ea tmen t  is descr ibed  fur- 
ther  below, and will  be the subject  of  work  to be repor ted  
e lsewhere.  

In  the  l imi t  of zero f requency,  Eq. [5] yields 

Z~-f,t ~o - R-T ic~ {~cc + (~aa + C~ac) [ 1 ( ~  + -~c) ] } ~ a c M  

For  the addi t ional  condit ion,  M = 0 (see Eq. [8]) [9] 

1 ~ 0  _ __ic~ (O~a a + O/ac ~- (~cc) [10] 
Zf.t RT 

M~O 

Thus, s o m e  k n o w l e d g e  of  the  m a g n i t u d e  of M and the  
values  of  the  kinet ic  t ransfer  coefficients aaa, aac, ace is re- 
qu i red  in order  to de t e rmine  the  corros ion rate f rom the  
l imit ing impedance .  For  the  copper  dissolut ion react ion 
studies in the  prev ious  paper  (5), aaa and aac are both  
equal  to 0.5. For  the  present  paper,  the  ca thodic  t ransfer  
coefficient  for oxygen  reduct ion,  ac~, is a s sumed  to be 0.5. 
It  wil l  be shown  be low that  the data  are satisfactori ly rep- 
resen ted  by Eq. [10], where  M = 0. 

The  ex t rapola t ion  to zero f requency  is pe r fo rmed  as in 
the p rev ious  paper  (5), i.e., by no t ing  that  the  total  imped-  
ance obeys  the  empir ica l  re la t ionship  

dZT(real) ~ 0  
- d[oJZr(imag.)] = const.  [11] 

~000  

1500 - 

Calcu la t ed  
Ca l cu l a t ed  ra te  cu r r en t  _c 
Cu dissolution density ~ le~o- 

(g/s-cm ~) (A/cm 2) _E 

100% O2-saturated O.IN HC1 
Weight loss 2.29 (• x 10 -7 3.49 • 10 -4 
Solution analysis 2.37 (_+0.16) x 10 -7 3.60 • 10-4 

Measured 
current 

Poten~al ~s. SCE) density 
(mY) (A/cm ~) 

D e a e r a t e d  0 . 1 N H C I  
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- 5 8  3.1 • 10 -4 

x x ~ x 
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Fig. 1. Impedonce of copper rotating disk at three rotation rotes 
and 33.5 ppm dissolved oxygen. 
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The l inear behav ior  is shown in Fig. 2 for one part icular  
rotat ion rate and oxygen  concentra t ion.  A l inear  relation- 
ship wou ld  yield 

dZ~(real) d Z ~ , ~ ( r e a l )  
= [12] 

-d[o~Z~(imag.)] - d[o~Z~,~(imag.)] 

and the  total  i m p e d a n c e  and the  interracial  i m p e d a n c e  
wou ld  be ident ica l  excep t  for the  (constant)  solut ion re- 
sistance, i . e .  

Z~ = Z~ + Zi,T [13] 

Fur ther ,  we  have  as sumed  tha t  the  interfacial  impedance  
is c o m p o s e d  of  a double- layer  capac i tance  ( C A )  in paral lel  
wi th  the  faradaic i m p e d a n c e  g iven  by Eq. [5] or  [8]. There-  
fore 

Table II. Corrosion rate from DIFA measurement compared 
to dissolution rate in deaerated 0.1/4 HCI solutions. 

1000 rpm, 33.5 ppm O~ (]00%) 

Corrosion Corrosion rate Current density 
potential from DIFA deaerated solution 

(mY v s .  SCE) (A/cm z) (A/crn ~) 

-190 1.64 1.8 
-195 1.45-1.48 x 10 -~ 1.5-1.52 • 10 -~ 
-200 1.39-1.43 1.24-1.25 

Avg. 1.45 (• x 10 -~ 1.394(• • 10 -~ 

([Z~,T(real)] 2 + [Z,,w(imag.)] ~) Zf,~(real) 
A:,T(real) = Z'~,~ = 

[Zf,T(real)] 2 + {o~CA([Z~ ,T(rea l ) ]  ~ + [Z,,T(imag.)] ~) - Zf,T(imag.)}~ 
[14] 

Zi,T(imag.) = Z"i,T = 
- j [ c o C A { [ Z f , T ( r e a l ) ]  2 § [Zf,w(imag.)] 2} - Zf T(imag )] 

[Zf,T(real)] 2 + { o J C A ( [ Z f , T ( r e a l ) ]  ~ + [Zf,w(imag.)] 2) - Z~,w(imag.)] 2 
[15]  

and as oJ --) 0 

f o~CA([Z~ ,~ ( rea l ) ]  2 + [Zf,T(imag.)]2)[ < <  [Zf,T(imag.)l [16] 

so that  

d Z '  ~ o  = dZf,T(real) ~0  [17] 
- d(o~Z")  - d[~Zf,T(imag, )] 

I t  may  be shown  

dZf,w(real) = t i r e  [ -  ~ 'T0)  ] + 0(m) 

- d[oJZf,T(imag.)] ~ o  _ d [  ~oI,~( _ 0 ,~0)  ) ] [18] 

and this is the  basis for the  l inear  behav ior  in Fig. 2 at 
low frequencies .  The  last t e r m  in Eq. [18] denotes  the  or- 
der  of  m a g n i t u d e  of  t e rms  wh ich  are negl ig ible  compared  
to the  first t e rm at low frequencies .  Fu r the r  d iscuss ions  
of the  l inear  behav io r  at low f requenc ies  will  be  g iven 
e lsewhere .  

Both  Eq. [9] and [l] were  used  to de t e rmine  the  corro- 
s ion rate f rom the  measu red  impedance .  For  the corro- 
sion potent ia ls  observed  here, the  va lue  o f  M (5) was al- 
ways of  the  order  of  0.1 or less. The  m a x i m u m  contr ibu-  
t ion f rom the  last  t e rm in Eq. [9] was thus  less than or 
equal  to 5% of  the  d o m i n a n t  contr ibut ion ,  and Eq. [10] 
was then  used  to analyze the  data  s ince the  expe r imen ta l  
uncer ta in ty  was larger  than  this. 

Table  II  conta ins  the  results  of  several  de te rmina t ions  
of  the  cor ros ion  rate at 1000 rpm and 33.5 p p m  02. Also 
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Fig. 2. Faradoic impedance plotted to display the linear behavior 
low frequency. 

given are the  corros ion potent ia l  of  each  run  and the  cor- 
ros ion cur ren t  calculated f rom this potent ia l  and the  re- 
sults f rom the  prev ious  paper  for deaera ted  solutions. The  
corrosion currents  show sat isfactory agreement ,  con- 
f i rming that  superpos i t ion  was obeyed  for the kinetics.  
Resul ts  at o ther  oxygen  concent ra t ions  and rotat ion rates 
are plot ted in Fig. 3 and 4. The unce r t a in ty  bars shown in 
the  figures are the  resul t  of  different  cor ros ion  rates for 
different  runs,  even  though  the ro ta t ion rate and oxygen  
concent ra t ion  were  closely control led  at the  values  
shown.  The corros ion potent ia l  also varied,  but  the  corro- 
s ion cur ren t  a lways agreed closely wi th  the  deaera ted  so- 
lu t ion results.  We conc lude  that  mos t  of  the  data scat ter  
in Fig. 3 and 4 was caused by var ia t ions  of  the  oxygen  re- 
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Fig. 3. Corrosion current density of copper in oxygenated 0.1N HCI 
at several rotation rates, 25~ 
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Fig. 4. Corrosion current density of copper in oxygenated 0.1N HCI 
as a function of disk rotation rate. 
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duction reaction rate. It  was outside the scope of the in- ~e -s 
vestigation to pursue the matter further. 

In Fig. 3, log i~o~ vs. log oxygen concentration, Co ~, have 
a slope of 2/3 for the 1000 and 3000 rpm data, respectively. 
These curves reflect the assumptions already described 
above. That is, when oxygen reduction kinetics are irre- ,e -7- 
versible, and first order in oxygen concentration, one has 
the relationship for the cathodic current ~/'~) jn-~e 

- kcoCo ~ exp ~-ar162 V1 [19] 
2 F  k RT J le -s- 

Here, Co ~ is the dissolved oxygen concentration and k~ 
is the rate constant for the reduction of oxygen. This may 
be an oversimplification of the oxygen reduction reac- 
tion [see, for example, Ref. (8, 9)], but the data were satis- 
factorily represented with this assumption. Therefore, Eq. 
[19] will be adopted for the remainder of the discussion. 
Equation [19] yields then the expression for the corrosion 
current density (5) 

i .... = \  kac ] \  6 / 

2k~kcr176 D1KcCc [20] 

Since 

a~ = aac = ~r162 = 0.5 [21] 

i .... is proportional to (Co~), as is shown by the data in Fig. 
3. It is clear that this relationship provides a satisfactory 
fit to the experimental  data. Other powers of Co s would 
also fit the data, within some narrow limits, but the sim- 
ple model adopted above has been preferred here. 

Equation [20] was also used to fit the data in Fig. 4 for 
the dependence of the corrosion current on disk rotation 
rate. The dependence is quite weak, as was noted earlier 
by Miller and Bellavance (6). For the assumptions in Eq. 
[21] and the definition for the diffusion layer thickness 
from the previous paper (5) 

i .... proportional to (~)1J6 [22] 

The lines in Fig. 4 were drawn to obey this relationship. 
Again, the fit to the experimental  data is satisfactory. As 
a final note, it was found that expression [22] also fits the 
earlier data of the Miller and Bellavance (6) satisfactorily. 

One may derive the corrosion potential of the couple as 
a function of oxygen concentration and disk rotation rate 
as well. From Eq. [12] of the previous paper (5) and Eq. 
[20] above (both for M = 0), it may be shown that the cor- 
rosion potential V* is given by 

RT 
V* = in 

(aaa + OLac -}" ~c)F 

3.2234k~ck~ ~ Co ~ 
{ (  kaaKe / ( ~ )  D-'~l%l'6Ccl --~} [23] 

In Fig. 5, the quantity Co~/12 "2 is plotted vs. V* in a semi- 
logarithmic fashion. The line has a slope of 39.4 
mV/decade, i.e. 

RT(2.303) 
= 39.4 mV [24] 

(aaa q- OLac q- ~cc)F 

for 25~ and the ~ values from Eq. [21]. The line fits the 
experimental data for all values of Co" and ~. Co" repre- 
sents the contribution from the dissolved oxygen concen- 
tration, and ~- ,2  comes from the copper dissolution rate 
dependence on the disk-rotation rate. 

Conclusions 
It is concluded that impedance measurements by DIFA 

gave excellent results for the corrosion rates of copper in 
oxygenated 0.1N HC1. T h e  steady-state corrosion rates 
were calculated from the straightforward zero frequency 

July  1985 
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Fig. 5. Dependence of corrosion potential on dissolved oxygen con- 
centration end disk rotation rate. 

extrapolation of the impedance, a procedure which was 
justified by modeling the coupled kinetic processes. The 
experimental  corrosion rate results were consistent with 
the model, and were found to depend on oxygen concen- 
tration and rotation rate as (Co~) 2/3 and (fi)lJ~. The observed 
corrosion potential was also derived and was found to de- 
pend on these variables as In C| 1t2. The model of an 
anodic dissolution reaction, dominated by convective dif- 
fusion, and coupled with a kinetically controlled cathodic 
reaction, may also be applicable to a wide range of metals 
in molten salt corrosion systems. The analysis of the im- 
pedance will largely follow that described here for the 
first time, and DIFA measurements will be very useful 
for these systems as well. 

From Eq. [8] and [10] 

Zf,T [. ~aa "~- OLac ] 

Zf.T aaa + aar + ace 1 
-- [25] 

Z~.T ~ ace 1 F(4/3)[-0'(0)] 
1 -- Zf,T L ~aa ~- ~ -~ ~ J 

where 

Zf,T = Z~,t ,~o [26] 

M~0 

Thus, the faradaic impedance of the corrosion system 
when made dimensionless at each frequency by dividing 
by Z~.T, and arranged as in Eq. [25], should be identical to 
the convective Warburg impedance function (5). Further, 
one single curve, the convection Warburg impedance 
function curve, should fit the data for all rotation rates 
and oxygen concentrations. As in the previous paper (5), 
the solution resistance and double-layer capacitance were 
subtracted vectorially from the total impedance to yield 
the faradaic impedance for the corrosion couple. Figure 6 
verifies Eq. [25] for the faradaic impedance at one of the 
rotation rates shown in Fig. 1. All other data were found 
to fall on the same curve as well at all voltage excitation 
frequencies. The double-layer capacitance used to fit the 
data at all frequencies was found to be 40-42 ~F/cm 2, as 
found in the previous paper (5). 

The general use of impedance measurements  in corro- 
sion systems will be most productive for those cases 
which resemble the simple system studied here and for 
the study of transient corrosion processes. In the first 
case, the ability to extrapolate to zero frequency with 
confidence and to fit the impedance data at all frequen- 
cies enables one to determine all the system properties 
that are important. The multiple-frequency determination 
of system properties will be greatly facilitated by experi- 
mental equipment  such as the array-processor-enhanced 
DIFA system developed at our laboratory (14). Multiple- 
frequency modeling by digital signal analysis adaptive 
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Fig. 6. Impedance of copper rotating disk at three rotation rates 
and 33.5 ppm dissolved oxygen. 

filter procedures have been described in the literature 
(15, 16) for electrical engineering applications. This proce- 
dure improves on the use of "limiting behavior" for 
characterizing system properties, and gives the best fit to 
the data at all frequencies. 
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Crystalline Anodic Oxide Growth on Aluminum Foil in an Aqueous 
Ammonium Dihydrogen Phosphate Anodization Electrolyte 

C. T. Chen* and G. A. Hutchins 

Sprague Electric Company, North Adams, Massachusetts 01247 

ABSTRACT 

The parameters affecting the growth of small crystallites within the anodic oxide film formed on a luminum during 
anodization in an 85~ aqueous ammonium dihydrogen phosphate electrolyte have been investigated. The degree of 
crystallinity of the anodic oxide was observed to increase with decreasing anodization current density and increasing 
voltage. The more crystalline films had a higher capacitance, were thinner, and contained less phosphorus than largely 
amorphous films anodized to the same voltage. A short thermal treatment of the a luminum foil at 600~ produced tiny 
platelets of ~-A1203, which acted as effective nucleation sites for the growth of crystalline anodic oxide. Nucleation of 
crystalline anodic oxide also occurred on electropolished foil; however, the deposition of a thin amorphous oxide film 
on the electropolished a luminum prevented crystal growth during subsequent anodization. The crystalline anodic oxide 
has the ~/'-A120~ crystal structure and shows a strong preferred orientation related to the orientation of the a luminum 
substrate. A much smaller number  of crystal growth sites was observed in the anodic oxide grown on (100) a luminum 
grains than in the oxide grown on any other substrate orientation. 

The growth of crystalline a luminum oxide on alumi- 
num foil during anodization has been discussed in nu- 
merous technical papers. In  one commercial process, the 
a luminum foil is reacted with hot water for several min- 
utes to form a layer of pseudoboehmite (~/-A1OOH) con- 
taining excess water (1, 2). The barrier oxide formed dur- 
ing subsequent  anodization is mostly crystalline ~'-A12Oa 
and results in part from field-assisted dehydration of the 
hydrous oxide (2-5). The capacitance of the crystalline 
barrier oxide formed after hydration is greater than that 
of ~ largely amorphous oxide formed at the same anodiza- 
tion voltage without the hydration layer. The capacitance 
increase has been attributed to the greater density and 
field strength of the crystalline oxide (3, 6), and the prac- 
tical advantage was recognized long before the structure 

* Electrochemical Society Active Member. 

of the oxide was fully analyzed (7, 8). The crystalline com- 
posite oxide grown by this method exhibits an electrical 
instability which has been related to the presence of voids 
(6, 9, 10) and/or trapped oxygen (5, 11). This instability 
may be corrected by a relaxation or depolarization step 
followed by reanodization (3, 10). 

Since the hydration in hot water smooths the etch 
structure of capacitor foil, and since the hydrous oxide re- 
maining after anodization has a tendency to plug fine 
pores, the process described above is suitable only for 
high voltage foil with a coarse etch structure. It has re- 
cently been discovered that an increase in capacitance 
may also be achieved by a short thermal oxidation prior 
to anodization (12), and that this capacitance increase is 
due to the growth of crystalline anodic oxide (13-15). The 
thermal oxide developed can be very thin (< 10 rim) and 
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still be  effect ive;  th i s  t r e a t m e n t  is t h e r e f o r e  p re fe rab le  for 
low vol tage  foil w i t h  a fine e tch  s t ruc tu re .  

I t  h a s  b e e n  s u s p e c t e d  t h a t  t i ny  crys ta l l i tes  of t h e r m a l  
ox ide  f o r m e d  d u r i n g  h e a t - t r e a t m e n t  p r o v i d e  effect ive  nu-  
c lea t ion  sites for c rys ta l l ine  anod ic  ox ide  g r o w t h  (14). The  
ex i s t ence  of c rys ta l l ine  nuc le i  in  t h i n  t h e r m a l  fi lms is 
s h o w n  in th i s  p a p e r  (Fig. 4); howeve r ,  i t  is also f o u n d  t h a t  
n u c l e a t i o n  of  c rys ta l l ine  anod ic  ox ide  can  occur  on  elec- 
t r o p o l i s h e d  foil w i t h o u t  t h e r m a l  t r e a t m e n t  (16). G r o w t h  of 
c rys ta l l ine  a n o d i c  ox ide  on  foils w i t h  or w i t h o u t  t h e r m a l  
t r e a t m e n t  occurs  m o s t  easi ly  in a q u e o u s  so lu t ions  of or- 
gan ic  acids  or t he i r  sal ts  s u c h  as a m m o n i u m  ci t rate  (15), 
a m m o n i u m  p e n t a b o r a t e  (13), or bor ic  acid (17). In  a phos-  
p h a t e  electrolyte ,  c rys ta l l ine  a n o d i c  ox ide  g r o w t h  is con-  
s ide rab ly  m o r e  s luggish ,  pos s ib ly  b e c a u s e  t h e  p r e s e n c e  of 
i n c o r p o r a t e d  p h o s p h a t e  i nh ib i t s  c rys ta l l i za t ion  (15). 

We h a v e  o b s e r v e d  t h a t  c rys ta l l ine  ox ide  grows  s lowly 
on  e l ec t ropo l i shed  foil a n d  s o m e w h a t  m o r e  rap id ly  on  
e l ec t ropo l i shed  foil w i th  t h e r m a l  t r e a t m e n t  d u r i n g  anodi -  
za t ion at  85~ in an  a q u e o u s  e lec t ro ly te  c o n t a i n i n g  1 
g/li ter a m m o n i u m  d i h y d r o g e n  p h o s p h a t e  (ADP). Our  pri- 
m a r y  in t e r e s t  ha s  b e e n  to i nves t i ga t e  the  d y n a m i c s  of 
c rys ta l  g r o w t h  in  anod ic  oxide.  We r e p o r t  he re  on  some  of  
the  p a r a m e t e r s  t h a t  effect  t he  e x t e n t  of c rys ta l  g r o w t h  
d u r i n g  a n o d i z a t i o n  in an  a q u e o u s  p h o s p h a t e  electrolyte.  
The  r e l a t i onsh ip s  b e t w e e n  degree  of  crys ta l l in i ty ,  capaci-  
tance ,  field s t r eng th ,  ox ide  un i fo rmi ty ,  a n d  p h o s p h a t e  
c o n c e n t r a t i o n  are  also explored .  

Experimental Procedure 
S p e c i m e n s  100 c m  ~- in  area  were  cu t  f rom 100 ~ m  th ick ,  

O- temper ,  99.99% A1 capac i to r  g rade  foil f r om t he  Alumi-  
n u m  C o m p a n y  of A m e r i c a  (Alcoa). This  foil e x h i b i t e d  a 
typ ica l  [100] ro l l ing  t ex tu re ,  a n d  on ly  a p p r o x i m a t e l y  5% of 
the  foil g ra ins  we re  o r i e n t e d  w i th  t he  (100) p l ane  para l le l  
to t he  foil surface.  In  a d d i t i o n  to t he  p r e d o m i n a n t  (110) 
o r ien ta t ion ,  (111), (311), a n d  occas iona l ly  h i g h e r  i n d e x  
p lanes  we re  p r e s e n t  paral le l  to t he  foil surface.  For  pur-  
pose  of compa r i son ,  a few e x p e r i m e n t s  we re  car r ied  ou t  
w i th  100 ~ m  th ick ,  99.99% A1 h i g h  cub ic i ty  a l u m i n u m  foil 
f rom S h o w a  A l u m i n u m  Cor po r a t i on  (Showa).  For  th i s  
foil, a p p r o x i m a t e l y  85% of the  area  was o r i en t ed  w i th  t he  
(100) p l ane  para l le l  to the  surface.  Fo r  b o t h  foils, t h e  
g ra ins  we re  typ ica l ly  100-400 ~ m  in d i a m e t e r  a n d  ex- 
t e n d e d  t h r o u g h  t he  foil t h i cknes s .  All  foil s p e c i m e n s  we re  
e l ec t ropo l i shed  in pe rch lo r i c  acid a n d  acet ic  a n h y d r i d e  at  
25~ wi th  a c u r r e n t  dens i t y  of  10 m A / c m  2. Se lec ted  speci-  
m e n s  were  h e a t e d  in air  a t  600~ pr io r  to anodiza t ion .  

The  a l u m i n u m  s p e c i m e n s  we re  a n o d i z e d  b e t w e e n  two 
100 c m  2 p l a t i n u m  c o u n t e r e l e c t r o d e s  s u s p e n d e d  f rom a 
Tef lon head.  The  e lec t ro ly te  c o n t a i n e d  1 g/l i ter  a m m o -  
n i u m  d i h y d r o g e n  p h o s p h a t e  in  w a t e r  a n d  was he ld  at  
85~ d u r i n g  m o s t  anodiza t ions .  For  com pa r i s on ,  a few 
s p e c i m e n s  were  anod ized  in the  s a m e  e lec t ro ly te  at  30~ 
A c o n s t a n t  c u r r e n t  was  p a s s e d  un t i l  t h e  po ten t i a l  differ- 
ence  b e t w e e n  t he  a l u m i n u m  a n d  t he  p l a t i n u m  r e a c h e d  
t he  p re se t  a n o d i z a t i o n  vol tage;  a f te r  this ,  t he  c u r r e n t  was  
p e r m i t t e d  to decay  to a des i r ed  value.  The  anod iza t ion  
c u r r e n t  was  r e c o r d e d  on  a H o u s t o n  2000 X-t r e c o r d e r  dur-  
ing  the  a n o d i z a t i o n  process ,  a n d  t he  to ta l  cha rge  was ob- 
t a i n e d  by  g r aph i ca l  in tegra t ion .  Capac i t ance  va lues  in  a 
50 ~ - c m  a q u e o u s  a m m o n i u m  bora te  so lu t ion  were  mea-  
su red  at  120 Hz in a P y r e x  cell w i th  p la t in ized  p l a t i n u m  
c o u n t e r e l e c t r o d e s  u s i n g  a Gene ra l  Radio  1657 RLC 
Digibr idge.  M e a s u r e m e n t s  for r epe t i t i ve  s p e c i m e n s  indi-  
cate  a r ep roduc ib i l i t y  w i th in  -+ 1% for b o t h  t he  cha rge  a n d  
the  capac i t ance  m e a s u r e m e n t s .  All  l i s t ed  va lues  are aver-  
ages  of  two  or m o r e  i nd iv idua l  d e t e r m i n a t i o n s .  

Rela t ive  c o n c e n t r a t i o n s  of p h o s p h o r u s  a n d  oxygen  
were  m e a s u r e d  w i t h  an  App l i ed  R e s e a r c h  Labora to r i e s  
S E M Q  e lec t ron  p r o b e  mic roana lyze r  e q u i p p e d  w i th  wave-  
l e n g t h  d i spe r s ive  spec t romete r s .  D u r i n g  each  ind iv idua l  
m e a s u r e m e n t ,  a 1 ~ m  diam,  10 k e V  e l ec t ron  b e a m  was  
r a s t e r ed  over  a 25 • 25 ~ m  area on  t he  ox ide  surface.  For  
all s p e c i m e n s ,  t he  e l ec t ron  b e a m  p e n e t r a t e d  t h r o u g h  t he  
anod ic  ox ide  film in to  t he  a l u m i n u m  subs t ra te ;  x-rays 
were  p r o d u c e d  w i t h i n  b o t h  the  fi lm a n d  t he  s u b s t r a t e  

d o w n  to a to ta l  d e p t h  of  a p p r o x i m a t e l y  0.6 ~m. S ince  P 
a n d  O were  p r e s e n t  on ly  in the  film, t he  P Ka  a n d  O Ka 
in tens i t i e s  i n c r e a s e d  w i t h  t he  m a s s  t h i c k n e s s  
( m i c r o g r a m s / s q u a r e  cen t ime te r )  of  t he  anod ic  oxide.  

The  o x y g e n  i n t e n s i t y  can  be  u s e d  as a m e a s u r e m e n t  of 
t he  re la t ive  m a s s  t h i c k n e s s  of  t he  o x i d e  fi lm p r o v i d e d  
t he  o x y g e n  c o n c e n t r a t i o n  of  t he  a n o d i c  ox ide  does  no t  
va ry  grea t ly  w i th  t he  anod iza t i on  cond i t ions .  This  was  
c o n s i d e r e d  to b e  a va l id  a s s u m p t i o n  e v e n  t h o u g h  differ- 
ences  in  t he  a m o u n t  of  p h o s p h a t e  p r e s e n t  w o u l d  cause  
smal l  c h a n g e s  in  t he  o x y g e n  con t en t .  B o t h  P Ka  a n d  O 
K a  m e a s u r e m e n t s  we re  s t a n d a r d i z e d  to t he  i n t ens i t y  mea-  
s u r e d  on  a specif ic  foil t h a t  was  no t  t h e r m a l l y  t r ea t ed  
and  was  a n o d i z e d  to 180V wi th  a c u r r e n t  dens i ty  of  3 
m A / c m  2. The  m e a s u r e d  va lues  are  g i v e n  he re  as ra t ios  to 
faci l i ta te  c o m p a r i s o n  b e t w e e n  s p e c i m e n s .  All  l i s ted  P a n d  
O va lues  are  an  ave rage  of  e igh t  or m o r e  m e a s u r e m e n t s  at  
d i f fe ren t  loca t ions  o n  t he  s p e c i m e n  a n d  are r e p r o d u c i b l e  
w i t h i n  -+0.01. 

S p e c i m e n s  for t r a n s m i s s i o n  e l ec t ron  m i c r o s c o p y  a n d  
se lec ted  a rea  e l ec t ron  d i f f rac t ion  we re  p r e p a r e d  by  disso- 
lu t ion  of  t he  a l u m i n u m  subs t r a t e  in  a w a r m  so lu t ion  of  
b r o m i n e  in m e t h a n o l .  For  the  ve ry  fragi le  t h e r m a l  ox ide  
films, a modi f i ed  d i s so lu t i on  t e c h n i q u e  was  u sed  w h i c h  
r e su l t ed  in ve ry  smal l  holes  in  the  foil w h i c h  were  
b r i d g e d  on  one  s ide by  the  t h e r m a l  ox ide  film. The  sur- 
r o u n d i n g  a l u m i n u m  foil ac ted  as a s u p p o r t  and  a l lowed 
t he  t h e r m a l  ox ide  to b e  e x a m i n e d  a t  h i g h  r e so lu t ion  wi th-  
ou t  a c a r b o n  s u p p o r t  film. All m i c r o g r a p h s  a n d  diffrac- 
t ion  pa t t e rn s  w e r e  t a k e n  in a Hi tach i  HU-125 t r a n s m i s s i o n  
m i c r o s c o p e  o p e r a t e d  at  100 keV. 

Results and Interpretation 
Effect of current density--thermally treated foils.-- 

Elec t ropo l i shed  Alcoa  foil s p e c i m e n s  w h i c h  had  b e e n  
h e a t e d  for 2 m i n  at  600~ were  a n o d i z e d  in t he  a q u e o u s  
A D P  electrolyte .  S e v e r a l  d i f f e ren t  va lues  for the  
anod iza t ion  c u r r e n t  dens i ty  were  u sed  to s t u d y  the  effect  
on  capac i t ance  a n d  anod iza t i on  charge .  The  e x p e r i m e n t a l  
resu l t s  are l i s ted  in Table  I, and  t h e y  c lear ly  s h o w  an  in- 
crease  in capac i t ance  as t he  cu r r en t  d e n s i t y  is decreased .  
The  to ta l  a n o d i z a t i o n  c h a r g e  a n d  t h e  w e i g h t  of t he  ox ide  
dec rease  w i th  d e c r e a s i n g  cu r r en t  dens i ty .  The  re la t ive  
p h o s p h o r u s  va lues  dec rease  fas ter  t h a n  t he  re la t ive  oxy- 
gen  values,  b u t  a c o n s i d e r a b l e  p h o s p h o r u s  c o n c e n t r a t i o n  
is p r e s e n t  in  all of  t he  spec imens .  

The  180V anod ic  ox ide  w h i c h  g r ew  on  (100) g ra ins  of 
t he  a l u m i n u m  s u b s t r a t e  is t h i c k e r  t h a n  the  ox ide  w h i c h  
grew on o the r  o r i en t a t i ons  of t h e  s a m e  subs t ra te .  The  
(100) s u b s t r a t e  areas  cou ld  b e  d i s t i n g u i s h e d  easi ly w i th  
l igh t  m i c r o s c o p y  due  to t he i r  s l igh t ly  d i f fe ren t  in ter fer -  
ence  color;  t hey  were  m e a s u r e d  sepa ra t e ly  d u r i n g  t he  
m i c r o p r o b e  m e a s u r e m e n t s ,  as i n d i c a t e d  in  Tab le  I. M u c h  
smal le r  d i f f e rences  b e t w e e n  t he  a n o d i c  ox ides  g r o w n  on  
the  o the r  s u b s t r a t e  o r i en ta t ions  were  no ted ,  b u t  t h e s e  
smal l  d i f fe rences  were  no t  i n v e s t i g a t e d  sys temat ica l ly .  

The  t r a n s m i s s i o n  e l ec t ron  m i c r o g r a p h s  in Fig. 1 corre- 
s p o n d  to t he  i so la ted  ox ide  fi lms of s a m p l e s  L1 a n d  I-3. 
The  u p p e r  ha l f  of  e ach  m i c r o g r a p h  shows  the  less crystal-  
l ine  d ie lec t r ic  g r o w n  on the  (100) s u b s t r a t e  o r ien ta t ion ;  
t he  lower  ha l f  of e ach  m i c r o g r a p h  s h o w s  a m o r e  crystal-  
l ine  d ie lec t r ic  g r o w n  on  a d i f fe ren t  c rys t a l l og raph ic  orien-  
t a t ion  of t he  foil. The  re la t ive ly  large  d a r k  areas,  p r e v a l e n t  
espec ia l ly  in  the  u p p e r  ha l f  of Fig. 1A, r e p r e s e n t  reg ions  
of th i cke r ,  a m o r p h o u s  oxide.  The  b r i g h t  areas  con ta in  
large n u m b e r s  of  y'-AI~O~ crys ta l l i t es  e m b e d d e d  in 
a m o r p h o u s  oxide.  The  c rys ta l  s t r u c t u r e  is m o r e  fully de- 
ve loped  in  t he  m i c r o g r a p h  of Fig. 1B t h a n  in t h a t  of  Fig. 
1A. This  is fair ly obv ious  in t he  u p p e r  (100) s u b s t r a t e  area 
of t he  m i c r o g r a p h s ,  b u t  is no t  as c lear ly  v i s ib le  in t he  
lower  non-(100) s u b s t r a t e  areas.  

A m o r e  q u a n t i t a t i v e  m e a s u r e  of  t he  d e p t h  d e v e l o p m e n t  
of t he  crys ta l  s t r u c t u r e  in the  non-(100) s u b s t r a t e  areas  
m a y  be  o b t a i n e d  by  a m e a s u r e m e n t  of  t he  r e m a i n i n g  film 
t h i c k n e s s  af te r  m o s t  of  t he  a m o r p h o u s  ox ide  ha s  b e e n  
s t r i pped  off in  a so lu t ion  of 5% H3PO4 a n d  2% CrO3. This  
so lu t ion  wil l  r e m o v e  a m o r p h o u s  ox ide  at  a r ap id  ra te  wi th  
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Table I. Effect of anodization current density on anodic oxide 
(electropolished and heat-treated Alcoa foil anodized at 8S~ 

1569 

Sample Minutes Anodization Current density Charge a Capacitance Relative Relative 
no. at 600~ voltage (V) (mA]cm 2) (C/cm"-) (10 -5 ~F/cm 2) oxygen b phosphorus b 

I-1 2 180 3.0 0.361 3.27 0.834 0.789 
(0.968) (0.951) 

I-2 2 180 1.2 0.338 3.43 0.768 0.711 
(0.943) (0.888) 

I-3 2 180 0.6 0.318 3.68 0.763 0.666 
(0.874) (0.792) 

I-4 2 180 0.1 0.314 4.13 0.712 0.549 
(0.758) (0.609) 

I-5 2 60 3.0 0.142 9.32 0.323 0.305 
I-6 2 60 0.02 0.129 10.89 0.284 0.255 

a Constant current anodization charge to anodization voltage plus charge during current decay from stated current density to 0.1 mA/cm 2 
for 180V and to 0.02 mA/cm 2 for 60V. 

b Relative to average measured value in non-(100) areas of 180V standard film without thermal treatment. Values in parentheses are for 
(100) substrate orientation. 

e s sen t i a l ly  no  a t t a c k  of  t he  c rys ta l l ine  ox ide  (18). Fo r  t h e  
180V a n o d i c  oxides ,  m o s t  of  t h e  a m o r p h o u s  ox ide  h a s  
b e e n  r e m o v e d  a f te r  a 2 ra in  s t r i p p i n g  t i m e  in t he  bo i l ing  
solut ion.  The  ave rage  t h i c k n e s s  of t he  r e m a i n i n g  film 
can  b e  d e t e r m i n e d  w i th  t he  e l ec t ron  p r o b e  m e a s u r e m e n t  
of  t he  o x y g e n  in tens i ty .  Tab le  II  g ives  t h e  w e i g h t  f rac t ion  
of t h e  or ig ina l  a n o d i c  ox ide  t h i c k n e s s  r e m a i n i n g  as a 
f u n c t i o n  of  s t r i p p i n g  t i m e  for  t h r e e  of  t h e  s p e c i m e n s  f rom 
Tab le  I. The  o t h e r  s p e c i m e n s  fol low a s imi la r  t r end ,  a n d  it  
m a y  be  c o n c l u d e d  t h a t  a dec rease  in  t h e  a n o d i z a t i o n  cur- 
r e n t  dens i ty  p r o d u c e s  an  inc rease  in  t he  w e i g h t  f rac t ion  
of  c rys ta l l ine  ox ide  in the  r e s u l t i n g  a n o d i c  ox ide  film. 

F igu re  2 s h o w s  an  area  of  t he  i so la t ed  ox ide  f rom speci-  
m e n  I-6 g r o w n  on  a (110) s u b s t r a t e  o r ien ta t ion .  Crys ta l l ine  
ox ide  g r o w t h  d e c r e a s e s  m a r k e d l y  w i th  d e c r e a s i n g  anodi -  

za t ion  vo l t age  a n d  th i s  60V die lec t r ic  s h o w s  a m u c h  lower  
degree  of  c rys ta l l in i ty  t h a n  t h e  180V oxides.  T h e  s t ruc-  
t u r e  cons i s t s  of  re la t ive ly  large  a m o r p h o u s  p a t c h e s  (dark  
gray) a n d  b r i g h t e r  c lus te r s  of  c rys ta l s  a n d  voids.  The  
pa r t ly  c rys ta l l ine  areas of t h e  anod ic  ox ide  p e r m i t  a 
g rea te r  field s t r e n g t h  d u r i n g  an o d i za t i o n  a n d  are  there-  
fore t h i n n e r  a n d  a p p e a r  b r i g h t e r  in  t h e  image .  T h e  smal l  
fuzzy b l a c k  s t r u c t u r e s  are t h e  r e su l t  of  se lec t ive  diffrac- 
t ion  of t h e  t r a n s m i t t e d  e l ec t ron  b e a m  by  specif ic  crystal-  
lites. As  t h e  p l a n e  of  t h e  s p e c i m e n  is t i l t ed  s l ight ly,  differ- 
en t  c rys ta l l i tes  wil l  show th i s  d i f f rac t ion  c o n t r a s t  effect,  
w h i c h  is also v i s ib le  in  Fig. 1. 

An  e l ec t ron  d i f f rac t ion  p a t t e r n  of  s p e c i m e n  I-6 is s h o w n  
in  Fig. 3. T h e  ox ide  area  se lec ted  for t h e  d i f f rac t ion  pat-  
t e r n  g r ew  on  a (111) g ra in  of  t h e  a l u m i n u m  foil; t h e  six 

Fig. 1. Transm ission electron micrographs of isolated 180V oxide grown on (100) substrate (top) and non-(100) substrate (bottom). A: Specimen I-1 ; 
current density = 3 mA/cm 2. B: Specimen I-3; current density = 0.6 mA/cm ~. Marker length is 500 nm. 
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Table II. Weight fraction of anodic oxide remaining after 
immersion in boiling solution of S% H3PO4 and 2% CrO3 

Anodization 30s 60s 120s 
Sample current immersion immersion immersion 

no. density (%) (%) (%) 

L1 3.0 57 39 25 
I-3 0.6 59 45 43 
I-4 0.1 68 66 65 

s t rong  arcs at  t he  220 pos i t ions  are  i nd i ca t i ve  of  a pro- 
n o u n c e d  (111) p r e f e r r ed  or ien ta t ion .  Di f f rac t ion  p a t t e r n s  
for ox ide  g r o w n  on  a (110) s u b s t r a t e  s h o w  a (110) 
p re fe r r ed  o r ien ta t ion ,  whi le  t h e  d i f f r ac t ion  p a t t e r n s  for 
ox ide  g r o w n  on a (100) s u b s t r a t e  are  w e a k  a n d  fair ly 
r andom.  

T he  c rys ta l  s t r u c t u r e  of  t h e  anod ica l ly  g r o w n  crystal-  
l ine  ox ide  is a less o rde r ed  fo rm of  t he  t h e r m a l l y  g r o w n  
~-A1203 a n d  ha s  b e e n  d e s i g n a t e d  as ~'-A1203 in t h e  l i tera- 
tu re  (17, 19, 20). B o t h  s t r u c t u r e s  h a v e  a c lose -packed  oxy- 
gen  lat t ice;  t he  d i f f e rences  lie in  t he  g rea te r  or l e sse r  
degree  of  o rde r  in  t he  pos i t ions  of  t h e  a l u m i n u m  atoms.  
All d i f f ract ion p a t t e r n s  e x a m i n e d  c o r r e s p o n d e d  to the  ~'- 
A1203 s t ruc tu re ;  no  e v i d e n c e  was  s een  of  t he  add i t i ona l  dif- 
f rac t ion  l ines  p r e s e n t  in  t he  m o r e  h i g h l y  o r d e r e d  ~-A1203. 

Microstructure of thermal oxide films.--During t h e  
sho r t  t h e r m a l  t r e a t m e n t  at  600~ t iny  crys ta l l i tes  of  
~-A1203 are  f o r m e d  a n d  g row in to  t h e  a l u m i n u m  metal .  We 
be l ieve  t h a t  t h e s e  t h e r m a l  ox ide  crys ta l l i tes  are the  nucle-  
a t ion  si tes for t he  anod ic  ox ide  c rys ta l  c lus te r s  seen  in 
Fig. 1 a n d  Fig. 2, a n d  h a v e  t he r e fo re  s t u d i e d  t h e m  in some  
detail .  M i c r o g r a p h s  of  t he  i so la ted  t h e r m a l  ox ide  f o r m e d  
d u r i n g  ox ida t i on  t i m e s  of  1 a n d  3 m i n  at  600~ are s h o w n  
in Fig. 4. The  c o n t i n u o u s  fi lm cons i s t s  of  t he  ox ide  origi- 
nal ly  p r e s e n t  o n  t h e  e l ec t ropo l i shed  foil p lus  t h e  
a m o r p h o u s  ox ide  f o r m e d  d u r i n g  hea t ing .  The  overal l  

Fig. 3. Selected area transmission electron diffraction pattern of isola- 
ted 60V oxide grown on (111) substrate orientation. 

" o r a n g e  peel"  s t r u c t u r e  is re la ted  to t h e  t o p o g r a p h y  of t h e  
e l ec t ropo l i shed  foil, r a t h e r  t h a n  to d i f f e rences  in  ox ide  
t h i c k n e s s  (21). T h e  s p e c i m e n s  we re  t i l ted  s l ight ly  to 
m a x i m i z e  t o p o g r a p h y  a n d  t h i c k n e s s  cont ras t .  In  Fig. 4, a 
few of  t h e  we l l -deve loped  t h e r m a l  ox ide  crys ta l l i tes  are  
i n d i c a t e d  b y  a r rows ;  t h e y  are  typ ica l ly  10 n m  wide  af te r  1 
m i n  at  600~ a n d  40 n m  wide  a f te r  3 m i n  at  600~ The  
smal l  spo t s  (circles) m a y  b e  e i t h e r  c rys ta l l i tes  a t  a n  ear ly  

Fig. 2. TEM of isolated 60V oxide from specimen I-6. The area pic- 
tured grew on the (110)  substrate orientation and shows large 
amorphous patches (dark gray) and brighter clusters of crystals and 
voids. Fuzzy black spots correspond to diffracting crystallites. Marker 
length is 200 nm. 

Fig. 4. TEM of isolated thermal oxide formed during heating at 600~ 
for 1 (A) and 3 min (B). Marker length is 100 nm. Note that B is at lower 
magnification than A. 
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s tage  of  g r o w t h  or flaws in  t he  t h e r m a l  oxide.  Very  few 
of  t h e s e  sma l l  s t r u c t u r e s  we re  o b s e r v e d  on  foils w i t h o u t  
t h e r m a l  t r e a t m e n t .  T r a n s m i s s i o n  e l ec t ron  d i f f rac t ion  pat-  
t e rn s  of s p e c i m e n s  s imi la r  to t h a t  s h o w n  in Fig. 4B typi-  
cally c o n s i s t e d  of  s h a r p  spo t s  w h i c h  cou ld  b e  i n d e x e d  to 
c o r r e s p o n d  to t he  (110), ( i l l ) ,  a n d  (311) p l anes  of ~-A120~. 

T h e s e  r e su l t s  are  in  gene r a l  a g r e e m e n t  w i th  s tud ies  of 
c rys ta l l ine  t h e r m a l  ox ide  g r o w t h  r e p o r t e d  in  t h e  l i tera-  
ture .  P r e v i o u s  w o r k  ha s  b e e n  l i m i t e d  to  v e r y  low o x y g e n  
par t ia l  p r e s s u r e s  (22-24), or to re la t ive ly  t h i c k  ox ide  f i lms 
(21, 25-28). However ,  t he  m o r p h o l o g i e s  o b s e r v e d  for t he  
ear ly  s tages  of  t h e  ve ry  r ap id  n o n e q u i l i b r i u m  g r o w t h  in 
t h e  p r e s e n t  s t u d y  were  no t  m a r k e d l y  d i f f e ren t  f rom t h o s e  
o b s e r v e d  for  t he  v e r y  s low g r o w t h  at  low o x y g e n  par t ia l  
p r e s s u r e  w i t h i n  a n  e l ec t ron  m i c r o s c o p e  (22, 23). 

Anodization of elecropolished foil.--Specimens of 
e l e c t r o p o l i s h e d  Alcoa  foil w i t h o u t  t h e r m a l  t r e a t m e n t  
were  a n o d i z e d  a t  d i f f e ren t  va lues  of  t h e  anod iza t i on  cur- 
r e n t  dens i ty :  The  e x p e r i m e n t a l  m e a s u r e m e n t s  on  t h e s e  
a n o d i c  ox ides  are  g iven  in Tab le  III. T he  capac i t ance  of  
t he  d ie lec t r ic  fi lms also i n c r e a s e d  w i th  d e c r e a s i n g  
a n o d i z a t i o n  c u r r e n t  dens i ty ,  a l t h o u g h  t he  capac i t ance  
va lues  we re  n o t  as h i g h  as t hose  of  c o r r e s p o n d i n g  ther -  
ma l ly  t r e a t e d  s p e c i m e n s .  F u r t h e r m o r e ,  t he  anod iza t i on  
charge ,  t h e  p h o s p h o r u s  c o n c e n t r a t i o n ,  a n d  t h e  ox ide  
t h i c k n e s s  aga in  d e c r e a s e d  w i th  d e c r e a s i n g  c u r r e n t  den-  
sity. The  t r a n s m i s s i o n  e l ec t ron  m i c r o g r a p h s  of t h e s e  
s p e c i m e n s  s h o w  a n  i n c r e a s i n g  n u m b e r  of ~,'-A120~ crystal-  
l i tes in  t he  a n o d i c  ox ide  as t he  a n o d i z a t i o n  c u r r e n t  den-  
s i ty  is dec reased .  T h e  p r i n c i p a l  d i f f e rences  b e t w e e n  t he  
m i c r o g r a p h s  of t h e s e  s p e c i m e n s  a n d  t h e  c o r r e s p o n d i n g  
t h e r m a l l y  t r e a t e d  s p e c i m e n s  a n o d i z e d  at  t he  s a m e  c u r r e n t  
d e n s i t y  a p p e a r  to be  r e l a t ed  to t he  n u m b e r  of  n u c l e a t i o n  
si tes for  c rys ta l l ine  anod ic  ox ide  fo rmat ion .  Fo r  
anod i za t i ons  at  re la t ive ly  h i g h  c u r r e n t  dens i ty ,  t h e  a n o d i c  
ox ides  g r o w n  on  t h e r m a l l y  t r ea t ed  foils t e n d  to b e  more  
u n i f o r m  wi th  m o r e  ful ly d e v e l o p e d  c rys ta l  c lus ters ,  wh i l e  
t he  u n t r e a t e d  s p e c i m e n s  con ta in  re la t ive ly  large  pa t ches  
of  a m o r p h o u s  oxide.  

E l e c t r o n  d i f f rac t ion  p a t t e r n s  of t h e  anod ic  ox ide  
f o r m e d  on  e l e c t r o p o l i s h e d  foil w i t h o u t  t h e r m a l  t r e a t m e n t  
also s h o w  a p r e f e r r e d  o r i en t a t i on  re l a t ed  to the  crystal lo-  
g raph ic  o r i e n t a t i o n  of t he  a l u m i n u m  subs t ra te .  However ,  

t he  p a t t e r n s  are  m u c h  w e a k e r  t h a n  for  t h e r m a l l y  t r e a t ed  
foils a n d  l i t t le  c rys ta l l in i ty  is o b s e r v e d  for (100) s u b s t r a t e  
areas  on  t he  u n t r e a t e d  Alcoa  foils. 

Effect of substrate orientation and anodization 
temperature.--For t h e  Alcoa  foils u s e d  in th i s  inves t iga -  
t ion,  t he  (100) g ra ins  c o m p r i s e d  on ly  a p p r o x i m a t e l y  5% of  
t he  to ta l  su r face  area.  We o b s e r v e d  t h a t  t he  d i f f e rence  in  
thickness and microstructure between the anodic oxide 
grown on (i00) and non-(100) substrate areas was most 
pronounced near the grain boundaries of relatively small 
(I00) grains which were totally surrounded by non-(100) 
grains. This led us to the investigation of anodic oxides 
grown on high cubicity Showa foil for which approxi- 
mately 85% of the grains were of the (I00) orientation and 
non-(100) grains were in the minority. 

The first four entries in Table IV give data for anodic 
oxides grown under identical conditions on Alcoa and 
Showa foils with and without a thermal treatment. A 
comparison of specimens IV-I and IV-2 is of particular in- 
terest because it indicates that the substrate orientation 
effect of a particular grain may be modified considerably 
by the orientation of the surrounding grains. The anodic 
oxide grown on (I00) substrate areas is thicker than the 
anodic oxide grown on non-(100) substrate areas for both 
foils, but the corresponding measured oxygen intensity 
values are very different. For each foil, the thickness of 
the anodic oxide grown on the majority of the grains ap- 
proaches an average value, while the substrate effect for 
oxide grown on the differently oriented grains is en- 
hanced. Thus, the "thick" (i00) substrate anodic oxide is 
thicker and less crystalline on theAlcoa foil, where it con- 
stitutes only 5% of the area, while the "thin" non-(100) 
substrate anodic oxide is thinner and more crystalline for 
the Showa foil, where it constitutes only 15% of the area. 
As a result of these compensating effects, the capacitance 
measured for the Showa foil is only slightly lower than 
that for the Alcoa foil. 

Specimens IV-3 and IV-4 are Alcoa and Showa foils 
without heat-treatment anodized under identical condi- 
tions. In this case, the relative oxygen intensities mea- 
sured for the (I00) substrate areas are the same for both 
foils because very little crystallization occurs during 
anodization on this substrate orientation unless the foil 

Table Ill. Effect of anodization current density on anodic oxide 
(electropolished Alcoa foil anodized at 85~ 

Sample Minutes Anodization Current density Charge Capacitance Relative Relative 
no. at 600~ voltage (V) (mA/cm 2) (C/cm 2) (10 -2/~F/cm 2) oxygen phosphorus 

III-1 0 180 3.0 0.443 3.09 1.000 1.000 
(1.020) (1.022) 

III-2 0 180 1.2 0.438 3.17 0.981 0.928 
(1.027) (0.976) 

III-3 0 180 0.6 0.407 3.26 0.922 0.833 
(1.007) (0.935) 

III-4 0 180 0.1 0.350 3.47 0.775 0.632 
(0.914) (0.787) 

III-5 0 60 3.0 0.157 8.47 0.334 0.318 
IIL6 0 60 0.02 0.147 9.77 0.315 0.254 

Table IV. Effects of substrate orientation and anodization temperature 
(180V anodization; current density = 0.6 mA/cm 2) 

Electrolyte 
Sample Minutes temperature Charge Capacitance Relative 

no. Foil at 600~ CC) (C/cm ~) (10-2 ~F/cm 2) oxygen 
Relative 

phosphorus 

IV-1 Alcoa 2 85 0.318 3.68 0.763 0.666 
(0.874) (0.792) 

IV-2 Showa 2 85 0.370 3.51 0.722 0.600 
(0.787) (0.701) 

IV-3 Alcoa 0 85 0.407 3.26 0~922 0.833 
(1.007) (0.935) 

IV-4 Showa 0 85 0.428 3.07 0.867 0.782 
(1.014) (0.917) 

IV-5 Alcoa 2 30 0.436 3.28 0.788 0.566 
(0.883) (0.640) 



1572 J. Electrochem. Soc.: ELECTROCHEMICAL SCIENCE AND TECHNOLOGY July 1985 

has been thermally treated, The anodic oxide grown on 
non-(100) substrate areas is thinner and more crystalline 
on the Showa foil, where it constitutes only 15% of the 
surface area. 

The typical microstructure of the isolated fSOV anodic 
oxide grown on thermally treated Showa foil is shown in 
Fig. 5. The area in the micrograph corresponds to the 
grain boundary region between two (100) grains of the 
sabstrate; it is at the same magnification as Fig. 1B, 
which shows the oxide grown near a (100)/non-(100) grain 
boundary on the corresponding Alcoa foil. The anodic ox- 
ide that grew over the grain boundary in Fig. 5 is highly 
crystalline. The rest of the microstructure is characteristic 
of the (100) substrate orientation and consists of crystal 
clusters separated by amorphous patches. The (100) crys- 
tal clusters are more fully developed in this specimen 
than in the corresponding Alcoa foil. 

Crystalline anodic oxide grown during anodization in 
the ADP electrolyte near room temperature has a differ- 
ent microstructure. The crystals appear to grow primarily 
by enlargement of the original thermal oxide nuclei 
rather than by the clusterlike growth observed for 85~ 
anodizations. A comparison of the microstructures of the 
isolated anodic oxides from non-(100) substrate areas of 
thermally treated Alcoa foils anodized at 85~ and 30~ is 
given in Fig. 6. Without the thermal treatment, only a few 
isolated small crystals could be seen in the anodic oxide 
grown at 30~ 

Current efficiency.--The current efficiency is rela- 
tively independent  of the anodization current density for 
85~ formations in the ADP electrolyte. In Fig. 7, the total 
anodization charge has been plotted against the measured 
relative oxygen intensity for the data in the three tables. 
A weighted average between the (100) and non-(100) sub- 
strate measurements has been used for the oxygen inten- 
sity to take into account the very different substrate ori- 
entations of the Alcoa and Showa foils. With the excep- 
tion of the two labe]ed data points, the measurements fall 
in a pattern close to a straight line. The anodization 
charge values for thermally treated specimens tend to fall 
slightly below the measurements for untreated speci- 
mens. This is as expected, since some amorphous and 

Fig. 6. TEM of isolated 180V anodic oxide grown on non-(100) sub- 
strate areas of Alcoa foil. A: 85~ anodization, specimen IV-1. B: 30~ 
anodization, specimen IV-5. Marker length is 200 nm. 

Fig. 5. TEM of isolated 180V anodic oxide grown on (100) substrate 
area of Showo foil (specimen IV-2). The more crystalline strip across the 
center corresponds to a substrate grain boundary. Marker length is 500 
n m ,  

crystalline oxide forms during the thermal treatment 
without passage of current. 

Data points A and B deviate further from the linear re- 
lationship than would be expected from measurement  er- 
ror and data spread. Point A corresponds to the 30~ 
anodization on thermally treated Alcoa foil (specimen 
IV-5). The apparent current efficiency under those condi- 
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tions is only 80% of the average for the other specimens. 
This value is in good agreement with the relative current 
efficiencies reported by Randall and Bernard (29) for 
anodization at 25 ~ and 90~ in 0.01M NaH2PO4 with a cur- 
rent density of 1 mA/cm 2. Data point B corresponds to the 
85~ anodization on thermally treated Showa foil (speci- 
men IV-2). The apparent current efficiency for this pre- 
dominantly (100)-oriented foil is 92% of the average for 
the other specimens. 

Effect o f  surface films on the growth of  crystalline 
anodic oxide.--Electropolished foil dried at room temper- 
ature is covered by an amorphous oxide on the order of 2 
nm thick. The specimen preparation techniques used in a 
number of the investigations reported in the literature re- 
sult in a somewhat  different amorphous surface film of 
aluminum oxide that may modify or inhibit crystal 
growth within the anodic oxide. For example, Alwitt and 
Takei (15) chemically polished their specimens in HNO3 + 
H3PO4 followed by cleaning in NaOH and water. They re- 
ported that anodization of these specimens in a citrate 
electrolyte produced an amorphous anodic oxide film 
unless the specimens were thermally treated prior to 
anodization. We have observed that this "bright dip" 
specimen preparation resulted in the growth of 
amorphous anodic oxide in citrate and phosphate electro- 
lytes, while electropolished specimens anodized under 
the same conditions were highly crystalline. 

The effect of surface films is of interest because the 
etched capacitor foil surface is typically covered by an 
amorphous oxide film (30, 31). For this reason, crystalline 
anodic oxide may not grow on etched foil during anodiza- 
tion at 85~ unless the surface film has been modified or 
removed by special cleaning steps and/or thermal treat- 
ment  (32). The surface films may also effect the growth 
rate of the crystalline thermal oxide. 

To simulate the surface condition of etched foil, we 
have generated a thin surface film on electropolished foil 
by an electrochemical method. The electrolyte consisted 
of 0.15M HNOa + 0.011M H3PO4 + 400 ppm H2SO4 and was 
derived from an AC etch solution (33) by omitting the HC1 
and A1C13, so that pits would not be etched into the 
electropolished foil. To create the simulated "AC etch 
film" in this electrolyte, the potential of the aluminum 
foil was switched at 20 Hz between -0.45 and -2.25V vs. a 
saturated calomel electrode. 

A micrograph of an amorphous, nearly featureless 180V 
anodic oxide grown on electropolished Alcoa foil with the 
simulated "etch film" is shown in Fig. 8A. When the sub- 
strate containing the etch film was heated at 600~ for 5 
min prior to anodization, the microstructure of the anodic 
oxide changed to that shown in Fig. 8B. The surface film 
inhibited the growth of crystalline thermal oxide, and a 
somewhat longer heating time was required to generate 
the crystalline thermal oxide under the amorphous film. 
This is indicated in Fig. 9, which shows the isolated 
thermal oxide formed in 5 min at 600~ on electro- 
polished foil with and without the simulated etch film. 
The micrograph of Fig. 9A is focused on the fine struc- 
ture of the residual etch film; the darker irregular shapes 
are the thermal oxide crystals which are growing into the 
a luminum metal. The ~/-A1203 crystals in Fig. 9B have 
grown laterally to cover most of the a luminum surface. 

Discussion 
The relative phosphorus intensities listed in the tables 

are proportional to the phosphorus present in the total 
thickness of the aluminum oxide. Our measurements in- 
dicate a trend that the more crystalline films contain less 
phosphorus, but it is unlikely that the phosphorus con- 
centration is uniform throughout the film. For anodic ox- 
ide films that were largely amorphous, Randall and 
Bernard (29) have determined with radiotracer techniques 
that the inner third of the oxide film is free of phospho- 
rus. A similar result has been obtained by Thompson et 
al. (34) by direct STEM/EDS analysis of an oxide section 
prepared by ultramicrotomy. Phosphorus distributions in 
partly crystalline films may be more complex than in 

Fig. 8. TEM of isolated 180V anodic oxides grown on non-(100) sub- 
strate areas of electropolished Alcoa foil covered by simulated "etch 
film." A: 85~ anodization at 1 mA/cm 2. B: 5 min at 600~ § 85~ 
anodization at ! mA/cm 2. Marker length is 200 nm. 

amorphous films, since the ~/'-Al~O3 crystallites are non- 
uniformly distributed within the anodic oxide film both 
laterally and in depth. 

The crystalline anodic oxide films have a lower weight 
per unit area than amorphous oxide films anodized at the 
same voltage in the ADP electrolyte. The presence of 
crystalline anodic oxide permits a greater field strength 
(6); therefore, less oxide is required to sustain the 
anodization voltage at a specific current. The decrease in 
oxide thickness with increasing crystallinity qualitatively 
explains the increase in capacitance measured for the 
more crystalline oxide films anodized at low current den- 
sity. For the more nonuniform films, the thickness of the 
dielectric also varies considerably from one point to an- 
other on a submicron scale. 

To maximize the crystallinity of the anodic oxide 
grown in the ADP electrolyte, both the crystal nucleation 
and the crystal growth conditions need to be optimized. 
Thermal oxide crystallites formed during heating for a 
short t ime at 600~ provide effective growth sites for the 
crystalline anodic oxide. The substrate-related preferred 
orientation of the growing ~'-A1203 anodic oxide crystal- 
lites is established by the thermally formed ~-Al~O3 plate- 
lets that have grown epitaxially on the aluminum sub- 
strate during thermal treatment. 

Initiation of crystalline oxide growth will also occur on 
electropolished foil in the ADP electrolyte. The number  
of crystalline sites increases markedly with electrolyte 
temperature and is influenced by the crystallographic 
orientation of the aluminum substrate. On any specimen, 
the (100) grains have a considerably lower number  of 
crystalline sites than all other substrate orientations. 
Amorphous films deposited on the electropolished alu- 
minum appear to interfere with the initiation of crystal- 
line growth sites. 

Growth of the individual sites is optimized by high elec- 
trolyte temperature, low current density, and high 
anodization voltage. A low current density primarily de- 
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Fig. 9. TEM of isolated thermal oxide grown on non-(100) substrate 
areas of Alcoa foil during heating for 5 min at 600~ A: Electropolished 
foil with simulated "etch film., Arrow indicates a thermal oxide crystal- 
lite. B: Electropolished foil. Marker length is 100 nm. 

creases the rate of oxide growth and increases the time re- 
quired for the total anodization; this, apparently, favors 
crystalline oxide growth. The exact growth process is not 
known; the crystalline oxide may grow by conversion of 
amorphous oxide, by direct crystal growth, or by a combi- 
nation of the two. 

The crystal clusters described in the preceding text dif- 
fer from the flaws containing T'A1203 reported by 
Shimizu and others (18, 35, 36). The flaws are typically 
seen in largely amorphous anodic oxide films formed in 
25~ aqueous borate electrolytes with current densities 
greater than 1 mA]cm 2 and formation voltages greater 
than 200V. They occur in greater number  on as-received 
and chemically cleaned foil than on electropolished foil. 
The crystal clusters are smaller and can be seen at much 
lower anodization voltages than can the flaws reported 
by Shimizu et al. The crystal clusters are much more nu- 
merous o n  electropolished foil than on chemically 
cleaned foil and are most prevalent in anodic oxide films 
formed at high anodization temperatures and low current 
densities in the ADP electrolyte. 
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ABSTRACT 

A theoretical analysis of PFER reactor response to sinusoidal perturbations in inlet electrolyte concentration, elec- 
trolyte temperature, and electric current is presented, on the basis of transfer functions. The existence of resonance, 
typical of systems under  distributed forcing, is also shown. 

The study of the dynamics of a PFER (plug-flow elec- 
trochemical reactor) has so far received very little atten- 
tion in the electrochemical literature, [e.g., Ref. (1, 2)] al- 
though its steady-state design and performance have 
been thoroughly discussed (3, 4). The knowledge of dy- 
namic behavior is important not only for a proper under- 
standing of reactor transients (i.e., transition from one 
steady state to another), but  also for the design of control 
against deleterious effects of process perturbations (e.g., 
in current or potential drop, inlet electrolyte flow rate, 
temperature, and concentration). An important aspect of 
PFER dynamics and, indeed, of any electrochemical reac- 
tor is its response to sinusoida ! perturbations in process 
variables, called the frequency response. In  systems such 
as the CSTER, where process variables, e.g., electrolyte 
concentration and temperature, are not space dePendent, 
the classical transfer-function approach is a convenient 
means of studying frequency response in terms of rela- 
tively uncomplicated algebraic functions. In  distributed- 
parameter systems such as the PFER, where process vari- 
ables are time and space dependent,  the transfer-function 
approach is less straightforward, but it remains an invit- 
ing method to analyze the resonance phenomenon,  char- 
acteristic of such systems (5); Resonance occurs when a 
perturbation is suddenly imposed along the characteristic 
space coordinate, acting essentially as a spatial amplifier 
for system response; as a result, the response variables 
will oscillate with distinctly larger or lower amplitudes at 
certain frequencies (resonance frequencies) than at neigh- 
boring frequencies. The existence of resonance has been 
amply documented in process equipment,  e.g., in heat ex: 
changers (5, 6). 

The subject of this paPe r is the extension of the theory 
of f requency response and resonance phenomena to a 
PFER by means of the transfer-function approach ap- 
plied to both isothermal and nonisothermal operations, 
but in the absence of any dispersion effect. It illustrates a 
further application of well-established principles of chem- 
ical process dynamics to electrochemical engineering, 
with results connected directly to the rational design of 
electrochemical process control  

The genera l  prob lem o f  t rans fer - func t ion  represen ta t ion  
o f  the i so thermal  p lug- f low r e a c t o r . - - T h e  geometry, elec- 
trode arrangement, and limitations pertaining to the 
PFER model have been previously discussed [e.g., Ref. 
(1-3)] in detail. The substance balance 

3c 3c 
- v - -  k l i  [1] 

ot oz 
with auxiliary conditions t = O, c = c*(z), i = i*(z) and z = 
0, c = c*(O), and i = i*(O) defines the concentration distri- 
bution of the electrolyte in time and distance in the reac- 
tor. In  terms of perturbation variables 

c(t,z) - c*(z) =- y,(t,z) 
and 

i(t,z) - i*(z) =- x(t,z) 

Eq. [1] may be replaced by its isomorphic equivalent 

Oyl Oyl 
- v - k l x  [2] 

Ot OZ 

*Electrochemical Society Active Member. 

with auxiliary conditions t = 0, y = 0, x = O and z = 0, y~ 
y~~ x = O. Using the Laplace transforms of Yl and x 

with kernel exp ( -s t ) ,  Eq. [2] is transformed into the ordi- 
nary differential equation 

S = _ d Y d s  z) + __ Yds,z)  kl X(s,z) [3] 
dz v v 

Let X(s,z) represent the product of two mutually inde- 
pendent  functions of each independent  variable; i.e., 
X(s,z) = f(s)g(z). Let F(s,z) be a bounded function defined 
as F(s,z) --- ] g(z) exp ( z /v  s)dz. Then, using appropriate 
theorems of Laplace transform theory [e.g., Ref. (7)], the 
expression 

Yl(S,Z) = Yo(s) exp ( -  --svZ ) 

( z )  
- kzf(s----2-) [F(s,z) - F(s,o)] exp - v s [4] 

V 

is obtained; Yo(s) is the Laplace transform of y~~ 
Hence, a transfer-function formulation is formally possi- 
ble 

Y(s,z) Yo(s) ( z ) 
Gc ( s , z ) -  X(s,z~ - X(s,z~ exp - v S  

kl f(s)[F(s,z) - F(s,o)] ( z ) 
- T Z(s,z) exp - v s [5] 

although it is not unique in the sense that to any arbi- 
trary space element zl along the coordinate z a transfer 
function G(s,zl) can be assigned; for practical purposes 
only, the exit position z = L is of importance, where 

Y(s,L) Yo(s) 
Gr . . . .  exp ( -Tds)  

X(s,z) X(s,z) 

kl f(s)[F(s,L) - r(s,o)] 
- - -  exp (-Tds)  [6] 

v X(s,z) 

and T~ is the transportation lag (or transportation time de- 
lay), i.e., the time required for a flow element to traverse 
the entire reactor of length L with constant plug-flow ve- 
locity v. The following special cases lead to simplified 
forms of Eq. [6]. 

1. No change in the inlet concentration occurs: y~~ = 
0. Since Yo(s) = 0, the first term in Eq. [6] vanishes and 

kl f(s)[F(s,o) - F(s,L)] 
Gc(s,L) = exp (-Tas)  [7] 

v X(s,z) 
2. No change in the inlet concentration occurs. In  addi- 

tion, x(t,z) = z"f(t), n being an integer. Since X(x,z)  = z"f(s) 

k1 F(s,o) - F(s,L) 
Gc(s,L) = 

V Z n 

where 

F(s ,z )  = y~ ( - 1 )  r 
/ s \ r+l 

(n  - r ) . - - )  
X W  

exp ( -  Tds) [8] 

exp ( z  s ) + ( - 1 )  n ~  
n! (s)'+' ex0(Zs) 
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3. No c h a n g e  in  t he  in le t  c o n c e n t r a t i o n  occurs.  In  addi-  
t ion,  x(t,z) = f ( t )  (not  a f u n c t i o n  of z). Th i s  is a prac t ica l ly  
i m p o r t a n t  case, r e p r e s e n t i n g ,  e.g.,  pulse ,  s tep,  a n d  peri-  
odic  p e r t u r b a t i o n s  of t he  c u r r e n t  in  t ime.  T he  t r ans fe r  
f u n c t i o n  a s s u m e s  t he  re la t ive ly  s i m p l e  f o r m  

Table I. The first five resonance maxima 
of the magnitude function of e PFER 

Position of Locally maximum (b~(m), 
the maximum, fi value of ~r degree 

exp  ( -  Tds) - 1 
G~(s,L) = k,  [9] 

S 

E q u a t i o n  [9] is t h e  s t a r t ing  p o i n t  for  t h e  ana lys i s  of  fre- 
q u e n c y  r e sponse .  

T h e  f r e q u e n c y  r e s p o n s e  o f  a n  i s o t h e r m a l  P F E R :  reso-  
n a n c e  e f f e c t . - - I n  t h e  case  of  p u r e l y  osc i l la tory  pe r tu rba -  
t ions  e x p r e s s i b l e  in  t e r m s  of a s ine  or cos ine  f u n c t i o n  of  
t he  ang le  (oJt), a n d  in v i ew  of  t he  c lass ical  Eu le r -deMoiv re  
r e l a t i onsh ip  exp  (+-ju) = cos u + j s in  u, Eq. [9] m a y  be  
r e p r e s e n t e d  by  a n  a m p l i t u d e  f u n c t i o n  

~/1 - cos T~o) 
Mc(jo~,To) = ~/2  k~ [.10a] 

o} 

a n d  b y  a p h a s e - a n g l e  (or phase-sh i f t )  f u n c t i o n  

1 - cos TdoJ 
q~(jo),Td) = - a r c t a n  [10b] 

s in  TdoJ 

M(j~o,TD is also k n o w n  as the  ga in  a m p l i t u d e  of  t he  sys- 
tem.  I f  t h e  pe r iod ic  c u r r e n t  p e r t u r b a t i o n  is e x p r e s s e d  as 
x( t , z )  = x ~ sin o~t, t he  r e s p o n s e  of  t he  ex i t  e lec t ro ly te  con-  
c e n t r a t i o n  is g iven  at  suff ic ient ly  large  t i m e s  b y  

y( t , z )  =M~(joJ,Td)x  ~ s in  [on + 4)~(joJ,Td)] [11] 

i nd i ca t i ng  a f r e q u e n c y - d e p e n d e n t  p e r t u r b a t i o n  a m p l i t u d e  
and  p h a s e  sh i f t  in  t he  osci l la tory c o n c e n t r a t i o n ,  wi th  ref- 
e r ence  to c u r r e n t  pe r tu rba t ion .  I n t r o d u c i n g  fi -= TdoJ, Eq. 
[10a] a n d  [10b] c an  be  r e w r i t t e n  as  

M~(j~,Td) ~/1 - cos  
~ ( B )  - [12a] 

~/2k, Td B 

a n d  

0 1/~/2 = 0.7071 ~ 0 
2.861r 0.1536 -77.43 
4.90qr 0.09074 -81.18 
6,94r 0.06458 -84.81 
8.94~r 0.05014 -85.00 

Obtained by the series expansion of the function ~/(1 - cos fl)lB~ 
and taking the limit as ~ --~ 0. 

F r e q u e n c y  r e s p o n s e  a n d  r e s o n a n c e  e f f ec t  i n  t he  n o n i s o -  
t h e r m a l  P F E R . - - T h e  n o n i s o t h e r m a l  P F E R  is de sc r ibed  
by  t he  s u b s t a n c e  b a l a n c e  Eq. [1] a n d  b y  t he  t h e r m a l  bal- 
ance  (1, 2) 

OT OT 
- v - k ~ ( T -  T a )  + k ~ i  ~ - k ~ i  [14] 

fit flz 

w i t h  auxi l ia ry  c o n d i t i o n s  t = 0, c = c*(z), T = T*(z), i 
i*(z) a n d  z = 0, c = c*(0), T = T*(0), i = i*(0). The  p e r t u r b a -  
t ion  va r i ab les  are  def ined  as y,( t , z )  =- c(t,z) - c*(z), y2(t,z) 
T(t ,z)  - T*(z), a n d  x( t , z )  -~ i(t ,z) - i*(z). As in t he  p rev ious  
sect ion,  i t  is a s s u m e d  t h a t  t he re  is no  c h a n g e  in in le t  con- 
di t ions.  I f  p e r t u r b a t i o n s  in  cu r r en t  are suff ic ient ly  small ,  
t h e  l inear  a p p r o x i m a t i o n  

i2(t,z) - [i*(t,z)] 2 ~- 2 i*(z)x( t , z )  

m a y  be  e m p l o y e d  to l inear ize  Eq. [14], w h i c h  can  b e  re- 
wr i t t en  as 

Oy2 Oy2 
- -  + k2y + v = f ( z ) x ( t , z )  - k4x(t ,z)  [15] 

Ot Oz 

w h e r e  f (z):  =- 2k~i*(z). I n  o rde r  to o b t a i n  t r a n s f e r - f u n c t i o n  
r e p r e s e n t a t i o n s ,  t he  c u r r e n t  p e r t u r b a t i o n  m u s t  be  once  
again  space  i n d e p e n d e n t ,  i.e., X (s , z )  = X(s) .  The  fol lowing 
cases  can  b e  d i s t i ngu i shed .  

1. i*(z) = const .  The  t r a n s f e r  f u n c t i o n  is 

1 - c o s  fl 
(bc(fl) = - a r c t an  [12b] 

s in B 

E q u a t i o n s  [12a] a n d  [12b] i nd i ca t e  t he  osc i l la tory  n a t u r e  
of t he  t r a n s f e r  f u n c t i o n  pa s t  a m o n o t o n i c  d o m a i n  of  fl: if  
p e r t u r b a t i o n  in  c u r r e n t  occurs  at  f r e q u e n c i e s  i nc rea s ing  0 . 8 0 -  
w i t h i n  th i s  doma in ,  t he  exi t  e lec t ro ly te  c o n c e n t r a t i o n  wil l  
osci l late  w i th  m o n o t o n i c a l l y  d e c r e a s i n g  a m p l i t u d e s  un t i l  
a t h r e s h o l d  f r e q u e n c y  ca l led  t h e  first  r e s o n a n c e  fre- 
q u e n c y  ~0, is r eached .  I f  c u r r e n t  osc i l la t ions  occur  at  o~ > 0.7( 
~o, (i.e., fl > fl,), t h e  a m p l i t u d e  of  t he  ex i t  e lec t ro ly te  con-  
c e n t r a t i o n  wil l  osci l la te  itself, r e a c h i n g  local  m a x i m a  a n d  0.6( 
m i n i m a  at  g radua l ly  dec reas ing  in t e rva l s  of f requency .  
The  p h a s e  sh i f t  wil l  also osci l late in  th i s  f a s h i o n - - t h i s  is 
t he  r e s o n a n c e  p h e n o m e n o n .  0.50 

The  cha rac t e r i s t i c  r e s o n a n c e  f r equenc i e s  are  f o u n d  b y  
sa t i s fy ing  c o n d i t i o n s  of  local  e x t r e m a  for  ~c(fi), de f ined  ~ .  
b y  d~c(fl)/dfl = O, a n d  b y  f ind ing  p o i n t s  of  d i s c o n t i n u i t y  v 0.40 
for ~(fl).  D i f f e r en t i a t i on  of  Eq. [12a] y ie lds  the  first condi-  "~-~ 
t ion  

0.50 

s in  fl 2 
[13] 

1 - cos  f~ f~ 

w h e r e a s  t h e  s e c o n d  c o n d i t i o n  is sa t is f ied a t  B = 2~r, 4~r, 
6 ~ , . . . ,  w h e r e  6(6) s u d d e n l y  j u m p s  f r o m  - 180 ~ to 0 ~ u p o n  
inc reas ing  fl a t  an  in f in i t e s imal ly  smal l  d i s t ance  to t he  
left. B y  i n spec t i on ,  Eq. [12a] has  t he  v a l u e  of  zero at  fl = 7r, 
3~r, 5~ . . . . .  a n d  s ince  $~(fl) c a n n o t  b e  nega t ive ,  6c = 21r, 47r, 
67r, . . . ,  a re  t h e  pos i t i ons  of local  m i n i m a .  T he  local  max-  
ima  are f o u n d  f rom Eq. [13] by  an  a p p r o p r i a t e  root  find- 
ing p rocedure .  The  first five local  m a x i m a  are g iven  in 
Tab le  I, a n d  Fig. 1 a n d  2 dep ic t  t he  v a r i a t i o n  of t he  magni -  
t u d e  a n d  p h a s e - a n g l e  f u n c t i o n s  w i t h  t he  f r e q u e n c y  angle.  

1 - exp  ( - k~Td)  exp  ( - T d s )  
Gr(s ,L)  = ksr~ [16] 

r2s + 1 

/ 
020 

0.10 

0.00 
0 2v  4 v  6v  8v lOv 

Fig. 1. The variation of the gain amplitude with frequency in an iso- 
thermal PFER (Eq. [12a]). 



and phase  angie  

1577 

0 B w h e r e  k272 = 1. Equa t ion  [9] c o m p l e m e n t s  Eq. [16] for a 
full r ep resen ta t ion  via t ransfer  funct ions .  The  f r equency  
response  of  e lec t ro ly te  t empera tu re  to per iodic  perturba-  
t ions in current  is g iven  by the  gain ampl i tude  

Td / 1 - exp  (-TJr2) - 2 exp  (--Td/r~) COS fl 
Mr(jto,Ta) 

�9 .~ (TJr~) s + ~ 

[17a] 

-~0" 

~(j~,T~) = 

-r + rsoJ exp  (-TJr cos fl + exp  (--TJTs) sin fl 
arctan 

1 - exp  (-Ta/r.~) cos fl + T2~0 exp  (--Td/r2) sin fl 

[17b] 

Hence,  at suff icient ly large t imes  

ys(t,z) = Mr@o,Ta)x2 ~ sin [cot + 6r(j(o,Ta)] [18a] 

and (see Eq.  [11]) 

yl(t,z) = Mc(j~,Ta)x ~ sin [cot + 6~(j~,Ta)] [18b] 

The resonance  f requenc ies  are ob ta ined  by set t ing dMr/d/~ 
= 0 and solving the  resul t ing equa t ion  

~r 

I 

-180" 

3~ 4~ 5~ 
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r  
Fig. 2. The variation of the phase angle with frequency in an iso- 

thermal PFER (Eq. [12b]). 

sin fl 2/3 
[19] 

cosh (Ta/rs) - cos fl (Td/r2)s + fls 

2. f(z) = aoZ'~; ao and m are (exper imenta l )  regress ion 
parameters .  I f  m is a noninteger ,  no c losed-form analyt- 
ical solut ion of  Eq.  [15] can be obtained,  and hence  trans- 
fer funct ion  represen ta t ion  becomes  awkward .  I f  m is an 
integer,  the  t ransfer  func t ion  m a y  be wri t ten,  upon  cum- 
be r some  manipula t ions ,  as 

Gr(s,L) = ( s  + k2) - - - - - - - - ~  + exp  (-k2Td) exp  (-Tds) 

I L'~ ~ v J m ( m - 1 ) ' " ( m - j + l )  ] 
+ ao s + ks + ~=~ ( -1~ (s ~-k~,~ 7 Lm-~ 

[20] 

which  degenera tes  to the s impler  fo rm of 

GT(s,L) - aoV [exp (-k2Ta) exp  ( - T d s ) -  1] 
(s + ks) s 

k4 aoL 
+ - - e x p  (-ksTd) exp (-Tds) + - -  [21] 

s + k 2  s + / %  

in the  specific case of  m = 1. Equa t ions  [16], [20], and 
[21] all indica te  the  ex is tence  of  r e sonance  past  a certain 
f requency;  the  ma thema t i ca l  fo rm of i*(z) determines ,  
however ,  the numer i ca l  va lue  of  the  resonance  f requen-  
cies and the  shape  of  the  g iven  ampl i t ude  and phase  an- 
gle curves.  

Discussion 
The f r equency  response  of  the  i so the rmal  P F E R  shows 

similar i ty to that  of  the  s team-heated  hea t  exchange r  (8) 
wi th  s team condens ing  in the outer  p ipe  and a coolant  
f lowing in the  inne r  p ipe  [compare  Fig. 1 and 2 to Fig. 9b 
and 10, respect ively ,  and Eq. [12] to Eq.  [62] in Ref. (8)], 
bu t  the  two  responses  are  not  identical .  The  t ransfer  func-  
t ion analysis b e c o m e s  m u c h  s imple r  i f  the  per turba t ion  in 
electrolyte  concen t ra t ion  may  be app rox ima ted  as a lin- 
ear func t ion  of  the  imposed  current  dens i ty  

c - c* ~ a(i - i*) [22] 

Here,  var ia t ions  in the  inlet  concen t ra t ion  of the  electro- 
lyte  can be  cons ide red  as a per turba t ion  and Eq. [2] takes 
the  rear ranged  fo rm of  

oy~ oy, 
+ v  + k ,  Y, = 0  [23] 

0t 0z t~ 

Then,  the  t ransfer  func t ion  relat ing e lec t ro lyte  concen-  
t rat ion in the  P F E R  and inlet  e lec t ro lyte  concent ra t ion  is 

G'c(s , z ) -  Y,(s,z_____~)_ z 
Yo(s) e x p ( - - ~ v Z ) e x p ( - v  s) [24] 

In  the  specific case of  z = L, the  t ransfer  func t ion  

G'c(s,L) = exp  ( -  k~Ta~ ) e x p  (-T~s) [25] 

represen ts  a pure  t ime-delay  effect  wi th  gain magn i tude  

M'c(~o) = exp  I -  - ~ - -  1 [26a] 

and phase  angle  

6'c(~O) = - Tdo~ [26b] 

for the  exi t  e lec t ro lyte  concentra t ion.  The  absence  of  a 
resonance  p h e n o m e n o n  is demons t r a t ed  by the  inde- 
p e n d e n c e  of  the  response  magn i tude  of  pe r tu rba t ion  fre- 
quency:  the  la t ter  affects only the  delay of  the  response.  

The analyt ical  cons t ruc t ion  of  the  f r equency  response  
of  the  non i so the rma l  C S T R  is ra ther  compl ica ted  (Eq. 
[20]), and can be simplif ied only by major  assumpt ions  
[Eq. [16]). The qual i ta t ive  course of  the  gain magn i tude  
and phase-angle  curves  for the  i*(z) = const, case is 
shown in Fig. 3 for rs values  of  m o d e s t  size. Fur ther  
simplif ications m a y  be carried out, however ,  for m a n y  
practical  e lect rolyzers  where  7z is ve ry  large. Taking a 
typical  e lec t ro lyzer  tank  of  0.1 m 2 cross-sect ional  area (as- 
sumed  to be  normal  to the  di rect ion of  flow) and an axial  
length  of  2m, an average  e lect rolyte  dens i ty  of  1200 kg/m 3, 
and an average  overal l  heat- t ransfer  coefficient  of  7.5 
W/m s �9 K, the numer i ca l  va lue  of  T~ -- 741 min  is computed .  
Thus,  Eq. [16] degenera tes  to the  fo rm Eq.  [9] (except  for 
the  coefficients), i.e., the  f r equency -dependen t  t e rms  in 
gain ampl i tude  and phase-angle  express ions  become  
identical,  respect ively ,  and the  plots in Fig. 3 become  
ident ical  to plots of  the  form shown in Fig. 1 and 2. 

The p reced ing  analysis suggests  a semiquan t i t a t ive  
means  of  de tec t ing  devia t ions  f rom P F E R  behavior  via 
exper imenta l ly  ob ta ined  f requency  response  by per- 

t u r b i n g  the  cur ren t  in an e lec t rochemica l  reactor  
s inusoidal ly  over  a careful ly selected f r equency  band. A 
s t rong diss imilar i ty  be tween  expe r imen ta l  and P F E R  fre- 
quency  response  indicates  the  ex i s t ence  of  cons iderable  
dispersion,  a l though  its t rue  na tu re  (the re la t ive  impor-  
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Frequency 

Fig. 3. Qualitative variation of the gain amplitude and phase angle 
with frequency according to Eq. [16] (only the first resonance peaks 
are shown). 

tance of axial-to-radial dispersion) may not be easily de- 
termined; an experimental residence-time distribution 
study would be more quantitative. Nevertheless, the use 
of frequency response for this purpose, at least as a rela- 
tively fast preliminary investigation, could be attractive 
due to its experimental simplicity with respect to resi- 
dence-time distribution. (The experimental investigation 
of PFER frequency response is beyond the scope of the 
current paper.) 

Concluding Remarks 
The major finding of practical importance of the trans- 

fer-function-based analysis of frequency response is the 
prediction of locally high oscillation amplitudes in elec- 
trolyte concentration and temperature at large-frequency 
perturbations in current due to its distributed-forcing ef- 
fect: this phenomenon is in sharp contrast with continu- 
ous flow stirred tank electrochemical reactor (CSTER) 
response, where system inertia acts essentially as a low- 
pass filter and, consequently, concentration and temper- 
ature fluctuations are gradually smaller with increasing 
perturbation frequencies. The resonance effect in a PFER 
is an important factor to consider in the design and imple- 
mentation of controllers on electrolyzers. 
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LIST OF SYMBOLS 

c electrolyte concentration 
Gc(s,z) transfer function for electrolyte concentration 
Gr(s,z) transfer function for electrolyte temperature 
i current density 
j 
kl coefficient in the mass balance of a PFER (recip- 

rocal of the product of reactor height, valency, and 
Faraday's constant) related to electrolysis 

k~ coefficient in the thermal balance (ratio of the 
overall heat-transfer coefficient to the product of 
reactor height, density, and specific heat capac- 
ity) related to heat losses 

k3 coefficient in the thermal balance (reciprocal of 
the product of density, specific heat capacity, and 
electric conductivity) related to the Joule effect 

k4 coefficient in the thermal balance (ratio of the 
heat of the electrode reaction to the product of re- 
actor height, density, specific heat capacity, val- 
ency, and Faraday's constant) related to the heat 
of reaction 

k5 coefficient in Eq. [16], equal to 2k~i*(z) - k4 if i*(z) 
= const. 

L length of the electrode; characteristic length along 
the axis 

s Laplace transform variable 
T electrolyte temperature 
Td transportation lag of the PFER, equal to L/v  
t t ime 
v electrolyte velocity 
x current perturbation variable 
Yl concentration perturbation variable 
Y2 temperature perturbation variable 
z axial space coordinate 
fl equal to Td~ 
�9 2 the reciprocal of k2; an apparent time constant 
oJ perturbation frequency 
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Photoactive Synthetic Polycrystalline Pyrite (FeS ) 
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ABSTRACT 

Polycrystalline layers of As-doped pyrite (FeS2) have been produced in bromine atmosphere with the aim of devel- 
oping this sulfide material for solar energy applications. Its photoelectrochemical behavior in contact with an aqueous 
I8-/I2 electrolyte was investigated. It operated as a photoelectrechemical solar cell and showed reasonably stable behav- 
ior under illumination. Optical measurements  performed on FeS2 show that visible light is absorbed in an extremely 
thin layer of 160~ in spite of the apparently indirect gap of this semiconductor (Eg = 0.95 eV). This would make this pho- 
tosensitive material an interesting candidate for thin-layer solar cells. Scanning electron micrographs of the samples re- 
veal well-developed crystallites of about 5-10 ~m with distinct boundaries. Scanning laser spot analysis over macro- 
scopic areas (5 mm) showed homogeneous as well as inhomogeneous regions. The photoelectric properties of these first 
polycrystalline pyrite samples studied are poor, but there is presently no reason to assume that they cannot be 
developed. 

Single crystals of FeS2 with pyrite structure have re- 
cently been considered in publications from our labora- 
tory as a semiconducting material for photoelectrochemi- 
cal and photovoltaic solar cells (1-3). FeS2 crystals in 
contact with an iodide/iodine containing electrolyte have 
exhibited large quantum efficiency and very high stabil- 
ity against photocorrosion (3). We are still far from under- 
standing the solid-state chemistry of single-crystalline py- 
rite in all details. Nevertheless, it seems to be appropriate 
to start the development  of polycrystalline pyrite at an 
early stage, owing to its potential advantage as a cheap 
material with promising photoelectrochemical properties. 

As a material in photoelectrochemical cells, FeS2 has 
the advantage of being a d band semiconductor like MoS2 
or WS2 with photoexcited holes reacting from quasi- 
nonbinding d states constituting the upper edge of the 
valence band (3). 

Pyr i te  P r e p a r a t i o n  and  Proper t ies  
Previous studies on pyrite synthesis.--Although large 

pyrite deposits have been found in the earth (4) and natu- 
ral pyrite crystals of considerable size are well known, 
there has been no success in artificial growth of pyrite 
crystals in centimeter  dimension. Synthesis of pyrite was 
first described by W6hler (5) in the last century. Reacting 
sulfur and Fe20~ in an open system, he succeeded in the 
preparation of small brass-yellow octahedra. Bouchard (6) 
reported on the growth of pyrite crystals with 3 mm edge 
length by chemical vapor transport with chlorine. Trans- 
port from hot to cold occurred in a temperature gradient 
from 715 ~ to 655~ Our own experiments (3) show that 
transport with bromine at a gradient from 650 ~ to 550~ 
yields crystals up to 6 mm edge length, while in the pres- 
ence of iodine as transporting agent a transport rate two 
orders in magnitude smaller has been established. Wilke 
and co-workers (7) did not obtain larger crystals in 
growing pyrite from the solution with PbC12 as solvent. 

Up to now, no attempts to prepare polycrystalline lay- 
ers of photosensitive FeS2 have been reported. However, 
FeS2 formation has been observed during corrosion of car- 
bon steel in the presence of a H2S gas/water mixture in 
nuclear power reactions, and the process, which is of elec- 
trochemical nature, has been studied (8). 

Synthesis of FeS2 powder.--Stoichiometric amounts of 
high purity, H2-reduced iron powder and high purity sul- 
fur lumps were heated up to 650~ in evacuated (10 -5 
mbar) and sealed quartz ampuls of 20 mm diam and 200 
mm length. In the presence of a small amount of iodine 
(0.5 mg/cm3), the reaction was terminated within 100h. 

Preparation of polycrystalline FeS2 layers.--2g of yel- 
lowish-white shining FeS2 powder and 5 mg As as dopant 
were filled in quartz ampuls (~ ~ 22 ram, l = 300 mm) 
and evacuated to 10 -5 mbar. After admittance of 0.5 
mg/cm 3 bromine, the tubes were sealed. FeS2 powder was 
placed in one end of the ampul and, in order to clean the 

growth chamber from persisting powder particles, the 
free end was heated up to 800~ for 6h. Afterward, the 
temperature was reversed. The FeS2 powder was heated 
to 800~ and the powder-free end was kept at 550~ (Fig. 
1, stage I) for 10 days. On account of the high dissociation 
pressure of FeS2 at 800~ [p = 1 atm (16)], a thermal de- 
composition of FeS2 according to the simplified equation 

FeS2(s) -~ FeS(s) + 1/2 S2(g) [1] 

was observed. Sulfur distilled into the cool end of the 
quartz ampul. The decomposition was accompanied with 
a strong coalescence (Ostwald ripening) of the produced 
FeS to large hexagonal phyrrhotite crystals (Fig. 1, stage 
II) up to 10 mm edge length and 2 mm thickness. By re- 
versing the temperature gradient for 10 days, realized by 
the opposite posi t ion of the growth ampul in the furnace 
(Fig. 1, stage III), the pyrrhotite crystals were transformed 
into pyrite under  preservation of their hexagonal shape 
(pseudomorphism). Investigations of the hexagonal sur- 
faces with scanning electron microscopy revealed that the 
pseudomorphous crystals consisted of small pyrite crys- 
tals (5-10 ~m edge length) that were grown together 
forming a reasonably homogeneous surface (Fig. 2). In 
some areas, larger pyrite crystals (0.5 mm edge length) ap- 
peared on the polycrystalline substrate. 

Polycrystalline layers were also prepared by transport 
in a gradient from 650 ~ to 600~ in evacuated and closed 
quartz ampuls (l = 110, ~ = 22 ram). The concentration of 
transporting agent NH,4Br amounted to 0.5 mg/cm 3. 0.35 
mg As was added to 1.15g FeS2 feed material. The inter- 
grown pyrite crystals of the layer had dimensions of 
10-100 ~m, 

S o l i d - S t a t e  S tud ies  
Concerning the band structure of pyrite FeS2 (9), two 

details are particularly interesting because they permit a 
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Fig. 1. Position of growth tubes in the temperature gradient of the 
furnace and growth region of polycrystalline layers. 
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Fig. 2. Scanning electron micrographs of polycrystalline FeS~. a(left): Front view of polycrystalline platelet, b(right): Edge side of platelet 

b e t t e r  i n t e r p r e t a t i o n  of t he  electric,  magne t i c ,  a n d  opt ica l  
p roper t i es .  

First ,  t h e  c lear  s e p a r a t i o n  of  a t2g a n d  a eg e n e r g y  b a n d  
in re la t ion  w i t h  a low-sp in  t2g 6 s y s t e m  w h i c h  resu l t s  in  a 
0.95 eV t~#eg b a n d g a p .  

Second ,  a re la t ive ly  b r o a d  eg b a n d  has  b e e n  p r e d i c t e d  
(9) and  X P S  da ta  con f i rm  a s ingle  s t r o n g  3d p e a k  of 0.9 
eV w i d t h  a r i s ing  f rom a d e n e r g y  b a n d  at  t he  top  of  t h e  
FeS2 v a l e n c e  b a n d  (10). T h e s e  X P S  da ta  h a v e  b e e n  corn 
f i rmed  a n d  e x t e n d e d  in our  l abo ra to ry  (3). 

T he  r e p o r t e d  h i g h  e l ec t ron  mob i l i t y  of 230 cm2-V-l-s  - '  
in  s y n t h e t i c  c rys ta l s  (11) conf i rms  t h a t  the  e lec t ron ic  
s t r u c t u r e  of  t h e  ma te r i a l  is suf f ic ient ly  favorab le  for 
cha rge  t r anspor t .  

The  e lect r ica l  res i s t iv i ty  of our  s a m p l e s  was  m e a s u r e d  
u s ing  a f o u r - p r o b e  t e c h n i q u e .  The  m e a s u r e m e n t s  cove red  
the  t e m p e r a t u r e  r a n g e  f rom 76 to 500 K, a n d  an  e x p o n e n -  
tial t e m p e r a t u r e  d e p e n d e n c e  b e t w e e n  400 a n d  500 K ac- 
co rd ing  to t h e  r e l a t i on  I = lo exp  AE/KT was  found .  The  
ac t iva t ion  e n e r g y  AE = 0.23 eV of  our  s amp le s  is sma l l e r  
t h a n  hE  = 0.46 eV, p rev ious ly  r e p o r t e d  for n - type  s ingle  
crys ta ls  of  FeS2 (9). A t  r o o m  t e m p e r a t u r e ,  t he  res is t iv i ty  of 
our  po lyc rys t a l l ine  FeS2 was  6 ~ -cm:  Hal l  effect  measu re -  
m e n t s  gave  a car r ie r  c o n c e n t r a t i o n  of 3 • 10 '7 c m  -3. T h e  
Hall  mob i l i t y  in  our  s amp le s  was  qu i t e  low: 3 cm-~-V-l-s - ' .  
The  pyr i t e  layers  s t ud i ed  s h o w e d  n- type  b e h a v i o r  in  
p h o t o e l e c t r o c h e m i c a l  m e a s u r e m e n t s .  

Opt ica l  Exper iments  
Optica l  t r a n s m i s s i o n  m e a s u r e m e n t s  for  FeS2 h a v e  u p  to 

n o w  only  b e e n  p e r f o r m e d  in t he  i n f r a r ed  t o w a r d  t h e  
b a n d e d g e  region.  Sch lege l  a n d  W a c h t e r  d e t e r m i n e d  t h e  
a b s o r p t i o n  c o n s t a n t  of  FeS2 u p  to a p h o t o n  e n e r g y  of  h v = 
1.1 eV, w h e r e  i t  was  f o u n d  to be  a p p r o x i m a t e l y  a = 8 • 
10 ~ c m - '  (12). A c rys ta l  of  na tu ra l  py r i t e  ( f rom Elba)  w i t h  a 
cross  sec t ion  of  10 • 5 m m  ~ was  p o l i s h e d  d o w n  to a th ick-  
ness  of  a = 8 -+ 0.5 /~m wh i l e  f ixed to a glass  suppor t .  
This  s a m p l e  h a d  ho les  on  a su r face  area  m u c h  smal le r  
t h a n  1%, so t h a t  a b a c k g r o u n d  was  o b t a i n e d  in t r ansmis -  
sion. This  gave  r ise  to an  a p p a r e n t  dec rea se  of  t he  absorp-  
t ion  c o n s t a n t  in  t he  reg ion  of very  h i g h  a b s o r p t i o n  
coefficients.  S ince  the  smal l  f rac t ion  of l ight  pas s ing  
t h r o u g h  t h e s e  ho les  does  no t  d e p e n d  on  the  wave l e n g t h ,  a 
ca l ib ra t ion  m e a s u r e m e n t  is n e e d e d  to a d j u s t  the  absorp-  
t ion  cu rve  to t he  real  values .  This  was  d o n e  w i th  t h e  he lp  
of  a nu l l  e l l ipsomete r .  In  o rde r  to ge t  t he  b u l k  proper t ies ,  
t he  sur face  of FeS.2 was  e t c h e d  u s i n g  HF/CH~COOH/HNO:~ 
(1:1:2), wh ich ,  a c c o r d i n g  to E S C A  s tud ies ,  yie lds  a FeS~ 
sur face  free of  a n y  cove r ing  layer  (3). D u r i n g  t he  measu re -  
m e n t ,  t he  FeS~ was  f lushed  wi th  d ry  n i t rogen .  The  com- 
p l ex  re f rac t ive  i n d e x  d e t e r m i n e d  a t  n = 632.8 n m  was  n = 
4.032 - 3.245i. 

The  real  ref lec t ive  i n d e x  was  c h e c k e d  us ing  the  t rans-  
m i s s i o n  i n t e r f e r ences  occur r ing  in t he  r a n g e  b e t w e e n  
1800 a n d  2500 nm.  The  resu l t  was  Re(n)  = 3.96 -+ 0.25. 

A cross  c h e c k  was m a d e  us ing  p u b l i s h e d  da ta  on  t he  
ref lec t ion  p r o p e r t i e s  of pyr i t e  in c o m b i n a t i o n  w i t h  a cal- 
cu la t ion  b a s e d  on  t h e  K r a m e r s - K r o n i g  r e l a t ion  (12, 9). The  
va lues  o b t a i n e d  were  n = 3.6 - 3.03i [ f rom Ref. (12)] a n d  n 
= 3.5 - 3.8i [ f rom Ref. (9)]. They  on ly  differ  b y  less  t h a n  
30%, w h i c h  m i g h t  be  d u e  to sur face  layers,  w h i c h  we re  
no t  con t ro l l ed  in  t h e s e  m e a s u r e m e n t s .  S u c h  dev ia t ions  
are  to be  e x p e c t e d  a c c o r d i n g  to va r i a t i ons  of i n t e r f ace  
p rope r t i e s  (13). Therefore ,  our  m e a s u r e m e n t s  h a v e  to be  
cons ide red  rel iable .  T h e  a b s o r p t i o n  coeff ic ient  deter-  
m i n e d  f rom our  da ta  can  be  ca lcu la ted  to b e  a = 6.4 • 10 '~ 
c m - '  a t  632.8 nm.  

The  re la t ive  a b s o r p t i o n  coeff ic ient  in  t h e  v i s ib le  spec-  
t ra l  r eg ion  m e a s u r e m e n t  w i t h  a P e r k i n - E l m e r  Mode l  330 
w o u l d  t h u s  be  ca l i b r a t ed  as s h o w n  in Fig. 3. B e y o n d  1050 
nm,  a n o r m a l  a b s o l u t e  m e a s u r e m e n t  was  poss ib le .  

I t  can  the re fo re  be  c o n c l u d e d  t h a t  FeS2 is a b s o r b i n g  vis- 
ib le  l ight  w i t h i n  a n a r r o w  surface  layer  of  a p p r o x i m a t e l y  
160~. Pyr i t e  is t h u s  a b s o r b i n g  at l eas t  one  o rde r  of  magni -  
t u d e  b e t t e r  t h a n  GaAs,  w h i c h  has  a d i r ec t  ene rgy  gap. 

Photoe lec t rochemica l  Exper iments  
The  FeS2 s a m p l e s  were  t r ea ted  w i t h  a n  In -Ga  alloy fol- 

lowed  by  Ag epoxy ,  m a k i n g  co n t ac t  to a coppe r  rod, 
w h i c h  was  t h e n  e n c a p s u l a t e d  w i t h  i n su l a t i ng  res in  
(Sco tchcas t  3MXR 5241). A c o n v e n t i o n a l  th ree -e lec t rode  
po ten t io s t a t i c  a r r a n g e m e n t  was  appl ied .  For  p h o t o c u r r e n t  
m e a s u r e m e n t s ,  a 250W t u n g s t e n  iod ine  lamp,  a x e n o n  
lamp,  or a h e l i u m  n e o n  laser  were  used.  
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Results 
When an electrode, prepared of a polycrystalline FeS2 

layer, is placed in contact with an aqueous electrolyte 
containing 0.5M H2SO4 and polarized in an electrochemi- 
cal cell with three electrodes, a much more complicated 
current voltage behavior is observed than is with single 
crystals (3). A photocurrent  of the order of 10 mA-cm -2 is 
measured in concentrated xenon light ( -  1 W-cm-2). It is 
superposed by a dark current, which is rapidly growing 
as the magnitude of the applied voltage is increased. The 
shape of the current voltage curve is complicated due to 
oxide formation, and corrosion to Fe 3§ and SO42 is clearly 
visible at elevated potentials. No oxygen evolution is ob- 
served. In the presence of redox systems such as I-/I~ (Eo 
= 0.53V), ~ + / ~ *  (Eo = -0.TV), or S~-/S, (Eo = -0.51V), a 
FeSJredox electrolyte/carbon configuration operates as 
solar cell (Fig. 4). Instead of largely different redox poten- 
tials, the open-circuit photopotentials are comparable and 
equally small (0.024-0.08V). Both the poor limiting current 
behavior of the semiconducting FeS~ layer and the con- 
stancy of the photovoltage indicate high concentrations 
of surface states and a situation of pinning of energy 
bands. Similar to single-crystalline FeS= (3), etching treat- 
ment improves the photoelectrochemical behavior. Since 
the electrochemistry of FeS2 has been described using 
single crystals (3), we will limit ourselves to character- 
izing the photoeffect which has not yet been described 
with polycrystalline FeS2. Figure 5 shows the spectral de- 
pendence of photocurrent  efficiency (v) of polycrystal- 
line FeS~. Plots of (~ h~) "/2 with n = 1 and n = 4 are given 
in Fig. 6. 

The plot (~  hv)  '/'2 vs .  hv  gives a straight line, suggesting 
that the optical transition in FeS2 is indirect and yields a 
bandgap of 0.95 eV consistent with theory (14). This is in 
good agreement with reflection measurements,  which in- 
dicated an optical bandgap of 0.9 -+ 0.1 eV (9), and with 
our optical results (Fig. 3). Laser spot measurements were 
made to test the homogeneity of the FeS.2 films pro- 
duced. A sample of 0.7 • 0.5 cm was scanned over a dis- 
tance of 0.5 cm in three distinct positions. Figure 7 shows 
that homogeneous and heterogeneous regions are pres- 
ent. It is possible that creeklike structures in the 
polycrystalline film which can be seen in the optical mi- 
croscope are responsible for some of the variations. 

Discussion 
Pyrite (FeS2), an abundant natural product which con- 

sists of cheap elements, has recently been proposed as a 
semiconductor material for solar cells (1-3). First experi- 
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Fig. 4. Power output characteristic of a synthetic polycrystalline 
FeS2 liquid junction solar cell. Electrolyte: (a, left curve) 3M KI, 
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0.05M. Layer preparation II. 
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ments with synthetic single crystals yielded photovol- 
tages of 200 mV and quantum efficiencies for photocur- 
rent generation exceeding 90%, although neither doping 
nor interfacial properties has been optimized. The lack of 
knowledge of many solid-state properties makes it, at 
present, difficult to judge the development  possibilities 
of this material with high reliability. However, informa- 
tion on certain parameters which are decisive for solar en- 
ergy materials are becoming more transparent. 

Our first experiments to produce polycrystalline layers 
of photosensitive FeS2 were successful. These layers 
could even be operated in low efficient solar cells. The 
choice of As as doping agent was probably not favorable, 
especially since this additive reduces the mobility (11). 
The control of doping remains an important task which 
has to be accomplished for FeS2, and we feel that the very 
low photopotential  of our polycrystalline samples is due 
to a Fermi level, which is situated too distant from the 
conduction band. As shown by the improvement  ob- 
tained between the sample of curve a and that of curve b 
in Fig. 4, some systematic progress has already been ob- 
tained. We hope to have shown that polycrystalline FeS2 
is an interesting solar material for long-term develop- 
ment, especially since ambient temperature and low tem- 
perature processes for FeS~ synthesis in geological envi- 
ronments have also become known (17). 

Our measurement  of an indirect energy gap of 0.95 eV 
in polycrystalline FeS2 layers (Fig. 6) is in agreement with 
optical (12) and electrical (9) measurements.  Such an en- 
ergy gap, which is only slightly smaller than those of 
CuInSe~ (1 eV) and Si (1.1 eV), still permits a theoretical 
solar energy conversion efficiency between 14 and 18% 



1582 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  July 1985 

Z 

I I I i ! -.._ 

0 1 2 3 4 5 
DISTANCE / mm 

Fig. 7. Scanning laser spot analysis of polycrystalline FeS~ in I-/12 
solution under short-circuit condition. (Three parallel scans on a 7 mm 
platelet in distinct regions. Scan velocity: 25 ~m steps in X-direction. 
Beam width: 20/~m.)  

and a photovoltage output of approximately 0.5V. This, 
however, will necessitate a careful optimization of bulk 
and surface properties of FeS~. An important parameter is 
the nature of the electronic transition of FeS2. Scientists 
dealing with solar energy materials usually associate with 
indirect energy gaps a deep penetration of light which 
can only be compensated by high diffusion lengths of 
charge carriers (as in crystallized Si). Such materials can- 
not be used for light collection as very thin layers. Experi- 
ence with transition metal sulfides of d band character 
such as WS2 or MoS2, however, shows that indirect 
bandgaps can be associated with high absorption con- 
stants ( -  1 x 105 cm -1) (14). This is also the case for FeS~. 

With an absorption coefficient of approximately a = 6.4 
• 105 c m - '  in the visible, the photogeneration of electron- 
hole pairs occurs in a thin surface layer of approximately 
1604. The spectral dependence of photocurrents (Fig. 5) 

shows a gradual decay from the near infrared toward 
shorter wavelengths in spite of a reasonably constant ab- 
sorption coefficient. As many experiments showed, this 
decay depends on surface treatment (Fig. 4) and is smaller 
with a more ideal surface without any covering layer (as 
determined by ESCA measurements). 

Further research will be needed to unders tand how the 
state of the surface interacts with holes, generated with 
different photon energy in a comparable distance from 
the semiconductor of electrolyte interface. Interestingly 
RuS~, which also has an extremely high absorption coef- 
ficient (~ = 3 • 105 cm-~), a similar crystal structure, com- 
parable energy gap (Eg = 1.25 eV), and an analogous elec- 
tronic structure, does not show a decay of photocurrents 
towards the UV region (15). This gives rise to the hope 
that it will be possible to develop solar cells which are 
only several hundred angstroms thick and extremely 
flexible and easy to handle. 
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The Effect of Thickness on the Performance of PTFE-Bonded Raney 
Nickel Hydrogen Electrodes in Relation to the Electrolyte 

Diffusivity of Catalyst Layers 
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Department of Applied Science for Energy, Muroran Institute of Technology, Mizumoto-cho, Muroran 050, Japan 

ABSTRACT 

The polarization resistance of Raney nickel hydrogen electrodes decreases with increasing thickness of catalyst lay- 
ers, but there is a lower limit that can be attained by the thickness effect. The present study aims to prove that this limit 
depends on the electrolyte diffusivity of catalyst layers. The diffusivity was measured using multilayered electrodes 
where a ZrO~ layer separates electronically the test layers from working layers. The theoretical polarization resistance 
was calculated on the basis of two different assumptions "ohmic potential drop" and "concentration polarization." The 
former predicts much higher electrolyte resistivity of catalyst layers than the observed value. However, the diffusivity 
values predicted by the latter agreed well to the experimental  data. It has been thus proved that the concentration polar- 
ization assumption is valid and the electrolyte diffusivity is an essential factor to determine the lower limit of polariza- 
tion resistance. 

The structure and operating mechanism of Raney 
nickel hydrogen electrodes have been described by Mund 
and his co-workers on the basis of a thin film model (1-3). 
The distinguishing feature of this model  is a thin electro- 
lyte film which covers the inside face of macropore while 
leaving interparticle spaces for hydrogen diffusion. The 
hydrogen gas dissolves into the electrolyte film at the 
gas/film interface after diffusing through the macropore. 
The film is connected with each other by the electrolyte 
bridge. The electrochemical hydrogen oxidation takes 
place at the film/catalyst interface distributed in the cata- 
lyst layer like a three-dimensional network. The catalyst 
layer is therefore electrochemically reactive not only at 
the two-dimensional electrode/electrolyte-bulk interface, 
but also over a zonal area extending toward the gas-side 
edge of  the electrode. This effective reaction area is a geo- 
metrical factor to determine the polarization loss. This 
viewpoint  predicts that the polarization loss decreases 
with increasing thickness of catalyst layers. The pre- 
dicted relationship has been found in the Raney nickel 
hydrogen electrodes (3, 4). 

There is, however, a lower limit in the polarization loss 
attained by the "thickness effect." In load condition, the 
potential gradient arises in the thickness direction be- 
cause of the ohmic resistance of the film. Taking the 
film resistivity pf into account and assuming a linear 
function between the local polarization and faradaic cur- 
rent density, Mund derived the polarization resistance ~0 
as a function of the thickness of catalyst layers d 

oJ  = ~/PfP--~i coth 
prd 2 
.p---~ [1] 

where pi is the interfacial resistance between the film 
and catalytic surface. When the catalyst layers are very 
thick (pfd 2 >>  pi), the polarization resistance tends to a 
limiting value ~/p--~. This is the explanation for the limit- 
ing thickness effect in terms of the ohmic potential drop. 

He estimated 10-20 ~-cm as a pf value at 80~ by param- 
eter matching. The present author treated similarly the 
data of PTFE-bonded Raney nickel electrodes and ob- 
tained a value of the same order (4). However, it is still not 
certain if the film resistivity is really a limiting factor for 
the thickness effect, because the pf value predicted has 
not been confirmed yet experimentally. 

When hydrogen oxidation takes place in the electrode 
pores, the electrolyte film is diluted with the water 
formed. This concentration drop raises the equilibrium 
potential for the hydrogen oxidation and lowers the driv- 
ing potential for the local current generation in the pores, 
resulting in the same effect as the ohmic potential drop 
assumed by Mund. The raise in the equil ibrium potential 
can be expressed in terms of the concentration polariza- 

tion, which is also a possible factor to limit the thickness 
effect. 

In the present study, by using a multilayered electrode, 
direct measurements of electrolyte diffusivity and resis- 
tivity of the catalyst layers are attempted. The feature of 
the electrode is an electron insulating but electrolyte- 
permeable porous zirconia layer which is inserted be- 
tween the test and working layers, thereby separating the 
former from latter layer electronically by holding an ionic 
contact between the two. The concentration polarization 
occurred in the test layer is measured as a potential differ- 
ence between the electrodes with and without the test 
layer. The electrolyte diffusivity coefficient of test layer 
can be calculated from these polarization data. 

Assuming these two types of potential gradient and 
using the diffusivity and resistivity coefficients thus ob- 
tained experimentally, we can calculate theoretical polari- 
zation values of electrodes based on the two different as- 
sumptions. Which of the two is valid can be tested by the 
fitting to the experimental  polarization data. The goal of 
the present work is to determine whether  the essential 
factor to limit the thickness effect is the concentration po- 
larization or ohmic potential drop. 

Experimental 
Preparation of Raney nickel catalyst.--A melt of Ni-A1 

alloy containing 40% Ni and 60% A1 by weight was pre- 
pared by using an induction furnace. It was quenched by 
pouring it into an iron cylinder. The ingot was crushed 
and powdered in a mill to a particle size smaller than 37 
~m. The Raney alloy powder was treated with 6M KOH 
solution at 80~ for 16h to leach aluminum. The Raney 
nickel precipitate thus obtained was washed with water 
and methyl alcohol alternately. 

Preparation of the eIectrodes.--A weighed amount  of a 
PTFE dispersion (D-l, Daikin Industrial Company) was 
added to the Raney catalyst. When the mixture was 
milled under blowing at room temperature, it became a 
paste, which was then calender-rolled by hand into 
sheets. The surfactant which had been contained in the 
dispersion was removed by washing with hot acetone. 
The PTFE content in the dry sheets was 10% in weight. 
These sheets were used as catalyst layers. 

Gas-side layers were used to block the electrolyte leak- 
age. Nickel black powder prepared from nickel formate 
was hydrophobized with PTFE and formed into sheets 
with the same procedure described above. Two sheets of 
them were attached to a stainless steel screen (used as a 
current collector) from both sides and pressed at 200 
kg/cm 2. The raw layer obtained was heated in a nitrogen 
atmosphere at 380~ to sinter the PTFE hydrophobizer 
and to remove the surfactant contained. The catalyst 
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layer p repared  prev ious ly  was a t tached to the gas-side 
layer by press ing at 420 kg /cm 2. The  double- layered elec- 
t rode  thus  ob ta ined  was hea ted  at 150~ in a hydrogen  at- 
mosphe re  for l h  to act ivate  the catalyst  layer. 

Cell arrangement and polarization measurement . - -The 
geomet r ica l  work ing  area of  the  e lec t rodes  was a circle 
wi th  a d iamete r  of  3.5 cm. The e lect rolyte  used  was 6M 
KOH solut ion and it was c i rculated at a rate of 5 mYmin. 
The electrolyte  t empera tu re  was main ta ined  at 60 ~ -+ I~ 
wi th  an electric furnace.  The  ohmic  drop was e l imina ted  
by the  cur ren t  in te r rup t ion  m e t h o d  (5). 

Measurement of  the concentration polarization in cata- 
lyst layers.--The zirconia layer  was p repared  similarly by 
b inding  a reagent -grade  zirconia p o w d e r  wi th  the  P T F E  
hydrophobizer .  The  catalyst,  zirconia, and gas-side layers 
were  ar ranged in a s t ruc ture  as i l lustrated in Fig. 1. The  
test  layer is a Raney  nickel  layer, the  concent ra t ion  polar- 
ization in wh ich  is to be measured.  The  load current  is 
susta ined by the  work ing  layer wh ich  is catalyzed wi th  
0.4% c h r o m i u m - d o p e d  Raney  nickel  (6). Use  of  this cata- 
lyst  not  only lowers  the  polarizat ion loss of the  work ing  
layer, but  also stabilizes its polar izat ion characterist ics,  
t he reby  prov id ing  more  accurate  and reproduc ib le  polar- 
ization data for the  test  layer. 

Measurement o f  the gas dif fusivity in the e lectrodes.-  
The cell a r r a n g e m e n t  for measur ing  the  gas diffusivity is 
i l lustrated in Fig. 2. Hydrogen  gas was suppl ied  th rough  
the  test  e lec t rode  set at the gas side of  the  work ing  elec- 
trode. The tes t  e lec t rode  used  was 0.32 m m  thick. The gas 
diffusivi ty coeff ic ient  was calculated f rom the  polariza- 
t ion difference be tween  the  work ing  e lect rodes  with and 
wi thou t  the tes t  electrode.  Before  measuremen t ,  the test  
e lec t rode  was we t t ed  with  the  e lect rolyte  by loading 
about  100 m A / c m  2 for lh.  This  is a condi t ion ing  process  to 
arrange the pene t ra t ing  e lec t ro lyte  in the  pores  to the  
amoun t  in load condit ion.  

Measurement of  electrolyte resistivity in the catalyst 
layers.--The elect rolyte  resist ivi ty of catalyst  layers was 
measu red  by apply ing  the current  in te r rup t ion  m e t h o d  to 
the mul t i l ayered  e lec t rode  i l lustrated in Fig. 1. The resis- 
t ivi ty dif ference be tween  the e lect rodes  wi th  and wi thou t  
the  test  layer is its e lect rolyte  resist ivity.  The  bulk  electro- 
lyte res is tance in the  geomet ry  of  e lec t ro lyte  compart-  
m e n t  used  was calculated to be  13 m~ ,  which  is negl igible  
in compar i son  to the  total  res is tance measured .  

Results and Discussion 
Effect of  the thickness on the polarization res i s tance . -  

Polar izat ion curves  of Raney  nickel  hydrogen  e lect rodes  
are shown in Fig. 3 as a func t ion  of the  th ickness  of  cata- 
lyst  layers. They  are a lmos t  l inear at low load currents,  so 
that  the  polar izat ion res is tance oJ can be calculated f rom 
the  slopes. The  expe r imen ta l  plots of reciprocal  polariza- 
t ion res is tance ~-1 vs. th ickness  d are g iven  in Fig. 4. The  
solid l ine in the  figure is the  best  fit curve  calculated 
f rom Eq. [1] for pf = 7.5 t~-cm and Pi = 4.0 x 10 -3 ~ - c m  3. 

Working layer 
Stainless steel :'"':i  'liiiiil/!ii" "::'-:: s c r e e n  

E L E C T R O L Y T E  ..... " =  ;':: : "  
" :  . . . .  ::':'::" G A S  S I D E  SI DE ' ; : ;" '  - "" :  '" : ; : . . . ;  - . , 

':"::::' - :~!i.i;:: !!:-..;! ==- :~:.c:.: 

l?i: ;!iij!;i I Test layer~, -.}./:!. - Gas side layer 

Z r O  2 layer~ 

Fig. 1. Structure of multilayered electrodes used for measurement 
of electrolyte diffusivity. 

C o u n t e r  e l e c t r o d e  
~ e  G a s k e t  

p l a t e  

ii i = H 2 g a s  

E l e c t r o l y t e  
Fig. 2. Cell arrangement for measurement of gas diffusivity 
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Fig. 3. Polarization curves of PTFE-bonded Raney nickel hydrogen 
electrodes. Thicknesses of the catalyst layers are as follows. Open cir- 
cles: 0.045 ram. Closed circles: 0.086 ram. Open triangles: 0.12 ram. 
Closed triangles: 0.16 ram. Open squares: 0.22 ram. Closed squares: 
0.42 mm. Ohmic drop eliminated. 
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Fig. 4. Reciprocal polarization resistance of Raney nickel electrodes 
as a function of thickness of catalyst layers. Solid line calculated from 
Eq. [1] for Pi = 4.0 X 10 -3 ~-cm 3 and pf = 7.5 ~-cm. 

The e lec t ro lyte  resis t ivi ty in the  catalyst  layer expec ted  
f rom the  ohmic  drop  assumpt ion  thus  is 7.5 ~2-cm. 
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Fig. 5. Ohmic polarizations of multiloyered electrodes. Thicknesses 
of test layers are as follows. Open triangles: without test layers. Open 
circles: 0.14 rnrn. Open squares: 0.22 rnm. Resistances per square 
centimeter of electrodes shown in the figure were calculated from the 
slopes. 
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Fig. 7. Electrolyte diffusivity coefficient of Raney nickel catalyst 
layer as a function of current density. Thickness of catalyst layer: 
0.11 ram. 

Electrolyte resistivity of catalyst layers.--The o h m i c  po- 
la r iza t ions  of  m u l t i l a y e r e d  e l ec t rodes  are g iven  in  Fig. 5 as 
t hey  va ry  w i th  t h e  t h i c k n e s s  of  ca ta lys t  layers.  T he  o h m i c  
r e s i s t ances  p e r  s q u a r e  c e n t i m e t e r  of  e l ec t rode  area  calcu- 
l a t ed  f rom t h e  s lopes  are  s h o w n  also in  t he  figure. I f  t he  
t e s t  layers  pos se s s  t he  e x p e c t e d  e l ec t ro ly te  resis t ivi ty,  re- 
s i s t ances  of  0.72 a n d  0.79 ~ - c m  2 m u s t  b e  o b s e r v e d  for  
t h i c k n e s s e s  of  0.14 (circles in  t h e  f igure) a n d  0.22 m m  
(squares) ,  r espec t ive ly .  These  e x p e c t e d  dev ia t ions  f rom 
the  va lue  for  zero  t h i c k n e s s  0.62 ~ - c m  2 are  d e t e c t a b l e  b y  
t he  c u r r e n t  i n t e r r u p t i o n  m e t h o d  used .  O b s e r v e d  resis t -  
a n c e  va lues ,  h o w e v e r ,  s ca t t e r  a r o u n d  t h e  va lue  for  zero 
t h i cknes s ,  a n d  n o  sys t ema t i c  i nc r ea se s  are  found ,  sug-  
ges t ing  t h a t  t he  e lec t ro ly te  res i s t iv i ty  is m u c h  smal le r  
t h a n  t h a t  e x p e c t e d  theore t ica l ly .  T h e  a s s u m p t i o n  of  
o h m i c  p o t e n t i a l  d rop  t he r e fo re  is v e r y  ques t ionab le .  

The electrolyte diffusivity in catalyst layers.--The po- 
la r iza t ion  c u r v e s  of  m u l t i l a y e r e d  e l ec t rodes  wi th  a n d  
w i t h o u t  a t e s t  l ayer  are s h o w n  in Fig. 6. T he  po la r iza t ion  
d i f f e rence  b e t w e e n  t he  two e lec t rodes  Arc is d u e  to t he  
c o n c e n t r a t i o n  po la r i za t ion  occu r r ed  in  t h e  tes t  l ayer  

RT Co~- t 
A~?c = --F--- In C O o ~  - [2] 

w h e r e  s u p e r s c r i p t  t d e n o t e s  t he  d i f fus iv i ty  test ,  Coil- t is 

-880  
' I ' I 

- 890  

-900  

-910  

-- 9920 - t  

I I m I 
300 50 100 150 200 

Current density(mA/cm 2) 
Fig. 6. Polarization curves of multilayered electrodes. Thickness of 

test layers: closed circles ere for without test layers, and open circles 
are for 0.11 ram. Ohmic drop eliminated. 

t h e  c o n c e n t r a t i o n  of  O H -  ion  at  t he  t e s t  and  w o r k i n g  
layer  in te r face ,  C~ - is t he  b u l k  c o n c e n t r a t i o n  6M, a n d  
t he  o t h e r  s y m b o l s  h a v e  t he  u sua l  m e a n i n g s .  The  elec- 
t rode  c u r r e n t  d e n s i t y  I t is p r o p o r t i o n a l  to the  concen t r a -  
t ion  g r a d i e n t  in  t he  t e s t  layer  

I t C~ -- Coil_ t 
~'- = DKOH t dt [3] 

w h e r e  DKOH t is t he  e lec t ro ly te  d i f fus iv i ty  coeff ic ient  of  
t es t  layer  a n d  d t is i ts  t h i c k n e s s  0.11 ram.  By  e l i m i n a t i n g  
Coil- t f r om Eq. [2] a n d  [3] a n d  i n s e r t i n g  t he  po la r i za t ion  
da ta  g iven  in Fig. 6, we o b t a i n  DKoH t va lues  as a f u n c t i o n  
of c u r r e n t  dens i ty .  F i g u r e  7 s h o w s  p lo t s  of  DKOH t VS.  cur-  
r e n t  dens i ty .  A g r adua l  i nc rease  o b s e r v e d  in  a low c u r r e n t  
r eg ion  is p r o b a b l y  due  to a p r o c e e d i n g  in t he  e lec t ro ly te  
p e n e t r a t i o n  w i t h  i n c r e a s i n g  load. A c o n s t a n t  DKoH t va lue  
of 9.57 • 10 -6 cm2/s is a t t a i n e d  a t  100 m A / c m  2. Th i s  v a l u e  
will  b e  u s e d  for  t he  ca lcu la t ion  of  po la r i za t ion  r e s i s t a n c e  
of  e lec t rodes .  

Gas diffusivity of the electrodes.--The gas d i f fus iv i ty  of  
e lec t rodes  was  m e a s u r e d  in  f a sh ion  s imi la r  to t he  a b o v e  
case. In  t he  cell  c o n s t r u c t i o n  s h o w n  in  Fig. 2, t h e  po ten-  
tial d i f fe rence  b e t w e e n  the  e l ec t rodes  w i th  a n d  w i t h o u t  
t h e  tes t  e l ec t rode  AVe is due  to t he  gas  p r e s s u r e  d rop  t h a t  
o c c u r r e d  in  t h e  t e s t  e l ec t rode  

hVp = ~ in  PH2t [4] 
P~ 

w h e r e  P,2 t is t h e  gas p r e s s u r e  at  t h e  c o m p a r t m e n t  be- 
t w e e n  t h e  t e s t  a n d  w o r k i n g  e lec t rodes ,  a n d  P%~ is t h e  
ope ra t i ng  p r e s s u r e  1 a tm.  F igu re  8 s h o w s  t h e  po la r i za t ion  
cu rves  of e l ec t rodes  w i t h  a n d  w i t h o u t  t he  tes t  e lec t rode.  
No s ign i f ican t  po la r i za t ion  d i f f e rences  can  be  s een  be-  
t w e e n  t h e  two  curves .  Th i s  i nd ica t e s  t h a t  t he  e l ec t rodes  
u s e d  in  th i s  s t u d y  are  so gas  d i f fus ive  t h a t  t he  concen t r a -  
t ion  po la r i za t ion  due  to t he  gas p r e s s u r e  d rop  can  b e  ne-  
glected.  

Calculation of the polarization resistance with consider- 
ing concentration polarization.--The geome t r i c  m o d e l  
u s e d  is a cy l inder ,  t he  i n s ide  face of  w h i c h  is cove red  w i t h  
a t h i n  e lec t ro ly te  film, as s h o w n  in Fig. 9. The  ana lys i s  
cons ide r s  a d i f fe ren t ia l  e l e m e n t  dx cut  f r o m  the  cyl inder .  
The  local  c u r r e n t  is g e n e r a t e d  at  t h e  f i lm/cyl inder-wal l  
in ter face ,  a n d  i ts  g a t h e r i n g  flows as t he  po re  cu r r en t  in  
t he  axial  d i rec t ion .  

The  V o l m e r  r eac t i on  is a s s u m e d  as a r a t e -con t ro l l ing  
s tep  for  t h e  h y d r o g e n  ox ida t i on  in a lka l ine  so lu t ion  (7) 

1/2 H2 + O H -  ~ H20 + e -  [5] 

I n  th i s  case  t h e  local  c u r r e n t  dens i t y  i c an  be  e x p r e s s e d  as 
a f u n c t i o n  of  local  p o t e n t i a l  E (8) 
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Fig. 8. Gas diffusivity test of a wetted Raney nickel electrode by 
means of polarization difference. Open circles: without a test elec- 
trode. Closed circles: a test electrode of 0.32 mm thickness set at the 
gas-side of working electrode. Ohmic drop eliminated. 

f 
i = - F / k *  CoH- 

~F 

w h e r e  k + a n d  k -  a re  the  r a t e  c o n s t a n t s ,  Co . -  a n d  CH2o are  
t he  c o n c e n t r a t i o n s  of  O H -  ion  a n d  w a t e r  in  t he  film, re- 
spec t ive ly ,  a n d  PH2 t he  h y d r o g e n  p ressu re .  T he  gas diffu- 
s ion in t he  pore  is ve ry  fas t  so t h a t  PH2 = eonst .  = 1 a t m  
t h r o u g h o u t  t h e  cyl inder .  A t  e q u i l i b r i u m  po t en t i a l  E = Eo 
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= k-FCH2o exp  ( ( 1 -  a)F ) R T  Eo = io  [7] 

w h e r e  io is t h e  e x c h a n g e  c u r r e n t  dens i ty .  S u b s t i t u t i n g  
Eq. [7] in to  Eq. [6] y ie lds  

i = _io{exp (_~T n)  _ exp  ( ( 1 - a ) F  

w h e r e  ~ is t h e  local  po la r i za t ion  a n d  77 = E - No. W h e n  ~ 
is small ,  t h e  e x p o n e n t i a l  f u n c t i o n  can  be  a p p r o x i m a t e d  to 
the  l inea r  f u n e t i o n  

/ o F  
i = - - -  ,) [9] 

R T  

The  e x c h a n g e  c u r r e n t  dens i t y  io can  b e  de r ived  f rom Eq. 
[7] in  the  fo rm 

\ c--o-~--.- / [10] 

A s s u m i n g  a = 1/2, we ob ta in  

io = F ~ / k ~ =  ~/C~.2oCoH_ [11] 

"///////~ 
Catalyst 

0 .I 
Electrolyte Gas 

, ~  Electrolyte film 

x=O 
Fig. 9. Thin film model used for the calculation of polarization 

resistance. 

E q u a t i o n  [9] t h e n  b e c o m e s  

i = -k~/CoH- (E - Eo) [12] 

w h e r e  k = F~/k-Z-~ VCH2o. I t  is e s sen t i a l ly  c o n s t a n t  be- 
cause  t he  c h a n g e  in  CH2o is neg l ig ib l e  in  t he  concen t r a -  
t ions  a r o u n d  6M. 

The  local  p o t e n t i a l  E is a s s u m e d  to be  c o n s t a n t  
t h r o u g h o u t  t he  cy l inde r  f rom the  fact  t h a t  t he  e lect rolyte  
res is t iv i ty  in  t he  ca ta lys t  layer  is very  low. 

The  e q u i l i b r i u m  po t en t i a l  Eo is a f u n c t i o n  of x owing  to 
the  c o n c e n t r a t i o n  polar iza t ion .  A p p l y i n g  the  N e r n s t ' s  
e q u a t i o n  to Eo, we ob ta in  

R~_ Coil- [13] 
Eo = E~ - - - I n  COoH-- - 

w h e r e  C~ is t h e  b u l k  c o n c e n t r a t i o n  6M a n d  E% is t he  
e q u i l i b r i u m  p o t e n t i a l  a t  Coil- = C~ - = 6M. 

In  load  cond i t ion ,  the  po t en t i a l  Eo r i ses  w i t h  x due  to 
t he  l ower ing  of  t h e  concen t r a t i on ,  wh i l e  t he  po t en t i a l  E 
r e m a i n s  c o n s t a n t  t h r o u g h o u t  t he  pore.  The  d r iv ing  po ten-  
t ial  E - Eo for t he  local  c u r r e n t  g e n e r a t i o n  t he r e fo re  low- 
ers w i th  x. Hence ,  a n  add i t i ona l  i m p r o v e m e n t  in  t he  po- 
lar iza t ion loss  b y  t h i c k e n i n g  t he  layer  b e c o m e s  less as t h e  
layer  is th ick .  This  is a qua l i t a t ive  e x p l a n a t i o n  for t he  
l imi t  of  t h i c k n e s s  effect  in t e r m s  of  t he  c o n c e n t r a t i o n  po- 
lar izat ion.  

The  local c u r r e n t  dens i t y  is r e l a t ed  to the  pore  c u r r e n t  
f lowing in  t h e  axia l  d i r ec t ion  Jv b y  m a k i n g  a c u r r e n t  bal- 
ance  on  t he  d i f fe ren t ia l  e l e m e n t  

1 dJp 
i - - -  [14] 

2rrr d x  

w h e r e  r is t he  m e a n  rad ius  of pores .  
The  e lec t ro ly te  u s e d  is KOH, a n d  on ly  t he  O H -  ion  is 

e lec t roac t ive .  Fo r  th i s  case, t he  g r a d i e n t  in  t he  O H -  ion  
c o n c e n t r a t i o n  is r e l a t ed  to t he  ionic  c u r r e n t  J b y  

J = noH- (1 + nOH- t D o s - F  dCoH- [15] 
nK. / dx  

w h e r e  nos -  a n d  nx§ are ionic  va l ences  of O H -  a n d  K + 
ions,  r espec t ive ly ,  a n d  Dos-  t he  d i f fus iv i ty  coeff ic ient  of 
O H -  ion  (9). T h e  po re  c u r r e n t  is p r o p o r t i o n a l  to t h e  cross-  
sec t iona l  a rea  of  t h e  film 

dCoH- Jp = 2rrr6J = - 2 ~ r r 6 D K o H F -  [16] 
d x  

w h e r e  DKoH = --noH- (1 + tnoH-/nKd)Dos- a n d  ~ is t he  m e a n  
t h i c k n e s s  of  t h e  e lec t ro ly te  films. Mul t i p ly ing  Jp by  t he  
n u m b e r  of  pores  p e r  u n i t  e l ec t rode  area  l h r r  2 to c o n v e r t  to 
t he  cu r r en t  d e n s i t y  pe r  u n i t  e l ec t rode  a rea  I, we ge t  

26 dCon- 
I = - DKoHF - -  [17] 

r d x  

The  fac tor  26/r is t he  s t r u c t u r a l  p a r a m e t e r  of t h e  elec- 
t rode  u s e d  a n d  is i n v o l v e d  in t h e  e x p e r i m e n t a l  d i f fus ion  
coeff ic ient  so t h a t  t h e  t e r m  26/r DKo, c a n  b e  equa l i zed  to 
d:~oH t, w h i c h  a p p e a r s  in  Eq. [3] 

I dCoH - 
- -  D K O H  t [18] 

F d x  

C o m b i n i n g  Eq.  [12]-[14] a n d  m u l t i p l y i n g  Jv by  1/Trr"-, we 
ob ta in  

{ R T  (C_~__~ 1 [19] dI _ K V~oH- 7o + - - -~ - ln  \ C os- ] J d x  

w h e r e  K = 2k / r  a n d  To = E - Eo, w h i c h  is t he  e l ec t rode  
polar iza t ion.  

The  e l ec t rode  c u r r e n t  dens i ty  is o b t a i n e d  as a n  I va lue  
at  x = 0 by  i n t e g r a t i n g  Eq. [18] a n d  [19] s i m u l t a n e o u s l y  
u n d e r  the  b o u n d a r y  cond i t i ons  Coil- = 6M at x = 0 a n d  
I = 0 at  x = d. T h e  i n t eg ra t i on  was  p e r f o r m e d  numer i ca l l y  
u s i n g  t he  mod i f i ed  R u n g e - K u t t a  m e t h o d .  
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The K value is determined by the parameter matching 
from the slope of the polarization curve for the thin elec- 
trode; the linear part in the ~0-' vs. thickness plots in Fig. 
4 indicates that the effect of concentration polarization is 
negligible in the thickness region. On fitting to the thin 
electrode data, 316 t l - l -cm- ' .~-mol- '~-atm - '4  was ob- 
tained as a K value. This value and the experimental  DKOH t 
value 9.57 X 10 -6 cm2/s being inserted into Eq. [19] and 
[18], respectively, the theoretical polarization resistances 
were calculated as a function of thickness. Figure 10 
shows the relationship between co -~ and thickness. The 
theoretical values (solid line) agree quite well with the ex- 
perimental data (open circles). The thickness effect has 
been thus reproduced theoretically by assuming the con- 
centration polarization. We can therefore say that the 
lower limit attained by the thickness effect in the polar- 
ization loss is determined by the electrolyte diffusivity, 
and not by the electrolyte resistivity in catalyst layers. 

As seen in Fig. 6, when a current of, e.g., 200 mA/cm 2 
flows across a test layer 0.1 mm thick, a concentration 
polarization of 14 mV arises. When Ohm's law is applied 
mechanically to this potential-current relationship, 7 
ll-cm is obtained as an apparent resistivity. This is very 
close to the ohmic resistivity expected from the parame- 
ter matching to Eq. [1], 7.5 fl-cm. Experimentally, the con- 
centration polarization is almost a linear function of cur- 
rent density (Fig. 6) and the potential gradient due to the 
concentration polarization has a sign opposite of that due 
to the ohmic drop. The concentration polarization, there- 
fore, is theoretically equivalent in effect on the driving 
potential to the ohmic potential drop brought about by 
the hypothetical resistivity of 7.5 fl-cm. This is why Eq. 
[1] leads to a theoretical curve fitting to the experimental 
data in spite of its starting from a different operating 
mechanism. These two, however, are physically different 
from each other. The fitness to Eq. [1] is just a coinci- 
dence resulting from the linear relationship between the 
concentration polarization and current density. A resistiv- 
ity as high as 7.5 tl-cm has not been found from the direct 
measurement  so that the gradient in the driving potential 
in the pores should be attributed to the concentration po- 
larization. 

Chromium-doped Raney nickel catalys t . - -The catalytic 
activity of Raney nickel is enhanced by doping a small 
amount of chromium (6). Figure 11 shows ~o -~ vs. thick- 
ness plots for the hydrogen electrodes catalyzed with this 
Raney nickel. By assuming the s a m e  DKOH t value, but 
using K = 854 l)-~-cm-'-5-mol-'2-atm-~/4 obtained from 
the polarization data, the oJ-' values were calculated simi- 
larly. A solid line in Fig. 11 is theoretical, and open circles 
denote experimental  data. The polarization loss is im- 
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Thickness ( mm ) 
Fig. 10. Reciprocal polarization resistance of Raney nickel elec- 

trodes as a function of thickness of catalyst layers. Solid line calcu- 
lated from Eq. [18] and [19] for the experimental DKOH t value: 9.57 x 
10-6 cm2/s. 
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Fig. 11. Reciprocal polarization resistance of chromium-doped 

Raney nickel electrodes as a function of thickness of catalyst layers. 
Solid line calculated from Eq. [18] and [19] for the same D~OH t values 
as in Fig. 10. 

proved markedly by using this new catalyst. This indi- 
cates that the catalytic activity also is an important factor 
for the polarization loss and the K factor is its measure. 

Depth profile of  the local current densi ty . --The local 
current density and concentration polarization can be cal- 
culated as a function o f x  from Eq. [18] and [19]. Figure 12 
shows the depth profile for nondoped Raney nickel elec- 
trode polarized to 10 mV. The concentration polarizations 
*/c are given as differences from E~ The areas sur- 
rounded by the curves i and x coordinate correspond to 
the load current density sustained by the electrode, and 
the gaps between curves ~?c and ~c = -10 mV to the driv- 
ing potential. The lower limit in the polarization loss is 
reached at a limiting thickness not because the driving 
potential becomes zero at the gas-side edge of pore, but 
because increasing thickness makes the curve i steeper. 
As seen in Fig. 4, the polarization loss almost attains its 

E 
U 

> - 4  E 

-6  

C 

I I r I I 

-2 ~ A 

-1 0.1 
I I I I 

0.2 0.3 0.4 0,5 0.6 

X (mm) 
Fig. 12. Depth profiles of local current density (top) and concentra- 

tion polarization (bottom) for various thicknesses. Thickness: (A) 0.3 
mm, (B) 0.4 mm, (C) 0.5 mm. 
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lower limit at about 0.3 m m  thick, where 60% of the full E~ 
potential is still held as a driving potential at x = 0.3 mm F 
(curve A in the bottom of Fig. 12). If  more electrolyte- i 
diffusive catalyst layers can be used, the profile becomes io I 
flatter and the thickness effect extends over a wider i t 
thickness range. From a practical point of view, this j 
means that the performance improvement  can be made jp 
by enhancing the electrolyte diffusivity as well as cata- k 
lytic activity, k ~, k -  

Conclusion K 

The polarization loss of Raney nickel hydrogen elec- noH- 
trodes can be decreased by thickening the catalyst layers, nK+ 
However, there is a lower limit to the polarization loss PH2 
that can be attained by the thickness effect. This limiting P%2 
behavior has been described on the basis of concentration PH2t 
polarization assumption in contrast to the ohmic potential r 
drop mechanism. The electrolyte diffusivity coefficient R 
of catalyst layer required for the theoretical calculation T 
was obtained by using a multilayered electrode installed x 
with a zirconia layer to separate the test layer electron- 
ically from the working layer. The theoretical calculation 
by use of the experimental  value reproduced well the ex- 
perimental limiting behavior in the thickness effects, and a 
the concentration polarization assumption has thus been 
proved to be valid. The importance of the electrolyte 
diffusivity in the catalyst layer has been pointed out as a ~o 
performance controlling factor. ~c Arc 
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LIST OF SYMBOLS 

COIl- concentration of OH-  ion in electrolyte film 
(mol/dm 3) 

C~ bulk concentration of electrolyte (6 mol/dm 3) 
Coil- t concentration of OH-  ion at test and working 

layer interface (mo]/dm 3) 
Cu2o concentration of water in electrolyte film 

(mol/dm 3) 
d thickness of catalyst layer (cm) 
d t thickness of test layer (cm) 
Doll- diffusivity coefficient of OH-  ion (cm'-'/s) 
DKo~ electrolyte diffusivity coefficient (cm~/s) 
DKOH t electrolyte diffusivity coefficient of test layer 

(cm2/s) 
E local potential (V) 
E ~ equilibrium local potential (V) 

equilibrium local potential at Coil- = 6M (V) 
Faraday's constant (96,487 C/eq) 
local current density (A/cm 2) 
local exchange current density (A/cm 2) 
electrode current density (A/cm ~) 
electrode current density for diffusion test (A/cm 2) 
ionic current density (A/cm ~) 
current  generated per pore (A) 
F ~  ~ (~-l-cm-'.5-mol-i/2-atm-l/4) 
rate constant for electrochemical hydrogen oxida- 
tion 
2k/r (~-'-cm-'.~-mol-'/2-atm-'/4) 
ionic valence of O H -  ion 
ionic valence of K + ion 
hydrogen pressure in macropore (atm) 
operating pressure (1 atm) 
hydrogen pressure at compartment  between test 
and working electrode (atm) 
mean radius of oores 
gas constant (8.3176 J/tool-K) 
temperature (K) 
axial distance from electrolyte-side edge in pore 
(cm) 

Greek symbols 

charge-transfer coefficient 
thickness of electrolyte film (cm) 
local polarization (V) 
electrode polarization (V) 
concentration polarization (V) 
polarization difference between two multilayered 
electrodes with and without test layer (V) 
polarization difference between two cell arrange- 
ments with and without test electrode 
resistivity of electrolyte film (~-cm) 
interfacial-resistance between film and catalytic 
surface (~-cm 3) 
polarization resistance of electrode (~-cm 2) 
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Electrochemical Behavior of Water in Immobilized Salt Electrolytes 

II. Cyclic Voltammetry 
Armand Bettelheim, Federico Broitman, and Uri Mor 

Nuclear Research Center-Negev, Beer Sheva 84190, Israel 

ABSTRACT 

Cyclic vol tammetry is used to determine the concentration of water and hydrolysis products in a pelletized LiC1- 
KC1-MgO mixture. This method, effective at temperatures above the melting point of the electrolyte, completes other 
electrochemical and thermal methods which have been previously used to investigate the various states of water at 
lower temperatures. 

The determination of water and its reaction products in 
molten LiC1-KC1 eutectic is of interest for the develop- 
ment of primary as well as secondary batteries for load 
leveling and electric vehicle applications. The presence of 
water as well as other contaminants formed near the elec- 
trodes during exposure to humid air could affect cell per- 
formance and accelerate self-discharge (I). 

Cyclic vol tammetry has been widely applied to liquid 
electrolytes to study redox reactions. Important  parame- 

ters related to the reactions such as redox potential, rate 
constant, Tafel slope, and diffusivity of the redox species 
can be easily obtained (2, 3). This technique, recently 
used in solid electrolyte systems (4, 5), has not yet been 
applied to pelletized salt electrolytes. In these systems, a 
binder (such as MgO or SiO~) is added in order to gel and 
immobilize the electrolyte, which would otherwise flow 
when subjected to the battery operation temperature, 
some 150~ above the electrolyte melting point. In a pre- 
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vious study (6), we reported the use of electrical conduc- 
tivity and thermal measurements to detect water and hy- 
drolysis products in a pelletized LiC1-KC1 (64-36 mole 
percent [m/o])-MgO (50 weight percent [w/o]) mixture. In 
the present work, cyclic vol tammetry is used for the 
in situ determination of water and hydroxyl ions and 
investigation of their electrochemical behavior. 

Exper imenta l  
AR-grade LiC1, KC1, and MgO (Merck) are used. Pellets 

of electrolyte composed of LiC1-KC1 (64-36 m/o) in pres- 
ence of MgO (50 w/o) as binder are prepared as described 
in a previous publication (6). 

A schematic diagram of the apparatus for cyclic voltam- 
metric (CV) measurements  of pellets is illustrated in Fig. 
1. The platinum working and auxiliary electrodes are spot 
welded to a 0.5 mm diam platinum wire sheathed in glass. 
The reference electrode consists of a pure nickel wire in- 
serted into a thin-walled, 2 mm od Pyrex tube containing 
a 10-2M solution of NiC12 in LiC1-KC1 eutectic. The 
Ni/Ni(II) (10-2M) reference electrode, which has a poten- 
tial 795 mV more negative than the Pt/Pt(II) (10-2M) elec- 
trode (7), is allowed to be in contact with the pellet as 
shown in Fig. 1. The whole set is heated under vacuum at 
below the melting point and under dry argon after melt- 
ing. The heating is achieved by means of a programmable 
device which permits a constant temperature within 
_+loC. 

Melts of LiC1-KC1 (in the absence of binder) are con- 
tained in alumina crucibles and are maintained at 430~ 

b J 

h 

O f 

Fig. 1. Cell for CV measurements of a pelletized LiCI-KCI-MgO 
mixture, a, furnace; b, glass cell; c, glass joint; d, screwthread; e, 
quickfit plastic screwcap; f, silicone rubber ring; g, pellet; h, glass 
tubes; i, thermocouple; j, platinum working and auxiliary electrodes; 
k, Ni/Ni(ll) reference electrode. 

in an atmosphere of dry argon. Additions of hydroxide 
and oxide ions are accomplished using KOH and CaO. 
Lithium chloride with a water content of 1.6% is used to 
increase H~O concentration in the melt. The platinum 
working and auxiliary electrodes, as well as the Ni]Ni(II) 
(10-2M) reference electrodes, are as described for the CV 
of pellets. 

Cyclic vol tammetry is performed using a PAR 174 po- 
tentiostat coupled with a PAR 175 sweep generator. The 
vol tammograms are recorded on a Type 3078 Yokogawa 
X-Y recorder. 

Results and Discussion 
Figure 2 shows a typical cyclic vol tammogram obtained 

at 430~ for a pelletized LiC1-KC1-MgO mixture originally 
containing 2.5 w/o water. The CV curve shows two cath- 
odic peaks (I and II) at -1.48 and -2.26V. Plots of the 
peak current (ip) vs. the square root of the scan rate (v "2) 
are linear, indicating diffusion-controlled processes (Fig. 
3). 

The addition of solutes to a pellet cannot be accurately 
accomplished but is relatively simple for a LiC1-KC1 melt 
(in the absence of MgO) of the same eutectic composition 
and temperature�9 The CV at 430~ of a LiC1-KC1 melt 
which has not been prepurified to remove water and 
hydrolysis products (Fig. 4, curve a) shows characteristics 
very similar to those of the pellet. Peaks I and IT are at- 
tributed to the reduction of water and hydroxide ions, re- 
spectively, and the process occurring in region VII to oxi- 
dation of oxide ions. The identification of the various 
peaks is inferred on the basis of  proportionality between 
known added concentrations of H20, OH-,  and 0 -2 ions 
in the melt and peak height. The relative potential posi- 
tion of various processes is in agreement with other stud- 
ies conducted with several reference electrodes and var- 
ious molten salt systems (8-12). 

By varying the upper and lower limit of the potential 
sweep, some of the peaks corresponding to the different 
reduction peaks can be identified. For example, peak VI 
is the oxidation peak corresponding to the reduction peak 
I which increases when H20 is added to the melt. The po- 
tential difference between the cathodic and anodic peaks 
(Ep.c - Ep.a) is 140 mV, which is similar to the theoretical 

ca th ,  
"~ I 

�9 . . - 2 ' . 0  - 2 . 5  

E I V  
Fig. 2. CV at 20 mV s -1 and 430~ of a pelletized LiCI-KCI-MgO 

mixture originally containing 2.5% water. 
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Fig. 3. Current density of peaks I and II (water and hydoxyl ions, 

curves a and b, respectively) vs. the square root of scan rate for a 
pelletized LiCI-KCI-MgO mixture ot 430~ 

value,  i .e.,  138 m V  for one -e lec t ron  t r a n s f e r  r eac t ion  at  
430~ Moreover ,  t h e  ha l f -wave  p o t e n t i a l  of  t he  wa te r  
wave  m o v e s  ca thod ica l l y  u p o n  a d d i t i o n  of K O H  or CaO, 
whi l e  an  anod ic  sh i f t  is o b s e r v e d  w h e n  HC1 is i n t r o d u c e d  

cath. (a) 2 0 m ~  

III 

(e) 
2mA,cli2 ~ (d) / / ~  'Om A ' c m 2 ~  

I I I I I +05 0 -05 -10 -1.5 -2.0 
E/V 

Fig. 4. CV at 50 mV s- '  and 430~ of o LiCI-KCI melt. a: Without 
any purification treatment, b and c: After addition of 9.6 • 10-2M 
KOH. d and e: After lh treatment with HCI. 

Table I. CV data for a pelletized LiCI-KCI (64-36 m/o)-MgO (SO w/o) 
mixture and LiCI-KCI (64-36 m/o) melt at 430~ 

E,/V 
Peak Pellet Melt Electrode reaction 

I -1.48 -0.84 2H.~O + 2e--~ H~ + 2 0 H -  
II -2.26 -1.94 2 OH- + 2 e ~  H~ + 2 O='- 
Vll +0.i = +0.5 2 0  ~- --~ O~ + 4e 

a Due to the high oxide concentration, a distinct peak is not ob- 
served and the potential of the foot wave is reported. 

to the melt (Fig. 4, curves b and d). The influence of ba- 
sicity of the melt on E11~ suggests the invo]vement of hy- 
droxyl ions in the reduction process. These results are in 
agreement with the overall reaction scheme (8) 

2H20 + 2e ~ H~ + 2 OH- [I] 

Similarly, peak II is due to the reduction of hydroxyl 
ions. The presence of the corresponding peaks III, IV, 
and V indicates a sequence of oxidation reaction steps. 
No attempt was made to identify the reduction or oxida- 
tion products. However, the overall reaction [2] was de- 
duced from the electrochemical measurements of Kan- 
zaki and Takahaski (8) 

2OH- +2e ~H~ +20 ~- [2] 

Wave Vli is due to oxidation of oxide ions according to 
the reaction (12) 

2 0 2 -  ~O~ + 4 e  [3] 

The  c u r r e n t s  of t he  OH-/H2 a n d  O ~-/O~ coup les  dec rease  
to ve ry  smal l  va lues  w h e n  t he  m e l t  is t r e a t ed  w i t h  HC1 for 
a pe r iod  of 1-2h ( compare  cu rves  b a n d  c to d a n d  e in  Fig. 
4). This  is p r o b a b l y  a c o n s e q u e n c e  of  t h e  r eac t ion  of  O H -  
and O ~- ions with HCI, as reported for LiCI-KCI-MgO pel- 
lets in a previous publication (6), and for the LiCI-KCI 
melt reported in other studies (II, 13) 

HCI + OH- ~ H~O + Cl- [4] 

2HCI + O ~- ~ H20 + 2Cl- [5] 

Table I summarizes the CV data. The cathodic shift of 
peaks I and II for the pellet as compared to the melt is 
due to the high oxide concentration in the pellet and the 
expected dependence of redox potential on the POH- and 
the po 2- (8, 12). The large amount of oxide ions in the pel- 
let also accounts for the high current obtained for wave 
VII. Moreover, the potential shift of this wave for the pel- 
let is opposite in direction to peaks I and II, again in 
agreement for the proposed identification of the various 
electrodic reactions in the melt and the pellet. 

The comparison of the CV curves for the meR and the 
pellet allows not only the identification of the various 
electrode reactions, but also a quantitative estimation of 
H20 and  O H -  c o n c e n t r a t i o n s  in the  pellet .  A c c o r d i n g  to 
the  R a n d l e s - S e v c i k  e q u a t i o n  (14), t he  p e a k  c u r r e n t  (i,) is 
d i rec t ly  re la ted  to t he  c o n c e n t r a t i o n  (c) of  t he  electro-  
ac t ive  spec ies  a n d  to t he  squa re  root  of  t he  s can  rate  (v '/~) 

ip = k A  C (v /RT)  'l'~ (FnD) 3/2 [6] 

w h e r e  k is a c o n s t a n t  for a g iven  reac t ion ,  A is t he  elec- 
t r ode  area,  T is t he  abso lu t e  t e m p e r a t u r e ,  R is the  gas con-  
s tant ,  F is F a r a d a y ' s  cons t an t ,  a n d  v is t h e  po t en t i a l  sweep  
rate.  I n  Fig. 5a, t h e  p e a k  c u r r e n t  dens i t i e s  for va r ious  
wa te r  c o n c e n t r a t i o n  inc reases  are  p lo t t ed  aga ins t  t he  
s q u a r e  root  of  s can  rate.  The  s lope  of t he  s t r a igh t  l ine  re- 
c o r d e d  before  t he  first add i t i on  of  w a t e r  is r e l a t ed  to the  
r e s idua l  wa te r  c o n c e n t r a t i o n  in the  m e l t  a t  t he  s ta r t  of  t he  
m e a s u r e m e n t s .  I f  t he  s lope m e a s u r e d  for the  ini t ial  un- 
k n o w n  c o n c e n t r a t i o n  is d e d u c e d  f rom t h e  va lues  deter-  
m i n e d  f rom the  a d d e d  concen t r a t i ons ,  one  ob ta ins  the  
co r rec t ed  s lopes  c o r r e s p o n d i n g  to t he  a d d e d  concen t ra -  
t ions .  The  co r rec t ed  va lues  are p lo t t ed  aga in s t  t he  a d d e d  
c o n c e n t r a t i o n s  of w a t e r  in  Fig. 5b. A s s u m i n g  t he  s a m e  
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Fig. 5. a: Current density of peak I vs. the square root of scan rate 
for a LiCI-KCI melt at 430~ Curve 1 is relative to the initial water 
concentration, while curves 2-4 are for the addition of 10 -2, 2.7 x 
10 -2, and 3.8 x 10-2M H20. b: Corrected slopes of curves in Fig. 5a 
vs. the water concentration in the melt. 

diffusion coefficient for H20 in the pellet and the melt 
maintained at the same temperature, the water concentra- 
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tion in the pellet can be estimated using the slope of ip vs. 
v 1/2 for the pellet and the calibration curve shown in Fig. 
5b. Using this procedure, an approximate value of 10-2M 
is obtained for this specific example. 

The same calibration technique can be used to deter- 
mine the hydroxyl ion concentration in the pellet. 

Conclusion 
It has been shown that cyclic voltammetry can easily be 

applied to molten pelletized mixtures. The redox poten- 
tials for H20 and different hydrolysis products agree with 
other published data (8, 12). CV also allows a quantitative 
determination of H20 and OH- ions at temperatures 
above the melting point of the electrolyte (/> 370~ This 
technique completes other methods (ac electrical conduc- 
tivity, DTA, and TGA) previously employed for the detec- 
tion and characterization of the different states of water in 
pelletized specimen at lower temperatures (6). 

Manuscript submitted Nov. 16, 1984; revised manu- 
script received March 5, 1985. 
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Electrolytic Purification of Aqueous Solutions of Potassium Chloride 
Containing Manganese Ions 

J. Fujioka and H. Riveros 
Institute of Physics, National University of  Mexico, Coyoacdn, Mexico 

ABSTRACT 

The purification by electrolysis at a mercury electrode of aqueous solutions of potassium chloride containing man- 
ganese ions is investigated. The concentration of manganese decreased from 112 to 0.4 ppm after 20 min  of electrolysis 
at -1.85V (vs. SCE). 

The procedures reported over the last ten years to pu- 
rify aqueous solutions of alkali metal chlorides involve 
the use of precipitating agents, ion-exchange resins, or 
both types of substances (1-18). Of these procedures, the 
great majority is focused on the elimination of calcium 

and magnesium ions present in the solution (5-9, 11-15, 17, 
18). 

In this paper, the purification by electrolysis of aque- 
ous solutions of potassium chloride contaminated with 
manganese is studied. This method of purification and 
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t he  i m p u r i t y  c h o s e n  are no t  very  c o m m o n  in  t he  field of 
pur i f ica t ion  of  a lkal i  ha l ides .  

The  e l i m i n a t i o n  of  M n  ~+ ions  f rom a q u e o u s  so lu t ions  of  
KC1 could  be  use fu l  in  t he  e l ec t rochemica l  p r o d u c t i o n  of  
C12 a n d  KOH, w h i c h  genera l ly  i nvo lves  t h e  u s e  of coa ted  
t i t a n i u m  a n o d e s  a n d  m e r c u r y  ca thodes .  The  p r e s e n c e  of  
M n  2+ in  t he  a q u e o u s  KC1 fed to t he  cells is ve ry  d e t r i m e n t a l  
in  t h a t  MnO2 depos i t s  on  t he  coa ted  t i t a n i u m  anodes .  Th i s  
causes  t h e  cel l  vo l t age  a n d  p o w e r  c o n s u m p t i o n  to in-  
crease.  F u r t h e r m o r e ,  t h e  r e m o v a l  of  MnO2 f r o m  t h e  
coa ted  t i t a n i u m  a n o d e s  w i t h o u t  d a m a g i n g  t h e  coa t ing  on  
the  a n o d e s  is difficult .  

As a m e t h o d  of  pur i f ica t ion ,  e lec t ro lys is  has  b e e n  u s e d  
on  a sma l l  scale. In  par t icu la r ,  in t he  pur i f i ca t ion  of  aque-  
ous  so lu t ions  of  a lkal i  ha l ides ,  its use  ha s  b e e n  ve ry  rare. 
However ,  i t  has  b e e n  p r o v e n  t h a t  e lec t ro lys is  is an  effec- 
t ive  m e t h o d  to r e m o v e  ce r ta in  u n k n o w n  impur i t i e s  f o u n d  
in h igh  p u r i t y  KC1, u s i n g  a g r aph i t e  e lec t rode  as t he  
w o r k i n g  e l ec t rode  (19). 

The  use  of  e lec t ro lys is  in  t he  pur i f i ca t ion  of a q u e o u s  
so lu t ions  r e n d e r s  i t  poss ib le  to e m p l o y  t he  s ame  equip-  
m e n t  u sed  in  t h e  pur i f i ca t ion  to c h e c k  t he  dec rease  in 
the  i m p u r i t y  c o n c e n t r a t i o n ,  a n d  to o b s e r v e  some  of  t h e  
cha rac te r i s t i c s  of  t h e  r eac t ion  b y  w h i c h  the  i m p u r i t y  is 
e l imina ted .  This  can  be  a c c o m p l i s h e d  by  app ly ing  a t r ian-  
gu la r  po ten t i a l  E(t) to t he  w o r k i n g  e lec t rode ,  a n d  p lo t t ing  
t he  c u r r e n t  i(E) t h a t  flows t h r o u g h  t h e  cell  (i.e., u s i n g  t he  
t e c h n i q u e  k n o w n  as l inea r  p o t e n t i a l  sweep  chrono-  
a m p e r o m e t r y  or  l inear  sweep  vo l t ammet ry ) .  To i n t e rp re t  
t he se  i-E cu rves  ( v o l t a m m o g r a m s ) ,  t h e  t h e o r y  of s ta t ion-  
ary  e lec t rode  p o l a r o g r a p h y  can  b e  u s e d  (20-23). However ,  
i t  m u s t  be  r e m e m b e r e d  t h a t  the  m e r c u r y  e l ec t rode  u s e d  
in  th i s  s t udy  is m u c h  la rger  t h a n  t he  t iny  d rops  u sed  in 
po la rography .  T h e  resu l t s  of  Reeves  et al. (24) c o n c e r n i n g  
t he  r e d u c t i o n  of  K ~ at  a m e r c u r y  c a t h o d e  will  also be  
helpful .  

Experimental  
A th ree -e l ec t rode  cell  ( E G & G  P A R  Mode l  377A) was  

u s e d  b o t h  for  t h e  pur i f i ca t ion  a n d  t h e  v o ] t a m m e t r i c  
s tudy.  The  w o r k i n g  e lec t rode  (Hg) h a d  12.8 c m  2 in  con t ac t  
w i th  t he  so lu t ion ,  a n d  the  r e fe rence  e l ec t rode  was  a satu- 
r a t ed  ca lomel  e lec t rode .  The  p o t e n t i a l  of t he  w o r k i n g  
e lec t rode  was  con t ro l l ed  w i th  t he  E G & G  P A R  Model  173 
po ten t ios t a t ,  a n d  t he  t r i a n g u l a r  s igna l  was  p r o v i d e d  b y  
the  E G & G  P A R  Mode l  175 p r o g r a m m e r .  The  v o l t a m m o -  
g r a m s  were  r e c o r d e d  on  t he  E G & G  P A R  Mode l  RE 0074 
X-Y reco rde r  w i t h  t he  a id  of t h e  E G & G  P A R  Model  176 
cur ren t - to -vo l t age  conver te r .  The  ana lyses  of t he  solu- 
t ions  were  d o n e  w i t h  t he  P e r k i n  E l m e r  Mode l  403 spec- 
t r o p h o t o m e t e r .  Th e  m a s s  s p e c t r o g r a p h i c  ana lys i s  of  t h e  
sal t  was  d o n e  b y  t h e  N o r t h e r n  Ana ly t i ca l  Labora to ry .  

The  sal t  b r i dges  c o m m u n i c a t i n g  t he  r e fe rence  a n d  
c o u n t e r e l e c t r o d e s  w i t h  the  cell were  filled w i th  so lu t ions  
of p u r e  KC1 a t  t he  s a m e  c o n c e n t r a t i o n  as t h a t  of t he  KC1 
c o n t a i n e d  in  t he  cell. 

E a c h  of  t h e  v o l t a m m o g r a m s  was  o b t a i n e d  u s i n g  10 m l  
of solut ion.  The  s can  ra te  ut i l ized in  all t h e  v o l t a m m o -  
g r a m s  was  200 mV/s.  All  po ten t i a l s  are  r e p o r t e d  vs. t h e  
s a tu r a t ed  ca lomel  e lec t rode .  

Results 
In  o rde r  to ful ly  app rec i a t e  t h e  ef fec t  p r o d u c e d  by  t he  

impur i ty ,  s o m e  v o l t a m m o g r a m s  of p u r e  KC1 so lu t ions  
were  ob ta ined .  Curve  A of  Fig. 1 s h o w s  t h a t  t he  m e r c u r y  
ox ida t i on  is a l r eady  no t i ceab l e  a t  0.02V a n d  t h e  r e d u c t i o n  
of  K § is i n i t i a t ed  a p p r o x i m a t e l y  at  -1 .85V,  a p p r o x i m a t e l y  
0.5V above  t h e  v a l u e  q u o t e d  b y  B a r d  a n d  F a u l k n e r  (20). 
Curve  B s h o w s  t h e  r e s p o n s e  of  t h e  so lu t ion  over  a w ide r  
po t en t i a l  range.  I n  th i s  figure i t  can  b e  seen  t h a t  t he  
anod ic  r eac t ion  

Hg + C1---+ 2 Hg2C12 + e -  

is revers ib le ,  w h i l e  the  ca thod ic  r eac t i on  is a lmos t  irre- 
vers ib le .  Reeves  et al. (24) f o u n d  t h a t  t he  i r revers ib i l i ty  of  
th i s  r eac t ion  is d u e  no t  to t h e  r e d u c t i o n  of  K § 
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Fig. 1. Voltammograms of solutions containing: 2M KCI (A), 2M KCI 
(B), 2M KCI with 0.2 mM MnCI~ (C). 

K + + Hg + e -  --~ K(Hg) 

w h i c h  is a r eve r s ib l e  reac t ion ,  b u t  r a t h e r  to t he  evo lu t ion  
of h y d r o g e n  

H3O+aq + e -  + Hg(1) ~ H20(1) + Hg-Had~ 

w h i c h  is a ve ry  i r r eve r s ib l e  react ion.  T h e y  also found  t h a t  
the  r e d u c t i o n  of  K ~ is a c c o m p a n i e d  b y  a second ,  irreversi-  
b le  r educ t i on  process ,  a t t r i b u t e d  to t he  r e d u c t i o n  of  wa te r  

1 
K(Hg) + H~O--> K 4 + ~ - H ~  + O H -  

The  effect  of  a d d i n g  some  M n  2§ ions  to  t h e  so lu t ion  was  
t h e n  s tud ied .  Curve  C of  Fig. 1 shows  t h e  v o l t a m m o g r a m  
of  a so lu t ion  c o n t a i n i n g  2M KC1 a n d  0.2 m M  MnC12. I t  
con f i rms  t h a t  M n  2+ is r e d u c e d  at  a p o t e n t i a l  less nega t ive  
t h a n  t h a t  of  K +, as was  a l ready  k n o w n  (21), a n d  shows  t h a t  
th i s  r eac t ion  is i r revers ib le .  

To obse rve  in g rea t e r  de ta i l  t h e  r e d u c t i o n  of M n  2§ 4M 
a n d  2M KC1 so lu t ions  were  p r e p a r e d  c o n t a i n i n g  d i f fe rent  
c o n c e n t r a t i o n s  of  m a n g a n e s e .  I n  Fig. 2 a n d  3, the  vo l tam-  
m o g r a m s  of t h e s e  so lu t ions  are s h o w n .  I t  can  be  seen  t h a t  
two waves ,  s i t ua t ed  a r o u n d  -1 .63 a n d  -1 .74V,  respec-  
t ively,  are p r o d u c e d .  Curve  A of  Fig. 4 shows  t ha t  t h e  
h e i g h t  ip § of  t he  first of  t h e s e  waves  d e p e n d s  l inear ly  on  
the  c o n c e n t r a t i o n  Cm of  m a n g a n e s e  a n d  is i n d e p e n d e n t  of  
t he  c o n c e n t r a t i o n  Cp of  po t a s s ium.  Th i s  b e h a v i o r  indi-  
ca tes  t h a t  th i s  wave  is due  to a r eac t ion  con t ro l l ed  b y  dif- 
fusion,  the  t ype  usua l ly  f o u n d  in  s t a t i ona ry  e lec t rode  
p o l a r o g r a p h y  (20-22). On  t he  o t h e r  h a n d ,  t he  h e i g h t  ip-  of  
the  s e c o n d  wave,  m e a s u r e d  f rom the  po ten t i a l  axis  as a 
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Fig. 2. Voltammograms of 4M KCI solutions containing: 0.4 mM 
MnCI2, (A), I mM MnCI.2 (B), 2 mM MnCI~ (C), and 3 mM MnCI2 (D). 
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Fig. 3. Voltammograms of 2M KCI solutions containing 0.2 mM MnCI2 
(A), 0.5 mM MnCI~ (B), 1 mM MnCI2 (C), and 2 mM MncI~ (D). 

base line, exhibits a different behavior. The dotted lines 
of Fig. 4 show that i , -  follows approximately straight 
lines as Cm increases, but the slopes of these lines depend 
o n  Cp. 

The voltammograms of Fig. 2 and 3 also show that the 
current flowing through the cell in the reverse scan of 
the potential can be higher than the current produced 
during the forward scan. The comparison of these voltam- 
mograms reveals that this effect is accentuated if the ratio 
CJC~ is increased. 

The presence of the second wave, the influence of Ca 
on the value of i , - ,  and the slow decay of the current dur- 
ing the reverse scan, must be the consequences of a sec- 
ond reaction involving manganese. The mechanism of 
this reaction will not be investigated in this communica- 
tion. 

Having observed some of the characteristics of the 
cathodic reaction, the purification of the solution was 
studied. 

In the first place, a cyclic voltammetry of a solution 
containing 4M KC1 and 4 mM MnC12 was performed. The 
potential of the mercury cathode was linearly varied from 
-1 .4  to -1.8V and vice versa, at scan rate of 200 mV/s. The 
electrolysis was maintained for 90 cycles. In Fig. 5, the 
vol tammograms of some of the cycles can be seen, show- 
ing that the amount  of manganese gradually decreases. 

1 

4 o  

o 6O 

I 90 
-1,4 -1,6 - I ,8  

POTENTIAL (V vs SCE) 
Fig. 5. Cyclic voltammetry of a solution containing 4M KCI and 4 mM 

MnCI2. The numbers of the cycles are indicated in each case. 

The analysis of the solution before and after the electroly- 
sis indicated that the concentration of manganese de- 
creased from 224 to 77 ppm. 

Next, an electrolysis using agitation was performed. 
The solution contained 2M KC1 and 2 mM MnC12, and was 
electrolyzed for 20 min with the potential of mercury 
fixed at -1.85V. The analysis of the solution indicated 
that the concentration of manganese decreased from 112.5 
to 0.4 ppm. This result proves the feasibility of this 
method for purifying KC1 contaminated with Mn. The net 
charge transferred during the electrolysis was nearly 
twice the charge of the manganese ions eliminated from 
the solution. This indicates that the current efficiency of 
this purification process is approximately  50%. 

Finally, 20 ml of a solution containing 2M KC1 and 2 
mM MnC12 were electrolyzed for lh. After the electrolysis, 
the solution was filtered through a 1.2 ~m millipore 
filter, and the water was evaporated to recover the salt 
contained in the solution. A mass spectrographic analysis 
of this salt indicated that the concentration of Mn atoms 
was 0.02 ppma. 
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Electrochemical Activation of Prothrombin on Platinum Electrode 

H. Durliat, C. Davet, and M. Comtat* 
Laboratoire de chimie physique et electrochimie, UA no. 192, Universit6 Paul Sabatier, Toulouse, France 

ABSTRACT 

When a solution of prothrombin in 0.15M NaC1 is put in contact for 10 rain with a platinum electrode held at a given 
potential (between 1.15 and 1.35V vs. NHE), it may react with a chromogenic substrate specific to thrombin. A charac- 
teristic band of this molecule appears on electrophoresis gel. Moreover, this electrochemically treated solution induces 
the clotting of a fibrinogen solution in which an immunoenzymatic  assay allows the identification of fibrinopeptide A. 
The results are very dependent  on the potential and the surface state of the electrode. For instance, the application of 
high potentials greater than 1.45V leads to a splitting of the prothrombin molecules into many fragments without any 
particular biological activity. However, an electrode modified by thrombin adsorption before the application of poten- 
tial allows the specific splitting of prothrombin to thrombin. Further experiments have shown that it is possible to di- 
minish the enzymatic activity of thrombin solutions under specific conditions of potential (0.35V) without splitting the 
molecules and that linear sweep vol tammetry modifies only the intrinsic pathway of coagulation when carried out on 
human platelet-free plasma. 

Some electrochemical experiments related to the inter- 
faces between metals and plasma or coagulation protein 
solutions are described in the literature. These studies 
were carried out to explain facts observed during experi- 
ments about blood compatibility with various materials. 
For example, metals and alloys immersed in circulating 
blood or in plasma do not induce coagulation when their 
potential at zero current is negative with respect to a nor- 
mal hydrogen electrode (NHE) (1, 2). Moreover, metals 
having a positive potential at zero current vs. NHE in 
blood, but maintained at a negative potential by means of 
a direct or alternating current, become nonthrombogenic 
(3, 4). Two examples widely cited are ac polarization of 
copper, which leads to the occurrence of copper oxides or 
complexes, and the polarization behavior of ti tanium al- 
loy (Ti6AI~V). The positive spontaneous potentials of 
these alloys become negative, and thrombosis no longer 
occurs. Furthermore, the materials chosen to make car- 
diac valves, sometimes on the basis of the evolution with 
time of open-circuit potentials, are often cobalt and tita- 
nium alloys (5, 6). Physical and chemical justifications of 
these observations are very difficult because of the com- 
plexity of the biological phenomena and the lack of a sat- 
isfactory explanation of these experimental  results (7, 8). 

The electrochemical study of the behavior of coagula- 
tion factors in contact with metals may provide an expla- 
nation for these phenomena. But although the systems 
are simpler than the blood-metallic valve interface, the 
conclusions are not yet clear. 

The changes observed in the voltammograms when 
prothrombin,thrombin, or fibrinogen are present in solu- 
tion (9-11) are difficult to identify. Indeed, they can be at- 
tributed either to adsorption phenomena at lower concen- 
trations or to charge transfer at higher concentrations. 

With a fibrinogen solution, optical and electrochemical 
methods were used (10, 12, 13) to obtain information re- 
garding the charge-transfer reaction of the proteins and to 
suggest a classification of semiconductor materials ac- 
cording to their thrombogenicity (14). 

* Electrochemical Society Active Member. 

The electrochemical transformation of bovin prothrom- 
bin (9) on a platinum electrode is a hypothesis based only 
on the modification of the clotting t ime of a solution of 
fibrinogen in which electrolyzed prothrombin was 
added. Coagulation times diminished when the applied 
potential was greater than 0.45V, and the higher the po- 
tential the faster the clotting time. For example, a time of 
27h when the potential was 0.95V become 9.5h when the 
potential was 1.45V. 

It should be noted that these molecules did not act as 
electronic relays in the biological process. Heterogeneous 
electron transfer with a metal may eventually occur with 
oxidation of terminal amino acids or the reduction of 
disulfide bridges. All of the commonly used potential 
ranges, however (9, 11), appeared to be insufficient to 
cause this kind of electrochemical reaction which would 
probably lead to products with no noticeable biological 
activity. 

We tried to work on this problem because the argu- 
ments in favor of the electrochemical transformation of 
prothrombin in thrombin were not satisfactory. New 
methods to improve the purity of the prothrombin solu- 
tion, commercialization of chromogenic substrates speci- 
fic to thrombin, and immunoassay of fibrinopeptide A 
were very helpful in carrying out all our experiments. 

On the basis of the plasmatic coagulation scheme, 
particularly for the activation of prothrombin and for fi- 
brinoformation (15-19), we were able to define an exper- 
imental strategy designed to identify thrombin in electro- 
chemically treated prothrombin solution. Two tests re- 
lated directly to the solutions in which an electrode, at a 
given potential, was kept: gel electrophoresis for the 
identification of the molecular mass of the various mole- 
cules present in the sample, and the use of chromogenic 
substrates specific to thrombin. Two additional tests 
were designed to measure the coagulation times of 
fibrinogen solutions mixed with electrochemically 
treated prothrombin solutions and to identify by an im- 
munoenzymatic assay the fibrinopeptide A released dur- 
ing coagulation. At present, these four methods are all 
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that exist for the identification of thrombin and the esti- 
mation of its biological activity. 

Experimental  Procedure 
Reagents and tests of coagulation.--All the electro- 

chemical experiments  were carried out in 0.15M NaC1 so- 
lution prepared from analytical-grade reagents and dou- 
bly distilled water at temperature of 25~ Fibrinogen was 
from Kabi Diagnostica. Human prothrombin was from 
Sigma or was extracted and purified in the laboratory ac- 
cording to the method described in Ref. (20); its purity 
was checked by gel electrophoresis (21). 

The method used to assay prothrombin was the mea- 
sure of the clotting time at 37~ of a sample to which all 
the coagulation factors were added except  prothrombin. 

The results are given in percentage of prothrombin 
with respect to a test plasma. For each sample, a straight 
line was obtained, plotting the clotting time against the 
logarithm of the reciprocal of the dilutions of the samples. 
The prothrombin concentration of the test plasma, a pool 
of plasmas from different blood donors assumed to be in 
good health, was assumed to be equal to 100% (22). 

The thrombin from Sigma was not of high purity (three 
bands on gel electrophoresis), but it was used without fur- 
ther purification; its enzymatic activity was measured ei- 
ther by the clotting time of a 0.2% fibrinogen solution or 
by the reaction on a chromogenic specific substrate 
(from Diagnostica Stago) Tos-Gly-Pro-Arg-pNA, where 
pNA is paranitraniline. The principle of this assay is 
based on the amidase activity of thrombin to release yel- 
low paranitraniline, which absorbs light at 405 nm (23). 

Electrophoresis was carried out in polyacrylamide gel 
with sodium dodecyl sulfate (21). A mixture  of five pro- 
teins of molecular weight in the range of 12,000-78,000 al- 
lowed calibration of the gel under our experimental  con- 
ditions. 

Reagents necessary to perform all the coagulation tests 
were from Diagnostica Stago. 

For some experiments,  platelet-free plasma was used. 
The Kaolin Cephalin (KC) clotting t ime detects alteration 
of factors from the intrinsic system (22). In this test, coag- 
ulation was induced by recalcifying a sample in the pres- 
ence of a platelet substitute and of a suspension of Kao- 
lin, which activated the Hageman factor. 

A deficiency in the extrinsic pathway was detected 
with the Quick time, comparing the coagulation time of 
the analyzed plasma in the presence of calcium thrombo- 
plastin to the coagulation time of a reference p:las.ma (22). 

Controlled potential experiments and cyclic voltam- 
metry were performed using a Tacussel Model FRT 20-2X 
potentiostat and a Tacussel Model GSTP 2 function gen- 
erator. The vol tammograms were recorded using a 
Sefram X-Y recorder (Model Luxytrace). 

A cell with two compartments was used: each compart- 
ment received 0.4 cm 3 of solution. The working electrode 
was a platinum minigrid or a plat inum disk of 2 mm 
diam. The reference electrode was a saturated calomel 
electrode, with a Luggin capillary filled with 0.15M NaC1 
solution. Both these electrodes were separated from the 
platinum auxiliary electrode by a low porosity glass frit. 
All the potentials were expressed vs. the normal hydro- 
gen electrode. 

All spectrophotometric measurements were carried out 
with a Beckman spectrophotometer  (Model Acta IV). 

Cyclic vol tammetry experiments did not provide satis- 
factory results regarding the behavior of thrombin and 
prothrombin at the metal-solution interface. Voltammo- 
grams obtained at a sweep rate of 0.05 V/s between -0.55 
and 1.25V with thrombin concentrations of about 4.16 
units NIH ~ were identical to those obtained from the 
0.15M NaC1 solution. The results were the same with 
physiological concentrations of prothrombin. In this case, 

'Approximately  100 NIH units  of th rombin  correspond to the 
amount of thrombin obtained when physiological concentration 
prothrombin is completely transformed. 

however, unlike the results observed with bovine pro- 
thrombin (9), changes in the curves were observed only 
after 5h of sweeping. These results are difficult to ex- 
plain. They demonstrated particularly a decrease in inten- 
sity in the platinum oxide reduction zone, due probably 
to adsorption phenomena. 

Several works have already treated this adsorption pro- 
cess by optical and electrochemical methods (24-25). The 
protein adsorption process on plat inum is especially com- 
plex in the environment  we used, as it competes with the 
adsorption of chloride and hydroxyl ions (26). It should 
be noted that with the potential limits chosen on the 
vol tammograms no oxidation or reduction of the solvent 
that could modify the pH occurred. 

Cyclic voltammetry, conducted on platelet-free plasma, 
led to a high oxidation current near 0.9V, noninterpreted. 
What is important  is that the intrinsic pathway of the co- 
agulation was altered without affecting the extrinsic path- 
way (the usual K.C. clotting time of 44s became 52s). Ad- 
ditionally, a very sticky, yellow film appeared on the 
electrode, confirming the significance of the adsorption 
phenomena in these systems. This film did not appear 
with platinum in contact with the plasma when there was 
no electric field. Controlled potential experiments were 
carried out from 5 to 20 min in 0.4 cm ~ of solution. The po- 
tential was maintained at a value in the range of -0.40 to 
+ 1.75V, specified for each experiment. The results were 
always compared with those of a control experiment, 
which used nonpolarized platinum in contact with the 
same solution for the same length of time. 

Results are presented in Fig. 1. With thrombin, the ap- 
plication of potentials lower than 0.05V for 10 rain with 25 
NIH units per cubic centimeter solutions produced a so- 
lution which, when mixed with chromogenic substrate, 
no longer led to a release of paranitraniline. Experiments 
conducted with potentials between 0.00 and 1.30V dem- 
onstrated a conservation of the enzymatic activity of 
thrombin. This activity disappeared completely with po- 
tentials greater than 1.35V. 

For prothrombin, the use of potentials lower than 1.15V 
caused no change in detectable molecules using the four 
tests at our disposal. However, a potential of + 1.25V ap- 
plied for 10 min caused the occurrence of new molecular 
fragments in the solution. The molecular weights deter- 
mined by electrophoresis were of about 10,000, 20,000, 
40,000, 50,000, and 70,000, respectively (Fig. 2). One band 
corresponded to the remaining prothrombin; another cor- 
responded to a thrombin-like molecule. From time to 
time, the solution had a thrombin activity similar to that 
observed physiologically. The clotting t ime and chromo- 
genic tests indicated that, at best, 10% of prothrombin 
was transformed into thrombin. 

Potentials higher than 1.35V induced a wild splitting of 
prothrombin molecules. This phenomenon can have a 

0.05 1.135 
Decrease in enzymatic activity with no molecular lpis 

Maintenance of enzymatic activlty 

Cessatlon of enzymatic activity 

No chanc u 

Molecule spilts into three fragments 

Random splittlnu of the molecule. NO thrombinlc activity 

-0.40~0.30 

iSyste~at~c appearance of throm~inlc activity 

.o.135 | 1175 
4 | NO chan~e 

potentil l  ( V )  v$  N H E  

Fig. ]. Summory for vorious potentiols opplied for ] 5 rnin to different 
solutions. ] : Thrornbin. 2: Prothrombin. 3: Prothrornbin, plotinum elec- 
trode covered with thrombin. 4: Platelet-free plosmo. 
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number  of causes (occurrence of chloride complexes of 
platinum, modification of the pH). 

Other experiments were performed with electrodes 
modified by thrombin adsorption. First, in open circuit, 
the electrode was dipped for 5 min into a thrombin solu- 
tion (250 unit/cm3). Then it was thoroughly rinsed in 
0.15M NaC1 solution until the cleaning solution had no en- 
zymatic activity. A potential of -0.35V was then applied 
for 10 min to a prothrombin solution. In the previous ex- 
periments under the same electrical conditions, no modi- 
fication of the molecule occurred. Here, however, three 
bands of molecular weights 52,000, 39,000, and 29,000 ap- 
peared on the electrophoresis gel. Moreover, the chromo- 
genic substrate test demonstrated the occurrence of 
thrombin from the splitting of about 10% of the prothrom- 
bin molecules. No transformation occurred if the 
modified electrode was immersed into a prothrombin so- 
lution in an open-circuit experiment. 

These experiments are reproducible, and it is possible 
to assay the fibrinopeptide A in a fibrinogen solution 
where electrochemically treated prothrombin was added. 
When the modified electrode was maintained at a poten- 
tial of -0.35V in a 0.15M NaC1 solution for various times 
before the electrolysis of prothrombin was carried out, it 
appeared that the higher the t ime the less the amount of 
thrombin formed in the electrical field. 

With platelet-free plasma, the application of a variety of 
potentials in the range of -0.35 to +1.75V for 15 min re- 
sulted in no modification of the coagulation factors that 
can be assayed by clotting time tests. Nevertheless, appli- 
cation of potential equal to 1.25V for 3h lowered by 30% 
the fibrinogen concentration without any decrease in the 
prothrombin concentration. 

Discussion 
Depending on the potentials applied to the platinum 

electrode, it is possible to: (i) inhibit thrombin (a decrease 
in thrombinic activity was observed, with no break in the 
molecule, for potentials lower than 0.05V), (ii) split the 
prothrombin molecule into multiple fragments (potentials 
greater than 1.45V), and (iii) split the prothrombin mole- 
cule (with potentials between 1.5 and 1.35V); the resulting 
fragments will have molecular weights equal to those of 
the molecules obtained during enzymatic activation, by 
Stuart factor, particularly to thrombin. However, the 
thrombinic activity, deduced from measurements made 
on chromogenic substrates and immunoenzymatic  assays 
of fibrinopeptide A, does not appear with regularity. 

A similar splitting occurred with a potential of -0.35V 
when the platinum electrode was covered with adsorbed 
thrombin. In this case, the appearance of thrombinic ac~ 
tivity was systematically reproducible. 

In every case, the shape of the vol tammogram and the 
range of potentials used (while the latter was too limited 
to cause the oxidation of amino acids or a reduction of 
disulfur bridges) demonstrate that the results were not 
caused by an electronic transfer. At the present stage of 
our research, we can only hazard some hypothesis to ex- 
plain these facts. 

With thrombin, positively charged at working pH, the 
molecule is attracted by an electrode with a sufficiently 
negative charge. It is then subjected to an intense electri- 
cal field, which causes structural modifications with a 
loss of enzymatic activity. 

With prothrombin, at high potentials, the appearance 
on the surface of the electrode of platinum chloride com- 
plexes was noticed. These may play some role as catalyst 
in the hydrolysis of peptidic bonds. With lower potentials, 
we noticed biomimetic splitting of the molecule in the 
electric field. This may be due to a variety of causes. It 
may be the result of the molecules being adsorbed onto 
the electrode in such a way that some peptidic bonds are 
weakened and are therefore more sensitive to hydrolysis. 
This would be an electrocatalytic phenomenon in the hy- 
drolysis of the peptide bond in the electrical field. Such a 
phenomenon has, to the best of our knowledge, never 
been described for biological molecules. It is comparable 

Fig. 2. Electrophoresis in polyacrylamide gel. A: a prothrombin solu- 
tion. B: a prothrombin solution put in contact with a platinum electrode 
held at 1.2V during 10 mn. The molecular weights corresponding to the 
various bands are as follows. I: 70,000. 2: 50,000. 3: 40,000. 4: 
20,000. 5: 10,000. 

only to the hydrolysis of ethylacetate (27). It should not 
come as a surprise that the electrical fields weakened 
bonds which, in a biological process, are more sensitive to 
hydrolysis. If  a 10% thrombin conversion can be reached, 
it is clear that this surface process creates nonadsorbed 
products on the electrodes which remain free for the ad- 
sorption of new prothrombin molecules. 

The fact that the molecules thus formed are not con- 
sistantly active leads us to assume a transformation of the 
structure of most of the prothrombin molecules in the 
electrical field. We could, of course, imagine that the 
electrical field activated another coagulation factor pres- 
ent in the prothrombin solution, itself capable of 
activating the prothrombin (i.e., Stuart factor). In this 
case, there would be no reason to find a molecule similar 
to thrombin but having no enzymatic activity. 

When the electrode, whose surface was first modified 
by the adsorption of thrombin, is brought to a potential of 
-0.35V, the negatively charged prothrombin molecule 
can reach the electrode because of the electrostatic inter- 
actions with thrombin. Under  these conditions of poten- 
tial, the molecule retains its structure, which explains the 
appearance of enzymatic activity. It is not thrombin 
which acts to split the molecule in an autocatalytic phe- 
nomenon, since without an electrical field there is no 
reaction. 

The r01e of electrochemistry must also be emphasized 
in modifying the nature of platelet-free plasma (cyclic 
vol tammetry induces an impairment of the intrinsic path- 
way, and the application of potentials near 1.25V for 3h 
caused the fibrinogen level to fall without producing a 
corresponding decrease in prothrombin). 

Our experimental  results have not all been satisfactorily 
explained. It is, however, necessary to emphasize their 
importance in the field of the fundamental biology of co- 
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agulation (they may suggest the existence of an electro- 
chemical coagulation pathway). Ultimately, the use of an 
electrical field may make it possible to inhibit  or to acti- 
vate some factors of coagulation. We should not be too 
hasty in generalizing or in formulating rules for the 
choice of hemocompatible materials or for explaining 
their properties. In  fact, it is enough to put  physiological 
concentrations of a lbumin in contact with an electrode to 
protect prothrombin from the action of the electrical 
field. 
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Doped Polydithienothiophene: A New Cathode-Active Material 
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ABSTRACT 

Films of doped polydithienothiophene, anodically synthesized on Pt or SnO.2-coated Pyrex electrodes in CH2C12 so- 
lution containing the monomer  (dithienothiophene) and MX (M ~ = N(Bu)4 § X -  = C104-, PF6-) as the supporting salt, are 
electroactive. These films can be driven repeatedly, in CH~ClflMX solution, between the doped and the undoped state 
releasing and storing charges. The coulombs efficiency of the redox process is ca. 100%, and the charge involved is 
equal to 20% of that involved in the initial electrochemical preparation of the doped polymer. Doped p-DTT/Pt elec- 
trodes with high doping level (50%) have a value of Voc of ca. 1V. In  the discharge in CH2ClflMX solution of doped 
p-DTT/Pt electrodes at constant current density up to 0V, high values of charge are recovered with respect to the stored 
(40-60% at -2  mA-cm-~). All these features of doped p-DTT are attractive and relevant to its application in battery tech- 
nology. However, doped p-DTT films preserved in CH2C12/MX solution show the disadvantage of a fast self-discharge 
(18-100h). This phenomenon is due not to polymer degradation, but  to an undoping process, presumably owing to an 
uncontrolled redox reaction involving the used electrolytic medium. 

Recently, much scientific work has been devoted to or- 
ganic conducting polymers because of the large field of 
potential applications (as electrode materials of recharge- 
able batteries or as electro-optic display devices, etc.). 
The main interest concerns their ability to be switched, 
by chemical or electrochemical doping, from a neutral 
(nonconducting) state to an oxidized or reduced con- 
ducting state. The electrochemical preparation approach 
is more attractive than the chemical, because the polymer 
is produced directly in its conducting oxidized form, a 
wide selection of counterions being available from the 
electrolyte. The variety of aromatic compounds which 
have been found to undergo electrochemical polymeriza- 

tion [pyrroles (1), thiophene (2), furan (2), carbazoles (3)] 
demonstrates the facility of this approach. Diaz et al. (4) 
indicate that the electrosynthesis of the polypyrrole pro- 
ceeds via the oxidation of pyrrole with a mechanism in- 
volving a series of oxidation and deprotonation steps. The 
electrochemical stoichiometry is 2.2-2.4 electrordpyrrole 
ring, where 2 electron/pyrrole ring is involved in the poly- 
mer formation. The extra charge (0.2-0.4 electrons) ac- 
counts for the concurrent oxidation of the polymer which 
has a lower oxidation potential than the monomer. 

In the present paper, we report a few electrochemical 
properties of doped polydithieno(3,2-b:2',3'-d')thiophene 
(shown in Fig. 1) relevant to their applications in battery 
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Fig. 1. Doped polydithieno(3,2-b:2',3'd')thiophene (p-DTT), where 
X -  = CIO4-, PF6-. 

technology. This material is a new electrogenerated con- 
ducting polymer (5). 

Exper imenta l  
The monomer dithieno(3,2-b:2',3'-d')thiophene (DTT) 

was synthesized following the de Jong-Janssen method 
(6). Doped p-DTT was electrochemically prepared at 
controlled current and at controlled potential, on Pt and 
SnO2-coated Pyrex electrodes, in degassed and anhy- 
drous ([H201 < 0.1 raM) electrolytic medium formed by 
methylene chloride (CH2C12), the monomer  2 mM, and the 
supporting salt : tetrabutylammoniumperchlorate (TBAP) 
0.1M. Tetrabutylammoniumhexafluorophosphate (TBAFP) 
0.1M was also used as electrolyte. The cell had two sepa- 
rated compartments.  Pt and saturated calomel electrode 
(SCE), with suitable liquid junction, were used as counter 
and reference electrodes. All the potential data are 
referred to SCE. The solvent CH2CI2 (RPE, C. Erba) was 
purified by double distillation and followed by dehydra- 
tion with activated molecular sieves (4A Pellets, 4 mm, C. 
Erba) under N2. TBAP "purum" Fluka was crystallized 
from methanol before use. TBAFP was prepared follow- 
ing the method of Lind et al. (7). All electrochemical ex- 
periments were performed with an Electrochemolab 
AMEL apparatus at 288 K. The spectroscopical measure- 
ments in visible, near IR were made utilizing a Perkin 
Elmer Model 323 Spectrophotometer.  

Results and Discussion 
Polydithienothiophene (p-DTT) was generated in its 

doped state with different anions (X- = C10,-, PF6-) typi- 
cally at a constant current of 0.4 mA-cm-2 (the charge po- 
tential value was ca. 1.3V). The electrode surface becomes 
quickly covered by a black, adherent film of doped 
p-DTT. The thickness of the film was controlled by the 
electrolysis t ime and varied between 0.1 ~m and 1 mm. 
Films of ca. 0.1 ~m thick were grown by passing 13 
mC-cm -~. The elemental analysis of these polymers indi- 
cates that the ratio of DTT units to X -  anions is 2:1; the 
conductivity measurements of these polymers gave 
values ranging from 3.10 -3 to 1.10 -2 ~- '-cm-'  (5). 

Electrochemical reduction of the doped polymers to an 
undoped state was tested by cyclic voltammetry. Figures 
2 and 3 report ten continuous cyclic voltammograms at Pt 
electrode in a solution of DTT in CH2CI2 with CIO4- and 
PF6- , respectively, as anion of electrolyte. These figures 
show that the monomer oxidation starts at 1.2V with the 
growth on the electrode surface of the doped polymer. 
This polymer is reduced and, then, in the following cycle, 
oxidized at lower potentials than that of monomer oxida- 
tion. p-DTT films produced by sweeping continuously 
were transferred to an electrolytic medium not involving 
DTT and cycled between -0.5 and +1.7V at different 
sweep rates (20-200 mV-s-'). Linear relationships between 
the anodic and the cathodic peak currents and the sweep 
rate were found as expected for the reaction of surface lo- 
calized material. The redox reaction is accompanied by 
color change, since the reduced film is red and the oxi- 
dized is black. 

The electroreduction of the doped polymer produces 
the undoped film, and the electro-oxidation of this latter, 
in CI-I2CIJTBAP solution, regenerates the doped polymer, 
as demonstrated by the absorption spectra visible near IR 
recorded during the electrochemical cycle. Figure 4 
shows the spectrum of the polymer film electrosynthe- 
sized, at I = 0.3 mA-cm -2, on SnO2-coated Pyrex electrode 
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Fig. 2. Continuous cyclic voltemrnograms (v = 0.2 V/s, from - 0 . 5  
to | .7V and reverse) on Pt in an electrolytic medium (CH2CI2, TBAP 
O.]M) involving DTT 2 rnM. 
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Fig. 3. Continuous cyclic voltommograms (v = 0.2 V/s, from - 0 . 5  
to 1.7V and reverse) on Pt in an electrolytic medium (CH2CI2, TBAFB 
0.1M) involving DTT 2 mM. 

with Q = 47 mC-cm -2 and the spectrum of the film after 
its total electrochemical reduction (Qred = 9.4 mC-cm -2 at 
I = -0.1 mA-cm-D. Figure 4 also shows a series of spectra 
taken during the gradual electrochemical reoxidation of 
the film in CH2C12/TBAP solution at I = 0.1 mA-cm -2 and 
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Fig. 4. Series of absorption spectra. 1: Electrosynthesized doped 
p-DTT (with C]04-). 2: Undoped p-DTT. 3-6: Gradually doped p-DTT 
(with C104-) during electrochemical reoxidotion. 7: Electrochemically 
regenerated undoped p-DTT. 
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the spectrum of the fully rereduced film. The band at 
higher energy in the visible region is characteristic of the 
undoped polymer (~r-Tr* transition), and the two bands at 
lower energy in the near-IR region are characteristic of 
the doped polymer. The gradual evolution from the 
undoped to doped state is evidenced by the intensity vari- 
ation of the characteristic bands with shift of the absorp- 
tion peaks toward higher energy. A similar behavior has 
been observed in polythiophene (8), and the interpreta- 
tion of the spectra bands is referred to Ref. (8). In our 
case, however, unlike highly doped polythiophene, the 
presence of a single broad band in the low energy region, 
which is characteristic of the free-carrier spectrum of the 
metallic state, was not observed. The redox process is a 
regenerative process which does not change the material; 
in fact, identical spectra were obtained after the first and 
second total reduction. 

Figures 5 and 6 show the first and one-hundredth of 
the series of continuous cyclic vol tammograms of 
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Fig. 5. Cyclic voltammograms of a p-DTT/Pt film in CH2CI2/TBAP 
0.1M; the first and the one-hundredth cycles (v = 0.2 V/s, from - 0 . 5  
to 1.5V and reverse). The p-DTT/Pt film has been produced by sweep- 
ing continuously (10 cycles, v = 0.2 V/s, from - 0 . 5  to + 1.7V and re- 
verse) in CH2CI2/TBAP 0.1M with DTT 2 mM. 

o 2 
"o 
o t,,- 

1 

U 
,< 0 

-1  
0 
"o 
o r,- 
N - 2  
U 

I I I 
0 0 . 5  1.0 V / V  

Fig. 6. Cyclic voltammograms of a p-DTT/Pt film in CH2CIJTBAFB 
0.1M; the first and the one-hundredth cycles (v = 0.2 V/s, from - 0 . 5  
to 1.4V and reverse). The p-DTT/Pt film has been produced by sweep- 
ing continuously (10 cycles, v = 0.2 V/s, from -O.S to 1.7V and re- 
verse) in CH2CI]TBAFB 0.1M with DTT 2 mM. 

p-DTT/Pt film in CH2C12 solution (in absence of DTT). 
The films are quite stable and can be cycled without evi- 
dence of important decomposition over the time range of 
voltammetric experiments.  

The separation and different shape of the oxidation and 
reduction waves of the polymer show that the redox pro- 
cess is not electrochemically reversible. However, the fact 
that the film can be repeatedly cycled indicates chemical 
reversibility of the doping-undoping process. The broad- 
ness of the waves suggests that the doping and undoping 
processes are complex. Presumably, reorganization pro- 
cesses of the polymeric chains are present; similar behav- 
ior has been observed with other polymers (9, 10). 

Moreover, since the integrated charges under the oxida- 
tion and the reduction waves of p-DTT are approximately 
equal (Qox ~ Qred ) ,  the coulombic efficiency (QreJQox) over 
a cycle of charge-discharge is ca. 100%. These estimates 
have been made on cyclic voltammograms (v = 20 mV/s, 
from 1.4 to -0.5V and reverse, in CH~C12/TBAP solution) 
of several p-DTT films, galvanostatically grown on Pt (Q 
= 358 mC/cm2). The amount of charge was always ca. 20% 
of the total charge Qox ~ Qred = 0.2Q involved in the prepa- 
ration of the film. This value is in accord with the charge 
concentration deducible from the results of elemental 
analysis of the electrosynthesized polymer, taking into ac- 
count the fact that, as for polypyrrole (11), 2 electrorgDTT 
unit should be involved in neutral polymer formation. 

The same values of doping level of p-DTT (50%) were 
obtained when the polymer, grown galvanostatically, was 
exhaustively reduced to the neutral state at controlled po- 
tential of 0V in CH2C1JTBAP solution, as shown in Table 
I. 

The fact that the redox process of the polymer film oc- 
curs at a far anodic potential value and that the charge 
which can be cycled (ca. 20% of that consumed in the ini- 
tial preparation of the film) is not very diminished after 
100 continuous cycles indicates the p-DTT doped as an 
attractive cathode-active material in battery application. 

In order to test the performance of doped p-DTT as 
cathode-active material, we discharged at different con- 
stant currents, in CH2C1JTPAP solutions, doped 
p-DTT/Pt films immediately after their electrogenera- 
tion. 

Figures 7 and 8 show the variation of the electrode po- 
tential during electrochemical polymerization, at constant 
current density (I = 0.4 mA/cm 2) (regions A), and during 
the first discharge of the po]ymer films at selected con- 
stant current densities (regions B). 

Table II reports, for two series of experiments with 
films of different thickness (some of which are shown in 
Fig. 7 and 8) the charge amounts recovered in the first 
discharges at different current densities together with the 
percentage of the charge recovered with respect to that 
stored in the doped polymer. The point where the dis- 
charging potential reached 0V was assumed as the indica- 
tor of the discharge completion. 

Table III summarizes the coulombic efficiencies of six 
regenerative cycles of charge-discharge of a p-DTT/Pt 
electrode at [I I = 0.4 mA-cm -'2 in CH2C1JTBAP solution. 
This p-DTT/Pt electrode was obtained by reducing at I = 
-0.4 mA-cm -~ with Qr~d = 72 mC-cm -2 a doped film elec- 
trosynthesized at I = 0.4 mA-cm -~ with Q = 358 mC-cm -2. 
During the recharge processes up to Qox = 48 mC-cm -~, 

Table I. Doping level of electrosynthesized p-DTT 

q Qred 
Charge involved Charge involved Percentage 

in p-DTT synthesis in undoping process doping 
(C/cm 2) (C/cm ~) level 

0.358 0.070 48 
0.478 0.095 50 
0.583 0.124 53 
0.750 0.142 47 
0.875 0.189 54 
3.60 0.780 55 

12.1 2.40 47 
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Table II. Charge recovered, with respect to that stored, 
in the first discharges at I constant of p-DTT films 

immediately after preparation 

I 
discharge 
(mAJcm -~) 

Q = 358 mC/cm ~ Q = 717 mC/cm 2 

Percentage Percentage 
charge charge 

Qred recovered w.r.t. Qred recovered w.r.t. 
(mC/cm ~) that stored (mC/cm 2) that stored 

-0.04 68.1 95 
-0.20 62.3 87 114.5 80 
-0.40 56.9 78 111.5 78 
-0.80 52.1 73 103.5 72 
-2.0 41.2 58 55.7 39 
-4.0 39.0 27 

Table Ill. Coulombic efficiency of six charge-discharge 
regenerative cycles at I = 0.4 mA/cm ~ 

Number 
regenerative Coulombic 

cycle efficiency 

1 0.75 
2 0.66 
3 0.72 
4 0.68 
5 0.63 
6 0.68 

the  e lec t rode  po t en t i a l  ( u n d e r  cu r r en t )  i nc reases  u p  to 
Vmax = 1.15V in  t he  s a m e  way  in all success ive  cycles.  The  
ef f ic iency va lues  we re  ca lcu la ted  b y  a s s u m i n g  t h e  va lue  
of  0V of  t he  d i s c h a r g i n g  po ten t i a l  as t h e  i n d i c a t o r  of dis- 
cha rge  c o m p l e t i o n  (as in  Tab le  II). I n  t h e  p r e s e n t  case, 
howeve r ,  so as n o t  to a c c u m u l a t e  c h a r g e  in t he  regener-  
a ted  ac t ive  mater ia l ,  t h e  d i scha rge  was  s t o p p e d  no t  at  0V 
potent ia l ,  b u t  on ly  w h e n  all t he  s to red  cha rge  was recov- 
ered.  T h e  da ta  of Tab le  III  s h o w  t h a t  t h e r e  are no  
s igni f icant  d i f f e rences  of t he  c o u l o m b i c  eff iciencies in  
t he  r e g e n e r a t i v e  cycles.  

F igu re  9 s h o w s  t he  va r i a t i on  of t he  open -c i r cu i t  po ten-  
t ial  vs. t i m e  of  d o p e d  p -DTT/P t  e lec t rodes  in  
CH2C12/TBAP solu t ion .  T he  e lec t rodes ,  as soon  as coa t ed  
w i th  t h e  p o l y m e r  film, were  r e m o v e d  in air  f r om the  elec- 
t r o s y n t h e s i s  cell  a n d  i m m e r s e d  in d e g a s s e d  CH2C1JTBAP 
solut ion.  T h e n  t he  fi lms of t he  r u n s  in  Fig. 9 were  dis- 
c h a r g e d  a t  c o n s t a n t  c u r r e n t  dens i ty ,  at  d i f fe ren t  t imes  
af ter  the  e n d  of t h e i r  e l ec t rosyn thes i s .  The  p e r c e n t a g e  
va lues  of  t h e  r e c o v e r e d  c h a r g e  w i t h  r e s p e c t  to t h a t  s to red  
in  t he  p o l y m e r s  are  r e p o r t e d  in  Tab le  IV. 
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Fig. 7. V(t) during processes at constant current densities. A: Elec- 
trosynthesis of doped p-DTT/Pt in CH2CIJTBAP 0.1M solution with 
DTT 2 raM, I = 0.4 mA/cm 2, Q = 358 mC/cm ~. B: First discharges of 
films (Q = 358  mC/cm 2) in CH2CIJTBAP 0.1M at I = - 2 . 0  (a), - 0 . 8  
(b), - 0 . 4  mA/cm 2 (c). 
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Fig. 8. V(t) during processes at constant current densities. A: Elec- 
trosynthesis of doped p-DTT/Pt in CH~Ctz/TBAP 0. ]M solution with 
DTT 2 n ~ ,  I = 0.4 mAJcm ~, Q = 717 mC/cm z. B: First discharges of 
films (Q = 717 mC/cm 2) in CH~CIJTBAP 0.1M at I = - 2 . 0  (o), - 0 . 8  
(b), - 0 . 4  mA/cm 2 (c). 
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Fig. 9. Vo~(t), in CH2CIJTBAP 0.1M solution of different films 
grown with 717 (o), 358  (b), 400  (c), 400  (d), 537 mC/cm 2 (e). 

The  c o m p a r i s o n  (at t he  s a m e  I) of  t h e  r e su l t s  in  Tab le  
IV w i t h  t h o s e  of  Tab le  II  ( conce rn ing  films d i s c h a r g e d  
i m m e d i a t e l y  af te r  the i r  p r epa ra t i on )  i nd i ca t e s  t h a t  a b o u t  
one -ha l f  of  t he  cyc lab le  cha rge  is los t  w h e n  t he  e lec t rode  
po t en t i a l  is d e c r e a s e d  by  ca. 0.2V. The  loss is no t  due  to 
a n  i r revers ib le  d e g r a d a t i o n  p roces s  of  t he  po lymer .  In  
fact,  i f  t h e  fi lms are c h a r g e d  aga in  a n d  i m m e d i a t e l y  dis- 
charged ,  t h e  p e r c e n t a g e s  of  t he  r e c o v e r e d  cha rge  are t he  
s a m e  as t h o s e  of  Tab le  II. No s igni f ican t  d i f fe rence  was  
o b s e r v e d  (in t he  r ange  t ime  of  24h) if  d o p e d  p - D T T / P t  
e l ec t rodes  we re  p r e s e r v e d  in n o n d e g a s s e d  so lu t ions  in  
t he  dark .  

A dec rea se  of  t he  open-c i r cu i t  p o t e n t i a l  a n d  of t he  per-  
c en t age  of  t he  cha rge  r ecove red  w i t h  r e spec t  to t h a t  
s to red  (e.g., af te r  18h, AVor = 0.25V a n d  t he  c h a r g e  recov-  
e red  ~vith r e s p e c t  to t h a t  s to red  is 30%, at  I = 0.2 
m A - c m  -2) was  also o b s e r v e d  w i th  d o p e d  p - D T T  g r o w n  on  
SnO2-coated P y r e x  e l ec t rode  (Q = 60 m C - c m  -2 at  I = 0.4 
m A - c m  -~) a n d  p r e s e r v e d  in CH~Cl~/TBAP solut ion.  Th i s  
s p o n t a n e o u s  d e c r e a s e  of  Vor w i th  loss of  cha rge  over  t ime,  
a c c o m p a n i e d  b y  a color  c h a n g e  f rom b l ack  to red,  was  
t e s t ed  by  spec t roscopy .  

F igu re  10 s h o w s  t he  o b s e r v e d  mod i f i ca t i on  of t he  visi- 
b le  a n d  nea r - IR  a b s o r p t i o n  spect ra .  T h e  s a m e  f igure  also 
r epo r t s  t he  s p e c t r u m  of  t he  p o l y m e r  af te r  its e x h a u s t i v e  
e l e c t rochemica l  d i s cha rge  in  CH~C1JTBAP so lu t ion  and  
t he  s p e c t r u m  of  t h e  p o l y m e r  e l ec t rochemica l l y  r e c h a r g e d  
w i t h  Qox = 10 m C - c m  -2, a f te r  i ts  d i scharge .  Tak ing  in to  
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Table IV. Charges recovered with respect to that stored, in discharges at I constant, of p-DTT films 
preserved in CH2CIJTBAP solution after different times elapsed from their electrosynthesis 

1601 

Run 

Q 
Charge 

revolved 
in p-DTT 
synthesis 
(mC/cm ~) 

t Q~a. t Percentage 
Time Charge of charge 

elapsed I recovered recovered 
from p-DTT Discharge in undoping w.r.t. 

(Vow), o synthesis Wo~), at t process stored 
(V) (h) (V) (mA/cm ~) (mC/cm ~) at t time 

a 717 
b 358 
~t 400 

400 
e 537 

1.02 43 0.61 -0.2 38.2 27 
1.00 92 0.54 -0.04 1.2 2 
1.01 4 0.80 - 0.4 33.8 42 
1.00 3 0.75 -0.4 29.2 37 
L05 21 0.65 -0.2 29.1 20 

account  the  spect ra  of the  doped  and u n d o p e d  po lymers  
(Fig. 4), Fig. 10 suggests  that  in los ing the  charge,  doped  
p - D T T  does not  unde rgo  apprec iable  chemica l  degrada- 
tion. 

A po in t  wor th  men t ion ing  is that  all the  e lec t rochemica l  
resul ts  are reasonably  reproducible ,  e x c e p t  the t ime  in 
which  the  doped  films, p reserved  in CH2C1JTBAP solu- 
tion, lose thei r  charge.  E lec t rochemica l  and spec t roscopic  
tests showed  that  the  total self-discharge of  ident ical ly  
doped  p -DTT films occur red  in an 18-100h t ime  range. 
This suggests  that  film stabili ty is re la ted to some 
uncon t ro l l ed  paramete rs  such  as, for instance,  impur i t ies  
of  the  so lvent  due  to its part ial  decomposi t ion .  On the  
o ther  hand,  film of  doped  p - D T T  prese rved  not  in CH~CI~ 
solut ion bu t  in air are more  stable. In  fact, after 240h, the  
po lymer  p rese rved  65% of its charge.  I t  was also observed  
that  the  lost  charge  occur red  in the  beg inn ing  (max imum,  
ca. 20h). In  fact, spectra  recorded  after  this t ime  are prac- 
t ically unchanged .  

As a ba t te ry  appl icat ion,  a s imple  cell  t was assembled  
uti l izing oxid ized  and neutral  po lymer  films, adheren t  to 
Pt,  as the  two te rminals  and i m m e r s e d  in CH2C1JTBAP 
solution.  The  oxid ized  form was galvanosta t ica l ly  electro- 
genera ted  in CH2C1JTBAP-DTT solut ion wi th  717 
m C - c m  -2 and the  r educed  form was obta ined  fully 
u n d o p i n g  a doped  film of a th ickness  ident ical  to that  of  
the  cathode.  This  ba t te ry  y ie lded  a m a x i m u m  open- 
c i rcui t  vol tage  of  ca. 0.6V and an init ial  short-circui t  cur- 
rent  dens i ty  of 2.7 -+ 0.3 mA-cm -2. These  pre l iminary  re- 
sults were  t aken  f rom six batteries.  The  short-circui t  
cur ren t  was calcula ted by util izing the  dif ference poten-  

~Since we observed that the neutral polymer requires a certain 
time (ca. 3h after its electrochemical preparation) before assum- 
ing a stable potential of ca. 0.3V, the battery was assembled 
when the neutral polymer was stable. 
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Fig. 10. Series of absorption spectra. 1 : Doped p-DTT [with CIO4-) 
immediately after its e|ectrosynthesis. 2: Doped p-DTT preserved for 
18h after its electrosynthesis in CH2CIJTBAP. 3: Undoped p-D'n'. 4: 
Electrochemically regenerated doped p-DTT (with CIO4-). 

tial va lues  measu red  under  different  condi t ions  of  the  ex- 
ternal  load. The  di f ference potent ia l  va lues  were  taken  
0.5s after a d ischarge  was commenced .  Dur ing  the  initial 
0.2s, the  vol tage fell ve ry  rapidly f rom the Voc va lue  and 
then  decreased  more  slowly. 

Conclusions 
We obse rved  that  anodical ly  synthes ized  doped  p -DTT 

can release and store charge  equal  to 20% of the  charge  in- 
vo lved  in its init ial  e lec t rochemica l  preparat ion.  Doped  
p -DTT presents  some at t ract ive features  re levant  to its 
appl ica t ion in bat tery  technology,  e.g., a h igh  doping  level  
wh ich  cor responds  to a capaci ty  of  54 mAh/g  (with C104- 
as dopant) ,  an initial va lue  of  Voo of ca. 1V, high va lues  of  
the  charge  r ecove red  at cons tan t  currents  up  to 0V, with 
respec t  to that  stored, f rom a m a x i m u m  of 95% for I = 
-0.04 m A - c m  -2 to a m i n i m u m  of 27% for I = - 4  m A - c m  -2, 
cyclabi l i ty  With no ev idence  of  apprec iab le  degradat ion,  
and an apparen t  02 stability. On the o ther  hand,  film of 
doped  p - D T T  prese rved  in CH~C1JTBAP solut ion had  the  
d i sadvantage  of  a fast self-discharge.  This  p h e n o m e n o n  is 
not  due  to po lymer  degradat ion,  bu t  to an uncont ro l l ed  
redox  reac t ion  invo lv ing  the  used  electrolyt ic  med ium.  

Work is in progress  to inves t iga te  the  behav ior  of this  
mater ia l  in o ther  nonaqueous  solvents  and in water .  
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A B S T R A C T  

An A1 foil was part ial ly conver ted  to fl-LiA1 by  e lec t rodepos i t ion  onto one side. The  remain ing  una l loyed  A1 acted as 
a substrate  for the  film. Cycl ing was carr ied out  with the  film in contact  wi th  e i ther  the  l iquid  propylene  carbonate/1M 
LiC104 (PC) or the  solid (PEO)sLiCF~SO~ After  initial substant ia l  cap_acity losses,  cou lombic  efficiencies were  97 and 
99% wi th  the  PC and P E O  electrolytes,  respect ively.  There  was an addit ional  loss wi th  P E O  (2 ~A cm -2) due  to a combi- 
nat ion of oxygen  and water  vapor  ingress ion  and Li  diffusion into the steel current  collector.  The loss in PC  occurred 
dur ing act ive operat ion,  there  be ing  negl igible  loss on standing.  L i th ium incorpora t ion  into the film occur red  readily 
due to the  h igh  diffusion coefficient of Li  in fi-LiA1. S t r ipping  of  the  Li  caused some  cracking of the  film as a resul t  of 
the large molar  v o l u m e  change in fo rming  a-Al(Li) f rom ~-LiA1, bu t  adhesion of  the  film to the  A1 substrate  was strong. 
Li terature  values  for the diffusion coeff icient  of Li  in a-Al(Li) are low (10 -~6 and 10 -52 cm2s - '  at 140 ~ and 25~ respec- 
tively), indicat ing that  the  growth of  a few monolayers  of the  a phase  on the  surface of the  fl-LiA1 could p reven t  further  
discharge.  A m o d e l  is p roposed  w h e r e b y  the  ~-LiA1 at the  in terface  with the  e lec t ro lyte  becomes  "super  dep le ted"  on 
discharge,  bu t  not  enough  to nuclea te  a-Al(Li). Thus a diffusion gradient  is set up  in the  B-LiA1 film, causing the  
a-Al(Li) to grow f rom the  a/fi in ter face  in a needle- l ike  morpho logy  t owards  the  electrolyte.  Such  a m o d e l  is compat ib le  
wi th  the  substant ia l  capaci ty losses dur ing  initial cycles. 

This s tudy  represents  one aspec t  of  a project  to develop 
a rechargeable  solid-state l i th ium bat tery  for t ract ion ap- 
pl icat ions (1). An  elect rode of  una l loyed  l i th ium tends  to 
display the  p rob lems  of react ion with  the  electrolyte,  den- 
dri te formation,  and shape change.  Dey (2) showed  that  
l i th ium alloys readily wi th  a luminum,  and a n u m b e r  of 
e lec t rochemica l  s tudies of  this b inary  combina t ion  in ei- 
ther  mol ten  salt or  l iquid  organic e lectrolytes  have subse- 
quent ly  been  repor ted  (3-13). 

In the  p resen t  s tudy,  results are p re sen ted  for the LiA1 
elect rode in con tac t  wi th  solid po lye thy lene  oxide  (PEO). 
S o m e  work  was also carr ied out  us ing  the  l iquid  propyl-  
ene carbonate/LiClO4 (PC) as elec.Irolyte for prepara t ion 
of  the  LiA1 alloy and for compar i son  wi th  the  investiga- 
t ions using PEO.  

Experimental 
The start ing mater ia l  was 99% pure  a l u m i n u m  foil of 50 

~m thickness .  This  was degreased  wi th  a je t  of  t r ichloro- 
ethylene,  i m m e r s e d  in 7M NaOH for approx ima te ly  10s to 
e tch the surface  lightly, washed  wi th  water ,  and then  
dr ied  in a s t ream of w a r m  air. 

A1 samples  for Li e lec t rodeposi t ion were  m o u n t e d  onto 
glass slides. All exposed  immersed  surfaces, apart  f rom 
the  depos i t ion  area, were  masked  with  Paraf i lm (Gallen- 
k e m p  U.K.), a the rmoplas t i c  t issue which  adhered  well  
wi th  gent le  hea t  f rom a hot-air gun. The  e lec t rochemical  
cell  was a s sembled  in a dry air box (water  content  < 5 
ppm) with a mass ive  Li strip as countere lec t rode ,  Li wire 
as re ference  electrode,  and propylene  carbonate/1M 
LiC104 (PC) as electrolyte.  The counte re lec t rode  was of  
d imens ions  s imilar  to those  of  the  A1 e lec t rode  and was 
p laced parallel  to it. Typically,  10 C-cm-'-' Li  was depos- 
i ted by passage of  current  at 1 mA cm-2, forming  a LiA1 
layer - 2 0  ~tm thick;  the  suppor t ing  A1 substra te  was 30-40 
u m  thick. For  cycl ing tests in PC, the  e lec t roformed film 
was not  r e m o v e d  f rom the  electrolysis  cell  and the  cell 
was assembled  as fol lows 

A1, LiA1 (10 C-cm-'-')IPCIA1 [1] 

LiA1 samples,  for work  invo lv ing  P E G  electrolyte,  were  
washed  with  dry  PC fol lowed by acetoni t r i le  and al lowed 
to evapora te  natural ly  pr ior  to storage over  Li  metal  in a 
dry argon box. Disks of 1 cm d iam were  cut  to fit the  
cells (Fig. 1), wh ich  were  semisymmet r i ca l  in the  sense 
that  after the first half-cycle both e lect rodes  conta ined 
LiA1. Cells were  assembled  as follows 

*Electrochemical Society Active Member. 
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*, A1, LiA1 (10C cm-2)I(PEO)sLiCF3SO31A1, * [2] 

the asterisk represen t ing  a steel cur ren t  collector.  The 
electrodes  were  of  equal  geomet r ic  area, each being a 
sample  under  study. A1 foil was freshly e tched  as de- 
scr ibed above pr ior  to assembly.  The cells each conta ined 
four  layers of e lec t ro lyte  film (each layer was 35 -+ 5 ~m 
thick). The glass cell wi th  steel pis tons (Fig. 1) was assem- 
bled in a dry argon box,  then  r e m o v e d  and fitted into a 
spring holder  (pressure 3 bar) for cycl ing in an oven at 
140~ (in air). O-rings used  were  Viton,  ~ wh ich  is s table at 
the  operat ing t empera tu re .  

Galvanosta t ic  charge/discharge  was mon i to red  and 
control led  us ing a Research  Machines  380Z computer .  
Data were  s tored on a f loppy disk. 

P ropy lene  carbonate  (Koch Light,  puriss.) was dried 
over  4~ molecu la r  s ieve before  use. Analar  LiC104 was 
predr ied  under  v a c u u m  at 200~ for 70h. PEO film was 
prepared  at A.E.R.E. Harwel l  Labora to ry  according  to the  
m e t h o d  descr ibed  by Seque i ra  et al. (14). 

Scann ing  e lec t ron  mic roscopy  was carr ied out  on a 
J E O L  T200 machine .  Spec imens  were  p repared  for sec- 
t ional  examina t ion  by s imply  tear ing the  foils to reveal  
the  fracture surfaces.  

Results and Discussion 
Propylene carbonate electrolyte.--The first charge  of  an 

A1 e lec t rode  at e i ther  1.0 or 0.1 m A - c m  -~ and subsequen t  
charges at 0.1 m A - c m  -2 showed  s imilar  characteris t ics  
(Fig. 2), in a g r e e m e n t  wi th  previous  studies. The  initial 
overpotent ia l  " sp ike"  has been  a t t r ibuted  to a nuclea t ion  

1Vinylidene fluoride/hexafluoro-propylene copolymer. 

' K I I I I 
precision steel Viton Li getter spring 

bore glass plunger '0' ring pressure 
Fig. 1. PEO cell arrangement 
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Fig. 2. Cathodic deposition of Li onto AI (Li )  in propylene carbonate 
at 0.1 mA-cm -2. 

overvoltage for the initiation of the fl-LiA1 phase (6, 13). 
This was followed by a slow decrease in overpotential un- 
til the current was discontinued. 

A typical discharge at 0.1 mA-cm-'-' is shown in Fig. 3. 
There was an initial relatively rapid potential change, fol- 
lowed by an approximately linear increase with time and 
a rapid increase towards the discharge end point. 

The 50 mV potential differential between charge and 
discharge reported by Epelboin et al.  (10) and discussed 
by Baranski and Fawcett  (13) was observed in the present 
study. The phenomenon appears to be associated with Li 
incorporation (335 mV vs.  Li) as the stripping potential 
(385 mV) is close to the value calculable for the free en- 
ergy of formation of/~-LiAI. 

Electrode capacity was determined to a cell voltage end 
point of 1.0V. Cycling data are shown in Fig. 4 and 5. The 
latter figure indicates a capacity loss of 6% per cycle. 
Comparison of the two figures clearly shows that capac- 
ity loss is minimal on wet stand, in agreement with the 
findings of Besenhard (8). Capacity loss only appears to 
occur during active operation, suggesting that a passivat- 
ing film protects the surface on standing (8, 10). The 
amount  of capacity loss was proportional to the charge 
time, i.e., the charge passed, leading to a constant 
coulombic efficiency of 97% (3% loss per half-cycle) after 
the initial rapid decrease in the first few cycles (8). 

Scanning electron micrographs of the two sides of the 
metal foil are shown in Fig. 6a and 6b. The A1 surface, 
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Fig. 4.  Cycling data for a symmetrical LiAIIpropylene carbonate/ 
LiCIO4 cell at  0.1 mA-cm -~ and ambient temperature�9 

shown in Fig. 6a, is clearly flat apart from minor features, 
probably resulting from rolling. The B-LiA1 surface is 
shown in Fig. 6b. The incorporation of Li has added sur- 
face features indicative of a nucleation and growth pro- 
cess. A solitary nucleus would be expected to grow three 
dimensionally and, because of the volume change upon 
Li incorporation, would protrude approximately spheri- 
cally from the surface; each protrusion from the surface 
represents a single nucleation. These overlap and result 
in the morphology observed. Having merged, the a-fl in- 
terface tends to become planar as it proceeds into the foil. 
The edge of the foil, charged to 10 C-cm -2, observed from 
both the A1 and LiA1 sides, is shown in Fig. 6c and 6d, re- 
spectively. The plane at the interface of the active film 
and the substrate can clearly be identified indicating 
thicknesses of 20-25 ~m and 35-40 ~m for the fl-LiA1 and 
a-A1 phases, respectively. The cracking of the LiA1 layer 
in Fig. 6d was the result of mechanical damage during 
sectioning of the specimen and was not present away 
from the edge. It did demonstrate that the LiA1 layer was 
less ductile than the A1 substrate. 

Micrographs of a 10 C-cm -2 film discharged to a cell 
voltage of 1.0V (discharge capacity 6.1 C-cm -2) are shown 
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Fig. 3.  Anodic stripping of Li from LiAI in propylene carbonate at  
O. 1 mA-cm-2.  
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Fig. 6. Scanning electron micrographs, a: AI surface, b: AI surface after Li incorporation (10 C-cm-~). c: Fracture edge of AI, LiAI (10 C-cm -~) 
duplex foil viewed from AI side. d: As in c, viewed from LiAI side. 

in  Fig. 7. The  su r face  c r ack ing  in Fig. 7a ha s  b e e n  re- 
p o r t e d  p r e v i o u s l y  b y  G a r r e a u  et al. (11) a n d  is a resu l t  of  
the  v o l u m e  r e d u c t i o n  u p o n  e x t r a c t i o n  of  Li  f rom t h e  
fl-LiA1. H i g h e r  magn i f i ca t i on  m i c r o g r a p h s  of  t h e  c racks  
m e e t i n g  t he  t o r n  edge  are s h o w n  in Fig. 7b a n d  7c. 

The  c h a n g e  in  m o l a r  v o l u m e  assoc ia ted  w i th  Li strip- 
p ing  is 49%, wh ich ,  in  th i s  e x p e r i m e n t  to 61% d e p t h  of 
d i scharge ,  s h o u l d  h a v e  r e su l t ed  in a 30% overal l  v o l u m e  
c h a n g e  of  t he  film. A n  i so t rop ic  c o n t r a c t i o n  w o u l d  t h e n  
re su l t  in  a 10% t h i c k n e s s  c h a n g e  a n d  a c rack  area  corre- 
s p o n d i n g  to 20% of t he  film surface.  A l t h o u g h  the  micro-  
g r a p h s  do no t  a l low an  accu ra t e  e s t i m a t e  of  t he  t h i c k n e s s  
change ,  t h e  f r ac t ion  of c rack  area  in Fig. 7a can  be  calcu- 
la ted  r e a s o n a b l y  wel l  as follows. Ave rage  c rack  w i d t h  
equa l s  15 +- 3 ~m.  Total  c r ack  l e n g t h  in f r ame  equa l s  0.52 
cm. Total  m i c r o g r a p h  area  equa l s  40 • 10 -4 c m  2. There-  
fore, t he  f r ac t ion  of  c r ack  area  in f i lm sur face  equa l s  20 --- 
4%. The  a g r e e m e n t  w i t h  t he  t heo re t i c a l  va lue  ind ica tes  
t h a t  t h e  fi lm has  a low porosi ty ,  w h i c h  is i m p o r t a n t  in  
cons ide ra t i ons  of  t h e  d i s cha rge  m e c h a n i s m  below.  

The  final m i c r o g r a p h  (Fig. 7d) s h o w s  the  A1 subs t r a t e  
sur face  af ter  Li  s t r i p p i n g  o b s e r v e d  f r o m  a sha l low angle  
(18~ Th i s  m a y  b e  c o m p a r e d  w i th  Fig. 6a a n d  s h o w s  tha t ,  
as the Li is stripped, the active film shrinks and the con- 
traction imposes considerable strain on the substrate, 
causing mechanical deformation. It also shows that the 
LiAl is bonded strongly onto the substrate. 

Polyethylene oxide electrolyte.--Cycling data  for  dupl i -  
cate type-2 cells  are  s h o w n  in Fig. 8 a n d  9. F i g u r e  10 
s h o w s  a typ ica l  vo l t age - t ime  c u r v e  for t h e s e  cells. 
Capaci t ies  we re  ca lcu la ted  to a cell e n d  po in t  of 1.0V. On  
the  first d i scharge ,  capac i t i es  we re  c o m p a r a b l e  to t h a t  in  
PC (5.9 a n d  4.9 C-cm -2 for PEO,  6.1 C-cm-'-' for PC). Corn- 

pa r i son  of Fig. 8 a n d  9 shows  t h a t  capac i ty  loss was  pr in-  
c ipal ly  due  to ag ing  a n d  no t  to cycl ing.  I t  appea r s  t h a t  
c o u l o m b i c  eff ic iency of cycl ing  a f te r  t h e  in i t ia l  r ap id  loss 
m a y  have  b e e n  > 99%. This  b e h a v i o r  con t r a s t s  w i t h  t h a t  
in PC, w h e r e  t h e  loss occu r r ed  p r inc ipa l ly  d u r i n g  cycling.  

The  l inear  loss of  each  cell w i th  t i m e  s h o w n  in Fig. 8 
was  e q u i v a l e n t  to a c u r r e n t  of  1-2 ~A. This  loss cou ld  be  
d u e  to i n g r e s s i o n  of wa te r  vapo r  or o x y g e n  in to  the  cell 
c o n v e r t i n g  t h e  Li  to an  ox ide  or a l t e rna t ive ly  to d i f fus ion  
of Li in to  the  s tee l  p is ton .  The  poss ib i l i ty  of the  la t ter  was  
i nves t i ga t ed  by  se t t i ng  u p  a type-2 cell  b u t  omi t t i ng  t he  
A1 e lect rode.  The  cell was  shor ted ,  w i t h  a res i s to r  in t he  
c i rcui t  (vol tage d rop  across  it < 10 mV)  to m o n i t o r  the  
c u r r e n t  due  to Li  alloy f o r m a t i o n  on  the  sur face  of  t h e  
s teel  a n d  s u b s e q u e n t  Li  d i f fus ion  (Fig. 11, 12). 

A s t r a igh t  l ine  p a s s i n g  t h r o u g h  t h e  or ig in  is an t i c ipa t ed  
for semi- inf in i te  d i f fus ion  (15) w h e n  c u r r e n t  is p lo t t ed  vs. 
t -1~2. B o t h  t h e  long- (> lh)  an d  sho r t - t ime  (< 100s) da ta  
sat isfy t h e  semi - in f in i t e  t h e o r y  b u t  w i t h  d i f fe ren t  slopes.  
At  shor t  t imes ,  d i f fus ion  f ronts  are para l le l  to the  sur face  
a n d  t h e  sur face  area  is g rea te r  t h a n  t h e  geomet r i c  va lue  
by  a factor  equa l  to the  r o u g h n e s s  factor .  A t  long  t imes ,  
d i f fus ion  f ron t s  m e r g e  to fo rm a p l a n a r  f ron t  p r o c e e d i n g  
in  t h e  d i rec t ion  of  t h e  axis  of  t h e  p i s ton ;  in  th i s  case, t he  
ap p ro p r i a t e  area  is t h e  geomet r i c  value.  Hence ,  the  rat io  
of the  s lopes  in  Fig. 11 a n d  12 revea ls  the  r e a s o n a b l e  va lue  
for the  r o u g h n e s s  fac tor  of 2. 

Clearly, Li loss in to  the  c u r r e n t  co l lec tor  can  be  h i g h  
a n d  cou ld  r ap id ly  e x h a u s t  a 10 C-cm-=' LiA1 e lec t rode  
w h e n  t h e r e  is a n  e lec t ro ly te  pa th  b e t w e e n  the  ac t ive  LiA1 
sur face  a n d  t h e  c u r r e n t  co l lec tor  t o g e t h e r  w i th  e lec t ronic  
con tac t  b e t w e e n  t h e  two. I t  was  f o u n d  t h a t  in  type-2 cells 
s tored  at  140~ e lec t ro ly te  d id  s q u eeze  b e t w e e n  t h e s e  two 
c o m p o n e n t s .  
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Fig. 7. Scanning electron micrographs of AI foil after Li incorporation (10 C-cm -~) and Li stripping (61%). a: Cracking of active layer on con- 
tinuous AI substrate, b and c: Fracture edges of duplex foil where cracks meet edge. d: AI substrate viewed from a shallow angle (18 ~ 
demonstrating distortion due to shrinkage of the active layer on the other side of the foil. 

�9 I I I 6 A fu r t h e r  a s p e c t  of  t h e  da ta  in Fig. 12 is the  i n t e r c e p t  at  
t - ' ~  = 0 of  1 t~A, w h i c h  cou ld  be  d u e  to i ng re s s ion  of  
w a t e r  v a p o r  and /o r  oxygen  a n d  is c o m p a r a b l e  to the  

1.S losses  n o t e d  in  Fig. 8. Thus ,  the  capac i ty  losses  revea led  
by  cycl ing  m a y  r e su l t  e i the r  f rom O~ or H.20 ingress ion ,  Li 

5 
�9 d i f fus ion  in to  t h e  c u r r e n t  collector,  or a n y  c o m b i n a t i o n  of  

1.0 
~ 0.5 

.p~ ~ 

" ; . . .  2 ~, .~ 0.3 .~ 

~ slope=08pA / ' "  

slope = 2.0pA " %  m L~ 

o.o I b I o 
10 20 30 0.0 I i 0 

Time at 15,0~ (days) 0 S 10 15 20 
Cycle number 

Fig. 8. Initial capacity decrease and subsequent time-dependent 
loss on cycling of duplicate symmetrical LiAIIPEO cells. Current den- Fig. 9. Capacity decrease of duplicate symmetrical LiAIIPEO cells 
sity: 0.1 mA-cm -~. Temperature: 140~ vs. cycle number. Data as in Fig. 8. 
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Fig. 12. As Fig. 11 for data at  long t imes only 

these .  I f  r e s idua l  c u r r e n t s  we re  e l i m i n a t e d  b y  effect ive 
seal ing,  a l o n g - t e r m  cycl ing  capac i ty  of 2.5 C-cm -2 m a y  b e  
ach ievab le  for  t h e s e  cells. This  is app l i cab le  to h i g h  d e p t h  
of  d i s cha rge  u n d e r  w h i c h  c o n d i t i o n  s e c o n d a r y  cells s u c h  
as lead-acid  of ten  do no t  p e r f o r m  well. 

M e c h a n i s m  o f  c h a r g e / d i s c h a r g e . - - T h e r e  s e e m s  li t t le 
d o u b t  c o n c e r n i n g  t h e  m e c h a n i s m  of  Li i n c o r p o r a t i o n  as 
/3-LiA1 in to  t h e  e lect rode.  Where  t h e  sur face  is ini t ial ly 
a-A1 or a-Al(Li) then/~-LiA1 m u s t  n u c l e a t e  on  t he  surface.  
This  n u c l e a t i o n  r equ i r e s  a s u b s t a n t i a l  overvol tage .  The  
nuc le i  g row t h r e e  d imens iona l ly ,  over lap ,  a n d  t h e n  grow 
in to  the  s - p h a s e  a p p r o x i m a t e l y  on  a p l a n a r  front .  Incor-  
po ra t ion  t akes  p lace  read i ly  a t  1 m A  crn-2;  th i s  can  o c c u r  
b e c a u s e  Li  ha s  a h i g h  d i f fus ion  coeff ic ient  in  fi-LiA1 (De), 
w h i c h  is a c o n s e q u e n c e  of  the  large  Li  v a c a n c y  concen t r a -  
t ion  in th i s  ma te r i a l  (17-19). Wen et  al .  (9) car r ied  out  an  
ex t ens ive  s t u d y  of  LiA1 inc lud ing  m e a s u r e m e n t s  of De in 
t he  r a n g e  415~176 They  f o u n d  i t  to b e  c o n c e n t r a t i o n  
d e p e n d e n t ,  r e a c h i n g  a m a x i m u m  v a l u e  of  10 -4 cm2-s - '  a t  
t he  lower  p h a s e  l imit .  T h u s  t he  va lue  of  10 -s cm2-s -~ de-  
t e r m i n e d  at  24~ b y  J a w  a n d  L i a n g  (12) s e e m s  no t  unrea -  

~C 
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Fig. 11.  Current  vs. t - ' r ~  for Li incorporation and diffusion into the 
steel piston showing data for short and long t imes. 

sonab ly  high.  U s i n g  th i s  la t te r  va lue  in  an  e q u a t i o n  der iv-  
able  f rom Fick ' s  first law, t he  c o n c e n t r a t i o n  d i f f e rence  
(Ac) ac ross  the  film m a y  be  ca lcu la ted  

Ac = i d / D e F  

i is t h e  c u r r e n t  (1 mA-cm-~) ,  d t he  f i lm t h i c k n e s s  (20 ~m),  
a n d  F t he  F a r a d a y  cons tan t .  This  r evea l ed  Ac = 2 • 10 -~ 
m o l - c m  -3 (i.e., 2M). The  mo la r  v o l u m e  (Vm) of  fl-Li~A1 is 20 
cm~-mo] - '  a n d  to a first  a p p r o x i m a t i o n  m a y  b e  a s s u m e d  
to be  i n d e p e n d e n t  of  x. The  Li  concen t r a t i on ,  c, is g iven  
by  

H e n c e  

c = x / V ~  

h x  = Vmhc 

S u b s t i t u t i n g  in t he  a b o v e  va lues  for  Vm a n d  hc  leads  to Ax 
= 0.04. This  va lue  of  h x  r e p r e s e n t s  a c h a n g e  f rom the  
e q u i l i b r i u m  s t o i c h i o m e t r y  of  t he  fi p h a s e  at  the  alfi 
b o u n d a r y  of  Li0.96A1, w h i c h  is a p p r o x i m a t e l y  e q u i v a l e n t  
to 48 a t o m  p e r c e n t  (a/o) Li  (12) to LiA1. Therefore ,  in  
t e r m s  of  mole  f ract ion,  t he  sur face  m a y  r e a c h  50 a/o Li. 
The  low c o n c e n t r a t i o n  d i f fe rence  r e q u i r e d  to sus ta in  dif- 
fus ion  u n d e r  t he  a b o v e  cha rg ing  c o n d i t i o n s  is i m p o r t a n t ,  
s ince  t he  fas t  d i f fus ing  fi p h a s e  w i d t h  e x t e n d s  on ly  as far 
as 56 a/o (12). 

A sa t i s fac tory  m e c h a n i s m  of Li  s t r ipp ing ,  however ,  has  
no t  b e e n  p r o p o s e d .  The  diff icul ty a r i ses  f rom the  ve ry  
low va lues  m e a s u r e d  for the  d i f fus ion  coeff ic ient  of Li  in  
a-Al(Li) (D~). The  da ta  of  Wen et al .  (20) d e t e r m i n e d  over  
t he  r ange  400~176 m a y  b e  e x t r a p o l a t e d  to g ive  De 
va lues  of  10 - '6 cm~-s -~ (140~ a n d  10 -~2 cm~-s - '  (25~ 
This  is in  good  a g r e e m e n t  wi th  t he  da ta  of  Wil l iams a n d  
E d i n g t o n  (21) g iv ing  a D~ va lue  of  10 -~6 cm~-s - '  a t  140~ 
Clearly,  at  bes t ,  De/De ~ 10-s a n d  d i f fus ion  of Li  will on ly  
occu r  at  r e a s o n a b l e  ra tes  (0.1 m A - c m  -2) t h r o u g h  ve ry  t h i n  
layers  ( -5A) t a k i n g  the  m o l a r  v o l u m e  of  ~-A1 (Li) as 10 
cm3-mol - '  a n d  p h a s e  w i d t h  as 0-5 a/o (De = 10 -'G cm'-'-s-'). 
T h u s  it  s eems  u n r e a s o n a b l e  to p r o p o s e  a mode ]  in  w h i c h  
a c o h e r e n t  f i lm of  ~-A1 (Li) g rows  on  t h e  f ron t  face of t h e  
fl-LiA1 film. T h e  n e x t  p ropos i t i on  to c o n s i d e r  is t h e  
g r o w t h  of  a n  i n c o h e r e n t  f i lm of  a-A1 (Li). S u c h  a p roposa l  
wou ld  sugges t  t h a t  t he  s t r i pped  f i lm m i g h t  b e  po rous  so 
t h a t  e lec t ro ly te  cou ld  e n t e r  the  po re s  g e n e r a t e d  as 
s t r i pp ing  p roceeds .  This  w o u l d  be  pos s ib l e  for  a l iqu id  
e lec t ro ly te  (e.g., PC) b u t  un l i ke ly  for  P E a ,  w h i c h  ha s  a 
h igh  v i scos i ty  a n d  w o u l d  be  s low to e n t e r  smal l  pores.  In  
the  case  of  PC, t h e  cycl ing  was  ca r r i ed  ou t  at  r o o m  tem-  
pera ture ,  w h e r e  D~ is severa l  o rders  of  m a g n i t u d e  lower  
t h a n  t h a t  a s s u m e d  in  t he  a b o v e  ca lcu la t ion .  Also,  i t  was  
s h o w n  ear l ier  t h a t  t h e  s t r i pped  f ihn  was  p r o b a b l y  non-  
p o r o u s  apa r t  f r o m  m a c r o s c o p i c  cracks .  Thus ,  t he  propos i -  
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tion of a mechanism via an incoherent film also appears 
untenable both for PC and PEO electrolytes. 

A third possibility is that at the commencement  of Li 
stripping ~-AI(Li) is not nucleated at the front face. As a 
result, /3-LiA1 is driven into a Li-deficient region beyond 
its phase limit at the electrolyte interface. This is a meta- 
stable state which might be termed "superdepletion." 
Considering a calculation similar to the charging case, the 
magnitude of depletion can be small as a result of the 
very large diffusion coefficient, as reported by Wen et al. 
(9). (Very high D~ values can be exp la inedby  a thermody- 
namic enhancement  factor or a large point-defect concen- 
tration.) Moreover, the critical superdepletion required 
for a-phase nucleation can be expected to be relatively 
large due to the severity of the structural rearrangement. 
Superdepletion sets up a concentration gradient in the 
fl-LiA1 film so that ~-AI(Li) grows from the ~]fl phase 
boundary towards the electrolyte. The a phase might be 
expected to grow in a needle-like fashion towards the 
front face as the Li concentration gradient would tend to 
promote this type of morphology. Upon reaching the 
front face, lateral growth of cx phase would take place un- 
til a coherent passivating film of ~-AI(Li) covered the ac- 
tive surface, effectively preventing further discharge. 
This would tend to entrap fl-LiA1 between the a-Al(Li) 
needles from which Li could not be stripped. This would 
be manifested as a coulombic efficiency substantially be- 
low 100%. In  fact, on the first charge/discharge in PC an 
efficiency of 61% was recorded. Some evidence in favor 
of this mechanism may be gleaned from examination of 
the photographs of the discharged film. The sides of the 
cracks, induced by volume reduction, and the fracture 
edges suggest the needle-like growth in the active film 
predicted above. Such a structure is not apparent in the 
undischarged film (particularly that shown in Fig. 6d). 
The model described above is depicted in Fig. 13, 

Conclusions 
The LiA1 electrode shows a coulombic efficiency of 

97% in PC and possibly in excess of 99% in combination 

with a PEO electrolyte. There were additional losses in 
the latter case due to ingression of air or water vapor 
and/or diffusion of Li into the current collectors. Atten- 
tion to cell design must  be undertaken to minimize these 
additional losses. In  all tests performed, there was no in- 
dication of shorting due to dendrite formation and no evi- 
dence of mass redistribution. 

The initial capacity loss on cycling is unfortunate, but it 
may be acceptable considering the high theoretical en- 
ergy density of LiA1. LiA1 must be considered a promis- 
ing electrode material for solid-state rechargeable Li cells. 
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Photoelectrochemical Characterization of CdSnP2 Crystals 
J. C. W.  Folmer, J. R. Tut t le ,  J. A. Turner,  and B. A. Parkinson* 

Solar Energy Research Institute, Photoconversion Research Branch, Golden, Colorado 80401 

ABSTRACT 

Crystals of the II-IV-V2 chalcopyrite semiconductor, CdSnP~, were grown from a tin melt. Photoelectrochemical 
techniques were used to characterize the properties of this material. Doping level, carrier type, optical transitions, ab- 
sorption coefficient, and minority carrier diffusion length were determined and compared with values obtained with 
other techniques. Polysulfide electrolytes were found to be most suitable for the formation Of liquid junctions, but did 
not completely stabilize the material during extended illumination and resulted in the formation of a CdS overlayer. 

The recent successes of the use of III-V semiconductors 
for photoelectrochemical energy conversion have been 
encouraging from a fundamental scientific viewpoint, A 
GaAs or GaAs~P, x photoelectrochemical cell has been 
demonstrated to produce electricity at about 12% solar 
efficiency (1), while InP photocathodes, plated with 
small islands of noble metal catalysts, are capable of pro- 
ducing hydrogen gas from hydrogen ions at a solar 
efficiency in excess of 13% or act as the photocathode in 
a haloacid splitting cell (2). Practical large-scale systems 
for solar conversion from such materials are limited, 
mainly because of the relative scarcity and high cost of in- 
dium and gallium. 

A class of materials exists isoelectronic with the III-V 
materials, but containing relatively more abundant metals 
from the groups adjacent to the Group III metals (Zn, Cd, 
St, Ge, Sn). These II-IV-V~ materials crystallize in the 
chalcopyrite structure (see Fig. 1). There has been consid- 
erable work on the optoelectronic properties of these ma- 
terials (3), but very little on their application to photovol- 
talc or photoelectrochemical energy conversion. This is 
somewhat surprising considering that many members of 
this family have optical bandgaps in the energy range 
which is optimal for solar_energy conversion (1.1-1.7 eV). 
The optical transitions in these materials are direct or 
pseudodirect, both of which result in a steeply rising ab- 
sorption above the bandgap energy. Pseudodirect  gaps 
are a consequence of band folding resulting from the dou- 
bled periodicity in the c direction of the chalcopyrite unit 
cell, placing the conduction band states with minimum 
energy at the gamma point in the Brillouin zone. 

As a result, isoelectronic analogs of an indirect tII-V 
material will have much steeper absorption edges (i.e., 
ZnGeP2 as compared to the indirect gap material, GaP, 
CdSnP~, however, is isoelectronic with a direct gap mate- 
rial, InP). Steeply rising absorption edges are required for 
the construction of thin film devices. 

We earlier reported a preliminary investigation of 
CdSnP2 (4), and we now report on a more detailed study 
of the photoelectrochemical behavior of this compound. 
We have chosen to study CdSnP~ (5) because it has a 
bandgap in the region of interest for solar conversion, it 
has been shown to have very favorable electronic proper- 
ties (high absorption coefficients and carrier mobilities) 
(6), and it is isoelectronic with InP, a material which is 
used successfully in both photoelectrochemical photovol- 
talc and photoelectro]ysis cells (2). When in contact with 
aqueous acid solutions, the high efficiency and stability 
of InP photocathodes has been attributed to the forma- 
tion of a thin, hydrated, 6-10~ pore-free layer of indium 
oxide, through which carriers can tunnel freely (7). This 
oxide layer has been shown to provide stability against 
oxidative photocorrosion and also to passivate the 
radiationless recombination of photogenerated electrons 
and holes (8). Owing to the variety of possible surface ox- 
ides that can be formed from the components  of a ternary 
material, the II-IV-V~ compounds provide an opportunity 
for more detailed study of the role of surface oxides in the 
passivation of surface recombination and the protection 
against photocorrosion. A recent note dealt with the pho- 
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toelectrochemical characterization of CdGeP2, another 
member  of the II-IV-V2 family (9). 

Experimental 

Crystal growth.--Barlike crystals of CdSnP2 (maximum 
dimensions 7 • 3 • 2 mm) were grown from a tin melt as 
previously described (10). Quartz ampuls were loaded 
with cadmium (99.999%), red phosphorus (99.999%), and 
an excess of tin (99.999%) in an inert atmosphere glove 
box. The ampuls were then evacuated to a pressure of 2 
t~torr (0.3 mPa) and sealed. The sealed ampuls were then 
placed in a furnace with the temperature-time profile dic- 
tated by a microprocessor-controlled programmer. The 
programmer controlled the overall cooling rate and super- 
imposed temperature "spikes" at various intervals to con- 
trol the nucleation of the crystallites. In some cases, nu- 
cleation was controlled by cooling a point on the ampul 
by contacting it with a copper wire which led out of the 
furnace (5). The crystals were recovered from the melt by 
heating in glycerol to melt away the main mass of tin and 
then dissolving the remaining tin in 1:5 nitric acid/water 
mixtures or an etchant consisting of 1 part HF, 3 parts ni- 
tric acid, and 4 parts water. A final bath of 4M KOH was 
used to remove white coatings of hydrated tin nitrate pre- 
cipitate, which sometimes built up on the crystals during 
the tin dissolution process. The crystals usually occurred 
as radiating masses of dark gray bars similar to those 
shown in Ref. (3) and (5). X-ray powder diffraction was 
used to verify that the crystals had the chalcopyrite struc- 
ture and lattice parameters identical to those reported in 
the literature for CdSnP~ (11). The unintentionally doped 
materials were n-type. 

1'9Sn MSssbauer spectroscopy showed an average iso- 
mer shift, relative to a calcium stannate standard, of 1.601 
+ 0.002 mm/s. In some samples, a small second MSss- 
bauer peak could be seen at an isomer shift of 2.73 + 0.05 
mm/s, consistent with the presence of less than 1% Sn4P3 
(12). The Sn4P3 is assumed to be present as small occlu- 
sions in the CdSnP2 crystals. Macroscopic (2 • 6 • 1 mm) 
platelike Sn4P~ crystals were also identified by x-ray dif- 
fraction and Mbssbauer spectroscopy in the crystal 

w ~ w 

p 

�9 Cd � 9  sn • : P 
Fig. 1. The structure of cadmium tin phosphide showing the tetrahe- 

dral bonding throughout the structure. The c/a ratio is a measure of the 
distortion of the structure from the diamond structure, where this ratio 
would be 2.0. For cadmium tin phosphide, the c]a ratio is 1.95. 
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masses remaining after acid dissolution of the tin, but 
could be easily physically separated because of their dif- 
ferent crystal habit and color. 

Photoe lec trochemical  c h a r a c t e r i z a t i o n . - - M o t t - S c h o t t k y  
(C-2-V) plots were obtained using an automated com- 
puter-controlled capacitance measurement  system which 
has been described elsewhere (13). Photocurrent  spectra 
were also obtained with an automated system which con- 
trols the monochromator,  collects photocurrent  data, and 
corrects for the lamp response. A 250W tungsten lamp 
was the source, and the lamp spectral output was mea- 
sured using a Model 2M thermopile with a quartz window 
(Dexter Research Center). Photocurrent-voltage response 
was also obtained with a computer-controlled system 
using a staircase voltage function and which collected 
photocurrent  data using chopped light and a lock-in 
amplifier. Redox electrolytes were prepared from re- 
agent-grade chemicals which were used as received with 
water purified through a Millipore ion exchange system 
with an organic absorption column and a final UV light 
treatment. 

Electrodes were prepared by first making low resist- 
ance contacts to crystals with indium-gallium eutectic 
and securing them to a small copper plate. The copper 
plate was then connected to a wire and mounted at the 
end of a glass tube. Epoxi-Patch | epoxy was then used to 
insulate the copper and all but the desired crystal face(s). 
Indium-gall ium eutectic was found to give consistently 
good low resistance contacts, but in some cases silver 
epoxy also proved adequate. Prior to the photoelectro- 
chemical measurements,  the crystals were etched in the 
HF-nitric acid etch described above. Extended stability 
runs used a 150W tungsten-halogen lamp positioned 
about 7.5 cm from the sample in a two-electrode cell with 
a platinum counterelectrode (the resulting light intensity 
is about 65 mW/cm2). 

Results and Discussion 
We attempted to determine the relative energy position 

of the conduction and valence bands and the doping level 
of the CdSnP2 samples with capacity measurements.  
Mott-Schottky measurements (plotting 1/C '2 vs. potential) 
were in general complicated by hysteresis between the 
forward and reverse scans, inversion effects, and poten- 
tial regions where capacities were independent  of poten- 
tial. I f  the range of the potential scan was limited between 
-1.1 and about -0.65Vvs SCE on a crystal with a smooth- 
crystal face, we obtained Mott-Schottky plots for n-type 
samples in sulfide/polysulfide solutions that showed 
close to linear behavior with a min imum of hysteresis 
(Fig. 2). The doping density obtained from the slope of 
the Mott-Schottky plot is 8.0 • 1017, which agrees well 
with values obtained with the Hall technique (3-5 • 1017). 
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Fig. 3. Monochromatic photocurrent voltage behavior of n-CdSnP2 in a 
1M Na2S, 1M NaOH, 1M Na~S2 solution at two different wavelengths 
but with identical photon flux. 

The slightly higher photoelectrochemical value may be a 
result of the microscopic surface area of the crystal being 
larger than the macroscopic surface area which was used 
to calculate the slope. A rather negative value of the 
flatband potential is obtained from the analysis of the 
Mott-Schottky plot (-1.17V vs. SCE). The influence of a 
possible surface layer of cadmium sulfide on the flat- 
band potential is not clear, since good Mott-Schottky be- 
havior was not obtained in other redox electrolytes or 
buffers. The influence of the CdS layer on the photo- 
stability of the system is discussed later in this report. 

Photocurrent-voltage curves for an n-type material in 
an aqueous sulfide/polysulfide solution illuminated at 
two different wavelengths, but with identical photon 
fluxes, are shown in Fig. 3. The figure shows that the 
quantum yield at shorter wavelengths is higher than at 
longer wavelengths. This can be explained by the fact 
that the shorter wavelength photons are absorbed in the 
space-charge region of the semiconductor/electrolyte in- 
terface and that the diffusion length of minority carriers 
(holes) is not long. The plateau region of the photocurrent 
curve can be analyzed with an equation derived from the 
G~rtner (14) model to obtain the minority carrier diffusion 
length for the crystal. A value of about 0.1/~m is obtained 
for 1050 nm excitation when a dielectric constant of 10.0 
is assumed and when the doping density obtained from 
the Mott-Schottky data and an absorption coefficient of 
5.6 x 104 cm -1 are used. 

Figure 4a shows the photocurrent spectra for an n-type 
CdSnP,~ sample in a polysulfide electrolyte. The photo- 
current onset is usually at about 1.1 eV, but in some cases 
a subbandgap response is also observed. If the bandedge 
of a sample without the low energy response is analyzed 
for the transition type, by plotting the power dependence 
of the photocurrent-energy product against the photon 
energy, the best fit is found for direct transitions (the 
square of the energy photocurrent product) at 1.17, 1.23, 
and 1.37 eV (Fig. 4b). These values agree very well with 
the literature values, obtained with electroreflectance, of 
1.16, 1.24, and 1.32 eV (15). The transitions can be identi- 
fied as excitation from the three spin-orbit split valence 
band levels of the chalcopyrite structure (3). Such fortui- 
tous results were not obtained on another crystal. Figure 
5a shows the spectra of another sample (and perhaps an- 
other crystal face) obtained in a D20 solution of polysul- 
fide. In this case, the lowest lying transition is identified 
as an indirect transition at 1.11 eV, followed by direct 
transitions at 1.14 and 1.20 eV (Fig. 5b). D20 is used to 
avoid a water absorption band at 1.27 eV or 975 nm (arrow 
in Fig. 4b), which could affect the interpretation of the 
highest direct transition in the first crystal. Substantial 
optical anisotropy i n  this material (16) and the partially 
polarized beam from the monochromator  may also com- 
plicate the photocurrent  spectra in CdSnP2. A complete 
study of these effects is beyond the scope of this study. 
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The stabili ty of  the  n- type CdSnP., to photocor ros ion  
was tes ted by con t inuous  i l luminat ion  of an e lec t rode  in 
polysulf ide e lec t ro ly te  for five days at short  circuit. The 
t ime  response  of  the current  was character ized by an ini- 
tial rapid decrease  in the current  fo l lowed by a slow rise 
to the  m a x i m u m  current  densi ty  of  5 mA/cm'-', which  then  
began to decay  after three  days, as seen in Fig. 6. Note  
that  the  log t ime  scale greatly exaggera tes  the  initial cur- 
rent  var ia t ions  wi th  respect  to the s low long- term degra- 
dation. The total  charge  per  uni t  area passed th rough  the  
interface was 2350 C/cm 2. The  total  charge  passed th rough  
the e lect rode (47C) was almost  suff icient  to totally cor- 
rode the  sample  th rough  the path m o s t  demand ing  of 
holes  (55C) which  is wr i t ten  is Eq.  [1]. (Note that  these  
products  have  not  been  identif ied as the  final corrosion 
products ,  but  are used  only to es t imate  stability.) 

CdSnP2 + 16 O H -  + 16h § 

--* Cd(II) + Sn(IV) + 2PO4 -3 + 8H20 [1] 

After  only  several  hours  of the  test, an orange-yel low 
layer was obse rved  to form on several  of  the  faces of  the  
crystal. The  layer  was shown,  by e lec t ron  mic roprobe  
analysis, to conta in  both  Cd and S but  no Sn. Catho- 
do luminescence  conf i rmed the  layer to be CdS. The t in 
is a s sumed  to dissolve as a sulfide complex  or as a 
stannate.  

Initially, the  CdS layer did not  reduce  the  current  flow 
th rough  the  interface,  p resumab ly  because  the  blue light, 
which  wou ld  be absorbed  by the  layer,  was already re- 
m o v e d  by the  orange-yel low sulf ide/polysulf ide electro- 
lyte. The  layer was observed  to grow th icker  with t ime  
and even tua l ly  g rew thick enough  to absorb l ight beyond  
the  short  wave l eng th  cutoff  of the  electrolyte,  which  re- 
sul ted in the  decay  of  the  short-circui t  current.  This was 
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Fig. S. A: Photocurrent spectra of another n-CdSnP~ sample in a 
polysulfide solution in D20. B: Analysis of the spectrum in part A show- 
ing an indirect transition followed by two direct transitions. 

verif ied by the  decrease  in the vis ib le  l ight  response  in 
the pho tocu r ren t  spectra  of  a sample  on which  a substan- 
tial a m o u n t  of  CdS had accumula ted .  Presumably ,  the 
layer does no t  in terfere  with the  t ranspor t  of carriers to 
the electrolyte  s ince the  loss of pho tocu r ren t  could  be ac- 
counted  for total ly by absorp t ion  losses. I f  a b locking  
he te ro junc t ion  was formed,  the  current  would  quick ly  de- 
cay to zero even wi th  the format ion  of a ve ry  thin layer. 

The layer forms with  a cou lombic  eff iciency of less 
than  1% because  the  th ickness  of the  layer was less than  
100 /~m after  the passage of  e n o u g h  charge  to dissolve 
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Fig. 6. Short-circuit photocurrent~as a function of time for a n-CdSnP2 
sample under continuous illumination in a 2M KOH, 1M Na2S, 1M Na~S2 
solution. Note the logarithmic time axis. 
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Table I. Comparison of photoelectrochemically determined materials parameters of CdSnP2 with values from other techniques 

Parameter PEC value Other value(s) Ref. 

Doping level 8 • 10 '7 cm -3 5 x 10 ,7 cm -3 This work 
Optical transitions 1.17, 1.23, 1.37 eV 1.16. 1.24, 1.32 eV (15) 

1.11(i), 1.14, 1.20 eV a 
Diffusion length 0.1-0.35 ~m --  This work 
Absorption coefficient 5.6 x 104 cm-' (1050 nm) 1-10 • 104 cm-' (3) 
Electron mobility 290-1100 (Hall) 2000 cm'-'V-'s-' (19) 

a Different sample and perhaps crystal face. The i indicates an indirect transition. 

most of the crystal. The exact percentage of photogen- 
erated holes participating in the oxidation of the lattice to 
CdS is not known, but it is expected that it will be a 
strong function of the photocurrent density, as is the case 
with other semiconductor  photoelectrodes (such as CdSe) 
(17). 

Conclusion 
Table I shows a summary of the materials parameters 

obtained from photoelectrochemical techniques for an 
n-type sample of CdSnP.~. It is clear from the table that re- 
liable information about the materials properties of this 
material can be obtained with the photoelectrochemical 
techniques described in this communication. The high 
quantum yields at visible wavelengths (see Fig. 5a) ob- 
tained for this system confirm that the electronic proper- 
ties of the material are favorable and high conversion 
efficiencies are achievable if the diffusion length of mi- 
nority carriers can be increased to above 1 ~m. 

The marginal stability of the system, at least in the 
sulfide/polysulfide electrolyte, suggests that further 
work on the n-type material is needed in order to make 
this material attractive for use in a photoelectrochemical 
solar cell. The marginal stability of the n-type material in 
polysulfide solutions mimics the behavior of n-InP in 
similar solutions. However, p-type InP has been shown to 
be stable in several redox electrolytes, suggesting that the 
same may be true for p-CdSnP~. Attempts to grow the lat- 
ter material by doping with copper produced a low mobil- 
ity compensated material with pronounced photoconduc- 
tivity and subbandgap response (5, 18). A detailed study 
of this material is underway. Alternate methods for the 
preparation of p-type materials are also under investiga- 
tion, as well as crystal growth and photoelectrochemical 
characterization of other members of the II-IV-V~ family 
of semiconductors.  
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A B S T R A C T  

T h e  e l ec t rode  k ine t i c s  of Na  ~ r e d u c t i o n  are  s t u d i e d  at  d r o p p i n g  m e r c u r y  e l ec t rode  in  four  po la r  apro t ic  so lvents ,  
p r o p y l e n e  c a r b o n a t e  (PC), d i m e t h y l f o r m a m i d e  (DMF), d i m e t h y l s u ] f o x i d e  (DMSO), a n d  ace toni t r i ]e  (AN), u s i n g  t he  
fa rada ic  i m p e d a n c e  m e t hod .  The  t r ue  ra te  c o n s t a n t s  m e a s u r e d  for 1M NaC104 in PC, DMF, DMSO, a n d  A N  are 0.38, 0.21, 
0.05, a n d  0.35 cm-s  -~, respec t ive ly .  T he  c o r r e s p o n d i n g  ca thod i c  t r ans f e r  coeff ic ients  are  m e a s u r e d  to be  0.62, 0.81, 0.43, 
a n d  0.42, respec t ive ly .  Na ~ r e d u c t i o n  is f o u n d  to b e  a s i m p l e  cha rge - t r ans fe r  reac t ion ,  b a s e d  on  its c o n f o r m a n c e  to t he  
analys is  u s i n g  t he  c lass ical  R a n d l e s  circuit .  U s i n g  re la t ive  ra te  c o n s t a n t s  (k~t)~,~, for Na ~ w i th  wa te r  as r e f e r ence  solvent ,  
a s t a n d a r d  po t en t i a l  scale for Na*/Na vs. N H E  is d e v e l o p e d  for  all four  so lven t s  a n d  c o m p a r e d  w i th  s t a n d a r d  po ten t i a l  
scales  for  K~/K vs.  NHE.  T he  sur face  po t en t i a l s  of  all four  so lven t s  are ca lcu la ted  to b e  pos i t ive  a n d  d i s c u s s e d  in t e r m s  of 
so lven t  d ipo le  o r ien ta t ion .  C o m p a r i s o n  of ra te  c o n s t a n t s  a n d  free e n e r g y  of Na ~ so lva t ion  is m a d e  to d e t e r m i n e  the  effect  
of so lva t ion  on  t he  k ine t i c s  of  Na § r e d u c t i o n  in PC, DME, DMSO,  a n d  AN. The  t r e n d  of s t a n d a r d  ra te  c o n s t a n t s  fol lows 
the  t r e n d  of s o d i u m  ion  so lva t ion  in t h e  n o n a q u e o u s  so lven t s  PC ~ AN < D M F  < DMSO. 

The  d e v e l o p m e n t s  in  e l e c t r ochem i ca l  ene rgy  conver -  
s ion a n d  s to rage  a n d  t h e  n e e d  for h i g h  e n e r g y  dens i ty  
have  c rea ted  a g ro w i ng  in t e r e s t  in  the  e l e c t r o c h e m i s t r y  of 
a lkal i  me ta l s  in  n o n a q u e o u s  so lven t s  (1, 2). The  fact  t h a t  
the  ra te  c o n s t a n t  of  an  e l ec t r ochem i ca l  r eac t i on  can  va ry  
s igni f icant ly  f rom one  n o n a q u e o u s  so lven t  to a n o t h e r  
ra ises  a ve ry  f u n d a m e n t a l  ques t ion :  W h a t  is the  in f luence  
of t he  so lven t  o n  t he  ra te  of  a n  e l ec t r ochem i ca l  react ion?  

The  p u r p o s e  of  t he  p r e s e n t  work  is to s t u d y  the  elec- 
t rode  k ine t ics  for  s o d i u m  ion r e d u c t i o n  in four  p o p u l a r  
aprot ic  so lven t s  a n d  to a t t e m p t  to cor re la te  the  ra te  con-  
s t an t s  wi th  t h e  t h e r m o d y n a m i c s  of ion  so]va t ion  in the  
four  solvents .  A c o m p a r a t i v e  s t u d y  of  t he  e lec t rode  k ine t -  
ics of  Na ~ r e d u c t i o n  was  t h e r e f o r e  c o n d u c t e d  in  four  
aprot ic  so lvents :  p r o p y l e n e  c a r b o n a t e  (PC), d i m e t h y l  
f o r m a m i d e  (DMF), d i m e t h y l  su l fox ide  (DMSO), and  
ace toni t r i l e  (AN), u s i n g  d r o p p i n g  m e r c u r y  e lec t rode  
(DME) a n d  t h e  fa rada ic  i m p e d a n c e  m e t h o d .  These  sol- 
v e n t s  are  w i d e l y  u s e d  in  e l e c t r o c h e m i s t r y  due  to t h e i r  
h i g h  d ie lec t r ic  cons t an t s ,  t he  unava i l ab i l i t y  of a p r o t o n  
for r educ t ion ,  t h e i r  w e a k  ac idic  and  bas ic  charac ters ,  and  
the i r  re la t ively  low viscosi t ies .  

The  ra te  of  a s i m p l e  cha rge - t r ans fe r  e l ec t rochemica l  re- 
ac t ion  is a f fec ted  b y  fac tors  such  as e lec t rode  kinet ics ,  
so lvat ion ,  doub le - l aye r  effects  a n d  t h e r m o d y n a m i c s .  
T h e s e  a spec t s  a re  d i s c u s s e d  below.  

Kine t i c s  a n d  energet ics  in  n o n a q u e o u s  so l ven t s . - -The  
e lec t rode  k ine t i c s  a n d  the  e q u i l i b r i u m  of  a n  e lec t rochemi-  
cal r eac t ion  are  grea t ly  af fec ted  by  t he  n a t u r e  of  t h e  sol- 
v e n t  a n d  t h e  e lec t ro ly te  employed .  T h e r e  are va r ious  rea- 
sons,  usua l ly  di f f icul t  to exp la in  in  a s impl i f i ed  m a n n e r ,  
for s u c h  d i f f e rences  in  ra te  c o n s t a n t s  a n d  e q u i l i b r i u m  
proper t i es .  Fac to r s  s u c h  as m e d i u m  effects,  so lva t ion  of 
ions,  a n d  t he  free energy,  en tha lpy ,  a n d  e n t r o p y  c h a n g e s  
occur r ing  d u r i n g  a n  e lec t rode  react ion,  a n d  doub le  layer  
va ry  f rom one  so l ven t  to ano the r .  T h e r m o d y n a m i c  mea-  
s u r e m e n t s ,  name ly ,  emf,  ca lor imet r ic ,  a n d  so lub i l i ty  mea-  
s u r e m e n t s ,  are u sua l ly  u s e d  for t he  s t u d y  of  free energy,  
en tha lpy ,  a n d  e n t r o p y  c h a n g e s  for e l e c t r ochem i ca l  reac- 
t ion.  The  ra te  c o n s t a n t s  of a n  e l ec t rode  r eac t ion  in  differ- 
en t  so iven t s  also a id  in  t he  eva lua t ion  a n d  c o m p a r i s o n  of  
t he  free e n e r g y  c h a n g e s  a s soc ia t ed  w i t h  an  e lec t rode  
process .  

Cons ide r  t h e  e l ec t rode  reac t ion  at  a m e r c u r y  e lec t rode  

1VI~) ~ + e ~ :M~-->  M(Hg) [1] 

w h e r e  1VIU is t h e  so lva ted  ca t ion  a n d  M ~ is the  ac t iva ted  
c o m p l e x  of  t he  m e t a l  ion. Fo r  th i s  reac t ion ,  the  t r ue  he te r -  
o g e n e o u s  ra te  c o n s t a n t  m a y  be  e x p r e s s e d  in genera l  
t e r m s  as 

* Electrochemical Society Active Member. 

k~h t = T(kT/h) exp  [(-AGo e - flnF~(m)~ [2] 

w h e r e  r is t he  t r a n s m i s s i o n  coeff ic ient  ( t aken  approx i -  
m a t e l y  as uni ty) ,  (kT/h) is the  u n i v e r s a l  f r e q u e n c y  factor,  
AGo§ is t he  e l e c t r o c h e m i c a l  s t a n d a r d  free  ene rgy  of acti- 
va t ion ,  de f ined  as t he  d i f fe rence  in f ree  ene rgy  b e t w e e n  
t he  so lva ted  ion  a n d  t he  ac t iva ted  complex ,  $(m) ~ is  t he  
s t a n d a r d  e l ec t rode  po t en t i a l  of t h e  meta l ,  a n d  /3 is t he  
ca thod ic  t r ans f e r  coefficient .  E q u a t i o n  [2] m a y  also be  
wr i t t en  in t he  f o r m  

k~h t = r(kT/h) exp  [(AG~~ ~) - AG~~ e) - flnFd~(m)~ 
[3] 

w h e r e  hG~"(M ~) a n d  AG~~ ~) are  t h e  so lva t ion  ene rg i e s  of 
t h e  ion  a n d  t he  ac t iva t ed  complex ,  respec t ive ly .  

In  o rde r  to c o m p a r e  the  s t a n d a r d  e l ec t rode  po ten t ia l ,  
~(m) ~ in d i f f e ren t  so lvents ,  one  m u s t  h a v e  e i the r  a com- 
m o n  re fe rence  e l ec t rode  w o r k a b l e  in  all so lven t s  u n d e r  
cons ide ra t i on  or a m e a n s  to d e t e r m i n e  t he  l iqu id  j u n c t i o n  
po t en t i a l  b e t w e e n  t h e  so lvents .  B o t h  of  t h e s e  cond i t i ons  
are no t  easi ly  s u r m o u n t a b l e  a n d  h e n c e  pose  p r o b l e m s  in 
c o m p a r i s o n  of  ~(m) ~ F u r t h e r m o r e ,  the  ene rge t i c s  of t he  ac- 
t i va t ed  c o m p l e x  of  M~ in va r ious  so lven t s  is u n k n o w n ,  
w h i c h  m a k e s  t he  c o m p a r i s o n  of t he  ra te  c o n s t a n t s  in 
var ious  so lven t s  difficult .  This  has  led  to the  c o n c e p t  of 
re la t ive  ra te  c o n s t a n t ,  (ksht)r, de f ined  by  

(ksht)r = (ksht)J(ksht)2 = exp  [(AG,~(M ~) - hGt~ e) 

+ nF(B~.,_" - fi,~,~ (4) 

w h e r e  s u b s c r i p t s  1 a n d  2 refer  to so lven t s  1 a n d  2, 
5Gt~ ~) a n d  AGt~ ~) are t he  s t a n d a r d  e l e c t r o c h e m i c a l  
f ree  ene rgy  of t r a n s f e r  of  M + a n d  Me f rom so lven t  2 to  sol- 
v e n t  1, B is t he  ca thod ic  t r a n s f e r  coeff icient ,  a n d  ~" is t he  
s t a n d a r d  e l ec t rode  potent ia l .  E q u a t i o n  (4) is he lp fu l  in  
c o m p a r i s o n  a n d  e v a l u a t i o n  of s t a n d a r d  e l ec t rochemica l  
free ene rgy  of  t r a n s f e r  of  M + a n d  M~ f r o m  one  so lven t  to 
a n o t h e r  w h e n  t h e  r e s t  of  t h e  p a r a m e t e r s  are k n o w n .  

Double- layer  e f f ec t s . - -The  d o u b l e  l ayer  plays  a key  role  
in t he  k inet ics ,  s ince  t he  e lec t rode  r eac t i on  occurs  w i t h i n  
the  d o u b l e  layer.  This  compl i ca t e s  t he  s imple  charge~ 
t r ans f e r  p rocess ,  a n d  e i the r  a p r io r  k n o w l e d g e  of  the  
double - layer  c a p a c i t a n c e  or the  e l i m i n a t i o n  of i ts  effects  
on t he  r eac t ion  ra tes  is essent ia l  in  our  s tudy.  At  h i g h  con- 
c en t r a t i ons  of t h e  solute ,  t he  effects  of t he  d i f fuse  d o u b l e  
layer  d i m i n i s h  subs t an t i a l l y  a n d  one  m a y  neg lec t  the  vari-  
a t ion  of t he  d i f fuse  double - layer  p o t e n t i a l  w i th  the  to ta l  
me ta l - so lu t ion  po t en t i a l  di f ference.  Thus ,  fair ly concen-  
t r a t e d  (1M) so lu t ions  of NaC10~ are u s e d  in th i s  inves t iga-  
t ion.  

T h e  s t r u c t u r e  of  t h e  so lven t  a n d  t he  so lva t ion  of  t h e  ion  
affect  t he  s t r u c t u r e  of t he  doub le  l ayer  a n d  t he  specific 
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a d s o r p t i o n  of  an  ion  on  t he  e l ec t rode  surface.  I t  h a s  b e e n  
n o t e d  in  severa l  doub le - l aye r  s tud ies  (5, 6) t h a t  C104- an- 
ion is less  speci f ica l ly  a d s o r b e d  f rom va r ious  aprot ic  sol- 
v e n t s  t h a n  ha l ide  ions.  The  so lva t ion  in apro t ic  so lven t  
d e p e n d s  on  t h e  po la r izab i l i ty  of  t h e  a n i o n  w h i c h  in- 
c reases  w i th  t he  size of  t he  a n i o n  (7). H e n c e  it  is cons id-  
e red  t h a t  t h e  cho ice  of  NaC104 as t h e  so lu te  m i n i m i z e s  t he  
effect  of  specif ic  a d s o r p t i o n  on  the  k ine t i c s  of t he  elec- 
t rode  react ion.  

Scope  o f  the presen t  w o r k . - - S i n c e  the  effects  of t he  me-  
d i u m  on  t he  e l ec t rode  r eac t ion  a n d  t he  role  of  a so lven t  in  
so lva t ing  an  ion  t a k i n g  p a r t  in  a n  e l ec t rode  r eac t ion  are of  
pa r t i cu l a r  i n t e r e s t  to th i s  s tudy,  t he  m e a s u r e m e n t  of  ki- 
ne t ic  p a r a m e t e r s  a n d  the i r  c o m p a r i s o n  in  va r ious  so lven t s  
m a k e  u p  t h e  m a j o r  p a r t  of  th i s  s tudy .  T he  inves t iga t ion  
c o n c e n t r a t e s  on  t h e  d e t e r m i n a t i o n  of  t h e  k ine t i c  p a r a m e -  
ters  for  t he  r e a c t i o n  Na ~ + e ~ Na(Hg) in  NaC104-PC, 
DMF, DMSO,  a n d  A N  solu t ions .  

The  free ene rg i e s  of  t r a n s f e r  of  ca t ions  f rom one  so lven t  
to a n o t h e r  can  also be  re la ted  to t he  ra te  c o n s t a n t s  of  
t hose  ca t ions  in  t he  r e spec t ive  so lvents .  U s i n g  th i s  pr inc i -  
p le  a n d  s o m e  ex t r a  t h e r m o d y n a m i c  a s s u m p t i o n s ,  a n  at- 
t e m p t  ha s  b e e n  m a d e  to d e t e r m i n e  a r e l a t i o n s h i p  b e t w e e n  
free  ene rg ies  of  t r a n s f e r  of  Na ~, f r om va r i ous  so lven t s  to 
water ,  a n d  t he  ra te  c o n s t a n t s  for  Na § r e d u c t i o n  in va r ious  
solvents .  

Experimental 
F a r a d a i c  i m p e d a n c e  m eas ur em en t s . - - F ar ada i c  i m p e d -  

a n c e  m e a s u r e m e n t s  we re  c o n d u c t e d  in  1M NaC104 in  PC, 
DMF, DMSO,  a n d  A N  to d e t e r m i n e  k ine t i c  p a r a m e t e r s  for  
t he  r eac t i on  

Na § + e --> Na(Hg) 

at  d r o p p i n g  m e r c u r y  e lec t rode  (DME). L o w e r  concen t ra -  
t ions  of 0.5 a n d  0.1M NaC104 in  PC a n d  0.1M NaC104 in  
D M F  were  also emp loyed .  To r e d u c e  t he  o h m i c  r e s i s t ance  
at  low c o n c e n t r a t i o n s  of  NaC104, t e t r a b u t y l  a m m o n i u m  
p e r c h l o r a t e  ( T B A P )  was  u s e d  as a s u p p o r t i n g  electrolyte .  
However ,  t h e  r e su l t s  w i th  T B A P  w e r e  n o t  u s e d  in t he  
analys is  b e c a u s e  of  a s t rong  e v i d e n c e  of  T B A P  adsorp -  
t ion  e v e n  at  t h e  p o t e n t i a l  for  s o d i u m  reduc t ion .  

The  D M E  (Hea th  I n s t r u m e n t s ,  B e n t o n  Harbor ,  
Mich igan)  was  e q u i p p e d  wi th  a S a r g e n t  Welch  Scient i f ic  
capi l la ry  w h i c h  was  r a t ed  for d rop  t i m e s  of  2-5s a n d  h a d  
an  ins ide  d i a m e t e r  of  0.03-0.05 m m .  Th i s  capi l la ry  was  fur- 
t h e r  e x t r u d e d  to f o r m  an  e n l o n g a t e d  t ip  to min imize  t he  
s h a d i n g  of  t h e  t ip  (8). T he  b u l b  at  t he  b a s e  of  t he  e x t r u d e d  
p o r t i o n  was  v e r y  smal l  to m i n i m i z e  gas r e t e n t i o n  (9). The  
e x t r u d e d  cap i l la ry  was  cu t  at  a r i gh t  ang le  to fo rm a 
s m o o t h  edge.  The  d rop  t i m e  was r e g u l a t e d  by  the  mer-  
cu ry  co lumn .  Wi th in  t h e  po ten t i a l  r a n g e  employed ,  t he  
w e i g h t  of  t h e  d r o p s  r e m a i n e d  t h e  s a m e  w i t h i n  0.5%. A 
pool  of m e r c u r y  was  e m p l o y e d  as t h e  c o u n t e r  and  refer-  
e n c e  e lec t rode .  

All e x p e r i m e n t s  we re  c o n d u c t e d  in  an  a r g o n  a tmo-  
s p h e r e  glove box.  T he  so lven t s  were  pur i f ied  by  s torage  
for  1 w e e k  over  m o l e c u l a r  s ieves  fo l lowed b y  v a c u u m  dis- 
t i l l a t ion  (10). The  ref lux rat io  was  1:10. T he  w a t e r  c o n t e n t  
in  t he  pur i f i ed  so lven t s  was  m e a s u r e d  gas  c h r o m a t o -  
g raph ica l ly  to be  b e l o w  10 p p m  in PC, a n d  be low 20 p p m  
in DMF, DMSO,  a n d  A N  us ing  Kar l  F i s h e r  t i t ra t ion.  Sa l t s  
were  d r i ed  at  100~ u n d e r  v a c u u m  w i t h  pe r iod ic  f lushes  
of a rgon.  

The  i m p e d a n c e  b r i d g e  (Elec t rosc ien t i f ic  Indus t r i e s ,  
P o r t l a n d ,  Oregon ,  Mode l  290B) a n d  t he  ac genera to r -  
d e t e c t o r  (Model  861A) were  u sed  to m e a s u r e  the  cell im-  
pedance .  I n  all t h e  m e a s u r e m e n t s ,  t he  e q u i v a l e n t  c i rcui t  
for  t he  u n k n o w n  cell  was  c o n s i d e r e d  to b e  a capac i t ance  
in  ser ies  w i t h  a res i s tance .  S l u y t e r s - R e h b a c h  a n d  S luy te r s  
(11) u s e d  a s imi la r  b r idge  circuit .  A Mode l  280 W e n k i n g  
p o t e n t i o s t a t  was  u s e d  for  t he  dc  b ias  potent ia l .  The  fre- 
q u e n c y  r a n g e  was  20 Hz-20 kHz. Two d i f fe ren t  m e t h o d s  
were  u sed  for  m e a s u r i n g  t he  o h m i c  r e s i s t a n c e  at  DME. 
The  first was  m a d e  u s i n g  t he  i m p e d a n c e  b r idge  in a re- 
s i s t ance  m o d e  a f t e r  c o m p e n s a t i n g  for  t h e  e l ec t rode  capac-  
i t ance  at  c o n s t a n t  f r equency .  T he  s e c o n d  was  c o n d u c t e d  

in a capac i t ance  mode ,  at  c o n s t a n t  f r e q u e n c y  a n d  a po ten-  
t ial  ou t s ide  t he  fa rada ic  region.  B o t h  m e t h o d s  gave  con- 
c u r r e n t  resu l t s  w i t h i n  1%. 

The  b e h a v i o r  of  1M NaC104 so lu t ions  in  all four  sol- 
v e n t s  fo l lowed t h e  classical  Rand]es  circuit .  The  War- 
bu rg ' s  coefficient ,  o-, cha rge - t r ans fe r  res i s tance ,  8, a n o d i c  
t r ans f e r  coeff icient ,  ~, a n d  t he  a p p a r e n t  ra te  cons tan t ,  
k~h ~, were  e v a l u a t e d  by  analys is  of  t h e  e lec t rode  admi t -  
tance .  The  m e a s u r e d  r e s i s t ance  a n d  capac i t ance  for each  
so lu t ion  at  c o n s t a n t  po t en t i a l  a n d  v a r y i n g  f r e q u e n c y  were  
c o n v e r t e d  to e l ec t rode  i m p e d a n c e s  a n d  t h e n  to e lec t rode  
admi t t ance s ,  a f te r  a c c o u n t i n g  for the  o h m i c  res is tance .  
The  f r e q u e n c y  d e p e n d e n c e  of  t h e  a d m i t t a n c e  compo-  
n e n t s  d e t e r m i n e s  t he  Warbu rg ' s  coeff ic ient ,  ~, t he  cha rge  
t r ans f e r  r es i s t ance ,  8, a n d  t he  k ine t i c  p a r a m e t e r s  k~ ~ a n d  
~. In  lower  c o n c e n t r a t i o n s  of 0.5 a n d  0.1M NaC104 in  PC 
a n d  D M F  a n d  in  t he  p r e s e n c e  of  T B A P  s u p p o r t i n g  elec- 
t rolyte ,  specif ic  a d s o r p t i o n  was  de tec ted .  The  a d s o r p t i o n  
a d m i t t a n c e  was s e p a r a t e d  f rom the  to ta l  a d m i t t a n c e  (11) 
to eva lua te  t he  k ine t i c  pa rame te r s .  T h e  e l ec t rode  admi t -  
t ance  analys is  is de ta i l ed  e l s ewhe re  (10, 12, 39). The  ap- 
p a r e n t  ra te  c o n s t a n t s  were  eva lua ted  by  a p p r o x i m a t i o n ,  
E,~2 ~ -~ E0, a n d  n e g l e c t i n g  t he  d i f f e rence  in d i f fus ion  
coefficients .  However ,  t he  p o l a r o g r a p h i c  ha l f -wave  po- 
t en t ia l s  o b t a i n e d  f rom the  l i t e ra tu re  we re  co r rec t ed  u s i n g  
t he  ca l cu la t ed  ac t iv i ty  coeff ic ients  fo l lowing  t he  Debye-  
Hf ickel  e q u a t i o n  (10). F u r t h e r m o r e ,  t he  t r ue  ra te  cons t an t ,  
ksh t, a n d  a n o d i c  t r a n s f e r  coeff icients ,  ~, we re  o b t a i n e d  b y  
co r rec t ing  t he  a p p a r e n t  p a r a m e t e r s  for  doub le - l aye r  effect  
u s ing  t he  d i f fe ren t ia l  doub le - l aye r  capac i ty  curves.  

Results and Discussion 
D a t a  a n a l y s i s . - - T h e  data  for t he  i m p e d a n c e  measu re -  

m e n t s ,  af ter  s u b t r a c t i o n  of  t h e  so lu t ion  res i s tance ,  were  
c o n v e r t e d  to a d m i t t a n c e  

(0,/~ p + 1 
Y% = - -  [5] 

cr (p + 1) 2 + 1 

(0,2 I 
Y"~I = - -  + (0C, [6] 

(p + 1) '~ + 1 

w h e r e  
8 

p - - p'(0~J~ [7] 
O-(0--1/2 

a n d  p lo t s  of  (Y 'r  (0,~2) vs. (0,~.2 were  made ,  w h e r e  Y% is 
t he  real  a d m i t t a n c e  a n d  (0 is t h e  f r e q u e n c y .  T h e  t r e n d s  of 
t h e s e  p lo ts  i n d i c a t e  t he  p r e s e n c e  of  specif ic  a d s o r p t i o n  
a n d  dev ia t ion  f r o m  the  R a n d l e s  c i rcui t .  A n  e x a m p l e  is 
s h o w n  in Fig. 1 a n d  2 for  1M NaC104 in  PC w h e r e  no  devi-  
a t ion  f rom the  c lass ical  R a n d l e s  c i rcu i t  is obse rved .  Ap- 
p r o x i m a t e  W a r b u r g ' s  coeff ic ients ,  ~, w h i c h  can  be  esti- 
m a t e d  b y  e x t r a p o l a t i o n  of Y'el -~ (0~'~ vs. co 1j2 plo t  a t  l ow 
f r equenc i e s  to co = 0, we re  v e r y  c lose  to t h e  (r va lues  ob- 
t a i n e d  b y  n u m e r i c a l  da ta  fi t t ing. A n  e x a m p l e  of  a p lo t  of  
log o- vs. E for  1M NaC104 in  PC is s h o w n  in  Fig. 3. As  ex-  
p e c t e d  f rom theory ,  th i s  p lo t  is a s t r a igh t  l ine  w i th  a s lope  
of - 1 5 . 7 4 V - ' ,  w h i c h  c losely  c o m p a r e s  w i t h  t he  theore t i ca l  
s lope  of  - 1 6 . 9 1 V - k  The  va lues  of  p '  = BAr were  o b t a i n e d  
b y  f ind ing  a f r e q u e n c y - i n d e p e n d e n t  Cd for  e ach  po ten-  
tial. The  c h a r g e - t r a n s f e r  res i s tance ,  8, was  o b t a i n e d  at  
e ach  po t en t i a l  b y  n u m e r i c a l  fitt ing. A p lo t  of - l o g  p' vs.  
E is s h o w n  in Fig. 4. The  a n o d i c  t r a n s f e r  coefficient ,  a, 
can  be  o b t a i n e d  f rom the  s lope;  in  th i s  pa r t i cu l a r  exam-  
ple, a = 0.38 -+ 0.15. The  a p p a r e n t  r a t e  c o n s t a n t  ksh a is ob- 
t a i n e d  b y  e x t r a p o l a t i n g  Fig. 4 to E,2. I n  th i s  pa r t i cu l a r  ex-  
ample ,  k~h ~ = 0.81 -+ 0.17 c m  s -~. 

The  s ame  ana lys i s  ha s  b e e n  p e r f o r m e d  for  all t h e  exper-  
i m e n t a l  sy s t ems  in t he  four  var ious  so lvents .  The  deta i ls  
of  t he  ana lyses  are  p r e s e n t e d  e l s e w h e r e  (10). 

K i n e t i c  p a r a m e t e r s . - - A  s u m m a r y  of  a p p a r e n t  ra te  con-  
s t an t s  a n d  a n o d i c  t r a n s f e r  coeff ic ients  for  Na ~ r e d u c t i o n  
in  t he  four  so lven t s  in  p r e s e n t e d  in Tab le  I. 

The  s t a n d a r d  h e t e r o g e n e o u s  t rue  ra te  c o n s t a n t s  we re  
o b t a i n e d  by  doub le - l aye r  co r rec t ion  (12) 

ksh a = ksh t T0 a TR ~ exp  ( -  ~nF~.z/RT) [8] 
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Fig. 1. (Y'el -lc~ o2/~ plots in 1M NaCIO4-propylene carbonate. E 
vs. Hg pool: (/~)-1.8SV; (�9 .875V; (V)-I.900V (expanded scale). 
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where 6~ is the potential of the outer Helmholtz layer and 
70 and 7R are the activity coefficients of the oxidized and 
reduced species, respectively. The coefficient ~ is related 
to the apparent ~a by 

c~a = c~ + g 

where g = (RT/nF)d( ln  ks~a)/dE is the double-layer correc- 
tion to the apparent anodic transfer coefficient (13). 

The double-layer correction is frequently referred to as 
the "Frumkin correction." In order to determine 62, it is 
necessary to know the potential dependence of the 
double-layer capacity. The capacity vs.  potential curve 
can be integrated to give the electrode surface charge 
density qM 

E / -  

q~ = l C dE [9] 
J Ez  

where Ez is the potential of zero charge. The surface 
charge density is related to 6.z according to the Gouy- 
Chapman theory. 

Dif feren t ia l  double- layer  c apac i t y  curves  in nonaque -  
ous s o l v e n t s . - - T h e  double-layer capacity studies in 
nonaqueous solvents are not as abundant  as in aqueous 
systems. The double-layer capacitance curves for the pro- 
pylene carbonate-NaC104 system are given by Biegler and 
Parsons (16). It may be noted that at far cathodic poten- 
tials, E < -1.5V (vs. Ag/Ag*), the differential capacity is 
virtually independent  of NaC104 concentration in PC. The 
differential capacitance curve for 0.5M NaC104 in di- 
methylformamide is reported by Doilido et al. (17). They 
studied the effect of deoxygenation of the solution on the 
EC1V[ in this system. The potential of zero charge is taken 
as 0.80V vs.  NCE. The differential capacity curves for 
0.1M NaNO3 and 0.1M LiC104 in DIV/SO are reported by 

Table I. Apparent and true rate constants for 
Na 4 reduction in nonaqueous systems 

a,  a n o d i c  
k s h  a k~h t t r a n s f e r  

S y s t e m  (cm/s) (cm/s)  coe f f i c i en t  

PC-1M NaC104 0.81 -+ 0.17 0.38 -+ 0.09 0.38 -+ 0.15 
DMF-1M NaC104 0.35 + 0,11 0.21 -+ 0.07 0.19 -+ 0.06 
D M S O - 1 M  NaC104 0.90 +-0..31 0.05 - 0.03 0.57 -+ 0.12 
AN-1M NaC104 1.93 + 0.17 0.35 -+ 0.04 0.58 - 0.22 
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P a y n e  (18). The  0.1M NaNO3 cu rve  is u s e d  for o b t a i n i n g  
qM. T h e  p o t e n t i a l  of  zero c h a r g e  of  t h e  0.1M NaNO~-DMSO 
s y s t e m  is - 0 . 303V vs. a q u e o u s  N C E  (18). T he  d i f fe rent ia l  
capac i ty  vs. p o t e n t i a l  cu rve  for  0.8M NaC]O4 in  
ace ton i t r i l e  s h o w s  t h a t  t he  E C M occur s  at  a po ten t i a l  
-0 .380V vs. SCE (19). 

The  p o t e n t i a l  ~ can  b e  d e t e r m i n e d  b y  t he  Gouy-  
C h a p m a n  t h e o r y  for  s y m m e t r i c a l  e lec t ro ly te  

qM = 41.887 X (DC*) ~j'- s i n h  (19.46Z~2) [10] 

w h e r e  C*, t he  b u l k  c o n c e n t r a t i o n ,  is in  moles  pe r  cub ic  
c e n t i m e t e r  a n d  D is t he  die lect r ic  cons t an t .  T he  va lues  of  
qM a r e  o b t a i n e d  b y  i n t e g r a t i o n  of t he  d i f fe ren t ia l  doub le -  
layer  capac i ty  c u r v e s  a c c o r d i n g  to Eq. [9]. The  o b t a i n e d  
va lues  of  qM a n d  t he  c o r r e s p o n d i n g  va lues  of b~, calcu- 
l a t ed  a c c o r d i n g  to  Eq.  [10], are  s h o w n  in  Tab le  IL 

B a s e d  o n  t h e  ca l cu l a t ed  ~2, d~.jdE were  ca lcu la ted ,  as- 
s u m i n g  a l i nea r  r e l a t ionsh ip ,  a n d  s u b s t i t u t e d  in a differ- 
en t ia l  f o rm  of  Eq.  [8] in  o rde r  to  o b t a i n  d( ln  k~h~)/dE, 
w h i c h  was  s u b s e q u e n t l y  u s e d  to o b t a i n  g. In  all t h e  cases,  
t he  va lues  of  g so o b t a i n e d  were  sma l l e r  t h a n  t h e  e r ror  
l imi ts  on  a ~ and ,  h e n c e ,  no  co r rec t ion  was  app l i ed  to t he  
va lue  of  a. Howeve r ,  b a s e d  on  va lues  of  ~2, t he  va lues  of  
ksh a w e r e  co r r ec t ed  to ob ta in  k~h t. T h e  t r ue  ra te  cons t an t s ,  
k~h t, a long  w i t h  t h e  a p p a r e n t  ra te  c o n s t a n t s ,  k~h ~, a n d  
a n o d i c  t r a n s f e r  coeff icient ,  a, are  s h o w n  in  Tab le  I. 

Rate constants in nonaqueous so lvents . - -The  resu l t s  in  
Tab le  I s h o w  t h a t  s t a n d a r d  rate  c o n s t a n t s  for Na ~ reduc-  
t ion  in n o n a q u e o u s  so lven t s  are at  l eas t  an  o rde r  of mag-  
n i t u d e  smal l e r  t h a n  t h e  s t a n d a r d  ra t e  c o n s t a n t  for  Na  ~ ob- 
s e rved  in  w a t e r  (>3.4 c m  s -~) u s i n g  low c o n c e n t r a t i o n s  of  
NaI  w i th  1M LiC1 s u p p o r t i n g  e lec t ro ly te  (13). Quali ta-  
t ively,  t he  t r e n d  of s t a n d a r d  rate  c o n s t a n t s  fol lows t he  
t r e n d  of  so lva t ion  of ions  in  t he  n o n a q u e o u s  solvents .  

The  re la t ive  m a g n i t u d e  of  t h e  s t a n d a r d  ra te  c o n s t a n t s  
in  t he  va r ious  so lven t s  ind ica tes  t h a t  Na ~ ion  is so lva ted  
in  the  o rde r  PC ~ A N  < D M F  < DMSO.  T he  r e l evan t  dis- 
cus s ion  of th i s  t r e n d  w i th  r e s pec t  to so lva t ion  is g iven  
below.  

Kinet ic  parameters  in PC . - - I t  is i n t e r e s t i n g  to no t e  t h a t  
the  ra te  c o n s t a n t s  for  Na ~ r e d u c t i o n  in  PC are c o m p a r a b l e  
to t h o s e  m e a s u r e d  by  Hills a n d  P e t e r  (20). U s i n g  vo l t am-  
me t r i c  m e a s u r e m e n t s  at  h a n g i n g  m e r c u r y  d rop  e lec t rode  
(HMDE),  t hey  h a v e  o b t a i n e d  k ine t i c  p a r a m e t e r s  for sev- 
eral  ca t ions  in  P C  a n d  DMSO.  The  p e a k  p o t e n t i a l  separa-  
t ion  for Na ~ r e d u c t i o n  r e m a i n e d  u n c h a n g e d  at  60 m V  at 
sweep  ra tes  of  u p  to 10 ~ V s -1, h e n c e  it  was  c o n c l u d e d  
t h a t  t he  k~h" for  Na + is g rea te r  t h a n  1.0 c m  s -z a n d  Na + re- 
d u c t i o n  r eac t i on  is to ta l ly  d i f fus ion  con t ro l l ed  in  PC.  
J o r n ~  a n d  Tob ia s  (21, 22) also h a v e  m e a s u r e d  t h e  s tan-  
d a r d  ra te  c o n s t a n t s  for  t he  r e d u c t i o n  of a lka l i -meta l  cat- 
ions  in  A1C13 ( lm) -PC u s i n g  mic ropo la r i za t i on  t echn ique .  
T h e y  u s e d  s t a t i o n a r y  pools  of  a lka l i -meta l  a m a l g a m s  for 
w o r k i n g  a n d  coun te r e l ec t rodes .  The  m e a s u r e d  a p p a r e n t  
ra te  c o n s t a n t  for  Na ~ in  AIC13 ( lm)-PC was  0.0492 cm s -z, 
w h i c h  is m u c h  lower  t h a n  the  ra tes  m e a s u r e d  by  Hills  
a n d  P e t e r  a n d  t he  c u r r e n t  s tudy.  T he  d i f f e rence  m a y  be  
a t t r i b u t e d  to t he  m e a s u r e m e n t  t e c h n i q u e s  as wel l  as t he  
n a t u r e  of  t h e  w o r k i n g  e lec t rode  emp loyed .  B o t h  t he  D M E  
a n d  H M D E  h a v e  a d v a n t a g e s  over  a s t a t i o n a r y  pool  e]ec- 

Table II. Surface charge densities and outer 
Helmholtz potentials in nonaqueous solvents 

Solvent Electrolyte E~ (V) qM (~C/cm 2) ~b2 (V) 

PC 0.9M NaC104 1.0 ~ 12.80 -0.052 
PC 0.5M NaC104 1.0 12.35 -0.065 
PC 0.1M NaCIO4 1.0 11.91 -0.102 
DMF 0.5M NaC104 0.8 b 8.79 -0.063 
DMSO 0.1M NaNO~ 0.303 ~ 17.55 -0.129 
AN 0.SM NaC104 0.380 d 14.34 -0.075 

"vs. Ag/Ag ~ electrode from Ref. (16). 
b Estimated from Ref. (17) vs. NCE. 
r NCE from Ref. (18). 
dvs. SCE from Ref. (19). 

t r ode  in t h a t  D M E  has  a c o n t i n u o u s l y  r e n e w e d  sur face  
c o n c e n t r a t i o n  w h i c h  c h a n g e s  w i t h  t h e  i n c r e a s i n g  d rop  
size and  H M D E  can  b e  e x t r u d e d  to p e r f o r m  the  measu re -  
m e n t s  i n s t a n t a n e o u s l y .  This  enab le s  one  to avoid  t he  ad- 
s o r p t i o n  of r eac tan t s ,  p roduc t s ,  a n d  c o n t a m i n a n t s  at  t he  
sur face  of  t h e  e lec t rode .  Hills a n d  P e t e r  (20) h a v e  c l a imed  
t h a t  a d s o r p t i o n  of c o n t a m i n a n t s  was  avo ided  by  pre-  
pa r ing  t he  Hg d rop  a n d  c o n d u c t i n g  t he  m e a s u r e m e n t s  
rapidly .  Hence ,  t h e  lower  ra te  c o n s t a n t  for  Na ~ in  PC mea-  
su red  by  J o r n ~  a n d  Tobias  (21, 22) m a y  b e  due  to t he  ad- 
so rp t ion  of  t h e  i m p u r i t i e s  on  t he  e l ec t rode  surface.  Hills 
a n d  P e t e r  (20) we re  u n a b l e  to m e a s u r e  t he  ca thod ic  t rans-  
fer  coeff ic ient  for  Na § However ,  t h e  ca thod i c  t r ans f e r  
coeff ic ient  of 0.61 m e a s u r e d  by  J o r n ~  a n d  Tob ias  (21, 22) 
c losely  agrees  w i t h  our  ca thod ic  t r a n s f e r  coeff ic ient  of  
0.62. 

Kinet ic  parameters  in D M F . - - B a r a n s k i  a n d  F a w c e t t  
(23) h a v e  m e a s u r e d  the  s t a n d a r d  ra te  c o n s t a n t  for Na ~ re- 
d u c t i o n  in D M F  a n d  t he  effect  of  s u p p o r t i n g  e lec t ro ly te  
on  t he  m e a s u r e d  ra te  cons tan t .  The  va r i a t i on  is on ly  ob- 
s e rved  in a p p a r e n t  ra te  cons tan t s ,  s ince  t rue  ra te  con- 
s tants ,  w h i c h  are  o b t a i n e d  t h r o u g h  doub le - l aye r  correc-  
t ion,  are  i n d e p e n d e n t  of c o n c e n t r a t i o n s  of  t he  ac t ive  a n d  
s u p p o r t i n g  e lec t ro ly tes .  The  m e t h o d  of  m e a s u r e m e n t  
u s e d  b y  B a r a n s k i  a n d  F a w c e t t t  (23) is s imi lar  to th i s  
m e t h o d ,  a n d  t h e i r  m e a s u r e d  a p p a r e n t  ra te  c o n s t a n t  of  
0.16 c m  s -1 ag rees  r e a s o n a b l y  w i th  ou r  ra te  c o n s t a n t  of  
0.21 c m  s -~. However ,  t he i r  ca thod ic  t r a n s f e r  coeff icient  
of - 0 .5  differs  f rom the  p r e s e n t  v a l u e  of  0.81 for 1M 
NaC104 in  DMF.  

Analys i s  of  t h e  e l ec t rode  a d m i t t a n c e  s h o w e d  t h e  pres-  
ence  of  specif ic  a d s o r p t i o n  for 0.1M NaC104 + 0.5M 
T B A P  in D M F  for our  s tudy.  B a r a n s k i  a n d  F a w c e t t  (23) 
h a v e  n o t e d  tha t ,  w h e n  a s u p p o r t i n g  e lec t ro ly te  of  a larger  
ion  is u s e d  in  p lace  of  a sma l l e r  ion, e.g., T B A P  in p lace  of  
TEAP,  t h e r e  is a m a r k e d  inc rease  in t he  a p p a r e n t  t r ans f e r  
coefficient .  However ,  for  0.1M NaC104 + 0.5M T B A P  in 
DMF, in our  case, t h e r e  was no  s ign i f ican t  c h a n g e  in t he  
t r ans f e r  coeff ic ient  c o m p a r e d  to 1M NaC104 in  DMF.  
S imi la r  specif ic  a d s o r p t i o n  was n o t i c e d  for 0.5M NaC104 
+ 0.375 T B A P  in PC a n d  0.5M NaC104 + 0.375 T B A P  in 
PC d u r i n g  t he  ana lys i s  of our  a d m i t t a n c e  data.  

Kinet ic  parameters  in DMSO. - - In  DMSO, t he  Na + ion  is 
s t rong ly  so lva t ed  (20), and ,  c o n s e q u e n t l y ,  one  s h o u l d  ex-  
pec t  a l ower  s t a n d a r d  ra te  c o n s t a n t  for  Na  + reduc t ion .  The  
m e a s u r e d  s t a n d a r d  ra te  c o n s t a n t  of  0.05 c m  s - '  for  Na ~ re- 
d u c t i o n  in D M S O  is t he  l owes t  of  all t h e  four  so lvents .  
Hills a n d  P e t e r  (20) m e a s u r e d  t h e  a p p a r e n t  ra te  c o n s t a n t  
of  0.014 c m  s -z for  Na ~ in DMSO, w h i c h  is r e a s o n a b l y  
close to our  m e a s u r e m e n t .  However ,  t h e y  d id  no t  mea-  
sure  t he  ca thod i c  t r a n s f e r  coeff ic ient  for  Na  ~ b e c a u s e  of  
t he  l imi t a t ions  of t h e i r  me thods .  The  Na ~ r e d u c t i o n  reac- 
t ion  is c o n s i d e r e d  to b e  quas i - revers ib le  (0.1 > ksha> 0.01) 
b e c a u s e  of  t he  m a g n i t u d e  of  t he  a p p a r e n t  ra te  cons t an t .  I t  
m a y  be  n o t e d  t h a t  th i s  is s t r ic t ly  a qua l i t a t i ve  observa t ion .  

Kinet ic  parameters  in A N . - - A N  is s u p p o s e d  to be  a 
w e a k  so lva tor  of Na ~ (23), a n d  Na ~ r e d u c t i o n  in AN is re- 
vers ib le .  A s t a n d a r d  ra te  c o n s t a n t  of 0.57 c m  s -z, u s i n g  ac  
a d m i t t a n c e  t e c h n i q u e ,  h a s  b e e n  m e a s u r e d  for  Na  4 in  0.1M 
T E A P  s u p p o r t i n g  e lec t ro ly te  in  A N  (23). The  ca thod ic  
t r ans f e r  coeff ic ient  m e a s u r e d  was 0.55. This  c o m p a r e s  
r e a s o n a b l y  w i t h  t he  s t a n d a r d  rate  c o n s t a n t  of  0.35 cm s - '  
a n d  ca thod ic  t r a n s f e r  coeff ic ient  of  0.42 m e a s u r e d  in th i s  
s tudy.  

Energetics in nonaqueous solvents.--Free energy of  
transfer and  s tandard  poten t ia l . - -S ince  t he  k ine t ic  pa- 
r a m e t e r s  and  free e n e r g y  of t r a n s f e r  are a f fec ted  by  t he  
n a t u r e  of  t he  so lvent ,  Eq. [11] m a y  b e  u s e d  to c o m p a r e  
hGt"(Na% hGt~ and  ~~ ~) f rom w a t e r  to var ious  
so lven t s  

(K~h% = (ksh%/(ksht).., = exp  {[AGt~ ~) - hG~~ ~) 

+ nF (~.2~2" - fllCZ")]/RT} [11] 

E x p e r i m e n t a l l y  d e t e r m i n e d  free ene rg ies  of t r ans f e r  for  
Na 4 f rom wa te r  to va r ious  so lven t  are l i s t ed  in Table  III. 
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Table III. Free energy of transfer for Na ~ 
from water to various solvents 

Solvents 
AGt ~ (Na0 ~ aG, ~ (Na +) 

(kcal/g-moD (kcaYg-mol) 

I II 
PC +3.6 -0.5 b 
DMF -2.5 -2.5 a 
DMSO -3.3 -3.3 a 
AN +3.3 -2.3 c 

Ref. (24), TATB assumption. 
b Ref. (26, 27). 

Estimated from Ref. (28, 29). 

I t  is n o t e d  t h a t  hGt~ va lues  in  c o l u m n  I of Table  I I I  
are l i s ted  b y  P o p o v y c h  a n d  T o m k i n s  (24). T h e s e  va lues  
are d e t e r m i n e d  t h r o u g h  the  T A T B  e x t r a t h e r m o d y n a m i c  
a s s u m p t i o n ,  w h i c h  s ta tes  t h a t  t he  f ree  e n e r g y  of so lva t ion  
for  t e t r a p h e n y l a r s o n i u m  ion  (Ph4As ~) is equa l  to t he  free 
ene rgy  of so lva t ion  of  t e t r a p h e n y l b o r a t e  ion  (Ph4B-)  in  all 
t he  so lvents .  K r i s h n a n  a n d  F r i e d m a n  (25) h a v e  g iven  a 
b r i e f  e x p l a n a t i o n  of  th i s  a s s u m p t i o n .  T A T B  a s s u m p t i o n  
is one  of  m a n y  in  a class  of e x t r a t h e r m o d y n a m i c  a s sump-  
t ions ,  w h i c h  are g e n e r a t e d  t h r o u g h  s imi la r  a r g u m e n t s .  
However ,  w h e n  a genera l ized  scale  for  s ingle  free ener-  
gies AG ~ are p r e p a r e d  t h r o u g h  T A T B  a s s u m p t i o n ,  e r ro rs  
m a y  exis t  w h i c h  m a y  be  u n i f o r m  t h r o u g h o u t .  The  va lues  
of AGt~ ~) in  c o l u m n  II for PC a n d  A N  are  de r ived  f rom 
i n d e p e n d e n t  s tud ies .  The  re fe rences  are  l i s ted  in Tab le  
IV. The  va lues  of  AGt~ ~) f rom H~O to PC and  A N  are  
g iven  as +3.6 a n d  +3.3 kcal /g-mol,  respec t ive ly ,  in  c o l u m n  
I, w h i c h  w o u l d  i nd i ca t e  t h a t  Na ~ is m o r e  so lva ted  in H20 
t h a n  in  PC a n d  AN, w h i c h  is no t  be l i eved  to be  t rue.  Solo- 
m o n  (26-27) ha s  d e t e r m i n e d  -0 .5  kca l /g -mol  for Na ~ t rans -  
fer  t h r o u g h  EMF m e a s u r e m e n t s .  J o r n ~  a n d  Tobias  (30, 31) 
also h a v e  m e a s u r e d  hGt~ ~) for Na ~ t r a n s f e r  f rom wate r  
to  A1C13(lm)-PC to b e  nega t ive  ( -4 .2  kcal/g-mol).  These  
m e a s u r e m e n t s  i nd i ca t e  Na ~ to be  m o r e  so lva ted  in PC 
a n d  A1C13(lm)-PC s ys t em s  t h a n  in  water .  Hence ,  the  
va lues  of  hGt~ in c o l u m n  II of Tab le  I I I  are be l i eved  
to b e  m o r e  re l i ab le  a n d  are u sed  in t he  d e t e r m i n a t i o n  of  
r176 t he  s t a n d a r d  po t en t i a l  of Na ~ in va r ious  solvents .  

In  o rder  to d e t e r m i n e  ~~ ~) f r o m  Eq. [11], one  m u s t  
k n o w  AGt~ t he  free ene rgy  of t r a n s f e r  of t he  acti- 
v a t e d  complex .  T h e r e  is no  i n f o r m a t i o n  ava i lab le  regard-  
ing hGt~247 Genera l ly ,  t h e  ac t iva t ed  c o m p l e x  is cons id-  
e red  to h a v e  t he  s a m e  free e n e r g y  in  all t h e  solvents .  
Consequen t ly ,  AGt~ r m a y  b e  c o n s i d e r e d  to be  zero. 
P a r k e r  (32), in  an  e l abora t e  r ev iew of b i m o l e c u l a r  reac- 
t ions  in  n o n a q u e o u s  solvents ,  has  f o u n d  th i s  to be  true.  
S o l o m o n  (27) also has  d e m o n s t r a t e d ,  in  h i s  s t u d y  of ion  
so lva t ion  in m e t h a n o l ,  t h a t  the  free e n e r g y  of t r ans fe r  of 
t he  ac t iva ted  c o m p l e x  f rom wate r  to a n  organic  so lven t  to 
be, effectively,  zero. Hence ,  ba sed  on  th i s  a s s u m p t i o n  a n d  
u s i n g  hGt~ ~) in  Tab le  I I I  a n d  Eq. [11], t he  va lues  of  
~~ were  ca l cu la t ed  a n d  are  s h o w n  in  Tab le  IV. 

P a r k e r  a n d  co -worker s  (33) h a v e  d e t e r m i n e d  t he  t rans-  
fer p rope r t i e s  of  severa l  ions  in  n o n a q u e o u s  solvents ,  

u s i n g  hea t s  of  so lu t ion  a n d  hea t  of  p r ec ip i t a t i on  measure -  
men t s .  With t he  a id  of  T A T B  a s s u m p t i o n ,  t hey  h a v e  de- 
ve loped  a s t a n d a r d  po ten t i a l  scale for  K+/K vs.  NHE, 
w h i c h  is p r e s e n t e d  in  Tab le  IV. C o m p a r i s o n  of ~~ 
a n d  (b~ scales  shows  t h a t  Na § is m o r e  e lec t ropos i t ive  
t h a n  K ~ in  all  t h e  so lven t s  u n d e r  cons ide ra t ion .  This  ob- 
s e rva t ion  is c o n s i s t e n t  w i th  t he  f ind ings  of Jo rn~  a n d  
Tobias  (21) for  A1C13(lm)-PC s y s t e m  a n d  of  S o l o m o n  (27) 
for  PC. P l e s k o v  (34) ha s  m e a s u r e d  t he  s t a n d a r d  po ten t i a l  
of  Na + in A N  to b e  -2 .87V,  w h i c h  is c o m p a r a b l e  to -2 .778 
vs.  N H E  o b t a i n e d  in th i s  s tudy.  I t  m u s t  be  n o t e d  t h a t  
~~ is de r i ved  by  a s s u m i n g  hGt~ § to b e  zero, 
a n d  hence ,  any  d i s c r epanc i e s  in  t he  va lues  of  ~~ 
o b t a i n e d  m a y  b e  a t t r i b u t e d  to th i s  a s s u m p t i o n .  

S u r f a c e  po ten t ia l s  in n o n a q u e o u s  s o l v e n t s . - - W i t h  t he  
k n o w l e d g e  of  4~~247 in va r ious  so lvents ,  t he  sur face  
po ten t i a l  X of a so lven t  m a y  be  ca l cu la t ed  u s ing  t he  
fo l lowing 

h(bO(Na0 = (bo(Na+)l - ~o(Na+)2 

= hGt~ + (X, - X.D [12] 

w h e r e  X, a n d  X2 are the  sur face  po t en t i a l s  of  t he  so lven t s  
u n d e r  cons ide ra t ion .  The  ca lcu la ted  sur face  po ten t i a l s  for 
all t h e  so lven ts  s t ud i ed  are l i s ted  in  Tab le  IV. I t  is n o t e d  
t h a t  all four  so lven t s  a n d  wa te r  have  pos i t ive  sur face  
po ten t ia l s ,  

The  sur face  po t en t i a l  of a so lven t  i nd i ca t e s  the  or ienta-  
t ion  of  t he  so lven t  d ipole  at  the  i n t e r f ace  of  the  so lven t  
a n d  t h e  e lec t rode .  As  a genera l  rule,  i t  is a s s u m e d  t h a t  for 
d ipo la r  apro t ic  so lven t s  t he  s ign of t h e  sur face  po ten t i a l  
i nd ica t e s  the  c h a r g e d  e n d  of t he  d ipole  p o i n t i n g  t o w a r d  
the  e lec t rode  surface.  Thus ,  if  t he  su r face  po ten t i a l  of t h e  
so lven t  is posi t ive ,  t h e  pos i t ive  e n d  of t he  d ipole  is point -  
ing t o w a r d  t h e  e l ec t rode  a n d  vice versa .  However ,  th i s  is 
a n  over s impl i f i ed  v i ew  for t he  ana lys i s  of  t he  sur face  po- 
t en t ia l  of  a so lvent .  T h e r e  are  o the r  i n t e r ac t i ons  occur r ing  
at  t he  e lec t rode  su r face  bes ides  t he  ion-d ipo le  in t e rac t ion  
a n d  the  specif ic  a d s o r p t i o n  of t he  so lven t  molecule .  
The re  exis ts  c o n s i d e r a b l e  e x p e r i m e n t a l  e v i d e n c e  t h a t  
po in t s  to t he  fact  t h a t  p r e f e r r ed  o r i en t a t i on  of wa te r  di- 
pole  in  a q u e o u s  so lu t ion  is t h a t  w i t h  t he  nega t ive  e n d  of 
t he  d ipole  t o w a r d  t he  metal .  However ,  i t  is k n o w n  t h a t  
wa te r  has  pos i t ive  sur face  po ten t i a l  (18, 36). 

P a y n e  (37), t h r o u g h  t he  capac i t ance  m e a s u r e m e n t s  at  
t he  m e r c u r y  e lec t rode ,  has  c o n c l u d e d  t h a t  t he  pos i t ive  
end  (me thy l  g roup)  of  t he  PC dipole  o r ien t s  t oward  t h e  
e lec t rode  surface.  Th i s  is in qua l i t a t ive  a g r e e m e n t  w i th  
t he  sur face  po t en t i a l  of  +0.179V o b t a i n e d  in  th i s  s tudy.  
The  c o n f o r m a t i o n a l  ana lys i s  of  PC m o l e c u l e s  a d s o r b e d  at  
a m e r c u r y  e l ec t rode  is p r e s e n t e d  b y  B r a s s e u r  a n d  
Hurwi t z  (40) a n d  c o m p a r e d  to e x p e r i m e n t a l  capac i t ance  
m e a s u r e m e n t s .  Yeager  et al. (41) s t u d i e d  spec t roscopi -  
cally t he  ionic  so lva t ion  in PC. C o n s i d e r a b l e  e l ec t ron  den-  
si ty was  f o u n d  on  all PC oxygen  a toms ,  wh i l e  t he  pos i t ive  
e n d  was  f o u n d  to b e  diffuse.  

A n  e x p l a n a t i o n  for t he  o r i en t a t i on  of s imp le  a l iphat ic  
mo lecu l e s  at  t he  m e r c u r y  e lec t rode  is g iven  by  P a y n e  (18). 
The  two m e t h y l  g roups ,  w h i c h  f o r m  the  pos i t ive  e n d  of  

Table IV. Standard potentials and surface potentials in nonaqueous solvents e 

Relative rate 
constant cb~ 

Solvent (ksht)re, a VS. NHE (V) h(b~ ~ 
4,O(K+/K) b 

vs. NHE (V) 
X, Surface 

potential (V) 

PC 0.111 -2.653 +0.057 -2.918 +0.179 
DMF 0.062 -2.771 -0.061 -3.028 +0.147 
DMSO 0.015 -2.768 -0.058 -3.050 +0.185 
AN 0.103 -2.778 -0.068 -2.826 +0.132 
H~O 1.000 -2.710 0.000 -2.924 +0.i c 

a (~sht)H20 = 3.4 cm s- ' ,  Ref. (13, 35). 
b TATB assmption, Ref. (33). 
c Ref. (36). 
d h~O(Na+) = ~bO(Na~)s _ ~bO(Na§ 
e For 1M NaC104 systems. 
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the  DMSO dipole,  t end  to orient  t hemse lves  facing the  
e lec t rode  surface.  Also, s ince DMSO has a large dipole  
m o m e n t  (4.3D), owing  to its su l foxide  group,  a posi t ive 
surface potent ia l  is observed  at the  e lec t rode  surface. The 
crys ta l lographic  data  for molecu la r  mode ls  at low temper-  
ature poin t  to the  sugges t ion  that  the  DMSO dipole  migh t  
be d i rec ted  away  f rom the  normal  to the  e lec t rode  surface 
by as m u c h  as 60 ~ The obta ined  va lue  of  +0.185V for the  
surface potent ia l  of  DMSO concurs  wi th  the considera-  
t ions of Payne  (18) and  So lomon  (27), s ince the  value  is 
posi t ive and any d i sc repancy  in the  va lue  i tself  may  be  at- 
t r ibu ted  to expe r imen ta l  errors and ex t r a the rm0dynamic  
assumpt ion  (TATB). 

Accord ing  to P a y n e  (18), D M F  molecu les  also fol low the  
same t rend  at the  e lec t rode  surfaces as DMSO. The DMF 
molecu le  wi th  its large dipole  m o m e n t  (3.8D), due  to the  
C-O end of the  molecule ,  t ends  to or ient  the two methy l  
groups  (the posi t ive  end) toward  the  e lect rode surface.  
This or ienta t ion of  D M F  is s t ronger  than  DMSO, and 
hence,  reor ien ta t ion  does not  occur  as in the  case of  
DMSO. A posi t ive  surface potent ia l  of +0.147V for DMF 
is consis tent  wi th  the  observat ions  m a d e  by Payne  (18, 5) 
th rough  the  double- layer  capaci ty studies.  

The  A N  molecule ,  in compar ison,  is not  as large a mole-  
cule as DMSO, but  has a comparab le  dipole  m o m e n t  
(3.84D). The n i t rogen  (N-)  forms the nega t ive  end of the  
dipole. So lomon  (27, 28) has es t imated  the  va lue  for the 
surface potent ia l  of  A N  in the  vic ini ty  of  - 1.0V. The nega- 
t ive  sign indica tes  that  the  N -  end  of  the  A N  dipole  is ori- 
en ted  towards  the  e lect rode surface. This  observation,  
however ,  is no t  cons i s t en t  wi th  our  calculated value of  
the  surface potent ia l  of  +0.1V for AN. Using  similar  data  
for K*, AGt~ (K ~) = 1.6 kcal /g-mol  (24) and ~b~ f rom 
Table  V (33), we  can calculate  a va lue  of  +0.128V for the  
surface potent ia l  of  AN. This va lue  is consis tent  wi th  our  
f indings and, hence ,  we  may  qual i ta t ively  state that  AN 
dipole  has the  me thy l  group or ien ted  toward  the  
electrode.  

Free energy of  transfer of  activated complex Na~.--In 
the  foregoing  discussion,  it was a s sumed  that  AGt~ § in 
Eq. [11] was equa l  to zero. I t  m a y  be  no ted  that  there  are 
empir ica l  m e t h o d s  of  calcula t ing AGt~ § for an acti- 
va ted  complex .  However ,  the  in format ion  so obta ined is 
of ve ry  little use. So lomon  (27) has s tated that  AGt~ 
which  may  be  calcula ted empir ical ly ,  expla ins  eve ry th ing  
but  is of  no va lue  in pred ic t ing  anything.  Secondly ,  the  
e x t r a t h e r m o d y n a m i c  assumpt ions  m a d e  in the  determi-  
na t ion  of s ingle- ion free energies  in any solvent  resul t  in 
certain error  wh ich  may  be small  as compared  to the  mag- 
n i tude  of  free energy  of solvat ion of the  ion [AG~ 
But,  when  compared  to the  free energy  of t ransfer  
[AGt~ this  error  can be  enormous .  For  example ,  
s ingle-ion so lva t ion  free energies  in wa te r  for var ious  ions 
are l isted f rom ten  d~fferent sources  (28). For  Na ~, 
-AG%o~(Na +) var ies  be tween  72.4 and 107 kcal/g-mol. 
When hGt~ ~) is calculated for the  t ransfer  of Na ~ f rom 
water  to any o ther  solvent,  var ia t ions  in AGt~ ~) could  
be  as large as ~35 kcal/g-mol.  In  v i ew of this fact, if  one 
assumes  hGt~ ~) = 0, the  error  caused  by such assump-  
t ion will  be  m u c h  smal ler  than those  caused th rough  ex- 
per imenta l  errors and ex t r a the rmodynamic  assumptions .  

So lomon  (27) has  d iscussed  the  effect  of  the  AGt~ § 
= 0 a s sumpt ion  on the  p ro ton  d i scharge  at Hg  ca thodes  in 
MeOH and water .  He  has ca lcula ted  AGt~ ~) to be  35 
cal/g-mol, wh ich  is ve ry  small  compared  to -2 .9  kcal/g- 
mol  used  for hGt~ So lomon  calcula ted  hGt~ ~) us ing  
his own m e a s u r e m e n t s  for AG~ v in H20 of  -235 
kcaYg-mol and AGo(H+)~otv in MeOH of -237.9 kcaYg-mol. 
However ,  w h e n  these  values  ~re compared  to Izmai lov 's  
(38) m e a s u r e m e n t s  for AGt~ a AGt~ § of  - 5  kcallg- 
mol  is obta ined,  wh ich  is roughly  70% larger  than Solo- 
mon ' s  value.  This  e x a m p l e  is chosen  to show the  large in- 
he ren t  d i sc repanc ies  and errors ex is t ing  in AGt~ ~) 
der ived  th rough  e x t r a t h e r m o d y n a m i c  assumpt ions ,  and it 
may  be conc luded  that  a s suming  hGt~ § = 0 will  not  
add to the  error  to a great  extent .  Moreover ,  a s suming  the  
s tandard free energy  of  t ransfer  of  ac t iva ted  complex  
f rom water  to any other  solvent  to be  zero greatly 
simplifies the  eva lua t ion  of  the  parameters  such  as 6~ +) 
and X- Through  this assumpt ion,  the  ~bo(Na§ obta ined 
can establish the  t rend  of 6~ in var ious  solvents  
and give a m a g n i t u d e  of  r176 and X, which  may  be  
compared  with  6~ and X obta ined  th rough  o ther  
s imilar  assumpt ions .  

Solvation in nonaqueous solvents.--In order  to deter- 
mine  the  effects of  solvat ion and e lect rosta t ic  ion-ion in- 
teract ions in a solvent ,  the modif ied Born  equa t ion  along 
with  the donor  number s  (DN) may  be  used. Tanaka (4) 
has l isted DN for several  solvents.  Us ing  these,  the value  
of 8, the  Lat imer ,  Pitzer,  and S lansky  parameter ,  may  be 
derived,  which  in tu rn  will  help der ive  the  electrostatic 
free energy of  transfer,  AGt~ Table  V shows the  cal- 
cu la ted  free energies  of t ransfer  for Na ~ f rom water  to 
var ious  solvents.  I t  is seen f rom Table  V that  AGt~ is 
negat ive  for DM_F and DMSO and pos i t ive  for PC and AN. 
This indicates  that  t ransfer  of Na + f rom water  to PC or 
AN is " ende rgon ic"  and that  f rom water  to DMF or DMS 
"exergon ic"  (33). 

A m o n g  the  ion-ion- and ion-solvent- type interactions,  
the  "Born- type"  in terac t ions  contr ibute  about  80% to the  
free energy of t ransfer  of ion from v a c u u m  to a dielectric 
med ium.  Consequent ly ,  the AGt~ reflects only 20% 
of the in terac t ions  be tween  the  ions and the  solvent.  

The  values of  AGt~ the  solvat ion free energy of 
Na ~ for t ransfer  f rom water  to all the  solvents,  are negative,  
and hence,  the  " ion-solvent  in te rac t ion"  or solvat ion free 
energy  is h ighe r  in all four  solvents  than  in water.  The 
donor-acceptor  interact ions,  H bond ing  interact ions,  and 
s t ructure  m a k i n g  and s t ructure  b reak ing  interact ions 
cont r ibute  to AGt~ (32). The d ipole  m o m e n t s  of the  
solvents  also cont r ibu te  significantly to 5Gt~ Gen- 
erally, a so lvent  wi th  a h igher  d ipole  m o m e n t  is a bet ter  
solvator.  The d ipole  m o m e n t s  of H20, PC, DMF, DMSO, 
and AN are 1.84, 4.94, 3.82, 4.3, and 3.84D, respectively.  I t  
is not iced  that  there  is no direct  re la t ionship  be tween  the  
dipole  m o m e n t s  and AGt~ 

In order  to re la te  the  rate constants  in nonaqueous  sol- 
ven t s  to their  solvat ion propert ies ,  one  may  consider  the  
general  observa t ion  regarding t ransfer  of  small  cations 
f rom water  to an organic  solvent.  AGt~ ~) for such trans- 
fer is usual ly  nega t ive  and, hence,  the rate constants  in or- 
ganic  solvents  are usual ly  lower  than  those  in water.  

Table V. Free energies of transfer for Na ~ from H20 to various solvents 

Solvent 

Relative 
rate Donor 

constant number hGt~ c AGt~ 
(k~ht)~ r DN b 8(A ) (kcaYg-mol) (kcaYg-mol) 

AGt~ 
(kcaYg-mol) 

hGt~247 a 
(kcaYg-mol) 

PC 0.111 15.1 0.8 -0.5 4.6 -5.5 -1.0 
DMF 0.062 26.6 0.68 -2.5 - 0.9 - 1.6 - 1.6 
DMSO 0.015 29.8 0.66 -3.3 -2.7 -0.6 -0.6 
AN 0.103 14.1 0.81 -2.3 6.3 -8.6 -3.0 
H20 1.000 18.0 0 . 7 2  . . . .  

a hGtO(Na) from column I, Table III, TATB assumption, Ref. (24). 
b Ref. (4). 
c hGtO(Na +) = hGtO(Na~)ej + AGtO(Na~)solv. 
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ergy of (Na § in various solvents. ( �9 current study; (~ )  Reeves et al. 
(13); (~ )  Hills and Peter (20); (V)  Baranski and Fawcett (23). 

Reexamin ing  Eq. [3] and [4], it may  be  deduced  that  the  
rate constant  in a m e d i u m  is exponent ia l ly  propor t ional  
to AC~~ ~ which  is the  m e d i u m - d e p e n d e n t  part  
of the  act ivat ion energy.  In  order  to i l lustrate  this, log k,h t 
is plot ted vs. AG~~ ~ in Fig. 5. The  re levant  data  
for Na ~ r educ t ion  obta ined  f rom prev ious  studies are also 
shown in Fig. 5 for compar ison.  The  a g r e e m e n t  is reason- 
able, cons ider ing  the  fact  that  those  rate constants  were  
obta ined  by di f ferent  exper imenta l  m e t h o d s  and in some- 
what  different  electrolytes.  The values  of  AG~~ +) in any 
solvent  are ob ta ined  by adding  hC~~ = -97  kcaYg- 
mol  (28) to AGt~ ~) in var ious  solvents.  The  relat ionship 
be tween  log k~h t and hG~~176 is l inear  because  the  
values  of  ~b ~ were  calculated accordingly .  However ,  this  
plot  can serve  in de te rmin ing  the  qual i ta t ive  t rend  of the  
rate constants  in var ious  solvents.  Once  the  solvat ion en- 
ergy and the  s tandard  potent ial  in a par t icular  solvent  are 
known,  the  t rue  rate cons tant  can be  es t imated  f rom Fig. 
5. 

It is in teres t ing to note  that  the  t rend  of  rate constants  
increases in the  order  DMSO < DMF < AN - PC. The  
same order  is obse rved  for free ene rgy  of  t ransfer  of Na ~ 
[AGt~ f rom water  to var ious  solvents  (DMSO < DMF 
< AN < PC). 

In  conclusion,  Na ~ + e ~ Na(Hg) react ion is "fast"  and 
revers ible  in PC, DMF, and AN and quasi- revers ible  in 
DMSO. The s tandard  potent ia l  scale for Na ~ in PC, DMF, 
DMSO, and A N  is comparab le  to the  s tandard  potent ial  
scale for K ~ in the  same solvents.  The  di f ference in abso- 
lute potent ia l  be tween  H~O and four  solvents  is consid- 
ered to be -+70 inV. The surface potent ia ls  of  PC, DMF, 
DMSO, and A N  indicate  their  dipoles are or iented with  
the posi t ive ends  toward  the  surface. Na § ion is s t rongly 
solvated by DMSO and weakly  by AN and PC; hence,  the  
rate constant  for Na ~ reduc t ion  in DMSO is the  lowest  
and in PC the  highest .  

Manuscr ip t  submi t t ed  Feb. 27, 1984; revised manuscr ip t  
rece ived  Feb. 16, 1985. 
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L I S T  OF S Y M B O L S  
A Debye-H(ickel  cons tant  (kg/mol) '/=' 
a D/6 k~h 
a act ivi ty  coeff ic ient  

a m e a n  ion d iamete r  (cm) 
B Debye-Hi icke l  cons tant  (kg/mol) "2 
C concent ra t ion  at the  electrode surface  (moYcm 3) 
Cd double- layer  capaci tance  (~F/cm 2) 
D diffusion coeff icient  (cm2/s) 
D m e d i u m  dielectr ic  cons tant  
E dc potent ia l  (V) 
Eo s tandard  potent ia l  (V) 
F Faraday  cons tan t  (C/eq) 
hG ~ s tandard  free energy  of t ransfer  (kcal/g-mol) 
hGt ~ free energy  of  t ransfer  (kcal/g-mol) 
h P lanck ' s  cons tan t  
i cur rent  dens i ty  (A/cm 2) 
k Bo l t zmann  cons tan t  
k~h he t e rogeneous  rate cons tant  (cm/s) 
k~ a apparent  rate cons tant  (cm/s) 
k~h t t rue rate cons tan t  (cm/s) 
ko a s tandard  rate cons tant  (cm/s) 
M e act ivated c o m p l e x  or t ransi t ion state 
M metal  
M Molari ty  (mol/l i ter  of  solvent) 
NA Avogadro ' s  n u m b e r  
n n u m b e r  of e lec t rons  t ransferred 
p 6/c~of 'l'~ (s-,2) 
p '  i r revers ibi l i ty  quot ien t  (0/o9 
q charge dens i ty  (C/cm 2) 
R universa l  gas cons tant  (J/g-mol-K) 
R res is tance (~-cm ~) 
r crys ta l lographic  radius (~) 
T t empera tu re  (K) 
t t ime  
V potent ia l  (V) 
x d is tance  (cm) 
Y admi t tance  (mho/cm ~) 
Y' real admi t t ance  (mho/cm ~) 
Y" imaginary  admi t t ance  (mho/cm ~) 
Z i m p e d a n c e  (~-cm 2) 
Z'  real i m p e d a n c e  (~-cm 2) 
Z" imaginary  i m p e d a n c e  (~-cm ~) 

Greek  letters 
anodic  t ransfer  coefficient  

fl cathodic  t ransfer  coefficient  
~/ act ivi ty  coeff icent  
6 Lat imer ,  Pitzer,  and S lansky  solvent  pa ramete r  (~) 
6 diffusion layer th ickness  (cm) 
E permi t t iv i ty  of the dielectric m e d i u m  

overpoten t ia l  (V) 
0 charge t ransfer  res is tance (~-cm ~) 
~r Warburg ' s  coeff icient  (~-cm ~ s '~) 
F surface  excess  (moYcm 2) 

nF(E - Eo)/RT 
(b~ phase  angle  of  the  faradaic i m p e d a n c e  
(bM ~ s tandard  equ i l i b r ium potent ia l  (V) 
(b2 potent ia l  of  the  outer  He lmhol tz  layer (V) 
oJ angular  f r e q u e n c y  (s- ' )  
X surface potent ia l  (V) 

Suffixes 
a apparent  
ct charge t ransfer  
el e lectrode 
el electrostat ic  
f faradaic 
f formal  
mt  mass  t ransfer  
min  m i n i m u m  

R E F E R E N C E S  
1. C. K. Mann,  in "Elec t roanaly t ica l  Chemis t ry ,"  Vol. 3, 

A. J. Bard,  Editor,  p. 57, Marcel  Dekker ,  New York  
(1967). 

2. " N o n a q u e o u s  So lven t  Sys tems,"  T. C. Waddington,  Ed- 
itor, A c a d e m i c  Press,  N e w  York  (1965). 

3. W. Lat imer ,  K. Pitzer,  and C. Slansky,  J .  Chem. Phys.,  7, 
108 (1939). 

4. N. Tanaka,  Electrochim. Ac ta ,  21, 701 (1976). 
5. R. Payne,  in "Advances  in E lec t rochemis t ry  and Elec- 

t rochemica l  Engineer ing ,"  Vol. 7, P. Delahay, Editor,  
In terscience,  New York  (1970). 

6. R. Payne,  in "Phys ica l  Chemis t ry  of  Organic Solvent  
Sys tems ,"  A. K. Coving ton  and T. Dickinson,  Edi-  
tors, p. 733, P l e n u m  Press,  N e w  York  (1973). 

7. B. Tremil lon,  "Chemis t ry  in N o n a q u e o u s  Solvents ,"  p. 
26, Reidel  Pub. ,  Bos ton  (1974). 



Vol. 132, No. 7 E L E C T R O D E  K I N E T I C S  1619 

8. C. W. DeCruek ,  M. S l u y t e r s - R e h b a c h ,  and J. H. 
Sluyters, J. Electroanal. Chem., 35, 137 (1972). 

9. J. H. Sluyters, Personal communication. 
10. P. G. Pat, Ph.D.  Thesis ,  Wayne S ta te  Univers i ty ,  

Detroit, MI (1982). 
11. M. Sluyters-Rehbach and J. H. Sluyters, J. Rec. Trav. 

Chim., 82, 535 (1963). 
12. M. Sluyters-Rehbach and J. H. Sluyters, in "Electro- 

analytical Chemistry," Vol. 4, A. J. Bard, Editor, Mar- 
cel Dekker, New York (1970). 

13. R. M. Reeves, M. Sluyters-Rehbach, and J. H. Sluyters, 
J. Electroanal. Chem., 34, 69 (1972). 

14. C. K. Mann and K. K. Barnes, "Electrochemical Reac- 
t ions  in N o n a q u e o u s  S y s t e m s "  p. 452, Marcel  
Dekker, New York (1970)~ 

15. V. Gutman and R. Schmid, Monatsh. Chem., 1O0, 2113 
(1969). 

16. T. Biegler and R. Parsons, J. Electroanal. Chem., 21, 
App. 4-6 (1969). 

17. Y. Doilido, R. V. Ivanova, and B. B. Damaskin, Elektro- 
khimiya, 4, 567 (1968). 

18. R. Payne, J. Am. Chem. Soc., 89, 489 (1967). 
19. P. Champion, C. R. Acad. Sci. Paris, Set. C, 269, 1159 

(1969). 
20. G. J. Hills and L. M. Peter, J. Electroanal. Chem., 50, 175 

(1974). 
21. J. Jorn6 and C. W. Tobias, This Journal, 121, 994 (1974). 

(1974). 
22. J. Jorn6 ,  Ph.D.  Thesis ,  U n i v e r s i t y  of Cal i fornia ,  

Berkeley, CA (1972). 
23. A. Baranski and W. R. Fawcett, J. Electroanal. Chem., 

94, 237 (1978). 
24. O. Popovych and R. P. T. Tomkins, "Nonaqueous Solu- 

tion Chemistry," p. 188 and references therein, John 
Wiley and Sons, New York (1981). 

25. C. V. Krishnan and H. L. Friedman in "Solute Solvent 
Interactions," Vol. 2, J. F. Coetzee and C. D. Ritchie, 
Editors p. 13, Marcel Dekker, New York (1969). 

26. M. Solomon, J. Phys. Chem., 74, 2519 (1970). 
27. M. Solomon, This Journal, 118, 1609 (1971). 
28. M. Solomon, in "Review in Physical Chemistry of Or- 

ganic Solvent Systems," A. K. Covington and T. 
Dickinson, Editors, p. 137, Plenum Press, New York 
(1973). 

29. C. M. Criss and E. Luksha, J..Phys. Chem., 72, 2966 
(1968). 

30. J. Jorn~ and C. W. Tobias, ibid., 78, 2576 (1974). 
31. J. Jorn~ and C, W. Tobias, This Journal, 122, 624 (1975). 
32. A. J. Parker, Chem. Rev., 69, 1 (1969). 
33. A. J. Parker, Electrochim. Acta, 21, 671 (1976). 
34. V. A. Pleskov, Zh. Fiz. Chim., 22, 351 (1948); Chem. 

Abstr., 42, 6249. 
35. R.M. Reeves, M. Sluyters-Rehbach, and J. H. Sluyters, 

J. Electroanal. Chem., 34, 55 (1972). 
36. D. J. Schriffrin, Trans. Faraday Soc., 66, 2464 (1970). 
37. R. Payne, J. Phys. Chem., 71, 1548 (1967). 
38. N. A. Izmailov, Russ. J. Phys. Chem., 34, 1142 (1960). 
39. B. Timmer, M. Sluyters-Rehbach, and J. H. Sluyters, J. 

Electroanal. Chem., 18, 93 (1968). 
40. R. Brasseur and H. D. Hurwitz, ibid., 148, 249 (1983). 
41. H. L. Yeager, J. D. Fedyk, and R. J. Parker, J. Phys. 

Chem., 77, 2407 (1973). 

Metal Deposition-Dissolution in Molten Halides: On the Question 
of Measurability of Very Fast Electrode Reaction Rates 

J. L. Settle and Z. Nagy* 

Argonne National Laboratory, Chemical Technology Division, Argonne, Illinois 60439 

ABSTRACT 

Metal deposition-dissolution reactions in molten salts are very fast and difficult to investigate, as evidenced by large 
discrepancies in the reported exchange current densities. An error analysis of the dc relaxation techniques was carried 
out, and it was determined that the measurement  of the exchange current density can have a systematic error if the sur- 
face reaction rate is much faster than the diffusion rate. This systematic error will result in measured exchange current 
densities approximately equal to the largest exchange current density measurable under the given conditions. This sys- 
tematic error can also result in fortuitously linear log io vs. log C and log io vs. lIT plots, even when the results are grossly 
in error. A computer  curve fitting data evaluation coupled with a statistical sensitivity analysis is suggested to avoid 
these problems. The exchange current densities of iron, nickel, and molybdenum were measured in LiC1-KCL eutectic 
melt at 450~ using an improved double-pulse galvanostatic technique. Only that of iron could be measured reliably (1.7 
-+ 0.4 A-cm -2 at 1.3 • 10 -~ mol-cm -3 Fe ~ ion concentration). The nickel reaction is too fast to be measured (at least 5 
A-cm -2 at 1 • 10 -~ mol-cm -3 Ni ~+ ion concentration), and the molybdenum results are unreliable because of melt 
decomposition. The large discrepancies between these results and some results reported by earlier workers can be ex- 
plained on the basis of the above-described error analysis. It is concluded that past experiments resulting in large ex- 
change current densities should be reexamined with improved measuring and data-evaluation techniques because it is 
possible that the reported values represent only the applicability limit of the measuring technique rather than the true 
exchange current density. 

Metal deposition-dissolution reactions are a special 
class of electrode reactions; their atomistic mechanism in- 
cludes the electrochemical building or breaking of the 
metallic crystal lattice in addition to the usual series of el- 
ementary processes, such as chemical reactions at or near 
the surface, charge-transfer step(s), adsorption at the sur- 
face, material and charge-transport processes, etc. Under 
some conditions, the crystal building or breaking pro- 
cesses can be rate determining. Therefore, the elementary 
steps of these processes and the variables affecting these 
steps have to be elucidated for a full understanding of the 
overall reaction. These include the type and density of 
surface dislocations, diffusion of adatoms to and from 
these sites, incorporation (or exclusion) of adatom into 
the lattice, charge transfer at dislocation sites or at the 
smooth surface, two- or three-dimensional nucleation, etc. 
A good overall understanding of these processes exists 

*Electrochemical Society Active Member. 

for metal deposition in room temperature aqueous sys- 
tems (1-7). On the other hand, our understanding of these 
processes in high temperature molten salts is much less 
satisfactory, as shown by a brief discussion in a recent re- 
view on the electrochemistry in molten salts (8). This is, at 
least partly, due to the fact .that the high temperature elec- 
trode kinetics data base, from which the mechanistic con- 
clusions could be drawn, is rather limited, and, as" will be 
shown below, often contradictory. In addition to the obvi- 
ous scientific importance, these reactions are part of 
many practical processes, such as metal winning and re- 
fining, batteries, and corrosion processes. 

The aim of the present work was to investigate the ki- 
netics of deposition-dissolution of transition metals in 
molten LiC1-KC1 eutectic. This solvent has been a popular 
one among previous investigators, and much thermody- 
namic data and some electrode kinetic data are available 
(9). Three metals were investigated in this work: iron, 
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nickel ,  a n d  m o l y b d e n u m .  A s u m m a r y  of p r ev ious ly  re- 
po r t ed  e x c h a n g e  c u r r e n t  dens i t i e s  of  t h e s e  me ta l s  (10-18) 
is p r e s e n t e d  in Tab le  I. T h e s e  da ta  revea l  the  ve ry  large  
d i s c r epanc i e s  a m o n g  t he  r e su l t s  r e p o r t e d  by  d i f fe ren t  in- 
ves t iga to r s  a n d  a m o n g  t he  r e su l t s  r e p o r t e d  by  the  s a m e  
inves t i ga to r s  w h e n  u s i n g  d i f fe ren t  m e a s u r i n g  t e c h n i q u e s .  
Th e  r epor t ed  e x c h a n g e  c u r r e n t  dens i t i e s  va ry  as m u c h  as 
t h r ee  o rde r s  of  m a g n i t u d e .  R e s u l t s  on  o the r  sol id  me ta l s  
in LiC1-KC1 eutec t ic ,  s u c h  as cobal t ,  c h r o m i u m ,  copper ,  
silver,  a n d  p l a t i n u m ,  also exh ib i t  large  d i s c r e pa nc i e s  
(10, 12, 14-17, 19-25). T h e s e  r eac t ions  are genera l ly  fast ,  
and,  therefore ,  r e l axa t i on  t e c h n i q u e s  were  u s e d  for t he  
d e t e r m i n a t i o n  of t he i r  e x c h a n g e  c u r r e n t  dens i ty .  T h e  
m o s t - o f t e n  u s e d  t e c h n i q u e s  were  dc  r e l axa t ion  tech-  
n iqu es ,  pa r t i cu la r ly  s ingle-  a n d  d o u b l e - p u l s e  ga lvanos ta -  
tic t e c h n i q u e s  a n d  also vo l t age  a n d  po ten t i a l  s tep  tech-  
n iqu es .  A c o m p a r i s o n  of t he  e x c h a n g e  c u r r e n t  dens i t i e s  
in  Tab le  I to t h e  r e p o r t e d  l im i t a t i ons  of  t he  m e a s u r i n g  
t e c h n i q u e s  (26, 27) r evea led  t h a t  m a n y  of  t he  ve ry  large  
va lu e s  are of  t h e  s a m e  order  of m a g n i t u d e  as the  u p p e r  
l imi t  of  t h e  t e c h n i q u e s .  It  was  also n o t e w o r t h y  t ha t  t he  
po ten t i a l - s t ep  t e c h n i q u e  gave  c o n s i s t e n t l y  sma l l e r  ex- 
c h a n g e  c u r r e n t  dens i t i e s  t h a n  the  d o u b l e - p u l s e  
ga lvanos ta t i c  t e c h n i q u e ,  i n d i c a t i n g  t h a t  the  r e su l t s  m a y  
be  m e t h o d  d e p e n d e n t .  To e n s u r e  t h a t  ou r  m e a s u r e m e n t s  
are b e in g  p e r f o r m e d  wi th  a m e t h o d  w h i c h  can  be  re l iably  
u s e d  for fas t  r eac t ions ,  we  h a v e  p e r f o r m e d  a de ta i led ,  
c o m p a r a t i v e  e r ro r  ana lys i s  of  all dc  r e l a x a t i o n  t e c h n i q u e s  
and  s u g g e s t e d  severa l  mod i f i c a t i ons  to the  ex i s t i ng  t ech-  
n i q u e s  t h a t  i m p r o v e  the i r  abi l i ty  to m e a s u r e  large  ex- 
c h a n g e  c u r r e n t  dens i t i es .  Mos t  of  th i s  w o r k  h a s  b e e n  pub -  

l i shed  a l ready  (28-34) a n d  will on ly  be  br ief ly  s u m m a r i z e d  
below. 

Error Analysis 
The  l imi t s  of  appl icab i l i ty  of  dc r e l axa t ion  t e c h n i q u e s  

h a v e  b e e n  d e t e r m i n e d  in t e r m s  Of t i m e  c o n s t a n t s  of  t he  
e lec t rode  s y s t e m  (28-31), a n d  a c o m p a r i s o n  of all tech-  
n i q u e s  h a s  b e e n  p u b l i s h e d  (32). I n  t h e s e  s tud ie s ,  a field 
of  app l icab i l i ty  w a s  de f ined  for e a c h  t e c h n i q u e ,  indicat-  
ing  the  c o m b i n a t i o n s  of t i m e  c o n s t a n t s  for w h i c h  the  ex- 
c h a n g e  c u r r e n t  d e n s i t y  is m e a s u r a b l e  w i th  an  error  of  less  
t h a n  20%. The  two  m a i n  c o n c l u s i o n s  of  t h e s e  earl ier  s tud-  
ies, re la t ing  to t h e  p r e s e n t  work,  were  t ha t  the  galvano-  
s tat ic  d o u b l e - p u l s e  t e c h n i q u e  is b e s t  su i t e d  for the  
m e a s u r e m e n t  of  large  e x c h a n g e  c u r r e n t  dens i t i es ,  a n d  
t ha t  t he  app l icab i l i ty  field of  eve ry  t e c h n i q u e  can be  en- 
l a rged  to r e a c t i ons  a p p r o x i m a t e l y  two orders  of  m a g n i -  
t u d e  fas te r  by  two  modi f ica t ions .  T h e s e  mod i f i ca t ions  
are (i) t he  r e d u c t i o n  of t he  errors  of  m e a s u r e m e n t s  by  
a b o u t  an  o rde r  of  m a g n i t u d e  t h r o u g h  the  u s e  o f  digital  
i n s t r u m e n t a t i o n  ( t r ans i en t  recorder)  in p lace  of  an  ana log  
osci l loscope,  a n d  (ii) t h e  u s e  of  t h e  c o m p u t e r  curve-fit- 
t ing  d a t a - e v a l u a t i o n  m e t h o d  i n s t e a d  of a g raph ica l  
m e t h o d .  No a t t e m p t  w a s  m a d e  in t h e s e  ear l ier  s t u d i e s  to 
e x a m i n e  w h e t h e r  t he  large errors  o c c u r r i n g  ou t s ide  the  
field of  app l i cab i l i ty  d i sp l ay  a ny  s y s t e m a t i c  behavior .  
The  error  b e h a v i o r  ou t s i de  t he  field of  appl icabi l i ty  is ex- 
a m i n e d  in th i s  p r e s e n t  inves t iga t ion .  

T h e  m e t h o d  of  e r ror  ca lcu la t ions  w a s  the  s a m e  as re- 
po r t e d  ear l ier  (28-32) a nd  will be  d e s c r i b e d  he r e  on ly  
briefly.  S y n t h e t i c  da ta  were  g e n e r a t e d  by  u s i n g  t he  bas ic  

Table I. Reported exchange current densities in LiCI-KCI eutectic melt 

Metal 

Metal ion Exchange 
concentration Temperature current density 

(mol-cm-3) (K) (A-cm-2) Method Ref. 

Nickel 1 • 10 -6 723 0.6 
1 • 10 -6 723 4.0 
5 x 10 -6 723 13.0 

7.7 x 10 -6 723 0.19 
9.4 x 10 -6 723 0.22 
2.0 • 10 -6 723 0.26 
3.8 x 10 -s 723 0.30 
6.0 x 10 -6 723 0.38 
7.8 x 10 -~ 723 0.42 

3.66 x 10 -6 723 85.8 
7.80 x 10 -6 723 103 
1.56 x 10 -~ 723 177 
3.42 x 10 -6 723 232 
6.59 x 10 -6 723 376 

2.9 • 10 -6 773 1.18 
2.6 x 10 -6 773 4.08 
2.9 x 10 -6 773 4.10 
2.4 x 10 -4 773 9.75 

5.8 x 10 -6 773 4.7 
2.9 x 10 -6 773 9.3 
5.8 x 10 -~ 673 5.2 
5.8 x 10 -6 723 9.1 
5.8 • 10 -6 773 14.0 

Iron 2.1 x 10-" 723 0.028 
7.8 • 10 -6 723 0.041 
4.0 x 10 -6 723 0.064 
1.1 x 10 -4 723 0.077 

2.9 x 10 -6 773 1.5 
5.8 x 10 -6 773 1.6 
2.9 x 10 -~ 673 1.0 
2.9 x 10 -~ 723 1.4 
2.9 x 10 -6 773 3.0 

Molybdenum 5.0 • 10 -7 729 0.0025 
1.8 x 10 -6 729 0.0056 
8.7 x 10 -6 729 0.011 
8.7 x 10 -6 820 0.072 
8.7 x 10 -6 877 0.180 
1.0 x 10 -~ 729 0.014 

GDP 

PS 

GDP 

ACI 

GDP 

PS 

GDP 

GSP 

(10) 

(11-13) 

(14) 

(15) 

(16-17) 

(12) 

(17) 

(18) 

GDP = Galvanostatic double pulse. 
PS = Potential step. 
ACI = AC impedance. 
GSP = Galvanostatic single pulse. 
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equations of the particular relaxation technique at a 
fixed set of electrode reaction parameters and by includ- 
ing random errors in the data. The exchange current den- 
sity was then calculated from these synthetic data using 
the data-evaluation method under investigation, and this 
"measured" exchange current density was compared to 
the exchange current density used in the synthetic data 
generation. Calculations were carried out for the follow- 
ing dc relaxation techniques: galvanostatic single- and 
double-pulse techniques, potential (and voltage) step 
technique, and coulostatic technique. Both graphical and 
computer curve-fitting data-evaluation methods were ex- 
amined. Some typical examples of the results are shown 
in Fig. 1-3. 

Figure 1 shows an example of exchange current densi- 
ties obtained by the potential-step technique. As the true 
exchange current density increases, the measured ex- 
change current density increases only to around the larg- 
est value of the exchange current density measurable un- 
der the given conditions and then remains approximately 
constant while the error of the measurement  increases. 
Similar results were obtained for all relaxation tech- 
niques, using both graphical and computer curve-fitting 
data analysis. Figure 2 shows an example of the log io vs. 
log C relationship obtained by the galvanostatic double- 
pulse technique. The experimental  results are quite dif- 
ferent from the exchange current densities used to gener- 
ate the relaxation curves, but the expected linear 
relationship is still obeyed. This can be explained by two 
factors: (i) the largest measurable exchange current den- 
sity is increasing as the concentration increases, and (ii) 
the type of error behavior indicated on Fig. 1 is followed. 
Figure 3 indicates that a fortuitously linear log io vs.  1/T 
plot can also be obtained in this example of the galvano- 
static single-pulse technique even though the results are 
grossly in error. The explanation for this behavior is simi- 
lar to that given for the data shown in Fig. 2. Again, simi- 
lar behavior can be demonstrated for all techniques. 

The error behavior does not always follow the poten- 
tially misleading character shown in Fig. 1-3; under cer- 
tain conditions, the error is random and the measured ex- 
change current density is widely scattered. Because of the 
potentially large number  of calculations needed, no at- 
tempt  was made to define the conditions under which 
the error becomes systematic. However, this is really im- 
material; what is important, from a practical standpoint, 
is that such behavior can occur. Furthermore,  there is no 
obvious indication in the experimental  data when the sys- 
tem is outside the field of applicability of the experimen- 
tal technique, but there are several techniques which can 
be used to extract information about the reliability of the 
data~ Four such techniques are described below. 

1. A plot of the experimental  data can often reveal pos- 
sible problems. At short times, a plot of potential vs.  

- 2  

- 3  

I E 

m 
o �9 
E 

- 6 [ ] - -  

- 7  

I I E I I 

o 

[ ]  

o [] 

I I I I I 
- 5  - 4  - 3  - 2  - I 

log i o ( A c m  - z  ) 

Fig. I. Comparison of known and measured exchange current densi- 
ties. Potential-step technique, graphical data evaluation. 
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Fig. 2. Concentration dependence of known (circles) and measured 
(squares) exchange current densites. Double-pulse galvanostatic tech- 
nique, graphical data evaluation. 

square root of t ime should be concave toward the time 
axis for the galvanostatic single-pulse technique; a com- 
pletely linear or convex plot indicates overwhelming dif- 
fusion control. Similarly, at short times, a plot of current 
density vs.  square root of time should be convex to the 
time axis for the potential-step technique. For the coulo- 
static technique, a plot of logarithm of the potential vs.  
t ime should be linear for a considerable time after the 
start of the experiment;  the diffusional effects are serious 
when the plot curves soon after t ime zero. For the double- 
pulse galvanostatic technique, a plot of potential at the 
potential min imum vs.  the square root of the prepulse 
length can be linear even when the results are grossly in 
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Fig. 3. Temperature dependence of known (circles) and measured 
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nique, graphical data evaluation. 
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error; a ve ry  large exchange  current  dens i ty  and, conse- 
quent ly ,  the possibi l i ty  of  large error  are indica ted  w h e n  
negat ive  in te rcepts  are ob ta ined  on the  potent ia l  axis. Un- 
fortunately,  none  of  these  indicators  is quant i ta t ive  and 
border l ine  cases are difficult  to decide.  

2. The measu red  sys tem parameters  can be  used  to cal- 
culate the t ime  constants  of the  sys tem,  and the  sys tem 
can be located on the appl icabi l i ty  d iagram of the measur-  
ing technique .  However ,  as demons t r a t ed  above,  this 
m e t h o d  is not  rel iable  w h e n  the  measu red  parameters  
place the sys tem near  the border  of  the  applicabi l i ty  
field. 

3. The  genera t ion  and eva lua t ion  of  synthet ic  data  were  
descr ibed  in the  above  error  analysis.  When used  prop- 
erly, this is a power fu l  m e t h o d  for indicat ing the  reliabil- 
i ty of  the  paramete rs  calculated f rom the  exper imenta l  
data. The  m e a s u r e m e n t  condi t ions  have  to be  taken  ful ly 
into cons idera t ion  in the  data genera t ion  (e.g., r i se t ime of  
pulses, error of  all m e a s u r e m e n t s  inc lud ing  the  IR correc- 
tion), and several  data  sets should  be  genera ted  by vary- 
ing the  a s sumed  exchange  current  dens i ty  a round the  cal- 
cula ted value.  The  ques t ion  is not  only  whe the r  the  
parameters  in ques t ion  can be  used  to genera te  a data  set 
similar  to the  expe r imen ta l  one, bu t  also whe the r  s imilar  
data sets can also be  genera ted  us ing  dif ferent  pa ramete r  
(e.g., exchange  cur ren t  density) values,  the reby  indicat ing 
the  insensi t iv i ty  of  the  curve-fit t ing to that  par t icular  pa- 
rameter.  The genera t ion  of synthet ic  data  sets requires  
negl igible  p r o g r a m m i n g  effort  and c o m p u t i n g  t ime com- 
pared to the  curve-f i t t ing calculat ions,  and  it is worth-  
whi le  to m a k e  such  calculat ions a rou t ine  par t  of  all data  
evaluations.  

4. Finally,  a stat ist ical  sensi t ivi ty analysis can be carried 
out (33) by de te rmin ing  the  covar iance  mat r ix  of  the  pa- 
rameters .  This will  indicate  the  in format ion  Content of  the  
exper imenta l  data  wi th  respec t  to the  parameters .  Resul ts  
are rel iable only if  the i r  s tandard  devia t ion  is small  com- 
pared to the  numer i ca l  va lue  of  the  pa ramete r  (not more  
than a few percent) .  The  last  two methods ,  or a combina-  
t ion of them,  are useful  for ve ry  fast react ions,  while  for 
s lower  react ions the  first two methods  will  suffice. 

In summary ,  it was found that  i f  the  e lect rode sys tem 
falls outs ide  the  field of  applicabil i ty,  because  the surface 
react ion is fast compared  to the  diffusion to and f rom the  
surface (i.e., the  diffusional  t ime  cons tan t  is small), the  ex- 
change  cur ren t  dens i ty  m e a s u r e m e n t  can display a sys- 
temat ic  error,  resul t ing  in a measu red  exchange  current  
densi ty  app rox ima te ly  equal  to the  largest  exchange  cur- 
rent  dens i ty  measurab le  wi th  the  measur ing  t echn ique  
unde r  the  g iven condi t ions.  This can resul t  in exchange  
current  densi t ies  whose  values  seem to fall wi th in  the  
field of applicabi l i ty;  fur thermore ,  the  dependency  of  the  
exchange  cur ren t  dens i ty  on concen t ra t ion  and tempera-  
ture can have  the  expec ted  l inear  form,  even  though  the 
measu remen t s  are grossly in error. There  is not  always an 
obvious  indica t ion  in the  exper imenta l  data  that  the  ex- 
change  current  dens i ty  will  be  in error. The  rel iabil i ty of 
the  m e a s u r e m e n t  can be best  es tabl ished by a statistical 
sensi t ivi ty  analysis  of the resul ts  of  the  compu te r  curve- 
f i t t ing data  evaluat ion.  These  conc lus ions  are val id  for all 
dc re laxat ion t echn iques  (potentiostatic,  galvanostat ic,  
and coulostat ic)  us ing  both  graphica l  and compute r  
curve-fi t t ing data-evaluat ion  methods .  

Experimental 
Measuring techniques . - -The  galvanosta t ic  double-pulse  

re laxat ion  t e c h n i q u e  was used  for mos t  exper iments .  
S o m e  m e a s u r e m e n t s  were  also carr ied out  wi th  galvano- 
static s ingle-pulse and coulostat ic  (with cons tant -current  
pulse  charging) re laxat ion  techniques .  Both  graphical  
(26, 27) and c o m p u t e r  curve-fi t t ing (28, 29, 32) data-eval- 
ua t ion  me thods  were  used. A modif ied  double-pulse  gal- 
vanosta t ic  t e c h n i q u e  was appl ied  (34). This  modif ica t ion  
consis ted  of  overcharg ing  the  double  layer dur ing  the  
p repu lse  to p roduce  a m i n i m u m  in the  overpotent ia l  re- 
laxat ion dur ing  the  second pulse;  the  m i n i m u m  could be 

adjusted to occur  after the unavoidable  r inging of  the sig- 
nal  and,  therefore,  could  be clearly observed.  This modi-  
fication was s h o w n  to have  smal ler  error  and a larger  
field of  appl icabi l i ty  than the unmodi f i ed  t echn ique  
(28, 34). Two graphica l  data-evaluat ion me thods  were  
used for the double-pulse  t echn ique  based on the  follow- 
ing equa t ion  (34) 

vRTio. 4RTi~ 
~ - ~ + 3 x/Tn~F2D'~C [q3j2 _ (q _ 1)3~2] tllj2 

where  ~m is the  overpotent ia l  m i n i m u m  after the  
prepulse,  v is the  s to ichiometr ic  n u m b e r  of  the  react ion 
mechan ism,  i2 is the  measur ing  cur ren t  dens i ty  (second 
pulse), D is the  diffusion coefficient,  C is the  concen-  
t rat ion of the  meta l  ion, q is the  ratio of the  t ime  of  the po- 
tent ial  m i n i m u m  to the  prepulse  l eng th  (t,,/tl), and t, is the  
prepulse  length;  the  o ther  symbols  have  their  usual  
meaning.  The  two me thods  are as follows. A series of  
measu remen t s  were  m a d e  at vary ing  prepulse  lengths,  
wi th  the  p repu lse  current  adjus ted  to keep  the  ratio q 
constant;  the  e x c h a n g e  current  dens i ty  1 can be  calculated 
f rom the  in te rcep t  of a plot  of  potent ia l  at the m i n i m u m  
vs. square  root  of p repulse  length.  With this method,  a 
considerable  n u m b e r  of trial pulses  are needed  to achieve 
a cons tant  q. In  an exper imenta l ly  easier  method,  the pre- 
pulse  length  was kep t  cons tant  and the  prepulse  current  
was varied, resul t ing  in a series of re laxat ions  where  the 
t ime  of  the  potent ia l  m i n i m u m  and, consequent ly ,  the  q 
values  var ied f rom pulse  to pulse. The  exchange  current  
densi ty  can be  calcula ted f rom the  in te rcep t  of  a plot  of  
potent ia l  at the  m i n i m u m  against  [q3~ _ (q _ 1)3,~]. 

The  curve-f i t t ing data  evaluat ions were  carr ied out  
us ing a mu l t i d imens iona l  nonl inear  least  squares  tech- 
n ique  based  on the  Levenbe rg -Marqua rd t  a lgor i thm 
(35, 36). More detai led descr ipt ions  and tests  of  the pro- 
grams have  been  pub l i shed  before  (28, 29, 32). The rise- 
t ime  of  the  pulses  was taken into cons idera t ion  in the  
data evaluat ions us ing a l inear rise approximat ion ;  gen- 
eral re laxat ion equa t ions  for nonzero r i se t ime were  pub- 
l ished prev ious ly  (37). Two curve-f i t t ing me thods  were  
used. A th ree -paramete r  curve-fi t t ing was carr ied out to 
de t e rmine  the  exchange  current  densi ty,  the  double- layer  
capaci tance,  and the diffusion coefficient.  The experi-  
menta l  data  were  cor rec ted  for the IR drop  in the  electro- 
lyte which  was de t e rmined  f rom the  initial rise of  the  
potential .  The  m e a s u r e m e n t  of  the  IR  correct ion involves  
a certain error, and this, in the ex t r eme  case, could resul t  
in a cons iderable  error  in the  de te rmina t ion  of a large ex- 
change current  dens i ty  (31). Therefore ,  the  fo l lowing 
modif ica t ion  was used  to improve  the  IR correct ion:  Us- 
ing the  second  method ,  a four-parameter  curve-fi t t ing 
was carried out  to calculate,  in addi t ion  to the above- 
stated variables,  the  solut ion res is tance be tween  the  two 
work ing  electrodes.  The  same IR-cor rec ted  inpu t  data as 
for the  th ree -paramete r  fitting were  used;  therefore,  the 
res is tance calculated by the  curve-fi t t ing p rogram was, in 
effect, the  error of  the original IR  correct ion.  An i terative 
procedure  was then  followed: the  expe r imen ta l  data  were  
now correc ted  us ing  the  adjus ted  solut ion resistance,  a 
n e w  four-parameter  curve  fit was calculated,  and so on. 
This was con t inued  unti l  none  of  the  calculated parame- 
ters changed  more  than 1%, which  usual ly  occurred  
wi th in  a few iterations.  

In s t rumen ta t ion . - -A  block  d iagram of  the  exper imenta l  
setup is shown  in Fig. 4. Two Hewle t t -Packard  pulse  gen- 
erators (Model 214B) were  used  to genera te  fast r ising 
constant -vol tage  pulses  wh ich  were  conver ted  into con- 
s tant-current  pulses  by two large load resistors (R1 and 
R2). The  first H-P pulse  genera tor  and the  digital  re- 
corder  were  t r iggered  s imul taneous ly  f rom an In s t rumen t  
Research  C o m p a n y  (Santa Barbara,  Calfornia) Model  
910A pulse  generator ,  and the  second H-P pulse  genera tor  

1The value determined was actually that of i j~ because of the 
linearization of the current density-overpotential equation. The 
term "exchange current density" refers to this ratio throughout 
this communication. 
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Fig. 4. Block diagram of the experimental setup 

was triggered, with adjustable delay, from the first one. 
To obtain a single-ended current measurement,  the sum 
of the potential drops over R3 and the cell was measured; 
the cell introduced only a small error, since its resistance 
was always at least three orders of magnitude smaller 
than R3~ The cell voltage was measured through a Tek- 
tronix AM501 voltage follower and an EG&G PAR Model 
115 amplifier and was recorded simultaneously with the 
current using a dual-channel transient waveform recorder 
having 10 bit amplitude resolution and 10 MHz sampling 
rate (Physical Data, Incorporated, Beaverton, Oregon, 
Model 523-A). Calibration of the instrumentation was 
carried out with an Electronic Development  Corporation 
(Boston, Massachussetts) sine wave amplitude and fre- 
quency standard Model 4100. The recorded data could be 
viewed locally or sent to a VAX 11/780 computer  for data 
evaluation and storage. Some preliminary data were re- 
corded on a Tektronix 7623A storage scope and photo- 
graphed. It was estimated that the error of measurements 
was less than 0.5% for the digital measurements and 
about 5% for the analog measurements.  

Cell design.--Certain special requirements had to be 
fulfilled because of the large expected values of the ex- 
change current densities to be measured. These require- 
ments were, among others, (i) a uniform current distribu- 
tion on the working electrode, (ii) electrode mounting 
allowing repeated polishing of the working surface, (iii) 
small solution IR drop included in the measured poten- 
tial, and (iv) a small overall inductance to minimize the in- 
itial ringing of the signal. A general discussion of cell de- 
sign requirements for measurement  of kinetics Of fast 
electrode reactions has been published previously (38). 
The cell was a two-electrode, thin-layer design, consisting 
of two identical working electrodes and no reference elec- 
trode. The use of two identical working electrodes, one 
polarized anodically and the other cathodically, has been 
shown to extend the range of the linear approximation of 
the current density-overpotential relation (39, 40), an ap- 
proximation which is always used in the calculation of 
the exchange current density from the experimental  data. 
This is especially important for a metal deposition-dis- 
solution reaction; in this case, the linearization error is 
larger than for a redox reaction because the activity of 
one species remains unity throughout the reaction 
(40, 41). The measured potential relaxation included the 
sum of anodic and cathodic overpotentials and IR drop in 
the electrolyte; the latter was kept small by the thin-layer 
design. The large ratio of electrode diameter to interelec- 
trode gap also ensured small edge effects and, conse- 
quently, a uniform current distribution. The cell is shown 
in Fig. 5. The cell body and the electrode holders were 
made of high purity boron nitride (Union Carbide, Grade 
HBC, containing less than 1% oxygen) and treated (after 
fabrication) at 1750~ in nitrogen atmosphere for 18h to 
remove surface oxide. The two metal rod working elec- 
trodes were press fit into the holders and polished. The 
electrolyte gap was controlled by a 1.25 • 10 -~ cm thick 
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metal spacer between the electrode holders. The spacer 
and the alignment pins were fabricated from the same 
metal as the working electrodes to avoid contaminating 
the melt. 

The overall cell arrangement was like a long microme- 
ter; the top electrode holder was vertically movable to 
facilitate the introduction of electrolyte into the interelec- 
trode gap. The movement  was controlled by a micrometer 
head through a universal joint  in order to avoid misalign- 
merits. The cell was immersed into the electrolyte con- 
tained in a beaker at the bottom of a furnace well, which 
was attached to the floor of a glove box. The cell was im- 
mersed to a level somewhat above the interelectrode gap; 
therefore, only boron nitride and the electrode metal were 
in contact with the melt. Fused quartz or boron nitride 
beakers were used to contain the melt. The furnace well 
was open to the helium-filled glove box; the oxygen and 
moisture contents of the atmosphere were kept below 5 
ppm by continuous purification. 

Short copper wires were used to connect the electrodes 
to two high-temperature coaxial cables (one for current 
and one for the potential measurement) which were made 
of solid copper wire conductor, glass capillary tube insu- 
lator, and copper tubing outer conductor. Such a coaxial 
arrangement has been shown to reduce the inductive 
EM-F generation during fast galvanostatic transients 
(42, 43). The instrumentation was connected with regular 
coaxial cables using coaxial feedthr0ughs in the wall of 
the glove box, which was isolated from the circuit. 

Electrode preparation.--The electrode materials were 
electron-beam zone-refined metal rods with a purity bet- 

Fig. 5. Cell design. A: to coaxial electrical leads. B: steel support 
rod. C: metal electrode contacts. D: boron nitride housing. E: metal 
electrodes. F: boron nitride electrode holders. G: Grafoil gasket. H: 
metal alignment pins. h metal spacer. J: steel adapter.K: steel univer- 
sal joint. L: steel rod connecting to micrometer head. 
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t e r  t h a n  99.99% f rom Mater ia ls  R e s e a r c h  Corpora t ion  
(Orangeburg ,  N e w  York). T h e y  were  m a c h i n e d  s l ight ly 
l a rger  t h a n  the  ho le  in  t he  h o l d e r  a n d  were  i n s e r t e d  u n d e r  
l iqu id  n i t r ogen  to ob ta in  a t igh t  fit in  t he  b o r o n  n i t r ide  
holder .  Oi l -based  d i a m o n d  c o m p o u n d s  were  u s e d  in  t he  
po l i sh ing ,  f i n i sh ing  wi th  0.25 u m  size. A pai r  of elec- 
t rodes ,  w h i c h  w e r e  to b e  u s e d  t o g e t h e r  in  a n  e x p e r i m e n t ,  
were  p o l i s h e d  t o g e t h e r  in  a f rame.  J o i n t  po l i sh ing  devel-  
oped  a common plane through the boron nitride electrode 
holders such that, even if the electrodes were not per- 
fectly perpendicular to this plane, the electrodes were 
parallel to each other in the cell; therefore a uniform 
intereleetrode gap was ensured. The polishing frame 
rested on four metal feet made of the same material as the 
electrodes to avoid undercutting the soft boron nitride 
during polishing. After polishing and ultrasonic cleaning, 
the electrodes were vacuum dried at 260~ and were re- 
duced in 5% hydrogen/95% helium at 450~ for 2h. The re- 
duction was carried out in a furnace attached to the glove 
box, immediately before the final assembly of the cell in 
the box. 

Electrolyte.--Most experiments were carried out in 
LiCI-KCI eutectic (44.2 and 55.8%) at 450~ Some experi- 
ments were carried out at lower temperatures in triple 
halide melts: LiCI-RbCI-CaCI~ eutectic (28.7, 67.7, and 
3.6%) which melts at 270~ (44) and LiBr-KBr-CsBr eutec- 
tic (39.1, 18.2, and 42.7%), melting at 236~ (45). The eutec- 
tic salts were polarographic grade material prepared by 
Anderson Physics Laboratories, Incorporated (Urbana, Il- 
linois). The salts were further purified by pre-electrolysis 
immediately before the experiment. The pre-electrolysis 
was carried out with a platinum screen working electrode 
in a stirred solution. The reference electrode was a metal/ 
metal ion electrode made from the metal to be investi- 
gated, and it contained i • I0 -~ mol-cm -~ metal ions. The 
potential of the working electrode was controlled at 
-0.8V to the nickel, -0.SV to the iron, and -I.0V to the 
molybdenum reference e|ectrode. Consequently, the po- 
tential was always approximately -I.7V to a molar plati- 
num reference electrode in LiCI-KCI eutectic. The refer- 
ence electrode and a graphite counterelectrode were 
contained in fused quartz tubes and were separated from 
the main body of the melt by fritted disks. The pre-elec- 
trolysis was carried out for at least 18h, or until the resid- 
ual current decreased below 5 ~A-cm -2. The required 
amount of metal ion was then introduced by constant cur- 
rent. anodic dissolution of a metal wire electrode. Molyb- 
denum could not be introduced into the melt by anodic 
dissolution because of fast disproportionation; therefore, 
anhydrous K3MoCI6 (Pfaltz & Bauer Incorporated, Stam- 
ford, Connecticut) was added to the melt. The wires used 
for reference electrodes and for metal dissolution were of 
the same source and quality as the metal electrodes to be 
investigated. 

Results and Discussion 

Preliminary experiments.--Early r e su l t s  w i th  i ron  a n d  
n icke l  in  LiC1-KC1 eu tec t i c  i nd i ca t ed  t h a t  the  e x c h a n g e  
c u r r e n t  dens i ty  of  t he  r eac t ions  is ve ry  h i g h  (46). The  
d o u b l e - p u l s e  ga lvanos t a t i c  t e c h n i q u e  was u s e d  wi th  ana- 
log i n s t r u m e n t a t i o n  a n d  g raph ica l  da ta  eva lua t ion ;  t h e r e -  
sul ts  we re  ve ry  sca t te red ,  some  b e i n g  in t h e  m a n y  t ens  of  
a m p e r e s  p e r  s q u a r e  cen t ime te r ,  a n d  t he  i n t e r c e p t s  of t he  
p lo ts  we re  o f t en  negat ive .  This  p r o m p t e d  a n  effort  to 
m a k e  m e a s u r e m e n t s  in  l ower  m e l t i n g  salts,  w i th  conse-  
q u e n t l y  lower  e x c h a n g e  c u r r e n t  dens i t i es ,  to p rove  t he  
va l id i ty  of  t he  e x p e r i m e n t a l  a p p r o a c h .  A few measure -  
m e n t s  were  m a d e  w i th  n icke l  in  LiC1-RbC1-CaC12 eu tec t i c  
me l t  at  340~ c o n t a i n i n g  1 • 10 -~ m o l - c m  -3 n icke l  ions.  
An  e x c h a n g e  c u r r e n t  dens i ty  of 0.45 -+ 0.1 A-cm -2 was  ob- 
ta ined ,  b u t  s o m e  plo ts  still  r e su l t ed  in  nega t ive  in te rcepts .  
The  s y s t e m  was  at  the  ve ry  edge of  t h e  app l icab i l i ty  field 
(28). F u r t h e r  m e a s u r e m e n t s  we re  ca r r i ed  ou t  w i th  an  even  
lower  m e l t i n g  sal t  a n d  i m p r o v e d  e x p e r i m e n t a l  a n d  data-  
eva lua t ion  t e c h n i q u e s  se lec ted  on  t he  bas i s  of the  above-  
d e s c r i b e d  e r ro r  analysis .  

Nickel in LiBr-KRr-CsBr.--Measurements were  car r ied  
ou t  w i th  ana log  i n s t r u m e n t a t i o n  a n d  c o m p u t e r  curve-fit-  
t ing  da ta  eva lua t ion .  Ga lvanos t a t i c  s ingle-  a n d  double-  
pu lse  a n d  cou los ta t i c  pu l se  r e l axa t ion  t e c h n i q u e s  were  
u s e d  to c o m p a r e  t he i r  p e r f o r m a n c e  to t he  p red i c t i ons  of  
the  er ror  analysis .  The  t e m p e r a t u r e  was  va r i ed  f rom 275 ~ 
to 331~ whi l e  t h e  Ni  ~ ion c o n c e n t r a t i o n  was  k e p t  at  4 • 
10 -7 m o l - c m  -3. The  t e m p e r a t u r e  d e p e n d e n c e  of  t h e  ex- 
c h a n g e  c u r r e n t  d e n s i t y  is s h o w n  in  Fig. 6 for  da t a  t a k e n  
w i th  d o u b l e - p u l s e  ga lvanos ta t i c  a n d  cou los ta t i c  tech-  
n iques ;  the  po in t s  s h o w  the  ave rage  of  four  to four teen  
m e a s u r e m e n t s  w i th  a sp read  of a p p r o x i m a t e l y  -*-0.2 
A-cm-'-' for e a c h  point .  The  re su l t s  for  s ing le -pu lse  gal- 
vanos t a t i c  t e c h n i q u e  were  wide ly  sca t te red ,  a n d  plots  of 
po t en t i a l  vs. s q u a r e  roo t  of t i m e  i n d i c a t e d  comple t e  diffu- 
s ion control .  The  a p p a r e n t  hea t s  of ac t iva t ion ,  ca lcu la ted  
f rom the  s lopes  of  t he  l ines  on  Fig. 6, are  39.4 a n d  41.8 k J- 
tool  -1 for the  d o u b l e - p u l s e  and  coulos ta t i c  t e chn iques ,  re- 
spect ively.  The  doub le - l aye r  c a p a c i t a n c e  va lues  we re  33 +- 
11 /zF-cm -~ w i t h  all t h r e e  t e c h n i q u e s .  The  d i f fus ion  
coeff ic ients  we re  r a t h e r  large, 2.7, 11, a n d  114 • 10 -5 
cm~-s -1 at  275 ~ 303 ~ a n d  331~ for t h e  d o u b l e - p u l s e  t ech-  
n ique ,  3.0, 4.9, a n d  29.7 • 10 -5 cm2-s -1 for the  s ing le -pu lse  
t e c h n i q u e ,  a n d  1.9, 6.4, a n d  46 • 10 -5 cm2-s -1, re- 
spect ively ,  for t he  cou los ta t i c  t e c h n i q u e .  This  s y s t e m  has  
no t  b e e n  i n v e s t i g a t e d  b y  o ther  worker s ;  therefore ,  no  
o the r  values  are  ava i lab le  for  compa r i son .  However ,  indi-  
ca tors  d i s c u s s e d  in  t he  er ror  analys is  sec t ion  p r o v e  t h a t  
the  e x c h a n g e  c u r r e n t  dens i t i es  m e a s u r e d  wi th  the  
doub le -pu l se  ga lvanos ta t i c  t e c h n i q u e  are rel iable:  the  sys- 
t e m  is w i t h i n  t he  field of  app l i cab i l i ty  a n d  t h e  s t a n d a r d  
dev ia t ions  are low. Fo r  t he  s ing le -pu l se  ga lvanos ta t i c  a n d  
coulos ta t ic  t e c h n i q u e s ,  t he  e lec t rode  s y s t e m  is on  the  bor-  
de r  of  t he  app l i cab i l i t y  field for the  d e t e r m i n a t i o n  of t he  
e x c h a n g e  c u r r e n t  dens i t y  and,  indeed ,  t he  s ing le -pu lse  
da ta  were  u n r e l i a b l e  a n d  t h e  cou los ta t i c  resu l t s  we re  
somewhat lower and more scattered than the double 
pulse results. These findings are in agreement with the 
applicabilities of the relaxation techniques predicted by 
our earlier error analysis (32). 

Iron in LiCI-KCl.--Experiments were carried out with 
digital instrumentation coupled with curve-fitting data 
evaluation. The temperature was controlled at 450~ and 
the Fe ++ ion concentration was 1.3 • I0 -~ mol-cm -3. Eight 
experiments were carried out using the double*pulse 
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Fig. 6. Exchange current density of nickel in LiBr-KBr-CsBr. Trian- 
gles: double-pulse gelvanostatic technique. Circles: coulostatic tech- 
nique. 
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Fig. 7. An example of the galvanostatic double-pulse relaxation 
curve together with the smooth curve generated by the computer curve- 
fitting data evaluation. 

galvanosta t ic  t echn ique .  An  example  of  re laxat ion  curves  
is g iven  in Fig. 7, showing  both  the  digital  data (con- 
nec ted  wi th  a con t inuous  line) and the  smooth  curve  gen- 
era ted  by the  curve-f i t t ing data-evaluat ion program.  The 
resul ts  were  an exchange  current  dens i ty  of 1.7 • 0.4 
A-cm -2, a double- layer  capaci tance  of  120 • 10 ~F-cm -~, 
and a diffusion coeff icient  of  10 • 1.5 • 10 -5 cm2-s -~. 
The exchange  cur ren t  densi ty  is h ighe r  than  any values  
previous ly  repor ted  for this sys tem (12, 17); this will  be 
d iscussed in more  detai l  below. The double- layer  capaci- 
tance  is comparab l e  to those  repor ted  for iron [191 
~F-cm -2 at 3 • 10 -8 mol -cm -~ Fe  § concentrat ion,  
f rom Ref. (17)] and for o ther  meta l  e lect rodes  in halide 
melts  conta in ing  the  cor responding  meta l  halides 
(10, 16, 17, 20, 47, 48). These  large capac i tance  values are 
general ly  exp la ined  as a pseudocapac i tance  caused by the 
presence  of  ada toms  (adions) on the  surface (8, 47, 48), a 
p h e n o m e n o n  wel l  demons t ra t ed  for meta l  deposit ion-dis-  
solut ion in aqueous  solutions (2, 3,7). For  solid elec- 
trodes,  the  surface  roughness  also cont r ibu tes  to the large 
capaci tance.  The  diffusion coefficient  was measured  by 
several  workers  us ing  ch ronopo ten t iome t r i c  and chrono- 
amperome t r i c  t echn iques :  Poigne t  and Barb ie r  repor ted  1 
• 10 -5 at 450~ (49), P i ron  et al. r epor t ed  5.8 • 10 -5 at 
466~ (50), and I n m a n  et aI. repor ted  2.1 • 10 -5 at 500~ 
(51). The  d i sc repancy  be tween  our  resul ts  and those  pre- 
v ious ly  repor ted  can be expla ined  as follows. The  double-  
pulse  galvanosta t ic  measu remen t s  were  carr ied out in a 
few mic roseconds  t ime  range;  therefore,  dur ing  a consid- 
erable por t ion  of  the  measur ing  t ime,  the  d imens ion  of 
the  surface  roughness  of the  electrode and that  of  the  dif- 
fus ion layer were  comparable ,  resul t ing  in a nonl inear  
cont r ibut ion  to the  diffusion flux. A direct  compar i son  of  
diffusion coeff icients  measu red  in mol t en  LiC1-KC1 eu- 
tect ic  wi th  the  double-pulse  galvanostat ic  t echn ique  and 
l inear  potent ia l  sweep  t echn ique  has  indeed  shown that  
the  fo rmer  t e c h n i q u e  tends  to resul t  in diffusion 
coefficients  several  t imes  larger than those  for the  latter 
(16). A few expe r imen t s  were  also tr ied wi th  s ingle-pulse 
galvanosta t ic  and coulosta t ic  techniques .  The  results,  not  
surpris ingly,  were  unrel iable:  the values  calculated for 
the  exchange  cur ren t  dens i ty  were  wide ly  scattered,  ex- 
hibi t ing large s tandard  deviat ion,  and appropr ia te  plots of 
the  data  ind ica ted  comple t e  diffusion control.  

Nickel in LiCI-KCl.--Seventy-five runs  were  made,  
mos t ly  with the  double-pulse  galvanosta t ic  technique ,  
us ing digital i n s t rumen ta t ion  and curve-f i t t ing data eval- 
uation.  The  n icke l  ion concent ra t ion  ranged  f rom 9 • 10 -7 
to 1 • 10-5 mol-cm-3,  and the  t empera tu re  was 450~ The 
exchange  cur ren t  densi t ies  were  very  scat tered,  ranging  
f rom tens to thousands  of amperes  per  square  cent imeter ;  

the h igh  s tandard  deviat ions  and the  graphical  plots of  
the  data  ind ica ted  that  the  values  were  unrel iable.  A mini-  
m u m  value  for the  exchange  cur ren t  dens i ty  was deter- 
m ined  by genera t ing  synthet ic  data  for the  condi t ions  of  
the  expe r imen t  at a series of  e x c h a n g e  current  densi ty  
values. I t  was de t e rmined  that  an e x c h a n g e  current  den- 
sity up to 5 A-cm -2 at 1 • 10 -6 mo l - cm -3 could  have  been  
de te rmined;  therefore ,  the  t rue e x c h a n g e  current  densi ty  
of  the  n ickel  reac t ion  mus t  be larger  than  5 A-cm 2. The  
double- layer  capaci tance  ranged be tween  10 and 40 
/zF-cm -~, and the  diffusion coefficient  was be tween  0.3 
and 3.0 • 10 -5 cm2-s-~. P rev ious ly  repor ted  diffusion coef- 
ficients range f rom 0.73 to 4.14 • 10 -5 cm2-s -~ (49, 52-58). 

Molybdenum in LiCI-KCI.--A few m e a s u r e m e n t s  were  
a t t empted  at 450~ us ing digital  i n s t rumen ta t ion  with  
galvanostat ic  double-pulse  t e c h n i q u e  and curve-fit t ing 
da t a  evaluation.  Difficulties were  encoun te red  because  of  
the  instabil i ty of Mo 3§ ion in the  melt;  the  concent ra t ion  
was con t inuous ly  decreasing,  and a b lack  precipi ta te  ap- 
peared  in the  melt .  S imi lar  behavior  was observed  by 
Senderof f  and Mellors,  who  at t r ibuted it to disproport ion-  
ation to Mo 5. and m o l y b d e n u m  meta l  (59). Because  of  the  
close s imilar i ty  of  thei r  observat ions  to ours, fur ther  work  
was not  carr ied out  on this p h e n o m e n o n ,  even  though  it 
wou ld  dese rve  fur ther  studies s ince o ther  workers  have  
found Mo 3~ to be  a stable species  in the  same  mel t  
(18, 60). E x c h a n g e  current  densi t ies  on the order  of a few 
amperes  per  square  cen t imete r  were  observed  at a Mo 34 
ion concen t ra t ion  of approx ima te ly  1 • 10 -4 mol-cm-3;  
this exchange  cur ren t  dens i ty  is m u c h  larger than the  
values  of  Selis (18), who  did not  repor t  any mel t  instabil- 
ity. It  is possible  that  our  large exchange  current  densit ies 
are due  to a large surface area caused by the  prec ip i ta ted  
meta l  powder ;  this is cor robora ted  by a ve ry  large 
(around 800/~F-cm -2) double- layer  capaci tance.  

A compar i son  of these  exchange  cur ren t  densit ies,  mea-  
sured in the LiC1-KC1 melt ,  to l i te ra ture  values  and an 
evaluat ion  of  all r epor t ed  exchange  cur ren t  densi t ies  wi th  
respect  to the  appl icabi l i ty  d iagrams of the  measur ing  
t echn iques  revea led  two facts: our  exchange  current  den-  
sities were  always larger  than any prev ious ly  repor ted  
value,  and the  repor ted  values  of  the  exchange  current  
densi t ies  have  p laced all the  e lec t rode  sys tems consid- 
ered in this w o r k  at the edge  of  the  appl icabi l i ty  fields of  
the  respec t ive  measu r ing  techniques .  

For  the case of nickel,  our  m i n i m u m  exchange  current  
dens i ty  2 of  5 A-cm -~ at 450~ and at a n ickel  ion concen-  
t rat ion of  1 • 10 -6 mol -cm -3 can be  compared  to the  re- 
sults of  Boute i l lon  et al. (11-13), who,  for s imilar  condi- 
tions, repor t  an e x c h a n g e  current  dens i ty  of  about  0.1 
A-cm -~ us ing  the  potent ial-s tep technique .  (The different  
invest igators  used  different  t empera tu res  and meta l  ion 
concentrat ions ,  therefore  compar isons  are somewha t  ap- 
proximate ;  see Table  I). Lal t inen et al. (10) obta ined ap- 
p rox imate ly  0.5 A-cm -~ us ing the  double-pulse  galvano- 
static t e c h n i q u e  wi th  graphical  data  evaluation,  and 
Haruyama  et al. (16, 17) repor ted  values  in the  low am- 
peres  per  square  cen t ime te r  range  for the  same tech- 
nique.  Boute i l lon  et al. also used the  double-pulse  galvan- 
ostatic t e chn ique  (14) and repor ted  values  near  100 
A-cm-2;  however ,  these  resul ts  are so far outs ide  the  field 
of  appl icabi l i ty  of  the  t echn ique  that  they  cannot  be  con- 
s idered reliable. The  error may  have  b e e n  caused b y  a 
nonl inear  ex t rapola t ion  t echn ique  to correc t  for the solu- 
t ion IR  drop. A similar  t r end  with measu r ing  t echn ique  
can be demons t r a t ed  for iron. Boute i l lon  (12) found an ex- 
change  current  dens i ty  near  0.01 A-cm -2 wi th  the  
potent ial-s tep t echn ique ,  whi le  H a r u y a m a  et al. repor ted  
about  1 A-cm-2 us ing  the  double-pulse  galvanostat ic  tech- 
n ique  with graphica l  data  evaluat ion  (17). Both  of  these  
values  are lower  than  our  1.7 A-cm-2.  3 

2Equivalent to a standard apparent rate constant of 0.026 
cm-s -j, assuming a transfer coefficient of 0.5 and taking the 
metal concentration as unity. 

aEquivalent to a standard apparent rate constant of 0.008 
cm-s-' ,  assuming a transfer coefficient of 0.5 and taking the 
metal concentration as unity. 
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A certain amount  of approximation is involved in the 
comparison of the reported exchange current density 
values to the applicability diagrams of the experimental 
techniques. Much information is needed on the details of 
the experiments which are not reported by the investiga- 
tors, and estimated values must  be used. One needs 
values for the double-layer capacitance, diffusion coeffi- 
cient, risetime of pulse generators, accuracy of the 
measurements, and the size of the uncorrected IR drop. 
Even with these uncertainties, the trend is clear both for 
iron and nickel dissolution-deposition reactions: the elec- 
trode system always falls near the edge of the applicabil- 
ity field of the respective measuring techniques. 

It can be concluded that reported exchange current 
densities are a strong function of the experimental tech- 
niques used for their measurement. The potential-step 
technique with graphical data evaluation resulted in the 
lowest exchange current densities for both iron and 
nickel. The galvanostatic double-pulse technique with 
graphical data evaluation gave considerably larger ex- 
change current densities; this is in agreement with the 
fact that the latter technique can be used for much faster 
reactions than the potentiostatic measurement. Finally, 
our measurements,  which were carried out with an im- 
proved double-pulse galvanostatic technique, resulted in 
even larger exchange current densities. This conclusion is 
corroborated by the result of the error analysis described 
above in which it was found that a measured exchange 
current density may indicate only the limitation of the 
technique rather than the true exchange current density 
of the reaction when the latter is outside the field of ap- 
plicability of the measuring technique. These results sug- 
gest that large exchange current densities reported in the 
literature should be reexamined using improved experi- 
mental and data-evaluation techniques to prove their va- 
lidity. 

Acknowledgments 
This work was performed under  the auspices of the Di- 

vision of Materials Science, Office of Basic Energy Sci- 
ences, U.S. Department of Energy. We are grateful to Dr. 
V. A. Maroni for his critical reading of the manuscript. 

Manuscript submitted Sept. 13, 1984; revised manu- 
script received March 2, 1985. Parts of this paper were 
presented as Paper 8 at the Cincinnati, Ohio, Meeting of 
the Society, May 6-11, 1984. 

Argonne National Laboratory assisted in meeting the 
publication costs of this article. 

REFERENCES 
1. M. Fleischmann and H. R. Thirsk, in "Advances in 

Electrochemistry and Electrochemical Engineer- 
ing," Vol. 3, P. Delahay and C. W. Tobias, Editors, p. 
123, Interscience, New York (1963). 

2. J. O'M. Bockris and A. Damjanovic, in "Modern As- 
pects of Electrochemistry," Vol. 3, J. O'M. Bockris 
and B. E. Conway, Editors, p. 224, Butterworths, 
Washington (1964). 

3. J. O'M. Bockris and A. R. Despic, in "Physical Chem- 
istry," Vol. IXB, H. Eyring, Editor, p. 611, Academic 
Press, New York (1970). 

4. J. A. Harrison and H. R. Thirsk, in "Electroanalytical 
Chemistry," Vol. 5, A. J. Bard, Editor, p. 67, Marcel 
Dekker, New York (1971). 

5. A. R. Despic and K. I. Popov, in "Modern Aspects of 
Electrochemistry," Vol. 7, B. E. Conway and J. O'M 
Bockris, Editors, p. 199, P lenum Press, New York 
(1972). 

6. E. B. Budevski, in "Comprehensive Treatise of Elec- 
trochemistry," Vol. 7, B. E. Conway, J. O'M. Bock- 
ris, E. Yeager, S. U. M. Khan, and R. E. White, Edi- 
tors, p. 399, P lenum Press, New York (1983). 

7. A. R. Despic, in "Comprehensive Treatise of Electro- 
chemistry," Vol. 7, B. E. Conway, J. O'M. Bockris, 
E. Yeager, S. U. M. Khan, and R. E. White, Editors, 
p. 451, P lenum Press, New York (1983). 

8. D. Inman  and D. G. Lovering, in "Comprehensive 
Treatise of Electrochemistry," Vol. 7, B. E. Conway, 
J. O'M. Bockris, E. Yeager, S. U. M. Khan, and R. E. 
White, Editors, p. 593, P lenum Press, New York 
(1983). 

9. J .A. Plambeck, in "Encyclopedia of Electrochemistry 

of the Elements," Vol. 10, A. J. Bard, Editor, p. 11, 
Marcel Dekker, New York (1976). 

10. H. A. Laitinen, R. P. Tischer, and D. K. Roe, This 
Journal, 107, 546 (1960). 

11. J. Amosse, J. Bouteillon, and M. J. Barbier, C. R. 
Acad. Sci., (Paris), C267, 22 (1968). 

12. J. Bouteillon, Thesis, University of Grenoble, Gren- 
oble, France, (1969). 

13. J. Bouteilton and M. J. Barbier, Etectrochim. Acta., 21, 
817 (1976). 

14. J. Bouteillon, J. de Lepinay, and M. J. Barbier, J. 
Chim. Phys., 71, 346 (1974). 

15. H. Numata and S. Haruyama, J. Jpn. Inst. Metals, 43, 
866 (1979). 

16. A. Nishikata and S. Haruyama, ibid., 47, 198 (1983). 
17. S. Haruyama, H. Numata, and A. Nishikata, in "Pro- 

ceedings of the First International Symposium on 
Molten Salt Chemistry and Technology," Abstract 
1-102~ p. 153, Kyoto, Japan, April 20-22, 1983. 

18. S. M. Selis, J. Phys. Che~., 72, 1-442 (1968). 
19. J. Bouteillon, J. de Lepinay, and M. J. Barbier, C. R. 

Acad. Sci. (Paris), C267, 801 (1968). 
20. D. L. Hill, K. W. Fung, S. Hsieh, and H. L. Lee, J. Elec- 

troanal. Chem. Interfacial Electrochem., 38, 57 
(1972). 

21. D. L. Hill, K. W. Fung, and H. L. Lee, ibid., 38, 67 
(1972). 

22. D. L. Hill, K. W. Fund, and H. L. Lee, ibid., 38, 75 
(1972). 

23. S. C. Levy and F. W. Reinhardt, This Journal, 122, 200 
(1975). 

24. D. Inman,  J. C. L. Legey, and R. Spencer, J. Electro- 
anal. Chem. Interracial Electrochem., 61, 289 (1975). 

25. Y. K. Delimarsky, N. K. Tumanova, A. V. Gorodysky, 
and M. U. Prikhodko, Electrochim. Acta., 21, 367 
(1976). 

26. J. Kuta and E. Yeager, in "Techniques of Electro- 
chemistry," Vol. 1, E. Yeager and A. J. Salkind, Edi- 
tors, p. 141, Wiley-Interscience, New York (1972). 

27. D. D. Macdonald, "Transient Techniques in Electro- 
chemistry," P lenum Press, New York (1977). 

28. Z. Nagy, This Journal, 128, 786 (1981). 
29. Z. Nagy, Electrochim. Acta., 26, 671 (1981). 
30. Z. Nagy, This Journal, 129, 1943 (1982). 
31. Z. Nagy, EIectrochim. Acta., 28, 557 (1983). 
32. Z. Nagy and J. T. Arden, This Journal, 130, 815 (1983). 
33. Z. Nagy, Electrochim. Acta., 29, 917 (1984). 
34. Z. Nagy, This Journal, 126, 1148 (1979). 
35. J. J. More, in "Numerical Analysis," G. A. Watson, Ed- 

itor, p. 105, Lecture Notes in Mathematics 630, 
Springer-Verlag, New York (1978). 

36. J. J. More, B. S. Garbow, and K. E. Hillstrom, Ar- 
Onne National Laboratory Report, ANL-80-74, 

gonne, IL (1980). 
37. Z. Nagy, This Journal, 125, 1809 (1978). 
38. Z. Nagy and J. L. Settle, in "Molten Salts," M. Blan- 

der, D. S. Newman, M. L. Saboungi, G. Mamantov, 
and K. Johnson, Editors, p. 534, The Electrochemi- 
cal Society Softbound Proceedings Series, Pen- 
nington, NJ (1984). 

39. D. J. Kooijman, M. Sluyters-Rehbach, and J. H. Sluy- 
ters, Electrochim. Acta., 11, 1197 (1966). 

40. Z. Nagy, R. H. Land, G. K. Leaf, and M. Minkoff, 
Submitted to This Journal. 

41. R. L. Birke and D. K. Roe, Anal. Chem., 37,450 (1965). 
42. E. Blomgren, D. Inman,  and J. O'M. Bockris, Rev. Sci. 

Instrum., 32, 11 (1961). 
43. W. E. Triaca, C. Solomons, and J. O'M. Bockris, Elec- 

trochim. Acta., 13, 1949 (1968). 
44. I. I. II'yasov, M. Davranov, and A. I. Rodionov, Russ. 

J. Inorg. Chem., 20, 1115 (1975). 
45. G. G. Diogenov and V. I. Ermachkov, ibid., 12, 436 

(1967). 
46. Z. Nagy and J. L. Settle, Abstract 158, p. 408, The 

Electrochemical Society Extended Abstracts, Vol. 
79-2, Los Angeles, California, October 14-19, 1979. 

47. A. D. Graves, G. J. Hills, and D. Inman,  in "Advances 
in Electrochemistry and Electrochemical Engineer- 
ing," Vol. 4, P. Delahay and C. W. Tobias, Editors, p. 
117, Interscience, New York (1966). 

48. R. Prange, K. Heusler, and K. Schwerdtfeger, Metall. 
Trans. B, 15, 281 (1984). 

49. J. C. Poignet and M. J. Barbier, Electrochim. Acta., 17, 
1227 (1972). 

50. D. L. Piron, S. Asakura, and K. Nobe, in "Metal-Slag- 
Gas Reactions and Processes," Z. A. Foroulis and 
W. W. Smeltzer; Editors, p. 625, The Electrochemi- 
cal Society Softbound Proceedings Series, Prince- 
ton, NJ (1975). 

51. D. Inman,  J. C. Legey, and R. Spencer, J. Appl. Elec- 
trochem., 8, 269 (1978). 



Vol. 132, No. 7 M E T A L  D E P O S I T I O N - D I S S O L U T I O N  1627 

52. P. Drossbach and P. Petrick, Z. Elektrochem., 58, 95 
(1954). 

53. E. Schmidt,  Electrochim. Acta., 8, 23 (1963). 
54. W. K. Behl, U.S. Goverr~ment Report, AD 696430 

(1969). 
55. W. K. Behl, This Journal, 118, 889 (1971). 
56. J. Bouteillon and M. J. Barbier, J. Electroanal. Chem. 

Interfacial Electrochem., 56, 399 (1974). 

57. D. L. Piron, Corros. Sci., 15, 377 (1975). 
58. D. L. Piron, S. Asakura, and K. Nobe, This Journal, 

123, 503 (1976). 
59. S. Senderoff and G. W. Mellors, ibid., 114, 556 (1967). 
60. D. Inman and R. Spencer, in "Advances in Extraction 

Metallurgy and Refining," J. M. Jones, Editor, p. 
413, Institute of Mining and Metallurgy, London 
(1972). 

Interferometric Observation of Turbulent Mass Transfer in Channel 
Flow 

F. R. M c L a r n o n *  

Applied Science Division, Lawrence Berkeley Laboratory, University of California, Berkeley, California 94720 

R. H. M u l l e r *  and C. W .  Tob ias*  

Materials and Molecular Research Division, Lawrence Berkeley Laboratory, and Department of Chemical Engineering, 
University of California, Berkeley, California 94720 

ABSTRACT 

A traveling, dual-beam laser interferometer has been used to investigate mass-transfer boundary layers on planar 
electrodes in turbulent channel flow. The effect of secondary flows induced near the electrode/electrolyte interface by 
small flow obstacles in laminar bulk flow is compared to the effect of turbulent bulk flow produced by high electrolyte 
flow rates in an obstacle-free flow channel. It is shown that mass-transfer enhancement  can be attained more 
efficiently by the use of small flow obstacles than by the use of high flow velocities. 

Turbulent fluid flow can often be successfully em- 
ployed to increase interfacial transport rates in a variety 
of industrial unit  operations. Many electrochemical pro- 
cesses, such as electrowinning, electrochemical synthesis, 
and electrodialysis, tend to be rate limited by slow mass 
transfer. The application of turbulent in place of laminar 
electrolyte flow in these processes permits higher 
operating current densities and thereby improves the 
space-time yield of the electrochemical system. The most 
direct method to induce turbulent flow in an electro- 
chemical cell is to raise the electrolyte velocity (1), but 
this technique may result in an unacceptable increase in 
electrolyte pumping power (2). Other viable methods in- 
clude insertion of flow obstacles into the electrolyte flow 
stream (3), moving nets across the electrode surface (4), 
applying magnetic fields (5) or ultrasonic waves (6), and 
use of suspended particles (7). 

The limiting current technique (8) is a powerful tool 
that has been used by many investigators (9) to character- 
ize the local distribution of mass-transfer rates at elec- 
trode surfaces under  conditions of turbulent  flow. Of par- 
ticular relevance to the present study are applications of 
the limiting current technique (3, 10-18) to evaluate the 
enhancement of mass-transfer rates by placing flow ob- 
stacles in the electrolyte flow stream. These investiga- 
tions have provided valuable data to guide the optimal 
section of fluid flow rates, cell geometry, and obstacle 
shape, size, and spacing. 

The purpose of the present work is to employ inter- 
ferometry (19, 20) to characterize mass-transfer enhance- 
ment  by turbulent flow, thereby providing data comple- 
mentary to those obtained by the limiting current 
technique. In this method, local variations in the phase of 
transmitted light are measured, and the corresponding 
variations in refractive index (linearly related to concen- 
tration under the conditions of this study) are subse- 
quently derived. The technique provides direct, continu- 
ous visualization of the local concentration boundary 
layer at any level of current density on continuous 
(unsectioned) electrodes. The interferometric method has 
been previously applied to study electrochemical mass 

* Electrochemical Society Active Member. 

transfer under conditions of pure diffusion (21-24), natural 
convection (25-29), forced convection (30-32), combined 
forced and natural convection (33), and turbulent flow 
(32, 34). 

Experimental  
Flow channel.--Mass-transfer experiments were carried 

out in a 3m long rectangular-duct flow channel (35-37), 
the heart of which is depicted in Fig. 1. Gravity feed from 
a storage tank provides a steady flow of electrolyte. The 
duct is w = 1.00 cm wide and h = 2.54 cm high. The L = 
100 cm long electrodes fully occupy the space between 
the two parallel, optically-flat glass sidewalls down- 
stream of a 200 cm long (140 hydraulic diameters) entry 
region. All experiments were performed with the cathode 
facing down and the anode facing up. This configuration 
will produce less-dense electrolyte regions above more- 
dense regions, eliminating the possibility of electrolyte 
flow induced by natural convection. The primary current 
density distribution in this cell was calculated (31) to be 

Fig. 1. Semiscale drawing of the flaw channel. Channel width w = 
10.0 mm. Channel heighth = 25.4 mm. Electrode length L = 100.0 crn. 
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near ly  un i fo rm;  local  c u r r e n t  dens i t i e s  dev ia te  f rom the  
ave rage  c u r r e n t  dens i t y  b y  no  m o r e  t h a n  1% for 97% of  
t he  e lec t rode  surface.  T he  dev ia t ions  f rom u n i f o r m  pri- 
m a r y  c u r r e n t  dens i t y  occu r  on ly  w i t h i n  a few cen t ime t e r s  
of the  cop l ana r  j u n c t i o n s  b e t w e e n  c o n d u c t o r  a n d  insula-  
tor, i.e., at  t he  l ead ing  a n d  t ra i l ing  edges  of t h e  e lectrode.  
W h e n  cu r r en t  is pass ing ,  t he  e lectr ic  field effect  (and  t h e  
assoc ia ted  smal l  n o n u n i f o r m i t y  of t he  p r i m a r y  cu r r en t  
dens i ty  d i s t r i bu t ion )  is m o d e r a t e d  b y  the  p r e s e n c e  of  
cha rge - t r ans fe r  a n d  m a s s - t r a n s f e r  overpo ten t i a l s .  The  re- 
su l t ing  t e r t i a ry  c u r r e n t  d i s t r i b u t i o n  is e v e n  m o r e  u n i f o r m  
t h a n  the  p r i m a r y  d i s t r ibu t ion .  Near  t he  l imi t ing  cu r r en t  
dens i ty ,  t he  c u r r e n t  d i s t r i b u t i o n  ref lects  local  va r ia t ions  
in  mass - t r ans f e r  b o u n d a r y - l a y e r  t h i c k n e s s .  

Flow obstacles.--Experiments were  p e r f o r m e d  wi th  
five d i f fe rent  obs tac les  p l aced  in  the  flow channe l ,  a n d  
the  sizes, shapes ,  a n d  spac ings  of t h e s e  obs tac les  are 
s h o w n  in Fig. 2. The  sizes a n d  shapes  we re  c h o s e n  to ap- 
p r o x i m a t e  t h o s e  e m p l o y e d  by  Leitz a n d  Mar inc ic  (3), a n d  
t he  s p a c i n g s  we re  c h o s e n  to b e  suf f ic ien t ly  large  to al low 
flow d i s t u r b a n c e s  to decay  b e t w e e n  obs tac les .  F igure  2 
also i l lus t ra tes  t he  sizes of t h e  obs t ac l e s  re la t ive  to the  lo- 
cal m a s s - t r a n s f e r  b o u n d r y  layer  t h i c k n e s s .  The  la rges t  ob- 
s tacle  is a 12.7 m m  diam,  10.0 m m  long  glass c i rcu la r  cyl- 
i nde r  s a n d w i c h e d  b e t w e e n  t he  two glass  s idewalls ,  
m i d w a y  b e t w e e n  t he  two e lec t rodes .  This  ob jec t  occup ies  
50% of  t he  c h a n n e l  cross  sect ion,  a n d  it  can  crea te  t u r b u -  
l ence  by  i n c r e a s i n g  t he  local  e lec t ro ly te  flow velocity.  
The  o the r  four  obs tac les  s h o w n  in Fig. 2 are a r e c t a n g u l a r  
pa ra l l e lep iped ,  a t r i a n g u l a r  pa ra l l e lep iped ,  a n d  two semi-  
c i rcu la r  cyl inders .  All  four  of t h e s e  obs tac les ,  e x t e n d i n g  
across  t he  en t i r e  10.0 m m  c h a n n e l  wid th ,  were  m a c h i n e d  
f rom acrylic a n d  were  g lued  to t he  c a t h o d e  surface.  The  
t h r ee  larger  obs t ac l e s  e x t e n d  0.76 m m  f rom the  ca thode  
sur face  and  o c c u p y  3% of t h e  c h a n n e l  c ross  sec t ion .The  
smal les t  obs tac le  e x t e n d s  0.28 m m  f rom the  c a t h o d e  sur- 
face and  occup ie s  on ly  1% of t he  c h a n n e l  cross  sect ion.  
The  d a s h e d  c u r v e s  in  Fig. 2 i nd i ca t e  t he  edge  of t he  99% 
mass - t r ans f e r  b o u n d a r y  layer  I p r e d i c t e d  (38, 2, 9) for lami-  
na r  flow c o n d i t i o n s  (Re = 500 a n d  Re = 1500). F igu re  2 
shows  t ha t  the  d i m e n s i o n s  of t h e  sma l l e r  obs tac les  are  
c o m p a r a b l e  to t h o s e  of t he  m a s s - t r a n s f e r  b o u n d a r y  layers  
e x p e c t e d  u n d e r  l a m i n a r  flow condi t ions .  

Electrolyte and electrode preparation.--The 99.999% 
p u r e  c o p p e r  e l ec t rodes  we re  d e s i g n e d  w i th  two goals in  

' The distance from the electrode surface where the local 
concentration reaches the sum of the surface concentration 
plus 99% of the total concentration difference (bulk less 
surface). 

- 1 5 ~ 1 7 6  

"~"" -Re  = 500 

Flow direction 

I Counter electrode 
located 25.4 rnrn 
from cathode 12.7 mm Diameter C i r c u ~  

Fig. 2. Placement and sizes of obstacles in the flow channel. Ordi- 
nate: distance from cathode surface (mm). Abscissa: distance from cath- 
ode leading edge (cm). The 0.28 mm semicircular cylinder is attached to 
the cathode surface atz = 22 cm, the 0.76 mm semicircular cylinder at 
32 cm, the 0.76 mm triangular parallelepiped at 47 cm, the 0.76 mm 
rectangular parallelepiped at 62 cm, and the 12.7 mm diam large circu- 
lar cylinder is wedged between the two glass sidewalls at z = 82 cm. 
Dotted line: Mass-transfer boundary edge (Eq. [2]), calculated as twice 
the Nernst boundary-layer thickness (33). 

mind :  (i) t he  ho r i zon ta l  e lec t rode  sur faces  s h o u l d  be  flat 
a n d  smooth ,  a n d  (it) t he  t e s t  b e a m  s h o u l d  t r ave r se  t he  cell 
para l le l  to t he  surface.  These  r e q u i r e m e n t s  were  m e t  by  
first po l i sh ing  a ver t ica l  s ide of  e ach  e lec t rode  flat a n d  
opt ica l ly  smoo th .  Then ,  a r igh t -angle  po l i sh ing  j ig  was  
u s e d  to p r e p a r e  the  e l ec t rode  w o r k i n g  sur faces  pe rpen -  
d icu la r  to t he  re f lec t ing  sides.  The  cell  was  t h e n  a l igned  
so t h a t  t he  t e s t  b e a m  was para l le l  (to w i t h i n  0.1 ~ to t he  
e lec t rode  w o r k i n g  sur face  b y  re f lec t ing  the  b e a m  f rom 
the  s ide  u n d e r  exac t ly  n o r m a l  i n c i d e n c e  ( the ref lec ted  
b e a m  re t r aced  i ts  p a t h  b a c k  to its source).  The  w o r k i n g  
sur face  profile was  flat to w i t h i n  1 /~m over  80% of  i ts 
wid th .  However ,  t h e  edges  were  ve ry  s l ight ly  r o u n d e d  (to 
a b o u t  10/~m) b e l o w  the  level  of t he  c e n t e r  of the  surface.  2 

The  a q u e o u s  CuSO4 e lec t ro ly te  was  p r e p a r e d  by  dis- 
so lv ing  r eagen t -g r ade  CuSO4 �9 5H20 crys ta l s  in to  twice-  
d is t i l led  w a t e r  in  a 25 gal p o l y e t h y l e n e  con ta ine r .  The  de- 
p e n d e n c e  of  e lec t ro ly te  ref rac t ive  i n d e x  on  CuSO4 
c o n c e n t r a t i o n  was  d e t e r m i n e d  wi th  a n  A b b ~  cr i t ica l -angle  
re f rac tomete r ,  a n d  s a m p l e  c o n c e n t r a t i o n s  were  deter-  
m i n e d  by  g rav ime t r i c  analysis .  Leas t  squa re s  analys is  
p r o v i d e d  a l inea r  cor re la t ion  for t he  re f rac t ive  i n d e x  at X 
= 632.8 n m  (He-Ne laser), 0 -< C -< 0.1M CuSO4, 20~ All 
e lectrolysis  e x p e r i m e n t s  e m p l o y e d  0.1M CuSO4 electro-  
lyte a n d  were  c o n d u c t e d  at  20~ 

Interferometer.--A cross  sec t ion  of t h e  d u c t  and  dual-  
e m i s s i o n  laser  i n t e r f e r o m e t e r  is s h o w n  in  Fig. 3. A He-Ne 
laser  was  mod i f i ed  to e m i t  l ight  f rom each  end  of t h e  
laser  cavity,  a n d  t he  i n t e r f e r o m e t e r  was  m o u n t e d  on  the  
car r iage  of  a l a the  b e d  to p e r m i t  t r ave l  of t he  i n s t r u m e n t  
a long  t he  l e n g t h  of t he  e lec t rodes  (35-37). The  p l a n e  of fo- 
cus  (opt ical ly  c o n j u g a t e  to the  film p l a n e  of  t he  camera)  
was  loca ted  a t  the  ins ide  of t h e  glass  s idewal l  f a r thes t  
f rom the  camera ,  x = 0 (Fig. 1). This  is t he  r e c o m m e n d e d  
p l a n e  of  focus  for  t he  obse rva t i on  of ca thod ic  b o u n d a r y  
layers  in w h i c h  t he  re f rac t ive  i n d e x  dec reases  t o w a r d  t he  
e lec t rode  sur face  (40). 

Electrochemical experiments.--Steady-state, cons tan t -  
c u r r e n t  e l e c t r o d e p o s i t i o n  of  Cu on to  a d o w n w a r d  fac ing  
c a t h o d e  was  s t u d i e d  at  Re  = 500, 1500~ 5000, a n d  10,000 
(vavg = 3.5, 10.5, 35, a n d  70 cm/s,  respect ively) .  Ave rage  
c u r r e n t  dens i t i e s  r a n g e d  f rom 2.0 to 25.0 m A / c m  '2. Loca l  

2 This small deviation from planarity has been shown (39) to 
result in reflection of the test beam from the rounded elec- 
trode edge, which can cause anomalous curvature of the inter- 
ference fringes in the immediate vicinity of the electrode 
surface. 
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Fig. 3. Schematic diagram of interferometer and electrochemical cell. 
Solid line: light path. Dotted line: off-axis rays demonstrating point-to- 
point relationship between plane of focus and film plane. A: Copper an- 
ode. C: Copper cathode. E: 0.1M CuSO4 electrolyte. F: Film plane. 
G: Glass sidewalls. L: Lens (the test lens, focal length = 87 mm, is 115 
mm from the center of the cell. The focal length of the reference lens is 
81 mm. M: Mirror. S: Light source (HeNe laser). U: Beam uniter, d: 
Thickness of glass wall (12.7 mm). h: Electrode separation (2.54 mm). w: 
Electrode width (10.0 mm). 
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Table I. Experimental matrix 

Flow obstacles 
v,vg (cm/s) Re iavg ( m A / c m  ~) present 

3.5 500 2.0 Yes 
3.5 500 5.0 No 

10.5 1,500 2.5 Yes 
10.5 1,500 5.0 No 
35 5,000 15.0 No 
35 5,000 25.0 No 
70 10,000 25.0 No 

hmi t ing  cur ren t  densi t ies  unde r  l aminar  flow condi t ions  
a t  the  trailing edge  of  the  cathode surface  range f rom 3.8 
m A / c m  ~ at Re = 500 to 5.5 m A / c m  ~ at Re = 1500. Average  
l imi t ing current  densi t ies  unde r  tu rbu len t  flow condi- 
t ions ranged  f rom 34 m A / c m  2 at Re = 5000 to 56 mA/cm=' 
at Re = 10,000. Ave rage  appl ied  cur ren t  densi t ies  are  
l is ted in Table  I. Note  that  l imit ing cur ren t  densit ies are 
not  approached,  excep t  near  the trai l ing edge  of  the  cath- 
ode for the  s ingle expe r imen t  at Re = 500 and iavg = 5.0 
m A / c m  2, wh ich  was pe r fo rmed  for qual i ta t ive  compar i son  
purposes  only. 

The  five obstacles  were  p laced  in the  flow channe l  for 
some  of the  l aminar  flow expe r imen t s  (Re = 500 and 
1500); no flow obstacles  were  e m p l o y e d  for the  turbulent-  
flow expe r imen t s  (Re = 5000 and 10,000). The four  at- 
t ached  flow obstac les  toge ther  occ lude  less than 0.3% of  
the  ca thode  surface  area. The  current  density,  calculated 
by d iv id ing  the  cell  cur ren t  by the  p ro jec ted  ca thode  area, 
is therefore  a good approx ima t ion  to the  t rue  average cur- 
rent  density.  

Results and Discussion 
The  effect  of  e lec t ro lyte  flow veloc i ty  on the steady- 

state mass- t ransfer  bounda ry  layer, fo rmed  by constant-  
cur ren t  e ]ec t rodepos i t ion  of  Cu f rom 0.1M CuSO4 wi thou t  
obstacles  in the  flow channel ,  is i l lustrated in Fig. 4. The  
curva ture  of  the  in te r fe rence  fringes seen near  the elec- 
t rode  surface  indicates  r educed  CuSO4 concent ra t ion  in 
the  mass- t ransfer  boundary  layer. In  this region,  the  elec- 
t rolyte  refract ive i ndex  is lower  than that  in the  bu lk  elec- 
trolyte, where  the  in ter ference  fr inges are straight  and 
pe rpend icu la r  to the  p lane  of  the  e lec t rode  surface. To a 
first approximat ion ,  the  shape of  an in te r fe rence  fringe 
represents  the  CuSO4 concen t ra t ion  profile, wi th  a dis- 
p l acemen t  of  one fr inge spacing cor respond ing  to a con- 
centrat ion change  of 0.0022M CuSO4. Inspec t ion  of  Fig. 4 
leads to the  fo l lowing observat ions.  

1. Inc reas ing  the  e lect rolyte  flow veloc i ty  f rom Re = 
500 to Re = 10,000 reduces  the  mass- t ransfer  boundary  
layer th ickness  f rom (approximately)  1 to 0.1 mm.  

2. The  interfacial  concent ra t ion  g rad ien t  appears  to be  
s imilar  in all four  exper iments ,  even  though  the current  
dens i ty  varies  by a factor of  five. 

3. The  apparen t  locat ion of  the  e lec t rode/e lec t ro lyte  in- 
terface shows  cons iderable  devia t ion  f rom its actual  loca- 
tion, m a r k e d  by the  "0" ord ina te  des ignat ion,  observed  in 
the  absence  of  re f rac t ive- index  gradients.  I n  the  absence  
of mass- t ransfer  boundary  layers, the  in te r fe rence  fr inges 
are a r ranged to be  s t raight  and pe rpend icu la r  to the  p lane  
of the  e lec t rode  surface. There  is, however ,  a ve ry  slight 
curva ture  of  the  fr inges wi th in  0.2 m m  of the  e lec t rode  
surface caused by ref lect ion f rom the  very  sl ightly 
rounded  edge  of  the  e lec t rode  surface  (39). 

4. The  decrease  of  e lectrolyte  concen t ra t ion  at the  in- 
terface (relative to the  bulk  solution) appears  to be  m u c h  
larger  for the  laminar-f low expe r imen t s  than  that  for the  
turbulent - f low exper iments .  

Of the  four  observa t ions  l is ted above,  only  the  first cor- 
rect ly descr ibes  the  CuSO4 concen t ra t ion  profiles. Obser- 
vat ions  2-4 are artifacts of l ight-ray def lect ion (refraction) 
in the  mass- t ransfer  boundary  layer. S imple  me thods  of 
in terpre ta t ion  of in te r fe rograms  which  neglec t  light- 
curva ture  effects  can lead to large errors (40, 41) in de- 
r ived current  densit ies,  concent ra t ion  changes,  and 
boundary- layer  th icknesses .  Quant i ta t ive  reduc t ion  of ex- 
pe r imenta l  in te r fe rograms  to concen t ra t ion  profi les re- 
quires ex tens ive  computa t ions  to accoun t  for l ight-ray 
curva ture  effects. Correc t ion  p rocedures  of  varying de- 
grees of  complex i ty  have  been  deve loped  (26-30, 40-49). In  
general,  larger  interfacial  re f rac t ive- index gradients  resul t  
in greater  l ight-ray deflection,  wh ich  in turn  requires  
more  complex  computa t iona l  procedures .  The  present  
s tudy emp loyed  a c o m p l e x  i terat ive p rocedure  (42), which  
was shown to be accurate  for the  s teep ref rac t ive- index 
(concentrat ion)  gradients  expected .  

P rev ious  s tudies  of  the  mass- t ransfer  bounda ry  layer 
formed by cons tan t -cur ren t  e lec t rodepos i t ion  under  lami- 
nar  channel  flow condi t ions  have  been  repor ted  else- 
where  (31). Loca l  s teady-state  concent ra t ion  profiles 
were  found  to be  cons is ten t  wi th  wel l -es tabl ished heat- 
and mass- t ransfer  correlat ions (38, 2, 9) and the  appropri-  
ate solut ion to the  convect ive-d i f fus ion  equa t ion  (31), pro- 
v ided  that  the  expe r imen ta l  in te r fe rograms  were  inter- 
p re ted  by the  above-men t ioned  p rocedure  (42) to proper ly  
accoun t  for l ight-ray deflection.  

Quant i ta t ive  in te rpre ta t ion  of  in te r fe rograms  measured  
under  tu rbu len t  flow condi t ions  p roved  to be  very  
difficult. The in te r fe rence  fr inges and the  associated de- 

Fig. 4. Experimental interferograms showing the effect of electrolyte flow velocity on steady-state mass-transfer boundary layer thickness. Ordi- 
nate: distance from the cathode surface (mm). 
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rived current densities showed rapid and random 
fluctuations. Current densities (interfacial concentration 
gradients) varied between 10 and 100% of the expected 
values over time intervals of ca. 0.03s, as revealed by anal- 
ysis of high speed (up to 64 frame/s) motion pictures of 
the interferograms. Concentration differences (between 
bulk and interface) showed similar fluctuations, while 
boundary-layer thicknesses showed somewhat smaller 
fluctuations. This observation is an indication that the 
smoothly varying, one-dimensional concentration pro- 
files employed in the computational procedure (42) to in- 
terpret the interferograms cannot account for the (ex- 
pected) random perturbations of local concentrations 
within the mass-transfer boundary layer, caused by tur- 
bulent eddy motion. This result could be expected, 
because the interferometric measurements  produce a 
two-dimensional representation of a three-dimensional 
concentration field. Local refractive-index information is 
averaged along the optical path of the test beam, but the 
stirring action of the turbulent fluid motion can lead to 
substantial and random variations along the same optical 
path, an effect not easily accounted for in the computa- 
tional procedure to interpret interferograms. 

In Fig. 5, the measured Nernst boundary-layer thick- 
nesses a in the obstacle-free channel are compared with 
those predicted by the Chilton-Colburn analogy (50) 

de Y 
Shav~ Re Sc l/a [1] 

8N 2 

where f is the Fanning friction factor (51), and the other 
terms are defined in the List of Symbols. The error bars 
reflect the uncertainty due to the above-mentioned 
fluctuations in the experimental  interferograms. The 
measured Nernst boundary-layer thicknesses show fair 
agreement with those predicted by the Chilton-Colburn 
analogy, with the greatest deviations occurring near the 
leading edge of the cathode (z < 5 cm), as expected, be- 
cause the mass-transfer boundary layer is not fully devel- 
oped in that region. Note that the Nernst boundary-layer 

a The Nernst boundary layer thickness is defined by the or- 
dinate location where the extrapolated interfacial concentra- 
tion gradient intersects with the extrapolated bulk concentra- 
tion. 
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Fig. 5. Turbulent boundary-layer thicknesses. Ordinate: Nernst 
boundary-layer thickness ~N (mm). Abscissa: Distance z from cathode 
leading edge (cm). Solid line: Thickness computed from Eq. [1]. Broken 
line: Represents uncertainty of computed values due to o 10% uncer- 
tainty in diffusion coefficient data. Circles: Derived from experimental 
interferogroms, Re = 5000, iavg = 15.0 mA/cm 2. Triangles: Re = 5,000, 
iavg = 25.0 mA/cm '2. Squares: Re = 10,000, iav~ = 25.0 mA/cm ~. 

thickness at Re = 10,000 is only about 0.03 mm, whereas 
the precise location of the electrode/electrolyte interface 
can only be determined (on the interferogram! with an ac- 
curacy of -+0.005 mm. It is therefore beyond the practical 
resolution limit of double-beam interferometry to mea- 
sure boundary-layer thicknesses for Reynolds numbers 
much larger than 10,000. 

Figures 6-9 display interferograms of the concentration 
field in the immediate  vicinity of the four flow obstacles 
attached to the cathode surface. Note that the presence 
of a flow obstacle can produce a major effect on the 
mass-transfer boundary layer downstream of the obstacle. 
This effect is caused by disruption of the hydrodynamic 
flow near the obstacle, and it is unrelated to the 
nonuniform current density distribution expected in the 
vicinity of the obstacle. The following conclusions can be 
made by inspecting Fig. 6-9. 

1. Significant secondary flows are induced by the 
three larger obstacles at Re = 1500, and all four obstacles 
have a relatively small effect on the mass-transfer bound- 
ary layer at Re = 500. 

2. The smaller semicircular cylinder has little effect at 
either Re = 500 or Re = 1500. 

Consideration of the above observations in light of the 
sizes of the flow obstacles relative to those of the local 
mass-transfer boundary-layer thicknesses (see Fig. 2) 
leads one to the following generalization: the secondary 
flow induced by small flow obstacles significantly thins 
the local mass-transfer boundary layer only when the 
characteristic dimension (i.e., the distance that the obsta- 
cle protrudes from the electrode surface into the electro- 
lyte) of the obstacle is comparable to, or exceeds the local 
mass-transfer boundary-layer thickness. 

Figures 10 and 11 illustrate interferograms of the mass- 
transfer boundary layers just  upstream of, and up to 12.5 
cm downstream from, the triangular-parallelepiped obsta- 
cle attached to the cathode surface. It is seen that the sec- 
ondary flow induced by the triangular parallelepiped ef- 
fectively thins the local mass-transfer boundary layer for 
more than 2.5 cm (33 times the obstacle height) down- 
stream of the obstacle for Re = 1500, and for about 1 cm 
downstream from the obstacle at Re = 500. 

Conversion of the experimental  interferograms of the 
mass-transfer boundary layers in the presence of flow ob- 
stacles at Re = 500 and Re = 1500 was performed exactly 
as described above for Re = 5,000 and Re = 10,000. 
Difficulties similar to those encountered for interpreta- 
tion of interferograms under turbulent flow conditions 
were experienced when interferograms of the wake re- 
gions just downstream of the flow obstacles were ana- 
lyzed. In Fig. 12 and 13, the Nernst boundary-layer thick- 
nesses measured at Re = 500 and Re = 1500 are compared 
with those predicted by the well-known Norris-Streid 
correlation (38, 2, 9) 

Sh(z) = 1.23(Re Sc -~L) "3 [2] 

for heat and mass transfer under laminar flow condi- 
tions. The measured Nernst boundary-layer thicknesses 
show the expected agreement (31) with the Norris-Steird 
correlation at locations remote from the vicinity of the 
flow obstacles. Significant thinning of the local mass- 
transfer boundary layer is observed only at Re = 1500 for 
the flow obstacles attached to the cathode surface, which 
is consistent with the previous qualitative observations of 
the interferograms. The large cylinder sandwiched mid- 
way between the cathode and anode shows the expected 
reduction of local mass-transfer boundary-layer thick- 
ness caused by restriction of the flow channel cross- 
sectional area. 

It is instructive to compare the effective reduction in lo- 
cal mass-transfer boundary-layer thickness caused by 
placing a flow obstacle on the electrode surface with that 
obtained by increasing the electrolyte flow rate. For ex- 
ample, Fig. 8, 11, and 13 show that the otherwise laminar 
mass-transfer boundary layer at Re = 1500 is substantially 
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Fig. 6. Experimental interferograms of the 0.28 mm semicircular cylinder. The electrolyte flow is from left to right. Left: iavg = O. Center: Re = 500, 
iavg = 2.0 mA/cm ~. Right: Re = 1500, iavg = 2.S mA/cm 2. 

Fig. 7. Experimental interferograms of the 0.76 mm semicircular cylinder. Designations as in Fig. 6 

Fig. 8. Experimental interferograms of the 0.76 mm triangular parallelepiped. Designations as in Fig. 6 

t h i n n e d  for at  l eas t  2.5 c m  d o w n s t r e a m  f rom the  t r i angu-  
lar  pa r a l l e l ep iped  flow obstacle .  The  N e r n s t  b o u n d a r y -  
layer  t h i c k n e s s  is r e d u c e d  f rom a b o u t  0.25 m m  j u s t  up-  
s t r e a m  f rom t h e  obs t ac l e  to a b o u t  0.08 m m  1.5 c m  
d o w n s t r e a m  f r o m  t h e  obs tac le .  The  e lec t ro ly te  flow ve- 
loc i ty  r e q u i r e d  to p r o d u c e  a N e r n s t  t h i c k n e s s  of  0.08 m m  
can  b e  c o m p u t e d  f rom Eq. [1] to c o r r e s p o n d  to Re = 2790. 
The  p r e s su re  d r o p  (d i rec t ly  r e l a t ed  to p u m p i n g  p o w e r  
a n d  cost) r e q u i r e d  to m a i n t a i n  a g i v e n  ave rage  flow ve- 
loc i ty  is g iven  b y  

dP f 
dz - 2pVavg'2 de [3] 

S ince  t h e  f r ic t ion  fac tor  f var ies  on ly  s l ight ly  (51) f rom 
1500 -< Re -< 2790, a n d  the  flow ve loc i ty  v is p r o p o r t i o n a l  
to t h e  R e y n o l d s  n u m b e r  Re, t h e  ra t io  of t h e  p r e s s u r e  d rop  
for  t h e  two  flow ve loc i t ies  c o n s i d e r e d  is a p p r o x i m a t e l y  

(dP/dz)Re=279o 2790 '-' 
(dP/dz)Re=15oo ~ = 3.5 

Therefore ,  r e d u c t i o n  of t h e  N e r n s t  t h i c k n e s s  f rom 0.25 to 
0.08 m m  by  i n c r e a s i n g  the  e lec t ro ly te  flow ra te  f rom Re 
= 1500 to Re = 2790 r equ i r e s  a 3.5-fold i nc rease  in pres-  
sure  drop.  

T h e  c o r r e s p o n d i n g  inc rease  in p r e s s u r e  d rop  caused  by  
a t t a c h m e n t  of  t r i an g u l a r -p a r a l l e l ep i p ed  flow obs tac les  to 
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Fig. 9. Experimental interferograms of the 0 .76  mm rectangular parallelepiped. Designations as in Fig. 6 

t he  e lec t rode  sur face  can  be  c o m p u t e d  f rom the  correla- 
t ion  p r e s e n t e d  b y  Lei tz  and  Mar inc ic  (3) 

a 1 - fi'-' 
f = - -  + 0 . 1 7 5 n , d ~ -  [4] 

Re  f12 

w h e r e  a is a specif ic  c h a n n e l  d i m e n s i o n  p a r a m e t e r ,  n ,  is 
the  n u m b e r  of  p r o m o t e r s  pe r  c e n t i m e t e r  a long  the  l e n g t h  
of t he  channe l ,  a n d  B is t he  rat io of the  o p e n  area pe rpen -  
d icu la r  to the  flow at t he  obs tac le  to t he  c ross -sec t iona l  
area of  t he  c h a n n e l  w i t h o u t  the  obs tac le .  For  the  t r i angu-  
lar  obs tac le  a n d  t he  g iven  f low-channe l  d i m e n s i o n s  (Fig. 
1), t h e  p a r a m e t e r s  are a = 16.6 a n d  fi = 0.97. I f  t r i angu la r -  
pa ra l l e l ep iped  flow obs tac les  we re  s p a c e d  2 cm apar t  
a long  the  l e n g t h  of  t he  ca thode  (n,  = 0.5 c m - ' ) ,  t h e  fric- 
t ion  fac tor  f c o m p u t e d  f rom Eq. [4] for  Re  = 1500 wou ld  
inc rease  by  a fac tor  of  1.7 over  t ha t  for  a s m o o t h  elec- 
t rode.  There fore ,  i n s e r t i o n  of t r i angu l a r -pa ra l l e l ep iped  

flow obs tac les  r e su l t s  in  a 70% inc rease  in p r e s s u r e  d rop  
at Re = 1500. 

The  e lec t ro ly te  p u m p i n g  costs  a s soc i a t ed  w i th  va r ious  
m e a n s  to e n h a n c e  m a s s - t r a n s p o r t  ra tes  at  t h e  e lec t rode  
surface  are d i rec t ly  re la ted  to t h e  p o w e r  d iss ipa t ion ,  
w h i c h  is t h e  p r e s s u r e  g r ad i en t  m u l t i p l i e d  by  t h e  average  
e lec t ro ly te  veloci ty .  The  p o w e r  d i s s ipa t ion ,  there fore ,  
var ies  in d i r ec t  p r o p o r t i o n  to t h e  f r ic t ion  fac tor  a n d  as the  
c u b e  of  t h e  av e r ag e  e lec t ro ly te  veloci ty .  R e d u c t i o n  of the  
N e r n s t  t h i c k n e s s  f rom 0.25 to 0.08 m m  by  i n c r e a s i n g  t he  
e lec t ro ly te  flow ra te  t he r e fo re  r equ i r e s  a 6.4-fold inc rease  
in p o w e r  d i s s ipa t ion ,  w h i c h  m a y  be  c o m p a r e d  to a 
1.7-fold i nc rease  in  p o w e r  d i s s ipa t ion  caused  by  i n se r t i on  
of t r i an g u l a r -p a r a l l e l ep i p ed  flow obstac les .  

C o n c l u s i o n s  

Double-beam interferometry has been shown to pro- 
vide qualitative and quantitative information about mass- 

Fig. 10. Experimental interferograms of the region near the 0 .76  mm triangular parallelepiped. Re = 500,i~vg = 2 . 0  mA/cm ~. The electrolyte flow is 
from left to right, a: z = 4 6 . 5  cm. b: z = 4 7 . 0  cm. c: z = 4 7 . 5  cm. d: z = 49 .S  cm. e: z = 59 .5  cm. 
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Fig. 11. Experimental interferograms of the region near the 0 .76-mm triangular parallelepiped. Re = 1500 ,  iavg = 2 .5  mAJcm 2. Designations as in 
Fig. 10. 
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Fig. 12. Nernst boundary-layer thicknesses at  Re = 500 .  Ordinate: 
Nernst-boundary layer thickness (mm). Abscissa: reduced distance z/L 
from cathode leading edge. Circles: derived from experimental 
interferograms. Solid line: Norris and Streid correlation (38) .  Dotted 
line: boundary-layer thicknesses near obstacles, a: z = 2 2  cm, location 
of smaller semicircular cylinder, b: z = 3 2  cm, larger semicircular cylin- 
der. c: z = 4 7  cm, tr iangular parallelepiped, d: z = 6 2  cm, rectangular 
parallelepiped, e: z = 8 2  cm, large circular cylinder. 

t r ans fe r  p roces se s  u n d e r  t u r b u l e n t  flow condi t ions .  De- 
r ived  m a s s - t r a n s f e r  b o u n d a r y - l a y e r  t h i c k n e s s e s  u n d e r  
t u r b u l e n t  flow c o n d i t i o n s  show t h e  e x p e c t e d  a g r e e m e n t  
w i th  we l l - e s t ab l i shed  heat-  an d  m a s s - t r a n s f e r  correla-  
t ions .  

I t  is s h o w n  t h a t  the  i n s e r t i o n  of ce r t a in  flow obs tac les  
in  an  o t h e r w i s e  l a m i n a r  flow s t r e a m  can  re su l t  in in- 
c r ea s ed  m a s s - t r a n s f e r  rates .  T h e  i n c r e a s e d  p r e s su re  d rop  
a n d  assoc ia ted  p u m p i n g  p o w e r  c a u s e d  by  the  p r e s e n c e  of 
the  flow obs t ac l e  are s h o w n  to b e  s u b s t a n t i a l l y  less  t h a n  
t hose  r e q u i r e d  to p r o d u c e  t h e  s a m e  inc rease  in  mass -  
t r a n s f e r  rates  b y  an  inc rease  in  flow veloci ty .  

�9 z (cm) 

0 I 5 I0 20 40 70 I00 
I I I I I I 

0.3 
Re : 1500 

�9 i 

 o.2 / !I ! 
- . J  J i !  

, I , I l, ~ , Cl i 
O0 0.2 0.4 0.6 0.8 i.O 

Fig. 13. Nernst boundary layer thicknesses at Re = 1500.  Designa- 
tions as in Fig. 12. 



1634 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  Ju ly  1985 

Acknowledgment 
This work was supported by the Director, Office of En- 

ergy Research, Office of Basic Energy Sciences, Materi- 
als Sciences Division of the U.S. Department of Energy 
under Contract no. DE-AC03-76SF00098. We also thank 
the National Aeronautics and Space Administration for a 
predoctoral fellowship. 

Manuscript submitted Oct. 29, 1984; revised manuscript 
received March 15, 1985. This was Paper 157 presented at 
the Pittsburgh, Pennsylvania, Meeting of the Society, Oct. 
15-20, 1978. 

Lawrence Berkeley Laboratory assisted in meeting the 
publication costs of this article. 

a 

C 
d 
de 
f 
h 
iavg 
L 
Up 
Re 
Sc 
Sh(z) 
Shav~ 
Vavg 
W 
Z 

8N 
k 
t] 
p 

LIST OF SYMBOLS 
specific channel dimension parameter [see Ref. 
(3)] 
CuSO4 concentration (mol/liter) 
glass sidewall thickness (cm) 
hydraulic diameter of flow channel (cm) 
Fanning friction factor [see Ref. (50)] 
electrode separation (cm) 
average current density (mA/cm ~) 
electrode length (cm) 
obstacle spacing frequency (cm -1) 
Reynolds number  
Schmidt number  
local Sherwood number  
average Sherwood number  
average flow velocity (cm/s) 
electrode width (cm) 
coordinate parallel to electrolyte flow, measured 
from electrode leading edge (cm) 
flow channel cross-sectional area contraction 
coefficient 
Nernst boundary layer thickness (cm) 
light wavelength (cm) 
kinematic viscosity (cm'-'/s) 
density (g/cm 3) 
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Reaction Pathways of the Anodic Oxidation of Formic Acid on Pt 
Evidenced by 180 Labeling A DEMS Study 

O. Wolter,  *,1 J. Wil lsau, and J. Heitbaum 

Institute of Physical Chemistry, 5300 Bonn, Germany 

A B S T R A C T  

Using e i ther  normal  formic acid in H~isO or 'sO-labeled formic  acid in H2'~O, the fol lowing resul ts  were  obtained:  the  
oxygen  a toms of  formic  acid are h o m o g e n e o u s l y  exchanged  with  water;  the s t rongly  bound  intermediate ,  however ,  does 
not  exchange  o x y g e n  wi th  water;  the  'sO-labeled in te rmedia te  is oxidized in H2'60 to C'80'60 by a three-e lec t ron  process;  
direct  ox ida t ion  of  HC'60 ' sOH in H~180 del ivers  C'sO'sO. 

The  anodic  ox ida t ion  of formic  acid has a t t racted m u c h  
a t ten t ion  in the  last several  decades because  it was con- 
s idered  to be a poss ible  fuel  for di rect  energy  convers ion  
in fuel  cells (1-3). In  addit ion,  the  e lec t rode  process  was 
regarded  as a s imple  one which  could  be  taken  as a mode l  
for organic  electrocatalysis  (4). 

It  t u rned  out, however ,  that  the  anodic  oxida t ion  of for- 
mic  acid on P t  i s  by no means  a s imple  process,  as the  ex- 
cel lent  rev iews  of  Capon and Parsons  (4-6) show. These  
authors  conc luded  f rom the  charge obta ined  in the  
double- layer  reg ion  that  formic acid is oxidized in a dual 
path  m e c h a n i s m  which  is pr inicpal ly  wr i t ten  as (5) 

_~--~ react ive i n t e rmed ia t e  ~ CO~ 
H C O O H  [I] 

---> inhibi t ing  in t e rmed ia t e  --* CO2 

Direc t  ox ida t ion  of  formic  acid is a s sum ed  to occur  via a 
so-called " reac t ive  in termedia te ,"  desc r ibed  as COOH (5). 
In parallel, the  format ion  of a s t rongly  bound  in te rmedi -  
ate takes p lace  which  inhibits  the  d i rec t  ox ida t ion  and is 
stable up to at least  0.6V (5, 6). The in t e rmed ia t e  is fo rmed  
especial ly fast in the  hydrogen  region on P t  and was as- 
s u m e d  to be  C OH based  on the  charge c o n s u m e d  to 

+ + +  

oxidize it as wel l  as on compar i son  wi th  me thano l  (6). 
While the  C OH species seemed  to be  wide ly  accepted  

+ + +  

in the  early sevent ies ,  this be ing  suppor ted  by radiomet-  
ric m e a s u r e m e n t s  (7), r e cen t l y  v ibra t ional  spec t roscopy 
has g iven s t rong ev idence  (8) that  the  adsorbed  species 
is C =- O. This v i e w  was corrobora ted  by inves t iga t ions  on 

+ 

single-crystal  e lec t rodes  (9) and by measu r ing  the n u m b e r  
of  e lec t rons  pe r  site (eps) t ransferred w h e n  the  adsorbate  
is desorbed  as CO2 (10). 

In  cont rad ic t ion  to these  findings, the  authors  of the  
p resen t  paper  were  able to measu re  the  n u m b e r  of elec- 
t rons c o n s u m e d  by the  format ion  of one COs molecu le  
out  of  the  adsorbate .  In  the  case of  methanol ,  it tu rned  
out  that  th ree  e lec t rons  are released upon  ox ida t ion  of  the  
in t e rmed ia t e  to CO2, and, therefore ,  CO was exc luded  to 
be  the  inhibi t ing  in te rmedia te  (11, 12). Ana logous  experi-  
men t s  for H C O O H  are repor ted  below. In  addit ion,  '80 la- 
be l ing  was used  to obtain  direct  ev idence  for the  dual  
pa th  m e c h a n i s m  m e n t i o n e d  above. This  type  of measure-  
m e n t  is made  possible,  now, by different ial  e lect rochemi-  
cal mass spec t roscopy  (DEMS) (13) deve loped  by the  au- 
thors. This m e t h o d  offers the u n i q u e  advantages  of  
on-line mon i to r ing  the  volat i le  p roducts  of an electro -~ 
chemica l  process  and d iscr imina t ing  be tween  different  
react ion pa thways  by isotope labeling.  

Experimental 
The mass  spec t roscopic  t e c h n i q u e  (DEMS) appl ied  in 

the  fol lowing e x p e r i m e n t s  is descr ibed  e l sewhere  (13). In  
short, it uses a porous  Teflon m e m b r a n e  as the  inlet  sys- 
tem, being di rec t ly  connec ted  wi th  the  ion source of  a 
mass  spect rometer .  A porous  catalyst  layer  is a t tached to 
the m e m b r a n e  on the  e lect rolyte  side. It  is prepared  f rom 

* Electrochemical Society Active Member. 
Present address: IBM, GMTC, 7037 Sindelfingen, Germany. 

a conduc t ing  l acquer  (Doduco,  Dfirrwfiehter  AG) and acti- 
va ted  by cycl ing the  e lec t rode  be tween  H~ and O~ evolu-  
t ion in H~SO4. The surface layer d iagram has its usua l  
shape (13), and the  catalyst  behaves  l ike smoo th  polycrys-  
tal l ine Pt. This is cor robora ted  by e lec t ron  microscopy,  
showing  that  the  catalyst  consists  of  smoo th  P t  part icles 
of  5 ~m mean  size. F igure  1 reproduces  the  respect ive  mi- 
c rophotograph.  Therefore ,  the  porous  catalyst  layer re- 
sembles  more  smoo th  P t  than  a h igh  surface area elec- 
t rode  prepared  by plat inization.  

A minicel l  conta in ing  about  1 ml e lec t ro lyte  was used, 
cons t ruc ted  in a way  that  the solut ion could  be ex- 
changed  unde r  potent ios ta t ic  control .  For  example ,  
'80-labeled fo rmic  acid in H~'sO could  be  adsorbed at a 
cons tan t  potential ,  and then  it was poss ible  to subst i tute  
the  solut ion quant i ta t ive ly  by H2'sO. This  p rocedure  took  
about  2-4 min.  I t  should  be  emphas ized  that  all solutions 
were  carefully deaera ted  by Ar and tha t  oxygen  had no 
access at any stage of  the exper iment .  Specia l  a t tent ion 
was paid  to this po in t  because  the  expe r imen t s  wi th  
me thano l  (12) have  shown that  o x y g e n  or its reduc t ion  in- 
te rmedia tes  react  wi th  the adsorbed  species.  The  ion cur- 
rent  of  the  p roduc t  in the  mass spee was recorded  in par- 
allel to the  cur ren t  potent ia l  curve  in the  usual  way (13). 
H2'sO was 90% enr iched  and used  as obta ined  f rom 
Ven t ron  G m b H .  'sO-labeled formic  acid could be pre- 
pared  f rom the  normal  chemica l  (p.A. grade, Merck) by 
oxygen  e x c h a n g e  with  H2'80 as will  be shown below. In  
all cases, the  base  e lec t rode  was 0.5m H2SO4 (Merck 
Suprapure)  in H2'60 or  H2'sO, respect ively .  Mill ipore 
water  was used  as H.,'60. Solut ions  were  deaerated by 

Fig. 1. SEM photograph of the Pt catalyst after electrochemistry 
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99.999 Ar. All potent ia ls  were  measu red  against  a hydro-  
gen  e lect rode (RHE) and are  repor ted  wi th  respect  to this 
reference.  

Results 
Homogeneous oxygen exchange between H20 and 

HCOOH.--Direct exper imen ta l  ev idence  for the  dual path  
m e c h a n i s m  (5) of  the  formic  acid ox ida t ion  is gained if  
the  origin of  the  o x y g e n  a toms in the  p roduc t  molecule  
COx is known.  This  informat ion  can readi ly  be obta ined by 
D E M S  using '80 isotope labeling. At  first, it has to be 
found out, however ,  whe the r  oxygen  is exchanged  be- 
tween  H20 and HCOOH. It  is one  advantage  of  DEMS 
that  a h o m o g e n e o u s  isotope exchange  react ion can be 
mon i to red  as wel l  (15). 

The  expe r imen t  was done  using the  m e m b r a n e  inlet  
sys tem wi thout  the  catalyst  layer in order  to make  sure 
that  no he te rogeneous  exchange  react ion takes  place. Un- 
der  these  condi t ions ,  the  acid evapora tes  th rough  the  
m e m b r a n e  and the  incoming  flux into the  mass  spec- 
t rome te r  is di rect ly  propor t ional  to the  concent ra t ion  of 
the  respec t ive  species in the  solution. The  flux is direct ly 
re la ted to the  measu red  ion  current  Ii which  is g iven in 
the  d iagrams below. In  previous  papers ,  Ii was called 
mass  in tensi ty  (MI) (11-14). 

The cell was filled with  0.5m H2SO4 in HsO at a ratio of 
lsO:'60 = 9. At  t = 0, normal  formic  acid was added,  
the reby  obtaining a 0.02m solution, and the  different  
t80-labeled formic  acid molecu les  were  recorded  as a 
funct ion  of  t ime.  The  f ragment  s p e c t r u m  of unlabeled  for- 
mic  acid has the  measu red  intensi ty  d is t r ibut ion  for CO2 
(44):HCO2 (45):HsCO2 (46) of  100:12:15, 2 COs being the  base 
peak. Consequent ly ,  the  mass  number s  44, 46, and 48 can 
be identified as HC'60'6OH, HC'60'sOH, and HC'8OISOH, 
respectively. 

Figure 2 shows the result indicating that oxygen is com- 
pletely exchanged between formic acid and HsO, since 
the ion current of the originally added HC'80'~OH de- 
creases, whereas that of HC'sO'8OH increases with time. 
HC'60'sOH appears as an intermediate, having its maxi- 
mum concentration after 6 min. The reaction obeys 
pseudo first-order kinetics and probably proceeds via a 
formate anion as intermediate, which means that both ox- 
ygen atoms are equivalent. The fact that formate is pres- 
ent only to a small extent in acidic solutions explains the 
rather slow oxygen exchange rate. 

It should be noted that exactly the same result was ob- 
tained with the catalyst layer attached to the membrane 
when the potential was kept constant at 0.1V. Therefore, a 
heterogeneous catalysis of the oxygen exchange reaction 
between formic acid and water seems not to occur within 
the limits of error. 

Anodic oxidation of HC'~O'60H in Hs 'sO. - -S ince  oxy- 
gen is h o m o g e n e o u s l y  exchanged  be tween  formic  acid 
and water, the anodic  oxidat ion of HC'60'~OH in H2'sO 
was s tudied  in a single potent ia l  scan e x p e r i m e n t  imme-  
diately after  addi t ion  of  the  acid to the  e lect rolyte  at E = 
0.1V. F igure  3 shows  the respec t ive  I-E curves  together  
wi th  the p roduc t ion  rate of  the  different ly  labeled COs 
species. Note  that  the  ion currents  differ  by about  two or- 
ders  of magn i tude  f rom those  in Fig. 2. 

The in tens i ty  ratios of the  different  CO= species (44, 46, 
48) cor respond  exact ly  to the  h o m o g e n e o u s  oxygen  ex- 
change  react ion t h roughou t  the  whole  potent ia l  range, as 
can be easily dedu ced  by compar ing  the in tensi ty  ratios 
at d i f ferent  t imes  wi th  those  obta ined  f rom Fig. 2. This  
shows that  both  O a toms originate  f rom formic acid 
which  is d i rec t ly  oxidized to CO2. One excep t ion  is to be  
observed,  however ,  namely,  in the  peak  around 0.7V, 
where  an excep t iona l  h igh in tens i ty  of  C'60'80 is mea- 
sured,  which  cons iderably  exceeds  the  expec ted  value. 
Evident ly ,  wi th in  the  peak  around 0.7V a different  type of  
m e c h a n i s m  takes  place, and, as a whole,  the resul t  of  Fig. 
3 gives ev idence  of  the dual-path m e c h a n i s m  (5) of  the  
formic  acid oxidat ion.  

This distribution differs from that reported in the literature 
(16) because of the high partial pressure of H20 in our ionization 
chamber. 
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Fig. 2. Ion currents of masses 44-50 as function of time. The signal is 
due to evaporation of formic acid into the mass spec after adding 
HC160J60H to 0.Sin H2S04 in 90% H2~80 art = O. The obtained solution 
contained O.02m HCOOH. 

On the nature of the strongly bound intermediate . -  
Number of 0 atoms present in the adsorbate.--Accepting 
the  usual  v iew (5, 6, 8-10) that  the  extra  react ion in the  
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Fig. 3. Electro-oxidation of 0.01m HCOOH on a porous Pt electrode. 

Base electrolyte is 0.Sin H.2SO4 in H21sO (90% enriched). First cycle 
after adding HC'eO'6OH at an electrode potential of 100 mVRsE is 
shown. Sweep rate is 6.25 mV-s-', o: The solid line shows the cyclic 
voltammogram; the broken line shows the surface layer diagram in base 
electrolyte, b, c: Corresponding I~/E curves for the masses 44-48 during 
the anedic (b) and cathodic (c) scan. 
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p e a k  a t  0.7V or ig ina tes  f rom a s t rong ly  b o u n d  i n t e r m e d i -  
a te  f o r m e d  w i t h i n  t he  h y d r o g e n  r e g i o n  on  Pt ,  exper i -  
m e n t s  were  d o n e  to f ind out  h o w  m a n y  o x y g e n  a t o m s  
th i s  a d s o r b a t e  con ta ins .  Therefore ,  fo rmic  acid was equil i-  
b r a t e d  w i th  b a s e  e lec t ro ly te  of  t h e  i so tope  rat io  '60: 'sO = 
0.84. I t  is a s s u m e d  t h a t  H C O O H  ad jus t s  i t se l f  to t he  s ame  
ratio,  due  to t he  h o m o g e n e o u s  o x y g e n  e x c h a n g e  react ion.  
Th i s  so lu t ion  was  b r o u g h t  in to  c o n t a c t  w i th  t he  e l ec t rode  
at  E = 0.1V for  3 rain,  t h u s  a l lowing  t h e  a d s o r b a t e  to form.  
Then ,  t he  so lu t i on  was  quan t i t a t i ve l y  r ep l aced  by  H2'sO + 
0.5m H2SO4 a n d  a n  anod ic  scan  was  r ecorded ,  as is s h o w n  
in  Fig. 4. Ev iden t ly ,  t he  s t rong ly  b o u n d  i n t e r m e d i a t e  was  
fo rmed ,  a n d  i t  is d e s o r b e d  in  a peak  a r o u n d  0.7V, the  
p r o d u c t  b e i n g  CO2, r e p r e s e n t e d  b y  t he  m a s s  n u m b e r s  44, 
46, 48. The  i n t e n s i t y  ra t ios  b e t w e e n  t h e s e  spec ies  in  t he  
d e s o r p t i o n  p e a k  a m o u n t  to C~O'60:C~O~80:C'sOzsO = 
84:100:0. Th i s  c o r r e s p o n d s  exac t ly  to t he  i so tope  rat io of  
the  in i t ia l  so lu t i on  a n d  s h o w s  u n a m b i g u o u s l y  t h a t  the  
a d s o r b a t e  c o n t a i n s  one  o x y g e n  a t o m  only. Otherwise ,  t he  
ra t ios  w o u l d  h a v e  b e e n  C~60'60:C'sO'sO:C'sO'sO = 
71:168:100, as c an  b e  ca lcu la ted  s ta t i s t ica l ly  (8.42:2 �9 8, 4 �9 
10:10~). 

Reac t ions  be tween  the s t rongly  bound  i n t e r m e d i a t e  a n d  
the s o l u t i o n . - - T h e  resu l t s  of  t he  p r e c e d i n g  sec t ion  s eems  
to i nd i ca t e  t h a t  the  s t rong ly  b o u n d  i n t e r m e d i a t e  does  n o t  
reac t  wi th  water ,  e.g., e x c h a n g i n g  o x y g e n .  To e n s u r e  this ,  
HC'sO'SOH in 'sO-base e lec t ro ly te  (bo th  c o n t a i n i n g  90% 
'sO) was  a d s o r b e d  at  0.1V for  3 ra in  a n d  a f t e rwards  t he  so- 
l u t i o n  was  r e p l a c e d  b y  '60-base  e lec t ro ly te .  Af ter  2.5 ra in  
wa i t ing  at  t h i s  po ten t ia l ,  HC'~O'~OH was  a d d e d  to yield a 
0.005m solu t ion .  The  po t en t i a l  was  k e p t  c o n s t a n t  for a n -  
o t h e r  2 m i n  to a l low the  a d s o r b a t e  to r eac t  wi th  the  solu- 
t ion.  Final ly ,  a n  anod ic  s can  was  p e r f o r m e d  a n d  t h e  ion  
c u r r e n t s  of  t he  m a s s  n u m b e r s  44, 46, a n d  48 were  re- 
corded .  F igu re  5 s h o w s  t he  result .  

Ev iden t ly ,  on ly  C'60'sO is f o r m e d  by  t he  d i rec t  oxida-  
t ion  of  b u l k  HC'sO'SOH. Wi th in  t he  d e s o r p t i o n  peak,  how- 
ever,  C '60 'sO is p r e d o m i n a n t .  T he  i n t e n s i t y  of  C~70'sO (45) 
c o r r e s p o n d s  to t he  i so tope  rat io of  ~70 in t he  p r e a d s o r b e d  
fo rmic  acid,  3 w h e r e a s  t he  i n t e n s i t y  of  C~60~sO s l ight ly  ex- 
ceeds  t he  ~60 ratio.  This  is e x p l a i n e d  by  the  c o n t i n u o u s  
a d s o r p t i o n  of  HC~60'sOH. 

ThJis e x p e r i m e n t  shows  clear ly t h a t  t he  s t rong ly  b o u n d  
i n t e r m e d i a t e  does  n o t  e x c h a n g e  o x y g e n  w i t h  H~O. More- 
over,  it does  no t  reac t  w i th  b u l k  H C O O H  ei ther ,  at  leas t  
ou t s ide  t he  po t en t i a l  r a n g e  of  de so rp t ion .  

N u m b e r  o f  electrons consumed  to ox i d i z e  the adsorba te  to 
CO2. - -Ana logous  to t he  e x p e r i m e n t s  w i t h  m e t h a n o l  (12), 
t he  n u m b e r  of  e l ec t rons  n e c e s s a r y  to f o r m  t he  CO2 mole-  
cule  ou t  of t he  a d s o r b a t e  was m e a s u r e d .  This  was  d o n e  
u s i n g  t he  e q u a t i o n  (12, 14) 

The '~O-]abeled water used in our experiments contained 3.5 
atom percent '~O. 
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Fig. 4. Electrodesorptien of preadsorbed formic acid on a porous Pt 
electrode in the absence of bulk HCOOH 0.0lm HCOOH (equilibrated 
with base electrolyte of the isotope ratio ~60:~80 = 8.4:10) was ad- 
sorbed atE = 100 mVR~E for 3 min. Then the electrolyte was substituted 
by base electrolyte in H2'~O (3.5 rain). Figure shows first anodic scan 
after exchange at a sweep rate of 3 .125  mV-s-L  a: Cyclic 
voltammogram, b: Corresponding IJE curves for the masses 44-48. 
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Fig. 5. Electro-oxidation of beth adsorbed and bulk HCOOH on a po- 
rous Pt electrode in 0.Sin H2SO4. 1: Adsorption of HClsO18OH in 
'sO-base electrolyte (90%) for 3 rain at O. 1VR~E. 2: Replacement of the 
solution by '6e-base electrolyte (2.5 min). 3: Waiting for 2.5 min atE = 
0.1V. 4: Adding of HC'60'sOH to obtain a O.005m solution (2 rain). 5: 
Waiting for 2 min at E" = 0.1V. Figure shows first cycle after this proce- 
dure at a sweep rate of 6.25 mV-s-L a: Cyclic voltammogram, b, c: Cor- 
responding IJE curves for the masses 44-48 during the anodic (b) and 
cathodic (c) scan. 

1 
I~ = K ~ ~ - A I  [1] 

n 

wi th  I~ b e i n g  t h e  ion  c u r r e n t  (A) of  spec ies  i; K ~ t he  pro- 
por t iona l i ty  c o n s t a n t ,  i n c l u d i n g  all f ac to rs  no t  specif ic  
for a g iven  e l ec t rochemica l  process ;  n t he  n u m b e r  of elec- 
t r ons  n e c e s s a r y  to fo rm one  p r o d u c t  molecu le ;  A the  cur- 
r en t  efficiency; a n d  I t he  faradaic  c u r r e n t  (A). 

In  o rde r  to c o m p a r e  t he  to ta l  c h a r g e  u s e d  w i t h i n  t he  
d e s o r p t i o n  p e a k  w i th  t he  c o r r e s p o n d i n g  mass  signal,  one  
has  to in t eg ra t e  Eq. [1] 

1 
Qii = K . . . .  A - QI [2] 

n 

w i t h  Q,~ b e i n g  t he  a m o u n t  of  p r o d u c t  d e t e c t e d  in t he  m a s s  
spec  a n d  Q, t he  fa rada ic  cha rge  of  the  d e s o r p t i o n  process .  

The  c o n s t a n t  K ~ is m e a s u r e d  b y  an  adso rp t i on /  
d e s o r p t i o n  e x p e r i m e n t  for w h i c h  n is k n o w n .  Thus ,  CO is 
a d s o r b e d  at  c o n s t a n t  potent ia l ,  r e m o v e d  f rom the  solu- 
t ion  by  Ar  f lush ing  a n d  d e s o r b e d  as CO2 b y  a n  anod ic  
sweep.  I f  t he  i n t e g r a t i o n  is done  over  a c o m p l e t e  po ten t i a l  
cycle, s ta r t ing  a n d  e n d i n g  w i th  t he  s a m e  sur face  condi-  
t ion,  n = 2 exac t ly  (12). A is p r o v e n  to be  1 b y  r e c o r d i n g  
t he  s e c o n d  cycle w h i c h  co inc ides  w i t h  t he  sur face  layer  
d iag ram as wel l  as by  s h o w i n g  t h a t  no  p r o d u c t  o the r  t h a n  
CO~ is fo rmed .  

With  HCOOH,  t he  ana logous  p r o c e d u r e  was  pe r fo rmed .  
The  s t rong ly  b o u n d  i n t e r m e d i a t e  was  f o r m e d  a t  0.15V, 
t h e n  t he  so lu t ion  was  subs t i t u t ed  by  t he  b a s e  e lec t ro ly te  
and  t h e  a d s o r b a t e  d e s o r b e d  in an  a n o d i c  scan.  F igure  6 
shows  the  I-E cu rve  t o g e t h e r  wi th  t he  ion  c u r r e n t  of  COs. 



1638 J. Electrochem. Soc.: E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  July 1985 

Z / ~ O - 6 A  ,,, 
I' 

L 

300 1 f l  
I I  
J ,,, 

20( i , 

~o( / t A I ; : ( 
t ". 7 

/:  0 -,oofl 
-2oor 't I / 

I I 

I0- 

5 -  

@ 

, I ,) E/t 

( L i 

0,3 0.6 0.9 1,2 E/V 
Fig. 6. HCOOH-adsorption-desorption experiment in 0.Sin H2SO4 on 

a porous Pt electrode. HCOOH was adsorbed at 0.15V for 3 min from a 
0.01m solution. Then, excess fuel was removed by replacing the solution 
by bose electrolyte, a: The solid line shows the surface layer diagram in 
0.Sin H~$O4; the dashed line shows the first anodlc scan at a sweep rate 
of 6.25 mV-s-' after exchange of the electrolyte, b: Corresponding liE 
curve for CO~ (44) during the electrodesorption of the preadsorbed 
HCOOH. 

Integration of both curves together with K ~ = 1.5 x 10 -7, 
obtained by the CO-adsorption-desorption experiment, 
gives n = 3.0 +- 0.15. Therefore, (CO)ad can be ruled out as 
the strongly bound intermediate, but (HCO)ad is more 
likely. 

Conclusions 
Formic acid exchanges oxygen atoms with water. Tak- 

ing this into account, it could be shown clearly that for- 
mic acid is oxidized on Pt in a dual path mechanism. The 
direct oxidation occurs without loss of oxygen (5) 

H2'sO + HC16OI~OH -* H2'sO § C'60'60 + 2H + + 2e- 
[3] 

The second reaction proceeds via a strongly bound in- 
termediate, preferentially formed within the hydrogen re- 
gion (6) by splitting off an oxygen atom from the acid. 
The most probable way by which this can occur is the for- 
mation of a water molecule as proposed by Parsons (6) 

HCOOH + H --* (HCO)ad + H20 [4] 

In principle, the analogous process could take place wi th  
an intermediate like (COOH)ad (5) to give COad. But at 
0.15V, the rate of the direct oxidation of formic acid is 

very slow, whereas the formation of the strongly bound 
intermediate is rather fast (6). Therefore, reaction [4] 
seems to be more likely. Moreover, the adsorbate (CHO)a d 
has the correct stoichiometry to be oxidized to CO2 in a 
three-electron process, and we were able to prove that the 
adsorbate contains hydrogen (17). In  conclusion, the pres- 
ent paper provides direct evidence for the dual-path 
mechanism described by scheme [I], where the "reactive 
intermediate" probably is COOHa~ and the "inhibiting in- 
termediate" is HCO~d. Indirect evidence for the dual-path 
mechanism was recently given by Adzic (18) as well as by 
Pletcher (19). 

Unfortunately, however, the intermediate proposed in 
Eq. [4] contains a carbon oxygen double bond and there- 
fore does not match with the vibrational spectroscopy 
data (8). Several reasons could be envisaged for this dis- 
crepancy: strong shift of the adsorption band, perhaps 
due to bridge bonding; high absorption cross section of 
CO, being formed in a side reaction; oxidation of the ini- 
tially formed intermediate to COad by oxygen impurities 
in the solution (11, 12). 
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Electrochemical and Spectroscopic Studies of Sulfur 
in Aluminum Chloride-N-(n-Butyl)Pyridinium Chloride 
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ABSTRACT 

The behavior of sulfur in a luminum chloride-N-(n-butyl)p_y_ridinium chloride (A1C13-BPC) was studied using Raman 
spectroscopy and electrochemical techniques. In basic (BPC-rich) melts, sulfur can be reduced to sulfide, probably in 
the form of an A1SCl-like species. No oxidation to positive oxidation states of sulfur is observed in basic melts. In acidic 
(A1C13-rich) melts, sulfur can be oxidized to S(I) and eventually to S(IV), which is only stable in the melt  for short periods 
of time. No reduction to sulfide-like species or formation of low oxidation states is observed in acidic melts. 

Mixtures of a luminum chloride and N-(n-butyl)pyri- 
dinium chloride (BPC) form melts which are liquid at or 
near room temperature (1, 2). Raman spectroscopic (3) 
and potentiometric (4) studies indicate that the acid-base 
properties of this system can be described by the expres- 
sion 

K 

2A1C14- ~- A13C17- + C1- [1] 

where K = 1.2 x 10 -'3 at 40~ (5). Substantial changes in 
the Lewis acidity of these melts may be made by varying 
the A1C1JBPC molar ratio. Electrochemical studies of sev- 
eral organic and inorganic species in this system and 
other related systems indicate that the solute chemistry 
and electrochemistry of these species are dependent on 
the melt acidity (6). 
S e v e r a l  studies have been published on the electro- 

chemistry of sulfur in alkali metal chloroaluminate melts, 
partly because of potential use of positive oxidation states 
of sulfur as cathode-active materials in secondary molten 
salt batteries (7-10). In basic (NaCl-rich) A1C13-NaC1 melts, 
sulfur can be reduced to sulfide in the form of an A1SC1- 
like species and oxidized to S(I) (11-13). In acidic (A1CI~- 
rich) A1C13-NaC1 melts, sulfur, in addition to being re- 
duced, undergoes successive oxidations through several 
intermediates leading eventually to S(IV) in the form of 
SC13 ~ (14, 15). In contrast to the work on sulfur in the A1C13- 
NaCI system, only a brief voltammetric study of sulfur in 
AtCla containing room temperature melts has been re- 
ported (16). 

Experimental 
A1C13-BPC melts were prepared by slowly mixing pre- 

weighed amounts  of AIC13 and BPC while stirring inside a 
Vacuum Atmospheres dry box with a moisture level less 
than 3 ppm. The preparation of A1C13 (17) and BPC (2) is 
described elsewhere. Sulfur was obtained from Alfa Prod- 
ucts (99.99%); SC13A1C14 was prepared according to the 
method outlined by Mamantov et al. (18). Standard proce- 
dures were employed to clean aluminum and tungsten 
(both Alfa Products,  99.999%) wire electrodes. An H-type 
cell, which was constructed with a center compartment,  
equipped with a stirring bar, and two outer compart- 
ments for the counter and reference electrodes, was em- 
ployed for electrochemical studies. Fine porosity frits 
(4.5-5.0 ~m) were used to separate the different compart- 
ments. Threaded glass joints and Teflon bushings were 
used to insert the electrodes into the cell, which was held 
at 60~ by means of a simple glass furnace. Working elec- 
trodes were either glassy carbon (GC) (Tokai) or tungsten 
(W) sealed in glass with the exposed surfaces polished 
with 0.1 ~m alumina. Working electrodes for coulometric 
studies were fabricated from reticulated vitreous carbon 
(RVC). Counter and reference electrodes were tungsten 
and aluminum coils, respectively, dipped in A1C13-BPC 
(66.7 mole percent [m/o] A1C13). All electrochemical exper- 
iments were performed inside the dry box. 

* Electrochemical Society Active Member. 
1 Present address: University of Camerino, Camerino, Italy. 

Cyclic and normal pulse voltammetric measurements 
were conducted using a PARC Model 174A polarographic 
analyzer and a PARC Model 175 universal programmer. 
Coulometric studies were performed utilizing a P A R C  
Model 173 potentiostat equipped with a PARC Model 179 
digital coulometer. All current-potential and current-time 
transients were recorded with a Houston 2000 X-Y re- 
corder. 

Samples for Raman spectroscopic studies were loaded 
into 5 mm pathlength Pyrex cells inside the dry box and 
then sealed under reduced pressure. Raman spectra of 
the samples were obtained using a JY-2000M instrument 
equipped with a LEP (900015) controller and an argon ion 
laser. 

Results and Discussion 
Solubility and Raman spectroscopic studies of sulfur 

and SCl~AlCl4 in AICI3-BPC melts.--Initial experiments 
were conducted in order to determine the solubility and 
stability of various sulfur species in basic (BPC-rich) and 
acidic (A1C13-rich) A1C13-BPC melts. Sodium sulfide 
(Na2S) was found to be insoluble in these melts. On the 
other hand, e lementa l  sulfur is slightly soluble in both 
acidic and basic A1CI3-BPC melts. No quantitative solubil- 
ity data are, however, available at present. Several at- 
tempts were made to determine the nature of the dis- 
solved sulfur by means of Raman spectroscopy. No 
evidence for Raman bands due to species such as $8 was 
found for basic melts, probably because of the rather low 
solubility of elemental sulfur in these melts. Although the 
solubility of elemental sulfur was observed visually to be 
greater in acidic A1C13-BPC melts, no Raman bands were 
observed. These results contrast with the results reported 
for A1C13-NaC1 melts (19), where bands assigned to $8 
were detected. 

Sulfur (IV) in the form of SC13A1C14 was found to dis- 
solve in both acidic and basic A1C13-BPC melts. In the lat- 
ter case, a rapid reaction occurred resulting in a red solu- 
tion. In acidic melts, the reaction between SC13A1C14 and 
the melt is much slow.er, as shown by Raman spectra 
taken at different times. A typical Raman spectrum of a 
fresh solution of SC13A1C14 in A1CI3-BPC [60 (m/o) A1C13] is 
shown in Fig. 1A. The bands at 208, 276, 501, and 523 cm -1 
can be assigned to SC13 ~ (18). The other bands may be at- 
tributed to A1C14-, A12C17-, and the BPC cation (6). The 
spectrum changes with time, as may be seen in Fig. 1B, 
obtained using the same sample after six days at 60~ 
The bands for SC134 have almost completely disappeared. 
In addition, the ratios of the intensities of the A12C17-/ 
A1C14- bands at 310 and 351 c m - '  have changed, reflecting 
an increase in the A12C1T- concentration, and hence in 
melt acidity, at the expense of AIC14-. No other bands at- 
tributable to sulfur species may be detected from the 
spectra. The decomposition produces gases, shown by an 
increase in pressure inside the sealed sample cell; how- 
ever, several attempts to collect and identify the gaseous 
products failed. The results clearly indicate a reaction be- 
tween tetravalent sulfur and the melt  leading to an in- 
crease in melt  acidity. 
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Fig. 1. Raman spectra of 5CI3AICI4 (0.115M) in AICI3-BPC (60 m/o 

AICI~) at 60~ (photon counting mode, ~" = 250 ms): fresh solution (A) 
and same solution 6 days later (B). 

Electrochemistry of  sulfur in basic AlCl3-BPC m e l t s . -  
On the  bas is  of  t he  spec t roscop ic  s tud ies  ou t l i ned  in t he  
p r ev ious  sec t ion ,  on ly  e l e m e n t a l  su l fu r  has  b e e n  s t ud i ed  
in  bas ic  (44.9 m/o A1C1D A1C13-BPC mel ts .  A v o l t a m m e t r i c  
scan  over  the  en t i r e  e l ec t rochemica l  w i n d o w  of t he  bas ic  
m e l t  c o n t a i n i n g  e l e m e n t a l  su l fur  revea l s  only  a s ingle  re- 
d u c t i o n  w a v e  at  ca. -0 .60V vs. A1 (2.0:1.0 A1CI~-BPC) at 
b o t h  GC and  W e lec t rodes  (Fig. 2). T he  r e d u c t i o n  p roces s  
in  b o t h  cases a p p e a r s  to be  to ta l ly  i r revers ib le .  S imi la r  be-  
hav io r  has  also b e e n  o b s e r v e d  in bas ic  A1C13-MEIC me l t s  
(16). 

C o u l o m e t r y  was  c o n d u c t e d  a t  an  RVC e lec t rode  he ld  at  
a po ten t i a l  of  -0 .75V.  The  va lue  of  n,  c o m p u t e d  f rom the  
a m o u n t  of  c h a r g e  p a s s e d  or f rom log i vs. t plots ,  was  2.1 
• 0.1. Th i s  c lear ly  ind ica t e s  t h a t  t he  r e d u c t i o n  p rocess  
occur r ing  in  bas ic  A1C13-BPC is t he  r e d u c t i o n  of su l fur  to 
a sulf ide species .  

P lo t s  of log (id - i)/i vs. E, c o n s t r u c t e d  f rom pu l se  
v o l t a m m e t r i c  e x p e r i m e n t s  at  W e lec t rodes  at  60~ were  
l i nea r ,  w i th  s lopes  in  t he  r a n g e  155-180 m V  d e p e n d i n g  on  
t he  pu l se  wid th .  A s s u m i n g  a two-e l ec t ron  process ,  t h i s  
c o r r e s p o n d s  to a va lue  of  - 0 .2  for t he  t r a n s f e r  coefficient .  
S c a n  rate  cyclic v o l t a m m e t r i c  s tud ies  at  GC a n d  W elec- 
t rodes  (Tables  IA  a n d  IB,  r espec t ive ly )  show tha t ,  wh i l e  
the  ha l f -peak  w i d t h  r e m a i n s  r a t h e r  cons t an t ,  t h e  peak  po- 
t en t ia l s  shif t  to m o r e  nega t i ve  va lues  w i t h  i n c r e a s i n g  scan  
rate.  B a s e d  on  t he  sh i f t  of  t he  p e a k  po ten t i a l s  wi th  t he  

I lOpA 

o's o'o -o'.~ 
(v) vs. al 

Fig. 2. Cyclic voltammogram for the reduction of sulfur in AICI3-BPC 
(44.9 m/o AICI3). GC electrode area, 0.0707 cm~; Cs = 4.4 x 10-~M; T 
= 60~ scan rate = 50 mV/s. 

Table I. Cyclic voltammetric data for the reduction of 
elemental sulfur in AICh-BPC (44.9 m/o AICI3). 

Cs = 4.4 mM; T = 60~ 

Scan rate i, iJv '~'2 Ep Ep  -- Ep)2 
(mY-s-') ( /~A)  (/~A-V-'/2-s -'~) (mV) (mV) 

A. Glassy carbon electrode (area = 0.0707 cm ~) 

50 11.0 1.55 -690 90 
100 15.5 1.55 -700 90 
200 21.0 1.50 -720 100 

B. Tungsten electrode (area = 0.0176 cm ~) 
50 0.80 0.133 -650 210 

100 1.25 0.125 -660 190 
200 1.75 0.124 -680 220 
500 2.55 0.123 -730 210 

scan  rate,  t he  t r a n s f e r  coeff ic ients  at  60~ are 0.21 a n d  
0.18 at  W a n d  GC e lec t rodes ,  respec t ive ly .  T h e s e  calcula- 
t ions  s h o u l d  be  t a k e n  w i t h  c~aution, s ince  t he  r educ t i on  
p roces s  p r o b a b l y  invo lves  p r e k i n e t i c  ( b o n d  c leavage  i f  
su l fu r  is p r e s e n t  as $8) a n d  pos tk ine t i c  ( reac t ion  wi th  the  
me l t  to fo rm an  A1SCl-like species)  compl ica t ions .  

Electrochemistry of  sulfur in acidic AlCl~-BPC m e l t s . -  
E l e c t r o c h e m i c a l  s tud ies  of t he  b e h a v i o r  of su l fu r  in  acidic  
A1CI~-BPC over  t he  c o m p o s i t i o n  r a n g e  66.7-52.2 m/o A1CI~ 
ind ica te  t h a t  t he  e l e c t r o c h e m i s t r y  of  su l fu r  is essent ia l ly  
t he  s a m e  over  t he  en t i r e  acidic c o m p o s i t i o n  reg ion  of t he  
melt .  The  cyclic v o l t a m m o g r a m s ,  s h o w n  in Fig. 3a a n d  3b 
(W a n d  GC e lec t rodes ,  respec t ive ly)  for  su l fu r  so lu t ions  in  
AICI3-BPC (60 m/o A1C13), m a y  be  c o n s i d e r e d  r ep resen ta -  
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Fig. 3. Cyclic voltammograms for the oxidation of sulfur in AICI:;-BPC 
(60 m/o AICI:3) at W (a) and GC electrodes (b), respectively. Cs = 1.65 
x 10-2M; scan rate = 50 mV/s; T = 60~ electrode area = 0.0176 cm 2 
(W) and 0.0707 cm 2 (GC). Th e dashed curves represent in each case the 
respective cyclic voltammograms obtained far the first oxidation wave 
only. 
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Table II. Cyclic voltommetric results for the first sulfur oxidation process (wave A-D) in AICI~-BPC (60 m/o AICI3). 
Cs = 25.8 mM; GC electrode area = 0.0707 cm2; T = 60~ 
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S c a n  r a t e  ip  A ip  D E p  A Ep A - E,j2 A E , "  Ep D - Ep/.2 D 
(mV-s - ') (/IA) (/IA) (mV) (mV) (mV) (mV)  i pD/ipA 

A, Before coulometry 
5 22.5 (10.1) 2.5 (1.1) 1940 47 1490 - -  0.11 

10 30.5 (9.6) 6.3 (1.9) 1950 54 1470 - -  0.20 
20 41.7 (9.3) 9.0 (2.0) 1960 50 1460 - -  0.22 
50 63.0 (8.9) 16.0 (2.3) 1970 58 1430 - -  0.25 

100 85.0 (8.5) 22.5 (2.2) 1980 62 1400 - -  0.26 

B. Same solution as in A, but after performing ceulometry at 2.1V 
10 20.0 (6.3) 21.2 (6.7) 1940 50 1450 92 1.06 
20 27.0 (6.0) 26.0 (5.8) 1950 50 1430 100 0.96 
50 41.5 (5.8) 40.0 (5.6) 1965 50 1400 105 0.96 

100 55.0 (5.5) 50.0 (5.0) 1970 60 1360 120 0.91 
200 66.0 (4.6) 68.0 (4.8) 1990 60 1330 140 1.03 

The values in parentheses represent the various current functions (iJv'*"). 

t ive  of  t he  e l e c t r o c h e m i c a l  b e h a v i o r  of  su l fu r  in  ac id ic  
mel ts .  Two o x i d a t i o n  p roces se s  (waves  A a n d  B) a n d  two 
r e d u c t i o n  p r o c e s s e s  (waves C a n d  D) are obse rved ;  no  
e l ec t rochemica l  ac t iv i ty  is o b s e r v e d  b e l o w  1V, i nd i ca t i ng  
t h a t  no  r e d u c t i o n  of  e l e m e n t a l  su l fu r  occurs  in acidic 
mel ts .  The  d o t t e d  l ines  in  Fig. 3 s h o w  the  e l ec t rochemica l  
b e h a v i o r  o b s e r v e d  w h e n  the  p o t e n t i a l  s can  is r eve r sed  
af ter  wave  A b u t  be fore  wave  B. On  th i s  basis ,  two r e d o x  
pairs  m a y  be  t e n t a t i v e l y  a s s igned  to p e a k s  A-D a n d  B-C. 

E x h a u s t i v e  cou lome t ry ,  c o n d u c t e d  on  a su l fu r  so lu t ion  
in A1C13-BPC (60 m/o A1C13) at  an  RVC e lec t rode  at  a po- 
t en t ia l  such  t h a t  on ly  t he  ox ida t i on  p r oce s s  a t t r i b u t e d  to 
wave  A occurs ,  y ie lds  an  n va lue  of  1.19, i n d i c a t i n g  t h a t  
t he  r e d o x  pa i r  A-D can  be  a t t r i b u t e d  to t he  coup le  S/S(I). 
Log i vs .  t plo t s  we re  concave ,  s u g g e s t i n g  chemica l  com- 
p l ica t ions .  T h e  S/S(I) r e d o x  coup le  was  also s t ud i ed  u s ing  
cycl ic  a n d  n o r m a l  pu l se  v o l t a m m e t r i c  t e c h n i q u e s .  Tab les  
I IA a n d  I IB s h o w  r e l e v a n t  p a r a m e t e r s  for coup le  A-D ob- 
t a i n e d  d u r i n g  a s can  ra te  s t u d y  in a su l fu r  so lu t ion  a n d  
t he  s a m e  so lu t ion ,  respec t ive ly ,  a f te r  e x h a u s t i v e  
c o u l o m e t r y  at  2.1V [S(I) solut ion] .  Th i s  s can  ra te  s t u d y  
a n d  s u b s e q u e n t  s tud ies  we re  c o n d u c t e d  over  a s can  ra te  
r a n g e  of  5-200 mV/s.  A b r i e f  s can  ra te  s t u d y  of  t he  
f e r r i c in iumJfe r rocene  couple,  w h i c h  is k n o w n  to be  a sim- 
ple  r eve r s ib l e  r e d o x  coup le  in  A1CI~-BPC (20), e x h i b i t e d  
pu re ly  d i f fu s ion -con t ro l l ed  b e h a v i o r  in  A1C13-BPC (60 m/o 
A1CI3) at  60~ over  t he  en t i r e  scan  ra te  r a n g e  s tudied .  The  
da ta  in  Tab le  II  p e r t a i n  to cycl ic  v o l t a m m o g r a m s  w h e r e  
t he  po ten t i a l  s w e e p  was  r eve r sed  be fo re  wave  B. For  b o t h  
waves ,  t he  p a r a m e t e r s  are  scan  ra te  d e p e n d e n t .  I t  m a y  b e  
seen  f rom Tab le  II  t h a t  t he  da ta  for  w a v e  A are qu i te  s imi-  
lar  r ega rd le s s  of  t he  scan  d i rec t ion  [d i rec t  ox ida t i on  of  
su l fur  or r e d u c t i o n  of  S(I)]. The  p e a k  po t en t i a l s  m o v e  in 
t he  pos i t ive  d i r e c t i o n  a n d  t h e  c u r r e n t  f u n c t i o n s  dec rease  
w i th  i n c r e a s i n g  s c a n  ra te  in  b o t h  of  t he  cases.  A t  low scan  
rate,  t h e  ha l f -peak  w i d t h  a p p r o a c h e s  t h e  va lue  e x p e c t e d  
for an  e l e c t r o c h e m i c a l  p roces s  i n v o l v i n g  d imer i za t ion  (33 
m V  at  60~ wh i l e  i t  b e c o m e s  close to t he  va lue  e x p e c t e d  
for  a f i r s t -order  p r oce s s  at  t he  h i g h e r  s can  ra tes  (66 m V  at  
60~ The  m o s t  r evea l ing  p a r a m e t e r  is, howeve r ,  t he  cur- 
r e n t  rat io  ipD/ip A, w h i c h  is qu i te  d i f f e ren t  in  su l fur  a n d  in 
S(I) solut ions .  I n  t he  f o r m e r  case,  t he  c u r r e n t  rat io is 
.small ( inc reas ing  m o d e r a t e l y  w i th  t he  s c a n  rate), wh i l e  
the  s a m e  p a r a m e t e r  is close to 1 in  S(I) so lut ion.  I f  t h e  
f inal  p r o d u c t  of  t h e  ox ida t i on  of  su l fu r  is $2C12, w h i c h  es- 
capes  f rom the  d i f fus ion  layer,  i t  is e x p e c t e d  t h a t  a t  
h i g h e r  scan  rates ,  less of i t  can  e s c a p e  (12). In  t he  case  of  
S(I) so lu t ions  u t i l iz ing  a c losed  cell, s o m e  S.2C12 will b e  in  
t he  gas p h a s e  a n d  s o m e  will  be  in so lu t ion .  T he  electro-  
c h e m i s t r y  of  so lub le  S2Clz is d e p e n d e n t  on ly  on  t he  diffu- 
s ion of  t h a t  spec ies  in  so lu t ion ,  a n d  h e n c e  t he  c u r r e n t  ra- 
tio is close to 1 a n d  no t  a f fec ted  b y  t h e  s can  rate.  Thus ,  a 
set  of  e q u a t i o n s  s u c h  as 

S ~- 1/2 S~ '2§ + e ~ 1/2 $2C1.2 [2] 

o r  

S ~ S ~ + e ~ :1 /2  $2 ~ ~ 1/2 $2C12 [3] 

w h e r e  r e a c t i o n  [2] p reva i l s  a t  low scan  ra tes  a n d  reac t ion  
[3] at  h i g h  s c a n  rates ,  may,  at  leas t  par t ia l ly ,  a c c o u n t  for  
t he  o b s e r v e d  behav io r .  In  r eac t ions  [2] a n d  [3], su l fu r  ha s  
b e e n  wr i t t en  as a m o n o m e r .  However ,  a se t  of  rap id  
chemica l  r eac t ions  l ead ing  to t he  f r a g m e n t a t i o n  of  su l fu r  
r ings  or cha ins  in i t i a t ed  e l ec t rochemica l l y  or chemica l ly  
s u c h  as t hose  p r o p o s e d  in  bas ic  A1CI~-NaC1 mel t s  (12) 
does  no t  c h a n g e  t h e  overa l l  p ic ture .  

The  conc lu s ions  for  wave  A d e d u c e d  f rom the  cyclic 
v o l t a m m o g r a m s  are s u p p o r t e d  b y  t he  pu l se  v o l t a m m e t r i c  
e x p e r i m e n t s  at  b o t h  W a n d  GC e lec t rodes  (Tab le  III). The  
p r o d u c t  idt ~j'2 is no t  c o n s t a n t  w i th  i n c r e a s i n g  pu lse  wid th ,  
t h u s  i n d i c a t i n g  a p roces s  w h i c h  is no t  pu re ly  d i f fus ion  
cont ro l led .  T h e  s lopes  of t he  l o g a r i t h m i c  plots  con-  
s t r u c t e d  f rom the  pu l se  p o l a r o g r a m s  are  close to t he  theo-  
re t ical  va lue  for  a s imp le  one -e l ec t ron  p roces s  at  s h o r t  
pu lse  w i d t h s  a n d  a p p r o a c h  t he  va lue  e x p e c t e d  for a 
s e c o n d - o r d e r  p roce s s  at  l o n g e r  t imes ,  in  a g r e e m e n t  w i th  
t he  t r e n d  o b s e r v e d  in t he  ha l f -peak  w i d t h  of  t he  cyclic 
v o l t a m m o g r a m s .  

Resu l t s  f rom e x h a u s t i v e  cou lome t r i c  e x p e r i m e n t s  of  
su l fur  so lu t ions  in  A1C13-BPC (60 m/o A1C13) mel ts ,  con- 
d u c t e d  at  an  RVC e lec t rode  he ld  a t  a po t en t i a l  such  t h a t  
t he  ox ida t ion  p roce s s  a t t r i b u t e d  to wave  B can  occur,  in- 
d ica te  t ha t  wave  B resu l t s  f rom the  o x i d a t i o n  of S(I) to 
S(IV). This  e v i d e n c e  is s u p p o r t e d  by  t he  fact  t h a t  S(IV), 
as s h o w n  b y  t he  R a m a n  resul ts ,  is s t ab le  (at leas t  init ially) 
in  ac id ic  A1C13-BPC melts .  However ,  t h e  log i v s .  t b e h a v -  
ior  o b s e r v e d  for  cou lome t r i c  e x p e r i m e n t s  is r a t h e r  com- 
plex,  i n d i c a t i n g  t h a t  t he  cha rge - t r ans fe r  p roces s  l ead ing  
to S(IV) invo lves  c h e m i c a l  compl i ca t ions .  

A cyclic v o l t a m m e t r i c  s can  ra te  s t u d y  of t h e  overal l  
e l e c t rochemica l  p roces s  was  c o n d u c t e d  at  GC a n d  W elec- 
t rodes  on  a su l fu r  so lu t ion  in A1CI~-BPC (60 m/o A1CI~) 
me l t  a t  60~ (Tables  IVA a n d  IVB,  respect ively) .  In  addi-  
t i on  to the  s can  ra te  d e p e n d e n c e  of  t h e  va r ious  c u r r e n t  
func t ions ,  use fu l  i n f o r m a t i o n  can  b e  o b t a i n e d  b y  examin -  
ing  t he  c u r r e n t  rat ios.  These  p a r a m e t e r s  as a f u n c t i o n  of  
t he  scan  ra te  are  s h o w n  in Fig. 4 for  t he  GC elect rode.  The  
ra t ios  i ,c~i,  R, ipc/ip D, a n d  i,D/ip A i nc rease  un t i l  a s t eady  va lue  
is r e a c h e d  at  t he  scan  ra te  of  a b o u t  20 mV/s.  A t  t he  s a m e  
t ime,  ips/ i ,  A dec rea se s  to a s t e a d y  va lue  at  the  s ame  scan  

Table III. Pulse voltammetric results for the oxidation of sulfur in AICI:~- 
BPC (60 m/o AICI3). W electrode area = 0.0176 cm~; Cs = 16.5 raM; 

scan rate = 1 mV/s; time between pulses = 5s. T = 60~ 

Pulse 
width id A E,Iz A id B E,2 R iaAt "'2 idP~ '12 
(ms) (/~A) (mV) (/~A) (mV) iaB/id A (pA-ms '/'2) (/~A-ms "~) 

57 19.5 1 9 7 0  17 .5  2245 0.90 147.2 132.1 
102 16.0 1 9 3 0  15 .0  2170 0.94 161.6 151.1 
192 10.0 1930  10 .0  2170 1.00 138.5 138.5 
484 6.0 1900  10 .4  2200 1.73 132.0 110.0 
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Table IV. Cyclic voltammetric data for the oxidation of sulfur (first and second steps) in AICI3-BPC (60 m/o AICI3). 
Cs = 16.5 mM; T = 60~ (A), GC electrode area = 0.0707 cm~; (B), W electrode area = 0.0176 cm 2 

Scan rate 
(mV s-') 

i,0zA) Ep(mV) 

A B C D A B C D i,s/i ,  A i,c/i, ~ i,D/i, A i,C/i, D 

(A) 
5 23 (10.3) 106 (47.4) 2 (0.9) 14 (6.3) 1940 2330 1720 1490 4.61 0.02 0.61 0.14 

10 33 (10.4) 140 (44.3) 10 (3.2) 34 (10.7) 1950 2340 1650 1460 4.24 0.07 1.03 0.29 
20 46 (10.3) 180 (40.2) 20 (4.5) 62 (13.8) 1960 2380 1620 1430 3.91 0.11 1.35 0.32 
50 68 (9.6) 158 (36.5) 30 (4.2) 94 (13.3) 1970 2430 1570 1380 3.79 0.12 1.38 0.32 

100 95 (8.5) 360 (36.0) 50 (5.0) 130 (13.0) 1980 2470 1510 1350 3.78 0.14 1.37 0.38 

(B) 
5 

10 
20 
50 

100 

1.6 (0.7) 6.7 (2.9) 5.4 (2.4) - -  1900 2110 1890 1590 ~ 4.18 0.80 - -  - -  
2.1 (0.7) 8.6 (2.7) 6.8 (2.2) 1.9 (0.6) 1910 2140  1860 1560 4.09 0.79 0.90 3.58 
2.8 (0.6) 10.4 (2 .3 )  8.4(1.9) 3.0 (0.7) 1930 2180 1850 1550 3.71 0.81 1.07 2.80 
4.3 (0.6) 13.6 (1.9) 12.0 (1.7) 4.8 (0,7) 1960 2230 1830 1510 3.16 0.88 1.12 2.50 
6.0 (0.6) - -  - -  - -  1950 2280 ~ 1810 ~ 1490 . . . .  

The values in parentheses represent the current functions (iQv~'"-). 
Estimated values. 

rate.  The  s h a p e s  of t he  cyclic v o l t a m m o g r a m s ,  as wel l  as 
the  re la t ive  va lues  of  ipc/i ,  D, ipc/ip B, a n d  ipD/i, A at  GC elec- 
t rodes ,  sugges t  t h a t  t he  couple  B/C is i r r eve r s ib le  and/or  
tha t ,  as e v i d e n c e d  by  t he  R a m a n  resul ts ,  S(IV) d e c o m -  
poses  readi ly  to give a p r o d u c t  w h i c h  is r e d u c i b l e  at  t he  
po t en t i a l s  of  wave  D. At  W e lec t rodes ,  t h e  va lues  of ipc/ip B 
a n d  ipD/ip A, b o t h  c lose  to one,  a n d  t he  la rge  va lue  of  ipc/ip D 
sugges t  a quas i - r eve r s ib l e  b e h a v i o r  of b o t h  r e d o x  coup le s  
and /or  t h a t  t h e  d e c o m p o s i t i o n  of S(IV) is less  f avored  hav-  
ing less t i m e  to occu r  b e c a u s e  of  t h e  i n c r e a s e d  revers ib i l -  
i ty of  t he  B/C couple .  Th i s  is c o n s i s t e n t  w i t h  t he  fac t  t h a t  
wave  B occurs  a t  m u c h  m o r e  pos i t i ve  po t en t i a l s  at  GC 
t h a n  at W e lec t rodes  r e su l t i ng  in  a g rea te r  poss ib i l i ty  of  
i n t e r ac t i on  of S(IV) w i t h  t he  so lvent .  

In  t he  a b s e n c e  of  chemica l  compl i ca t ions ,  t he  rat io  
i,R/ip A s h o u l d  b e  5.19 (21) if, as i n d i c a t e d  b y  t he  
cou lome t r i c  resul t s ,  wave  B c o r r e s p o n d s  to t he  ox ida t i on  
of S(I) to S(IV). The  re su l t s  i nd i ca t e  t h a t  th i s  va lue  is ap-  
p r o a c h e d  only  at  low scan  rates.  T he  s a m e  k i n d  of  b e h a v -  
ior ha s  b e e n  o b s e r v e d  for  the  ra t io  i~s/id A in  n o r m a l  pu l se  
v o l t a m m e t r i c  e x p e r i m e n t s  p e r f o r m e d  at  d i f fe ren t  pu l se  
wid ths .  Tab le  I I I  l is ts  the  r e su l t s  of  a typ ica l  r u n  at  a W 
elect rode.  I t  m a y  be  seen  t h a t  the  ra t io  idB/i~ A i nc reases  

4.0 

3.C 

2.0 

1.0 

\ 

. 

20 

~ . . . . .  

O ~ . . . . .  

60 100 
-r (my/s) 

Fig. 4. Current ratio vs. scan rate curves for tEe oxidation of sulfur in 
AICI:I-BPC (60 m/o AICI:~) at 60~ at a GC electrode: ipB/ip A, (triangles), 
ipDli~ A, (dots), ipCli~ D, (circles), and i~c/ip B (squares). Electrode area = 
0.0707 cm2; Cs = 1.65 • 10-~M. 

f rom a b o u t  0.9 to 1.7 ove r  t he  pu l se  w i d t h  r a n g e  57-484 
ms,  c o m p a r e d  to a t heo re t i ca l  va lue  of  3. At  GC elec- 
t rodes ,  wave  B is r e a s o n a b l y  wel l  de f ined  on ly  at  long  
pu lse  t imes  (484 ms).  

An  add i t i ona l  f ea tu re  was  n o t e d  in t he  i - t  cu rves  at  GC 
e lec t rodes .  W h e n  t he  po t en t i a l  is s t e p p e d  to t he  r i s ing  
pa r t  of  wave  B and,  hence ,  w h e n  t h e  o x i d a t i o n  of S(I) to 
S(IV) occurs  at  an  a p p r e c i a b l e  rate,  a f te r  an  ini t ia l  decay  
t he  c u r r e n t  r i ses  to a m a x i m u m  be fo re  decay ing  aga in  
w i th  a b e h a v i o r  s imi la r  to t h e  one  o b s e r v e d  for a 
n u c l e a t i o n - t y p e  m e c h a n i s m .  T h e  s a m e  h a p p e n s  at  W elec- 
t rodes  for b o t h  w a v e s  A a n d  B at m u c h  sho r t e r  t imes  as 
ref lec ted  b y  t he  va lues  of  idt 1~2. As m a y  b e  seen  f r o m  
Tab le  III, t h i s  p a r a m e t e r  r eaches  a m a x i m u m  va lue  at  102 
m s .  

A reac t ion  s e q u e n c e  t h a t  m a y  e x p l a i n  the  e x p e r i m e n t a l  
e v i d e n c e  m a y  b e  wr i t t en  as fol lows 

s s(I)  + e s ( I v )  + 3e 

S 2 C I ~ S ( I )  r ~ S o l v e n t  [4] 

w h e r e  S(I) is r e g e n e r a t e d  a t  t he  e l ec t rode  by  a r eac t ion  of  
S(IV) w i t h  t he  so lvent .  W h e n  a vola t i le  p r o d u c t  s u c h  as 
$2C12 t h a t  m a y  e s c a p e  f rom the  d i f fus ion  layer  is fo rmed ,  a 
r igorous  fit of t h e  e x p e r i m e n t a l  da ta  w i th  t he  t h e o r y  of  
ca ta ly t ic  p r o c e s s e s  (22, 23) is n o t  expec t ed .  However ,  a t  
b o t h  GC a n d  W e lec t rodes ,  t h e  c u r r e n t  f u n c t i o n  ip~/v '~2 de- 
c reases  w i t h  i n c r e a s i n g  scan  ra te  as e x p e c t e d  for a cata- 
lyt ic process .  The  rat io  i ,c/ ip R is a l m o s t  1 at  W, w h e r e  t he  
couple  B/C is quas i r eve r s ib l e ,  a n d  c lose  to 0 at  GC, w h e r e  
the  s ame  coup le  a p p e a r s  i r revers ib le .  The  a b o v e  cons ider -  
a t ions  a n d  t he  p r o p o s e d  m e c h a n i s m  h o l d  on ly  i f  t he  ra te  
of  t he  chemica l  r eac t ion  r e g e n e r a t i n g  S(I) is lower  t h a n  
t he  ra te  at  w h i c h  S(I) is c o m p l e x e d  a n d  e scapes  f rom the  
d i f fus ion  layer  as S~C12. 

The  c h e m i c a l  r eac t i on  b e t w e e n  S(IV) or SCls ~ a n d  t he  
m e l t  l e ad ing  to r e g e n e r a t i o n  of  S(I) or $2C12 m a y  b e  writ-  
t en  as 

2SC13 + + 4A1CL- m:S~C!2 + 3C12 + 2A12C17- [5] 

w h i c h  t akes  in to  a c c o u n t  tha t ,  as e v i d e n c e d  by  t he  
R a m a n  resul ts ,  d e c o m p o s i t i o n  of  SCla § leads  to me l t s  of  
i n c r e a s e d  ac id i ty  a n d  to t he  b u i l d u p  of  v a p o r  p r e s su re  
(CI~ a n d  $2C12) in t h e  s a m p l e  cell. 

Conclusion 
I t  m a y  b e  s een  t h a t  t he  e l e c t rochemica l  b e h a v i o r  of sul- 

fur  in  A1C13-BPC me l t s  is qu i te  d i f f e ren t  f rom t h a t  ob- 
s e r v e d  for A1C13-NaC1 mel ts .  I n  bas ic  A1C13-BPC mel ts ,  
su l fu r  can  on ly  be  r e d u c e d ;  in A1C13-NaClsat.d mel ts ,  i t  is 
poss ib le  to r e d u c e  su l fu r  to sulf ide a n d  oxidize  i t  to S(I). 
In  acidic  A1CI~-~BPC mel ts ,  no  e v i d e n c e  ha s  b e e n  f o u n d  
for low o x i d a t i o n  s ta te  su l fur  spec ies  t h a t  are i m p o r t a n t  
in  d e t e r m i n i n g  t h e  e l e c t r o c h e m i s t r y  of su l fur  in  A1CI~- 
NaC1 melts .  I n  add i t ion ,  SCls * is no t  s t ab l e  in  acidic  A1CI~- 
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BPC melts, and it is not possible to reduce sulfur to sul- 
fide. In  comparison, in acidic A1CI:~-NaC1 melts, tetra- 
valent sulfur is stable and can be used as active cathode 
material in long lasting secondary batteries (7-10). 
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Electroreflection Measurements on Semiconductor/Electrolyte 
Interfaces to Determine the Voltage Distribution 

G. A. Scholz .9 and H. Gerischer* 

Fritz-Haber-Institut der Max-Planck-Gesellschaft, D-IO00 Berlin 33, Germany 

ABSTRACT 

The electroreflectance signal from a semiconductor electrode surface is sensitive to the magnitude of the space 
charge. It is used to determine the voltage distribution between the space-charge layer and the Helmholtz double layer 
at an electrode/electrolyte interface. In  this paper, the first of two, we describe the experimental arrangements and mea- 
surements of the electroreflectance spectra for n-lVioSe~ and n-WSe2 under  anodic and cathodic bias. Important  features 
in the spectra are found to be in agreement with existing theories. Flatband values inferred from the electroreflectance 
spectra are in agreement with those from Mott-Schottky plots. The effects of Fermi level pinning on the electroreflec- 
tance spectra are demonstrated with n-GaAs. 

The Group VI transition metal dichalcogenides have 
been shown to be promising electrodes in electrochemi- 
cal photocells (1, 2). The primary reason for their appeal is 
that the upper valence or lower conduction band of the n- 
or p-type materials, respectively, consists predominantly 
of metal dz2 atomic orbitals, which are nonbonding  with 
respect to the chalcogen atoms (3) and are shielded by the 
chalcogen layers against interaction with the electrolyte. 
Therefore, holes, which may possibly be created in the 
valence band of an n-type specimen and swept to the 
crystal surface by a Schottky barrier, will not necessarily 
cause the photoanodic destruction of the electrode with 
the exception of the reactions occurring at defects and 
steps (4). 

One very important  parameter in accessing the per- 
formance of an electrochemical solar cell can be defined 
by the photovoltage yield 

eoVoc 1 [1] 
]U~-  U~o~oxl 

which, for a good cell, should be as close to uni ty as pos- 
*Electrochemical Society Active Member. 
1Present address: Energy Research Institute, Simon Fraser 

University, Burnaby, British Columbia, Canada V5A 1S6. 

sible. In Eq. [1] the open-circuit photovoltage is Voc, UFB is 
the flatband potential at which a space charge is absent, 
and Uredox corresponds to the potential of the redox couple 
in solution. Changes in Uredo~ should produce correspond- 
ing changes in Voc since the degree of band bending (in 
the dark) is determined by Uredox, providing no change in 
the Helmholtz double-layer voltage drop (Vu) is produced. 
If a change in VH does appear, Voc may be unexpectedly 
small or, in extreme cases, may even become indepen- 
dent of Uredox. Some common situations that will result in 
large variations of VH are the pinning of the Fermi level 
by a sufficiently large density of surface states (5), or the 
creation of an inversion layer by, for example, the injec- 
tion of holes into the valence band of an n-type semicon- 
ductor (6). In every case, a Helmholtz voltage will appear 
at the expense of the space-charge voltage (Vsc). 

Bard et al. (7) have pointed out that the concept of 
Fermi level p inning at semiconductor/electrolyte inter- 
faces is a major cause for the observed discrepancies be- 
tween Voc and UFB -- Uredo• analogous to the discrepancies 
between barrier heights and metal work functions in 
semiconductor/metal interfaces. As examples, they cite 
their results for n- and p-GaAs (8) and those of Tributsch 
et al. (2) for some of the Group VI dichalcogenides. In  this 
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work, we have investigated n-MoSe~ and n-WSe2, via mod- 
ulation spectroscopy, and determined AVH and aVsc 
across the electrode/electrolyte interface as a function of 
the applied voltage because this will provide  further in- 
sight as to whether  it is Fermi level pinning or hole injec- 
tion that is the dominant mechanism responsible for the 
apparent inconsistencies observed. The optical properties 
of the above transition metal dichalcogenides have been 
extensively reviewed (9), and are very suitable for electro- 
reflectance measurements primarily because of their ex- 
cellent resistance to corrosion. In addition, their highly 
anisotropic character is also of value because it allows the 
preparation of high quality surfaces by simply peeling off 
(using sticky tape) some of the top layers, so that, for ex- 
ample, it is possible to quickly and easily repair elec- 
trodes with corroded surfaces. In this paper, we discuss 
the experimental arrangement and present some general 
results of electroreflectance measurements on n-MoSes, 
n-WSe~, and n-GaAs in contact with an electrolyte. These 
results will serve as a basis for the second paper in this 
series where detailed results of the changes in Vsc and VH 
as a function of the applied voltage will be presented for 
n-MoSe2 and n-WSe~ in the presence of various 
electrolytes. 

The electroreflectance technique has already been ap- 
plied by Tomkiewicz et al. to monocrystalline (10) and 
polycrystalline (11, 12) CdSe electrodes in order to moni- 
tor the voltage distribution between the space-charge and 
Helmholtz layers. They found that the reflectance signal 
disappears at the flatband potential of the monocrystal- 
line material, as should be expected, and that the ampli- 
tude of the signal increased linearly with the modulation 
voltage, indicating a negligible change of the voltage 
drop in the Helmholtz layer. A decrease in the amplitude 
of the electroreflectance signal obtained with the poly- 
crystalline layers as they are biased from flatband to de- 
pletion has been interpreted as Fermi level pinning by 
surface states. Lemasson et al. (13) have determined the 
flatband potential of ZnSe by electroreflectance, and 
Tomkiewicz et al. (14) have applied this technique to 
CdIn2Se4 crystals in order to analyze the influence of 
photoetching on the position of the flatband potential 
and the variation of the potential drop in the Helmholtz 
double layer. 

Methods 
Modulation spectroscopy has in the past been used as a 

powerful tool in studying the electronic band structure of 
semiconductors (15, 16) because one measures a deriva- 
tive-like signal which considerably enhances features in 
the ordinary optical structure. The technique essentially 
consists of inducing changes in the transmission or re- 
flection of a sample by applying a periodic perturbation. 
Common techniques that have been used include, among 
others, electromodulation (17), piezomodulation (18), and 
thermomodulation (19). These induced changes will be 
large at the fundamental  edge and at any critical point for 
which Vk(Er - Ei) = 0, so that one obtains detailed infor- 
mation predominantly on the critical points in the band 
structure. The theoretical ground work was laid by Franz 
and Keldysh (20), who calculated the effect of an electric 
field on the optical absorption associated with interband 
transitions. A very general theoretical description of the 
electroreflectance phenomena which can be observed in 
the low field region has been given by Aspnes (21). The 
Franz-Keldysh theory does not explicitly include 
excitonic effects, which can dominate in the region near 
the fundamental  absorption edge, so that subsequent cal- 
culations by Blossey, which include excitonic effects (22), 
are expected to apply to the transition metal dichalcoge- 
hides. 

Because of the possibility of modulating the very large 
electric fields associated with space-charge layers (23), 
electroreflectance (ER) can be an ideal technique in the 
study of the semiconductor/electrolyte interface. The 
principles and techniques of electroreflectance have 
been reviewed by Cardona (15) and Seraphin (16, 24), and, 

more recently, the application to semiconductor elec- 
trodes has been discussed by Pollak (25). 

The electrorefiectance signal is defined by 

AR R(E) - Ro [2] 
Ro Ro 

where R(E) is the optical reflectance when an internal 
electric field E is present, and Ro is the reflectance in the 
absence of such a field. The reflectance change depends 
on both, the real part er and the imaginary part �9 of the di- 
electric constant e and their changes &er, A~i (27) 

AR/Ro = a(er, ei)he~ + ~(er, �9 [3] 

It turns out that at low photon energies (typically ~< 3 eV), 
the factor a can be much larger than fl so that the reflec- 
tance change is mainly controlled by the change of the 
real part of e (24, 36). 

If  an external voltage is applied to a semiconductor/ 
electrolyte interface, it will essentially appear either as 
Vsc across the space-charge layer, or as a combination of 
Vsc and V. if for some reason a large number  of carriers is 
present on the crystal surface, as will be the case, for ex- 
ample, in the three situations mentioned above. The 
height of a Schottky barrier is related to the concentra- 
tion No of ionized donors or acceptors in n- or p-type 
semiconductors by (28) 

NoXo"- 
Vsc = e o -  [4a] 

2eeo 

o r  

x~ \ eoNo sc] [4b] 

respectively, where eo is the elementary electric charge, �9 
the static dielectric constant, eo the permittivity of free 
space, and xo the depletion-layer thickness (Fig. 1). 
Aspnes has treated electric field modulation in a 
Schottky barrier (29, 30) by using the relation 

AR/Ro = E2L(h~) [5] 

where L(h,) is the spectral line shape function which is 
entirely determined by the band structure and contains 
the in fuence  of the electric field. By combin ing  this 
with the correlation between the field strength in a de- 
pletion layer and the voltage drop Vsc, he obtained the 
reflectance signal when modulating Vso For a depletion 
layer, the field strength at the surface Es can be approxi- 
mated by (28) 

eoNo 
Es 2 - Vsc [6] 

2if�9 o 

U 

- r  

qVsc j 
E F - - - - - . ~  j 

Eg ~- xo-~ 

• 
Fig. 1. Simple one-dimensional band schematic of a depletion layer 

with an effective thickness xo. The other symbols have their usual 
meaning. 
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while the field strength in the depletion layer, which de- 
pends on the distance x from the surface and becomes 
zero at x = Xo, can be approximated by 

X 

E"-(x) = ~eeo - 

Since xo depends on Vsc (Eq. [4b]), a modulation of Vsc 
will complicate Eq. [7]. However, within a range of the de- 
pletion layer thickness x ~< 0.2xo, one can neglect the vari- 
ability of Xo caused by the modulation of Vsc and assume 
that the reflectance change should be proportional to Vsc 

AR/Ro ~ VscL(h~') [8] 

The conclusion is that when the space-charge layer ex- 
tension Xo > l/a, where a is the absorption coefficient for 
fight of the respective wavelength, the effective field 
strength modulation is proportional to Vsc "'2, so that Eq. 
[8] can be applied. In particular, this means that the 
doping level must  be low enough to fulfill this condition. 
Note that the applicability of the "low field strength" 
case of the theory'(21, 30) is simultaneously guaranteed. 

If a change in the Helmholtz layer voltage drop is pro- 
duced at a semiconductor/electrolyte interface, hVH will 
appear at the expense of AVsc for a given applied voltage, 
so that the magnitude of the ER signal will decrease, 
since it is, of course, not sensitive to AVH. Therefore, if 
some care is taken that no stray voltages develop, such as, 
for example, those caused by IR drops in the semicon- 
ductor or electrolyte or, even worse, voltage losses due to 
a surface layer produced by electrochemical reactions, 
one can write to a good approximation 

AVao, = 2Wsc + 21VH [9] 

By comparing the ER signals produced under different 
situations (such as the presence of a variety of redox sys- 
tems, different methods for preparing electrode surfaces, 
etc.) it is possible to infer the magnitude of AVH by moni- 
toring, via ER measurements,  the relative changes in 
A Vsc. 

Exper imenta l  
The experimental  arrangement for measuring the ER 

spectra is sketched in Fig. 2. In essence, the Fermi level of 
the semiconductor electrode is modulated via the stan- 
dard three-electrode potentiostatic configuration using a 
saturated calomel electrode (SCE) as reference, and 0.1N 
H2SO4 as  support electrolyte. All voltages are reported 
with respect to the SCE. Modulation was accomplished 
with a low frequency (16 Hz) variable amplitude square 
wave voltage from a PAR 175 Universal Programmer ex- 
ternally triggered with a Philips pm 5132 function genera- 
tor. The modulating voltage could thus be conveniently 
varied in amplitude, polarity, and frequency. In an at- 
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tempt  to keep corrosion at a minimum, the polarization 
voltages for the n- and p-type semiconductors were usu- 
ally set anodic or cathodic, respectively, of their flatband 
potential, so that high impedance depletion layers, with 
their negligible current flows, were produced. 

Chopped (-300 Hz) unpolarized light from a Bausch 
and Lomb double monochromator  was then focused at 
near normal incidence to the electrode surface, and AR (16 
Hz), along with R(-300 Hz), was measured with an RCA 
C31034 photomultiplier tube via two EG&G Brookdeal 
9503 lock-in amplifiers. The monochromatic  light was of 
very low intensity, and so possible photovoltages were of 
no concern. Low frequency intermodulation products 
from the 16 and 300 Hz signals could be minimized by 
varying the frequency of either the AR or R signal slightly, 
and was necessary for a sufficient reduction of the noise 
level. 

To insure a good quality ER signal and to minimize cor- 
rosion problems, great care was taken with the transition 
metal dichalcogenides so that no steps, or similar corro- 
sion centers, were exposed to the electrolyte. It was possi- 
ble, due to the anisotropic nature of these dichalcogen- 
ides, to prepare surfaces of several square millimeters in 
area parallel to the basal planes which, even under the mi- 
croscope (at 50 times magnification), appeared free of 
steps and other crystal imperfections. 

Results and Discussion 
To illustrate the basic soundness of using changes in 

the ER signals magnitude as a measure of changes in Vsr 
we show in Fig. 3 the room temperature ER spectra of the 
E1 and E1 + hi transitions (31) of n-GaAs following differ- 
ent surface preparation methods. The ER spectra was 
first taken after polishing the crystal with 1 t~m diamond 
paste (Fig. 3a) and then, with identical apparatus settings, 
after subsequent etching in a 2% solution of bromine in 
methanol (Fig. 3b). Modulation was from 0 mV (found to 
be --VFB from a Mott-Schottky plot) to 600 mV anodic. 

-Mr 

b 
" 0  
r r  

n," 
<3 

~ T  ] 

b) 

T ~  

n-GeAs 

Preamp Lock-in Amp 

&R/R 

Fig. 2. Experimental arrangement for measuring the electroreflec- 
tance spectra of semiconductor electrodes in an electrochemical cell. 

2 t 
Z6 Z8 3.0 3.2 3.4 

ENERGY / eV 
Fig. 3. Electroreflectance spectra under anodic bias of a n-GaAs 

electrode in 0.1N H2SO4. a: After publishing with 1 /~m diamond 
paste, b: After subsequent etching in a solution of 2% Br,2 in metha- 
nol. 
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Fig. 4. The voltage distribution across the GaAs/0.1N HzSO4 interface, showing only the conduction band. a: After mechanical polishing cre- 
ated surface states or surface near states in the bulk (SS) which will pin the Fermi level so that Vsc remains constant and hVapp = AVH. b: After 
subsequent etching removes the surface states so that VH remains constant and AV~p = AVsc. 

The probable  reason for the absence  of  an ER  signal in 
the  former  case (Fig. 3a) is the  creat ion of  a large n u m b e r  
of  crystal defects  in a layer  close to the  surface which  
form traps for e lectrons,  bu t  it is also poss ib le  that  surface 
states act as donor /acceptor  sites wh ich  will  screen the  
electric field f rom the  bu lk  crystal. In  any case, the  Fe rmi  
level  is p inned  re la t ive  to the  surface,  so that  hV~p will 
appear  across the  double  layer as AVH (Fig. 4a), and,  as ex-  
pected, no E R  signal is observed (Fig. 3a). Tomkiewicz  et 
al. (14) have  a l ready descr ibed similar  effects on the  ER  
signal and in te rpre ted  this as p inn ing  of  the  Fe rmi  level  
due to an a b u n d a n c e  of  surface states. It  should  be men-  
t ioned that  a decrease  of  the  line shape factor L(hv) could  
also have  a s imilar  effect  (26), a l though  it  appears  unl ikely  
tha t  this effect  wou ld  be so drastic. 

After  e tch ing  the  crystal  surface and  r emov ing  this 
damaged  layer, the  Fe rmi  level  is no longer  p inned  (Fig. 
4b), and Vsc can vary  with the  appl ied vol tage so that  an 
E R  signal can be  obse rved  (Fig. 3b). Various e tches  (com- 
binat ions of acids, H202, etc.) resul ted  in ER  curves  wh ich  
had the  same s t ruc ture  bu t  differed in thei r  magni tude& 
The ER curve  shown  in Fig. 3b, after e tching with  the  
b romine  in m e t h a n o l  solution,  y ie lded  the  largest  signal 
and therefore  identif ies this e tching solut ion as super ior  
for prepar ing  a GaAs  surface  low in defects.  

Typical  r o o m  tempera tu re  ER  spectra  of  n-MoSe2 and 
n-WSe2 near  the  fundamen ta l  gap are shown  in Fig. 5 and 
Fig. 6, respect ively .  The  vol tage modu la t i on  was per- 
fo rmed  f rom close to the  f latband potent ia l  to anodic or 
cathodic  vol tages.  Whereas in the  anodic  case currents  
were  res t r ic ted to wel l  be low 1 ~A, in the  cathodic  case 
larger  cur rents  (<  50 ~A) were  generated.  

Even  though  MoSez and WSe2 lose m u c h  of thei r  
exci tonic  s t ruc ture  at room tempera ture ,  one  s t ructure  la- 
beled A, at 1.53 eV (MoSe~) and 1.63 eV (WSe2) (3) remains  
very  wel l  defined.  Accord ing  to the  l i terature (32), A~ cor- 
responds  to the  n = 1 state o f  a Wannier - type  exc i ton  re- 
sul t ing f rom a nondegene ra t e  di rect  t rans i t ion  at the  s 
po in t  in the  Br i l louin  zone. By s imul taneous ly  moni to r ing  
the  ref lect ivi ty in addi t ion to the  ER  spectra,  we found 
expe r imen ta l ly  2 that  A1 is located at 1.55 • 0.01 and 1.63 • 
0.01 eV for our  MoSe.~ and WSe.2 samples ,  respect ively,  in 
good a g r e e m e n t  wi th  o ther  work  (3, 33). Therefore,  by  
us ing  exc i ton  b ind ing  energies  of  67 and  50 meV (34), re- 

2The largest gradient of the steep negative slope, following the 
peak in R, is taken as the position of the A, excitons. 

spectively,  we  can place  the absorpt ion  edge  at room tem- 
pera ture  near  1.62 and 1.68 eV for our  MoSe2 and WSe2 
samples,  respect ively .  By referr ing to Fig. 5 and 6, we can 
see that  for bo th  d icha lcogenides  the  E R  s t ructure  ap- 
pears well  to the  low energy side of  the  direct  gap, and 
clearly shows that  the  ER  s t ructure  is exe i ton ie  in nature. 
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Fig. 5. Room temperature electroreflection spectra from n-MoSe2 
for a 500 mV square wave modulation from VFB when (a) polarizing 
anodically (depletion layer), and (b) polarizing cathodically (accumu- 
lation layer). The edge is indicated by Eg, and the excitons position by 
As. 
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Fig. 6. Room temperature electroreflection spectra from n-WSe2 for 
a 500 mV square wave modulation from V~B when (a) polarizing 
anodlcally (depletion layer), and (b) polarizing cathodically (accumu- 
lation layer). The edge is indicated by Eg, and the excitons position by 
A1. 

For clarity, we will discuss the ER spectra from accu- 
mulation layers (dotted lines) later, and first discuss 
those produced from depletion layers (solid lines). Keep- 
ing in mind that ER spectra are largely dependent  on the 
real part of the dielectric constant (or), we can compare 
them with the Ae~ curves computed numerically by 
Blossey (22) for Wannier excitons. Theory predicts that in 
excitonic Ae~ spectra, the first zero below the edge, corre- 
sponding to A1, is pinned for fields small compared to 
the excitonic ionization field (E0. For somewhat larger 
fields, about E ~ E~/2, the zero is expected to shift to 
lower energies because of the second-order Stark effect, 
and, finally, for E ~> E,, the zero will move rapidly t o  
higher energies. A very rough estimate of E, for the A1 
state yields ~3 • 105 V-cm -1 for both dichalcogenides, 
and is arrived at by dividing the excitons binding energy 
by its effective Bohr radius. Experimentally, we observe 
that for low fields (Vsc ~< 1/2V), the first zero below the 
edge is consistently at 1.558 -- 0.002 and 1.627 -+ 0.002 eV 
for MoSe~ and WSe~, respectively (Fig. 5 and 6). When V~,p 
was increased further, the zero crossing shifted toward 
lower energies (Fig. 7), but an eventual reversal of the 
zero shift toward higher energies was never observed. 
The A~ position is therefore in excellent  agreement with 
Blossey's excitonic ER theory and the zero shifts suggest 
that the electric fields induced were always below E~/2, 
that is, below about 105 V-cm -1, so that judging from Eq. 
[4] the doping levels (No) should be near or below about 5 
• 1017 cm -3. The Mott-Schottky plots for these crystals 
(Fig. 9) confirm this by indicating doping levels of 3 • 
10 TM and 1 • 10 TM cm -3 for the n-MoSe2 and n-WSe~samples, 
respectively. 

Knowing the solid-state properties of the semicon- 
ductor and using models such as Blossey's, we could, in 
principle, determine the magnitude of the electric fields 

f r o m  the zero shifts (Fig. 7) in the ER spectra themselves. 
However, even ignoring the simple facts that the electric 
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Fig. 7. Shift in the zero crossing (A1) for increasingly anodic polar- 
ization. The data points are collected from several samples of each 
type. 

field in a space-charge layer is not constant and that the 
dichalcogenides have extremely anisotropic electrical and 
optical properties, the zero shift is such a small effect that 
nothing else than the general trend of the shift can be es- 
tablished with any certainty because of the relatively 
large scatter in the measurements.  

If a cathodic bias, relative to the flatband potential, is 
applied to an n-type semiconductor,  an accumulation 
layer is formed. The ER signals from cathodically biased 
n-MoSe2 and n-WSe2 is shown in Fig. 5b and 6b, respec- 
tively, and one can observe marked changes in compari- 
son with the ER spectra produced by depletion layers 
(Fig. 5a and 6a). In particular, we note that at the A1 posi- 
tion a peak has developed in place of the zero crossing, 
and the ER signals now have a striking similarity to the 
-hei  rather then to the Aer curves computed by Blossey. 
This interchange of line shapes  is expected and is ex- 
plained in terms of field inhomogeneit ies (35). Whereas 
for an anodic bias (depletion layers) the penetration depth 
of  the electric field is greater than 200 nm and therefore 
in the order of, or greater than, the penetration depth of 
light (~200 nm), for cathodic bias (accumulation layers) 

a) b) 
WSe 2 MoSe2 

o . . . _ ~ o o r n v  o ---..~/'~v..~+momv 

o I___ ..._~OmV 0 ---.... 50_mV 

_ ~ 0 0  mV __ J OrnV 

~ . . ~  -50mY 

o j / \  o . . . . .  

200mY 
0 _ _  "~" 

h A~ 

Fig. 8. Room temperature ER spectra taken by modulating at a con- 
stant amplitude of 200 mV, but varying the dc bias in 100 mV steps. 
V~B is located between the bias where the spectra change line shape; 
e.g., at 0 -+ 20 mV and -3S0  -4- SO mV far n-MoSe2 and n-WSe2, 
respectively. 
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the penetration depth is in the order of 10-20 nm and 
therefore much less than that of the light. Under these 
conditions, Aer and hej are mixed (35) and since no > ko 
(36), as is often the case in this energy range, an inter- 
change of the line shapes will occur. The additional 
change in sign, when compared to the calculated Ae~ 
curves, is not caused by the reversal of the electric field, 
but comes about because for anodic polarization relative 
to VFB 

AR (anodic) = R(E) - Ro 

and for cathodic polarization relative to VrB 

AR (cathodic) = Ro - R(E) = - {R(E) - Ro} 

The change in the ER spectra when going from an anodic 
to cathodic bias is therefore a very useful means by which 
the flatband potential of the dichalcogenides can be de- 
termined. In Fig. 8, we show a series of ER spectra pro- 
duced by keeping the amplitude of the modulating volt- 
age constant but  varying its dc bias. The change in ampli- 
tude and position of the ER spectra signals the position of 
VFB SO that, judging from Fig. 8, the flatband potentials 
for our n-MoSe2 and n-WSe2 crystals occur at 0 -+ 20 and 
-350 -+ 50 mV, respectively. The respective flatband po- 
tentials deduced from the Mott-Schottky plots (Fig. 9) are 
0 - 50 and -280 -+ 50 mV and are therefore in excellent 
agreement. 

In conclusion, the various ER spectra observed can be 
understood within the framework of existing theories. In 
the second paper of this series, the voltage distribution 
within the n-MoSe2 and n-WSe2 electrolyte interface is in- 
vestigated as a function of the applied voltage, and in the 
presence of a variety of redox couples. 
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ABSTRACT 

The stabilization efficiency for n-CdSe in polysulfide electrolytes has been determined. Under experimental  condi- 
tions, the corrosion current was 1 to 500 ppm of the photocurrent. A hole tunneling model was used to provide the link 
between stabilization efficiency and the photocurrent  decay parameter. The surface coverage of sulfide was shown to 
depend on current density and electrolyte concentration. The stability of the electrode was a function of electrode po- 
tential and electrolyte composition. More cathodic potentials and increasing sulfur content of the electrolyte enhanced 
the stability. The stability of the electrode appears to be controlled by a chemical step involving adsorbed sulfur. 

A limiting problem in the application of photoelectro- 
chemical solar cells is stability of the photoelectrode. The 
n-CdSe-polysulfide system has been of considerable in- 
terest in this connection. Detailed studies of the redox 
properties of the electrolyte are now being conducted, 
and models for the photocurrent decay are now being in- 
vestigated. A number  of issues need consideration to fully 
understand this system. These are, first, properties and 
models for the photocurrent  decay; second, models for 
the stability, including the effect of photocurrent  density, 
concentration (adsorption), electrolyte composition, and 
electrode potential, and third, use of the results of the 
first and second items to obtain predictions of the long- 
term stability from accelerated decay results. The study 
described here is an at tempt to deal with some of these 
issues. 

The model  for the stabilization efficiency, S, used here 
is an extension of our earlier work (1-4). Adsorption of the 
reducing agent and dissolution of the corrosion product 
are now considered in the mechanism. The decaying 
photocurrent is assumed to be controlled by hole tunnel- 
ing through a corrosion layer. It will be shown that this 
assumption allows determination of S from the photo- 
current decay characteristics. The existing literature (5-8) 
concerning the polysulfide electrolyte was used to pro- 
vide a description of the electrolyte composition. 

There is a large body of work concerning CdSe and 
CdS electrodes in sulfide electrolytes that has preceded 
our efforts. The recent review by Hodes (9) can be con- 
sulted for details. 

Experimental 
All measurements  were made on n-CdSe (1120) single- 

crystal electrodes (Cleveland Crystals) with donor densi- 
ties of 1 • 1017 cm -3. The surfaces were chemomechani- 
cally polished with 1% BrdCHaOH mixed 50/50 (v/v) with 
1M HC1. The electrodes were etched before each measure- 
ment  using a cotton-tip applicator saturated with the etch 
solution. A Pine analytical rotator and RDE-3 potentiostat 
were used to control the rotation speed and electrode po- 
tential. The electrode was illuminated with a tungsten- 
halogen lamp. All chemicals were reagent grade. Stock 
solutions of polysulfide electrolyte were prepared and 
added to the cell to form the desired composition. High 
purity N~ was continuously bubbled through the electro- 
lyte. Voltages are reported vs. the saturated calomel 
electrode. 

*Electrochemical Society Active Member, 

Theory 
Kinet ics  of  s tabi l izat ion w i th  an adsorbing two-equiva- 

lent reducing agent . - -Consider  the following mechanism 
that is proposed to describe the case when oxidation of 
adsorbed sulfide species competes with the anodic corro- 
sion of the CdSe electrode. 

Equations [1] and [2] were included in the earlier model 
(1,2) for weakly interacting one-equivalent reducing 
agents. They represent bond breaking steps correspond- 
ing to removal of an electron pair bond between lattice 
atoms, A and B. Here we assume both holes are captured 
by the more electropositive element, e.g., Cd. B repre- 
sents elemental Se 

A:B + h ~ ~I(A B) ~ [11 

(A. B)* + h+ ~-~ A** + B [2] 

The reducing agent participates in the following events: 
adsorption, desorption, electron transfer, and surface dis- 
solution. These steps are 

R = + My ~d R%d [3] 
k~ 

R=aa + h § ~ R-aa [4] 

R-ad + h + ~a OX~d [5] 

R = + OXad k~di~ OXcsolv) [6] 

R = is a two-equivalent reducing agent, e.g., Sn=; My is a va- 
cant adsorption site, ka and k'a are rate constants for sur- 
face hole capture, and kdlss is a rate constant for removal 
of the oxidized form. The meaning of Eq. [6] is that an 
electrolyte species, e.g., SH-,  removes the adsorbed oxi- 
dized species, e.g., Sad. 

Considering steps 1, 2 and 4, 5 (those that contribute to 
the observed photocurrent density, j) and the steady-state 
analysis given previously (2, 10), Eq. [7] is obtained 

J _ 2k~k.,_ (h.) 2 + Ja [7] 
k_l 

where Ja and S, the stabilization efficiency, are defined 
by 
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J3 = 2k3(R=)a~ (h ~) = Sj [8] 

Equa t ion  [8] may  be used  to e l iminate  the steady-state 
hole concentrat ion.  Pe r fo rming  this opera t ion  on Eq. [7] 
and rearranging the  resul t  yields 

2 
S = [9] 

1 + 1 + (@Mr)  ~ 

where  O is the s teady-state  coverage  of  R~a--, Mr is the  to- 
tal n u m b e r  of sites, and the  compos i t e  rate constant  ~ = 
k~kJk_,k3 2. Equa t ion  [9] states that  S will  decrease  as j in- 
creases or  as O decreases.  These  pred ic t ions  have  already 
been  shown (2, 11) to agree  with the  e x p e r i m e n t  for the  
one-equivalent  nonadso rbed  reduc ing  agent  case. In  that  
case, an equa t ion  ve ry  similar  to Eq. [9] was applied, bu t  
wi th  OMT rep laced  by CR, the  concent ra t ion  of  reduc ing  
agent  in solution.  

Stabilization efficiency and tunnel model.--One of our  
object ives  in t h e  present  work  is to quant i fy  the  instabili- 
ties of the  CdSe  (1120) single-crystal  e lectrode.  The photo- 
current  decay m e t h o d  can be used  to measu re  corrosion 
rates. By model i s t i c  in terpre ta t ion of the  characteris t ic  
photocur ren t  decay parameter  

- d i n  0Oo) 
a = [ l O ]  

dzq 

we can obtain values for the stabilization efficiency, cor- 
relate results, and ultimately extrapolate the behavior of 
electrodes to different conditions of photocurrent density 
and redox species concentrations. In Eq. [I0], j is photo- 
current, Jo is initial photocurrent, and Q is the integrated 
photocharge. 

A model for the decay of photocurrent in the CdSe- 
alkaline polysulfide system has been suggested (12, 13). 
The essential assumptions of the model are diagramed in 
Fig. i. The photocorrosion of CdSe in the presence of sul- 
fide species leads to a layer of CdS on the CdSe surface. 
This occurs because in the corrosion process Cd 2~ ions are 
produced along with elemental Se. The selenium is as- 
sumed to be rapidly dissolved by the sulfide electrolyte, 
and the Cd 2§ ions form CdS by a precipitation mecha- 
nism. A key element in this picture is the relative energy 
level for hole transport, hEv~, in the CdS and CdSe. 

By consideration of the bandedges CdS and CdSe, it is 
found that the CdS valence band is about 0.64V below the 
CdSe valence band. Transport of holes from CdSe to the 
electrolyte species can occur by tunneling through this 
potential step at the interface between the two solid 
phases. This tunnel process was also used to discuss the 
behavior of the Si/SiO2 electrode in aqueous electrolytes 
(14, 15). 

With s imple  a rgumen t s  we  can begin to bui ld  a quanti-  
ta t ive model .  We will  adapt  the tunne l ing  probabil i ty,  PT, 
for the  rec tangular  barr ier  as the  control l ing factor in the  
decay of the photocur ren t .  Then we have  

2 
P T = e x p - [ - ~ ( 2 m h E v B ) " 2 x ]  [11] 

where  m is the  hole  effect ive mass in CdS, 0.8 me, x is the  
thi 'ckness of  the  CdS layer,  and h is P lanck ' s  constant  di- 
v ided  by 21r. 

Next  we fo rmula te  an express ion  for the  thickness ,  x, in 
te rms  of the  s tabi l izat ion efficiency, S, the  photocurrent ,  
and Faraday ' s  law. The  stabilization eff iciency (see Eq. 
[9]) is the fract ion of pho tocur ren t  that  flows to the  redox  
species;  so that  (1 - S)j is the corros ion current  density. 
Therefore,  x may  be  writ ten  

m 

x(cm) nF  (1 - S)jt dt [12] 

The  integral  r epresen t s  the  corrosion pho tocharge  passed 

CdSe 

/ 

1.7 eV 

CdS 

x(t )  

~Wt4r- 

0.64 eV 

Sn(ad) 

Sn (ad) 

j(t) = jo e-bx(t) 

b = 2---(2m AEvB) 1/2 
h 
V x(t) = ~--~(1-S) Q 

Fig. 1. Tunnel model for photocurrent decay of CdSe in sulfide 
electrolyte. 

up to t ime t, ~Tm is the  molar  v o l u m e  of CdS (29.97 
cm3/mol), F is the  Faraday  constant ,  and n = 2. The  goal  
of  this analysis is to obtain  S, which  has been  mode led  in 
te rms  of  j, concent ra t ion ,  corrosion, and e lect ron- t ransfer  
rate constants .  I f  we  as sume  that  S is cons tan t  dur ing the  
t ime domain  whe re  the  pho tocur ren t  is control led  by tun- 
neling, Eq. [12] may  be rewri t ten x = 1.55 x 10 -4 (1 - S)Q, 
where  Q is the  integral  pho tocharge  passed.  Subs t i tu t ion  
for x and the  phys ica l  constants  in Eq. [11] leads to Eq. 
[13] 

j = jo exp  - [aQ] [13] 

where  a = 1.14 x 104 (1 - S). Equa t ion  [13] will  be used be- 
low as the  basis for de te rmina t ion  of the  stabilization 
efficiency, S. Once  S is known,  the surface coverage pa- 
ramete r  (MT/x/~)O can be obta ined  by means  of Eq. [9]. 
S ince  total  concen t ra t ion  of sites and the  rate constants  in 

are unknown,  we cannot  obtain abso lu te  values for the  
coverage.  However ,  the  coverage pa rame te r  should  be  
s imply  related to an adsorpt ion i so the rm (see below). 

Potysulfide electrolyte composition.--The composi t ion  
of  polysulf ide e lect rolytes  has been  inves t iga ted  (6, 7) by 
combin ing  spec t roscopic  and t h e r m o d y n a m i c  methods.  
Accord ing  to the  w o r k  of Giggenbach  (5, 6), the  dominan t  
species are S H - ,  $2 =, $3 =, $4 =, and Ss =. The  concent ra t ion  
of the var ious species is de te rmined  by [OH-]  and, more  
important ly ,  by  the  ratio, X~, of sulfur  to sulfide (Na2S), 
used  in prepar ing  the  electrolyte.  So lu t ions  rich in sulfur 
contain increased  amount s  of h igher  po lymers  As the  p H  
is increased,  smal le r  po lymers  are favored.  The major i ty  
of  m e a s u r e m e n t s  repor ted  here were  pe r fo rmed  using the  
X~ = 1 e lec t ro ly te  in 1M NaOH. The effect  of Xs on elec- 
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t r ode  s tab i l i ty  was  also i nves t i ga t ed  at  c o n s t a n t  c u r r e n t  
dens i ty .  

I t  is of  in te res t ,  the re fore ,  to h a v e  s o m e  i n d i c a t i o n  of  t he  
c o m p o s i t i o n  of  t h e s e  electrolytes .  T h e  re su l t s  of  our  cal- 
cu la t ions  u s i n g  Fig. 5 of  Ref. (6) a n d  Eq. [2] of  Ref. (7) are  
g iven  in Tab le  I. All  c o n c e n t r a t i o n s  are  e x p r e s s e d  in 
moles  pe r  liter.  A c o m m o n  e lec t ro lyte  m i x  is d e s c r i b e d  on  
t he  first l ine  of  Tab le  I. This  1:1 po lysu l f ide  m i x  is actu-  
ally d o m i n a t e d  b y  t he  hydrosu l f ide  ion. S ince  the  PKa of  
th i s  ion  (5) is 17.1, t h e r e  are v i r tua l ly  no  S = ions  p resen t .  
A d d i t i o n  of  one  su l fu r  causes  la rge  i n c r e a s e s  in  the  acid- 
i ty in  m o d e r a t e l y  bas ic  solut ion.  A s  expec t ed ,  la rger  sul- 
fur /sulf ide ra t ios  lead  to p rog res s ive ly  l o n g e r  chains .  A 
sa tu r a t ed  so lu t ion  (Xs = 3.5) exc lus ive ly  con t a in s  $4 = a n d  
Ss = species .  T h e s e  ca lcu la t ions  p r o v i d e  a gu ide  concern -  
ing  t he  c o m p o s i t i o n  of t he  electrolyte.  However ,  i t  is no t  
c lear  (16) t h a t  t hey  are exac t  u n d e r  ou r  condi t ions ,  i.e., 
ionic  s t r e n g t h  > IM.  

Resul ts  
Typica l  p h o t o c u r r e n t  decay  cu rves  are s h o w n  in Fig. 2. 

The  CdSe  e l ec t rode  was ro t a t ed  at  1600 r p m  a n d  t he  elec- 
t r ode  po t en t i a l  was  0.0 V (SCE). T he  in se t s  show plo ts  of  
in  (J/Jo) vs. t h e  i n t e g r a t e d  c h a r g e  dens i ty .  T h e s e  plots  we re  
l inea r  af ter  a pe r iod  of  nea r ly  c o n s t a n t  p h o t o c u r r e n t .  The  
abso lu t e  va lue  of  t he  s lope of  t h e s e  l oga r i t hm i c  plots  is to 
be  iden t i f i ed  w i th  t h e  pa rame te r ,  a, (Eq. [10] a n d  [13]) 
de f ined  above .  A large  n u m b e r  of decay  cu rves  at  var ious  
in i t ia l  c u r r e n t  dens i t i e s  a n d  c o n c e n t r a t i o n  were  ob ta ined .  
In  each  case, t he  cove rage  pa rame te r ,  (M~/x/c~)O, a mea-  
sure  of t h e  s t eady - s t a t e  sur face  coverage ,  was  o b t a i n e d  as 
d e s c r i b e d  earl ier .  T h e  d e p e n d e n c e  of  t h e s e  va lues  on  ini- 
t ial  p h o t o c u r r e n t  is s h o w n  in Fig. 3. I t  can  be  seen  t h a t  
the  s t eady- s t a t e  cove rage  d r o p p e d  as t he  p h o t o c u r r e n t  in- 
creased.  However ,  t he  s lope  of  t h e  log p lo t  was  pract ica l ly  
c o n s t a n t  for e ach  concen t r a t i on .  A v a l u e  of 350 (A/cm~) - '  
was  typical .  The  p lo ts  of  Fig. 3 were  e x t r a p o l a t e d  to j = 0, 
y i e ld ing  va lues  for  (MT/~J~Oo. I t  was  f o u n d  t h a t  a un ive r -  
sal  cu rve  cou ld  be  o b t a i n e d  by  n o r m a l i z i n g  the  coverage  
u s i n g  t he  zero c u r r e n t  va lue  of  t he  cove rage  p a r a m e t e r  at  
each  c o n c e n t r a t i o n .  T h e s e  resu l t s  are  s h o w n  in  Fig. 4. 

I t  was  e x p e c t e d  t h a t  (Mr/~/~))Oo va lues  s h o u l d  va ry  w i th  
c o n c e n t r a t i o n  in a m a n n e r  c o n s i s t e n t  w i t h  an  a d s o r p t i o n  
i s o t h e r m  for  the  po lysu l f ide  species .  F i g u r e  5 (solid sym- 
bols)  shows  a p lo t  of  t he  zero c u r r e n t  coverage  p a r a m e t e r  
as a f u n c t i o n  of log [S=]. T he  da ta  a p p e a r  to c o n f o r m  to a 
l oga r i t hmic  i s o t h e r m  s u c h  as t he  a p p r o x i m a t e  fo rm of  
F r u m k i n ' s  i s o t h e r m  (17). 

The  s t eady - s t a t e  sul f ide  coverage  at  j = 10 mA/cm'-' is 
also p lo t t ed  in  Fig. 5. T h e s e  da ta  b e h a v e  qua l i t a t ive ly  sim- 
i lar  to t he  zero c u r r e n t  data.  However ,  no  t h e r m o d y n a m i c  
m e a n i n g  can  be  a t t a c h e d  to t h e s e  s t eady- s t a t e  resul ts .  
The  genera l  i s o t h e r m - b e h a v i o r  of  t h e  de r ived  coverage  
p a r a m e t e r  is b o t h  r e a s o n a b l e  a n d  e x p e c t e d .  

The  s tab i l i ty  of  t h e  e lec t rode  as m e a s u r e d  by  t he  pho to-  
c u r r e n t  half-l ife was  i nves t i ga t ed  as a f u n c t i o n  of X,. The  
resu l t s  are  s h o w n  in  Fig. 6. A large i nc r ea se  in s tabi l i ty  
was  f o u n d  for  e lec t ro ly tes  r ich  in sulfur .  T he  half-life of  
t he  p h o t o c u r r e n t  was  also d e t e r m i n e d  as a f u n c t i o n  of 
e l ec t rode  potent ia l .  T h e s e  resu l t s  for  X, = 1 are  s u m m a -  
r ized in Fig. 7 for  severa l  sul f ide  c o n c e n t r a t i o n s .  A t  a crit- 
ical po tent ia l ,  V~, an  e x p o n e n t i a l  i nc r ea se  in half-l ife was  
obse rved .  The  q u a n t i t y  Vo* is t h e  onse t  po t en t i a l  for t he  

Table I. Polysulfide electrolyte composition a 

Xs S Na2S SH- $2 = $3 = S, = $5 = 

1.0 1 1 0.62 0 0.15 0.23 0 
2.0 2 1 0.265 0 0.20 0.53 0.005 
3.0 3 1 0.007 0 0,066 0.87 0.057 
3.5 3.5 1 0 0 0 0.58 0.43 
3.5 8.0 2.3 0 0 0 1.3 1.0 
2.5 1.0 2.5 2.15 0 0.075 0.004 0.276 
1.33 4 3 0 0 0.60 0.93 0 

p H  = 14.0.  
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Fig. 2. Photocurrent vs. time and relative photocurrent vs. integral 
charge for RDE n-CdSe (112.0). Electrolyte: 0.3M each Na2S/S ~ in 1M 
NaOH. 1600 rpm, VDIS~ = 0.0 V(SCE). 
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function of initial photocurrent dens#ywith concentration of equi- 
molar S:/S ~ as a parameter: n-CdSe (1120)  RDE, 1600 rpm. VD, sK = 
0.0 V (SCE). 1M O H - .  

anod ic  p h o t o c u r r e n t .  The  ra te  of  i n c r e a s e  of  t,~2 w i t h  vol t-  
age was  g rea t e r  for  m o r e  c o n c e n t r a t e d  e lec t ro ly tes .  I t  h a s  
a l ready  b e e n  s h o w n  (18) t h a t  e l ec t rode  po t en t i a l  affects  
t he  s tab i l i ty  of  CdS  in 10-3M Na.,S so lu t ion .  I n  t h a t  case  
s tab i l i ty  d e c r e a s e d  sha rp ly  for p o t e n t i a l s  pos i t ive  of 

-0 .SV (SCE). 

Discuss ion  
The  decay  c u r v e s  in  Fig. 2 s h o w  t h e r e  is a r eg ion  of 

nea r ly  c o n s t a n t  p h o t o c u r r e n t  be fore  t h e  decay  s e t s  in. 
P a r t  of  t he  c h a r g e  pas s ing  in th i s  r eg ion  is due  to Oxida- 
t ion  of a d s o r b e d  sulf ide  a n d  pa r t  is d u e  to ox ida t i on  of  
CdSe  (CdS format ion) .  A c c o r d i n g  to our  model ,  t he  frac- 
t ion  of cha rge  for t he  la t te r  p roces s  is (1 - S) = a/1.14 • 
104. Tab le  II  s h o w s  decay  cha rac t e r i s t i c s  for  va r ious  con-  
di t ions .  Of  p a r t i c u l a r  i n t e r e s t  i s  t he  (1 - S) va lue  calcu- 
l a ted  f rom the  d e c a y  cu rve  p r o p e r  u s i n g  Eq. [10] a n d  [13], 
a n d  t he  to ta l  c h a r g e  dens i ty ,  (1 - S)Q, t h a t  m e a s u r e s  t he  
a m o u n t  of co r ros ion  p r o d u c t  t h a t  is f o r m e d  before  t he  de- 
cay begins .  A typ ica l  va lue  of  th i s  c h a r g e  is - 10 -4 C/cm ~. 
Note  espec ia l ly  t h e  las t  en t ry  in Tab le  II  w h e r e  t he  condi -  
t ions  s t rong ly  d i f fer  f rom the  r e m a i n i n g  data.  T h e  ave rage  
for the  da ta  in  T a b l e  II  is 2.4 x 10 -4 C/cm 2. F o r m a t i o n  of  a 
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Fig. 4. Derived values of the relative degree of surface coverage of 
Sn- as a function of initial photocurrent density (conditions as in Fig. 
3). 

monolaye r  of  CdS requi res  about  1.6 x 10-4 C/cm 2 so tha t  
1.5 layers ( -4~)  of  corros ion p r o d u c t  are neces sa ry  to ini- 
t iate the  decay  process .  This resu l t  is ve ry  r easonab le  and  
provides  an ind ica t ion  of the  layer t h i cknes s  requ i red  for 
the  tunne l  m o d e l  to be appl icable .  

The values of  s tabi l izat ion eff iciency r epo r t ed  in Table  
II are high. The corros ion  cur ren t  ranges  f rom 5 par ts  pe r  
t h o u s a n d  to 1 p p m  for the  1M elec t ro ly te  at (30 mA/cm~). 
The e lec t ronic  barr ier  for holes  tha t  resu l t s  f rom the  for- 
mat ion  of CdS m a k e s  this  sys t em modera t e ly  suscep t ib le  
to p h o t o c u r r e n t  decay.  A similar bu t  more  severe  prob-  
l em exis ts  for  the  Si/SiO2 sys tem,  w h e r e  the  ideal  elec- 
t ronic  barr ier  for holes  is 4-5 eV. 

Accord ing  to the  plots  in Fig. 3 and  4, the  coverage as a 
func t ion  of  initial  p h o t o c u r r e n t  dens i ty  may  be repre-  
s en t ed  by 

0 = Ooe -Bj [14] 

w h e r e  O d e p e n d s  on concen t r a t ion  in a m a n n e r  consis t -  
ent  wi th  the  F r u m k i n  i s o t h e r m  (Fig. 5). The empir ical  fac- 
tor  B, appear s  to be  i n d e p e n d e n t  o f  concen t ra t ion .  
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Fig. 5. Coverage parameter vs .  log concentration of sulfide for zero 
photocurrent (lower curve) and 10 mA/cm 2 (upper curve) (conditions 
as in Fig. 3). 
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1M NaOH electrolyte with various amounts of sulfur added. VD~sK = 
0.0 V (SCE), 1600 rpm. Initial photocurrent, 10 mA/cm ~. 

Since  the  adso rp t i on  s tep  (Eq. [3]) and  the  d issolut ion  of  
sulfur  ox ida t ion  p r o d u c t  (Eq. [6]) p r o c e e d  at a finite rate, 
it is e x p e c t e d  tha t  the  coverage shou ld  drop  as the  cur- 
ren t  dens i ty  increases .  Acco rd ing  to the  s imp le  s e q u e n c e  
of s teps,  Eq. [3]-[6], the  coverage shou ld  decrease  wi th  j 
accord ing  to 

O j 
- 1 [ 1 5 ]  

Oo (ka~ + kdiss) 

w h e r e  concen t r a t ion  t e rms  wou ld  a p p e a r  in the  k's. 
This re la t ion is no t  in a g r e e m e n t  wi th  the  observat ions  

(Eq. [14]), and  fu r the r  mechan i s t i c  analysis  is needed .  A 
diff iculty is tha t  the  change  of  coverage  wi th  cur ren t  is 
i n d e p e n d e n t  of  Na2S concen t ra t ion  con t ra ry  to the  pro- 
posed  Eq. [6]. 

Two in te res t ing  observa t ions  fo l lowing f rom our analy- 
sis are tha t  the  in t e rcep t s  of  t he  log [(Mv/~/~-)Oo] plots  de- 
p e n d  on concen t r a t i on  and  tha t  the  s lopes  are i ndepen-  
den t  o f  concen t ra t ion .  We have  a l ready d i s cus sed  the  be- 
havior  of  t he  zero cu r ren t  values of  (Mv/~/a-~Oo pa rame te r  
in t e rms  of  a d s o r p t i o n  proper t ies .  

N o w  we will  pos tu la te  a d i f fe ren t  m e c h a n i s m  tha t  gives 
an i m p r o v e d  in t e rp re t a t ion  of  the  va lues  of (Mv/~/~)Oo and  

Table II. Decay characteristics of single-crystal n-CdSe 
in polysulfide electrolyte, a X~ = 1, 1M NaOH 

(1 - s )  
[s =] j0(mA/cm'-') a(C/cm~) - '  - log (1 - S) Q Q • 104 

0.02 2.54 10.0 3.06 0.23 2.0 
0.025 4.0 7.24 3.20 0.10 0.63 
0.05 7.1 15,7 2.86 0.076 1,0 
0.05 8.9 53.5 2.33 &046 2.2 
0.10 8.4 12.0 2.98 0,87 9.1 
0.10 10.2 7.28 3.20 0.20 1.2 
0.10 14.7 13,9 2.91 0.045 0.55 
0.30 16.2 5.01 3.36 0.70 3.0 
0.38 11.0 0,16 4.85 5.4 0.76 
1.0 b 30 0.0133 5.94 300 3.4 

2,4 Avgl 

a Conditions as in Fig. 3, charge in coulombs per square 
centimeter. 

b From Ref. (12). 
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also rat ionalizes the  concent ra t ion  i n d e p e n d e n t  s lopes in 
Fig. 3 and 4. 

In  a recent  paper  (19), we have  shown  that  both  O H -  
and S- are impor t an t  coadsorbing species  in the  basic 
Na2S solutions.  In  1M O H -  the  CdSe  is sa turated with 
OHad-. As Na~S is added  to the  electrolyte,  S~d- replaces 
O H -  unt i l  sa tura t ion is again obtained.  These  equi l ibr ia  
are inc luded  in the  m e c h a n i s m  below. In  addit ion,  the  
d issolut ion of adsorbed  sulfur is wr i t ten  in two steps. The  
fo l lowing steps are cons idered  in p lace  of  Eq. [3]-[6]. Here  
Mv s tands  for a vacan t  site and the  aster isk indicates  an 
ac t iva ted  fo rm of adsorbed  sulfur 

KI 
O H -  + My m MOHad- [16] 

K2 
S H -  + O H -  + Mv ~ MSad = + H.,O [17] 

M S j  + 2h +k-~3 MSad [18] 

ka , 
nMSa0 ~-~sMS ,, ad [19] 

S H -  + O H -  + n M S * ,  ad k ~  Mv "~- S=,,+l Jg H20  [20] 

For  conven ience ,  both  hole  t ransfer  s teps are combined  
in Eq. [18]. In  summary ,  the  new m e c h a n i s m  accounts  for 
the  compet i t ive  adsorp t ion  of  O H -  and  S- and mainta ins  
the  key feature  that  Sad has to unde rgo  some  type  of  rear- 
r a n g e m e n t  or ac t iva t ion  with  rate constant ,  ka, in order  to 
be  desorbed.  This  r ea r r angemen t  is pos tu la ted  to be the  
rate- l imit ing step. At  this t ime, we do not  k n o w  the  iden- 
t i ty of  the  ac t iva ted  state of  sulfur. The  process  migh t  be, 
for example ,  convers ion  f rom a s t rongly  bound  to a 
weakly  bound  state involv ing  di f ferent  bond ing  proper-  
ties. Ano the r  possibi l i ty  is that  the  ra te -de te rmining  step 
is a chemica l  combina t ion  of  ad jacent  S a toms to form 
S,,a0 which  then  could  be  r emoved  by S ~ to fo rm S%+,. 
Note that  S~ = is not  s table under  our  condi t ions  according  
to the  data  of  G iggenbach  (5, 6) (Table I). It  is p lausible  
that  s o m e  Sad is desorbed  as Sff as in the X~ = 1 
electrolyte.  

The goal of  the  present  analysis is to obtain  a relation- 
ship for O/Oo analogous  to Eq. [15]. Conserva t ion  of  sites 
requires  that  

1 = OOH- + Os= + Os + Ov [21]  

where  we have  used  Ov to indica te  the  fract ion of sites 
that  are vacant.  In  the  analysis, OoH- and Os~ are elimi- 
nated by the  t h e r m o d y n a m i c  def ini t ions of  K, and K2, re- 
spectively.  The  h igh  stabili ty of the  sys tem (Table II) 
justif ies the  app rox ima t ion  that  the  rate of  hole  transfer,  
Eq. [8], equals  the  photocur ren t ,  jp. In  t e rms  of the  rate 
l imit ing step, Eq. [19], we have  

j ,  = k~L Os" [22] 
n 

where  n is the  n u m b e r  of  S a toms and ka is the  rate con- 
stant. The resul ts  of  combin ing  Eq. [16]-[19], and Eq. [21] 
and [22] is 

0 ( njp ~ 11,~ [23] 
Oo - 1 - ka / 

where  Oo is the  coverage  at zero photocur ren t .  Its value  is 
g iven  by 

K2(SH-)(OH-)  
Oo = [24] 

1 + K2(SH-)(OH-)  + K, (OH-)  

By suitable a lgebraic  manipula t ion ,  Eq. [23] can be writ- 
ten, for low coverage  

in O ~ In Oo - jp [25] 

Plots  of  the  expe r imen ta l  data accord ing  Eq. [25] wi th  
n. = 1 were  shown  in Fig. 3. 

The mos t  impor t an t  observa t ion  is that  the  constant  
s lopes in Fig. 3 and 4 are rat ionalized by means  of Eq. 
[25], t he reby  suppor t ing  the  ra te -de te rmin ing  step in Eq. 
[19]. In  the  rev ised  mechan i sm,  a role of  O H -  concentra-  
t ion is sugges ted  in Eq.  [16], [17], and [20]. Equat ion  [24] 
predicts  that  Oo will  be  max ima l  at a certain [OH-]  and 
that  e lect rode stabil i ty will d e p e n d  on pH.  The deleteri- 
ous effect of  too-high  (OH-)  wou ld  p robab ly  be mos t  no- 
t iceable  when  large S, = po lymers  domina t e  in the  electro- 
lyte. P re l iminary  f latband potent ia l  data  (20) show that  
there  is less nega t ive  charge  on the CdSe  surface in elec- 
t rolytes r icher  in sulfur  bu t  with cons t an t  O H -  composi-  
tion. This could  m e a n  that  O H -  compe te s  bet ter  wi th  
larger S, = species.  It  fol lows that  less adsorbed  sulfide 
means  lower  stabil i ty because  OHad- is not  efficiently ox- 
idized by i l lumina ted  CdSe. 

Having  p resen ted  our data  and analysis,  it is impor tan t  
to compare  our  results  wi th  those of  prev ious  studies. 
Most  notable  is the  work  pe r fo rmed  by the  groups at the  
Weizman Ins t i tu te  in Israel. In  many  ways, our  data  sup- 
ports and ex t ends  these  invest igat ions.  Hodes  (9) has re- 
cent ly  r ev iewed  pho toe lec t rochemis t ry  in polysulf ide 
electrolytes.  

The Weizman groups  have cons idered  a n u m b e r  of  pro- 
perties,  inc lud ing  pho tocur ren t  decay  unde r  stat ionary 
condit ions,  effects  of  e lectrolyte  composi t ion ,  and kinet ic  
mode l ing  (21). Our  exper iments  genera l ly  differ in two 
ways. We used  a lower  r ange  of  sulfide concent ra t ion  and 
a rota t ing electrode.  In  addit ion,  we t r ied to obtain more  
detai led quant i ta t ive  data  relat ing to corros ion rates and 
surface coverage.  

Our kinet ic  mode l  follows f rom the  der ivat ions  g iven  
earlier (1,4) concern ing  one-equiva len t  nonadsorb ing  
reduc ing  agents.  We assume  that  the  corros ion current  is 
second order  in hole  concentrat ion.  This  was p roven  by 
means  of the  concen t ra t ion  d e p e n d e n c e  of  the  stabiliza- 
t ion eff iciency for the  CdSe  elect rode us ing  the iron cya- 
nide electrolyte.  We also assume that  the  oxida t ion  of ad- 
sorbed sulfur is two equivalent .  In  both  of  these  respects ,  
we differ f rom Tenne  et al. (21). The  first-order corrosion 
react ion p roposed  in Ref. (21) is k n o w n  to lead to photo-  



1654 J. Electrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  July 1985 

current-independent stability as long as diffusion control 
is avoided. In our results and those of Tenne et al., the 
photocurrent level exerts a strong influence on the 
stability. 

Siberstein and Tomkiewicz (23) found then that both 
CdS and CdS~Sel_x are formed as corrosion products on 
stationary electrodes. These corroded surfaces were 
formed in 30-day experiments with initial photocurrents 
of - 50 mA/cmL These conditions are quite different from 
ours. We used much lower photocurrents, short times 
(< lh), and rotating electrodes. In addition, according to 
Ref. (23), electrodes aged in the dark did not show Se/S 
exchange. While we cannot rule out the CdS~SeI_.~ sur- 
face composition, the finding of the above authors does 
not necessarily mean such mixed compounds were 
formed in our experiments.  We can add that the energy 
level for hole conduction in CdS~Se~_~ will be more 
closely matched to that of CdS. The stabilization 
efficiencies reported here would be lowered to the extent 
that CdSexSl_~ replaced CdS. 

It has been reported that an opt imum stability obtains 
for a sulfur/sulfide ratio of about 1.3 or 2 (9). Our data do 
not show such a trend. As Fig. 6 indicates, the stability, as 
measured by the photocurrent  half-life, increases and ac- 
celerates as Xs approaches 4. Since the value of 1.3 
matched the opt imum in the known rate of sulfur dissolu- 
tion, it was concluded previously (9) that removal of ele- 
mental sulfur controls the photocurrent  decay. This may 
be true for certain stationary conditions, but this conclu- 
sion cannot be made from our results. It is reasonable 
that the dissolution of adsorbed sulfur occurs at a faster 
rate at the RDE because of the effective stirring rate. The 
enhancement of stability by increasing the sulfur content 
of the electrolyte (Fig. 6) may be related to the dissolution 
rate of sulfur. The argument is based on the fact that, if 
the rate of removal of adsorbed sulfur is increased, a 
greater steady-state coverage of sulfide should result. 
The effect of Xs on the dissolution rate of sulfur has been 
reported (24). It was found that sulfur dissolved more rap- 
idly as Xs increased to - 4.0 [see Fig. 7, Ref. (24)]. This 
known behavior explains the results in Fig. 6. Our calcu- 
lations in Table I, therefore, indicate that larger polymer 
species such as $4 = and S (  may be most effective in 
removing dissolved sulfur. Considering the nonpolar 
character of sulfur, it is not too surprising that increasing 
the sulfur content of the ions in solution promotes faster 
dissolution. On the other hand, there may be special sta- 
bility associated with a certain size polymer which is 
formed by addition of sulfur from the electrode surface to 
an existing favorable polysulfide species in the 
electrolyte. 

Since the free energies of formation of the polysulfide 
species differ by - 1 kcal-mol (8), we expect the changes 
in thermodynamic redox properties for different compo- 
sitions to be small. 

The effect of electrode potential on stability is an inter- 
esting one. We have already observed the effect on the 
n-CdSe/iron cyanide system (26) using the rotating ring- 
disk corrosion competit ion method. An effect of voltage 
on stability of CdSe in sulfide electrolytes was described 
earlier (22). At negative potentials and constant light in- 
tensity, lower photocurrent  and, thus, higher stability are 
obtained. Our effect of voltage is different because we ad- 
justed the light intensity to keep the photocurrent level 
constant. Therefore, another voltage effect was observed 
in our results. 

Two possible explanations for the present case are the 
following. It is reasonable to expect that adsorbed sulfur 
is present  o'n the surface as a reaction product. If the 
steady-state coverage with sulfur could be lowered, then 
the stability of the electrode should increase because 
more sulfide can be adsorbed. If part of the adsorbed sul- 
fur is electrochemically reduced to sulfide and desorbed, 
by the preceding argument the stability should increase. 
The extent of the reduction of sulfur should depend on 
the cathodic voltage in agreement with the observations. 

Alternatively, we can explain the data in Fig. 7 by in- 

voking a recombination mechanism. It has been sug- 
gested (25, 26) that if corrosion intermediates such as 
(A �9 B) * can function as recombination centers, then their 
steady-state concentration will depend upon the concen- 
tration of electrons, ns, at the surface. Higher cathodic 
bias means higher n~ and less (A �9 B)* and lower corrosion 
rate. Without additional detailed analysis, we cannot de- 
cide which model  is correct. But if the recombination 
mechanism is correct, it appears from the quantity Vo* 
- Vc that the energy level of the recombination center de- 
pends on concentration of sulfide. It is clear that the 
recombination effect on stability is not unique to systems 
with adsorbed redox species. 

Summary 
It has been shown that, by recognizing the electronic 

properties of substrate and corrosion layer, the photo- 
current decay can be used to obtain information about 
the corrosion properties of semiconductor electrolyte sys- 
tems. Because of the complexity of the system, detailed 
models had to be applied. A tunnel model for hole 
photocurrent was combined with the relation for stabili- 
zation efficiency to determine a quantity proportional to 
sulfide surface coverage. It was shown that such cover- 
age data behaved, with respect to concentration, as ex- 
pected on the basis of a general adsorption isotherm. The 
dependence of the coverage on current density was also 
investigated. The results indicated that the coverage was 
quite low for the current densities and concentrations 
used. This is not unexpected,  since we designed the ex- 
perimental conditions so that relatively fast decays would 
be observed. Our data suggest that one to two mono- 
layers of corrosion product are sufficient to allow appli- 
cation of the tunnel model for hole current. Electrode 
potential and electrolyte composition have major influ- 
ences on the electrode stability. Higher sulfur ratios and 
more cathodic voltages enhance the stability. While de- 
tailed modeling has led to the stability data, exact inter- 
pretation in terms of a kinetic mechanism has not been 
done. However, we were able to conclude that the stabil- 
ity of a rotating CdSe electrode is determined by a chemi- 
cal process probably involving surface adsorbed sulfur. 
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ABSTRACT 

The cathodic decomposit ion of InP is studied by cyclic voltammetry and in situ ellipsometry. During the hydrogen 
evolution, an indium-rich film grows on the surface of the semiconductor. Afterward, this film undergoes transforma- 
tions between oxidized and reduced forms following the electrode polarization. A theoretical model based upon a three: 
"InP/oxide or indium/electrolyte" or a four:"InP/oxide/indium/electrolyte" medium enables one to correctly interpret 
the ellipsometric data. 

An electrochemical modification of the surface of a 
semiconductor, say, n-type, can occur just  as well during 
an anodic reaction as a cathodic one. The former reaction, 
which will lead to the dissolution of the semiconductor or 
to the formation of an oxide on its surface, has been the 
most studied. These surface transformations, which can 
be usable, I for instance, in electronics--etching (1) or the 
preparation of a MOS structure (2)--are, on the other 
hand, disastrous in a photoelectrochemical cell (3). 

The cathodic reaction has mainly been used as a means 
to activate the semiconductor: for example, hydrogen 
coming from the reduction of the electrolyte can diffuse 
into the electrode and modify its properties. Concerning 
oxides, it is possible to enhance their conductivity (4) or 
to change their color (5). There have not been many stud- 
ies published on the cathodic decomposit ion of semicon- 
ductors. In this last case, it seems that the nature of the 
products of this decomposit ion depends on the particular 
bonding of the semiconductor. Thus, for covalent com- 
pounds such as Ge and Si, the surface will be covered 
with hydrids (7), while it will become metallic with II-VI 
compounds having a strong ionic character (6). A recent 
study (8) shows that the decomposit ion of III-V com- 
pounds also yields a deposit of the metallic element. It is 
noteworthy that for InP in an acidic medium the metal 
(indium) after anodic dissolution forms a passivating film 
which protects the semiconductor against corrosion. This 
last point indicates the possibility offered by this kind of 
reaction to modify in a useful manner  the surface of semi- 
conductors. This is particularly interesting for InP, as its 
use in optoelectronics (9) and in photoelectrochemistry 
(10) mainly comes from its surface properties. In situ 

methods are necessary to understand the mechanisms of 
such reactions. For instance, the ring-disk method can be 
useful in addition to cyclic vol tammetry (8). However, it is 
necessary that the products of the decomposit ion go into 
the solution so as to be detected at the ring. On the other 
hand, optical methods will be directly sensitive to any 
surface modification at any potential. Thus, in this way,_ 
Kolb et al. (11) have studied the decomposit ion of ZnO 
and CdS by electroreflectance. 

Here we present some results relating to cathodic 
modifications of InP using ellipsometry coupled with 
voltammetry. By this optical method we will see in partic- 
ular that the indium cathodic film transforms into an ox- 
ide whose behavior is different from that of the initial ox- 
ide. This could be interesting, as we know the nature of 
the oxide film greatly influences the performance of InP 
devices. 

Experimental Details 
The InP single crystals are (100) oriented and have an 

electron concentration of 2 x 10 TM cm -3. The face in con- 
tact with the electrolyte has been chemomechanically 
etched with a 1% bromine-methanol solution, warm meth- 
anol rinsed, and argon dried. An ohmic contact on the 
rear side of the electrode was made by an indium solder 
at 350~ in a hydrogen stream. 

Cyclic vol tammetry was done by means of a classical 
electrochemical setup already described (12). The electro- 
lytes were prepared with "millipore" purified water and 
chemicals were Merck Suprapur grade. They were 
purged by argon bubbling. A saturated calomel electrode 
(SCE) served as a reference for the potential applied to 
the working electrode. 
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The optical cell was a Plexiglas cylindrical vessel with 
quartz windows fixed to give an angle of incidence of 70 ~ 
at the mounted working electrode. The optical measure- 
ments were conducted with an automatic ellipsometer 
equipped with a He-Ne laser (632.8 nm). Data acquisition 
was made for 15 rev of the rotating analyzer, which ro- 
tates at 15 rev/s, hence averaged over ls. The time interval 
between two measurements was 12s. 

Just  after etching and prior to any polarization, we de- 
termined by ellipsometry the thickness (d) and the optical 
index (n) of an equivalent layer lying on the surface of the 
samples (1.6 < n < 2.0 and 1.5 < d < 4 rim). These values 
were calculated with the aid of a one-layer model, by con- 
sidering this layer as transparent (k = 0) and by taking n 
= 3.535- i 0.308 (13) for the index substrate. With respect 
to ellipsometry, the equivalent layer takes into account 
the residual oxide (14), the carbon contamination (15), and 
all the surface imperfections (16). 

Resul ts  
For a better understanding of the phenomena concern- 

ing the basic electrolyte, electrochemical and ellipso- 
metric results are presented separately. 

Electrochemistry.--Figure 1 illustrates the electrochemi- 
cal behavior of InP at pH 10. Three points are typical of 
this behavior. 

1. There is one domain of potential (Fig. la) ~n which 
the current is stable and does not present any oxidation 
or reduction peaks. On the anodic side, this domain is 
limited by the beginning of oxidation; the corresponding 
potential is VA = -0.1V. The cathodic limit, Vc = -1.35V, 
located in the domain of the onset of hydrogen evolution, 

( a )  +1 
_~ , �9 _o 1 

I ~ E~ (c) t 
I J I D  . . . . . . . . . . .  " t i 

~oE ;, :  ' 01 
/ ,  , j .l 

�9 ~ �9 

"1~ : (e) 

i n  

ii 
ii 
i 
i 

-1.5 -1.0 -0.5 
p o t c n t ' i a [  (V/S.C.E)  

Fig. 1. I-V voltammograms of InP in aqueous medium, p H 10 (buffered 
solution: H3BO3, KCI, NaOH); voltage sweep: 10 mV s -L  a: Continuous 
polarization between VA = - 0 .  I V  and Vc = - 1.35V. b: First potential 
excursion at VH: = - 1 . 5 0 V  followed by the immediate anodic (solid 
line) and cathodic (broken line) scans, c: Two "VA - VH~ "cycles ob- 
tained in a time interval of 30 mn; initial (solid line), final (dot-dash) 
llne. d: The electrode potential is kept 2 rnn at VH~; initial cycle (solid 
line), final cycle (dotted line), e: Quasireversible "VA - Vc" cycle ob- 
tained after c and d and after stabilization (see text). 

is such that no peak exists during the following anodic 
scan. 

2. As soon as the electrode polarization reaches poten- 
tials more cathodic than Vc, a well-defined oxidation 
peak appears on the next anodic scan (Fig. lb). After this 
peak, the current intensity remains almost constant until 
VA. The next forward scan (anodic to cathodic) also be- 
comes marked by a reduction peak (dashed line) located 
just before strong hydrogen evolution sets in (Fig. lb). 

From this point, I-V voltammograms always keep the 
same shape on condition that the cathodic limit remains 
more negative than Vc. An increase in either cathodic or 
anodic current only takes place after a larger number of 
scans (Fig. lc) or if the working electrode is held at a po- 
tential less than Vc (Fig. ld). It should be observed that 
this rise is more marked when the cathodic potential is 
more negative. However, the evolution of hydrogen 
which perturbs the optical measurements restricts the 
cathodic potential to around V~ z = -1 .50V.  

3. This last point concerns the existence of a quasi- 
stable cycle (Fig. le). As for the one described in point 1 
above, it is l imited by VA and Vc, but the current now 
presents two peaks, one of oxidation and one of reduc- 
tion. 

The stability of this cycle necessitates several potential 
scans during which the current diminishes. On the other 
hand, the form and the position of the two peaks remain 
unchanged. 

Ellipsometry.--The surface modifications lead to a vari- 
ation of the two ellipsometric parameters T and A (15). 
Their evolution, which occurs during the various electro- 
chemical polarizations (Fig. 1), has been drawn in the (~, 
A) plane (Fig. 2). 

Along with the electrochemical measurements dis- 
cussed above, three other types of behavior can be 
distinguished. 

1. During this first cycle, the (~, A) variations are small 
and the corresponding Ao point stays near the one ob- 
tained initially with InP covered with its residual layer. 

2. When the potential becomes more negative than Vc, 
one observes an appreciable change of A, Ao moving to- 
wards the B1 point (solid curve). This rise is especially 
strong, as the thickness of the equivalent layer is large. 
The return to the anodic potential VA brings back the (T, 
A) point to the vicinity of Ao, slightly above it (A1). In a 
more and more distinct manner, this phenomenon hap- 
pens again during the running scans, the point Aj always 
being located above the point Aj_I. It is noteworthy that 
now after the first cathodic scan, the major part of the 
variation of A(Aj_ 1 - Bj) occurs with the reduction peak. 

Finally, holding at potentials more cathodic than Vc 
leads not only to a rise of A, but also to one of ~. In the re- 
verse (anodic) scan, the corresponding point Aj§ is lo- 
cated much further on Aj than the one obtained in a non- 
stop cycle. 

3.The quasi-stable electrochemical cycle (VA - Vc ) de- 
scribed in Fig. le  gives ellipsometric results (upper 

(deg) 

4.5~ 

z,.2 

h.l 

70 75 80 h(deg) 

Fig. 2. Observed changes in ~ and A during electrochemical cycles as 
described in Fig. 1. The points indicated (Ao, B1, A1 ,..., Aj) label specific 
steps in the process. 
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d a s h e d  curve,  Fig. 2), w h i c h  also r equ i r e s  a m i n i m u m  de- 
lay of  s c a n n i n g  to be  s table .  No te  t h a t  t he  (~, 4) va lues  of  
the  ex t r emi t i e s  of t he  cycle are d i f f e ren t  f rom those  at- 
t a i n e d  w h e n  po la r i z ing  b e y o n d  Vc. 

Discussion 
The  resu l t s  as a who le  give e v i d e n c e  of  a su r face  t r ans -  

f o r m a t i o n  of  t he  s e m i c o n d u c t o r  w h i c h  occurs  d u r i n g  t he  
r e d u c t i o n  of  t h e  so lvent .  K e e p i n g  in m i n d  w h a t  was  re- 
ca l led  in  t h e  i n t r o d u c t i o n ,  we  wilt s u p p o s e  t h a t  t he  cath-  
odic  d e c o m p o s i t i o n  of  I n P  leads  to a su r face  r ich  in in- 
d ium.  The  pos i t i on  of  t he  po ten t i a l  of  decompos i t i on ,  
loca ted  j u s t  b e l o w  t he  c o n d u c t i o n  b a n d ,  t h e r m o d y n a m -  
ically' a l lows (3) t he  fo l lowing  reac t ion  

I n P + 3 e - ~ I n  ~ + P 3 -  

w i t h  the  p3 -  go ing  in to  so lu t ion  as PH3 (17a). Note  t h a t  a 
s imi la r  d e c o m p o s i t i o n  m e c h a n i s m  was  p r o p o s e d  for 
GaAs  (17b). 

A p r i m a r y  i n t e r p r e t a t i o n  of  t h e  e l l i p somet r i c  da ta  can  
b e  m a d e  t h r o u g h  a s i m p l e  m o d e l  b a s e d  u p o n  th r ee  me-  
dia: subs t ra te / l ayer /e lec t ro ly te .  Two cases  e m e r g e  w h e n  
t he  layer  cons i s t s  of  ox ide  or  of  i n d i u m .  Curves  l abe led  
Oxi a n d  Ox~ c o r r e s p o n d  to a t r a n s p a r e n t  ox ide  l a y e r  for  
w h i c h  t he  r e f rac t ive  i n d e x e s  are,  r espec t ive ly ,  equa l  to 1.6 
a n d  2.0. The  c u r v e  l abe l ed  (In) c o r r e s p o n d s  to an  i n d i u m  
layer  on  I n P  h a v i n g  a n  i n d e x  va lue  of  n = 1.44-i 2.8 (18). 

The  c h a n g e  f r o m  t h e  Ox curve  to t h e  In  cu rve  necess i -  
t a tes  a m o r e  c o m p l e x  model ,  one  e i t h e r  t h e  s a m e  as above  
w i th  t he  i n t e r m e d i a t e  layer  c o m p o s e d  of  a m i x t u r e  of  ox- 
ides and  indium,  or a four-media model: In_P/oxide/indium/ 
electrolyte ,  w h e r e  t he  r e spec t ive  pa r t  of  ox ide  a n d  i n d i u m  
can  b e  e x c h a n g e d .  T h e s e  va r ious  m ode l s ,  c o n s i d e r i n g  t h e  
smal l  t h i c k n e s s  involved ,  give s imi la r  resul ts .  I n  t he  fol- 
lowing,  our  ana lys i s  uses  t he  las t  mode l ,  w h i c h  seems  the  
m o r e  accu ra t e  to  d e s c r i b e  the  sur face  t r a n s f o r m a t i o n s  of  
InP .  The  va r i a t i ons  of  �9 a n d  h ca lcu la ted  f rom this  m o d e l  
are r e p o r t e d  in  Fig. 3. Curves  ly ing  b e t w e e n  "Ox"  a n d  
" I n "  r e p r e s e n t  a g r o w t h  of  i n d i u m  u p o n  ox ide  fi lms of 
d i f fe ren t  t h i c k n e s s e s .  No te  t h a t  t h e  cho ice  of  our  theore t i -  
cal m o d e l  is, a posteriori, jus t i f ied  as all t h e  e x p e r i m e n t a l  
va r i a t i ons  of �9 a n d  ~ r e m a i n  in a n  a rea  l imi t ed  b y  t he  
" O x "  a n d  " I n "  curves .  

In  o rde r  to  ge t  a b e t t e r  co r re l a t ion  b e t w e e n  t h e  e lhpso-  
me t r i c  a n d  t h e  e l e c t r o c h e m i c a l  behav io r ,  i t  is i n t e r e s t i ng  
to e x p r e s s  t he  va r i a t i ons  of  ~I, a n d  h in  t e r m s  of t h e  ap- 
p l ied  po ten t i a l  V (Fig. 4a a n d  4b). 

In  t h e  course  of  t he  first s can  at po t en t i a l  smal le r  t h a n  
Vc, t h e  large  e l l i p somet r i c  var ia t ion ,  w h i c h  essent ia l ly  
c o n c e r n s  A ( t h r o u g h  a rise), i n d i c a t e s  t h a t  a su r face  
mod i f i ca t ion  h a p p e n s  at  t he  s a m e  t i m e  as h y d r o g e n  
evolves .  Our  e x p l a n a t i o n  is t h a t  t he  su r face  grows  r i che r  
in  i n d i u m .  W h e n  r e t u r n i n g  to pos i t i ve  po ten t ia l s ,  t he  de- 
c rease  of  h w h e n  t h e  c u r r e n t  b e c o m e s  anod ic  (peak) 
s h o w s  an  o x i d a t i o n  of  t h e  " ca thod i ca l l y  ac t iva ted"  sur- 
face. D u r i n g  t h e  fo l lowing  nega t ive  scans ,  t he  s t rong  in- 
c rease  of h b e g i n s  w i th  a po ten t i a l  m o r e  anod ic  t h a n  t he  

3 2 I 0 
u Ox / (  1.8 ) / ~ , / 

(d.g: / .'"'" < " ' ~  dox ~ "'" ,"" ~" 
�9 -" 04 / / 

/ ,,'o.z "" /o.~ / _  

t 3 / " 

~.2 / "  

7'O 7'1 , �9 0.,3 75 ~'o h (de~} 

Fig. 3. Ellipsometric models. Solid curves are relative to the three- 
layer model: oxide or indium of constant index on InP. Dashed curves 
represent the four-layer model in which indium grows on InP covered 
with oxide of constant thickness. 

n - I n P  

V 
(deg) 

~5 

~2 

= 

~" , ,  %... 
I / " , ,  

"-'---_A 

-lls Vc -1:0 -0:s ~. 

poten t i a l  ( V/S.C.E } 

1657 

A 
:degJ 

71 

70 

u 
(deg} 

z,.9 

4.5 

A 
{deg) 

75 

72 

v c vA 
-1.5 -I.D -{15 0 

p o t e n t i a l  (V/SC.E)  
Fig. 4. Variations of ~" ond • with the applied potential. Top: During a 

complete potential sweep (solid line) and after a hold on atVH2 (dashed 
line). Bottom: During the '~'A - Vc" cycle of Fig. 1. 

p r e v i o u s  " ac t i va t i on"  po ten t i a l  (Fig. 4a). This ,  a d d e d  to 
the  e x i s t e n c e  of  a ca thod ic  c u r r e n t  peak ,  shows  t h a t  in- 
d i u m  n o w  is f o r m e d  f rom the  r e d u c t i o n  of t he  ox ide  pre- 
v ious ly  fabr ica ted .  

I f  t he  po la r i za t ion  b e c o m e s  m o r e  nega t ive ,  a n e w  in- 
c rease  of h occu r s  w h i c h  is s imi la r  to t h e  one  o b s e r v e d  in  
the  first scan.  He re  t he  f o r m a t i o n  of i n d i u m  c o m e s  f rom 
the  d e c o m p o s i t i o n  at  one  and  t h e  s a m e  t ime  of  t h e  re- 
m a i n i n g  ox ide  a n d  of t h e  subs t ra te .  

La te r  on, t he  a m o u n t  of  i n d i u m  will  i nc r ea se  at  each  
ca thod ic  sweep  j u s t  as does  t he  ox ide  at  the  n e x t  anod ic  
scan. A n  ampl i f i ca t ion  of th i s  p h e n o m e n o n  a p p e a r  w h e n  
t he  e lec t rode  is m a i n t a i n e d  at  m o r e  ca thod ic  po ten t i a l s  
(Fig. 4a). 

T h e  quas i - s t ab l e  cycles  (Fig. 4b) o b t a i n e d  a f te r  severa l  
scans  b e t w e e n  VA a n d  Vc, w i t h o u t  t h e n  r eac t i va t i ng  t he  
e lec t rode ,  are easi ly  e x p l a i n e d  by  an  o x i d a t i o n  r e d u c t i o n  
of t he  i n d i u m  film. The  quas i  equa l i ty  of t he  e lectr ical  
cha rges  r e q u i r e d  for the  reac t ions ,  a n o d i c  as wel l  as cath-  
odic, i nd ica t e s  t h a t  t he re  is no  i n d i u m  d i s so lu t i on  in th i s  
bas ic  e lec t rolyte .  O n  t he  cont rary ,  s u c h  a d i s so lu t i on  oc- 
curs  in  an  acidic  m e d i u m  (8). The  d i spa r i t y  in  m a g n i t u d e s  
b e t w e e n  t h e s e  cycles  a n d  t h o s e  go ing  to t he  decompos i -  
t i on  impl ies ,  on  t he  one  h a n d ,  a lesser  i m p o r t a n t  th ick-  
ness  of i n d i u m ,  in a c c o r d a n c e  w i th  a n  u n r e a c t i v a t e d  elec- 
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trode, and, on the other hand, an oxide layer remaining 
below the metallic layer. This last remark means the re- 
duction of the oxide due to a potential scan as far as VA is 
not fully achieved. 

The last point of this discussion concerns the nature of 
the oxide grown from the cathodic metal film. To answer 
this question, electronic spectroscopy techniques, unfor- 
tunately ex situ, such as ESCA, XPS, etc., will be re- 
quired. However, the following observations already give 
one some ideas about this oxide. 

First, it is different from the oxide which initially exists 
on the surface of InP after etching and being in contact 
with electrolyte. This is simply proved by the absence 
(Fig. la) and the presence (Fig. lb) of one reduction peak. 
From its electrochemical and ellipsometric behavior, it is 
also different from the anodic oxide grown in this electro- 
lyte at potentials slightly higher than V,. In  general, these 
oxides are composed of indium and phosphorus-mixed 
oxides, especially when thicknesses are smaller than 30• 
(19). Here, on the contrary, indium is the predominant  ele- 
ment  as the oxide is grown from an indium-rich surface. 

The composit ion of this oxide would, therefore, be 
close to that of IntO3 and most likely under  a more or less 
hydrated form as In (OH)3. This is supported by the disso- 
lution of this oxide in an acidic medium. 

Conclusion 
For the entire body of results, good agreement is found 

between ellipsometric and electrochemical measure- 
ments. Ellipsometry confirms a cathodic decomposition 
of InP and follows in situ, the oxidation and the reduc- 
tion of the film coming from this decomposition. Fur- 
thermore, this optical technique gives information on the 
nature of the various films which cover the electrode. 

This work once again shows the utility of using electro- 
chemical reactions to modify the surface of semiconduc- 
tors. Thus, with InP  we were able to transform the resid- 
ual layer into an indium-rich one, this latter being 
oxidized or reduced according to the applied potential. 
An extension of this process to other media, especially 
acidic, would offer the possibility of getting surfaces of 
various compositions. 
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A B S T R A C T  

Using  an in situ corona d ischarge  ion current  source  d i rec ted  to the  front side of  oxid iz ing  sil icon wafers,  the  effect 
of  the  electr ic  field i nduced  in the  ox ide  on the  back side of  the  wafers  was studied.  Oxidat ion  e n h a n c e m e n t  was found 
to occur  w h e n  the  surface of  the  ox ide  was posi t ive  re la t ive  to the  silicon. No e n h a n c e m e n t  or a sl ight  re tardat ion 
occurred  for the  oppos i te  s ign of  field. This is exact ly  oppos i te  to the  effect found  by J o r g e n s e n  (1), wh ich  has been  
t raced to his use  of  p la t inum elect rodes ,  in that  the  p resence  of the  p la t inum dramat ica l ly  influences the  g rowth  rate of  
the  SiO2 via  the  fo rmat ion  of  an in t e rmed ia t e  phase  of  p l a t inum silicide. The  results  and analysis p resen ted  here  suppor t  
the theory  that  neut ra l  02 is the  diffusing species in the  the rmal  oxida t ion  of  silicon. 

In  the  early 1960's, Jo rgensen  (1) descr ibed  an experi-  
m e n t  where in  porous  p la t inum elect rodes  were  appl ied to 
a si l icon sample  wh ich  was subsequen t ly  oxidized. He 
found that  the  ox ida t ion  rate could be  enhanced  or re- 
t a rded  d e p e n d i n g  upon  the s ign of  dc current  flow 
th rough  the  electrodes.  When the  Si was at a posi t ive po- 
tent ia l  with respec t  to the  electrode,  the  oxida t ion  rate 
was enhanced,  and w h e n  it was at a nega t ive  potent ia l  
wi th  respect  to the  electrode,  the  rate was retarded.  Based  
on this resul t  and the  results  of  a pe rmea t ion  expe r imen t  
(2) also uti l izing P t  electrodes,  J o r g e n s e n  (1-4) deduced  
that  a negat ive ly  charged oxygen  species  was the  ox idan t  
and p r e s u m e d  that  02 f rom the  gas phase  en te red  the  SiO2 
and therein acqu i r ed  a negat ive  charge.  Similar  results  
were  observed  a few years later by Laver ty  et al. (5), 
a l though their  conclus ions  differed f rom those  of  
Jo rgensen .  These  findings were  at var iance  wi th  the  
f indings of Deal  and Grove  (6) and Doremus  (7), whose  
work  suppor ted  a neutra l  ox idant  model .  Rale igh (8, 9) 
also crit icized the  conclus ions  of  J o r g e n s e n  and provided  
an al ternate  exp lana t ion  for the  expe r imen ta l  results  
which  was based  on the  superpos i t ion  of  an electrolytic 
decompos i t ion  react ion at the  Si/SiO2 interface  and the  
normal  oxida t ion  reaction.  He  also showed  that  no sus- 
ta ined  oxida t ion  was possible  wi thou t  e lec t ron flow in an 
external  c i rcui t  c o n n e c t i n g  the  s i l icon and the  P t  elec- 
trode, s ince any nonohmica l ly - induced  field wou ld  be 
cance led  by charge  redis t r ibut ion  wi th in  the  SiO2. 

An even  more  s t r iking var iance  wi th  o ther  ox ida t ion  re- 
sults  was that  J o r g e n s e n  (1) and Laver ty  et al. (5) found 
the  oxida t ion  rate to be  parabol ic  no mat te r  whe the r  the 
current  was posi t ive,  negat ive,  or zero; i.e., no l inear  oxi- 
dat ion region was observed.  In  recent  years, this type  of  
total ly parabol ic  ox ida t ion  behavior  has been  associated 
with  the  ox ida t ion  of  si l icon via an in te rmedia te  meta l  sil- 
icide layer (10), and theoret ical  analysis  of  oxida t ion  un- 
der  such condi t ions  indicates  w h y  this behav ior  occurs 
(11). Thus one  migh t  suspec t  that  perhaps  Jo rgensen ' s  P t  
e lect rodes  were  deposi ted ,  in part,  on  Si wi thou t  an 
in te rvening  SiO2 layer and that  his data  related to oxida- 
t ion via an in t e rmed ia t e  p la t inum sil icide layer. S ince  this 
is such an impor t an t  issue in the  fundamenta l  under-  
s tanding  of  s i l icon oxidat ion,  the old expe r imen ta l  data 
need  to be r e e x a m i n e d  and new expe r imen ta l  ev idence  
generated.  The  purpose  of  the  p resen t  paper  is to p rov ide  
such n e w  expe r imen ta l  data so that  this issue can be put  
to rest. 

In a c o m p a n i o n  paper  (12), ox ida t ion  e n h a n c e m e n t  via 
the  use  of  low energy  oxygen  ion beams  in a neutral  oxy- 
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gen ambien t  was s tudied  for the in te rmedia te  tempera-  
ture  range 600%950~ With this n e w  t e c h n i q u e  (13), no P t  
e lectrodes  need  be p laced on the  wafer,  as a constant-  
current  ion b e a m  is genera ted  via a corona discharge be- 
tween  a P t  need le  and a Si wafer  located -0 .5  cm f rom 
the  needle  tip. Oxida t ion  on the  front  side (FSO) of  the  
wafer  involves  e n h a n c e m e n t  effects f rom both oxygen  
ions and the  associa ted electric field, and this has already 
been  repor ted  on (12). Oxidat ion  o n  the  back  side of  the  
wafer  (BSO) involves  e n h a n c e m e n t  effects  only f rom the  
electr ic  field associa ted  with  the  cur ren t  flow, and these  
resul ts  will  be r epor t ed  upon  here. S ince  our  observat ions  
were  exact ly  oppos i te  to those  r epor t ed  by Jo rgensen  
(1-4), we wen t  on to exp lore  the  effects  of  P t  contamina-  
t ion on Si oxidat ion,  and those  resul ts  are also presen ted  
in this paper.  

Experimental 
Techniques.--The expe r imen ta l  appara tus  and protocol  

used  in the p resen t  s tudy  are ident ica l  to those  descr ibed 
previous ly  (12, 13). As can be  seen in the  inset  of  Fig. 1, 
the Si wafer  rests on a 2.5 in. d iam quar tz  substrate  (1.6 
m m  thick) the  bo t tom of which  is coated  wi th  a 2 in. 
diam, 1 t~m thick,  sput te r -depos i ted  layer  of  Pt. The  ent i re  
assembly  rests on a 0.002 in. P t  shee t  wh ich  is spot  
we lded  to a 0.010 in. P t  lead-in wire. This  ensemble  pro- 
v ides  electr ical  contac t  to the  Si sample  whi le  a l lowing 
back-side ox ida t ion  to occur. The quar tz  plate acts as a 
diffusion barr ier  be tween  the  P t  and the  Si, yet  the  elec- 
tr ical  conduc t iv i ty  of the  quartz  is sufficiently high at 
900~ to pass  a 10 tLA current  wi th  a vol tage drop of  less 
than  100V (15). This  is d e e m e d  acceptab le  because  it  is 
small  compared  to the  -1 -3  kV requ i r ed  to genera te  an 
oxygen  ion b e a m  current  of  10 t~A. 

Electric field effects on BSO.--The ox ide  th ickness  on 
the  back  sides of  the  wafers  was difficult  to measure  wi th  
high accuracy because  the wafers  were  usual ly  p laced  on 
the  expe r imen ta l  appara tus  wi th  the  unpo l i shed  sides of  
the  wafers ad jacent  to the  quartz  substrate .  This was nec-  
essary because,  i f  the  pol i shed  sides were  p laced against  
the  substrate,  it was very  difficult to r e m o v e  the  wafers  
after the  corona t r ea tmen t  wi thou t  b reak ing  them.  Appar-  
ently, the  wafers  s tuck  to the  quar tz  subs t ra te  (which was 
also pol i shed  flat) after the  corona t r ea tmen t  because  (i) 
the  oxygen  be tween  the  wafers and the  substrate  was 
expe l led  dur ing  the  corona t r ea tment  and (ii) the  wafers  
t ended  to form a weak  bond to the  substrate.  A l though  it 
was less desi rable  to s tudy  the unpo l i shed  surfaces, nu- 
merous  control  expe r imen t s  wi thou t  the  corona showed  
that  the  o x i d e  th icknesses  measured  on the  unpol i shed  
sides of  the  wafers  agreed with  m e a s u r e m e n t s  on the  pol- 
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Fig. 1. Illustration of the apparatus used for generating an ion beam. 
T h e  inset  s h o w s  a m a g n i f i e d  v i e w  of  the  ion b e a m  genera tor .  

i shed  s ides  to w i t h i n  a b o u t  2-5%. A n o t h e r  p r o b l e m  w i t h  
back- s ide  ox ide  t h i c k n e s s  m e a s u r e m e n t s  t a k e n  af ter  t he  
co rona  t r e a t m e n t  was  t h a t  the  wafer  su r faces  we re  some-  
w h a t  d i s r u p t e d  a t  t he  po in t s  of  e lec t r ica l  con tac t  to t h e  
quar t z  subs t ra t a ;  howeve r ,  i t  was  f o u n d  t h a t  a r e a s o n a b l y  
good  (_+10%) m e a s u r e m e n t  cou ld  be  m a d e  by  ave rag ing  
t he  resu l t s  of  6-12 e l l ipsomet r i c  m e a s u r e m e n t s  t a k e n  in  
b e t w e e n  t he  d i s r u p t e d  areas  at  3-6 sepa ra t e  loca t ions  on  
t he  wafers .  

Data  o b t a i n e d  for  S i ( l l l )  a t  900~ w i t h  I = - 5  a n d  - 1 0  
/~A are s h o w n  in Fig. 2. Desp i t e  t h e  o b v i o u s  n o n l i n e a r  ef- 
fect,  t he se  o x i d a t i o n  cu rves  show a s ign i f ican t  ox ida t ion  
e n h a n c e m e n t  a n d  are s een  to be para l le l  to t hose  for wa- 
fers ox id ized  u n d e r  the  s t a n d a r d  cond i t ions .  For  th is  s ign 
of  cur ren t ,  t h e  ox ide  sur face  on  t he  b a c k  s ide of  t he  wafer  
is pos i t ive  re la t ive  to the  Si. I n  Fig. 3, da ta  are p lo t t ed  for 
I = +5 /~A, w h e r e  t he  Si wafer  has  a pos i t ive  po ten t i a l  
c o m p a r e d  to t he  quar t z  plate.  In  th i s  case,  t he  r e su l t s  are 
f o u n d  to lie s l ight ly  b e l o w  t he  s t a n d a r d  d ry  O2 da ta  for 
900~ a l though ,  b e c a u s e  of  t h e  e x p e c t e d  sca t t e r  b a n d  of  
t he  B S O  data,  a f i rm c o n c l u s i o n  c o n c e r n i n g  a r e t a r d a t i o n  
effect  or a nu l l  e f fec t  does  no t  s eem to b e  just i f ied.  We 
no te  t ha t  t he se  r e su l t s  are  oppos i t e  in  s ign  to t hose  f o u n d  
b y  J o r g e n s e n  (1). 

Platinum effects.--In order  to a sce r t a in  w h e t h e r  or no t  
t he  s a m p l e s  ox id i zed  in our  a p p a r a t u s  we re  c o n t a m i n a t e d  
wi th  P t  f rom the  need le  or f rom t he  back-s ide  quar tz  elec- 
t r ical  con tac t  a t  a level  suff ic ient  to af fec t  the  ox ida t ion  
ra te  in  t he  e x p e r i m e n t s  of  Fig. 2 a n d  3, t h e  f ron t  s ides  a n d  
b a c k  s ides  of  s u c h  s a m p l e s  were  ana lyzed  w i th  Auge r  
e l ec t ron  s p e c t r o s c o p y  (AES), R u t h e r f o r d  b a c k  sca t t e r ing  
s p e c t r o s c o p y  (RBS),  a n d  s e c o n d a r y  ion  mass  spec t ros-  
copy  (SIMS). P t  p r e s e n c e  was  no t  i n d i c a t e d  u s ing  any  of 
t h e s e  t e chn iques ,  a n d  we c o n c l u d e  t h a t  poss ib le  P t  con- 
t a m i n a t i o n  was  at  too low a level  to h a v e  in f luenced  t h e  
ox ida t ion  rate. Th i s  c o n c l u s i o n  is s u p p o r t e d  b y  t he  fact  
t h a t  t he  BSO a n d  FSO  p r o c e e d e d  a t  t he  n o r m a l  ra te  for I 
= 0 .  
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Fig. 3. Comparison of back-side oxidation dot(] for < | ] | >-oriented 
wafers exposed to + 5 / ~ A  at 900~C to data obtained under standard 
conditions. 

To d e t e r m i n e  t h e  effect  on  Si o x i d a t i o n  for depos i t i on  
of  P t  o n  an  in i t ia l  SiO2 layer,  a n  e x p e r i m e n t  was  per-  
f o r m e d  w h e r e i n  -50A of P t  was  s p u t t e r  d e p o s i t e d  on  a 
S i ( l l l )  wafe r  a f te r  -300% of SiO2 h a d  b e e n  t h e r m a l l y  
g r o w n  at  900~ Af te r  o x i d a t i o n  for  0.5h at  900~ t he  P t  
f i lms were  o b s e r v e d  to "ba l l  up ,"  to  g ive  P t  i s l ands  
-500-1000~ in d iamete r ,  and,  a f te r  5h of  oxida t ion ,  m o s t  
of  t he  P t  i s l ands  d i s a p p e a r e d  l eav ing  on ly  smal l  spots  to 
reg is te r  t he i r  p r io r  loca t ions .  R B S  s p e c t r a  for  the  0.5 a n d  
5h s ta tes  c o n f i r m e d  t h a t  a 30% d e c r e a s e  in P t  s igna l  
o c c u r r e d  at  t h e  sur face  af ter  t he  5h ox ida t ion .  A l t h o u g h  
m o s t  of  t h e  P t  was  los t  to t h e  a m b i e n t  gas as a volat i le  ox- 
ide  af te r  5h, S I M S  ana lys i s  ~ s h o w e d  t h a t  suff ic ient  P t  h a d  
d i f fused  t h r o u g h  t h e  ox ide  to p r o v i d e  a P t  c o n c e n t r a t i o n  
of  - 5  x 10 '7 a t o m J c m  3 a t  t he  SJJSiO.~ in ter face .  

Af ter  e t ch ing  off  t he  sur face  Pt ,  t h e  ox ide  t h i c k n e s s  was  
m e a s u r e d  for va r ious  ox ida t i on  t imes  at  900~ To ac- 
c o u n t  for the  or ig ina l  ox ide  layer  t h i c k n e s s ,  l h  ha s  b e e n  
a d d e d  to each  of t h e s e  s u b s e q u e n t  ox ida t i on  t imes  to 
ar r ive  at  t he  to ta l  ox ida t i on  t ime,  a n d  t h e  da ta  are  p lo t t ed  
in Fig. 4. F r o m  Fig. 4, we see  t h a t  t he  P t  does,  in  fact, dra- 
mat ica l ly  e n h a n c e  the  ox ida t i on  ra te  ove r  w h a t  wou ld  
n o r m a l l y  occu r  at  900~ I n s t e a d  of  fo l lowing  a long  t he  
900~ s t a n d a r d  ox ida t i on  curve,  t h e  P t - coa t ed  s a m p l e s  
ox id ized  a t  an  acce le ra t ed  rate. The  back- s ide  oxides ,  
w h i c h  were  n o t  coa t ed  w i t h  Pt,  g rew at  t he  n o r m a l  rate. 

In  a n  add i t i ona l  e x p e r i m e n t ,  -50]~ of  P t  was  depos i t ed  
on  a S i ( l l l )  s u b s t r a t a  c o n t a i n i n g  on ly  a na t ive  ox ide  layer  
t ha t  h a d  b e e n  a r g o n  s p u t t e r  e t c h e d  for  1 m i n  to r e m o v e  
only  t he  sur face  mono laye r .  These  s a m p l e s  we re  t h e n  oxi- 
d ized  at  850 ~ a n d  900~ A p p a r e n t l y ,  t h e  na t ive  ox ide  layer  
was  t h i ck  e n o u g h ,  a n d  t he  P t  layer  t h i n  enough ,  t h a t  t h e  

' The SIMS work was carried out by Charles Evans and Asso- 
ciates (San Mateo, California). 
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Pt balled up into unreacted Pt  islands instead of reacting 
to form PtSi. It was observed that, for both T = 850 ~ and 
900~ the FSO was enhanced, while the BSO proceeded 
at the normal rate, indicating that physical contact is 
needed for the catalytic action of Pt  to influence the oxi- 
dation rate (see Fig. 5). 

SEM studies showed that the Pt balled up on the sur- 
face in the same manner as noted for the 300/~ thick ox- 
ide. Figure 6 shows depth profiles for Pt  and O '6 obtained 
using SIMS on a sample oxidized for 10h at 850~ with 
~50A of Pt  deposited on the native oxide. Here, one sees a 
classically shaped diffusion profile extending from the 
surface to the Si/SiO2 interface with the Pt  concentration 
increasing significantly at the Si/SiO~ interface. Appar- 
ently, the Pt  balled up into small islands which to some 
extent connected to PtSi in the early stages of the oxida- 
tion, thus producing the interface peak. 

To test the hypothesis that the deposited Pt  in the 
Jorgensen (1) and the Laverty et al. (5) experiments 
formed platinum silicide, the following experiment  was 
performed at 850~ in dry O2. After a standard chemical 
cleaning (13) and a 5 min sputter etch, ~1200/~ of Pt 
was sputtered onto the front side of a Si(111) wafer which 
had previously been cut into eighths and reassembled in 
the sputtering chamber. The samples were placed side by 
side in a diffusion furnace, and the eighths were removed 
for testing after different oxidation times. Just  prior to 
the oxidation step, a 20 rain anneal at 850~ in ultrahigh 
purity argon took place to facilitate the PtSi  formation. 

In Fig. 7, the results of the sputter-cleaned samples 
(open triangles) are plotted along with the "zero field" re- 
sults of Jorgensen (1) and of Laverty et al. (5) on a back- 
ground of standard oxidation data. In addition, data for 
oxides grown on Si with an intermediate layer of TaSi2 
and NiSi2 at 850~ have been included (24, 25). We note 
that our data, the TaSi~ and NiSi2 data, the Jorgensen (1) 
and the Laverty et al. (5) data, plus the standard 1200~ 
data, all exhibit  a slope of 1/2. In addition, all the 850~ 
data fall fairly close to one another. Further, we note that 
our back-side data fall at the expected location for a 
standard oxidation. 

Discussion 
Electric field dependence of oxidation enhance- 

ment .--On the back side of the wafer, a negative electric 
field is developed in the oxide as a consequence of a pos- 
itive ion beam incident on the front surface. In this case, 
we find that the oxidation enhancement  is either zero or 
slightly negative. For the opposite situation of a negative 
ion beam incident on the front surface, the resulting ox- 
ide field is positive and the oxidation enhancement  is 
strongly positive. 

Since no significant Pt  contamination of the Si 
samples from the experimental  apparatus was detected 
using SIMS, AES, and RBS, and the BSO and FSO pro- 
ceeded at the normal rate for the I = 0 case, we deduce 
that the observed electric field dependencies were not 
significantly influenced by Pt  contamination. 
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Fig. 5. Data obtained for <11 ] >-oriented silicon oxidized at 850  ~ 
and 900~ after an ~ 5 0 ~  Pt deposition on the native oxide. 
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850~ for 1 Oh with a sputter-deposited layer of platinum - 5 0 ~  thick on 
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Interpreting the Jorgensen experiments . - - In  his early 
work, Jorgensen stated that "platinum electrodes were 
sputtered on the silicon to a thickness of approximately 
2000/~ and the SiO2 layer was grown underneath the plati- 
num film" (4). This is an important point, in that 
Jorgensen's  interpretation of his results is based on the 
assumption that Pt films remain on top of the SiO~ layer 
and do not, in any way, affect the oxidation process. How- 
ever, Jorgensen's  experimental protocol outlined in the 
above quote and much of the experimental  data of this 
paper point to a mechanism involving oxidation via a 
platinum silicide layer which would have formed as soon 
as his samples were heated. 

In the last decade or so, the reaction of Pt thin films 
with silicon substrates has been extensively studied due 
to the importance of PtSi and PtSi~ as Schottky barriers 
and metallization interconnect materials in semicon- 
ductor technology (17, 18). This reaction is now known to 
become quite complicated, depending on experimental 
conditions such as purity of the starting materials, clean- 
ing procedures, thermal history of the sample, etc. In any 
event, we expect  that the Pt would have either reacted 
with the Si, remained on the surface, or both. The combi- 
nation of Jorgensen 's  data with those presented in this 
paper suggests that the results of Jorgensen's  experiment 
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gation to the oxidation data presented by Jorgensen and Laverty et al. 
Data for silicon, TaSi2, and NiSi2 oxidation under standard conditions are 
included for reference. 
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cannot be interpreted so as to deduce the identity of the 
diffusing species in the thermal oxidation of silicon. 
Since we have shown that the oxidation rate of silicon is 
increased via intimate contact with Pt, it is quite clear 
that the Pt electrodes were not inert, as was assumed by 
Jorgensen. This point is made rather dramatically by con- 
sidering the disparity between the currently accepted 
distinctly "nonparabolic" oxidation at 850~ and 
Jorgensen's  "parabolic" no-field growth rate. 

The dominant diffusing species in Si thermal oxida- 
tion.--It has been repeatedly shown by radioactive tracer 
experiments (20-23) that the diffusing species in the 
thermal oxidation of Si is oxygen and not silicon. One can 
rule out the possibility of either O ~ or 02 § as the dominant 
form, since the ionization energy of either species is too 
high (it exceeds the free energy of formation of SiO2), 
even though they could explain our BSO results. Hall (26) 
has suggested that the energy levels for oxygen ions in 
SiO2 can be estimated by considering their electron 
affinities in vacuum. Because the electron is attached by 
relatively short-range forces, Hall argues that the electron 
affinity will be only slightly reduced in the SiO2 lattice. 
Since the vacuum electron affinities for O and 0.2 are 
-1.7 and -0.4 eV (27), respectively, the energy of an elec- 
tron bound to either species should lie below the SiO2 
conduction band by an amount roughly equal to the elec- 
tron affinity. 

If Hall's assertion is correct, then the energy levels for 
both O and 02 ions would be located at a level considera- 
bly above the Fermi level in the St. The SiO2 conduction 
band lies about 4.2 eV (28) above the Si conduction band 
at room temperature, so the energy levels for O and 02 
would be above the Fermi level in the Si by 1.95 and 3.3 
eV, respectively. Hence we can conclude that it is 
thermodynamically unfavorable to form interstitial O-  
and O2- species by the transport of electrons or holes 
across the SiO2 layer to the SiOjgas interface. Such a pro- 
cess would require the charged carriers to flow against 
the gradients of their electrochemical potentials. Any ef- 
fects of the oxidizing temperature on the bandedges or on 
the electron energies are not expected to meaningfully al- 
ter this conclusion. 

From experiment,  neutral O2 diffusion through the bulk 
SiO2 layer is consistent with the linear pressure depen- 
dence of the parabolic rate constant, B, reported in the lit- 
erature (29, 30). The sublinear pressure dependence re- 
ported for the linear rate constant, B/A, is consistent with 
dissociation, and possibly ionization, of the 02 very near 
the Si/SiO2 interface (31, 32). Combined, this yields neu- 
tral 02 species diffusing through the bulk SiO2 (thickness 
~1300~) and subsequent  transformation to O or O-  at the 
edge of the Si/SiO~ interface blocking layer (33). 

Measured values of the total electrical conductivity, or, 
of SiO~ films grown on Si can also be used to support the 
proposal that neutral O~ is the dominant  diffusing species. 
Wagner oxidation theory predicts a value for the para- 
bolic rate constant, B, as given by (34) 

B kT f, lo ~ = ~r tion to~ d(ln Po~) [1] 
Noq ~" ozi 

where k is Boltzmann's  constant, No is the atomic density 
of oxygen in SiO~, q is the electronic charge, Po2 ~ and Po2 ~ 
are the O., pressures at the Si/SiO2 and SiOJO2 (gas) inter- 
faces, respectively, while t~o. and t~ are the transference 
numbers for ions and electrons, respectively. Evaluating 
this integral under  the assumptions that t~o~ and t~ are in- 
dependent  of the oxygen pressure and that O2- is the 
electrically active species (being consistent with the lin- 
ear pressure dependence for B), one obtains an expres- 
sion for B of the form 

B - kT o" r tlon tel 
Noq2 (Po2 ~ - Po2 i) [2] 

Using Wagner's (14) measured values of ~r ~ 3 X 10 -~~ 
f~-~-cm -~, tio, ~ 0.9, te~ ~ 0.1, and Po21 << Po~ ~ at 900~ one 
finds B(1 atm) ~ 1.2 x 10 .4 ~xm2/h, as compared to the 
measured value of B(1 atm) ~ 3.7 x 10-3 izm2/h (6, 29, 30). 

Since the calculated value of B is a factor of 30 smaller 
than the measured value, it seems unlikely that oxygen 
ions could sustain the oxidation reaction at the observed 
rate. 

Srivastava et al. (14) have also shown that o-T for SiO2 
grown on Si varies with the substrate doping for room 
temperature substrates in the 3.3-22 ~-cm range, whereas 
the oxidation rate does not, so a portion of the above- 
used value for ~rT comes from the substrate dopant and 
our value of B ~ 1.2 • 10 -4 ~m2/h is an overestimate. 
Thus, the disparity between the measured B and our ion- 
origin-calculated B may be ~ I(F. This calculation further 
supports the view that neutral 02 is the dominant oxidant 
during thermal oxidation. 

Conclusions 
1. Electric-field-enhanced oxidation occurs when the 

surface of the SiO2 is made positive relative to the silicon. 
No enhancement  or a slight retardation occurs for the op- 
posite sign of field. This is exactly opposite to the effect 
found by Jorgenson (1-4). 

2. The Jorgensen results cannot be used to deduce the 
identity of the diffusing species in the thermal oxidation 
of silicon, since the Pt electrodes were not inert as as- 
sumed but, rather, dramatically influenced the oxidation 
kinetics via PtSi formation, etc. 

3. A thermodynamic argument shows that it is energet- 
ically unfavorable to form interstitial O-  and/or 02- spe- 
cies by the transport of electrons or holes across the SiO~ 
layer to the SiOJgas interface. 

4. Based on 1-3 above, and the fact that the parabolic 
oxidation rate as calculated from the Wagner oxidation 
theory is much too low to sustain the observed oxidation 
rate, it is concluded that the dominant  oxidant during the 
thermal oxidation of Si is neutral 02. This conclusion 
applies strictly to oxides thicker than about 300,~, since 
the growth mechanisms for thin oxides are complex and, 
as yet, not fully understood. 
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The Influence of an Electrolyte on Impedance Characteristics in 
n-GaP Electrodes 

G. Nogami, R. Shiratsuchi, H. Nakamura, and H. Taniguchi 
Department of Electrical Engineering, Kyushu Institute of Technology, Tobata-ku, Kitakyushu 804, Japan 

ABSTRACT 

Impedance of n-GaP electrodes was measured by using a microcomputer-aided measuring system. Mott-Schottky 
plots were quite dispersive. Large frequency dispersion was ascribed to the interface state which was assumed to be 
formed as a result of corrosion. Charging and discharging of the interface states by ions in the electrolyte were deter- 
mined by charge transfer at the electrode-electrolyte interface and diffusion in the electrolyte, which could be character- 
ized by charge-transfer resistance R t and diffusion impedance Zw. Rt became predominant  at low ionic concentration. It 
is pointed out that the influence of an electrolyte must be taken into consideration in interpreting the impedance data 
of some kinds of semiconductor  electrodes. 

In developing suitable semiconductor electrodes for so- 
lar energy conversion, GaP electrodes have also been ex- 
tensively investigated by many workers (1-12). However, 
the long-term stability of the GaP electrode, especially of 
the n-GaP electrode to be used at an anodic mode, is 
rather questionable. In such a system, the kinetic stability 
has been studied: anodic decomposit ion of illuminated 
n-type semiconductor is prevented by means of com- 
peting hole reactions with reducing species added to the 
solution (10). In discussing the kinetic stability, a full 
characterization of the electrode may be required. Imped- 
ance measurements  are a useful tool for characterizing 
the electrode. Impedance measurements on this material 
have been made by Madou et al. (6). They discussed the 
frequency dispersion of Mott-Schottky plots on the basis 
of an empirical law, but they did not refer to the role of an 
electrolyte. Nakato et al. (8) have reported that surface in- 
termediates m a y  be formed in an n-GaP electrode by 
photogenerated holes. If this phenomenon should be 
commonly observed in this material, impedance charac- 
teristics must reflect the detailed characteristics of the 
electrolyte used because intermediates are formed as a re- 
sult of an electrode reaction. The flatband potential in an 
n-GaP electrode is typically about -1.0V vs. SCE. A large 
band bending results in a weak inversion layer where 
some holes are present. Surface holes contribute to the 
formation of the intermediates as photogenerated holes 
do: even at dark, some kinds of decomposit ion may pro- 
ceed, although the rate may be quite slow. Alternatively, 
the hole injection from redox couples to the GaP elec- 
trode plays the same role, as suggested by several work- 
ers (1-4). In other words, intermediates may be formed 
when the electrode is immersed in an aqueous electrolyte. 

The objective of the present study is to propose a model 
which enables us to detect the formation of an interface 
layer or intermediates by impedance measurements.  It is 
pointed out that if there exist intermediates which can ex- 

change charges (electrons) with ions in the electrolyte, the 
impedance of that system is influenced by a Warburg 
(diffusion) impedance of the electrolyte and charge- 
transfer resistance at the electrode-electrolyte interface. 

Experimental Results 
The <100> n-GaP wafers were supplied by Sumitomo 

Electric Industries, Limited. The doping concentration 
was 5 - 7 • 1017 cm -3. The wafers were mirror polished 
and then etched for -30s  using a mixture  (by volume) of 
six parts nitric acid one part hydrochloric acid, and one 
part perchloric acid. Ohmic contact was made using a 
Sn/In alloy which was annealed at 550~ under N2 for 5 
min (12). 

A microcomputer-aided measuring system was used to 
obtain the impedance data. The amplitude of the ac signal 
across the sample was - 3  mV (rms). Outputs of in- and 
out-of phase of a dual-phase lock-in amplifier (PAR 5204) 
were converted into digital signals by 12 bit A/D convert- 
ers (Datel ADC HZ-12BGC). Resultant data were stored 
and analyzed by an NEC PC 8001 microcomputer.  This 
system permitted a quick measurement  and supplied 
many more data than a usual system did. Capacitance C 
and resistance R in a series equivalent circuit diagram 
and capacitance Cp and conductance G in a parallel equiv- 
alent circuit diagram, as well as the modulus and phase of 
impedance, were quickly printed out. About 30 samples 
were studied. Figure 1 shows the typical current-voltage 
curve under a chopped light illumination of -60  mW/cm 2. 
Light source  used was a 150W Xe lamp. The electrolyte 
was 0.1M KOH solution. All samples studied showed ap- 
proximately the same J-V characteristics as Fig. 1. Dark 
current was low, implying that thermal generation rate of 
holes at the electrode surface was very low. Anodic dark 
current was also caused by electron transfer from the 
electrolyte to the semiconductor bulk via intermediates 
or surface states. Low dark current implies that electron- 
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V vs S C E ( V )  
Fig. 1. Current-voltage characteristics for the N-GaP 6, under a 

chopped light illuminatin of ~60  mW/cm ~. The electrolyte used was 
0.1M KOH solution. 
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Fig. 3. Bode plots for the N-GaP 6 with an external bias as a 
parameter. 
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transfer rate is very low. This fact is suggestive in consid- 
ering the equivalent circuit diagram. 

Impedance characteristics differed from sample to 
sample, even though they were subjected to the same ex- 
perimental conditions. All samples studied showed, more 
or less, a large frequency dispersion in Mott-Schottky 
plots. Figure 2 shows the Mott-Schottky plots for the 
same sample (N-GaP 6) as in Fig. 1. The slopes are much 
smaller than that expected from the doping concentration 
(a dotted line). Each slope gives nominal large doping 
concentration: the doping concentrations estimated from 
the slopes were larger than that specified by the supplier 
(5 - 7 x 10 '7 cm -3) by a factor of 30 - 50. Moreover, the 
intersections of the C-~-V plots with the V axis do not 
converge to a common point on the V axis. 

By replotting the data in Fig. 2, we obtain the Bode 
plots; Fig. 3 shows the modulus and phase of the imped- 
ance against frequency with an external bias as a parame- 
ter. Figure 4 shows the pH dependence of the Bode plot 
for a freshly prepared sample. It is clearly seen that im- 
pedance is largely influenced by ionic concentration in 
the electrolyte. There are two characteristic regions at pH 
13 and 1. The slope of the log IZ] vs. f p l o t  is - -1  at low 

E 
~9 

LL 

('-4 

O 
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o q  

frequencies where phase angle is -90,  and lower than 
-1/2 at high frequencies where phase angle approaches 
zero. 

Figure 5 depicts the temperature dependence at pH 
10.0. After measurements at 70~ the sample turned deep 
yellow, implying that the surface structure may change 
drastically. This fact implies that some sort of decomposi- 
tion occurs even at dark: elevated temperature promoted 
the rate of reaction. Figure 5 shows that the Bode plot at 
70~ differs from that at low temperatures. As is dis- 
cussed below, resistance Rs, which characterizes the re- 
laxation time of the interface state, may increase as a re- 
sult of formation of the surface layer. 
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Fig. 2. Mott-Schottky plots for the same sample as in Fig. 1. Series 

equivalent capacitance C was plotted. The slope of the dotted line re- 
flects the real doping concentration. The flatband potential is estimated 
from the turn-on potential in the J-V curve (Fig. 1 ). 
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Fig. 4. pH dependence of Bode plots at 0 V vs. SCE for a freshly pre- 
pared sample (N-GaP 22). 
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Fig. 5. Temperature dependence at 0 V vs. SCE andpH 10.0 (N-GaP 
22). 

Discussion 
Impedance  measurements  offer a useful tool for 

evaluating a semiconductor  electrode. However, interpre- 
tation for a Mott-Schottky plot in a semiconductor- 
electrolyte contact is based on the theory applicable to a 
metal-semiconductor contact. Any type of capacity in the 
electrolyte is usually neglected in the equivalent circuit 
because it is so large. The present results suggest that im- 
pedance characteristics in a semiconductor-electorlyte 
contact cannot be explained, at least in an n-GaP elec- 
trode, unless the effects of the electrolyte are taken into 
consideration. 

T h e r e  have been proposed several possible mecha- 
nisms which cause large frequency dispersion in C-V 
characteristics (14, 15): nonuniform current distribution 
(due to edge effects, surface roughness, etc.), residual 
faradaic process, surface states, and the frequency disper- 
sion of the dielectric constant. However, these mecha- 
nisms cannot explain, in the authors' opinion, the ob- 
served large frequency dispersion which gives one or two 
orders of magnitude larger (nominal) doping concentra- 
tion. 

One of the authors (G.N.) has proposed a new idea 
which can explain the above-mentioned phenomenon (16, 
17): charging and discharging of the interface states, 
distributing rather deep into the semiconductor bulk, by 
ions in the electrolyte cause large frequency dispersion in 
C-V characteristics. The basic idea is that the interface 
states are in quasi equilibrium with the Fermi levels of 
the semiconductor and electrolyte. Figure 2 clearly shows 
that the conventional interpretation for a dispersive Mott- 
Schottky plot could not be applicable to our system. 
Hence, we try to apply the model proposed elsewhere (16, 
17): the equivalent circuit as shown in Fig. 6 is considered 
here. In Fig. 6, the deep interface state, the penetration 
length of which is 300~ or more, is assumed; the depletion 
layer width of our system [N = 6 x 10 '~ cm -3, e = 10.2 eo 
(18)] is typically 200 ~ 300/~ with a band bending of 1 - 2 
eV. 

The assumption of the interface state which distributes 
in the forbidden gap is rather speculative, but it is possi- 
ble that the surface structure may be drastically altered 
by corrosion. In fact, as mentioned above, the sample 
turned deep yellow after measurements at 70~ implying 
that the atomic composition at the surface changed dras- 
tically. Elimination of atoms, for example, Ga atoms, from 
the electrode surface may result in a rearrangement of en- 
ergy levels: the introduction of new levels into the forbid- 
den gap is likely to occur. The energy level of the inter- 
face state is also unknown. The fact that C-2-V plots are 
dispersive at the very vicinity of the fiatband potential 
implies that the energy level of the interface state may be 
rather shallow: the level seems to lie just  below the bulk 
Fermi level (17, 19). 

In Fig. 6, Cw and Rw are diffusion capacitance and re- 
sistance, respectively, while Rt is the charge-transfer re- 

Rw Cw R t Cs Rs Css Rss 

I I 
I I 
I I 

- - - - IJ  f l I I - I  
C H C~ C L 

Fig. 6. The equivalent circuit used in the interpretation of the experi- 
mental results. 

sistance. Rt gives a measure of a rate of charge exchange 
between the electrolyte and the interface states. Charging 
and discharging of the interface states by the ions (for ex- 
ample, OH-  or H +) in the electrolyte can take place as the 
following reactions: for discharging, electrons must be 
transferred from the interface state to the electrode sur- 
face (RD, then transferred to the ions (Rt), and finally the 
reaction products must diffuse away into the bulk of the 
electrolyte (Rw). The rate-determining step will determine 
the impedance characteristics. 

The product of Ca and Rs shows the relaxation t ime of  
charging and discharging of the interface states by ions in 
the electrolyte. The product of C~ and R~ shows the addi- 
tional relaxation time of charging and discharging of the 
interface states by electrons in the semiconductor bulk. 
This branch becomes effective if the energy level of the 
interface state is shallow. One may ask if a parallel branch 
of C~ and R~ might result in large dark current. It is note- 
worthy here that the interface state has different effects 
on C-V and J -V  characteristics. If  we consider the case 
where anodic dark current is caused by the electron 
transfer from the electrolyte to the semiconductor bulk 
via interface states, we must assume a constant and high 
electron-transfer rate in order to explain large dark cur- 
rent. On the contrary, the limited amount  of charges can 
cause large interface state capacitance C~, because they 
only swing to and fro in accordance with the small ampli- 
tude ac signal. Relaxation times R~C~ and R~C~ are both 
constant and independent  of an external dc bias in the 
present configuration (19). Observed large frequency dis- 
persion (Fig. 2) implies that both mechanisms might be 
operative. An equivalent circuit diagram as shown in Fig. 
6 predicts quite an interesting phenomenon that the total 
capacity of that system can exceed the Helmholtz capac- 
ity (50 /~F/cm ~ or more) if Cw, Cs, and Cs~ are large. In the 
present analysis, however, we assume for simplicity that 
RssC~ is large enough: electron transfer between the inter- 
face state and the semiconductor bulk is assumed to be 
neglibible. This assumption will not alter the following 
conclusions. 

Charge-transfer resistance Rt depends on concentration 
of electrolyte through the exchange current density io (20) 

Rt = ~,RT/nFio 

where n and v are the electrode reaction valence and stoi- 
chiometric factor, respectively. Rt is also dependent on 
temperature because io is determined by a Boltzmann fac- 
tor. Rt is independent  of frequency, if the amplitude of the 
ac signal is small enough. The diffusion (Warburg) imped- 
ance Zw is typically given by 

Z w = R w ( 1  - j )  

where 
Rw = 1/oJ Cw = RTv2/n2FC (2oD) "2 

with D being the diffusion coefficient. Rw depends on 
temperature, frequency, concentration, and diffusion co- 
efficient. D is also determined by a Boltzmann factor: D 
increases and then Rw decreases with temperature. If  we 
assume that C,  >>  Q, then the impedance of our system 
is given by 

1 1 + jcorws 
Z -  + 

j~o CL joJ Cw~l (1 + j~orw~,) 
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where Cw~j = C1 + Cw~, Cw~ = CwCs/(Cw + CD, rw~ = RCw~, 
Zw~z = RCw~CL/Cw~I = rw~C1/Cwsl < zw~, and R = Rw + Rt + Rs. 
Two inflecting points in the Bode plot, ft andfh, are given 
by 1/rw~ and 1/rw~, respectively. 

At low frequencies, COrw~ < ~Orw~ << 1; then we obtain 

1(1 1)  o 
I Z l =  ~ ~ + c w , , ,  ' o -  2 

If Cw >> C~, the slope of the log IZl vs f plot will precisely 
equal -1. At intermediate frequencies, where COrw~ < 1 < 
oJrw, we obtain the following relationships under  the as- 
sumption of 1/(o CL ~ 0 

Cws 
IzI - - -  R ;  o = 0  

Cw~ + Q 

At high frequencies, 1 << ~Orw~ < O~rws, 

1 7r 
I Z l = - - ;  o =  - -  

~o C1 2 

Characteristic features of our system can be found at in- 
termediate frequencies, where ]Z I depends on R = (Rt + 
Rs) + Rw: Rt and R~ are independent  of frequency, while 
Rw depends on co -1/2, and Rt corresponds to a differential 
resistance. Hence, the assumption that Rt is independent  
of frequency may be incorrect if the amplitude of the ac 
signal is large. We assume here that the amplitude of 3 
mV rms used is small. Then the slope of a Bode plot at in- 
termediate frequencies may range from 0 to -1/2 as typi- 
cally found in Fig. 4. The inflecting point in Fig. 4 may 
therefore correspond to fi: the higher inflecting point fh 
could not be observed in the frequency range used. Con- 
sidering these situations, we will obtain the schematic 
Bode plots as shown in Fig. 7. We can see some character- 
istics in Fig. 7. Charge transfer and diffusion impedance 
become predominant  at low ionic concentrations, so that 
the resultant Bode plot may show gradual change. At 
high temperatures or high ionic concentrations, both Rw 
and R t become low so that the impedance of the semicon- 
ductor electrode becomes comparable with them. The 
slopes of the Bode plot may range from -0.5 to - 1  at low 
frequencies where Rw and the reactance component of 
the electrode are comparable (16), and from 0 to -0.5 at 
intermediate frequencies where Rw and (Rt + RD are 
comparable. 

R, determines the relaxation time of charging and 
discharging of the interface states. R~ is easily expected to 
be sensitive to the past history of the electrode. Hence, R~ 
may differ from sample to sample. Some samples may 
have large R~ and others small R~. This may be the reason 
why the N-GaP 6 (Fig. 3) and N-GaP 22 (Fig. 4) show dif- 
ferent impedance characteristics. The inflecting points in 

.. -. Rt* Rs 
W 

o ~ , ~ 

\ 

\ 

log f 

Fig. 7, 5r Bode plots for the chorge-tronsfer resistonce Rt, dif- 
fusion resistonce Rw, -nd Rs.- 

the log tZI vs. f plot, fi andfh, are also dependent  on R~. In- 
crease in R~ will result in lowering of f~ and fi~. If R, in- 
creases as a result of the formation of the defective sur- 
face layer, f~ will disappear andfh will appear, as typically 
found in the Bode plot at 70 ~ C (Fig. 5). The surface layer 
may be formed due to accelerated reaction rate at 70~ 

There are some differences between the present results 
(for n-GaP) and the preceding ones [n-TiO~ (16)]. In TiO~ 
electrodes, appreciable influences of the charge-transfer 
r e s i s t a n c e  Rt on the impedance characteristics could not 
be found, although the electrolyte used was sufficiently 
high (1M KOH): the slopes of the Bode plots ranged from 
-0.5 to -1,  which was explained by considering the diffu- 
sion resistance Rw only. The present result suggests that a 
charge-transfer resistance must also be taken into consid- 
eration in interpreting the impedance data, especially at 
low ionic concentrations. 

Conclusions 
A computer-aided measuring system enabled us to col- 

lect quickly a great number  of data. Rather corrosive 
n-GaP electrodes have shown a variety of interesting C-V 
characteristics. Temperature and pH dependences of C-V 
characteristics have clearly shown that the effects of the 
electrolyte must  be taken into consideration in order to 
explain the impedance characteristics of the electrolyte/ 
n-GaP interface. In  the present study, too, we could not 
find the role of the Helmholtz capacitance. In general, 
impedance characteristics of the electrolyte-electrode in- 
terface are determined by the charge transfer and dielec- 
tric response. The latter contributes to the Helmholtz ca- 
pacitance which is determined by the dielectric constant 
of the electrolyte. The present result may imply that the 
impedance characteristics of the electrolyte/n-GaP inter- 
face may be controlled by the charge transfer between the 
electrolyte and intermediates at the electrode surface. 

It has been confirmed in some detail that intermediates 
are certainly formed in the n-GaP electrodes: intermedi- 
ates are interpreted here as the interface states. 
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Effect of Trace Elements on Etching of Aluminum Electrolytic 
Capacitor Foil 

K. Ara i ,  T.  Suzuki ,  and T.  Atsumi  

Showa Aluminum Corporation, Research and Development Laboratory, Sakai, Osaka, Japan 

ABSTRACT 

An investigation was made as to the effect of trace impurities, particularly bismuth and boron, on etching morphol- 
ogy and capacitance of a luminum electrolytic capacitor foil. It was found that as little as 2 wt-ppm bismuth in foil 
strongly accelerated surface etching, inhibited tunneling, and consequently lowered capacitance. 3 wt-ppm boron also 
enhanced surface etching, but  lowered capacitance less than bismuth. The reason for these results was considered 

Etching of a luminum electrolytic capacitor foil is gener- 
ally performed in hydrochloric acid (1)or sodium chloride 
solution (2). The capacitance of a luminum electrolytic ca- 
pacitors is mostly determined by etching. Since impuri- 
ties contained in a luminum markedly influence etching, 
it is essential to control them in order to manufacture ex- 
cellent a luminum electrolytic capacitor foil. A number  of 
studies (3-12) on the effect of impurities or alloying ele- 
ments contained in aluminum have been reported. 

We have found that trace bismuth or boron in alumi- 
num greatly influenced etching morphology. Herein we 
report the effect of these elements on etching morphology 
and capacitance. 

Exper imenta l  
Sample preparation.--The samples used were three 

kinds of 99.99% aluminum foils, manufactured by conven- 
tional semicontinuous casting, 0.1 mm thick annealed at 
823 K for lh in a dry inert gas (Ar) atmosphere. Table I 
shows the chemical compositions of these samples. 
Sample A contains iron, silicon, copper, and 2 wt-ppm 
bismuth. Sample B contains iron, silicon, copper, and 3 
wt-ppm boron, and sample C contains only iron, silicon, 
and copper. Sample C is the standard. Anodic stripping 
voltammetry, atomic absorption spectrophotometry, and 
absorption spectrophotometry were used as the methods 
to analyze these samples. 

Fig. 1. SEM photographs of surface (top row) and cross section (bottom row) after 30s etching. First column: sample A. Second column: sample B. 
Third column: sample C. 

Fig. 2. SEM photographs of surface (top row) and cross section (bottom row) after 630s etching (first and second etching). First column: sample A, 
capacitance = 1.60 F-V/m ~. Second column: sample B, capacitance = 1.97 F-V/m'-'. Third column: sample C, capacitance = 2.50 F-V/m 2. 
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Etching.--In order to investigate the etching morphol- 
ogy of the above-mentioned samples, etching was elec- 
trolytically performed and finally capacitance was 
measured. Two steps of dc electrolytic etching in 7% hy- 
drochloric acid solution were used. The temperature of 
the solution in the first step is 353 K, and in the second 
363 K. The current density in the first step is 5 • 10 -4 
A/m% and in the second step it is 2.5 • 10 -4 A/m s. These 
conditions were selected to gain high capacitance for the 
particular formation voltage used. The etching time in the 
first step was 210s, 420s in the second step, and the total 
etching time was 630s. The morphology of each sample 
was observed after 30s in the first etch using a scanning 
electron microscope (SEM). Next, formation was at 380V 
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Fig. 4. Changes in bismuth depth profiles in sample A at different an- 
nealing temperatures. 

in a solution of 5% boric acid and 0.1% ammonium- 
pentaborate at 363 K. Then the capacitance was measured 
with a LCR meter (Yokogawa Hewlett-Packard Corpora- 
tion, Type 4261A). 

IMA measurement.--The behavior of added bismuth 
and boron in the metal was studied using an ion micro- 
analyser (IMA, Hitachi IMA-S). Argon was used as the pri- 
mary ion because the efficiency of its secondary ioniza- 
tion is high. The primary ion accelerating voltage was 15 
kV, and the spot size was chosen to be 500 ~m diam. The 
secondary ion acceleration voltage was 3 kV, the primary 
ion current was 3 • 10-7A, and the degree of vacuum 2 • 
10 -0 Pa. 

Results and Discussion 
Etching morphology and capacitance--Figures 1 and 2 

show SEM images of the etched surface and a cross sec- 
tion after each sample was etched for 30 and 630s, respec- 
tively. After the initial 30s etch, sample C has a relatively 
uniform distribution of etch pits. However, sample A, 
containing trace bismuth, had fewer etch pits and sample 
B, containing trace boron, had a portion of the surface 
with fewer etch pits and with a coarse surface etch mor- 
phology. This coarse surface etching area of sample B 
may be observed as circular marks before etching. Fur- 
thermore, comparing etching cross-sectional morphology, 
in sample C the number  of tunnels is greatest, sample B is 
next, and sample A produced the least. As the cross sec- 

Table I. Chemical composition of samples (wt-ppm) 

S a m p l e  Fe  Si Cu Mg Mn Zn Bi B Ti A1 

A 7 7 41 <1 <1 <1 2 <1 <1 Ba lance  
B 9 9 40 <1 <1 <1 <1 3 <1 Ba lance  
C 8 9 41 <1 <1 <1 <1 <1 < l  Ba l ance  
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tion shows, the surface of sample A was dissolved the 
most, so the foil thickness of sample A was reduced. 

At the final etching, these tendencies remained the 
same. The tunneling density decreased in order from C to 
B to A. On the other hand, the degree of surface dissolved 
was decreased in order from A to B to C. Accordingly, the 
capacitance of sample C was the highest, that of sample 
B, containing trace boron, was next, and that of sample A, 
containing trace bismuth, had the lowest capacitance of 
all samples. In 99.99% A1 as electrolytic capacitor mate- 
rial, it was found that trace bismuth and boron in alumi- 
num greatly influenced the etching morphology and 
capacitance. 

Depth profiles by an IMA.--To resolve the existent 
state of trace bismuth and boron in aluminum, depth 
profiles were measured by an IMA. Figure 3 shows bis- 
muth depth profiles of sample A containing bismuth and 
of sample C not containing bismuth addition after anneal- 
ing at 823 K for lh. The longitudinal axis in Fig. 2 indi- 
cates ion intensity, while the transverse axis indicates 
sputtering time by Ar ion and the corresponding distance 
from the oxide-metal interface. The sputtered depth was 
measured by means of a Talystep instrument (Rand 
Taylor Hobson Corporation) with max imum resolving 
power of 0.5 nm. The position of the oxide-metal interface 
was estimated from the total ion curve because the 
efficiency of ionization at the oxide layer is much higher 
than at the a luminum substrate (13). In sample A, the 
peak of concentrated bismuth is in the aluminum sub- 
strate near the oxide layer. However, the peak in sample 
C was very low. It appears that bismuth atoms are con- 
centrated at the metal-oxide interface by annealing at 
823 K for lh. 

Next, bismuth depth profiles at various temperatures 
were measured to study the behavior of bismuth during 
annealing. The results are shown in Fig. 4. Reports con- 

cerning diffusion of bismuth atoms in a luminum have not 
appeared, but the study of surface segregation in alumin- 
um-based dilute alloys has been reported (14, 15). It is 
suggested that solute atoms in a metal are concentrated at 
the surface by annealing. 

Figure 5 shows iron depth profiles of samples A and C. 
In samples A and C, the iron content is almost the same; 
the height of the iron peak after annealing at 823 K for lh  
is also the same. Iron was concentrated at the metal-oxide 
interface. 

Figure 6 shows magnesium depth profiles of samples A 
and C. Magnesium was concentrated at the outer surface, 
unlike iron. This fact agrees with measurements made 
using Auger spectroscopy (15). In samples A and C, the 
magnesium content is less than 1 wt-ppm. However, mag- 
nesium easily concentrated at the surface by  annealing, 
and there was no difference in the degree of concentra- 
tion in samples A and C. 

Reliable results for the other principal elements, silicon 
and copper, could not be obtained because of the 10w sen- 
sitivity of the IMA and the existence of interfering ele- 
ments. The difference of etching morphology between A 
and C (Fig. 1 and 2) is not due to the concentration of iron 
and magnesium on the surface. 

The grain size of each sample was of about 50-200 ~m 
diam, and there were minimal differences between the 
samples. The texture of each sample, which affects its ca- 
pacitance sensitivity, particularly cube texture, developed 
remarkably. However, the differences of cube texture 
were minimal. 

Therefore, it is thought that the difference in bismuth 
between samples A and C caused the difference in the 
etching morphology and capacitance; that is, concentra- 
ted bismuth on the surface reacts nobly to aluminum. It 
was thought that if the surface layer in sample A, which 
contains much Bi, was removed, then capacitance similar 
to that of sample C should be obtained. However, we 
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could not make such a comparison because the etching 
morphology of the sample when the surface layer was r e- 
moved, was not uniform and was unlike either of the orig- 
inal samples. 

Figure 7 shows boron depth profiles of both the normal 
etching and the portion of strong surface etching in 
sample B containing 3 wt-ppm boron. The concentration 
peak of the portion with strong surface etching was 
higher than that of the portion with normal etching, and 
boron was concentrated at the outer surface in both 
portions, in a manner  similar to the behavior of magne- 
sium in a luminum (Fig. 6). It is thought that the differ- 
ence in surface boron concentration caused the difference 
in etching morphology. 
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Effect of Powder Characteristics on Microstructure and Properties 
in Alkoxide-Prepared PZT Ceramics 

R. C. Buchanan* and J. Boy 
Department of Ceramic Engineering, University of Illinois at Urbana-Champaign, Urbana, Illinois 61801 

ABSTRACT 

The effects of coprecipitation parameters on agglomerate structure in PZT (53:47) powders prepared from butoxide 
precursors were studied. Results showed that differences in agglomerate structures developed during coprecipitation 
persisted throughout subsequent  processing steps, and the resulting sintered densities and microstructures to be corre- 
lated with the agglomerate structures. Coprecipitation parameters which most significantly affected the powder charac- 
teristics included temperature, dilution, pH, and hydrolysis rate (controlled by H20 concentration). Such processing pa- 
rameters as powder rinsing, calcination temperature, and spray drying conditions also significantly influenced the 
developed microstructures. For equivalent processing conditions, the most dense and uniform microstructures were de- 
veloped with the softer (and smaller) agglomerate structures, achieved from an acid (pH 3.7) medium of low (3-5 volume 
percent) solids content with rapid hydrolysis (-32 ml H20/min) and low temperature rise (10 ~ to 15~ Measured dielec- 
tric constants on the sintered PZT samples were found, generally, to increase with average grain size. 

Commercial PZT (lead zirconate titanate) ceramic pow- 
ders are typically formed from calcined mixtures of oxide 
or carbonate precursors. Difficulties w i th  mixing often 
lead to incomplete reactions and localized inhomo- 
geneities in the microstructure of the sintered ceramic. 
This condition in PZT contributes to a lack of reproduci- 
bility in the dielectric properties and aging characteristics 
and has the effect of limiting PZT use for many critical 
transducer applications. Consequently, alternate methods 
for powder preparation aimed at achieving intimate 
mixing by coprecipitation or by suspension of the oxide 
precursors in a finely dispersed and highly reactive state 
have been investigated. 

In preparing PZT ceramics, chemical coprecipitation 
from alkoxide precursors of Zr and Ti has been a widely 
used technique. Brown and Mazdiyasni (1) used Zr and Ti 
alkoxide solutions blended with lead isoamyl oxide in 
distilled water to bring about decomposition and precipi- 
tation of the PZT phase. Excess lead oxide in the form of 
Pb(OR'% was added to compensate for Pb loss during 
sintering. Calcination of the powder at -500~ for 30-60 
min produced the PZT phase. 

Haertling and Land (2) prepared high purity PLZT 
powders from materials consisting of lead oxide (PbO), 

* Electrochemical Society Active Member. 

lanthanum acetate (La(AC)3), zirconium tetra-n-butoxide 
(ZNB), and t i tanium tetra-n-butoxide (TBT). The proce- 
dure consisted of weighing out the proper amounts of 
PbO and butoxides followed by blending in isopropyl al- 
cohol. Lanthanum acetate solution was then added to the 
blending mixture which hydrolyzed the butoxides and 
produced a precipitate of mixed hydroxides, a process 
which was accelerated by the heat produced in the exo- 
thermic reactions. 

Modifications to the basic alkoxide process aimed at 
producing coprecipitated PZT and PLZT with different 
powder characteristics have been described by many au- 
thors (3-6). The coprecipitation process has also been 
used for adding minor ingredients to PZT compositions, 
either as sintering aids or for property control. Wittmer 
and Buchanan (7) achieved significant reduction in the 
densification temperature of PZT (53:47) by incorpora- 
tion of up 1 weight percent (w/o) V~O~ during coprecipita- 
tion. The as-dried coprecipitated powders were found to 
be x-ray amorphous, but powders calcined as low as 
350~C produced XRD patterns characteristic of tetragonal 
PZT, with only slight lattice distortion. More recently, 
Tuttle (8) coprecipitated powders of PSZT + Nb205 using 
a process similar to that employed by Wittmer and 
Buchanan (7). PbO, SnO2, and Nb205 were added to the 
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blending mixture of TBT and ZNB. A 4:1 alcohol:water 
solution was used as the precipitating agent and superior 
dielectric properties were reported for the fired copre- 
cipitated powders. Fired densities between 92.4% and 
95.6% theoretical were obtained by firing at 1380~ using 
a standard double-crucible technique. 

From the reported work, it is evident that much sensi- 
tivity attaches to the alkoxide precipitation process, when 
such parameters as pH, dilution, dispersion,_temperature, 
and method of hydrolysis of the butoxide mixtures are 
considered. These parameters greatly affect agglomerate 
cohesion and size distribution in the precipitated pow- 
ders (9).  The effects of postprecipitation process- 
ing--washing, drying, calcination, dispersion, pres- 
s i n g - o n  powder characteristics and final densification 
have also been explored and were found to significantly 
influence the final densities and microstructures 
achieved (6-8). 

The object of this study, therefore, was to investigate 
the relative influence of the coprecipitation and pro- 
cessing parameters on the powder characteristics, final 
densification, microstructure, and dielectric properties of 
sintered PZT ceramics. 

Experimental 
The PZT composition chosen for this study was 

Pb(Zr0.53Ti0.47)O~. This composition is near the morpho- 
tropic phase boundary for the PbZrO3-PbTiO3 system and 
is known to give opt imum permittivities and coupling 
coefficients (10, 11). The powders were prepared by co- 
precipitation from starting high purity materials of 
electronic-grade PbO (Hammond Lead Products, Incor- 
porated, Hammond, Indiana), tetra-n-butyl titanate (E. I. 
du Pont de Nemours, Incorporated, Wilmington, Dela- 
ware), and zirconium tetra-n-butylate (Dynamite Nobel 
Company, Norwood, New Jersey). 

Initially, a modified version of Wittmer's (7) coprecipi- 
tation procedure was used. This procedure had only one 
blending step during coprecipitation and was termed the 
"single-step" process. It was modified such that the pre- 
cipitated slurry was filtered in a Buchner funnel to speed 
dewatering and washing of the precipitate. The copre- 
cipitation procedure consisted off (i) mixing the stoichio- 
metric amounts of PbO, TBT, and ZNB (200g batch) in a 
blender at medium speed for about 15 min, (ii) adding a 
precipitating solution consisting of deionized water 
(30-100 volume percent [Wo]) in isopropanol (-250 ml of 
solution for a 200g batch; pH -5.0), (iii) blending the 
thickened mixture for -15  rain until a smooth slurry was 
obtained, (iv) filtering the slurry using a Buchner funnel 
with solvent washing as appropriate, and (v) drying the 
washed powder in a vacuum oven at 150~ for 4h. 

With this single-step blending, a significant rise in the 
temperature (85~176 and viscosity of the mixture 
occurred, which made it difficult to maintain fluid 
mixing. To eliminate these problems, the process was fur- 
ther modified by diluting the batch with additional alco- 
hol and using a two-step procedure which separated the 
coprecipitation and blending processes. This two-step 
coprecipitation procedure may be detailed as follows. 
First, to 200 ml of a 50/50 solution of isopropanol and 
n-butyl aleohol in a polyethylene beaker was added, while 
magnetically stirring, 85 ml of a mixture of Ti and Zr 
butoxides and PbO, calculated to give a 50g batch of 
(53:47) PZT composition. A wetting agent, Darvan C (-5 
drops) was also added to aid dispersion. Second, 200 ml of 
the water/isopropanol solution (to which glacial acetic 
acid or ammonium hydroxide was added for pH control) 
was added at 40-60 m]]min to cause precipitation of the 
mixed oxides. Third, after stirring an additional 10 min, 
the precipitated mixture was transferred to a high speed 
blender and blended for 15 min to produce a smooth, rela- 
tively stable slurry. Fourth, the blended slurry was then 
directly spray dried using a laboratory spray drier (Buchi 
Model 190, Brinkman Instrument Company) or else was 
washed and vacuum dried as described. 

Several parameters in the coprecipitation process for 
lead zirconate titanate prepared from the butoxide pre- 

cursors were investigated. These included the percentage 
of water, the rate of addition, and the pH of the precipita- 
tion solution. Also investigated were the solids content of 
the PbO and butoxide mixtures, the blending process, the 
temperature rise during coprecipitation, and the washing 
of the precipitate with different solvents. In evaluating 
the above parameters, the following ranges were used: 
concentration of suspended solids ranged from 2.0 to 7.0 
v/o; water content of the precipitating water/alcohol solu- 
tion varied from 25 to 100 v/o (12.5-49 We total liquid con- 
tent) and was added at the rate of 6 to 60 mYmin. The pH 
range studied varied from 3.0 to 12.0, while the tempera- 
ture rise during coprecipitation ranged from 10 ~ to 15~ 
(two-step blending) to 70~ for the single-step process. 
Where vacuum drying was used, washing of the filtrate 
was carried out using deionized water, isopropanol, or a 
60 v/o isopropanol mixture of the two solvents. 

Calcination of the spray- or vacuum-dried precipitated 
powders was carried out in open platinum crucibles at 
60ff-850~ to develop the PZT phase and promote grain 
growth. The calcined powder was milled for 5h in poly- 
ethylene jars using ZrO~ grinding media. A 60/40 v/o 
isopropanol/water solution with Darvan C dispersant was 
found to be the most effective milling medium. A binder 
solution consisting of 1.0 w/o polyvinyl alcohol in water 
was added for the final hour of milling. The milled slurry 
was spray dried, and pellets -1.6 cm diam and 0.3 cm 
thick were uniaxially pressed at 207 MPa. The pressed 
pellets were sintered on Pt  foil supported on ZrO~ setters 
at 1280~ using the standard double crucible technique 
of Okazaki et al. (4) or in air at 950~ (for samples con- 
taining 0.5 w/o V20~ as flux additive) (7). 

The spray-dried, vacuum-dried, and calcined powders 
as well as crushed sintered samples were analyzed by 
x-ray diffraction, using a Phillips Norelco diffractometer 
with filtered Ni K~ radiation at 40 kV and 10 mA fila- 
ment  current, at a scanning rate of 1 ~ 20/min. The powders 
were also subjected to DTA and TGA analysis using a 
thermal analysis system (du Pont 1090). Particle size dis- 
tribution measurements were made using an x-ray sedi- 
graph analyzer (Micromeretrics) and surface area mea- 
surements by a BET technique. SEM analysis on powders 
and sintered sections were made using an ISI-DS-130 
scanning electron microscope equipped with an energy 
dispersive x-ray analyzer. Sample densities were mea- 
sured by water and mercury immersion techniques. Di- 
electric constant and dissipation factor measurements 
were made at 1.0 kHz using a capacitance bridge. Poling 
of the samples proved to be difficult with the smaller 
average-grain-sized samples. 

Results and Discussion 
Figure 1 shows SEM photomicrographs for the dried, 

as-precipitated powders prepared by the one- and two- 
step blending processes. Both powders were precipitated 
from acid medium o f p H  = 5. With the single-step process 
(Fig. la), the morphology of the precipitated powders ap- 
peared to consist of hard, nearly dense agglomerates 
within the size range 2-5 tLm. Reed et al. (12) differentiated 
between soft and hard agglomerates (aggregates), the lat- 
ter being postulated to be held together by chemical or 
diffusion bonds, compared to soft agglomerates, which 
are believed to be bonded by van der Waal's bonds or by 
magnetic forces. In contrast to the single-step process, 
powders prepared by the two-step blending (Fig. lb) gave 
soft agglomerates in the size range 1-4/zm. These powders 
also showed a distinct subagglomerate structure with 
cluster sizes o f - 0 . 1  ~m. These differences are illustrated 
in Fig. 2, which shows agglomerate size distributions for 
the PZT coprecipitated powders as a function of pH and 
blending process. Significantly larger size distributions 
were measured with the single-step blending process at 
equivalent pH (8.5), confirming the trend noted in Fig. 1. 
Agglomerate size distributions also increased with pH for 
the same blending process. 

The striking difference in morphology between the two 
powders in Fig. 1 and 2 can b-e attributed to the more 
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Fig. 1. SEM micrographs of "as-precipitated" powders comparing 
precipitating procedures: a: One-step. B: Two-step blending processes. 

highly dispersed state, greater fluidity, and lower tem- 
perature of the two-step blending process. As indicated 
for the single-step process, there was difficulty in main- 
taining homogeneous mixing during coprecipitation due 
to gellation of the mixture and the high temperatures 
(-90~ experienced during the hydrolysis reaction. With 
the diluted mixture used in the two-step process, the 
maximum temperature experienced was approximately 
40~ This lower temperature would be expected to slow 
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Fig, 2. X-ray sedigroph plot of agglomerate size distribution for 
coprecipitated PZT powders as a function of pH and blending process. 
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the hydrolysis reaction (13), and, as pointed out by Yoldas 
(14), dilution of the reacting species with neutral solvents 
also slows the reaction rate and enhances the uniformity 
of the hydrolysis reaction throughout the system. In con- 
trast to the present finding where hard agglomerates 
were obtained at the higher precipitating temperatures 
(85~176 work by van der Graaf et al. (15) revealed that 
ZrO2 powders precipitated at room temperature yielded 
harder agglomerates than powders precipitated at higher 
temperatures (-100~ which yielded the softer 
agglomerates. 

The effect of water content and rate of addition on the 
amorphous character of the precipitated powders, as de- 
termined by x-ray diffraction analysis, is illustrated in 
Fig. 3. Water contents of 33 and 67 v/o in the precipitating 
alcohol/water solutions were equivalent to 16 and 33 v/o 
of the total liquid content. Rates of water addition, as in- 
dicated, varied from 5.5 to 22 mYmin. The x-ray diffrac- 
tion patterns for the dried precipitated powders were 
characterized by the presence of an amorphous hump, 
confirming the very small crystallite size of the powders 
and the absence of a clearly distinct PZT phase. Superim- 
posed on the amorphous hump were crystalline diffrac- 
tion peaks of unreacted PbO. The intensities of these 
peaks decreased with increasing hydrolysis (water con- 
tent and addition rate), in line with the completely 
amorphous powders reported by Brown (1), Haertling 
(16), and Wittmer (7). Calcination of the powders at 
800~ gave only the PZT phase. 

Harder and somewhat larger agglomerates were evident 
in the precipitates formed from low water content solu- 
tions due to the higher temperatures experienced. Differ- 
ences in the precipitated agglomerate structures were 
also retained throughout subsequent processing. This is 
illustrated in Fig. 4, where SEM fracture micrographs of 
calcined (800~ pressed (207 MPa) but unfired 
samples are compared with fired (950~ polished, 
and thermally etched sections for powders precipitated 
with 25 and 67 v/o H~O in the precipitating solution. The 
biomodal cluster and grain size distribution obtained 
with the 25 v/o H=O solutions were in sharp contrast to the 
smaller clusters and uniform grain sizes obtained with the 
67 v/o H20 precipitate. These microstructures would not 
be predicted from the respective pressed (5.0 vs. 4.4 g/cm 3) 
and fired (7.5 vs. 7.8 g/cm 3) densities for the two powders 
(25 vs. 67 v/o H20). Coprecipitated powders sintered at 
1280~ (without V205 additions) showed essentially the 
same trends. 

DTA heating and cooling curves for the water- and/or 
alcohol-rinsed coprecipitated powders are presented in 
Fig. 5. The DTA analyses showed exothermic reaction 

P b 0 5 5 %  H20 ppfg soln 

PbO 6 7 %  H20 pptg soln 

H20 pptg soln 
in 

I I I 
4 0  50  20  

Degrees  28  
Fig. 3. X-ray diffraction patterns showing decrease in unreacted PbO 

content of "as-precipitated" PZT powder with increasing H20 content 
and faster addition rate of the precipitating solution. 
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Fig. 4. SEM photomicrographs of fracture surfaces of unfired PZT 
(single-step process) samples from precipitating solutions containing the 
following. A: 25 v/o H20. B: 67 w/a H20 (pH 5). C: Fired (950~ 
polished, and thermally etched photomicrographs of A end B shown in C 
and D, respectively. 

base density for PZT (53:47) was taken as 8.0 g/cm 3. These 
observations are consistent with fired densities obtained 
by Haberko (17) on water- and alcohol-washed stabilized 
ZrO2 powders. The differences were attributed to the 
weaker bonded agglomerates formed with alcohol- 
washed powders as a result of reduced surface ionic ab- 
sorption. 

Figure 6 shows the effect of pH on the agglomerate 
structure of the "as-precipitated" powders following ini- 
tial spray drying. The acid powder (pH 3.7) had an aver- 
age agglomerate size of - 5  /~m with a well-defined sub- 
agglomerate structure. In contrast, the basic powder (pH 
11) had an average agglomerate size of -10/~m, appeared 
harder, and had a less distinct substructure. The increase 
in the agglomerate size for the basic powders was con- 
firmed by the sedigraph analysis shown in Fig. 7. The 
powders precipitated by the pH 3 solution had an average 
agglomerate size of -0.5 #m, which increased to --0.9/~m 
for the pH 10 solution with a narrower size distribution. 
The difference in average size distribution between the 
SEM and sedigraph data was due to the partial breakup 
of the spray-dried agglomerates by addition of a defloc- 
culant and by mechanical dispersion during the sedi- 
graph tests. 

Figure 8 shows SEM fracture micrographs for sintered 
(1280~ samples of the two powders discussed in Fig. 
6. The pH 3.7 powders, which had a uniform pressed mi- 
crostructure, yielded a very dense microstructure and 
smaller average grain size (-10 /~m) than the pH 11 
sample (-20 /~m avg GS). Both samples were calcined at 
800~ which throughout this study generally resulted 

peaks occurring at approximately 200 ~ 300 ~ and 530~ 
TGA analysis showed the first two peaks to be associated 
with weight losses, the maximum losses occurring near 
300~ and all weight loss occurring below -400~ The 
peaks were attributed respectively to loss of residual alco- 
hol, elimination of the butoxide decomposition products, 
and formation of the PZT phase. Rinsing with H20 sup- 
pressed the exothermic peaks at -200 ~ and 300~ in con- 
trast to rinsing with (isopropyl) alcohol, which enhanced 
the lower peak and shifted the second peak to a higher 
temperature. With no rinsing of the precipitate, the peak 
at 300~ was disproportionately larger, consistent with a 
higher content of organic residues. 

In terms of densification, the H.~O-rinsed powders gave 
significantly lower fired densities (-91% ThD) compared 
the alcohol/water rinsed with (-96% of ThD), with iso- 
propanol-washed samples intermediate at 95% ThD. The 
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Fig. 5. Differential thermal analysis curves comparing washing media: 
isopropanol, water, and isopropanol/water solution. 

I-ig. 6. SEM photomicrographs at precipitated powders following dry- 
ing for precipitation conditions of pH 3.7 (A) and pH 11 (B). 
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Fig. 7. Agglomerate size distribution of precipitated PZT powders 

showing effect of pH on equivalent spherical diameters. 

in larger grain sizes for the basic powders. The grain-size 
disparity was in line with the size disparity and hardness 
of the agglomerated structures formed during coprecipi- 
ration of the powders. Transgranular and intergranular 
cracks were observed, particularly for the  larger grain- 
sized sample due in part to microcracks introduced by 
quenching to prevent accumulation of liquid phase on the 
sample surface. 

BET surface areas determined for the two powders 
were 132 m~/g (pH = 3.7) and 128 m~/g (pH = 11) compared 
to the 26 m~/g reported by Biggers et al. (6) for PZT pow- 

ders precipitated from aqueous medium. This difference 
reflects the more highly dispersed conditions prevailing 
during the coprecipitation process. The large surface area 
also reflected the very small crystallite sizes (-150-200fl~) 
of the precipitated powders. The pH, therefore, did not 
greatly affect crystallite size formation; rather, ~t affected 
agglomeration tendency and bonding-v~ithin the struc- 
tures formed. 

This difference in agglomeration tendency caused 
marked differences in powder morphology on calcina- 
tion. Figure 9 shows SEM fracture micrographs of cal- 
cined powders following spray drying, a second milling, 
and pressing at 207 MPa. For the powders calcined at 
800~ (Fig. 9a, 9b), the aggregates for the pH 3.7 pow- 
ders were readily broken up after milling but  were 
solidified or essentially sintered for pH 11 powders, indi- 
cating the formation of much harder agglomerates in the 
basic powder during coprecipitation. In  general, powders 
calcined at 750~ (Fig. 9c, 9d) gave smaller and more 
uniform aggregate sizes, but always larger for the basic 
powders. 

Figure 10 shows SEM fracture micrographs of the 
sintered (950~ samples for the pH and calcination 
conditions detailed in Fig. 9. The effect 0 fpH and calcina- 
tion conditions on the pressed and fired densities are 
shown in Fig. 11. Densities obtained for the pH 3.7 and 11 
powders were similar for equivalent calcination and 
sintering conditions, but were lower for other pH values. 
Powders calcined at 750~ gave highest densities for 
both pH conditions. 

The existence of density maxima at pH 3.7 and 11.0 in 
the densification curves coincides with the observed sta- 
bility maxima, as a function of pH, for colloidal suspen- 
sions of oxide materials such as SiO2. At the lower pH 
values (2.5-3.5), the particles have very little ionic charge, 
and stability is maintained by a hydration layer surround- 
ing each particle rather than by electrostatic repulsion. 
Dried solutions of such acid pH powders, therefore, tend 
to be bonded by van der Waals forces and, in conse- 
quence, are softer and less agglomerated. In contrast, in 
the pH range 9-11, electrolyte presence causes develop- 

Fig. 8. SEM photomicrographs of fracture surfaces of fired 
(1280~ PZT for precipitation conditions as follows. A: pH 3.7. B: 
pH 11. Both calcined at 800~C/4h. 

Fig. 9. SEM photomicrographs of fracture surfaces of unfired PZT ob- 
tained for precipitation and calcination conditions as follows. A: p H 3.7, 
calcined 800~ B: pH 11, calcined 800~ C: pH 3.7, calcined 
750~ D: pH 11, calcined 750~ 
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Fig. 10. SEM photomicrographs of fracture surfaces of fired 
(950~ h) PZT + 0.25 w/o V~O5 obtained for precipitation and calcina- 
tion conditions in Fig. 9. A: pH 3.7, calcined 800~ B: pH 1 I,  cal- 
cined 800~ C: pH 3.7, calcined 750~ D: pH 11, calcined 
750~ 

ment of net charges on the particle surfaces and stability 
is maintained by electrostatic repulsion (19, 20). Dried so- 
lutions of high pH, therefore, tend to be more strongly 
bonded, resulting in larger and harder agglomerate struc- 
tures. These observations are in keeping with the ob- 
served agglomerated states as a function of pH for the 
precipitated PZT powders, and suggest a state of maxi- 
mum dispersion for the pH 3.7 and 11 suspensions. This, 
in turn, would lead to higher packing and sintered densi- 
ties, and to the marked differences in the grain size and 
microstructures noted. 

The average grain size for the powders calcined at 800~ 
increased, following sintering at 950~ from 0.3 to 1.9 
~m for the pH 3.7 powders (Fig. 9 and 10) and from 1.0 to 
2.3 ~m for the pH 11 powders. For the powders calcined 
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Fig. 11. Effect ofpH of precipitating solution on the pressed and fired 
densities (950~ of PZT (+0.25 w/o V~Os). 

at 750~ the average grain size increased from 0.25 to 3.9 
~m for the pH 3.7 powder, and from 0.5 to 1.7 ~tm for the 
pH 11 powder. The data show densification and grain 
growth rates to be significantly enhanced for the lower 
temperature (750~ vs. 800~ calcined powders, 
reflecting the higher driving force for densification with 
the smaller-sized aggregates with the liquid phase- 
assisted sintering. Grain sizes and final microstructures 
developed were much influenced by the calcination con- 
ditions, reported also by Venkataramani and Biggers (18), 
but, significantly, also by the powder morphology devel- 
oped, as a function ofpH,  during coprecipitation from the 
alkoxide precursor mixtures. With close control of the 
coprecipitation parameters (especially pH) combined 
with manipulation of the calcination conditions, there- 
fore, controlled microstructures in sintered PZT can be 
achieved (at least under conditions of low temperature 
liquid phase-assisted sintering), which would lead to im- 
proved reproducibility of dielectric properties and aging 
characteristics. 

Table I gives grain size and dielectric property data for 
the samples shown in Fig. 10 with sintered densities 
->95% theoretical density. Measured dissipation factors 
were <2.0% and dielectric constants were in the range 
700-1000 at 25~ in line with reported values for PZT (21). 
The increase in dielectric constant noted with grain size is 
similar to that reported by Okazaki (22) for small grain 
size (<4 ~m) P L Z T  samples. The observed increase in di- 
electric constant with grain size can be attributed to a vol- 
ume decrease in the more insulating boundary phase as 
well as to a measured increased conduction and ease of 
polarization of the larger grains. This is further illus- 
trated in Fig. 12, which compares the dielectric constant 
as a function of temperature for the nonfluxed PZT 
samples in Fig. 8 (sintered at 1280~ for pH conditions 
3.7 and 11.0. These samples showed a marked increase in 
dielectric constant with average grain size in the range 
10-20 #m. This is in contrast to the reported decrease in 
dielectric constant with grain size by Webster (23) and 
also by Haertling (16). For both samples in Fig. 12, loss 
tangents up to -200~ were below 2.0%, but increased 
sharply on approach to the Curie points (-394~ The di- 
electric constants also increased almost linearly up to 
-250~ and attained values >i0,000 at the Curie points. 
The marked differences in dielectric constants between 
the two powders indicated the sensitivity of the final mi- 
crostructure and properties to initial powder characteris- 
tics. 

Conclus ions 

1. This study has shown that in the coprecipitation of 
PZT from butoxide precursors, such powder characteris- 
tics as amorphous structure, agglomerate cohesion (hard- 
ness), and size distribution were established during the 
coprecipitation process. Differences at this level tended 
to persist throughout subsequent processing, resulting in 
significantly different microstructure and properties. 

2. The parameters which most sensitively affected co- 
precipitation were found to be dilution, pH, temperature, 
and precipitation or hydrolysis rate (controlled by H~O 
addition). Low solids constant (-3-5 v/o PbO), low tem- 
perature rise (<15~ acidic pH (-3-4), and high precipita- 
tion rates (25-32 ml H~O/min) were found to promote 

Table I. Effect of pH and calcination temperature 
on grain size and dielectric property of PZT 

Percentage 
Calcination Grain size Dielectric disp. 

pH (temp./t) (~m) constant factor 

3.7 800~ 1.9 760 1.2 
11.0 800~ 2.3 880 1.0 
3.7 750~ 3.9 930 1.1 

11.0 750~ 1.7 700 2.0 

Sintering temp: 950~ Dielectric data at 25~ 
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smaller and more uniformly sized agglomerates. These 
conditions were readily achieved in the two-step blending 
process described. 

3. As both a milling and washing medium, isopro- 
panoYwater solution (60/40 v/o) was found to promote 
higher fired densities and more uniform microstructures. 

4. Calcination temperature and spray drying of dis- 
persed powders were found to be important processing 
variables. Lower calcination temperatures were required 
with the basic powders to achieve equivalent microstruc- 
tures. 

5. Grain sizes and dielectric constants obtained with 
the basic (pH 11) powders were generally larger, particu- 
larly at the higher (800~ calcination temperatures. 
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ABSTRACT 

The radiation-induced reactions of chloromethylstyrene-based resist materials are studied by low temperature ESR 
and gas chromatography-mass spectrometry (GC-MS) analyses using low molecular model compounds. Low tempera- 
ture ESR analyses indicate that main radiation-induced active species in the initial stage of the reaction are benzyl radi- 
cals formed through chlorine removal from chloromethylstyrene units and simultaneously produced active chlorines. 
The amount of the a radicals formed through a-hydrogen cleavage is less than one-tenth that of the benzyl radicals. 
GC-MS analyses indicate that large amounts of ~ radicals are produced through the subsequently occurring hydrogen 
abstractions by radiation-induced active chlorines. The susceptibilities of individual constituents to hydrogen abstrac- 
tions are determind as 6.2 for a methylstyrene unit, 2.6 for a styrene unit, and 1 for a chloromethylstyrene unit. 

Chloromethylstyrene-based resist materials, such as 
chloromethylated polystyrene (CMS) (1) and chlorinated 
poly(vinyltoluene) (CPMS) (2), provide high etch resist- 
ance to plasma and ion beams, as well as excellent resolu- 
tion and high sensitivity to radiation, which are required 
for electron beam and deep-UV lithographies. 

Gokan et al. explained etch resistance of metal-free or- 
ganic materials under ion beam etching conditions in 
terms of the carbon content in a polymer (3). As for reso- 
lution, there is no rule to determine resolution capability, 
because resolution in cross-linking negative resists is 
largely influenced by swelling during development pro- 
cess. Recently, the radiation-induced reactions of these 
resist materials have been studied in order to understand 
high sensitivity obtained in these resists. 

Tagawa et al. studied the reaction mechanism for poly- 
styrene, poly(a-methylstyrene), and their chloromethyl 
derivatives by pulse radiolysis and laser flash photolysis 
(4). In their study, reactive intermediates in the cross- 
linking reaction were detected and the reaction mecha- 
nism was discussed from the viewpoint of transient phe- 
nomena. Harita et al. studied the photolysis of 
benzylchloride in toluene and cummene by deep-UV radi- 
ation at 313 nm as a model  photochemical reaction for 
chlorinated poly(vinyltoluene) (5). However, the reactions 
taking place on individual units of a polymer in these re- 
sist materials have not been clarified yet, because they 
are polymeric systems. 

In the present study, the radiation (deep UV and 6~ 
~-ray) -induced reactions of chloromethylstyrene-based 
polymers have been studied on the basis of the radiolysis 
of low molecular model compounds, i.e., isopropylben- 
zene (IPBZ) for a styrene unit, 4-methylisopropylbenzene 
(4-MIPBZ) for a vinyltoluene unit, and 4-chloromethyliso- 
propylbenzene (4-CMIPBZ) for a chloromethylstyrene 
unit, with the intention of clarifying the reactions 
occurring on individual units of a polymer. Low tempera- 
ture ESR analyses have been carried out to trap the 
radiation-induced free radicals and to determine their 
production yields from individual constituents in the ini- 
tial stage of the reaction. Gas chromatography-mass 
spectrometry (GC-MS) analyses have been carried out to 
detect final products and to determine their relative 
yields. The susceptibilities of individual constituents to 
hydrogen abstractions by radiation-induced active spe- 
cies were determined from the relative final product 
yields. The whole features for the reaction of these resist 
materials are discussed in detail. 

*Electrochemical Society Active Member. 

Experimental 
ChemicaIs.--Isopropylbenzene (IPBZ), 4-methylisopro- 

pylbenzene (4-MIPBZ) and 4-chloromethylisopropylben- 
zene (4-CMIPBZ) (ca. 15% ortho-form) were purchased 
from Tokyo Kasei Company and purified by distillation 
under reduced pressure (bp 39~ mm Hg, 67~ mm 
Hg, and 68~ mm Hg, respectively). These compounds 
are suitable as low molecular model  compounds, al- 
though they have no fi-hydrogen, because fi-hydrogen is 
not sensitive to radiation as compared with a-hydrogen 
(4, 6). 

Methods.--Electronic absorption measurements  were 
carried out using a Cary Mode] 14 recording spectropho- 
tometer and 1 cm optical pathlength quartz absorption 
cells. Spectrograde ethanol was used as a solvent without 
further purification. The concentration of  sample solu- 
tions was 10-~M. 

For ESR study, a JEOL JES-FE X-band spectrometer 
(100 kHz modulation) equipped with an ESC-10 NP cavity 
(Echo Electronics) was used. Irradiation was performed 
using an Original Hanau D2 lamp (466 ~W/cm ~) for 20 min 
in vacuo. All measurements were carried out at 77 K. 

For GC-MS study, a Shimadzu AUTO GC-MS 9020 DF 
spectrometer equipped with a TIC GC detector and a Sili- 
con GE SE-30 (5% on chromosorb W AW DMCS) (3 x 2 
mm) column was used. Samples (0.1 microliter) were in- 
troduced, and the column temperature was retained at 
70~ for 4 rain and then raised to 230~ at a rate of 
8~C/min. Irradiation was carried out with a 6~ ~-ray irra- 
diation machine (4.81 x 10SR) for 80h or with a Canon 
PLA-521 aligner equipped with a 250 Cold Mirror (40 
mW/cm 2) for 50 min. The relative product yields were de- 
termined by the integrated intensities of signals, assum- 
ing that ionization efficiencies are the same for all the 
compounds studied here. 

Results 
E~ectronic absorption spectra.--Electronic absorption 

spectra of the low molecular model  compounds are 
shown in Fig. 1. Substituents, such as methyl and chloro- 
methyl groups, enhance the optical density in the range 
of 260-280 nm. The chloromethyl group also enhances the 
optical density shorter than 260 nm; on the other hand, 
the methyl group decreases the optical density in these 
regions.  From these electronic absorption spectra, UV 
light around 250 nm wavelength was used as a deep UV 
irradiation source. 

ESR analyses.--In the initial stage of the reaction, low 
temperature ESR is an effective method for use in de- 
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Fig. ]. Electronic absorption spectra of isopropyibenzene IPBZ, 
4-methylisopropylbenzene 4-MIPBZ, and 4-chloromethylisopropylben- 
zene 4-CMIPBZ. 

tecting radiation-induced free radials and in determining 
their amounts. ESR spectra measured at 77 K after being 
irradiated with deep UV are shown in Fig. 2. Some com- 
ments are given for individual compounds below. 

IPBZ and 4-MIPBZ.--Both compounds showed the same 
featureless singlet signal of 1.7 mT width (Fig. 2c). 
This signal is assigned to the radical produced on the a 
position through a-hydrogen removal by radiation (this 
type radical is hereafter abbreviated as Alpha, see Fig. 3). 
GC-MS analyses using IPBZ or 4-MIPBZ, where Alpha- 
Alpha products were mainly formed, indicate that the as- 
s ignment of the observed signal is reasonable. However, 
the signal observed was somewhat different from that of 
irradiated polystyrene, i.e., it did not show the hyperfine 
splittings (7). The assignment of the signals observed 
after being irradiated in the case of polystyrene has not 
been sufficiently completed and remains in an area of ac- 
tive research. 

4-CMIPBZ.--This compound showed the same spectrum 
as that of CMS films (Fig. 2a and 2b) after being ir- 
radiated at 77 K. This fact indicates that 4-CMIPBZ is 
suitable as a low moleclar model compound for a chloro- 
methylstyrene unit. 

The observed spectrum of 4-CMIPBZ (Fig. 2b) is not as- 
signed to one radical, because the observed hyperfine 
splittings are not interpreted as the signal arising from 
one radical. In  order to analyze the observed spectrum, 
experiments were carried out in mixtures of IPBZ or 
4-MIPBZ with carbon tetrachloride. These experiments 
were conducted to study the interaction between 

/ •  ~CMS films (chloromethylofion 50%) 

- 

I I 
5mT 

Fig. 2. Low temperature ESR spectra of deep-UV-irradiated 
samples. Solid line: observed spectra. Dot-dashed and dashed lines: 
simulated spectra. 

X CH2 

(X- H,CH3 ,CH2CI ) 

ALPHA BENZYL 
Fig. 3. Formulas for produced radicals 

radiation-induced active chlorines and the model com- 
pounds. The mixtures showed a 1:4: 6:4:1 quintet-featured 
signal (hyperfine splitting, 1.4 mT) (Fig. 2d), while carbon 
tetrachloride itself showed a singlet signal of 3.0 mT 
width (Fig. 2e). Thus, it is concluded that the quintet- 
featured signal is also formed through the interaction 
with radiation-induced active chlorines, in addition to the 
signal of a radiation-induced free radical. 

Based on the conducted experiments mentioned above, 
the observed signal was analyzed using the 1:4:6:4:1 quin- 
tet signal and the gaussian-type singlet signal, with vary- 
ing their signal strength and the singlet signal width so as 
to simulate the observed spectrum. Consequently, the ob- 
served spectrum was explained as a broad singlet signal 
(dot-dashed line in Fig. 2) of 4,4 mT width and a small 
quintet  signal (dashed line). The deconvoluted main 
broad signal (dot-dashed line) is assigned to the radical 
formed through chlorine removal from a chloromethyl 
group (this type radical is hereafter termed "Benzyl," see 
Fig. 3). Bridge observed only a broad singlet signal of 4.6 
mT width from ~-irradiated toluene at 77 K and assigned 
it to the benzyl radical (8). The obtained result is in good 
agreement with his result. 

From these ESR analyses, the radicals produced by ra- 
diation in the initial stage of the reaction are found to be 
Benzyl generated from chloromethyl substituted constit- 
uents, and Alpha from the other substituents.  From the 
integrated intensities of measured ESR signals (Fig. 2b 
and 2c), the amount  of Benzyl produced through chlorine 
removal from 4-CMIPBZ is found to be ten times larger 
than that of Alpha produced through a-hydrogen removal 
from IPBZ or 4-MIPBZ. As a result, in the initial stage of 
the reaction, the main active species induced by radiation 
in chloromethylstyrene-based resists are Benzyl and si- 
multaneously produced active chlorines, while Alpha is 
negligibly little. 

GC-MS analyses.--The reactions of chloromethylsty- 
rene-based resist materials, which take place on individ- 
ual constituents of a polymer, have not  been clarified suf- 
ficiently, because they are polymeric systems. GC-MS 
analyses using low molecular model compounds of which 
chemical structures are close to the repeating units of 
polymers can give us the information on the final prod- 
ucts and their relative yields to clarify the reactions of in- 
dividual constituents. 

Final products from CMS model compounds.--CMS re- 
sist materials are composed of styrene and chloromethyl- 
styrene. Thus, mixtures of IPBZ and 4-CMIPBZ can be 
used as model systems for them. 

Measured GC gas chromatograms for a mixture of 
IPB Z (1 mol) and 4-CMIPB Z (1 tool) after being irradiated 
with deep UV are shown in Fig. 4. The signals of the final 
products  formed were assigned by MS analyses. 

The measured chromatograms show somewhat compli- 
cated features due to the isomers that result from ortho-, 
meta-, and para-CMIPBZ forms. The final products are 
classified into three groups. The first group products, 
[6], [12], and [14], are formed through the recombination 
of Alpha produced from IPBZ and CMIPBZ. The second 
group products, [10, 11], are formed through the recom- 
bination of Benzyl produced from CMIPBZ. The third 



1680 J .  Electrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  July 1985 

b m-P" ~ o-j/12 
~v ~ ~v I ~v t 2V 

n 

s . Os) _'2 
f141 

9 12 I~ 
[0 

4 

14 

Fig. 4. Gas chramatograms for a deep-UV-irradiated mixture of iso- 
propylbenzene IPBZ (1 mol) and 4-c51oromethylisopropylbenzene 
4-CMIPBZ (1 mel). 

group products, [7, 8, 9] and [13], are formed through the 
recombination of Alpha and Benzyl. The product [3] is 
formed through the hydrogen abstractions by Benzyl 
[Bockrath et al. have recently reported in detail on hydro- 
gen abstractions by benzyl radicals (9)]. 

Figure 5 shows production yields for the mixture (1:1 
molar ratio) as a function of deep-UV irradiation time. 
Nonlinear parts were observed in the products [3] and [7, 
8, 9]. This is because these products are formed through a 
thermally induced reaction, when mixtures were intro- 
duced into a GC-MS spectrometer for analyses, as well as 
through a radiation-induced reaction. In order to under- 
stand the thermally induced reaction, experiments were 
carried out on nonirradiated samples. The products [3] 
and [7, 8, 9] were produced thermally from nonirradiated 
mixture samples; on the other hand, the other products 
were not produced thermally. However, each compound 
was thermally stable and no change could be observed 
when it was introduced into a GC-MS spectrometer. An 
explanation for this phenomenon might be an intermolec- 
ular interaction between IPBZ and 4-CMIPBZ. The rela- 
tive product yields were determined from the linear parts 
by excluding the parts of the thermally induced products. 

The mixtures were also subjected to ~~ 7-ray radiation 
for 80h. This radiation dose is estimated to be 20 ~C/cm 2 
in electron-beam radiation using the depth-dose function 
(10). The main spectrum features were almost the same as 
those observed in deep-UV radiation. This indicates that 
the ~-ray radiation-induced reaction in this system is al- 
most the same as the deep-UV-induced reaction. 

Final products from CPMS model compounds.--A resist 
material obtained by chlorination of anionically prepared 
poly(vinyltoluene) (CPMS) has more than four types of 
units (5, 11). However, the main constituents are vinylto- 
luene and chloromethylstyrene. Thus, mixtures of 
4-MIPBZ and 4-CMIPBZ can be used as model systems 
for this resist. 

E3 
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Fig. 5. Irradiation time dependences of production yields in a deep 
UY-irrodieted mixture of isopropylbenzene IPBZ (1 tool) and 4-r 
methylisopropylbenzene 4-CMIPBZ (I  tool}. 
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Fig. 6. Gas r for o deep UV-irrediated mixture of 
methylisopropylbenzene MIPBZ (1 real) and 4-ehloromethylisopropyl- 
benzene 4-CMIPBZ (1 tool). 

Measured GC chromatograms for a mixture of 
4-MIPBZ (1 mol) and 4-CMIPBZ (1 mol) after being irradi- 
ated with deep UV are shown in Fig. 6. The signals of the 
final products formed were assigned by MS analyses. 
The final products are classified into three groups: 
Alpha-Alpha recombination products [14], [16], and [18], 
Benzyl-Benzyl recombination product [11], and Alpha- 
Benzyl recombination products [13] and [17]. 

In this mixture system, [17] was also produced through 
the thermally induced reaction; on the other hand, the 
other products were not formed thermally. The relative 
yields of final products were determined, taking this phe- 
nomenon into account in the same way as the case of 
CMS model systems. 

4-CMIPBZ concentration effects on final product 
yields.--Sensitivity for chloromethylstyrene-based resist 
materials is markedly influenced by the component  ratio 
for chloromethylstyrene moieties. Therefore, the effects 
of the 4-CMIPBZ concentration on final product yields 
are important factors in these resists. The relationships 
between relative yields and 4-CMIPBZ concentration are 
examined (see Fig. 7). 

Observed signal intensities of final products produced 
from irradiated IPBZ and 4-MIPBZ (x = 0) were very 
weak and usually not detected1; whereas mixtures con- 
taining 4-CMIPBZ showed large amounts of signals after 
being irradiated. This result indicates that chloromethyl- 
styrene units are highly sensitive to radiation and that 
styrene and vinyltoluene units are rather less sensitive to 
it. Addition of small amount of 4-CMIPBZ to IPBZ or 
4-MIPBZ enhanced the sensitivity of mixtures to radia- 
tion remarkably. This is in good agreement  with the fact 
that small amount  of chloromethylation enhances sensi- 
tivity markedly in ch]oromethylstyrene-based polymers 
(1). 

It is noted that recombination products related to Alpha 
are formed largely in mixture samples, although the 
amount of Alpha in the initial stage of the reaction is neg- 
ligibly little as indicated by the low temperature ESR 
analyses. This is because large amounts of Alpha are pro- 
duced through subsequently occurring hydrogen abstrac- 
tions by radiation-induced active species. The hydrogen 
abstractions take place through two types of processes. 
One is through the hydrogen abstraction by Benzyl, and 

1The observed signal strength from IPBZ or 4-MIPBZ was 
negligible compared with that from 4-CMIPBZ- or 4-CMIPBZ- 
containing mixtures. Thus, higher measurement range of a 
GC-MS spectrometer was employed in order to detect the very 
weak signals. The results indicated that Alpha-Alpha recom- 
bination product from IPBZ or 4-MIPBZ is mainly formed with 
being irradiated by 6~ ~/-ray or deep UV. This reveals that free 
radicals are formed on the a position of isopropylbenzene deriv- 
atives, if the benzene rings are not substituted by highly sensi- 
tive chloromethyl groups, and that the assignment of observed 
ESR signals from IPBZ or 4-MIPBZ is reasonable. 
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Fig. 7. Relationships between relative yields of final products and 
concentration of 4-chloromethylisopropylbenzene 4-CMIPBZ: (a) 
IPBZ-4-CMIPBZ for CMS, and (b) 4-MIPBZ-4-CMIPBZ for CPMS. 
4-MIPBZ was detected as a final product from 100% 4-CMIPBZ and 
its mixtures with IPBZ (a). On the other hand, in the case of 
4-CMIPBZ mixtures with 4-MIPBZ (b), the 4-MIPBZ formation as a fi- 
nal product could not be discussed because of the existence 4-MIPBZ 
as an irradiated component. 

the other is through the hydrogen abstraction by active 
chlorines. Active chlorines are produced equivalently to 
the amount  of Benzyl in the initial stage of the reaction. 
The amount  of the hydrogen abstractions by Benzyl can 
be calculated with the amount of the final product [3], 
and its amount  was found to be only less than 5% of the 
amount  of the hydrogen abstractions by radiation-in- 
duced active chlorines. Thus, it is concluded that Alpha is 
produced mainly by the hydrogen abstractions by radia- 
tion-induced active chlorines. 

The difference between the reaction of  CMS model 
compounds (Fig. 7a) and that of CPMS model compounds 
(Fig. 7b) is the susceptibilities of individual constituents 
to hydrogen abstractions. Detailed discussions are pre- 
sented quantitatively in the following section. 

Discussion 
Susceptibilities of individual constituents to hydrogen 

abstractions.--Susceptibilities of individual constituents 
to the hydrogen abstractions by radiation-induced active 
chlorines can be determined from the final product 
yields in 1:1 molar ratio mixtures. The relative yields in 
1:1 molar ratio mixtures for CMS and CPMS are shown in 
Table I. Relative yields are expressed as the total amount  
of recombination products (I-VI) is unity. The amount  of 
the radicals formed from individual moieties can be cal- 
culated from the yields of the final products formed 
through relating radical recombinations. For example, the 
Alpha-Benzyl recombination product  VI is formed from 
Benzyl A and Alpha C. 

In the radiation-induced model reaction for CMS, the 
relative amounts of radicals formed through the radia- 
tion-induced and the subsequent hydrogen abstractions 
are as follows: Benzyl 0.99, Alpha from IPBZ 0.74, and Al- 
pha from 4-CMIPBZ 0.28. Therefore, the ratio of the hy- 
drogen abstraction from IPBZ to that from 4-CMIPBZ is 
2.6to 1. 

In the radiation-induced model reaction for CPMS, the 
amount  of radicals formed through the radiation-induced 
and through subsequent  hydrogen abstractions is as fol- 
lows: Benzyl 1.23, Alpha from 4-MIPBZ 0.60, and Alpha 
from 4-CMIPBZ 0.17. In this case, Benzyl is considered to 
be partly produced from 4-MIPBZ through the hydrogen 
abstraction process by active chlorines, because large 
amounts of Benzyl, not explained quantitatively, are pro- 
duced. In the initial stage of the reaction, equivalent 
amounts of active chlorines to those of Benzyl are pro- 
duced by radiation, while Alpha produced through 
a-hydrogen removal is extremely little, as indicated by 
the low temperature ESR analyses. Furthermore, in the 
subsequent hydrogen abstraction reactions, the hydrogen 
abstractions by radiation-induced Benzyl can be negligi- 
ble (less than 5%), compared with those by radiation- 
induced active chlorines. Thus, the total amount  of the 
radicals formed through the subsequent  hydrogen ab- 
stractions by active chlorines is equivalent to that of the 
radiation-induced Benzyl, assuming that all the radiation- 
induced active chlorines contribute only to the hydrogen 

Table I. Final product relative yields for 1:1 molar ratio model compound systems for CMS and CPMS, and the relative amount of the produced 
radicals. The relative yields are expressed, taking the total amount of final products responsible for a cross-linking reaction as unity. 

Systems 
Final products 

I R R 

ALPHA - ~U@ I~1e,r 
ALPHA ff R ~MC-~e-~CH=Cl 

" ,-~ Me Me,.~, 
mc 

CMS ( R = H) 

0.22  (p2) 

0.095 (2pq) 

o.o 5 (q2) 

CPMS (R=CH3) 

0 .23 (p2) 

0.043 (2pq) 

0 .007  (q2) 

0.99 1.23 

ALPHA B . ) ~ -  R 0.74 0 .60  

ALPHA C -:F~CH=Cl 0 .28 O. 17 

BENZYL A ~ "  CH=" 

BENZYL -- BENZYL IV ~ .c , ,c~ .~  0.32 0.51 

ALPHA - ; :~)-CH~-~-R 0.20 0. I 0 

BENZYL '91 :~-c.=~ ~-CH~, 0.I 5 O. II 

CMS (R=H) CPMS (R=CH3) 
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abstractions. The data obtained in the radiation-induced 
model reaction for CMS confirmed this hypothesis. For 
example, the amount  of Benzyl (0.99) is almost the same 
as the total amount  of Alpha B and C (1.02) in a 1:1 mix- 
ture sample. Thus, it is concluded that the extra amounts 
of Benzyl are formed from the methyl group of 4-MIPBZ, 
and its amount  is the difference (0.46) between the 
amount  of Benzyl A (1.23) and the total amount  of Alpha's 
B and C (0.77). Therefore, the hydrogen abstractions from 
individual moieties is 6.2 from 4-MIPBZ (3.5 parts from 
the ~ position and 2.7 parts from the methyl group) to 1 
from 4-CMIPBZ. This high susceptibility of 4-MIPBZ to 
hydrogen abstractions, in addition to the position of chlo- 
rination (11), could give CPMS resists somewhat different 
characteristics from those for CMS resists. 

As a result, the susceptibilities of individual constitu- 
ents to the hydrogen abstractions by radiation-induced 
active chlorines are 6.2 for 4-MIPBZ, 2.6 for IPBZ, and 1 
for 4-CMIPBZ. These obtained susceptibilities are inter- 
preted in terms of the electron donation of the substitu- 
ents. The methyl group shows +I effects; on the other 
hand, the chloromethyl group shows - I  effect. +I effect 
can stabilize the intermediate complex between a ben- 
zene ring and a chlorine radical. These results obtained 
are in good agreement with the photolysis data for substi- 
tuted toluenes in carbon tetrachloride solution (12). 

Radiolysis of model compounds,~The reactions for 
model compounds are shown in Fig. 8. In  the initial stage 
of the reaction, free radicals and active chlorines are pro- 
duced by deep UV or high energy radiation, such as 6~ 
7-ray and EB. In  this stage, the amount  of Alpha is less 
than one-tenth that of Benzyl produced through the chlo- 
rine removal. This is confirmed by the low temperature 
ESR analyses. Thus, Alpha produced is neglected in this 
stage. 

In the next stage of the reaction, the two types of hydro- 
gen abstractions take place by radiation-induced active 
chlorines and Benzyl. The abstractions by active chlo- 
rines take place through the charge-transfer complex be- 
tween a b e n z e n e  r ing  and an active chlorine (3). In  this 
s tage ,  the abstractions by radiation-induced active chlo- 
rines are the major process and their amount  is 20 times 
more than that of the abstraction by BenzyL 

In the final stage of the reaction, final products are 
formed through the radical recombinations among the 
free radicals produced by radiation and by subsequently 
occurring hydrogen abstractions. It is noted that relative 
yields of the final products formed through the Alpha 

( 
r roy or deep UV 

. . . . .  11= 

Ht '  Cl~ R (nllgllglblel 
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Fig. 8. Radiolysis of low molecular model compounds. R: substitu- 
ents besides chloromethyl group. CI*: radiation-induced chlorine, CI" 
or CI- .  *: For lifetime data, see Ref. (4). 

cross- or home-recombinations (I, II, and III, see Table I) 
are nearly the same as the random collision probability 
for the related Alpha's; that is, the production yields of 
the product B-C formed through the cross-recombination 
between radical B and radical C is 2 pq, while the produc- 
tion yield of the home-recombination products B-B and 
C-C are p~ and q~, respectively, where p and q denote the 
probabilities for the production of Alpha's B and C. This 
relationship can be seen in Table I. This fact implies that 
Alpha-Alpha recombination reactions take place through 
random collisions among Alpha's produced through hy- 
drogen abstractions, and needs only small activation en- 
ergy in this stage. 

From GC-MS analyses, high energy (6~ -/-ray) radia- 
tion and deep-UV radiation gave rise to the same final 
products with the same quantities. Thus, it was con- 
cluded that the high energy radiation-induced reactions 
are almost the same as the deep-UV radiation-induced re- 
actions. Here, the high energy radiation-induced reactions 
are discussed in more detail. 

In  high energy radiation, such as electron beam, x-ray, 
and ~~ 7-ray, ionization of organic materials is predomi- 
nant  in the initial stage of the reaction; on the other hand, 
in deep-UV radiation, excitation is predominant.  This is 
the difference in the initial stage of both radiation-in- 
duced reactions. 

In Fig. 9, high energy-induced reactions of CMIPBZ are 
shown as an example. Electrons produced through ioniza- 
tion generate Benzyl and chlorine anions through dissoci- 
ative electron attachment, or generate excited CMIPBZ 
through geminate ion recombination. Whereas, the ex- 
cited CMIPBZ generate Benzyl and chlorine radicals 
through homolitic splitting of covalent bonds. However, 
in the next  stage of the reaction, both active chlorines, a 
chlorine anion and a chlorine radical, form the same 
charge-transfer complex to generate Alpha, as reported 
by time-resolved spectroscopic study (4). Therefore, the 
same final products are observed between the high en- 
ergy radiation-induced reactions and the deep-UV radia- 
tion-induced reactions, in spite of the difference in the in- 
itial stage of the reaction. 

Radiation-induced reaction of chloromethylstyrene- 
based resist materials.--On the basis of the radiolysis of 
model compounds, radiation-induced reactions of chloro- 
methylstyrene-based resist materials are discussed. There 
are some differences to be considered between the 
radiation-induced reactions in polymeric materials and 
those in low molecular compounds. The differences arise 
mainly from the lifetimes and the diffusivities of free radi- 
cals. Therefore, when the radiation-induced reactions for 
polymeric materials are discussed compared with those 
for the model compounds, the lifetimes of free radicals re- 
sponsible for a cross-linking reaction and the diffusion 
length of radiation-induced active chlorines have to be 
taken into account. 

Tagawa et al. reported the lifetimes of Benzyl and the 
charge-transfer complex between a polymer unit  and a 

CMIPBZ 2 " CMIPBZ+ + e-  [IONIZATION] 

CMIPBZ* {EXCITATION} 

CMIPBZ + + e ---~- CMiPBZ* [GEMINATE RECOMBINATION} 
CMIPBZ + e - ~  BENZYL + C l -  [DISSOCIATIVE ELECTRON 

ATTACHMENT~ 

CMIPBZ* ~ BENZYL + Cl. [HOMOLITIC SPLITTING} 

CMIPBZ*+CMIPBZ ~ BENZYL + complex 
CMIPBZ +CI.  ---- complex 
CMIPBZ.++C I- ~ complex 
complex ~ ALPHA + HCI 

BENZYL + BENZYL 
ALPHA+ALPHA ~:~> {RECOMBI NATION} 
BANZYL+ALPHA 

Fig. 9. High energy radiation-induced reactions of chloromethyliso- 
propylbenzene CMIPBZ. Asterisks denote the excited states, 
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Fig. 10. Radiation-induced reactions of chloromethylstyrene-based 
resist materials. 

radiat ion-induced active chlorine (4). Using the reported 
lifetimes, it can be determined which is the predominant  
reaction, recombinat ion of radiat i0n-induced Benzyl or 
hydrogen abstract ion from po lymer  unitS through charge- 
transfer complexes.  From their  t ime-resolved spectro- 
scopic data, the lifetime of Benzyl is about  20 ~s, and that  
of charge-transfer complexes  is about  100 ns. Thus, 99.5% 
of Benzyl is still remained without  recombination,  while 
free radicals are formed through the subsequent  hydro- 
gen abstractions. Therefore, it is c o n c l u d e d t h a t  recom- 
bination of free radicals occurs after hydrogen abstraction 
reactions. 

T h e  other  impor tant  factor is the diffusion length of  
radiat ion, induced active Chlorines. This is because it is 
de termined by the active chlorine diffusion length how 
closely the free radicals responsible for the cross-linking 
reaction are produced.  Diffusion data for gases in poly- 
mers have been reported (13). Diffusivity coefficient of 
chlorines in polystyrene:(D = 9 x 10 -8 cm2/s at 25~ was 
used t ~ .estimate the diffusion length [= (Dr) -'j2] during 
hydrogen abstractions,  where r is the lifetime of the 
charge-transfer complex.  The diffusion length is esti- 
mated as 9.5 x 10-" cm. Thus, hydrogen abstractions by 
radiat ion-induced active chlorines extend to more than 
five units of  a polymer.  On the other hand, one Benzyl is 
est imated to be formed among 10-100 units of a polymer  
by radiation in resist  materials  from Charlesby's  gel for- 
mation theory (14). Consequently, it  is concluded that  al- 
though Benzyl-Alpha recombinat ions are predominant  in 
these resist materials,  A l p h a - A l p h a  and Benzyl-Benzyl 
r ecombina t ions  cannot  be neglected even in the poly- 
meric materials,  due to the large diffusion length of radia- 
t ion-induced active chlorines. 

Bartlett  and Mcbride repor ted the disproport ionat ion of 
3,4-diphenyl-2,3,4;5-tetramethylhexane, which was formed 
through decomposi t ion of azobis(2-phenyl-3-methylbu- 
tane) (15). According to their  report, when large free radi- 
cals are put  on Alpha, disproport ionat ion (which would 
n o t  lead to cross-linking) is considered to be important  in 
polymeric materials  compared with that  in low molecular  
m o d e l  compounds.  However, in the  case of  the  used 
model  compounds,  no r ing-subst i tuted a-methylstyrenes 
produced through the disproport ionat ion of Alpha-Alpha 
products  were observed. Furthermore,  Weir and Milkie 
reported that  the formation of C-C double bonds through 
disproport ionat ion is not so predominant  in ring- 
substi tute polystyrenes (6). Therefore, the disproportion- 
ations of Alpha-Alpha products might  occur, but  they are 
n o t  considered to be predominant  in chloromethylsty- 
rene-based polymeric  materials. 

T h e  radiat ion-induced reactions of chloromethylsty-  
rene-based resists are shown in Fig. 1O. High sensitivity is 
achieved in these resists due to the hydrogen abstractions 
by radiat ion-induced active chlorines, which produce free 
radicals responsible  for a cross-l inking reaction, and the 

high product ion yield of Benzyl. I t  is worthwhile  to de- 
note that the determined susceptibil i t ies of individual  
consti tuents to hydrogen abstract ions using model  com- 
pounds  are valid even in these polymeric  materials. 

Conclusion 
The radiat ion-induced reactions of chloromethylsty- 

rene-based resist  materials  have been discussed in detail, 
from the viewpoint  of the radiolysis of low molecular  
model  compounds  of which chemical  structures are close 
to the repeat ing units of the polymers. Low temperature  
ESR data show that  main active species in the initial 
stage of the reaction are Benzyl radicals from chioro- 
methyl  derivatives and s imultaneously produced active 
chlorines, while Alpha radicals induced  by radiation 
through a-hydrogen removal  are negligibly little. GC-MS 
data show that the hydrogen abstractions by radiation- 
induced active chlorines are the major process in a subse- 
quently occurring reaction. I t  was found that  large 
electron donating r i ng  substi tuents increase the suscepti- 
bilities o f  individual  constitUents to th~hydrogen  abstrac- 
tions. 
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Diffusivity and Thermal Cracking Rate of Metalorganic Gases by 
Chromatography 

Motoyuki Suzuki* and Michio Sato 
I n s t i t u t e  o f  I n d u s t r i a l  Science ,  U n i v e r s i t y  o f  Tokyo ,  T o k y o  106, J a p a n  

ABSTRACT 

Metalorganic gases such as t r imethylaluminum (TMA), trimethylgallium (TMG), tr iethylaluminum (TEA), and 
triethylgallium (TEG) are often used as metal sources of chemical vapor deposition for producing epitaxial thin films of 
GaAs or GaA1As. Film growth kinetics are governed by thermal cracking of those gases in a thermal boundary layer 
which is expected to develop on the heated substrate and also by diffusion of those gases from bulk stream into the 
boundary layer. Since there has been poor understanding on physicochemical properties of these gases, such as rate of 
thermal cracking reaction and molecular diffusion, the present work is aimed to determine these properties by means of 
a chromatographic technique (pulse-response analysis) developed in the field of chemical engineering. Method of mo- 
ment  was used to analyze chromatographic elution curves and measurements at different temperature ranges provided 
diffusivities (293-428 K) and thermal cracking rate coefficients (454-580 K) of the four gases in hydrogen stream. 

During the last decade, metalorganic chemical vapor 
deposition (MOCVD) has collected wide attention be- 
cause of its advantages: ease in controlling an epitaxial 
layer thickness and adaptability to production in large 
scale. This technique was first developed by Manasevit 
for growing GaAs epitaxial film on an insulator substrate 
(1). Since then, many applications of this technique have 
been tried to prepare devices of different compositions. 

When epitaxial growth of GaAs, for instance, is tried, 
the growth rate of the film appears proportional to the 
concentration of metalorganic gas, while it is little in- 
fluenced by the concentration of arsine or a substrate 
temperature when the same equipment  and the same to- 
tal gas velocity are used. Also, gas velocity has some in- 
fluence on the growth rate (2). These facts suggest that 
supply of metalorganic gas from a bulk stream to the sur- 
face of epitaxial layer is one of the significant factors in 
controlling overall kinetics of the epitaxial growth. Trans- 
port phenomena involved in MOCVD have to be studied 
in more detail in order to determine the precise mecha: 
nisms of the growth in this arrangement. Then on the ba- 
sis of this information, a rational design for the reactor be- 
comes possible, and precise control of product layer 
thickness, alloy composition, and other resultant elec- 
tronic characters become controllable. For the above de- 
scribed purpose, it is essential to know such properties of 
metalorganic gases as diffusivity and thermal cracking 
rate for an understanding of what happens near the sub- 
strate kept at a high temperature. 

Trimethylaluminum (TMA), trimethylgallium (TMG), 
tr iethylaluminum (TEA), and triethylgallium (TEG) are 
often employed as the metal-source gases for the growth 
of GaAs or GaA1As files by MOCVD method. The pres- 
ent work focuses on determination of the diffusivities and 
the thermal cracking rate coefficients of these gases in a 
hydrogen stream which is usually used as a carrier in 
MOCVD. Those properties are determined by employing 
chromatographic technique (Fig. 1 outlines the chromato- 
graphic experiment) which has been often used for ob- 
taining rate parameters in a complexed system (3). Pulse 
of metalorganic gas was introduced in a hydrogen stream 
flowing in a column packed with inert glass beads kept 
at a constant temperature. The effluent peak from the 
column was detected by mass spectrometry and analyzed 
by the method of moment.  Measurements at the low tem- 
perature ranges where thermal cracking is considered 
negligible provided diffusibilities of these gases, while 
thermal cracking rate coefficients were obtained from 
the higher temperature runs. 

Theory of Chromatography 
Metalorganic gas in hydrogen is decomposed to metal 

and hydrocarbon at high temperature. The overall reac- 
tion is 

*Electrochemical Society Active Member. 

3 
MR3 + ~- H2 -~ M + 3RH [1] 

When hydrogen exists in large excess, the reaction rate 
is considered first order regarding concentration of met- 
alorganic gas. Then mass conservation of metalorganic 
gas in the column packed with inert glass beads leads to 
an equation which describes a concentration pulse intro- 
duced at the inlet of the column 

O2C OC = ekC + �9 OC 
g z  ~ - u oz ot 

z =  O : C = M 6(t) 

z = o~ : C = 0 [2] 

where Ez represents the axial dispersion coefficient of 
metalorganic gas, u is the superficial velocity of a carrier 
gas based on the cross-sectional area of  the column, �9 is 
the void fraction of the column, and k is the first-order 
reaction rate constant. As the boundary conditions, M is 
the intensity of pulse introduced at the inlet of the col- 
umn and 6(t) means the delta function defined as 

8(t) 6(0) : oo 
6(t r O) = 0 

f ~ ~(t) d t  = 1 [3] 

Equation [2] can be transformed and solved in the 
Laplace domain, and the solution in the Laplace domain 
which contains three parameters (Ez, e, and k) directly 
gives moments of the effluents peak in the time domain 
(3). The moments of the effluent peak are defined by the 
following equations. 

The zeroth reduced moment,  which is defined as the 
ratio of the amount  of the unreacted sample detected at 
the outlet of the column and that of the sample intro- 
duced at the inlet, is calculated as 

f~ c d t  

/z0 - M [4] 

Impulse 
Mb(t) 

~olumn 
! 

t=O 

_ ~ s p o n s e  

t 
Fig. 1. Chromatographic experiment 
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The first absolute moment  is obtained as 

and the second central moment  as 

[5] 

f ~ ( t  - C dt /~l) 2 

[6] 

The moment  solutions of the general equations, which 
describe the mass balance in a fixed bed reactor, have 
been obtained by Suzuki and Smith (3). Equation [2] is a 
simplified form of the general equation and the moment  
solution of Eq. [2] can be obtained from their work by 
omitting the terms related to adsorption, intraparticle dif- 
fusion, and surface reaction in the general moment  solu- 
tions. 

Zeroth-reduced, first-absolute and second-central mo- 
ments are written as 

] /z0 = exp (q0 - 1) 

�9 2 ) 
= exp - ~ k [7] 

q0+ 1 

�9 z 1 
~ , -  [8] 

where 

u q~ 

2Eze2z 1 
/~2 = u~ q0--- ~- [9] 

4Ezek 
q0 = 1 + u----- T -  [10] 

By comparison among Eq. [7]-[10] and the corresponding 
moments determined for varieties of conditions, parame- 
ters Ez, e, and k can be obtained. 

Special cases.--No reaction--dif fusivi ty  from the second 
moment . - - I f  the column is kept at a low temperature, 
thermal cracking can be neglected. When k can be re- 
garded as zero in Eq. [10], q0 becomes 1 and then the 
zeroth moment,  which represents the fractional ratio of 
the uncracked metalorganic gas, becomes unity. Then 
from the second central moment,  the axial dispersion co- 
efficient, Ez, can be obtained as 

~21(2z/u) 
Ez - - -  [11] (du) ~ 

where, the void fraction of the column, e, is readily ob- 
tained from the first moment  

�9 = /~,l(z/u) [12]  

Axial dispersion coefficient in a packed column may 
be written as (4) 

Ez = ~D + lu [13] 

The first term in the right side of Eq. [13] means the ef- 
fect of  molecular diffusion, and the second term shows 
the effect of convective dispersion due to the gas flow. In 
the case of very low gas velocity, the effect of dispersion 
becomes small enough and Ez approaches the constant 
value ~TD. Diffusibility 7/ is a parameter specific to the 
column determined by packing configurations. First, the 
measurement  of v is carried out by using hel ium pulse in 
a hydrogen carrier, where molecular diffusivity is known. 

Then the diffusivity of each gas is obtained from Ez deter- 
mined from Eq. [11] by using Eq. [13]. 

Thermal cracking rate coefficient f rom the zeroth mo- 
ment . - - I f  the column temperature is raised, thermal 
cracking occurs and zeroth reduced moment  becomes 
less than unity. Also, when the cracking rate is not too 
high, q0 is calculated from Eq. [10] to be about 1.001. Then 
the magnitude of [2/(qo + 1)] in Eq. [7] can be regarded as 
approximately 1. Then the thermal cracking rate coeffi- 
cient can be obtained from semilog plots of the zeroth 
moments for each temperature vs. the residence time zdu. 

Experimental 
The schematic diagram of experimental  apparatus is 

shown in Fig. 2. A column was a copper tube 1/4 in. in 
outer diameter, 2m long, and packed with glass beads 
(Shiraki Rikagaku Company) whose average diameter 
was 0.5 ram. Carrier gas was pure hydrogen of research 
grade. Flow rate of the carrier gas was limited up to 70 
cm3/min because of the excessive pressure drop of the 
column beyond this rate. Metalorganic gas was main- 
tained in a stainless bubbler cooled in a constant- 
temperature bath and was vaporized by introducing a 
small amount of pure hydrogen flow. The bubbler tem- 
perature was 283 K for TEG and 273 K for TMA, TMG, 
and TEA. The column temperature was maintained con- 
stant by a thermostatic oven. A six-way valve was used to 
introduce the gas pulse whose volume was 0.30 cm ~. Gas 
flow rate was measured by a soap flow meter  situated 
after the column. 

A needle valve splitter just  behind the column was used 
to lead a small amount  of the outlet gas into quadrupole 
mass spectrometer (QMS) (TE-600 Anelva Corporation), 
which is furnished with multiple ion selector (MIS). 
About 0.3 cm3/min effluent gas was led into the QMS. 
The chamber pressure of the QMS was about 10 -~ torr. 

A mass spectrometer is suitable for the present chroma- 
tographic experiment,  since it has very little effective 
dead volume because of the high vacuum of the chamber 
and it also has the base line stability brought about from 
its principle of detection: MS detects the sample dislo- 
cated electrically at the ion source. If the amount of intro- 
duced gas and the chamber pressure are kept constant 
during the experimental  run, MS is not influenced by the 
alteration of another parameter (gas velocity or tempera- 
ture in the column). 

In this experiment,  mother peaks of metalorganic gases 
were scarcely detected, so that fragment peaks (CI-I3 + of 15 
amu for TMA and TMG, C2H5 + of 29 amu for TEA and 
TEG) were measured for determination of uncracked 
metalorganic gases. 

When carrier gas is hydrogen, hydrocarbon is easzly 
formed by combination of the alkyl ions, which are prod- 
ucts of electrical cracking, and the hydrogen in vacuum 
chamber, and it appears as recombination peaks. Metalor- 
ganic gas and the corresponding hydrocarbon gas (CI~ or 
C2H6) are indistinguishable by QMS only. 

In thermal cracking rate measurement,  Dry Ice- 
methanol cold trap was Prepared for the purpose of 

Gold trap 
Thermostatic oven ' i 

F C U U O  - ' 

Constant temperature bath 
Fig.  2 .  Schematic diogrom of experimentol apporotus. Cold trop was 

used in thermal crocking rote m e o s u r e r n e n t .  

Splitter 

Soap flow meter 
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removing the uncracked metalorganic gases from the 
stream. The glass beads packed column (1/8 in. od, 30 cm 
long) was kept in the Dewer vessel filled with Dry Ice- 
methanol. Fragment  peaks of hydrocarbon were used for 
quantitative determination of the extent of thermal crack- 
ing reaction. 

The amount  of hydrocarbon was 

f : c  (with cold trap) [14] d1 
and the amount  of total CH3 or C~H~, which represents to- 
tal amount of metalorganic gas and hydrocarbon, was 

:C dt (without cold trap) [15] 

The zeroth moment  was defined as 

/~C dt (without cold trap) - f~C dt (with cold trap) 
�9 " u 

f : c  (without trap) dt cold 

[16] 

July 1985 

Results and Discussion 
Preliminary runs.--First ,  temperature effects on crack- 

ing of the gases were examined from decrease of elution 
peak area, i.e., zeroth moments. Below 450 K, no apprecia- 
ble decrease of the peak area was observed, and then the 
diffusion measurements were performed between room 
temperature and 450 K. As a consequence, thermal crack- 
ing rates were obtained above 450 K unti l  the temperature 
where no elution peak of metalorganic gas was detected. 

Second, for determining column characteristics , helium 
pulse was introduced into a hydrogen stream flowing in 
the column and then elution curve analysis gave void 
fraction, ~, and diffusibility, ~7, in the column which be- 
comes important for correcting the effect of the gas flow 
in Calculating the molecular diffusivities of the metalor- 
ganic gases. 

From the first moment  of the hel ium peak, the void 
fraction of the bed was determined in good accuracy to be 
0.405. This value is used for the estimation of axial disper- 
sion coefficient of hel ium from the second moment  of he- 
l ium elution peaks as described earlier. Since molecular 
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diffusivity of helium in hydrogen is given as D,~ = 1.132 
cm2/s at 298.2 K (5), from the plot shown by solid circles in 
Fig. 3.1, diffusibility, ,}, is determined as ,} = 0.285. Suzuki 
and Smith reported ,~ = 0.30 for a similar glass beads (dp 
= 0.51 ram) packed column (4), which suggests that the 
figure given here is reasonable. 

Diffusivity of meta~organic gases.--Figures 3.1-3.4 show 
the relationship between axial dispersion coefficient, Ez, 
of metalorganic gases and superficial velocity, u, at room 
temperature or at high temperatures to about 420 K. 

Though the second moments, from which Ez is calcu- 
lated, are susceptible to scattering error introduced by ex- 
perimental difficulties on evaluation of tail part of the 
elution peaks, the reproducibility of Ez is upgraded by 
careful experiments at low gas velocities and repeated 
measurements at similar conditions. From the linear re- 
gression lines of slope, l, according to Eq: [13], the inter- 
cept at the ordinate in the figures gives diffusivity of the 
gas from Eq. [13] by using the diffusibility determined in 
the preliminary runs. Thus obtained molecular diffusivi- 
ties of the four gases are shown as functions of tempera- 
ture in Fig. 4. Molecular diffusivities are proportional to 
the 1.7 power of the absolute temperature. This tendency 
is quite reasonable when compared with the general 
equations presented for diffusivity of gas (6). Also, the 
magnitudes of diffusivities determined here are similar to 
those of the hydrocarbons whose carbon numbers  are the 
same (propane with TMA and TMG, cyclohexane or hex- 
ane with TEA and TEG). 

Fuller e ta l .  (6) reported that molecular diffusivity is 
proportional to the value ~/llM~ + 1/M2. Since l/M, of hy- 
drogen is so large, molecular weight of metalorganic gas 
has little influence on the diffusivity. Mainly, the diffu- 
sion volume or collision diameter in H2 has a controlling 
effect on the diffusivity. 

In the vapor phase TMA, monomer is considered to 
exist in an equil ibrium state with its dimer and the equi- 
l ibrium constant of the dissociation is given as 2.83 x 10 -~ 
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3 0 0  4 0 0  5 0 0  

Temperature (K) 
Fig. 4. Temperature dependency of molecular diffusivity. Metolor- 

ganic gases in hydrogen. 

atm at 373.5 K (7). The TMA bubbler  was kept at low tem- 
perature, and the gas pulse was steadily spread in the col- 
umn;  the concentration of TMA was estimated to be be- 
low 8 x 10 -3 mol/m 3 (2 x 10 -3 atm) in the column, which 
is small enough to assume that dimerization is negligible. 

Also, it may be reasonable to assume that the metal 
atom attracts the alkyl groups and that the molecular 
shape of metalorganic gas is globular, as the alkyl groups 
are distributed around the metal atom as a center. Thus, 
the volume of the metal has little influence on the diffu- 
sion volume. Because the bonding energy of aluminum 
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Fig. 6. Arrhenius plots of thermal cracking rate constant of metalor- 
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and carbon is stronger than that of gallium (8), the ethyl 
groups of TEA cannot spread themselves. Thus the diffu- 
sion volume of TEA may become smaller than that of 
TEG, resulting in higher diffusivity of TEA. 

Thermal cracking rate coefficient.--Metalorganic gas in 
hydrogen is decomposed to metal and hydrocarbon at 
higher temperatures. Hydrogen, the carrier gas of this ex- 
periment and also of ordinary MOCVD systems, is also a 
reactant of the thermal cracking reaction. However, it ~ 
usually exists in excess enough to make it possible to as- 
sume that the reaction is first order regarding the metal- 
organic gas. 

Glass beads are expected to be inert fillers in this ex- 
periment. In  the thermal cracking experiment, metal of 
a luminum and gallium deposited in the column and cov- 
ered the surface of the glass beads, but there was ob- 
served no difference between the reaction rate in a new 
column and that after many repeated runs. Then, it may 
be reasonable to assume that glass beads or metal surface 
have no influence on the cracking reaction. 

Figures 5.1-5.4 show the relationship between the resi- 
dence time and N0, the fraction of the uncracked metalor- 
ganic gas. The linearities of these plots mean that the as- 
sumption of the first-order kinetics is reasonable. From 
the slope of the line, the cracking rate coefficient, k, a t  
that temperature can be obtained by means of Eq. [7]. 
Temperature dependencies of the reaction rate coeffi- 
cient, k, are shown by Arrhenius plot in Fig. 6. 

The elementary process of this cracking reaction is not 
known, and in this experiment intermediate products 
(MR or MRs were expected) could not be detected by 
QMS. But from the slopes of the plots given in Fig. 6 
using Eq. [17], the activation energy for the overall kinet- 
ics can be obtained for each reaction, and these are listed 
in Table I. 

_ Eao,~ 
k = A exp RT ] [17] 

Heats of the thermal cracking reactions in concern can 
be calculated from the quoted data by Stone and West (8) 
and are included for comparison in Table I. Methyl c a m -  

July 1985 

Table I. Activation energy and heat of cracking. 
Metalorganic gases in hydrogen 

Activation Heat of 
energy cracking 

(kJ/mol) (kJ/mol) 

TMA, [AI(CHD~] 158.6 90.4 
TMG, [Ga(CHDa] 119.7 139.3 
TEA, [AI(C~H~)3] 84.5 193.3 
TMG, [Ga(C2HD~] 91.6 203.3 

pounds have larger activation energies and smaller heats 
of the cracking reaction compared with the correspond- 
ing ethyl compounds. This suggests that they are more 
stable than the ethyl compounds in hydrogen at higher 
temperatures. 

Conclusion 
Molecular diffusivities and thermal cracking rate coef- 

ficients were obtained by chromatographic experiment 
for the four metalorganic gases, t r imethylaluminum, 
trimethy]gallium, triethylaluminum, and triethylgallium, 
in hydrogen stream. The chromatographic method is 
found to be an appropriate method for the objective of 
those measurements.  The diffusivities of these gases are 
of the same magnitude as the common hydrocarbons 
with the same carbon number. From the thermal cracking 
rate data, it was concluded that trimethyl compounds are 
more stable than the corresponding triethyl compounds. 
By employing these data, kinetics of growth of thin films 
in MOCVD reactors can be more precisely described in 
terms of transport  processes and chemical reaction in a 
boundary layer developed on the thin film, which helps 
future progress in this field. 

Manuscript submitted Nov. 19, 1984; revised manu- 
script received March 13, 1985. 

LIST OF SYMBOLS 
A frequency factor (s -j) 
C concentration of metalorganic gas (moYcm ~) 
d, particle diameter (mm) 
D molecular diffusivity (cm2/s) 
East activation energy of thermal cracking (J/real) 
Ez axial dispersion coefficient based on cross-sec- 

tional area of column (cm2/s) 
k first-order reaction rate constant (s- ')  
l scale of dispersion (cm) 
M amount  of pulse (mol) 
Mt molecular weight of i (g/mol) 
R gas constant (J/K-mol) 
t time(s) 
T absolute temperature (K) 
u superficial velocity of gas (cmJs) 
z length of column (cm) 

Greek letters 
�9 void fraction of column (- )  
8(t) delta function defined in Eq. [3] 
~? diffusibility ( - )  
~0 zeroth reduced moment  (-)  
~, first absolute moment  (s) 
~2 second central moment  (s ~) 
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Reduction of Sodium Ion Density in Molybdenum-Gate MOS 
Devices with the Addition of Tantalum to Gate Electrodes 

Shin-ichi Ohfuji* and Noboru Shiono 
Nippon Telegraph and Telephone Public Corporation, Atsugi Electrical Communication Laboratory, 1839 Ono, 

Atsugi-shi, Kanagawa Prefecture, 243-01 Japan 

ABSTRACT 

The reduction mechanism of mobile ion contamination in Ta-Mo alloy gate MOS structures has been examined by 
varying the deposition and annealing conditions of gate metals. Mobile ion density in the gate SiO2 for the Ta-Mo gate 
structures decreases drastically after forming gas annealing at 1000~ whereas the density increases during nitrogen gas 
annealing. The structure and composition analysis for the Ta-Mo gate observed by x-ray diffraction, SIMS, and AES 
indicates that nitriding of Ta-Mo films occurs during the forming gas annealing, and the nitride, MoTaN (tetragonal, 
CrNbN-type structure), is stable even at 1000~ during annealing. These facts suggest that MoTaN formation at the 
boundaries of Mo grains, which is similar to the stuffing effect observed in TiN films, is responsible for immobilizing 
the sodium atoms within the gate electrodes. As a result, the diffusion of sodium from the gate electrode into the SiO2 
layers is suppressed. 

With regard to the development of highly conductive 
and self-aligned gate electrodes and interconnection lines, 
molybdenum (Mo) is under  active investigation as an al- 
ternative to the widely used polycrystalline silicon gate in 
MOS LSI's (1). In  the self-aligned gate process, high tem- 
perature annealing above 900~ is necessary to activate 
implanted ions in the source and drain regions following 
gate electrode formation. This process causes the impuri- 
ties sodium (Na) and potassium (K), contained in the Mo 
electrodes and having a concentration less than 1 ppm (2), 
to diffuse into the gate SiO2 layers. This alkali ion con- 
tamination is known to result in flatband voltage shifts in 
MOS structures (3). It is essential to prevent this ionic Na 
and K contamination in the thermally grown SiO2 layers 
in order to stabilize the Mo-gate MOS characteristics. 

A phosphosilicate glass stabilization process (4) and an 
oxidation technique for silicon in the presence of chlorine 
and chlorine compounds (5) have been developed as 
methods to obtain passivated oxides. Another possible 
solution, high temperature annealing of Mo gate elec- 
trodes in a forming gas, has been reported to be effective 
in reducing this contamination (6). We have recently 
shown that the effect of forming gas annealing is en- 
hanced by hydrogen doping and the addition of tantalum 
to Mo films (2). The Ta addition is intended to increase 
the amount of doped hydrogen in the films as a result of 
the fact that Ta has a higher hydrogen absorption prop- 
erty than Mo (7). It has also been shown that the Na diffu- 
sion from these specially designed gate electrodes into 
the gate oxides is almost entirely prevented when high 
temperature annealing is performed in a forming gas, al- 
though the physical origin of this effect remains unclear. 

In this work, a reduction mechanism of mobile ion con- 
tamination in the Ta-Mo alloy gate MOS structures is ex- 
amined by varying the deposition and annealing condi- 
tions of gate metals. Structural and compositional 
changes in the Ta-Mo films as a function of process con- 
ditions are measured using an x-ray diffractometer, 
SIMS, and AES, and are compared with the mobile ionic 
charge density in the gate SiO~ measured by the triangu- 
lar voltage sweep method. Metal nitride formation, which 
is induced by the Ta addition, is discussed as a cause for 
the reduction of Na ion density in the gate SiO2. 

Experimental 
Ta-Mo alloy-gate MOS capacitors were fabricated on  

p-type (100) Si wafers of 4-6 fl-cm resistivity. Thin gate 
SiO, was grown on the wafers in a d r y  O2 ambient  at 95ffC 
to a 400A thickness. The H-doped Ta-Mo alloy films, 
3300~ thick, were co-sputtered using an RF planar mag- 
netron sputtering apparatus with two independent  Ta 
and Mo targets at pressure 1 • 10 -2 torr in a mixed 
H2(20%) and Ar(80%) ambient  for H doping. The purity of 

* Electrochemical Society Active Member. 

both the Mo and Ta targets was more than 99.95%. The 
RF power was divided between the two targets at various 
ratios so as to control the Ta concentration in the films 
from 0 to 100 atom percent (a/o). 

Gate electrodes of 500 • 500 ~m were defined by con- 
ventional photolithography and chemical etching using 
an H3PO4-HNO3 solution. After patterning the gate elec- 
trodes, high temperature annealing was carried out at 
1000~ in an N~ ambient  and/or a forming gas ambient 
(H~:N~ = I:9 by volume). This annealing step also serves as 
an activation of implanted dopant in the source and drain 
regions in the self-aligned gate process for FET's. A sub- 
sequent low temperature annealing in forming gas (H2:N2 
=: 1:2) was performed at 450~ for 30 rain for all samples 
in order to reduce the interface trap density at the Si/SiO2 
interface. 

The mobile ionic charge density Nm in the MOS struc- 
tures was measured by the triangular voltage sweep 
method (TVS) with a 50 mV/s ramp rate at 270~ The de- 
tection limit of this method was less than 5 • 109 cm -2. 
The electrical resistivity of the films were determined by 
a four-point probe method in conjunction with thickness 
measurements using a Talystep (Rank Taylor Hobson). 
Depth distribution profiles for the Na in the MOS struc- 
tures were measured by SIMS (CAMECA, IMS-3F) with a 
15 kV primary O2 ~ ion beam. The film structure was in- 
vestigated using an x-ray diffractometer. The average 
grain size for Mo was determined from the broadening of 
the diffraction peaks of Mo(ll0), using Scherrer's equa- 
tion (8). 

Results and Discussion 
Reduction of ionic charge density.--Figure 1 shows vari- 

ations in mobile ionic charge density, Nm, and electrical 
resistivity of electrode films for H-doped Ta-Mo alloy 
gate MOS structures (denoted as "H-Ta-Mo"), after an- 
nealing in forming gas at 1000~ for 30 min, as a function 
of Ta concentration in the electrodes. In this case, gate 
electrodes of 500 x 500 ~m were fabricated by depositing 
H-Ta-Mo films through a metal mask onto SiO2 layers. 
The reason for this is that it is difficult to etch H-Ta-Mo 
films selectively from the SiO2 layers when the H-Ta-Mo 
films contain more than 10 a/o Ta. A several atomic per- 
cent Ta addition is found to be effective in reducing N~,, 
whereas more than this is not very effective. Since bulk 
resistivity of Ta is higher than that of Mo, as shown in 
Fig. lb, the electrical resistivity increases with an increase 
in the Ta concentration. A resistivity of 4.2 • 10 -5 12-cm 
can be obtained even for a sample with as high as 20 a/o 
Ta. This resistivity is only four times as large as the resis- 
tivity for the samples without  Ta (denoted as "H-Mo"), 
and this H-Ta-Mo is applicable to conductive gate elec- 
trodes. 

Figure 2 shows the N,~ for an Mo gate (not doped with 
hydrogen) and an H-Ta-Mo gate with 7 a/o Ta as a func- 
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Fig. 1 Mob le oni c charge density Nm (a) and electrical resistivity of 
electrode films (b) for H-Ta-Mo gate MOS structures after annealing in 
forming gas at 1000~ for 30 min as a function of Ta concentration in the 
electrodes. 

tion of H2 gas concentration in the H2-N2 annealing ambi- 
ent at 100ffC for 30 min. More than 3 volume percent (v/o) 
H2 is found to be required to reduce N~ in both gate struc- 
tures. The H-Ta-Mo gate is more influenced by the H2 
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Fig. 2. Mobile ionic charge density Nm for Mo gate and H-Ta-Mo (7 

a/o Ta) gate MOS structures as a function of H2 gas concentration in the 
annealing ambient at 1000~ for 30 min. 
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Fig. 3 Variations in mobile ionic charge density Nm for Mo gate and 
H-To-Mo (7 a/o To) gate as o function of annealing time tH in forming 
gas at 1000~ 

concentration than the Mo gate. This indicates that H 
doping and Ta'addit ion enhance the reduction effect dur- 
ing forming gas annealing (2). 

The effect of the annealing time t.  in the forming gas at 
1000~ is shown in Fig. 3 for the Mo gate and H-Ta-Mo 
gate (7 a]o Ta), Mobile ionic charges are undetected for 
the H-Ta-Mo Rate. For the Mo gate, Nm i s  as high as 7 • 
1011 cm -2 at t~ = 5 rain and gradually decreases with an 
increase in tH. This result suggests that  mobile ionic char- 
ges, which are mostly Na ions, are not diffused into the 
gate oxides in the H-Ta-Mo gate structures, even at the in- 
itial stage of the annealing, whereas Na contamination oc- 
curs within 5 min and is gradually reduced with an in- 
crease in t~ for Mo gate structures. The difference in Nm 
between the gate structures is caused by the amount of  
hydrogen absorbed in the films before annealing and by 
the Ta addition to the electrodes in the deposition 
process. 

The following mechanisms may be proposed for the re- 
duction effect on the mobile ionic charge density: (i) 
blocking of Na thermal diffusion into the SiO2 at the 
metaYSiO~ interface by an H-Ta-Mo alloy diffusion barrier, 
(ii) immobilization of Na contained in the gate electrodes, 
(iii) neutralization of Na ions in the SiO~ layers, and (iv) 
gettering of Na from the SiO2 by H-Ta-Mo films. The ap- 
propriateness of these mechanisms is next  discussed. 

To clarify the blocking effect [mechanism (i)], Nm has 
been compared for various MOS structures of an H-Ta- 
Mo(150]~)/Mo(3100~) double-layered gate, an Mo(3300]~) 
gate, and an H-Ta-Mo(330{~) gate after annealing in 
forming gas at 1000~ for 30 min. The results are shown in 
Table I. The blocking effect by the thin H-Ta-Mo layer is 
concluded to be very weak. This is because the Nm for the 
double-layered gate is as large as that for the Mo gate. 

Figure 4 shows a Variation in N~ as a function of anneal- 
ing t ime tN in N2 at 1000~ for the H-Ta-Mo gate (7 a]o Ta). 
Subsequent  annealing was carried out on several samples 
in forming gas at 100ffC for 30 min. More than 2 • 10 ~1 
cm -2 of Nm, which was measured after annealing in N2 
within 20 min, is found to decrease to undetected levels 
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Table i. Mobile ionic charge density Nm for three types of MOS 
capacitors onneoied in forming gas at 1000~ for 30 min 

Electrode structures Nm (cm-9 

Mo(3100A) on H-Ta-Mo(150A) > 2 • I0 H 
Mo(3300~) 1.3 x 10" 
H-Ta-Mo(3300~) Undetected" 

a The detection limit of N= measurements is less than 5 x 10" cm-2. 

when subsequent  annealing is carried out in forming gas. 
This indicates that mobile ionic charge contamination in 
the gate oxides can be removed by annealing in forming 
gas. However, the reduction effect is not so remarkable 
when tN is extended to 60 min. The prolonged annealing 
for 60 min in N2 may have induced a change in film struc- 
tures which suppresses the reduction effect. These results 
suggest the possibility that the removal of the mobile 
ionic charge contamination in the gate oxide is caused 
not only by the immobilization of Na in the electrodes 
[mechanism (ii)] but  also by the gettering of Na from the 
SiO2 by H-Ta-Mo films [mechanism (iv)]. 

Depth distribution profiles of Na for the samples ex- 
amined in Fig. 4 are shown in Fig. 5.23Na' intensity peaks 
are clearly observed in the SiO, region for the samples an- 
nealed only in N2 (Fig. 5a, 5c), and are nearly independent  
of annealing time tN in N2. For samples which were subse- 
quently annealed in forming gas for t .  = 30 min, =3Na§ in- 
tensity, normalized by 2"Si" intensity in the SiO~ region, 
decreases to 1/100 for the sample with tN = 5 min (Fig. 5b) 
and 1/2 for the sample with tN = 60 min (Fig. 5d). These re- 
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sults agree well with the N~ values measured by TVS 
(shown in Fig. 4), and indicate that very few Na atoms are 
contained in the SiO~ when ionic charges are not detected 
in MOS capacitors. Therefore, the neutralization mecha- 
nism of Na ions in the SiO~ [mechanism (i/i)] can be ig- 
nored. Immobilization [mechanism (ii)] and gettering 
[mechanism (iv)] are still consistent with these experi- 
mental results. 

Structural effects of Ta addition.--Figure 6 shows x-ray 
diffractometer traces for the H-Ta-Mo films with 0-100 a]o 
Ta after annealing in forming gas at 100ffC for 30 min. 
When the Ta concentration is 0 a/o, i.e., H-Mo (Fig. 6a), 
only Mo can be found. However, with the increase in the 
Ta concentration to 20 a/o (Fig. 6b and 6c), diffraction 
peaks for tetragonal MoTaN (CrNbN-type structure, 
space group P4/nmm) (9) appear in addition to the Mo 
peaks. For the films with 100 a/o Ta, i.e., H-Ta (Fig. 6d), 
hexagonal TaN is found instead of Ta, which is ordinarily 
observed after annealing in N~. T h e  nitrogen in the 
H-Ta-Mo films was also analyzed by AES. Figure 7 shows 
Auger peak-to-peak heights of nitrogen (379 eV, KLL 
transition) in the middle depth of Mo and H-Ta-Mo films 
as a function of annealing time t,  in forming gas at 
1000~ The peak heights for H-Ta-Mo films are relatively 
higher than those for Mo films at any t~. The nitrogen 
concentration in the H-Ta-Mo films, evaluated from these 
peak heights using sensitivity corrections for the constit- 
uent elements (10), is more than 5 a/o, whereas the con- 
centration for Mo films is less than 2 a/o. From the results 
of the diffractometer traces and the AES analysis data, H 
doping and Ta addition are found to activate nitriding in 
the matrix Mo films. 

Figure 8 shows Auger peak-to-peak heights of nitrogen 
in the middle depth of H-Ta-Mo gate electrodes as a func- 
tion of annealing time t~ in N~ at 1000~ After annealing 
in N~, some samples were subsequently annealed in 
forming gas at 1000~ for 30 min. Immediately after an- 
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offset by 2 ~ to minimize Si substrate reflections. 
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Fig. 7. Auger peak-to-peak heights of nitrogen (379 eV, KLL transi- 
tion) in the middle depth of Mo and H-Ta-Mo gate electrodes as a func- 
tion of annealing time tH in forming gas at !000~ 

healing in N2, the peak heights are as low as those for Mo 
gate annealed in forming gas (shown in Fig. 7). However, 
subsequent annealing in the forming gas results in peak 
heights as high as those in the H-Ta-Mo gate annealed 
only in the forming gas (shown in Fig. 7), whereas the 
peak heights decrease when tN is increased up to 60 rain. 
This indicates that the nitriding reaction of the films pro- 
ceeds remarkably when forming gas annealing is com- 
bined with Ta addition, and that nitriding occurs even on 
samples previously annealed in N2. 

Mo grain growth is shown in Fig. 9, and corresponds to 
the samples shown in Fig. 8. Subsequent  annealing in 
forming gas is found to increase the Mo grain size even 
more when the annealing time tN in N~ is less than 30 min. 
However, at tN = 60 min, an increase in the Mo grain size 
is not observed after the subsequent annealing in forming 
gas. This phenomenon at t~ = 60 min agrees with the rela- 
tively low AES peak heights of nitrogen in the same 
samples shown in Fig. 8 as well as with the increased Nm 
shown in Fig. 4, sample (d). It is thought that large Mo 
grains, grown by prolonged annealing for 60 min in N2, 
suppress the nitriding of the samples due to the subse- 
quent  annealing in forming gas. This is because amor- 
phous structures, which can be easily converted into ni- 
trides, are  almost completely eliminated from the Mo 
grain boundaries after prolonged annealing. 

As described above, the Auger peak heights of nitrogen 
shown in Fig. 7 and 8 are found to agree with the ionic 
charge densities Nm, which change with process condi- 
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Fig. 8. Auger peak-to-peak heights of nitrogen (379 eV, KLL transi- 

tion) in the middle depth of H-Ta-Mo gate electrodes as a function of 
annealing time tN in N~ at 1000~ After annealing in N~, some sQmples 
were subsequently annealed in forming gas at 1000~ for 30 min. 
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function of annealing time tN in N2 at 1000~ Prior to grain size mea- 
surements, some samples were subsequently annealed in forming gas at 
1000~ for :30 rain. 

tions such as annealing time tH in forming gas (Fig. 3) and 
annealing t ime tN in N2 (Fig. 4). In  these figures, the rela- 
tively high Nm of more than 1 x 10" cm -2 corresponds 
with the low nitrogen concentration of less than 2 a/o. On 
the contrary, when ionic charges are not detected in MOS 
structures, the nitrogen concentration in the gate elec- 
trodes reaches more than 5 a]o. These facts suggest that 
the reduction in Nm is significantly influenced by the 
structural and compositional changes in gate electrodes, 
which supports the immobilization mechanism taking 
place within the electrodes. 

Effects of nitride on sodium diffusion.--The nitriding of 
H-Ta-Mo gate electrodes is found to be closely related to 
the reduction effect on the Na ion density in the gate ox- 
ide. The following effects on Na diffusion from gate elec- 
trodes into gate SiO2 due to the nitride formation are sup- 
posed: (i) dramatic decrease in the diffusion coefficient 
of Na in the electrodes due to nitriding, and (ii) the cap- 
ture of Na cations in the electrodes as a result of a stable 
nitride formation due to high electronegativity of 
nitrogen. 

Thin metal nitride films, such as TiN (150A thick) (11), 
TaN (12), and Mo-N (13), have been well known to work as 
diffusion barriers. A stuffing effect in grain boundaries 
has been proposed (14) as the mechanism for the dif- 
fusion-barrier properties of these metal nitrides. This ef- 
fect is expected to be applicable to the blocking of Na dif- 
fusion in the present results, although thermal processing 
temperatures (<600~ applicable to these diffusion barri- 
ers, are lower than those in the present experiments 
(90ff-1000~ 

Nitriding of Mo films has been reported for Mo formed 
by reactive sputtering in a mixture of Ar and N2 gases 
(15), and for Mo annealed at 700~-800~C in an ammonia gas 
ambient  (16) or in a mixture of H~ and N2 gases (16, 17). 
However, nitride does not form when Mo films are an- 
nealed in N2 or in a mixture of H2 (5%) and Ar (95%) (17) at 
temperatures up to 100ffC. Since the heat of dissociation 
of nitrogen molecules to monatoms is very high at these 
temperatures (113 kcaYmol) (16), the nitriding reaction be- 
tween monatomic nitrogen and Mo can be ignored ther- 
modynamically. When annealing is carried out in a 
forming gas, the heat of dissociation has been estimated 
to be reduced by.half (16), which results in nitride forma- 
tion, mainly 7-Mo~N, at low temperatures of 700~ As 
with Mo, Ta can be nitrided by annealing in forming gas 
but not in N2, as shown in Fig. 6. Therefore, H doping in 

the films and/or in the annealing ambients is concluded 
to be effective in the nitride formation of Mo and Ta. 

It has also been reported that the molybdenum nitride, 
formed in the processes described above, is thermally de- 
composed into elementary molybdenum by high temper- 
ature annealing at more than 900~ in N2 or in a mixture 
of H2 and N2 (17-19). This agrees with the experimental re- 
sults shown in Fig. 6a. However, as is shown in Fig. 6d, 
TaN is stable under  annealing up to 1000~ In addition, 
the melting point of TaN is as high as 3088~C. The forma- 
tion and stability of MoTaN have been also confirmed in 
the samples annealed at 1000~ by x-ray diffraction, as 
shown in Fig. 6b and 6c. Therefore, the addition of Ta in 
the appropriate amount  to Mo is thought to have a re- 
markable effect on preventing the decomposition of 
formed nitrides even after high temperature annealing up 
to 1000~ 

In  molybdenum nitride gate MOS structures formed by 
reactive sputtering, passivation effects on ionic charge 
contamination have not been reported (15). This suggests 
that nitriding of gate electrodes is not required to reduce 
the contamination. The volume expansion caused by high 
temperature n i t r id ing  processes, which is estimated to 
reach to 27% in MoN from Mo (16), is thought to increase 
the density of Mo grain boundaries and to result in block- 
ing Na diffusion at the boundaries. 

To clarify the second mechanism in connection with 
electronegativity, oxygen-doped molybdenum films were 
examined as the gate electrodes for MOS structures. This 
is because oxygen has a higher electronegativity (3.5) than 
nitrogen (3.0) (20). Figure 10 shows Nm in the MOS struc- 
tures as a function of the oxygen concentration in the 
electrodes. Here, the oxygen was doped by reactive sput- 
tering of Mo in a mixture of O~ and Ar gases. After anneal- 
ing in N~ at 1000~ for 30 min, the oxygen was converted 
into stable MoO2 in the electrodes (21). With an increase in 
the oxygen concentration, N• shows a tendency to in- 
crease after annealing above 800~ This indicates that the 
possibility of capturing Na cations in oxygen-doped Mo 
films is eliminated. Similarly, the capturing of Na in 
H-Ta-Mo films may be eliminated. 

The decrease in N~ resulting from forming gas anneal- 
ing after N2 gas annealing, shown in Fig. 4, can be ex- 
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piained by the blocking effect on Na diffusion, discussed 
above. When tN is within 15 min, Na in the gate SIO2, dif- 
fused from gate electrodes by the annealing in N2, contin- 
ues to diffuse toward the Si substrate during subsequent  
annealing in forming gas. In  this case, an additional Na 
supply from the gate electrodes to the gate SiO~ is ab- 
ruptly blocked by the nitriding of the H-Ta-Mo gate. This 
results in a decrease in Na density in the SIO2. When tN is 
60 min, however, the blocking of Na diffusion is not  
sufficient and a relatively high densi ty of Na remains in 
the SiO2 even after the annealing in forming gas. 

Conclusion 
The reduction mechanism of mobile ion contamination 

in Ta-Mo alloy gate MOS structures is examined.  The for- 
mation of te tragonal  MoTaN is found in the Ta-Mo alloy 
gate electrodes during high temperature  annealing up to 
1000~ in forming gas. A possible explanat ion for the re- 
duction in Na ion density in the gate SiO2 is that  the in- 
corporated ni trogen changes the amorphous boundary 
structures of Mo grains to the crys ta l l ine  MoTaN in the 
electrodes, and increases the density of the boundaries in 
the same way as the stuffing effect observed in TiN diffu- 
sion barrier films. These changes are believed to immobi- 
lize the Na in the electrodes and block Na diffusion from 
the gate electrodes into the gate SIO2. 
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ABSTRACT 

The atom superposition and electron delocalization molecular orbital theory and large cluster models have been em- 
ployed to study cation vacancy diffusion in a-Al~O3 and the bonding of a-Al~O3 to nickel, aluminum, and yttrium sur- 
faces. A13~ diffusion barriers in a-AI~O~ by the vacancy mechanism are in reasonable agreement with experiment. The 
barrier to Y~§ diffusion is predicted to be much higher. Since addition of yttrium to transition metal alloys is known to 
reduce the growth rate and stress convolutions in protective alumina scales, this result suggests the rate-limiting step in 
scale growth is cation vacancy diffusion. This may partially explain the beneficial effect of yttrium dopants on scale ad- 
hesion. The theory also predicts a very strong bonding between alumina and yttrium at the surface of the 'alloy. This 
may also be important  to the adhesion phenomenon.  It is also found that a luminum and yttrium atoms bond very 
strongly to nickel because of charge transfer from their higher-lying valence orbitals to the lower lying nickel s-d band. 

The essential requirement for high temperature oxida- 
tion resistant alloys is the development and maintenence 
of a continuous protective oxide scale on their surfaces. 
However, it is observed that, during cyclic heating and 
cooling, stresses are developed, leading to the spalling of 
the protective layer, thus corroding the alloy surface. It is 
well known that the addition of small amounts of rare- 
earth elements such as yttrium, zirconium, and hafnium 
improves the oxidation resistance of the alloy, first by 
decreasing the growth rate of the oxide, and second by in- 
creasing the adherence of the oxide scale to the alloy sur- 
face. Various hypotheses have been put forward to ex- 
plain these beneficial effects of the rare-earth dopants. 
These mechanisms have been reviewed by Whittle and 
Stringer (1), Delaunay and Hunz (2), and Hindam and 
Whittle (3). It may be noted that there is an optimum 
amount of the rare-earth dopant necessary for obtaining 
optimal resistance to oxidation and optimal oxide scale 
adherence. In the case of yttrium, this opt imum amount 
is about 100-300 ppm (2). The yttrium-implanted alumi- 
num containing alloys show behavior similar to that of 
the cast alloys. 

It is known on the basis of platinum marker studies (4) 
and 'sO tracer studies (5) that the Al~O3 grains of the oxide 
scale grow inward into the alloy. The implication is that 
oxygen in some form diffuses inward along grain bounda- 
ries and aluminum oxidation takes place in the vicinity of 
the grain-alloy interface. Nothing is known about the de- 
tails of the oxidation chemical reaction mechanism. That 
is, if cation vacancy migration is involved, it is not known 
if the cation vacancies diffuse some distance through the 
interfacial region prior to reduction at the grain-alloy in- 
terfacial region, or if they diffuse down from upper re- 
gions o f  the oxide grain boundaries for some distance 
prior to reduction, or if they diffuse s o m e  distance 
through the grains to the reduction sites at the grain-alloy 
interface. If  such cation vacancy diffusion is unimportant, 
then anion vacancies might diffuse to the grain boundary 
region from the grain-alloy interface either through the 
A1,203 or through the interfacial region. If  the grain-alloy in- 
terracial region is similar to the oxide grain boundary, 
then oxygen may diffuse all the way to the metal before 
being reduced. In this case, to continue inward grain 
growth, anion vacancy diffusion from the base of the 
grain through the interfacial region will occur and oxida- 
tion will take place in the interfacial region at the alloy 
surface. Alternatively, A120:~ clusters may form in the al- 
loy at the grain boundary-alloy interface and these would 

I On leave from K. M. College, University of Delhi, Delhi 
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then have to migrate to the center of the grain-alloy 
interface. 

The present theoretical study shows that yttrium pres- 
ent in a nickel-aluminum alloy has the effect of pre- 
venting cation vacancy diffusion. This and the observed 
reduction in grain growth (1-3) implies that the rate- 
limiting step in the kinetics of A1203 grain formation has a 
mechanism involving cation vacancy diffusion. 

The reduction in grain growth has the well-known 
beneficial effect of slowing the consumption of alumi- 
num metal in the alloy due to spalling which occurs dur- 
ing cychc heating and cooling (1-3). It is commonly hy- 
pothesized that an additional effect of reduced grain 
growth is a significant reduction in stresses in the scale 
which, when high (i.e., when no rare-earth dopant is pres- 
ent), cause rapid spalling. A cation vacancy migration 
blocking mechanism such as ours is not inconsistent with 
this hypothesis. 

It has been suggested that the rare-earth dopants re- 
duce interracial void formation (1-3), although more re- 
cent studies cast doubt on the generality of this explana- 
tion (6), at least based on initial stages of scale growth. 
Less often considered is the possibility that void forma- 
tion is a consequence of growth stresses. 

The last general effect sometimes invoked to help ex- 
plain rare-earth dopant effects on alumina scale adhesion 
to alloy surfaces centers on chemical bond strengths be- 
tween the alumina and alloys and how the rare-earth ele- 
ments may increase these strengths. In the present study, 
we find some support for this hypothesis. This comes 
from examining theoretically the binding energies of alu- 
minum and yttrium metal atoms in nickel and the bind- 
ing of A120~ to the alloyed surface. The calculated ener- 
gies are large in each case, suggesting that the alloy is 
especially strong and that oxide scales should bond m o r e  
strongly to yttrium on the surface of a Ni-A1-Y alloy than 
to nickel or aluminum. 

Method of Calculation 
We use the atom superposition and electron delocaliza- 

tion molecular orbital (ASED-MO) theory (7). This theory 
is based on separating the electronic charge density of a 
molecule or solid into a sum of rigid free atom compo- 
nents and a delocalized bond charge component.  In a dia- 
tomic molecule (the generalization to polyatomics is 
straightforward), the binding energy E is exactly equal to 
the energy of integrating the electrostatic force on a nu- 
cleus as the two atoms come together forming the mole- 
cule (7a). The energy thus obtained for the superposition 
of rigid atoms, ER, is equal to the interaction of one nu- 
cleus with the nucleus and electronic charge density of 

1695 



1696 

t he  o the r  a t o m  a n d  is repuls ive .  The  e n e r g y  due  to t he  in- 
t e r a c t i o n  of t he  n u c l e u s  wi th  t he  cha rge  r e d i s t r i b u t i o n  
dens i ty ,  ED, is a t t rac t ive .  T h u s  

E = ER + E~ [1] 

I f  t he  e l ec t ron  r e d i s t r i b u t i o n  dens i ty ,  w h i c h  can  be  
v i e w e d  as a b o n d  c h a r g e  dens i ty ,  is a s s u m e d  to be  m a d e  
up  of  p o i n t  charges ,  t h e n  the  l ap lac ian  of  t he  to ta l  e n e r g y  
e v a l u a t e d  at  e q u i l i b r i u m  is equa l  to t h e  e q u i l i b r i u m  har-  
m o n i c  b o n d  s t r e t c h i n g  force  cons t an t ,  k~ (7a) 

k~ = 4~Z~pb(a) [2] 

w h e r e  Z ,  is t h e  cha rge  of n u c l e u s  a, Pb (a) is the  a tomic  
cha rge  dens i t y  c e n t e r e d  on  a a n d  e v a l u a t e d  at  n u c l e u s  b, 
a n d  t he  l ap lac ian  is URJ w h e n  n u c l e u s  b is a t  t he  or ig in  
a n d  n u c l e u s  a is a t  pos i t i on  Ra. E q u a t i o n  [2] is of the  fo rm 
of  a c lass ical  e lec t ros ta t i c  P o i s s o n  equa t ion .  I ts  der iva-  
t ives  con ta in ,  to good  accuracy ,  h a r m o n i c ,  cub ic  a n d  
qua r t i c  force  c o n s t a n t s  for m o l e c u l e s  (Sa, 8b) a n d  sol ids  
(8c). In  ionic  mo lecu l e s  a n d  sol ids s u c h  as a l u m i n u m  a n d  
y t t r i u m  oxides ,  t he  po in t  cha rge  a p p r o x i m a t i o n  is espe-  
cially favorable ,  as s h o w n  below.  I n  a p p l y i n g  Eq.  [1] for 
the  to ta l  energy,  ER is easi ly  ca lcu la ted  u s i n g  a tomic  
cha rge  dens i t y  func t ions .  T he  b o n d  c h a r g e  dens i t y  func-  
t ion  is no t  ava i lab le  for ca lcu la t ing  ED, b u t  it h a s  b e e n  
f o u n d  t h a t  t he  to ta l  m o l e c u l a r  o rb i ta l  energy,  E~o, f rom 
d iagona l iz ing  a one -e l ec t ron  h a m i l t o n i a n  s imi la r  in  f o r m  
to t he  e x t e n d e d  Hfickel  h a m i l t o n i a n ,  is genera l ly  a good  
a p p r o x i m a t i o n  to ED, a l lowing  p r e d i c t i o n s  of m o l e c u l a r  
s t r u c t u r e s  a n d  r eac t i on  ene rgy  sur faces  u s i n g  Eq.  [1] (7b). 
N u m e r o u s  s tud ie s  of  m o l e c u l a r  a n d  sur face  s t r u c t u r e s  
and  r eac t ions  h a v e  b e e n  p u b l i s h e d  u s i n g  t he  A SED-MO 
t h e o r y  a n d  Eq. [1]. T he  p r e s e n t  p a p e r  is r e p r e s e n t a t i v e  of  
the  g rowing  n u m b e r  of  s tud ies  of so l id-s ta te  s y s t e m s  
u s i n g  the  theory .  P a s t  s tud ies  i nc l ude  t h e  la t t ice  a n d  har-  
m o n i c  force c o n s t a n t s  of d i a m o n d  s t r u c t u r e  ca rbon ,  sili- 
con, g e r m a n i u m ,  a n d  t in  (8c), t he  la t t ice  c o n s t a n t  a n d  op- 
t ical  p r o p e r t i e s  of  ~-quar tz  (Sd), t he  opt ica l  p r o p e r t i e s  o f  
fer rous  a n d  ferr ic  ox ides  (8e) a n d  b i s m u t h  a n d  molybde -  
n u m  ox ides  (Sf), a n d  t he  s t r u c t u r e s  o f  de fec t  c lus te rs  in  
wust i te ,  Fe, ~O (8g). 

In the  A S E D - M O  theory ,  a tomic  v a l e n c e  o rb i ta l  pa ram-  
e ters  are b a s e d  on  s t a n d a r d  values,'-' mod i f i ed  by  increas -  
ing ca t ion  a n d  d e c r e a s i n g  a n i o n  va l ence  o rb i ta l  ion iza t ion  
po t en t i a l s  to y ie ld  cha rge  t r ans fe r s  in  d i a tomic  f r a g m e n t s  
a p p r o x i m a t i n g  t h o s e  f rom P a u l i n g ' s  ion ic i ty  a n d  electro-  
nega t iv i t i e s  r e l a t ionsh ip .  Ca t ion  v a l e n c e  o rb i ta l  expo-  
n e n t s  are for + 1 charge .  O x y g e n  a n i o n  v a l e n c e  o rb i ta l  ex-  
p o n e n t s  are d e c r e a s e d  by  0.5 a.u., w h i c h  a l lows t he  t h e o r y  
to p r o d u c e  r e a s o n a b l e  d i a tomic  A10 a n d  YO e q u i l i b r i u m  
b o n d  l e n g t h s  in  th i s  s tudy.  P a r a m e t e r s  t h u s  c h o s e n  are in  
Table  I, and  ca lcu la ted  d i a tomic  p r o p e r t i e s  are in  Tab le  
II. I t  m a y  be  n o t e d  f rom Tab le  II  t h a t  t he  c lass ical  electro-  
s tat ic  Po i s son  equa t ion ,  Eq. [2], does  a good  j ob  of pre-  
d ic t ing  the  force  c o n s t a n t s  of  2dO a n d  YO, w h i c h  is addi-  
t iona l  s u p p o r t  for  the  cho ice  of o x y g e n  v a l e n c e  o rb i ta l  
e x p o n e n t s .  

O x i d e  and A l loy  M o d e l  
For  m o d e l i n g  ca t ion  d i f fus ion  in t he  scale, a 72-atom 

c lus te r  m o d e l  of b u l k  ~-2d~O~, s h o w n  in Fig. 1, is used.  I t  
cons i s t s  of  five nea r ly  c lose -packed  o x y g e n  a n i o n  layers  
a n d  four  a l u m i n u m  ca t ion  layers  s a n d w i c h e d  b e t w e e n  

:-' Valence orbital ionization potentials from ReL (9a); valence 
orbital Slater exponents from Ref. (9b). 
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Table II. Calculated bond lengths (R~), harmonic force constants (k~), 
and dissociation energies (D~) for AIO and YO a 

Molecule R~, (~) k~.(mdyn//~) De (eV) 

A10 1.64 (1.62) 4.67 h 5.85 ~' (5.67) 4.95 (5.03) 
YO 1.84 (1.79) 5.13 b 7.03 (' (5.80) 8.66 (7.39) 

a Numbers in parentheses are the experimental values taken from 
Ref. (18). 

h From total energy calculation, Eq. [ 1]. 
From Poisson equation, Eq. [2]. 

t hem.  A1 ~ ions  are  s h o w n  on l ines  p e r p e n d i c u l a r  to t he  
c lose -packed  p l anes  of  o x y g e n  ions.  The  X's  i nd i ca t e  t he  
pos i t ions  w h e r e  t h e s e  l ines  i n t e r s ec t  t he  o x y g e n  p lanes .  
a-Al._,O3 b e l o n g s  to t he  R3c space  group,  and  t he  la t t ice  is 
r h o m b o h e d r a l l y  c e n t e r e d  h e x a g o n a l  w i t h  a = 4.763~ and  
c = 13.003fl, (10). E a c h  a l u m i n u m  ca t ion  is c o o r d i n a t e d  to 
s ix o x y g e n  a n i o n s  in  a d i s t o r t ed  o c t a h e d r o n .  T h r e e  a n i o n s  
are at  a d i s t ance  of 1.93~ f rom the  cen t r a l  ca t ion  a n d  fo rm 
a large  t r i ang le  w i t h  2.87A edges ,  a n d  t he  o the r  t h r e e  ani- 
ons  are at  a d i s t ance  of  1.89}~ a n d  f o r m  a smal l  t r i ang l e  
w i t h  2.52A edges .  E a c h  a n i o n  is a p p r o x i m a t e l y  t e t r ahe -  
dra l ly  c o o r d i n a t e d  to four  cat ions .  In  ~-AI.,O:~, two- th i rd s  
of the  d i s t o r t e d  o c t a h e d r a l  s i tes  are o c c u p i e d  by  a lumi-  
n u m  ca t ions  a n d  t he  r e m a i n d e r  are u n o c c u p i e d  inter-  
stices.  

I t  wil l  be  s e e n  t h a t  all of  ou r  ox ide  c lus te r  m o d e l s  are 
charged .  Th i s  r e su l t s  in  p r o p e r  m o l e c u l a r  o rb i ta l  occupa-  
t ions  c o r r e s p o n d i n g  to t he  fo rmal  ox ida t i on  s ta tes  of  t he  
ca t ions  and  a n i o n s  in the  c lusters .  S ince  e lec t ron ic  s t ruc-  
tu res  in t he  A S E D - M O  t h e o r y  d e p e n d  on ly  on  a t o m  val- 
ence  o rb i t a l  i on iza t ion  po t en t i a l s  a n d  orb i ta l  symmet r i e s ,  
e x p o n e n t s ,  a n d  over lap,  a n d  no t  exp l ic i t ly  on  e l ec t ron  re- 
pu ls ions ,  t h e s e  ex t r a  cha rges  do no t  e n t e r  in to  the  calcu- 
l a t ion  o fE~  or  t he  EMo a p p r o x i m a t i o n  to E~. 

We first m o d e l  t he  ca t ion  v a c a n c y  d i f fus ion  by  a va- 
cancy  mig ra t i on ,  para l le l  to t he  C axis.  Fo r  this ,  cons ide r  
the  t u b e  of  o x y g e n  t r i ang les  s h o w n  in Fig. 2, t h r o u g h  
w h i c h  t he  ca t ions  di f fuse  d o w n w a r d  f rom the  po in t  
m a r k e d  a to the  p o i n t  m a r k e d  e. Th i s  m o t i o n  is seg- 
m e n t e d  in to  t h r e e  par ts :  (i) m o t i o n  f rom a to b is s tud ied  
w i th  a ca t ion  v a c a n c y  at  c; (it) m o t i o n  f rom b to c is s tud-  
ied w i t h  a ca t ion  v a c a n c y  at a; a n d  (iii) m o t i o n  f rom c to e 
is s t ud i ed  w i t h  a ca t ion  v a c a n c y  at f. P o i n t s  a, c, a n d  f rep- 
r e s e n t  the  n o r m a l  la t t ice  s i tes  of  a l u m i n u m  cat ions;  
po in t s  b a n d  d s h o w  the  cen t e r s  of t h e  sma l l  a n d  large ox- 
y g e n  t r iangles ,  r espec t ive ly ;  a n d  po in t  e r e p r e s e n t s  an  un-  
o c c u p i e d  o c t a h e d r a l  in ters t ice .  

Ca lcu la t ions  for d i f fus ion  a long the  C axis  d i r ec t ion  are 
p e r f o r m e d  b o t h  w i t h  and  w i t h o u t  la t t ice  r e l axa t ions  
a b o u t  a l u m i n u m  ca t ion  v a c a n c i e s  a n d  y t t r i u m  ca t ion  sub-  
s t i tu t ionals .  A d d i t i o n a l  ca lcu la t ions  m o d e l i n g  d i f fus ion  
p e r p e n d i c u l a r  to t he  C axis  w i t h o u t  la t t ice  r e l axa t ion  are 
also m a d e  u s i n g  a w i d e r  94-atom clus ter .  Add i t iona l  cal- 
cu la t ions  a l low an  e s t ima te  of  t he  v a c a n c y  f o r m a t i o n  
energy.  

For  m o d e l i n g  t he  b i n d i n g  of  t he  ox ide  to a me ta l  sub-  
s trate,  we h a v e  c h o s e n  a two- layer  t h i c k  c lus te r  of t en  
n icke l  a toms ,  w i t h  s even  a t o m s  in t he  top  layer,  repre-  
s en t i ng  the  Ni(111) sur face  (Fig. 3). In  alloy mode l s ,  t he  
top  cen t ra l  a t o m  is r ep l aced  by  A1 a n d  Y, w h o s e  pos i t i ons  
are re laxed.  In  t r e a t i n g  the  b o n d i n g  of  sma l l  ox ide  clus- 
te rs  to t he  me ta l  surface,  t he  ox ide  c lus te r  is k e p t  r igid 
and  its h e i g h t  is va r ia t iona l ly  op t imized .  

Table I. Parameters used in the calculations. Principal quantum number (n). Slater exponents (0  in atomic units, coefficients (c), and ionization 
potentials (IP) in electron volts 

s p d 
Atom n ~ IP n ~ IP n c, ~ c2 ~ IP 

Ni 4 2.0 8.635 4 1.7 4.99 3 0.5600 5.95 0.6200 2.2 11.0 
Y 5 1.6601 8.480 5 1.362 6.630 4 0.5547 2.8539 0.5335 1.5985 8.38 
A1 3 1.5213 12.62 3 1.5041 7.986 
O 2 1.7458 26.48 2 1.7266 11.62 
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Fig. 3. Cluster model of the Ni (111)  surface 

Fig. 1. AlisOn4 '~4- cluster model of ~-AI20:~ used in the theoretical 
calculations. 

Our metal atom clusters are high spin, meaning each d 
band molecular orbital is occupied by at least one elec- 
tron. Thus, while lower levels are doubly occupied, some 
upper ones are singly occupied. The result is that the 
clusters have spin magnetic moments approximating 
bulk values. It may also be noted that these are initial 
state calculations and do not include shake-up and relaxa- 
tion shifts evident in photoemission studies of the elec- 
tronic structure. Such phenomena are unimportant to 
chemical bond strengths and molecular structures ana- 
lyzed in this paper. 

Results 
Cation vacancy diffusion and oxide grain growth.--We 

plot the variation of E, E~, and EMo as a fuction of the dif- 
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Fig. 2. Sites traversed in the cluster model of Fig. 1 by migrating AP § 
and y3~ cations during A P  cation vacancy migration. 

fusion distance of AP ~ cation through the oxygen network 
without relaxation of the lattice in Fig. 4. As the cation 
moves towards the center of the small oxygen triangles 
(point b), the molecular orbital energy (EMo) decreases but 
the two-body repulsion energy (Ea) increases much more 
rapidly, with the result that the total energy (E) is much 
less stable at point b than that for the lattice site of the 
cation (point a). The calculated diffusion barrier at point b 
is 4.6 eV. When the cation is at b, the cation vacancy be- 
comes a split vacancy, one-half at a and one-half at c. As 
the cation moves down further towards point c, the total 
energy decreases and becomes minimum on reaching c. 
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a. Motion from c to e is with the vacancy at f. 
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During its subsequen t  mot ion  f rom c to d, the  center  of 
the  large oxygen  tr iangle,  the  stabil ization in EMo is only 
marginal ly  less than  the  destabi l izat ion in ER. This  pro- 
duces  a diffusion barr ier  of only 0.3 eV at d. As the  AP + 
cation moves  fur ther  towards  poin t  e, the  unoccup ied  oc- 
tahedral  inters t ice ,  the  molecu la r  orbital  energy  becomes  
more  stable, whereas  the  two-body energy  becomes  less 
stable, p roduc ing  a diffusion barr ier  of 0.9 eV at point  e. 
Thus the m a x i m u m  barr ier  height  for the  diffusion of the  
cat ion dur ing its mot ion  f rom a to e is 4.6 eV, and this is 
whi le  passing th rough  the  small  o x y g e n  triangles.  Our 
calculated diffusion barr ier  might  appear  to be consis tent  
wi th  the  expe r imen ta l  va lue  of  4.9 eV de te rmined  for the 
diffusion of a l u m i n u m  cations in polycrys ta l l ine  Al~O3 by 
Paladino and Kingery  (11). However ,  i t  m u s t  be  r emem-  
bered  that  this expe r imen ta l  barrier  inc ludes  the vacancy  
format ion  energy,  a s suming  the  diffusion is by the  va- 
cancy diffusion mechan i sm.  Within the  unre laxed  model ,  
we calculate a vacancy  format ion  energy  of 4.7 eV and 
Dienes  et al. (12) de te rmine  a va lue  of  9.1 eV using a 
pairwise  potent ia l  m e t h o d  inc lud ing  a polar izat ion energy 
t e rm and lat t ice re laxat ion about  the  defect.  The proce- 
dure  emp loyed  here  and also by Dienes  et al. for 
de te rmin ing  the  AP + vacancy  fo rmat ion  energy  takes  into 
account  the energy  for r emoving  a bu lk-coord ina ted  AP + 
ion and placing it on the  surface. Dienes  et al. found a va- 
cancy migra t ion  barr ier  along the  C axis of 6.6 eV with 
the latt ice relaxed.  Thus,  the result  of adding  the  forma- 
t ion energies and migra t ion  energies is 9.3 eV in our  work  
wi thou t  latt ice re laxat ion  and 15.7 eV in the work  of 
Dienes  et al. inc lud ing  latt ice relaxation.  Both  overesti-  
mate  the  expe r imen ta l  va lue  of  4.9 eV. I t  should be re- 
m e m b e r e d  that  it is unl ikely  that  one will  find the resul ts  
of calculat ions based  on a q u a n t u m  mechanica l  mode l  
and those  based on a parameter ized classical mode l  for a 
solid in agreement .  The  Dienes  et at. m e t h o d  appears  to 
severely overes t imate  the diffusion barr ier  for AP + ion. 
The  present  result ,  a bi t  closer, does not  inc lude  latt ice re- 
laxation.  When we  al low the  oxygen  anions  mak ing  up a 
small  t r iangle  to re lax against  a f ixed sur rounding  cation 
env i ronment ,  then  the  AP + vacancy  diffusion barrier  re- 
duces  to 0.6 eV. The  re laxat ion amoun t s  to a 0.2~ increase  
in the  d is tance  be tween  the  center  and ver t ices  of  the  
small  tr iangle.  When this energy  is added  to 4.7 eV, the  
cat ion vacancy  format ion  energy,  the  total  is 5.3 eV, 
which  compares  favorably  wi th  the  expe r imen ta l  va lue  of  
4.9 eV. Vacancy  migra t ion  in o ther  d i rect ions  may  also be  
possible. Two pa thways  pe rpend icu la r  to the C axis were  
e x a m i n e d  and y ie lded  barriers of 7.0 and 3.8 eV. The 7.0 
eV t ransi t ion state was along a path t h rough  an interst i t ial  
site. For  this pa thway,  re laxat ion p r o d u c e d  no stabiliza- 
tion. The o ther  pa thway  takes  the cat ion th rough  an oxy- 
gen tr iangle,  wh ich  is larger  than the  small  t r iangle  dis- 
cussed above.  No re laxat ion in this site was made,  but  
because  of  the  larger  size of  this  t r iangle  the  re laxat ion 
energy is expec t ed  to be no more  than  a few tenths  of an 
e lectron volt.  F r o m  these  results,  it appears  that  migra- 
t ion along the C axis is favored over  the  o ther  direction.  
Le t  us now cons ider  the  diffusion of  the  YS~ cation along 
the  C axis in the  ~-AI.~O:~ lattice. Cons ider  its mot ion  again 
f rom point  a to poin t  e, which  is the  same diffusion 
pa thway  used for the  AP ~ cation. The  var ia t ions  in E, Em 
and EMo are g raphed  in Fig. 5. For  the  unre laxed  lattice 
model ,  the calcula ted diffusion barr ier  for the y3+ ion to 
pass th rough  the  small  oxygen  tr iangle is 26.5 eV, that  for 
crossing the  large oxygen  tr iangle is 6.4 eV, and that  for 
pass ing th rough  the  octahedral  in ters t ice  is only 0.3 eV. 
In a latt ice re laxa t ion  calculat ion for y3~ in the center  of 
the  small  tr iangle,  the  Y-O dis tances  increase by 0.3~ and 
the  barr ier  to reach  this posi t ion drops to 7.5 eV. These  re- 
sults show that  there  is a very  large increase in the diffu- 
s ion barriers for the  Y"~ ion pass ing  th rough  the  lattice 
a long the  C axis, compared  to the  va lues  calculated for 
AP ~ ion diffusion as d iscussed  above.  Most  of this differ- 
ence  is due  to the  large ionic radius of the y3+ ion (0.93~,) 
as compared  to tha t  for the  A1 :~ ion (0.50~). In  the  frame- 
work  of ASED-MO theory ,  the  large nuc lear  charge of  Y 
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(39) compared  to A1 (13) increases  the  two-body  repuls ion 
energy  cons iderably  and this is main ly  responsib le  for the  
high Y~ dif fusion barriers  on crossing the oxygen  trian- 
gles. In  the  oc tahedra l  interstice,  however ,  the  two-body 
repuls ion energy  is small,  wh ich  gives rise to lower  bar- 
r ier  at this site. 

As d i scussed  in the open ing  of this paper,  cat ion va- 
cancy migra t ion  may  be, a l though the  mechan is t i c  details 
have not  yet  been  deduced  exper imenta l ly ,  the  rate- 
l imit ing step in the  grain and hence  protect ive-scale  
growth  rate. The m e c h a n i s m  of g rowth  wi th in  an individ-  
ual ox ide  grain may  be i l lustrated by cons ider ing  a sche- 
mat ic  packing  of  the  meta l  alloy (M), a l u m i n u m  (A1), and 
oxygen  (O), as shown in Fig. 6. The re  will  be excess  O~ at 
the grain surface due  to rapid short-circui t  diffusion. This 
will  lead to cat ion vacancies  at the  grain surface which  
may  be associa ted wi th  O ' -  anions  or perhaps  02 mole-  
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Fig. 6. Schematic view of a cross 
section of an alumina grain bonded 
to a metal alloy. Aluminum cation 
vacancies at the alumina surface 
are due to excess oxygen. 
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cules, either of which will be reduced during oxide 
growth. A cation vacancy may be viewed as carrying a 
charge of +3, but in the bulk the charges are actually 
holes in oxygen 2p band. When vacancies with accompa- 
nying holes in the O 2p band reach the metal alloy sur- 
face, they are reduced and metal atoms fill the vacancies 
and are themselves oxidized, as shown schematically in 
Fig. 7 and 8. As the process continues, voids begin to 
form at the interface, but these can be filled by metallic 
a luminum and oxide rebonding to the void bottoms as 
structure and kinetic factors allow, but some voids may 
never be filled. During this process of reduction of va- 
cancies at the metal-oxide interface, yt tr ium will be intro- 
duced to the interfacial region, but, its diffusion barrier 
being high compared to aluminum, it will block cation va- 
cancy diffusion through the interface. The consequent re- 
duction in oxide growth within the scale will decrease in- 
ternal strains which l e a d  to the convoluted grain 
morphologies associated with poor adhesion as shown by 
Golightly et al. (13, 14). 

Bonding of yttrium and aluminum oxide to 
nickel.--Because of the high diffusion barrier of a y3~ and 
A13~ vacancy pair in A1203, it may be that y3~ never enters 
the oxide but forms a monolayer of cations sandwiched 
between the alloy and the first anion layer of the oxide 
grains. Nevertheless, we have modeled the effects of y3~ 
when fully coordinated to oxygen anions in the first layer 
of oxide bonded to the alloy. 

Our model  consists of [AIO6] G- and [YO6] 6- binding on 
the center of the top of Ni,0 cluster. We obtain comparable 
binding energies for both (Table III). These oxide clusters 
are structured to be superimposable in bulk A1203, and 
the triangular face (edge length of 2.52~) bonds nearly in 
registry with the threefold hollow sites of the surface 
spaced 2.48A apart. The difference in energy for [A106] 6- 
bonded to threefold sites with atoms or hollows in the 
second nickel layer is only 0.02 eV, so the former sites are 
used throughout  this study. The clusters are given 
charges of -6 ,  so that the surface is oxidized by three 
electrons. The binding energies are so close to one an- 
other for [A106] 6- and [YO6] ~- clusters that we conclude 
that the oxide adhesion bond to the surface is not affected 
by the presence of yttrium in the oxide should it 
penetrate the first layer of anions. When the central Ni 
atom is removed, representing the metal vacancy site 
formed when A1 or Y enter a vacancy site in the oxide, the 
respective [A106] ~- and [YO6] 6- binding energies to the 
surface are both increased about the same amount (Table 
III). While these energies are higher, reflecting the in- 
creased bonding ability of partially coordinated Ni atoms 
surrounding the vacancy, they are again comparable in 
magnitude. 

Bonding of aluminum and yttrium atoms in n icke l . -  
The alloy surface is expected to contain, in addition to Ni, 
some A1 and Y atoms. We calculate binding energies 
about two and three times larger for A1 and Y, respec- 
tively, compared to Ni in the center of a Ni9 cluster. As 
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Fig. 7. Schematic view of cation vacancy migration through an alunina 
grain to the alloy substrate. 
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may be seen in Table III, these results are about the same 
when metal cation parameters are used, and thus are pa- 
rameter insensitive. The large binding energy of A1 is con- 
sistent with -1.75 eV enthalpy of formation of A1-Ni al- 
loys in the limit of low A1 concentration (15). 

There are two separable contributions to consider for 
adatom adsorption energies. One, which is quite strong 
for all three, is the binding stabilization resulting from the 
adatom s orbital mixing with the Ni~ cluster s band. The 
second occurs only for A1 and Y adatoms and involves 
charge transfer to the Ni9 band. These two effects are 
clearly visible in Fig. 9. The charge4ransfer interaction 
may be a general feature of tenacious alloys. 

- 4  
- 5  
- 6  
- 7  
- 8  
- 9  
- I 0  
- I I  

band 
Px'Py - -} 

4s  + - -- band 

3 d  
3d  = ) band 

Ni Ni 9 

- 5 ~  

~ - 9  

uJ - I I  
- 1 2  A I ~  ~ Ni 9 

- 5  
- 6  

- 8  
- 9  
- I 0  
- I I  

5p-\ 

y - _ 
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Table Ill. Number of unpaired electrons (s), binding energy (BE) in 
electron volts, and height (h) in angstroms 

optimized to the nearest 0.05/~ 

MO66- on Ni,0 MOe 6- on Ni~ 

M s BE h(O) h(Ni) s BE h(O) 

A1 5 4.0 1.40 -0.15 5 4.9 1.35 
Y 5 3.9 1.45 -0.15 5 4.9 1.40 

M on Ni, A1066- on MNi9 

M s BE h(M) s BE h(O) h(M) 

Ni 2 3.4 (3.0) a 0.00 (0.10) ~ 5 4.0 1 .40  -0.15 
A1 1 6.3 (6.3) ~ -0.60 (-0.45) ~ 2 4.0 1 .40  -0.74 
Y 1 10.4 (9.8) a -0.30 (-0.05) ~ 2 5.8 1.45 0.00 

a Results using free atom parameters. Based on Table I, decrease 
all IP by I eV for Ni; decrease all ~ by 0.3 and all IP by 2 eV for Y; ~ = 
1.3724, ~p = 1.352, and decrease all IP by 2 eV for A1. 
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Fig. 10. Molecular orbital energy level correlation diagram showing 
bonding stabilizations at the alumina-nickel interface. 

Bonding of alumina to the alloy.--We have  m o d e l e d  the  
b o n d i n g  of  a l u m i n a  to al loys b o t h  low in a l u m i n u m  a n d  
y t t r i u m  c o n c e n t r a t i o n  at  t he  in te r face  a n d  high.  For  the  
low c o n c e n t r a t i o n  case, we f ind [A1OG] 6- b i n d s  to Ni,0, 
Ni,A1, a n d  Ni9Y w i t h  the  r e spec t ive  energ ies  4.0, 4.0, a n d  
5.8 eV (Table  III). For  t he  h i g h  c o n c e n t r a t i o n  case, we 
f ind [AlO6] 6- b i n d s  to All0 a n d  Yl0 h e x a g o n a l l y - p a c k e d  
b u l k - s u p e r i m p o s a b l e  c lus te r s  w i t h  r e spec t ive  energ ies  of  
4.8 a n d  12.8 eV (Table  IV). T h e s e  r e su l t s  i m p l y  t h a t  t he  
p r e s e n c e  of  y t t r i u m  on the  sur face  of  t h e  alloy at  m o n o -  
layer  coverage  wil l  g rea t ly  s t r e n g t h e n  t he  b o n d  b e t w e e n  
the  ox ide  g ra in  a n d  the  alloy. As s h o w n  in Fig. 10, the  sta- 
b i l iza t ion  of t he  lowes t  a s y m m e t r y  o rb i ta l  of t h e  O 2p 
b a n d  b y  the  l o w e s t  a s y m m e t r y  o rb i ta l  of  t h e  Ni 4s b a n d  
d o m i n a t e s  t he  in te r fac ia l  bond .  The  s t r o n g  b o n d  in t he  yt- 
t r i u m  case is a r e su l t  of  t he  m i x i n g  of  i ts  h i g h  ly ing e m p t y  
d orb i ta l s  w i t h  the  O 2p b a n d  orbi ta ls ,  s tab i l iz ing  m a n y  of  
t h e m  by  a sma l l  a m o u n t .  T he  s t r e n g t h s  of the  ox ide  clus- 
te r  b o n d s  to A1 a n d  Y are  c o n s i s t e n t  w i th  t he  h igh  
s t a n d a r d  hea t s  of  f o r m a t i o n  of  ~-A1203 a n d  Y203, 17.5 and  
18.2 eV, r e spec t i ve l y  (15). T he  s t a n d a r d  h e a t  of  f o r m a t i o n  
of  NiO is on ly  2.5 eV (16). T h u s  t h e  c o m b i n a t i o n  of  s t rong  
A1-Ni a n d  Y-Ni b o n d s  and  grea t  s t ab i l i ty  of  A1-O a n d  Y-O 
b o n d s  are l ikely to be  i m p o r t a n t  to the  a d h e r e n c e  of  t h e  
ox ide  to t he  alloy. 

O the r  m o d e l s  for  the  in te r fac ia l  b o n d  s t r e n g t h  m a y  also 
be  cons ide red .  Th e  [MO6] 6-- (M = A1,Y) c lus te r s  oxidize 
the  sur face  on  b o n d i n g  to it. I t  m i g h t  be  t h o u g h t  t ha t  a 
m o r e  a p p r o p r i a t e  m o d e l  is [MO6] 9- r e p r e s e n t i n g  an  ox ide  
layer  b o n d i n g  by  m e a n s  of  its n o n b o n d i n g  e l ec t rons  to 
the  al loy surface .  A s imi la r  m o d e l  has  b e e n  e m p l o y e d  to 
d i scuss  t h e  b o n d i n g  b e t w e e n  [AlOe] 9- a n d  Fe, Ni, Cu, a n d  
Ag a t o m s  (17). We find t h a t  [AlOe] ~ b i n d s  m u c h  m o r e  
weak ly  to Ni,0 (0.2 eV) a n d  does  no t  b i n d  at  all to NigA1 
a n d  NigY. Th i s  is e x p e c t e d  becaus e  t he  [A106] ~ c lu s t e r  is 
c losed  she l l  a n d  t he  m e t a l  c lus te rs  are  nea r ly  d '~ also 
c losed-she l l  sys tems .  T he  [A106] ~- c luster ,  w h i c h  serves  to 
oxidize  the  m e t a l  surface,  is a m o r e  r e a s o n a b l e  m o d e l  a n d  
resu l t s  in  s t r o n g  b o n d  format ion .  I t  is l ikely t h a t  th i s  ina- 
bi l i ty  of t he  s t o i ch i om e t r i c  ox ide  t o  b i n d  to the  alloy 
serves  to he lp  p r e v e n t  the  c los ing  of  vo ids  t h a t  fo rm at 
the  oxide-a l loy  in terface .  On ly  shor t - c i r cu i t  o x y g e n  diffu- 
s ion in to  an  in te r fac ia l  vo id  or ca t ion  v a c a n c y  m i g r a t i o n  
to t he  sur face  of  t he  ox ide  fac ing the  vo id  or m e t a l  flow 
in to  the  vo id  wil l  a l low the  vo id  to close.  

Table IV. Binding energy (BE) of AI066- with AI,o and Y,o 
cluster models. Heights of oxygens [h(O)] and central metal atom 

[h(M)] are optimized to the nearest O.OS~ 

Cluster BE (eV) h(O) h(M) 

AI,o 4.8 0.70 -0.60 
Y,0 12.8 0.45 -0.90 

Conclusion 
We find t h a t  y3~ cat ions ,  once  t h e y  are i n c o r p o r a t e d  at  

m o n o l a y e r  levels  in  the  ox ide  me ta l  in ter face ,  c a n n o t  dif- 
fuse in to  t he  ox ide  and  b l o c k  ox ide  g r o w t h  b y  the  ca t ion  
v a c a n c y  d i f fus ion  m e c h a n i s m .  If  ca t ion  d i f fus ion  is the  
ra te - l imi t ing  g r o w t h  m e c h a n i s m ,  t h e n  th i s  m a y  serve to 
r e t a rd  vo id  f o r m a t i o n  at the  in t e r f ace  a n d  rap id  gra in  
g rowth ,  w h i c h  w o u l d  lead to c o n v o l u t e d  m o r p h o l o g i e s  in  
r e s p o n s e  to g r o w t h  s t resses .  Th i s  conc lus ion ,  de r ived  
f rom our  t heo re t i c a l  t r e a t m e n t  of  d i f fus ion ,  s u p p o r t s  sug- 
ges t ions  of  Gol igh t ly  et al. (13, 14) b a s e d  on  obse rva t i ons  
of  a r e d u c t i o n  of  in te r fac ia l  vo id  fo rmat ion ,  the  develop-  
m e n t  of  c o l u m n a r  ox ide  gra in  g r o w t h  on  al loys d o p e d  
wi th  y t t r i um,  a n d  a r e d u c t i o n  of  s ca l e -g rowth  rate  on  t h e  
y t t r i u m - d o p e  d alloy. 

We also f ind t h a t  a l u m i n a  b o n d s  ve ry  s t rong ly  to yt- 
t r i u m  w h e n  at  the  sur face  of t h e  alloy. I f  a d h e s i o n  fai lures 
invo lve  r u p t u r e  of Y-O b o n d s  at  the  in ter face ,  t h e n  th i s  
m a y  be i m p o r t a n t  to adhes ion .  In t e re s t ing ly ,  we find alu- 
m i n u m  a n d  y t t r i u m  b i n d  ve ry  s t rong ly  in n icke l  as al- 
loy ing  e l emen t s .  This  ex t ra  s t r e n g t h  is a r e su l t  of  a 
cha rge - t r an s f e r  i n t e r ac t i on  a n d  is l ike ly  to be a genera l  
e x p l a n a t i o n  for t he  h i g h  s t r e n g t h s  of m a n y  alloys.  
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The Effects of Thermal History during Growth on 0 Precipitation in 
Czochralski Silicon 

G. Fraundorf, P. Fraundorf,* R. A. Craven,* R. A. Frederick, J. W. Moody, and R. W. Shaw 
Monsanto Electronic Materials Company, St. Louis, Missouri 63167 

ABSTRACT 

High oxygen wafers from 100 mm diam Si crystals grown by the Czochralski process, but subjected to three differ- 
ent thermal histories in an experimental  puller, were examined by Wright etching, transmission electron microscopy, 
and Fourier transform infrared spectroscopy after wafer heat-treatments at 775 ~ 1050 ~ 775 ~ + 1050 ~ and 1320 ~ + 775 ~ + 
1050~ Only wafers near the seed end of each ingot were used, thus minimizing differences in parameters other than 
thermal history. The observations show that defect morphology and O precipitate number  density (not total O precipita- 
tion) after the one- and two-step heat-treatments depend on thermal history in the puller. In particular, 775~ heated wa- 
fers which spent less than an hour in the puller below 1000~ show number  densities down by more than a factor of 100 
from those which spent longer. On the other hand, the observations indicate that effects of puller thermal history are 
erased with a short 1320~ anneal, or typical VLSI multistep pretreatments which enhance bulk oxygen precipitation. In 
addition, the results suggest two possible complications for simple models of oxygen precipitation. These are that 500~ 
annealing can be much more effective than 775~ annealing for nucleating oxygen precipitates, contrary to model pre- 
dictions, and that critical sizes for precipitate dissolution at 1050~ can be much larger than predicted by classical 
calculations. 

Oxygen in Czochralski-grown silicon crystals plays an 
important role in device performance. After certain 
thermal treatments, it can have such negative effects as 
the formation of "thermal" (1) and "new" (2) donors, or 
such positive effects as the formation of bulk defects 
which act as gettering sites for metallic impurities and na- 
tive point defects (3). 

During crystal growth, the silicon crystal receives not 
only its specified oxygen allotment, but also its first 
thermal annealing treatment. This annealing treatment 
introduces oxygen donors and precipitate nuclei which 
can determine precipitation behavior during subsequent 
wafer heat-treatments. Previous investigators have re- 
ported precipitation behavior differing with position 
along the length of a 3 in. diam crystal even in regions 
with similar oxygen content (4), but the roles of puller 
thermal history and those of other factors associated with 
position in the ingot were not separated. In related work, 
Tsuya et al. (5) found that extended annealing in the 
puller enhanced the rate of precipitation and the number  
density of defects in the middle of a 35 cm long ingot. 
Independently,  Nakanishi et al. (6) have demonstrated 
that defect density after a 1050~ wafer heat-treatment 
can be decreased, and the defect radial distribution 
modified, by rapid cooling of a 3 in. diam ingot after crys- 
tallization. However, no detailed study of the effects 
specifically of puller thermal history after a wide variety 
of heat-treatments was available. 

The goal of this study was to assess (for 100 mm diam 
crystals) the dependence on puller thermal history of de- 
fect type, precipitate number  density , and total oxygen 

*Electrochemical Society Active Member. 

precipitation after a variety of wafer heat-treatments. In- 
stead of using position in the ingot for indirect control of 
thermal history, position in the ingot was held constant 
and only thermal history was modified. To be specific, 
silicon crystals were cooled by three different methods: 
(i) quenching in air, (ii) shielding the growing crystal 
from heat radiated by the hot melt, and (iii) gradual cool- 
ing of the ingot in direct view of the melt. The results 
which follow support many of the observations cited 
above. In addition, they indicate that the strongest effects 
of puller history involve defect type and precipitate num- 
ber density, not total  precipitation, and that those "effects 
are most obvious after precipitation in a single low tem- 
perature step (e.g., 775~ However, the strong puller ef- 
fects observed conflict markedly with predictions from a 
simple semiempirical model for oxygen precipitation. 
Possible explanations of this are discussed as well. 

Experimental 
Nine 100 mm diam boron-doped [100] silicon crystals 

grown in an experimental  puller with 18-22 ~-cm resistiv- 
ity and different oxygen levels were used. Six of these 
crystals were grown for about 2h, plucked from the crys- 
tal puller, and then allowed to cool to room temperature. 
These crystals, which will be referred to as Quench crys- 
tals, were pulled sequentially from the same melt. An- 
other crystal, which will be referred to here as the Shield 
crystal, was grown for 10h in a crystal puller fitted with a 
shroud suspended directly above the mel t ,  which sur- 
rounded and shielded the pulled crystal from the hot melt 
below. For comparison, two unshielded crystals grown 
for a similar t ime were also used. These crystals, for con- 
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Fig. 1. Thermal profiles in the crystal puller. Estimated time spent 
in each 100~ temperature interval, based on optical pyrometer mea- 
surements, for seed=end material from ingots with three different 
thermal histories. 
venience ,  will be called Ramp crystals.  Figure  1 shows  
h i s tog rams  of  the  t ime per  degree  cen t ig rade  spen t  in the  
crystal  pul ler  by seed -end  sil icon f rom each process .  
These  profiles were  in fe r red  f rom optical  py rome te r  
m e a s u r e m e n t s  on the  ingot  ex te r ior  dur ing  crystal  
growth.  Note  tha t  the  t he rma l  h is tory  of  the  Quench  crys- 
tals is similar to w h a t  one  migh t  e x p e c t  for material  f rom 
the  bo t t om  end  of  a R a m p  ingot. 

Slices cut  wi th  (110) or (100) or ien ta t ion  f rom the  first 
10 cm of each  of t he  n ine  crystals were  sub jec t ed  to a vari- 
e ty of  annea l ing  t r ea tmen t s .  The t r e a t m e n t s  (and the i r  ab- 
breviat ions)  are: 16h at 775~ in N~ (L), 24h at 1050~ in N~ 
(H), and  16h at 775~ fo l lowed by  16h at 1050~ (LH) in N2. 
To assess  t he  poss ib i l i ty  of  e ras ing  pul le r  h i s tory  effects  
wi th  a h igh  t e m p e r a t u r e  h e a t 4 r e a t m e n t ,  the  LH heat-  
t r e a t m e n t  was  also p e r f o r m e d  af ter  a 3h "d i spe r s ing"  
hea t - t r ea tmen t  at 1320~ (DLH) in argon.  The two precipi-  
ta t ion t e m p e r a t u r e s  in t hese  t r ea tmen t s ,  775 ~ and  1050~ 
were  chosen  because  the  c o m b i n a t i o n  of t hese  two  is 
k n o w n  to facil i tate eff ic ient  p rec ip i t a t ion  in Czochralski  
crystals.  

Before and  af ter  the  anneal ing  t r ea tmen t s ,  the  concen-  
t ra t ion of o x y g e n  was  infer red  f rom FTIR  absorp t ion  
coeff icient  (a) m e a s u r e m e n t s  us ing the  DIN relat ionship:  
O[/cm a] = 2.45 x I0'Ta[cm-~]. Carbon  in all wafers  was  be- 
low FTIR  de tec tab i l i ty  (< 3 x 10~[/ema]. Optical  micro- 
scope  charac ter iza t ion  was  done  after  a 20 min  Wright  
e tch  to verify de fec t  uni formi ty .  Several  3 m m  disks  (typi- 
cally four) f rom the  cen te r  of  each  of  t he  20 wafers  for th is  
s tudy  Were e x a m i n e d  in the  TEM. Defec t  types,  precipi-  
ta te  sizes, and  prec ip i ta te  n u m b e r  dens i t i e s  were  deter-  
m i n e d  f rom TEM observat ions .  A l t h o u g h  Wright  e tch ing  
did no t  d i s t ingu i sh  prec ip i ta tes  f rom o ther  defects ,  in 
ea ses  w h e r e  defec t s  were  large e n o u g h  to resul t  in dis- 
t inc t  e tch  pits,  t he  opt ical  observa t ions  quali tat ively sup- 
por t ed  TEM dens i ty  de t e rmina t ions  over  a larger s ampled  
vo lum e . Finally,  s o m e  wafers  wi th  each  pul ler  h is tory  
were  sub jec ted  to a d e n u d i n g  t r e a t m e n t  (7). This  invo lved  
a d e n u d i n g  s tep  at 1150~ a mu l t i s t ep  anneal ing  treat-  
m e n t  in the  500~176 t e m p e r a t u r e  range,  and  8h anneal-  
ing s teps  at 900 ~ and  1050~ to al low res idual  pul ler  ef- 
fects  on d e n u d e d  zone  d e p t h  after  a l eng thy  t r ea tmen t  
proceSs to be assessed .  

Results 
Table I s u m m a r i z e s  the  compara t ive  data on  Shield,  

Ramp,  and  Q u e n c h  mater ia l  w h i c h  had  oxygen  concen-  
t ra t ion  n e a r  18 ppma.  It inc ludes  in fo rma t ion  on initial 
ca rbon  and  oxygen  concen t ra t ions  and  the rma l  h is tory  in 
the  pul ler  as wel l  as interst i t ial  oxygen  concent ra t ions ,  
defec t  types,  p rec ip i ta te  n u m b e r  dens i t ies ,  and  precipi-  
ta te  sizes after the  hea t - t r ea tmen t s  de sc r ibed  above.  Fig- 
ure 2 s h o w s  TEM mic rog raphs  of some  of  the  defec t  pop- 
ula t ion types  re fe r red  to in Table I. 

The cons i s t ency  b e t w e e n  IR and  TEM observa t ions  
should  be a d d r e s s e d  first. Figure 3 shows  a log-log plot  

Table I. Experimental observations 

CZ-Std. 
Shield Ramp Quench 

Puller history 
Initial [Ojcma] ~ 9.0 x 10 'r 9.0 x 10 '7 9.0 x 10 'T 
Initial [C/em a] < 3 x 10 '~ < 3 x 10 '~ < 3 x 10 's 
Hours at 1200~176 1.1 1.8 1.8 
Hours at 1000~176 2.9 3.5 0.1 
Hours at 700~176 4.1 3.7 0.2 

After L (775~ 16h) 
Final [Ojem a] 8.0 x 10 '7 8.0 x 10 '7 9.0 x 10 '7 
Defect types A---X-- A--X-- A ...... 
Log (preeipitate/cma) ' 12.9 _+ 0.3 la.0 _+ 0.2 10.7 _+ 0.3 
Precipitate size (Fm) 0.02 0.02 0.01 

After LH [(775~ 16h) + (1050~ 16h)] 
Final [Ojcma] ~ 2.2 x 10 '7 4.0 x 10 [7 3.5 x 10 ~7 
Defect types A----Z AbcdXyZ ABCD-Z 
Log (precipitate/cma) ' 11.6 -+ 0.3 11.9 +- 0.2 10.3 -+ 0.1 
Precipitate size (tLm) 0.03 0.05 0.2 

After H (105O~ 24h) 
Final [OJema] ~ 8.0 x 10 '7 8.0 x 10 '7 8.0 x 10 '7 
Defect types -BCD . . . .  BCD . . . . . . . . . .  
Log (precipitate/cma) h 9.4 _+ 0.4 9.5 -+ 0.2 None found 
Precipitate size (tLm) 0.2 0.3 NA 

After DLH [(1320~ 3h) + (775~ 16h) + (1050~ 16h)] 
Final [Oi/cma] a 2.2 x 10 ~7 2.2 x 10 ~7 2.3 x 10 '~ 
Defect types -B----Z -B---Z -B---Z 
Log (precipitate/cma) b 10.8 _+ 0.3 10.0 _+ 0.4 10.8 +- 0.3 
Precipitate size (t~m) 0.2 0.4 0.2 

After denuding heat-treatment 
DZ depth (t~m) 10 9 10 

Defect type notation c 
Primary defects Related defects 

A Tiny precipitates X Dislocation dipoles 
B Square platelets Y Hexagonalloops 
C Punched-out dislocation loops Z Stacking faults 
D Precipitate dislocation com- 

plexes 

Other 
None found in, typically, 4 • 10 .8 cm a searched 

NA Data not available 

Interstitial oxygen uncertainties around 5 x 10 TM [O/cma]. 
b Errors in mean based on empirical sampling variations. 
c A lower ease letter denotes a minor presence only. 

of prec ip i ta ted  o x y g en  (initial m i n u s  final) pe r  precipi-  
ta te  vs. prec ip i ta te  size. These  data c lus te r  along a line of  
s lope 2, as e x p e c t e d  if prec ip i ta tes  above  a few h u n d r e d  
angs t roms  in size are platelets  w h i c h  grow laterally, bu t  
not  in th ickness ,  as has  been  sugges t ed  previous ly  (8). If  
we  a s s u m e  the  dens i ty  of oxygen  in the  prec ip i ta tes  to be 
typical  of  silica minera l s  (e.g., 5 • 1022 [O/cmq), t h e n  the  
vo lume-ave raged  t h i cknes s  of t hese  prec ip i ta tes  is a round  
60~. S u c h  t h i c k n e s s e s  appea r  cons i s t en t  wi th  some  TEM 
edge-on  prec ip i ta te  observa t ions  (9). Thus  we  have  reason  
to bel ieve tha t  oxygen  prec ip i ta t ion  is the  p r imary  
opera t ing  process ,  and  tha t  we can ge t  s o m e  idea of  the  
n u m b e r  of oxygen  a toms  per  de fec t  as a func t ion  of  pre- 
cipi tate s ize f rom the  above correlat ion.  

Conce rn ing  the  overall  ef fects  of  wafer  t he rma l  history,  
we find very little o f  the  total oxygen  prec ip i ta ted  after  
indiv idual  775~ or 1050~ wafer  hea t - t r ea tmen t s ,  bu t  a 
sizeable f ract ion (e.g., 70%) p rec ip i t a t ed  after  775 ~ + 
1050~ t r e a t m e n t s ,  regard less  of  p r ior  his tory.  In  the  spec-  
imens  wi th  a s ingle  wafer  hea t - t rea tment ,  we  find a m u c h  
lower  n u m b e r  d e n s i t y  of  defec ts  af ter  1050 ~ than  after 
775~ T h i s  was  expec ted ,  and  p ro b ab l y  resul ts  because  
m u c h  smal ler  nucle i  are able to survive  and  g row at 775 ~ 
than  at  1050~ (10). U n e x p e c t e d ,  however ,  was the  s l ight  
decrease  in de fec t  dens i ty  for R a m p  and  Shie ld  mater ia l  
in going f rom 775 ~ to 775 ~ + 1050~ t r ea tmen t s .  It is cer- 
tainly p laus ib le  tha t  the  1050~ t r e a t m e n t  red isso lves  
some of  the  prec ip i ta tes  w h i c h  had  not  g rown  large 
e n o u g h  dur ing  the  775~ t r e a t m e n t  to survive  h igher  tem- 
perature .  However ,  one  m i g h t  ex p ec t  (as we  show in t he  
discuss ion)  tha t  defec ts  large e n o u g h  to be de tec ted  in t he  
TEM after the  775~ t r e a t m e n t  w o u l d  no t  d issolve  at 
1050~ 
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Fig. 2. o: Defects in Ramp crystals after 775~ wafer heat- 
treatment. Dipoles and tiny precipitates were found in the Ramp as 
well oS in the Shield wafers; only precipitates in Quench material, b: 
Stacking faults and tiny precipitates (arrowed) in Shield wafers after 
775 ~ + 1050~ treatment, c: Defects in Ramp crystals after 775 ~ + 
105(TC. d: A punched-out dislocation in a Quench wafer after 775 ~ + 
i050~ e: Precipitate dislocation complex in a 1050~ Shield crys- 
tal. This type of defect was also found in 1050~ Ramp wafers, f: De- 
fects in a Shield crystal after the 1320 ~ + 775 ~ + 1050~ treatment. 
Similarly treated Ramp and Quench wafers also contained these de- 
fect types. 

Concerning different puller histories, the most striking 
differences in precipitate number  density occur after 
single-wafer heat-treatments. The relative absence of de- 
tectable defects in approximately 10 -7 cm ~ of Quench ma- 
terial after the 1050~ treatment is consistent with the ob- 
servation by Nakanishi et al. (6) that densities after such 
annealing in Quench material can be down from those in 
Ramp/Shield material by several orders of magnitude. 
This may be easy to understand, since the 105ffC heat- 

lO 9 - 

108 . 

107 

106 

C O R R E L A T I O N  B E T W E E N  IR A N D  T E M  R E S U L T S  
FIT LINE: LOG (Op/Np) = 8.6 + 1.9*LOG(L) 

R-DLH 

S-R 

R-H 

~ O-L ~ ~R-LR 
10 s 

,0, IR'L I sL 

103 , I I , , 
0.01 011 ' 1.0 

PRECIPITATE LENGTH IN MICRONS 

C3 MEASUREMENTS - -  ERRORS - -  FIT LINE 

Fig. 3. Oxygen atoms per precipitate (OJNp) vs.  mean precipitate 
size (maximum projected dimension L). Data from Table I ore plotted 
here along with a least squares power low fit (linear OR log-log) which 
suggests two-dimensional growth for precipitates larger than 0.03 ~m 
in size. Vertical bars reflect IR and precipitate number density 
uncertainties, and hove been considered in the fitting process. The 
horizontal bars do not represent uncertainties in mean size, hut do in- 
dicate relative limits on the range of precipitate sizes observed in 
each specimen type. 

t reatment is an unlikely source of precipitate nuclei itself. 
A similar drastic reduction in number  density going from 
Ramp/Shield to Quench wafers (in this case, by nearly 
two orders of magnitude) is observed after the 775~ treat- 
ment, although this t ime it is unexpected since 775~ is 
considered to be a very effective nucleation temperature 
(10). The trend to lower number  densities in quench mate- 
rial after the 775 ~ + 1050~ treatment is also present, al- 
though not as large. However, both Ramp and Shield ma- 
terial show number  densities similar to that of the 
Quench material if they have been first put through a 
1320~ "dispersing" heat-treatment. This provides evi- 
dence that the Quench differences are in fact due to 
puller thermal history, and are not otherwise intrinsic to 
the crystals. Differences in precipitate number  density of 
smaller than a factor of 10 between ingots might also re- 
sult from thermal history differences. However, since 
such differences exist between ingots after the 3h "dis- 
persing" anneal, intrinsic ingot differences may be re- 
sponsible as well. 

Defect types are in general correlated with the size of 
precipitates, with few lattice deformation effects (e.g., 
punched-out loops, dislocation complexes) associated 
with defects in the 100-200X size range. But there are also 
unexplained differences, especially after the two-step 
heat-treatment. The most drastic is the much larger diver- 
sity of defects in Ramp as compared to Shield wafers. 
That thermal history is the cause, as opposed to subtle in- 
trinsic differences, is this t ime supported by the similarity 
of defect types (in all crystals) observed in wafers which 
have undergone a 1320~ treatment prior to the two-step 
anneal. 

Discussion 
The results above confirm that precipitate number  

density and type (but not necessarily total oxygen precip- 
itation) after one or two wafer heat-treatments can be 
strongly dependent on prior thermal history in the puller. 
Along the length of a single ingot, these effects may be 
offset by axial impurity and point defect profiles (4) 
which are present as well. The results also confirm that 
the effects of thermal history can be erased to a large ex- 
tent by a short wafer heat-treatment at 1320~ and that 
puller history may have little effect on denuded zone 
depths after a multistep denuding treatment which in- 
cludes temperatures below 800~ 

The results also provided a few surprises. The first 
concerns the loss of detectable precipitates in 775~ - 
treated wafers after a subsequent I050~ anneal. Critical 
radius calculations (e.g., ii, 12) predict that precipitates 
with more than 60-100 oxygen atoms should be stable at 
I050~ and yet Fig. 3 suggests that many of the precipi- 
tates "lost" after the I050~ anneal probably contained 
more than 104 atoms of oxygen. Even if they did not, the 
defects certainly were detectable in the TEM in darkfield 
images at rather low magnifications (e.g., 50,000 times). 
Between 103 and 104 atoms is probably a lower limit for 
detectability for equidimensional precipitates under the 
observing conditions, and hence a large discrepancy ex- 
ists. The problem may lie with the assumption of spheres 
in critical radius calculations. If many of the defects are 
very small in one or more directions (e.g., as disks or 
rods), then their surface area and propensity to dissolve 
may increase. Of course, their effective size (longest linear 
dimension) for TEM detection would also increase. The 
"small dislocation loop contrast" associated with many of 
the defects in the 775~ material (Fig. 2a) and the observa- 
tions by Bourret et al. (13) and others of rodlike defects 
which are unstable when too large suggest further that 
shape effects may be quite important in nucleation 
models. 

A second surprise was the strong effect of puller history 
on defects after a 16h wafer treatment at 775~ Figure 4 
compares measurements of precipitate number density 
after the 775~ treatment with predictions of the nuclea- 
tion model of Inoue et al. (10-12). Their model is based on 
observations after LH-type heat-treatments, which indi- 
cate that the number of detectable precipitates is propor- 
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Fig. 4. Theoretical vs. observed number densities after o 16h, 
775~ heat-treatment. The curves show precipitates per cubic centi- 
meter as a function of processing time. Nucleation rotes were calcu- 
lated with the algorithm of Inoue et al. (10) using numbers recom- 
mended by Rogers et a/. (12). Total number densities were deter- 
mined by convoluting those rotes with the growth thermal history (Fig. 
i )  followed by a 16h 775~ heat-treatment. Observed number densi- 
ties ore from Table I. 

tional (for small changes in interstitial oxygen concentra- 
tion) to the time spent at various temperatures in the 
600~ range. As can be seen, the number of precipi- 
tates predicted after the 775~ anneal for all material is 
near that observed for the Quench crystal. This suggests 
relatively short puller histories for the material used to 
calibrate the model. More importantly, the modeled nu- 
cleation rate curve [cf. Ref. (12)] peaks at 700~ with a full 
width at half-maximum of 100~ Thus a 6h thermal his- 
tory in the puller between 400 ~ and 1000~ (i.e., the 
Shield/Ramp puller treatments) should have increased 
the number of observed precipitates by 30%, instead of 
the observed 18,000%. 

Ingot position, initial oxygen concentration, initial car- 
bon concentration, but  not thermal history, were the 
same for the Quench and Ramp/Shield material exam- 
ined. Since the differences between Quench and Ramp/ 
Shield number  densities are removed by a 3h 1320~ 
"dispersing" treatment, they almost certainly arise from 
differences in thermal history. In subsequent  work (15), 
this conclusion has been confirmed by TEM/etching ob- 
servations on Quench wafers which indicate that 3h 
pretreatments at 500 ~ or 600~ are adequate to bring the 
16h, 775~ precipitate number  densities in Quench wafers 
up to those found in Ramp/Shield wafers. Taken in the 
context of the single-stage nucleation model of Inoue 
et al. (10), this would imply nucleation rates below 700~ 
that are at least three orders of magnitude higher than 
rates predicted by the model. Reconciliation of these ob- 
servations with those of Inoue et al., especially concern- 
ing the temperature dependence of nucleation rate, ap- 
pears to require that the critical-density term in the 
nucleation equation be dependent  on prior history. This 
problem with a steady-state critical-density term has al- 
ready been mentioned in the discussion by Osaka et al. 
(11) of an "induction time" for nucleation in quenched 
materials, and appears to be due to the kinetic stability of 
clusters with only a few oxygen atoms (14) and the exist- 
ence of a site in the lattice able to trap its first oxygen 
only at temperatures below 700~ (15). A precipitation 
model which considers these issues may be important for 
modeling low temperature history effects. 

Conc lus ion  
A systematic study of the effects of thermal history dur- 

ing the growth of I00 mm Czochralski silicon ingots is re- 
ported. It shows that puller thermal history, if separated 
from other axial effects in the ingot, can play a strong role 
in the type of defects and number density of precipitates 
(but not necessarily the total oxygen precipitated) after 
one- or two-wafer heat-treatments. In particular, the study 
of precipitate number density differences after a single 
775~ heat-treatment provides evidence for a low temper- 
ature process enabling precipitate nucleation at rates 
much higher than predicted from the model of Inoue 
et al. The observations also call into question the rele- 
vance of classical critical radius calculations in such mod- 
els. On the other hand, differences due to puller thermal 
history from the point of view of device manufacture do 
not survive intentional low temperature annealing or 
multistep intrinsic gettering schemes which add addi- 
tional processing in the 500~176 temperature range. Ef- 
fects of puller thermal history may also be completely 
erased by a short 1320~ heat-treatment. 
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Structural Effects on a Submicron Trench Process 
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A B S T R A C T  

Recently,  si l icon t renches  have been  wide ly  used for device  isolation or three-d imens ional  capacitors in dynamic  
memories .  In  this work,  t renches  wi th  submicron  openings  have  been fabricated and several  s t ruc ture -dependent  ef- 
fects were  d iscovered.  A react ive ion e tch ing  rate in the  ver t ical  direct ion inside a t r ench  decreases  significantly as the 
aspect  ratio (depth/width)  becomes  larger. A bot t le-shaped profile due  to undercu t t ing  starts to appear  wi th  t renches  
whose  openings  are smal ler  than a m ic rom e te r  and becomes  worse  as the wid th  decreases.  A film th ickness  on side- 
walls for refilling t renches  shows no s t rong dependence  on the structural  aspec t  when  chemical ly  vapor  deposi ted  at 
low pressure. 

Isolat ion t echnology  using sil icon t renches  is employed  
in high-speed bipolar  integrated circuits  (1, 2) and in 
latchup-free CMOS devices  (3). A h igh  dens i ty  MOS dy- 
namic  RAM cell utilizes t rench sidewalls  to increase stor- 
age capaci tance (4). Three  steps are invo lved  in a silicon 
t rench  process:  react ive  ion e tching of  Si substrate,  refill- 
ing with  dielectr ic  materials,  and planarization.  Technical  
constraints  include:  (i) no void remains  inside a t rench  
after refilled; (ii) defect  densi ty  is low at sidewalls and 
corners;  and (iii) a dielectric layer  can be deposi ted  uni- 
formly. 

As l i thographic  t echno logy  improves ,  the  t rench  open- 
ing width  is expec ted  to shrink, whi le  the  dep th  is kep t  
the same or even  larger  in dynamic  memor ie s  to maintain  
a m i n i m u m  storage capacitance.  Current ly  the  m i n i m u m  
feature size def inable  by l i thography,  however ,  is about  1 
~m or s l ightly less by advanced  optics and 0.5/zm by an 
electron beam. By mak ing  features smal ler  than the  litho- 
graphic l imit ,  this work  aims at inves t iga t ing  potent ia l  
p rob lems  in a submic ron  t rench  process  in the  future, 
par t icular ly the  react ive  ion e tching of  si l icon substrates  
wi th  small  m a s k  openings  and chemica l  vapor  deposi t ion  
into narrow and deep trenches.  

Experiments 
On p-type wafers,  100 n m  nitr ide and 600 n m  polysili- 

con layers were  sequent ia l ly  deposi ted.  An optical litho- 
graphic  step was done  to create pat terns  on the polysili- 
con layer with di f ferent  l inewidths,  as shown in Fig. la. 
After  e tched ver t ical ly  by react ive ion e tch ing  (RIE) with 
a photores is t  mask,  the  polysi l icon film was oxidized at 
1100~ The film th ickness  after ox ide  was g rown was 1.1 
~m, and the  ox ide  shape was round  near  the  edges, as 
shown in Fig. lb.  Oxide  g rown lateral ly f rom the poly- 
si l icon edges was about  0.4 ~m thick,  and this shrank the  
original  polys i l icon openings  by 0.8 ~m, creat ing open- 
ings smaller  than  the l i thographic  limit.  The  ni t ide layer 
p reven t ing  the Si substrate  from being  oxidized was re- 
m o v e d  by RIE in CF4, and then  si l icon t renches  were  
formed by react ive  ion e tching in a mix tu re  of  CC12F2 and 
O2 using the oxide  layer as a mask  after a prec leaning  step 
using CCI~F._, and Ar. The e tch rate of  si l icon was approxi-  
mate ly  92 nm/min ,  and the  select ivi ty to oxide  was over  
15 in this exper iment .  In  order  to s tudy  refilling, an oxide  
layer (75 nm) was depos i ted  into 8 ~ m  deep t renches  by a 
chemica l  vapor  depos i t ion  at a tmospher ic  pressure  
(APCVD), fo l lowed by depos i t ion  of a polysi l icon layer 
(150 nm) at 400 mtor r  (LPCVD). 

Results and Discussion 
Cross sect ions of  si l icon t renches  wi th  var ious e tching 

t imes  are shown in SEM's  of  Fig. 2. The initial openings  
measured  f rom Fig. 2a were  2.5, 1.3, 0.9, 0.7, 0.45, 0.3, and 
0.2 ~m, respect ively.  These  widths,  however ,  slightly de- 
creased as the  RIE con t inued  because  of  deposi t ion of a 
po lymer  layer on sidewalls  (5), wh ich  will  be discussed 
below. The  dep th  of  a wide  trench,  w h e n  plot ted  with re- 
spect  to e tching t ime  in Fig. 3a, l inearly increases,  while 

* Electrochemical Society Active Member. 

that  of  a narrow one increases wi th  a s lower  rate. The 
t rench  depths  of 0.2 ~ m  wide line and a square  (0.3 x 0.3 
~m), for instance,  were  shorter  by about  1 and 3.2 ~m, re- 
spectively,  than  a t rench  wider  than 2 ~m by the t ime it 
becomes  4.7 ~m deep. This two- or three-d imens ional  
p h e n o m e n o n  was more  p ronounced  as the  e tching pro- 

Fig. 1. A technique for creating features smaller than the litho- 
graphic limit, a: A polysilicon layer with opening widths of 1.7 and 
1.15 ~m. b: These openings become 0.9 and 0.35 ~m after oxidation. 

Fig. 2. Silicon trenches with various opening sizes. The etching 
times are (a) 5, (b) 20, (c) 40, and (d) 60 min, respectively. 

1705 
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Fig. 3. Structural effects of a silicon RIE. o (left): Trench depth vs. etching time. b (right): Normalized etching rote vs.  aspect ratio 

ceeded  or as the  open ing  was a small  square  rather  than a 
line. In part icular ,  the  dep th  decrease of  the  square  hole is 
about  twice  as large as that  of  the  l ine t rench  with  the  
same width.  

F igure  3b shows a plot  of  the  s i l icon e tch  rate vs. the  as- 
pect  ratio (width/depth)  of  the  two-d imens iona l  t renches,  
in wh ich  the  e tch  rate decreases  a lmos t  l inearly as the  as- 
pect  ratio increases  and it is solely de t e rmined  by the  as- 
pect  ratio regardless  of  the  open ing  sizes. The  e tch rate E 
with  wid th  W and dep th  D was obta ined  empir ical ly  as 

E(W/L)= ( 1 - 0 . 1 6  ~ - ) E w  [1] 

where  Ew represen t s  the  e tch rate at a t r ench  wide  enough  
not be affected by the  two-d imens iona l  effect. I t  should  
be no ted  that  the  dep th  and width  are changing  cont inu-  
ously as e tching goes on. In  calculat ing the  e tch rate and 
the  aspect  ratio in Fig. 3b, therefore,  the  average dep th  
be tween  two consecu t ive  t ime steps was chosen. How- 
ever, the  init ial  wid th  measu red  f rom Fig. 2b was used be- 
cause the depos i t ed  po lymer  mater ial  reduces  the  width.  
This is done  to avoid  m e a s u r e m e n t  errors of the  nar row 
t rench  openings ,  and it also seems more  pract ical  in de- 
t e rmin ing  t rench  d imens ions  on a m a s k  level. 

There  may  be several  reasons  respons ib le  for the  two- 
and th ree -d imens iona l  p h e n o m e n a  on the  deep- t rench  
RIE. In  this paper ,  a d iverg ing  electr ic  field inside a 
t r ench  is cons idered  to qual i ta t ively expla in  the  two- 
d imens iona l  effect.  The  electric field across a sheath near  
a powered  e lec t rode  due  to a self-bias in an RIE sys tem is 
mos t ly  pe rpend icu la r  to a si l icon substra te  because  the  
sheath  wid th  is m u c h  smaller  than  the  e lec t rode  size. The 
field wi th in  a t rench,  however ,  should  d iverge  because  
the sil icon surface is at a constant  potential .  S o m e  of the  
ions enter ing the  t r ench  th rough  its opening,  conse- 
quent ly ,  are cap tured  at the  sidewalls ,  and therefore  
fewer  of t h e m  can arr ive at the  t r ench  bot tom.  In  this par- 
t icular  process  used  involv ing  a m i x t u r e  of CC12F2 + O2, 
the  po lymer  mater ia l  depos i ted  on the  t rench  sidewalls  
reduces  the  t r ench  open ing  significantly. Therefore,  this 
d iverg ing  field effect  becomes  more  pronounced .  Al- 
though  no prec ise  re la t ionship  be tween  the  e tch rate and 
the ion flux has been  repor ted  yet, the  e tch  rate is k n o w n  
to be  greatly e n h a n c e d  by the  ion b o m b a r d m e n t  (6). I t  is, 
therefore,  not  difficult  to conce ive  that  the  e tch rate at 
the t rench  bo t tom should  be reduced  due  to the fewer  
n u m b e r  of  ions b o m b a r d i n g  the bo t tom surface. The  lin- 
ear d e p e n d e n c e  on the aspect  ratio may  be  der ived f rom 

this d iverging field associa ted with  the  two-dimens ional  
structure.  

F igure  4 shows some of the  t renches  in Fig. 2b after all 
po lymer  layers (about  80 n m  thick) were  r emoved  in buf- 
fered HF. The  th ickness  of  the  po lymer  layer increases  
init ially but  saturates  as the  e tch ing  goes on. This phe-  
n o m e n o n  actual ly  helps  taper ing the  s idewal l  s lope for 
ease of  refilling, as seen in wide  t renches.  The po lymer  
layer, however ,  toge ther  with the two- or three-dimen-  
sional effect  desc r ibed  earlier, resul ts  in po in ted  bot toms 
w h e n  the  open ing  is 0.5 ~m or smaller.  I n  Fig. 4, 
s ignificant  unde rcu t t i ng  was also no t iced  in t renches  
wi th  1 ~m or smal ler  width ,  which  resul ts  in a bottle- 
shaped t rench.  The  length  of  the  nar row bot t le  neck  is ap- 
p rox imate ly  equa l  to the open ing  width,  and clearly de- 
pends  on the  shape of  the  oxide  mask.  The  nar rowest  
t rench  in Fig. 4, for an example ,  has an asymmet r i c  mask  
whose  s teeper  angle  at the  r ight  side creates  undercu t t ing  
at a deeper  loca t ion  at the  left side. F r o m  these  observa- 
tions, it was con jec tu red  that  ions def lect ing f rom the  
ox ide -mask  edges  are respons ib le  for the  undercut t ing .  
The  round  shape of  oxide  edges resul t ing  f rom lateral  ox- 
idat ion of the  polys i l icon layer may  have  enhanced  such 
ion  deflect ion in the  present  exper iment .  S ince  mask  
edges  dur ing RIE are always sub jec ted  to a facet effect 
causing a round  shape (5), a layer th icker  than  the  open-  
ing width  may  be  desirable to avoid  such undercut t ing .  
This bott le  shape  makes  it difficult  to refill wi thou t  a 
void,  and sharp corners  at the  bo t toms are prone  to defect  
genera t ion  in subsequen t  ho t  p rocess ing  steps. These  are 
major  concerns  related to rel iabil i ty in a submic ron  
t r ench  process.  

In  Fig. 5, the  init ial  open ing  of  a t r ench  before  deposi-  
t ion of  75 n m  oxide  was about  1 um. Then  it shrank to 

Fig. 4. Trenches after the polymer layer on sidewalls was removed 
in BHF. 
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Fig. 5. A trench (1 ~m wide and 8/~m deep) after the APCVD ox- 
ide and LPCVD polysilicon were deposited. The SEM's show (a) the 
top and (b) the bottom of the trench. 

0.55 ~m after 150 nm polysilicon was deposited. The 
thickness of the polysillcon layer changes very little with 
depth, even for a trench with an aspect ratio as large as 
20, while the oxide thickness becomes less than half at 
the bottom. This may be attributed to the fact that the 
mean-free path of a gas molecule, inversely proportional 
to pressure, is smaller than 1 ~m at 1 atm, but larger than 
100 ~m at 400 mtorr (7). As a result, it is concluded that 
LPCVD is necessary to deposit dielectric layers uni- 
formly inside trenches with large aspect ratios. 

Conclusions 
Trenches with openings as small as 0.2 ~m have been 

successfully made by oxidizing a polysilicon layer after 
its being patterned by optical lithography. Several 
structure-dependent effects were found. The silicon etch 

S U B M I C R O N  T R E N C H  P R O C E S S  1707 

rate drops significantly as the trench opening becomes 
smaller. This may cause problems if there are many dif- 
ferent trench sizes. Undercutt ing also appears below 1 ~m 
width, and otherwise on vertical and tapering sidewalls. 
These technical problems must be considered in optimiz- 
ing any submicron trench process. Low pressure chemi- 
cal vapor deposition into trenches, however, is less sensi- 
tive to their structures than atmospheric pressure CVD, 
and it is necessary for successful refilling in a trench 
process. 
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Determination of Conversion Factor for Infrared Measurement of 
Oxygen in Silicon 

T. lizuka, S. Takasu,* M. Tajima, T. Arai, T. Nozaki, N. Inoue,* and M. Watanabe* 

Japan Electronic Industry Development Association, Kikaishinkokaikan, Shibakoen 3-5-8, Minato-ku, Tokyo 105, Japan 

ABSTRACT 

A reliable conversion factor for the infrared absorptiometry of oxygen in silicon has been determined by round- 
robin infrared measurement  followed by charged particle activation analysis with the '"O(3He,p)'SF reaction. As for the 
round-robin samples, 70 dislocation-free CZ silicon wafers with oxygen contents ranging from 3 to 20 • 1017 at.-cm -3 and 
thicknesses of 2, 1, and 0.5 mm were carefully prepared by five organizations. A good linear relationship has been ob- 
tained between the absorption coefficient and the oxygen content. The relationship is expressed as [oxygen concentra- 
tion (at.-cm-3)] = (3.03 • 0.02) • 10 ~7 • [absorption coefficient (cm-J)]. 

Oxygen in Czochralski (CZ) grown silicon crystals is 
known to be an important impurity in connection with 
defect control and wafer deformation. Oxygen concentra- 
tion in silicon wafers is determined by infrared absorp- 
tion at 9 ~m due to the localized vibrational mode of the 
interstitial oxygen. The conversion factor correlating the 
infrared absorption coefficient to the oxygen content is 
obtained by the use of some analytical method which 
gives absolute oxygen concentration, such as vacuum fu- 
sion or activation analysis. Since Kaiser and Keck first 
determined this calibation relationship, several different 
conversion factors have been reported and used (1-7). 
Thus, oxygen concentration values for a given silicon wa- 
fer reported by different organizations frequently show 
considerable disagreement. In order to improve this situa- 
tion, a working committee was organized in the Japan 
Electronic Industry Development  Association (JEIDA) in 
1979. The commit tee  decided to determine highly reliable 
conversion factor using carefully prepared silicon crys- 

*Electrochemical Society Active Member. 

tals. This is a report on the newly determined conversion 
factor obtained by round-robin measurement  of infrared 
absorption at 9 ~m followed by activation analysis of the 
total oxygen in silicon. The work continued from October 
1979 to November  1982. The following organizations par- 
ticipated: Electrotechnical Laboratory; Hitachi Limited; 
Institute of Physical and Chemical Research; Komatsu 
Electronic Metals; Matsushita Corporation; Mitsubishi 
Electronic; Nippon Telegraph and Telephone Corpora- 
tion; Musashino Electrical Communicat ion Laboratory; 
NEC Corporation; Nippon Silicon; Osaka Titanium; Shin- 
Etsu Handotai; The University of Tokyo; The University 
of Tsukuba; Toshiba Corporation; VSLI Cooperative 
Laboratory; Monsanto Corporation; Nicolet Japan; and 
Wacker Chemitronic. 1 

Experimental 
Sample preparation.--Dislocation-free, low carbon 

(100) CZ silicon crystals of 70-100 mm diam were pre- 

'Monsanto, Nicolet, and Wacker participated from the middle 
of the round-robin. 
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p a r e d  by  K o m a t s u  E lec t ron ic  Metals ,  M u s a s h i n o  Electr i-  
cal C o m m u n i c a t i o n  Labora to ry ,  N i p p o n  Si l icon,  Osaka  
T i t an ium,  a n d  S h i n - E t s u  Hando ta i .  T he  o x y g e n  c o n t e n t s  
of t he se  crys ta ls  r a n g e d  f rom 3 to 20 • 10 '7 a t . -cm -3, 
w h i c h  were  o b t a i n e d  u s i n g  a t en t a t i ve  c o n v e r s i o n  fac tor  
of  3.0 • 10 '7 a t . -cm -~, a n d  t h e i r  res is t iv i t ies  we re  m o r e  
t h a n  10 f~-cm. In  o rde r  to inves t iga te  the  effect  of  t he  wa- 
fer t h i c k n e s s  on  t he  i n f r a red  m e a s u r e m e n t ,  a set  of  wafers  
2, 1, a n d  0.5 m m  t h i c k  were  so t a k e n  f rom an  ad j acen t  
po r t i on  of e a c h  ingo t  so as to a s su re  i ts c o n t a i n i n g  near ly  
t he  s ame  c o n c e n t r a t i o n  of  oxygen.  B o t h  s ides of  t he  wa- 
fers were  m i r r o r - p o l i s h e d  to a sur face  f la tness  of be t t e r  
t h a n  3 t~m for the  in f ra red  m e a s u r e m e n t .  Thus ,  70 wafers  
(26 of  2 ram,  22 of  1 m m ,  and  22 of 0.5 m m  t h i c k n e s s )  wi th  
d i f fe ren t  g r o w t h  h i s to r ies  were  p r e p a r e d  for th i s  invest i -  
gat ion.  Re fe rence  s am p l e s  w i t h  the  s a m e  t h i c k n e s s e s  a n d  
sur face  f in ish  we re  p r e p a r e d  by  f loat-zone m e t hod .  

Infrared measurement.--In orde r  to ob ta in  the  in f ra red  
a b s o r p t i o n  coeff ic ient  of  t he  s am p l e s  as accura te ly  and  
r e p r o d u c i b l y  as poss ib l e  by  t he  r o u n d - r o b i n  measure -  
m e n t ,  the  fo l lowing  m e a s u r e m e n t  p r o c e d u r e s  were  rec- 
o m m e n d e d  by  t h e  commi t t ee .  Each  o rgan iza t ion  was  re- 
q u e s t e d  to u n d e r t a k e  the  m e a s u r e m e n t  fo l lowing t he  
p rac t i ces  s h o w n  in Table  I a n d  to take  in to  a c c o u n t  o the r  
r e c o m m e n d a t i o n s  cons i de r i ng  t he  var ie ty  of  the  appara-  
tus  used.  

Apparatus.--Dispersive, as wel l  as Fou r i e r  t r ans fo rma-  
t ion- type ,  s p e c t r o m e t e r s  are used.  I n  case  of  d i spe r s ive  
spec t rome te r s ,  t he  d o u b l e - b e a m  type  ha s  a n  a d v a n t a g e  of  
app ly ing  the  d i f f e rence  me thod .  T r a n s m i t t a n c e  accu racy  
is t he  m o s t  i m p o r t a n t  p e r f o r m a n c e  in  t he  m e a s u r e m e n t .  
The  t r a n s m i t t a n c e  er ror  m u s t  no t  e x c e e d  1% of  t he  per- 
cen tage  t r a n s m i s s i o n  scale, and ,  the re fore ,  it was  dec ided  
t h a t  the  t r a n s m i t t a n c e  accu racy  of  t h e  s p e c t r o m e t e r  in 
each  o rgan iza t ion  s h o u l d  be  c h e c k e d  by  t he  use  of  a 
c h o p p e r  or spec ia l ly  p r e p a r e d  ND filter. The  c h o p p e r  
passes  10-90% (10% interval )  of  i n c i d e n t  beam,  whi le  t he  
N D  fil ters p a s s  72, 61, a n d  30% of i n c i d e n t  b e a m  at 1100 
cm -t ,  respec t ive ly .  A n  e x a m p l e  of i n s t r u m e n t a l  accuracy  
is s h o w n  in Fig. 1, r evea l ing  t he  e r ror  as m u c h  as 2% be- 
fore a d j u s t m e n t  b u t  be low 0.4% af ter  a d j u s t m e n t ,  t he  lat- 
ter  b e i n g  the  b e s t  accu racy  one  can  e x p e c t  for  a g ra t ing  
spec t rome te r .  

Procedure.--In case  of  a d i spe r s ive  s p e c t r o m e t e r ,  t he  dif- 
f e rence  m e t h o d  w i t h  t he  oxygen- f ree  r e f e r ence  s p e c i m e n  
in t he  r e fe rence  b e a m  is supe r io r  to the  air  r e fe rence  
m e t h o d  for a c c u r a t e  d e t e r m i n a t i o n  of  t h e  a b s o r p t i o n  coef- 
ficient. The  t r a n s m i t t a n c e  m o d e  is r e c o m m e n d e d  be- 
cause  i t  is m o r e  c o n v e n i e n t  for ca lcu la t ing  t he  a b s o r p t i o n  
coeff ic ient  for  t he  s p e c i m e n s  w i t h  la rge  surface  reflec- 
t ion  t h a n  is t he  a b s o r b a n c e  mode .  A Fou r i e r  t r a n s f o r m  
s p e c t r o m e t e r  is s u b s t a n t i a l l y  a s i n g l e - b e a m  type.  Differ- 
en t ia l  t r a n s m i t t a n c e  or a b s o r b a n c e  spec t r a  are ca lcu la ted  
f rom r e f e r ence  a n d  s a m p l e  spectra .  All  m e a s u r e m e n t s  are 
p e r f o r m e d  at  r o o m  t e m p e r a t u r e .  S l igh t  t e m p e r a t u r e  varia-  
t ions  do not  af fec t  the  accuracy.  Befo re  t he  m e a s u r e m e n t ,  
ver i f ica t ion  of 0 a n d  100% t r a n s m i s s i o n  m u s t  be  per-  
formed.  The  ho lde r s  for s a m p l e  a n d  r e f e r ence  m u s t  pre- 
v e n t  any  source  r ad i a t i on  f rom b y p a s s i n g  t h e  spec imen .  
T r a n s m i t t a n c e  s p e c t r u m  is t a k e n  f rom 1300 to 900 c m  -~, 

Table I. Recommended practices for infrared measurement 

Item Recommended 

Spectrometer Type 
Path 
Accuracy 
Mode 

Measurement Reference 
Scan range 
Blank check 
Resolution 

Temperature 

Dispersive or FTIR 
Double-path (single-path) 
1% of the percentage T scale 
Transmittance T (absorbance) 
Difference method (air reference) 
1300-900 Cm l ] 
100%; 0% 
Good enough to resolve the 9 ~m 

absorp t ion  band  (FWHM: 38 
c m  -I)  

Room temperature 

o i 

w 0 
. J  

- 2  
I I I I I I I 

I-- 
u) 0 2 0  4 0  6 0  8 0  I00 
z 

TRANSMITTANCE (%) 
Fig. 1. Example of instrumental occurocy (grating spectrometer, air 

reference method using a chopper with the transmittance of 10-90%). 

w h i c h  is w ide  e n o u g h  to e x a m i n e  t he  b a c k g r o u n d  spec- 
t r u m .  M e a s u r e m e n t  c o n d i t i o n s  m u s t  b e  so se lec ted  as  to 
a s su re  r e q u i r e d  reso lu t ion ;  the  full  w i d t h  at  ha l f  maxi -  
m u m  (FWHM) of  t he  o x y g e n  a b s o r p t i o n  b a n d  s h o u l d  be  
no  m o r e  t h a n  38 c m  -I in t r a n s m i t t a n c e  (32 c m  -1 in  absor-  
bance) .  

Typica l  m e a s u r e m e n t  cond i t i ons  for  a g ra t ing  spec-  
t r o m e t e r  are  a r e s o l u t i o n  of  4 cm -1, a scan  ra te  of  less 
t h a n  1 cm-I / s ,  a p e n  r e s p o n s e  of 2s of t i m e  full  scale de- 
flection. R e p e a t i n g  m e a s u r e m e n t s  (at leas t  two)  a n d  tak-  
ing the i r  ave rage  i m p r o v e s  the  accuracy .  

Typica l  m e a s u r e m e n t  cond i t i ons  for Four i e r  t r a n s f o r m  
s p e c t r o m e t e r  are  r e so lu t i on  of 4 c m  -~ a n d  a c c u m u l a t i o n  
of 100 t imes.  

The  size of t he  m e a s u r e d  area ( b e a m  size) d e p e n d s  on  
the  r e spec t ive  s p e c t r o m e t e r .  Typica l  sizes are 5 x 15 m m  2 

and  15 m m  diam.  
The  r o u n d - r o b i n  m e a s u r e m e n t  was  p e r f o r m e d  on  the  70 

s a m p l e s  b y  16 organ iza t ions .  E x a m p l e s  of  m e a s u r e d  spec- 
t ra  fo l lowing  t he  r e c o m m e n d e d  p rac t i ces  on  2, 1, a n d  0.5 
m m  th i ck  s a m p l e s  a re  s h o w n  in Fig. 2. A 0.5 r a m - t h i c k  
s a m p l e  s h o w s  c o n s i d e r a b l e  i n t e r f e r e n c e  f r inges  due  to 
mu l t i p l e  i n t e rna l  ref lect ion.  The  u n i q u e n e s s  of t h e  ba se  
l ine  a n d  a b s o r p t i o n  p e a k  is lost  b y  the  i n t e r f e r e n c e  fringe.  
The  s imp le s t  way  to e l im ina t e  t he  i n t e r f e r e n c e  f r inge  is to 
r e d u c e  t h e  reso lu t ion .  The  F W H M  a n d  p e a k  a b s o r b a n c e  
va lues  of  the  o x y g e n  a b s o r p t i o n  b a n d  do no t  s h o w  detect -  
ab le  c h a n g e  if  t h e  r e so lu t ion  is b e t t e r  t h a n  6 c m - L  
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i 6o obb' i fbo If60' 

WAVE NUMBER (cm -j ) 
Fig. 2. Examples of measured spectra of differential transmittance 

for 2, 1, and 0.5 mm thick samples containing 8.2 • 1017 at.-cm -3 of 
oxygen. Measurements were performed following the recommended 
practices with the resolution of 2 cm-L Base lines ore also shown. 
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Calculation.--The t r a n s m i t t a n c e  m e a s u r e d  by  t he  air  ref- 
e r e n c e  m e t h o d  for  n o r m a l  i n c i d e n c e  c o n s i d e r i n g  mul t ip l e  
re f lec t ion  is e x p r e s s e d  by  

(1 - R) ~ exp  ( -  sd)  
T~ = [1] 

1 - R ~ exp  ( - 2 a d )  

w h e r e  R is t h e  ref lect ivi ty,  s is t he  a b s o r p t i o n  coeffi- 
c ient ,  a n d  d is t he  s a m p l e  t h i c k n e s s .  A b s o r p t i o n  coeffi- 
c i en t  cons i s t s  of ao (due  to oxygen) ,  a~ (free carrier),  a n d  Sl 
( lat t ice v ibra t ion) .  T he  So a n d  s~ t e r m s  are neg l ig ib ly  smal l  
in  F Z  r e f e r ence  spec imen .  Di f fe ren t ia l  t r a n s m i t t a n c e  is 
g iven  as 

Tdif f - -  _ _  

Dif fe ren t ia l  t r a n s m i t t a n c e  
b a c k g r o u n d  are  

Tsamp,air 

Tref,air 
[2J 

of  t he  a b s o r p t i o n  p e a k  a n d  

Tdiff,peak -- 
Trot 

{1 - R ~ exp  (-2a~d)} exp  {-(a~ + ao)d} 

1 - R'-' exp  {-2(a~ + s~ + so)d} 
[3] 

{1 - R'-' exp  ( -2s ld)}  exp  ( - a fd )  
T~,,,~, - [4] 

1 - R ~ exp  {-2(al  + af)d} 

respec t ive ly ,  w h e r e  s a m p l e  t h i c k n e s s  a n d  r e fe rence  
t h i c k n e s s  are  a s s u m e d  to be  equal .  T h i c k n e s s  a g r e e m e n t  
to w i t h i n  10 tLm does  no t  i n t r o d u c e  t he  e r ror  in  t he  ab- 
s o r p t i o n  coeff ic ient  d e t e r m i n a t i o n .  T he  ref lec t iv i ty  a n d  
la t t ice  v ib r a t i ona l  a b s o r p t i o n  coeff ic ient  a t  t he  o x y g e n  
a b s o r p t i o n  peak ,  u s e d  in t he  p r e s e n t  ca lcula t ion ,  are 

R = 0.30 

a n d  

s~ = 0.85 c m  -~ 

The  base  l ine  is u s e d  to o b t a i n  t he  d i f fe ren t ia l  t r ansmi t -  
t a n c e  of  t h e  b a c k g r o u n d  (Eq. [4]). T h e  b a s e  l ine  is app rox -  
i m a t e d  b y  a s t r a i g h t  l ine  on  a d i f fe ren t ia l  t r a n s m i t t a n c e  
s p e c t r u m  b e t w e e n  1300 a n d  900 c m  -~, as s h o w n  in Fig. 2. 
The  af + So a n d  af va lues  are  s epa ra t e ly  d e t e r m i n e d  f rom 
Eq. [3] a n d  [4], a n d  t h e i r  d i f f e rence  g ives  t he  oxygen  ab- 
so rp t i on  coef f ic ien t  So. 

Fo r  p r e s e n t  s amples ,  t he  effect  of  f ree  car r ie r  absorp-  
t ion  is neg l ig ib ly  small .  2 Therefore ,  t he  re la t ive  t r ansmi t -  
t ance  of  t h e  o x y g e n  a b s o r p t i o n  b a n d  w i th  r e spec t  to t h e  
b a s e  l ine  is e x p r e s s e d  as 

Td~fr.,e~k 1 -- R ~ exp  ( - 2 s i d )  
%,1 - Tdiff.b~ -- 1 -- R 2 exp  {-2(s l  + so)d} exp  ( - sod)  

[5] 
Conven t iona l ly ,  t h e  fo l lowing  e q u a t i o n  is u s e d  for r o u g h  
e s t i m a t i o n  of  o x y g e n  c o n c e n t r a t i o n  

T~e~ = exp  ( - s ' od )  [6] 

The  ( ~ ' o  t e r m  c o r r e s p o n d s  to the  a b s o r p t i o n  coeff ic ient  
w h i c h  does  no t  i nc l ude  t he  m u l t i p l e  ref lec t ion  effect. 
The  r e l a t i onsh ip  b e t w e e n  Tre, a n d  ~,, a n d  t h a t  b e t w e e n  ~',, 
a n d  So are  g i v e n  in  Fig. 3 a n d  4, r espec t ive ly .  T h e s e  we re  
d i s t r i b u t e d  to e a c h  o rgan iza t i on  in t he  r o u n d - r o b i n  mea-  
s u r e m e n t ,  w h e r e  t he  r e l a t i onsh ip  b e t w e e n  s',, and  ~o is 
g iven  in a t ab le  f o r m  w i t h  an  ~o in t e rva l  of  0.02 c m - L  

The  r e c o m m e n d e d  p r o c e d u r e  for o b t a i n i n g  the  absorp-  
t ion  coeff ic ient  of  oxygen ,  a,,, is s u m m a r i z e d  as follows: 
(i) m e a s u r e  t he  d i f fe ren t ia l  t r a n s m i t t a n c e  ( abso rbance )  
s p e c t r u m  u s i n g  t he  F Z  re fe rence  s p e c i m e n ;  (ii) draw b a s e  
l ine  on  the  s p e c t r u m  b e t w e e n  1300 a n d  900 c m - I ;  (iii) cal- 

2The v a l u e  of  t h e  f ree  c a r r i e r  a b s o r p t i o n ,  or, is  l e s s  t h a n  0.1 
c m - '  for  m o s t  s a m p l e s .  Two  s a m p l e s  s h o w  t h e  h i g h e s t  v a l u e  of  
0.4 c m - L  The  m a x i m u m  e r r o r  of  T..~ in  Eq.  [5] c a u s e d  by  t h i s  af 
v a l u e  is  o n l y  1%. 
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cula te  Tre, (Eq. [5]) or  ~'o (Eq. [6]); (iv) o b t a i n  So us ing  Fig. 3 
or  4. 

Charged particle activation analysis.--After t h e  infra-  
r ed  m e a s u r e m e n t ,  t he  22 wafers  1 m m  t h i c k  were  ana- 
lyzed for o x y g e n  b y  c h a r g e d  par t ic le  ac t i va t i on  analys is  
w i t h  t h e  160(3He,p)~SF reac t ion  ('SF: l l 0 m ,  fl~, no  y). The  
s a m p l e  was  b o m b a r d e d  wi th  '~He par t i c les  (18 MeV, a b o u t  
2 cA)  for 20 m i n  b e h i n d  a l u m i n u m  foil (30 tLm th ick)  in  
the  cyc lo t ron  of  t he  In s t i t u t e  of  P h y s i c a l  a n d  Chemica l  
Research .  The  su r face  layer  (23 -+ 2 ~m)  of  t he  b o m b a r d e d  
wafe r  was  e t c h e d  w i th  HF-HNO:~ so lu t ion  for comple t e  re- 
m o v a l  of t he  su r face  o x y g e n  effect. Af te r  l h  f rom the  e n d  
of  t he  b o m b a r d m e n t ,  t he  s a m p l e  wafe r  was  p l aced  di- 
rec t ly  on  a Ge(Li) de tec tor ,  and  t h e  p o s i t r o n  ann ih i l a t i on  
r ad ia t ion  was  m e a s u r e d  for 200s. The  m e a s u r e m e n t  was  
r e p e a t e d  severa l  t i m e s  at  a b o u t  l h  in t e rva l s  to give the  de- 
cay curve,  w h i c h  i n d i c a t e d  t he  a b s e n c e  of  any  no t ab l e  
pos i t r on  ac t iv i ty  o t h e r  t h a n  ~8F. As  f o r  t he  ac t iva t ion  
s t anda rd ,  a qua r t z  p la te  was  u sed  w i t h  an  a l u m i n u m  
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Table II. Oxygen concentration, IR absorption coefficient, and conversion factor for each sample 

Sample  
n o .  

Mean adsorpt ion coefficient (em-~) 

2 mmb 1 mm 
Oxygen 

concentration Data exclusion Data exclusion 
(• 10 '7 cm-3)a No d Yes ~ No d Yes r 

0.5 mm 

Data exclusion 
No d Yes e 

Mean conversion factor e 
(x 10 '7 cm -2) 

2 mmb 1 mm 0.5 mm 

1 2.68 0.783 0.765 0.941 0.930 0.644 
2 3.06 0.963 0.961 0.989 1.017 0.846 
3 4.31 1.384 1.366 1.471 1.503 1.262 
4 4.71 1.498 1.500 1.480 1.476 1.393 
5 5.71 1.803 1.790 1.909 1.893 1.680 
6 7.46 2.339 2.350 2.420 2.390 2.266 
7 8.27 2.663 2.635 2.773 2.761 2.574 
8 11.28 3.754 3.743 3.905 3.903 3.702 
9 21.06 6.579 6.652 6.931 6.677 6.776 

10 7.17 2.411 2.372 2.443 2.353 2.408 
11 7.04 2.355 2.351 2.382 2.324 2.28t 
12 9.14 2.843 2.824 3.190 3.114 2.992 
13 9.21 2.951 2.929 3.155 2.953 3.055 
14 5.99 2.137 2.101 1.994 1.993 1.936 
15 8.42 2.742 2.691 2.808 2.750 2.641 
16 8.84 2.838 2.798 2.922 2.833 2.753 
17 9.39 3.257 3.223 3.299 3.241 3.114 
18 15.19 5.095 5.071 5.087 4.992 5.146 
19 6.06 2.277 2.232 1.987 1.953 2.188 
20 7.50 2.574 2.587 2.503 2.342 2.515 
21 8.73 3.342 3.338 2.960 2.783 2.878 
22 9.19 3.733 3.737 3.245 3.252 3.749 
23 - -  1.601 1.579 - -  - -  - -  
24 - -  1.779 1.728 - -  - -  - -  
25 -- 1.961 1.939 -- -- -- 
26 - -  1.935 1.939 - -  - -  - -  

0.590 3.500 2.878 4.538 
0.902 3.186 3.012 !3.395 
1.290 3.159 2.869 3.344 
1.451 3.138 3.190 3.244 
1.683 3.192 3.019 3.396 
2.269 3.176 3.123 3.290 
2.590 3.138 2.994 3.193 
3.718 3.013 2.890 3.034 
6,515 3.166 3.154 3.233 
2.433 3,012 3.046 2.945 
2.287 2.996 3.031 3.080 
3.118 3.238 2.937 2.933 
3.022 3.143 3.117 3.046 
1.992 2.849 3.003 3,005 
2.767 3.128 3.061 3.042 
2.798 3.159 3.119 3.158 
3.157 2.913 2.897 2.974 
5.233 2.996 3.043 2,903 
2.223 2,717 3.106 2.727 
2.527 2.898 3.202 2.968 
2.788 2.616 3.137 3.132 
3.586 2.458 2.825 2.562 

a Oxygen concentra t ion in 1 m m  th ick  samples  obtained by act ivat ion analysis. 
b 2 m m  th ick  sample,  etc. 
c Data deviat ing more than 10% from the mean  values are excluded.  
d Not excluded.  

Conversion factor obtained by us ing  absorpt ion coefficient with data  exclusion. 

cover (20 ~m), in which the 3He particle loses its energy 
equally as in the sample surface removed by the etching. 
Within each cyclotron machine time period, usually eight 
such plates were bombarded in order to check the repro- 
ducibility. The analysis of each silicon sample was re- 
peated at least twice. Samples for which the results of the 
two analyses deviated more than 5% from each other were 
analyzed once again. When the three analyses gave no sat- 
isfactory results, a fourth analysis was undertaken. At the 
same time, one assigned sample was analyzed in every 
machine times, in order to ascertain the reproducibility of 
the result. 

Since the 'SF activity in the infrared reference sample 
was so weak as to be masked by the radiation of 3'St 
fl-ray, it was measured after chemical separation. The 
sample was bombarded with a higher beam current for a 
longer time, and then pulverized and dissolved in a NaOH 
solution containing F- carrier (15 retool). After silicon 
was removed from the solution by precipitation, the 
fluorine was collected as CaF~-CaCO3 copreeipitate, dis- 
tilled, and precipitated as BaSiF6. The annihilation radia- 
tion from the BaSiF6 was measured by a NaI detector, 
and the absence of bremsstrahlung was checked. The car- 
rier recovery was measured by alkali titration. 

Results and Discussion 
From the results of activation analysis, some values 

showing considerable deviations were eliminated when- 
ever the reason of the deviation could be understood. The 
other values were averaged to give the final results for 
the total oxygen concentration; they are shown in Table 
II. The infrared reference wafer was found to contain (1.3 
+ 0.4) • 10 '5 at.-cm -~ oxygen. This value can be legiti- 
mately ignored in our succeeding calculations. 

Of all the methods for quantitative determination of ox- 
ygen in CZ silicon, the nondestructive activation analysis 
with the '60(3He,p)'SF reaction can at present be regarded 
as the most accurate because of the following three rea- 
sons: (i) freedom from the surface oxygen effect and oxy- 
gen contamination in the analytical process; (it) capability 
of repeated analysis for a single sample and no need of 

chemical separation, in which any possible loss of oxygen 
should be taken into account; and (iii) requirement of 
only relative measurements of the bombardment data 
(beam current and time) and the induced 'SF activity for 
the sample and activation standard of quartz, which is of 
weU-defined stoichiometry. 

In vacuum fusion, some correction for surface oxygen 
is indispensable. This introduces a considerable uncer- 
tainty in the final result, especially for a sample of rela- 
tively low oxygen content. By the 3He activation analysis 
with chemical separation of the ~SF, we have actually ob- 
tained a result of as low as (2.3 + 0.5) • 10 TM at.-cm -3 oxy- 
gen for a specially prepared FZ silicon. The surface oxy- 
gen effect thus proved to be eliminated completely by 
etching after bombardment. Modern instrumental meth- 
ods available for the oxygen analysis (e.g., secondary ion 
mass spectroscopy) are likely to be interfered with by re- 
sidual oxygen in the apparatus and have need of some 
suitable standard, which is difficult to prepare. In photon 
activation analysis with the '~O(T,n)JsO reaction, the ~~O 
(122s half-life) should usually be separated very quickly 
after the surface etching (6). It is natural that the result of 
this analysis inevitably involves more uncertainty than 
the result of our analysis. Our method, when carried out 
carefully, can be thought to give the most reliable result 
with the smallest systematic error of all the methods 
available for the present analysis. 

In the results of our analysis, however, the following 
two kinds of uncertainty should be taken into account: (i) 
error in the analytical process, mainly in the measure- 
ment of the sample-to-standard ratio for the bombard- 
ment data and for the 'SF activity; and (it) uncertainty due 
to some inhomogeneous distribution of oxygen in the 
sample. The first kind of uncertainty can be estimated to 
be about 4%, about 3%, and under 3% for oxygen concen- 
trations of  u n d e r  5 • 10 '7 , 5-10 • 10 '7 , a n d  o v e r  10 x 10 '7 
a t . - c m  -3, r e s p e c t i v e l y .  A s  for  t h e  s a m p l e  i n h o m o g e n e i t y ,  
i t  i s  e a s i l y  u n d e r s t o o d  f r o m  t h e  e x c i t a t i o n  f u n c t i o n  for  t h e  
'60(3He,p) 'SF r e a c t i o n  a n d  t h e  r a n g e - e n e r g y  r e l a t i o n s  of  
c h a r g e d  p a r t i c l e s  t h a t  o x y g e n  o n l y  i n  t h e  d e p t h  r e g i o n  o f  
l e s s  t h a n  200 ~ m  f r o m  t h e  b o m b a r d e d  s u r f a c e  is  s e n s i t i v e  



Vol. 132, No. 7 M E A S U R E M E N T  O F  O X Y G E N  I N  S I L I C O N  1711 

to our  ana lys i s  (8). Thus ,  t he  m o s t  s ens i t i ve  pa r t  in the  
or ig ina l  s a m p l e  c h a n g e d  in each  ana lys i s  due  to the  sur-  
face ,etching in t he  p r e c e d i n g  ana lys i s  a n d  to some  fluc- 
t u a t i o n  of t h e  b o m b a r d e d  po r t i on  of t he  sample .  Actual ly ,  
we  e x p e r i e n c e d  c o n s i d e r a b l e  sca t t e r  (5-10%) in  t he  r e su l t s  
of  r epea t ed  ana lys i s  for  severa l  samples .  Mos t  s amples ,  
however ,  gave  wel l  r e p r o d u c i b l e  resul ts ,  as is exempl i -  
fied b y  an  a s s i g n e d  s a m p l e  (no. 16 in  Tab le  II) ana lyzed  
eve ry  m a c h i n e  t i m e  to give t he  va lues  of  8.84, 8.74, 8.77, 
8.87, a n d  8.91 • 10 '7 a t . -cm -3. 

The  effect  of  i n s t r u m e n t a l  e r ro r  of  i n f r a r ed  measure -  
m e n t  on  t he  e r ro r  in  d e t e r m i n i n g  t he  a b s o r p t i o n  coeffi- 
c ien t  is neg l ig ib l e  for the  fo l lowing  reasons .  T ransmi t -  
t a n c e  e r ror  of  2% is no t  un l i ke ly  for  g ra t ing- type  
spec t rome te r s ,  as s h o w n  in Fig. 1. However ,  t he  t r ansmi t -  
t a n c e  error  gene ra l l y  c h a n g e s  s lowly w i t h  t r an s m i t t ance .  
M a x i m u m  t r a n s m i t t a n c e ,  c o r r e s p o n d i n g  to t he  back-  
g r o u n d  t r a n s m i t t a n c e  (Eq. [4]), r a n g e s  f rom 53% (0.5 m m  
th ick)  to 44% (2 m m  thick) .  The  m i n i m u m  t r a n s m i t t a n c e  
c o r r e s p o n d i n g  to the  o x y g e n  a b s o r p t i o n  b a n d  (Eq. [3]) 
va r ies  f rom 47% (0.5 m m  t h i c k  a n d  3 x 10 '7 a t . -cm -3) to 
11% (2 m m  t h i c k  a n d  20 • 10 '7 at .-cm-3).  Wi th in  th i s  t rans-  
m i t t a n c e  range,  t he  d i f fe rent ia l  t r a n s m i t t a n c e  e r ror  is ex- 
p e c t e d  to be  w i t h i n  0.5% if t he  air  r e f e r ence  t r a n s m i t t a n c e  
er ror  is w i t h i n  1% for 0-100% t r a n s m i t t a n c e  a n d  var ies  
s lowly  w i th  t h e  t r a n s m i t t a n c e .  Therefore ,  t he  t r ansmi t -  
t a n c e  er ror  of 1% does  no t  cause  a n o t i c e a b l e  e r ror  in t he  
d e t e r m i n a t i o n  of  t he  a b s o r p t i o n  coefficient .  

The  r e p o r t e d  a b s o r p t i o n  coeff ic ients  s o m e t i m e s  
s h o w e d  c o n s i d e r a b l e  sca t ter ing,  a l t h o u g h  t he  in f ra red  
m e a s u r e m e n t  h a d  b e e n  e x p e c t e d  to be  fair ly prec ise  a n d  
m o s t  r e p o r t e d  va lues  ac tua l ly  ag reed  w i t h  one  ano the r .  
M e a n  va lues  ove r  all t he  r epo r t ed  a b s o r p t i o n  coeff ic ients  
were  ca lcu la ted  for the  ind iv idua l  wafers ,  t o g e t h e r  w i th  
t h e i r  s t a n d a r d  dev ia t ions .  The  s t a n d a r d  dev ia t ions  were  
t h e n  ave raged  ove r  all t h e  s am p l e s  b e l o n g i n g  to the  s ame  
t h i c k n e s s  to g ive  t he  m e a n  s t a n d a r d  dev ia t ion .  The  to ta l  
n u m b e r s  of t h e  r e p o r t e d  da ta  for e a c h  s a m p l e  t h i c k n e s s  
are s h o w n  in Tab le  I I I  t o g e t h e r  w i t h  the  n u m b e r s  a n d  
p e r c e n t a g e s  of  t he  da ta  dev ia t ing  m o r e  t h a n  10% f rom the  
m e a n  va lues  a n d  also w i t h  the  m e a n  s t a n d a r d  devia t ion .  
The  m e a n  s t a n d a r d  dev i a t i on  is r e g a r d e d  as the  m e a s u r e  
of p r ec i s i on  in  t he  i n f r a red  m e a s u r e m e n t ,  a n d  is seen  to 
b e c o m e  b e t t e r  w i t h  t he  s a m p l e  t h i c k n e s s  in  t he  t h r ee  
t h i c k n e s s e s  tes ted .  The  s t a n d a r d  d e v i a t i o n  of t he  1 m m -  
t h i c k  da ta  is on ly  s l igh t ly  larger  t h a n  t h a t  o f  t h e  2 m m -  

Table III. Scattering in the reported absorption coefficient 

Sample thickness (mm) 
Total number  of 

reported values 
Values with 

more than l(PT~ 
deviation 

Mean standard 
deviation (%) 

2 1 0.5 
434 267 263 

Number 94 96 123 
Percentage 22 36 47 

10 14 32 

th i ck  data.  The  s t a n d a r d  dev ia t ion  of  0.5 r a m - t h i c k  da ta  is 
n o t i c e a b l y  l a rger  t h a n  t h a t  for t he  1 a n d  2 m m - t h i c k  data,  
s h o w i n g  t h a t  s a m p l e s  of  th i s  t h i c k n e s s  are  no t  a d e q u a t e  
for  accu ra t e  o x y g e n - c o n t e n t  d e t e r m i n a t i o n .  

The  m e a n  a b s o r p t i o n  coeff ic ients  are  s h o w n  in Tab le  
II  for t he  i n d i v i d u a l  samples .  Each  set  of  t h r e e  s a m p l e s  
cu t  f rom a d j a c e n t  pos i t i ons  of e ach  ingo t  b u t  w i t h  t he  dif- 
f e ren t  t h i c k n e s s e s  was  e x p e c t e d  to g ive  nea r ly  t he  s a m e  
a b s o r p t i o n  coefficient .  Actual ly ,  h o w e v e r ,  t he  m e a n  ab- 
so rp t i on  coeff ic ient  for  a 2 m m  s a m p l e  is s o m e t i m e s  
f o u n d  to differ  by  m o r e  t h a n  10% f r o m  t h a t  for t he  corre-  
s p o n d i n g  1 m m  sample ,  as s h o w n  in Fig. 5. This  is p roba -  
bly  due  to t he  o x y g e n  i n h o m o g e n e i t y  in  s u c h  samples .  In  
o rde r  to keep  t he  2 m m  samp le s  for fu tu re  use  as in f ra red  
s t a n d a r d  samples ,  t he  1 m m  samp le s  w e r e  u s e d  in t he  ac- 
t i va t i on  analysis. Because of this and the only slightly 
larger mean standard deviation for the I mm samples 
than for the 2 mm samples, it is thought to be better to 
calculate the infrared conversion factor from the absorp- 
tion coefficients for the 1 mm samples than from those of 
the 2 mm samples. 

About half of the organizations used infrared spectrom- 
eters of Fourier transformation type and the others of the 
dispersive type. No significant difference in the round- 
robin measurement results due to the difference of the 
spectrometer type was observed (Fig. 6 and 7). In order to 
get the absorption coefficient more accurately, it can be 
recommended to exclude some of the data. A few organi- 
zations reported values invariantly larger or smaller by 
more than 10% than the mean values. Hereafter, a re- 
ported absorption coefficient is expressed as a~jk, where i 
= i, 2, 3 is for 2, i, and 0.5 mm thickness, respectively, j is 
a sample number for each thickness, and k is an organiza- 
tion number. The number of data (absorption coeffi- 
cients) for a particular sample is n~j, which is a number of 
organization measuring the sample. The mean absorption 
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Fig. 6. Shift of mean infrared absorption coefficient of the laborato- 
ries. 

coefficient  for the  par t icular  sample  is g iven by 

1 

The  absorp t ion  coefficients  scat ter  a round  ~j ,  and some  
of t hem devia te  m o r e  than  10%. Table  I I I  shows the  total  
n u m b e r  of  data, n~ = ~ n~j for 2, 1, and 0.5 m m  thick 

samples .  I t  also shows the  n u m b e r  of data wh ich  devi- 
a ted more  than  10% from ~j.  The  percen tage  of  such data  
decreases  wi th  increas ing sample  thickness .  This  means  
the  reproducib i l i ty  of  infrared m e a s u r e m e n t  is bet ter  for 
th icker  samples.  The  s tandard  devia t ion  of  data for a par- 
t icular  sample,  mj, is expressed  by 

~,~ = - [8] 

and then  the  m e a n  s tandard  devia t ion  is g iven by 

1 
~, = ~ ~ mj [93 

where  N~ is a n u m b e r  of  2, 1, or 0.5 ram-thick  samples.  
The reproducib i l i ty  o f  infrared m e a s u r e m e n t s  for 1 m m  
samples  is not  best ,  but  is no t  so bad  as is a case of  0.5 
m m  samples,  as shown in Table III. 

A few organizat ions  repor ted  va lues  invariant ly  larger 
or smaller  by m o r e  than  10% than  the  m e a n  values. The  
fol lowing two kinds  of organiza t ion-dependent  scatter- 
ings were  cons idered  in the repor ted  absorpt ion  coeffi- 
cients.  The  first one,  X~L., is a shif t  of  the  m e a n  absorp t ion  
coefficient  for a par t icular  organiza t ion  

1 ( ~jk - m,j_) [10] x,,.= ~ -~i2 nik 

where  n~. is the  total  n u m b e r  of  samples  with a g iven  
thickness ,  i, m e a s u r e d  by the  organizat ion in quest ion,  k. 
The second one, Y~., is the scat ter ing of the  data of the  
part icular  organizat ions  a round  the  shif ted mean  

SCATTERING OF IR ABSORPTION' 
COEFFICIENT (~ 

Fig, 7. Scattering of infrared absorption coefficient around the 
shifted mean absorption coefficient. 

1 aij~. - aij [11] Y~k = X~. 

These  Xi~. and Y~k are shown in Fig. 6 and 7, respect ively.  
In the  scat ter ing a round the  shif ted mean,  no marked  dif- 
ference is found be tween  the  da ta  of  those  few organiza- 
t ions wh ich  repor ted  invariant ly  dev ia ted  data  and those  
of  the  o ther  organizations.  F r o m  this fact, the  use o f  
samples  wi th  accura te ly  k n o w n  absorp t ion  coefficients  
as in ter labora tory  infrared s tandards  is seen to be  h ighly  
r ecommendab le .  

The least  squares  m e t h o d  is the  mos t  convent iona l  way  
to inves t igate  the  correlat ion b e t w e e n  the  two groups  of  
data. By this method ,  the re la t ionship  be tween  the  ab- 
sorpt ion coefficient,  a, and oxygen  concentra t ion,  C, is 
expressed  by 

C = f~  + g [12] 

The  f and g va lues  are ma themat i ca l ly  de termined.  Ac- 
cord ing  to Beer ' s  law, however ,  the  re la t ionship  be tween  

and C should  be given by 
C = f a  [13] 

where  f is cal led convers ion  factor.  I f  we  used  the  least  
squares m e t h o d  for the  present  data, the  g t e rm in Eq. [12] 
does not  necessar i ly  go to zero. The phys ica l  mean ing  of  
the  g t e rm is ambiguous .  Therefore,  the  convers ion  factor 
for a part icular  sample  wi th  a th ickness ,  i, and sample  
number ,  j, is not  de te rmined  by the least  squares  m e t h o d  
but  by the re la t ionship  in Eq. [13] 

fij = Cuf~ij [14] 

Since  we have  a s sumed  C~j = C2j, Eq.  [14] is rewri t ten  as 

f,j = C.~/~j [15] 

The  m e a n  absorp t ion  coeff icient  ~n and cor responding  
convers ion  factor ~j are shown in Table  II. The  mean  con- 
vers ion  factor f,, the  s tandard  devia t ion  ~r~ (~, and the  
s tandard error  E~ are expressed  as 

1 
f, = ~ ~ [16] 

"7 
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Table IV. Conversion factor 

Conversion factor (x 10 T7 cm -~) 

Sample Standard Standard 
thickness Data Mean value deviation error 

(mm) exclusion" (fl) ((r/~) (El) 

2 No 3.015 0.224 0.048 
2 Yes 3.036 0.228 0.049 
1 No 2.973 0.089 0.019 
1 Yes 3.030 0.110 0.023 
0.5 No 3.157 0.328 0.070 
0.5 Yes 3.143 0.373 0.080 

" Infrared absorption coefficient data deviating more than 10% 
from the mean values are excluded (yes), are not excluded (no). 

1 f~)2} 1/2 
[17] 

ei = (ri(~/Ni [18] 

These  va lues  are  s u m m a r i z e d  in  Tab le  IV. As s h o w n  in 
t he  table ,  t he  c o n v e r s i o n  coeff ic ient  d e p e n d s  on  a cho ice  
of  data.  The  c o m m i t t e e  m e m b e r s  h a v e  ag reed  t h a t  t h e  
m o s t  re l iab le  c o n v e r s i o n  fac tor  is o b t a i n e d  f rom the  re- 
su l t s  of  1 m m  s a m p l e s  w i t h  the  da ta  exc lus ion .  Therefore ,  
t he  c o n v e r s i o n  fac to r  has  b e e n  d e t e r m i n e d  to be  (3.03 -+ 
0.02) • 10 ~7 at.-cm-'-'. T he  va lue  of t he  c o n v e r s i o n  fac tor  is 
be l i eved  to be  qu i t e  re l iable  b e c a u s e  the  p r e s e n t  va lue  
agrees  r e m a r k a b l y  w i t h  r ecen t  i n d e p e n d e n t  inves t iga-  
t ions .  Y a t s u r u g i  et al. r epo r t ed  t he  va lue  of  3.0 x 1017 
at . -cm -2 b y  u s i n g  c h a r g e d  par t ic le  ac t i va t i on  (4), Li et al. 
r e p o r t e d  (3.1 - 0.05) • 10 ~7 a t . -cm -2 by  i ne r t  gas  fus ion  
a n d  (3.1 - 0.2) x 1017 at.-cm-'-' b y  c h a r g e d  par t ic le  act iva-  
t ion  (5), a n d  R a t h  et al. r e p o r t e d  (3.0 -+ 0.2) • 10 '7 at . -cm -~ 
b y  p h o t o n  a c t i v a t i o n  (6) a n d  (3.0 -+ 0.25) • 10 '7 a t . -cm -2 by  
c h a r g e d  par t i c le  ac t i va t i on  (7). 

In  Fig. 8, t he  m e a n  a b s o r p t i o n  coeff ic ients  w i th  t h e i r  
s t a n d a r d  d e v i a t i o n s  for  the  resu l t s  of  1 m m  s am p l e s  w i t h  
the  da ta  e x c l u s i o n  are  p lo t t ed  aga i n s t  t he  o x y g e n  concen-  
t ra t ion.  All  of  t he  a b s o r p t i o n  coeff ic ients  lie on  t he  
s t ra igh t  l ine  w i t h i n  t h e i r  s t a n d a r d  dev ia t ions .  I t  s h o u l d  be  
n o t e d  t h a t  t he  2 m m - t h i c k  s a m p l e  m e a s u r e m e n t  gives t he  
s ame  c o n v e r s i o n  fac tor  (3.036) as t he  1 m m - t h i c k  sample  
m e a s u r e m e n t .  Th e  m e a s u r e m e n t  on  0.5 m m - t h i c k  
samples ,  howeve r ,  gives a l i t t le l a rger  c o n v e r s i o n  fac tor  
t h a n  those  of  2 a n d  1 r a m - t h i c k  samples .  In  o the r  words ,  
i t  gives a l ower  o x y g e n  con ten t .  T he  c o n v e r s i o n  fac tor  de-  
t e r m i n e d  he re  is o b t a i n e d  f rom t he  a s -g rown  crysta ls  and  
as - rece ived  wafers .  F igu re  8 impl i e s  t h a t  ve ry  smal l  

p o r t i o n s  of  oxygen ,  i f  any,  are p r e c i p i t a t e d  in ou r  s amples  
even  at  h i g h e r  o x y g e n  c o n c e n t r a t i o n  ranges ,  because  no  
s ign i f ican t  d e v i a t i o n  of t h e  o b t a i n e d  a b s o r p t i o n  coeffi- 
c i en t  f rom the  l i nea r  r e l a t ionsh ip  is obse rved .  

The  use  of  t he  s t a n d a r d  samples  w i t h  accu ra t e ly  k n o w n  
oxygen  c o n c e n t r a t i o n  is qu i te  he l p f u l  for i m p r o v i n g  t h e  
accu racy  of t h e  i n f r a r e d  a b s o r p t i o n  analys is .  Many  sets  of 
s t a n d a r d  s a m p l e s  are n o w  u n d e r  p r e p a r a t i o n  at  JEIDA.  
The  o x y g e n  c o n c e n t r a t i o n s  we re  d e t e r m i n e d  by  in f ra red  
m e a s u r e m e n t  u s i n g  t he  p r e s e n t  2 r a m - t h i c k  s amp le s  as 
ca l ib ra t ion  s t a n d a r d s .  E a c h  set  cons i s t s  of  t h r e e  s amp le s  
w i th  high,  m e d i u m ,  a n d  low levels  of  o x y g e n  concen t ra -  
t ions  a n d  one  r e f e r ence  sample .  The  o x y g e n  concen t ra -  
t ions  of r e s p e c t i v e  s a m p l e s  are in  t he  r a n g e  of  10.2-10.7, 
7.8-9.1, 5.4-6.3, a n d  <0.1 • 10 ~7 a t . -cm -~. T he  m a x i m u m  er- 
ror  in  o x y g e n  c o n c e n t r a t i o n . i s  e s t i m a t e d  to be  less t h a n  
-+5 • 10 ~6 a t . -cm -a. Deta i l s  of  t he  p r e p a r a t i o n  of  t he  
s t a n d a r d  s a m p l e s  will  be  r epo r t ed  e l sewhere .  T h e s e  
samples ,  we be l ieve ,  are h igh ly  use fu l  also for  t he  re- 
e x a m i n a t i o n  of  ou r  c o n v e r s i o n  fac to r  by  va r ious  g roups  
in  t he  wor ld  w i t h  va r ious  t e chn i ques .  

Summary and Conclusion 
1. S e v e n t y  s a m p l e s  wi th  t he  o x y g e n  c o n c e n t r a t i o n  of 

2.7-21 • 10 ~7 a t . -cm -3 a n d  2, 1, a n d  0.5 m m  th i ck  were  care- 
ful ly p r e p a r e d  b y  five o rgan iza t ions .  
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Fig. 8. Oxygen concentration vs.  mean infrared absorption coeffi- 

cient of 1 mm sample after data exclusion. The standard deviation is 
shown for each infrared data. 

2. A r o u n d - r o b i n  m e a s u r e m e n t  of  t h e  i n f r a r ed  abso rp -  
t ion  due  to t he  in te r s t i t i a l  o x y g e n  at  r o o m  t e m p e r a t u r e  
was  car r ied  ou t  b y  16 o rgan iza t ions  w i t h  20 s p e c t r o m e -  
ters.  The  to ta l  o x y g e n  c o n t e n t  was  d e t e r m i n e d  b y  
c h a r g e d  par t ic le  ac t i va t i on  analysis .  

3. A good l inea r  r e l a t i onsh ip  has  b e e n  o b t a i n e d  b e t w e e n  
t he  in f ra red  a b s o r p t i o n  coeff icient  a n d  o x y g e n  c o n t e n t  
f rom the  resu l t s  of  22 s amp le s  w i t h  1 m m  th i ckness .  The  
r e l a t i onsh ip  is g i v e n  as: [oxygen  c o n c e n t r a t i o n  (at.-cm-3)] 
= (3.03 x 0.02) x 1017 • [ ab so rp t i on  coeff ic ient  (cm-1)]. 

4. T h e r e  is no  es sen t i a l  d i f f e rence  b e t w e e n  the  resu l t s  
by  Four i e r  t r a n s f o r m a t i o n - t y p e  i n f r a r ed  s p e c t r o m e t e r s  
a n d  those  by  d i spe r s ive - type  s p e c t r o m e t e r s .  

5. The  ana lys i s  of  t he  r o u n d - r o b i n  m e a s u r e m e n t  s h o w s  
t h a t  t he  use  of  t h e  s t a n d a r d  samples  w i t h  k n o w n  o x y g e n  
c o n t e n t  is qu i t e  he lp fu l  for d e t e r m i n i n g  t he  oxygen  con-  
t e n t  accu ra t e ly  b y  t he  in f ra red  a b s o r p t i o n  a n d  for sup-  
p re s s ing  i n t e r l a b o r a t o r y  d i sc repanc ies .  
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ABSTRACT 

Interface  charges  at the  back of  seeded,  recrystal l ized si l icon films on insulat ing ox ide  layers were  inves t iga ted  and 
compared  to those  at the back  of  u n s e e d e d  films. Both  the  fixed charge dens i ty  and the  in terface  t rap dens i ty  were  
found to be apprec iab ly  lower  for the  seeded  devices  than  for unseeded  devices.  A recrystal l izat ion t echn ique  which  
me l t ed  the  s i l icon film a m i n i m u m  n u m b e r  of  t imes  p r o d u c e d  the  lowes t  in terface  charge densities.  The  dif ferences  be- 
tween  seeded  and u n s e e d e d  s t ructures  may  be  related to the  h igher  charge  dens i t ies  expec ted  for grain or ientat ions  
other  than  {100} or  to t raps located at the  grain boundar ies  near  the back  surface of the sil icon film. 

Control  of  charges  at the Si-SiO~ interfaces  in metal-  
ox ide - semiconduc to r  t ransistors  has long been  a source 
of  concern  for rel iable and reproduc ib le  device  fabrica- 
tion. In  s i l icon-on-insulator  (SOI) s t ructures ,  an addi t ional  
Si-SiO~ interface is p resent  below the  thin sil icon film. 
Charges at the  under ly ing  interface can inf luence the  be- 
havior  of  MOS transis tors  in the film. n -Channel  transis- 
tors are especial ly  affected because  a posi t ive  charge can 
induce  an invers ion  layer near  the back  interface in paral- 
lel with the  des i red  f ront-channel  transistor.  For  thin 
films, a space-charge  region induced by interface charges 
at the back surface can inf luence the  character is t ics  of 
p-channel  t ransis tors  also. In  more  advanced  structures,  
the channel  to be control led  by the gate may  be located at 
the back  interface.  In  this case, accurate  control  of  the  in- 
terface charges there  is critical to the  basic device  per- 
formance.  

Several  recent  reports  have d iscussed  the  interface 
charges benea th  recrystal l ized sil icon films (1-3). In all 
these  cases, however ,  the  recrystal l ized film was large- 
grain polycrys ta l l ine  silicon, ra ther  than  single-crystal  sil- 
icon. The fixed charge  dens i ty  at the  back  interface was 
found to be about  1 • 101' cm -~, unde r  o p t i m u m  condi-  
tions, and cons iderab ly  h igher  i f  the  materials  and pro- 
cessing were  no t  careful ly control led.  This  va lue  is m u c h  
h igher  than  that  found for Si-SiO2 interfaces  formed on 
bulk s ingle-crystal  si l icon wafers.  The  difference can be 
related to two d o m i n a n t  effects. First,  the  sil icon film is 
composed  of grains of several  d i f ferent  orientat ions.  The 
impor tan t  crystal  or ientat ions o ther  than  {100} have  
h igher  fixed charge  densi t ies  than do {100}-oriented sili- 
con, so a polycrysta l l ine  film is e x p e c t e d  to have a h igher  
fixed charge dens i ty  than  does a s ingle-crystal  film. Sec- 
ond, grain boundar ies  in the si l icon film near  the inter- 
face can cont r ibu te  states which  increase  the effect ive in- 
terface charge. 

The present  s tudy  invest igated the  interface charges be- 
neath  s ingle-crystal  si l icon films fo rmed  by laterally 
seeding the  recrystal l izat ion so that  grain-boundary-free,  
{100}-oriented s ingle-crystal  films were  obtained.  The 
f ixed-charge dens i ty  QfB and the  interface-trap densi ty  
D~ B were  inves t iga ted  by measur ing  both  the high fre- 
quency  and quasis ta t ic  capaci tance-vol tage characteris- 
tics. These s t ructures  were  compared  to unseeded  de- 
vices fabricated s imul taneously .  

Experimental Device Structure 
To probe  the  in terface  character is t ics  at the back  of the  

recrystal l ized si l icon film, the present  expe r imen t  used 
an inver ted  capaci tor  s t ructure  in wh ich  the "gate" volt- 
age was appl ied to heavi ly  doped  regions of an n-type 
substrate  wafer,  and the  deple t ion  region ex tended  into a 
l ightly doped,  recrysta l l ized silicon film above an oxide  
thermal ly  g rown  on the "gate"  wafer.  Thus,  the interface 
at the  back of  the  recrystal l ized sil icon film was probed.  

Because  of  the  l imi ted lateral propagat ion  of  high qual- 
ity, s ingle-crystal  recrystall ization,  a s t ruc ture  conta in ing 
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a n u m b e r  of paral le l  stripes of  s i l icon-on-insulator  mate- 
rial was used  (Fig. 1). The  unseeded  s t ructures  needed  for 
compar i son  were  s imul taneous ly  fabr icated using the 
same mask  set by omi t t ing  the  seeding mask.  The mask  
conta ined  13 paral lel  SOI stripes, each about  21 tLm wide,  
separated by seed regions about  9 tLm wide.  Most  of  the  
area under  the  ox ide  str ipes was imp lan ted  with  phos- 
phorus  to act as a heavi ly  doped  countere lec t rode .  How- 
ever, to avoid dopant migration from the substrate into 
the film during recrystallization, the heavily doped re- 
gions were confined under the SOl stripes and away 
from the seeding regions. 

After reerystallization, the seeding regions were sealed 
by a thick local oxide so that the major part of the capaci- 
tance was contributed by recrystallized regions over the 
gate Oxide and heavily doped regions of the substrate. 
The final structure contained about 1.6 x I0-3 era'-' of gate 
oxide, 9.5 • i0-4 cm ~ of field oxide over the seed, and 6.3 
• 10 -4 cm'-' of slightly thicker field oxide adjacent to the 
seed, but outside the buried-layer region. 

The seeded wafers were lightly doped, n-type, 
{100}-oriented wafers with [100]-aligned flats. Some of the 
unseeded wafers were also lightly doped, while others 
were heavily doped to allow more direct comparison with 
previous experiments. Bulk control wafers were also in- 
cluded. 

Device Fabrication Details 
Phosphorus  was first implan ted  into selected regions 

of  the seeded  wafers  and the  l ightly doped  unseeded  wa- 
fers th rough  a th in  oxide.  After  the implan t  was annealed 
and the  thin oxide  was removed,  a 200 nm- th ick  gate ox- 
ide was g rown  at 1000~ in a chlor ine  containing,  dry oxy- 
gen ambient .  This  type  of  oxide benea th  the  sil icon film 
was found in our  previous  expe r imen t s  to produce  the  
lowes t  back interface  charge density.  On the  seeded  wa- 
fers, the  seed windows  were  then  opened  by e tching the  
oxide  be tween  the heavi ly  doped  regions,  and a 550 n m  
thick layer of L P C V D  polysi l icon was depos i ted  at 625~ 
This layer was implan ted  with  boron  to p roduce  an aver- 
age dopan t  concen t ra t ion  of  about  2 • 10 ~ cm -3 after it 
was red is t r ibu ted  dur ing recrystall ization.  

Stabil izat ion layers were  then formed;  a 64 nm thick 
L P C V D  oxide  depos i ted  at 900~ was p laced over  the  
seed regions,  and a 6 n m  the rmal  ox ide  was g rown over  

RECRYSTALLIZED FILM ALUMINUM 
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Fig. 1. Schematic cross section of seeded capacitor structure 
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t he  SOI regions .  B o t h  r eg ions  w e r e  f u r t h e r  cove red  w i th  6 
n m  of  L P C V D  s i l icon  n i t r i de  d e p o s i t e d  at  700~ This  pat- 
t e r n e d  s tab i l i za t ion  layer  a l lowed  m o r e  p o w e r  to be  ab- 
s o r b e d  in t h e  s eed  regions ,  w h i c h  lose e n e r g y  rap id ly  to 
t he  s u b s t r a t e  t h r o u g h  the  seed  w i n d o w s  and,  conse-  
quen t ly ,  require more energy to melt the silicon film. 

To recrystallize the films, an argon-ion laser was ras- 
feted across the wafer while the substrate was externally 
heated to about 500~ On some seeded wafers a 20 • 60 
tLm elliptical beam was swept parallel to the long axis of 
the beam and stepped by 6 t~m perpendicular to the long 
axis between scans ("shuttle beam"). On other seeded wa- 
fers the elliptical beam was swept at 45 ~ to its long axis, 
with a step of 29 t~m between scans ("slanted beam") (4). 
In both cases, the scan was parallel to the SOI stripes. 
The unseeded structures were recrystallized with a circu- 
lar beam which melted a region about 40 t~m across, and 
the beam was stepped by about 20 ~m between scans. 
The beam swept across the wafer at 20 cm~s-' in all cases. 

After the stabilization layers were removed, the silicon 
in the seed regions and areas outside the device was oxi- 
dized through its entire thickness by local oxidation 
using a nitride mask. Phosphorus was implanted into the 
back of each wafer to ensure ohmic contact, and several 
heat cycles simulated a complete transistor fabrication 
process. Contact to the recrystallized silicon film was 
made by depositing and defining an Al]2%Si layer, and 
the device fabrication was completed with a 450~ anneal 
in a hydrogen ambient for 30 rain. 

Results 
High-frequency C-V characteristics.--High f r e q u e n c y  

(1 MHz), c apac i t ance -vo l t age  cha rac t e r i s t i c s  were  mea-  
s u r e d  on  all wafers .  T he  f l a tband  vo l t age  was  f o u n d  a f te r  
a nega t ive  b i a s - t e m p e r a t u r e  stress,  a n d  t he  c o r r e s p o n d i n g  
f ixed cha rge  d e n s i t y  was  ca lcula ted .  No m e a s u r a b l e  mo-  
bi le  ion  drif t  was  o b s e r v e d  on  a n y  of  t h e  recrys ta l l ized  
wafers .  

The  c o m p l e x  s t r u c t u r e  u sed  to o b t a i n  s eeded  devices  in 
t he se  e x p e r i m e n t s  i m p e d e d  e x t r a c t i o n  of a quan t i t a t i ve  
va lue  of  t h e  f ixed cha rge  dens i ty  d i rec t ly  f rom the  h i g h  
f r e q u e n c y  C-V data.  A l t h o u g h  t he  c o n t r i b u t i o n s  to the  ca- 
p a c i t a n c e  f rom th e  gate  a n d  field ox ides  a n d  t h a t  re- 
su l t ing  f rom the  finite d o p i n g  in t he  gate  ( subs t ra t e  wa- 
fer) can  be  sepa ra ted ,  t he  g r adua l  t r a n s i t i o n  reg ion  
b e t w e e n  ga te  a n d  field ox ide  c a n n o t  read i ly  be  analyzed.  
Because  of  t he  long  p e r i p h e r y  of  t h e  ga te -ox ide  region,  
t he  c o n t r i b u t i o n  of  th i s  t r ans i t i on  reg ion  to t he  to ta l  ca- 
p a c i t a n c e  is n o t  negl ig ib le ,  c o m p l i c a t i n g  d e t e r m i n a t i o n  of  
t he  f l a tband  vol tage .  However ,  t he  re la t ive  va lues  of  
f ixed cha rge  d e n s i t y  ca lcu la ted  f rom t he  f l a tband  volt-  
age  a l low a s e m i q u a n t i t a t i v e  c o m p a r i s o n  b e t w e e n  the  dif- 
f e ren t  s t r u c t u r e s  in  th is  e x p e r i m e n t .  

To c o m p a r e  s e e d e d  a n d  u n s e e d e d  s t ruc tu res ,  we  as- 
s u m e  t he  b a c k - s i d e  f ixed c h a r g e  d e n s i t y  of  t he  u n s e e d e d  
s t r u c t u r e s  to h a v e  t h e  v a l u e  of  1 • 10 I~ c m  -~ r e p e a t e d l y  
f o u n d  in  th i s  l a b o r a t o r y  w i th  a s i m p l e r  capac i to r  s t ruc-  
tu re  cove red  w i th  the  s a m e  s t ab i l i za t ion  layers  d u r i n g  
recrys ta l l iza t ion .  Th i s  a s s u m p t i o n  p r o d u c e s  c o n s i s t e n t  
resul ts .  

The  s e e d e d  wafe r s  recrys ta l l ized  w i t h  the  s l an t ed  b e a m  
can  be  c o m p a r e d  m o s t  d i rec t ly  wi th  t he  u n s e e d e d  wafers  
c o n t a i n i n g  an  n ~ b u r i e d  layer  in a l igh t ly  d o p e d  subs t ra te .  
I n  b o t h  cases,  t he  s i l icon was  m e l t e d  a b o u t  two t imes.  
T h e  p r i m a r y  d i f f e rence  is t h e  p r e s e n c e  or  a b s e n c e  of  
s eed ing  w i n d o w s  in the  u n d e r l y i n g  oxide,  so t h a t  t he  
f ie ld-oxide c a p a c i t a n c e  is ve ry  s l ight ly  dif ferent .  

In  t he  s e e d e d  dev ices  recrys ta l l i zed  w i th  t he  s l an t ed  
beam,  t he  i n d i c a t e d  f ixed cha rge  d e n s i t y  was  a b o u t  6.6 • 
10 TM c m  -~- l ower  t h a n  for  t h e  u n s e e d e d  wafers ,  s u g g e s t i n g  a 
f ixed cha rge  d e n s i t y  of  a b o u t  3 • 10 '~ c m  -2. T he  seeded  
s t r u c t u r e s  rec rys ta l l i zed  w i th  t he  s h u t t l e  b e a m  genera l ly  
i n d i c a t e d  a h i g h e r  f ixed cha rge  d e n s i t y  t h a n  d id  t h o s e  
recrys ta l l i zed  w i t h  t he  s l an t ed  beam.  T he  fixed cha rge  
d e n s i t y  wi th  t h e  s h u t t l e  b e a m  was  6.4 • 10 l~ c m  -2 for  t he  
lower  l ase r  power ,  a n d  s o m e w h a t  h i g h e r  for  t he  h i g h e r  
power .  

The  f ixed c h a r g e  d e n s i t y  i n d i c a t e d  for t he  b u l k  wafers  
was  a b o u t  1 • 10 '~ cm-2,  Th i s  is c o n s i s t e n t  w i t h  t he  va lue  
of  1.6 • 10 '~ c m  -~ o b t a i n e d  on  b u l k  wafe r s  in r e c e n t  ex- 
p e r i m e n t s  w i t h  t he  s imp le r  capac i to r  s t ruc ture ,  sug- 
ges t ing  t ha t  th i s  m e t h o d  of  i n t e r p r e t i n g  the  da ta  is rea- 
sonable .  These  va lues  are c o n s i s t e n t  w i t h  t hose  o b t a i n e d  
in n o r m a l  MOS t r a n s i s t o r  p r o c e s s i n g  o n  b u l k  wafers.  

To o b t a i n  f u r t h e r  s e m i q u a n t i t a t i v e  i n f o r m a t i o n  a b o u t  
the  d i f fe rences  b e t w e e n  seeded  a n d  u n s e e d e d  s t ruc tu res  
in  a m a n n e r  t h a t  m i n i m i z e s  t he  effect  of  t he  dev ice  s t ruc-  
ture ,  t he  m a x i m u m  slope was  d e t e r m i n e d  for each  C-V 
cha rac t e r i s t i c  a n d  n o r m a l i z e d  by  t he  to ta l  c apac i t ance  
change .  

The  n o r m a l i z e d  s lope for the  s e e d e d  s t ruc tu re s  re- 
c rys ta l l ized  w i t h  t h e  s l an t ed  b e a m  is 0.24 -* 0.01 V - ' ,  
whi le  t h a t  for t he  c o r r e s p o n d i n g  u n s e e d e d  s t r u c t u r e s  is 
0.19 _+ 0.02 V -1. The  o the r  s eeded  s t r u c t u r e s  also h a d  
g rea t e r  s lopes  t h a n  d id  t h e  u n s e e d e d  s t ruc tu res ,  indica t -  
ing  t h a t  t he  in t e r f ace  t rap  dens i t y  is lower  in seeded  
s t ruc tures .  

The  vo l tage  c o r r e s p o n d i n g  to t he  i n t e r s e c t i o n  of t he  
t a n g e n t  to the  cu rve  w i th  t he  m a x i m u m  capac i t ance  is in- 
f l uenced  b o t h  by  t he  f ixed cha rge  d e n s i t y  a n d  t h e  inter-  
face t r ap  dens i ty .  I t  was  2.03 • 0.13V for the  s e e d e d  s t ruc-  
tu res  rec rys ta l l i zed  w i th  the  s l a n t e d  b e a m  and  2.58 -+ 
0.14V for t he  u n s e e d e d  devices ,  c o r r e s p o n d i n g  to a cha rge  
d i f f e rence  of  6 • 10 TM era-'-' b e t w e e n  t he  two s t ruc tu res .  

Af te r  co r r ec t i ng  for  the  f ie ld-oxide regions ,  t he  effec- 
t ive  d o p a n t  c o n c e n t r a t i o n  in t he  s e e d e d  films was  calcu- 
l a ted  to be  2 • 10 TM c m  -3, in  good  a g r e e m e n t  w i th  t he  
va lue  e x p e c t e d  f rom the  a m o u n t  of  i m p l a n t e d  dopan t .  
The  ox ide  t h i c k n e s s e s  ca lcu la ted  are  also c o n s i s t e n t  w i th  
the  va lues  m e a s u r e d  direct ly.  

The  m a x i m u m  h i g h  f r e q u e n c y  c a p a c i t a n c e  a p p e a r s  to 
be  the  s ame  for t he  s eeded  a n d  u n s e e d e d  s t ruc tures ,  b u t  
the  m i n i m u m  capac i t ance  is a b o u t  3% grea te r  for  t he  
u n s e e d e d  s t ruc tu re .  Th i s  c o u l d  b e  r e l a t ed  to e x p a n s i o n  of  
the  dep le t ion  reg ion  in to  t he  film b e i n g  l imi t ed  b y  defec t  
levels  in  t he  u n s e e d e d  s t r u c t u r e  or by  loss  of d o p a n t  f rom 
the  s e e d e d  film to t he  s u b s t r a t e  d u r i n g  recrys ta l l iza t ion .  
I t  is un l ike ly  t h a t  the  defec t  levels  i nc r ea se  the  effect ive 
ca r r ie r  c o n c e n t r a t i o n .  

Quasistatic C-V measurements.--Comparison of quasi-  
s tat ic  a n d  h i g h  f r e q u e n c y  C-V cha rac te r i s t i c s  also shows  a 
s igni f icant  d i f f e rence  in t he  in te r face  t r ap  dens i t y  be- 
t w e e n  s e e d e d  a n d  u n s e e d e d  s t r u c t u r e s  (Fig. 2a a n d  2b, re- 
spect ively) .  As  t he  fi lm is b e i n g  dep le t ed ,  no  d i f fe rence  
can  be  r e so lved  b e t w e e n  the  h i g h  f r e q u e n c y  a n d  
quas i s t a t i c  cha rac t e r i s t i c s  for the  s e e d e d  s t ruc ture ,  whi le  
a c lear  d i f f e rence  is s een  for  the  u n s e e d e d  s t ruc ture .  

F igure  3 s h o w s  t h a t  the  m i n i m u m  in t he  quas is ta t ic  
cu rve  is b r o a d e r  a n d  sha l l ower  for the  u n s e e d e d  s t ruc tu re  
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Fig. 2. High frequency and quasistatic capacitance-voltage charac- 
teristics of (a) seeded structure recrystallized with the slanted beam 
and (b) unseeded structure with an n 4 buried layer in a lightly doped 
substrate. Voltage is that applied to the recrystallized film (i.e., the 
negative of the "gate" voltage applied to the wafer). 
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Fig. 3. Quasistatic capacitance-voltage characteristics of seeded 
and unseeded structures. 

than for the seeded structure. This difference is consist- 
ent with the different slopes of the high frequency C-V 
characteristics noted above. 

The major difference in the shape of the quasistatic 
characteristics of the two devices occurs during the tran- 
sition from the accumulation region to the minimum ca- 
pacitance. The region from the minimum to inversion is 
similar in the two cases, with primarily a parallel shift of 
approximately 0.9V, corresponding to a difference in the 
in tegra ted  n u m b e r  of  t raps  of  abou t  9.5 • 10 '~ cm -~. I f  the  
t raps  were  un i fo rmly  d i s t r ibu ted  across  the  gap f rom ac- 
cumula t ion  to w e a k  invers ion  (about  30 kT/q = 0.77 eV), 
the  t rap dens i ty  would  be about  1.2 • 10" cm -2 eV -1 
h igher  in the  u n s e e d e d  s t ruc ture  t han  in the  s eeded  struc- 
ture. A n o n u n i f o r m  d i s t r ibu t ion  wou ld  lead to a lower  
m i n i m u m  t rap  densi ty .  

The  wid th  of  t he  quas is ta t ic  character is t ic  was  also 
signif icantly grea ter  for the  u n s e e d e d  s t ruc ture  t han  for 
the  s e e d e d  s t ruc ture .  The w id th s  of the  capac i tance  mini-  
m u m  (FWHM) are 3.34V for the  u n s e e d e d  s t ruc ture  and  
2.86V for the  s e e d e d  s t ructure ,  c o r r e s p o n d i n g  to a charge 
d i f fe rence  of abou t  5 • 10 '~ cm -2 con ta ined  wi th in  a 0.6 
eV wide  reg ion  of the  bandgap .  The Width of  the  calcu- 
lated C-V charac ter i s t ic  was  abou t  2.76V, close to tha t  in 
the  s eeded  s t ruc ture .  

The m i n i m u m  values  of  the  in ter face  t rap dens i ty  com- 
p u t e d  us ing  the  conven t iona l  da ta - reduc t ion  p rog ram are 
useful  for c o m p a r i s o n  of t he  d i f ferent  devices .  A l t h o u g h  
the i r  values  m a y  no t  be accurate  because  of  lateral non- 
uni formi t ies  in the  device  s t ruc ture  used,  the  s t ruc ture  
should  inf luence  all the  devices  in the  same manner ,  so 
the  d i f fe rences  are re la ted to the  s eed ing  and  recrystalli-  
zat ion condi t ions .  The m i n i m u m  values  ind ica ted  by the  
da ta - reduc t ion  p r o g r a m  are used  for c o n v e n i e n c e  in this 
compar i son .  They  are (1.2 + 0.5) • 10 "~ c m  -~ e V - '  for the  
s eeded  devices  rec rys ta l l i zed  wi th  the  s lan ted  b e a m  and  
(11.9 -+ 2.5) • 101~ cm-'-' eV -1 for the  u n s e e d e d  wafers  wi th  
the  n + bu r i ed  layer. The m i n i m u m  value occurs  sl ightly 
above  midgap .  

As wi th  the  f ixed charge  densi ty ,  the  shut t le  b e a m  pro- 
duced  seeded  mater ia l  wi th  a h ighe r  in ter face  t rap  den-  
sity than  d id  the  s lan ted  b e a m  (a l though it was  still lower  
than  in t he  u n s e e d e d  s tructures) .  This h igher  dens i ty  may  
be re la ted  to the  r epea t ed  mel t ing  and  reerysta l l izat ion 
caused  by the  smal l  s tep  size u sed  wi th  the  shut t le  beam.  
The effect  appea r s  to be s ignif icant ly more  de t r imen ta l  
at the  h igher  laser  power .  This  is cons i s t en t  wi th  our pre- 
vious obse rva t ions  on s impler  capaci tor  s t ruc tu res  tha t  
the  in ter face  charge  dens i t ies  were  h ighe r  wi th  the  shut-  
tle b e a m  than  wi th  the  s lan ted  beam. 

Lit t le  d i f fe rence  is seen b e t w e e n  the  u n s e e d e d  devices  
wi th  an n ~ bu r i ed  layer and  those  on an n ~ wafer ,  again 
cons i s t en t  wi th  the  d o m i n a n t  d i f fe rences  be ing  caused  by 
the  s eed ing  and  c o n s e q u e n t  s ingle-crys ta l  growth.  When 
d i f fe ren t  power s  were  used  wi th  t he  u n s e e d e d  s t ructures ,  
no s ignif icant  d i f fe rences  in the  in te r face  t rap dens i ty  

were  seen;  any effect  is p robab ly  h i d d e n  by the  defec ts  in 
the  u n s e e d e d  s t ruc tu re  itself. 

Discussion 
Two effects are expected to cause higher interface char- 

ges in an unseeded structure than in a seeded structure. 
First, the unseeded devices contain a large number of 
grains with crystal orientations other than {i00}; these 
other orientations are expected to have higher interface 
charge densities. Second, traps at the grain boundaries 
can contribute to the measured charges. As the depletion 
region extends into the unseeded material, the charge 
state of some of the grain-boundary traps must be 
changed, so that more voltage is required for formation of 
an inversion layer. This causes dispersion in the C-V char- 
acteristic. In addition, the discrete location of the grain 
boundaries can cause dispersion because of the resulting 
lateral nonuniformity; i.e., a higher voltage is required to 
invert the region near the grain boundary than that away 
from the grain boundary. These effects cannot readily be 
separated. 

Lateral nonuniformities arising from the device struc- 
ture with adjacent gate-oxide and field-oxide regions 
should affect the C-V characteristics similarly for both 
structures. Therefore, the differences seen between 
seeded and unseeded devices appear to be related to the 
different charge densities at or near the back surface of 
the recrystallized silicon films. The value found for the 
seeded structures may be limited by the resolution of the 
measuring system. 

Conclusions 
Both  the  fixed charge  dens i ty  and  the  in ter face  t rap 

dens i ty  at the  back  of  seeded ,  recrysta l l ized si l icon films 
on insula t ing  oxide  layers are s ignif icant ly  lower  than  
those  in u n s e e d e d  devices.  A recrysta] l izat ion t e chn ique  
w h i c h  mel t s  t he  s i l icon film a m i n i m u m  n u m b e r  of  t imes  
p r o d u c e s  the  lowes t  in ter face  charge.  

F rom the  f la tband vol tage o b s e rv ed  dur ing  high-fre- 
q u e n c y  C-V m e a s u r e m e n t s ,  the  d i f fe rence  in fixed 
cha rge  d en s i t y  b e t w e e n  o p t i m u m  s e e d e d  and  u n s e e d e d  
s t ruc tures  was  found  to be abou t  6 • 10 '~ c m - h  Differ- 
ences  in the  s lopes  of  the  h igh  f r e q u e n c y  character is t ics  
sugges ted  tha t  the  in terface  t rap dens i t i e s  were  d i f fe rent  
also. Quasis ta t ic  C-V m e a s u r e m e n t s  ind ica ted  a m i n i m u m  
inter face  t rap dens i ty  of  abou t  1.2 • 10 TM cm -2 for the  
s eeded  s t ruc tures ,  and  1.2 • 10" cm -~ for the  u n s e e d e d  
devices.  The d i f fe rence  in in tegra ted  in ter face  t rap densi-  
t ies b e t w e e n  s eed ed  and  u n s e e d e d  s t ruc tu res  is abou t  5 • 
10 '~ cm-=' over  a 0.6 eV por t ion  of t he  b a n d g a p  and  1.0 • 
101' c m  -2 over  0.8 eV. 

S e e d e d  fi lms r eme l t ed  a n u m b e r  of  t imes  had  h igher  
in ter face  cha rge  densi t ies ,  bu t  t h e s e  were  still less than  in 
u n s e e d e d  films. Higher  laser  powers  also appea red  to be  
detrimental. 

The differences between seeded and unseeded struc- 
tures may be related to the higher charge densities ex- 
pected for grain orientations other than {I00} and to traps 
located at the grain boundaries near the back surface of 
the silicon film. Quantitative values of the interface 
charge density distributions could not be confidently de- 
termined because of the laterally nonuniform nature of 
the structure used to obtain seeded material. 
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In,Ga1-,As Photodetector for the 1.7-2.0/ m Spectral Region 
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ABSTRACT 

InGaAs photodetectors for the 1.7-2.0 t~m region have been fabricated by LPE growth of InGaAs layers on interme- 
diate layers of InAsP on an InP substrate, p-n Junctions were formed either by Zn diffusion into an n-type In~Ga~_xAs 
layer or by epitaxial growth of a p-type layer of In~Ga,_~As doped with Mn. The effect of threading dislocations on mi- 
nority carrier lifetime is analyzed on the basis of minority carrier diffusion length data obtained by fitting a computer 
model to the experimentally observed quantum efficiency. 

In~.Ga, ~.As~P,_~ lattice matched to InP is currently the 
preferred materials system for the fabrication of light 
sources and detectors for optical communications. The 
maximum wavelength accommodated in this system is 
1.65 ~m, corresponding to the bandgap of Ga047In0.~3As, 
and thus it encompasses the wavelength region of mini- 
mum total loss of silica-based fiber optical waveguides 
(1). Although for such fibers the position of this mini- 
mum is not likely to shift much farther into the infrared, 
small adjustments in the most desirable wavelength of 
transmission beyond 1.7 t~m may become necessary in the 
future. This paper reports on the fabrication of a 
photodetector that covers the 1.7-2.0 t~m region (2). The 
detector is fabricated in the InxGa~_~As ternary system 
(0.53 < x < 0.70) on InP substrates by liquid phase 
epitaxy (LPE). To accommodate the lattice mismatch, 
InAsyP~_~ step-graded layers have been grown between the 
substrate and the active region. The In-As-P ternary sys- 
tem was chosen because it is easy to step grade and can 
also act as a window on the active region if the detector is 
illuminated from the substrate side. 

Experimental and Results 
The present work was preceded by the determination 

of the phase diagrams of both the In-Ga-As (3) and the In- 
As-P (4) ternary systems. The respective solidus and 
liquidus isotherms for several temperatures were gener- 
ated by the aid of the regular solution approximation in 
conjuction with extended data from across the solidus 
composition of each ternary system. The extended soli- 
dus and liquidus data sets were acquired by growing by 
LPE multiple epitaxial layers using step grading tech- 
niques (3). For the present work, saturation temperature 
for the In-Ga-As melts was 650~ In-As-P melts were sat- 
urated at slightly higher temperatures. 

The possibility of growing by LPE an InGaAs layer on 
intermediate layers of InAsP on an InP substrate is dem- 
onstrated in the single-crystal x-ray diffraction pattern de- 
picted in Fig. I. This pattern shows clearly seven of the 
eight expected peaks from a single InGaAs epitaxial layer 
grown on two intermediate, step-graded layers of InAsP 
on a ( l l l )B  InP substrate. The InGaAs layer is approxi- 
mately 3 t~m thick and the InAsP layers are each approxi- 
mately 5 t~m thick. The copper K~ 2 peak of the InGaAs 
layer is overlapping with the copper K~ peak of the top- 
most InAsP layer. As indicated in Fig. 1, the compositions 

* Electrochemical Society Active Member. 
~Present address: TRW Electro Optics Research Center, 

Redondo Beach, California 90278. 

of the InAs,Pl y layers are y = 0.057 and 0.095 and the 
composition of the In rGa~_=As layer is x = 0.62. The over- 
all lattice mismatch between the InP substrate and the 
InGaAs layer shown in Fig. 1 is calculated to be 0.57%. 
The lattice mismatch between the top InAsP step-graded 
layer and the InGaAs layer shown in Fig. 1 is calculated 
to be 0.27%. In later growth runs, the lattice mismatch be- 
tween the top two epitaxial layers was successfully de- 
creased to the resolution of our x-ray diffractometer, 
which is 0.10%. 

Etch pit density (EPD) studies were performed on the 
mismatched InGaAs epitaxial layer by etching for 5-30s in 
AB etch at room temperature. The revealed defect den- 
sity in all cases tested exceeded 106 cm -=. This high EPD 
is attributed to the large mismatch between adjoining 
epitaxial layers and to some extent to the (111) orientation 
of the epitaxial layer. 

The In.rGal_xAs undoped n-type epitaxial layer was 
characterized by Hall data from an epitaxial layer grown 
on a semi-insulating substrate and C-V measurement  data 
on a junction. These data show consistently a carrier con- 
centration of n = 4 x 10 '~ cm -3. The Hall data result in a 
mobility of tL = 9100 cm'-'/V-s for x = 0.54. Devices were 
fabricated either by Zn diffusion into an n-type 
In~Ga,_~As layer or by epitaxial growth of a p-type layer 

[nAsyPl_y InxGal _xAS 
y = 9.48% K(~2 Kc~ 1 , X = 61.63% 

90 K~I IP xGal-xAs V 

,o "k A y = 5 .69% 

70 InAsP f t | | 

lnP 

50 K~I Ir~AsPA | ~ I ~. 
40 InAsP ~ IK~z ~ V i( 

20 ~ ~ [  ~11 10 

0 - - -  I I 
131.5 131 130.5 130 129.5 129 128.5 

, 29 ~ 
Fig. 1. X-ray diffraction pattern from o simple InxGm ~,As epitaxial 

layer grown on two intermediate step-graded layers of InAs~Pl_y on on 
InP substrate. 
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Fig. 2. Sketches of In~Ga~_,As photodetectors for 1.7-2.0/~m region. 

Top: Zn diffused. Bottom: Mn doped. 

ni tude-higher  doping  concent ra t ion  of Mn explains  the 
lower  mobi l i ty  and q u a n t u m  efficiencies because  of a re- 
duc t ion  of  the  minor i ty  carrier l i fe t ime due  to increased 
scat ter ing effects. With lower  Mn doping,  h igher  q u a n t u m  
efficiencies can be expected .  On the  o ther  hand, because 
the  electr ical  p-n junc t ion  is separated f rom the metallur- 
gical junc t ion  in the  Zn-diffused devices,  q u a n t u m  effi- 
ciencies are i m p r o v e d  (5, 6). Fur the rmore ,  in agreement  
wi th  the  h igher  mobi l i ty  of the  Zn-di f fused  epi taxial  lay- 
ers and in v i ew of the  fact that  the  field genera ted  by the 
doping gradient  guides  minor i ty  carriers toward the col- 
lect ing junct ion ,  the  Zn-diffused devices  have  h igher  effi- 
ciencies. 

The dens i ty  of  misfit  dislocations depends  to a large 
ex ten t  on the  lat t ice misfit  strain b e t w e e n  adjacent  mis- 
ma t ched  epi taxia l  layers or be tween  a m i sma tched  epi- 
taxial layer and the adjacent substrate. Furthermore, 
these dislocations tend to bend into the epitaxial layers, 
creating "inclined" or "threading" dislocations that can 
transmit the impact of the lattice misfit into the bulk of 
the epitaxial layer and thus contribute to a degradation of 
the layer properties (7). The direct relationship between 
an increased lattice mismatch, an increase in misfit dislo- 
cation density, and a decrease in device performance has 
been reported in several lattice-mismatched ternary sys- 
tems (8-10). In view of these observations, an analysis of 
the known lattice mismatch and corresponding device 

of InxGal xAs doped  with  Mn, as i l lus t ra ted in Fig. 2a and 
2b, respect ively.  Zn diffusion was pe r fo rmed  ei ther  by 
sealed ampu l  diffusion or by plat ing with  Zn fol lowed by 
diffusion on a strip heater.  The  Zn-di f fused  material  was 
character ized by Hall  data  resul t ing in typical ly  p = 5 • 
1018 cm -3 and ~ = 73 cm2/V-s. For  Mn-doped  growth,  Mn 
was added  to the  mel t  at the  ratio 1.0-1.5 mg/g-In.  For  a ra- 
tio of  1.2 mg/g-In  in Mn-doped  material ,  the  ne t  hole  con- 
centrat ion and Hall  mobi l i ty  were  p = 3 • 1019 cm -3 and 
= 17 cm~/V-s. 

The devices  were  character ized by I-V characteris t ics  
and spectral  response.  Representa t ive  I-V characterist ics 
are shown  in Fig. 3 and 4. For  the  I-V l ight  and dark cur- 
rents,  reverse  bias b r e a k d o w n  b e c a m e  increas ingly  soft as 
lat t ice mi sma tch  increased.  For  Zn-di f fused  In~Ga,_~As 
junc t ions  of compos i t ions  of  x = 0.545, 0.58, and 0.625, 
open-circui t  vol tages  were  0.21, 0.18, and 0.14V, respec- 
tively, and peak  q u a n t u m  efficiencies were  0.662, 0.628, 
and 0.226, respect ively .  The  q u a n t u m  eff iciency spectra 
of these  three  devices  are depic ted  in Fig. 5. Mn-doping 
In~.Gal_j.As junc t ions  of composi t ions  of x = 0.54, 0.59, 
and 0.69 had peak  q u a n t u m  efficiencies of 0.265, 0.202, 
and 0.059. For  the  Mn-doped  In~Gal_xAs pho tode tec to r  of 
composi t ion  x = 0.69, the  q u a n t u m  eff iciency was fairly 
flat to 1.9 ~ m  and diss ipated thereaf te r  to 2.0 ~m as 
v iewed  in Fig. 6. 

Analysis and Discussion 
The  dif ference in the  q u a n t u m  efficiencies be tween  the  

Zn-doped  and the  Mn-doped  In~Gal_~.As photode tec tors  
may  be a t t r ibu ted  to several  causes. The  order-of-mag- 

Fig. 3. a: I-V characteristic of a Zn-diffused Ino.58Goo.42As 
photodetector, b: Alternative view. 
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Fig. 5. Quantum efficiency spectra of three Zn-diffused In~Ga~ ,~As 
photodetectors. 

Fig. 4. a: I-V characteristic of a Zn-diffused Ino,62~Ganm~As 
photodetector, b: Lattice-matched Mn-doped photodetector. 

quantum efficiencies for the In~.Gal_xAs photodetectors 
described in this paper is appropriate. 

The quantum efficiency spectra of the Zn-diffused de- 
vices were fitted on the basis of a homojunction model 
for solar ceils (11). A computer algorithm performed the 
fit by finding opt imum values of the diffusion lengths of 
the minority carriers and junction depth. An example of 
this fit is shown in Fig. 7 for the Zn-diffused Ino.~Gao.4~As 
detector. The fit is not perfect, since the model  itself is 
meant to be only a first approximation of a diffused junc- 
tion. Furthermore,  the model  requires estimated values 
for wavelength-dependent  parameters such as the absorp- 
tion coefficient and the reflectance. The modeling re- 
suits indicated that the quantum efficiency spectra were 
fairly insensitive to the minority carrier hole diffusion 
length on the n-type side of the electrical junction. This 
insensitivity can be expected if most of the absorption 
takes place near the surface of the device. 

Under these circumstances, the minority carrier life- 
time, ~., of the electrons in the p-type side of the electrical 
junction can be calculated on the basis of the modeling 
results by the relationship of ~, = L,2/D~, where D, is the 
electron diffusion coefficient and L. is the electron diffu- 
sion length. Also, the threading dislocation density can be 
calculated from the derived expression (12) 
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~ (1 + [I2Lr~2pa) -1 

where p~ is the threading dislocation density, Vo is the 
peak quantum efficiency in the absence of dislocations, 
and ~ is the peak quantum efficiency in the presence of 
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Fig. 7. Quantum efficiency experimental data and the fitted model for 

a Zn-diffused Ino,58GaoA~As photodetector. 
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dislocations. By allowing Vo to be 70% (13, 14), V to be the 
peak value for each of the Zn-diffused devices, and Ln to 
be the corresponding values deduced from the fitting 
procedures, the threading dislocation density can be esti- 
mated for each device. Figure 8 indicates the relationship 
between the computed  minority carrier lifetimes and 
their corresponding estimated dislocation densities for 
the Zn-diffused devices of the present work. Figure 8 thus 
indicates the estimated trend of the effects of threading 
dislocation density on the minority carrier lifetime. Simi- 
lar work with p-type GaAs (7) is also presented in Fig. 8 
for comparison. 

On the basis of the analysis resulting in Fig. 8, the de- 
crease in lifetime due to the increase in misfit disloca- 
tions in In~Gal_~As appears to be less critical than the de- 
crease in lifetime due to the increase in defect density in 
GaAs specifically and other materials (Ge, Si, GaP, and 
A1GaAs) in general (7). This difference in part reflects the 
fact that devices with short diffusion lengths are less sen- 
sitive to a moderate dislocation density than devices with 
long diffusion lengths. This difference can also be attrib- 
uted to the differences in the nature of the defects in 
those other materials and as well to the presence of step- 
graded layers used in the present study. Improved electri- 
cal performance of mismatched material due to the pres- 
ence of step-graded layers included to relieve mismatch 
strain has been noted in GaAsSb photodiodes (8) and in 
In~Ga, xAs layers grown on GaAs substrates (9). This ef- 
fect has also been noted in the present work, as can be ob- 
served in Fig. 9. This figure shows the responsivities of 
In0.~sGa0.42As homojunction photodiodes both with and 
without intermediate step-graded layers of InAs,P,_,. 
Both devices were Zn  diffused and otherwise identical 
except for the presence of the intermediate step-graded 
layers. The device with the intermediate step-graded lay- 
ers has more than twice the responsivity of the device 
with a single mismatched layer. Thus, although increased 
threading dislocations due to lattice-mismatched material 
cause a serious decrease in efficiency of the device de- 

scribed in the present work, the introduction of interme- 
diate step-graded epitaxial layers has made it possible to 
produce by LPE InGaAs photodetectors for the 1.7-2.0 
/~m spectral region. 
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Gettering of Carbon and Oxygen in Silicon Processing 
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A B S T R A C T  

The control  of carbon and oxygen  is of great  impor t ance  in today 's  si l icon materials  and dev ice  process ing,  and it 
will  b e c o m e  a cri t ical  pa ramete r  in the  i m m e d i a t e  future  for V L S I  device  processing.  A l though  cons iderab le  t echnology  
and some  unde r s t and ing  are avai lable today  in the  control  of  oxygen  in si l icon mater ia ls  th rough  processing,  there  is lit- 
t le  t echno logy  and even  less unde r s t and ing  of  carbon control  in si l icon wafer  process ing.  We have  de te rmined ,  for high 
carbon conten t  silicon, that  carbon can be  get tered to damage  sites such  as dislocat ions,  s tacking faults, and/or  wafer  
surfaces, thus  creat ing a ca rbon-denuded  zone in epi taxial  silicon, as well  as in bu lk  Czochralski  si l icon substrates.  The  
get ter ing effects of  carbon  have been  inves t iga ted  using contro l led  t ime, tempera ture ,  and ambien t  gas the rmal  anneals.  
The  character izat ion of these  materials  was carr ied out us ing chemica l  etches,  Four ie r  t ransform infrared spectroscopy,  
and scanning A u g e r  mic rop robe  analysis.  

The  control  of oxygen  and carbon in Czochralski  (CZ) 
si l icon is the  subjec t  of  a great  n u m b e r  of recent  s tudies  
because  of  its impor t ance  in defect  fo rmat ion  and get- 
ter ing of impuri t ies .  In t r ins ic  get ter ing can be  used  to re- 
m o v e  u n w a n t e d  impur i t ies  f rom dev ice  act ive regions 
(1-5); thus, the control  of  oxygen  and its effects on intrin- 
sic get ter ing have  been  par t icular ly  e x a m i n e d  (1, 2, 5-16). 
Int r ins ic  ge t ter ing  has  been  found to retard material  slip 
(17-18), r educe  s pi t  format ion  (19), control  epi taxial  
s tacking fault  fo rmat ion  (20), r educe  p-n junc t ion  leakage 
currents ,  and  improve  MOS genera t ion  l i fe t imes (21-23). 
Oxygen  donors  can significantly al ter  si l icon electrical  
proper t ies  (24). Inters t i t ia l  oxygen  and small  oxygen  clus- 
ters can s t r eng then  wafers  to p reven t  process- induced  
warpage  (25, 26). The  effects of  carbon on both oxygen  
precip i ta t ion  and oxygen  donor  fo rmat ion  have  also been  
often inves t iga ted  (1, 3, 24, 27-32), bu t  no t  wi th  as m u c h  
success  of  def ini t ive  behavior  as for oxygen.  Pinizzotto 
and Marks (5) conc luded  that  both  the  init ial  carbon and 
oxygen  concen t ra t ions  affect the  final measu red  oxygen  
solubilily in silicon, that carbon is involved in precipitate 
nucleation, but not in precipitate growth, and that carbon 
content does not strongly affect oxygen precipitation in 
high oxygen silicon (> 30 ppm), but does control the oxy- 
gen precipitation in low oxygen content silicon (< 25 
ppm). In this paper, the role of carbon in high carbon- 
content silicon is examined (32, 33). 

Experimental  
In  these  expe r imen t s ,  (100) p-type, 5-20 ~ - c m  si l icon wa- 

fers wi th  var ious  levels  of  carbon were  used  to s tudy ef- 
fects i n t roduced  dur ing  the  process ing  of  V L S I  devices  
and epi taxial  s i l icon deposit ion.  The samples  were  wi thin  
an oxygen  concen t ra t ion  range of  1.25 • 10 Is cm -3 (25 
ppm) to 1.7 • 1018 cm -3 (34 ppm),  wh ich  is cons idered  to 
be  a useful  range  to ach ieve  intr insic ge t ter ing  effects. A 
hea t - t rea tment  s equence  was p icked  to s imula te  current  
V L S I  process ing  and to p rov ide  d e n u d e d  substrates  for 
epi taxial  deposi t ion.  The  heat  cycles were  three  separate  
anneals  of  l l00~ in ni t rogen,  for 2h to out-diffuse oxy- 
gen (anneal 1), of  650~ in ni t rogen,  for 20h to begin nu- 
cleat ion (anneal 2), and of 1000~ in oxygen,  for 20h to 
s imulate  prec ip i ta te  growth  dur ing  p rocess ing  (anneal 3). 
Push-pul l  rates b e t w e e n  each  cycle were  20 cm/min,  wi th  
the  two h igh  t empe ra tu r e  cycles be ing  r a m p e d  up f rom 
850~ after the  push  cycle, and r a m p e d  down  to 850~ 
prior  to the  pul l  cycle. 

C Z  Single-Crystal Silicon Wafers  
Carbon and oxygen.--Carbon and oxygen  measure-  

ments  were  m a d e  us ing a Nicolet  MX-ECO F T I R  spec- 
t rometer .  The  m e a s u r e m e n t s  of  subs t i tu t ional  carbon and 
interst i t ial  o x y g e n  in si l icon were  based  on A S T M  Meth- 
ods F-121-76 and F-123-74 as ref ined by Vidr ine  (34). In  
this work,  the  mater ia ls  used  were  of  a p roduc t ion  nature  
obta ined  f rom several  si l icon .wafer vendors ,  each sub- 

*Electrochemical Society Active Member. 

strate being single-side po l i shed  wi th  var ious  types  of  
back-s ide  t r ea tmen t s  par t icular  to each  vendor .  The  
values  of  carbon  and oxygen  are re la t ive  to repea ted  mea- 
su remen t s  on the  same wafer,  bu t  are not  in t ended  to be  
absolute  in magni tude .  F igure  1 shows  dif ferences  in the  
F T I R  traces due  to the  var ious  back-s ide  surfaces as pro- 
duced  by four  d i f ferent  vendors ,  A, ]3, C, and D. Traces  A 
and D are f rom wafers  that  have  been  acid e tched  to re- 
l ieve stress caused  by sawing and lapp ing  processes  dur- 
ing wafer  p roduc t ion ,  whi le  t races B and C are f rom wa- 
fers that  r ece ived  a caust ic  e tch  as par t  of  the  vendo r s '  
s tandard  processes .  The  dif ferences  in the  curves  are 
caused by changes  in scat ter ing and in ternal  ref lect ion of  
the  infrared b e a m  due  to the  t ex tu re  of  the  back  side of  
the  wafers.  All four  wafers  were  then  back-s ide  pol i shed  
to r e m o v e  the  t ex tu re  of  the  rel ief  etches.  Major differ- 
ences  in the  backg round  of  the  F T I R  traces were  re- 
moved ,  as shown  by a superpos i t ion  of  all four  back-s ide  
pol i shed  wafer  FTI 'R traces, A' ,  B ' ,  C', D' ,  in Fig. 1. 

The plots in Fig. 2 show the  behav ior  of  intersti t ial  oxy- 
gen for si l icon mater ia l  wi th  low carbon  (< 0.2 ppm)  as a 
func t ion  of the  three-s tep anneal  desc r ibed  in the  Experi-  
menta l  section. The  initial data points  are the  intersti t ial  
oxygen  concent ra t ions  of the  as-received wafers,  after 
crystal  g rowth  and vendor  resis t ivi ty stabil ization an- 
neals, but  pr ior  to any fur ther  heat - t rea tments .  The  o ther  
points  are after  the  cumula t ive  anneals  to the  s tep desig- 
nated. The o x y g e n  reduc t ion  dur ing the  third anneal  step 
is shown to be  d e p e n d e n t  on the  initial oxygen  concentra-  
t ion as p rev ious ly  repor ted  by Pinizzot to  and Marks (5). 

2.0 A 

B 

1.5 

~ 1.0 

0.5 

0.0  610 I I I I 
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Fig. 1. FTIR traces of silicon wafers from different wafer vendors, 
A, B, C, and D, with various types of buck-side texture. A and B are 
acid etched by vendors; C and D are caustic etched by vendors. Also 
shown are FTIR traces of silicon wafers from the some four vendors, 
but with a buck-side polish; all four traces, A', B', C', and D', ore 
superimposed. 
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Fig. 2. The change of interstitial oxygen concentration in bulk CZ 
silicon wafers as a function of the three-step anneal for <0 .2  ppm 
carbon wafers; data from FTIR measurements with carbon below the 
detection limits in each case. 

Figures  3 a n d  4 give t he  c h a n g e s  in  in te r s t i t i a l  oxygen  
a n d  s u b s t i t u t i o n a l  ca rbon ,  respec t ive ly ,  for  h i g h  c a r b o n  
(> 2 p p m )  c o n c e n t r a t i o n  wafers .  T he  c h a n g e  in subs t i tu -  
t iona l  ca rbon ,  in  th i s  case,  is l inear  With r e s pec t  to t he  ini- 
tial c o n c e n t r a t i o n  of ca rbon .  This  is s h o w n  in Fig. 5, 
w h i c h  is a p lo t  of t he  d i f fe rences  b e t w e e n  t he  ini t ia l  car- 
b o n  a n d  final c a r b o n  c o n c e n t r a t i o n s  s h o w n  in Fig. 4 vs. 
t h e  ini t ia l  c a r b o n  c o n t e n t  for t h o s e  wafers .  T he  po in t s  of  
th i s  p lo t  fit well,  w i t h i n  e x p e r i m e n t a l  error ,  to a s t r a igh t  
line. This  o b s e r v a t i o n  of l inear i ty ,  howeve r ,  m a y  be  oxy- 
gen  c o n c e n t r a t i o n  d e p e n d e n t  as r e p o r t e d  b y  P in izzo t to  
a n d  Marks  (5). The  c h a n g e  in in te r s t i t i a l  o x y g e n  w i t h  re- 
spec t  to t he  in i t ia l  o x y g e n  c o n c e n t r a t i o n  is s imi lar  to t he  
cu rves  in  Fig. 2 for  low c a r b o n  wafers .  Th i s  c h a n g e  ha s  
b e e n  p rev ious ly  s h o w n  to fol low a s t r a igh t  l ine  (2). The  
m a i n  d i f f e rence  b e t w e e n  low a n d  h i g h  ca rbon ,  s h o w n  in  
Fig. 2 a n d  3, is t h a t  t he  h i g h  c a r b o n  wafe r s  had  approx i -  
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Fig. 3. The change of interstitial oxygen content in >2 .0  ppm car- 

ban content silicon wafers as a function of the three-step anneal; data 
from FTIR measurements.Initial carbon concentrations in ppm for wa- 
fers 0 through 9, respectively, were 3.18, 3.09, 3.58, 6.18, 5.41, 
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Fig. 4. The change in substitutional carbon content in 24-30 ppm 
oxygen content silicon wafers as a function of the three-step anneal; 
data from FTIR measurements. Initial oxygen concentrations in ppm 
for wafers 0 through 9, respectively, were 29.03, 29.35, 28.97, 
24.71, 25.15, 25.02, 27.64, 27.25, 26.76, and 27.47. 

m a t e l y  5 p p m  g rea t e r  c h a n g e  in in te r s t i t i a l  oxygen  for a 
g iven  ini t ia l  o x y g e n  c o n t e n t  t h a n  t h e  low c a r b o n  mater ia l .  
All  ma te r ia l s  r e p r e s e n t e d  in  Fig. 2, 3, a n d  4 we re  rece ived  
f rom the  s a m e  v e n d o r ,  w i th  the  h i g h e r  c a r b o n  levels  be- 
ing  a c h i e v e d  by  i n t e n t i o n a l  d o p i n g  b y  t he  v e n d o r  of t he  
m o l t e n  s i l icon w i t h  ca rbon .  

Dislocation and  defect analyses . - -The CZ-grown  single-  
c rys ta l  wafe r s  i n t e n t i o n a l l y  d o p e d  w i t h  c a r b o n  f rom non-  
d e t e c t a b l e  l imi t s  to g rea te r  t h a n  5 p p m  were  p r o c e s s e d  
u s i n g  t he  th ree -cyc le  hea t - t r e a tmen t .  The  b u l k  of each  
wafer  was  e x a m i n e d  u s i n g  a va r i a t i on  of t he  g roove-and-  
e t ch  m e t h o d  d e s c r i b e d  b y  M c D o n a l d  a n d  G o e t z b e r g e r  
(35). A 5 ra in  W r i g h t - J e n k i n s  d i s loca t ion  e t ch  (36) was  
u s e d  to d i sp lay  p r e c i p i t a t e d  sites w i t h i n  a 35 /~m deep  cy- 
l indr ica l  groove.  I n s p e c t i o n  of  t he  g roove  u s i n g  an  opt ica l  
m i c r o s c o p e  w i th  N o m a r s k i  i n t e r f e r e n c e  c o n t r a s t  revea led  
a c lear  d e n u d e d  area  a p p r o x i m a t e l y  10-20 /~m deep.  
S t a n d a r d  s t ack ing  faul ts  a n d  d i s loca t ion  loops  assoc ia ted  
w i t h  o x y g e n  p r e c i p i t a t i o n  a p p e a r e d  a t  t he  b o t t o m  of t he  
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Fig. 6. Optical photograph of (A) normal (100) bulk stacking faults, 
and (B) c pits as found in high carbon concentration silicon. 

groove  a n d  w e r e  o r i e n t e d  a long  < 1 1 0 >  d i rec t ions .  I n  the  
h i g h e r  c a r b o n  samples ,  a n e w  defect ,  w h i c h  we call "c 
pi ts ,"  also appea r s .  I t s  axis  of  s y m m e t r y  is o r i en t ed  45 ~ to 
t he  <110>  d i r ec t i on  de f ined  b y  t h e  b u l k  s t ack ing  faults .  
Severa l  s u c h  c p i t s  are  s h o w n  in r e l a t i onsh ip  to b u l k  
s t ack ing  fau l t s  in  Fig. 6. The  paral lel ,  ve r t i ca l  l ines  in  t h e  
f igure are g roove  ar t i facts  due  to t he  po l i sh ing  w h e e l  
u s e d  to p r e p a r e  t h e  cy l indr ica l  groove.  Th i s  n e w  c pi t  de- 
fec t  ha s  b e e n  f o u n d  to occu r  s ingly  or in  pairs ;  t h e  c p i t s  
s h o w n  in Fig. 6 are  all in  pairs .  Recen t ly ,  Ma t lock  (4) also 
n o t e d  t h e s e  n e w  defec t s  in  h i g h  c a r b o n  s i l icon wafers  
u s e d  for  p r o c e s s i n g  64K D R A M  devices .  E x t e n d e d  t i m e  
annea l s  we re  p e r f o r m e d  on  t he  low c a r b o n  s i l icon a n d  
h a v e  not ,  in  any  in s t ance ,  c rea ted  t h e  c p i t  de fec t s  ob- 
s e r v e d  on  t h e  h i g h  c a r b o n  samples .  

F i g u r e  7 is a t r a n s m i s s i o n  e l ec t ron  m i c r o g r a p h y  (TEM) 
i m a g e  of  a n  area  of  a h i g h  c a r b o n  w a f e r  c o n t a i n i n g  c pi ts  
a n d  a b u l k  s t a c k i n g  fault .  The  s t ack ing  fault ,  w h i c h  runs  
hor i zon ta l ly  ac ross  t he  p ic ture ,  a n d  severa l  of t he  45 ~ c p i t  
d i s loca t ions  are  s h o w n  in t h e  (100) s a m p l e  p lane .  T h e  
s t ack ing  faul t ,  w h i c h  lies in  t he  (111) p lane ,  def ines  t h e  
(011) p lane .  T h e  45 ~ c pi t  d i s loca t ion  can  b e  v i sua l i zed  as 

Fig. 7. TEM micrograph from an area of high carbon in silicon after 
three-step anneal, showing a stacking (horizontal across the micro- 
graph) and several c pits (diagonal across the micrograph). 

Fig. 8. TEM micrograph of four pairs of c pits in high carbon silicon 

ly ing  in t h e  (101) p l a n e  a n d  p ro jec t ed  on to  t h e  (100) p l a n e  
at  45 ~ w i t h  r e s p ec t  to t h e  p ro j ec t i on  of  t h e  s t ack ing  faul t  
on  t h e  (100) p l a n e .  F i g u r e  8 is a n o t h e r  T E M  i m a g e  of  a 
h i g h  c a r b o n  c o n t e n t  wafer  s h o w i n g  a h i g h e r  d e n s i t y  of 
t h e s e  c pits,  in  th i s  case,  four  pairs.  

S u b s e q u e n t  e x a m i n a t i o n  of t h e  h e a t - t r e a t e d  h i g h  car- 
b o n  g ro o v ed  s a m p l e s  u s i n g  a J E O L  JAMP-3  s c a n n i n g  Au- 
ger  e lec t ron  m i c r o s c o p e  h a s  r evea led  low levels  of  a t o m i c  
c a r b o n  in  t h e  u p p e r  10-20 ~ m  of  t h e  g roove  a n d  in  clear  
a reas  a r o u n d  t h e  defec t s  in  t h e  b o t t o m  of  t h e  groove.  The  
c o n c e n t r a t i o n  o f  c a r b o n  at  t h e  d i s loca t ion  sites, b o t h  c 
p i t s  a n d  b u l k  s t a c k i n g  faul ts ,  was  f o u n d  to be  f rom two to 
six t imes  g r ea t e r  t h a n  in  t h e  b u l k  of  t h e  wafer.  Typica l  
A u g e r  resu l t s  for  one  s a m p l e  are s h o w n  in  Tab le  I. This  
g e t t e r i n g  of  c a r b o n  to s inks  a n d  n e a r b y  wafe r  su r faces  
has  b e e n  p r e v i o u s l y  p r o p o s e d  (27, 37, 38), b u t  n o t  exper i -  
m e n t a l l y  verif ied,  in  CZ s ing le -c rys ta l  s i l i con  wafers  or in  
ep i tax ia l  s i l i con  films. S t a n d a r d  c a r b o n  wafers  h a v i n g  
t h e  s a m e  h e a t - t r e a t m e n t s  we re  n o t  f o u n d  b y  A u g e r  analy-  
sis to e x h i b i t  t h i s  d i f f e rence  in  c a r b o n  levels.  In  each  
case,  t h e  A u g e r  s p e c t r o m e t e r  e l ec t ron  b e a m  spo t  size was  
fo cu s ed  to a p p r o x i m a t e l y  2000A d i a m  a n d  l ine  r a s t e r ed  on  
t h e  de fec t  or b u l k  defec t - f ree  a rea  (c lear  area) ove r  a dis- 
t a n c e  of  a b o u t  1 ~m.  A r g o n  ion  s p u t t e r i n g  was  u s e d  to re- 
m o v e  su r face  c o n t a m i n a n t s  a n d  s p u t t e r  in to  t h e  defec t  or 
b u l k  clear  area.  Ana lyse s  were  m a d e  at 1 m i n  s p u t t e r  in- 
t e rva l s  to  m o n i t o r  t h e  p rog res s  of  t h e  spu t t e r ing .  T he  Au-  
ger  da t a  p r e s e n t e d  a re  for dep ths ,  g iven  in  s p u t t e r  min-  
utes ,  a t  w h i c h  no  s ign i f ican t  c h a n g e s  in  t h e  ca rbon ,  
oxygen ,  or s i l i con  levels  we re  n o t e d  over  severa l  m i n u t e s  
of spu t t e r ing .  Th i s  typ ica l ly  r a n g e d  f r o m  5 to 10 ra in  of 
spu t t e r ing .  This  was  t a k e n  to b e  t h e  p o i n t  a t  w h i c h  m o s t  
su r face  c o n t a m i n a t i o n ,  w h i c h  m i g h t  be  largely  ca rbon ,  
has  b e e n  r emoved .  1 m i n  of  s p u t t e r i n g  h a s  b e e n  empir i -  

Table I. Scanning Auger data for defects in high carbon silicon 
(data for each sample are for 6 min sputtered) 

Relative atomic percent 
Sample Carbon Oxygen Silicon 

Clear areas 
Area 1 3.3 2.0 93.8 
Area 2 6.5 3.6 88.8 

45 ~ Dislocations 
C pit 1 20.6 1.4 77.8 
C pit 2 25.1 1.6 73.2 
C pit 3 25.3 1.9 71.8 

90 ~ Dislocations 
Stacking fault 1 26.7 3.2 69.2 
Stacking fault 2 18.9 2.1 77.9 
Stacking fault 3 29.4 1.4 68.4 
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cally d e t e r m i n e d ,  for  our  sys tem,  to c o r r e s p o n d  to ap- 
p r o x i m a t e l y  150A d e p t h  in t he  s i l icon wafer .  The  Auge r  
s y s t e m  base  p r e s s u r e  before  s p u t t e r i n g  was  typica l ly  5-8 
x 10 -2~ torr,  p r e s s u r e  d u r i n g  a r g o n  ion  s p u t t e r i n g  wh i l e  
u s ing  a Kra tos  M i n i b e a m - I I  d i f fe ren t ia l ly  p u m p e d  ion  
s p u t t e r  g u n  was  a b o u t  5 x 10 -s torr ,  a n d  p r e s su re s  d u r i n g  
Auge r  ana lyses  we re  u sua l ly  f rom 1 x 10 -9 to 5 x 10 -~ 
torr.  The  t a b u l a t e d  A u g e r  da ta  are g i v e n  as typ ica l  exam-  
ples  of  t h e  da ta  o b t a i n e d  f rom mul t i p l e  s amp le s  of e a c h  
type.  

G e t t e r i n g  of Carbon  in Epi tax ia l  Si l icon 
Chemica l ly  v a p o r  d e p o s i t e d  ep i t ax ia l  s i l icon was  g r o w n  

on (100) s i l icon s u b s t r a t e s  w i th  low (< 0.1 ppm),  n o r m a l  
(< 0.5 ppm) ,  a n d  h i g h  (> 1.0 p p m )  c a r b o n  c o n c e n t r a t i o n s  
in  t he  b u l k  crystal .  Ep i t axy  was also g r o w n  on n o r m a l  
c a r b o n  c o n c e n t r a t i o n  subs t r a t e s  w i t h  k n o w n  c a r b o n  sur-  
face c o n t a m i n a t i o n  ( f rom t h e  s u b s t r a t e  ho lder )  in  specific 
a reas  of  t he  wafer ,  as wel l  as on  h i g h  c a r b o n  subs t ra tes .  I n  
al l  cases  of  ep i t ax ia l  s i l icon over  a reas  of h i g h  carbon,  
d e f e c t - d e n u d e d  reg ions  we re  o b s e r v e d  a r o u n d  s t ack ing  
faul ts  in  t he  ep i t ax ia l  film. F igure  9 is a p h a s e  con t r a s t  
p h o t o g r a p h  of s u c h  a r eg ion  w h i c h  shows  t he  d e n u d i n g  
or ge t t e r i ng  effect  of  d a m a g e  a r o u n d  t he  s t ack ing  faul t  in  
the  ep i tax ia l  fi lm on  a h i g h  c a r b o n  wafer .  This  d e n u d a -  
t ion  occurs  as a r e su l t  of  t he  ep i tax ia l  depos i t i on  p rocess  
only; no  f u r t h e r  h e a t 4 r e a t m e n t s  or su r face  t r e a t m e n t s  
were  n e c e s s a r y  to o b s e r v e  th is  p h e n o m e n o n .  Large  dislo- 
ca t ions ,  w i th  p rec ip i t a tes ,  are o b s e r v e d  at  t he  corners  of 
t he  s t ack ing  fault .  A u g e r  ana lyses  of  t he  co rne r s  of t h e  
s t ack ing  fault ,  a c lear  d e n u d e d  a rea  a r o u n d  the  s t ack ing  
fault,  a n d  a c lear  area away  f rom the  s t ack ing  faul t  
s h o w e d  t he  p rec ip i t a t e s  to c o n t a i n  a h i g h  c o n c e n t r a t i o n  
of ca rbon ,  w i t h  m u c h  less c a r b o n  b e i n g  o b s e r v a b l e  in  the  
c lear  areas.  H e a v y  meta ls ,  w h i c h  are  also e x p e c t e d  to b e  
assoc ia ted  w i t h  t h e s e  co rne r  p rec ip i t a tes ,  a n d  t h e  
d e n u d i n g  r eg ion  we re  no t  o b s e r v e d  by  Auger ,  p r o b a b l y  
b e c a u s e  of t h e  0.5% or h i g h e r  d e t e c t i o n  l imi t s  of  s c a n n i n g  
A u g e r  s p e c t r o s c o p y  for  s u c h  metals .  S l igh t ly  h i g h e r  car- 
b o n  was  o b s e r v e d  for  a c lear  area a w a y  f rom the  s t ack ing  
faul t  as c o m p a r e d  to t he  c lear  d e n u d e d  area  n e a r  t h e  
s t ack ing  fault.  T h e s e  areas  are  d e s i g n a t e d  A, B, a n d  C in  
Fig. 9, a n d  t he  A u g e r  da ta  for  t he se  a reas  are  s u m m a r i z e d  
in Table  II. A n o t h e r  e x a m p l e  of  th i s  g e t t e r i n g  p rocess  in  
ep i tax ia l  f i lms is s h o w n  in Fig. 10. S c a n n i n g  A u g e r  analy-  
sis r e su l t s  for t h e  area  of  one  of  t h e  s t a c k i n g  faul ts  in  Fig. 
10 s h o w e d  l i t t l e  or no  c a r b o n  in t he  zone  a r o u n d  t h e  
s t ack ing  faul t  as c o m p a r e d  to 20% or m o r e  c a r b o n  in t h e  
s t ack ing  fault.  A u g e r  ana lyses  of t h e  defec ts  a r o u n d  t h e  
clear  d e n u d e d  a rea  a n d  c lear  areas  a r o u n d  those  defec ts  
r evea led  no  m e a s u r a b l e  d i f fe rences  in  c a r b o n  levels  be- 
t w e e n  t h e s e  two  areas.  F igu re  11 is a n  opt ica l  p h a s e  con-  

Table II. Scanning Auger data for epitaxial stacking fault 
areas on high carbon silicon shown in Fig. 9 

(data for each sample are for 10 min sputtered) 

Relative atomic percent 
Sample Carbon Oxygen Silicon 

Area A 
Corner 1 22.5 0.6 76.7 
Corner 2 23.2 2.1 74.7 

Area B 
Run 1 3.2 2.4 94.4 
Run 2 2.9 1.8 95.5 

Area C 
Run 1 9.3 5.7 85.0 
Run 2 10.9 3.1 86.0 

t r a s t  p h o t o g r a p h  of a c leaved  cross  sec t ion  of a hea t -  
t r e a t ed  ep i t ax ia l  fi lm on  a h i g h  c a r b o n  subs t ra te .  The  
c l eaved  s a m p l e  was  W r i g h t - J e n k i n s  e t ched ,  b u t  was  no t  
po l i shed .  I t  c lear ly  shows  a typ ica l  o x y g e n  p rec ip i t a t i on  
d e n u d e d  r eg ion  b e n e a t h  t h e  j u n c t i o n  of t h e  ep i tax ia l  
layer;  t h e  su r face  i t se l f  does  show a n u m b e r  of defects .  
T h e  d e n u d e d  reg ion  in t h e  s a m p l e  is a b o u t  20 ~ m  deep.  

Discussion 
In te r s t i t i a l  o x y g e n  m e a s u r e m e n t s  i nd i ca t e  less t h a n  2 

p p m  to ta l  c h a n g e  in oxygen  c o n c e n t r a t i o n  d u r i n g  t h e  
1100 ~ a n d  650~ a n n e a l  wi th  usua l ly  a 15-25 p p m  reduc-  

Fig. 10. Epitaxial stacking faults on high carbon silicon showing de- 
nuded areas due to the epitaxial CVD processing only. 

Fig. 9. Epitaxial stacking fault area with (A) dislocation precipita- 
tion, (B) denuded area, and (C) high defect area on high carbon sili- 
con due to the epitaxial CVD processing only. 

Fig. 11. Cleaved cross section of epitaxial layer on high carbon sili- 
con following the three-step anneal showing the denuded region be- 
neath the epitaxial interface. The denuded zone is approximately 20 
/~m deep. 
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tion in oxygen concentrat ion during the final 1000~ an- 
neal. The initial intersti t ial  oxygen concentration of all 
samples ranged from about  24 to 32 ppm. Significant 
changes in substi tut ional  carbon levels occurred only 
during the 1000~ growth cycle. 

Gosele and Tan have speculated on the coprecipitation 
of carbon and self-interstitials to enhance the diffusivity 
of carbon in silicon (39). They have concluded that carbon 
either migrates rapidly via a complex involving an intrin- 
sic point  defect (I) or has a fast diffusing component  via 
intersti t ial  carbon (C1). The two methods are il lustrated as 
follows, where Cs is substi tutional carbon 

Cs + I ~ CsI 
and 

Cs + I (-> Ci 

This association of carbon atoms with self-interstitials 
leads to nuclei  for microdefect  formation; hence, the in- 
fluence of carbon would depend upon the concentration 
of self-interstitials present.  New donors created in CZ sili- 
con at 650~ are considered to be oxygen precipitates 
with nuclei provided by  carbon. Tajima et al. (40) have 
shown that  the densi ty of new donors can be affected by  
either high carbon concentrations or ex tended 470~ an- 
neal cycles which precede a 650~ anneal. Thus oxygen 
precipitat ion is governed by the thermal  history of the 
wafers, and knowledge of the thermal  behavior of micro- 
defects at lower temperatures  is indispensable  if one is to 
unders tand the complete system of nucleation and 
growth of defects (41). Also, the control of carbon concen- 
trat ion in silicon will be necessary to achieve proper  con- 
trol and unders tanding of oxygen precipi tat ion and get- 
tering. 
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ABSTRACT 

This paper describes the design of a proximity effect test structure and electrical test method for estimating the 
magnitude of proximity effects in electron-beam lithography. The test structure consists of a van der Pauw cross resis- 
tor for measuring sheet resistance, a bridge resistor for measuring electrical linewidth, and a second bridge resistor 
simulating a close line-space environment  for measuring electrical linewidth where proximity exposure effects from 
nearby patterns may be encountered. In this experiment, test structures were delineated in aluminum on silicon wafers 
using electron-beam exposure and wet chemical etching. Electrical measurements from these test structures are com- 
pared to optical measurements to verify the measurement method. In addition, results from the test structures are used 
to estimate the parameters for the gaussian model commonly used for proximity correction. 

Proximity effects in electron-beam (E-beam) lithogra- 
phy are the additional exposure in the resist due to elec- 
tron scattering in regions not addressed by the electron 
beam (1-3). This scattering of electrons in the resist and 
substrate will affect the dimensions of the pattern and ad- 
ditional patterns in close proximity to that being exposed. 
In both cases, linewidth control for fine-line patterns 
with high packing density will deteriorate. The magni- 
tude of proximity effects in the exposed resist depends 
on the beam voltage, beam diameter, resist material, re- 
sist thickness, and substrate material. In general, for 
linewidth and line-to-line spacings of less than 2 t~m, 
proximity effects can have significant effect on the re- 
sultant l inewidths (4, 5). 

Theoretical models and Monte Carlo simulations are 
the basis for much of the understanding of proximity ef- 
fects and for predicting the magnitude of these effects on 
linewidth control (6, 7). However, detailed experimental 
data for comparison to calculated values are limited by 
time and by the complexity of obtaining accurate 
linewidth measurements of resist profiles on wafer. 

This paper describes an electrical technique for deter- 
mining the magnitude of proximity exposure on line- 
width control. An electrical test structure and a test 
method were developed for the rapid and precise deter- 
mination of linewidth of an E-beam-exposed pattern from 
samples simulating a dense line-space environment. Elec- 
trical linewidth measurements were compared to optical 
linewidth measurements  to verify the magnitude of the 
proximity effects. In addition, a practical application for 
the measurements  from the test s tructure for proximity 
correction was investigated. 

Proximity Effect Test Structure 
The proximity effect test structure (PETS) is an exten- 

sion of the cross-bridge sheet resistor (8). A PETS, shown 
in Fig. 1, consists of a van der Pauw cross resistor, an up- 
per bridge resistor, and a lower bridge resistor with prox- 
imity inducing bars of width T separated from the bridge 
resistor at a spacing S. The cross-bridge resistor allows 
electrical measurements of the linewidth of a conducting 
layer and is sensitive to small variations in linewidth (9). 
Hence, the PETS allows for the electrical measurement  of 
linewidth differences between bridge resistors with and 
without proximity inducing bars. This linewidth differ- 
ence is the result of proximity effects from electron scat- 
tering registered in the resist of the lower bridge. 

The PETS can be tested electrically to determine sheet 
resistance (Rs), top linewidth (Wt), and bottom linewidth 
(Wb). Sheet resistance of the conducting layer is deter- 

*Electrochemical S o c i e t y  A c t i v e  M e m b e r .  

mined at the cross resistor connected to probe pads 2, 3, 
7, and 8. Current Ic is forced between two probe pads, and 
voltage drop Vc is measured at the other two probe pads. 
R~ is calculated by the van der Pauw method (10) where 

Rs = (~/ln 2)(Vc/Ic) [1] 

Wt is determined at the upper bridge resistor 

Wt ~= RsLt(IJVt) [2] 

where Vt is the voltage drop measured at probe pads 1 
and 2 for a current Io forced between probe pads 9 and 4. 
L t is the center-to-center design length of the top bridge 
resistor. Similarly, Wb is determined at the lower bridge 
resistor 

Wb = RsLb(IJVb) [3] 

~80pm~ 

Lt 

W b - -  

J wt 
I= 

~ 7 

Fig. 1. Proximity effect test structures 
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w h e r e  Vb is t h e  vo l t age  d rop  m e a s u r e d  b e t w e e n  p r o b e  
p a d s  7 a n d  6 for  Io fo rced  b e t w e e n  p r o b e  p a d s  9 a n d  4. Lb 
is the  cen t e r - t o - cen t e r  d e s i g n  l e n g t h  of t he  b o t t o m  b r idge  
res is tor .  

To m i n i m i z e  d i f f e r ences  in  t he  e lec t r ica l  m e a s u r e m e n t  
due  t o  v a r i a t i o n s  in  t h e  c u r r e n t  supp ly ,  Vt a n d  Vb are  mea-  
s u r e d  for the  s a m e  c u r r e n t  Io fo rced  b e t w e e n  p r o b e  pads  4 
a n d  9. A s s u m i n g  t h a t  Lt = Lb a n d  t h a t  the  u p p e r  a n d  
lower  l i n e w i d t h s  do no t  va ry  over  t h e  d i s t ance  s epa ra t i ng  
the  two br idges ,  Wb is equa l  to Wt. Di f fe rences  b e t w e e n  
the  two  l ines  are  t h e  r e su l t  of  t h e  p r e s e n c e  of  t he  p rox im-  
ity i n d u c i n g  bars .  M a g n i t u d e  of  th i s  d i f f e rence  is 

hW = Wb - Wt [4] 

For  prac t ica l  t e s t  s t r u c t u r e  des ign,  a sma l l  co r rec t ion  to 
hW is n e c e s s a r y  b e c a u s e  t he  l e n g t h  of  t h e  p r o x i m i t y  in- 
d u c i n g  ba r s  is a lways  less t h a n  Lb. As s h o w n  in Fig. 2, t h e  
l eng th ,  A, of  t h e  r i gh t  s ide of  t he  p r o x i m i t y  i n d u c i n g  b a r  
m u s t  b e  less  t h a n  Lb to avo id  s h o r t i n g  t he  taps  to t h e  
p r o b e  pads.  To ca lcu la te  t he  cor rec t  hW, le t  Rb, t he  resist-  
ance  of  t he  l ower  br idge ,  be  

Rb = Vb/Io = (R1 + R2) [5] 

w h e r e  t h e  s u m  (R1 + R2) is t he  to ta l  r e s i s t a n c e  b e t w e e n  
t he  mid l ines  of t h e  two vo l tage  taps.  I n  t e r m s  of shee t  re- 
s i s t ance  Rs, t he  r e s i s t a n c e s  R1 a n d  R2 are  

R1 = R ~ A / ( W  + h W )  [6] 

R2 = Rs(Lb - A ) / W  [7] 

w h e r e  W is t h e  w i d t h  w i t h o u t  p r o x i m i t y  effects.  A s s u m -  
ing W = W~, c o m b i n i n g  Eq. [6] a n d  [7] in to  Eq.  [5] a n d  
so lv ing  for  hW 

A 
~W = - Wt [8] 

Rb Lb - A 

R~ Wt 

Note  tha t ,  i f  A = Lb, Eq. [8] is i den t i ca l  to Eq. [4]. 
As t h e  space  S b e t w e e n  t he  b r i d g e  res i s to r  a n d  t h e  

p r o x i m i t y  i n d u c i n g  ba r s  d imin i shes ,  p r o x i m i t y  effects  as 
wel l  as p rocess  v a r i a t i o n s  can  lead to t h e  i n c o m p l e t e  reso- 
l u t i on  of  t h e s e  l ine  pairs ,  r e su l t i ng  in b r i d g i n g  b e t w e e n  
t he  ba r s  a n d  t h e  b r idge  res is tor .  To iden t i fy  a n d  e x c l u d e  
t he se  fau l ty  s t ruc tu re s ,  an  e lect r ica l  c o n t i n u i t y  tes t  be- 
t w e e n  p r o b e  p a d s  5 a n d  7 is c o n d u c t e d  p r io r  to any  
m e a s u r e m e n t s .  

Exper iment  
A n  e v a l u a t i o n  of t he  p e r f o r m a n c e  of  t he  tes t  s t r u c t u r e  

a n d  t e s t  m e t h o d  was  c o n d u c t e d  w i t h  t he  des ign ,  fabr ica-  
t ion,  a n d  m e a s u r e m e n t s  on  tes t  s amples .  A t e s t  ch ip  was  
d e v e l o p e d  for f a b r i c a t i o n  by  an  E - b e a m  sys tem.  Six  
P E T S  h a v i n g  a s ingle  p r o x i m i t y  i n d u c i n g  ba r  (left) w i t h  
d r a w n  l ine- to- l ine  s p a c i n g s  (S) of  1, 1.5, 2, 2.5, 3, a n d  4 / z m  
a n d  five P E T S  w i t h  two p r o x i m i t y  ba r s  (one  o n  each  
side) w i th  s p a c i n g s  of 1, 1.5, 2, 2.5, a n d  3 ~ m  were  in- 
c l u d e d  on  t he  t e s t  chip.  A con t ro l  s t r u c t u r e  w i th  no  prox-  
imi ty  ba r  was  i n c l u d e d  for e s t a b l i s h i n g  t he  accu racy  a n d  
p rec i s i on  of  t h e  m e a s u r e m e n t  t e c h n i q u e .  D e s i g n  d i m e n -  
s ions  are for  Wt = W~ = 5 t tm, Lb = L~ = 200 t~m, T = 2/~m, 
a n d  A = 190/zm. 

A 50 m m  d i a m  s i l icon wafe r  was  t h e r m a l l y  ox id ized  to 
ob ta in  a n  ox ide  t h i c k n e s s  of  500 nm.  A l u m i n u m  was t h e n  

' R 2 / 2  
.1 i1 

I 

A �9 

&W / 2 

I 
I 

I- 
Lb 

Fig. 2. Correction for AW 
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e v a p o r a t e d  on to  t he  wafe r  to a t h i c k n e s s  of 220 nm.  The  
wafer  was  t h e n  coa t ed  w i t h  a p p r o x i m a t e l y  400 n m  of  a 
pos i t ive  resis t ,  AZ1350J ,  a n d  b a k e d  at  90~ for 30 rain.  A 
c o m m e r c i a l  v e c t o r - s c a n  E - b e a m  s y s t e m  e x p o s e d  a 5 x 5 
ar ray  of  t he  t e s t  ch ip  on  t he  wafer .  O p e r a t i n g  c o n d i t i o n s  
w i t h  t he  g a u s s i a n  b e a m  s y s t e m  were  20 keV b e a m  volt-  
age, 0.2 /zm b e a m  d iamete r ,  10 n A  b e a m  cur ren t ,  a n d  a 
va ry ing  dwel l  t i m e  d e p e n d i n g  on  t he  f ea tu re  sizes. 

Af te r  exposu re ,  t he  res is t  was flood e x p o s e d  w i th  U V  
for 30s a n d  t h e n  deve loped .  A nega t i ve  i m a g e  p a t t e r n  of  
t he  E - b e a m  e x p o s u r e  can  b e  o b t a i n e d  u s i n g  th i s  tech-  
n i q u e  (11). F ina l  p a t t e r n s  we re  d e l i n e a t e d  in  t he  a lumi-  
n u m  by  we t  c h e m i c a l  e tch ing .  

M e a s u r e m e n t s  were  o b t a i n e d  u s i n g  a c o m p u t e r - c o n -  
t ro l led  wafe r  p r o b e r  a n d  dc p a r a m e t r i c  t e s t  sys tem.  The  
tes t  s y s t e m  i n c l u d e d  a digi ta l  c u r r e n t  s o u r c e  w i th  micro-  
a m p e r e  r e s o l u t i o n  a n d  a digi tal  v o l t m e t e r  w i th  m i c r o v o l t  
reso lu t ion .  Typ ica l  m e a s u r e m e n t  t i m e  for  e ach  P E T S  is 
4s. P r e c i s i o n  of t h e  t e s t  s y s t e m  for  m e a s u r i n g  n o m i n a l  
5/~m l i n e w i d t h  was  d e t e r m i n e d  to b e  b e t t e r  t h a n  0.002 
~ m  (1~) b a s e d  u p o n  60 r e p e a t e d  m e a s u r e m e n t s  of  one  
c ross -br idge  t e s t  s t ruc tu re .  

Results 
E x p e r i m e n t a l  r e su l t s  are s u m m a r i z e d  in Tab le  I. E a c h  

va lue  is an  ave r age  of  25 m e a s u r e m e n t s  on  a wafer.  The  
m a x i m u m  s t a n d a r d  dev ia t ion  is less t h a n  or equa l  to 0.06 
/~m. The  ave rage  s h e e t  r e s i s t a n c e  a n d  l i n e w i d t h  (w i thou t  
p rox imi ty )  across  t he  wafe r  are  0.156 ~ / ~  a n d  3.71/zm, re- 
spect ively .  The  m a g n i t u d e  of  p r o x i m i t y  effects  as a func-  
t ion  of S for  t h e  two-s ided  P E T S  a n d  t h e  one - s ided  P E T S  
are s h o w n  in rows  1 a n d  2, respec t ive ly .  As expec ted ,  t he  
m a g n i t u d e  of  p r o x i m i t y  effects  c o r r e s p o n d i n g  to t he  
smal l e s t  s p a c i n g  is largest .  These  r e su l t s  are in  qua l i t a t ive  
a g r e e m e n t  w i t h  t h a t  e x p e c t e d  f rom the  e x p o s u r e  of  pho-  
to sens i t i ve  ma te r i a l s  h a v i n g  a f ini te  e x p o s u r e  th re sho ld .  
Also, t he  ave rage  hW as m e a s u r e d  f r o m  the  two-s ided  
P E T S  is twice  t h a t  f r om the  s ing le - s ided  P E T S ,  as w o u l d  
be  expec ted .  The  ave rage  l i n e w i d t h  d i f f e rences  for t he  
" c o n t r o l "  s t r u c t u r e  is zero. This  a s su res  t h a t  sys t ema t i c  
spa t ia l  n o n u n i f o r m i t i e s  are  no t  r e s p o n s i b l e  for t he  mea-  
s u r e d  l i n e w i d t h  d i f fe rences .  S imi la r  r e su l t s  h a v e  b e e n  ob- 
t a i n e d  f rom o t h e r  wafe rs  u s ing  a n o t h e r  E - b e a m  s y s t e m  
a n d  process .  

In  o rder  to ver i fy  the  m a g n i t u d e  of t h e  e lec t r ica l ly  mea-  
su red  va lues ,  op t ica l  l i n e w i d t h  m e a s u r e m e n t s  were  per- 
f o r m e d  on  one  ch ip  in  the  c e n t e r  of t he  wafer .  The  opt ica l  
m e a s u r e m e n t  s y s t e m  u s e d  was  a br igh t - f ie ld  inc iden t -  
l igh t  i m a g e  s c a n n i n g  opt ica l  m i c r o s c o p e  e m p l o y i n g  a 
1.4W k r y p t o n  ion  lase r  i l l u m i n a t i o n  sou rce  at  a wave-  
l e n g t h  of 530 n m  (12). This  s y s t e m  i l l u m i n a t e s  a 30-50 t~m 
rad ius  area,  w h i c h  in  t u r n  is i m a g e d  on to  a s t a t i o n a r y  
s c a n n i n g  slit. The  u p p e r  a n d  lower  b r i d g e  res i s to r  w i d t h s  
for a set  of  t w o - s i d e d  P E T S  wi th  s p a c i n g s  of 1.5, 2, 2.5, 
a n d  3 /zm were  m e a s u r e d  optical ly.  The  l i n e w i d t h  differ- 
ence  b e t w e e n  t he  u p p e r  a n d  lower  b r idge  res i s to rs  f rom 
opt ica l  m e a s u r e m e n t s  on  each  dev ice  a n d  t he  c o r r e s p o n d -  

Table I. AW measured for the proximity effect test structures 

2 - b a r  
(pro) 
1 -ba r  
(pm) 

Spacing (pm) 

1.5 2 .0  2 .5  3 .0  

0 . 5 8  0 . 3 5  0 .21  0 . 1 1  

0 . 2 7  0 . 1 7  0 . 1 1  0 . 0 6  

Control - 0 . 0  _ 0 . 0 4  pm o = 0 . 0 6  pm 

N = 2 5  
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Table II. Comparison of hW between optical and electrical 

Optical 
(pm) 

Electrical 
(pm) 

measurements 

Spacing (pm) 
1.5 2.0 2.5 3.0 

0.68 0.48 0.22 0.12 

0.62 0.41 0.23 0.10 

Y 

~ X  

ing electr ical  l inewid th  dif ferences  are shown in Table  II. 
The  resul ts  of  the  compar i son  are  in suff icient  quanti ta-  
t ive ag reemen t  (within one s tandard  devia t ion  of the  elec- 
trical measurement s )  to ver i fy  the  magn i tude  of the  prox-  
imi ty  effects measu red  electrically.  

Proximity Correction 
An electr ical  test  s t ructure  can also serve  as a tool for 

de te rmin ing  inputs  to compu te r  p rograms  to correct  for 
p rox imi ty  effects  dur ing  E-beam writ ing.  Compu te r  pro- 
grams have been  deve loped  based upon  the two-gaussian 
p rox imi ty  func t ion  (4) def ined as 

f(r) = C1 exp  (-r'2/S, 2) + C2 exp  (-r2/$22) [9] 

where  r is the  d is tance  f rom the  center  of  an e lectron 
beam, and C1, C2, $I, and S~ are gauss ian  parameters .  The  
first t e rm of  the  func t ion  models  the  forward-scat tered 
e lect rons  and the  second t e rm models  the  back-scat tered 
electrons.  This p rox imi ty  funct ion  represen ts  the expo-  
sure intensi ty  d is t r ibut ion  in the  resist  due  to a beam of 
e lect rons  inc iden t  at r = 0. Monte  Carlo s imulat ions  of  
E-beam exposure  have  shown that  the  gaussian mode l  
serves as a good approx ima t ion  for the  back-scat tered 
e lec t ron d is t r ibut ion  f rom the  si l icon substra te  (13). How- 
ever, the de te rmina t ion  of  the  gauss ian  parameters  for 
vary ing  process  condi t ions  remains  a difficulty for this 
model .  A n u m b e r  of t echn iques  for acqui r ing  the  gauss- 
ian paramete rs  have  been  p roposed  (14-16). They requi re  
microscopic  inspec t ions  and an unavo idab le  degree  of  
subject ive  j u d g m e n t  regard ing  exposure  and develop-  
ment .  An  a l te rna t ive  m e t h o d  for de t e rmin ing  the  gauss- 
Jan paramete rs  based upon  electr ical  data  f rom the test  
s t ructures  is n o w  descr ibed.  

The  me thod  can be  used  to obta in  an o p t i m u m  set of  
gaussian pa ramete r s  f rom a least  squares  search by 
compar ing  the calcula ted results  f rom the  mode l  to the  
measu red  resul ts  f rom the  PETS.  First,  an initial es t imate  
of  the  gaussian paramete rs  based u p o n  pub l i shed  data 
and the  k n o w l e d g e  of the materials  and process  condi-  
t ions is made.  With these  parameters  and the gaussian 
m o d e l  (Eq. [9]), the  exposure  in tens i ty  d is t r ibut ion  or 
dose in the  resis t  at po in t  p due  to the  area exposure  of  A1 
and A2, as shown  in Fig. 3, can be de te rmined .  A1 repre- 
sents a ~or t ion of  the  br idge  resistor  and A2 represents  a 
por t ion  of  the  p rox imi ty  bar. The dose at po in t  p is the  
cumula t ive  effect  of  exposure  of  A1 and A2 and can be 
calculated as 

D o s e ( p ) =  ~ ff(r) dA, [10] 

The  integral  of  f(r) can be app rox ima ted  by error  func- 
t ions fol lowing the  approach  out l ined in Ref. (17). The  re- 
g ion of  in teres t  is be tween  the br idge  and the  p rox imi ty  
bar  where  e lec t ron  scat ter ing dur ing  exposures  of the  
p rox imi ty  bar will  shift  the  pa t te rned  br idge  edge. Using 
Eq. [10], the  dose as a func t ion  of  posi t ion along the  X 
axis as wel l  as for di f ferent  spacings of  the  p rox imi ty  bar  
can be  calculated.  

F igure  4 shows an e x a m p l e  of  a plot  of  the  exposure  in- 
tens i ty  d is t r ibu t ion  curve  for the  four  spacings of the  
p rox imi ty  bar  (S = 1.5, 2, 2.5, and 3 t~m). In  addit ion,  the 

2 

Dose (p) = Z f f(r)dAi 
i = 1  

Fig. 3 Exposed pattern or geometry 

exposure  in tens i ty  d is t r ibut ion  curve  cor responding  to an 
isolated l ine wi th  no p rox imi ty  bar  is also shown. As 
w o u l d  be expec ted ,  the  presence  of  a p rox imi ty  bar in- 
creases the total  exposu re  rece ived  in the  br idge  resistor. 
In  effect,  the  br idge  edges  shift to the  r ight  by a small  
a m o u n t  for a g iven  exposure  level.  

S ince  the m e a s u r e d  data were  ob ta ined  f rom deve loped  
resist  and e t ched  wafers,  the effect  of  resist  d e v e l o p m e n t  
on this mode l  mus t  be considered.  As descr ibed  earlier, 
the  AZ  resist  was p rocessed  to p rov ide  a nega t ive  image  
of the  exposed  pattern.  Thus,  fo l lowing deve lopment ,  re- 
sist area not  exposed  to the e lec t ron b e a m  is removed.  
Using the  th resho ld  energy  dens i ty  mode l  (6), the  devel- 
oped image  in t he  resist  can be de t e rmined  given the 
threshold  ene rgy  dens i ty  or critical dose,  De. The est ima- 
t ion of  Dc will  be descr ibed  shortly. Because  all the  ex- 
posed  pat terns on a wafer  were  deve loped  at the  same 
time, the  va lue  of  Dc is the  same for differer{t spacings  of  
the  p rox imi ty  bar  and can be used  to ext rapola te  the pre- 
dic ted shift  in the  br idge  edge  f rom the  exposure  inten- 
sity d is t r ibut ion  curves.  F igure  5 is an expans ion  of  Fig. 4 
a round the  br idge  edge  to i l lustrate h o w  the  br idge  edges 
(Xs) are de te rmined  for the  different  spacings.  To briefly 
summarize ,  wi th  an initial set  of  gauss ian  parameters ,  the  
gaussian mode l  was used  to calculate  the  exposure  inten- 
sity d is t r ibut ion  curves  for the exposed  pat terns  as a 
func t ion  of the  spacing of  the  p rox imi ty  bars. F r o m  these  
curves  and an es t imate  of  De, the  m a g n i t u d e  of  p rox imi ty  
effects for d i f ferent  spacings  of  the  p rox imi ty  bars can be  
de termined .  

As shown in Fig. 5, De is de t e rmined  as the  in tersect ion 
of  the  point  X~ to the  exposure  in tens i ty  curve  with no 

10 I 1 I I 
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0.0  1.0 2.0 3.0 4 .0  5.0 
DISTANCE FROM CENTER OF RESISTOR (microns) 

Fig. 4. Exposure intensity distribution curves for different spacings 
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~x~ / S = I . 5  pm 

Dc " S = 2  ~ S = 2 . 5  

D O S E  S - - 3  

J ~ x  
I 

X 1 . 5  

C E N T E R  OF R E S I S T O R  

dose for exposure 
Fig. 5. Electron dose distribution as a function of spacing of proxim- 

ity strips. 

X3  X2 

Xc X 2 . 5  

D I S T A N C E  F R O M  

D c - C r i t i c a l  

proximity bar. Xc is the location of the right edge of the 
bridge resistor following resist development.  Xr was esti- 
mated to be 1.85 tzm from the center of the bridge resistor 
based upon the averaged measured electrical linewidth 
with no proximity bar. Because of the uncertainty intro- 
duced by the wafer etching process on this estimate, 
small variations about this estimate were considered and 
are described below. Also, since the initial set of gaussian 
parameters is an estimate, other sets of parameters which 
are independent  small variations of each of the initial pa- 
rameters are also used to calculate the curves. In this ex- 
periment, 625 sets of gaussian parameters were used to 
determine the values of the Xs for the different spacings. 

In the least squares search, the criterion fo r  determin- 
ing the opt imum set of parameters is that set which mini- 
mizes the least squares error (LSE). LSE is defined as 

where 

LSE(X~) = ~ (hW~ - hXs) -~ [11] 
s 

S = 1.5, 2, 2.5, 3 tzm 

Xc = 1.85 -+_ m(0.05) t~m 

m = 0 , 1 , 2  

where AW~ is the measured results from the PETS, 5Xs is 
the calculated data from the exposure intensity curves 
and is defined as (Xs - Xc), and S denotes the spacings of 
the proximity bar. As mentioned earlier, due to the uncer- 
tainty introduction by the wet etching process, Xc is 
varied about the initial value of 1.85 t~m in 0.05 tLm steps. 
Equation [11] thus solves for the LSE values for each of 
the 625 sets of gaussian parameters and for each of the 
five values of Xc for each set of gaussian parameters. The 
set of gaussian parameters that resulted in the minimum 
least squares error for the exposure and development 
conditions used in this experiment  is C1 = 0.637, C~ = 

0.242, S~ = 0.277, and $2 = 2.332 at Xc = 1.85 ~m. The value 
of Xc determined by this method is in agreement with 
that previously obtained from independent  electrical 
measurements.  The average minimum LSE value ob- 
tained from these calculations was 0.008 t~m. Both the 
magnitude of the LSE value and the close agreement be- 
tween the calculated and measured Xr values indicate 
that the gaussian parameters extracted from this proce- 
dure are sufficient to model the proximity effects for the 
process described. 

Conclusion 
The proximity effect test structure provides a rapid and 

precise method for measuring the magnitude of proxim- 
ity effects due to electron scattering in the course of 
direct-write E-beam lithography. This electrical measure- 
ment  technique provides an alternative to optical mea- 
surements for determining effective linewidth in a dense 
circuit environment  and for evaluation of proximity cor- 
rection algorithms. The results from the test structure can 
also be used to determine the gaussian parameters for 
proximity correction. 
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ABSTRACT 

Formation of phosphorus-diffused layers using spin-on phosphosilicate glass (SOPSG) source and rapid isothermal 
halogen lamp annealing (HLA) were investigated with respect to sheet resistivities, junction depths, carrier concentra- 
tions, and contact resistances. Higher HLA temperature and SOPSG phosphorus weight percent results in lower aver- 
age resistivities (sheet resistivity x junction depth). With a 1205~ 2s HLA using 37.5 w/o SOPSG, a shallow junction 
(junction depth = 0.23 ~m) with low resistivity (37.7 ~/[3) was achieved. Carrier concentration profiles of phosphorus- 
diffused la~:ers formed by 1205~ HLA using 37.5 w/o SOPSG have very abrupt shapes and can be expressed by a func- 
tion ofx/Vt, where x is the depth and t is the HLA soak time. They have almost the same maximum carrier concentra- 
tion and the same contact resistance as the phosphorus-doped layer formed by ~'P ion implantation and HLA. 

We have been studying the application of halogen lamp 
annealing (HLA) technologies (1-5) to VLSI fabrication 
processing. The scaling down of electronic device dimen- 
sions requires shallower junctions and lower sheet 
resistivities. In order to achieve these, ion implantation 
technology and predeposition solid-state diffusion tech- 
nology have been most frequently employed in the VLSI 
fabrication processing. Formation of phosphorus-diffused 
layers using spin-on phosphosilicate glass (SOPSG) 
source and halogen lamp rapid isothermal processing is a 
new solid-state diffusion technology (6-8). From a practi- 
cal viewpoint, this diffusion technology has advantages 
due to the low cost fabrication equipment  and simple 
cassette-to-cassette single wafer processing. The predepo- 
sition solid-state diffusion excludes the enhance diffusion 
which seems to take place during the initial portion of the 
rapid heating of ion-implanted silicon yet leaves the ma- 
trix free of extended effects (9). This paper describes the 
basic characteristics of the predeposition solid-state phos- 
phorus diffusion technology using SOPSG and HLA, 
such as sheet resistivities, junction depths, carrier con- 
centrations, and A1 [2 weight percent (w/o)]Si-N-type sili- 
con contact resistances. 

Experimental Procedure 
Czochralski-grown P-type silicon crystals of (100) orien- 

tation, 6-9 ~2-cm, were used for the experiments.  The 4-in.- 
diam wafers were chemically and mechanically polished 
on one side. The wafers were dipped in dilute HF solution 
to remove the native oxide and were 3500 rpm spin 
coated with 1500~ phosphosilicate glass using OCD.' 
After having baked the wafers at 250~ for 60 rain, they 
were heated for a few seconds using halogen lamps in ni- 
trogen gas at atmospheric pressure. A 1205~ 6s soak 
time HLA was carried out using 4.5, 9.0, 16.5, or 37.5 w/o 
SOPSG. Also, a 1205~ 2, 6, 15, or 30s soak time HLA was 
carried out using 37.5 w/o SOPSG. The temperatures of 
HLA's were measured by a Chromel-Alumel thermocou- 
ple attached to the bottom surface of the wafer. The rise 
times of HLA's were 6s throughout this study. Sheet re- 
sistivities were measured by means of the four-probe 
method. Junct ion depths and carrier concentration 
profiles were obtained by the spreading resistance 
method. Contact resistances were measured by four- 
terminal test structure (10), which allows a direct kelvin 
measurement  of interfacial contact resistance. 

Results and Discussion 
Figure 1 shows the junction depths and sheet resistiv- 

ities of phosphorus-diffused layers which were formed by 
the new diffusion technology as a function of phosphorus 
weight percent [P2Os/(SiO2 + P.20~)] of the spin-on 
phosphosilicate glass (SOPSG). A 1205~ 6s halogen 

OCD is spin-on glass made by Tokyo Ohka Kogyo Company, 
Limited. 

lamp rapid isothermal processing (HLA) was carried out 
as shown in Fig. 1. To obtain a slip line free mass pro- 
duced wafer, about 1200~ is the maximum temperature 
(3) of halogen lamp rapid isothermal processing which 
can be allowed. The sheet resistivities and junction 
depths depend much on the phosphorus weight percent 
of SOPSG. As the phosphorus weight percent increases, 
the sheet resistivities decrease and junction depths in- 
crease. The higher phosphorus weight percent SOPSG 
also results in a lower average resistivity (11) (sheet resis- 
tivity x junction depth), and a min imum average resistiv- 
ity of 867 ~2-cm is achieved at 37.5 w/o phosphorus. 

Figure 2 shows the sheet resistivities and junction 
depths of the phosphorus-diffused layers as a function of 
HLA temperature for a soak time of 6s and a phosphorus 
weight percent SOPSG of 37.5. Figure 2 determines the 
maximum HLA cycle which causes little diffusion of the 
phosphorus dopant from SOPSG. A 1000~ 6s HLA 
causes a little diffusion from the 37.5 w/o SOPSG. This is 
almost the same annealing condition that causes phos- 
phorus diffusion from high dose 3,p ion-implanted layers 
(3). The higher HLA temperature results in the lower av- 
erage resistivity. In order to achieve shallower junctions 
and lower sheet resistivities, higher phosphorus weight 
percent SOPSG and higher HLA temperature are prefera- 
ble. With a 1205~ 2s HLA using 37.5 w/o SOPSG, 
phosphorus-diffused layers which had 0.23 p~m junction 
depth and 37.7 ~/D sheet resistivity were achieved. 

Figure 3 shows the sheet resistivities and junction 
depth relationships measured for phosphorus-diffused 
layers formed by 37.5 w/o SOPSG and a 1205~ 2, 6, 15, or 
30s halogen lamp rapid isothermal processing. For con- 
stant phosphorus weight percent and HLA temperature, 
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Fig. 1. Sheet resistivities and junction depths of phosphorus-dif- 
fused layers as a function of phosphorus weight percent. 
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the  shee t  resist ivi t ies are inverse ly  propor t iona l  to the  
junc t ion  depths .  This means  that  the average  resist ivi ty of 
the  phosphorus -d i f fused  layer is cons tan t  i r respect ive  of  
the  H L A  soak t ime.  

Figure  4 shows  the  electr ical  act ive  dopan t  concentra-  
t ion profiles of phosphorus-d i f fused  layers fo rmed  by 
37.5 w/o S O P S G  and 1205~ H L A  as a func t ion  of  normal-  
ized d is tance  xP~/t (A-s-'~2), where  x is the  depth  and t is 
the H L A  soak t ime  to 2, 6, 15, or 30s. These  profiles are 
a lmos t  co inc iden t  wi th  each other. This  means  that  the  
phosphorus  di f fus ivi ty  in sil icon is i n d e p e n d e n t  of  soak 
t ime  or  depth.  This character is t ic  is the  same as that  of  
phosphorus -d i f fused  layers fo rmed  by 900~ furnace  an- 
neal ing (10 ~ 240 min) (12). The  profiles of  Fig. 4 have  a 
flat region n e a r  the  surface and drop abrupt ly  wi thout  
any kink. Profi les  wi thou t  k inks  are also observed  in the  
phosphorus -d i f fused  layers fo rmed  by h igh  t empera tu re  
(> 1050~ furnace  anneal ing (13). These  results  lead to 
the conc lus ion  that  the  qual i ta t ive profile shaping diffu- 
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sion m e c h a n i s m s  at h igh t empera tu re  are the  same in hal- 
ogen lamp annea l ing  for a few seconds  and in furnace ar~- 
neal ing for tens of minutes .  The  low average  resist ivi ty of 
the phosphorus-d i f fused  layers fo rmed  by 1205~ H L A  
using 37.5 w/o S O P S G  is not  only  due  to the  absence  of  a 
tail bu t  also to the  h igh  m a x i m u m  carr ier  concentrat ion.  

F igure  5 shows the  electrical  ac t ive  dopan t  concentra-  
t ion profiles of  phosphorus -d i f fused  layers. The open-  
square  sample  was fo rmed  by a 1208~ 2s H L A  us ing  37.5 
w/o SOPSG.  The open-circle  sample  was hea ted  with 37.5 
w/o S O P S G  for 30 min  at 800~ in n i t rogen  gas at atmo- 
spheric  pressure  after the  1208~ 2s HLA.  An 800~ 30 
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min furnace annealing (FA) reduces the maximum carrier 
concentration and increases the sheet resistivity. Also, the 
FA increases the tail of the carrier profile and increases 
the average resistivity. Figure 5 indicates that the rapid 
cooling of the silicon wafer is important to get the higher 
maximum carrier concentration and the absence of kink. 
The closed square in Fig. 5 indicates the maximum car- 
rier concentration of the phosphorus-diffused layers 
formed by 31p, 40 keV, 4 • 101.~ cm -2 through 400~ SiO2 
ion implantation followed by HLA (800~ 6s or 1000~ 6s). 
The closed circle in Fig. 5 indicates the maximum carrier 
concentration of the phosphorus-diffused layers formed 
by 31p, 40 keV, 4 • 10 ~5 cm -2 through 400~ SiO2 ion im- 
plantation followed by FA (900~ 30 rain, 1000~ 30 min, 
or 1050~ 30 rain). 

While HLA or FA temperature changes, the maximum 
carrier concentration does not change for both ion- 
implanted layers, respectively. The difference of the max- 
imum carrier concentration between 31p ion-implanted 
layers annealed by HLA and by FA is due to the rapid iso- 
thermal annealing effect (4, 14, 15). Figure 5 indicates that 
rapid annealing effect of high max imum carrier concen- 
tration exists for both thermal diffusion from SOPSG and 
ion implantation. The difference of the maximum carrier 
concentration between HLA sample and FA sample is al- 
most the same for both thermal diffusion from SOPSG 
and ion implantation, and a 1208~ HLA with 37.5 w/o 
SOPSG has almost the same max imum carrier concentra- 
tion as that formed by 31p ion implantation and HLA. 
This result suggests that the rapid annealing effect at 
high maximum carrier concentration of both ion- 
implanted and thermal-diffused layers may be due mainly 
to the rapid cooling of the wafer. 

Relative surface carrier concentrations are assured by 
measuring contact resistance, too. Figure 6 shows Al(2 
w/o)Si/phosphorus-diffused silicon contact resistances as 
a function of annealing temperature for three types of 
phosphorus-diffused layers. The sintering was carried out 
at 450~ for 20 rain in H~ forming gas. The electrical mea- 
surements were performed on phosphorus-diffused sili- 
con having contact windows of 4 • 4 ~m. Contact resist- 
ance depends on electrical active phosphorus dopant 
concentrations (16), and the higher electrical active phos- 
phorus dopant concentration has the lower contact resist- 
ance. In Fig. 6, the closed circles represent contact resist- 
ance of Al(2 w/o)Si/phosphorus-diffused layer formed by 
37.5 w/o SOPSG and a 6s soak time HLA (1065 ~ 1150 ~ 
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sented by the closed circles is formed by HLA using 37.5 w/o SOPSG. 
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and HLA. That represented by the open triangles is formed by ion im- 
plantation and FA. 
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1215~ Before being spin coated with SOPSG, the wafer 
was implanted with 31p (40 keV, 3 x 10 TM cm -2) in order to 
prevent A1 penetration. The open circles represent the 
contact resistance measurement of phosphorus-diffused 
layers formed by implanting sip (40 keY, 4 x 10 '5 cm -~) 
through 400• SiO,2 followed by a 6s soak time HLA (980 ~ 
1050 ~ 1150~ The open triangles stand for implanted sip 
(40 keV, 4 x 1015 cm -2) through 400}~ SiO~ followed by a 30 
min FA (900 ~ 950~ The contact resistances of the ion- 
implanted layers followed by HLA are independent  of an- 
nealing temperatures and have the lowest contact resist- 
ances (< 1012). The contact resistances of the 
ion-implanted layers followed by FA are not so much de- 
pendent on annealing temperatures and have slightly 
higher contact resistances compared to HLA samples. 
The contact resistances of phosphorus-diffused layers 
formed by SOPSG and HLA depend much on the HLA 
temperatures. Above 1200~ halogen lamp rapid isother- 
mal processing with 37.5 w/o SOPSG results in the same 
contact resistance as for the 31p ion-implanted layers fol- 
lowed by HLA. The measured contact resistances are 
consistent with the phosphorus carrier concentrations. 

Summary 
The sheet resistivities and junction depths of 

phosphorus-diffused layers formed by SOPSG and HLA 
depend not only on HLA temperature, but also on 
SOPSG phosphorus weight percent. The highest HLA 
temperature using the highest phosphorus weight per- 
cent SOPSG results in the lowest average resistivity. With 
a 1205~ 2s HLA using 37.5 w/o SOPSG, a shallow junc- 
tion (xj = 0.23 ~m) with low resistivity (37.7 12/[~) was 
achieved. The carrier concentration profiles of 
phosphorus-diffused layers formed by 1205~ HLA using 
37.5 w/o SOPSG have very abrupt shapes without kinks 
and can be expressed by a function of x/M, where x is 
the depth and t is the HLA soak time. They have almost 
the same max imum carrier concentration and the same 
contact resistance as that formed by 31p ion implantation 
and HLA. 
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Thermodynamic Comparison of InGaAsP Vapor Phase Epitaxy by 
Chloride, Hydride, and Metalorganic-Chloride Methods 
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ABSTRACT 

A thermodynamic comparison of composition controllability is made between three InGaAsP vapor phase epitaxial 
(VPE) methods: namely, chloride, hydride, and the newly proposed metal organic (MO)-chloride VPE processes for the 
growth of an alloy lattice matched to InP and emitting at 1.3 tLm. In order to discuss the dynamic aspects of an open- 
flow system~ the calculated model includes a completeness factor, e, for the reaction between a liquid metal source and 
gas phase, and a saturation factor, s, for the metal source with a Group V element. It is shown that control of the temper- 
atures to within 2.4~ makes it possible to keep the lattice mismatch less than 3 • 10-4 in all three VPE systems. Control 
of the flow rates to within 1.2% in both chloride and hydride VPE systems and to within 0.3% in the MO-chloride system 
are sufficient for that purpose. It is found that the alloy composition varies greatly with e and s. A decrease in either e by 
0.4% or s by 3.4% produces a lattice mismatch of 3 • 10-4. 

Quaternary alloys of Inl_xGaxAs,Pl_, have received in- 
creasing attention as materials for many semiconductor 
devices. The alloys lattice matched to InP are important 
both for microwave devices and for sources and detectors 
of light in the 1.0-1.7/zm wavelength range. The alloys lat- 
tice matched to GaAs are expected to be used for light 
sources in the visible wavelength range. 

These alloys have been grown by liquid phase epitaxy 
(LPE), chloride transport vapor phase epitaxy (CTVPE), 
metal organic vapor phase epitaxy (MOVPE), and molec- 
ular beam epitaxy (MBE). However, it is difficult to grow 
InGaAsP with some of these techniques. LPE cannot pre- 
vent compositional inhomogeneity (1). With MBE, it is 
difficult to control the P/As ratio; also, one needs a spe- 
cial pumping system for volatile phosphorus vapor (2). In 
contrast to these two methods, uniform InGaAsP layers 
except for the alloys in the miscibility gaps (3-5) can be 
grown by CTVPE (6) and low pressure MOVPE (7). In 
MOVPE, the composition of III-V alloys is independent  
of the growth temperature in some cases (8), and x and y 
in Inl_rGa~AsuPl_ , are controlled independently by the 
Ga/(Ga + In) and As/(As + P) ratios in the vapor phase, re- 
spectively (9). However, one cannot control x and y sepa- 
rately in CTVPE since not only x, but also y varies with 
the Ga/(Ga + In) ratio in the vapor phase (10). Therefore, 
there is much interest in how t h e  composition of 
InGaAsP grown by CTVPE varies with the growth pa- 
rameters. To know these variations in alloy composition 
is important both for growing a particular alloy of 
InGaAsP and for controlling the alloy composition to in- 
crease a device yield. In this paper, VPE means CTVPE. 

There have been chloride and hydride VPE methods 
since the early years of III-V materials research. In addi- 
tion to these, a new VPE method using Group III metal 
organics and Group V trichlorides (MO-chloride VPE) has 
been proposed (11). The purest compound semiconductor 
has been grown by chloride VPE. The hydride VPE sys- 
tem has shown its advantage for alloy growth, and the 
MO-chloride VPE process is of great advantage to the 
productivity and the safety since it is free from heteroge- 
neous liquid-vapor source reactions and fatally toxic 
Group V hydrides. 

The purpose of this paper is to compare thermody- 
namic composition controllabilities of the three InGaAsP 
VPE methods. The comparison is made by calculating 
the variations in alloy composition with the growth pa- 
rameters. In order to discuss the dynamic aspects of an 
open-flow system, a completeness factor for the reaction 
between a metal source and gas phase (12) and a satura- 
tion factor for the metal source with a Group V element 
are introduced into the thermodynamic model. 

VPE G r o w t h  Systems 
Figures la- lc  show schematic diagrams of the three 

InGaAsP VPE systems. Hot-wall reactors are used to 

form reactants for growth and to avoid deposition of IIT-V 
compounds upstream from the substrate. The reaction 
rates for the decomposition of AsC13, PC13, AsH~, PH3, 
TEG, and TEI may be kinetically limited; however, the 
decomposition will be considered to be complete. 

In the chloride system, a four-barrel reactant formation 
region is arranged. In each barrel, the Group V trichloride 
reacts with H~ to form HC1 and the Group V element, 
which is absorbed into the Group III metal source. Unde- 
composed AsC13 (13) is not considered since it is a prob- 
lem only when the source temperature is too low and the 
flow rate is too high. When each source is saturated with 
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Fig. 1. Schematic diagrams of InGaAsP VPE systems, a: For a chlo- 
ride VPE system, b: For a hydride VPE system, c: For a MO-chloride 
VPE system. AsCI3, PCI3, TEG, and TEl are carried by H2 flaws passing 
through them. A chloride system has four metal sources covered with 
III-V crusts. A hydride system has two metal sources. A MO-chloride 
system has no liquid metal source. 
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t he  G r o u p  V e l e m e n t  a n d  covered  w i th  t he  th in  III-V 
crust ,  t h e  ch lo r ide  V P E  s y s t e m  is in  a s t eady-s ta te  condi-  
t ion  for  g r o w t h  (14). T h e r e  are four  sources :  the  Ga meta l  
s a t u r a t e d  w i th  As  a n d  covered  w i th  a GaAs  crust ;  t he  Ga  
me ta l  wi th  P a n d  GaP;  t he  In  m e t a l  w i th  As  and  InAs;  
and  the  In  m e t a l  w i t h  P a n d  InP .  T he  G r o u p  I I I  ch lor ide  
is f o r m e d  by  t he  r eac t ion  b e t w e e n  HC1 a n d  the  III-V c rus t  
in  each  barrel .  A d i l u t i on  H2 flow is a d d e d  b e t w e e n  t he  
source  reg ion  a n d  t he  g r o w t h  region.  The  i n c o m p l e t e n e s s  
of t h e  r eac t ion  b e t w e e n  t he  sou rce  a n d  t he  gas p h a s e  due  
to i n c o m p l e t e  m i x i n g  in  t he  gas phase ,  and  t he  unsa tu r a -  
t ion  of t he  s o u r c e  w i t h  t he  G r o u p  V e l e m e n t  due  to deple-  
t ion  of t he  G r o u p  V e l e m e n t  d u r i n g  t h e  hea t -up ,  are p rob-  
l ems  a s soc ia t ed  w i t h  th i s  V P E  sys tem.  The  k ine t i c  
p roces s  at  the  s o u r c e  sur face  is c o n s i d e r e d  to be  c o m p l e t e  
b e c a u s e  an  e t c h i n g  r eac t i on  in a ch lo r ide  s y s t e m  is mass-  
t r a n s p o r t  l im i t ed  at  the  t e m p e r a t u r e  cons ide red .  To in- 
crease  the  c o m p l e t e n e s s  of m i x i n g  in t he  gas phase ,  one  
can  m a k e  t h e  flow ra te  in  t he  source  r eg ion  low a n d  en- 
la rge  t he  s o u r c e  region.  However ,  t he  low flow ra te  
causes  t he  back -d i f fu s ion  of HC1 p r o d u c e d  d o w n s t r e a m  
f rom the  subs t r a t e ,  a n d  t he  la rge  s o u r c e  m a k e s  the  
u n s a t u r a t i o n  m o r e  ser ious .  Therefore ,  i t  is i m p o s s i b l e  to 
m a k e  t he  s o u r c e  r eac t ion  a n d  t h e  sou rce  s a t u r a t i o n  com- 
p le te  s imu l t aneous l y .  The  four  sou rce  t e m p e r a t u r e s  are  
c h o s e n  to be  equa l  in  t he  fo l lowing  ca lcu la t ion  for t he  
sake  of s impl ic i ty .  

In  t h e  h y d r i d e  sys tem,  a two-bar re l  G r o u p  III  ch lor ide  
f o r m a t i o n  reg ion  is a r ranged .  One  ba r r e l  con t a in s  Ga, a n d  
the  o the r  c o n t a i n s  In.  HC1 in a n d  H2 car r ie r  flow reac ts  
w i th  the  G r o u p  I I I  m e t a l  source  a n d  conve r t s  i t  to t he  
G r o u p  I I I  ch lo r ide  in each  barrel .  T he  i n c o m p l e t e n e s s  of 
t he  source  r eac t i on  s imi la r  to t h a t  in  t he  ch lo r ide  s y s t e m  
is a p r o b l e m  as soc i a t ed  wi th  th i s  V P E  sys tem.  The  sur- 
face of t he  sou rce  can  be  en l a rged  to c o m p l e t e  the  m i x i n g  
of the  gas p h a s e  d u r i n g  con t ac t  to t he  source.  However ,  
t he  s low s a t u r a t i o n  of  the  In  sou rce  w i th  InC]  (15) pres-  
en ts  a ser ious  p r o b l e m .  Therefore ,  t h e  i n c o m p l e t e  source  
r eac t ion  s h o u l d  be  cons idered .  T he  G r o u p  V h y d r i d e s  
car r ied  by  a d i l u t i on  H~ flow are  d e c o m p o s e d  to fo rm the  
G r o u p  V e lement s .  I t  is s h o w n  t h a t  PH3 does  no t  so read- 
ily d e c o m p o s e  e v e n  in a hot -wal l  s y s t e m  (16). However ,  
t he  i n c o m p l e t e  d e c o m p o s i t i o n  of  t h e  G r o u p  V h y d r i d e s  is 
no t  c o n s i d e r e d  s ince  t he  longer  r e s i d e n c e  t i m e  for t he  de- 
c o m p o s i t i o n  r e a c t i o n  is e x p e c t e d  to m a k e  t he  decompos i -  
t i on  perfect .  The  two  source  t e m p e r a t u r e s  are c h o s e n  to 
be  equal ,  aga in  for the  sake  of  s impl ic i ty .  

In  t he  MO-ch lo r ide  sys tem,  a s ing le -bar re l  r e a c t a n t  for- 
m a t i o n  reg ion  is a r ranged .  The  G r o u p  I I I  o rgan ics  [for ex- 
ample ,  t r i e t h y l g a l l i u m  (TEG) a n d  t r i e t h y l i n d i u m  (TEI)] 
are u s e d  i n s t e a d  of t h e  G r o u p  I I I  meta l s .  I t  is s h o w n  t h a t  
t r i m e t h y l g a l l i u m  (TMG) does  no t  read i ly  pyrolyze  (17). 
However ,  i t  d e c o m p o s e s  pe r fec t ly  in  H2 at t e m p e r a t u r e s  
above  600~ in a ho t -wal l  open- f low s y s t e m  (18). T E G  (18) 
and  TEI  (19) also d e c o m p o s e  pe r fec t ly  at  t e m p e r a t u r e s  
a b o v e  500~ There fore ,  t he  me ta l  o rgan ics  are l ike  m e t a l s  
in  the  v a p o r  p h a s e  w h e n  t hey  are i n t r o d u c e d  in to  a ho t  re- 
gion. The  G r o u p  V t r i ch lo r ides  are  also d e c o m p o s e d  per-  
fect ly as is t he  case  in t he  ch lor ide  sys tem.  Hence ,  in t h e  
m i x i n g  r eg ion  t he  G r o u p  I I I  ch lo r ides  a n d  t he  G r o u p  V 
e l e m e n t s  are  fo rmed .  A n  excess  of  t he  n u m b e r  of G r o u p  
I I I  a t o m s  over  t he  n u m b e r  of  ch lo r ine  a t o m s  causes  depo-  
s i t ion  of III-V c o m p o u n d s  in t h e  m i x i n g  region.  This  dep-  
os i t ion  dep le t e s  t he  G r o u p  V e l e m e n t s  in  the  g r o w t h  re- 
gion. C o n t r a r y  to t he  above ,  w h e n  t he  n u m b e r  of  ch lor ine  
atoms greatly exceeds the number of Group III atoms, 
etching takes place. A III/V ratio sufficient not to deposit 
III-V compounds in the mixing region and not to etch a 
substrate is chosen. The temperature of the mixing region 
is kept high enough to eliminate the wall deposition. The 
MO-chloride system is defined to be an ideal chloride 
s y s t e m  w i t h  e = s = 1 w i th  o t h e r  AsC13 a n d  PC13 in t ro-  
d u c e d  b e t w e e n  t he  sou rce  a n d  t he  s u b s t r a t e  (20). 

Thermodynamic Calculation Procedure 
Preparation of reactants for growth reaction.--Chloride 

system.--In e a c h  barre l ,  t he  spec ies  o the r  t h a n  III-  

V(solid), H2, HC1, I I I  C1, I l l  C13, V4, a n d  V~ ( I l I =  Ga  or In,  
V = As or P)  are a s s u m e d  to b e  n o n e x i s t e n t  s ince  the  
G r o u p  V t r ich lor ide ,  G r o u p  V hydr ide ,  a n d  ch lo r ine  are  
neg l ig ib le  in a s ta te  of e q u i l i b r i u m  at  t e m p e r a t u r e s  be-  
t w e e n  600 ~ a n d  900~ (21, 22). The  r eac t i ons  in  each  source  
r eg ion  are 

1 1 
III-V(sol id)  + HC1 ~ I I I  C1 + -T V4 + T H2 

III  C1 + 2HC1 ~ I I I  C13 + H~ 

1 
-~  V4 ~ V~ 

a n d  p r o c e e d  u n d e r  c o n s t a n t  a t m o s p h e r i c  p r e s s u r e  
(1 atm). The  n u m b e r s  of h y d r o g e n  a n d  ch lo r ine  a t o m s  in  
the  v a p o r  p h a s e  are k e p t  at  n .  ~ a n d  no, ~ (nil ~ is t he  n u m b e r  
of supp l i ed  H a toms ,  a n d  no, ~ t h e  n u m b e r  of supp l i ed  C1 
a toms)  s ince  t h e r e  are no  o the r  p h a s e s  c o n t a i n i n g  hydro-  
gen  and /or  c h l o r i n e  a toms .  The  n u m b e r  of  G r o u p  V a t o m s  
in  the  v a p o r  p h a s e  is also k e p t  at  nv ~ ( the n u m b e r  of sup-  
p l ied  G r o u p  V atoms) ,  s ince  t he  G r o u p  V e l e m e n t  acts  as 
if  i t  passes  t h r o u g h  th i s  reg ion  w h e n  t he  t h i c k n e s s  of t he  
c rus t  a n d  t he  a m o u n t  of t he  G r o u p  I I I  me ta l  sa tu ra ted  
wi th  t he  G r o u p  V e l e m e n t  are  u n c h a n g e d .  The  par t ia l  
p r e s su re s  of  six spec ies  are o b t a i n e d  f rom th ree  equi l ib-  
r i u m  equa t i ons  a n d  t h r e e  equa t i ons  for t he  conse rva t i on  
of to ta l  p ressure ,  c(= nc,~176 a n d  b(= nv~176 

A c o m p l e t e n e s s  fac tor  for  t he  source  reac t ion ,  
e (0 < e -< 1), is i n t r o d u c e d  a s s u m i n g  t h a t  1 - e of t he  gas 
flow pas ses  a b o v e  t h e  sou rce  m e t a l  w i t h o u t  any  reac t ion  
wi th  it. A sa tura t ion  factor for the  Group  III  source, s (s <- 1), 
is i n t r o d u c e d  a s s u m i n g  t h a t  s of  t h e  G r o u p  V e l e m e n t  
passes  t h r o u g h  t he  source  region.  The  o the r  1 - s of t he  
G r o u p  V e l e m e n t  is a b s o r b e d  in to  t he  source;  t h a t  is, t h e  
n u m b e r  of G r o u p  V a t o m s  in the  v a p o r  p h a s e  is k e p t  at  
snv~ ( then  b = snv~176 This  a s s u m p t i o n  is va l id  on ly  
w h e n  the  sou rce  is cove red  wi th  a crust .  Therefore ,  s 
s h o u l d  no t  be  m u c h  smal l e r  t h a n  1. 

S ince  s t o i c h i o m e t r i c  III-V c o m p o u n d s  are depos i t ed ,  
t he  d i f f e rence  b e t w e e n  t he  n u m b e r  of G r o u p  III  a n d  
G r o u p  V a toms ,  n~,~ - nv, is k e p t  c o n s t a n t  t h r o u g h o u t  t h e  
g r o w t h  process .  Hence ,  we get  c a n d  d[=(n., - nv)/nH] as 
c o n s t a n t s  in  t he  g r o w t h  reg ion  

( Pvc'3~ ) 
3 Fs~(i) _ p o 

i:, 1 vci3 i 
c = [1] 

2 ~ FH2(i) 
i - 1  

w h e r e  F is t he  flow ra te  a n d  p0 v a p o r  p r e s s u r e  (in a tmo-  
spheres )  

2 ~,=, e,F.~(i) ~ . , .  + PHCl / i  ,, ,~ " 1 --- Pv---~,3 ~  
d =  

2 ~ FH~(i) 
i ,  [2] 

w h e r e  P is t he  e q u i l i b r i u m  par t ia l  p r e s s u r e  in  each  source  
r eg ion  (in a t m o s p h e r e s ) ,  a n d  1-5 d e n o t e  t he  re la t ion  to t he  
ba r r e l s  c o n t a i n i n g  Ga-As, Ga-P,  In-As,  In -P ,  a n d  t he  dilu- 
t ion  l ine,  respec t ive ly .  

Hydride system.--The fo l lowing are r eac t ions  in  each  
source  reg ion  

1 H~ I I I ( l iquid)  + HC1 ~ I I I  C1 + ~ -  

III  C1 + 2HC1 ~ I I I  C]3 + H2 

As in the  ch lo r ide  sys tem,  two  e q u i l i b r i u m  e q u a t i o n s  a n d  
two equa t i ons  for  t he  c o n s e r v a t i o n  of to ta l  p r e s su re  a n d  c 
give t he  par t ia l  p r e s s u r e s  of  four  species .  
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T h e  c o m p l e t e n e s s  f a c to r  fo r  t h e  s o u r c e  r e a c t i o n  s imi l a r  
to  t h a t  in  t h e  c h l o r i d e  s y s t e m  is i n t r o d u c e d .  T h e  G r o u p  V 
h y d r i d e s  a re  a s s u m e d  to  c o n v e r t  to  a r s e n i c  a n d  p h o s p h o -  
r u s  p e r f e c t l y  in  a s t a t e  o f  e q u i l i b r i u m .  H e n c e  t h e  con -  
s t a n t s  c a n d  d in  t h e  g r o w t h  r e g i o n  a re  

• Fac~(i) 

' ~  [3] c = 3 2 

2 ~ r ~ ( i )  + ~ F~c~(i) + 3 (FAsH3 + FpH3) 

w h e r e  1-5 d e n o t e  t h e  r e l a t i ons  to  t h e  T E G ,  TEI ,  AsCI~, 
PCla, a n d  d i l u t i o n  l ines ,  r e s p e c t i v e l y .  

In~_~Ga~As, ,P,  ~ g r o w t h . - - T h e  g r o w t h  t a k e s  p l a c e  
t h r o u g h  t h e  s a m e  p r o c e s s  in  t h e  t h r e e  V P E  s y s t e m s .  I n  
t h e  g r o w t h  r e g i o n ,  t h e  f o l l o w i n g  s p e c i e s  a re  c o n s i d e r e d :  
F o r  t h e  s u r f a c e  o f  g r o w n  layer ,  G a P ,  G a A s ,  I n A s ,  a n d  I n P  
in  a so l id  s o l u t i o n ,  a n d  fo r  t h e  v a p o r  p h a s e ,  H~, HC1, GaC1, 
GaCla, InCl ,  InCla,  As4, Asz, P , ,  Pz, A s s P ,  AszP~, AsPs ,  a n d  
A s P .  T h e  r e a c t i o n s  a r e  r e a c t i o n s  [A]-[L] l i s t e d  in  T a b l e  I. 

A c c o r d i n g  to  K o u k i t u  a n d  S e k i  (23), t h e  ac t iv i t i e s  o f  t h e  
b i n a r y  I I I -V c o m p o n e n t s  in  t h e  In~_xGa~.As,P~_~ a l loy  sys-  
t e n ' l ,  aGaAs , etc. ,  a r e  

m + (1 - m ) ( x  + y) - ~ /[m + (1 - m ) ( x  ?- y)]~ - 4(1 - m ) x y  
[7] aGaAs = ~/GaAs 2(1 - m) 

( P I l l  Cl -~- PHI  c 3 )  __ (FAsH3 _ ]_ FpH3) e~[2 F.2(i) + F,c,(i)]  ~-p~., + p , c ,  , 
d ~ i=1 

.L .3. 

i--I i--1 
[4] 

w h e r e  1, 2, a n d  3 d e n o t e  t h e  r e l a t i o n  to  t h e  b a r r e l s  c o n -  
t a i n i n g  Ga  a n d  In ,  a n d  t h e  d i l u t i o n  l ine ,  r e s p e c t i v e l y .  

M O - c h l o r i d e  s y s t e m . - - A s  h a s  b e e n  m e n t i o n e d ,  t h e  
t r i e t h y l  G r o u p  I I I  c o m p o u n d s  a n d  t h e  G r o u p  V t r i ch lo -  
r i d e s  a re  p e r f e c t l y  d e c o m p o s e d  in  t h e  m i x i n g  r e g i o n  

3 
III(C~H~)~ + -~- H~ --~ I I I +  3C~H~ 

or  
3 

III(C~H0~ ~ I I I +  3C~H4 + ~ -  Hz 

3 H .__~ 1 AsCI~ + -~- ~ As~ + 3HC1 

T h e  p r o d u c e d  h y d r o c a r b o n s  a re  c o m p l e t e l y  i g n o r e d  in  
t h e  e q u i l i b r i u m  s y s t e m  s i n c e  t h e  r e v e r s e  r e a c t i o n s  to 
f o r m  t r i e t h y l  G r o u p  I I I  c o m p o u n d s  do  n o t  p r o c e e d .  W h e n  
no  d e p o s i t i o n  o c c u r s  in  t h e  m i x i n g  r eg ion ,  t h e  r e a c t i o n s  
a re  

I I I  C1 + 2HC1 ~ : I I I  CI~ + H~ 

1 
- -  V4 ~ V2 
2 

We g e t  c a n d  d in  t h e  g r o w t h  r e g i o n  o n l y  f r o m  t h e  i n p u t  
gas  f low ra t e  d a t a  

3 F~( i )  vc~ 
- - - -  0 ';=a 1 - Pvcl~ i 

c = [5] 5 
2 ~ FHz(i) 

i--l 

~=~ - Pvcl~ ~ / i d = i=1 [6] 

2 ~  F ~ ( i )  
i = l  

ac:~P = YG~P (x - aaaAs/3/GaAs) [8] 

ai,a~ = Y~,,~ (Y - aGaAs/'YOaAs) [9] 

aine = Y~ne (1 -- X -- y + a~A~/Yaaa~) [10] 

w h e r e  

KBKD ~GaAs~lnP 

K A K c  "~GaP~/InAs 

K~ is t h e  e q u i l i b r i u m  c o n s t a n t  o f  t h e  r e a c t i o n  i, a n d  -/~ t h e  
ac t iv i ty  c o e f f i c i e n t  o f  t h e  j c o m p o n e n t .  T h e  ac t iv i ty  coef -  
f i c i en t s  a re  g i v e n  t h e o r e t i c a l l y  (24) as  

k T  in  ~/G~A, = aj.e-G~p (1 -- X)(1 -- y)(1 -- 2X) 

+ aI.A,--G~A~ (1 -- X)[(1 -- X)y + X(1 -- y)] 

+ a~.e-~,A~ (1 -- X)(1 -- y)(1 -- 2y) 

+ a~P--G~A~ (1 -- y)[(1 -- x ) y  + X(1 -- y)] 

etc . ,  w h e r e  t h e  a ' s  a r e  t h e  i n t e r a c t i o n  p a r a m e t e r s .  
T h e  e q u a t i o n s  fo r  t h e  c o n s e r v a t i o n  o f  to ta l  p r e s s u r e  

(1 a tm) ,  c, a n d  d a r e  g i v e n  as  fo l lows  

PH2 + PHC1 + PGaCl + PGacl3 + Plncl + Plncla + 3~ Pv4 + ~ Pv2 = 1 
[11] 

PacJ + PG~cl + P1~cl + 3(PGacl3 + PI.cl3) 
- c [12] 

2PH2 + PHc, 

PGaCl + Pc.acl3 + Plnc~ + Ptacl3 - (4~ Pv4 + 2E Pv~) = d [13] 
2PH2 + PHcl 

w h e r e  

E Pv4 = PAs4 + PAsaP + PAs2P2 + PAsP3 + PP4 

X Pv2 = PAss + PAsP + Pc2 

F r o m  Eq.  [7]-[13] a n d  t h e  l l  e q u i l i b r i u m  e q u a t i o n s  for  t h e  
r e a c t i o n s  [A]-[C] a n d  [E]-[L], t h e  p a r t i a l  p r e s s u r e s  o f  14 
s p e c i e s  a re  o b t a i n e d  ( see  A p p e n d i x ) .  

T h e  c o m p o s i t i o n  o f  t h e  g r o w n  Inl_~Ga~As,P~_y a l loy  is  
c a l c u l a t e d  w i t h  a n  i t e r a t i ve  p r o c e d u r e .  T h e  d i f f e r e n c e s  in  
b o t h  x a n d  y b e t w e e n  t h e  a s s u m e d  a l loy  b a l a n c e d  w i t h  

Table I. Equilibrium constants for reactions 

Reaction log,oK Ref. 

[A] 
[B] 
[C] 
[D] 
[El 
[F] 
[G] 
[H] 
[I] 
[J] 
[K] 
[L7 
[M] 
[N] 

GaP + HC1 ~ GaC1 + 1/4 P4 + 1/2 H2 
GaAs + HC1 ~ GaC1 + 1/4 As4 + 1/2 H., 
InAs + HC1 ~ InC1 + 1/4 As4 + 1/2 H2 
InP  + HC1 ~ InC1 + 1/4 P4 + 1/2 H2 
GaCL+ 2HC1 ~ GaCI:~ + H2 
InC1 + 2HC1 ~ InC13 + H2 
1/2 As4 ~'As2 
1/2 P4 ~ P2 
3/4 As4 + 1/4 P4 ~ As3P 
1/2 As4 + 1/2 P4 ~ As2P2 
I/4 As~ + 3/4 P4 ~ AsP:~ 
1/2 Asz + 1/2 P~ ~- A s P  
Ga + HC1 ~ GaC1 + 1/2 Hz 
In + HC1 ~ InC1 + 1/2 H2 

5.05 - 6.00 • 103/T (25) 
4.75 - 5.50 • 103/T (25) 
5.84 - 5.63 • 1O~/T (26) 
5.81 - 5.04 x 103/T (27) 

-6.68 + 8.61 • IO'~/T (28) 
-3.42 + 4.84 • IO'~/T (29) 

3.76 - 6.67 • 103/T (26) 
3.97 - 5.94 • 103/T (27) 
0 
0 
0 
0 
2.93 - 1.29 • 103/T (27) 
2.36 - 0.42 • 103/7" (27) 
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t h e  v a p o r  p h a s e  a n d  t he  depos i t ed  al loy f rom t he  v a p o r  
p h a s e  are m a d e  sma l l e r  t h a n  1 • 10 -~. No te  t h a t  the  com- 
pos i t i on  is i n d e p e n d e n t  of  t he  ac t iv i ty  of  t he  s u b s t r a t e  
sur face  pr ior  to g rowth .  T he  c o m p o s i t i o n  is d e t e r m i n e d  
only  f rom the  c o n s e r v a t i o n  of In,  Ga, As, a n d  P. The  
v a p o r  p h a s e  is b a l a n c e d  w i t h  the  sur face  j u s t  g r o w n  f rom 
it. 

Thermodynamical data.--The e q u i h b r i u m  c o n s t a n t s  of  
r eac t ions  are l i s ted  in Tab le  I (25-29) in  t he  fo rm of log,0 K 
= A + B/T. The  s t a n d a r d  f ree  ene rg i e s  of  f o r m a t i o n  for 
t he  As-P c o m p l e x e s  are  a s s u m e d  as 

4 - m  m 
AG~ - 4 AG%s~ + ~ -  AG~ (m = 1, 2, 3) 

1 0 1 
AG%sp = - ~  AG A~ + ~ -  AGOp~ 

That is, the equilibrium constants for the reactions 
[I]-[L] are supposed to be I at any temperature. The selec- 
tion of the values for the equilibrium constants A-D (23) 
and the above assumption for the constants I-L make the 
calculations best fit to the experimental data (10, 30, 31). 
The selection of the values for the constants E-H affects 
the calculations little. [The comparison was made be- 
tween the data in Ref. (25-29) and (32), the assumption for 
the constants I-L, and the nonexistence of As-P com- 
plexes (K,_~ = 0).] The interaction parameters are listed in 
Table  II (33). 

Data for growth systems.--The v a p o r  p r e s s u r e s  of mate-  
r ials  in  t he  c o n t a i n e r s  are 0.01 a t m  for  AsCI~ at 18~ T E G  
at  30~ TEI  at  74~ a n d  0.05 a t m  for  PCI~ at 2~ Tenta -  
t ively,  the  i m a g i n a r y  C1 a t o m  gas flow ra te  in  each  sys- 
t e m  is set  at  0.03 s tandard- l i t e r / ra in .  This  va lue  corre- 
s p o n d s  to a flow ra te  of H~ pas s i ng  t h r o u g h  AsCI~ of  0.99 
s t a n d a r d - l i t e r / m i n  a n d  a n  HC1 flow ra te  of  0.03 s t a n d a r d -  
l i ter /min.  I n  t he  MO-ch lor ide  sys tem,  t he  I I I /V rat io is se t  
a t  2.9 to avoid  d e p o s i t i o n  in the  m i x i n g  region.  The  V/III  
rat io in  the  h y d r i d e  s y s t e m  is se t  at  ~1 ([VH~]/[HC1] = 1) 
(30, 34), w h i c h  differs  f rom t he  ra t io  of  a b o u t  0.4 in t he  
chlor ide  a n d  MO-ch lo r ide  sys tems .  T he  effect  of V/III  ra- 
t io on  t he  c o m p o s i t i o n  con t ro l l ab i l i ty  will  be  d i s cus sed  
below.  A source  t e m p e r a t u r e  of  800~ a n d  a g r o w t h  t em-  
pe ra tu r e  of  700~ are  se lec ted .  T h e  se lec ted  source  t em-  
pe ra tu r e  is ~50~ lower  t h a n  t h a t  t e m p e r a t u r e  in  the  ex- 
p e r i m e n t a l  h y d r i d e  V P E  sys t em so as n o t  to  m a k e  the  
u n s a t u r a t i o n  in the  ch lor ide  s y s t e m  ser ious  (35). 

Table II. Interaction parameters for ternary III-V systems (33) 

System a (cal/mol) 

U n d e r  the  c o n d i t i o n s  above  and  e = s = 1, the  flow 
ra tes  for the  g r o w t h  of Tn0.74Ga0.~6As0.55P0.45, w h i c h  is la t t ice  
m a t c h e d  to I n P  a n d  emi t t i ng  at  1.3 ~tm, were  ca lcu la ted  
wi th  var ious  d i l u t i on  flow rates.  The  flow ra te  da ta  are  
l i s ted  in Table  I!I.  FH2(AsC13 ~ Ga) is the  flow ra te  of H~ 
pas s ing  t h r o u g h  AsC13 and  over  a Ga  source ,  FHc~(Ga) t he  
HC1 flow ra te  ove r  a Ga source,  FA~H3 the  AsH3 flow rate,  
a n d  Fs~(TEG) the  flow ra te  of  H~ p a s s i n g  t h r o u g h  TEG.  
As the  d i lu t ion  H~ flow ra te  increases ,  t he  C1/H rat io in  
the  v a p o r  p h a s e  decreases .  F igure  2 s h o w s  the  va r ia t ion  
in  alloy c o m p o s i t i o n  f rom In0.~4Ga0.~As0 ~P0.~ w i th  t he  in- 
c rease  in e i the r  flow ra te  by  3% or t e m p e r a t u r e  by  3~ as 
a f unc t i on  of t he  CUH rat io in  t he  h y d r i d e  sys tem.  The  
solid l ines  d e n o t e  t he  va r i a t ions  in  x, a n d  t he  b r o k e n  l ines  
d e n o t e  t he  va r i a t i ons  in  y. The  CYH rat io  does  no t  great ly  
affect  the  v a r i a t i o n s  in  x a n d  y c a u s e d  b y  t he  inc rease  in  
the  g r o w t h  p a r a m e t e r s ,  t h o u g h  it c h a n g e s  the  vapo r  com- 
pos i t i on  for  the  g r o w t h  of  a pa r t i cu l a r  s o h d  compos i t ion .  
Therefore ,  t he  l ike ly  d i lu t ion  flow ra te  of  1 s t anda rd -  
l i t e r /min  is se l ec ted  as the  s t a n d a r d  for the  c o m p a r i s o n  of  
c o m p o s i t i o n  cont ro l lab i l i ty .  U n d e r  t h i s  d i lu t ion  flow 
rate,  t he  C1/H ra t ios  and  t h e r m o d y n a m i c  g rowth  ra tes  of  
In0.~Ga0.~As0.~P0.~ are 1.1 • 10 -2 a n d  6.1 • 10 -~ m o Y m i n  
in t he  ch lo r ide  sys t em,  5.0 • 10 -" a n d  1.4 • 10 -~ m o l / m i n  
in the  h y d r i d e  sys tem,  a n d  3.5 • 10 -~ a n d  6.8 • 10 -~ 
moYmin  in the  MO-ch lor ide  sys tem.  

Results 
The  ca lcu la ted  va r i a t i ons  in  al loy c o m p o s i t i o n  w i th  t he  

i nc rease  in t he  flow ra te  b y  3% a n d  t h e  t e m p e r a t u r e  by  
3~ are  s h o w n  on X-Y p lanes  for  In,_~Ga~As,P,_,  in  Fig. 
3a for the  ch lo r ide  V P E  sys tem,  in  Fig. 3b for t he  h y d r i d e  
V P E  sys tem,  a n d  in Fig. 3c for t he  MO-ch lo r ide  V P E  sys- 
t em,  whe re  e = s = 1. The  sol id a r rows  show the  varia-  
t ions  w i th  t he  f low rates ,  a n d  t h e  t h i n  a r rows  s h o w  the  
va r i a t ions  w i t h  t h e  t e m p e r a t u r e s .  TWO solid l ines  and  two  
b r o k e n  l ines para l le l  to  t he  l ine  la t t ice  m a t c h i n g  to I n P  
r e p r e s e n t  la t t ice  m i s m a t c h e s  (wi thou t  any  cons ide ra t i on  
for  t he  la t t ice  d is tor t ion) ,  IAa/ao], of 1 • 10 -3 a n d  3 • 10 -4, 
respec t ive ly .  The  n o t a t i o n s  in  Fig. 3 are t he  s a m e  as in  
Tab le  III. A s h o r t  a r r o w  is e q u i v a l e n t  to good  compos i -  
t ion  cont ro l lab i l i ty .  The  l e n g t h  of  t he  a r row p e r p e n d i c u -  
lar  to  t he  l ine  la t t i ce  m a t c h i n g  to I n P  a n d  r e a c h i n g  to t he  
l ine  w i t h  a la t t i ce  m i s m a t c h  of  3 x 10 -4 is 0.004 on  t he  X-Y 
plane .  T h e  v a r i a t i o n s  in  t he  ch lo r ide  a n d  h y d r i d e  s y s t e m s  
are c o m p a r a b l e  in  t he  l eng th .  Howeve r ,  s o m e  of  t h e  varia-  
t ions  in the  MO-ch lo r ide  s y s t e m  are m u c h  la rger  t h a n  the  
others .  

F igu re  4 s h o w s  t he  va r i a t i on  in al loy c o m p o s i t i o n  w i t h  
t he  c o m p l e t e n e s s  factor ,  a n d  Fig. 5 shows  the  va r i a t ion  
w i th  t he  s a t u r a t i o n  factor.  A n  i n c o m p l e t e n e s s  of 1% pro- 

InP-GaP 3500 
In&s-GaAs 3000 
InP-InAs 400 
GaP-GaAs 400 

Table III. Input flow rate data for Ino.~4Gao.26Aso.s~Po.4~ growth 
with various dilution flow rates 

Input data FH~ (dilution) 
System (liter/rain) 0 1 10 100 

Chloride F,2(AsC]3-~ Ga) 0.02277 0.01759 0.01164 0.00669 
FH2(PCI3--* Ga) 0.01194 0.01088 0.00954 0.00857 
F~2(AsCI3--* In) 0.24247 0.21676 0.17613 0.12230 
FH~(PCI3-~In) 0.12716 0.13414 0.14442 0.15667 

F,c,(Ga) 0.00174 0.00167 0.00145 0.00120 
FHCL(In) 0.02826 0.02833 0.02855 0.02880 
FA~H3 0.00698 0.00684 0.00632 0.00534 
FpH~ 0.02302 0.02316 0.02368 0.02466 

F..~(TEG) 0.12472 0.12126 0.10803 0.08954 
FH~(TEI) 2.74628 2.74974 2.76297 2.78146 
FH~(AsCI~) 0.24167 0.23484 0.20554 0.14781 
Fs~(PC13) 0.14362 0.14493 0.15055 0.16163 

Hydride 

FH2(Ga) = 1 
FH~(In) = 1 

MO-chloride 
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Fig. 2. Variation in alloy composition from Ino.74Goo.~r~,so.55Po,45 
with the increase in either flow rate by 3% or temperature by 3~ as 
a function of the CI/H ratio in a hydride VPE system. Solid lines and 
broken lines show Ax's and Ay's, respectively. 
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duces a lattice mismatch of 8 • 10 -4, and an unsaturation 
of 5% produces one of 4.4 • 10 -4. 

Because the relation between the variation in alloy 
composition and the change in the growth parameters for 
In0.74Ga0.26As0.5~P0.45 is nearly linear, Fig. 3-5 can be sum- 
marized in Table IV, where the lengths of the variations 
on the X-Y plane and the required accuracies for a length 
of variation of 0.004 (proportional to the reciprocal of the 
length of variation) are listed. The required accuracies are 
greater than 2.4~ in the temperatures in all three VPE 
systems and greater than 1.2% in the flow rates in both 
chloride and hydride systems. Precise flow rate control 
to within 0.3% is needed in the MO-chloride system. The 
compositional accuracy stated above also requires control 
of the completeness factor to within 0.3% in the chloride 
system and 0.4% in the hydride system and of the satura- 
tion factor to within 3.4% in the chloride system. 

Discussion 
The consti tuent partial pressures (PG~c,, P,.c~, PAs4, PP4) 

can be changed independently only in the hydride sys- 
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(b) Hydride VPE 

Fig. 3. Variation from Ino.74Goo.28Aso.55Po.4~ on an X-Y plane, a: For 
chloride VPE. b: For hydride VPE. c: For MO-chloride VPE. Flow rates 
and temperatures increase by 3% and 3~ respectively. A line lattice 
matching to InP is shown. Solid lines and broken lines show lattice 
mismatches of I • 10 -3 and 3 • 10 -4, respectively. 

tern. In the chloride system, the partial pressures of GaC1 
and As4, for example, are changed simultaneously due to 
the change in F~2(AsC13 ~ Ga). In the MO-chloride sys- 
tem, the change in the constituent material flow rates 
(Free, FTE1, FAsc13, Fpcl3) causes changes in both the constit- 
uent partial pressures and the HC1 partial pressure. 
Therefore, the hydride system is discussed first to see 
the effect of the GaC1, InC1, As4, and Pt partial pressures 
on the alloy composition. 

Effect of constituent partial pressures.--It is shown in 
Fig. 3b that the variations in alloy composition with 
Fac~(Ga) and FPH3 go in the Ga-P direction and the varia- 
tions with FHcl(In) and FAst3 go in the In-As direction. The 
calculated solid-vapor composition curves for ternary 
III-V compounds in the hydride VPE system are shown 
in Fig. 6a and 6b to explain these directions. The above 
data were used for the calculation. It is seen that in- 
creases in As- and Ga-related partial pressures cause de- 
creases in x and y, respectively. The interaction parame- 
ters make the solid-vapor curves S-shaped. However, the 
selection of the values for the equilibrium constants plays 



1738 J. Electrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  July 1985 

oF 

.E 

x 

0.:30 

091~  Chloride t . \d~ , ,  
Hydr ide \  O~ ~ . , J J  

O/ .~, 

F . . f # o 2 . ~  . / -  

0 �9  ..ff~ce / - "  

0221 ~ i ~ i I ~ , 
0.51 05.'3 0.55 0.57 0.59 

? 

.E 

x 

0 3 0  

.-,r 

o.2  t ; . - ' -  / 
Chloride V PE 

0.221 I I ~ I = I I 
0.51 0.53 0.55 0 5 7  0.59 

y in Inl_xGO x P i - y  A s y  
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Fig. 5. Variation from Ino.74Goo.~,~kso.5~PoA~ with the saturation fac- 
tor, s, in a chloride system. 

a more  impor tan t  role in de te rmin ing  the  direct ion of the  
var ia t ion in alloy composi t ion .  

Effect of incomplete source reactions.--Figure 4 shows 
that  the  i ncomple t e  source  react ions cause the  variat ions 
in the Ga-P d i rec t ion  in the  hydr ide  sys tem (V/III ~ 1) 
and in the  Ga-As direct ion in the chlor ide  sys tem (V/III 
0.4). S ince  each  source  react ion has the  same complete-  
ness  factor, the Ga/(Ga + In) ratio in the  vapor  phase is 
unchanged�9  (The total  Group III  chlor ide partial  pressure  
decreases  to e%.) A decrease  in the  comple teness  factor 
results  in a m u c h  greater  increase in the  HC1 partial  pres- 
sure and thus  causes a large variat ion in the alloy compo-  
sition. Therefore,  the  incomple teness  of the  source reac- 
t ion is analogous to an increase in the  HC1 partial 
pressure.  

Effect of flow rates in chloride and MO-chloride 
systems.--The discuss ion  on the d i rec t ion  of the  var ia t ion 
in alloy compos i t ion  in the  hydr ide  sys tem can be appl ied 
to the chloride and MO-chloride systems�9 In  the  chloride 
system, the  alloy compos i t ion  changes  in the III-V-rich 
side wi th  the  VCI~ flow rate over  the group III  source, ex- 
cept  for FH~(AsC13 --* Ga), whose  increase  results  in the 
var ia t ion going in the  Ga-P di rec t ion  because  of the  in- 
crease in the  GaC1 partial  pressure�9 

In  the  MO-chlor ide  system, it is ra ther  compl ica ted  to 
foresee the  var ia t ion  in alloy compos i t ion  with  the flow 
rates because  the  part ial  pressure  of  HC1 greatly changes  
wi th  the  flow rates. The MO-chlor ide  sys tem is more  l ike 
the chloride sys tem (V/III = 0.35). Therefore ,  the  var ia t ion 
in alloy compos i t ion  goes in the Ga-As direct ion with the  

el 
"~ 0 .5  
~= 0 .5  

x 

V /  H y d r i d e  V P E  

IF I 
0 0 .5  1.0 0 O.5 1.0 

HC~, ( Ga ) (AsH~] 
HC~, (Ga)+ HC~ (In) [AsH3)+(PH3] 

( a )  ( T n ,  G a )  V ( b )  TI'I" ( P , A s )  

Fig. 6. Solid-vapor composition curves for ternary IIl-V compounds calculated at a growth temperature of 700~ a CI/H ratio of 5 x 10 -3, and 
a V/Ill ratio of -1  in a hydride VPE system, a: For (In, Ga)V. b: For Ill(As, P). Arrows represent adding As- and Ga-related species in the vapor 
phase, respectively. 
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Table IV. Variations in alloy composition on a X-Y plane 
and required accuracies of growth parameters 

for a length of variation of 0.004 

Required 
Growth parameter Variation ~ accuracy b 

Chloride 
Source temp. 0.0050 2.4~ 
Growth temp. 0.0041 2.9~ 
H.~ (AsC13 --~ Ga) 0.0033 3.6% 
H2 (PC13 --~ Ga) 0.0091 1.3% 
H2 (AsC13 --* In) 0.0087 1.4% 
H2 (PC13 --~ In) 0.0072 1.7% 
e 0.0131 0.3% 
s 0.0058 3.4% 

Hydride 
Source temp. 0 - -  
Growth temp. 0.0047 2.6~ 
HC1 (Ga) 0.0101 1.2% 
HC1 (In) 0.0091 1.3% 
AsH3 0.0070 1.7% 
PH3 0.0050 2.4% 
e 0.0105 0.4% 

MO-chloride 
Growth temp. 0.0040 3.0~ 
H2 (TEG) 0.0104 1.2% 
H2 (TEI) 0.0368 0.3% 
H~ (AsC13) 0.0096 1.3% 
H2 (PC13) 0.0368 0.3% 

Length of the variation from In0.74Ga0.~6Aso.~P0.~ on a X-Y plane 
with the change in the temperature by 3~ the flow rate by 3%, e by 
1%, or s by 5%. 

b Required accuracy for a length of variation of 0.004. This is com- 
parable to a lattice mismatch of 3 • 10 4 when the variation is per- 
pendicular to the line lattice matching to InP. 

HC1 par t ia l  p re s su re .  A n  inc rease  in e i t he r  T E G  or TEI  
flow ra te  d e c r e a s e s  t he  HC1 par t ia l  p ressu re .  Hence,  the  
i nc r ea se  in  t h e  TEI  flow ra te  causes  t he  la rge  va r i a t ion  in  
t he  In -P  d i r ec t i on  as a c o n s e q u e n c e  of  t h e  add i t i on  of  t h e  
In -As  d i r ec t ion  a n d  t he  In -P  d i r e c t i o n  (oppos i t e  to t he  
Ga-As direct ion) .  B e c a u s e  the  T E G  flow ra te  is m u c h  
smal l e r  t h a n  t he  VC13 flow rate,  an  i nc r ea se  in t he  T E G  
flow ra te  by  3% dec reases  t he  HC1 par t ia l  p r e s su re  little. 
Therefore ,  t he  v a r i a t i o n  w i t h  the  T E G  flow ra te  is a b o u t  
the  s a m e  as t h a t  w i t h  FHc](Ga) in  the  h y d r i d e  sys tem.  The  
va r i a t i on  in al loy c o m p o s i t i o n  w i t h  e i t h e r  AsC13 or PC13 
flow ra te  s h o w s  t h e  effect  of  t he  i n c r e a s e  in the  HC1 par-  
tial p ressure .  E a c h  v a r i a t i o n  goes  in  t h e  Ga  di rec t ion .  

Effect of unsaturation of sources.--The to ta l  G r o u p  V 
par t ia l  p r e s s u r e  dec reases  w i th  t he  u n s a t u r a t i o n  of t he  
sources .  The  As/(As + P)  rat io  in t h e  v a p o r  p h a s e  is un-  
c h a n g e d  s ince  e a c h  sou rce  has  the  s a m e  s a t u r a t i o n  factor.  
The  va r i a t ion  in  t he  Ga-P  d i r ec t i on  w i t h  d e c r e a s i n g  satu-  
r a t i on  fac tor  is s e e n  in Fig. 5. In  t he  real  ch lor ide  V P E  
sys tem,  the  s a t u r a t i o n  fac tors  are d i f fe ren t  f rom one  an- 
o ther .  P r o b a b l y ,  a n  In  sou rce  cove red  w i t h  an  InAs  c rus t  
has  t he  sma l l e s t  s a t u r a t i o n  factor,  c o n s i d e r i n g  t he  solubi l -  
i ty of  III-V c o m p o u n d s  in G r o u p  I I I  l i qu ids  (36). 

Effect of source temperature.--The var i a t ion  in alloy 
c o m p o s i t i o n  w i t h  t he  sou rce  t e m p e r a t u r e  goes in  t he  
Ga-P  d i r ec t i on  on ly  in  t he  ch lor ide  sys tem.  T he  GaIC1 a n d  
In/C1 ra t ios  i nc r ea se  to a m a x i m u m  va lue  of  1 as t he  
source  t e m p e r a t u r e  increases .  S ince  t he  In/C1 ra t io  (> 0.9) 
is l a rger  t h a n  t he  Ga/C1 ra t io  ( ~  0.8), t h e  GaC1 par t ia l  pres-  
sure  i nc r ea se s  m o r e  t h a n  t he  InC1 par t ia l  p ressure ,  w h i c h  
causes  t h e  v a r i a t i o n  in  t he  Ga-P  d i rec t ion .  As  is wel l  
k n o w n ,  t he  h y d r i d e  s y s t e m  is less s ens i t i ve  to the  sou rce  
t e m p e r a t u r e  t h a n  t he  ch lo r ide  s y s t e m  b e c a u s e  t he  III/C1 
rat io in  the  h y d r i d e  s y s t e m  is m o r e  t h a n  0.98 a n d  ful ly sat- 
u ra ted .  S ince  all of t he  G r o u p  I I I  o rgan ics  are c o n v e r t e d  
to t h e  G r o u p  I I I  ch lor ides ,  t he  III/C1 ra t io  is i n d e p e n d e n t  
of  t he  m i x i n g  t e m p e r a t u r e  in  t he  MO-ch lo r ide  sys tem.  

Effect of growth temperature.--Because of t h e  s imi la r i ty  
of  t he  g r o w t h  p r o c e s s  in  t he  t h r ee  V P E  sys tems ,  t he  var ia-  
t ions  in  al loy c o m p o s i t i o n  w i th  t he  g r o w t h  t e m p e r a t u r e  
are c o m p a r a b l e  to  one  ano ther .  T h e  d i f f e rence  in t he  di- 
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Fig. 7. Variation in alloy composition from no.74Goo2~So55Po45 

with the increase in either flow rate by 3% or temperature by 3~ as 
a function of the V/Ill ratio in a hydride VPE system. Solid lines show 
~x's, and broken lines show •y's. 

r ec t ion  of t he  v a r i a t i o n  b e t w e e n  t he  h y d r i d e  s y s t e m  a n d  
t he  ch lo r ide  a n d  MO-ch lo r ide  s y s t e m s  ar ises  f rom the  dif- 
f e rence  in t he  V/II I  ratio. As  s h o w n  in Fig. 7, t he  va r i a t ion  
w i th  t he  g r o w t h  t e m p e r a t u r e  goes in  t h e  Ga-As d i rec t ion  
also in  t he  h y d r i d e  s y s t e m  at  a V/III  ra t io  of 0.4. This  vari-  
a t ion  goes in  t he  Ga-P  d i rec t ion  at  V/II I  ra t ios  above  0.6. 
The  o the r  v a r i a t i o n s  in  al loy c o m p o s i t i o n  do no t  c h a n g e  
the i r  d i r ec t ion  w i t h  t he  V/III  ratio. T h e  va lues  of  t h e  vari-  
a t ions  are a f fec ted  a l i t t le  b y  t h e  V/I I I  ratio. 

Summary 
A t h e r m o d y n a m i c  c o m p a r i s o n  of c o m p o s i t i o n  cont ro l -  

labi l i ty  was  m a d e  b e t w e e n  t h e  ch lor ide ,  hydr ide ,  a n d  
newly  p r o p o s e d  MO-ch lor ide  I n G a A s P  V P E  s y s t e m s  for  
the  g r o w t h  of  a n  al loy la t t ice  m a t c h e d  to I n P  a n d  e m i t t i n g  
at  1.3 ~m.  I n  o rde r  to d i scuss  the  d y n a m i c  aspec t s  of  t he  
V P E  m e t h o d s ,  t h e  ca lcu]a ted  m o d e l  i n c l u d e s  a comple te -  
ness  fac tor  for  t he  r eac t ion  b e t w e e n  a sou rce  me ta l  a n d  
gas p h a s e  a n d  a s a t u r a t i o n  fac tor  for  t he  m e t a l  source  
w i th  a G r o u p  V e lement .  

Cont ro l  of t he  t e m p e r a t u r e s  to w i t h i n  2.4~ in all t h r e e  
V P E  s y s t e m s  a n d  of  t h e  flow ra tes  to w i t h i n  1.2% in b o t h  
ch lor ide  a n d  h y d r i d e  s y s t e m s  are e n o u g h  to m a k e  t he  
l e n g t h  of  va r i a t i on  on  t h e  X-Y p l a n e  less  t h a n  0.004 (a 
l e n g t h  w h i c h  p r o d u c e s  a la t t ice  m i s m a t c h  of 3 • 10 -4 at  
t he  m a x i m u m ) .  I n  t he  MO-ch lor ide  sys t em,  m o r e  p rec i se  
con t ro l  of t he  flow ra tes  to w i t h i n  0.3% is needed .  I t  is 
f o u n d  t h a t  the  c o m p l e t e n e s s  a n d  s a t u r a t i o n  fac tors  
grea t ly  affect  the  alloy compos i t i on .  Con t ro l  of  t he  com- 
p l e t e n e s s  f ac to r  to w i t h i n  0.3% in t he  ch lo r ide  s y s t e m  a n d  
to w i t h i n  0.4% in t he  h y d r i d e  s y s t e m  a n d  con t ro l  of  t h e  
s a t u r a t i o n  fac to r  to w i t h i n  3.4% in t h e  ch lo r ide  s y s t e m  are 
also r e q u i r e d  to keep  t he  alloy c o m p o s i t i o n  in a circle  
w i th  a r ad ius  of 0.004 on  t he  X-Y plane .  
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A P P E N D I X  

E q u i l i b r i u m  Eq.  [B] a n d  [C] give 

PGaCl + P,r, cl = hlPcacl [A-l]  

w h e r e  

h, = 1 + (Kc/KB)(al,As/aGaAs) 
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Equilibrium Eq. [E] and [F] give 

PGaCl3 + PIncl3 = h3Pc~c13 [A-2] 

where 

h3 = 1 + (KrKc/KEKB)(alnAJac~A~) 

Equilibrium Eq. [A], [B], and [I]-[K] give 

PA~4 + P A ~  + P~2P~ + PA~ + PP4 = h4PA~4 [A-3] 

where 

h4 = 1 + K~z + K j z  e+ K~z ~ + z 4 

and 

z = (KA/KB)(aaJac~As) 

Equilibrium Eq. [G], [H], and [L] give 

PAs2 + PAsP + PP2 = h2PAs2 [A-4] 
where 

h.~ = 1 + KL(KH/Kc)II'2z + (KH/KOz" 

Substi tution of Eq. [A-1]-[A-4] in Eq. [11]-[13] gives 

PH2 + PHCI + h~Pc~c~ + h3Pc~% + h4Phs4 + h2PAs~ = 1 
[A-5] 

2cPH~ + (c - 1)Pncl -- hiPcacl - 3h'~P6~c13 = 0 [A-6] 

2dPH~ + dPncl - hiPc~cl - h3P6~c13 + 4h4PA~4 + 2h2PA~2 = 0 

[A-7] 

Thus Eq. [E] and [A-6] give 

Pc~cl(1) = 2cP"2 + (c - 1)PHcl [A-8] 
hi + 3h3KEPHcI'2/PH2 

Equations [G], [A-5], and [A-7] give 

8. G. B. Stringfellow, ibid., 62, 225 (1983). 
9. S. Sugou, A. Kameyama, H. Katsuda, Y. Miyamoto, K. 

Furuya, and Y. Suematsu, Electron. Lett., 19, 1037 
(1983). 

10. G. H. Olsen and T. J. Zamerowski, IEEE J. Q u a n t u m  
Electron., qe-17, 128 (1981). 

11. M. Yoshida, H. Terao, and H. Watanabe, This Journal,  
To be published. 

12. K. Morizane and Y. Mori, J. Cryst. Growth,  45, 164 
(1978). 

13. H. Watanabe, Jpn.  J. Appl .  Phys. ,  14, 1451 (1975). 
14. D. W. Shaw, J. Cryst. Growth,  8, 117 (1971). 
15. A. G. Sigai, C. J. Nuese, R. E. Enstrom, and T. Zam- 

erowski, This Journal,  120, 947 (1973). 
16. V. S. Ban, ibid., 118, 1473 (1971). 
17. M. G. Jacko and S. J. W. Price, Can. J. Chem., 41, 1560 

(1963). 
18. M. Yoshida, F. Uesugi, and H. Watanabe, This Jour- 

nal, 132, 677 (1985). 
19. M. Yoshida, Unpublished data. 
20. T. Nozaki and T. Saito, Jpn.  J. App l .  Phys.,  11, 110 

(1972). 
21. D. T. J. Hurle and J. B. Mullin, in "Proceedings of the 

International Conference on Crystal Growth (Bos- 
ton), 1966," p. 241, Pergamon Press, Oxford, En- 
gland (1967). 

22. J. B. Mullin and D. T. J. Hurle, J. Luminescence,  7, 176 
(1973). 

23. A. Koukitu and H. Seki, J. Cryst.  Growth,  49, 325 
(1980). 

24. K. Onabe, J. Phys.  Chem. Solids, 43, 1071 (1982). 
25. D. J. Kirwan, This Journal,  117, 1572 (1970). 
26. V. S. Ban and M. Ettenberg, in "Chemical Vapor Dep- 

osition," G. F. Wakefield and J. M. Blocher, Jr., Ed- 
itors, p. 30, The Electrochemical Society Softbound 
Proceedings Series, Princeton, NJ (1973). 

27. V. S. Ban and M. Ettenberg, J. Phys.  Chem. Solids, 34, 
1119 (1973). 

28. R. R. Fergusson and T. Gabor, This Journal,  111, 585 
(1964). 

PAs4,/2 = -3h2K6 + ~/9h22Kc 2 + 20 h411 - (2d + 1)PH2 -- (d + 1)PHcl] 
10 h4 

Then substitution of Eq. [G] and [A-9] into Eq. [A-5] gives 

= g(Pn2, PHCl) [A-9] 

Pcacl(2) = 1 - P..2 - P,cl - h4g~(PH2, PHcl) - h.~Kcg(P,2, P,cl) 

hi + h3KEP~cl'2/Pa2 

Equations [B] and [A-9] give 

PGac~(3) = KBa~aA~PHc~/[g(PH.~, PHc~)PH2] ~2 [A-11] 

A set of PH2 and Pncl when Pcacl(1) = Pc~acl(2) = Pcacl(3) 
gives a solution. 

REFERENCES 
1. P. E. Brunemeier, T. J. Roth, N. Holonyak, Jr., and 

G. E. Stillman, Appl .  Phys.  Lett., 43, 373 (1983). 
2. W. T. Tsang, J. Appl .  Phys.,  52, 3861 (1981). 
3. B. de Cremoux, P. Hirtz, and J. Ricciardi, in "GaAs 

and Related Compounds (Vienna) 1980," p. 115, In- 
stitute of Physics, London (1981). 

4. G. B. Stringfellow, J. Cryst. Growth,  58, 194 (1982). 
5. K. Onabe, Jpn.  J. App l .  Phys.,  21, 797 (1982). 
6. H. Watanabe and A. Usui, ibid., 22, 315 (1983). 
7. J. P. Duchemin, J. P. Hirtz, M. Razeghi, M. Bonnet, 

and S. D. Hersee, J. Cryst. Growth,  55, 64 (1981). 

[A-IO] 

29. H. Sekl and S. Minagawa, Jpn.  J. Appl .  Phys.,  11, 850 
(1972). 

30. T. Mizutani, M. Yoshida, A. Usui, H. Watanabe, T. 
Yuasa, and I. Hayashi, Jpn.  J. Appl .  Phys.,  19, Ll13 
(1980). 

31. S. Y. Narayan, J. P. Paczkowski, S.T. Jolly, E.P.  
Bertin, and R. T. Smith, R C A  Rev., 42, 491 (1981). 

32. O. Mizuno and K. Arai, Jpn.  J. App l .  Phys.,  13, 1955 
(1974). 

33. M. B. Panish and M. Ilegems, in "Progress in Solid 
State Chemistry," Vol. 7, H. Reiss and J.O. 
McCaldin, Editors, p. 39, Pergamon Press, Oxford, 
England (1972). 

34. A. Usui, Y. Matsumoto, T. Inoshita, T. Mizutani, and 
H. Watanabe, in "GaAs and Related Compounds 
(Oiso) 1981," p. 137, Institute of Physics, London 
(1982). 

35. J. Komeno, M. Takikawa, and M. Ozeki, Electron. 
Lett., 19, 473 (1983). 

36. R. N. Hall, This Journal ,  110, 385 (1963). 



N-CulnS]Sulfide-Polysulfide Electrochemical Photovoltaic Cells 
Michael A. Russak and Charles Creter 

Grumman Aerospace Corporation, Research and Development Center, Bethpage, New York 11714 

ABSTRACT 

Large-grained photovoltaic n-CuInS2 was prepared by directional solidification. The as-grown material had doping 
levels of - 6  • 10 '6 cm -~, a minority carrier diffusion length of ~1 ~m, and a max imum efficiency of 6.4% in a sulfide- 
polysulfide electrolyte under simulated AM2 conditions. CuInS2 thin films were also made by an elemental vacuum 
evaporation technique with observed efficiencies of 2%. These electrodes had high doping densities (~>10'7), short diffu- 
sion lengths (-0.05 ~m), and recombination dominated I-V behavior. 

Photoelectrochemical  conversion systems that utilize 
narrow bandgap (1.3-1.7 eV) thin film II-VI materials 
with sulfide/polysulfide (SPS) containing electrolytes 
have been investigated quite extensively in recent years 
(1-5). While solar conversion efficiencies in the range of 
7-8% have been obtained with these materials, the long- 
term output stability of the II-VI/SPS systems remains 
questionable. 

Conversely, I-III-VI2 compounds, which are ternary an- 
alogues of the II-VI materials, have received considerably 
less study in SPS electrolytes, and reported efficiencies 
are much lower than for the II-VI compounds,  especially 
for thin film electrodes (6-8). However, the most notable 
feature of these materials is their outstanding output sta- 
bility (6-8). While high quality materials are more difficult 
to produce in the ternary system, their potential for very 
stable cells justifies further investigation of them. It is 
also interesting to note that when S and Se are combined 
with Cu and In to form CuInS2~Se~(,_x~ solid solutions, di- 
rect bandgap, high absorptivity materials with bandgaps 
in the range of 1.0-1.5 eV can be obtained (9). This pres- 
ents optimization possibilities for a given elec- 
trode/electrolyte system similar to those f o u n d  in the 
CdSe, xTex ternary system (4, 5). 

P-CuInSe2 has been successfully used in solid-state thin 
film photovoltaic cells with CdS or CdxZnl_xS to achieve 
efficiencies greater than 10% with very high current out- 
puts. However, the voltage output of these cells is low 
(10). This is also the case for CuInSe2 used in ~oncert with 
a SPS electrolyte (8). This reflects the fact that the 
bandgap of this material is narrow (i.e., 1.0 eV). In a pho- 
toelectrochemical cell, a material with a bandgap closer to 
1.5 eV, such as CuInS2, should provide maximum photo- 
voltaic performance (11). 

In this paper, we report results with n-CuInS2 in the 
form of directionally solidified, large-grained, polycrys- 
talline material and vacuum-evaporated thin films as 
photoanodes in a SPS electrolyte. 

Experimental 
Stoichiometric amounts of high purity (5N ~ or 6N) Cu, 

In, and S were reacted in an evacuated quartz tube at 
-1100~ for 36h to form CuInS~. The material was subse- 
quently removed, crushed to -200 mesh, and used as the 
starting material for directional solidification processing. 
A boron nitride growth ampul (1 cm diam • 7.5 cm 
length) was filled with the CuInS.2 powder and supported 
within an evacuated ceramic tube. The details of the am- 
pul are shown in Fig. 1. Directional solidification was 
performed using the Bridgman-Stockbarger method in a 
high temperature apparatus (12). The apparatus consisted 
of a three-zone furnace.capable of translating at velocities 
of from 0.01 to 50 cm/h and had an upper limit tempera- 
ture of 1600~ For the solidification of CuInS2, a hot zone 
temperature of 1150~ (-100~ greater than the melting 
point of CuInS2) was used and a linear gradient of 
-60~ was employed. The ampul was held stationary 
and the furnace moved at -0.02 cm/h. 

After processing, the ampul was sliced perpendicular to 
the direction of solidification to form disk-shaped 
samples for electrode fabrication. Evaporated indium was 

used to make an ohmic contact and silver-filled epoxy 
was used to connect  a copper wire to the material. 

A triple-source vacuum evaporation system, the con- 
struction details of which have been reported previously 
(5), was used to make the CuInS~ thin films on titanium 
substrates. The system had resistive heated elemental 
sources, a tungsten dimple boat for copper, and A1203 cru- 
cibles for indium and sulfur, arranged in parallel with 
baffles between them. The power to each source was 
controlled by a microprocessor-driven feedback control- 
ler activated by an oscillating quartz crystal monitor 
which drove a SCR power supply. The key feature of the 
evaporation system was a tubular shielding arrangement 
of the crystal monitors whereby no interference between 
deposition sources was registered. Substrate heating was 
supplied by a copper block substrate holder, into which 
cartridge-type heaters and a thermocouple were inserted. 
X-ray diffraction analysis was performed using a diffrac- 
tometer with Cu Ks radiation. Quantitative compositional 
data were obtained using a wavelength dispersive elec- 
tron microprobe at the Solar Energy Research Institute 
(SERI, Golden, Colorado). 

Photoelectrochemical  measurements were made using 
a standard potentiostatic test  setup. LV traces were ob- 
tained in an aqueous 2.5M Na2S-1M S-1M KOH electrolyte 
using a platinum counterelectrode and a saturated calo- 
mel reference electrode. Electrodes were chemically 
etched in 25% HNO3, and when photoetching was done a 
dilute HCl:HNO3 etchant was used (13). 
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Fig. 1. High temperature schematic ampul for directional 

solidification. 
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White  l igh t  m e a s u r e m e n t s  we re  o b t a i n e d  us ing  a s imu-  60 
la ted  AM2 s p e c t r u m  p rov ided  by  a W-I E L H  l a m p  
m o u n t e d  in a d ich ro ic  pa rabo l i c  re f lec tor  (14). A 0.25m 
gra t ing  m o n o c h r o m a t o r  w i th  1 kW Xe  l igh t  source  was  
u sed  wi th  a l igh t  c h o p p e r  a n d  lock- in  d e t e c t i o n  to ob ta in  
m o n o c h r o m a t i c  I-V curves  a n d  ac t ion  spect ra .  All  l i gh t  
in tens i t i e s  we re  m e a s u r e d  wi th  a ca l i b r a t ed  t h e r m o p i l e  
de tec tor .  

Resu l ts  a n d  D i s c u s s i o n  
The  ma te r i a l  t h a t  was  syn thes i zed  in  t he  quar tz  t u b e s  

was s ing le -phase  CuInS~ wi th  t he  cha l copy r i t e  s t r uc tu r e  
as s h o w n  in Tab le  I. T he  r e s u l t a n t  d i r ec t iona l ly  solidif ied 
ma te r i a l  h a d  e x c e l l e n t  c o m p o s i t i o n a l  u n i f o r m i t y  over  t he  
m i d d l e  1.8 c m  of t he  sample ,  as s h o w n  in  Fig. 2. The  ma- 
ter ial  was  n - type  as f o r m e d  a n d  r e q u i r e d  no  f u r t he r  an- 
nea l ing  or dop ing .  I t  was  also po lycrys ta l l ine ,  w i th  an  ir- 
r egu la r  gra in  s t r u c t u r e  h a v i n g  some  gra ins  as large as 
severa l  m i l l ime te r s  in  l eng th .  X-ray  d i f f rac t ion  analys is  of 
the  e lec t rode  sur face  i nd i ca t ed  t he  ma te r i a l  was  single-  
p h a s e  CuInS~ w i t h  a s l igh t  112 g r o w t h  or ien ta t ion .  Elec- 
t rodes  w h i c h  h a d  b e e n  m o u n t e d ,  po l i shed ,  chemica l ly  
e tched ,  a n d  t h e n  p h o t o e t c h e d  were  eva lua t ed  pho toe lec -  
t rochemica l ly .  T h e  be s t  p e r f o r m a n c e  was  o b t a i n e d  af te r  
p h o t o e t c h i n g ,  as s h o w n  in Fig. 3, for the  e lec t rode  w i th  
t he  h i g h e s t  o u t p u t  obse rved .  The  eff ic iency of t h e  o the r  
e lec t rodes  cu t  f r o m  th i s  s ample  af te r  s imi la r  op t imiza t ion  
were  2.8, 3.6, a n d  5.4%. T he  spec t r a l  r e s p o n s e  (at zero 
bias)  of  t he  e l ec t rode  f rom Fig. 3 is s h o w n  in  Fig. 4. While  
the  q u a n t u m  yie ld  of  t he  op t imized  e l ec t rode  is u n i f o r m l y  
h i g h  (~ e x t e r n a l  -0 .7 )  across  th is  s p e c t r u m  ( the d ropo f f  at  
X < 550 n m  is due  to e lec t ro ly te  absorp t ion) ,  some  
s u b b a n d g a p  p h o t o r e s p o n s e  is p re sen t .  As  a resul t ,  deter-  
m i n a t i o n  of t he  b a n d g a p  of th i s  ma te r i a l  by  t a k i n g  t he  on- 
set  of p h o t o c u r r e n t  to i nd i ca t e  t he  i n t e r b a n d  t r ans i t i on  
ene rgy  as wel l  as a p lo t  of  t he  s q u a r e  of t he  p h o t o c u r r e n t  
v s .  t h e  l igh t  e n e r g y  nea r  t he  b a n d e d g e  ( i . e . ,  J p ,  "2 v s .  hv) (15, 
16) y ie lded  a va lue  of  ~1.48 eV (see Fig. 5), w h i c h  is al- 
m o s t  0.5 eV lower  t h a n  t h a t  r e p o r t e d  in  t he  l i t e ra tu re  (9, 
17-20). This  s u b b a n d g a p  r e s p o n s e  m a y  be  i nd i ca t i ve  of  in- 
t r ins ic  de fec t  s t a tes  in  t he  mate r ia l  w h i c h  give r ise  to op- 
t ical  t r an s i t i ons  w i t h  less t h a n  full  b a n d g a p  e n e r g y  l igh t  
(21, 22). 

A t  t he  low l igh t  i n t ens i t i e s  u sed  to gene ra t e  t he  ac t ion  
s p e c t r u m  ( i .e . ,  I < 1 mW/cm~), e l ec t rode  k ine t i c s  are no t  
ra te  l imi t ing  a n d  t he  s e m i c o n d u c t o r - e l e c t r o l y t e  in t e r face  
m a y  be  t r ea t ed  as a S c h o t t k y  barr ier .  T h e  G a r t n e r  m o d e l  
can  t h e n  be  u s e d  to d e t e r m i n e  opt ica l  a n d  e lec t ron ic  pa- 
r a m e t e r s  of t h e  s e m i c o n d u c t o r  f rom spec t ra l  p h o t o c u r -  
r e n t  da ta  t a k e n  in  r eve r se  b ias  ( i .e . ,  at  p o t e n t i a l s  anod ic  of 
t he  d a r k  res t  p o t e n t i a l  in  p h o t o e l e c t r o c h e m i c a l  sys tems)  
(23). 

Major i ty  ca r r i e r  dens i t y  (N) a n d  m i n o r i t y  car r ie r  diffu- 
s ion l e n g t h  (L,) c an  b e  d e t e r m i n e d  u s i n g  th i s  m o d e l  f rom 
a p lot  of  In (1 - (b) v s .  (V~B - V~) '/2, w h e r e  ch is t h e  m o n o -  
c h r o m a t i c  q u a n t u m  yield,  V~ is t he  app l i ed  r eve r se  b ias  0.6 
vol tage,  a n d  V~B is t he  f l a tband  po t en t i a l  p r o v i d e d  t he  ab- 
so rp t ion  c o e f f i c i e n t  (a) is k n o w n  (23). U s i n g  m o n o c h r o -  

Table I. X-ray diffraction data for CulnS~ 

Calculated a Synthesized Thin 
(Cu Ks radiation) powder film 

d Relative d Relative d Relative 
(]~) hkl intensity (;~) intensity (~) intensity 

4.87 101 10 4.90 7 b b 
3.16 112 100 3.18 100 3.18 100 
3.04 103 5 3.06 -<5 b b 
2.74 200,004 30 2.76 25 2.74 15 
2.39 211 5 2.40 -<5 b b 
2.04 213,105 5 2.05 5 2.07 <5 
1.94 220,204 80 1.95 60 1.95 80 
1.66 312,116 60 1.67 70 1.66 50 
1.59 224 10 1.59 10 1.59 5 

a Data from ASTM File Card 15-681. 
b Peak too weak to be resolved from background. 
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Fig. 2. Compositional uniformity of directionally solidified CulnS2 
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Fig. 3. Photovoltaic performance of directionally solidified CulnS2 
before (solid line) and after (broken line) photoetch/KCN treatment. 

mat ic  I-V t races  o b t a i n e d  at  800 n m  a n d  ~ = 4.6 • 104 
c m  -1 (20), t he  a b o v e - m e n t i o n e d  ana lys i s  y ie lded  t h e  fol- 
lowing  values:  N = 6.8 • 10 TM cm -3 a n d  Lp = 0.8 /~m. I t  is 
l ike ly  t h a t  t he  good  Lp va lue  for  th i s  ma te r i a l  is r e spons i -  
b le  for its s u p e r i o r  I-V p e r f o r m a n c e  as c o m p a r e d  to the  
resu l t s  r e p o r t e d  in  Ref. (7) for  CuInS2 w i t h  Lp - 0 . 2  ~m.  Di- 
rec t  m e a s u r e m e n t  of  t he  res i s t iv i ty  t h r o u g h  t h e  t h i c k n e s s  
of  th i s  d i sk  e l ec t rode  y ie lded  a va lue  of  5 ~ -cm.  U s i n g  th i s  
value,  a ma jo r i ty  car r ie r  mobi l i ty  of - 1 8  cm2/V-s was  cal- 
cula ted.  
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Fig. 4. Action spectrum of photoetched CulnS~ electrode from Fig. 3 
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It has been shown by several workers that the Gartner 
model can be further used to determine VrB, provided cer- 
tain conditions are satisfied (15, 16, 24). Specifically, if 
monochromatic  I-V data are taken at a wavelength of rela- 
tively weak absorption so that ~Lp < 1 and ~Wo < 1, where 
Wo is the width of the space-charge layer in the semicon- 
ductor, a quadratic relation between @ (or J) exists such 
that j2 ~ Va - V~B. V~B may then be obtained by extrapola- 
tion of the J~ vs. Va plot to J = 0. In the present case (800 
nm) for N = 6.8 • 10 TM cm -~, Wo = 0.116 ~m, and ~Wo < 1, 
however, because ~ is large, the product aLp > 1, so.the 
use of this model  becomes somewhat questionable. Even 
so, a plot of J~ at 800 nm as a function of V~ is linear, as 
shown in Fig. 6. The V~B value of -1.5V vs. SCE obtained 
from this extrapolation was in agreement with the value 
of -1.52V vs. SCE obtained by noting the onset of photo- 
current with high intensity chopped white light (25). So, 
while the above-mentioned assumptions are not rigor- 
ously met, the J: vs. V~ relationship still holds and a good 
value for VFB can be obtained. This VFs value is slightly 
lower than that of -1.54V vs. SCE reported by Mirovsky 
et aL. (7), also determined using the Gartner model, but is 
probably within experimental  variability in view of the 
fact that different SPS electrolytes were used. 

Initially, considerable difficulty was encountered in 
producing good quality CuInS~ thin films by the elemen- 
tal evaporation process, because the Cu source tended to 
overheat the S source, which made the S deposition rate 
erratic. Placement  of a ceramic baffle between these two 
sources significantly improved the situation. 

In CuInS2, which is not extrinsically doped, the carrier 
type is determined by the Cu/In ratio as well as the 

S/metal ratio. In producing thin films of CuInS~ by the el- 
emental evaporation technique, n- and p-type films could 
be made by adjusting the Cu/In ratio. If  Cu/In > 1, p-type 
films resulted, and if Cu/In < 1, n-type films were made. 
It should be noted that in all cases the S rate was held at a 
slight excess over stoichiometry (nominal composition of 
CuInS2.~), because nonuniform and poorly adhering films 
resulted if the films were made too sulfur deficient. The 
p-type films exhibited very little photovoltalc activity in 
SPS electrolyte, which is consistent with results reported 
previously with p-type CuInS~ (7). 

The most consistent results in terms of obtaining 
single-phase n-CuInS2 films were achieved using sub- 
strate temperatures between 350 ~ and 400~ and running 
the evaporator with a slight excess of In. The x-ray dif- 
fraction pattern of a film produced with these processing 
conditions is presented in the last column of Table I. It  is 
difficult to determine conclusively if the thin film has 
the chalcopyrite or sphalerite structure, due to the weak- 
ness of the 213, 105 reflection, which belongs to the 
chalcopyrite structure alone. It  is interesting to note that 
while the microstructure of this type of film, shown in 
Fig. 7, appears columnar, the x-ray diffraction pattern 
does not indicate a growth texture. This is in contrast to 
CdSe thin films grown by elemental evaporation in the 
same temperature regime, where similar microstructures 
are accompanied by a strong 001 growth texture (26, 27). 
These results imply that there is a random orientation of 
crystallites within the columns in Fig. 7. This would pro- 
vide higher grain boundary recombinations for carriers 
going through the film than in a textured microstructure. 
This is probably one factor limiting the performance of 
the n-CuInS~ thin films at present. 

The compositional uniformity of these films was  found 
to be quite good, as indicated by the EPMA line scan 
shown in Fig. 8. The excess In in this film is evident in 
this microprobe scan. The average composition of the 
film was 23.07% Cu, 26.38% In, and 50.44% S. Athough 
not detected in the film's x-ray diffraction pattern, the 
formation of some In-S or In-O compound, or CuIn~Ss, 
might have occurred (28, 29). 

A 30 rain heat-treatment at 200~ in air followed by pho- 
toetching and rinsing in 1M KCN was found to optimize 
the photovoltaic output of this type of thin film. Figure 9 
presents the photovoltaic output of a CuInS~ thin film. 
electrode and demonstrates how postdeposition treat- 
ment  improves the I-V performance of the heat-treated 
electrode. Even though the photoetch treatment signifi- 
cantly improves the performance, the I-V curve still has a 
recombination-dominated shape in forward bias. While 
the dark current is very low in forward bias, the 
photocurrent still drops off rapidly (30). The action spec- 
t rum of this electrode, which was only somewhat modi- 
fied by photoetching, shows significant subbandgap re- 
sponse, as seen in Fig. 10. The major effect of photo- 1,4[ 
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Fig. 6. Monochromatic j2 vs. reverse bias plot for flatband determi- 
nation of CulnS2 in 2,5M Na2S, 1M S, 1M KOH electrolyte. 

Fig. 7. SEM micrograph showing CulnS2 thin film deposited at Ts = 
400~ White bar equals 1 /~m. 
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e t ch ing  is s een  in t he  i m p r o v e m e n t  of t h e  r ed  r e s p o n s e  of 
t he  e lec t rode  a n d  in  t he  m a x i m u m  e x t e r n a l  q u a n t u m  
y i e l d  w h i c h  i m p r o v e s  f rom - 1 5  to -50%.  In  ana lyz ing  
t h e s e  films, i t  b e c a m e  obv i ous  t h a t  t h e y  are  far  f rom opti-  
mized.  The re  are p r o b a b l y  severa l  m a j o r  ef f ic iency l imit-  
ing  m e c h a n i s m s  p resen t ,  e.g . ,  poor  e l ec t ron ic  p roper t i es ,  
k ine t i c  l imi ta t ions ,  sur face  states,  and /o r  b u l k  de fec t  
states.  

App l i c a t i on  of  t h e  G a r t n e r  m o d e l  ana lys i s  to t he  t h i n  
film mate r i a l  i n d i c a t e d  N = 6.2 • 1017 c m  -3 a n d  Lp = 0.05 
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Fig. 10. Action spectrum of CulnS2 thin film electrode before (solid 
line) and after (broken line) photoetching showing significant sub- 
bandgap photoresponse. 

Table II. Effect of temperature on photovoltaic output 
of a CulnS~ thin film electrode 

(simulated AM2 conditions) 

T Voc Jsc ~? 
(~ (V) (mA/cm 2) FF (%) 

20 0.40 12.0 0.29 1.9 
60 0.41 12.3 0.32 2.1 

/~m. B e c a u s e  re l iab le  res i s t iv i ty  m e a s u r e m e n t s  cou ld  no t  
be  m a d e  due  to con t ac t  diff icult ies,  t he  mob i l i t y  was  no t  
ca lcula ted .  However ,  t he  h i g h  N v a l u e  is no t  surpr i s ing ,  
due  to t h e  exces s  In  f o u n d  in t he  film. The  low Lp v a l u e  
is c o n s i s t e n t  w i t h  p o o r  p h o t o v o l t a i c  ou tpu t .  Ca lcu la t ion  
of t h e  fi lm d e p l e t i o n  w i d t h  (TWo) b a s e d  on  the  m e a s u r e d  N 
v a l u e  a n d  a bu i l t - in  po t en t i a l  (V~) of  0.7V f rom the  r e l a t ion  
Wo = (eeoVB/qN) "2 w h e r e  e is t he  d ie lec t r ic  c o n s t a n t  of  
CuInS~ w h i c h  was  t a k e n  to be  11 (31), e 0 = 8.86 • 10 -14 
F/cm, a n d  '}~ = 1.602 • 10-19C, y ie lds  Wo = 380A. S u c h  a 
t h i n  Wo s h o u l d  m i n i m i z e  f ie ld-ass is ted  col lect ion,  espe-  
cially in  f o rwa rd  bias,  and  b u l k  co l l ec t ion  w o u l d  be  poor  
due  to t he  low Lp value.  This  i n t e r p r e t a t i o n  is s u p p o r t e d  
by  t he  r e c o m b i n a t i o n - d o m i n a t e d  cu rve  s h a p e  s een  in for- 
wa rd  bias  as wel l  as t he  falloff in  co l l ec t ion  eff ic iency 
f o u n d  at  t he  r ed  e n d  of  t he  s p e c t r u m  (Fig. 10), w h e r e  car- 
r iers  are  g e n e r a t e d  d e e p e r  in to  t he  fi lm a n d  m u s t  rely on  
d i f fus ion  for co l l ec t ion  (27). 

In  o rde r  to eva lua t e  t he  effect  of e l ec t rode  k ine t i c s  on  
t he  I-V p e r f o r m a n c e  of  the  t h i n  film mater ia l ,  a ser ies  of 
m o n o c h r o m a t i c  I-V cu rves  (550, 700, a n d  800 nm)  was  
t a k e n  at  t e m p e r a t u r e s  b e t w e e n  20 ~ a n d  60~ u s i n g  lock- in  
d e t e c t i o n  at  30 Hz. S ign i f i can t  effects  h a v e  b e e n  r epo r t ed  
in  th i s  t e m p e r a t u r e  r e g i m e  for CuInS2 (6, 7). M o n o c h r o -  
m a t i c  I-V da ta  were  u s e d  so t h a t  spec t r a l  i n f o r m a t i o n  
cou ld  be  o b t a i n e d  a n d  d a r k  cu r r en t s  e l imina ted .  Very  lit- 
t le  t e m p e r a t u r e  d e p e n d e n c e  was  f o u n d  as a f unc t i on  of  
w a v e l e n g t h  or vol tage ,  i n d i c a t i n g  tha t ,  a t  leas t  for t he  
l igh t  i n t ens i t i e s  e m p l o y e d  (< 1 mW/cm2), k ine t i c s  are  no t  
t he  m a j o r  ef f ic iency l imi t ing  factor .  Th i s  c o n t e n t i o n  was  
f u r t h e r  s u p p o r t e d  by  w h i t e  l igh t  m e a s u r e m e n t s  at  75 
m W / c m  2 in t he  s a m e  t e m p e r a t u r e  range .  Here,  a b o u t  a 
10% inc rea se  in efficiency,  due  m o s t l y  to an  improve -  
m e n t  to fill factor ,  was  s een  in go ing  f rom 20 ~ to 60~ 
The  p h o t o v o l t a i c  o u t p u t  p a r a m e t e r s  of  t h e  e l ec t rode  at  
20 ~ a n d  60~ are  p r e s e n t e d  in  Tab le  II. I t  is no t  s u r p r i s i n g  
t h a t  t h e r e  is l i t t le  t e m p e r a t u r e  d e p e n d e n c e  s een  at  t h e s e  
low eff ic iency levels ,  cons ide r i ng  t he  large  ac tua l  sur face  
area  of t h e  e l ec t rode  (Fig. 7) a n d  smal l  d i f fus ion  l e n g t h  of  
th i s  mater ia l .  

The  o u t p u t  s t ab i l i ty  of  t he  CuInS2 mate r i a l s  p r o d u c e d  
in  th i s  w o r k  was  qu i t e  good.  The  e l ec t rode  w h o s e  I-V 
t race  is s h o w n  in  Fig. 3 was  r u n  at  m a x i m u m  p o w e r  at  a 
c u r r e n t  dens i t y  of  20 mAJcm 2 (i.e., 2 x AM2 in tens i ty )  for a 
to ta l  of  10,000 C/cm 2, w i th  a s l igh t  i n c r e a s e  in  ef f ic iency 
f rom 6.4 to 6.6%. T h e  t h i n  fi lm e l ec t rode  of  Fig. 9 was  r u n  
at  m a x i m u m  p o w e r  at  10 m A J c m  2 for  a to ta l  of  5000 C/cm 2, 
w i th  a s l ight  d e c r e a s e  in o u t p u t  of  f r o m  1.8 to 1.7%. 

Summary 
I t  has  b e e n  s h o w n  t h a t  p h o t o v o l t a i c a l l y  act ive,  large- 

g r a ined  n-CuInS2 can  be  p r e p a r e d  b y  the  d i rec t iona l  so- 
l id i f ica t ion  of p r e r e a c t e d  CuInS2 s t a r t i ng  mater ia l .  The  
be s t  e l ec t rode  f a b r i c a t e d  f rom t h e  a s -g rown  mate r i a l  h a d  
a m i n o r i t y  ca r r i e r  d i f fus ion  l e n g t h  of - 1  ~m,  exce l l en t  
o u t p u t  s tab i l i ty  in  S P S  electrolyte ,  a n d  a s i m u l a t e d  AM2 
eff ic iency of 6.4%. CuInS2 t h i n  f i lms we re  also p r o d u c e d  
by  e l e m e n t a l  v a c u u m  evapora t ion ,  a n d  re su l t s  we re  m o r e  
var iab le .  T h e s e  e lec t rodes ,  w h e n  op t imized ,  e x h i b i t e d  
on ly  m o d e s t  e f f ic iency levels  ( -2%)  a n d  r e c o m b i n a t i o n -  
d o m i n a t e d  I-V cu rve  shapes .  Ana lys i s  of  m o n o c h r o m a t i c  
I-V da ta  i n d i c a t e d  t h a t  t he  f i lms h a d  h i g h  d o p i n g  dens i -  
t ies  (N t> 1017) a n d  sho r t  e f fec t ive  d i f fus ion  l e n g t h s  (Lp - 
0.05/~m). 
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Thermal Oxidation of Silicon in Dry Oxygen 
Accurate Determination of the Kinetic Rate Constants 

Hisham Z. Massoud *'1 and James D. Plummer* 

Integrated Circuits Laboratory, Stanford University, Stanford, California 94305 

Eugene A. Irene *'2 

IBM Thomas J. Watson Research Center, Yorktown Heights, New York 10598 

ABSTRACT 

Based upon the linear-parabolic growth model of silicon oxidation, accurate kinetic rate constants are determined 
for (100), (111), and (110) silicon oxidized in dry oxygen in the 800~176 range. The oxide growth was monitored by 
high temperature automated in situ ellipsometry. It is shown that fitting the maximum number  of oxidation data points 
to a linear-parabolic relationship yields accurate oxidation rate constants that are unique to the oxidation process as de- 
scribed in the Deal-Grove model, and not just  good empirical fitting parameters. This approach is denoted the "opti- 
mum X~ technique." Both linear and parabolic rate constants exhibit a break in their activation energies at 950~ This 
behavior is discussed and interpreted in terms of the viscoelastic properties of SIO2. 

The thermal oxidation of silicon in the thin regime (< 
500•) is of vital importance to VLSI device designers be- 
cause thin layers of SiO2 are exclusively used as the gate 
dielectric for high performance MOS devices. In  early 
studies of the growth kinetics of silicon dioxide in dry ox- 
ygen, it has been observed that the oxidation rate, in the 
early stages (< 250A) of SiO2 growth, is faster than de- 
scribed by the linear-parabolic growth relationship (1). 
This observation was later confirmed by a number  of in- 
vestigations [e.g., Ref. (2)]. In a quantitative study of the 
oxidation-rate enhancement  in the thin regime (to be pub- 
lished in forthcoming papers), accurate values of the oxi- 

*Electrochemical Society Active Member. 
1Present address: Department of Electrical Engineering, Duke 

University, Durham, North Carolina 27706. 
2Present address: Department of Chemistry, University of 

North Carolina, Chapel Hill, North Carolina 27514. 

dation rate constants were needed in calculating the mag- 
nitude of the rate enhancement.  Some discrepancies, 
however, exist in the reported values of the linear and 
parabolic rate constants (2). In this paper, the techniques 
commonly used to determine these constants from oxida- 
tion data are analyzed, an alternative method is intro- 
duced, and all methods are compared. The approach that 
yields physically meaningful results is then applied to a 
large body of oxidation data obtained using high temper- 
ature in situ ellipsometry. The results are then explained 
in terms of the potentially important role played by the 
viscoelastic properties of SiO~ (3) in determining the oxi- 
dation rate constants. 

The Thermal Oxidation of Silicon 
The growth kinetics of thermal layers of silicon dioxide 

on silicon were successfully modeled by Deal and Grove 
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(1), using a simple linear-parabolic relationship. This 
model was derived by considering three fluxes of oxi- 
dizing species to be in steady state: the flux of oxidant 
from the gas ambient to the gas-SiO2 interface, the diffu- 
sive flux of oxidant through the SiO., film, and the flux 
representing the consumption of oxidant at the Si-SiO2 
interface by the oxidation reaction. In this description, 
the oxidation rate was expressed as 

dXox B 
d ~  - 2Xox + A [1] 

where Xox is the oxide thickness, and B and B / A  are the 
parabolic and linear constants, respectively. The para- 
bolic rate constant is directly proportional to the product 
of the diffusion coefficient and solubility of the oxidizing 
species in the oxide, whereas the linear rate constant is a 
function of the solubility of the oxygen species in the 
SiO2 and the surface-reaction rate constant. It is impor- 
tant to note that this relation represents a "steady-state" 
description of the oxidation process wherein B and B / A  
are both time- and thickness-independent parameters; 
this corresponds to constant values for the diffusion coef- 
ficient and solubility of the oxidizing species in the oxide 
and for the surface-reaction rate constant. The fit of oxi- 
dation data over a wide range of temperatures and growth 
ambients--with values for the linear and parabolic rate 
constants which are only temperature dependent--would 
appear to support these assumptions (1, 4, 5). The rela- 
tionship between oxide thickness Xo• and oxidation time 
to= is obtained by integrating Eq. [1] to yield 

(Xox'-' - Xi 2) + A(Xox - Xi) = Btox [2] 

o r  

Xox 2 + AXox = B(to• + ~) [3] 

where X~ is the oxide thickness at tox = 0, and r is a correc- 
tion parameter for the presence of any initial oxide Xu 
From Eq. [2] and [3], the relationship between Xj and r is 

Xi 2 + AXi 
r - [4] 

B 

These parameters have also been used to account for the 
fast initial oxidation rate observed at the onset of silicon 
oxidation in dry oxygen (1). In this case, the fit to the oxi- 
dation data using the linear-parabolic model is only true 
for oxides thicker than Xo and oxidation times longer 
than tr as shown in Fig. 1 (1, 2). 

Experimental  Procedure 
The use of automated ellipsometry reduces the time re- 

quired for a single measurement of the elliPsometric pa- 
rameters 0 and A to, typically, a few tens of milliseconds. 

Such a reduction in time makes automated ellipsometry 
an effective technique for studying the kinetics of phys- 
ical and chemical processes on the surface of solids and 
liquids. It is especially suited to the study of oxide- 
growth kinetics in the initial stages of oxidation in dry ox- 
ygen where the growth rate is particularly high (1). The 
automated ellipsometry system used in this study was 
adapted to high temperature operation by van der Meulen 
and Hien (6) from the ellipsometric thickness analyzer 
(ETA) developed at the IBM Thomas J. Watson Research 
Center by Hauge and Dill (7). This system permits in situ 
monitoring of oxide growth at high temperatures. 

Single-crystal, CZ-pulled, lightly doped with 1 x 10 's 
cm -~ phosphorus or boron, (100), (111), and (110) silicon 
wafers were used in this study. To investigate doping ef- 
fects on oxidation, some wafers were doped using POC13 
predeposition and subsequent drive-in to obtain surface 
concentrations of 1.8 x 102o and 3.2 • 1020 cm -3. The pre- 
oxidation cleaning sequence consisted of H202-based so- 
lutions of NH4OH and HC1 with appropriate DI water 
rinses followed by a dip in dilute HF and a final DI rinse. 
The wafers were dried using nitrogen and immediately 
loaded in the oxidation tube in an argon ambient. Details 
of the operation of the automated ellipsometry system 
and the optical properties of Si and SiO~ at high tempera- 
tures are described elsewhere (6). 

The native-oxide thickness was measured in situ at the 
oxidation temperature at the onset of every oxidation run. 
Its thickness ranged between 7 (on lightly doped samples) 
and 22~ (on heavily doped samples). After the back- 
ground-intensity measurement,  33 data points were taken 
for every oxidation experiment over the thickness range 
of 0-600A. Thickness reproducibility from run to run was 
better than 2%. 

Accurate modeling of the oxide growth kinetics, based 
on an understanding of the physical mechanisms in- 
volved, requires a complete characterization of the exper- 
imental conditions affecting oxide growth at the onset of 
oxidation in dry oxygen. As a result, the effects of growth 
temperature, partial pressure of oxygen in the oxidizing 
ambient, silicon orientation, and substrate doping on oxi- 
dation in the thin regime were investigated. A complete 
set of silicon-dioxide growth data (Xox vs. tox) for (100), 
(111), and (110) silicon doped with phosphorus at 1 x 10'% 
1.8 x 1020, and 3.2 x 1020 cm -s in dry oxygen-argon mix- 
tures corresponding to oxygen partial pressures of 1.0, 
0.1, and 0.01 atm was obtained (8). An example is shown 
in Fig. 2 for lightly doped (100) silicon oxidized in dry 
oxygen. 

Determinat ion of the Ox idat ion  Rate Constants 
Accurate modeling of thermal oxidation in the thin re- 

gime necessitates a comprehensive body of experimental 
da ta  to differentiate between proposed models or define 
new ones. In any study of the early stages of oxidation, it 
is important to define the onset of linear-parabolic kinet- 
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Fig. 3. Differences in some of the reported values of the linear (left), and the parabolic (right) rate constants for the oxidation of silicon in dry 
oxygen (1, 3, 8). 

ics accurately,  which,  in turn,  requires  an equal ly  accu- 
rate es t imat ion of  the  oxida t ion  rate constants  in the  lin- 
ear and parabol ic  regimes.  Details  of the  physical,  
chemical ,  and e lec t rochemica l  m e c h a n i s m s  that  may  af- 
fect  the  ox ida t ion  process  have  not  been  fully identified. 
For  example ,  the  t ranspor t  of  oxidiz ing species th rough  
the  oxide  is m o d e l e d  by the  diffusion of neutral  mole-  
cules of  oxygen,  us ing  a s imple  diffusion constant,  and 
the  ox ida t ion  reac t ion  is expressed  in te rms  of a single 
rate constant.  Li t t le  in format ion  is avai lable  regard ing  the  
in teract ion and inf luence  of  poin t  defects,  stress, and 
electr ic  field in the  oxide  on the  t ranspor t  of  ox idan t  spe- 
cies th rough  it. 

In  compar i son  to B and B / A  def ined in the  general  oxi- 
da t ion  relat ionship,  o ther  rate constants  can be deter- 
m i n e d  by fitting the  oxida t ion  data  to a po lynomia l  ex- 
press ion  in the  fo rm of 

tox = ao + a,Xox + a2Xox 2 + . . .  [5] 

where  the  cons tan t  coefficients,  a0, at, a2, . . . ,  are fitting 
parameters  ob ta ined  w h e n  the  error  in the  fit is lower  
than  some  a l lowable  limit.  I t  is impor t an t  to note  that, al- 
t hough  these  constants  may  resul t  in a good empir ica l  fit 
to the  ox ida t ion  data  over  a l imi ted th ickness  range,  in- 
sight into the  ox ida t ion  process  based  on such fitting 
constants  could  be  mis leading.  In  contrast ,  the  linear- 
parabol ic  mode l  is based upon  physica l ly  meaningfu l  
constants .  To the  ex ten t  that  this  mode l  can fit experi-  
menta l  data, it p rovides  insight  into the  physical  mecha-  
n isms p resen t  dur ing  the rmal  oxidat ion.  Consequent ly ,  
this analysis is based  on the  descr ip t ion  of  si l icon oxida- 
t ion by l inear-parabol ic  kinetics.  A survey  of  the  resul ts  of  
ox ida t ion  studies,  however ,  wou ld  ind ica te  some  diserep- 
ancies in the r epor t ed  values  of  the  l inear  and parabol ic  
rate constants  (2). S o m e  of these  resul ts  (1, 5, 9) are repro- 
dueed  in Fig. 3, where  it can be  seen  tha t  substant ia l  vari- 
at ions in B and B / A  were  obtained,  par t icular ly  at lower  
tempera tures .  Such  dif ferences  s tem f rom var ia t ions  in 
the t echn iques  and fitting parameters  used  in calculat ing 
the rate constants ,  and will  be  d i scussed  later. These  dif- 
ferences  in ox ida t ion  rate constants  in t roduce  large 
uncer ta int ies  in the  m a g n i t u d e  of oxidat ion-ra te  enhance-  

men t  in the  th in  regime.  Being in teres ted  in the  physical  
m e c h a n i s m s  respons ib le  for the " anoma lous"  th in- reg ime 
kinetics,  accurate  va lues  of B and B / A  were  necessary  to 
de te rmine  accura te ly  the  end of the  th in  reg ime  and the  
onset  of l inear-parabol ic  kinetics.  For  these  reasons,  an 
evaluat ion of the  me thods  used  to de t e rmine  B and B / A  
was under taken .  

In  this section, the  t echn iques  used  to de t e rmine  the  
ox ida t ion  rate constants  are discussed,  and a novel  
m e t h o d  is i n t roduced  to obtain cons tan ts  that  are repre- 
senta t ive  of  the  oxida t ion  process  as def ined by the  
l inear-parabolic  mode l  and not  mere ly  empir ica l  fitting 
parameters .  

D e t e r m i n a t i o n  o f  the  r a t e  c o n s t a n t s  b a s e d  on  Xi. - -By di- 
v id ing  both  sides of Eq. [2] by (Xox - X~), the linear- 
parabol ic  re la t ionship  can be  rewri t ten  as 

to'x 
(Xox + X~) = B- A [6] 

(Xox - X~) 

For  th ickness - t ime  data that  fit the  l inear-parabol ic  
model ,  a plot  of  (Xox + XO vs .  tox/(Xox - XO should  resul t  in 
a s traight  l ine whose  s lope is B and in te rcep t  at tox/(Xox - 
X0 = 0 is - A .  The  va lue  of X~ used  to genera te  this plot  is 
obta ined  by es t imat ing  the  in tersec t ion  of the  extrapola-  
t ion of the  l inear-parabol ic  re la t ionship  with  the  thick- 
ness  axis, as seen in Fig. 1 (1). 

D e t e r m i n a t i o n  o f  the  r a t e  c o n s t a n t s  b a s e d  on  ~.--By di- 
v id ing  both sides of Eq. [3] by Xox, the  l inear-parabol ic  re- 
la t ionship can be  rewri t ten  as 

(tox + r) 
Xox = B - -  A [7] 

Xox 

A plot  of  Xox v s .  ( t o x +  r)/Xox should  again resul t  in a 
s t raight  line w h o s e  s lope is B and in te rcep t  at (tox + r)/Xo• 
= 0 is - A .  The  va lue  of r used  to genera te  this plot  is also 
obta ined by es t imat ing  the  in te rsec t ion  of  the  extrapola-  
t ion of  the  l inear-parabol ic  re la t ionship  with  the t ime  
axis, as shown in Fig. 1 (1). 

I t  should  be  no ted  that,  in the  two  above  equiva len t  
methods ,  the  va lues  of  X~ and r are es t imated  approxi-  
mate ly  and are used  as fitting parameters .  
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D e t e r m i n a t i o n  o f  the  r a t e  c o n s t a n t s  b a s e d  on  X~ a n d  
t~.--This approach  el iminates  the  need  for a fitting pa- 
r amete r  and is based  on the  a s sumpt ion  that  the  oxida- 
t ion data fit a l inear-parabolic  re la t ionship  beyond  the  
fast initial regime.  I f  X~ and t~ are the  oxide  th ickness  and 
oxida t ion  t ime at or beyond  the  onset  of  l inear-parabolic 
kinetics,  then  

(Xox" - Xo'-') + A(Xox - X0) = B(to~ - to) [8] 

for any set of ox ide  th ickness  Xox and oxida t ion  t ime  to,, 
such that  Xo~ > Xc and  tox > to. A plot  of  (Xox + Xc) vs .  (to~ 
- t,)/(Xo~ - Xe) should  yield a s t ra ight  l ine wi th  a s lope 
equal  to B and an in te rcep t  equal  to - A .  This m e t h o d  is 
equ iva len t  to shif t ing the  th ickness  and t ime  axes to a 
poin t  (X~, tc) on the  l inear-parabol ic  por t ion  of the  data. 

The  onset  of  l inear-parabol ic  k inet ics  can be  deter- 
m ined  by calcula t ing the  error in fitting the  ox ida t ion  
data, s tar t ing f rom a poin t  (X~, t~) to the  largest  data po in t  
(Xf, t~), to a l inear-parabol ic  express ion.  I f  the  start ing 
point  is smaller  than  (X~, tc), the  error is large, and the  
values  ob ta ined  for B and B / A  are lower  and h igher  than  
their  t rue  values,  respect ively.  I f  the  start ing point,  how- 
ever,  is equal  to or larger  than (Xc, tc), the  error reaches a 
m i n i m u m  and stays at that  value, and the  oxida t ion  rate 
constants  r emain  unchanged ,  as i l lus t ra ted in Fig. 4. This 
analysis is based  on the  assumpt ions  of  steady-state and 
th i ckness - independen t  rate constants.  This m e t h o d  was 
first in t roduced  by I rene  and van der  Meulen ( 2 ) i n  a 
s tudy of the  d iscrepancies  in the r epor t ed  values  of  the  
rate constants  for the  oxida t ion  of si l icon in dry oxygen.  

D e t e r m i n a t i o n  o f  the  r a t e  c o n s t a n t s  b a s e d  on  
( d X o x / d t ) - k - - I n  this method,  the  ox ida t ion  rate is ob- 
ta ined numer ica l ly  or graphical ly f rom the  growth  data. 
The d e p e n d e n c e  of  the  inverse of  the  ox ida t ion  rate on 
oxide  th ickness  is found by inver t ing  Eq. [1] as 

dXox ~ - ~  

A plot  of  (dXox/dt)  -~ vs .  Xox, therefore,  resul ts  in a 
s traight  l ine whose  slope is (2/B) and in te rcep t  at Xox = 0 
is (A /B) .  This m e t h o d  was used by H o p p e r  et  aL (10) in 
discuss ing the  resul ts  of the  ox ida t ion  of (111) si l icon in 
the  700~176 range  in var ious oxygen  part ial  pressures.  

C o m p a r i s o n . - - T h e  methods  based  on X~ or r depend  on 
an es t imate  of  e i ther  pa ramete r  which  is normal ly  m a d e  
by examin ing  the  ox ida t ion  data, such  as that  shown in 
Fig. 1. The  accuracy  with  which  the  rate constants  are de- 
t e rmined  is d e p e n d e n t  on the  va lue  of  X~ or r, as will  be  
d iscussed in the  fo l lowing section. No fitting parameter  
is requi red  in the  (Xc, t~) or the  inverse-ra te  method;  in 

J .  E l e c t r o c h e m .  S o c . :  S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  J u l y  1 9 8 5  

Table I. Reported values of Xi used to determine 
the oxidation rate constants (1965-1982) 

Workers X,(A) 

Deal and Grove (1) 230 -+ 30 
Hess and Deal (8) 160 -- 40 
Lie et al. (3) 40 _ 0 

both,  the  rate constants  obta ined  should  be  unique,  pro- 
v ided  the  data  can be  descr ibed by the  l inear-parabolic 
model.  The  process  of differentiation,  however ,  requires  a 
large n u m b e r  of closely spaced data points  to avoid errors 
resul t ing f rom interpolat ion.  

Optimum Xi  Technique 
In  a s tudy  of  the  oxidat ion  of ( l l l ) - o r i en t ed  sillicon in 

dry oxygen  (1), Deal  and Grove  used  the  r m e t h o d  to cal- 
culate  the  rate constants .  Based  on the  different  values of  
r obta ined  in the  700~176 range,  cor responding  values  
of Xi were  calcula ted us ing Eq. [4], and a cons tant  va lue  of  
230• resul ted.  The  va lue  of  Xi used  in the  de te rmina t ion  
of rate constants ,  however ,  has no t  been  the same over  
the years, as demons t r a t ed  in Table  I. The  t rend  towards  
decreas ing va lues  of  X~ reflects the interes t  in fitting 
data cover ing the  g rowth  of th inner  oxides.  

In  this section, it will be demons t r a t ed  that  values of 
the l inear  and parabol ic  oxidat ion rate constants  deter- 
m ined  from oxida t ion  data  depend  on the  value  of X~ 
used  in the  analysis.  An  o p t i m u m  Xi t echn ique  is intro- 
duced,  where in  the  va lue  of  Xi is ob ta ined  by maximiz ing  
the  n u m b e r  of  data  points  (Xox, tox) that  fit a linear- 
parabol ic  express ion ,  and this o p t i m u m  va lue  is referred 
to as X~opt~. It  will  also be shown that  the  rate constants  
obta ined  using Xico,t) are the  same as those  obta ined by 
the inverse-rate  method ,  which,  as d iscussed  earlier, does 
not  require  any fitting parameters .  

The  ox ida t ion  data  of (100) sil icon oxidized in dry oxy- 
gen  at 1000~ is used,  as an example  typical  of all temper-  
atures and orientat ions,  in plot t ing (Xox + Xi) vs .  tox/(Xox - 
Xi) for di f ferent  va lues  of  X~, as shown in Fig. 5. It  can be  
seen that  an o p t i m u m  value of  X~ exis ts  for which the  
n u m b e r  of  data  points  fitting a s t ra ight  l ine (i.e., a linear- 
parabolic  re la t ionship)  is m a x i m u m .  The thickness  Xc 
above  which  the  g rowth  can be  m o d e l e d  as linear-para- 
bolic is a s t rong func t ion  of  X~, and is at m i n i m u m  in the 
case of  the  o p t i m u m  X~. For  oxides  th inner  than X~, the  
data devia te  sharply  f rom a straight l ine because  of  the  
fast ini t ia l -oxidat ion regime.  For  ox ides  th icker  than Xc, a 
straight-l ine plot  of (Xo~ + X~) vs .  toJ(Xox - X~) is obta ined 
for a range of  va lues  of  X~ around the  o p t i m u m  value. The 
fol lowing observat ions  are apparent  f rom the  figure. 
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Fig. 4. The (Xc, to) method showing dependence of the linear and parabolic rate constants and the error in the fit to oxidation data on the posi- 
tion of the starting point (X~, ts) with respect to (Xc, tc). 
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Fig. 5. Effect of the value of X~ on (a, left) the linear and parabolic rate constants as seen from the slope and intercept of the straight-line fit in 
a (Xox + Xi) vs. toJ(Xox - Xi )  plot, and (b, right) the fit to the oxidation of (100) silicon at 1000~ in dry oxygen. 

1. The  s traight- l ine plot  obta ined for X~ = Xi(a) > X i ( o p t )  is 
s teeper  than  that  obta ined  for X~ = X~(opt~; therefore,  B is 
larger and B / A  is smal ler  than the  rate constants  obta ined 
with  X,  op,. This  is seen  f rom the change  in slope and in- 
te rcept  of  the  two  plots. The l inear-parabol ic  relat ionship 
fits the  data beyond  Xc~a), where  Xe(,) > Xor as in Fig. 
5b. 

2. The  straight- l ine plot  obta ined  for X~ = Xi(a) < X i ( o p t )  is 
less s teep than  that  obta ined  for X~ = Xi(opt) and, as a re- 
sult, B is smal le r  and B / A  is larger than  the  rate constants  
obta ined  with  X~(opt). This is also seen f rom the  change in 
slope and in te rcep t  of the  two plots.  In  this case, the 
l inear-parabolic  re la t ionship  and the  (Xox, to=) data  inter- 
sect  at point  P. The  th ickness  Xe~b), beyond  which the  
l inear-parabohc express ion  fits the  data, is also larger 
than  Xc(o~t>. 

This observed  behav ior  was found to be  qual i ta t ively 
the  same for all o ther  or ientat ions and at all temperatures .  
It  should be no ted  that  such  results  were  only made  pos- 
sible because  of  the  closely spaced data  points  obtained 
by au tomated  e l l ipsometry.  

Having  es tabl i shed that  the  ox ida t ion  rate  constants  de- 
pend  on the  va lue  of the  parameter  X~, it  is impor tan t  to 
es t imate  quant i ta t ive ly  the  deviat ion in the  rate constants  
f rom their  o p t i m u m  values due  to di f ferent  values of  X~. 
For  this purpose ,  B and B / A  are ob ta ined  by applying the  
o p t i m u m  Xi m e t h o d  to the  Xo= - to= data points  of  (100) sil- 
icon  oxid ized  in dry oxygen  at 1000~ This is i l lustrated 
in Fig. 6, whe re  plots  of ()Cox + X~) vs. toJ(Xox - Xi) are 
shown for Xi va lues  in the  100-140A range  in steps of  10A. 
It  can be obse rved  that  the  m a x i m u m  n u m b e r  of  data 
points  that  fit a s t raight  line cor responds  to X~ approxi-  
mate ly  equal  to 120/~. S imi lar  plots were  obta ined  for dif- 
ferent  values of X~ around 120~ in i nc remen t s  of 2.5/~, and 
it was found,  by compar ing  plots,  that  the m a x i m u m  

1000 
. . . . . . . . . . . . . . . .  ~ ~ / 3 I /  J 5  " o 

1 110 
3 120 
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"~~•247 soo~5~ ~ 'i ' " 
, , 

0.11 0.12 0.13 0.14 0.15 0.16 
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(Xox-Xi) 

Fig. 6. Effect of the values of X~ on the oxidation rate constants ob- 
tained from plots of (Xox + Xi) vs. tox/(Xox - Xi) forXi = 100, 110, 
120, 130, and 140~. 

n u m b e r  of data  points  that  fit the  s traight- l ine por t ion of  
the  plot  cor responds  to Xi = 117.5]~. F r o m  the  s lope and 
in tercept  of this plot,  the  o p t i m u m  rate constants  ob- 
ta ined are 

B = 28,500 ~2/min 

and 

B / A  = 8.66 A/min 

I t  can also be  observed  in Fig. 6 that  va lues  of Xi o ther  
than  the  o p t i m u m  will  also resul t  in a straight-l ine fit for 
data points  co r respond ing  to th icker  oxides  f rom which  
the  l inear  and parabol ic  rate constants  could  be  deter- 
mined.  Model ing  oxide  growth  wi th  these  values  of  B and 
B / A  would  resul t  in small  errors in f i t t ing  the  data. The 
error in the  rate constants  themselves ,  however ,  can be  
ra ther  large, and a t t empts  to ident i fy  the  physical  pro- 
cesses invo lved  migh t  also be  in error. Table  II summa-  
rizes the  values  obta ined  for the  rate  constants  w h e n  
us ing values of X~ other  than  the  o p t i m u m  value  in the  ex- 
ample  shown in Fig. 5 and 6. I t  can be  seen that, for Xi = 
140A, the  devia t ions  in B and B / A  f rom their  va lues  deter- 
m ined  with  X~(opt) are approx imate ly  30 and 10%, respec-  
tively; here, X~ is only 22.5A away  f rom the o p t i m u m  
117.5A. 

It  is, therefore ,  conc luded  that  var ia t ions  in the  parame-  
ter  X~ can resul t  in substant ia l  devia t ions  in the  obta ined  
ox ida t ion  rate constants .  I t  is shown  nex t  w h y  th i s  opti- 
m u m  t echn ique  should  be  used. 

A plot  of  the  th ickness  d e p e n d e n c e  of  the  inverse  of  the  
ox ida t ion  rate for (100) sil icon oxid ized  in dry oxygen  at 
1000~ is shown  in Fig. 7. There  are the  same  data shown 
in Fig. 5 and 6. The  ox ida t ion  rate was obta ined  by nu- 
mer ica l  di f ferent ia t ion of the  ox ide -g rowth  data  points  
us ing  a f ive-point  parabolic-fit  rou t ine  (11). I t  can be  
seen that  the  l inear-parabohc re la t ionship  (corresponding  
to the  straight-l ine portion) apphes  b e y o n d  the  fast initial 
oxida t ion  reg ime  (~350A). The  rate  constants  obta ined  
f rom the  s lope and in tercept  of  this s traight-l ine fit are 

B = 28,600 ~2/min 

and 

B / A  = 8.65 A/rain 

Table II. Dependence of B, B/A, and the resulting deviations 
in B and B/A (from their values obtained using Xi(opt)) 

on the parameter Xi 

Deviation Deviation 
Xi(A ) B(A2/min) B/A(s in B (%) in B/A (%) 

100 24,400 9.36 - 14.60 +7.97 
110 26,000 9.01 - 8.75 +3.95 
120 29,400 8.56 + 3.00 -1.17 
130 33,000 8.19 + 15.60 -5.46 
140 36,700 7.88 +28.50 -9.04 
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Fig. 7. Determination of the linear and parabolic rate constants 
based on the inverse-oxidation-rate method. Oxidation data is for 
(100) silicon oxidized at 1000~C in dry oxygen (same data used in 
Fig. S). 

the same as those obtained using the optimum X~ tech- 
nique. 

The inverse-oxidation-rate method yields the linear and 
parabolic rate constants relevant to the description of the 
oxidation process by the linear-parabolic model, because 
it does not require any additional fitting parameters. This 
assumes that the oxidation process is accurately de- 
scribed by this model. It has also been shown that iden- 
tical results are obtained if the opt imum Xi is used in the 
determination of the oxidation rate constants by plotting 
(Xo• + Xi) vs. tox/(Xox - Xi) and fitting the maximum num- 
ber of data points to the straight-line portion of the plot. 
The added advantage of the opt imum X~ method is that 
no differentiation is required and, therefore, no accuracy 
is lost as a result of the inherently noisy differentiation 
process. The accuracy of both of these techniques de- 
pends, however, on the availability of a dense data set 
which can only be provided by in si tu ellipsometry tech- 
niques. These findings confirm the conclusions of Irene 
and van der Meulen (2) in comparing the methods of anal- 
ysis of SiO2 film growth data. 

Oxidat ion  Rate Constants of Lightly Doped Silicon 
In this investigation, (100)-, (111)-, and (ll0)-oriented 

lightly doped silicon wafers were oxidized in dry oxygen 
up to a thickness of -600~. The growth was monitored by 
a high temperature automated in s i tue l l ip some ter .  The 
linear and parabolic rate constants were determined by 
increasing Xi by 2.5~ steps until its opt imum value, corre- 
sponding to the maximum number  of data points fitting 
the linear-parabolic relationship, was reached. Table III 
summarizes the results obtained at five temperatures in 
the 800~176 range; the values of X~opt) are also shown. 
It can be seen that, for (100) and (111) orientations, Xj(opt) 
decreases with temperature and is nearly constant for 
(110). 

Parabol ic  rate cons tan t . - -The  parabolic rate constants 
of (100)-, (111)-, and (ll0)-oriented lightly doped silicon 
oxidized in dry oxygen are plotted in Fig. 8. The values 
obtained by the X~(o,+) technique are plotted at 800 ~ 850 ~ 
900 ~ 950~ and 1000~ Results plotted at 1100 ~ and 
1200~ are obtained by applying the same method to pub- 
lished oxidation data (5). These published data were not 
obtained using in situ ellipsometry and, therefore, larger 

-s 

E 
~ 

m 

I-- 
z ,< 
p. 

z 
o ( j  
UJ 
i -  
n. 
cj 
J 
o m 
r~ 
<c n 

10 5 

104 

10 3 

TEMPERATURE (~ 

1200 1100 1000 900 800 
I I I I I 

~ Q ~ - . ~ - - A E =  1.0 t 0.2 eV 

(100), AE= 2.22 e V - - - - ~ \ ' ~  

(111), AE =1.71eV ) ~ ~  

(110), AE = 1.70eV ~ 

\ 
DRY OXYGEN 

I I I 
0 ,6  0.7 0.8 0.9 1.0 

IO00/T  (K) 

Fig. 8. Parabolic rate constant for the oxidation of (100)-, (111)-, 
silicon in dry oxygen in the and (110)-oriented lightly doped 

800~176 range. 

error bars would be expected for the rate constants at 
1100 ~ and 1200~ It can be seen that the paraboli c rate 
constant exhibits a break in its activation energy between 
950 ~ and 1000~ Above this temperature, it is indepen- 
dent of substrate orientation anal has an activation energy 
of 1.0 _+ 0.2 eV for both (t00) and (111). At lower tempera- 
tures, B is dependent  on the orientation of the underlying 
substrate and has low temperature activation energies of 
2.22, 1.71, and 1.70 eV for (100), (111), and (110), respec- 
tively. These low temperature act ivat ion energies are as- 
ymptotic values obtained by a least squares fit to the 
lowest temperature data points to an Arrhenius expres- 
sion. The dependence of the parabolic rate constant on 
substrate orientation in the low temperature range was 
observed by Irene (12) while studying the effects of trace 
amounts of water on the oxidation of silicon in dry oxy- 
gen in the 800~176 range. The orientation dependence 
of B (12) is the same as observed in this work. 

Deal and Grove (1) reported an orientation-independent 
parabolic rate constant with a single activation energy of 
1.23 eV for the oxidation of (100)- and ( l l l ) -or iented sili- 
con in dry oxygen in the 700~176 range, which is close 
to the 1.2 eV activation energy of oxygen diffusion 
through fused silica. Pliskin (4) also observed the para- 
bolic rate constant to be independent  of substrate orienta- 
tion at temperatures as low as 910~ Irene and van der 
Meulen (2) reported a single activation energy of 2.3 eV 
when oxidizing (100)-oriented silicon in dry oxygen in the 
780~176 range. 

Table III. Linear and parabolic rate constants and the optimum value of X~ for the oxidation of (100)-, (11 !)-, and (1 lO)-oriented 
lightly doped silicon in dry oxygen in the 800~176 range 

(lOO) (111) (1 lO) 
To• B B/A (~ (~ ~/min) (~/min) X(~ t) B B/A (A 2/min) (~/min) X~o~tl B B/A (~2/min) (A/min) X~o~l 

1000 28,600 8.65 112.5 26,600 16.4 117.5 14,300 25.4 90.0 
950 12,100 4.01 105.0 10,800 9.91 105.0 6,590 10.4 97.5 
900 5,590 2.08 85.0 6,500 4.60 87.5 4,000 4.61 97.5 
850 1,890 0.93 82.5 2,980 2.09 80.0 1,840 1.75 100.0 
800 660 0.43 70.0 1,350 0.90 67.5 855 0.72 100.0 
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In more recent oxidation studies, a break in the activa- 
tion energy of both the parabolic and linear rate constants 
was observed and reported. Irene and Dong (13) observed 
that the activation energy of the parabolic rate constant 
for the oxidation of (100)-oriented silicon in ultradry oxy- 
gen (< 1 ppm H20) changed from 1.3 eV in the 980~176 
range to 2.1 eV in the 780~176 range. For the oxidation 
of (100)- and ( l l l ) -or iented silicon in dry oxygen in the 
800~176 range, these activation energies were found to 
be 1.40 and 1.78 eV for temperatures higher and lower 
than 900~ respectively (5). Values of the parabolic rate 
constant reported in Ref. (13) at 780 ~ 893 ~ and 980~ fall 
on the solid line in Fig. 8. 

The low temperature activation energy of B obtained in 
this study is in agreement with values reported for (100) 
(2, 13) and (111) (5): The high temperature activation en- 
ergy is also in agreement with the (100) value (13). As con- 
cluded in Ref. (13), disagreements in published values of 
the parabolic rate constant are, therefore, confirmed here 
to be the result of studying different temperature ranges 
where the activation energy is different. 

Linear rate constant.--The linear rate constants ob- 
tained for (100)-, (111)-, and (ll0)-oriented lightly doped 
silicon oxidized in dry oxygen are plotted in Fig. 9. The 
values obtained using X~o,t) are plotted at 800 ~ 850% 900 ~ 
950 ~ and 1000~ Values plotted at 1100 ~ and 1200~ are 
the result of applying the same technique to oxidation 
data in the literature (i, 5). It should be pointed out here  
that the error margins at 1100 ~ and 1200~ are large 
(-+ 20%) because the data are sparse, values of the quan- 
tity A are  small, and any slight error in the straight-line 
fit will result in a small error in the extracted value of B 
and a large error in that of B/A. For example, the 1200~ 
data nearly fit a parabolic growth law, which mathemat- 
ically corresponds to a linear-parabolic relationship 
where A is very small and, consequently, B/A is Very 
large. 

The linear rate constant also exhibits a break point in 
its activation energy a t approximately the same tempera- 
ture as the parabolic rate constant; however, the direction 
of the break is opposite to that of B (the high temperature 
range has a larger activation energy than does the low 
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Fig. 9. Linear rate constant for the oxidation of (100)-, (111)-, and 
(1 l O)-oriented lightly doped silicon in dry oxygen in the 800~176 
range. 

temperature range). At low temperatures, activation ener- 
gies of 1.76, 1.74, and 2.10 eV were observed for (100), 
(111), and (110), respectively. As for the parabolic rate con- 
stant, these low temperature activation energies are ob- 
tained by a least squares fit of the lowest temperature 
data points to an Arrhenius expression. The (100) and 
(111) orientations have nearly the same slope, and the av- 
erage ratio between the linear rate constants of the two 
orientations (B/A)Ill:(B/A)1oo is 2.18. At high temperatures, 
the activation energy is 2.75 - 0.22 eV for both (100) and 
(Iii). 

The activation energy of the linear rate constant was 
originally reported to be 2.0 eV for the oxidation of (100)- 
and ( l l l ) -or iented silicon in dry oxygen (1). This value is 
similar to the Si-Si bond breaking energy of 1.83 eV, 
which supports the suggestion that the rate-limiting step 
in the linear regime is the reaction of oxygen and silicon 
at the Si-SiO 2 interface. The ratio between the linear rate 
constants of the two orientations (B/A),I:(B/A)~oo was 
found to be 1.68. Irene and van der Meulen (2) reported an 
activation energy of 1.5 eV for the oxidation of (100)- 
oriented silicon in dry oxygen in the 780~176 range and 
concluded that oxygen-oxygen bond breaking is impor- 
tant in linear kinetics. 

Breaks in the activation energy of the linear rate con- 
stant have also been discussed in the literature. In the ox- 
idation of (100)-oriented silicon, a change from 2.2 eV in 
the 980~176 range to 1.6 eV in the 780~176 range in 
the activation energy of B/A was reported (13)~ A break 
was also observe d in the linear rate constant, but it was 
less pronounced than that observed in the parabolic rate 
constant (5). The observed activation energy was 1.87-1.89 
eV. Values of the linear rate constant reported by Irene 
and Dong (13) nearly fall on the solid line in Fig. 9. 

The low temperature activation energy of B/A obtained 
in this study is similar to the (100) reported value (2, 13); 
however, at higher temperatures, it is larger than those 
obtained in earlier studies (5, 13). Here again the discrep- 
ancy in published values of the rate constants is the result 
of studying different temperature ranges with different 
activation energies. 

The temperature dependence of the linear and para- 
bolic rate constants suggests that they could be fitted to 
expressions of the forms 

B = 1/[K~ exp (+E1/kT) + K2 exp (+EJkT)] 
and 

B/A = C~ exp (-EJkT) + C2 exp (-E2/kT) 

The use of the above expressions, however, resulted in 
large errors in the fit of the data points in comparison to 
fitting them to a single activation-energy expression in 
designated temperature ranges. Minimum errors in the 
fitting to such single activation-energy expressions were 
obtained by choosing 1000~ as the break temperature. 
The results of such fits are as follows 

r 1.70 E 13 exp (-2.22 eV/kT) (100) 1 
B = ~1.34 E 11 exp (-1.71 eV/kT) (111)[ T < 1000~ 

~3.73 E 10 exp (-1.63 eV/kT) (110) ~ 

1.31 E 07 exp (-0.68 eV/kT) (100)~ T > 1000~ 
B = [2.56 E 07 exp (-0.76 eV/kT) ( l l l ) J  

and 

r7.35 E 07 exp (-1.76 eV/kT) (100)] 
B/A = ~ 1.33 E 08 exp (-1.74 eV/kT) (111)~ T < 1000~ 

~4.73 E 09 exp (-2.10 eV/kT) (110) ~ 

~3.53 E 13 exp (-3.20 eV/kT) (100)~ T > 1000~ 
B/A = [6.50 E 12 exp (-2.95 eV/kT) ( l l l ) J  

where B is in square angstroms per minute and B/A is in 
angstroms per minute. The above expressions were ob- 
tained by a least squares fit of the rate constants to an 
Arrhenius expression for temperatures above and below 
1000~ Values of B and B/A above 1000~ were obtained 
by applying the opt imum Xi technique to oxidation data 
in the literature. It should be remembered that such data 



1752 J. Electrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  July 1985 

consisted of a relatively small number  of data points, 
which reflects itself in correspondingly large error bars 
for the linear and parabolic rate constants at temperatures 
higher than 1000~ n~ 

When the results of this study are compared with previ- j-: 
ous studies, as shown in Fig. 3 for example, it is noticed Z 
that some differences exist. It should be first pointed out 
that all of the data obtained in this study were for oxides 
thinner than 1000s The B and B/A values obtained in 

f - .  

O 
this study do not all agree with earlier values, which were 
largely obtained from the analysis of thicker oxides and " '  
less dense data sets (1, 5, 9). Such differences could result 
in errors when predicting the oxide growth for very thick n- 
oxides (several thousand angstroms) when using the B w_ 
and B/A values obtained in this study. The values of B 
and B/A obtained in this work agree with the results of 
Irene and van der Meulen (2) and Irene and Dong (13) be- n 
cause of the use of closely spaced data sets and an opti- 
mized method fo r determination of the rate constants. O the 
Of great interest here is that, in Ref. (2) and (13), the oxide 
growth was studied up to ll00A. The results of this study 
should, therefore, be used with caution when modeling 
oxide growth for oxides thicker than 1100~. Differences 
between thin and thick values of the oxidation rate con- 
stants, if confirmed by further experiments,  may suggest 
that B and B/A are indeed thickness-dependent rate con- 
stants. Such experiments are needed to quantify the dif- 
ferences, which, if true, would be a strong evidence for 
changes in the properties of the growing oxide affecting 
the rate constants. 

Discussion 
Breaks in the activation energies of the parabolic and 

linear rate constants (Fig. 8 and 9) indicate that B and B/A 
are composite rate constants rather than kinetically sim- 
ple single-activated steps. Other interpretations of a 
temperature-dependent activation energy are possible. A 
break in the activation energy of a rate constant could be 
analyzed by assuming that more than one kinetic step is 
involved. According to the direction of the break, these 
steps could occur at the same t ime (in parallel) or one 
after the other (in series). The direction of the break in the 
parabolic rate constant is an example of two simple steps 
occurring in series, while the break in the activation en- 
ergy of the linear rate constant is an indication of two par- 
allel processes. The direction of the curvature in the 
Arrhenius plots of the linear rate constant gives strong 
support for the interface mechanism to be occurring by 
the reaction of silicon with two oxidant species, molecu- 
lar and atomic oxygen (14). This description of the inter- 
face reaction was proposed by Ghez and van der Meulen 
(15) to explain the less-than-linear pressure dependence 
of the linear rate constant. Figure 10 illustrates the tem- 
perature behavior of a composite process consisting of 
two activated steps with different activation energies 
occurring either in series or in parallel. The resulting pro- 
cess is l imited-in the series case by the slower mecha- 
nism, and dominated in the parallel case by the faster. 

Another possible interpretation of the behavior of the 
linear and parabolic rate constants with temperature is to 
assume that the same physical mechanism is present at 
all temperatures but that it is affected by some other 
temperature-dependent process. In a revised model of 
thermal oxidation, Irene (3) proposed that high tempera- 
ture oxidant transport is dominated by the classical 
mechanism of thermal diffusion through the oxide, while 
low temperature transport is dominated by a flux of 
oxidizing species in micropores. The effect of stress in 
thermal SiO~ during growth and the influence of the vis- 
coelastic properties of the oxide on the transport and re- 
action of the oxidant species through the oxide and at the 
Si-SiO2 interface are proposed as one such mechanism. A 
revised expression for the linear rate constant that takes 
into account the rate of viscous flow in the oxide has 
been formulated (2). Viscous flow is known to occur in 
SiO2 films on silicon at 960~ (16, 17), which is close to 
where the parabolic rate constant changes from its high 

PARALLE L COM BI NAT ION 
R2 

S E ~  R 2 

:::2:::::2 \ 
AE2<AE 1 

l IT (K) 
Fig. 10. Example of a composite rate constant consisting of two 

processes with different activation energies occurring either in series 
or in parallel. 

temperature low activation orientation-independent be- 
havior to its low temperature high activation orientation- 
dependent behavior in Fig. 8. Below 960~ the oxide does 
not experience significant viscous flow and is expected 
to be in a high state of stress. If  the transport process of 
the oxidant species is stress-dependent, then the magni- 
tude and activation energy of B should reflect the 
influence of substrate orientation on oxide stress. All 
three orientations have different values of B in the low 
temperature range; however, (111) and (110) have similar 
activation energies, which may indicate that, at low tem- 
peratures, the state of stress in the oxide may be similar 
for these two orientations. Above 960~ the silicon- 
dioxide layer experiences viscous flow and the stress is 
relieved. Transport of the oxidant species then proceeds 
with a lower activation energy. The oxide then bears no 
signature of the underlying substrate, and the parabolic 
rate constant is independent  of orientation; its magnitude 
and activation energy are the same for all orientations. 

The behavior of the linear rate constant can also be ex- 
plained by considering the effect of oxide stress on the 
oxidation reaction at the Si-SiO2 interface. In the low tem- 
perature range, the Si-Si bond breaking energy is lowered 
by stress in the silicon-dioxide layer. The activation ener- 
gies of (100) and (111) indicate that the stress in the oxide 
is similar for these two orientations. The atomic arrange- 
ment  of silicon atoms at the Si-SiO2 interface is different 
for these orientations, but the resultant activation energy 
for linear kinetics is the same. The (110) orientation has a 
higher activation energy, which may again be a combined 
result of the interaction of oxide stress and the details of 
the silicon-oxygen reaction at the interface. In the high 
temperature range, the oxide has experienced viscous 
flow, stress is accordingly greatly reduced, and the Si-Si 
bond breaking energy must be supplied thermally. This 
explains the greater activation energy at high tempera- 
tures where, despite the inaccuracy in the extracted rate 
constants, the values of B/A for (100) and (111) are similar. 
This suggests that the activation energy for the oxygen- 
silicon reaction is the same for these orientations and is 
much higher than values previously reported. 

The rather abrupt change in behavior of the rate con- 
stants at 960~ may be the result of the large activation 
energy (5.29-7.68 eV) of the viscosity of vitreous silica (18). 
This implies essentially that no measurable flow occurs 
below 960~ and that it is practically complete above 
960~ 

The fit of the linear-parabolic model to oxidation data 
beyond the fast initial regime indicates that B and B/A 



Vol. 132,No. 7 S I L I C O N  I N  D R Y  O X Y G E N  1753 

can be considered constant, in a first-order analysis, over 
a wide range of oxide thicknesses. Some of the discrepan- 
cies between values of the rate constants obtained in this 
study and earlier studies may suggest a thickness depen- 
dence in B and B/A, as discussed earlier. The thin oxide 
regime which is not well modeled by constant B and B/A 
is the subject of forthcoming papers (19, 20) where the 
same dense oxidation data sets are analyzed to resolve 
some of the physical mechanisms present in the early 
stages of oxidation in dry oxygen. 

Conclusions 
The techniques used to determine the linear and para- 

bolic rate constants have been reviewed and compared. 
The opt imum Xi technique, wherein the maximum num- 
ber of data points are fitted to a linear-parabolic expres- 
sion, was shown to result in unique values for these con- 
stants as defined in the Deal-Grove model. It has also 
been shown that such values of the rate constants have 
physically relevant information about the oxidation pro- 
cess as described by the linear-parabolic model. Applying 
this technique to the oxidation data obtained in this study 
and those published in the literature resulted in activa- 
tion energies of the rate constants that changed with tem- 
perature. Viscous flow occurs in SiO2 at the same tem- 
perature where a break appears in the Arrhenius-type 
plots of the rate constants. The viscoelastic properties of 
the oxide and possible additional transport mechanisms 
in the oxide were discussed as possible physical mecha- 
nisms in interpreting the results. 
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Isotope Studies of Fe-18Cr-3Mo (100)Oxidation Using Raman 
Spectroscopy 

J. C. Hamilton* and R. J. Anderson 

Sandia National Laboratories, Livermore, California 94550 

ABSTRACT 

Raman spectra have been obtained for chromia and iron-chromium spinels grown on an Fe-18Cr-3Mo (100) surface 
by exposure to oxygen 16, oxygen 18, and a mixture of the two isotopes, at 700~ and 1.3 • 10 -4 Pa total pressure. 
Raman spectroscopy has been combined with ion bombardment  to profile the isotopically tagged compounds pro- 
duced during sequential oxidation in the two isotopes. We conclude that growth of spinel and chromia on this surface 
occurs predominantly by cation diffusion. Mixing of isotopes by diffusion within the oxide scale during these oxidations 
was minimal. Mixing of isotopes during ion sputtering was not an impediment  to the Raman analysis. 

Many experimental  techniques are routinely used to de- 
termine the predominant  transport mechanisms involved 
in scale growth during high temperature corrosion. The 
simplest and oldest technique is the placement of inert 
markers at the surface before corrosion occurs. By noting 
the position of the marker within the scale after high tem- 
perature exposure, it is possible to determine whether 
scale growth occurs by cation or anion diffusion. Alterna- 
tively, sequential exposure to isotopes such as '80 and '~O 
allows study of the location of these tagged atoms within 
the oxide scale. For thick scales, this is commonly done 
using nuclear reactions (1-3). These techniques provide a 
qualitative picture of the mechanisms responsible for 
scale growth. 

In the case of thinner scales, an alternate technique is 
appropriate. Sputter  ion mass spectroscopy (SIMS) is 
used to determine the position of isotopically tagged 
atoms in a scale. The sample is mounted in a vacuum 

*Electrochemical Society Active Member. 

chamber, and an ion beam is used to sputter atoms from 
the surface. A fraction of the sputtered atoms are ionized 
and are detected using a quadrupole mass analyzer. Using 
this technique with '60 and '~O, uranium oxidation (4) and 
anodization of tantalum (5) have been studied. More re- 
cently, molecular fragments such as Cr'802 - have been 
detected with SIMS in studies of chromium oxidation 
(6-8). 

In this paper, we report a new technique using isotopic 
tagging of scale constituents in conjunction with ion 
bombardment  and Raman spectroscopy. This approach 
allows depth profiling of the chemical and isotopic com- 
position of the scale. Raman spectroscopy has previously 
been demonstrated as a probe of oxide composition pro- 
viding data at temperatures up to 1000~ (9, 10). Raman 
spectroscopy has been used with ion bombardment  to 
depth profile oxide scales (11, 12). In this paper, we de- 
scribe oxidation experiments on an Fe-18Cr-3Mo (100) 
crystal using '60 and '80 isotopes. Raman spectroscopy 
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was u s e d  to d e t e r m i n e  w h e t h e r  in i t ia l  ox ida t ion  pro-  
ceeded  by  a n i o n  or ca t ion  d i f fus ion  in  th i s  sys tem.  

Exper imenta l  
The  Fe-18Cr-3Mo single  crysta l  u s e d  in  th i s  s t u d y  was 

o r i en t ed  to w i t h i n  1/2 ~ of t he  (100) face, po l i shed ,  a n d  
m o u n t e d  in a V a r i a n  s a m p l e  h o l d e r  on  a n  u l t r ah igh -  
v a c u u m  m a n i p u l a t o r .  P r o v i s i o n  for  t e m p e r a t u r e  m e a s u r e -  
m e n t  a n d  con t ro l  d u r i n g  a n n e a l i n g  a n d  ox ida t ion  was  
p r o v i d e d  b y  a t t a c h i n g  a C h r o m e l - A l u m e l  t h e r m o c o u p l e  
to t he  f ron t  face of t h e  s a m p l e  a n d  m o u n t i n g  a res i s t ive  
h e a t e r  b e h i n d  t he  sample .  The  s a m p l e  was m o u n t e d  in  a Z 
v a c u u m  c h a m b e r  w i t h  a ba se  p r e s s u r e  in  the  10 -8 P a  
range.  A K r a t o s  M i n i b e a m  I ion  gun ,  ope ra t ed  in a dy- Z 
n a m i c  mode ,  was  u s e d  for ion s p u t t e r i n g  to r e m o v e  ox- 
ides  a n d  to c lean  t he  sample .  T he  ion  g u n  was  u s e d  in  
c o n j u n c t i o n  w i t h  R a m a n  sca t t e r ing  to d e t e r m i n e  the  
i so topica l ly  t a g g e d  c o m p o u n d s  p r e s e n t  t h r o u g h  the  scale. 

R a m a n  spec t r a  we re  co l lec ted  u s i n g  t he  488 n m  l ine  
f rom a S p e c t r a  P h y s i c s  Mode l  165 a r g o n  ion  laser,  a 
S P E X  T r i p l e m a t e  t r ip le  s p e c t r o g r a p h ,  a n d  a Tracor  
N o r t h e r n  d iode  array.  T he  l igh t  f rom th  e a rgon  laser  was  
focused  to a l ine  a p p r o x i m a t e l y  50 /zm x 2 m m  on t he  
s ing le -c rys ta l  sample ,  p r o d u c i n g  a n  e s t i m a t e d  p o w e r  den-  
s i ty  of  a b o u t  1 kW/cm 2. S ince  t he  s a m p l e  was  h i g h l y  
ref lect ing,  on ly  a ve ry  smal l  f r ac t ion  of th i s  i n c i d e n t  
p o w e r  was a b s o r b e d .  A n  f/2 lens  was  u s e d  to col lect  t he  
l igh t  sca t t e red  for ana lys i  s b y  t he  s p e c t r o g r a p h  a n d  d iode  
array.  The  s p e c t r u m  was i n t e g r a t e d  for  200s a n d  t he  char-  
ac te r i s t ic  b a c k g r o u n d  of  t h e  d iode  a r ray  s u b s e q u e n t l y  
sub t r ac t ed .  E a c h  p ixe l  on  t h e  d iode  a r ray  c o r r e s p o n d e d  
to a b o u t  one  wave  n u m b e r  d i spers ion .  T h e  r e so lu t i on  was  
l imi t ed  largely  b y  t h e  d iode  array in tens i f i e r  w h i c h  pro-  
d u c e d  a ful l  w i d t h  at  h a l f - m a x i m u m  of a b o u t  5 pixels .  
Thus ,  t he  r e s o l u t i o n  of the  s y s t e m  was  a b o u t  5 c m - L  

All ox ida t ions  r e p o r t e d  in th i s  p a p e r  we re  p e r f o r m e d  at 
700~ in 1.3 x 10 -4 P a  oxygen .  P r i o r  to ox ida t ion  the  
s a m p l e  was s p u t t e r e d  "until A u g e r  s p e c t r o s c o p y  s h o w e d  
t he  b u l k  c o m p o s i t i o n  at  t he  surface.  T he  s a m p l e  was t h e n  
a n n e a l e d  for 20 m i n  at 937~ coo led  to 700~ a n d  
oxidized.  

Results 
H a m i l t o n  a n d  A n d e r s o n  r e p o r t e d  t h a t  d u r i n g  ox ida t i on  

of th i s  alloy, t he  first ox ide  to a p p e a r  on  t he  su r face  was 
a sp ine l  (13). A u g e r  m e a s u r e m e n t s  i n d i c a t e d  t he  p r e s e n c e  
of  i ron  a n d  c h r o m i u m  in t h e  spinel .  F o r  longer  ox ida t ion  
t imes ,  c h r o m i a  was  fo rmed .  These  ox ides  g rew rep rodu-  
c ib ly  if  s t a n d a r d i z e d  s a m p l e  c l ean ing  a n d  a n n e a l i n g  pro- 
c edu re s  we re  used .  

We grew i r o n - c h r o m i u m  sp ine l  a n d  c h r o m i a  on  the  Fe- 
18Cr-3Mo s ingle  c rys ta l  u s i n g  5 a n d  20 m i n  o x y g e n  expo-  
sures ,  respec t ive ly .  E x p o s u r e s  we re  p e r f o r m e d  a t  1.3 • 
10 -4 P a  in  n a t u r a l l y  occu r r i ng  o x y g e n  (99.76% 260) a n d  in 
o x y g e n  18. F i g u r e  1 shows  t he  R a m a n  s pec t r a  of  sp ine l s  ~-- 
g r o w n  in  n a t u r a l  o x y g e n  (hereaf te r  r e f e r r ed  to as o x y g e n  k-'__ 
16) a n d  in  o x y g e n  18. Th  e ma jo r  sp ine l  p e a k  w h i c h  ap- 03 
pears  at  662 c m  -~ for  o x y g e n  16 sp ine l  is sh i f t ed  to 628 Z 

W 
c m  -~ w h e n  t he  c o m p o u n d  is g r o w n  u s i n g  o x y g e n  18. b-- 
T h e s e  two  spec t r a  c lear ly  d e m o n s t r a t e  t he  i so tope  effect  Z 
on  t he  R a m a n  p e a k  posi t ion .  The  pos i t i on  of t he  peak  is 
a p p r o x i m a t e d  b y  t he  f o r m u l a  

shift(lsO) = shift(l~O) (16/18) "2 

as w o u l d  b e  e x p e c t e d  f rom a s i m p l e  c lass ical  m o d e l  of t he  
v ib ra t i ona l  f r e q u e n c y  for  an  o x y g e n  a t o m  a t t a c h e d  to an  
inf in i te ly  m a s s i v e  a tom.  U s i n g  th i s  f o r m u l a  t he  calcu- 
la ted  pos i t i on  of  t h e  sp ine l  p e a k  w i t h  o x y g e n  18 is 624 
c m - L  I f  t he  r e d u c e d  mass  for an  o x y g e n  a n d  a c h r o m i u m  
a t o m  is used ,  t he  ca l cu la t ed  pos i t i on  of t he  sp ine l  p e a k  
w i t h  o x y g e n  18 b e c o m e s  633 c m - L  We c o n c l u d e  t h a t  the  
n o r m a l  m o d e  g iv ing  r ise  to th i s  s ca t t e r i ng  p e a k  invo lves  
large d i s p l a c e m e n t s  of t he  oxygen  a t o m s  re la t ive  to t h o s e  
of  the  c h r o m i u m  a n d  i ron  a toms .  

I so top ica l ly  s u b s t i t u t e d  spec t r a  were  also o b t a i n e d  for  
ch romia .  F i g u r e  2 s h o w s  t he  R a m a n  spec t r a  o b t a i n e d  
af te r  20 m i n  e x p o s u r e s  at  1.3 • 10 -4 Pa.  The  l a rges t  
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Fig. 1. Raman spectra of iron-chromium spinels grown on Fe- 
18Cr-3Mo (100) by 5 min exposures to 1.3 • 10 -4 Pa oxygen at 
700~ Oxides were grown using oxygen 16 and oxygen 18, respec- 
tively. 

c h r o m i a  p e a k  is sh i f t ed  f rom 549 to 520 c m  -~ w h e n  oxy- 
gen  18 is s u b s t i t u t e d  for o x y g e n  16. A smal l e r  c h r o m i a  
p e a k  is sh i f t ed  f r o m  347 to 332 c m  -1 w h e n  oxygen  18 is 
s u b s t i t u t e d  for  o x y g e n  16. The  p e a k  at 302 c m  -~ is l i t t le  
sh i f t ed  by  i so tope  subs t i t u t i on .  I t  a p p e a r s  t h a t  the  m o d e s  
at  549 c m  -1 (Alg) a n d  347 c m  -~ (Eg) i nvo lve  large  d isplace-  
m e n t s  of t he  o x y g e n  a t o m s  re la t ive  to t h o s e  of  c h r o m i u m ,  
whereaS t he  m o d e  at  302 cm -~ (A~g) invo lves  ve ry  smal l  
d i s p l a c e m e n t s  of  t he  o x y g e n  a toms .  

549  
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Cr2160  3 
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I I 

0 2OO 4 0 0  

Cr2180 3 

600 800  1000 
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1200 
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Fig. 2. Roman spectra of chromia grown on Fe-18Cr-3Mo (100) by 

20 min exposures to 1.3 x 10 -4 Pa oxygen at 700~ Oxides were 
grown using oxygen 16 and oxygen 18, respectively. 
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The spect ra  shown in Fig. 1 and 2 demons t ra t e  that  
Raman  spec t roscopy  can easily d is t inguish  chromia  and 
i r on -ch romium spinels  g rown  us ing o x y g e n  16 f rom those  
g rown us ing o x y g e n  18. The R a m a n  spectra  of  oxides  
g rown  in m i x e d  oxygen  16 and oxygen  18 are also of  in- 
terest.  Oxides  g rown  under  these  condi t ions  should  have  
both  oxygen  isotopes  r andomly  subs t i tu ted  wi th in  the  
lattice. A r a n d o m l y  subs t i tu ted  ox ide  could  also be  pro- 
duced  by sequent ia l  exposures  to oxygen  18 and oxygen  
16 if latt ice diffusion or o ther  mix ing  processes  occurred  
duriing the  expe r imen t .  We were  par t icular ly  in teres ted  in 
the R a m a n  s p e c t r u m  of the  m i x e d  oxide,  since knowing  
this s p e c t r u m  wou ld  al low us to de t e rmine  if mix ing  
occur red  in later  expe r imen t s  invo lv ing  sequent ia l  expo-  
sure  to two o x y g e n  isotopes.  

Exposures  to m i x e d  oxygen  isotopes  were  accom- 
p l i shed  by admi t t i ng  oxygen  18 to a part ial  p ressure  of  6.7 
• 10 -5 Pa  and  then  adding  oxygen  16 to a total  pressure  
of 1.3 • 10 -4 Pa. Gases were  admi t t ed  us ing  Varian varia- 
ble leak valves,  and the  total  p res su re  was mon i to red  with  
an ion gauge.  S ince  the part ial  p ressures  of the  two iso- 
topes  were  no t  mon i to red  s imul taneous ly ,  it is not  possi- 
ble to be  sure  of  the  resul t ing i so tope  ratio, a l though we  
bel ieve it was close to 1:1. F igure  3 shows the  Raman  
spectra  ob ta ined  after  5 and 20 min  exposures  to this mix-  
ture. Table  I p resents  the  observed  peak  posi t ions and 
full wid ths  at h a l f - m a x i m u m  for the  spinel  and chromia  
g rown in single i sotopes  and in the  mix ture .  The  effect  of 
a r andomly  subs t i tu ted  lat t ice is to p roduce  a Raman  shift 
in te rmedia te  b e t w e e n  those  of  oxides  g rown  wi th  single 
isotopes  of  016 and O ~8. The  peaks  are also somewha t  
b roadened  for the  r andomly  subs t i tu ted  lattice. We con- 
c lude that  the  p h o n o n  modes  involve  signif icant  mot ions  
of a n u m b e r  of  oxygen  atoms.  

Our nex t  set of  expe r imen t s  i nvo lved  sequent ia l  expo-  
sures to the  di f ferent  oxygen  isotopes.  R a m a n  spectros-  
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Fig. 3. Raman spectra of iron-chromium spinel and chromia grown 

on Fe-18Cr-3Mo (100) by 5 and 20 rain exposures, respectively, to 
1.3 • 10 -4 Pa oxygen at 700~ Oxides were grown in a mixture of 
oxygen 16 and oxygen 18 with approximately equal proportions of 
each isotope. 

Table I. Peak positions and widths 

Compound 160 (cm-') 160 + 1sO (cm -1) 1sO (cm -~) 

Spinel 662 (26 + 1) 650 (31 + 1) 628 (25 + 1) 

Chromia 302 (21 + 3) 302 (23 + 3) 301 (18 + 3) 
347 (11 + 3) 341 (19 + 3) 332 (17 + 3) 
549 (14 + 1) 541 (26 + 1) 520 (14 + 1) 

Peak positions and observed full widths at half maxima are given. 
The FWHM include about 5 cm- '  of instrumental broadening attrib- 
utable largely to the diode array. Estimated error limits are given for 
the FWHM. 

copy was c o m b i n e d  with  ion b o m b a r d m e n t  in order  to 
dep th  profile the  oxide  layer. This combina t ion  of tech- 
n iques  has  been  desc r ibed  in p rev ious  publ ica t ions  (11, 
12). The  dep th  p r o b e d  by  Raman  spec t roscopy  varies tre- 
m e n d o u s l y  d e p e n d i n g  upon  the  opt ical  absorp t ion  of the  
sample.  For  h igh ly  absorbing  samples ,  the  inc ident  beam 
penet ra tes  only a short  d is tance  and the  dep th  p robed  is 
small. For  t r ansparen t  or  t rans lucent  samples ,  the  dep th  
p robed  is de t e rmined  by the  over lap  of  the  focusing vol- 
umes  of  the  lenses  used  for inc ident  and scat tered light. 
For  such materials ,  the  dep th  p robed  m a y  be  m a n y  mi- 
crons. Optical  absorp t ion  data has been  publ i shed  for 
Fe20~, Fe304, and  Cr203 (14, t5); however ,  we have  been  
unable  to locate  absorp t ion  data for i r on -ch romium spi- 
nels. For  488 n m  l ight  in Fe203, the  absorp t ion  coeff icient  
is about  1.8 • 105 cm -1 (14). In  Fe304, the  absorp t ion  
coefficient  is abou t  2 • 104 cm -~ (14), and in Cr20~, the  ab- 
sorpt ion coeff ic ient  is about  2 • 104 cm -1 (15). In  all 
cases, these  absorp t ion  coeff icients  were  in terpola ted  
f rom small  pub l i shed  plots wi th  consequen t  large uncer-  
tainties. F r o m  these  absorp t ion  coefficients,  we es t imate  
p robe  depths  of  50 n m  for Fe~O3 and 500 n m  for Fe304 and  
Cr203. E x p e r i m e n t s  pe r fo rmed  on oxid ized  c h r o m i u m  
samples  in our  labora tory  sugges t  a p robe  depth  of  abou t  
100 n m  for Cr203 (16). 

Based  upon  these  es t imates  of dep th  probed,  it would  
seem l ikely that  Raman  spec t roscopy  wou ld  sample  the  
ent i re ty  of  these  th in  oxide  films. However ,  we note  that  
the  absorp t ion  coefficients  for Cr203 and Fe~O3 change 
very  rapidly wi th  wave leng th  in the  v ic in i ty  of 488 nm. 
Fur the rmore ,  our  samples  l ikely conta in  small  quant i t ies  
of  o ther  phases  in solut ion (e.g., s o m e  Fe20~ in solut ion in 
Cr20~). The e lect ronic  s t ructure  and thus  the  absorpt ion  
coefficients of these  solids wou ld  be  expec ted  to be  very  
sensi t ive  to such  impuri t ies .  For  these  reasons,  and since 
the  absorp t ion  coefficient  of  the  spinel  is unknown,  we  
are re luctant  to a t t r ibute  quant i ta t ive  s ignif icance to rela- 
t ive peak  heights  in the  Raman  spectra  pub l i shed  here. 

An advantage  of  the  ion b o m b a r d m e n t  plus Raman  
spec t roscopy  t e c h n i q u e  is that  spect ra  appear  to be  little 
affected by b e a m  effects such as reduc t ion  or mix ing  of 
oxide  layers, p r e sumab ly  because  the  dep th  p robed  by 
Raman  spec t roscopy  is m u c h  larger  than  that  damaged  
by the  ion b e a m  (typically tens of  angstroms).  This insen- 
si t ivity to lat t ice damage  is a major  advantage  for chemi-  
cal characterizat ion.  A spinel  layer was g rown  by 
expos ing  the  sample  to oxygen  18 for 4 min,  fo l lowed by 
oxygen  16 for 4 rain all at  1.3 • 10 -4 Pa  and 700~ A 
Raman  s p e c t r u m  was obta ined  for the  oxid ized  sample.  
The  sample  was then  ion b o m b a r d e d  for 2 min,  r e m o v i n g  
about  2 n m  of the  oxide,  and ano the r  R a m a n  s p e c t r u m  
was obtained.  Addi t iona l  spectra  were  ob ta ined  after 4, 6, 
10, and 16 min  of  cumula t ive  b o m b a r d m e n t  time. These  
spectra  are shown  in Fig. 4. The  ma jo r  feature  seen in the  
spectra  f rom the  oxidized alloy is a peak  character is t ic  of 
the  oxygen  16 spinel.  There  is also a smal le r  peak  charac- 
terist ic of  the  oxygen  18 spinel. Af te r  2 min  of  sputtering,  
the  oxygen  16 and oxygen  18 spinel  peaks  are near ly  
equal  in size. Longe r  sput ter ing t imes  r e m o v e  more  of the  
oxygen  16 spinel,  unt i l  after 10 min  of sput ter ing  little or 
no oxygen  16 spinel  is apparen t  in the  spec t rum.  We con- 
c lude that  the  ox ide  as g rown  cons is ted  of an inner  layer 
of  oxygen  18 spinel  and an outer  layer  of oxygen  16 spi- 
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Fig. 4. Raman spectra obtained after various ion bombardment 
times from an oxide grown on Fe-18Cr-3Mo (100). Oxides were 
grown by sequential exposure to oxygen 18, then oxygen 16, each for 
4 min at 1.3 x 10 -4 Pa and 700~ Spectra are labeled with bom- 
bardment time. 

nel. The thickness of the outer oxygen 16 spinel is about 4 
nm, based on a sputtering rate measured for identical 
sputtering parameters using an anodized tantalum 
standard. 

In the last exposure reported here, chromia was grown 
on this alloy by exposing the sample to oxygen 18 for 10 
min followed by oxygen 16 for 10 min both at 1.3 • 10 -4 
Pa and 700~ Figure 5 shows Raman spectra obtained 
after 0, 10, 20, and 30 min of cumulative bombardment  
time. The oxidized alloy shows a Raman spectra with 
peaks from oxygen 16 chromia and oxygen 18 chromia. 
The two peaks are comparable in size, although the oxy- 
gen 16 chromia peak is a little larger. After 10 min of ion 
bombardment,  only the oxygen 18 chromia peak remains. 

Conclusions 
The spectra shown in Fig. 1 and 2 clearly demonstrate 

that oxygen isotope shifts in the Raman scattering from 
chromia and iron-chromium spinels allow differentiation 
of oxides grown in oxygen 16 from those grown in oxy- 
gen 18. It is also possible to distinguish oxides which are 
randomly substituted with a mixture of the two isotopes 
from oxides grown with either isotope alone. 

We have combined Raman spectroscopy with ion bom- 
bardment to profile the isotopic composition of oxide 
films grown during sequential exposures to oxygen 18 
and oxygen 16 at high temperatures. For both spinels and 
chromia grown at 700~ in 1.3 • 10 -4 Pa oxygen, the pre- 
dominant mechanism of oxide growth on single crystals 
of Fe-16Cr-3Mo appears to be cation diffusion of chro- 
mium through the oxide. Mixing of the isotopes during 
ion bombardment  appears not to be a problem with 
Raman analysis, although it complicates SIMS analysis 
unless molecular ions are detected (7). We see no evidence 
for interdiffusion of the oxygen isotopes during these ex- 
posures. There is no evidence for short-circuit diffusion 
of oxygen through these films, a result which is perhaps 
not surprising since the films are quite thin and rela- 
tively homogeneous.  For such thin films, stresses 

Cr21803 I Cr21603 

Cr21603 I 
&   omin 

- / " No 
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Fig. 5. Raman spectra obtained after various ion bombardment 
times from an oxide grown on Fe-18Cr-3Mo (100). Oxides were 
grown by sequential exposure to oxygen 18, then oxygen 16, each for 
10 min at 1.3 • 10 -4 Pa and 700~ Spectra are labeled with bom- 
bardment time. 

occurring during growth probably are not sufficient to 
produce oxide cracking. Furthermore, the use of single- 
crystal samples should reduce grain boundary effects re- 
sulting in a more homogeneous oxide. 
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Tokyo 156, Japan 

A B S T R A C T  

A n e w  chemica l  vapor  depos i t ion  m e t h o d  of th in  film in molecu la r  flow region (MF-CVD) is proposed ,  and is ap- 
pl ied to the  p repara t ion  of  boron  hi t r ide  films using a m m o n i a  and decaborane  react ion gases. It  is found that  the com- 
posi t ion of  the  films can be  closely contro l led  by regulat ing the  pressure  of source gases and s to ichiometr ic  boron  ni- 
t r ide films depos i t ed  at NH3/B10H,4 => 20 at the  subs t ra te  t empera tu re  of 850~ F r o m  the  chemical  shift  of  boron  K~2 
peak  in the  x-ray f luorescence  spectra,  the  BNx films hav ing  the  compos i t ion  x < 0.75 are mix ture  of  boron  and boron  
nitride. X-ray dif f ract ion s tudy  indica tes  that  the  films are amorphous .  The optical  proper t ies  of the  boron  ni t r ide  films 
are also clarified. The  energy  of the  d i rec t  a l lowed t ransi t ion is es t imated to be 5.90 eV. 

Boron  n i t r ide  has  proper t ies  such  as be ing  electr ical ly 
insulat ing,  chemica l ly  inert,  the rmal ly  stable, res is tant  to 
corrosion,  and hav ing  desirable  mechan ica l  propert ies,  
and is cons idered  to be  one of  wide  bandgap  semiconduc-  
tors. Potent ia l  appl ica t ions  of boron  ni tr ide films have 
been  p roposed  such  as h igh  t empera tu re  dielectr ics  (1), 
heat-diss ipat ion coat ings  (2), pass ivat ion layers (3), diffu- 
s ion sources of  bo ron  (4), and sod ium barriers  (3). S ince  
boron  ni tr ide is h igh ly  t ransparen t  to x-rays, i t  can also be  
used  in the  fabr ica t ion of mask  for x-ray l i thography  (5). 
Its un ique  crystal  s t ruc ture  and phys ica l  proper t ies  in- 
duce  a great  deal  of scientific and technologica l  interest .  

Boron  ni t r ide  films have  been  p repa red  by the  react ion 
of boron  t r ichlor ide  wi th  a m m o n i a  at 250 ~ - 1200~ (6-9), 
by  the  react ion of  d iborane  wi th  a m m o n i a  at 250 ~ 
1250~ (3, 4, 6, 11), by  the react ion of  these  gases in a 
p lasma (12-14), by  pyrolysis  of borazine and t r ichlorobora-  
zinc at 300 ~ - 650 ~ (15) and 1100~ (16), and by sput ter ing  
at 250 ~ - 900~ (17, 18). 

In  m a n y  reports ,  boron  ni t r ide  films depos i t ion  have  
been  carried out  by the  general  CVD, which  is cons idered  
to take  place  at the  the rmal  equ i l ib r ium condi t ion  in stag- 
nant  layer. Accord ing ly ,  boron  ni t r ide  depos i ted  by the  
CVD has near ly  s to ich iomet r ic  composi t ion .  

Here,  we propose  a n e w  m e t h o d  in wh ich  CVD is 
carr ied out  at the  pressure  of  mo lecu la r  flow region 
(<10 -3 torr). We call this m e t h o d  molecu la r  flow chemi-  
cal vapor  depos i t ion  (MF-CVD). In  this method ,  the  com- 
posi t ion of c o m p o u n d  films is easily control led  by 
control l ing the  c o m p o n e n t  ratio of  source  gases. Boron  
ni t r ide films were  p repared  by MF-CVD us ing  the  reac- 
t ion of  decaborane  wi th  ammonia .  The  compos i t ion  of the  
films are ana lyzed  by  e lec t ron p robe  x-ray microanalys is  
(EPMA) and e lec t ron  spec t roscopy for chemica l  analysis 
(ESCA). D e p e n d e n c e s  of  the  gas ratio and  substrate  tem-  
pera ture  on the  film compos i t ion  are invest igated.  The  
optical  proper t ies  of  the  films are s tud ied  in the  ultravio- 
let, visible, and infrared spectral  regions.  

Experimental 
Figure  1 shows  a schemat ic  d iag ram of the  appara tus  

used  for the depos i t ion  of boron  ni t r ide  films. The  vac-  
u u m  c h a m b e r  is evacua ted  by an oil diffusion p u m p  and 
a rotary p u m p  system,  and u l t imate  pressure  is 2 x 10 -~ 
torr. 

Sapph i re  and si l icon were  used  as the  substrates.  The  
substrates  were  fixed on the  tungs t en  sheet  (0.05 m m  
thick) and were  hea ted  f rom 300 ~ to 1200~ by res is tant  

heat ing of the  tungs ten ,  as desc r ibed  in the  previous  pa- 
per  (19). A t an ta lum sheet,  which  was cut  into a wedge  
shape in order  to induce  the  t empe ra tu r e  gradient  on the  
substrate,  was also used  as a substrate .  By this method,  
we obta ined the  samples  of var ious  t empera tu res  be- 
tween  300 ~ and 800~ us ing one run. The  t empera tu res  of  
the  sapphi re  and si l icon substra tes  were  es t imated  f rom 
that  of the  tungs t en  heater,  which  was de te rmined  by an 
optical  p y r o m e t e r  and the rmocoup le .  The  relat ion be- 
tween  the t empera tu re  of the  subs t ra te  and that  of  the  
heater  had been  obtained.  Three  points  of t an ta lum sub- 
strate t empera tu res  were  measu red  by us ing thermo-  
couples  we lded  on the substrate  surface.  

The decaborane  was in t roduced  into the  growth  
chamber  at 2 x 10 -2 torr  th rough the  var iable  leak valve  
(19), and then  the  a m m o n i a  was in t roduced  at be tween  
2 • 10 -~ and 8 • 10 -4 torr. The  v a c u u m  va lve  was throt-  
t led to main ta in  the  pressure  grad ien t  be tween  the  
growth  chamber  and the  diffusion pump.  The pressure  
was measu red  by a B-A-type ionizat ion gauge. These 
pressures  were  measu red  as a cor responding  ni t rogen 
pressure.  We var ied  the deposi t ion t ime  from 30 to 300 
rain, depend ing  on the  gas pressure  and the  substrate  
tempera ture .  The  condi t ions  of the  film deposi t ion  are 
summar ized  in Table  I. 

Window ~ B-A 
thermocoup__l_e= gauge 

B10 nx4 ~J ] . . . . . . . . .  / ~ P '  

Variable f ~  ] " ]] \ r 
leak v a l v e ~ ' - ~  . ~ . /  JJ /..,-,_ 

Mass flow meter Electrode 
Fig. 1. Schematic diagram of the apparatus for deposition of boron ni- 

tride films by MF-CVD. 
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Table I. Experimental condition data [ I f 

Decaborane 2 x 10 -~ torr 
Ammonia 2 x 10-5-8 x 10 -4 tort 
NHJB,oH,4 1-40 
Temperature 300~176 
Time 30-300 min 
Substrate Sapphire, Ta, Si 

The  crys ta l  s t r u c t u r e s  of t h e  f i lms o b t a i n e d  were  
s tud ied  by  a n  x-ray d i f f rac t ion  m e t h o d .  T he  opt ical  t r ans -  
m i s s i o n  a n d  re f lec t ion  spec t r a  of  t he  f i lms o n  s a p p h i r e  
were  m e a s u r e d  in  t he  w a v e l e n g t h  r a n g e  of  200-2500 n m  
us ing  a s p e c t r o p h o t o m e t e r  MPS-50 (Shimadzu) .  I n  t he  
t r a n s m i s s i o n  a n d  ref lec t ion  m e a s u r e m e n t s ,  an  u n c o a t e d  
s a p p h i r e  a n d  a n  e v a p o r a t e d  a l u m i n u m  film were  u sed  as 
the  re fe rences ,  respec t ive ly .  The  a b s o r p t i o n  coeff ic ient  
of  the  f i lms we re  ca lcu la ted  f rom the  m e a s u r e d  t r a n s m i t -  
t ance  a n d  ref lec tance .  I n f r a r e d  t r a n s m i s s i o n  a n d  refrac- 
t ion  spec t ra  of  t h e  fi lms d e p o s i t e d  on  t h e  h i g h  res i s t ive  
s i l icon wafe r s  we re  m e a s u r e d  in t he  w a v e l e n g t h  r a n g e  of  
2.5-50 txm u s i n g  a n  in f r a red  s p e c t r o p h o t o m e t e r ,  DS-701G 
(Jasco).  

The  c o m p o s i t i o n  of t he  fi lms was  e s t i m a t e d  f rom the  
x-ray f luorescene  in tens i t i e s  of b o r o n  a n d  n i t r o g e n  mea-  
s u r e d  b y  E P M A  u s i n g  E M X - S E  (Shimadzu) .  Measure -  
m e n t s  were  ca r r i ed  ou t  at  7 k V  acce l e r a t i on  vol tage,  0.1 
~A s a m p l e  current, �9 a n d  100 ~ m  b e a m  d i a m e t e r  b y  u s i n g  
the  lead s t ea ra te  as a spec t ra l  crystal .  S ince  the  pene t ra -  
t ion  d e p t h  of p r i m a r y  e l ec t ron  was  a b o u t  6000X, t he  th ick-  
nes ses  of  t he  f i lms u s e d  for  ana lys i s  we re  less t h a n  6000X. 
The  in t ens i t i e s  of  t he  b o r o n  a n d  n i t r o g e n  x-ray fluores- 
cence  were  c o r r e c t e d  by  t h o s e  of  t h e  s t a n d a r d  b o r o n  ni- 
t r ide  sample .  As  t he  f i lms d e p o s i t e d  were  h i g h l y  resis-  
t ive,  b e r y l l i u m  was  d e p o s i t e d  o n  t he  s a m p l e  su r face  to 
avo id  c h a r g e  up.  T he  w a v e l e n g t h  of  x-ray f luorescence  of  
b o r o n  K~2 was  67.5-68.5]~, a n d  t h a t  of  n i t r o g e n  K~2 was  
32X. The  E S C A  spec t r a  of  b o r o n -  a n d  b o r o n  ni t r ide-  
depos i t ed  f i lms are  m e a s u r e d  b y  a n  HP5950 E S C A  spec-  
t r o m e t e r  (Hewle t t -Packa rd )  w i th  A1 K a  (1487 eV). 

Results and Discussion 
Structure and optical properties of the films.--The 

color  of t h e  f i lms c h a n g e  c o n t i n u o u s l y  f rom b l a c k - b r o w n  
to color less  w i t h  t he  i nc rease  of  t h e  a m m o n i a  p ressure .  
The  x-ray d i f f r ac t ion  ana lyses  i nd i ca t e  t h a t  all t h e  fi lms 
o b t a i n e d  are  a m o r p h o u s .  

The  a b s o r p t i o n  coeff ic ients  of  a color less  a n d  t r anspa r -  
en t  film in t he  u l t r av io l e t  spec t r a l  r eg ion  are s h o w n  in 
Fig. 2 as a f u n c t i o n  of i n c i d e n t  p h o t o n  energy.  The  ab- 
so rp t ion  coeff ic ient  ~ nea r  t he  a b s o r p t i o n  edge  for d i r ec t  
a l lowed  t r a n s i t i o n  is d e s c r i b e d  as a f u n c t i o n  of p h o t o n  en- 
ergy hv as, 

~hv = (h~ - Eg) lj2 [1] 

w h e r e  Eg is t h e  opt ica l  b a n d g a p  energy .  T h e  va r i a t i on  of  
(ah, )  2 w i th  i n c i d e n t  p h o t o n  e n e r g y  for t he  b o r o n  n i t r i de  
film is s h o w n  in  Fig. 3. T he  f igure s h o w s  t h a t  t he  b o r o n  
n i t r ide  o b t a i n e d  is a s e m i c o n d u c t o r  h a v i n g  a d i rec t  en- 
e rgy  gap. The  e n e r g y  gap,  Ee, is e s t i m a t e d  to be  5.90 eV by  
t he  e x t r a p o l a t i o n  of the  l inea r  pa r t  to  t he  ho r i zon ta l  axis  
in  t he  figure. This  va lue  is la rger  t h a n  the  va lue  of  5.80 
eV r e p o r t e d  b y  S a n � 9  (3) a n d  Z u n g e r  (18). 

F igu re  4 s h o w s  t h e  i n f r a red  t r a n s m i s s i o n  spec t r a  of  t he  
fi lms d e p o s i t e d  on  t he  s i l icon s u b s t r a t e  at  300 ~ 400 ~ 500 ~ 
a n d  700~ w i t h  t he  m o l a r  rat io of  sou rce  gases  NH3/B10H14 
= 15. The  four  a b s o r p t i o n  b a n d s  are s e e n  in t he  s p e c t r u m  
of  t he  film d e p o s i t e d  at  300~ T h e s e  c o r r e s p o n d  to N H  
s t r e t c h i n g  (3200 c m - ' )  (19, 20), B H  s t r e t c h i n g  (2500 c m - ' )  
(20), a n d  a n t i s y m m e t r i c  a n d  s y m m e t r i c  NH3 d e f o r m a t i o n  
m o d e  (1550 c m  -1, 1405 c m - ' )  (19). A b o v e  500~ t he  ab- 
so rp t i on  due  to t he  B N  la t t ice  v i b r a t i o n  appea r s  at  1380 
and  800 c m - '  (21), a n d  t h a t  due  to t h e  B H  and  N H  
s t r e t c h i n g  v i b r a t i o n  d i sappears .  F igu re  5 shows  t he  infra-  
r ed  t r a n s m i s s i o n  a n d  ref lec t ion s pec t r a  of  t he  film de- 
pos i t ed  at  1000~ T he  cha rac t e r i s t i c  a b s o r p t i o n  a n d  
ref lec t ion  b a n d  of b o r o n  n i t r i de  a re  f o u n d  a t  1380 a n d  800 
c m - '  a n d  1565 a n d  800 cm -I, r espec t ive ly .  

1.0 

0.8 

\ 

03 �9 ~ 0.6 

�9 
~9 

.~ 0.4 

0 
,.Q 
< 

0 . 2  

A � 9  
�9 o � 9  OOoo% �9 �9 

�9 �9 

�9 

�9 

J 
o ~ e  v -  

I I I 

5.5 6.5 Z 5  

Incident photon ene rgy / eV  
Fig. 2. The adsorption coefficient of the stoichiometric boron nitride 

film near absorption edge as a function of incident photon energy. 

We can  c o n c l u d e  f rom IR  spec t ra  t he  fol lowing.  The  
films d e p o s i t e d  a t  300~ due  to t he  r e a c t i o n  of  
d e c a b o r a n e  w i t h  a m m o n i a  still  c o n t a i n  B - - H  a n d  N - - H  
bonds .  A B - - N  b o n d  is, r e m a r k a b l y ,  f o r m e d  at  400~ The  
film d e p o s i t e d  at  500~ is s u b s t a n t i a l l y  b o r o n  ni t r ide .  
The  t e m p e r a t u r e  of 700~ is e n o u g h  to p r o d u c e  b o r o n  ni- 
t r ide  b e c a u s e  t h e  s p e c t r u m  of t he  fi lm d e p o s i t e d  at  700~ 
is a l m o s t  t he  s a m e  as t h a t  of  t h e  fi lm d e p o s i t e d  at  1000~ 

Analysis of the films by EPMA and ESCA.--The com- 
pos i t i on  of  t he  f i lms was  d e t e r m i n e d  f rom the  peak  area  
ra t io  of b o r o n  Ka2 and  n i t r o g e n  Ka2. Typica l  p e a k  
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Fig. 3. The absorption edge fitted to direct allowed transition 
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sion spectra. 

profiles of boron Ka2 and nitrogen Ka~ of boron and bo- 
ron nitride films deposited are shown in Fig. 6. The 
chemical shift of Ka2 peak  of boron in boron nitride is es- 
t imated to be 1.0~. The chemical shift of nitrogen Ka~ is 
less than 0.2~ and is smaller than that of boron. 

In Fig. 7 and 8, the dependence of the peak wavelength, 
the center wavelength at half-maximum and the full 
wid th  at half  max imum (FWHM) of the boron Ka~ and ni- 
trogen Kay, on the composition of the films are shown. 

The shift of the peak wavelength of boron Ka., from 67.5 
to 68.5~, implies the decrease of the gap between the 
ls and 2p energy levels in the boron atom. In order to un- 
derstand this chemical shift, detailed knowledge of the 
electronic structure of boron and boron nitride is re- 
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Fig. 6. Typical peak profile of B Kc~ and N K a 2  on boron and boron 
nitride analyzed by EPMA. Solid, dotted, and broken lines correspond to 
B, BNo.~, and BN, respectively. 
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quired. These electronic structures have been studied ex- 
perimental]y by ESCA (24, 25), AES (26), x-ray emission 
measurements (27), and, theoretically, by the band struc- 
ture calculation for boron (28, 29) and boron nitride 
(30,31). By adding the energy of boron K~2 183.7 eV 
(67.5~) in the boron film to the valence band energy of 
boron 8.43 eV (25), we can obtain 192 eV for the boron ls  
energy level in the boron film. We can also obtain 194 eV 
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for the boron ls and 400.5 eV for nitrogen ls by adding 
the energy of boron Ka2 181 eV (68.5~) and the nitrogen 
Ka2 387.5 eV (32A) in the boron nitride films to the val- 
ence band energy of boron nitride, 13 eV (28). 

The ESCA spectra for the boron film and the stoichio- 
metric boron nitride film are shown in Fig. 9. In the spec- 
trum shown in part a, the peaks at 192 and 285 eV corre- 
spond to boron ls and carbon ls, respectively. This 
carbon peak can be due to carbon impurities in the film 
or absorbed carbon on the surface. In the spectrum 
shown in part b, the peaks at 193 and 401 eV correspond 
to boron ls and nitrogen ls, respectively. The spectrum 
shown in part c shows the valence band (0-50 eV) of the 
borownitr ide films. The peak of 23.0 eV corresponds to 
nitrogen 2s. The broad peak of 12.7 eV marks the 2p elec- 
trons of boron and nitrogen. Since these values agree in 
the value given above 13 eV, an x-ray emission mecha- 
nism, we considered, seems reasonable. 

The chemical shift of boron Ka2 is in agreement with 
the value reported by Grusserbaure (32), where the chem- 
ical shifts of boron Ka2 for the several boron compounds 
(BN, B203, B4C, BP) were measured by EPMA. The shift 
is explained by the localization of electron due to the dif- 
ference in electron negativities. 

It is found from Fig.7 that the chemical shift of boron 
Ka2 changes continuously in the nonstoichiometry com- 
position region from boron to boron nitride. However, 
above the composition N/B = 0.75, the chemical shift of 
boron Ka2 is not seen. It is considered that the electronic 
structure of boron nitride film with the composition N/B 
= 0.75 will be nearly the same structure as that of stoichi- 
ometric boron nitride. The FWHM of boron Ka2 peak in- 
creases with an increase of the composition. It has a max- 
imum value of 2.95~ at about N/B = 0.5 and then 
decreases to 2.0~ at N/B = 1.0. The increase of the FWHM 
is considered to be caused by superposition of the boron 
Ka2 of boron and that of boron nitride. The dependences 
of the composition of the film on the peak wavelength 
and the FWHM of the nitrogen Ka~ are shown in Fig. 8. 

r  

< 
\ 

4 ~  

(a) 

Cls 
280eV 

B o r o n  

Bls 
192eV 

500 300 100 

(b) Nls B N  
401eV 

Bls 
193eV 

500 300 100 

(c) N2s B N  

i L L L --.~ 
50 30 1 0  

Bind ing  e n e r g y / e V  

Fig. 9. The ESCA spectra for boron and boron nitride 

These dependences are smaller than those of boron Ka2. 
This fact suggests that nitrogen atoms included in the 
films are always bound with boron atoms. According to 
these facts, we can Conclude that the deposited films are 
considered to be the mixture of boron and boron nitride 
in the nonstoichiometric composition region. 

The reaction process.--The dependence of the composi- 
tion of the films on the substrate temperature is shown in 
Fig. 10 at temperatures between 300 ~ and 1200~ The 
temperature dependence of the composition when the 
pressure ratio of the reaction gases NHJB,0Hi4 = 20 is 
stronger than that when NH3/B,0H,4 = 1. When NH3/B,0H,4 
= 20, the nitrogen content in the films increases with in- 
creasing substrate temperature in the temperature range 
350~176 and then decreases gently. As the intensity of 
boron and nitrogen x-ray fluorescence is proportional to 
the amount of the boron and nitrogen per unit area, the 
deposition rates of boron and nitrogen are given by divid- 
ing the x-ray fluorescence intensity of boron and nitro- 
gen by the deposition time. The temperature depen- 
dences of the deposition rate of boron and nitrogen are 
shown in Fig. 11. 

Nitrogen atoms cannot stay on the substrate surface 
without bonding boron atoms. The dependence of nitro- 
gen deposition rate normalized by the boron deposition 
rate on the substrate temperature is shown in Fig. 12. The 
figure shows that the deposition rate is determined by 
the kinetic process which indicates the increase of nitro- 
gen bound to boron at temperatures between 350 ~ and 
850~ nitrogen bonding to boron can decrease with 
an increase of temperature to above 850~ because the 
substrate temperature 's  increasing shortens the residence 
time of nitrogen on the surface. The reaction of nitrogen 
with boron requires enough residence time of nitrogen on 
the deposition surface. The relation between the loga- 
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r i t h m  of  n i t r o g e n  d e p o s i t i o n  ra te  a n d  t he  r ec ip roca l  abso-  
lu t e  t e m p e r a t u r e  is s h o w n  in Fig. 13. We ob ta in  t he  act iva-  
t ion  e n e r g y  of  th i s  r eac t ion  6.3 a n d  0.4 kca l /mol  at  
t e m p e r a t u r e s  a b o v e  a n d  be low 850 ~ , respec t ive ly .  The  ac- 
t iva t ion  e n e r g y  of  6.3 kca l /mol  is b a s e d  on  the  r eac t ion  of 
b o r o n  w i t h  n i t r o g e n  a toms .  However ,  de ta i l ed  in fo rma-  
t ion  on  th is  sma l l  a c t i va t i on  e n e r g y  is u n k n o w n .  

At  c o n s t a n t  d e c a b o r a n e  p r e s s u r e  of  2 x 10 -~ to r r  a n d  
s u b s t r a t e  t e m p e r a t u r e  of  850 ~ a n d  550~ t he  d e p e n d e n c e  
of  t h e  f i lm c o m p o s i t i o n  on  t he  a m m o n i a  p r e s s u r e  at  t h e  
p r e s s u r e  r a n g e  of  2 • 10 -~ - 8 • 10-4 to r r  is s h o w n  in  Fig. 
14. I t  is f o u n d  f r o m  t he  f igure  tha t ,  a t  t h e  s u b s t r a t e  t em-  
p e r a t u r e  of  850~ t he  c o m p o s i t i o n  i nc r ea se s  w i th  t h e  in- 
c rease  of  a m m o n i a  p r e s s u r e  up  to NHJB~0H~4 = 20 a n d  
t h e n  s a tu r a t e s  at  N/B = 1.0. 

In  general ,  t h e  a m o u n t  of  t h e  d e c a b o r a n e  a n d  a m m o n i a  
m o l e c u l e  i m p i n g i n g  on to  t he  s u b s t r a t e  surface ,  S, is g iven  
f rom the  gas d y n a m i c s  as 

S = P(Mwl2rrRTg) = 5.8 x IO-2P(Mw/Tg) "2 (g/cm 2) [2] 

w h e r e  P is t h e  gas  par t ia l  p r e s s u r e  in  torr ,  Mw the  mo-  
l ecu la r  weight ,  R t he  gas cons t an t ,  a n d  Tg is the  gas tem-  
p e r a t u r e  c o n s i d e r e d  to be  at  r oom t e m p e r a t u r e  (i.e., Tg = 
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Fig. 14. The effect of ammonia pressure on composition ratio of boron 
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300K).  By  u s i n g  t he  A v o g a d r o  n u m b e r ,  Eq. [2] is 
r e w r i t t e n  to give t he  n u m b e r  of  i m p i n g e m e n t  molecu les ,  
v, as 

P = 3 . 5  X 1022p/(Mw/T) u2 (molecule/em2-s)  [3] 

W h e n  P = 2 x 10 -s torr,  M w  = 122, a n d  Tg = 300 K are  
s u b s t i t u t e d  in  Eq. [3] in  t h e  case  of  d e c a b o r a n e ,  vB10u14 = 
3.7 x 10 I5 molecule /cm2-s  is ob ta ined .  In  t he  case  of  am-  
monia ,  s u b s t i t u t i n g  t he  va lue  of M w  = 17 a n d  T~ = 300 K 
in  Eq. [3] y ie lds  the  e q u a t i o n  VNHa = 4.9 X 102~ 
molecule/cm2-s.  T h e  c o m p o s i t i o n s  of t h e  f i lms are  s h o w n  
in  Fig. 15 as a f u n c t i o n  of  t h e  par t ia l  p r e s s u r e  of a m m o n i a  
t o g e t h e r  w i t h  t he  /,'NH a at  t he  c o n s t a n t  72B10H14 = 3.7 x 10 I~ 
molecule /cm2-s  a n d  t h e  s u b s t r a t e  t e m p e r a t u r e s  of  600 ~ 
a n d  850~ At  t he  s u b s t r a t e  t e m p e r a t u r e  of  850~ t he  
c o m p o s i t i o n  of t he  f i lms inc reases  w i t h  i n c r e a s i n g  am-  
m o n i a  par t ia l  p re s su re ,  P~ua, a n d  t h e  s t o i c h i o m e t r i c  com-  
pos i t i on  is c o m p l e t e d  a b o v e  PNHa = 4 • 10 -4 torr,  w h i c h  is 
/ JNH3/ / /B10H14  = 54. I n  t he  case  of  600~ t he  c o m p o s i t i o n  at  
t he  PNHa = 6 • 10 -4 to r r  wil l  b e  e s sen t i a l ly  m u c h  la rger  
t h a n  t he  v a l u e  of  0.6 o b t a i n e d  in t he  p r e s e n t  s tudy,  a n d  
s t o i ch iome t r i c  c o m p o s i t i o n  wil l  b e  c o m p l e t e d  at  a b o u t  
P~Ha = 7 x 10 -4 torr ,  w h i c h  is PNHa/PB10H14 = 100. Therefore ,  
i t  is f o u n d  t h a t  t h e  s t o i ch iome t r i c  b o r o n  n i t r i de  depos i t s  
w h e n  the  ra t io  of  i m p i n g e m e n t  f r e q u e n c y  of  n i t r o g e n  a n d  
b o r o n  a toms ,  VN/VB, is la rger  t h a n  5.4 a n d  10 at  t he  sub-  
s t r a t e  t e m p e r a t u r e s  of  850 ~ a n d  600~ respec t ive ly .  
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The compositions of the films are determined by the 
impingement  frequency ratio of decaborane and ammo- 
nia in the nonstoichiometric composition region. 

Conclusion 
A new CVD method in the molecular flow region is 

proposed to deposit boron nitride films using the reac- 
tion of decaborane with ammonia. At substrate tempera- 
tures between 300 ~ and 1200~ the deposition films are 
amorphous. Infrared spectra of the films deposited above 
700~ shown the characteristic absorption of boron ni- 
tride. The optical bandgap is estimated to be 5.90 eV from 
the optical absorption measurements. It is found from the 
chemical shift of boron K~2 wavelength that the films of 
nonstoichiometric composition below the atomic ratio 
N/B = 0.75 are a mixture of boron and boron nitride. It is 
also found from the relationship between the pressure ra- 
tio of ammonia to decaborane and the film composition 
that the composition of the films is proportional to the 
partial pressure ratio at high temperatures. Therefore, the 
stoichiometric boron nitride films can easily deposit by 
this method, which is easy to control because composi- 
tion is determined by the ratio of impingement  frequency 
of source gases onto the substrate surface in all composi- 
tion regions. This new deposition method must  be useful 
for other compound materials. 
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ABSTRACT 

This paper reports on the passivating properties of PCVD silicon nitride obtained from the gas mixtures N.2 + Sill4 
diluted in Ar (Sill  JAr) and N2 + Sill4 diluted in He (SiHJHe). Ellipsometric data, Auger data, IR data, mechanical stress, 
pinholes, and electrical data are presented. The stability of the hydrogen bonds in the silicon nitride is evaluated by low 
temperature annealing. By comparison of the properties of nitrides made from N2 + SiH4/He and N2 + Si l l  JAr, it is con- 
cluded that the former one yields more uniform films, less critical to deposition temperature, while the latter process 
behaves better for passivating purposes. On the other hand, it is shown that the carrier gas (He or Ar) has a marked 
influence on the properties of the films, especially on the hydrogen content. It is found that both PCVD nitrides are 
best described as SixN,H~Ot. 

Undoubtedly, the major advantage of PCVD techniques 
is the low temperature processing involved. Thus, the 
most important application of PCVD silicon nitride is the 
passivation of integrated circuits. In this application, the 
deposition temperature is at most 350~ Therefore, we 
examined silicon nitride films deposited at 150 ~ 200 ~ and 
300~ A capacitively coupled parallel plate PCVD reac- 
tor, manufactured by L.F.E., Incorporated (Model 
PND-301), has been used for the depositions. A schematic 
diagram of this apparatus has been given elsewhere (1). 

Among the different possible gas mixtures, we used di- 
luted silane (as a safety precaution) and nitrogen. Nitro- 
gen was preferred to ammonia, because it leads to silicon 
nitride films with a lower hydrogen content. Sill4 was di- 
luted up to 1.75% in commonly used Ar (SiHJAr) or in He 
(SiHJHe). He was used because it was mentioned in the 
literature (2) that films deposited with S iHJHe show 
more uniform properties. 

A review of the literature on PCVD silicon nitrides 
shows that a major part of the work has been done on ni- 
tride films deposited by mixtures of Sill4 and NH3. It is 
also found that the properties of the nitride films not 
only depend on the gases, but also on the actual reactor 
configuration used. This explains why some of the re- 
sults reported here are not fully comparable to previous 
work on a L.F.E. reactor reported by Dun et al. (3). Dun 
premixes the gases SiH~ and N~, while our equipment  
configuration consists of a separated gas inlet system. 

We found, for both SiH4/Ar and S iHJHe gas mixtures, 
the resulting nitride films to be Si rich and become even 
more Si rich as deposition temperature increases. This is 
in agreement with results obtained by Maeda et al. (1) in 
the same L.F.E. reactor. However, Maeda did not examine 
the influence of different carrier gases. This Si depend- 
ency on deposition temperature will be explained by the 
fact that PCVD silicon nitrides have no fixed st0ichiome- 
try, so that they are  best described as Si~N,HzO~. From 
this formula, a consistent definition for the Si/N ratio will 
be derived. 

As our goal was the investigation of the dependence of 
the passivation properties of silicon nitride on the deposi- 
tion parameters, we focused our experiments on pinhole 
detection, step coverage, and low temperature annealing. 
The purpose of annealing is to investigate how strongly 
hydrogen is bonded to St, because in passivation applica- 
tions H should not escape from the nitride and penetrate 

into the underlying circuits. If  this should happen, failure 
of the circuits might occur. 

Experimental Techniques and Results 
It is well known that the composition of the nitride 

films depends on the deposition parameters. Two thick- 
nesses of nitride films were evaluated: thin films of 
about 100 nm were deposited on 2 in. bare silicon wafers 
for ellipsometric and Auger measurements,  while film 
thicknesses of 500 nm were used for IR, mechanical 
stress, pinhole, and electrical measurements.  As deposi- 
tion parameters for all films made, we used an RF power 
(W) of 100W at a frequency of 13.56 MHz, a total pressure 
(P) of 2700 mtorr for both gas mixtures SiHJAr and 
SiH4/He, a NJSiH4 ratio of 1.55 in the case of SiHJAr or 
3.05 in the case of SiHJHe, and deposition temperatures 
(T) increasing from 150 ~ to 300~ We did not examine the 
influence of W and P, as this was already done by previ- 
ous authors (1, 3). In this way, we obtained a refractive in- 
dex (n) of 2.0 for Si~NyH:O, (Ar) and 2.3 for Si~N~H~Ot (He) 
at T = 275~ These different refractive indexes  could be 
tolerated, first because the aim of this evaluation was to 
compare changes of (structural) properties related to dep- 
osition temperature for both gas mixtures, Si l l  JAr  and 
SiH4/He, and, second, because a refractive index of 2.0 
does not mean a stoichiometric film due to the incorpora- 
tion of oxygen and hydrogen in the film, as will be dis- 
cussed later. Nevertheless, the measurement  of n may be 
considered as a simple criterion to check the deposition 
conditions. Ellipsometric measurements with an auto- 
matic Gaertner ellipsometer (wavelength 632.8 rim, angle 
of incidence 70 ~ ) also give us an idea of the uniformity of 
the deposited layers. In Table I, we have summarized the 
uniformity of n and thickness t of the silicon nitride 
films. It is seen that both gas systems (Sill JAr  and 
SiHjHe)  produce acceptably uniform films, but SiHJHe 
leads to somewhat  more uniform films. In Fig. 1, the re- 
fractive index n and the growth rate G vs. the deposition 
temperature T are presented. It is seen that n increases 
with T, while G nearly becomes independent  of T in the 
case of He but increases with T in the case of Ar. 

As mentioned above, an important  feature of the assess- 
ment  of silicon nitride deposits is knowledge of how 
strongly H is bonded to St. To investigate this, the H con- 
tent was measured by infrared transmission spectros- 
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Fig. 1. a: Refractive index as a function of deposition temperature. 
b: Growth rate as o function of deposition temperature, o: SiHJHe. x: 
Sill JAr. 
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Fig. 2. Atomic percent H as a function of deposition temperature 
and annealing, a: for SiHJHe. b: for SiHJAr. NOT = not annealed; 
3H = annealed for 3h; 10H = annealed for 10h. o: SiHJHe. x: 
Sill JAr. 

copy. Measurements were done before and after low tem- 
perature annealing at 300~ using an automatic disper- 
sive, double beam ratio, recording IR spectrophotometer 
(Perkin-Elmer Model 1420). This annealing at 300~ on 
the one hand, simulates possible further low temperature 
processing of devices coated with PCVD silicon nitride 
and, on the other hand, will accelerate the outdiffusion of 
H which might occur at lower temperatures. To obtain 
the total atomic percent of H and the amounts of N-H and 
Si-H bonds, we used the calibration values of Lanford 
and Rand (4). Therefore, a realistic value of 2.7 g/cm 3 for 
the density of the films has been assumed. In Fig. 2, the 
total atomic percent H is shown vs .  deposition tempera- 
ture T for different annealing times (3 and 10h). In Fig. 3, 
the percent N-H bonds are shown vs .  T for different an- 
nealing times. First it is seen that in the case of unan- 
nealed films, the amount  of H decreases with increasing 
T. The amount  of H is smaller in the case of Ar (18-15%) 
than in the case of He (27-19%). Annealing for 3 and 10h 
reduces this H content, but the effect is far more pro- 
nounced for S iHJHe than for SiH4/Ar. In the latter case, 
only minor changes are detected. This probably means 
that H is less tightly bonded in the case of SiH4/He and 
diffuses out of the films more easily. This is in accord- 
ance with the fact that these films seem to be more p o -  

Table I. Nonuniformity of refractive index (n) 
and thickness (t) over a 3 in. wafer 

n (%) t (%) 

%N-H 
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30. 
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10H ~ ' . . ~ . ~ .  10- 

100 200 300 0 
T(~ 

(o) 

% N - H  

\ 

% 
NOT 

x,~3H 
[ I t 10H 

100 200 300 
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(b) 

Fig. 3. Percent of N-H bonds as a function of deposition tempera- 
ture and annealing, a: for SiH4/He. b: for Sill JAr. o: SiHjHe.  x: 
SiHJAr. NOT = not annealed; 3H = annealed for 3h; 10H = an- 
nealed for 10h. 

rous (see AES results). We may conclude that one has to 
be aware of the fact that H may escape from silicon ni- 
tride films, especially in the case of films made by 
SiHJHe. Furthermore,  it follows from Fig. 3 that there is a 
remarkable change in the amount of N-H bonds with 
changes in deposition temperature and annealing. The 
amount  of N-H bonds decreases both with annealing time 
and with increasing deposition temperature T. By 
comparing Fig. 2b and 3b, we see that, in the case of 
Si l l  JAr, the amount of Si-H bonds increases, due to an- 
nealing time and increasing deposition temperature, in 
such a way that the total amount  of hydrogen stays more 
or less the same (the sum of N-H and Si-H bonds is used 
to obtain the total H content). 

To get some insight into the composit ion of the depos- 
ited films, we used Auger electron spectroscopy (AES). 
The different atomic percents of Si, N, and O were mea- 
sured on Physical Electronics 590 AES. The Auger data 
were corrected with the atomic H content obtained from 
IR spectroscopy. In Fig. 4, the atomic percents of Si, N, O, 
and H are plotted vs .  the deposition temperature T. The 
amount of oxygen (1> 2%) is within the detectability range 
of Auger analysis and may not be neglected. As reported 
by Dun et  al .  (3), we believe the large amounts of oxygen 
(10%) at low temperatures (-<175~ are due to the mois- 
ture released from the inner wall of the reactor by the 
plasma. 

From the above considerations, it follows that PCVD 
nitrides have to be described by the formula Si,.N,H~O, A 
possible molecular structure may be as follows 
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SiHJHe ~ 1  -<2 Fig. 4. Atomic percent Si, N, O, H as a function of deposition tem- 
S iHdAr  -<2 -<4 perature, a: for SiHJHe. b: for Sill jAr.  o: SiHJHe. x: SiN JAr. 
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w h e r e  we a s s u m e  t h a t  N-N b o n d s  m a y  b e  neg l ec t ed  a n d  
t h a t  on ly  Si-N, Si-H, N-H, a n d  Si-O b o n d s  h a v e  to b e  
t a k e n  in to  a c c o u n t  (N-O b o n d s  we re  no t  de t ec t ed  b y  IR  
spec t roscopy) .  Therefore ,  we cor rec t  t he  Si/N rat io u s e d  
b y  D u n  et al. (3) as fol lows 

Si [Si a/o] + 1/4 [HN a/o] 

N IN a/o] + 2/3 [O a/o] + 1/3 [Hsi a/o] 

w h e r e  t he  a t o m i c  p e r c e n t  (a/o) N-H b o n d s  (HN) a n d  Si-H 
b o n d s  (Hsi) a re  t a k e n  in to  account .  Fo r  a s to i ch iome t r i c  
s t ruc tu re ,  t h i s  ra t io  a lways  equa l s  0.75. A va lue  l a rger  
t h a n  0.75 m u s t  m o s t  p r o b a b l y  b e  a s soc i a t ed  w i th  -=Si-Si-= 
b o n d s .  In  o the r  words ,  Si/N ra t ios  l a rger  t h a n  0.75 indi-  
cate  t he  i n c o r p o r a t i o n  of excess  Si in  t h e  n i t r ides .  I n  Fig. 
5, Si/N vs. d e p o s i t i o n  t e m p e r a t u r e  is p lo t ted .  All fi lms are 
Si r ich ,  e spec ia l ly  in  the  case  of  He  n i t r ides ,  a n d  b e c o m e  
even  m o r e  Si r i ch  as T increases .  Th i s  is in  a c c o r d a n c e  
w i t h  t h e  fact  t h a t  t he  re f rac t ive  i n d e x  n also inc reases  
w i th  T (Fig. 1). I n d e e d ,  t he  re f rac t ive  i n d e x  m a y  b e  corre-  
l a ted  w i th  t he  ra t io  Si/N (1, 5). A n  i n c r e a s i n g  Si/N rat io 
will  s h o w  an  i n c r e a s i n g  re f rac t ive  index .  However ,  a re- 
f rac t ive  i n d e x  n = 2.0 does  no t  neces sa r i l y  m e a n  s toichio-  
me t r i c  s i l icon n i t r i de  Si3N4. As  d i s c u s s e d  above ,  we al- 
ways  f o u n d  films w i t h  a c o m p o s i t i o n  Si,.N~H.Ot w i t h  x # 
y ~ z ~ t ~ 0, and,  as is s een  f rom Fig. 1, n = 2.0 m a y  be  
ob ta ined .  

A n o t h e r  i n t e r e s t i n g  fea tu re  is t he  s p u t t e r  ra te  s of  t he  
Si~N,H.Ot f i lms u n d e r  a 2 keV  a r g o n  b o m b a r d m e n t .  Th i s  
s p u t t e r  ra te  s (Tab le  II) gives an  idea  of  t he  dens i ty  of  t he  
films. As  a r e f e r e n c e  va lue  for s, t h e  m e a s u r e d  s p u t t e r  
ra te  of  s t o i c h i o m e t r i c  L P C V D  Si3N4 is i nc luded .  I t  fo l lows 
f rom Tab le  II  t h a t  Si,.N,H~Ot (He) ha s  a h i g h  va lue  of  s 
a n d  t h e r e f o r e  is po rous ,  wh i l e  Si,NyH~Ot (Ar) d e p o s i t e d  a t  
300~ has  t he  l o w e s t  va lue  of  s a n d  t h e r e f o r e  h a s  t he  
l a rges t  dens i ty .  

P i n h o l e s  are a n o t h e r  i m p o r t a n t  c r i t e r ion  for charac te r -  
iz ing s i l icon n i t r i d e  films. I n  o rde r  to m e a s u r e  th i s  fea- 
ture ,  Si wafers  w i t h  500 n m  A1 on  top  we re  coa t ed  w i t h  
500 n m  n i t r ide  a n d  a f t e rwards  e t c h e d  in  a 5% N a O H  solu- 
t ion  for 4 rain.  T h e  m e a s u r e d  p i n h o l e  dens i t y  is s h o w n  in  
Tab le  III. As cou ld  be  expec ted ,  t he  p i n h o l e  dens i t y  de- 
c reases  as T inc reases .  A t  150~ Si~.NyH.O~ (He) b e h a v e s  
b e t t e r  t h a n  Si~N,H~Ot (Ar), b u t  a t  300~ b o t h  gas  m i x t u r e s  
( S i H J H e  a n d  S iHJA r )  p r o d u c e  f i lms of a b o u t  t he  s a m e  
quali ty.  I t  h a s  to  b e  r e m a r k e d  tha t ,  in  t he  case of Ar, a 
d e p o s i t i o n  t e m p e r a t u r e  of 300~ is a neces s i t y  to o b t a i n  
good  qua l i ty  films. A l t h o u g h  we e s t i m a t e d  t h a t  t he  fi lms 
m a d e  w i th  S i H J H e  were  m o r e  porous ,  f r o m  the  po in t  of  
v i ew  of p inho le s ,  b o t h  gas s y s t e m s  are a b o u t  equal.  

300- 

200- 

100" 

r (~ 

0 I I I I I I I s _ i  
0.75 1.00 1.25 1.50 1.75 2.00 2.25 N 

Fig. 5. Si/N ratio as a function of deposition temperature, o: 
SiHJHe. x: Sill JAr. 

Table I I  Sputter rate (s) in nm/mC-cm -2 for SiHJHe 
and Sill JAr as a function of deposition temperature 

T (~ 150 200 300 

SiHJHe 1.70 1.73 1.71 
SiHJAr 1.82 1.38 1.36 

LPCVD Si~N~:s = 1.24 nm/mC-cm -2. 

Table III. Pinholes per square centimeter for SiHJHe 
and Sill JAr as a function of deposition temperature 

T (~ 150 200 300 

SiHjHe -< 300 -< 75 -<1 
SiHJAr _< 1000 _< 750 ~ 1 

To i nves t i ga t e  t he  s tep  coverage ,  we e x a m i n e d  t he  abil-  
i ty of P C V D  s i l icon  n i t r i de  to  cover  en t i r e ly  a gold  wi re  
b o n d  on  an  A1 b o n d i n g  p a t h  of an  IC. Th i s  m a y  b e  cons id-  
e red  as an  e x t r e m e  tes t  case for s tep  coverage.  The  
s amp le s  we re  e t c h e d  in a 5% N a O H  solu t ion .  S E M  analy-  
sis r evea led  t h a t  in  t he  case  of  t h e  low t e m p e r a t u r e  ni- 
t r ides ,  t he  A1 e t c h a n t  p e n e t r a t e d  u n d e r  t he  Au  b o n d i n g  
bal ls  a n d  e t c h e d  t he  A1 away. This  ef fec t  was  far  less pro- 
n o u n c e d  for  n i t r ides  d e p o s i t e d  at  300~ Fo r  b o t h  gas sys- 
t e m s  (S iHJAr  a n d  S iHJHe) ,  a r a t h e r  good  p r o t e c t i o n  of 
t he  b o n d i n g  p a t h s  was  ob ta ined .  Neve r the l e s s ,  n i t r ides  
m a d e  ou t  of  S i H J H e  b e h a v e d  s o m e w h a t  be t ter .  

I t  is e s t a b l i s h e d  t h a t  the  s tab i l i ty  a n d  t h e  s tep  coverage  
of  fi lms are r e l a t ed  to t he  m e c h a n i c a l  s t ress  of t h e  films. 
We the re fo re  e v a l u a t e d  t he  m e c h a n i c a l  s t ress  of  s i l icon ni- 
t r ide  fi lms d e p o s i t e d  on  ba re  Si wafers .  The  s t ress  was  
d e t e r m i n e d  by  a n  i n t e r f e r e n c e  t e c h n i q u e  (6). The  re su l t s  
for  t he  n i t r i de  f i lms m a d e  u n d e r  d i f f e ren t  d e p o s i t i o n  con-  
d i t ions  are s h o w n  in  Fig. 6. I t  is s een  t h a t  fi lms m a d e  
w i th  Ar  h a v e  a c o m p r e s s i v e  s t ress  a n d  s h o w  no  c lear  cor- 
r e l a t ion  w i t h  t h e  d e p o s i t i o n  t e m p e r a t u r e  T. The  m e a s u r e d  
va lue  of  t h e  c o m p r e s s i v e  s t ress  (2-5 x l0  s N/m 2) is accepta -  
b le  (7, 8) f r o m  t h e  p o i n t  of  v iew of  m e c h a n i c a l  s tabi l i ty .  
On t he  o the r  h a n d ,  fi lms m a d e  w i t h  He  s h o w  a c lear  de- 
p e n d e n c e  on  T, go ing  f rom c o m p r e s s i v e  to s l ight ly  t ens i l e  
at  300~ P i n h o l e  e x p e r i m e n t s  i n d i c a t e d  t h a t  f i lms at  
300~ h a v e  to be  p re fe r red ,  w h i c h  m e a n s  t h a t  SixN,HzOt 
m a d e  w i th  He  s h o u l d  h a v e  a s o m e w h a t  b e t t e r  m e c h a n i c a l  
s tab i l i ty  due  to i ts lower  m e c h a n i c a l  s t ress  c o m p a r e d  to 
Sij.NyH~Ot d e p o s i t e d  w i t h  Ar. Th i s  is in  a g r e e m e n t  w i t h  
t he  fact  tha t ,  a l t h o u g h  b o t h  n i t r ides  a f fo rded  good  pro tec-  
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tion of the A1 bonding paths, fewer failures were detected 
in the case of He. 

Electrical measurements  of dielectric constant and of 
dielectric losses on 500 nm Si~N,H~Ot capacitors made at 
300~ with A1 electrodes showed that He nitrides behaved 
similarly to Ar nitrides. The measurements were per- 
formed on a HP 4274A multifrequency LCR meter. Both 
nitride films have a dielectric constant (e) between 7 and 
8 comparable to the bulk value of  7.5. The loss factor (tan 
3) is smaller than 0.2% and nearly constant over the fre- 
quency range 100 Hz-100 kHz. The measured breakdown 
strength (Eb) is 5 MV/cm. This corresponds to the fact that 
nitrides deposited at 300~ have practically no pinholes, 
and have a good step coverage, provided the nitrides have 
a thickness of at least 500 nm. In other words, a thickness 
of 500 nm for silicon nitride is a necessity. These features, 
especially the fact of its low loss factor, make PCVD sili- 
con nitride also an attractive isolator for thin film 
capacitors. 

and is easily released by low temperature processing (for 
instance, an annealing at 300~ which cannot be toler- 
ated in a number  of applications. Apart from this fact, 
both high deposition temperature nitrides (300~ have 
similar and quite acceptable electrical, mechanical, and 
pinhole performances. 
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Conclusions 
We may conclude from studies of PCVD Si~N~H~Ot 

made at different deposition temperatures, using two 
types of carrier gases (He and Ar) for SiH~, that low tem- 
perature nitrides (150~176 are less dense and contain 
more hydrogen than nitrides made at 300~ Sill4 diluted 
in He gives more uniform films and is less critical to dep- 
osition temperature, but the release of hydrogen by a low 
temperature annealing is more pronounced in this case. 

As for opt imum device protection, a low pinhole den- 
sity and an acceptably small mechanical stress in the 
passivation layer are needed; only nitrides made at 300~ 
are suitable for this purpose. The disadvantage of nitrides 
made with S iHJHe is that the hydrogen content is higher 
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Complex Plane and NMR Studies 
of Arsenic Sulfide-Based Lithium Glasses 

Steven J. Visco, Peter J. Spellane, and John H. Kennedy* 
Department of Chemistry, University of California, Santa Barbara~ California 93106 

ABSTRACT 

The glass forming region of the LiI-Li2S-As2S3 system was explored as a function of lithium ion concentration. The 
most conductive base glass attainable was Li~S-2As2S3, and with this glass, up to 45 mole percent LiI could be added. 
Ionic conductivity was measured using complex plane techniques with room temperature conductivity reaching 2.9 • 
10 -'~ S -cm- '  for 0.45-LiI-0.18Li2S-0.37As~S3. NMR linewidth data were fit to the Hendrickson-Bray equation, and activa- 
tion energies were obtained. All glasses showed a low activation energy process which was attributed to a local motion. 
Only the more conductive 30-40% LiI glasses showed a second, higher activation energy process which correlated well 
with activation energies from conductivity measurements. 

There has been a substantial amount of research effort 
devoted to finding suitable lithium electrolytes, but the 
search for crystalline lithium electrolytes has not been en- 
tirely successful. However, there have been recent excit- 
ing advances in the development of lithium ion conduc- 
tive glasses (1-15). Various glasses have been synthesized 
(such as LiI-Li~S-P~S~ and LiI-Li2S-B~S3) that have Li ~ 
conductivities matching the best crystalline electrolytes 
(o- = 10 -3 S-cm-' at 25~ and stability ranges appropriate 
for their use in lithium anode batteries (I-5, I0, 15). 

In the course of the development of highly conductive 
vitreous electrolytes, it has been found that the size and 
polarizability of the anions to which the mobile cations 
are coordinated are two major factors that govern high 
ionic mobility. Thus, replacement of oxygen by sulfur in 
the glass network former and modifier will result in a 

* Electrochemical Society Active Member. 

higher mobility of the alkali ions, as will doping the glass 
with LiI as opposed to, say, LiBr. We therefore decided to 
investigate the glass forming range of the LiI-Li~S-As~S3 
system. Furthermore,  in light of the relatively high Ag ~ 
conductivities reported for the AgI-Ag~S-As~S3 glass sys- 
tem (13), it was anticipated that the li thium analog might 
exhibit high Li ~ conductivities, 

The structures and mechanisms for conduction in glass 
electrolytes have been studied less often and conse- 
quently not understood as well as their crystalline coun- 
terparts. We have previously applied the techniques of 
both solid-state NMR and ac impedance to study the 
highly conductive LiI-Li2S-P~Ss glasses (16) and now re- 
por t their use in the study of LiI-Li2S-As._,S3 glasses. 

7Li NMR has been used effectively to study the diffu- 
sion of Li ~ in L%N, Li ~ movement  in the conductive lith- 
ium borate glasses (17-19), Li~S-GeS2 glasses (20), and Li ~ 
movement  in the LiI-L%S-P2S5 glasses (16). A predomi- 
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nant  cause of  NMR line b roaden ing  in solids is the  mag- 
net ic  d ipole-dipole  in teract ion be tween  nuclei:  Thermal  
act ivat ion of ions wi th  increas ing t empe ra tu r e  tends  to re- 
m o v e  the  dipole-dipole  in terac t ion  be tween  nuclei  of acti- 
va ted  ions, and the  cor responding  N M R  line narrows. 
This  p h e n o m e n o n  is cal led mot i0nal  narrowing.  F r o m  the  
NM:R l inewid th  vs. t empera tu re  data, the  Hendr ickson-  
Bray (HB) equa t ion  can b e  used to calculate  the activa- 
t ion energy  for Li  ~ mot ion  in the  solid (18, 19). 

In  the  7Li N M R  inves t iga t ion  of the  LiI-Li~S-P2S~ glass 
system, it was found  (16) that  the  act ivat ion energies  for 
7Li mot ion  (high act ivat ion energy  process) correlated 
wel l  wi th  the  ac t iva t ion  energies  de t e rmined  f rom ionic 
conduct iv i ty  m e a s u r e m e n t s  made  on the same glass sam- 
ples. In  order  to fur ther  explore  the  na ture  of  the  ionic 
conduct iv i ty  in glasses, we have  appl ied  the  same NMR 
techn iques  to a n e w  vi t reous  l i th ium electrolyte  system, 
LiI-Li2S-As2S:~. 

Experimental 
Star t ing mater ia ls  were  anhydrous  LiI,  Li~S, and As2S3, 

and all man ipu la t ions  were  pe r fo rmed  ins ide  a he l ium 
dry box  e q u i p p e d  wi th  a purif icat ion train to keep  resid- 
ual  H20 and O~ to less than  1 ppm. The Li~S-As2S3 and LiI- 
Li~S-As~S3 glasses were  p repared  by m i x i n g  and gr inding  
the  reagents  in the  appropr ia te  proport ions,  sealing t h e m  
into. th ick-wal led  quar tz  tubes,  and hea t ing  the  tubes  in- 
side an Incone l  alloy p ipe  exp los ion  shield to approxi-  
mate ly  900~ for lh.  The  mel t s  were  then  cooled to 700~ 
and q u e n c h e d  into  a water  bath at r o o m  temperature .  The 
q u e n c h e d  glass was g round  to a fine powder ,  and, for the  
N M R  study, a por t ion  of the  glass sample  was sealed un- 
der  v a c u u m  into 5 m m  NMR tubes. S o m e  of the  remain-  
ing powder  was t h e n  uniaxial ly  p ressed  into 1/4 in. d iam 
rods wi th  TiS~ e lec t rodes  on both faces. The  vi t reous  elec- 
t rolyte  rod  was finally isostat ical ly pressed  at approxi-  
mate ly  40,000 psi pr ior  to ionic conduc t iv i ty  measure-  
ments .  

The ionic conduc t iv i ty  of  the  glasses was de te rmined  
us ing a Solar t ron  1174 F r e q u e n c y  Response  Analyzer  in- 
terfaced to a Hewle t t -Packard  9845B desk top  compute r  
and a Genera l  Radio  1435 p r o g r a m m a b l e  decade  resist- 
ance box. A correc t ion  p rogram was incorpora ted  to com- 
pensa te  for induc t ive  effects arising f rom electrode leads 
observed  at h igh  f r equency  (105-i06 Hz). The  signal across 
the  sample  was 350 mV. Complex  i m p e d a n c e  measure-  
ments  were  r ecorded  f rom 10 -~ to 10 -6 Hz over  the  tem- 
pera ture  range  of  25 ~ to (Tg - 20)~ 

7Li N M R  spect ra  were  ob ta ined  on a Nicole t  NT-300 
Spec t rometer .  A broad-band  probe  was tuned  to 116.6157 
MHz on a solut ion sample  of  LiC1, and the  magnet ic  field 
homogene i ty  was op t imized  for this sample  at room tem- 
perature.  The  l i th ium glass sample  was then  p laced  in the  
m a g n e t  and cooled  gradual ly  to -100~ The sample  was 
not  spun, and no fur ther  a t t empt  was m a d e  to improve  
field homogene i ty .  Thermal  equ i l ib ra t ion  t ime  var ied  
f rom 15 to 60 min,  depend ing  on the  se lec ted  tempera-  
ture. A 90 ~ pulse  was applied, and data  f rom 1000 tran- 
sients  were  Four ie r  t r ans formed  to yield one broad reso- 
nance  and fit to a Loren tz ian  curve. 

Results and Discussion 
X-ray diffraction.--The Li,2S-2As,.,S3 suppor t  glass was 

doped  with  l i th ium iodide  over  the  range  o f  0-50 mole  
percen t  (m/o) LiI. Owing to the  hygroscop ic  nature  of  the  
v i t reous  e lect rolytes  in this study, the  glass samples  were  
g round  to a fine p o w d e r  and sealed in plast ic bags in the  
dry box  prior  to x-ray analysis. X-ray diffract ion pat terns  
showed  the  ex ten t  of  glass format ion  to lie be tween  0 and 
45 m/o LiI; (LiI)~-(0.33Li2S-0.67As~S3),_~ (0 < x < 0.45). At  
45 m/o LiI, x- ray  diffract ion pat terns  de tec ted  traces of  
LiI microdrystals  d i spersed  in the glass matrix.  At  h igher  
LiI concentra t ions ,  the  amoun t  of  crystal l ized LiI de- 
tec ted  in the glass increased  sharply. 

Thermal analysis.--Powdered glass samples  were  her- 
met ica l ly  sealed in a l u m i n u m  conta iners  in the  dry box 
and  analyzed by different ial  scanning  calorimetry.  The 

powders  were  e x a m i n e d  over  the  t empara tu re  range of 
25 ~ 300~ at a scan rate of  20~ All samples  in the  
range of 0-45 m/o LiI  exh ib i t ed  the  character is t ic  glass 
t ransi t ion t empe ra tu r e  (Tg). Tg showed  a gradual  decrease  
f rom about  170 ~ to 140~ as the  LiI  con ten t  increased  to 40 
m/o. 

Complex impedance and ionic conductivity.--The com- 
p lex  i m p e d a n c e  plots  of  the  LiI-Li~S-As2S3 glasses con- 
fo rmed  to a s t ra ight  l ine in tersec t ing  the  real axis at ap- 
p rox imate ly  a 45 ~ angle  and a semici rc le  (Fig. 1). The  real 
axis in te rcep t  of the  s t raight  l ine por t ion  of the  complex  
i m p e d a n c e  plots was taken  to represen t  the  total resist- 
ance of  the  glass sample.  In  some cases, as shown  in Fig. 
1, there  was s o m e  ev idence  of  a smal l  semicirc le  that  
could  indicate  an interface effect, mos t  l ikely at the  elec- 
t rodes  since gra in  boundary  effects wou ld  not  be ex- 
pec ted  in glasses. I f  the  h igh  f requency  in tercept  were  
used as the measu re  of  bulk  conduct iv i ty ,  the  values  re- 
por ted  here  wou ld  be increased  by several  percent ,  but  
the  m o r e  conse rva t ive  approach  was adopted  in this  in- 
vest igat ion.  For  all glass composi t ions ,  the  ionic conduc-  
t ivi ty was found to fol low the  Arrhenius  law: ~ = o ~ exp 
(-Ea/kT), as shown in Fig. 2. The  act ivat ion energies  de- 
t e rmined  f rom the  Arrhenius  plots  were  found to de- 
crease l inearly wi th  increas ing LiI con ten t  (Fig. 3). Simi- 
larly, the  total ionic conduct iv i ty  was observed  to 
increase  wi th  increas ing  LiI; a plot  of log cr vs. mlo LiI  
y ie lded a s t ra ight  l ine (Fig. 4). Accordingly ,  the  glass 
sample  with the  h ighes t  measured  ionic conduct iv i ty  and 
lowes t  ac t ivat ion energy  (Table I) was the  glass wi th  the  
h ighes t  a t ta inable  LiI  concent ra t ion ,  that  is, 
0.45LiI-0.18Li2S-0.37As=,S3. 

The ionic conduct iv i t ies  observed  for the LiI-Li.,S-As2S3 
glasses are lower  than  those  repor ted  (4) and observed  in 
this laboratory  for the LiI-Li~S-P2S5 glasses. Fo r  example ,  
the  repor ted  ionic conduct iv i ty  for the  0.45LiI-0.37Li~S- 
0.18P2S5 glass was about  10 -3 S - c m - '  at 25~ (4), whi le  the  
0.45LiI-0.18Li2S-0.37As2S~ glass e lec t ro lyte  was about  3 • 

5- 

x 3- 

2 -  ~ 

t -  

O , i ~ i , , i  J i , i i i 

R ( k ~ )  

Fig. 1. Complex impedance plot for 0.45Lil-0.18Li2S-0.37As~S3 
using TiS2 electrodes at 89~ 
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Fig. 2. Arrhenius pl0t for 0.45Lil-0.|8Li2S-0.37As253 using TiS~ 
electrodes. Activation energy = 7.09 kcal/mol. 
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As2S3 glasses. 

10 5 S - c m - '  at  25~ B o t h  of  t he se  glass  c o m p o s i t i o n s  cor- 
r e s p o n d  to t he  s a t u r a t i o n  l imi t  of  LiI  in  t he i r  r e spec t ive  
s u p p o r t  g lasses  2Li~S-P~S~ a n d  Li~S-As2S~. T he  smal le r  
glass f o r m i n g  r a n g e  of t he  Li~S-As~Ss s y s t e m  l imi ts  t he  
Li~S c o n t e n t  of  t he  s u p p o r t  glass  to Li2S-2As2S3. The  con-  
duc t iv i ty  of  t h e  2Li=,S-P~S5 base  glass  is r e p o r t e d  to be  ap- 
p r o x i m a t e l y  10 -4 S - c m - '  (1), whe reas  t h e  ionic  conduc t iv -  
i ty of t he  Li~S-2As2S3 base  glass  is a b o u t  3 • 10-9 S.cm-~.  
A l t h o u g h  t he  ionic  conduc t iv i t i e s  of t h e  (LiI).~(0.33Li2S- 
0.66AszS3),_~. g lasses  i nc rease  qu i t e  r ap id ly  wi th  i n c r e a s i n g  
Li  c o n c e n t r a t i o n  (Fig. 4), t he  m a x i m u m  conduc t i v i t y  is, 
u n f o r t u n a t e l y ,  n o t  as h i g h  as o t h e r  s imi l a r  glass  sys tems .  
This  m a y  be  due  to t he  lower  to ta l  l i t h i u m  c o n t e n t  at  t h e  
LiI s a t u r a t i o n  l imi t  for the  LiI-Li._,S-As2S3 s y s t e m  as com- 
p a r e d  to o t h e r  glass  e lec t ro ly tes  s u c h  as LiI-Li~S-P2S~ (4) 
or LiI-Li2S-B2S3 (10). 

7Li N M R . - - T h e  ~Li N MR  spec t r a  for t he  l i t h i u m  glasses  
i nves t i ga t ed  e x h i b i t e d  a s ing le  7Li r e s o n a n c e  over  t he  

Table I. Conductivities and activation energies 
for arsenic sulfide glasses 

(S-cm-') Ea 
Glass composition at 2 5 ~  (kcal/mol) Ea (eV) 

0.OLiI-O.33LieS-0.67As~S3 
0.10LiI-0.30Li~S-0.60As2Sa 
0.20LiI-0.27Li~S-0.53As~S3 
0.30LiI-0.23Li~S-0.47As2S3 
0.40LiI-0.20Li~S-0.40As.~S3 
0.45LiI-0.18Li~S-0.37As2S3 

3.0 x 10 -8 16.8 0.73 
2.8 • 10 -8 14.4 0.62 
1.3 • 10 -7 12.9 0.56 
9.1 x 10 -7 10.4 0.45 
9.0 x 10 -~ 8.1 0.35 
2.9 • 10 -~ 7.1 0.31 

t e m p e r a t u r e  r a n g e  of - 1 0 0  ~ to 20~ t h a t  cou ld  be  fit to a 
L o r e n t z i a n  c u r v e  as s h o w n  in Fig. 5. H e n d r i c k s o n  a n d  
Bray  (19), h a v e  d e v e l o p e d  t he  t h e o r y  for  a case  w h e r e  t h e  
sol id con t a in s  a co l lec t ion  of  n o n e x c i t e d  ions  on  the i r  lat- 
t ice  si tes w i t h  a v e r y  sho r t  T2 r e l a x a t i o n  t i m e  a n d  a collec- 
t i on  of  exc i t ed  ions  w i t h  a long  T2. One  N M R  l ine  will  b e  
o b s e r v e d  w i t h  i ts  w i d t h  g iven  b y  a w e i g h t e d  ave rage  of 
t he  two T's  i n v o l v e d  

T2 = fAT2A + fBT2B = 1 / W  

This  ve ry  s i m p l e  c o n c e p t  leads  to t h e  H e n d r i c k s o n - B r a y  
e q u a t i o n  (HB) for  m o t i o n a l  n a r r o w i n g  in  sol ids  as 

in  (1/W - 1 /A)  = - ( E a / k T )  + in  (1/B - 1/A) 

w h e r e  W is t he  o b s e r v e d  N M R  l inewid th ,  A is t he  exper i -  
m e n t a l l y  d e t e r m i n e d  r igid- lat t ice  l i newid th ,  a n d  B is the  
h i g h  t e m p e r a t u r e  l i newid th .  The  r igid- la t t ice  l i newid th  A 
is d e t e r m i n e d  b y  l ower ing  the  s a m p l e  t e m p e r a t u r e  un t i l  
t he  N M R  l i n e w i d t h  n o  longe r  b roadens .  A p lo t  of  In (1/W 
- 1 /A)  vs. 1 / T  s h o u l d  p r o d u c e  a s t r a igh t  l ine  w i t h  a s lope  
of  -Ea/k  a n d  y i n t e r c e p t  of In (1/13 - l /A) ,  as s h o w n  in Fig. 
6 a n d  7 for 20% LiI  dop ing .  Here  is w h e r e  c o n f u s i o n  be- 
gins  for so m a n y  N M R  s tud ies  of sol id e lect rolytes .  The  
ac t iva t ion  ene rgy  for 20% L i I -doped  glass  f rom NMR was 
only  4.5 kcal /mol,  wh i l e  i t  was  12.9 kca l /mol  f rom conduc-  
t iv i ty  m e a s u r e m e n t s  as g iven  in Tab le  I. 

A poss ib le  e x p l a n a t i o n  p r e s e n t s  i t se l f  w h e n  we look at 
h i g h e r  LiI c o n c e n t r a t i o n s .  For  0.30LiI-0.23Li~S-0.47As2S3 
glass (30% LiI), t h e  fit to the  H B  e q u a t i o n  is exce l l en t  
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Fig. 6.NMR linewidth as a function of temperature for 0.20Lil- 
0.27Li2S-0.53As~S3 glass. Line is fit using activation energy obtained 
from Fig. 7, 
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Fig, 7. NMR linewidth data fit to Hendrickson-Bray equation for 

0.20Lil-0.27Li2S-0.53A% S~ glass. 

(Fig. 8, 9), but the two low temperature points have 
moved to a new line with a higher activation energy (10.4 
kcal/mol). This agrees reasonably well (based on only two 
points) with the activation energy obtained from conduc- 
tivity measurements  (8.3 kcal/mol). 

The picture becomes clearer yet when the NMR data 
are analyzed for the 40% LiI glass shown in Fig. 10 and 11. 
The high activation energy line in Fig. 11 gives a value of 
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Fig. 8. NMR linewidth as a function of temperature for 0.30Lil- 
0.23Li2S-0.47As2S3 glass. Line is fit using both activation energies 
obtained from Fig. 9. 
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Fig. 10. NMR linewidth as a function of temperature for 0.40Lil- 
0.20Li~S-O.4OAs~S.~ glass. Line is fit using both activation energies ob- 
tained from Fig. 11. 

7.1 kcaYmol, which corresponds well with the activation 
energy of 7.3 kcal/mol determined from conductivity. 

Thus, it appears that NMR line narrowing can occur by 
a low activation energy process involving local motion 
(rattling in a cage) that does not lead to the long-range 
motion required for conductivity. At lower temperatures, 
however, NMR line narrowing is controlled by a high acti- 
vation energy process involving long-range motion that 
does correspond to the same process producing ionic con- 
ductivity. The values for the parameter B in the 
Hendrickson-Bray equation corroborate this observation. 
Long-range motion, as in ionic conduction or diffusion, 
would eliminate the dipole-dipole interaction, whereas a 
local restricted motion would be far less effective in 
removing the interaction. Therefore, one would expect 
the value of B corresponding to long-range motion to be 
considerably smaller than that for short-range motion. 
From Table II we see, for 40% LiI, that the B value for the 
low temperature region is five orders of magnitude 
smaller than the high temperature region. 

It should be noted that the Hendrickson and Bray ap- 
proach is only one way to interpret NMR line narrowing. 
It appears to work satisfactorily, but the experimental  fit 
to theory could be fortuitous. A recent 7Li NMR study on 
conductive glasses, in fact, claims that the activation en- 
ergy for 7Li movement  in the glass (which correlates with 
ionic conductivity) is best obtained from the variation of 
T~ with temperature (20). Thus, it appears that there is 
still some confusion as to the interpretation of NMR data, 
and it will be necessary to follow the evolution of line 
shape, T2, and T1 with temperature in order to discern 
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Fig. 9. NMR linewidth data fit to Hendrickson-Bray equation for 

0.30LiI-O.23Li2S-O.47A%S3 glass. 
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Table II. 7Li NMR parameters and E~'s 
for arsenic sulfide glasses 

Ea 
Glass composition (kcal/mol) a B (kHz) a 

0.10LiI-0.30Li3S-0.60As3S3 

0.20LiI-0.27Li2S-0.53As2S~ 

0.30LiI-0.23Li2S-0.47As~S3 

0.40LiI-0.20Li3S-0.40As2S3 

3.4 5.6 x 10 -2 

4.5 5.6 x 10 -4 
8.3 7.6 • 10 -9 
3.7 1.3 • 10 -2 
7.3 1.5 x 10 -7 
2.5 1.3 x 10 -~ 

a First listed value is for low temperature; the second value is for 
high temperature. 

which of the various models best describe the observed 
phenomena. Unfortunately, such an investigation re- 
quires instrumentation not readily available, but we plan 
to undertake this study in the future. 

Conclusion 
A new vitreous lithium electrolyte system, LiI-Li2S- 

AszS.~, has been synthesized and investigated by both 
complex plane impedance and ~Li NMR linewidth 
techniques. 

The observed ionic conductivities of the LiI-Li2S-AszS3 
glasses increased dramatically with increasing Lil con- 
tent, and the corresponding activation energies for ionic 
conductivity decreased linearly with increasing Lil con- 
tent. The highest measured conductivity in this system 
was observed for the Lil-saturated 0.45Lil-0.18Li2S- 
0.37As~S:~ glass, which exhibited an ionic conductivity of 
3 x I0 -~ S-cm-' at 25~ 

Fitting the NMR data to the Hendrickson-Bray equa- 
tion showed that, with 10-20% LiI, one line was obtained 
with activation energies considerably smaller than the ac- 
tivation energies deduced from conductivity measure- 
ments. However, with 30-40% LiI, two lines were obtained 
with the low temperature lines giving activation energies 
consistent with conductivity activation energies. The 
higher temperature NMR activation energies are attrib- 
uted to a local motion that decreases dipole-dipole inter- 
action, while the low temperature NMR activation ener- 
gies are attributed to a long-range motion that also 

reflects ionic conductivity. The fact that long-range 
motion was not seen from 7Li NMR measurements of 
10-20% LiI provides additional evidence that these glass 
compositions are poor ionic conductors. 
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High Sensitivity Gas Sensors 
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ABSTRACT 

H2S gas sensors have been fabricated by the admixture of SnOz-based powders and alcohol, hydrophobic silica, or 
trimethylchlorosilane. Their responses to H2S gas have been investigated. It is found that the resistivity of the sensor 
whose surface is covered by trimethyl-silyl groups strongly depends on the H2S gas concentration. A 10 ppm H2S gas 
concentration changes its resistivity to a value 1000 times lower than that in air, in spite of there being small changes in 
the sensor resistivity in other reducing gases. By covering the sensor surface with organic materials, development of 
sensitivity and selectivity for H2S gas has been achieved. Also, the mechanism of reaction between the organic materials 
on the surfaces of sensors and H2S gas is discussed. 

Many methods for detecting harmful gases have been 
proposed in order to prevent a dangerous environment 
(1-5). Among these methods, sensors made of semicon- 
ductors have been most interesting because of the follow- 
ing attractive features. They are portable, less expensive, 
and also detect low gas concentration sensitively and 
reproducibly. Active development of gas sensors using 
metal oxide semiconductors has been made in this dec- 

ade (6-11). It is known that the addition of metal catalysts 
such as Pd, Pt, and other transition metals to semicon- 
ductors increases the detection sensitivity (4, 5, 9, 12) and 
selectivity (13). Furthermore, the selectivity could be im- 
proved by the appropriate choice of sensor operating tem- 
peratures (14). By utilizing the above characteristics, sen- 
sors made of SnO.2 for C3Hs, CH4, CO, or H2S gases, and of 
ZnO for petroleum gases, have been reported (4, 8, 9, 15, 
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16). Because  of  its ha rmfu l  nature, H~S is one of the  gases 
mos t  des i red to be  de tec ted  easily (17). Never theless ,  
there  are few repor ts  about  H~S gas detect ion,  and the  
m e c h a n i s m  of reac t ion  be tween  H2S gas and the  surface  
of s emiconduc to r s  is not  well  unders tood .  In  general,  H2S 
gas f requent ly  occurs  wi th  reducing  gases such as H~, CO, ~ o  
and CH4. Therefore ,  select ivi ty for H~S gas against  these  
reduc ing  gases mus t  be high. H.2S gas concent ra t ion  to be  
de tec ted  for pract ical  use  is 10 ppm,  cor responding  to the  r r  

tolerable gas concentra t ion.  On the  o ther  hand,  the corn- I 
parable  CO, H2, and CH4 gas concen t ra t ion  l imits  are 50 ~,9 
ppm,  0.4%, and 0.5%, respect ive ly3 I t  is d e s i r e d t h a t  H~S v 
gas sensors  exh ib i t  low sensit ivi ty to CO, H~, and CH4 
gases in the above  gas concent ra t ion  to p reven t  the false 
de tec t ion  of H~S gas. 

Recently,  we d i scovered  a new m e t h o d  for improv ing  
the  select ivi ty of CO gas sensors by cover ing  their  surface 
with  organic mater ia ls  (16). With this method ,  we try here  
to develop a H2S gas sensor  based on SnO2. We have  
achieved  a h igh ly  sensi t ive and select ive sensor  for H~S 
gas by us ing SnO2 whose  surface is covered  w i t h  tri- 
methyl-si lyl  groups.  

Experimental 
SnO2 was m a d e  f rom SnSO4 by firing at 600~ for lh  in 

air. Sensors  have  been  prepared  in the  fo l lowing way. 
SnO~ powder  or SnO~ p o w d e r  m i x e d  with  PdC12 which  
were  prev ious ly  s in tered at 800~ for lh  in air were,  re- 
spec t ive ly ,  d i spersed  in alcohol,  hyd rophob ic  silica (HP), 
or t r imethy lch loros i lane  (TM) un i fo rmly  to m a k e  a paste 
and were  pa in ted  be tween  the  Au elect rodes  (distance: 0.1 
mm)  on a 96% a lumina  substra te  (area: 3.0 • 1.5 mm~). 
T h e n  the  pa in ted  samples  were  fired at 400~ for l h  in air 
after drying at 80~ for 24h to p reven t  cracks on the sur- 
face of the  sensors.  On the o ther  side of  the  substrate,  an 
RuO~ resistor  had  been  previous ly  pr in ted  by use of th ick  
film technology  and fired at 780~ for 10 min. It  is used  
as a hea te r  to keep  the  sensor  at an adequa te  t empera tu re .  
Hydrophob ic  silica was made  by the  react ion be tween  
hydrophi l ic  silica and tr imethy]chloroSilane.  It  is known  
that  the  surface of  the  sensor  m i x e d  wi th  hydrophob ic  sil- 
ica is covered  wi th  t r imethyl-si lyl  g roups  (16). 

The expe r imen ta l  sys tem and circui t  are as already re- 
por ted  (9). A p i ckup  resis tor  (5-300 kD) was connec ted  in 
series to the  sensor,  and a dc vol tage (10.0V) was appl ied 
across the  circuit.  The resist ivi ty change  was calculated 
f rom the  changes  in the  detect ion vol tage  across the  
pick:up resistor. Fo r  pract ical  use, the  resist ivi ty changes  
were  measu red  in gas concent ra t ion  of 10 ppm,  50 ppm,  
0.4%, and 0.5% for H~S, CO, H2, and CH4 gases, respec- 
tively. The pur i ty  of  test  gases was h igher  than  99.9%. The 
sensor  t empera tu res  were  measu red  by an IR thermo-  
scope and contro l led  by the  change  in the  appl ied vol tage 
to the  heater.  

Results 
In  Fig. 1 are shown the dependences  of sensi t ivi ty to 

var ious  gases on the  concent ra t ion  of Pd  in SnO2 sensors 
he ld  at 120~ The  ver t ical  scale is the  sensi t ivi ty and is 
expressed  by the  re la t ive  resis t ivi ty change.  R0 is the  re- _.o 
sist ivity of the  sensor  in air and R is tha t  in air conta in ing 
the  test  gas. The  symbols  on the figure are the  average A 
values  of several  measurement s ,  for the  response  differed r r  

slightly be tween  sensors  even  though  they  were  p repared  Y 
similarly. The sensi t iv i t ies  for CH4 and CO gases are very  f ~  
low, though  they  increase sl ightly wi th  increas ing Pd  con- v 
centra t ion in SnO2. On the o ther  hand,  SnO2-based sen- 
sors exhibi t  h igh  sensi t ivi t ies  both to H2S and H~ gases. 
Sensi t ivi t ies  to bo th  gases increase wi th  increase of  the  
concent ra t ion  of  Pd  in SnO~, and the  sensors  wi th  more  
than  1 weight  pe rcen t  (w/o) Pd  exh ib i t  the  same sensitiv- 
i ty to these  gases. Thus,  select ive de tec t ion  of H2S gas in 
an e n v i r o n m e n t  conta in ing  H,, gas cannot  be  done  by use 

~The gas concentrations correspond to standard levels decided 
by the Society of Safety of High Pressure Gas Engineering: 1/10 
o f  the lower explosion limits for combustible gases such as H~ 
and CH4 gases, and tolerable gas concentrations for 8h work 
days for toxic gases such as H~S and CO. 
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of these sensors. Therefore, the experiments were done 
by using sensors having a concentration of less than 1 w/o 
Pd in SnO2. 

A typical result of sensors having less than 1 w/o Pd at 
100~ of sensor temperature is shown in Fig. 2. The result 
of the sensor mixed with hydrophobic silica (5 w/o) is also 
shown in the figure. Dotted and solid lines indicate the 
characteristics of sensors with and without hydrophobie 
silica, respectively. Triangles and circles denote the char- 
acteristics for H2S gas (10 ppm)  and H.., gas (0.4%), respec- 
tively. I t  is clear that  addi t ions  of Pd  enhance  the sensitiv- 
i ty to both  H2S and H2 gases. Cons ider ing  select ive  detec- 
tion, we find it  undes i rab le  for the  sensors  to have  
Pd  added.  On the  o ther  hand,  Pd -doped  SnO.2 with  hydro-  
phobic  silica exhib i t s  h igh  sensit ivi t ies to H.,S gas and 
shows a r emarkab le  decrease  of  the  sens i t iv i ty  to H2 gas. 
The  select ivi ty is enhanced  by the  mix tu r e  of hydropho-  
bic silica and Pd  wi th  the  sensors. Fu r the rmore ,  the most  
select ive sensor  for H2S gas is obta ined  by SnO2 with  hy- 
d rophobic  silica. 

As shown in Fig. 1 and 2, the sensi t iv i ty  indicated by 
(Ro - R)/Ro is useful  for compar ing  the  character is t ics  of 
sensors  for pract ical  use. However ,  the  va lue  of  (R0 - 
R)/Ro converges  to 1 wi th  increase  of the sensitivity.  
Therefore,  the  sensi t ivi ty  is, hereafter ,  r epresen ted  by 
R/Ro.  

Next ,  the d e p e n d e n c e s  of the  sensi t iv i ty  of SnO2 con- 
ta ining hyd rophob ic  silica and SnO~ sensors  on the  sen- 
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Fig. 2. Relations between the sensitivity and the concentration of 
Pd in SnO~ sensors at 100~ 

Fig. 1. Relations between the sensitivity and the concentration of 
Pd in Sn02 sensors at 120~ 
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sor t empera tu re  were  invest igated.  The  results  are shown 
in Fig. 3. The ord ina te  R/Ro cor responds  to the  sensi t ivi ty 
to H2S gas. In  this figure, the  lower  the  numer ica l  value  
of  the  R/Ro, the  h igher  the sensit ivi ty.  The  sensi t ivi ty for 
each sensor  reaches  a m a x i m u m  at 45~ and it is clear 
that  the  h y d r o p h o b i c  silica enhances  the sensi t ivi ty about  
100-fold. The sensi t iv i ty  of the sensor  whose  surface is hy- 
d rophobic  monoton ica l ly  decreases wi th  increase of sen- 
sor t empera tu re  above  45~ On the  o ther  hand,  the sensi- 
t ivity of the  sensor  whose  surface is not  hydrophob ic  
increases wi th  increase  of  sensor  t empera tu re  above 
100~ 

Figure  4 shows the response  t ime  of  sensors  as a func- 
t ion of t empera ture .  The response  t ime  defines the  t ime 
taken  for the  sensi t ivi ty  to reach 80% of the  saturat ion 

values  after the  contac t  of  the  test  gas and the surface of  
the  sensors.  The response  of  SnO~ sensors  becomes  rapid 
un i fo rmly  wi th  increas ing sensor  tempera ture .  The  curve  
for SnO2 with  hydrophob ic  silica has  a s t ruc ture  and ex- 
hibits  a m a x i m u m  around 120~ It  is, however ,  clear that  
the  response  to gas de tec t ion  improves  by adding the hy- 
d rophobic  silica to sensors  in these  t empera tu re  regions. 
Character is t ics  of recovery  t ime  of  sensors  after the re- 
mova l  of the  test  gas f rom the e n v i r o n m e n t  sur rounding  
the sensors  were  also examined .  I t  was found that  the 
h igher  the sensor  tempera ture ,  the  bet ter  the  recovery  
characterist ic,  for all sensors. 

F igure  5 shows the  resis t ivi ty changes  of var ious sen- 
sors as a func t ion  of the elapsed t ime  after the  in ject ion of  
H~S gas (10 ppm)  into the  chamber  at  100~ of sensor  tem- 
perature.  The circles in the  figure indica te  the  response  
t ime which  was def ined above  and in Fig. 4. As shown in 
Fig. 5, the response  t ime  of the  "SnO~ + TM" sensor  is the  
shortes t  among  these  four  sensors, and the  sensit ivi t ies of 
"SnO2 + TM" and "SnO2 + Pd"  are the  highest .  The  "SnO2 
+ Pd"  sensor  is, however ,  poor  in selectivity,  as shown in 
Fig. 1 and 2. Therefore ,  it is clear that  the sensi t ivi ty and 
respons iveness  of  a H2S gas sensor  m a d e  of  SnO2 are im- 
p roved  by the  mix tu r e  of  t r imethylchloros i lane .  F rom the  
compar i son  of the  characteris t ics  be tween  the  sensors  
wi th  hydrophob ic  silica and wi th  t r imethylchloros i lane ,  it 
is p r e s u m e d  tha t  the  silica has no effect  on the  develop-  
m e n t  of  sensi t ivi ty  and response  t ime  in sensors  wi thou t  
Pd. 

The t empera tu re  d e p e n d e n c e  of  the  resistivit ies for 
those  four  sensors  is shown in Fig. 6. The  heat ing  rate of 
the sensor  t empera tu re  was 4.4~ The di f ference of 
the  resis t ivi ty  in the a tmosphere  be tween  air and air con- 
ta ining H~S gas will  cor respond  to the  sensi t ivi ty  to H2S 
gas. F r o m  Fig. 6, it is small  a round 400~ and becomes  re- 
markab ly  h igher  as the sensor  t empe ra tu r e  decreases.  
Therefore,  it is cons idered  that  t h e  response  of  the  sen- 
sors to H2S gas will  increase wi th  decrease  of  sensor  
tempera ture .  

Discussion 
H2S gas has high reduc t ion  act ivi ty  at room tempera-  

ture in air con ta in ing  mois ture  (19). However ,  it is known  
that  H2S gas decomposes  to H2 and S above  400~ (19). 
Therefore,  the  sensi t ivi ty  to H2S gas will  decrease  above  
400~ of sensor  tempera ture .  This expla ins  why  the  differ- 
ence  of  the  resis t ivi ty  in the  a tmosphe re  be tween  air and 
air conta in ing H2S gas becomes  smal l  a round 400~ of 
sensor  t empera tu re  as shown in Fig. 6. I t  is expec ted  that  
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the surface of sensors will contain adsorbed oxygen and 
OH radicals in air. Furthermore, it is well known that the 
resistivity decreases and increases with the removal of ad- 
sorbed oxygen and OH radicals from the surface of SnO~- 
based sensors, respectively (20). Therefore, the resistivity 
of the sensor in air depends on the amount  of the ad- 
sorbed oxygen and OH radicals. It is presumed that the 
adsorbed oxygen will desorb from the surface when the 
H~S gas reacts with the surface of SnO2, and the resistiv- 
ity of sensor thence decreases. H2S gas will attack the ad- 
sorbed OH radicals simultaneously. The changes in the 
resistivity of sensors will be due to the reaction of H2S gas 
with the adsorbed oxygen and with OH radicals. There- 
fore, the resistivity of sensors whose surface has no OH 
radicals will decrease noticeably when the sensor is ex- 
posed to H~S gas. In taking account of the results that the 
trimethyl-silyl groups do not desorb from the surface be- 
low 500~ of sensor temperature (18, 21), it is considered 
that the surface of the sensor mixed with hydrophobic sil- 
ica or the sensor mixed with trimethylchlorosilane will be 
hydrophobic in the region of examined temperatures and 
that there will be few adsorbed OH radicals on the surface 
of the sensor. This is why their sensitivity to H2S gas is 
high. These considerations suggest the results described 
as follows. As shown in Fig. 3, the sensitivity for H2S gas 
of the sensor whose surface is hydrophobic decreases 
with increase of sensor temperature. On the other hand, 
the sensitivity of SnO2 whose surface is not hydrophobic 
increases with increase of sensor temperature above 
100~ since the amount  of OH radicals on the surface of 
SnO2 decreases above, 100~ of sensor temperature; then 
the min imum of sensitivity would be observed at 100~ It 
is, however, not clear why the highest sensitivity of every 

sensor to H2S gas is obtained around 45~ of sensor tem- 
perature. That would be due to other unknown factors. 
Further experiments about the phenomenon will be car- 
ried out in the near future. From the results obtained in 
this paper, it becomes clear that the condition of the sen- 
sor surface would have a large influence on the sensitiv- 
ity and the selectivity. 

Conclusion 
The sensitivity of SnO~ sensors to H2S gas was en- 

hanced, and that to H~ gas decreased, by covering the sen- 
sor surface with trimethyl-silyl groups. The highest sensi- 
tivity and selectivity of the sensors were obtained at 45~ 
sensor temperature. Taking account of the amount of OH 
radicals adsorbed on the surface of sensors, we find that 
almost all of the results in this paper are thereby well ex- 
plained, except for why the sensitivity of sensors has 
maximum at 45~ 

Manuscript submitted Nov. 13, 1984; revised manu- 
script received March 13, 1985. 
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Ed i to r  

The Role of Oxygen in the Redox Chemistry of Lutetium 
Diphthalocyanine 

M. M. Nicholson and T. P. Weismuller 
(pp. 2311-2313, Vol. 131, no. 10) 

M a u r i c e  L'Her :  1 F r o m  their  observat ions  of the evolu t ion  
of  the  UV-vis ible  spectra,  the authors  conc lude  that  oxy- 
gen revers ib ly  b inds  to lu te t ium d iph tha locyan ine  dis- 
solved in d ime thy l fo rmamide  (DMF). Af ter  d issolut ion of 
the lu te t ium complex ,  the spec t rum is typical  of the  b lue  
reduced  form (max ima  a t  614 and 693 nm), the  c o m p o u n d  
being reduced  by impur i t ies  of  the  solvent,  p re sumab ly  
aliphatic amines.  When acidif ied,  the  solut ion turns  
green, the s p e c t r u m  being the  one  wel l -accepted  by many  
authors  for the  green molecu la r  l u t e t ium diphthalocya-  
nine. 2,~ I f  oxygen  is r emoved ,  the  solut ion s lowly goes 
back  to blue, but  wi th  a spec t rum di f ferent  f rom the  one  
observed in unacidif ied DMF. 

These  facts are not  clear ev idences  of  oxygen  addi t ion  
to the  lan thanide  d iphtha locyanine  as stated by the  au- 
thors. In  our  opinion,  the  blue- to-green color change is 
due  to the  ox ida t ion  of the  reduced  b lue  fo rm to the  green 
redox  state, o x y g e n  becoming  a more  powerfu l  oxidizer  
in  the  acidif ied solvent.  We observed  a ve ry  similar  be- 
havior  in m e t h y l e n e  chloride where  the  blue diphthalo-  
cyanine,  p repa red  by electrolysis,  is unaf fec ted  by air un- 
less an acid is added.  S imul taneous ly ,  one records  the  
character is t ic  v o l t a m m o g r a m  of the  green  form at a 
rotat ing disk e lec t rode  ins tead of  the  two oxidat ion  waves  
of the  b lue  complex .  4 The  reverse  color change f rom 
green to b lue  in DMF after o x y g e n  r emova l  could  be ex- 
p la ined by the  degradat ion  of the  so lvent  giving back  
d imethy lamine ,  a k n o w n  decompos i t i on  react ion pro- 

1UA CNRS 322, Facult~ des Sciences, 29287 Brest-Cedex, 
France. 

2G. A. Corker, B. Grant, and N. J. Clecak, This Journal, 126, 1339 
(1979). 

3A. T. Chang and J. C. Marchon, Inorg. Chim. Acta, 53, L241 
(1981). 

4M. L'Her, Y. Cozien, and J. Courtot-Coupez, J. Electroanal. 
Chem., 157, 183 (1983). 

mo ted  by acids  and bases. "~ The  green- to-blue  color  
change  by o x y g e n  remova l  did not  occur  in d imethylsul -  
foxide,  nor  in acetone.  When we p repa red  solutions of  the  
lu te t ium d iph tha locyan ine  in var ious  solvents  unde r  rig- 
orous exc lus ion  of oxygen,  after hea t ing  the  c o m p o u n d  
under  vacuum,  these  solut ions always exh ib i t ed  the  char- 
acterist ic s p e c t r u m  of  the  green complex ,  the  same as 
curve  a in Fig. 4. Fur thermore ,  the  molecu la r  s t ructure  
obta ined f rom x:ray diffract ion analysis  of  the  neodym-  
ium diphthalocyanine did not show any evidence of oxy- 
gen inclusion in the crystal. G These facts are in favor of a 
chemical oxidation in acidified DMF instead of a revers- 
ible oxygen addition to the lutetium diphthalocyanine. 

M. M. N i c h o l s o n  7 a n d  T.  P.  W e i s m u l l e r :  s We proposed  
that  oxygen  adds revers ib ly  to the  b lue  reduc t ion  p roduc t  
LuHPc2 which  is p resen t  after acidif icat ion of  the  dye so- 
lu t ion p repared  in DiVIF that  has no t  been  special ly puri- 
fied. Such  an addit ion,  forming  LuHPc~§ -,  is a chemi-  
cal ox ida t ion  of  t he  b lue  species to a green  one. 

The  species LuPc~ and its p ro tona ted  vers ion  LuHPc,~ ~ 
represen t  the same oxidat ion  state of  the  organic com- 
plex. Their  absorp t ion  spectra  in solut ion may  be similar, 
and nei ther  of  these  forms wou ld  be expec ted  to add  
d ioxygen  in a pure  solvent  that  conta ins  no reduc ing  
agent. 

Our paper  also po in ted  out that  several  apparent  anom-  
alies in the  chemis t ry  of rare-earth d iphtha locyanines  
may  be  exp la ined  by the  ex is tence  of  an oxygen  adduc t  
wi th  a formula  analogous  to that  of  the  k n o w n  complex  
MnPc~O,, -. Final ly,  it should  be no ted  that  the crystallo- 
graphic  s tudy  by Kasuga  et al2 was m a d e  with  a dichloro- 
me thane  solvate  of n e o d y m i u m  diphtha locyanine .  This is 
not  strictly comparab le  to the  sys tems  discussed here. 
Fur ther  research  on the ques t ion  of  oxygen  addi t ion is, of  
course, desirable.  

5C. K. Mann, in "Electroanalytical Chemistry," Vol. 3, A.J.  
Bard, Editor, p. 78, Marcel Dekker, New York (1969). 

GK. Kasuga, M. Tsutsui, R. C. Petterson, K. Tatsumi, N. Van 
Opdenbasch, G. Pepe, and E. F. Meyer, Jr., J. Am. Chem. Soc., 102, 
4835 (1980). 

7Rockwell International Science Center, Anaheim, CA 92803. 
8Rockwell International Corporation, Defense Electronics Oper- 

ations, Anaheim, CA 92803. 
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Electrodeposition of Ruthenium from a LiCI-KCI Melt 
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Electroplating from molten salts 
seems a promising way of surface fin- 
ishing, both with respect to protect- 
ion against corrosion, high temperat- 
ure oxidation and to the possibility 
of obtaining very hard surfaces with 
special mechanical properties (i). 
The platinum group metals: Pt, Pd, Rh 
It, Ru and Os can be deposited in aqu- 
eous electrolytes (2) only in limited 
thickness ~5~n~pparently, it is dif- 
ficult to eliminate stress cracking 
from these electrolytes. Better depo- 
sits are obtained from fused salt el- 
ectrolytes, particularly because the 
deposits show better duetilSty and a 
freedom from porosity compared with 
those obtained in aqueous solutions. 

It has been reported that LiCI-KCI 
eutectic melts at 450~ give deposits 
which are always dendritic and non 
adherent (3) while greater success is 
obtained in molten cyanide systems 
operated between 450 and 6000C. In 
the present study, we show that thick, 
adherent and compact electrodeposits 
of ruthenium (and other platinum met- 
als, such as Ir, as it will be descr- 
ibed in a future publication) are ob- 
tained from a LiCI-KCI (45-55 w/0) 
melt at temperatures as low as 400~ 
provided that the melt is saturated 
with HCI. 

An alumina crucible was used to 
contain the electrolyte. The referen- 
ce electrode was a nickel wire immer- 
sed in a melt containing 10-2M NiCI 2 
and separated from the bulk using a 
thin walled pyrex tube. The cathode 
and anode were graphite rods, 6 mm in 
diameter and their pretreatment, bef- 
ore immersion in the melt, was accor- 
ding to Drocedures described in the 

literature (4). Using cyclic voltammetry, 
the roughness factor was estimated to be 
between 20 to 30. 

Figure I shows a voltammetric curve for 
the reduction of RuCI~ in an HCI saturated 
LiCI-KCI melt (curve ~a~. The half-wave 
potential is 0.39 Y and the limiting curr- 
ent increases linearly with the Ru(III) 
ion concentration in the melt. Moreover, a 
stripping peak with Ep=0.85 V, observed 
when the potential is scanned anodically, 
indicates that the electrodic process with 
E�89 V yields metallic ruthenium. The 
voltammetric curve (b) is obtained when ar- 
gon is introduced in the melt to remove all 
dissolved HCI. From comparison of the limi~ 
ting currents, it can be concluded that the 
Ru(III) sblubility in the acidic melt is 
twice higher than found in an argon satura~ 
ted melt. Moreover, when Drecauciens are 
not taken to avoid introduction of moisture 
to the melt, the voltammetric wave is not 
well shaded and the limitin~ current decre- 
ases as much as fifth as that found in the 
HCI saturated melt. 

Electrodeposition of ruthenium was achi- 
eved galvanostatically and the potential of 
the cathode vs. the reference electrode was 
followed during the electrolysis. The amou- 
nt of ruthenium deposited on the surface 
was estimated by chronopotentiometric stri- 
pping curves. On application of a constant 
anodic current, the electrode potential was 
nearly constant (0.9 V) until no metallic 
ruthenium was present on the surface; then 
it jumped instantly to 1.15 V, which corre- 
sponds to that of C12 evolution (5). The 
electrochemical conditions for electrodepo- 
sition and the corresponding calculated th- 
ickness of the various coatings are listed 
in table I. Coatings uD to 4.4 t%m thick wi- 
th a cathodic current efficiency of 77% 
were produced in a bath containing a Ru ion 
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c o n c e n t r a t i o n  o f  0.26 W/o and a p p l y i n g  a 
c u r r e n t  d e n s i t y  o f  5 .4  mA cm -2 .  I n c r e a s i n g  
t w o f o l d  t h i s  c o n c e n t r a t i o n  , the  c u r r e n t  
d e n s i t y  cou ld  be  r a i s e d  to  6.8 mA cm ~2 and 
a d h e s i v e  c o a t i n g s  o f  14 pm could  be  o b t a i n e d  
w i t h  a c u r r e n t  e f f i c i e n c y  o f  70%. Thin b u t  
b r i g h t  d e p o s i t s  were o b t a i n e d  a t  c u r r e n t  de -  
n s i t i e s  lower  than  2 mA c m - 2 ( f i g .  2 ( a ) ) .  
When the  c u r r e n t  d e n s i t y  was i n c r e a s e d  to  
h i g h e r  v a l u e s ,  ru then ium e l e c t r o d e v o s i t s  were 
da rk  b u t  a p p e a r e d  to  be t i g h t l y  a d h e r e n t  t o  
the  s u b s t r a t e s ,  w i th  no c racks  o r  l a r g e  imp- 
e r f e c t i o n s  ( f i g .  2 ( b ) ) .  I f  HC1 was c o n t i n u -  
o u s l y  s u p p l i e d  to  the  m e l t ,  the  d e t e r i o r a t -  
ion  o f  ru then ium c h l o r i d e ,  as v e r i f i e d  by  
v o l t a m m e t r y ,  was l e s s  than  25% a f t e r  a 
p e r i o d  o f  350 h o u r s .  

The d i f f e r e n t  b e h a v i o r  o f  R u ( I I I )  i ons  in  
a c i d i c  and b a s i c  m e l t s  seems to  i n d i c a t e  a 
h y d r o l y s i s  r e a c t i o n  s i m i l a r  t o  t h a t  s u g g e s -  
t e d  f o r  C r ( I I I )  in  mol ten  LiC1-KC1 ( 6 ) :  

H20 + RuC16 -3 ~ �9 RuC15(0H) -3 + HC1 { 1} 

Th i s  r e a c t i o n  i s  expec t ed  to  be  p romoted  by  
t h e  p r e s e n c e  o f  w a t e r  o r  p r o d u c t s  o f  t h e  hy-  
d r o l y t i c  d e c o m p o s i t i o n  o f  mol ten  LiC1-KC1, 
i . e .  h y d r o x i d e  and ox ide  i o n s j a n d  sup_presed 
by  gaseous  HC1. Th i s  can a l s o  accoun t  f o r  
the  s u c c e s s f u l  e l e c t r o d e p o s i t i o n  o f  Ru in  
HC1 s a t u r a t e d  LiC1-KC1 m e l t s .  The h igh  s t a b -  
i l i t y  o f  t h e  b a t h s  f o r  l a r g e  p e r i o d s  o f  t i -  
me i s  p r o p a b l y  due t o  t he  low m e l t i n g  p o i n t  
o f  t he  c h l o r i d e  m e l t  (about  200~ lower  than  
t h e  c y a n i d e  m e l t s ) ,  a l l o w i n g  o p e r a t i o n  a t  
t e m p e r a t u r e s  where t he rm a l  decom uos i t i o n  o f  
t he  ru then ium s a l t  i s  p r o p a b l y  s low.  

The e l e c t r o d e p o s i t i o n  on m e t a l l i c  s u b s t r a -  
t e s  was n o t  s u c c e s s f u l  in  the  a c i d i c  LiC1- 
KC1 m e l t .  However,  p r e l i m i n a r y  e x p e r i m e n t s  
showed t h a t  s e v e r a l  me ta l s  (as  Me and s t a i n -  
l e s s  s t e e l )  cou ld  be  coa ted  wi th  Ru in  t h i s  
m e l t  a f t e r  a p p l y i n g  p r o t e c t i v e  p r e c o a t i n g s  
o f  Pt  o r  Rh from aqueous s o l u t i o n s .  

J. Electrochem. Soc.: A C C E L E R A T E D  B R I E F  COMMUNICATION July 1985 

(b) v s .  a N i / N i ( I I ) ( 1 0 - 2 M )  r e f e r e n c e  
e l e c t r o d e .  
(c) c u r r e n t  e f f i c i e n c y  o f  the  cathode 
based  on the  r a t i o  o f  a p p l i e d  cathodic  
cha rge ,  to  anodic  charge  c a l c u l a t e d  from 
s t r i p p i n g  c h r o n o p o t e n t i o m e t r i c  curves.  
(d) based  on g e o m e t r i c  a r e a  and ruthenium 
d e n s i t y  o f  12.2 g c m  - 3 .  

4' 

E 
.~_ 

I t ] 
0.2 0.4 0.6 

E/V 
Fig.l. Voltammograms (2 mV s -l) for a gra- 

phite electrode in LiCI-KCL at 
4000C containing 0.4 w/o RuCl3.Cur_ 
ves (a) and (b) are for the HCI and 
Ar saturated melt, respectively. 

~;J ., 

~ , 

(a) (b) 

Fig.2. Ruthenium coatings, (a)0.5 and (b) 
5 vm thick, obtained at approximate 
current densities of 0.4 and 
4 mA cm-2,respectively. 
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ABSTRACT 

A m e c h a n i s m  of electr ic  potent ia l  genera ted  on the  dissolut ion and precipi tat ion of electrolytes has been  developed.  
Dissolut ion potent ia l  is found to be equal  in magn i tude  but  opposi te  in sign of precipi ta t ion potential .  Theoret ical  
values  of  t rue  dissolut ion and t rue  prec ip i ta t ion  potent ia ls  have  been  calculated and compared  with the expe r imen ta l  
data. It  has been  demons t r a t ed  that  the  t rue dissolut ion potent ia l  does not  d e p e n d  on the  concent ra t ion  of the  m e d i u m  
and that  t rue  prec ip i ta t ion  potent ia l  does not  d e p e n d  on undercool ing.  

The development of electric potential on the dissolu- 
tion and precipitation of electrolytes has been fairly well 
established (I-13). Comprehensive studies on these poten- 
tials have been reported by Rastogi and co-workers (2-5). 
These workers have given the operational and conceptual 
definitions of various types of potentials associated with 
the crystallization and dissolution processes (5). It has 
been suggested by these workers (4, 5) that the sign and 
magnitude of precipitation and dissolution potentials de- 
pend on the unequal mobilities of cations and anions. 
They have postulated that the precipitation potential de- 
velops due to a difference in the rate of attachment of cat- 
ions and anions during crystallization and dissolution po- 
tential develops due to a difference in the rate of 
detachment of cations and anions during dissolution. 

Girdhar and co-workers (6-8) have reported their stud- 
ies on the precipitation and dissolution potentials of elec- 
trolytes in aqueous and nonaqueous mediums. Their re- 
sults are in general agreement with those of Rastogi and 
co-workers. Ibl and co-workers (9, i0) have also reported 
careful experiments on crystallization and dissolution po- 
tentials using single crystals. They have used "corrosion" 
model based on the difference in the kinetics of dissolu- 
tion of cations and anions to explain their results. Vishnu 
and Khan (II) have also reported their studies on dissolu- 
tion potential of alkali ha]ides in nonaqueous medium 
such as D.M.F. Their results are also in general agreement 
with those of  Ras togi  et al. 

These  expe r imen ta l  s tudies show that  the  precipi ta t ion 
and dissolut ion potent ia ls  depend  on (i) nature  of  the 
electrolyte,  (ii) concen t ra t ion  of the: med ium,  (iii) t emper-  
ature, (iv) t ime,  and (v) mobil i t ies  of cat ions and anions.  

Quite recent ly,  Rastogi  and Khan  (12, 13) have  devel- 
oped theor ies  of dissolut ion and prec ip i ta t ion  potentials .  
A l though  Rastogi  and Khan ' s  theory  of  dissolut ion poten-  
tial (12) could  expla in  qual i ta t ively  mos t  of  the  experi-  
menta l  data on the  m e a s u r e m e n t  of dissolut ion potential ,  
they  could  not  m a k e  use  of this theory  for a quant i ta t ive  
calculat ion of  d issolut ion p o t e n t i a l  However ,  they  have  
given only a semiquan t i t a t ive  t r ea tmen t  of  the  theory  of 
prec ip i ta t ion  potent ia l  (13) wh ich  is based on an in- 
equal i ty  but  the results  are far f rom satisfactory. Fur the r  
s tudies are necessary  in order  to have  a clear unders tand-  
ing about  the  m e c h a n i s m  of the  d e v e l o p m e n t  of  these  
potentials .  

Present address: Department of Chemistry, Gorakhpur Uni- 
versity, Gorakhpur 273 001, India. 

In the present communication, an attempt has been 
made to have a more comprehensive view of the pro- 
cesses responsible for the development of dissolution and 
precipitation potentials. The potential recorded by the 
dissolution cell may be split into (i) true dissolution po- 
tential, (ii) phase potential, (iii) diffusion potential, 
(iv) potential due to the establishment of a concentration 
cell with transference during the course of dissolution, (v) 
Nernst potential, and (vi) thermodiffusion potential. How- 
ever, all are not simultaneously applicable. Similar split- 
ting of observed precipitation potential has also been 
made. Experimental results on the measurement of these 
potentials are reported in the present communication. An 
attempt has also been made to get a quantitative check of 
Rastogi and Khan's thermodynamic theories of dissolu- 
tion (12) and precipitation (13) potentials. An improve- 
ment of the theory of precipitation potential has also been 
made. True precipitation potential is found to be just the 
opposite of true dissolution potential. 

Theory of Dissolution Potential 
The physics of the development of dissolution potential 

can be understood from the schematic diagram given in 
Fig. i. When a platinum electrode loaded with the crystals 
of an electrolyte (~ phase) is introduced in the solvent, 
dissolution starts immediately, ions detach from the sur- 
face of the crystal, and a narrow zone of solute-enriched 
crystal/solution interface is set up in the vicinity of crystal 
surface. We may call it the/3 zone for convenience. From 
the kinetics of dissolution, it has been found that the pro- 
cess of dissolution is diffusion controlled and the crystal 
maintains a state of near saturation in the narrow zone ad- 
jacent to it (14). The crystal side of this zone maintains a 
state of supersaturation where the ions are unhydrated or 
only partially hydrated. The solution side of this zone 
maintains a state of near saturation. The ions diffuse 
away from fi phase and go into the bulk of the solvent, 
where a concentration gradient is set up. We will call it a 
phase for convenience. 

The process of dissolution of an electrolyte may be vis- 
ualized to be made up of the following main steps: (i) de- 
tachment of unhydrated cations and anions from kink 
sites and their diffusion toward dissolving crystal surface 
in ~ phase; (ii) diffusion of partially solvated cations and 
anions from a locally solute enriched crystal/solution in- 
terface into a zone of near-saturation on the other side of 
fi phase; (iii) complete solvation of cations and anions on 
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Fig. 1. Schematic diagram for the development of dissolution poten- 
tial. ~ = solid phase;/3 - crystal/solution interface; and 8 = solution 
phase. E~ and E~ are the platinum electrodes. 

t he  so lu t ion  s ide of  fi phase ,  w h e r e  a s ta te  of s a tu ra t i on  is 
m a i n t a i n e d  t h r o u g h o u t  the  course  of  t he  d i s so lu t ion  pro- 
cess;  ( iv )  d i f fus ion  of comple t e ly  so lva ted  ions  f rom satu- 
ra ted  zone  ( so lu t ion  s ide of  fl phase )  in to  the  b u l k  of  t he  
so lu t ion  (8 phase) ;  and  (v) a d s o r p t i o n  of hea t  of solvat ion,  
w h i c h  m a y  occu r  s t epwi se  af ter  e ach  of the  so lva t ion  
steps.  

Cond i t i ons  at  a d i s so lv ing  crys ta l  sur face  are no t  com- 
p le te ly  u n d e r s t o o d ,  bu t  i t  wou ld  not  be  e x p e c t e d  t h a t  the  
t e n d e n c i e s  (as m e a s u r e d  by  e x c h a n g e  c u r r e n t  dens i ty)  of 
the  ca t ion  a n d  the  a n i o n  to pass  f rom crys ta l  into  so lu t ion  
wou ld  be  exac t ly  equa l  becaus e  of  i n t r in s i c  e n e r g y  barr i-  
ers. The  rates  of  d e t a c h m e n t  of ca t ions  and  a n i o n s  f rom 
the  sur face  of t he  crystal ,  s tep  (i), will  be  different .  How- 
ever,  e lec t ros ta t i c  coup l ing  in fl p h a s e  forces  the  f luxes J+ 
a n d  J_  of ca t ions  a n d  a n i o n s  to be  equal .  Or in  o the r  
words ,  e lec t ros ta t i ca l ly  g e n e r a t e d  po t en t i a l  (h$)m~ h ind-  
ers t he  fas te r  p roce s s  and  acce le ra tes  t he  s lower  process ,  
so t h a t  J~ a n d  J_  t e n d  to be  equal.  The  u n e q u a l  ra tes  will  
be  d i rec t ly  p r o p o r t i o n a l  to  the  mobi l i t i e s  of r espec t ive  
ions in  the  fi phase .  S ince  the  crys ta l  s ide of/3 p h a s e  is so- 
lu te  enr iched ,  t h e  ions  in th is  p h a s e  will be  mos t ly  
u n s o l v a t e d  or on ly  par t ia l ly  solvated.  Therefore ,  it may  be  
n o t e d  t h a t  the  mobi l i t i e s  of ca t ions  a n d  a n i o n s  in fl phase  
will be  qu i t e  d i f f e ren t  f rom c o n v e n t i o n a l  mobil i t ies .  
Ras togi  a n d  K h a n  (12) h a v e  also p o i n t e d  out  s u c h  a differ- 
ence  in the  two types  of  mobi l i t i es  in  the i r  t h e r m o d y -  
n a m i c  t h e o r y  of d i s so lu t ion  potent ia l .  

I t  is o b v i o u s  t h a t  t he  t rue  d i s s o l u t i on  p o t e n t i a l - - a  t e r m  
co ined  by  Ras tog i  et a l .  (4, 5) in  1970- -would  be  gener -  
a ted  b e t w e e n  the  s teps  (i) a n d  (ii).  B e c a u s e  of  s tep  (iv), a 
d i f fus ion  p o t e n t i a l  wou ld  also be  gene ra t ed .  S ince  t he  a 
p h a s e  r e m a i n s  in  e q u i l i b r i u m  wi th  t he  fl p h a s e  till t he  e n d  
of d i s so lu t ion  process ,  t he  e q u i l i b r i u m  p h a s e  po ten t i a l  
wou ld  also be  p r e s e n t  at  t he  d i s so lv ing  c rys ta l / so lu t ion  in- 
terface.  Moreover ,  s ince  the  e lec t rodes  E, a n d  E~ r e m a i n  
s i tua ted  in t he  r eg ions  of d i f fe ren t  c o n c e n t r a t i o n s  till t h e  
c o m p l e t i o n  of d i s so l u t i on  process ,  a n d  t he  t r a n s f e r  of ions  
keeps  on  t a k i n g  place  f rom the  reg ion  a r o u n d  t he  elec- 
t r ode  E~ t o w a r d s  t h e  r eg ion  a r o u n d  t h e  e l ec t rode  E~, a po- 
t en t ia l  d i f fe rence  wou ld  also be  d e v e l o p e d  on  a c c o u n t  of 
t he  e s t a b l i s h m e n t  of  a c o n c e n t r a t i o n  cell w i th  t ransfer-  
ence.  The  po t en t i a l  d i f fe rence  b e t w e e n  t he  e lec t rodes  E, 
and  E, w o u l d  also i nc l ude  t he  N e r n s t  po ten t i a l  a n d  ther -  
m o d i f f u s i o n  po ten t ia l .  The  la t ter  will be  d e v e l o p e d  on  ac- 
c o u n t  of  e n t h a l p y  c h a n g e s  i nvo lved  in var ious  so lva t ion  
steps.  However ,  t h e i r  va lues  are neg l ig ib l e  in  c o m p a r i s o n  
to o the r  po ten t ia l s .  

The  o b s e r v e d  d i s so lu t i on  po t en t i a l  wou ld  t h u s  be  g iven  
by  the  e q u a t i o n  

(AffJ)obs(diss) = (Aq~)dis s [- (A~)phas  c ~- (A(~)diff -[- (A(~)(,(. [1 ]  

w h e r e  t he  first, s econd ,  th i rd ,  a n d  f o u r t h  t e r m  on the  rhs  
of the  above  e q u a t i o n  are t rue  d i s so lu t i on  potent ia l ,  p h a s e  
potent ia l ,  d i f fus ion  potent ia l ,  and  p o t e n t i a l  of t he  concen-  
t r a t i on  cell w i th  t r ans fe rence ,  respec t ive ly .  

Thus ,  in  o rde r  to eva lua te  the  e x p e r i m e n t a l  va lue  of 
t rue  d i s s o l u t i o n  po ten t ia l ,  we can  m a k e  use  of the  follow- 
ing e q u a t i o n  

(hq~)m~ = (h~),,,,~(m~) - [(A4J),h~, + (A4~)d~ff + (b&)(.(.] [2] 

I t  is, the re fore ,  obv ious  t h a t  the  e x p e r i m e n t a l  va lues  of 
all t he  t e r m s  on  rhs  of  Eq. [2] s h o u l d  be  k n o w n  before  one  
can  eva lua te  the  e x p e r i m e n t a l  va lue  of (hg)),t~,, 

Now let  us  c o n s i d e r  each  of the  four  po ten t i a l s  g iven  on  
the  rhs  of Eq. [1]. 

The  p h a s e  po t en t i a l  (5) is the  po ten t i a l  d i f fe rence  
a r i s ing  f rom an  e lect r ica l  d o u b l e  layer  and  dipole  or ienta-  
t ion  deve loped  at  c rys ta l / l iqu id  i n t e r f ace  as a resu l t  of  the  
d y n a m i c  e q u i l i b r i u m  of ion  m i g r a t i o n  f rom the  l iquid  
p h a s e  to the  c rys ta l  p h a s e  a n d  vice versa.  The  a lgebra ic  
s ign of the  p h a s e  po ten t i a l  is the  s a m e  as the  e lec t ros ta t ic  
po la r i ty  (+ or - )  of t he  end  of the  d ipo la r  d o u b l e  layer on  
the  c rys ta l  s ide of the  in terface .  

A c c o r d i n g  to Ras tog i  and  K h a n ' s  (12) t h e r m o d y n a m i c  
theo ry  of d i s so lu t i on  potent ia l ,  t h e  va lues  of  d i s so lu t ion  
and  p h a s e  po t en t i a l s  are g iven  by  t he  e q u a t i o n s  

R T  a s 
(h4~)<,~ = ~ (t", - t"_) In a,+,t,+~ [3] 

1 
(A4~),,h . . . . .  + ~ -  [~"~ . . . .  ~"~ -- R T  In a ~"t'''] [4] 

w h e r e  t'>~ a n d  t"_ are the  t r a n s f e r e n c e  n u m b e r s  of 
u n h y d r a t e d  ca t ions  and  an ions ,  respec t ive ly ,  and  a e a n d  
a sat''[ are t he  ac t iv i t ies  of the  e lec t ro ly te  in the  ~/fi i n t e r face  
and  s a t u r a t e d  so lu t ion ,  respect ively .  /~<'.+~) and  ~"~ are the  
s t a n d a r d  c h e m i c a l  po ten t i a l  of ca t ions  (+) and  a n i o n s  ( - )  
in  ~ a n d  a phases ,  respect ive ly .  R, T, a n d  F are gas  con-  
s tant ,  t e m p e r a t u r e ,  a n d  t he  F a r a d a y  cons t an t ,  respec-  
tively. 

B e c a u s e  of  t he  ex i s t ence  of  a c o n c e n t r a t i o n  cell w i th  
t r a n s f e r e n c e  in t he  e x p e r i m e n t a l  se tup  of  d i s so lu t ion  cell, 
(A~),ufr and  (54J)(.< cou ld  also be deve loped .  The  to ta l  EMF 
of s u c h  a c o n c e n t r a t i o n  cell can be  easi ly ca lcu la ted  (15) 
wi th  the  he lp  of  the  e q u a t i o n  

(h~)t = 2t_ -~F ~- in (a~"~'"/a +) [5] 

w h i c h  m a y  also be  wr i t t en  as 

R T  
(54J)t = 2 In (a~"t'"/a +) - 2(1 t_) in  (a~"~'d/a ~) [6] 

F 

w h e r e  t he  first t e r m  gives t he  c o n t r i b u t i o n  of t he  two 
e lec t rodes  in  con t ac t  w i th  the  so lu t ions  of two d i f f e ren t  
m e a n  act ivi t ies  a ~"t'd and  a ~, and  the  s e c o n d  t e r m  gives liq- 
u id  j u n c t i o n  or d i f fus ion  potent ia l .  Thus  (h4J)( (. and  (h4~)d~rf 
of  Eq. [1] are g iven  as 

(h~)(.(. = 2 ( R T / F )  In (a~+'V"/a +) [7] 

and  

(h6)mff = 2(1 - t_ )  ( R T / F )  In (a~"t'"/a +) [8] 

w h e r e  t+ a n d  t are  t he  c o n v e n t i o n a l  t r a n s f e r e n c e  n u m -  
bers  of ca t ions  a n d  an ions ,  respec t ive ly .  

An idea  a b o u t  the  func t iona l  d e p e n d e n c e  of d i s so lu t ion  
po ten t i a l  can  easi ly  be  ob t a ined  f rom Eq. [3]. I t  is obv ious  
f rom this  e q u a t i o n  t h a t  (A6)(~ wou ld  d e p e n d  on  (i) t em-  
pe ra tu r e  T, (ii)  t r a n s p o r t  n u m b e r s  t"+ a n d  t<'_ of u n h y -  
d ra t ed  or par t ia l ly  h y d r a t e d  ca t ions  a n d  an ions ,  a n d  ( i i i )  
act ivi t ies  a s a n d  a ~"t'') of t he  e lec t ro ly te  in/3  p h a s e  and  sat- 
u ra t ed  solut ion,  respect ive ly .  

In  o rder  to h a v e  a quan t i t a t i ve  c h e c k  of Eq. [3], we have  
to f ind out  a p p r o p r i a t e  values  of  t"~, t'>_, a z, a n d  a ~"~'". 
Since  the  ions  are m o s t l y  u n h y d r a t e d  or on ly  par t ia l ly  
so lva ted  in the  fl phase ,  the  t r a n s p o r t  n u m b e r s  t"+ and  t"_ 
a s soc ia ted  w i th  t he  m i g r a t i o n  of ca t ions  a n d  a n i o n s  f rom 
crysta l  la t t ice  to the  c rys ta l / so lu t ion  in t e r f ace  s h o u l d  be  
d i f fe ren t  f rom c o n v e n t i o n a l  t r a n s p o r t  n u m b e r s .  The  re- 
g ion  b e t w e e n  crys ta l  lat t ice and  fl p h a s e  is filled up  
mos t ly  by  u n s o l v a t e d  or on ly  par t ia l ly  so lva ted  ions.  This  
is a so lu t e - en r i ched  zone  w h i c h  m a y  be  s u p p o s e d  to be- 
have  like a s h e e t  of ionic  melt .  Hence ,  t"+ and  t"_ will be  
c loser  to t he  t r a n s p o r t  n u m b e r  of ba r e  ions  (12, 13) in  
c o m p a r i s o n  to t he  c o n v e n t i o n a l  t r a n s p o r t  n u m b e r s .  A n  
idea  a b o u t  t he  t r a n s p o r t  n u m b e r  of  t he  ba re  ions of an  
e lec t ro ly te  can  easi ly be  o b t a i n e d  f rom the  masses  (16) or 
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the  radii  (17) of  ca t ions  and  an ions  f rom the  fol lowing 
equa t ions  

M -  
t*} - -  

M - + M '  

o r  

r -  
t", - [9] 

r -b r '  

w h e r e  M -  and  M' are the  masses  of an ions  and cations, re- 
spect ively,  in a tomic  mass  units,  and  r -  and r '  are the  
radii of r e spec t ive  ions. Theoret ical  values  of  the  trans-  
por t  n u m b e r s  of bare  ions ca lcula ted  f rom the  above 
equat ions  are found  to be in reasonable  a g r e e m e n t  with 
the  expe r imen ta l  values  (18). Thus  we  can make  use of  
these  equa t ions  for  calculat ing the  va lues  of  t", and  t"_. 

On the basis  of  a r g u m e n t s  p r e s e n t e d  in the  p reced ing  
paragraph  it is also ev iden t  tha t  the  m e a n  activity a ~ of 
the  e lect rolyte  on the  crystal  side of the  crystal /solut ion fi 
in ter face  would  be approach ing  unity.  S ince  the  mole  
fract ion of the  so lu te  is very close to un i ty  in this region, 
it may  be s u p p o s e d  to be p re sen t  in its s t andard  state. 
Therefore,  a ~ will be  equal  to unity.  This  conclus ion  can 
also be m a d e  obvious  in ano the r  way. Let  us cons ider  the  
concen t ra t ion  profile dep ic ted  in Fig. 2 abou t  the  varia- 
t ion of mole  f rac t ion  of the  solute  dur ing  the  course of  
dissolut ion.  The curve  AB of this  d iag ram rep resen t s  the  
change  of  mole  f ract ion dur ing  the  d e t a c h m e n t  of  ions  
from crystal lat t ice and the  e s t a b l i s h m e n t  of a sa tura ted  
zone  in the  crys ta l / so lu t ion  interface.  As a l ready po in ted  
out  by Rastogi  and Shuk la  (4), the  t rue  d i sso lu t ion  poten-  
tial would  be gene ra t ed  along the  curve  AB on account  of  
a d i f fe rence  in the  rate of d e t a c h m e n t  of  cat ions and ani- 
ons  dur ing  the  course  of dissolut ion.  The mole  fract ion of  
the solute thus  .changes f rom X A to X B and  the  corre- 
s p o n d i n g  m e a n  act ivi ty changes  f rom a A to a B dur ing  the  
d e v e l o p m e n t  of  d i sso lu t ion  potent ia l .  S ince  

X A --> 1 and  X" ~ X '~''t'd 

we  shal l  ge t  

a ;~ - a ~ --~ 1 and  a" --~ a ~'t''l [i0] 

Thus  f rom Eq. [3] and  [10] we  shal l  ge t  

R T  
(~&),,~ - (t"~ - t " _ )  i n  a ~''''~ [ 1 1 ]  

F 

s ince  

a ~at''t = ~•  [12] 

w h e r e  ~/§ is t he  ac t iv i ty  coef f ic ien t  of  t he  e lec t ro ly te  
in its s a t u r a t e d  so lu t ion  and  m savd is its c o r r e s p o n d i n g  
molal i ty ,  Eq. [11] m a y  also be w r i t t e n  as 

0NIT~ - - -  A 

s~h 

oc1/3 ,~ / 6 6 
INTERFACE INTERFACE PHA~E 

Fig. 2. Concentration profile depicting the variation of mole fraction 
of the solute during the dissolution of electrolyte. 

2.303RT 
(A~),,~ - - -  (t", - t % )  (log ~0  ~'~I + log m ~'~'~I) 

F 

[13] 

E q u a t i o n  [13] m a y  n o w  be  u s e d  for  ca lcu la t ing  theo re t -  
ical va lues  of  ( h r  Theore t i ca l ly  ca l cu la t ed  va lues  of  
(A(b),,~ of  s o m e  b i n a ry  a lka l i -meta l  sa l ts  for w h i c h  ~/• 
and  m ~'"''~ va lues  w e r e  avai lable  (19, 20) are  p r e s e n t e d  in 
Table  I. T h e s e  va lues  w e r e  o b t a i n e d  by m a k i n g  use  of  
Eq. [9] and  [13]. 

We may  n o w  e x a m i n e  the  data  p r e s e n t e d  in Table I. I t  
is ev i d en t  f rom the  da ta  p r e s e n t e d  in c o l u m n s  4 and  5 of  
this  table  t ha t  t he  m a g n i t u d e  of  (~'4)),J~ is d i rec t ly  pro-  
por t iona l  to t he  m a g n i t u d e  of  (t", - t"_). This  is in ac- 
c o r d a n c e  wi th  t h e  h y p o t h e s i s  of  Ras tog i  and  Sh u k l a  (4), 
On the basis of their experimental observations, they 
had postulated that the magnitude of true dissolution 
potential should be directly proportional to the magni- 
tude of (t, - t_) where t and t_ are the conventional 
transport numbers of cations and anions, respectively. 
However, Rastogi et al. (4, 5) could not explain the nega- 
tive sign of dissolution potential of alkali halides in 
water on the basis of these transport numbers. Now we 
can easily explain the negative sign of dissolution poten- 
tial of alkali halides in water on the basis of present 
theory. Since the mobility of unsolvated or only partially 
solvated cations is greater than that of similar anions, 
the former would detach at a greater speed, leaving be- 
hind the latter. Therefore, the electrode on which disso- 
lution occurs would be negative. This is in accordance 
with the experimental observations of various workers. 

In order to get an idea about the functional depen- 
dence of (A$)d~ on other factors, let us consider Eq. [13] 
once again. It can easily be predicted from this equation 
that (A~)~i~ would be directly proportional to the abso- 
lute temperature and it should be independent of con- 
centration of the medium. Since (A$)dif~ and (he)co de- 
pend on concentration and these are part of (A~),,~,~r 
the latter would also depend on concentration. However, 
(A$)~i~ would not depend on concentration since it is a 
func t ion  of  a sat'a only. 

In  order  to ver i fy  the  p r ed i c t i ons  m a d e  on the  basis  of  
Eq. [13], f u r t h e r  e x p e r i m e n t a l  s tud ies  w e r e  made .  These  
are  r e p o r t e d  in t h e  p r o c e e d i n g  sec t ions .  

Theory of Precipitation Potential 
The phys ics  of t he  d e v e l o p m e n t  of p rec ip i t a t ion  poten-  

tial f rom a s u p e r s a t u r a t ed  solut ion can be unde r s tood  
f rom the  s chema t i c  d iagram given in Fig. 3. 

The expe r imen ta l  se tup  for the  m e a s u r e m e n t  of  precip-  
i ta t ion potent ia l  is such  tha t  the  crystal l izat ion takes  
place at only one  e lect rode.  The o the r  e lec t rode  remains  
free f rom crystal  dur ing  the  d e v e l o p m e n t  of prec ip i ta t ion  
potential .  Var ious  m e t h o d s  have b e e n  e m p l o y e d  in order  
to do so. S o m e  of  t h e m  are given below.  

1. One of  the  e lec t rodes  is kept  ins ide  the  supersa tu-  
ra ted solut ion and  the  o ther  is kep t  a little above its sur- 
face. The so lu t ion  is cooled  in a cont ro l led  manner ,  and  
w h e n  a t iny crysta l  appea r s  on the  sur face  of  t he  first 

Table I. Theoretically calculated values of (A~)~u~ of some 
binary alkali-metal salts. These values are based on 25~ 

(t ~ t~ calculated 
calculated on the basis 

m ~"'d log y~"'~ on the basis of Eq. [13] 
Electrolyte [ReK (19)] [Ref. (20)] of Eq. [9] (mV) 

KCI 4.68 -0.2322 0.54 - 14 
NaCl 6.17 -0.0061 0.60 -28 
KC]O:, 0.73 -0.2891 0.68 -17 
KBrO:~ 0.48 0.2580 0.76 -26 
LiOH 5 . 3 0  -0.3442 0.70 - 1@' 
LiNO:~ 5 . 2 0  +0.1301 0.80 -41 
LiC104 3 . 5 0  +0.2682 0.86 -41 

~' This value is based on 0~ 
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Fig. 3. Schematic diagram for the development of precipitation poten- 
tial. a = solid phase; fi = supersaturated/crystal interface; and ~ - su- 
persaturated solution. E~ and E~ are the platinum electrodes. 

elect rode,  the  o t h e r  e lec t rode  is also i n s e r t e d  in to  t he  so- 
lu t ion  and  t he  d e v e l o p m e n t  of  p r ec ip i t a t i on  po ten t i a l  is 
r e c o r d e d  p o t e n t i o m e t r i c a l l y  (4, 5). 

2. Crystal  seeds  are i n t r o d u c e d  in the  sur face  of  one  of 
the  two p l a t i n u m  e lec t rodes  and  t he  o the r  is k e p t  br ight .  
Both the electrodes are kept a little above the surface of 
the supersaturated solution which is gradually cooled. 
When a desired undercooling is obtained, both the elec- 
trodes are simultaneously inserted into the solution. Crys- 
tallization takes place at the seeded electrode and the 
development of precipitation potential is recorded 
electrostatieally (13). 

3. Both the electrodes are kept inserted in the saturated 
solution of the electrolyte. The solution around one elec- 
trode is cooled and the crystallization potential is re- 
corded at the desired undercoolings (9). 

In all these methods, crystallization takes place at only 
one electrode and the other remains free from it. 

During the course of the crystallization from a supersat- 
urated solution, the ions move from a zone of supersatu- 
ration into a zone of saturation, and therefore, a diffusion 
potential would be developed on account of a difference 
in the mobilities of cations and anions during this transi- 
tion. Since the mean activity of the electrolyte changes 
f rom a ~ to a ~ t 'd  d u r i n g  th is  d i f fus ion  t he  c o r r e s p o n d i n g  
po ten t i a l  w o u l d  be  g iven  by  the  e q u a t i o n  

R T  a ~ t ' "  
(A(b)~ifr = T (L - t_) in  a ~ -  V- [14] 

w h e r e  (A(b)a~ff is the  d i f fus ion  p o t e n t i a l  g e n e r a t e d  d u r i n g  
crys ta l l iza t ion  f rom s u p e r s a t u r a t e d  so lu t ion  a n d  t+ and  t_ 
are the  c o n v e n t i o n a l  t r a n s p o r t  n u m b e r s  of  ca t ions  and  an- 
ions,  respec t ive ly .  

The  s i tua t ion  at  t he  g rowing  c rys ta l / so lu t ion  in t e r f ace  is 
exac t ly  s imi la r  to t he  s i tua t ion  at  a d i s so lv ing  c rys t a l / so -  
l u t i on  in ter face .  In  b o t h  the  cases,  t he  so lu t ion  side of t he  
in te r face  is p o p u l a t e d  by  s a tu r a t ed  ions  a n d  t he  crystal  
s ide of t he  in te r face  is p o p u l a t e d  by  t he  bare  ions  
(unso lva t ed  or on ly  par t ia l ly  so lva ted  in t he  case  of disso-  
lu t ion  and  d e s o l v a t e d  in the  case of prec ip i ta t ion) .  Thus ,  
fo l lowing  an  a r g u m e n t  s imi la r  to t h a t  p r e s e n t e d  in the  
case of  t r ue  d i s so lu t i on  potent ia l ,  i t  can  easi ly  be  s h o w n  
tha t  t he  t rue  p r ec ip i t a t i on  po ten t i a l  w o u l d  be  g iven  b y  t he  
re la t ion  

2.303RT a 'sat'dl 
(~r - - -  (t"~ - t " _ )  log - -  [15] 

f a ~/a)  

w h e r e  a r is t he  ac t iv i ty  of t he  e lec t ro ly te  in  tl~e sa tura-  
ted  ~/f i  in te r face ,  a n d  a ' ' ~  is t he  ac t iv i ty  of  t he  e lec t ro ly te  
in  the  d e s o l v a t e d  B/a in terface .  

It  m a y  be  p o i n t e d  out  he r e  t h a t  an  e q u a t i o n  exact ly  
s imi lar  to Eq. [15] h a s  b e e n  de r ived  by  Ras togi  and  K h a n  
(13) in  t he i r  t h e r m o d y n a m i c  theo ry  of p r ec ip i t a t i on  poten-  
tial. In  th is  theory ,  t h e y  have  c o n v e r t e d  the  e q u a t i o n  

R T  a~ 
(A&),,,., = T (t<'~ - t" ) in  - -  [16] 

a2  

in to  an  i n e q u a l i t y  
1 (AH)(AT) 

(hq~)p , , , , ,  < [17] 
F % 

by m a k i n g  use  of  C laus ius -Clapeyron  e q u a t i o n  

a, (AH) (T, - T.,) 
i n  - [18] 

a._. R T ,  T._ 

and  p u t t i n g  

(t" - t"_) < 1 [19] 

I t  has  b e e n  s u g g e s t e d  by  Ras tog i  a n d  K h a n  (13) t h a t  AH 
in Eq. [17] is equiva len t_ to  the  la t t ice  energy.  In  fact, AH 
in t he  C laus iu s -C lapey ron  e q u a t i o n  (18), is s imply  t he  
hea t  of fusion.  I t  m a y  be  cal led the  hea t  of p rec ip i t a t ion  in 
the  p r e s e n t  case,  b u t  the re  is no t h e r m o d y n a m i c  
jus t i f i ca t ion  for s u b s t i t u t i n g  lat t ice ene rgy  in place  of  
h e a t  of fusion.  As a m a t t e r  of fact, t he  va lues  of precipi ta-  
t ion  po ten t i a l  ca lcu la ted  on  the  bas is  o f  la t t ice  ene rgy  are 
f o u n d  to be  m u c h  g rea te r  in c o m p a r i s o n  to the  experi-  
m e n t a l  va lues  [Ref. (13), Tab le  II]. On the  o the r  hand ,  the  
va lues  of  p r e c i p i t a t i o n  po ten t i a l  ca l cu la t ed  on  the  basis  of 
o rd ina ry  hea t  of  p rec ip i t a t i on  are f o u n d  to be  ex t r eme ly  
low. Thus,  use  of  t he  C laus ius -Clapeyron  e q u a t i o n  is no t  
jus t i f ied  in t he  p r e s e n t  case. 

I t  is a w e l l - k n o w n  fact  t ha t  d u r i n g  c rys ta l l iza t ion  the  
la t t ice  ene rgy  is u s e d  up  in  the  deso lva t ion  of ions.  Lat- 
t ice f o r m a t i o n  a n d  deso lva t ion  are i n t e r d e p e n d e n t ,  a n d  
crys ta l l iza t ion  p roce s s  will  be  h a m p e r e d  i f  la t t ice  ene rgy  
is u s e d  for any  o the r  purpose .  I t  is qu i t e  poss ib le  t ha t  t he  
t h e r m a l  e n e r g y  of  t he  s y s t e m  may  be  u s e d  in the  deve lop-  
m e n t  of precipitation potential and, consequently, a cool- 
ing may be produced around the electrode on which crys- 
tallization takes place, as reported by Rastogi and Khan 
(13). However, the separation of lattice energy from 
desolvation of ions does not seem plausible. 

Now let us consider Eq. [15]. Since the fl/~ interface is 
populated mostly by desolvated ions, we shall have 

a ~'~ = un i ty  [20] 

Thus ,  m a k i n g  use  of Eq. [12], [15], a n d  [20], we get  

2.303RT 
(Aq0P,ti,,n = - - ~ -  ( t %  -- t " )  (log y• + log m sat'd) 

[21] 

Now, c o m p a r i n g  Eq. [13] a n d  [21], we can  say t ha t  the  
p h e n o m e n o n  of t r ue  p rec ip i t a t i on  po t en t i a l  is exact ly  op- 
pos i te  to the  p h e n o m e n o n  of t rue  d i s so lu t i on  potent ia l .  
The i r  va lues  are equa l  in  m a g n i t u d e  b u t  oppos i t e  in  sign. 

S ince  the  a p h a s e  r e m a i n s  in e q u i l i b r i u m  wi th  the  fi 
p h a s e  un t i l  t h e  e n d  of c rys ta l l i za t ion  process ,  e q u i l i b r i u m  
p h a s e  po ten t i a l  g iven  by  Eq. [4] wou ld  also be  p r e s e n t  
a long  wi th  t he  p r ec ip i t a t i on  a n d  d i f fus ion  potent ia ls .  
I gno r ing  the  c o n t r i b u t i o n  m a d e  by  o the r  ve ry  smal l  po- 
t en t ia l s  such  as N e r n s t  potent ia l ,  etc., t h e  o b s e r v e d  pre- 
c ip i t a t ion  p o t e n t i a l  wou ld  be  g iven  by  t he  e q u a t i o n  

(A(~)ubs{Ppti,)n) __ (A(~)dif f -L (h(~)pptio n q_ (A(~)pha~e [22] 

I t  follows, the re fore ,  t ha t  the  e x p e r i m e n t a l  va lues  of ob- 
se rved  p r e c i p i t a t i o n  potent ia l ,  d i f fus ion  potent ia l ,  and  
p h a s e  po ten t i a l  s h o u l d  be  k n o w n  be fo re  one  can  eva lua te  
the  e x p e r i m e n t a l  va lue  of  (A(~)Poti .... I ts  t heo re t i ca l  va lue  
wou ld  be  e q u a l  in  m a g n i t u d e  bu t  oppos i t e  in s ign to t h a t  
of d i s so lu t ion  potent ia l .  I t  is also e v i d e n t  f rom Eq. [21] 
t ha t  t r ue  p r ec ip i t a t i on  po ten t i a l  wou ld  be  d i rec t ly  p ropor -  
t iona l  to t he  s a t u r a t i o n  t empera tu re ,  b u t  it shou ld  r e m a i n  
i n d e p e n d e n t  of unde rcoo l ing .  Overa l l  o b s e r v e d  precipi ta-  
t ion  po ten t i a l  w o u l d  d e p e n d  on  AT, owing  to t he  depen-  
d e n c e  of  t h e r m o d i f f u s i o n  po ten t i a l  on  it, b u t  t rue  (A(~)pp  t ..... 

would  r e m a i n  cons t an t .  E x p e r i m e n t a l  s tud ies  have  b e e n  
r e p o r t e d  in t he  fo l lowing  sec t ions  in  o rde r  to co r robora t e  
these  points .  
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Table II. Comparison of experimental and theoretically calculated 
values of (A$)di~ for some alkali-metal salts. 

These values are based on 25~ 

Experimental Theoretically 
Observed dissolution calculated 
dissolu- potential (h(b)~,,,, on 

tion evaluated the basis of 
potential (2,4), (A~b),.E ...... from Eq. [2] Eq. [13] 

Electrolyte (mV) (mV) (mV) (mV) (mV) 

KC1 -76 -36 -18 22 • 3 14 
KCIO:~ -55 -11 -20 -24 • 3 17 
KBrO~ -63 -10 -23 -30 • 3 26 
LIND:, 130 -50 -32 43 • 3 41 
LiC10, -125 -34 -36 -55 + 3 -41 

A 
Table III. Experimental and theoretically calculated values of 

(Ar for some alkali-metal salts. These values are 
based on saturation temperature of 25~ and AT = 15~ 

Fig. 4. Schematic diagram of the cell used for the measurement of 
(• 

Electro- 
lyte 

Theoretical 
Observed Experimental (&d)),,,,~ .... 
precipi- (A6)p,,, ..... calculated on 
tation evaluated the basis of 

potential (A~b),,,~,,~,. (3,4,).r~ from Eq. [22] Eq. [21] 
(mV) (mV) (mY) (mY) (mV) 

Experimental 
E x p e r i m e n t a l  t e c h n i q u e s  for the  m e a s u r e m e n t  of  disso- 

lution,  precipi ta t ion,  p h a s e  and t he rmod i f fu s ion  po ten-  
tials were  the  s a m e  as a l ready r epo r t ed  by  Rastogi  e t  a l .  
(4.5). While d e t e r m i n i n g  the  prec ip i ta t ion  potential ,  crys- 
tal l ization was  invoked  on only one  e lec t rode  by adop t ing  
the  p rocess  ( i i )  desc r ibed  earlier. 

The cell used  for  the  m e a s u r e m e n t  of  (h~b),, the  potent ia l  
associa ted  wi th  the  e s t a b l i s h m e n t  of  a concen t ra t ion  ceII 
wi th  t r ans f e r ence  in the  d issolut ion  cell, is s h o w n  in Fig. 
4. A is a P y r e x  glass vessel  con ta in ing  conduc t iv i ty  water.  
B is ano the r  P y r e x  glass vessel  con ta in ing  sa tura ted  solu- 
t ion of the  electrolyte .  B has a s ide t ube  T wh ich  has a 
s t o p p e r  S. Conduc t iv i ty  water  in vesse l  A and  saturated 
so lu t ion  in vesse l  B are adjus ted  at the  same level. The 
p l a t i num  e lec t rodes  E, and E~ are p laced  .in the  conduc-  
t ivity wa te r  and sa tura ted  solut ion,  respect ively .  Solid 
e lec t ro ly te  is k e p t  in equ i l ib r ium wi th  the  sa tura ted  so- 
lu t ion by  pu t t ing  a smal l  a m o u n t  of  solid e lec t ro ly te  at 
the  bo t t om  of  vesse l  B in o rde r  to create  a s i tuat ion ex- 
actly similar to tha t  p r e s e n t  in the  d i s so lu t ion  cell. Care is 
t aken  that  the  e lec t rode  E~ does  no t  c o m e  in con tac t  wi th  
the solid electrolyte .  Both  the  e lec t rodes  a r e  c o n n e c t e d  
wi th  the  e l e c t r o m e t e r  amplifier .  When  the  s t o p p e r  S is 
opened ,  d i f fus ion  s tar ts  immedia te ly .  The bu i ldup  and  
decay  of  po ten t ia l  is r e co rded  as a func t ion  of t ime. 

A h igh  i m p e d a n c e  (R > 10 TM) e l ec t rome te r  (Annadigi,  
Hyderabad)  was  used  for the  m e a s u r e m e n t  of all these  po- 
tentials.  All the  m e a s u r e m e n t s  were  m a d e  in air, s ince it 
has  been  r epo r t ed  tha t  obse rved  potent ia l  r emains  a lmost  
une f f ec t ed  even  w h e n  the  m e a s u r e m e n t s  are m a d e  in ni- 
t rogen  a tmosphe re .  P l a t i n u m  e lec t rodes  fused in P y r e x  
glass tubes  were  we lded  to coppe r  wire  in order  to avoid 
electrical  con tac t s  t h rough  m e r c u r y  wh ich  migh t  form 
u n s u s p e c t e d  s e c o n d a r y  cells. Coaxial cables  were  used  in 
order  to avoid the  effect  of stray ex te rna l  fields. The plat- 
i n u m  e lec t rodes  were  tho rough ly  c leaned  by boil ing in ni- 
tric acid and  t h e n  by hea t ing  in a f lame before  each  ex- 
pe r imen t .  A s y m m e t r y  po ten t ia l  was  min imized  as far as 
poss ible ,  and  it was  always t aken  into accoun t  whi le  
evaluat ing the  e x p e r i m e n t a l  values. 

Results and Discussion 
The dissolution, precipitation, phase potentials, and po- 

tential associated with the concentration cell with trans- 
ference were recorded for KCI, KCIO:, KBrO:,, LiNO:,, and 
LiCIO~. The values of true dissolution potential and true 
precipitation potential evaluated on the basis of Eq. [2] 
and [22], respectively, and their theoretical values calcu- 
lated from Eq. [13] and [21] are presented in Tables If, Ill, 
and IV. 

KC1 -10 -18 -3 +11 _~ 3 +14 
KCIO:, + 3 -20 +3 +20-+3 +17 
KBrO~ + 9 23 +4 +28 -+ 3 +26 
LiNO~ +15 -32 -b5 +42 _+ 3 +41 
LiC10~ +18 -36 +5 +49 + 3 +41 

Table IV. Comparison of dissolution potential 
with precipitation potential 

Electrolyte 

ExperL Experi- Theoretically Theoretically 
mental mental calculated calculated 

KCI -22 + ll -14 +14 
KC10:, -34 +30 -17 +17 
KBrO., 40 +38 -26 +26 
LiNO:~ -48 +42 -41 +41 
LiCIO4 -55 +49 -41 +41 

The dependence of observed dissolution potential, true 
dissolution potential, and (AS), of LiNO:~ on concentration 
of the medium were also studied. The results are pre- 
sented in Table V. The plot of (A~),,b~dl~s, VS. Iog C of the 
medium and (h~), vs. log C of the medium are given in 
Fig. 5. Experimental studies on the effect of temperature 
and undercooling on (A(b)p,ti,,n of KCIO.~, KBrO:,, and LiNO:~ 
are presented in Table VI and VII and Fig. 6. 

A perusal of Tables II and Ill makes it quite clear that 
the theoretical values of true dissolution and true precipi- 
tation pOtentials calculated on the basis of Eq. [13] and 
[21], respectively, are in a good agreement with the exper- 
imental data. It is also evident from the data presented in 
Table IV that the precipitation potential is a phenomenon 
exactly opposite dissolution potential. Their experimen- 
tal values are approximately equal in magnitude but op- 
posite in sign. These observations are in accordance with 
the present mechanism of electric potential generated on 
the dissolution and precipitation of electrolytes. Theoreti- 

Table V. Dependence of observed dissolution potential, true dissolution 
potential, and (A$)t of LiNO:~ on the concentration of the medium. 

All the measurements were made at 25~ 

Molarity True 
of LiNO:~ (hr (h(~), (h6)~h .... (&b)~,,~, 
in water (mV) (mV) (mV) (mV) 

0 -130 -50 -32 -48 
2.0 -i07 -28 -32 -47 
3.0 - 94 -17 -32 -45 
4.0 - 85 - 7 -32 -45 
4.5 - 80 - 3 -32 -45 
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Table Vl. Effect of undercooling on (h~))ppt,o n of KCIO:;, KBrO:~, and LiNO:~. Saturation temperature of 25~ 

hT = ]0~ AT = 15~ AT = 20~ 

Electrolyte (A~)~,  (h~)o~ (h~)vv (h~)e,,,,, (A~)~,, (h~)rD (h~)~t~Q, (Ar (h4~)~ (A~)e~,,,,, 

KCIO:, -20 + 2 +2 +20 + 3 +3 +20 + 5 +4 +21 
KBrO3 -23 + 7 +3 +27 + 9 +4 +28 + 9 +5 +27 
LiNO~ -32 + 14 +4 +42 + 15 +5 +42 + 16 +6 +43 

The data presented in this table are th~ nearest integer of the average of several observations. Since the magnitude of various potentials 
were very low and the sensitivity of the instrument was only 1 mV, several observations had to be made in order to ascertain the reliability of 
an experiment. 

cally ca l cu la t ed  va lues  of (h~b)d~ a n d  (A<b)ppt~o, a n d  t h e i r  
s u b s e q u e n t  e x p e r i m e n t a l  ve r i f i ca t ions  are f o u n d  to b e  in  
a c c o r d a n c e  w i t h  t he  o b s e r v a t i o n  m a d e  b y  Ib l  et al. (9) in  
the i r  work .  G i r d h a r  and  co -worker s  h a v e  also r e p o r t e d  
s imi la r  o b s e r v a t i o n s  in  case  of  a m m o n i u m  sal ts  (6-8). 

Resul t s  r e p o r t e d  in Tab le  V a n d  p l o t t ed  in Fig. 5 sup-  
por t  the  v i ew  t h a t  t he  t rue  (A~b)d~ does  no t  d e p e n d  on  con- 
c e n t r a t i o n  of  t he  m e d i u m .  S ince  t h e  p lo t s  of  ( h ~ ) o b ~  vs. 
log C a n d  (Ar vs. log C are para l le l  to each  o the r  a n d  
s ince  (h~b)ob,Cd~) a n d  (hr are re la ted  by  t he  e q u a t i o n  

(h~)obs(diss) = [(h(~)t] + [(h~)diss + (h(~)phase] [23] 
I II 
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Table VII. Effect of temperature on true dissolution potential and 
true precipitation potentials of KCIO~, KBrO~, and LiNO:~. 

Precipitation potential data are based on AT = 15~ 
Equations [2] and [22] were used for the evaluation 

of respective potentials 

True dissolution True precipitation 
potential potential 

25~ 35oc 45oc 25oc 30oc 35~ 
Electrolyte (mV) (mV) (mV) (mV) (mV) (mV) 

KC10~ -24 -27 -31 +20 +24 +28 
KBrO~ -30 -33 -36 +28 +30 +33 
LiNO3 -41 -45 -50 +42 +47 +51 

i t  is  qu i te  e v i d e n t  t h a t  the  s e c o n d  t e r m  in  the  rhs  of Eq. 
[23] s h o u l d  b e  i n d e p e n d e n t  of  log C. I t  t he r e fo re  fol lows 
t h a t  (A~)d~ does  no t  d e p e n d  on  the  c o n c e n t r a t i o n  of t he  
m e d i u m .  

E x p e r i m e n t a l  obse rva t i ons  on  t he  d e p e n d e n c e  of  
(h~)ppt~on on  u n d e r c o o l i n g  ( co lumns  5, 8, a n d  11, Table  VI) 
s u p p o r t  ou r  t heo re t i ca l  v i ew  t h a t  the  t rue  p rec ip i t a t ion  
po ten t i a l  does  no t  d e p e n d  on  AT. T h e s e  obse rva t i ons  are 
in  a c c o r d a n c e  w i t h  t he  e x p e r i m e n t a l  s tud ies  r epo r t ed  by  
W o r k m a n n  a n d  R e y n o l d s  (21), Pa r r e i r a  and  Eyd t  (22), 
H e i n m e l e s  (23), G r o s s  (24), a n d  m a n y  o the r s  a b o u t  t he  in- 
d e p e n d e n c e  of f reez ing  po ten t i a l  on  unde rcoo l ing .  They  
h a v e  r e p o r t e d  t h a t  h T  has  no  pa r t i cu l a r  ef fec t  on  f reezing 
potent ia l .  On the  bas is  of  t h e s e  a r g u m e n t s ,  it can  also be  
p r e d i c t e d  t h a t  the  p h e n o m e n o n  of t r u e  p r e c i p i t a t i o n  po- 
t en t ia l  is s o m e w h a t  s imi la r  to the  p h e n o m e n o n  of freez- 
ing potent ia l .  The  effects  of  t e m p e r a t u r e  on  d i s so lu t ion  
a n d  p rec ip i t a t i on  p o t e n t i a l  of KC103, KBrO3, a n d  LiNO3 
were  also s tud ied .  The  da ta  are p r e s e n t e d  in  Tab le  VI  a n d  
VII  a n d  p lo t t ed  in  Fig. 6. The  t r ue  d i s s o l u t i o n  a n d  precipi-  
t a t i on  p o t e n t i a l s  are  f o u n d  to be  d i rec t ly  p ropo r t i ona l  to 
t he  t e m p e r a t u r e .  T h e s e  o b s e r v a t i o n s  are  also in accord-  
ance  w i th  the  theory .  The  da ta  p r e s e n t e d  in  Table  VII  
once  aga in  s u p p o r t  t h e  v iew t h a t  t he  d i s so lu t i on  and  pre- 
c ip i t a t ion  p o t e n t i a l s  are equa l  in  m a g n i t u d e  b u t  oppos i te  
in  sign. 
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Effects of Curing and Other Variables on Deep-Discharge Cycling 
of Pb-Ca Positive Plates 
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ABSTRACT 

Effects of curing temperature and humidity, paste density, plate thickness, soaking time before formation, and elec- 
trode support  on deep cycling performance of Pb-Ca positive plates were studied. It was found that although improve- 
ments could be obtained by adjusting these variables, the capacity retention was still inferior to that of Pb-Sb plates. Ex- 
amination of the plates revealed that preferential discharge of the corrosion product and the formation of a PbSO4 
barrier around Pb-Ca grid wires might cause the loss of capacity. Means of extending the cycle life of nonantimonial 
lead positive plates are discussed. 

Although lead-calcium (Pb-Ca) alloy grids were intro- 
duced for lead-acid storage batteries early in the 1930's by 
Belt Laboratories (1), before 1970 they were used almost 
exclusively for float-service applications. In recent years, 
they have been employed ever increasingly in starting- 
lighting-ignition batteries. They are also used, although 
not widely, in batteries for deep-discharge applications. 
However, it has been known that Pb-Ca batteries do not 
usually retain their capacities as well as lead-antimony 
(Pb-Sb) batteries in deep cycling, for reasons which are 
not clear in spite of considerable research (2-8). Means 
have been suggested to improve the deep cycling per- 
formance of Pb-Ca batteries (2, 5). In this work, effects of 
curing and other variables on deep cycling of Pb-Ca posi- 
tive plates were studied. The cycled plates were also ex- 
amined to determine the causes of failure. 

Experimental 
The Pb-Ca grids used in the experiments were ex- 

panded from Pb-0.09% Ca-0.3% Sn cast strip and mea- 
sured 102 mm (H) • 52 mm (W). Pastes were prepared 
from a commercial  leady oxide, Grenox, which contained 
about 25% metallic lead. The variables studied were (i) 
paste density (wet) of 4.0 and 4.3 g/cm 3, (ii) curing temper- 
atures of 85 ~ 40 ~ and 22~ (iii) curing humidity of 100 
and 50% RH, (iv) plate thickness of 3.5 and 2.2 mm (the 
grids were 1.9 and 1.4 mm thick, respectively), (v) soaking 
time before formation of 1 and 3h, and (vi) plate retention: 
without any support and with stack pressure on the elec- 
trode assembly. 

For each set of experimental  parameters, three to five 
replicates were subjected to deep-discharge cycle life 
testing. 

The pastes were prepared by mixing leady oxide, sulfu- 
ric acid (1.350 sp gr), and water. The PbO/SO3 ratio was 6 
for pastes of 4.0 g/cm 3 density, and 8 for those of 4.3 g/cm 3 
density. Cured plates, 2.2 and 3.5 mm thick, were formed 
in 1.10 sp gr H2SO4 at 40~ and cycled in an amount of 
1.25 sp gr H2SO4 well in excess of the stoichiometric re- 
quirement. The potential of the positive test plate was 
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measured against a Hg/Hg~SO~ reference electrode (in 1.25 
sp gr H~SO4) during cycling. When a plate was tested 
without any support, it was placed in a 600 ml beaker 
with a negative plate on each side and no separator, but 
with a wide gap between the plates. When a plate was 
tested with retainers, it was wrapped in a glass-fiber mat 
and placed in a P]exiglas cell, 26 (W) • 102 (L) • 165 (H) 
ram, with a Daramic | (microporous polyethylene) envel- 
oped negative plate on each side. A stack pressure was 
imposed by inserting polyethylene sheets between the 
electrode assembly and the cell walls. The test plates 
were discharged at about the 5h rate to a potential of 900 
mV (i. e., 100% depth of discharge). After a rest t ime of 5 
min, they were recharged at a constant potential of 1300 
mV with a maximum current of 2A. When the charging 
current decreased to 250 mA for the 3.5 mm plates, or 185 
mA for the 2.2 mm plates, the test plates were recharged 
at the same respective constant current till 115% (Ah) of 
the previous discharge was returned. Again, there was a 5 
rain rest before the next  discharge. Cycled plates were 
washed, dried, and examined by optical and scanning 
electron microscopy. For comparison, positive plates pre- 
pared from Pb-3% Sb book-mold grids (47 • 75 z 1.9 ram) 
and 4.26 g/cm 3 paste were also cycled and examined. 
These plates were pasted to a thickness of 3.3 mm when 
dried. They were cured at 40~ and formed and cycled 
without support, under the same cycling conditions al- 
ready described for Pb-Ca plates. 

To' investigate the activity of the active material in 
failed Pb-Ca plates, a set of Pb-Ca book-mold grids (0.1% 
Ca, 0.35% Sn) was pasted and cycled in excess amount of 
1.25 sp gr H2SO4 without support at 30~ After the plates 
failed in cycling, the acid concentration was lowered to 
1.10 sp gr, and the discharge capacities in the new cycling 
acid were recorded. 

Results and Discussion 

Curing temperature (at 100% RH).--X-ray diffractom- 
etry indicated that all sulfate in the plates cured at 85~ 
was in the form of 4PbO �9 PbSO4 and that in those cured 
at 40 ~ and 22~ was in the form of 3PbO - PbSO~ �9 H~O. 
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Fig. 1. Deep-discharge performances of unsupported positive plates. 
All plates were prepared from a paste of 4.3 g/cm:' density, cured in 
100% RH, and cycled in 1.25 sp gr H~S04 at 30~ 

The mechanical integrity of the cured plates appeared to 
increase wi th  increased cur ing tempera ture .  F igure  1 
presents  capaci ty-cycle  curves  for 3.5 m m  plates cycled 
wi thou t  retainers.  Obviously,  plates p repared  from Pb-Ca 
grids did not  retain deep-discharge  capaci ty  as well  as 
those with  Pb -Sb  grids, and no i m p r o v e m e n t  had been 
achieved  by raising the cur ing t empera tu re  to 85~ Fig- 
ure 2 shows h o w  Pb-Ca plates cured  at different  tempera-  
tures p e r f o r m e d  with  retainers unde r  the  deep cycl ing 
condit ions.  The  85~ cured plates did not  really per fo rm 
bet ter  than the 40~ cured  plates. Thei r  cycle life was 
longer  (Fig. 2), but  their  initial d ischarge  capaci ty was 
very  low compared  with  those  cured  at lower  tempera-  
tures. It  took  10-15 deep  cycles for the 85~ cured plates 
to reach m a x i m u m  capaci ty  (Fig. 1 and 2), which  was 
lower  than that  of  the 40~ cured  plates.  F igure  2A also 
shows that  a l though plates cured at 22~ had poorer  in- 
tegrity, when  they  were  adequa te ly  suppor ted  and not  
d is turbed  in cycl ing their  pe r fo rmance  was comparab le  to 
that  of  plates cured  at h igher  t empera tures .  

Curing humidity.--When plates were  subjec ted  to a low 
humid i ty  (50% RH) env i ronmen t  at the beg inn ing  of  the  
cur ing process, they  deve loped  numerous  hair l ine cracks 
and retained a high metal l ic  lead conten t  in the  paste. The 
resul t ing plates gave very poor per formance .  No 4PbO �9 
PbSO4 was p r o d u c e d  in plates cured  at low humid i ty  
even  when  the  cur ing t empera tu re  was raised over  80~ 
When the humid i ty  was he ld  at 50% RH, the h igher  the 
cur ing tempera ture ,  the  greater  was the  damage  to the  
plate in tegr i ty  because  of the  h igher  evapora t ion  rate at 
h igher  tempera tures .  

Plate thickness and paste density.--The exper imenta l  
data, as shown in Fig. 2, demons t ra t e  the  wel l -known fact 

that  w h e n  the pas te  dens i ty  or plate th ickness  is reduced 
the discharge capaci ty  increases and the cycle life de- 
creases (9. 10). 

Soaking t ime . - - In  general,  a soaking t ime before form- 
ing of  longer  than lh, in a cell with excess  electrolyte,  re- 
sulted in plates of  shorter  cycle life. However ,  plates with 
poor integrit ies,  e.g., plates subjec ted  to a low humid i ty  
env i ronmen t  in the inc ip ient  period of the  cur ing process, 
pe r fo rmed  bet ter  when  they  were  soaked for 3h before 
c o m m e n c e m e n t  of format ion than those  soaked for lh. 
Perhaps  heavier  and deeper  sulfat ion due to the long 
soaking i m p r o v e d  the  plate integrity.  

Retainer.--By compar i son  of Fig. 1 wi th  Fig. 2, it is ap- 
parent  that, w h e n  the plates were  suppor ted ,  their  cycle 
life was substant ia l ly  ex t ended  with some  sacrifice in 
d ischarge  capacity.  

All the results  clearly showed  that  even  under  the  most  
favorable  of the above-men t ioned  expe r imen ta l  condi-  
t ions, the deep  cycl ing pe r fo rmance  of the  Pb-Ca posi- 
t ives did not  equa l  that  of Pb-Sb.  

Microscopical study . - -The  test  plates were  examined  by 
both optical  and scanning  electron microscopy.  Sulfur  
contents  in the  plates were  measured  by EDX micro- 
probe. 

Examina t i on  of the  premature ly  fai led Pb-Ca plates re- 
vea led  that  the  act ive  mater ial  close to the plate surface 
was different  f rom that  in the  center  of the plate. The ac- 
t ive material  lying closer to the plate surface  had ei ther  
formed or was in the  process  of  consol ida t ing  to form a 
coralloid s t ruc ture  (11-13) depend ing  on the n u m b e r  of  
cycles the plate had undergone .  F igure  3 shows the act ive 
mater ial  lying close to the surface of plates which  failed 
after fewer  than  30 cycles. The coral loid s t ructure  can be 
clearly seen. The  center  part  (which was about  one-third 
of  the  total plate thickness)  of  the  failed Pb-Ca plates did 
not  conta in  any coral loid s tructure.  F igure  4a shows ac- 
t ive material  at the  center  of a 85~ cured  plate (2.2 m m  
thick) wh ich  failed before the  twenty-n in th  cycle. The  
large bar-like part icles  re ta ined the  shape of  the original  
4PbO . PbSO4 crystals,  and their  in ter ior  r emained  dense  
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Fig. 2. Deep-discharge performances of Pb-Ca positive plates cured 
at 85 ~ 40 ~ and 22~ and 100% RH, and cycled with retainers in 
1.25 sp gr H~SO~ at 30~ 

Fig. 3. Active material close to surface of failed Pb-Ca plates which 
were cured at 40~ and deep cycled in 1.25 sp gr H~SO~ at 30~ a: 
30 cycles, charged, b: 31 cycles, discharged. 

Fig. 4. Active material in the center of Pb-Ca plates which failed in 
deep cycling in 1.25 sp gr H2S04 at 30~ a: Cured at 85~ 29 cy- 
cles, discharged, b: Cured at 40~ 41 cycles, discharged. 
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and quite pore-free. This indicates that most of the mate- 
rial had never taken part in the charge-discharge process. 
The active material shown in Fig. 4b was in the center of 
a 3.5 mm plate which was cured at 40~ and had under- 
gone 41 cycles. The structure is distinctively cellular and 
normally occurs when the active material has undergone 
only a single discharge-charge cycle after formation 
(13, 14). This structure in fact is optimal for high utiliza- 
tion (13). Microprobe analysis and visual inspection (Fig. 
4) indicated that less than 5% of the active material in the 
center part of a failed Pb-Ca plate was converted to 
PbSO~ at the end of discharge. 

The book-mold Pb-Ca plates which were cycled to fail- 
ure in 1.25 sp gr H~SO4 were placed in 1.I0 sp gr H~SO4. It 
was found that the capacities of the plates increased sub- 
stantially, ranging from 25 to 55%. This is in agreement 
with the results obtained by Nakayama et al. (6). The evi- 
dence suggests that the discharge of the active material 
was obstructed by sulfation in some parts of the plate, 
rather than by either reduced electrochemical activity of 
the active material or poor interparticle contact. 

The active material close to the surface of the failed 
plates was carefully examined for a possible pore-free 
PbSO4 layer which could have obstructed the diffusion of 
sulfuric acid to the interior of the plate. It was not found. 
On the contrary, in general, the active material close to 
the plate surface was much more porous than that in the 
plate center. When a plate was discharged, part of the 
microporous lead dioxide, as shown in Fig. 3a, was con- 
verted to regular nonporous PbSO4 crystals with a dimen- 
sion of about 5 ~m. As shown in Fig. 3b, although there 
should be a volume increase of almost 90% in the conver- 
sion from PbO~ to PbSO~, by elimination of micropores 
the structure actually appeared to become much more 
open. It is quite reasonable to_assume that, as a conse- 
quence, the diffusion of sulfuric acid would not be 
impeded. 

The active material on the Pb-Sb plates which had 
undergone various lengths of cycling was also inspected. 
It was found that active material on either Pb-Ca plates or 
Pb-Sb plates, which were subjected to the same number 
of cycles with comparable active material utilization, ap- 
peared essentially the same, morphologically. Since the 
active material in the center part of a failed Pb-Ca plate 
appeared to be healthy and had participated in previous 
cycling, and since the accessibility of acid was unlikely to 
be limiting the capacity, the reason for the low discharge- 
ability must be sought elsewhere. 

Careful examination was, therefore, made of the grid/ 
active material interracial region. The corrosion product 
on the grid usually had two layers, regardless of whether 
the grid was Pb-Ca or Pb-Sb. One was dense and dark, 
and was adjacent to the grid; th6 other was porous and 
lighter in color. The thickness of the inner layer was 
about 20 ~m, and that of the outer layer varied. When a 
plate was fully charged, no sulfate was found in either of 
these layers. No irreversible formation of a PbSO4 barrier 
layer surrounding the Pb-Ca grids, as reported by Tudor 
et al. (2) and Perkins (15), has been observed in our labo- 
ratory. Indeed, hardly any PbSO~ was found in a fully 
charged plate. When a plate was fully discharged (100% 
DOD), the inner corrosion layer remained unchanged and 
the microprobe detected no sulfur in it. The state of the 
outer layer depended, however, on the depth of dis- 
charge, its relative location in the plate, and the nearness 
of the plate to failure. When a plate was being discharged, 
regardless of whether it was healthy or failed, the part of 
the outer corrosion layer which was close to the plate sur- 
face, i.e., near the bulk electrolyte, was always sulfated at 
the end of a deep discharge. The sulfation process started 
from the outside surface of the outer layer and then 
spread inward. Figure 5a shows that the outside surface 
of the outer corrosion layer in a discharged plate was cov- 
ered by PbSO~ crystals. From the outer surface inward, 
the sulfur content, as determined by microprobe, de- 
creased to zero at the inner surface, where it met the 
dense corrosion layer. In a plate which had not yet failed, 

Fig. 5. Corrosion layers on grid in discharged failed Pb-Ca plate at 
various locations, a: Close to plate surface, b: At the center of the 
plate. 

or which was only shallowly discharged, the part of the 
corrosion layer farther from the plate surface, e.g., at the 
center of the plate, was either not at all or only slightly 
sulfated. But when a failed plate was fully discharged, 
usually all the outer surface of the corrosion layer, regard- 
less of its position in the plate, was completely covered by 
PbSO4 crystals. Figure 5b shows part of the corrosion lay- 
ers in the center of a failed plate which had undergone 22 
deep cycles. The grid metal can be seen in the upper left 
corner of this photomicrograph. The porous substance on 
the right-hand side is the active material. As shown in the 
photomicrograph, the outer surface of the corrosion layer 
is completely masked by tightly packed PbSO4 crystals. It 
is noteworthy that, as shown in Fig. 5, the active material 
next to the sulfated corrosion layer was almost com- 
pletely free of sulfur. This phenomenon was found to be 
quite common in failed Pb-Ca plates. Figure 6 shows a 
microtomed failed Pb-Ca plate without any mounting ma- 
terial. Thus, looking down into the small interstices be- 
tween corrosion products and active material, one can see 
that the outer surface of the corrosion layer, as shown in 
Fig. 6b, is completely masked by PbSO4 crystals. 

N a k a y a m a  et al. (6) also o b s e r v e d  su l fa t ion  of the  corro- 
s ion p r o d u c t  a r o u n d  t h e  P b - C a  grid.  However ,  in t he i r  
model ,  t he  su l fa t ion  p rocess  is in i t i a t ed  on  the  i n n e r  sur- 
face of  t h e  d e n s e  co r ro s ion  layer  c o n t a c t i n g  the  grid, a n d  
t h e n  p r o c e e d s  o u t w a r d  un t i l  all t h e  co r ro s ion  p r o d u c t  is 
su l fa ted  to fo rm a PbSO4 barr ier .  The  m o d e l  also impl ies  
t ha t  the  su l fa t ion  deve lops  u n i f o r m l y  in eve ry  pa r t  of t he  
co r ros ion  p r o d u c t  a r o u n d  t h e  grid, r ega rd l e s s  of t he  rela- 
t ive  pos i t ion  of the  pa r t  of  t h e  co r ros ion  p r o d u c t  w i th  re- 
spec t  to t h e  p la te  surface.  As  p rev ious ly  desc r ibed ,  th i s  
m o d e l  is no t  in  a g r e e m e n t  wi th  our  f indings .  

A c o m p a r i s o n  m i c r o s c o p i c a l  s t u d y  of  P b - S b  p la tes  was  
also car r ied  out. Fa i lu re  a p p e a r e d  to fo l low the  s a m e  gen- 
eral  course.  The  co r ros ion  p r o d u c t  a r o u n d  t h e  gr id  usu-  
ally also h ad  a two- laye red  s t ruc ture ;  t h e  layer  ad j acen t  to 
the  gr id  was d e n s e  a n d  dark,  a n d  t h e  ou te r  layer  was  po- 
rous  an d  l igh te r  in  color. As  in Pb -Ca  pla tes ,  no  su l fu r  
was  f o u n d  in  t h e  i n n e r  layer  e i t he r  in t h e  ch a rg ed  or dis- 

Fig. 6. Interfacial region between grid and active material in a failed 
Pb-Ca plate which was cured at 40~ and 100% RH, and had under- 
gone 22 deep-discharge cycles. The specimen was microtomed with- 
out mounting material, b is an enlargement of the location indicated 
by an arrow in a. 
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charged state. Af ter  24 cycles, when  the discharge capac- 
ity was at about  the  m a x i m u m  (see Fig. 1), the outer  cor- 
ros ion layer, at locations close to the  plate surface and 
bulk  electrolyte,  was already well  deve loped  and was 
heavily sulfated at the  end of a deep discharge.  In  con- 
trast, at locat ions far ther  f rom the plate surface, e.g., at 
the center  of the  plate, the second  layer was ei ther  nonex-  
is tent  or not  well  developed.  Thus, at the end of discharge 
the dense  corros ion layer at these  locat ions was not  com- 
pletely covered  by PbSO~ crystals,  if  they  were  at all pres- 
ent. As cycl ing p roceeded  further,  the s t ructure  of  the ac- 
t ive mater ia l  close to the plate surface became  more  open, 
because  of coral loid s t ructure  format ion,  and the  act ive 
mater ial  far ther  inside the plate par t ic ipated increasingly 
in charge-discharge  cycling. However ,  opening up of the  
s t ructure  also p r o m o t e d  discharge  of the  corrosion prod- 
uct. Thus the porous  outer  corrosion layer progressed to 
locations far ther  inside the  plate; at the end of the dis- 
charge period,  a larger por t ion of the  grid became  envel-  
oped in a layer of sulfate. At the  end of cycle life, the cor- 
alloid s t ructure  domina ted  in the plate; large pores of  
greater  than  100 u m  diam fo rmed  even  in the center  of the  
plate, as we descr ibed  prev ious ly  (13). By this t ime,  at the 
end of  a d ischarge  the grid was comple te ly  su r rounded  by 
a thick PbSO4 layer having  a dendr i t ic  s tructure,  as 
shown in Fig. 7. 

It becomes  apparen t  that  it was the  format ion  of a con- 
t inuous  PbSO4 layer around the  grid that  effect ively pre- 
ven t ed  the  d ischarging of the act ive material ,  thus  ending  
the cycle life of  the  plate. This occurs  for both ant imonial  
and nonan t imonia l  plates. The difference be tween  these  
two k inds  of plates is that  it occurs  in Pb-Ca plates at a 
m u c h  earlier stage, before the  coral loid s t ructure  has 
fo rmed  t h roughou t  the  plate. In  contrast ,  in a Pb-Sb  
plate, the grid surface deep in the  cen ter  of  the plate is 
not  covered  by PbSO~ unti l  the  act ive mater ial  in the 
same location has been  uti l ized in cycl ing and trans- 
fo rmed  to a very  open structure,  i.e., a wel l -deve loped  cor- 
alloid s t ructure.  

Once  a plate  enters  the  last s tage of its cycle life, i f  it is 
sub jec ted  to a deep  discharge,  the outer  corrosion layer is 
d i scharged  in p re fe rence  to the  act ive mater ia l  in the inte- 
rior of  the  plate. As Fig. 5 and 7 show, the  act ive  material  
in contact  wi th  the a lmost  comple te ly  d ischarged  outer  
corrosion layer can be comple te ly  undischarged.  In  o ther  
words,  the physical  change  in cycl ing becomes  increas- 
ingly concen t ra t ed  in the corros ion layer. The  adhes ion  of 
the  act ive mater ia l  to the  corrosion layer (and, thereby,  to 
the  grid) is therefore  weakened .  This could  expla in  part ly 
why  apparen t ly  hea l thy  act ive mater ial  spalled in big 
chunks  f rom Pb-Ca plates. 

It  was also no ted  that  the deve lopmen t  of the  corrosion 
layer in Pb-Ca plates was dif ferent  f rom that  in Pb-Sb  
plates. A l though  concent r ic  cracks, which  deve loped  par- 
allel to the grid surface, fo rmed  in both  Pb-Ca and Pb-Sb  
grids, they  s tar ted to form earlier and were  m u c h  more  
numerous  in Pb-Ca plates than those  in Pb-Sb  plates. The 
cracks fo rmed  in the  dense  layer ad jacent  to the  grid. In  
Pb-Ca plates,  a lmos t  immed ia t e ly  after the cracks were  

Fig. 7. a: A cross section of a failed Pb-3%Sb plate which had 
undergone 127 deep cycles without retainers. Note the dendritic 
growth around the grid. b: Shows the detail of the dendritic structure 
of the corrosion product. 

formed,  sulfate crystals started to grow in them, and, con- 
sequent ly,  en larged  them.  In  contrast ,  cracks in Pb-Sb  
plates could expe r i ence  many  cycles wi thou t  any sulfate 
being fo rmed  in them.  Thus,  the  corrosion layer in a 
Pb-Ca plate, which  has been  subjec ted  to more  than 50 
deep cycles, usual ly  had a mul t i layered  structure.  
Fur the rmore ,  if  that  plate was failing, it was often found 
that  at the  end  of  a discharge,  layers closer to the grid 
were  sulfated, bu t  the  outer  layers were  not. 

All the  ev idence  suggests  that  the  p rema tu re  failure of 
Pb-Ca posi t ive plates is caused by preferent ia l  discharge 
of the corrosion p roduc t  su r round ing  the  grid. Therefore,  
des ign features or addi t ives  which  l imit  access of acid to 
the grid or reduce  its activity,  or wh ich  retard d ischarge  
of cor ros ion  product ,  migh t  ex tend  cycle life. This can be 
achieved in m a n y  ways, for example ,  by increas ing the 
paste dens i ty  or the  plate th ickness  (2), or by reduc ing  the 
quant i ty  of acid (as in "s ta rved"  e lect rolyte  batteries) or 
the concent ra t ion  of acid (5). Accord ing  to this model ,  the 
tubular  form would  be preferable  for Pb-Ca posi t ive 
plates, s ince this conf igurat ion e l iminates  the short  cuts 
for acid to reach the  grid surface which  exis t  in a flat 
plate. The  appl ica t ion of pressure  on the  plates has been 
shown to beneficial ly  affect cycle life (25, 26). Pressure  
might  funct ion  by s lowing d o w n  the  d e v e l o p m e n t  of 
macropores  as a resul t  of s t ructural  changes  which  occur  
in the act ive mater ia l  dur ing cycl ing (13). These  macro- 
pores increase  access of acid to the  plate interior; thus, 
p reven t ion  of thei r  format ion  wou ld  be expec ted  to resul t  
in an increase  in cycle life. 

Some  addi t ives  may  achieve  ex tended  cycle l i fe  by re- 
tarding the  d ischarge  of  the corrosion product .  A n t i m o n y  
and phosphor ic  acid have  been  p roven  to ex tend  cycle 
life (2, 4, 16), and both of  t hem have also been shown to 
inhibi t  the  d ischarge  of  PbO~ (2, 16-21). There  is also evi- 
dence  that  an t imony  and phosphor ic  acid p romote  the  
format ion of ~-PbO~ over  that  of  fl-PbO~ (18-24). It  is usu- 
ally agreed that  ~-PbO._, is more  difficult  to discharge 
than fl-PbO=,. This may  be why  the  p resence  of an t imony  
and phosphor ic  acid prevents  a PbSO~ barrier  from 
forming in the  corrosion layer. 

Conclusions 
Reten t ion  of the  deep-discharge  capaci ty  of Pb-Ca 

plates could  not  be improved  apprec iab ly  by modifica-  
t ion of cur ing and forming  condi t ions  wi th in  the  range of 
those  cons idered  to const i tu te  normal  practice.  A low hu- 
mid i ty  e n v i r o n m e n t  in the initial stage of  cur ing should  
be avoided;  otherwise,  substant ial  loss in capaci ty and cy- 
cle life results.  

The  p rema tu re  loss of discharge capaci ty  of Pb-Ca 
plates was caused by preferent ial  d ischarge  of  the  corro- 
sion p roduc t  and the  format ion  of a PbSO4 barr ier  a round 
the grid. It  fo l lowed that  the cycle life of  the  plate might  
be ex tended  by reduc t ion  of access  of  acid to the  corro- 
sion layer on the grid and by addi t ives  which  retard dis- 
charge of the  corros ion p roduc t  a round  the  grid. 
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Characterization of the Li/MnO2Multistep Discharge 
John C. Nardi 

Union Carbide Corporation, Battery Products Division, Westlake, Ohio 44145 

A B S T R A C T  

The e l ec t rochemica l  discharge,  differential  capacity,  open-c i rcui t  vo l t age- tempera tu re  dependence ,  and open-circui t  
re laxa t ion  t e chn iques  were  c o m b i n e d  to inves t igate  the  ca thodic  reduc t ion  m e c h a n i s m  of the Li]MnO~ nonaqueous  cou- 
ple. These  t echn iques  indica te  three di f ferent  s tages of  MnO2 reduc t ion  by inser t ion of l i th ium ions into the latt ice of the  
cathode.  The  init ial  stage of  the  reduc t ion  of  the  MnO2 occurs  wi th in  app rox ima te ly  the  first 10% of discharge.  It in- 
vo lves  the  inser t ion  of  l i th ium ions into the lattice of  the  MnO., forming  Li.x.MnO~ (0 <- x -< 0.1). It is typical  of  a homoge-  
neous  reaction.  The  next  step in the d i scharge  involves  a he te rogeneous  or two-phase  reaction.  It is d i s t ingu ished  by the 
flat por t ion  of  the  Li/MnO~ d i scharge  curve  (0.1 < x < 0.4). The  final d ischarge  reg ime  is again a h o m o g e n e o u s  reaction. 
This reaction involves insertion of lithium ions into the new structural form of Li,.MnO~ (x > 0.4) and accounts for the 
final s loping sect ion of  the  d i scharge  curve.  

Cons iderable  work  has been focused  on the develop-  
men t  of  n o n a q u e o u s  l i th ium batteries.  A promis ing  class 
of  nonaqueous  ca thode  materials  appears  to be the  transi- 
t ion meta l  oxides,  wi th  one of the  mas t  s tudied being 
MnO~ (1-4). Still, l i t t le is k n o w n  about  the  mechan is t i c  as- 
pects  of  l i th ium ion incorpora t ion  into the MnO~ struc- 
ture. This s tudy  reports  results  of  inves t iga t ions  into the  
ca thodic  r educ t ion  process  of MnO~. E lec t rochemica l  dis- 
charge,  different ial  capacity, and open-c i rcui t  re laxat ion  
t echn iques  at se lec ted  t empera tu res  were  used. 

Experimental 
Two types  of  e lec t rochemica l  cell conf igurat ions  were  

used  in this series of  exper iments .  A f looded exper imen-  
tal cell cons is ted  of an electr ically insulated,  sealed, stain- 
less steel  conta iner  that  p rov ided  good internal  e lec t rode  
contac t  by means  of  a stainless steel  spring. Such  cells 
were  ca thode  l imi ted  in capacity.  The  o ther  cell  configu- 
rat ion was of  the  anode- l imi ted  CR 2016 "co in"  type. 

The  f looded e l ec t rochemica l  cells were  assembled  in a 
dry box by placing in the  cell  ho lder  a MnO~ ca thode  pel- 
let, a h igh ly  porous  separator  material ,  l i th ium disk, a 
stainless steel contac t  plate and spring. The cells were  
then  filled wi th  e lec t ro ly te  and closed. The  electrolyte  
was 1M LiCF::SO:~ d i sso lved  in a 50/50 v o l u m e  pe rcen t  
p ropytene  ca rbona te  (PC)-d imethoxye thane  (DME) solu- 
tion. The PC and DME organic  solvents  were  obta ined  
f rom the Burd ick  and Jackson  Laborator ies ,  Incorpora-  
ted, and the  Grant  Chemical  Corporat ion,  respect ively.  
The salt was pu rchased  from the 3M Corporat ion.  Scru- 
pulous  drying of the  solvents  and solute  resul ted  in an 
e lect rolyte  wi th  a water  content  be low 25 ppm.  The or- 
ganic solvents  were  s tored over  4s molecu la r  sieves in or- 
der  to r e m o v e  any traces of  res idual  water  while  electro- 
lyte solutes were  dr ied under  vacuum.  Water analyses 
were  accompl i shed  using a Pho tovo l t  Aqua tes t  IV. The 

ca thode  cons is ted  of  a pressed  p o w d e r  pel let  conta in ing  
nonhea t - t rea ted  (NHT) or heat - t reated (HT) electrolyt ic  
manganese  d iox ide  (EMD), a carbon conduc t ive  addit ive,  
and a Tef lon | b inde r  (5). Hea t - t rea tment  consis ted  of  
hea t ing  the  EMD at 350~ for 8h. Before  heat- t reatment ,  
the  adsorbed or 120~ water  is typical ly  3-4% of the  MnO2. 
After  hea t - t rea tment ,  this was r educed  to app rox ima te ly  
0.2%. The x-ray diffract ion pa t te rns  of these  MnO.,'s are 
comparab le  to x-ray data a l ready repor ted  in the  litera- 
ture  (1). All ca thode  pellets  were  dr ied  at 150~ unde r  vac- 
u u m  for 16h pr ior  to incorpora t ion  in the  comple te  cell. 

The CR-2016's are s imilar  to commerc ia l ly  avai lable  
cells and represen t  state-of-the-art  des ign and manufac-  
ture. These  cells also conta ined  the  1M LiCF:~SO:~-PC/ 
DME elect rolyte  (6). 

Discharge  and open-ci rcui t  potent ia ls  were  cont inu-  
ously m o n i t o r e d  us ing an au tomat ic  data  acquis i t ion  sys- 
t em consis t ing of  an Es ter l ine-Angus  PD-2064 data logger  
and Hewle t t -Packard  HP-9835A desk top  computer .  This 
sys tem was also used  to store, tabulate,  correlate,  and 
graph the  e lec t rochemica l  data from all cells tested. A 
The rmo t ron  S1.2 env i ronmenta l  chambe r  capable  of  
main ta in ing  a prese t  t empera tu re  wi th in  +- 0.5~ was used  
w h e n  eva lua t ing  cells at t empera tu res  other  than 
ambient .  

Resu|ts and Discussion 
Differential capacity analysis.--Figure ] shows dis- 

charge curves  at 35~ for the  f looded expe r imen ta l  cells 
conta in ing  the N H T  and H T  MnOz. The cells were  dis- 
charged  to a 2.0V cutoff  across a cons tant  resis t ive load of 
30,0001-1. This represents  a current  dens i ty  of  approxi-  
mate ly  0.05 m A / c m  ~ at 3.0V. The N H T  MnO~ has a h igher  
initial d ischarge  pla teau than does the  heat- t reated MnO2. 
However ,  the  overal l  correc ted  ca thode  efficiencies for 
freshly d i scharged  N H T  and H T  MnO_~ are qui te  close. To 
bet ter  assess the  shape of the  Li/MnO~ discharge  profile, 
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Fig. 1. Discharge curves at 35~ for Li/MnO~ experimental cell under 
30 k~Q background load. Cathodes utilize HT MnO�9 (solid line) or NHT 
MnO=, (broken line). 

a differential  capaci ty  analysis (DCC) was pe r fo rmed  on 
these data (7-9). The  sensi t ivi ty of  the  DCC me thod  pre- 
vents  its use on cells not  d ischarged in strictly control led 
t empera tu re  envi ronments .  The DCC analysis uses the 
slope of the  d ischarge  curve  to in terpre t  the data. I t  in- 
volves  calculat ing the change in charge  d iv ided by a 
change in vol tage  over  a specif ied t ime  interval  and 
plot t ing such against  the average potent ia l  for this t ime  
increment .  If, dur ing  the  discharge,  a ve ry  stable potential  
p la teau exists,  the  DCC curve  will indicate  it by a sharp 
peak  at the p la teau 's  voltage.  The sharpness  of the peak  
also gives an indicat ion of the  relative flatness of  the  dis- 
charge plateau it represents .  Any  slope or vol tage step in 
the discharge curve  will  be seen as a sharp decrease  in the 
DCC curve. The  DCC analysis of the two curves  of Fig. 1 
are shown in Fig. 2. The N H T  MnO~ has a very  sharp peak  
at 3.2V, whi le  the  same relat ively sharp peak occurs at 
3.0V for the H T  MnO~. An initial, very  s loping discharge 
region is deno ted  by the fiat DCC region prior  to the  
main peak. After  the sharp peak, the  N H T  curve  displays 
a sharp decrease  fo l lowed by a second,  more  washed-out  
peak. This peak  is cen te red  at about  2.9V. Note  that  the 
HT  mater ial  has the same washed-out  peak  at 2.9V. I t  sug- 
gests that  the  lat ter  halves  of the  two discharge  curves  are 
a lmost  ident ical  and in all l ikel ihood represen t  the same 
reaction. Hea t - t rea tment  has not  affected this part  of the  
MnO=,'s d ischarge  curve. The  main  effect  of  the  heat- 
t r ea tment  has been  to shift  the h igh  vol tage p la teau  to a 
lower  average potential .  This t e chn ique  clearly shows the 
di f ferences  and similari t ies in the  d ischarge  of  the  two 
types of  MnO.,'s. The  flatness of  the  Li/MnO~ discharge  
be tween  app rox ima te ly  10 and 40% dep th  of discharge 
(DOD) indicates  a react ion that  is not  ent i rely homogene-  
ous in nature,  contrary  to p rev ious ly  pub l i shed  descrip- 
t ions (3, 4). 

Figures  3 and 4 show the d ischarge  and DCC analysis 
curves of NHT MnO2 under 15, 7.5, and 4 k~ loads at 35~ 
The discharge of HT MnO~ under 15, 7.5, and 4 k~ loads 
at 35~ with their corresponding DCC curves are shown 

. . . . . . . . .  

Avg. Potential (V)  

Fig. 2. Differential capacity curves for Li/MnO.: experimental cells at 
35~ under 30 k/~ background load. Cathodes utilize HT MnO.~ (curve 
A) or NHT MnO2 (curve B). 

q 

3 . . . . . . . . .  
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Fig. 3. Discharge curves for Li/MnO~ (NHT) experimental cells at 
35~ under 15 kl'} (solid line), 7.5 k fl  (broken line), or 4.0 k~  (dotted 
line) background loads. 
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Fig. 4. Differential capacity curves for/i/MnO~ (NHT) experimental 
cells at 25~ under 15 k~ (A), 7.5 k~ (B), or 4.0 k~ (C) background 
loads. 

in Fig. 5 and 6, respect ively.  The DCC analyses (Fig. 4 and 
6) show that, as the current  densi ty  is increased,  the sharp 
peak represen t ing  the flat d ischarge pla teau for HT  MnO~ 
moves  to lower  and lower  potentials ,  but  the second, 
more  washed-ou t  peak  remains  stationary.  The  reaction 
respons ib le  for the  vol tage plateau is easily polarized as 
the current  dens i ty  is increased,  but  still remains  very  
flat, as ev idenced  by the sharpness  of the  peaks. The sec- 
ond reaction, whi le  more  sloping, can tolerate the in- 
creased current  dens i ty  with little or no increased po- 
larization. The same general  t rend  is seen in the DCC 
analysis of the  N H T  MnO2 and is consis tent  with potent ial  
pulse  expe r imen t s  and open-circui t  vol tage recovery  
rates. 

Another  impor t an t  character is t ic  of the  Li/MnO_, dis- 
charge is the  length  of the  vol tage plateau. It appears  that  
the hea t - t rea tment  process  controls  both  the discharge 
potent ial  and leng th  of the  voltage plateau. Table  I shows 
the percent  capaci ty  del ivered  to the  second inflect ion 
point  in the d ischarge  curve  as calculated from the DCC 
curves. The percen t  capaci ty  de l ivered  by the N H T  MnO._, 
remains  relat ively cons tant  at 25% unti l  h igh current  den- 

�9 , �9 , , I , s , I , , . , . , �9 , . . 

Percent MnO 2 Efficiency 

Fig. 5. Discharge curves for Li/MnO.z (HT) experimental cells at 35~ 
under 15 kft (solid line), 7.5 kft (broken line), or 4.0 kft (dotted line) 
background loads. 
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Fig. 6. Differential capacity curves for Li/Mn02 (HT) experimental 
cells at 25~ under 15 kf~ (A), 7.5 kf~ (B), or 4.0 (C) background loads. 
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Fig. 7. Long-term, room temperature open-circuit recovery curves for 
selectively discharged CR2016's" 0.8% (*), 10.1% (+)  25.5% (o), 
43.0% (x), and 65.7% (-). 

si t ies are i m p o s e d  on  t he  cell. Fo r  H T  MnO2, t he  in- 
f lec t ion p o i n t  a t  e n d  of  flat po r t i on  of d i s cha rge  cu rve  is 
e x t e n d e d  to 40% DOD desp i t e  the  l ower  d i s cha rge  vol- 
tage. 

Open-circuit voltage.--An i m p o r t a n t  a spec t  in  at- 
t e m p t i n g  to e s t a b l i s h  a d i scha rge  m e c h a n i s m  is t he  equi-  
l i b r i u m  open -c i r cu i t  vo l tage  c o r r e s p o n d i n g  to va r ious  
d e p t h s  of d i s cha rge  a long  t he  d i s c h a r g e  curve.  I n  the  
LifMnO~ sys t em,  t h e s e  va lues  c a n n o t  be  eas i ly  o b t a i n e d  b y  
s i m p l y  r e m o v i n g  t he  load a n d  m e a s u r i n g  t he  open-c i rcu i t  
po ten t ia l s ,  s ince  a s t eady  s ta te  is a t t a i n e d  on ly  af te r  an  ap- 
p r ec i ab l e  l e n g t h  of  t ime.  D e p e n d i n g  u p o n  t he  d e p t h  of  
d i s cha rge  a n d  cell  t e m p e r a t u r e ,  w e e k s  or even  m o n t h s  
are r e q u i r e d  to a ch i eve  th i s  s t eady  state.  Th i s  w o r k  repre-  
sen t s  t he  first t h o r o u g h l y  e q u i l i b r a t e d  open-c i r cu i t  re- 
covery  c u r v e s  for  Li/MnO2 cells a t  va r i ous  d e p t h s  of dis- 
charge.  S imi l a r  w o r k  (10, 11) has  b e e n  done ,  b u t  it u s e d  
cells t h a t  still  h a d  r i s ing  OCV's  (10 mV/24h),  a n d  t he  EMD 
was  hea t - t r e a t ed  for 24h at 350~ Th i s  w o u l d  p r o d u c e  an  
MnO2 wi th  d e c i d e d l y  m o r e  be ta  charac te r .  S u c h  differ- 
ences  cou ld  h a v e  a n  ef fec t  o n  t h e  d i s c h a r g e  and  subse-  
q u e n t  open -c i r cu i t  r e cove ry  profiles.  A t  se lec ted  d e p t h s  
of d ischarge ,  CR-2016's d i s c h a r g e d  at  60~ were  t a k e n  off 
load a n d  a l lowed  to r e a c h  a s t eady- s t a t e  potent ia l .  Each  
open-circuit recovery curve represents an individual cell. 
Reproducibility between cells discharged to nominally 
the same DOD was -+ 5 inV. Figure 7 shows the first 
2000h of open-circuit recovery at room temperature for 
selected cells. Within the first 200h of open-circuit recov- 
ery, all the curves are similar in that they display two dif- 
ferent time constants. However, the OCV recovery curves 
do have different shapes, indicating a different recovery 
mechanism or structure present during this equilibration 
period. Even after a period of 2000h, the potentials of the 
equilibrating CR-2016's are still increasing except for cells 
discharged past 60% DOD. This is graphically shown in 
Fig. 8. The open-circuit voltages are plotted at various 
times in their recovery phase. The most rapid increase in 

Table I. Li/Mn02 inflection point position as a function of discharge rate 

Li]MnO8 (Nonheat-treated) 35~ 
Rate (mA/cm'-') MnO,, efficiency (%) 

0.05 25 
0.10 25 
0.20 24 
0.375 22 
0.75 18 

Li/MnO2 (Heat-treated) 35~ 
Rate (mA/cm 2) MnO2 efficiency (%) 

0.05 40 
0.10 40 
0.20 40 
0.375 39 
0.75 18 
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Fig. 8. Comparison of room temperature OCV recovery curves as a 
function of time on open circuit: 3 weeks (*), 3 months (o), 4 months (x), 
5 months (.), 7 n~onths (v), and 8 months (z). 

the open-circuit voltages was seen after three months. 
However, it must be noted that the OCV remained essen- 
tially constant after three weeks off load for cells dis- 
charged past 70% DOD. Initially, the open-circuit recov- 
ery curve was S shaped. However, after approximately 
eight months, the recovery curve appeared to stabilize. 
Three distinct regions of recovery became apparent. The 
first region occurs between 0 and 10% DOD. This sloping 
recovery profile is indicative of a homogeneous reaction 
and is most likely the insertion of lithium into the hexag- 
onal close-packed oxygen lattice of the MnO~ (Eq. [I]) 

xLi + MnO2 --~ LixMnO2 (0 -< x -< 0.I) [i] 

It may also partially reflect contributions of carbon, 
Teflon, and impurities to the open-circuit voltage. How- 
ever, a lithium cell with a cathode made solely from the 
carbon and Teflon used in the MnO2 cathodes delivered 
only a negligible capacity at a low current density. The 
second portion of the MnO.., discharge occurs between 10 
and 40% DOD. This is characterized by the fiat open- 
circuit recovery profile and is representative of a hetero- 
geneous reaction (Eq. [2]) 

0.3Li + Li0.,MnO2 --~ Li0.4MnO~ [2] 

This indicates the possible occurrence of a two-phase re- 
action occurring. This can be explained if the MnO2 is un- 
dergoing a slow solid-state transformation as shown by 
the slow open-circuit recovery. The final discharge re- 
gion occurs at depths of discharge greater than 40% and 
might involve the homogeneous insertion of lithium ions 
into a new structure (Eq. [3]) 

yLi  + Li0.4MnO~ --* Li ,  + 0~4MnO2 (y < 0.6) [3] 

This  n e w  s t r u c t u r e  a n d  n e w  gra in  b o u n d a r i e s  f o r m e d  
d u r i n g  t h e  so l id-s ta te  t r a n s f o r m a t i o n ,  r e ac t i on  [2], n o w  al- 
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Table II. CR2016 open-circuit voltages as a function of temperqture 

Open-circuit voltage a 
MnO2 

efficiency (%)h 6OoC 50~ 4O~ 30~ 20~ 10~ 0~ - 10~ AV 

0.1 3.350 3.353 3.356 3.359 3.362 3.366 3.369 3.371 0.021 
1.8 3.300 3.302 3.305 3.307 3.309 3.311 3.313 3.315 0.015 
5.1 3.264 3.268 3.269 3.271 3.274 3.278 3.281 3.286 0.024 
7.4 3.249 3.251 3.253 3.254 3.257 3.261 3.265 3.270 0.021 

23.4 3.226 3.229 3.229 3.228 3.228 3.228 3.229 3.230 0.004 
33.7 3.196 3.199 3.198 3.196 3.195 3.195 3.195 3.195 0.003 
44.3 3.077 3.078 3.079 3.078 3.078 3.078 3.078 3.079 0.002 
51.9 3.006 3.007 3.007 3.006 3.006 3.007 3.007 3.007 0.001 
62.1 2.966 2.967 2.967 2.967 2.966 2.966 2.967 2.967 0.001 
73,8 2. 930 2.931 2. 932 2.931 2.931 2.931 2.931 2. 932 0.002 

a 24h at temperature prior to reading. 
b Cells on open circuit minimum two months. 

lows for  t he  m o r e  r ap id  m o v e m e n t  of  l i t h i u m  ions  and  
t h u s  a fas ter  open -c i r cu i t  r ecove ry  is rea l ized  for cells dis- 
cha rged  pas t  a p p r o x i m a t e l y  60% DOD. I t  was  f o u n d  t h a t  
t he  par t ia l ly  d i s c h a r g e d  MnO.Is  we re  air  a n d  wa te r  sensi-  
tive. This  led  to poo r  a n d  s o m e w h a t  c o n f u s i n g  x-ray dif- 
f rac t ion  pa t t e rns .  

A ser ies  o f  CR-2016's we re  also d i s c h a r g e d  a t  60~ A t  
va r ious  p o i n t s  in  the  d i scharge ,  the  cells  were  t a k e n  off 
load a n d  t h e i r  r ecove ry  c losely  m o n i t o r e d  a n d  recorded .  
F igu re  9 c o m p a r e s  t he  OCV recove ry  cu rves  for  equa l ly  
d i s c h a r g e d  cells at  25 o and  60~ T he  two sets  of r ecove ry  
cu rves  d i sp lay  t he  s ame  genera l  shape ,  b u t  the  60~ 
cu rves  h a v e  s h o r t e r  t i m e  c o n s t a n t s .  C o m p a r i s o n s  of  t he  
r ecove ry  vo l t ages  at  t h r ee  w e e k s  for  b o t h  t e m p e r a t u r e  re- 
g imes  a n d  s e v e n  m o n t h s  at  25~ are  m a d e  in Fig. 10. Cells 
d i s c h a r g e d  pas t  a p p r o x i m a t e l y  50% DOD h a v e  ve ry  simi- 
lar  open-c i r cu i t  vol tages ,  wh i l e  cells d i s c h a r g e d  to less  
t h a n  50% DOD h a v e  ve ry  d i f fe ren t  r ecove ry  potent ia ls .  
The  la t te r  p a r t  of  t he  Li/MnO2 d i s cha rge  appea r s  to be  
t e m p e r a t u r e  i n sens i t i ve  d u r i n g  open -c i r cu i t  recovery,  
wh i l e  r ecove ry  in  t he  ear ly pa r t  of t he  d i scha rge  is qu i te  
t e m p e r a t u r e  d e p e n d e n t .  T he  d i f fe rences  in  r ecove ry  volt-  
ages  at  t he  two  d i f fe ren t  t e m p e r a t u r e s  m o s t  l ike ly  reflect  
k ine t i c  r a t h e r  t h a n  t e m p e r a t u r e  effects  s ince  the  r ecove ry  
vo l tages  at  a s e l ec t ed  d e p t h  of  d i s cha rge  (Table  II) do no t  
s igni f icant ly  differ  as a f u n c t i o n  of t e m p e r a t u r e .  A simi- 
lar  p h e n o m e n o n  was  s een  in the  DCC analysis .  T he  peak  
c e n t e r e d  at  2.9V d id  no t  c h a n g e  af ter  h e a t - t r e a t m e n t  of  
t he  MnO.~. Th i s  aga in  sugges t s  two or more  d i f fe ren t  re- 
covery  p r o c e s s e s  or  s t r u c t u r e s  p r e sen t .  F igu re  10 s h o w s  
t h a t  t h r ee  w e e k s '  r e cove ry  at  60~ is c o m p a r a b l e  to s even  
m o n t h s '  r e c o v e r y  at  25~ I t  ha s  r evea l ed  t h a t  r e cove ry  at  
60~ can  p r o v i d e  a r ap id  way  to equ i l i b r a t e  Li/MnO~ cells 
for  f u r t h e r  s tudy.  

A n o t h e r  m e t h o d  to d e t e r m i n e  if  t h e r e  has  b e e n  a 
c h a n g e  in t he  r e a c t i o n  m e c h a n i s m  d u r i n g  t h e  d i s cha rge  
of t he  Li/MnO.2 coup le  is to m o n i t o r  the  c h a n g e  in the  sys- 
t e m ' s  e n t r o p y  as a f u n c t i o n  of d e p t h  of d ischarge .  CR- 
2016's t h a t  h a d  b e e n  p rev ious ly  d i s c h a r g e d  to va r y ing  de- 
grees  a n d  b e e n  on  open  c i rcui t  a t  60~ for  a m i n i m u m  of 
two m o n t h s  we re  cyc led  in  t e m p e r a t u r e  f rom 60 ~ to -10~ 
a n d  back.  The  n e w  open-c i r cu i t  vo l tage  was  r e c o r d e d  for  
eve ry  10~ c h a n g e  in  t e m p e r a t u r e  (Tab le  II). F r o m  the  
s lope of  t h e  c u r v e s  g e n e r a t e d  f rom t h e s e  da ta  a n d  t h e  
open -c i r cu i t  vo l tages ,  a ser ies  of t h e r m o d y n a m i c  va lues  
were  ca lcu la ted  (Table  III)  a n d  p l o t t ed  as a f u n c t i o n  of 
d e p t h  of d i s c h a r g e  (Fig. 11). The  ca lcu la ted  en t rop i e s  
c o m p a r e  f avo rab ly  w i th  s imi la r  da t a  r a n g i n g  f rom -28.9  
to -13.3  J /mo l -K  g e n e r a t e d  for a n o t h e r  i n se r t ion - type  
c o m p o u n d ,  LixV60~3 (11). T he  a b r u p t  c h a n g e  in t he  calcu- 
la ted  e n t r o p i e s  f rom an  ave rage  -26 .9  to -1 .6  J /mol -K 
af te r  7.4% DOD sugges t s  t h a t  a p roces s  c h a n g e  ha s  
o c c u r r e d  in  t he  sys t em,  w h i c h  w o u l d  n o t  be  e x p e c t e d  for  
a s ing le - inse r t ion - type  m e c h a n i s m .  

C o n s i d e r a t i o n  has  also b e e n  g iven  (4) to t he  poss ib i l i ty  
t h a t  EMD w o u l d  be  su i t ab l e  for use  in  n o n a q u e o u s  sec- 
o n d a r y  ba t t e r i e s  owing  to i ts i n s e r t i on - t ype  m e c h a n i s m .  
However ,  t h e  so l id-s ta te  t r a n s f o r m a t i o n  a p p a r e n t  in  th i s  
work  m a y  p r e c l u d e  E M D ' s  use  in  s u c h  a cell sys tem.  

Table I I I .  CR-2016 thermodynamic data 

MnO. 
efficiency AG AS AH 

(%) (kcal) (e.u.) (kcai) 

0.1 -77.4 -7.1 -79.5 
1.8 -76.2 -5.0 -77.7 
5.1 -75.4 -6.8 -77.4 
7.4 -75.0 -6.7 -77.0 

23.4 -74.3 -0.7 -74.5 
33.7 -73.6 -1.0 -73.9 
44.3 -70.9 -0.3 -71.0 
51.9 -69.2 -0.2 -69.3 
62.1 -68.3 -0 . I  -68.3 
73.8 -67.5 -0.3 -67.6 

O the r  i nves t iga to r s  (13, 14) r epo r t  t h a t  d i s c h a r g e d  
Li/MnO~ e x h i b i t s  p o o r  cycl ing  for D O D ' s  as low as 25%. 

Conclusions 
F r o m  the  r e su l t s  of l o n g - t e r m  open-c i r cu i t  r e cove ry  

data,  d i f fe ren t ia l  capac i ty  analysis ,  a n d  e l ec t rochemica l  
d ischarge ,  t h e  ca thod ic  r e d u c t i o n  p roce s s  in  Li/MnO2 
n o n a q u e o u s  cells  is d e p e n d e n t  on  t he  s t r u c t u r e  a n d  com- 
pos i t i on  of  t h e  MnO2. T h e s e  two fac to rs  e s t a b l i s h  t h r e e  
d i s t i nc t  s tages  in  the  d i s cha rge  profile.  The  overal l  pro- 
cess a p p a r e n t l y  i nvo lves  a c h a n g e  in t h e  MnO2's s t r u c t u r e  
d u r i n g  d i scharge .  The  ini t ial  s tage of t he  MnO2's reduc-  
t ion  occurs  w i t h i n  a p p r o x i m a t e l y  t he  first 10% of  dis- 
charge.  I n s e r t i o n  of  l i t h i u m  ions  in to  t he  la t t ice  of  MnO2 
f o r m i n g  LixMnO., (0 -< x -< 0.1) is p r o p o s e d  for  th i s  stage.  
I t  is a h o m o g e n e o u s  reac t ion ,  as e v i d e n c e d  b y  t he  s lop ing  
n a t u r e  of  t h e  d i s cha rge  a n d  r ecove ry  curves .  The  n e x t  
s tage in the  d i s c h a r g e  is c o n s i s t e n t  w i t h  a h e t e r o g e n e o u s  
or t w o - p h a s e  reac t ion .  This  occurs  b e t w e e n  approx i -  
m a t e l y  10 a n d  40% d e p t h  of d i scharge .  I t  is d i s t i n g u i s h e d  
by  t he  flat p o r t i o n  of t he  open -c i r cu i t  a n d  d i scha rge  
curves .  Th i s  m a y  invo lve  a slow, so l id-s ta te  t r ans fo rma-  
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Fig. 9. Comparison of open-circuit recovery curves for selectively dis- 
charged CR2016's: 0.1% at 25~ (*) and 60~ (o), 25.2% at 25~ (x), 
60~ (+),  58.7% at 25~ (v)and 62.1% at 60~ (.). 
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tion or structural change in the MnO2 from its initial hex- 
agonal close-packed configuration to a cubic close- 
packed structure characteristic of the LiMnO2 reaction 
product. This slow structural change would be responsi- 
ble for the slow open-circuit recovery curves typical of 

Li/MnO2 cells discharged in this region. The final discharge 
regime is again characteristic of a homogeneous reaction 
and may involve insertion of l i thium ions into the new 
structural form of LixMnO2 (x > 0.4). 
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ABSTRACT 

Changes in passive films on 18Cr-8Ni stainless steel with the initiation and growth of pit have been measured in 1 
kmol �9 m -3 NaC1 using a microscopic ellipsometer which provides a maximum magnification of ca. 600 times. The spa- 
tial distribution of film thickness within each grain was observed on the steel before pit initiation. The first pit initiated 
at a site where there was a small difference of 0.2-0.5 nm in the film thickness. With the growth of the first pit, film 
thinning first occurred around the pit, and then film thickening started beneath the pit. The second pit broke out on 
the boundary between the film thinned area and the original film thickness preserved area. 

Ellipsometry is one of the promising methods for exam- 
ining in situ the change in films on passivated metals 
and alloys with the introduction of C1- ions, which leads 
to the initiation of pitting. For example, using this 
method, McBee and Kruger (1, 2) have demonstrated that 
significant changes occur in the optical properties of the 
passive film on iron upon introduction of chloride. 

* Electrochemical Society Active Member. 

Matsuda et al. (3) also have reported the changes in the 
thickness and optical constant of the passive film on 
commercial  18Cr-8Ni stainless steel as a function of po- 
tential in NaC1 solution and of the lapse of time after the 
introduction of C1- ions into Na2SO4 solution. It is impos- 
sible, however, to observe a microscopically localized 
change in the film by conventional ellipsometry which 
measures an area of more than tens of square millimeters 
on a specimen. 
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In  o rde r  to o v e r c o m e  th is  l im i t a t i on  of e l l ipsomet ry ,  
S u g i m o t o  a n d  M a t s u d a  (4) h a v e  d e v e l o p e d  a mic roscop ic  
e l l i p some te r  w h i c h  p rov ides  t he  d e t e r m i n a t i o n  of t he  
t h i c k n e s s  a n d  opt ica l  c o n s t a n t  of  a t h i n  film on an  area of 
ca. 10 ~ m  d iam.  Th i s  e l l i p some te r  was  first app l i ed  to t he  
m e a s u r e m e n t  of  pass ive  films on  a a n d  ~ g ra ins  of 
22Cr-10Ni aus teno- fe r r i t i c  s ta in less  steel. The  resu l t s  
s h o w e d  t h a t  s ign i f ican t  d i f fe rences  in  fi lm t h i c k n e s s  ex- 
is t  b e t w e e n  a a n d  ~ g ra ins  a n d  t h e  fi lm t h i c k n e s s  var ies  
even  a m o n g  gra ins  of  the  s ame  p h a s e  (4). 

The  p u r p o s e  of  t h e  p r e s e n t  i n v e s t i g a t i o n  is to e x a m i n e  
t he  d i s t r i b u t i o n  of t h i c k n e s s  of  t h e  pas s ive  film on a mi-  
c ro s t ruc tu r e  of  s o l u t i o n 4 r e a t e d  18Cr-8Ni s ta in less  steel, 
to revea l  t he  c h a n g e  in th i s  d i s t r i b u t i o n  w i t h  t he  in i t i a t ion  
a n d  g r o w t h  of  a pit ,  a n d  to obs e r ve  t he  effect  of  t h i s  
c h a n g e  on  the  i n d u c e m e n t  of  a succes s ive  pit. To accom- 
p l i sh  t he se  ob jec t ives ,  t he  spa t ia l  d i s t r i b u t i o n s  of film 
t h i c k n e s s  on  t he  s teel  h a v e  b e e n  m e a s u r e d  by  t he  micro-  
scop ic  e l l i p some te r  be fo re  a n d  af te r  p i t  i n i t i a t ion  in NaC1 
solut ion.  

Experimental  
Microscopic  e l l i p s o m e t r y . - - T h e  s a m e  mic roscop ic  

e l l i p some te r  as t h a t  r epo r t ed  in  our  p r e v i o u s  p a p e r  (4) 
was  u s e d  in t he  p r e s e n t  s tudy.  T he  cha rac te r i s t i c  of th i s  
e l l i p somete r  is t h a t  i t  is e q u i p p e d  w i th  two g r o u p s  of  
l enses  b e h i n d  t he  ana lyzer  for  m a g n i f y i n g  t he  polar ized  
ref lec t ion  i m a g e  of  spec imen ,  in  a d d i t i o n  to a c o m m o n  
polar izer-compensator-sample-analyzer  configuration. This 
c o m b i n a t i o n  of  l e n s e s  can  p r o v i d e  a m a x i m u m  m a g n i -  
f i ca t ion  of ca. 600 t i m e s  a n d  m a k e s  i t  p o s s i b l e  to mea-  
su re  a r e g i o n  o f  ca. 10 ~ m  d i a m  on  t h e  s p e c i m e n  sur face .  

M o n o c h r o m a t i c  l i g h t  of  w a v e l e n g t h  546.1 n m  was  u s e d  
for  all m e a s u r e m e n t s .  T he  a n g l e  of  i n c i d e n c e  of  the  
m o n o c h r o m a t i c  l i g h t  was  59.65 ~ e x c e p t  for  m e a s u r e -  
m e n t s  u s i n g  t h e  t e c h n i q u e  of  mu l t i p l e - ang le -o f -  
i n c i d e n c e  e l l i p s o m e t r y .  T h e  c o m p e n s a t o r  was  f ixed  at  
an  a n g l e  of  - 4 5  ~ . Two op t i ca l  p a r a m e t e r s ,  t he  r e l a t i ve  
p h a s e  r e t a r d a t i o n  h a n d  t h e  r e l a t i ve  a m p l i t u d e  r e d u c t i o n  
�9 , we re  o b t a i n e d  f r o m  t he  e x t i n c t i o n  ang le s  of t h e  polar-  
izer  P a n d  t h e  a n a l y z e r  A for  a d e s i r e d  p o s i t i o n  in  t h e  mi-  
c r o s t r u c t u r e  of  s p e c i m e n .  A n  area  of  ca. 25 • 50 tLm was  
s u b j e c t e d  to a s ing le  d e t e r m i n a t i o n  of  A a n d  T in  t he  
p r e s e n t  e x p e r i m e n t .  T h e  d e t e r m i n a t i o n  of  A a n d  �9 was  
p e r f o r m e d  e v e r y  50 tLm in  a h o r i z o n t a l  d i r e c t i o n  a n d  also 
e v e r y  25 ~ m  in  a ve r t i ca l  d i r e c t i o n  u s i n g  a p o i n t - b y - p o i n t  
s c a n n i n g  t e c h n i q u e .  

Cel l . - -A  P y r e x  glass  cell wi th  two opt ica l  w i n d o w s  was  
used.  I t  was  also e q u i p p e d  for e l e c t r ochem i ca l  measu re -  
men t s .  

S p e c i m e n . - - A  co ld - ro l l ed  s h e e t  2 m m  t h i c k  of  h i g h  pu-  
r i ty  18Cr-8Ni s t a i n l e s s  s tee l  w i t h  c h e m i c a l  c o m p o s i t i o n  
g iven  in Tab le  I was  used.  C o u p o n s  12 • 28 m m  were  cu t  
f rom the  sheet ,  h e a t e d  at  1050~ u n d e r  v a c u u m  for lh ,  
and  t h e n  w a t e r  q u e n c h e d .  T he  sur faces  of  all t h e  speci-  
m e n s  were  g r o u n d  w i th  e m e r y  p a p e r  up  to no. 1500, fin- 
i shed  wi th  d i a m o n d  pas te ,  a n d  d e g r e a s e d  in  u l t r a son ic  
b a t h s  of a c e t o n e  and  e thy l  alcohol .  T he  d e g r e a s e d  speci-  
m e n  was  e l e c t r o c h e m i c a l l y  e t c h e d  in 10 w e i g h t  pe r cen t  
(w/o) oxal ic  ac id  to revea l  c rys ta l lograph ic  micros t ruc-  
ture.  The  area  for the  m e a s u r e m e n t  of  t he  spa t ia l  d i s t r ibu-  
t ion  of film t h i c k n e s s ,  ca. 500 • 700 tLm, were  m a r k e d  b y  
a Micro-Vickers  h a r d n e s s  tester .  Then ,  t he  e t ch  s t r u c t u r e  
on  the  sur face  was  e r a sed  by  po l i sh ing  s l ight ly  wi th  dia- 
m o n d  paste .  Af te r  d e g r e a s i n g  aga in  in u l t r a son ic  ba ths ,  
t he  s p e c i m e n  was  cove red  by  a clear  v iny l  ch lor ide  coat- 
ing  e x c e p t  for the  m a r k e d  area. 

S o l u t i o n s . - - I n  m o s t  e l e c t r o c h e m i c a l  e x p e r i m e n t s ,  1 
k m o l  �9 m -3 NaC1 a d j u s t e d  to p H  6.0 was  used .  
D e a e r a t i o n  was  a c h i e v e d  b y  b u b b l i n g  pur i f i ed  N2 
t h r o u g h  t h e  s o l u t i o n  for  4h. All  e x p e r i m e n t s  w e r e  

Table I. Composition of 18Cr-8Ni stainless steel (w/o) 

Cr Ni Mn C Si Mo Cu S Fe 

18.8 8.92 0.0017 0.0014 0.026 0.0018 0.0017 0.0083 Balance 

ca r r i ed  ou t  in  a N2 a t m o s p h e r e  at  20 ~ -+ 0.5~ u n d e r  sta- 
t i o n a r y  c o n d i t i o n .  

Elec trochemical  p o l a r i z a t i o n . - - T h e  pas s iva t i on  and  pit- 
t ing  of  t he  s p e c i m e n s  were  a c c o m p l i s h e d  u n d e r  po ten t io -  
s tat ic  control .  E l e c t r o d e  sur faces  of  t he  s p e c i m e n s  we re  
set  vert ical ly.  Af te r  k e e p i n g  a s p e c i m e n  at  a g iven  poten-  
t ial  for a g iven  t ime,  e l l ipsomet r i c  p a r a m e t e r s  of t he  spec-  
i m e n  sur face  we re  m e a s u r e d .  A s a t u r a t e d  ca lomel  elec- 
t rode  was u s e d  as t he  r e fe rence  e lec t rode ,  and  t he  
po ten t i a l s  r e p o r t e d  he re  are re fe r red  to th i s  base.  

Process ing o f  e l l ipsometr ic  d a t a . - - D r u d e ' s  exac t  opt ica l  
e q u a t i o n s  we re  u s e d  in t he  ca lcu la t ion  of theore t i ca l  h vs. 

curves  for  t he  g r o w t h  of pass ive  fi lms w i th  g iven  op- 
t ical  c o n s t a n t s  a n d  also in the  d e t e r m i n a t i o n  of th ick-  
nesses  and  opt ica l  c o n s t a n t s  of  pass ive  films w i th  
m u l t i p l e - a n g l e - o f - i n c i d e n c e  e l l i p s o m e t r y .  I n  t h e s e  calcu-  
l a t ions ,  1.342 for  t h e  r e f r ac t ive  i n d e x  of  1 k m o l  - m -~ 
NaC1 a n d  2.67 - 4.03i for  t h e  c o m p l e x  r e f r a c t i v e  i n d e x  of  
t he  m a t r i x  of  18Cr-8Ni s t a in l e s s  s tee l  (5) w e r e  used .  

Easy  m e t h o d  f o r  the d e t e r m i n a t i o n  o f  f i lm  th ick-  
ness.~--In t h e  case  of  t he  m e a s u r e m e n t  of  a s p e c i m e n  
su r face  be fo re  t h e  i n i t i a t i o n  of p i t t i ng ,  a n  easy  m e t h o d  
was  e m p l o y e d  in o rde r  to r e d u c e  t h e  t i m e  r e q u i r e d  for  
t he  m e a s u r e m e n t .  T h a t  is, t h e  c h a n g e  in  t h e  a n g l e  of  P a t  
an  e x t i n c t i o n  c o n d i t i o n  was  on ly  f o l l o w e d  a t  a f ixed  an-  
gle of A. 

F i g u r e  1 s h o w s  c a l c u l a t e d  P vs.  A, or A vs.  ~,  p lo t s  for  
t he  g r o w t h  of  p a s s i v e  f i lms w i t h  v a r y i n g  op t i ca l  con-  
s t a n t s  of  N2 = n.2 - k2i, w h e r e  2.4 =< n2 =< 2.6 a n d  0.4 <= k~ _-< 
0.6, on  18Cr-8Ni s t a in l e s s  s tee l  in  1 k m o l  �9 m -~ NaC1. T h e  
v a l u e  N2 = 2.5 - 0.5i h a s  b e e n  r e p o r t e d  as t h e  op t i ca l  
c o n s t a n t  for  a p a s s i v e  f i lm o n  18Cr-8Ni s t a in l e s s  s tee l  in  
1 k m o l  . m -3 Na~SO4 (5). As  wil l  b e  m e n t i o n e d  in 
" C h a n g e  in f i lm t h i c k n e s s  w i t h  p i t  g r o w t h "  sec t ion ,  al- 
m o s t  t he  s a m e  v a l u e  h a s  b e e n  o b t a i n e d  for  t he  pa s s ive  
f i lm b e f o r e  p i t  i n i t i a t i o n  in 1 k m o l  �9 m -3 NaC1 in  t h e  
p r e s e n t  s tudy .  I t  c an  b e  s een  f r o m  t h e  f igure  t h a t  t h e  
c h a n g e  in A, or ~ ,  a t  a g i v e n  op t i ca l  c o n s t a n t  N2 w i t h  a 
u n i t  c h a n g e  in f i lm t h i c k n e s s  d is m u c h  s m a l l e r  t h a n  
t h a t  in  P, or  A. The  c h a n g e  in  P, or  A, at  a g iven  f i lm 
t h i c k n e s s  w i t h  c h a n g e s  in n2 a n d  k2 is a lso small .  Th i s  
s u b s t a n t i a t e s  t h e  p r o p r i e t y  of m a k i n g  u s e  of  t h e  easy  
m e t h o d .  

R e l a t i o n s  b e t w e e n  d a n d  P for f i lms w i t h  t h r e e  differ-  
en t  op t ica l  c o n s t a n t s  a r o u n d  N~ = 2.5 - 0.5i are  d e r i v e d  
f rom Fig. 1 a n d  g i v e n  in Fig. 2. L i n e a r  r e l a t i ons  can  b e  
s een  at l eas t  for  t h e  f i lms h a v i n g  t h i c k n e s s e s  of  less  
t h a n  5.0 nm.  E r r o r s  in  t he  d e t e r m i n a t i o n  of  fi lm th ick -  
ness  due  to d e v i a t i o n s  in  n2 a n d  k~ s u c h  as N2 = (2.5 -+ 
0.1) - (0.5 -+ 0.1)i can  b e  e s t i m a t e d ,  for  e x a m p l e ,  as 
-+2.5% at  d = 2.0 n m ,  -+3.3% at  d = 3.0 nm,  a n d  -+3.6% at  d 
= 5.0 nm.  

Mul t i p l e -ang l e -o f - i nc idence  e l l i p s o m e t r y . - - I n  t h e  mea-  
s u r e m e n t  of  s p e c i m e n  su r face  a f te r  t he  i n i t i a t i o n  of  
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Fig. 1. Calculated P vs. A,  or A vs. ~ ,  plots for the growth of passive 
films having optical constants N2 = n2 - k2i in the ranges 2 . 4  -< n2 

=< 2.6 and 0.4 _-< k2 ~ 0.6. 
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p i t t ing ,  m u l t i p l e - a n g l e - o f - i n c i d e n c e  e l l i p s o m e t r y  (6, 7) 
was  u s e d  t o g e t h e r  w i t h  the '  easy  m e t h o d .  Fi rs t ,  t h e  op- 
t ica l  c h a n g e  in  a g i v e n  a rea  was  m e a s u r e d  b y  t h e  easy  
m e t h o d  a n d  a n  a p p r o x i m a t e  spa t i a l  d i s t r i b u t i o n  m a p  of 
fi lm t h i c k n e s s  ove r  t h e  area  was  i m m e d i a t e l y  made .  
T h e n ,  in  o r d e r  to d e t e r m i n e  one  c o n s i s t e n t  v a l u e  of  t h e  
op t ica l  c o n s t a n t  in  a s s o c i a t i o n  w i t h  c o m p a t i b l e  v a l u e  of  
fi lm t h i c k n e s s ,  m e a s u r e m e n t s  b y  mu l t i p l e - ang le -o f -  
i n c i d e n c e  e l l i p s o m e t r y  we re  p e r f o r m e d  at  seve ra l  p o i n t s  
w i t h i n  e a c h  a rea  w h e r e  a c h a r a c t e r i s t i c  c h a n g e  in  t h e  
f i lm t h i c k n e s s  was  r e c o g n i z e d  in  t h e  map .  T h r e e  inci-  
d e n t  ang le s  50.00 ~ , 55.00 ~ , a n d  59.65 ~ w e r e  used .  I n  t h e  es- 
t i m a t i o n  of  t h e  m o s t  r e a s o n a b l e  v a l u e s  of  op t i ca l  con-  
s t a n t s  a n d  t h i c k n e s s e s  of  films, a c o m p u t e r  p r o g r a m ,  
s im i l a r  to t h e  o n e  u s e d  b y  J o h n s o n  a n d  B a s h a r a  (7), i n  
w h i c h  t h e  s u m  of  s q u a r e s  of  t he  r e s i d u a l s  was  min i -  
mized ,  was  e m p l o y e d .  

Results and Discussion 
Spatial  distribution of f i lm thickness before pit initia- 

tion.--Figures 3a, 3b, a n d  3c show the  m i c r o s t r u c t u r e  of  
an  18Cr-8Ni s t a in le s s  s teel  s p e c i m e n ,  t he  spa t ia l  d i s t r ibu-  
t i on  of fi lm t h i c k n e s s  on  t h e  mic ro s t ruc tu r e ,  a n d  t h e  de- 
t a i l ed  d i s t r i b u t i o n  of film t h i c k n e s s  a r o u n d  t he  si te  at  
w h i c h  t he  first p i t  in i t ia ted ,  respec t ive ly .  The  s p e c i m e n  
was  p a s s i v a t e d  in  1 k m o l  �9 m -3 NaC1 at  0.3V for  5h. No 
p i t t i ng  o c c u r r e d  at  th i s  po ten t ia l .  Af te r  t he  pass iva t ion ,  
4.44 k m o l  �9 m -3 NaC1 was  a d d e d  to t he  so lu t ion  in  o rde r  
to s ta r t  p i t t ing .  The  si te  at  w h i c h  t he  f irst  p i t  occu r r ed  is 
i n d i c a t e d  b y  a d o t t e d  circle  in  t he  f igures.  

As s h o w n  in Fig. 3b, the  film t h i c k n e s s  var ies  f rom 
place  to p lace  in t he  smal l  a rea  of  500 • 500 /~m on  t h e  
spec imen .  By  o v e r l a p p i n g  Fig. 3a a n d  3b, t he  d i s t r i b u t i o n  
of film t h i c k n e s s  w i t h i n  e a c h  g ra in  can  b e  seen.  Fu r the r -  
more ,  we n o t i c e  t h a t  t he  con f igu ra t i on  of  t h e  e l ec t rode  
affects  t he  d i s t r i b u t i o n  of  film t h i c k n e s s ;  namely ,  t h e  
film on  t he  l ower  pa r t  of e lec t rode ,  w h i c h  c o r r e s p o n d s  to 
t he  l ower  pa r t  of  Fig. 3b, is s l ight ly  t h i c k e r  t h a n  t h a t  on  
t he  u p p e r  part .  C o n c e r n i n g  t he  r e l a t i onsh ip  b e t w e e n  t h e  
d i s t r i b u t i o n  of film t h i c k n e s s  a n d  t h e  p re f e r ab l e  s i te  for 
p i t  in i t ia t ion ,  as s een  f r o m  Fig. 3c, i t  h a s  b e e n  f r e q u e n t l y  
e x p e r i e n c e d  t h a t  t he  p lace  w h e r e  t h e r e  was  a smal l  differ- 
ence  of  0.2-0.5 n m  in fi lm t h i c k n e s s  t e n d e d  to offer  t h e  
si te  for p i t  in i t ia t ion .  

Change in f i lm thickness with pit  growth.--Pitt ing was 
p e r f o r m e d  in 1 k m o l  �9 m -3 NaC1 a t  0.8V for  a g iven  pe r iod  
af te r  p r e l i m i n a r y  p a s s i v a t i o n  at  0 .3V for  3h. In  th i s  solu- 
t ion,  t he  p i t t i ng  p o t e n t i a l  o b t a i n e d  w i t h  t he  s c a n n i n g  ra te  

Fig. 3. Microstructure (a), the spatial distribution of film thickness on 
the microstructure (b), and the detail of the distribution around the initi- 
ation site of the first pit (c) on 18Cr-8Ni stainless steel passivated in 1 
kmol �9 m -~ NaCI at 0.3V for 5h. 

of 22 m V  �9 r a i n - '  was  0.55V. I n  m o s t  cases,  p i t t i n g  s t a r t ed  
af te r  an  av e r ag e  i n d u c t i o n  t i m e  of  230s at  0.SV. F igu re  4 
s h o w s  t h e  i n c r e a s e  in f i lm t h i c k n e s s  w i t h  lapse  of  t i m e  at  
0.8V; a fi lm ca. 2.6 n m  t h i c k  is f o r m e d  be fo re  t h e  s ta r t  of  
p i t t ing.  

Af ter  g ro w i n g  t h e  first s ingle  pi t  for  g iven  pe r iods  t he  
po la r i za t ion  c u r r e n t  was  s t o p p e d  a n d  t h e  d i s t r i b u t i o n  of  
fi lm t h i c k n e s s  was  m e a s u r e d  at  t h e  co r ros ion  po t en t i a l  of 
ca.  -0 .01V.  T h e  e l l i p somet r i c  m e a s u r e m e n t  b y  t he  easy  
m e t h o d  at  t h e  ang le  of  i n c i d e n c e  of  59.65 ~ was  first per-  
f o r m e d  over  t h e  area  of  ca. 400 x ca. 400 /~m a r o u n d  t he  
pit.  On  t h e  bas i s  of  t h e  r e su l t  of  th i s  m e a s u r e m e n t ,  a m a p  
s h o w i n g  t h e  a p p r o x i m a t e  spa t ia l  d i s t r i b u t i o n  of fi lm 
t h i c k n e s s  was  m a d e  a s s u m i n g  the  op t ica l  c o n s t a n t  of  
fi lms over  t h e  a rea  as N2 = 2.5 - 0.5i. T h r e e  cha rac te r i s t i c  
a r e a s - - t h a t  is, a fi lm t h i c k e n e d  area,  a fi lm t h i n n e d  area,  
a n d  an  or ig ina l  f i lm t h i c k n e s s  p r e s e r v e d  a r e a - - w e r e  rec-  
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Fig. 4. Relation between d and t for 18Cr-8Ni stainless steel in 1 
kmol �9 m -3 NaCI at 0.8V. 

ognized  on  t he  map.  Then ,  in o rde r  to d e t e r m i n e  prec ise ly  
t he  opt ica l  c o n s t a n t s  a n d  t h i c k n e s s e s  of films, the  
mul t ip l e -ang le s -o f - inc idence  e l l i p some t ry  was app l ied  on  
t h e s e  areas. F r o m  th i s  analysis ,  i t  was  f o u n d  t h a t  each  
area  has  its o w n  opt ica l  cons tan t :  N~ = 2.53 - 0.48i for the  
or ig inal  film p r e s e r v e d  area,  N2 = 2.32 - 0.27i for the  
film t h i n n e d  area,  a n d  N~ = 1.65 - 0.00/ for  the  fi lm 
t h i c k e n e d  area.  F i g u r e  5 shows  d vs. P (or h) r e la t ions  cal- 
cu la t ed  u s ing  t h e s e  opt ica l  cons t an t s .  T h e s e  re la t ions  
were  u sed  to get  t he  exac t  spa t ia l  d i s t r i b u t i o n s  of fi lm 
t h i c k n e s s  on  t he  areas.  

F igu res  6a, 6b, a n d  6c s h o w  the  spa t ia l  d i s t r i bu t i ons  of 
film t h i c k n e s s  a r o u n d  pi ts  g r o w n  for 3, 6, a n d  12s, respec-  
t ively.  The  f igures  on  t he  l e f t -hand  s ide  are m a p s  a n d  
those  on  t he  r i g h t - h a n d  side are t he  b i rd ' s - eye  v iews  of 
t he  d i s t r i bu t ions .  

In  t he  ear ly s tage  of  t he  g r o w t h  of  a pit,  film t h i n n i n g  
o c c u r r e d  a r o u n d  a pi t  (Fig. 6a). Then ,  af ter  severa l  sec- 
onds ,  film t h i c k e n i n g  s t a r t ed  be low the  pi t  in  a down-  
ward  d i rec t ion ,  a c c o m p a n y i n g  t he  area  of film t h i n n i n g  
(Fig. 6b). With  f u r t h e r  g r o w t h  of  pit ,  b o t h  t he  areas of 
film t h i n n i n g  a n d  film t h i c k e n i n g  e x p a n d e d  a n d  t h e  dis- 
t r i b u t i o n  of film t h i c k n e s s  wi th  h i g h  hil ls  a n d  deep  val- 
leys was  a c c o m p l i s h e d  a r o u n d  t he  pi t  (Fig. 6c). 

I t  is t h o u g h t  t h a t  t he  film t h i n n i n g  is due  to e t c h i n g  by  
a low p H  so lu t i on  w h i c h  is d i s c h a r g e d  f rom the  ins ide  of 

10.0 l J 
3.~ ~ = 5 9 . 6 5  ~, n,=1.342 
~ \  ~, = $46.1nm, N3= 2.67i4.03i 

8.0 \ l  1. Nz= 2 .53-0 .48 i  - 
I (original film 

r \  I area) I 
I \ 12. Nz=2.32-0.27i 
] \ ( f i lm.thinning 

6.0 I \ area) I 
E E I \ 1  3. Nz=1.65-O.OOi 
c : ' , . \  I I \ (f i lm thickening ~ .  

4.0 

2.0 

0 
20 21 22 23 24 25 26 
I I I P / I  deg I I I 

130 132 134 136 138 140 142 
, d / d e g  

Fig. 5. Relations between d and P, or A, for films on three characteris- 
tic areas formed around thefirst pit. 

Fig. 6. Spatial distributions (left) and their bird's-eye views (right) of 
film thickness around pits grown for 3 (a), 6 (b), and 12s (c), respectively, 
on 18Cr-8Ni stainless steel in 1 kmol �9 m -~ NaCI at 0.8V. 

a g rowing  pit .  S u z u k i  et al. (8) h a v e  r e p o r t e d  t h a t  the  p H  
of  so lu t ions  w i t h i n  ac t ive  p i t s  of  Type  304L is l owered  to 
0.60-0.80. The  f i lm t h i c k e n i n g  b e l o w  t h e  pi t  s h o u l d  b e  
m a i n l y  d u e  to t h e  d e p o s i t i o n  of  i ron  h y d r o x i d e  b y  t he  hy-  
dro lys is  of  Fe  2~ ions  c o n t a i n e d  in  t h e  so lu t ion  f rom the  in- 
s ide of  pit.  T h e  low re f rac t ive  i n d e x  v a l u e  of  1.65 a n d  t he  
va lue  of zero of  e x t i n c t i o n  coeff ic ient  of  t h e  opt ica l  con- 
s t an t  for  t h e  f i lm on  t h e  fi lm t h i c k e n e d  area  s u g g es t  t he  
e x i s t e n c e  of  h y d r o x i d e  (5). A n  inc r ea se  in fi lm t h i c k n e s s  
a r o u n d  a pi t  h a s  b e e n  r e p o r t e d  b y  K o d a m a  (9, 10) in  t he  
case  of  p i t t i ng  of  i ron  in  a b o r a t e - b u f f e r  so lu t ion  con-  
t a in ing  SO42- ions.  

Effect of changes in passive film caused by first pit on 
initiation of second pit.--Figures 7a, 7b, a n d  7c s h o w  the  
opt ica l  m i c r o g r a p h  of  t h e  first a n d  t h e  s e c o n d  pits,  t h e  
spat ia l  d i s t r i b u t i o n  of  f i lm t h i c k n e s s  a r o u n d  t h e  first  p i t  
a n d  t h e  in i t i a t ion  si te  of  t h e  s e c o n d  pit ,  a n d  t h e  b i rd ' s - eye  
v iew of t h e  d i s t r i bu t ion ,  respec t ive ly .  The  first  p i t  was  
g r o w n  in 1 k r a a l  �9 m -3 NaC1 a t  0.8V for  25s, a n d  t h e n  po- 
la r iza t ion  c u r r e n t  was  s topped .  Af te r  t h e  m e a s u r e m e n t  of  
the  d i s t r i b u t i o n  of f i lm t h i c k n e s s  a r o u n d  t h e  first  pit,  t h e  
p o t e n t i a l  was  aga in  se t  at  0.8V a n d  t h e  s e c o n d  p i t  was  in- 
t r o d u c e d  a n d  g r o w n  for  3s. 

In  Fig. 7b, t h e  area  of fi lm t h i n n i n g  can  be  seen  a b o v e  
the  level  of t h e  lower  edge  of  t h e  first  p i t  an d  t h e  area  in  
the  s h a p e  of  a n  i n v e r t e d  t r i ang le  of  film t h i c k e n i n g  be- 
low the  level.  On  b o t h  t h e  s ides  of  t h e  i n v e r t e d  t r i ang le  
area are areas  in  w h i c h  t h e  or ig ina l  film t h i c k n e s s  is pre-  
s e r v e d  w i t h o u t  t h e  effect  of  t h e  first pit.  T h e  s e c o n d  p i t  
occu r r ed  on  the  b o u n d a r y  b e t w e e n  t h e  area  of film th in-  
n i n g  a n d  t h e  area  of  or ig ina l  film t h i c k n e s s .  T h e  differ- 
ence  of  ca. 0.5 n m  in t h e  film t h i c k n e s s  was  on  th i s  
b o u n d a r y .  This  r e su l t  aga in  s h o w s  t h e  t e n d e n c y  of  pi t  ini- 
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Fig. 7. Optical micrograph of the first and the second pits (a), the spa- 
tial distribution of film thickness around the first pit (b), and the bird's- 
eye view of the distribution (c) on 18Cr-8Ni stainless steel pitted in 1 
kmol - m -3 NaCI at 0.8V. 

tiation at the place where there is a slight difference in the 
film thickness. 

Although the reason why the second pit initiates prefer- 
entially on such a boundary is not clear at present, it is 
possible to assume that microcracks leading to the nucle- 
ation of pits arise on the boundary. That is, stress caused 
by differences in the volume, chemical composition, hy- 
dration, electrostrietion pressure, and interfacia] tension 
of films could act concentrically on the boundary and 
cause the mechanical breakdown of films there. The ad- 
sorption of Cl- ions on the films is reported by Sato (Ii) 
to decrease the critical breakdown stress. This should be 
accelerated by higher chloride concentration caused by 
discharge from the first pit (8). This atmosphere should 
accelerate the initiation of pit nuclei at the microcracks 
thus formed on the boundary in question. 

Conclusion 
1. There is a spatial distribution of film thickness 

within each grain of 18Cr-8Ni stainless steel. 
2. The first pit tends to occur at the place where there 

is a small difference of 0.2-0.5 nm in film thickness. 
3. With the growth of the first pit, an area of film 

thinning is first formed around the pit and then an area 
of film thickening below the pit. 

4. The second pit tends to occur on the boundary be- 
tween the film thinned area and the original film thick- 
ness preserved area. 
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Stochastic Models of Pitting Corrosion of Stainless Steels 
I. Modeling of the Initiation and Growth of Pits at Constant Potential 
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ABSTRACT 

A stochast ic  mode l  for pit  ini t ia t ion is developed,  invo lv ing  as parameters  an ini t iat ion f requency  for pit  nuclei,  a 
death  probabi l i ty  for unstable  pits, and a critical age which  defines the t ransi t ion be tween  a stable and an uns tab le  pit. 
Emphas i s  is p laced on val idat ing me thods  for data  analysis to recover  the  parameters  of  the  mode l  f rom observed  
current - t ime series. Such  me thods  are deve loped  and tes ted  us ing  data  genera ted  by compute r  s imula t ion  of  the  pro- 
cess. The  expec t ed  induc t ion  t ime  for stable pit  ini t iat ion is derived.  Resul ts  for the  statistics of ensembles  of  currene- 
t ime  t ransients  are given. Methods  of analysis of  the  spectra l  power  dens i ty  of the  current,  t ak ing  into account  the  
nons ta t ionary  process  of stable pit  propagat ion,  are considered.  

Local ized corros ion  processes  of  meta ls  such as stain- 
less steels in aqueous  env i ronmen t s  (1) are in teres t ing 
and unusual  because  mos t  of  the  mater ia l  is in fact not  
corroding;  it is pass ive  and stable. In  general,  localized 
corrosion processes  - -  pi t t ing corrosion,  crevice corro- 
sion, stress cor ros ion  cracking,  cor ros ion  fatigue, inter- 
granular  corros ion - -  are unpred ic tab le  as regards  the  
t ime of  ini t iat ion and often also as regards  the  place of  at- 
tack. Indeed,  local ized corrosion is p roper ly  cons idered  as 
a rare event,  and a statistical t r ea tment  is appropr ia te  for 
its descr ip t ion (2). Such  a t r ea tmen t  is p resen ted  in this 
and the  fol lowing papers  (3, 4). A l though  the  work  is con- 
cerned  with the  pi t t ing corros ion of stainless steels in di- 
lute  aqueous  solut ions of sod ium chloride,  it is be l i eved  
that  the  s tochast ic  mode l  deve loped  f rom the  resul ts  is of  
general  applicat ion.  P re l iminary  reports  of  the  work  have 
appeared  e l sewhere  (5, 6). 

Several  d i f ferent  m e c h a n i s m s  for the ini t iat ion of pit- 
t ing corros ion  have  been  proposed.  These  have  been  re- 
v iewed  recent ly  (7-9). It  is agreed tha t  corros ion pits prop- 
agate as a resul t  of the deve lopmen t  and ma in t enance  of  
an e levated local  acidity. As far as the nuc lea t ion  of pits is 
concerned,  authors  have  var ious ly  emphas ized ,  among  
other  phenomena ,  i nhomogene i t y  in the  metal,  cracking 
and slow heal ing of  the  passive film (8, 9), deve lopmen t  
of critical acidi ty levels  in microscop ic  flaws (7), defect  
t ranspor t  in pass ive  films (10), and chlor ide adsorpt ion  or 
incorpora t ion  into local ized areas of  pass ive  film (11, 12), 
inc lud ing  the  idea of adsorp t ion  of a n u m b e r  of  hal ide  
ions into a " t ransi t ional  c o m p l e x "  (12) or of local th inn ing  
of  the  oxide  under  chlor ide ' l is lands" (13). Local  acidifi- 
cat ion (14) has been  related to local adsorp t ion  of chloride 
(15). 

Recen t  l i terature has been  conce rned  with  the  defini- 
t ion of critical potent ia ls  for pit  ini t ia t ion and repassiva-  
tion. S imple  cyclic polarizat ion expe r imen t s  to measure  
these  parameters  can be de t e rmined  by the  format ion  of  
only one  pit  on the  surface of  the  tes t  spec imen,  so it is 
not  surpr is ing that  the  resul t ing data  can be ex t remely  
variable.  Despi te  this, re la t ionships  have  been  given for 
the ch lor ide-concent ra t ion  dependence  of  pi t t ing poten-  
tials ob ta ined  in such  an expe r imen t  (7-9). 

A fur ther  feature  of  pi t t ing corros ion of stainless steels 
is the observa t ion  of  an induc t ion  time, z, before  pit  initia- 
t ion (12, 15), e i ther  fol lowing potent ia l  change  f rom the in- 
ert  into the  pi t t ing range in a hal ide solution,  or upon  the  
addi t ion of hal ide into an iner t  solution. Hoar  and J acob  
(12), using the second  approach,  in wh ich  the spec imen  
was prepass iva ted  in a s lowly flowing solution,  wi th  sub- 
s equen t  addi t ion of  hal ide ions, showed  that  the  induc-  
t ion t ime  for ini t ia t ion of stable pi t t ing on 18Cr 8Ni stain- 
less steel  var ied  as [ X - ] ' "  wi th  2.5 < n < 4.5 for X = C1- 
and 4 < n < 4.5 for X = B r - ;  the  e x p o n e n t  n was different  
at different  e lec t rode  potent ials  E, bu t  did not  show an 
obvious  sys temat ic  var ia t ion  wi th  E. I t  was also shown 
that  the  induc t ion  t ime  has a ve ry  s t rong t empera tu re  de- 
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pendence  and an e lec t rode  potent ia l  dependence  of  
250-450 mV/decade  for chlor ide solut ions  and 30-70 
mV/decade  for b romide  solution.  

It has been  no ted  above,  however ,  that  localized corro- 
s ion is properly considered as a rare event, so that statis- 
tical treatments are appropriate for its description (2). A 
consequence of these rare events is the generation of cur- 
rent fluctuations at constant potential (3, 5, 6, 15, 17), and 
these fluctuations during the induction period make a 
definite induction time difficult to define experimen- 
tally. Shibata and Takeyama (18, 19) determined z as the 
time for the current to exceed an arbitrarily determined 
(and rather high) value. The induction time thus defined 
is a statistical variable; the survival probability for steel 
specimens determined as a function of time showed a 
Poisson distribution with a potential-dependent nuclea- 
tion rate. It is evident that the values of the derived pa- 
rameters must depend on the current level chosen. 

More generally, pitting corrosion must be described by 
potential-dependent and chloride-concentration-depen- 
dent pitting probabilities and the values of parameters 
such as the "critical potential" depend on the threshold 
values of the probability chosen for the description (20) 
(as well as on other probabilities such as that of repassiva- 
tion). One objective of our work is to take some steps to- 
wards a more rigorous definition of the parameters of a 
stochastic model so that the potential and concentration 
dependences can be modeled. Another objective is to 
define and validate methods of data analysis for ob- 
taining such parameters from experimental data with 
some degree of confidence. We shall show that this is not 
straightforward. The application and limitation of each 
method needs to be carefully considered, particularly 
when experimental data are being treated and one wishes 
to make a distinction between the inadequacies of the 
model being tested and the inadequacies of the data pro- 
cessing methods. 

The general modeling is based on nucleation-type 
theory in conjunction with the statistical methods used to 
describe rare-event processes; the evolution of the cur- 
rent at a site following nucleation is assumed to follow a 
definite rule determined, perhaps, by the shape of the 
evolving defect. The theory describing the statistics of 
current-time transients resulting from random nucleation 
processes followed by a deterministic evolution of the 
current to the resulting growth centers has already been 
developed in some detail for electrocrystallization (21-28), 
and one objective of this present work is to explore to 
what extent this theory can be applied to pitting corro- 
sion. The experimental approach (3, 5, 6) dictated by this 
modeling is the determination of ensembles of transients 
of the corrosion current and the analysis of the changes in 
the ensemble statistics brought about by changing the al- 
loy, solution conditions, stirring, electrode potential, or 
other variables. We also show (4) that a new technique, an 
interrupted potentiodynamic sweep, can be used to evalu- 
ate rapidly the potential dependence of pitting probabil- 
ity. 
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The  p h e n o m e n o l o g i c a l  m o d e l  is d e v e l o p e d  in th i s  pa- 
pe r  a n d  a n a l y z e d  b y  s i m u l a t i o n  a n d  a lgebra ic  m e t h o d s .  
M e t h o d s  for  da t a  p r o c e s s i n g  are  d e v e l o p e d  a n d  t e s t e d  
u s i n g  s i m u l a t e d  data.  In  t he  fo l lowing  p a p e r  (3), pa r ame-  
ters  de r ived  f rom a c o m p a r i s o n  w i t h  e x p e r i m e n t a l  da ta  
are r e l a t ed  to a p p r o p r i a t e  m i c r o s c o p i c  m o d e l s  of p i t t i ng  
cor ros ion .  

Model 
We m o d e l  t h e  p i t t i ng  p roces s  as a ser ies  of e v e n t s  w h i c h  

are  r a n d o m l y  d i s t r i b u t e d  in  t i m e  a n d  space  over  t he  me ta l  
surface.  E a c h  e v e n t  r e su l t s  in  a local  c u r r e n t  w h i c h  
evo lves  w i th  t i m e  a c c o r d i n g  to ru les  w h i c h  are the  s a m e  
for  eve ry  event ,  a n d  the  to ta l  c u r r e n t  is o b t a i n e d  as t he  
s u m  of  t he  local cu r ren t s .  This  t ype  of  m o d e l  is easi ly  ex- 
p l o r e d  b y  c o m p u t e r - b a s e d  s i m u l a t i o n  p rocedure s .  Agree-  
m e n t  w i th  e x p e r i m e n t  (3-6) is o b t a i n e d  w i th  a m o d e l  hav-  
ing  t he  fo l lowing  fea tures :  (i) e v e n t s  are  n u c l e a t e d  w i t h  a 
f r e q u e n c y  h ( s - ' - cm-2) ;  (it) even t s  h a v e  a p robab i l i ty ,  
( s - ' ) ,  of  dying;  (iii) even t s  w h i c h  s u r v i ve  b e y o n d  a cr i t ical  
age, rc (s), do  no t  die; a n d  (iv) each  e v e n t  ha s  an  i n d u c t i o n  
t ime,  r~ (s), d u r i n g  w h i c h  t he  local  c u r r e n t  does  no t  in- 
c rease  b u t  d u r i n g  w h i c h  t he  even t  m a y  die. 

A c c o r d i n g  to th i s  mode l ,  p i t s  are u n s t a b l e  w h e n  t h e y  
are first nuc l ea t ed .  A pi t  t h e n  b e c o m e s  s tab le  only  af ter  it 
h a s  s u r v i v e d  p a s t  the  cr i t ical  age. 

Simulation Technique 
The electrode surface was considered as an array of 

equal areas, each of which was allowed to support at most 
one pit. In each cycle of the program, the time increment 
of the experiment, each area was examined and a ran- 
dom-number generator used to decide whether or not to 
nucleate a pit there, according to a predetermined proba- 
bility of birth; each existing pit was examined and elimi- 
nated or not according to a predetermined probability of 
death; the current to each pit was incremented according 
to a predetermined rule, the same for each pit, and the to- 
tal current at the end of the time increment obtained by 
summation of the pit currents. A "pit area" of 1/50 of the 
total area was normally assumed. 

Linear and quadratic rules for the current increase to 
each pit, the effect of changing probabilities of birth and 
death, and the effect of circumstances in which pits 
which had survived beyond some predetermined critical 
age continued to grow indefinitely were explored. The 
model is represented schematically in Fig. I. 

The effect of defining a precursor state is also interest- 
ing. This was allowed for in the simulation by defining a 
fixed time period after each nucleation event during 
which the current remained zero, but in which the event 
could die [assumption (iv) above]. The effect of the pre- 
cursor state appeared as an apparent reduction in nuclea- 

t i on  rate,  w i th  t he  a p p a r e n t  n u c l e a t i o n  ra te  be ing  a func-  
t ion  of t h e  d e a t h  p r o b a b i l i t y  chosen .  Th i s  a p p a r e n t  
n u c l e a t i o n  ra te  was  v e r y  sens i t i ve  to  t he  va lues  c h o s e n  for  
the  p r e c u r s o r  t i m e  and  d e a t h  p robab i l i ty .  

Algebraic Formulation 
Stat is t ics  of  pi t  f o rmat ion . - - I t  will  be  s h o w n  t h a t  by  se- 

l ec t ing  a first or las t  pa s sage  t i m e  of  a g iven  c u r r e n t  level  
as de f in ing  t he  f o r m a t i o n  of  a s t ab l e  pi t  t he  s ta t i s t ics  of  
s t ab le  pi t  f o r m a t i o n  can  b e  defined�9 M o d e l i n g  of t he  b i r t h  
of s t ab le  pi ts  is d e v e l o p e d  in th i s  sec t ion ;  t he  m o d e l i n g  of 
the  e n s e m b l e  s ta t i s t ics  of c u r r e n t - t i m e  t r a n s i e n t s  is dis- 
c u s s e d  in t he  fo l lowing  sect ion.  

We d e n o t e  t h e  s p e c i m e n  area by  a (cm~). T h e n  t he  ex- 
p e c t e d  n u m b e r  of  e v e n t s  in  t i m e  t is hat, a n d  the  p robab i l -  
i ty of  su rv iva l  of a s ingle  e v e n t  for t i m e  r~ is exp  (-~r~).  
Thus, the rate of birth of stable pits A(s -~) is given by 

A = ah  exp  ( -~%)  [1] 

and  t h e  p robab i l i t i e s  P(n,t) of g e n e r a t i n g  s t ab le  pi ts  are 
g o v e r n e d  b y  t he  set  of  s i m p l e  d i f fe ren t ia l  e q u a t i o n s  (see 
A p p e n d i x  A) 

dP(n) 
d ~  - AP(n - 1) - AP(n) [2] 

By defining a probabil~ty generating function, the set 
of equations can be solved. The following results are ob- 
tained (see Appendix A for details). 

The expected number of stable pits at any time, t > %, 
is 

< n >  = Xa(t - re) exp  ( -~rc)  [3] 

Ev iden t ly ,  i f  t < re, < n >  = 0. This  is one  of t he  a s s u m p -  
t ions  of t he  model .  

The  p r o b a b i l i t y  t ha t  no  s tab le  pi t  is f o r m e d  w i t h i n  a 
t ime,  t > re is P(0), is g iven  b y  

in [P(0)] = -ha( t  - r0) exp  (-~r0)  [4] 

Again ,  an  a s s u m p t i o n  of t he  m o d e l  is t h a t  P(0) = 1 if  
t < r e .  

E q u a t i o n  [4] g ives  t he  p r o b a b i l i t y  of  a s p e c i m e n  re- 
m a i n i n g  u n p i t t e d  as a f u n c t i o n  of t he  e x p o s u r e  t ime  a n d  
of the  p a r a m e t e r s  of t he  mode l ,  h, #, a n d  re. A n  e x p e c t e d  
va lue  for t he  i n d u c t i o n  t i m e  be fo re  t he  onse t  of  s t ab le  
p i t t ing,  < r > ,  can  b e  o b t a i n e d  by  s u b s t i t u t i n g  < n >  = 1 in 
Eq. [3] 

(') <T> = - ~  exp  (#re) + rc [5] 

and  Eq. [4] c an  t h e n  be  c o n v e n i e n t l y  r e w r i t t e n  

in [P(0)] = - ( t  - Tc)/(<r> - re) [6] 
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Fig. 1. State diagram illustrating the behavior of an element of sur- 
face in the simulation procedure. 

Current- t ime transients: theory of ensemble statis- 
t i cs . - -The  t h e o r y  ou t l i ned  in t he  p r e v i o u s  sec t ion  refers  
to t he  o b s e r v a t i o n  of the  p robab i l i t y  of t h e  f o r m a t i o n  of a 
de f ined  n u m b e r  of p i t s  or, m o r e  specif ical ly ,  to t h e  p rob-  
abi l i ty  of  t h e  su rv iva l  of  an  u n p i t t e d  spec imen .  While  
t he se  p robab i l i t i e s  can  be  de r ived  u n d e r  f avorab le  cir- 
c u m s t a n c e s ,  t h e  d i rec t ly  m e a s u r e d  va r i ab l e  is t he  c u r r e n t  
and  t he  p r o c e s s e s  are t he r e fo re  m o r e  cor rec t ly  m o d e l e d  
u s i n g  th i s  as t he  s tochas t i c  va r i ab l e  (21-23). Al te rna t ive ly ,  
a va r i ab l e  d i r ec t ly  r e l a t ed  to t he  c u r r e n t  s u c h  as t he  sur-  
face area  or v o l u m e  of  t he  p i t s  s h o u l d  be  used.  Mode l ing  
at  th i s  level  is c losely  r e l a t ed  to t he  m o d e l i n g  of  f luctua- 
t ions  in e l ec t roc rys ta l l i za t ion  p roces se s  (21-28), e x c e p t  
t ha t  we are h e r e  c o n s i d e r i n g  t he  b i r th ,  g rowth ,  and,  u n d e r  
ce r t a in  c i r c u m s t a n c e s ,  d e a t h  of two-  or t h r e e - d i m e n s i o n a l  
holes  r a t h e r  t h a n  t h a t  of  two-  or t h r e e - d i m e n s i o n a l  
g r o w t h  cen te r s .  

A n  e n s e m b l e  of  e x p e r i m e n t s  is a se t  of  e x p e r i m e n t s  all 
s t a r t i ng  f rom the  s a m e  in i t ia l  cond i t i on ,  a n d  t he  e n s e m b l e  
m e a n  va lue  a n d  s t a n d a r d  d e v i a t i o n  of  t h e  c u r r e n t  are de- 
f ined as t he  m e a n  and  s t a n d a r d  d e v i a t i o n  of t he  va lues  of  
c u r r e n t  o b s e r v e d  in all of  t he  e x p e r i m e n t s  at  a g iven  t ime.  
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I t  h a s  b e e n  s h o w n  t h a t  it is pa r t i cu la r ly  c o n v e n i e n t  to in- 
t e r p r e t  the  t i m e  d e p e n d e n c e  of  t h e  ra t io  of t he  e n s e m b l e  
s t a n d a r d  dev ia t ion ,  or(I), to t he  e n s e m b l e  mean ,  < I >  
(21-26). A d d i t i o n a l  i n f o r m a t i o n  can  be  o b t a i n e d  f rom an  
analys is  of t h e  spec t ra l  p o w e r  d e n s i t y  of t he  cur ren t ,  
G~(o~), a n d  th i s  is d i s c u s s e d  in t he  Spec t r a l  power  dens i ty  
of the  c u r r e n t  sec t ion  below.  

The  m o d e l  ou t l i ned  a b o v e  can  be  d iv ided  in to  two t ime  
ranges .  In  t he  s t ab le  p i t t ing  l imit ,  at  l ong  t imes  (t > ro a n d  
At > 1), t he '  b e h a v i o r  of t he  s y s t e m  is d o m i n a t e d  lJy the  
n u c l e a t i o n  a n d  g r o w t h  of s t ab le  pits,  s ince  the  c u r r e n t  
due  to t h e s e  is a s s u m e d  to i nc rease  w i t h o u t  l imit.  

In  the  u n s t a b l e  p i t t ing  l imit ,  a t  sho r t  t i m e s  (t < re or At 
< 1), on ly  the  nuc lea t ion ,  g rowth ,  a n d  d e a t h  of  u n s t a b l e  
pi ts  are  obse rved .  T he  t h e o r y  for t h e s e  two l imi ts  of t he  
m o d e l  is l a rge ly  avai lable ,  a n d  we will con f i rm  its appli-  
cabi l i ty  u s i n g  s i m u l a t e d  da ta  in  the  D i s c u s s i o n  sect ion.  
We also use  the  s i m u l a t e d  da ta  to exp l o r e  the  c i rcum-  
s t ances  u n d e r  w h i c h  t he  b e h a v i o r  of t h e  u n s t a b l e  pi ts  can  
be  d i s t i n g u i s h e d  f rom t h a t  of t he  s t ab le  pi ts  a n d  to de- 
ve lop  m e t h o d s  of ana lys i s  of  t he  da ta  to r ecove r  t he  pa- 
r a m e t e r s  of t h e  mode l .  

Stab le  p i t t i ng  l i m i t . - - F o r  t h e  n u c l e a t i o n  (rate A, Eq. [1]) 
and  u n r e s t r i c t e d  g r o w t h  of pits,  we  ob ta in ,  at  suf f ic ient ly  
long  t imes  (21-23) 

~r(I)/<I> = (1/At) 1~ [7] 

i r r e spec t ive  of  w h e t h e r  the  g r o w t h  t akes  place  in two (is- 
lands)  or t h r e e  (holes) d i m e n s i o n s .  

The  m o d e l  d e s c r i b e d  a b o v e  pos tu l a t e s  t he  n u c l e a t i o n  of 
s tab le  p i t s  s u b j e c t  to a de lay  t ime,  r,. ( the cri t ical  age pa- 
rameter) .  This  is no t  a s imp le  d e l a y e d - n u c l e a t i o n  p rob-  
lem,  however ,  s ince  t h e r e  is a c u r r e n t  due  to any  g iven  pi t  
before  i t  r eaches  t he  cr i t ical  age. 

I f  t he  c u r r e n t  to a s t ab le  pi t  i nc reases  w i th  i ts age, v, ac- 
co rd ing  to s o m e  genera l  ru le  i = f(v), t h e n  the  e n s e m b l e  
m e a n  c u r r e n t  at  t i m e  t is 

< I >  = Af(v) dv [8] 
0 

G i v e n  a c o n s t a n t  ra te  p a r a m e t e r ,  A, t h e n  t he  f u n c t i o n  f(v) 
can  be  r e c o v e r e d  f rom e x p e r i m e n t a l  da ta  by  d i f ferent ia-  
t ion  of < I >  w i th  r e s pec t  to t. 

For  the  spec ia l  case  of  a l inear  g r o w t h  law for pits,  t he  
c u r r e n t  to a p i t  of  age v at  t i m e  t b e i n g  

i = Cv [9] 

the  effect  on  t he  e n s e m b l e  m e a n  of t h e  i n t r o d u c t i o n  of a 
cr i t ical  age p a r a m e t e r ,  re, can  b e  o b t a i n e d  by  wr i t ing  the  
c u r r e n t  as 

i = C(vl + rc) [10] 

The  e n s e m b l e  m e a n  c u r r e n t  at  t i m e  t > r~ is, t h e n  

f c t ~ AC 
<I>~ = , AC(v~ + r,.) dv~ = - - i f -  (t"- - r~"-) [11] 

w h e r e  the  s u b s c r i p t  s d e n o t e s  s t ab le  pits.  

Unstable  p i t t i ng  l i m i t . - - T h e  e n s e m b l e  m e a n  c u r r e n t  in  
t he  u n s t a b l e  p i t t i ng  l imi t  can  be  o b t a i n e d  by  ca lcu la t ing  
t he  c o n t r i b u t i o n  to t he  average  f rom each  pit,  w e i g h t e d  
by  t he  p r o b a b i l i t y  of o b s e r v i n g  t h a t  pit.  I f  P(v3 d e n o t e s  
t he  p r o b a b i l i t y  of o b s e r v i n g  a pi t  dy ing  at  age v,, and  Q(v3 
t h e  cha rge  c o n t r i b u t e d  by  t h a t  pit,  t h e n  

if < I >  = ~-  o Q(vl)P(v~) dr, [12] 

With  t he  a s s u m p t i o n  of t he  Mode l  sec t ion  of a u n i f o r m  
probabi l i ty ,  ~, of d e a t h  of pi ts  

P ( , 0  = {probabi l i ty  of o b s e r v i n g  t he  b i r t h  of a p i t  
in  t h e  i n t e rva l  (0, (t - v~))} 

x {probabi l i ty  of su rv iva l  of t he  pi t  to age v~} 
x {probab i l i ty  of d e a t h  of the  pits} 

= aX (t - Vl)[exp (-/XVl)]tx [13] 

With the  spec ia l  a s s u m p t i o n  of a l inear  g r o w t h  law for 
pi ts  (Eq. [9]), t h e  charge,  Q(vl), c o n t r i b u t e d  by  a pi t  dy ing  
at age v, is Cv~'~/2. Hence ,  t he  e n s e m b l e  m e a n  c u r r e n t  is, 
f rom Eq. [12] a n d  [13] 

if0 <I>u .  = ~ (Cv1~/2) ' P(v,) dr, 

1 ft CVl 
- t 0 - - 2 - - "  ~ e - " ~ '  ' a X  (t  - Vl) dv~ 

a~C/x [ te -"t 2 2e-~9 6 
- L + ~  T ( I +  - - -  2 /x ~ tx4t 

(1 - e - ' t ) ]  [ 1 4 ]  

w h e r e  the  subsc r ip t ,  un,  d e n o t e s  u n s t a b l e  pits. In  the  
l imi t  at  l ong  e n o u g h  t i m e  

< I >  . . . .  = aXCItx" [15] 

I f  t he  b i r t h  of s t ab le  pi ts  is suf f ic ien t ly  ra re  in compar i -  
son  wi th  t he  b i r t h  of u n s t a b l e  pits,  t h e n  t he  e n s e m b l e  
m e a n  c u r r e n t  for  t he  c o m p l e t e  m o d e l  can  be  o b t a i n e d  as 
t he  s u m  of  Eq. [11] a n d  [14]. 

The  b e h a v i o r  of  t he  va r i ance  of  t he  c u r r e n t  can  be  ob- 
t a ined  in the  l imi t  of sho r t  a n d  long  t imes .  At  sho r t  t imes ,  
t he  s y s t e m  is d o m i n a t e d  by  the  b i r t h  of  u n s t a b l e  pits, so 
(23) 

~r(I)/<I> = (1/aXt) "'2 [16] 

whi l e  at  l ong  t i m e s  t he  s y s t e m  r eaches  an  e q u i l i b r i u m  
d i s t r i b u t i o n  of the  n u m b e r  and  age of  u n s t a b l e  pits,  a n d  

r <I> ~ (tx/aX)"=' [17] 

The  t r a n s i t i o n  f rom Eq. [16] to [17] occurs  a r o u n d  t - 1/~. 
Der iva t ions ,  a n d  some  add i t iona l  resul ts ,  for t he  m e a n  
and  va r i ance  of t he  n u m b e r  a n d  age  of pits,  are g iven  in 
A p p e n d i x  B. 

Effects  o f  over lap  of  p i t s . - - I n  t h e  l imi t  w h e r e  one  ha s  
over lap  of two-  or t h r e e - d i m e n s i o n a l  holes ,  p i t t ing  corro- 
s ion b e c o m e s  ac t ive  d i s so lu t ion  or a n o d i c  b r i g h t e n i n g .  In  
t he se  cases,  d i f f e ren t  fo rms  for ~(I)/<I> are  expec ted ,  de- 
p e n d i n g  on  t he  de ta i l s  of  t he  p roces s  (21-26). P i t s  m a y  
also in t e r ac t  over  g rea te r  d i s t ances  t h a n  t he i r  phys ica l  di- 
a m e t e r  by  v i r tue  of t he i r  assoc ia ted  c o n c e n t r a t i o n  a n d  po- 
t en t ia l  g rad ien ts .  S u c h  effects  w o u l d  a p p e a r  in d i ag rams  
of cr(I)/<I> as effects  due  to over lap.  

Spec t ra l  p o w e r  dens i ty  o f  the c u r r e n t . - - I n  t he  case  of a 
s y s t e m  w h o s e  b e h a v i o r  is d o m i n a t e d  by  t he  nuc lea t ion ,  
g rowth ,  a n d  d e a t h  of u n s t a b l e  pits,  ana lys i s  of t h e  spec- 
t ra l  p o w e r  d e n s i t y  of t he  r e su l t i ng  c u r r e n t  leads  d i rec t ly  
to t he  n u c l e a t i o n  ra te  a n d  average  l i f e t ime  of  t h e  pits.  
S o m e  i n f o r m a t i o n  a b o u t  the  fo rm of t he  e l e m e n t a r y  
cu r r en t - t ime  t r a n s i e n t  for an  i n d i v i d u a l  p i t  can  also be  ob- 
ta ined.  The  p roce s s  is a " s t a t i ona ry"  one, 1 a n d  data  pro- 
eess ing  to y ie ld  t he  e s t ima te  of  spec t ra l  p o w e r  dens i t y  
f rom a set  of  e x p e r i m e n t a l  r ecords  is s t r a igh t fo rward .  

A s y s t e m  w h o s e  b e h a v i o r  is d o m i n a t e d  b y  the  nuc lea-  
t ion  a n d  g r o w t h  of s t ab le  pits,  is " n o n s t a t i o n a r y " :  t he  esti- 
m a t e  of spec t ra l  p o w e r  dens i ty  o b t a i n e d  f rom a set  of ex- 
p e r i m e n t a l  r ecords  d e p e n d s  b o t h  on  the  o b s e r v a t i o n  t ime  
a n d  on  t he  de ta i l s  of t he  m e t h o d  u s e d  to p roce s s  t he  data.  
One  pa r t i cu la r  p r o b l e m  is that ,  in  the  app l i ca t i on  of a dis- 
cre te  Four ie r  t r a n s f o r m  to a r ecord  of l imi t ed  l eng th ,  the  
r eco rd  is a s s u m e d  to be  cyclic, r e p e a t i n g  w i th  pe r iod  
equa l  to the  r e c o r d  l eng th .  

In  th i s  sect ion,  we cons ide r  some  m e t h o d s  for  o b t a i n i n g  
spec t ra l  p o w e r  d e n s i t y  e s t i m a t e s  for s y s t e m s  h a v i n g  b o t h  
s tab le  and  u n s t a b l e  pits. We give s o m e  theore t i ca l  resul ts ,  
and,  in  t he  D i s c u s s i o n  sect ion,  we c o m p a r e  t h e s e  resu l t s  
w i th  ca lcu la t ions  on  s i m u l a t e d  data.  Our  ob jec t ive  is to 
def ine  and  t e s t  t he  m e t h o d s  of da ta  ana lys i s  w h i c h  we 
will  be  app ly ing  to e x p e r i m e n t a l  data.  

1That is, one for which the statistical properties are indepen- 
dent of time. 
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T h e  t h e o r y  of t he  spec t ra l  p o w e r  d e n s i t y  of  t he  c u r r e n t  
r e su l t i ng  f rom the  p i t t i ng  m o d e l  ou t l i ned  a b o v e  can  be  
d e v e l o p e d  in  a s i m p l e  f a s h i on  w i t h  t h e  a s s u m p t i o n  t h a t  
each  pit,  w h e t h e r  s t ab le  or  uns t ab l e ,  is an  i n d e p e n d e n t  
noise  source.  The  to ta l  p o w e r  can  t h e r e f o r e  be  o b t a i n e d  
by  s u m m a t i o n  of t he  p o w e r  d u e  to e a c h  of t he  i n d i v i d u a l  
sources .  

T h e  spec t r a l  p o w e r  d e n s i t y  c a n n o t  fo rma l ly  be  def ined  
for a n o n s t a t i o n a r y  process ,  s u c h  as t he  u n l i m i t e d  c u r r e n t  
i nc rease  a s s u m e d  he re  for s t ab le  pits.  However ,  t h e  impo-  
s i t ion  of a r e s t r i c t ed  o b s e r v a t i o n  t i m e  p r o d u c e s  a s ignal  
for w h i c h  a d i sc re t e  Fou r i e r  t r ans fo rm,  a n d  h e n c e  a spec- 
t ra l  p o w e r  dens i ty ,  can  b e  ca lcula ted .  The  diff icul ty  
ar ises  in  p r o d u c i n g  an  ana ly t ica l  d e s c r i p t i o n  of t he  r e su l t  
of s u c h  a p r o c e d u r e ,  g iven  k n o w l e d g e  of  t he  p rocess  
w h i c h  gave r ise to t he  n o n s t a t i o n a r y  signal .  

U n s t a b l e  p i t t i n g  l i m i t . - - I t  is diff icul t  to ca lcu la te  the  
spec t ra l  p o w e r  d e n s i t y  of t h e  c u r r e n t  for  t he  m o d e l  as- 
s u m e d  he re  of  u n i f o r m  p r obab i l i t y  of  d e a t h  of a n  u n s t a b l e  
pit.  However ,  t h e  spec t ra l  p o w e r  d e n s i t y  has  b e e n  previ-  
ous ly  de r i ved  for  t he  re la ted  case of  r a n d o m  n u c l e a t i o n  at  
ra te  aX, of  cen te r s  of a de f ined  l i fe t ime,  v, (23), i.e. 

i =  C(t - u)  u < t < ~ + u [18] 

= 0 o t h e r w i s e  [19] 

w h e r e  u is t h e  t i m e  of b i r t h  of  t h e  center .  T he  spec t ra l  
p o w e r  dens i t y  of t he  c u r r e n t  for t he  p r o c e s s  t h u s  de f ined  
is 

2 .~  2vl s in  (~ovl) 2 cos (oJv,) ] 
G1(~o) = akC'-' o~ 4 + o;-' co 3 co 4 [20] 

The  no i se  is w h i t e  at  low f r equenc i e s  

Gl(~o) ~ aXC'%~V4 [21] 

The  level  of G~(co) b e g i n s  to fall a t  co - l/v,, and  t he  h i g h  
f r e q u e n c y  a s y m p t o t e  is 

C 2 p l  2 

G,(~) = a X -  [22] 
o$ 2 

The  l inea r  c u r r e n t - t i m e  r e l a t i o n s h i p  (Eq. [18]) ha s  b e e n  
a s s u m e d  for  s impl i c i ty  of ca lcula t ion .  Di f fe ren t  fo rms  for 
Eq. [18] c h a n g e  t h e  s h a p e  of  t h e  h i g h  f r e q u e n c y  a s y m p -  
to te  of  G,(~o). This  is a s t a t i ona ry  p rocess ,  so, g iven  a se t  of 
e x p e r i m e n t a l  records ,  e ach  w i t h  a l imi t ed  obs e rva t i on  
t ime,  To, t he  b e s t  e s t i m a t e  of  G~(oJ) is o b t a i n e d  by  s t r i ng ing  
the  da t a  files e n d  to e n d  a n d  ca l cu la t ing  u s i n g  t he  re- 
su l t ing  e x t e n d e d  r eco rd  (Fig. 2a). 

S t a b l e  p i t t i n g  l i m i t . - - C o n s i d e r  a s t ab l e  p i t  f o r m e d  at 
t ime,  u. Again ,  t h e  l inea r  c u r r e n t - t i m e  re la t ionsh ip ,  Eq. 
[9], is a s s u m e d .  

If  on ly  s t ab le  p i t s  are cons ide red ,  t h e n  a n  ind iv idua l  ex- 
p e r i m e n t a l  r e c o r d  will  c o m p r i s e  t he  s u m  of a n u m b e r  of 
c u r r e n t  r a m p s  a c c o r d i n g  to Eq. [9], r a n d o m l y  in i t ia ted  
af ter  t he  s ta r t  of  t h e  e x p e r i m e n t ,  w i t h  f r e q u e n c y  A = 
a X e - " ' c ,  a n d  t e r m i n a t e d  at  t = To, t h e  o b s e r v a t i o n  t ime.  
The  F o u r i e r  t r a n s f o r m  of  t he  s ignal  c an  n o w  b e  def ined,  
as a c o n s e q u e n c e  of  t he  i m p o s i t i o n  of  t h e  art if icial  con-  
s t r a in t  i = 0 i f  t > To. T he  s ignal  is t he  s a m e  as a se t  of  ran-  
d o m l y  i n i t i a t ed  s a w t o o t h  w a v e f o r m s ,  c o n s t r a i n e d  s u c h  
t h a t  t hey  all t e r m i n a t e  at  t = To. 

Two d i f fe ren t  t heo re t i ca l  r e su l t s  (de r iva t ions  g i v e n  in 
A p p e n d i x  C) can  b e  given,  d e p e n d i n g  on  t he  va lue  of  A. 

The  first  r e su l t  c o m e s  a b o u t  w h e n  AT0 < 1. I f  ATo < 1, 
t h e n  at m o s t  one  s t ab l e  pi t  is e x p e c t e d  in  each  observa-  
t i on  in te rva l ,  a n d  it  is l ikely t h a t  m a n y  of  t he  in te rva l s  wil l  
show n o  s t ab le  pi t .  S t a b l e  p i t s  n u c l e a t e d  w i t h i n  t he  obser-  
v a t i o n  i n t e rva l  g row un t i l  t h e y  r e a c h  a n  age, vi, de ter -  
m i n e d  b y  t h e  o b s e r v a t i o n  t ime,  To: 0 = vl =< To. If  t he  con-  
d i t i on  ATo =< 1 holds ,  t h e n  t he  e x t e n d e d  record  ob t a ined  
by  c o n c a t e n a t i n g  t he  da ta  files f rom each  o b s e r v a t i o n  in- 
t e rva i  (Fig. 2b) c an  b e  a p p r o x i m a t e d  as a ser ies  of  ran-  
d o m l y  in i t i a t ed  t r iangles ,  w i th  a u n i f o r m  d i s t r i b u t i o n  of  
age, v,, in  t h e  r a n g e  0 _-< v, -< To. 

(a) Stat ionary process 

l " '~vt"~ Concatenate I 
i 

I 
I I 

To 
sets of experlmental records 

Random signals 

I I I I 

1 I 
Periodicity assumed by 
discrete Fourier t ransform 

*, Random s ignal  

(b)  Non -s ta t ionary  process 

(I) AT o <1 
, , 
i , 

i 

: 2 ~ j 
, , Perlodic'lty assumed by transform. 

I f  AT o is small enough, looks like 
To a train of randomly imtlated 

sawtooth purses. 

(It) ATo>>I 

,, I Concatenate , 

I i 

, ~ It AT o is large enough, 
looks hke a train of 

To identical pu lses  

Fig. 2. Processing experimental records to obtain spectral density 
estimates. 

The  spec t r a l  p o w e r  dens i t y  of  s u c h  a c u r r e n t  t race  is 

AC 2 [ 2To To 3 2To cos (o~T~) 
G i ( c o ) = - ~ o  L 0) 4 + ~  + ~4 

4 sin (_~To)_l [23] 
m s J 

The  no ise  does  no t  b e c o m e  wh i t e  at  low f requency .  The  
h i g h  f r e q u e n c y  a s y m p t o t e  is 

G , ( ~ 1 7 6  ~o > [24] 
3w" 

and  t h e r e  m a y  b e  a poss ib i l i ty  of d e t e r m i n i n g  A f rom the  
va lue  of  t h e  p o w e r  at  co = 1~To 

G,( ~ )  = O.O48AC2To 4 [25] 

The  s e c o n d  r e su l t  ob t a in s  w h e n  ATo > >  1. I f  t he  den-  
s i ty  of s t ab le  p i t s  is suff ic ient ly  h igh ,  t h e n  t he  c u r r e n t  in  
each  o b s e r v a t i o n  p e r i o d  can  be  a p p r o x i m a t e d  as t h e  en- 
s e m b l e  m e a n  cur ren t ,  Eq. [11]. Thus ,  in  t he  c o n c a t e n a t e d  
da ta  set, in  t h e  r t h  in t e rva l  

1 
I ~ - ~  A e ( t  - rTo) 2 [26] 

In  th i s  case (see A p p e n d i x  for  deta i ls)  

A~C~ [ T~ 4To 2 
G,(co) = ~ (~ ~ + c~ 4 cos (coTo) 

8To s in  (coTo) 8 8 ]  
~o 5 oJ 6 cos (~To) + - ~ - j  [27] 

a n d  t h e  h i g h  f r e q u e n c y  s y m p t o t e  is 

G,(co) = A~C2To3/4oZ 2 [28] 

The  p o w e r  g iven  by  Eq. [28] is a fac to r  of  (3/4)ATo g rea t e r  
t h a n  t h a t  g iven  b y  Eq. [24]. S ince  ATo is t he  e x p e c t e d  
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pit current = 10. Passage time assumptions are as follows. 1: First 
passage through i = 40. 2: Last passage through i = 15. 3: First 
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n u m b e r  of stable pits, < n > ,  Eq. [24] and [28] may  be re- 
wr i t ten  

Gi(oJ) = C2To <n>/3co 2 ( < n >  =< 1) [29] 

and 

G,(co) = C2To <n>~/4~ '-' (<n > >>  1) [30] 

emphas iz ing  how the  power  level  obta ined  using this 
me thod  of conca tena t ion  of data files increases with the  
expec ted  n u m b e r  of  stable pits fo rmed  in each observa- 
t ion interval.  

Discuss ion  

The probability of survival of an unpitted speci- 
men.--We have  shown above that  this probabi l i ty  is g iven 
by Eq. [4], but  we have  no ted  that  there  is an ambigui ty  in 
the definit ion of induc t ion  t ime  as a t ime  of  first passage 
through some arbi t rary current  level. The  results will be 
dependen t  on the  choice  of  level. A bet ter  defini t ion is 
the t ime of  last  passage th rough  some lower  level  of cur- 
rent. This hypothes is  has been  tes ted using the  ensemble  
of s i m u l a t e d  cur ren t - t ime transients,  and Fig. 3 both 
confirms the val idi ty  of Eq.  [4] and shows that, with the 
defini t ion of last passage t ime, the crit ical  age parameter  
can be recovered  accurately.  

Shibata  and Takeyama  (18, 19) in te rpre ted  their  data on 
the induct{on t ime  dis t r ibut ion for p i t t ing of  18Cr 8Ni 
stainless steel in te rms  of three different  nuc lea t ion  fre- 
quencies ,  each appl icable  to a different  t ime  range of  the  
data. Given the uncer ta in t ies  in the  defini t ion of the  in- 
duc t ion  t ime, Eq. [4] accounts  for two of these  t ime 
ranges,  one for t < ro and the  other  for t /> re. The data of 
Shibata  and Takeyama  and our own data (3) show a devi- 
ation at long t imes  f rom the  behavior  p red ic ted  by Eq. [4]. 
Spec imens  which  surv ived  for longer  than  some  t ime 
seemed  less l ikely to nuclea te  propagat ing  pits. Shibata 
and Takeyama  pos tu la ted  the  occur rence  of a death pro- 
cess, repass iva t ion  of  act ive pits, to expla in  this behavior  
(29). There  are, indeed,  a n u m b e r  of  possible  adaptat ions 
of the general  mode l  which  will  accoun t  for a deviat ion 
like this f rom the expec ted  behavior.  For  example ,  the  in- 
i t iation frequency, ~, could be time dependent or could 
have a distribution of possible values over the surface, or 
the critical age, v~, could have a distribution of possible 
values. Another possible phenomenon is the occurrence 
of a "renewal process," in which nucleation is more likely 
to occur on the site of a previous unstable pit than else- 
where. It will be a matter of further work to consider the 
applicabi l i ty  of such  adapta t ions  of  the  model.  

Determination of nucleation rate by peak count- 
ing.--Since most  of the  pits nuc lea ted  according to the 
mode l  out l ined above  are unstable,  the  rate of death of 
pits closely ma tches  the  rate of  nucleat ion.  Since  each 
death results in a sharp reduct ion  in the  current ,  the  num- 
ber of deaths can be obta ined  s imply by count ing  current  
peaks. We conf i rmed,  us ing s imula ted  data, that  peak 
count ing  gave an accurate  de te rmina t ion  of the  nuclea-  
t ion rate, ~. We shall  see subsequen t ly  (3), however ,  that  it 
is not  s t ra ight forward to apply  this t e chn ique  to real data. 
P rob lems  arise in the defini t ion of  wha t  const i tu tes  a real 
event  and wha t  is mere ly  noise in t roduced  by the measur-  
ing ins t ruments .  

The statistics of ensembles of current-time transients . -  
The s imula ted  data, Fig. 4, clearly show the  effects  de- 
scr ibed in the  Current - t ime t ransients  section. At  short  
t imes,  Eq. [16] is fol lowed.  For  only uns tab le  pitting, Eq. 
[17] is fol lowed at longer  t ime  with the t ransi t ion be tween  
the two regimes occurr ing  at t - 1/~. With both stable and 
uns table  pitting, fol lowing the t ransi t ion f rom Eq. [16] to 
[17] at t - 1//~, there  is a sharp rise in r start ing at t 

rc caused by the  de layed nuclea t ion  of stable pits; a pro- 
nounced  m a x i m u m  is observed  in the  plot, and Eq. [7] is 
fo l lowed at longer  t ime, w h e n  the behav ior  of  the sys tem 
is domina t ed  by the  nuc lea t ion  of stable pits. 

F igure  4c shows that  the  p resence  of a small  back- 
ground current  changes  the  t ime  var ia t ion  of o-(I)/<I> 
profoundly  at short  t imes, such that  in format ion  about  
the nucleat ion,  growth,  and death of uns tab le  pits is lost. 
This is an impor t an t  considerat ion in the  analysis of ex- 
per imenta l  data. 

Spectral power density analysis.--Figure 5a shows the 
spectral  power  dens i ty  der ived  f rom a set of  records  hav- 
ing only uns tab le  pits. The individual  records  were  con- 
catenated,  as i l lustrated in Fig. 2a. 

The s imula t ions  a s sume  a un i fo rm probabi l i ty  for the 
death of centers  ra ther  than a def ined age as in Eq. 
[20]-[22]. We have .  observed  empir ica l ly  that  the power  
level  at a f r equency  

= 2 ~  If = ~ (Hz)] [31] 

is 20 dB be low the  whi te  noise  level. The  h igh  f requency  
asympto te  of G(~o) varies as 1/~o 2, as in Eq. [22] and as ex- 
pec ted  f rom the  assumpt ion  of a l inear  current - t ime rela- 
t ionship for the pits dur ing their  l ifet ime. A compar i son  
of the whi te  noise  level  observed  (Fig. 5a) wi th  that  ex- 
pec ted  theore t ica l ly  can be made  in a semi-empir ica l  fash- 
ion. Thus,  if  the  def ined l i fe t ime ,, in Eq. [21] is rep laced  
by the  mos t  p robab le  l ifetime, l/N, the  resul t ing calcu- 
lated l imi t ing spectral  densi ty  is close to 40 t imes  less 
than the obse rved  value,  i.e. 

G,(O) ~ lOakC"-/l~ 4 [32] 

We fur ther  note  that, wi th  the ensemble  m e a n  current  
g iven by Eq. [15], Eq. [32] gives for the  whi te  noise  level  

G~(0) - 10(<I> . . . .  )2/ak [33] 

Thus, in the  case of uns tab le  pits, the  spectral  dens i ty  
affords a conven ien t  m e t h o d  for de te rmina t ion  of both 
and tz. A cons tan t  background  cur ren t  shifts the  curves 
parallel  to the  G,(~o) axis. A t ime  vary ing  background  
would  be more  difficult  to deal  with, a l though if it were  
small  it wou ld  not  greatly affect the  results.  Certainly, the 
spectral  dens i ty  was not  as sensi t ive to small  background  
currents  as the  ratio ~(I)/<I> tu rned  out  to be (see previ- 
ous section). 

When both stable and unstable  pits are present,  the  
power  con t r ibu ted  by the stable pits swamps  that  due to 
the  uns table  pits at h igh values  of  A; at low enough  values 
of A, a separa t ion  be tween  the two processes  can still be 
made  (Fig. 5b). The  stable pits domina te  the power  at low 
frequencies .  F igure  5c shows how the  power  changes  
f rom that  g iven by Eq. [24] to that  g iven  by Eq. [28] as A 
increases.  
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Fig. 4. Ensemble statistics for simulated data. a: Unstable pitting 
only, a = 5. 1: A = 0.1; ~ = 0 .1 .2 :  ~. = 0.01; /~ = 0.1. b: Stable 
and unstable pitting, a = 5, ~ = 0.05, ~ = 0.05, Tc = 100. c: Effect 
of a constant background current, parameters as for b, ib = 2. 

If the power contributed by the unstable pits is not 
completely swamped by that contributed by the stable 
pits, then the power due to the stable pits can be esti- 
mated and subtracted from the total to give the unstable 
pit contribution. An induction time is defined as a time 
of last passage of the current through some level, as in the 
Probability of survival section. The data for times longer 
than the induction time are then fitted to a regression 
polynomial and the data for times shorter than the induc- 
tion time are set to zero or to some appropriate back- 
ground level. The resulting set of current-time transients 
is then assumed to represent the behavior of the stable 
pits only. Figure 6a shows how the spectral density ob- 
tained from a concatenated set of data files processed in 
this way matches the behavior of the simulation data at 
low frequency. The differences between the two traces, 
attributable to the unstable pits, is clearly seen. The pa- 
rameters, h and/z, for the unstable pits are recovered. 

Even when the power due to stable pits appears to com- 
pletely swamp that due to the unstable pits, there is still a 
possibility of recovering information about the unstable 
pits by using only those sections of data at times earlier 
than the induction time, or by "detrending" the data. For 
the first method, the sections of data before the induc- 
tion time are taken to represent only unstable pitting. 
These sections are removed and concatenated and the 
spectral density is calculated. Figure 6b illustrates that 
and ~ can be recovered in this way. The assumption that 
is implicitly made in this procedure is that the sections of 
data from thedifferent files, where only unstable pits are 
present, represent different samples of the same station- 
ary, random process. If this assumption is valid, then the 
data files may be chained and treated as a single record 
of the process. While this assumption may hold for simu- 
lated data, there is no means of being sure of its validity 

for exper imenta l  data. The  success  of the  m e t h o d  also 
clearly depends on the use of a reasonable criterion for 
determining the induction time. 

In a process where the resultant current is the sum of 
the currents from independent events, if the current from 
any one event can be estimated, it may be subtracted 
from the record. "Detrending" the data comprises 
estimating the current due to the stable pits and sub- 
tracting it. Clearly, the result can be very dependent on 
the method used, and the method is only likely to be suc- 
cessful if the fluctuations are not too small in comparison 
with the trend. Figure 6b illustrates the use of a regres- 
sion polynomial to detrend data; again, the parameters of 
the unstable pitting process can be recovered. 

C o n c l u s i o n  
The  parameters  of  a general  stat ist ical  mode l  of  p i t t ing 

corrosion can be recovered  by appropr ia te  data  analysis. 
The mode l  inc ludes  the  p h e n o m e n a  of  nucleat ion,  
growth,  and dea th  of uns tab le  pits and the  con t inued  
propagat ion  of pits  which  survive beyond  a critical age. 
Appropr ia te  l imi t ing cases have  been  der ived  theoreti-  
cally and the  resul ts  conf i rmed by analysis of s imula ted  
data. 

Peak  coun t ing  yields the  nuc lea t ion  rate directly, bu t  
the defini t ion of what  const i tutes  a " rea l"  peak  as op- 
posed  to i n s t rumen t  noise  may  be difficult  in practice.  
Analysis  of  passage t ime  d is t r ibut ion  yields the  critical 
age and a compos i t e  parameter ,  the  nuc lea t ion  rate of  sta- 
ble pits, bu t  suffers  f rom the  difficulty of  u n a m b i g u o u s  
defini t ion of  appropr ia te  cur ren t  levels.  Analysis  of  en- 
semble  statistics yields all the  parameters  of  the  model ,  
but  is ve ry  sens i t ive  to the  effects of  background  cur- 
rents. Analysis  of  spectra l  power  dens i ty  is, in principle,  a 
mos t  useful  me thod ,  even  in the  p resence  of  the  nonsta-  
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t ionary  p roces s  of p ropaga t ion  of  s table  pits. In  this  case, 
the  resul ts  d e p e n d  on the  m e t h o d  u s e d  to p rocess  the  
data. The t e c h n i q u e s  def ined  here  are appl ied  to experi-  
men ta l  data  in the  fol lowing paper  (3). 

Manusc r ip t  s u b m i t t e d  May 22, 1984; rev ised  m a n u s c r i p t  
rece ived  Feb.  1, 1985. Par t s  of  th is  art icle were  p r e s e n t e d  
as P a p e r  10 at t he  Montreal ,  Quebec,  Canada,  Meet ing  of  
the  Society,  May 9-14, 1982. 

A E R E  H a r w e l l  a s s i s t e d  in  m e e t i n g  the  p u b l i c a t i o n  costs  
o f  th i s  ar t i c l e .  

A P P E N D I X  A 
Probability of Generation of Stable Pits 

We obse rve  tha t  

P(n , t )  = { p robab i l i ty  tha t  t he re  were  (n - 1) s tab le  pi ts  at  
(t - 6t) and  tha t  one  pi t  r e ached  the  critical age 
in t he  interval  t - 6t to t} 

+ { p robab i l i ty  tha t  the re  were  n s table  pi ts  at t - 6t 
and  tha t  no addi t iona l  p i t  has  r eached  the  criti- 
cal age in the  interval  t - 6t to t} [A-l] 

Then  

P[n,t]  = P[(n  - 1), (t - 6t)] A6t + P[n, ( t  - 6t)][1 - A6t] 
[A-2] 

Therefore  

P[n,t] - P[n , ( t  - 60] ]  _ dP(n )  _ 
h P ( n  1) AP(n) 

J 6t 8~o d t  [A-3] 

Mul t ip ly ing the  set  of  equa t ions  by s ~ where  s is a 
d u m m y  var iable  and  s u m m i n g  

dH(s )  
- A ( s  - 1 )  �9 H(s) [ A - 4 ]  

dt  

w h e r e  the  p robab i l i ty  genera t ing  func t ion  is def ined  by 

H(s)  = ~ s'~P(n) [A-5] 
, - o  

In  pract ice ,  the  ser ies  will be  t r u n c a t e d  at a finite value 
of  n, but  this  does  not  affect  the  a rgument .  

S ince  the re  are no  pi ts  at t < r~, tha t  is P(n)  = 0 for all 
nonzero  values  of n, Eq. [A-5] gives t he  initial  condi t ion  

H =  l a t t  = r e  [A-6] 

H e n c e  

H = exp  [A(s - 1)(t - re)] [A-7] 

The m e a n  value of  the  n u m b e r  of s table  pits  < n >  is t h e n  

< n >  = A(t - r~) [A-8] 
s =  1 
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Fig. 6. Recovery of parameters of unstable pitting in the presence of stable pitting, a: Estimation of spectral power density due to stable pitting 
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of data lying witMn the induction period. 2: Result of detrending using a regression polynomial. 

so that  

< n >  = k a ( t  - rc) exp (-~r~) for t ->re [A-9] 

F u r t h e r m o r e  

0-2(n) = H"(1) + H'(1) - [H'(1)]'-' = A(t - re) = < n >  
[A-10] 

we also obta in  f rom Eq. [A-7] 

P(O) = HL~_o = exp  ( -A( t  - re)] [A-11] 

and 

in P(0) = - a X ( t  - ~ )  exp  (-~rc)  [A-12] 

A P P E N D I X  B 
Statistics of Unstable Pitting 

For  the  case where  uns tab le  pits are nuc lea ted  at a rate 
aX, wi th  a probabi l i ty  ~ of death,  the  probabi l i ty  
genera t ing  func t ion  for the  n u m b e r  of  pits can be wri t ten 
(3O) 

H(s , t )  = exp  { aX(s - 1 ) ( 1 - e - " t ) }  [B-l] 

The  m e a n  and var iance  of  the  n u m b e r  of  uns tab le  pits 
can then  be  obta ined,  as above  

aX  
< n >  = 0-~(n) = (1 - e-gO [B-2] 

The  mean,  <u>,  and var iance,  0-~(v), of  the  age of  unsta-  
ble pits  can be c o m p u t e d  

1/o <u> = v a h t ~ e  - ~  du  
a X t  

and 

i 
- {1 - e - g t .  (/~t + 1)} 

1//~ as t increases  

[B-3] 

1;  
cr 2 (u) = 7 o u2 " a x t ~ e - ~  d u  

1 
- {2 - e - ~ t .  ( t2~  ~ + 2)}  [ B - 4 ]  

2/~ ~ as t increases  

The var iance  of  the  current  at longer  t ime  can be ob- 
ta ined 

o.2(1) ~ /| 0I \}2. 0"2(n) ( t - - *  oo) 
\ 0 < n >  / 

C2ak 
_ _  - (C < v >)5 . o-='(n) = ~ (t --~ ~) [B-5] 

which,  toge ther  wi th  Eq. [15], gives Eq. [17] in the  main 
text.  

A P P E N D I X  C 
Spectral Density Estimates for the Stable Pitting Process, 

Constrained by a Limited Observation Time 
In  the  fol lowing,  the  l inear-growth rule  for stable pits, 

Eq. [9], is assumed.  

R a n d o m  n u c l e a t i o n  o f  s t a b l e  p i t s  ( l i m i t i n g  c a s e ,  f o r  ATo 
< 1 ) . - - W e  have  a un i fo rm probabi l i ty  in t ime  and space of 
forming  pits of  any g iven  age, 0, p rov ided  O < To. I f  the  
age of a pit  is v t hen  

/o f0 F(co) = f( ,)  exp  (j~ov) dr  = C ,  exp  (jm.) dv [C-I] 
0 

iF(co)i_ , = C212__co 4 + co ~02 28 sin woo~ 3 2 cos co0]o~ 4 [C-2] 

The  effect ive rate of  nuc lea t ion  of pits of  age 0 is the frac- 
t ion nuc lea ted  in the  in terval  dO 

A dO 
A' - [C-3] 

To 

The cont r ibu t ion  of the  nuc lea t ion  of pits of  age O to the  
total  noise is 

dG~(co) = A'IF(~)I 2 - A/F(~ dO [C-4] 
To 

C~A f ~ o [  2 0 ~ 2 0 s i n ~ 0  2 c o s o J 0 ]  
G,(~o) = T J o 7 + co 2 o~ 3 oj-------T~ dO 

AC2 [ 2To To 3 2To cos (~To) 

- To t - - ' ~ - + - 3 - - ~  ~ +  o~ ~ 

4 sinoj ~176176 1 [c-5] 

E n s e m b l e  m e a n  c u r r e n t  t r a n s i e n t  i n  e a c h  o b s e r v a t i o n  
p e r i o d  ( l i m i t i n g  c a s e  f o r  ATo > >  1 ) . - - I f  ATo is sufficiently 
large, the cur ren t  due  to stable pi t t ing in each  observat ion  
window can be  app rox ima ted  as the  ensemble  mean  cur- 
rent  (stable pi t t ing case, i = Cv for each  pit  of age ~) 
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i = ACt'2~2 [C-6] 

Here 

f0~ F(oJ) = - -  t 2 exp (jcot) dt [C-7] 

and, since the pulse rate in the chain analyzed is 1~To 
(one pulse for each observation window) 

G(~o)- [r(~)]~ [c-8] 
To 

4 To ~ 8 To A2C2 T~ + cos (~To) - - 7  sin (c0To) 
= 4To co-' - - 7  

~ 51 (~6 cos (~oTo) + [C-9] 
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Stochastic Models of Pitting Corrosion of Stainless Steels 
II. Measurement and Interpretation of Data at Constant Potential 

D. E. Williams,* C. Westcott, and M. Fleischmann* 
AERE Harwell, Materials Development Division, Didcot, Oxon, England 0 X l l  ORA 

ABSTRACT 

The experimental  evaluation of the parameters of a general stochastic model for the initiation of pitting corrosion on 
stainless steels is described. The variation of these parameters with experimental conditions is used in the development  
of a microscopic model. A microscopic model which accords with the observed behavior attributes the initiation of 
pitting corrosion to the production and persistence of gradients of acidity and electrode potential on the scale of the sur- 
face roughness of the metal. The observed fluctuations are related to fluctuations in the hydrodynamic boundary layer 
thickness. A pit becomes stable when it exceeds a critical depth related to the surface roughness. 

It has been pointed out in a preceding paper (1) that, in 
common with other localized corrosion processes, pitting 
corrosion is a rare event so that a statistical treatment is 
necessary for an adequate description [cf. ReL (2-4)]. 
An appropriate level of modeling of the processes is sug- 
gested by the analogy to electrocrystallization (5, 6) with 
formation of pits replacing the growth of crystallites: 
namely, the triggering (nucleation) of events by a suitably 
filtered Poisson process coupled to growth of pits by an 
essentially deterministic mechanism. A special model has 
been examined (1) which has the features that (i) events 
are nucleated with frequency ;~ (s- '  cm-2), (ii) events have 
a probability ~ (s- ') of dying, and (iii) events which sur- 
vive beyond a critical age, rc (s), do not die. 

For certain aspects of the modeling, we also assume 
that all pits evolve according to the deterministic law 

* Electrochemical Society Active Member. 

i = Cu [1] 

where u(s) is the age of the pit. The model assumes forma- 
tion of stable pits [step (iii)] following a "prepitt ing" stage 
[steps (i), (ii)]. The microscopic model given recently by 
Okada (7) falls into this general class. The objective of our 
work is to derive the parameters of the general model 
from the experimental  data, so that their variation with 
experimental conditions can be examined. A rigorous as- 
sessment of microscopic models of this general class can 
then follow. Two types of predictions have been based on 
this model. The first is the probability of survival of 
unpitted specimens (i.e., specimens in the prepitting 
stage). The second is the ensemble statistics of potentio- 
static current-time transients. We have also shown how to 
analyze the spectral power density of the current. In this 
paper, we show how the probability distribution function 
of the slope of the experimental transients can be ob- 
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ta ined and  used  to r educe  the  t ime  series of  the  cur ren t  to 
t ime  series of  t he  n u m b e r  of  pits; s tat ist ical  analysis of  
these  t ime  series is s impler  than  analysis of  the  cur- 
rent. Pred ic t ions  have  been  m a d e  bo th  by compu te r  sim- 
ulat ions and by algebraic  methods ,  and the  two ap- 
proaches  have  been  compared .  I t  has been  shown that  the  
last passage t ime  of  the  current  t h rough  a chosen low 
level  is especia l ly  useful  in def ining survival  probabil i-  
ties, and a n e w  m e t h o d  for the  rapid  de te rmina t ion  of  
quant i t ies  re la ted to this probabi l i ty  has been  descr ibed  
(8). The p resen t  paper  is conce rned  wi th  the determina-  
t ion and eva lua t ion  of  the  statist ics of ensembles  of  
potent ios ta t ic  cur ren t - t ime transients .  The  der ived data 
are shown,  in general ,  to accord wi th  the  predict ions  of  
the  phenomeno log i ca l  theory  (1), wi th  values  of the  pa- 
rameters  g iven  by the  var ious  me thods  of data analysis 
be ing  self-consistent.  Measu remen t s  of  the  chloride-ion 
concen t ra t ion  and the  potent ia l  d e p e n d e n c e  of  the  phe-  
n o m e n a  as wel l  as of the  inf luence  of  o ther  solut ion vari- 
ables (stirring, suppor t  e lectrolyte  concentra t ion,  buffer  
capacity) lead to the  defini t ion of  a microscopic  mode l  of  
pit  initiation. The  behaviors  of a n u m b e r  of  stainless 
steels are compared .  

Exper imenta l  
Stainless  steels used  in this inves t iga t ion  were  18Cr 

13Ni 1Nb, A N S I  304L, A N S I  316L, and 25Cr 20Ni. Analy-  
ses are g iven  in Table  I. Disk  spec imens  5 cm'-' in area 
were  s t amped  out  f rom single sheets  of  each  of the  steels, 
set in a cold se t t ing epoxy  moun t ing  resin ("Araldi te" HY 
and EY), po l i shed  to a 240 grit  finish and r insed with  ace- 
tone. The  e lec t rochemica l  cell was fo rmed  s imply by 
c l amping  the  s p e c i m e n  m o u n t  onto a 25 m m  d iam glass 
flange jo in t  set  vertically.  Gas feed, Lugg in  capillary, P t  
secondary  e lect rode,  and glass s t i rr ing padd le  were  intro- 
duced  f rom the  top. The solut ion con ta ined  in the  assem- 
bly was pu rged  wi th  purif ied a rgon for 30 min  before  
each exper iment ,  and a s low flow of argon was main- 
ta ined  dur ing each  exper iment .  Current  was measu red  as 
a vol tage across a 100g~ resis tor  in the  secondary  e lect rode 
lead, and was logged  f rom a n u m b e r  of  cells simulta- 
neous ly  us ing a reed  relay mul t ip l exe r  and au toranging  
digital  vo l tme te r  (Datron, 1 ~V resolut ion)  control led via 
the  I E E E  488 interface  bus  by a m i c r o c o m p u t e r  (CBM, 
P E T  4032). The  cells were  i n d e p e n d e n t l y  control led by 
H . B .  T h o m p s o n  "Microsta ts" ;  appl ica t ion  of  the  control  
potent ia l  and potent ia l  r amp  (H.B. T h o m p s o n  Digital  
R a m p  Generator)  were  also u n d e r  the  control  of  the  
mic rocompute r .  Data  were  t ransfer red  to a min i compu te r  
for analysis. Potent ia ls  were  measu red  with  respect  to a 
sa turated ca lomel  electrode,  and solut ions were  prepared  
with  analyt ical  reagent-grade chemica ls  and disti l led 
water.  The  buffer  was tris (hydroxymethyl )  amino 
methane ,  ("tris") ad jus ted  to pH  7.0 wi th  1M HC104 
solution. 

The  potent ia ls  at which  pi t t ing wou ld  start  at a g iven  
probabi l i ty  were  de te rmined  f rom measu remen t s  wi th  
the  in te r rup ted  po ten t iodynamic  sweep  t echn ique  (IPS 
technique)  desc r ibed  e lsewhere  (8). The  potent ia l  of the  
spec imens  was changed  from the rest  potent ia l  to poten-  
tials p r e d e t e r m i n e d  in this way, e i ther  s tepwise  or using a 
r amp  of 10 mV-s -L  The current  was mon i to red  for 2400s 
wi th  a resolut ion of 0.01 ~A, t runca ted  subsequen t ly  to 0.1 
/~A, at a sampl ing  f requency  of 1 Hz; a typical  e n s e m b l e  
compr i sed  20-30 exper iments .  We have  previous ly  re- 
por ted  (4) that  the  initial current  pulse  associated with  a 
step ini t iat ion was sufficient  to start  crevice  corrosion at 

Table I. Composition of stainless steels 
(major constituents only; weight percent; balance is Fe) 

Type Cr Ni Mo Nb Mn C S 

18/13/1 17.6 12.1 -- 0.63 1.13 0.06 < 0.01 
304L 18.2 9.3 0.38 < 0.01 1.41 0.02 < 0.01 
316L 16.8 12.4 2.42 < 0.01 1.66 0.02 < 0.01 
25/20 25.4 19.6 0.27 < 0.01 0.79 0.07 < 0.01 

the jo int  be tween  the  spec imen  and moun t ing  material  in 
a significant n u m b e r  of exper iments .  This effect was 
avoided  with  the  r amp  ini t iat ion and, unless  otherwise  
stated, this was e m p l o y e d  for the  w o r k  repor ted  here. 

Results 
The shape of poten~iostatic current-time transients.- 

Figure  1 shows typical  cur ren t - t ime  t ransients  and illus- 
trates, first, the  genera l  fo rm of the  f luctuat ions  and, sec- 
ond, the  large var ia t ion  in results  f rom one expe r imen t  to 
another,  p e r f o r m e d  under  nomina l ly  ident ical  condit ions.  
The  t ransients  compr i sed  f luctuat ions supe r imposed  on 
a rising background ;  the  f luctuat ions had  a character is t ic  
form of a s low rise and a sharp fall. The  charge  passed 
dur ing a f luctuat ion was typical ly  10-500 ~C, equ iva len t  
to the  d issolu t ion  of  10-]~ -8 cm 3 of  metal ,  a cube  of  
typical  l inear  d imens ion  of - 1 0  ~m. The form of the  
f luctuat ions was oppos i te  to the  fo rm of current  fluctu- 
at ion observed  by Ber tocc i  (9), namely,  sharp rise and 
slow fall, for s teels  of  lower  c h r o m i u m  conten t  (Fe9Cr, be- 
low the  l imit  of  "stainlessness") .  

In the  fo l lowing sections,  we present ,  first, the  analysis 
of  ensemble  statistics;  second,  the  de te rmina t ion  of  the  
ini t iat ion f r equency  for the events  wh ich  cause the  cur- 
rent  f luctuat ions;  third,  the  analysis  of  the  s lope of  the  
cur ren t - t ime t ransients  and the  convers ion  of  these  into 
t ime  series of  the  n u m b e r  of  pits; fourth,  the de termina-  
t ion of  the  rate of  fo rmat ion  of  stable pits;  and, last, the  
de te rmina t ion  of  the  average  l i fe t ime of  the  events  f rom 
the  spectra l  power  dens i ty  of the  current .  The  develop-  
men t  and va l ida t ion  of  the  me thods  of  analysis have  been  
given in the  prev ious  paper  (1). Effects  of  stirring, buff- 
ering, suppor t ing  e lect rolyte  concentra t ion,  chlor ide con- 
centrat ion,  al loy type,  and e lec t rode  potent ia l  are shown.  

Ensemble statistics: effects of environment and compari- 
son of alloys.--Figure 2 shows e n s e m b l e  m e a n  t ransients  
and the  ratio of  ensemble  s tandard  devia t ion  to ensemble  
mean,  (r,l<I>. The potent ia ls  were  chosen  f rom the cumu-  
lat ive d is t r ibut ion  of b r e a k d o w n  potent ia ls  measu red  in 
I P S  expe r imen t s  (8). The  lowes t  potent ia l  for each alloy 
was the  50% poin t  on this dis tr ibut ion.  The  general  fo rm 
of the  ensemble  m e a n  current  was concave  upward;  a 
t endency  for the  cur ren t  to start  leve l ing  off  at h igh  cur- 
rents  was noted.  For  each alloy, the  t ime  evolu t ion  of  the  
ratio (r~l<I> changed  f rom being  vi r tua l ly  flat (at ~d<I> 
= 1) over  the  t ime  span of the  e x p e r i m e n t  at the lower  po- 
tent ia l  to a sharply  peaked  form at the  h igher  potential .  
The  behav ior  of the  25Cr 20Ni alloy was different  f rom 
that  of  the  others;  for this alloy, the  current  t ransients  fell 
into one of  two classes, of e i ther  ve ry  low currents  wi th  
only isolated small  f luctuations,  or of  a sudden,  and 
early, current  increase  to h igh  values  wh ich  oscil lated vio- 
lent ly about  a g iven  level. The  ensemble  m e a n  current  
t ransient  for 25Cr 20Ni ref lected the  behav io r  of  the  latter 
class. 
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Fig. 1. Ensemble of current-time transients; 18Cr 13Ni i Nb steel, 5 
cm ~. 0.028M NaCI, + 50 mV SCE, unstirred. 
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Fig. 2.  Ensemble mean current and standard deviation/mean in 
0 . 0 2 8 M  NaCI ,  unstirred, a: 18Cr 13Ni  1Nb: curve 1 is + 5 0 ,  curve 2 is 
+ 2 0 0  mV SCE. b: 3 0 4 L ,  curve 1 is + 2 0 0 ,  curve 2 is + 3 0 0  mV SCE. c: 
316L ,  curve 1 is + 3 0 0 ,  curve 2 is + 4 0 0  mV SCE. d: 2 5 C r  2 0  Ni,  + 4 0 0  
mV SCE. Dashed lines are theoretical results calculated using nucleation 
rates for stable pitting derived from passage t ime and slope analysis. 

As wel l  as t he  e x p e c t e d  effects  of ch lo r ide  concen t r a -  
t ion  a n d  e l ec t rode  potent ia l ,  m a r k e d  effects  of t h e  solu- 
t ion  buf fe r  capac i ty ,  s u p p o r t i n g  e lec t ro ly te ,  and  s t i r r ing 
w e r e  also obse rved .  F igu re  3 shows  t he  effects  of  b u f f e r  
capac i ty  a n d  s u p p o r t i n g  e lec t ro ly te  o n  e n s e m b l e  m e a n  
t r a n s i e n t s  for  t he  18Cr 13Ni 1Nb steel.  I n c r e a s i n g  t h e  
buf fe r  capac i ty  d e c r e a s e d  t h e  l i ke l ihood  of p i t t i ng  corro- 
sion. A d d i n g  a suff ic ient  c o n c e n t r a t i o n  of s u p p o r t i n g  
e lec t ro ly te  r e n d e r e d  t he  al loy i m m u n e  to p i t t i ng  corro- 
sion. The  effect  of  t he  p r e s e n c e  of  1M NaC104 s u p p o r t i n g  
e lec t ro ly te  p e r s i s t e d  up  to h i g h  p o t e n t i a l s  (at leas t  + 500 
m V  SCE) in  ch lo r ide  so lu t ions  of u p  to 0.3M for t imes  in 
excess  of 2 days.  A d d i t i o n  of  t h e  s u p p o r t i n g  e lec t ro ly te  
in to  the  d i lu te  ch lo r ide  so lu t ion  d u r i n g  the  p r o p a g a t i o n  of  
p i t t ing  co r ros ion  h a d  t he  effect  of  s t o p p i n g  t he  pits:  t he  
c u r r e n t  fell i m m e d i a t e l y  to zero (Fig. 5a). A d d i t i o n  of a 
suff ic ient  c o n c e n t r a t i o n  of bu f f e r  h a d  t he  s a m e  effect  
(Fig. 5b), a l t h o u g h  t he  c u r r e n t  fall in  th i s  case  was  in two 
steps.  I n  b o t h  cases,  no t  on ly  was the  c u r r e n t  r e d u c e d  b u t  
also the  f luc tua t ions  were  e l imina ted .  I t  is a s s u m e d  t h a t  
t he re  wou ld  b e  s o m e  d e p t h  of p i t  a b o v e  w h i c h  t he se  ef- 
fects  w o u l d  no t  b e  obse rved .  

Vigorous  s t i r r ing  of t he  so lu t ion  w i t h  a smal l  p a d d l e  
p r e v e n t e d  t h e  in i t i a t ion  of  p i t t ing  co r ros ion  in  d i lu te  chlo- 
ride" solut ion,  a n d  i n h i b i t e d  in i t i a t ion  in  m o r e  concen t ra -  
ted  so lu t ions  (Fig. 4). T h e s e  e x p e r i m e n t s  were  d e s i g n e d  
to i l lus t ra te  t he  effects  of  t h e  h y d r o d y n a m i c s  and  were  
not  wel l  cont ro l led .  We will  r epo r t  s epa ra t e ly  the  resu l t s  
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Fig. 3.  Effect of buffer capacity, and electrolyte conductivity on en- 

semble mean current. 18Cr 13Ni  1Nb + 50  mV, potential step init ia- 
tion, unstirred. 1 : 0.028/91 NaCI .  2: 0 . 0 2 8 M  NaCI  + 0 . 0 0 5 M  "tris" (pH 
7.0).  3: 0 . 0 2 8 M  NaCI  + 0 . 0 5 M  "tris" (pH 7.0).  4: 0 . 0 2 8 M  NaCI  + 1M 
NaCIO4. 

of e x p e r i m e n t s  in  w h i c h  the Reyno lds  n u m b e r  is sys tem-  
at ical ly va r i ed  u n d e r  cond i t ions  of con t ro l l ed  hydrody-  
n a m i c  flow (10). 

Initiation frequency of events.--In pr inc ip le ,  t he  init ia- 
t ion  f r e q u e n c y  of  t he  even t s  w h i c h  give r ise to t he  cu r r en t  
f luc tua t ions  can  be  o b t a i n e d  s imp ly  by  c o u n t i n g  t he  
n u m b e r  of p e a k s  in  t he  cu r r en t  t r ans i en t .  In  fact, th i s  
gives t he  n u m b e r  of  " d e a t h s "  of even ts ,  a n d  it  is a s s u m e d  
t h a t  m o s t  even t s  "d i e "  so t ha t  t he  n u m b e r  of  " b i r t h s "  is 
i n d e e d  close to t he  n u m b e r  of dea ths .  Th i s  a p p r o a c h  also 
a s s u m e s  t h a t  t he  c u r r e n t  due  to each  e v e n t  inc reases  
m o n o t o n i c a l l y  w i t h  t ime.  
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The  use  of  any  peak  coun t ing  t e c h n i q u e  involves  s o m e  
j u d g m e n t  as to w h a t  is a s ignif icant  peak  and  wha t  is 
due  to mere  adven t i t ious  noise  in t he  m e a s u r e m e n t  sys- 
tem.  In  the  peak  coun t ing  p r o c e d u r e  tha t  was  finally 
adop ted ,  the  e x p e r i m e n t a l  data  were  first s m o o t h e d  
sl ightly us ing a shor t  sec t ion  l eng th  (four points)  r u n n i n g  
mean.  A s econd  r u n n i n g  mean ,  wi th  a long sec t ion  l eng th  
(100 points) ,  was  used  to smoo th  out  m o s t  of t he  fluctu- 
ations,  and  the  d i f fe rence  b e t w e e n  the  four- and  100-point 
m e a n s  ca lcula ted  to give a t race w h i c h  oscil lated abou t  
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Fig. 6. Initiation frequency, determined by peak counting, as a func- 

tion of time. Counting on lOOs intervals. 0.028M NaCI unstirred. Trian- 
gles: 18Crl 3 Ni 1Nb, + 50 mV SCE. x :18Cr 13Ni 1Nb, +200  mV SCE. 
Plus signs: 304L, +200  mV SCE. Squares: 304L, +300  mV SCE. 

zero. All peaks  and  t roughs  ou ts ide  a no ise  b a n d  (-+0.5 
~A) on the  d i f fe rence  t race were  coun ted ;  d iv is ion by  two 
y ie lded  the  e s t ima te  of  t he  in i t ia t ion rate. The value for  
the  no ise  b a n d  was  ob ta ined  f rom m e a s u r e m e n t s  m a d e  in 
1M NaC1Q and  f rom m e a s u r e m e n t s  m a d e  on  a d u m m y  
cell. F igure  6 i l lustrates  an i m p o r t a n t  result ,  namely ,  tha t  
the  even t  f r equency ,  or nuc lea t ion  rate,  was  effect ively 
co n s t an t  t h r o u g h o u t  the  cu r ren t  t rans ient .  In  Table  II, nu-  
c lea t ion ra tes  for the  d i f fe rent  s tee ls  and  e n v i r o n m e n t a l  
cond i t ions  are compared .  A second  i m p o r t a n t  resu l t  was  
obta ined,  namely ,  tha t  the  nuc lea t ion  rate  was  no t  
s ignif icant ly d e p e n d e n t  on  the  n a t u r e  of  the  steel  or on 
the  e lec t rode  potent ia l .  However ,  at low e n o u g h  e lec t rode  
potent ia ls  (d i f ferent  for each  steel) (8, 10), or in the  pres-  
ence  of  a suff ic ient  buf fe r  concen t r a t i on  or of  a sup-  
por t ing  electrolyte ,  or in the  ab s en ce  of  chloride,  the  nu-  
cleat ion rate was  zero. 

Slope analysis .~Inspect ion of  t he  e x p e r i m e n t a l  t ran-  
s ien ts  (Fig. 1) imp l i ed  tha t  t he  cu r r en t  for  each  even t  rose  
l inearly wi th  t ime.  I f  th is  was  the  case, t hen  posi t ive  
values  of  the  s lope  of  the  i-t record  at any t ime  should  be  
the  p ro d u c t  of  t he  n u m b e r  of  act ive pi ts  and  the  s lope of  
the  e l emen ta ry  t rans ient :  given- the  a s s u m p t i o n  tha t  the  
t ime  evolut ion  of  every  even t  is t he  same,  F igure  7 shows  
the  probabi l i ty  dens i ty  func t ion  (PDF) for posi t ive  values  
of the  s lope  ob ta ined  over  an e n s e m b l e  of  cu r r en t  t ran-  
sients .  A r u n n i n g  four -poin t  regress ion ,  s t ep p i n g  along 

Steel 

18/13/1 

304L 

316L 

25/20 

Table II. Parameters of the general stochastic model; A = 5 cm~; [NaCI] = 0.028M; asterisk indicates step start; otherwise, ramp start 

~xParameter 10 ~ ;~(s-~_cm-'-') 10 ~/~(s -~) 108 
C(A-s -~) 

E ~ Spectral Slope PDF 
(mV SCE) Other~Method Peak counting density analysis of slope 

50* 1.0 _+ 0.2 1.6 2 5 
50* [tris] = 0.005M 0.73 -+ 0.2 1.3 3 5 
50* [tris] = 0.05M 0.29 _+ 0.15 2 
50 [NaC104] = 1M 0.07 -+ 0.08 
0 0.06 +_ 0.06 

50 0.88 -+ 0.2 1.6 2.4 5 
200 1.3 -+ 0.3 1.6 1.6 10 

50 [NaC1] = 0.28M 1.0 _+ 0.3 2.3 

200 0.90 _+ 0.2 1.9 2.5 8 
300 1.5 _+ 0.3 2.0 0.8 12 

300 1.3 -+ 0.3 1.2 2.2 5 
400 1.5 _+ 0.3 1.7 0.9 10 

400 0.79 _+ 0.2 1.3 d 

103 aA (s -1) rr <n> ~, 

Passage Spectral Passage 
time density time Calc. Slope Analysis 

0.7 a 0 270 2.5 2.5 
1.2' 1.2 

1.1 0.17 100 240 1.8 1.8 
3.1 2.8 50 170 4 4 
2 0 200 
1.0 0.35 40 240 1.8 1.8 
8.8 3.5 50 /110 10 8 
0.8 b 0.5 100 260 3 b 2.5 

10 ~ 3.5 0 100 8 ~ 7 
4.9 10 150 d 

a Affected by crevice corrosion. 
b Increase in breakdown rate and number of pits, at longer time. 

Decrease in breakdown rate and number of pits at longer time. 
d Slope analysis fails (see text). 
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Fig. 7. Probability density function of the slope C of current-time 

traces. 304L, + 200 mV SCE, 0.028M NaCI, unstirred. 

the  t rans ient  one poin t  at a t ime, was used  to obtain the 
values  of the  slope. The  P D F  shows regular ly  spaced 
m a x i m a  at va lues  wh ich  are mul t ip les  of  an e lementa ry  
slope; this resul t  shows that  the  represen ta t ion  of the  cur- 
rent  as a s u m  of ident ical  e l ementa ry  l inear  ramps  is quite  
adequate .  Values of  the  e lementa ry  slope, C (Eq. [1]), are 
col lec ted  in Table  II. 

The t ime  series of the  cur ren t  wag conver ted  into a t ime 
series of  the  n u m b e r  of  pits by d iv id ing  the  s lope at any 
t ime by the  e l emen ta ry  slope ob ta ined  f rom the  P D F  and 
rounding  to an integral  value.  The  ensemble  m e a n  num-  
ber  and the  s tandard  devia t ion  of the  n u m b e r  both rose 
rapidly to cons tan t  values  (Fig. 8). The  values  are col- 
lected in Table  II. The expec ted  values  are, for the unsta-  
ble pits 

< n u >  = O-nu 2 : ak/t~ (t ~ ~) [2] 

and for the stable pits 

<n~> = ~n~ ~ = aA (t - re) [3] 

wi th  the  m e a n  and var iance  for the  total n u m b e r  being 
the s u m  of the  quant i t ies  for the s table and uns table  pits. 
It  is a s sumed  that, s ince the  expe r imen ta l  records give 
cons tant  va lues  for < n >  and ~r,, the  uns tab le  pits ou tnum-  
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Fig. 8. Ensemble mean, and standard deviation of number of pits, de- 

rived from the experimental i - t  traces, and the elementary slope, C. 
304L, + 200 mV SCE, 0.028M NaCI, unstlrred. 

ber  the  stable ones. Hence,  g iven ~ f rom peak count ing, /~ 
was calculated f rom < n >  using Eq. [2], and values  are col- 
lected in Table  II. The observed  (rn (not (Tn 2 a s  pred ic ted  
by Eq. [2] and [3]) were  approx imate ly  equal  to <n>.  

Passage  t ime  a n a l y s i s . - - I n  a prev ious  paper  (1), we re- 
lated the  probabi l i ty  of survival  of an unp i t t ed  spec imen  
to the  ini t iat ion rate for stable pitting, A 

in [P(0)] = - a A ( t  - to) = a(t - re) ~ e - ~  [4] 

and showed  that  the  t ime of  onset  of s table pi t t ing was 
best  defined as a t ime  of last passage th rough  some pre- 
de te rmined  cur ren t  level. The expe r imen ta l  data were  
compl ica ted  by a t ime  varying charging current  induced  
by the  initial t ransi t ion of the  potent ia l  (Fig. 1); this intro- 
duced  an arbi t rary e l emen t  into the  defini t ion of the 
passage current  level,  which  was taken to be jus t  above 
the  m i n i m u m  value  of  the  ensemble  m e a n  current.  F igure  
9 shows typical  plots according to Eq. [4]; va lues  of A and 
rc are col lected in Table  II. 

Spec t ra l  p o w e r  dens i t y  o f  the cur ren t . - -F igure  10 illus- 
t rates the spectra l  power  dens i ty  of  the  current  calculated 
f rom a chained set of  current - t ime records  and f rom a 
"de t r ended"  set of records  (1). Both  traces show a h igh  
f requency  decay  as ~-~, as expec ted  for a l inear e lemen-  
tary transient.  Compar i son  of the  power  levels  obtained 
for the  chained set wi th  the s imula t ion  and theoret ical  re- 
sults g iven before  (1) y ie lded  a value  for h. Values for/~ 
were  obta ined  f rom the  power  s p e c t r u m  of the de t rended  
records.  A check  on the  cons is tency of the  values  for ~,,/~, 
and C (the e l emen ta ry  slope) was obta ined  by compar ing  
theoret ical  (1) and observed  values for the  low f requency  
whi te  noise  (de t rended  records). 

Discussion 
The d iscuss ion  is in two parts. First,  we discuss the ade- 

quacy  of the  genera l  mode l  and the se l f -consis tency of the 
der ived  parameters ,  and point  out  where  the  general  
mode l  fails. Second,  we discuss the  behav ior  of the  de- 
r ived parameters  in t e rms  of  mic roscop ic  models  for the 
corrosion process.  

General  mode l . - -For  the  most  part, the  general  mode l  is 
adequa te  for descr ib ing  the  general  behav ior  of the  en- 
semble  statistics, the  s lope distr ibution,  the  survival  prob- 
ability, and the  power  spec t rum of the  fluctuations.  Ex- 
per imenta l  data and s imula ted  data show the  same  
general  form. The  values  of the  parameters  C, A, k, and/~  
der ived  by the  different  me thods  of analysis are self- 
cons is tent  (Table II). There  are, however ,  a n u m b e r  of de- 
via t ions  of  behav ior  f rom that  p red ic ted  by the general  
model.  First,  the  values  of  rc re la ted to A, ~, and/~  by the  
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Fig. 9. Survival probability from passage time analysis, of 18Cr 13Ni 
1Nb steel specimens, 0.028M NaCI, unstirred. Upper line +50 mV SCE. 
Lower line: +200 mV SCE. 
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304L, + 200 mV, 0.028M NaCI, unstirred. 

postulates  of  the  mode l  

r~ = -(1/~) in (A/k) [5] 

are consis tent ly  m u c h  larger  than the  value  given by 
passage t ime analysis. Second  (Figure 2), the ensemble  
statistics show some  devia t ions  f rom the  expec ted  behav- 
ior for stable pi t t ing (1), ca lcula ted us ing values  of  A 
(passage t ime) and C (slope analysis). The  agreement  be- 
tween  observed  and expec ted  behav ior  is, in general,  
qui te  striking, g iven  that  the  parameters  used  have  come  
from qui te  di f ferent  me thods  of analysis  of the  data. How- 
ever,  at longer  t imes,  the  mean  < I >  falls below, while  the  
s tandard deviat ion,  c% falls above  the  va lue  expected:  the  
variabil i ty,  especia l ly  at the lower  potential ,  is greater  
than  predicted.  Third,  in ag reemen t  wi th  the  resul ts  of  
Shiba ta  and T a k e y a m a  (3), the  survival  probabi l i ty  at 
longer  t imes was greater  than  that  p red ic ted  by Eq. [4]. It  
seems that  spec imens  which  survive  for longer  than some 
g iven  t ime  are less l ikely to form stable pits than the  rest 
of  the  ensemble  of specimens.  This effect  is reflected by 
the  values  of  A der ived  f rom spectral  dens i ty  analysis be- 
ing cons is tent ly  lower  than those  der ived  f rom passage 
t ime analysis: the  ensemble  power  spec t rum gives an av- 
erage va lue  of  A for all specimens.  

It  wou ld  appear  (11) that  these  difficulties wi th  the  gen- 
eral mode l  can be  reso lved  by a l lowing both  ~, and ~r to 
take  a d is t r ibu t ion  of  values.  Addi t ional ly ,  for both stable 
and uns tab le  pits, in a d e v e l o p m e n t  of  an earl ier  idea  (12), 
one could  pos tu la te  propagat ion  by a success ion of 
growth,  death,  and renuc lea t ion  events.  

The  main  conc lus ions  which  fol low f rom the  applica- 
t ion of the  genera l  m o d e l  are as follows. 

First,  the  nuc lea t ion  f requency  of uns tab le  pits, X, 
varies f rom zero to about  0.01 s - ' - c m  -2 over  a ra ther  nar- 
row range of potent ia l  different  for each alloy. The limit- 
ing va lue  of  nuc lea t ion  rate, ~, does  not  depend  on the  na- 
ture of  the  alloy, the  chloride concentra t ion,  or the  
e lec t rode  potential .  This potent ia l  d e p e n d e n c e  is the  clas- 
sical fo rm for a nuc lea t ion  p h e n o m e n o n .  

Second,  the  death  probabi l i ty  of  uns tab le  pits, ~, is also 
not  sensibly d e p e n d e n t  on e lect rode potential ,  na ture  of  
alloy, or chlor ide  concentra t ion.  

Third,  the  crit ical  age for t rans i t ion  of  an uns tab le  to a 
stable pit, r~, and e l emen ta ry  s lope of  the  cur ren t - t ime  
transient ,  C, d e p e n d  on the  e lec t rode  potential .  

Addi t ions  of buffer,  and of  suppor t ing  electrolyte,  re- 
duce  the nuc lea t ion  rate, ~, markedly .  St i r r ing may  affect 
both  the  nuc lea t ion  rate and the  death  probabil i ty.  We 
note  that  the  potent ia l  at wh ich  the  nuc lea t ion  f requency  
drops to zero p rov ides  a r igorous  defini t ion of a pi t t ing 
b reakdown  potent ia l  (8, 10). 

These  results  may  be in te rpre ted  in te rms  of a s imple  
microscopic  mode l  of local acidif icat ion for the init iat ion 
of pi t t ing corrosion.  

Microscopic model.--We propose  that  the  ini t iat ion of 
pi t t ing corrosion requires  the p roduc t ion  and pers is tence  
of gradients  of ac idi ty  and e lec t rode  potent ia l  on the scale 
of t h e  surface  roughness  of  the  spec imen.  F luc tua t ions  in 
these gradients ,  leading to the  birth and death of  events ,  
could arise because  of  f luctuations in the  boundary  layer 
in the l iquid  at the  meta l  surface; a pit  becomes  stable 
w h e n  its dep th  significantly exceeds  the  th ickness  of the  
solut ion boundary  layer. The  solut ion boundary  layer is 
in two parts, one part  def ined by the roughness  of the  
surface, the  o ther  part  be ing  the  h y d r o d y n a m i c  boundary  
layer (Fig. 11). Local  acidif icat ion wou ld  arise as a resul t  
of  the  hydrolys is  of meta l  ions in the  solution,  fo rmed  as a 
resul t  of  the  s low dissolut ion of  the  pass ive  meta l  

i ,  = kg~([C1-]~, [H~]s) exp  \ ~ /  [6] 

where  i, deno tes  the  pass ive  current  density,  ASf~ the  po- 
tent ial  d i f ference across the  f i lm-solut ion interface,  fi the  
t ransfer  coeff icient  and [ ]2 denotes  concent ra t ions  at 
the  meta l  surface. In  the mos t  genera l  case, the  rate con- 
stant, k~, could  be cons idered  to be var iable  over  the sur- 
face, for example ,  because  of the  p resence  of inhomogen-  
eities in the  alloy compos i t ion  or of inclusions.  The 
pass ive  dissolut ion current  is, of course,  a material- 
d e p e n d e n t  pa ramete r  which  can, in principle,  be mea- 
sured independen t ly .  Its var ia t ion wi th  solut ion composi-  
t ion is suscept ib le  to detai led mechan is t i c  descript ion.  
One such descr ipt ion,  a m e c h a n i s m  for rat ional izing the  
accelerat ion of oxide  dissolut ion by chloride,  is at the  
hear t  of  the  d iscuss ion  of pi t t ing corros ion given recent ly  
by McDona ld  and co-workers  (13). 

In their  d i scuss ion  of the ini t iat ion of  crevice  corrosion, 
Oldfield and Su t ton  (14) in t roduced  the  idea of  a critical 
crevice solution: a solut ion compos i t ion  at which  the  
meta l  could  not  remain  passive,  so that, should  it be at- 
tained,  rapid corros ion wou ld  c o m m e n c e .  We pos tu la te  
that  a cri t ical  local solut ion compos i t ion  can s imilar ly be  
def ined for the ini t ia t ion of  pi t t ing corrosion.  For  exam-  
ple (4), i f  the  pass ive  current  dens i ty  has a dependence  on 
[H ~] of  the  form 

i,  = k.2(1 + [H~]~/K~) [7] 

then  a critical local solut ion wou ld  have  [H~]~ ~< K2. We de- 
r ive addi t ional  suppor t  for this v iew f rom the  fact that  the  
current  pulse  associa ted with potent ia l  step init iat ion of  
the  expe r imen t  was sufficient to ini t iate  crevice corro- 
s ion around the  spec imen  m o u n t  in a s ignif icant  n u m b e r  
of cases (4). This  effect  was suppressed  by buffer ing the  
solut ion and was a s sumed  to be  t r iggered  by a m o m e n -  
tary local acidif icat ion at the  edge of  the spec imen  
caused by the  faradaic c o m p o n e n t  of  the  charging  
curre~lt. 

The  parameters  of the  genera l  model ,  k, ~, and z~, can 
now be reconc i led  wi th  this mic roscop ic  model.  

Nucleation rate.--The nuclea t ion  rate  is de t e rmined  by 
the  t ime  requ i red  to es tabl ish the  crit ical  local pH. S o m e  
order -of -magni tude  calculat ions can be  given. Thus if ~ 
denotes  the  roughness  and 8h the  th ickness  of the  hydro-  
dynamic  bounda ry  layer, then  the  surface  acidi ty at tained 
as a resul t  of  the  pass ive  dissolut ion wou ld  be at most  

 c] rI 
Fig. 11. Representation of boundary layers and critical penetration. 
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[H~]s - i,(Sr + 8h)/FDH [8] 

Wi th  our  s p e c i m e n s ,  ~ r  ~ 10-2 cm, a n d  in  a n  u n s t i r r e d  so- 
lu t ion ,  one  e x p e c t s  8h - 10-~-10-1 cm, so if  i ,  - 10 -7 
A-cm -z, pHs - 5-6. 

Any  c h a n g e  in local  p o t e n t i a l  w o u l d  r e su l t  in  a local  
va lue  of  i o w h i c h  m i g h t  be  s u b s t a n t i a l l y  larger.  In  our  
w o r k  (Fig. 1), t h e  r a m p  of  p o t e n t i a l  a t  t he  s ta r t  of  t he  ex- 
p e r i m e n t  gave  c u r r e n t  dens i t i e s  in i t ia l ly  in  the  r a n g e  1 to 
10 ~tA-cm -~, wh i l e  a s t ep  c h a n g e  of  po t en t i a l  gave  local  
cu r r en t s  m o m e n t a r i l y  of g rea t e r  t h a n  100 ~zA-cm-'-'; Eq.  [8] 
t h e n  impl i e s  pH~ < 2 i f  s u c h  c u r r e n t s  las t  l ong  enough .  
S u c h  cond i t ions ,  i f  m a i n t a i n e d  local ly  for  a suff ic ient  
t ime,  cou ld  ce r t a in ly  lead to a local  b r e a k d o w n .  

One  c o n s e q u e n c e  of  t h e s e  ideas  is t h a t  the  n u c l e a t i o n  
ra te  for u n s t a b l e  p i t t ing  s h o u l d  d e p e n d  u p o n  t he  pass ive  
c u r r e n t  dens i ty .  S ince  t he  pass ive  c u r r e n t  dens i ty  de- 
c reases  s tead i ly  w i th  t i m e  at c o n s t a n t  potent ia l ,  t h e  p rob-  
abi l i ty  of  o b s e r v i n g  a p i t t i ng  b r e a k d o w n  s h o u l d  dec rease  
w i t h  t i m e  and  t he  su rv iva l  p r o b a b i l i t y  for the  s p e c i m e n  
s h o u l d  inc rease .  I n  th i s  respec t ,  t h e s e  ideas  give a na tu r a l  
e x p l a n a t i o n  w h y  t he  su rv iva l  p r o b a b i l i t y  at  l onge r  t ime  
was  g rea te r  t h a n  t h a t  p r e d i c t e d  b y  Eq. [4] (see Fig. 9, a n d  
t he  G e n e r a l  m o d e l  sec t ion  above) .  T h e s e  ideas  a lso pre-  
d ic t  t h a t  t he  p r o b a b i l i t y  of  p i t t i ng  b r e a k d o w n  in exper i -  
m e n t s  in  w h i c h  t he  s p e c i m e n  is p r epas s i va t ed ,  t h e n  chlo- 
r ide  i n t r o d u c e d ,  a t  c o n s t a n t  potent ia l ,  s h o u l d  b e  less t h a n  
t h a t  o b s e r v e d  in  e x p e r i m e n t s  in  w h i c h  t he  po ten t i a l  is 
changed ,  p r o v i d e d  t h a t  t he  i n t r o d u c t i o n  of ch lor ide  in the  
fo rmer  e x p e r i m e n t  does  no t  cause  a c u r r e n t  pulse.  

The  m i n i m u m  local  pH i n d i c a t e d  b y  Eq. [8] for  a 
pass ive  c u r r e n t  dens i t y  of  10 -7 A-cm -2 (pH~ - 5-6) is 
c lear ly  too h i g h  to p r o m o t e  a local  b r e a k d o w n ,  ye t  p i t t i ng  
even t s  are  o b s e r v e d  w h e n  the  c u r r e n t  is as low as this.  We 
can  ach ieve  s o m e  r e so lu t i on  of th i s  di f f icul ty  b y  
r ecogn iz ing  t h a t  the  cond i t i ons  r e q u i r e d  to t r igger  an  
even t  m i g h t  b e  d i f fe ren t  f rom the  c o n d i t i o n s  r equ i r ed  to 
m a i n t a i n  one. Here ,  we exp lo re  qua l i t a t ive ly  two ideas  
c o n c e r n i n g  t he  t r i gge r ing  of  p i t t i ng  even t s ;  l a te r  we dis- 
cuss  t he  m a i n t e n a n c e  of  t h e  events .  

The  first  idea  c o n c e r n i n g  t he  t r i gge r ing  of p i t t i ng  
even t s  focuses  a t t e n t i o n  on  t he  t r a n s i e n t  b e h a v i o r  of t h e  
pass ive  cur ren t .  A n y  f luc tua t ion  of  local  po t en t i a l  a n d  of  
local  pH w o u l d  give a local  t r a n s i e n t  in  i,. The  t r a n s i e n t  
in  i ,  w o u l d  feed  b a c k  on  the  local  po t en t i a l  a n d  pH. 
Hence ,  d e p e n d i n g  on  t he  coup l ing  b e t w e e n  t r a n s i e n t s  in  
i,, local  po ten t ia l ,  a n d  pH, any  smal l  local  d i s t u r b a n c e  
w o u l d  e i the r  d a m p  ou t  or self-amplify.  

The  s e c o n d  idea  for t he  t r igge r ing  of  p i t t i ng  even t s  con- 
ce rns  t he  n a t u r e  of  t he  o b s e r v e d  pass ive  c u r r e n t  dens i ty ,  
i,. I t  m i g h t  be  a r g u e d  t h a t  t he  pas s ive  c u r r e n t  is in  real i ty  
a s t r e a m  of r ap id  c u r r e n t  pulses ,  as cou ld  ar ise  f rom 
pass ive  film b r e a k a g e  even ts ,  f i l tered by  the  s p e c i m e n  
capac i t ance  to a p p e a r  as a s t e a d y  cu r r en t .  As far as the  lo- 
cal e n v i r o n m e n t  of  the  sur face  is c o n c e r n e d ,  one  s u c h  
pu lse  cou ld  b e  t r e a t e d  as an  i n s t a n t a n e o u s  d e p o s i t i o n  in to  
t he  e n v i r o n m e n t  of  a ce r t a in  q u a n t i t y  of charge.  I f  t he  vol- 
u m e  of  an  o c c l u d e d  zone  of  t h e  so lu t i on  def ined  by  t he  
sur face  r o u g h n e s s  is t a k e n  as 10 -s c m  3, t h e n  a local  pH 0 
cou ld  b e  o b t a i n e d  b y  a cha rge  pu l se  of  10-7C--a  local  cur-  
r e n t  pu lse  of, say, 100 m A  for 1 ~s. Fo l lowing  such  a 
pulse,  locally, t he  r e su l t i ng  p H  g r a d i e n t  wou ld  beg in  to 
d i spe r se  by  d i f fus ion ,  and,  d u r i n g  a t i m e  scale  def ined  b y  
the  ra te  of  d i f fus ion ,  t h e r e  w o u l d  be  t he  poss ib i l i ty  of a 
p i t  in i t i a t ing  in  th i s  local  e n v i r o n m e n t .  I f  fas t  c u r r e n t  
pulses ,  l ike  t h e  ones  w h i c h  we h a v e  j u s t  pos tu la ted ,  were  
to occu r  all ove r  t h e  surface,  t h e n  t h e y  w o u l d  be  fi l tered 
by  t he  s p e c i m e n  c a p a c i t a n c e  a n d  w o u l d  only  be  sepa-  
ra te ly  o b s e r v a b l e  i f  t he  capac i t ance  was  suff ic ient ly  low, 
t h a t  is i f  t he  area  of  t he  s p e c i m e n  was  suff ic ient ly  small .  
The  in te r fac ia l  c apac i t ance  of  t h e  s t a in less  steel  in  aque-  
ous  so lu t ion  is of  t he  o rde r  of  10 /xF-cm-2; g iven  this ,  i t  
m i g h t  be  n e c e s s a r y  to use  e l ec t rodes  as smal l  as 10 /xm 
d i am in o rde r  to o b s e r v e  no ise  e v e n t s  on  t he  m i c r o s e c o n d  
t i m e  scale.  

In  t he  p r e s e n c e  of  a suff ic ient  c o n c e n t r a t i o n  of  buffer ,  
a cr i t ical  local  p H  cou ld  no t  be  a t t a ined :  th i s  w o u l d  ex- 
p la in  w h y  a d d i t i o n s  of  bu f f e r  i n h i b i t  t he  n u c l e a t i o n  pro- 

cess.  I f  i ,  w e r e  too  low, a c r i t i ca l  loca l  p H  c o u l d  n o t  b e  
o b t a i n e d  s i n c e  u n r e a s o n a b l y  la rge  v a l u e s  of  ~h w o u l d  be  
requ i red :  a sma l l  po ten t i a l  d e p e n d e n c e  of  ip, d i f fe ren t  for 
t he  d i f fe ren t  alloys,  cou ld  t h u s  b e  t h e  e x p l a n a t i o n  for t he  
fall of  t he  n u c l e a t i o n  ra te  to zero at  low e n o u g h  potent ia l .  
Low e n o u g h  ch lo r ide  c o n c e n t r a t i o n  at  t he  sur face  would  
h a v e  t he  s a m e  effect.  The  effect  of s t i r r ing  w o u l d  be  to in- 
h i b i t  n u c l e a t i o n  by  r e d u c i n g  ~h. S p e c i m e n  o r i en ta t ion  
wou ld  be  e x p e c t e d  to affect  t he  n u c l e a t i o n  ra te  b e c a u s e  
of t he  effects  of  c o n v e c t i o n  a n d  dens i t y  g rad ien t s  in  t he  
solut ion;  one  m i g h t  e x p e c t  p i t  n u c l e a t i o n  to occur  m o r e  
easi ly on  h o r i z o n t a l  s p e c i m e n s  fac ing  u p w a r d ,  as in our  
e x p e r i m e n t s ,  t h a n  on  s p e c i m e n s  fac ing  d o w n w a r d  or 
m o u n t e d  ver t ical ly .  

The  effect  of  a s u p p o r t i n g  e lec t ro ly te  is a c rucia l  p iece  
of ev idence .  I n  t he  a b s e n c e  of  t h e  s u p p o r t i n g  electrolyte ,  
e l e c t r o m i g r a t i o n  w o u l d  inc rease  t he  sur face  concen t r a -  
t ions  of chlor ide .  The  a b s e n c e  of  a s u p p o r t i n g  e lec t ro ly te  
also inc reases  t h e  so lu t ion  res i s tance .  B o t h  of t h e s e  ef- 
fects  m e a n  tha t ,  i f  t he  local  c u r r e n t  dens i t y  was h i g h  
enough ,  s ign i f ican t  f u r t h e r  c o n c e n t r a t i o n  of  chlor ide ,  
a n d  s ign i f ican t  po t en t i a l  g r ad i en t s  on  t he  scale  of t he  sur-  
face r o u g h n e s s ,  cou ld  b e  ob ta ined .  However ,  for t h e s e  ef- 
fects  to m a n i f e s t  t h e m s e l v e s ,  the  local  c u r r e n t  dens i t y  
wou ld  have  to be  far  h i g h e r  t h a n  t h e  pas s ive  c u r r e n t  den-  
sity. Of  course ,  once  a p i t  has  s tar ted ,  t he  local  cu r r en t  
dens i t y  is m u c h  h igher :  a c u r r e n t  of  1 /~A in to  an  area of, 
say, 10 x 10/xm is 1 A-cm-'-', so t h a t  once  t he  cri t ical  con- 
d i t ions  are e s t a b l i s h e d  t r a n s p o r t  by  e l e c t r o m i g r a t i o n  a n d  
local  po ten t i a l  g r ad i en t s  b e c o m e  e x t r e m e l y  i m p o r t a n t  
p h e n o m e n a  (15, 16). Thus ,  the  res i s t iv i ty  of  0.03M NaC] is 
a b o u t  100 f~-cm, so tha t ,  on  t he  scale  of  t he  sur face  rough-  
ness ,  100/xm wi th  a local  c u r r e n t  d e n s i t y  of 1 A - c m  -2 t he  
local  po t en t i a l  d rop  is 100 mV.  I t  is t he r e fo re  qu i te  con- 
ce ivable  t h a t  t he  p i t  n u c l e u s  cou ld  f ind i t se l f  d i sp l aced  
f rom the  pass ive  in to  the  act ive po t en t i a l  range.  However ,  
in  t he  p r e s e n c e  of  1M NaC104, r e s i s t iv i ty  a b o u t  10 f~-cm, 
the  local  p o t e n t i a l  d rop  would  on ly  b e  10 mV,  so t h a t  t h e  
local  zone  cou ld  no t  get  in to  t he  ac t ive  range.  One  can  
the re fo re  ra t iona l ize  t h e  p h e n o m e n a  b y  say ing  t h a t  a sup-  
por t ing  e lec t ro ly te  wou ld  no t  p r e v e n t  t he  a t t a i n m e n t  of a 
cr i t ical  pH, b u t  t h a t  e v e n  if  th i s  was  a t t a i n e d  in t he  pres-  
ence  of  a s u p p o r t i n g  e lec t ro ly te  no  p i t  wou ld  deve lop  
f rom it. 

This  is a m o r e  sub t l e  v iew t h a n  t he  a p p a r e n t l y  s t ra ight -  
fo rward  k ine t i c  idea  of a cr i t ical  pH e m b o d i e d  in Eq. [6]. 
In  the  mod i f i ed  view, a t t a i n m e n t  of  t he  cr i t ical  p H  trig- 
gers  off a local  i n s t ab i l i t y  w h i c h  is m a i n t a i n e d  b y  a local  
po t en t i a l  g rad ien t .  The  so lu t ion  r e s i s t a n c e  and  ch lor ide  
t r a n s p o r t  are  i m p o r t a n t  fac tors  in  m a i n t a i n i n g  th i s  insta-  
bil i ty.  The  e l e m e n t a r y  slope,  C, s h o u l d  d e p e n d  u p o n  t he  
ra te  of c h a n g e  of  t he  local  cond i t ions ,  u p o n  t he  alloy com- 
pos i t ion ,  and,  u p o n  the  local  p o t e n t i a l  g rad ien t ,  de ter -  
m i n e d  b y  t he  so lu t i on  res i s tance .  The  poss ib i l i ty  of t he  
f o r m a t i o n  of  sal t  films, w h i c h  t h e n  l imi t  t he  cur ren t ,  ha s  
b e e n  d i s c u s s e d  (16). 

Death probability.--Death of  a n  e v e n t  is s u p p o s e d  to 
occur  as a c o n s e q u e n c e  of  a r e d u c t i o n  in gh, so t h a t  t he  
large  local  c o n c e n t r a t i o n  excurs ions ,  c a u s e d  by  t he  large  
local  c u r r e n t  dens i ty ,  c a n n o t  b e  m a i n t a i n e d .  The  ob- 
s e rved  e v e n t  l i fe t imes,  50-100s in a n  uns t i r red"  solut ion,  
are i n d e e d  of  t h e  m a g n i t u d e  one  m i g h t  e x p e c t  f rom 
f luc tua t ions  in  a h y d r o d y n a m i c  b o u n d a r y  layer  in such  
an  u n s t i r r e d  so lu t ion ,  sub j ec t  to n a t u r a l  convec t ion .  This  
idea  p red ic t s  t h a t  the  l i fe t ime w o u l d  no t  d e p e n d  on  any-  
t h i n g  o the r  t h a n  the  s t i r r ing  of  t h e  so lu t ion ,  the  rough-  
ness  of  t h e  surface,  a n d  p e r h a p s  t he  o r i en t a t i on  of t h e  
spec imen .  

Critical age.--The cri t ical  age can  b e  def ined  as t he  ra- 
tio cr i t ical  dep th /ve loc i t y  of p ropaga t ion .  The  cri t ical  
d e p t h  is d e t e r m i n e d  b y  t he  b o u n d a r y  layers  and  wou ld  be  
smal l e r  for  a r o u g h e r  spec imen .  The  ve loc i ty  of  p ropaga-  
t ion  is e x p e c t e d  to va ry  s t rong ly  w i th  t h e  e lec t rode  poten-  
tial, t he  ch lo r ide  concen t r a t i on ,  a n d  t h e  n a t u r e  of  t h e  
alloy. A c c o r d i n g  to th is  view, t he  cr i t ical  age a n d  ele- 
m e n t a r y  s lope  are  re la ted.  The  e l e m e n t a r y  s lope  is a func-  
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tion of the electrode kinetics and solution resistivity in 
the local environment.  If  a simplified view is taken that 
the pit nuclei propagate at constant area, then the rate of 
penetration is proportional to the current: v = ~i. Writing 
8~ for the critical penetration, and introducing Eq. [1] and 
the boundary layer thicknesses 8r and 6h, gives 

re = [2(a0 - 3, - ~h)/~C] "2 [9] 

We note that the idea of a critical penetration contains 
the idea of a critical defect size for pit initiation. A defect 
could be a crack, for instance, or a microscopic crevice 
around the edge of an inclusion. 

Recently, Okada (7) has given a model  for pitting corro- 
sion which postulates the formation of an unstable chlo- 
ride nucleus as the precursor state. This model falls into 
the class defined by our general stochastic theory and af- 
fords an alternative microscopic interpretation of the 
values of the parameters. The ideas given (7) imply that 
the nucleation frequency and death probability should be 
functions of electrode potential and chloride concentra- 
tion; effects of buffer capacity and electrolyte conductiv- 
ity are not predicted. In these respects, Okada's model  
does not accord with our experimental  results. 

Conclusion 
The application of a stochastic approach to the study of 

the initiation of pitting corrosion on stainless steels and 
the development  of methods of analysis of data, based on 
a general phenomenological  model, has led to a clarifi- 
cation of which aspects of the process are dependent  
upon the composit ion of the steel and which are not. Rig- 
orous definitions of a pitting breakdown potential and of 
survival probability can be made. Strong effects of buffer 
capacity, solution conductivity, and stirring at constant 
chloride concentration have been shown. The results 
have been interpreted in terms of a simple microscopic 
model of local acidification for the initiation of pitting 
corrosion. Production, on the scale of the surface rough- 
ness of the specimen, of a gradient of acidity, as a conse- 
quence of the small passive dissolution current of the 
metal, triggers off a local instability, which is maintained 
by a local potential gradient. Fluctuations in these gradi- 
ents, leading to the birth and death of events, arise be- 
cause of fluctuations in the thickness of the solution 
boundary layer at the metal surface. The concept of a crit- 
ical penetration or critical defect size for the onset of sta- 
ble pitting forms a part of this view. It is notable that in 
emphasizing the importance of boundary layers, rough- 
ness, and local transport conditions these ideas eliminate 

the need for special postulates to explain why pitting cor- 
rosion is localized. It is notable also that, in breaking 
down a complex phenomenon into much simpler compo- 
nent parts, the stochastic approach and the general model 
have rendered much more tractable the problem of con- 
structing and testing suitable microscopic models. The 
use of the stochastic approach has led to the possibility of 
testing microscopic models much more rigorously than 
has been possible hitherto. 

Manuscript submitted May 22, 1984; revised manuscript 
received Feb. 1, 1985. Parts of this article were presented 
as Paper 10 at the Montreal, Quebec, Canada, Meeting of 
the Society, May 9-14, 1982, and as Paper 238 at the New 
Orleans, Louisiana, Meeting of the Society, October 7-12, 
1984. 

AERE Harwell  assisted in meeting the publication costs 
of  this article. 

REFERENCES 
1. D. E. Williams, C. Westcott, and M. Fleischmann, This 

Journal, 132, 1796 (1985). 
2. U. R. Evans, "Corrosion and Oxidation of Metals," 

Edward Arnold, London (1960). 
3. T. Shibata and T. Takeyama, Corrosion, 33, 243 (1977). 
4. D. E. Williams, C. Westcott, and M. Fleischmann in 

"Passivity of Metals and Semiconductors,"  p. 217, M. 
Froment,  Editor, Elsevier, Amsterdam (1983). 

5. M. Fleishmann, M. Labram, C. Gabrielli, and A. Sattar, 
Surf. Sci., 101, 583 (1980). 

6. E. Budevski,  M. Fleischmann, C. Gabrielli, and M. 
Labram, Electrochim. Acta,  28, 925 (1983). 

7. T. Okada, This Journal, 131, 241 (1984). 
8. D. E. Williams and C. Westcott, in "Proceedings of the 

9th International Conference on Metallic Corrosion, 
Toronto, 1984," Vol. 4, p. 390, National Research 
Council of Canada, Ottawa, Ont., Canada (1984). 

9. U. Bertocci and Y. Yang-Xiang, This Journal, 131, 1011 
(1984); U. Bertocci, Personal communication. 

10. D. E. Williams, J. Stewart, and M. Fleischmann, To be 
published in the Symposium on Electrochemical 
Methods in Corrosion Research, Toulouse, France, 
July 9-12, 1985. 

11. M. Fleischmann and D. E. Williams, In preparation. 
12. T. Shibata and T. Takeyama, in "Metallic Corrosion, 

Proceedings of the 8th ICMC," p. 146, DECHEMA, 
Frankfurt, Germany (1981). 

13. L. F. Lin, C. Y. Chao, and D. D. MacDonald, This Jour- 
nal, 128 1194 (1981). 

14. J. W. Oldfield and W. H. Sutton, Br. Corros. J., 15, 31 
(1980). 

15. H. W. Pickering and R. P. Frankenthal,  This Journal, 
119, 1297 (1972). 

16; T. R. Beck and R. C. Alkire, ibid., 126, 1662 (1979). 

Cooling Kinetics: Evidence for a Hydrogen Countercell in 3041_ 
Stainless Steel Crevices at High Temperatures 

D. F. Taylor* and C. A. Caramihas-Foust 
General Electric Corporate Research and Development, Schenectady, New York 12301 

ABSTRACT 

Cell current reversals deep within tubular 304L stainless steel crevices containing 0.2m NaC1 electrolyte at 290~ 
demonstrated H(I) reduction at previously anodic sites. Analysis of transient currents during cooling showed an increase 
in anodic activity adjacent to the crevice mouth as oxygen reduction at the mouth decreased, a direct indication that mo- 
lecular hydrogen was diffusing outward and oxidizing in the active/passive transition region. Calculations confirmed 
that a similar hydrogen countercell  was operating in crevices containing 0.1m Na~SO4. 

Previous papers in this series on the high temperature 
aqueous crevice corrosion of Fe-Ni-Cr alloys concluded 
that the reduction of H~O ~ ions or water molecules to mo- 
lecular hydrogen makes an important contribution to the 
solution composit ion and electrode potential in the oc- 
cluded region (1-3). These experiments  examined corro- 

* Electrochemical Society Active Member. 

sion behavior under  conditions where the presence of dis- 
solved oxygen outside a tubular crevice established po- 
tential gradients within the system. Since no artificial im- 
position of potential or current was present to establish a 
steady state, some rather sudden and dramatic changes in 
crevice chemistry occurred. In alloys with sufficient 
nickel content, there was a tendency for the internal crev- 
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ice e l ec t rode  p o t e n t i a l  to a t t a in  or e x c e e d  t he  e lec t rode  
po t en t i a l  of  t h e  ex t e rna l  sur face  d u r i n g  ac id i f ica t ion  (2, 
3). R a p i d  neu t r a l i z a t i on  a lways  fol lowed.  In  o the r  sys- 
t ems ,  i ron  o x i d a t i o n  con t ro l l ed  t h e  a n o d i c  cor ros ion  reac- 
t ion,  a n d  t he  c rev ice  in te r io rs  r e m a i n e d  acidic  unt i l  t h e  
t e m p e r a t u r e  s t a r t ed  to decrease ,  b u t  t h o s e  so lu t ions  al- 
ways  h a d  a t t a i n e d  n e u t r a l  p H  by  t he  t i m e  t hey  r e a c h e d  
25~ T h e r m o d y n a m i c  ca lcu la t ions  i m p l i c a t e d  H(I) r educ-  
t ion,  b u t  t he  n a t u r e  of  t he  neu t r a l i z a t i on  reac t ion ,  espe-  
cial ly t he  s i nk  for  H ~ a n d  t he  e x t e n t  to  w h i c h  s u c h  a cath-  
odic  r eac t ion  m i g h t  have  b e e n  o c c u r r i n g  at  t e m p e r a t u r e ,  
p r io r  to t he  neu t ra l i za t ion ,  were  unc lear .  This  p a p e r  de- 
sc r ibes  c u r r e n t  m e a s u r e m e n t s  on  ac t ive  crevices  b o t h  at  
290~ a n d  d u r i n g  cool ing  t h a t  i n d i c a t e  s t rong  oppos i t i on  
to the  ac id -gene ra t i ng  o x y g e n / m e t a l  macroce l l  by  a hy- 
d r o g e n  counterce l l .  

Experimental  

C o m m e r c i a l  304L s ta in less  s teel  t u b i n g  (18.2Cr, 10.9Ni, 
0.02C) (3) wi th  an  in s ide  d i a m e t e r  of 1 m m  was  cu t  in to  46 
cm leng ths ,  a n d  each  of t h e s e  pieces  was  s u b d i v i d e d  in to  
two par ts ,  e i t he r  3, 9, or 15 c m  f r o m  one  end.  All  compo-  
n e n t s  were  d e g r e a s e d  w i th  t r i c h l o r o e t h y l e n e  a n d  r insed  
first w i th  ace tone ,  t h e n  w i th  dis t i l led,  de ion ized  water.  
One  e n d  of  e a c h  longe r  s e g m e n t  was  arc we lded  c losed  in  
an  a rgon  a t m o s p h e r e ,  a n d  b o t h  s e g m e n t s  of e ach  pa i r  
we re  a t t a c h e d  to au toc lave  f e e d t h r o u g h s  of  t he  s a m e  ma-  
terial.  The  s e g m e n t  pa i rs  we re  r e a s s e m b l e d  by  i n se r t i ng  
e lectr ical ly  i n s u l a t i n g  5 m m  t u b u l a r  z i rconia  spacers  w i th  
t he  s a m e  i n n e r  a n d  ou te r  d i a m e t e r s  as the  m e t a l  t u b i n g  
and heat shrinking sufficient Teflon | PTFE tubing over 
the junctions to extend several centimeters on either side. 
For most experiments, stainless steel tubing unions were 
modified to fit closely over the Teflon PTFE sleeves. 
These insulated jackets strengthened the divided crevice 
fixtures and prevented detrimental amounts of oxygen 
from reaching the junction. 

The tubes were bent into a U shape, filled with 
d e a e r a t e d  0.1m Na2SO4 or 0.2m NaC1 by  evacua t ion ,  
m o u n t e d  in  a 1 l i ter  t i t a n i u m  alloy au toc lave ,  a n d  e x p o s e d  
at 290~ 10.3 M P a  for five days to w a t e r  w h i c h  was  air  
s a t u r a t e d  at  r o o m  t e m p e r a t u r e  a n d  p r e s s u r e  (8.5 p p m  dis- 
so lved  O2) a n d  f lowed t h r o u g h  t he  au toc l ave  at  10 cm 3- 
m i n - L  A P A R  Mode l  173 p o t e n t i o s t a t  e lec t r ica l ly  i so la ted  
f rom the  au toc l ave  s e r v e d  as a zero r e s i s t a n c e  a m m e t e r  
and  m e a s u r e d  c u r r e n t  f low f rom one  sec t ion  to t he  o t h e r  
whi l e  m a i n t a i n i n g  b o t h  pa r t s  of t h e  c rev ice  f ix ture  at  t he  
s ame  electr ical  potent ia l .  Af te r  cool ing,  t he  t u b e s  w h i c h  
h a d  c o n t a i n e d  Na2SO4 so lu t ion  were  i m m e r s e d  in l iqu id  
n i t rogen ,  cu t  in to  3 c m  s e g m e n t s ,  a n d  w a r m e d  to r o o m  
t e m p e r a t u r e  for p H  m e a s u r e m e n t s  on  t h e i r  con ten t s .  

Results 

Figure  1 i l lu s t r a t e s  the  effect  on  d iv ided  t u b u l a r  crev- 
ices of  a p r o t e c t i v e  s ta in less  s teel  j a c k e t  a n d  an  e lect r ica l  
c o n n e c t i o n  b e t w e e n  o p e n  a n d  c losed  ends .  In  t he  a b s e n c e  
of  an  effect ive  barr ier ,  a b u n d a n t  m o l e c u l a r  o x y g e n  dif- 
f u sed  t h r o u g h  t he  Tef lon P T F E  c o a t i n g  a n d  e s t a b l i s h e d  
a ca thod i c  r eg ion  at  t h e  o p e n  e n d  of  t h e  i n n e r  s egmen t .  
U n a b l e  to  d i f fuse  away  easily,  exces s  r e a c t i o n - p r o d u c t  
h y d r o x y l  ions  a c c u m u l a t e d  at  t he  j u n c t i o n ,  a n d  t he  p H  
profi le  at  r oom t e m p e r a t u r e  shows  h o w  l i t t le  m i x i n g  
occu r r ed  d u r i n g  cool ing  a n d  con t r ac t i on  of t he  crevice  
electrolyte.  Wi th  a p ro t ec t i ve  j acke t ,  b u t  no  e lec t r ica l  con- 
n e c t i o n  b e t w e e n  s e g m e n t s ,  o x y g e n  e v e n t u a l l y  pas s iva t ed  
t h e  ou te r  p o r t i o n  of t he  c rev ice  a n d  e s t a b l i s h e d  a ca thod ic  
r eg ion  at  t he  o p e n  e n d  o f  t h e  i n n e r  s egmen t .  A com- 
pa r i son  of p H  prof i les  s h o w s ' t h a t  th i s  d e a c t i v a t i o n  of t he  
ou te r  s e g m e n t  sh i f t ed  t he  acidic  r eg ion  an  e q u i v a l e n t  dis- 
t ance  in to  t he  c rev ice  a n d  p e r h a p s  s l ight ly  r e d u c e d  t he  
a m o u n t  of c rev ice  act ivi ty,  and  h e n c e  acidity,  by  re- 
s t r i c t ing  o x y g e n  t r anspor t .  

F i g u r e  2 r e p r o d u c e s  the  c u r r e n t - t i m e  profi les  for a se t  
of  t h r e e  d iv ided  c rev ices  w h i c h  c o n t a i n e d  0.2m NaC1. T h e  
c u r r e n t  r eve r sa l s  in  t h e  crevices  d i v i ded  at  9 a n d  15 c m  
f rom the  m o u t h  s h o w  d i rec t ly  t he  s low d e v e l o p m e n t  of  a 
ne t  c a thod i c  r eac t i on  deep  w i t h i n  t he  crevice.  Measure-  
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Fig. 1. Room temperaturepH profiles in 304L stainless steel crevices 
after exposure with O. lm Na2S04 electrolyte to aerated water at 290~ 
for 5 days. Abscissa units are the number of 3 cm lengths, starting at the 
open end. "Connected" signifies electronic continuity from one side of 
the division to the other. 
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Fig. 2. Cell current in 304L stainless steel crevices during exposure 
with 0.2m NoCI electrolyte to aerated water at 290~ Open end cath- 
odic, interior anodic for positive values. 

m e n t s  on  iden t i ca l  c revices  c o n t a i n i n g  0.1m Na~SO4 
s h o w e d  no  s u c h  reversals ,  b u t  t h e  c u r r e n t s  we re  s imi la r  
in  m a g n i t u d e .  

Af ter  t he  c u r r e n t  r eve r sed  in  ch lo r ide  c o n t a i n i n g  crev- 
ices, cool ing  t he  s y s t e m s  i nc r ea sed  ca thod i c  c u r r e n t  flow 
w i t h i n  t h e  i n n e r  s e g m e n t .  I f  t h e  l oca t ion  of t h e  d iv id ing  
i n s u l a t o r  was  s u c h  t h a t  n o  c u r r e n t  r eve r sa l  o c c u r r e d  dur-  
ing  e x p o s u r e  at  290~ cool ing  i n d u c e d  t he  a n o d i c  to cath-  
odic  t r a n s i t i o n  in  ch lo r ide  sys t ems .  The  do t t ed  cu rve  in  
Fig. 3 i l lus t ra tes  th i s  l a t t e r  t y p e  of  b e h a v i o r  for a su l fa te  
c rev ice  w i th  the  j u n c t i o n  at  9 c m  f r o m  the  o p e n  end.  Divi- 
s ion of  su l fa te  c o n t a i n i n g  c rev ices  at  3 or 15 c m  p r o d u c e d  
c o m p l e x  c o o l i n g - c u r r e n t  t r a n s i e n t s  w i t h  mu l t i p l e  rever-  
sals l ike  t h o s e  of  t h e  d a s h e d  curve.  

Discussion 

R o o m  t e m p e r a t u r e  p H  m e a s u r e m e n t s  a f te r  cool ing  re- 
veal  l i t t le  a b o u t  t he  h i g h  t e m p e r a t u r e  b e h a v i o r  of  s ta in-  
less  s teel  c rev ices  c o n t a i n i n g  ch lo r ide  e lec t ro ly tes ,  b u t  
Na2SO4 so lu t ions  p r o d u c e  i n t e r e s t i n g  p o s t - e x p o s u r e  re- 
sults.  F i g u r e  1 s h o w s  t he  cha rac t e r i s t i c  r o o m  t e m p e r a t u r e  
d i s t r i b u t i o n  of ac id i ty  in  an  e lec t r ica l ly  r e c o n n e c t e d  di- 
v i d e d  f ix tu re  w h i c h  mac roce l l  c rev ice  co r ros ion  w i t h  
Na2SO4 a lways  ha s  p r o d u c e d  in  46 c m  crev ice  t u b e s  d u r i n g  
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Fig. 3. Cell current in 304L stainless steel crevices during cooling 
after exposure with 0. lm Na~SO~ electrolyte to aerated water at 290~ 
Polarity as in Fig. 2. 

e x p o s u r e  to a e r a t ed  w a t e r  at  290~ (1, 3). T he  r ep roduc i -  
b i l i ty  of th i s  b e h a v i o r  a n d  t h e  a b s e n c e  of  any  m e a s u r a b l e  
effect  f r om d iv i s ion  p r o v i d e d  ju s t i f i ca t ion  for c o m b i n i n g  
t h e  r e su l t s  f r o m  d i f fe ren t  e x p e r i m e n t s  w i t h  t he  s a m e  elec- 
t rolyte .  P o s i t i o n i n g  t he  i n su l a to r s  at  e i t he r  3, 9, or 15 c m  
l imi ted  r e s o l u t i o n  of  t he  c u r r e n t  prof i les  to t he  ne t  cur- 
r e n t  b e t w e e n  a d j a c e n t  i n su l a to r  loca t ions .  T h u s  at  any  
t i m e  af te r  t he  s ta r t  of  an  e x p e r i m e n t  t he  d i f fe rence  be- 
t w e e n  t he  c u r r e n t  w h i c h  was  f lowing in to  a 9 c m  sec t ion  
a n d  t h a t  f lowing in to  a 3 c m  sec t ion  s h o u l d  h a v e  h a d  its 
sou rce  or  s i nk  at  t h e  a l loy/e lec t ro ly te  i n t e r f ace  b e t w e e n  3 
a n d  9 c m  f r o m  the  c rev ice  m o u t h .  F o r  t he  1 m m  crevice  
d iamete r ,  a n  ave r age  c u r r e n t  of  1 x 10 -~ A-cm -~ ( l inear  
c u r r e n t  dens i ty )  was  e q u i v a l e n t  to 3.2 • 10 -6 A-cm -2. Fig- 
u r e  4 shows  se lec ted  re su l t s  f rom th i s  t y p e  of  r e cons t ruc -  
t ive  ca l cu la t ion  for  c revices  c o n t a i n i n g  each  e lect rolyte .  
A l t h o u g h  t he  ca thod i c  r eac t ion  deep  in t he  su l fa te  crev- 
ices n e v e r  b e c a m e  s t rong  e n o u g h  at  290~ to r eve r se  t he  
cu r r en t ,  i t  was  suf f ic ien t  to c rea te  a local ly  ca thod ic  re- 
g ion  a n d  c u r r e n t  profi les  qu i te  s imi la r  to t hose  in t he  
ch lo r ide  sys tem.  

Oxygen /a l loy  m a c r o c e l l  co r ros ion  a n d  m e t a l  hydro lys i s  
g e n e r a t e  h y d r o g e n  ions.  T h e r m o d y n a m i c s  d ic ta tes  t h a t  
e l e c t r o c h e m i c a l  r e d u c t i o n  of  t h e s e  h y d r o g e n  ions  m u s t  
c o u n t e r a c t  t h e i r  g e n e r a t i o n  as t he  p H  dec rea se s  (4). T h e r e  
is l i t t le  d o u b t  t h a t  t he  i n t e r n a l  c a thod i c  r eac t ion  e v i d e n t  
b e t w e e n  9 a n d  15 c m  f rom t he  c rev ice  m o u t h  was  
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Fig. 4. Calculated average linear current density in 304L stainless 
steel crevices after 2 • 102, and 2 • 10 ~ (sulfate), or 7 • 1()~ min (chlo- 
ride), at 290~ Positive values are cathodic. 
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in b o t h  sys t ems ,  b u t  the  i s o t h e r m a l  da ta  c o n t a i n e d  no  evi- 
d e n c e  for  a b a l a n c i n g  a n o d i c  r eac t i on  o the r  t h a n  me ta l  
oxida t ion .  U p o n  cooling,  howeve r ,  t he  c rev ice  e lec t ro ly te  
c o n t r a c t e d  a n d  re la t ive ly  p u r e  au toc l ave  wa te r  e n t e r e d  
the  c rev ice  m o u t h .  F i g u r e  3 s h o w s  h o w  rap id ly  t he  sepa- 
r a t i on  of c o n d u c t i v e  e lec t ro ly te  f rom the  s u p p l y  of dis- 
so lved  o x y g e n  e x t e r n a l  to t h e  c rev ice  a l lowed  an  oxida-  
t ion  to t ake  ove r  a n d  d o m i n a t e  the  r eac t ions  nea r  the  
open ing .  Ev iden t ly ,  th i s  a n o d i c  r eac t i on  was  occur r ing  
before  t he  t e m p e r a t u r e  s t a r t ed  to drop.  F igu re  5 shows  
t ha t  as t he  t e m p e r a t u r e  dec reased ,  t he  c u r r e n t  b e t w e e n  0 
a n d  9 c m  f r o m  t h e  m o u t h  b e c a m e  m o r e  anodic ,  whi le  H ~ 
ion  r e d u c t i o n  i n c r e a s e d  s ign i f ican t ly  b e t w e e n  9 and  15 
cm. A l t h o u g h  s o m e  m e t a l  m a y  h a v e  b e e n  oxidiz ing,  t he  
d o m i n a t i n g  a n o d i c  reac t ion ,  there fore ,  m u s t  h a v e  b e e n  
the  r e o x i d a t i o n  of m o l e c u l a r  h y d r o g e n ,  w h i c h  was  
d i f fus ing  f rom its sou rce  t o w a r d  t he  c rev ice  m o u t h .  

The  o p e r a t i o n  of s u c h  a h y d r o g e n  coun te rce l l  he lps  to 
exp la in  t h e  r a p i d  neu t ra l i za t ions ,  the  neg l ig ib le  i n t e rna l  
po t en t i a l  drop,  a n d  t he  r e m a r k a b l e  u n i f o r m i t y  of  elec- 
t ro ly te  c h e m i s t r y  w h i c h  are  cha rac t e r i s t i c  of  t h e s e  c rev ice  
s y s t e m s  (1-3). Once  oxygen /a l loy  mac roce l l  co r ros ion  ha s  
l owered  t h e  i n t e r n a l  p H  suf f ic ien t ly  to cause  local  r e d o x  
cor ros ion  a n d  e s t a b l i s h  a f lux of  m o l e c u l a r  h y d r o g e n  to- 
wa rd  t h e  c rev ice  m o u t h ,  r e o x i d a t i o n  of  t h a t  h y d r o g e n  re- 
duces  t he  d e p e n d e n c y  on  an  i n t e r n a l  po t en t i a l  g r a d i e n t  
for c o n t i n u e d  cell  opera t ion .  F i g u r e  6 s u m m a r i z e s  t h e s e  
r e l a t i o n s h i p s  in  a s c h e m a t i c  d iag ram.  Thus ,  in  t h e  s teady-  
s ta te  l imi t  of  a pe r f ec t  b a l a n c e  w i t h  c o m p l e t e  hydro lys i s ,  

" ~  r T 

I ELECTROLYTE / WATER 
1.0 INTERFACE AT 260~ 

0.2 m NaCI 
0.5 "~ ,__._. - - 2 9 0 %  CATHODIC 

- - -  260% l 
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-0.5 

~= .3 9 15 DISTANCE FROM CREVICE MOUTH (cm) 
i I i I 
/ / r - - - i  0.1 m NozSO 4 

I ' ,  
05~-~ I I 

N CATHODIC I 

I i I ANODIC 
0.5]-  I I 

-I.0 I~ I L ~ L ~ ~  

Fig. 5. Calculated average linear current density in 304L stainless 
steel crevices just before cooling, and at 260~ (electrolyte/water inter- 
face at 3 cm). Positive values are cathodic. 
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AT BALANCE 

Fig. 6. Schematic representation of crevice corrosion with a balancing 
hydrogen countercell. 
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diffusion of  water  and H=, would  replace  the t ranspor t  of  
charged  species  be tween  the  t rans i t ion  and inter ior  re- 
gions, inc lud ing  the  m o v e m e n t  of  e lec t rons  in the  metal ,  
and corrosion wou ld  con t inue  wi th  a cons tant  acidic inte- 
rior pH. Poten t ia l /pH m e a s u r e m e n t s  at 290~ on 304L 
stainless steel  crevices  conta in ing chlor ide  e lectrolytes  in- 
d icated behav ior  approach ing  this type  of  balance (3). 

The  hyd rogen  shut t le  can reduce,  el iminate,  or reverse  
in te rmedia te  potent ia l  gradients  wi th in  the  crevice,  bu t  
cont inuing  corros ion  still depends  on the dr iving force of  
an oxygen/a l loy  macroce l l  EMF be tween  the  crevice 
mou th  and its interior.  When this dr iving force disap- 
pears, there  are two m e c h a n i s m s  avai lable for crevice 
neutral izat ion.  First,  the  hydrogen  counterce l l  can con- 
t inue  to opera te  in the  absence  of  oxygen  reduc t ion  and 
meta l  oxidat ion.  This requi res  an ou tward  flow of nega- 
t ive ionic charge  in the  crevice  e lec t ro lyte  f rom the  inte- 
rior to the  site of  H2 oxidat ion,  a d i rec t ion  opposi te  to that  
r equ i red  for macroce l l  acidification, and the  cooling- 
current  k inet ic  curves  clearly demons t r a t ed  that  cur ren t  
reversal.  Second,  local r edox  corros ion in the  inter ior  
could e lec t rochemica l ly  reduce  excess  H ~ ions to H2. 
These  expe r imen t s  showed  tha t  hyd rogen  could diffuse 
away f rom the react ion site, bu t  this m e c h a n i s m  also re- 
quires  that  a s ignif icant  fract ion of the  meta l  corrosion 
products  not  hydrolyze,  i.e., remain  as posi t ively  charged  
species or as complexes  wi th  anions  o ther  than OH- .  The  
hydrogen  counterce l l  offers an a t t ract ively  s imple  expla-  
nation, bu t  whe the r  one or  both  m e c h a n i s m s  are opera-  

tive, these  expe r imen t s  have  revea led  direct ly  a substan-  
tial and impor t an t  cont r ibut ion  f rom the  diffusion of mo- 
lecular  hyd rogen  to the  e lec t rochemica l  condi t ions  in ac- 
t ive crevices  at h igh  tempera tures .  
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A New (W, Mo)C Electrocatalyst Synthesized by a Carbonyl Process 
Activity Enhancement Resulting from Water Vapor Treatment in the Synthesizing Process 
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Hitachi Limited, Central Research Laboratory, Kokubunji ,  Tokyo 185, Japan 

A B S T R A C T  

It has been  revea led  that  e lect rocata lyt ic  act ivi ty  of  tungs ten  and m o l y b d e n u m  m i x e d  carbides fo rmed  on a carbon 
fiber substrate  us ing  a process  in wh ich  metal l ic  film fo rmed  by CVD at 450~ f rom W(CO)6 and Mo(CO)6 is carburized 
wi th  CO at 820~ is enhanced  by exposure  to water  vapor  ( -20  torr) at its synthes iz ing stage before the carburization.  Ac- 
t ivi ty tests in relat ion to e lec t ro-oxidat ion of H~ and CH3OH conduc ted  in 1M H2SO4 at 50~ show that  the potent iosta t ic  
current  genera ted  by reactants  per  real surface area of the  catalyst  thus  obta ined  is 0.27 A-m-'-' (at 0.2V vs. RHE) and 
0.0037 A-m -~ (at 0.5V), respect ively.  The  act ivi ty  e n h a n c e m e n t  resul t ing from water  vapor  t rea tment  is d iscussed  in the 
l ight  of surface  analyses  us ing Auge r  e lec t ron spectroscopy.  

Tungs ten  carbide,  often cons idered  to have  p la t inum- 
l ike catalytic proper t ies  (1), is one of the  mos t  promis ing  
al ternat ive catalysts  for replac ing cost ly p la t inum for hy- 
drogen  electrodes  in fuel cells using acidic electrolytes.  
Ross et al. have  conduc t ed  ex tens ive  studies of WC elec- 
trocatalyst,  especial ly  on the  relat ion be tween  act ivi ty  
and surface composi t ions ,  and have  demons t r a t ed  that  
only a catalyst  hav ing  carbon deficient  surface composi-  
t ion exhibi ts  h igh  act ivi ty  (2-4). The mos t  act ive catalyst 
repor ted  by them (4) can genera te  a hyd rogen  oxidat ion  
current  as high as 1.05 A-m-~ (real or B E T  surface area of 
the catalyst) at 177~ though  this va lue  is three  or four  or- 
ders of magn i tude  lower  than  that  for p l a t inum (5). 

In a previous  paper  (6), the  authors  disclosed a novel  
prepara t ion t e c h n i q u e  whe reby  WC and (W, Mo)C electro- 
catalysts are fo rmed  on a carbon fiber substrate ,  in which  
metal l ic  film fo rmed  by CVD at 450~ us ing W(CO)~ 
and/or  Mo(CO)~ is then  carbur ized with  CO at 820~ 

The (W, Mo)C catalyst  thus  ob ta ined  has a hexagona l  
WC s t ruc ture  (ao:2.89~; co:2.85A), and there  is l i t t le con- 
t amina t ion  by carbon  in e lementa l  forms,  on its surface, 
according  to observat ions  by Auger  e lec t ron spectros-  
copy (AES). Ac t iv i ty  tests in re la t ion to e lec t ro-oxidat ion 
of H~, HCHO, and CH:~OH c o n d u c t e d  in 1M H~SO4 re- 
vealed  tha t  the  potent ios ta t ic  cur ren t  p roduced  by each  

reactant  per  real  surface area of the  catalyst  is 0.12 A-m -~ 
(at 0.2V vs. RHE),  0.04 A-m-2 (at 0.3V), and 0.00082 A-m -2 
(at 0.5V), at 50~ 

Par t icular ly  for the  oxida t ion  of  methanol ,  Mo is indis- 
pensable ,  as the  oxidat ion  current  genera ted  by a Mo-free 
catalyst  qu ick ly  decays resul t ing in a lmos t  a nul l  current  
at a s teady state. M o l y b d e n u m  seems,  therefore,  to act as 
a center  to r e m o v e  po isonous  in te rmedia tes  f rom the  
me thano l  e lectro-oxidat ion,  or to lead the  react ion to an- 
o ther  path in wh ich  poisons  are not  formed.  

The (W, Mo)C electrocatalyst  obta ined  by the CVD pro- 
cess is, therefore,  expec ted  to provide  an economica l  neg- 
ative e lect rode for acid e lec t ro lyte- type me thano l  fuel 
cells, which  wou ld  be a mos t  hopefu l  e lec t rochemica l  en- 
ergy convers ion  device  because  me thano l  is a high energy  
dens i ty  l iquid  fuel  capable  of  be ing  easily hand led  and 
widespread  usage is expec ted  in the  near  future.  

In  this report,  we show that  the  act ivi ty  of  (W, Mo)C cat- 
alyst is notably  i m p r o v e d  by a water  vapor  t rea tment  dur- 
ing its synthes iz ing process,  and this effect  is examined  
by character iz ing the  catalyst 's  surface us ing AES.  

Experimental 
Catalyst preparation.---A schemat ic  d rawing  of the  ap- 

paratus  used  for catalyst  prepara t ion  is shown in Fig. 1, 
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Fig. 1. Schematic drawing of the apparatus to synthesize the cata- 
lysts. 1 and 2: CVD sources [(W (C0)6 and Mo(CO)6, respectively]. 3: 
Quartz reaction tube. 4: Image furnace. 5: Water vapor source. 6: 
Pressure gauges. 7: Liquid H2 trap. 8: Diffusion pump. 9: Rotary pump. 
10: Cold baths. 

this be ing  the  same in pr incip le  as that  used  in the  previ- 
ous w o r k  excep t  that  (i) two source vessels  for W(CO)6 
and Mo(CO)6 are  equ ipped  to separate ly  control  the  evap- 
orat ions and tha t  (ii) CVD pressure  is r educed  us ing  a dif- 
fus ion pump.  The CVD rates were  control led  by moni-  
tor ing CO pressure  genera ted  by the  decompos i t ion  of 
hexacarbonyls .  The  total  pressure  emp loyed  in this 
expe r imen t  was 1 • 10 -3 tort ,  in wh ich  part ial  pressure  
f rom 1Vio(CO)6 decompos i t i on  was 2 • 10 -4 torr. The pres- 
sure observed  w h e n  the  sources  ceased evapora t ing  was 1 
• 10 -G torr. In  order  to induce  carbonyls  to decompose  
comple te ly ,  a porous  glassy carbon rod was p laced in the  
downs t r eam side of  the  react ion tube. However ,  a consid- 
erable part  of carbonyls  was p robab ly  a l lowed to pass 
th rough  wi thou t  decomposi t ion .  

The  synthes iz ing  p rocedure  and condi t ions  are summa-  
rized in Fig. 2. As a substrate,  the  same  carbon paper  
(E-715, Kureha  Chemica l  Company)  was used  as in t he  
prev ious  work.  The  size of  the  subs t ra te  p iece  was 1.2 x 3 
cm, and its surface  area was es t imated  to be  about  50 c m t  
The sample  was s tored in 1M sulfuric acid to p reven t  its 
coming  into di rect  contac t  with air. 

Electrochemical measurements.--The electrocatalyt ic  
act ivi ty  was inves t iga ted  by a conven t iona l  t echn ique  us- 
ing a po ten t ioga lvanos ta t  (Pr inceton Appl ied  Research,  
Model  173), and a t h r ee -compar tmen t  glass cell, in which  
the  work ing  e lec t rode  was connec ted  to the  outer  circui t  
th rough  a Au lead  wire, as Au  p roved  to be a lmost  iner t  to 
the reactants ,  i.e., H2 and CH;3OH. The details were  re- 
nor ted  in the  prev ious  paper  (6). 

The real  surface  area of  the  e lec t rode  was es t ima ted  
f rom its capac i tance  associa ted wi th  the  double  layer  and 
the  adsorp t ion-desorp t ion  of  h y d r o g e n  on the  electrode.  
Details abou t  this t echnique ,  invo lv ing  l inear  sweep  
vo l t ammet ry ,  are also g iven  in the  p rev ious  paper.  

Surface analyses.--The surface  compos i t ion  in relat ion 
to W, Mo, C, and O was de t e rmined  by A E S  using an in- 
s t rument  e q u i p p e d  wi th  a the rmal  field emiss ion- type  
ca thode  consis t ing of t i t an ium-coa ted  tungsten ,  With a 
probe  d iamete r  of  0.03 - 0.5 ~m. This i n s t rumen t  was re- 
cent ly  deve loped  at Central  Research  Labora tory  of  
Hi tachi  Limited.  The  detai ls  of  measu r ing  condi t ions  are 
g iven  in the  cap t ion  of  Fig. 3. 

Substrate 

(Carbon paper) 

I 
CVD (450~ 4-5.5 

as-CVD film I 

I 
Water vapor treatment (820~ 

PH20:20[-30 torr, 5-30 min. ) 

as-WT-film I 

I 
Carbur i za t ion  (PC0:500 t o r r ,  

1-2 h )  l 

Catalyst I 
(W, Mo)C/carbon 

Fig. 2. Catalyst synthesizing procedure 

h )  

A 5 x 5 m m  piece  of  carbon paper  coated  with  catalyst,  
etc., was used as a spec imen  for A E S  analysis.  Spots  to be  
analyzed were  se lec ted  th rough  SEM observa t ions  to pro- 
v ide  an average. In  order  to examine  dis t r ibut ions  of each 
e l emen t  as a func t ion  of depth  f rom the  original  surface, 
sput ter  e tch ing  us ing  Ar  ion (5 keV, 5 x 10 -~ torr) was 
conducted .  E tch ing  rate was about  10 ~ - m i n - ' .  

A typical  Auge r  spec t rum given by (W, Mo)C catalyst 
with the  a s s ignmen t  of each peak  is shown in Fig. 3. The  
concent ra t ion  of each e l emen t  was calculated f rom the  
peak-to-peak he ights  of  a specific t ransi t ion on the  basis 
of the  fol lowing equa t ion  

C k : (Hk/Sk)/~ Hi/Si 
1 

where  Ck, Hk, and Sk represen t  a tomic  concentra t ion,  
peak- to-peak height ,  and sensi t ivi ty factor, respect ively.  
The  values  of  sensi t iv i ty  factor (7) co r respond ing  to the  
t ransi t ion in the  re levant  e lements  used  for the  analysis 
with the  e lectron energy  at which  the  peak  appears  are 
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Fig. 3. Auger electron spectrum obtained with (W, Mo)C catalyst 
(sample C). Peaks a, b, c, and d, assigned to the transitions in W 
NNN, Mo MNN, C KLL, and 0 KLL, respectively, are used for quanti- 
tative surface analyses. Ep = 10 keV. Em = 4 eV peak-to-peak. ~- = 
300 ms. 
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Table I. Peaks of AES and their sensitivity factors 
used for quantitative surface analyses 

Sensitivity 
Elements Transition Energy (eV) factors 

W N4N~N~ 180 0.13 
Mo MsN4.sN~ .~ 221 0.26 
C (graphite) KLL 273 0.11 
C (carbide) KLL 273 0.23 
O KLL 503 0.67 

s h o w n  in Table I. A l t hough  the peak  at 188 eV is usual ly 
used  in a quant i ta t ive  analysis  of Mo, the  one  at 221 eV 
was  e m p l o y e d  in the  p r e sen t  s t u d y  because  the  fo rmer  
over laps  wi th  the  W NNN t rans i t ion  at 180 eV. The factor  
of  this  t rans i t ion  is e s t ima ted  to be  0.26, as compa red  to 
peak  he ights  of  pu re  Mo at 188 and  221 eV. 

Results 

SEM observation and x-ray diffraction.--Scanning 
elec t ron  m i c r o g r a p h s  of ca rbon  p a p e r  subs t ra te ,  as-CVD 
film, and catalyst  carb ide  film are s h o w n  in Fig. 4a, 4b, 
and 4c, respect ive ly .  The as-CVD film has a s m o o t h  sur- 
face and  s h o w s  good  coverage.  Conversely,  there  are 
m a n y  fine r ipples  on the  sur face  of  the  catalyst  film, 
w h i c h  may  have  ar isen f rom a vo lume  increase  w h i c h  
a c c o m p a n i e d  the  carbur iza t ion  of  the  CVD film. 

X-ray di f f ract ion s h o w e d  tha t  t he  as-CVD film is sub- 
s tant ial ly a m o r p h o u s ,  t h o u g h  a weak  and  broad  peak  as- 
s igned  to metal l ic  W or Mo was seen. I t  was found  tha t  all 
catalysts  inves t iga ted  in the  p re sen t  p a p e r  take  the  hexag-  
onal WC s t ruc tu re  wi th  a0 : 2.84A and  co : 2.90~, regard less  
of the  di f fer ing surface  c o m p o s i t i o n  in each  sample ,  as 
s h o w n  in a later  sect ion.  

Enhancement of electrocatalytic activity resulting from 
water vapor treatment.--Rather accidental ly ,  we have  
found  tha t  the  e lect rocata lyt ic  act ivi ty of (W, Mo)C 
fo rm ed  on ca rbon  fiber subs t r a t e  us ing  the  CVD process  
is no tab ly  p r o m o t e d  by e x p o s u r e  to wa te r  vapor  at its 
syn thes iz ing  s tage jus t  p r e c e d i n g  carburizat ion.  

In  Table II, e lect rocata lyt ic  activities,  r e p r e s e n t e d  by 
oxida t ion  cu r ren t s  p r o d u c e d  by H~(iH.2) and  CH~OH(icH~oH), 
are s h o w n  for several  catalysts  syn thes i zed  u n d e r  var ious  
condi t ions .  The ox ida t ion  cur ren t s  were  m e a s u r e d  at  50~ 
in 1M H~SO4 con ta in ing  sa tura ted  H~ or 5M CH3OH. Data  
for s ample  A are t aken  f rom the  prev ious  repor t  (6). 

Act ivi ty  d i f fe rence  b e t w e e n  sample  A and  B may  be  at- 
t r ibu ted  to d i f fe rence  of  carbonyl  p re s su re s  at the  CVD 
stage, w h i c h  has  a subs tant ia l  inf luence  on the  a m o u n t  of  
ca rbon  inc lus ion  in CVD film, as s h o w n  in a later sec t ion  
in this  text.  The ca rbon  m o n o x i d e  p re s su re  gene ra ted  by  
d e c o m p o s i t i o n  of carbonyl  c o m p o u n d s  in the  CVD pro- 
cess  was abou t  1 • 10 -3 torr  for the  appara tus  in the  pres-  
ent  paper ,  whe rea s  it was a round  10 -2 or more  in t he  pre- 
vious work.  

Sample  C, syn thes i zed  u n d e r  essent ia l ly  the  s ame  con- 
di t ions  as for s ample  B excep t  for hav ing  been  sub jec ted  
to the  water  vapor  t r ea tment ,  shows  act ivi ty two t imes  

Table II. Activity of catalysts prepared under various conditions 

Sample 

Anodic cur- 
rent at 50~ 

Pressure (mA-m -~ real 
at CVD surface area) 

(torr) H~Otreatment" Carburization H~ a CH:~OH" 

A c 10 -~ None lh, 500 torr 115 0.82 
B 1 • 10 -3 None lh, 500 torr 100 1.5 
C 1 • 10 -3 5 min, 20 torr lh, 500 torr 240 2.9 
D 1 • 10 -3 5 min, 20 torr 2h, 500 torr 270 3.7 
E 1 • I0 -'~ 30 min, 30 torr lh, 500 torr 155 3.0 

a At 0.2V vs. RHE, saturated H2. 
b At 0.5V vs. RHE, 5M CH3OH. 
c Identical to sample no. 271 in the previous work (6). 

Fig. 4. Scanning electron micrographs of carbon paper substrate (a, 
top), as-CVD film (b, middle), and catalyst (carbide), (c, bottom) in 
the final form. As-CVD film and catalyst are identical to sample D-as- 
CVD and D in Table Ill, respectively. 

h igher  than  u n t r e a t e d  sample  B. Sample  D, w h i c h  under-  
w e n t  2h carbur iza t ion  wi th  CO after wa te r  vapor  treat- 
ment ,  exh ib i t s  still h ighe r  activity, in con t ras t  to the  fact  
that,  for  catalysts  w i t h o u t  water  vapor  t rea tment ,  pro- 
longed  carbur iza t ion  caused  de ter iora t ion  in activity. 
Sample  E ,  sub j ec t ed  to a water  vapor  t r e a t m e n t  heavier  
t h a n t h a t  for s ample  C, s h o w e d  a lmos t  the  s ame  activity. 

The resu l t s  of  po ten t ios ta t i c  cur ren t  m e a s u r e m e n t s  at 
var ious  po ten t ia l s  c o n d u c t e d  at  50~ in 1M H~SO~ wi th  H2 
b u b b l i n g  or 5M CH~OH are s h o w n  in Fig. 5, in wh ich  the  
cu r r en t  is no rma l i zed  by the  real surface  area of the  elec- 
t rode.  The plot  of  H~ oxida t ion  cu r ren t  is non l inear  due  to 
the  inf luence  of  d i f fus ion control .  However ,  the  ex- 
change  cu r r en t  for s ample  D can be  e s t ima ted  to be  abou t  
2 x 10-'-' A-m -2 by  ex t rapo la t ion  of  the  quasi- l inear  par t  of  
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Fig. 5. Potentiostatic currents generated by the oxidation of H2 and 
CH3OH on various catalyst electrodes at 50~ in 1M H2SO4. Current 
densities are based on the real surface area of the electrodes. Con- 
centrations of H2 and CH3OH are saturated H~ and 5 mole/liter. Open 
circles: Sample A. Solid circles: Sample B. Closed squares: Sample D. 

the  p]ot,  of  w h i c h  t he  s lope  is a p p r o x i m a t e l y  65 
mV/decade ,  s u g g e s t i n g  the  t w o- e l ec t r on  p r o c e s s e s  for  t he  
r e l e v a n t  H2 ox ida t ion .  T he  c u r r e n t  a s soc ia t ed  w i th  m e t h a -  
nol  ox ida t ion ,  p r e s u m a b l y  g e n e r a t e d  b y  the  r eac t ion  

CH3OH + H20 =CO., + 6H ~ + 6e -  

is 0.0037 A-m-~ at  0.5V vs. R H E  a n d  50~ w h i c h  is a l m o s t  
t he  s a m e  o rde r  of  m a g n i t u d e  as t he  v a l u e  r epo r t ed  for  
p u r e  P t  (5). 

Surface analyses using AES . - - In  orde r  to e luc ida te  t h e  
p r o m o t i o n  of ca ta ly t ic  ac t iv i t ies  t h r o u g h  w a t e r  v a p o r  
t r e a t m e n t ,  t he  fo l lowing  ana lyses  we re  c o n d u c t e d  focus- 
ing  on  ca ta lys t  su r face  charac te r iza t ions .  

The  su r face  c o m p o s i t i o n s  d e t e r m i n e d  by  A E S  are 
s h o w n  in Tab le  I I I  for t he  ca ta lys ts  as wel l  as t he  films at 
t he  i n t e r m e d i a t e  s tages  of t h e  p r e p a r a t i o n  w i th  t h r e e  dif- 
f e r en t  Ar  ion  s p u t t e r i n g  t i m e s  before  spec t r a  measu re -  
m e n t s .  S p u t t e r i n g  t ime  of  1 ra in  is a p p r o x i m a t e l y  iden-  
t ical  to a d e p t h  of 104 f rom t he  or ig ina l  surface.  S a m p l e s  
r e p r e s e n t e d  b y  D-as-CVD a n d  D-as-WT are  as-CVD a n d  
as -wate r  v a p o r - t r e a t e d  film, respec t ive ly ,  were  t a k e n  
f rom the  i n t e r m e d i a t e  s tage of  s a m p l e  D syn thes i s  for an- 
alyt ical  pu rposes .  S a m p l e s  D, B, a n d  C are iden t i ca l  to 
t h o s e  in  Tab le  II. 

To u n d e r s t a n d  t he  d i s t r i bu t i ons  of c o m p o n e n t  e l e m e n t s  
in  t he  su r face  layer  a n d  t h e i r  c h a n g e  a c c o r d i n g  to t he  syn-  
t he s i z ing  stage,  t he  ra t ios  of e ach  e l e m e n t ' s  a t o m s  to to ta l  
m e t a l  a toms ,  i.e., X/(W + Mo), are s h o w n  in  Fig. 6a-6d as a 
f u n c t i o n  of  s p u t t e r i n g  t ime,  1 ra in  of  w h i c h  b e i n g  equa l  to 
104 of d e p t h  f rom t he  or ig ina l  surface.  

T h e s e  resu l t s  s h o w  t h a t  as-CVD film inc ludes  a 
s igni f icant  a m o u n t  of  c a r b o n  a n d  t h a t  i t  is d i s t r i b u t e d  

Table Ill. Surface composition of (W,Mo)C catalysts and films 
at the intermediate stages in the preparation 

Sputtering Composition (atomic percent) 
Sample time (min) W Mo C O 

D-as-CVD 0 34 30 27 9 
2 42 33 15 10 

10 46 32 17 5 

0 25 8 37 30 
2 49 23 4 23 

10 56 20 9 15 
0 44 8 46 2 
2 43 10 45 0 

10 50 10 40 0 
0 29 16 53 2 
2 33 18 48 2 

10 32 23 45 0 
0 29 15 51 5 
2 34 15 48 3 

10 36 15 48 1 
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Fig. 6. Variations of the atomic ratio of each element (X) to total 
metals (W + Mo) in the surface layer with sputtering times for (a) 
D-as-CVD, (b) D-as-WT, (c) D, and (d) B, each of which is identical to 
the sample in Table II or Ill. Sputtering time of 1 min corresponds to 
a depth of 104. 

no t  solely  on  the  sur face  b u t  also in t he  d e e p e r  pa r t  of t he  
film. A pa r t  of  su r face  c a r b o n  m i g h t  b e  d r iven  in to  t he  
b u l k  d u r i n g  Ar  ion  spu t t e r ing ,  b u t  t he  a m o u n t  of  c a r b o n  
t h u s  i n t r o d u c e d  is so l i t t le  t h a t  it does  no t  affect  t he  b u l k  
c o n c e n t r a t i o n .  F igu res  7a a n d  7b s h o w  p a t t e r n s  of  t h e  C 
K L L  t r a n s i t i o n  g iven  b y  n o n s p u t t e r e d  a n d  2 ra in  sput -  
t e red  sur face  of  D-as-CVD, respec t ive ly .  The  s h a p e s  of  
Fig. 7b i nd i ca t e  t h a t  c a r b o n  in t he  s p u t t e r e d  sur face  is in  
a b i n d i n g  s ta te  w i th  meta l ,  i.e., W and /o r  Mo, s ince  the  
m a i n  p e a k  is fo l ]owed b y  two sma l l e r  b u t  clear  s u b p e a k s  
cha rac t e r i s t i c  of  s u c h  a b i n d i n g  state.  

On the  o t h e r  h a n d ,  t he  s p e c t r u m  s h a p e  in Fig. 7a g i v e n  
b y  the  n o n s p u t t e r e d  sur face  i n d i c a t e s  t h a t  t h e r e  are car- 
b o n s  in d i f f e ren t  s ta tes  as in  g r aph i t e  or c a r b o n a t e  w h i c h  
m a y  be  t h e  c o n t a m i n a n t s  i n t r o d u c e d  f rom the  s torage  or 
h a n d l i n g  a t m o s p h e r e s .  A m u c h  h i g h e r  c a r b o n  concen t r a -  
t ion  at  t he  or ig ina l  su r face  in Fig. 6a is due  to s u c h  con- 
t a m i n a t i o n s .  I t  is, the re fore ,  r e a s o n a b l e  to cons ide r  t h a t  
the  b i n d i n g  s ta te  ca rbon ,  p r o b a b l y  i n t r o d u c e d  in t h e  CVD 
process ,  is d i s t r i b u t e d  u n i f o r m l y  t h r o u g h  the  su r face  
layer  w i th  i ts  a t o m i c  rat io  pe r  to ta l  m e t a l s  b e i n g  a b o u t  0.2. 
A ve ry  l ike ly  or ig in  of th i s  c a r b o n  is c a r b o n y l  CVD 
sources .  

The  ra t io  of  Mo/(W + Mo) in s a m p l e  D-as-CVD was 
d e t e r m i n e d  to be  a b o u t  0.44 for b o t h  s p u t t e r e d  a n d  non-  
s p u t t e r e d  surfaces ,  wh i l e  t he  CVD p roces s  h a d  b e e n  con-  
t ro l led  so as to give a va lue  of  0.2. This  sugges t s  t h a t  a 
s ign i f ican t  a m o u n t  of W(CO),~ p a s s e d  t h r o u g h  t he  reac- 
t ion  t u b e  w i t h o u t  b e i n g  d e c o m p o s e d ,  p r o b a b l y  b e c a u s e  
its d e c o m p o s i t i o n  ra te  is c o n s i d e r a b l y  s lower  t h a n  
Mo(CO)6. X- ray  d i f f rac t ion  revea led  t h a t  the  fi lm is al- 
m o s t  a m o r p h o u s ,  t h o u g h  a ve ry  b r o a d  p e a k  ind i ca t i ng  t he  
onse t  of  me ta l  c rys ta l l i za t ion  was  de tec tab le .  

Resu l t s  o b t a i n e d  w i th  s a m p l e  D-as-WT (Fig. 6b) s h o w  
t h a t  t he  w a t e r  v a p o r  t r e a t m e n t  at  820~ b r i n g s  a b o u t  a no-  
t ab le  i nc r ea se  in  oxygen ,  w h i c h  e x t e n d s  m o r e  t h a n  100~ 
f rom the  o r ig ina l  surface,  t h o u g h  i t  dec rea se s  as d e p t h  in- 
creases.  E x t r e m e l y  h i g h  c o n c e n t r a t i o n  of C a n d  O at t he  
or ig ina l  su r face  m a y  b e  a t t r i b u t e d  to a d s o r p t i o n  species  
s u c h  as COx for  t he  s ame  r e a s o n  as is g iven  for t he  as- 
CVD film. I t  is i n t e r e s t i ng  to no t e  t h a t  the  ave rage  
O/meta l s  ra t io  b e t w e e n  20 a n d  100~ is a b o u t  0.3, w h i c h  co- 
inc ides  w i t h  t h a t  in  c o m p o u n d  W:~O, or (W, Mo)30, k n o w n  
as B-W, t h o u g h  x- ray  d i f f rac t ion  on ly  r evea l ed  a p a t t e r n  
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Fig. 7. Change in the AES shape of C K/L transition given by the 

as-CVD film (sample D-as-CVD) accompanied with sputtering, a: 
Nonsputtered (original surface), b: 2 min sputtered surface. 

iden t i ca l  to W in  t he  b u l k  of t h e  film. N e u g e b a u e r  et al. 
(8) s t a t ed  t h a t  fl-W can  be  p r e p a r e d  w i th  less t h a n  0.01 
a t o m s  of O pe r  a t o m  of W. I t  is conce ivab le ,  the re fore ,  
t h a t  the  sur face  layer  of w a t e r  vapo r - t r ea t ed  film is a B-W 
like c o m p o u n d  of  alloy. 

Para l l e l  w i t h  the  i n t r o d u c t i o n  of oxygen ,  the  w a t e r  
v a p o r  t r e a t m e n t  gives  r ise  to an  e l i m i n a t i o n  of c a r b o n  
f rom the  su r face  layer  as s h o w n  in Fig. 6b. Poss ib ly ,  car- 
b o n  escapes  f rom the  sur face  as CO. I f  th i s  is t rue,  t he  dif- 
fus ion  of c a r b o n  in  t h e  sur face  s u b o x i d e  layer  is cons id-  
e red  to be  s ign i f i can t ly  fast. 

A n o t h e r  i m p o r t a n t  effect  of  t h e  w a t e r  v a p o r  t r e a t m e n t  
is a s ign i f i can t  dec rea se  of  Mo in t he  sur face  layer. The  
va lue  of Mo/(W + Mo) in the  s p u t t e r e d  sur face  was  f o u n d  
to be  r e d u c e d  f rom 0.43 in as-CVD fi lm to 0.28. S ince  
MoO.~ ha s  a v a p o r  p r e s s u r e  of  1300 P a  (9) at  820~ it  is 
l ikely t h a t  Mo e v a p o r a t e d  f rom t he  sur face  in  th i s  form. 

S a m p l e  D, g iven  by  c a r b u r i z a t i o n  of as-WT film, is a 
final f o rm  of  t he  catalyst .  F i g u r e  6c s h o w s  t h a t  i ts  sur face  
wi th  a c a r b o n  def ic ien t  c o m p o s i t i o n  p r o v i d e d  t he  s toichi-  
o m e t r y  of m e t a l  to  C to be  1:1, a n d  t h a t  t he  rat io  of C/(W + 
Mo) dec rea se s  f rom 0.88 to 0.67 as t he  d e p t h  inc reases  
f rom 0 to 100~. However ,  it is no t  r e a s o n a b l e  to a s s u m e  a 
m o n o t o n i c  d e c r e a s e  in  c a r b o n  c o n t e n t  in  t he  d e e p e r  pa r t  
of t he  film, b e c a u s e  x-ray d i f f rac t ion  r evea l ed  t h a t  t he  
film as a w h o l e  is in  a s ingle  p h a s e  w i t h  a h e x a g o n a l  WC 
s t ruc ture .  I t  was  f o u n d  by  t he  s h a p e  of  A E S  s p e c t r u m  
t h a t  c a r b o n  is in  a b i n d i n g  s ta te  wi th  meta ls ,  no t  on ly  in  
the  s p u t t e r e d  surface ,  b u t  also at  the  or ig ina l  one,  sug- 
ges t ing  t h a t  t he  or ig ina l  sur face  of  t he  ca rb ide  ca ta lys t  is 
no t  c o n t a m i n a t e d  w i th  f ree  c a r b o n  f rom the  d i sp ropor -  
t i o n a t i o n  of  CO or t he  a d s o r p t i o n  of  CO.2. 

The  rat io  of Mo/(W + Mo) in t h e  su r face  layer  is a b o u t  
0.2, s u g g e s t i n g  t h a t  a Mo loss has  o c c u r r e d  d u r i n g  t he  
hea t i ng  p roces s  in  v a c u u m  ju s t  be fore  the  c a r b u r i z a t i o n  
or d u r i n g  t he  c a r b u r i z a t i o n  p r oce s s  itself.  A l t h o u g h  the  
m e c h a n i s m  is n o t  clear,  t he  f o r m e r  is m o r e  likely. 

I t  is w o r t h w h i l e  for t h e s e  resu l t s  to b e  c o m p a r e d  w i th  
t h o s e  for  s a m p l e  B, w h i c h  was  p r e p a r e d  in  t he  s a m e  way, 

e x c e p t  t h a t  t he  w a t e r  v a p o r  t r e a t m e n t  was  omi t ted .  As 
s h o w n  in Fig. 6d, t he  c a r b o n  c o n t e n t  in  s a m p l e  B is 
g rea te r  t h a n  in  s a m p l e  D t h r o u g h o u t  t he  sur face  layer,  
and,  e spec ia l ly  in  the  fo rmer ' s  or ig ina l  surface,  c a r b o n  is 
excess ive  for meta ls .  This  fact  i nd i ca t e s  t h a t  the  non -  
s p u t t e r e d  sur face  of  s a m p l e  B is, to s o m e  ex ten t ,  covered  
w i th  f ree  c a r b o n  p r o d u c e d  by  t he  d i s p r o p o r t i o n a t i o n  of  
CO d u r i n g  t he  ca rbur iza t ion .  As  a m a t t e r  of fact, t he  
s h a p e  of  t h e  C K L L  t r a n s i t i o n  s h o w e d  t h a t  a sma l l  pa r t  of 
th i s  su r face  c a r b o n  is in  e l e m e n t a l  forms.  In  addi t ion ,  i t  is 
o b s e r v e d  t h a t  t he  Mo level  in  s a m p l e  B is r o u g h l y  two 
t imes  g rea t e r  t h a n  t h a t  in  s a m p l e  D, c o n f i r m i n g  t h a t  one  
of t he  effects  of w a t e r  v a p o r  t r e a t m e n t  is to r e d u c e  Mo 
c o n t e n t  in  t h e  ca ta lys t  surface.  

S a m p l e  C, p r e p a r e d  in  t h e  s a m e  m a n n e r  as s a m p l e  D 
e x c e p t  t h a t  t he  c a r b u r i z a t i o n  t ime  was  sho r t e r  ( lh) ,  con- 
t a ins  r e s idua l  o x y g e n  in i ts sur face  layer,  as s h o w n  in 
Tab le  III. This  ca ta lys t  e x h i b i t s  m u c h  h i g h e r  ac t iv i ty  t h a n  
s a m p l e  B (no w a t e r  v a p o r  t r ea tmen t ) ,  b u t  less t h a n  
s a m p l e  D, in  w h i c h  no  oxygen  was  d e t e c t e d  a t  i ts  sput-  
t e red  surface.  Thus ,  i t  s eems  t ha t  o x y g e n  in t he  sur face  
layer  does  no t  p lay  a n  essen t ia l  or pos i t ive  role d u r i n g  
e lect rocata lys is ,  t h o u g h  t h e r e  h a v e  b e e n  m a n y  discus-  
s ions  (10, 11) c o n c e r n i n g  t he  re la t ion  b e t w e e n  surface  ox- 
ygen  a n d  ac t iv i ty  of  WC cata lys ts  for  H2 e lec t ro lox ida t ion .  

Discussion 
Miles (12) r e p o r t e d  t h a t  m o l y b d e n u m - t r e a t e d  WC, syn- 

t hes i zed  by  a c a r b u r i z a t i o n  of a m i x t u r e  of  a m m o n i u m  
p a r a t u n g s t a t e  a n d  m o l y b d a t e  wi th  CO at  700~ e x h i b i t e d  
catalyt ic  ac t iv i ty  for t he  e l ec t ro -ox ida t ion  of m e t h a n o l  in  
an  ac id ic  solut ion.  However ,  t he  ox ida t i on  c u r r e n t  gener-  
a ted  by  his  ca ta lys t  was  e s t i m a t e d  to be  in the  o rde r  of as 
l i t t le  as 10 -v A-m -2 (based  on  real  sur face  area), a n d  a n o t  
neg l ig ib le  co r ros ion  c u r r e n t  of  t h e  ca ta lys t  i t se l f  was  ob- 
s e rved  even  at  a p o t e n t i a l  as low as 0.4V (vs. RHE). I t  was  
not ,  the re fore ,  c lear ly  c o n c l u d e d  t h a t  Mo p l ayed  a n  essen-  
t ial  role  in  t he  e l ec t ro -ox ida t ion  of m e t h a n o l .  

In  t he  p r ev ious  r e p o r t  (6) t he  p r e s e n t  au tho r s  h a v e  
s h o w n  t h a t  the  o x i d a t i o n  c u r r e n t  p r o d u c e d  b y  t he  pu re  
WC ca ta lys t  (Mo free) decays  r ap id ly  t h o u g h  it  is de tec ta-  
b le  in i t ia l ly  j u s t  af ter  m e t h a n o l  is i n t r o d u c e d  in to  the  
electrolyte.  We c o n c l u d e d  t h a t  Mo acts  as a coca ta lys t  to 
r e m o v e  p o i s o n o u s  i n t e rmed ia t e s ,  or to lead t he  electro-  
c h e m i c a l  r eac t i on  to a n o t h e r  p a t h  in w h i c h  po i sons  are 
no t  p r o d u c e d .  

S ince  Mo in t he  ca ta lys t  of  t h e  p r e s e n t  s t u d y  plays  a 
role of cocata lys t ,  t h e r e  s h o u l d  be  an  o p t i m u m  va lue  of x 
in  Wl_rMo,.C, at  w h i c h  the  ac t iv i ty  is m a x i m i z e d .  How- 
ever,  a c lear  r e su l t  ha s  no t  ye t  b e e n  o b t a i n e d  a l t h o u g h  t he  
p r e s e n t  a u t h o r s  h a v e  c o n d u c t e d  e x t e n s i v e  s tud ies  to f ind 
t he  o p t i m u m  c o m p o s i t i o n  u s i n g  no t  on ly  t he  CVD tech-  
n i q u e  d e s c r i b e d  above ,  b u t  also c o n v e n t i o n a l  syn thes iz -  
ing m e t h o d s .  I t  is r e a s o n a b l e  to c o n c l u d e  t ha t  t he  resu l t s  
were  u n s u c c e s s f u l  b e c a u s e  the  ca ta ly t ic  ac t iv i ty  d e p e n d s  
more  on  the  m i c r o s c o p i c  d i s t r i b u t i o n  of Mo in the  sur face  
layer  t h a n  i t  does  on  t he  b u l k  compos i t i on .  

A typ ica l  e x a m p l e  s h o w i n g  the  i m p o r t a n c e  of  a h o m o -  
g e n e o u s  d i s t r i b u t i o n  of coca ta lys t  in  sur face  is P t / S n  elec- 
t roca ta lys t ,  in  w h i c h  Sn  i n t r o d u c e d  on to  P t  sur face  as 
a d a t o m  is be l i eved  to p ro t ec t  i t  f r om too s t rong  adsorp-  
t ion  of species  l ike  CHO, an  i n t e r m e d i a t e  of m e t h a n o l  
ox ida t ion ,  b y  v i r t u e  of  the  mic ro scop i c  sur face  g e o m e t r y  
cons i s t i ng  of  P t  a n d  Sn.  For  t h a t  reason ,  P t / S n  has  h i g h e r  
ac t iv i ty  t h a n  p u r e  P t  (13). 

As far  as t he  r e su l t s  of  x-ray d i f f rac t ion  are  conce rned ,  
(W, Mo)C ca ta lys t s  o b t a i n e d  in  t he  p r e s e n t  s t u d y  are in  a 
s ing le -phase  a n d  h o m o g e n e o u s  s u b s t a n c e .  This  does  no t  
a lways,  howeve r ,  a s su re  t h a t  each  c o m p o n e n t  e l e m e n t  is 
d i s t r i b u t e d  h o m o g e n e o u s l y  t h r o u g h  t h e  film. For  exam-  
ple, i f  Mo is too excess ive  to fo rm a s inge -phase  com- 
p o u n d ,  t he  p h a s e  s e p a r a t i o n  in to  WC a n d  Mo~C m i g h t  oc- 
cu r  in  a level  so mic ro scop i c  t ha t  i t  cou ld  no t  be  o b s e r v e d  
by  x-ray dif f ract ion.  In  t he  p r e s e n t  catalyst ,  howeve r ,  t he  
l ikely cause  of  i ts  pos s ib l e  n o n h o m o g e n e i t y  m i g h t  lie in  
the  CVD p roces s  a c c o r d i n g  to t he  fo l lowing  cons idera -  
t ions .  
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The AES results show that the as-CVD (at 450~ film 
contains carbon in a binding state with metal, and its con- 
centration in terms of C/(W + Mo) is about 0.2 for the 
sputtered surface. It is reasonable to consider that carbon 
has been introduced into the CVD film according to the 
following reactions 

M(CO)~ --* M(film) + 6CO [1] 

2CO (on M:catalyst)) C(film) + CO2 [2] 

C(fihn) + xM , M~C [3] 

where M is W and/or Mo. Carbon content in the film may 
thus be determined by the relation between the rate of re- 
action [1] and [2]. For example, the higher the CO pres- 
sure, the faster reaction [2], and carbon content would in- 
crease. Such a tendency has, in fact, been found in the 
carbonyl pyrolysis process for Mo (14) coating, as the 
Vickers hardness increases with an increase in CO pres- 
sure because of carbon inclusion. Miyake (15) also re- 
ported that Mo CVD film prepared under a CO pressure 
of less than 10 -4 tort  at 400~ exhibits hardness about 
four times larger than pure Mo, suggesting that an appre- 
ciable carbon inclusion occurs at such a low pressure. 

At temperatures as low as 450~ the rate of reaction [2] 
may depend on the catalytic activity of film itself. Since 
it has been reported (14) that Mo CVD film from its car- 
bonyl contains much more carbon than W film does, Mo 
or its carbide is considered to catalyze the reaction better 
than W. If this stands true for the CVD film of the pres- 
ent study, carbon would be deposited selectively on Mo 
sites and a fluctuated distribution of carbon would be 
formed in the film. Suppose reaction [2] proceeds via re- 
action of two CO's adsorbed on adjacent two Mo's. Then, 
Mo2C would readily be formed, and the fihn would as- 
sume a structure in which its clusters are included in me- 
tallic W. The fact that the ratio of Mo:C in the as-CVD 
film is 2:1 suggests such a situation though it is not a di- 
rect evidence. In addition, it is worthwhile to note the fact 
that, according to x-ray diffraction, only the Mo2C type 
phase was clearly detected for the film given by anneal- 
ing the as-CVD film at 820~ for 10 rain, though distin- 
guishing between W2C and Mo~C was impossible. 

Carburizing such a film as it is, the resulting carbide 
film would have a nonhomogeneous distribution of Mo 
because diffusion of metals in carbides is very slow at 
820~ Water vapor treatment before the carburization 
would, conversely, turn the surface into a more homoge- 
neous distribution in the following way. When the as- 
CVD film is exposed to water vapor, carbide cluster in its 
surface is decomposed and the surface changes into a 
suboxide, presumably, such as defective (W, Mo)30. Ac- 
companying with this change, the surface Mo distribution 
would become more homogeneous, because a rather open 
structure of suboxide would allow Mo to diffuse in the 
surface layer. Molybdenum would be uniformly distrib- 
uted also in the carbide film surface obtained from such 
a suboxide film. It is, therefore, reasonable to conclude 
that the difference of activity between sample D and B is 
due to that of the microscopic homogenei ty  in the surface 
Mo distribution. 

It should be added that the inclusion of Mo~C gives rise 
to the degradation of catalytic activity not only through 
the above manner  but also through the surface contami- 
nation with free carbon, because Mo2C catalyzes carbon 
deposition in the carburization process. The surface of 
sample B seems to be contaminated with free carbon. 

There is no clear answer as to how the Mo loss from the 
catalyst surface in its synthesizing process influences the 

activity. It is, however, presumable that, if  Mo in the as- 
CVD film was too much to form (W, Mo)C in a single hex- 
agonal WC-type phase, a reduction of Mo content would 
have a positive effect because the catalyst surface would 
then be prevented from undergoing phase separation, for 
example, into WC, Mo2C, and C. 

Conclusion 
Tungsten and molybdenum mixed carbide [(W, Mo)C] 

electrocatalysts, synthesized on a carbon substrate using 
a technique involving CVD from hexacarbonyl com- 
pounds, have been investigated. It has been found that 
the activity is enhanced by exposing the CVD films to 
water vapor at 820~ just  before it is carburized with CO. 
The catalyst thus obtained generated H.~-oxidation cur- 
rent density of 0.27 A-m-~ (based on real surface area) in a 
1M H2SO4 at 0.2V (vs. RHE) and 50~ An oxidation cur- 
rent of CH3OH as large as 0.0037 A-m-2 was also observed 
with the same catalyst at 0.5V (vs. RHE) at the same tem- 
perature. 

Surface analyses using Auger electron spectroscopy 
(AES) revealed that the as-CVD film formed at 450~ con- 
tains about 15 atomic percent carbon of which AES spec- 
trum shape is characteristic of one in binding state with 
metals. This carbon seems to form Mo2C clusters in- 
cluded in metallic W. Its surface is turned into suboxide 
like (W, Mo)30 with water vapor treatment, and carbon 
content in it is notably reduced, suggesting the decompo- 
sition of such clusters. The enhancement  of catalytic ac- 
tivity is probably due to the homogenized surface Mo dis- 
tribution in catalyst carbide brought about during the 
above process. 
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ABSTRACT 

A computer model which simulates the operation of Texas Instruments solar-chemical convertor (SCC) was devel- 
oped. The model allows optimization of SCC processes, material, and configuration by facilitating decisions on trade- 
offs among ease of manufacturing, power conversion efficiency, and cost effectiveness. The model includes various al- 
gorithms which define the electrical, electrochemical, and resistance parameters and which describe the operation of 
the discrete components of the SCC. Results of the model which depict the effect of material and geometric changes on 
various parameters are presented. The computer-calculated operation is compared with experimentally observed hydro- 
bromic acid electrolysis rates. 

The Texas Instruments Solar Energy System (1-14) con- 
verts solar energy into chemical energy, stores the chemi- 
cals, and on demand converts the chemical energy into 
electrical energy. The system consists of four major 
subsystems: solar-chemical convertor (SCC); hydrogen 
storage; fuel cell/inverter; and heat recovery. This discus- 
sion will be limited to the solar-chemical convertor (SCC). 
The SCC converts solar energy into chemical energy via 
the electrolysis of hydrobromic acid (HBr) to hydrogen 
(H~) and bromine (Br2). The performance of the SCC is 
influenced by the electrical characteristics of the spheri- 
cal solar cells, the electrochemical parameters of the front 
metal electrodes, the membrane, and the physical ar- 
rangement of cells. In operation, the SCC experiences a 
wide range of operating conditions which include varia- 
ble electrolyte composition, temperature, and solar 
insolation. 

A computer model was developed which simulates the 
operation of the SCC and allows characterization and 
optimization of SCC processes. The model facilitates de- 
cisions involving materials selection and design of the 
SCC to achieve opt imum performance and maximum 
cost effectiveness. By employing the model, the number  
of actual laboratory experiments needed to begin the de- 
sign and optimization study was greatly reduced. The 
computer-modeled SCC processes and comparisons of 
the calculated and observed SCC performance are 
outlined below. 

Computer Simulation Model 
The processes which occur in the SCC are illustrated in 

Fig. 1. Photons from the sun are absorbed by the spheri- 
cal n+/p and p§ silicon solar cells either directly or by 
reflection and scattering from the SCC matrix glass. 
Some photons are lost owing to reflection or absorption 
by the electrolyte, cover glass, or membrane separator. 
Photons that are absorbed in the silicon generate 
electron-hole pairs. The minority carriers diffuse to the 
junctions. The majority carriers flow to the electrode- 
electrolyte interfaces. At the electrodes on the n+/p cells 
(cathodes), hydrogen ions are reduced to H~. At the elec- 
trodes on the p§ cells (anodes), bromide ions are oxi- 
dized to bromine. Electroneutrality is maintained by a 
flow of ions across the separator. The separator functions 
to minimize backreaction losses by restricting bromine 
transport to the cathode (n+/p) cells. 

The computer  model incorporates electrical, electro- 
chemical, and resistance parameters which are functions 
of the SCC panel composition (9, 14). For example, the 
electrical characteristics of the solar cells are functions of 
the light incident on the cells, which in turn is dependent 
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on the incident panel insolation and the optical properties 
of the panel and electrolyte. The effects of the optical and 
resistive components  of the panel on the electrical charac- 
teristics of the solar cells were determined empirically as 
functions of pane] design, electrolyte composition, and in- 
solation. The interdependent  relationships among these 
parameters and functions are outlined in Fig. 2. Algo- 
rithms which describe these relationships are included in 
the computer model. 

The model initially assumes a given panel geometry 
and bulk electrolyte concentration. Various panel designs 
can be considered in order to maximize the light incident 
on the solar cells while minimizing the resistance and 
electrochemical losses. Electrical, electrochemical, and 
resistance terms are calculated upon selection of insola- 
tion, operating temperature, and electrode material. 
Finally, the algorithms are used with iterative numerical 
techniques to solve for the electrolysis rate. 

The electrical characteristics of the solar cells used in 
the model are obtained with a semiautomatic probe sys- 
tem. The solar cells of the panel are randomly probed at 
simulated air-mass 1 insolation using ELH type tungsten- 
halogen lamps to obtain representative values for the 
open-circuit voltage (Voc), the short-circuit current (I+c), 
and the fill factor (FF). When the density of spheres is 
known, the average maximum power output per sphere 
can be calculated. Array positioning, lamp power supply 
switching, and photocurrent-voltage data acquisition are 
fully automated. A fine tungsten wire probe is positioned 
manually on each solar cell sphere. Typically, four solar 
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cells are  p r o b e d  for  e ach  squa re  c e n t i m e t e r  of a r ray  area 
for  b o t h  cell types .  T he  cells s a m p l e d  c o r r e s p o n d  to 
0.5-0.7% of  t he  to ta l  cell popu la t ion .  For  t he  s t a n d a r d  size 
ar rays  tes ted ,  th i s  r e q u i r e d  p r o b i n g  160 cells: 80 a n o d e s  
and  80 ca thodes .  

The  ra tes  for  t h e  p h o t o i n d u c e d  e l e c t r o c h e m i c a l  oxida-  
t ion  a n d  r e d u c t i o n  of h y d r o b r o m i c  ac id  in t he  SCC are 
d e t e r m i n e d  b y  b o t h  the  e lect r ica l  (pho tovol ta ic )  charac-  
te r i s t ics  (15) of  t h e  i n d i v i d u a l  solar  cells a n d  t he  electro-  
c h e m i c a l  cha rac t e r i s t i c s  (16) a s soc ia t ed  w i th  t he  f ron t  
me ta l  e lec t rodes  in  t he  H B r  electrolyte .  D u r i n g  opera t ion ,  
t he  e l e c t r o c h e m i c a l  (faradaic)  a n d  solar  cell cu r r en t s  are 
e q u i v a l e n t  a n d  can  be  a p p r o x i m a t e d  by  

Io, = I~c - Io[exp ( q V J N k T ) ]  = Ae[exp (an + ~)] [1] 

I~c, Io, q, a n d  N are  the  shor t - c i r cu i t  cu r r en t ,  r everse  bias  
da rk  cu r r en t ,  a b s o l u t e  v a l u e  of  e l ec t ron i c  charge,  a n d  
qua l i t y  f ac to r  a s s o c i a t e d  w i t h  t h e  so lar  cells, respec t ive ly .  
A~, a, a n d  ~ a re  t h e  e l ec t rode  area,  Tafel  s lope,  a n d  in te r -  
cep t  a s soc ia t ed  w i t h  t he  e l e c t r o c h e m i s t r y ,  r espec t ive ly .  
Di f fe ren t  va lues  are a p p r o p r i a t e l y  u s e d  for a n o d e  a n d  
c a t h o d e  cells. The  so lar  cell p h o t o v o l t a g e  V~ a n d  t he  elec- 
t r o c h e m i c a l  ove rvo l t age  are r e l a t ed  by  

= V~ - E i j R j  - V ~ f  [2] 

w h e r e  E i j R j  i n c l u d e s  all r e s i s t a n c e  losses  a s soc ia t ed  w i t h  
t he  b a c k - s i d e  c o n d u c t o r ,  m e m b r a n e  separa to r ,  a n d  elec- 
t rolyte .  The  r e s i s t a n c e  t e r m s  can  be  ca l cu la t ed  w i th  s im- 
ple  m o d e l s  of  t h e  a r ray  g e o m e t r y  u s i n g  n u m e r i c a l  i tera-  
t ion  t e c h n i q u e s .  Vr~f def ines  t h e  p o t e n t i a l  d i f f e rence  
b e t w e e n  t h e  back - s ide  c o n d u c t o r  a n d  t h e  H~/H2 a n d  t he  
B r J B r -  r e d o x  couples .  The  e q u a t i o n s  g iven  a b o v e  def ine 
the  ope ra t i on  of  t h e  a n o d e  cells (p+/n) or t he  c a t h o d e  cells 
(n~/p). E q u a t i o n s  w h i c h  g o v e r n  the  b e h a v i o r  of a n o d e  
cells d i f fer  f r o m  t h o s e  w h i c h  g o v e r n  the  b e h a v i o r  of cath- 
ode  cells on ly  in t he  s ign a n d  m a g n i t u d e  of  t he i r  coef- 
ficients.  The  va lues  of  t h e  e l e c t r o c h e m i c a l  coeff ic ients  
are d e t e r m i n e d  e x p e r i m e n t a l l y  f rom t he  e l ec t rochemica l  
b e h a v i o r  of t h i n  fi lm e lec t rode  ma te r i a l s  on  n ~ and  p~ sili- 
con  s u b s t r a t e s  in  h y d r o b r o m i c  a c i d - b r o m i n e  mix tu res .  

T h e  flow c h a r t  for t he  m o d e l  is o u t l i n e d  in Fig. 3. The  
m o d e l  in i t ia l ly  a s s u m e s  t h a t  t he  opera t i r ig  c u r r e n t  of  e a c h  
solar  cell is equa l  to ha l f  i ts  shor t -c i rcu i t  c u r r e n t  a n d  t h a t  

t he  p o t e n t i a l  of  t h e  back- s ide  c o n d u c t o r  is m i d w a y  be- 
t w e e n  t he  two  r e d o x  couples .  T he  r e s i s t a n c e  t e r m s  are  
t h e n  o b t a i n e d  w i t h  a k n o w l e d g e  of  t h e  so lar  cell s p a c i n g  
a n d  SCC p a n e l  geomet ry ,  iR losses  a s soc i a t ed  w i t h  e a c h  
cell are t h e n  ca l cu l a t ed  f rom t h e  p a n e l  r e s i s t a n c e  t e r m s  
a n d  t h e  a s s u m e d  c u r r e n t  flow. T he  o p e r a t i n g  c u r r e n t s  of  
the  cells  are t h e n  ca l cu la t ed  f rom Eq. [1] a n d  [2]. On e a c h  
i te ra t ion ,  t he  s u m  of  t he  a n o d e  cell  c u r r e n t s  or c a t h o d e  
cell c u r r e n t s  is t e s t e d  for c o n v e r g e n c e  af te r  t he  iR loss  
t e r m s  a n d  i n d i v i d u a l  cell  o p e r a t i n g  c u r r e n t s  are  recal-  
cula ted.  Final ly ,  t he  back- s ide  c o n d u c t o r  po t en t i a l  is 
va r i ed  sy s t ema t i ca l l y  un t i l  t h e  s u m  of  t h e  ca lcu la ted  an- 
ode  cell  c u r r e n t s  is equa l  to t he  s u m  of  ca lcu la ted  c a t h o d e  
cell cu r ren t s .  
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Fig. 3. Computer model f l ew chart 

Figure  4 i l lus t ra tes  t h e  typ ica l  i n t e r a c t i o n  b e t w e e n  
va r ious  a n o d e  so lar  cells a n d  a H B r / b r o m i n e  r e d o x  cou- 
ple. The  d a s h e d  l ine  r e p r e s e n t s  the  e l e c t rochemica l  load  
i m p o s e d  on  t h r e e  d i f fe ren t  solar  cells. The  o p e r a t i n g  
po in t  for a g iven  solar  cell is de f ined  as the  p o i n t  at  
w h i c h  solar  cell  I-V curve  in te r sec t s  t he  e l ec t rochemica l  
load line. The  be s t  solar  cell a n o d e s  p r o d u c e  b r o m i n e  at  a 
ra te  a p p r o a c h i n g  t he  shor t -c i rcu i t  c u r r e n t  of  t he  solar  cell, 
wh i l e  t he  poores t  solar  cells can  c o n s u m e  b r o m i n e  at t he  
m a s s - t r a n s p o r t - l i m i t e d  rate. U n d e r  t he  cond i t i ons  g iven  
in Fig. 4, two s h o r t e d  a n o d e  cells c o n s u m e  all t h e  bro- 
m i n e  p r o d u c e d  by  t h r e e  good a n o d e  cells. A t  h i g h e r  
ope ra t i ng  b r o m i n e  concen t r a t i ons ,  sho r t ed  a n o d e  cells 
h a v e  a m o r e  d e t r i m e n t a l  effect. In  t he  c a t h o d e  compar t -  
men t ,  t he  s l igh t  so lub i l i ty  of h y d r o g e n  ( a p p r o x i m a t e l y  
0.5 mM) (17) r e su l t s  in  neg l ig ib le  losses  on  the  s h o r t e d  
c a t h o d e  cells. 
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C o m p u t e d  SCC Design Per formance 
Decisions on SCC panel design aided by computer 

modeling include choice of electrode material, electrode 
area, solution compartment  depth, anode and cathode 
compartment width, membrane separator, and optimum 
operating electrolyte concentration. Results of various 
simulations and opt imum SCC operating conditions are 
listed below. 

Calculated solar-chemical conversion efficiencies as a 
function of anolyte bromine concentration for an ideal 
SCC panel and for nonideal panels incorporating differ- 
ent electrode materials are depicted in Fig. 5. The 
efficiency is defined as the product of the operating cur- 
rent density and the difference in the electrochemical po- 
tential of the bulk anolyte and the bulk catholyte divided 
by the incident light power. The simulations assume 
air-mass l insolation, 23~ operation, dry solar cell ef- 
ficiency of 13%, and fixed anolyte and catholyte 
bromine-bromide concentrations of 8.9 eq/liter. Simula- 
tions in which optical and resistance losses are neglected 
are given in Fig. 5 (curve A). As the anolyte bromine con- 
centration increases, the solar-chemical efficiency in- 
creases from 10% to about 12% before tailing off at the 
highest concentrations evaluated. The idealized panel 
simulation includes overvoltage losses associated with 
the electrochemistry and the mismatch between the elec- 
trochemical load and the solar cell electrical output. At 
low anolyte bromine concentrations, the performance of 
the panel is limited by the short-circuit current of the so- 
lar cells. At high anolyte bromine concentrations, the per- 
formance becomes limited by the open-circuit voltage of 
the solar cells. Coupling the optical and resistance losses 
into the simulations foi ~ typical panels produces results 
such as those given in Fig. 5, curves B and C. Optical 
losses are primarily responsible for the decreased solar- 
chemical conversion efficiency in these examples, espe- 
cially at high anolyte bromine concentrations. Additional 
simulations detailing the effect the optical losses have on 
the SCC performance are outlined below. 

The use of less electrochemically active electrode mate- 
rials results in additional degradation in the solar- 
chemical conversion efficiency, as illustrated in Fig. 5, 
curve C. Electrochemical overvoltage losses are mini- 
mized by assuming PtlIr alloy electrodes in Fig. 5, curves 
A and B. Iridium electrodes, which are more corrosion re- 
sistant but less active electrochemically, were assumed in 
the simulations depicted in Fig. 5, curve C. Overvoltage 
losses can be reduced by maximizing the electrode area 
on the solar cell spheres. This results in attenuation of 
photons, producing electron-hole pairs in the silicon. 

Optical losses caused by light absorption by bromine 
strongly degrade the solar-chemical conversion ef- 
ficiency. Figure 6 illustrates the increased optical losses 
encountered when the anolyte compartment depth is in- 
creased. The losses are significant at anolyte depths as 
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excluding optical and resistance losses, Pt/Ir electrodes (B), including 
eptical and resistance losses, and Ir electrodes (C), including losses. Dry 
solar cell efficiency = 13%; 0.32 cm anolyte depth; depth/width ratio = 
0.28, temperature = 23~ 
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Fig. 6. Effect of anolyte depth on simulated SCC performance. Nafion 

115 membrane; dry solar cell efficiency = 13%; depth/width ratio = 
0.28; temperature = 23~ Pt/Ir electrodes. Anolyte depth: 0.15 (A), 
0.32 (B), 0.48 (C), 0.64 cm (D). 

small as 1.5 mm at high bromine concentrations (~>I.0M). 
At low bromine concentrations (<0.75M), the major op- 
tical losses are caused by the membrane separator over 
the anolyte compartment  and the panel cover glass. To- 
gether, these losses reduce the light reaching the solar 
cells by about 10% and result in lower output. 

Characteristics of the membrane separator which affect 
the operation of the SCC include optical transmittance, 
resistivity, and bromine diffusivity. The effects of the re- 
sistivity and bromine diffusivity parameters on SCC per- 
formance are illustrated in Fig. 7. An ideal separator 
which is transparent and infinitely conductive and which 
totally restricts bromine transport yields the results de- 
picted in Fig. 7, curve A. The other separators outlined 
illustrate the trade-offs that can exist between the separa- 
tor resistance and separator bromine diffusivity. Separa- 
tors with high resistance and low bromine diffusivity re- 
sult in low solar-chemical efficiency at low as well as 
high anolyte bromine concentrations. Separators with 
low resistance and high bromine diffusivity result in low 
solar-chemical efficiency only at high anolyte bromine 
concentrations. These results suggest a requirement for a 
transparent separator with less than 2 12-cm ~ resistance 
and bromine diffusivity less than 4 • 10-9 cm2/s. 

SCC panel performance is also influenced by the elec- 
trolyte resistance, which is governed almost entirely by 
the depth/width ratio of the anode and cathode compart- 
ments. Figure 8 illustrates the effect that varying the total 
electrolyte depth has on the SCC panel performance. As 
the depth increases, the resistance losses associated with 
the electrolyte become negligible. A modest electrolyte 
depth/width ratio of ca. 0.2 is suitable for optimal per- 
formance in this typical example. Larger resistance 
values (smaller electrolyte depth/width ratios) are accept- 
able when the SCC operates at lower rates. 
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Fig. 7. Effect of membrane separator on simulated SCC performance�9 
Dry solar ce!l efficiency = 13%; depth/width ratio = 0.28; anolyte 
depth = 0,32 cm; temperature = 23~ Pt/Ir electrodes. 
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Fig. 8. Effect of solution depth on simulated SCC performance. Dry 

solar cell efficiency = 13%; anolyte depth = 0.32 cm; temperature = 
23~ Nation 115 membrane; anode-cathode width = 3.4 cm, Pt/Ir elec- 
trodes. Depth: 1.27 (A), 0.95 (B), 0.63 (C), and 0.48 cm (D). 

Changes in the operating temperature of the SCC panel 
most significantly affect the electrical characteristics of 
the solar cells and the redox potentials required for elec- 
trolysis of the acid. Figure 9 depicts the effect of tempera- 
ture on the performance of a SCC panel. The two temper- 
ature effects tend to counteract each other. The required 
electrolysis voltage decreases by 0.9 mV/~ The open- 
circuit voltages of the solar cells decrease by approxi- 
mately 2 mV/~ Larger decreases in Voc are obtained at el- 
evated temperature with poor quality solar cells. 

Additional electrical energy is obtained from the sys- 
tem if the electrolyte is cooled prior to use in the 
hydrogen-bromine fuel cell. Cooling the electrolyte in- 
creases the potential difference between the anolyte and 
the catholyte and results in direct thermal-to-electric en- 
ergy conversion. 

C o m p a r i s o n  wi th  E x p e r i m e n t  
The accuracy of the computer model was determined 

by comparing the computer-calculated SCC performance 
with the experimentally observed hydrobromic acid elec- 
trolysis rates of various anode-cathode combinations. Hy- 
drobromic acid electrolysis rates of anode-cathode combi- 
nations were determined by measuring the hydrogen 
generation rates of 40 cm ~ SCC arrays in 48% hydrobro- 
mic acid. The SCC sections and arrays were illuminated 
with multiple tungsten-halogen lamps (ELH) at 1000 
W/m 2. 

Excellent agreement is observed between the calcu- 
lated electrolysis rates and the observed rates for SCC ar- 
rays over a wide range of operating conditions. Figure 10 
compares the calculated and observed performance of a 
series of SCC arrays, where the calculated average cur- 
rent efficiency is plotted against the observed average 
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Fig. 9. Effect of operating temperature on simulated SCC perform- 
ance. Dry solar cell efficiency = i 3%; depth/width ratio = 0.28; anolyte 
depth = 0.32 cm; Notion 115 membrane; Pt/Ir electrodes. Temperature: 
23 ~ (A), 40 ~ (B), and 60~ (C). 
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CALCULATED CURRENT EFFICIENCY 
Fig. 10. Comparison of observed and simulated average current effi- 

ciency for SCC a n o d e - c a t h o d e  c o m b i n a t i o n s .  T e m p e r a t u r e  = 2 3 ~  
electrolyte = 48% hydrobromic acid. 

current efficiency. The average current efficiency is 
defined as the ratio of the sum of the operating solar cell 
currents to the sum of the solar cell short-circuit currents 

~c = ~Io,/~Isc [3] 

Arrays which had low average Voc and FF values were 
chosen for the series as a more challenging comparison. 
These arrays consequently operate at rates well below 
their short-circuit current limitation. Excellent agreement 
is observed between the calculated rates and the ob- 
served rates for SCC arrays constructed of solar cells of 
widely varying electrical characteristics. 

Conclusions 
Computer simulation is an accurate technique for pre- 

dicting the performance and efficiency of a given solar- 
chemical convertor. Excellent agreement is obtained be- 
tween the computer-calculated hydrobromic acid 
electrolysis rates and observed electrolysis rates for a va- 
riety of arrays. 

Characterization and optimization of SCC processes are 
readily achieved by computer simulation. The computer  
model facilities decisions on trade-offs among ease of 
manufacturing, power conversion efficiency, design, ma- 
terials selection, and cost effectiveness. The SCC com- 
puter model suggests that solar-chemical efficiencies ap- 
proaching 10% should be achievable with optimally 
designed, relatively large area panels. 
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Photoelectrochemistry of Culn S, and Hgln S4 
Ralph S. Becker,* Tan Zheng, and John Elton 

Department of Chemistry, University of Houston-University Park, Houston, Texas 77004 

ABSTRACT 

CuInjSs  was  p r e p a r e d  b y  g r a d i e n t  freeze t e c h n i q u e s .  D o p i n g  was  done ,  a n d  a n n e a l i n g  was  car r ied  ou t  u n d e r  va r ious  
su l fur  a t m o s p h e r e  v a p o r  p r e s s u r e s  a n d  v a c u u m .  HgIn2S4 was  p r e p a r e d  b y  c h e m i c a l  v a p o r  p h a s e  t r a n s p o r t  a n d  was  an- 
nea l ed  u n d e r  va r ious  su l fu r  v a p o r  p re s su res .  B o t h  ma te r i a l s  s h o w e d  inc r ea sed  p h o t o c u r r e n t  dens i ty  w i t h  p h o t o e t c h i n g  
at sho r t  c ircui t ,  w h i c h  was pa r t i cu l a r ly  d r a m a t i c  for HgIn.,S4. P u r e l y  n - type  r e s p o n s e  was  seen  for  HgIn2S4 s amp le s  as 
well  as for  CuIn~Ss, e x c e p t  w h e r e  p h o s p h o r u s  p lus  su l fu r  d o p a n t s  we re  u sed  (bo th  n- a n d  p- type  responses ) .  Q u a n t u m  
eff ic iencies  of ca r r i e r  co l lec t ion  w e r e  10-15% at  s h o r t  c i rcu i t  for  CuIn~Ss ( m a x i m u m  of 77%) a n d  ~22% for HgIn2S4 (maxi-  
m u m  of 83%) in  a po lysu l f ide  couple .  C o n s i d e r a b l e  i nc r ea se  in  t he  shor t -c i rcu i t  c u r r e n t  dens i t y  a n d  open -c i r cu i t  pho to-  
vo l tage  cou ld  b e  o b t a i n e d  for CuIn~Ss in  a Ce 4~'~ couple ,  b u t  th i s  was  offse t  b y  subs t an t i a l  pho toco r ros ion .  P o w e r  
eff ic iencies  u p  to ~0.4% a n d  ~0.2% were  o b t a i n e d  for  CuIn~Ss a n d  HgIn~S~, respec t ive ly .  S tab i l i ty  in  a po lysu l f ide  cou- 
ple was  up  to ~97% for CuIn.~Ss a n d  >99% for HgIn~S4. 

CuIn~S8 a p p e a r s  to  b e  one  of  two  c h e m i c a l  c o m p o u n d s  
in the Cu~S-In2S~ system (I) (CuInS~ is the other). Culn~S8 
is a cubic spinel with indium found principally on octahe- 
dral sites rather than on tetrahedral sites as found in most 
chalcopyrite structures (2). This material shows an indi- 
rect gap near 1.3 eV and a direct gap near 1.5 eV (3). 

HgIn~S4 appears to have a normal spinel structure (4) 
and a bandgap of 2.0 eV (4, 5). Its Cd analog, CdIn~S4, also 
has the spinel structure but with partial inverse character 
(6), and a bandgap of 2.4 eV (7). Very little information is 
available for Hgln2S~, although photocurrent-wavelength 
data indicate a maximum near 615 nm for nonpolished 
crystals (5). Synthesis employing chemical vapor trans- 
port has been reported [see Ref. (4) and (5), for examples]. 
Only recently have some PEC data been reported in a 
note for Hgln~S4 (8), and more fully for the Cdln2S4 analog 
(7). Also, only very recently has PEC data been reported 
for CuIn~Ss (9). 

Experimental 
CuInjS8 (1, 3) a n d  HgIn2S4 (4, 5, 10) h a v e  b e e n  previ-  

ous ly  p repared .  
CuInjSs was  p r e p a r e d  by  us  u s ing  g r a d i e n t  freeze tech-  

n i q u e s  e m p l o y i n g  99.999% p u r e  e l e m e n t s  and  dopan ts .  
The  fo l lowing t e c h n i q u e  was d e v e l o p e d  pr io r  to the  ap- 
p e a r a n c e  of Ref. (3). Tab le  I shows  t h e  va r ious  s amples  
p repared ,  cond i t i ons  of g rowth ,  and  d o p a n t s  used.  

In  par t icular ,  t h e  CuInjSs-2 s am p l e s  u t i l ized polycrys-  
ta l l ine  CuIn~Ss a n d  In~S3-(Sn) (~1 • 10 ~9 at . -cm -3 Sn), b o t h  
of  w h i c h  h a d  b e e n  p rev ious ly  p r e p a r e d  a n d  charac te r i zed  
by  x-ray d i f f rac t ion .  T he  InzS:~ w as  a d d e d  to give a d o p a n t  
level  of  S n  of  ~1 • 10 ~7 a t . -cm -3. T he  CuIn~Ss-3 a n d  
CuInjSs-4 s a m p l e s  we re  s y n t h e s i z e d  u s i n g  po lyc rys t a l l i ne  
CuInS~ p r e v i o u s l y  p r e p a r e d  by  us  a n d  In.,S:~ (Cerac, In-  
corpora ted) .  In  b o t h  cases,  1 a tomic  p e r c e n t  (a/o) excess  S 
was  a d d e d  in an  a t t e m p t  to ob ta in  p - type  mater ia l .  In  ad- 
di t ion,  for  t he  CuIn~Ss-4 sample ,  p h o s p h o r u s  was  a d d e d  
to give a d o p a n t  level  of ~1 • 10 ~U c m  -:~ of P in an  a t t e m p t  
to o b t a i n  p - type  mater ia l .  

The  s ta r t ing  c~arges  were  sea led  in 9 m m i d  quar tz  tub-  
ing  w h i c h  h a d  p rev ious ly  gone  t h r o u g h  a t h o r o u g h  clean- 
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ing  p r o c e d u r e  i n v o l v i n g  b o t h  H F  e t ches  a n d  v a c u u m  an- 
nea l ing  for ~ 1 2 h  at  ~1000~ S u c h  t h o r o u g h  c lean ing  is 
n e c e s s a r y  in  o rde r  to p r e v e n t  s t rong  a d h e r e n c e  of  t he  
s a m p l e s  to t he  qua r t z  walls  a f te r  syn thes i s .  The  a m p u l s  
h a d  t ape r ed  e n d s  ,in o rde r  to fac i l i ta te  s ing le-crys ta l  nu-  
c lea t ion  a n d  g rowth .  S a m p l e s  we re  sea led  in t he  quar tz  
t u b e s  at  a v a c u u m  of ~10 -~ torr.  T h o s e  i n n e r  a m p u l s  we re  
t h e n  p l aced  in to  an  ou te r  p r o t e c t i o n  t u b e  of  13 m m i d  
w h i c h  h a d  also u n d e r g o n e  a c l ean ing  p r o c e d u r e  b u t  d id  
no t  i n c l u d e  t he  v a c u u m - a n n e a l  step.  Quar tz  wool  was  
u s e d  to h o l d  t he  i n n e r  a m p u l  r ig id ly  w i t h i n  the  ou te r  am- 
pul.  The  ou t e r  qua r t z  t u b e  was  t h e n  sea led  in  v a c u u m  at  
10 -~ torr.  

The  quar t z  a m p u l  s y s t e m  was  n e x t  p l aced  in to  a th ree -  
zone  L i n d b e r g  fu rnace  w i th  i n d e p e n d e n t l y  con t ro l l ed  
zones.  For  the  CuInjSs-2, a m e c h a n i c a l  con t ro l l i ng  u n i t  
was  u s e d  w h i c h  cou ld  va ry  t he  ra te  of  t e m p e r a t u r e  in- 
c rease  or d e c r e a s e  over  a r ange  of  0.6~176 Fo r  the  
CuInjSs-3 a n d  CuIn~Ss-4 samples ,  a c o m p u t e r i z e d  

Table I. Prepared conditions for var ous Culn~S8 samples 

Sample 

Sulfur 

Sample Low temp. Pressure Time 
temp. (~ (~ (arm) (h) Dopant 

Culn~S~-2 (Initial 
growth) 

CuIn~Ss-2a 680 
Culn~Ss-2b 680 
CuIn~S~-2c 645 
CuIn~Ss-2d 645 
CuIn~Ss-2e 645 
CuIn~S~-2f 640 
CuIn~Ss-2g 640 
CuInjSs-3 (Initial 

growth) 
CuIn~Ss-3a 645 
CuIn~Ss-3b 640 
CuIn~Ss-4 (Initial 

growth) 

Sn 

325 0.11 24 Sn 
405 0.6 24 Sn 
210 4 • t0 ~ 24 Sn 
110 5 • 10 -~ 24 Sn 
645 O. 15 24 Sn 
645 Vacuum 24 Sn 
640 0.15 19 days Sn 

- -  - -  S 

645 0.15 24 S 
640 0.15 19 days S 

-- -- P~+ S 

a This is the temperature where the sulfur was located, except for 
sample 2f (where vacuum annealing was done). 
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con t ro l l i ng  u n i t  was  u s e d  w h i c h  had,  in  pr inc ip le ,  no  l im- 
i ts to  poss ib le  rates .  T he  th ree -zone  f u r nace  was  posi- 
t i o n e d  in  a 45 ~ t i l t ed  pos i t i on  w i th  t h e  t a p e r e d  e n d s  of t he  
i n n e r  a m p u l s  at  t he  l owes t  point .  All  t h r e e  s a m p l e s  were  
t a k e n  to a b o v e  t h e  m e l t i n g  p o i n t  of  CuIn~S8 (1085~ a n d  
t h e n  s lowly coo led  at  a ra te  of  -1.25~ G r a d i e n t s  at  t he  
m e l t i n g  p o i n t  were  a p p r o x i m a t e l y  5~ for t he  
CuIn~Ss-2, 14~ for  CuIn~Ss-3, a n d  14~ for  
CuInsSs-4. The  CuIn~Ss-2 was  coo led  at  t he  above  ra te  un-  
til i ts  t e m p e r a t u r e  was  -800~ a n d  t h e n  s u b s e q u e n t l y  
coo led  to r o o m  t e m p e r a t u r e  at  a r a t e  of  -10~ The  
CuInsSs-3 a n d  CuIn~Ss-4 s a m p l e s  we re  coo led  at  the  a b o v e  
ra te  un t i l  t h e i r  t e m p e r a t u r e s  were  b o t h  ~850~ At  th i s  
point ,  t h e  f u rnace  was  t u r n e d  off a n d  a l lowed  to cool  nat- 
.urall~y to r o o m  t e m p e r a t u r e .  C h r o m e l - A l u m e l  t h e r m o c o u -  
ples we re  u s e d  to m o n i t o r  t e m p e r a t u r e s  of  s a m p l e s  a n d  
d e t e r m i n e  g rad ien t s .  

P o w d e r  x-ray d i f f rac t ion  af ter  s y n t h e s i s  s h o w e d  single-  
p h a s e  CuInsSs ma te r i a l  in  all t h e  cases.  T he  a p p e a r a n c e  of 
t he  s a m p l e s  af te r  s y n t h e s i s  a n d  a f te r  p o l i s h i n g  of  t he  ma-  
ter ia ls  i n d i c a t e d  s ing le-crys ta l  mater ia l ,  a l t h o u g h  th i s  has  
no t  b e e n  ver i f ied  b y  s ingle-crys ta l  x-ray d i f f rac t ion  tech-  
n iques .  

Severa l  d i f f e ren t  d o p a n t s  were  u s e d  a n d  va r ious  me th -  
ods  of  a n n e a l i n g  were  car r ied  out, as s h o w n  in Table  I. 
Genera l ly ,  t h e  s a m p l e s  were  n- type,  e x c e p t  in  the  case of  
CuInsSs-4, w h i c h  was  a me l t  g r o w t h  w i t h  1% e x c e p t  su l fu r  
a n d  d o p e d  w i t h  ~10  -~~ c m  -3 p h o s p h o r u s  w h i c h  s h o w e d  
b o t h  n- a n d  p - type  re sponses .  

S a m p l e s  we re  p o l i s h e d  w i t h  d i a m o n d  pas te  to a 1 t~m 
finish. All s a m p l e s  were  e t c h e d  in 6-8M HC1 for approx i -  
m a t e l y  3 m i n  a n d  t h e n  i m m e r s e d  in 0.2M S-1M NaS-1M 
N a O H  so lu t ion  at  50~ in a son i ca to r  for  1-3 ra in  to re- 
m o v e  any  su r face  sulfur .  A n  In -Ga  eu tec t i c  (25:75) was  
u s e d  to fo rm an  o h m i c  contact .  T he  s am p l e s  were  
m o u n t e d  for  s t u d y  as d e s c r i b e d  p rev ious ly  (7). 

The  HgIn2S4 was  p r e p a r e d  u s ing  c h e m i c a l  v a p o r  p h a s e  
t r a n s p o r t  t e c h n i q u e s  e m p l o y i n g  99.999% p u r e  s ta r t ing  
ma te r i a l s  ( i nc lud ing  dopants ) .  The  m e t h o d  u s e d  repre-  
sen t s  a no t ab l e  mod i f i ca t i on  of  t h a t  g iven  ear l ier  (5, 10). A 
s a m p l e  of HgIn2S4 was  p r e p a r e d  by  c h e m i c a l  v a p o r  t rans-  
por t  u s i n g  HgS a n d  In~S~ w i t h  I2 as t h e  t r a n s p o r t  agen t  as 
d e s c r i b e d  be low.  P r e v i o u s l y  p r e p a r e d  S n - d o p e d  In2S3 
was  also a d d e d  to give a d o p a n t  level  of  ~1 • 10 TM at . -cm -3 
S n  in  t h e  s o u r c e  mater ia l .  I o d i n e  was  p r e s e n t  at  a concen -  
t r a t i on  of  - 5  m g / c m  af ter  a m p u l  seal ing.  T he  a b o v e  star t-  
ing  cha rge  was  p l a c e d  in to  a 2.2 c m  id t u b e  a n d  t h e n  
p l aced  u n d e r  a v a c u u m  of  - 1 0  -'~ torr.  S u b s e q u e n t  sea l ing  
of  t he  t u b e  u n d e r  th i s  v a c u u m  gave  a f inal  a m p u l  l e n g t h  
of  19 cm. 

S ince  b i n a r y  c o m p o u n d s  (HgS a n d  In2S3, and  S n - d o p e d  
In2S3) were  u s e d  as s t a r t ing  mater ia l s ,  four  s tages  in  the  
s y n t h e s i s  were  employed .  First ,  t he  t u b e  was ra i sed  to a 
t e m p e r a t u r e  of  980~ over  a pe r iod  of  7h a n d  t h e n  ma in -  
t a i n e d  at  th i s  t e m p e r a t u r e  for 16h w i t h  a s l igh t  reverse  
g r a d i e n t  to p r e v e n t  any  t r a n s p o r t  to t he  o the r  e n d  of t he  
tube .  This  s tep  was  t a k e n  in an  a t t e m p t  to  p r e s y n t h e s i z e  
HgIn2S4 before  t r anspo r t .  Next ,  a re la t ive ly  large  reverse  
g r a d i e n t  of  - 1 0 ~  was  e m p l o y e d  for  12h in o rde r  to 
c lean  the  wal ls  a t  t he  g r o w t h  e n d  of  t he  a m p u l  of  a n y  ma-  
ter ia l  p r io r  to  t r anspo r t .  Th i s  la rge  r eve r se  g r a d i e n t  was  
t h e n  s lowly  r e d u c e d  over  a p e r i o d  of  2 days  to c o n d i t i o n  
in w h i c h  no  g r a d i e n t  ex is ted ,  a n d  t h e n  a f o r w a r d  g r a d i e n t  
was  also s lowly  e s t a b l i s h e d  over  a p e r i o d  of  3 days  to give 
a f inal  f o r w a r d  g r a d i e n t  for  t r a n s p o r t  of  1.5~ The  
sou rce  a n d  g r o w t h  e n d s  of  t h e  a m p u l  at  th i s  p o i n t  were  at  
- 7 3 0  ~ a n d  700~ respec t ive ly .  This  c o n d i t i o n  was  ma in -  
t a i n e d  for 7 days,  a n d  t h e n  t he  a m p u l  was  cooled  in such  
a way t h a t  t he  I2 w o u l d  c o n d e n s e  at  t he  s o u r c e  e n d  of  t he  
ampul .  The  a b o v e  s low g r a d i e n t  r eve r sa l  was  d o n e  be- 
cause  i t  h a s  b e e n  f o u n d  t h a t  th i s  o f ten  g ives  la rger  crys-  
tals  t h a n  i f  t h e  f inal  g r o w t h  c o n d i t i o n s  are i m p o s e d  
qu i ck ly  (11). 

The  crys ta ls  so o b t a i n e d  were  of m o d e r a t e  size ( - 3  • 2 
• 2 m m )  a n d  s h o w e d  we l l -deve loped  n a t u r a l  faces. Pow-  
de r  x-ray d i f f rac t ion  of t h e s e  crysta ls  r evea l ed  on ly  single-  
p h a s e  HgIn2S~. T h e  a p p e a r a n c e  of  t h e  c rys ta l s  s u g g e s t e d  

t he i r  s ing le -c rys ta l  na tu re ,  b u t  no  s ing le -c rys ta l  x-ray dif- 
f rac t ion  m e t h o d s  we re  p e r f o r m e d  to ver i fy  this.  

P o l i s h e d  HgIn2S4 s a m p l e s  we re  s u b j e c t e d  to va r ious  an- 
nea l ing  p r o c e d u r e s  as s h o w n  in Tab le  II. Also,  all s amples  
were  chemica l ly  e t c h e d  in 6 or 8M HC1 for a p p r o x i m a t e l y  
3 m i n  ( s o m e t i m e s  r e p e a t e d  2-3 t imes)  a n d  finally p laced  
in a po lysu l f ide  so lu t ion  (0.2M S-1.0M Na~S-1.0M NaOH) 
at 50~ in a son i ca to r  for 1-3 m i n  to r e m o v e  any  su l fur  
depos i t s .  

E lec t ro ly tes  were  p r e p a r e d  f rom ana ly t i ca l -g rade  mate-  
rials in  de ion ized  water .  The  polysu l f ide  coup le  was 0.2M 
S-1M Na.~S-1M NaOH, t h e c e r i u m  coup le  was 0.1M Ce(IV) 
a n d  Ce(III) w i t h  1M H~SO4, a n d  t h e  " c y a n i d e "  coup le  was 
0.1M [Fe(CN)6] 4- a n d  [Fe(CN)~] 3- w i t h  1M Na2SO4. All so- 
lu t ions  we re  d e a e r a t e d  w i th  n i t r o g e n  or  a rgon  p r io r  to 
P E C  e x p e r i m e n t s .  

E l e c t r o c h e m i c a l  m e a s u r e m e n t s  we re  ca r r ied  ou t  as de- 
s c r ibed  p rev ious ly  (7). P o l y c h r o m a t i c  l igh t  e x p e r i m e n t s  
e m p l o y e d  a 150W X e  sou rce  wi th  a l ight  i n t e n s i t y  of - 1 0 0  
m W / c m  at  t he  p l a n e  of t h e  e l ec t rode  as d e t e r m i n e d  
ut i l iz ing a ca l i b r a t ed  t h e r m o p i l e  (Eppley).  M o n o c h r o -  
ma t i c  l igh t  was  p r o v i d e d  as d e s c r i b e d  p r e v i o u s l y  (7) em- 
p loy ing  a 450W t u n g s t e n  h a l o g e n  lamp.  Cor rec t ions  were  
app l i ed  to the  p h o t o c u r r e n t - w a v e l e n g t h  p lo ts  for the  vari- 
a t ion  of l a m p  in t ens i t i e s  a n d  m o n o c h r o m a t o r  eff iciency 
w i th  w a v e l e n g t h ,  as d e t e r m i n e d  by  a t he rmop i l e ,  to ob- 
ta in  t he  q u a n t u m  yie ld  of car r ier  co l l ec t ion  (see Results) .  

A t o m i c  a b s o r p t i o n  (AA) ana lyses  we re  car r ied  ou t  u s ing  
a Hi t ach i  A A  i n s t r u m e n t .  One  s t a n d a r d  was  a so lu t ion  of  
984 ~g In /ml  ( f rom InC13) in de ion ized  w a t e r  c o n t a i n i n g  
1.3 v o l u m e  p e r c e n t  (v/o) HC1 (Alfa P roduc t s ) .  Ana lys i s  of 
k n o w n  c o n c e n t r a t i o n s  of  th i s  r e fe rence  s h o w e d  a maxi-  
m u m  d e v i a t i o n  of <0.5% as m e a s u r e d .  However ,  w h e n  
k n o w n  c o n c e n t r a t i o n s  of In  were  p r e p a r e d  in  t he  poly- 
sulf ide so lu t ion ,  A A  ana lyses  s h o w e d  t he  c o n c e n t r a t i o n  
of In  to be  s ign i f i can t ly  less  t h a n  t he  ac tua l  value.  The  
dev i a t i on  was  50% (too low) at  2 p p m  In  in polysulf ide ,  
a n d  u p  to 58% (too low) at  100 p p m  In  in polysulf ide .  
Thus ,  t he  r e f e r ence  s t a n d a r d  for ca lcu la t ions  of In  con- 
c e n t r a t i o n  in po lysu l f ide  t h a t  cou ld  r e su l t  f rom pho tocor -  
ros ion  of  CuIn.sS8 or HgIn2S~ (wi th  a po lysu l f ide  couple)  
was  t h a t  d e t e r m i n e d  in polysulf ide .  We be l i eve  th i s  to b e  
an  i m p o r t a n t  obse rva t ion ,  and,  if  i t  is no t  recognized ,  in- 
cor rec t  e lec t rode  s tab i l i ty  eva lua t ion  (too h igh)  cou ld  be  
ob ta ined .  

Results 
All po t en t i a l s  he re  a n d  in the  d i s c u s s i o n  are w i th  refer- 

ence  to SCE. 

CuInsSs.--With r e fe rence  to Tab le  I, t h e  r e s i s t a n c e  of 
t he  - 2 a - t y p e  s a m p l e  was  in t he  0.25-1 k ~  range;  for  the  
- 2 b  s a m p l e  in the  50-200~ range,  for t he  -2c ,  2e, a n d  - 2 g  
s amp le s  in t he  2 ( - 2 g )  to 14 kgt ( - 2 d )  range ,  for  t he  - 3  
a n d  - 3 a  s a m p l e s  in  t he  3-4 kl2 range ,  a n d  for t he  
CuIn~Ss-4 sample in the i k~ range. 

For the discussion below, reference will be made to a 2a 
sample unless otherwise noted. Initially, there is consid- 
erable dark anodic current positive of -0.2V reaching -6 

Table II. Preparation conditions for Hgln2S4 (and annealed) samples 

Sulfur 

Sample Low temp. Pressure Time 
Sample temp. (~ (~ a (atm) (h) b Dopant 

HgIn.,S4-1 (Initial - -  - -  - -  Sn 
growth) 

HgIn2S4-1a 690 315 0.1 24 Sn 
HgIn2Sclb 690 400 0.15 24 Sn 
HgIn2S4-1c 690 220 0.006 0 Sn 
HgIn~S4-1d 690 330 0.1 0 Sn 

a This is the temperature where the sulfur was located. 
b Sample la was annealed for 24h with controlled 120~ temper- 

ature increase to and decrease from 690~ Sample lb was annealed 
as la. Sample lc was annealed by controlled 120~ temperature in- 
crease to and decrease from 690~ with no time at 690~ Sample ld 
was annealed as lc. 
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m A / c m  2 at +0.2V. U p o n  mu l t i p l e  d a r k  c u r r e n t  scans  f rom 
-0 .8  to +0.8V, th i s  da rk  c u r r e n t  dec rea se s  s igni f icant ly  to 
0.4 m A / c m  2 at  +0.2V (and  0.8 m A / c m  2 at  +I.0V). A rap id  
onse t  of  da rk  ca thod i c  c u r r e n t  occu r s  at  -1 .5  to - 1 . 6 V  in 
ini t ia l  da rk  scans .  T he  p h o t o c u r r e n t  can  s h o w  u p  to ap- 
p r o x i m a t e l y  150% inc rease  n e a r  sho r t  c i rcui t  w i th  mul t i -  
ple l ight  s cans  b u t  p rogress ive ly  less w i t h  fo rward  bias.  A 
typ ica l  cu r r en t -vo l t age  p lo t  (I-V) in po lysu l f ide  af ter  mul -  
t ip le  l ight  scans  is s h o w n  in  Fig. 1 for  a s a m p l e  h a v i n g  a 
r e s i s t ance  of  260gt u s i n g  p o l y c h r o m a t i c  l igh t  (l ight chop-  
p ing  no t  shown) .  Shor t - c i r cu i t  c u r r e n t  dens i t i e s  of 4.5 
m A / c m  2 were  o b t a i n e d  a n d  up  to - 2 2  m A / c m  2 at  +0.1V. 

The  onse t  of p h o t o c u r r e n t  occurs  nea r  -1 .08V,  a n d  a 
M o t t - S c h o t t k y  p lo t  of  1/C ~ (where  C is capac i t ance)  vs .  ap- 
pl ied po t en t i a l  gave  an  i n t e r c e p t  v a l u e  of -1 .14V. This  in- 
d ica tes  an  open -c i r cu i t  p h o t o v o l t a g e  of  0.3V. 

A typica l  p h o t o c u r r e n t  v s .  w a v e l e n g t h  p lo t  is s h o w n  in 
Fig. 2 at  -0 .4V.  Q u a n t u m  yields  of car r ie r  co l lec t ion  (q~) 
were  ca lcu la ted  at  severa l  app l i ed  po t en t i a l s  a t  600 nm,  
w h i c h  is at  s l igh t ly  s h o r t e r  w a v e l e n g t h  t h a n  t he  maxi-  
m u m  a t t a inab le  (625 nm).  Fo r  t he  s a m p l e  of c o n c e r n  here ,  
~r at  600 n m  is 12% at  sho r t  c i rcui t  ( -0.8V),  24% at -0 .4V,  
and  77% at +0.8V af ter  l igh t  cycl ing  in polysulf ide .  

E x t r a p o l a t i o n  of t he  long  w a v e l e n g t h  l inear  reg ion  
(840-940 nm)  of t h e  w a v e l e n g t h  v s .  p h o t o c u r r e n t  plot,  Fig. 
2, leads  to a b a n d g a p  of 1.25-1.30 eV. We also ana lyzed  t he  
da ta  u s i n g  Iph ~ v s .  h v  plots ,  w h e r e  x is equa l  to 0.5 or 2 
for i nd i r ec t  a n d  d i rec t  a l lowed  t r a n s i t i o n s  [see, for  exam-  
ple, Ref. (12, 13)]. U s i n g  da ta  in  t he  900-980 n m  region,  we 
o b t a i n e d  a l inea r  p lo t  wi th  an  e x t r a p o l a t e d  va lue  of 1.16 
eV w h e n  x = 0.5, i n d i c a t i n g  an  i n d i r e c t  t rans i t ion .  U s i n g  
da ta  over  the  780-860 n m  reg ion  as wel l  as t h a t  over  t he  
820-910 n m  region,  we o b t a i n e d  sepa ra t e  l inear  p lots  
ex t r apo l a t i ng  to 1.36 and  1.31 eV, respec t ive ly ,  w h e n  x = 
2, i nd i ca t i ng  a d i r ec t  t r ans i t ion .  A p p r o p r i a t e  plots  of  log 
(hvlph) v s .  log (hv - Ed) or log (h ,  - E~,d) gave  s lopes  of  0.55 
for the  d i rec t  cases  a n d  2.0 for the  i n d i r e c t  case, p r e s u m a -  
bly  ver i fy ing  t he  a s s i g n e d  n a t u r e  of t he  t r ans i t ions .  These  
da ta  are no t  in  a g r e e m e n t  wi th  t h o s e  of  o the r s  (3, 9), 
w h e r e  an  i n d i r e c t  t r a n s i t i o n  was  f o u n d  at  1.3-1.35 eV (vs.  
di rec t  in  our  case). Also, no  i nd i r ec t  t r a n s i t i o n  was  as- 
s igned  in t he  1.16 eV ene rgy  region.  

The  ca lcu la ted  p o w e r  efficiency, r w i th  100 mW/cm ~ 
w h i t e  l ight  was  ca lcu la ted  to be  0.3% ( the fill fac tor  was  
-0.22).  No co r r ec t i ons  were  m a d e  for l igh t  ref lec t ion  (for 

A p h o t o c u r r e n t  v s .  t ime  e x p e r i m e n t  was  car r ied  out. A t  
an  in i t ia l  app l i ed  po t en t i a l  of -0 .8V,  the  p h o t o c u r r e n t  
first i nc reased  ~20% over  the  first h o u r  a n d  s lowly  de- 
c r eased  over  t he  n e x t  6h (by -6%).  The  po t en t i a l  was  t h e n  
c h a n g e d  to +0.2V, af te r  w h i c h  t h e r e  was a g radua l  in- 
c rease  ( -14%)  u p  to l l h .  A to ta l  p h o t o c h a r g e  of 
-390~  ~ was  passed .  Fo l lowing  this ,  a tomic  absorp-  
t ion  analys is  of  t he  so lu t ion  for In  was  a c c o m p l i s h e d .  As- 
s u m i n g  a p h o t o c o r r o s i o n  reac t ion  
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CuInsS8 + 16h* --* Cu r + 5In  3+ + 8S ~ 

the  In  ana lys i s  s h o w e d  an  a p p r o x i m a t e  97+% s tab i l i ty  of 
t he  cell (us ing  In  in  po lysu l f ide  at  t he  s t anda rd ;  see t he  
d i s c u s s i o n  in t he  E x p e r i m e n t a l  s ec t ion  c o n c e r n i n g  t he  
cor rec t  s t a n d a r d  t h a t  s h o u l d  be  used).  

In  add i t i on  to t h e  polysu l f ide  couple ,  a [Fe(CN)6y-/  
[Fe(CN)G] 4- coup le  (Eredox = +0.25V at p H  = 9) a n d  a 
Ce(IV)/Ce(III) c o u p l e  (EFedox = +1.15V at  p H  = 0) were  era- 
ployed.  These  were  c h o s e n  in an  a t t e m p t  to inc rease  t he  
pho tovo l t age .  I n  t he  cyan ide  couple,  a s u b s t a n t i a l  shif t  of 
the  p h o t o c u r r e n t  onse t  o c c u r r e d  to a p p r o x i m a t e l y  - 0 . 1 V  
(rela t ive to po lysu l f ide  at  -1.15V).  Also,  t h e r e  was  a nota-  
b le  dec rea se  in c u r r e n t  at  s h o r t  c i rcu i t  c o m p a r e d  to 
polysulf ide .  I n  the  Ce(IV)/Ce(III) couple ,  the  pho to -  
c u r r e n t  onse t  of  0.0 V was near ly  t h e  s a m e  as for  the  cya- 
n ide  couple .  A t  s h o r t  circuit ,  t h e  c u r r e n t  dens i ty  was - 1 8  
m A / c m  '~ ( c o m p a r e d  to - 4  m A / c m  ~ in polysulf ide),  a n d  t he  
open -c i r cu i t  p h o t o v o l t a g e  was 1V ( c o m p a r e d  to 0.3V in 
polysulf ide).  However ,  a p h o t o c u r r e n t  v s .  t i m e  plot  
s h o w e d  a r ap id  decay  of  p h o t o c u r r e n t  at  sho r t  circuit.  
Af te r  the  pa s sage  of  20~ '-' p h o t o c h a r g e ,  t he  cu r r en t  
h a d  decayed  by  - 9 5 %  a n d  yel low su l fu r  depos i t s  ap- 
p e a r e d  on  t he  sur face  of t he  e lect rode.  

O the r  s a m p l e s  of  the  CuInsSs-2 type ,  s u c h  as 2b-2e a n d  
2g, s h o w e d  lower  shor t - c i r cu i t  p h o t o c u r r e n t s  in  poly- 
sulfide; recal l  t h a t  all 2b-2e a n d  2g s amp le s  h a v e  resist-  
ances  h i g h e r  t h a n  t h a t  of  2a. In  t he  case  of  a s a m p l e  of  
type  4, w h e r e  su l fu r  a n d  p h o s p h o r u s  were  u sed  as 
d o p a n t s  in  t he  me l t  g rowth ,  b o t h  n- a n d  p- type  r e s p o n s e s  
were  clear ly seen.  The  t r a n s i t i o n  po t en t i a l  (VtF) b e t w e e n  n- 
a n d  p - type  r e s p o n s e  was n e a r  -0 .9V.  The  p- type  r e s p o n s e  
was  w e a k e r  t h a n  t he  n - type  at  t he  s a m e  app l i ed  po ten t i a l  
by  a fac tor  of  a p p r o x i m a t e l y  two. 

One  s a m p l e  of the  2 type,  2f, was  t r ea t ed  d i f fe ren t ly  
t h a n  the  o the r s  in  t h a t  a n n e a l i n g  was d o n e  in v a c u u m  in- 
s t ead  of a su l fu r  a t m o s p h e r e .  This  s a m p l e  s h o w e d  the  
h i g h e s t  c u r r e n t  dens i t y  at  shor t  circuit ,  a p p r o x i m a t e l y  6 
m A / c m  ~. I t  also s h o w e d  an  onse t  t he  m o s t  nega t ive  of a n y  
type  2 sample ,  -1 .2V,  g iv ing  an  open-c i r cu i t  po ten t i a l  of 
0.4V. However ,  t he  fill fac tor  was  on ly  -0 .16  (vs.  0.22 for 
t he  2a s a m p l e  d e s c r i b e d  above).  N o n e t h e l e s s ,  t he  p o w e r  
eff ic iency was  -0 .4%,  w h i c h  was  60% g rea t e r  t h a n  for the  
2a s a m p l e  d i s c u s s e d  above .  We also f o u n d  t h a t  d u r i n g  
p h o t o e t c h i n g  in t he  polysu l f ide  couple  (done  by  mu l t i p l e  
w h i t e  l ight  scans) ,  t he  p h o t o c u r r e n t  of  t he  2f s a m p l e  de- 
c reased  by  - 5 0 %  in  3h. 

n - H g I n ~ S 4  ( S n - d o p e d ) . - - S a m p l e s  l a  a n d  l b  h a d  h i g h  re- 
s i s t ances  of  - 1 1 0  a n d  150 k~ ,  respec t ive ly ,  lc  of  0.3 kt2, 
a n d  l d  of 3 k ~  af te r  e t c h i n g  w i th  HC1 fo l lowed b y  
son ica t ion  in a po lysu l f ide  so lu t ion .  

B o t h  w i th  a n d  w i t h o u t  annea l ing ,  on ly  n - type  ma te r i a l  
resu l ted .  

The  ini t ia l  u n a n n e a l e d  ma te r i a l  (HgIn,2S4-1) s h o w e d  
poo r  p h o t o r e s p o n s e  a n d  essen t i a l ly  no  p h o t o c u r r e n t  at  
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sho r t  c i rcu i t  ( in polysulf ide).  T h e  l a  s a m p l e  in i t ia l ly  
s h o w e d  on ly  0.15-0.2 mA/cm-'  p h o t o c u r r e n t  at  s h o r t  cir- 
cuit ,  as d id  t h e  l b  a n d  l c  samples .  T he  l d  s a m p l e  was  t he  
be s t  a n d  is d i s c u s s e d  below.  

A typ ica l  v o l t a g e - c u r r e n t  p lo t  for  t h e  l d  s a m p l e  is 
s h o w n  in  Fig. 3. No te  tha t ,  init ially,  t he  d a r k  c u r r e n t  was  
essen t i a l ly  a b s e n t  ove r  t he  r a n g e  -1 .2  to 1.0V. The  
p h o t o c u r r e n t  s h o w e d  a m a r k e d  i n c r e a s e  w i th  pho toe t ch -  
ing in  t he  po lysu l f ide  coup le  as s h o w n  in  Fig. 1, a n d  t he  
fill f ac to r  also i n c r e a s e d  s ignif icant ly .  A t  sho r t  circuit ,  a 
c u r r e n t  d e n s i t y  of  ~2.7 m A / c m  ~ was  o b t a i n e d  af te r  pho to -  
e t ch ing ,  w h i c h  rap id ly  i nc r ea sed  to a n e a r - m a x i m u m  
va lue  of  6.5 m A ] c m  ~ at  - 0 . 4 V  ( m a x i m u m  c u r r e n t  dens i ty  
was 7.4 m A / c m %  A c c o m p a n y i n g  th i s  p h o t o c u r r e n t  in- 
c rease  was  a d a r k  c u r r e n t  increase ,  b u t  on ly  in  t he  -0 .8  to 
- 1 . 1 V  region.  The  onse t  of  p h o t o c u r r e n t  occu r r ed  nea r  
-1 .06V.  T h e  ca l cu la t ed  fill fac tor  was  ~0.22. 

F i g u r e  4 s h o w s  a w a v e l e n g t h  vs.  p h o t o c u r r e n t  p lo t  a t  
- 0 . 2 V  app l i ed  bias.  F r o m  th i s  a n d  o t h e r  para l le l  plots,  a 
b a n d g a p  of  a p p r o x i m a t e l y  1.95 eV was  ca lcu la ted  (by ex- 
t r a p o l a t i o n  of  t h e  l inea r  r i s ing  p o r t i o n  at  long  wave-  
length) .  A n a l y s e s  of  t he  da ta  for i n d i r e c t  a n d  d i rec t  t ransi -  
t ions  were  ca r r i ed  ou t  as p r e v i o u s l y  d e s c r i b e d  for 
CuIn~Ss. Da ta  ove r  t he  560-600 n m  reg ion  s h o w e d  t he  
p r e s e n c e  of  a d i r ec t  t r a n s i t i o n  w i t h  a va lue  of 2.04 eV. 
Da ta  ove r  t he  570-650 n m  reg ion  i n d i c a t e d  t he  p r e s e n c e  of 
a n  i n d i r e c t  t r a n s i t i o n  w i th  a va lue  of 1.78 eV. I n  add i t i on  
to these ,  a p lo t  of  I,~ '~ vs .  h ,  over  t he  710-760 n m  reg ion  
was  l inear ,  e x t r a p o l a t i n g  to 1.19 eV. 

Q u a n t u m  y ie lds  of car r ie r  co l l ec t ion  (~r were  calcu- 
l a ted  at  550 n m  a n d  were  22% at s h o r t  c i rcu i t  ( -0 .8V)  a n d  
- 6 6 %  at 0.4V ( the  m a x i m u m  o b t a i n e d  was  83%). 

S tab i l i ty  s t ud i e s  were  car r ied  ou t  in  polysulf ide .  At  
sho r t  circuit ,  t h e  p h o t o c u r r e n t  first i n c r e a s e d  (first 15 
min)  a n d  t h e n  s t ayed  a p p r o x i m a t e l y  c o n s t a n t  for - 2 h .  
Af te r  this ,  t h e  p o t e n t i a l  was  i n c r e a s e d  to +0.4V, at  w h i c h  
t i m e  t h e  c u r r e n t  i n c r e a s e d  aga in  over  a 3h  p e r i o d  (by ap- 
p r o x i m a t e l y  twofold) ,  fo l lowed  b y  a 5% dec rease  in cur- 
r en t  over  t he  n e x t  hour ,  a n d  t h e n  b e c a m e  c o n s t a n t  for t he  
n e x t  6h, at  w h i c h  t i m e  t he  e x p e r i m e n t  was  s topped .  A 
few ye l low spo t s  we re  o b s e r v e d  on  t he  crys ta l  a f te r  the  
e x p e r i m e n t .  A t o m i c  a b s o r p t i o n  ana lys i s  for  In  s h o w e d  a 
>99.5% s tab i l i ty  of  t he  e lec t rode .  

The  p o w e r  ef f ic iency w i t h  100 m W / c m  ~ w h i t e  l igh t  was  
ca lcu la ted  to be  0.2%. No cor rec t ions  were  m a d e  for  l igh t  
re f lec t ions  (for e i t he r  $~ or ~b,). 

Discussion 
CuIn2S3 . - -Su l f u r  a n n e a l i n g  can  i m p r o v e  the  overa l l  

P E C  p e r f o r m a n c e  of th i s  mater ia l .  However ,  t h i s  im-  
p r o v e m e n t  c lear ly  d e p e n d s  on  t h e  su l fu r  v a p o r  p r e s s u r e  
a n d  t e m p e r a t u r e ,  s ince  t he  2a t ype  was  def in i te ly  t he  
be s t  of  t h e  s u l f u r - a n n e a l e d  samples .  I t  is also clear  t h a t  
d a r k  c u r r e n t  cyc l ing  in t h e  po lysu l f ide  is n e c e s s a r y  to 
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polysulfide couple. Dashed line: initial response. Solid line: response 
after photoetching. Dotted-dashed line: dark current. 
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first c o n d i t i o n  t he  sur face  a n d  t h a t  p h o t o e t c h i n g  in t he  
coup le  def in i te ly  i m p r o v e s  the  fill factor.  O the r s  h a v e  
also f o u n d  t h a t  c h e m i c a l  a n d  p h o t o e t c h i n g  i m p r o v e  t he  
P E C  p e r f o r m a n c e  of  th i s  k i n d  of ma te r i a l  (9). 

Q u a n t u m  eff ic iencies  of  car r ie r  co l lec t ion  u s ing  a 
po lysu l f ide  coup le  were  re la t ively  smal l  a t  s h o r t  c i rcui t  
(10%), b u t  t h e y  d id  i m p r o v e  s ign i f i can t ly  u p o n  p h o t o -  
e t ch ing  of  t h e  e lec t rode .  However ,  s ign i f i can t  b ia s  is re- 
q u i r e d  to a t t a in  >50% efficiency.  This  i nd ica t e s  s u b s t a n -  
t ial  (h+-e-) r e c o m b i n a t i o n  m u s t  b e  o c c u r r i n g  in t he  v ic in-  
i ty of  t he  d e p l e t i o n  layer  at  s h o r t  c ircui t .  None the l e s s ,  t he  
a t t a i n m e n t  of  77% q u a n t u m  ef f ic iency  for  car r ie r  collec- 
t ion  i nd i ca t e s  t h a t  i m p r o v e m e n t  of  t h e  crys ta l  qua l i ty  in  
general ,  a n d  pa r t i cu la r ly  n e a r  t he  surface ,  cou ld  r e su l t  in  
s ign i f ican t  i m p r o v e m e n t  in t h e  P E C  resul ts .  Also,  t h e r e  
is a q u e s t i o n  of  w h e t h e r  t h e  t in  d o p a n t  is p rope r ly  d is t r ib-  
u t e d  as a t r ue  dopan t ,  s ince,  if  i t  is not ,  i t  cou ld  act  as a re- 
c o m b i n a t i o n  cen te r ,  a t  l eas t  in  par t .  

Our  p h o t o c u r r e n t  onse t  of  -1 .08V a n d  M o t t - S c h o t t k y  
plot  i n t e r c e p t  va lue  of  - 1 . 1 4 V  are ve ry  s imi la r  to w h a t  
was  re fe r red  to as t he  f l a tband  va lues  by  o the r s  ( -1 .1  a n d  
- 1 . 1 5 V  respec t ive ly ,  by  t h e  two  p r e c e d i n g  me thods ) .  
However ,  in  our  case,  we are no t  ce r t a in  if  t he se  r e p r e s e n t  
f l a tband  va lues  a n d  h a v e  no t  cal led t h e m  such.  I f  we con-  
s ider  the  p o t e n t i a l  -1 .5  to 1.6V, at  w h i c h  ca thod ic  d a r k  
c u r r e n t  b e c o m e s  r ap id ly  i n c r e a s i n g  (near ly  exponen t i a l )  
as a m e a s u r e  of  t h e  c o n d u c t i o n  b a n d e d g e  a n d  if  t he  F e r m i  
level  is w i t h i n  0.1-0.2 eV of  th i s  edge  b e c a u s e  of  t he  
dop ing ,  t h e n  the  f l a tband  wou ld  rea l ly  b e  loca ted  nea r  
-1 .4V.  I n  s u c h  a case,  the  s i tua t ion  w o u l d  be  worse  t h a n  
de sc r ibed  a b o v e  in t h a t  even  at the  p h o t o c u r r e n t  onse t  
the re  is a l ready  some  0.25-0.35V fo rward  bias  a n d  e v e n  
grea te r  r e c o m b i n a t i o n  is occur r ing  t h a n  i n d i c a t e d  in t he  
d i scuss ion  above .  In  one  of  our  cases w h e r e  v a c u u m  an- 
nea l ing  was d o n e  i n s t ead  of su l fu r  annea l ing ,  we f o u n d  
the  p h o t o c u r r e n t  o n s e t  ( - L 2 V )  to be  0.1-0.15V m o r e  nega-  
t ive  t h a n  t he  r e p r e s e n t a t i v e  2a s a m p l e  ( su l fur  annealed) .  
I t  is also i n t e r e s t i n g  to no t e  t h a t  o the r s  found  t he  
" f l a t b a n d "  p o t e n t i a l  m o v e d  0.3V m o r e  nega t ive  t h a n  
- 1 . 1 V  for a f resh ly  e t c h e d  e l ec t rode  (9). T h e s e  la t ter  two 
resu l t s  are c o n s i s t e n t  w i t h  our  ear l ier  analys is ,  i n d i c a t i n g  
t he  poss ib i l i ty  t h a t  t he  p h o t o c u r r e n t  onse t  and  t he  Mott-  
S c h o t t k y  da ta  m a y  no t  p rov ide  t rue  f l a tband  po t en t i a l s  
for th i s  mater ia l ,  or t h a t  the  f l a tband  po t en t i a l  is va ry ing  
b e c a u s e  of  va r i ab l e  d i f fe ren t  c o m p o s i t i o n  at  the  surface.  

The  foregoing,  p lus  t he  re la t ively  smal l  fill fac tor  of  
0.22, r e su l t ed  in a poor  p o w e r  eff ic iency of -0 .25%. How- 
ever,  0.4% was  o b t a i n e d  for a v a c u u m - a n n e a l e d  sample .  
Others  (9) h a v e  r e p o r t e d  va lues  of  shor t - c i r cu i t  cur ren t ,  
open-c i rcu i t  pho tovo l t age ,  a n d  p o w e r  eff iciencies 
(-0.5%) similar to ours, although in isolated cases larger 
values of the first two were found (also, they found quan- 
tum efficiencies significantly higher than ours in at least 
one instance). In one of our cases where sulfur annealing 
was not done but vacuum annealing was done instead, 
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larger short-circuit current, open-circuit voltage, and 
power efficiency were obtained compared to the repre- 
sentative sulfur annealed 2a type. This material did show 
a reduced fill factor and less stability than the 2a type. It 
appears as if both the sulfur annealing and vacuum treat- 
ment improve the surface quality. This may be due in 
part to a temperature annealing effect. 

The stability results for the 2a (sulfur annealed) type in 
polysulfide (0.2M S-1M Na~S-1M NaOH) do not indicate 
total stability, but indicate a respectably high value 
(97+%). Others (9) have also reported an initial increase 
and then a decrease in photocurrent  at short circuit, but 
did not test for the increase again at positive applied po- 
tential. Pitting of the surface was noted, but stability was 
not determined (9) (in a polysulfide couple of twice our 
concentrations). The greater apparent instability of the 
vacuum-annealed material may result from removal of 
sulfur on the surface, although it did not at all affect the 
open-circuit voltage, short-circuit current, or power 
efficiency (but did lower the fill factor). There is proba- 
bly a critical balance required regarding the amount of 
sulfur present in terms of crystal quality, lattice vacan- 
cies, and interstitial sites, all of which affect the PEC 
results. 

The results in the Ce(IV)/Ce(III) couple are interesting 
from the point of view of the dramatic improvement  in 
PEC results. However, the great instability negates the 
improvement. The results in the cyanide couple were not 
as good at short circuit as for polysulfide. Others (9) have 
noted increased performance in the cyanide couple, and 
Fe(III)/Fe(II), but the electrodes were also unstable in 
these couples. 

Our data for direct and indirect transition values differ 
from others. Our absorption over the 900-980 nm region 
may be the result of states in the gap which happens to 
plot correctly for an indirect transition. However, it is not 
apparent why our data in the -780-910 nm region indicate 
a direct transition (1.33 -+ 0.02 eV) vs. an indirect one for 
others. A direct comparison may be difficult since the 
wavelength region over which one group (9) determined 
their results may not have been the same as ours and the 
methodology used in the other case (3) was different. 

It is clear that substantial improvement  in the quality of 
the crystal matrix (and possibly dopant distribution) 
needs to be achieved to improve the performance of this 
kind of material before it approaches that of the ternary 
CuInS2 (14, 15). Nonetheless, there seems to be potential 
for this. 

HgIn2S~.--In contrast to CuIn~Ss, dark current cycling 
was not necessary for the ld  sample to reduce dark cur- 
rents, since they were already very small (<25 ~A]cm). 
However, there was a significant increase in photocur- 
rent upon photoetching (12-fold at short circuit). This ob- 
viously indicates a conditioning of the surface by photo- 
etching was important in improving PEC (r 
performance. Nonetheless, based on the stability studies, 
this conditioning did not involve any significant corro- 
sion of bulk HgIn~S4; also, very little visual change in the 
surfaces occurred over a 2h photoetch g~nerally required 
to obtain maximum PEC performance. Thus, it would ap- 
pear that excess sulfur (from the annealing procedure) 
was removed, plus perhaps some surface modification, 
which provided a surface considerably more free of 
recombination sites than without photoetching. 

Quantum efficiencies for carrier collection are higher 
at short circuit and with applied bias than for CuIn~Ss, 
but the fill factor is almost identical. Nonetheless, the 
power efficiency is smaller than for CuInsS8 principally 
because of smaller short-circuit current. Obviously, the 
considerably higher bandgap contributes to the poorer re- 
sults compared to CuIn~Ss. 

The open-circuit photovoltage is almost identical to 
that of CuInsSs. This low value (0.25V) also contributes to 
a poor power efficiency. Also, as in the case of CuIn~Ss, a 
dark photocathodic current becomes rapidly large near 
-1.6V. Again, if this is considered to be the conduction 
bandedge and if the Fermi level is within 0.2 eV positive 

of this edge, then the flatband potential should be near 
- 1.4V. Therefore, considerable recombination must again 
be occurring as for CuIn~Ss, although it is not quite so se- 
vere, since ~c at short circuit is about twice that of 
CuInsSs (22% vs. 10% for CuIn~Ss). Nonetheless, it is clear 
that the quality of the crystal near the surface and/or 
dopant distribution must be providing significant 
recombination sites. Despite the foregoing results, it is 
clear that sulfur annealing produces much better results 
than those found for the initial material (unannealed). 

The stability results indicate very little corrosion 
(<0.5%) of the electrode in the polysulfide couple. 

Our data indicate the presence of a direct transition at 
2.04 eV. Others (4, 5) indicate a bandgap of 2.0 eV, but 
whether it was direct or indirect was not indicated. Also, 
over the 570-650 nm region, we found indication of an in- 
direct transition with a value of 1.78 eV. Again, whether 
the latter represents a true indirect transition or is the re- 
sult of states in the gap depends upon one's estimation of 
the reliability of the methodology. 

Based on the results of others (8) for polycrystalline 
HgIn~S4, our photocurrent  onset appears to be more nega- 
tive (by -0.2V) where our couple was 0.2M S-1M Na.,S-1M 
NaOH, while that of the others was 1M Na2S-1M NaOH. 
Our photocurrent  onset appears not to be significantly 
different than that of others (8) (-850-900 nm), but our 
data showed a noticeable tail before a rapid increase in 
photocurrent  began at shorter wavelengths. Also, our 
photocurrent  maximum is at -550 nm, whereas that of 
others (8) is near -725 nm. Although it is not possible to 
be exact, it would appear that a bandgap calculated from 
extrapolation of the approximately linear long wave- 
length edge of the photocurrent  vs. wavelength plot of 
others (8) would give a bandgap value considerably lower 
(up to 0.5 eV) than that we determined by the same 
method (1.94 eV); 'moreover, the latter value is close to 
that determined from our Iph 2 vs. hv plots for a direct tran- 
sition, 2.04 eV and to the value in other literature (4, 5), 
2.0 eV. 

Comparison with CdIn2S4 results indicate that HgIn~S4 
has a somewhat  smaller photopotential  (0.3 vs. 0.4V), a 
larger short-circuit current density (2.7 vs. 0.5 mA/cm2), 
and a somewhat  higher power efficiency (0.2 vs. 0.1%). 
The photocurrent  onset of CdIn2S4 is -0.15V more nega- 
tive than with HgIn~S4. 
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ABSTRACT 

The photoelectrochemical properties of the ternary semiconductor CdIn2Se4 is further investigated. Photoelectro- 
chemical etching increases the photocurrent  of this material by an order of magnitude in various electrolytes. Cyclic 
voltametry, Auger analyses, and thermodynamic calculations suggest that oxide is unlikely to be produced during pho- 
toetching. Degradation of the photocurrent with time in polysulfide electrolyte due to photocorrosion is studied with 
x-ray photoelectron spectroscopy (XPS). Thermodynamic and solid-state data are used for the construction of the band 
diagram of CdIn2Se4/polysulfide system. It is shown that the time behavior of this system resembles that of 
CdSe/polysulfide photoelectrochemical cell. 

Ternary semiconductor compounds have many inter- 
esting physical and chemical properties., and also show 
great potential for use in electro-optical devices and solar 
cells in particular. Much of the research is focused on the 
CuInXz (X = Se, S) group (1-5), but other'families of com- 
pounds have been investigated as well (6-11). 

The mixing of Cu 4d and Se 4p atomic orbitals which 
leads to a decrease in the optical gap of ~CuInSe~ as com- 
pared to its binary analog (CdSe) (5), and to the remarka- 
ble stability of this material against pho.t0corrosion is of 
much interest. For CdIn2X4 compounds, there is a change 
in the structure between, say, CdIn2Se~ to CdIn~S4 with 
concomitant  changes in the optical gaps (6). 

CdIn2Se4 is material with a "defect" structure material 
(the space group Dz~'). Each fourth cation site is unoccu- 
pied. The energies of the optical bandgaps are 1.73 eV for 
the direct transition and 1.55 eV for the indirect transition 
(6, 8). It was recently observed (8) that a short photoelec- 
trochemical etching (photoetching) of this material leads 
to at least tenfold increase in the short-circuit photo- 
current of the CdIn.,SeJpo]ysulfide photoelectrochemical 
cell. Subbandgap photocurrent, which was attributed to a 
surface state located some 0.3 eV below the conduction 
band, disappeared after short photoetching. Electrolyte 
electroreflectance measurements (11) lent further sup- 
port to this hypothesis. Fermi energy pinning substan- 
tiality increased after photoetching (11). This result was at- 
tributed to yet another type of surface state, the density of 
which increased while photoetching. Their chemical na- 
ture was not fully resolved, although indications that they 
consist of chemisorbed sulfide ions were found. 

The present study is a continuation of our effort to un- 
derstand the chemical and electrochemical processes 

which occur at the CdIn~Se4 surface while operating in a 
photoelectrochemical cell. One important aspect of that 
chemistry is the Se/S exchange. According to a recent 
study (12), CuInSe~ is stable in polysulfide solution, and 
no evidence for Se/S exchange was found after -20,000C 
of charge passed under illumination. Contrarily, CdSe un- 
dergoes under most solar conditions slow photodecompo- 
sition in polysulfide solution and Se/S exchange (13). 
Long-term stability tests of'CdIn.zSe4 electrode in polysul- 
fide electrolyte revealed that, although the photoe]ec- 
trode is stable for appreciable time, slow photocorrosion 
takes place. Its extent depends on the quality of the elec- 
trode material and its surface in a manner similar to Cd- 
chalcogenide electrodes (14). 

Here, we use cyclic voltammetry and Auger spectros- 
copy for the analysis of the electrochemical processes 
which occur during photoelectrochemical etching of 
CdIn.~Se4, and x-ray photoelectron spectroscopy (XPS) in 
conjunction with output stability runs were employed for 
the analysis of the Se/S exchange during the slow photo- 
corrosion which takes place in polysulfide electrolyte. 

On the basis of the proposed mechanism for the Se/S 
exchange and using rough estimates for the free energy of 
formation of CdIn.zSe~, we have established the decompo- 
sition potential toward oxidation of this material. 
Taking into account the estimated flatband potential of 
CdIn2Se4, the full band diagram for the CdIn~Se4/ 
polysulfide interface has been established. It is con- 
cluded that this system is expected to have similar stabil- 
ity as the CdSe/polysulfide photoelectrochemical cell. 

Finally, experiments are described in which we have 
tried to evaluate the role of an IntO3 overlayer on the per- 
formance and output  stability of the above cell. It appears 
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that, in contrast with CuInX2 (X = S, Se) (12), thin over- 
layers of In~O3 have no positive effect on this surface. 
Other surface treatments are briefly discussed as well. 

Experimental 
CdIn2Se4 crystals (n-type) were grown by one of us 

(W.G.). Their resistivity was <5 s Crystallographic 
faces were not used. The surfaces of the semiconductors 
were polished down to 0.3 /~m, etched in aqua regia (1:4 
v/v HNO3:HC1 mixture) and immersed in KCN (10% w/w) 
for a few minutes. Ohmic contact was established by rub- 
bing an In-Ga alloy on the back surface of the crystals. 
The crystals were then attached to a Ti plate by means of 
a silver epoxy (Transene 50) and were finally encapsu- 
lated with the help of an insulating epoxY, apart from the 
front surface which was exposed to the electrolyte. Etch- 
ing procedures included aqua regia etching; Br2 (2% v/v)- 
methanol etch and dichromate (4g K2Cr2OT; 10 ml HNO3; 
20 ml H20) etch; the former procedure led to the best re- 
sults. Photoetching in either five times diluted aqua regia 
or 4M HC104 solution led to at least tenfold increase in the 
photocurrent (8). Solutions for photoelectrochemical mea- 
surements included (2;2;2) polysulfide (S; Na2S; KOH, 
2M for each component) ;1M sulfite (Na2SO~), and a solu- 
tion of potassium ferri/ferrocyanide. A conventional three 
electrode setup was used for the electrochemical mea- 
surements with standard calomel electrode (SCE) as a ref- 
erence electrode. A home-made programmer (linear scan 
generator) was used for the cyclic vol tammetry measure- 
ments together with a Wenking MP 81 potentiostat and 
Graphtec Model WX 4422 X-Y recorder. A Philips 505 
scanning electron microscope (SEM) was used to deter- 
mine the morphology of the CdIn2Se4 surface prior to and 
after photoetching. A Physical Electronics Model 590A 
scanning Auger microprobe (SAM) was used for Auger 
analysis prior to and after photoetching. Se/S exchange 
was followed by x-ray photoelectron spectroscopy (XPS) 
on a AEI ES 200B spectrometer, using Mg Ka (1253.6 eV) 
radiation. 

Results 
Figure 1 shows the I-V curve of CdIn2Se4 in three differ- 

ent solutions prior to and after photoetching (the photo- 
current of the electrode exhibited in Fig. la is not larger 
than 0.5 mA-cm-'-' before photoetching). In all three solu- 
tions, a remarkable increase in the photocurrent was ob- 
served after photoetching and dip in KCN solution. No ef- 
fect of the KCN solution alone was observed. These 
results show that the improved performance of CdIn~Se4 
after short photoetching is not limited to a specific solu- 
tion. Rather, it is a manifestation of the improved state of 
the semiconductor surface. 

The micrographs of Fig. 2 allow one to compare the sur- 
face morphology of aqua-regia etched (a), and photo- 
etched (b), CdIn2Se4. The corrugation of the surface after 
photoetching is obvious. The distribution of etch pits is 
not nearly the same as in Cd-chalcogenide and Zn-chalco- 
genide semiconductors (15, 16) although in certain re- 
gions of the semiconductor surface they are quite dense 
and uniformly distributed. This was essentially our first 
indication for the spatial nonuniformity of the semicon- 
ductor, a conclusion that was reinforced by the Auger 
analysis. 

Cyclic vol tammetry is a useful tool for the study of de- 
composition mechanisms of semiconductors. In the case 
of n-type semiconductors,  one can photo-oxidize the 
semiconductor in the anodic half-cycle and dissolve the 
oxidation products or reduce the outdiffusing metal ions 
in the cathodic half-cycle (17). 

Figure 3 exhibits such cyclic vol tammogram for 
CdIn2Se4 in 0.5M KC1 solution. The first cycle is run in 
the dark. A small reduction peak is observed at -1050 mV 
v s .  SCE. Going back to zero bias, the light source is 
opened and a second (half) cycle is carried out in the 
anodic direction which is followed by a third (half) cycle 
(in the dark) in the cathodic direction. A series of reduc- 
tion peaks is observed which cannot be easily deconvo- 
luted. A fourth cycle (in the dark) exhibits two reduction 
peaks only. Referring to previous work with CdSe (17), 
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Fig. 1. I-V curves of photoetched Cdln~Se4, under - A M 1  simulated 
light, a (top left): In (3;3;4) polysulfide (2M with respect to KOH; 
Na2S; S). In Fig. lb  (top right) and lc (left), electrolyte composition is 
described on figure. In Fig. lc, traces are as follows. 1: Photoetched 
electrode under illumination. 2: Chemically etched under illumination. 
3: Photoetched in the dark. 4: Chemically etched in the dark. 
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Fig. 2. Scanning electron micrographs for etched (a, left) and photoetched (b, right) Cdln~Se4. 

these two peaks can be attributed to reduction of elemen- 
tal selenium which was produced during the second cycle 
(photoetching). The third cycle included, in addition to 
the reduction peaks of selenium, reduction peak(s) of the 
metal ion(s) which out-diffuse from the semiconductor 
surface following the anodic half-cycle under illumina- 
tion. This is further visualized in Fig. 4. Here two experi- 
ments were carried out. In the first one (1 + 2), the cath- 
odic part in the dark (2) followed the anodic half-cycle 
under il lumination (1) immediately. Thus, in addition to 
the Se reduction peaks, some reduction peak of the 
outdiffusing metal ions(s) is observed at -500 mV v s .  

SCE. In the second experiment  (1 + 3), the cathodic half- 
cycle (3) is carried out only 1 min after the completion of 
the photoetching (1). Thus, all metal ions have diffused 
from the semiconductor  surface already and the Se reduc- 
tion peak is observed under cathodic scan on]y. The sepa- 
ration between metal ion(s) reduction peak(s) and sele- 
nium reduction becomes even more evident when the 
photoetching (anodic part) is done at higher light intensi- 
ties. However, the separation between the reduction 
peaks of indium (3+) and cadmium (2+) ions is not nearly 
as simple since on a platinum electrode they are only 60 
mV apart. In the Discussion section, we propose a mecha- 
nism for the light-induced decomposit ion of CdIn~Se4 
which is consistent with the results of cyclic voltam- 
metry. 

Additional information on the surface chemistry which 
is involved in the photoetching was obtained from Auger 
spectroscopy. The results of the Auger analysis are sum- 
marized in Table I. 
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Fig. 3. Cyclic voltammograms of Cdln2Se4 (200 mV-s-~), in the 

dark and under illumination. Curve 1 (short dashes) In the dark prior 
to illumination. Curve 2 (solid line): Anodic half-cycle under illumina- 
tion (photoetching). Curve 3 (dotted line): In the dark immediately 
after photoetching. Curve 4 (long dashes): After few cycles (in the 
dark). Light intensity ca. 5 • AM1. 

The sample showed a large heterogeneity on each of the 
two analyzed surfaces, but it was especially large on the 
etched surface, which contained appreciable amounts of 
oxygen in either adsorbed form or more likely as an oxide 
of indium. Thus, Fig. 5 presents a wide scan of the Auger 
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Fig. 4. Cyclic voltamogram of Cdln2Se4 (200 mV-s-1). Solid line: 
Under illumination (photoetching). Dashed line: Immediately after photo- 
etching. Metal reduction is seen. Dotted line: Starts 60s after photo- 
etching. Most metal ions outdiffused already. Light intensity ca. S • 
AM1. 
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Fig. 5. Wide Auger scan of Cdln~Se4 prior to and after photoetching. 
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indium (400, 407 eV) peaks of the sample presented in Fig. 5. 

spec t rum prior  to and after photoe tching .  S o m e  carbon 
con tamina t ion  is obvious,  but, never theless ,  the  abun- 
dance of  oxygen  on the  chromate  e t ched  surface is clearly 
exhibi ted.  The oxygen  signal a lmost  d isappears  after pho- 
toetching.  Fur the rmore ,  compar i son  of the  nar row scans 
(Fig. 6) indica tes  that  ind ium oxide  is the  mos t  l ikely oxy- 
gen conta in ing  species.  This is indica ted  f rom the  ratio R 
be tween  the  he igh t  of the 407 eV peak of In  to the he ight  
of the  400 eV peak of  In. Thus,  R is larger than  one for the  
e tched e lec t rode  (Fig. 6a). After  pho toe tch ing  (Fig. 6b), 
this ratio (R) b e c o m e s  smal ler  than  1 (18). 

Also obse rved  is the  relat ive dep le t ion  of c a d m i u m  after 
photoe tch ing .  The  larger a m o u n t  of  sulfur  and se len ium 
after pho toe t ch ing  can be  a t t r ibu ted  to (i) release of  ele- 
menta l  se len ium dur ing  pho toe tch ing  (see Eq. [1]-[3]) and 
to (it) the  pos t - t rea tment  of  the  electrode,  after photoe tch-  
ing, in polysulf ide  solution. A l though  a thorough  rinse 
and i m m e r s i o n  in ho t  K C N  solut ion follows the immer -  
sion in polysulf ide  (which should dissolve all the  free se- 
l en ium genera ted  dur ing  photoetching) ,  the  h igh  degree  
of poros i ty  of  the  pho toe tched  surface inhibi ts  the  com- 
plet ion of these  two processes  and thus  both sulfur and 
se len ium are more  a b u n d u n t  after  photoe tch ing .  Genera-  
t ion of  some se len ium ox ide  dur ing  pho toe tch ing  cannot  
be ru led  out  conclusively,  bu t  both  t h e r m o d y n a m i c  calcu- 
lat ions (see Table  II) and surface analyses  of  pho toe tched  
CdSe  (17a) sugges t  that  this react ion is not  favorable  here. 

Af ter  spu t te r ing  a layer of  285~, the  oxygen  concentra-  
t ion wen t  down  apprec iab ly  and the  compos i t ion  of the  
e tched part  b e c a m e  a lmost  s to ich iomet r ic  (CdIn~Se~). 
Contrarily,  the pho toe t ched  surface had m u c h  less ox ide  
on it, but  c a d m i u m  deplet ion,  which  increased with the  
depth,  is ev iden t  here. 

Figures  7 and 8 exhib i t  a wide and a nar row scan, re- 
spectively, of CdIn~Se, after sput ter ing of  a layer of a few 
hundred  angst roms.  F igure  7 exhibi ts  m u c h  less oxygen  

Table I. Relative composition of Cdln~Se~ prior to and after 
photoetching as determined by scanning Auger analysis 

Chromate etched b Photoetched b 

Surface Cdln4Se~.7403.8~So.o~2 CdIn~.4~Se3.4801So.:~38 
160}~ ~ CdIn2.4~Se3..~sO,.s4So.,.., CdIn44~Se,.~Oo.~S0.~ 
285~ ~ CdIn2. ~Se~. ~._,0~.~, S0.05 CdIn~.~Se,, .:~,O0.:~S0.~ 

Calibrated according to Ta20~. 
b Immersion in polysulfide and in 10% (w/w) KCN solution for 15 

min .was done prior to Auger analysis. Immersion in polysulfide 
leads to the dissolution of elemental selenium, the final cleaning of 
the surface from elemental sulfur and selenium is donein KCN solu- 
tion. This procedure was favored over KCN treatment alone since it 
permitted less frequent disposal of the KCN solution. 
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Fig. 7. Wide Auger scan of Cdln2Se~ prior to and after photoetching 
and after ion sputtering of ~ 300~. 

on the e tched surface after Ar  sputtering.  This is fur ther  
shown in the  nar row scan, where  the ratio R for the In  
peaks is smal ler  than  1 now. Hence  the  a m o u n t  of  i n d i u m  
oxide  went  down  drastically, on the  ch romate  e tched  sur- 
face, fol lowing argon sputter ing.  C a d m i u m  deple t ion  in- 
creases, on the  pho toe tched  surface, after sput ter ing.  

The Auger  analyses  suggest  that  the  ox ide  layer on the 
e tched  surface (probably i nd ium ox ide )  has an adverse  ef- 
fect  on the pe r fo rmance  of CdIn~Se4 in pho toe lec t rochem-  
ical cells in contras t  wi th  CuInSe2 (12, 13). Thermody-  
namic  calculat ions (see Discuss ion section) show that  the  
oxide  layer is uns tab le  dur ing photoe tching .  

A second phase  of  the  present  s tudy  concerns  the long- 
term stability of CdIn2Se4 in polysulfide solution under 
illumination and the Se/S exchange. It was shown previ- 
ously (8) that CdIn.zSe4 is remarkably stable in 
polysulfide electrolyte after photoetching. Figure 9 com- 
pares the output stability of photoetched CdIn2Se4 to that 
of CdSe in (2;2;2) polysulfide electrolyte. The Cdln~Se4 is 
very stable at a current density of 80 mA-cm -2, and the 
sharp drop in the photocurrent occurs upon addition of 
water, which is lost due to evaporation under intense illu- 
mination. At a higher photocurrent (~I00 mA-cm-~), the 
photocurrent drops somewhat faster in the beginning, 

Table II. Free energy of formation for chemical species involved in reactions [1]-[3] 

Cd ~+ In ~+ H.zO SeO~ In.~O3 CdSe In2Se3 CdInz Se~* 

AG ~ (kcal-mol-') - 18.58 -23.41 -56.65 -49.3 -198.5 -33.8 -79.08 -135.2 
( -  112.88) 

Ref. (21) (23) (22) (22) (22) (23) (23) 
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indium peaks  of the sample  presented in Fig. 7. 

a n d  t h e n  it falls off  slowly. The  o u t p u t  s tab i l i ty  of CdSe  is 
s o m e w h a t  in fe r ior  to t h a t  of  CdIn2Se4, as s h o w n  in Fig. 9. 
This  is even  m o r e  i m p o r t a n t  if  one  t akes  in to  a c c o u n t  t h a t  
(i) t h e  p h o t o c u r r e n t  of  CdSe  is two t i m e s  h i g h e r  t h a n  t h a t  
of CdIn2Se4 u n d e r  t he  s a m e  i l l u m i n a t i o n  in tens i ty ,  so t h a t  
in  o rde r  to ge t  t h e  s a m e  p h o t o c u r r e n t  one  m u s t  uti l ize at  
leas t  tw ice  as i n t e n s e  l igh t  for CdIn2Se4 t h a n  for CdSe  a n d  
(ii) CdIn2Se4 is a "de fec t "  s t r u c t u r e  mater ia l ,  a n d  one  
w o u l d  e x p e c t  t h a t  m i g r a t i o n  of ions  t h r o u g h  it  m a y  facili- 
t a te  t he  p h o t o c o r r o s i o n  process .  

F i g u r e  10 p r e s e n t s  t he  X P S  d e p t h  profi le  of a pho to-  
e t c h e d  CdIn2Se4 s a m p l e  w h i c h  p a s s e d  ]200C of pho to-  
charge.  T h e s e  r e su l t s  s h o w  t h a t  t he  Se /S  e x c h a n g e  oc- 
curs ,  a n d  e v e n  a f te r  62 m i n  of  Ar" spu t t e r ing ,  w h i c h  can  
be  r o u g h l y  e s t i m a t e d  as 500s (100 a t o m i c  layers),  t h e r e  is 
some  su l fu r  p resen t .  T he  fac t  t h a t  Se/S e x c h a n g e  occurs  
to s u c h  a n  e x t e n t  a n d  t h a t  d u r i n g  t h a t  p e r i o d  t he  cell per-  
f o r m a n c e  w e n t  d o w n  b y  30% cou ld  on ly  i nd i ca t e  t h a t  t he  
sur face  is h i g h l y  n o n u n i f o r m  a n d  t h a t  su r face  corruga-  
t ions  m a y  h a v e  a large  ef fec t  on  t he  X P S  resul ts .  The  Se/S 
e x c h a n g e  imp l i e s  t h a t  CdIn~Se~ is ox id ized  u n d e r  i l lumi-  
n a t i o n  in  t he  p h o t o e l e c t r o c h e m i c a l  cell  to Cd ~, In  =§ a n d  
Se, w h i c h  ag rees  wel l  w i th  the  cycl ic  v o l t a m m e t r y  r e su l t s  
(Fig. 3). The  Cd ~ a n d  I n  ~+ ions  r e c o m b i n e  w i th  exces s  S = 
ions  to  g ive  CdS  a n d  In~S~, respec t ive ly ,  w h i c h  p rec ip i t a t e  
on  t he  su r f ace  of  t he  e lec t rode .  T he  re su l t s  p r e s e n t e d  in 
Fig. 7 s h o w  t h a t  t he  CdIn=Se~ is m o r e  ak in  to the  Cd-chal-  
c o g e n i d e  f ami ly  t h a n  to t h e  CuInX~ family.  The  CdS  a n d  
In~S~ b e c o m e  o b s t r u c t i v e  for  ho le  t u n n e l i n g  i f  t he i r  th ick-  
ness  exceeds ,  say, 20-30A, in w h i c h  case  the  p h o t o c u r r e n t  
goes  d o w n  a n d  t h e  ra te  of p h o t o c o r r o s i o n  inc reases  (19). 

I t  is also i m p o r t a n t  to  no t e  t h a t  e l ec t rodes  w h i c h  we re  
p rope r ly  p r e p a r e d  (i.e., r ece ived  o p t i m a l  sur face  treat-  
m e n t )  s h o w  b o t h  i m p r o v e d  I-V cha rac t e r i s t i c s  a n d  b e t t e r  
o u t p u t  s tabi l i ty .  This  o b s e r v a t i o n  is no t  u n i q u e  to t h a t  
s y s t e m  (20). H i g h e r  ra te  for t he  c h a r g e  t r ans f e r  (h igher  
p h o t o c u r r e n t )  l eaves  a sma l l e r  c o n c e n t r a t i o n  of holes)  at  
t he  s e m i c o n d u c t o r  su r face  to car ry  ou t  t he  pho tocor ro -  
s ion r eac t ion  (be t t e r  s tabi l i ty)  (19b). 
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Fig. 9. Comparison of the output stability of photoetched Cdln~Se4 

under two light intensities and compared also to photoetched CdSe. 
All experiments carried out in (2;2;2) polysulfide. Potential 0 vs.  SCE. 
Temperature: 30~ 

Discussion 
B a s e d  on  e n e r g y  of  f o r m a t i o n s  for  t he  ox ida t i on  p rod-  

uc t s  of CdSe,  i t  was  r ecen t l y  s h o w n  (17a) t h a t  the  m o s t  fa- 
vo rab l e  o x i d a t i o n  p r o d u c t  of C d S e  in  acidic  a n d  neu t r a l  
m e d i a  is Se, r a t h e r  t h a n  the  ox ides  of  s e l e n i u m  ( a l t hough  
SeO2 f o r m a t i o n  is on ly  s l ight ly  less  likely). F r o m  the  
m a n y  d e c o m p o s i t i o n  r eac t ions  w h i c h  m a y  occu r  d u r i n g  
p h o t o e t c h i n g ,  we list  t he  fo l lowing  t h r e e  as r e p r e s e n t a t i v e  
ones  

CdIn2Se4 + 8h § --* Cd 2+ + 2In  3~ + 4Se [1] 

CdIn2Se4 + 8H20 + 24h + ~ 2In  3~ + Cd ~* + 4SeO~ + 16H § 
[2] 

CdIn2Se4 + 3H~O + 8h ~ -~ In203 + Cd 2§ + 4Se + 6H § [3] 

In  t he  a b s e n c e  of any  q u a n t i t a t i v e  da ta  on  t he  f ree  e n e r g y  
of f o r m a t i o n  of  CdIn2Se4, we take  it as a r o u g h  e s t ima te  to  
be  four t imes the  free energy of format ion of CdSe (-135.2 
kcal-mol-1)  ' (14). A n o t h e r  e s t ima te  for  t h e  free ene rgy  of  
f o r m a t i o n  of CdIn=Se~ can  be  d o n e  f rom the  s u m  of t h e  
free e n e r g y  of f o r m a t i o n  of C d S e  a n d  In~Se3 ( -112.88 kcal-  
mol-~). All  t h e  ca l cu la t ions  w h i c h  re ly  on  th i s  la t te r  va lue  
are g iven  in  p a r e n t h e s e s .  Tab le  II  is a l is t  of t he  free en- 
e rgy  of f o r m a t i o n  of  spec ies  i n v o l v e d  in  Eq. [1]-[3] (21). 

Tab le  III  s u m m a r i z e s  t he  free e n e r g y  of d e c o m p o s i t i o n  
for  r eac t ions  [1]-[3] a n d  the i r  r e s p e c t i v e  d e c o m p o s i t i o n  
potent ia ls .  

Clear ly  t h e n ,  Eq.  [1] is the  m o s t  f avorab le  decompos i -  
t i on  r eac t ion  for CdIn.2Se4 u n d e r  ox ida t ive  cond i t ions ;  t h e  

~Systematic overestimation of -20% was obtained by a similar 
calculation for CuInX2 compounds for which experimental 
figures were published recently. 
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Fig. 10. XPS analysis of a partially deactivated Cdln2Se4 which show 
the Se/S exchange (photocorrosion). Numbers on curves represent the 
time (rain) for argon sputtering. Curve on the right is the photocurrent 
vs. time (stability) of the examined electrode (0.1 cm2). 
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Table III. Free energies of decomposition and 
decomposition potentials for reactions [1]-[3] 

Reaction [1] [2] [3] 

PhG% (kcal-mol-') -64.6(-47.5) -339.2(-322.06) -82.87(-65.75) 
PE% (V vs. SCE) 0.100(0.607) 0.363(0.332) 0.199(0.106) 

Table IV. Free energies of formation for species 
involved in reactions [4] and [5] 

S.~ ~- SeS:~ ~ In._,S:3 CdS OH- HS-  

hG ~ (kcal-mol -') 17.61 16 .48  -98.55 -37.39 -37.56 3.01 
Ref. (22) (22b) (22) (22) (22) (21) 

Table V. Decomposition potentials for CdSe and Cdln2Se4 
in aqueous polysulfide solution 

CdSe CdIn~Se4 

P• (kcal-mol-') -26.8 -98.86 
(-115.98) 

PE% (V vs. SCE) 0.83 -0.78 
(-0.88) 

d i f fe rences  are  e v e n  la rger  t h a n  for CdSe.  This  e s t i m a t i o n  
suppo r t s  t he  A u g e r  m e a s u r e m e n t s  w h i c h  h a v e  s h o w n  lit- 
t le  ox ide  on  t he  s e m i c o n d u c t o r  su r face  af ter  pho toe tch -  
ing. I t  m a y  also s ugges t  t h a t  oxides ,  a n d  pa r t i cu la r ly  
IntO3, w h i c h  was  f o u n d  to benef i t  t he  p e r f o r m a n c e  of 
CuInX2 (X = S, Se) e lec t rodes  are no t  s t ab le  in  the  oxida-  
t ive  e n v i r o n m e n t  w h i c h  preva i l s  at  t he  s e m i c o n d u c t o r  
sur face  d u r i n g  i l l u m i n a t i o n  (see be low for f u r t he r  de ta i l s  
on  t he  matter) .  

The  o u t p u t  s t ab i l i ty  of  CdIn2Se4 in po lysu l f ide  electro-  
lyte  is more akin to that of CdSe than to that of CulnX~ 
family (3). A possible overall mechanism for the Se/S ex- 
change in Cdln2Se4 is (14) 

CdIn~Se4 + 4S:~ 2- + 4 OH- + 4HS- + 8h * --> CdS 

+ In~S~ + 4H20 + 4SeS3- [4] 

For CdSe, the following mechanism is consistent with the 
experimental observations 

CdSe + S:~ + OH- + HS- + 2h + ~ CdS + H.,O + SeS:~'-'- 
[5] 

Table IV gives the free energy of formation of the spe- 
cies involved in reactions [4] and [5]. 

Based on these values and on the values given in Table 
II, the decomposition potentials for CdSe and Cdln~Se4 in 
aqueous polysulfide solution are summarized in Table V. 

To establish the full band diagram, one has to know the 
flatband potential of the semiconductor in the respective 
electrolyte. For CdSe, this figure is available (-1.54V vs. 

SCE). For CdIn2Se4, this number is estimated from the 
maximum open-circuit potential (under strong illumina- 
tion). For CdSe, the density of states in the conduction 
band N, is calculated from the known (22) effective mass 
of the electron. 

CdSe/$~2 Cd]ns s 

Fig. 11. Band diagram and decomposition potential (shaded area) 
for CdSe and Cdln~Se4 in polysulfide. 

Figure  11 a n d  Tab le  VI s u m m a r i z e  t h e s e  calcula t ions .  
The  m o s t  p r o m i n e n t  resu l t  he re  is t h a t  t he  b a n d  d i ag ram 
and  the  d e c o m p o s i t i o n  po ten t i a l  for CdIn2Se4/polysulf ide 
in te r face  r e s e m b l e s  t h a t  of CdSe /po lysu l f ide  a n d  h e n c e  
the  o u t p u t  s t ab i l i ty  of the  two  s y s t e m s  are  e x p e c t e d  to b e  
s imi la r  if  t h e r m o d y n a m i c  c o n s i d e r a t i o n s  are t a k e n  in to  
a c c o u n t  only. Thus ,  t he  e x p e r i m e n t a l  o b s e r v a t i o n s  in  Fig. 
5 agree  wi th  t he  m o d e ]  ca lcu la t ions  p r e s e n t e d  h e r e i n  t h a t  
s imi la r  o u t p u t  s tab i l i ty  is o b t a i n e d  for  p h o t o e t c h e d  CdSe  
and  CdIn2Se4 in  (2;2;2) po lysu l f ide  e lectrolyte .  However ,  
no  c o n s i d e r a t i o n  of  t he  k ine t ic  fac tors  a f fec t ing  the  
p h o t o c o r r o s i o n  p roces se s  were  used,  a l though ,  ulti- 
mate ly ,  t h e y  m a y  be  of g rea te r  r e l e v a n c e  to the  p r e s e n t  
p r o b l e m  t h a n  t he  t h e r m o d y n a m i c  factors .  

S o m e  u n s u c c e s s f u l  a t t e m p t s  were  car r ied  ou t  to im- 
p r o v e  the  p e r f o r m a n c e  of t h e  CdIn~SeJpo lysu l f ide  
pho toe l ec t rochemica l l y .  I t  was a t t e m p t e d  to c rea te  a t h i n  
In203 over layer  by  severa l  means .  Thus ,  CdIn2Se4 was  
h e a t e d  at  100~176 for d i f fe ren t  pe r iods  of t i m e  in air  at- 
m o s p h e r e .  S u c h  h e a t i n g  is benef ic ia l  for t he  CuInX2 cells 
(12). F u r t h e r m o r e ,  e l e c t rochemica l  d e p o s i t i o n  of In  w h i c h  
was  fo l lowed by  a h e a t - t r e a t m e n t  was  no t  of g rea t  he lp  ei- 
ther .  I m m e r s i o n  in InC13 so lu t ion  (at d i f fe ren t  t e m p e r a -  
tures)  was  no t  success fu l  e i ther .  Final ly ,  InC13 was dis- 
so lved  in a c o n c e n t r a t e d  (2;2;2) po lysu l f ide  w h i c h  led to a 
r ap id  deac t i va t i on  of  t he  e lec t rode .  

T r e a t m e n t s  in  so lu t ions  of ion ic  Cu (23) a n d  Z n  (24) 
were  a t t e m p t e d ,  t he  la t ter  t r e a t m e n t  b e i n g  of  l i t t le  he lp  
only. A d d i t i o n  of smal l  quan t i t i e s  of Se d id  no t  lead to an  
i m p r o v e d  o u t p u t  s tabi l i ty .  

So far, we h a v e  no t  f o u n d  a sur face  t r e a t m e n t  w h i c h  
has  b u t  a m a r g i n a l  effect  on  the  p e r f o r m a n c e  or o u t p u t  
s tab i l i ty  of CdIn2Se4 in po lysu l f ide  e lec t ro ly te  o the r  t h a n  
p h o t o e t c h i n g .  F u r t h e r  w o r k  is n e c e s s a r y  in t h a t  d i r ec t ion  
a n d  also in o rde r  to u n d e r s t a n d  t h e  bas ic  phys i c s  of  t h a t  
in terface.  

Very  recent ly ,  F o r n a r i n i  et al. (25) p r e s e n t e d  some  n e w  
obse rva t i ons  on t he  CdIn2Se4/polysulf ide pho toe lec t ro -  
chemica l  cells. Firs t ,  t h e  qua l i ty  of t he i r  s t a r t ing  mater ia l  
was  super io r  to t he  one  u s e d  d u r i n g  th i s  work.  This  is 
b o r n e  ou t  by  t he  h i g h e r  p h o t o c u r r e n t s  p r o d u c e d  af te r  
p h o t o e t c h i n g  ( - 2 0  mA-cm-'2), a n d  also t h r o u g h  t he  lack of  
F e r m i  level  p i n n i n g  as o b s e r v e d  in our  c rys ta l s  (11) i.e., no 
b r e a k d o w n  of t he  S c h o t t k y  ba r r i e r  u n d e r  r eve r se  b ias  (8). 
They  o b s e r v e  Se/S e x c h a n g e  a n d  d i scuss  t he  o u t p u t  sta- 
bi l i ty  of CdIn.2Se4, w h i c h  t h e y  f ind also m o r e  ak in  to t he  
CdSe  t h a n  to CuInSe2. 
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Numbers in parentheses are best estimates. 
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ABSTRACT 

The electrochromic properties of film electrodes of lutetium, erbium, gadolinium, and ytterbium diphthalocyanines 
in contact with ethylene glycol solutions have been studied. The stability of the electrochromic film under electrochem- 
ical cycling in this medium is at least three orders of magnitude better than that in neutral aqueous solutions: The stabil- 
ity of the electrochromic is improved if the film is written galvanostatically from the yellow-tan to the green state. A 
simplified model  for the galvanostatic transition is proposed, and some of the problems of this family of electrochromic 
materials are discussed. 

The preparation of the diphthalocyanine complexes of 
the rare earth elements [Lan(PC)2]' by reaction of their ac- 
etates with o-phthalonitrile was first achieved by Kirin 
et al. in 1967 (1). Subsequently, Moskalev and Kirin (2) 
showed that the absorption spectrum of Lu(PC)2 changed 
reversibly with electrode potential and later proved that 
all the lanthanide diphthalocyanines as well as those of 
yttrium and scandium were electrochromic (3). 

Because these compounds are stable and those of Eu 
through to Lu can be sublimed (4) onto an electrode sur- 
face to form a thin electrochromic film, there has been 

* Electrochemical Society Active Member. 
'Although the stoichiometry Lan(PC)2 is used in this paper, 

there is still some discussion regarding the presence of an imino 
hydrogen in the molecule. In particular, very recent spectro- 
scopic work by Nicholson and Weismuller (32) favors the exist- 
ence of Lu H(PC)2 +O~- as the green form. Further work is re- 
quired to elucidate the discrepancy between the spectroscopic 
results and the isotopic mass distribution of the parent ion in 
the mass spectra, which appears to favor the Lu (PC)~ stoichiom- 
etry (10). 

considerable interest in their possible use as visual 
display units (5-8). 

The structure and electrochemistry of the lanthanide 
diphthalocyanines have been widely studied over the last 
few years. This work has been recently reviewed by 
Nicholson (9), who concluded that there was a problem 
with stability under  switching and that the development  
of practical displays would depend on the achievement of 
adequate cycle life (i06-i0 s color transitions) and a tech- 
nique for matrix addressing. 

Repeated cycling of Lu(PC)2 film electrodes in neutral 
aqueous electrolytes between the green and the red states 
results in the degradation of the color change after 104 cy- 
cles. It has been proposed that this is due to attack of the 
nitrogen atoms in the phthalocyanine rings by water or 
by OH- ions (10), when the dye is in its oxidized form, i.e., 
as a diradical dication (II, 12). In common with many rad- 
ical cations, the oxidized form appears to be stabilized by 
strong acid solutions, and Bessonnat et al. (13) achieved 5 
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x 106 color  c h a n g e s  for a dye  e l ec t rode  in su l fur ic  ac id  
m e d i u m .  

The  p u r p o s e  of  t he  p r e s e n t  w o r k  was  to s t u d y  t he  elec- 
t r o c h e m i s t r y  of  Lan(PC)2 in  a n o n a q u e o u s  so lven t  h a v i n g  
a lower  ion iza t ion  c o n s t a n t  t h a n  water ,  t h u s  r e d u c i n g  t he  
p r o b l e m s  of n u c l e o p h i l i c  a t t ack  by  O H -  on  t he  ox id ized  
fo rm of t he  rare  ea r th  complexes .  

Experimental 
The  Lu(PC)~ a n d  o t h e r  (Gd, Er, Yb)  p h t h a t o c y a n i n e s  

were  p r e p a r e d  a n d  pur i f ied  as d e s c r i b e d  p rev ious ly  (10). 
The  r e m a i n i n g  c h e m i c a l s  u s e d  were  e i t he r  B D H  A n a l a R  
g rade  (e thy lene  glycol,  s o d i u m  chlor ide ,  p o t a s s i u m  chlo- 
ride,  a m m o n i u m  f luor ide)  or F l u k a  " p u r u m "  grade  ( tetra  
e thyl  a m m o n i u m  hal ides) .  

Most  of t he  cyc l ing  e x p e r i m e n t s  were  car r ied  out  u s ing  
pu rpose -bu i l t  e l e c t r ochem i ca l  m o d u l e s  w i th  a s ingle  ar- 
ray  of  28 pels  p e r  cell. The  w o r k i n g  e l ec t rodes  cons i s t ed  
of e v a p o r a t e d  layers  of t i t a n i u m  (50 rim) cove red  wi th  
p l a t i n u m  (200 nm),  on  Rowi  glass~ T he  e lec t rode  pa t t e rn  
was o b t a i n e d  by  a l if t-off  t e c h n i q u e  u s i n g  p h o t o r e s i s t  
l eav ing  28 s q u a r e  e l ec t rode  pads  of  1.25 mm/s ide .  The  
c o n d u c t o r  l ines  to each  e lec t rode  were  p r o t e c t e d  by  a 1.1 
~ m  layer  of  c u r e d  d u  P o n t  5057 po ly imide ,  e x c e p t  at  t he  
con t ac t  po in ts .  The  e l ec t r och r om i c  fi lm was  evapora t ed  
over  the  w o r k i n g  e l ec t rode  sur faces  as a c o n t i n u o u s  fi lm 
at 10 -4 to r r  in  an  E d w a r d s  6E4 coa t ing  u n i t  by  r e s i s t ance  
hea t i ng  to 450 ~ - 50~ F i lm  t h i c k n e s s  m e a s u r e m e n t  was  
e s t a b l i s h e d  by  r e l a t i ng  opt ica l  dens i t y  at  ~max (Tab le  I) to 
the  s tep h e i g h t  of  s t a n d a r d  fi lms as m e a s u r e d  b y  a 
p rof i lomete r  (Tenco r  Alphas tep) .  

The  m o d u l e  was bu i l t  up  by  p lac ing  a s i l icone  r u b b e r  
gaske t  on  t h e  glass  subs t r a t e  fo l lowed by  an  acryl ic  
m o l d e d  space r  w i t h  an  a d h e s i v e - b o n d e d  glass top. The  
acryl ic  spacer  h a d  in le ts  for  a p l a t i n u m  b l a c k  countere lec-  
t rode,  a r e fe rence  e lect rode,  for filling t he  module ,  a n d  
also for  a t h e r m o c o u p l e .  T he  va r ious  i t e m s  fi t ted to t h e  
m o l d i n g  were  g l u e d  in  p lace  w i t h  3M 3532 s t ruc tu ra l  ad-  
hesive.  S i l i cone  r u b b e r  gaske t s  p r o t e c t e d  t he  m o d u l e  
f rom coppe r  p la tens ,  w h i c h  were  t i g h t e n e d  to fo rm a 
l iqu id - t igh t  seal.  The  u p p e r  p la t en  h a d  a s q u a r e  o p e n i n g  
t h r o u g h  w h i c h  the  pels  cou ld  be  v iewed.  Modu l e s  we re  
t h e n  filled w i th  e lec t ro ly te  a n d  t he  fi l l ing t u b e s  sealed.  
No a t t e m p t  was  m a d e  to d e o x y g e n a t e  the  e lec t ro ly te  
p r io r  to use.  

So lu t ions  of  t he  ha l ide  sal ts  in  e t h y l e n e  glycol were  
u s e d  as e lec t ro ly tes .  With ch lor ide  e lectrolytes ,  an  
Ag/AgC1 r e f e r ence  e lec t rode  was used,  b u t  wi th  f luor ides  
th is  was  c h a n g e d  to Cu/CuFz. P r io r  to use,  e ach  r e fe rence  
e lec t rode  was a n o d i z e d  to fo rm the  sal t  on  the  e lec t rode  
surface.  E t h y l e n e  glycol  was u s e d  w i t h o u t  f u r t he r  
puri f icat ion.  The  e lec t ro ly te  u sed  in  m o s t  of  th i s  work  
was a s a tu r a t ed  so lu t ion  of NaC1 (ca. 1M), w h i c h  ha s  a 
conduc t i v i t y  5 • 10 -3 S c m - '  at 20~ a n d  1 • 10 -2 S c m  -1 
at  40~ 

The  m o d u l e s  we re  d r iven  by  a p u r p o s e - b u i l t  mic ropro-  
cessor  po ten t io s t a t /ga lvanos ta t .  This  i n s t r u m e n t  h a d  
po ten t ios ta t i c ,  t ens ios ta t i c ,  a n d  ga lvanos t a t i c  un i t s  cou- 
p led  t o g e t h e r  to e n a b l e  wr i t ing  or e r a s ing  f rom e i the r  one  
or two of t he  uni t s .  The  r a n g e  was  -+2V in  10 m V  steps  on  
the  po t en t i o s t a t i c  a n d  tens ios ta t i c  un i t s  a n d  -+40 m A  in  
100 t~A s teps  on  the  ga lvanos ta t i c  uni t .  T he  c u r r e n t  a n d  
vol tage  r e q u i r e d  cou ld  be  set  e i t he r  m a n u a l l y  or by  corn- 

Table I. Absorption maxima of vacuum-deposited films 
of various lanthanide diphthalocyanines 

max (mm) 
Compound Blue form Green form 

Lu(PC)~ 630 665 
Er(PC)2 - -  665 
Gd(PC)2 644 - -  
Yb(PC)2 - -  665 

The absorbance of the Lu(PC)2 film was approximately of 1 unit 
per 100 nm of film. 

puter ,  b u t  the  t i m e  base  was c o m p u t e r  con t ro l l ed  over  a 
wide  r ange  d o w n  to 250 tLs. 

The  p o t e n t i o s t a t / g a l v a n o s t a t  i n c o r p o r a t e d  a Motoro la  
M6800 mic rop roces so r ,  a n d  was l i n k e d  to an  I B M  5100 
c o m p u t e r  for  inpu t .  Cont ro l  p r o g r a m s  were  wr i t t en  in a 
h igh  level  l a n g u a g e  b a s e d  on  A P L  a n d  c o m p i l e d  to 6800 
m a c h i n e  code,  w h i c h  was loaded  in to  the  6800 f rom the  
5100 m e m o r y ,  t h u s  f r ee ing  the  5100 for o the r  tasks .  Us ing  
th i s  sys tem,  i t  was  pos s ib l e  to se t  u p  a n d  c h a n g e  t he  
wri te ,  hold,  erase ,  a n d  off  p a r a m e t e r s  s i m p l y  a n d  at  will. 
The  c u r r e n t  a n d  vo l tage  t r a n s i e n t s  we re  fed f rom the  
p o t e n t i o s t a t / g a l v a n o s t a t  to a T e k t r o n i x  7633 s torage  oscil- 
l o scope  for o b s e r v a t i o n  a n d  eva lua t ion .  

Optical  d e n s i t y  c h a n g e s  on  s imple  pels  were  m e a s u r e d  
u s i n g  a s p o t m e t e r  (Spect ra ,  Mode l  UBD,  1/4 degree).  This  
p r e c l u d e d  o b t a i n i n g  abso lu t e  a b s o r p t i o n  m e a s u r e m e n t s .  

In all cyc l ing  e x p e r i m e n t s  a four -s tep  cycle will be  
re fe r red  to c o n t a i n i n g  wri te ,  off, erase,  a n d  off  per iods .  
The  off pe r iods  we re  u s e d  for m e a s u r i n g  decay  t r a n s i e n t s  
and  to s t u d y  fade  rates .  Because  b o t h  p o t e n t i a l  a n d  cur- 
r en t  s teps  a n d  v a r y i n g  t i m e  were  u s e d  to wr i te  and  e rase  
in  a cycle, a pa r t i cu l a r  e x p e r i m e n t  wil l  a lways  be  def ined  
in the  text .  

A Hi-Tek po ten t io s t a t ,  t r a n s i e n t  recorder ,  a n d  signal  
g e n e r a t o r  were  u s e d  for t he  v o l t a m m e t r i c  m e a s u r e m e n t s ,  
a n d  the  resu l t s  were  p lo t t ed  on  a B r y a n s  26000 X-Y re- 
corder .  In  t h e s e  e x p e r i m e n t s ,  a t in  ox ide  e lec t rode  was 
used.  The  film e lec t rodes  we re  p r e p a r e d  as p rev ious ly  
d e s c r i b e d  (10). 

The  x-ray p h o t o e l e c t r o n  s p e c t r o s c o p y  (XPS)  s tud ies  
were  p e r f o r m e d  wi th  a V G  Scient i f ic  E S C A  3 Mark  II in- 
s t r u m e n t .  T h e  C~I~ b a n d  was  u s e d  as the  in te rna l  
re ference .  

The  po t en t i a l  l imi ts  of t h e  1M NaC1/e thylene  glycol 
e lec t ro ly te  on  P t  were  arbi t rar i ly  t a k e n  as the  po ten t i a l  
for w h i c h  t he  c u r r e n t  dens i ty  was 10 t~A-cm -2, a n d  were  
d e t e r m i n e d  b y  cycl ic  v o l t a m m e t r y .  T h e  va lues  o b t a i n e d  
were  +800 a n d  - 6 0 0  mV,  c o r r e s p o n d i n g  to glycol  oxida-  
t ion  a n d  t he  h y d r o g e n  evo lu t i on  reac t ion ,  respect ively .  I t  
was  f o u n d  t h a t  a m m o n i u m  f luor ide a t t a c k e d  t h e  glass of  
the  module ,  a n d  for th i s  r e a s o n  t e t r a e t h y l a m m o n i u m  
f luor ide was  u s e d  for  the  t es t s  w i th  F -  ion  c o n t a i n i n g  so- 
lu t ions .  S imi la r  po t en t i a l  l imi ts  were  f o u n d  for th i s  
electrolyte.  

The  po la r iza t ion  l imi ts  of  t h e  e lec t ro ly tes  for a P t  elec- 
t rode  were  f u r t h e r  conf i rmed  b y  s t u d y i n g  the  poss ib le  
f o r m a t i o n  of po lymer i c  ox ida t i on  f i lms b y  x-ray 
p h o t o e l e c t r o n  s p e c t r o s c o p y  (XPS). I t  was  f o u n d  t h a t  a t  
1.2V, a t en fo ld  i nc r ea se  i n the  C~1~ a n d  O~1s~ s ignals  was  ob- 
s e rved  af te r  30 m i n  of polar izat ion,  w h e r e a s  at  +0.7V, no  
de t ec t ab l e  c h a n g e  in t he  X P S  s p e c t r u m  was  ob ta ined .  
S imi la r  resu l t s  were  o b s e r v e d  by  cyc l ing  b e t w e e n  t he  
pos i t ive  a n d  nega t i ve  l imi ts  e s t a b l i s h e d  f rom the  cyclic 
v o l t a m m e t r y  resul ts .  F r o m  these  resul ts ,  a n  anod ic  l imi t  
of +0.7V was  c h o s e n  for m o s t  of t he  cycl ing  e x p e r i m e n t s ,  
as no  s igni f icant  so lven t  d e c o m p o s i t i o n  or so lven t  degra-  
da t ion  p r o d u c t s  were  obse rved .  

Stabi l i ty  p r o b l e m s  of t he  base  p l a t i n u m  were  experi-  
e n c e d  w h e n  wr i t i ng  t he  e l ec t roch romic  film galvanosta t i -  
cally to the  ye l low- tan  (0.7V) color  f r o m  the  g reen  s ta te  
(0 V). The  a n o d i c  e x c u r s i o n  led e v e n t u a l l y  to P t  dissolu-  
t ion  due  to i nev i t ab l e  i n h o m o g e n e i t i e s  in  the  c u r r e n t  dis- 
t r ibu t ion ,  w h i c h  r e su l t ed  in some  par t s  of the  P t  sur face  
b e c o m i n g  suff ic ient ly  pos i t ive  to in i t i a te  i ts anod ic  disso-  
lu t ion  in t he  ch lo r ide  con ta in ing  so lu t ions .  This  p r o b l e m  
was pa r t i cu la r ly  se r ious  w h e n  w o r k i n g  a t  h i g h  c u r r e n t  
densi t ies ,  of  ove r  - 2 5 0  m A - c m  -~, a n d  for  t h i s  r ea son  a cy- 
cle c o m p r i s i n g  a ga lvanos ta t i c  wr i t e  f rom the  ye l low- tan  
to the  g reen  s ta te  was  u s e d  for  l o n g - t e r m  t e s t i ng  experi-  
men t s .  The  erase  to the  ye l low-tan  s ta te  was  carr ied ou t  
po ten t ios t a t i ca l ly  in  o rder  to avo id  t he  p r o b l e m s  of sub-  
s t ra te  ins t ab i l i ty  m e n t i o n e d  above.  

Results 
Simi la r  to a q u e o u s  e lec t ro ly tes  (10), t he  cur ren t -  

po ten t i a l  r e s p o n s e  d u r i n g  t he  first color  t r a n s i t i o n  in eth-  
y lene  glycol d i f fe red  s igni f icant ly  f r o m  the  r e s p o n s e  of a 
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cyc led  e l ec t rode  (Fig. 1 a n d  2). The  cycl ic  v o l t a m m o g r a m  
of  a v i rg in  e l ec t rode  s h o w e d  a ve ry  i r r eve r s ib l e  behav io r ,  
w i t h  t he  m a i n  o x i d a t i o n  wave  o c c u r r i n g  at  +0.8V. The  
c h a r g e  r e q u i r e d  for  t he  first color  t r a n s i t i o n  was  s imi la r  
to t h a t  r e q u i r e d  for  t he  cyc led  e l ec t rodes ,  a n d  t h e  differ- 
ence  in  cha rge  b e t w e e n  cyc led  a n d  u n c y c l e d  e lec t rodes  
o b s e r v e d  for a q u e o u s  so lu t ions  (10) was  no t  a p p a r e n t  
w i t h  t h e  o rgan ic  so l ven t  used.  T he  or ig in  of  th i s  differ- 
e n c e  is no t  c lea r  at  p resen t .  

T h e  d i f f e rence  in color  s tabi l i ty  p r e v i o u s l y  o b s e r v e d  
w i th  a q u e o u s  F -  a n d  C] -  c o n t a i n i n g  so lu t ions  (10) was  
aga in  appa ren t .  I n  f luor ide  so lu t ions ,  t he  ye l low-tan  to 
g reen  color  fade  o c c u r r e d  in  2-4 m i n  in  t he  off condi t ion ,  
w h e r e a s  t he  f i lms cyc led  in ch lor ide  m e d i a  r e t a ined  the i r  
color  for severa l  h o u r s  on  o p e n  circuit .  

F igure  3 s h o w s  typ ica l  po t en t i a l - t i m e  r e s p o n s e s  of  
Lu(PC)2 film e l ec t rodes  for  d i f fe ren t  c u r r e n t  dens i t i e s  of 
t he  ga lvanos t a t i c -po ten t io s t a t i c  cycle. T he  ini t ial  po ten-  
t ial  s tep  c o r r e s p o n d s  to t he  to ta l  o h m i c  d rop  in  the  solu- 
t ion a n d  in  t h e  film. This  po ten t i a l  d rop  was  f o u n d  to be  
l inear ly  d e p e n d e n t  on  t he  app l i ed  c u r r e n t  densi ty .  The  
s lope  of  t he  ga lvanos t a t i c  t r a n s i e n t  was  d e p e n d e n t  on  t he  
app l i ed  c u r r e n t  dens i ty ,  a n d  for a g iven  s ta te  of charge  of 
t he  film, a l inea r  d e p e n d e n c e  was  obse rved ,  as is s h o w n  
in Fig. 4. 

The  fas t  d e g r a d a t i o n  of t h e  Lu(PC)2 e l ec t r och romic  
fi lm on c o n t i n u o u s  s w i t c h i n g  f rom t he  g reen  to t he  
ye l low- tan  s ta te  in  a q u e o u s  e lec t ro ly tes  is s h o w n  in Fig. 
5a. T h e r e  is a r a p i d  loss  in  color over  104 cycles  al l ied to a 
d rop  in t he  c u r r e n t  flow d u r i n g  swi tch ing .  

F igu re  5b s h o w s  a s imi la r  e x p e r i m e n t  w h e n  u s i n g  eth-  
y l ene  glycol as t he  solvent .  T h e r e  is l i t t le  v i sua l  degrada-  
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Fig. 1. Cyclic voltammetry of a Lu(PC)2 film electrode supported on 
conducting tin oxide glass in contact with a 0.7M NaCI/ethylene glycol 
electrolyte. First sweep; T = 21~ sweep rate = O.02V-s -1. The ob- 
served colors are indicated in the figure. 
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Fig. 2. As in Fig. 1 but after 516,000 red-green potentiostotic cycles 
(Write 0 V/0.5s; Erase 0.9V/0.5s). The electrode was left at -0 .25V for 
5 rain before recording the voltammogram. The observed colors are indi- 
cated in the figure. 
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Fig. 3. Golvanostatic-potentiostatic cycling experiment for pel elec- 
trodes of Lu(PC)2 in 1M NaCI. The cycle was: Write/10 ms; Off/100 ms; 
Erase +700 mV/50 ms; Off/50 ms. The writing current was 12.3 
mA-cm-2 for A and 49.2 mnA-cm -2 for B end the film was written from the 
yellow-tan to the green state. W ~ Write; O = Off; E = Erase. 

t i on  of t he  fi lm af te r  5 • 106 cycles.  The  u se  of a va r ie ty  of 
e lec t ro ly tes  s u c h  as 1M s o d i u m  chlor ide ,  3.5M te t ra -e thy l  
a m m o n i u m  chlor ide ,  3.5M l i t h i u m  chlor ide ,  a n d  2M tetra-  
e thy l  a m m o n i u m  f luor ide  gave s imi la r  resul ts .  More  t h a n  
10 ~ po t en t i o s t a t i c  s w i t c h i n g  cycles h a v e  b e e n  o b t a i n e d  
wi th  t he  d i p h t h a l o c y a n i n e s  of l u t e t i um,  e rb ium,  gadol in-  
ium,  a n d  y t t e r b i u m  in t he  s a m e  p o t e n t i a l  r ange  u s i n g  
t h e s e  e lec t ro ly tes  in  e t h y l e n e  glycol. 

T h e  fi lms d id  lose some  e ]ec t roac t iv i ty  w i th  t ime.  The  
ra te  of  decay  of  a Lu(PC)2 film on cyc l ing  can  be  seen  
f rom the  c u r r e n t - t i m e  t r a n s i e n t s  m e a s u r e d  w i th  a digi tal  
t r a n s i e n t  r eco rde r  s h o w n  in Fig. 6. T h e s e  e x p e r i m e n t s  
were  car r ied  ou t  cycl ing  t he  e l ec t rode  in to  t he  r ed  color  
region,  w h e r e  t he  dye  is less  s t ab le  a n d  so lven t  decompo-  
s i t ion  can  b e g i n  to in t e r fe re  wi th  t he  e l ec t roch romic  be- 
hav io r  of t he  film. T h e  to ta l  loss of  c h a r g e  for 516,000 cy- 
cles was  - 8%, b u t  even  u n d e r  th i s  cyc l ing  c o n d i t i o n  a 
use fu l  l i fe t ime of  over  4 • 106 cycles  cou ld  be  es t imated .  
F igu re  7 shows  t he  po ten t i a l - t ime  d e p e n d e n c e  in a long- 
t e r m  cyc l ing  e x p e r i m e n t ,  u s ing  ga lvanos t a t i c  wr i t ing  con-  
d i t ions  f rom the  ye l low- tan  to the  g r e e n  state.  As can  be  
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Fig. 4. Dependence of the slope of the galvanostatic transients for 
Lu(PC)2 pel electrodes on current density. The slope was calculated for an 
injected charge of 0.27 mC-cm-2. 
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Fig. 5. a (left): Absorbance change (in arbitrary units) for a Lu(PC)~ pel electrode for different degrees of cycling in 1M aqueous NaCI. Writing 
charge: 1 mC-cm -2. Potentiostatic erase at 0.15V. Curve A: 100. Curve B: 2200. Curve C: 9200 cycles, b (right): As in Fig. Sa, but in 1M NaCI in 
ethylene glycol. Curve A: 100. Curve B: 1 • 10 ~ cycles. 

seen,  ag ing  of t he  cyc led  film resu l t s  in  a g rea te r  nega t ive  
po ten t i a l  e x c u r s i o n  d u r i n g  the  ga lvanos t a t i c  cha rg ing  
process .  For  6.4 • 10 '5 cycles,  t he  d i f f e rence  in the  nega-  
t ive  l imi t  was  of  - -0 .1V.  F r o m  an  e s t i m a t i o n  of  t he  fi lm 
capac i t ance  in t he  nega t i ve  limit,  th i s  a m o u n t e d  to a loss 
of e l e c t rochemica l  fi lm ac t iv i ty  of  - 10%, i.e., of the  same  
o rde r  of m a g n i t u d e  as o b s e r v e d  for the  po ten t ios t a t i c  
t r ans ien t s .  However ,  f u r t h e r  cycl ing d id  no t  lead to a lin- 
ear  loss of c h a r g e  w i th  t ime.  F u r t h e r m o r e ,  t he  opt ica l  
dens i ty  c h a n g e s  o b s e r v e d  w i th  the  spo t  m e t e r  were  inde-  
p e n d e n t  of  cyc l ing  t i m e  (Fig. 5b), a n d  t he  smal l  decay  ob- 
s e rved  is p r o b a b l y  r e l a t ed  to a smal l  c h a n g e  of  ac t ive  area 
of t h e  dye  film. A s l ight  d e g r a d a t i o n  of the  P t  s u b s t r a t e  
was  o b s e r v e d  w i th  cycl ing;  th i s  r e d u c e d  t he  pal  a rea  a n d  
h e n c e  i nc r ea sed  t he  c u r r e n t  densi ty .  

Discussion 
The  d i f fe rence  b e t w e e n  t he  first r e d o x  t r a n s f o r m a t i o n  

of t he  film a n d  its e lec t r ica l  cha rac te r i s t i c s  af ter  cycl ing  
has  b e e n  o b s e r v e d  r epea t ed ly  for fi lm a n d  p o l y m e r  elec- 

I / m A  cm 2 

2 
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Fig. 6. Current-time transient for a Lu(PC)~ film electrode supported 
on a Sn02 conducting glass electrode in contact with 0.7M NaCI in ethyl- 
ene glycol at 21~ after cycling. Potentiostatic cycle between 0 and 
0.9V. Write: 0 V/0.75s. Erase: 0.9V/0.75s. a: 4200 cycles, b: 114,000 
cycles, c: 344,000 cycles, d: 516,000 cycles. 

t rodes  (10, 14-17). As can  be  seen  in Fig. 1, t he  first color 
t r a n s i t i o n  occurs  in  a wel l -def ined po t en t i a l  range.  It  is 
l ikely t h a t  t he  e x t e n s i o n  of t he  po t en t i a l  r ange  in w h i c h  
the  sol id-s ta te  fi lm ox ida t i on  occurs  is r e la ted  to t he  loss 
in c rys ta l l in i ty  on  cyc l ing  of  t he  v a p o r  p h a s e  depos i t ed  
dye. The  x-ray d i f f rac t ion  p a t t e r n  of a s a m p l e  of Lu(PC)2 
t h a t  h a d  b e e n  pur i f i ed  b y  v a c u u m  s u b l i m a t i o n  i nd i ca t ed  
a c rys ta l l ine  s t r u c t u r e  for t h e  powder .  2 I t  is e x p e c t e d  t h a t  
t he  s t r u c t u r e  of  t h e  fi lm will  b e c o m e  r ap id ly  a m o r p h o u s  
on  cyc l ing  and,  h e n c e ,  a wide  s p r e a d  of  r e d o x  po ten t i a l s  
wil l  be  obse rved ,  r e l a t ed  to t he  d i f fe ren t  i n d u c t i v e  effects  
of t he  r a n d o m l y  o r i en t ed  p h t h a l o c y a n i n e  r ings.  

The  d i f fe rence  in fade  ra tes  of  the  d i rad ica l  cat ion- 
a n i o n  c o m p l e x  r e s p o n s i b l e  for t he  color  c h a n g e  (12) be- 
t w e e n  ch lor ide  a n d  f luor ide  so lu t ions  is s imi la r  to previ-  
ous  o b s e r v a t i o n s  in  a q u e o u s  m e d i a  (10). The  grea te r  
s tab i l i ty  of t he  ch lo r ide  c o m p l e x  is due  to t he  lower  
so lva t ion  e n e r g y  of C1- as c o m p a r e d  w i th  t he  F -  ion, re- 
su l t ing  in an  e n h a n c e m e n t  of  t h e  t h e r m o d y n a m i c  stabil-  
i ty of  t he  Lu(PC)2 § C l -  c o m p l e x  f o r m e d  b y  a l e -  oxida-  

X-ray spectra of vacuum-deposited films were measured by 
Mr. B. A. Hatt of the Fulmer Research Institute. 
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Fig. 7. Influence of cycling on the potential-time response of Lu(PC)2 

film pel electrodes in 1M NaCI in ethylene glycol. Write: S0 
mA-cm-2/20 ms. Off: 100 ms. Erase: +1V/S0 ms. Off: 50 ms. a: 100 
cycles, b: 320,000 cycles, c: 640,000 cycles. The erase conditions of 
this experiment were similar to those in Fig. 6. 
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tion. This is p robab ly  a general  feature  of  e lec t rochromic  
film electrodes,  which  can be used  as a se lect ion crite- 
r ion of  the  anions  of the  e lect rolyte  to be  used  to give a 
long fade rate. It  was found that  the  r ep l acemen t  of  C1- 
by B r -  gave very  stable c o m p o u n d s  and, as expected ,  the  
iodide-diradical  cat ion c o m p l e x  is even  more  stable (18). 
This c o m p o u n d  is so stable that  its use has  been  sug- 
ges ted  for decon tamina t ing  solutions conta in ing  radioac- 
t ive iodine.  

The Kinetics of the Color Transition 
Nicholson  and Pizzarel lo (5) p roposed  a space-charge-  

l imi ted  (SCL) m e c h a n i s m  for the  kinet ics  of the color 
transit ion.  The m o d e l  was based on the  observa t ion  that  a 
m o v i n g  boundary  of  the  red oxidat ion  p roduc t  of  Lu(PC)2 
was genera ted  w h e n  a dye  film depos i ted  on an 
insula t ing subs t ra te  was i m m e r s e d  in an aqueous  electro- 
lyte solution,  and a current  was passed be tween  the  dye 
film and the  solut ion (7). It  was obse rved  that  the moving  
boundary  con ta ined  the  anion of  the  electrolyte  (6). 
Charge neut ra l iza t ion  mus t  occur  wi th in  the  film as the 
ne t  amoun t  of  free charge  that  can be  suppor ted  by the 
geometr ica l  capac i tance  of  the  film is always orders  of 
m a g n i t u d e  smal ler  than the r equ i remen t s  of  film oxida- 
t ion or reduct ion.  In  the case of  Lu(PC)2, anion incorpora-  
t ion appears  to be the  charge neutra l izat ion mechan i sm,  
as has been de t e rmined  by X P S  analysis (10). Similarly,  
for Fe, Co, Ni, Cu, and Zn monoph tha locyan ine  film elec- 
trodes,  changes  in the  r edox  state of  the  film results  in 
the  cor responding  up take  or e l iminat ion  of the  anion of 
the  electrolyte,  as de t e rmined  by Auger  e lectron spec- 
t romet ry  (19). Similar  effects  on th ionine  film electrodes  
have  been  obse rved  by Albery  et al. (20, 21). Charge  neu- 
tral ization is also a general  feature of  po lymer  e lect rodes  
displaying r edox  proper t ies  (16, 22), and the  unders tand-  
ing of  the  m e c h a n i s m  of anion incorpora t ion  is of  general  
impor tance .  

The  SCL m e c h a n i s m  is of  interest,  as it p rovides  a sim- 
ple in terpre ta t ion  to the  optical  t rans i t ion  observed  by 
Nicho lson  et al. (5). There  are, however ,  several  features 
that  r equ i re  some  fur ther  discussion.  Green  and Fau lkner  
(19) carr ied out  Auge r  dep th  profiles of  part ial ly oxidized 
films of  monoph tha locyan ines ,  and observed  that  the  
d is t r ibut ion  of  the  anion was un i fo rm th roughout  the  
film, and no bounda ry  be tween  the  oxid ized  and reduced  
regions  in films of  t ransi t ion meta ls  ph tha locyan ines  
could be  detected.  The t echn ique  used  for film e tch ing  
did not  resul t  in films reorganiza t ion  as it was shown in 
separate  e x p e r i m e n t s  wi th  sandwich  layers of  di f ferent  
meta l  ph tha locyan ines  (23). The  absence  of a clearly 
def ined front  does  not  exc lude  the  SCL mechan i sm.  The 
basic a s sumpt ion  of the  SCL equa t ions  used  by 
Nicholson  et al. (5) is that  the  di f fus ion of  the  t ranspor ted  
species is u n i m p o r t a n t  wi th in  the  t ime  scale of  the  experi-  
m e n t  and the  drift  of  the  t r anspor ted  ions accounts  en- 
t i rely for the  obse rved  transients .  The  resul ts  of  Green  
and Fau lkne r  (19) perhaps  indica te  that  the film reaches  
a d is t r ibu t ion  equ i l i b r ium in the  t ime  requ i red  for the  ex-  
t ract ion and  analysis  of  the  samples ,  due  to diffusion. 

The  comple t e  formula t ion  of  the  S C L  p rob l em requires  
tak ing  dif fus ion into account ;  in the  s teady state, the  cur- 
rent  for the one d imens iona l  case is g iven  by (25, 26) 

I ZjFDj - ~  + ZjF~jXC, [2] 

where  F is the  Faraday  constant ,  Dj is the diffusion 
coeff icient  of  the  t ranspor ted  species  j, ~j is its mobil i ty ,  
Zj is its charge,  Cj its concent ra t ion ,  and X is the field. 

The  in tegra t ion  of Eq. [2] has been  d iscussed  several  
t imes  (25-28) and the  diffusional  t rans i t ion  t ime, r,,  is 
g iven  by 

d ~ 
�9 D - [3] 

2Dj 

where  d is the  film thickness .  In  order  to assess rD across 
the  film, and there fore  have  an indica t ion  of  the  val id i ty  

of us ing only the  second t e rm in Eq. [2] for de te rmin ing  
the  SCL currents ,  a va lue  of  the  di f fus ion coefficient  of  
the  diffusing species is required.  Nicho l son  et al. (7) esti- 
ma ted  that  the  mobi l i ty  of the  chlor ide  ion  was 4 x 10 -6 
cm2-V-'-s  -~ in the  oxidized Lu(PC)~. Using  the  Eins te in  
re la t ionship 

RT~j 
Dj - [4] 

F 

a diffusion coeff ic ient  Dcl- = 1.1 • 10 -7 cm~-s - '  can be  
es t imated  for the  chlor ide ion in the  film. In  the  case of  
the th ionine  films s tudied  by Albery  et al. (20), of  a va lue  
of Dc,- of 6.5 • 10 -'3 cm2-s - '  was estimated. The differ- 
ence between the thionine and Lu(PC)~ films may be sig- 
nificant because the former are probably more compact 
(20) compared with the open structure of the rare earth 
biphthalocyanines (28). These considerations are particu- 
larly relevant to cycled films, where an amorphous struc- 
ture probably prevails. 

Using the value of Dc,- derived from the electrical mo- 
bility, the diffusional characteristic time calculated from 
Eq. [3] and for d = 100 nm, is 7D ~ 0.5 ms. This  ve ry  short  
diffusional  t ime  is lower  than the  t ime  scale of the  galvan~ 
ostatic t ransients  s tudied  by Nicholson  et al. (5) and in the  
present  work. This  could  imply  that  the  film is always at 
equ i l ib r ium wi th  respec t  to the  t ranspor ted  anion and 
should  behave  as a h o m o g e n e o u s  r edox  e lec t rode  of  
finite th ickness  for the t ime  scale of  the  t ransients  
studied. 

The  observed  l inear dependence  of  the  slope of  the  
galvanostat ic  t rans ient  (Fig. 4) is character is t ic  of  a capac- 
itance. This is conf i rmed by the  l inear  response  of  the  
current  wi th  sweep  rate in cyclic v o l t a m m e t r y  experi-  
ments  (10). The  capaci tance  response  of  the  film is poten-  
tial dependent ,  and is g iven by 

dE I 
- - -  [5] 

dt C(E) 

where  E is the  potential ,  C(E) is the  differential  capaci- 
tance  as a funct ion  of  potential ,  and  t is the  time. The de- 
crease in s lope wi th  charge passed, observed  in the  
galvanostat ic  resul ts  (Fig. 3 and 7) is s imply  a conse- 
quence  of  the  potent ia l  dependence  of  the  film capaci- 
tance  indica ted  also by the  cyclic v o l t a m m e t r y  resul ts  
shown in Fig. 2. In  fact, the  differential  capaci tance  of  the  
film does increase  wi th  potent ia l  w h e n  the  film is re- 
duced  f rom the  yel low-tan region at +0.7V, to the  green 
state, and passes th rough  a m a x i m u m  at - 0  V. 

The results  shown in Fig. 4 are for a cons tant  in jected 
charge of  0.27 mC-cm-~.  For  a greater  degree  of reduction,  
an inflect ion in the  potent ial  t ime  d e p e n d e n c e  should be 
observed,  and Fig. 8 shows that  this is indeed  the  case. As 
expected ,  the  potent ia l  of the  inf lect ion poin t  is ve ry  
close to the  pseudo-capac i tance  m a x i m u m  observed  for 
the  cor responding  cyclic v o l t a m m o g r a m  (Fig. 2). 

The SCL Capacitance 
It is in te res t ing  to compare  the  predic t ions  of  the  sim- 

ple SCL mode l  used  in Ref. (5) wi th  those  der ived  f rom a 
s imple  redox capac i tance  model.  The  lat ter  predicts  a lin- 
ear d e p e n d e n c e  of  the  slope dE/dr with current  density. 
In the  SCL m o d e l  used  by Nicho lson  et al. (5), the  poten-  
tial drop across the  mov ing  front is 

I 
E~ - x~ 3 [6] 

~2EO~2 

where  E2 is the  potent ia l  drop across the  product  layer 
[the red fo rm of Lu(PC)2], x~ and e2 are its th ickness  and 
d imens ion less  die lectr ic  constant,  respect ively,  and eo is 
the permi t t iv i ty  of free space (8.85 • 10-'4 F -cm- ' ) .  S ince  
the mobi l i ty  of  the  e lec t ron in the Lu(PC)~ latt ice is m u c h  
greater  than  that  of an anion such as CI- ,  the total  poten- 
tial drop pred ic ted  by this mode l  will  occur  only in the  
red layer. I f  a wel l -def ined boundary  is formed,  i.e., w h e n  
the  first t e r m  in the  steady-state app rox ima t ion  given by 
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Fig. 8. Potential-time transient for a cycled Lu(PC)2 film pel electrode 

in IM NaCI in ethylene glycol. Charging current during the galvanostatic 
transient = 6.4 mA-cm -2. Writing from the yellow-tan to the green 
state. 

cies p r e s e n t  in  t he  film, the  d i s t r i b u t i o n  in c o n c e n t r a t i o n  
of species  h a v i n g  d i f fe ren t  s t a n d a r d  poten t ia l s ,  a n d  inter-  
ac t ion  coeff ic ients  (29). 

For  a d i sc re te  cen te r s  mode l ,  t he  e q u i l i b r i u m  cond i t ion  
of e ach  cen te r  i h a v i n g  a s t a n d a r d  p o t e n t i a l  E~ ~ is 

Pi = in  qi(ox) [10] 
qi(Red) 

w h e r e  

P, = (E - Ei~ [11] 

a n d  qi(ox) a n d  qi(Red) are t he  e q u i l i b r i u m  cha rges  of  oxid ized  
a n d  r e d u c e d  i a t  t he  po ten t i a l  E. F is the  Fa r aday  con-  
s tant .  E q u a t i o n  [10] a s s u m e s  equa l i t y  of the  act ivi ty  
coeff ic ients  of  t he  d i f fe ren t  spec ies  in  t he  fi lm (20). 

Fo r  an  o x i d a t i o n  reac t ion ,  the  to ta l  c h a r g e  a c c u m u l a t e d  
at  a g iven  potent ia l ,  Q(ox), is 

Q(ox) = ~. qi(ox) [12] 

w h e n  N is t h e  n u m b e r  of d i sc re te  r e d o x  cen te r s  in  the  
film. F r o m  Eq. [10]-[12] 

Eq. [2] is negl ig ib le ,  t he  b o u n d a r y  ve loc i ty  is g iven  by  (5) 

dx I 
- -  - - -  [7] 
dt C y  

F r o m  Eq. [6] a n d  t he  i n t eg ra t ed  fo rm of Eq. [7], t he  
c u r r e n t - p o t e n t i a l  t i m e  r e l a t ionsh ip  for  t he  ideal ized SCL 
mode l  d i s c u s s e d  is o b t a i n e d  

) ,/2 I 

E2 = ~ \ ZjCjF / 

F r o m  Eq. [8], a n d  for a g iven  a m o u n t  of  i n j ec t ed  cha rge  
Q~nJ = const . ,  t h e  s lope  of  t he  ga lvanos t a t i c  t r a n s i e n t  is 
g iven  by  

Qin, : -2- ~ ]  

A c o m p a r i s o n  b e t w e e n  t he  SCL (Eq. [9]) a n d  a d is t r ib-  
u t e d  capac i t ance  m o d e l  (Eq. [5]) can  be  m a d e  b y  
c o m p a r i n g  t he  c u r r e n t  dens i t y  d e p e n d e n c e  of t he  s lope 
(OE/ot)~ p r e d i c t e d  f rom the  two mode l s .  As  s h o w n  in Fig. 
4, t he  e x p e r i m e n t a l  resu l t s  are in  b e t t e r  a g r e e m e n t  wi th  a 
s imp le  capac i t ance  model ,  a l t h o u g h  a d i s t i nc t i on  b e t w e e n  
t he  two m o d e l s  is no t  easy  to m a k e  on ly  on  the  basis  of  
th i s  t ype  of  i n fo rma t ion .  

A Reversible Redox Film Electrode Model  
The  v o l t a m m e t r y  of  cyc led  f i lms ind ica t e s  a fair ly re- 

ve r s ib le  r e d o x  behav io r .  However ,  t he  r e s p o n s e  of  a re- 
ve r s ib le  r e d o x  film e lec t rode  s h o u l d  r e su l t  in  a s h a r p  
peak  cen t e r ed  at  t h e  s t a n d a r d  po ten t i a l  for  the  film r e d o x  
react ion.  The  p e a k  ha l f -wid th  (AEI/2) of  th i s  p e a k  is t he  po- 
ten t ia l  d i f fe rence  b e t w e e n  t he  two c o n d i t i o n s  in t he  
v o l t a m m e t r i c  s can  for  w h i c h  the  c u r r e n t  is ha l f  t he  maxi-  
m u m  a n d  has  a va lue  of  90.46 m V  at  25~ (10) for a one-  
e l ec t ron  process .  The  v o l t a m m e t r i c  r e s p o n s e  obse rved  for 
the  cyc led  f i lms does  no t  c o r r e s p o n d  to th i s  m o d e l  wi th  a 
s ingle  r edox  species .  As  d i s cus sed  by  A l b e r y  et al. (20), a 
sp read  in r e d o x  po ten t i a l s  of  t he  e ]ec t roac t ive  species  in  
the  film is a m o r e  real is t ic  m o d e l  of a r e d o x  film elec- 
t rode,  a n d  s o m e  digi ta l  s i m u l a t i ons  of t h e  v o l t a m m e t r i c  
r e s p o n s e  of  fi lm e lec t rodes  for d i sc re te  r e d o x  po ten t ia l s  
in  t he  film a n d  cons i de r i ng  i n t e r ac t i on  coeff ic ients  be- 
t w e e n  t he  e l ec t roac t ive  species  h a v e  b e e n  car r ied  out  by  
P e e r c e  a n d  B a r d  (29). 

I t  is ve ry  di f f icul t  to d i s c r i m i n a t e  b e t w e e n  d i f fe ren t  
fi lm m o d e l s  on  t he  basis  of v o l t a m m e t r i c  e x p e r i m e n t s  
only. Severa l  p a r a m e t e r s  can  be  u s e d  s i m u l t a n e o u s l y  to 
m a t c h  t he  o b s e r v e d  cyclic v o l t a m m o g r a m ,  such  as the  
d i s t r i b u t i o n  of s t a n d a r d  po ten t i a l s  for  t he  d i f fe ren t  spe- 

f r i riGi [13] 
_ , i d t  = Q ( o x ) =  QT 1 + Gi 

w h e r e  QT is t he  to ta l  charge  r e q u i r e d  to oxidize all t h e  
cen te r s  of t he  film, r~ is t he  f rac t ion  of t he  to ta l  charge  
c o r r e s p o n d i n g  to the  r edox  cen te r s  i, i. e. 

qi(t) 
r i -- [14] 

QT 

q~ (T)/F is t he  to ta l  n u m b e r  of mo le s  of  spec ies  h a v i n g  a 
s t a n d a r d  po t en t i a l  Ei ~ Gi is de f ined  b y  

Gi = exp  (Pi) [15] 

E q u a t i o n  [13] can  b e  u s e d  for d e t e r m i n i n g  the  po ten t ia l -  
t ime  d e p e n d e n c e  of t he  ga lvanos t a t i c  t r ans ien t s .  The  lin- 
ear  sweep  v o l t a m m e t r y  r e s p o n s e  of a f i lm e lec t rode  can  
be  der ived  f rom Eq.  [13] a n d  [11], i.e. 

vF ~ r~G~ 
i Z [16] 

w h e r e  v is the  sweep  rate.  
E q u a t i o n s  [13] a n d  [16] can  be  c o n v e r t e d  to the  corre- 

s p o n d i n g  in t eg ra l  fo rms  w h e n  a c o n t i n u o u s  d i s t r i b u t i o n  
of r e d o x  s ta tes  is a s sumed .  A lbe ry  et al. (20) u sed  th i s  ap- 
p r o a c h  for t he  t h i o n i n e  film e lec t rodes  and  c o n s i d e r e d  
t h a t  the  E~ ~ va lues  were  s p r e a d  in a gaus s i an  d i s t r i b u t i o n  
a r o u n d  t he  ave rage  va lue  of  t he  s t a n d a r d  po ten t i a l  of t he  
film. The  cyc led  l u t e t i u m  b i p h t h a l o c y a n i n e  e lec t rodes  
s tud ied  a p p e a r  to h a v e  a m u c h  w i d e r  s p r e a d  of r e d o x  po- 
t en t ia l s  for t he  d i f f e ren t  cen te r s  t h a n  t h a t  e n c o u n t e r e d  in 
the  t h i o n i n e  fi lms (20, 21) or in  o the r  p o l y m e r  e lec t rodes  
(14-17). The  phys i ca l  bas i s  of  a g a u s s i a n  d i s t r i b u t i o n  cor- 
r e s p o n d s  to a m o d e l  w h e r e  all d i s t i nc t  m ic roscop ic  s ta tes  
of the  a s s e m b l y  are equa l ly  p r o b a b l e  a n d  i n d e p e n d e n t  of 
each  other .  As we are a t t e m p t i n g  to d e s c r i b e  a s y s t e m  for 
w h i c h  t he  s ta te  of  cha rge  is a var iable ,  t he  a priori use  of 
the  n o r m a l  d i s t r i b u t i o n  does  no t  nece s sa r i l y  follow. In  
fact, t h e  loss in  c rys ta l l in i ty  t h a t  a p p e a r s  to occu r  on  cy- 
c l ing will g ive a f ixed r a n g e  of  i n d u c t i v e  effects  on  the  
p h t h a l o c y a n i n e  r ings  a n d  h e n c e  on  t he  v a l u e s  of El ~ An-  
o the r  i m p o r t a n t  c o n s i d e r a t i o n  is t he  pos s ib l e  coex i s t ence  
of severa l  o x i d a t i o n  s ta tes  of  t h e  dye  in the  film due  to 
the  p r o x i m i t y  of  t he  va lues  of E~ ~ c o r r e s p o n d i n g  to t he  
d i f fe ren t  r e d o x  centers .  The  s t a n d a r d  po ten t i a l s  of t he  
b lue -g reen  a n d  t h e  green-ye l low t r a n s i t i o n s  in dichloro-  
m e t h a n e  are -0 .45  a n d  0.03V vs. t h e  fe r rocene / fe r roc in -  
i u m  couple,  r e spec t ive ly  (30). A l t h o u g h  t he  ye l low-red  
transition was not studied, the results of Corker et al. (~) 
indicate a similar difference in redox potentials between 
the green and yellow-red states. In the solid state, the ex- 
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p e c t e d  s p r e a d  of  r e d o x  p o t e n t i a l s  for  t he  a m o r p h o u s  ma-  
ter ia l  wil l  r e s u l t  in  t he  over lap  of  t h e  l e -  a n d  t he  2e -  pro-  
cesses,  l e ad ing  t h u s  to a ve ry  w ide  r a n g e  of  pos s ib l e  
r e d o x  po ten t i a l s .  

For  t h e s e  reasons ,  an  over s impl i f i ed  cu to f f  a p p r o x i m a -  
t ion  of t h e  r e d o x  cen te r s  in  t he  fi lm wil l  b e  u sed  for  
ana lyz ing  t he  t r ans i en t s .  I n  th i s  a p p r o x i m a t i o n ,  a u n i f o r m  
d i s t r i b u t i o n  of spec ies  b e t w e e n  t he  two  s t a n d a r d  poten-  
t ials E~ ~ a n d  E2 ~ is a s s u m e d ,  a n d  i t  is c o n s i d e r e d  t h a t  no  
s i tes  h a v i n g  p o t e n t i a l s  ou t s ide  t h e  r a n g e  E,~ ~ exist .  
T h u s  t h e  f r ac t ion  of  s i tes  w i t h i n  t h e  s t a n d a r d  po ten t i a l  E~ ~ 
and  Ei ~ + dE ~ is dE/(E.2 ~ - E~~ a n d  Eq. [16] can  b e  
i n t eg ra t ed  

QTVF f E2~ G(E~ ~ 
i - (E2 ~ - ~ ~  J~~  [1 + G(E~ 2 

[17] 

a n d  

(E~ - El ~ 1 + G2 1 + G1 

The  v o l t a m m e t r i c  r e s p o n s e  will  d e p e n d  on  t he  s p r e a d  in  
t he  r a n g e  of  s t a n d a r d  po ten t i a l  va lues  cons ide red ,  a n d  
Fig. 9 shows  t he  b e h a v i o r  e x p e c t e d  for  d i f f e ren t  va lues  of  
hE  ~ = E~ ~ - Ep. T h e  v o l t a m m e t r i c  r e s p o n s e  of  t he  fi lm 
occurs  in  a w i d e r  po t en t i a l  r ange  as t he  va lues  of  AE ~ are 
inc reased ,  as m i g h t  be  expec ted .  T he  ga lvanos ta t i c  t ran-  
s i en t s  can  be  ana lyzed  u s i n g  t he  s a m e  model ;  f rom Eq. 
[18] 

i =  Q [ 1  l ] d E  
hE ~ 1 + G2 1 + G,- [19] 

and  t he  ga lvanos t a t i c  t r a n s i e n t  is g iven  b y  

i t  R T  f 1 + G~ ] 
Azo  In r2oj Q~ 

F i g u r e  10 s h o w s  t h e  e x p e c t e d  ga lvanos t a t i c  t r a n s i e n t s  for 
d i f fe ren t  va lues  of  hE ~ F r o m  Eq.  [18], t h e  s lope of  t he  
ga lvanos t a t i c  t r a n s i e n t  a t  any  p o t e n t i a l  is g iven  b y  

dE AE~ ( I + G ~ ) ( 1  + G2) 
- - -  [ 2 1 ]  

dt  QT (G, - G2) 

a n d  Eq. (20) p r e d i c t s  t h a t  an  in f lec t ion  p o i n t  will occur  at  
a po ten t i a l  Ei,s g iven  b y  

1 E ~ E~f, = ~ -  ( ~ + E~ ~ [22] 

F r o m  Eq. [21] a n d  [22] 
/ AE~ \ , +  

<iE _ ( AEoV ] [23 ]  
E = Ein~l  QT s inh  \ 2--~-/ 

F(E) 
I 

1 .20  

.08 

, 0 4  

I I ! I 

L 
- . 4  - . 2  0 "2 "4 E / V  

Fig. 9. Linear sweep dependence voltammetry for a distributed redox 
potential model. Equation I-18] for values of ~E1 ~ of: 0.2 (a); 0,4 (b); and 
0.6V (c). F(E) = i~E~ the potential E is referred to the middle point of 
the redox potential distribution, i.e., with respect to 1/2(E2 ~ + El~ 
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Fig. 10. Potential-fractional charge dependence for a galvanostotic 
transient predicted for a distributed redox potential model (Eq. [20]) for 
different values of AE ~ of 0.2 (u); 0.4 (b); and 0.6V {c). 

The  s i m p l e  c a t o f f  a p p r o x i m a t i o n  p r ed i c t s  the  cor rec t  
s h a p e  of  t he  ga lvanos t a t i c  t r a n s i e n t s  a n d  a l inear  d e p e n -  
d e n c e  of  t he  s lope dE/dr wi th  c u r r e n t  dens i ty ,  in  accord-  
ance  wi th  t he  r e su l t s  in  Fig. 4. For  va lues  of AE ~ > 0.20V, 
Eq. (22) s impl i f ies  to 

E = E i ~ ]  Q ~  

a n d  t he  a p p a r e n t  fi lm capac i t ance  at  th i s  po ten t i a l  is s im-  
ply  re la ted  to t he  s p r e a d  in r edox  p o t e n t i a l s  of s i tes  in  t he  
film. F r o m  the  da ta  s h o w n  in Fig. 8, a n  a p p r o x i m a t e  
va lue  of  AE ~ = 0.55V can  be  e s t i m a t e d  for the  cyc led  
films. This  v a l u e  is c o n s i s t e n t  w i th  t he  cyclic vo l tam-  
m e t r y  resul ts ,  a l t h o u g h  the  la t ter  s h o w  a fine s t ruc tu r e  in  
t he  d i s t r i b u t i o n  of r e d o x  po ten t i a l s  for t he  e lec t roac t ive  
cen te r s  in  the  film, which ,  as e x p e c t e d ,  is no t  a p p a r e n t  
u n d e r  c o n s t a n t  c u r r e n t  cha rg ing  cond i t i ons .  The  r e a s o n  
for th i s  is t h a t  cycl ic  v o l t a m m e t r y  gives a d i f ferent ia l  
m e a s u r e m e n t  of  t h e  electr ical  p rope r t i e s  of the  film, 
whe rea s  c h r o n o p o t e n t i o m e t r y  gives  i n t eg ra l  quant i t i es .  

The  m a i n  di f f icul ty  in  t he  ana lys i s  of  a film mode l  is in  
the  m a n y  d i f f e ren t  p a r a m e t e r s  t h a t  c an  be, in  pr inc ip le ,  
u s e d  for a s s i g n i n g  a r e s p o n s e  to a pa r t i cu l a r  model ,  a n d  
the  p u r p o s e  of  t h e  analys is  g iven  a b o v e  is to s h o w  t h a t  a 
ve ry  s imp le  cu to f f  a p p r o x i m a t i o n  can  give a r ea sonab le  
qua l i t a t ive  d e s c r i p t i o n  of t h e  s w i t c h i n g  behav ior .  

Technological Problems 
A l t h o u g h  t he  ra re  ea r th  b i p h t h a l o c y a n i n e  film elec- 

t rodes  a p p e a r  v e r y  a t t r ac t ive  for  co lored  flat d i sp lay  ap- 
p l ica t ions ,  t h e r e  are still  m a n y  u n r e s o l v e d  p rob l ems .  The  
u n d e r l y i n g  s u b s t r a t e  d e g r a d a t i o n  p r o b l e m  is re la ted  to 
fas t  s w i t c h i n g  app l ica t ions ,  i.e., for  t r a n s i t i o n  t i m e s  of less  
t h a n  - 2 0  ms ,  w h e r e  i n h o m o g e n e i t i e s  in  c u r r e n t  d i s t r ibu-  
t ion  can  re su l t  in  excess ive  p o t e n t i a l  e x c u r s i o n s  at  t h e  
edges  of  t h e  pels.  T h e  loss  in  s w i t c h i n g  c h a r g e  o b s e r v e d  
in s o m e  of  t h e  l o n g - t e r m  fas t  s w i t c h i n g  e x p e r i m e n t s  is 
m o s t  l ike ly  r e l a t ed  to p r o b l e m s  of cel l  geomet ry .  Cer- 
tainly,  t he  op t ica l  r e s p o n s e  does  n o t  a p p e a r  to b e  de- 
g r a d e d  on  cycl ing.  For  s w i t c h i n g  t i m e s  g rea te r  t h a n  ap- 
p r o x i m a t e l y  40 m s  a n d  us ing  a ga lvanos t a t i c  wr i te  
p r o c e d u r e  to t he  g r e e n  state,  t he  l i f e t ime  e x p e c t e d  is wel l  
ove r  107 cycles.  

The  color  c o n t r a s t  of  t he  Lan(PC)~ is, un fo r tuna t e ly ,  no t  
ve ry  good.  T h e  color  t r a n s i t i o n s  m u s t  b e  r e s t r i c t ed  a t  
p r e s e n t  to  t h e  red-ye l low t an -g reen  s tates ,  s ince  all at- 
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Fig. | |. Effect of temperature on the potential-time dependence for a 

Lu(PC)2 film pel electrode. The temperatures in degrees centigrade are in- 
dicated in the figure. The cycle was Write 77 mA-cm-2/10 ms, Off 100 
ms, Erase 0.7V, Off 50 ms. 

tempts to drive the film electrodes in the blue region re- 
sulted in rapid failure. Part of the problem is that the blue 
transition occurs at a potential range where water or eth- 
ylene glycol are electroactive and the adhesion between 
the film and the substrate becomes a problem. The origin 
of these difficulties is not clear at present, but multi- 
chromic displays may be achievable using substituted 
phthalocyanines. 

A general feature of film electrodes, in common with 
many electronic devices, is the need to have accurate con- 
trol of the operating conditions as they are not self- 
healing and any accidental operation outside the stability 
range results in the irretrievable loss of electrochromic 
activity. One such operation variable is the temperature 
and the response of the film electrodes is strongly tem- 
perature dependent.  The temperature dependence of a 
Lu(PC)~ film electrode is shown in Fig. 11 for a cycling 
condition using a ga]vanostatic write and a potentiostatic 
erase. As can be seen, a decrease in operating tempera- 
ture results in two effects: (i) the ohmic drop in the cell 
increased substantially, and (ii) the integral capacitance 
of the film decreases resulting in a wider potential excur- 
sion for a given state of charge. However, this limitation 
reduces the color contrast, which may b e  a problem in 
display applications. 

A high ohmic drop in the electrolyte is deleterious for 
the device, as the resulting decrease in throwing power 
leads to current inhomogeneities which cause rapid dete- 
rioration of the substrate and loss of adhesion of the film. 
The electrochemical parameters of the film are also al- 
tered, with the electrochemical reaction becoming in- 
creasingly irreversible at low temperatures; an optimum 
temperature of operation was around 35~176 

Conclusions 
The rapid decay of the electrochromic characteristics of 

rare earth diphthalocyanines film electrodes on cycling 
in neutral aqueous solutions has been considerably re- 
duced by using ethylene glycol as the solvent, and by lim- 
iting the range of colors used to yellow-tan and green. 
However, this is an unfortunate limitation to the potential 
use of Lan(PC)2 displays, as the contrast between these 
colors is not very good. Further work is necessary, possi- 
bly with other electrolytes and solvents, to extend the sta- 
ble color range. 

The number  of color reversals possible has been in- 
creased from 104 to a min imum of 5 • 106. Under these 
conditions, the parameters that control the stability of the 
film electrode are the  temperature and switching speed. 

The equivalent electrical circuit for the film electrode 
is a capacitance in series with a resistance and a distrib- 
uted redox state model can account for the observed 
galvanostatic transients. 
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A B S T R A C T  

The  i s o t h e r m a l  p e r m e a t i o n  of  o x y g e n  t h r o u g h  CaO-ZrO~ was  s t ud i ed  at  960~176 a n d  o x y g e n  p r e s s u r e s  P'o2 of  
10 -:' to 1 a t m  on  one  s ide of  t he  p e r m e a t i o n  cell a n d  P"o~ of  10-~-10 -4 a rm  on  t he  other .  In  t he  s t eady  state ,  t he  p e r m e a t i n g  
f lux was  d i rec t ly  p r o p o r t i o n a l  to (p,o.,n _ p,,o.,,,,), w h e r e  n va r i ed  f rom 2.5 to 4.0. The  va lue  of n d e p e n d e d  on  t he  micro-  
s t r u c t u r e  of  t h e  sample .  Fo r  s am p l e~  wi thou~ mic ropore s ,  a v a l u e  of  n = 4 was  found .  T h e s e  s a m p l e s  also c o n t a i n e d  a 
s e c o n d  p h a s e  w h o s e  c o m p o s i t i o n  d e p e n d e d  on  t he  n a t u r e  a n d  e x t e n t  of  impur i t i e s .  Fo r  s a m p l e s  w i t h  n o n c o n n e c t e d  
mic ropore s ,  n v a r i e d  f rom 3.6 to 2.5, d e p e n d i n g  on  t he  t h i c k n e s s ,  a n d  t h e  r e su l t s  we re  c o n s i s t e n t  w i t h  a m e c h a n i s m  in  
w h i c h  p e r m e a t i o n  is l imi t ed  pa r t ly  b y  d i f fus ion  w i t h i n  t he  sol id a n d  par t ly  b y  a sur face  reac t ion .  B o t h  t he  b u l k  a n d  sur- 
face p r o c e s s e s  h a v e  ac t i va t i on  ene rg ies  of  a b o u t  200 k J - m o l - ' .  

The  s e m i p e r m e a b i l i t y  of  l ime-s t ab i l i zed  z i rconia  (CSZ) 
to o x y g e n  ha s  r ece ived  i n c r e a s i n g  a t t e n t i o n  in  r ecen t  
years  due  to t he  ever  more  s t r i n g e n t  d e m a n d s  on  t he  use  
of  th i s  ma te r i a l  as a sol id  e lec t ro ly te  at  h i g h  t empe ra tu r e s .  
A l t h o u g h  e l ec t ron ic  c o n d u c t i o n  and  a c c o m p a n y i n g  t rans-  
po r t  of  oxygen  are  of ten  c o n s i d e r e d  to be  neg l ig ib le  in  the  
ionic  d o m a i n  th i s  c a n n o t  a lways  b e  a s s u m e d ,  a n d  dr i f t ing  
E M F ' s  d u e  to o x y g e n  p e r m e a b i l i t y  are  a c o m m o n  occur-  
r e n c e  in  u n b u f f e r e d  sys tems .  In  add i t ion ,  o x y g e n  p e r m e a -  
b i l i ty  can  i n f l u e n c e  t h e  e q u i l i b r i u m  b e t w e e n  t he  elec- 
t r ode  m i c r o s y s t e m  a n d  t h e  s u r r o u n d i n g  gas, y i e ld ing  
er rors  far  l a rge r  t h a n  p r e d i c t e d  p u r e l y  on  the  bas is  of  de-  
p a r t u r e  of  t he  ionic  t r a n s f e r e n c e  n u m b e r  f rom u n i t y  (1). 

In  t he  p r e s e n t  s tudy ,  t he  i s o t h e r m a l  p e r m e a t i o n  of oxy- 
gen  t h r o u g h  CSZ t u b e s  was  m e a s u r e d  a t  960~176 a n d  
f rom 10 -6 to 1 a tm.  I t  is wel l  e s t a b l i s h e d  t h a t  the  per- 
meab i l i t y  in  th i s  r e g i m e  is due  to p - type  e lec t ron ic  con- 
duc t ion .  E l ec t ron i c  defec ts  are c o n s i d e r e d  to ar ise  by  the  
r eac t i on  

O2(g) + 2 V o  = 2 0 o  �9 + 4h  [1] 

where ,  u s i n g  KrSger ' s  no ta t ion ,  Oo ~ is an  o x y g e n  ion  on  a 
n o r m a l  la t t ice  site, Vo" is an  a n i o n  vacancy ,  a n d  h. is a 
pos i t ive  hole.  T h e  flux, J, of  o x y g e n  p e r m e a t i n g  is t h e n  
g iven  by  (2, 3) 

J = T fl (P'~ _ p,,o2,4~j [2] 

w h e r e  I is the  t h i c k n e s s  of t h e  e lec t ro ly te ,  P'o2 and  P"o~ are 
t h e  o x y g e n  p r e s s u r e s  on  oppos i t e  s ides  of t he  e lectrolyte ,  
a n d  fl is a p r o p o r t i o n a l i t y  factor,  w h i c h  we shal l  call t he  
b u l k  p e r m e a t i o n  coefficient .  I t  s h o u l d  be  n o t e d  t h a t  Eq. 
[2] is de r i ved  o n  t he  bas i s  of  t h e  fo l lowing  a s s u m p t i o n s :  
(i) on ly  f ree  or u n t r a p p e d  e l ec t ron  ho les  c o n t r i b u t e  to t he  
conduc t iv i ty ;  (ii) t h e i r  c o n c e n t r a t i o n  is d i rec t ly  propor-  
t iona l  to Po2 "4, as de r ived  (4) f rom Eq.  [1]; a n d  (iii) t he  
t r a n s p o r t  p roce s s  is g o v e r n e d  en t i r e ly  b y  d i f fus ion  in the  
solid. 

In  sp i te  of  n u m e r o u s  s tud ies  (3, 5-14) t h e r e  is no  univer -  
sal a g r e e m e n t  on  t he  genera l  va l id i ty  of  Eq. [2]. The  ex- 
p e c t e d  1/4 p o w e r  o x y g e n  p r e s s u r e  d e p e n d e n c e  of  t h e  per-  
meab i l i t y  was  o b s e r v e d  b y  S m i t h  et al. (7), F i s h e r  (9), 
P a l g u e v  et al. (11), a n d  Iwase  et al. (12). A n  e x p o n e n t  of 
1/3 was  r e p o r t e d  by  H e y n e  a n d  B e e k m a n s  (3), w h o  sug-  
ges t ed  t h a t  t h e  o b s e r v e d  dev ia t ion  f rom 1/4 m i g h t  be  due  
to e i t he r  a d i f f e ren t  i n c o r p o r a t i o n  m e c h a n i s m  for  t he  elec- 
t ron ic  defec ts  or to par t ia l  ra te  con t ro l  b y  a sur face  reac- 
t ion.  A n  e x p o n e n t  of  1/2 was r e p o r t e d  by  Alcock  and  
C h a n  (8) and  one  of  1/2-1/4 by  Ki tazawa  a n d  Coble  (10). 

In  t he  p r e s e n t  s tudy ,  we reso lve  t h e s e  a p p a r e n t  d iscrep-  
anc ies  a n d  s h o w  t h a t  t he  va lue  of  t he  e x p o n e n t  d e p e n d s  

on  t he  m i c r o s t r u c t u r e  of  t h e  s p e c i m e n .  This,  in  tu rn ,  is 
g o v e r n e d  by  t he  n a t u r e  a n d  e x t e n t  of  impur i t i e s .  Fo r  
s amp le s  w i t h  an  e x p o n e n t  g rea t e r  t h a n  1/4, t he  e x p o n e n t  
d e p e n d s  on  t he  t h i c k n e s s  of  t h e  s p e c i m e n .  For  th i s  case,  a 
s t eady-s t a t e  t r e a t m e n t  is p r e s e n t e d  w h i c h  desc r ibes  t h e  
k ine t i c s  in  t e r m s  of  c o m b i n e d  b u l k  a n d  sur face  control .  

Experimental 
Specimens.--The prope r t i e s  of t he  CSZ t u b e s  are  g iven  

in  Table  I. For  t h e  t u b e s  supp l i ed  by  t he  Z i r c o n i u m  Cor- 
po ra t ion  of A m e r i c a  (Zircoa) a n d  t h e  N i p p o n  Chemica l  
Ce ramics  C o m p a n y  Limi ted ,  t he  ana lyses  were  p r o v i d e d  
by  the  m a n u f a c t u r e r s .  T u b e  G was  m a d e  in ou r  l abora -  
tor ies  b y  a sl ip cas t ing  t e c h n i q u e  (15). For  analys is ,  a 
po r t i on  of t h i s  t u b e  was fused  w i th  a n h y d r o u s  s o d i u m  
c a r b o n a t e  a n d  bor ic  oxide,  d i s so lved  in  water ,  a n d  t he  so- 
l u t i on  e x a m i n e d  b y  i nduc t i ve ly  c o u p l e d  p l a s m a  a tomic  
e m i s s i o n  spec t roscopy .  

The  dens i t i e s  of  t he  spec imens ,  also l i s t ed  in Tab le  I, 
were  d e t e r m i n e d  by  we igh ing  in k e r o s e n e  a n d  in  air. 

The  m i c r o s t r u c t u r e  of  t he  s p e c i m e n s  was  e x a m i n e d  b y  
m e a n s  of  a J E O L  Type  JXA-35  s c a n n i n g  e l ec t ron  micro-  
scope,  e q u i p p e d  w i th  a K e v e x  7000 e n e r g y  d i spe r s ive  
x-ray ana lyze r  a n d  Q u a n t e x  sof tware .  F i g u r e  l a  s h o w s  a 
p h o t o m i c r o g r a p h  typ ica l  of t u b e s  A to D. N u m e r o u s  
smal l  pores,  less  t h a n  10-~m in d i ame te r ,  can  be  seen.  
These  pores,  a b o u t  10% of t he  to ta l  vo lume ,  a c c o u n t  for 
t he  lower  dens i t i e s  of t h e s e  t ubes  (Tab le  I). The  o the r  
tubes ,  exemp l i f i ed  by  Fig. lb ,  h a d  fewer  pores  bu t  h a d  a 
da rk  s e c o n d  p h a s e  b e t w e e n  the  g ra ins  of  CSZ. X-ray  anal-  
ysis  s h o w e d  t h a t  t he  s e c o n d  p h a s e  c o n s i s t e d  largely  of 
i m p u r i t y  e l emen t s ,  w h i c h  were  genera l ly  p r e s e n t  to  a 
g rea te r  e x t e n t  in  t u b e s  E, F, a n d  G. 

The  t u b e s  we re  30 c m  long  a n d  1.4-2.0 c m  in ou t s ide  di- 
a m e t e r  and  were  c losed  at  one  end.  T h e  wal l  t h i c k n e s s e s  
va r i ed  b e t w e e n  1.6 a n d  2.75 mm.  A 3 cm long  po r t i on  ad- 
j a c e n t  to the  c losed  e n d  of t u b e  D was  mi l l ed  to a wal l  
t h i c k n e s s  of  0.5 m m .  

Permeation cell.--The cell a s s e m b l y  u s e d  for t he  
p e r m e a b i l i t y  m e a s u r e m e n t s  is s h o w n  in  Fig. 2. The  speci-  
m e n  tube ,  B, was  m o u n t e d  cen t ra l ly  w i t h i n  a mul l i t e  t u b e  
C by  an  a r r a n g e m e n t  of wa te r -coo led  b ra s s  f langes A. 
V a c u u m - t i g h t  c o n n e c t i o n s  b e t w e e n  t he  ce ramic  a n d  
me ta l  par t s  we re  m a d e  by  s i lver ing t he  ce ramic  by  chemi-  
cal depos i t ion ,  fo l lowed by  c o p p e r  e l ec t rop la t ing  a n d  
solder ing.  A mul l i t e  t h e r m o c o u p l e  s h e a t h  F p a s s e d  
t h r o u g h  t he  lower  f lange a n d  e x t e n d e d  u p w a r d s  to 
w i t h i n  0.2 c m  of  t h e  CSZ t u b e  B. P l a t i n u m  rad ia t ion  
sh ie lds  D were  u s e d  in some  e x p e r i m e n t s .  

The  d i f fus ion  cell  was  a t t a ched  to a v a c u u m  sys t em a n d  
an  e lec t ron ic  m a n o m e t e r  (Barocel  p r e s s u r e  t r ansducer ,  
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Table I. The chemical composition and density of calcia-stobilized zirconia tubes 

Designation CaO Al~O3 SiO~ MgO Fe~O~ TiO2 Density 
of tube (w/o) (w/o) (w/o) (w/o) (w/o) (w/o) (g-cm-3) Source 

A to D 7.5 0.15 0.40 0.55 0.024 0.10 4.90 Zircoa 
E 5.9 0.46-0.71 1 . 5 0 - 1 . 5 8  0.67-0.92 0 . 1 % 0 . 2 0  0.14-0.24 5.39 Nippon 
F 3.5 0.20 0.5 0.9 0.14 0.20 5.63 Zircoa 
G 7.5 2.0 1.3 0.063 0.90 0.22 5.23 Home made 

Type  590 A, Da tame t r i c s ,  I n c o r p o r a t e d )  b y  m e a n s  of  four  
flexible,  be l l ows - type  m e t a l  t u b e s  H, also s h o w n  in Fig. 
2. The  en t i r e  cell  a s s e m b l y  cou ld  b e  ra i sed  or l owered  by  
a sc i s sors - type  j a c k  J w i t h i n  a t u b u l a r  r e s i s t a n c e  f u rn ace  
E, w o u n d  wi th  p l a t i n u m - r h o d i u m  wire.  S tops  we re  at- 
t a c h e d  to t he  j a c k  to def ine  accu ra t e ly  t he  u p p e r  a n d  
lower  l imi ts  of  t ravel .  

Experimental procedure.--The v a c u u m  a n d  measure -  
m e n t  sys tem,  i l l u s t r a t ed  in Fig. 3, c o n s i s t e d  essent ia l ly  of 
a ca l ib ra ted  gas  bu re t t e ,  3, a two-s tage  m e r c u r y  d i f fus ion  
p u m p ,  4, a n d  a s soc ia t ed  s t opcocks  a n d  gauges .  

For  t he  p e r m e a b i l i t y  m e a s u r e m e n t s ,  a c o m b i n a t i o n  of  
t he  t e c h n i q u e s  d e s c r i b e d  by  Alcock  a n d  C h a n  (8) a n d  
S m i t h  et al. (7) was  employed .  Be fo re  each  e x p e r i m e n t ,  
b o t h  s ides  of  t h e  s a m p l e  t u b e  were  e v a c u a t e d  at  t h e  tem-  
p e r a t u r e  of m e a s u r e m e n t  for 12h. A n  a r g o n - o x y g e n  mix-  
ture ,  d r i ed  b y  pas sage  t h r o u g h  a c o l u m n  of  Drier i te ,  8, 
was  i n t r o d u c e d  to t he  ex t e r io r  of  t h e  CSZ  tube .  The  oxy- 
gen  w h i c h  p e r m e a t e d  t h r o u g h  t he  s p e c i m e n  was  col- 
l ec ted  a n d  m e a s u r e d  in  t he  gas  bu re t t e ,  3. 

The  t e m p e r a t u r e  profi le  a long  t h e  furnace ,  as mea-  
su red  by  m e a n s  of a Pt/13% R h P t  t h e r m o c o u p l e ,  was  con- 
s t an t  to w i t h i n  -+2~ over  a l e n g t h  of  3 cm. The  s a m p l e  
t u b e  was loca ted  so t h a t  its lower  e n d  co inc ided  wi th  the  
lower  e n d  of th i s  zone  for a ser ies  of m e a s u r e m e n t s  of t he  
v o l u m e  co l lec ted  as a f u n c t i o n  of t ime.  A s e c o n d  series of 
m e a s u r e m e n t s  was  m a d e  by  ra i s ing  t h e  s a m p l e  t u b e  to 
t h e  u p p e r  l imi t  of th i s  zone  a n d  repea t ing .  By  t a k i n g  the  
d i f fe rence  b e t w e e n  t h e  two m e a s u r e m e n t s ,  one  could  ob- 
ta in  an  i s o t h e r m a l  p e r m e a b i l i t y  t h r o u g h  a def ined  a rea  of 
t h e  tube .  D u r i n g  an  e x p e r i m e n t ,  t h e  t e m p e r a t u r e  was  
con t ro l l ed  w i th  r e s p e c t  to t ime  to w i t h i n  +-I~ 

Results 
Analys i s  by  m a s s  s p e c t r o m e t e r  i n d i c a t e d  t ha t  at  leas t  

99.5% of  t h e  co l lec ted  gas was  o x y g e n  e v e n  w h e n  t h e  out- 
s ide of t h e  t u b e  was  f lushed  wi th  99.9% a rgon  a n d  0.1% 
oxygen .  

F i g u r e  4 s h o w s  t h e  n u m b e r  of  moles  of  oxygen ,  Qt, col- 
l ec ted  as a f u n c t i o n  of  t i m e  for s p e c i m e n  t u b e  C in  the  up-  
pe r  a n d  lower  pos i t ions ,  w i th  t h e r m o c o u p l e  G2 at  1210~ 
a n d  wi th  P'o2 = 0.21 arm. Fo l lowing  a n  i n d u c t i o n  per iod,  
t h e  a m o u n t  of  O~ col lec ted  i n c r e a s e d  l inea r ly  wi th  r e spec t  
to t ime.  This  was  also r epo r t ed  in  Ref. (11). The  d i f f e rence  
b e t w e e n  t h e  two cu rves  r e p r e s e n t s  t h e  i s o t h e r m a l  pe rme-  
a t ion  t h r o u g h  a l e n g t h  of  t u b e  equa l  to  t h e  d i sp l acemen t .  
In  t h e  s t e a d y  state ,  t h e  ratio,  f, of  t h e  a m o u n t  co l lec ted  in  
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Fig. 1. Photomicrographs of CSZ. a: Tube A. b: Tube G. The white bar 
just below each photograph represents a length of 10-~m. 

Fig. 2. Diagramatic representation of the permeation cell. A: Brass 
flanges. B: CSZ tube. C: Mullite tube. D: Platinum radiation shields. E: 
Pt-Rh resistance furnace. F: Mullite tube for thermocouple. G: Pt-PtRh 
thermocoples. H: Flexible metal tubes. J. Jack. 
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Fig. 3. Vacuum system. 1,2: Mercury manometers. 3: Gas'burette. 4: Q_ 
Diffusion pump. 5, 6: Expansion volumes for collected oxygen. 7: Mer- 
cury seal. 8: Drierite. 9: FIowmeter. 10: Ionization gauge. 11 : Calibrated 
bulb. 12: Bulb for mass spectrometer samples. $1-$7: Stopcocks. 

t he  u p p e r  pos i t i on  to the  a m o u n t  co l lec ted  d u r i n g  an  
equa l  pe r iod  in  t he  lower  pos i t ion  va r i ed  f rom one  t u b e  to 
ano the r ,  but ,  for  e ach  tube ,  th i s  was  c o n s t a n t  a n d  inde-  
p e n d e n t  of  t e m p e r a t u r e  a n d  o x y g e n  p ressu re .  The  gas 
co l l ec t ion  rate ,  R~ or Ru, was  e q u a l  to t he  s lope  of  l ine  VI 
or V2 in Fig. 4. 

Fo r  all t u b e s  a n d  u n d e r  all c o n d i t i o n s  of  th i s  work ,  t he  
p r e s s u r e  of 02 in  t h e  c h a m b e r  ins ide  t he  CSZ tube ,  P"o2, 
as m e a s u r e d  w i t h  t he  e lec t ron ic  m a n o m e t e r ,  va r i ed  in a n  
a p p r o x i m a t e l y  l i nea r  m a n n e r  w i th  t h e  gas co l lec t ion  rate,  
as s h o w n  in  Fig. 5. This  o b s e r v a t i o n  m a y  b e  e x p l a i n e d  
s i m p l y  by  K n u d s e n  flow t h r o u g h  t h e  t u b i n g  a n d  va lves  
b e t w e e n  th i s  c h a m b e r  a n d  t h e  d i f fus ion  p u m p .  F igure  5 
cou ld  b e  u s e d  to e s t i m a t e  P"o2 in  cases  w h e r e  th i s  was  no t  
m e a s u r e d  di rect ly .  

D i f f e ren t  flow ra tes  of  Ar-O2 m i x t u r e s  were  used.  No 
effect  on  p e r m e a t i o n  ra te  was  o b s e r v e d  p r o v i d e d  t he  ra te  
of  s u p p l y  of o x y g e n  was  k e p t  s u b s t a n t i a l l y  fas te r  t h a n  t he  
co l lec t ion  rates .  

The  flux, J (mol-cm-~-s- l ) ,  was  ca l cu la t ed  f rom Eq. [3] 

J = (R] - Ru)/A [3] 

w h e r e  A is t he  ave rage  c i r c u m f e r e n c e  of  t he  s p e c i m e n  
m u l t i p l i e d  b y  t he  d i s t a n c e  b e t w e e n  the  u p p e r  a n d  lower  
pos i t ions .  

O x y g e n  pressure  d e p e n d e n c e . - - I n  genera l ,  t h e  resu l t s  
d id  no t  c o n f o r m  to t he  theore t i ca l  o rde r  of  1/4 as g iven  b y  
Eq. [2], b u t  we re  c o n s i s t e n t  wi th  t he  fo l lowing  equa t ion ,  
w h e r e  the  order ,  l /n,  was a l lowed  to va ry  

J = J~ - P"o.211") [4] 

Here  jo is n u m e r i c a l l y  equa l  to t he  f lux w i th  1 a t m  of  O~ 
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Fig. 5. Relation between the pressure inside the CSZ tube and the gas 
collection rate, R1 or Ru. T = 1i00~176 P'o2 = 0.005-1.0 atm. 

on  one  s ide  a n d  a neg l ig ib le  p r e s s u r e  on  t he  o t h e r  side.  
By  m e a n s  of  a n o n l i n e a r  l eas t  s q u a r e s  c o m p u t e r  p rog ram,  
the  p a r a m e t e r  J~ a n d  t he  o rde r  1In w e r e  d e t e r m i n e d  for  
e ach  t u b e  at  t he  t e m p e r a t u r e  of  m e a s u r e m e n t .  Va lues  are  
l i s ted  in  Tab le  II. The  l i s t ed  u n c e r t a i n t i e s  are  s t a n d a r d  
dev ia t ions .  I t  can  be  s een  t h a t  va lues  of  n v a r y  f rom 2.5 to 
3.6 for s amp le s  A to D, whi l e  n is a p p r o x i m a t e l y  equa l  to  
4 for  s a m p l e s  E to G. E x a m p l e s  of fits to Eq. [4] are  
s h o w n  in Fig. 6. 

Effect  o f  th ickness  o f  s p e c i m e n s . - - F i g u r e  7 shows  p lo ts  
of flux aga ins t  t h i c k n e s s  for  t u b e s  A to D, w h i c h  h a v e  t he  
same  compos i t i on .  At  h i g h  p r e s s u r e s  of  oxygen ,  t he  f lux 
dec rea se s  w i t h  i n c r e a s i n g  t h i c k n e s s ,  as e x P e c t e d  f rom 
Eq. [2]. However ,  a t  low P'o2, f lux is a p p r o x i m a t e l y  inde-  
p e n d e n t  of t h i c k n e s s .  

F i g u r e  8 s h o w s  a p lo t  of  t he  order ,  1/n, f rom Tab le  II  as 
a f u n c t i o n  of  s p e c i m e n  th i cknes s .  One  can  see t h a t  t he  or- 
de r  d e c r e a s e s  f r o m  0.4 to 0.28 as t he  t h i c k n e s s  i nc r ea se s  
f rom 0.05 to 0.194 c m  for  s a m p l e s  A to D, a n d  r e m a i n s  
c o n s t a n t  a t  0.25 as t he  t h i c k n e s s  inc reases  f rom 0.175 to 
0.275 c m  for  s a m p l e s  E to G. The  o r d e r  does  no t  a p p e a r  to  
be  a f fec ted  s ign i f ican t ly  b y  t he  t e m p e r a t u r e .  

1.61 oY 

 O,x 
0.4 

0 

O0 I 2 3 4 
t x Io -~, s 

Fig. 4. Numbers of moles of oxygen which permeated specimen tube C 
with thermocouple G2 at 1210~ with P'o2 = 0.21 atm. VI: Tube at 
lower position. V2: Tube at upper position. AV: Difference between 
quantities at the two positions. 

Discussion 
For  s p e c i m e n s  E to G, in  w h i c h  a s e c o n d  p h a s e  was  

p resen t ,  t he  o b s e r v e d  o rde r  was  1/4. This  is c o n s i s t e n t  
w i th  Eq. [2] a n d  w i t h  the  h y p o t h e s i s  t h a t  p e r m e a t i o n  is 
l imi t ed  b y  b u l k  d i f fus ion  of e l ec t ron  holes ,  as is genera l ly  
f avored  in  t he  l i te ra ture .  

I t  is e v i d e n t  f rom Fig. 8 a n d  f rom Tab le  II  t h a t  t h e  o rde r  
is va r i ab l e  for s a m p l e s  A to D. Th i s  i nd i ca t e s  t h a t  pe rmea-  
t ion  is l imi ted  b y  two  or m o r e  processes .  The  re la t ive  im- 
p o r t a n c e  of  t h e s e  p roces se s  d e p e n d s  on  t he  e x p e r i m e n t a l  
cond i t ions .  

The  o rde r  i nc r ea se s  w i t h  d e c r e a s i n g  s a m p l e  th ickness .  
For  t h i c k  samples ,  t he  o rde r  a p p e a r s  to a p p r o a c h  1/4. Un-  
de r  t h e s e  c i r c u m s t a n c e s ,  t r a n s p o r t  w i t h i n  the  sol id ce- 
r amic  is e x p e c t e d  to b e  l imi t ing  a n d  t h e  o b s e r v e d  o rde r  is 
c o n s i s t e n t  w i t h  t h e  a c c e p t e d  model .  Fo r  t h i n  samples ,  
t r a n s p o r t  in  t he  gas  p h a s e  or  on  t he  c e r a m i c  sur face  cou ld  
pa r t i c ipa te  in  l im i t i ng  t he  overal l  t r a n s p o r t .  
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Table II. The dependence of flux on oxygen pressure, from least squares fits to Eq. [4] (l/n, jo), Eq. [7] (c~, fl), and Eq. [13] (% 6). 
P'o: = 10-3-1 atm; P"o2 = 10 -6 -10 -4  atm 

J~  x 1O TM a • 109 B x 10 '~ ~, x 109 6 x 10 '0 
Thickness  Order, (mol-cm-'L (mol-cm -2- (mol-cm - ' -  (mol-cm -2- (mol-cm-L 

Sample  (cm) T (~ 1In s - ' - a t m  -'/ ') s - L a t m  -'j2) s - ' - a t m  -'/4) s - ' - a t m  -'2) s - ' - a t m  -'/4) 

A 0.194 960 0.296 -+ 0.010 0.14 -+ 0.01 0.12 -+ 0.06 0.03 -+ 0.02 0.053 -+ 0.007 0 . 0 2 6  -+ 0 .007  
1090 0.292 -+ 0.011 0.94 -+ 0.03 7.70 -+ 6.04 0.19 -+ 0.17 0.35 -+ 0.08 0.173 -+ 0.007 
1230 3.66 -+ 3.66 1.04 -+ 1.07 1.26 -+ 0.41 0.925 -+ 0.06 
1239 0.280 -+ 0.012 6.13 -+ 0.11 4.63 -+ 4.53 1.20 +- 1.19 2.38 -+ 0.81 1.07 -+ 0.06 

B 0.165 1228 0.325 -+ 0.008 5.46 -+ 0.09 3.60 +- 3.01 1.02 -+ 0.85 1.68 -+ 0.51 0.90 +- 0.07 
1450 0.333 -+ 0.009 83 -+ 14 25.9 -+ 12.3 7.56 -+ 3.85 13.4 -+ 2.6 6.55 -+ 0.30 

C 0.165 1230 0.335 -+ 0.010 5.65 -+ 0.03 3.28 -+ 3.44 1.04 -+ 1.02 1.45 -+ 0.14 0.95 -+ 0.03 
1338 0.329 -+ 0.009 21.2 -+ 1.1 8.34 -+ 4.70 4.69 -+ 2.56 4.68 -+ 0.68 3.77 "-+ 0.29 

D 0.050 1112 0.411 -+ 0.016 2.91 -+ 0.36 0.54 -+ 0.05 0.157 -+ 0.011 
1205 0.368 -+ 0.005 7.25 -+ 0.11 1.48 -+ 0.44 0.51 -+ 0.23 1.61 -+ 0.21 0.39 -+ 0.03 
1230 2.84 -+ 2.05 0.65 -+ 0.49 2.52 -+ 0.18 1.91 -+ 0.23 

E 0.253 1267 0.258 -+ 0.005 5.88 -+ 0.03 17800 -+ 230 1.43 -+ 0.18 2.91 +- 0.64 1.39 -+ 0.33 
1288 0.254 -+ 0.003 6.71 -+ 0.05 175 -+ 68 4.07 -+ 1.10 1.59 -+ 0.34 

F 0.175 1340 0.257 -+ 0.007 15.8 -+ 0.8 6.94 -+ 1.13 2.45 -+ 0.06 
1395 0.256 -+ 0.003 22.2 -+ 0.8 11.6 -+ 1.8 3.52 -+ 0.07 

G 0.275 1344 0.233 -+ 0.006 18.4 -+ 0.7 590 -+ 6.2 4.78 -+ 0.06 2616 -+ - 4.16 -+ 1.07 

I t  h a s  b e e n  s h o w n  in  t h e  p r e v i o u s  s e c t i o n  t h a t  t h e  f low 
r a t e  o f  t h e  Ar/O2 m i x t u r e  h a d  n o  i n f l u e n c e  o n  t h e  ove ra l l  
t r a n s p o r t .  T h e  r e s i s t a n c e  o f  t h e  t u b i n g  a n d  s t o p c o c k  be -  
t w e e n  t h e  C S Z  t u b e  a n d  t h e  d i f f u s i o n  p u m p  w a s  s u c h  
t h a t  a m e a s u r a b l e  P"o~ w a s  o b t a i n e d .  H o w e v e r ,  w e  es t i -  
m a t e  t h a t  t h i s  p r e s s u r e  r e d u c e d  t h e  o v e r a l l  r a t e  o f  t r a n s -  
p o r t  b y  o n l y  17% in  t h e  w o r s e  case .  T h i s  f a c t o r  w a s  t a k e n  
i n to  a c c o u n t  b y  t h e  s e c o n d  t e r m  i n  E q .  [4]. 

I t  is  n e c e s s a r y  t h e n  to  s u g g e s t  t h a t  a s u r f a c e  r e a c t i o n  
p a r t i c i p a t e s  i n  l i m i t i n g  t h e  o v e r a l l  t r a n s f e r .  F o r  t h i n  
t u b e s ,  t h e  o r d e r  a p p e a r s  to a p p r o a c h  1/2. I t  is p o s s i b l e  
t h a t  t h e  s u r f a c e  r e a c t i o n  i n v o l v e s  a d s o r b e d  O a t o m s ,  
w h o s e  c o n c e n t r a t i o n  w o u l d  b e  e x p e c t e d  to  b e  p r o p o r -  
t i o n a l  to (P'o2) "2. 

To  i n c o r p o r a t e  a s u r f a c e  r e a c t i o n  a n d  b u l k  d i f f u s i o n ,  a 
p o s s i b l e  m e c h a n i s m  is  as  f o l l o w s  

O2(g') ~ 20(w,) [5a] 

O,w,~ + Vo"(w,) ~ OX(w ,, + 2h'~.,> [5b] 

O~'(w,~ ~- OX(w,,) [5c] 
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Fig. 6. Examples of fits of flux and pressure data to Eq. [4]. Line 6 is for 
specimen G; others are for specimens A to D. Values are as follows for 
the various lines. 1 : I = 0 .05 cm, T = 1205~ 2: 0 .165 cm, 1230~ 3: 
0 .165 cm, 1450~ (right scale). 4 : 0 . 5  cm, 1112~ 5 : 0 . 1 6 5  cm, 
1338~ (right scale). 6 : 0 . 2 7 5  cm, 1344~ 7 : 0 . 1 6 5  cm, 1115~ 8: 
O. 194 cm, 1090~ 9: O. 194 cm, 960~ 

h',w,~ ~ h'(w,,> [5d] 

O'~(w,~ + 2h',w,,~ ~ O(w,~ + V. (w , )  [5el 

20~w,~ ~ O2(g") [5f] 

H e r e  g r e f e r s  to  a g a s  p h a s e  s p e c i e s  a n d  w to a s u r f a c e  
s p e c i e s ;  s i n g l e  a n d  d o u b l e  p r i m e s  r e f e r  to  o p p o s i t e  s i d e s  
o f  t h e  C S Z  t u b e .  A s  in  a p r e v i o u s  t r e a t m e n t  (4), w e  as -  
s u m e  t h a t  (Vo..) a n d  (Oo x) a r e  c o n s t a n t .  

T h i s  m e c h a n i s m  h a s  b e e n  i n t e r p r e t e d  b y  s u p p o s i n g  
t h a t  r e a c t i o n s  [5a] a n d  [5f] a r e  a t  e q u i l i b r i u m  a n d  b y  m a k -  
i n g  t h e  s t e a d y - s t a t e  a p p r o x i m a t i o n  for  e l e c t r o n  ho l e s .  I t  
h a s  n o t  b e e n  p o s s i b l e  to o b t a i n  a n  a n a l y t i c  e x p r e s s i o n  for  
t h e  p e r m e a b i l i t y  u n l e s s  o n e  o f  t h r e e  a d d i t i o n a l  a p p r o x i -  
m a t i o n s  is  m a d e ,  as  d e s c r i b e d  i n  t h e  n e x t  t h r e e  p a r a -  
g r a p h s .  

I f  it  is  a s s u m e d  t h a t  r e a c t i o n s  [5b] a n d  [5el a r e  a t  e q u i -  
l i b r i u m ,  a n  e x p r e s s i o n  o f  t h e  f o r m  o f  Eq.  [2] is  o b t a i n e d ,  
w i t h  fl = 0.25kdKb'l'2Ka'14[(Vo)/(Oo~)] 112 . H e r e  kd is  t h e  r a t e  
c o e f f i c i e n t  for  r e a c t i o n  [5d], a n d  Ka a n d  Kb a r e  eq u i -  
l i b r i u m  c o n s t a n t s  fo r  r e a c t i o n s  [5a] a n d  [5b]. 

I f  i t  is  s u p p o s e d  t h a t  r e a c t i o n s  [5b] a n d  [5el a r e  l i m i t i n g  
a n d  t h a t  r e a c t i o n  [5d] is  r a p i d  a n d  a t  e q u i l i b r i u m ,  as  for  a 
v e r y  t h i n  s a m p l e ,  i t  is  f o u n d  t h a t  

1 
j = _ _ ~ r p ,  , /2_  p,, ,2) [6] 

4 , 02 02 

H e r e ,  t h e  s u r f a c e  p a r a m e t e r ,  a, e q u a l s  kbKa '~(Vo) .  T h e  or- 
d e r  is  p r e d i c t e d  to  b e  1/2 fo r  t h e  c a s e  o f  s u r f a c e  c o n t r o l .  
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Fig. 7. The effect of the sample thickness on oxygen flux at 1230~ 

The points are experimental for specimens A to D. Solid lines are theo- 
retical results calculated from Eq. [7] by nonlinear least squares. The 
quoted pressures are P'o2. 



V o l .  1 3 2 ,  N o .  8 L I M E - S T A B I L I Z E D  Z I R C O N I A  1 8 4 7  

0"5 k~ 

0 . 4  - o \  - ~ x  
C 

" " , 5  , 

0 
0 . 5 -  "- 

I 

I I I 
0 " 2 0  0.1 0 . 2  0 . 3  

~ ,  cm 
Fig. 8. The effect of sample thickness on the order. Open circles: spec- 

imens A-D. Triangles: specimens E-G. Curves 1 and 2 were generated by 
Eq. [8] for L = 4.4 x 10-'2 and 0.0 cm, respectively. Curve 3 was gener- 
ated by Eq. [14] with M = 8 • 10 -2 cm. 

I f  b o t h  r e a c t i o n s  [5b] a n d  [5d] a r e  l i m i t i n g ,  b u t  t h e  in-  
s i d e  p r e s s u r e ,  P"o2, is  n e g l i g i b l e ,  t h e  f o l l o w i n g  e x p r e s s i o n  
is  o b t a i n e d  

J = al--- 7- [(1 + a212P'o2'S2/R-~'2-~ j - 1] [7] 

A s  s h o w n  ea r l i e r ,  P"o~ m a k e s  l i t t le  d i f f e r e n c e  to  p e r m e a -  
t i on ,  so  t h e r e  is  r e a s o n  to  e x p e c t  t h a t  t h i s  e q u a t i o n  wi l l  b e  
a g o o d  a p p r o x i m a t i o n .  

T h e  o r d e r ,  l /n ,  m a y  b e  d e t e r m i n e d  b y  d i f f e r e n t i a t i n g  
Eq .  [7] as  f o l l o w s  

1/n = d I n  J / d  In  P'o2 

= 114[(L/l  2 + 1) "2 - Lll]- ' (L21l 2 + 1) - ' ~  [8] 

H e r e  L equals/3/[a(P'o2) 'J4] a n d  is  a c h a r a c t e r i s t i c  t h i c k n e s s  
a t  w h i c h  b u l k  a n d  s u r f a c e  p r o c e s s e s  c o m p e t e  a b o u t  
equa l l y .  

T h e  o b s e r v e d  o r d e r s  fo r  s p e c i m e n s  A to  D h a v e  b e e n  
f i t t ed  b y  l e a s t  s q u a r e s  to  Eq .  [8], a s  s h o w n  b y  c u r v e  1 i n  
F ig .  8. T h e  v a l u e  o f  t h e  p a r a m e t e r  L w a s  f o u n d  to  b e  4.4 
(-+1.4) x 10 -5 cm. The average value of (P'o2) "4 for these 
experiments was 0.604 atm "4, so that /3/~ = 2.7 (-+0.8) x 
10 -5 cm-atm '~4. This indicates that the transition from 
bulk control to surface control would occur at 1 atm pres- 
sure for a sample thickness of about 2.7 x 10-2 cm. 

A nonlinear least squares computer program was used 
to fit Eq. [7] to the experimental permeabilities at 1230~ 
The calculated results at fixed pressures and varied 
thicknesses are represented by solid lines in Fig. 7. The 
bulk and surface parameters, /3 and a, for these fits are 
listed in Table Ill. It can be seen that the bulk coefficient 
is independent of pressure, with an average value of (1.25 
-+ 0.06) • i0-'~ mol-cm-l-s-'-atm -'~4. The surface 
coefficient appears to increase slightly as the pressure 
decreases. The order of this quantity with respect to P'o2 

9 

ol  
o 

II 

I \  
"\t 

12 I I 
6 

\ 
I I I 
7 8 

T - I x l O  - 4 ,  K - '  

Fig. 9. The temperature dependence of the bulk diffusion and surface 
reaction parameters. Points on line c~: specimens A to D. Closed triangles 
on line/3: specimens A to D. Open triangles on line/3: specimens E to G. 

i s  - 0 . 1 0  -+ 0.07, w h i c h  is  n o t  s i g n i f i c a n t l y  d i f f e r e n t  f r o m  
t h e  o r d e r  o f  z e ro  a s s u m e d  in  t h e  p r e c e d i n g  d e r i v a t i o n .  

E q u a t i o n  [7] w a s  s i m i l a r l y  f i t t ed  to  p e r m e a b i l i t i e s  w i t h  
f i x e d  I a n d  t e m p e r a t u r e ,  b u t  w i t h  P'o2 v a r i a b l e .  T h e  re-  
s u l t i n g  p a r a m e t e r  v a l u e s  a r e  l i s t e d  in  T a b l e  II. F o r  
s a m p l e s  A to  D a t  1230~ i t  c a n  b e  s e e n  t h a t  b o t h  fl a n d  
a r e  i n d e p e n d e n t  o f  s a m p l e  t h i c k n e s s ,  w i t h  t h e  a v e r a g e  
values being/3 = (9.38 -+ 1.44) x I0-" mol-cm-'-s-'-atm -'4 
a n d  a = (3.34 + 0.25) x 10 -9 m o l - c m - ~ - s - , - a t m - , / 2 .  T h e  ra-  
t io,  fl/c~ = 2.7 x 10 -~ c m - a t m  '/4, a g r e e s  w i t h  t h e  v a l u e  f o u n d  
f r o m  Fig .  8. 

I t  c a n  a l so  b e  s e e n  f r o m  T a b l e  II  t h a t  b o t h  fl a n d  a in-  
c r e a s e  w i t h  i n c r e a s i n g  t e m p e r a t u r e .  A r r h e n i u s  p l o t s  a r e  
s h o w n  in  Fig .  9. T h e  s t r a i g h t  l i nes ,  a s  d e t e r m i n e d  b y  l e a s t  
s q u a r e s ,  h a v e  t h e  f o l l o w i n g  e q u a t i o n s  

In a (mol-cm-~-s-'-atm-'S 0 

191 + 5 k J / m o l  
= - ( 0 . 6 9 0  -+ 0.437) - [9] 

R T  

In  fl ( m o l - c m - ' - s - ' - a t m  ,/4) 

206 -+ 11 k J / m o l  
= - (3 .08  -+ 0.96) - [10] 

R T  

Table III. The surface reaction and bulk diffusion parameters as determined by a nonlinear least squares fit of Eq. [7] or [13] 
to the data of Fig. 7 at fixed P'o2 and variable thickness (T = 1230~ 

• 10 9 f l x  10 '~ 7 x 10" 6 x 10 TM 

P'o2 (atm) (mol-cm-~-s- ' -a tm -'j2) ( m o l - e m - ' - s - ' - a t m - ' O  (mol-cm-2-s- ' -a tm - '2) (mol-cm-~-s- ' -a tm -'4) 

1.0 1.88 -+ 0.19 1.33 -+ 0.06 1.21 -+ 0.01 1.00 _+ 0.01 
0.21 2.03 _+ 0.04 1.21 + 0.04 1.34 -+ 0.04 0.89 + 0.03 
0.05 2.70 _+ 0.05 1.26 _+ 0.02 1.81 -+ 0.07 0.84 _+ 0.04 
0.005 3.10 -+ 1.33 1.17 -+ 0.50 2.14 -+ 0.20 0.95 -+ 0.25 



1848 J.  E l e c t r o c h e m .  Soc . :  E L E C T R O C H E M I C A L  S C I E N C E  A N D  T E C H N O L O G Y  A u g u s t  1985 

I t  is s e e n  t h a t  t he  ac t iva t ion  ene rg ies  for b u l k  d i f fus ion  
a n d  for su r face  r eac t ion  are very  s imilar .  F r o m  the  ex- 
p r e s s i o n  for/~, t he  fo l lowing e x p r e s s i o n  m a y  be  o b t a i n e d  
(3, 12, 13) for t he  e l ec t ron ic  c o n d u c t i v i t y  o -~ at  1 a t m  

195 -+ 10 k J / tool  
in  o -~ ( ~ - U c m - ' )  = (10.9 _+ 3.4) - [11] 

R T  

The  ac t i va t i on  e n e r g y  m a y  be  c o m p a r e d  w i th  t he  follow- 
ing va lues  (in k i lo joules  pe r  mole)  f r o m  the  l i te ra ture :  217 
(2), 183 (3), 233 (7), 232 (9), 263 (10), 155 (11), a n d  98 (12). 

Reac t ions  [5a]-[5f] are  no t  the  on ly  ones  w h i c h  al low a 
compe t i t i on  b e t w e e n  sur face  and  b u l k  p rocesses  of  dif- 
fer ing order.  S e t a k a  a n d  K w a n  (16) h a v e  o b s e r v e d  t he  
species  05 -  on  t he  sur face  of  zirconia.  Th i s  species  could  
be  an  i n t e r m e d i a t e  i f  r eac t ions  [5a] and  [5b] were  r ep laced  
by  t he  fo l lowing 

O2(g,) ~ O~-(w,> + h'(w,) [12a] 

O2-(w,~ -~ 20-(w,~ + h~w,) [12b] 

O-(w,) + Vo(w,~ ~ OX~w ,, + h(~,) [12c] 

If  t he se  r eac t ions  are  i n t e r p r e t e d  as before ,  w i th  r eac t ions  
[12b] a n d  [5d] l imi t ing ,  Eq. [7] a n d  [8] are  r ep laced  by  t he  
fo l lowing  

85 
J = - - [ ( 1  + ~414p' /84~ "2 - 1] '~2 [13] 

o 2 - J ~/l ~ 

]In = 1/4(M4/l 4 + 1)-'J2[(MVI ~ + 1) ~j~ - M~/12] - '  [14] 

Here  ~ = (kaKbKJ2) '1'2, 8 = 0.25kd(K~K~)'i4[K~(Vo..)/(Oo~)] 'l~, 

a n d  M = 8/[7(P'o,y~4]. 
E q u a t i o n  [14] was  fi t ted to the  e x p e r i m e n t a l  orders ,  as 

s h o w n  by c u r v e  3 in Fig. 8. The  ave rage  va lue  of M was  
(8.0 -+ 2.3) x 10 -.2 cm, so 8/7 = (4.8 - 1.4) x 10 -5 c m - a t m  ,4. 
It  can  be  s e e n  t h a t  the  c h a n g e  in o rde r  occurs  over  a 
smal le r  r a n g e  of  t h i c k n e s s  for th i s  mode] .  

E q u a t i o n  [13] was  f i t ted to t he  p e r m e a b i l i t y  data.  The  
r e su l t i ng  va lues  of  t h e  surface ,  7, a n d  bulk ,  8, p a r a m e t e r s  
are l i s ted  in Tab les  II  a n d  III. T he  p a t t e r n s  of  va lues  for 
t he se  p a r a m e t e r s  are s imi la r  to t h o s e  n o t e d  ear l ie r  for 
and  fl, r espec t ive ly .  T he  t e m p e r a t u r e  d e p e n d e n c e s  are 
g iven  b y  t he  fo l lowing  e q u a t i o n s  for  s p e c i m e n s  A to D 

in 7 (mol-cm-2-s-'-atm -'~) 

= -(4.39 -+ 0.58) - 196 + 7 kJ-mol-'/RT [15] 

In 8 (mol-cm-'~s~'-atm -'~'4) 

= -(6,54 -+ 0.78) - 207 + 9 kJ-mol-'/RT [16] 

In order to distinguish more clearly between these 
mechanisms, it would be desirable to extend the range of 
experimental conditions. 

Effect of pores.--Figure la shows that there are 
significant numbers of pores in specimens A to D. Pores 
on the outer and inner surfaces of the specimens will in- 
crease the surface area. We estimate the true area of the 
surface to be 10% greater than calculated in the Results 
section. The surface coefficients, ~ and 7, should then be 
reduced by 10% for an ideal sample without pores. 

Most of the ~pores are in the bulk of the specimen. If the 
pores served as barriers to solid-state diffusion, they 
would increase the path of diffusion and decrease the ef- 
fective volume. The true permeability would then be 
larger than the measured permeability. Alternatively, dif- 
fusion could be sustained by gaseous transport across the 
pores. This would shortcut the solid-state diffusion, and 
the true diffusion distance would be shorter than the 
overall thickness of the tube. Electron holes would have a 
choice of two paths on passing from one side of a pore to 
the Other. They could diffuse around the pore through the 
ceramic ,  t r ave l i ng  a d i s t ance  7rp, w h e r e  p is t he  r ad ius  of  
the  pore,  or t hey  cou ld  pass  ac ross  t he  pore  by  r eac t ions  
[5a], [5b], [5el, a n d  [5f] or [12a], [12b], a n d  [12c]. 

In  p r ev ious  sec t ions  of th i s  art icle,  we h a v e  c o n s i d e r e d  
the  c o m p e t i t i o n  for  d o m i n a n c e  b e t w e e n  sur face  and  b u l k  
processes .  T h e r e  t h e  c o m p e t i t i o n  was  b e t w e e n  two suc- 

cess ive  processes ,  a n d  the  s lower  of t h e s e  p rocesses  was  
f o u n d  to domina t e .  In  par t icu la r ,  b u l k  d i f fus ion  was  pre-  
d ic t ed  to b e  s lower  w h e n  the  d i f fus ion  d i s t ance  was  
grea te r  t h a n  a b o u t  4.7 • 10-'-' c m  at  1 a tm.  Now we are 
cons ide r i ng  c o m p e t i t i o n  for d o m i n a n c e  b e t w e e n  two par-  
allel p rocesses ;  the  fas te r  of  t h e s e  will  domina t e .  For  dif- 
fus ion  a r o u n d  a pore,  the  average  d i s t ance  is a b o u t  10 -3 
cm. Therefore ,  d i f fus ion  s h o u l d  be  fas ter  a n d  shou ld  
d o m i n a t e  t r a n s p o r t  w i t h i n  t he  s p e c i m e n s .  

For  s p e c i m e n s  A to D, w i t h  10% pore s  b y  vo lume ,  t he  
d i f fus ion  d i s t a n c e  w o u l d  be  i nc r ea sed  b y  4% and  t he  
c ross-sec t iona l  a rea  of ce ramic  b e t w e e n  pores  r e d u c e d  by  
10%, in c o m p a r i s o n  w i th  an  ideal  ce ramic  w i t h o u t  pores.  
For  an  ideal  ce ramic ,  t he  b u l k  d i f fus ion  p a r a m e t e r  wou ld  
be  e x p e c t e d  to be  14% greater .  

Effec t  o f  s e g r e g a t i o n . - - A s  d i s c u s s e d  prev ious ly ,  t he  sur- 
face effect  was  r e s p o n s i b l e  for the  va r i ab l e  o rde r  for 
s amp le s  A to D. The  order  for s amp le s  E to G was, how- 
ever,  a p p r o x i m a t e l y  cons tan t .  The  sur face  pa rame te r s ,  
and  7, a n d  t h e  b u l k  pa rame te r s ,  fl a n d  8, are  g iven  in the  
lower  pa r t  of Tab le  II  for t he se  samples .  The  b u l k  pa ram-  
e ters  are s imi la r  to t hose  for s amp le s  A to D, as seen  in 
Fig. 9. T h e  su r f ace  p a r a m e t e r s  we re  larger ,  i n d i c a t i n g  t ha t  
sur face  p roces se s  were  no t  l imit ing.  To a c c o u n t  for t he se  
obse rva t ions ,  t he  poss ib le  effect  of  a su r face  p h a s e  m u s t  
be  cons ide red .  

In  Fig. 1, i t  was  seen  t h a t  t h e r e  was  a s e c o n d  p h a s e  in 
s amp le s  E to G b u t  no t  in  s a m p l e s  A to D. The  s e c o n d  
p h a s e  cons i s t ed  of  a m i x t u r e  of  me ta l  s i l icates  w i th  an  ap- 
p r o x i m a t e  c o m p o s i t i o n  of  40% SiO2, 40% CaO, a n d  20% 
Al~O3. Th i s  c o m p o s i t i o n  is s imi la r  to t h a t  of  a SiO2-A1203- 
CaO eu tec t i c  w i t h  m e l t i n g  p o i n t  at  a b o u t  1250~ P e r m e a -  
t ion  of  o x y g e n  t h r o u g h  th i s  l iqu id  was  s tud ied  by  S a s a b e  
et al. (17). The  o rde r  w i th  r e s p e c t  to o x y g e n  p re s su re  was 
f o u n d  to be  1/4. Fo r  s imi la r  cond i t ions ,  p e r m e a t i o n  was  an  
order  of  m a g n i t u d e  fas te r  t h a n  for CSZ.  The re  was no  in- 
d i ca t ion  of  l im i t a t i on  by  a sur face  process ,  i nd ica t ing  t h a t  
su r face  p roces se s  on  th i s  eu tec t ic  are fas te r  t h a n  b u l k  
processes ,  a n d  h e n c e  m u c h  fas ter  t h a n  b u l k  p rocesses  in  
CSZ. I t  is pos s ib l e  t h a t  a ve ry  t h i n  layer  of  th i s  s e c o n d  
p h a s e  m a y  be  p r e s e n t  on  the  sur face  of  s p e c i m e n s  E to G 
in the  p r e s e n t  work .  Sur face  p r o c e s s e s  on  th i s  p h a s e  
wou ld  be  ve ry  rapid,  a n d  p e r m e a t i o n  w o u l d  be  con t ro l l ed  
by  b u l k  di f fus ion.  

It  is s u g g e s t e d  t h a t  d i s c r epanc i e s  in  t he  o rders  quo ted  
in the  l i t e ra tu re  are also due  to sur face  effects.  

G e n e r a l . - - T h e  c o n c l u s i o n  t h a t  b o t h  sur face  a n d  b u l k  ef- 
fects  are i m p o r t a n t  in  de sc r ib ing  t he  k ine t i c s  of oxygen  
p e r m e a t i o n  t h r o u g h  s tabi l ized z i rcon ia  is s u p p o r t e d  b y  
t he  r e su l t s  of o t h e r  s tudies .  I t  is wel l  k n o w n ,  for example ,  
t h a t  t he  c o n d u c t i v i t y  of CSZ a n d  o t h e r  ox ide  e lect rolytes  
d e p e n d s  m a r k e d l y  on  t he i r  m i c r o s t r u c t u r e  and  t h a t  t he  
r e s p o n s e  of g ra in  b o u n d a r i e s  or a s e c o n d  p h a s e  to an  ap- 
p l ied  electr ic  field is no t  t he  s a m e  as t h a t  of the  b u l k  ma- 
ter ia l  (18-23). Chu  a n d  Sei tz  (19) s h o w e d  tha t ,  a l t h o u g h  the  
res is t iv i t ies  d i f fe red  by  severa l  o rders  of m a g n i t u d e ,  the  
r e s i s t ance  va lues  for the  b u l k  a n d  gra in  b o u n d a r i e s  in  
severa l  CSZ s p e c i m e n s  we re  compa rab l e .  B e e k m a n s  a n d  
H e y n e  (20) a t t r i b u t e d  h i g h  gra in  b o u n d a r y  res is t iv i t ies  in  
CSZ to t he  p r e s e n c e  of a s e c o n d  phase .  

S tud i e s  of  o x y g e n  sur face  e x c h a n g e  reac t ions ,  inc lud-  
ing  e lec t rode  k ine t ics ,  h a v e  also b e e n  u s e d  to d i s t i n g u i s h  
b e t w e e n  b u l k  a n d  in t e r f ace  effects. Fou l e t i e r  et al. (1) 
s h o w e d  tha t ,  for cells w i th  Y~O~-ZrO2 e lec t ro ly tes  of la rge  
sur face  area,  c o n s i d e r a b l e  t ime  was r e q u i r e d  for  equi l ib-  
r i u m  to be  a t t a i n e d  b e t w e e n  t h e  sur face  a n d  t he  sur-  
r o u n d i n g  gas  phase ,  pa r t i cu la r ly  at  low par t ia l  p r e s su re s  
of  oxygen.  Th i s  effect, coup led  w i th  t he  flux of oxygen  
t h r o u g h  t he  ceramic ,  cou ld  lead to e r ro rs  in  t he  EMF  e v e n  
if  t he  flux were  no t  large e n o u g h  to a l te r  the  o x y g e n  
p re s su re  in  t he  gas be ing  m e a s u r e d  (24). In  t he i r  s tud ies  
of e l ec t rode  p h e n o m e n a  at t he  P t /CSZ interface,  Kroge r  
et al. (25, 26) s u g g e s t e d  t h a t  o x y g e n  cou ld  be  a b s o r b e d  di- 
rec t ly  on  the  e lec t ro ly te  f rom the  gas  p h a s e  a n d  t h a t  t he  
e l ec t rons  r e q u i r e d  for the  i n c o r p o r a t i o n  of o x y g e n  a t o m s  
in t he  la t t ice  were  o b t a i n e d  by  d i f fus ion  f rom the  
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electrode-electrolyte interface. Other mechanisms have 
been discussed by Subbarao and Maiti (22). In studies of 
polarization phenomena in cells with CSZ electrolytes, 
Gut et al. (27) showed that bulk and interface effects 
could be separated and ana]yzed individually. 

Summary and Conclusions 
The isothermal permeability of oxygen through CSZ 

tubes was found to be proportional to (P'o2 "~ - P"o2'/~), 
where n varied from 2.5 to 4. 

~ITle experimental  results of this work raised two major 
questions. First, why is the order variable? Second, why 
do samples A to D behave differently than samples E to 
G? To answer the first question, we have proposed 
mechanisms involving competition between surface pro- 
cesses and bulk diffusion. There are two differences be- 
tween samples A to D and E to G which could be invoked 
to explain their differing behavior-- the presence of pores 
in samples A to D and the presence of a second phase in 
samples E to G. We have shown that diffusion around the 
pores will dominate over transport through the pores; 
therefore, the pores cannot explain the variable order for 
samples A to D. We have also shown that surface ex- 
change on the second phase is likely to be very rapid. 
This accounts for the lack of a variable order with 
samples E to G. 

The steady-state approach was used to investigate the 
mechanisms. On the assumption that the bulk process 
was of order 1/4 and the surface process of order 1/2, rate 
parameters for the bulk and surface processes were 
calculated. 
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A B S T R A C T  

The e lec t rochemica l  ox ida t ion  of  g lucose  to g luconic  acid and reduct ion  of  g lucose  to sorbitol  have  been  paired in 
an und iv ided  packed-bed  e lec t rode  flow reactor.  A Raney  Ni powder  e lectrocatalyst  significantly i m p r o v e d  the  current  
efficiency for sorbi tol  product ion ,  as compared  to a h igh  hyd rogen  overpotent ia l  Zn(Hg) cathode.  The  o p t i m u m  operat- 
ing condi t ions  for the  pai red  syntheses  are act ivi ty W-2 Raney  Ni powder  cathode,  graphi te  chip anode,  a 1.6M glucose  
and 0.4M CaBr=, initial solut ion composi t ion ,  p H  5-7, 60~ solut ion tempera ture ,  an appl ied  current  of 250-500 m A  per  10g 
of  nickel  p o w d e r  ca thode  and a solut ion vo lumet r i c  flow rate of  100 m l - m i n - ' .  U n d e r  these  condit ions,  the  sorbitol  cur- 
rent  efficiencies are 80-100%, the g luconic  acid efficiencies are 100%, and the  p roduc t  yields are very  high. 

The pai red  syntheses  of sorbitol  and g luconate  f rom 
glucose,  a b iomass -der ived  a ldehyde,  in und iv ided  flow 
reactors have  been  invest igated.  There  are a n u m b e r  of 
comprehens ive  articles on the  chemis t ry  of the  individual  
e lectrode react ions  (1-7). The separa te  oxida t ion  and re- 
duc t ion  react ions  of g lucose  have  been  and are commer -  
cial processes  (8-10). The commerc ia l  p roduc t ion  of sor- 
bitol  by e lec t rochemica l  r educ t ion  of  g lucose  on h igh  hy- 
drogen  overpoten t ia l  cathodes,  such  as Pb(Hg) or Zn(Hg) 

CHO CH2OH fo Ho--  2H2o Ho-- H 

H -- OH 2e- H--~ OH 

H ~ 0 CH2OH CH 20H 

CH2OH 

~-D Glucose ~-D Glucose Sorbitol 
(nonelect roreducible) (electroreducible) 

[1] 

has been  replaced  by a h igh  t empera tu re  and high pres- 
sure catalytic hydrogena t ion  process.  

At a graphi te  anode,  glucose can be  indirect ly  oxidized 
to g luconic  acid wi th  e lec t rogenera ted  HOBr.  As shown  
in Eq. [2]-[4], the  ox ida t ion  p roceeds  via  an e lec t roreduci-  
ble ~-gluconolactone in te rmedia te  

2 B r -  --+ 2e-  + Br2 (at anode) [2] 

Br2 + H20--* HOBr  + B r -  + H ~ [3] 

Br 2 

CHO 

1t0-- 

H --~ OH 

H- OH 

CH20H 

Glucose 

0 

C 

HO -- 

H 

CH20H 

~-Gluconolactone 

-OH- 

COOH 

H --~OH 

HO -~H 

H -J--OH 

H-J---OH 

CH20H 

Gluconic Acid 

+2H20 + 2e 

[4] 

Our initial investigation of the paired syntheses showed 
that at 25~ a 0.8M glucose-0.8M NaBr solution can be 
electrolyzed in an undivided flow reactor to produce 
both sorbitol and sodium gluconate (4). Optimum results 
for a flow-through packed-bed reactor were obtained 
with a Zn(Hg) shot cathode, a graphite chip anode, a con- 
stant cathode  potent ia l  of -2 .1V vs. SCE, a solut ion p H  of 
7, and an e lec t ro ly te  f low rate of  0.8 li ter/min. Al though  
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the  sorbitol  and g luconate  yields were  high, current  effi- 
ciencies for sorbi tol  and sod ium g lucona te  were  low. Cur- 
rent  losses at the  ca thode  were pr imar i ly  due  to H2 evolu- 
tion; subsequent ly ,  it was found that  some  of the  current  
loss at the ca thode  and all of the  cur ren t  loss at the anode  
were  due to a parasi t ic  8-gluconolactone/glucose redox  
couple  (cf. Eq. [4]). 

The  resul ts  p re sen ted  in this paper  are based on more  
recent  expe r imen t s  to (i) examine  the  use of CaBr~ in- 
stead of NaBr  as the  suppor t ing  e lect rolyte  because  sepa- 
rat ion of  the  ox ida t ion  p roduc t  would  be facili tated due  
to the low solubi l i ty  of  calcium gluconate ,  (ii) increase the  
g luconate  cur ren t  eff ic iency at p H  7 by min imiz ing  the  
t ranspor t  of 8-gluconolactone f rom the  anode  to the  cath- 
ode, and (iii) increase  the  sorbi tol  current  eff iciency by 
us ing low hydrogen  overpotent ia l  Raney  Ni in place of 
the high hydrogen  overpotent ia l  Zn(Hg) cathode.  

Experimental 
Pre l iminary  electrolysis  expe r imen t s  on each half  of the  

glucose  ox ida t ion- reduc t ion  "pair" were  carried out in a 
s tandard glass H-cell  conta in ing a m e d i u m  porosi ty glass 
frit. E lec t rode  potent ia ls  were  measu red  relat ive to a satu- 
rated calomel  electrode,  and mix ing  was provided  by 
magnet ic  st irr ing bars. 

The  paired syntheses  were  s tud ied  us ing  f low-through 
packed-bed  flow reactors.  One was m a d e  of  Plexiglas  
and is shown in Fig. 1. The reactor  d iamete r  was 3.2 cm; 
the anode and ca thode  packed  beds  were  both  1.2 cm 
long. The ca thode  consis ted  of reagent-grade  zinc shot  
(0.5 cm shot  d iam with  a surface area]volume ratio of  6.6 
cm2/cm 3) ama lgama ted  with Hg; the  anode  consis ted of 
cylindrical  graphi te  chips  (Poco Graphi te ,  Incorporated)  
wi th  an area]volume ratio of  8.5 cm2/cm 3. Ex te rna l  electri- 
cal contact  was m a d e  by a graphi te  rod in the anode  
c o m p a r t m e n t  and a zinc amalgam rod in the  cathode.  5 
m m  d iam glass beads  above and be low the  electrodes 
were  used  to ensure  a un i fo rm flow dis t r ibut ion  in the 
packed  beds.  The  anode and ca thode  were  separated 
f rom one another  by a per fora ted  po lypropy lene  disk 
sandwiched  be tween  two nylon  mesh  screens.  Reference  
e lect rode probes  were  inser ted be tween  the anode and 
the cathode.  

A second  packed-bed  parallel  current /e lec t ro lyte  flow 
reactor  (Fig. 2) was cons t ruc ted  to a c c o m m o d a t e  a Raney  
Ni powder  cathode.  The  cyl indrical  flow reactor  (6.7 cm 
diam) was m a d e  of  glass wi th  a fine poros i ty  glass frit 
separat ing a 2.5 cm thick graphi te  chip  anode  f rom a 3 
m m  th ick  Raney  Ni powder  cathode.  The electrolyte  
flow was in the  d o w n w a r d  di rec t ion  to press the nickel  
powder  against  the  glass frit. A spiral  w o u n d  nickel  sheet  
(3 m m  high) was e m b e d d e d  in the Raney  Ni and electrical  
contac t  to the  shee t  was made  by a n ickel -p la ted  alumi- 
n u m  rod. 

The  flow reactors  were  opera ted  in a batch recycle  
m o d e  by inser t ing  them into a c i rcula t ion  loop (Fig. 3) 
which  normal ly  consis ted  of  a pump,  f lowmeter ,  th ro t t le  

1850 



Vol. 132, No. 8 F L O W  R E A C T O R  S T U D I E S  1851 

GRAPHITE ROD I ' 
CONTACT '~ 

ELECTROLYTE OUT 

t t 

i 

POROUS GRAPNIT 
(;HIP ANODE 

POROUS Zn (1~) 
~ o ~ i S H O T  CATHODI~ 

t 
ELECTROLYTE IN 

II II 

n i GLASS BEADS 

I 

I 
i 

I I  

REFERENCE 

GLASS BEADS 

Fig. 1. The packed-bed, undivided flow reactor with a Zn(Hg) cath- 
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Fig. 2. The packed-bed flow reactor with a Raney Ni powder cathode 

valve,  hyd rocy lcone  gas disengager ,  and a ho ld ing  tank  
(500-1000 ml) i m m e r s e d  in a cons tant  t empera tu re  water  
bath. The ind iv idua l  e lements  of  the  react ion loop were  
connec ted  by s i l icone tubing.  

Constant  ca thode  potent ia l  e x p e r i m e n t s  were  per- 
fo rmed  wi th  e i ther  a Magna Research  Model  4700M or a 
Wenking  ST72 potent ios ta t .  A Sorensen  DCRS0-60B or a 
Hewle t t -Packard  Harr i son  61D/B dc power  supply  was 
used  in cons tan t -cur ren t  electrolyses.  Currents  were  mea- 
sured with a S i m p s o n  ul t rahigh sensi t ivi ty microam-  
meter ;  potent ia ls  were  measu red  wi th  a Kei th ley  610B 
Elec t romete r  and a Kei th ley  168 digital  mul t imeter ;  and 
the  total  charge passed dur ing an electrolysis  was mea- 
sured using a Model  541 Kos low Scientif ic  C o m p a n y  
coulometer .  

All chemica ls  were  of  analyt ic  reagent  grade, and the  
water  was de ion ized  and doubly  disti l led. The  zinc meta l  
shot  and flat shee t  zinc e lect rode (for H-cell  exper iments )  
were  ama lgama ted  us ing the  p rocedures  descr ibed  by 
Cre ighton  (11). 

The  act ive R a n e y  Ni ca thode  was p repa red  f rom Raney  
Ni alloy p o w d e r  (Alfa Products ,  50/50 Ni/Al content)  by 
adding  the  alloy p o w d e r  to a 17 we igh t  pe rcen t  NaOH so- 
lution. On addi t ion,  an exo the rmic  react ion occurred,  

FLOWMETER 

CE .L 

• H~OCYCLONE 

NT TEMPERATURE 
BATH 

Fig. 3. The batch recycle reaction loop for the paired syntheses of 
sorbitol and gluconic acid. 

with v igorous  hydrogen  evolution.  Af te r  the  evolut ion  of  
hydrogen  slowed, the  meta l  powder /caus t ic  suspension 
was heated  to 60~ for ca. lh.  The  solut ion was occasion- 
ally stirred, t hen  a l lowed to cool to r o o m  temperature .  
The alkal ine solut ion was then  decanted ,  and the  nickel  
powder  washed  several  t imes  wi th  dist i l led water  unti l  
the  r inse water  p H  was neutral.  Raney  Ni powder  catalyst  
obta ined in this way  has an act ivi ty comparab le  to that  of  
W-2 (12). Before  H-cell  and flow reactor  electrolysis,  ad- 
sorbed hydrogen  a toms formed on the  n ickel  p o w d e r  dur- 
ing the  act ivat ion process  were  r emoved  by immers ion  of 
the  catalyst  in a 1.0M glucose  solut ion for ca. 20h. 

Current  eff iciencies and produc t  yields were  ob ta ined  
by H P L C  analyses  of  g lucose  and the  react ion product .  
For  g lucose  and its reduc t ion  products ,  a Bio-Rad Labo- 
ratories HPX-87C cat ion exchange  resin c o l u m n  in its cal- 
c ium ion form was used  with  a refract ive  index  detector.  
A cat ion exchange  co lumn  in its hyd rogen  form (Bio-Rad 
Laborator ies  HPX-89H) wi th  a UV de tec tor  (216 n m  wave- 
length) was used  for oxidat ion  p roduc t  analyses. Prod-  
ucts  were  ident i f ied by compar ing  re ten t ion  t imes  wi th  
those  of  k n o w n  commerc ia l  samples.  Cal ibrat ion of peak 
areas wi th  s tandard  solut ions indica ted  that  sorbitol  con- 
centrat ions can be  de te rmined  wi th in  -5%,  whi le  g lucose  
and g luconate  concent ra t ions  are wi th in  -+ 10%. 

Results and Discussion 

The 8-gluconolactone/glucose parasitic redox couple.-- 
The e lec t ro-oxidat ion  of glucose to g luconic  acid pro- 
ceeds via  a g luconolac tone  in te rmedia te  (13), as shown in 
Eq. [4]. F e d o r o n k o  (1) has repor ted  tha t  lactones can be 
r educed  to the  cor respond ing  aldoses at a Hg  cathode.  
S ince  the  hydrolys is  of  8-gluconolactone is acid-base cata- 
lyzed (14), the  low gluconic  acid cur ren t  efficiencies and 
some  of  the  cur ren t  loss at the  cathode for the  p H  7 paired 
electrolysis  are a t t r ibuted  to 8-gluconolactone exi t ing the  
anode,  c i rculat ing th rough  the  externa l  react ion loop of  
the  expe r imen ta l  appara tus  and re-enter ing the cathode 
compar tment ,  where  it is r educed  to glucose;  hence,  there  
is no loss in p roduc t  yields based on g lucose  consumed.  

A series of  d iv ided  H-cell  ca thodic  polar izat ion experi-  
ments  were  p e r f o r m e d  to de t e rmine  the  electroreducibi l -  
i ty of  8-gluconolactone.  F igure  4 shows the  i-E curves  for 
the  reduc t ion  of a 0.15M 8-gluconolactone-0.8M NaBr  so- 
lu t ion at p H  4.5, 6, and 9 us ing  a Zn(Hg) cathode.  These  
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Fig. 4. The effect of pH on the electrochemical reduction of ~-glu- 
conolactone (divided H-cell; Zn(Hg) cathode; T = 26~ Open cir- 
cles: 0.8M NoBr, pH = 7. Filled circles: 0.8M NaBr and O.15M 6-glu- 
conolactone, pH = 9; Filled squares: 0.8M NoBr and 0.15M 
(3-gluconolactone, pH = 6; Open squeres: 0.8M NaBr and 0.ISM 8- 
gluconolactone, pH = 4.5. 

resu l t s  i nd i ca t e  tha t :  (i) at  t he  n o r m a l  ca thod ic  ope ra t ing  
po ten t i a l  in  t he  p a c k e d - b e d  flow reac to r  ( - 2 . 1 V  vs.  SCE), 
the  c u r r e n t  dens i t i e s  for l ac tone  r e d u c t i o n  (30 m A / c m  2 at 
p H  4.5 a n d  20 m A / c m  2 at  p H  6) are  c o n s i d e r a b l y  h i g h e r  
t h a n  the  c u r r e n t  dens i t i e s  for g lucose  r e d u c t i o n  (10 
mA/cm'-' a t  p H  6) a n d  H2 evo lu t ion  (ca. 2.5 m A / c m  2) a n d  (ii) 
at  p H  9, t h e r e  is no  m e a s u r a b l e  r e d u c t i o n  c u r r e n t  for t h e  
lac tone ,  p r e s u m a b l y  b e c a u s e  at  th i s  p H  t he  hydro lys i s  to  
g lucon ic  acid is fas t  and  g luconic  ac id  is none lec t ro re -  
duc ib l e  [as e s t a b l i s h e d  p rev ious ly  (4)]. 

The  ra te  of  8 -g lucono lac tone  hyd ro lys i s  to g lucon ic  acid 
can  be  i n c r e a s e d  by  inc reas ing  t h e  so lu t ion  t empe ra -  
ture.  At  25~ a n d  p H  7, ca. 3.5h are  r e q u i r e d  to fully hy-  
drolyze  t he  lac tone .  To d e t e r m i n e  t he  ra te  of hydro lys i s  at  
e l eva ted  so lu t ion  t e m p e r a t u r e s  a ser ies  of H-cell exper i -  
m e n t s  were  p e r f o r m e d  in  w h i c h  a 0.15M ~-g luconolac tone  
and  0.8M N a B r  so lu t ion  (pH 6.7 -+ 0.4) was  m a i n t a i n e d  at  
e i the r  45 ~ or 55~ for  ca. 30 min .  T he  Zn(Hg)  c a t h o d e  was  
per iod ica l ly  po la r ized  to - 2 . 1 V  vs.  SC E  a n d  t h e  cu r r en t  
m e a s u r e d ;  t h e s e  c u r r e n t  dens i ty  va lues  are p lo t t ed  vs.  t h e  
hydro lys i s  t i m e  (at 55~ in Fig. 5. Af te r  8-10 rain,  the  cur-  
r e n t  dens i ty  d e c r e a s e d  f r o m  a n  in i t ia l  v a l u e  of  55 m A ] c m  2 
to the  n o r m a l  b a c k g r o u n d  (H2 evo lu t ion)  c u r r e n t  dens i ty  
of  ca. 2.5 m A / c m  ~. T he  d e c r e a s i n g  c u r r e n t s  c o r r e s p o n d  to 
the  d e c r e a s i n g  c o n c e n t r a t i o n  of lac tone .  At  45~ 20 ra in  
were  r e q u i r e d  to c o n v e r t  the  l ac tone  to g lucon ic  acid. 
Thus ,  t he  pa ras i t i c  l ac tone /g lucose  r e d o x  coup le  can  b e  
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Fig. 5. The current density-time decay curve for the hydrolysis of 
6-gluconolactone at 5S~ (divided H-cell; Zn(Hg) cathode; pH = 6.7). 

Table I. The effect of solution temperature and residence time 
in holding tank on current efficiencies 

Undivided packed-bed flow reactor. Anode: graphite chips. Cath- 
ode: Zn(Hg) shot. Initial electrolyte composition: 0.8M glucose and 
0.8M NaBr. pH = 6.8 -+ 0.3. 

Temper- Residence Charge Glucose Current efficiency 
ature time passed conversion Gluconic Sorbitol 
(~ (s) (F/tool) (%) acid % (%) 

58 600 0.084 9 100 58 
58 600 0.202 16 100 48 
58 600 0.290 26 99 47 
58 600 0.309 26 99 44 

25 10 0.061 - -  100 40 
25 10 0.115 6 82 32 
25 10 0.179 6 70 25 
25 10 0.257 9 71 26 

e l i m i n a t e d  by  p e r f o r m i n g  t he  pa i red  s y n t h e s e s  at  eleva- 
t ed  t e m p e r a t u r e s .  

To e n s u r e  t he  a b s e n c e  of 6 -g lucono lac tone  in the  cath-  
ode  c o m p a r t m e n t  of  t he  p a c k e d  b e d  flow reactor ,  t he  
e lec t ro ly te  ex i t ing  t he  a n o d e  was k e p t  in  a c o n s t a n t  t em-  
p e r a t u r e  (ca. 58~ h o l d i n g  t a n k  for  a p p r o x i m a t e l y  10 min.  
The  size of t he  h o l d i n g  t a n k  was d i c t a t ed  b y  t he  v o l u m e  
(1.5 liter) a n d  v o l u m e t r i c  flow ra te  (0.15 l i ter /min)  of elec- 
t ro ly te  in  t he  c i r cu la t ion  loop. The  p a c k e d  b e d  flow reac- 
to r  ope ra t ed  at  a t e m p e r a t u r e  of 58~ wi th  t he  so lu t ion  
r e s idence  t i m e  of 10 m i n  outs ide  t he  reactor .  The  ini t ia l  
e lec t ro ly te  c o m p o s i t i o n  was  0.8M g lucose  a n d  0.8M NaBr .  
The  so lu t ion  p H  was  c o n t i n u o u s l y  m o n i t o r e d  a n d  main -  
t a ined  at 6.8 -+ 0.3 by  add i t i on  of  NaHCO3 d u r i n g  c o n s t a n t  
c a t h o d e  po t en t i a l  ( - 2 . 1 V  vs.  SCE) electrolysis .  

Typica l  resu l t s  of so rb i to l  a n d  g lucon ic  acid cu r r en t  
eff iciencies are  g iven  in Table  I. Fo r  c o m p a r i s o n  pur -  
poses,  c u r r e n t  eff ic iencies  of  a 25~ 10s r e s i d e n c e  t i m e  
e x p e r i m e n t  ( the h o l d i n g  t a n k  a n d  t e m p e r a t u r e  b a t h  we re  
r e m o v e d  f rom the  recycle  loop) are also s h o w n  in Table  I. 
The  m a g n i t u d e s  of  the  inc rease  in t he  sorb i to l  a n d  glu- 
conic  acid c u r r e n t  eff iciencies for t he  e leva ted  t empe ra -  
tu re  e lectrolysis  ind ica te  t h a t  t he  paras i t ic  8-glu- 
cono lac tone /g lucose  r e d o x  coup le  h a d  b e e n  e l imina ted .  
Sorb i to l  a n d  g lucon ic  acid p r o d u c t  y ie lds  were  ve ry  high.  
Ca thod ic  c u r r e n t  losses  are a sc r ibed  to h y d r o g e n  
evolut ion .  

CaBr.2 s u p p o r t i n g  e l ec t ro l y t e . - - In  orde r  to eva lua te  
CaBr~ as a s u p p o r t i n g  e lec t ro ly te  at  p H  7 a n d  55~ a 
ser ies  of  i-E p o t e n t i o s t a t i c  po la r i za t ion  m e a s u r e m e n t s  a n d  
c o n s t a n t  po t en t i a l  r e d u c t i o n  e x p e r i m e n t s  we re  p e r f o r m e d  
in a d iv ided  H-cell  u s i n g  a Zn(Hg)  ca thode .  The  H-cell  
was  i m m e r s e d  in  a 55~ c o n s t a n t  t e m p e r a t u r e  w a t e r  ba th ,  
and  the  ca tho ly te  p H  was  m a i n t a i n e d  at  7.2 -+ 0.5 b y  addi-  
t i on  of HBr.  The  i-E cu rves  as wel l  as ca thod ic  polariza- 
t ion  da ta  for N a B r  s u p p o r t i n g  e lec t ro ly te  are s h o w n  in 
Fig. 6. 

The  in i t ia l  i-E po la r i za t ion  e x p e r i m e n t s  c o m p a r e  t he  
ra te  of h y d r o g e n  evo lu t i on  in N a B r  a n d  CaBr~ solu t ions .  
Curves  A a n d  B in Fig. 6 s h o w  a d e c r e a s e  of ca.  80 m V  in 
the  h y d r o g e n  o v e r p o t e n t i a l  for 0.4M CaBr~ as c o m p a r e d  to 
0.8M NaBr .  U p o n  add i t i on  of g lucose  to the  0.4M CaBr~ 
solut ion,  a la rge  inc rease  in c u r r e n t  was  o b s e r v e d  (curve  
C). The  a p p a r e n t  c u r r e n t  eff ic iencies  for  g lucose  reduc-  
t ion,  b a s e d  on  cu rves  B a n d  C, was  96% at  - 1.7V vs.  SCE. 
However ,  t he  so rb i to l  c u r r e n t  efficier~cy at  0.2 F/ tool  was  
only  32% for a c o n s t a n t  po ten t i a l  e lec t ro lys is  p e r f o r m e d  
at - 1.7V vs.  SCE (55~ p H  7, in i t ia l  g lucose  c o n c e n t r a t i o n  
of 0.SM). The  ca lcu la t ion  of  t he  96% c u r r e n t  eff ic iency 
d id  no t  t ake  in to  a c c o u n t  the  i nc r ea se  in  h y d r o g e n  evolu- 
t ion  due  to t he  p r e s e n c e  of  b o t h  g lucose  a n d  sorbi tol .  Pre-  
v ious  H-cell e x p e r i m e n t s  h a d  s h o w n  t h a t  g lucose  caused  
an  anod ic  sh i f t  in  t he  po ten t i a l  for t he  v i sua l  onse t  of H2 
evo lu t ion  of Zn(Hg)  (4); sorbi tol ,  w h i c h  is no t  electro- 
r e d u c i b l e  (4), a lso inc reases  t h e  ra te  of H2 e v o l u t i o n  (curve  
D, Fig. 6). 

CaBr~ was  also e x a m i n e d  as a s u p p o r t i n g  e lec t ro ly te  in  
the  u n d i v i d e d  p a c k e d  b e d  flow reac to r  (cf. Fig. 1) w i th  a 



Vol. t32, No. 8 FLOW R E A C T O R  S T U D I E S  1853 

A 
nJ 

5 
~[ I0 
E 

Z 

I -  

~ 5 

o 

15 

( 

D) 

O , , i I i , , i i | , 
-I.O -I 5 - 2 . 0  

CATHOOE P O T E N T I A L  (V vs.  SCE) 

Fig. 6. The effect of catholyte composition on hydrogen evolution 
and glucose reduction (divided H-cell, Zn(Hg) cathode; pH = 7; T = 
55~ A: 0.8M NaBr. B: 0.4M CaBr2. C: 0.4M CaBr2 and 0.8M glu- 
cose. D: 0.4M CaBr~ and 0.5M sorbitol. 

Zn(Hg) shot cathode and graphite chip anode. The initial 
electrolyte composit ion was 0.8M glucose and 0.4M CaBr~, 
the electrolyte temperature was 55~ and the solution pH 
(~7) was maintained constant by periodically adding 
Ca(OH)~. The volumetric flow rate (0.2 liter/min) and elec- 
trolyte volume in the batch recycle reaction loop (600 ml) 
were chosen to ensure a 3 rain residence time in the hold- 
ing tank (it was determined in separate H-cell experi- 
ments that only 3 rain were required to hydrolyze 
a-gluconolactone at 55~ when CaBr2 is the supporting 
electrolyte). 

The results of three constant cathode potential elec- 
trolyses are shown in Table II. High gluconic acid current 
efficiencies at both -1.70 and -1.95V vs. SCE indicate 
that the lactone oxidation intermediate is completely hy- 
drolyzed in the holding tank. The low sorbitol current 
efficiencies (compared with the 40-60% efficiencies with 
NaBr) were not unexpected because of the results ob- 
tained in the H-cell experiments. The results of the H-cell 
and flow reactor experiments show that, while the use of 
CaBr2 may simplify and reduce the cost of the separation 
scheme, there are significant losses in the energy 
efficiency of the paired syntheses with the Zn(Hg) 
cathode. 

The e l ec t rohydrogena t ion  o f  glucose on R a n e y  n i cke l . - -  
Sorbitol is currently manufactured by hydrogenation of 
glucose on Raney Ni and Raney Ni-Mo alloy catalysts at 
elevated temperatures and pressures (15). Previous work 

has shown that low hydrogen overpotential e]ectrocata- 
lysts, such as Raney Ni, and platinum and rhodium 
black, can effectively hydrogenate organic compounds 
(16-21). For example, Miller and Christensen (20) obtained 
high product  yields and current efficiencies for electro- 
hydrogenation of phenol to cyclohexanol on rhodium 
black cathodes in H~SO4; Kirilyus et al. (19) report that 
Raney Ni is highly active and selective for electrohydro- 
genation of pyridine to piperidine in alkaline solution, 
while Be]enkaya and Belozersky (16) obtained relatively 
high current efficiencies for electrohydrogenation of glu- 
cose on a Ni-A1 alloy cathode. These results indicate that 
Raney Ni may be an effective electrocatalyst for the hy- 
drogenation of glucose. [Note: according to Chiba et al. 
(21), electrohydrogenation of aliphatic aldehydes would 
not be expected; however, no data were provided to sup* 
port this opinion.] Therefore, in order to improve the 
sorbitol current efficiencies with CaBr~ as supporting 
electrolyte, the use of a Raney Ni powder cathode was in- 
vestigated. 

H-cell experiments were performed with the anode and 
cathode compartments each charged with 50 ml of a 0.4M 
CaBr2 solution; the anode was a graphite rod and the 
cathode consisted of a nickel plate current collector (3.5 
cm diam) covered with 2g of activity W-2 Raney Ni pow- 
der. The electrolyte temperature and bulk catholyte pH 
were maintained constant at 60~ and ca. 7.0 (by addition 
of HBr), respectively. 

At first, a constant current of i00 mA was applied for 
95 rain and then stepped up to 200 mA for 29 rain before 
the current was terminated. While the Raney Ni cathode 
was set at open circuit, glucose powder (14.4g) was added 
to the catholyte to make a 1.6M solution. After 3h of con- 
tinuous stirring of the solution, HPLC analysis indicated 
the formation of 0.0019 mol sorbitol; this amount required 
0.0038 g-atom of adsorbed hydrogen atoms. The latter 
value provides the basis for the estimate of 56.4 m2/g for 
the Raney Ni surface. 

Next, a series of experiments was performed in which 
glucose was present in solution during current passage; 
the anode and cathode compartments of the H-cell were 
initially charged with 50 m] of a 1.6M glucose-0.4M CaBr~ 
solution. The results are given in Table III. The sorbitol 
current efficiencies are significantly higher than those 
obtained for glucose reduction on Zn(Hg) cathodes [Table 
II and Ref. (4)]. For the 200 mA experiments  (Table III), 
the potential of the Raney Ni bed was -1.10V vs. SCE, 
which is a considerably lower overpotential than that 
found for high hydrogen overpotential cathodes, such as 
Pb, Zn, and Zn(Hg) (-1.7 to -2.2V vs. SCE), as shown in 
Fig. 6 and Ref. (4). The open-circuit experiment  and the 
lower reduction potentials indicate an electrohydrogena- 
tion mechanism for glucose reduction on Raney Ni in 
which glucose reacts with adsorbed hydrogen atoms to 
form sorbitol. 

Current losses for glucose reduction on Raney Ni at 0.2 
F/tool are primarily due to the formation of 2-deoxysorbi- 
tol with some current (5-10%) consumed by hydrogen evo- 
lution. The selectivities in Table III are the relative 
amounts of product and by-product(s) detected in the 

Table II. Performance of glucose paired reactions in CaBr2 solutions 

Undivided packed-bed flow reactor. Anode: graphite chips. Cathode: Zn(Hg) shot. Initial electrolyte composition: 0.8M glucose and 0.4M 
CaBr2. Temperature: 55~ Flow rate: 200 ml/min. 

Cathode Cell Charge Glucose Current efficiency 
Experiment potential potential passed conversion Gluconic Sorbitol 

no. (V vs. SCE) (V) pH (F/mol) (%) acid % (%) 

1 -1.95 3.5 6.8 • 0.3 0.076 --  95 --  
0.15 10 100 7 
0.22 17 100 9 
0.30 18 91 9 

2 -1.70 3.0 7.0 • 0.5 0.1 7 96 22 
0.2 11 89 20 
0.3 21 100 16 

3 -1.70 3.0 7.0 • 0.5 0.3 - -  100 20 
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Table I~1. Electrohydrogenation of glucose on Raney Ni (2g) 

Divided H-cell. Initial catholyte: 50 ml of 1.6M glucose and 0.4M 
CaBr2. T = 60~ pH = 7.0 -+ 0.5. 

Experiment no. 
1 2 3 4 a 

Applied current (mA) 200 300 200 200 
Charge passed (F/mol) 0.2, 0.4 0.2 0.2 0.2 
Selectivity (%) 

Fructose 24, 29 14 29 39 
2-deoxysorbitol 9, 13 8 12 - -  
Sorbitol 67, 58 78 59 61 

Sorbitol current 
efficiency (%) 83, 61 76 70 60 

Supporting electrolyte: saturated NaHCO3 solution, pH = 8.5. 

e lec t rolyt ic  so lu t ion  af ter  t he  passage  of e i the r  0.2 or 0.4 
F/ tool  of glucose.  F r u c t o s e  is f o r m e d  d u r i n g  an  electroly- 
sis by  the  base -ca t a lyzed  i somer i za t i on  of glucose.  2-de- 
oxysorb i to l  is f o r m e d  by  t he  s u b s e q u e n t  r e d u c t i o n  of 
f ruc tose  on  R a n e y  Ni. The  p H  e x c u r s i o n s  and  f ruc tose  
f o r m a t i o n  can  be  m i n i m i z e d  b y  p e r f o r m i n g  the  r e d u c t i o n  
in a flow reac tor ,  w h e r e  t he  r e s i d e n c e  t i m e  in the  n icke l  
p o w d e r  b e d  is shor t .  

A ser ies  of  c o n s t a n t  c u r r e n t  g lucose  pa i red  s y n t h e s e s  
e x p e r i m e n t s  we re  p e r f o r m e d  us ing  a R a n e y  Ni p o w d e r  
c a t h o d e  (10g), a g r aph i t e  chip  anode ,  a n d  t he  flow- 
t h r o u g h  p a c k e d - b e d  reac to r  s h o w n  in Fig. 2. In  all elec- 
t rolyses ,  t he  in i t ia l  g lucose  c o n c e n t r a t i o n  was  1.6M, t he  
s u p p o r t i n g  e lec t ro ly te  was  0.4M CaBr2, a n d  t he  e lec t ro ly te  
t e m p e r a t u r e  was  m a i n t a i n e d  c o n s t a n t  at  ca. 60~ The  so- 
l u t i on  p H  was  m a i n t a i n e d  b e t w e e n  5 a n d  7 d u r i n g  an  elec- 
t rolysis  by  a d d i t i o n  of Ca(OH)2. T he  e lec t ro ly te  v o l u m e  in  
t he  b a t c h  recyc le  r eac t ion  loop a n d  t h e  flow ra te  we re  
c h o s e n  to e n s u r e  a n  a d e q u a t e  so lu t ion  r e s i d e n c e  t i m e  out- 
s ide t he  e l e c t r o c h e m i c a l  flow reac to r  for  comple t e  hy-  
dro lys is  of  8 -g lucono lac tone  to g lucon i c  acid. F r e s h  
R a n e y  Ni was  u s e d  in  each  flow reac to r  e x p e r i m e n t .  Dur-  
ing an  electrolysis ,  so lu t ion  s am p l e s  we re  per iod ica l ly  re- 
m o v e d  a n d  ana lyzed  for glucose,  sorbi tol ,  g luconic  acid, 
and  b y - p r o d u c t s  b y  HPLC.  

The  re su l t s  of t he  pa i r ed  s y n t h e s e s  e x p e r i m e n t s  are 
p r e s e n t e d  in  Tab le  IV. F ine ly  d iv ided  R a n e y  Ni p o w d e r  
was  u s e d  as t he  c a t h o d e  ma te r i a l  in  e x p e r i m e n t s  1-7. In  
e x p e r i m e n t s  8 a n d  9, t he  c a t h o d e  was  a n  indus t r i a l  g r ade  
g r a n u l a r  R a n e y  Ni ca ta lys t  (k ind ly  p r o v i d e d  by  S. R. 
M o n t g o m e r y  of  t he  D av i s on  C h e m i c a l  Divis ion,  W. R. 
Grace  a n d  Company) .  L i n e a r  ve loci t ies  t h r o u g h  t he  
R a n e y  Ni bed ,  w h i c h  are also g iven  in Tab le  IV, we re  de- 
t e r m i n e d  f r o m  t h e  c a t h o d e  r eac to r  d i a m e t e r  (6.7 cm) a n d  
the  po ros i ty  of  t he  R a n e y  Ni p o w d e r  (0.74). 

The  g lucon ic  ac id  c u r r e n t  eff ic iencies  f rom t he  pa i red  
s y n t h e s e s  e x p e r i m e n t s  are ca. 100% w h e n  the  e lec t ro ly te  
flow ra te  was  m a i n t a i n e d  at or a b o v e  35 ml /min .  In  ex- 
p e r i m e n t s  1 a n d  2, the  h i g h  cu r r en t s  a n d  low flow ra tes  

led  to anod ic  c u r r e n t  losses  by  back -d i f fu s ion  a n d  subse-  
q u e n t  r e d u c t i o n  of e l e c t r o g e n e r a t e d  H O B r  or ox ida t ion  of  
H O B r  to HBrO3 ( b r o m a t e  does  no t  oxid ize  glucose,  bu t ,  
r a t h e r  i t  c i rcu la tes  t h r o u g h  t he  recyc le  loop a n d  is re- 
d u c e d  to B r -  at  t he  ca thode) .  P r o d u c t  yields  for g luconic  
acid were  v e r y  h igh .  

The  so rb i to l  c u r r e n t  eff iciencies in  Tab le  i V  are signi- 
f icant ly  h i g h e r  t h a n  t h o s e  o b t a i n e d  w h e n  g lucose  is re- 
d u c e d  on  Zn(Hg)  in  a pa i red  r eac t ion  u s i n g  e i the r  CaBr2 
(20%; cf. Tab le  II) or N a B r  (40-60%, cf. Fig. 3) as sup-  
po r t i ng  e lect rolyte .  The  sorb i to l  y ie lds  in  alI R a n e y  Ni 
pa i red  s y n t h e s e s  e x p e r i m e n t s  we re  ve ry  high.  Ca thod ic  
c u r r e n t  losses  in  e x p e r i m e n t s  for  e lec t ro ly te  flow ra tes  >_- 
100 m l - m i n - '  are  a sc r ibed  to h y d r o g e n  evolu t ion .  Cath-  
odic  c u r r e n t  losses  in  ~< 35 m l - m i n - '  flow ra te  experi-  
m e n t s  were  due  to h y d r o g e n  evo lu t ion  a n d  e i the r  t he  re- 
d u c t i o n  of anod ica l l y  g e n e r a t e d  Br2, w h i c h  back-d i f fused  
in to  t h e  c a t h o d e  c o m p a r t m e n t  or t h e  r e d u c t i o n  of  BrO3-.  
The  re su l t s  in  T a b l e  IV sugges t  t h a t  100% r e d u c t i o n  a n d  
ox ida t ion  c u r r e n t  eff iciencies m a y  be  o b t a i n e d  at  app l ied  
c u r r e n t s  h i g h e r  t h a n  250 m A  per  10g of R a n e y  Ni b y  in- 
c reas ing  e lec t ro ly te  flow ra te  and /or  g lucose  concen t ra -  
t ion.  The  overa l l  cell  po ten t i a l  in  e x p e r i m e n t  4 (250 mA, 
100 mYmin)  was 2.2V, w h i c h  is 0.8-1.3V less t h a n  those  
g iven  in Tab le  II  for  the  pa i red  s y n t h e s e s  w i th  a Zn(Hg) 
cathode.  The  lower  cell po ten t i a l  is a t t r i b u t e d  to t he  lower  
ope ra t ing  c a t h o d e  po ten t i a l  of R a n e y  Ni, as obse rved  in  
d iv ided  H-cell e x p e r i m e n t s  a n d  d i s c u s s e d  above.  

High  so rb i to l  a n d  g lucon ic  acid c u r r e n t  eff iciencies 
were  also o b t a i n e d  w h e n  g r a n u l a r  R a n e y  Ni par t ic les  
were  u sed  as the  c a t h o d e  mater ia l .  The  p r e s su re  drop  
t h r o u g h  s u c h  a c a t h o d e  b e d  is less t h a n  t h a t  for R a n e y  Ni 
p o w d e r  s ince  t he  glass frit, w h i c h  is u s e d  to t r ap  t he  
n icke l  powder ,  is no t  r e q u i r e d  for  t he  g r anu l a r  catalyst.  

Conclusions 
The  o x i d a t i o n  a n d  r e d u c t i o n  of g lucose  h a v e  b e e n  suc- 

cessful ly  pa i red  in  u n d i v i d e d  f l ow- th rough  e l ec t rochemi -  
cal r eac to rs  w i t h  a g r aph i t e  chip  a n o d e  and  e i the r  a 
Zn(Hg)  sho t  or R a n e y  Ni p o w d e r  (act ivi ty  W-2) ca thode .  
H ighe r  r e d u c t i o n  c u r r e n t  eff ic iencies  a n d  lower  opera t -  
ing  po ten t i a l s  h a v e  b e e n  o b t a i n e d  w i t h  t he  R a n e y  Ni cath-  
ode. 100% c u r r e n t  eff iciencies a n d  ve ry  h i g h  p r o d u c t  
yields  at  0.2 F /mol  for sorb i to l  ( reduc t ion)  and  g lucona t e  
(oxidat ion)  we re  o b t a i n e d  wi th  a R a n e y  Ni c a thode  flow 
reac to r  u n d e r  t he  fo l lowing  o p e r a t i n g  condi t ions :  1.6M 
glucose-0.4M CaBr2 ini t ia l  e l ec t ro ly te  compos i t i on ;  solu- 
t ion  p H  b e t w e e n  5 a n d  7; 60~ so lu t i on  t e m p e r a t u r e ;  a 
c o n s t a n t  app l i ed  c u r r e n t  of 250 mA/10g of  R a n e y  Ni pow- 
der;  a n d  a so lu t i on  flow ra te  of  100 m l - m i n - '  (0.064 cm/s  
l inear  velocity).  C u r r e n t  eff ic iencies  for so rb i to l  forma-  
t ion  in u n d i v i d e d  flow reac tor  e x p e r i m e n t s  wi th  a 
Zn(Hg)  sho t  c a t h o d e  we re  on ly  9-20% at  0.2 F/mol.  

W h e n  t he  flow reac to r  (Zn(Hg) or R a n e y  Ni ca thode)  
was  o p e r a t e d  in  a b a t c h  recyc le  mode ,  c u r r e n t  losses  f rom 
a 8 -g lucono lac tone /g lucose  paras i t ic  r e d o x  couple  were  
e l i m i n a t e d  w h e n  t h e  so lu t ion  was  k e p t  in  a h o l d i n g  t a n k  

Table IV. Performance of glucose paired reactions with a Raney Ni cathode 

Undivided packed-bed flow reactor. Anode: graphite chips. Cathode: 10g Raney Ni powder. Initial electrolyte composition: 1.6M glucose 
and 0.4M CaBr~. Temperature = 60~ pH = 5-7. 

Flow Linear Charge Glucose Current efficiencies 
Experiment I rate velocity passed conversion Reduction Oxidation 

no. (mA) (mYmin) (cm]s) (F/tool) (%) (%) (%) 

1 1000 29 0.019 0.2 17 88 85 
2 500 20 0.013 0.2 15 64 86 
3 250 35 0.023 0.2 17 73 98 
4 250 100 0.064 0.2 22 100 100 
5 250 100 0.064 0.2 20 100 100 
6 500 100 0.064 0.3 28 79 96 
7 750 100 0.064 0.3 28 75 100 
8 a 100 125 0.079 0.15 14 85 I00 
9 b 100 125 0.079 0.1 12 100 79 

a Cathode: 20g of granular Raney Ni (particle diameter = 3 ram). 
Cathode: 50g of granular Raney Ni (particle diameter = 5 mm). 
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for ca. 10 min (NaBr supporting electrolyte at 58~ or 3 
min (CaBr~ at 60~ 

Lower cathode potentials for glucose reduction on 
Raney Ni as compared to Zn(Hg) were observed in both 
divided H-cell and flow reactor experiments.  In a divided 
H-cell, sorbitol was produced on a Raney Ni cathode at 
-1.1V vs. SCE (200 mA applied current), whereas the re- 
duction potential for glucose on Zn(Hg) was between -1.7 
and -2.2V vs. SCE. In the flow reactor experiments, the 
overall cell potential was reduced from 3.0-3.5V to 2.2V 
when the Zn(Hg) cathode was replaced with Raney Ni 
powder. 
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Anodic Oxidation Mechanism of Hypochlorite Ion on Platinum 
Electrode in Alkaline Solution 
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Kyoto 602, Japan 

ABSTRACT 

The anodic oxidation of hypochlorite ion (C10-) or chlorite ion (C102-) on platinum (Pt) electrode was carried out at 
30~ in 1.0M NaOH solution. A plateau was observed on the anodic polarization curve of C10- in the potential range of 
0.90-1.20V and, in the case of C102-, a plateau was observed in the potential range of 1.10-1.50V. When alkaline solutions 
with various concentration ratios of NaC102 to NaC10 were electrolyzed at 1.20V over 50h, the Raman intensity ratio of 
C102- to C10- in the anolyte was found to be constant at a value of ca. 0.12 in every case. From the calibration curves ob- 
tained in C102--C10- system, the concentration ratio of C10~- to C10- was estimated to be ca. 0.08, which is in good 
agreement with the theoretical value according to a first-order consecutive reaction. Based on these results, it is sug- 
gested that the mechanism of the anodic oxidation of C10- is C10- --+ C10~- --) C10:~-. 

The reactions involved in the synthesis of. C10~- were 
studied by various workers (1-4). Above all, the mecha- 
nism which was formulated by Foerster and Mfiller at the 
beginning of this century was fundamental  (1). It is as fol- 
lows 

2C1- ---> Cl~(aq.) + 2e- [1] 

C12(aq.) + H20 ~ HC10 + H + + C1- [2] 

HC10 m H + + C10- [3] 

2HC10 + C10- ---> C103- + 2C1- + 2H + [4] 

6C10- + 3H~O ---> 2C103- + 4C1- + 6H + + 3/2 02 + 6e- 
[5] 

This mechanism well explains the total reaction in the 
electrolysis of C103-. However, it does not pay attention 
to the elementary process. Especially, the question re- 
mains that C102- is neglected, since C102- was produced 

industrially as a bleaching agent and the binding energy 
of C1-O bond in C10.2- is larger than that in C10-. 

In order to detect the species which would exist in the 
process of the formation of C103-, laser Raman spectros- 
copy was used. The quantitative analysis of C10--C10.~-- 
C103- system in an alkaline solution was carried out, since 
C10- and C102- are stable in an alkaline solution (5). In 
this condition, the reaction of Eq. [4] does not proceed, so 
only the reaction of Eq. [5] can be investigated. The kinet- 
ics of anodic oxidation of C10- on Pt electrode in 1.0M 
NaOH was investigated using calibration line obtained by 
laser Raman spectroscopy. 

Experimental 
Mixed solutions of C10--C103- and C102--C10~- were 

prepared in various concentration ratios by dissolving so- 
dium hypochlorite (NaC10), sodium chlorite (NaC102), or 
sodium chlorate (NaC103) in 1.0M NaOH. All chemicals 
used were reagent grade and from Nakarai Chemicals 
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Limi t ed .  R a m a n  spec t r a  of t h e s e  so lu t ions  were  t a k e n  to 
d e t e r m i n e  t he  r e l a t i ons h i p  b e t w e e n  R a m a n  in t ens i ty  ra- 
t ios  of  C 1 0 -  to C103- or C102- to C103- a n d  c o n c e n t r a t i o n  
ra t ios  of those.  C o n c e n t r a t i o n  of C 1 0 -  was  d e t e r m i n e d  by  
iodomet ry .  A ca l i b r a t i on  cu rve  of C102- -C10-  s y s t e m  was  
o b t a i n e d  by  ca lcu la t ing  f rom those  of  C10--C103-  a n d  
C10~--C103- sys tems .  R a m a n  spec t r a  we re  t a k e n  on  a 488 
n m  Ar- ion  lase r  in  a J E O L  L i m i t e d  Mode l  JLG-A-04 spec- 
t r o p h o t o m e t e r .  S a m p l e  cells  we re  a b o u t  2 e m  ~ of  P y r e x  
tub ing .  Sl i t  w i d t h s  for  all spec t ra  we re  14 c m  -1 at  488 nm,  
a n d  laser  o u t p u t  p o w e r  was 70-100 mW. 

The  e l e c t r o c h e m i c a l  cell m a d e  by  P y r e x  glass  has  a dia- 
p h r a g m  of p o r o u s  glass  frits. S m o o t h  P t  p la te  w i th  a sur- 
face area of  2 or 12 c m  2 was  u sed  as  an  anode ,  a n d  P t  p la te  
w i th  large  su r face  area as t he  ca thode .  Befo re  electrolysis ,  
t he  w o r k i n g  e l ec t rode  was c l eaned  in n i t r ic  acid,  w a s h e d  
w i th  dis t i l led  water ,  and  p ree lec t ro lyzed  anod ica l ly  at  10 
m A - c m  -2 in  1.0M N a O H  a n d  ca thod ica l l y  at  100 m A - c m  -2 
in  a n o t h e r  so lu t ion  of  1.0M NaOH for 30 rain.  All po ten-  
t ials were  m e a s u r e d  aga ins t  a m e r c u r y  (II) ox ide  e l ec t rode  
(Hg/HgO, 1.0M NaOH) at 30 ~ -- 0.5~ 

The  e lec t r ica l  c i rcui t  of  t h e  e l e c t r o c h e m i c a l  cell is 
s h o w n  in Fig. 1. With  th i s  circuit ,  t h e  s t a t iona ry  anod ic  
po la r iza t ion  cu rves  of  C 1 0 -  a n d  C10~- in 1.0M N a O H  were  
ob ta ined .  The  e lec t ro ly t ic  so lu t ions  we re  p r e p a r e d  f rom 
NaC10, NaC102, a n d  1.0M NaOH so lu t ion  w h i c h  was  pre- 
v ious ly  d e a e r a t e d  w i th  n i t rogen .  So lu t ions  of  C102--C10-  
s y s t e m  at  va r ious  c o n c e n t r a t i o n  ra t ios  were  e lec t ro lyzed  
at  a c o n s t a n t  potent ia l ,  a n d  t h e  va r i a t i on  of c o n c e n t r a t i o n  
rat io  of Cmo.,- to Cc~o- w i th  t ime  was  m e a s u r e d  by  t a k i n g  
t he  R a m a n  s p e c t r u m  of  ano ly te  s a m p l e s  at  d i f fe ren t  
t imes.  

P o t e n t i o s t a t i c  e x p e r i m e n t s  we re  p e r f o r m e d  wi th  a 
H o k u t o  D e n k o  L i m i t e d  Mode l  HA-201 po t en t i o s t a t  a n d  a 
Toa D e n p a  Kogyo  L i m i t e d  Model  CDR-11 recorder .  

Results and Discussion 
Laser Roman spectra of ClO-, CIO.~-, and ClO~-.--The 

R a m a n  s p e c t r u m  of  a so lu t ion  of  c o m m e r c i a l  NaC10 (Fig. 
2a) s h o w s  s ix  b a n d s  at  479, 613, 713, 786, 932, a n d  1063 
c m  -1. The  b a n d  at  713 c m - '  was  a s s i g n e d  to t he  C1-O 
s t r e t c h i n g  v i b r a t i o n  of C10-  (6). In  o rde r  to a s s ign  t he  
o the r  five b a n d s ,  t he  R a m a n  spec t r a  of  so lu t ions  con- 
t a i n ing  1.0M NaC102 + 1.0M NaOH a n d  1.0M NaC103 + 
1.0M NaOH were  obse rved .  Two b a n d s  were  o b s e r v e d  in  
NaC10~ so lu t ions  (see Fig. 2b) at  402 a n d  786 c m - ' .  The  
b a n d  at  402 c m  -I was  a s s i g n e d  to t he  O-C1-O s y m m e t r i c  
d e f o r m a t i o n  v ib ra t ion ,  a n d  t h e  one  at  786 c m  -1 was  as- 

I R I 

P 

C W Ref 

Fig. 1. Experimental apparatus. W: Working electrode (Pt plate). C: 
Counterelectrode (Pt plate). Ref: Reference electrode (Hg/HgO, 1.0M 
NaOH). D: Diaphragm of porous glass flits. T: Thermometer. P: 
Potentiostat. R: Recorder. 
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Fig. 2. Laser Roman spectra of solutions of (a) commercial NaCIO, (b) 

1.0M NaCIO2 + 1.0M NaOH, and (c) 1.0M NaCIO~ + 1.0M NaOH. Ex- 
citation: 4 8 8  nm argon ion laser line. Slit: 14 c m - 1 . 1 0  mm. Sensitivity: 
80 �9 250 pulses per second (pps). 

s i g n e d  to the  O-C1-O s y m m e t r i c  s t r e t c h i n g  v ib r a t i on  of  
C10~- (6). T h r e e  b a n d s  were  no t i ced  in  NaC103 so lu t ions  
(Fig. 2c) at  479, 613, a n d  932 c m - ' .  The  b a n d  at  479 c m - '  
was  a s s igned  to d o u b l y  g e n e r a t e d  d e f o r m a t i o n  v ibra t ion ;  
t h a t  at  613 c m  -~ was  a s s igned  to t he  s y m m e t r i c  de forma-  
t ion  v ib ra t ion ;  a n d  t h a t  a t  932 cm -~ was  a s s igned  to t he  
s y m m e t r i c  s t r e t c h i n g  v i b r a t i o n  of C103- (6). Thus ,  t he  
b a n d  at  786 c m - '  was  a s s igned  to C102-, a n d  those  at  479, 
613, a n d  932 c m  -1 were  a s s igned  to C103-. In  addi t ion ,  t he  
b a n d  at  1063 c m  -~ was  a s s igned  to t h e  s y m m e t r i c  
s t r e t c h i n g  v i b r a t i o n  of  c a r b o n a t e  ion w h i c h  f o r m e d  b y  t he  
d i s so lv ing  c a r b o n  d iox ide  in a lka l ine  so lu t ion  f r o m  air  
(6, 7). 

These  r e su l t s  s h o w  t h a t  c o m m e r c i a l  so lu t ions  of  NaC10 
con t a in  C10.2- a n d  C10:~- a n d  sugges t  t he  f o r m a t i o n  of  
C10~- i n t e r m e d i a t e  d u r i n g  t he  o x i d a t i o n  of  C10-  to  C10~-. 

Calibration curve of alkaline solution containing Cl02-- 
ClO- system.--Raman i n t e n s i t y  is p r o p o r t i o n a l  to t he  con- 
c e n t r a t i o n  of  a g iven  species ,  i f  t e m p e r a t u r e  of t he  solu- 
t ion  a n d  i n t e n s i t y  of  i n c i d e n t  l ase r  b e a m  is k e p t  cons t an t .  
D u r i n g  t he  c o u r s e  of  t he  e x p e r i m e n t ,  C 1 0 -  is d e c o m -  
p o s e d  g radua l ly  by  t he  i r r ad ia t ing  lase r  beam.  In  addi-  
t ion,  c h e m i c a l  r e a c t i o n  b e t w e e n  C 1 0 -  a n d  C10~- p r o c e e d s  
in alkaline solutions according to Eq. [6] 

C 1 0 -  + C102- --+ C10~- + C1- [6] 

These  factors  w o u l d  r e d u c e  t he  a c c u r a c y  of t he  ana ly t ica l  
da ta  b a s e d  on  t he  s p e c t r u m  of a lka l ine  so lu t ion  of  C10~-- 
C10-  s y s t e m  t a k e n  direct ly.  Hence ,  t he  ca l ib ra t ion  l ine  for  
C102--C10-  s y s t e m  was  ca lcu la ted  f r o m  the  da ta  of C10- -  
C103- a n d  C102--C103- sys tems .  I n  b o t h  cases,  t he  concen -  
t r a t i on  of  C103- was  0.50, 0.75, a n d  1.00M. S ince  t h e  rat io  
of  R a m a n  i n t e n s i t y  d e c r e a s e d  w i th  t i m e  in  case  of C10- -  
C103- sys tem,  t he  in i t ia l  rat io  of t h e  R a m a n  in t ens i t y  was  
e s t i m a t e d  by  e x t r a p o l a t i o n  to t i m e  zero (8). 
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Fig. 3. Calculated relationship between concentration ratio (NaCIO~ 
to NaCIO) and intensity ratio (786 to 713 cm-~). 

The s lopes  for the  obta ined  cal ibra t ion lines of  the  C10--  
C103- sys tem and the  C102--C10~- sys tem were  0.60 and 
0.97, respect ive ly .  F igure  3 shows  the  calculated calibra- 
t ion graph  for the  C102--C10-,  f rom which  the  concentra-  
t ion ratio of  C102- to C10-  was eva lua ted  f rom the  Raman  
in tens i ty  data. The  s lope of  the  cal ibrat ion l ine for the  
C102--C10- sys tem was 1.63. Thus,  it wou ld  be possible  to 
dec ide  the  concen t ra t ion  of  each  ion  f rom these  three  
s tandardized  curves  if  the  total  concen t ra t ion  of  each  ion 
in the  sys tem is known.  

Poten t ios ta t i c  o x i d a t i o n . - - P o t e n t i o s t a t i c  polarizat ion 
curves  in alkal ine C10-  and C10~- solut ions on a P t  anode  

150 

~ r J r  I , r i I 

100 3,,,, 

~ 5o 

o 

0.5 1.0 1.5 2.0 
Potential / V vs. Hg/HgO,I.0M NaOH 

Fig. 4. Potentiostatic polarization curves of Pt anode at 30~ Curve 1 : 
0.2SM NaCIO2 + 1.0M NaOH. Curve 2: 0.2SM NaCIO + 1.0M NaOH. 
Curve 3: 1.0M NaOH. 

at 30~ were  shown in Fig. 4, where  curves  1, 2, and 3 re- 
fer to the  anodic  polar izat ion curves  of  0.25M NaC102 + 
1.0M NaOH, 0.25M NaC10 + 1.0M NaOH, and 1.0M NaOH, 
respect ively.  A pla teau was observed  wi th  NaC102 solu- 
t ions in the  potent ia l  range  of  1.10-1.50V, and in case of  
NaC10 solut ion a p la teau was obse rved  in the  potent ial  
range of  0.90-1.20V. However ,  wi th  1.0M NaOH solutions 
(curve 3), the  cur ren t  increased  beyond  1.10V because  of 
the discharge of  02. This potent ia l  was less noble  com- 
pared with  those  observed  with solut ion conta in ing C10-  
and C102-. 

The  anode  potent ia l  dur ing electrolysis  of  sod ium chlo- 
r ide in indust r ia l  opera t ion  is about  1.308V vs. NHE, i.e., 
1.210V vs. Hg/HgO, 1.0M NaOH (9). Hence,  electrolysis of  
C10-  or C102- in alkal ine solut ions was conduc t ed  at 1.20V 
vs. Hg/HgO, 1.0M NaOH at 30~ for 24h us ing P t  anode. 
F igure  5 depic ts  the  Raman  spec t rum of the  anolyte  
(curve a), along wi th  the  Raman  s p e c t r u m  of a synthet ic  
NaC10 solut ion (curve b). In  these  spectra,  the  bands  
were  not iced  at 713 c m - '  (C10-), at 786 cm -1 (C102-), and 
at 479, 613, and 932 cm -1 (C103-). Compar i son  of curves  a 
and b shows that  the  in tensi ty  of the  band  at 932 cm -1 
(C103-) was increased  sl ightly in the  s p e c t r u m  of an elec- 
t rolyzed solution,  whereas  the  band at 786 cm -~ (C102-) 
was unal tered.  F igure  6 shows the  s p e c t r u m  of a solut ion 
conta ining 0.25M NaC102 + 1.0M NaOH which  was elec- 
t rolyzed at 1.20V on P t  anode  for 24h and that  of  a syn- 
thet ic  NaC102 solut ion (b). In  s p e c t r u m  a, n e w  bands were  
observed  at 479, 613, and 932 cm -J which  were  all as- 
s igned to C103-. These  resul ts  show that  C102- was easi ly 
oxidized to C1Q- ,  and, hence,  the  concen t ra t ion  of C102- 
in the  anoly te  should  approach  zero dur ing  electrolysis.  
However ,  the  concen t ra t ion  of  C10~- in the  anolyte  re- 
ma ined  una l te red  dur ing electrolysis ,  as shown in Fig. 5. 

Concen t ra t ion  dependence  on a curren t  d e n s i t y . -  
Pla teaus  were  observed  on the  anodic  polar izat ion curves  
of  C10-  and C102- in alkaline solut ions in the potent ial  
range of  ca. 1.00-1.20V. F igure  7 shows the  re la t ionship 
be tween  the  concen t ra t ion  of  C10-  or C102- and the  cur- 
rent  at 1.20V, where  s t raight  lines 1 and 2 refer  to C10-  
and C10~-, respect ively .  In  both cases, the  current  at 
1.20V is propor t iona l  to the  concent ra t ion  of C10-  or 
C10~-. In  case of  C10- ,  the  straight l ine ex t rapola ted  to 
zero C10-  concent ra t ion  did not  pass th rough  the origin 
owing to in te r fe rence  f rom oxygen  evolu t ion  reaction. 
However ,  in case of  C102-, the  ex t rapo la ted  straight  l ine 
passed th rough  the  origin. 

U') 

..(3 

v 

CE 
0 

E 

I I ] I I r r 

b / 

I I I I I I I 

1100 900 700 500 300 

Wave number / c m -1 

Fig. 5. Laser Raman spectra of 0.25M NaCIO before and after elec- 
trolysis at 30~ Curve a: after electrolysis at 1.20V vs. Hg/HgO, 1.0M 
NaOH. Curve b: before electrolysis. Laser excitation: 488 nm (argon). 
Slit: 14 cm -1 - 10 mm. Sensitivity: 40 �9 250 pps. 
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Fig. 6. Laser Raman spectra of 0.25M NaCIO2 before and after elec- 
trolysis at 30~ Curve a: offer electrolysis at | .20V vs.  Hg/H90, | .OM 
NaOH. Curve b: before electrolysis. Laser excitation: 488 nm (argon). 
Slit: 14 cm- '  �9 10 ram. Sensitivity: 40 �9 250 pps. 

P o t e n t i o s t a t i c  o x i d a t i o n  o f  a n  a l k a l i n e  s o l u t i o n  o f  ClO,z--  
C l O -  s y s t e m . - - A n a l y t i c a l  r e su l t s  e m p l o y i n g  laser  R a m a n  
spec t ro scopy  s h o w  the  ex i s t ence  of  C102- d u r i n g  t h e  
anod ic  ox ida t i on  of C10-  to C10~-. Hence ,  t he  anod ic  oxi- 
da t ion  of C10-  can  b e  de sc r ibed  as 

ClO- ,~ ClO~- ~, ClO~- [7] 
k l '  

w h e r e  k, a n d  k2 are  t he  ra te  c o n s t a n t s  for t he  fo rward  pro- 
cesses  a n d  kl '  a n d  k2' are  t h o s e  for  t h e  b a c k w a r d  pro- 
cesses.  S ince  C102- was  ox id ized  anod ica l l y  only  to CIO~- 
a n d  C10~- c a n n o t  be  r e d u c e d  e l ec t rochemica l l y  (10), t h e  
ra te  c o n s t a n t  for the  b a c k w a r d  p roces se s  can  be  ne- 
glected.  Hence ,  t he  c o n c e n t r a t i o n  v a r i a t i o n  of C10-  a n d  
C102- wi th  t i m e  can  be  wr i t t en  as 
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Fig. 7. Relationship between NaCIO or NaCI02 concentration and cur- 

rent density at 1.20V vs. Hg/HgO, 1.0M NaOH. Line 1" NaCIO + 1.0M 
NaOH. Line 2 : N a C I 0 2  + 1.0M NaOH. 

- d C c l o - / d t  = k lCclo-  [8] 

dCclo2- /d t  = k lCcto-  - k 2 C c 1 0 2 -  [9] 

So lv ing  Eq. [8] a n d  [9], t he  c o n c e n t r a t i o n s  of C10-  a n d  
CIO2- at  t ime  t m a y  be  e x p r e s s e d  as 

Cclo- = C~ - exp  ( - k l t )  [10] 

Cc]o2- = {k,/(k2 - k,)} C~ - {exp ( - k , t )  

- exp  (-k2t)} + C~ exp  (-k2t)  [11] 

w h e r e  C~ _ a n d  C~ - are in i t ia l  c o n c e n t r a t i o n s  of  C10-  
a n d  C102-, respec t ive ly .  F r o m  Eq. [10] a n d  [11], t he  con- 
c e n t r a t i o n  ra t io  of  C102- to C10-  at  t i m e  t is o b t a i n e d  as 

Cc]o2-/Cc]o- = k,/(k,~ - k , )  - {kl/(k2 - kl) 

- C~176 } exp  {-(k2 - k,)t}  [12] 

S ince  k2 > kl (see Fig. 4) Cclo.z_/Cclo_ a p p r o a c h e s  kJ (k2  - 
k,) for  t -* oo. Thus ,  t he  ra t io  of  Cc,o.z-/Cc~o- in  t he  ano ly te  
w o u l d  a p p r o a c h  a c o n s t a n t  value,  w h e n  a lka l ine  so lu t ions  
of va r ious  c o n c e n t r a t i o n  ra t ios  of  C102- to C 1 0 -  are elec- 
t ro lyzed po ten t ios ta t i ca l ly .  

Alka l ine  so lu t i ons  of va r ious  c o n c e n t r a t i o n  rat ios  of  
C102- to C 1 0 -  we re  e lec t ro lyzed  at  1.20V a n d  30~ Re- 
sui ts  i l l u s t r a t ing  t he  va r i a t ion  of  t he  R a m a n  i n t e n s i t y  ra- 
t ios of C10.,- to C 1 0 -  (hTsJhvi~)' w i t h  t i m e  d u r i n g  elec- 
t ro lys is  we re  s h o w n  in Fig. 8. In  case  of  cu rves  c a n d  d, 
t he  so lu t ion  of  0.70 a n d  0.50M NaC10 were  p r e p a r e d  a n d  
no  C102- was  added .  The  c o n c e n t r a t i o n s  of  C102- con-  
t a i n ing  in t he  c o m m e r c i a l  so lu t ions  of NaC10 were  differ- 
ent ;  h e n c e ,  t he  in i t ia l  c o n c e n t r a t i o n  ra t ios  of C102- to 
C10-  we re  di f ferent .  In  case  of cu rves  a a n d  b, in i t ia l  con-  
c e n t r a t i o n  ra t ios  of  C102- to C10-  were  0.51 (0.34M/0.67M) 
a n d  0.33 (0.25M/O.75M), respec t ive ly .  As seen  in Fig. 8, t he  
R a m a n  i n t e n s i t y  rat io  (h78jhv,.~) b e c a m e  c o n s t a n t  a t  ca .  
0.12, c o r r e s p o n d i n g  to a Cc,o2-/Cc,o-  ra t io  of  0.08, a f te r  
50h. S ince  t he  e l e c t rochemica l  o x i d a t i o n  of C10-  a n d  
C102- on  P t  e l ec t rode  is d i f fus ion  con t ro l l ed  a n d  t he  n u m -  
be r  of e l ec t rons  i n v o l v e d  in b o t h  r e a c t i o n  are  equal ,  2 k,/(k2 
- k,)  = id,/(id.z -- idl), w h e r e  ia~ a n d  id~ are  l imi t ing  c u r r e n t  
dens i t i e s  of  C]O-  a n d  C102- a t  t he  s a m e  concen t r a t i on .  
The  va lue  of id/(ia2 - id,) ca l cu l a t ed  f rom the  va lue  of  l im- 
i t ing  c u r r e n t  d e n s i t y  on  the  anod ic  po la r i za t ion  cu rves  of  
0.25M NaC10 a n d  0.25M NaC102 at  1.20V (Fig. 4) was  
f o u n d  to be  ca .  0.12. Cor rec t ing  for  t he  02 evo lu t i on  reac- 
t ion  d u r i n g  C 1 0 -  ox ida t i on  b y  t a k i n g  t he  va lue  of  idi a t  
1.20V on  t he  a n o d i c  po la r i za t ion  c u r v e  of  0.25M NaC10 + 
1.0M N a O H  a n d  s u b t r a c t i n g  the  va lue  of  t he  c u r r e n t  den-  
si ty at  zero C 1 0 -  c o n c e n t r a t i o n  f rom t h a t  at  0.25M NaC10 

'The notations h7,3 and hvs~ mean the height of the band at 713 
cm- '  (C10-) and 786 cm- '  (C10~-). 

'-'The electrochemical oxidation of C10- and C102- in an alka- 
line solution are as 

C10- + 2 OH- --+ C102- + H~O + 2e- 

C102- + 2 OH---* C103- + H20 + 2e- 
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Fig. 8. Relationship between time and intensity ratio (786 to 713 
cm- ' )  in the mixed solution of NaCI02 and NaCIO. Initial concentration 
ratios (C~176 = M~ Curves a and e: M ~ = 0.51. Curves b and 
f: M ~ = 0 .33 .  Curve c (no NaCI02 added): M ~ = 0.08. Curve d (no 
NaCI02 added): M ~ = 0.06. Curves a, b, c, and d: electrolyzed at ! .20V vs. 
Hg/HgO, 1.0M NaOH and 30~ Curves e and f: without electrolysis. 
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(in Fig. 7), the value of id,/(id2 -- ida) was estimated at ca. 
0.08. This value was in good agreement  with the value of 
concentration ratio of C102- to C10- obtained from 
Raman intensity data. Curves e and f in Fig. 8 show the 
variation of the Raman intensity ratios of h78Jh713 with 
time at 30~ without electrolysis. Since the degree of the 
decrement  of the Raman intensity ratios was obviously 
different from the results in curves a and b, the reaction 
of Eq. [6] did not interfere during the present electro- 
chemical studies. 

From these results, it is suggested that the anodic oxi- 
dation of C10- proceeds under the consecutive first- 
order reaction C10- ~ C102- ---> C103-. 
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Photoelectrochemical Measurements on Thermally Grown Platinum 
Containing Iron Oxide Photoanodes 
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ABSTRACT 

Experimental  conditions are discussed for the thermal growth of iron oxide photoanodes which promote a-Fe20~ 
formation. The photoelectrochemical  (PEC) performance of iron oxide electrodes is compared as a function of surface 
modification procedure. Plat inum was found to be an effective electrocatalyst when incorporated into the bulk of the 
thermally grown iron oxide during the latter's preparation. This procedure was found to increase the carrier density and 
to give a more negative fiatband potential. 

Photoanodes based upon iron oxide are potentially use- 
ful materials for the photodecomposit ion of alkaline 
aqueous solutions into hydrogen and oxygen (1-3). The 
nominal bandgap for a-Fe~O3 of ~2.2 eV allows, in princi- 
ple, utilization of up to 40% of the incident solar radiation 
for the generation of excited carriers. Iron oxides are also 
relatively inexpensive and possess good stability in alka- 
line electrolytes. These materials do, in general, have low 
quantum yields (e.g., single crystals of a-Fe203 at high 
anodic polarization only exhibit quantum yields of 20%) 
(4), and have poorly positioned fiatband potentials rela- 
tive to that desirable for hydrogen evolution in the ab- 
sence of an externally applied bias (4-6). However, when 
n- and p-doped iron oxides are used to form the corre- 
sponding photochemical  diode particle, the resulting two- 
photon process may eliminate the need for an externally 
applied bias. For such particles, the photogeneration of 
hydrogen and oxygen was achieved in the absence of an 
external bias (2). 

The photoelectrochemical (PEC) characteristics of iron 
oxide photoanodes have been found to be highly depend- 
ent upon the method used for their preparation. Such 
preparation techniques have included spray pyrolysis of a 
methanolic solution of ferric oxalate (7), chemical vapor 
deposition of iron acetylacetonate (1), anodization of a 
previously reduced iron electrode (5), thermal oxidation 
(5, 8-10), and sintering of pressed ~-Fe~O~ powders (2, 3, 6, 
10, 11). The majority of the literature dealing with iron ox- 

* Electrochemical Society Active Member. 
' Present address: Nalco Chemical Company, Naperville, Illi- 

nois 60540. 

ide photoelectrodes has involved the use of the latter two 
preparation methods. Although the thermal growth of ox- 
ides on iron has systematically been investigated in con- 
nection with the problem of corrosion (12-23), use of this 
information in the preparation of a-Fe~O3 photoanodes 
has been overlooked. 

Results presented in the corrosion literature relating to 
the thermal growth of iron oxides on iron substrates has 
shown that the formation of a single iron oxide phase 
may be somewhat difficult to obtain (12-23). From the 
iron-oxygen phase diagram (12, 17), three oxide phases 
are present: FeO (wustite), Fe~O4 (magnetite), and ~-Fe~O:~ 
(hematite), with the FeO phase being thermodynamical ly 
unstable below 570~ For iron heated in the atmosphere 
below 570~ oxide growth typically consists of inner 
Fe304 and outer Fe203 layers. Hence, it can be concluded 
that PEC measurements  made on "a-Fe~O3" are un- 
doubtedly being performed on mixed iron oxides. Since 
a-Fe203 is the photoactive component in such iron oxides, 
there would be a strong incentive to delineate preparative 
procedures which maximize its presence. An extensive 
investigation has been performed on the dependency of 
thermally grown iron oxide composition on various ex- 
perimental oxidation parameters and will be discussed in 
a future paper. 

In addition to identifying reproducible methods for the 
preparation of ~-Fe~O3 electrodes, their modification with 
electrocatalysts was also investigated as an approach to 
improving PEC performance. Previous work has shown 
that both Pd (24) and Pt  (25) can increase photocurrents 
realized from a-Fe203 electrodes. 
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We w i s h  to r e p o r t  he r e  on  P E C  p e r f o r m a n c e  charac ter -  
is t ics  for t h e r m a l l y  g r o w n  a-Fe.203 p h o t o a n o d e s  b o t h  w i th  
a n d  w i t h o u t  pho toe lec t roca ta ly t i c  effects  f rom p l a t i n u m  
i n t r o d u c e d  d u r i n g  t he  g rowth  p rocedure .  

Experimental  
I ron  foil (0.25 m m  th ick)  (Alfa 99.999%) was  u sed  for 

p h o t o a n o d e  p repa ra t i on .  S a m p l e s  w e r e  f u r nace  ox id ized  
in an  a t m o s p h e r e  of  u l t r a p u r e  oxygen ,  w h i c h  was  s lowly  
p a s s e d  (~25 cm3/min)  t h r o u g h  a n  a p p r o p r i a t e  b u b b l e r  to 
m a i n t a i n  a pos i t ive  p r e s s u r e  of  oxygen  in s ide  t he  a l u m i n a  
fu rnace  tube .  Most  s am p l e s  were  b r o u g h t  to t e m p e r a t u r e  
u n d e r  h igh  p u r i t y  a rgon  or h e l i u m  befo re  the  in t roduc-  
t ion  of oxygen.  The  o x y g e n  a t m o s p h e r e  was  m a i n t a i n e d  
d u r i n g  coo l -down  as well. A l t h o u g h  severa l  p r o c e d u r e s  
were  fo l lowed for  the  p r epa r a t i on  of i r on  oxide,  the  
g rea t e s t  p h o t o c u r r e n t s  (and  t h i c k e s t  a-Fe~O3 layer)  were  
ob t a ined  on  t h o s e  s am p l e s  ini t ial ly r e d u c e d  u n d e r  hydro-  
gen  at  600~ for  1/2h. Fo l l owing  this ,  t h e  genera l  oxida-  
t ion  p r o c e d u r e s  d i s c u s s e d  above  were  fol lowed.  

C u r r e n t - p o t e n t i a l  cu rves  were  r e c o r d e d  w i t h  and  with-  
ou t  i l lumina t ion .  The  m o s t  f r e q u e n t l y  u s e d  vol tage  scan  
ra te  was  10 mV/s,  w h i c h  was  e x p e c t e d  to give c u r r e n t  
dens i t i e s  d i f fe r ing  on ly  s l ight ly  f rom s teady-s t a t e  values.  
Curves  we re  also r e c o r d e d  u n d e r  m a n u a l l y  c h o p p e d  illu- 
m i n a t i o n  to de t ec t  t r a n s i e n t  currents~ w h i c h  have  b e e n  
f r equen t ly  o b s e r v e d  wi th  i ron ox ide  p h o t o a n o d e s .  A 
s i n g l e - c o m p a r t m e n t  cell was  u sed  for all m e a s u r e m e n t s ,  
u s i n g  a p l a t i n u m  foil c o u n t e r e l e c t r o d e  a n d  a SCE refer-  
ence  e lec t rode  c o n n e c t e d  via  a s a t u r a t e d  KC1/agar salt  
br idge .  I l l u m i n a t i o n  of  t he  p h o t o a n o d e s  was  p r o v i d e d  b y  
a Gene ra l  Elec t r ic  E L H  qua r t z -ha logen  l a m p  wi th  l igh t  in- 
t ens i ty  b e i n g  m e a s u r e d  w i th  an  E p p l e y  8-48 py r anome te r .  
Cur ren t -vo l t age  m e a s u r e m e n t s  w e r e  m a d e  at  l ight  in ten-  
si t ies b e t w e e n  0 a n d  300 m W / c m  2 u s i n g  a S t o n e h a r t  BC 
1200 p o t e n t i o s t a t  c o n n e c t e d  to a L i n e a r  I n s t r u m e n t s  8036 
X-Y recorder .  A C o m m o d o r e  64 PC in t e r f aced  to a H P  
7470A p lo t t e r  was  u s e d  to r e d u c e  t h e  l igh t  in t ens i ty /ex -  
c h a n g e  c u r r e n t  d e n s i t y  data. E x c h a n g e  c u r r e n t  dens i t i e s  
were  o b t a i n e d  f rom t he  l inear  po r t i on  of t he  Tafel plot.  
Capac i t ance  da ta  for  M o t t - S c h o t t k y  plots  were  o b t a i n e d  
at 1000 a n d  10,000 Hz in 6N K O H  e lec t ro ly te  in  a three-  
e lec t rode  cell  u s i n g  a p l a t i n u m  c o u n t e r e l e c t r o d e  and  a 
SCE r e f e r ence  e lec t rode .  A HP-4276A L CZ  m e t e r  was  
u sed  to app ly  a dc  b ias  a n d  to m e a s u r e  t he  r e s i s t a n c e  a n d  
the  p h a s e  ang le  (0). 1/C was t h e n  ca l cu l a t ed  f rom t he  rela- 
t i onsh ip :  0 = t a n - '  1/o~RC. 

The  ox id ized  i r on  foil s a m p l e s  we re  ana lyzed  by  reflec- 
t ive  p o w d e r  x-ray d i f f rac t ion  (XRD) u s i n g  a Ph i l l ip s  verti-  
cal p o w d e r  x-ray d i f f rac tometer .  T he  d i f f rac t ion  p a t t e r n s  
were  m a t c h e d  to A S T M  file spec t ra  as wel l  as to spec t ra  
o b t a i n e d  f rom s t anda rds .  

A ca thod ic  s t r i p p i n g  m e t h o d  was  u s e d  to quan t i t a t ive ly  
d e t e r m i n e  t he  a m o u n t  of  a-Fe203 p r e s e n t  in  t he  t h e r m a l l y  
g r o w n  t h i n  ox ide  layers.  Fe203 is t he  m o s t  easi ly r e d u c e d  
Fe  oxide,  a n d  t h e  app l i ca t i on  of  a ca thod ic  cu r r en t  to an  
Fe  ox ide  e l ec t rode  causes  t he  fo l lowing  d i s so lu t ion  reac- 
t ion  to occu r  

Fe~O3 + 6H § + 2e -  ~ 2Fe '-'+ + 3H20 [1] 

As c u r r e n t  is passed ,  t he  e l ec t rode  p o t e n t i a l  vs. a refer- 
ence  is m a i n t a i n e d  r o u g h l y  c o n s t a n t  un t i l  t h e  Fe20~ is 
c o n s u m e d ,  at  w h i c h  t i m e  t he  p o t e n t i a l  r i ses  to a va lue  re- 
q u i r e d  to ca r ry  ou t  t he  n e x t  m o s t  f avorab le  r educ t ion .  
This  is s imi lar  to b a t t e r y  cha r ge / d i s cha r ge  curves ,  w h e r e  
a po t en t i a l  p l a t eau  is g e n e r a t e d  w h i c h  specif ies  t he  
a m o u n t  of  c h a r g e  ut i l ized in  ca r ry ing  ou t  a g iven  react ion.  
In  th i s  case, t h e  cha rge  p a s s e d  can  t h e n  b e  r e l a t ed  to t he  
a m o u n t  of  Fe203 in  t he  e l ec t rode  v ia  Eq. [1] 

E x p e r i m e n t a l l y ,  a 50 t~A c o n s t a n t  ca thod ic  c u r r e n t  was  
app l i ed  to t he  0.25 c m  '2 Fe  ox ide  e l ec t rodes  u s i n g  e i the r  a 
P A R  173 p o t e n t i o s t a t / g a l v a n o s t a t  on  a S t o n e h a r t  BC-1200 
po ten t io s t a t / ga lvanos t a t .  T he  i ron ox ide  e lec t rode ' s  po- 
t en t ia l  vs. SCE was  t h e n  m o n i t o r e d  as a f u n c t i o n  of t ime.  
The  s t r i p p i n g  was p e r f o r m e d  in a s i n g l e - c o m p a r t m e n t  
cell w i th  a P t  coun t e r e l ec t rode ,  a n d  t h e  cell was  thor-  
ough ly  d e a e r a t e d  w i th  h i g h  pu r i t y  Ar  to e l imina te  t he  

poss ib i l i ty  of t he  r e d u c t i o n  of any  d i s so lved  02. 0.1M 
NH4C1 was u s e d  as t he  electrolyte.  T h e  p r e s e n c e  of Fe  ~ 
was iden t i f i ed  b y  the  f o r m a t i o n  of  a b r i g h t  red  c o m p l e x  
w i th  1 ,10-phenan thro l ine .  

Results and Discussion 
F r o m  P E C  cu r r en t -vo l t age  cu rves  for  ~-Fe~O3 p repa red  

by  t h e r m a l  o x i d a t i o n  at  t e m p e r a t u r e s  b e t w e e n  300 ~ a n d  
800~ u n d e r  oxygen ,  i t  was  f o u n d  t h a t  e x p e r i m e n t a l  con-  
d i t ions  c o n d u c i v e  to op t imiz ing  a-Fe203 c o n t e n t  r equ i r ed  
(i) ox ida t i on  of i r on  s u b s t r a t e s  be low 570~ so as to avoid  
FeO fo rmat ion ,  (ii) t h e  m a i n t e n a n c e  of  a h i g h  o x y g e n  par-  
t ial  p ressure ,  a n d  (iii) t he  ini t ia l  r e d u c t i v e  (H~) pre t rea t -  
m e n t  of  t he  i ron  s u b s t r a t e  pr ior  to i ts ox ida t ion .  

The  la rges t  p h o t o c u r r e n t s  we re  o b t a i n e d  by  ini t ial ly 
r e d u c i n g  i ron  s u b s t r a t e s  u n d e r  h y d r o g e n  at  600~ for 30 
ra in  fo l lowed by  a h e l i u m  f lush p r io r  to t he  i n t r o d u c t i o n  
of p u r e  oxygen .  S u b s t r a t e  o x i d a t i o n  was  typica l ly  per- 
f o r m e d  over  6h at  500~ S o m e w h a t  sma l l e r  pho tocur -  
r en t s  were  o b t a i n e d  w h e n  t he  h y d r o g e n  p r e t r e a t m e n t  
s tep  was o m i t t e d  (Tab le  I). The  g r o w t h  of  t he  a-Fe~O3 
layer  a n d  t he  c o r r e s p o n d i n g  m e a s u r e d  p h o t o c u r r e n t s  cor- 
r e l a t ed  well  w i t h  o x i d a t i o n  t ime.  The  s a m p l e s  p re t r ea t ed  
w i t h  h y d r o g e n  a n d  la ter  ox id ized  for 3h gave  h i g h e r  
p h o t o c u r r e n t s  t h a n  s amp le s  ox id ized  for 8h  w i th  no  
p r e t r e a t m e n t .  T h u s  an  inc rease  in  the  a m o u n t  of a-Fe20~ 
(as s h o w n  by  b o t h  t he  i n t ens i t y  of  t he  a-Fe203 p e a k s  in 
t he  X R D  spec t r a  and  by  ca thod ic  s t r i p p i n g  data)  (Table  
II) leads  to an  i nc r ea se  in the  P E C  p e r f o r m a n c e  of  t h e  
a-Fe203 e l ec t rodes  p r e p a r e d  b y  con t ro l l ed  t h e r m a l  
oxida t ion .  

C o m p a r i s o n  of P E C  charac te r i s t i c s  for  t h e s e  pho toe lec -  
t rodes  w i th  t he  p r o c e d u r e s  u sed  for t h e i r  p r e p a r a t i o n  was  
p e r f o r m e d  at  t h r e e  app l i ed  anod ic  poten t ia l s ,  i.e., -300,  0, 
a n d  +300 m V  vs. SCE. These  r e su l t s  are s u m m a r i z e d  in 
Tab le  I. A t  the  s low scan  ra tes  used,  the  l ight  a n d  d a r k  

Table I. Photocurrent and dark current for thermally oxidized 
iron foil photoanodes at three potentials (2) 

Photocurrent/dark current 
(t~A/cm'~), voltage given vs. SCE 

Sample no. At -300 mV At 0 mV At +300 mV 

1. 500~ (lh) 50/30 110/40 290/50 
2. 500~ (3h) 50/30 80/30 450/50 
3. 500~ (8h) 30/20 120/30 560/30 
4. 500~ b (3h) 20/10 140/20 800/20 

a Experimental conditions: 1.0M KOH electrolyte; 100 mW/cm 2 
ELH light intensity; 10 mV/s scan rate; 0.25 cm ~ anode geometric 
area. 

b Sample pretreated with hydrogen at 600~ for 30 min. 

Table II. Results of Fe203 determination in thermally 
oxidized Fe foil photoanodes by cathodic stripping 

Heating Fe~O3 
temperature Heating Fe~O3 mass thickness 

(~ time (h) 0zg) a (t~m) b 

300 1 109 0.42 
300 8 144 0.55 
500 3 353(132) c 1.35 
500 8 504 1.92 
500 f 3 455(80) d 1.74 
600 3 372 1.42 

Flamed foil - -  6 6 ( 5 )  e 0.25 

a Equivalent mass based on Eq. [1] and the number  of electrons 
passed during the first potential plateau. 

b Calculated from the mass based on Fe~O3 density and an elec- 
trode area. 

c Average of eight different electrodes with the standard deviation 
in parentheses. 

d Average of five different electrodes with the standard deviation 
in parentheses. 

e Average of four different electrodes with the standard deviation 
in parentheses. 

f Pretreated hydrogen reduction at 600~ for 30 min. 
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Fig. 1. Comparison of photocurrent-voltage curves for iron oxide 
photoanedes using various preparation procedures. Electrolyte: 1.0M 
KOH. I lluminotio, ELH intensity: 100 rnW/cm 2. Scan rote: 10 mV/s. Ge- 
ometric electrode area: 0.25 cm 2. i: Furnace oxidized iron foil heated at 
500~ for 8h (curve A), 3h (curve B), and lh (curve C). 
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Fig. 2. Plot of exchange current density vs.  light intensity for c~-Fe203 
(squares) and platinum-modified a-Fe~O3 (circles) in 6N KOH. 

current densities were assumed to be steady-state values. 
A summary of current-voltage curves for iron oxides pre- 
pared following varying procedures is shown in Fig. 1. 

Figure 1, part i shows the effect of increased oxidation 
time at 500~ on the photoresponse of the resulting iron 
oxides. As can be seen, extended oxidation times always 
gave an improved photoresponse corresponding to the in- 
creased presence of a-Fe~O3. The largest photoresponses 
were observed from iron substrates which were initially 
reduced under hydrogen prior to furnace oxidation. Com- 
parisons of photoresponse data obtained from an oxi- 
dized iron electrode both with and without this initial re- 
duction treatment are shown in Fig. 1, part ii, curves A 
and B, respectively. The electrode subjected to initial re- 
duction possessed approximately twice the photocurrent 
density at 200 mV vs. SCE than did the untreated sub- 
strate. XRD data indicated a particularly well-defined 
a-Fe,203 layer in the former sample. It thus appears that 
initial surface reduction of the iron substrate with hydro- 
gen enhances the later growth of a-Fe~O3, giving im- 
proved PEC performance. 

From previously reported literature, flatband potential 
(3, 4, 26) measurements  on a-Fe203 photocurrents might 
be anticipated for electrode potentials up to -300 mV vs. 
SCE. But, as Table I shows, negligible values were ob- 
served in this potential region for all samples prepared. 
Thermally oxidized iron foils have shown the need for 
larger bias voltages to attain significant photocurrents 
when compared to sintered samples (5, 9, 10, 27). 

For photoanodes subjected to chopped illumination, 
significant transient currents were observed. Figure 2 
demonstrates this typical behavior for an iron substrate 
electrode oxidized for 8h at 500~ Such current transients 
seem to be a common feature of thermally grown iron ox- 
ide films (5, 9, 10). These transients have been attributed 
to either recombination or cathodic back-reaction of the 
photogenerated species (10). If  the observed transients are 
due to a cathodic back-reaction and the kinetics of the 
cathodic back-reaction could be reduced , improvement  in 
overall PEC performance might be realized. 

Another explanation for these transient signals is that 
the thermally grown oxides consist of a mixture of two or 
more oxides. Fe30~ is reported to be a p-type semicon- 

ductor (18, 21), and in all the oxide films investigated it 
was present along with d-Fe20~. Therefore, p-n junctions 
between Fe304 and a-Fe203 may be present. Photo- 
produced electrons in the a-Fe203 that are transferred to a 
Fe~O4 interface may cause an increase in the p-n potential 
barrier. Thus, the anodic transient currents observed may 
be sufficient to charge the p-n barrier before a signifi- 
cant photocurrent is obtained under steady illumination. 
Upon removal of illumination, the cathodic transients ob- 
served may be a result of discharging the potential bar- 
rier generated under illumination. It is significant that 
sintered a-Fe203 photoanodes, where Fe304 is absent 
(1, 10), do not possess current transients proportional to 
light intensity as observed with thermally grown materi- 
als (10). 

It has been previously shown that the presence of 
electrocatalysts of the platinum group metals can signifi- 
cantly improve the PEC performance of III-V photoelec- 
trodes (28, 29). Surface modification of a-Fe20~ with pal- 
ladium (24) or platinum (25) has also led to improvements 
in photoanode performance. In work performed here, the 
electrochemical deposition of platinum onto an iron sub- 
strate prior to the subsequent formation of a-Fe.2Q was 
found to reduce these transient cathodic currents�9 Here 
electrode preparation involved the initial electrochemical 
deposition of ~100~ platinum from a 0.1M chloroplatinic 
acid solution followed by thermal oxidation. As previ- 
ously discussed, the influence of incorporating platinum 
in this manner can be seen by reference to the current 
voltage curves in Fig. 3A and 3B for modified and 
unmodified electrodes, respectively. 

To gain some insight into the electrocatalytic effect of 
platinum incorporated into the bulk of thermally grown 
iron oxide electrodes, current-voltage curves were ob- 
tained in 6N KOH. Figure 4 shows Tafel plots for a-Fe203 
(curve a) in the dark and (curve b) under 100 mW/cm ~ illu- 
mination. Under illumination, the equilibrium potential 
was shifted -70 mV cathodic of that in the dark. The elec- 
trode was initially potentiostated in the region of its illu- 
minated open-circuit potential. The electrode potential 
was then adjusted until no current passed. 

The hole exchange current densities are summarized in 
Table III and are shown in Fig. 5. For photoanodes 
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Fig. 3. A: Current-voffage curve for Fe20~ flag in 6N KOH. B: Current- 
voffoge curve for Fe203 wffh platinum in 6N KOH. (P{afin-m depasited 
on iron loll prior to oxidation.) 

modified by platinum, larger hole exchange current den- 
sities were found. For both of these electrodes, a linear re- 
lationship was observed between light intensity and hole 
exchange currents. For photoanodes, the relationship be- 
tween the hole exchange current density and correspond- 
ing overpotential is given by relationship [2] (30) 

i [ p s *  ( av pe ~  ( avpe~?~] 
i, = po[--~- e x p \  kT ] - exp - kT / ]  [2] 

where ipo is the valence-band exchange current, and p~* 
and p~ are the hole concentrations at the surface of the 
semiconductor at equilibrium and nonequilibrium, re- 
spectively. 
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Fig. 4. Mott-Schottky plot for (curve a) iron oxide photoanode pre- 
pared by initially depositing 200~ Pt onto Fe substrate followed by fur- 
nace oxidation at 500~ for 6h under oxygen and (curve b) iron oxide 
photoanode prepared by furnace oxidation of iron substrate at SO0~ for 
6h under oxygen without platinum pretreatment. 

Table III. Exchange current densities as a function of light intensity 
for a-Fe203 and platinum-modified ~-Fe20~ electrodes 

Intensity 
Electrode (mW/cmD io (~A/cm ~) 

~-Fe20~ 0 0.313 
50 0.492 

100 0.663 
150 0.843 
200 

Pt electrochemically 0 --  
deposited onto ~-Fe~O3 50 1.12 

100 2.27 
150 3.2 
200 4.61 

Pt incorporated into 0 3.42 
~-Fe~O3 50 5.45 

100 8.15 
150 64.77 
200 44.96 
250 75.21 

p is the IR overpotential associated with the electrolyte. 
From this relationship it is clear that an increase in the ra- 
tio p~*/p~ (via illumination) will result in an apparent in- 
crease in ipo value. Thus, the linear relationship observed 
in Fig. 5 would be expected. The enhanced hole exchange 
currents seen for platinum-modified ~-Fe203 photo- 
anodes are, therefore, expected to be due in part to the 
electrocatalytic effect of the incorporated platinum. It is 
not clear, however, why the slope of the hole exchange 
current line for the platinum-modified ~-Fe~O3 electrode 
is greater than that for the unmodified ~-Fe~O3 electrode. 
Thus, the question remains as to whether  the role of the 
platinum introduced onto the iron oxide is mainly an 
electrocatalytic effect promoting the oxygen evolution re- 
action or whether such photoanode modifications also ef- 
fect changes in their solid-state properties. 

To gain some insight into this question, Mott-Schottky 
plots were performed on platinum-modified and -un- 
modified a-Fe203 electrodes. For platinum incorporated 
into the iron oxide lattice during the thermal growth 
procedure, it might be expected that the platinum would 
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Fig. 5. Plot of the hole exchange current density vs .  light intensity for 
~-Fe20:~ (squares) and platinum surface-moditied c~-Fe~O:~ (circles) in 6N 
KOH. 
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be in the +4 oxidation state. Under such circumstances, 
the number  of carriers would be expected to increase. 
Mott-Schottky plots for the platinum-modified and -un- 
modified a-Fe203 photoanodes are compared in Fig. 6. 
Little frequency dispersion was observed for measure- 
ments taken between 100 and 10,000 Hz. In contrast to 
Mott-Schottky plots obtained by others (5, 11), the curves 
obtained here are linear over a relatively large voltage 
range and do not exhibit  deviations ca. ~ 0.3V anodic of 
the flatband potential. It has been suggested that the ob- 
served curvature in polycrystalhne a-Fe20~ Mott-Schottky 
plots may be due to inhomogeneous doping concentra- 
tion (2). It may be that, in the results discussed here, hy- 
drogen pretreatment  and subsequent controlled thermal 
oxidation may result in more homogeneous intrinsic 
doping, thus giving the observed linear Mott-Schottky 
plots. 

Comparing the iron oxide-modified (Fig. 6A) and -un- 
modified (Fig. 6B) electrodes, we see an increase in the 
carrier density from 7.35 • 10 '6 to 7.59 x 101Ycm 2 after in- 
corporation of platinum. This is probably a consequence, 
as discussed earlier, of the Pt § acting as a donor when in- 
corporated into a Fe ~3 site. The flatband potential was 
also shifted to more negative values for platinum- 
modified electrodes. From current-voltage curves per- 
formed on this electrode, significantly higher exchange 
current densities were obtained (see Table III) than, for 
example, with iron oxide electrodes surface modified by 
the electrochemical deposition of platinum after thermal 
growth of the oxide. Of course, the predominant  phenom- 
enon here may still be electrocatalytic in nature, but cer- 
tainly the incorporation of platinum within the bulk of 
the thermally grown iron oxide phase appears to give im- 
proved PEC performance over the surface-deposited 
catalyst. 

Comparison of the a-Fe203 electrode current densities 
prepared by hydrogen pretreatment followed by con- 
trolled thermal oxidation under O~ between 500 ~ and 
600~ with previous work by others is, however, some- 
what difficult to achieve due to the disparity under 
which photocurrents are measured (i.e., different electro- 
lytes, lack of  light intensity data, noninclusion of current 
densities, etc.). However, Table IV compares photocur- 

Table IV. Comparison of photocurrent densities for ~-Fe~O3 
photoanodes prepared under various conditions a 

Photocurrent densities 
Conditions (~A/cm 2) 

300~ 100 
500~ 290 
500~ 450 
500~ 560 
500~ b 600 
Flamed foils c 190 

a Experimental measurement of current densities were carried 
out in 1.0M KOH at 100 mW/crn z ELH intensity. Scan rate = 10 mV/s; 
electrode area = 0.25 cm ~. 

b Initial reduction under Hz at 600~ for 30 min prior to oxidation. 
c Foils were heated with a neutral gas/air torch until bright red for 

5 rain and then quenched in air. 

rent densities for photoanodes prepared under various 
conditions during this work. From these results, it is clear 
that hydrogen pretreatment of the electrode at 600~ fol- 
lowed by oxidation at 500~ produces the highest current 
densities for thermally grown a-Fe203 electrodes. In addi- 
tion, bulk modification of the thermally grown iron oxide 
with platinum during oxide growth seems to result in sig: 
nificant improvement  in PEC performance. The incorpo- 
rated platinum appears to act as a donor species, resulting 
in an increase in carrier density and a shift of the 
flatband potential to more negative values. 
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Raman Spectroscopy of Anodic Oxide Films on HgTe 

Masao Sakashita, ~ Toshiaki Ohtsuka, and Norio Sato* 

Faculty of Engineering, Hokkaido University, Sapporo, Japan 

ABSTRACT 

Laser Raman spectroscopic measurements of the anodic oxide film formed on HgTe in aqueous solutions reveal the 
characteristic Raman bands that appear at 422 and 684 cm- ' .  These bands, which are different from those of crystalline 
HgTeO3 and TeO2 powders, may be attributed to a complex oxide of HgTe20~ or an amorphous oxide of TeO, that might 
be formed in anodic oxidation. The heating effect on the anodic oxide film due to a focused laser beam is also discussed. 

Surface passivation of compound semiconductors 
Cdx Hg,_xTe (CMT) is of considerable importance in their 
utilization as photoconductive devices. One of the most 
common methods for surface passivation is anodic oxida- 
tion (1). In previous papers, the electrochemical reaction 
and the anodic oxide films of CMT and HgTe have been 
investigated by using x-ray photoelectron spectroscopy 
(XPS) and rotating ring-disk electr})de (2-4). Furthermore, 
there have been a few papers dealing with composition of 
the anodic oxide (5-7). In recent years, laser Raman scat- 
tering spectroscopy has proved useful in studying the 
structure and composition of surface oxide films on met- 
als. The Raman scattering spectra of bulk powder of 
HgTeO3, CdTeO3, and TeO~ have been measured by 
Rhiger and Kvaas (8). In this work, a laser Raman back- 
scattering technique is applied to the measurement  of the 
anodic oxide films on HgTe. 

Raman scattering measurements  were made with a 
JASCO 800-T triple monochromator,  and an Ar ion laser 
beam of 514.5 nm wavelength was used for excitation. All 
measurements  were made in the backscattering geometry 
with an incidence angle of  70 ~ . In order to minimize 
the effect of sample heating, a slightly defocused laser 
beam with an incidence power level of 25 mW was used 
for spectrum measurements.  An attempt was, however, 
made to examine the heating effect on the spectra upon 
exposure of a focused beam with an incident power level 
of 50 roW. 

The material studied was single crystal of HgTe with 
the surface of (100) plane. After electrochemical reduction 
of the mechanically polished surface, the material was 
anodically oxidized at a given electrode potential. The 
anodization was carried out in solution of sodium acetate- 
acetic acid, sodium borate-boric acid, and 0.1M KOH in 
90% ethylene glycol-10% water. The procedure for cath- 
odic reduction and anodic oxidation has b~en described 
in detail in a previous paper (2). 

Figures 1 and 2 show the Raman scattering spectra of 
HgTe surfaces reduced at -0 .6Vvs.  SHE (spectrum a) and 
oxidized at* 3.0V (spectrum b) in a sodium acetate-acetic 
aqueous solution of pH 4.9. The thickness of the oxide 
film formed at 3.0V was found to be about 200 nm from 
electrochemical coulometric measurements.  Spectrum a 
shows no characteristic bands, revealing that the reduced 
surface, is free from any oxides and that HgTe is a weak 
scatterer for Raman effects. From spectrum b in Fig. 1 
and 2, the Raman bands of the oxidized surface are found 
at the position of 422 and 684 cm- ' .  These positions of the 
bands are not identical to those for TeO2 shown in spec- 
trum c. Furthermore,  the characteristic band at 326 c m - '  
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for HgO is not observed in spectrum b for the anodic ox- 
ide. The Raman bands at 422 and 684 c m - '  cannot be 
used to clearly identify the composition of the anodic ox- 
ide. It is, however, likely that the anodic oxide, which has 
previously been represented by TeO~-0.5HgO (2), is not a 
mixture of TeO2 and HgO, but is a complex oxide such as 
HgTe~Os. Such a complex oxide has been suggested from 
the results by XPS and ring-disk electrode measurements 
(2). One may also explain the Raman bands at 422 and 684 
c m - '  to correspond to those of amorphous TeO~, because 
the amorphous oxide may exhibit  the Raman band differ- 
ent from that of the crystallized oxide. 

The spectrum with the same Raman bands as those of 
spectrum b in Fig 1 and 2 was obtained for the anodic ox- 
ide films with the composition of TeO~-0.7HgO formed in 
the sodium borate-boric acid aqueous solution of pH 8.4 
and also for the film with the composition of TeO2- 
1.0HgO formed in the basic ethylene glycol solution. It 
appears, therefore, that the Raman scattering spectrum is 

03 
~" OJ O~ 

I I I 

I 

a 

240 120 0 

Raman  sh i f t ,  cm -~ 

Fig. 1. Raman spectra (10-240 cm -~) for HgTe surfaces reduced at 
-0.6V vs .  SHE (a) and oxidized at 3.0V (b) in pH 4.9, and for TeO2 
powder (c). The monochromator bandpass was 1.1 cm-'. The peaks 
marked by asterisks are emission lines of Ar ion laser. 
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Fig. 2. Roman spectra (200-1000 cm -~) for HgTe surfaces and 
TeO~ powder. The monochromator bandpass was 4 cm-' .  Notation a, 
b, and c are those shown in Fig. 1. 

incapable of distinguishing the composition difference in 
the anodic oxide films on HgTe. The characteristic posi- 
tions of bands, however are markedly different from 
those reported for bulk powder of HgTeO3:41, 59, 642, and 
703 c m - '  (8). It is thus likely that the anodic oxide film 
on HgTe possesses a characteristic structure different 
from that of the thermally produced bulk oxide. Such a 
discrepancy of the Raman scattering spectrum was also 
observed between the oxide film on CdTe (9) and the 
bulk oxide C d T e Q  (8). 

Figure 3 shows the Raman scattering spectra of TeO.~- 
0.5HgO (or HgTe.~O0 on HgTe measured after exposure of 
a focused laser beam of 50 roW. In addition to weak bands 
for the anodic oxide, the Raman scattering bands corre- 
sponding to Tee2 are observed, indicating that Tee2 is 
formed by the focused laser beam. This formation of TeO~ 
may be represented by the following disproportionation 
reaction in analogy with the reaction between HgTeO3 
and HgTe 

2HgTe20~ + HgTe ) 5TeO~ + 3Hg 

This thermal instability of HgTe20~ and HgTeO3 requires 
careful precaution in conducting the Raman spectro- 
scopic studies of the oxide film on HgTe and CMT to 
eliminate the heating effects due to incident beam. 

In summary, the characteristic Raman bands for the an- 
odic oxide films on HgTe are found to be 68, 79, 422, and 
684 c m - '  from determination by using a defocused laser 
beam with an incidence power level of 25 roW. 
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Fig. 3. Roman spectra of the anodic oxide on a HgTe surface after 
irradiation of a focused laser beam of 50 roW. Roman spectra were 
measured by using a defocused laser beam of 25 mW with the mono- 
chromatar bandpass 1.1 cm- '  (a) and 4.0 cm- '  (b). 
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A B S T R A C T  

A p H  sensor  has been  deve loped  for precise  p H  measu remen t s  of  high t empera tu re  aqueous  solut ions based on a 
yttr ia-stabil ized zirconia (9% Y203) m e m b r a n e  electrode with a Hg/HgO solid-state internal  e lement .  In these  investiga- 
tions, the  use  of  calculated p H  values  in evaluat ing the  pe r fo rmance  of the  sensor  has been  el iminated.  The  excel len t  
one-to-one corre la t ion obtained be tween  the potent ial  of tl?e sensor  and a hyd rogen  reference e lec t rode  measured  
against  a Ag/AgC1, 0.1M KC1 reference  e lect rode confirms that  the  p H  sensor  behaves  in a Nernst ian manner .  The  sen- 
sor is capable  of  wi ths tanding  high t empera tu res  and pressures  and is unaffec ted  by hydrogen  and oxygen  gases and 
chloride ion concentrat ion.  The e lec t rode  remains  stable over  long per iods of  t ime, thus  showing  its potent ia l  use in 
moni tor ing  the  p H  of waters  in nuc lear  reactors,  geo thermal  brines,  and other  h igh  t empera tu re  aqueous  systems. 

A cons iderab le  a m o u n t  of  research has  been  carr ied out  
dur ing the past  decade  to develop e lec t rodes  to measure  
the p H  (= - l o g  all+) of  high t empera tu re  aqueous  sys tems 
(1-12). The failure of  the  glass e lec t rode  to operate  at tem- 
peratures  as h igh  as 250~176 necess i ta ted  the  develop-  
men t  of  p H  sensors  for use at e leva ted  temperatures .  
Such a sensor, i f  developed,  would  have  a t r emendous  
practical  i m p a c t  in its applicat ions,  par t icular ly  in geo- 
the rmal  br ines  and nuc lear  and fossil-fueled power  
reactors. 

Recently,  Niedrach  (13, 14) and Macdona ld  and Tsuruta  
(15) descr ibed the  use  of  a yttr ia-stabil ized zirconia (YSZ) 
m e m b r a n e  for the  measu remen t  of  p H  of aqueous  solu- 
t ions at t empera tu res  as high as 300~ In  these  studies, 
m e m b r a n e  e lec t rodes  wi th  both aqueous  and Cu/Cu20 in- 
ternal  reference  e lements  have  been  used. These  mem-  
brane e lect rodes  have  been  found to exhib i t  a Nernst ian 
p H  response  at e leva ted  tempera tures ,  and appear  to be  
ideal ly suited for the  m e a s u r e m e n t  of  the  p H  of a wide  va- 
r iety of  systems,  inc lud ing  those  conta in ing  o ther  redox  
and/or easily r educed  species.  

Al though  the  pre l iminary  studies demons t r a t ed  the  po- 
tential  use of YSZ m e m b r a n e s  as p H  sensors,  their  appar- 
ent  lack of h igh  prec is ion  as d e m a n d e d  by many  research 
and control  appl icat ions  of high t empera tu re  technology 
led us to inves t iga te  the  possible use of Ag/Ag20 and 
Hg/HgO as in ternal  references  in addi t ion  to Cu/Cu20. We 
have  also a t t empted  to e l iminate  the  use  of  calculated p H  
values based on dissociat ion constant  data  to evaluate  the  
pe r fo rmance  of  these  m e m b r a n e  electrodes.  In  order  to 
achieve  this second objective,  the potent ia l  of the  sensor  
and the  potent ia l  of  a hydrogen  reference  e lect rode were  
measured  against  an externa l  pressure  ba lanced Ag/AgC1, 
0.1M KC1 re fe rence  e lec t rode  (RE) in sys tems  conta in ing  
known  amoun t s  of  d isso lved  hydrogen.  The  one- to-one 
correlat ion obta ined  be tween  these  m e a s u r e m e n t s  (16) 
proves  that  the  zirconia 9% Y20~ p H  sensors cons t ruc ted  
by us fol low a nerns t ian  behavior ,  as does the hydrogen  
e lect rode wi th  respec t  to the  hydrogen  ion activity. 

ExperimentaJ 
Electrode system.--The e lec t rode  sys tem (15) used  in 

these  s tudies  consis ts  of  an ex te rna l  p ressure-ba lanced  
Ag/AgC1, 0.1M KC1 RE  (17) a br ight  p l a t inum electrode,  
and a pH-sens i t ive  ZrO2 (9% Y203) m e m b r a n e  electrode,  
all f i t ted to the  au toc lave  con ta in ing  the  buffer  solution.  
The  so lu t ion  was  sa tura ted  wi th  H~ gas at 25~ before  its 
ent ry  into the  autoclave.  Thus  the  p l a t inum e lec t rode  in 
equ i l ib r ium wi th  H2 served  as an internai  hyd rogen  elec- 
trode. A br ight  p l a t inum e lec t rode  was used  in these  stud- 
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ies ins tead of  a p la t inum black  e lec t rode  because  they  
both gave the  same  potent ia l  r esponse  wi th  respect  to RE. 

The  upper  part  of  the  reference  electrode,  where  the  
Ag/AgC1 act ive e l emen t  is located, was cooled by air in or- 
der  to avoid the  the rmal  degradat ion of AgC1. 

The zirconia m e m b r a n e  e lec t rodes  were  cons t ruc ted  by 
filling about  1 in. of  the  zirconia tube  (4 in. long, 1/4 in. 
od, and 5/32 in. id) wi th  a meta l /meta l  ox ide  mix tu re  
(Cu]Cu20, Ag/Ag~O, or Hg/HgO). This  ac ted  as the  in ternal  
re ference  junc t ion  of  the  sensor. A mi ld  steel  conduc t ing  
wire e m b e d d e d  in this m ix tu r e  se rved  as the  contac t  lead 
f rom the  sensor.  The  upper  part  of  the  sensor  was sealed 
with  a Teflon inser t  and the  sensor  e lec t rode  was then  'in- 
t roduced  into a t ight ly  fit t ing Teflon tube,  leaving the  
bo t tom 1 in. of  the  sensor  (active region) exposed .  The  
sensor  was then  fi t ted to a Conax  Type  EG-125 Gland  
with  a Teflon seal, fo l lowed by a steel  ferrule. Care was 
t aken  to isolate the  sensor  f rom the  Conax  Gland to pre- 
ven t  any fo rm of  shunt ing.  

A schemat ic  of  the  au toc lave  test  cell  used  in these  
studies appears  e l sewhere  (15). 

Test solutions . - -Tes t  solut ions were  prepared  by mix ing  
var ious  amount s  of boric acid and l i th ium hydrox ide  so- 
lut ions of vary ing  concentrat ions.  Expe r imen t s  were  also 
pe r fo rmed  with  0.01M H3PO4, 5 x 10-3M and 5 • 10-4M 
H2SO4, and 0.01M H3PO4 + 0.001M NaOH. Doubly  disti l led 
water  and reagent-grade  chemicals  were  used for the  
prepara t ion  of  all solutions.  

Before  each test  run, deaerat ion was accompl i shed  by 
purg ing  the solut ion in the  reservoir  wi th  purif ied nitro- 
gen gas for 2h. In  exper iments  where  a p la t inum elec- 
t rode  was used  as a hydrogen  reference,  purif ied hydro-  
gen gas was used  for deaera t ion  of  the  solut ion instead of  
ni trogen.  

Experimental procedure.--All potent ia ls  were  mea- 
sured using a Kei th ley  614 e lec t romete r  having  an inpu t  
i m p e d a n c e  of  5 • 10'3~1. Measuremen t s  were  m a d e  on 
both  the  p H  sensor  e lec t rode  and the  hyd rogen  elect rode 
wi th  respect  to the  same RE. Measured  potent ia ls  were  
cor rec ted  for i so thermal  l iquid  junc t ion  potent ia ls  us ing  
the  P l anck -Hende r son  theory  (18), and  the  data  repor ted  
by Macdona ld  et al. (1). The  cor rec t ion  t e rms  var ied  be- 
tween  - 5  and +25 inV. No correct ions  were  m a d e  for the  
the rmal  di f fus ion potent ia ls  at this s tage as this wou ld  no t  
alter the  s lopes of  the  expe r imen ta l  plots  repor ted  in this 
paper.  

Expe r imen t s  were  pe r fo rmed  in the  t empera tu re  range  
125~176 at 25~ intervals.  A t  each  t empera tu re ,  the  po- 
tent ia l  was a l lowed to at tain a s table va lue  to wi th in  -+2 
mV at t empera tu res  >175~ and ---3 m V  at t empera tu res  
<175~ about  a m e a n  value.  At  h igher  t empera tu res  
(>175~ this r equ i red  less than a minu te  whi le  at lower  
t empera tu res  the  stabil i ty was ach ieved  within  5 rain. 

S ince  the  sys tem was found  to be  sensi t ive  to static 
charge,  all measur ing  cables  and e lec t rode  assemblies  
were  placed in a Faraday  cage. 

1866 
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Results and Discussion 
Figu re s  1 a n d  2 i l lu s t r a t e  two  of  t he  typ ica l  po ten t i a l  p H  

(ca lcu la ted)  v a r i a t i o n s  o b s e r v e d  for s enso r s  m e a s u r e d  
aga ins t  RE for t e m p e r a t u r e s  f rom 125 ~ to 275~ The  cal- 
cu l a t ed  p H  va lues  u s e d  in  t h e s e  e x p e r i m e n t s  we re  ob- 
t a i n e d  f rom b o t h  p u b l i s h e d  (1, 19) a n d  u n p u b l i s h e d  da ta  
(20). I t  m u s t  b e  n o t e d  t h a t  t h e s e  va lues  h a v e  b e e n  calcu- 
l a ted  u s i n g  d i s soc i a t i on  c o n s t a n t s  for ac ids  a n d  bases  a n d  
t he  m e a n  ac t iv i ty  coeff ic ients  for  va r ious  ions  
(1, 5, 19-22). 

The  p H  senso r s  u s e d  in  the  p r e s e n t  s tud ies  c o n t a i n e d  
e i the r  Ag/Ag20 or Hg/HgO as i n t e rna l  re fe rences .  Senso r s  
w i t h  t h e  Cu/Cu~O i n t e r n a l  r e fe rence  s h o w e d  i r r ep roduc-  
ib le  resul ts .  Th i s  is a t t r i b u t e d  to t he  poo r  e lectr ical  con- 
tac t  o b t a i n e d  w i t h  th i s  mix tu re ,  as wel l  as to t he  re la t ive  
ins t ab i l i ty  of  Cu20 w h e n  c o m p a r e d  w i th  Ag~O a n d  HgO. 
The  s tab i l i ty  of t h e  Cu/Cu20 a n d  t h e  Ag/Ag20 m i x t u r e s  
was t e s t e d  by  u s i n g  t h e m  as i n t e rna l  r e f e r ences  ins ide  the  
m e m b r a n e s  u n d e r  e x p e r i m e n t a l  c o n d i t i o n s  for  t en  t e s t  
runs ,  a n d  t h e r e a f t e r  e x a m i n i n g  t h e  r e s u l t i n g  m i x t u r e s  b y  
x-ray d i f f rac t ion  a n d  c o m p a r i n g  t h e s e  da t a  w i th  t he  x-ray 
d i f f rac t ion  da ta  of  Cu/Cu20 a n d  Ag/Ag20 m i x t u r e s  h e a t e d  
in a fu rnace  at  275~ for  12h. T h e s e  s tud ie s  c o n f i r m e d  
t h a t  Cu20 u n d e r w e n t  g r adua l  t h e r m a l  o x i d a t i o n  to CuO 
ins ide  the  m e m b r a n e ,  wh i l e  Ag20 u n d e r w e n t  g r adua l  
t h e r m a l  d e c o m p o s i t i o n  to Ag. Hence ,  e v e n  t h o u g h  the  
s enso r s  w i t h  Ag/Ag20 in t e rna l s  p e r f o r m e d  well, all s tud-  
ies r e p o r t e d  in th i s  paper ,  un l e s s  o t h e r w i s e  s ta ted,  were  
conducted with sensors having Hg/HgO internal refer- 
ence electrodes, because of the thermodynamic stability 
of HgO at temperatures below 500~ (23). 

As is clearly seen from Fig. 1 and 2, the largest scatter in 
the results was observed in weakly acidic solutions (pH = 
2.5-5.5): namely, for 5 x 10-4M H2SO4, 0.01M H3PO4, and 
0.01M H3PO4 + 0.001M NaOH. It must be emphasized that, 
for these solutions, the available thermodynamic data are 
not sufficient to estimate their pH values to an accuracy 
better than +0.5 of a pH unit. Even in the case of the 
LiOH-B(OH):~ systems, recent work (i) indicates that the 
calculated pH values at elevated temperatures may also 
be in error due to uncertainties in the dissociation con- 
stant for boric acid. The 5 • 10-4M H2SO4 solution, in 
turn, suffers from the disadvantage that, being a poor 
buffer, corrosion processes occurring inside the autoclave 
could offset the pH of the system considerably. These two 
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r e a sons  poss ib ly  exp la in  t h e  o b s e r v e d  dev i a t i on  f rom the  
l inear  b e h a v i o r  in  t he  E ..... r/pH (ca lcula ted)  d i ag rams  for 
t he  a b o v e  so lu t ions .  

The  e x p e r i m e n t a l  s lopes  of t h e  Ese,sor/pH plots  over  t h e  
t e m p e r a t u r e  r a n g e  125~176 ca l cu l a t ed  b y  l inear  regres-  
s ion analysis ,  are  l i s t ed  in Tab le  I t o g e t h e r  w i th  t he  theo-  
re t ical  va lues  (-2.303RT/F). The  l inea r i ty  of  th i s  va r i a t i on  
was e s t a b l i s h e d  b y  t he  n e a r - u n i t y  r e g r e s s i o n  coeff ic ients  
ob ta ined .  The  e x p e r i m e n t a l  s lopes  w i t h  the  Hg/HgO in- 
t e rna l  r e fe rence  dev ia te  f r o m  the  t heo re t i ca l  s lopes  b y  
a b o u t  11% at  lower  t e m p e r a t u r e s  (e. g., 125~ a n d  gradu-  
ally dec rease  to less  t h a n  5% at h i g h e r  t e m p e r a t u r e s  (e.g., 
> 225~ t he  t heo re t i ca l  s lopes  b e i n g  a lways  grea te r  t h a n  
the  e x p e r i m e n t a l  s lopes.  

T h e  sca t t e r  o b s e r v e d  in t h e  E . . . . .  /pH plo t s  (Fig. 1 a n d  2) 
a n d  t he  o b s e r v e d  dev ia t ion  in t he  e x p e r i m e n t a l  s lopes  of  
t h e s e  plots  are a t t r i b u t e d  to t he  u n c e r t a i n t y  of  t he  calcu- 
l a ted  p H  values ,  r a t h e r  t h a n  to t he  n a t u r e  a n d  t he  per- 
f o r m a n c e  of t h e  e lec t rodes .  

In  o rde r  to t e s t  th i s  h y p o t h e s i s  a n d  to  avo id  unce r t a in -  
t ies  a ssoc ia ted  w i t h  the  ca lcu la ted  p H  values ,  experi-  
m e n t s  were  r e p e a t e d  in  w h i c h  the  po t en t i a l  of  t he  s enso r  
a n d  t h e  po t en t i a l  of  a n  in t e rna l  h y d r o g e n  r e fe rence  elec- 
t r ode  (H2, Pt/H~aq) were  s i m u l t a n e o u s l y  m o n i t o r e d  w i th  
r e s p e c t  to Ag/AgCI,  0.1M KC1 RE. W h e n  t h e s e  p o t e n t i a l  
va lues  we re  p l o t t e d  one  aga ins t  t he  o ther ,  a n  e x c e l l e n t  
one- to -one  co r r e l a t i on  over  t he  t e m p e r a t u r e  r a n g e  125 ~ 
275~ was  ob t a ined .  F i g u r e  3 i l lus t ra tes  an  e x a m p l e  of  

Table I. Comparison of experimental and theoretical slopes of 
E~e~or vs. pH (calculated) plots at various temperatures 

with Ag/Ag,20 and Hg/HgO as internal reference electrodes 

Experimental slope 
(mV/pH) 

Temperature Theoretical slope 
(~ (mV/pH) Ag/Ag.20 Hg/HgO 

125 - 79 - 71.4 - 70.! 
150 - 84 - 77.8 - 75.8 
175 - 89 - 81.7 - 82.2 
200 - 94 - 87.4 - 87.0 
225 - 99 - 95.8 - 94.0 
250 -104 - 97.4 -100.4 
275 -109 -102.7 -107.9 
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Fig. 3. A typical example of a one-to-one correlation observed be- 

tween the hydrogen electrode potential (E~) and E~e~or at 250~ along 
with the actual pH of the system. 

s u c h  a typ ica l  p lo t  a t  250~ The  one- to -one  co r re l a t ion  
ob ta ined ,  , resul t ing in a r e g r e s s i o n  coeff ic ient  o f  a l m o s t  
un i ty  (Tab le  II), p r o v e s  t h a t  t he  p H  s e n s o r  b e h a v e s  in  a 
n e r n s t i a n  m a n n e r ,  as  does  t h e  h y d r o g e n  e lec t rode  w i t h  
r e spec t  to h y d r o g e n  ion  act ivi ty ,  t h u s  e n a b l i n g  us  to esti- 
m a t e  t he  p H  of  h i g h  t e m p e r a t u r e  a q u e o u s  so lu t ions  to an  
accu racy  of  +_0.02 of a p H  uni t .  F u r t h e r m o r e  t h e s e  
f ind ings  also s h o w  t h a t  the  lack of  s u c h  accu racy  appar -  
en t  in Fig. 1 a n d  2 a n d  Tab le  I, is no t  due  to a faul t  of  t he  
p H  sensor ,  b u t  can  b e  t r aced  to u n c e r t a i n t y  in t he  calcu- 
la ted  p H  va lues  of  t he  buf fe r  so lu t ions  u sed  for  t he  
ca l ibra t ion .  

In  t he  p r e s e n t  s tudy ,  t he  p H  va lue  is eva lua t ed  u s ing  
the  in te rna l  r e f e r e n c e  h y d r o g e n  e lec t rode  po ten t i a l  in  t he  
fo l lowing m a n n e r .  Fo r  t he  h y d r o g e n  e lec t rode ,  t he  elec- 
t r ode  reac t ion  is 

H ~ + e ~ l / 2 H ~  [1] 

The  N e r n s t  e q u a t i o n  for th i s  r eac t ion  can  be  wr i t t en  as 

2.303RT 
ET = E~ ~ 2.303RT2F log P,2,~ - - F  PHT [2] 

w h e r e  t he  s u b s c r i p t  T re fers  to t he  t e m p e r a t u r e .  
At  25~ if  t he  d i s so lved  H,~ c o n c e n t r a t i o n  in wa te r  is m 

m o l - k g - ' ,  then ,  a c c o r d i n g  to H e n r y ' s  law, t he  effect ive 
par t ia l  p r e s s u r e  of  H~ is 

PH2,T = m/KT [3] 

w h e r e  KT is t he  H e n r y ' s  l aw c o n s t a n t  for H2 at  t empe ra -  
tu re  T. S ince  t he  par t ia l  p r e s su re  of H2 co r rec t ed  for  t he  
v a p o r  p r e s s u r e  of  wa te r  at  25~ is 0.97 a tm,  f rom Eq. [3] 

m = 0.97K,,~ [4] 

T h u s  f rom Eq. [3] a n d  [4], t he  par t ia l  p r e s s u r e  of H2 at  any  
o the r  t e m p e r a t u r e  T is 

PH,~,T = 0.97K~jK~ [5] 

F r o m  Eq. [2] a n d  [5] 

ET = ET ~ 2 .303RT log [0.97K~JKT] - 2"303RTpHT [6] 
2F F 

The  po ten t i a l s  h a v e  b e e n  m e a s u r e d  w i t h  r e spec t  to 
Ag/AgC1, 0.1M KC1, at  e leva ted  t e m p e r a t u r e s .  Thus ,  a cor- 
r ec t ion  has  to be  ca r r ied  ou t  to conve r t  t he  o b s e r v e d  po- 
t en t i a l  va lues  (Eobs) to h y d r o g e n  scale  (EsHE) i n c o r p o r a t i n g  
a co r rec t ion  for t h e r m a l  j u n c t i o n  po ten t i a l s .  These  correc- 
t ion  fac tors  for  va r ious  t e m p e r a t u r e s  a p p e a r  e l sewhere  
(1). Thus  

ET = EsH~ = (Eobs + E ...... t) [7] 

The  t e r m  Ecorrect con t a in s  t he  t h e r m a l  j u n c t i o n  po ten t i a l  
cor rec t ion ,  wh i l e  the  t e r m  Eobs has  b e e n  co r rec ted  for t he  
i s o t h e r m a l  l i qu id  j u n c t i o n  po ten t i a l  a c c o r d i n g  to t he  pro- 
c e d u r e  ou t l i ned  in  Ref. (1) a n d  (18). The  Eq. [6] n o w  yields  

F 1 
pHT -- ESHE -- log (0.97K2JKT) [8] 

2.303RT 2 -  

w h i c h  can  be  u s e d  to ca lcu la te  t he  p H  at  any  t e m p e r a t u r e ,  
k n o w i n g  EssE a n d  H e n r y ' s  l aw c o n s t a n t  for t he  hydro -  
gen /wa te r  s y s t e m  a t  the  r e q u i r e d  t e m p e r a t u r e  (22). These  
p H  va lues  h a v e  b e e n  u s e d  to ca l ib ra te  t he  p H  senso r  at  
va r ious  t e m p e r a t u r e s  as a p p e a r i n g  in  Fig. 3, t h u s  e n a b l i n g  
a comple t e ly  u n a m b i g u o u s  m e a s u r e m e n t  of p H  b y  u s i n g  
an  a p p r o a c h  w h i c h  has  h i t h e r t o  no t  b e e n  p u b l i s h e d  else- 
where .  The  ac tua l  p H  va lues  t h u s  e v a l u a t e d  for so lu t ion  
sys t ems  u s e d  in  t he  p r e s e n t  s t u d y  are  l i s ted  in Tab le  III  
for t e m p e r a t u r e s  up  to 275~ 

The  abi l i ty  to m e a s u r e  p H  to an  a c c u r a c y  of -+0.02 of  a 
p H  un i t  in  a q u e o u s  sy s t ems  at e l eva ted  t e m p e r a t u r e s  
opens  u p  a w h o l e  n e w  area  of  so lu t ion  chemis t ry ,  s ince  
we are n o w  in a pos i t i on  to s t u d y  hyd ro lys i s  r eac t ions  a n d  
ac t iv i ty  coeff ic ients  of  ions  more  accu ra t e ly  at  t he se  tem-  
pera tu res .  

The  i n f l uence  of o x y g e n  a n d  h y d r o g e n  on  the  e lec t rode  
po ten t i a l  of  t he  s e n s o r  was  i nves t i ga t ed  by  e i t he r  p u r g i n g  
air  or h y d r o g e n ,  respec t ive ly ,  t h r o u g h  t he  solut ion,  a n d  
t h e n  m o n i t o r i n g  t he  po ten t i a l  w i th  r e spec t  to the  
Ag/AgC1, 0.1M KC1 elect rode.  The  r e su l t s  s h o w e d  no in- 
f luence  of o x y g e n  or h y d r o g e n  gases  o n  t he  sensor  po- 
tent ia ls .  Similar ly ,  t he  p r e s su re  of t he  s y s t e m  s h o w e d  no 
in f luence  on  t he  e lec t rode  po ten t i a l  of  t he  s enso r  over  
t he  p r e s su re  r a n g e  200-1000 psi. 

F igu re  4 dep ic t s  the  in f luence  of  ch lo r ide  ion a n d  its 
c o n c e n t r a t i o n  on  t he  s e n s o r  po ten t i a l  in  0.01M B(OH)~ + 
0.001M LiOH at  200~ This  was  e x a m i n e d  by  i n t r o d u c i n g  
a k n o w n  a m o u n t  of  NaC1 in to  t he  so lu t i on  tank.  I t  is evi- 

Table II. Slopes of the plots of Esensor v s .  Ag/AgCI, 0.1M KCI 
against Pt, HJH~q ~ v s .  Ag/AgCI, 0.1M KCI 

Temperature (~ Slope -~ 

125 1.004 0.9984 
150 0.983 0.9981 
175 1.018 0.9993 
200 1.012 0,9990 
225 1.002 0.9999 
250 1.002 0.9985 
275 0.997 0.9997 

N.B.: ~ is the regression coefficient. 

Table Ill. pH values for experimental solution systems 
as a function of temperature 

pH 
Solution system 398 K 423 K 448 K 473 K 498 K 523 K 548 K 

5 x 10-3MH.zSO4 2.59 2.28 2.50 2.34 2.40 2.43 2.64 
0.01M H3PO~ 3.06 2.50 2.92 2.62 2.95 3.05 3.23 
0.1M B(OH)3 4.53 4.03 4.36 4.05 4.15 4.07 4.14 
0.01M B(OH)3 6.19 6.03 6 .53  6 .61  6.55 6,69 6.80 

+ 0.0001M LiOH 
0.01M B(OH)3 7.84 7.28 7,42 7.45 7.38 7.55 7.73 

+ 0.001M LiOH 
0.01M LiOH 9.75 9.20 9 .25  9.00 8.90 8.88 8.90 
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Fig. 4. The influence of chloride ion concentration on E,e,l,or for 

three different sensors in 0.01M B(OH)3 + 0.001M LiOH at 200~ 

dent from Fig. 4 that the chloride ion has very little effect 
on the sensor potential at these concentrations. We attrib- 
ute the general negative shift in potential to the increas- 
ing pH of the system due to the consumption of hydrogen 
ions by the all-metal loop. A similar shift is also evident in 
long-term stability tests, as shown in Fig. 5. Subsequent 
experiments with these membranes confirmed that their 
pH response is not affected by chloride ion concentra- 
tions up to 12 weight percent C1- and sulfide ion concen- 
trations up to 780 ppm S -~ (24). 
- The results of long-term stability tests for three sensors 
with an Hg/HgO internal reference, performed in 0.01M 
LiOH solution at 200~ are shown in Fig. 5. A gradual de- 
crease of the potential of the sensor by 7-12 mV from the 
initial value occurs over a period of 27h. From Fig. 5, it is 
clearly seen that the electrodes show good reproducibil- 
ity, in that the potentials obtained for each electrode did 
not deviate by more than -+5 mV about a mean value. 
Thus, the small drift observed in these tests most likely 
arises from changes in the pH of the test solution stem- 
ming from the consumption of hydrogen ions by corro- 
sion processes involving the all-metal loop and the ran- 
dom electrical noise pickup at these high impedances. 

We previously surmised that the somewhat sluggish re- 
sponse exhibited by some membranes at low tempera- 
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Fig. 5. Time stability of E~ensor for three different sensors in 0.01M 

LiOH at 200~ 

Table IV. Electrical resistance of the exposed area of the 
ZrO,-9% Y~O3 membrane at various temperatures 

with Ag/Ag~O and Hg/HgO internal elements 

Electrical resistance (M~) 
Temperature (~ Ag/Ag20 Hg/HgO 

125 44.90 61.90 
150 9.90 11.30 
175 2.50 --  
200 0.70 0.75 
225 0.23 0.24 
250 0.10 0.088 

tures (<150~ might be due to their very high electrical 
resistance. For example, silica is sometimes added to the 
ZrOrY203 mixture to "improve sinterability." It appears 
that this additive aids bonding by forming a glassy phase 
of very high electrical resistivity at the grain surfaces, 
thereby giving rise to very high matrix electrical resist- 
ance. If  this hypothesis is correct, then a correlation 
should exist between the response of a membrane and its 
electrical properties, as reflected by the dc resistance. 

The electrical resistance of the membrane was evalu- 
ated by measuring the EMF of the cell consisting of the 
sensor and the Ag/AgC1, 0.1M KC1 electrode with and 
without a shunt connected across them. The resistance of 
the membrane wall was calculated according to the pro- 
cedure outline by Niedrach (13). These results (Table IV) 
show that, with the Hg/HgO internal reference, the mem- 
brane resistance decreased from 61.9 M~ at 125~ to 0.088 
M~2 at 250~ thus showing that the membrane resistance 
is strongly temperature dependent.  It is likely that the 
membrane is undergoing a reversible modification 
(change) during heating and cooling cycles, which is re- 
sponsible for these drastic changes in membrane resist- 
ance. This factor probably explains the sluggish behavior 
of the membranes at lower temperatures (e.g., T <~ 150~ 
which disappears at higher temperatures owing to the 
high conductivity, that imparts a greater stability on the 
membrane potentials. 

The membrane resistance data, plotted as the logarithm 
of specific conductivity (o-) of the membrane vs.  the in- 
verse of the absolute temperature, showed a linear re- 

o A ,A o 

I .-Hg/Hgo 

- 2 . 0  - 

- 3 . 0  

- 4 . 0  r I I 
2.0 2.2 2.4 

I ( K - I )  ~- x 103  

Fig. 6. Arrhenius plots for the specific conductivity (o-) of pH sen- 
sors with Ag/Ag~O and Hg/HgO internal reference electrodes. 
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sponse with both Ag/Ag~O and Hg/HgO internal refer- 
ences, as shown in Fig. 6. The activation energies of 20.7 
kcal-mol - '  with the Ag/Ag~O internal, and 21.7 kcal-mol -~ 
with the Hg/HgO internal, obtained from the above plot 
are in excellent agreement with those reported in the lit- 
erature (25). These higher activation energies show that 
the sensors, in fact, behave as true membranes. 

Conclusions 
1. The yttria-stabilized zirconia membranes (9% Y203) 

with the Hg/HgO internal reference electrode used in 
these studies behave in a nernstian manner. Hence, they 
can be used for pH measurements of high temperature 
aqueous solutions. 

2. A unique method, which has hitherto not been pub- 
lished elsewhere, is outlined for evaluating the pH of high 
temperature aqueous solutions from the sensor response. 

3. Oxygen and hydrogen gases, chloride ion concentra- 
tion, sulfide ion concentration, and pressure of the sys- 
tem have no influence on the sensor potential, and hence 
on the measured pH. 

4. Experiments show that these pH sensors are capable 
of withstanding high temperatures and pressures over 
long periods. 
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ABSTRACT 

The influence of supporting electrolytes upon the "heterogeneous" electron-transfer rate of the MV ~ .  redox couple 
(MV 2~/~ and MV ~. are the dication and monocation ofviologen sites, respectively, in polymer coatings) as poly(methylviolo- 
gen) (PMV), poly(methylviologen)-Nafion complex (PMV-Nafion), and poly(methylviologen)-poly(p-styrenesulfonate) 
complex (PMV-PSS), which were attached to basal-plane pyrolytic graphite electrodes, as well as upon the "homogene- 
ous" charge-transport rate within these polymer films was examined by the normal pulse voltammetry. The values of 
standard rate constant (k ~ and cathodic transfer coefficient (a) of the heterogeneous electron-transfer process changed 
with the supporting electrolytes used. The values of the apparent diffusion coefficient (Dapp) for the homogeneous 
charge transport also changed with the supporting electrolytes. The relationship between the size of the counterion and 
Dap , w a s  found not to be simple. The Dapp, k ~ and a tended to decrease, though not monotonously, with an increase in 
FNafion/FMv2+ ~ o r  Fess/FMve+ ~ irrespective of the kind of supporting electrolyte, where FMv~+ ~ FNafi . . . .  and Fpss are the con- 
centration of the electroactive viologen site as PMV and the concentrations of the sulfonyl group as Nation and PSS, re- 
spectively. For a given supporting electrolyte and under the conditions of the same ratio of FNa,o,/FMv~: ''hs and Fess/FMve+ "~'S, 
the Da,p, k ~ and a obtained with the PMV-Nafion system were different from those obtained with the PMV-PSS system. 
Furthermore,  a linear correlation between log Da,, and log k ~ was observed. On the basis of the results obtained, the 
influence of the supporting electrolytes and the polymer morphology upon the heterogeneous electron transfer and the 
homogeneous charge transport is discussed. 

The "poly(viologen)"-coated electrodes prepared by the 
various types of immobilization of polymeric viologen 
materials on the surfaces of conductors and semiconduc- 
tors have been getting considerable interest as electron- 
transfer mediators or catalysts (1-4), as promising electro- 
chromic materials (5), as a potential means of solar energy 
conversion via the photoelectrochemical reduction of 
viologen itself (6, 7, 9-11), and as electrode materials for 
electrochemical deionization (8). The immobilization of 
polymeric viologen materials on electrodes can be 
achieved by the formation of insoluble films of the re- 
duced viologen on electrodes (12-15), the formation of the 
intermolecular polymer complexes (e.g., Nafion| - 
xylylviologen) (PXV) and poly(p-styrenesulfonate) (PXV- 
PSS) (1, 2, 16), the incorporation of monomeric methylvio- 
logen into anionic polyelectrolytes (such as Nation and 
PSS) coated on electrode surfaces (1, 2, 16, 17), the phys- 
ical adsorption of viologen polymer itself (3, 4, 11, 16), the 
chemical bonding of polymeric films of organosilane de- 
rivatives by metal -O-Si- linkages to electrode surfaces (9, 
10, 18), and the formation of polymeric viologens pre- 
pared by electropolymerization of monomeric viologen 
derivatives possessing vinyl groups (e.g., Vinyldiquat | 
(19). From the previous data (3, 4, 16) concerning the "ho- 
mogeneous" charge transport within the poly(viologen) 
coatings on electrodes in these various cases, it is obvious 
that the apparent diffusion coefficients (Dapp) characteriz- 
ing the charge transport, actually described as a diffusion 
process, are functions of the polymer, solvent, electrolyte, 
concentration of viologen site in coatings, the conditions 
of coating preparation, temperature, etc. However, quan- 
titative data are still relatively uncommon.  

Recently, we (16) have reported that Dapp as well as the 
kinetic parameters (i.e., standard rate constant [k ~ and 
transfer coefficient [a]) of "heterogeneous" electron- 
transfer reaction of the MV 2~r-'~. redox couple (MV 2~ is the 
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dication of viologen site in polymer coatings) can vary 
substantially as the overall morphology of the polymers 
confining the viologen sites and the concentration of the 
viologen site are changed and that the empirical linear re- 
lationship between log Dapp and log k ~ which has been 
found in some redox complexes (20-23) incorporated 
electrostatically into the polyelectrolytes on electrodes, 
also holds for the monomeric methylviologen trapped in a 
perfluorinated ion-exchange polymer, Nation. The more 
detailed examination of both the "homogeneous"  charge- 
transport process through the poly(vio]ogen) films on 
electrodes and the heterogeneous electron-transfer reac- 
tions at the electrode/poly(viologen) film interfaces is 
thus expected to lead to further insight into the homoge- 
neous and heterogeneous charge-transport processes in- 
volved in the electrochromic process, electron-transfer 
mediation or catalysis, photoassisted hydrogen evolution, 
etc., when using poly(viologen)-coated electrodes. 

Electron hopping between the neighboring redox sites 
in a polymer matrix, i.e., self-exchange electron-transfer 
process, has been proposed as the mechanism for trans- 
porting electrons through redox polymers (41, 42), since 
the redox sites are affixed to the polymer film matrix 
and all of these sites cannot directly contact with the un- 
derlying electrode. However, the rate-determining step of 
the electron transport is not always the intrinsic electron- 
transfer reaction between the neighboring redox sites. In 
many cases (3, 4, 16, 20-27, 41-49, 51-53), ion-transport pro- 
cesses such as the diffusion of the redox site itself, the 
motion of the charge compensating counterion, and the 
polymer chain motion have been considered to limit this 
electron-transport process. With the polymeric viologens, 
such fundamental  data for the understanding of the 
mechanism of homogeneous charge transport are pres- 
ently limited (3, 4, 16, 19). The influence of the electrolyte 
and the polymer morphology on the electrochemistry of 
the viologen polymer films attached to electrode surfaces 
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should be e x a m i n e d  in detail  to e lucidate  the factors 
cont ro l l ing  h o m o g e n e o u s  charge- t ranspor t  kinet ics  in 
v io logen  p o l y m e r  films as wel l  as he te rogeneous  
e lec t ron- t ransfer  kinet ics  at e lec t rode/v io logen-polymer-  
film interfaces.  

In this paper,  the  dependence  of the  D~pp character iz ing 
the h o m o g e n e o u s  charge  t ranspor t  wi th in  poly(methyl-  
viologen) (PMV) (Fig. 1) and the  kinet ic  parameters  (k ~ 
and ~) of  he t e rogeneous  e lec t ron- t ransfer  react ion of  the  
MV~+~ redox  couple  as PMV coated on a basal-plane py- 
rolytic graphi te  (BPG) e lec t rode  upon  the suppor t ing  
electrolytes  will  be e x a m i n e d  by a normal  pulse  vol tam-  
metr ic  procedure .  This t echn ique  has successful ly  been  
appl ied to the  de te rmina t ion  of  Da,p, k ~ and ~ for "electro-  
act ive po lymer -coa ted  e lec t rodes"  (16, 20-23). In  addit ion,  
the resul ts  will  be compared  with those  obta ined  with the  
PMV-Nation and PMV-PSS intermolecular complexes 
coated on BPG electrodes under the various ratios of 
FMV._,+ ~ to FNafl,m or Fps.~ in various supporting electrolytic 
solutions,  where  FMV2+ ~ FNafi(,n, and F,~s are the surface 
concent ra t ion  of the  e lect roact ive  v io logen  site as PlVIV 
and the  concent ra t ions  of the  sulfonyl  group as Nation 
and PSS,  respect ively .  The modif ica t ion  of e lec t rode  sur- 
faces by coat ing the  po lymer ic  in te rmolecu la r  complexes ,  
which  were  p r o d u c e d  by mix ing  two k inds  of  po lymers  
hav ing  the oppos i te  charges  of  each  other,  is a new useful  
means  in the prepara t ion  of  "po lymer -coa ted  e lec t rodes ,"  
and the  resul t ing e lect rodes  could be expec ted  to possess  
many  potent ia l  appl ica t ions  [e.g., catalytic O~ reduc t ion  at 
B P G  elec t rodes  coated with  P X V - P S S  or PXV-Naf ion  (1) 
and e l ec t roch romism of t ransparen t  e lec t rode  coated with  
P X V - P S S  (5)]. Thus,  a more  detai led examina t ion  of  the  
he te rogeneous  e lect ron- t ransfer  react ion be tween  the  
electrode and the redox site confined in the blended- 
polymer coatings and homogeneous charge-transport pro- 
cess through these polymer coatings was undertaken in 
order to understand the electrochemical behavior of these 
intermolecular complex-coated electrodes. 

Experimental  
Materials.--The poly(methylvio logen)  (PMV), wi th  av- 

erage molecu la r  we igh t  of  9.8 • 103, shown in Fig. 1, was 
prepared  as descr ibed  e l sewhere  (1, 6, 7, 16, 17). Nation 
m e m b r a n e  125 | was obta ined f rom E. I. du P o n t  de 
Nemours  and Company  (Wilmington,  Delaware).  Accord-  
ing to a prev ious  p rocedure  (1, 6, 7, 17), the  s tock solut ion 
of  Nation was p repared  f rom the m e m b r a n e  in order  to 
facili tate the  e lec t rode  coating, where  e thanol -d imethyl -  
su l foxide  mix tu re  (50:50 v o l u m e  percent)  was used  as a 
solvent,  and the  concen t ra t ion  of  Nat ion was 2.55 
mg-ml -L  Poly(p-s tyrenesul fonate  sod ium salt) (PSS) used  
as an e lec t rode  coat ing film of polye lec t ro ly te  was ob- 
ta ined f rom Polysc ience ,  Incorpora ted  (Warrington, 
Pennsylvania) ,  and the  average molecu la r  we igh t  was 6 • 
10 ~. The water -so luble  P S S  used  as a suppor t ing  electro-  
lyte was p repa red  by the  same p rocedure  as descr ibed  
previous ly  (1). Its average molecu la r  we igh t  was 1.2 • ]0 t. 

The bas~l-plane pyrolyt ic  graphi te  (BPG) (Union Car- 
bide Company)  disk e lect rodes  (area of  0.17 cm ~) were  
prepared  and m o u n t e d  into glass tube  with  heat-shrink- 
able polyolet in  tube  (24, 25). F resh  e lect rode surfaces 
were  p roduced  by c leaving the  disk with  a scalpel. 

---<CH2--CH ~[-0.~4----~ CH2--CH -)~0,59----~CH2-CH )o.07 

CH 2 CH2C~ 
I 

P M V  
Fig. 1. Structure of the poly(methylviologen) used 

S o d i u m  chloride,  sod ium perchlorate,  ces ium chloride, 
sod ium p- to luenesul fonate  (NaPTS), and te t raphenyl-  
p h o s p h o n i u m  chlor ide (TPPC1), wh ich  were  reagent  
grade, were  ob ta ined  f rom Wako Pure  Chemical  Indus-  
tries, L imi t ed  (Osaka, Japan)  and were  used  as suppor t ing  
electrolytes  w i thou t  fur ther  purification. In  each 
suppor t ing  electrolyt ic  solution,  the  concent ra t ion  of sup- 
por t ing  e lec t ro lyte  was 0.2M and the  pH  value  was ad- 
jus ted  to 3.0 by an addi t ion of  an  acid, which  is composed  
of the  same anion as that  of  the  suppor t ing  electrolyte  
used, to the  solution.  In  this process,  no buffer  solutions 
were  used  to avoid  the  compl ica t ion  of the  in terpreta t ion 
(concerning the inf luence of  suppor t ing  electrolyte  on ki- 
netics of  e lec t ro reduc t ion  process  of  po lymer ic  viologens)  
of the data obtained. 

Electrode coating procedures.--The po lymer  film- 
coated e lec t rodes  were  p repared  by a lmos t  the  same pro- 
cedures  as desc r ibed  previous ly  (1). The  PMV film and 
the  po lymer  film obta ined  by mix ing  of  the  PMV and 
Nation solut ions on the e lec t rode  surface appeared  ho- 
mogeneous  to the naked  eye, while  the  po lymer  film ob- 
ta ined by mix ing  of  the  PMV and P S S  solut ions appeared 
less homogeneous .  

PMV film coating.---Aliquots (]-10 ~liter) of methano] ic  
s tock solut ion conta in ing  3 mg/ml  methy lv io logen  as 
PMV were  spread by a microsyr inge  on the freshly 
c leaved e lec t rode  surface of  BPG,  and then  the solvent  
was evapora ted  at room tempera ture .  

PMV-Nafion film coating.--Aliquots of the  s tock solu- 
t ions of PMV and Nation were  p ipe t ted  and m i x e d  di- 
rect ly on the  freshly c leaved surface and then  air-dried to 
r e m o v e  the  so lvent  before  use. 

PMV-PSS fi lm coating.---Aliquots of the s tock solut ions 
of  PMV and P S S  were  m i x e d  on the B P G  electrode sur- 
faces and dried. 

Apparatus and procedures.--Normal pulse  vo l t ammo-  
grams and cyclic v o l t a m m o g r a m s  were  obta ined with 
h o m e m a d e  ins t ruments  and were  recorded  with  an X-Y 
recorder  (Watanabe Corporation).  Posi t ive  feedback 
circui t ry  was emp loyed  to c o m p e n s a t e  the  resis tances  as- 
sociated with  the po lymer  coat ings (these were typical ly 
ca. 20-50~1) as m u c h  as possible.  In  normal  pulse  
vo l t ammet r i c  exper iments ,  the pulse  wid th  of 10-100 ms 
and the  interval  of 30-60s be tween  success ive  pulses  were  
employed.  Thus it can be  safely cons idered  that  the de- 
p le t ion layer of reactants  p roduced  dur ing  the preced ing  
pulse  comple te ly  disappears  before  the  fol lowing pulse  
starts. Normal  pulse  vo l t ammet r i c  m e a s u r e m e n t s  were  
conf ined to t imes  (typically 1-i0 ms) sufficiently short  to 
ensure  that  semi-infini te  l inear diffusion prevai led  (16, 
20-23, 26). 

The th icknesses  of the  coat ing films of PMV, PMV- 
Nation, and P M V - P S S  were  measu red  as follows. Ali- 
quots  of the  s tock solutions of  PMV, PMV and Nation, or 
PMV and P S S  were  cast and then  spread by a microsy-  
r inge on a glass slide in such  a way that  the  area of the  
spread coating is equal to that (0.17 cm ~) of BPG electrode 
used. They were then air dried. The resulting dry coatings 
were soaked for 30 rain in the same aqueous solutions as 
those used in further electrochemical experiments (i.e., 
the concentration of supporting electrolyte = 0.2M, pH = 
3.0), and the "wet" thicknesses were measured with a 
Surfcom 550A (Surface Texture Measuring Instrument, 
Tokyo Seimitsu Company). The wet thicknesses of the 
coating films were almost independent of the kind of the 
supporting electrolytic solutions used. 

The quantities (FMv2+ ~ in units of moles per square cen- 
timeter) of the electroactive viologen site in electrode 
coatings were determined coulometrically (25) by inte- 
grating the current that passed when the electrode poten- 
tial was stepped from a value where no current was 
flowing to a value where the dicationic viologen sites 
(MV '-'~) were reduced to the corresponding radical mono- 
cations (MV'). The values of F.~v~ ')hS were also determined 
by measuring the area of cyclic voltammograms (for the 
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Fig. 2. Variation of the thickness of the coating films with 

FNafion/I~Mv2+ '*bs o r  F e s s / F M v e +  ''~s. The constant quantity (6.2 • 10 ~ 
mol-cm -2) of PMV and the arbitrary quantities (2.0 x 10-s-2.0 x 10 -~ 
mol-cm-'-') of Nation or PSS were coated on glass slides (area of 0.17 
cm ~) and then air dried. The resulting coating films were soaked in 0.2M 
NaCIO4 solution (pH 3.0) for 30 min, and then their thicknesses (ok) 
were measured. Circles: PMV-Nafion system. Squares: PMV-PSS system. 
Widths of error bars indicate uncertainties in thickness measurements. 

oxidation-reduction of the MV ~j+. redox couple) obtained at 
slow potential  scan rates of 1-2 m V - s %  The F~v~. '"~ 
va lues  e s t i m a t e d  b y  t h e s e  two p r o c e d u r e s  were  t he  s a m e  
w i t h i n  e x p e r i m e n t a l  error.  The  m o l a r  v o l u m e  concen t r a -  
t ions  of  t he  e l ec t roac t ive  v io logen  si te  in e l ec t rode  coat- 
ings  were  ca l cu l a t ed  b y  u s i n g  t he  FMV2~~ va lues  so ob- 
t a i n e d  a n d  t he  t h i c k n e s s e s  of  t he  coa t ings  (Fig. 2). 

So lu t ions  we re  f reed  of  air  by  u s i n g  p repu r i f i ed  n i t ro-  
gen. P o t e n t i a l s  w e r e  m e a s u r e d  a n d  are  r e p o r t e d  wi th  re- 
spec t  to a s o d i u m  ch lo r ide  s a t u r a t e d  ca lomel  e lec t rode  
(SSCE). E x p e r i m e n t s  were  c o n d u c t e d  at  a m b i e n t  labora-  
to ry  t e m p e r a t u r e  (25 ~ -+ 2~ 

Results and Discussion 
Elec trochemical  response o f  po ly (me thy lv io logen  ) 

(PMV)-coated  e Iec t rodes . - -The  typ ica l  cyclic vo l t am-  
me t r i c  r e s p o n s e  for a P M V - c o a t e d  B P G  e lec t rode  is 
s h o w n  in Fig. 3A. A te r  severa l  cyc l ings  of  t he  e lec t rode  
potent ia l ,  a s t eady - s t a t e  cycl ic  v o l t a m m o g r a m  was  ob- 
t a ined ,  i n d i c a t i n g  t h a t  t he  P M V  coa t ing  b e c o m e s  swel led  
re la t ive ly  qu ick ly .  W h e n  t h e  po t en t i a l  of  th i s  e l ec t rode  
was cyc led  in  t he  r a n g e  f rom 0 to - 0 . 6 5 V  vs. SSCE,  b o t h  
anod ic  a n d  ca thod i c  peak  c u r r e n t s  of  t he  cyclic vo l t am-  
m o g r a m  r e m a i n e d  subs t an t i a l l y  u n c h a n g e d  e v e n  af ter  
20h, s h o w i n g  t h a t  t he  P M V  was  s t ab le  a n d  s t rong ly  at- 
t a c h e d  to B P G  e lec t rode  sur face  so long  as t he  po ten t i a l  
of t he  e l ec t rode  is cyc led  w i t h i n  t he  r a n g e  w h e r e  the  val- 

z + 
w 

~ 2 m A  

[ _ _ L  I I _J I 
-0.8 -0.6 -0/~ -02 0-0.8 

EIV vS. SSCE 

, - ,  E;'F 
, , ,  ,0 2 ' :  

L ~ B 

k \  ! 
\ / 

I .J  I ] 
-0.6 -0.4 -fi2 0 

Fig. 3. Panel A: Cyclic voltammogram for a PMV-coated BPG elec- 
trode in a 0.2M NaCIO4 solution (pH 3.0).  Panel B: Cyclic 
voltammograms obtained when the electrode used in Panel A was 
washed with water and replaced in a 0.2M CsCI solution (pH 3.0). In 
both cases, the potential was scanned between 0 and - 0 . 6 5 V  vs. SSCE 
at 200 mV-s-L The arrow indicates the direction of scan. The quantity 
(FMV2+ T) of the PMV coating coated originally on BPG electrode surfaces 
was 6.2 x 10 -~ mol-cm -'~, and in this case the quantity (FMv2r of the 
viologen site detected electrochemically was 1.9 x 10 -~ mol-cm-='. 

e n c e  of  t he  v io logen  si te  as P M V  is c h a n g e d  b e t w e e n  
d ica t ion  a n d  m o n o c a t i o n .  However ,  w h e n  the  po ten t i a l  
s c a n n i n g  was  e x t e n d e d  to the  r eg ion  f rom 0 to - 1.2V vs. 
SSCE,  w h e r e  t he  va l ence  of  v io logen  si te  c h a n g e s  f rom 
+2 to 0 (not  s h o w n  in Fig. 3), t h e  p e a k  c u r r e n t s  d e c r e a s e d  
g radua l ly  w i th  t he  cycling.  S u c h  a loss of  t he  e lec t roact iv-  
i ty of t he  P M V  film m a y  be  a sc r ibed  to t he  f o r m a t i o n  of  
t he  e l ee t ro inac t ive  mate r ia l s  via t he  d i m e r i z a t i o n  reac t ion  
a m o n g  t he  r e d u c e d  v io logen  sites (28, 29) or  any  in terac-  
t ion  b e t w e e n  t he  r e d u c e d  v io logen  si tes a n d  t he  or ig ina l  
ones  (30). U n l e s s  o the rwi se  s ta ted ,  t he  po t en t i a l  of  t he  
e l ec t rode  was t h u s  s c a n n e d  only  over  t he  first wave  (i.e., 
t he  r e d u c t i o n  wave  of  t he  v io logen  d i ca t ion  as P M V  to t he  
rad ica l  cat ion)  of  t he  two r e d u c t i o n  waves .  

The  a b o v e - m e n t i o n e d  dec rea se  in e l ec t roac t iv i ty  of  
P M V  film wi th  the  cyc l ing  of  t he  p o t e n t i a l  b e t w e e n  0 a n d  
- 1.2V vs. S S C E  s e e m s  to be  d i f fe r6nt  f rom t h a t  o b s e r v e d  
w i th  t he  P X V - P S S  or P X V - N a f i o n  c o m p l e x  coa ted  on  
e lec t rodes  (1). The  P M V  i tse l f  is w a t e r  i n s o l u b l e  even  in 
t he  d ica t ion  s ta te  of  v io logen  site, a n d  t h u s  th i s  inso lubi l -  
i ty is no t  t h o u g h t  to dec rease  w h e n  t he  cha rge  of  t he  
v io logen  s i tes  of  P M V  is r e d u c e d  to zero. However ,  in  t he  
case of  t he  P X V - P S S  a n d  P X V - N a f i o n  complexes ,  the  
P X V  i tse l f  is w a t e r  soluble ,  bu t  t he  c o m p l e x  sal t  of  P X V  
wi th  P S S  or Na t ion  is i n s o l a b l e  in  w a t e r  a n d  w h e n  the  
cha rge  of  t he  v io logen  was r e d u c e d  to zero the  sal ts  of 
b o t h  c o m p l e x e s  aga in  b e c o m e  w a t e r  soluble ,  p r o b a b l y  
b e c a u s e  of  t he  loss  in  e lec t ros ta t ic  i n t e r a c t i o n  b e t w e e n  
P X V  a n d  P S S  or  Nat ion.  T h e  s a m e  b e h a v i o r  as in  t he  
P X V - P S S  or P X V - N a f i o n  c o m p l e x  ha s  b e e n  obse rved  in 
the  ease of t he  m o n o m e r i c  d i m e t h y l v i o l o g e n  i n c o r p o r a t e d  
in to  Na t ion  film coa t ed  on  e l ec t rodes  (16). 

Af ter  a s t eady - s t a t e  v o l t a m m o g r a m  was  o b t a i n e d  at  t he  
PMV-coa t ed  B P G  e lec t rode  in a 0.2M NaC10~ so lu t ion  
(Fig. 3A), th i s  e l ec t rode  was  r emoved ,  washed ,  a n d  t rans-  
fe r red  to a 0.2M CsC1 so lu t ion  a n d  t h e n  the  po ten t i a l  of  
the  e lec t rode  was  cyc led  b e t w e e n  0 a n d  -0 .65V vs. S S C E  
(Fig. 3B). In  th i s  ease,  the  peak  c u r r e n t s  i nc r ea sed  w i th  
t he  cyc l ing  of  t he  e lec t rode  po t en t i a l  a n d  af te r  a b o u t  30 
m i n  a n o t h e r  s t eady- s t a t e  v o l t a m m o g r a m  was  o b t a i n e d  
(Fig. 3B), a l t h o u g h  t he  anod ie  a n d  ca thod ic  p e a k  cu r r en t s  
were  smal l e r  t h a n  t hose  ( r e p r e s e n t e d  by  d a s h e d  line) ob- 
t a ined  wi th  t h e  f r e sh ly  p r e p a r e d  P M V - c o a t e d  B P G  elec- 
t rode  in a CsC1 solut ion.  I t  was  also o b s e r v e d  t h a t  t he  
r edox  po ten t i a l  ( e s t ima ted  as the  a r i t h m e t i c a l  m e a n  of 
anod ic  a n d  ca thod i c  p e a k  po ten t i a l s )  of  t he  1VIV~J. + r e d o x  
coup le  va r i ed  w i th  t he  s u p p o r t i n g  e lec t ro ly te  used.  Fo r  
example ,  in  t h e  case  of  NaC104 a n d  CsC1 so lu t ions  t he  po- 
t en t i a l  d i f f e rence  was ca. 20 inV. This  m a y  reflect  t he  dif- 
f e rence  in ion  a s soc ia t ion  i n t e r a c t i o n s  b e t w e e n  t he  MV '-'~ 
r e d o x  coup le  a n d  t h e s e  s u p p o r t i n g  e lec t ro ly tes .  F u r t h e r -  
more ,  t he  s ign i f i can t  d i f f e rence  b e t w e e n  t he  va lues  of  
p e a k  c u r r e n t s  of  t h e  v o l t a m m o g r a m s  o b t a i n e d  in the  two  
k i n d s  of  e lec t ro ly tes  s h o u l d  be  no ted .  S u c h  a d i f f e rence  
can  be  a sc r ibed  to t he  d i f f e rence  in ra tes  of  h o m o g e n e o u s  
c h a r g e  t r a n s p o r t  t h r o u g h  t he  P M V  coa t ing  and /o r  he te ro-  
g e n e o u s  e l ec t ron - t r ans fe r  r eac t i on  of  t he  MV '-'~/~. r e d o x  
coup le  as P M V  in t he  two e lec t ro ly tes  (16, 20-23). The  de-  
tails will  be  d e s c r i b e d  below.  

F i g u r e  4 s h o w s  t h e  c o r r e l a t i o n  b e t w e e n  t he  q u a n t i t y  
(FMv2+"b9 of  t h e  v i o l o g e n  s i te  d e t e c t e d  e l e c t r o c h e m i c a l l y  
a n d  t h e  q u a n t i t y  (F~v2§ T) of  P M V  c o a t e d  o r ig ina l ly  o n  
B P G  e l e c t r o d e  sur faces .  I t  is a p p a r e n t  f r o m  th i s  f igure  
tha t  the  fract ion of the  material  tha t  is electroactive varies  
w i th  t he  fi lm t h i c k n e s s ,  i.e., FMv2. ~ dec reases  s l igh t ly  
with increas ing F~v2+ T and  tha t  the  fract ion of electroactive 
v io logen  si te  is a b o u t  30% of  t h e  q u a n t i t y  of  t he  p o l y m e r  
or ig inal ly  d e p o s i t e d  on  B P G  e lec t rodes  in  t he  reg ion  ex- 
a m i n e d  of FMV2+ T (3.1 x 10-s-3.1 x 10 .7 m o l - c m - 0 .  I t  c an  
be  s u r m i s e d  t h a t  a b o u t  70% of  t he  q u a n t i t y  of  v io logen  
si te  was  loca ted  in  u n s w o l l e n  p o r t i o n s  of  t he  po lymer ,  
w h e r e  i t  r e m a i n e d  i nacce s s ib l e  to t he  s u p p o r t i n g  electro-  
lytes  a n d  was  t h u s  e lec t ro inac t ive .  S imi l a r  b e h a v i o r  ha s  
b e e n  o b s e r v e d  w i th  t he  P X V - c o a t e d  B P G  e lec t rode  in  an  
a q u e o u s  NaC104 so lu t ion  by  M a r t i g n y  a n d  A n s o n  (3). I t  
h a s  b e e n  s o m e t i m e s  o b s e r v e d  (3, 7, 31) t h a t  all of  the  
q u a n t i t y  of  r e d o x  si tes  in  the  coa t ing  or ig ina l ly  d e p o s i t e d  
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lyte was 0.2M NoCIO4 (pH 3.0). The values of FMV~§ "t>~ were measured 
as described in the Experimental section. 

on e lect rodes  is not  usual ly  electroact ive,  especial ly  w h e n  
an e lec t roac t ive  po lymer  i tself  was direct ly  deposi ted  on 
electrodes.  

Effect of supporting electrolyte on effective diffusion 
coefficient for homogeneous charge-transport process 
within PMV coatings.--It has been  shown that  the rate of 
the  charge- t ranspor t  process  th rough  the  po lymer  coat ing 
governs  the  rate  of  e lec t rochemica l  and catalytic pro- 
cesses at po lymer -coa ted  e lect rodes  (16, 19-27, 32-40). It  
has been  demons t r a t ed  exper imenta l ly  (4, 5, 16, 19-26, 32, 
34-40, 43, 45) and theore t ica l ly  (33, 46) that  the  charge  
t ransport  can be t reated as a diffusion of "e lec t rons"  
which  follows F ick ' s  diffusion laws. Charge  can be trans- 
por ted  th rough  the  coat ing by the  e lec t ron t ransfer  be- 
tween  e lec t roact ive  sites confined in po lymer  matr ices  
[i.e., elect ron se l f -exchange react ion (41-44)] and/or  the  
physical  diffusion of  the  e leet roact ive  species i tself  (20-23, 

45). Both  processes  will  be fol lowed,  for charge neutral i ty,  
by  concur ren t  up take  of  counte r ions  into the  po lymer  
mat r ix  or expu l s ion  of coions  init ial ly present  in the  
film, and, in addit ion,  the  segmenta l  mot ion  of the poly- 
mer  lattice. Thus the  relat ive cont r ibut ion  of these  effects 
to the  overall  charge  t ranspor t  is p robab ly  different  for 
different  k inds  of po lymer  coatings. The apparent  diffu- 
sion coefficient  (Dapp) for an e lect ron- t ransfer  process  
wi th in  the coatings has been  cons idered  as one of the  pa- 
rameters  wh ich  character ize the  charge- t ranspor t  process 
th rough  po lymers  and the  evaluat ion of Dapp has been  
mainly  carr ied out  by the use of t rans ient  chronoamper-  
omet ry  (27, 47), ch ronocou lome t ry  and chronopoten t iom-  
etry (25, 27), cyclic v o l t a m m e t r y  (26, 48, 49), and normal  
pulse  v o l t a m m e t r y  (NPV) (16, 20-23), etc. In  this s tudy,  
NPV is e m p l o y e d  for the  de te rmina t ion  of  D~p. The Dap ~ 
can be es t imated  f rom the  d e p e n d e n c e  of  the  l imi t ing cur- 
rent  of  the  normal  pulse  v o l t a m m o g r a m s  upon  sampl ing  
t ime (16, 20-23). 

In Fig. 5 are shown the  typical  normal  pulse  vo l t ammo-  
grams for the  reduc t ion  of  the  v io logen  dicat ion (MV ~- ) (to 
the cor respond ing  radical  monoca t ion ,  MV. ~) as P M V  
coated on B P G  electrodes  at var ious  sampl ing  t imes  in 
var ious  suppor t ing  electrolytes.  In  these  cases, the con- 
centra t ions  of the  e lec t roact ive  v io logen  site were  a lmost  
the same (FMv~. ~ = 2 • 10 -s mol-cm-2).  Thus the differ- 
ence in the values  of  the  l imit ing cur ren t  in different  sup- 
por t ing e l e c t r o l y t e s - m a y  reflect the  dif ference in the 
rates of  the  charge- t ranspor t  process  wi th in  the PMV 
coatings.  Plots  of  the  ca thodic  l imi t ing current  (i~m) of 
these  normal  pulse  v o l t a m m o g r a m s  against  the inverse  
square  root  of  the  sampl ing  t ime  (r) were  found to be lin- 
ear in the  range  used  of r (1 to ca. 10 ms) (Fig. 6), indicat-  
ing that  in these  cases the  l imi t ing currents  were  diffu- 
sion control led.  Thus the values  of  the  apparent  diffusion 
coefficients,  D~,p, for the  charge- t ranspor t  process  wi th in  
the coat ings  were  ob ta ined  f rom the  slopes of  the  i~,~ vs. 
r -1~ plots by us ing  the Cottrel l  equa t ion  (50) 
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Fig. 5. Typical normal pulse voltammograms for the one-electron re- 
duction of viologen dication as PMV coated on BPG electrodes at various 
sampling times in aqueous solutions (pH 3.0) of 0.2M NaCI (A), TPPCI 
(B), and NaCIO4 (C). In all cases, FMV2~. T = 6.2 X 10 -8 mol-cm-='. 
]FMv~+~ 2.2 X 10 -~ (A) and 1.9 • 10 -*  (B and C) mol-cm -~. Sampling 
time (~-): (1) 2, (2) 4, and (3) 10 ms. The arrow indicates the direction of 
normal pulse voltommetric potential step. 

(id)Cott c = nFAC% ~/Dapp/zrv [ 1 ]  

w h e r e  (id)cott (" denotes  the ca thodic  l imi t ing diffusion cur- 
rent  for the ca thodic  e lec t rode  process ,  n the  n u m b e r  of  
e lectrons invo lved  in the  he t e rogeneous  e lect ron- t ransfer  
reaction, F the  Faraday  constant ,  A the  e lect rode area, 
and C~ the volume concentration of the electroactive site 
(i.e., the viologen dication) in PMV coatings. 

The obtained values of Dapp are summarized in Table I, 
together with the FMv~ ''h~ values and the values of the ki- 
netic parameters of heterogeneous electron-transfer reac- 
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Fig. 6. Normal pulse voltammetric Cottrell plots of limiting current 

(inm) vs. (sampling time) -1;'-' for the one-electron reduction of viologen 
dication as PMV coated on BPG electrodes. Supporting electrolyte: NaCI 
(circles), TPPCI (dels), and NaCIO~ (diamonds). Other experimental 
conditions are the same as in Fig. 5. 
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Table I. Dependence of the standard rate constant, k ~ and the cathodic tra nsfer coefficient, c~, of the electron transfer at electrode/film interface and 
the apparent diffusion coefficient, Da~, for the process of charge transport within the film upon the kind of supporting electrolyte in which the PMV- 

coated BPG electrode is soaked 

Supporting FMV~, ~ Da,, k ~ 
electrolyte (mol-cm ~) FMV~+~ T (em2-s -1) (cm-s-D a 

NaC1 (2.2 • 0.2) x 10 -8 0.35 (9.5 -+ 1.5) x 10 -t~ (1.7 • 0.3) x 10 -4 0.40 • 0.02 
NaC104 (1.9 • 0.2) x t0 -8 0.31 (1.3 • 0.2) x 10 -~ (3.1 • 0.6) x 10 -~ 0.46 • 0.02 
H~C--~SO3Na (2.0 • 0.2) x 10 -8 0.32 (1.0 -~ 0.2) x 10 -9 (6.7 -+ 1.3) • 10 -~ 0.39 • 0.02 
CsC[ (1.7 • 0.2) x 10 -s 0.28 (1.5 • 0.3) x 10 -~ (2.2 • 0.4) x 10 -4 0.44 -+ 0.02 
(r PC1 (1.9 • 0.2) • 10 -s 0.30 (6.8 • 1.3) x 10 -'~ (9.5 • 1.5) x 10 -s 0.43 • 0.02 
PSSNa ~ (2.3 • 0.2) x 10 -s 0.37 (1.3 • 0.2) x 10 -~~ (1.4 -+ 0.3) • 10 -~ 0.18 • 0.02 

All measurements were performed in 0.2M supporting electrolytes adjusted to pH = 3.0. 
All electrodes were coated with PMV of FMvJ = 6.2 x 10 -8 mol-cm -2. 

Poly(p-styrenesulfonate) sodium salt. 

t ion at t he  PMV-coa ted  B P G  e lec t rodes  in var ious  sup-  
por t ing  electrolytes .  The FMv~+ '>h~ s e e m e d  to be a lmos t  
i n d e p e n d e n t  o f  the  k ind  of  t he  s u p p o r t i n g  e lec t ro ly te  
u sed  here .  With any s u p p o r t i n g  electrolyte ,  abou t  30% of  
the  total  quan t i t y  of  v io logen d ica t ion  in P M V  coat ing  
originally d e p o s i t e d  on e l ec t rodes  was  e lectroact ive.  
However ,  it s e e m s  tha t  D~p~ varies  wi th  the  s u p p o r t i n g  
e lect rolytes .  That  is, w h e n  the  s o d i u m  salts [e.g., NaC1, 
NaC104, s o d i u m  p- to luenesu] fona te  (NaPTS) and  
po ly(s ty renesu l fona te )  sod ium salt (NaPSS)]  were  u s e d  as 
s u p p o r t i n g  e lect rolytes ,  the  values  of  Dap p dec reased  in 
the  o rde r  N a P T S  ~ NaC1 > NaC104 ~ NaPSS .  Fur the r -  
more,  w h e n  the  coun te rca t ions  of  the  ch lor ide  salts as the  
s u p p o r t i n g  e lec t ro ly tes  were  changed ,  t he  values  of  D~,, 
s e e m e d  to dec rease  s l ight ly in the  o rde r  CsC1 > NaC1 > 
t e t r a p h e n y l p h o s p h o n i u m  chlor ide  (TPPC1). 

P rev ious  s tud ies  (42, 51-53) have  s h o w n  m a r k e d  electro- 
lyte effects  on the  e l ec t rochemis t ry  of  po lymer  films de- 
pos i t ed  on e lec t rode  surfaces .  The ra te  l imi t ing process  of  
the charge transport through the swollen polymer films 
undergoing electrolysis (i.e., oxidation or reduction of 
electroactive polymer itself or electroactive species 
confined in electroinactive polymer) is the transport of 
counterions through the polymer phase. For example, in 
the case of tetrathiafulvalene polymer (42, 52) and poly- 
vinylferrocene films (51) the oxidation of these films can 
be viewed as being "anion controlled." However, there is 
no clear relationship between the size of the counterion 
and the electrochemical oxidation-reduction rate of 
films. In the case of the PMV film, it is also of interest to 
examine whether or not there is some relationship be- 
tween the size of the counterion and the charge-transfer 
rate, i.e., D~p,. The actual size of the individual 
counterions used here is unknown. Thus, Stokes radii (y~) 
of these ions will be used for the discussion about a corre- 
lation between the obtained values of Da, , and the size of 
the counterions. When the countercations of the chloride 
salts as supporting electrolytes were changed, the values 
of D~p, seemed to decrease slightly in the order C~ ~ > Na + 
> tetraphenylphosphonium ion (TPP+). In this case, 
Stokes radii (Ys) of these cations and C]- are in the order 
(54) y~(TPP+) ~ > y~(Na +) > y~(Cs § > 2y~(C1-). F r o m  this  cor- 
re la t ion b e t w e e n  D, , ,  and  ~,  it s e e m s  l ikely tha t  D , , ,  in- 
creases  wi th  a dec rease  in 7~. Thus  the  r educ t ion  of  P M V  
film may  be  c o n s i d e r e d  to be "ca t ion  cont ro l led ."  

However ,  w h e n  the  s o d i u m  salts  were  used  as sup- 
por t ing  e lect rolytes ,  the  values of  D, , ,  dec rea sed  in the  or- 
de r  P T S -  ~> C1- > C104- ~ P S S - .  S tokes  radii  o f  the  cor- 
r e s p o n d i n g  an ions  and  s o d i u m  ion dec rease  in the  o rde r  
(54) T~(Na ~) ~ y~(PTS-) > 2ys(C1-) ~ 2~/~(C104-), w h e r e  
~ ( P T S - )  was  a s s u m e d  to be equal  to 7~ (benzoic anion) or 
-/, (picrate anion) [both are ca. 2.4 t imes  larger than  T~ (C1-) 
(54)]. In  th is  case,  the  a b o v e - m e n t i o n e d  ca t ion-cont ro l led  
behav ior  and  the  corre la t ion b e t w e e n  D, , ,  and  ~ (for ani- 
ons) are no t  obse rved .  The y~(C1-) and  ~(C104-) are al- 
m o s t  the  s ame  and  are ha l f  smal ler  t han  ~/~ of  Na § If  the  

'~,(TPP ~) is unknown, but is intuitively considered to be larger 
than y~(trimethyl-phenyl ammonium ion), which is ca. 1.4 times 
larger than ~(Na ~) (54). 

r educ t ion  of  P M V  film were  cat ion cont ro l led  in aqueous  
NaC1 and  NaC104 solut ions ,  t hen  one  could  expec t  tha t  
the  values  of D~pp are a lmos t  the  s a m e  in bo th  electrolyt ic  
solut ions  on the  basis  of  size alone. However ,  the  differ- 
ence  in D~pp was  obse rved  in NaC1 and  NaC10~ solut ions.  
Thus,  the  d i f fe rence  in Dap , canno t  be only exp la ined  by  
the  d i f fe rence  in S tokes  radii. As can be  seen  f rom the  
compar i son  of D~pp(PTS-) and  D~pp(PSS-), D~pp(PTS-) is 
about  ten  t imes  larger  than  D~,p(PSS-). This may  sugges t  
the  d i f fe rence  in the  rates  of the  d i f fus ion  of  P T S -  and  
P S S -  (which can be  cons ide red  as the  po lymer ic  fo rm of 
P T S - )  t h r o u g h  the  swol len  P M V  film. 

While the  a p p a r e n t  d i f fus ion coeff ic ients  ob ta ined  in 
var ious  s u p p o r t i n g  e lect rolytes  sugges t  a d e p e n d e n c e  on 
the  size of  t he  counter ion ,  it is a p p a r e n t  f rom the  above- 
m e n t i o n e d  d i scuss ion  tha t  a s imp le  size re la t ionship  is 
no t  operat ive,  Fur the r ,  it s h o u l d  be n o t e d  tha t  the  rate- 
d e t e r m i n i n g  p rocess  of  the  cha rge - t r anspor t  p roces s  
wi th in  P M V  coa t ings  is no t  the  in t r ins ic  e lec t ron- t ransfe r  
p rocess  b e t w e e n  ad jacen t  v io togen si tes  conf ined  in 
p o l y mer  matr ix,  bu t  the  p rocess  of  cha rge  c o m p e n s a t i n g  
couter ion  mo t i o n  w h i c h  is necessar i ly  coup led  to e lec t ron  
t rans fe r  and/or  the  segmenta l  mo t i o n s  of  the  po lymer  
lattice. 

Effect of  support ing electrolyte on rate of  heterogeneous 
electron-transfer reaction between electrode and viologen 
si te .--As m e n t i o n e d  prev ious ly  (16, 20-23), an analysis  of 
the  r is ing par t  of  the  cur ren t -po ten t ia l  curves  s h o w n  in 
Fig. 5. al lows us to es t imate  the  k inet ic  pa rame te r s  [i.e., 
s t an d a rd  rate  cons t an t  (k ~ and  ca thodic  t r ans fe r  
coeff icient  (a)] of  the  h e t e r o g e n e o u s  e lec t ron- t ransfe r  re- 
ac t ion of  the  MV '-'§ r edox  couple  as PMV. The re levant  
cu r ren t -po ten t i a l  r e la t ionsh ip  for no rma l  pu lse  vo l t ammo-  
grams for the  s imp le  e lec t rode  process ,  Ox + ne ~- Red,  
has a l ready  b e e n  der ived  (55) and  is g iven for the  reduc-  
t ion by 

RT in I x [  1"75 + x2 [1 +- exp( 'D]2] "2}  [2] 
- an----F- 1- --- -x- [1- + exp  (~)] J 

w h e r e  E is the  e lec t rode  potent ia l ,  E~2 r the  revers ib le  half- 
wave  potent ia l  of the  MV~+'t r edox  couple ,  ~ the  ca thodic  
t ransfer  coefficient ,  k ~ the  s t a n d a r d  rate  cons tant ,  r the  
s ampl ing  t ime,  R the  gas cons tan t ,  T the  abso lu te  t emper -  
ature,  ~ t he  d i m e n s i o n l e s s  p a r a m e t e r  e x p r e s s e d  as 
{(nF/RT) (E - E,~r)}, D the  d i f fus ion  coeff icient  
exp re s sed  as {[Da,p (for ca thodic  process)]  ~ [Da,, (for 
anodic  process)]'-~},~ and  x the  ratio of  the  cu r ren t  (i) at 
potent ia l  (E) to the  ca thodic  l imi t ing  d i f fus ion cur ren t  
[(id)cot(] e x p r e s s e d  by  Eq. [1]. 

F igure  7 s h o w s  the  typical  e x a m p l e s  of  the  modi f i ed  
log plots  of  no rma l  pu lse  v o l t a m m o g r a m s  in w h i c h  the  
logar i thm of  t he  th i rd  t e r m  on rhs of Eq. [2] is p lo t t ed  

'-'It was assumed that D ~ Da,  , (for cathodic process) ~ Dap, 
(for anodic process). 
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against  E for the  reduc t ion  of  v io logen  dications to the  
co r respond ing  radical  monoca t ions  in po lymer  coatings.  
These  plots gave the  s t raight  l ines the  s lopes of  wh ich  
were  constant  at the different  sampl ing  t imes  f rom 1 to 10 
ms in each case. Thus,  f rom the s lopes [(RT/anF)-'] of the  
straight  l ines shown  in Fig. 7 and the  in tercepts  (El/2 r + 
(RT/anF) In {(4/~/3) (k~ of  these  l ines wi th  the  
axis, the  values  of  k ~ and a were  es t imated  by us ing the  
known  values  of  E J ,  Dapp, and r. In  this case, the  va lues  
of E J  were  es t imated  as the  average  of  the  anodic  and 
cathodic  peak  potent ia ls  of  the  cyclic vo ] t ammogram for 
the ox ida t ion- reduc t ion  of the  MV 2~.~ redox  couple  as 
PMV on B P G  elect rodes  in a solut ion conta in ing only 
suppor t ing  electrolyte.  The resul ts  obta ined  are summa-  
rized in Table  I. It  is clear f rom this table that  the kinet ic  
parameters  (k ~ and a) of  he t e rogeneous  e lect ron- t ransfer  
react ions of  the  MV '-'*~.~ r edox  couple  vary  with the  sup- 
por t ing electrolyte.  The  values  of k ~ in the  presence  of  
NaC1 or CsC1 are ~2 • 10 -4 c m - s - '  and those  in the  pres- 
ence  of  TPPC1, PTSNa,  NaC1Q, or P S S N a  are (1 ~ 9) • 
10 -~ cm-s -L  Part icular ly,  one not ice  that  k ~ in the pres- 
ence  of  CsC1 is ca. one order  of  magn i tude  larger  than  
that  in the  p resence  of  PSSNa .  Thus,  it is wor th  not ing  
that  the  reduc t ion  of  v io logen  dicat ion to the  correspond-  
ing radical  monoca t ion  is marked ly  affected by the  nature  
of the  suppor t ing  e lect rolyte  ions, a l though at the present  
stage it is imposs ib le  to find out  a reasonable  explana t ion  
for these  results.  

The effect of suppor t ing  electrolytes on the kinetics of 
he te rogeneous  electron-transfer  react ions at a conven- 
t ional "bare"  e lec t rode  has been observed  before, for ex- 
ample,  for hyd rogen  ion reduct ion  in the  presence  of hal- 
ide ions (56, 57) and anion reduc t ion  in the presence  of 
alkali metal  cations at a negat ively charged  mercury  elec- 
t rode (58). In  general,  such an inf luence of  suppor t ing  
electrolytes on he te rogeneous  e lectron- t ransfer  processes  
has been  ascr ibed to a var ia t ion in the  potent ia l  distribu- 
t ion in the  double  layer, usually t e rmed  the  "double- layer  
effect"  (59), and/or  specific in teract ion be tween  the  re- 
act ing species and suppor t ing  electrolyt ic  ions in the dou- 
ble layer (60, 61). Both  of these  effects should  be taken 
into account  in order  to expla in  the  above  men t ioned  sup- 
por t ing  e lec t ro lyte  dependence  of  the  kinet ic  parameters  
of he te rogeneous  electron-transfer  react ion at the  PMV- 
coated  electrode.  At  the present  stage, however ,  the re- 
lated data are still rare. Thus we did not  a t t empt  to distin- 
guish these  two possibil i t ies.  

F r o m  Table  1, it is also clear that  the  values  of a change 
with  the suppor t ing  electrolyte.  Especial ly,  the  a value 
(0.18) in the p resence  of  P S S N a  is s ignificantly smaller  
than those  (0.39 ~ 0.46) in the  p resence  of  o ther  
monomer i c  suppor t ing  electrolytes (i.e., NaC1, NaC104, 
PTSNa,  CsC1, or TPPC1). Recently,  we (16) have  mea- 
sured the  kinet ic  parameters  (k ~ and a) for the  reduct ion  
of the  v io logen  dicat ion to radical monoca t ion  in var ious  
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Fig. 7. Modified log plots of normal pulse voltammograms for the one- 
electron reduction of viologen dication as PMV on BPG electrodes. 
Sampling time (T): (1) 2, (2) 4, and (3) 10 ms. Other experimental condi- 
tions and the symbols used ore the same as in Fig. 5 and 6. 
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Fig. 8. Typical normal pulse voltammograms for the one-electron re- 
duction of viologen dication as PMV-Nafion (curve A) and PMV-PSS 
(curve B) intermolecular complexes on BPG electrodes at various 
sampling times. A: F M V 2 ~  ''b'~ = 6.8 • 10 - '  mol-cm-'-' and FNaf,,n = 8.8 • 
10 -~ mol-cm-='. B: FMV~, "h~ = 6.1 • 10 - '  mol-cm -~ and F~ss = 8.8 • 
10 -~ mol-cm-='. In both cases, FMV2+ T = 6.2 • 10 -8 mol-cm-'-'. Sup- 
porting electrolyte: 0.2M NaCI (pH 3.0). Sampling time (~-): (1) 2, (2) 4, 
and (3) 10 ms. The arrow indicates the direction of normal pulse 
voltommetric potential step. 

po lymer  coat ings of  PMV, N, N'-dimethyl-4,4 ' -  
b ipyr id in ium (MV)-Nafion and PXV-PSS-coa ted  B P G  
electrodes  in 0.2M NaC104 solut ion (pH 3.4). The values  of  

obta ined with  PMV, MV-Nafion, and PXV-PSS-coa ted  
B P G  electrodes  were  0.56, 0.58, and 0.20, respect ively.  
These  results  demons t ra t e  that  the  values  of ~ vary with  
not  only suppor t ing  electrolytes,  but  also the s t ructure  of 
the po lymer  coating. Further ,  note  that  the  ~ value ob- 
ta ined with PMV-coa ted  e lec t rode  in the  presence  of 
P S S N a  as suppor t ing  electrolyte  is a lmos t  the  same as 
that  obta ined with  PXV-PSS-coa ted  e lec t rode  in the pres- 
ence of NaC104 (16) and that  these  values  are considerably 
smal ler  than  those  in the o ther  systems. 

Kinetics of electron-transfer processes at electrodes 
coated with PMV-Nafion or PMV-PSS intermolecular 
complex.--Figure 8 shows the typical  normal  pulse  
v o l t a m m o g r a m s  for the one-e lec t ron reduc t ion  of the  
v io logen  dicat ion (MV 2~) as PMV-Nafion and PMV -PSS  
in te rmolecu la r  complexes  on B P G  elec t rodes  at var ious 
sampl ing  t imes.  The reduc t ion  half-wave potent ials  of the  
normal  pulse  v o l t a m m o g r a m s  shif ted in the  negat ive  di- 
rect ion as the  sampl ing  t ime  was r educed  (Fig. 8), and 
their  l imi t ing currents  were  found to be diffusion- 
control led f rom the Cottrell  plots of (cathodic l imit ing 
current) vs. (sampling time) - '2.  The  kinet ic  parameters  
of the he t e rogeneous  e lec t ron- t ransfer  react ion of the  
MV ~§ r edox  couple  as PMV-Nafion and P M V - P S S  and the 
apparent  diffusion coefficients for the  charge t ransport  
process  wi th in  po lymer ic  coat ings of  these  in te rmolecu la r  
complexes  were  evalua ted  by the  same  m e t h o d  as de- 
scr ibed in the  prev ious  section. The obta ined  values of 
Dap,, k ~ and a at the  var ious  ratios of  FMv2+ ~ to FNafion and 
Fpss unde r  a cons tan t  amoun t  (FMv2+ T) of  the PMV origi- 
nally depos i ted  on electrodes  are shown  in Fig. 9, where  
FNaf~on and Fess are the concent ra t ions  of the  sulfonyl  group 
as Nation and PSS,  respect ively.  

S o m e  correla t ions  be tween  Dap,, k~ or a and the  ratio 
[~Nafion/FMV2+ TM o r  Fpss/FMV2+ ~ can be  d rawn  on the  basis of 
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Fig. 9. Dependence of D~r,p, k ~ and c~ o n  Fiafi(m/l~Mv:~= ''bs or 
FpsjFMv2§176 Supporting electrolyte (0.2M): NaCI (circles), CsCI 
(squares), NaPTS (deltae), TPPCI (dels). Open, solid, and half-solid sym- 
bols represent the data obtained for the PMV, PMV-PSS, and PMV- 
Nation systems, respectively. FMV~, T = 6.2 • 10 -~ mol-cm-2. Widths of 
error bars indicate uncertainties in the measurements of D~p,, k ~ and c~. 

t h e  da ta  s h o w n  in Fig. 9. (i) T he  D~,p, k ~ a n d  ~ t e n d  to de- 
crease,  t h o u g h  no t  m o n o t o n o u s l y ,  w i t h  an  i nc r ea se  in 
]TNafion/FMVe+ ~ or FpsslFMv.e§ % i r r e s pec t i ve  of  t he  k i n d  
of  s u p p o r t i n g  e lec t ro ly tes .  (ii) A t  a g iven  rat io of  
FNahon/FMV2+ ~ o r  FesjFMV2+ ~ D~,,, k ~ a n d  a c h a n g e  w i t h  t he  
s u p p o r t i n g  e lec t ro ly te  used.  (/ii) Fo r  a g iven  s u p p o r t i n g  
e lec t ro ly te  a n d  u n d e r  t he  c o n d i t i o n s  of  t he  s ame  ra t io  of 
FNanon/FMVe+ ~ a n d  Fpss/FMv._,+" % D~p,, k ~ a n d  a o b t a i n e d  w i t h  
t he  P M V - N a f i o n  s y s t e m  are  d i f f e ren t  f rom those  ob- 
t a i n e d  w i th  t h e  P M V - P S S  sys t em.  

I t  is of c o n s i d e r a b l e  in t e res t  to c o m p a r e  the  above-  
m e n t i o n e d  resu l t s  [especia l ly  (i)] w i th  t h o s e  (16) o b t a i n e d  
w i th  N, N ' -d ime thy l -4 ,  4 ' - b i p y r i d i n i u m  (MV) i n c o r p o r a t e d  
in to  Na t ion  coa t ings  ( a b b r e v i a t e d  as MV-Nat ion)  on  elec- 
t rodes ,  s ince  t he  d e p e n d e n c e  of D~,, a n d  k ~ o n  t he  concen-  
t r a t i on  of  v i o l o g e n  s i te  in  coa t ings  is d i f f e ren t  in the  MY- 
Na t ion  s y s t e m  a n d  t he  P M V - N a f i o n  or P M V - P S S  
sys tem.  I n  t he  l a t t e r  sys tem,  Dap, a n d  k ~ can  be  c o n s i d e r e d  
to i nc r ea se  w i th  a n  i n c r e a s e  in t he  v o l u m e  c o n c e n t r a t i o n  
(CMv~+ in  u n i t s  of  mo le s  p e r  cub ic  c e n t i m e t e r )  of  v io logen  
d i ca t ion  si te  in  p o l y m e r  mat r ices ,  s ince  CMv'e§ i n c r e a s e s  

w i th  d e c r e a s i n g  the  rat io  ["Nafion/FMV~+ ~ or rpss/FMv2+ ~ un-  
der  t he  c o n d i t i o n s  of  c o n s t a n t  FMv2+. However ,  in  t he  case  
of t h e  MV-Naf ion  sys tem,  as r e p o r t e d  p rev ious ly  (16), 
Da,p a n d  k ~ d e c r e a s e d  wi th  an  i nc r ea se  in CMV2+. T h e s e  dif- 
f e r en t  c o n c e n t r a t i o n  d e p e n d e n c e s  of  Dap, ( and  k ~ are con- 
s ide red  to b e  a s soc ia t ed  w i t h  t he  d i f f e ren t  p o l y m e r  mor-  
p h o l o g y  c a u s e d  by  t he  d i f fe ren t  i n t e r a c t i o n s  b e t w e e n  t he  
v io logen  si tes  a n d  the i r  s u r r o u n d i n g s  (i.e., cat ionic  
po lymer - an ion i c  po lye lec t ro ly te  i n t e r a c t i o n  in t h e  PMV- 
Na t ion  or P M V - P S S  s y s t e m  a n d  ca t ion ic  m o n o m e r -  
an ion ic  po lye lec t ro ly te  i n t e r ac t i on  in t he  MV-Naf ion  sys- 
tem). In  t h e  case  of t he  m o n o m e r i c  r e d o x  ions  conf ined  
e lec t ros ta t ica l ly  in  po lye lec t ro ly tes  ca r ry ing  the  oppos i t e  
cha rge  [e.g., t h e  Fe(CN)~ 4-/a- (22), Mo(CN)s 4<a- (20, 21), 
a n d  IrCl~ a - ~ -  (23) i n c o r p o r a t e d  in to  p r o t o n a t e d  poly(4- 
v iny lpyr id ine ) ,  t he  M V ~ .  ~ (16), Co(bpy)a a+j~ (43) a n d  
Ru(bpy)a : ' ~  (31, 41, 49) i n c o r p o r a t e d  in to  Nation],  t h e  
deg ree  o f  t h e  e l ec t ros ta t i c  c ro s s - l i nk ing  of  t h e  p o l y m e r  
f i lms by  m u l t i p l e  ion  pa i r ing  of r e d o x  ions  w i th  the  sur- 
r o u n d i n g  s i tes  h a v i n g  t he  oppos i t e  c h a r g e  is t h o u g h t  to 
i nc rease  w i th  i n c r e a s i n g  t he  c o n c e n t r a t i o n  of t he  r e d o x  
ion  in p o l y m e r  films. The  i n c r e a s i n g  e lec t ros ta t i c  cross-  
l i nk ing  of  t he  f i lms causes  t he  d e c r e a s e  in t he  ra tes  of  t he  
d i f fus ion  of  t he  r e d o x  ion  itself, t h e  c h a r g e  c o m p e n s a t i n g  
c o u n t e r i o n  m o t i o n  w h i c h  is neces sa r i l y  coup led  to t he  in- 
t r ins ic  e l ec t ron  t r a n s f e r  b e t w e e n  t he  r e d o x  ions  and /o r  
t he  s e g m e n t a l  m o t i o n s  of t h e  p o l y m e r  film. As  a resul t ,  
t h e  dec rease  of  Dapp wi th  i nc rea s ing  the  c o n c e n t r a t i o n  of  
the  r edox  ion  is obse rved .  On  the  o the r  h a n d ,  in  the  case 
of  t h e  P M V - N a f i o n  a n d  P M V - P S S  sys tems ,  t he  electro-  
s ta t ic  c r o s s d i n k i n g  b e t w e e n  the  ca t ion ic  p o l y m e r  (i.e., 
PMV) a n d  t he  an ion ic  po lye lec t ro ly tes  (i.e., Nat ion  a n d  
PSS)  is t h o u g h t  to be  r e s t r i c t ed  to s o m e  e x t e n t  by  t he  
c o n s t r a i n e d  m o t i o n  of t he  p o l y m e r  b a c k b o n e s ,  w h i c h  is 
a t t r i b u t e d  to t he  essen t i a l  s t r u c t u r e  of  t he  p o l y m e r  itself. 
W h e n  t he  ra t ios  of FNafio~/FMvz+ ~ for t he  MV-Naf ion  a n d  
PMV-Naf ion  s y s t e m s  a n d  Fpss/FMv~+ ~ for  t he  P M V - P S S  
s y s t e m  are t h e  same,  the  degree  of  t he  e lec t ros ta t ic  cross- 
l i nk ing  in t he  PMV-Naf ion  or P M V - P S S  s y s t e m  can  be  
c o n s i d e r e d  to be  m u c h  smal le r  t h a n  t h a t  in  the  MV- 
Na t ion  sys tem.  As a resul t ,  t he  c h a r g e  t r a n s p o r t  t h r o u g h  
the  coa t ings  of t he  PMV-Naf ion  a n d  P M V - P S S  in te rmo-  
l ecu la r  c o m p l e x e s  s eems  to b e  con t ro l l ed  no t  on ly  by  the  
cha rge  c o m p e n s a t i n g  c o u n t e r i o n  m o t i o n  a n d  the  s egmen-  
tal  m o t i o n s  of t h e  po lymers ,  bu t  also b y  the  e l ec t ron  hop-  
p i n g  r eac t ion  b e t w e e n  ad j acen t  v io logen  sites, as can  be  
demonstrated by the dependence of Da,, on the kinds of 
the supporting electrolyte and the electroinaetive poly- 
electrolyte blended with PMV at a constant CMV~+ and the 
increasing values of D~pp with an increase in CMV~+, 

A typical example of the charge-transport controlled by 
the rate of the intrinsic electron-transfer reaction between 
adjacent pairs of oxidized and reduced forms has been re- 
ported by Buttry and Anson with respect to effective dif- 
fusion coefficients of Co(bpy)a '-'~ in the presence of 
Co(bpy)a + in Nation coatings on BPG electrodes (43). Com- 
pared with this Co(bpy)a -''j~ system, the charge transport 
for the PMV-Nafion and PMV-PSS systems seems to be 
more complicated and to be controlled by some other fac- 
tors as mentioned above. 

The result (it) indicates that one of the factors con- 
trolling the charge transport is the diffusion of the sup- 
porting electrolyte which is necessarily coupled to the in- 
trinsic electron-transfer reaction between the adjacent 
viologen sites. Note that the effect of the supporting elec- 
trolytes on the D~, values is larger in the PMV-Nafion 
and PMV-PSS intermoleeular complexes than in the 
P M V  alone. For  example ,  a t  FNafion/l~Mv2+ ~ = 0 ,  

D,,p(NaC1)/D,p,(PTSNa) = 0.95, wh i l e  at  rSafion/FMVe§ ~ = 
1.6, Dapp(NaC1)/Dap,(PTSNa) = 32. The  di f ferent ,  swol l en  
p o l y m e r  m o r p h o l o g y  of  t he  P M V - N a f i o n  or P M V - P S S  in- 
t e r m o l e c u l a r  c o m p l e x  a n d  t h e  P M V  can  be  c o n s i d e r e d  to 
cause  t he  s ign i f ican t  d i f fe rence  in the  ra tes  of  t he  diffu- 
s ion of  s u p p o r t i n g  e lec t ro ly tes  a n d  t h u s  t he  d i f fe rence  in 
t he  D~pp values .  

Fo r  a g i v e n  s u p p o r t i n g  e lec t ro ly te  a n d  at  a g i v e n  rat io 
of  FNanon/FMVe~ ')bs a n d  FpsJFMv~J'% the  va lues  of  Dap p are dif- 
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Fig. 10. Correlation between log k ~ and log Dap p. Supporting electro- 
lyte (0.2M): NaCIO4 (diamond), water-soluble poly (p-styrenesulfonate) 
(sodium salt) (hexagon). The other symbols used are the same as in Fig. 
9. 

ferent in the PMV-Nafion and PMV-PSS systems. At the 
higher ratio of FNafio,/F~v2+ ~ and Fpss/FMv~+~ the difference 
in the Da,, values becomes larger. Such a difference may 
be due to changes in overall swollen morphology of both 
intermolecular complexes. The differences in the 
diffusional behavior of ions in Nation and sodium poly- 
(p-styrene sulfonate) (PSSNa) have been recently re- 
ported (62-64) to be due to the different structure of both 
polymers; i.e, Nation is a polymer with an ion-cluster 
morphology, while PSSNa is a conventional cross-linked 
sulfonated ion-exchange resin. 

The explanation for the dependence of the kinetic pa- 
rameters of heterogeneous electron-transfer reaction of 
the MV ~§ redox couple upon the supporting electrolytes, 
the ratio of FNaf,on/FMVe. "bs o r  Fpss/FMVe+ ~ and the 
polyelectrolytes blended with PMV seems to be much 
more difficult compared with that for Da,p values. How- 
ever, it should be noted that there is a linear relationship 
between log k ~ and log Da,, (Fig. 10). Similar relationships 
have been obtained for the M o ( C N ) 8  4-j'~- Fe(CN)s 4-j3-, and 
IrCl, z-~- incorporated into the protonated PVP~ the 
Fe(CN).~ 3-/'-'- coordinated to PVP and the MV ~*/: incorpor- 
ated into Nation (16, 23). The empirical relationship ob- 
tained suggests that the factors caused by changing the 
concentration of the viologen site in polymers, the sup- 
porting electrolytes, the polymer structure, etc., contrib- 
ute in a similar manner  to both the rate-determining pro- 
cess of the heterogeneous electron-transfer reaction at the 
electrode/film interface and the physical diffusion pro- 
cess of the electrochemical charge through the polymer 
films. 
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Incorporation of Complex Reaction Sequences in Engineering 
Models of Electrolytic Cells 

I. Paired Synthesis of Propylene Oxide in an Undivided Cell 

Richard C. Alkire* and James D. Lisius** 
Department of Chemical Engineering, University of Illinois, Urbana, Illinois 61801 

A B S T R A C T  

A react ion sequence  invo lv ing  11 chemica l  species  was incorpora ted  into a ma themat i ca l  mode l  of  an electrolyt ic  
cell consis t ing of an und iv ided  paral lel-plate reactor  opera t ing  under  steady, con t inuous  flow condit ions.  The  set of 
coupled,  nonl inear ,  stiff differential  equa t ions  was solved numer ica l ly  by dynamic  simulation.  The t echn ique  was ap- 
plied to the  pai red  synthesis  of p ropy lene  oxide  f rom propylene-sa tura ted  b romide  electrolyte.  For  this system, the 
e igenvalues  associa ted  wi th  the  j acob ian  ranged  over  t en  orders  of  magni tude .  The  effect  of  pH, [Br-],  mass  transfer,  
space t ime,  and cur ren t  dens i ty  were  exp lored  to under s t and  their  inf luence on yield, selectivity,  convers ion ,  current  
efficiency, and cell  voltage.  

Es t ab l i shmen t  of  new e lec t rochemica l  technologies  re- 
quires  eng ineer ing  eva lua t ion  dur ing early stages of de- 
ve lopment .  The  des ign of  e lec t rochemica l  cells, however ,  
is in t imately  coup led  to chemical  t ransformat ions  which  
occur  wi th in  the  cell. Robus t  eng inee r ing  procedures  are 
needed  to eva lua te  cell des ign by uti l izing scientific un- 
ders tanding  of  react ion mechan i sms  to predic t  cell per- 
formance.  

Mathemat ica l  tools  for s imula t ing  cell and process  be- 
havior  are increas ingly  used  in con junc t ion  with  experi-  
menta l  p rograms  at the  bench  scale. Such  tools, however ,  
have  to date incorpora ted  relat ively s imple  examples  of  
process  chemist ry .  The  purpose  of  the  present  investiga- 
t ion was to m o d e l  an e lec t rochemica l  cell  in wh ich  a com- 
p lex  sequence  of  react ions occurs. The m e t h o d  was used 
to s tudy  the  pai red  e lec t rosynthes is  of  p ropylene  oxide  in 
an und iv ided  parallel-plate cell in which  11 chemica l  spe- 
cies appear  as reactants ,  in te rmedia tes ,  product ,  and by- 
products .  In  this work,  the space- t ime yield, power  con- 
sumpt ion,  and cur ren t  efficiency, and their  d e p e n d e n c e  
u p o n  cell geometry ,  flow rate, reactant  concentrat ion,  
and pH, were  ob ta ined  with  use of a ma themat i ca l  mode l  
of the  reactor  and chemica l  react ion sequence  (1). 

P icke t t  (2) r ev iewed  chemica l  eng ineer ing  reactor  de- 
sign concepts  used  for analysis of  e lectrolyt ic  reactors  in 
te rms  of s imple  ba tch  and cont inuous  units.  Such cell 
units can be  in t e r connec ted  to o ther  uni ts  to form a pro- 
cess flowsheet.  Cera (3) has recent ly  descr ibed  use of  a 
compute r -a ided  f lowsheet  s imula tor  for design and opti- 
miza t ion  of  e lec t rochemica l  processes .  In  such treat- 
ments ,  the  e l ec t rochemica l  reactor  is s imula ted  as a pro- 
cess uni t  wh ich  obeys mass, voltage,  and the rmal  
balances,  bu t  genera l ly  wi thou t  speci fy ing in detail  the  
process  chemis t ry  which  occurs  wi th in  the cell. 

Deta i led  mode ls  of  the  inter ior  reg ion  of e lectrolyt ic  
cells have  t aken  on a wide  range of  ma themat ica l  com- 
p lexi ty  (4, 5). Various e lec t rochemica l  reactor  configura- 
t ions have been  analyzed in order  to clarify behav ior  in 
the  p resence  of  coupled  mass- t ransport ,  potent ia l  field, 
and interfacial  processes .  Such  configurat ions  include,  
for example ,  paral lel-plate cells (2, 6) and porous  elec- 
t rodes  (7, 8), a m o n g  others.  Rela t ive ly  few such studies,  

*Electrochemical Society Active Member. 
**Electrochemical Society Student Member. 

however ,  inc lude  complex  react ion sequences  beyond  a 
main  e lec t rode  react ion plus a parasi t ic  side reaction.  No- 
table except ions  are surveyed  in Ref. (6) and inc lude  
t r ea tment  of  coupled  react ions in a laminar  boundary  
layer and mul t ip le  h o m o g e n e o u s  and he te rogeneous  reac- 
t ions in a f low-through porous  electrode.  

The  mode l ing  of  chemica l  react ion sequences  by com- 
binat ion of  react ion rate and equ i l ib r ium equa t ions  can 
be difficult  w h e n  in te rmedia te  species  react  qu ick ly  or 
are present  in ve ry  small  concentra t ion.  In  such  cases the  
jacobian  mat r ix  of  the mode l  equa t ions  may  exhibi t  
e igenvalues  wh ich  can be different  by m a n y  orders  of 
magni tude ,  and the  equat ions  are cal led "stiff." Because  
many  eng ineer ing  and scientific discipl ines  encounte r  
stiffness in model ing ,  an ex tens ive  ma thema t i ca l  litera- 
ture exists,  and special  a lgor i thms have  been  deve loped  
for numer ica l  in tegra t ion of such equa t ions  (9, 10). In the  
Present  study, st iffness was encoun te r ed  and efficient  al- 
gor i thms were  ident i f ied for solving mode l  equa t ions  de- 
scr ibing the  e lec t rosynthes is  of  p ropy lene  oxide. 

Balzer  recent ly  descr ibed  advances  in scientific under-  
s tanding of reac t ion  m e c h a n i s m  in the  field of electro- 
organic chemis t ry  (11). Swann  and Alki re  have indexed  
several  t housand  organic c o m p o u n d s  which  may  be syn- 
thesized by electrolysis  (12). Beck  et al. discussed  evalua- 
t ion of several  e lectro-organic  process  candidates  (13). 
P ropy lene  ox ide  was chosen for the  p resen t  s tudy  be- 
cause the  react ion chemis t ry  has been  wide ly  studied,  
and rate and equ i l i b r ium constants  are known.  P resen t  
chemica l  routes  to p ropy lene  ox ide  inc lude  ch lorohydr in  
and hyd rope rox ide  processes;  e lec t rochemica l  routes 
have also been  exp lo red  (14, 15). Severa l  bench-scale  in- 
ves t iga t ions  have  been  conduc ted  with  the  b romohydr in  
route  in und iv ided  parallel-plate cells (16-19). The  propyl-  
ene oxide  reaction,  therefore,  represents  a conven ien t  sys- 
t em for mode l  studies.  

System Chemistry 
Desired reactions.--Consider an aqueous  solut ion of  so- 

d i u m  b romide  sa tura ted  with  d issolved propylene  and 
conta ined  in an und iv ided  e l ec t rochemica l  cell. B romine  
is fo rmed  by electrolysis  at the anode  

2 B r -  --> Br2 + 2e-  [1] 
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Because  in sa tura ted  p ropylene  solut ion the rate for addi- 
t ion of  b romine  to propylene  is over  200 t imes  larger than 
that  for b romine  hydrolys is  (19, 20), the  react ion of dis- 
solved propylene  was a s sumed  to occur  exc lus ive ly  with 
molecu la r  b romine  to form propylene  b romohydr in  
(20-24) 

OH 
Br~ + CH3CH--CH~ + O H -  --+ CH3CH--CH~Br + Br-[2]  

Electrolysis  of water  occurs  at the ca thode  

2H=,O + 2e-  -~ H2 + 2 O H -  [3] 

P ropy lene  ox ide  is formed by base -p romoted  dehydro-  
ha logenat ion  of the  vicinal  b r o m o h y d r i n  (25-28) 

O 
OH / \ 

CH3CH--CH2Br + OH- ~ CH3CH--CH2 + H20 + Br- 
[4] 

The desired overall cell reaction is 

O 
/ \ 

CH3CH--CH2 + H20-* CH~CH--CH~ + H2 [5] 

The desi red cell  react ion utilizes in te rmedia te  prod- 
ucts f rom both anode  and cathode,  and therefore  is called 
a "pai red"  synthesis.  The halogen species does not  appear  
in the overall  reaction.  Other  halogens  could be used. 
However ,  iodine react ion wi th  p ropylene  is s lower and is 
revers ible  (28); also, react ion of b r o m o h y d r i n  to propyl-  
ene oxide  is more  rapid than  that  of chlorohydr in ,  and is 
of comparab le  magn i tude  to that  of  iodohydr in  (26). 

Side reactions.--A detai led d iscuss ion  of side reactions 
is available e l sewhere  (1) and will be  summar ized  here. 
T h e  fol lowing paragraphs  inc lude  react ions of b romine  
species having h igher  oxida t ion  states, and react ions 
involv ing  organic p ropylene  compounds .  

Bromine  may  form po lybromides  and may  also hydro- 
lyze to form h y p o b r o m o u s  acid (29). H y p o b r o m o u s  acid 
can hydrolyze  to form the anion which  can disproport ion-  
ate to form b roma te  (30). Bromate  ion can hydrolyze to 
form the cor responding  acid. E lec t rochemica l  react ions 
can also in te rconver t  the different  b romine  species (31, 
32). 

A l l  b romine  in va lence  states of  0 and above  (positive) 
possess  s t rong oxidiz ing capabi l i ty  and may  oxidize or- 
ganic species. High b romide  ion concent ra t ions  are 
known  to catalyze addi t ion of molecu la r  b romine  to 
olefins (28). The sole kinet ic  s tudy  of b romine  addi t ion  to 
p ropylene  (20)shows no h y p o b r o m o u s  acid addit ion.  The 
speed of the  b romine-p ropy lene  react ion in compar i son  
to b romate  ion format ion  (20, 33) suggests  that  essential ly 
all b romine  reacts  wi th  p ropylene  to form bromohydr in .  
React ions  of b romine  in va lence  states of 0 and above  
have thus  been  neglec ted  in mode l  p resen ted  below. 

Side react ions involv ing  organic p ropy lene  c o m p o u n d s  
also occur  since the  ca rbon ium ion in te rmedia te  is availa- 
ble for nuc leophi les  o ther  than water .  The  major  by- 
p roduc t  is p ropy lene  d ib romide  (d ibromopropane)  which  
is formed by nucleophi l ic  (Br-)  at tack on the ca rbonium 
ion in te rmedia te  fo rmed  f rom react ion of p ropy lene  with 
b romine  

+ Br  
CH3CHCH~Br + B r -  --* CH.~CH--CH2Br [6] 

The re la t ive  p ropor t ion  of p ropy lene  b romohydr in  to pro- 
py lene  d i b r o m i d e  depends  in a non l inear  manne r  upon 
the concen t ra t ion  of b romide  ion (20). To an insignif icant  
extent ,  based upon  reactant  concentra t ions ,  b romohydr in  
may  serve as the  nuc leophi le  to yield d ibromo- isopropyl  
ether. Hydrolys is  of b romohydr in  may  occur  to form pro- 
pylene  glycol (34, 35), but  the rate is slow in compar i son  
with  at tack of  hyd rox ide  ion on b r o m o h y d r i n  to form pro- 
pylene  oxide.  

P ropy lene  oxide  is suscept ible  to at tack by water  since 
the epoxide  ring is readily a t tacked even by weak  
nucleophi les .  In  basic solutions,  the  S n l  uncata lyzed and 
Sn2 hydrox ide  ion-catalyzed react ions are the dominan t  
mechan i sms  of glycol  format ion  (36-39) 

O 
/ \ OH 

CH:~CH--CH~ + H=,O -~ CH~CH--CH~OH [7] 

The foregoing summary indicates clearly that the 
chemistry of the system has been extensively studied by 
others. The purpose of the next section is to embody this 
knowledge in a mathematical model of an electrolytic 
cell. 

Theoretical Formulation 
Electrolytic cell and process chemistry.--The electrolytic 

c e l l  is i l lustrated in Fig. 1. The cell is an und iv ided  
parallel-plate cont inuous  flow unit  hav ing  a wel l -mixed 
core region of un i fo rm compos i t ion  descr ibed  by the 
space- t ime var iable  r. The cell  opera tes  wi th  a cur ren t  of  
I~pp. Convec t ive  mass- t ransfer  processes  are character ized 
by a diffusion layer at each electrode represen ted  by the  
length  5, of equal  value  at both  electrodes.  The cell is as- 
sumed  to opera te  under  i so thermal  condi t ions  at 25~ and 
a tmospher ic  pressure.  The cell mode l  cor responds  to tur- 
bu len t  flow wi th  negl igible  convers ion  per  pass. 

The feed is sod ium bromide  e lect rolyte  sa turated with 
propylene.  The react ion chemis t ry  wi th in  the cell is sum- 
marized in Fig. 2. The  des i red react ions are indica ted  by 
the heavy  arrows. The  side react ions are indica ted  by the 
l ight arrows, and account  for all u n w a n t e d  p roduc t  yields 
in excess  of  1%. The react ion sequence  includes  11 chemi- 
cal species;  in addit ion,  the  potent ia l  is inc luded  as a vari- 
able. The  react ion sequence  does not  inc lude  b romine  
species of h igher  oxida t ion  states (+1, +3, and +5). 

Rate equations.--Values of t h e r m o d y n a m i c  data  and 
rate constants  wh ich  appear  in the  fol lowing equat ions  
are tabula ted  in Table  I. Equ i l ib r ium constants  were  cal- 
cula ted f rom free energies  of fo rmat ion  of the  react ing 
species. The s tandard  free energies  of format ion of  all 
species have  been  compi led  (1). 
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Fig. I. Schematic diagram of electrolysis cell 
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Fig. 2. Model reaction sequence 

The e l ec t rochemica l  reac t ion  of the  Br-/Br3 coup le  fol- 
lows a modi f i ed  Bu t l e r -Volmer  rate equa t ion  (40, 42) 
w h i c h  was  f o u n d  to fit e x p e r i m e n t a l  data  

anF ] 
Jl = i%athodic exp  - ~ -  (E - E,.) 

w h e r e  

- i~ exp I bnF ] 
L RT  ( E - E , q )  [8] 

R T  [ C3" ] 
Eeq = E1 ~ + ~ F - I n  L (C~*) ~ J 

Br2 w h i c h  con tac t s  the  anode  was  a s s u m e d  to r educe  
back  to B r -  and  thus  lower  ca thode  cur ren t  efficiency. 

The r educ t ion  of  water  at the  ca thode  was e x p r e s s e d  by 

Table I. Kinetic parameters 

Parameter Value Ref. 

Bromine/bromide ion couple 
E, ~ 1.087V vs. NHE (41) 
n 2 (41) 
i%nodlc 2.755 • 10 3 A/cm 2 (42) 
/~ 8.90 • 10 -; A/cm ~ (42) 
a 0.166 (42) 
b 0.171 (42) 

Water/hydroxide ion couple 
E% -0.828V vs. NHE (41) 
n 2 (41) 
i ~ 2.512 • 10 -3 A/cm ~ (43) 
a 0.92 (43) 
b 0.50 Assumed 

Homogeneous kinetic equation constants 
k'3,4 4.5 • 106 (20) 
k"3,4 3.2 x 106 (20) 
K3.~ 1.23 x 10 '7 Calculated 
K'3.4 16 (20) 
K3.~ 3.77 • 10 TM Calculated 
k4.6 4.56 (26) 
k6.4 3.09 x 10 -4 (26) 
k'6.7 1.0 x 10 -3 (38) 
k"6.7 1.0 • i0 -~ (38) 
K6.7 8.34 x 10 TM Calculated 

All rate constants have units of moles/liters and seconds. 

w h e r e  

[9] 

R T  
E~q = E2 ~ - ~ in {Cs*) 2} 

At  each e lec t rode  the  m a g n i t u d e  of  t he  cell cu r r en t  was  
equal  to the  s u m  of  the  e lec t rochemica l  reac t ions  j~ and  j=,. 
H y d ro g en  gas was  a s s u m e d  to be carr ied out of  the  cell 
by convect ive  act ion and  to be p r e s en t  at its sa turat ion 
value in the  bulk  solution.  The back  reac t ion  of d i sso lved  
h y d ro g en  occurs  at the  anode,  and  serves  thus  to lower  
anode  cur ren t  efficiency. 

The reac t ion  of b r o m i n e  wi th  p r o p y l e n e  was  e x p r e s s e d  
by a rate equa t ion  based  on expe r imen ta l  data  (20), w h i c h  
were  fit by s eco n d -d eg ree  polynomia l  r eg ress ion  to the  
fo rm 

where  

R34 : fk3.4 [C.zC:~ C4C, ] [10] 
�9 K3,4C~ J 

f = 0.967178 - 0.583315C1 - 0.367902C~'-' 

and  where  

k'3, 4 + k":L4K':L4C , 
k3, 4 1 + K':~.4C, 

React ion  of p r o p y l e n e  to p ropy lene  d i b r o m i d e  was,  in 
a similar manne r ,  e x p r e s s e d  by a rate  equa t ion  based  on 
expe r imen ta l  data  (20) fit by s eco n d  degree  po lynomia l  
regress ion  

R : , . ~ = ( 1 - f ) k : ; . 4 [ C , , C 3 - ~ ]  [11] 

and  f and  k:~,4 are def ined  as above�9 
The reac t ion  of p ropy lene  b r o m o h y d r i n  to p ropy lene  

ox ide  obeys  the  rate equa t ion  (26) 

R4,6 = k4,6C4C6 - k6,4CIC6 [12] 

Reac t ion  of p r o p y l e n e  ox ide  to p r o p y l e n e  glycol obeys  
the  rate equa t ion  (38, 39, 44) 

Conservat ion equations and  voltage balance . - -This  
sect ion p r e s en t s  equa t ions  for conse rva t ion  of  11 chemi-  
cal species  p lus  a vol tage balance.  The conse rva t ion  equa- 
t ions  were  based  on the  dilute so lu t ion  ap p ro x i ma t ion  
(45); whi le  more  r igorous  exp re s s ions  could be used  in 
pr inciple ,  it is unl ike ly  tha t  such  r e f i nemen t s  would  be 
ei ther  cost  e f fec t ive  or appropr ia te  to the  p r e s en t  level of  
analysis.  In  addi t ion ,  migra t ion  t e rms  have  been  ignored  
for charged  spec ies  on the  basis  tha t  they  in t roduce  sig- 
nif icant  ma thema t i ca l  complex i t y  by coupl ing  the  poten-  
tial and  concen t r a t ion  variables,  whi le  in t roduc ing  only  
m o d e s t  gains in the  e x p e c t e d  accuracy  of analysis.  
Finally, the  t r anspo r t  coeff icients  have  b e e n  a s s u m e d  to 
r ema in  cons t an t  t h r o u g h o u t  t he  concen t r a t ion  fields un- 
der  s tudy.  Table II lists the  t r anspor t  coeff ic ients  used  in 
the  calcula t ions  carr ied out  below; the  "ca lcu la ted"  diffu- 
s ion coeff icients  were  e s t ima ted  by the  correla t ion of 
Wilke and  Chang  (50) wi th  use  of  the  LeBas  molar  vo lume  
correla t ion (51). 

The conse rva t ion  of  spec ies  equa t ions  are s u m m a r i z e d  
in Table III. The conse rva t ion  equa t ions  were  appl ied  in 
bo th  anolyte  and  ca tholy te  b o u n d a r y  reg ions  and  repre- 
sent  t r anspor t  by  di f fus ion wi th  s imu l t aneous  h o m o g e n e -  
ous chemica l  react ion.  The central  we l l -mixed  core region 
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Table II. Transport coefficients 

Diffusion 
coefficient 

Compound • 105 (cm2/s) Ref. 

Bromide ion 2.08 (46) 
Bromine 1.3 (47) 
Propylene 1.44 (48) 
Propylene bromohydrin 0.987 Calculated 
Propylene dibromide 0.901 Calculated 
Propylene glycol 1.01 Calculated 
Propylene oxide 1.18 Calculated 
Hydrogen 5.85 (46) 
Hydrogen ion 9.34 (46) 
Hydroxide ion 5.23 (47) 
Sodium ion 1.35 (46) 

Mobility 
Compound (m~-mol-J ~-s -~) ReL 

Bromide ion 78.17 (49) 
Hydrogen ion 349.85 (49) 
Hydroxide ion 197.6 (49) 
Sodium ion 50.15 (49) 

is of u n i f o r m  c o n c e n t r a t i o n  t h r o u g h o u t  a n d  the re fo re  en- 
ters  on ly  as a b o u n d a r y  cond i t ion  u p o n  t he  two sets of  or- 
d ina ry  d i f fe ren t ia l  equa t ions .  The  b o u n d a r y  cond i t i ons  of  
t he  e lec t roac t ive  spec ies  are g o v e r n e d  by  t he  s um  of t he  
two e lec t rode  reac t ions ,  w h e r e  t h e  paras i t i c  r eac t ion  oc- 
curs  at  t he  mass - t r ans f e r - l im i t ed  cu r ren t .  The  none lec t ro-  
ac t ive  spec ies  h a v e  zero-f lux c o n d i t i o n s  at  the  e lec t rode  
and  m a s s  b a l a n c e  b o u n d a r y  c o n d i t i o n s  a t  t he  edge  of  t he  
b o u n d a r y  layer.  

The  vol tage b a l a n c e  across  the  cell  was  e x p r e s s e d  b y  
O h m ' s  law b a s e d  on  mobi l i t i e s  a n d  c o n c e n t r a t i o n s  of 
ionic  species  in  solut ion.  The  effect  of  h y d r o g e n  gas b u b -  
b les  was  ignored .  T he  po ten t i a l  field in  t he  we l l -mixed  
core  reg ion  was  t he r e fo re  

dE I~,p 
d~- - F2{u,C, + usCs + u,,,C,o + u,,C,,} [14] 

The  c a t h o d e  p o t e n t i a l  was  se t  a rb i t r a r i ly  at  zero 

E = 0 [15] 

The  anod ic  b o u n d a r y  layer  and  ca thod i c  b o u n d a r y  layer  
cond i t i ons  we re  

E~b, = Ec~j + Ia,p [16] 
F{u,C, + u8C8 + u,oC,o + u,lC,,}cbl 

Method of solution.--The m o d e l  e q u a t i o n s  were  so lved  
by  first i so la t ing  t h o s e  equa t i ons  w h i c h  cou ld  be  so lved  
i n d e p e n d e n t l y  of t h e  r e m a i n i n g  set, i.e., for H § Hs, Na*, 
a n d  E. The  cen t r a l  p r o b l e m  t h u s  was  o b t a i n i n g  a so lu t ion  
for the  r e m a i n i n g  equa t ions ,  w h i c h  were  stiff. 

In  th is  i nves t iga t ion ,  the  m e t h o d  for  c o n v e r g i n g  to t h e  
s teady-s ta te  so lu t i on  of  t he  b o u n d a r y  v a l u e  s y s t e m  was to 
i n t r o d u c e  t i m e  de r iva t ives  and  c o n v e r t  t he  o rd ina ry  dif- 
fe rent ia l  e q u a t i o n s  (ODE's)  in to  par t ia l  d i f fe ren t ia l  equa-  
t ions ,  which were integrated in time until the time deriva- 
tives became negligible (52, 53). That is, the problem was 
solved by dynamic simulation. 

The Forsim VI numerical code was used for integration 
of model equations (53). This package consists of a set of 
subroutines which contain general procedures for inte- 
gration of systems of initial value differential equations. 
Detailed discussion of computation details is available (I). 

Two difficulties were encountered in the solution of 
the equations. The first problem resulted from the range 
of variables over the spatial interval. The Forsim VI pack- 
age uses a modified Newton method for convergence of 
boundary conditions which required scaling of variables. 
The unscaled problem had a range of variables over ten 
orders of magnitude with use of reference concentrations 
presented in Table IV. The variables were sealed such 
that the range of values between the smallest and largest 
was reduced three orders of magnitude. The large range 

of va r i ab le  va lues  was the  r e su l t  of  fas t  r eac t ion  kinet ics .  
The  rap id  b r o m i n e - p r o p y l e n e  reac t ion ,  for example ,  
c a u s e d  s h a r p  g r ad i en t s  at  t he  r eac t ion  in te r face  w i t h i n  
the  a n o d e  d i f fus ion  layer.  The  p r o p y l e n e  and  b r o m i n e  
c o n c e n t r a t i o n s  e x h i b i t e d  large  va lues  on  one  s ide of t h e  
r eac t ion  zone,  wh i l e  va lues  on  the  oppos i t e  s ide  we re  ap- 
p r o x i m a t e l y  s e v e n  orders  of  m a g n i t u d e  smal ler .  

The  s e c o n d  p r o b l e m  c o n c e r n e d  s low c o n v e r g e n c e  to 
s t eady  state  a r i s ing  f rom s t i f fness  of t he  d i f fe r ing  t rans-  
por t  t ime  scales.  T h a t  is, t he  r e l axa t ion  t ime  of  the  diffu- 
s ion layers  was  s igni f icant ly  smal le r  t h a n  the  space  t ime  
of t he  cent ra l  core. I n t e g r a t i o n  typica l ly  p r o c e e d e d  to t he  
s tage whe re  all t i m e  der iva t ives  across  the  d i f fus ion  lay- 
ers were  essen t ia l ly  zero, whi le  the  t i m e  de r iva t ives  asso- 
c ia ted  wi th  t he  cen t r a l  r eg ion  we re  sti l l  s ignif icant .  The  
p r o b l e m  was r e m e d i e d  by  c h o o s i n g  i m p r o v e d  ini t ia l  
gues ses  for t he  cen t r a l  core  c o n c e n t r a t i o n s ,  w h i c h  accel- 
e ra t ed  c o n v e r g e n c e  to s t eady  state.  The  n e w  ini t ial  
gues ses  were  d e t e r m i n e d  t h r o u g h  a N e w t o n - R a p h s o n  
t echn ique .  The  j a c o b i a n  was a s s u m e d  to be  diagonal ,  
w h i c h  a l lowed easy  ca l cu la t ion  of i m p r o v e d  cen t ra l  core  
c o n c e n t r a t i o n  es t imates .  

The  se t  of d e p e n d e n t  ODE's  were  scaled,  cast  in to  par- 
tial d i f fe rent ia l  e q u a t i o n  form,  a n d  t h e n  so lved  wi th  use  
of t he  F o r s i m  VI package  on  a CDC Cybe r  175 compute r .  
Typica l  e x e c u t i o n  t imes  were  150s pe r  case, e x c l u d i n g  
p r e l im ina ry  e v a l u a t i o n  of ini t ia l  guesses .  The  local  t run-  
ca t ion  e r ror  was  se t  a t  1.0 • 10 -~. F ive  n o d e  po in t s  we re  
u s e d  pe r  d i f fus ion  layer. The  so lu t ion  was  a s s u m e d  to 
have  c o n v e r g e d  w h e n  t he  t i m e  de r iva t ives  at  every  p o i n t  
w i t h i n  t h e  spa t ia l  i n t e rva l  sa t is f ied the  c r i t e r ion  

dC~ 

dt 
- -  -< 5.0 • 10-'* [17] 

Ci 

D e c r e a s i n g  the  c o n v e r g e n c e  cr i ter ia  to 5.0 • 10 -~ re- 
su l t ed  in  a so lu t ion  d i f fe ren t  by  less t h a n  1% for eve ry  
var iable .  The  u n c o u p l e d  var iab les  were  t h e n  ca lcu la ted  
f rom the  coup l ed  va r i ab l e  so lu t ions .  

The  po ten t i a l  prof i le  was  f o u n d  by  solv ing the  finite 
d i f fe rence  fo rm of  Eq. [14] at  t h e  d i sc re t i zed  po in t s  across  
the  d i f fus ion  layer. The  k ine t i c  ove rpo t en t i a l s  of e ach  
e l ec t rode  were  f o u n d  b y  so lv ing  n o n l i n e a r  e q u a t i o n s  a n d  
us ing  a b i s ec t i on  t e c h n i q u e .  The  c o n v e r g e n c e  cr i te r ion  
for t he  o v e r p o t e n t i a l  d e t e r m i n a t i o n  was  t h a t  t he  differ- 
ence  of  t he  c u r r e n t  p r e d i c t e d  f rom the  ove rpo ten t i a l  
e q u a t i o n  a n d  the  ODE so lu t ion  agree  wi th in  1.0 • 10 -4 
(A/cm2). 

Results and Discussion 
The  m o d e l  was  u s e d  to ca lcu la te  yield,  p r o d u c t  selec- 

t ivit ies,  po t en t i a l  field, a n d  c o n c e n t r a t i o n  profi les  across  
the  cell. A ser ies  of  t es t  ca lcu la t ions  s u m m a r i z e d  in Table  
IV was used  to exp lo re  t he  r e s p o n s e  of  t he  s y s t e m  to vari-  
a t ion  in r eac to r  d e s i g n  p a r a m e t e r s  a n d  c h e m i c a l  concen-  
t r a t i on  var iab les .  

The  fo l lowing def in i t ions  we re  used.  " C o n v e r s i o n "  was 
t he  f rac t ion  of  t h e '  key  l imi t ing  r e a c t a n t  w h i c h  was 
c o n s u m e d .  "Yie ld"  was  the  moles  of  a pa r t i cu la r  p r o d u c t  
generated per mole of key reactant consumed. "Selectiv- 
ity" was the moles of a particular product generated per 
mole of another coproduct. 

The results of one calculation are discussed in order to 
describe the general features which influence behavior of 
the electrolytic cell. The example situation had r = 10s, 
Sh = 2000, w = 1.0 em, and a feed stream composition of 
0.500M NaBr at pH 14, saturated with propylene. The 
Sherwood number is defined by the ratio of diffusion 
layer thickness to the equivalent diameter, which for in- 
finite parallel plates is twice the plate spacing Sh = 
(2W/6) = (2ieW/nFC,D~). E x p e r i m e n t a l  m e a s u r e m e n t  of  the  
S h e r w o o d  n u m b e r  wou ld  be  def ined  u s i n g  t he  b r o m i d e  
ion d i f fus ion  coefficient .  The  spa t ia l  d i s t r i b u t i o n s  of all 
va r i ab le s  e x c e p t  H ~, OH , a n d  Na ~ are p r e s e n t e d  in  Fig. 3. 

A l i s t ing  of  t h e  r e f e r ence  q u a n t i t i e s  for sca l ing  of  varia- 
b les  a p p e a r s  in  Tab le  IV. The  r e fe rence  c o n c e n t r a t i o n s  
for the  organic  spec ies  is t he  s a t u r a t i o n  c o n c e n t r a t i o n  of 
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Table IV. List of concentration variable calculations and parameter values 

Calculation Constant  parameters  Parameter  variation 

Feed p H  Sh = 2000 10 < pH i" < 14 
r = 10s 

W = 1.0 cm 
l~p = 0.i00 A/cm 2 

B r -  ~" = 0.500 
Propylene/Br2 = 1.46 

Feed bromide  ion Sh = 2000 0.100 < B r -  in < 0.500 
r = 10s 

W = 1.0 cm 
lap p = 0.i00 A/cm 2 

pHi"= 14 
Propylene/Br2 = 1.46 

Mass- t ranspor t  rate r = 10s 200 < Sh < 2000 
lap p = O.100 A/cm ~ 

W = 1.0 cm 
B r -  '" = 0.500 

p H  i" = 14 
Propylene/Br~ = 1.46 

Space t ime Sh = 2000 2.00 < r < 10.0 
B r -  in = 0.500 0.500 < lapp < 0.100 

W = 1.0 cm 
pH m= 14 

Propylene/Br2 = 1.46 

Space t ime Sh = 2000 5.00 < r < 10.0 
B r -  i, = 0.500 2.92 > PropylenefBr2 > 1.46 

W = 1.0 cm 
pH ~" = 14 

l~pp = 0.i00 A/cm 2 

Reference quanti t ies for variable scaling 
C o m p o u n d  Value Ref. 

Bromide  ion 1 
Bromine  0.213 
Propylene  7.56 • 10 -3 
Propy lene  b romohydr in  7.56 • 10 -3 
Propylene  dibromide 7.56 x 10 -3 
Propylene  glycol 7.56 x 10 -3 
Propylene  oxide 7.56 • 10 -3 
Hydrogen  100" 7.59 x 10 -4 
Hydrogen  ion 1 
Hydroxide  ion 1 
Sod ium ion 1 

p r o p y l e n e  in  a q u e o u s  s o l u t i o n  a t  25~ a n d  1 a t m  p r e s s u r e .  
T h e  r e f e r e n c e  c o n c e n t r a t i o n  fo r  b r o m i n e  is  t h e  s a t u r a t i o n  
c o n c e n t r a t i o n ,  a n d  for  h y d r o g e n  is 100 t i m e s  t h e  s a t u r a -  
t i o n  c o n c e n t r a t i o n  i n  a q u e o u s  s o l u t i o n  a t  25~ a n d  1 a t m  
p r e s s u r e .  

T h e  r e a c t i o n  p a t h w a y  r e p r e s e n t s ,  in  e s s e n c e ,  a n  i nd i -  
r e c t  o x i d a t i o n  v i a  e l e c t r o c h e m i c a l l y  g e n e r a t e d  r e a c t a n t s .  
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T h a t  is,  t h e  e l e c t r o c h e m i c a l l y  a c t i v e  s p e c i e s  t r a n s f e r  t h e  
d r i v i n g  force ,  v i a  b r o m i n e  a n d  h y d r o x i d e  ion ,  to t h e  p ro -  
p y l e n e  s p e c i e s .  

B r o m i d e  i o n  e n t e r e d  t h e  cell  in  t h e  f e e d  s t r e a m  a t  a co n -  
c e n t r a t i o n  o f  0.500M. B r o m i d e  i o n  d i f f u s e d  to  t h e  a n o d e ,  
w h e r e  i t  w a s  o x i d i z e d  t o  f o r m  b r o m i n e  a c c o r d i n g  to  Eq .  
[1]. T h e  Br2 c o n c e n t r a t i o n  a t  t h e  a n o d e  s u r f a c e  h a d  a 
v a l u e  o f  0.157 w i t h  r e s p e c t  to  i ts  s a t u r a t i o n  c o n c e n t r a t i o n .  
W i t h i n  t h e  a n o d e  m a s s - t r a n s f e r  b o u n d a r y  l ayer ,  Br2 re-  
a c t e d  w i t h  p r o p y l e n e  to  f o r m  p r o p y l e n e  b r o m o h y d r i n  b y  
Eq .  [2]. T h e  m a j o r  c a t h o d i c  r e a c t i o n  w a s  e l e c t r o l y s i s  o f  
w a t e r  to  f o r m  H2 a n d  O H -  i o n s  a c c o r d i n g  to  Eq .  [3]. Hy -  
d r o g e n  c o n c e n t r a t i o n s ,  w h i c h  w e r e  s c a l e d  a g a i n s t  100 
t i m e s  t h e  s a t u r a t i o n  c o n c e n t r a t i o n ,  i n d i c a t e d  v a l u e s  o f  13 
t i m e s  s a t u r a t i o n  a t  t h e  c a t h o d e  s u r f a c e .  T h e  r e a c t i o n  o f  
d i s s o l v e d  H~ a t  t h e  a n o d e  w a s  f o u n d  t o  c a u s e  a n  8% l o s s  
o f  c u r r e n t  e f f i c i e n c y  u n d e r  t h e  c o n d i t i o n s  s h o w n .  

T h e  p r o p y l e n e  e n t e r s  t h e  cel l  in  t h e  f e e d  s t r e a m  at  a di-  
m e n s i o n l e s s  c o n c e n t r a t i o n  o f  1.0 a n d  w a s  r e d u c e d  to  a 
v a l u e  o f  0.371 b y  h o m o g e n e o u s  r e a c t i o n  w i t h  Br2. T h e  
l a r g e s t  r a t e  o f  b r o m i n e - p r o p y l e n e  r e a c t i o n  o c c u r r e d  
w h e r e  p r o p y l e n e  c o n t a c t e d  Br2 w i t h i n  t h e  a n o d e  d i f f u s i o n  
l ayer .  T h e  p r o p y l e n e  c o n c e n t r a t i o n  d e c r e a s e d  to  e s s e n -  
t i a l ly  z e ro  a t  t h e  a n o d e .  

B r o m o h y d r i n  a n d  d i b r o m i d e  w e r e  f o r m e d  a t  t h e  r e ac -  
t i o n  i n t e r f a c e  o f  p r o p y l e n e  a n d  Br2. B o t h  s p e c i e s  e x h i b -  
i t ed  m a x i m u m  f o r m a t i o n  r a t e s  in  t h e  a n o d i c  d i f f u s i o n  
l a y e r  a t  t h e  b r o m i n e - p r o p y l e n e  i n t e r f a c e .  I n  c o n t r a s t  to  
t h e  s h a r p  r e a c t i o n  z o n e  f o r m e d  b y  t h e  b r o m i n e - p r o p y l e n e  
r e a c t i o n ,  p r o p y l e n e  o x i d e  f o r m a t i o n  o c c u r r e d  o v e r  t h e  
e n t i r e  r e a c t o r  v o l u m e .  D i b r o m i d e  w a s  f o r m e d  in  t h e  
a n o d i c  d i f f u s i o n  l ayer .  

P r o p y l e n e  o x i d e  h a d  a s p a t i a l  d i s t r i b u t i o n  w i t h  m a x i -  
m u m  c o n c e n t r a t i o n s  n e a r  e a c h  e l e c t r o d e  b e c a u s e  t h e  
m a x i m u m  r a t e s  o f  t h e  o x i d e  f o r m a t i o n  Eq .  [4], o c c u r r e d  
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nea r  e a c h  e lec t rode .  T he  m a x i m u m  n e a r  t he  a n o d e  was  
f rom the  p r e s e n c e  of  h i g h  c o n c e n t r a t i o n s  of b r o m o h y -  
dr in;  t h e  m a x i m u m  ra te  n e a r  t he  c a t h o d e  was  f rom the  
h i g h  c o n c e n t r a t i o n s  of  O H - .  

Glycol  h a d  b e h a v i o r  s imi la r  to t h a t  of  p r o p y l e n e  oxide,  
t h o u g h  it  was  less  e x t r e m e  s ince  t he  r eac t i on  ra te  of  ox ide  
to glycol  is four  o rde r s  of  m a g n i t u d e  s lower  t h a n  propyl -  
ene  ox ide  fo rma t ion .  The  m a x i m u m  n e a r  each  e l ec t rode  
was  c a u s e d  by  a d i f f e ren t  m e c h a n i s m  in  t he  t w o - p a t h w a y  
rou te  f rom ox ide  to glycol.  T he  m a x i m u m  ra te  of  glycol  
f o r m a t i o n  nea r  t he  a n o d e  was  caused  by  u n c a t a l y z e d  hy- 
dro lys is  of  ox ide  a n d  t h u s  e x h i b i t e d  a m a x i m u m  ra te  in  
t he  r eg ions  of  h i g h  ox ide  c o n c e n t r a t i o n .  T h e  ca thod i c  gly- 
col p e a k  was  f r o m  t he  base -ca ta lyzed  r eac t i on  p a t h w a y  of  
glycol  fo rma t ion ,  a n d  o c c u r r e d  f rom t h e  h i g h  concen t r a -  
t ions  of O H -  w i t h i n  t he  ca thod i c  d i f fus ion  layer.  

For  t he  p a r t i c u l a r  case  u n d e r  d i scuss ion ,  t he  va r i a t ion  
of  po t en t i a l  ac ross  t he  cell  is s h o w n  in Fig. 4. T he  po ten-  
t ial  d rop  was  t he  r e su l t  of  IR  d rop  ac ross  t he  cell, revers-  
ib le  e l e c t r o m o t i v e  force of  t he  e l ec t rode  reac t ions ,  a n d  
t he  ove rpo ten t i a ]  of  e ach  e l ec t rode  reac t ion .  T he  e x a m p l e  
results show that the anodic overvoltage and the IR loss 
in solution were comparable and that the cathodic over- 
voltage was small. The conductivity used for this calcula- 
tion was that which corresponds to dilute solution theory. 
The actual conductivity of a 0.500M NaBr solution is 32% 
less than the value predicted by dilute solution theory. 
Therefore, the IR drop is also in error by this amount. 

The foregoing model was also used to investigate the 
response of the parallel-plate electrochemical cell to de- 
sign variables. The most sensitive variables in the chemis- 
try were [Br-] and pH. [Br-] controlled the yield of pro- 
pylene oxide by determining the fraction of propylene 
converted to the bromohydrin, pH controlled the rate of 
propylene oxide generation. 

Effect of p H . - - T h e  effects  of  f e e d - s t r e a m  p H  are sum-  
m a r i z e d  for t h r e e  cases  in Fig. 5. A d d i t i o n a l  da ta  are  pro- 
v i d e d  in  Tab le  V as wel l  as in  the  o r ig ina l  r e f e r ence  (1). 
The  effect  of  h y d r o x i d e  ion  c o n c e n t r a t i o n  was  chiefly 
u p o n  t h e  b r o m o h y d r i n - o x i d e  reac t ion ,  Eq. [4], and,  to a 
l e sse r  degree ,  on  t he  oxide-g lycol  r eac t ion ,  Eq. [7]. The  
d e c r e a s e  in t he  f eed - s t r e am  p H  c a u s e d  the  b r o m o h y d r i n  
no t  to b e  c o n v e r t e d  to p r o p y l e n e  ox ide  owing  b o t h  to 
t h e r m o d y n a m i c s  a n d  also to p H  d e p e n d e n c e  of t he  reac-  
t ion  rate.  A t  l ower  f e ed - s t r e am  pH, t he  h y d r o x i d e  ions  r e -  
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mained unreacted and served to increase sizably the cen- 
tral region pH above that of the feed. The selectivity of 
oxide-glycol was decreased through the increase in basic- 
ity; glycol formation was not significant at any pH con- 
sidered. The decrease in hydroxide ion concentration also 
influenced the cathodic overpotential and decreased the 
solution conductivity, resulting in increased cell voltage. 

Efficient conversion of bromohydrin to oxide was de- 
pendent on the pH in the electrolyzer. The equilibrium 
constant for the oxide formation reaction is 1.03 x I0 ~ at 
unit concentrations and pH 14, but only 1.01 • i0 -'~ at pH 
1. One method of accomplishing bromohydrin conversion 
was to force the reaction to completion with large hydrox- 
ide ion concentrations; 98% of the bromohydrin was con- 
verted to oxide at pH 14. 

The operation of the cell at extremely high pH condi- 
tions may cause other reactions, not included in the 
model, to influence the reaction sequence. THe hydroly- 
sis of bromine to form Br(+l) species, and further reac- 
tion to Br(+5), may influence the rate of the propylene- 
bromine reaction. Br(+l) formation would cause a 
decrease in the yield of propylene oxide with increasing 
pH. Increased basicity may cause other electrode reac- 
tions to occur in addition to bromine formation at the an- 
ode and water electrolysis at the cathode. 

Effect of bromide ion concentration . - - T h e  effects  of  var-  
ia t ion  in t he  f e e d - s t r e a m  b r o m i d e  ion  c o n c e n t r a t i o n  are 
p r e s e n t e d  in  Fig. 6; add i t i ona l  da ta  are g iven  in Tab le  V. 
D e c r e a s i n g  [ B r - ]  d id  no t  af fec t  t he  ra te  of  p r o p y l e n e  con- 
s u m p t i o n  b y  b r o m i n e ,  b u t  c h a n g e d  t h e  ra t io  of b r o m o h y -  
d r in  to d i b r o m i d e  p r o d u c e d .  H i g h e r  f r ac t ions  of b r o m o -  
hydrin are formed when the bromine-propylene reaction 
occurs at low [Br-]. Dilute bromide solution allows 
greater likelihood of hydroxide ion attacking the cation 
intermediate vs. the bromide ion which forms propylene 
dibromide. Decreased [Br-] thus resulted in increased se- 
lectivity of oxide/dibromide. High pH conditions allow 
the additional bromohydrin to be reacted further to form 
propylene oxide. The maximum yield observed was 
90.4% at 0.100M [Br-]. Higher yields could be achieved by 
decreasing [Br-] further. The decrease in bromide and so- 
dium ion concentrations increased the cell voltage 
through IR resistance and the slightly larger anodie over- 
potential; the possibility of adding inert supporting elec- 
trolyte was not explored. 

Greatest yields of propylene oxide are formed when 
low concentrations of Br- were present at the propylene- 
bromine reaction interface. Decreased [Br-] also mini- 
mized formation of dibromide by-product. 

Effect of mass transfer.--The ef fec t  of  m a s s  t r a n s f e r  is 
s h o w n  in Fig. 7 a n d  in  Tab le  V. The  va r i a t ion  of mass -  
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t r a n s f e r  c o n d i t i o n s  w a s  d o n e  wh i l e  h o l d i n g  all o t h e r  pa- 
r a m e t e r s  c o n s t a n t .  M a s s - t r a n s f e r  v a r i a t i o n  b y  th i s  p roce -  
d u r e  c o r r e s p o n d s  e x p e r i m e n t a l l y  to m o d i f i c a t i o n  o f  
t u r b u l e n c e  p r o m o t e r s  w i t h i n  the  f low channe l ;  c h a n g i n g  
the  f low ra te  w o u l d  i n f l u e n c e  r e a c t o r  s p a c e  t ime .  

The  d e c r e a s e  in  m a s s - t r a n s f e r  r a t e s  c a u s e d  h i g h e r  con-  
v e r s i o n  o f  p r o p y l e n e  b y  4%. T h e  d e c r e a s e d  t r a n s p o r t  o f  
H2 to t h e  a n o d e  r e d u c e d  t h e  ra te  o f  s ide  reac t ion ,  Eq.  [3], 
a n d  t h u s  i n c r e a s e d  t h e  c u r r e n t  eff ic iency,  g e n e r a t i n g  
m o r e  b r o m i n e  for  r eac t ion .  S l i gh t  i n c r e a s e  in t h e  
o x i d e / d i b r o m i d e  se l ec t iv i ty  w i t h  d e c r e a s i n g  m a s s - t r a n s f e r  
ra tes  c a m e  a b o u t  b e c a u s e  t h e  b r o m i n e - p r o p y l e n e  r e ac t i on  
i n t e r f ace  w a s  s h i f t e d  to r e g i o n s  h a v i n g  l o w e r  b r o m i d e  ion  
c o n c e n t r a t i o n s .  

D e c r e a s i n g  m a s s - t r a n s f e r  s l igh t ly  i n c r e a s e d  t h e  selec- 
t iv i ty  of  ox ide  o v e r  d i b r o m i d e ,  a n d  a l so  i n c r e a s e d  t h e  cell 

Table V. Effect of operating conditions 

Conditions 
Sh = 2000 r = 10s Propylene/Br2 = 1.46 
Iapp= 0.100 A]cm 2 Br . . . .  0.50 W = 1.O cm 
pH~ = 10 12 14 

Scaled concentrations and cell potentials 
Bromide ion 0.496 0.496 0.497 
Bromine 1.18 x 10 -s 1.17 • 10 -~ 1.18 x 1O '~ 
Hydroxide ion 5.22 • 10 -:~ 1.41 x 16 2 1.03 
Propylene 0.371 0.372 0.371 
Oxide 0.0959 0.192 0.472 
Cell voltage 3.69 3.66 2.58 
IR resistance 1.55 1.50 0.314 
Anode overpotential 0.500 0.500 0.499 
Cathode overpotential -0.076 0.067 -0.057 

Selectivity and yield 
Oxide/bromohydrin 0.247 0.649 48.9 
Oxide/dibromide 0.660 1.32 3.21 
Oxide/glycol 180,000 72,100 926 
Yield 15.2% 30.6% 75.0% 

Illustrated in figure 5 5 3-5 

Effect of feed-stream bromide ion concentration 

Conditions 
Sh = 2000 �9 = 10s Propylene/Br~ = 1.46 
Ia,p = 0.100 A/cm 2 pH TM = 14 W = 1.0 cm 
Br-  ~" = 0.100 0.300 0.500 

Scaled concentrations and cell potentials 
Bromide ion 0.0971 0.298 0.497 
Bromine 1.05 • 10 -~ 1.15 • 10 .7 1.18 • 10 ~ 
Hydroxide ion 1.01 1.02 1.03 
Propylene 0.372 0.371 0.371 
Oxide 0.567 0.505 0.472 
Cell voltage 2.71 2.63 2.58 
IR resistance 0.382 0.345 0.314 
Anode overpotential 0.523 0.503 0.499 
Cathode overpotential -0.057 -0.057 0.057 

Selectivity and yield 
Oxide/bromohydrin 48.4 48.1 48.9 
Oxide/dibromide 11.1 4.50 3.21 
Oxide/glycol 968 970 926 
Yield 90.4% 80.3% 75.0% 

Illustrated in figure 6 6 3, 4, 6 

Effect of mass transfer 

Conditions 
t = 10s Iapp= 0.100 A/em 2 PropylenefBr2 = 1.46 
Br -  ~" = 0.500 pH ~" = 14 W = 1.0 cm 
Sh = 200 1000 2000 

Scaled concentrations and cell potentials 
Bromide ion 0.498 0.497 0.497 
Bromine 1.80 x 10 .7 2.03 • 10 -7 1.18 x 10 .5 
Hydroxide ion 1.00 1.01 1.03 
Propylene 0.327 0.349 0.371 
Oxide 0.507 0.489 0.472 
Cell voltage 2.85 2.61 2.58 
IR resistance 0.340 0.322 0.314 
Anode overpotential 0.729 0.513 0.499 
Cathode overpotential -0.071 -0.060 -0.057 

Selectivity and yield 
Oxide/bromohydrin 46.8 47.8 48.9 
Oxide/dibromide 3.27 3.25 3.21 
Oxide/glycol 992 981 926 
Yield 75.3% 75.1% 75.1% 

Illustrated in figure 7 7 3, 4, 7 

Table V (continued). Effect of operating conditions 

Effect of space time at constant stoichiometric ratio 

Conditions 
Sh = 2000 Propylene/Br2 = 1.46 W = 1.0 cm 
Br-  ~" = 0.500 p H "  = 14 
r = 2.00 5.00 10.0 
Ia,p = 0.500 0.200 0.100 

Scaled concentrations and cell potentials 
Bromide ion 0.497 0.497 0.497 
Bromine 1.33 • 10 -~ 4.13 • 10 -7 1.18 • 10 -~ 
Hydroxide ion 1.00 1.00 1.03 
Propylene 0.326 0.345 0.371 
Oxide 0.467 0.483 0.472 
Cell voltage 3.93 2.92 2.58 
IR resistance 1.61 0.644 0.314 
Anode overpotential 0.513 0.490 0.499 
Cathode overpotential -0.077 -0.065 -0.057 

Selectivity and yield 
Oxide/bromohydrin 9.21 23.2 
Oxide/dibromide 3.01 3.20 
Oxide/glycol 4980 2000 
Yield 69.3% 73.7% 

Illustrated in figure 8 8 

Effect of space time at constant current 

Conditions 
Sh = 2000 Iapp - 0.100 A/cm 2 W = 1.0 cm 
Br-  ~n = 0.500 ~H ~" - 14 
r = 5.00 10.0 
Propylene/Br2 2.92 1.64 

Scaled concentrations and cell potentials 
Bromide ion 0.499 0.497 
Bromine 9.62 • 10 -s 1.18 • 10 ~ 
Hydroxide ion 1.00 1.03 
Propylene 0.688 0.371 
Oxide 0.231 0.472 
Cell voltage 2.64 2.58 
IR resistance 0.322 0.314 
Anode overpotential 0.590 0.499 
Cathode overpotential -0.057 -0.057 

Selectivity and yield 
Oxide/bromohydrin 24.4 48.9 
Oxide/dibromide 3.28 3.21 
Oxide/glycol 1960 926 
Yield 74.0% 75.0% 

Illustrated in figure - -  3, 4 
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926 
75.0% 

3,4 ,8  

vo l tage .  T h e  y ie ld  of  p r o p y l e n e  o x i d e  w a s  n o t  s e n s i t i v e  to 
m a s s  t r a n s f e r  o v e r  t h e  r a n g e  o f  c o n d i t i o n s  s tud ied .  

Effect of space time.--The r e s u l t s  o f  r e a c t o r  s p a c e - t i m e  
v a r i a t i o n  u n d e r  c o n d i t i o n s  o f  c o n s t a n t  s t o i c h i o m e t r y  a re  
p r e s e n t e d  in Fig.  8 a n d  in  Tab le  V. T h e  p ropy lene /Br~  
s t o i c h i o m e t r i c  ra t io  w a s  k e p t  c o n s t a n t  b y  i n c r e a s i n g  t h e  
c u r r e n t  w i t h  d e c r e a s i n g  s p a c e  t i m e  to a ch i e ve  t h e  s a m e  
theo re t i c a l  c o n v e r s i o n  o f  p r o p y l e n e ;  t h e r e f o r e ,  t he  de- 
c rease  in s p a c e  t i m e  c a u s e d  i n c r e a s e d  p o t e n t i a l  d r o p  f r o m  
IR  a n d  o v e r p o t e n t i a l  l o s s e s  o w i n g  to t h e  i n c r e a s e d  cur-  
rent .  D e c r e a s e d  s p a c e  t i m e  p r o m o t e d  p r o p y l e n e  c on v e r -  
s i on  b y  i n c r e a s i n g  a n o d i c  c u r r e n t  eff ic iency.  T h e  varia-  
t ion  in s p a c e  t i m e  a f fec ted  t h e  c o n v e r s i o n  of  b r o m o h y -  
d r in  to p r o p y l e n e  oxide ;  t he  i n c o m p l e t e  c o n v e r s i o n  w a s  
f r o m  t h e  s l o w n e s s  o f  t he  b r o m o h y d r i n - o x i d e  reac t ion ,  Eq.  
[4], w h i c h  d e c r e a s e d  t h e  o x i d e / b r o m o h y d r i n  select ivi ty .  
T h e  c o n v e r s i o n  of  b r o m o h y d r i n  to p r o p y l e n e  o x i d e  de- 
c r e a s e d  w i t h  d e c r e a s i n g  s p a c e  t ime.  

T h e  d o m i n a n t  r e g i o n  for  t he  b r o m o h y d r i n  to ox ide  a n d  
o x i d e  to g lyco l  r e a c t i o n s  w a s  in t h e  c en t r a l  s t i r r ed  core,  
a n d  b o t h  r e a c t i o n s  w e r e  a f fec ted  b y  t h e  v a r i a t i o n  in s p a c e  
t ime.  T h e  f a s t e r  p r o p y l e n e - b r o m i n e  r e a c t i o n  w a s  una f -  
f ec t ed  s i n c e  t h e  r e a c t i o n  zone  w a s  w i t h i n  the  a n o d e  diffu- 
s ion  layer .  

T h e  r e s u l t s  of  t h e  r e a c t o r  s p a c e - t i m e  v a r i a t i o n  w i t h  con-  
s t a n t  c u r r e n t  a re  a lso  p r e s e n t e d  in T a b l e  V. T h e  d e c r e a s e  
in s p a c e  t i m e  w i t h  c o n s t a n t  cell c u r r e n t  d e c r e a s e d  t h e  
t h e o r e t i c a l  c o n v e r s i o n  o f  p r o p y l e n e .  A l t h o u g h  t h e  y ie ld  o f  
p r o p y l e n e  o x i d e  w a s  n o t  s i gn i f i c a n t l y  i n f l uenced ,  t h e  
d e c r e a s e d  c o n v e r s i o n  o f  p r o p y l e n e  gave  b e t t e r  se lec t iv i ty  
of  o x i d e  to d i b r o m i d e  a n d  o x i d e  to glycol .  T h e  p o t e n t i a l  
field a c r o s s  t h e  cell w a s  v i r t ua l l y  u n a f f e c t e d .  
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The synthesis for propylene oxide was found to be 
more efficient by producing less dibromide under lower 
conversions of propylene. Additional advantages would 
be gained in the oxide/dibromide selectivity by operating 
the reactor at lower conversions and increased propylene 
concentration (pressure). 

Conclusions 
This work demonstrates procedures for incorporating 

realistic reaction mechanisms into models of electrolytic 
cells. Limitations on computational feasibility were en- 
countered owing to stiffness of the differential equation 
describing the reactor. It was found that dynamic simula- 
tion with the Forsim VI algorithm gave good results. By 
this procedure, the dependence of space-time yield, con- 
version efficiency, and power consumption upon varia- 
tion of design variables were predicted for paired 
synthesis of propylene oxide in an undivided cell. 

The example of propylene oxide synthesis has been 
useful for the purpose of illustrating the general proce- 
dures involved in this study, but the central contribution 
of this work should be recognized to be applicable to 
many other specific process candidates, including inor- 
ganic syntheses. For the propylene oxide system, the ef- 
fect of an increase in pH is to facilitate the in-cell conver- 
sion of bromohydrin to propylene oxide owing both to 
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the appearance of OH- in the reaction and also to the pH 
dependence of the rate constant. The bromide ion con- 
centration influences reaction of bromine and propylene 
in the anodic diffusion layer, giving dibromide at high 
concentrations and bromohydrin at low concentrations. 
The variation of mass-transfer coefficient was found not 
to influence selectivity or yield significantly. An in- 
crease in space time, however, was found to enhance the 
in cell conversion of bromohydrin to propylene oxide 
which occurs throughout the cell volume. Variation in 
space time had an insignificant effect on the dibromide/ 
bromohydrin ratio, which is determined by conditions in 
the anodic diffusion layer. 

As the level of sophistication of mathematical simula- 
tion increases, the accuracy of supporting knowledge of 
mechanism and of data base must also increase. In the 
present study, it was necessary to have specific rate 
equations, rate constants, thermodynamic equilibrium 
constants, transport properties, reaction stoichiometry, 
knowledge of reaction intermediates, and mass-transfer 
coefficient. Models of electrolytic cells can also be ex- 
tended to include economic balances in order to identify 
reactor designs and operating conditions which optimize 
economic objectives. The extent to which such auxiliary 
data are available will determine, to a large degree, the ac- 
curacy with which model predictions can simulate realis- 
tic cell behavior. 
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LIST OF SYMBOLS 

cathodic charge transfer coefficient (dimension- 
less) 
anodic charge transfer coefficient (dimensionless 
concentration of species i (tool-liter -I) 
diffusion coefficient of species i (cm'-'-s -~) 
potential (V) 
fraction of bromine-propylene reaction forming 
bromohydrin (dimensionless) 
Faraday's constant (96,500 C/eq) 
exchange current density (A/cm'-') 
cell applied current (A) 
current density of electrochemical reaction i (A/cm-') 
forward homogeneous reaction rate constant (tool- 
liter-' and s) 
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K thermodynamics equilibrium constang (dimension- 
less) 

Kw water hydrolysis constant (1.0 • 10 -14) 
n number  of electrons in electrochemical reaction 
ODE ordinary differential equation 
Propylene/Br~ stoichiometric ratio of propylene to bro- 

mine at exit of reactor (dimensionless) 
R universal gas constant (8.314 J-mol-l-deg -1) 
R~j reaction rate of i to j (mol-liter-l-s-1) 
Sh Sherwood number  (dimensionless) 
t time (s) 
T absolute temperature (K) 
ui ionic mobility of species i (cm2-mol-J-l-s -1) 
V V vs. NHE 
W electrochemical cell width (cm) 
x spatial coordinate across electrochemical cell (cm) 

Greek Characters 

diffusion layer thickness (cm) 
r reactor space time (s) 

Superscripts 

in feed stream value 
~ reference value 
s saturation value 
* central core value 
' value for elementary step or different mechanism 
" value for elementary step or different mechanism 

Subscripts 

anodic value for anodic reaction 
cathodic value for cathodic reaction 
eq equil ibrium potential for electrochemical reaction 
i species i 
j species j 
i j  value for reaction of species i to species j 
abl value at stirred core edge of anodic diffusion layer 
cbl value at stirred core edge of cathodic diffusion layer 
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Technical Notes G 
The Wetting Behavior of Dialkylimidazolium Chloroaluminate, a 

Room Temperature Molten Salt 

J. G.  Eberhart  1 

The Frank J. Seiler Research Laboratory, U.S. A i r  Force Academy,  Colorado Springs, Colorado 80840 

The wetting behavior of a battery electrolyte can have a 
dramatic effect on the internal resistance of the battery as 
well as its cycle life (1). Good wetting of battery separa- 
tors by electrolyte is essential for the easy passage of ions 
through the separator pores during charge and discharge. 
Porous, gas diffusion electrodes require, on the other 
hand, a lesser degree of electrolyte wetting, so that the 
line of contact of the three phases (reactive gas/liquid 
electrolyte/porous electrode or current collector) can be 
maintained within the porous electrode through a balance 
of capillary and hydrostatic pressures. 

For several years, a room temperature molten salt sys- 
tem composed of 1-methyl-3-ethylimidazolium chloride 
(CsN2HnC1 or MeEtImC1) plus a luminum chloride has 
been under study at the Frank J. Seller Research Labora- 
tory (2-5). The most promising application of this novel 
liquid solution is as a battery electrolyte. Analysis of 
available physical and electrochemical data suggests that 
cells with a chlorine positive electrode reactant and a 
magnesium, aluminum, or zinc negative electrode mate- 
rial are likely candidates (6). 

To assess wetting behavior in this electrochemical sys- 
tem, a study was undertaken of the contact angles of 
various room temperature molten salts on candidate bat- 
tery separator and porous electrode materials. The factors 
examined in the study were the effects on wettability of 
(i) the melt composition, (ii) chemical constitution of the 
solid, (iii) chlorination of the organic component of the 
melt, (iv) replacement of the A1C13 component  by other in- 
organic compounds, and (v) cleaning procedure for the 
solid. 

Theory  
The wettability of a solid surface is defined in terms of 

the contact angle, 0, made by a liquid drop resting on the 
solid surface (7); see Fig. 1. The angle 0 can take on values 
ranging from 0 ~ to 180 ~ The contact angle made by a liq- 
uid on a solid can have either one value or a range of pos- 
sible values, depending on the nature of the solid surface. 

If the solid surface is idealized as smooth, chemically 
homogeneous, isotropic, and nondeformable, and there is 
no mutual solubility or chemical reaction between the 
two phases, then there is only one stable, equilibrium 
contact angle which is given by Young's equation (7) 

"fLV COS 0 = ~SV - -  '~SL [1] 

where ~'LV is the liquid surface tension, Ysv is the solid sur- 
face tension, and ~'sL is the interfacial tension between the 
solid and liquid phases. 

A real solid surface, on the other hand, may be rough, 
chemically heterogeneous, and anisotropie and the con- 
tacting liquid will have a range of allowed contact angles 
rather than a single value (7). The maximum angle is 
called the advancing contact angle, OA, while the mini- 
mum angle is called the receding contact angle, 0R. The 
difference 0A -- OR is the contact-angle hysteresis. The 

'Permanent address: Department of Chemistry, University of 
Colorado, Colorado Springs, Colorado 80933-7150 

range of contact angles in these systems leads to three 
categories of wetting behavior (8). If  OR < 0A < 90 ~ then 
the solid is easy to wet by the liquid and the liquid will 
spontaneously penetrate pores of the same solid. If 0R < 
90 ~ < 0A, then the solid is difficult to wet by the liquid 
and the liquid will not spontaneously penetrate pores of 
the same solid. However, if the liquid is forced into these 
pores by the application of a hydrostatic pressure, it will 
remain in the pores after the pressure is removed. Finally, 
if 90 ~ < OR < 0A, then the solid is impossible to wet by the 
liquid and the liquid will not spontaneously penetrate 
pores of the same solid. If  the liquid is forced into these 
pores, it will spontaneously leave the pores when the 
force is removed. 

The advancing and receding contact angles were deter- 
mined from observations of a tilting sessile drop (7). If  the 
angle of tilt of the substrate is increased, then the upper  
and lower contact angles of the drop, 0c and 0L, will ap- 
proach their limiting or extreme values of 0R and 0A, re- 
spectively; see Fig. 2. 

Exper imenta l  M e t h o d s  
The 1-methyl-3-ethylimidazolium chloride and alumi- 

num chloride are reactive with moisture, so the prepara- 
tion of their solutions at various compositions and the de- 
termination of contact angles on various solid surfaces 
was carried out entirely within a helium glove box having 
moisture and oxygen concentrations of less than 10 ppm 
(3). The MeEtImC1 was prepared from vacuum-distilled 
1-methylimidazole (obtained from Aldrich Chemical 
Company) as previously described (3). The A1C13 (ob- 
tained from Fluka Chemical Corporation) was sublimed 
(9) before mixing with the MeEtImCl. The salt solutions 
were prepared at A1C13 mole fractions, N, of 0.333, 0.500, 
0.600, and 0.667. This choice covers the range of basic (N 
< 0.5), neutral (N = 0.5), and acidic (N > 0.5) behavior and 
was selected to show the effect of melt  composit ion on 
wetting behavior. 

Solutions were also prepared using the chlorinated 
imidazolium salt, 4,5-dichtoro-l-methyl-3-ethylimidazol- 
ium chloride (C~N~H,CI~), with A1C13 mole fractions of 
0.375, 0.600, and 0.650, to determine the effect of chlorina- 
tion on wetting behavior. 

A solution of the imidazolium salt with li thium chloride 
was also prepared with a LiC1 mole fraction of 0.376 to ex- 
amine the effect of the A1C13 on wetting behavior. 

A simple tilting stage was fabricated in order to observe 
upper and lower contact angles as a function of the sub- 
strate tilt angle. The stage can hold substrates of interest 

! 

Fig. 1. The contact angle of a liquid on a solid surface 
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Fig. 2. The upper and lower contact angles of a liquid drop on an in- 
clined solid surface. 

( w h e t h e r  r ig id  or film) in  any  o r i e n t a t i o n  f rom ho r i zon ta l  
to ver t ical .  The  co n t ac t  ang les  a n d  t i l t  ang les  we re  ob- 
s e rved  t h r o u g h  t he  glove b o x  w i n d o w  wi th  a G a e r t n e r  
t e l e m i e r o s c o p e  e q u i p p e d  w i th  a g o n i o m e t e r  a n d  two X-Y 
pos i t i on ing  m i c r o m e t e r s .  

The  s u b s t r a t e s  e x a m i n e d  were  soda- l ime  glass  micro-  
scope  slicles, Tef lon  (Berghof /Amer iea ,  Incorpora ted) ,  
Celgard  2500 a n d  3501 p o l y p r o p y l e n e  fi lm (Celanese  Cor- 
pora t ion)  w i t h  45% poros i ty  a n d  0.04 ~ m  pore  size, a n d  re- 
t i cu l a t ed  v i t r eous  c a r b o n  or RVC (Energy  R e s e a r c h  a n d  
Genera t ion ,  I n c o r p o r a t e d )  w i th  a 97% poros i ty  a n d  70-90 
pores  pe r  inch.  

The  s u b s t r a t e s  were  c l e aned  in va r i ous  ways.  T he  soda-  
l ime  glass was  w a s h e d  e i the r  w i th  A l c o n o x  so lu t ion  
(Alconox,  I n c o r p o r a t e d )  or w i th  C h r o m e r g e  ch romic -  
su l fur ic  acid so lu t i on  (Manostat) ,  a n d  t h e n  r in sed  wi th  
wa te r  a n d  w i th  e thanol .  Res idua l  e t h a n o l  a n d  wate r  were  
r e m o v e d  f rom the  s am p l e s  by  e v a c u a t i o n  whi l e  they  were  
t r a n s f e r r e d  in to  t h e  g love  box .  T he  Ce lga rd  f i lms a n d  t he  
RVC were  w a s h e d  in e thanol .  A l t h o u g h  the  two Celgard  
fi lms have  the  s a m e  m e c h a n i c a l  p rope r t i e s  a n d  pore  
s t ruc tu re ,  t he  Ce lga rd  3501 is h y d r o p h i l i c  b e c a u s e  of 
t r e a t m e n t  w i th  p r o p r i e t a r y  sur fac tan t .  As a result ,  t h e  
Celgard  3501 is m o r e  w e t t a b l e  by  a q u e o u s  s y s t e m s  t h a n  
t he  h y d r o p h o b i c  Celgard  2500. This  d i f f e rence  could  be  
o b s e r v e d  d u r i n g  c l ean ing  of  t h e  two  fi lms w i th  e thanol .  
The  fi lms are  w h i t e  and  opaque ,  b u t  w h e n  t he  3501 was  
c l eaned  w i th  e t h a n o l  it b e c a m e  m o m e n t a r i l y  t r an spa ren t .  
A Ce lanese  t e c h n i c a l  r e p r e s e n t a t i v e  a t t r i b u t e d  th i s  b e h a v -  
ior to t he  pore  fill ing of  t he  3501 film a n d  the  r e s u l t a n t  
c h a n g e  in op t ica l  p roper t i es .  

Experimental  Results 
The  a d v a n c i n g  a n d  r e c e d i n g  c o n t a c t  ang les  for a n u m -  

ber  of  d i f fe rent  r o o m  t e m p e r a t u r e ,  d i a lky l imidazo l ium 
c h l o r o a l u m i n a t e  m o l t e n  sal ts  we re  d e t e r m i n e d  on the  
subs t r a t e s  d e s c r i b e d  a b o v e  us ing  t h e  t i l t ing  drop  tech-  
n i q u e  at  t e m p e r a t u r e s  in  the  r ange  of 27~176 T he  resu l t s  
of t h e s e  m e a s u r e m e n t s  are s u m m a r i z e d  in Table  I. 

The  a d v a n c i n g  a n d  r eced ing  con tac t  angles  for t he  
1 -methy l -3 -e thy l imidazo l ium ch lor ide  p lus  a l u m i n u m  
ch lor ide  me l t s  on  glass,  Teflon, po lyp ropy lene ,  a n d  RVC 
sur faces  are s h o w n  in  t he  first po r t i on  of Tab le  I. All  of  
the  s u b s t r a t e s  e x c e p t  the  RVC are easy  to we t  by  t he  me l t  
w i th  s p r e a d i n g  o b s e r v e d  for severa l  dcidic  me l t s  on  glass. 
RVC is diff icult  to w e t  b y  basic  a n d  n e u t r a l  mel ts .  

The  con t ac t  angles  for ch l o r i na t ed  me l t s  of 1-methyl-3- 
e t h y l i m i d a z o l i u m  ch lo r ide  p lus  a l u m i n u m  ch lor ide  on  
glass sur faces  are  s h o w n  in the  s e c o n d  pa r t  of Tab le  I. As 
w i th  t he  n o n c h l o r i n a t e d  mel ts ,  glass  is easy  to we t  by  t he  
ch lo r i na t ed  melt .  

The  las t  p o r t i o n  of  Tab le  I s h o w s  the  r e su l t s  of  
r ep lac ing  A1C13 by  LiC1 in t he  1-methyl -3-e thyl imid-  
azo l ium ch lo r ide  mel ts .  Glass  a n d  Ce lgard  2500 subs t r a t e s  
were  diff icul t  to we t  by  a basic  me l t  of  th i s  sys tem.  

Conclusions 
A n  e x a m i n a t i o n  of t he  data  p r e s e n t e d  sugges t s  t he  fol- 

lowing.  1. The  1 -me thy l -3 -e thy l imidazo l ium chlor ide  p lus  
a l u m i n u m  ch lo r ide  m e l t s  show easy- to-wet  b e h a v i o r  on  
all s u b s t r a t e s  t e s t e d  e x c e p t  RVC. T he  RVC is diff icul t  to 
wet  by  basic  or  n e u t r a l  me l t s  and  easy  to we t  by  acidic 

Table I. Advancing and receding contact angles for various 
imidazolium containing molten salts on several substrates 

Melt Substrate/cleaning N ~/ 0A (deg) 6,~ (deg) 

C6N~H,,C1 + A1CI:~ Glass/Alconox 0.333 65 13 
0.500 59 15 
0.600 0 0 
0.667 0 0 

Glass/Chromerge 0.333 33 8 
0.500 32 7 
0.600 17 6 
0.667 0 0 

Teflon/ethanol 0.333 77 48 
0.500 77 48 
0.600 60 23 
0.667 0 0 

Celgard 2500/ 0.333 74 32 
ethanol 0.500 69 - -  

0.600 58 19 
0.667 51 8 

Celgard 3501/ 0.333 74 25 
ethanol 0.500 73 39 

0.600 5i 0 
0.667 63 0 

RVC/ethanol 0.333 108 32 
0.500 100 41 
0.600 Penetrated pores 
0.667 Penetrated pores 

C,N~H~,CI:~ + A1CI:~ Glass/Chromerge 0.375 50 15 
0.600 16 4 
0.650 0 0 

C,~N._,H~,C1 + LiC1 Glass/Chromerge 0.376 115 9 

Celgard 2500/ 0.376 112 52 
ethanol 

N is the mole fraction of the inorganic melt component. 

melts. 2. With only one exception (Celgard 3501), wetting 
behavior improves as the mole fraction of AiCl~ increases. 
3. On glass surfaces, the chlorination of the l-methyl-3- 
ethylimidazolium chloride has relatively little effect on 
the melt's wetting behavior. 4. When aluminum chloride 
is replaced by lithium chloride the easy-to-wet behavior 
changes to difficult-to-wet behavior on the surfaces 
tested. 5. The treatment of polypropylene film with a 
surfactant to change the surface from a hydrophobic to a 
hydrophilic nature has little effect on the wettability of 
the surface by the molten salts studied here. 6. The way in 
which a surface is cleaned can have a dramatic effect on 
its wettability. 

These results indicate that AICl3 plays a key role in the 
good wetting of these molten salt solutions. This view is 
supported by the previously reported effectiveness of 
LiAiCl4 as a battery-separator wetting promoter for LiCI- 
KCI molten salt solutions (i, i0). 

Based on the above observations, a number of conclu- 
sions can be drawn regarding the wetting behavior of bat- 
tery electrolyte containing AICl~ and dialkylimidazolium 
chloride. I. It is not expected that any serious problems 
will be  e n c o u n t e r e d  wi th  the  w e t t i n g  of  ba t t e ry  s epa ra to r s  
a n d  po rous  e lec t rodes ,  especia l ly  in  t he  acidic r ange  of  
concen t r a t i ons .  2. I t  is pos s ib l e  t h a t  e lec t ro ly te  we t t i ng  
m a y  b e  b e t t e r  t h a n  des i r ed  in t he  case  of  gaseous  elec- 
t rode  reac tan ts .  I f  s u c h  p r o b l e m s  s h o u l d  occur ,  it is l ikely 
they  cou ld  be  r e m e d i e d  by  a d e c r e a s e  in the  A1C13 mo le  
f r ac t ion  w i t h o u t  se r ious  i m p a i r m e n t  of s epa ra to r  a n d  
cu r ren t -co l l ec to r  wet tab i l i ty .  3. I f  c h l o r i n a t e d  me l t s  are 
u sed  in or ig ina l  cell  de s igns  or p r o d u c e d  as a r e s u l t  of  a 
ch lo r ine  gas pos i t ive  e lec t rode ,  t h e i r  we t t i ng  b e h a v i o r  is 
l ikely to be  a b o u t  t he  s ame  as t h a t  of  t he  n o n c h l o r i n a t e d  
mel ts .  4. I f  e lec t ro ly tes  are  c o n s i d e r e d  w i t h o u t  A1C13 as 
t he  ino rgan ic  c o m p o n e n t ,  t h e n  t he  genera l ly  f avorab le  
we t t i ng  p i c tu r e  p r e s e n t e d  he re  cou ld  c h a n g e  d ramat i ca l ly  
for the  worse.  
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Electroplating of Tungsten Carbide from Molten Fluorides 
Kurt  H. S tern*  and M.  L. D e a n h a r d t  *'1 

Naval Research Laboratory, Chemistry Division, Washington, DC 20375-5000 

In previous work (1), it was shown that adherent coat- 
ings of tungsten carbide could be deposited on nickel 
substrates from the molten ternary fluoride euteetic 
(Li,Na,K)F (FLINAK) containing several weight percent 

* Electrochemical Society Active Member. 
'Present address: Department of Science and Mathematics, 

Lander College, Greenwood, South Carolina 29646. 

(w/o) each of Na~WO4 and K2CO3. In these preliminary 
studies, the plating was carried out between a tungsten 
anode and the nickel cathode at an applied voltage of 
1.5V, and solute concentrations of 1-10 w/o. It was found 
that the coating composition (W2C, WC), current 
efficiency (c.e.), and structure of the deposit depends 
both on the concentration of each solute as well as the so- 

Fig. 1. Electrodeposited W~C coatings. 3 w/o Na2W04, I w/o K2C03; 
500~ a(top left): - 1.0V. b(top right): - 1 .SV. c(left): -2 .2V .  
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lute concentration ratio. For example, at higher C:W ra- 
tios (> 2), if the concentrations are also high, the coating 
is WC, the c.e. is low and the coating structure is unsuita- 
ble for a wear coating. 

Subsequent to these studies, voltammograms and 
chronopotentiograms for tungstate reduction were ob- 
tained (2). These and the work described above were used 
to refine and improve the deposition process, using a 
three-electrode rather than a two-electrode cell arrange- 
ment. With this arrangement, the potential of the nickel 
cathode is controlled relative to a separate platinum 
quasi-reference electrode. Since essentially no current 
passes through the quasi-reference electrode, its potential 
will remain constant, and the potential of the nickel cath- 
ode can be accurately controlled. This was not possible in 

the previously used two-electrode arrangement since the 
potential of the nickel cathode varies with the magnitude 
of current. Since voltammetric studies of WO~'-'- reduction 
(2) had shown that no tungsten deposition occurred more 
positive than -0.7V, and that below -2V the reduction 
probably occurred indirectly through the prior reduction 
of Li ~, most of the experiments were carried out in the 
range -1.0 to -1.5V. Furthermore, based on the previous 
deposition study (1), the concentrations were restricted to 
3 w/o Na2WO4 and 1-3 w/o K2CO~. 

Experimental  
The general procedure used has been described previ~ 

ously (3). It was modified in this study by being carried 
out in a O~- and H20-free (a few parts per million of each) 

Fig. 2t Electrodeposited W~C coating. 3 w/o Na~W04, 2 w/o K2CO:~; 
SO0~ a(top left): -1 .0V.  h(top right): -1 .25V.  c(middle left): 
-1 .25V,  cross section, d(middle right): -1 .5V.  e(left): -2 .2V.  
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glove box with recirculating purification system (Vac- 
uum Atmospheres Corporation) and using 100-200g of 
melt. After pre-electrolysis, the melt was filtered through 
a silver gauze into a nickel reaction vessel. Electrodes 
were positioned in the melt through holes in a lava block. 
The solutes were added (Na2WO4 was prepared by vac- 
uum dehydration of its dihydrate at 200~ and 
electrolyses carried out at 750~ using a potentiostat 
(PAR Model 173), and the amount of charge followed with 
an electronic coulometer (PAR Model 179). At the end of 
each run, the nickel electrodes were quickly withdrawn 
from the reaction vessel, freed of adherent melt and loose 
deposit by ultrasonic cleaning in water, and examined by 
scanning electron microscopy (SEM) and x-ray diffrac- 
tion. In some cases the cross sections were examined 
also. 

Results 
Figures 1-3 show the surface structures of deposits, all 

of which were found to be W~C by x-ray diffraction, ob- 
tained at different voltages and K~CO:~ concentrations at a 
constant Na~WO4 concentration of 3 w/o. The total 
amount of charge passed in each case was 500C to plate 
an area of - 2  cm='. 

Figures la - lc  show the surface of the coating obtained 
at 1 w/o K2CO3 and three different voltages. All voltages 
are given with respect to the platinum reference elec- 
trode. At - 1.0V, the surfaces of the individual crystallites 
are nearly flat and densely packed, whereas with increas- 
ing voltage the individual crystals are irregularly shaped 
and the overall surface becomes increasingly rough. 

At 2 w/o K~CO3, the surface structure appears highly de- 
pendent  on relatively small changes in voltage. At -1.0V 
(Fig. 2a), the W2C surface is densely covered with crystal- 

lites of varying shapes and sizes. However, beneath this 
debris the surface appears to consist of a uniform distri- 
bution of very small (<1 ~m), densely packed crystallites. 
A change of voltage to -1.25V produces a more uniform 
surface of densely packed, irregularly shaped crystals 
(Fig. 2b). A cross-sectional view of this coating (Fig. 2c) in- 
dicates that it is dense and columnar (the coating was 
lightly etched with a KMnO~-NaOH solution to bring out 
the carbide structure) and that the surface view is proba- 
bly dominated by the arrangement of crystals on the sur- 
face. As was also found previously (1), there appears to be 
no interdiffusion zone at the coating-substrate boundary. 
In contrast, an extensive interdiffusion zone was evident 
for coatings of tantalum carbide (3). However, the adher- 
ence of WzC appears to be excellent, although no tests 
were carried out to test the adherence of the coating. At 
- 1.5V (Fig. 2d), the crystals are rounded, indicative of nu- 
clei which may grow together on further plating. The 
structure again changes markedly at -2.2V (Fig. 2e), con- 
sisting of an interconnected, serpentine network with a 
rather smooth overall surface. 

A further increase in K2CO~ concentration to 3 w/o pro- 
duces a new set of structures. At -1.0V (Fig. 3a), the un- 
derlying surface is quite smooth, with a few large angular 
crystals and many smaller ones at the surface. At -1.25V 
(Fig. 3b), the structure of the coating strongly resembles 
that obtained at 1 w/o and -1.0V (Fig. la), whereas at 
-2.2V (Fig. 3c) there are no distinct crystallites at all, but 
a fairly smooth, almost glassy looking surface. 

The ability of the coating to follow complex surfaces is 
illustrated, at a much lower magnification, by a compari- 
son of coated and uncoated engravings (Fig. 4). Figure 4a 
shows some details of an unplated, engraved nickel plate. 
The lines of the grid are -60  ~m wide and 25 ~m deep; 

Fig. 3. Electrodeposited W~C coating. 3 w/o Na~WO~, 3 w/o K~CO:~, 
500~ a(top left): -1  .OV. b(top right): -1.25V. c(left): -2.2V. 
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Fig. 4. Engraving plated with W~C. 3 w/o Na2WO4, 3 w/o K.2CO:~, 1000~ a(top left): Unplated. b(top right): Plated. c(battorn left): Cross sections of 
plated, engraved line. d(bottom right): Cross section of plated, engraved letter. 

the  grooves of the  letters are -150  t~m wide  and 30 t~m 
deep. After  plat ing with W~C (Fig. 4b), the  engraved  lines 
and letters are still clearly visible,  t hough  somewha t  nar- 
rowed  and fuzzy. The  cross sect ions of both lir~es and let- 
ters show that  the  coat ing conforms  very  well  to the meta l  
surface but  the  coat ing surface shows some unevennes s  
(Fig. 4c and 4d). 

Discussion 
The modif ica t ion  of the  plat ing process  f rom two- 

e lec t rode  (1) to three-e lec t rode  appears  to have improved  
the coat ing s t ruc ture  cons iderably  with  respect  to den- 
sity, surface smoothness ,  and conformi ty  to substrate.  
Presumably ,  control  of the  potent ia l  of  the  nickel  elec- 
t rode  resul ts  in plat ing condi t ions  such that  bet ter  coat- 
ing s t ructure  is obtained.  In  addit ion,  bet ter  a tmospher ic  
control  and mel t  pre-electrolysis  may  also have  contrib- 
u ted  to the  improvemen t .  

The opt imal  vol tage range for W2C deposi t ion,  -1.0 to 
-1.5V, is consis tent  with the  reduc t ion  of W(VI) to W(0) 
(2). I t  is ve ry  not iceable ,  however ,  that  whereas  the coat- 
ing s t ructure  of  metal l ic  tungs ten  obta ined  in this range is 
qui te  poor and the  current  eff iciency is - 10%, the  addi- 
t ion of 1-3 w/o K2CO3 and plat ing in the  same vol tage 
range gives very  good coat ings wi th  current  efficiencies 
of 50%. We do not  k n o w  how the  coreduc t ion  of CO3 '2- 
and the  s u b s e q u e n t  chemica l  react ion be tween  tungs ten  
and carbon affect  the  overall  deposi t ion;  nei ther  of these  
processes  has been  s tudied  yet. It  does seem that  
Senderof f  and Mellors (4) are correct  and oxyanions  are 
de t r imenta l  to the  meta l  plat ing process  (current  
efficiency is poor,  and the  deposi t  does not  adhere  to the  
substrate). 

As is obvious  f rom Fig. 1-3, and also f rom earlier work  
(1, 5), the  surface s t ructure  of the  coat ing is marked ly  de- 
penden t  on pla t ing condit ions:  mel t  composi t ion ,  voltage, 
and even total  charge  passed (5). However ,  as can be seen 
f rom the cross sect ions (e.g., Fig. 2c), the  coat ing s t ructure  
overall  is dense  and no porosi ty  is visible,  even  when  the 
surface s t ruc ture  appears  to have  holes  or irregularit ies.  
S ince  the surface  is jus t  the  coating be ing  fo rmed  at the 
t ime the  plat ing stops, it follows that  the  coat ing being 
fo rmed  unde rgoes  fur ther  regrowth  and densif icat ion as 
surface becomes  bulk.  Thus,  if  a coat ing were  to be  pol- 
ished, one wou ld  expec t  to obtain a smooth,  cont inuous  
layer of  W~C. F r o m  a pract ical  point  of view, e.g., for pro- 
duc ing  wear  coatings,  one wou ld  need  to cons ider  
whe the r  the  cost  of such a p rocedure  was just if ied or 
whe the r  fur ther  research  should  be done  to improve  the  
"as-grown"  surface structure.  
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Field Test of Platinized Titanium Anodes for Hypochlorite Cells 
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The d e m a n d  for chlor ine for water  and waste  t r ea tment  
is increasing because  of  the  increase of  water  consump-  
tion, a large a m o u n t  of  waste  water  discharge,  and gov- 
e rnmenta l  regulat ions.  Transpor ta t ion  and handl ing  of  
chlorine cyl inders  and conta iners  are str ict ly control led  to 
avoid hazard. As a result ,  on-site e lectrolyt ic  p roduc t ion  
of hypoch lor i t e  becomes  impor tan t  for dis infect ion of 
dr inking  water ,  ox ida t ion  of sewage,  chlor inat ion  of cool- 
ing water  in process  plants, and o ther  uses. There  are now 
a n u m b e r  of  publ ica t ions  and pa ten ts  on hypochlor i te  
cells and the  e lec t rodes  to be  used  (1-13). 

A hypoch lo r i t e  cell  mus t  be  s imple  in opera t ion  with  
m i n i m u m  ma in t enance  for a year  or more.  The energy  
consumpt ion  is also an impor tan t  factor. 

In an electric power  stat ion located by the  sea, saline 
water  conta in ing  some  3% NaC1 is fed to the  hypochlor i te  
cell and is ch lor ina ted  pr ior  to be ing  sent  to the  hea t  ex-  
changers  in the  plant. Because  of  the  low salt concentra-  
tion, oxygen  evo lu t ion  occurs, and this reduces  chlorine 
current  efficiency. Also, sea water  contains  Mg and Ca 
ions, which  depos i t  at  the  cathode,  resul t ing  in high cell  
voltage.  Per iod ic  acid c leaning r emoves  the  scale, but  af- 
fects the electrodes,  especial ly the  anode  coating, and in 
some cases the  e lec t rode  activity is not  restored.  

P r e t r ea tmen t  of  sea water  prior  to electrolysis  is prefer- 
able, but  it is expens ive  and compl ica ted .  Therefore,  du- 
rable anodes  hav ing  such character is t ics  as low chlor ine 
overvol tage  and h igh  oxygen  overvol tage  in sea water  
mus t  be  deve loped  to improve  the  opera t ing  pe r fo rmance  
of hypochlor i te  cells. 

Experimental Procedure 
Two types  of  the  plat inized Ti anodes  were  used  as con- 

trols. One was Pt -p la ted  Ti sheet  p repa red  by conven-  
t ional  e lec t ropla t ing  (hereafter  referred to as " regular  
Pt/Ti"). The  o ther  was also a Pt-plated Ti  sheet  and had a 
large surface area ("modif ied Pt/Ti")  (14). The  average 
~hickness  of  the  P t  coat ing was 3 ~m. 

The modif ied  Pt /Ti  sheet  was pa in ted  with  a solut ion 
conta in ing a meta l  chloride,  such as RuC13 or IrCl.~, de- 
pend ing  on the  oxide  catalyst  proposed,  dr ied in air, and 
then  fired at 500~ for few minu tes  to depos i t  the  ox ide  
on the  P t  layer (MODE| In  this work,  the  Ir oxide-  
loaded  mater ia l  was used  mostly.  

Full-scale expe r imen t s  were  c o n d u c t e d  in an electric 
power  p lant  located at Tokyo Bay. The  f lowsheet  is illus- 
t ra ted in Fig. 1, E igh t  cells were  opera ted  in series and 
paral lel  connect ions ;  the  sea water  was fed to the  top end 
of the  cell series,  e lectrolyzed,  and m i x e d  toge ther  at the  
outlet.  The  chlor ina ted  sea water  was sent  to the  heat  ex- 
changers  in the  plant.  Each  hypoch lo r i t e  cell  e m p l o y e d  
was equ ipped  wi th  five anodes  and six ca thodes  (carbon 
steel plate) in parallel.  There  were  no separators.  The de- 
sign capaci ty of  the  cell is as follows. The  effect ive area of 
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e lec t rode  was 80 cm wide  and 45 cm high each. The 
anode- to-cathode gap was 5 mm.  The current  densi ty  was 
15 A/din 2 at 5.4 kA total  current  load. The  cell vol tage was 
5.5 z 0.5V. The solut ion flow rate was 60 m3/h. The  chlo- 
r ine genera t ion  was 5 kg/h. The  condi t ions  of the  sea 
water  var ied wi th  season in the  fo l lowing ranges:  for tem- 
perature,  9~176 for electr ical  conduct iv i ty ,  42-50 
mmhos / cm;  for CI -  concentra t ion,  15.5-18.5 g/liter; for pH,  
7.6-8.4; for su spended  solids, 9.0-22.0 ppm;  and for chemi-  
cal oxygen  d e m a n d  (COD), 0.2-3.2 ppm.  S ince  the  COD 
level  was low in winter ,  the e lectrolyt ic  cur ren t  was low- 
ered to avoid  res idual  chlor ine in the  d i scharged  water.  

A small  cy l inder  cell  was also opera ted  with  var ious  an- 
odes as reference.  The  namepla te  capaci ty  was 150A, pro- 
duc ing  160 g-C1Jh at 80% cur ren t  efficiency. 

Results and Discussion 
Life test  of  the  modif ied  Pt/Ti  anode  were  conduc ted  

for 3 years. The  th ickness  and condi t ion  of  the  P t  layer 
were  measured  several  t imes.  The c o n s u m p t i o n  rate of  P t  
was large at the  beginning,  and b e c a m e  smal le r  wi th  t ime. 
Warren et al. repor ted  similar  behav io r  for plat inized Ti 
anodes  in copper  e lec t rowinning  cells (15). S ince  the  
water  hardness  in the  first cell was high, heavy scales de- 
pos i ted  and affected the  P t  coating. 

The Ti substra te  was also a t tacked by oxygen  evolu- 
tion, affecting the  P t  to Ti bond. The  service life of the  
regular  Pt /Ti  was es t imated  to be ca. 3 years. However ,  a 
t ight ox ide  film jus t  unde r  the  P t  layer  of the modif ied  
Pt/Ti  anode  (the MODE), p reven ted  fur ther  oxidat ion  of  
the Ti substrate.  This resul ted  in long life for these  anode  
materials.  

F r o m  the resul ts  of the  field tests  toge ther  wi th  practi-  
cal operat ions  for 6 years, the  average  consumpt ion  of  the 
P t  layer of  the  modif ied  Pt/Ti anode  was es t imated  to be 
ca. 0.4 ~m/yr in th ickness  under  normal  condi t ions.  

The field test  of  the  MODE was s tar ted at the  end of 
N o v e m b e r  1982, and is being con t inued  wi thou t  serious 
trouble.  

Br ine  flow rate, current ,  cell vol tage,  chlor ine  current  
efficiency, solut ion tempera ture ,  salinity, COD, electrical  
conduct iv i ty  of sal ine water,  and o ther  factors were  mea- 
sured in te rmi t t en t ly  at intervals  of  about  one month.  

The cell was opera ted  at the  rated amperage  (5.4-5.5 kA) 
in summer ,  and at lower  currents  in o ther  seasons, to 

Fig. 1. FIowsheet of the field test with large scale hypoehlorite cells in 
an electric power station. 
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Fig. 2. Terminal voltage of a large scale hypochlorite cell 

meet the COD level in the sea water. The cell voltage 
varied with the season, mainly because of the solution 
temperature and hence the electrical conductivity. Heavy 
scaling and fouling on the working electrodes were also 
factors. 

175 data points obtained from the field test for 10 
months were processed by desk computer. The variations 
of the electrical conductivity of sea water with tempera- 
ture was calculated. The cell voltage with the MODE was 
about 0.4-0.5V lower than that with the modified PtfTi 
anode, depending on the amperage, as shown in Fig. 2. 

The chlorine current efficiency on the MODE was in 
the range 85-90% compared to less than 80% with the 
Pt/Ti anodes. The chlorine current efficiency decreased 
slightly with increase of current density. 

Table I shows the breakdown of the terminal voltage of 
a cylindrical cell with different anode materials at 150A or 
8.9 A/din 2 in current density. The decomposition voltage 
is an extrapolation of the volt-ampere curve to zero cur- 
rent. The solution IR drop is the largest factor because 
the electrical conductivity of sea water is low and the 
electrode gap is relatively large (ca. 20 mm). This factor 
may be reduced by adequate design of the cell configura- 
tion. The cathode overvoltages for the two cells are equal, 
so that the cell voltages reflect the anode overvoltage in 
both cases. 

Figure 3 illustrates the polarization curves of various 
anode materials in 300 g/liter NaC1 solution saturated with 
chlorine at 30~ The overvoltage of the MODE increased 
by 150 mV at 10 A/dm ~ after 4 months of electrolysis with 
a cylindrical cell in comparison with the virgin sample. 
Even so, the overvoltage of the MODE was still lower 
than that of the platinized anodes. The polarization mea- 
surements were also conducted in dilute solution (30 
g/liter NaC1), and the overvoltage was almost the same as 
in the concentrated solution. Some oxygen is generated. 

The saving in energy consumption by using a low 
overvoltage anode is represented as follows 

Table I. Breakdown of the cell voltages at 150A 

With 
modified 

With MODE PtlTi 

Decomposition voltage (V) 2.42 2.42 
Anode overvoltage (V) 0.60 1.21 
Cathode overvoltage (V) 0.61 0.61 
Solution IR drop (V) 4.30 4.30 
Terminal voltage (V) 7.93 8.54 

1.8 

g 
>~ L6 
> 

~- 1,4 
g 

1.2 

O OI 

Fig .  
g/liter 

i•,,• 
Pt/Ti, used 

Pt/T;, virgin 
Pt sheet 

MODE,used 

0.1 I I0 IOO 

SUPERFICIAL CURRENT DENSITY (A/din 2) 

3. Polarization curves of the platinized titanium anodes in 300 
NaCI saturated with chlorine at 30~ 

W - W, V,~ 
A W -  - -  - 1 [ 1 ]  

V~, W~, 

where V is the eel1 voltage in volts, W the energy con- 
sumption in kWh/kg-C12~ and ~ is the current effieieney. 
The subscript 1 indieates the test cell. 

For a current of 15 A/din ~, V = 6V, V1 = 5.5V, ~ = 70%, ~1 
= 80%, and the energy saving is about 20%, which agrees 
with the data of the field tests. 

In conclusion, since physieal degradation of the plati- 
nized Ti anode was troublesome in the hypoehlorite cells, 
a modified Pt/Ti anode was developed. This was treated 
further to improve the overvoltage characteristics by 
coating with iridium oxide by thermal deeomposition of  
an Ir compound. The chlorine overvoltage for this mate- 
rial, MODE, was low, and the chlorine current efficiency 
was high compared to uncoated platinized titanium. A 10 
month field test at an electric power station gave energy 
saving of ca. 20%. 
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Prev ious  repor t s  have  shown  that  the  use  of  electro-  
chemica l ly  p repa red  polypyrro le -coa ted  e lect rodes  fur- 
ther  coated wi th  po lyaminoac ids  by the  d ipping m e t h o d  
in t roduces  a s y m m e t r y  to the  e lec t rode  surface (1). 

Elec t rodes  modi f ied  with  chiral  g roups  have  shown  po- 
tent ia l  as a s y m m e t r i c  inductors  in e lect ro-organic  synthe-  
sis (2). However ,  in spi te  of  the  stabil i ty i m p r o v e m e n t s  in 
this class of  chiral  e lectrodes,  the loss of the  a symmet ry  
induc t ing  power  is a major  p rob lem (3). 

Recent ly ,  we have  shown that  N-alkyl- and N-phenyl-  
subs t i tu ted  pyrroles  p roduced  by anodic  oxida t ion  resul t  
in stable e lec t roac t ive  po lymer  films which  can be used  
as modif ied  e lec t rodes  (4). F r o m  among  these  com- 
pounds ,  we  have  se lec ted  the  h y d r o x y  der ivat ives  I and II  
(5) to synthes ize  opt ical ly  act ive pyrrole  m o n o m e r s  (6) I I I  
[~]D ~ + 25.4 and IV [a]D is + 11.4 (Fig. 1) which  conta in  the  
(+) camphor-10-sul fonate  ester  as a chirat  group. 1 The  
chiral  pyrrole  m o n o m e r s  used  were  ester  der ivat ives  of  
camphorsu l fon ic  acid. This  last  c o m p o u n d  was chosen as 
the  a symmet r i c  c h r o m o p h o r e  because  it is wel l  k n o w n  
that  i t  exhib i t s  c i rcular  d ichroism.  2 The  results  of  an elec- 
t rochemica l  s tudy  have  shown  that  chiral  centers  can be 
easily incorpora ted  into po lymer ic  materials .  

Cyclic v o l t a m m e t r y  of  the  m o n o m e r i c  pyrrole  units III  
and IV showed  one  i r revers ible  peak  at 0.93 and 1.02V (vs. 
Ag/10-2M Ag~), whi le  thin p o l y m e r  films der ived  f rom 
the  m o n o m e r s  us ing  a total  charge of  2.0 and 3.0 mC/cm ~ 
gave a revers ib le  r edox  sys tem wi th  def ined E,a and E,c 
peaks  as shown in Fig. 2. The  e l ec t rochemica l  proper t ies  
of  these  po lymer ic  materials  are no t  affected by exposure  
to air and a color  change  is obse rved  w h e n  the oxidized 
form is dr iven (brown) to the  neutra l  (yellow) state resem- 
bl ing the  po lypyr ro le  ma t r ix  (4). 

The  films are s m o o t h  and adhere  s t rongly  to the  P t  
e lect rode in spi te  of  the  large subs t i tuen t  which  had very  
l i t t le effect  on the  r edox  va lues  (Table I) w h e n  compared  
with  o ther  N-alkyl  pyrrole  po lymers  (4). 

Thin p o l y m e r  films were  ob ta ined  f rom the  environ-  
menta l ly  s table  m o n o m e r s  I I I  and  IV on  P t  (3 • 10 -2 cm 2) 
and on ind ium-oxide-g lass  (1 cm ~) e lec t rodes  by con- 
t rol led potent ia l  at 0.80V vs. Ag/10-2M Ag ~ re fe rence  
electrode.  A r g o n  p u r g e d  acetonitr i le  solut ions  conta in ing 
0.1 or  0.7M anhydrous  LiC104 and  3 • 10-2M optically ac- 
t ive pyrrole  m o n o m e r  der iva t ives  were  used  to grow the  
films on the  e lec t rode  surface in a one c o m p a r t m e n t  cell. 
P t  wire  and Ag/10-~M Ag ~ were  the  coun te r  and reference  
electrodes,  respect ively .  

*Electrochemical Society Active Member. 
1All new compounds gave correct spectroscopic and combus- 

tion data. 
2D-(+) camphor 10-sulfonic acid contains a carbonyl chromo- 

phore absorbing at ~ = 290 nm; the keto group is located in a 
dissymmetric surrounding and so is optically active. 

Table I. Summary of data for monomers and polymers 
vs .  Ag/10-~M Ag ~ 

E,a E,a E,(, E,, 

Monomer III 0.93 Polymer 0.28 0.24 0.27 
IV 1.02 0.16 0.26 0.21 

Thin po lypyr ro le  films f rom the  opt ical ly  act ive mono-  
mers  were  easily prepared  in spite of  t he  large camphor-  
sulfonate  es ter  subs t i tuen t  and were  s table w h e n  cycled 
f rom -0.4  to 0.6V vs. Ag/10-~M Ag § (Fig. 2) in dry and 
oxygen-f ree  electrolyte.  

The  optical  ac t iv i ty  of the  chiral  m o n o m e r s  and poly- 
mers  was eva lua ted  by circular  d ichro i sm (CD) measure-  
men t s  using a Dichrographe  III  Rousse l l - Jouan  instru- 
ment .  The  i n s t rumen t  was cal ibra ted before each 
m e a s u r e m e n t  us ing  (+)-camphor-10-sulfonic acid solu- 
tions, as was sugges ted  by Krueger  and Psh igoda  (7). 

The c.d. s tudy  was pe r fo rmed  with  di f ferent  quanti t ies  
of  chiral  po lypyrro le  deposi ts  in thei r  oxid ized  or reduced  
state. The total  charge  appl ied to form these  films was in 
the range of  50 to ca. 90 m C / c m  ~ (Fig. 4a-4f). The  stabili ty 
of  the chiral po lypyr ro le  materials  as coated  electrodes  
can be c o m p a r e d  with  those  of  N-alkyl  of  N-phenylpoly-  
pyrroles  (4), wh ich  are far more  s table than  those  asym- 
met r ic  po ly(amino  acid)-coated e lec t rodes  prepared  by 
the  d ipp ing  m e t h o d  (1). 
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Fig. 1. N-alkylpyrrole (+)  camphor-10-sulfonate ester derivatives 
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Fig. 2. Cyclic voltammograms with 2 and 3 mC/0 .3  cmVPt films of 
chiral polypyrroles derived from monomers III (curve b) and IV (curve 
a) at  100 mV/s in CH:;CN containing 0.1M LiCIO+. 

F i g u r e  3 s h o w s  t he  gaus s i an - type  c.d. cu rves  of t he  pyr-  
role m o n o m e r s  c o m p a r e d  w i t h  dc  cu rves  of  ca rnphor su l -  
fonic acid a n d  i ts  su l fonyl  chlor ide .  3 Pos i t i ve  C o t t o n  ef- 

3(+)-Camphor-10-sulfonyl chloride, puriss, from Fluka. 
~The Cotton effect exhibited by a molecule is associated with 

the presence of a chromophore (light absorbing group), which is 
either chiral or in which the dissymmetric vicinity makes the 
transition optically active (8). 
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- 2 . 0  ~ ( ~ m ~  

Fig. 3. The circular dichroism curves of (+ )  camphor-|0-sulfonyl 
chloride (diamond-shaped point), (+ )  campher-|0-sulfonic acid (solid 
line), pyrrole monomer derivatives III (dotted line), and (IV) (open cir- 
cles) reveal positive Cotton effect. 

feet  4 was  o b s e r v e d  in all s a m p l e s  at  k,,~x = 290 n m  for  
(+) -camphor -10-su l fon ic  acid,  kma• = 293 n m  for  
(+) -camphor -10-su l fony l  ch lo r ide  a n d  pyr ro le  c a m p h o r -  
su l fona te  IV, a n d  t he  )kma  • = 294 n m  b a n d  for the  pyr ro le  
m o n o m e r  c a m p h o r s u l f o n a t e  III. 

The  c.d. m e a s u r e  was  also e m p l o y e d  to iden t i fy  the  
a s y m m e t r i c  ma te r i a l  depos i t ed  as a film onto  an  i nd ium-  
oxide-glass  e lec t rode .  No c.d. effects  were  o b s e r v e d  wi th  
e i the r  a ba re  i nd ium-ox ide -g l a s s  e l ec t rode  or unsubs t i -  
t u t e d  po lypyr ro le  pe r ch lo r a t e  film (51 m C / c m  ~ depos i t ed  
in the  s a m e  e l ec t rode  (Fig. 4a-4b). 
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Fig. 4. Circular dichroism curves of bare indium-oxide-electrode (a) 
and polypyrrole/CIO4film-coated electrode 51 mC/cm ~ (b). Circular 
dichroism curves of indium-oxide-electrode coated with chira[ polymer 
obtained by oxidation of monomer IV in its oxidized (c) (66 mC/cm ~) 
and reduced state (d) (87 mC/cm~). Circular dichroism curves of 
indium-oxide-electrode coated with chiral polymer obtained with pyr- 
role monomer III in its oxidized (e) (70 mC/cm 2) and reduced form (f) 
(50  mC/cm~). 
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The experience (9) in polymerizing pyrrole monomers 
substituted with functional electroactive groups showed 
that the electroactive properties of these groups are not 
affected by polymerization. Moreover, the polypyrrole 
matrix also remains stable when cycled from negative to 
pos:itive potentials. Consequently, the c.d. study of the op- 
tically active polymer prepared here shows that the oxi- 
dation and the reduction of the polypyrrole matrix do not 
affect the chiral center of the camphorsulfonate substi- 
tuent. 

As shown in Fig. 4c-4f, the asymmetric polymers give a 
positive Cotton effect in either the oxidized or the re- 
duced state. These measurements were made on polymer 
films deposited on the indium-oxide electrode; the films 
were copiously rinsed with spectroscopic grade acetone 
and methanol to eliminate any monomeric  or electrolyte 
salt residue. 

The c.d. wavelength absorption of these polymers at ca. 
305 nm showed a bathochromic shift in comparison with 
the c.d. absorption maximum of monomers. This varia- 
tion should be attributed exclusively to the change of sol- 
vent, since there is no other obvious reason to be con- 
sidered. 

The electrosynthesis of other chiral polypyrrole deriva- 
tives and their use as electrodes is in progress, and the re- 
sults will be published elsewhere. 
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A B S T R A C T  

We h a v e  d e v e l o p e d  a t e c h n i q u e  for  g r o w t h  of  t h i n  ox ides  (80-90~) w i t h  a n  i n t e r m e d i a t e  a n n e a l i n g  s tep.  The  ox ides  
e x h i b i t  a t i gh t  d i s t r i b u t i o n  in b r e a k d o w n  vol tage  m e a s u r e m e n t s  l ead ing  to defec t  d e n s i t y  less t h a n  5/era 2, in t r ins i c  
b r e a k d o w n  field of  12 MV/cm, a n d  a v a l u e  of less t h a n  1 • 10'~ for i n t e r f ace  t r ap  dens i t y  in  midgap .  The  infer ior  
e lec t r ica l  p r o p e r t i e s  of  t h in  ox ides  g r o w n  b y  c o n v e n t i o n a l  m e t h o d s  in d ry  o x y g e n  w i th  Ar  d i lu t ion  h a v e  b e e n  cor re la ted  
w i th  Si-SiO2 in t e r f ace  r o u g h n e s s  u s i n g  h i g h  r e s o l u t i o n  t r a n s m i s s i o n  e l ec t ron  mic roscopy .  The  i n t e r m e d i a t e  a n n e a l i n g  
p roces s  m a y  be  u s e d  to i m p r o v e  t he  e n d u r a n c e  a n d  r e t e n t i o n  p rope r t i e s  of  E E P R O M  devices  a n d  a l levia te  t h e  degrada-  
t ion  of  t h i n  ox ides  in  s h o r t - c h a n n e l  MOS devices .  

This  s t u d y  i n v e s t i g a t e d  the  use  of  an  i n t e r m e d i a t e  an- 
nea l ing  s tep  to e l im ina t e  t he  fai lure  c aus i ng  defec ts  t h a t  
deve lop  in  t h i n  ox ides  d u r i n g  t he  o x i d a t i o n  process .  The  
p r inc ipa l  fa i lure  c aus i ng  m e c h a n i s m  for  t h i n  ox ides  has  
b e e n  a t t r i b u t e d  to t he  p r e s e n c e  of  c o n d u c t i n g  c h a n n e l s  
a r i s ing  f rom va r io us  defec ts  (1) or local  c rys ta l l ine  reg ions  
(2) in  t he  a m o r p h o u s  oxide.  The  m e t h o d  of g r o w t h  a n d  
t he  t h i c k n e s s  of  t he  film great ly  in f luence  the  e lect r ica l  
p roper t i e s  of  an  ox ide  film. High  de fec t  dens i t i e s  in  a n  
ox ide  film lower  t he  m e d i a n  b r e a k d o w n  field a n d  lead 
to re l iabi l i ty  p r o b l e m s  w h i c h  are a s soc ia t ed  w i th  t ime-  
d e p e n d e n t  b r e a k d o w n  p h e n o m e n o n  (3). 

The re  h a v e  b e e n  de ta i led  r epor t s  in  t h e  l i t e ra tu re  on  the  
c o m p o s i t i o n  of t he  ve ry  t h i n  in te r fac ia l  r eg ion  b e t w e e n  
the  ox ide  a n d  si l icon.  The  t h i n  in te r fac ia l  r eg ion  of max i -  
m u m  t h i c k n e s s  less  t h a n  30~ ha s  b e e n  i n v e s t i g a t e d  ex ten-  
s ively b y  e l l ipsomet ry ,  in f ra red  spec t roscopy ,  Auge r  elec- 
t r on  spec t roscopy ,  a n d  e tch- ra te  d e t e r m i n a t i o n  (4, 5). I t  
h a s  b e e n  s u g g e s t e d  t h a t  t he  nea r - in t e r f ace  ox ide  ha s  a 
s i l icon-r ich c o m p o s i t i o n  SiO~ w h e r e  x < 2. R e c e n t  w o r k  
(6) has  s h o w n  t h a t  t he  in te r fac ia l  layer  is s t o i ch iome t r i c  
SiO~ to w i t h i n  one  m o n o l a y e r  of  t he  subs t r a t e .  I t  h a s  also 
b e e n  d e m o n s t r a t e d  t h a t  c o m p r e s s i v e  s t resses  (7) ex i s t  in  
t h e r m a l  ox ides  d e p e n d i n g  on  t he  o x i d a t i o n  t e m p e r a t u r e  
a n d  g r o w t h  cond i t ions .  

We have  c h a r a c t e r i z e d  t he  e lec t r ica l  p rope r t i e s  of  t h i n  
ox ides  (~80s  g r o w n  u n d e r  va r ious  p r o c e s s i n g  c o n d i t i o n s  
by  p e r f o r m i n g  ox ide  b r e a k d o w n  vo l t age  m e a s u r e m e n t s ,  
c u r r e n t  vs. vo l t age  m e a s u r e m e n t s ,  a n d  b o t h  h i g h  a n d  low 
f r e q u e n c y  c a p a c i t a n c e  vs. vol tage  m e a s u r e m e n t s .  The  na- 
tu re  of  t he  Si-SiO2 in te r face  ha s  b e e n  s t ud i ed  for e ach  
p roces s ing  c o n d i t i o n  u s i n g  h i g h  r e s o l u t i o n  t r a n s m i s s i o n  
e l ec t ron  mic roscopy .  

Sample Preparation 
For  e lec t r ica l  m e a s u r e m e n t s  on  t he  p rope r t i e s  of t h i n  

oxides,  po lys i l i con  gate  capac i to r s  we re  f ab r i ca t ed  u s i n g  
the  LOCOS p roces s  (8). The  capac i to r s  h a d  t h r e e  d i f fe ren t  
areas (0.002, 0.008, a n d  0.032 cm'-') a n d  two  d i f fe ren t  geom-  
e t r ies  (c i rcular  an d  rec tangular ) .  This  dev ice  var ie ty  al- 
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lowed  t he  effect  of  area a n d  g e o m e t r y  on  the  e lectr ical  
p rope r t i e s  of  t h i n  ox ides  to be  s tud ied .  We d id  not  ob- 
se rve  any  g e o m e t r y  d e p e n d e n c e  o n  t he  o x i d e  b r e a k d o w n  
vol tage  cha rac t e r i s t i c s  for capac i to r s  of t he  s a m e  area. In  
all cases,  e lec t r ica l  con tac t  was  m a d e  on  a pad  over  the  
field ox ide  to avo id  any  m e c h a n i c a l  d a m a g e  of t he  t h i n  
ox ide  layer. 

The  s ta r t ing  ma te r i a l  was  4-6 ~ - c m  p- type  <100>  Si wa- 
fers. The  wafers  were  s u b j e c t e d  to a s t a n d a r d  c l ean ing  
p rocess  c o n s i s t i n g  of H~SOJH~O~ c lean  fo l lowed by  a 1:10 
H F  d ip  to r e m o v e  any  na t ive  oxide.  The  wafers  were  
l o a d e d  i m m e d i a t e l y  in t he  fu rnace  w i th  a rgon  f lowing 
only.  The  t h i n  ox ides  we re  g r o w n  by  t h e  fo l lowing  pro- 
cesses.  

The  first was  a s t a n d a r d  process:  g r o w t h  of t h i n  ox ides  
of  t h i c k n e s s  b e t w e e n  80 and  90~ in a s ingle  o x i d a t i o n  s tep  
at  900 ~ or 950~ 

The  s e c o n d  was  a two-s tep  o x i d a t i o n  process :  g r o w t h  of 
~30-40~ of ox ide  at  900 ~ or 950~ fo l lowed  b y  an  annea l -  
ing t r e a t m e n t  in  Ar  at  1050~ for  l h  a n d  t h e n  fo l lowed by  
t he  g r o w t h  of a d d i t i o n a l  ox ide  at  900 ~ or 950~ to a final 
t h i c k n e s s  b e t w e e n  80 a n d  90~. 

The  t h i r d  a n d  las t  was  t he  p o s t o x i d a t i o n  a n n e a l  pro- 
cess: g r o w t h  of  t h i n  ox ides  of t h i c k n e s s  b e t w e e n  80 a n d  
90~ in a s ingle  o x i d a t i o n  s tep  at  900 ~ or 950~ fo l lowed b y  
an  a n n e a l i n g  s tep  at  1050~ for lh .  Af te r  meta l l iza t ion ,  t h e  
wafers  we re  a n n e a l e d  in f o r m i n g  gas at  450~ for 30 min .  

S t ruc tu ra l  ana lys i s  of  the  t h in  ox ide  in te r faces  t h a t  re- 
su l t ed  f rom t h e  d i f fe ren t  p r o c e s s i n g  s e q u e n c e s  was  per-  
f o r m e d  by h i g h  r e so lu t ion  t r a n s m i s s i o n  e l ec t ron  micros-  
copy  (HREM). The  i n s t r u m e n t  u s e d  was  a Ph i l i p s  400ST, 
o p e r a t e d  at  120 keV.  Cross -sec t iona l  s p e c i m e n s  we re  pre-  
p a r e d  u s ing  a s t a n d a r d  t e c h n i q u e  (9), a n d  v i ewing  t he  
s amp le s  a long < l l 0 > - t y p e  d i rec t ions  in  m a n y - b e a m  con- 
d i t ions  a l lowed  s t r u c t u r e  images  to be  ob ta ined .  Point - to-  
po in t  r e so lu t ion  was on  the  o rde r  of  3.3~. 

Results and Observations 
Oxide thickness measurements.--The t h i c k n e s s  of t he  

t h i n  ox ides  g r o w n  by  the  d i f f e ren t  p r o c e s s e s  was mea-  
s u r e d  b y  t h r e e  d i f fe ren t  t e c h n i q u e s :  (i) by  a R u d o l p h  

1900 
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Auto  E1 II Et l ipsometer ,  (it) by T E M  cross-sect ional  stud- 
ies, and (iii) by h igh  f r equency  capac i tance  vs. vol tage  
measurements .  The  ox ide  th ickness  measu red  by the  
three different  t e chn iques  agreed wi th in  5%. 

Oxide breakdown voltage measurements.--To compare  
the  electrical  proper t ies  of  the  th in  oxides,  we pe r fo rmed  
b reakdown  vol tage  measu remen t s  us ing  an automat ic  
p rober  s tepper  and a Kei th ley  test  system. The test  pro- 
g ram used  a r a m p  rate of  10 V/s and de tec ted  b reakdown  
vol tage  by measu r ing  the  vol tage at wh ich  a th reshold  
current  of  10/~A occurred.  The dielectr ic  b r eakdown  mea- 
su rements  yield the  defect  densi ty  (10). One can also esti- 
mate  the  h igh  field capabi l i ty  of  th in  oxides  as requ i red  
in E E P R O M  devices  (11). 

For  each wafer,  we  col lected 110 data  points  for each 
type of  capacitor.  The  data  was col lec ted  for three wafers 
(330 data points)  of  s imilar  process ing condi t ions  before 
any statistical analysis  was performed.  The  resul ts  of  the  
b reakdown  vol tage  m e a s u r e m e n t s  were  analyzed us ing 
the  e x t r e m e  va lue  statist ics (3). The  cumula t ive  probabil-  
i ty of failure P(E) at a field E is g iven  by 

In (in [1 - P(E)] -1) a E [1] 

F igure  1 shows  a plot  of  the  cumula t ive  probabi l i ty  of  
fai lures (cor responding  to the  left  t e rm of Eq. [1]) vs. elec- 
tric field for the  84A thin  ox ide  g rown  under  s tandard  
process  at 900~ We note  that  each  of  the  curves  has 
three  dis t inct  regions.  

In  the  first region,  f rom 0 to 4 M-V/cm, the  b r e a k d o w n  
can be due  to poss ible  con tamina t ion  control  related to 
the  c leanl iness  of  the  wafers,  furnace, etc. In  this region, 
the cumula t ive  probabi l i ty  of  fai lures is low (less than 2% 
for the  0.002 cm 2 capacitors).  

In  the  second region, f rom 4 to 10.5 MV/cm, the  proba- 
bil i ty of fai lures increases  wi th  the  electr ic  field. In  this 
region, the  b r e a k d o w n  p h e n o m e n o n  is re la ted to defects  
in the  oxide  incorpora ted  dur ing the  growth  process.  In  
this region,  one can calculate the defect  density/area (10) 
f rom the  relat ion 

p = ( -  In [1 - P])/A [2] 

where  p is the  defec t  dens i ty  per  uni t  area, P is the  cumu-  
lat ive probabi l i ty  of  failures, and A is the  area of  the  ca- 
pacitor.  

In the th i rd  region,  at = 10.5 MV-cm, the  probabi l i ty  of  
failures increases  sharply  as it is re la ted to the  intrinsic 
b r eakdown  characteris t ics .  

For  electr ic  fields be tween  0 and 10.5 MV/cm, the prob- 
abil i ty of fai lures increased  with the area of  the capacitor,  
as expec ted  f rom the  ex t r eme  va lue  statist ics (3). 

F igure  2 shows a s imilar  plot  for c i rcular  capaci tors  for 
th in  oxides  of th ickness  85A that  u n d e r w e n t  two-s tep  oxi- 
dat ion at 900~ wi th  in te rmedia te  anneal  at 1050~ for l h  
in Ar. 

Compar ing  Fig. 1 (s tandard process)  to Fig. 2 (two-step 
ox ida t ion  process),  we observe  s o m e  not iceable  differ- 
ences.  
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Fig. 2.  Plot similar to Fig. 1 for thin oxides grown under a two-step 

oxidation process. 

For  the  two-s tep  oxida t ion  process ,  the  cumula t ive  
probabi l i ty  of  fai lures remains  fairly cons tant  for electr ic  
field be tween  0 and 10 MV/cm, i n d e p e n d e n t  of  capaci tor  
area. This is a m a r k e d  i m p r o v e m e n t  f rom the  condi t ion  
observed  with  the  s tandard  process,  where ,  in the  range  
0-10 MV/cm, the  probabi l i ty  of fai lures increases  s teadi ly 
wi th  electric field. Since  the  probabi l i ty  of failures is re- 
lated to defect  density,  one can deduce  that  t h e  two-stelo 
oxida t ion  process  leads to oxides  wi th  m u c h  lower  defect  
densi ty  than those  f rom the s tandard  process  (see 
Table  I). 

At the  intr insic  b r eakdown  field, the  cumula t ive  proba-  
bil i ty o f  fai lure does not  d e p e n d  on the  area of  the  capaci- 
tor. The defect  dens i ty  per  uni t  area is calculated f rom the  
probabi l i ty  of  fai lure at the  onse t  of  intr insic  b r eakdown  
and thus  gives an uppe r  l imi t  value.  

We have  also observed  (Fig. 3) that  the  pos tox ida t ion  
anneal ing  t r ea tmen t  does improve  the  electr ical  break- 
down  proper t ies  of  th in  oxides  somewhat .  However ,  as 
shown in Fig. 2 for the  two-step ox ida t ion  process,  the  in- 
t e rmedia te  annea l ing  step p roduces  thin oxides  wi th  the  
best  electr ical  b r e a k d o w n  vol tage characteris t ics .  

We also no te  f rom Fig. 4 that  the  b r e a k d o w n  character-  
istics of th in  oxides  g rown  at 950~ are bet ter  than  
those  g rown at 900~ (Fig. 1) for c i rcular  capaci tors  of  area 
0.002 cm ~. Also,  the  two-s tep  ox ida t ion  process  is more  ef- 
fect ive in r educ ing  the  defect  dens i ty  of  thin oxides  
g rown at 950 ~ than  900~ (compare  Fig. 4 wi th  Fig. 2). 

Table  I summar izes  the var ious  parameters  of  th in  ox- 
ides such as defect  dens i ty  and intr insic  b reakdown field 
as a funct ion of  the  oxide  growth  condi t ions  for circular  
capaci tors  of  area 0.002 cm ~. S imi lar  tables can be ob- 
ta ined for the  o ther  areas. 

We have  pe r fo rmed  high f requency  and quasi-stat ic ca- 
paci tance  vs. vol tage  m e a s u r e m e n t s  to de t e rmine  the  ox- 
ide thickness ,  f ixed oxide  charge densi ty,  and the  den- 
sity of  in ter face  traps. F igure  5 shows a plot  of  the  dens i ty  
of  in terface  traps (Dit) a s  a func t ion  of  bandgap  posi t ion 
for thin oxides  g rown  at 950~ wi th  an in te rmedia te  an- 
neal ing at 1050~ for lh.  The  va lue  of  D,  at midgap  is 8 • 

@ 

9 9 , 9  

>- 
i-,- 9 0  
.J  

a3~ 

C~ 

I f i AL~ I I I 
nDnDDOO O 

0 AO 
OA~A~Z~AZ~ZX 

n 0 o o o o o 0 O  ~ 
oDD oOo 0 

0 ~ ~ Thin oxide 8 4  
/ ~ h L ~  ~ o standard process 9 0 0 ~  

o 
o Circular capacitors 

A 
L~ o o  ~ o 0 . 0 0 2  cm 2 

oooo o A 0.008 
o 0.032 

I I I I I I 
0,0 4,0 8.0 12,0 16,0 20.0 

ELECTRIC FIELD (MV/cm) 
Fig, 1. Plot of cumulative probability of failures (percent) vs.  elec- 

tric field for thin oxides grown under a standard process at  900~C. 

Table I. Summary of the oxide breakdown voltage characteristics 

Oxide Defect Breakdown 
Process thickness density field 
variable (]t) (p/cm ~) (M-V/cm) 

Standard 900~ 84 300 10.5 
Two-step oxidation 85 20 11.5 

Anneal at 1050~ 
f o r l h  
(900~ process) 

Postoxidation 85 255 10.5 
Annealing at 1050~ 
f o r l h  
(900~ process) 

Standard 950~ 82 50 10.5 
Two-step oxidation 86 4 12.0 

Anneal at 1050~ 
for lh 
(950~ process) 



1902 J. Electrochem. Sac.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  

99.9 
>- 

90 
- J r  

,~g so 

" ' - -  10 

>"~ 5 

o 

I I I I I I 
DDODnAo 

OAAAAA 
0 

ODoDoDoD A 000 O0 
A o 

o ~176 Thin oxide 85 
o o  AAAAAAAAAo ~ standard process 900~ 

A A o plus post anneal  at 
1050~ 1 hour 

A oOO o o ~ 1 7 6 1 7 6 1 7 6  
o Circular capacitors 

o o 0.002 cm 2 
o A 0.008 

o 0.032 

I I I I I I 
0.0 4.0 8.0 12.0 16.0 20.0 

ELECTRIC FIELD (MV/cm) 

Fig. 3. Plot similar to Fig. 1 for thin oxides grown under a postoxi- 
dation anneal process. 

August  1985 

99.9 

>. 
I--- 90 
._1 

~g sO 

w ~  >,,< 1o 

o 1 

I I I I I 

0 

o ~ Circular capacitors 
oo ~ area 0.002 cm 2 

o ~ oThin oxide 82~ 
A standard process 950~ 

~ 1 7 6 1 7 6 1 7 6 1 7 6  A &A AThin  oxide 86~  
ooooooo two step oxidation 

AAAAAA&AAAAAAAAAAA anneal at  1050~ 1 hour 

I I I I I ! 
0.0 4.0 8.0 12.0 16.0 2 0 . 0  

ELECTRIC FIELD (MV/cm) 

Fig. 4. Plot of cumulative probability of failures (percent) vs. elec- 
tric field for thin oxides grown under a standard process at 950~ and 
a two-step oxidation process. 

1015 

~ I013 

1011 

10' t I I I I 
0.2 0.4 0.5 0.6 0.8 1.0 

BAND GAP- POSITION 

Fig. 5. Interface trap density vs .  bandgap position for thin oxides 
grown at 950~ with a two-step oxidation process. 

109/cm~-eV, c o m p a r e d  to a va lue  of 2 • 10~~ for ox- 
ides g rown  by the  s tandard  process  at 950~ 

The in t e rmed ia t e  anneal ing  step reduces  not  only the 
defect  densi ty  in the oxides,  but  also the  densi ty  Of inter- 
face traps. 

H R E M  Structural Observat ions 
Figure  6a i l lustrates the th in  oxide  interface morphol -  

ogy for the sample  that  had  u n d e r g o n e  the  s tandard pro- 
cess. It  is ev iden t  that  cons iderable  a tomic-scale  rough- 
ness  exists  at the  in terface  be tween  the substrate  and the  
oxide. The he igh t  of  the  individual  crystal l ine prot rus ions  
above the  single-crystal  region may  be  as m u c h  as 20i  or 
more.  The irregular ,  mot t led  pa t te rn  in the oxide  is typi-  
cal of  the  appearance  of  a m o r p h o u s  materia]s  w h e n  
v iewed  at h igh  magnif ica t ion  us ing H R E M  (12). 

The resul ts  for the sample  which  had unde rgone  the  in- 
t e rmedia te  annea l ing  at 1050~ for l h  are qui te  different. 
As i l lustrated in Fig. 6b, both  interfaces  in this sample  are 
found to be  a tomica l ly  smooth.  No sizable sil icon protru- 

Fig. 6. High resolution electron micrographs illustrating the thin ox- 
ide interface morphologies for samples that had undergone: the 
standard process (a), the two-step oxidation process (b), and the post- 
oxidation anneal process (c). 

sions are observed,  and the degree of  in terface  roughness  
never  exceeds  the  wid th  of a single monolayer .  

Material  wh ich  rece ived  a pos tox ida t ion  anneal  only 
(Fig. 6c) shows a morpho logy  that  is in te rmedia te  be- 
tween those  observed  in the  o ther  two cases. Si/SiO2 in- 
terface roughness  existed,  bu t  not  near ly  on the scale of 
that  encoun te red  in the  s tandard  process  specimen.  

Discussion and Conclusion 
As seen f rom the  results  of the  electr ical  b r e a k d o w n  

vol tage measurement s ,  the in te rmedia te  anneal ing  step is 
more  effect ive than  the  pos tox ida t ion  anneal ing step in 
reduc ing  the  defect  dens i ty  in thin oxides.  Moreover ,  th in  
oxides  g rown at 950 ~ compared  to 900~ produce  reduced  
defect  density.  There  seems to be a definite correlat ion 
be tween  the  electr ical  proper t ies  of th in  oxides  and the  
nature  of  the  Si-SiO2 interface as obse rved  by HREM. The 
smoothes t  in ter face  is obta ined with  the  in te rmedia te  an- 
neal ing step, which- gives the  best  e lectr ical  proper t ies  for 
the  th in  oxides.  

Stress at the  Si-SiO~ interface  is caused by the mis- 
ma tch  be tween  si l icon latt ice spacings and the  restr ic ted 
range of  in te ra tomic  separat ions and bond angles  in the 
amorphous  the rmal  oxide. This molecu la r  mi sma tch  is 
expressed  (13) by the  t h e r m o d y n a m i c  "free v o l u m e  sup- 
ply condi t ion,"  and the release of  stress requires  the oper- 
ation of v iscous  flow in the  oxide  film. It  has also been 
firmly es tabl ished,  th rough  in situ wafer  curva ture  mea- 
su rements  (7), tha t  the  v iscous  flow point  of  thermal ly  
g rown SiO~ on Si is be tween  950 ~ and 975~ The domi-  
nant  free energy  t e r m  in the  init ial  g rowth  reg ime is ex- 
pec ted  to be that  associated with  defects  and strain (13, 
14). In  the absence  of v iscous  flow (as in our  samples  oxi- 
dized at 900~ strains that  a ccumula t e  in the  oxide  are 
not  easily rel ieved.  Thus,  the  addi t ional  energy  requ i red  
to create s t rained oxide  near  any small  in terface  per turba-  
t ion slows d o w n  the  ox ida t ion  react ion locally and leads 
to cont inued  growth  of the  asperity.  
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With the increase in strain energy as the oxidation con- 
tinued (15), these protrusions grew to considerable size. 
Postoxidation annealing at 1050~ allowed viscous flow 
and relaxation to take place, resulting in a reduction of 
the interface roughness. Intermediate annealing at 1050~ 
was even more effective. Its effectiveness is gained by 
stopping the process before considerable roughness has 
had time to develop and annealing out the oxide strain 
before completing the oxidation. Both lower temperature 
steps (900 ~ or 950~ were kept short enough to prevent 
appreciable interfacial asperities from forming. Since the 
viscous flow point of SiO2 is between 950 ~ and 975~ (7), 
the thin oxides grown at 950~ showed a smoother inter- 
face than that grown at 900~ 

Substantial interface roughness for the standard pro- 
cess at 900~ leads to a local intensification of the electric 
field. This leads to a lower value of the oxide breakdown 
electric field, leading to a higher value of the defect den- 
sity as observed from the electrical data. 
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Acceleration Factors for Thin Oxide Breakdown 

J. W. McPherson and D. A. Baglee 

Texas Instruments, Incorporated, Houston, Texas 77001 

ABSTRACT 

Time-dependent  dielectric breakdown (TDDB) data for 100A of thermally grown SiO~ have been analyzed using an 
Eyring model. The model has been found to describe the general features of the data: (i) an apparent activation energy 
which is a function of the stressing electric field, and (it) a field acceleration parameter that is a function of tempera- 
ture. Quantitatively, the model suggests the proper field dependence for the activation energy and the observed temper- 
ature dependence of the field acceleration in the 100~ oxide material. Because of a decrease (with increasing stress) in 
the spread (~) of the time to fail data, acceleration factors derived from tl0 % and t50 % are quite different. In the case of 
t50%, the apparent activation energy is found to decrease from > 1 eV at low field stressing [Eb(50%) - Es > 5 MV/cm] to 
< 0.3 eV at higher fields [Eb(50%) - Es < 3 MV/cm]. Also, the field acceleration was found to be approximately 5 
decades/MV/cm at room temperature, but it reduces to 2 decades/MV/cm at 150~ 

When insulators such as SiO~, commonly used in VLSI 
circuits, are stored at a fixed voltage and temperature, 
they are observed to breakdown with time. This time- 
dependent  dielectric breakdown (TDDB) is judged to be a 
potential failure mode for MOS integrated circuits and 
has captured the attention of many investigators. Early 
investigations centered around the effects of mobile ions 
(particularly Na ~) on enhanced conduction via ionic drift 
to the Si-SiO2 interface (1-3), or around the effects of radi- 
ation damage on dielectric breakdown (4, 5). More re- 
cently, with improved processing, oxides have become 
relatively free from both Na contamination and radiation 
damage; thus, TDDB attention has turned to intrinsic 
breakdown (6, 7). 

While general agreement seems to exist in that the 
TDDB data for intrinsic breakdown (6-10) is lognormal in 
nature, the reported activation energy seems to vary 
greatly; e.g., Crook (6) reported 0.3 eV, while Anolick (7) 
gave a value of 2 eV. More recently, TDDB data by Hokari 
(8) for thin oxides (100•) suggested an activation energy 
of 1 eV, while Baglee (9) reported 0.3 eV. Also, the electric 
field acceleration factors for thin oxides were reported to 
be < 2 decades/MV/cm (8,9), while the values for thicker 
oxides (> 400~) are given (6, 10) to be > 6 decades/ 
MV/cm. 

Based on the recent TDDB results reported here for 
thin oxides, it would seem that many of the above differ- 
ences are virtual and can be explained by an apparent ac- 
tivation energy which is electric field dependent and a 
field acceleration factor which depends on temperature. 
In the next section, we describe the specifics of thin ox- 
ide growth and the characterization techniques used in 
our study. This is followed by a description of the Eyring 
model used to analyze the results. Acceleration factors for 
thin oxide stressing are determined with special empha- 
sis given to the impact that the spread (or) in the time to 
fail can have on the acceleration factor. The paper is con- 
cluded with a discussion and summary of the results. 

Oxide Growth and Characterization 
Sample preparation.--The basic test structure used to 

model oxide reliability is the MOS capacitor. However, 
care must be taken in ensuring that this structure accu- 
rately represents the state of oxide in an actual VLSI cir- 
cuit. For this reason, the test structures reported in this 
paper were fabricated using a full double-level polysilicon 
and advanced VLSI process flow and were subjected to 
all of the standard implants, sputtering, and etch se- 
quences to which typical devices would be subjected. 
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60 After  in i t ia l  c l ean ing  of the  p - type  (N,  = 1015/cm 3) sili- 
con,  a pad  ox ide  of  35 n m  was g r o w n  a n d  a n i t r ide  layer  
of 120 n m  was  depos i ted .  The  t h i c k  field ox ide  was  
g rown  us ing  local  ox ida t ion  of s i l icon (LOCOS) tech-  
n i q u e s  to a t h i c k n e s s  of  600 nm.  Af te r  r e m o v a l  of the  ni- 
t r ide  layer, a 40 n m  sacrificial  ox ide  was g r o w n  in s t eam 
and  t h e n  i m m e d i a t e l y  s t r ipped .  The  p u r p o s e  of th i s  is to 
r e d u c e  t he  Kooi  or " w h i t e  r i b b o n "  effect  (11). The  prega te  
ox ida t ion  c l e a n u p  was  a RCA-type  c l e a n u p  (12). Follow- 
ing t he  sp in - r in se  a n d  d ry ing  cycle, t he  sl ices were  i m m e -  
d ia te ly  l o a d e d  in to  t he  ga te  o x i d a t i o n  furnace .  The  100k 
ox ide  was g r o w n  at  900~ in  d ry  02 w i t h  4% HC1 a n d  an- 
nea l ed  for 20 m i n  in n i t rogen .  450 n m  L P C V D  po lys i l i con  
was  t h e n  d e p o s i t e d  a n d  d o p e d  f rom a POC13 source .  The  
tes t  capac i to r s  we re  t h e n  p a t t e r n e d  a n d  e tched .  

Fo l lowing  r e m o v a l  of t h e  pho tores i s t ,  t h e  slices were  
sub j ec t ed  to a s e c o n d  gate  ox ida t ion ,  a s e c o n d  level  of 
po lys i l i con  d e p o s i t i o n  a n d  e tch,  a r sen ic  source -d ra in  im- 
p lant ,  depos i t i on  a n d  e t c h i n g  of i n t e r l aye r  oxide,  deposi-  
t ion  a n d  e t ch ing  of  a l u m i n u m  and  c o m p r e s s i v e  s i l icon ni- 
t r ide  was u s e d  for t he  p ro tec t ive  overcoat .  The  s amp le s  
we re  t h e n  s c r i b e d  a n d  b o n d e d  in to  c e r a m i c  packages .  

Ini t ial  characterist ics.--Before p r o c e e d i n g  wi th  a dis- 
cu s s ion  of  our  in i t ia l  cha rac t e r i za t ion  resul ts ,  a b r ie f  ex-  
p l a n a t i o n  of b r e a k d o w n  in oxides  a n d  our  m e a s u r e m e n t  
t e c h n i q u e s  wil l  be  given.  

Care m u s t  be  exe rc i sed  in the  co l lec t ion  of  b r e a k d o w n  
da ta  on  ve ry  t h i n  ox ides  due  to t he i r  abi l i ty  at  h i g h  elec- 
t r ic  fields to pa s s  large  c u r r e n t  dens i t i e s  w i t h o u t  ac tual ly  
shor t ing .  I n  th i s  paper ,  w h e n  we  ta lk  a b o u t  ox ide  fai lure  
we are no t  r e fe r r ing  to the  sel f -heal ing t y p e  of  even t s  t h a t  
can  of ten  occu r  a n d  m a y  cause  "sof t"  e r ro rs  in  memor ies ,  
bu t  r a t h e r  to the  h a r d  fa i lure  due  to r u p t u r i n g  of  t he  ox- 
ide  caus ing  a c o n d u c t i n g  f i l amen t  b e t w e e n  t he  a n o d e  
and  ca thode .  I t  is b e y o n d  t he  scope  of th i s  p a p e r  to dis- 
cuss  t he  ac tua l  b r e a k d o w n  m e c h a n i s m s  in s i l icon diox- 
ide, b u t  t h e r e  h a v e  b e e n  m a n y  p a p e r s  w r i t t e n  on  th i s  sub-  
j ec t  w h i c h  p r o v i d e  exce l l en t  i n s i g h t  into  th i s  
p h e n o m e n o n  (e.g., 13-16). 

In  m e a s u r i n g  t he  b r e a k d o w n  vo l tage  of an  oxide,  the  
usua l  t e c h n i q u e  is to choose  a h i g h  c u r r e n t  level  (say 10 
~A) a n d  r a m p  the  vo l tage  un t i l  t h e  c u r r e n t  t h r o u g h  t he  
capac i to r  r eaches  th i s  level.  Th ick  ox ides  (400k) are  al- 
ways  s h o r t e d  at  th i s  poin t ,  bu t  th i s  is n o t  necessa r i ly  t he  
case  for t h i n  oxides ,  due  to the  r ea sons  m e n t i o n e d  above.  
Af ter  each  s t ress  vo l tage  is appl ied ,  t he  capac i to r  is sub-  
j ec t ed  to a low r e f e r ence  vol tage,  V,.a ( app rox  1V). I f  t he  
capac i to r  has  b e c o m e  shor ted ,  t h e n  a la rge  c u r r e n t  flows 
even  at the  low Vra vol tage.  This  e n s u r e s  t h a t  only  
s h o r t e d  dev ices  are  m o n i t o r e d .  

Us ing  the  a b o v e  t e c h n i q u e ,  we m e a s u r e d  t he  ini t ial  
b r e a k d o w n  d i s t r i b u t i o n  of our  ox ides  af ter  p r o c e s s i n g  
was comple t ed .  A typica l  d i s t r i b u t i o n  for  t he se  100k ox- 
ides  is s h o w n  in Fig. 1. T h e r e  are a few po in t s  t h a t  s h o u l d  
be  m a d e  a b o u t  t he se  resul ts .  T h e r e  are two a p p a r e n t  
b r e a k d o w n  d i s t r i bu t i ons :  t hose  dev ices  w h i c h  break-  
d o w n  at a p p r o x i m a t e l y  l l V  a n d  t h o s e  t h a t  are sho r t ed  
e v e n  at 0 V. The  b r e a k d o w n s  at  l l V  are  due  to in t r ins ic  
b r e a k d o w n ,  wh i l e  t h o s e  seen  at 0 V are  a t t r i b u t e d  to pin-  
holes  or pa r t i cu l a t e  c o n t a m i n a t i o n  d u r i n g  process ing .  I t  is 
i n t e r e s t i ng  to n o t e  t h a t  in th i s  case t h e r e  is no  i n t e rmed i -  
a te  d i s t r i b u t i o n  b e t w e e n  the  two. Th i s  d i s t i nc t ive  distr i-  
b u t i o n  for  100k SiO~ a l lows one  to i n v e s t i g a t e  ve ry  h i g h  (8 
MV/cm)  electr ic  field s t r e s s ing  a n d  still  ob t a in  well- 
b e h a v e d  T D D B  resu l t s  over  a re la t ive ly  long  p e r i o d  of 
t ime.  

In  Fig. 1, t he  low vo l t age  b r e a k d o w n s  are shaded .  This  
pa r t  of  t he  d i s t r i b u t i o n  is s c r e e n e d  ou t  at  m u l t i p r o b e  a n d  
w o u l d  no t  f o rm  pa r t  of  the  ac tua l  d i s t r i b u t i o n  seen  in a 
real  device.  The  I-V a n d  C-V curves  for  t h e s e  t h i n  dielec-  
t r ics  have  b e e n  r e p o r t e d  p rev ious ly  (9). 

TDDB test ing.--This  sec t ion  will  br ief ly  d i scuss  the  de- 
tails of  t he  l ife t e s t i ng  p e r f o r m e d  on  t he  p a c k a g e d  capaci-  
tors. The  po lys i l i con  capac i to r s  (area = 0.01 c m  2) were  
b o n d e d  out, w i th  e igh t  pe r  ce ramic  package .  Each  pack-  
age  was  t h e n  i n s e r t e d  in to  a l i fe- test  b o a r d  c o n t a i n i n g  200 

40 
Z= o 

ee l  

o~  20 

10 12 

GATE: POLY 
DIELECTIC: SiO 2 (100.,~) 
SUBTRATE: P-TYPE (NA = 1015/cm 3) 

~ m  . . L ~ j  
2 4 6 8 

APPLIED VOLTAGE (VOLTS) 

1904 

Fig. 1. Bimodal distribution typically seen in lOOk oxides. After a 
low voltage screen (to eliminate defects causing 0 V breakdowns), the 
remaining distribution shows Eb(lO%) = 10 MV/cm and Eb(50%) = 
11 MV/cm. Capacitor area is 0.01 cm 2. 

s u c h  packages .  A 200~ res i s to r  was  p l aced  in ser ies  w i th  
each  capac i to r  in  o rde r  to l imi t  the  c u r r e n t  d r a w n  by  each  
dev ice  u p o n  fa i l ing a n d  to i nd i ca t e  fa i led devices  (a volt-  
age is d r o p p e d  ac ross  t he  res i s to r  if  t h e  capac i to r  is 
shorted) .  Befo re  b e g i n n i n g  the  life test ,  all dev ices  were  
c h e c k e d  for  shor t s  a n d  con t inu i ty .  Bad  capac i to r s  were  
r e m o v e d  f rom the  s a m p l e  popu la t ion .  F o u r  vo l tages  w e r e  
app l i ed  to each  p a c k a g e  (8, 7, 6, a n d  5V). The  un i t s  we re  
t h e n  m o n i t o r e d  per iod ica l ly  to look  for  fai l ing devices .  
This  t e s t  was  r e p e a t e d  at  t h r e e  t e m p e r a t u r e s :  150 ~ , 85 ~ , 
and  25~ Da ta  o b t a i n e d  f r o m  t h e s e  tes t s  will  be  g iven  in 
the  T D D B  Resu l t s  for  T h i n  Oxide  S t r e s s i n g  sect ion.  

Eyring Mode l  for O x i d e  Stressing 
The  t h i n  ox ide  T D D B  resu l t s  r e p o r t e d  in th i s  inves t iga-  

t ion  seem to be  d e s c r i b e d  wel l  by  a s impl i f ied  E y r i n g  
model .  

Eyring model . - -The  Eyr ing  m o d e l  is a theore t ica l  
m o d e l  b a s e d  on  e x p o n e n t i a l  r eac t ion  ra te  t h e o r y  a n d  free 
ene rgy  c o n s i d e r a t i o n s  (17, 18). The  m o d e l  for T D D B  has  
b e e n  wr i t t en  in t he  fo rm (see A p p e n d i x )  

TF(~o) = A exp  exp  [7(T) 5q [1] 

w h e r e  TF(ff/o) is the  t i m e  to fa i lure  for  J% of  the  uni t s ,  z~H 
is the  e n t h a l p y  as soc ia ted  w i th  t he  ac t iva t ed  d ie lec t r ic  
b r e a k d o w n ,  7(T) is t he  field acce l e r a t i on  p a r a m e t e r ,  a n d  
2P is t he  e lec t r ic  field s t ress  func t ion  g iven  by  

5 ~ = EB (f%) - Es [2] 

He re  EB(f%) r e p r e s e n t s  t he  field a t  w h i c h  J% of  t he  capac-  
i tors  are e x p e c t e d  to " i n s t a n t a n e o u s l y "  b r e a k  d o w n  at 
r o o m  t e m p e r a t u r e ;  Es is t he  c o n s t a n t  e lectr ic  field ap- 
p l ied  across  t h e  d ie lec t r ic  d u r i n g  T D D B  da ta  collection,  
a n d  t he  e x p e c t e d  t e m p e r a t u r e  v a r i a t i o n  of 7(T) is of t he  
fo rm 

C 
7(T) = B + - -  [3] 

T 

w h e r e  B a n d  C are  cons tan t s .  

Effective act ivat ion energy and electric field accelera- 
tion parameter . - -The  "ef fec t ive"  ac t iva t ion  e n e r g y  (AH)e, 
is a use fu l  p a r a m e t e r  w h i c h  a l lows one  to re la te  the  t ime-  
to-fail da ta  t a k e n  at  t e m p e r a t u r e  T, to  da ta  t a k e n  at  T,2 
(wi th  the  a s s u m p t i o n  t h a t  the  e lec t r ic  field s t ress  func-  
t ion  is he ld  fixed). Ma thema t i ca l ly ,  t h i s  is e x p r e s s e d  as 

( a l n T F ( f f / e )  t = AH + KBC 9 ~ [4] (AH)eff = Ks \ ~ (l /T) / 
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Simi lar  to the  act ivat ion energy,  the  electr ic  field accel- 
erat ion pa ramete r  ~/allows one to relate  the  t ime  to failure 
data  taken at one  s tressing field, ~ ,  to the  data  taken  at 
another,  ~2 (with the  a s sumpt ion  be ing  that  the  tempera-  
ture  is fixed) 

a lnTF( j~o)~  = _ { O ln Tr(j%) 
[5] = ~- -:~ ~ ~ )~ 

Accelerat ion factors  for  thin oxide stressing . - -For  relia- 
bi l i ty es t imat ions ,  the  accelera t ion  factor,  AF, is of  pri- 
mary  impor tance .  The  A F  allows one to projec t  the  t ime-  
to-failure data  t aken  unde r  a g iven  set of  stress condi t ions  
(ST.z) to some  o ther  set of  condi t ions  (ST,), i.e. 

[TF(J%)I~rl = AF*[TF(f%)]sT.~ [6] 

Normal ly ,  it is a s sumed  that  the  d ispers ion  [o- = In 
(t50/t16) = In (t84/t50)] in the  lognormal  t ime-to-fail  data  is 
i n d e p e n d e n t  of  the  stress condi t ions.  U n d e r  the  assump-  
t ion of  a cons tan t  o-, any arbi t rary  fl/~ of  failures may  be  
used  for the  de te rmina t ion  of  a un ique  va lue  of  AF.  

However ,  i f  (r does show a dependence  on stress condi-  
t ions, then  the  va lue  de te rmined  for A F  will no longer  be 
unique ,  but  will  d e p e n d  on the f% of fai lures used  for the  
A F  determina t ion .  The impac t  of  o- can be i l lustrated by 
compar ing  A F  based  on f = 10% and f = 50% 

(AF)lo % = (AF)50 % exp  [1.28(~ST2 - o'sr~)] [7] 

This  last  equa t ion  shows that  the  accelera t ion  factors A F  
based on 10% and 50% are ident ical  only if  cr is indepen-  
dent  of s t ressing condit ions.  

TDDB Results for Thin Oxide Stressing 
Observed t ime to fa i lure . - -Detai ls  of the lognormal  

T D D B  data for these  100A SiO~ films have  been  shown 
e l sewhere  (9). The  T D D B  results  are summar ized  here  in 
Table  I. One will  note  that  o- is ra ther  sensi t ive to the  
stress condi t ions,  decreas ing with  increas ing electric 
field stress or increas ing  tempera ture .  This  would  imply,  
accord ing  to Eq.  [7], that  the  de t e rmined  va lue  of  A F  will  
depend  on the  fai lure percen t  (if/v) used  for its determina-  
tion. Therefore,  in Fig. 2-4, we show the  t ime-to-fai lure 
data  as a func t ion  of  the  s t ress ing electr ic  field in two 
forms: one  based  on f = 10% and the  o ther  based on f = 
50%. 

Field acceleration parame te r . - -The  dete rmina t ion  of  ~/ 
is based on the  s lope of  the  l inear fits to the data shown 
in Fig. 2-4. The  resul ts  are shown in Fig. 5. We note  that  
the  fit for the  data  is qui te  good at f = 10% and reasona- 
bly good for the  f = 50% data. The equa t ions  for the  l ines 
are 

(~/e)f=lO% =--3.0 + 0.21 (mV/cm)_ , [8] 
KBT 

and 

Table I. Summary of time-to-failure results for 100/~ Si02. The values 
for t~o~ and ~ were obtained from best Iognormal fits to each data 

set. 
TEMP FIELD t50% t10% 0 

(MVlcm) (HRS) (HRS) 

6 4x1011. 2.0x104 13.1 

25 DEG C 7 1.1x106. 2.5x102 6.6 

8 90 1.5 3.2 

6 - - - 

85 DEG C 7 1.7x104 25 5.1 

8 12 .66 2.3 

6 7x105" 50 7.5 

150 DEG C 7 2.7x102 5 3.1 

8 2.5 .4" 1.4 

* AN EXTRAPOLATION OF MORE THAN ONE DECADE REQUIRED 

28.0 \e 
26.0 T = 2 5 %  

24.0 \ \  

22.0 

20.0 

= 18.0 

16.0 LL 

14.0 f,,, 

12.0 

10.0 

8.0 - ~ ~ ~  

6.0 

4.0 

2.0 

0 I I ?~ 
6 7 8 

Es(MVICM) 
Fig. 2. Room temperature time-to-failure data vs. the stressing elec- 

tric field. Two data sets are shown: one using f = 10% and the other 
using f = 50%. 

0.43 
(re)f=50% = -6 .0  + ~ (mV/cm) - '  [9] 

The  electric field accelerat ion pa ramete r s  shown in Eq.  
[8] and [9] are subscr ip ted  with an "e"  as a r eminde r  to the  
reader  that  natura l  logar i thms and exponent ia l s  have  
been  used in this work,  e.g. 

TF ~ exp  (~/eY) [10] 

However ,  m a n y  authors  prefer  to express  7 in 
decades/MV/cm, which  we  will  r ep resen t  as 710, e.g. 

TF ~ 1 0 ~ J  [11] 

24.0 

22.0 

20.0 

18.0 

16.0 

14.0, 

12.0 

10.0 

8.0 

6.0 

4.0 

2.0 

0 

- 2 . 0  

- 4 . 0  

T -- 85~ 

\ 
I I I 

6 7 8 
Es(MV/CM) 

Fig. 3. 85~ time-to-failure data vs.  stressing electric field 
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24.0 / 

22.0 i- T = 1500C 

20.0 

18.0 \\ 

16.0 ~ 
14.0 
12.0 

w .  

10.0 
,.d 

8.0 

2.0! - o  \ e  

0 \ o \  
-2.0 ~ 
-4.0 I ~ D 6 7 8 

EsIMV/CM) 

Fig. 4. 150~ time-to-failure data vs. stressing electric field 

TEMP (~ 
250 150 100 50 25 0 

28 , , . , , /  , 
o 26 o 6V / 

~ 7 V  
24 �9 8V 

22 ~ /  

0 

18 o \ ~  

10 a o 

6 

- 2  i , J z 
2.0 2.5 3.1) 3.5 4.0 

100___0 (OK)- 1 
T 

Fig. 6. Arrhenius plot of time to failure data. Results for 6, 7, and 
8V are shown for two characteristic failure percentages. 

The re la t ionship  be tween  Eq. [10] and [11] is straight- 
forward 

~/10 = ~e/ln~ (10) [12] 

Ef fec t ive  a c t i v a t i o n  e n e r g y . - - T h e  effect ive  act ivat ion 
energy (All)elf can be de te rmined ,  accord ing  to Eq.  [4], 
f rom the  s lope of  the  Arrhenius  plots  of  the  t ime-to-fail  
data. These  are shown in Fig. 6. The  de t e rmined  activa- 
t ion energy  is shown  in Fig. 7 and Fig. 8. The equa t ions  
for the  best  l inear  fit to the  data  b e c o m e  

T 
i r 

r p- 

12.0 

11.0 

10.0 

9.0 

8.0 

7.0 

6.0 

5.0 

4.0 

3.0 

2.0 

1.0 

TEMP (~ 

250 150 100 50 25 0 
i I I 'i' i^ / 

o /  

[ I I I 
2.0 2.5 3.0 3.5 4.0 

1000 (OK)_ 1 
T 

Fig. 5. Observed temperature dependence of the electric field ac- 
celeration parameter. Data for two characteristic failure percentages 
are shown. 

(All)eft,10 % = -0.30 + 0.20~ (eV) [13] 

and 

(AH)eff,50 % = -0.71 + 0.359 ~ (eV) [14] 

Note  that,  in accordance  with  the  obse rved  b r e a k d o w n  
dis t r ibut ion (Fig. 1) for the  100~ ox ide  tested,  Eb(10%) = 
10 MV/cm and Eb(50%) = 11 MV/cm were  used in Eq. [13] 
and [14], respect ively .  

Discussion of Results 
Before  the s implif ied E y r i n g  m o d e l  can be  used  to 

proper ly  mode l  T D D B  data, two basic r equ i remen t s  for 
the  data mus t  first be satisfied: (i) the  observed  activa- 
t ion energy  (All)el, should  be  a l inear  func t ion  of  the  elec- 
tric field stress ~ = Eb(f%) - Es and (ii) the  obse rved  
electric field accelera t ion  pa ramete r  should  be a l inear  
funct ion  of rec iprocal  tempera ture .  The  resul ts  repor ted  
here  for 100]~ oxides  sugges t  that  bo th  r equ i r emen t s  are 
met  for Eyr ing mode l  use. 

The electric field accelerat ion factor  de te rmined  in this 
s tudy 

0.19 
(~/10)f=50% = -2.6 + ~ (decades/MV/cm) [15] 

E S (MV/CM) 

9 8 7 6 5 
1.0 , , I , , 

.8 ~ ,~o/o~ 

.6 o~  

.4 

0 1 .i i .. I 
1 2 3 4 5 

S = EB { 1 0 % ) - E  S (MV/CM) 

Fig. 7. Observed electric field dependence of the activation energy. 
Eb(10%) = 10 MV/cm for the Si02 material under investigation, f = 
t0% was used as the characteristic failure percentQge. 
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r 

1.4 

1.2 

1.0 

.8 

.6 

.4 

.2 

9 8 
I I 

C S (MVIcm) 

7 6 5 
I I 

/ 
e 

i I I J | 

2 3 4 5 6 

S = E' B (50%)-E' S (MV/cm) 

Fig. 8. Observed electric field dependence of the activation energy. 
Eb(50%) = 11 MV/cm for the SiO2 material tested, f = 50% was 
used as the characteristic failure percentage. 

is cons is ten t  wi th  the  1.7 decades /MV/cm resul t  repor ted  
by Hokari  at 250~ for thin oxides.  While a sl ight diver- 
gence  of the  two data sets seems to exis t  at r o o m  temper-  
a ture  (see Fig. 9), at  normal  opera t ing  t empera tu re  (55~ 
and above), good  a g r e e m e n t  seems to exis t  wi th  B e r m a n ' s  
data  (10) for th icker  oxides  (--- 400A). Also, the  funct ional  
form of y is cons i s ten t  wi th  that  sugges ted  by Anol ick  for 
th ick  oxides.  

As for the  obse rved  act ivat ion energy  (hH)~fr be ing  a 
func t ion  of the  electr ic  field stress func t ion  5 r (Eq. [13] 
and [14]), this seems  to be  requ i red  for a unif ied explana-  
t ion of the  resul ts  r epor ted  here, in addi t ion  to the  resul ts  
of  Crook, Anol ick ,  and Hokari .  Crook repor ts  an activa- 
t ion energy  of  0.3 eV for gate ox ides  s t ressed at 3-5 
MV/cm and f = 10%. Assuming  that  Eb( f  = 10%) = 7 
MV/cm for his ox ide  tested,  then  the  stress func t ion  5 ~ 
w o u l d  have  ranged  f rom 2-4 MWcm.  Equa t ion  [13] wou ld  
p red ic t  an average  obse rved  ac t iva t ion  energy  of 0.3 eV. 

Anol ick ' s  r epor t ed  act ivat ion energy  was based  on f = 
50% and low field s t ress ing (Es = 1-3 MV/cm). A s s u m i n g  
that  Eb( f  = 50%) was about  9 MV/cm for his mater ial  

TEMP (~ 

250 150 100 50 25 0 
i l I I 1 I 

A BERMAN 
8 . 0 -  [] HOKARI 

�9 PRESENT WORK 
7 . 0 -  

~ 6 . 0 -  

5.0-  
r  

4.0--  
" 

~ 2.0 

1.0 

l I I I 
2.0 2.5 3.0 3.5 4.0 

1000 (OK)_ 1 
T 

Fig. 9. Observed temperature dependence of the electric field ac- 
celeration parameter. Data shown represent (i) the 100~ SiO2 results 
obtained in this work plus the single datum of Hokori (also for 1OO~ 
5iO2), and (ii) the data of Berman for much thicker 5iO,2 (-> 4OOA). 

tested,  then  5 ~ wou ld  have  ranged  f rom 6-8 MV/cm dur ing  
stressing. Equa t ion  [14] predic ts  an average  va lue  of 1.8 
eV over  this stress range and seems to agree with Ano- 
l ick's repor ted  va lue  at 2 eV. 

Also, Hokar i ' s  data  for thin (100~) SiO2 sugges t  an acti- 
va t ion  energy  of 1 eV with the  s t ress ing field at Es = 6 
MV/cm and  f = 50%. This  again is qu i te  consis tent  wi th  
the  results  shown in Fig. 8. 

Conclusions 

In this paper ,  we  have  p resen ted  T D D B  data for 100)~ 
sil icon d iox ide  films. These  data  have  been  found to be 
fit well  by  a s implif ied Eyr ing  model .  We have  found  
that  the  ac t iva t ion  energy  measu red  depends  upon  the  
electric field stress and tha t  the  field accelera t ion  factor  
is t empera tu re  dependent .  Both  resul ts  are in good agree- 
m e n t  wi th  the  p roposed  model .  We have  shown that  the  
accelerat ion factors  der ived  f rom t50 % and tl0 % can be  
qui te  di f ferent  and tha t  care m u s t  be  t aken  wi th  the ma- 
n ipula t ion  of  T D D B  data  in o rder  to get  mean ingfu l  re- 
sults. Final ly,  we have  shown that  o ther  pub l i shed  data  
on oxide  wearou t  can be  fit wi th  our  model ,  thus  
r emov ing  m a n y  of the  apparen t  d iscrepancies  be tween  
the resul ts  of  the  var ious  workers .  
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A P P E N D I X  
Thermodynamic Model for Dielectric Breakdown 

Thermodynamics  of  d ie lectr ics . - -The in ternal  ene rgy  
for a dielectr ic  mater ia l  u n d e r  the  inf luence  o f  an exter-  
nal electr ic  field E will  be a func t ion  of the  sys tem en- 
t ropy  S, v o l u m e  V, mole  n u m b e r  N, and polar izat ion P 
(19) 

e = e(S, V, N, P) [A-l] 

The  polar izat ion P represents  the  total  d ipole  m o m e n t  
p roduced  (either i nduced  or oriented) by the  appl ied elec- 
tric field E. The  Gibbs  free energy  as a funct ion  of  the  in- 
tens ive  paramete rs  t empera tu re  T, e lectr ic  field E, chemi-  
cal potent ia l  ~, and pressure  p, can be  ob ta ined  t h rough  
the  L e g e n d r e  t ransformat ion  of  e g iv ing  

G(T, E, t~) = Ho - TS - t~N - EP [A-2] 

where  Ho is the  enthalpy.  S ince  the  pressure  p is cons tant  
dur ing  dielectr ic  stressing, its impac t  on the  free e n e r g y G  
will  not  be shown explicit ly.  We a t t empt  to wri te  the  last 
three  te rms  of  the  free energy  as 

- T S  - EP - tLN = K~Tf(T)g(E)h(tD [A-3] 

where  f, g, and h are funct ions  only of  T, E, and ~, respec-  
tively. Using the  s tandard  t h e r m o d y n a m i c  relat ionships  

aG 

P = -  ~ -E  r.~ d---E 

N = -  OG = - K B T f g - -  [A-6] 
r.E d/z 

into Eq. [A-3], we obtain  the  def ining or- and inser t ion  
d inary  differential  equa t ion  

T d f  E dg tL dh 
+ - - - -  + - - - -  [A-7] 

dT f dE g d/z h 

The solut ion to Eq.  [A-7] gives for the  free energy  

E, tt~ - n 
G(T, E, it) = Ho + KBT ~ ~ C,,, ~ [A-8] 
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At breakdown, the dielectric undergoes an irreversible 
phase transition in which the material is transformed 
from an insulating phase to a conductive phase. While the 
driving force for this change is a free energy difference 
between the two phases, the rate at which the change 
takes place is controlled by the free energy of activation 
associated with the conductive poly filament growth 
shorting the gate to substrate. Equation [A-8] suggests 
that the free energy of activation AG* associated with di- 
electric breakdown can be written as 

AG* = hHo* + KsT ~, E Cm~ (EBn - Es'9 tL m - '~ T" [A-9] 
m ~t 

Where Ho* is the free enthalpy of activation, Es is the elec- 
tric field applied during stress, and EB represents the 
"time-zero" breakdown strength of the dielectric. 

Simplified Eyring model for breakdown reaction 
rate.--The assumption is made that the t ime-dependent 
dielectric breakdown is an activated process obeying 
standard chemical reaction rate theory (17, 18), with the 
reaction rate constant given by 

AG* ) [A-10] 
k ~ exp KBT- 

In order to simplify the theory for dielectric breakdown, 
we keep only the linear terms in Eq. [A-9], giving 

h G * = A H o * + K B T [ B + - ~ ]  9 ~ [A-11] 

where 5~ = EB - E~ and B and C are constants. For capaci- 
tors with identical breakdown strengths, the characteris- 
tic time-to-failure can be expressed as 

( hG* t [A-12] TF = A exp \ KBT / 

where A is a constant. However, in practice, the break- 
down strengths of individual capacitors will not be iden- 
tical (dispersion in breakdown strength). The dispersion 
in breakdown strength can be taken into account by 
writing 

where 

AHo* 
TF(IV/o) = A exp \ KBT / exp [~/(T)b ~ [A-13] 

C 
~(T) = B + ~ and 5 ~ = EB (if/o) -- Es 

T 

Please note that the model predicts an electric field- 
dependent activation energy 

O in TF~ 
KB \ O(1/T) / ~ = •Ho* + KBC~ [A-14] 

temperature-dependent field acceleration and a 
parameter 

(01oT   (01nTF  
~ ) r  = - \ ~ / r  = ~(T) [A-15] 

Also, note that, according to Eq. [A-13], the observed 
dispersion (r in the time to failure data should have a tem- 
perature dependence given by 

[ TF(50%) ] 
(r = in .TF(16%) = ~ (T)[EB(50%) - EB(16%)][A-16] 
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A Simplified Viscoelastic Model for the Thermal Growth of Thin 
Si02 Films 
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ABSTRACT 

Recently, thermal dry oxidation of silicon was quantitatively described by the present authors in a model account- 
ing for the relaxation phenomena occurring in the oxide film. Clarity about the underlying physical mechanisms and 
satisfactory matching with existing data both make the model rather appealing; also, the well-known anomalous behav- 
ior encountered in the thin film region appears to be adequately predicted. The resulting numerical problem is rather 
complex when compared with other existing models. A simplified mathematical formulation of the mentioned model is 
proposed here. The viscoelastic relaxations occurring in the oxide layer are lumped into a t ime-dependent effective 
diffusivity for which an explicit expression was found in terms of the parent model parameters. A deviation of, at most, 
2.3% in the oxidation rate was obtained by comparing the results from rigorous and simplified approach. The simpli- 
fied model proposed requires numerical  procedures as simple as for some previously existing models; it has the addi- 
tional advantage of being written in terms of quantities which all have precise physical meanings and can be measured 
independent ly of the oxidation process. 

Modern microelectronic technology for LSI and VLSI 
demands highly reliable although very thin passivating 
layers. A widely used passivating agent is found in ther- 
mally grown silicon dioxide. In  the present work, we will 
only refer to SiO~ layers grown in dry atmospheres. 

The operating conditions at which SiO2 layers are 
grown involve a temperature range usually between 800 ~ 
and 1100~ The film thickness of practical interest typi- 
cally does not exceed a few hundred angstroms. In this 
case, all experimental  da ta  (1-9) show marked deviations 
from the behavior predicted by the so-called linear-para- 
bolic equation (10). The latter equation, however, success- 
fully describes the thermal growth of SiO~ layers for 
higher temperatures and/or for oxide thickness larger 
than 200-300A. The physical picture underlying the linear- 
parabolic theory can be summarized as follows (10): (i) 
molecular oxygen dissolves into the SiO~ phase and dif- 
fuses through the SiO2 layer; (ii) the oxygen concentra- 
tion in the SiO.., layer at the gas-solid interface obeys the 
thermodynamic phase equilibria requirements; (iii) diffu- 
sion of molecular oxygen occurs according to Fick's law, 
with constant diffusivity, and convective contributions 
are completely neglected and the diffusion process is as- 
sumed to occur under  pseudosteady-state conditions; (iv) 
chemical reaction takes place at the oxide-silicon inter- 
face, according to a first-order kinetics with respect to 
the molar oxygen concentration. 

In spite of the crude simplicity embodied by the above 
assumptions, it is nevertheless apparent that a rather 
wide variety of physical phenomena simultaneously takes 
place during the oxidation process. 

The crude simplicity embodied by the above assump- 
tions is paralleled by the rather wide variety of physical 
phenomena which have been found experimentally to oc- 
cur during the oxidation process. 

The mentioned failure of the linear-parabolic theory to 
predict the experimental behavior and the increasing de- 
mand for a satisfactory quantitative description both are 
the origins of the wide research interest devoted to this 
field. 

Indeed, several different merely mathematical models 
have been proposed recently which adequately describe 
experimental data (1, 3, 11-13); owing to their pure phe- 
nomenological origin, however, the intervening param- 
eters are just  data fitting variables, with no particular 
meaning. Important  questions such as (i) what the main 
physical and chemical phenomena which govern the ob- 
served growth rate are, and (ii) what their suitable mathe- 
matical description is, are left unanswered by the purely 
empirical models. 

Thus, the need of quantitative models obtained through 
a suitable physical schematization of the process is 
self-evident. 

Only very recently Fargeix et al. (14-16) proposed a 
physical based mathematical model of the oxidation pro- 

cess suitable also to represent the behavior for thin oxide 
layers. Their basic assumptions are related to the stress 
dependence of the oxygen diffusivity and to the 
viscoelastic behavior of the newly formed oxide film. 

The aim of the present work is to develop another phys- 
ically based mathematical model for the dry oxidation 
process adequate to represent both thin and thick oxide 
film formation. To that extent, it is convenient to first re- 
call some relevant features to the experimental 
observations. 
Some experimental evidence (3, 1 I) suggests that the 

oxygen transport through the SiO~ layer occurs through 
molecular oxygen diffusion at higher temperatures, while 
at significantly lower temperatures diffusion of atomic 
oxygen seems to be more plausible. The existence of dif- 
ferent parallel paths for O~ transport was also claimed due 
to spatial nonuniformities [viz., channeling (17)] in the 
very early stages of SiO.~ formation. 
A significant role seems to be played by the mechani- 

cal stresses originated during the process, which can be 
schematically understood as follows. 
Indeed, the oxidation which occurs at the oxide-silicon 

interface causes a significant increase in the Si-Si inter- 
atomic distance, or, in other words, the silicon atomic 
concentration is higher in the Si single crystal than in the 
SiO.2 phase. However, adhesion and material continuity at 
the Si/SiO=, interface prevent any slipping motion along 
the interfacial surface. As a consequence, strain and 
stresses are built in both phases during the oxidation pro- 
cess. The oxide layer is under compression in the direc- 
tions parallel to the interface; unconstrained displace- 
ments can take place only in the oxidation direction, i.e., 
perpendicularly to the Si/SiO2 interface; correspondingly, 
the underlying silicon is under tension in the directions 
parallel to the oxidation plane (13, 20). 

The stress and strain levels in both phases decrease 
with the distance from the Si/SiO2 interface according to 
the mechanical properties of both phases. In this respect, 
it is worth noting that Si single crystals behave as elastic 
materials with Young moduli of about 1.7 • 10 I~ dyrgcm'-' 
(18), while the oxide properties show peculiar behavior. 
Dilatometric measurements (19) indicate that at tempera- 
tures lower than about 960~ density is a time-dependent 
quantity which eventually relaxes toward a final value; at 
temperatures higher than 960~ however, the relaxation 
rate is so high that no relaxation response was observed. 
An analogous conclusion was drawn on the basis of direct 
mechanical measurements of the relaxation times (20). 
Apparently, the value of 960~ plays the role of a transi- 
tion temperature separating regions of practically instan- 
taneous response, at higher temperatures, from regions of 
viscoelastic response at lower values. 

Undoubtedly, the stress or strain level will influence 
the overall process kinetics. As a matter of fact, the diffu- 
sion through the compresssed oxide layers is expected to 
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be s lower  t h a n  t h r o u g h  an  u n s t r a i n e d  film. However ,  t he  
o x i d a t i o n  r eac t i on  wil l  occu r  wi th  a p u r e  Si c o n c e n t r a t i o n  
w h i c h  is a l t e red  by  t he  d e f o r m a t i o n  (13); moreove r ,  t he  
ra te  c o n s t a n t  is i n c r e a s e d  by  t he  s t ra in ,  as can  be  qual i ta-  
t ive ly  e x p e c t e d  f r o m  Eyr ing  k ine t i c  t h e o r y  (21). 

A c o m p r e h e n s i v e  de s c r i p t i on  of  the  o x i d a t i o n  p roce s s  
t h u s  a p p e a r s  r a t h e r  c o m p l e x  s ince  t he  s t rain,  s tress,  a n d  
c o n c e n t r a t i o n  fields as wel l  as ox ide  t h i c k n e s s  s h o u l d  be  
s i m u l t a n e o u s  u n k n o w n s  of t he  p r o b l e m .  A d d i t i o n a l  com- 
p lex i ty  der ives  also f rom t he  v i scoe las t i c  b e h a v i o r  of  t he  
SiO2 phase ,  w h o s e  phys i ca l  p rope r t i e s  m u s t  be  r e g a r d e d  
as t i m e  d e p e n d e n t .  

As a m a t t e r  of  fact,  a de ta i l ed  ana lys i s  of t he  ox ide  re- 
gion,  b a s e d  on  t he  re la t ive  in t ens i ty  of  t he  b i n d i n g  e n e r g y  
(26, 27), s h o w e d  t h a t  t he re  is a SiO2 layer,  a b o u t  40A th ick ,  
a d j a c e n t  to t h e  ox ide-s i l i con  in te r face ,  w i th  a s t r u c t u r e  
d i f fe ren t  f rom t h e  ox ide  core. More  prec ise ly ,  t he  amor -  
p h o u s  SiO2 p h a s e  is m a i n l y  f o r m e d  b y  six Si a t o m  r ings ,  
w i th  sma l l  f r ac t ions  of four  Si a t o m  r ings ,  wh i l e  c lose  to 
t he  Si-SiO2 in t e r f ace  t he  ox ide  is m a i n l y  f o r m e d  b y  four  
Si a t o m  r ings .  As  a c o n s e q u e n c e ,  d u r i n g  its l i fe t ime t he  
ox ide  p h a s e  e x p e r i e n c e s  s ign i f ican t  m o r p h o l o g i c a l  
changes ,  m o v i n g  f rom a l ower  free v o l u m e  to a h i g h e r  
free v o l u m e  state;  in  o t h e r  words ,  t h e  p h e n o m e n o n  can  
be  v i e w e d  as a r e l a x a t i o n  f rom a h i g h  free  ene rgy  t o w a r d s  
a lower  f ree  e n e r g y  state.  S u c h  a r e l a x a t i o n  ce r ta in ly  in- 
vo lves  s t ress  re laxa t ion ,  a l t h o u g h  i t  does  no t  s i m p l y  coin-  
c ide w i t h  such .  

In  sp i te  of  t h e  d i s c o u r a g i n g  c o m p l e x i t y  we are faced  
with,  no t  all t h e  a b o v e  m e c h a n i s m s  s eem to be  equa l ly  
ef fec t ive  on  t he  ox ida t i on  kinet ics .  I ndeed ,  t he  ex i s t ing  
d e f o r m a t i o n s  wil l  b e  typica l ly  in  t he  o rde r  of a few per-  
c en t  in  t he  s ing le -c rys ta l  phase ,  so t h a t  t he  p u r e  s i l icon 
c o n c e n t r a t i o n  c h a n g e  i n d u c e d  by  t he  s t ress  p r e s e n c e  can  
be  d i s rega rded .  Moreover ,  t he  s t ra in  e n e r g y  is t h r e e  or- 
ders  of m a g n i t u d e  smal l e r  t h a n  t he  ac t i va t i on  e n e r g y  of  
t he  r eac t ion  so t h a t  t he  in f luence  p r o d u c e d  on  t he  k ine t ic  
c o n s t a n t  is also ac tua l ly  negl igible .  

More  s ignif icant ly ,  d e c o u p l i n g  t h e  m a s s  t r a n s f e r  f rom 
the  m e c h a n i c a l  s t r e s s  d i s t r i b u t i o n  p r o b l e m  s e e m s  to b e  a 
r e a s o n a b l e  a p p r o x i m a t i o n .  In  fact, para l le l  to w h a t  is cur- 
r en t ly  r e c o g n i z e d  in p o l y m e r  phys ics ,  e.g.,  Ref. (22), all 
m e c h a n i c a l  a n d  t r a n s p o r t  p rope r t i e s  are d i rec t ly  re la ted  
to the  f ree  v o l u m e  assoc ia ted  to a g iven  s t ruc tu re .  Thus ,  
as a first  a p p r o x i m a t i o n ,  d i f fus iv i ty  does  no t  d e p e n d  on  
t he  s t ress  p e r  se; i t  r a t h e r  d e p e n d s  on  t h e  free v o l u m e  as- 
soc ia ted  to t he  ex i s t i ng  s t ruc ture .  T he  free v o l u m e  re- 
laxes  in  t ime  t o w a r d  a final e q u i l i b r i u m  value ,  typica l ly  
a c c o r d i n g  to an  e x p o n e n t i a l  decay  (22). 

B a s e d  on  the  a b o v e  obse rva t ions ,  a s h o r t h a n d  t h o u g h  
sa t i s fac tory  q u a n t i t a t i v e  desc r ip t i on  of  t he  ox ida t i on  pro- 
cess was  r ecen t l y  p r o p o s e d  b y  t he  p r e s e n t  au t ho r s  (23). 
The  r e su l t i ng  m a t h e m a t i c a l  f o r m u l a t i o n  wil l  be  br ief ly  
s u m m a r i z e d  in  t h e  n e x t  s ec t ion  for  t he  s ake  of clarity.  

The  r e s u l t i n g  c o m p u t a t i o n a l  m o d e l  a p p e a r s  r a t h e r  cum-  
b e r s o m e  to be  easi ly  u s e d  for s i m u l a t i o n  pu rposes .  The  
a im of  th i s  w o r k  is to ana lyze  a s impl i f i ed  f o r m u l a t i o n  of  
the  m o d e l  p r o p o s e d  in Ref. (23). Th i s  s impl i f ied  m o d e l  
invo lves  lower  c o m p u t a t i o n a l  r e q u i r e m e n t s  t h a n  t he  par-  
en t  one  w i t h o u t  an y  s ign i f ican t  loss  of  a c c u r a c y  in  repre-  
s en t i ng  e x p e r i m e n t a l  data.  

The Viscoelastic Kinetic Model 
The  m a t h e m a t i c a l  m o d e l  d e v e l o p e d  in Ref. (23) is g iven  

by  a two m o v i n g  b o u n d a r i e s  d i f fus ion  p r o b l e m  s ince  oxy- 
gen  d i f fus ion  t akes  p lace  w i t h i n  t he  ox ide  layer  w h o s e  in- 
t e r faces  a re  b o t h  m o v i n g  w i t h  r e s p e c t  to  t h e  s i l icon core.  
The  o x y g e n  c o n c e n t r a t i o n  at  t he  ox i de - vapo r  p h a s e  is as- 
s u m e d  to obey  t he  e q u i l i b r i u m  condi t ions .  

The  crucia l  a s s u m p t i o n  of  t h e  m o d e l  is r e la ted  to the  
c o n s t i t u t i v e  e q u a t i o n  for t he  d i f fus ive  flux across  t he  ox- 
ide  phase .  I n s t e a d  of  t he  usua l  F i ck ' s  law, a viscoelast ic-  
l ike  l inear  c o n s t i t u t i v e  e q u a t i o n  was  a s s u m e d ,  g iven  by  
(24) 

f/ Jo~ (t,x) = - p ~ ( t - t ' )  _V_ ~o (t ' ,x) dt '  [1] 
J 

w h e r e  p is t he  ox ide  dens i ty  a n d  co t he  o x y g e n  m a s s  frac- 
t ion.  The  m e m o r y  f u n c t i o n  g(s) was  g i v e n  t he  fo l lowing  
e x p r e s s i o n  

D ~  - D i 
(s) = Di6 (s) + - -  e -~/" [2] 

T 

w h e r e  ~ is t he  Dirac  f u n c t i o n  
E q u a t i o n s  [1] a n d  [2] were  first s t u d i e d  to r e p r e s e n t  the  

m a s s - t r a n s f e r  b e h a v i o r  in  r e l ax ing  po lymers .  Quali ta-  
t ively,  t hey  r e p r e s e n t  a t i m e - d e p e n d e n t  d i f fus ive  flux: for  
ox ide  l i f e t imes  ve ry  s h o r t  w i th  r e spec t  to t he  r e l axa t ion  
t i m e  r, t he  d i f fus ive  f lux is r o u g h l y  e q u i v a l e n t  to F ick ' s  
l aw wi th  c o n s t a n t  d i f fus iv i ty  Dr, wh i l e  at  l i fe t imes  m u c h  
la rger  t h a n  r i t  is e q u i v a l e n t  to a f ick ian  d i f fus ion  w i th  
t he  " r e l a x e d "  c o n s t a n t  d i f fus iv i ty  D~. At  i n t e r m e d i a t e  life- 
t imes ,  we can  say t h a t  a p p a r e n t  d i f fus iv i ty  re laxes  f rom 
the  va lue  Di to t he  va lue  D~, a c c o r d i n g  to t he  r e l axa t ion  
time r. 

S ince  it  can  b e  easi ly  s h o w n  t h a t  t he  c o n v e c t i v e  contr i -  
b u t i o n s  can  b e  d i s r ega rded ,  t he  m a t h e m a t i c a l  fo rmula-  
t ion  of t he  p r o b l e m  can finally b e  w r i t t e n  as follows. The  
d i s t r i b u t i o n  of t he  o x y g e n  mass  f r ac t ion  co, as a f unc t i on  
of t i m e  t a n d  of t h e  d i s t ance  y f r o m  the  vapor - so l id  in ter -  
face, is g o v e r n e d  b y  

- t - t '  

o~o _ D i  02---%w + - - - .  d t '  [3] 
Ot Oy"- r Oy ~ 

wi th  t h e  a s soc i a t ed  in i t ia l  a n d  b o u n d a r y  c o n d i t i o n s  

t = 0 o~ = 0 [4] 

t > 0 , y  = 0 co = w e [5] 

t > 0 ,  y = ~(t) -D~-~y = kr co [6] 

The  p r o b l e m  m u s t  be  so lved  for  y e (0, ~(t)), w h e r e  6(t) 
r e p r e s e n t s  t h e  t h i c k n e s s  of t he  ox ide  layer ,  % is t he  equi -  
l i b r i u m  oxygen  concen t r a t i on ,  wh i l e  k~ is the  k ine t i c  con-  
s t an t  of  t h e  o x i d a t i o n  reac t ion .  

As  s h o w n  in Ref. (23), t h e  ox ide  t h i c k n e s s  is g o v e r n e d  
by  t he  fo l lowing e q u a t i o n  

d6 Jo2(t,O) + Ms~ 
- -  = kr ~ .  co(t,6(t) ) [7] 
d t  p(1 - ~e) No2 

to be  so lved  w i th  t h e  p r o p e r  in i t ia l  cond i t ion .  
It  is w o r t h  no t ing ,  in  pass ing ,  t h a t  Eq. [7] p r o p e r l y  re- 

duces  to t he  u sua l  e q u a t i o n  r epo r t ed  b y  Deal  a n d  Grove  
(10) in  the  spec ia l  case  of  f ickian d i f fus ion  w i th  c o n s t a n t  
diffusivi ty.  

In  Ref. (23), t he  p r o b l e m  r e p r e s e n t e d  b y  Eq. [1]-[7] was  
so lved  in d i m e n s i o n l e s s  t e r m s  by  u s i n g  to = D~/k~ 2 a n d  
lo = Dj/k~ as cha rac t e r i s t i c  t i m e  a n d  leng th ,  respect ive ly .  
The  d i m e n s i o n l e s s  t ime,  t*, a n d  t he  d i m e n s i o n l e s s  relaxa-  
t ion  t ime,  r*, were  c o n s e q u e n t l y  de f ined  as 

t* = tk~2/Di 

[8] 
r* = rk~.21Di 

The  c o m p a r i s o n  w i th  severa l  ex i s t i ng  e x p e r i m e n t a l  
da ta  ha s  s h o w n  the  sa t i s fac tory  ab i l i ty  of t he  m o d e l  to 
r e p r e s e n t  t he  o b s e r v e d  behav io r .  

The Simplified Viscoelastic Model 
The  c o m p l e t e  m o d e l  ou t l i ned  in t he  p r ev ious  sec t ion  is 

a d e q u a t e  to d e s c r i b e  the  t h e r m a l  ox ida t i on  of  s i l icon also 
in the  r a n g e  of  re la t ive ly  low t e m p e r a t u r e s  a n d  of ve ry  
t h i n  ox ide  t h i c k n e s s .  However ,  one  d i s a d v a n t a g e  of  t he  
m o d e l  m a y  be  r e p r e s e n t e d  b y  t he  c o m p u t a t i o n a l  require-  
m e n t s  i n v o l v e d  in  i ts solut ion.  The  q u e s t i o n  t h e n  ar ises  of  
w h a t  s impl i f i ed  ca l cu l a t i on  s c h e m e s  cou ld  b e  fo l lowed  to  
r e a c h  in a m o r e  s t r a i g h t f o r w a r d  way  t h i c k n e s s  vs .  t i m e  re- 
l a t i onsh ip s  w h i c h  are essent ia l ly  t he  s a m e  as t hose  resul t -  
ing f rom the  or ig ina l  mode l .  
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Firs t  of all, it was observed  tha t  the  pseudos teady-s ta te  
approx imat ion ,  ob ta ined  by set t ing the  lhs of  Eq.  [3] 
equal  to zero, is ve ry  reasonable .  Actual ly,  for the  cases of 
pract ical  interest ,  the  ox ide  th ickness  obta ined  u n d e r  this  
app rox ima t ion  differs f rom the  va lue  g iven  by the  origi- 
nal  p r o b l e m  at mos t  in the  seven th  s ignif icant  digit. 

Within the  pseudos teady-s ta te  approximat ion ,  the  intro- 
duc t ion  of  a sui table  t i m e - d e p e n d e n t  effect ive  diffusivi ty 
allows, on the  one  hand,  bypass ing  the  solut ion of  the  
boundary  va lue  p rob l em for the  o x y g e n  concent ra t ion  
and~ on the  o ther  hand,  account ing  for the  l inear  visco- 
elastic re laxat ion  of the  diffusive propert ies .  

The  t ime -dependen t  effect ive di f fus ion coefficient,  
D~(t), is def ined as 

Jo~ (t) = - p  De(t) co~ - ~Oe 8 [9] 

where  Jo.2 is the  t ime -dependen t  flux, which  is indepen-  
den t  of  t he  spat ial  pos i t ion in v i ew of the  pseudos teady-  
state approx imat ion ,  and oJ~ is the  oxygen  mass  fract ion at 
the  oxide-s i l icon interface  y = & 

In. v i ew of Eq.  [9], Eq. [7] for the  th ickness  growth rate 
becomes  

d t  - De(t) + 8kr ~ ~ + 1-~o~ 

A sui table  express ion  for the  ef fec t ive  diffusivi ty was 
found  to be  

[ t* 1 De( t )=  D~ + ( D ~ -  D~)ex~p - a ~  [11] 

wi th  a = 0.16 and n = 0.9. 
The p rocedure  fo l lowed to obtain Eq. [11] is out l ined in 

the  Append ix .  
Conf idence  in the  use  of  Eq. [10] and [11] was gained 

th rough  the  compar i son  of  the  resul ts  f rom the  simpli-  
fied mode l  wi th  those  f rom the  comple t e  one: for the  
parameters  of  pract ical  interest ,  the  va lue  of  the  ox ide  
th ickness  ob ta ined  under  the two s i tuat ions  differs typi- 
cally less than  1%. A m a x i m u m  devia t ion  of 2.3% was 
found in the  case of  r* = 108. 

It  is impor t an t  to not ice  that  Eq. [10] can be  r educed  to 
an express ion  wh ich  is formal ly  very  s imilar  to the  one re- 
sul t ing f rom the  l inear  parabol ic  theory.  

This  is not  surpr is ing,  s ince w h e n  t ranspor t  t h rough  the  
layer and chemica l  react ion at the  in terface  are consid- 
ered as the  s ignif icant  s teps of the  process,  it is easy to 
p rove  that  in p seudos t eady  state the  equa t ion  

d t  1 28 
[12] 

d8 KL, e Kp,e 

formal ly  holds, w h e n  both  the  l inear  and the  parabol ic  
coefficients a s sume  dif ferent  express ions  as the  resul t  of 
the  physical  a s sumpt ions  m a d e  on the  mater ia l  behavior .  

In  the  p resen t  case the  effect ive parabol ic  coefficient  
Kp,~ is then  g iven  by 

Ke.~ = Kp.~ (t) = 2D~(t) 4) [13] 

where ,  for the  sake of s implici ty,  use has  been  m a d e  of  
the  fo l lowing pos i t ion  

Msi 1 ) Msio2 
. . . .  ~ -  [14] 

4) ~0~ Mo2 + 1 o~ e Mo2 

The effect ive  l inear  coefficient,  KL.~, is def ined as 

K~,~ = k~ 4) [15] 

and it  has the  same physical  m e a n i n g  as in the linear- 
parabol ic  theory.  

Thus,  accord ing  to the s implif ied mode l  p resen ted  
here  the  s lope  in the  H o p p e r  d iag ram (dt /d8 vs. ~) is re- 
lated to rec iproca l  effect ive  diffusivity,  which  changes  
dur ing  ox ida t ion  f rom the  va lue  D~ to the  va lue  D~. 
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F r o m  Eq. [12] and [15], it is apparen t  that  the  react ion 
rate cons tant  kr is re la ted to the  rec iprocal  of the  actual  in- 
tercept ,  for 8 = 0, in the  H o p p e r  diagram. In  this respect ,  
it can be  no t i ced  tha t  the  usua l  pract ice,  e.g. Ref. (3), to 
evaluate  kr appears  to be  mis leading,  insofar  as the  inter- 
cept  is not  ob ta ined  by the  t rue  dt /d8 curve  but  rather  on 
the  straight  l ine wh ich  ext rapola tes  d o w n  to small  thick- 
ness the linear behavior observed in the thick oxide region. 

In  the  s impli f ied mode l  p roposed  so far, use  is m a d e  of 
five physical  propert ies ,  i.e., Dr, D~, r, kr, and toe, all of  
which  have  a prec ise  physical  mean ing  and can be  mea- 
sured i n d e p e n d e n t l y  of each other  as wel l  as independ-  
ently of the  ox ida t ion  process.  

The same model ,  however ,  could  also be s imply  re- 
garded as a ma thema t i ca l  corre la t ion be tween  oxide  
th ickness  and ox ida t ion  rate. In  the  la t ter  case, only four  
i n d e p e n d e n t  parameters  enter  the  model .  Indeed,  in v i ew 
of Eq. [11] and [8], Eq. [13] can be rewr i t t en  as 

K~,o(t)=24)D~ 1+ ~ - 1  

at  D ~  ~-' 

Therefore ,  the  resul t ing m o d e l  parameters  tu rn  out  to be 

KL,e = kr 4); Ko.~ = 2 4) D~ 

__ T (kr2  o-1 
A = DJD,;  f - a \ - - ~ /  [17] 

Accordingly ,  the  mode l  equa t ion  for the  oxida t ion  rate, 
Eq. [12], can be  rewri t ten  as 

d t  26 1 
- - - -  + -  [18] 

In  v i ew of the  presen ta t ion  of  the results ,  it may  be  con- 
ven ien t  to solve Eq. [18] in its d imens ion less  form ob- 
ta ined by us ing the  character is t ic  t ime  and length  de- 
fined previously.  

Results and Discussion 
The d imens ion less  form of Eq.  [18] has been  solved for 

different  sets of  the  re levant  var iables  in order  both to as- 
sess the  role of  the  significant  pa ramete rs  and to fit 
some of the  pub l i shed  oxidat ion  rate data. 

I t  mus t  be  no ted  that,  in all the  runs, ~oe = 10 -6 has been  
as sumed  as a plausible  va lue  for the  equ i l i b r ium oxygen  
concent ra t ion  in the  si l icon d iox ide  at the  gas-solid inter- 
face (25). 

The effect  of  the  diffusivi ty ratio A = D J D i  is shown  in 
Fig. 1 for a typica l  va lue  of  t he  re laxa t ion  t ime  r*. The  
A = 1 case p roper ly  coincides  wi th  the  l inear parabol ic  
theory,  whi le  increas ing values  of  the  diffusivi ty ratio 
lead to more  p r o n o u n c e d  s lope changes  in the  H o p p e r  di- 
agram. At  di f ferent  A values,  the  s lope changes  all occur  
at a lmos t  the  same  t ime  for a g iven  va lue  of  the re laxat ion  
t ime. 

The  role p layed  by the  re laxat ion  t ime  r* can be 
grasped f rom Fig. 2, where  curves  at different  va lues  of 
this pa ramete r  are g iven for a typical  diffusivi ty ratio. As 
expected ,  for h igher  re laxat ion t imes,  the  slope change  
occurs  at h ighe r  ox ide  th icknesses ,  as due  for the  phys-  
ical mean ing  of  r*. No tewor thy  is the  fact  that  the  two 
l imi t ing cases of  infinite and negl igible  re laxat ion t ime 
coinc ide  with  the  classical l inear  parabol ic  theory. In- 
deed, when  r ~ % the  effect ive  diffusivi ty is always unre- 
laxed  at the  init ial  value,  i.e., De(t) = Dr. For  very  small  re- 
laxat ion t imes  (r ~ 0), on  the  contrary,  the  effect ive 
diffusivity is always given by its re laxed  value,  i.e., 
De(t) = D~. 

On the  o ther  hand,  expe r imen ta l  data  show that  the  lin- 
ear-parabolic  mode l  does not  hold  for in te rmedia te  tem- 
pera tures  whi le  at h igher  t empera tu re ,  say above  1000~ 
and at lower  t empera tu res ,  say be low  750~ m u c h  
smal ler  dev ia t ions  f rom it are observed.  
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Therefore, the two limiting cases discussed above for 
the model behavior appear consistent with the trends 
shown by experimental  data, especially if one remembers 
that relaxation t ime is a quantity which is strongly de- 
pendent on temperature, being rather high at low temper- 
ature and quite small at higher temperature values. 

The ability of the proposed simplified model to repre- 
sent experimental data is apparent from Fig. 3, in which a 
comparison is made between the model behavior and the 
experimental  data reported in Ref. (1, 6, 14): the curves' 
matching is self-evident and definitely satisfactory. 

However, since other existing models (phenomenologi- 
cal and physically based ones) also give a satisfactory rep- 
resentation of the observed behavior, some comments 
and comparisons are now in order. 

As a purely mathematical correlation between oxide 
thickness and oxidation rate, the present model appears 
very similar, in many respects, to the phenomenological 
models presented in Ref. (3) and (12). 

Actually, in the Supreme III model (3), two exponential 
terms and six model parameters enter the complete for- 
mulation. However, one exponential term can be ne- 
glected since it contributes to the solution for no more 
than 5%. The resulting four parameters model is usually 
written as 

dt - 28+~  + C2 exp -L~-2 [19] 

The coefficients used merely obey a data-fitting require- 
ment; no precise physical meaning is associated with 
them. The ability to represent experimental  data is 
known, and the set of parameter values was given for sev- 
e rn  different temperatures (3). 

The model proposed by Ellis et al. in Ref. (12) can be re- 
duced to Eq. [12] with 

. . . . . . . . . . . . .   -=5• 7 

. . . . . . . . . . . . . .  8 

. . . . . . . .  r 7 ~ "  . . . . . . . . . . .  
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0 i i i t 
0 10 20 ~* 
Fig. 2. The reciprocal of the growth rate vs. oxide thickness forA = 

2.5 and different values of the relaxation time. 
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Fig. 3. Comparison of the model results to published experimental 
data from Ref. (14). 

KL,e KL[ l + S f e x p (  ~-L) I = -- ; Kp.~ = const. [20] 

Apparently, this associates an exponential  variation to the 
linear coefficient. Roughly speaking, such is equivalent 
to considering an exponential decay in the chemical reac- 
tion rate, although, in this case too, the purely phenom- 
enological nature of the model does not attribute a pre- 
cise physical meaning to all the coefficients. For this 
model too, a satisfactory agreement between model re- 
sults and experimental  data has been reported (12). 

The mathematical relationships between oxide growth 
rate and oxide thickness given by Supreme III, by Eq. 
[20], and by the present simplified model, Eq. [10] and 
[11], have some common features. As a matter of fact, all 
of them have four adjustable parameters, all of them 
show comparable complexity of the required numerical  
solutions, and, finally, a]] of them can represent experi- 
mental data with satisfactory accuracy. 

The physically based models, on the contrary, have the 
advantage of being the mathematical representation of a 
clearly defined set of assumptions on the basic physical 
mechanisms. Different models of this type will thus pres- 
ent, in addition to intrinsic differences, several analogies 
as far as the gross physical picture is concerned. 

Both our approach and the one followed by Fargeix 
et al. consider oxygen transport through the oxide and 
the oxidation reaction localized the Si/SiO~ interface; in 
view of what was observed in the previous section, Eq. 
[12] formally holds true in either theory. Furthermore, in 
both cases, the origin of the deviations from the linear- 
parabolic theory is associated to the existence of a very 
narrow SiO2 layer in the proximity of the pure silicon 
phase, endowed with properties very different from those 
encountered in the bulk SiO2 phase. In that layer, a non- 
equilibrium structure is observed, which relaxes towards 
an equilibrium state; the relaxation process ultimately re- 
sults in an increase in the effective oxygen diffusivity. 

In Ref. (15, 16), the mass flux is given by a fickian con- 
stitutive equation in which the diffusion coefficient is 
changing only as a consequence of a change in the devia- 
toric stress level. The latter is calculated via a maxwellian 
fluid constitutive equation in which the deformation rate 
term is neglected. In our model, on the contrary, the dif- 
fusive flux is described by a nonfickian integral type 
constitutive equation, Eq. [1], [2], the nature of which par- 
allels exactly that of the momentum flux equation in lin- 
ear viscoelasticity. The viscoelastic response is thus asso- 
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ciated to the relaxation of the newly formed oxide 
structure, which may or may not be described by the 
deviatoric stress. Although it appears useless at the pres- 
ent stage to argue in favor of either approach, we want 
only to point out that the simplified version of our 
model, as presented above, results in a quite different 
mathematical expression for the oxide growth rate which 
is rather simpler than the one obtained in Ref. (15, 16), 
while the ability to represent the experimental  data is the 
same for both models. 

Conclusions 
A simplified viscoelastic model for the thermal dry oxi- 

dation of silicon was formulated which accounts for the 
anomalous behavior observed for the very thin oxide re- 
gion. The basic assumption of the model is related to the 
constitutive equation for the oxygen diffusive flux which 
is represented by a viscoelastic-type equation instead of 
the usual Fick's law. Qualitatively, the proposed equation 
can be viewed as an exponential relaxation from an initial 
fickian behavior with a lower diffusivity D~ toward a 
final fickian behavior with a higher diffusivity D~. 

The model  was found to provide a satisfactory descrip- 
tion of several available experimental  data. Furthermore, 
the model, while it does not require a mathematical for- 
mulation more complex than other currently used mod- 
els, has the important  feature that all the intervening pa- 
rameters have a physical meaning. 
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A P P E N D I X  

For  any set of  the relevant  parameters  the effective 
diffusivity De(t) can be calculated through its definition, 
Eq. [9], once all the other quanti t ies entering Eq. [9] it- 
self have been calculated from the solution of the com- 
plete model  recalled in the viscoelastic kinetic model  
section. 

The t ime dependence  of  Dr(t) has therefore been ob- 
tained for several sets of the two most  significant pa- 
rameters, namely, the dimensionless relaxation t ime T* 
= r k~'2/Di and the diffusivity ratio A = D~/D~ which were 
allowed to range between 10 '~ and l0 s and between 1 and 
10, respectively.  

lror each of the cases examined the resulting values of 
the De(t) distr ibut ion have then been fitted with the ana- 
lytical exponent ia l  form 

- - -  + 1 - exp ( -  fit*) [A-l] 
Di Di 

where t* is the dimensionless t ime and D~ and Di main- 
tain the same physical meaning and numerical  values as 

in the complete  original model. The dimensionless t ime 
constant fl was calculated through a least mean squares 
procedure. 

A set of /3 values was originated through successive 
application of Eq. [A-l] to all the cases considered; the 
result ing values showed a very weak dependence on A, 
which has thus been neglected, while a significant de- 
pendence on r* was apparent. The calculated fi values 
were, therefore, required to satisfy a r* dependence  
given by 

fl = a (r*) -~ [A-2] 

The two numerical  constants which appear in Eq. [A-2] 
were then evaluated through a least mean squares pro- 
cedure and turned out to be a = 0.16, n = 0.9. 
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Titanium Silicide Formation on Boron-Implanted Silicon 
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ABSTRACT 

Thin film interaction between Ti and boron-implanted silicon substrates at 650~176 was investigated. The compo- 
sitional properties were examined with Rutherford backscattering spectrometry and secondary ion mass spectrometry, 
the structural properties with x-ray diffraction, and the electrical properties with sheet resistance measurements. At 
650~ incomplete Ti/Si reaction led to significant amounts of intermediate silicide phases (TisSi3 and TiSi) and hence 
higher sheet resistance. Annealing at 700~ or higher resulted in conversion of the ti tanium film into predominantly 
TiSi2 and a lower sheet resistance. Boron was found to redistribute into the silicide layer during annealing, leading to an 
accumulation on the surface and a depletion at the silicide/silicon interface. The diffusion kinetics of boron through tita- 
nium silicide are compared with those of other p- and n-type dopants. 

Refractory metal silicides have recently attracted much 
attention as MOS gates and interconnects in silicon inte- 
grated circuits because of their low resistivities and MOS 
process compatibility (1, 2). Among the disilicides stud- 
ied, TiSi2 has the lowest resistivity (~15 ~D-cm) (3). Usu- 
ally, the silicide is formed by cosputtering, coevaporation, 
or sintering t i tanium on silicon. For self-aligned silicide 
structures, the last technique is used. Also, the silicide 
formation is performed after the source/drain regions are 
heavily doped by implantation (4, 5). Thin film interac- 
tion of Ti with various n-doped silicon substrates, as well 
as on heavily phosphorus- and boron-doped poly-Si 
films, has been studied (7-12). However, the reaction with 
p-doped substrates has not been investigated in detail. We 
have recently studied titanium silicide formation and bo- 
ron and fluorine redistribution on BF2+-implanted silicon 
(13). In this paper, the Ti/Si reaction on boron-implanted, 
(100) silicon substrates is reported. The compositional, 
structural, and electrical properties of the silicide layer 
formed as well as the kinetics of boron redistribution are 
discussed. Furthermore,  the redistribution behavior of 
boron is compared with those of n-type dopants such as 
phosphorus and arsenic. 

Exper imenta l  Procedure 
Various doses (5 • 10'4-6 x 10 '5 cm -~) of boron ('IB§ 

were implanted at 25 keV (R~ = 320A and hRp = 330~) into 
(i00), 300-500 ~-cm, boron-doped silicon substrates and 
then activated at 900~ in N~ for 30 min. Low implantation 
energy and minimum heat-treatment were used to keep 

* Electrochemical Society Active Member. 
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Fig. 1. Sheet resistance of the boron- and BF2%implanted layer vs. dos- 

age after annealing at 900~ for 30 min. 

the implanted layer shallow so as to represent typical 
source/drain junction of short-channel MOS devices. The 
sheet resistance measured after activation, shown in Fig. 
i, varies between 70 and 225 ~/[~. For comparison, BF2 + 
was also implanted at 40 keY and the same dose range 
and then similarly activated. Its resistance ranged be- 
tween 110 and 270 ~I/[D (13). Then, after a dip in 10% HF to 
remove the surface native oxide, nominally 1000A thick ti- 
tanium films were electron-beam evaporated onto the sil- 
icon substrates at room temperature. The background 
pressure before evaporation was always 1 • 10 -6 torr or 
lower. The heat-treatment was performed in UHP H2 at 
650~176 for 30 rain. To minimize the contamination 
from the ambient, a clean silicon wafer was always used 
as a cover during annealing. 

The compositional and structural properties were stud- 
ied with Rutherford baekseattering spectrometry (RBS), 
secondary ion mass spectrometry (SIMS), and x-ray dif- 
fraction, while the sheet resistance was monitored with a 
four-point probe. RBS was performed with a 2 MeV 4He* 
beam from a linear accelerator. SIMS was done with a 
Cameca IIVIS 3-f ion microscope. The in-depth profiles of 
various negative ion species (namely, "B-, '60-, 19F2-, 
3~ and 48Ti-) were obtained using a mass-analyzed 
beam of Cs- primary ions with an impact energy of 10.5 
keV. The concentrations of various ion species in silicon 
were calibrated with implanted standards. X-ray diffrac- 
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t i on  was  d o n e  in a R i g a k u  ho r i zon ta l  d i f f r ac tome te r  
e q u i p p e d  w i t h  a Cr t u b e  a n d  a r ece iv ing  b e a m  graph i t e  
c rys ta l  m o n o c h r o m e t e r  a n d  also c h e c k e d  w i th  a R E E D  
t h i n  fi lm c a m e r a  u s i n g  Cr K s  r a d i a t i o n  a n d  a g l anc ing  
ang le  of  15 ~ . 

Results and Discussions 
Sheet resistance.--As depos i t ed ,  t h e  shee t  r e s i s t ance  

was  a b o u t  10 ~/C] for  t h e  u n i m p l a n t e d  s a m p l e  a n d  r a n g e d  
f rom 8 to 10 ~ / ~  for  t he  b o r o n - i m p l a n t e d  ones  (Fig. 2). 
Af te r  a n n e a l i n g  at  650~ for  30 rain,  t he  shee t  r e s i s t a n c e  
d r o p p e d  to 0.9-3 ~/C], as s h o w n  in  Fig. 2. T he  sca t t e r  in  t he  
r e s i s t a n c e  va lues  c an  b e  a t t r i b u t e d  to t h e  d i f f e rence  in sil- 
ic ide  c o n t e n t  (see be low)  a n d  a p p e a r s  to re]ate  to the  vary-  
ing  p r e s e n c e  of  n a t i v e  ox ide  a n d  no t  to t h e  b o r o n  dosage.  
The  effect  of a t h i n  na t ive  ox ide  layer  o n  t i t a n i u m  si l icide 
f o r m a t i o n  ha s  b e e n  p r e v i o u s l y  s t ud i ed  in  an  U H V  s y s t e m  
(14). Af te r  a 700~ a n n e a l  for  30 min ,  t h e  s h e e t  r e s i s t a n c e  
r a n g e d  b e t w e e n  0.8-0.9 ~/[g for  all cases.  A n n e a l i n g  at  
h i g h e r  t e m p e r a t u r e s  up  to 900~ c h a n g e d  t he  s h e e t  resist-  
ance  on ly  s l ight ly.  Fo r  example ,  in  Fig. 3, t he  shee t  resis t -  
ance  of  Ti on  u n i m p l a n t e d  a n d  6 x 10 ~5 B ~ c m  -2- 
i m p l a n t e d  s i l i con  s u b s t r a t e s  is s h o w n  as a f u n c t i o n  of 
a n n e a l i n g  t e m p e r a t u r e  for  a p e r i o d  of  30 rain.  I t  is c lear  
f rom the  f igure  t h a t  t he  p r e s e n c e  of  b o r o n  has  l i t t le  
i n f luence  on  t h e  s h e e t  r e s i s t a n c e  a n d  t h e  m a j o r  r e d u c t i o n  

o 
<% 

I ' - -  

0") 

2.4 

2.2 

2.0 

1.8 

1.6 

i I 

o ~UNIMPLANTED 
= ' 6 E I 5  B+cm "2 

I 
_ " 

l 

U3 

- ]  2400  
Z 

v ~ -~2200 ~ 
�9 " --]2000 N 

- J  

1800 

I I I 
650 750 850 950 

ANNEALING TEMPERATURE 
Fig. 4 Si/Ti ratio and silicide thickness, as determined from RBS, as a 

function of annealing temperature for unimplanted and 6 • 1015 B ~ 
cm-~-implanted samples. 

A 
03 
I--- 

Z 

n,- 
,r162 

> -  
I'-- 

Z 
I,r 
I--" 
Z 
m 

19.71 

15.3 

12.1 

I I I 
_ 6 E I 5  B + cm "2 

650% ANNEAL 

i I I [ I I 
~ TiSi 2 

TiSi 
[] Ti5Si 3 

4.5 

0 [ I ' I" I - I I - -  I T M  - - J ' i ~ i ' l ~ l  
50 40 50 60 70 80 

2 THETA (DEGREES) 

I I I I 

- 6EI5 B + cm -2 
700% ANNEAL 

1 

I I I I I 

TiSi 2 
v TiSi 83,4 t 

66.5 
I...- 

49.1 

14.8 

0 
15 .31 47 63 79 95 

2 THETA (DEGREES) 

Fig. 5. X-ray diffraction spectra of a Ti/Si sample (6 x 101~ B § cm -2) 
after annealing at (a, top) 650 and (b, bottom) 700~C for 30 min 

A 
CO ~- I0 0 
1 
Z 

< r  

Z 

i i0-I 

i.r 
Q . .  

10-2 

I I I I l I I I I 

I I I I J I I I I 
014 jO 15 1016 

BORON DOSAGE (cm "2} 
Fig, 6. Peak boron (11B-) concentration in silicon after titanium depo- 

sition but before Ti/Si reaction as determined from SIMS. 



1916 J. Electrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  Augus t  1985 

in sheet resistance occurs in the temperature range of 
650~176 Furthermore, the BF~+-implanted samples 
yielded very similar values of sheet resistance (13). For 
example, values of 0.75-2.5 ~/~ were measured after an- 
neaiing at 650~ for 30 rain and 0.70-0.86 g~/~ after a 700~ 
anneal. 

Film compo~ition.--From RBS spectra, both the Si/Ti 
ratio and silicide thickness are obtained. The Si/Ti ratio 
for unimplanted and 6 • 10 ~ cm -~ samples are shown in 
Fig. 4 as a function of annealing temperature. When the 
Ti/Si films were annealed at 700~ or higher, a Si/Ti ratio 
between 2.0 and 2.1 was measured. The resulting TiSi~ 
thickness after high temperature annealing was 2200- 
2300~ (close to the theoretical estimate of 2.27 times the 

original Ti thickness) and insensitive to the boron doping. 
For the samples annealed at 650~ a thin (~650A) surface 
region of titanium-rich silicide (Si-Ti ~1.8) was detected 
together with a near-stoichiometric disilicide underneath. 
This indicates incomplete conversion of ti tanium into the 
end phase of TiSi~. As will be pointed out in the next sec- 
tion, the titanium-rich surface layer has been found to 
contain significant amounts of intermediate silicide 
phases (Ti~Si~ and TiSi). 

Film structure.~X-ray diffraction revealed that only the 
(002) peak (at 2.34~) of fl-titanium (15) was detected in as- 
deposited films. After annealing at 650~ or higher tem- 
peratures for 30 min, no titanium peak was left. These re- 
sults are similar to those reported for Ti on heavily 

I0 23 

1022 
E 
r 

i0 21 

"~i0 z0 
0 
I.-- 

~- 1019 
Z 

Z 

~ o 1018 

i017 

I016 

I I I I I 

AS- DEPOSITED 
UNIMPLANTED 

i~ 3~  

,J 
�9 :. it 
F""i ~ . . . . .  ISO- 

li 

I'.. 

, ~  
/ 

: ~:"~ ..;. �9 s ;7%.: 48Ti_  "r 'C.:.~ C" .." 

10 23 

1022 
E 

=~ 1021 
o .  

z 1020 
C)  

I - -  ,,,r 

i019 
IJJ 

Z 

o~ i018 

i017 

iO is I I I I l 
0 1380 2720 4080 5440 8800 0 

DEPTH (.~) 

I I I I I 
AS-DEPOSITED 
6EI5 B + cm "2 

. . . . . .  30S i - -  

\__ ,,0_- 
t i ~ - 

- 
. . . .  J~.... 19 F-  = 

:"~ ::%=. I L II B- - 
- - ~  .:" :..:..=~'-,..-~/.~-~.:..~.~ ~..... 4 8 T i - -  

I I I I J 
1380 2720 4080 5440 8800 

DEPTH (A) 

1 ] I I I I I I I I 
700~ ANNEAL 700~ ANNEAL 

t 0 2 3 _  NO B + I M P L A N T _  1 0 2 3 _  6EI5 B + cm -2 _ 

~ lU I0 2 ,^22 ~ 2 
E 30Si" ~ - 30Si- 

r 

== 1021 _ ~  \ ~ ~= 1021 \ 

1020 "~- . .  16 O- z 1020 
~_- �9 . . . . . . . . . . . .  ,. ~_ 160 - 

1019 ~, ~- 1019 : Z 
IJJ : I.U 
r  r 
Z - _ Z 

I " I ~ %: I IB- 

1017 - 1017 I-~ /~\ "i'%'! . 
:~:~T~ 48Ti -  ~!~. d.;~ -~. -: ;~. 19 

F =..=~=~r '=".~; 4 8 T i -  
IO is [ i I I i IO is [ I i '"!" i '! i 

0 1380 2720 4080 5440 8800 o 1380 2720 4080 5440 8800 
DEPTH (A) DEPTH (,~) 

Fig. 7.  S I M S  depth profiles for two Ti/$i somples (unimplonted ond implonted with boron ot 6 • ] 0 ~5 c m - ~ )  b e f o r e  [ o  (top left)  ond b (top right)] ond 
ofter [r (bottom left) ond d (bottom right)] onneoling ot 700~  for 3 0  rain. 



Vol. 132, No. 8 TITANIUM SILICIDE FORMATION 1917 

,?, 
E 

v 

z 
o 

O:: 
I - -  
Z 
IJJ 
~.~ 
z 
0 ( J  

ANNEALING TEMPERATURE (ec) 
900 800 750 700 650 

10 23 I I I I I I zz-- 

liB+, 25KeV, 6EI5 cm "2 

i022 

UNANNEALE[ 
�9 �9 ~ ~pl- 

IoZl -- ~ _ 
<C 
LLI 
CL 

1020 I I I I I I ~ 

0.80 0.85 0.90 095 I.O0 1.05 MO 

I031T (K'J} 

Fig. 8. Peak concentration of boron (HB-) ,  as determined from SIMS, 
for Ti/Si samples with a 6 • 10 ]~ B § cm -~ implant as a function of an- 
nealing temperature. 

phosphorus-doped (from PBr3) poly-Si (7). The films an- 
nealed at 650~ exhibited three t i tanium silicide phases. 
Figures 5a and 5b show the x-ray diffraction spectra of a 
Ti/Si sample with 6 • 10 ~'~ B + cm -2 after annealing at 650 ~ 
and 700~ respectively. Face-centered-orthorhombic 
TiSi2 (16) is the major phase formed, with several peaks 
observed. The main ones were at 2.30, 2.14, 2.09, and 
1.83~, corresponding to the (311), (004), (022), and (313) 
peaks, respectively. From the (311) line broadening, a 
grain size of 550~ was calculated. Also, for the films with 
higher sheet resistance, three other peaks (not attributa- 
ble to TiSi~) at 2.72, 2.44, and 2.20~ were enhanced. While 
the first one can be assigned to the (201) peak of TiSi (17), 
the last two can be, respectively, from either the (210) and 
(211) peaks of TiSi or the (120) and (121) peaks of Ti~Si3 
(18). Since the peak at 2.20~ has a sharper profile and is 
narrower than those of the 2.72 and 2.44~ peaks, it was as- 
signed to Ti~Si~, whereas the latter two to TiSi. (To index 
all the three peaks to TiSi would require the TiSi grains 
to have a peculiar orientation.) Grain sizes of 500 and 100/~ 
were estimated for Ti~Si~ and TiSi from breadths of the 
2.20 (20 of 63.0 ~ and 2.44~ (20 of 56.0 ~ lines, respectively. 
Similar diffraction spectra (not shown) were also obtained 
for the unimplanted sample. It was found that a stronger 
intensity of the intermediate silicide peaks was usually 
detected on films with a higher sheet resistance. This is 
consistent with the higher resistivity (two times or higher 
than that of TiSi~, 36-63 ~ - c m  for TiSi and 55-350 ~ - c m  
for Ti~Si:~) of these intermediate phases (3). Furthermore, 
no diffraction peak traceable to any Si-O, Ti-O, or Ti-B 
phase was found. 

After annealing at 700~ or higher, there is no substan- 
tial structural difference among the unimplanted (control) 
and boron-implanted samples. TiSi~ was the major phase 
formed with a small amount of TiSi also detected. 

Boron diffusion--Boron diffusion after heat-treatment 
was monitored with SIMS depth profiling. To check the 
accuracy of boron concentration from SIMS, besides the 
routine calibration with implanted standards as men- 
tioned earlier, the ion intensity of " B -  in the Ti/Si 
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samples after t i tanium deposition but before thermal an- 
nealing was measured and is plotted as function of the 
implantation dosage in Fig. 6. A linear relationship can be 
readily seen, confirming that the boron concentration is 
proportional to the " B -  signal intensity within the dosage 
range studied. In Fig. 7, the boron profiles for two Ti/Si 
samples--one unimplanted and one implanted (at 6 • 10 ~5 
cm -2) - -  before and after annealing at 700~ for 30 rain are 
shown. After Ti deposition, the boron (HB-) level in the 
silicide was very low. Then, after annealing at 650~ or 
higher, the redistribution of boron into the silicide was 
very significant. At 700~ it can be seen from comparing 
Fig. 7b and 7d that about half of the initial boron layer has 
outdiffused into the silicide layer formed and accumu- 
lated on the outer surface of the silicide layer and eventu- 
ally was lost into the ambient. When the annealing tem- 
perature was raised, the decrease of boron concentration 
in silicon was enhanced, as indicated in Fig. 8, where the 
boron peak concentration of the 6 • i0 I'~ B ~ cm--' sample 
was shown against annealing temperature up to 900~ A 
40% decrease in peak concentration (from 2 • i0 '-'' to 1.2 • 
I0 ~J cm -'~) can be observed. Such a dopant redistribution 
during silicide growth has been reported for high dosage 
BFe ~ (13) and for antimony (8) (but not for arsenic) in TiSi~. 
However, unlike boron and arsenic in PtSi and Pd~Si (19, 
20), no significant snowplow effect is apparent. The ab- 
sence of the snowplow effect has also been observed 
earlier for higher dosage arsenic in TiSi (21). Such a char- 
acteristic is particularly undesirable for shallow junctions 
like those studied here because of the significant loss of 
dopants. 

To compare the boron diffusion with n-type dopants in 
TiSi~, we have also annealed titanium on phosphorus- and 
arsenic-implanted silicon substrates. Phosphorus was 
found to diffuse like boron while arsenic apparently re- 
acted with titanium or silicon during silicide formation. 
The SIMS depth profiles of Ti/Si films with and without 
phosphorus (at the dosage of 6 x I0 I~ cm -2) after anneal- 
ing at 700~ for 30 rain are shown in Fig. 9. It can be seen 
that only a small amount (<50%) of the implanted phos- 
phorus was left in the silicon with peak concentration still 
at the silicide/silicon interface. On the other hand, for ar- 
senic (its SIMS depth profile not shown l~ere), its concen- 
tration was constant in the silicide, and, still, a large per- 
centage was retained in the silicon. More on arsenic 
diffusion during titanium silicide formation will he pub- 
lished later (22). 

Summary 
Thin film interaction between ti tanium and boron- 

implanted, (100) silicon substrates was investigated. X-ray 
diffraction indicated that the (002)-oriented Ti films was 
converted into mainly TiSi~ after annealing at 650~176 
with intermediate silicide phases (TiSi, Ti~Si3) 
significantly present at 650~ A higher intermediate sili- 
cide content was correlated with a higher sheet resist- 
ance. Boron redistributes into the silicide layer during an- 
nealing, leading to an accumulation on the surface. Then 
it was lost into the ambient. Phosphorus, but not arsenic, 
was found to outdiffuse through the silicide like boron. 
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Characterization of the Dual E-Beam Technique for Recrystallizing 
Polysilicon Films 

J. R. Davis, 1 R. A. McMahon, and H. Ahmed 

Department of Engineering, Cambridge University, Cambridge, England IP5 7RE 

ABSTRACT 

Detailed materials properties of silicon on insulator films produced by dual electron-beam recrystallization of 
polysilicon films are reported. By scanning a line electron beam parallel to the edges of an array of narrow seeding 
windows, large areas (several square centimeters) of precisely oriented single-crystal silicon have been formed. The opti- 
mum beam conditions and substrate geometry to achieve the best recrystallization have been investigated, and it has 
been found that using a fast scan speed ( -  35 cm/s) allows seeded regrowth without melting the substrate below the 
isolating oxide. Using these conditions, complete wafers may be recrystallized in around 30s without introducing strain 
or wafer warping. Remaining crystallographic defects include dislocations midway between seeding windows and an 
occasional twinning of the regrowth when the windows are aligned along <110>. 

There is now considerable interest in the production of 
single-crystal silicon films on amorphous insulators 
(SOI), in which advanced electronic devices may be fabri- 
cated (1). One of the most promising methods is the re- 
crystallization of deposited polysilicon films by moving a 
localized molten zone across the specimen surface. Many 
heat sources have been used to produce this zone, includ- 
ing graphite strip heaters (2), radiant lamps (3), lasers (4), 
and electron beams (5). The use of a dual E-beam tech- 
nique capable of producing single-crystal silicon films 
has been reported previously (6-8). In this paper, recent 
improvements to the technique and the detailed materials 
properties of the resulting recrystallized films are de- 
scribed. Also, the dependencies of these properties on the 
specimen preparation conditions and geometry, and on 
electron-beam parameters such as speed, power, and scan 
direction, are investigated. The characterization tech- 
niques employed include defect etching, TEM and SEM, 
x-ray topography, and RBS and ion channeling. Electrical 
properties of CMOS transistors and circuits fabricated in 
the films are reported elsewhere (9). 

The dual E-beam technique has several desirable fea- 
tures, particularly when the films are required for VLSI 
applications. One important requirement is that when the 
substrate is in the form of an oxide-covered wafer the 
recrystallization technique does not cause any damage to 
it, either microscopically in the form of slip dislocations 
or macroscopically as wafer warpage. Production of 
stacked-layer or three-dimensional circuits calls for a 
technique in which the silicon beneath the isolating oxide 
is not melted. For production of more conventional de- 
vices, however, limited melting of the underlying silicon 
is permissible as long as the oxide remains intact and flat 
and the silicon film on top of it maintains a uniform 
thickness and smooth surface. To be commercially ac- 
ceptable, the recrystallization system should have a high 
throughput, and it must have a large window of recrystal- 
lization conditions, thus ensuring that the process is con- 
trollab]e and the yield is high. Finally, the positions in 
which active devices may be placed must  not present un- 
reasonable constraints to the circuit desigher. No recrys- 
tallization technique, or any other SOI method, has yet 
fully achieved all these objectives, but the progress with 
the dual E-beam technique reported here allows most of 
them to be met. 

Method 
The dual E-beam system has been described previously 

(10). The wafer is supported in thermal isolation so that 
both its surfaces are accessible to the beams. The lower 
column produces a background temperature of around 
1000~ by the multiple-raster-scanned, isothermal heating 
technique. This uniform temperature is achieved in a few 
seconds, and is maintained during recrystallization. 

1Present address: British Telecom Research Laboratories, 
Ipswich, England IP5 7RE. 

The upper column images a line beam on the specimen 
surface, producing a localized molten zone in the poly- 
silicon film which is swept across the wafer. In the pres- 
ent version of the machine, this line beam is synthesized 
by scanning a 60 ~m focused spot with a 100 kHz triangu- 
lar signal applied to the X-direction electromagnetic 
deflection coils. This frequency is sufficient to prevent 
the polysilicon from solidifying between passes of the 
beam because of the high background temperature and 
the large amount  of energy stored as latent heat. The 
length of the line in these experiments was typically 2 
ram, and was limited only by the power available from 
the high voltage supply (60W at 20 keV). Recrystallization 
was performed by scanning the line beam across the wa- 
fer at speeds in the range 3-300 cm/s by means of the 
Y-deflection coils, producing a 2 mm wide recrystallized 
stripe. Larger areas were recrystallized by stepping the 
wafer, together with the area scanned by the bottom 
beam, between sweeps, and with the line blanked. Com- 
plete wafers can be recrystallized in around 30s using this 
technique with a typical scan speed of 35 cm/s. This time 
is virtually independent  of the wafer size, being deter- 
mined principally by the background heating time con- 
stant. 

The choice of accelerating voltage for the line beam is a 
compromise between a low value to maximize the power 
deposition in the polysilicon, rather than in the substrate, 
and a high value for ease of producing a high power den- 
sity. Only 3.3% of the beam power penetrates to the sub- 
strate with a 20 keV beam for a structure in which the un- 
derlying oxide, the po]ysilicon, and the capping layer are 
each 1 ~m thick (7). 

Previous work (7, 8) has shown that for line-scan speeds 
of > 10 cm/s, which are used to control the depth of melt- 
ing, seeding of the regrowth from a single-crystal sub- 
strate through holes ("seeding windows") cut in the 
isolating oxide is necessary to achieve an (001) surface. 
There is a choice of two obvious directions for the scan 
relative to the orientation of the seed windows. These 
have been termed "perpendicular scanning" and "parallel 
scanning" and are illustrated in Fig. 1. The relative advan- 
tages of the two schemes originate from the fact that the 
seed windows fulfill two roles; not only do they select 
the crystal orientation of the regrown layer, but they also 
control the flow of heat during resolidification. Perpen- 
dicular scanning, which we originally used (6, 8), pro- 
duces a slightly wider defect-free zone, but we have re- 
cently obtained improved surface flatness and control of 
the process by using parallel scanning; all the results de- 
scribed in this paper employed parallel scanning. 

Specimens for recrystallization were prepared by 
growing a thermal oxide of between 0.5 and 2.0 ~m on 
(001) silicon wafers. Seeding windows were normally pro- 
duced by wet etching, giving an oxide edge slope of - 70 ~ 
but some specimens were prepared with an approxi- 
mately coplanar surface by a LOCOS process. The seed 
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scan 

l ~ seed 
f r on t  ~ 

(a) 

seed windows 

.... t-[---I'-I .... Il--" 
(b) 

Fig. 1. Schematic diagram of two possible seeding strategies, a: 
Perpendicular scanning, b: Parallel scanning. 

windows  were  a l igned ei ther  wi th  the  <110> direct ion 
(parallel to the wafer  flat and the  normal  process ing ori- 
entation), or wi th  the  <100> direct ion,  at 45 ~ to the flat. A 
10s dip in di lute  HF  immedia te ly  prior  to the low pressure  
deposi t ion of  the  0.5 or 1.0 ~m thick polysi l icon layer en- 
sured good contac t  wi th  the  subs t ra te  in the seeding 
windows.  A capping  layer of 1/~m of depos i ted  oxide  and 
50 n m  of si l icon ni t r ide was employed .  

Results and Discussion 
General.--Figure 2 is a set of  Nomarsk i  mic rographs  of 

several  regions taken  f rom a typical  recrystal l ized stripe 
after removal  of the  capping layers and Secco  e tch ing  to 
reveal  any crys ta l lographic  defects.  Recrystal l izat ion in 
this ins tance was ach ieved  with a background  tempera-  
ture of 985~ and a scan speed of 35 cm/s. In  the central  
region, the recrysta l l ized film is free of  any line features, 
indicat ing perfec t  regrowth.  At  the  start  of the scan, the  
unme l t ed  polysi l icon has been  r e m o v e d  by the  etch, and 
this is fol lowed by a short  region of unseeded  growth,  
with associated grain boundar ies ,  unt i l  the  polysi l icon in 
the  seed windows  melts.  The  contract ion of  the  polysili- 
con as it init ially mel ts  gives rise to a row of small  holes, 
penet ra t ing  the  film, w h e n  the beam first hits the  speci- 
men,  but  once the sweep is unde rway  there  are no discon- 
t inuit ies in the mass flow to cause any fur ther  loss of sur- 
face flatness. This is in contrast  to the  perpendicu la r  
scanning case, where  the oxide steps p resen t  per iodic  
constr ict ions to the flow, and the  hea t  s inking effect of 

the exposed  subst ra te  lowers the  t empera tu re  and in- 
creases the  v iscos i ty  of the  mol t en  silicon, p roduc ing  the  
r ipples  observed  in our  earl ier  resul ts  (8). At the  end of  
the  scan, expans ion  of  the s i l icon leads to a row of small  
mounds  as the now stat ionary mol ten  pool  solidifies. The 
ex ten t  of  the  recrystal l izat ion beyond  these  mounds  gives 
an indicat ion of  the  ins tan taneous  size of the  mol ten  zone, 
wi th  typical  va lues  be ing  in the  range 50-150 /~m, de- 
pend ing  on the  b e a m  power;  that  is, they  are comparab le  
with the wid th  of the  l ine beam. In  a p roduc t ion  recrystal-  
l ization system, the beg inn ing  and end  of the  scan wou ld  
be arranged to occur  ei ther  off the  wafer  or in the scribe 
lanes be tween  chips, thus  r e m o v i n g  all ev idence  of mass 
flow from the  device  areas. At the  ex t r eme  edge of the  
stripe, the beam power  is insufficient  to cause mel t ing  in 
the  seed windows ,  leaving a nar row zone of large-grained 
material.  Once  again, this zone wou ld  be  p laced outs ide  
the act ive device  region. 

Figure  3 is a series of SEM mic rographs  of spec imens  
Secco-e tched  after cross sectioning, and in which  re- 
crystal l izat ion was p roduced  by increas ing  beam powers.  
The unrecrys ta l l ized  polysi l icon has a co lumnar  grain 
structure,  wi th  grains -0 .1  x 1 ~m (Fig. 3a). After  
recrystal l izat ion at the  lowest  b e a m  power  (Fig. 3b) the 
polysi l icon on the  oxide  shows a dramat ic  increase in 
grain size, but  the  extra  hea t  s inking in the  seed w i n d o w  
has p reven ted  comple te  mel t ing  there  and the  regrowth  is 
unseeded .  A small  increase in the b e a m  power  (Fig. 3c) 
causes the  mel t  to pene t ra te  into the  substra te  at the  sides 
of the  seed window,  even  though  mel t ing  in the center  is 
incomple te .  This  effect,  wh ich  arises f rom the  lateral  heat  

Fig. 2. Secco-etched regions from a 2 • 8 mm recrystallized stripe, 
with an (001) substrate and the seed windows aligned along < 110>.  
The narrow lines are the 4/~m wide seeding windows. 

Fig. 3. SEM cross sections of recrystallized films after Secco etch- 
ing. Pictures a to d are at increasing beam powers. Scan direction is 
into the plane of the paper. 
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flow from the oxide-isolated region into the seed area, 
means that proper seeding can be achieved from win- 
dows of submicron widths at powers only very slightly 
above those needed to melt unseeded films..In Fig. 3d, 
complete epitaxial growth has occurred in the seed re- 
gions, and only a few etch pits at the original polysili- 
con/substrate interface remain, probably caused by the 
breakup of the thin native oxide present before polysili- 
con deposition; these defects do not propagate into the 
oxide-isolated regions. The difference in beam power be- 
tween Fig. 3b and 3d is about 15%. 

The orientation of the regrown films has been investi- 
gated with a variety of techniques. For example, Fig. 4 
shows an array of anisotropically etched pits (11) which, 
by their square shape, show the surface to be (001) ori- 
ented. The sides of these squares are accurately aligned 
parallel to the <110> seeding window direction, which is 
to be expected of a pit defined by the intersection of the 
[111] planes with the (001) surface. Correct orientation of 
much larger regions is shown by the electron channeling 
picture of Fig. 5. Two separate recrystallized stripes show 
the standard (001) channeling pattern, and this pattern is 
continuous across the vertical scribe lane where the poly- 
silicon is in direct contact with the substrate and has re- 
grown epitaxially. No patterns are seen in the nonrecrys- 
tallized regions. 

Macroscopic wafer flatness and the possibility of inter- 
nal stresses in the substrate created by the recrystalliza- 
tion procedure were investigated by means of x-ray to- 
pography. The wafer shown in the topographs of Fig. 6 
was unseeded and was recrystallized over its entire area 
by a number  of sweeps of the line beam parallel to the 
wafer flat. After recrystallization, the wafer underwent a 
full CMOS processing schedule, in the course of which 
the recrystallized film was etched into small islands. It 
can be seen that there are no slip dislocations in the sub- 
strate, and the evenness of the image intensity indicates 
that there is no appreciable stress. This is in contrast to 
graphite strip heater-recrystallized wafers, where the slow 

Fig. 4. Square onisotropic etch pits in a recrystallized film seeded 
from an (001) substrate with the seed windows aligned along < 110>.  

Fig. 6. X-ray transmission topographs (Mo K~ radiation) of a wafer 
recrystallized by a number of 2 mm wide stripes, taken after a full 
CMOS device process. The fine detail is due to the presence of alumi- 
num bonding pads and device structure. The pictures were taken on 
the some wafer with the < 2 2 0 >  reflection, for two different beam 
directions. 

movement  of a much larger molten zone may cause com- 
plex two-dimensional stresses (12). The introduction of 
seed windows does not produce significant changes to 
the temperature profile in the substrate, and hence it is 
expected that seeded wafers will also be stress free. 

Crystal defects.--Dual E-beam recrystallized films, al- 
though essentially single-crystal sheets, at present show 
three main types of crystallographic defects. First, with 
parallel scanning, there is a defect in the center of each 
oxide bar where the growth fronts from the two seeding 
windows meet. This defect was not usually revealed by 
Secco etching, but transmission electron microscopy (Fig. 
7) shows the presence of a number  of threading disloca- 
tions. These dislocations were almost always confined to 
within 1 t~m of the geometrical center of the oxide bar by 
the symmetry of the heat flow, and so could be avoided 
by the active region of devices fabricated in the films. It 
is worth noting that no dislocations were found at other 
positions. 

The second form of defect observed was an occasional 
twinning of the regrowth which, once initiated, could 
propagate for hundreds of microns in the scan direction. 
This twinning is shown by the anisotropic etch pits in 
Fig. 8, where the pits along one half of the central oxide 
bar are hexagonal. X-ray texture camera studies showed 
that these regions have a (225) surface, resulting from 
twinning on a (111) plane. Twinning was usually observed 
on specimens with the seed windows aligned along the 
<110> direction. In this case, the {111} twin planes lie 
along the seed direction, which is also the direction of the 
maximum temperature gradient produced by the line 
beam. 

Fig. 5. SEM channeling contrast picture of two recrystallized stripes Fig. 7. TEM of dislocations running along the center of a recrys- 
crossing an epitaxially regrown area on an (001) substrate, tallized stripe. 
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Fig. 8. Anisotropic etch pits in a recrystallized film with the seed 
windows aligned along < 1 1 0 > ,  showing hexagonal pits along half of 
the middle bar indicating twinning and a (221) surface. 

The final form of crystal defect observed was stacking 
faults, which are shown in the optical and TEM micro- 
graphs of Fig. 9. The most common faults were found in 
twinned regions with <ll0>-aligned seed windows. 
These faults, which again lie on (III) planes, originate at 
the seed window edge and grow at 56 ~ in towards the cen- 
ter of the oxide bar, In untwinned regions, the traces of 
the  (111) planes  m a k e  an angle  of 90 ~ to the  seed edge, and 
these  faults were  observed  far less f requent ly ,  with about  
one fault  per  cen t ime te r  of  seed edge. For  seed windows  
al igned along <100>, where  the  traces of the  (111) planes  
are at 45 ~ to the  seed edge, the s tacking fault  dens i ty  was 
typical ly two faults per  mil l imeter .  S tacking  faults on 
higher-order  planes,  par t icular ly  (211), (311), and (221), 
were  some t imes  observed  in regions  where  poor  photol i -  
thography  had led to very rough edges  to the  seed 
windows.  In  general ,  the  larger the angle  a fault  made  
with  the  seed edge, the  less f requent ly  it was observed,  
conf i rming that  the  driving force for the  propagat ion  of 
the  defect  is the  stress p roduced  by the  t empera tu re  gra- 
dient  behind  the  beam. A more  detai led invest igat ion of  
the defects  will  be  publ i shed  e lsewhere .  

Overall crystal quality . - -The  effects of the var ious  crys- 
tal defects desc r ibed  above  on the  overal l  perfect ion of 
the  film have  been  inves t iga ted  by Ruther ford  backscat-  

Fig. 10 4He~ ion backscattering spectra from recrystallized films, a: 
Direct contact between the polysilicon and the substrote (equivalent 
to the seeding region), b: 82% of the recrystallized film separated 
from the substrate by 1 ~rn of oxide. 

tering and ion channeling studies. Figure 10a shows the 
random and [001J-channeled spectra obtained from an 
epitaxially regrown polysilicon layer deposited directly 
onto an (001) substrate, corresponding to the seed area of 
an SOl specimen. A value of 3.9% is obtained for the mini- 
mum channeling yield ~( ...... approaching that of bulk sili- 
con and indicating good quality regrowth. There is no 
sign in the channeled spectrum of the original polysili- 
con/substrate interface, showing that good mixing has 
occurred. The beam power in this experiment had been 
optimized for the regrowth of the SOl area, and so even 

Fig. 9. Stacking faults in a film recrystallized on a n (001) substrate with seed windows aligned along ~ 1 1 0 > .  Pictures a and c are Nomarski 
micrographs of Secco-etched regions in which the recrystallization is twinned and untwinned, respectively. Picture b is a TEM of a single stacking 
fault. The various types of common faults are shown schematically in d. 



Vol. 132, No. 8 RECRYSTALLIZING POLYSILICON FILMS 1923 

better results could be expected for slightly higher 
powers. 

The spectra of Fig. 10b were obtained on the same spec- 
imen as used for Fig. 10a without changing its orientation, 
but in a region where a repetitive array of oxide bars 18 
/zm wide and spaced 4 /zm apart isolated 82% of the sili- 
con film from the substrate. The 1.5 MeV 4He§ beam used 
in this study had a diameter of 1 ram, so these spectra 
represent averages over many separately seeded regions. 
The specimen, which had <ll0>-oriented seed windows, 
had been lightly Secco etched to reduce the silicon film 
thickness and to allow the degree of twinning to be esti- 
mated optically at around 15% of the total area. This twin- 
ning, and the associated stacking faults, have increased 
the value of Xm~. to 10.2%, which is similar to values often 
observed for silicon on sapphire films (13). The increase 
in the channeled signal with increasing depth is much 
smaller here than in the case of SOS, however, as the den- 
sity of defects is largely independent of depth for the re- 
crystallized films, whereas for SOS many microtwins are 
nucleated at the back interface, giving rise to a gradually 
increasing defect density with depth. That the recrystal- 
lized silicon has good crystal qualities throughout its 
thickness is confirmed by the electron and hole mobili- 
ties at the back interface, which have values comparable 
to bulk silicon (9). Thus for specimens in which the twin- 
ning is reduced, for example by the <100> alignment of 
the seed windows, much improved crystal quality should 
result. Also, it will be possible to provide thinner films, 
required for small-geometry devices, without degrading 
the crystal quality. 

Choice of regrowth parameters.--Optimum regrowth 
with the dual E-beam technique depends on the correct 
choice of the beam conditions and the thicknesses of the 
various layers. The relationship between the power re- 
quired in the line beam and the scan speed for a typical 
experiment  is shown in Fig. 11. Along the line marked 
"partial melting," the beam power raises the polysilicon 
temperature to the melting point but is insufficient to 
provide the latent heat requirement  of the whole film, re- 
sulting in a slush of mixed solid and liquid. For beam 
powers above the value required for complete melting, 
there is a window in which good recrystallization occurs, 
until eventually the liquid silicon is raised to a tempera- 
lure at which damage is caused. This damage takes the 
form of dewetting and agglomeration of the silicon into 
islands ("beading up") at low speeds and a cracking of 
the cap at high speeds. The increasing window of satis- 
factory conditions with scan speed makes it attractive to 
work with as fast a scan as possible, especially as the re- 
duced diffusion of heat into the specimen with the short 
dwell times minimizes the possibility of substrate melt- 
ing. The upper limit to the speed is set by the necessity to 
provide adequate beam power, and by the ability of the 
seed windows to keep the position of the solidification 
front under control, preventing random nucleation of 
grains. This latter effect is also a function of the substrate 
or background temperature. It is desirable to work with a 

high background temperature in order to minimize (i) the 
difference in power densities required to melt the poly- 
silicon on the thermally insulating oxide and that on the 
substrate, (it) the stress produced by the high tempera- 
ture gradients, and (iii) the total line beam power. The 
window of beam powers allowing seeded recrystallization 
(i.e., the minimum power required to melt the polysilicon 
in the seed window without causing melting under the 
isolating oxide) is shown in Fig. 12 for a fixed scan speed. 
As expected, the two lines converge towards the melting 
point, where the whole specimen is melted without any 
power input from the line beam. For temperatures above 

1270~ the seed windows, which were widely separated 
in this experiment, are unable to keep the solidification 
front close to the line beam and random solidification 
proceeds vertically from the underlying oxide in small 
(-50 /zm diam) regions, leading to a {lll}-textured film. 
Thicker polysilicon or oxide layers or more closely 
spaced seed windows all result in the polysilicon being in 
better lateral thermal contact with the substrate, and 
hence allow seeded regrowth to be maintained to higher 
scan speeds or substrate temperatures. 

Seeded regrowth naturally requires melting to pene- 
trate into the substrate in the seed window, but it is desir- 
able for the substrate below the isolating oxide to remain 
solid. The depth of melting has been investigated by ob- 
serving the motion of an As marker implant (1.0 TM cm -2 at 
40 keV) positioned in the substrate prior to the low tem- 
perature growth of the oxide. Bevel-and-stain and cross- 
sectional SEM techniques have both been used. The 
depth of melting, both under the center of an oxide stripe 
and at the edge of a seed window, is shown in Fig. 13 as a 
function of the line beam power. There is a window of 
beam power between 24 and 26 W/ram, or 8%, for seeded 
regrowth without substrate melting. The size of this 
window is expected to increase with increasing sweep 
speed. Increases in the beam power above the melting 
threshold give a linear increase in the melt depth. The 
slope of the line indicates that, to a first approximation, 
there is no change in the amount of heat lost from the sur- 
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Fig. 12. Dependence of the window of line beam powers for seeded 
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face region and that the extra power above threshold is 
simply absorbed as latent heat. The substrate under the 
oxide can be melted to a depth of several microns without 
loss of surface flatness or damage to the oxide stripes, 
and hence substrate melting should not necessarily be re- 
garded as catastrophic, except, of course, for the case of 
recrystallization of partially processed wafers. Finally, for 
beam powers substantially above the melting threshold, 
molten silicon flows over the oxide stripes which remain 
intact but sink into the substrate. 

The thicknesses of the various layers determine the 
heat flow in the system and hence the process window. 
Increasing the thickness of the underlying oxide in- 
creases the thermal isolation of the polysilicon film, mak- 
ing it easier to melt it without substrate melting. This 
means, however, that when the beam power is sufficient 
to cause melting in the seed window the polysiticon on 
oxide has been heated well above the melting point and 
hence it exerts a large stress on the capping layer, some- 
times causing it to fracture. Although no problems were 
experienced in obtaining seeded regrowth up oxide edges 
2 t~m high, opt imum results were usually achieved with 1 
~m oxides. 

SOI films intended for VLSI applications will probably 
have thicknesses of 0.5 ~m or less. The dual E-beam tech- 
nique was found to be successful for polysilicon thick- 
nesses down to 0.2 ~m, below which dewetting occurred. 
The uniformity of the crystal structure throughout the 
film allows it to be thinned after recrystallization (by 
etching, or by growing and stripping off an oxide, for ex- 
ample) without any loss in crystal quality, and hence a 
thicker film than is finally required can be chosen for 
recrystallization. Increasing the polysilicon thickness in- 
creases the lateral component  of the heat flow compared 
to the vertical one through the oxide, providing better 
control of the solidification front. Thus thicker poly- 
silicon layers show a reduced tendency to random nuclea- 
tion at high scan speeds and also allow a wider spacing of 
the seed windows without allowing the solidification 
front to facet and produce sub-boundaries. The maxi- 
mum window spacing which still produced boundary- 
free recrystallization with parallel scanning was 50 ~m for 
0.5 ~m films and 70-100 t~m for 1 t~m thick films. As the 
spacing was increased towards these maximum values, 
the severity of the defect above the center of the oxide 
bar (that is, the number  of individual dislocations re- 
quired to accommodate the mismatch between the two 
sides) increased. 

Conclusions 
It has been demonstrated that the dual electron-beam 

recrystallization technique is capable of producing pre- 
cisely oriented films of single-crystal silicon on oxide. 
The films are essentially free of major defects, except for 
an occasional twinning of the growth on {111} planes 
which occurs particularly when the seed windows are 
aligned in the <110> direction. By arranging for the scan 
direction of the line beam to be parallel to the seed 
windows, there are no discontinuities in the mass flow of 
molten silicon, and so the recrystallized films remain 
flat. 

The opt imum beam and specimen parameters for 
achieving a wide process window have been investigated. 
Oxide and polysilicon films - 1  ~m thick produce the 
best recrystallization, particularly when recrystallized 
with a background temperature of 1000~ and a scan 
speed of > 30 cm/s. Under these conditions, there is a pro- 
cess window of - 8% in beam power between achieving 
proper seeded regrowth and the onset of substrate melt- 
ing beneath the isolating oxide. Substrate melting of sev- 
eral microns can be tolerated without degrading the SOI 
film as long as there are no device structures present, 
giving a much larger window. 

Future work will concentrate on a scaling up of the 
E-beam equipment and on methods of eliminating the 
problems of twinning. The speed with which the tech- 
nique can recrystallize a wafer and the quality of the 
films that it produces will make it a strong contender for 
producing SOI substrates for VLSI device fabrication. 
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ABSTRACT 

Divinyl tetramethyl disiloxane (DVS), hexamethyl disilazane (HMDS), and methyl trimethoxysilane (MTS) polymer 
films were deposited on p-type silicon substrates using plasma-enhanced chemical vapor deposition (PECVD) pro- 
cessing. The deposition process was implemented in a parallel-plate, capacitively coupled plasma deposition system. 
Excellent film thickness and refractive index uniformity (std dev = 2-3%) were obtained. The deposition kinetics were 
studied as a function of process parameters such as pressure, power, density, and substrate temperature. The polymer 
film's physical properties were characterized by Fourier transformed infrared (FTIR), electron spectroscopy for chemi- 
cal analysis (ESCA), Auger spectroscopy, electron spin resonance (ESR), and plasma etching. These polymer films were 
used as an intermediate oxygen etch resistance layer in trilevel resist lithography to produce submicron image patterns 
(= 0.7 ~m lines and spaces) using step and repeat photolithography. 

The formation of polymeric organosilicon compounds 
by radio frequency (RF) glow discharge as a thin dielec- 
tric film for optics (1-2) and other microelectronic appli- 
cations (3-9) has been reported widely in several recent 
publications. Plasma polymer films with unique physical 
and chemical characteristics can be produced by the 
passage of organosilicon monomers through low pressure 
plasma. The polymers are usually amorphous and highly 
cross-linked with stoichiometric ratios which typically do 
not relate to those of the starting monomers in a simple 
way. In microelectronic applications, siloxane, silazane, 
and silane monomers are the most frequently used com- 
pounds for plasma polymerization because of their low 
toxicity (I0) and compatibility with both organic resists 
and silicon materials. Furthermore, low temperature dry 
processing in a vacuum minimizes exposure to contami- 
nation and is a low cost and attractive technique for VLSI 
fabrication. 

It is well known that properties of plasma-deposited 
polymers are influenced by process parameters, includ- 
ing power density, pressure, substrate temperature, posi- 
tion of substrate, and type of plasma reactor coupling (ca- 
pacitive or inductive) (11-13). The complexity of the 
plasma polymerization mechanism has also been dis- 
cussed by Hailer and others (ii, 14-17). Organosilicon 
polymer tends to have lower internal stress and greater 
freedom from pinholes, as compared to thermally grown 
or deposited silicon films, due to the low deposition tem- 
perature, highly cross-linked structure, and better ther- 
mal matching and compatibility with' organic resist. 
Therefore, the organosilicon polymer films can be used 
as an intermediate plasma oxygen etch barrier, in place of 
thin oxide or nitride films, in trilevel resist photolithogra- 
phy. 

Recently, Sachdev et al. (4) studied some physical prop- 
erties of organosilicon polymers deposited in a barrel- 
type inductively coupled plasma system. In this paper, 
we report the deposition, characterization, and applica- 
tion of divinyl tetramethyl disiloxane (DVS), hexamethyl 
disilazane (HMDS), and methyl trimethoxysilane (MTS) 
polymers in a parallel-plate, capacitively coupled, plasma 
system. 

The deposition kinetics were investigated by studying 
the variation in film deposition rates as a function of pro- 
cess parameters such as power, system pressure, and sub- 
strafe temperature. The physical properties of deposited 
polymers were characterized by Fourier transformed in- 
frared (FTIR) spectroscopy, electron spectroscopy for 
chemical analysis (ESCA), Auger analysis, and electron 
spin resonance (ESR) techniques. Film properties were 
s tud i ed  as depos i t ed ,  a f te r  t h e r m a l  a n n e a l i n g  u p  to 300~ 
a n d  af te r  su r face  t r e a t m e n t  w i t h  o x y g e n  or n i t r ogen  
p lasma.  The  e t ch  ra tes  of t h e s e  p o l y m e r s  in  CF4 p l a s m a  
and  in O., p l a s m a  in reac t ive  ion  e t c h i n g  m o d e s  were  also 
inves t iga ted .  The  d e p o s i t e d  po lymer s  we re  u sed  as inter-  
m e d i a t e  p l a s m a  o x y g e n  e tch  ba r r i e r s  in  t r i level  res is t  

photolithography (18-20). Submicron images with vertical 
profiles (~ 0.7 ~m) were obtained from this multilayer re- 
sist technique using step and repeat photolithography. 

E x p e r i m e n t a l  

The plasma polymerization and deposition processes 
were implemented in a high frequency (13.56 MHz), par- 
allel-plate, capacitively coupled, plasma deposition sys- 
tem. The monomers DVS, HMDS, and MTS were pur- 
chased from Petrarch Chemical, Limited, and used 
without further purification. The chemical structure, mo- 
lecular weight, and boiling point of the monomers are 
shown in Table I. Polymer films were deposited on bare 
p-type silicon wafers for process and physical characteri- 
zation. The monomer liquids were heated to a constant 
70~ during the deposition process. The reactor chamber 
pressure was controlled by gas input and vacuum pump 
throttle valves. The radius for the electrode is about 31 
cm. The volume of the system is about 45 dm 3. Since the 
gas input is controlled by monomer evaporation, exact 
flow rate calculation is not possible. Approximate flow 
rates for all monomers is in the range of 300-500 sccm. 
The centerline process parameters for the best film 
thickness and refractive index uniformities (std dev = 
2-3%) are given in Table II. We also studied the variation 

T a b l e  I. Structure and propert ies of organosi l icon monomers 

Molecular 
Chemical Structure 
Name 

Hexamethy, CH3 CH3 

Dlsllazane H 3 C -  Si - N - S I - C H  3 
HMDS) I I 

CH 3 CH 3 

1-3-Divinyl 2HC = CH HC = CH 2 
I I 

Tetramethyl H3C - SI - - O  - SI - -  OH 3 
Disiloxane I I 
DVS) H3 C CH 3 

Methyl Tri- 
methoxysllene 
(MTS) 

OCH 3 
I 

OH 3 --  SIi - -  OCH 3 

OCH 3 

Weight 
gr/mole 

Boiling 
Point 
(~ 

164 127 

186 139 

103 

T a b l e  II.  Deposit ion condit ions for polymer 

Type of Power Pressure Substrate Deposition Refractive 
Monomer (Watts) (mTorr) Temperature Rate Index 

(~ (nm/min.) 

HMDS 300 110 100 15 1.50• 0.01 

DVS 300 110 100 27 1.49• 0.01 

MTS 300 1000 100 6 1.48• 0.01 

Batch Thickness Uniformity 30"= 6 - 10% 

1925 
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of depos i t i on  ra tes  as func t i ons  of s u b s t r a t e  t e m p e r a t u r e  
(25~176 p o w e r  dens i ty  (0.08-0.24 W/cm~), a n d  reac to r  
p r e s s u r e  (110-1000 mtorr) .  

F i lm t h i c k n e s s  and  ref rac t ive  i n d e x  were  m e a s u r e d  
u s ing  a He-Ne laser  e l l i p some te r  ( w a v e l e n g t h  = 632.8 nm)  
a n d  a Talystep.  

F T I R  s tud ies  we re  p e r f o r m e d  wi th  500 n m  p o l y m e r  
fi lms d e p o s i t e d  on  a ba r e  s i l icon subs t r a t e .  B a c k g r o u n d  
a b s o r p t i o n  of  t h e  s u b s t r a t e  was  s u b t r a c t e d  f rom t he  spec-  
t ra  to o b t a i n  b u l k  film spect ra .  T he  m a x i m u m  reso lu t ion  
of the  s p e c t r o m e t e r  was  0.5 c m  -~ wave  n u m b e r .  F T I R  
s tud ies  of l iqu id  m o n o m e r s  were  also p e r f o r m e d  to de tec t  
Si-H and  Si-OH b o n d s  w h i c h  m a y  resu l t  f rom w a t e r  v a p o r  
c o n t a m i n a t i o n .  However ,  n o n e  of  t h e s e  b o n d s  was  de-  
t ec ted  in the  l iqu id  m o n o m e r  a d s o r p t i o n  spectra .  

A u g e r  ana lys i s  for compos i t i ona l  d e p t h  profi les  was  
p e r f o r m e d  wi th  100 n m  films on  a s i l icon s u b s t r a t e  sur- 
face. The  films we re  s p u t t e r e d  by  1 keV  Ar  ~ ion to deter-  
m i n e  t he  c o m p o s i t i o n  as a func t ion  of  dep th .  The  detec- 
t ion  l imi t  of  t he  A u g e r  tool  was  0.5 a tomic  p e r c e n t  (a/o). 
The  p o l y m e r  f i lms were  e x a m i n e d  as d e p o s i t e d  a n d  af te r  
a n n e a l i n g  in a n i t r o g e n  a t m o s p h e r e  for 30 ra in  at  300~ 

The  E S C A  t e c h n i q u e  was  u sed  to ana lyze  the  film sur- 
face c o m p o s i t i o n  as -depos i ted ,  a n d  a f te r  e i the r  n i t r ogen  
or o x y g e n  p l a s m a  sur face  t r e a t m e n t .  The  surface  compo-  
s i t ions  we re  also ana lyzed  as a f u n c t i o n  of  RF  power.  Sur-  
face analys is  was  p e r f o r m e d  on a H e w l e t t - P a c k a r d  H P  
5950B p h o t o e m i s s i o n  spec t rome te r .  S c a n s  we re  m a d e  in  
b o t h  s u r v e y  a n d  h i g h  r e so lu t ion  modes :  su rvey  to de tec t  
the  poss ib le  p r e s e n c e  of u n e x p e c t e d  e l e m e n t s  on  the  sur- 
face, a n d  h igh  r e so lu t i on  to quan t i fy  t he  k n o w n  e l e m e n t s  
and  he lp  e s t a b l i s h  t he i r  b o n d i n g  e n v i r o n m e n t s .  

E S R  analys is  for u n p a i r e d  e l ec t rons  (spin  densi ty)  in  
the  p o l y m e r  fi lms was  p e r f o r m e d  w i t h  2 ~ m  films depos-  
i ted  on a ba re  s i l icon subs t r a t e  surface.  The  measu re -  
m e n t s  were  p e r f o r m e d  b o t h  at  r o o m  a n d  nea r  l iqu id  he- 
l i um t e m p e r a t u r e s  (~ 8-9 K). D o u b l e  in teg ra l s  were  com- 
p u t e d  for  all o b s e r v e d  r e s o n a n c e  a n d  c o m p a r e d  wi th  
s t a n d a r d i z e d  t h i n  Si:~N4 f i lm s a m p l e s  w i th  k n o w n  sp in  
densi ty .  The  r e p r o d u c i b i l i t y  of t he  in tegra l s  is a b o u t  
_+15-20%, and,  w i t h i n  th i s  l imit,  in tegra l s  can  be  com- 
p a r e d  f rom one  s a m p l e  to ano ther .  Ba re  Si s u b s t r a t e s  
were  s u b j e c t e d  to s imi la r  p l a s m a  depos i t ion ,  a n d  t h e  de- 
pos i t ed  f i lms were  t h e n  r e m o v e d  by  we t  e t ch i ng  in  a 
bu f f e red  H F  solut ion.  The  s u b s t r a t e s  were  m e a s u r e d  for 
any  sp in  r e s o n a n c e  t ha t  m i g h t  h a v e  a r i sen  f rom p l a s m a  ir- 
radia t ion.  The  d e t e c t i o n  l imi t  of  t he  E S R  tool  is a b o u t  1 x 
10" s p i n - c m  -3. 

The  p l a s m a  e t c h i n g  e x p e r i m e n t s  were  car r ied  ou t  in  a 
paral le l -plate ,  r ad ia l  flow, e t ch ing  r eac to r  in  a reac t ive  
ion e t ch ing  (RIE) mode .  The  r eac to r  has  a radio  fre- 
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q u e n c y  of 13.56 MHz. The  g r o u n d e d  s u b s t r a t e  e l ec t rode  
of  t he  reac tor  was  m a i n t a i n e d  at  40~ d u r i n g  t he  e t ch ing  
process .  The  c o n d i t i o n s  for  RIE were  0.55 W/cm'-' RF  
p o w e r  dens i ty ,  25 m t o r r  p ressure ,  a n d  22 s ccm CF4 flow 
rate. E t c h  ra tes  of  d e p o s i t e d  p o l y m e r s  were  s tud ied  as de- 
pos i t ed  a n d  af te r  a n n e a l i n g  at  200~ in a n i t r ogen  a tmo-  
sphere .  E t c h  ra tes  were  ca lcu la ted  u s i n g  laser  in t e r fe rom-  
e te r  e n d - p o i n t  t races .  (E tch  ra te  R = ~/2nt, w h e r e  ~, is the  
w a v e l e n g t h  of  t he  ]aser,  n is t he  f i lm's  re f rac t ive  index ,  
and  t is t he  e t ch  t i m e  t h a t  c h a n g e s  ref lec ted  i n t ens i t y  by  
one  cycle.) 

Tr i layer  res is t  s t r u c t u r e s  were  f ab r i ca t ed  u s ing  the  
P E C V D  organos i l i con  films for the  m i d l a y e r  o x y g e n  e tch  
ba r r i e r  (see Fig. 12). The  b o t t o m  layer  was  a nova lak-  
ba sed  photores i s t ,  1-2 ~ m  thick ,  b a k e d  to 200~ The  top  
i m a g i n g  res i s t  was  a pos i t ive  p h o t o r e s i s t  a p p r o x i m a t e l y  
0.5 ~ m  thick .  The  image  resis t  was  e x p o s e d  us ing  a 0.3 
NA lens  a n d  405 n m  e x p o s i n g  w a v e l e n g t h  a n d  deve loped  
in the  n o r m a l  m a n n e r .  The  image  was t r a n s f e r r e d  by  RIE,  
first t h r o u g h  t he  o rganos i l i con  wi th  CF4, t h e n  t h r o u g h  
the  base  p o l y m e r  w i t h  O2. 

S c a n n i n g  e l ec t ron  m i c r o s c o p y  (SEM) was  u sed  to s t u d y  
t he  r e su l t i ng  profi les  in  mu l t i l aye r  res i s t  s t ruc tures .  

Results and Discussion 
Film deposition.--Table II  shows  t he  p roces s  pa r ame-  

ters,  d e p o s i t i o n  rates ,  a n d  re f rac t ive  i n d e x e s  of  DVS,  
HMDS,  a n d  M T S  po lymers .  The  f i lm t h i c k n e s s  a n d  re- 
f rac t ive  i n d e x  u n i f o r m i t y  is good  (std dev  - 2-3%). The  re- 
f rac t ive  i n d e x e s  of  all t h r e e  p o l y m e r s  va r i ed  f rom 1.48 to 
1.51 w i t h i n  each  ba tch ,  a n d  had  ave rage  depos i t i on  ra tes  
of 15, 27, a n d  6 r im/ra in  for  HMDS,  DVS,  and  MTS poly- 
mers ,  respec t ive ly .  I t  appea r s  t ha t  DVS has  a h i g h e r  dep-  
os i t ion  rate  t h a n  H M D S  u n d e r  the  s a m e  p rocess  condi-  
t ions.  S ince  b o t h  m o n o m e r s  h a v e  c o m p a r a b l e  m o l e c u l a r  
w e i g h t  a n d  bo i l ing  po in t s  (Table  I), t h e  h i g h e r  depos i t i on  
ra te  of  t h e  DVS p o l y m e r  is a t t r i b u t e d  to the  d o u b l e  b o n d  
s t r u c t u r e  of  DVS m o n o m e r  v inyl  g roups .  

I n c r e a s e d  s u b s t r a t e  t e m p e r a t u r e  s u b s t a n t i a l l y  r e d u c e d  
the  depos i t i on  ra te  of  all t h r ee  p o l y m e r s  (Fig. 1). F r o m  
this  data,  we o b t a i n  the  r eve r sed  a c t i v a t i o n  energ ies  (Er,) 
of 0.55, 0.49, a n d  0.41 kca l -mol  -~ for DVS,  HMDS,  a n d  
MTS,  respec t ive ly .  Here,  the  r eve r sed  ac t iva t ion  ene rgy  
(Era) is de f ined  as t he  ene rgy  d i f f e rence  b e t w e e n  the  acti-  
v a t e d  (react ive)  spec ies  a n d  film p roduc t .  In  genera l  t he  
p l a s m a  d e p o s i t i o n  of p o l y m e r  p r imar i ly  invo lves  the  
b o n d i n g  a n d  e n e r g y  t r ans f e r  d e a c t i v a t i o n  of reac t ive  spe- 
cies A* wi th  a s u b s t r a t e  sur face  to fo rm a p o l y m e r  film. 
W h e n  t he  s u b s t r a t e  t e m p e r a t u r e  increases ,  i t  b e c o m e s  
m o r e  diff icul t  for reac t ive  species  A* to t r ans f e r  its ener-  
gies to, a n d  b o n d  with ,  t he  s u b s t r a t e  sur face  due  to the  
p rocess  e x o t h e r m i c  r eac t ion  pa thways .  This  r e su l t s  in 
lower  d e p o s i t i o n  ra tes  wi th  i n c r e a s e d  s u b s t r a t e  
t e m p e r a t u r e .  

Flow Rate = 300-500 sccm 
Pressure = 110 mTorr 
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Fig. 2. Variation of deposition rate with power density 
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Figure 2 shows the variation in deposition rates with 
power density. A minimum power density of 0.08 W/cm ~ 
is required to initiate significant polymerization and dep- 
osition for all three polymers under the indicated process 
conditions. Opt imum film thickness and refractive index 
uniformity was observed in the 0.12-0.18 W/cm 2 
(300-450W) power density range. This indicates that the 
plasma glow discharge to form a polymer is relatively sta- 
ble, i.e., the distribution of reactive species is more uni- 
form in the 0.12-0.18 W/cm ~ (300-450W) power density 
range. The significant increase in deposition rate with in- 
creased power beyond 450W is attributed to increased re- 
active species concentration in the glow discharge. When 
the pressure was increased, the deposition rate dropped 
sharply for all three polymers (Fig. 3). However, the depo- 
sition rate of DVS does not drop significantly until the 
pressure reaches 1 t0rr. This reduction may cause more 
frequent deactivation collisions between reactive species 
and monomers when the pressure is increased. The re- 
sults also indicate that these deactivation collisions be- 
come significant when system pressure is above 500 
mtorr. 

Physical characterization of polymer films.--The infra- 
red transmission spectra of as-deposited DVS, HMDS, 
and MTS polymers are shown in Fig. 4-6. The spectra in- 
dicate normal bonding characteristics of organosi]icon 
polymers. The spectrum for the DVS polymer contains 
the fo]lowing bonding characteristics. 

Table III. Positions and intensity of various Si-CH3 vibrational bands 

- Finding: 
�9 Reduction of C=C vinyl Band (1600 cm-~)~Opening 

Double Bond for Formation of Repeating Polymer Unit. 
�9 Siloxane Structure (Si-O-Si at 1050 cm-1) Still Exists. 
�9 Si-H and Possible Si-OH Groups (2130 cm-1 

and 900 cm -~) Still Exists. 
�9 Si-CH3 Group Exists in Two Different Forms A.) and B.) 

(840 cm -1, 800 cm-1). 

A.) -- Si -CH2 
I ~, 

CH3 

OH 3 J 
B.) - S i - C H  3 I 

I 

C . )  - S i - - C H  3 
I 840 800 760 (CM - 1) 

- Reference Data: 
*R. C. Weast, CRC Handbook, 62nd Edition, CRC 

Press, Boca Raton, Florida. 
*J. Haslam and H. A. Willis; "Identification and Analysis of 

Plastic," pages 257-263. Published by D. Van Nostrand Co. 
Inc., New Jersey. Second Edition, 1967. 

*Our IR measurement of silicone monomer. 

1. Only small amounts of residua] vinyl groups (C = C) 
at = 1600 cm -~ wave number  remain in the polymer struc- 
ture. This indicates that most of the double bonds in the 
vinyl group of the DVS monomer were opened during the 
polymerization and deposition process. 

2. The siloxane backbone band structure (Si-O-Si at 
1050 cm -~) for DVS remains almost the same after the 
deposition. This indicates that the siloxane group (Si- 
O-Si) is also the backbone structure of the DVS polymer. 

3. The vibrational bands of Si-CH3 are located at 840 
and 800 cm-L As shown in Table III, the Si-CH3 groups in 
DVS polymers must  exist in two forms 

CH~ CH3 

- -  ~ i - -  CH2--  and - - ~ i - -  

~H3 I CH3 

4. Si-H (2130 cm -~) and Si-OH (800 em -~) are present in 
the DVS polymer. 

From the combination of the above bonding character- 
istics, band position and intensity, the most probable 
structure of the DVS polymer is 

(o r  O H )  H - -  - - ~ i - - O - - ~ i - - C H . , - -  H 
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Fig. 4. FTIR of plasma-depos- 
ited DVS polymer. 
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w h e r e  n is an  in teger .  
The  s p e c t r u m  of  t he  HMDS p o l y m e r  is s h o w n  in Fig. 5. 

The  p r e s e n c e  of s t r o n g  Si-O b a n d s  (1000-1050 c m  -1) indi-  
cates  o x y g e n  c o n t a m i n a t i o n  in  t he  f i lm's  b u l k  s t ruc ture .  
This  o x y g e n  p r o b a b l y  came  f rom t he  d e s o r p t i o n  of wa te r  
v a p o r  f rom t h e  cool-wall  r eac to r  d u r i n g  t he  d e p o s i t i o n  
process .  The  in f r a red  t r a n s m i s s i o n  s p e c t r u m  of  t he  
H M D S  p o l y m e r  also s h o w e d  t he  p r e s e n c e  of Si-CH3 (800, 
840, a n d  1250 cm-D,  Si-N (900-950 c m - ' ) ,  a n d  o the r  
b e n d i n g  a n d  s t r e t c h i n g  b a n d s  (2960, 1360-1400, 1250 
c m - 0 .  The  o x y g e n  c o n t a m i n a t i o n  m a k e s  t he  d e t e r m i n a -  
t ion  of t he  exac t  H M D S  p o l y m e r  s t r u c t u r e  m o r e  difficult .  
However ,  t he  m o s t  p r o b a b l e  s t r u c t u r e  of  t he  H M D S  poly- 
mer ,  w h i c h  c o r r e s p o n d s  wel l  w i th  t h e  b a n d  pos i t i ons  a n d  
i n t ens i t y  is 

or OH) H -- I 
CH:~ H CH.~ ) 

(CH 
.~ CH,+ ) ] 

- ~i ~ O _ _  ~ i ~ -  CH. 2 

w h e r e  m a n d  n are in tegers .  
The  s p e c t r u m  of the  MTS po l ym er  w i th  i ts b a n d  struc- 

tu res  is s h o w n  in  Fig. 6. T he  p r e s e n c e  of a s t rong  and  a 
smal l  over lap  (at 900-1050 cm -1) range,  t o g e t h e r  w i th  a 
smal l  a m o u n t  of n i t r o g e n  ( -  2 a/o) de t ec t ed  by  Auger  in  

the  fi lm bulk ,  l eads  us  to a s s ign  th is  b a n d  as an  over lap  
of  Si-O-Si a n d  poss ib ly  Si-N b o n d s .  The  ex i s t ence  of  ni- 
t rogen  ind ica t e s  t ha t  some  air c o n t a m i n a t i o n  m a y  h a v e  
occu r r ed  d u r i n g  t he  d e p o s i t i o n  process .  F r o m  the  spec-  
t r u m  b a n d  s t ruc tu re ,  it appea r s  t h a t  the  MTS p o l y m e r  
was f o r m e d  f rom va r ious  f r a g m e n t s  of  t he  m o n o m e r .  No 
clear  s t r u c t u r e  of  the  MTS m o n o m e r  can  be  ident i f ied  
f rom the  s p e c t r u m .  In  s u m m a r y ,  F T I R  resu l t s  r evea led  
t h a t  m o s t  of the  DVS p o l y m e r  a n d  a large  po r t i on  of  t he  
H M D S  p o l y m e r  were  m a d e  u p  p r imar i ly  of t h e i r  m o n o -  
m e r  uni t s ,  wh i l e  the  MTS po lymer  was f o r m e d  mos t ly  
f rom its m o n o m e r  reac t ive  f r agments .  A l t h o u g h  we  could  
no t  iden t i fy  c ross - l ink ing  b o n d s  in t h e s e  po lymers ,  t hey  
m a y  still  ex i s t  in  s u b s t a n t i a l  q u a n t i t i e s  in all t h r e e  poly- 
mers .  The  iden t i f i ed  p o l y m e r  s t r u c t u r e s  are on ly  the  
m o s t  p r o b a b l e  s t r u c t u r e s  de r ived  f rom our  F T I R  resul ts .  

A u g e r  d e p t h  profi les  t h r o u g h  - 0.1 ~ m  of  p o l y m e r  
fi lms d e p o s i t e d  on  p- type  s i h c o n  wafe r s  s h o w e d  good 
c o m p o s i t i o n a l  u n i f o r m i t y  wi th  d e p t h  for all t h r e e  poly- 
mer s  (Fig. 7-9). A smal l  a m o u n t  of  o x y g e n  c o n t a m i n a t i o n  
has  also b e e n  o b s e r v e d  in all t h r e e  p o l y m e r  sur faces  a n d  
po lymer - s i l i con  in ter faces .  The  o x y g e n  c o n t a m i n a t i o n  in 
po lymer - s i l i con  in te r faces  is a t t r i b u t e d  to the  ini t ia l  
d e s o r p t i o n  of  w a t e r  v a p o r  f rom the  r eac to r  s idewalls .  The  
o x y g e n  in t he  p o l y m e r  sur faces  is due  to o x i d a t i o n  af ter  
t he  p o l y m e r  was e x p o s e d  to air. 

E S C A  resu l t s  for all t h r e e  p l a s m a - d e p o s i t e d  p o l y m e r s  
s h o w e d  a genera l  t r e n d  of  i nc r ea sed  sur face  c o m p o s i t i o n  
for all e l e m e n t s  re la t ive  to c a r b o n  a n d  to m o n o m e r  com- 
pos i t i ons  (Table  IV). I t  was  f o u n d  t h a t  o x y g e n  was  incor-  
p o r a t e d  in to  t he  p o l y m e r  surfaces ,  e v e n  w h e n  it  was  no t  
p r e s e n t  in  the  m o n o m e r ,  as in  t he  case  of  HMDS.  This  is 
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consistent with the Auger, infrared data, and other pub- 
lished results (21). The variation of substrate temperature 
produces notable changes in composition�9 For HMDS and 
MTS polymers, an increase in substrate temperature from 
i00 ~ to 300~ further enhanced the silicon and oxygen sur- 
face concentration, especially for the MTS polymer. Con- 
versely, for the DVS polymer, the most notable changes 
were slight reductions in silicon and oxygen. This sug- 
gests that the DVS polymer surface may be less sensitive 
to air oxidation. Although nitrogen was found in the film 
bulk (2-3% a/o) of MTS polymer, less than 1 a/o of nitro- 
gen was observed in its surface. This must be due to the 
substitution of oxygen for nitrogen in the film surface as 
observed by Auger depth profile data. 

In marked contrast to their sensitivities to substrate 
temperature, all three polymer film surface compositions 
remain about the same with increased power density 
(Table V). Since the deposition rate increased almost 
fourfold with increased power under the same process 
conditions (Fig. 2), the above results suggest that the dep- 
osition rate is limited by the concentration of radical reac- 
tive species in the glow discharge. 

For postdeposition plasma treatment, there is no differ- 
ence in the effect of using oxygen vs. nitrogen plasma 
among polymer systems: all plasma-treated polymer sur- 
faces become like SiO2 (Table VI). The similarity between 
nitrogen and oxygen plasma treatment may be due to (i) 
the presence of background oxygen in nitrogen plasma 
with induced surface oxidation, and/or (ii) the generation 
of an "activated" surface by nitrogen plasma treatment 
which immediately oxidized upon exposure to air. 
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Final ly ,  b o n d i n g  fea tu res  d i s c e r n a b l e  f rom h i g h  resolu-  
t ion  scans  show (i) t he  p r e s e n c e  of  p r o n o u n c e d  ca rbon-  
oxygen  s ingle  b o n d s  in M T S  p o l y m e r  as in  t he  m e t h o x y l  
g roups  of m o n o m e r  s t r u c t u r e s  (Fig. 10), a n d  (ii) t h e  pres-  
ence  of low b u t  m e a s u r a b l e  levels  of  c a r b o n - c a r b o n  dou- 
ble bonds in the DVS polymer. (These were determined 
by reanalyzing by ESCA after bromination of the surface 
with a bromine solution.) This is consistent with FTIR 
data and suggests that some vinyl groups still existed in 
the DVS polymer. 

ESR studies revealed that all polymer films have very 
low spin density (few unpaired electrons and dangling 
bonds) except for the as-deposited DVS polymers at 
100~ This DVS film showed a signal 8G wide (g = 
2.0065) at a magnetic field of 3360G (Fig. 11). As com- 
pared to reference thin Si:~N4 film samples (- 3 • i0 '6 
spin/era3), the integrated spin density of the DVS polymer 
is 2 • 1037 spin/era 3. The broad signal of the DVS polymer 
corresponds to the carbon dangling bonds in the polymer 
structures. This appears to be consistent with the open 
double bond of DVS monomer vinyl groups during the 
deposition process�9 After annealing at 300~ in nitrogen 
for 30 min, the spin signals disappeared. This is due to the 
recombination of carbon dangling bonds by thermal exci- 
tation. It should be noted that the bare Si substrate sub- 
jected to the described plasma deposition and removal of 
deposited films shows only a small amount of spin den- 
sity (1 • 10 ~3 spin/era3). The  effect  of  p l a s m a  r ad i a t i on  on  
the  g e n e r a t i o n  in t he  s i l icon s u b s t r a t e  is the re fo re  
min imal .  

Reac t ive  ion  e t c h i n g  of t h r e e  p o l y m e r  fi lms wi th  CF4 
gas at  400W, 22 s e e m  flow rate,  a n d  25 m t o r r  p r e s s u r e  
y ie lded  e t ch  ra tes  of 41-48 n m / m i n  (Tab le  VII). No signifi- 
can t  d i f fe rences  in  t he  e t ch  rate  of  t he  p o l y m e r  fi lm were  

Table IV. Distribution of elements in plasma-deposited film surfaces 

Atom Ratios: 
P o l y m e r  Deposi t ion Atom Distr ibut ion P o l y m e r / M o n o m e r  
Condi t ion C Si O N C Si O N 

HMDS 
M o n o m e r  
Polymer:  
100 C, 300 W 
100 C, 600 W 
300 C, 300 W 

DVS 
M o n o m e r  
Polymer:  
100 C, 300 W 
100 C, 600 W 
300 C, 300 W 

M T S  
M o n o m e r  
Polymer:  
100 C, 300 W 
100 C, 600 W 
300 C, 300 W 

6 2 

6 3.9 
6 3.6 
6 5.0 

8 2 

- -  1 

14 1.7 1.0 2.0 
1.2 1.5 1.0 1,8 
1.8 1.8 1.0 25 

1 

m 

3.6 2.4 
3.5 2.0 
3.1 18 

4 1 3 

4 4.6 5.7 
4 4.1 5.7 
4 78  10. 

- -  1.0 
- -  1 0  
- -  1.0 

- -  1.0 
- -  1.0 
- -  1.0 

1.8 2.4 
1.8 2.0 
1.6 1 8 

4.6 1.9 
4.1 1.9 
7.8 3.3 

1.7 
1.5 
1.8 

w 

m 

m 

m 
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Fig. 10. Carbon 1S spectra for typical MTS polymer 
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4. For Lift Off Continue Etch of Base Resist in 02 

Plasma to Obtain Under-cut (Dashed Vertical Lines). 
Fig. 12. Three- layer  resist process using the PECVD organosi l icon 

f i lms. 

Fig. 11. ESR of DVS and 
LPCVD Si3N4 films. 
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observed between the as-deposited and postanneal (30 
rain, 200~ in a nitrogen atmosphere) films. These re- 
sults, together with the small variation range of RIE etch 
rate (41-48 nm/min) suggested that the as-deposited poly- 
mers may have a stable cross-linking structure that has 
not been detected by our analytical method. When all 
three polymer films were exposed in oxygen plasma, 
their surface compositions became silicon dioxide-like 

Table V. Effect of deposition power on surface composition 
of organosilane plasma-deposited films. 
Summary of surface composition (a/o) 

As Deposited O SI C P N 

12.6 
11.3 
11.9 

HMDS 
300 W 10.6 30.3 45.9 0.6 
450 W 9.4 29,3 49.7 0.3 
600 W 9.4 29,2 48.3 1,2 

DVS 
300 W 16.8 25.8 57.1 0,3 
450 W 14.5 26.4 58.8 0,3 
600 W 14.7 28.3 58.7 0.3 

MTS 
300 W 40.0 32,2 27.8 0,1 
450 W 40,5 31,3 28.1 0,2 
600 W 40.8 30.0 29.0 0.3 

( - )  = Not Detected = 0.1 

No Change in Surface Compositions with Increased Power Density. 

and any further etching, after about 5 nm of the surface 
was oxidized, stopped. 

Application to multilayer resist (MLR).--The process 
steps for MLR are shown in Fig. 12. The actual scanning 
electron micrographs of submicron patterns are shown in 
Fig. 13. These structures result after O~ RIE of the base 
polymer. The organosilicon film remains, but the top 

Table VI. Effect of oxygen or nitrogen plasma treatment on 
surface composition of organosilane plasma-deposited f i lms. 

Summary of  surface composit ion (a/o) 

As Deposited O SI C F N 

(3OO W) 
HMDS 10.6 30.3 45.9 0.6 12.6 
DVS 16.8 25.8 57.1 0.3 
MTS 40.0 32.2 27.8 0.1 

After N 2 Ash 
HMDS 58.5 33.9 5.1 2.5 0.8 
DVS 59.8 33.0 5.2 2.3 0.4 
MTS 80.5 33.7 3.6 2.4 0.3 

AFTER 02 Ash 
HMDS 59.5 34.2 4.3 2.0 
DVS 60.4 34.6 2.8 2.3 
MTS 59.6 35.0 3.1 2.3 

( - )  = Not Detected = 0.1 

The Surface Composdion Become Silicon Dioxide Like After Oxygen or Nitrogen Plasma 
Treatment. 
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Isolate Resist Lines After RIE Image 
Transfer 

--Dyed Resist Base 
mHMDS 02 Barrier 
--Substrate: Polysilicon and 

Polycide Over 0,32#m High Polysilicon 
& Oxide Pattern 

Fig. 13. Submicron structure of 
resist over topography. 

Vertical Resist Profiles 
--After RIE Image Transfer 

1/~m Lines/2/~m Space 
--Undyed Resist Base 
--MTS Barrier Layer 
--Polysilicon Plus Polycide Substrate 

Fig. 14. Micron structure of re- 
sist over topography. 

layer imaging photoresist was removed by the O~ plasma. 
The rough surface in Fig. 14 (1 ~m line and spaces) is a 
polysilicon silicide and the 0.8 and 0.5 ~m wide lines span 
0.35 ~m high steps in the oxide pattern under  the 
polysilicon. The uniformly thin imaging resist has re- 
sulted in replicating patterns with smaller dimensions 
than could be obtained with single-layer resist and with 
the same optics. The stand-alone 0.5 ~m line and the ver- 
tical profiles in the line/space pattern indicate MLR pro- 
cess extendability to replication of 0.5 ~m min imum 
dimensions. 

Conclusion 
HMDS, DVS, and MTS polymer films with excellent 

uniformity have been deposited on p-type silicon sub- 
strates using PECVD processing in a parallel-plate reac- 
tor. The backbone structure of DVS and HMDS polymers 
was made up primarily of their monomer units. The poly- 
mer film compositions have good depth thickness uni- 
formity. However, the polymer film surfaces and inter- 
faces are slightly contaminated by oxygen. ESCA showed 
that surface compositional changes are less sensitive to 
deposition power density as compared to substrate tem- 
perature variation. ESR studies revealed that all polymer 

Table VII. Reactive ion etching of organosilicon polymer 
in parallel-plate plasma reactor 

Etching Condition: 

�9 Gas Flow Rate CF4 (sccm) 

�9 Pressure (mTorr) 

�9 Power Density (wattslcm 2) 

Etch Rates: 

MTS 

HMDS 

DVS 

22 

25 

0.55 W/cm 2 

41 nm/min. 

45 nm/min. 

48 nm/min. 

films have low spin density, except for as-deposited DVS 
polymer. Both ESCA and ESR data appear to be consist- 
ent with open double bond of the vinyl group's monomer 
polymerization for the DVS polymer. 

Reactive ion etching of these polymer films with CF4 
gas yielded etch rates of 41-48 rim/rain for all polymers. 
When these polymer films are exposed to oxygen (or ni- 
trogen) plasma, their surface composition becomes sili- 
con dioxide-like and ceases etching. Utilizing these prop- 
erties, the polymer films were implemented as an 
intermediate oxygen etch resistance layer in trilevel resist 
lithography to produce submicron image patterns using 
step and repeat photolithography. 
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The Sensitivity of CVD Calculations to Physical Property Values 
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ABSTRACT 

A mathematical  model that describes chemical vapor deposition in an impinging jet reactor has been used to assess 
the sensitivity of theoretical predictions to physical property values for intermediate species. Uncertainties in thermo- 
chemical data for a species have greatest impact on predicted deposition rates when the composition level of that spe- 
cies near the surface is comparable to the local compositions of the reactants. Under these circumstances, relatively 
small changes in the values of thermodynamic quantities used for the species can produce significant differences in 
deposition rates calculated under equilibrium conditions. Also, with the modified property values, different values of 
the kinetic parameters may be required to fit available experimental  data, and this can lead to different interpretations 
of the rate-limiting steps in the process. Quantitative information for chemical vapor deposition of boron from boron tri- 
chloride and hydrogen is presented. 

Chemical vapor deposition (CVD) is a processing tech- 
nique that is widely used in the manufacture of electronic 
materials and in the formation of surface coatings for 
high temperature applications. Several theoretical models 
of CVD have been proposed (1-12). Each analysis requires 
physical property values for the species taken into con- 
sideration. This information is usually obtained from one 
or more data compilations (13-28). However, there is often 
considerable uncertainty in the reported values, particu- 
larly for less common species such as intermediates in 
CVD reactions. In some cases, the tabulated results are 
estimated using information for similar compounds or are 
calculated using other physical quantities and statistical 
thermodynamics,  group contribution theory, or empirical 
rules. Even when experimental  data are available, differ- 
ent interpretations or treatments of the measurements 
can lead to a range of possible values for the property 
studied. Also, discrepancies between sets of experimental 
results can exist. The sensitivity of CVD model predic- 
tions to these uncertainties in property values has not yet 
been assessed. 

In this paper, a previously developed model (11, 12) 
which describes CVD in an impinging jet apparatus is 
used to investigate quantitatively the relationship be- 
tween theoretical results and values used for thermody- 
namic and transport properties. The model includes hy- 
drodynamics, mult icomponent  heat and mass transfer, 
simultaneous homogeneous and heterogeneous reactions, 
and variable physical properties. Chemical vapor deposi- 
tion of boron from BC13 and H~ is treated as an example 
because sufficient experimental data are available to 
evaluate the impact of changes in physical property 
values on both equilibrium calculations and results ob- 
tained for actual, nonequil ibrium conditions. 
Specifically, changes in compositions, fluxes, and depo- 
sition rates are examined for conditions under which re- 
action rates are so fast that the system is locally at equi- 
librium and the deposition rate is limited only by the 
mass-transfer rate to the surface. Additional sensitivity 
studies are made for conditions under which rate con- 
stants are finite, and new sets of kinetic parameters 
which give agreement between experimental  and pre- 
dicted deposition rates are determined for different sets 
of physical property values. Furthermore, the effects of 

*Electrochemical Society Student Member. 
**Electrochemical Society Active Member. 

the changes on rate-limiting reactions for the process are 
evaluated. 

The subject of sensitivity analyses for chemically re- 
acting systems has been considered previously (29-36), 
but has been restricted to sets of homogeneous reactions. 
The governing equations treated in these studies are 
highly simplified material balances; this facilitates the 
use of numerical techniques that are designed for situa- 
tions where the reaction mechanism or the magnitudes of 
uncertainties in parameter values are not known. For ex- 
ample, sensitivity coefficients can be determined which 
indicate the relative effects of arbitrary changes in inlet 
concentrations and rate constants on species concentra- 
tions. This approach is not suitable for CVD of boron be- 
cause (i) the complexity of the governing equations pre- 
cludes the evaluation of sensitivity coefficient, (ii) it is 
not necessary to generate sensitivity coefficients since 
only specific uncertainties in physical property values 
need to be considered and the validity of the reaction 
mechanism has already been established (11), and (iii) 
sensitivity coefficients do not yield any information on 
the new sets of kinetic parameters required to match the- 
oretica] and experimental  results. 

Model Description 
The details of the mathematical model used to describe 

CVD in an impinging jet reactor have been presented pre- 
viously (11) and are not repeated here. However, to ex- 
plain the sensitivity of model calculations to physical 
property values, it is necessary to know how the values 
are incorporated into the model and to understand the 
significance of the kinetic parameters. These aspects of 
the model are described below. 

For CVD of boron from a mixture of boron trichloride 
and hydrogen, the elementary reaction steps are taken to 
be 

BCI~ + H2 ~- BHCI~ + HC1 [I] 

BHCl~ ~ BC1 + HC1 [II] 

BC1 + 1 H ~ B ( s ) + H C 1  [III] 
2 

where reactions [I] and [II] can occur in the gas phase as 
well as at the deposition surface. 

The net rate of each reaction is given by 
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i i [ 1 ]  

u~ > 0 ~u < 0 

The parameters klf and km are rate constants for forward 
and backward reactions, respectively. An Arrhenius tem- 
perature dependence is assumed for k~ 

k,~ = Ale  Ea,l;T [2] 

For elementary reactions, the forward rate constant k,~ is 
related to k~b by 

k~ 
K~ - [3] 

klb 

where K~ is the equilibrium constant for reaction 1. The 
coefficients 0~ in Eq. [1] represent the interactions be- 
tween gas phase molecules and the surface; they are unity 
for homogeneous reactions. For surface processes, 0v~ may 
be regarded as the fraction of active surface sites that is 
available for adsorption of reactants. It can be related to 
compositions in the gas phase immediately adjacent to 
the surface by an expression of the form (37) 

1 
0vl - -  [4] 

1 + ~  ~"  ~ x ~ i ,  ~s,i , lk i] ' 
i 

where 

Ks.i,1 = As.i.le E,.I,/T, [5] 

Values for the parameters n~, qi.~, A~.~.I, A~, E~.,.,, and Ea.~ in 
Eq. [1]-[5] can, in principle, be obtained by matching ex- 
perimental  and theoretical results. For a system with five 
gas phase species, two homogeneous reactions, and three 
heterogeneous reactions, this t reatment would give 58 ad- 
justable kinetic parameters. However, only a few of these 
parameters have a significant effect on the deposition 
process. To obtain a physical understanding of CVD sys- 
tems from model predictions, it is advantageous to use 
the smallest number  of kinetic constants necessary to fit 
the experimental data. 

For CVD of boron from BCI:~ and H2, a single expression 
for (~l) "l 

1 
(0v , )  ~, - ; j = B C l : ,  [ 6 ]  

Ks.j(xyJ 

for all three heterogeneous reactions is sufficient to 
match theoretical predictions and experimental  data (11). 
As a result, only one activation energy, E ,  is required for 
adsorption (see Eq. [5]). A physical explanation is that re- 
action [II] is the dominant heterogeneous reaction; reac- 
tion [I] occurs primarily in the gas phase, and reaction 
[III] is essentially at equilibrium (11). Also, reaction [I] is 
the only important  homogeneous step and, therefore, one 
activation energy E~ in Eq. [2] is adequate. With the above 
simplifications, the system can be described by the inde- 
pendent  parameters E~, E~, qBCI:I, and O, to ~ where (11) 

k2b As 
o ,  - - -  - [ 7 ]  

klb A, 

k3b A3 
O~ - - -  - [ 8 ]  

k~b A, 

k'2b A ' 2  
03 . . . .  [9] 

k'l b A',  

k2m e - ( 2 E ,  - ED/T~ A12 
04 = [ 1 0 ]  

c=u=k'lb(K~.Bc,~) 2 A 'lC=U= 

c~ae -EJT~ c~a 
05 - - - -  [ 1 1 ]  

k'2b A'~ 

The dimensionless ratios 0, and 02 describe the relative 
rates of the surface reactions, and 03 is a ratio of rate con- 

stants for the homogeneous reactions. The dimensionless 
quantity 04 represents the relative rates of homogeneous 
and heterogeneous reactions and includes the adsorption 
term from Eq. [6]. The quantity 0~ can be regarded as the 
absolute rate of homogeneous BC1 production relative to 
the mass transfer rate in the process because the hydro- 
dynamic parameter a in Eq. [11] is proportional to the 
mass flow rate of the jet stream that enters the CVD reac- 
tor (38). With this formulation of the kinetic parameters, 
all are independent  of inlet gas composition and surface 
temperature, and all except 0~ are independent  of jet mass 
flow rate. 

The previous analysis (11) provided some insight into 
the relative importance of the kinetic parameters de- 
scribed above. It was found that any value for 03 may be 
used because, under  typical operating conditions, the ex- 
tent of homogeneous BC1 production is unimportant. 
Also, any value for 0z was acceptable provided it was large 
enough to ensure that reaction [III] remained essentially 
at equilibrium under all operating conditions. Without 
this restriction, the correct dependence of deposition rate 
on the hydrodynamic parameter a could not be obtained. 
Consequently, it was only necessary to choose specific 
values for the remaining six kinetic parameters in order 
to match theoretical and experimental  results. 

In the model, thermochemical  properties are used to 
calculate the equilibrium constant K, defined by Eq. [3]. 
For ideal gases, K, is related to a pressure-independent 
equilibrium constant Kp, by 

Kpl = P"~KI = pml H xie ~u [12] 
i 

Here, the activity of any solid phase is taken to be unity, 
and m, represents the net number  of moles produced by 
reaction 1. Values for K,, are obtained from the relation 

0 in K,~] _ AHr~(T) [13] 
O ( - ~ i ~ - J  ,, R 

The temperature dependence of each heat of reaction 
AHr1(T) is estimated using specific heats for the reactants 
and products 

: L-OT-J,, = di + e ,T  + f~T 2 [14] 

Integration of Eq. [13] gives (39) 

In K,1 = al + fl,/T + TI In T + 6IT + ~lT 2 [15] 

The standard changes in enthalpy and entropy for each 
reaction, which are required to evaluate the constants of 
integration, are obtained from hH~ and S%98. Table I 
lists these properties for the species involved in CVD of 
boron. Values from a compiled data source (26, 27) are in- 
cluded for all the species. For BCI~ and BHC12, results 
based on experimentally determined heats of reaction are 
also given. These results are calculated using compiled 
hH%gs  and S%98 information (26) for the other reactants 
and products involved in each experiment.  No experi- 
mentally determined properties for BC1 are available and, 
hence, only calculated values are given. Since the thermo- 
dynamic properties of H2 and HC1 are well known, only 
values from the compiled source are listed. All the entries 
in Table I are based on the same reference state. 

In this paper, four cases are considered (see Table I). 
The thermodynamic properties for case A were used pre- 
viously (11) and, therefore, this example may be regarded 
as a base case. Case B uses the lowest reported standard 
heat of formation for BHC12. This value represents a 3% 
reduction from the base case. Case C uses an independent  
set of properties for BHC12. The changes correspond to a 
5% increase in hH~ and a 4% decrease in S%9s compared 
to case A. In case D, hH%.,8 for BC1 is 33% larger than in 
case A. 

The effect of these variations on the coefficients for the 
equilibrium constants (see Eq. [15]) is illustrated in Table 
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Table I. Standard enthalpies of formation and entropies at 298 K. 
Methods: I ,  definition; 2, average of several values determined by 

calorimetry; 3, calorimetry; 4, average of several values calculated from 
experimentally determined equilibrium constants; 5, bond energy 

calculation using spectroscopic data; 6, calculated from molecular 
constant data. Reactions: [a] B(amor) + 3/2 Cl~(g) ~ BCI3(g); [b] BCI:~(I) 
+ 2403 H.~O(I) ~-  H:~BO:~(I) + 3HCI( I )  + 2400  H~O(I); I t ]  6BHCI~(g) ~- 
4BCI:~(I,g) + B~H~(g); [d] BCI:~(g) + H.,(g) ~- BHCI~(g) + HCI(g). 

hH% ~,8 (kJ/mol) S%8 (J/tool-K) Case(s) 
(used in 

Species Value Method Value Method Ref. Fig. 1-5) 

H~ 0.0 1 130.7 5 (27) A, B, C, D 
HC1 - 92.4 2 186.9 5 (26) A, B, C, D 
BCI:~ -403.2 2 290.3 5 (26) A, B, C, D 

403.2 3a - -  - -  (40) - -  
-402.8 3a - -  - -  (41) - -  
-403.2 3b - -  - -  (42) - -  

BHCI~ -248.3 4c, 4d 268.3 5 (26) A, D 
-248.7 4c 268.3 4c (43) - -  
-241.0 ~ 4d 268.3 5 (44, 26) B 
-261.1 4d 258.2 4d (45) C 

BC1 141.5 5 213.2 5 (26) A, B, C 
188.7 6 213.2 6 (17) D 

This represents a lower bound obtained from a recalculation of 
hH~ ~ from previously reported experimental  data. 

II. O n l y  t h e  c o e f f i c i e n t  ~ is a l t e r e d  b y  c h a n g e s  in  S%9s 
w h i l e  c h a n g e s  in  AH%298 a f f ec t  o n l y  fl~. T h e  c o e f f i c i e n t s  ~ ,  
az, a n d  e~, a r e  d e t e r m i n e d  f r o m  d~, e~, a n d  f~, r e s p e c t i v e l y ,  in  
Eq.  [14]. V a l u e s  fo r  d~, e~, a n d  f~ h a v e  b e e n  r e p o r t e d  p r ev i -  
o u s l y  (11). 

A n a l y s i s  o f  t h e  m o m e n t u m ,  hea t ,  a n d  m a s s  t r a n s p o r t  
p h e n o m e n a  r e q u i r e s  a k n o w l e d g e  o f  v i s cos i t y ,  t h e r m a l  
c o n d u c t i v i t y ,  a n d  b i n a r y  d i f f u s i o n  c o e f f i c i e n t s  as  a func-  
t i o n  o f  t e m p e r a t u r e  a n d  c o m p o s i t i o n .  T h e s e  p r o p e r t i e s  
m a y  be  e v a l u a t e d  u s i n g  t h e  C h a p m a n - E n s k o g  k i n e t i c  
t h e o r y  o f  g a s e s  (46). Th i s  t h e o r y  y i e l d s  e x p r e s s i o n s  for  t h e  
t r a n s p o r t  c o e f f i c i e n t s  ~ ,  a n d  @~ in t e r m s  o f  L e n n a r d -  
J o n e s  fo rce  c o n s t a n t s  a n d  t e m p e r a t u r e .  T h e  t h e r m a l  con -  
d u c t i v i t y  k~ is  o b t a i n e d  f r o m  t h e  E u c k e n  e q u a t i o n  (47). 
F o r c e  c o n s t a n t s  a r e  g e n e r a l l y  d e t e r m i n e d  f r o m  e x p e r i -  
m e n t a l  v i s c o s i t y  or  s e c o n d  vir ia l  c o e f f i c i e n t  da ta .  M e t h -  
o d s  o f  c a l c u l a t i o n  b a s e d  o n  c o r r e s p o n d i n g  s t a t e s  t h e o r y  
a re  a l so  ava i l ab l e  (48), b u t  t h e s e  r e q u i r e  c r i t i ca l  c o n s t a n t s  
a n d  v a p o r  p r e s s u r e  or  bo i l i ng  p o i n t  da ta .  F o r c e  c o n s t a n t s  
fo r  t h e  s p e c i e s  u s e d  in  t h e  ana ly s i s  o f  C V D  of  b o r o n  a re  
p r e s e n t e d  in  T a b l e  III .  

Results and Discussion 
The sensitivity of model calculations to standard ther- 

modynamic quantities and Lennard-Jones force con- 
stants for the intermediate species BHCI~ and BCI has 
been analyzed. The investigation was restricted to these 
compounds because, in contrast to BCI~, there are 
significant uncertainties in the values of their properties. 

The effects of altering thermodynamic properties for 
the intermediates on predicted composition profiles are 
presented in Fig. i. These profiles are for the region close 
to the deposition surface and were obtained for the limit- 
ing condition of equilibrium in the gas phase. 

Table II. Values of coefficients in Eq. [15]  

Reaction 

Case Coefficient [I] [II] [III] 

A ~ 17.51 -0.11 -1.76 
10 :~/3 (K) -8.06 -35.19 27.81 

B ~ 17.51 -0.11 -1.76 
lO-:~fl (K) -8.94 34.42 27.81 

C ~ 16.59 0.81 -1.76 
10-'~fi (K) -6.53 -36.73 27.81 

D ~ 17.51 -0.11 -1.76 
10-3fl (K) -8.06 -40.86 33.48 

A, B, C, D ~ -2.08 2.61 -1.39 
1046 (K- ')  9.37 -26.91 13.83 
107e (K -~) -0.70 3.51 -1.31 

Table III. Force constants used in evaluation of viscosity, 
thermal conductivity, and diffusivity. Method 1 calculated by 
fitting experimental viscosity data at several temperatures. 

Method 2 calculated using empirical mixing rules (46), 
viz.: c% = 1/2(~ i + %)  and 

(c/k)~j = V ( e / k ) ~ ( e / k ) j  ; ( 2a )  i = BCI ,  j = H C I ;  (2b )  i = B~, j = CI r .  

Species 10s~r (cm) e/k (K) Ref. Method 

H2 2.915 38.0 (46) 1 
HC1 3.339 344.7 (16) 1 
BC13 5.127 337.7 (16) 1 
BHCI~ 3.329 594.7 - -  2a 
BC1 3.318 1026.0 (16) 2b 

A c h a n g e  in e i t h e r  hH%29s or  S%9s for  a s p e c i e s  a l t e r s  t h e  
e q u i l i b r i u m  c o n s t a n t s  for  t h e  r e a c t i o n s  in w h i c h  t h a t  spe -  
c ies  p a r t i c i p a t e s .  H e n c e ,  e q u i l i b r i u m  c o m p o s i t i o n s  are  
m o d i f i e d .  F o r  e x a m p l e ,  w h e n  hH~ is m a d e  l ess  n e g a -  
t ive  or  m o r e  pos i t i ve ,  t h e  s p e c i e s  b e c o m e s  l ess  s t ab l e  a n d  
i ts  e q u i l i b r i u m  m o l e  f r a c t i o n  is r e d u c e d  ( c o m p a r e  c a s e s  A 
a n d  B or  A a n d  D in  Fig .  1). A c h a n g e  in  t h e  p r o p e r t i e s  for  
one species has a direct effect on the composition of that 
species. There is also an effect on the compositions of the 
other species, in accordance with the equilibrium con- 
stant relationships in Eq. [12] and the requirement that 
the mole fractions sum to unity. In case C, AH~ for 
BHCI2 differs from the case A value by a larger amount 
than in ease B. On this basis, a larger change in XBHC~2 
from the case A result might be anticipated. However, the 
reduction of S%8 in case C lowers the stability of BHCI~. 
This offsets the increase in stability caused by the change 
in AH%298 and attenuates the increase in XsHc~.r Figure 1 
also shows that the mole fraction for BCI is always much 
smaller than the compositions of the other compounds. 

In the analysis, the multicomponent diffusion equa- 
tions link compositions and composition gradients to the 
species fluxes. For the mechanism given by reactions [I]- 
[III], the sum of the dimensionless surface fluxes Nm for 
the boron compounds gives the dimensionless deposition 
rate 

0 .2  10-5 

O. 1 �9 BCl 

~: o.os lo .6 2 

, : o  .'\ . \  ,o-, 
0 . 0 1  ' ~ '  

0 1 2 3 

Fig. 1. Gas phase composition profiles in region adjacent to reac- 
tion surface. Values are calculated at the thermodynamic mass trans- 
fer limit. The outer edge of the diffusion layer occurs at ~ = 9. Solid 
line: case A. Long-short dashed line: case 8. Dotted line: case C. 
Dashed line: case D. Curves A to D are obtained with different values 
of z~'/%2~ s and S"2~ for BHCI~ and BCI (see Table I). Deposition con- 
ditions: T~ = 1373 K, T~ = 298 K, p= = 1.013 x 10 ~ N/m 2,x%c,1:~ = 
0.4. Curves A and D coincide for BCI:~. 
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S = - ~ '  Nr. [16] 
m 

Changes in physical property values that alter composi- 
tion profiles near the surface, and hence surface fluxes, 
also alter the deposition rate. Figure 2 shows the depen- 
dence of dimensionless deposition rate on inlet gas com- 
position for' the four cases considered in Fig. 1. Each 
curve in Fig. 2 is a locus of max imum deposition rates 
predicted when all kinetic restraints are removed. In the 
model, this is achieved by increasing the rate constants 
until the forward and backward rates of each reaction are 
essentially equal and all compositions are locally at equi- 
librium. A deposition rate calculated under these condi- 
tions is controlled by mass transfer rates between the sur- 
face and the inlet and, hence, may be regarded as a ther- 
modynamic mass transfer limit (3). 

A substantial change in hH~ for BC1 (compare cases 
A and D) does not influence the predicted deposition 
rate. This can be attributed directly to the low mole frac- 
tion for BC1 which ensures that the BC1 flux is several or- 
ders of magnitude lower than NBc13 or NBHC,2. Therefore, a 
change in x~r or NBCl has a negligible effect on S. In con- 
trast, cases B and C lead to significantly different predic- 
tions for the deposition rate, particularly at high inlet 
compositions of BC13. At x%c]~ = 0.6, the deposition rate 
for case B is 19% larger than for case A, while the case C 
result is 12% smaller than the case A result. Changes in 
deposition rate are caused by changes in both NBc]3 and 
NBHc,2, though NBc13 is larger in magnitude for the x%c]3 
values shown in Fig. 2. At low inlet compositions, 
changes in NBcI3 and NBHc~ counteract each other, and this 
reduces the dependence of deposition rate on physical 
property values. The results presented in Fig. 1 and 2 are 
for a surface temperature of 1373 K. If Ts is changed, the 
deposition rate predicted in the thermodynamic mass 
transfer limit changes in response to the temperature de- 
pendences of the binary diffusion coefficients. However, 
the differences between cases A, B, C, and D are not al- 
tered significantly. 

The results presented above demonstrate that, at equi- 
librium, the sensitivity of deposition rate to the thermo- 
dynamic properties of a species is directly associated with 

the species composition. A compound with a composition 
level that is much lower than the other species is ex- 
pected to have a negligible effect on the deposition rate in 
the thermodynamic mass transfer limit. This result, 
shown here for CVD of boron, has also been obtained for 
CVD of silicon from SIC14 in excess hydrogen (49). 

The dimensionless deposition rates predicted in Fig. 2 
exceed experimental  results (50-52) because they do not 
consider the finite rates of the chemical reactions. In a 
previous study (11), rate-limiting reactions were identi- 
fied and a set of kinetic parameters that gave a match be- 
tween theory and experiment  was obtained. Curve A in 
Fig. 3 shows the agreement between predicted and actual 
deposition rates obtained with the base-case thermody- 
namic properties. When the kinetic parameters for case A 
are used and thermodynamic properties are varied, pre- 
dicted deposition rates no longer agree with experimental 
results. Curves B, C, and D in Fig. 3 indicate that the ef- 
fects of the property changes are not the same as those 
obtained in the thermodynamic mass transfer limit. This 
is because the compositions are determined by material 
balance relationships that include local production terms 
from the chemical reactions and they are not related di- 
rectly by the equilibrium constants. One consequence of 
the more complex interactions obtained with finite ki- 
netic parameters is that a given change in properties can 
reduce the predicted deposition rate under some circum- 
stances but can increase it under others (see curves A, B, 
and C). 

In contrast to results obtained in the thermodynamic 
mass transfer limit, the heat of formation of BC1 has a 
marked effect on the deposition rate calculated with 
finite kinetic parameters (see curve D). This can be at- 
tributed to an order of magnitude decrease in NBHc,2 
which, under the conditions in Fig. 3, is the dominant sur- 
face flux in Eq. [16]. This change can be related to the re- 
duction in stability of BC1, which makes decomposition 
of BHC12 to BC1 less favorable and changes the surface 
composition gradient of BHC12. 

Figure 4 shows the dependence of dimensionless depo- 
sition rate on surface temperature at two different mass 
flow rates. Changes in the thermodynamic properties al- 
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Fig. 2. Influence of inlet gas composition on the dimensionless rote 
of boron deposition calculated at the thermodynamic moss transfer 
limit. $ = actual deposition rote/c~/v~o. Physical property values 
and deposition conditions ore as in Fig. 1. 
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Fig. 3. Influence of inlet gas composition on the dimensionless rate of 

boron deposition. Experimental data (51): triangles ~ a = 102s -~ at 
x%o:} = 0.4, L/d = 0.375. Curves are theoretical predictions with the 
case A kinetic parameters (see Table IV). Physical property values and 
deposition conditions are as in Fig. 1. 
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Fig. 4. Influence of substrate temperature on the dimensionless rate 
of boron deposition. Experimental data (51): x%cl~ = 0.4, squares 
a = 310 s- ' ,  dots ~ a = 626 s- ' ,  Lid = 0.375. Curves are theoreti- 
cal predictions with kinetic parameters as in Fig. 3, except for 0~. 
Dotted line: a = 310 s - ' ,  therefore 0~ = 3.3 • 1 0 - !  Solid line: a = 
626 s- ' ,  therefore 0~ = 6.6 • I 0 - !  Deposition conditions: T~ = 
298K,  p~ = 1.013 X 10 ~ N/m ~. 

tar the  theore t ica l  predic t ions  in each case. The  resul ts  
p re sen ted  in  Fig. 3 and 4 indicate  that  w h e n  different  
va lues  for hH%~98 or S%~ are  used,  it b e c o m e s  necessary  to 
obtain a n e w  set of  k inet ic  parameters  to fit the  experi-  
menta l  data. 

The  sensi t iv i ty  of  kinet ic  parameters  to t he rmochem-  
ical proper t ies  is i l lustrated in Table  IV. The  set of param- 
eters for each ease was obta ined by ma tch ing  the experi-  
menta l ly  observed  dependence  of  depos i t ion  rate on inlet  
gas composi t ion ,  je t  mass flow rate, and surface tempera-  
ture. The  or iginal  set, used  in case A, was changed  as lit- 
tle as possible  to refit the  data in cases B and D. I t  should 
be noted  that, wi th  the  excep t ion  of 02 and 03 (see above), 
small  var iat ions of the  parameter  va lues  l is ted for each 
case would  lead to a not iceably  poorer  fit of the  data. 

A compar i son  of  cases A and D shows the  effect  of  a 
33% increase in zXH~ for BC1. A small  ad jus tmen t  in E~ 
is requi red  to give the  correct  d e p e n d e n c e  of  deposi t ion 
rate on surface tempera ture .  This ad jus tmen t  is needed  to 
offset the changes  in the  t empera tu re  dependences  of the  
equ i l ib r ium cons tan ts  (see fl~ values  in Table  II), s ince ef- 
fect ive act ivat ion energies  for he te rogeneous  forward rate 
constants  are E~ - E a + ill. However ,  a change  in the  value  
ofE~ - E~ + fi~ does not  p roduce  an ident ical  change  in the 

Table IV. Values of kinetic parameters used to match experimental data. 
Superscripts: a ~ values are for x%c13 = 0.4; b ~ value is for a = 102 

s - ' ;  c - based on n = 1. 

Case A D B 

O, 2.3 • i0 ~ 1.2 • i0 ~ 7.7 • 10 ~ 
02 8.0 • i0' 8.0 • 10' 8.0 • I0' 
03 8.0 X 10 t 8.0 • 104 8.0 X 104 
04" 5.9 X 10-1 '  4:7 X i0 -~~ 1.5 x 10 - '3  
0,~. b 1.1 x 10-7 1.1 x 10 - ;  3.2 • 10 -s 
Es 1.5 x 104 1.4 x 104 2.0 • 104 
Ea 3.0 x 10 a 3.0 x 103 3.0 x 10 a 
qBc~3 ~ 0.50 0.50 0.75 

0.2 ~ ~ \ \  10-s 

0.1 

x- 0 -6 x 
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Fig. S, Gas phase composition profiles in region adjacent to reac- 
tion surface. Solid line: case A. Long-short dashed line: case B. 
Dashed line: case D. Curves A, B, and D are obtained with the kinetic 
parameters listed in Table V. Deposition conditions: T~ = 1373 K, T~ 
= 298 K, p~ = 1.013 • 10 ~ N/m ~, X%cl:~ = 0.4, a = 102 s- ' .  Curves 
A and D coincide for BCI:~. 

magni tude  of  the  s lope in Fig. 4. This  is because  varia- 
t ions in local compos i t ions  wi th  T~ also inf luence the  
s lope and the  compos i t ions  are d e p e n d e n t  on thermo-  
chemica l  p roper ty  values  (see Fig. 5). 

The  paramete r  04 in Table  IV inf luences  the  relat ive 
impor tance  of the  parallel  he te rogeneous  and homogene-  
ous pa thways  for react ion [I]. This  quan t i ty  mus t  be al- 
te red  to coun te rac t  the  change  in Es. The  change  requi red  
for 04 cannot  be de te rmined  exact ly  f rom Eq. [10] due  to 
the effects  of local  compos i t ions  on the  slope in Fig. 4. 

The  mos t  no t iceab le  di f ference be tween  cases A and D 
is the  va lue  of 0,. This pa ramete r  relates  the  rates of  heter- 
ogeneous  react ions  [I] and [II], in accordance  with  Eq. [7]. 
Combina t ion  of  Eq. [1] and [7] gives 

xBc, r, j r , ,  [17] 
r, XBHCL2 \ 1 -- r,b/r,~ / Tlib/riif 

where  rlf and rib are the forward and backward  rates for 
surface react ion 1. Values for rlb/r~f obta ined  with  refi t ted 
kinet ic  pa ramete r s  are p re sen ted  in Table  V. A small  
va lue  of  r~dr~f indicates  that  the  react ion is far f rom equi-  
l ibrium. Table  V shows that  the  magn i tudes  of r~b/r~ are 
a lmost  ident ica l  in cases A and D. In  contrast ,  Fig. 5 
shows that  the  surface compos i t ions  of BC1 in the two 
cases differ by near ly  two orders  of magni tude .  The  
change  in the  va lue  for 01 more  than  compensa te s  for this 
difference and gives similar  va lues  for the  ratios (r,,/r,)A 
and (rn/r,)D. 

Overall,  the  large change in hH%~gs for BC1 resul ts  in rel- 
at ively smal l  changes  in the  rates of  the  reactions.  There  
is a sl ight shift  in the  impor tance  of  he t e rogeneous  reac- 
t ion [I] ( compare  values  for r~ in Table  V). Never theless ,  
the depar tures  f rom equi l ibr ium,  as indica ted  by the  ra- 
tios rlb/rlf and (r'mtJ)J(r'int,L)f for all the  react ions  are essen- 
tially unchanged .  The  h o m o g e n e o u s  react ion rates g iven  
in Table  V are integrals  over  the  diffusion layer. There-  
fore, va lues  for the  h o m o g e n e o u s  and he te rogeneous  re- 
act ion rates (r~ and T'int,l) may  be c o m p a r e d  directly. How- 
ever,  it should  be  no ted  that  not  all the  BHCI~ p roduced  
h o m o g e n e o u s l y  is able  to reach the  depos i t ion  surface. 
Table  V shows quant i ta t ive ly  that,  in bo th  cases A and D, 
react ion [I] occurs  p r edominan t l y  in the  gas phase,  
whereas  reac t ion  [II] takes  p lace  at the  solid surface. The  
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Table V. Theoretical reaction rates and departures from equilibrium 
calculated using T~ = 1373 K, T~ = 298 K,p~ = 1.013 x 10 ~ N/m~,a = 
102 s - I ,  X~ = 0.4. Kinetic parameters for each case are listed in 

Table IV. Note that S = rilz/C~ ~ a .  

r l  r ib T'int. 1 ( r ' i . t .  l)b 

Case Reaction c~Vu~--a rlf c ~ / ~  (7"int. I)f 

A [I] 0.78 • 10 -2 0.45 0.88 x 10-' 0.64 
[II] 0.54 x 10 -~ 0.87 -0.74 • 10 -4 1.00 
[III] 0.54 • 10-' 1.0O 0.0 - -  

D [I] 0.11 • I0 -~ 0.45 0.85 • 10 -~ 0.64 
[II] 0.55 x 10 -~ 0.89 -0.18 • 10 -5 1.00 
[III] 0.55 • 10 -~ 1.00 0.0 - -  

B [I] 0.16 • 10 - '  0.61 0.61 • 10 -I 0.86 
[II] 0.54 • 10 -1 0.53 0.17 • 10 -3 1.00 
[ I I l ]  0.54 • i 0  -~ 1.00 0.0 - -  

va lues  for r%t., i n d i c a t e  t h a t  a sma l l  a m o u n t  of  conver -  
s ion  of BC1 to BHC]., can  t ake  p lace  in t he  gas phase .  This  
is due  to t he  l a rge  d e c r e a s e  in t he  m a g n i t u d e  of  K~ t h a t  
occurs  at  sma l l  d i s t a n c e s  f rom t h e  surface.  Finally,  i t  is 
e m p h a s i z e d  t h a t  t h e  smal l  d i f f e rence  in  d e p o s i t i o n  ra te  in  
the  two cases  is i n s ign i f i can t  in  t e r m s  of  t he  overal l  fit of 
t he  data.  

A c o m p a r i s o n  of  cases  A a n d  B (see Tab les  IV a n d  V) 
i nd i ca t e s  t he  i n f l uence  of  a 3% dec rea se  in hH"f.2,~ for  
BHCI~ on  t he  m o d e l  p red ic t ions .  A l t h o u g h  th i s  pe rcen t -  
age c h a n g e  is s ign i f i can t ly  sma l l e r  t h a n  t he  one  for t he  
A/D c o m p a r i s o n ,  i t  h a s  a l a rger  e f fec t  on  t he  reac t ions .  As 
in case  D, t h e  va lues  of  0,, 04, a n d  E~ h a d  to be  a l t e red  to 
refit  t h e  data .  In  add i t ion ,  c h a n g e s  were  r e q u i r e d  for  0.~ 
a n d  qBC'3' The  e m p i r i c a l  p a r a m e t e r  qBC~3 d e t e r m i n e s  t he  re- 
l a t i o n s h i p  b e t w e e n  d e p o s i t i o n  ra te  a n d  in le t  gas compos i -  
t ion,  a n d  i ts  v a l u e  is c h o s e n  to give t he  cor rec t  s h a p e  of  
t he  c u r v e s  in  Fig. 3. I f  t he  c h a n g e  in  qBC~ in  case  B were  
i n t e r p r e t e d  phys ica l ly ,  i t  m i g h t  i m p l y  t h a t  a d i f fe ren t  
m e c h a n i s m  is i n v o l v e d  in a d s o r p t i o n  a n d  d e s o r p t i o n  of 
spec ies  at  t h e  surface .  T he  p a r a m e t e r  05 l inks  t he  abso lu t e  
m a g n i t u d e s  of  t h e  c h e m i c a l  r eac t ions  to t he  gas p h a s e  hy- 
d r o d y n a m i c s .  The  c h a n g e  in 0~ n e e d e d  to m a t c h  t he  da ta  
c a n n o t  b e  r e l a t ed  to a s ing le  factor :  va r i a t ions  in  local  
c o m p o s i t i o n s ,  e q u i l i b r i u m  cons t an t s ,  a n d  t he  o t h e r  ki- 
ne t ic  p a r a m e t e r s  are  involved .  

In  o r d e r  to  i n t e r p r e t  t he  r e su l t s  p r e s e n t e d  in  T a b l e  V 
f r o m  the  s t a n d p o i n t  of  r a t e - d e t e r m i n i n g  s teps ,  i t  is neces -  
sary  to c o n s i d e r  t he  r eac t i on  p a t h w a y s  in the  sys tem.  The  
h o m o g e n e o u s  a n d  h e t e r o g e n e o u s  p a t h w a y s  for  r eac t i on  
[I] are  in  paral le l .  C o n s e q u e n t l y ,  t he  m a g n i t u d e s  of  r~ a n d  
r'int.i, r a t h e r  t h a n  t he  e x t e n t s  to w h i c h  t he  r eac t ions  d e p a r t  
f rom e q u i l i b r i u m ,  s h o u l d  b e  c o m p a r e d  to assess  t h e  rela- 
t ive  i m p o r t a n c e  of  t h e  para l le l  rou tes .  Reac t i ons  [II] a n d  
[III] m a y  be  r e g a r d e d  as c o n s e c u t i v e  s teps ,  s ince  r e a c t i o n  
[II] does  no t  o c c u r  to a n  a p p r e c i a b l e  e x t e n t  in  t he  gas  
p h a s e  a n d  r e a c t i o n  [III] is r e s t r i c t ed  to t he  surface.  Hence ,  
t he  d e p a r t u r e s  f rom e q u i l i b r i u m  (i.e., r~Jr~f) for  t h e s e  two 
h e t e r o g e n e o u s  r eac t i ons  can  b e  u s e d  to i nd i ca t e  w h i c h  
s tep  is m o r e  ra te  d e t e r m i n i n g .  With  t he  para l le l  p a t h w a y s  
for  r eac t i on  [I], i t  is di f f icul t  to spec i fy  t he  re la t ive  i m p o r -  
t a n c e  of  r e a c t i o n s  [I] a n d  [II]. One  a p p r o a c h  t h a t  cou ld  b e  
u s e d  to p r o v i d e  a n  i n d i c a t i o n  of  t he  r a t e - l imi t ing  s tep  is to 
neg lec t  h e t e r o g e n e o u s  r eac t i on  [I] a n d  to c o m p a r e  depar -  
tu res  f rom e q u i l i b r i u m  for  t he  two  m o s t  i m p o r t a n t  reac-  
t ions ,  h o m o g e n e o u s  r eac t i on  [I] a n d  h e t e r o g e n e o u s  reac- 
t ion  [II]. On  th i s  basis ,  h o m o g e n e o u s  r eac t i on  [I] w o u l d  b e  
the  r a t e - d e t e r m i n i n g  s tep  in  case  A, b u t  h e t e r o g e n e o u s  re- 
ac t ion  [II] w o u l d  be  the  l imi t ing  s tep  in  case  B. A n  addi-  
t iona l  c h a n g e  in case  B is the  sh i f t  in t he  re la t ive  impor -  
t ance  of  t h e  p a t h w a y s  for  r eac t i on  [I]: t h e  h e t e r o g e n e o u s  
ra te  r, is i n c r e a s e d  a n d  gas p h a s e  c o n v e r s i o n  to BHCI~ is 
r educed .  Th i s  can  b e  a t t r i bu t ed ,  a t  l eas t  in  par t ,  to t he  
s t r o n g e r  t e m p e r a t u r e  d e p e n d e n c e  of  t h e  e q u i l i b r i u m  con- 
s t a n t  K~ (see Tab le  II). 

I t  is e m p h a s i z e d  t h a t  t he  r e su l t s  in  T a b l e  V are  for  one  
se t  of  p roces s  cond i t ions .  I f  t h e  m a s s  flow ra te  is in- 
c r eased  or the  su r face  t e m p e r a t u r e  is dec reased ,  t he  reac- 
t ions  are sh i f t ed  f u r t h e r  f rom equ i l i b r i um :  i.e., t he  va lues  

of rm/rlf a n d  (r'i,Jb/(r'~nJf are r educed .  T h e s e  c h a n g e s  t e n d  
to m a k e  t h e  d e p o s i t i o n  p r o c e s s  m o r e  k ine t i ca l ly  con-  
trol led.  However ,  for  t he  r a n g e  of  ope ra t i ng  c o n d i t i o n s  
cons idered ,  c h a n g e s  caused  b y  v a r y i n g  t h e r m o c h e m i c a l  
p roper t i e s  are essen t i a l ly  the  s a m e  as t hose  d e s c r i b e d  
above.  

The  sens i t iv i ty  of m o d e l  p r ed i c t i ons  to i n d e p e n d e n t  
va r i a t ions  in  S%,8 was  also s tud ied .  W h e n  t he  va lue  of  S%9s 
for BHC1.2 was  a rb i t r a r i l y  r e d u c e d  by  3%, resu l t s  s imi la r  to 
cu rves  B in Fig. 2-4 we re  ob ta ined .  T h e s e  resu l t s  e m p h a -  
size t h a t  t he  s y s t e m  b e h a v i o r  is i n f l u e n c e d  by  c h a n g e s  in 
e q u i l i b r i u m  cons t an t s .  The  or igin of t h e  changes ,  i.e., un-  
ce r ta in t ies  in  e i t h e r  AH%98 or S%,8, is no t  in  i t se l f  impor -  
tant .  

The  effects  of  c h a n g e s  in t r a n s p o r t  p rope r t i e s  on  m o d e l  
p r ed i c t i ons  w e r e  t e s t e d  by  va ry ing  t h e  L e n n a r d - J o n e s  
force  c o n s t a n t s  for  BHCI~ a n d  BC1. E a c h  force  c o n s t a n t  
was  i n d e p e n d e n t l y  var ied  b y  -- 10%. At  T~ = 1473 K, a 10% 
inc rease  in ~BHCa r e d u c e d  t he  v i scos i ty  a n d  t h e r m a l  con- 
duc t iv i ty  for BHCI~ by  17% a n d  l o w e r e d  t h e  b i n a r y  diffu- 
s ion coeff ic ients  by  7-10%. However ,  t he  c o r r e s p o n d i n g  
c h a n g e s  in d e p o s i t i o n  ra te  are small .  For  example ,  at  a = 
102 s -1, a n d  w i t h  the  case  A t h e r m o d y n a m i c  p roper t i e s  
and  k ine t ic  pa r ame te r s ,  t he  inc rease  in ~BnCa does  no t  al- 
t e r  S at  X~ = 0.1 a n d  on ly  inc reases  it b y  1.4% at  x%cL3 = 
0.6. S imi la r  r e su l t s  are o b t a i n e d  for  c h a n g e s  in e~Hca. Also, 
the  d e p o s i t i o n  ra t e  s h o w e d  no sens i t i v i ty  to cr a n d  E for 
BC1 over  t he  r a n g e  of  in le t  c o m p o s i t i o n s  u s e d  in th i s  
work.  

Conclusions 

A m o d e l  t h a t  d e s c r i b e s  t he  c o u p l e d  m u l t i c o m p o n e n t  
t r a n s p o r t  p h e n o m e n a  a n d  reac t ion  k ine t i c s  for CVD in an  
i m p i n g i n g  j e t  r eac to r  has  b e e n  u sed  to assess  the  sensi t iv-  
i ty of t heo re t i ca l  p r e d i c t i o n s  to u n c e r t a i n t i e s  in  phys ica l  
p r o p e r t y  va lues .  Resu l t s  for i n t e r m e d i a t e  species  in- 
vo lved  in CVD of b o r o n  f rom BCI~ a n d  H~ i l lus t ra te  t he  
t r e n d s  in b e h a v i o r  t h a t  can  be  e x p e c t e d  in general .  

A n  i n t e r m e d i a t e  spec ies  w i th  a c o m p o s i t i o n  level  nea r  
the  sur face  t h a t  is m u c h  lower  t h a n  t he  local  compos i -  
t ions  of t h e  r e a c t a n t s  will  genera l ly  h a v e  a smal l  sur face  
flux and,  hence ,  will  m a k e  a neg l ig ib l e  c o n t r i b u t i o n  to 
the  depos i t i on  rate.  Consequen t ly ,  u n c e r t a i n t i e s  in p rop-  
er ty  va lues  for  a spec ies  of th i s  k i n d  will  no t  have  a sig- 
n i f ican t  effect  on  t h e  d e p o s i t i o n  ra te  in  t he  t h e r m o d y n a -  
mic  m a s s  t r a n s f e r  l im i t  a n d  can  on ly  c h a n g e  t he  in ter -  
p r e t a t i o n  of  r a te - l imi t ing  s teps  i f  t he  r eac t i ons  in  w h i c h  
the  spec ies  pa r t i c ipa t e s  are far r e m o v e d  f rom equi l ib-  
r ium.  For  an  i n t e r m e d i a t e  spec ies  w i th  a gas p h a s e  mo le  
f rac t ion  c o m p a r a b l e  to the  r eac t an t  compos i t i ons ,  sma l l  
c h a n g e s  in p h y s i c a l  p rope r t i e s  . such  a s  AH~ a n d  S~ 
can  lead  to n o t i c e a b l e  c h a n g e s  in t he  d e p o s i t i o n  ra tes  cal- 
cu la t ed  u n d e r  e q u i l i b r i u m  cond i t ions .  T h e s e  c h a n g e s  are 
more  s ign i f ican t  w h e n  c o n c e n t r a t e d  in le t  gas m i x t u r e s  
are  used.  Also,  w i t h  modi f i ed  p r o p e r t y  values ,  d i f fe ren t  
va lues  for t he  k ine t i c  p a r a m e t e r s  m a y  be  r equ i r ed  to fit 
ava i lab le  e x p e r i m e n t a l  da ta  a n d  th i s  can  lead to d i f fe ren t  
i n t e r p r e t a t i o n s  of  t he  ra te - l imi t ing  s teps  in  t he  process .  
C h a n g e s  in L e n n a r d - J o n e s  force c o n s t a n t s  give re la t ively  
smal l  va r i a t ions  in  t he  t r a n s p o r t  p r o p e r t i e s  a n d  t h e s e  gen-  
eral ly  have  a neg l ig ib l e  effect  on  p r e d i c t e d  depos i t ion  
rates .  
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L I S T  OF S Y M B O L S  

a h y d r o d y n a m i c  pa ramete r ,  p r o p o r t i o n a l  to mass  
flow ra te  of je t  s t r eam (s -1) 

AI p r e - e x p o n e n t i a l  fac tor  for  b a c k w a r d  ra te  con-  
s t a n t  for h e t e r o g e n e o u s  r e a c t i o n  1 (moYcm~-s) 

A'~ p r e - e x p o n e n t i a l  fac tor  for  b a c k w a r d  ra te  con-  
s t a n t  for  h o m o g e n e o u s  r eac t i on  1 (moYcm:~-s) 

A~.i.1 p r e - e x p o n e n t i a l  f ac to r  for  a d s o r p t i o n / d e s o r p t i o n  
e q u i l i b r i u m  c o n s t a n t  for spec ies  i in  r eac t i on  1 
(see Eq. [5]) 
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c total concentration (mol/cm 3) 
C,~ molar heat capacity of species i (J/tool-K) 
d nozzle diameter (cm) 

coefficient in Eq. [14] (J/mol-K) 
~i~ diffusion coefficient for binary interactions 

(cm~/s) 
ei coefficient in Eq. [14] (J/mol-K '2) 
Ea.~ activation energy for backward reaction 1 (see 

Eq. f2~) (K) 
Ea kinetic parameter representing activation energy 

for rate-limiting step (K) 
E~.~.I activation energy for adsorption/desorption of 

species i in reaction 1 (see Eq. [5]) (K) 
E~ kinetic parameter representing activation energy 

for adsorption]desorption of BCI~ (K) 
coefficient in Eq. [14] (J/tool-K:9 

H~ enthalpy of species i (J/tool) 
AH~ enthalpy change of reaction 1 (J/mol) 
AH%,8 standard enthalpy of formation at 298 K (J/tool) 
k Boltzmann constant (1.3806 • 10 -~3 J/K) 
k~ thermal conductivity of species i (W/m-K) 
k, rate constant for heterogeneous reaction 1 

(mol/cm~-s) 
k'L rate constant for homogeneous reaction 1 

(mol/cm~-s) 
K~ equilibrium constant for reaction 1 
Kp~ equilibrium constant defined by Eq. [12] 
Ks, H equilibrium constant for adsorption/desorption 

of species i in reaction l 
Ks. ,  equilibrium constant for adsorption/desorption 

of BCI~ (see Eq. [6]) 
L distance between end of nozzle and substrate 

surface (cm) 
m, net number  of molecules produced by reaction 1 
n 1 exponent in~q. [I] 
Nm = flux/c~vu~a, dimensionless surface flux for 

species m 
p gas pressure (N/m -~) 
q,l exponent in Eq. [4] 
r, = r~ - r~b, net rate of heterogeneous reaction 1 

(moYcm='-s) 
% = r'~f - r'~b, net rate of homogeneous reaction 1 

(mol/cm3-s) 
r'int., net rate of homogeneous reaction 1, integrated 

across diffusion layer (mol/cm2-s) 
R universal gas constant 8~_.3143 J/mol-K) 
S = deposition rate/c~/,~a,  dimensionless boron 

deposition rate 
S%s standard entropy at 298 K (J/tool-K) 
T temperature (K) 
x%c~3 inlet mole fraction of BCI~ 
x~ mole fraction of species i 
z axial distance from deposition surface (cm) 

Greek symbols 

~, fl, ~, 8, �9 coefficients in Eq. [15] 
�9 energy of interaction for Lennard-Jones poten- 

tial (J) _ _  
= z~/a/,~, dimensionless axial distance 
coordinate 

0v, parameter defined by Eq. [4] 
8k dimensionless kinetic parameter (k = 1-5) 

defined in Eq. [7]-[11] 
t~ viscosity of species i (g/cm-s) 
u, stoichiometric coefficient for species i in reac- 

tion ] (positive for reactants) 
~ bulk kinematic viscosity (cn~2/s) 
(r collision diameter for Lennard-Jones potential 

(cm) 

Subscripts 

A case A 
b backward reaction 
D case D 
e at equilibrium 
f forward reaction 
i species i 
1 reaction 1 
m boron compounds 
s at surface 

in bulk 
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ABSTRACT 

The photoexcitat ion effects on the growth rate have been demonstrated in the vapor phase epitaxial growth of 
GaAs. The growth rate is enhanced by irradiating the substrate zone with a 249 nm (KrF) excimer laser over the whole of 
temperature range 480 ~ - 700~ and increases in proportion to the incident power. However, the growth rate is reduced 
by irradiating the source zone with a 249 or 222 nm (KrC1) excimer laser at low temperatures below 650~ These effects 
have been concluded to be caused not by thermal-induced reactions but, rather, by photoinduced reactions because of 
sharp wavelength dependence. Infrared absorption analyses have shown that the reduction of AsC13 by H~ is promoted 
by irradiation with a 249 or 222 nm laser. This photodissociation of AsC13 causes the growth rate reduction in the case of 
source zone irradiation. 

The development  of low temperature processing tech- 
niques is increasingly required in the manufacture of 
semiconductor devices. This requirement  comes about 
because defect generation and propagation, thermal wa- 
fer warpage, and impurity redistribution occur at high 
temperatures. Photoexcited technique has been receiving 
increasing attention as low temperature processing. One 
of the authors (J. N.) first proposed the photoexcited pro- 
cess in 1961 (1), and applied this technique to the vapol: 
phase epitaxial growth of Si (2). High quality Si epitaxial 
layers were grown at low temperatures by irradiating the 
substrates with UV light. 

In photoexcited processes, reactions are less complex 
and fewer defects are generated due to excess energies, 
unlike plasma excitation, because a sort of specific radi- 
cal or ion can be selectively formed by selecting the pho- 
ton energy. Moreover, photoexcited processes have the 
possibility that each elementary process can be individu- 
ally controlled among the competit ive processes by using 
monochromatic light whose wavelength is suited to acti- 
vate the process. Photoexcited processes can be carried 
out at low temperatures and are expected to be easily 
monitored and controlled. Therefore, photoexcited pro- 
cesses are more promising techniques for achieving pre- 
cise control. Another advantage of photoexcited pro- 
cesses is the ability to localize spatially the reaction 
region by using a tightly focused laser beam. This paper 
describes the initial results of an application of photo- 
excited technique to the vapor phase epitaxial growth of 
GaAs. 

Experimental 
The growth of GaAs epitaxial layers was carried out by 

using a conventional AsCI~-Ga-H2 system. A schematic di- 
agram of the growth apparatus is shown in Fig. 1. The ap- 
paratus consists of a controlled two-zone furnace, a quartz 
reactor tube, a Ga source boat, a substrate holder, and an 

* Electrochemical Society Active Member. 

AsCI~ bubbler. The furnace has two window ports to in- 
troduce light beam into the reactor tube, and the ports are 
closed with evacuated quartz plugs to keep the thermal 
condition. The reactor tube has an inside diameter of 34 
ram. The hydrogen carrier gas was passed through an 
absorption-type purifier. The temperature of the AsCl:3 
bubbler was kept at 0~ and the flow rate of hydrogen 
through the AsCI.~ bubbler was kept at 100 cm:~/min by a 
mass flow controller. The substrates were Cr-O doped 
semi-insulating GaAs crystals, oriented 4 ~ off (100) toward 
(110). The substrates were cut in 1 • 1 cm 2 rectangles and 
were first etched by 4H2SO:IH~O~:IH~O solution followed 
by dipping into concentrated HF solution, then slight 
e t ch ingby  10H2SO~:lH202:lH20, and finally another con- 
centrated HF dipping prior to epitaxial growth. An 
excimer laser was mainly used as a light source for irradi- 

__Light ~'1"# Light 

g.uartz Ptug~ I ~, 

] 
/ Furnace \ 

Ga Source Substrate 

Purified H 2 

AsCt 3 

Fig. 1. Schematic diagram of the growth apparatus 
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a t ion  d u r i n g  c rys ta l  g rowth .  The  e x c i m e r  laser  w h i c h  
emi t s  10 • 20 m m  2 shee t  b e a m  was  o p e r a t e d  w i t h  KrC1 
(222 nm),  K r F  (249 nm),  XeC1 (308 nm),  or X e F  (350 nm)  
l ine  at  r epe t i t i on  ra te  of  5 - 70 pps .  T he  l igh t  was  in t ro-  
duced  in to  t he  s u b s t r a t e  zone  or  t he  Ga  source  zone  wi th-  
ou t  any  focus ing .  The  g r o w t h  ra te  was  de r ived  f rom the  
g r o w t h  t ime,  a n d  t h e  t h i c k n e s s  of  t he  g r o w n  layer  was  
m e a s u r e d  b y  t he  c leavage  a n d  s ta in  t e c h n i q u e  on  the  as- 
s u m p t i o n  t h a t  i t  is a l inear  f u n c t i o n  of  t ime.  

The  gas ana lys i s  b y  in f r a red  a b s o r p t i o n  s p e c t r o s c o p y  
was car r ied  ou t  in  o rde r  to clar i fy t he  p h o t o e x c i t a t i o n  ef- 
fect  on  the  r e d u c t i o n  of  AsCI~ b y  H~. T h e r e  are  two m e t h -  
ods  for i n f r a r ed  s p e c t r o s c o p y  m e a s u r e m e n t s  (3); t h e y  are 
s a m p l i n g  a n d  d i rec t  (in situ) o b s e r v a t i o n  m e t h o d s .  Al- 
t h o u g h  the  s a m p l i n g  m e t h o d  was  u s e d  in  t he  p r e s e n t  ex-  
pe r imen t ,  t h e  d i r ec t  o b s e r v a t i o n  m e t h o d  could  h a v e  also 
b e e n  used.  The  m e a s u r e m e n t  s y s t e m  is nea r ly  s imi la r  to 
t h a t  u sed  in a p r e v i o u s  p a p e r  (4). A capi l la ry  is i n t r o d u c e d  
in to  the  r eac to r  t u b e  to lead r e a c t a n t s  in to  a gas cell for  
ana lyz ing  b y  a n  in f r a red  spec t rome te r .  H y d r o g e n  gas  was  
i n t r o d u c e d  in to  t he  r eac to r  t u b e  a f te r  pa s s i ng  t h r o u g h  t he  
AsCI:~ b u b b l e r  a n d  t h e n  i r r ad ia t ed  w i th  an  e x c i m e r  laser.  

Experimental Results 
Substrate zone i rradiat ion . - -Figure  2 shows  the  g r o w t h  

ra te  as a f u n c t i o n  of i n c i d e n t  e x c i m e r  laser  w a v e l e n g t h  
for a n  i n c i d e n t  ave rage  power  of  - 1 . 7 W  in t he  case of sub-  
s t r a t e  zone  i r rad ia t ion .  The  source  t e m p e r a t u r e  and  sub-  
s t ra te  t e m p e r a t u r e  were  720 ~ a n d  600~ respect ive ly .  The  
g r o w t h  ra te  was  i n c r e a s e d  by  t he  249 n m  laser  i r r ad ia t ion  
b u t  scarce ly  c h a n g e d  by  o the r  w a v e l e n g t h  i r rad ia t ion .  
Moreover ,  no  e n h a n c e m e n t  of  g r o w t h  ra te  was  o b t a i n e d  
by  i r r ad ia t ion  w i t h  a v i s ib le  a rgon- ion  laser.  

The  g r o w t h  ra tes  are p lo t t ed  in Fig. 3 as a f u n c t i o n  of 
t he  r ec ip roca l  s u b s t r a t e  t e m p e r a t u r e .  In  th i s  e x p e r i m e n t ,  
t he  t e m p e r a t u r e  d i f fe rence  b e t w e e n  t he  sou rce  a n d  t he  
s u b s t r a t e  zone  was  k e p t  to 50~ In  the  a b s e n c e  of  irradia-  
t ion  s h o w n  b y  c u r v e  a, t he  g r o w t h  ra te  m o n o t o n i c a l l y  de- 
c reased  w i th  l ower ing  the  s u b s t r a t e  t e m p e r a t u r e  to 600~ 
a n d  t h e n  s l igh t ly  inc reased ,  fo l lowed by  d e c r e a s i n g  be low 
550~ wi th  f u r t h e r  t e m p e r a t u r e  decrease .  No crys ta l  
g r o w t h  was  o b t a i n e d  be low 500~ In  t h e  case  of  s u b s t r a t e  
zone  i r r ad i a t i on  w i th  the  249 n m  laser  s h o w n  b y  c u r v e  b, 
t he  g r o w t h  ra te  s l igh t ly  d e c r e a s e d  w i t h  lower ing  t he  sub-  
s t ra te  t e m p e r a t u r e  to 500~ a n d  t h e n  rap id ly  d e c r e a s e d  to 
a smal l  va lue  at  480~ T he  g r o w t h  ra te  was  f o u n d  to be  
e n h a n c e d  over  t he  who le  of  t e m p e r a t u r e  r a n g e  of  480 ~ 
700~ by  t he  s u b s t r a t e  zone  i r r ad ia t ion  w i th  t he  249 n m  

Tsource = 72 O~ 
0 
0~ Tsub = 600oc 

I 

I 

c~ ~o - _ - o _  
o 0 -  

0 

30O 
Wavelength (nm) 

400 

laser.  

5 

~ 4  
.c: 

E 
3. 

3 
(b 

c- 
~ 2 

o _ 9 _  
0 

1 

0 I Sll  
No Irra- ~r 
diation ~ v v  

Fig. 2. Wavelength dependence of growth rate for GaAs epitaxial lay- 
ers grown by the substrate zone irradiation with an excimer laser. 
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Figure  4 shows  t he  i n c i d e n t  laser  p o w e r  d e p e n d e n c e  of 
g r o w t h  ra te  in  t he  case  of  s u b s t r a t e  zone  i r r ad ia t ion  w i th  
the  249 n m  laser.  S ince  the  g r o w t h  ra te  inc reases  in  pro- 
po r t i on  to t he  i n c i d e n t  power ,  the  g r o w t h  ra te  can  be  
con t ro l l ed  by  c h a n g i n g  t he  i n c i d e n t  laser  power .  

Source zone i rradiat ion . - -Figure  5 s h o w s  t he  g r o w t h  
ra te  as a f u n c t i o n  of  i n c i d e n t  e x c i m e r  l ase r  w a v e l e n g t h  in 
the  case  of  Ga  sou rce  zone  i r rad ia t ion .  The  source  tem-  
p e r a t u r e  a n d  s u b s t r a t e  t e m p e r a t u r e  we re  600 ~ a n d  550~ 
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Fig. 4. Incident 249 nm laser power dependence of growth rate for 
GaAs epitaxial layers. 
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respectively. The growth rate was markedly reduced by 
irradiation with the 249 nm laser irradiation and with the 
222 nm laser irradiation but scarcely changed by other 
wavelength irradiation. 

The growth rate in the case of  source zone irradiation 
with the 249 nm laser was comparable to the value with- 
out irradiation at the source temperature above 650~ but 
was smaller than that without irradiation below 650~ as 
shown by the curve c in Fig. 3. 

Photodissociation ofAsCl~.--Figure 6 shows the temper- 
ature dependence of AsCI~ decomposit ion measured by 
infrared absorption spectroscopy. In order to estimate the 
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Fig. 6. Temperature dependence of the reduction of AsCl:~ by H~. *Ar- 
senic was deposited on the irradiated region at low temperatures below 
325~ 

concentration of reactants, we used the absorbance at 398 
and 2926 cm - '  for AsC13 and HC1, respectively. In the ab- 
sence of irradiation, AsC13 is completely reduced by H~ 
and HC1 is produced at high temperatures above 700~ 
but AsC13 is scarcely reduced by H~ at low temperatures 
below 600~ In the case of irradiation with the 249 nm 
laser, on the other hand, AsC13 is reduced by H~ even at 
low temperatures below 600~ The activation energies 
for reduction reaction of AsC13 are 49 and 2.2 kcal/mol 
without and with irradiation, respectively. The activation 
energy decreased dramatically with irradiation. However, 
the activation energy does not necessarily show the en- 
ergy for the individual process step because there is the 
possibility that the reaction involves multistep processes. 

Figure 7 shows the wavelength dependence of AsC13 re- 
duction by irradiation with an excimer laser. The reduc- 
tion of AsC13 is promoted by irradiation with the 222 and 
249 nm laser. 

Discussion 
Although the detailed mechanism of GaAs epitaxial 

growth by the chloride method has not been clarified, 
the following processes are generally considered for the 
reactions (5). 

At high source temperatures above 700~ where the 
growth is usually carried out, introduced AsC13 is reduced 
by H2 and HC1 is produced by 

2AsCI~ + 3H2 ~ 1/2 As4 + 6HC1 [1] 

HC1 produced by reaction [1] reacts with the GaAs crust 
formed on the surface of the Ga melt at the source to form 
GaC1 and As4 by 

2GaAs + 2HC1 ---> 2GaC1 + 1/2 As4 + H2 [2] 

These gases are carried by H~ onto the substrate at a low 
temperature, where GaAs is deposited by 

2GaC1 + 1/2 As4 + H2 --~ 2GaAs + 2HC1 [3] 

At low source temperatures below 600~ on the other 
hand, AsCI:~ is not efficiently reduced by Hz and the 
source reacts directly with AsCI:~ by reaction [4] and not 
with HC1 (6) 

3GaAs + AsC13 --~ 3GaC1 + As4 [4] 

In the deposition region, reaction [3] or reaction [5] should 
take place 

3GaC1 + 1/2 As4 --, 2GaAs + GaC13 [5] 

By taking account of the above-mentioned mechanism, 
we discuss the irradiation effects on the growth rate. In 
the case of substrate zone irradiation, the sharp wave- 
length dependence of growth rate enhancement  indicates 
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Fig. 7. Wavelength dependence of the reduction of AsCI3 by irradia- 
tion with an excimer laser. 
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that it is caused not by thermal-induced reactions but by 
photoinduced reactions. GaCl has an absorption band at 
around 248 nm (7). The mechanism of the growth-rate en- 
hancement by the substrate zone irradiation is not clear 
yet, but it is presumably associated with excitation or de- 
composition of a sort of gallium chlorides by the 249 nm 
laser irradiation. I 

The temperature dependence of growth rate in the ab- 
sence of irradiation seems to be related with the degree of 
AsCI:~ decomposition. At Ts,,urce < 700~ AsCI~ is notocom- 
pletely decomposed, and the Ga source reacts not only 
with HC1 but also directly with AsCl:3 with lowering of the 
source temperature below 700~ Therefore, the growth 
rate behavior as shown by curve a in Fig. 3 is based on the 
difference of the source reaction mechanism. 

Infrared absorption analysis indicates that the AsCI~ re- 
duction by H~ can be caused even at low temperatures be- 
low 700~ by irradiation. Therefore, the growth rate re- 
duction by the source zone irradiation at low tempera- 
tures must be associated with the photodissociation of 
AsC13. At high temperatures above 650~ AsC13 is ther- 
mally reduced and then the Ga source reacts with HC1 re- 
gardless of irradiation. At low temperatures below 650~ 
on the other hand, the Ga source reacts directly with 
AsCI.~ in the absence of irradiation, whereas the Ga source 
reacts with HC1 in the presence of irradiation because of 
the photodissociation of AsC13. The reaction velocity of 
direct reaction with AsC13 is larger than that of the reac- 
tion with HC1 at low temperatures (6). Therefore, the 
growth rate is decreased by the source zone irradiation at 
low temperatures. 

Conclusion 
We have demonstrated the photoexcitation effects on 

the growth rate in the vapor phase epitaxial growth of 

1Results will be reported in the next paper. 

GaAs. The growth rate can be enhanced by irradiating the 
substrate zone with the 249 nm laser over the whole of 
temperature range of 480 ~ - 700~ whereas it is reduced 
by irradiating the source zone with the 249 or 222 nm 
laser at low temperatures below 650~ Infrared absorp- 
tion analysis showed that the reduction of AsC13 by H~ is 
promoted by irradiation with the 249 or 222 nm laser. This 
photodissociation of AsC13 causes the growth-rate reduc- 
tion in the case of source zone irradiation. Further investi- 
gations are extended to clarify the detailed mechanism of 
photoexcitation effects. In future, the crystal growth will 
be performed by identifying the radicals or ions which 
participate in the reactions by infrared absorption spec- 
troscopy and then by forming selectively the radicals and 
ions with photoexcitation. 

Manuscript submitted Sept. 21, 1984; revised manu- 
script received March 19, 1985. 
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ABSTRACT 

Lateral autodoping is encountered if silicon wafers with heavily doped areas are subjected to silicon epitaxy. The 
characteristics of the autodoping profile are determined by the pre-epitaxial bake conditions and by the identity of the 
impurities. Lateral autodoping originating from arsenic- or antimony-implanted silicon substrates can be suppressed by 
reduction of the total pressure during the epitaxial process. In contrast, autodoping is enhanced at reduced pressure if 
boron-doped buried layers are employed. These phenomena can be accounted for if chemical processes in the gas phase, 
which involve the dopant, are considered. Thermodynamic computations have been carried out in order to explain the 
influence of process conditions such as temperature, total pressure, and the presence of chlorine on the autodoping be- 
havior or antimony, arsenic, phosphorus, and boron. Evaporated dopant atoms are converted to stable gaseous com- 
pounds such as SbC1 for antimony, AsH and Ass for arsenic, PH2, PH3, and P~ for phosphorus, and BHC12 for boron. The 
reincorporation of the dopant in the epitaxial layer is governed by the partial pressure of monoatomic species in the gas 
phase. Mass action law describes the influence of total pressure on the efficiency of the autodoping process. 

During epitaxia] deposition of silicon, impurities pres- 
ent in the substrates are redistributed in the epitaxial 
layer. Transport of dopant atoms can take place by means 
of solid-state diffusion (i) or according to a two-step 
mechanism involving impurity evaporation from the sub- 
strate and reincorporation into the growing layer (2, 3). 
The latter phenomenon is usually referred to as auto- 
doping. The result of autodoping is an unintended impu- 
rity profile in the epitaxia] layer. This may give rise to 
unwanted device characteristics in schernes where wafers 
with buried layers or heavily doped substrates are used. 

A considerable amount of work on the topic of auto- 
doping has been done in recent years. Most authors pay 
attention in particular to the physical aspects of the pro- 
cess, such as gas phase diffusion (4), the retainment of im- 
purities in the boundary layer (5, 6), and the adsorption of 
impurities at the surface (7). Quantitative treatments of 
gas flow effects have been published (8, 9). 

The characteristics of the autodoping profile are deter- 
mined to a large extent by the pre-epitaxial bake condi- 
tions, such as temperature, bake time, and total pressure 
(10). An important observation is the fact that, in the case 
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of arsenic, autodoping can be suppressed by low pressure 
epitaxy (11, 12), which is in agreement with theoretical ex- 
pectations. However, in the case of boron, enhancement  
of autodoping at reduced pressure has been reported (13). 
It seems that in order to explain this and other anomalies, 
the influence of chemical processes on the autodoping 
mechanism should be taken into account. This approach 
has been successfully pursued for the description of in- 
tentional doping during epitaxial deposition of silicon, es- 
pecially for arsenic (14) and phosphorus (15), for epitaxy 
at both atmospheric and reduced pressure (16). At pres- 
ent, physicochemical models for the incorporation of 
dopants in epilayers are available (17). 

The purpose of this paper is to compare the autodoping 
behavior of Sb, As, P, and B buried layers and to study 
the influence of chemical processes in the gas phase on 
the reincorporation of these dopants. 

Exper imenta l  Procedure 
Epitaxial silicon layers were grown in an AMC7800 

radiant-heated barrel reactor. Silicon sources used were 
dichlorosilane, trichlorosilane, and tetrachlorosilane. The 
silicon growth rate amounted to 0.43/~m/min during most 
experiments. Diborane and phosphine were used as 
dopant gases. Hydrogen was used as a carrier gas; the to- 
tal gas flow was about 170 standard liter/min. The deposi- 
tion temperature was varied within the range 1050 ~ 
1200~ 

The samples for the investigation of autodoping pro- 
files were prepared as follows. Heavily doped substrates 
were used in order to facilitate CV measurements. 
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Fig. 1. Doping profiles in epilayer on a substrate with P buried layer. 

The figure shows the heavily doped suhstrate, the buried layer (open cir- 
cles), and the autodoping profile (darkened circles). Shaded area: 
autodoping peak. 

Antimony-doped silicon wafers (resistivity 0.02 tl-cm) 
were used as N ~ substrates, and boron-doped wafers (0.02 
tl-cm) were used as P+ substrates. The slices were (100) 
oriented and of 3 in. diam; they were supplied by Wacker. 
The P§ substrates were backsealed with 2/~m of undoped 
silicon. The N § and P~ slices were coated on the front side 
with N -  or P -  epitaxial layers, respectively (carrier con- 
centration of 10 TM cm-3; thickness of 5 /~m), in order to 
separate the buried layers from the substrate doping. 
Next, the wafers were subjected to ion implantation (dose 
3 • 1015 cm-'-': energy 50 keV) in order to create buried 
layers doped with antimony, arsenic, phosphorus, or bo- 
ron. The buried layers were rectangular with dimensions 
of 6.6 • 8.8 mm~; the active region was 52% of the total 
surface area. 

Subsequently, a 100 min diffusion drive was performed 
at 1200~ for Sb and As, and at 1100~ for B and P. Due to 
differences in the diffusivities of these elements in sili- 
con, this resulted in approximately equal doping profiles 
in these four types of substrates prior to the epitaxy step. 
A second epilayer was deposited onto the substrates, 
doped intentionally to about 1014 cm -3 n- or p-type. 

The autodoping phenomena caused by the presence of 
the buried layers during epitaxy were investigated with 
the aid of spreading resistance (SR) measurements on 
beveled samples. To this end, an SSM two-probe mea- 
suring system, Type ASR-100, was used. The uncorrected 
SR profiles were compared with impurity profiles ob- 
tained with an MSI 894 capacitance-voltage (C-V) profiler 
provided with a mercury probe. Qualitative agreement 
was observed. The SR data were converted to carrier con- 
centrations with the aid of a series of values of four-point 
probe resistivities obtained on calibration samples. 

Exper imenta l  Results 
The redistribution of dopant atoms originating from the 

buried layers was investigated by measuring the 
spreading resistance profile in between two buried layer 
(BL) regions. A comparison of the doping profile ob- 
tained in this way and a doping profile determined over a 
buried layer is shown in Fig. 1. The extent  of autodoping 
is indicated by the magnitude of a concentration maxi- 
mum in the second epilayer, formed during the initial 
stage of epitaxial growth. The variation of the lateral 
autodoping peak as a function of distance from the BL 
edge  is shown in Fig. 2. It is seen that the maximum is 
only slightly dependent  on distance in the region within 
several millimeters from the BL edge. The repetitious 
pattern of buried layers causes an averaging effect on the 
off-BL profiles. In investigations where only a single 
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Fig. 3. Influence of pre-epitaxial bake time and temperature, total 
pressure, and HCI on lateral autodoping peak height (corrected for back- 
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buried layer on an entire wafer was used, the direction of 
the gas flow affected autodoping (8). 

The off-BL profiles presented below were always de- 
termined at 2.2 mm from the BL edge, i.e., in the middle 
between two buried layers. Minor deviations in distance 
do not affect the profile significantly. 

Influence of pre-epitaxial bake conditions on lateral 
autodoping.--Native oxide, p resent  on the  sil icon surface, 
is r emoved  by the  act ion of hydrogen  dur ing the  pre- 
epi taxial  bake step. S imul taneously ,  dopan t  a toms are re- 
leased from the  bur ied  layer, to be re incorpora ted  dur ing 
the deposi t ion step. The  lateral  au todop ing  m a x i m u m  is 
affected by the condi t ions  of the  pre-epi taxial  stage. The 
fol lowing expe r imen ta l  parameters  were  studied. 

Total pressure.--Experiments were  done  at a tmospher ic  
pressure  (AP) or at r educed  pressure  (RP, i.e., 65 torr). 

Pre-epitaxial bake temperature.--Pre-epitaxial bake was 
pe r fo rmed  at 1080 ~ and 1200~ The t empera tu re  dur ing  
growth  was the  same  as the  pre-epi taxia l  t empera ture .  

Pre-epitaxial bake time.--The t ime  requ i red  for at taining 
the set-point  t empe ra tu r e  was about  3 min.  This was des- 
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ignated  as "No Bake."  Alternat ively,  and addi t ional  pre- 
epitaxial  bake (B) was a l lowed for the  dura t ion of 30 min. 

The  inf luence of  these  condi t ions  on the au todoping  
profile was s tud ied  for epitaxial  layers depos i ted  onto 
wafers implan ted  wi th  Sb, As, P, and B, respect ively.  The 
lateral  au todop ing  profiles wh ich  resul t  for di f ferent  con- 
dit ions for each of the  dopant  types  were  publ i shed  else- 
where  (18). The  resul ts  can be summar i zed  as follows. 

For  ant imony,  the  Sb lateral au todop ing  peak  was 
found  always be low 1015 cm -3. The  m a x i m u m  decreased  
with  (i) r educ t ion  of the total pressure,  (ii) extens ion  of 
the  pre-epi taxial  bake  t ime,  and (iii) increase  of tempera-  
ture. 

For  arsenic,  the As lateral  au todop ing  peak was 
strongly affected by the expe r imen ta l  condit ions.  The  
h ighes t  m a x i m u m  was found at low t empera tu re  and at- 
mospher ic  pressure.  The m a x i m u m  decreased  with (i) re- 
duc t ion  of the  total  pressure,  (ii) ex tens ion  of the  pre- 
epi taxia l  bake  t ime,  and (iii) increase  of  tempera ture .  

For  phosphorus ,  the P lateral  au todop ing  peak  was al- 
ways larger than 1016 cm -3. The m a x i m u m  decreased  with  
(i) increase of  the  total  pressure,  and (ii) decrease  of  tem- 
perature.  The  m a x i m u m  was not  no tab ly  affected by the 
dura t ion of  the  pre-epi taxia l  bake t ime. 
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For boron, the B lateral autodoping peak was found 
within a large range from 10 '4 to 10 '7 cm -3. The maximum 
decreased with (i) increase of the total pressure, (ii) short- 
ening of the pre-epitaxial bake time, and (iii) decrease of 
temperature. 

A graphic representation of these results is given in Fig. 
3. In addition to the pre-epitaxial conditions mentioned 
above, the effect of the presence of HC1 (1 volume per- 
cent) during the pre-epitaxial stage was studied. This re- 
sulted in the removal of the top layer (about 0.5 ~m) of the 
substrate, including part of the implanted region. This 
caused a reduction of the autodoping maximum for As 
and P by a factor of four, and by somewhat less for Sb. 
Etching during the pre-epitaxial bake did not influence 
the magnitude of the autodoping peak of boron. 

Influence of the silicon source on lateral autodop- 
ing.--In addition to the experimental  conditions prior to 
the expitaxial process, the identity of the silicon source 
gas present during deposition appeared to be of impor- 
tance. In order to avoid possible interpretation diffi- 
culties introduced by surface kinetics, the same growth 
rate (0.41 ~m/min) was imposed for the preparation of all 
samples. This was attained by the choice of appropriate 
growth gas partial pressure: 0.4% SiH~CI~, 2.4% SiHC13, 
and 4% SIC14, respectively, for epitaxial deposition under 
reduced pressure at 1080~ The influence of the silicon 
source on the lateral autodoping peak height is depicted 
in Fig. 4. For arsenic and phosphorus, the variations of 
the autodoping maximum were within the uncertainty of 
the measurement,  which was about 15%. This indicates 
that P and As autodoping is not affected by the identity of 
the silicon source. The effect on antimony autodoping is 

somewhat  ambiguous; a decline of the peak height by 
25% was observed if tetrachlorosilane was used instead of 
dichlorosilane. For boron, a clear reduction of the 
autodoping efficiency was found. If SiH2C12 was replaced 
by SiCL, the autodoping maximum decreased with a fac- 
tor of more than two. 

Doping with diborane.--In order to study the influence 
of the experimental  conditions on the mechanism of 
dopant incorporation from the gas phase, a number  of ex- 
periments were executed in which the epitaxial layers 
were intentionally doped with boron. This is the more in- 
teresting dopant because of its divergent behavior. The 
incorporation of arsenic and phosphorus has been de- 
scribed in several publications (14, 15). 

When diborane was used as a dopant source, the rela- 
tionship between the boron concentration in the epilayer 
NB and the diborane fraction in the gas XB._,,~ during depo- 
sition could be expressed by a straight line with slope (h 

d(log NB) 
(b - [1] 

d(log XB~,6) 

Experimentally, the following values for ~ were found (cf. 
Fig. 5). At atmospheric pressure and 1080~ (~ = 0.95 for 
0.4% SiH2CI~ (growth rate 0.43 ~m/min), and r = 0.98 for 
1.4% SiHC13 (growth rate 0.36 ~m/min). At reduced pres- 
sure, similar results were obtained: @ = 0.98 for SIC14 at 50 
torr, @ = 1.01 for SIC14 at 370 torr, and @ = 1.00 for SiHC13 
at 60 torr. 

The influence of the total pressure on the doping pro- 
cess can be studied by comparing these results. The de- 
pendence of the impurity concentration in the epitaxial 
layer on the total pressure Ptot (for a constant diborane 
fraction in the gas phase and.hydrogen as a carrier gas) is 
expressed by 

d(log NB) 
@ - [2] 

d(log Ptot) 

The value @ = -0.52 -+ 0.07 was found when SIC14 was 
used as a silicon source. For the case of SiH~CI~, @ = -0.43 
_+ 0.10 was measured. Clearly, the efficiency of the boron 
incorporation process is enhanced by reduction of the to- 
tal pressure. In spite of the fact that the total concentra- 
tion of boron in the gas phase is reduced, the concentra- 
tion of boron in the solid increases! 

In view of the observation that boron autodoping was 
influenced by the chlorine content of the silicon source 
(preceding section), the effect of the amount of chlorine 
present in the gas phase on the boron doping process was 
also studied. The chlorine fraction was varied by adjust- 
ment of the dichlorosilane and trichlorosilane partial 
pressures. The relationship between the boron concentra- 
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tion in the epitaxial layer and the chlorine fraction in the 
gas phase Xcl is given by the equation 

d(log NB) 
[3] 

d(log Xcl) 

For SiHC13 at atmospheric pressure, ~ = -0.96 was found, 
whereas for SiH~C12 at 65 torr the value ~ = -0.86 was ob- 
tained (cf. Fig. 6). It can be shown that the decrease of the 
boron concentration in the solid with increasing SiH2CI=, 
and SiHC13 partial pressure is not caused by kinetic limi- 
tations. If  the incorporation of impurities during deposi- 
tion of silicon is governed by quasi-equilibrium condi- 
tions, the number  of boron atoms incorporated in silicon 
is less than the amount  of boron atoms arriving at the sur- 
face. Essentially, this implies that the effective segrega- 
tion cofficient, defined at 

NB/NSi 
kef f  - - -  [4 ]  

X B/X si 

must be smaller than unity (19). In Eq. [4], Ns~ is the con- 
centration of silicon atoms in the solid, XB is the total bo- 
ron fraction in the gas phase, and Xs~ is the total silicon 
fraction in the gas phase. The theoretical upper limit of 
kerr (which points to an incorporation process governed by 
kinetic laws) may be even larger than unity if chlorine is 
present in the gas phase, since not all silicon arriving at 
the surface is used for crystal growth in this case. Table I 
gives a number  of values for keff calculated from the ex- 
perimental results for trichlorosilane. The figures show 
that the doping experiments were done well within the 
regime where equilibrium conditions may be assumed to 
be present. 

Finally, the temperature dependence of boron doping 
was studied in the range 1050~176 for 0.4% SiH2C12 and 
1 ppb B..,H6 at atmospheric pressure. F o r  a constant 
diborane partial pressure, the doping level tended to in- 
crease with increasing temperature. An activation energy 
E'act = 0.84 eV was found. 

Discussion 
Lateral autodoping is caused by evaporation of impuri- 

ties from the buried layer area during the pre-epitaxial 
bake stage. Srinivasan (20) showed that the surface con- 
centration of the dopant source at the end of the pre- 
epitaxial bake stage can be described by the expression 

N(T,t)/No = exp (fl2t) erfc (fit 1~'2) [5] 

where N(T,  t) is the surface concentration after a bake 
process with duration t at temperature T, and No is the ini- 
tial surface concentration. The parameter fi contains the 
mass transfer coefficient for evaporation K, expressed in 
centimeters per second and the dopant diffusivity in the 
solid D, expressed in square centimeters per second 

fl(T) = K(T)  {D(T)} -'r-' [6] 

The Arrhenius behavior for fl is described by 

fl(T) =/3o exp (-AE/kT) [7] 

where hE represents the activation energies for impurity 
diffusion and evaporation. The most important experi- 
mental parameters influencing the evaporation process 
are the pre-epitaxial bake time and temperature. These 

Table I. Effective segregation coefficient k~ff for the 
incorporation of boron with constant diborane partial pressure 

and variable trichlorosilane partial pressure. 
Experimental conditions: T = 1080~ XB = 10 -9, Ptot = 1 atm. 

Xsi N a  ( c m  -3) kef f 

0.0144 1.6 x 10 '~ 0.47 
0.0396 7.4 x 10 '~ 0.59 
0.0652 4.7 • 10 '4 0.61 
0.0990 3.2 • 10 '4 0.63 

relationships are presented graphically in Fig. 7 and 8. As 
expected, the surface concentration decreases with in- 
creasing bake t ime and temperature, due to enhancement 
of the evaporation rate. Since the lateral autodoping level 
is directly proportional to the surface concentration of the 
dopant source (20), the magnitude Of the lateral auto- 
doping peak is influenced in an analogous way. Accord- 
ing to this model, lateral autodoping can be suppressed 
by extension of the pre-epitaxial bake time or by an in- 
crease of the bake temperature. 

A third experimental  parameter that influences the lat- 
eral autodoping process is the total pressure. The surface 
concentration at the end of the pre-epitaxial stage deter- 
mines the dopant concentration in the gas phase, and this 
quantity, in turn, governs the dopant reincorporation dur- 
ing epitaxial growth. For dilute solid solutions, the con- 
centration of impurities in the solid phase Ni is directly 
proportional to the partial pressure Pi of impurities in the 
gas phase, as given by Henry's law (14) 

Ni = KiPi [8] 

where K~ is the equilibrium constant. A part of the total 
amount of evaporated impurities will not be used for 
reincorporation, but is removed to the main gas stream. 
This fraction is determined by the magnitude of the diffu- 
sion coefficient D~ of species i in the gas phase. The diffu- 
sion coefficient is related to the total pressure according 
to 

Di = Do.iPtot-' [9] 

where Do,~ is the diffusion coefficient at atmospheric 
pressure. Thus, it can be shown that the effective partial 
pressure P~ is inversely proportional to the diffusion 
coefficient and directly proportional to the total pressure. 
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Fig. 10. Equilibrium composition of the Sb-Si-H-CI system as a func- 

tion of the Sb atomic fraction. Mass balance: 1% CI. Total pressure: 1 
arm, Temperature: 1350 K. 
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Table II. Sources of thermodynamic data for chemical species 
used in equilibrium calculations 

Species Ref. Species Ref. 

Sb (liquid) (29) 
Sb (29) 
Sb~ (29) 
Sb4 (29) 
SbH3 (31, 32) 
SbC1 (31, 32) 
SbC12 (31, 32) 
SbC13 (29) 
SbCI~ (31, 32) 

As (solid) (30) 
As (30) 
As~ (30) 
As~ (30) 
As4 (30) 
AsH (33) 
AsH2 (33, 34) 
AsH3 (31, 35) 
AsC1 (36) 
AsC12 (36) 
AsC13 (31, 37) 

P (38) 
P2 (38) 
P4 (38) 
PH (38) 
PH._, (38) 
PH~ (38) 
PC1 (38) 
PCI3 (38) 
PCI~ (38) 
PO (39) 
PO2 (38) 
POCI3 (38) 

B (solid) (38) 
B (38) 
B~ (38) 
BH (38) 
BH~ (38) 
BH:3 (38) 
B~H~ (38) 
BC1 (38) 
BCI~ (39) 
BCI~ (38) 
B2C14 (38) 
BHC12 (38) 
BH~C1 (32, 42) 
BO (38) 
BO=, (38) 
BOH (40) 
BO~H (38) 
BO~H~ (38) 
BO3H3 (38) 
BOC1 (38) 
B~O (38) 
B~O3 (39) 
B303H3 (38) 
B;~O3C1~3 (38) 

Si (solid) (38) 
Si (38) 
Si2 (38) 
Si3 (38) 
Sill  (41) 
SiH~ (40) 
SigH6 (32) 
SiC1 (41) 

SiCI~ (41) 
SIC13 (41) 
SiCh (39) 
SiHC13 (41) 
SiH~CI~ (41) 
SiH3CI (41) 
SiO (38) 
SiO.~ (solid) (38) 
SiO2 (38) 

C1 (39) 
C12 (35, 38) 
HC1 (38) 
C10 (38) 
C1OH (38) 
C120 (38) 
O (41) 
HO (41) 
HO2 (38) 

H20 (38) 
H20~ (38) 
O,2 (38) 
H (41) 
H~ (34, 41) 

Consequent ly ,  the  m a g n i t u d e  of  the  lateral  au todop ing  
m a x i m u m  is d i rec t ly  propor t ional  to the  total pressure.  
This is dep ic ted  schemat ica l ly  in Fig. 9. 

In  summary ,  the  lateral  au todoping  m o d e l  based on the  
concep t  of  success ive  evaporat ion,  diffusion, and 
re incorpora t ion  impl ies  that  the  pre-epi taxia l  bake  condi-  
t ions inf luence  the  au todop ing  process  in the fol lowing 
way: (i) lateral  au todop ing  is r educed  by ex tens ion  of the  
pre-epi taxial  bake  t ime, (ii) lateral au todop ing  is r educed  
by e levat ion of the  pre-epi taxial  bake  tempera ture ,  and 
(iii) lateral  au todop ing  is r educed  by  reduc t ion  of the  to- 
tal pressure.  

In the  foregoing,  i t  was a s sumed  impl ic i t ly  that  the  
evapora ted  impur i t y  is always p resen t  in the  gas phase  as 
a m o n o a t o m i c  gas. This appears  not  to be  in the  case in 
every  instance.  In  order  to obtain a detai led v i ew of the  
gas phase  composi t ion ,  it was necessa ry  to per fo rm a 
n u m b e r  of t h e r m o d y n a m i c  computa t ions ,  based on data 
repor ted  in the  l i terature.  A survey of the  chemica l  spe- 
cies used  in these  calculat ions is g iven  in Table  II. The 
c o m p u t e r  p rog ram was based  on the  min imiza t ion  of the  
Gibbs  energy  for each  set of  i npu t  values.  The  s tandard  
condi t ions  chosen  for the  calculat ion were  an inpu t  corn- 

posi t ion of 1% CI, 1 p p m  02, and 10 ppb dopan t  in a hy- 
drogen  ambient ,  in equ i l ib r ium wi th  a condensed  si l icon 
phase. The  s tandard  t empera tu re  was 1350 K. Equil ib-  
r i um compos i t ions  were  calculated for several  sets of in- 
pu t  va lues  of  the  parameters  dopant  concentra t ion,  total 
pressure,  chlor ine concentrat ion,  and tempera ture .  The  
resul ts  are p re sen ted  in a series of diagrams,  Fig. 10 to 23. 
In  equi l ib r ium,  mos t  chlor ine  is p re sen t  in the  fo rm of 
HC1 and mos t  oxygen  is conver ted  to SiO. S o m e  sil icon 
c o m p o u n d s  were  inc luded  in the  calculat ions,  but  were  
omi t ted  in the  plots for the sake of clarity. The  inf luence 
of the  partial pressure  of  hydrogen  chlor ide on the  equi- 
l i b r ium compos i t ion  of the  s i l icon-hydrogen-chlor ine  sys- 
t em has been  repor ted  by several  au thors  (21, 22). 

Antimony autodoping.--Autodoping originat ing f rom 
an t imony  bur ied  layers (cf. Fig. 3) is roughly  in ag reemen t  
wi th  the  expec ted  behavior .  The inf luence  of  the  pre- 
epi taxial  bake condi t ions  on au todop ing  is relat ively 
small,  which  m a y  be expla ined  by the  low evapora t ion  
rate of  an t imony.  In  order  to de t e rmine  whe the r  the  
chemica l  compos i t ion  of the  react ion mix tu r e  has any ef- 
fect on the  au todop ing  mechan i sm,  the  resul ts  of the  
equ i l ib r ium calculat ions are considered.  F igure  10 gives 
the  gas phase  compos i t ion  as a func t ion  of the  total 
amoun t  of  a n t i m o n y  presen t  in the  react ion mixture .  It  
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appears that, in the presence of HC1, or, which is equiva- 
lent, in the presence of a chlorine containing silicon 
source, virtually all evaporated antimony is converted to 
antimony monochloride, SbC1. This is the case within a 
wide concentration range of evaporated antimony. The 
influence of the total pressure on the composition is 
shown in Fig. 11. The dependence of the monoatomic Sb 
partial pressure on the total pressure is governed by the 
equilibrium 

2SbC1 + H2 ~ 2Sb + 2HC1 

The mass action law implies that a plot of log Psb vs. log 
Ptot yields a straight line with slope equal to 1/2. From the 
experimental data, it follows that 

h(log Nsb . . . .  ) - 0.08 
a(log Ptot) 

If all antimony were present in the gas phase as mono- 
atomic Sb, the expected slope would be equal to unity. 
Clearly, the observed figure is more in agreement with 
the supposition that the stability of monoatomic Sb is af- 
fected by the occurrence of chemical reactions in the gas 
phase. 

The influence of the total amount of chlorine on the 
gas phase composition is shown in Fig. 12. An increase of 

the chlorine content tends to reduce the stability of 
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monoatomic Sb. However, the effect of the C1 concentra- 
tion on the autodoping maximum cannot be deduced un- 
equivocally from the empirical data (Fig. 4). The fact that 
an increase of the C1 concentration does not significantly 
reduce the autodoping maximum seems to indicate that, 
in the case of antimony, surface kinetics of the incorpora- 
tion process should be taken into account i f a  comprehen- 
sive description of the antimony autodoping mechanism 
is to be given. 

The temperature dependence of the equilibrium com- 
position is given in Fig. 13. It is seen that the stability of 
the monoatomic Sb increases slightly with increasing 
temperature. The activation energy, defined as 

d(ln G) 
E"ac t [10]  

d(1/ k T) 

is approximately +2.01 eV. The apparent activation en- 
ergy for the autodoping process, defined as 

d(ln Ni.max) 
E'ac t [11] 

d(1/k T) 

is equal to -0.66 eV. Hence, a net value for the activation 
energy Eac t is found equal to -2.67 eV. 

Arsenic autodoping.--Autodoping due to arsenic buried 
layers and heavily doped substrates has been studied ex- 
tensively by a number  of authors (5, 10, 11, 23, 24). The ex- 
perimental results presented here are in agreement with 
most of these publications and are consistent with the 
autodoping model  described in the preceding section. 

A computation of the equilibrium gas phase composi- 
tion as a function of the total amount  of arsenic present 
(Fig. 14) shows that either AsH or As~ is the dominant spe- 
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cies. If the arsenic atomic fraction due to evaporation is 
relatively low, most of the arsenic is converted to AsH. 
For a higher evaporation rate, virtually all As is converted 
to As~. The species AsC1 appears to be relatively 
unimportant.  The graphic representation of the relation- 
ship between the chemical composition and the total 
pressure (Fig. 15) shows that the monoatomic As partial 
pressure is governed by a rather complicated equilibrium, 
which may be simplified, however, to the equation 

2AsH ~ 2As + H~ 

The slope of log PA~ VS. log Ptot is equal to +1/2. (If As~ is 
assumed to be the prevailing species, the same result is 
obtained.) Experimentally, the following relationship be- 
tween the autodoping maximum and the total pressure 
was found 

~(log NA ..... ) - +0.62 
h(log Ptot) 

This is in good agreement with the behavior that is pre- 
dicted according to the thermodynamic analysis. The fact 
that the empirical slope is larger than 0.5 could be ex- 
plained by the assumption that the partial pressure of 
monoatomic As is larger than the value that follows from 
the equilibrium calculations (24). 

In Fig. 16, it can be seen that the stability of monoa- 
tomic As increases only to a small extent with tempera- 
ture. The activation energy E"act amounts to +1.06 eV. 
The apparent activation energy for autodoping E'ac t is 
--1.65 eV, resulting in a net value for Eaet equal to -2.71 
eV. 

Phosphorus autodoping.--Whereas arsenic autodoping 
can be described at least qualitatively with the evapora- 

tion-diffusion-reincorporation model without invoking 
chemical details, the case is more complicated for phos- 
phorus. In  particular, the increase of the autodoping max- 
imum if the total pressure is reduced and of the enhance- 
ment  of autodoping at higher temperature are 
remarkable. 

The results of the equilibrium calculations, presented 
in Fig. 17, show that the gas phase is governed by the spe- 
cies PH3, PHi, and, for high phosphorus concentration, 
P2. The presence of chlorine does not affect the equilib- 
r ium composition, owing to the poor stability of chlorine 
containing gaseous phosphorus compounds. Also, no 
phosphorus oxides are sufficiently stable to play a role of 
importance in the chemical balance. 

The equilibrium composition is influenced, however, 
by the total pressure of the gas mixture (Fig. 18). The sta- 
bility of monoatomic phosphorus is enhanced by reduc- 
tion of the total pressure. The slope of log Pp vs. log Ptot 
changes from -1/2 if PH3 is the prevailing phosphorus 
compound to zero if PH~ is dominant. This phenomenon 
is reflected in the influence of the total pressure on the 
lateral autodoping maximum (Fig. 3). The empirical rela- 
tionship between the autodoping and the total pressure is 
given as 

A(log Np ... .  ) 
- 0.22 

A(log Ptot) 
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Thus, the thermodynamic data are consistent with the 
observations. 

The temperature dependence of the chemical equilib- 
rium shows that the relative amount of monoatomic P in 
the gas phase is enhanced at higher temperatures, with 
E"act = +2.84 eV (cf. Fig. 19). If  this is taken into account 
in a consideration of the temperature dependence of the 
autodoping process (Fig. 3), with E'act = +0.99 eV, it can 
be shown that the actual activation energy for autodoping 
has a negative sign, viz . ,  Eac t = -1.85 eV. 

Boron  a u t o d o p i n g . - - T h e  observation that boron lateral 
autodoping is enhanced by reduction of the total pressure 
has made it difficult to solve the autodoping problems 
encountered with the employment  of P~ substrates 
(13, 25, 26). Boron autodoping is also increased with in- 
creased pre-epitaxial bake time and temperature (cf. Fig. 
3). 

If  chlorine is present in the gas phase, the reaction mix- 
ture is dominated by chlorine containing species such as 
dichloroborane, BHC12 (Fig. 20). The gaseous reaction pre- 
ceding the incorporation of boron can be expressed as 

2BHC12 + H2 ~ 2B + 4HC1 

The mass action law implies that reduction of the total 
pressure enhances the stability of monoatomic boron. 
This is shown in Fig. 21. The slope of log PB vs. log Plot is 
equal to -1/2. (It should be remarked that the same value 
is found if the predominant  boron species are assumed to 
be BCI~, BH2CI, or BH~). The autodoping maximum (cf. 
Fig. 3) is reduced by total pressure reduction according to 

A(log NB .... ) 
- 0.49 

h(log Plot) 

It appears that the reincorporation of boron is indeed gov- 
erned by the thermodynamic characteristics of the chemi- 
cal processes in the gas phase. This is further substan- 
tiated by the results of experiments in which epilayers 
were intentionally doped (Fig. 5). The boron doping level 
vs. the total pressure gave slopes with values of -0.43 and 
-0.52 for dichlorosilane and tetrachlorosilane, respec- 
tively (cf. Experimental  section). 

The influence of the presence of chlorine on the chemi- 
cal equil ibrium is depicted in Fig. 22. If  the total partial 
pressure of chlorine is relatively small, the predominant 
species are BH2 and BH3, or, if traces of oxygen or water 
are present, BOH. For larger chlorine partial pressures, 
the stabilities of BHCI~, BH~C1, and BC13 are enhanced. In 
the intermediate range the slope of log PB vs. log Xc~ 
changes from 0 to -2.  For intentional boron doping, the 
experimentally found value for ~ was about -I (cf. Exper- 
imental section, Eq. [3]). This indicates that chlorine con- 
taining boron compounds indeed play an important role 
in the gas phase. The observation that the addition of hy- 
drogen chlorine to the gas phase during epitaxy causes a 
decrease of the efficiency of the boron incorporation pro- 
cess has been reported by Bloem (27). A similar phenome- 
non occurs if water vapor is present in the gas mixture 
(27, 28). As for lateral autodoping, a significant reduction 
of the lateral autodoping was observed if a chlorine-rich 
silicon source was used (Fig. 4). 

The influence of temperature on the equilibrium com- 
position is shown in Fig. 23. The strong enhancement of 
the stability of monoatomic boron with an increase of 
temperature is clearly visible. The activation energy E"~.t 
is +6.14 eV. An enhancement  of the incorporation 
efficiency at higher temperatures was indeed observed in 
the intentional doping experiments (cf. Experimental  sec- 
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tion). The increase of the lateral autodoping peak with 
temperature (Fig. 3) is a remarkable feature of the boron 
autodoping phenomenon (E'att = +6.07 eV). The thermo- 
dynamic analysis shows that this increase can be ac- 
counted for completely by the temperature dependence 
of the monoatomic boron stability. The corrected value 
for the activation energy for autodoping of boron is Eatt = 
-0.07 eV. 

Conclusion 
Essentially, the lateral autodoping caused by anti~ 

many-, arsenic-, phosphorus-, and boron-implanted layers 
can be described by a mechanism which explains the pro- 
cess in terms of evaporation, gas phase diffusion, and 
reincorporation. In order to explain the influence of pro- 
cess conditions on autodoping phenomena, this mode] 
has to be extended with a description of chemical reac- 
tions in the gas phase in which the evaporated dopant is 
involved. The autodoping level in the epilayer is related 
to the partial pressure of monoatomic dopant in the gas 
mixture according to Henry's law, which is valid if sur- 
face limitations to the incorporation process are absent. 
This was shown to be the case for boron doping. Dif- 
fusion-controlled incorporation has also been reported for 
phosphorus (15) and arsenic (14) for low growth rates. On 
the other hand, evidence for kinetic control of arsenic 
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doping has been published (20), which may explain devia- 
tions from the expected behavior. 

In general, the partial pressure of a dopant D is gov- 
erned by the preserice of a stable gaseous compound 
D~.H~CI,, according to the chemical equil ibrium 

DkH~CI~ ~ kD + (1 - m)/2H2 + mHC1 

The mass action law gives the relationship between the 
monoatomic dopant gas and the experimental  conditions 
and, consequently, between the autodoping level and the 
process conditions. 

For intentional doping 

d(log Pmeq) 1 
[12] 

d(log Xo) k 

where Pmeq is the equilibrium pressure of monoatomic 
dopant D and XD is the total atomic fraction of D in the 
gas phase. 

The influence of the total pressure on lateral auto- 
doping is analogous to the effect of the total pressure on 
the monoatomic dopant partial pressure 

d(log PD.eq) 2 - l - m 
- [ 1 3 ]  

d(log Ptot) 2k 

It should be noted that for k = 1 and l = m = 0 the chemis- 
try becomes trivial and the equations reduce to the forms 
which are in agreement with the implications of the 
"physical" evaporation-diffusion-reincorporation model. 

The presence of chlorine in the reaction gas mixture, in- 
troduced via either a chlorine containing silicon source or 
addition of hydrogen chloride, may affect the autodoping 
level according to the expression 
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d(log PD.eq) _ m [14] E 
d(log Xcl) k -*- < 10 0 

which implies that the possible presence of stable dopant 
chlorides reduces the efficiency of the autodoping pro- 
cess. Hence, if the prevailing dopant species are hydrogen 
and chlorine containing compounds, the stability of 
monoatomic dopant gas is enhanced at reduced pressure, 
resulting in increased autodoping. 

If the experimentally observed autodoping behavior of 
antimony, arsenic, phosphorus, and boron is considered, 
it appears that arsenic and antimony display a behavior 
that is qualitatively in agreement with the "physical" 
model; viz., the autodoping level is reduced by reduction 
of the total pressure, an extension of the pre-epitaxial 
bake time, and a rise of temperature. As a matter of fact, 
an analysis of the chemistry of these systems makes it 
clear that chemical reactions in the gas phase do not af- 
fect the autodoping mechanism qualitatively. In contrast, 
for phosphorus and boron a different pattern is observed: 
the autodoping level is enhanced by reduction of total 
pressure, extension of the pre-epitaxial bake time, and in- 
crease of temperature. The increased autodoping at low 
pressure can be explained by the statement, deduced 
from the thermodynamic analyses, that in the case of 
phosphorus and boron the stability of the monoatomic 
dopant gas is enhanced by reduction of the total pressure. 
Analogously, the stability of monoatomic phosphorus and 
boron is considerably enhanced at higher temperatures. 
The effect of the duration of the pre-epitaxial bake time 
on boron autodoping remains as yet unexplained. It may 
be assumed that either accumulation of evaporated impu- 
rities at the substrate surface during the pre-epitaxial 
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bake or departure from pure equilibrium conditions due 
to kinetic limitations are responsible for these observa- 
tions. Finally, it has been shown that, in agreement with 
the considerations given above, the presence of chlorine 
causes a notable reduction of the autodoping maximum 
in the case of boron, whereas in the cases of arsenic and 
phosphorus no effect was observed. This is explained by 
the assumption that stable boron chlorides can be 
formed, whereas according to the thermodynamic analy- 
ses no stable chlorides of arsenic and phosphorus are 
present. 
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Dry Etching of Tapered Contact Holes Using Multilayer Resist 
R. J. Saia* and B. Gorowitz* 

General Electric Corporate Research and Development Center, Schenectady, New York 12301 

ABSTRACT 

Optimum coverage of contact holes by sputtered metals typically requires sloping of the sidewalls. A number  of dif- 
ferent types of photoresists and dry etch techniques have been examined for this purpose. Two processes which will be 
discussed include (i) replication of a presloped single-layer AZ-type photoresist profile by anisotropically etching the 
resist and the silicon dioxide at comparable rates, and (ii) controlled lateral etching of a vertical-walled poly (methyl 
methacrylate) (PMMA) layer of a two-layer resist, while etching silicon dioxide in the vertical direction. The latter pro- 
cess preserves the inherent accurate resolution of the vertical PMMA profile, while providing an opportunity for 
tailored and reproducible sidewall angles. The results of mass and emission spectroscopy suggest that atomic oxygen 
plays an important role in the lateral etching of the PMMA resist. 

With continuously decreasing microcircuit  element di- 
mensions, the ability to accurately etch small contact 
holes or vias in the 1.0-2.0 ~m range with controlled 
sidewall angles provides an opportunity for improved 
coverage of the sidewalls by the deposited metallizations. 

The most widely used method of producing sloped 
sidewalls is to replicate a presloped single-layer AZ-type 
photoresist profile by anisotropically etching the resist 
and silicon dioxide at approximately the same rate. This 
process is difficult to control and has a number  of other 
disadvantages (to be discussed below) that make it partic- 
ularly unreliable when used with holes in the 1 ~m range. 

A new technique for reliably producing tapered contact 
holes or vias in the 1 ~m range will be described. This 
technique utilizes poly(methyl methacrylate) (PMMA), 
the lower remaining layer of a two-layer resist, to define 
holes with initially vertical walls in the mask. The plasma 
gas chemistry and the process conditions were selected 
so that the resist is etched laterally at a controlled rate rel- 
ative to the vertical etch rate of the silicon dioxide. The 
process has been demonstrated in both a batch-loaded 
low pressure reactive ion etcher, and a high pressure 
single-wafer plasma system. The contact sidewall angles 
could be controlled and varied from 35 ~ to 90 ~ . This pro- 
cess makes use of the inherent accurate resolution and 
vertical wall profile of the multilayered resist, while pro- 
viding the ability to taper contact holes or vias as small as 
1 ~m diam or any other dimension which can be resolved 
by lithographic techniques. 

Experimental 
Two types of plasma etchers were used in this study: a 

batch-loaded reactive ion etcher and a single-wafer high 
pressure plasma system. The former was an Anelva 
Model 503. This system is manually loaded, with a capa- 
bility for etching eight 75 mm diam wafers per run or a 
lesser number  of larger wafers. It is equipped with a cryo- 
pumped high vacuum system capable of reducing back- 
ground pressures to the 10 -6 torr range between runs. 
The gases are introduced into the chamber circumferen- 
tially, and their flows are maintained by electronic mass 
flow controllers. A roots blower backed by a mechanical 
pump is used to evacuate the etchant gases and volatile 
products. 

RF power, at a frequency of 13.56 MHz, is provided to 
the lower of two parallel plate electrodes in a stainless 
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steel chamber having a volume of about 60 liter. The wa- 
fers being etched are placed in holes in a graphite disk 
which covers the 42 cm diam water-cooled cathode. 

The high pressure plasma etcher (Tegal Model 703) was 
a single-wafer, cassette-to-cassette system. The reactant 
gases and the reaction products enter and exit, respec- 
tively, through arrays of holes in the upper electrode. The 
upper and lower electrodes are fabricated from aluminum 
and are separated by a gap of 6 mm. Both electrodes are 
water cooled. Excitation energy to the lower electrode, 
which holds the wafer, is provided by a 1000W solid-state 
RF generator operating at 13.56 MHz. 

Analysis of the plasma was performed with an Inficon 
IQ200 quadrapole mass spectrometer, and a P.T. analyt- 
ical PSS100 optical emission spectrometer. Both systems 
were attached to ports in the chamber of the batch reac- 
tive ion etching systems. 

The silicon dioxide films that were etched were depos- 
ited on 75 mm diam silicon wafers by low pressure chemi- 
cal vapor deposition (LPCVD) using dichlorosilane and 
nitrous oxide at 900~ The wafers were then cleaned by 
standard techniques and coated with the photoresist sys- 
tems described below. 

Etch rates of photoresist and silicon dioxide were deter- 
mined using a Sloan Dektak II profilometer and a Nano- 
metrics Nanospec film thickness measuring system. 
Sidewall angles and the amount of lateral etching were 
measured using scanning electron microscopy. 

Profile Control Using Preshaped Photoresist 
One method of achieving sloped or tapered silicon diox- 

ide contact hole sidewalls involves controlled photoresist 
erosion (1, 2). If  the photoresist is preshaped to have a 
sloped profile before etching, the etch rate of photoresist 
with respect to silicon dioxide can be adjusted so that an- 
isotropic etching of both will increase the photoresist 
hole diameter as the silicon dioxide is being etched in a 
vertical direction. This results in the formation of a slope 
in the oxide sidewall. 

In this experiment,  the LPCVD oxide films were 
masked with 10,000~ of Shipley AZ1470 positive 
photoresist. The photoresist profile was preshaped by 
reflow baking in a vacuum oven (100 mtorr) at 135~ for 
30 min. Figure 1 shows the typical photoresist profile 
after standard projection lithography, after preshaping 
the photoresist, and after etching the silicon dioxide at 1:1 
and 1.5:1 resist-to-oxide etch-rate ratios. Mixtures of NF3 
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Fig. i. SEM photos of profile control in 2.5/~m contact holes using 
preshaped photoresist. A (top left): After exposure and development. 
B (bottom left): After photoresist has been preshoped at 140~ for 30 
min. C (top right): After etching sample shown in B with 20% NF~ in 
At, photoresist not removed. D (bottom right): After etching sample in 
B with 50% NF 3 in Ar, photoresist not removed. 

and Ar were  used  in the batch react ive  ion e tcher  to vary 
the relat ive e tch  rates and, consequent ly ,  the incl ine angle  
of  the  contac t  hole  sidewall.  For  example ,  as can be seen 
in Fig. 2, app rox ima te ly  equal  e tch rates of photores is t  
and si l icon d iox ide  were  obta ined  on planar  t opography  
us ing  20% NF~ in At.  

This  process  for fo rming  s loped s idewalls  can be em- 
p loyed  rel iably for contac t  holes  in the  2 # m  or larger  
range if  precise  control  of  the  s lope and bo t tom hole  di- 
mens ions  are no t  required.  The  photores is t  profile de- 
pends  on the  init ial  l i thographic  exposure  condit ions,  the  
surface t opog raphy  of  the  wafer, and contac t  hole  size. 
The  resis t  ref low process  is also sensi t ive  to such factors 
as moisture ,  whi te  light, t empera ture ,  and pressure,  i f  
ref lowing is done  in a v a c u u m  oven. F igure  3 shows the  
effects of  a t t empts  to use the  ref low m e t h o d  to p roduce  
tapered  holes  in the  1 /~m range.  A v a c u u m  bake  at 135~ 
for 15 rain only round  the  top half  of  the  resist  profile, 
whi le  longer  oven  exposures  only decrease  the hole  diam- 
e ter  unti l  f inally it  closes comple te ly  at the  ox ide  inter- 
face. U n d e r  some condi t ions,  it has been  poss ible  to avoid 
resist  ref low by us ing  the  s lope inhe ren t  to a par t icular  
l i thographic  tool  or process.  However ,  the  range of  condi-  
t ions for successful  use of  the  s loped  resist  profile to 

Fig. ] .  SEM photos of attempts to preshape photoresist sidewalls of 
1 /~m diam holes. A (top left): After exposure and development. B 
(bottom left): After 140~ for 15 min. C (top right): After 140~ for 
30 min. D (bottom right): After 140~ for 4S min. 
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Fig. 4. Sloped sidewall formed by lateral erosion of PMMA, where 0 
is the sidewall incline angle. 

make  tapered  oxide  holes  in the 1 /~m range is obvious ly  
qui te  narrow, and precise  control  is difficult. 

Tapered Contact  Holes Using Mul t i l ayer  Resist 
To avoid  the  p rob l em of var iable  photores i s t  profile 

and to avoid the  need  for a resist  ref low process,  it is de- 
sirable to use a h igh  resolut ion photores i s t  pa t te rn ing  
m e t h o d  that  can p roduce  vert ical  resist  s idewalls  which  
offer the  best  oppor tun i ty  for prec ise  control  of  contac t  
hole  d imensions .  The  p roduc t ion  of  s loped contac t  
sidewalls wi thou t  s loped photoresis t ,  however ,  requires  
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Fig. 2. Selectivity of resist to silicon dioxide vs. NFJAr composi- 
tion. Etching parameters: flow = 50 sccm; pressure = 100 mtorr; 
power = 300W. 
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S0 sccm, 20% C2F6; pressure = 2.0 torr; power = 400W. 
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Fig. 6. SEM photo of contact hole etched using P M M A  lateral ero- 
sion. P M M A  has not been removed from oxide. 

that  the photores i s t  mask  be laterally e t ched  as the  s i l icon 
d ioxide  is ver t ica l ly  etched.  

The  basic steps in pa t te rn  format ion,  us ing one me thod  
of two-layer  resist  l i thography are desc r ibed  in detail  else- 
where  (3-5). A th ick  (e.g., 1.5-2.5 ~m) planarizing layer  of 
P M M A  (avg. Mw ~ 496,000) is appl ied  to the  wafer  and 
baked  at 200~ for 30 min  in a n i t rogen  a tmosphere .  The  
PMMA is t hen  coated  with  a 3000~ layer of  AZ- type  
photoresis t .  Af ter  expos ing  and deve lop ing  the top layer 
in a conven t iona l  manner ,  the  lower  P M M A  layer is ex- 
posed  with UV radiat ion (220-250 nm) us ing the  upper  
layer as a mask.  The  P M M A  is then  deve loped  and the  AZ 
resist  layer is r emoved .  The  resul t ing vert ical-walled 
PMMA mask  aper tures  mus t  then  be laterally e tched  at 
the  same t ime  as the  sil icon d iox ide  is being vert ical ly 
etched. Theoret ical ly ,  t he  t angen t  of the  incl ine angle  
(shown in Fig. 4) p roduced  by this m e t h o d  is equal  to the 
quot ien t  of  the  ver t ical  e tch  rate of  si l icon d ioxide  and the  
lateral  e tch  rate of PMMA. 

The incl ine angle  ~ could be  var ied  in the  high pressure  
e tcher  f rom about  55 ~ to 35 ~ by adding  oxygen  to a 
C~FJHe mix tu r e  (see Fig. 5). It  can be seen f rom Fig. 5 
that  the  ver t ical  e tch  rates of P M M A  are relat ively high, 
but  wi th  typica l  in ter level  dielectr ic  th icknesses  of  
4000-5000)k, the  loss of  resist  is not  a problem.  F igure  6 is a 
scanning e lec t ron  mic roscopy  (SEM) photo  of  a contac t  
hole that  was e tched  us ing this method .  The  remain ing  
P M M A  is still fairly ver t ica l  a l though  the  s lope of  the  con- 
tact  hole  is about  60 ~ . 

The incl ine  angle  could  also be contro l led  f rom 90 ~ to 
35 ~ by adding  oxygen  to a mix tu re  of  CHF3/Ar in the  
batch reac t ive  ion e tcher  (see Fig. 7). To obtain a h igher  
select ivi ty ratio of  si l icon d iox ide  to silicon, a two-step 
e tch can be used  in which  oxygen  is r e m o v e d  from the  
gas m ix tu r e  in the  second step. 

Us ing  an AZ- or Novolak- type  resist, t apered  contac t  
holes  could  not  be  p roduced  with  the  above  condi t ions  
because  this mater ia l  did not  e tch  laterally in the  range of 
condi t ions  invest igated.  What  appears  to be t rue lateral 
e tch ing  of  photores is t  has been  obse rved  by others  us ing 
different  e tch  condi t ions  and gas composi t ions  (6). 

P M M A  is k n o w  to have  relat ively poor  p lasma-e tch  re- 
s is tance (7). In  the  case descr ibed  here, this can be used to 
advantage.  Novo lak  or AZ resists, conversely,  t end  to 
have a h igher  e tch  resistance,  because  they  are 
conder tsa t ion- type aromat ic  polymers .  With condensa t ion  
polymers ,  chain  scissioning events  dur ing  exposure  to 
the  p lasma migh t  not  propagate  sufficiently to p roduce  
large n u m b e r s  of  f ragments  that  are small  enough  to be  
volatile.  Acryla tes  such as PMMA, however ,  are addit ion- 
type  po lymers  that  can readily "unz ip"  via radical  inter- 
media tes  into low molecu la r  we igh t  volat i le  species.  

Two of the  species  that  are k n o w n  to degrade  and e tch  
organic photores i s t  are a tomic  oxygen  and fluorine. 
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Fig. 7. Contact hole sidewall angles and selectivity of P M M A  to sil- 
icon dioxide vs. percentage of 02  in CHFJAr /O2 .  Etching parameters: 
flow = 4 0  sccm, 3 8 %  CHF~ in Ar; pressure = 3 0  retort; power = 
2 2 5 W .  

Atoms  or radicals  are not  affected by the  sheath  electric 
field of  the  p lasma and therefore  can e tch in the  lateral  as 
wel l  as the  ver t ica l  di rect ions  if  the  s idewalls  are not  pro- 
tected.  Oxygen  a toms inf luence  the  durabi l i ty  of  P M M A  
(8, 9) s ince they  are exce l len t  radical  initiators,  and can 
therefore  cont r ibu te  to or enhance  the  lateral  e tch  rate of 
PMMA. 

F luor ine  a toms that  are genera ted  in a p lasma discharge 
can also abstract  hydrogen  f rom organic  po lymers  provid-  
ing unsa tu ra ted  or radical  sites. C o m p a r e d  to a normal  
sa turated po lymer  chain, these  sites are h ighly  react ive 

14 

12 ,~ = 704 nm (F) 1( X 

8 !  Q /  ,t = 777 nm (0) ~, 

S ~ 
. A s  S m/e-16 ( 0 )  

+ 

6 s J  
f . A  "~' 

- ~ - - - - - - , -e . - - - - - - - ,e , . - - -  role-19 (F + ) 

2 dss~l~" ~ Emission Spectroscopy 
. . . . .  Mass Spectroscopy 

I i I i i I I I I I t , ,  I I 
5 10 15 20 25 30 

% 02 in CHF3/Ar/O 2 

Fig. 8. Relative intensity of F and O atom signals vs. percentage of 
02  in CHF3/Ar/O2 using both emission and mass spectroscopy. 

c 

E 

rr  



Vol. 132, No. 8 T A P E R E D  C O N T A C T  H O L E S  1957 

80 

60 

50 

�9 . L  

I I i I I 

5 5 10 15 20 2 

% NF 3 in Ar 

�9 

2~ 

Fig. 9. Contact hole sidewall angle and selectivity of PMMA to sili- 
con dioxide vs. percentage of NF3 in Ar. Etching parameters: flow = 
50 sccm; pressure = 100 mtorr; power = 300W. 

and easily combined with oxygen (10). The exothermic 
nature of hydrogen abstraction by fluorine can itself be 
enough to cleave carbon-carbon bonds (11). 

Figure 8 shows the relative intensity of both F and O 
atom signals, using both emission and mass spectros- 
copy, as functions of oxygen addition to CHFjAr.  It can 
be seen that the population of atomic oxygen increases, 
while atomic fluorine is relatively constant as oxygen is 
�9 added. This suggests that atomic O plays more of a role 
than does atomic F in the lateral etching of PMMA, be- 
cause its presence correlates with the degree of slope 
produced. 

While etching with a gas mixture that does not contain 
oxygen (for example, NF3 and Ar), the incline angle could 
only be controlled from 60 ~ to 73 ~ (see Fig. 9). The corre- 
sponding percentages of NF3 in Ar resulted in large differ- 
ences in the amount  of atomic fluorine present (see Fig. 
10). The fact that the incline angles could only be con- 
trolled over a small range, in spite of a large difference in 
the amount of atomic F present, further demonstrates 
that atomic oxygen has a larger effect. S imi la r  results 
were also observed for the etching of polyimide in CFJO2 
and SFJO2 (12). 

Summary 
Tapered contact holes or vias were produced using a 

high resolution two-level resist, without preshaping the 
vertical-walled resist mask with a reflow method. Con- 
tact hole sidewalls were sloped by the controlled lateral 
etching of a PMMA mask while etching silicon dioxide in 
the vertical direction. 

This process was demonstrated in both a high pressure 
plasma etcher and a low pressure reactive ion etcher. 
Mass and emission spectroscopy data suggest that atomic 
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Fig. 10. Relative intensity of F and O atom signals vs. percentage of 
NF3 in Ar using mass spectroscopy. 

oxygen plays a more important role in the lateral etching 
of PMMA than does atomic fluorine. 
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ABSTRACT 

The incorporation of silicon in GaAs layers grown by metal-organic chemical vapor deposition has been studied 
using two different doping sources, silane and disilane. Epitaxial layers were grown on <100>, < l l l > A ,  and < l l l > B  
surfaces over a wide range of growth temperature and gas phase stoichiometry. When using silane, an influence of the 
substrate orientation on silicon incorporation was found. This behavior can be described by a qualitative model involv- 
ing both the surface specific adsorption sites and possible surface chemical reactions. In the case of disilane, the incor- 
poration process appears to be independent  of substrate orientation and growth temperature. This temperature inde- 
pendence results in improved uniformity of the electron concentration over large substrate areas when disilane is used 
as the doping gas. 

Silicon is commonly used as a dopant for the growth 
of n-type GaAs and AlxGa, xAs layers in metal-organic 
chemical vapor deposition (MOCVD) (1-3) and in molecu- 
lar beam expitaxy (MBE) (4). The low volatility and low 
diffusion coefficient of silicon in GaAs are properties 
which make this dopant especially useful for the deposi- 
tion of layers for device structures requiring abrupt 
dopant profiles (2). Perhaps a more important require- 
ment for the fabrication of digital devices is the uniform- 
ity of the dopant concentration across large substrate 
areas. Doping with silicon in the MOCVD growth of GaAs 
and Al~.Ga,_xAs is most commonly achieved by the addi- 
tion of small amounts of silane (SiI-I4) to the growth ambi- 
ent. The silicon concentration exhibits a strong depen- 
dence on growth temperature when using silane (1-3). A 
strong temperature dependence of incorporation can lead 
to problems in obtaining uniform and reproducible 
doping levels over large substrate areas (3). We have re- 
cently shown that by using disilane (Si2H6) as the doping 
gas, the incorporation of silicon is made independent  of 
growth temperature (5). Owing to this unique behavior of 
disilane, we expect  an improvement  in uniformity and 
reproducibility of the carrier concentration. 

Only limited information is available in the literature on 
the incorporation process of silicon in GaAs MOCVD 
layers. Generally, the strong temperature dependence of 
silane as a doping source has been attributed to the stabil- 
ity of the Sill4 molecule. It is assumed that the incorpora- 
tion process is rate limited by the decomposition of the 
Sill4 molecule (6). If  this is the case, the growth tempera- 
ture would be the major influence on silicon incorpora- 
tion. The relative importance of the gas phase chemistry 
between the pyrolysis of SiIQ and SigH6 can in part be es- 
timated by calculations based on the homogeneous de- 
composition kinetics of Si2H6 and Sill4 using the available 
kinetic rate constants (7, 8). These calculations indicate 
that under our experimental  conditions Si2H6 reaches gas 
phase equilibrium with its decomposition products (Sill2, 
Sill4, Si3Hs, Si4H,0, etc.) on a time scale several orders of 
magnitude faster than Sill4 (9), which indicates that Sill4 
is substantially more stable than SigH6 in the gas phase. 
As a consequence, silicon doping by means of silane de- 
composition is expected to be more sensitive to reactions 
at the growing surface than to the gas phase chemistry 
present in the MOCVD growth ambient. 

In the present study, we have investigated the influ- 
ence of growth parameters, particularly the influence of 
adsorption sites at the surface, on silicon incorporation 
when using Sill-4 and Si2H6 as doping gases. Substrates of 
differing orientation were used to alter the number and 
nature of the adsorption sites present. Growth tempera- 
ture and gas phase stoichiometry [AsH3:Ga(CH3)3 ratio] 
were also varied over a wide range. To our knowledge, 
the effect of substrate orientation on the incorporation of 
Si has previously been studied only for layers grown by 
liquid phase epitaxy (LPE) (10). In the present study, the 
same saturation value of the electron concentration of n~ 
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5 • I0 's cm -3 is reached, for both Sill4 and Si2H6. This sat- 
uration value has also been reported for MBE (4) and 
other MOCVD layers (11). The amphoteric nature of sili- 
con in GaAs which is well known for LPE material (12, 
13) has been investigated here, particularly at high silicon 
concentrations. When Sill4 is used as the dopant source 
the incorporation behavior of silicon appears similar to 
that of carbon (14). A correlation between the incorpora- 
tion of silicon and carbon due to possible surface reac- 
tions between their adsorbed species is discussed below. 
The uniformity of dopant concentration across large sub- 
strate areas is compared for the two doping gases. 

Growth and Characterization 
The layers were grown in a horizontal MOCVD system 

at a reactor pressure of 77 torr on Cr-doped semi- 
insulating GaAs substrates. Starting materials were 
Ga(CH3)3 (TMG) and AsH3 in a hydrogen carrier gas. Sill4 
and Si2H6 were used as doping gases, supplied in the form 
of dopant]H2 mixtures. Three different substrate orienta- 
tions were used simultaneously during the runs for the 
study of the influence of adsorption sites on doping: 
<100>, < l l l > A  (<111>Ga), and < l l l > B  (<I l l>As) .  
The substrates were cleaned according to a standard pro- 
cedure (14). The growth rate was held constant in all ex- 
periments at 0.05 ~m/min. The V:III [AsH~:Ga(CH3)3] ratio 
was varied between 20 and 80, although most of the layers 
were deposited at a V:III ratio of 40. The linear gas veloc- 
ity was approximately 30 cm/s in the 75 mm diam reactor. 
The substrates were placed on a RF-heated graphite sus- 
ceptor during growth. Further experimental  details are 
described in Ref. (15). 

The silicon concentration in the layers was determined 
by secondary ion mass spectrometry (SIMS). The layers 
were characterized by electrical measurements using ca- 
pacitance profiling and the van der Pauw-Hall method 
(16). Photoluminescence measurements were performed. 
at room temperature. The luminescence was excited by 
the 4880~ line of an argon laser and detected by a cooled 
S-1 photomultiplier  tube. 

In order to measure the uniformity of the carrier con- 
centration across large substrate areas, growths of large 
area <100> substrates (-30 cm 2) were undertaken. Two 
growths under identical conditions were made. Silane 
was used as the doping source for one growth, and 
disilane was used in the second. The growths were 
carried out at a substrate temperature of 650~ The car- 
rier concentration was measured across the substrate sur- 
face by capacitance profiling, which has a measurement 
accuracy of approximately 5%. 

Experimental Results 
The influence of substrate orientation on silicon incor- 

poration is shown in Fig. 1 and 2. Doping with Sill4 was 
investigated over the range of the growth temperature 
600~176 (Fig. 1). The well-known temperature depen- 
dence of the electron concentration determined by Hall 
measurements can be observed on all three surfaces. Over 
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Fig. 1. Influence of growth temperature on electron concentration for 
the <100> ,  <111>A,  and <111>B surfaces when using Sill4 as 
doping gas. 

t h e  en t i r e  t e m p e r a t u r e  range,  t he  car r ie r  c o n c e n t r a t i o n  in  
layers  g r o w n  on  t he  < l l l > B  sur face  is sys t ema t i ca l ly  t he  
h ighes t ;  on  t he  < 1 1 1 > A  i t  is the  lowest .  The  s lope  of  t he  
cu rves  are t h e  s a m e  w i t h i n  the  a c c u r a c y  of m e a s u r e m e n t  
for  t he  t h r e e  sur faces  w h i c h  c o r r e s p o n d s  to an  ac t iva t ion  
e n e r g y  (c) of  1.5 eV. This  ac t iva t ion  e n e r g y  is in  agree- 
m e n t  wi th  f o r m e r  s tud ie s  for the  (100) sur face  (1-3). The  
sur face  m o r p h o l o g y  of  t he  layers  g r o w n  on t he  <111>  
s u b s t r a t e s  e x h i b i t e d  h i l locks  t ha t  are cha rac te r i s t i c  for 
the  pa r t i cu la r  surface,  as d e s c r i b e d  in Ref. (17). The  
<100>  su r faces  a lways  gave  a s m o o t h  specu la r  sur face  
m o r p h o l o g y .  E x p e r i m e n t s  were  ca r r ied  out  in the  r a n g e  
of  650~176 w i t h  Si2H6 as d o p i n g  gas (Fig. 2). The  accu-  
racy  of m e a s u r e m e n t  was  5% for t h e  <100>  a n d  15% for 
t he  <111>  sample s .  T he  la t te r  is i n d i c a t e d  by  e r ror  bars  
in  Fig. 2. A p r i m a r y  s o u r c e  of  m e a s u r e m e n t  u n c e r t a i n t y  is 
attributed to fluctuations in the film thickness due to 
the rough morphology of the < I 11 > surfaces. There is no 
influence of substrate orientation at the lower growth 
temperatures, while at higher temperatures above 760~ 
an influence can be recognized. A comparison of these 
figures shows that doping with SigH, is much more 
efficient than with Sill4, as discussed earlier (15). The 
electron concentration was inversely proportional to the 
growth rate for both silane and disilane doping. The mole 
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f rac t ions  of t he  d o p i n g  gas we re  t he r e fo re  n o r m a l i z e d  
w i th  r e spec t  to t he  g r o w t h  rate. B o t h  sets  of e x p e r i m e n t s  
in  Fig. 1 a n d  2 we re  o b t a i n e d  at  a V: I I I  rat io  of 40. The  
V:II I  rat io h a d  on ly  a w e a k  in f luence  on  the  e l ec t ron  con- 
cen t ra t ion .  For  Si2H6 a s l ight  inc rease  a n d  for Sill4 a s l ight  
dec rease  of  car r ie r  c o n c e n t r a t i o n  was  o b s e r v e d  as th i s  ra- 
tio was  i n c r e a s e d  f rom 20 to 80. The  s y s t e m a t i c  c h a n g e  in 
car r ie r  c o n c e n t r a t i o n  was  of  - 1 5 %  in b o t h  cases.  

The  e l ec t ron  c o n c e n t r a t i o n  in t he  layers  i nc reases  l ine- 
arly w i th  the  s i l i con  c o n c e n t r a t i o n  in  t h e  gas  p h a s e  a n d  
sa tu ra t e s  at  a level  of n ~ 5 • 10 '8 c m  -3. The  S IMS mea-  
s u r e m e n t s  s h o w  t h a t  the  s i l icon c o n c e n t r a t i o n  equa l s  t he  
e l ec t ron  c o n c e n t r a t i o n  for t he  (100) a n d  (111) sur faces  u p  
to a n  e l ec t ron  c o n c e n t r a t i o n  in t he  low 10 TM range.  At  elec- 
t r on  c o n c e n t r a t i o n s  in  t he  sa tu ra t ion  region,  s i l icon con- 
c e n t r a t i o n s  u p  to 102o c m  -3 were  de tec ted .  

In  t he  u n i f o r m i t y  s t u d y  p r e v i o u s l y  desc r ibed ,  t he  s i ]ane 
s amp le s  s h o w e d  a f l uc tua t ion  in ca r r i e r  c o n c e n t r a t i o n  of  
hn/n  ~ -+0.15 over  each  s a m p l e  area;  t h e  lowes t  concen t r a -  
t ions  we re  o b t a i n e d  a t  t he  e d g e s  of  t h e  g r a p h i t e  suscep-  
tor. F o r  t he  d i s i l ane  s a m p l e s  we  f o u n d  5n /n  ~ _+0.05 for  
each  sample ,  w i th  t he  f l uc tua t ion  o c c u r r i n g  r a n d o m l y  
over  t h e  s u b s t r a t e  surface.  

The  Hal l  mob i l i t i e s  m e a s u r e d  at  r o o m  t e m p e r a t u r e  for 
the  s i l i con -doped  s a m p l e s  are p lo t t ed  as a f u n c t i o n  of 
e l ec t ron  c o n c e n t r a t i o n  in Fig. 3. The  sol id  l ine  r e p r e s e n t s  
a fit to the  e x p e r i m e n t a l  da ta  f rom layers  g r o w n  b y  dif- 
f e ren t  t e c h n i q u e s  [i.e., MBE,  LPE ,  MOCVD, a n d  inor-  
gan ic  vapo r  p h a s e  ep i t axy  (VPE)] u n d e r  d i f fe ren t  exper i -  
m e n t a l  c o n d i t i o n s  (18, 19). In  t he  r a n g e  of  n = 10'6-10 is 
cm-% the  mob i l i t i e s  d e p e n d  only  on  t he  ca r r ie r  concen-  
t ra t ion.  B o t h  Sill4 a n d  Si2H6 y i e lded  mob i l i t y  va lues  
w h i c h  are in  a g r e e m e n t  wi th  th i s  emp i r i ca l  curve.  

The  resu l t s  of  t h e  p h o t o l u m i n e s c e n c e  m e a s u r e m e n t s  o n  
t he  s i l i con -doped  s amp le s  are  s h o w n  in Fig. 4. The  full  
w i d t h  at  ha l f  m a x i m u m  (FWHM) of t h e  b a n d - e d g e  lumi-  
n e s c e n c e  is p lo t t ed  vs.  t h e  e l ec t ron  c o n c e n t r a t i o n  over  t he  
r a n g e  o f n  = 1x 10 TM to 5 x 10 '8 c m  -3. At  low e l ec t ron  con- 
cen t ra t ions ,  t h e  F W H M  is a l m o s t  i n d e p e n d e n t  of  n, 
w h e r e a s  a b o v e  n = 3 • 10 '7 c m  -3 it  e x h i b i t s  a d i s t i nc t  in- 
crease  wi th  ca r r i e r  concen t r a t i on .  The  s a m e  spec t r a  were  
o b t a i n e d  for  b o t h  d o p i n g  gases.  

Discussion 
Si l i con  d o p i n g  d u r i n g  t h e  g r o w t h  of  OaAs  can  b e  di- 

v i d e d  in to  t he  p roce s s  of  the  phys i ca l  i n c o r p o r a t i o n  of  t he  
Si and  t he  e lec t r ica l  ac t iva t ion  of  the  i n c o r p o r a t e d  Si. The  
first p rocess  cons i s t s  of t he  t r a n s p o r t  of  t he  Si source  
m o l e c u l e  to t he  g r o w t h  front,  pos s ib l e  adsorp t ion ,  i ts  de- 
c o m p o s i t i o n  at  or n e a r  t he  surface,  a n d  t h e  r emova l  of 
any  r eac t i on  by -p roduc t s .  In  o rder  to b e c o m e  ac t iva ted  as 
a sha l low e lec t r ica l ly  ac t ive  impur i ty ,  t he  i n c o r p o r a t e d  Si 
m u s t  res ide  on  specif ic  subs t i t u t i ona l  la t t ice  s i tes  in  t h e  
GaAs. The  e lec t r ica l  a c t i va t i on  of t he  Si occurs  subse-  
q u e n t  to i ts i nco rpo ra t i on .  These  two p r o c e s s e s  are no t  
n e c e s s a r y  cor re la ted .  
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The  phys i ca l  i n c o r p o r a t i o n  of Si is d e p e n d e n t  on  b o t h  
t h e  m a s s  t r a n s p o r t  of  t he  Si sou rce  spec ie  and  its subse-  
q u e n t  r eac t ion  w i t h  the  crys ta l  sur face  a n d  g r o w t h  ambi -  
ent .  The  g r o w t h  c o n d i t i o n s  d u r i n g  L P E  are close to 
t h e r m a l  e q u i l i b r i u m ,  w h e r e  b o t h  t he  i n c o r p o r a t i o n  a n d  
ac t iva t ion  of t he  Si can  be  p r e d i c t e d  f rom e q u i l i b r i u m  
t h e r m o d y n a m i c  cons ide ra t ions .  I n  V P E  and  MOCVD 
g r o w t h  of  GaAs,  the  p r oce s s  of Si i n c o r p o r a t i o n  can  be  
d o m i n a t e d  by  sur face  c h e m i c a l  r eac t i ons  at  the  g r o w t h  
front ,  

The  d o p a n t  ac t iva t ion ,  pa r t i cu la r ly  in  the  case  of  a n  am- 
pho te r i c  d o p a n t  s u c h  as St, is d e p e n d e n t  o n  t he  s toichi-  
o m e t r y  of  t h e  c rys ta l  w h i c h  is d e t e r m i n e d  by  t he  exac t  
g r o w t h  c o n d i t i o n s  (e.g., t e m p e r a t u r e  a n d  As  activity).  The  
n a t u r e  of  t h e  i n c o r p o r a t e d  Si as e i t h e r  a d o n o r  or accep to r  
i m p u r i t y  will d e p e n d  on  t he  t h e r m o d y n a m i c  s ta te  spe- 
cific to t he  g r o w t h  t e c h n i q u e  a n d  cond i t ions .  Calcula- 
t ions  for t he  si te  se l ec t ion  p red ic t  an  i n c o r p o r a t i o n  of  sili- 
con  b o t h  o n  ga l l i um  a n d  on  a r sen ic  s i tes  u n d e r  L P E  
g r o w t h  cond i t ions ,  w he r ea s  in  V P E  a n d  MOCVD GaAs  
layers  s i l icon s h o u l d  be  i n c o r p o r a t e d  on ly  as a d o n o r  (13). 
This  d i f fe rence  in e lec t r ica l  b e h a v i o r  is expec ted ,  b e c a u s e  
L P E  is car r ied  ou t  u n d e r  ga l l ium-r ich  cond i t ions ,  b u t  
MOCVD a n d  V P E  u n d e r  a r sen ic - r ich  cond i t ions .  P h o t o l u -  
m i n e s c e n c e  da ta  r e p o r t e d  in  the  l i t e r a tu re  are in agree- 
m e n t  w i th  t he  theo re t i ca l  t h e r m o d y n a m i c a l  s i te  predic-  
t ions  m e n t i o n e d  a b o v e  (13, 20), i.e., s i l icon is a d o n o r  in  
layers  g r o w n  by  t h e  MOCVD t e c h n i q u e  (20). A compar i -  
son  of  our  S I M S  da ta  w i th  our  Hal l  da ta  s u p p o r t s  t he  con- 
c lus ion  t h a t  u p  to c o n c e n t r a t i o n s  in  t h e  low 10 is r eg ion  sil- 
i con  is p r e d o m i n a t e ] y  i n c o r p o r a t e d  on  ga l l i um sites. 

At  e l ec t ron  c o n c e n t r a t i o n s  in  t he  s a t u r a t i o n  region,  t he  
s i l icon i n c o r p o r a t i o n  c o n t i n u e s  w i th  i n c r e a s i n g  si l icon 
c o n c e n t r a t i o n  in t he  gas phase .  This  d i f f e rence  b e t w e e n  
e lec t ron  c o n c e n t r a t i o n  a n d  s i l icon c o n c e n t r a t i o n  can  be  
c a u s e d  by  c o m p e n s a t i o n  due  to the  a m p h o t e r i c  n a t u r e  of 
sil icon, by  p rec ip i t a t ions ,  or by  c o m p l e x  fo rmat ion .  Data  
w h i c h  are s imi la r  to our  resu l t s  we re  r e p o r t e d  for diffu- 
s ion  of s i l icon in to  GaAs  (21), w h e r e  a m a x i m u m  e lec t ron  
c o n c e n t r a t i o n  of 5-6 • 10 '8 cm -3 a n d  a m a x i m u m  si l icon 
c o n c e n t r a t i o n  (SIMS) of  2 • 10 z~ c m  -3 were  ach ieved .  In  
t h a t  s tudy ,  t h e  a u t h o r s  c o n c l u d e d  t h a t  s i l icon is a lmos t  
c o m p l e t e l y  c o m p e n s a t e d  d u e  to its a m p h o t e r i c  cha rac t e r  
(21). C o m p e n s a t i o n  at  h i g h  d o p i n g  leve ls  is n o t  u n i q u e  to 
t he  po ten t i a l ly  a m p h o t e r i c  G r o u p  IV d o p a n t s  in  GaAs. 
B e h a v i o r  s imi la r  to t h a t  of  s i l icon has  also b e e n  o b s e r v e d  
in  t he  case  of  su l fu r  d o p i n g  of  GaAs  in  the  h y d r i d e  sys- 
t e m  (22). I n  t he  case  of  sulfur ,  S IMS da ta  i n d i c a t e d  t h a t  
b e y o n d  t he  s a t u r a t i o n  level  of t h e  e l ec t ron  c o n c e n t r a t i o n  
t he  su l fu r  i n c o r p o r a t i o n  still con t inues .  Sulfur ,  as a G r o u p  
VI e l ement ,  is a s u b s t i t u t i o n a l  i m p u r i t y  r e s id ing  on  ar- 
senic  s i tes  a n d  s h o u l d  act  on ly  as a donor .  I t  was  pro- 
p o s e d  t h a t  a t  h i g h  c o n c e n t r a t i o n s  su l fu r  is i n c o r p o r a t e d  
as a complex ,  e.g., a su l fur  a t o m  on  a n  a r sen ic  si te  c o m -  

p l e x e d  w i th  a vacancy .  Al te rna t ive ly ,  p r ec ip i t a t i ons  m i g h t  
a p p e a r  at  t h e s e  h i g h  concen t r a t i ons .  W h e n  the  s i l icon 
c o n c e n t r a t i o n  is h igh,  the  i n c o r p o r a t i o n  b e h a v i o r  cer- 
t a in ly  is ana logous ,  w i th  m o s t  of  t h e  s i l icon no  longer  be- 
ing a s imp le  donor ;  e.g., c o m p l e x e s  b e t w e e n  s i l icon on  a 
ga l l ium site a n d  a v a c a n c y  or b e t w e e n  s i l icon on  a gal- 
l i u m  si te  a n d  s i l i con  on  an  a r sen ic  si te  m a y  be  formed.  
The  Hall  mob i l i t i e s  d rop  s t eep ly  in t h e  s a t u r a t i o n  reg ion  
of the electron concentration for silicon doping (Fig. 3) as 
well as with sulfur doping (22), indicating a strong com- 
pensation for both dopants. Studies of transmission 
electron microscopy and Rutherford backscattering chan- 
neling measurements on high dose silicon- and sulfur-im- 
planted GaAs yield low precipitation (5 and 4%, respec- 
tively) and high substitutionality (70 and 85-90%, 
respectively) (23). The high substitutionality found for the 
dopants indicates that for both sulfur and silicon the for- 
mation of defect complexes at high doping levels is likely 
despite the substantial difference in the chemical nature 
of these two species. 

Our results in Fig. 1 and our SIMS measurements indi- 
cate that for Sill4 as the doping source more silicon is in- 
corporated in layers grown on the <III>B surface than 
t he  <100>  a n d  < I l l > A  surfaces .  I n  L P E  layers,  t he  oppo-  
site b e h a v i o r  was  f o u n d  (10). However ,  t he  d i rec t  compar -  
i son  b e t w e e n  L P E  a n d  MOCVD layers  is difficult ,  be- 
cause  of t he  d i f f e rence  in g r o w t h  cond i t i ons  as m e n t i o n e d  
above .  Our  r e su l t s  show the  i m p o r t a n c e  of  t he  a d s o r p t i o n  
site for s i l icon inco rpora t ion .  The  a rsen ic  sur face  
(<Ill>B) seems to be the most active surface. This result 
is not unexpected, if one takes into account the nature of 
the ideal GaAs surfaces. The ideal gallium surface 
(<Ill>A) has no free electron pair per surface atom, 
whereas the arsenic surface has one pair per atom, which 
would probably lead to enhanced adsorption of Sill4 mol- 
ecules on this surface. An analogous behavior was found 
for doping with sulfur in the hydride system, where the 
highest incorporation rate was obtained for the <III>B 
surface and the lowest for the <III>A surface (22). 

There are instructive parallels between our observa- 
tions of Si incorporation and the previous results on car- 
bon incorporation in MOCVD GaAs (14). It was con- 
cluded that on the <III>B surface more hydrocarbons 
are adsorbed than on the <I00> and <III>A surfaces. 
This leads to the highest carbon concentration in <III>B 
layers and the lowest in <III>A. For decreasing growth 
temperature and increasing V:III ratio a decrease in car- 
bon incorporation was found. The analogous behavior of 
silicon incorporation to carbon incorporation might be 
expected from the similar chemistry of the methane and 
t h e  s i]ane molecu le .  I f  we a s s u m e  t h a t  t he  t h e r m a l l y  sta- 
ble Sill4 m o l e c u l e  is a d s o r b e d  at t he  g r o w t h  surface,  i t  
has  to d e c o m p o s e  by  a specif ic  su r face  reac t ion .  The  
Sill4 m o l e c u l e  is p r o b a b l y  d e c o m p o s e d  t h r o u g h  a hydro-  
gen  t r a n s f e r  reac t ion .  In  s u c h  a reac t ion ,  the  SiI-I4 mole-  
cule  is b r o k e n  d o w n  by  t he  t r a n s f e r  of  h y d r o g e n  to e i t he r  
the  GaAs  sur face  or to o the r  a d s o r b e d  species  such  as 
CH3. I n  t he  l a t t e r  case, an  i n c r e a s e d  dens i ty  of  a d s o r b e d  
h y d r o c a r b o n s  at  the  sur face  m i g h t  l ead  to an  e n h a n c e d  
d e c o m p o s i t i o n  of Sill4 molecu les ,  t h u s  e x p l a i n i n g  t he  in- 
c reased  s i l icon i n c o r p o r a t i o n  o b s e r v e d  on  < l l l > B  layers.  
The  exac t  n a t u r e  of t h e s e  sur face  c h e m i c a l  r eac t i ons  is a 
sub j ec t  of  c o n t i n u i n g  research .  

U s i n g  Si2H6 as t h e  d o p i n g  source ,  we  do no t  e x p e c t  th i s  
i n f luence  o n  s u b s t r a t e  o r ien ta t ion ,  s ince  Si2H6 is r ead i ly  
d e c o m p o s e d  a t  the  g r o w t h  t e m p e r a t u r e  (7, 24). I f  Si~H~ de- 
c o m p o s e s  r ap id ly  a t  or  be low the  typ ica l  G a A s  g r o w t h  
t e m p e r a t u r e s ,  t h e  i n c o r p o r a t i o n  of  s i l icon w o u l d  be  l im- 
i ted  by  t he  gas  p h a s e  mass  t r a n s p o r t  of Si2H6 to t he  
g r o w t h  f ron t  r a t h e r  t h a n  by  sur face  r eac t ion  kinet ics .  
This  w o u l d  r e su l t  in  a w e a k  or neg l ig ib le  t e m p e r a t u r e  de- 
p e n d e n c e  to t he  s i l icon inco rpora t ion .  Our  e x p e r i m e n t a l  
resu l t s  fol low t h e s e  e x p e c t e d  t r e n d s  (Fig. 2). A s s u m i n g  
equa l  d i f fus iv i ty  of SigH6 a n d  Ga(CH3)~ in  h y d r o g e n ,  one  
m i g h t  e s t i m a t e  a d o p i n g  ef f ic iency of 0.3 f rom Fig. 2. The  
i n t e r p r e t a t i o n  of t he  n u m e r i c a l  va lue  is d o u b t f u l  as t he  
exac t  mo le  f r ac t ions  of SigH6 a n d  Ga(CH3)3 at t he  sub-  
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strate surface cannot be determined without a direct in 
situ measurement.  Additionally, since the actual species 
responsible for Si incorporation from SigH6 is unknown, 
we cannot determine whether each Si2H6 molecule con- 
tributes one or two Si atoms to the crystal. The indepen- 
dence of temperature has important consequences for the 
uniformity of dopant incorporation across large substrate 
areas. The temperature distribution at the substrate 
holder will not always be completely uniform in a suscep- 
tot system. Due to the strong dependence of silicon incor- 
poration on growth temperature for SiI~ (Fig. 1), varia- 
tions in the carrier concentrations are expected. A change 
in the substrate temperature (hT) of 1 ~ at 650~ leads to a 
variation in carrier concentration (An~n) of 2% according 
to the following equation, where k is the Boltzmann 
constant 

An eAT 

n kT 2 

Another  complicating factor in obtaining uniformity is 
the thermalization of the gas stream. In a typical MOCVD 
reactor, the substrate is the only directly heated area. 
Therefore, the doping gas heats up in the flow direction 
so that the molecules probably decompose more effi- 
ciently downstream than upstream. This effect leads to an 
increased silicon incorporation in the flow direction for 
Sill4. This effect has already been observed (3). The exact 
nature of the decomposit ion process of Sill4 is yet un- 
known. Only in situ measurements which can distinguish 
the actual Si species present might clarify whether the 
rate-limiting processes take place ih the gas phase or on 
the surface. In our silane samples, the decrease of carrier 
concentration at the edges of the substrate holder indi- 
cates a lower growth temperature in these regions, as ex- 
pected for RF-heated graphite susceptors. In the disilane 
samples, the variation of the carrier concentration is not 
systematic across the substrate surface. This improve- 
ment  of the uniformity across large substrate areas can be 
realized because of the absence of a temperature depen- 
dence of the incorporation process for disilane. 

Our mobility data (Fig. 3) show that with SigH6 the same 
high values can be reached as with other dopant materials 
at concentrations below the saturation of the electron 
concentration. It may be concluded that for both Sill4 and 
Si2H6 the final electrical state of silicon in the crystal lat- 
tice appears to be the same. For SigH6, no additional com- 
pensation, for example due to additional carbon in the 
layers, could be detected. The results of our photolumi- 
nescence measurements  support this conclusion (Fig. 4). 
Our data lie in the range of the curve reported for 
tel lurium-doped melt-grown GaAs (25), which were ob- 
tained by cathodoluminescence. Additional broadening 
of the luminescence peaks, reflected in an increased 
peak width at half maximum, is expected for compen- 
sated material. This was not observed for our samples. 
However, our results disagree with data previously re- 
ported for silicon-doped MOCVD grown layers, where 
larger peak width values and an anomalous luminescence 
behavior were reported (11). Furthermore, our lumines- 
cence data demonstrate that the peak width depends 
strongly on the carrier concentration at levels higher than 
3 x 10 '7 cm -3. Consequently, room temperature lumines- 
cence can be used in order to estimate the carrier concen- 
tration, as proposed in Ref. (25). This has the advantages 
of being a simple, fast, and nondistructive technique. 

Summary 
A study of silicon incorporation in MOCVD GaAs layers 

has been presented. Silane and disilane were used as 
doping sources. With both doping gases, electron concen- 
trations up to a saturation value of 5 • 10 '8 cm -3 can be 

reached. Below this saturation value, the silicon concen- 
tration in the layers equals the electron concentration, 
with silicon incorporated only as a donor. Above the elec- 
tron concentration saturation value, silicon concentra- 
tions up to 10 2o cm -3 have been measured. The incorpora- 
tion of silicon using silane as the doping source depends 
on the substrate orientation. This orientational depen- 
dence is absent for disilane over the main growth temper- 
ature range. It appears that the decomposition of the sta- 
ble silane molecules is determined by a surface reaction, 
possibly one with adsorbed hydrocarbons. The use of 
disilane instead of silane as the doping source leads to an 
improvement  of the uniformity of carrier concentration 
across large substrate areas. 
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Transient-Enhanced Diffusion during Furnace and Rapid Thermal 
Annealing of Ion-Implanted Silicon 

S. J. Pennycook, J. Narayan, *,1 and O. W.  Holland 2 

Oak Ridge National Laboratory, Solid State Division, Oak Ridge, Tennessee 37831 

ABSTRACT 

A transient-enhanced diffusion has been observed during the furnace or rapid thermal annealing of ion-implanted 
silicon. We have studied this transient in detail and show that, for doses of Group V dopants sufficient to amorphize the 
silicon, it arises from the trapping of interstitials by dopant atoms during implantation. These are retained during solid- 
phase-epitaxial (SPE) growth, but can be released by additional thermal processing to cause the observed transient and 
the formation of a band of extended defects. We have measured the enhanced diffusion coefficients and the duration of 
the transient for Sb-implanted Si by careful furnace annealing experiments. We obtain general expressions which pre- 
dict the effects of the transient during any thermal processing based on SPE growth (furnace, CW laser, or rapid thermal 
annealing). We show that there is no analogous mechanism of vacancy trapping by Group III elements. 

There have been many reports of transient-enhanced 
diffusion during furnace (1) or rapid thermal (2-5) anneal- 
ing" of ion-implanted silicon. The origin of these effects 
has, however, been the subject of considerable specula- 
tion. In this paper, we study the large transient diffusion 
which arises from the annealing of high concentrations of 
trapped point defects as they return to equilibrium con- 
centrations. The transient will be large, since the activa- 
tion energy corresponds to only the migration enthalpy of 
the point defects, but will only last until their concentra- 
tion reduces to normal values. We distinguish between 
two possible origins of such nonequil ibrium point-defect 
distributions. The first is ion-implantation damage re- 
sulting from the implantation of light atoms or low doses 
of heavy atoms. The silicon is damaged but not amor- 
phized, and subsequent  thermal processing to anneal the 
damage will cause transient-enhanced diffusion of the 
dopant. This mechanism is referred to as radiation- 
enhanced diffusion. A second mechanism, which is the 
principal subject of this paper, can occur when the silicon 
is turned amorphous before or during implantation. We 
show that large numbers of Si atoms are trapped by 
Group V dopant atoms in the amorphous material during 
implantation. These are retained during solid-phase- 
epitaxial (SPE) growth, but can be released later during 
thermal processing to give the transient-enhanced diffu- 
sion. We characterize the effect by careful- study of Si-Sb 
alloys and their behavior during furnace annealing and 
arrive at a model which can predict the transient effects 
for any concentration of Sb or Bi dopants sufficient to 
amorphize the silicon, and any thermal processing tech- 
nology which relies on SPE growth (furnace, CW laser, or 
rapid thermal annealing). Reasonable agreement is also 
obtained for the enhanced As diffusion seen during rapid 
thermal annealing. We show that there is no analogous ef- 
fect for Group III elements. Finally, we discuss the 
various mechanisms for enhanced diffusion and their re- 
sulting dopant and defect distributions. 

Experimental 
To measure the enhanced diffusion coefficients during 

the transient, supersaturated alloys were produced by 
121Sb~ or 2~ ion implantation into {100} Si followed by 
SPE growth in a furnace under flowing dry N2 gas, typi- 
cally at 575~ for 40 min. Special implantation schemes 
were employed so as to produce a high concentration 
band of dopant well removed from the amorphous/crys- 
talline interface, where radiation-enhanced diffusion 
would occur. Transient diffusion coefficients were then 
measured within the band of high, uniform concentration 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  

' On leave of absence at the Microelectronics Center of North 
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Materials Engineering Department, North Carolina State Uni- 
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by precipitating out a small fraction of the dopant and 
measuring the precipitate size distribution by transmis- 
sion electron microscopy (TE1K) (1). Figure 1 shows a 
Rutherford backscattering spectroscopy (RBS) analysis 
for one Si-Sb alloy. By scaling the implant doses, various 
concentrations could be achieved within the uniform 
band. Figure 2 shows the effect of additional furnace an- 
nealing. A band of precipitates formed within the region 
of uniform concentration, well removed from the damage 
layer marking the original amorphous/crystalline inter- 
face. The uniform dopant concentration allowed an accu- 
rate measure of diffusion coefficients as a function of 
concentration and temperature and ensured that no elec- 
tric fields were present to affect the diffusion. Both 
float-zone and Czochralski silicon gave identical results. 
Transient diffusion coefficients were also measured in a 
Si-Bi alloy by the same technique. 

To study possible point-defect trapping in Si-B alloys, 
float-zone silicon was first amorphized by 3~ implanta- 
tion (175 keV, 1.5 • 10 '6 cm -2) at liquid nitrogen tempera- 
ture, followed by I'B~ (35 keV, 1 x 1016 or 1.5 • 1016 cm -2) 
implantation. The low energy B implantation produced a 
broad profile with a large region of fairly uniform con- 
centration. These samples were then SPE grown by fur- 
nace annealing at 575~ and diffusion coefficients 
were measured as before. 

Some samples of the ~21Sb~-implanted Si and of ~As +- 
implanted (100 keV, 1.0 x 10 I~ cm -2) Si were rapid ther- 
mally annealed using a graphite strip heater under 
flowing dry nitrogen gas, and the resulting precipitate 
and loop size distribution studied by TEM and RBS. 
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Fig. 1, RBS analysis of Sb (5.9 x 102o cm-3)-irnplonted Si, SPE grown 
at 575~ for 40 min. 
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Fig. 2. TEM cross-sectional image of Sb (8.8 • 102~ cm-3)-implanted 
Si, SPE grown and furnace annealed at 680~ for 20 min. 

Determination of transient diffusion coefficients.- 
Transient diffusion coefficients D* were determined for 
Si-Sb and Si-Bi alloys by furnace annealing for suitable 
times and temperatures so as to precipitate out a small 
amount of dopant. The precipitate size distribution ob- 
served by TEM allowed the measurement  of D* as a func- 
tion of temperature and dopant concentration. Typical 
results are shown in Fig. 3. With high dopant concentra- 
tions, it was possible to precipitate some of the dopant 
with very few loops being generated (Fig. 3a). With con- 
t inued annealing, loops nucleated at existing precipitates 
(Fig. 3b) and grew, finally achieving a constant size and 
number density. This marked the end of the transient; no 
further precipitation occurred at these low temperatures. 
Since only a small fraction of dopant had been precipi- 
tated, the concentration of dopant in solution was little 
changed, but the diffusion coefficients dropped by or- 

ders of magnitude. This transient cannot be explained by 
concentration-enhanced diffusion (6). It is clearly caused 
by trapped point defects which are released by the an- 
neal, and result in transient-enhanced dopant diffusion 
before finally condensing into loops. The nature of the 
loops, therefore, indicates the nature of the trapped point 
defects. We have determined them to be interstitial in na- 
ture, in agreement with other workers (7) and to be 
faulted, lying on {111} planes, and with Burger 's  vectors of 
a/3 <111> (1). This is a clear demonstration of the 
interstitialcy mechanism of diffusion, whereby substitu- 
tional dopant atoms are displaced from site to site by 
passing interstitials. 

At lower dopant concentrations, higher temperatures 
were needed to cause Sb precipitation, and fewer mea- 
surements of diffusion coefficients could be obtained be- 
fore the concentration of interstitials was significantly re- 
duced by condensation into loops (Fig. 3c, 3d). At even 
lower concentrations, no loops at all were observed 
within the band.of precipitates (Fig. 3e). Clearly, the inter- 
stitials are now being removed by other means, either to 
the surface, to the underlying damage band, or by recom- 
bination with thermally generated vacancies. 

The diffusion coefficients determined before signifi- 
cant loop formation are shown on an Arrhenius plot in 
Fig. 4. They are greatly enhanced over tracer values (8) 
and show an activation energy of 1.8 -+ 0.2 eV. The low ac- 
tivation energy compared to the tracer value of 3.96 eV 
again rules out the possibility of concentration-enhanced 
diffusion effects (6), and corresponds simply to the migra- 
tion enthalpy of the Sb by the interstitialcy mechanism. 
However, the enhancement  is indeed a strong function of 
concentration. Figure 5 shows the Sb diffusion coef- 
ficient D* measured or extrapolated to 680~ as a func- 
tion of Sb concentration Co and ion-implantation condi- 
tions. It is clear that D* is proportional to Co although it is 
higher for room temperature implants than liquid nitro- 
gen implants. This shows that the interstitials are trapped 
by Sb atoms, since then their concentration C~ = ~Co 
where ~ is the fraction' of Sb atoms which trap an intersti- 
tial, and D* = CID sb = aCoD sb, where D sb is the diffusivity 
of Sb by the interstitialcy mechanism (9). In the 
case of the high concentration samples, the loop size and 
number density following the transient was proportional 
to Co, again showing that C~ = ~Co and allowing an esti- 
mate to be made of ~. We found ~ ~ 0.02 for room temper- 
ature implantation, and ~ ~ 0.01 for liquid nitrogen- 
temperature implantation (I0). 

Also shown in Fig. 4 and 5 are points for a Sb sample 
which was recrystallized by ion-beam annealing using a 
high flux Si beam (ll). Although the original Sb implan- 
tation was done at liquid nitrogen temperature, the diffu- 
sion coefficients are higher than expected for that con- 

Fig. 3. Results of furnace annealing of Si-Sb alloys of various concen- 
trations. 9.3 • 10 ~~ cm-3 at 700~ rain (a) and at 720~ rain (b). 
5.0 x 102~ cm -3 at 740~ min (c), 780~ min (d), and 2.8 • 1020 
cm-~ at 850~ min (e). Shown are the underlying bands of loops in 
thick regions. 
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centration. Possibly, annealing by Si ion irradiation 
allowed more Sb atoms to trap interstitials before the 
SPE growth took place, giving a larger enhancement. 
Alternatively, some of the damage induced by the contin- 
ued irradiation of the recrystallized silicon was not re- 
moved, and the diffusion transient is due to the combined 
effects of point-defect trapping and radiation-enhanced 
diffusion. 

Using the data of Fig. 4 and 5, we can arrive at a single, 
concentration-dependent, transient diffusion coefficient 
D*, given by 

D* = 0.0083~Coe-l.s/kr(cm2-s - ' )  [1] 

where a = 0.01 for LN~ implants and = 0.02 for RT im- 
plants and Co = atomic fraction of dopant. Although 
strictly determined for Sb, it is interesting to note that the 
Bi points in Fig. 4 are close to those for Sb, and the ex- 
trapolation to 680~ (Fig. 5) is even closer to the expected 
value for liquid nitrogen Sb implants (the activation en- 
ergy for Bi was measured as 2.0 _+ 0.2 eV) (12). This sug- 
gests that the trapping ratio a may be very similar for 
many Group V dopants, and limited only by the avallabil- 

ity of interstitials during implantation. We show later that 
this expression for D* also gives fair agreement with the 
observed enhanced diffusion of As. 

This very high transient diffusivity only lasts until the 
supply of interstitials is exhausted. We observe experi- 
mentally that for room temperature implantations, the 
end of the transient occurs roughly at D' t*  ~ 4 • 10 -'~ 
cm 2 independent  of dopant concentration, where t* is the 
length of the transient in seconds, and at half this value 
for low temperature implantations. The fraction of dopant 
precipitated during the transient is approximately 7a, or 
15% for room temperature implants. Although the loss of 
electrically active dopant is fairly small, in the high con- 
centration samples significant effects may arise from the 
formation of the band of dislocation loops. Another seri- 
ous effect of the transient-enhanced diffusion may be 
broadening of the dopant profile. Although not seen with 
the present Sb ~ or Bi * implants, where the dopant simply 
precipitates out, profile broadening may occur with im- 
plantations below the solubility limit or perhaps with As ~ 
or P§ implants. We will discuss the prediction of such ef- 
fects in the next section. 

We have also looked for transient-enhanced diffusion in 
"B§ silicon, which had been preamorphized by 
3~ implantation in order to exclude the effects of 
radiation-enhanced diffusion. Figure 6 shows TEM micro- 
graphs of the precipitates obtained. No extra spots were 
observed in the selected area diffraction patterns, and 
there was no evidence of coherency strains surrounding 
the precipitates. Either the precipitates had an identical 
crystal structure to the silicon or they were amorphous 
but of insufficient volume fraction to produce rings in 
the diffraction pattern. The density of boron in the pre- 
cipitates was determined by completely precipitating out 
the boron in excess of the solubility limit and measuring 
the volume fraction of precipitates. Diffusion coefficients 
were then determined as before and are shown on an 
Arrhenius plot in Fig. 7. The points fall very close to the 
tracer values (8), are independent  of B concentration, and 
show the usual activation energy. From these results, we 
conclude that there is no significant trapping mechanism 
for Group III elements. 

Prediction of transient effects.--The transient diffusion 
coefficient together with the duration of the transient de- 
termined in the last section allow us to predict the 
transient effects for any processing technology based on 
the SPE growth of amorphous, ion-implanted layers. Tak- 
ing the duration of the transient determined previously as 
D't* ~ 4 • 10 -'5 or 2 x 10 -'2 for room or liquid nitrogen 
temperature implants, respectively, we obtain from Eq. 
[1] 

2.5 x 10 -s 
t* e ~-S/kT (s) [2] 

Co 

Fig. 6. TEM micrographs of precipitates in Si-B alloys under dynamical 
diffraction conditions, o: B (1 • i 016 cm-2) annealed 875~ min. b: B 
(1.5 • 10'~ cm -~) annealed 875~ rain. c: B (1.5 x 10'6 cm -2) an- 
nealed 1000~ min, d: low magnification of c showing structure fac- 
tor contrast. 
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Fig. 7. Arrhenius plot of B diffusion coefficients in preamorphized, 
SPE-grown Si. 
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For  process  t imes  t < t*, we  will  see enhanced  diffusion 
given by D* (Eq. [1]). For  process  t imes  t > t*, we will  ob- 
serve the full t rans ient  effect D't* and concomi tan t  ef- 
fects of  prec ip i ta t ion  and loop format ion,  and in addi t ion 
may  see the  effects  of normal  diffusion for the  remain ing  
t ime, character ized by D(t - t*). The  signif icance of  this  
normal  diffusion depends  pr imar i ly  on the tempera ture .  
At  low t empera tu re s  D* is m a n y  orders  of  magn i tude  
greater  than  the  normal  diffusion coeff icient  D, and, 
therefore,  t wou ld  need  to exceed  t* by the  same factor 
for the  effects of  normal  diffusion to be observable .  How- 
ever,  the  s i tuat ion changes  at h igh tempera ture ,  s ince the  
t racer  diffusion has a m u c h  larger  ac t ivat ion energy. In  
fact, at a suff icient ly high t empera tu re  T*, D will exceed  
the  t rans ien t  diffusivi ty  D*, even  for t imes  less than  t*. 
The ex t rapola t ion  of  the  t racer  and t rans ient  diffusion 
coefficients  in Fig. 4 cross at 

T* = 2.5 x 10 -5 [in (675/kCo)] -~ [3] 

Here,  the  di f fus ion caused  by the rmal ly  genera ted  point  
defects  equals  the  diffusion caused by the  release of  the  
fixed n u m b e r  of  t r apped  intersti t ials.  In  Fig. 8, we sum- 
mar ize  these  predict ions ,  p lot t ing t* against  1/kT for 
var ious  dopan t  concentra t ions .  The  bold dot ted  l ine 
marks  the  t e m p e r a t u r e  T* above  which  normal  diffusion 
exceeds  the  t rans ien t  for all t imes.  The  dura t ion  of the  
t rans ient  is difficult  to define precisely,  and the  values  
of t* p red ic ted  by Fig. 8 are p robab ly  only accura te  to 
wi th in  a factor of  two. F igure  9 shows D* as a funct ion  of  
1/kT and Co, the  bold l ine again m ark ing  the  divis ion be- 
tween  normal  and e n h a n c e d  diffusion. 

To test  the  p red ic t ion  of these  t rans ient  effects we  have  
taken the Sb - imp lan ted  Si (Co = 9.31 x 10 ~~ cm -'~, im- 
p lan ted  at l iqu id  n i t rogen  tempera tu re )  and compared  the  
effects of  furnace  and rapid t he rma l  anneal ing  (RTA). At  
typical  R T A  tempera tu res ,  the  S P E  growth  process  is 
c o m p l e t e d  in a few mil l iseconds,  so that  the anneal ing 
t ime  can be  t aken  as equa l  to the  process ing  t ime. The 
sample  for furnace  anneal ing  was first r eg rown at 575~ 
for 40 rain and then annealed at 700~ for 90 rain, at which 
temperature t* ~ 50 rain. The sample for RTA was an- 
nealed at I050~ for a nominal time of 15s, where t* ~ 10s. 
Both treatments should therefore take the material to the 
end of the transient. From Fig. i0, we see that this is in- 
deed the case. Figures 10a and 10b show that the precipi- 
tate size d is t r ibu t ion  is ve ry  similar,  and  the  weak  beam 
mic rographs  in Fig. 10b and 10c show that  the  loop size 
and n u m b e r  dens i ty  are also very  similar.  These  observa- 
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t ions reflect  the fact that  the  same  number s  of  
interst i t ials  have  condensed  with  the two thermal  pro- 
cessing t r ea tments  and have  caused  the  same amoun t  of  
dopant  diffusion. The  t rans ient  effects  wi th  Bi- imp]anted  
samples  can also be predic ted,  s imply  by replac ing the  1.8 
eV act ivat ion energy  in Eq. [1] and [2] wi th  2.0 eV. This in- 
creases t* by a factor  of  5 or 6 at typical  t empera tu re s  of  
RTA, a l though  we  have  not  yet  checked  these  predic t ions  
exper imenta l ly .  

Trans ient  effects  wi th  As- implan ted  samples  have  also 
been  shown to have  a 1.8 eV act iva t ion  energy  (3). I f  we 
assume the  same  t rapping  eff ic iency a for As as for Sb 
and Bi, the  t rans ient  effects should  again be predic tab le  
f rom Eq. [1] and [2]. F igure  11 shows the  profile broad- 
ening after l l00~ and ll50~ anneal ing  (nominal  
t imes) of  As - implan ted  Si having  a concen t ra t ion  of  1.2 x 
102] cm -~. F r o m  Fig. 7, we pred ic t  the  dura t ion  of  the  tran- 
s ient  to be - 4 s  at l l00~ and only 2.5s at 1150~ We can 
es t imate  the total  e x p e c t e d  profi le b roaden ing  by 
combin ing  the  effect  of  the  t rans ient  wi th  the  effect of  
s teady-state concen t ra t ion -enhanced  diffusion (6) D c to 
give x ~ ~/(2D*t* + 2Dct). Taking  an average  D e = 20D, we 
predic t  the  profi le b roaden ing  at the  lower  t empera tu re  
to be ~ 350/~, ve ry  close to the  obse rved  380/~, and at the  
h igher  t empe ra tu r e  to be 470•, s o m e w h a t  lower  than  the  
measured  650J~. The  b roaden ing  due  to the  t ransient  dif- 

Fig. 10. Comparison of Si-Sb alloy (9.3 x 102o cm -3) after furnace 
annealing at 700~ min (a and c), and after rapid thermal annealing 
at 1050~ (h and d). 
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Fig. 11. Profile broadening during rapid thermal  anneal ing of As ( 1 0 0  
keV,  1 x 10  TM cm-2 ) - imp lan ted  Si. 

fus ion  a lone  w o u l d  be  g iven  b y  x ~ 2D ' t*  = 280J~, a n d  
t h e r m a l l y  a c t i v a t e d  d i f fus ion  is c lear ly  s ign i f ican t  at  
t he se  h i g h  t e m p e r a t u r e s .  T he  e n h a n c e m e n t  of  t he  t ran-  
s ien t  d i f fus ion  over  t r ace r  d i f fus ion  inc reases  as t he  tem-  
p e r a t u r e  is r educed .  Ka l i sh  et al. (3) r e p o r t  e n h a n c e m e n t  
b y  170 t imes  for  1010~ R T A  a n d  50 t i m e s  for  
l l l8~  RTA.  T h e s e  t i m e s  are  b o t h  less  t h a n  t*, a n d  we 
p red ic t  e n h a n c e m e n t s  of  63 a n d  15 t imes ,  r o u g h l y  t h r e e  
t imes  lower  t h a n  t he i r  resul ts .  C o n s i d e r i n g  the  p r o b a b l e  
er rors  in  t* a n d  t h e  e x p e r i m e n t a l  va lues  for a n n e a l i n g  
t i m e  a n d  t e m p e r a t u r e ,  t he  m o d e l  p red ic t s  t he  o b s e r v e d  
effects  ve ry  well. I t  s h o u l d  be  n o t e d  t h a t  o the r  m e c h a -  
n i s m s  s u c h  as r a d i a t i o n - e n h a n c e d  d i f fus ion  or p ipe  diffu- 
s ion m a y  wel l  b e  c o n t r i b u t i n g  to t he  o b s e r v e d  effects,  
s ince  for  t he  resu l t s  s h o w n  in Fig. 11 the  or ig ina l  
a m o r p h o u s / c r y s t a l l i n e  in te r face  was  at  a d e p t h  of on ly  
-1400A. We d i scuss  t he se  poss ib i l i t i es  f u r t h e r  in  t he  n e x t  
sect ion.  

No e n h a n c e d  d i f fus ion  was  r e p o r t e d  by  H o d g s o n  et al. 
(13) d u r i n g  the  R T A  of A s - i m p l a n t e d  (8 • 10 J9 c m  -~) Si a t  
1200~ This  is also p r e d i c t e d  by  t he  model ,  s ince  f rom 
Fig. 7 we  see  t h a t  t he se  e x p e r i m e n t a l  c o n d i t i o n s  lie ve ry  
close to t he  p o i n t  at  w h i c h  n o r m a l  d i f fus ion  b e c o m e s  
d o m i n a n t .  We p r e d i c t  on ly  a 20% e n h a n c e m e n t ,  whe rea s  
t hey  r e p o r t  a fac tor  of two.  In  genera l ,  ou r  mode l  s eems  
able  to p r ed i c t  t r a n s i e n t  effects  even  in A s - i m p l a n t e d  Si 
to w i t h i n  a fac tor  of  two or t h r e e  a n d  exp l a in s  w h y  some  
e x p e r i m e n t a l  c o n d i t i o n s  r e su l t  in  no  o b s e r v e d  e n h a n c e -  
men t .  

D i s c u s s i o n  
Interstitial trapping mechanism.--We h a v e  clear ly 

ident i f ied  a n d  cha rac t e r i zed  t h e  m e c h a n i s m  of t h e  
t r a n s i e n t - e n h a n c e d  d i f fus ion  o b s e r v e d  d u r i n g  t h e r m a l  
p r o c e s s i n g  of G r o u p  V i o n - i m p l a n t e d  Si w h i c h  ha s  b e e n  
amorph ized .  The  t r a n s i e n t  is due  to t he  re lease  of  in ters t i -  
tials t r a p p e d  b y  t he  d o p a n t  a toms ,  a n d  e n d s  w h e n  t hey  
c o n d e n s e  in to  loops  or are o t h e r w i s e  r emoved .  The  con- 
c e n t r a t i o n  of  t r a p p e d  in te rs t i t i a l s  is d e p e n d e n t  on  ion- 
i m p l a n t a t i o n  cond i t ions ,  b u t  i n d e p e n d e n t  of  s u b s e q u e n t  
t h e r m a l  t r e a t m e n t s  w h i c h  can on ly  cause  t he i r  release.  
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Fig. 12. Profi le broadening during rapid thermal  anneal ing of BF2 ( 5 0  
keV,  1 x 1015 cm-2 ) - imp lan ted  Si. 

The t r app ing ,  the re fore ,  occurs  d u r i n g  imp lan t a t i on ,  mos t  
l ikely by  t he  c a p t u r e  of  mob i l e  Si a t o m s  b y  the  d o p a n t  
a t o m s  in o rde r  to s a tu ra t e  t h e i r  va l ence  b a n d s .  Fo l lowing  
recrys ta l l i za t ion  by  S P E  growth ,  t h e s e  ex t ra  Si n e i g h b o r s  
b e c o m e  t r a p p e d  in ters t i t ia ls .  They  are no t  r e t a ined  d u r i n g  
recrys ta l l i za t ion  f rom the  l iqu id  p h a s e  by  p u l s e d  laser  an- 
nea l ing  (1). 

The re  is no  ana logous  effect  w i th  G r o u p  I I I  dopan t s .  
This  is no t  s u r p r i s i n g  s ince  to re jec t  t he  fifth Si n e i g h b o r  
f rom a G r o u p  V a t o m  requ i r e s  t h a t  a b o n d  be  b roken ,  a 
p roces s  r e q u i r i n g  c o n s i d e r a b l e  energy.  S ince  S P E  g r o w t h  
p roceeds  w i t h  an  ac t iva t ion  e n e r g y  of 2.4 eV in the  S b  
case  (14) whi l e  t he  Si -Sb b o n d  e n e r g y  is l ike ly  to b e  
a r o u n d  3 eV ( the S b - S b  b o n d  energy) ,  t he  c h a n c e  of  re- 
j ec t ing  the  fifth Si n e i g h b o r  as t he  c rys ta l l i za t ion  inter-  
face passes  is r o u g h l y  e ~ E v e n  at the  h i g h  t e m p e r a -  
tu res  i n v o l v e d  w i t h  RTA, t h e r e  is less  t h a n  a 1% c h a n c e  of 
b r e a k i n g  t he  bond .  This  exp l a in s  w h y  the  t r a n s i e n t  ef- 
fects  d u r i n g  R T A  a n d  fu rnace  a n n e a l i n g  are f u n d a m e n -  
tal ly  s imilar .  With  G r o u p  III  e l emen t s ,  e v e n  if  m a n y  are 
on ly  th ree fo ld  c o o r d i n a t e d  in t he  a m o r p h o u s  state,  to in- 
co rpora t e  t h e m  subs t i t u t i ona l ]y  in to  the  s i l icon lat t ice re- 
qu i res  no  b o n d  b reak ing .  Only  an  ex t r a  Si n e i g h b o r  m u s t  
be  b r o u g h t  u p  to t he  d o p a n t  a tom,  a p roces s  p r o b a b l y  re- 
qu i r ing  c o n s i d e r a b l y  less e n e r g y  t h a n  t he  ac t iva t ion  en- 
ergy for  S P E  g rowth .  I t  is no t  su rp r i s ing ,  therefore ,  t h a t  
no  v a c a n c y  t r a p p i n g  occurs  w i th  G r o u p  III  d o p a n t s  dur-  
ing S P E  growth ,  a n d  no  e n h a n c e d  d i f fus ion  is observed .  

Radiation-enhanced diffusion.--Transient-enhanced 
di f fus ion  is also o b s e r v e d  in s i l icon w h i c h  has  b e e n  dam-  
aged  by  i m p l a n t a t i o n  b u t  no t  a m o r p h i z e d .  T h e r m a l  pro- 
cess ing  w h i c h  annea l s  the  po in t  defec ts  c o m p r i s i n g  t he  
d a m a g e  will cause  t r a n s i e n t  di f fusion,  w h i c h  ends ,  as be- 
fore, w h e n  t hey  c o n d e n s e  in to  loops.  This  m e c h a n i s m  
will  be  ef fec t ive  for b o t h  G r o u p  III  a n d  G r o u p  V dopants .  
I t  is r e s p o n s i b l e  for  the  e n h a n c e d  d i f fus ion  r epo r t ed  dur-  
ing RTA of  B - i m p l a n t e d  Si (wh ich  does  no t  amorph i ze  
the  Si) (4). I t  m a y  also be  s ign i f ican t  in  s i tua t ions  w h e r e  
the  Si is a m o r p h i z e d  b y  the  i m p l a n t a t i o n  to a d e p t h  no t  
m u c h  g rea te r  t h a n  t h e  p ro jec t ed  r a n g e  of t he  i m p l a n t e d  
ion. The  a m o r p h o u s / c r y s t a l l i n e  in t e r f ace  will  i n t e r sec t  t he  
d o p a n t  profi le  at  a c o n c e n t r a t i o n  nea r  i ts peak ,  a n d  
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Fig. 13. Precipitates observed in Ga (100 keV, 1 x 10 '5 cm-2)- 
implanted Si after SPE growth followed by 720~ min anneal (a), and 
900~ min anneal (b). 

r a d i a t i o n - e n h a n c e d  d i f fus ion  m a y  t h e n  cause  d o p a n t  re- 
d i s t r i b u t i o n  or p rec ip i t a t ion .  We h a v e  i nves t i ga t ed  th i s  
poss ib i l i ty  t h r o u g h  t he  R T A  of BF2 (50 keV, 1 • 10 '5 
c m - 2 ) - i m p l a n t e d  Si. The  i m p l a n t a t i o n  p r o d u c e d  an  
a m o r p h o u s  layer  550~, th ick ,  so t h a t  t he  d a m a g e d  layer  
was  loca ted  close to t he  p e a k  in t he  B profi le  (15). Af te r  
1050~ RTA,  t h e  profi le  b r o a d e n e d  b y  400s corre-  
s p o n d i n g  to a d i f fus ion  coeff ic ient  of  - 8  • 10 - '3 cm'-'-s- ' ,  
w h i c h  is c lose to t he  t r ace r  v a l u e  of  1.9 • 10 - '5 cm2-s - ' .  I t  
w o u l d  a p p e a r  t h a t  r a d i a t i o n - e n h a n c e d  d i f fus ion  g ives  
m u c h  less  e n h a n c e m e n t  ove r  t r ace r  d i f fus ion ,  a t  typ ica l  
t e m p e r a t u r e s  of  RTA,  t h a n  t he  in te r s t i t i a l  t r a p p i n g  mech-  
an i sm.  I n c r e a s i n g  t h e  dose  m a y  give  m o r e  e n h a n c e m e n t ,  
a l t h o u g h  t h e  d a m a g e  layer  will t h e n  m o v e  d e e p e r  in to  t h e  
s i l icon a n d  be  f u r t h e r  f rom the  p e a k  in t he  c o n c e n t r a t i o n  
profile.  

As w i th  t h e  in te r s t i t i a l  t r a p p i n g  m e c h a n i s m ,  rad ia t ion-  
e n h a n c e d  d i f fus ion  wil l  s h o w  i n c r e a s i n g  e n h a n c e m e n t  as 
t he  t e m p e r a t u r e  is r educed ,  owing  to t he  low ac t iva t ion  
e n e r g y  invo lved .  We h a v e  s t u d i e d  t h e  effect  of  t he  t ran-  
s i en t  in  Ga (100 keV, 1 • 10 '~ c m - 2 ) - i m p l a n t e d  Si b y  fur- 

nace  annea l ing .  As w i t h  t h e  BF.2 imp lan t ,  a sha l low 
a m o r p h o u s  layer  was  p r o d u c e d ,  on ly  1100~ deep,  c lose to 
t h e  p e a k  Ga c o n c e n t r a t i o n  at  800~ (14). T h e  s a m p l e  was  
S P E  g r o w n  at 550~ ra in  a n d  g iven  fu rn ace  a n n e a l i n g  
t r e a t m e n t s  to p r ec ip i t a t e  ou t  s o m e  of  t h e  Ga. The  effects  
seen  we re  s imi la r  to t h e  S b  samples ,  in  t h a t  p rec ip i t a tes  
a n d  loops  we re  o b s e r v e d  (Fig. 13). T h e  d i f fus ion  coeffi- 
c ien t  e s t i m a t e d  f rom Fig. 13a is D* ~ 1 • 10 -'~ cm~-s- ' ;  
t he  t r ace r  va lue  is 5 • 10 -'s. I t  is i n t e r e s t i n g  to no t e  t h a t  
p r e l i m i n a r y  m e a s u r e m e n t s  aga in  i n d i c a t e  an  ac t iva t ion  
ene rgy  of  1.8 eV, s u g g e s t i n g  t h a t  in te r s t i t i a l s  m a y  be  pri- 
mar i ly  r e s p o n s i b l e  for t h e  effect. T h e  e n h a n c e m e n t  of  
2000 t imes  is less t h a n  the  6000 t imes  s een  w i th  t h e  s a m e  
c o n c e n t r a t i o n  of Sb  f rom t h e  in te r s t i t i a l  t r a p p i n g  mecha -  
n i sm.  More  s ignif icant ly ,  t h e  h i g h  c o n c e n t r a t i o n  of po in t  
defec ts  on ly  ex i s t s  over  a fair ly n a r r o w  d e p t h  r ange  in the  
crystal ,  w h e r e a s  w i t h  t h e  in te rs t i t i a l  t r a p p i n g  m e c h a n i s m ,  
the  c o n c e n t r a t i o n  of in te rs t i t i a l s  fol lows t h e  d o p a n t  
profile. This  m a y  be  t h e  r e a s o n  t h a t  r a d i a t i o n - e n h a n c e d  
d i f fus ion  a p p e a r s  to give less severe  t r a n s i e n t  effects  dur-  
ing R T A  t h a n  t h e  in te rs t i t i a l  t r a p p i n g  m e c h a n i s m .  

Pipe diffusion.--Following e i t h e r  t r ans i en t ,  t h e  p o i n t  
defec ts  i n v o l v e d  usua l ly  c o n d e n s e  in to  d i s loca t ion  loops,  
a n d  f u r t h e r  a n n e a l i n g  will cause  t h e s e  loops  to g row a n d  
coalesce.  E v e n  at  th i s  stage, e n h a n c e d  d i f fus ion  m a y  still 
be  o b s e r v e d  due  to fas t  p ipe  d i f fus ion  d o w n  d i s loca t ion  
cores,  a n d  th i s  will  n o t  be  of  a t r a n s i e n t  na tu re .  The  ef- 
fects  of p ipe  d i f fus ion  wil l  b e c o m e  g rea t e r  t h a n  n o r m a l  
b u l k  d i f fus ion  w h e n  t h e  d i s loca t ions  are  s p a c e d  c loser  
t h a n  1000~ or so. With  Sb,  t h e  loops  g e n e r a t e d  as a r e su l t  
of t h e  in te r s t i t i a l  t r a p p i n g  m e c h a n i s m  do no t  p r o d u c e  se- 
r ious  d o p a n t  r ed i s t r i b u t i o n ,  s ince  t h e y  occu r  p r imar i ly  at  
the  p e a k  of t h e  c o n c e n t r a t i o n  prof i le  a n d  do no t  e x t e n d  
t o w a r d  t h e  j u n c t i o n .  I f  of  a suf f ic ien t ly  h i g h  d en s i t y  t hey  
m a y  coa lesce  a n d  fo rm a p l a n a r  d i s loca t ion  ne twork ,  as 
s h o w n  in Fig. 14. The  effect  of  fas t  p ipe  d i f fus ion  is to al- 
low p rec ip i t a t e s  ly ing  on  d i s loca t ions  to g row at  a m u c h  
fas te r  ra te  t h a n  t h o s e  in the  mat r ix .  As t h e  d i s loca t ion  
n e t w o r k  annea l s ,  s e g m e n t s  are los t  a n d  large p rec ip i t a tes  
are left  in  t h e  mat r ix .  

T h e  i m p l a n t a t i o n  d a m a g e  a r o u n d  t h e  or ig ina l  
a m o r p h o u s / c r y s t a l l i n e  in t e r f ace  will  a lso c o n d e n s e  in to  
loops  d u r i n g  annea l ing .  With  c o n t i n u e d  annea l ing ,  they  
also m a y  grow a n d  coalesce  to p r o d u c e  a d i s loca t ion  net -  
work.  In  t h e  case  of  the  Sb  s a m p l e  s h o w n  in Fig. 14, t h e s e  
two n e t w o r k s  we re  c lear ly  s epa ra t ed  in dep th ,  as can  be  
seen  in  t h e  c ross - sec t iona l  T E M  m i c r o g r a p h s  of Fig. 15. 
For  t h e  loops  r e su l t i ng  f rom t h e  in te rs t i t i a l  t r a p p i n g  
m e c h a n i s m  to coa lesce  in to  a ne twork ,  t h e y  m u s t  h a v e  a 
h i g h  n u m b e r  dens i ty ,  w h i c h  r equ i r e s  a h i g h  concen t r a -  
t ion  of t r a p p e d  in te r s t i t i a l s  a n d  t h e r e f o r e  a h i g h  d o p a n t  
co n cen t r a t i o n .  E x p e r i m e n t a l l y ,  an  Sb  c o n c e n t r a t i o n  Co* 
above  3 • 1020 c m  -3 leads  to a p l a n a r  ne twork ,  w h e r e a s  
t h e  t h r e s h o l d  for a m o r p h i z a t i o n  is on ly  a b o u t  1 • 10 TM 

c m  -3. F r o m  t h e  R B S  profi le  in  Fig. 16, we  see  t h a t  t he  S b  
c o n c e n t r a t i o n  r e d u c e s  be low Co* at  a d e p t h  of 1200~,, b u t  
does  n o t  r e a c h  10 TM cm -3 un t i l  a d e p t h  of  1800•. The  two 
defec t  b a n d s  are, the re fore ,  c lear ly  separa ted ,  a n d  t h e r e  
are no  fas t  d i f fus ion  p a t h s  c o n n e c t i n g  the  h i g h  concen t r a -  
t ion  S b  reg ion  w i t h  t h e  u n d e r l y i n g  crystal .  

This  is n o t  t h e  case  for As~- implan ted  Si s ince  t he  
t h r e s h o l d  for  a m o r p h i z a t i o n  is r o u g h l y  2 x 1020 c m  -3, 
w h i c h  is ve ry  c lose  to Co*. Therefore ,  t h e  defec t  b a n d s  re- 

Fig. 14. TEM micrograph of dislocation network formed in Sb (200 
keV, S • 1015 cm-2)-implanted Si after SPE growth followed by 
900~ min anneal. 

Fig. 15. Cross-sectional TEM micrographs of Sb (200 keV, 5 • 10 '5 
cm-2)-implanted Si, SPE grown, and annealed 900~ min-(a) and 
900~ min (b). 
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Fig. 16. RBS analysis of Sb (200 keV, 5 x 101 ~ crn -~)-implanted Si SPE 
grown at 550~ min. 

Fig. 17. Cross-sectional TEM micrograph of As (100 keV, 1 x 1016 
cm-2)-implanted silicon after rapid thermal annealing at 1050~ 

sulting from the interstitial trapping and the underlying 
damage are very close and will coalesce to produce a 
single band of defects, as can be seen in the cross- 
sectional TEM micrograph of Fig. 17. This band is situ- 
ated just deeper than the peak As concentration, and the 
dislocation density is clearly high enough for pipe diffu- 
sion to be significant. Part of the profile broadening 
shown in Fig. 10 may, therefore, be due to this mecha- 
nism, since the dislocation band extends from 1100 to 
1700A in depth, well within the broadened profile. 

Conclusions 
We have studied in detail the transient-enhanced diffu- 

sion observed during furnace and rapid thermal anneal- 
ing of ion-implanted silicon, resulting from the trapping 

of interstitials by dopant atoms during implantation. We 
have measured the transient diffusion coefficients D* 
and duration of the transient t* for Sb- and Bi-implanted 
silicon and arrive at a model which can predict the tran- 
sient effects during any thermal processing based on SPE 
growth. We compare the predictions with experimental 
results, and we give a temperature T* above which the 
transient effects will not be significant. We show that 
above a certain dopant concentration Co* the dislocation 
loops resulting from the transient will coalesce into a net- 
work. We show that radiation-enhanced diffusion and 
pipe diffusion may also be significant in some experi- 
mental circumstances. 
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Reactive Ion Etching of Silicon and Silicides in SF6 or NF3/CCI4 or 
HCI Mixtures 

T. P. Chow* and G. M. Fanelli 
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ABSTRACT 

Reactive ion etching of silicon (poly- and monocrystalline) and silicides (MoSi2 and NbSi2) in SF6 or NF3 and CC14 or 
HC1 mixtures was investigated. Optical actinometry revealed that as the chlorine-based gas percentage increases, the 
fluorine atom density decreases most rapidly for SF~/CCI~ and most slowly for NF3/HCI. Generally, both silicon and sili- 
cide etch rates exhibited a monotonic increase as the fluorine-based gas content increases. The dc self-bias increased 
with increasing HC1 or NF3 percentage but decreased with increasing CC14 or SF6 percentage. Cross-sectional SEM of 
MoSi~ polycide edge profiles showed, in SF6/HC1 mixtures, the most severe undercutt ing of the poly-Si layer occurred 
at 50% HC1. 

Plasma etching of mona- and polycrystalline silicon 
(henceforth denoted by mona- and poly-Si) and various 
refractory metal silicides (such as MoSi~ and WSi~) in ei- 
ther fluorine- or chlorine-based gases have been exten- 
sively studied (1-10). Recently, a combination of these 
fluorine- and chlorine-based gases have been tried to 
achieve the opt imum etching characteristics for silicon 
(11, 12) and refractory metal silicides (10). The main appli- 
cations for these processes in silicon integrated circuit 
fabrication include formation of vertical silicon trenches 
for dielectric isolation and anisotropic etching of bilayer 
silicide/Dolv-Si stack (polycide) for MOS gate electrodes. 
Usually, both of these applications require highly selec- 
tive and directional etching of silicon or silicide over 
photoresist and SIO2. Basically, there are two ways of 
introducing two or more halide components  into the etch- 
ing reactions. The first is direct mixing of different hal- 
ide gases at the inlet of the reaction chamber. Since the 
ratio of each component  is controlled by the gas flow, it 
can be adjusted at will. The second is to use a molecule 
containing all of the halide components,  such as fluoro- 
chloromethane (CF4_~CI~.). In this paper, a comparative 
study of reactive ion etching (RIE) of mona- and poly-Si 
and two metal silicides (MoSi~ and NbSi,,) in SF6 or 
NFJCCI~ or HC1 mixtures is reported. 

Experimental  Procedure 
The RIE was performed in a commercial,  parallel-plate- 

type reactor (Plasmatherm PK 1241) with an excitation 
frequency of 13.56 MHz. The conditions used for the RIE 
were total reactant gas flow rate of 20 sccm, substrate 
temperature of 30~ RF power of 100 or 300W (0.20 and 
0.59 W/cm ~, respectively), and electrode spacing of - 5  cm. 
The chamber  pressure before plasma ignition was 45-50 
mtorr with the difference attributed to the variations in 
pumping speed of various gases. During etching, the 
change in pressure as well as the dc self-bias on the sub- 
strate electrode was monitored and the plasma composi- 
tion was probed through a quartz window with an auto- 
mated optical spectrometer scanning between 200 and 
800 rim. Also, there are always four 3 in. wafers, one ox- 
ide, two silicon, and one silicide, in the chamber. A few 
percent (2% usually) of argon was added to calibrate the 
emission intensity of atomic fluorine (13). Molybdenum 
and niobium silicide films were deposited by dc magne- 
tron sputtering from cold-pressed alloy targets (both with 
a Si/metal ratio of -2.3) onto oxidized silicon substrates in 
a batch system (Varian 3140). Poly-Si was deposited in an 
LPCVD system at 630~ and subsequently doped in 
POCI~ at 1000~ for 15 min to yield a sheet resistance of 15 
12/D for a 1 /~m thick film. Single-crystal, p-type silicon 
substrates, with (100) orientation and a resistivity of 1-10 
fl-cm, were used. Thermal oxide was grown in steam at 
1000~ Positive photoresist (Shipley 1470) was used to 
produce a step for etch-rate determination. The etch 

*Electrochemical Society Active Member.  

depth of all these films was measured with a stylus 
(Dektak). 

Results and Discussion 
Optical emission spectroscopy.--From optical emission 

spectra, actinometry was performed with argon to deter- 
mine the fluorine atom density in these plasmas as the 
composition varies. In Fig. 1, the ratio between atomic 
fluorine intensity at 703.7 nm and argon intensity at 750.4 
nm, normalized to its peak value, is plotted as a function 
of gas composit ion for SF6 or NFJHC1 or CCI~ mixtures. 
(The intensity ratio reached a maximum at 100% SFG or 
NF3 for all of the four plasmas mentioned here.) The 
fluorine intensity was found to drop off most rapidly for 
SFJCC1, and most slowly for NF3/HC1. Specifically, the 
percentage of fluorine-based gas at which IdIA~. fell to 
zero was 40% for NF3/HC1 and 80% for SFJCC14. Since the 
fluorine emission intensity can be directly related to the 
atomic fluorine density (13, 14), the latter follows the 
same trend. Besides fluorine, the change in chlorine con- 
centration when the gas composition varies is also of in- 
terest. Unfortunately, argon actinometry on chlorine has 
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Fig. 2. Atomic chlorine emission intensity (at 725.6 nm), normal- 
ized to its own peak intensity, as a function of gas composition for 
various SF6 or NFJCCI4 or HCI mixtures. 

b e e n  e s t a b l i s h e d  on ly  u n d e r  ce r ta in  s a m p l i n g  cond i t i ons  
(14, 15), a n d  we d id  no t  t ry  i t  here.  Neve r the l e s s ,  we moni -  
to red  t he  v a r i a t i o n  in ch lo r ine  i n t ens i t y  at  725.6 nm.  I ts  in- 
tens i ty ,  n o r m a l i z e d  to i ts o w n  p e a k  in tens i ty ,  vs.  gas com- 
pos i t ion  is s h o w n  in Fig. 2. I t  can  be  n o t e d  t h a t  the  com- 
pos i t i on  at  w h i c h  t he  ch lo r ine  i n t e n s i t y  r e a c h e d  a maxi-  
m u m  was a b o u t  t he  s a m e  as the  one  t h a t  the  f luor ine  
i n t e n s i t y  v a n i s h e d  for all t h e  four  p l a s m a s  s tud ied  here.  

Etch ing  c h a r a c t e r i s t i c s . - - I n  genera l ,  t he  e tch  ra te  was  
h i g h e s t  for poly-Si  and  lowes t  for SiO~. Also, the  s i l icon 

I I 
o POLY-Si POWER IOOW 

5 �9 MONO-Si FLOW 20sccm-~ 
A MoSi2 o 

~ NbSiz 
4 - PHOTORESIST 

[] SiO2 

5 

0 

.=_ 4 
E 

o_ 

L~J 
I--- 

::z= 
t - -  
L~J 

t t / 5  

2 

LJJ 

- r  

L.~ 
2 , , ,  

X 
o 

I 

0 -" ' I i 0 
0 0.25 0.5 0.75 1.0 

[NF3]/[NF3] + [HC,] 
Fig. 3. Etch rates of poly-Si, mono-Si, MoSi2, NbSi2, SiO~, and posi- 

tive photoresist (Shipley AZ 1470) in NFJHCI plasmas at 100W. 

e tch  ra te  i n c r e a s e d  m o n o t o n i c a l l y  w i th  i nc rea s ing  fluo- 
r ine  con ten t .  In  Fig. 3, t he  e t ch  ra tes  of poly- a n d  
mono-Si ,  SiO~, pho to res i s t ,  MoSi~, a n d  NbSi~ are s h o w n  
as a f u n c t i o n  of gas c o m p o s i t i o n  at  a RF  p o w e r  of 100W in 
NF3/HC1 m i x t u r e s .  With  p u r e  NF3, b o t h  mona -  a n d  
poly-Si  were  e t c h e d  rap id ly  (> 3000 ~ /min )  a n d  ve ry  se- 
lec t ively  over  ox ide  (30:1) a n d  res i s t  (5:1). As the  HC1 per- 
cen tage  inc reased ,  s i l icon e t ch  ra tes  as wel l  as sil icon-to- 
ox ide  a n d  s i l icon- to- res is t  e t ch - ra t e  ra t ios  decreased .  I t  
can  be  seen  t h a t  wh i l e  t he  N +  poly-Si  e t ch  ra te  d e c r e a s e d  
m o n o t o n i c a l l y  w i th  i nc rea s ing  HC1 pe rcen tage ,  t he  
m o n o - S i  e t ch  ra te  first i nc r ea sed  s l ight ly  and  t h e n  de- 
creased.  A p p a r e n t l y ,  even  t h o u g h  t h e r e  was an  a lmos t  
50% dec rease  in a t o m i c  f luor ine  c o n c e n t r a t i o n  w h e n  25% 
HC1 was a d d e d  (Fig. 1), t h e  i nc r ea se  in self-bias ( shown  
la ter  in  Fig. 8) has  a p p a r e n t l y  more  t h a n  offset  it, l ead ing  
to a ne t  gain in e t ch  rate.  Also,  the  e t ch  ra te  of MoSi~ fol- 
lowed  t he  s a m e  t r e n d  as poly-Si,  b u t  t h a t  of NbSi2 d id  
not.  For  example ,  NbSi~ was  e t c h e d  s lower  in  100% NF3 
t h a n  75:25 NF3:HC1. The  r e a s o n  for  th i s  cou ld  be  the  dif- 
f e rence  in v a p o r  p r e s su re s  a m o n g  t he  ch lo r ides  and  fluo- 
r ides  of  m o l y b d e n u m  a n d  n i o b i u m  (10). MoF6 is m u c h  
m o r e  vola t i le  t h a n  MoCI~ a n d  h e n c e  h i g h e r  MoSi~ e t ch  
ra te  can  be  o b t a i n e d  at  h i g h e r  f luo r ina t ed  gas concen t r a -  
t ion.  However ,  NbF~ a n d  NbC15 h a v e  a b o u t  t he  s a m e  
v a p o r  p r e s s u r e  and  t he  NbSi2 e t ch  ra te  dec rease  wi th  in- 
c reas ing  f luor ine  m a y  be  due  to t he  lower  dc  self-bias. 
S ince  t h e r e  m a y  be  o the r  fac tors  t h a t  c o n t r i b u t e  to this ,  
more  w o r k  is n e e d e d  to u n d e r s t a n d  th i s  d i f fe rence  in sili- 
cide e t ch  rate.  

I n c r e a s i n g  t he  RF  p o w e r  inc reases  t he  s i l icon a n d  sili- 
c ide e t ch  ra te  b u t  also dec reases  t he  e t ch  se lec t iv i ty  over  
ox ide  a n d  resist .  For  example ,  the  e t ch  ra te  rat io  b e t w e e n  
poly-Si  a n d  ox ide  at  50:50 NF~:HC1 was 25 at  100W a n d  
d e c r e a s e d  to on ly  10 at  300W (Fig. 4). 

S imi la r  e t ch  ra te  d e p e n d e n c e  on  f luor ine /ch lo r ine  gas 
c o m p o s i t i o n  was  o b s e r v e d  for SFJHC1 mix tu res ,  as 
s h o w n  in Fig. 5. However ,  t he  poly- a n d  mono-S i  e tch  
ra tes  were  lower .  For  example ,  the  poly-Si  was  e t c h e d  
twice  as fas t  a t  50:50 NF3:HC1 w h e n  c o m p a r e d  to 50:50 
SF6:HC1. This  c an  be  e x p l a i n e d  by  t he  h i g h e r  a tomic  
f luor ine  dens i t y  in  NFJHC1 as s h o w n  in Fig. 1. A t  50:50, a 
fac tor  of 4 h i g h e r  in  f luor ine  c o n c e n t r a t i o n  was  seen  
f rom opt ica l  e m i s s i o n  s p e c t r o s c o p y  for NFJHC1 vs.  
SFJHCI .  This  m o r e  eff ic ient  g e n e r a t i o n  of f luor ine  f rom 
NF:~ is poss ib ly  b e c a u s e  m o l e c u l a r  n i t rogen ,  c rea ted  b y  

I,,t.t 

W 

0 
0 0.25 05 075 I0 

[NF51/[NF3]+ [HCI] 

Fig. 4. Etch rates of poly-Si, mono-Si, MoSi.2, SiO2, and positive 
photoresist (Shipley AZ 1470) in NFJHCI plasmas at 300W. 
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Fig. 7. Mono- and poly-Si etch rates vs .  gas composition in 
NF3/CCI4 at two different RF power levels (100 and 300W). 

t h e  d i s soc ia t ion  of NF3 m o l e c u l e s  in  s u c h  reac t ions  as 
2NF ~ N~ + 2F, does  no t  r eac t  w i t h  f luor ine  a toms.  How- 
ever,  su l fu r  a n d  SFx (x < 6), w h i c h  are p r o d u c t s  in  t he  dis- 
soc ia t ion  of SFG, a p p a r e n t l y  reac t  w i t h  f luor ine  a n d  
h e n c e  t he  s t eady - s t a t e  level  of [F] wil l  be  lower  in  SF6 
p l a s m a s  t h a n  in NF:~. This  h y p o t h e s i s  is p l aus ib l e  f r o m  
opt ica l  e m i s s i o n  spec t r a  da ta  in w h i c h  s ign i f ican t  p e a k s  
f rom N2 b a n d s  we re  clear ly vis ible ,  wh i l e  no  su l fu r  peaks  
we re  de tec tab le .  S imi la r  o b s e r v a t i o n s  on  m o r e  eff ic ient  
f luor ine  g e n e r a t i o n  has  b e e n  r e p o r t e d  in an  e t ch i ng  com- 
pa r i son  b e t w e e n  NF3/Ar a n d  CFJO.., p l a s m a s  (20). 

W h e n  CC14 was  u s e d  i n s t e a d  of  HC1, s imi la r  e tch- ra te  
d e p e n d e n c e  on  gas c o m p o s i t i o n  was  o b t a i n e d  as s h o w n  
in Fig. 6 w h e r e  an  RF  p o w e r  of 300W was  appl ied .  Never -  
the less ,  t he  e t ch  ra te  of  all  t h e  ma te r i a l s  s t ud i ed  were  

4 
i r  

i 

o ~ 3  
MJ 

-m 

" ' 2  

0.25 0.5 075 

[,F,l,[,F,]§ 
1.0 

Fig. 6. Etch rates of poly-Si, mono-Si, MoSi2, SIO2, and positive 
photoresist (Shipley AZ 1470) in NF3/CCI4 plasmas at 300W. 

lower  in  t he  CC14 p lasmas .  The  e t ch  ra te  d i f fe rence  was  
m o s t  n o t a b l e  at  50:50 where ,  for e x a m p l e ,  the  p h o t o r e s i s t  
e t ch  ra te  was  h a l v e d  a n d  poly-Si  was  lower  by  over  30% 
(Fig. 4 vs. Fig. 6). W h e n  t he  app l i ed  RF  p o w e r  was  low- 
ered,  t he  e t ch  ra te  was  also d e c r e a s e d  as in  t he  NF3/HC1 
case m e n t i o n e d  earl ier .  In  Fig. 7, a c o m p a r i s o n  of  t he  
poly- a n d  m o n o - S i  e t ch  ra tes  at  two R F  p o w e r  levels,  100 
and  300W, is shown.  While  the  t r e n d  of  i n c r e a s i n g  e t ch  
ra te  wi th  i n c r e a s i n g  f luor ine  c o n t e n t  is t he  same,  the  e t ch  
ra tes  we re  s ign i f i can t ly  h i g h e r  at  t he  h i g h e r  p o w e r  level,  
particularly at low fluorine content. This is again consist- 
ent with the fact that ion bombardment enhances silicon 
etch rate more in chlorine-based plasmas (I, 5). 

DC self-bias and pressure variations.--The degree  of 
ion  b o m b a r d m e n t  can  be  in fe r r ed  f rom dc self-bias  mea-  
s u r e m e n t s  a n d  p r e s s u r e  var ia t ions .  In  Fig. 8, t he se  two 
p a r a m e t e r s  are p lo t t ed  vs. gas c o m p o s i t i o n  for NFJHC1 
and  NFJCC14 p lasmas .  The  self-bias  of t h e  c a t h o d e  in HC1 
p l a s m a s  w i th  NF3 as add i t i ve  d e c r e a s e d  rap id ly  wi th  in- 
c reas ing  NF3 p e r c e n t a g e  ( f rom - 1 2 0 V  for pu re  HC1 to 
- 3 0 V  for p u r e  NF:~). However ,  w h e n  CC14 was  u s e d  in  
place  of  HC1, t he  b ias  s h o w e d  an  oppos i t e  t r e n d  a n d  in- 
c r eased  f rom j u s t  ove r  - 1 0 V  for p u r e  CC14 to -30V.  Simi-  
lar  t r e n d s  we re  also o b s e r v e d  w h e n  SF~ was  s u b s t i t u t e d  
for NF:~, as s h o w n  in Fig. 9. I n  fact,  e v e n  w h e n  i n e r t  gases  
l ike a rgon  a n d  n i t r o g e n  were  u s e d  as add i t ives ,  t he  s a m e  
t r e n d s  h a v e  b e e n  s een  (8). 

S ince  t he  p u m p i n g  speed  was he ld  c o n s t a n t  (with t he  
th ro t t l e  va lve  wide  open)  t h r o u g h o u t  t h e  e t ch ing  cycle, 
t h e r e  was  a p r e s s u r e  c h a n g e  w h e n  t he  p l a s m a  was  ig- 
n i ted .  Usua l ly  th i s  p r e s s u r e  c h a n g e  was  posi t ive .  I t  is 
w o r t h  n o t i n g  t h a t  for  p u r e  NF~, s u c h  a AP was 20 mtor r ,  
a n d  it  d e c r e a s e d  g radua l ly  as e i t he r  HC1 or CC14 was  
added .  However ,  wh i l e  in  a p u r e  CCI~ p l a s m a  t he  p r e s su re  
i nc rease  was 8 mtor r ,  in  a HC1 p l a s m a  the re  was a pres-  
sure  dec rea se  up  to 7 m t o r r  (Fig. 8). In t e re s t ing ly ,  qu i te  
d i f f e ren t  v a r i a t i o n s  in  p r e s s u r e  were  m e a s u r e d  for  SF~- 
b a s e d  p l a s m a s  as e v i d e n t  f rom Fig. 9. The  p r e s su re  
c h a n g e  r e a c h e d  a m a x i m u m  of 12 m t o r r  at  70:30 SF6:HC1 
a n d  10 m t o r r  at  50:50 SF6:CCI+ 

This  c h a n g e  in self-bias  a n d  p r e s s u r e  m a y  be  r e l a t ed  to 
t he  d i s soc i a t i on  r eac t ions  of  t h e s e  m o l e c u l e s  a n d  appar -  
en t ly  are d i s t i nc t  fea tu res  of t h e s e  p lasmas .  However ,  
m o r e  w o r k  is n e e d e d  to iden t i fy  t h e  bas ic  r eac t ions  t h a t  
lead to t h e s e  var ia t ions .  
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Polycide edge profiles.--To study the effect of gas com- 
position on polycide etching, a MoSijpoly-Si stack, 3000 
and 2000A thick, respectively, was etched in various per- 
centages of SF0/HC1 plasmas. Figure 10 shows schematic 
drawings of the edge profiles before and after etching. 
The etch cycle is terminated just  after the poly-Si layer 
has been etched so that no intentional overetching is per- 
formed. Since both the poly-Si and silicide etch rates de- 
creased with decreasing SF6 content, the total time 
needed to etch the polycide stack increased from 7 rain 
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for pure SF6 to 32 min for 5:15 SF0:HC1. Furthermore, the 
poly-Si/MoSi2 etch rate ratio increases with decreasing 
SF6 content, from 4.6 with pure SF0 to 10 with 5:15 
SF6:HC1 as calculated from Fig. 5. As is evident from 
these profiles, the maximum poly-Si undercut  occurred 
at 10:lO SF~:HC1 were -1  t~m was observed. While it is 
difficult to explain the exact cause that results in these 
edge profiles, it is interesting to point  out that chlorine 
emission peaked at the same composition (Fig. 2) while 
the fluorine concentration was essentially zero (Fig. 1). 
Hence, it is possible that the undercut  is mainly caused 
by chlorine species. By contrast, in previous works (9, 16, 
17), chlorine was reported to help passivate poly-Si side- 
walls to enhance anisotropy. However, in those studies, 
fluorocarbons (such as C.,F~) or fluorochlorocarbons 
(such as CFCI:~) were usually added and the etching was 
performed in relatively high pressure (0.3-0.4 torr) planar 
plasma reactors. Indeed, when only chlorine was used in 
conjunction with argon, undercutting of poly-Si was ob- 
served (9). 

Etching of polycide using mixed fluorine/chlorine plas- 
mas has been reported previously (18, 19). However, be- 
cause of the difference in reactor configuration, reac- 
tants; and silicides used, it is not possible to compare 
those results with ours. 

Summary 
In summary, reactive ion etching of silicon and silicides 

in SF~ or NFJHCI or CCI~ mixtures is reported for the 
first time. It was found from optical argon actinometry 
that, as the percentage of chlorine component increases, 
the atomic fluorine density decreases most rapidly for 
SFJCCI 4 and most slowly for NFJHCI mixtures. The sili- 
con and silicide etch rates generally showed a monotonic 
increase when more fluorinated gas is added. The self- 
bias increases with higher HCI or NF~ percentage but de- 
creases with higher CCI4 or SF, percentage. Cross- 
sectional edge profiles of MoSi~/poly-Si stack etched in 
SFJHCI mixtures showed the most severe poly-Si under- 
cut occurred at 50% HCI. 

Manuscript submitted Nov. 15, 1984; revised manu- 
script received March 21, 1985. 
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ABSTRACT 

A theoretical and experimental  study has been performed for the feasibility of epitaxial growth in a furnace. In this 
study, it is proven that growth in a hot-wall furnace in principle is possible - -  without deposition of silicon on the quartz 
ware of the cell - -  when the growth is carried out at near equilibrium conditions. For supersaturations larger than 10%, 
deposition also occurs on the quartz of the wafer boat or cell. A constant supersaturation, i.e., a constant growth rate at 
all slices along the reactor tube can be achieved by imposing a temperature gradient over the cell. The best results are 
obtained for growth with SiHCI:,,, low C1/H ratio, and high temperatures. Growth rates amount to 0.1-0.3 ~m/min for these 
conditions. 

The epitaxial growth of silicon has become an inherent 
part of the silicon device technology since in 1960 the 
first transistor with epitaxial base was described (1). Re- 
cently, silicon solar cells with epitaxial layers on metal- 
lurgical-grade silicon substrates showed the feasibility of 
chemical vapor deposition in this rapidly growing tech- 
nology (2). The growth of device quality epitaxial material 
is performed in cold-wall reactors operating at atmo~ 
spheric pressure and at temperatures well above 1000~ 
In this temperature range, the surface reactions leading to 
growth are relatively rapid and the growth rate is deter- 
mined by the supply of reactant via gas phase diffusion. 
The concept of the stagnant boundary layer has been suc- 
cessfully applied to describe and to monitor the growth 
rate and the growth rate uniformity in production-type re- 
actors (3). 

A rather low packing density of substrates can be used 
in the epitaxial cold-wall reactors and the numbers pro- 
duced per batch are restricted to, say, 20 slices of 4 in. 
diam. The epitaxial growth, therefore, is among the most 
expensive steps in the silicon device technology, and re- 
actors with a high packing density of substrates in a re- 
sistance-heated hot-wall diffusion-type furnace should be 
very welcome. 

The hot-wall reactor came into use when polycrystal- 
line silicon had to be grown in thin layers on existing de- 
vice structures acting as gate material in the self-aligned 
MOS technique. It appeared that poly-Si could be depos- 
ited on slices stacked in a diffusion furnace to give an ex- 
tremely uniform polycrystalline silicon layer over the 
whole batch (4). 

This method only works at the low temperatures where 
poly-Si is grown and where the efficiency of the growth 

*Electrochemical Society Active Member. 

reaction is so low that depletion effects are of minor im- 
portance. Growth also occurs on the hot quartz walls and 
substrate holders. The method is therefore restricted to 
the deposition of thin polycrystalline layers at relatively 
low temperatures. 

Studies to grow monocrystalline silicon in a hot-wall 
furnace have been performed since 1960. Deal (5), Lom- 
bos and Somogyi (6), and Nishizawa (7) showed the main 
problems to be the strong depletion and the rapid deposi- 
tion on the quartz ware of the reactor. Ban (8) introduced 
a mechanically complex system in which a great number 
of slices can be processed simultaneously and rotating 
nozzles are used to direct the gas flow. Recently, 
Langlais et al. (9) gave an analysis of the thermodynamics 
of silicon deposition in a hot-wall reactor. Depletion ef- 
fects were not studied specifically, but a growth at re- 
duced pressure is recommended. Indeed, Ogirima and 
Takahashi (10) showed that SiH~C12 plus H~ at a total pres- 
sure of 2 torr could give a reasonable growth rate distribu- 
tion in a LPCVD reactor around 1000~ with a special 
nozzle to introduce the reactant. A similar observation 
has been published by Duchemin et al. (11). In all the 
work cited above, high supersaturations were needed to 
come to an acceptable growth rate. Deposition of silicon 
on the hot tube wall and depletion in the direction of the 
gas stream does restrict the usefulness of the method. An- 
other approach to the epitaxial growth of silicon has been 
pursued for a number  of years in our laboratory (12). De- 
tails of the underlying concepts and of some results will 
be given in the following sections. 

Equilibrium calculations.--Thermodynamic calcula- 
tions of the Si-C1-H system have been performed with in- 
creasing accuracy. Steinmaier (13) was the first to calcu- 
late the silicon growth rate as a function of the gas phase 
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composi t ion.  Leve r  (14), Hun t  and Sirt l  (15, 16), van  der  
Pu t t e  et al. (17), and Langlais  et al. (9) showed  the poten-  
tials of the  c o m p u t e r  calculations.  

Expe r imen ta l  ev idence  has been  obta ined  by Sedgwick  
(18), Ban (19), and D u c h e m i n  (20) showing  that  equil ib-  
r ium be tween  the  gas phase  and solid si l icon is rapidly es- 
tabl ished at t empera tu res  well  above  1000~ leading to 
gas-phase concent ra t ions  of  SIC]4, SiH2CI2, and HC1 close 
to the ones ca lcula ted  f rom t h e r m o d y n a m i c  data. 

In the p resen t  study,  in teres t  is focused on near- 
equ i l ib r ium si tuat ions in which  only a small  supeYsatura- 
t ion is available;  the  equ i l ib r ium calculat ions,  therefore,  
are even  more  in teres t ing  than in the  cases d iscussed be- 
fore where  large supersa tura t ions  are involved.  

Us ing  l i terature  data  toge ther  wi th  an i terat ive com- 
puter  p rogram based on minimal iza t ion  of the  Gibbs  en- 
ergy, the  equ i l ib r ium compos i t ion  of  several  Si-H-C1 gas 
mix tures  in con tac t  wi th  solid si l icon was calculated.  This 
was pe r fo rmed  for several  C1/H ratios, t empera tures ,  and 
total  pressures.  F igure  1 gives an e x a m p l e  of the  equi l ib-  
r ium compos i t ion  as a funct ion  of t empera tu re  of a gas 
mix tu re  for C1/H = 0.162 and Ptot = 1 bar. The  total  
amount  of  s i l icon which  is p resen t  in the  gas phase can be 
deduced  for each  p, T, and H/C1 ratio by taking the  sum 
total  of all the  part ial  pressures  of gaseous  c o m p o u n d s  
conta in ing  silicon. This total  sum is equal  to the  solubil i ty 
L of silicon in the gas phase for the given conditions of p, 
T, and H/CI under the condition of complete equilibrium 
between solid and gas, 

EPsi = L = ~xjpj(Si.rH,Cl~)j (x ~ 0) [1] 
J 

The relat ive supersa tura t ion  pe rcen tage  for an inpu t  
pressure  p~ fol lows f rom 

P i  - -  L 
100 [2] 

L 

The di f ference in chemica l  potent ia l  (A~) be tween  inpu t  
and equ i l ib r ium mix tures  is g iven  by 

h~ = kT In p,/p~ [3] 

tog Pi (bar)  

0 f ~ Hz 
$i-  H -C[ system 
Ptot : 1 bar 
C[/H = 0.162 -1 ~ HCt 

SiC[2 

-2 L / / ~,._.._~ SiC[I, 

I ~ ~ - - ~  " SiHCt3 

~ 3 

-/, 

~" ""-- ~ ~  SiH3C[ 

, I I I I I I" I I 1000 1200 1/,00 1600 
Fig. 1. Calculated values of gas phase species in equilibrium with 

solid silicon as a function of temperature for C I / H  = 0.162 at 1 bar 
total pressure. 

For  small  supersa tura t ions  and wi th  p~ = Peq + A p ,  w e  can 
put  

l n ( l +  A p )  ~ - A P  
Pcq Pc, 

so that  

h~ - in (1 + Ap/pe,,) ~ hp [4] 
kT P~, 

In  this way, the  relat ive supersa tura t ion  ~ and h~/kT are 
equal  for small  supersaturat ions .  

In  cases where  the  chemica l  react ions in the gas phase  
give rise to v o l u m e  changes  (nonequal  n u m b e r  of  
reactants  and react ion products),  it is advisable  to use  a 
relat ive solubi l i ty  Lre] g iven  by the  ratio of the n u m b e r  of  
moles  of  si l icon in the  gas phase and the  total  n u m b e r  of  
react ing a toms 

Lrel nsi EPsi [5] 
nco, ZPsi + Zpc, + EpH 

where  Zpc, and Eps are def ined in the same way as ~Ps~ 
in Eq. [1]. 

In Fig. 1, it is seen that  at the  lower  t empera tu res  SIC14 
is the  main gas phase  c o m p o n e n t  in equ i l ib r ium wi th  
solid silicon; at the  h igher  t empera tu res  the  SIC14 con ten t  
decreases,  and SIC12 becomes  the  mos t  impor t an t  gaseous  
silicon compound .  This si tuation leads to a m i n i m u m  in 
the  sil icon solubi l i ty  (L) as a funct ion of  t empera tu re  for a 
specific C1/H ratio. F igures  2 and 3 give examples  for dif- 
ferent  CYH ratios and total  pressures.  For  lower  values of  
CYH, the absolu te  va lue  of  L decreases  and the  m i n i m u m  
shifts to h igher  tempera tures .  For  r educed  pressures  (or a 
r ep lacement  of  H2 by an iner t  gas), the  m i n i m u m  shifts to 
lower  tempera tures .  For  inpu t  partial  pressures  of SIC14, 
SiHC13, or SiH2C12, the appropr ia te  C1/H curve  can be se- 
lected and growth  is expec ted  for inpu t  values greater  
than  the value  of  L, for p~ < L e tch ing  of  solid silicon will  
O C C U r ,  

L 

1100 1500 1100 1500 
T(K) 

Fig. 2. The silicon solubility L, constructed from calculations as 
given in Fig. 1 "for different values of CI/H ratio at atmospheric total 
pressure. The minimum in L shifts to lower temperatures for increas- 
ing chlorine content. The preferred epitaxial temperature is around 
1350 K. 
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Ct/H = 0.22 
L 

i" 

1100 1500 

T(K) 
Fig. 3. The silicon solubility L as o function of temperature at o 

constant CI/H ratio at various total pressures in the Si-CI-H system. 
Replacement of hydrogen by an inert gas as helium has the same ther- 
modynamic consequences. 

In Fig. 4, three experimental situations are depicted. 
Point A corresponds to an experiment  where the input of 
SIC14, SiHC13 or SiH~C12, and HC1 in H2 is such that for T = 
1000 K the input mixture contains less silicon than the 
corresponding equilibrium value. So once this mixture 
comes into contact with the solid silicon crystals, the sys- 
tem will strive toward an equilibrium situation and the 
crystals will be etched. This applies for every situation 
where the combination of input concentration and tem- 
perature is lying below the solubility curves. Growth will 
occur when the input values exceed the solubility line. 
For mixture A, this is achieved at T larger than 1100 K. So 
for input concentration A below 1100 K, etching will take 
place; above 1100 K, the crystal will grow. Starting with 
an input composit ion at B directly will give growth be- 

Siret 

$i - H - C[ system 
Pt0t = 1 bar 
CI/H = 0.162 

,o75 8 

.070 / 

.o65 C 

I I ,  I I  I I ,I, I 

000 1000 1200 1400 K 
Fig, 4. The silicon solubility as o function of temperature in relation 

to various input conditions. Input mixtures with o Si/CI ratio higher 
than the equilibrium value (L) give rise to growth at oil temperatures 
(B). Lower input concentrations of silicon (A and C) lead to etching or 
growth dependent on temperature (see text). 

cause the silicon content exceeds the solubility of silicon. 
To prevent deposition of silicon in colder parts of the re- 
actor, conditions have to be chosen such that deposition 
does not start below a specified temperature (situation 
A). It has also to be realized that an input mixture of say 
SiHCI~ in H2 can have the required Si/C1 and C]]H ratio; 
the gas phase species, however, still have to be adjusted 
to the equilibrium concentrations of SIC14, SiH~CI~, SiCI~, 
etc. This process may take some time. 

For a real growth experiment  in a hot-wall reactor, a su- 
persaturation has to be introduced in order to come to 
growth. The small supersaturations envisaged in the pres- 
ent experiments then will lead to a rapid reduction in 
growth rate in the direction of the gas stream. This deple- 
tion can be overcome in two ways. First, it is possible to 
introduce additional reactant via an inlet tube with care- 
fully designed holes; in this way the Si/H or C1/H ratio can 
be altered as a function of position in the reactor. Second, 
the temperature in the tube can be changed. In the latter 
case, we work in.a temperature gradient and the solubil- 
ity curve can be followed until the min imum in the solu- 
bility is reached. This idea is followed in the present 
study. All along the temperature gradient the gas phase is 
brought out of equilibrium and comes to equilibrium 
again by the deposition of silicon on the substrates. 

The growth of silicon under a small supersaturation as 
can be realized by the gradual change of temperature de- 
scribed above has the additional advantage that growth of 
silicon on silicon is readily possible; growth of silicon on 
a foreign substrate, however, meets with nucleation diffi- 
culties and needs a higher supersaturation (21). This bears 
the possibility that growth on tube walls and quartz boats 
can be prevented and also gives the possibility of selec- 
tive growth in windows of oxide layers present on a large 
number of silicon substrates in the reactor. 

Growth rate . - -For  growth at a constant temperature, 
the growth rate (G) can be calculated for a constant flow 
rate V liter/min, an initial silicon partial pressure pj bar, 
and a solubility L of silicon in the gas phase in bar at the 
temperature T from 

G (p, - L)VM 107 ~m/min [6] 
R T A p  

where R is the gas constant (82.(]6 cm 3 bar/K-raol). M is 
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t h e  m o l e c u l a r  w e i g h t  of s i l icon (28.086g), p is the  d e n s i t y  
of s i l icon (2.3 g/cm3), a n d  A is t he  s i l i con  s u b s t r a t a  sur face  
area (cm~). 

The  flow V d e p e n d s  on  t e m p e r a t u r e  a n d  to ta l  p r e s su re  
(pro,) p r e s e n t  in t he  r eac to r  cell 

VoTpo 
y - - -  [7] 

ToPtot 

w h e r e  Vo is t he  gas flow at  n o r m a l  p a n d  T (Po = 1 bar,  To 
= 298 K). Fo r  g r o w t h  on  a grea te r  n u m b e r  of slices, each  
wafer  has  to b e  in con t ac t  wi th  a gas p h a s e  wi th  t he  s ame  
supe r sa tu ra t ion .  This  can  b e  real ized as d i s c u s s e d  before  
in a t e m p e r a t u r e  g r a d i e n t  in  w h i c h  t he  gas p h a s e  is con- 
s tan t ly  b r o u g h t  ou t  of equ i l ib r ium.  In  t h a t  case  t he  equa-  
t ion  for  the  g r o w t h  ra te  b e c o m e s  

7'  x RToA(x)p P,ot 

w h e r e  (dL/dT)r is the  g r ad i en t  of  t he  so lub i l i ty  cu rve  at  
t e m p e r a t u r e  T for t he  CYH ratio a n d  to ta l  p r e s su re  in  
ques t ion ,  (dT/dxL. t h e  g r a d i e n t  of  t he  t e m p e r a t u r e  at  po- 
s i t ion  X, l t h e  d i s t ance  b e t w e e n  two  slices, a n d  A(x) t h e  
s u b s t r a t e  su r face  area  at  pos i t ion  X. G r o w t h  has  to be  ex- 
p e c t e d  for  a pos i t ive  p r o d u c t  (-dL/dT)(dT/dx) ,  i.e., at  t he  
low t e m p e r a t u r e  s ide  of  t he  m i n i m u m  of t he  so lubi l i ty  
cu rve  (dL/dT < 0) a pos i t ive  t e m p e r a t u r e  g r ad i en t  m u s t  
be  appl ied ,  w h e r e a s  a t e m p e r a t u r e  d rop  in the  d i rec t ion  
of t he  flow (dT/dx < 0) is n e e d e d  w h e n  one  works  at  t h e  
h i g h  t e m p e r a t u r e  s ide of th i s  m i n i m u m ,  w h e r e  (dL/dT) is 
pos i t ive  (Fig. 2-4). 

For  c o n s t a n t  g r o w t h  ra te  all a long  t he  reac tor  tube ,  it is 
suff ic ient  t h a t  t he  p r o d u c t  (dL/dT)(dT/dx) l is cons tan t .  
In  pract ice ,  a c o n s t a n t  va lue  of  dT/dx  c o m b i n e d  w i th  a 
c o n s t a n t  wafe r  s p a c i n g  is p re fe r red .  I n  th i s  case,  c o n s t a n t  
g r o w t h  ra te  r equ i r e s  a l inear  c h a n g e  in t h e  so lubi l i ty  
curve.  This  o p t i m a l  t h e r m o d y n a m i c  w o r k i n g  po in t  di- 
rec t ly  will fol low f rom t he  solubi l i ty  cu rves  by  ca lcu la t ing  
dL/dT for e ach  T. No real  c o n s t a n t  va lue  for dL/dT  is 
p resen t ;  howeve r ,  a m o r e  or less  flat r eg ion  - -  w h e r e  t he  
dev ia t ions  are sma l l e r  t h a n  10% - -  is p r e s e n t  a r o u n d  each  
inf lec t ion  p o i n t  in  the  L vs. T plot ,  a l lowing  crystal  
g r o w t h  in a t e m p e r a t u r e  reg ion  w i th  a w i d t h  of a b o u t  
100-200 K a r o u n d  1200 K for each  C1/H ratio.  

In  pr inc ip le ,  it is pos s ib l e  to w o r k  at  t he  h i g h  t empera -  
t u r e  s ide of t he  m i n i m u m  in L vs. T. A d i s a d v a n t a g e  will 
b e  t h a t  the  gas m i x t u r e  has  to e n t e r  f r o m  t he  ho t t e s t  s ide 
of t he  furnace .  D u r i n g  t he  hea t i ng  u p  f rom r o o m  t empera -  
ture,  t he  gas wil l  pass  a t e m p e r a t u r e  r eg ion  where ,  al- 
ready,  a s ta te  of  s u p e r s a t u r a t i o n  wil l  be  o b t a i n e d  a n d  
s p o n t a n e o u s  n u c l e a t i o n  in the  gas p h a s e  m a y  occur.  This  
p r o b l e m  can  be  so lved  by  fo l lowing rou t e  C as  i nd i ca t ed  
in Fig. 4, w h e r e  in  p r inc ip l e  t he  gas  m i x t u r e  a t  h i g h  T is 
p r e p a r e d  in situ f rom an  u n s a t u r a t e d  s i l icon m i x t u r e  in  
con tac t  w i th  a sol id  s i l icon source .  

This  d i s a d v a n t a g e  does  no t  ex i s t  for g rowing  in a posi- 
t ive  t e m p e r a t u r e  grad ien t ,  i.e., at the  low t e m p e r a t u r e  s ide  
of t he  so lub i l i ty  curve.  L ow  t e m p e r a t u r e s  are p re fe r red  in 
hot-wal l  reactors ,  espec ia l ly  w h e n  lower  to ta l  p r e s su re s  
are of  advan tage ,  in  o rder  to p r e v e n t  d a m a g e  of  the  t u b e  
and  a t t ack  of t he  quar t z  ware.  

Equipment and procedures.--Basically, t he  s y s t e m  is a 
n o r m a l  CVD s y s t e m  e q u i p p e d  w i th  a f u r nace  in s t ead  of  a 
RF  genera tor .  A s c h e m a t i c  p r e s e n t a t i o n  i n c l u d i n g  t he  gas 
m i x i n g  s y s t e m  is dep i c t ed  in  Fig. 5. 

The  c o m p l e t e  s y s t e m  is h o m e - b u i l t  a n d  cons is t s  of  a 
four -zone  fu rnace  wi th  a to ta l  h e a t e d  l e n g t h  of 135 cm. 
The  i n n e r  d i a m e t e r  of  t he  reac tor  t u b e  was  45 ram,  w i t h  a 
total  l e n g t h  of 260 cm, i n c l u d i n g  the  n e c e s s a r y  load- lock 
provis ion .  Wi th  four  i n d e p e n d e n t  cont ro l le rs ,  any  des i r ed  
t e m p e r a t u r e  prof i le  can  easi ly  b e  ad jus ted .  

Mass  flow con t ro l l e r s  a n d  mass  f lowmete r s  con t ro l l ed  
t he  flow of  t h e  h y d r o g e n  carr ier  gas, t he  d ich loros i lane ,  
or t r i ch lo ro s i l ane  a nd  add i t i ona l  HCI: For  t he  p r e s e n t  ex- 
pe r imen t s ,  t he  s i l i con  s am p l e s  [one  s ide  po l i shed ,  low re- 
sist ivity,  Sb  doped ,  (100) o r ien ta t ion ,  w i t h  a d i a m e t e r  of  5 

ITL_ EXH 

J 

H 2 SiHC[] SiH2CL 2 HCi 

Fig. 5. The apparatus used in the growth experiments consists of a 
four-zone furnace in which is a long quartz tube such that the load 
can be flushed at room temperature before introduction into the fur- 
nace. All gases can be directed to the vent when needed (not shown 
in the figure:). The slices can be positioned parallel to or perpendicu- 
lar to the gas stream, the experimental results being comparable. 

cm], were  cu t  in to  two  pa r t s  a n d  p l a c e d  paral le l  to the  
long  axis  of  t he  furnace .  This  has  the  a d v a n t a g e  of g iv ing  
a smal l  d i s t u r b a n c e  on  t he  flow charac te r i s t i c s ;  i t  h a s  the  
d i s a d v a n t a g e  t h a t  b e c a u s e  of  t h e  h i g h  h e a t  conduc t iv i t y  
of t he  silicon, t he  u p s t r e a m  par t  of t he  c rys ta l  is some-  
w h a t  h i g h e r  a n d  t he  d o w n s t r e a m  pa r t  is s o m e w h a t  lower  
in  t e m p e r a t u r e  t h a n  w o u l d  c o r r e s p o n d  w i th  i ts pos i t ion  in 
the  fu rnace  (for pos i t ive  T-grad ien t  in  t h e  flow direct ion).  

In  add i t i ona l  e x p e r i m e n t s ,  i t  h a s  b e e n  s h o w n  tha t  t he  
sl ices can  b e  p l a c e d  para l le l  to  or p e r p e n d i c u l a r  to the  
m a i n  gas  s t r e a m  w i t h o u t  s ign i f ican t  d i f fe rences  in  
g r o w t h  ra te  a n d  c rys t a l l og raph ic  qual i ty .  

The  m o i s t u r e  a n d  o x y g e n  c o n t e n t  of t he  H2 carr ier  gas 
was a lways  be low 1 ppm.  The  tota l  flow (NTP)  was al- 
ways  3.5 l i ter / rain,  g iv ing  a gas  ve loc i ty  of  a b o u t  15 cm/s  
at  t he  g r o w t h  t e m p e r a t u r e .  

The  s a m p l e  h o l d e r  l o a d e d  wi th  up  to 20 sl ices is int ro-  
d u c e d  in to  t he  cold  pa r t  of  t he  quar tz  tube ,  p u r g e d  w i th  
N2 a n d  H,~, t h e n  s lowly m o v e d  in to  t he  h o t  furnace .  J u s t  
be fore  t he  s ta r t  of  t he  g r o w t h  e x p e r i m e n t s ,  an  in situ HC1 
e tch  was  p e r f o r m e d  wi th  0.5% HC1 for  5 rain.  The  e t ch  
ra te  of  s i l icon by  HC1 is r a t h e r  i n d e p e n d e n t  of  t e m p e r a -  
tu re  b e t w e e n  900 ~ a n d  1200~ a n d  a m o u n t s  to 0.02 ~ m / m i n  
(21) for  the  g iven  HC1 con ten t .  

Results 
E x p e r i m e n t s  w e r e  p e r f o r m e d  w i t h  SiHCI:~ as wel l  as 

w i th  SiH2CI., as s i l icon sources .  SiHCI:~ was  t a k e n  to s t u d y  
(i) t he  effect  of  t he  i n p u t  c o n c e n t r a t i o n  on  t he  g r o w t h  ra te  
( this  g ives  i n d i c a t i o n  a b o u t  the  p rac t i ca l  u s a b l e  concen -  
t r a t i on  for  g r o w t h  a n d  gives  i n f o r m a t i o n  i n d i c a t i n g  
w h e t h e r  t he  e q u i l i b r i u m  s i tua t ion  is ach ieved)  a n d  (ii) t he  
in f luence  of t h e  t e m p e r a t u r e  g r a d i e n t  o n  t he  g r o w t h  rate.  

With SiH2CI.~ it  is pos s ib l e  to c h e c k  w h e t h e r  a s imi la r  
g r o w t h  will b e  o b s e r v e d  for a g iven  Si/H a n d  C1/H ratio as 
o b t a i n e d  w i t h  SiHCI:, This  d i rec t ly  gives  p r o o f  t h a t  equi-  
l i b r i u m  s i tua t ions  are a t t a i n e d  in b o t h  s i tua t ions .  

SiHC1JHCI/H2 mixtures.--In order  to ob ta in  h o m o g e -  
n e o u s  epi taxia]  layers  w i th  good  c rys ta l l ine  qual i t ies  at  
r ea sonab le  g r o w t h  rates ,  a n u m b e r  of in i t ia l  r e q u i r e m e n t s  
have  to be  fulfi l led w h e n  g r o w t h  is to be  p e r f o r m e d  in an  
oven. 

1. For optimal crystalline quality, the temperature range 
should be as high as possible (> 1200 K) 

2. The adsorption of, e.g., chlorine should be as low as 
possible, which is favored by high temperatures and low 
chlorine content. 

3. The solubility of silicon preferably should change lin- 
early with T in order to achieve constant growth rates in 
the temperature gradient of the furnace. 

4. The slope of the solubility curve should be as steep as 
possible to obtain high growth rates and high yields. 

5. Deposition on furnace wall and quartz boats has to be 
prevented. 

From the solubility curves as presented in Fig. 2 and 3, 
it can be seen that the requirements can best be met for 
CI/H = 0.06 and p = 1 bar. For this ratio, a reasonable 
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va lue  for dL/dT is obta ined  at h igh  tempera tures .  In  addi- 
tion, the  chlor ine  con ten t  of  the  gas m i x t u r e  is relat ively 
low, which  favors  a small  coverage  of  the  surface with  
chlorine.  A t empera tu r e  region a round 1200 K should  be 
prefer red  to guaran tee  cons tant  g rowth  rates. Since  it can 
be expec ted  that  the  crystal l ine perfec t ion  for T < 1200 K 
is not  opt imal ,  the  t empera tu re  reg ion  above  T = 1220 K 
was chosen,  accep t ing  beforehand  that  the growth  rate 
theoret ical ly  should  decrease  at h ighe r  t empera tures  
(smaller abso lu te  va lues  of  dL/dT). For  an equ i l i b r ium 
mix tu re  (~, = 0) at the  en t rance  of  the  furnace,  it is ex- 
pec ted  that  the  growth  rate starts at zero; as soon as the  
mix tu re  comes  out  of  equ i l ib r ium because  of the temper-  
a ture  gradient ,  a cons tant  growth rate should  result.  With 
the  gradients  used,  every  cen t imeter  in the  furnace gives 
a change in equ i l i b r ium concent ra t ion  cor responding  to 

= 0.1%. Severa l  g rowth  expe r imen t s  have  been  per- 
formed;  some  resul ts  are p resen ted  in Fig. 6 and 7. For  
C1/H = 0.0604, var ious  mix tures  wi th  a si l icon content  
above  and be low the  equi l ibr ium value  at the tempera-  
ture  at the  en t rance  of  the  furnace  (1220 K) were  used. 
F r o m  the  figures, it is apparent  that  e tching occurs  over  
the  t empera tu re  range where  the  ~ of  the  first wafer  is 
negat ive  (Fig. 6, ~/ = -5.0). E tch ing  turns  into growth  al- 
mos t  at the  poin t  which  theore t ica l ly  was calculated.  In  
this respect ,  the  expe r imen t  is in a g r e e m e n t  with theory. 
Fo r  low initial supersaturat ions ,  no growth  is observed  on 
the  first slices, whereas  the growth  rate increases on the  
fol lowing slices. Above  x = 70 cm, the  growth  rate drops 
drast ical ly because  of  the decrease in (dL/dT)T. In Fig. 6, 
every  va lue  of  x represen ts  a specific tempera ture ,  re- 
plot t ing Fig. 6 as log G vs. 1/T (Fig. 7, ~/= 10%, dT/dx = 2 
K/cm) shows that  only  above  1000~ a cons tan t  p la teau is 
reached.  Even  wi th  a value  of  ~/ i n d e p e n d e n t  of  x, the 
growth  rate is l imi ted  by slow surface react ions at the  
lower  tempera tures .  Higher  initial supersa tura t ions  in- 
crease  the  g rowth  rate at lower  t empera tu res  as long as 
the gas mix tu re  is not  yet  in equi l ibr ium.  For  ~/ = 6.4 and 
4.8%, no si l icon depos i t  was observed  on the  quartz ware 
of  the  reactor  cell  or on the wafer  boat. For  ~ ~ 10%, a 
sl ight depos i t  on the  wafer  boat  in be tween  the  first four  
slices was observed.  For  h igher  initial supersaturat ions,  
the  first part  of  the  boat  up to the  four th  slice was cov- 
ered with silicon; beyond  this four th  slice, only the  r im of 
the boat  was s l ight ly covered.  

By compar ing  the  equiva len t  expe r imen t s  at different  
dT/dx, the  h ighes t  g rowth  rate is obse rved  for the  h ighes t  
t empera tu re  grad ien t  (Fig. 8). A genera l  t rend  observed  in 
all expe r imen t s  is that  for a g iven  dT/dx all growth 
curves  converge  to the  same growth rate 40-50 cm from 
the  entrance.  This may  be an indica t ion  that  equi l ib r ium 
has been  a t ta ined f rom that  place. 

The surface  morpho logy  of the  g rown layer s t rongly de- 
pends  on the  g rowth  t empera tu re  and on the  C1/H ratio. 
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supersaturations. 
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Fig. 7. The silicon growth rate in the furnace system plotted as a 
function of reciprocal temperature for CI/H = 0.06 in a mixture of 
SiHCI:~-HCi and H2, a temperature gradient of 2 K/cm and an initial 
supersaturation of 10%. The curve shows the same character as in a 
cold-wall system at much lower chlorine content. 

At low tempera tures ,  the surface contains  many  growth  
hil locks;  at t empera tu res  be tween  1050 ~ and 1080~ the  
n u m b e r  of  large g rowth  py ramids  is reduced,  but  m a n y  
small  bunches  wh ich  have  g rown  out  a lmos t  isotropical ly 
are observed,  whereas  at h igh t empera tu res  (T > 1080~ 
the surface is a lmos t  free of  defects  (Fig. 9). For  the sur- 
face morphology ,  the  t empera tu re  is more  impor tan t  than  
the  degree  of  supersaturat ion.  It  m u s t  be r e m e m b e r e d  
that, a l though  the  initial supersa tura t ions  may  change,  a 
constant  CUH ratio is always present ,  so that  mos t  proba- 
bly the same chlor ine  surface coverage  is also present  for 
expe r imen t s  at the same tempera ture .  For  the  h ighes t  
growth rates (high t empera tu re  gradient ,  h igh ~/ initial) 
and low tempera tures ,  locally polycrysta l l ine  growth  
could be obse rved  on the first slices in the  wafer  boat. 
Excep t  for these  cases, all epi layers  were  monocrystal -  
line. I t  has to be s t ressed that  se lec t ive  growth  is nearly 
perfect  for small  supersaturat ions,  be low ), = 10%. 
Growth  on si l icon is possible  then  wi thou t  deposi t ion  on 
the  quartz tube  or boat. 

SiH2CI.z-HCI-H2 mixtures.--The expe r imen t s  wi th  
SiH2CI~ were  pe r fo rmed  to check  the  val idi ty  of  the  prin- 
ciple. For  the  same C1/H ratio, t empera tu re  gradient ,  and 
initial supersa tura t ion,  one  wou ld  excep t  the  same 
growth curves  as obta ined  in the equ iva len t  SiHC13 exper-  
iment .  F igure  10 gives the  result  for such  a series of ex- 
per iments ,  wh ich  have  to be compared  with those  col- 
lected in Fig. 6. Apar t  f rom a h igher  growth  rate, the 
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Fig. 9. Surface structures obtained at different temperatures for 
CI/H = 0.06 and e layer thickness of about 20 /~m. At the higher 
temperatures, smooth surfaces are obtained, sometimes with charac- 
teristic "half-moon terraces" and full-size hillocks. Top, 1000~ mid- 
dle, I050~ bottom, 1080'>C. The half-moon terraces are indicated 
with an arrow. Magnification 100x before reproduction. 

growth curves  are very  similar, inc lud ing  a comple te  ab- 
sence of  si l icon growth  on the boat. On the  other  hand, 
the surface morpho logy  for SiH2Cl~-grown layers is not  as 
good as for SiHC]~-grown layers unde r  ident ical  condi-  
tions. The epi layer  is monocrys ta l l ine ,  but  many  small  
hi l locks are p resen t  at these  t empera tu res  and growth 
rates, where  the  SiHCI~ g rown  layers are nearly defect  
free. This u n e x p e c t e d  feature will be d iscussed  below. 

Expe r imen t s  were  also pe r fo rmed  at h igher  C1/H ratios, 
us ing mix tures  of  SiH2CI~-HC1 and H~. Equ i l ib r ium con- 
centra t ions  were  calculated for CYH = 0.16 and 0.35. The 
lat ter  case already represents  a concen t ra ted  mix tu re  of  
17% SiH~Cl~ and 26% HC1 in hydrogen.  In  all cases, the 
t empera tu re  grad ien t  in the furnace gave rise to silicon 
growth  as expec ted ,  indicat ing the  qual i ty  of the  thermo-  
dynamic  data. The  growth  rates, in the order  of 0.1-0.2 
t~m/min, are p lo t ted  in Fig. 11; the  relat ively high growth  
rate at lower  t empera tu res  is obvious  for the more  con- 
cent ra ted  systems.  The  qual i ty  of the  g rown layers was 
poor  compared  to growth  at C1/H = 0.06; even  polycrystal-  
l ine growth was observed  at the lower  t empera tu re  end of 
the  furnace. Again,  si l icon deposi t  on quar tz  ware  was ob- 
served for supersa tura t ions  exceed ing  10%. 

Discussion 
It  has been  demons t ra ted ,  e.g., by Sirt l  et al. (22), Ari- 

zumi (23), and Claassen (24), and mathemat ica l ly  founded  
by Bol len et al. (25) that  by using the  mechan i sm of se- 
lect ive nucleat ion,  growth of  si l icon is possible  on sur- 
faces with low nuc lea t ion  barriers, i.e., on sil icon itself, 
whereas  no g rowth  will  occur  on fore ign surfaces. The 
p resen t  work  demons t ra tes  that  this pr inc ip le  can be ex- 
t ended  to all SiO2 surfaces wi th in  a furnace  system; thus, 
epitaxial  g rowth  of si l icon is made  possible  in a hot-wall  
reactor.  Con tamina t ion  of walls and boats  can be pre- 
ven t ed  p rov ided  a low supersatura t ion can be mainta ined 
in the ent ire  system. The exper iments  have  to be guided 
by a thorough knowledge  of the  t h e r m o d y n a m i c s  of the  
system. This poin t  is i l lustrated in expe r imen t s  with high 
C1/H ratios, e.g., CYH = 0.16 with 7.9% SiH~CI~ aad  14% 
HC1, and C1/H = 0.3482 with 17.1% SiH2CI~ and 26.4% HC1. 
Expe r imen t s  wi th  these  mixtures  demons t ra t e  the  relia- 
bil i ty of the  t h e r m o d y n a m i c  data on the  Si-C1-H system as 
select ive growth  sets in at ~/ = 0 and is res t r ic ted to a nar- 
row range of  init ial  supersaturat ions  up to 10%. In  the  fol- 
lowing,  the e tch and growth behavior  and the  crystallo- 
graphic qual i ty of  the layers will  be ske tched  in order  to 
come  to some conclus ions  on the  feasibil i ty of the  system. 

Etch and growth behavior.--As po in ted  out  before, an 
equ i l ib r ium mix tu re  enter ing the  furnace  will ideal ly 
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show no growth or etching. In the temperature gradient 
imposed on the system, a supersaturation is then building 
up of the order of 0.1% per degree. Figure 6 shows that 
with a gradient of 2 K/cm, about 40-50 cm are needed to 
bring the gas phase into equilibrium. This can be inter- 
preted as a supersaturation of 10% being needed to come 
to continuous growth, this being improbably high; still, it 
is found that a steeper temperature gradient leads to a 
somewhat shorter pre-equilibrium zone. 

Another possibility, however, points to the time needed 
to come to complete equilibrium. For the chosen gas ve- 
locity of about 15 cm/s, the results given in Fig. 6 point 
to a preliminary stage of about 3s. This view is further il- 
lustrated in the series of experiments with SiH.~C12 in 
which the temperature gradient is kept constant; the C1/H 
ratio, however, is changed from 0.06 to 0.16 and 0.35. Very 
clearly, the time needed to come to constant growth is 
much shorter at the higher CFH ratios. 

This behavior can be explained from the known charac- 
teristics of the SiH2CI~, SiHC13, and SiCl4 systems (26, 27), 
in which two easy gas phase reactions are present 

SiH~C12 ~ SiCI~ + H2 [10] 

SiHCI3 ~ SIC12 + HC1 [11] 

The SIC14 concentration, however, can only be brought to 
the required equil ibrium level via a surface reaction 

SIC12 + 2C1" -~ SIC]4 + 2* [12] 

where CI* stands for an adsorbed chlorine atom on a reac- 
tive silicon site (*) given by 

HC1 + * -~ CI* + 1/2 H~ [13] 

There is a slow reverse reaction 

SIC14 + 2* --~ SiCl~ + 2C1" [14] 

This reaction is the cause of surface controlled kinetics al- 
ready at 1100~ for SIC14 as the initial reactant (27). In the 
SiH2C12-HC1 input mixture, therefore, SIC12, SiHC13, and 
SiH2C12 can be present in near equilibrium concentrations 
via the rapid gas phase reactions [10] and [11]. The forma- 
tion of SIC14, however, lags behind. As long as SIC]4 is 
missing, an excess of HC1 is present. It is known (21) that 
HC1 etching proceeds at a constant rate rather indepen- 
dent of temperature down to about 900~ (dependent only 
on the purity, i.e., oxygen content, of the gas) .At  900~ 
1% HC1 gives an etch rate of 0.1/~m/min; 1.5% HC1 already 
0.25 /~m/min. In this way, the excess HC1 can counteract 
the growth in situations where the complete equilibrium 
has not yet been established. Changes in SIC14 concentra- 
tion occur via reactions [12] and [14]; a decrease in SIC14 
content will take place slowly, rather independent  of HC1 
content (27). The reverse reaction, formation of SIC14, will 
be faster for higher HC1 contents. From Eq. [12], the rate 
of formation of SIC14 and thus the rate of "equilibrization" 
can be given as 

Rsicl4 = K Psict2 [ C l * ]  2 = K' Psicl.2 P HCI2/PH2 

= K" PSiHzCI2 PHC,~/,n22 [15] 

When we now compare the situation for C1/H 0.06, 0.16, 
and 0.35, the rate of SiCl4 formation is calculated to in- 
crease from 1:16:105. This may explain the short introduc- 
tion time as a kinetic factor needed to conform the mix- 
ture to a quasi-equilibrium one. The temperature 
dependence of the growth rate in the SiH~C1JHC1 system 
has been given in Fig. 11. The diffusion-limited region of 
crystal growth is extended to much lower temperatures, 
presumably because of the enhanced surface reaction rate 
discussed before. It has been postulated that for a 
diffusion-limited growth the surface quality will be supe- 
rior to growth in a surface-limited region. This supposi- 
tion is not confirmed here; this point will be discussed in 
the next section. It can be further mentioned that, in the 
region of constant growth, the growth rates found are not 
too far from, but always lower than, the calculated values 
and constant over the diameter of the substrates _+ 40%. 

According to Eq. [8], we expect  a typical growth rate of 
0.41 /~m/min, to be compared with the measured rates of 
0.1-0.3/~m/min. The calculated growth rate could apply to 
polycrystalline growth (9); for monocrystalline growth 
also, the density and velocity of atomic steps on the sur- 
face will play a part. 

Crystallographic quality.--Growth and etching in the 
Si-C1-H system leads to smooth and perfect surfaces only 
at higher temperatures and relatively low. etch and 
growth rates. For the growth of silicon, Burmeister (28) 
and Revesz et al. (29) showed hillock formation and fac- 
eting to occur as a function of growth rate and tempera- 
ture. A comparable change from monocrystalline to poly- 
crystalline growth habit was observed by Bloem (30). Van 
der Putte et al. performed an extensive study on the sili- 
con surface structure after etching with gaseous HC1 (31). 

Figure 12 combines these experimental  results, indicat- 
ing regions in which good quality epitaxial layers can be 
grown, as well as regions with bunched or even polycrys- 
talline growth, all on good quality substrates in the Si- 
C1-H system at atmospheric pressure. Trapping of impuri- 
ties or growth units has to be considered as the main 
reason for the occurrence of growth defects. The experi- 
ments in the near-equilibrium growth in a furnace are rea- 
sonably in line with the data in Fig. 12; some additional 
influence of higher C1 ratios seems to be present. At C1/H 
= 0.16 and 0.35, a diffusion-controlled growth regime ap- 
pears to be present even at low temperatures. The layer 
quality, however, is by no means superior to layer growth 
at the same temperature and growth rate in the C1]H = 
0.06 system. This can be caused by the increased adsorp- 
tion of chlorine containing species. Another point can be 
important too, i.e., the quality of the HC1 gas used in the 
experiments. The water content of the HC1 may be ade- 
quate for normal CVD use; in the concentrated mixtures 
(26% HC1 at CI/H = 0.35) a small impurity content already 
counts heavily. 

At 1000~ the formation of solid SiO~ is possible for a 
water content exceeding 1 ppm. More than 4 ppm in the 
HC1 cylinder thus already may be sufficient to deterio- 
rate the crystalline quality because of blocking of moving 
steps on the growing surface. 

Good quality epitaxial growth at still lower tempera- 
tures than given in Fig. 12 are possible under UHV condi- 
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Fig. 13. Example of selective growth of silicon inside a window 
etched into an oxide layer on top of a silicon wafer. 

tions (molecular beam epitaxy), where disturbing effects 
of undesired impurities are minimized. In this respect, 
the conclusion comes forward that impurities have a 
stronger effect on the layer quality than the trapping of 
silicon containing growth units as such. At the lower tem- 
peratures the surface is heavily textured; going to higher 
growth temperatures, the (100) surface becomes smooth 
with isolated growth hillocks (Fig. 9). Each hillock has a 
dislocation in its center; often, hollow cores are observed. 
Sometimes, however, a typical flat top is present. Tsuka- 
moto and van der Hoek (34) found the same type of de- 
fect, called half-moon terraces, on garnets and explained 
them as growth hillocks that have become inactive and 
obtained a fiat top. On further growth they develop into 
the half-moon terraces. 

The hillocks have a mean deviation of 2.56 ~ from (I00), 
with a variation from 0.5 ~ to 3 ~ On the edges of growth re- 
gions facets form on prolonged growth (Fig. 13), mostly 
(iii) faces are exposed, and some (113) and (115) facets 
are also found. A closer study of the faceting is underway. 
A further point in favor of the furnace system is the ab- 
sence of steep temperature gradients that can be the ori- 
gin of stress and slip in the substrates (35). 

Feasibility of the system.--In CVD intended for growth 
of silicon on metallurgical silicon substrates for the pro- 
duction of solar cells the crystalline quality obtained in 
the present setup can be quite satisfactory when the spe- 
cifications for surface planarity can be relaxed, an in- 
creased surface area could even have some advantage. 

Another attractive feature is the batch-wise selective 
deposition of silicon in windows opened in SiO2 layers on 
silicon substrates; in this application, thin layers are en- 
visaged. 

For other silicon device processes, the CVD in a furnace 
can be achieved satisfactorily only well above 10O0~ The 
furnace process will gain when the surface quality at the 
low temperature side can be improved. Working at lower 
oxygen impurity levels is one approach. 

Introduction of SIC14 in the main gas stream reduces 
the amount of HC1 needed and will help in bringing down 
the impurity content. 

The growth rates obtained are in the order of 0.1-0.3 
t~m/min; in order to obtain thick layers (< 10 t~m), this 
rate is too low. Therefore the selective deposition of sili- 
con in oxide windows appears to be the most attractive 
proposition for practical use of the near-equilibrium sys- 
tem in the furnace. 

Conclusion 
Chemical vapor deposition in a hot-wall reactor is possi- 

ble without deposition of silicon on the quartz ware of the 
cell or the wafer boat. In terms of crystalline quality, the 
best results are obtained, for growth with SiHC13, low 
CYH ratio, and high temperatures. 

An important conclusion is the discovery of fast surface 

reactions at high C1/H ratios, such that a gas phase 
diffusion-controlled growth rate extends down to nearly 
900~ in the furnace system. In order to profit in the 
sense of improved layer quality, the water content has to 
be reduced to very low levels. 

In general, it can be stated that quite a number  of ques- 
tions are still present, but in principle a new and interest- 
ing method to produce epitaxial silicon has become avail- 
able. 
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A Multiresponse Factorial Study of Reactor Parameters in Plasma- 
Enhanced CVD Growth of Amorphous Silicon Nitride 

P. W. Bohn' and R. C. Manz 

A T & T  Bell Laboratories, Murray Hill, New Jersey 07974 

ABSTRACT 

A 24 factorial design in the growth parameters has been implemented for plasma-enhanced CVD deposition of 
a-SiNH thin films. A variety of chemical and physical properties were used as responses to measure the strength of in- 
teractions between and among the factors studied. Statistically significant interactions of the primary factors (i.e., 
reactant gas ratio, pressure, temperature, and RF power) were found for almost all responses measured. SiHJNH3 ratio 
and RF power were found to h a v e t h e  most and largest effects on all responses. Changes m these variables resulted in 
changes in the fihn stoichiometry which have far reaching implications for the refractive index and buffered HF etch 
rate of these films. In each response, the trends observed support conclusions of previous single-variable experiments. 
The current experiments extend those studies by quantitating the various factor-factor interactions. 

The formation of dielectric coatings for passivation and 
electrical insulation of GaAs has been a long-standing 
problem to those interested in high speed devices. Al- 
though silicon dioxide has been used almost exclusively 
in the development  of silicon technology, its permeability 
to moisture and alkali ion diffusion eliminate it from con- 
sideration for use with GaAs. As an alternative, 
amorphous silicon nitride has been found to be useful, 
owing in part to its stability to etching reagents, mechani- 
cal robustness, and high resistivity (1). As an insulator it 
is attractive due to its reasonably large high frequency di- 
electric constant and breakdown potential (2) and com- 
patibility with current processing techniques. 

One methoci of growing silicon nitride thin films in- 
volves the chemical deposition of silane and ammonia at 
atmospheric pressure with temperatures between 700 ~ 
and 900~ However, when this material is used for passi- 
vation of GaAs, temperature limitations are imposed. To 
circumvent this problem with high temperatures, reactive 
plasmas have been employed to impart  sufficient energy 
to the precursor species to generate the highly reactive in- 
termediates needed for actual film growth (3, 4). This 
plasma-enhanced CVD process then permits growth of an 
amorphous hydrogenated silicon nitride (a-SiNH) at tem- 
peratures well below 400~ At these lower temperatures, 
it is possible to deposit plasma-enhanced a-SiNH films 
directly on aluminum or gold metallizations on GaAs. 
Doing so then provides a barrier to chemical or mechani- 
cal damage and creates a film with the appropriate elec- 
trical characteristics for high quality electrical insulation. 
Interest also exists in using a-SiNH as a selective mask 
for further oxidations or doping procedures when depos- 
ited at low temperatures. 

It is well known from a variety of experiments that, al- 
though values usually fall in specific ranges, the exact 
physical, chemical, and electrical properties of plasma- 
enhanced a-SiNH films depend strongly on the method 
and conditions of film growth (5-10). In the plasma- 
enhanced deposition process, many species are present 
which have sufficient energy to initiate bond cleavage 
processes. As a result, a panoply of reaction pathways is 
possible, and the most thermodynamically favorable 
products are not necessarily predominant. Thus stoichi- 
ometry and related properties can and do vary widely 
with changes in the deposition conditions. This aspect of 
the plasma-enhanced growth process is both an advan- 
tage and a disadvantage. The wide variation with reactor 
parameters means that considerable latitude exists to 
tailor the materials properties of the deposited film. 
However, very careful attention must be paid to the con- 
trol of reaction conditions in order to produce films with 
reproducible properties. 

Earlier experiments have addressed the dependence of 
film properties on plasma reaction conditions (2, 6). How- 

' Current address: Department of Chemistry, University of Illi- 
nois, Urbana, Illinois 61801. 

ever, those studied have all taken the approach of va i l ing  
one variable at a t ime and observing the effect as mea- 
sured by one or more specific film properties. This ap- 
proach can at best only examine two-dimensional projec- 
tions of the n-dimensional response surface (11, 13). In 
addition, this approach is incapable of measuring the ex- 
tent of interactions between the various growth parame- 
ters in determining the chemical and physical properties 
of a-SiNH. In a system as mechanistically complex as the 
plasma-enhanced CVD reactor, it is highly likely that sev- 
eral significant interactions will play a role in the growth 
chemistry. Thus, recognizing the complexity of the film 
growth process and wishing to understand interactions 
between system parameters in terms of each of several 
different responses, a 24 factorial study with center point 
was planned and implemented.  Of the many possible fac- 
tors which could have been studied, some were elimi- 
nated for practical reasons (e.g., changing the electrode 
spacing) and others were eliminated to leave only the four 
factors, which from one variable at a t ime studies, ap- 
peared to be most likely to have a statistically significant 
effect on one of the chosen responses. The exper iment  
examined the effects and interactions of SiHJNH:~ mo- 
lar flow ratio, total gas pressure [i.e., P(SiH4) + P(NH3) + 
P(buffer)], substrate (GaAs) temperature, and radio fre- 
quency power density on the Si/N ratio, refractive index, 
buffered HF etch rate, growth rate, concentrations of H 
bound to Si, and concentrations of H bound to N in the 
grown a-SiNH films. 

Experimental 
All samples were prepared in a Plasma-Therm radial 

flow, capacitatively coupled, 13.56 MHz reactor of the 
general Reinberg design (Fig. 1) (14). This reactor is 
equipped with automatic power sensing and tuning cir- 
cuitry to maintain constant power levels during deposi- 
tion. It also possesses a capacitance manometer-con- 
trolled throttle valve for maintenance of constant 
pressure and a set of temperature sensors which feed 
back to the pallet heaters to keep the substrate tempera- 
ture constant. Calibrated mass flow controllers were 
used to obtain constant known gas flow rates into the re- 
action chamber. Sill4 flow rate, NH~ flow rate, total pres- 
sure, and temperature were all controlled to _-< -+ 1% devi- 
ation. For these experiments,  the electrode spacing was 
held constant at 1.9 cm. 

The levels of the variables examined in this study are 
tabulated in Table I. Sill4 was obtained as 2% Sill4 in Ar, 
and NH~ was obtained as 5% NH3 in Ar. In each experi- 
ment, an auxiliary Ar flow was used to keep the total 
flow rate of all gases constant in addition to having the 
preset pressure constant. All gases were delivered from 
remote safety cabinets through precleaned 316 stainless 
steel tubing. The centerpoint or zero level of each factor 
was determined from previously established standard 
values for production growth of a-SiNH passivation lay- 
ers in GaAs FET's.  
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Fig. 1. Cross-sectional diagram of the electrodes and gas flow pat- 

tern in the reactor used in these experiments. 

Within the design, great care was taken to randomize 
possible sources of bias which would not be included in 
the design. Since two experimental runs, at most, could 
be made in any one day, the time order of the experimen- 
tal growth runs was randomized. In addition, the posi- 
tions of each of the test substrates in the reaction cham- 
ber were randomized. Each experimental run generated 
five separate samples for growth rate measurement, 
bonded hydrogen content, Si/N ratio and refractive index, 
etch rate measurement, and film stress. 

Growth rate measurements were made by monitoring 
total thickness of material deposited on glass substrates 
with a pressure-sensitive stylus instrument for each of the 
30 rain growth runs. Growth rates varied from 76.9 to 
210.8 ~/min. Film stress measurements were performed 
by examining the distortion of an elongated GaAs bar, be- 
fore and after sample growth, with a laser deflection 
measuring instrument (Canon wafer flatness monitor). 
However, several samples had sufficiently low surface 
reflectivity after a-SiNH growth that reliable signals 
could not be obtained. Thus film stress was not included 
in the final response data. In general, however, values of 
the stress induced by film growth were in the 1 • 108 to 
2 • 109 dyn/cm ~ range with both tensile and compressive 
values being observed. Measurements of the etch rate of 
GaAs supported samples were made in NH4F buffered 
HF by measuring the difference in thickness between an 
etched region and a masked region after a standard etch- 
ing t ime. Var ia t ion  f rom 48 to 434 ~ /min  was  observed.  

In fo rma t ion  abou t  the  total  con t en t  of Si-H and  N-H 
b o n d s  was ob ta ined  by di rect  quant i t a t ive  infrared ab- 
sorpt ion  s p e c t r o m e t r y  of layers depos i t ed  on semi-insu- 
lat ing GaAs. A b s o r b e r  concen t ra t ions  were  ob ta ined  by 
measur ing  the  a b s o r b a n c e s  near  3350 (N-H) and  2150 
cm -~ (St-H). The abso rbances  were  t h e n  c o m b i n e d  wi th  
b o n d  cross sec t ions  calculated from. a reanalysis  of the  
nuclear  reac t ion  profi l ing data of  Lanfo rd  and  Rand  (8). 
This new analysis  took the  phys ica l  na ture  of  the  sys t em 
into accoun t  by  cons t ra in ing  the  l inear  data  fit to pass  
t h r o u g h  the  or igin and  y ie lded  cross-sec t iona l  values  of 
5.7 • 10 -5~ c m  2 for Si-H and  4.5 x 10 -2o c m  ~ for N-H. 

Both  ref rac t ive  i n d e x  and  Si/N a tomic  ratios were  ob- 
t a ined  f rom the  samples  g r o w n  on silicon. Bulk  Si and  N 

Table I. Levels of the four factors chosen for study. 
The - and + designations are arbitrary 

Variable Levels 

1 = SiHJNH.~ flow ratio 0 = 1.70 - = 1.50 + = 2.00 
2 = Total pressure (torr) 0 = 1.50 - = 1.00 + = 2.00 
3 = Substrate temperature (~ 0 = 275 - = 250 + = 300 
4 = R F p o w e r ( W )  0 = 15 - = 10 + =20 

a m o u n t s  were  in fe r red  f rom ESCA m e a s u r e m e n t s  in the  
near  surface  region. Ar § spu t te r ing  was used  to r emove  
the  surface c o n t a m i n a t e d  layer  pr ior  to m e a s u r e m e n t s .  
Tabula ted  sensi t iv i ty  factors  for the  St2, and  NI~ peaks  
were  used  to calculate  the  a tomic  ratios f rom relative 
peak  areas (15). Refract ive  i ndex  m e a s u r e m e n t s  were  ob- 
ta ined  at 6328~ wi th  an au toma ted  e l l ipsomete r  using a 
He-Ne laser  source.  

Results and Discussion 
The raw data  f rom the  e x p e r i m e n t  a long wi th  the  de- 

s ign matr ix  are s h o w n  in Table II. In  addi t ion  to the  re- 
s p o n s e s  l is ted above,  the  total h y d r o g e n  content ,  be ing 
the  s u m  of Si-H and  N-H concen t ra t ions ,  is i nc luded  in 
the  last  column.  The b o t t o m  four rows of the  table repre- 
sent  the  cen te r -po in t  repl ica tes  run  to es tab l i sh  an esti- 
ma te  of  the  t rue  run- to- run  variabi l i ty  i n h e ren t  in the  ex- 
pe r iment .  These  raw data were  r e d u c e d  us ing  the  con- 
t rast  coeff icients  a lgor i thm (16) to yield the  table of 
effects  for each  ma in  factor  and in teract ion.  These  are 
s h o w n  in Table  III. The b o t t o m two figures in each  col- 
u m n  are the  s t an d a rd  error  for the  m e a s u r e m e n t  of an ef- 
fect  and  the  size of the  95% conf idence  interval  for the  
hypo thes i s  tha t  the  effect  in ques t ion  is due  only to statis- 
tical f luctuat ion and  is no t  s tat is t ical ly significant.  The 
resul ts  for each  r e s p o n s e  will be  d i s c u s s e d  separately.  In  
addi t ion,  the  p r e s e n t  resul ts  will  be  c o m p a r e d  direct ly 
wi th  the  resul ts  of careful  s ingle-var iable  var ia t ion s tudies  
p e r f o r m e d  p rev ious ly  (17). 

The refract ive  i n d e x  data show a total  of four  signifi- 
cant  effects. Since the interaction between reactant gas 
ratio and RF power is also significant, neither of these 
will be discussed as main effects. Increases in total pres- 
sure are found to cause a marginally significant decrease 
in the refractive index. This observation agrees with the 
single variable study, but over a much wider pressure 
range than investigated previously (17). Although both 
SiHJNH:~ ratio and RF power display significant effects 
alone, their two-way interaction is also significant. Both 
main effects agree in sign with the single variable results, 
and examination of the four-way contrast table (Table 
IVa) shows roughly equivalent averages except for the 
case of h igh  SiHJNH.3 and  low power .  This combina t ion  
yields a m u c h  h igher  value for ref rac t ive  index.  At e i ther  
level of SiHJNH3, dec reas ing  the  p l a s ma  p o w e r  increases  
the  index ,  whi le  at e i ther  level of power ,  increas ing  the  
SiHJNH3 ratio inc reases  the  o b s e rv ed  index.  The s imples t  
v iew of the  m e c h a n i s m  b eh i n d  the  stat is t ical ly signifi- 
cant  in te rac t ion  m u s t  involve the  separa te  s teps  of radical  
and ion genera t ion ,  surface adsorp t ion  and  incorpora t ion  
into the  g rowing  film, and  r e a r r a n g e m e n t  of  surface spe- 
cies. General ly,  increases  in the  a m o u n t  of Si incorpora-  
ted  have been  assoc ia ted  wi th  h ighe r  refract ive i n d e x  
values.  The d i f fe rences  in d issocia t ion  energies  as mea- 
sured  by the  b o n d  energ ies  of  Sill4 and  NH:, is small  ( -19  
kcal/mol), so the  ratio of  act ive si l icon con ta in ing  species  
to active n i t rogen  conta in ing  spec ies  shou ld  remain  fairly 
cons tan t  wi th  changes  in the  e lec t ron  t e m p e r a t u r e  (18). 
Thus  the  origin of  the  in terac t ion  is p r o b a b l y  not  in the  
gas phase  dissocia t ion.  However ,  it has  been  no ted  (6) 
tha t  increases  in the  a m o u n t  of  i n c o r p o r a t e d  Si can still 
lead to a dec rease  in the  refractive index ,  if there  exis ts  a 
large p ropor t ion  of Si-H vs. St-St b o n d s  (i.e., more  Si ter- 
minat ions) .  Thus,  the  refract ive i n d e x  data m u s t  be inter-  
p re t ed  in l ight  of  the  Si/N ratios and  [Si-H] concent ra-  
t ions.  

The E S C A  m e a s u r e m e n t s  of  Si/N ratio show that  the  
films are n i t rogen  def ic ient  wi th  r e spec t  to the  s toichio-  
met r ic  c o m p o u n d ,  as expec ted .  Also as expec ted ,  the  
SiHJNH3 ratio has  a s ignif icant  ef fect  on the  Si/N ratio in- 
corpora ted ,  such  tha t  increas ing  the  relat ive p ropor t ion  of  
Sill4 increases  the  Si/N ratio. In  addi t ion,  changes  in RF 
power  are s ignif icant ,  wi th  decreases  in the  p o w e r  lead- 
ing to inc reases  in the  a m o u n t  of s i l icon incorpora ted .  
These  data are cons i s t en t  wi th  bo th  the  refract ive i ndex  
m e a s u r e m e n t s  jus t  d i s cus sed  and  the  Loren tz -Lorenz  cor- 
re la t ions o b s e rv ed  in a-SiNH (19). The Loren tz -Lorenz  
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Table II. Raw data for each of seven responses in the 2 ~ design matrix. Symbols on the left side of the table correspond to the level of the factor at the 
head of the column (labeled as in Table I) for that experimental run. Each experimental run is represented by a single row in the matrix. Levels for two-, 
three-, and four-way interactions are obtained by multiplying the signs for the main effects in that row [e.g., sign(12) = sign(1 ) x sign(2)]. The last four 

rows represent the center-point replicates, and the final column is derived from the first two data columns 

IN-HI [St-HI E t c h  Thick~ [H]tot 
(• 102~ (• 10 ~2 r a t e  n e s s  (• 102.2 

No.  M e a n  1 2 3 4 12 13 14 23 24 34 123 124 134 234 1234 e m  -'~) c m :  3) S i /N n (~ /min)  (A) c m  -~) 

1 + + + + + + + + + + + + + + + + 1.055 0.494 0.99 1.883 230 5685 1.549 
2 + + + + - + + - + + - - 0.250 2.831 1.20 2.391 98 2665 3.081 
3 + + + - + + - + - + - - + - - - 1.064 0.570 0.99 1.826 410 5850 1.634 
4 + + + + . . . .  + - - + + + 0.395 2.433 1.11 2.258 192 2307 2.828 
5 + + - + + - + + + - - + - 0.317 1.250 0.99 2.112 112 6315 1.567 
6 + + - + + + - - + - + + 0.329 2.225 1.30 2.378 48 4730 2.554 
7 + + + + + + - - + + 0.555 1.607 1.05 2.048 182 6005 2.162 
8 + + - + + + + + + - - 0 2.370 1.13 2.308 125 4885 2.370 
9 + - + + + + + + - + - 2.321 0 0.97 1.800 412 4405 2.321 

I0 § - + + �9 + - + + - + 1.065 1.081 1.07 1.870 434 4380 2.146 
11 + - + - + - + + - + - + - + 1.945 0 0.95 1.781 210 4570 1.945 
12 + - + + + + + + - + - 0.670 1.958 1.08 1.977 328 3315 2.628 
13 + + + + + + + + 0.932 0.911 0.99 2.016 87 5005 1.843 
14 + + - + - + - + - + - + + - 0.407 1.971 0.99 2.019 122 4095 2.378 
15 + + + + - + - + + + - 1.111 1.053 1.04 1.934 198 5000 2.164 
16 + + + + + + + - - + 0.771 1.665 1.07 1.984 313 4320 2.436 
17 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.738 1.359 1.09 1.909 256 6325 2.097 
18 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.114 1.314 1,05 1.922 220 6140 2.508 
19 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.693 1.247 0.99 1.697 141 5720 1.940 
20 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0.989 1.388 0.97 1.909 232 6065 2.377 

c o r r e l a t i o n  e m b o d i e s  t h e  o b s e r v a t i o n  t h a t  f o r  a p a r t i c u l a r  
f i l m  d e n s i t y  t h e  r e f r a c t i v e  i n d e x  d e c r e a s e s  w i t h  d e c r e a s -  

i n g  s i l i c o n  c o n t e n t .  I n c r e a s i n g  t h e  R F  p o w e r  i s  o b s e r v e d  
t o  d e c r e a s e  b o t h  t h e  i n d e x  a n d  t h e  S i / N  r a t i o .  I n  f a c t ,  t h e  

s i g n  o f  t h e  m e a s u r e d  e f f e c t  f o r  a l l  f o u r  m a i n  f a c t o r s  i s  t h e  
s a m e  f o r  b o t h  t h e  S i / N  r a t i o  a n d  t h e  r e f r a c t i v e  i n d e x ,  c o n -  

f i r m i n g  a c o r r e l a t i o n  b e t w e e n  t h e  t w o  p r o p e r t i e s  o b -  
s e r v e d  p r e v i o u s l y  (17) .  

T h e  b u f f e r e d  I-IF e t c h  r a t e  i s  a l s o  e x p e c t e d  t o  b e  s o m e -  
w h a t  c o r r e l a t e d  w i t h  t h e  S i / N  r a t i o  a n d  r e f r a c t i v e  i n d e x  o f  
t h e  f i l m s .  A n  e x a m i n a t i o n  o f  t h e  s i g n i f i c a n t  e f f e c t s  f o r  

t h e  e t c h  r a t e  s h o w s  t h a t  S i H J N H : ~  r a t i o ,  t o t a l  p r e s s u r e ,  t h e  
S i H 4 / N H 3 - R F  p o w e r  i n t e r a c t i o n ,  t h e  p r e s s u r e - t e m p e r a t u r e  
i n t e r a c t i o n ,  a n d  t h e  t h r e e - w a y  i n t e r a c t i o n  a m o n g  t h e  
S i H / N H a  r a t i o ,  p r e s s u r e ,  a n d  t e m p e r a t u r e  a r e  a l l  s t a t i s t i -  
c a l l y  s i g n i f i c a n t .  T h e  o b s e r v a t i o n  o f  a s t a t i s t i c a l l y  s i g -  
n i f i c a n t  t h r e e - w a y  i n t e r a c t i o n  p r e c l u d e s  t h e  d i s c u s s i o n  
o f  m o r e  f u n d a m e n t a l  e f f e c t s  i n v o l v i n g  t h e s e  f a c t o r s .  H o w -  
e v e r ,  i t  i s  c o n s i s t e n t  w i t h  t h e  p r e v i o u s  o b s e r v a t i o n s  t h a t  

e t c h  r a t e  d e p e n d s  o n  s e v e r a l  f i l m  p r o p e r t i e s  i n c l u d i n g  
S i - N  s t o i c h i o m e t r y ,  H c o n t e n t ,  a n d  d e n s i t y  (6, 17). B e -  

c a u s e  e a c h  o f  t h e s e  i s  l i k e l y  t o  b e  a f f e c t e d  i n  a f u n d a m e n -  
t a l  w a y  b y  o n e  o f  t h e  f a c t o r s  s t u d i e d ,  i t  i s  n o t  s u r p r i s i n g  
t h a t  t h e  a g g r e g a t e  e f f e c t  o n  e t c h  r a t e  i n c l u d e s  a s i g n i f i -  

c a n t  t h r e e - w a y  i n t e r a c t i o n .  

T h e  g r o w t h  r a t e  i s  a n o t h e r  r e s p o n s e  w h i c h  i n c l u d e s  s i g -  
n i f i c a n t  t h r e e - w a y  i n t e r a c t i o n s ,  a m o n g  p r e s s u r e ,  t e m p e r -  
a t u r e ,  a n d  R F  p o w e r  a n d  a m o n g  S i H J N H ~  r a t i o ,  p r e s s u r e ,  
and RF power. Again, this observation is not surprising, 
based on the complex series of events (i.e., dissociation, 
adsorption, rearrangement) which determines the rate of 
incorporation of new moeities into the nascent epitaxial 
film. Increasing RF power or decreasing the pressure 
should act to increase the electron temperature and con- 
sequently the frequency of dissociative reactions of the 
active gases. An increase in the frequency of these disso- 
ciative reactions would naturally tend to increase the 
growth rate. The surface temperature is likely to play a 
role in the efficiency of adsorption and adatom rear- 
rangement. Lower substrate temperatures would favor 
the sticking of highly reactive radical and ion species. 
However, a higher surface temperature would yield a 
higher surface mobility and enable newly adsorbed spe- 
cies t o  m o v e  t o  s t a b l e  g r o w t h  s i t e s  m o r e  q u i c k l y .  T h u s ,  a 
c l e a r  p i c t u r e  o f  t h e  m a n n e r  i n  w h i c h  s u b s t r a t e  t e m p e r a -  
t u r e  e n t e r s  t h e  g r o w t h  r a t e  p i c t u r e  i s  n o t  f o r t h c o m i n g  
f r o m  t h e  p r e s e n t  d a t a .  T h i s  i s  e s p e c i a l l y  t r u e  w h e n  i t  i s  
c o n s i d e r e d  t h a t  a s i z a b l e  n u m b e r  o f  t h e  s p e c i e s  u n d e r -  
g o i n g  s u r f a c e  c o l l i s i o n s  a r e  i o n i c  r a t h e r  t h a n  n e u t r a l .  F o r  

t h e  i o n s ,  t h e  s u r f a c e  t e m p e r a t u r e  w o u l d  b e  e x p e c t e d  t o  

Table Ill. Size of the effect for each main factor, two-, three-, and four-way interaction. Each column contains data for a specific response, while each 
row contains data for a specific effect or interaction. The effects and interaction values are obtained by combining the data in Table II according to the 
signs in the column for that effect or interaction. The $1 value at the bottom of each column is an estimate of the standard error for that response. The 

number just below it is the size of the 95% confidence level for the hypothesis that the effect is due to random fluctuation only. Effects which are 
statistically significant at the 95% level are italiclzed 

E t c h  
[N-H] [Si-H]  r a t e  T h i c k n e s s  [H]total 

(•  10 ~ c m  -~) (x 10 ~ c m  -~) S i /N n ( s  (A) (x  1022 c m  -~) 

M e a n  0.824 1.401 1.058 2.037 218.8 4596 2.225 
1 -0.657 0.643 0.075 0.228 -88.4 419 - 0 . 0 1 5  
2 0.543 -0.461 - 0 . 0 2 5  -0.127 140.9 -897 0.082 
3 0.021 -0.112 0.010 0.044 - 5 1 . 9  129 - 0 . 0 9 1  
4 0.677 -1.331 -0.123 0223 22.6 1517 -0.655 

12 - 0 . 1 5 2  0.180 - 0 . 0 2 0  0.005 - 2 5 . 1  -460 0.028 
13 - 0 . 0 3 6  0.067 0.040 0.037 - 5 3 . 4  - 4 1  0.030 
14 - 0 . 1 7 2  -0.153 - 0 . 0 5 8  -0.143 95.1 373 -0.326 
23 0.134 - 0 . 0 2 7  0.015 - 0 . 0 1 9  60.4 145 0.107 
24 0.325 -0.479 - 0 . 0 1 8  - 0 . 0 7 8  29.9 443 - 0 . 1 5 4  
34 - 0 . 0 3 3  - 0 . 0 3 2  - 0 . 0 3 3  0.011 12.1 - 1 3 2  - 0 . 0 6 5  

123 - 0.195 0.233 - 0 . 0 2 0  0.033 -92.1 - 135 0.038 
124 - 0 . 0 9 2  -0.137 0.033 - 0 . 0 2 5  27.4 521 - 0 . 2 2 9  
134 - 0 . 0 7 5  -0.139 - 0 . 0 4 8  - 0 . 0 3 2  - 3 1 . 9  118 - 9 . 2 1 4  
234 0.062 0.133 0.018 0.001 - 9 . 6  -306 0.195 

1234 0.113 -0.198 0.018 - 0 . 0 1 9  - 3 8 . 6  59 - 0 . 0 8 5  

S~ 0.233 0.061 0.055 0.108 49.8 253 0.259 
• 1.15 St 0.269 0.070 0.063 0.125 57.4 292 0.299 
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Table IV. Contrast tables for various two-way interactions, a: Two-way 
interaction diagram for the gas ratio-RF power interactive effect on 

refractive index. The first symbol is factor 1 (gas ratio), and the second 
symbol is factor 4 (RF power). The values at each lattice point were 
obtained by averaging the four runs with that specific combination of 
SiHJNH:~ ratio and RF power, b: Two-way interaction diagram for the 
pressure-RF power interactive effect on IN-HI per cubic centimeter. The 
first symbol is factor 2 (pressure), and the second is factor 4 (RF power). 
c: Two-way interaction diagram for the gas ratio-RF power interactive 

effect o n  [H]t , , ta I per cubic centimeter. The symbols are as in a. 

(+, +) (+, -) (+, +) (+, -) (+, +) (+, -) 
1.967 2.334 1.596 0.595 1.728 2.708 

(-, +) ( - , - )  (-, +) ( - , - )  (-, +) ( - , - )  
1.883 1.963 0.729 0.377 2.068 2.397 

(a) (b) (c) 

play only a minor role in comparison to other factors such 
as the surface dc bias arising from differences in ion and 
electron mobilities. Thus, the most important conclusion 
from the growth rate data comes from the presence of 
three-way interactions, which are indicative of a highly 
complex overall mechanism in which changes in any of 
the machine parameters can have different implications 
for various processes in the overall mechanism. 

The remaining responses are all measures of the hydro- 
gen content of the film. Examining first the [Si-H] mea- 
surements, it is seen that nearly all of the factors affect 
the amount of hydrogen bonded to silicon. There are two 
interesting observations. First there is a statistically 
significant interaction among all four factors studied. 
This points to an extremely complex mechanism for pas- 
sivation of Si open valencies by hydrogen. The second 
concerns the magnitude of the various effects. Far and 
away the largest effect is that of RF power, which, in the 
absence of higher order interactions, would suggest that 
increasing the RF power decreases the concentration of 
Si-H linkages, presumably by increasing the concentra- 
tion of St-St and Si-N bonds. Concentrations of these lat- 
ter species could not be measured quantitatively due to 
overlap of the Si-N stretching band with broad Si-H and 
N-H bending modes in the mid-IR. The next largest effect 
is the main effect due to SiHJNH:~ ratio. As expected, in- 
creasing the SiHJNH3 ratio tends to increase the [Si-H] 
concentration in the solid. 

The [N-H] concentration response shows far fewer sta- 
tistically significant effects. Increasing the SiHJNH3 ratio 
decreases the [N-HI, while increasing the RF power and 
pressure together increases the IN-Hi. An examination of 
the four-way contrast table (Table IVb) for the RF power- 
pressure interaction effect on [N-H] shows that both fac- 
tors are working in the same direction. Decreasing the 
pressure at constant RF power acts to decrease [N-H], 
while decreasing the RF power at constant pressure does 
the same. Combining observations, the total hydrogen 
content (i.e., [H]tota]  = [Si-H] + IN-H]) shows a significant 
SiHJNH~-RF power interaction which can be attributed 
primarily to the influence of the RF power. Again con- 
structing the table of contrasts (Table IVc) shows that de- 
creasing the RF power while keeping the SiHJNH:~ ratio 
constant increases the total hydrogen content, while the 
SiHJNH:~ ratio has no clear impact from the table. 

Note that these results for hydrogen content are con- 
sistent with the picture emerging from the refractive in- 
dex and Si/N data. The main effect of RF power on the re- 
fractive index (a decrease in n with increasing power) 
correlates with a decrease in St/N, a decrease in [Si-H], an 
increase in [N-HI, and a decrease in total hydrogen con- 
tent. Thus it appears that changing the plasma condi- 
tions, by changing its energy, drastically affects film 
properties through alterations in the stoichiometry. In- 
creasing the power results in relatively less Si and more N 
incorporation, a loss of bound hydrogen, and an increase 

in the amount of hydrogen bound to N atoms. These 
changes result in a lower refractive index and a higher 
growth rate but have relatively little effect on the 
buffered HF etch rate. 

Examining only.the number of significant main effects 
summed over all responses shows RF power and Sill4/ 
NH3 flow ratio are the most important factors, being sta- 
tistically significant for six of the seven responses stud- 
ied. Pressure is somewhat less important, and substrate 
temperature by itself is relatively unimportant  for the 
specific set of responses measured. In addition, a surpris- 
ingly large number  of interactions were found to be statis- 
tically significant. As would be expected from the main 
effect observations, these were primarily those which in- 
volved RF power and/or the SiHJNHa ratio. 

In summary, a multivariate factorial design experiment  
has been implemented to examine the hypergeometric re- 
sponse surface for reactor parameters on a-SiNH film 
properties. This study was performed primarily to exam- 
ine the interactions of various reactor parameters on film 
properties, information which could not be gleaned from 
previous single-variable experiments.  The results of the 
design have led to three major conclusions. First, there 
are statistically significant interactions of the primary 
factors for nearly all responses. The large number  of these 
preclude quick conclusions about the effect of changing 
the level of one of the machine parameters while keeping 
all others constant. Second, the RF power level and SiHJ  
NH~ ratio are the most important factors for the set of re- 
sponses studied here. Third, changes in power, reactant 
gas ratio, or pressure are amplified through changes in 
the film stoichiometry. Changes in the refractive index, 
for example, are symptomatic of changes in the Si/N ratio 
and the amount and placement of bound hydrogen. In 
each response, the general trends tend to support the di- 
rections observed in previous single-variable experiments 
and extend those conclusions by actually measuring the 
strength of factor-factor interactions. 

Manuscript submitted Jan. 8, 1985; revised manuscript 
received March 20, 1985. 

AT&T Bell Laboratories assisted in meeting the publica- 
tion costs of  this article. 
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Interference Photovoltage Spectroscopy. Probing of the 
Silicon-Sapphire Interface of SOS Films 
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ABSTRACT 

The photovoltage spectra of heteroepitaxial silicon on sapphire (SOS) exhibit  an oscillatory pattern (thin film inter- 
ference effects). The amplitudes of the oscillations increase with decreasing film thickness. We attribute this amplitude 
increase to anomalous optical behavior of the silicon-sapphire interface region, and we propose the use of "interference 
photovoltage spectroscopy" as a practical means for probing the silicon-sapphire interface. 

The optical properties of silicon-on-sapphire in the ul- 
traviolet and in the visible spectral range are known to be 
dependent on the crystalline quality of the film (1). This 
dependence is commonly believed to originate from crys- 
tallographic disorder (large density of {221} twins and as- 
sociated defects) which is especially severe in the silicon 
near the interface between the silicon film and the sap- 
phire substrate. Practical methods have been formulated 
for the assessment of SOS film quality by visual inspec- 
tion of the films [haze determination (2)] and by quantita- 
tive UV-reflectivity measurements (3). Recently, we pro- 
posed using the reflectivity in the near infrared and 
visible spectral range for an optical probing of the quality 
of the silicon near the silicon-sapphire interface (4). This 
approach was based on measurements of reflectivity 
spectra, and especially on the analysis of the amplitude of 
reflectivity oscillation vs. photon energy. The method ap- 
pears to be sufficiently sensitive to distinguish between 
as-grown SOS films of different crystalline quality. Fur- 
thermore, it makes it possible to observe changes induced 
by the film processing steps (such as thermal annealing 
or hydrogenation) which are not in all cases resolvable in 
the UV-reflectivity method and in the haze evaluation. 

In this paper, we discuss a simplified version of the 
method based on photovoltage measurements  (5, 6) in 
which the film itself is a detector of the optical phenom- 
ena involved. 

SOS films utilized in this study were intentionally 
thinned by plasma etching from an original thickness of 
about 6000s to the desired thickness ranging from 1000 to 
30004. No significant increase in epilayer roughness was 
observed after etching, as measured by an a-step and an 
interference contrast microscopy. Photovoltage spectra of 
thinned films are shown in Fig. I. (The spectra are as 
measured, i.e., they are not normalized to a constant pho- 
ton flux.) The photovoltage was generated by monochro- 
matic chopped light and detected using lock-in detection 
previously described (5). Measurements were carried out 
using a metal-semiconductor (M-S) configuration (5). 
Semitransparent  Au-electrodes were simultaneously 
evaporated on all fihns under study. Prior to evaporation, 
the film surfaces were cleaned by 15s etching in buffered 
HF. 

The photovoltage spectra in Fig. i. exhibit a character- 
istic interference pattern, i.e., series of maxima and min- 
ima, which are due to interference of the light reflected 
from the front silicon-Au interface and from the St- 
sapphire interface. For the analysis of the magnitude of 
the oscillations, it is convenient to introduce the parame- 
ter A defined as 

a = (Vma• lip - -  1 [1] 

where Vmax and Vmt, are defined in Fig. la, and p is the 

*Electrochemical Society Active Member. 

parameter describing the power dependence of the photo- 
voltage, V, on the illumination intensity, I, i.e., V ~ I p. The 
effects of nonlinearity (p r 1) are significant at low tem- 
perature, where trapping effects become more signifi- 
cant. For example, at 220 K [this temperature corresponds 
to the maximum magnitude of photovoltage (5)] the am- 
plitude of photovoltage oscillations Vmax/V,~n is smaller by 
a factor of two than at room temperature; this effect is as- 
sociated with a reduction of the p value from p = 1 at 
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Fig. 1. Photovoltage spectra of "A" category (density of {221} twins 
less than 4%) SOS film measured at 300 K. (a), (b), and (c) corre- 
spond to film thicknesses of about 3000, 1860, and 1100~, respec- 
tively. 

1985 



1986 J. Electrochem. Soc.: S O L I D - S T A T E  S C I E N C E  A N D  T E C H N O L O G Y  A u g u s t  1985 

I4 

12 

10 

7 
e-- 

E 8 > 

E 
> 6 

i I  

<~ 

0 L 

0 

i i  F ii 

2000 4.000 6000 8000  

FILM THICKNESS (,~,) 
Fig. 2. Interfacial disorder parameter, A (see text), measured vs. 

film thickness for films of "A" and "F" categories. Density of {221} 
twins less than 4% and about 14%, respectively; ~ is obtained with 
about 10% error. 

room t empera tu re  to p = 0.7 at 220 K. The  results  of Fig. 1 
i l lustrate two tendencies :  (i) separa t ion  of minima-  
m a x i m a  on the  energy scale increases wi th  decreas ing 
film thickness ,  and (it) in the  region of negl igible  absorp- 
t ion of SOS films (when ~d < 1), the  ampl i tude  of oscilla- 
t ions increases  wi th  decreas ing film thickness.  ' The first 
resul t  is an obvious  consequence  of decreas ing the optical 
path, dn (where  d is the  film th ickness  and n is the  re- 
fract ive index).  The  observat ion  that  Vm~JVm~ increases  

with decreas ing film th ickness  is of p r imary  importance ,  
since it demons t ra t e s  that  VmJVm~n is affected by the  St- 
sapphi re  in terface  region. 

The d e p e n d e n c e  of h (measured at 1/k = 1.4 ~m -~, i.e., 
in a region of negl ig ible  optical  absorp t ion  of the film) on 
film th ickness  is shown in Fig. 2 for two films: "A" cate- 
gory film of good crystal l ine qual i ty  (density of {221} 
twins less than  4%) and "F"  ca tegory film of the infer ior  
qual i ty  ({221} twin  densi ty  about  14%). The  results  show 
that  not  only does A increase with decreas ing  film thick- 
ness, but  also the dif ference be tween  the  two films be- 
comes  more  p ronounced  for smaller  film thickness.  The 
shaded area be tween  the two curves  defines a range of 
values  of the  pa ramete r  expec ted  in SOS films of differ- 
en t  th icknesses  and crystal l ine quality.  The  optical  phe- 
n o m e n a  respons ib le  for the observed  differences are not  
well  unders tood  at present .  The empi r ica l  relation, how- 
ever, seems to be  s t rong enough  to be used  as a practical 
means  for probing,  on a relat ive basis, the  interface qual- 
ity. The results  in Fig. 2 can be used  to compare  different  
films us ing relat ively s imple  in te r fe rence  photovol tage  
spec t roscopy measurements .  

Manuscr ip t  submi t t ed  Dec. 10, 1984; revised manu-  
script  received March 20, 1985. 

RCA Laboratories assisted in meeting the publication 
costs of this article. 

1The observed reduction in the magnitude of the photovoltage 
at the short wavelengths is related to the reduction of light in- 
tensity (the photovoltage is not normalized to the light level). 
The observed reduction in the amplitude of oscillations (differ- 
ence between Vnlax and Vm~,~) at the short wavelengths is caused 
by light absorption at the film surface away from sapphire in- 
terface. 
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Argon Entrapment and Evolution in Sputtered TaSi2 Films 
R. A. Levy* and P. K. Gallagher 

AT&T Bell Laboratories, Murray Hill, New Jersey 07974 

A B S T R A C T  

The use  of t an ta lum disi l icide over  doped  polycrystal] ine si l icon (poly-Si) for gate and in te rconnec t  metal l izat ion is 
becoming  an integral  part  of the  des ign  and process ing of V L S I  devices.  U n d e r  certain sput ter ing and/or  process ing 
condit ions,  the sil icide surface has been  seen to exhibi t  sporadical ly  blisters and voids  dur ing high t empera tu re  pro- 
cessing. In  this s tudy,  we shall demons t ra t e  that  the  occur rence  of these  defects in TaSi2 is related to the  en t r apmen t  of 
argon dur ing depos i t ion  and the  evolu t ion  of that  gas dur ing  subsequen t  processing.  This conclus ion will  be deduced  by 
ascertaining,  t h rough  a series of  contro l led  exper iments ,  the  cont r ibu tory  effect  of  a wide  range of p rocess ing  parame- 
ters, by p ropos ing  a phenomeno log ica l  mode l  to expla in  the  govern ing  m e c h a n i s m  of bl is ter  and void  format ion,  and by 
provid ing  analyt ical  ev idence  to ver i fy  this model .  

The use of  t an t a lum disilicide over  doped  polycrystal-  
l ine sil icon (poly-Si) for gate and in t e rconnec t  metalliza- 
t ion has been  i m p l e m e n t e d  in devices  des igned and pro- 
cessed in accordance  with  the  2.5 t~m Twin-Tub CMOS 
techno logy  (1). This  polycide  s t ruc ture  has the  advantage  
of p rese rv ing  the  MOS interfacial  stabil i ty of poly-Si 
while  reducing,  due  to the  lower  resis t ivi ty  of the silicide 

*Electrochemical Society Active Member. 

( -50  t~ -cm) ,  IR  drops and RC delay t imes  in the circuit  
(2-4). A l though  several  t echniques  are avai lable for forma- 
t ion of the  disil icide, cosput ter ing  f rom separate  Si and 
Ta targets in an iner t  ambien t  is genera l ly  preferred be- 
cause it p roduces  smoo the r  surfaces and affords bet ter  
control on the desired stoichiometry of the films (5, 6). 
Following deposition, the amorphous silieide films typi- 
cally undergo several high temperature processing steps. 
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Generally, these include sintering to crystallize the struc- 
ture and minimize the sheet resistance, passivation to re- 
store the gate oxide thickness uniformity eroded during 
reactive ion etching, and flow as well as reflow to 
smooth the phosphosilicate glass (PSG) topography and 
drive in the junctions (7). Under certain sputtering and/or 
processing conditions, the silicide surface has been seen 
to sporadically exhibit blisters and voids after flow. In 
this study, we shall demonstrate that the occurrence of 
blisters and voids in TaSi~ is related to the entrapment of 
argon during deposition and the evolution of that gas dur- 
ing subsequent high temperature processing. We shall 
proceed to accomplish this task by ascertaining through a 
series of controlled experiments, the contributory effect 
of a wide range of processing parameters, by proposing a 
phenomenological model to explain the governing mech- 
anism of blister and void formation, and by providing an- 
alytical evidence to verify this model. We shall then con- 
clude this investigation by offering recommendations 
which should prove successful in eliminating the occur- 
rence of these potentially fatal defects. 

Processing Var iab les  
If  no t  o t h e r w i s e  specif ied,  the  s i l ic ide  fi lms invest i -  

ga t ed  in th i s  s t u d y  were  depos i t ed  at  a ra te  of -100A/ ra in  
in a m a g n e t r o n  u n i t  w i th  capab i l i t i e s  for c o s p u t t e r i n g  
f rom a t a n t a l u m  t a rge t  a n d  two  b o r o n - d o p e d  s i l icon 
(-0.].4 t2-cm) targets .  All  wafers  we re  he ld  at  g r o u n d  po- 
t en t ia l  a n d  ro t a t ed  in  a p l ane t a ry  s t a t i on  to e n h a n c e  depo-  
s i t ion  uniformity. The sputtering chamber was evacuated 
to <1 • 10 -6 torr ,  w i th  t he  c o m b i n e d  a id  of  a r o u g h i n g  
a n d  an  oil d i f fus ion  p u m p ,  a n d  was backf i l l ed  wi th  p u r e  
Ar  (99.995%) at a p r e s s u r e  of  2 • 10 -3 torr.  Fo l lowing  siii- 
cide depos i t ion ,  dev ice  wafers  were  pa t t e rned ,  reac t ive  
s p u t t e r  e tched ,  s in te red ,  pass iva ted ,  a n d  i m p l a n t e d  (P, B). 
L P C V D  films of u n d o p e d  oxide  (-1000A) a n d  P S G  ( - 1 6  
l ~ )  were  t h e n  d e p o s i t e d  a n d  t he  wafers  sub jec ted ,  d u r i n g  
flow, to t he  h i g h e s t  t h e r m a l  t r e a t m e n t  of t he  process .  In  
the  case  w h e r e  e x p e r i m e n t s  we re  c o n d u c t e d  on  m o n i t o r  
wafers ,  severa l  s teps  of t he  p rocess  were  p u r p o s e l y  de- 
le ted  to e x c l u d e  e x t r a n e o u s  effects. 

The  cha rac t e r i s t i c  m o r p h o l o g y  of b l i s t e r s  a n d  voids,  as- 
soc ia ted  w i th  t h e  h i g h  t e m p e r a t u r e  p r o c e s s i n g  of cosput-  
t e r ed  TaSi2, is i l l u s t r a t ed  in  Fig. 1 w i t h  S E M  m i c r o g r a p h s  
t a k e n  b o t h  on  m o n i t o r  a n d  dev ice  wafers .  Bl i s te rs  in  
t he se  -2500]~ t h i c k  fi lms are  genera l ly  s een  to be  u n i f o r m  
in  s h a p e  (dome- l ike)  a n d  va ry  e x t e n s i v e l y  in size, w i t h  
some  s t r e t c h i n g  in large  areas as m u c h  as 50 tLm across.  
The  d i s t r i b u t i o n  of  b l i s te rs  on  the  s i l ic ide  sur face  ap p ea r s  
r a n d o m  wi th  s o m e  b e i n g  close e n o u g h  for P S G  to fo rm a 
par t ia l ly  r e so lved  e n v e l o p e  over  t he  a g g l o m e r a t e d  uni ts .  
In  some  cases,  t he  d a m a g e  p r o d u c e d  b y  t h e s e  defec ts  is 
so severe  t h a t  pa r t s  of t he  P S G  film are l i teral ly  b l o w n  
out. Voids ,  on  t he  o the r  hand ,  a p p e a r  to be  i r regu la r  in 
size a n d  s h a p e  b u t  still  r a n d o m l y  d i s t r i b u t e d  across  t h e  
si l icide surface.  

One  of  our  in i t ia l  cons ide r a t i ons  as the  cause  of  th i s  
b l i s t e r ing  p r o b l e m  i n c l u d e d  t h e  poss ib i l i ty  t h a t  i t  was  
i n s t r u m e n t - r e l a t e d .  Thus ,  e x p e r i m e n t s  we re  in i t ia l ly  con- 
d u c t e d  to eva lua t e  poss ib le  effect  of  i n s t r u m e n t a l  varia- 
t ion  a n d  t h e n  to a sce r t a in  effects  of o the r  p r o c e s s i n g  vari-  
ables.  

Effect of instrumental variation.--Starting wi th  a g roup  
of ox id ized  ( -610~)  n - type  s i l icon (1.5-3 a - c m )  subs t ra tes ,  
L P C V D  po lys i l i con  ( -4000~)  was  d e p o s i t e d  a n d  d o p e d  in 
a PBrJO2 (1000~ a m b i e n t .  Fo l l owing  an  ox ide  clean,  
TaSi~ ( -2500~)  was  c o s p u t t e r e d  at  a ra te  of  - 9 5  A/min  in a 
s p u t t e r i n g  u n i t  u s i n g  a s y m m e t r i c  t w o - g u n  a r r a n g e m e n t .  
The  s p u t t e r i n g  c h a m b e r  was  p u m p e d  to <5 • 10 .7 to r r  
wi th  t h e  c o m b i n e d  use  of  a V a t - I o n  a n d  t u r b o m o l e c u l a r  
p u m p  pr io r  to  backf i l l ing  w i th  Ar  (99.9%) at  a p r e s s u r e  of 
4 x 10-3 torr .  All  wafe r s  we re  t h e n  s i n t e r e d  at  950~ for  30 
m i n  in Ar. A wafe r  s e l ec t ed  f rom th i s  g r o u p  was  in t ro -  
duced ,  w i th  no  a d d i t i o n a l  p rocess ing ,  in to  a fu rnace  at  
1100~ for  20 m i n  in a 99% N2-1% O~ a m b i e n t .  In  Fig. 2a, 
a n  opt ica l  m i c r o g r a p h  of t h a t  s a m p l e  p r o m i n e n t l y  exh ib -  
i ts t he  p r e s e n c e  of  b l i s t e r s  conf i rming ,  desp i t e  cha rac te r -  

Fig. 1. SEM micrographs illustrating the characteristic morphology 
of blisters and voids on both monitor and device wafers. 

istic differences in the geometries of the sputtering units, 
the occurrence of the effect. Another result, worthwhile 
noting at this point, is the fact that blisters and voids are 
seen here despite the absence of an implant step or the 
use of an overlaying PSG film. 

Effect of PSG deposition and flow.--Another wafe r  se- 
l ec ted  f rom t h e  a b o v e  g roup  rece ived  s eq u en t i a l l y  -1000s  
L P C V D  u n d o p e d  ox ide  a n d  - 1 6  k~ P S G .  Opt ical  exami-  
n a t i o n  of  t h e  w a f e r  at  t h a t  s tage  (Fig. 2b) i nd i ca t ed  a sur-  
face devo id  of  r e l e v a n t  m o r p h o l o g i c a l  s t ruc tu res .  How- 

Fig. 2. Optical micrographs of TaSi2 subjected to various process 
treatments. 
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ever, after an 1100~ rain/99% N.2-1% O=, flow, the emer- 
gence of large blisters (Fig. 2c) was evident at 400• 
throughout the surface of the wafer. A comparison of Fig. 
2a and c emphasizes the magnification effect produced 
by the added presence of PSG. Presumably, as the TaSi2 
swells at high temperatures due to an internal gas pres- 
sure buildup, evolution of some of this gas from burst 
bubbles coupled with the high temperature softening 
characteristic of PSG has a "ballooning" effect on the 
glass surface. At high enough pressures, the glass itself 
cracks allowing for the gas to escape. 

Effect of thermal flow cycle.--Two of the wafers also 
withdrawn from the above group with combined ~1000~ 
LPCVD undoped oxide and 16 kA PSG were subjected to 
a flow cycle of 1000~ min/N~. Microscopic examina- 
tion of both wafers after that step revealed ,as  shown in 
Fig. 2d, the localized presence of small blisters (~2 t~m) 
and occasional areas devoid of PSG. Consistent with the 
kinetic theory of gases, there appears to be, here, less of a 
pressure buildup, which in conjunction with the higher 
rigidity of PSG at this lower flow temperature further 
masks the effect. However, reflowing one of the wafers at 
1100~ min/99% N2-1% O.~ readily triggers blistering, as 
shown in Fig. 2e. Thus flow temperature appears to be a 
major contributing factor to blister formation. 

Effect of oxide passivation.~In an attempt to investi- 
gate the effect of oxide passivation on blister formation, a 
set of n-type silicon monitors was precleaned prior to 
deposition of ~2500~ TaSi~. All wafers were then sintered 
at 900~ for 30 min in Ar and passivated at 900~ for 80 
min in dry O.,. One of the wafers from this group, identi- 
fied as (I), was split into halves (IA, IB). A half of that wa- 
fer (IA) had its passivating oxide stripped off, while the 
other half (IB) was kept untreated for control purposes. 
Each of these halves was then split forming now four 
quadrants (IA1, IA2, IB1, IB2) which all received ~1000~ 
LPCVD oxide for purposes of magnifying the blistering 
effect. Quadrants IA1 and IB1 were subjected to a 
1000~ min/N.2 flow, while quadrants IA2 and IB2 re- 
ceived a 1100~ rain/99% N~-l% O~ flow treatment. The 
four quadrants were pieced together to reconstruct the 
original wafer layout and examined with an optical micro- 
scope. Figures 3a and b offer a comparative look at 
samples IA1 vs. IA2 and IB1 vs. IB2, respectively. It is evi- 
dent from these photographs that no blistering was ap- 
parent, in this case, on both quadrants flowed at 1000~ 
for 90 rain in N~ regardless of the presence or absence of 
the passivating oxide, while the 1100~ min/99% N.2-1% 
O2 flow treatment triggered blistering in both quadrants. 
Controlled experiments run in parallel with 1 k~ PSG and 
no glass yielded similar results thus ruling out the effect 
of oxide passivation on blister formation. 

The effect of passivation time was also examined with 
TaSi.2 (-2500~) deposited directly, after a preclean, onto 
five p-type Si monitors. The wafers were all sintered at 
900~ min/Ar then each passivated at 900~ in 02 for 
periods of 1.33, 2, 4, 8, and 16h, respectively. Microscopic 
examination revealed a brownish silicide surface on the 
two wafers passivated for 8 and 16h pointing to the pres- 
ence of an oxide. X-ray fluorescence analysis of the sili- 
cide films indicated the presence of a significant amount 
of entrapped Ar which was observed to gradually de- 

crease by a factor of -3 after 16h of oxidation time. Thus, 
it appears from this data that SiO2 formation on the sur- 
face, as a result of Si transport from the underlying sub- 
strate through the silicide grain boundary, has the effect 
of also sweeping forward the Ar gas. Following deposi- 
tion of -i000~ of LPCVD oxide and flow at II00~ 
rain/99% N2-1% 0.2, all wafers passivated up to 4h exhib- 
ited progressively increasing signs of blisters and voids 
for shorter oxidation times. Furthermore, the absence of 
these defects observed in samples passivated for 8 and 
16h is believed here to be directly related to the measured 
decrease in the concentration of entrapped Ar. 

Effect of sintering cycle.--The effect of sintering ambi- 
ent was investigated using a group of wafers with 
TaSiJN ~ poly Si/SiO=,/Si structure. The polysilicon (-3000}~ 
was first deposited on oxidized (-600~) monitors and 
then doped in a PBr:~/O2 ambient (1000~ Following a 
surface oxide strip and a preclean, the silicide was co- 
sputtered (-2500A) and the wafers subsequently 
submitted for Auger analysis to determine their stoichi- 
ometry. A wafer selected with a characteristic composi- 
tion of TaSi.2.4 was split into halves with one half sintered 
at 900~ min/H~, while the control half received a 
900~ min/Ar treatment. Both sections were coated 
with a -1000}~ LPCVD undoped oxide and subjected to 
an 1100~ rain/99% N~-l% 02 flow treatment. Micro- 
scopic examination of both sections revea led  a similar 
blistering formation across the surface. However, an in- 
teresting observation, noted in the context of this particu- 
lar investigation, was that the positioning of wafers on the 
LPCVD sled had the effect of masking parts of the sur- 
face from deposition. Microscopic examination of blis- 
tering across the bordering areas clearly revealed (Fig. 4) 
the magnification resulting from the presence of the 
overlaying oxide. That is, again, consistent with previ- 
ously stated conclusions that blistering does indeed occur 
in the absence of an overlaying oxide and that the visual 
effect is simply enhanced by the "ballooning" action of 
the softened glass at high temperatures. 

To evaluate the effect of sintering time on blister forma- 
tion, monitor wafers similar in structure (TaSiJN+poly 
Si/SiO.2/Si) to those described in the previous paragraph 
were sintered at 900~ in Ar for periods of 0.5, 2, 4, 8, or 
16h. X-ray fluorescence analysis of all sintered samples 
indicated the presence of Ar which was seen to be persist- 
ently retained in all cases. The addition of ~I000A 
LPCVD oxide on these samples followed by the II00~ 
rain/99% N~-I% 0.2 flow exhibited, with no exceptions, 
blisters. Altering the sintering temperature to 1000~ on 
samples from the same group yielded a significant 
roughening of the silicide surface and a tendency toward 
random formation of small blisters (~1 /~m) at that heat- 
treating stage, i.e., even prior to flow. 

Effect of film stress.--In view of the possibility that 
blister formation could be the result of intrinsic and/or 
thermal stresses generated during deposition and/or high 
temperature treatments, a systematic investigation of 

Fig. 3. Comparative optical micrographs of samples (a) IA1 vs.  IA2 Fig. 4. Optical micrograph revealing the magnification effect re- 
and (b) IB1 vs. IB2. suiting from the presence of the overlaying oxide. 
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these  stresses at re levant  process ing steps was under- 
taken.  Star t ing with  five oxid ized  ( -600s  n- type si l icon 
moni to rs  (10-20 ~-cm), L P C V D  polys i l icon (-3000.~) was 
depos i ted  and doped  in a PBrJO~ ambien t  (1000~ After  
s t r ipping the  surface  oxide,  the  cu rva tu re  of all five wa- 
fers was measu red  us ing a laser l everage  technique .  Fol- 
lowing  depos i t ion  of -2500~ TaSi2, the  radius of curva- 
ture  on each of the  wafers was remeasured ,  and the  stress 
due  to sil icide depos i t ion  calculated.  Resul ts  of those  
meas u remen t s  y ie lded  average values  of -1.8 (-+2.3) • 109 
dyn /cm 2, thus  reveal ing  at this step a t r end  toward a com- 
press ive  state of  stress. Two wafers  f rom this group ($1 
and $25) were  s in tered at 900~ min/Ar,  two others  ($5 
and $15) at 1000~ min/Ar,  whi le  the  fifth wafer  ($20) 
rece ived  a 900~ min/Ar  s inter  fo l lowed by a 900~ 
min/O2 passivat ion.  Measu remen t  of  the  radius of curva- 
ture, after these  steps, regis tered  a change  on all five wa- 
fers, f rom a compres s ive  t rend  to a defini te  tensi le  stress 
wi th  a recorded  average  value  of 1.7(-+0.3) x 10 '~ dyn/cm ~. 
Fo l lowing  L P C V D  depos i t ion  o f - 1 0 0 0 ~  u n d o p e d  oxide  
(wafers p laced  back  to back in the reactor) and - 1 4  t ~  
P S G  on bo th  sides of  each  of  the  wafers,  stress measure-  
ments  revea led  lit t le change  f rom the  p rev ious ly  recorded  
average value. Wafers S1 and $5 were  then  selected for an 
1100~ rain/99% N2-1% O2 flow, whi le  S15, $20, and $25 
were  sub jec ted  to a 1000~ rain/N2 flow. Stress  mea- 
su r emen t  taken,  after that  stage, y ie lded insignif icant  
changes,  regardless  of  the  type  of  flow, f rom the  average  
values  observed  after  the  sil icide s inter ing step. There is 
the  poss ibi l i ty  that  dur ing  the  high t empera tu re  flow cy- 
cle the stress becom es  compress ive .  Ex t rapo la t ion  of the  
s t ress - tempera ture  data of  Reta jczyk and Sinha (8), how- 
ever, does not  indicate  the onset  of  compres s ive  stress in 
TaSi~ unt i l  -1200~ In  v iew of those  results,  the  charac- 
terist ic tens i le  stress of  the  s in tered sil icide film as well  
as that  of  the  compos i t e  film s t ruc ture  cannot  be recon- 
ciled wi th  the  h igh  t empe ra tu r e  genera t ion  of blisters 
s ince a compress ive ,  rather  than  the  measu red  tensi le  
stress, wou ld  be  expec ted  to genera te  these  defects.  

Effect of compositional variation.--In an effort  to exam-  
ine possible  t rends  be tween  compos i t iona l  var iat ions in 
the silicide and bl is ter  formation,  wafers  wi th  Si/Ta ratios 
close to 2.2, 2.4, and 2.7, as de t e rmined  by Auger  analysis, 
were  depos i ted  direct ly on p rec leaned  p- type Si sub- 
strates. Fo l lowing  a 900~ min/Ar  sinter, the  sheet  re- 
s is tance m e a s u r e d  across each of the  wafers  y ie lded  aver- 
age values  of 2.1, 2.2, and 2.4 ~/D for TaSi~.2, TaSi2.4, and 
TaSi2.T, respect ively .  X-ray f luorescence  analysis of  the  
Ar  concen t ra t ion  in the  sil icide showed  negl igible  differ- 
ences  among  those  three inves t iga ted  composi t ions .  Ad- 
di t ion of -1000~ L P C V D  oxide  fo l lowed by flow at 
l l00~ for 20 min  in 99% N2-1% 02 revealed,  unde r  micro-  
scopic  examina t ion ,  bl is ter  fo rmat ion  regardless  of the  
degree  of  devia t ion  f rom the  s to ich iomet r ic  composi t ion.  
An impor tan t  po in t  to note  with regard  to this par t icular  
e xpe r imen t  is that,  jus t  as descr ibed  above  in the  sect ion 
on Effect  of  ox ide  passivat ion;  b l is ter ing was observed  in 
silicide depos i t ed  direct ly  on p- type St. In  v i ew of the  to- 
tal absence  of phosphorus  in the under ly ing  substrate  as 
well  as the  over ly ing  oxide  there  is cer ta inly  no plausible  
a rgumen t  he re  for suppor t  of  any essent ia l  role of phos-  
phorus  in bl is ter  format ion.  

Effect of poly-Si substrate doping.--In the  course  of in- 
ves t iga t ing  the  m e c h a n i s m  of bl is ter  format ion,  the  possi- 
ble role of the  phosphorus  dopan t  in the  under ly ing  
polysilicon was considered. To resolve this question, sev- 
eral experiments were conducted on device wafers (with 
TaSi2). Following LPCVD poly-Si deposition (~3000A), 
groups of these device wafers were doped in a PBrflO2 
ambient at temperatures of 900 ~ 950 ~ and 1000~ yielding 
variable values for sheet resistance of -112, 27, and 21 
~I/K], respectively. Further variations in the doping of 
poly-Si was achieved by using an LPCVD in situ phos- 
phorus doping technique (R~ = 408 ~I/D for a thickness of 
~3200~ at ~700~ deposition) and an As implant (50 keV, 
IEI6 cm-2). Regardless of the doping technique used, 

Fig. 5. Optical micrographs of van der Pauw patterns with (a) 
poly-Si doped at 950~ in PBrflO~ and (b) poly-Si implanted with As 
(S0 keV, 1E16 cm-~). 

process ing  of all device  wafers p r o c e e d e d  with  TaSi2 dep- 
osition, s inter ing (900~ min/Ar), pat terning,  source/ 
drain implants ,  P S G  deposi t ion  and flow (1100~ 
min/99% N2-1% O=,). Microscopic  examina t i on  after the  lat- 
ter  step revea led  the  p resence  of  bl is ters  of var ious  sizes 
r andomly  d is t r ibu ted  across wafers  f rom each of these  
groups.  Typical  photographs  of device  wafers wi th  
poly-Si doped  at 950~ and As implan ted  are shown,  re- 
spectively,  in Fig. 5a and b. The fact  that  lower ing  the  
phosphorus  concen t ra t ion  in the  poly-Si  or rep lac ing  it by 
arsenic showed  no i m p r o v e m e n t  reaff i rms our  conten-  
tion, s tated in the  sect ion on Effect  of  compos i t iona l  vari- 
ation, that  b l is ter ing can occur  even  in TaSiflp-type St, 
after capping with  L P C V D  u n d o p e d  oxide  and flowing 
at 1100~ despi te  the total absence  of  phosphorus .  It  is 
impor t an t  to po in t  out  that  both  the  N ~ (1E15 cm -~ B, 
4E15, cm -2 P) and P~ (1El5 cm -~ B) van  der  P a u w  pat- 
terns of  Fig. 5a and b have  exh ib i t ed  bl is ter ing after the  
1100~ rain/99% N=,-l% O=, flow. That  is indeed  
significant  in v i ew of the  fact  that  P~ van  der  P a u w  pat- 
terns have  shown,  as shall  be d iscussed  in the nex t  sec- 
tion, a s ignif icant  t endency  to be  less p rone  to bl is ter  for- 
mat ion  wi th  a lower  t empera tu re  flow cycle (1000~ 
rain/N2). 

Effect of P and B implants.--~Following siticide deposi-  
tion, s intering,  and passivation,  areas exposed  dur ing 
source/drain defini t ion to double  implants  of P (100 keV, 
4E15 cm -~) and B (30 keV, 1El5 cm-=') have  reproduc ib ly  
shown a t endency  toward blister  fo rmat ion  as opposed to 
areas imp lan ted  solely wi th  B (30 keV, 1E15 cm-2). A 
compara t ive  examina t i on  of N + and P~ van  der  P a u w  pat- 
terns, shown in Fig. 6, clearly i l lustrates the harmfu l  ef- 
fect  of  that  double  implant .  Wafers wi th  the  s tandard  
TaSiflN~poly-Si/SiOflSi s t ruc ture  sub jec ted  to double  P 
implants  (100 keV, 4E15 cm -2) were  observed  to bl is ter  
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Fig. 7. X-ray fluorescence (XRF) measurements of the argon con- 
centration in ToSi~ films sintered at 900~ min/Ar as a function of 
sputtering Ar pressure. 

Fig. 6. (a) Comparative examination of W and W van der Pauw pat- 
terns; (b) magnified portion of N t van der Pauw pattern. 

reproduc ib ly  after P S G  flow (1000~ min/N._,), com- 
pared to the  marg ina l  s i tuat ion encoun te red  with  single 
implants .  In  v i ew of these  results,  it appears  ev iden t  that  
the damage  associated with  high energy  high dose im- 
plants and not  necessar i ly  the  implan t  species plays a 
cont r ibu tory  role in the m e c h a n i s m  of bl is ter  formation.  

Effect of gas ambient during sputtering.--The effect  of 
Ar pressure  dur ing  depos i t ion  on bl is ter  and void  forma- 
t ion was inves t iga ted  using a group of  moni tor  wafers 
wi th  the  s tandard  T a S i J N  ~ poly-Si/SiO.,/Si structure.  The 
L P C V D  polys i l icon (-3000A) was first depos i ted  on oxi- 
dized Si (-600J~) then  doped  in PBr3/O~ ambien t  (1000~ 
Fol lowing oxide  removal ,  TaSi~ was cospu t te red  at vary- 
ing Ar  pressures  of 2, 3, 4, 6, or 8 t~m (Hg) on these  wafers  
which were  subsequen t ly  all s intered at 900~ min/Ar.  
X-ray f luorescence  and Ruther ford  backsca t te r ing  (RBS) 
meas u remen t s  were  then  conduc ted  on var ious samples  
to evaluate  the  concent ra t ion  of argon'  en t rapped  in the  
silicide films. The  results,  shown in Fig. 7 arid 8, indicate  
a mono ton ic  decrease  in the  en t rapped  argon concentra-  
t ion as a func t ion  of h igher  Ar pressures.  Sect ions  of 
these  wafers,  wi th  no addit ional  p rocess ing  (i.e., no over- 
laying L P C V D  oxide), were  sub jec ted  to a flow t rea tment  
of II00~ rain/99% N~-I% O:. Figure 9 illustrates the 
surface morphology of the silicide after that treatment as 
a function of Ar pressure. Blistering was observed at this 
magnification (660• to emerge in films deposited at Ar 
pressures of 2, 3, and 4 /~m. At higher pressures, no blis- 
tering was detected but silicide delamination from the un- 
derlying polysilicon was evident. Examination of these 
photographs also reveals a gradual smoothening of the 
surface with higher Ar sputter pressures reflecting a dra- 
matic decrease in void density. Sections of these wafers 
flowed at I000~ rain/N,2 indicated a similar behavior 
as shown in the SEM photographs of Fig. i0. The high 

densi ty  of voids  observed  on the sample  spu t te red  at 2 
t~m gradual ly  gives way  to the  pore-free surface  of  the sili- 
c ide cospu t t e red  at 8 t~m. We bel ieve  both  these  observa- 
t ions to be cons is ten t  with an Ar  e n t r a p m e n t  and release 
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Fig. 8. Rutherford backscattering (RBS) measurements of the argon 
concentration in TaSi2 films sintered at 900~ min/Ar as a function 
of sputtering Ar pressure. 
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Fig. 11, Comparative examination of TaSi2 gate interconnects sput- 
tered in Xe (top) and Ar (bottom). 

Fig. 9. Optical mlcrographs of the surface morphology of TaSi2 films 
sputtered at an Ar pressure of (a) 2 ~m, (b) 3/~m, (c) 4 ~m, (d) 6/~m, 
and (e) 8 ~m after a flow treatment (with PSG) of 1100~ 
min/99% N2-1% 02. 

mechanism which shall be described in the next section. 
It is worth noting at this point that the choice of an opti- 
mum Ar sputtering pressure should take into considera- 
tion not only the minimization of the Ar content in the 
film but also that of O2 which often increases at the 
higher sputtering pressures and is possibly the source of 
the observed delamination problem. 

The idea of sputtering with Xe at a 2 t~m pressure rather 
than Ar has also been considered during the course of 
this investigation. Split lot experiments have repro- 
ducibly shown no evidence of blistering on the Xe-sput- 
tered silicide, after flow at 1000~ rain/N2, despite 
widespread occurrence of the problem on control wafers. 
Furthermore,  comparative examination of gate intercon- 
nects, after P-glass removal, clearly indicate, as shown in 

Fig, 10. SEM micrographs of the surface morphology of TaSi2 films 
sputtered at an Ar pressure of (a) 2/~m, (b) 4 ~m, (c) 6/~m, and (d) 8 
/~m after a flow treatment (with no PSG) of 1000~ rain/N2. 

Fig. 11, a decrease both in void density and void depths at 
the surface of the silicides sputtered in Xe. These results 
point to the fact that the nature of the gas used for sput- 
tering affects its entrapped concentration, thereby in- 
fluencing blister and void formation. Based on the above 
results, we shall now propose a phenomenological  model 
to explain the high temperature blister and void forma- 
tion mechanism in co-sputtered TaSi2. 

Phenomenological Model 
Results from the present investigation as well as other 

reported studies have shown the formation of blisters and 
voids in TaSi~ to be primarily dependent  on the concen- 
tration of entrapped Ar, the processing temperature, and 
the extent of implant damage. Quantitative determination 
of the Ar content, by combined vacuum fusion and mass 
spectrometric analysis,~ have indicated the presence of 
1.8 a/o of the gas in TaSi2 films sputtered at a pressure of 
2 tLm. Generally, the fraction f, of Ar trapped during sput- 
tering in a film is given by (9) 

aN 
f=  c~N + R 

where N is the number  of Ar atoms bombarding a unit 
area of film per unit t ime during deposition, a is the ef- 
fect sticking coefficient of the Ar during deposition, and 
R is the deposition rate of the TaSi~ film. Clearly, there 
are three possible ways of reducing f; these include in- 
creasing the deposition rate which is rather difficult to 
achieve in sputtering, and decreasing N and/or a. Decreas- 
ing N may be accomplished by operating in a getter sput- 
tering mode or by depositing at high sputtering pressures 
provided that does not of itself lead to the incorporation 
of other contaminents (i.e., H20, 02 . . . .  ). Decreasing 
may be achieved by operating in a bias or ac sputtering 
mode, or by increasing the substrate temperature. 

For TaSi2 films sputtered at a pressure of 2 t~m, differ- 
ential thermal analysis measurements  have determined, 
as shown in Fig. 12, the onset of crystallization to be at 
-330~ At that transition temperature, evolved gas analy- 
sis has indicated, as seen in Fig. 13, release of most of the 
entrapped gases including H2, N2, O2, and H20 but only a 
small fraction of the Ar. We postulate that this remnant 
Ar is the source of both blisters and voids formed during 
high temperature processing of TaSi2. Upon deposition, 
the films, as shown in the TEM micrograph of Fig. 14a, 
are amorphous with the Ar presumed to be distributed 
randomly throughout the silicide. During the sintering 
process, the Ar is believed to be swept along by grain 
boundary formation and occasionally trapped, in its diffu- 

,Gollob Analytical Service, Berkeley Heights, New Jersey 07922. 
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Fig. 12. Differential thermal analysis of TaSi2 indicating the onset 
of crystallization at ~ 330~ 

sion path, at r andom defect  sites (i.e., dislocations 
s tacking faults . . . .  ). The  TEM micrograph  of Fig. 14b pro- 
v ides  ev idence  that  bubbles ,  typical ly 60s in diameter ,  are 
indeed  presen t  at grain boundar ies  as wel l  as at r andom 
int ragranular  sites in the s intered si l icide (900~ rain/ 
Ar). Dur ing the  diffusion of He in Cu, Barnes  and Mazey 
(10) have  repor ted  the  veloci ty  of He bubbles  to be in- 
versely  propor t iona l  to the bubble  radius. Fur thermore ,  
the faster migra t ion  of small  bubbles  at 800~ was ob- 
served, by hot  s tage t ransmiss ion  e lec t ron  microscopy,  to 
result  in coa lescence  with the larger bu t  s lower  bubbles .  
A similar  s i tuat ion appears  to have  occur red  in TaSi~ dur- 
ing the  1000~ flow cycle. Smal l  bubbles  merged,  as 
shown in Fig. 14c, into larger bubbles  (~150A) which  
seem now to be p inned  at t r iple points  of  grain bounda-  
ries. Thus,  due  to this the rmal  migra t ion  and coalescence,  
the densi ty  of  bubbles  has decreased  but  the v o l u m e  
occupied  by indiv idual  bubbles  has increased  causing lo- 
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Fig. 14. TEM horizontal cross sections of TaSi2 (a) in the 
amorphous state, (b) after a 900~ min/Ar sinter, (c) after sinter 
and a flow treatment (with no PSG) of 1000~ min/N~. 

cal silicide swelling. In a thermodynamic equilibrium, the 
gas pressure within a bubble is balanced by the surface 
tension force between gas atoms and lattice. For a bubble 
of radius r, the surface tension force is 27/r where 7 is the 
surface energy and is generally of the order of 103 erg/cm 2 
(ii). Assuming ideal gas behavior, one obtains for a bub- 
ble of radius r 

2,  

0 

,4~ ~o ~ tooo ,~ 

Fig. 13. Evolved gas analysis of entrapped (a) H2, (b) N~, (c) O~, (d) 
H.~O, and (e) Ar in TaSi2. 

o r  

8 
rrTr"- = mkT 

where  m is the  n u m b e r  of a toms in the  bubble ,  k is 
Bo l t zmann ' s  constant ,  and T the  absolu te  tempera ture .  At  
a t empera tu re  of  1000~ where  a bubb le  d iamete r  is typi- 
cally 150A, the calculated va lue  of m amount s  to 2.68 • 104 
atoms and the  cor responding  pressure  wi th in  such a bub- 
ble is es t imated  to be  2.67 • 103 atm. However ,  these  h igh  
pressures  appear  to be still wi th in  the  order  of magn i tude  
of typical  values  repor ted  for f racture  s t rength  of thin 
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Fig. 16. (a) Superposed energy dispersive spectra (EDS) of a blis- 
tered area (white dots) and an undisturbed region (dark background) 
on the sample; (b) EDS data shown on an expanded scale over a range 
of 1.28-3.84 keV. 

Fig. 15. Superposed x-ray fluorescence spectra of TaSi,2 as depos- 
ited (solid line) and after a flow treatment (with no PSG) of 
1100~ min/99% N~-1% O~. 

fi lms (12). A q u i c k  c h e c k  on  t he  va l id i ty  of  t he  a b o v e  cal- 
cu la t ions  is p r o v i d e d  by  c o n s i d e r i n g  t he  fact  t h a t  the  ob- 
s e r v e d  d e n s i t y  of  b u b b l e s  n, as d e t e r m i n e d  f rom exami-  
n a t i o n  of Fig. 14c, is of  the  o rde r  of 6 x 10 '5 c m  -3 for 2500~ 
t h i c k  TaSi~ films. F r o m  the  p r o d u c t  nm, t h e  to ta l  n u m b e r  
of  so lu te  a t o m s  p e r  cub ic  c e n t i m e t e r  is e s t i m a t e d  at - 1 . 6  
x 1020. S i n c e  t he  d e n s i t y  of TaSi~ (a tomic  w e i g h t  -240g)  is 
9 g /cm 3, t he  to ta l  n u m b e r  of so lven t  a t o m s  pe r  cub ic  cen-  
t i m e t e r s  is - 6 .7  x 10 ~2. Thus ,  t he  ca l cu l a t ed  f r ac t ion  of  Ar  
a t o m s  in t h e  f i lm is w i t h i n  the  o rde r  of  m a g n i t u d e  of  the  
m e a s u r e d  c o n c e n t r a t i o n .  

For  large  e n o u g h  b u b b l e s  a n d  h i g h  e n o u g h  t empera -  
tu res  (~> 1000~ an  e q u i l i b r i u m  b r e a k d o w n  r e su l t i ng  
f rom loss of su r face  t e n s i o n  u n d e r  s u c h  cond i t i ons  trig- 
gers e x p l o s i o n s  of t h e s e  b u b b l e s .  S u c h  o u t b u r s t s  close to 
t he  free su r f ace  c o n t r i b u t e  to f o r m a t i o n  of t he  o b s e r v e d  
sur face  voids .  Gases  e m e r g i n g  close to t he  b o t t o m  sur face  
cou ld  poss ib ly  get  t r a p p e d  at  t h e  s i l ic ide  po lys i l i con  inter-  
face, c o n t r i b u t i n g  to p o t e n t i a l  loss of film a d h e r e n c e .  
Gases  b u r s t i n g  f r o m  wi th in  the  s i l ic ide  cause  ca t a s t ro p h i c  
d a m a g e  to t he  fi lm in tegr i ty .  In  t he  p r e s e n c e  of a P S G  
film, t he  Ar  gas evo lv ing  f rom the  s i l ic ide  in t u r n  pres-  
sur izes  t h a t  coat ing.  A t  a d e q u a t e  flow t e m p e r a t u r e s  
w h e r e  t he  glass  can  be  p las t ica l ly  de fo rmed ,  va r ious  size 
b l i s te rs  r ead i ly  fo rm ref lec t ing  the  w ide  r a n g e  in pres-  
sure  o u t b u r s t s .  I n  e x t r e m e  p r e s s u r e  cond i t ions ,  t h e  P S G  
film i t se l f  c r acks  r e l eas ing  t he  gas t r a p p e d  at  the  glass- 
s i l ic ide in te r face .  

B e c a u s e  of  t he  c o n s i d e r a b l e  v a c a n c y  p r o d u c t i o n  d u r i n g  
h i g h  e n e r g y  h i g h  dose  imp lan t s ,  a n d  b e c a u s e  t h e  s t ra in  
e n e r g y  a s soc ia t ed  w i t h  t r a p p e d  a t o m - v a c a n c y  c lus te rs  is 
e x p e c t e d  to be  less  t h a n  t h a t  for  Ar  a t o m s  t r a p p e d  at  de- 
fect  sites,  one  can  pred ic t ,  in  s u c h  cases,  s ign i f ican t  en- 
h a n c e m e n t  of  t he  m i g r a t i o n  a n d  coa l e scence  p rocess  
l ead ing  to a g g r a v a t e d  b l i s te r ing .  T h a t  is, i ndeed ,  consis t -  
en t  w i t h  our  r e p o r t e d  obse rva t ions .  Ana ly t i ca l  e v i d e n c e  
to s u p p o r t  th i s  p r o p o s e d  m o d e l  will n o w  be  p re sen t ed .  

Analyt ica l  Evidence 
Severa l  ana ly t i ca l  m e t h o d s  h a v e  b e e n  u sed  to con f i rm  

the  e n t r a p m e n t  of  a r g o n  in s p u t t e r e d  TaSi~ a n d  t he  subse-  
q u e n t  evo lu t i on  of t he  gas d u r i n g  h i g h  t e m p e r a t u r e  pro- 
cess ing.  T h e s e  t e c h n i q u e s  h a v e  i n c l u d e d  x- ray  f luores-  
cence  (XRF),  e n e r g y  a n d  w a v e l e n g t h  d i spe r s ive  spec t ro -  
scopy  (EDS a n d  WDS), evo lved  gas  ana lys i s  (EGA), a n d  
t r a n s m i s s i o n  e l ec t ron  m i c r o s c o p y  (TEM). 

T he  f l uo re scence  da ta  were  g a t h e r e d  in  an  x-ray Milli- 
p r o b e  u n i t  i n t e r f a c e d  to a L i -dr i f t ed  Si de t ec to r  a n d  a 
PGT-3  a n a l y z i n g  sys tem.  A Cr t a r g e t  o p e r a t i n g  at  50 k V  
a n d  9 m A  p r o v i d e d  the  sou rce  of  rad ia t ion .  The  s a m p l e  
was p l a c e d  in  a c h a m b e r  f lushed  w i t h  N2 to e l im ina t e  

peaks  r e su l t i ng  f rom Ar  a b s o r p t i o n  in air. This  is nor-  
ma l ly  d o n e  u s i n g  He, b u t  N~ is p r e f e r r e d  in th i s  case  be- 
cause  i t  s u p p r e s s e s  the  large  Si p e a k  w h i c h  w o u l d  o ther-  
wise  ove r load  t h e  x-ray c o u n t i n g  sys tem.  A 0.75 m m  
a p e r t u r e  a n d  4.8 m m  b e a m  s top we re  u s e d  for e n h a n c i n g  
c o u n t  ra te  efficiency.  In  cases w h e r e  e x t r a n e o u s  diffrac- 
t ion  peaks  were  obse rved ,  the  s a m p l e  was r e o r i e n t e d  to 
l e s sen  t he i r  i n t e r f e r e n c e  effect. F i g u r e  15 exh ib i t s  super-  
posed  x-ray f luorescence  s p ec t r a  of  TaSi~ as d e p o s i t e d  
(solid l ine) a n d  af te r  an  1100~ flow cycle w i th  no  glass  
on  (do t t ed  line). The  -2500~  t h i c k  s i l ic ide was  
cospu t t e red ,  in  th i s  case, a t  an  Ar  p r e s s u r e  of  2 / zm on to  a 
-3000A t h i c k  PBr:~-doped (1000~ po lys i l i con  subs t ra t e .  
The  a s -depos i t ed  s i l ic ide a p p e a r e d  u n d e r  m i c ro s cop i c  ex- 
a m i n a t i o n  to b e  specu l a r  whi l e  the  h ea t - t r e a t ed  si l icide re- 
vea l ed  an  a b u n d a n t  f o r m a t i o n  of fine b l i s te rs  t h r o u g h o u t  
the  sample .  F r o m  a c o m p a r i s o n  of t h e  spec t r a  of Fig. 15, i t  
is e v i d e n t  t h a t  e n t r a p p e d  Ar  is i n d e e d  p r e s e n t  in  t he  as- 
d e p o s i t e d  TaSi2 fi lm a n d  n o t  in  t h e  hea t - t r ea t ed  s a m p l e  
con f i rming  to ta l  evo lu t i on  of t h e  gas af ter  the  l l00~ 
t h e r m a l  cycle. F u r t h e r m o r e ,  t h e  i n s ign i f i can t  c h a n g e  in 
the  m a g n i t u d e  a n d  s h a p e  of t h e  o v e r l a p p e d  Ta/Si  p e a k s  
b e t w e e n  b o t h  spec t r a  reflect,  here ,  t h e  lack  of s to ichio-  
me t r i c  va r i a t i on  in t h e  film af ter  h e a t - t r e a t m e n t .  I t  is 
w o r t h w h i l e  no t ing ,  a t  th is  poin t ,  tha t ,  a l t h o u g h  t h e  x-ray 
f luorescence  t e c h n i q u e  is n o t  q u a n t i t a t i v e  d u e  to t he  ab- 
sence  of  p r o p e r  s t anda rds ,  i t  is qu i t e  p rac t i ca l  a n d  has  
b e e n  e x t e n s i v e l y  u s e d  w i t h i n  t h e  c o n t e x t  of th i s  invest i -  
ga t ion  in  m o n i t o r i n g  c h a n g e s  in the  Ar  c o n t e n t  as a func-  
t ion  of p r o c e s s i n g  var iables .  

T h e  x-ray mic roana ly s i s  da ta  were  g a t h e r e d  in con junc -  
t ion  w i th  an  S E M  b y  focus ing  t h e  20 kV e lec t ron  b e a m  on  
t h e  b l i s t e r ed  reg ions  of the  s a m p l e  su r face  or on  t he  flat 
u n d i s t u r b e d  TaSi~ areas  of a dev ice  wafer  f lowed at  
1000~ for  90 ra in  in  N2. Spec ia l  p r ecau t i o n s ,  in  th i s  case, 
were  t a k e n  to e t ch  b a c k  t h e  P-glass  d o w n  to t h e  1000A 
u n d o p e d  SiO2 layer  to i n s u r e  m i n i m u m  a b s o r p t i o n  of t he  
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Fig. 17. Wavelength dispersive spectra (WDS) of a blistered area. 
(upper curve) and a undisturbed region (lower curve) on the sample. 
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Fig. 18. (a) SEM secondary electron image ot a leat ot a van der Pauw pattern; (b) multiple scan Ar x-ray images exposed for 5 min, and (c) 1S 
min. 

e lec t ron  b e a m  wi th  no  d i s t u r b a n c e  of  t he  u n d e r l y i n g  
t r a p p e d  gas. B o t h  ene rgy  d i spe r s ive  (EDS) a n d  wave-  
l e n g t h  d i spe r s ive  (WDS) x-ray s y s t e m s  were  used.  

Ful l  EDS  spec t r a  of  b o t h  t h e s e  r eg ions  are  s h o w n  in 
Fig. 16a in an  over lay  fashion.  O u t l i n e d  in wh i t e  dots  is 
t he  e l e m e n t a l  s p e c t r u m  f rom the  sur face  of  a b l i s t e r  whi le  
the  d a r k  b a c k g r o u n d  r e p r e s e n t s  an  e l e m e n t a l  s p e c t r u m  of 
a spo t  in  the  u n d i s t u r b e d  reg ion  of t h e  sample .  I t  is evi- 
d e n t  f rom e x a m i n a t i o n  of th i s  p h o t o g r a p h  t ha t  b o t h  spec- 
t ra  exh ib i t  i den t i ca l  in t ens i t i e s  for  t he  Si, Ta. a n d  Fe  
peaks ,  bu t  on ly  t he  s p e c t r u m  of t h e  b l i s t e r ed  area  shows  
the  p r e s e n c e  of an  Ar  K a  p e a k  at 2.96 keV. This  m a y  be  
seen  more  c lear ly  in  Fig. 16b, w h e r e  t he  1.28-3.84 k eV  
range  is s h o w n  on an  e x p a n d e d  scale. Th i s  r e su l t  un-  
equ ivoca l ly  assoc ia tes  the  p r e s e n c e  of  Ar  w i th  t h e  blis- 
t e red  areas.  

The  g a t h e r i n g  of the  WDS da ta  r e q u i r e d  an  ad ju s t ed  
b e a m  c u r r e n t  of - 5 0  mA. B e c a u s e  of t he  a b s e n c e  of avail-  
able  Ar  s t a n d a r d s ,  s a m p l e  p o s i t i o n i n g  was op t imized  
u s i n g  t he  L a l  p e a k  (4.154A) of a s i lver  s t anda rd .  Repre -  
s en t a t i ve  WDS spec t r a  are s h o w n  in Fig. 17, w h e r e  the  up-  
pe r  cu rve  d e n o t e s  the  resu l t s  of t he  ana lys i s  of a b l i s t e r  
a n d  t h e  lower  cu rve  f rom the  s a m e  u n d i s t u r b e d  area  
w h e r e  t he  E D S  m e a s u r e m e n t s  w e r e  t aken .  B o t h  s p ec t r a  
show a w e a k  t h i r d  o rde r  Ta La  l ine  (4.559A) b u t  on ly  t h e  
u p p e r  cu rve  s h o w s  the  p r e s e n c e  of  a n  Ar  K a  l ine at  
4.193~. T h a t  aga in  r econ f i rms  t he  co r re l a t ion  b e t w e e n  lo- 
cal p r e s e n c e  of  b l i s t e r s  a n d  local  p r e s e n c e  of argon.  The  
WDS Ar  Ka  p e a k  was  u s e d  in  t u r n  to g e n e r a t e  x-ray area  

maps shown in Fig. 18. Figure 18a is a secondary electron 
image of one leaf of a van der Pauw pattern. Figures 18b 
and c are multiple scan Ar x-ray images exposed for 5 and 
15 rain, respectively. Although the image clarity is par- 
tially obscured by background signals over the whole 
area due to the relatively low Ar peak to noise ratio, one 
can obviously see a direct correspondence between local 
Ar agglomeration and the formation of blisters across the 
sample. Although a single pass WDS spectrum (Fig. 17, 
lower curve) indicates that the concentration of Ar is be- 
low the detection limit, an improved peak to noise ratio at 
longer exposure time (Fig. 18c) shows that a very low con- 
centration of Ar is present over the whole cloverleaf area. 
A similar x-ray map of P showed only a uniform distribu- 
tion of noise, thus ruling out, as previously noted, the role 
of P in the blistering formation mechanism. X-ray map- 
ping of Si in the same general area is shown in Fig. 19 
where a uniform distribution is now seen both within the 
TaSi2 van der Pauw pattern and the delineated oxide area 
with signal intensities simply reflecting the difference in 
the Si concentration. Similarly, an x-ray map for Ta (Fig. 
20) shows as expected, a uniform distribution of that ele- 
ment only over the TaSi~ van der Pauw pattern. 

The evolved gas analysis (EGA) measurements were 
gathered from an assembled apparatus comprised primar- 
ily of a small Mo furnace with provisions for temperature 
monitoring and control, a quadrupole mass spectrometer 
and a turbomolecular pump capable of achieving pres- 
sures down to ~< l • I0 -s torr. The output of the spec- 

Fig. 19. X-ray mapping of Si on 
a leaf of a van der Pauw pattern. 
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Fig. 20. X-ray mapping of Ta 
on a leaf of a van der Pauw pat- 
tern. 

trometer was fed into a data acquisition unit in turn inter- 
faced to a Fluke 1720 microcomputer  used for processing 
and plotting of the data. The temperature was typically 
stepped up at a rate of 10~ rain -1 up to -1150~ The 
TaSi2 samples, under present consideration, were depos- 
ited at an Ar pressure of 2 txm on Teflon substrates in or- 
der to flake off the film and eliminate substrate contri- 
butions. It is evident from examination of Fig. 13 that 
significant evolution of the Ar gas occurs over the tem- 
perature range of 900~176 in coincidence with the tem- 
perature range where blister formation is most evident. 
EGA measurements  of other gases such as H~, N2, O2, and 
H.,O on similar samples indicated, as shown in Fig. 13, gas 
evolution only at the -330~ crystallization temperature 
of TaSi2. 

A representative vertical TEM micrograph taken on 
sample with a Si/SiO.,/N ~ poly-Si/TaSi2 structure annealed 
at 1000~ is shown in Fig. 21. It appears that voids re- 
flecting the gas presence are located at various levels 
throughout the TaSi~ film with the voids at the bottom 
interface presumably accounting for potential poor adher- 
ence, those at the center for potential local delamination, 
and those on top for the surface porosity. 

Fig. 21. TEM vertical cross section illustrating presence of voids at 
various levels of TaSi2 film. 

Concluding  Remarks 
It is apparent from the present investigation that both 

blister and void formation result from argon entrapment 
during sputter deposition and subsequent  evolution of 
that gas during high temperature processing of TaSi~. Al- 
though other argon-free deposition techniques (evapora- 
tion, LPCVD, . . . )  may be tried to circumvent  the prob- 
lem, it is evident that with sputter deposition the process 
must be tailor-fit to minimize the argon concentration in 
the film. Our results have shown that good quality TaSi~ 
films could, indeed, be achieved by optimizing the Ar 
sputtering pressure, minimizing the implant damage, and 
reducing the high temperature flow cycle. 
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A New Fabrication Technique for Optoelectronic Integrated 
Circuits (OEIC's) The Graded-Step Process Applied to the 

Fabrication of AIGaAs/GaAs PIN/FET and PIN/Amplifier 
Photoreceivers 
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ABSTRACT 

Process of forming graded steps on a GaAs substrate, which are as deep as 7-8 tLm and have an arbitrarily small 
slope angle down to 13 ~ has been developed by using the rounded edge profile of photoresist layer as a protective mask 
for Ar ion-beam etching of the substrate. Mask preparation and ion-beam etching have been optimized in terms of both 
controlling the slope angle and achieving smooth etched surface. The use of a large ion incident angle near 70 ~ has been 
found to be most advantageous for smoothing an etched surface. Graded steps thus formed have been found to be 
significantly useful for improving the reproducibility and yield of delineating fine geometries on the substrate by con- 
tact lithography, primarily owing to the allowance of using a thin photoresist layer. By using this process, a new opto- 
electronic integrated circuit (OEIC) fabrication technique has been proposed and applied to the fabrication of A1GaAs/ 
GaAs monolithic photoreceiver circuits, namely, an integrated PIN photodiode/field effect transistor (FET) front end as 
well as an integrated PIN/amplifier. It has .been demonstrated that this technique eliminates previous problems of pho- 
tolithography and interconnection processes in OEIC fabrication and improved the overall process stability. The circuits 
fabricated in this study exhibited subnanosecond responses, confirming that the parasitic capacitances have been suc- 
cessfully reduced in the present integrated structure. 

Applications of fiber-optic transmission and data pro- 
cessing systems have been widely spread in this decade 
with the association of a marked improvement  in per- 
formance and reliability of optoelectronic devices such as 
lasers and photodetectors. The system's needs for higher 
bit rate or greater information capacity is the motivation 
for further improvement  in device characteristics. These 
needs include high performance, high reliability, com- 
pactness, ease of interface to electrical circuits, and lower 
cost. The optoelectronic integrated circuit (OEIC) is a 
monolithic circuit in which optoelectronic devices and 
electronic circuits are integrated together on a single 
semiconductor substrate. This new class of device is re- 
garded as most capable of meeting most of the above- 
mentioned requirements (1-4). In particular, monolithic 
integrations of a laser with its driver circuit (5-11) and of a 
photodetector with an amplifier (12-16) and other elec- 
tronic signal processing circuits have a capability of in- 
creasing the speed and noise performances due to the re- 
duction of parasitic reactances which have been 
responsible for the performance degradation experienced 
in previous equipment  composed of discrete elements. 
Development  of such OEIC's has been energetically 
carried out for these several years on both A1GaAs-GaAs 
(1) and InGaAs(P)-InP (2) systems aimed at wavelength 
ranges near 0.8 tLm and 1.3-1.5 t~m, respectively. The high 
electron mobility in these crystals facilitates high speed 
electronic circuits. The fabrication technologies of both 
discrete optoelectronic and electronic devices have been 
greatly advanced in recent years. 

In integrating these elements, however, considerable 
difficulty in processing has been introduced primarily 
because of the structural difference between the constitu- 
ent elements. The optoelectronic devices usually possess 
multilayer epitaxial structure with a thickness of more 
than several microns, where the electronic devices such 
as the field effect transistors (FET's) and bipolar transis- 
tors have active layers as thin as 1 t~m. Such a structural 
difference causes, almost inevitably, the appearance of 
steep mesa steps on the OEIC substrate. These steps de- 
grade the reproducibility of every photolithographic pro- 
cess involved in the series of OEIC fabrication steps, and 
the overall fabrication yield can be significantly lowered. 
In order to minimize such effects of steps, a few remedies 
have been examined so far. A method to etch a well in the 
substrate before growing the epitaxial heterostructure for 
the optoelectronic devices has been employed in most of 
previous studies. It was found to be very effective for ad- 

justing the surface level between the optoelectronic and 
electronic regions so that the fine pattern definition can 
be carried out in both regions. Kolbas and his co-workers 
have proposed a method to polish and etch the epitaxial 
A1GaAs/GaAs structure overgrown in the GaAs substrate 
region outside the wells, so that the substrate can be 
planarized (12). Liao and his co-workers have used selec- 
tive epitaxy to fill a well in the InP substrate by grbwing 
InGaAs layer with the aid of silicon nitride mask and then 
etching the overgrown ridge of InGaAs at the mask pe- 
riphery (17). Shibata and his co-workers have introduced 
the use of PIQ to refill and planarize an isolation well 
generated between the laser and the bipolar transistor 
areas in their laser/driver structure (8). Although these 
proposed methods have appreciably improved photolith- 
ographic reproducibility, the success of these processes 
requires a high controllability of the etch and refill proce- 
dure and the uniformity of the wafer, which are not easy 
to achieve primarily because of the complicated cross- 
sectional structure of the refilled epitaxial layer particu- 
larly at the well periphery. 

The purpose of this paper is to describe a new OEIC 
fabrication technique, in which the mesa steps are de- 
graded in a well-controlled fashion and the reproducibil- 
ity of fine pattern lithography is significantly improved 
(18). The present technique uses Ar ion-beam etching to 
produce graded steps so that good control of the etch 
depth and therefore of the step slope, and also a high uni- 
formity of these parameters over the wafer, can be facili- 
tated. A small slope angle achieved by this technique pre- 
vents complicated overgrowth, such as ridges at the 
substrate well periphery, and simplifies the subsequent 
photolithographic steps. The use of Ar ion-beam etching 
to control the slope angle is essentially based on our pre- 
vious success of fabricating InP microspherical lenses on 
InGaAsP/InP double heterostructure light emitting diode 
wafers (19, 20). This method has been now extended to 
OEIC fabrication in AIGaAs/GaAs system (18). Optimiza- 
tion of two fundamental  procedures to form graded steps 
on the OEIC substrate, namely, the preparation of 
photoresist mask and the Ar ion-beam etching, has been 
performed in this study and applied to fabricate 
A1GaAs/GaAs monolithic photoreceivers. 

In the next section, we report the method of obtaining 
graded steps on a GaAs substrate. The effect of grading 
on photolithography will be discussed in the third sec- 
tion. The Application section describes the application of 
the present technique to fabricate OEIC's, in which a 
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Fig. 1. Fundamental sequence of graded-stop process. A mask for Ar 
ion-beam etching is produced by deforming a photoresist layer at high 
temperature, and the edge profile of the mask is transferred to the sub- 
strate surface. 

monolithic A1GaAs/GaAs PIN/FET and also a PIN/ampli- 
fier are demonstrated. 

Graded-Step Process 
The essential procedure for forming graded steps on a 

substrate is shown in Fig. 1. Photoresist  masks for ion- 
beam etching are first prepared on the GaAs substrate 
surface Fig. la. A commercially available positive acting 
photoresist, Shipley AZ-4620, has been used in our study. 
The photoresist patterns with the width appropriate to 
the device design are delineated by conventional photo- 
lithographic technique. They are subsequently baked at a 
temperature higher than the glass-transition point of 
photoresist so that rounded contours are generated by the 
effect of surface tension on the photoresist surface (20). 
Then the substrate is subjected to Ar ion-beam etching 
Fig. lb using, in this experiment,  Veeco Microetch system 
in which Ar ~ ions are generated by a Kaufman ion gun, 
neutralized, and then fed to bombard a rotating target. 
During the etching, the rounded mask contour is trans- 
ferred to the substrate surface. The shape of the step is 
dependent  on the initial photoresist thickness and the 
photoresist to substrate ion-beam etch rate ratio which is 
a function of etching parameters such as the ion incident 
angle ~. The morphology of the etched surface is of the 
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Fig. 2. Photoresist height measured at pattern center as o function of 
baking temperature for a variety of pattern widths. The initial pattern 
height is 6.4/~m in this case. 

greatest importance in device applications, and it has to 
be optimized by choosing suitable etching conditions, as 
will be described later. By terminating the ion-beam etch- 
ing when the substrate is etched down to appropriate 
depth, a graded step can be obtained (Fig. lc). 

In order to obtain a sufficient controllability of the step 
geometry, it is important to know the deformation behav- 
ior of photoresist baked at an elevated temperature. Fig- 
ure 2 shows the height (h) of the photoresist stripe pattern 
measured at the center of the stripe width (W) as a func- 
tion of the baking temperature. The initial resist thick- 
ness used was approximately 6.5 ~m. The baking was 
carried out under nitrogen gas flow for 10 min. When the 
temperature was below 100~ a concave resist cross sec- 
tion appeared to exhibit  a height smaller than the initial 
value. As the temperature increases, a convex cross sec- 
tion is achieved, as is shown in Fig. 2. The convex shape 
has been confirmed from stylus measurement  to be pre- 
cisely a part of a cylinder, which is consistent with the 
fact that the surface tension dominates, stabilizing the re- 
sist geometry (20). The temperature for cyrindrical defor- 
mation is observed to increase with the increase of the 
pattern width. It is also found that the height variation 
with the temperature becomes weaker as the pattern 
width increases. Strong height decreases observed near 
200~ particularly for narrow patterns, would suggest the 
occurrence of resist decomposition and/or evaporation. It 
is shown from the present result that the resist geometry 
can be readily controlled within the accuracy of a few 
tenths of a micron by using the width of 80-100 ~m bak- 
ing near 200~ When it is necessary to protect an area of 
the substrate wider than the stripe, one can use an addi- 
tional resist layer overlying partly the stripe pattern. 

Another important  parameter for controlling the step 
geometry is the ion-beam etch rate ratio between the re- 
sist and the substrate. We measured the etch rates of 
AZ-4620 resist and GaAs as a function of the ion incident 
angle. The result is shown in Fig. 3 together with their ra- 
tio. The ion energy and the current density were kept 
constant at 500 eV and 0.57 mA/cm '2, respectively, in this 
experiment.  The etch rate ratio is found to vary monoton- 
ically in a wide range from 0.22 to 0.7 by increasing the in- 
cident angle from 0 ~ to 70 ~ 

In principle, by combining the resist deformation char- 
acteristic and the etch rate ratio variation with the inci- 
dent angle, one can produce steps with arbitrary geome- 
tries on the GaAs substrate. However, the etched surface 
morphology is known to be affected by the ion-beam 
etching conditions, particularly by the ion incident angle. 
This effect has been actually found in our previous study 
of InP etching (19-21), but no data are available for GaAs, 
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Fig. 4. Scanning electron micrograhs showing ion-beam etched sur- 
faces of GaAs. The ion incident angles used are 50 ~ (a, b), 60 ~ (c, d), and 
70 ~ (e, f). The ion energy and the current density are 500 eV and 0.57 
mA/cm 2, respectively. The etched depth is approximately 7/~m through- 
out. The bars in a, c, and e indicate 2 ~m scale and in b, d, and f 0.2 ~m 
scale. Note that the etched surface becomes defect free at the incident 
angle of 70 ~ . 

par t i cu la r ly  for  l a rge  e t ch ing  dep th ,  as w o u l d  be  r equ i r ed  
in  OEIC app l ica t ions .  We a t t e m p t e d  to cor re la te  the  
e t c h e d  sur face  m o r p h o l o g y  wi th  t he  ion  i n c i d e n t  ang le  
for a f ixed e t c h i n g  d e p t h  of  7 tLm us ing  t he  ion e n e r g y  of 
500 eV a n d  t h e  c u r r e n t  dens i ty  of 0.57 m A / c m  2. In  th i s  
m e a s u r e m e n t ,  we u s e d  a s u b s t r a t e  ho lder ,  as s h o w n  in 
the  i n se t  of Fig. 5, w h i c h  lifts u p  the  s u b s t r a t e  to p r e v e n t  
it f r om b e i n g  e x p o s e d  to fore ign  ma te r i a l  a t o m s  s p u t t e r e d  
d u r i n g  e t ch ing  (20, 22). F i g u r e  4 gives a se t  of  s c a n n i n g  
e l ec t ron  m i c r o g r a p h s  s h o w i n g  t he  GaAs  sur faces  e t c h e d  
at  t he  ion i n c i d e n t  ang le  of  50 ~ (Fig. 4a, 4b), 60 ~ (Fig. 4c, 
4d), a n d  70 ~ (Fig. 4e, 4f). At  t he  i n c i d e n t  ang le  of  50 ~ nu-  
m e r o u s  low b u m p s  w i th  the  d i a m e t e r  a r o u n d  a few mi-  
c rons  are  f o u n d  on  t he  e t c h e d  surface,  some  of  w h i c h  
fo rm cones,  as s een  in Fig. 4b. The  g e n e r a t i o n  of  b u m p s  
and  cones  is p r e s u m e d  to be  a t t r i b u t e d  to t he  local  
m a s k i n g  effect  (23) b r o u g h t  a b o u t  b y  e i t he r  the  r e s idua l  
c o n t a m i n a t i o n  ex i s t i ng  on  t he  sur face  p r io r  to e t c h i n g  or 
fore ign  ma te r i a l s  s u c h  as s p u t t e r e d  ma te r i a l s  r e d e p o s i t i n g  
on  the  sur face  b e i n g  e t c h e d  (20). C o l u m n  II I  a toms ,  Ga in 

I 
E 

u') 
I -  
(._) 
w 
i~_ 
bJ 
a 

b_ 
o 

>- 
I -  

z 
i.iJ 
a 

10 7 

lO 6 

i i i i i i i 

Ei -- 500 eV 

J = 0.57 mAlcm 2 

 iiX ; ,At+ 

S U B .  ~ , /  ' ~ "  

S U B .  H O L D E R  

103 , , , , , , , , 
0 3 0  6 0  9 0  

I O N  I N C I D E N T  A N G L E  ( d e g )  

Fig. 5. Density of surface defects observed under microscope plotted 
vs. ion incident angle. The etching parameters used are same as in Fig. 4. 
The inset shows schematically the substrate holder used which can lift up 
the substrate surface for preventing the redeposition effect. 

th i s  case, a c c u m u l a t e  at  t h e  e t c h e d  sur face  of  III-V semi-  
c o n d u c t o r s  (27) to even tua l ly  fo rm Ga d rop le t s  on  the  sur- 
face d u r i n g  p r o l o n g e d  e tch ing .  T h e s e  m a y  c o n t r i b u t e  to 
gene ra t e  a s t r o n g  m a s k i n g  effect  to fo rm b u m p s  a n d  
cones  as o b s e r v e d  here.  However ,  sur face  defec ts  ob- 
s e rved  he re  h a v e  ve ry  smal l  he igh t s ,  d i f fer ing f rom the  
fea tu re  f o u n d  for h i g h  e n e r g y  (40 keV) Ar  ion b o m b a r d -  
m e n t  at  n o r m a l  i n c i d e n c e  (25). The  n a t u r e  of  defec t  for- 
m a t i o n  d u r i n g  i o n - b e a m  e t ch i n g  seems  qu i te  compl i -  
cated,  a n d  f u r t h e r  s tud ies  are r e q u i r e d  for ful ly 
u n d e r s t a n d i n g  m e c h a n i s m s  of  t h e i r  fo rmat ion .  In  pract i -  
cal v iew,  however ,  g l anc ing  i o n - b e a m  i n c i d e n c e  as ha s  
b e e n  u s e d  he re  is p r e s u m e d  to be  s ign i f ican t ly  ef fec t ive  
for s m o o t h e n i n g  t h e  sur face  b u m p s .  The  m e c h a n i s m  of  
sur face  s m o o t h i n g  d u r i n g  ion  b o m b a r d m e n t  h a s  b e e n  dis- 
c u s s e d  p rev ious ly  (25). T h e  sur face  for  t h e  i n c i d e n t  ang le  
of  60 ~ e x h i b i t s  s m o o t h e r  m o r p h o l o g y .  A l t h o u g h  s o m e  
b u m p s  are o b s e r v e d  to r ema in ,  t he i r  c o n t o u r s  are m u c h  
r o u n d e d ,  as s h o w n  in  Fig. 4d. By  f u r t h e r  i nc rea s ing  t he  
i n c i d e n t  ang le  to 70 ~ , t h e  sur face  s m o o t h n e s s  is 
s igni f icant ly  i m p r o v e d .  T h e  n u m b e r  of  s u c h  surface  de- 
fects  c o u n t e d  u n d e r  m i c r o s c o p e  is p l o t t ed  as a f u n c t i o n  of  
t h e  ion  i n c i d e n t  ang le  in  Fig. 5. T h e  defec t  d en s i t y  is re- 
d u c e d  d o w n  to 5000 c m  -~ at  70 ~ Th i s  is c lose  to t h e  e t ch  
pi t  d en s i t y  of  s t a n d a r d  b o a t - g r o w n  GaAs  crystals ,  a n d  no  
add i t i ona l  ef fec t  of  t h e s e  i o n - b e a m - g e n e r a t e d  defec ts  on  
t h e  dev ice  p r o c e s s i n g  is an t i c ipa ted .  Moreover ,  t h e s e  re- 
s idua l  defec ts  can  be  r e m o v e d  by  ca r ry ing  ou t  so lu t ion  
e t c h i n g  of t h e  s u b s t r a t e  a f te r  i o n - b e a m  e tch ing .  T a k i n g  
the se  in to  accoun t ,  we  h a v e  u s e d  in  t h e  fo l lowing exper i -  
m e n t s  the  ion i n c i d e n t  ang le  of  70~ ~ a n d  sho r t - t ime  
e t ch ing  b y  H.,SO4 �9 H.,O~ �9 H~O s y s t e m  af ter  the  ion  bom-  
b a r d m e n t .  T h e  d e p t h  of su r face  d a m a g e  p r o d u c t i o n  b y  
i o n - b e a m  b o m b a r d m e n t  is e x p e c t e d  to be  less t h a n  200 
n m  for  GaAs  at  t h e  ion  e n e r g y  of  500 eV (26). I t  h a s  also 
b e e n  s h o w n  on III-V s e m i c o n d u c t o r s  i o n - b e a m  e t c h e d  
t h a t  t h e  sur face  c o m p o s i t i o n  is m o d u l a t e d  by  t h e  occur-  
r ence  of  c o l u m n  V a t o m  d i s soc i a t i on  a n d  c o l u m n  II I  a t o m  
a c c u m u l a t i o n  (20, 21, 27, 28). The  so lu t ion  e t c h i n g  em-  
p loyed  af te r  t h e  i o n - b e a m  e t ch i n g  is ef fec t ive  for b o t h  
s m o o t h i n g  t h e  su r face  an d  r e m o v i n g  damages .  

Effect  of Grad ing  Steps in Photol i thography 
W h e n  p h o t o r e s i s t  t e c h n i q u e  is app l i ed  to t h e  s u b s t r a t e  

h a v i n g  s teps  on  its surface,  t h e  t h i c k n e s s  of t h e  pho to -  
res i s t  va r ies  at  t h e s e  s teps  a n d  th i s  causes  the  d e g r a d a t i o n  
of p a t t e r n  def ined  by  c o n v e n t i o n a l  co n t ac t  l i t hog raph ic  
appara tus .  P h o t o m i c r o g r a p h s  s h o w i n g  s u c h  t h i c k n e s s  
va r i a t i on  at  the  s t ep  are g iven  in  Fig. 6. T h e  s tep  s h o w n  in 
Fig. 6a was f o r m e d  b y  e t c h i n g  w i th  a so lu t ion  of 8H~O~ + 
1H2SO4 + 1H..,O, a n d  the  s tep  in Fig. 6b was  by  t h e  p r e s e n t  
g r aded - s t ep  process .  T h e  s tep  h e i g h t  (d~) is 7 ~ m  for  each,  
a n d  t h e  s lope  ang les  (0) g e n e r a t e d  are  a p p r o x i m a t e l y  45 ~ 
a n d  13 ~ for Fig. 6a an d  6b, respec t ive ly .  The  p h o t o r e s i s t  
(Micropos i t  1300-31) sp in  coa ted  has  a t h i c k n e s s  of 2 ~ m  
w h e n  m e a s u r e d  on  the  p l a n a r  surface.  T h e  res i s t  deple-  
t ion  at  t h e  top  a n d  t h e  res i s t  a c c u m u l a t i o n  at  the  b o t t o m  
of the  s lope  are  s h o w n  in Fig. 6a, a n d  t h e s e  effects  are  
m a r k e d l y  r e d u c e d  in  Fig. 6b. The  res i s t  t h i ck n es s e s ,  d, a t  
t he  u p p e r  a n d  d~ at  the  lower  surface,  m e a s u r e d  as a func-  
t ion  of 0 are p lo t t ed  in  Fig. 7 for  two  d i f fe ren t  va lues  of 
t h e  res i s t  t h i c k n e s s  on  t h e  p l a n a r  surface.  W h e n  a t h i c k e r  
(do = 3.4 t~m) res i s t  is used,  the  s tep  cove rage  is real ized,  
b u t  the  res i s t  t h i c k n e s s  d i f f e rence  b e t w e e n  a b o v e  a n d  be- 
low t h e  s tep  is m o r e  t h a n  3 tzm for  eve ry  0 va lue  exam-  
ined.  However ,  t h e  t h i n n e r  (do = 2 tzm) res i s t  c a n n o t  cover  
the  s tep  edge  for 0 la rger  t h a n  40 ~ However ,  t h e  res i s t  
t h i c k n e s s  d i f f e rence  d2 - d l  of  on ly  1.4 t~m is o b t a i n e d  b y  
dec reas ing  0 to 13 ~ In  p r ev ious  OEIC s t r u c t u r e s  of ten  
h a v i n g  s teep  a n d  h i g h  m e s a  s teps  on  t h e  subs t ra t e ,  it h a s  
b e e n  i n e v i t a b l e  to t h i c k e n  t h e  res i s t  layer  for c o m p l e t e  
coverage .  It  h a s  b e e n  s h o w n  f rom t h e  p r e s e n t  r e su l t  t h a t  
the  use  of  a t h i n  res i s t  is a l lowed  a n d  t h e  t h i c k n e s s  varia-  
t ion  at  s t eps  is r e d u c e d  b y  g r a d i n g  s teps .  

F igu re  8 shows  s c a n n i n g  e l ec t ron  m i c r o g r a h s  s h o w i n g  
res is t  p a t t e r n s  d e l i n e a t e d  across  s teps  w i th  a h e i g h t  of 7 
~ m  f o r m e d  b y  so lu t ion  e t ch i n g  (Fig. 8a) an d  t h e  p r e s e n t  
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Fig. 6. Photomicrographs showing photoresist thicknesses on sub- 
strate steps having slope angle of 4S ~ (a) and approximately 13 ~ (b). It is 
clearly shown that the thickness uniformity is significantly improved by 
grading steps. 
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sured in planar region (do). The difference, ds - di, is observed to be 
greatly reduced by using a graded step and a thin resist layer. 

Fig. 8. Scanning electron micrographs showing resist patterns defined 
across substrate steps having slope angle of 45 ~ (o) and 13 ~ (b), respec- 
tively. A resist residue at the slope bottom in a indicates the difficulty of 
patterning process. The graded step in b is free from this problem. 

graded-stop process (Fig. 8b), respectively, corresponding 
to Fig. 6a and 6b. The resist thicknesses used are 3.4 and 2 
/~m, respectively. It is seen in Fig. 8a that resist residue 
exists at the slope bottom. Prolonged exposure has been 
observed to remove the resist residue but simultaneously 
cause a severe pattern widening at the slope top. The pat- 
tern defined across the graded step (Fig. 8b) shows no 
such problems. Figure 9 summarizes the result of pattern 
size deviations with respect to the mask pattern width, 
AW0 on the planar part of the substrate, AWl at the slope 
top, and AW~ at the slope bottom, measured as a function 
of the slope angle for two different resist thickness (do) 
values. In this measurement,  the exposure time was ad- 
justed for pattern improvement  with the development 
time kept nearly constant. As shown in Fig. 9, the pattern 
width difference between the top and the bottom of the 
slope is in excess of 3.5/~m at 0 larger than 40 ~ and it is re- 
duced well below 0.5/~m by using the resist thickness of 2 
/~m and the value of O of 13 ~ Thus the results shown in 
Fig. 8 and 9 demonstrate the superiority of graded steps 
for fine pattern lithography. 

The quality of photoresist pattern when defined by 
contact lithography is sensitive to both the resist thick- 
ness and the mask to resist surface separation primarily 
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due  to l ight  d i f f rac t ion .  I n  v i ew  of  t he  r e su l t s  of res is t  pat- 
t e rn  def in i t ion  d e s c r i b e d  above ,  we a t t e m p t e d  to corre- 
la te  t h e  p a t t e r n  size d i f f e rence  o b s e r v e d  at  t he  top  a n d  t he  
b o t t o m  of  t h e  s t ep  w i t h  the  res is t  p r o c e s s i n g  condi t ions .  
F igu re  10 s h o w s  the  e x p o s u r e  t i m e  r e q u i r e d  for  p a t t e r n  
de f in t ion  as a f u n c t i o n  of t he  t h i c k n e s s  of t h e  res is t  
coa t ed  on  a p l a n a r  s u b s t r a t e  for a c o n s t a n t  res i s t  deve lop-  
m e n t  t i m e  of  30s. The  m i n i m u m  e x p o s u r e  t i m e  i nc r ea se s  
sha rp ly  as t h e  res i s t  t h i c k n e s s  inc reases ,  re f lec t ing  an  ex- 
p o n e n t i a l  d e c r e a s e  of  l ight  i n t e n s i t y  a long  t he  res is t  
dep th .  A d d i t i o n a l  p lo ts  a n d  l ines  s h o w n  in  the  f igure rep- 
r e s e n t  h o w  large  d e v i a t i o n  (AW) of  p a t t e r n  w i d t h  is pro-  
d u c e d  b y  o v e r e x p o s u r e .  I t  is on ly  w h e n  t h e  res i s t  t h i ck -  
ness  of be low 2 t~m is u s e d  w i th  m i n i m u m  e x p o s u r e  t ime  
t h a t  no  p a t t e r n  w i d t h  dev ia t ion  is de tec ted .  A t  t he  res i s t  
t h i c k n e s s  of  4 tLm, for example ,  even  t he  m i n i m u m  expo-  
sure  for  20s p r o d u c e s  w i d t h  dev ia t ion  of  1 ~m.  We can  es- 
t i m a t e  by  u s i n g  th i s  cha rac te r i s t i c  t o g e t h e r  w i th  Fig. 7 the  
p a t t e r n  w i d t h  d e v i a t i o n  to b e  g e n e r a t e d  for  a va r i e ty  of 
s lope angles .  Fo r  t h e  so lu t i on -e t ched  s tep  w i th  O = 45 ~ t he  
res is t  l ayer  of  t h i c k n e s s  3.4 ~ m  in  t he  p l a n a r  r eg ion  is 
n e e d e d  for  o b t a i n i n g  u s a b l e  s tep  coverage .  This  causes  a 
res i s t  a c c u m u l a t i o n  of  5 ~ m  at t h e  b o t t o m  a n d  a t h i c k n e s s  
r e d u c t i o n  to 1 t~m at  t he  top  of t he  m e s a  slope,  as s h o w n  
in Fig. 7. The  t h i c k n e s s  of 5 ~ m  is f o u n d  f rom Fig. 10 to 
r equ i r e  t he  m i n i m u m  e x p o s u r e  t i m e  of  a p p r o x i m a t e l y  
30s. However ,  th i s  causes  a s ign i f i can t  o v e r e x p o s u r e  to 
p r o d u c e  a p a t t e r n  w i d t h  dev ia t ion  f r o m  t he  m a s k  size at  
the  top  of t he  m e s a  slope.  T he  a m o u n t  of  th i s  is e x p e c t e d  
to be  m o r e  t h a n  2 ~ m  as i n d i c a t e d  in Fig. 10. However ,  ac- 
tua l  p a t t e r n  w i d t h  dev i a t i on  o b s e r v e d  b e t w e e n  t h e  top  
a n d  b o t t o m  sur faces  is m u c h  more  t h a n  4 t~m, as s h o w n  
in Fig. 9. For  t h e  g r a d e d  s tep  w i th  0 = 13 ~ t he  s a m e  proce-  

du re  for  a 2 tLm t h i c k  res i s t  gives t he  m i n i m u m  e x p o s u r e  
t ime  of  8s a n d  t h e  p a t t e r n  w i d t h  dev i a t i on  b e c o m e s  
smal le r  t h a n  0.5 tLm, w h i c h  agrees  fair ly wel l  w i th  t he  re- 
su l t  s h o w n  in  Fig. 9. T h u s  w h e n  t h e  s tep  is wel l  g r a d e d  so 
t h a t  t he  res is t  t h i c k n e s s  is m i n i m i z e d ,  t he  p a t t e r n  size de- 
v ia t ion  is r e d u c e d  a n d  its va lue  can  b e  e x p e c t e d  d i rec t ly  
f rom the  e x p o s u r e  cond i t ions .  On  t he  cont ra ry ,  w h e n  t he  
s tep  b e c o m e s  s teep  a n d  t he  res is t  is t h i c k e n e d ,  t he  devia- 
t ion  b e c o m e s  s ign i f i can t ly  m o r e  t h a n  e x p e c t e d  f rom the  
t h i c k n e s s  effect.  This  is p r e s u m e d  to be  a t t r i b u t e d  to t he  
s e c o n d - o r d e r  effects  s u c h  as t he  l igh t  d i f f rac t ion  e n h a n c e -  
m e n t  due  to t he  m a s k  to res is t  gap  i nc r ea se  at  t he  s lope 
b o t t o m  a n d  t he  o v e r d e v e l o p m e n t  ef fec t  a t  t he  s lope top. 
The  d i s c u s s i o n  m a d e  a b o v e  con f i rms  t h e  u se fu lnes s  of 
g r a d e d  s teps  in  fine p a t t e r n  def in i t ion;  t h e y  r e d u c e  t he  
p a t t e r n  w i d t h  dev i a t i on  less  t h a n  0.5 ~ m  for  t he  s tep  
h e i g h t  of  7 tLm. 

Appl icat ion to O E I C  Fabrication 
The  g r a d e d - s t e p  p rocess  enab les  t he  u se  of  t h i n  pho to -  

res i s t  layers  for  a ser ies  of p h o t o l i t h o g r a p h i c  p roces se s  in-  
v o l v e d  in  OEIC f ab r i ca t i on  so t h a t  suf f ic ien t ly  f ine de- 
v ice  g e o m e t r i e s  can  be  p r o d u c e d  for b o t h  opt ical  a n d  
e lec t ron ic  e l emen t s .  This  is pa r t i cu l a r ly  s ign i f ican t  in  
OEIC ' s  s u c h  t h a t  m e s a  s tep  f o r m a t i o n  for  ep i t ax ia l  s t ruc-  
tu re  i so la t ion  is ca r r i ed  ou t  in  ear ly  s tages  of t he  fabr ica-  
t ion  p rocedure .  Th i s  a d v a n t a g e  of  t h e  p r e s e n t  p roces s  ha s  
b e e n  u s e d  in  f ab r i c a t i ng  m o n o l i t h i c  P I N / F E T  a n d  PIN/  
ampl i f ie r  c i rcui t s  on  GaAs  subs t ra t e s .  In  t he  p r e s e n t  fab- 
r icat ion,  a ho r i zon t a l l y  i n t e g r a t e d  s t r u c t u r e  ha s  b e e n  
adop ted ,  in  w h i c h  t he  p h o t o d i o d e  a n d  t he  F E T ' s  are  all 
p r e p a r e d  on  t he  s emi - i n su l a t i ng  (SI) GaAs  s u b s t r a t e  sur- 
face. Th i s  s t r u c t u r e  is a d v a n t a g e o u s  in e l i m i n a t i n g  para-  
sitic r e a c t a n c e s  w h i c h  d e g r a d e  t he  c i rcu i t  p e r f o r m a n c e s  
s u c h  as t he  r e s p o n s e  t ime,  as h a s  b e e n  of ten  e x p e r i e n c e d  
in a s s e m b l i n g  d i sc re te  e l emen t s .  

F igu re  11 i l lus t ra tes  t he  s e q u e n c e  of  f ab r i ca t ion  p roce-  
dure.  A c h a n n e l  was  f o r m e d  on  a (100) o r i e n t a t e d  surface  
of  SI -GaAs  s u b s t r a t e  u s i n g  t he  g r aded - s t ep  process .  The  
s tep h e i g h t  p r o d u c e d  is typica l ly  7-8 t~m. T h e n  t h e  g r o w t h  
of  t he  p h o t o d i o d e  s t r u c t u r e  cons i s t i ng  of  a 2.5 t~m t h i c k  
n~-GaAs c o n t a c t  layer  (Se-doped,  n = 10 's cm-~), a 2.5 ~ m  
t h i c k  n - - G a A s  p h o t o a b s o r p t i o n  layer  (undoped ,  n -< 101~ 
c m  -3) a n d  a 0.5 tLm t h i c k  h i g h  re s i s t iv i ty  (HR) A10.3Ga0.TAs 
w i n d o w  layer  was  p e r f o r m e d  over  t he  who le  sur face  of 
t he  s u b s t r a t e  b y  me ta l -o rgan ic  c h e m i c a l  v a p o r  depos i t i on  
(MO-CVD) as in  our  p r ev ious  s tud ies  (29). The  P I N  
p h o t o d i o d e  m e s a  s t r u c t u r e  was  d e l i n e a t e d  w i t h i n  t he  
c h a n n e l  by  r e m o v i n g  the  u n w a n t e d  pa r t s  of t h e  ep i tax ia l  
s t r u c t u r e  u s i n g  t he  g raded - s t ep  process .  T h e n  t he  F E T  
layers  cons i s t i ng  of  a 0.7 t~m t h i c k  u n d o p e d - G a A s  bu f fe r  
layer  a n d  a 0.35 tLm t h i c k  n - G a A s  (Se-doped ,  n = 1 • 10 ~7 
c m  -3) c h a n n e l  l ayer  we re  p r e p a r e d  by  MOCVD. The  
c h a n n e l  m e s a s  we re  d e l i n e a t e d  aga in  b y  t he  g raded-s t ep  
process .  S u b s e q u e n t l y ,  t he  P I N  p h o t o d i o d e  a n d  t he  
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Fig. 11. Fabrication sequence of PIN/FET and PIN/amplifier circuits. 
The graded-step process is used in every step (except b). 
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Fig. 12. Schematic cross section of AIGaAs/GaAs monolithic 
photoreceiver. The graded-step process has been extensively used in 
constructing this structure. The PIN photodiode and the FET are both 
formed horizontally and directly on a SI-GaAs substrate, and this config- 
uration eliminates parasitic capacitances. 

FET's were processed and the interconnections between 
the PIN photodiode and the front-end FET as well as 
among FET's  were formed. 

The detailed cross section of the monolithic photo- 
receiver is shown Fig. 12. The p-type region was formed 
by diffusing Zn into the HR A1GaAs layer to reach the 
A1GaAs-GaAs interface. Lifting off and subsequent al- 
loying of Au/AuGe and Au/Zn/Au composite films were 
carried out for forming n- and p-type ohmic contacts, and 
the Schottky barriers were made by lifting off A1 films. 
The FET's  formed in this circuit had recessed-gate struc- 
tures with the recess depth of approximately 0.15 ~m. 
The interconnections between the photodiode and the 
FET and within the amplifier were all formed by lifting 
off Au/Ti. Silicon nitride films were used for both 
forming antireflection coating of the photodiode and 
passivating FET channels. Figure 13 shows scanning elec- 
tron micrograph of the processed PIN/FET chip. The PIN 
photodiode has the photosensitive area of 100 t~m diam, 
and the FET channel width is 80 t~m. It is demonstrated 
in this figure that the PIN-FET interconnection and the 
FET gate contact are successfully formed over the mesa 
steps, respectively, having widths of 8 and 2 tLm. Figure 
13b shows the interconnection exhibiting no pattern size 
degradation. 

The performance of the fabricated PIN/FET was ana- 
lyzed with the circuit shown in Fig. 14 under dc bias ap- 
plication of V1 = 10V and V~ = 4V. The dark current of the 
PIN photodiode was less than 10 nA, and a high quantum 
efficiency of approximately 70% was observed. The 
pinch-off voltage was -2.5V, and the transconductance of 
80 mS/mm were achieved in the present FET owing to the 
application of the recessed-gate structure. The current 
amplification characteristic was measured and the cur- 
rent amplification ratio of 1.4 was determined, which is 
consistent with the PIN load resistance of 200~t multi- 
plied by the FET transconductance of 6.5 mS. The pulse 
response measurement  was carried out using a 0.85 tLm 
wavelength A1GaAs/GaAs laser diode. The upper trace in 
Fig. 15 shows the driving current of the laser, and the 
lower one the FET drain current. The rise and fall t ime 
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Fig. 14. Diagram of measurment circuit for monolithic PIN/FET. The 

dotted line indicates the part of monolithic integration. 

can be determined to be as small as 0.6 ns from the lower 
trace. These compare well with the calculation, 0.57 ns, 
which was made by the sum of the capacitances of the 
photodiode (1.0 pF) and the FET gate (0.3 pF) and the 
load resistance. 

We previously integrated similar PIN/FET in a form of 
vertical structure in which the FET layers are positioned 
above the PIN epitaxial structure with an intermediate 
high resistivity layer to isolate them (29). The response 
time of such vertical PIN/FET was observed to be de- 
graded appreciably when the isolation layer becomes 
thinner than 5 ~m, due to the parasitic capacitance in- 
duced between the upper FET layer and the lower con- 
ductive (nO layer in the PIN structure. 'No such parasitic 
capacitance is expected in the present horizontal struc- 
ture, and the result described above is considered to have 
demonstrated this advantage of the horizontal structure. 

Figure 16 shows the photomicrograph and the circuit 
diagram of the PIN/amplifier photoreceiver chip. The 
chip size is 1.6 x 1.0 ram. In this circuit design, a feedback 
amplifier including a monolithic resistor and an output 
buffer to ECL has been adopted. The circuit response an- 
alyzed under the application of laser light revealed the 
rise and fall t ime to be approximately 1.0 ns, which is con- 
sistent with the expectation made by the total capaci- 
tance of the PIN photodiode and FET gate (1.35 pF) and 
the feedback resistor (1.3 k~). This has again confirmed 
the elimination of parasitic capacitances in the present in- 
tegrated structure. The details of the performance analy- 
sis are reported in a separate paper (30). 

Summary 
A new OEIC fabrication technique incorporating a 

graded-step process has been developed. This process has 
enabled the formation of steps on the semiconductor sub- 

Fig. 13. Scanning electron micrographs showing PIN/FET chip fabri- 
cated by the present technique. The PIN-FET interconnection has been 
successfully formed across 8/.~m deep steps. Also o 2/~m long FET gate 
has been facilitated. 

Fig. 15. Oscilloscope traces of current for source laser (upper trace) 
and output current of PIN/FET (lower trace), indicating fast rise and fall 
time of 0.6 ns of the present PIN/FET. 
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Fig. 16. Photomicrograph (a) and circuit diagram (b) of monolithic 
PIN/amplifier photoreceiver fabricated by using the present graded-step 
process. 

strate with their slopes much graded, down to the slope 
angle of 13 ~ which has not been possible by conventional 
solution etching. The mask formation and the subsequent  
Ar ion-beam etching procedures have been optimized 
for the application to OEIC fabrication. Significant ef- 
fects of grading substrate steps have been demonstrated 
in defining fine patterns on the substrate using contact 
lithography. The graded steps have enabled one to use a 
thin resist layer, and therefore the pattern size deviation 
has been markedly reduced. The application of this pro- 
cess to fabricating A1GaAs/GaAs PIN/FET and PIN/ 
amplifier circuits has confirmed a successful and repro- 
ducible operation of this process to generate fine device 
geometries such as 8 t~m interconnections and 2 ~m gate 
contacts, regardless of the existenc~ of PIN photodiode 
mesa as high as 8 tLm. 

The present result has demonstrated the usefulness of 
this process in OEIC fabrication. When the mesa steps are 
formed at early stage in the fabrication process sequence, 
as in most cases of OEIC fabrication, the improvement of 
photolithographic reproducibility by the present process 
can contribute enormously to increase in overall fabrica- 
tion reproducibility and yield. Such at/ advantage of the 
present process could play an increasingly important role 
in extending the integration scale of OEIC's. 
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Reports on the Energy Research Summer Fellowship Awards 

For the summer of 1984, the following students were awarded Energy Research Summer Fellowships. Each award carried 
with it a grant of $2000. 

Ms. Cathryn Goodman, of Northwestern University, Evanston, Illinois. 
Mr. G. A. Reitz, of the University of Texas, Austin, Texas. 
Ms. Holly-Dee Rubin, of Princeton University, Princeton, New Jersey. 
Mr. Hal Van Ryswyk, of the University of Wisconsin, Madison, Wisconsin. 

The Energy Research Summer Fellowship Awards are made "without regard to sex, citizenship, race, or financial need. 
They are made to graduate students pursuing work between the degrees of B.S. and Ph.D., in a college or university in the 
United States or Canad a." The recipients' projects are fn fields relating to energy research or of interest to The Electrochem- 
ical Society. The Awards are sponsored by the Department of Energy and made by the Summer Fellowship Committee of 
The Electrochemical Society. 

Cathryn Goodman received her B.S. degree in Ceramic 
Engineering from the University of Illinois, Champaign- 
Urbana in 1981. Following graduation, she worked as a pro- 
cess engineer in the hybrid circuit development laboratory 
of Motorola, Incorporated, in Franklin Park, Illinois. She is 
currently a Ph.D. candidate at Northwestern University in 
Evanston, Illinois. Her thesis topic concerns the characteri- 
zation of surface states at the semiconductor/electrolyte 
interface. 

Ms. Goodman's report is given below. 

Characterization of Surface States 
at the-InP/Liquid Interface 

Photoelectrochemical (PEC) cells offer one of the most 
promising methods for converting solar energy into useful 
chemical fuels. The primary components ofa PEC cell are a 
semiconductor photoelectrode, an electrolytic solution, 
and a metal counterelectrode. The energy difference be- 
tween the redox potential of the redox couples in the elec- 
trolyte and the Fermi level in the semiconductor produces a 
depletion region in the semiconductor at the electrode/elec- 
trolyte interface. The depletion region separates charge car- 
riers that are photogenerated near the semiconductor sur- 
face before they can recombine. Minority carriers are swept 
to the interface, where they can take part in a redox reac- 
tion. Conversely, majority carriers are swept to the counter- 
electrode through the external circuit, where they can take 
part in a different reaction. The net result is l~he conversion 
of light energy to chemical free energy. Because of their po- 
tential for practical applications, many studies have been 
conducted to optimize the efficiency of PEC cells (1-7). One 
particularly promising system involves the production of 
hydrogen using a p-InP photocathode. 

Several properties of p-InP make it a good choice for use 
as a photocathode in PEC cells. First, the bandgap of the 
semiconductor used as a photocathode must  be small 
enough to allow for a significant portion of the solar spec- 
t r u m  to genera te  e lec t ron-hole  pairs and  yet be large 
enough to straddle the appropriate redox energy levels 
(H+/H2 and OJH.20 for photohydrolysis). The efficiency of 
the cell is optimized when the bandgap of the semicon- 
ductor is 1.3 eV (8). Therefore, the bandgap of InP, 1.35 eV, 
makes it an ideal choice for this purpose. Second,Jthe stabil- 
ity of the electrode is an important factor' in determining 
cell performance. The use of a p-type material is advanta- 
geous because the electrons that are swept to the surface of 
the electrode cathodically protect it against oxidation. 
Since the products of reductive corrosion reactions are 
thermodynamically less stable than oxidation products (5), 
photoelectrodes made of p-type materials are inherently 
less subject to corrosion than n-type photoelectrodes. 

Indeed, several PEC cells with p-InP photoelectrodes 
have been developed with efficiencies as high as 16% (3, 4, 
6, 7). The key factor in obtaining these high efficiencies was 
the development of surface treatments for the semicon- 
ductor electrode. The surface treatment of the semicon- 
ductor photoelectrode is important to cell efficiency be- 
cause of the role that surface states perform in PEC cell 
operation. The presence of surface states associated, for ex- 
ample, with native defects or adsorbed species can act as 
charge carrier traps, recombination centers, or intermedi- 
ate states for charge transfer. 

It was previously concluded that the InP  surface treat- 
ments increased the efficiency of the PEC cells by altering 
the surface states (5). This suggests that the efficiency of a 
PEC cell can be maximized only if these surface states are 
understood and controlled. In order to develop an accurate 
model for recombination and charge transfer via surface 
states, quantitative data of surface-state energy levels, den- 
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sities, and capture cross sections are required. This study 
utilizes steady-state photocapacitance spectroscopy (9, 10) 
to characterize the semiconductor electrode/electrolyte in- 
terface states, to determine the effect of various surface 
modifications on these states, and to correlate these results 
to cell performance. 

Steady-state photocapacitance (Phcap) spectroscopy of 
liquid junction cells involves the measurement  of the ca- 
pacitance of a reverse biased semiconductor electrode as a 
function of the wavelength of incident sub-bandgap light. 
For a p-type semiconductor in the dark, the positive charge 
in the Helmholtz layer is compensated by the fixed nega- 
tive charge associated with ionized acceptors in the semi- 
conductor. The space-charge layer in the semiconductor 
has a capacitance that can be described by the equation for 
a parallel plate capacitor 

C = A k  eJW 

where A is the area of the plates, k is the dielectric constant, 
�9 o is the permittivity of free space, and W is the distance be- 
tween plates. A change in the concentration of fixed charge 
in the depletion layer will change the depletion layer width, 
W, and will be detected as a change in the capacitance. In 
photocapacitance experiments,  the fixed charge is altered 
when defect levels are optically populated or depopulated. 
When the incident monochromatic light is of the energy re- 
quired for a particular transition, a normally occupied (un- 
occup ied)  s tate can be d e p o p u l a t e d  (popula ted) .  The 
change in the trap occupation will alter the space-charge 
layer width and will be detected as a discontinuity in the 
measured capacitance. The energy level of the transition 
can therefore be determined from the threshold energy of a 
capacitance discontinuity. The density of the states can be 
calculated from the magnitude of the capacitance change. 

The photocapacitance technique also allows for the dis- 
crimination between surface and bulk states by two meth- 
ods. First, if the bias applied a p-type semiconductor 
photoelectrode is made more cathodic, the depletion width 
will increase, thereby increasing the number  of bulk traps 
contributing to the Phcap signal. An increase in the magni- 
tude of signals due to bulk traps will then be observed. If 
only bulk states contribute to the measured capacitance of 
the electrode when it is exposed to incident light of a partic- 
ular energy, the capacitance is related to applied voltage by 
the Mott-Schottky equation (11) 

1 2 
- - -  (V - VFB) 

C 2 q�9149 

where q is the electronic charge, �9 is the dielectric constant 
of the photoelectrode, N is the total density of fixed charge, 
V is the applied voltage, and VvB is the flatband voltage. 
Therefore, if a plot of 1/C"- vs. V is linear when C is the capaci- 
tance measured with incident light of sufficient energy to 
promote a particular transition, it can be concluded that the 
transition is related to a bulk defect state. The second 
method for distinguishing surface and bulk states is to 
change the electrolyte. A change in the composit ion of the 
solution would be expected to affect only surface-related 
features. 

The work in this laboratory to date has involved the in- 
vestigation of p-InP photoelectrodes subjected to surface 
treatments that have been shown to increase PEC cell effi- 
ciency. Single-crystal liquid-encapsulated Czochralski InP 
substrates with net acceptor concentrations of 1-5 x 10 '6 per 
cubic centimeter were used as the photocathodes. The crys- 
tals had a (100) or (111) orientation and were chemically- 
mechanically polished prior to use. The electrodes were il- 
luminated with monochromatic  light from a Zeiss MM12 
doub le  p r i sm m o n o c h r o m a t o r  e q u i p p e d  wi th  a 250W 
quartz-halogen lamp. Photocapacitance measurements 
were performed over the spectral range of 0.5-1.5 eV with a 
Boonton 72B capacitance meter. The photocapacitance ex- 
periments were conducted with a 6M KOH (pH = 14), a 1M 
KC1 + 0.05M CH~COOH + 0.05M CH3COONa (pH = 4.8), or a 
1M KC1 + 0.01M HC1 (pH = 2.1) electrolyte. Pt served as the 
counterelectrode, and a standard calomel electrode served 
as the reference electrode. The applied bias was controlled 
with a BAS CV-1B cyclic voltammetry unit. The surface 
modifications included a 10s concentrated HC1 etch and a 
Co/Pt treatment (7). 

A previous study has shown that the Co and Pt treatment 
has a dramatic effect on the Phcap spectra of an InP elec- 
trode (10). The spectra for a sample subjected to an HC1 etch 
exhibited only a single photocapacitance threshold, which 
occurred at 1.25 eV. The capacitance decrease at 1.25 eV 
was attributed to the promotion of electrons in a defect 
state 1.25 eV below the conduction band to the conduction 
band. After the Co and Pt treatment, the transition at 1.25 
eV diminished and an increase in capacitance appeared at 
1.20 eV. It was concluded that the Co and Pt treatment in- 
troduced a surface state 1.20 eV above the valence band into 
which electrons were promoted. 

The reason for the enhanced efficiency following a Co 
and Pt treatment appears to be twofold (10). First, the 
efficiency increased due to a reduction in the number  of 
recombination states near the valence band. Second, the in- 
troduction of a state at Ev + 1.20 eV presumably allowed for 
more efficient charge transfer from the semiconductor to 
the redox couple via the surface state. 

These results indicate that photocapacitance spectros- 
copy is sensitive to semiconductor surface modifications. 
This  in fo rma t ion ,  a long  wi th  a k n o w l e d g e  of cell  
efficiencies, allowed a model  to be developed for the role of 
surface states in PEC cell operation. It is desirable, how- 
ever, to obtain direct quantitative evidence that will allow 
for the discrimination between surface- and bulk-related 
states and permit the calculation of defect-state concentra- 
tions. 

The t ime period covered by this Fellowship was devoted 
to studying PEC cell photocapacitance response as a func- 
tion of bias and electrolyte composition in order to charac- 
terize surface and bulk states. The equations developed by 
Haak and Tench (9) were employed to calculate surface- 
state densities. 

Figure 1 gives a typical Phcap scan for an as-received 
p-InP photocathode in KOH with no external bias. The 
spectrum indicates that a transition occurred to a state 1.17 
eV above the valence band and that another transition 
occurred from a state 1.27 eV below the conduction band to 
the conduction band. Defect states at approximately Ev + 
1.2 eV and Ec - 1.3 eV were consistently observed in a num- 
ber of electrodes. An analysis of the photocapacitance sig- 
nals indicates concentrations of 1.1 x 10"/cm 2 and 1.7 x 
101Vcm 2 for the Ev + 1.2 eV and Ec - 1.3 eV transitions, re- 
spectively. It should be noted that these measurements 
were made with a light intensity which may not have been 
sufficient to saturate the defect states. Therefore, the ac- 
tual concentrations may have been higher. 

To determine if the transitions involved surface or bulk 
traps, a series of spectra as a function of reverse bias were 
obtained. The results are shown in Fig. 2. The contribution 
to the photocapacitance signal due to the Ev + 1.2 eV transi- 
tion can be seen to increase with reverse bias. However, in 
this case, a plot of 1/C 2 as a function of applied potential for 
the capacitance values measured when the electrode was 
subjected to 1.2 eV light did not reveal the nature of the 1.2 
eV transition. The scatter in the data was too great to allow 
for a conclusion to be made as to whether  or not the trap 
obeyed the Mott-Schottky equation. More precise measure- 
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ments are needed to determine if the 1.2 eV transition is 
bulk related. In contrast, the Ec - 1.3 eV Phcap signal de- 
creased as the cathodic bias increased. This indicates that 
the transition is surface related. 

To verify the surface sensitivity of the Phcap measure- 
ments, experiments were conducted using several other 
electrolyte solutions. The photocapacitance response for 
an as-received sample in solutions with pH = 2 and pH = 5 
are shown in Fig. 3. Curve (a), pH = 5, shows the same capac- 
itance transitions that were observed in Fig. 1 (pH = 14). 
Curve (b), pH = 2, however, differs~significantly, owing to a 
large capacitance increase at approximately 1.25 eV. In ad- 
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dition, the decrease in capacitance at 1.3 eV is not present in 
this spectrum. Figure 4 shows the photocapacitance spec- 
tra in the three solutions for an electrode subjected to an 
HC1 etch. Again, a transition at 1.25 eV appears, and the 1.3 
eV transition disappears in the spectra corresponding to 
acidic solutions. The dependence of the Phcap spectra on 
the composition of the electrolyte solution confirms that 
photocapacitance is sensitive to interface states at the 
semiconductor/electrolyte interface. 

It  is i n t e r e s t i ng  to note  the  s imi la r i ty  b e t w e e n  the  
photocapacitance spectra from the Co- and Pt-treated 
sample (10) and the as-received and etched samples in an 
acidic electrolyte (Fig. 3 and 4). The reason for the similarity 
is not understood, but the capacitance discontinuities may 
be associated with the same defect states. Work will con- 
tinue to determine the mechanisms responsible for the 
photocapacitance results. 

In summary, the work to date has shown that  steady-state 
photocapacitance spectroscopy is a powerful tool for ob- 
taining valuable information about the semiconductor/  
electrolyte interface in a photoelectrochemical cell. The 
technique allows for the detection and characterization of 
both bulk and interface charge-carrier traps. Additional in- 
formation concerning the nature of these states can be ob- 
tained by varying the applied bias and the electrolyte. In 
particular, the work with InP looks promising for detailed 
kinetic studies, and work will continue to correlate the ob- 
served surface states and efficiencies. 

The author would like to thank The Electrochemical So- 
ciety for its support through the Summer  Fellowship and 
Professor B. W. Wessels for helpful consultations. The au- 
thor is grateful for the continued support of the Gas Re- 
search Institute and Eltron Research Incorporated. Optical 
measurements were performed in the facilities of the Mate- 
rials Research Center at Northwestern University sup- 
ported in part by the National Science Foundation. 
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Gary A. Reitz was born in Gettysburg, Pennsylvania  in 
1960. He received his B.A. in 1982 from Western Maryland 
College, located in his home town of Westminster,  Mary- 
land. 

Currently, Mr. Reitz is pursuing his Ph.D. degree at the 
Universi ty of Texas at Austin. 

Mr. Reitz's report  is given below. 

Electrochemical Reduction of 
Olefins Catalyzed by Nickel 

Complexes 
A recent  significant development  in catalysis is the dis- 

covery of redox transformations mediated by altered oxida- 
tion levels of metal  complexes  or organometall ic reagents. 
We report  here our investigation of the catalytic reduction 
of olefins mediated by controlled reduction of nickel  com- 
plexes  of varying structure and reduction potential.  

The  p h y s i c a l  p r o p e r t i e s  of  n i cke l  c o m p l e x e s  wi th  
bipyridine and related dinitrogen-containing ligands have 
been extensively studied, both in aqueous and nonaqueous 
solution, by spectrophotometry  (1-4), electrochemical  tech- 
niques (5-8), ESR (5), and circular dichroism (9), yielding in- 
formation about  their  magnet ic  moments  and conductivi- 
ties (10-12), stabili ty constants  (13-15), and heats (16) and 
kinetics (17) of formation. These nickel complexes have 
been reported to catalyze a variety of homogeneous  reac- 
t ions ,  i n c l u d i n g  cis a d d i t i o n  of  d e u t e r i u m  c y a n i d e  to 
olefins (18), insertion of CO into nickel-l igand bonds  to 
yield ketones and ter t iary alcohols (19), Michael addit ions 
(20), and polymerizat ion of olefins (21-24). Nickel com- 
plexes have also been electrochemically generated in situ 
to catalyze the formation of subst i tuted olefins (25). 

Both nickel complexes NiL,,,X,~ and their parent  com- 
pounds  NiX, form complexes  with vinyl monomers  such as 
a c r y t o n i t r i l e  (21-24). U n d e r  ce r t a in  c o n d i t i o n s ,  Ni 
complexat ion with the vinyl monomer  initiates polymer-  
ization of the monomer.  Kern (21) has noted that anhydrous 
NiC1._, is unreactive toward acrylonitr i le in the absence of Zn 
metal. Barton et al. (22) have determined that  free radical 
polymerizat ion of several vinyl  monomers was init iated by 
the NiCl~-N,N-dimethylaniline complex. Several aryl 
(bipyridine) nickel  hal ide complexes,  which themselves ex- 
hibi t  no catalytic activity for the polymerizat ion of vinyl 
monomers,  have been prepared  by Uchino and co-workers 
(23). However, in combinat ion with Lewis acids, these 
nickel complexes catalyzed the polymerization of several 
vinyl monomers.  

The purpose of the work reported herein was to examine 
whether  electrochemical  generation of radical ions of sev- 
eral nickel  dinitrogen containing complexes would initiate 
polymerization of the vinyl  monomer  acrylonitrile. The 
complexes examined were NiL:,CI~ complexes,  where L = 
bipyridine,  1, and subst i tuted bipyridines,  phenanthroline,  
2, and substi tuted phenanthrolines,  and biquinoline,  3, and 
subst i tuted biquinolines. One NiL complex was also exam- 
ined, where L = hexa-aza-macrocycle,  4. 

Experimental 
Materials.--Anhydrous nickel  (II) chloride was obtained 

by the method of Pray (26). Green NiCI~ �9 6H.,O (MCB, rea- 
gent grade) was refluxed with freshly distil led thionyl 
chloride (SOC12) (MCB, reagent  grade) for 2.5h in a reflux 
apparatus  equipped with a drying tube. Excess SOC12 was 
removed by distillation. The flask containing orange anhy- 
drous NiCI~ was then transferred to a vacuum desiccator 
containing NaOH and allowed to stand for several days to 
remove any remaining traces of SOC12. 

N,N-dimethylformamide (DMF) (MCB, glass-distilled) 
was purified by predrying over anhydrous magnesium sul- 
fate (Fisher, Certified grade) or anhydrous bar ium oxide 
(Fisher, technical grade) followed by vacuum distillation 
(bp:78~ at 39 torr). Chloroform (MCB, reagent grade) and 
methanol  (VWR Scientific, reagent grade) was used as re- 
ceived. Tetrahydrofuran (THF) (MCB, reagent grade) was 
refluxed over calcium hydr ide  and distil led prior to use. 
Acrylonitr i le (MCB, reagent  grade) was purified by wash- 
ing with successive port ions of dilute H2SO4, dilute Na,_,CO3, 
and water, and drying over molecular  sieves (MCB, 4A), fol- 
lowed by simple distillation. This afforded acrylonitri le 
(bp:77~ greater than 95% purity by NMR. Anhydrous 
te t rabuty lammonium perchlorate  (TBAP) (Southwestern 
Analytical  Chemicals, electrometric grade) was recrystal- 
lized from Skelly B: ethyl acetate and dried at 50~ in vacuo 
for 4-6h. Ferrocene (Aldrich) was purified by sublimation 
prior to use. 

Ligands obtained from Aldrich (2,2'-bipyridine, 1,10- 
phenanthro]ine [gold label], 4,7-diphenyl-1,10-phenanthro- 
line) and Alfa (4,4'-dimethyl-2,2'-bipyridine, 2,9-dimethyl- 
1,10-phenanthroline, 2,2'-biquinoline, 4,4'-dicarboxy-2,2'- 
biquinoline) were all reagent grade unless specified and 
were used without  further purification. All other l igands 
(2-chloro-l,10~phenanthroline, 2,9-dichloro- 1,10-phenan- 
throline, 2,9-diamino-l,10-phenanthroline, and hexa-aza- 
macrocycle) were synthesized (27, 28). 

The Ni(bpy)~Cl,~ complex was prepared by dissolving an- 
hydrous NiC12 in methanol,  adding excess bipyridine, 
s tr ipping off the solvent under  vacuum, and subl iming the 
excess bipyridine out of the solid mixture. All other nickel 
complexes were prepared by a variation of the method of 
Inskeep (1). Stoichiometric amounts of anhydrous NiCl~ 
and the ligand were dissolved in methanol,  warmed to ef- 
fect complete solution, and the solvent then removed under  
vacuum. Because of l imited solubili ty in methanol,  stoichi- 
ometric amounts of both of the biquinoline complexes,  the 
2,9-dichlorophenanthroline complex, and the hexa-aza- 
macrocycle complex were refluxed with anhydrous NiCl~ 
in THF for 6h. The THF was then removed under  vacuum. 

Instrumentation and equipment.--Cyclic vol tammetry  
was performed using a Bioanalytical Systems BAS-100 
Electrochemical  Analyzer and a Houston Ins t ruments  
Hiplot  DMP-40 digital plotter. The cell used was a one- 
compar tment  cell equipped with a 3 ram'-' p la t inum disk 
working electrode, a pla t inum wire countere!ectrode, and a 
silver/0.1M silver nitrate in acetonitri le reference electrode. 
Tetra-n-butyl ammonium perchlorate (TBAP) was used as 
the support ing electrolyte (0.1M in DMF). All solutions 
were deaerated with argon for at least 10 min prior  to ob- 
taining the vol tammograms.  Posit ive IR compensat ion for 
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so lu t i on  r e s i s t ance  was  ut i l ized in  all e x p e r i m e n t s .  The  
s c a n  ra te  in  all e x p e r i m e n t s  was  100 mV/s.  

P r e p a r a t i v e  e l e c t r o l y s e s  w e r e  p e r f o r m e d  u s i n g  a 
P r i n c e t o n  A p p l i e d  R e s e a r c h  (PAR) Mode l  173 po ten t io s t a t ,  
a Mode l  179 digi ta l  cou l om e t e r ,  a n d  a Mode l  175 u n i v e r s a l  
p r o g r a m m e r .  The  cell  u s e d  was  a t w o - c o m p a r t m e n t  cell  
w i t h  a f ine  g l a s s  f r i t  s e p a r a t i n g  t h e  w o r k i n g  a n d  
c o u n t e r e l e c t r o d e  c o m p a r t m e n t s .  So lu t i ons  of  0.2M T B A P  
in  D M F  w e r e  u s e d  as t h e  e l ec t ro ly te .  A p l a t i n u m  wi re  coil 
e l ec t rode  a n d  a p l a t i n u m  gauze  e l ec t rode  we re  u s e d  as t he  
w o r k i n g  a n d  c o u n t e r e l e c t r o d e s ,  r e s p e c t i v e l y ,  w h i l e  
Ag/AgNO3 was  u s e d  as t he  r e f e r ence  e lec t rode .  Typical ly ,  
75-100 m g  of  ac ry lon i t r i l e  a n d  a few mi l l i g r ams  of  anhy-  
d r o u s  Ni(bpy)3C12 w e r e  d i s so lved  in 5 m l  of  t h e  e lec t ro ly te  
so lu t ion ,  p l a c e d  in t h e  w o r k i n g  e l ec t rode  c o m p a r t m e n t ,  
a n d  d e a e r a t e d  w i t h  a r g o n  p r io r  to  e lect rolys is .  Cont ro l led-  
p o t e n t i a l  e l ec t ro lyses  we re  p e r f o r m e d  at  -2 .2V.  

All p o t e n t i a l s  r e p o r t e d  h e r e i n  are r e f e r e n c e d  to t he  
AgtAgNO:~ r e f e r ence  e lec t rode .  T he  f e r r o c e n e / f e r r o c e n i u m  
coup le  d i sp lays  a one -e l ec t ron  r eve r s ib l e  wave  c e n t e r e d  at  
+0.02V vs. Ag/AgNO:~, as c o m p a r e d  w i th  +0.307V vs. a n  
a q u e o u s  s a t u r a t e d  ca lomel  e l e c t r o d e  (SCE) (29). 

L o w  r e s o l u t i o n  m a s s  s p e c t r a  were  o b t a i n e d  on  a d u  P o n t  
21-491 m a s s  s p e c t r o m e t e r  w i t h  INCOS da ta  sys tem.  P r o t o n  
n u c l e a r  m a g n e t i c  r e s o n a n c e  spec t ra  were  o b t a i n e d  on  a 
V a r i a n  EM-390 s p e c t r o m e t e r .  

Results and Discussion 

T h e  e l e c t r o c h e m i c a l  r e d u c t i o n  of  olef ins  u s i n g  n i cke l  
c o m p l e x e s  as ca ta lys t s  was  s tud ied ,  a n d  ac ry lon i t r i l e  was  
c h o s e n  as a m o d e l  subs t r a t e .  A c r y l o n i t r i l e  d i s p l a y e d  no  
e l e c t r o c h e m i c a l  ac t iv i ty  ove r  t he  D M F  s o l ven t  w i n d o w  
+0.50 to - 2 . 5 0 V  vs. Ag/AgNO3. A d d i t i o n  of  acryloni t r i le ,  
howeve r ,  to  so lu t ions  of  t h e  n i cke l  c o m p l e x  caused ,  in  all 
cases,  d i s a p p e a r a n c e  of  r eve r s ib i l i t y  of  t h e  v o l t a m m e t r i c  
w a v e s  a s soc ia t ed  w i t h  r e d u c t i o n  of  t he  n icke l  c o m p l e x  a n d  
c o n c o m i t a n t  f o r m a t i o n  of  o t h e r  waves  a t t r i b u t e d  to associ-  
a t ion  of  ac ry lon i t r i l e  w i t h  t he  n i cke l  complex .  P e a k  po ten -  
t ials  o b t a i n e d  by  cycl ic  v o l t a m m e t r y  of  t he  NiL~C12 a n d  NiL 
c o m p l e x e s  in  DMF are  t a b u l a t e d  in T a b l e  I. Also  i n c l u d e d  
in T a b l e  I are  t he  p e a k  p o t e n t i a l s  seen  u p o n  a d d i t i o n  of a 
sma l l  a m o u n t  of  ac ry lon i t r i t e  to t he  NiL,X~ so lu t ions .  

Cycl ic  v o l t a m m o g r a m s  of  t h e  n i cke l  ( t r i s )b ipyr id ine  com-  
p l e x  p r io r  to  a n d  fo l lowing  a d d i t i o n  of  ac ry lon i t r i l e  are  
s h o w n  in Fig. 1. T h e  Ni(bpy)3C12 c o m p l e x  i t se l f  d i sp lays  a 
nea r ly  r e v e r s i b l e  w a v e  c e n t e r e d  at  - 1 . 5 7 V  vs. Ag/AgNO3 
a n d  a s e c o n d  i r r eve r s i b l e  r e d u c t i o n  w a v e  at  Ep.~ = -2 .40V.  
T h e s e  waves  are  r ep laced ,  o n  a d d i t i o n  of  acry loni t r i l e ,  by  a 
q u a s i r e v e r s i b l e  w a v e  c e n t e r e d  a t  - 2 . 0 7 V  a n d  two  o t h e r  irre-  
v e r s i b l e  r e d u c t i o n  w a v e s  a t  - 1 . 5 7  a n d  - 1 . 7 1 V .  S i n c e  
ac ry lon i t r i l e  i t se l f  does  n o t  u n d e r g o  c a t h o d i c  r e d u c t i o n  a t  
p o t e n t i a l s  less  n e g a t i v e  t h a n  -2 .50V,  t he  a p p e a r a n c e  of  n e w  
w a v e s  for  t h e  Ni(bpy)3C12-acrylonitrile c o m p l e x  i n d i c a t e s  
t h a t  e lec t roca ta ly t i c  r e d u c t i o n  of  ac ry lon i t r i l e  b y  t h e  
Ni(bpy):~Cl~ c o m p l e x  is occur r ing .  P r e l i m i n a r y  e x a m i n a t i o n  
b y  m a s s  s p e c t r o m e t r y  o f  t h e  p r o d u c t s  o b t a i n e d  b y  

(b) 

(o) 

§ 

T 
2,~A 
l 

+0.50 0.0 
I , , ~ , l , , , i I , , , , l i i i i I 

-0 .5  -1.0 -1.5 -2 .0  -2.50 

E (UOLT } 

Fig. 1. Cyclic voltammograms of 5 x IO-:'M Ni(bpy):~CI2 in O.1M 
TBAP/DMF (a) prior to addition of acrylonitrile and (b) after addition of 
acrylonitrile. Platinum working electrode area: 3 mm 2. Scan rate: 100 
mV/s. Reference electrode: silver/silver nitrate (0.1M) in acetonitrile. 
c o n s t a n t - p o t e n t i a l  c o u l o m e t r y  of  a so lu t ion  of  ac ry lon i t r i l e  
and  Ni(bpy):,Cl=, in  0.2M T B A P / D M F  revea l s  t he  m a j o r  p rod-  
uc t  of  t h e  e lec t ro lys is  to  be  a p o l y m e r  of  acryloni t r i le .  
Ni(bpy):~C12, t hen ,  ac t s  as a ca ta lys t  for  t he  ca thod i c  po lym-  
e r i za t ion  of  acryloni t r i Ie .  

S imi l a r  cata lyt ic  b e h a v i o r  is o b s e r v e d  for  m o s t  of  t he  re- 
l a ted  n i c k e l  c o m p l e x e s ,  as s h o w n  in  T a b l e  I. T h e  p a r e n t  
NiCl~-acrylonitr i le  c o m p l e x  is r e d u c e d  at  a p o t e n t i a l  sub-  
s t an t i a l ly  less  n e g a t i v e  t h a n  t h a t  of  t he  Ni(bpy)~Cl~ analog;  
howeve r ,  t he  n o n r e v e r s i b i l i t y  of  t he  NiC12-acrylonitri le sys- 
t e m  m a k e s  NiCl.~ a p o o r  c h o i c e  for  a catalyst .  E x c e p t  for  t h e  
Ni(2-Cl(phen))3Cl~-acrylonitri le complex ,  t h e  l a rges t  ca- 
t h o d i c  p e a k  in all of  t he  NiLmC1,-acrylonitr i le  v o l t a m m o -  
g r a m s  is t h e  m o s t  nega t i ve  of  t he  o b s e r v e d  peaks .  F o c u s i n g  
on  t he  l a rges t  c a t h o d i c  peak ,  all o f  t he  c o m p l e x e s  s h o w  cat- 
a ly t ic  ac t iv i ty  t o w a r d  r e d u c t i o n  of  acry loni t r i le ,  t h o u g h  
w i t h  v a r y i n g  r e d u c t i o n  p o t e n t i a l s  d e p e n d i n g  on  t h e  s t ruc-  
t u r e  of  t he  l igand.  

W i t h i n  each  ser ies  of  r e l a t ed  l igands ,  s u b s t i t u e n t  effects  
o n  t h e  r e d u c t i o n  p o t e n t i a l  of  t he  NiL~Cs com-  
p l ex  are o b s e r v e d  for  t he  l a rges t  c a thod i c  p e a k s  in  t he  
v o l t a m m o g r a m s .  Fo r  t h e  2 ,2 ' -b ipyr id ine  series,  subs t i t u t -  
ing  t h e  s l ight ly  e l e c t r o n - d o n a t i n g  m e t h y l  g r o u p s  on  t he  4,4' 
pos i t i ons  r e su l t s  i n  a sma l l  nega t i ve  sh i f t  in  r e d u c t i o n  po-  
tent ia l ,  as  w o u l d  b e  e x p e c t e d .  T h e  p a r e n t  c o m p l e x  o f  t he  
p h e n a n t h r o l l n e  series ,  Ni(phen)3C12-acrylonitri le complex ,  
s h o w s  a q u a s i r e v e r s i b i e  w a v e  c e n t e r e d  at  -2 .07V.  T h e  
4 ,7-d iphenyI  s u b s t i t u t e d  p h e n a n t h r o t i n e  c o m p l e x  is m u c h  
eas ie r  to  r e d u c e  ( -  1.95V) t h a n  t h e  u n s u b s t i t u t e d  complex .  
As  an t i c ipa t ed ,  t h e  e l ec t ron  d o n a t i n g  m e t h y l  a n d  a m i n o  
g r o u p s  b o t h  sh i f t  t h e  r e d u c t i o n  p o t e n t i a l  of  t he  ac ry lon i t r i l e  
c o m p l e x  to m o r e  nega t i ve  p o t e n t i a l s  ( -2 .16  a n d  - 2.33V, re- 

Table I. Cyclic voltammetric data for nickel complexes and their interaction with acrytonitrile 

Complex ~ Color Ep.c (complex) ~ Ep.a (complex) c Ep.~ (complex + AN) d Ep.~ (complex + AN) 

NiC12 (anhydrous) Yellow-orange -1.62 -0.40 -1.76 - 0".55 
Ni(bpy)3Cl~ Light pink -1.63(q) e, -2.40 -0.96, -1.51(q) -1.57,-1.71,-2.11(q) -2.04(q) 
Ni[4,4'-diMe(bpy)t~Cl~ Dark orange -1.78(q), -2.45 -1.05, -1.74(q) -1.71, -1.86, -2.21(q) -0.25, -2.10(q) 
Ni(phen):~Cl: Dark pink - 1.72(q), -2.35 - 1.66(q) - 1.63, -2.10(q) -2.05(q) 
Ni[4,7-diPh(phen)]3Cl~ Light orange -1.59(q), -1.93, -1.58(q), +0.20 -1.55, -1.68,-1.99(q) -1.90(q), +0.13 
Ni[2-Cl(phen)]3C12 Dark green - 1.42, - 1.85 None - 1.38, - 1.91 None 
Ni[2,9-diCl(phen)]3Cl~ Tan -1.72, -2.17, -2.32(q) -2.28(q) -1.65, -2.19 None 
Ni[2,9-diMe(phen)]3Cl.~ Blue-green -1.25(q), -1.55(q), -1.03(q), -1.49(q), -1.27, -1.54, -2.16 -0.83, -1.48, -2.06 

-2.10(q) -2.02(q) 
Ni[2,9-diNH~(phen)13Cl~ Green - 1.41(q), - 1.99 - 1.10(q), - 1.29 - 1.47, - 1.98, -2.33 None 
Ni(2,2'-biqn)3C1._, Yellow -1.56, -2.21(q) -0.49, -0.98, -1.94, -1.67, -2.22 None 

-2.11(q) 
Ni[4,4'-diCO~H(biqn)]:~ Tan - 1.38 -0.96 - 1.43 None 

-C12 
Ni(HAM) Brown None None - 1.43, - 2.18 None 

a bpy = 2,2'bipyridine; phen = 1,10-phenanthroline; biqn = 2,2'biquinoline; diMe = dimetl~yl; diPh = diphenyl; C1 = chloro; diC1 = dichloro; 
DiNH~ = diamino; diCO~H = dicarboxy; HAM = hexa-aza-macrocycle. 

b Cathode peak potentials. 
Anodie peak potentials. 

d AN = acrylonitrile. 
e (q) = Quasireversible. 
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spectively). Anomalous results are obtained from the 
Ni(2,9-diCl(phen))3Cl2-acrylonitrile complex, though. With 
two electron withdrawing groups on the ring, the reduction 
potential would be predicted to be shifted anodically. How- 
ever, a cathodic shift of 90 mV is obtained for this complex, 
compared to the parent Ni(phen)3C12-acrylonitrile complex. 
The biquinoline series behaves as expected, though. The 
parent Ni(biqn):~C12-acrylonitrile complex possesses a re- 
duction potential of -1.67V, while the 4,4'-dicarboxy 
analog reduces at -1.43V, which exhibits the predicted 
substantial negative anodic shift. 

Be tween  the series of complexes ,  espec ia l ly  the 
bipyridine and biquinoline series, there is a large difference 
in reduction potential between the NiL,,C12-acrylonitrile 
complexes (zXEp = 0.19V for the parent complexes). This dif- 
ference in reduction potential is probably because the more 
conjugated biquinoline ring system is easier to reduce than 
the less conjugated bipyridine ring system, and that differ- 
ence parallels the change in reduction potential from 
biquinoline itself to bipyridine (about 0.50V) (30). 

It has been demonstrated that nickel complexes with 
various ligands can catalyze the cathodic reduction of 
acrylonitrile. Electrochemical stability of the catalyst is 
also necessary for any practical system. Toward this end, 
only the Ni(bpy):~C12, Ni(4,4'-diMe(bpy)):~C12, Ni(phen):~C12, 
and Ni(4,7-diPh(phen))~C12 complexes have demonstrated 
sufficient reversibility to be potentially useful on a large 
scale. 
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Cation and Wavelength Effects on 
the CdSe/Fe(CN):- 

Photoelectrochernical Solar Cell 
The major obstacles in the utilization of semiconductor 

liquid junct ion cells for solar energy conversion have been 
photocorrosion of the semiconductor material and the 
rather low energy conversion efficiencies of these devices. 
As previously reported (1), the photodecomposition of 
n-CdS in a Fe(CN)~ 4-~3- electrolyte is dramatically de- 
creased in the presence of a mixture of K ~ and Cs § ions. Not 
only is stability improved, but monochromatic (488 nm) 
conversion efficiencies in excess of 20% have been ob- 
served. Gerischer (2) had previously demonstrated that ad- 
dition of a K4Fe(CN)JK~Fe(CN)6 mixture to the aqueous 
CdS photocell slightly decreased the photo-oxidation 
reaction 

hv 
2h ~ + CdS ~ Cd 2§ + S O [1] 

The slower decomposition has been attributed to a compe- 
tition between oxidation of solution Fe(CN)~?- and the oxi- 
dation of the electrode surface (3). However, we have shown 
(1) through diffuse reflectance FTIR spectroscopy that 
there is actually a layer of K~Cs~[Cd"Fe"(CN)6] on the sur- 
face of the electrode under  the conditions employed. This 
layer is produced when photochemically generated Cd ~ 
ions react with solution Fe(CN)64-. Layers of this type have 
already been shown to enhance charge transfer and inhibit 
corrosion at metal electrodes (4). For the case of the semi- 
conductor, we believe that the enhanced stability and 
efficiency are associated with good orbital overlap be- 
tween the semiconductor bandedges and the redox active 
surface layer orbitals. Once reduced, the surface material is 
then capable of facile charge transfer to solution Fe(CN)64- 

Because of the smaller bandgap of C dSe, and owing to re- 
ports (5) of stabilized photocurrents of n-CdSe in aqueous 
alkaline Fe(CN)63-~4-, this system was found to be of inter- 
est. The results of this investigation are reported below. Ex- 
periments were conducted using both single-crystal and 
po]ycrystalline n-CdSe electrodes. Samples were irradiated 
using either an argon ion or helium-neon laser. The electro- 
lyte was composed of 0.2M K4Fe(CN)6, and 0.01M K3Fe(CN)6 
with 0.1M KOH as suD~)orting electrolyte. A standard 
potentiostated three-electrode configuration was em- 
ployed using a plat inum counterelectrode and a SCE refer- 
ence electrode. Analogously to n-CdS, bandgap irradiation 
leads to the formation of an insoluble K.~[CdHFe(CN)6] sur- 
face layer. The n-CdSe/Fe(CN)64-~3-/KOH system is stable 
for periods in excess of several hours when irradiated with 
488 nm light (current density - 1 mA/cm~). Addition of Cs ~ 
leads immediately to a precipitous decay in photocurrent 
(t '~'-' - 30 rain), in contrast to the stability effects ofCs + on the 
n-CdS system. 

These results can be explained using the model previ- 
ously described (1). The incorporation of Cs 4 cations into 
the surface layer is expected to cause the redox potential of 
the surface species to become more positive (6). In the case 
of the n-CdS, this shift could lead to increased overlap be- 
tween the semiconductor valence band states and the oxi- 
dizable cadmium ferrocyanide surface layer, n-CdSe, 
though, is expected to have a valence bandedge which is al- 
ready at a more negative potential than that of n-CdS by 
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700 mV (5a). Therefore, any positive shift in the redox po- 
t en t i a l  of the surface  layer  may shif t  these  levels  
significantly positive of the valence bandedge, actually de- 
creasing the degree of overlap, and thus slowing interfacial 
charge-transfer kinetics and enhancing electrode decom- 
position processes. 

A most unusual  result was discovered in the course of 
these studies. The n-CdSe cell photocurrent stability was 
found to be dependent  on the wavelength of incident irradi- 
ation. When irradiated with 488 nm light, stable photo- 
current output was achieved in excess of several hours. 
However, when excitation is at 633 nm, the photocurrent 
decays rapidly (t 1~2 - 30 rain). Furthermore, preirradiation 
at 488 nm induces photostability upon subsequent  irradia- 
tion at 633 nm. To our knowledge, such a wavelength de- 
pendent  photoelectrochemical decomposition reaction has 
never before been reported. As will be discussed in a forth- 
coming communicat ion (7), we attribute the wavelength de- 
pendence to the photochemical properties of the surface 
species,  i.e., the surface  species  u n d e r g o e s  a pu re ly  
photoinduced reaction, possibly CN- loss, which modifies 
the surface layer in such a way so as to enhance charge- 
transfer rates at the semiconductor electrolyte interface. 
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Luminescent Properties of a 
Surface-Modified Cadmium 

Selenide Electrode 
We have used photoluminescence (PL) and electrolumi- 

nescence (EL) to characterize electric fields in a variety of 
semiconductor electrodes. Samples of n-CdSe have been 
the focus of several such studies (1-4) and reflect the impor- 
t ance  of this  smal l  b a n d g a p  mater ia l  in  the des ign  of 
efficient photoelectrochemical cells (PEC's). 

Modified semiconductor surfaces are n o w  being in- 
tensely investigated with regard to device applications. A 
novel system recently reported by Bocarsly et al. is based 
on the modification of n-CdS and n-CdSe electrodes using 
a ferri/ferrocyanide electrolyte; for n-CdS, the modified 
electrode leads, for specific cations, to an appreciable in- 
crease in optical-to-electrical energy conversion efficiency 
obtainable in a PEC (5). 

In this report, we examine PL and EL properties of a 
ferri/ferrocyanide-modified n-CdSe electrode. We show 
that PL intensity from the modified electrode is in good ac- 
cord with a dead-layer model found applicable to naked, 
homogeneous electrodes (4, 7, 8), and that EL properties of 
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the modified CdSe electrode are comparable to those of the 
naked electrode. 

E x p e r i m e n t a l  

S a m p l e s  of  n -CdSe  c-pla tes  were  p u r c h a s e d  f rom 
Cleve land  Crystals ,  I nco rpo ra t ed .  The  crys ta ls  were  
mounted with the (0001) (Cd-rich) face outwards, then 
etched in Br~-methanol (1:10 v/v), rinsed with water, and 
dipped in cone HC1 for 10s. The electrodes were irradiated 
at open circuit with 50 mW cm-2 of 488 nm light from an Ar ~ 
laser in an electrolyte of 0.2M K4Fe(CN)J0.01M K~Fe(CN)fl 
1M KOH for 25 min before being brought into circuit in the 
same electrolyte at +0.1V vs. SCE for 10 rain. The stability 
of this modified electrode was tested by operation in a PEC 
employing fresh ferri/ferrocyanide electrolyte and 633 nm 
excitation (HeNe laser), a wavelength which did not pro- 
mote film growth. Only those electrodes showing a steady 
photocurrent  with time were used in succeeding experi- 
ments. Unless otherwise noted, the cation used in all elec- 
trolytes was K § which was found to stabilize the surface 
layer on CdSe (6). 

The experimental  setups for the dead-layer measure- 
ments and EL efficiencies are described elsewhere (1, 7). 
EL experiments were performed using a 0.5M OH-/0.1M 
S..,Os '2- electrolyte with either K ~ or Na § counterions. 
Peroxydisutfate concentrations were determined by iodo- 
metric titration. 

Auger electron spectroscopy (AES) was performed on a 
modified electrode using a Physical Electronics Model 548 
instrument operating with a 3 keV, 25/zA primary electron 
beam approximately of 200/zm diam. Sputter  etching was 
conducted using a 2 mm diam beam of 5 keV, 25 mA Ar ions 
with the chamber backfilled to 5 • 10 -~ torr of At. 

Results and  Discussion 

Modification of the shiny CdSe electrode as described 
above yields a-duI1 black matte surface. An Auger spectrum 
of the surface layer shows it to consist of K, Cd, Fe, C, N, and 
O in a ratio of 1.0:1.0:1.0:6.1:6.0:0.70. A sputter etching ex- 
periment, illustrated in Fig. 1, shows the surface layer com- 
position to be relatively independent  of depth, eventually 
giving way to the CdSe substrate. Species with related com- 
positions, such as K._,CdFe(CN)~ and KCdFe(CN)~, have 
zeolite-like channels (9). If  the modified electrode has a 
similar structure, the presence of oxygen may signify 
trapped water. 

When the modified electrode is used as a photoanode in a 
PEC, its PL intensity can be quenched by applied potential. 
Figure 2 presents photocurrent-lz PL intensity-voltage data 
(iLV curves); the potential-independent spectral distribu- 
tion permits PL to be monitored at 720 nm. Quenching of 
PL in PEC's has been described using a dead-layer model 
originally applied to semiconductor-metal,  Schottky bar- 
rier systems: e-~h ~ pairs formed within a distance on the or- 
der of the depletion width do not contribute to PL; this 
mode] thus relates PL intensity to the thickness of the elec- 
tric field in the electrode. The quantitative form of the 
model  is given by Eq. [1] 

6J6r~B = exp ( -a 'D)  [1] 

where r and 6rFB are radiative efficiencies in circuit and at 
flatband potential (assumed to be open circuit), respec- 
tively; D is the dead-layer thickness; and a'  = a +/3, with a 
and/3 the solid's absorptivities for the exciting and emitted 
light. For the Fig. 2 data, D is calculated to be approximately 
3000A at short circuit, which is roughly equal to the depletion 
width for this sample with ND of -- 1 • 10 ~ cm -3. When the 
experimental  curves are compared to curves calculated by 
assuming that all of the applied potential appears in the 
semiconductor (7), good accord is found, indicating that ap- 
plied potential appears predominantly in the semicon- 
ductor, and not in the Helmho]tz layer or the surface layer. 

An additional probe of the surface layer is to use the 
modified electrode to generate EL in basic S:Os 2 - electro- 
lyte. This can be done with an efficiency equal to that of the 
naked electrode in the same electrolyte; lower-limit, inte- 
grated efficiencies o f -  6 • 10 -4 are reproducibly obtained 
when pulsing to - 1.2V vs. SCE. The spectral distribution of 
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Fig. 2 Relative photocurrent (top panel) and PL intensity (bottom 
panel) for a modified CdSe electrode with excitation at 514.5 nm (solid 
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tively (10). The iLV curves for each excitation wavelength were swept 
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the EL is also identical with that of the naked electrode. 
Subsequent  stable operation as a PEC with 633 nm irradia- 
tion in the ferri/ferrocyanide electrolyte indicates that no 
drastic change in the surface layer has occurred. 

The EL efficiency may be varied by changing the cation 
present in solution; the use of NaOH/Na2S~Os electrolyte 
brought about a two-fold drop in EL efficiency, which 
could be recovered upon allowing the electrode to stand for 
20 rain in the original KOH/K~S~Os electrolyte. 

Peroxydisulfate will spontaneously oxidize ferrocya- 
nide,  so we a t t e m p t e d  to gene ra t e  E1 by d ipp ing  the 
derivatized electrode in a concentrated S._,Os ~- solution to 
oxidize the surface layer, rinsing with water, then pulsing to 
- 1.2V vs.  SCE in a concentrated KC] electrolyte. Although 
large reduction currents flowed, no E1 was detected. This 
experiment  argues against a charge hopping mechanism 
whereby holes are injected by the electrolyte into the sur- 
face layer for transfer to the semiconductor. Nonetheless, 
the cation specificity of the EL suggests that the surface 
layer plays some role in the injection process. The mecha- 
nism of charge injection is under investigation at this time. 

Conc lus ion  

Photoluminescence and electroluminescence from a 
ferri/ferrocyanide-modified CdSe electrode has been stud- 
ied. Potential applied to the modified electrode appears 
primarily in the semiconductor and not in the surface layer, 
based on an analysis of PL quenching using the dead-layer 
model. EL can be generated in basic S._,Os ~- electrolyte with 
an efficiency and spectral distribution which match those 
of the naked electrode; EL efficiency can be modestly 
varied by choice of sodium or potassium cation. 
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ABSTRACT 

In recent years, considerable progress has been made in developing alkaline water electrolysis anodes. Several labo- 
ratories have reported oxygen evolution overpotential reductions of 100-150 mV or more, relative to uncatalyzed nickel. 
Some candidate anode materials have shown stable operation for thousands of hours under typical commercial electrol- 
ysis conditions. Preferred e]ectrocatalysts have been the mixed metal oxides, especially the AB204 spinels and ABO:~ 
perovskites. Other metal oxides, alloys, and high surface-area forms of nickel have also been studied. This review sum- 
marizes recent work in developing practical alkaline water electrolysis anodes. 

Anode overpotential is a major source of inefficiency in 
alkaline water electrolysis. In commercial electrolysis, the 
commonly used unactivated nickel anode has an oxygen 
evolution overpotential, 005, of about 400 mV, repre- 
senting -20% of the total cell voltage. As a result, higher 
anode efficiency is an important goal i n c u r r e n t  elec- 
trolyzer development  programs. 

There are three practical approaches to improving an- 
ode efficiency. First, the electrolysis temperature can be 
increased. In the context of this review, higher tempera- 
tures introduce the possibility of increased anode corro- 
sion. Second, the conventional nickel anode can be made 
more efficient, primarily by increasing its electro- 
chemically active surface area. Third, new anode electro- 
catalysts, particularly those based on mixed metal oxides, 
show great promise. 

This review summarizes recent l~rogress in improving 
alkaline water electrolysis anodes. Experimental  results 
from typical commercial  electrolysis conditions and ad- 
vances in practical anode development  are emphasized. 
Other recent reviews (1-3), which also cover subjects out- 
side the scope of this paper, should be consulted for fur- 
ther information. 

Practical Considerations 
Four  main factors must  be considered in developing a 

commercially practical anode for alkaline water electroly- 
sis: electrochemical efficiency, stability, scale-up, and 
cost. 

Efficiency is the initial screening criterion in any anode 
development  program. As shown later in this review, the 
best electrocatalysts to date provide oxygen evolution 
overpotentials more than 150 mV lower than ~70~ on 
uncatalyzed nickel. This represents a voltage savings of 
about 8-9% in modern, high-efficiency electrolysis equip- 
ment. Coupled with the need for high electrocatalytic ac- 
tivity is the requirement of low internal anode resistance. 
This resistance depends on both the anode materials and 
structure. 

Once high efficiency has been demonstrated, the anode 
must be tested for stability. As a rough goal, physical and 
chemical degradation should be minimal during several, 
even as many as ten or more (4), years of operation. The 
anode must not only be stable at oxygen evolving poten- 
tials, but must resist open-circuit corrosion as well. With 
the recent advent of highly efficient cathode catalysts, 
the anode corrosion products, however limited, must not 
foul the cathode surface. In addition to chemical and 
physical stability, the anode should provide a constant 
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potential after an initial break-in period, rather than the 
t ime-dependent potential increase which occurs at nickel 
anodes (5-7). 

Manufacturing scale-up is a necessary but difficult part 
of commercial anode development,  involving a move 
from the laboratory to a pilot processing facility. A way 
must be found to manufacture anodes on the order of 1 
m s in area. The process must be under sufficient control 
to assure constant anode quality. Because of cost con- 
straints, an automated or semiautomated manufacturing 
process is necessary. 

The maximum practical anode cost depends on the cap- 
ital cost constraints for the entire electrolysis system. 
This, in turn, depends not only on competing electrolysis 
systems, but on nonelectrolytic hydrogen production al- 
ternatives as well. The permissible cost of any anode im- 
provement  will be based on the power savings realized 
from it and the anticipated anode lifetime. 

Nickel Anode Structures 
Nickel has traditionally been used as the anode material 

in alkaline water electrolysis. It is relatively inexpensive 
and highly corrosion-resistant at positive potentials in al- 
kaline electrolytes. The oxygen evolution efficiency of 
nickel is among the highest for elemental metals (8). As a 
result, the nickel anode is the benchmark against which 
improved anodes are compared. Table I gives some cur- 
rent vs. potential data reported for various conventional 
nickel anodes. 

Nickel anode efficiency has been improved by devel- 
oping high surface-area anode structures. For example, 
porous, high surface-area anode~ have been made by 
sintering fine nickel powders prepared by nickel tetra- 
carbonyl decomposition. These anodes, although gener- 
ally less porous, are essentially similar to the positive 
plaques used in nickel-cadmium batteries. In high- 
pressure (30 atm) electrolysis at 200~ the oxygen evolu- 
tion overpotential, ~/O~, on sintered, porous nickel anodes 
was about 100 mV lower than on smooth nickel anodes, at 
current densities of 500-1500 mA/cm 2 in 35% KOH electro- 
lyte (9). However, sintered, porous nickel anodes were 
only marginally more efficient than nickel cloth anodes 
in atmospheric pressure electrolysis, over the tempera- 
ture range 25~176 (10). This was attributed to poor inner 
surface utilization in the porous anode at atmospheric 
pressure, presumably due to gas blockage. Similar results 
were obtained in 5N KOH at 25~ i.e., 100 mesh nickel 
screen and sintered, porous nickel anodes produced ap- 
proximately equal current densities when compared 
potentiostatically at 1.64 V/DHE (11). However, because 

41C 
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Table I. Conventional Ni anodes 

Anode Test conditions i, mA/cm 2 Potential Ref. 

Solid Ni 30% KOH, 70-80~ 200 ~o2 = 415 mV (9) 
Ni-plated steel 28% KOH, 70~ initial 75 ~o2 = -320 mV (6) 
Ni-plated steel 28% KOH, 70~ 160 days 75 ~o~ = -400 mV (6) 
Smooth Ni 29% KOH, 70~ after 2h 1000 Ean = 0.66V/NHE (56) 
Sandblasted NI 29% KOH, 70~ after 2h 1000 Ea, = 0.64V/NHE (56) 
Nickel plated steel 29% KOH, 70~ after 2h 1000 E~n = 0.64V/NHE (56) 

Nickel screen, 100 mesh 5N KOH, 60~ 500 Ea, = 1.66/DHE (32) 
Smooth Ni 34% KOH, 90~ 100 E~n = 1.45/HE (1O) 

Polished Ni 50% KOH 80~ 100 Ean = 1.67/DHE (62) 
Polished Ni 50% KOH 150~ 100 E~ = 1.55/DHE (62) 
Polished Ni 50% KOH 208~ 100 E~ = 1.37/DHE (62) 
Polished Ni 50% KOH 264~ 100 E~ = 1.24/DHE (62) 

Sandblasted Ni 50% KOH 30~ 100 E~= = 0.70 V/Hg/HgO (24) 
Sandblasted Ni 50% KOH 70~ 100 E~, = 0.60 V/Hg/HgO (24) 
Sandblasted Ni 50% KOH ll0~ 100 E~n = 0.53 V/Hg/HgO (24) 
Sandblasted Ni 50% KOH 130~ 100 E~, = 0.50 V/Hg/HgO (24) 

the  s in te red ,  p o r o u s  a n o d e s  d e g r a d e d  less w i t h  t ime,  t h e y  
were  supe r io r  a f te r  a b o u t  60h of e lectrolysis .  In  cont ras t ,  
a n o t h e r  s t u d y  (12) s h o w e d  t h a t  50% a n d  80% p o r o u s  
n i cke l  a n o d e s  were  in i t ia l ly  supe r io r  to m a s s i v e  n icke l  an- 
ode  fo rms  in  30% K O H  at  80~ b u t  s h o w e d  g rea t e r  over- 
p o t e n t i a l  i nc reases  w i t h  t ime.  

A n o d e s  w i t h  th in ,  s in te red ,  p o r o u s  n icke l  coa t ings  were  
m a d e  by  a p p l y i n g  n icke l  powder s ,  in  po lys i l i ca te -based  
s lurr ies ,  to n icke l  a n d  s teel  s u b s t r a t e s  (13). T he  coa t ings  
we re  s in t e r ed  u n d e r  a r e d u c i n g  a t m o s p h e r e .  T he  n icke l  
coa t ing  m o r p h o l o g y  d e p e n d e d  on  t he  s i n t e r i ng  t e m p e r a -  
t u r e  and,  to a lesser  ex ten t ,  t h e  s in t e r ing  t ime.  D e c r e a s i n g  
t he  s i n t e r i ng  t e m p e r a t u r e  t h r o u g h  t he  r a n g e  980~176 
a n d  t he  s i n t e r i ng  t i m e  t h r o u g h  the  r a n g e  30-5 m i n  pro- 
g ress ive ly  p r e s e r v e d  m o r e  of t he  fine s t r u c t u r e  in  t he  
coa t ings .  A c o r r e s p o n d i n g  ~0~ dec rease  of  a b o u t  70 m V  
was  o b s e r v e d  in e lec t ro lys i s  at  200 m A / c m  ~ in 30% KOH 
e lec t ro ly te  at  80~ A l t h o u g h  t he  in te r io r  coa t ing  sur faces  
p a r t i c i p a t e d  in t he  o x y g e n  evo lu t i on  r eac t ion  to some  ex- 
ten t ,  t h e  vO2 r e d u c t i o n  o b t a i n e d  by  i n c r e a s i n g  t he  coa t ing  
t h i c k n e s s  was  small .  In  a s u b s e q u e n t  s t u d y  (14), t h e  po- 
rous  n icke l -coa ted  mi ld  s teel  a n o d e s  were  ope ra t ed  for 
1200h at  100 m A / c m  2 in  30% K O H  at  80~ Af te r  a n  in i t ia l  
rise, t he  a n o d e  p o t e n t i a l  was  essen t ia l ly  cons t an t .  Nickel-  
i ron  al loy f o r m a t i o n  in  t h e  s teel  sur face  region,  d u r i n g  t he  
h i g h  t e m p e r a t u r e  s i n t e r i n g  t r e a t m e n t  u s e d  to b o n d  the  
coa t ing  to the  subs t r a t e ,  g rea t ly  i nc r ea sed  its co r ros ion  
res i s tance .  

Nicke l  coa t ings  m a d e  b y  s lur ry  coa t ing  a n d  s in t e r i ng  
n icke l  p o w d e r  h a v e  also b e e n  app l i ed  to f o a m e d  n icke l  
a n o d e  s u p p o r t s  (15). T he  r e s u l t i n g  a n o d e s  were  o p e r a t e d  
at  500 m A / c m  2 in 40% K O H  e lec t ro ly te  at  90~ T he  volt-  
ages  of cells w i th  p o r o u s  n i c k e l / f o a m e d  n icke l  a n o d e s  a n d  
c a t h o d e s  were  a b o u t  50-100 m V  lower  t h a n  t h o s e  of cells 
w i t h  u n c o a t e d  f o a m e d  n i cke l  e lec t rodes .  Cells e q u i p p e d  
w i t h  t he  coa ted  e l ec t rodes  m a i n t a i n e d  a s tab le  1.68V 
o p e r a t i n g  vo l tage  a t  200 m A / c m  2 in  100h e lec t ro lyses  at  
118~ 

The  resu l t s  c i ted  a b o v e  s h o w  t h a t  coa t ings  m a d e  by  
s in t e r i ng  fine n icke l  p o w d e r  p r e p a r e d  b y  Ni c a r b o n y l  de- 
c o m p o s i t i o n  r e d u c e  o x y g e n  overpoten t ia ] .  A v o i d i n g  the  
h i g h  t e m p e r a t u r e s  u s e d  for n icke l  s in te r ing ,  w h i c h  pro- 
duce  a c o n c o m i t a n t  loss in  sur face  area,  w o u l d  a p p e a r  to 
offer  t h e  a d v a n t a g e  of  m a x i m i z e d  a n o d e  sur face  area.  
However ,  Ba la jka  f o u n d  t h a t  T F E - b o n d e d  n icke l  p o w d e r  
app l i ed  to 100 m e s h  n icke l  s c r een  was  inef fec t ive  (16). 
S u c h  a n o d e s  we re  ac tua l ly  a b o u t  60 m V  less eff ic ient  
t h a n  s imi la r  s c r eens  w i th  e l ec t rop la t ed  n icke l  coa t ings ,  a t  
a c u r r e n t  dens i ty  of  370 m A / c m  2 in  30% K O H  e lec t ro ly te  
at  80~ This  poo r  p e r f o r m a n c e  was  a s c r i b e d  to poss ib le  
ox ida t i on  of the  m e t a l  su r face  d u r i n g  e l ec t rode  p repara -  
t ion.  

Nicke l  w h i s k e r  a n o d e s  (17, 18) were  m a d e  f rom poly- 
c rys ta l l ine  n icke l  w h i s k e r s  g r o w n  by  c h e m i c a l  v a p o r  dep-  
os i t ion  of  Ni(COh gas  in  a n  e l e c t r o m a g n e t i c  field. Whisk-  
ers, w i t h  d i a m e t e r s  f rom 0.1 to 50 tLm a n d  l e n g t h s  f rom 

o n e - t e n t h  to severa l  c en t ime te r s ,  were  s i n t e r ed  at  
800~176 in to  c o n t i n u o u s ,  f ib rous  n e t w o r k s  on  200 
m e s h  n icke l  screen.  The  r e s u l t i n g  a n o d e s  were  u p  to 90% 
porous ,  w i th  specif ic  su r face  areas  of  u p  to 5 • 1(~ ~ cm2/g. 
The  a n o d e s  were  t e s t ed  in  30% KOH electrolyte ,  a t  cur-  
r e n t  dens i t i e s  f rom 100 to 1000 m A / c m  2, b a s e d  o n  appar -  
en t  a n o d e  surface  area. O x y g e n  evo lu t ion  ove rpo t en t i a l s  
were  a b o u t  100 m V  lower  on  w h i s k e r  a n o d e s  t h a n  on  mul-  
t i layer,  200 m e s h  n icke l  screens .  T h e r e  was n o  loss of  
s t ruc tu ra l  in tegr i ty  d u r i n g  48h of  e lec t rolys is  at  1000 
m A / c m  2. 

Raney Alloy Anodes 
R a n e y  n icke l  is m a d e  by  a l loying  n icke l  w i t h  me ta l s  

s u c h  as a l u m i n u m  or zinc. W h e n  t he  R a n e y  al loy is 
l e a c h e d  in  a lka l ine  e lec t ro ly te ,  a h igh  sur face-a rea  s t ruc-  
tu re  w i t h  h i g h  e l e c t r o c h e m i c a l  ac t iv i ty  is p roduced .  Sev-  
eral  a p p r o a c h e s  to m a k i n g  R a n e y  n icke l  a n o d e s  for alka- 
l ine  w a t e r  e lec t ro lys is  h a v e  b e e n  repor ted .  

R a n e y  Ni -Zn  alloy was  p r e p a r e d  by  e l ec t rodepos i t i on  
f rom ch lo r ide  e lec t ro ly te  (19). The  e l ec t rodepos i t i on  con- 
d i t ions  af fec ted  b o t h  t he  c o m p o s i t i o n  a n d  s t r u c t u r e  of t he  
alloy. A m a x i m u m  B E T  specif ic  su r face  area, g rea te r  
t h a n  25 m2/g, for  t he  l e a c h e d  a n o d e s  was  o b t a i n e d  at a 
d e p o s i t i o n  po ten t i a l  of 1.07 V/SCE. Cor r e spond ing ly ,  elec- 
t ro lys is  cells c o n t a i n i n g  R a n e y  n icke l  a n o d e s  a n d  ca th-  
odes  h a d  m i n i m u m  vo l t ages  u s i n g  al loy e l ec t rop l a t ed  at  
-1 .07  V/SCE. Ana lys i s  of  t he  e x p e r i m e n t a l  da ta  i n d i c a t e d  
t h a t  t he  i m p r o v e d  p e r f o r m a n c e  of  R a n e y  n i cke l - coa ted  
a n o d e s  was  due  solely to g rea te r  a n o d e  sur face  area  (20). 
A n  e lec t ro lys is  cell c o n t a i n i n g  R a n e y  n icke l -ac t iva ted  
i ron  a n o d e s  a n d  c a t h o d e s  was  s tab le  for 3000h at  a cur- 
r en t  d e n s i t y  of 200 m A / c m  2 a n d  a t e m p e r a t u r e  of  l l0~ 

E]ec t rodepos i t i on  of  N i -Zn  alloy on to  n icke l  or s t a in less  
m e s h  ha s  also b e e n  u s e d  to m a k e  R a n e y - t y p e  p o r o u s  elec- 
t r o d e s  by  p l a t i ng  for  as m u c h  as 24h (21). T h e s e  elec- 
t r o d e s  d i f fered  f rom t h e  u sua l  s i n t e r ed  p o w d e r  p o r o u s  an- 
odes  in  t he i r  po re  s t ruc tu re ,  w h i c h  was  channe l - l i ke  a n d  
full  of  ve ry  f ine ha i r l ine  cracks .  Po ros i t i e s  r a n g e d  f rom 
65% to 75%, ave rage  po re  sizes f rom 1 to 3 ~m.  Electro-  
c h e m i c a l  m e a s u r e m e n t s  in  6N KOH s h o w e d  t h a t  t he  elec- 
t r o d e p o s i t e d  p o r o u s  a n o d e s  were  genera l ly  in fe r ior  to  
s i n t e r ed  ones.  

A p l a s m a - s p r a y e d  Ni-A1 a n o d e  coa t ing  p r o d u c e d  a n  ini-  
t ial  ove rpo t en t i a l  r e d u c t i o n  of  200 m V  i n  e lec t ro lyses  at  
160 ~ a n d  200~ (22). Af te r  100h, t he  nO~ i m p r o v e m e n t  was  
still  180 m V  at  160~ w h e r e a s  at  200~ t he  i m p r o v e m e n t  
d e c r e a s e d  to 150 m V  af ter  350h. In  cont ras t ,  R a n e y  n icke l  
p r e p a r e d  b y  p l a s m a  s p r a y i n g  Ni-A1 al loy par t ic les  was  
f o u n d  to be  a poo r  o x y g e n  evo lu t ion  ca ta lys t  in  a n o t h e r  
s t u d y  (23). This  was  a t t r i b u t e d  to rap id  o x i d a t i o n  of  t he  
a n o d e  surface.  The  R a n e y  n icke l  s t r u c t u r e  was  found ,  
however ,  to be  use fu l  as a s u p p o r t  for o t h e r  cata lysts ,  as 
d i s c u s s e d  la ter  in  t h i s  review.  

R a n e y  n icke l  d e p o s i t e d  o n  f o a m e d  n i cke l  a n o d e  sup-  
por t s  b e h a v e d  s imi la r ly  to s in te red ,  p o r o u s  n i cke l  coat- 
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ings on foamed  nickel ,  i.e., cell  vol tages  were  50-100 mV 
lower  w h e n  Raney  n ickel -coated  anodes,  and ca thodes  
were  used  instead of  uncoa ted  foamed nickel  e lect rodes  
(15). In  40% KOH elect rolyte  at 118~ Raney  nickel  was 
init ial ly super ior  to s intered,  porous  nickel ,  bu t  the  ad- 
van tage  dec l ined  to only 20 mV wi th in  100h. 

Various Raney  alloy anodes  tes ted at 90~ were  about  
60 mV more  efficient  than  convent ional ,  low surface-area 
nickel  anodes  (24). At a cur ren t  dens i ty  of  100 m / U c m  ~, 
702 was 240 mV for Raney  nickel,  240 mV for Raney  
nickel -cobal t  (30 a tom pe rcen t  (a/o) Co), and 230-240 mV 
for Raney  cobalt.  These  va lues  compared  wi th  300 mV for 
s teel-blasted nickel  and 280 mV for e lec t rodepos i ted  
nickel.  

Severa l  me thods  of  dop ing  Raney  nickel  anodes  wi th  
l i th ium were  s tudied  by Mart in et al. (25). In a lmos t  all 
cases, anode  act ivi ty  dec l ined  great ly dur ing  24h of  elec- 
t rolysis  at 80~ at a cur ren t  dens i ty  of  1000 m A / c m  2. Bes t  
resul ts  were  obta ined  by preoxid iz ing  the  anodes  in H202 
+ LiOH or thermal ly  in air. In  the  same study, be t ter  re- 
sults  were  obta ined  w h e n  Raney  nickel  anodes  were  im- 
p regna ted  wi th  cobal t  oxide.  Overpotent ia l  reduc t ions  of  
more  than  130 mV were  measu red  after 24h of  electrolysis  
at 80~ at a current  dens i ty  of  1000 mA/cm 2. Impregna t -  
ing Raney  nickel  wi th  m i x e d  cobal t -nickel  ox ides  was no 
more  effect ive than  us ing  cobal t  alone. 

Ion-Implanted Nickel Anodes 
In  an unusua l  approach  to nickel  anode  act ivat ion,  the  

un ique  character is t ics  of  ion implan ta t ion  were  investi-  
ga ted  (26). Ion implan ta t ion  offers the  advan tage  of  con- 
t ro l led  addi t ions  of  dopants  to only the near  surface re- 
gion, an impor tan t  factor  w h e n  expens ive  dopants  are 
used. In addit ion,  the  m a x i m u m  surface concent ra t ions  of  
the  implan ted  mater ia ls  are not  l imi ted by solid solubili- 
ties. 

Various doses of  50 keV Ag ~, Li  ~, He +, and Kr  + ions were  
implanted .  E lec t rochemica l  m e a s u r e m e n t s  in 30% KOH 
elec t ro ly te  at 80~ showed  that  implan ta t ion  of  0.3-4.0 • 
1016/cm 2 A g  + ions r educed  vO~ by 20%-40%, wi th  best  re- 
sults in the  range 0.3-1.3 • 1016/cm 2. After  24h of electroly- 
sis, the  Ag § imp lan ted  anodes  showed  a wel l -def ined 
open-c i rcui t  d ischarge  plateau.  The d ischarge  corre- 
sponded  to about  two e lec t rons  per  imp lan ted  Ag atom, 
sugges t ing  format ion,  dur ing  electrolysis,  of  an in terme-  
diate comp lex  conta in ing  one oxygen  per  imp lan ted  Ag 
atom. Un imp]an ted  Ni anodes  showed  no wel l -def ined 
d ischarge  plateau. 

Iner t  gas (He + and KV) implants  p roduced  no ~702 re- 
duct ions,  indica t ing  that  the  i m p r o v e m e n t  caused by  Ag + 
was not  due  to radia t ion damage  effects. Li  ~ ions were  im- 
p lan ted  to increase  the  e lect ronic  conduc t iv i ty  of  the 
nickel  ox ide  anode  surface layer. As d iscussed  e lsewhere  
in this review, l i th ium addi t ions  by other  t e chn iques  have  
increased  the  ox ide  film conduc t iv i ty  and p r o d u c e d  a 
co r respond ing  ~O~ decrease.  Unexpec ted ly ,  no vO2 re- 
duc t ion  was p r o d u c e d  by Li  ~ implants .  

High-Temperature Degradation of Nickel Anodes 
Nickel  anode  degradat ion  dur ing  high t empe ra tu r e  ser- 

v ice  has been  invest igated,  pr imar i ly  in con junc t ion  wi th  
the  F rench  h igh- tempera tu re  electrolysis  programs.  Giles 
(27) analyzed the  physical  and electr ical  character is t ics  of 
ro l l -compacted,  s intered,  porous  nickel  anodes  before  and 
after pi lot  plant  opera t ion  at CEM. Electrolysis  was 
carr ied out  at 1000 m A / c m  2, in 35% KOH at 200~ under  
30 a tm pressure.  Dur ing  250h of  electrolysis,  anode  poros-  
ity decreased  f rom about  45% to about  20% as corros ion 
p roduc t s  accumula t ed  wi th in  the  anode. As the  finely po- 
rous corrosion products  filled the  larger  anode  pores,  the  
m e a n  pore  d iameter  fell f rom 1.9 to 0.3 ~ m  after 23h and 
to 0.1 tLm after 83h. X-ray diffract ion s h o w e d  both  
Ni(OH)2 and NiO, but  no +3 nickel  species, in the  corro- 
s ion product .  A n o d e  tensi le  s t rength  d ropped  f rom 50 to 
20 N / m m  2 after 83h of electrolysis.  The  electr ical  resistiv- 
i ty increased  f rom about  27 • 10 -~ l~-cm to about  46 • 
10 -6 12-cm dur ing the  same period. Despi te  the  s lowing of  

the  nickel  corros ion rate wi th  t ime  because  of  the part ly 
p ro tec t ive  nature  of  the corros ion layer, Giles conc luded  
that  us ing  sintered,  porous  nickel  anodes  in high- 
pressure,  h igh- tempera tu re  service was quest ionable .  

A jo in t  G D F / E D F  s tudy (28) addressed  nickel  corrosion 
in the  t empera tu re  range 130~176 While posi t ive  poten-  
tials were  not  imposed  on the  nickel  spec imens ,  the  cor- 
ros ion tests  were  carried out  in an oxygena ted  environ-  
m e n t  in 40% KOH. S p e c i m e n s  of Ni 200 and Ni 201 
indust r ia l  castings,  a p o w d e r  meta l lurgy  compac t  (Ni 
270), and high-puri ty,  zone-ref ined nickel  were  studied.  
In the  oxygena ted  electrolyte,  the  porous  corros ion prod- 
ucts  were  NiO and Ni(OH).2 at 130~ whi le  only NiO was 
observed  at 180~ Corros ion rates at 180~ were  10-15 
tLm/yr for h igh-pur i ty  nickel,  and 30-45 t~m/yr for Ni 200, 
201, and 270. Res t r ic t ing  the  sulfur con ten t  of  the  n ickel  
was found  to re tard  corrosion.  

Ni(OH)2-Catalyzed Nickel Anodes 
Perhaps  the  mos t  s t ra ight forward approach  to cata- 

lyzing the  nickel  anode  is to add Ni(OH)2 to its surface. 
U n d e r  anodic  polarizat ion,  the  Ni ~2 species  can  be con- 
ve r t ed  to Ni ~:~. E lec t rochemica l  and e l l ipsometr ic  s tudies 
(7) demons t r a t ed  that  t r iva lent  nickel  was the  des i red spe- 
cies for efficient oxygen  evolut ion.  Thus, Ni(OH)~ may  be 
regarded  as the e lect rocata lys t  precursor .  

A t t empt s  to catalyze nickel  anodes  wi th  Ni(OH)2 have  
benef i ted  f rom the ex tens ive  work  on nickel  e lect rodes  
for alkal ine s torage bat ter ies  (29). Sintered,  porous  nickel  
anodes  impregna t ed  wi th  Ni(OH).,, essent ia l ly  n ickel  bat- 
tery posit ives,  were  cons iderab ly  more  efficient  for oxy- 
gen evolu t ion  than  s imilar  un impregna t ed  anodes  (10). 
Electrolysis  was carr ied out  at 90~ in 34% KOH electro- 
lyte. At a current  dens i ty  of  400 mA]cm 2, vO~ was only 
about  100 mV on the  impregna t ed  anodes,  whi le  the  un- 
impregna ted  anodes  were,  as d iscussed earlier, no more  
efficient  than  nickel  c loth anodes.  This  enhanced  act ivi ty  
was a t t r ibuted  to h igher  superficial  surface area ra ther  
than  i m p r o v e d  ut i l izat ion of  the  inner  anode  surfaces. An- 
odes impregna ted  wi th  1.91g of Ni(OH)~ per  cm :~ of  void  
volume,  a character is t ic  nickel  bat tery  posi t ive  loading, 
showed  rapid dis in tegra t ion under  cont inuous  charging  
at 80~ This was p r e sumab ly  due  to h igh  internal  
stresses. Anodes  wi th  a lower  Ni(OH).., loading of  1.15 
g /cm 3 of  void  v o l u m e  were  d imens iona l ly  and s t ructura l ly  
stable dur ing more  than  100 days of  opera t ion  at 400 
m A / c m  2. 

In  a s tudy of  nickel  bat tery  posi t ive  plates,  the oxygen  
evolu t ion  react ion was observed  at an earl ier  s tage of  
charg ing  when  the  plates were  impregna t ed  electro- 
chemica l ly  ra ther  than  chemica l ly  (30). Water  electrolysis  
anodes  in sheet  and w o v e n  screen form, wi th  sintered,  po- 
rous nickel  coatings,  were  e lec t rochemica l ly  impregna ted  
wi th  Ni(OH)2 (31). In a one-step impregna t ion  process,  the 
a m o u n t  of  Ni(OH)2 prec ip i ta ted  var ied  l inearly wi th  the 
charge  passed. This  a l lowed the  catalyst  load ing  to be 
contro l led  accurately.  On Ni(OH)2-impregnated anodes,  
~702 at 200 m A / c m  2 was 45-60 mV lower  than  on similar  
unca ta lyzed  anodes,  in 30% KOH elect rolyte  at 80~ Opti- 
m u m  Ni(OH)~ loadings were  about  1-4 mg /cm 2 of  apparen t  
anode  surface area. At h igher  loadings,  overpotent ia ls  
rose as the  outer  pores  of  the nickel  coat ings became  
p lugged  wi th  Ni(OH).2, resul t ing  in a loss of  effect ive an- 
ode surface area. 

Li th ia ted  NiO elect rocata lys t  was p repared  by v a c u u m  
decompos i t i on  of a m i x e d  slurry of  Ni(OH)2 and LiOH 
(32). Li th ium,  present  at 1 a/o in the  f inished catalyst,  
great ly r educed  the e lec t ronic  resis t ivi ty f rom the  un- 
doped  va lue  (>108 ~-cm) to 100 ~t-cm. The B E T  specific 
surface area of the  catalyst  was 100 mVg. Anodes  were  
m a d e  by mix ing  the  catalyst  wi th  T F E  b inder  and 
s inter ing onto 100 m e s h  nickel  screen. In 5N K O H  electro- 
lyte at 60~ the  catalyzed anodes  were  about  55 m V  more  
efficient  than  unca ta lyzed  nickel  screens  and were  com- 
parable  to NiCo204-catalyzed anodes,  which  are d iscussed 
in the  fo l lowing section. 
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N i C0204 
The oxygen  evolu t ion  character is t ics  of the m i x e d  ox- 

ide  spinel, NiCo,O4, have  been  repor ted  extensively ,  most  
no tab ly  by Tseung  and co-workers  (11, 32-36). In  s t rongly 
alkal ine e lectrolytes  at h igh posi t ive  potentials ,  i.e., condi-  
t ions typical  of  commerc i a l  electrolysis,  o x y g e n  evolu t ion  
proceeds  by decompos i t i on  o f  species wi th  te t ravalent  
cations (35, 37). 

NiCo~O4 has been  m a d e  in several  ways. Freeze-drying 
m i x e d  Ni and Co nitrates,  fo l lowed by v a c u u m  decompo-  
sit ion at 250~ and a final hea t - t rea tment  for 10h at 400~ 
in air, is preferred.  The  resul t ing catalyst  has a high 
specific surface area (70 m~/g by BET) and a modera t e  
electr ical  resis t ivi ty (10 ~-cm) (32). Anodes  m a d e  wi th  
freeze-dried NiCo~O4 were  more  efficient than  similar  an- 
odes catalyzed wi th  NiCo204 m a d e  by m i x e d  ni trate  co- 
prec ip i ta t ion  (34). It  was p roposed  that  the  freeze-dried 
p roduc t  was more  homogeneous ,  i.e., there  was less sepa- 
rat ion of  Ni and Co oxides.  NiCo=,O4 has also been  m a d e  
by direct  thermal  decompos i t i on  of  the m i x e d  ni trate  
salts on anode  substra tes  (32). However ,  the anodes  were  
less efficient  than  those  m a d e  wi th  freeze-dried NiCo204. 

Highes t  anode  efficiencies have  been  obta ined  wi th  the  
freeze-dried NiCo204 incorpora ted  into a TFE-bonded  
coat ing (32). O p t i m u m  eff iciency was obta ined  us ing 
15%-30% TFE binder.  For  example ,  at 60~ in 5N KOH, a 
catalyst  loading of  13 mg /cm 2 p roduced  a current  densi ty  
of  1000 mA]cm 2 at 1.6 V/DHE. However ,  oxygen  bubbles  
were  observed  to cling to the  hydrophob ic  anode  surface. 
App ly ing  a thin, hydrophi l i c  nickel  cobal t  ox ide  layer to 
the  anode  surface improved  bubble  release. This r educed  
the anode  potent ia l  by  about  20 mV at 1000 mA]cm ~ in 5N 
KOH at 25~ In ano ther  s tudy(16),  T F E - b o n d e d  NiCo~O4 
anodes  w e r e  about  150 mV more  efficient than  nickel- 
p la ted  nickel  sc reen  w h e n  opera ted  at a cur ren t  dens i ty  of 
370 mAJcm 2 in 30% KOH electrcdyte at 80~ 

Doping  NiCo:O4 wi th  vary ing  amount s  of  Sr  and La was 
effect ive in reduc ing  vO2 (25). Bes t  resul ts  were  obta ined 
w h e n  0.5 atoms of (2/3 Sr + 1/3 La) per  a tom of cobal t  
were  added.  The  resul t ing  material ,  wi th  nomina l  compo-  
s i t ion NiCo~Sr0.66La0.:,:~O~ ~7, p roduced  a 300 m V  overpoten-  
tial at a current  dens i ty  of 1000 mA]cm ~. 

NiCo..,O4-catalyzed anodes  have  shown high  oxygen  evo- 
lu t ion eff iciency in several  laboratories.  Long- te rm anode 
stability, however ,  is open to some  quest ion.  At a current  
dens i ty  of  330 m A / c m  ~, an  overpotent ia l  decrease  of 150 
m V  relat ive to nickel  anodes  was repor ted  (5). However ,  
poor  stabil i ty was no ted  at t empera tu res  above  100~ and 
cur ren t  densi t ies  greater  than  200 mA/cm ~. I n  contrast ,  
the rmal ly  d e c o m p o s e d  NiCo204 anodes  were  stable for 
2000h of electrolysis  at 1000 m A / c m  2 at a t empera tu re  of 
120~ In another  study, NiCo~O4 anodes  were  stable for 
over  1000h of electrolysis  at 1000 mA/cm -~, at t empera tu res  
f rom 120~ to 200~ (38). However ,  the  catalyst  was very  
sensi t ive to corrosion at open  circuit. 

In  tests  of  about  150 days dura t ion at low current  den- 
sity (75 mA/cm 2) and t empera tu re  (70~ in 28% KOH, a 
TFE-bonded ,  freeze-dried NiCo~O4 anode  was initially 
about  60 mV more  efficient  than  a nickel-pla ted steel an- 
ode  (6). After  150 days, due  to a lower  vO~ increase  wi th  
t ime,  the  NiCo~O~ anode  advantage  was over  100 inV. 
Similarly,  in 18 days of  electrolysis  at 330 m A / c m  ~, ~O~ 
was about  100 mV lower  on  NiCo~O~ anodes  than  on un- 
catalyzed Ni screen in 30% KOH at  90~ (39). 

C0304 
The spinel  Co~O4 has shown  promis ing  eff ic iency and 

long- term per formance .  Thermal ly  d e c o m p o s e d  Co~O~ 
was depos i ted  on e lec t ro formed  nickel  plates wi th  conic  
holes  (40) and was tes ted  in a tmospher ic  pressure  elec- 
t rolysis  at 120~ After  6000h of  electrolysis  at 1000 
m A / c m  ~ in 40% NaOH electrolyte,  the anode  potent ia l  was 
about  0.59V vs .  Hg/HgO reference  (containing the  bulk 
e lec t ro ly te  composit ion) .  After  an initial break-in  period, 
the  rate  of  ~O~ rise wi th  t ime  was only 4 mV/1000h. 

Co~O4 anodes containing 0, 4, 7, and 10 a/o Li dopant 
were prepared by freeze drying and vacuum decompos- 

ing the  mixed  Li  and Co nitrates (33, 37). This  was fol- 
lowed by hea t - t rea tment  at 600~ for 10h to p roduce  the 
Li -doped spinels. The  electr ical  resist ivi t ies of  the  cata- 
lyst  powder s  var ied  great ly  wi th  the  ex ten t  of  Li  doping,  
f rom 104 ~ - c m  at 0% Li to 10 ~ - c m  at 4% Li, and 1 ~l-cm at 
both  7% and 10% Li. T F E - b o n d e d  anodes  were  made  
us ing 10/3 weight  ratios of  the  catalyst  powders  to TFE. 
These  anodes  were  opera ted  at 1000 m A / c m  2 in 5M KOH 
at 70~ The anode  potent ia l  d ropped  marked ly  wi th  in- 
creas ing Li  doping,  i.e., 1.69V wi th  no Li  dopant ,  and 1.56, 
1.535, and 1.52V, respect ively ,  at 4, 7, and 10 a/o doping.  
The  enhanced  02 evo lu t ion  act ivi ty wi th  increased  Li  
dop ing  was a t t r ibuted  to the  increased fract ion of  Co +3 
ions which  could form if  all the  Li  en te red  te t rahedra l  lat- 
t ice sites (37). 

An electrolysis  cell  equ ipped  with  a TFE-bonded ,  10% 
Li -doped  Co:~O4 anode  was opera ted  for about  6000h at 
1000 m A / c m  2 (33). The  cell  conta ined 45% K O H  electrolyte  
at 85~ An anode  half-cell m e a s u r e m e n t  after  approxi-  
mate ly  5600h indica ted  an ~O~ increase of about  50 mV 
dur ing  operation.  The  Li  con ten t  of the anode  was un- 
changed.  A TFE-bonded, Li-doped Co:~O4 coating was ap- 
plied to a porous nickel anode substrate (9). In 30% KOH 
electrolyte at 70~ at a current density of i000 mA/cm 2, 
~O2 was 300 mV at. the beginning of electrolysis and 296 
mV after 1006h of operation. 

Other AB204 Mixed Oxides 
A var ie ty  of  AB204 spinel  c o m p o u n d s  (B = A1, Cr, Mn, 

Fe,  or  Co) were  used  to p repa re  TFE-bonded  anodes  (15). 
The  anodes  were  tested in 30% KOH at 80~ At  a current  
dens i ty  of  1000 m A / c m  ~, the  spinel  anode  overvol tages  
were  30-70 mV lower  than  the  overvo]tage of  uncata lyzed 
nickel.  

The m i x e d  oxides  NiLa204, NiPr204, and NiNd204 were  
p repared  by the rmal  decompos i t ion  on p la t inum sup- 
ports  (41). In potent ios ta t ic  exper iments  conduc t ed  in 
30% K O H  at 50~ the  three  catalysts showed  s imilar  cur- 
rent  vs .  potent ia l  characteris t ics .  A low Tafel  s lope (ap- 
p rox ima te ly  40 mV/decade)  was observed  at current  den- 
sities of up to 100 m A / c m  ~-. At  h igher  current  densit ies,  
the  Tafel  s lope was about  120 mV/decade.  The  anode  po- 
tentials  were  app rox ima te ly  1.6 V/RHE at 1000 m A / c m  2. 
The  oxygen  evolu t ion  overpotent ia ls  on the  m i x e d  oxide  
anodes  were  observed  to be essent ia l ly  stable for several  
hund red  hours,  at cur ren t  densi t ies  as high as 1000 
m A / c m  2. 

The  NiLa~O4 anode  electrocatalyst  has  been  doped  wi th  
Li, Mg, and Fe, rep lac ing  some  of the Ni, and wi th  partial  
subs t i tu t ion  of  sulfur  for oxygen  (12). The  surface proper-  
t ies of  the  Li -doped mater ia ls  were  c la imed to be sl ightly 
super ior  to u n d o p e d  NiLa204. However ,  Li  doping  pro- 
duced  an increase in bulk  catalyst  resis t ivi ty as x in 
Ni,_xLixLa204 was increased  f rom 0 to 0.24, in contras t  to 
the  lower  resist ivi ty p r o d u c e d  by doping  Co:~O4 wi th  Li, as 
d iscussed  in the p reced ing  section. The net  effect on ~70~ 
was negligible.  Mg doping  also increased the  electr ical  re- 
sist ivity of  the  catalyst.  Similarly,  h igh  levels of Fe  
doping,  e.g., x = 0.06 in Ni,-~Fe2x/3La204, increased  electri- 
cal resistivity.  Lower  Fe  dop ing  (e.g., x = 0.03) p roduced  a 
resis t ivi ty decrease,  bu t  failed to improve  702 for the 
NiLa204 anode. Cobal t  subst i tut ion,  whi le  effect ive  in 
r educ ing  vO~, p roduced  a nons to ich iomet r ic  oxide  of 
nomina l  formula  Ni0sCo0.2LaO:~. Its anodic  polarizat ion 
was about  25 mV lower  than  that  of  NiLa204 in 30% KOH 
elec t ro ly te  at 85~ over  the  cur ren t -dens i ty  range 100- 
1000 m A / c m  2. At  the cur ren t  densi ty  of  500 m A / c m  2, the  
Co conta in ing  anode  also showed  super ior  t ime  behavior  
dur ing  300h of electrolysis,  p roduc ing  a -100  m V  lower  
anode  potent ia l  dur ing  the  last  150h. However ,  rais ing the 
electrolysis  t empera tu re  to l l0~ p roduced  a significant  
deter iora t ion in per formance ,  so that  the  Co conta in ing  
anode  became  inferior  to NiLa~O4. T rea tmen t  of NiLa204 
wi th  H2S to incorpora te  sulfur into the  catalyst  worsened  
the  anode  polarizat ion behavior .  This  was a t t r ibu ted  to 
the h igher  resis tance of the sulfur  conta in ing  anodes.  
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La-Sr-Co-Oxides and Variants 
P e r o v s k i t e  a n o d e  ca ta lys t s  of  the  La,_~Sr~CoO:~ type,  

a n d  s u b s t i t u t i o n a l  va r i an t s ,  h a v e  b e e n  s t u d i e d  m o r e  ex- 
t en s ive ly  t h a n  a n y  o t h e r  m i x e d  oxides,  w i t h  t he  poss ib l e  
e x c e p t i o n  of  NiCo204. T h e i r  h i g h  ac t iv i t ies  for  o x y g e n  ev- 
o lu t ion  are s imi la r  to t h a t  of  NiCo~O4, w i t h  t he  re la t ive  su- 
pe r io r i ty  of t he  two types  of  ca ta lys t  still  o p e n  to ques-  
t ion.  F o r  example ,  in  30% K O H  e lec t ro ly te  at  I45~ 
La0..~Sr0..~CoO:~ was  a b o u t  120 m V  supe r io r  to NiCo204 at  
1000 m A / c m  2 (38). However ,  u n d e r  s imi la r  c o n d i t i o n s  
(120~ 1000 mA/cm~), cells  w i th  La0..~Sr0.sCoO:~ a n o d e s  
s h o w e d  0.1V h i g h e r  vo l t ages  t h a n  s imi la r  cells w i t h  
NiCo~O4 a n o d e s  (42). A m i x e d  La-Sr-Co ox ide  of  unspec i -  
fied compos i t i on ,  d e p o s i t e d  on  a R a n e y  n icke l  subs t ra t e ,  
was  180 m V  m o r e  eff ic ient  t h a n  a n  u n a c t i v a t e d  n icke l  
m e s h  a n o d e  at  a c u r r e n t  dens i t y  of  1000 m A / c m  2 in  40% 
K O H  e lec t ro ly te  a t  160~ (23). T he  a n o d e  was  s t ab l e  for  
m o r e  t h a n  I000h. 

I t  is genera l ly  ag reed  t h a t  t he  La-Sr-Co p e r o v s k i t e  com- 
pos i t i on  has  a s ign i f ican t  effect  on  o x y g e n  evo lu t i on  
overpo ten t i a l .  The  r e l a t i o n s h i p  b e t w e e n  70.2 a n d  x in  the  
f o r m u l a  La__.SrxCoO:3 is no t  c o m p l e t e l y  clear,  b u t  a n  
overa l l  t r e n d  t o w a r d  h i g h e r  cata lyt ic  ac t iv i ty  in  t he  com- 
pos i t i ona l  m i d r a n g e  has  b e e n  d e t e r m i n e d .  W h e n  5-10 
m g / c m  2 La,_~Sr~.CoO:~ coa t ings  were  app l i ed  b y  s p r a y  py- 
rolysis,  a b r o a d  70~ m i n i m u m ,  c e n t e r e d  at a b o u t  x = 0.5, 
was  o b s e r v e d  at  a c u r r e n t  dens i t y  of  10 m / U c m  ~ (43). A t  a 
c u r r e n t  dens i ty  of  500 m A / c m  ~, o p t i m u m  ove r po t en t i a l s  of 
a b o u t  330 m V  were  m e a s u r e d  over  t he  a p p r o x i m a t e  r ange  
0.5 < x < 1.0. T h e s e  r e su l t s  were  o b t a i n e d  in  6N K O H  
e lec t ro ly te  at  80~ In  a l a t e r  s t u d y  w i th  m o r e  da ta  po in t s  
r epor t ed ,  t he  va r i a t i on  in  vO~ w i t h  x was  re f ined  (25). At  
c u r r e n t  dens i t i e s  of  100, 500, a n d  1000 m A / c m  2, a n  over- 
p o t e n t i a l  m i n i m u m  was  f o u n d  at a b o u t  x = 0.75, wh i l e  x 

0.15 p r o d u c e d  an  o v e r p o t e n t i a l  m a x i m u m .  At  low cur- 
r e n t  dens i t i e s  in  45% K O H  at 25~ La0.~Sro.~CoO~ and  
La0.~Sr0.~CoO~ h a d  a p p r o x i m a t e l y  equa l  po ten t ia l s ,  wh i l e  
b o t h  were  super io r  to  LaCoO:~ (44). 

The  va r i a t i on  in  e lec t r ica l  res is t iv i ty ,  p, vs. x for  severa l  
p e r o v s k i t e  fami l ies  Ln~_~.Sr~.CoO:~ is r o u g h l y  s imi la r  to 
t h a t  d e s c r i b e d  a b o v e  for  70._, vs. x (45). Th i s  sugges t s  t h a t  
e lec t r ica l  res i s t iv i ty  is a n  i m p o r t a n t  fac tor  in  t he  effi- 
c i ency  of p e r o v s k i t e  a n o d e  catalysts .  Fo r  m o s t  of the  
l a n t h a n i d e s  s tud ied ,  p was  0.1-10 ~t-cm at  x = 0, decreas-  
ing  to a b o u t  10 -~~ 12-cm at  x = 0.5. The  m i n i m u m  p com- 
p o s i t i o n  in te rva l  for  L a  c o n t a i n i n g  p e r o v s k i t e s  was  qu i t e  
broad ,  f rom a b o u t  x = 0.2 t h r o u g h  x = 0.6, the  h i g h e s t  
va lue  inves t iga ted .  T he  p dec rea se  as Sr  was  s u b s t i t u t e d  
for La  has  b e e n  a t t r i b u t e d  to m o r e  Co+3/Co +4 coup le s  in  
t h e  d o p e d  p e r o v s k i t e  (44). 

La0.~Sr0..~CoO:~ coa t ings  h a v e  b e e n  p r e p a r e d  by  a n u m b e r  
of  m e t h o d s .  Sp ray  pyro lys i s  was  u s e d  to depos i t  7 m g / c m  2 
coa t ings  in  a s t u d y  of  t he  effects  of f inal  c a l c ina t i on  tem-  
p e r a t u r e  (22). B e s t  r e su l t s  were  o b t a i n e d  b y  ca l c in ing  t he  
coa t ings  at  600~176 In 8N K O H  at  80~ 70~ was  a b o u t  
380 m V  at  1000 m A / c m  ~. R a i s i ng  t he  coa t ing  l oad ing  to 
a b o u t  15 m g / c m  ~ f u r t h e r  r e d u c e d  702 to a b o u t  340 m V  at  
1000 m A / c m  2. T h e r m a l l y  d e c o m p o s e d  coa t ings ,  con-  
t a i n i n g  1.2 m g / c m  ~ La0.~Sr0.~CoO:~, we re  also s t ud i ed  (24). 
A t  90~ t h e s e  coa t ings  gave  ~70~ a p p r o x i m a t e l y  250 m V  at  
100 m A / c m  ~ a n d  330 m V  at  1000 m A / c m  ~. F r o m  vO2 at 
90~ a n d  the  ra te  of o v e r p o t e n t i a l  c h a n g e  w i t h  t e m p e r a -  
ture ,  d702/dT, a n  o v e r p o t e n t i a l  of  220 m V  was  e s t i m a t e d  
for  1000 m A ] c m  2 e lec t ro lys i s  at  160~ T F E - b o n d e d  an- 
odes  (36% TFE,  14 m g / c m  -~ loading)  were  nea r ly  as  ac t ive  
as a n o d e s  w i t h o u t  T F E  at  low c u r r e n t  dens i t i es ,  in  6N 
K O H  at  80~ (43). However ,  vO~ i n c r e a s e d  r ap id ly  at  cur- 
r e n t  dens i t i e s  a b o v e  10 m A / c m  2 due  to r e s i s t a n c e  losses  
b e t w e e n  ca ta lys t  pa r t i c l e s  in  t he  coat ing.  C h a n g e s  in  TFE  
c o n t e n t  a n d  p r e p a r a t i o n  m e t h o d  d id  no t  o v e r c o m e  th i s  
p r o b l e m .  

The  effects  of e lec t ro lys is  t e m p e r a t u r e  on  t he  ac t iv i ty  of  
La~_~Sr~CoO:~ are unc lear .  I t  is genera l ly  ag reed  tha t ,  a t  
t e m p e r a t u r e s  up  to 160~ a n  inc rease  in e lec t ro lys is  t em-  
p e r a t u r e  p r o d u c e s  a n  i nc r ea se  in  ca ta lys t  act ivi ty .  Be- 
cause  d~?OJdT for  t he  p e r o v s k i t e  ca ta lys ts  is g rea te r  t h a n  
for  o the r  a n o d e s  (e.g., R a n e y  nickel ,  u n a c t i v a t e d  nickel)  

t he i r  re la t ive  i m p r o v e m e n t  is g rea te r  w i t h  i n c r e a s i n g  tem-  
p e r a t u r e  (24). C o n t i n u o u s  i m p r o v e m e n t  u p  to 200~ was 
r e p o r t e d  for e lec t ro lys is  in  36% KOH at  22 a t m  p r e s s u r e  
(43). The  70~ i m p r o v e m e n t  at  1000 m A ] c m  2 re la t ive  to un-  
ac t i va t ed  n icke l  a n o d e s  was  260 m V  at 160~ a n d  280 m V  
at  200~ However ,  a s u b s e q u e n t  p u b l i c a t i o n  f rom the  
s ame  l abora to r i e s  (22) r e p o r t e d  a dec rease  in ac t iv i ty  be- 
t w e e n  160 ~ a n d  200~ a t  1000 m A / c m  ~ in  8N KOH. The  ex- 
p e r i m e n t a l  e v i d e n c e  i n d i c a t e d  t h a t  th i s  was  a n  in t r ins i c  
p r o p e r t y  of t he  catalyst .  

The  s tab i l i ty  of  La-Sr-Co ox ides  u n d e r  anod ic  polariza-  
t ion  ha s  b e e n  good.  In  36% KOH at  160~ La0.~Sr0.~CoO:~ 
was  s t ab le  d u r i n g  500h of e lec t ro lys is  a t  1000 mAJcm 2, 
p r o d u c i n g  a 150 m V  7 0 :  r e d u c t i o n  (22). A ser ies  of 
La~_~Sr~CoO:~ c o m p o u n d s ,  p r e p a r e d  b y  freeze drying,  
were  co r ros ion  r e s i s t an t  a t  220~ in  75% KOH e lec t ro ly te  
(44). No ac t iv i ty  loss was  o b s e r v e d  d u r i n g  1000h of cont in-  
uous  opera t ion ,  a n d  2600h of  o p e r a t i o n  w i t h  per iod ic  in- 
t e r rup t ion ,  a t  1000 m A ] c m  2 in  t he  t e m p e r a t u r e  r a n g e  
120~176 (38). However ,  La-Sr-Co ox ides  were  r e p o r t e d  
to b e  ve ry  sens i t ive  to pass ive  corros ion.  

Severa l  a n o d e  e lec t roca ta lys t s  h a v e  b e e n  m a d e  b y  sub-  
s t i t u t i ng  n icke l  or i ron  for  some  or all of  the  coba l t  in  
Laj_~SrxCoO:~. The  o x y g e n  evo lu t ion  ac t iv i ty  in  t he  fami ly  
of  c o m p o u n d s  La~_xSr.~Fe~_uCo,O:~ i n c r e a s e d  w i t h  increas-  
ing  x a n d  y (46). SrCoO:~ i t se l f  cou ld  no t  be  syn the s i zed  as 
a pe rovsk i t e .  As a resul t ,  t h e  m o s t  eff ic ient  anode-, cata- 
lys t  p r e p a r e d  was  Lao.2Sro.sFeo.~Coo.sO:,. In  1M K O H  elec- 
t ro ly te  at  25~ t h a t  ca ta lys t  p r o d u c e d  a s t eady  po ten t i a l  
of  0.90V vs. Hg/HgO at  100 m A ] c m  2, a f te r  a n  ini t ia l  po ten-  
t ial  r ise  d u r i n g  the  first  40h of e lectrolysis .  

Nicke l  s u b s t i t u t i o n  for  cobal t ,  in  t he  ser ies  of  com- 
p o u n d s  La0.~Sr0.sNi~-,CouO:~, ha s  also b e e n  i n v e s t i g a t e d  
(22). Coa t ings  w i t h  10 m g / c m  ~ of  t he  p e r o v s k i t e s  we re  pre- 
p a r e d  by  sp ray  pyro lys i s  a n d  t e s t ed  in  8N KOH at  80~ At  
a c u r r e n t  dens i ty  of  1000 m A / c m  2, a m i n i m u m  vO~ of  
a b o u t  310 m V  was  o b t a i n e d  at  a b o u t  y = 0.6. T h e  com-  
p o u n d  LaNi0.~Co0.sO:~ was  p l a s m a  sp r ayed  to p r o d u c e  8 
m g / c m  2 coa t ings  (24). A t  90~ 702 was  270 m V  at 100 
m A / c m  ~ a n d  330 m V  at  1000 m A / c m  2. The  90~ da ta  a n d  
d ~ O J d T  were  u sed  to e s t i m a t e  an  o v e r p o t e n t i a l  of  240 
m V  at  160~ at  a c u r r e n t  dens i t y  of 1000 m A / c m  ~. A n  an- 
ode  ca ta lyzed  w i t h  La0.~Sr0.:~Ni0.4Co0.~O:~ p r o d u c e d  an  ini- 
tial 140 m V  ove rpo t en t i a l  r e d u c t i o n  at  200~ b u t  lost  ac- 
t iv i ty  a f te r  l h  of  e lec t ro lys is  (25). Sur face  ana lys i s  s h o w e d  
a n  i nc r ea se  in  t he  Sr /La  ratio.  

T h e  p e r o v s k i t e  e l ee t roca ta lys t  LaNiO:,. was  p r e p a r e d  by  
cop rec ip i t a t i on  of  La  a n d  Ni n i t ra tes ,  fo l lowed by  an  
ox id iz ing  h e a t - t r e a t m e n t  at  800~ (47). A n o d e s  were  m a d e  
b y  p r e s s i n g  the  LaNiO3 p o w d e r  in to  pe l le t s  a n d  s in t e r i ng  
at  750~ In  a p p r o x i m a t e l y  1M h y d r o x i d e  e lec t ro ly tes  at  
25~ t he  ra te  of O2 e v o l u t i o n  on  LaNiO3 was  a b o u t  105 
t i m e s  fas te r  t h a n  on  P t  a n d  a b o u t  10 -~ t i m e s  fas te r  t h a n  on  
NiCo204. At  a c u r r e n t  dens i t y  of 100 m A / c m  ~, 70~ was  
a b o u t  310 mV. The  Tafel s lope  was  40 mV/decade .  The  
LaNiO:~ sur face  was  n o n s i o i c h i o m e t r i c ,  w i t h  a l m o s t  all 
t he  n icke l  in  t he  +2 state.  I t  was  p r o p o s e d  t h a t  t he  h igh  
ac t iv i ty  of  LaNiO:~ was  due  to i ts h i g h  sur face  car r ie r  den-  
si ty ( a p p r o x i m a t e l y  10~~ 

Recent ly ,  Bock r i s  a n d  co-workers  s u g g e s t e d  a course  
for  fu tu re  p e r o v s k i t e  e l ec t roca ta lys t  d e v e l o p m e n t  (48). 
T h e i r  X P S  e x a m i n a t i o n s  i n d i c a t e d  a n o n s t o i c h i o m e t r i c  
surface,  in  w h i c h  c h a r g e  is m a i n l y  c o m p e n s a t e d  b y  oxy- 
gen  vacanc ies .  B e c a u s e  of  t he  s t rong  aff ini ty of  oxygen-  
def ic ien t  sur faces  t o w a r d  o x y g e n  in  t he  f o r m  of  OH, a n  
i nc r ea se  in  e l ec t roca ta ly t i c  ac t iv i ty  w o u l d  b e  e x p e c t e d  
w i t h  i n c r e a s i n g  Mz-OH b o n d  s t r eng th ,  w h e r e  M z is a sur- 
face t r a n s i t i o n  me ta l  ion. As a resul t ,  i t  was  p r o p o s e d  t h a t  
p e r o v s k i t e  e l ec t roca ta lys t  r e sea r ch  s h o u l d  focus  on  
f ind ing  a b o n d i n g  s e q u e n c e  w h i c h  p r o d u c e s  low inter-  
m e d i a t e  rad ica l  coverage .  In  a n  e x p e r i m e n t a l  s t u d y  cover- 
ing  18 p e r o v s k i t e  c o m p o s i t i o n s ,  car r ied  ou t  b y  the  s ame  
group ,  t he  e l e c t rochemica l  d e s o r p t i o n  of  OH was  f o u n d  to 
be  ra te  d e t e r m i n i n g  in  eve ry  case  (49). Very  recent ly ,  t he  
s t u d y  of  p e r o v s k i t e  e l ec t roca ta lys i s  was  e x t e n d e d  (50). I t  
was  s h o w n  t h a t  r e ac t i on  ra tes  i nc rease  w i t h  dec rea se s  of  
m a g n e t i c  m o m e n t ,  s t ab i l i ty  of  t he  p e r o v s k i t e  lat t ice,  a n d  
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enthalpy of transition metal hydroxide formation, and 
with increased number  of d-electrons in the transition 
metal ion. The latter correlation is consistent with the 
earlier proposal that rate-determining steps involve OH 
desorption. 

ABO~ Metal Oxides 
Thin films of ABO2 metal oxides were prepared by RF- 

sputtering the parent alloys under various O5 partial pres- 
sures, followed by annealing in air (51). Metal A was Pt or 
Pd~ and B was Co, Rh, or Cr. The oxides exhibited the 
delafossite structure, i.e., for PtCoO2, alternating layers of 
Pt linearly coordinated with two oxygen atoms and Co 
octahedrally coordinated with oxygen. Oxygen evolution 
activity depended strongly on the transition metal, in the 
order Co > Rh > Cr, but was nearly independent  of the 
noble metal. It was suggested that this was due to cover- 
age of the noble metal with a poorly conducting oxide. 
The Co containing oxides produced oxygen evolution po- 
tentials more than 100 mV lower than a Pt anode in 1M 
NaOH at 23~ 

In electrolysis at 120~ NiCoO., anodes prepared by 
thermal decomposition showed oxygen evolution poten- 
tials similar  to those of NiCo204 and La0.sSr0.~CoO:~ anodes 
at a current density of 1000 mA/cm 2 (42, 43). At lower cur- 
rent densities (100-200 mA/cm2), NiCoO2 was superior to 
the other anode materials. 

Base Metal Alloys, Intermetallics and Non-Oxide 
Catalysts 

It has been known for some time that nickel-iron alloys 
show relatively low oxygen evolution overpotentials (52, 
53). However, the variation of ~O2 with alloy composition 
was not clearly defined, because results vary depending 
on alloy history and pretreatment. 

Recently, Ni-Fe alloy anodes have been re-examined. 
Gras and Pernot (54) studied the anodic behavior of alloys 
containing 9, 28, and 50 w/o nickel, in comparison to two 
forms of nickel. They found that the 9% Ni alloy was un- 
stable, in agreement with earlier results (53), while the 
catalytic activity of the 28% nickel alloy was lower than 
that of pure nickel. The corrosion-resistant 50% nickel al- 
loy was about 70 mV more efficient than nickel after 100- 
200h of electrolysis, in the current-density range 100-1000 
mA/cmh Anode composition vs. depth profiling, by sec- 
ondary ion mass spectrometry, showed that the surface 
was enriched with potassium and oxygen after electroly- 
sis. It was proposed that i n  s i tu  formation of a Ni~Fe,O~K~ 
complex oxide increased the catalytic activity of the 
anode. 

In another study (55), high surface-area nickel-iron alloy 
anodes were prepared with a 37% nickel powder prepared 
by codecomposition of nickel and iron carbony]. The 
powder was applied to anode substrates as a sintered, po- 
rous coating. In 30% KOH electrolyte at current densities 
up to 400 mA/cm 2, the alloy anodes evolved oxygen as 
efficiently as similar anodes prepared with pure nickel 
powder. 

Non-noble metal catalysts were made by plasma spray- 
ing coatings of >90 w/o Ni and/or Co plus <10 w/o stain- 
less steel onto preheated iron or nickel-coated iron sub- 
strates (56). Anode overpotentials were 60-80 mV lower 
than on smooth nickel, at 1000 mA]cm 2, in 29% KOH at 
70~ At current densities <500 mA/cm 2, there was no var- 
iation of anode potential vs. t ime for 1000h of operation. 
At 1000 mA]cm -~, the anode potential increased from 1.54 
to 1.60 V/NHE during the first 300h of electrolysis, then 
remained constant up to 1000h. 

Ni-W alloys and the intermetallic compounds Ni3Ti, 
NiTi, and NiTi2 were investigated by Lu and Srinivasan 
(57). Titanium was alloyed with nickel to increase the 
number  of d-band vacancies and, thus, electrocatalytic ac- 
tivity (58). However, as discussed in the following section, 
such a correlation was not found at the oxide-covered 
electrodes. Best results were obtained with Ni:~Ti, for 
which ~O.2 was 20 mV lower than on nickel, in 30% KOH 
electrolyte at 80~ 

While the last-cited study found no correlation of oxy- 
gen evolution activity to electronic properties, Osaka et 
al. (59) did find a correlation to magnetic properties, 
which strongly connected, in turn, to electronic proper- 
ties, for cobalt borides and composite cobalt borides. For 
cobalt borides, the 02 evolution activity depended signi- 
ficantly on the Co/B ratio, as well as the sintering tem- 
perature used to make the catalyst. Opt imum prepara- 
tions produced higher electrocatalytic activity than nickel 
or cobalt. These best conditions included a 3:1 ratio of co- 
balt to boron, and a sintering temperature of 400~176 at 
which the saturation magnetization showed a maximum. 
Among the composite cobalt borides, cobalt iron boride 
(Co:Fe:B = 1:2:1) sintered at 450~ had the greatest cata- 
lytic activity. At 100 mA/cm -~ in 6M KOH at 25~ cobalt 
iron boride produced a potential of about 0.65V vs. 
Hg/HgO. It was found that those catalysts which formed 
thicker and more-stable oxide films in higher oxidation 
states had higher activities for oxygen evolution. 

Precious Metal Catalysis 
Available experimental  evidence strongly indicates that 

individual precious metals and their oxides have little or 
no superiority to nickel in their electrocatalytic activity 
(10, 11, 15, 60). The exception is ruthenium oxide, which 
is a highly efficient oxygen evolution electrocatalyst (24) 
but is unstable in alkaline electrolyte. 

Oxygen evolution on smooth platinum and iridium 
electrodes was examined by Appleby et at. (10) and com- 
pared to O~ evolution on nickel. In 25% KOH electrolyte, 
Ir was markedly superior to Pt  in the temperature range 
25~176 In 34% KOH, the relative superiority of Ir was 
somewhat less. Tafel slopes were about 2RT/3F, with evi- 
dence of a change to a higher slope at current densities 
above 10 mA/cm 2. However, neither Ir nor Pt was as effec- 
tive an electrocatalyst as pure nickel. Another study (11), 
in which Ni and Pt  screen anodes were compared, pro- 
duced the same result. 

Pt, Pd, Rh, and Ni coatings were electrodeposited onto 
foamed Ni anode supports and tested at a current density 
of 200 mA/cm 2, in 30% KOH electrolyte at 90~ (15). The 
rhodium coating performed best, providing a cell voltage 
of 1.72V, followed by Pd (1.74V), Ni (1.75V), and Pt 
(1.80V). 

Ir and Ru alloys with 25, 50, and 75 a/o nickel were in- 
vestigated as oxygen evolution anodes in 30% KOH elec- 
trolyte at 80~ (57). The Ni-Ru alloys with 50 and 75 a]o Ru 
dissolved anodically. The maximum overpotential reduc- 
tion was produced by the 50Ni-50Ir alloy, which was 40 
mV more efficient than pure nickel at a current density 
of 20 mA/cm 2. The electrokinetic parameters for the alloys 
were similar to those for nickel. Correspondingly, cyclic 
voltammetry showed that the surface of the alloy anodes 
was predominantly composed of nickel oxide species. Be- 
cause of coverage by oxide films, there was no depen- 
dence of e]ectrocatalytic activity on alloy electronic 
structure. 

Outstanding oxygen evolution activity was obtained at 
pyrochlore structure oxide anodes (61). The catalysts are 
described by the general formula A2[B2-xA~.]O~_~, where A 
= P b o r B i ,  B = R u o r I r ,  O < x <  1, a n d O  < y < 0 . 5 .  In 
3M KOH at 75~ a typical Pb2[Ru2_xPbx4~]O6.5 catalyst 
evolved oxygen at an overpotential of about 120 mV at a 
current density of 100 mA/cm 2. In comparative potential 
sweep experiments, pyroch]ore anodes were >100 mV 
more efficient than Pt  black, RuO~, or NiCo20~. A sup- 
ported Pb2[Rul.49Pb0.~14~]O~ s anode was life-tested at a cur- 
rent density of 200 mA/cm 2 for more than 1000h, in 3M 
KOH at 75~ After the first 200h, the rise in anode poten- 
tial vs. t ime slowed noticeably, reaching a potential of 
about 1.5 V/RHE, about 50 mV higher than the potential 
measured at the beginning of the test. X-ray diffraction of 
the used anode did not reveal chemical degradation. At- 
tempts to maximize anode efficiency using high (62 
mg/em 2) catalyst loading TFE-bonded structures pro- 
duced stability problems as the catalyst layer separated 
from the support during 504h of operation. 
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Summary 
A number  of approaches have been taken to improve 

the oxygen evolution anode. To date, results using metal 
oxide electrocatalysis have generally shown more prom- 
ise than those obtained with modifications of the nickel 
electrode structure. Catalysts such as NiCo~O4, Li-doped 
Co:~O4, and the La-Sr-Co oxides have been tested exten- 
sively. Work on these systems makes up a large share of 
the recent literature. It is encouraging that this work has 
been extended to address the question of what material 
and surface properties are responsible for electrocatalytic 
activity. Further research of this type may lead to impor- 
tant catalyst modifications or the development of en- 
tirely new catalyst systems. 

Less-studied metal oxide catalysts, such as LaNiO:~ and 
the pyrochlore oxides, have also produced excellent re- 
sults. More research is needed, however, to determine the 
full potential of these catalysts. 

With the exception of the relatively inexpensive ruthe- 
nium, as used in the pyrochlore oxides, it is unlikely that 
practical oxygen evolution anodes will be based on pre- 
cious metals. Overpotential reductions obtained with Pt, 
Ir, or Pd, for example, have been modest. In addition, the 
promising results obtained with far cheaper materials 
mitigates on economic grounds against the use of pre- 
cious metals. 
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Voltammetry of Some Metal Complexes 
at Electrochemically Treated Electrodes 

Paul M .  Kovach 
Many types of carbon electrodes are widely used in 

electroanalytical chemistry. The attractive properties of 
carbon electrodes are their large potential ranges in aque- 
ous solution and low residual current. However, few mol- 
ecules display diffusion-controlled electrochemical be- 
havior in aqueous solutions because of the various factors 
that control charge-transfer processes at these electrodes. 
In addition to the inherent electron-transfer rates of the 
species being considered, it is also necessary to recognize 
that the surface of carbon has a rich chemistry that may 
well affect the observed electrochemistry (1-5). Graphitic 
carbon has a heterogeneous surface which contains many 
carbon-oxygen functionalities, such as carbonyls, car- 
boxylates, and phenolic hydroxyls (6), which are located 
on the edge plane. Attempts have been made  to character- 
ize and modify the nature of these functional groups on 
the carbon surface to influence the observed electro- 
chemistry (7-14). 

Many treatments have been developed to improve the 
electrochemical properties of carbon electrodes (15-25). 
These treatments are important  since many compounds, 
such as ascorbic acid, display poor electrochemistry at 
carbon electrodes. This can lead to complicated and often 
uninterpretable voltammograms, due to the overlap of 
voltammetric waves. Therefore, it would be desirable to 
know what types of carbon surfaces contain which types 
of functionalities, how they affect the electrochemistry, 
and how to modify the functionalities on the surface to 
obtain an electrode with predictable electrochemical 
properties. 

Carbon fibers allow the fabrication of electrodes of 
very small dimensions (26, 27), and their small size gives 
them several unique electrochemical properties (28). As 
with other carbon electrodes, carbon fiber electrodes fre- 
quently are treated to improve their  electrochemical re- 
versibility (29-31). One electrode treatment,  which we are 
examining in detail, involves the electrochemical oxida- 
tion of the surface of a single carbon fiber (29). Voltam- 
mograms obtained with this electrode exhibit  a large shift 
in half-wave potential for many species relative to un- 
treated electrodes; in particular, the overpotential for the 
oxidation of ascorbic acid is greatly reduced. This allows 
the voltammetric resolution of ascorbate from the 
catecholamine neurotransmitters and their metabolites 

(32, 33). However, further investigation has revealed sig- 
nificant changes in the voltammetry of many species at 
this electrode and severe adsorption of several classes of 
compounds (34). 

In this communication, we report the voltammetry of a 
series of highly charged metal complexes at an electro- 
chemically treated cylindrical carbon fiber electrode. 
The voltammetric behavior is explained in part by the in- 
teraction of solution species with surface functional 
groups formed during the oxidative electrochemical treat- 
ment of the carbon fiber electrode. 

Experimental  
Reagents.--The inorganic compounds Ru(NH3)6C13, 

Co(NH3)6C13, and K~Fe(CN)s were used as received. 
K4Mo(CN)8 �9 2H2 was synthesized as reported in the litera- 
ture (35). All other chemicals were reagent grade and used 
as received. All species were studied in phosphate buffer 
solution (0.1M total phosphate) adjusted to the proper pH 
with phosphoric acid. Solutions (1.0 mM) were prepared 
with doubly distilled water and purged thoroughly with 
nitrogen before use. 

Electrodes.--Cylindrical electrodes were constructed 
from carbon fibers (Thornel VSB-32, Union Carbide). In- 
dividual fibers (radius = 5tzm) were aspirated into glass 
capillaries which were then pulled to a fine taper with a 
pipette puller (David Kopf  Instruments, Model 700C). The 
fiber was sealed in the pulled glass capillary by carefully 
placing a drop of epoxy (EPON 828, Miller-Stephenson) at 
the end of the glass with another pulled capillary so that 
the epoxy enters the capillary without coating the carbon 
fiber that extends beyond the glass. The electrodes were 
tr immed with a scalpel so that approximately 500/zm of 
carbon fiber extended beyond the end of the capillary. 
The exact length of the protruding fiber was measured 
with an optical microscope. Electrical contact to the fiber 
was made by filling the capillary with mercury and in- 
serting a short wire into the capillary. 

Apparatus.--Potentiostatic control for cylic voltam- 
metry (CV) was maintained with a polarographic analyzer 
(Princeton Applied Research Corporation, Princeton, 
New Jersey, Model 174A). Potential waveforms for elec- 
trochemical t reatment  of the carbon fiber electrodes 
were applied thro.ugh the polarographic analyzer by a 
function generator (Krohn-Hite, Avon, Massachusetts, 
Model 1200A). A 25 ml vial served as the electrochemical 
cell. Potentials are reported vs. a saturated calomel 
electrode. 

Electrochemical treatment.--The electrochemical treat- 
ment of the cylindrical carbon fiber electrodes was a two- 
step process (29). The electrochemical t reatment was ap- 
plied to the electrode in phosphate buffer (pH 7.4) and 
consisted of a triangular wave (70 Hz, 0 to +3.0V vs. SCE 
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reference) for 20s, fo l lowed by a cons tant  potent ia l  of  
+ l .5V for 20s. The  current-potent ia l  curves  for the  trian- 
gular  wave  t r ea tmen t  were  moni to red  wi th  an  X-Y oscil- 
loscope.  The  e lec t rode  was then  potent ios ta ted  at -0 .2V 
vs. S C E  for a per iod  of  40-60 min  in buffer  solution. Previ-  
ous w o r k  in this laboratory  has shown that  the  e lec t rode  
undergoes  some type  of  equi l ibrat ion process  after elec- 
t rochemica l  t rea tment .  The equi l ibra t ion  per iod  al lows 
for a more  s table response.  Background  v o l t a m m o g r a m s  
were  then  obtained.  
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Table I. Yoltammetric analysis at 
electrochemically treated cylindrical electrodes 

Length Current E,I~ A~ 
Species calc2 ratio b (V) ( 

Fe(CN)~ 3- 480 0.48 +0.210 205 
Mo(CN)84- 370 0.86 +0.550 
Co(NH3)~ ~ 390 1.3 - 0.380 
Ru(NH3)6 ~ 350 11.8 -0.250 ~(y 

Results and Discussion 
Properties of electrochemically treated electrodes.- 

B a c k g r o u n d  scans obta ined in pH 7.4 solut ion at 100 
mV-s -~ every  60s wi th  an unt rea ted  e lec t rode  exhib i t  lit- 
t le  background  current.  In  contrast,  v o l t a m m o g r a m s  ob- 
ta ined  in the  same  manne r  after e lec t rochemica l  treat- 
m e n t  show a signif icant  increase in backg round  current ,  
and this cur ren t  does  not  change  signif icant ly wi th  t ime.  
An es t imate  of  the  capaci tance (C) of  the  carbon fiber 
surface  can be  obta ined  as C = i/v, where  i is the  ob- 
se rved  current  at a par t icular  potent ia l  and v is the  scan 
rate, f rom v o l t a m m o g r a m s  recorded  in buffer  solution. 
The  capaci tance  of  an un t rea ted  e lec t rode  at pH  7.4 is ap- 
p rox imate ly  30 /~F/cm 2, and that  of  an e lec t rochemica l ly  
t reated e lec t rode  is approx imate ly  270 /~F/cm 2. This  ap- 
pears to indica te  a change  in the  surface  roughness  o f  the  
electrode.  This is apparen t  f rom observat ions  of  the  fiber 
wi th  electron microscopy.  The appearance  of the  fiber 
after e lec t rochemica l  t r ea tment  ts s imilar  to that  observed  
after air ox ida t ion  at 680~ (36). The  increase  in surface  
roughness  of the  fiber is caused by the  ox ida t ion  of  the  
carbon fiber and is known  to increase  the  a m o u n t  of  
ca rbon-oxygen  funct ional i t ies  on the surface (11). The  
change  in capac i tance  correlates wi th  the  change in  sur- 
face roughness ,  bu t  m a y  also resul t  in par t  f rom a change  
in ca rbon-oxygen  surface functionali ty.  Indeed,  a severe  
oxidat ion  process  at carbon fibers has been  s h o w n  to 
double  the  O:C ratio relat ive to the  control  spec imen  and 
p roduce  a surface  that  contains  ca rbon-oxygen  funct ion-  
alities in the  ratio 54% carboxyl,  22% carbonyl ,  and 24% 
hydroxyl ,  as de t e rmined  by x-ray pho toe lec t ron  spectros-  
copy (XPS) (12). 

Voltammetry of metal complexes.--A series of  electroac- 
t ive  meta l  complexes  was used  to p robe  the  chemica l  na- 
ture  of  these  funct ional  groups at the  oxid ized  surface. 
V o l t a m m e t r y  of  meta l  complexes  at un t rea ted  cyl indrical  
carbon fiber e lectrodes  is general ly character ized by poor  
e lec t rochemica l  reversibil i ty,  due  to the  character  of  the  
carbon fiber surface. The v o l t a m m o g r a m s  of Ru(NH3)63§ 
at un t rea ted  e lec t rodes  appear  to be  the  m o s t  revers ib le  
of  the  c o m p o u n d s  examined .  Therefore ,  the  electro- 
chemica l ly  act ive  area of  an un t rea ted  carbon fiber 
e lec t rode  was de te rmined  f rom v o l t a m m o g r a m s  of 
Ru(NH3)8 ~§ The  length  of  the  fiber was then  calculated 
f rom the  observed  current  f rom the  equa t ion  .for the  cur- 
rent  at a cyl indr ical  e lectrode 

i = 4~rnFDCl/In (4Dt/r 2) 

where  l is the  l eng th  of the  electrode,  r is the  radius  of  the  
fiber, D is the  diffusion coefficient,  and t was t aken  as 
the  t ime  r equ i r ed  to reach the  l imi t ing current  in the  
v o l t a m m o g r a m  where  steady-state behav ior  is approxi-  
ma ted  (37). The  l eng th  calculated in this m a n n e r  is typi- 
cally 60% of  t he  length  measured  by optical  microscopy.  
The  calcula ted l eng th  was used to quant i ta te  changes  in 
vo l t ammet r i c  behav ior  after  e lec t rochemica l  t rea tment .  

At  e lec t rochemica l ly  t reated carbon fiber electrodes,  
v o l t a m m o g r a m s  of h ighly  charged inorgan ic  anions  are 
roughly  s igmoida l  wi th  small  amoun t s  of  peak-shaped  
charac ter  (Fig. 1). The  magni tude  of  the  peak  vol tam- 
met r ic  cur ren t  obta ined for Fe(CN)63- and Mo(CN)s 4- at 
these  e lec t rodes  at pH  7.4 is less than  wou ld  be pred ic ted  
(Table I). When the  e lectrodes  were  r e m o v e d  f rom solu- 
t ion con ta in ing  the  electroact ive species,  washed  wi th  
dis t i l led water ,  and t ransferred to buffer  solution, no 

Length calculated from voltammograms of Ru(NI-I~)63~. 
b Ratio of observed to calculated current. 

Obtained from voltammogram which was not first scan. 

vo l t ammet r i c  waves  were  observed  which  wou ld  indicate 
the  adsorpt ion of these  species to the  electrode.  

Vo l t ammograms  of h ighly  charged inorganic  cations 
exhibi t  significant changes  in behav ior  (Fig. 2). The cur- 
rent  that  is observed  in initial vo l t ammograms  of 
Ru(NH3)63~ or Co(NH3)63~ is s ignif icant ly larger than 
expec ted  for diffusion control.  The  obse rved  current  den- 
sities for Ru(NHz)83~ and Co(NH~)6 z§ at an electrochemi- 
cally t reated e lec t rode  are 11.8 and t.4 t imes  greater, re- 
spectively:  than  those  ca lcula ted  for an unt rea ted  elec- 
t rode  (Table I). The  increase in cur ren t  is observed  for the 
reduct ive  scan only. The  adsorp t ion  of  h igh ly  charged 

.o., ~a -o~, I I / I I t 
+LO +0.8 +0.6 +0.4 +O.Z 0.0 

E ( V v s  S C E )  

Fig. 1. Voltammetry of Fe(CN)e z -  (left) and Mo(CN)s 4-  (right) at 
cylindrical carbon fiber electrode, a: Before treatment, b: First scan 
after treatment, c: First scan in buffer solution after 2S scans in b. 
Conditions: C = 1.0 mM Fe(CN)e 3-  and 1.0 mM Mo(CN)s 4- in 0.1M 
phosphate buffer pH 7.4; scan rate = 100 mV-s-L 

b b' o 

I 'OOnA 1 20hA r 

E (V v= SCE) 

Fig. 2. Voltammetry of Ru(NH3)o z§ (left) and Co(NH~)s 3§ (right) at 
cylindrical carbon fiber electrode, o: Before treatment, b: First scan 
after treatment, b': Twenty-fifth scan after treatment, c: First scan in 
buffer solution after b'. Conditions: C = 1.2 mM Ru(NH3)e 3§ and 1.1 
mM Co(NH3)e 3~ in 0 . tM phosphate bufferpH 7.4; scan rate = 100 
mV-s-~. 
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cationic species at the electrochemically treated electrode 
is responsible for the increased current density. The ini- 
tial voltammetric scan in a solution of Ru(NH~)63§ exhibits 
a very large current, much greater than predicted for 
diffusion-controlled conditions. Voltammetry in buffer 
solution, after vol tammetry in solution containing 
Ru(NH3)6 ~+ and rinse, shows a voltammetric  wave presum- 
ably due to adsorbed Ru(NH3)e3% The magnitude of this 
wave decreases with successive voltammetric scans in 
buffer solution. 

The reduction of Co(NH3)63§ has a shift in peak potential 
from -0.65V (vs. SCE) at untreated electrodes to -0.38V 
at treated electrodes. The shift in wave position is indica- 
tive of a surface which increases the rate of ligand substi- 
tution for the complex or the rate of electrochemical ki- 
netics. It is known that the Co(II) complex is labile and 
decomposes in aqueous media without the presence of 
free ligand (38, 39). 

The Ru(NH3)63~2+ redox couple exhibits a reverse wave 
at other types of carbon electrodes. However, no reverse 
wave is observed on the scale at which the voltammo- 
gram is recorded due to the large magnitude of the cath- 
odic current. Voltammograms recorded at more sensitive 
scales on the first scan do indicate the presence of a re- 
verse wave. Successive scans in a solution of Ru(NH3)6 ~* 
show an exponentially decaying current magnitude that 
approaches a constant value. The current magnitude, ob- 
served when steady-state conditions are reached, is de- 
pendent on the length of t ime between scans (e.g., 30, 60, 
or 90s). A longer period between scans results in a larger 
peak current for the voltammogram. If  the electrode is al- 
lowed then to rest for a long t ime in solution containing 
Ru(NH3)e 3§ and a vol tammogram is then taken, a very 
large peak current is again observed. 

When reduced, the adsorbed ruthenium complex ap- 
pears to be labile to substitution, and may substitute in a 
manner similar to that for Co(NH3)62% The substituted 
ruthenium-ammine complex is nonelectroactive and may 
be adsorbed to the electrode. In this manner, it hinders 
adsorption of more Ru(NH3)63~ from solution. The 
desorption of the substituted ammine  appears to occur on 
a long time scale; therefore, increasing the period be- 
tween scans results in greater observed current. 

Electrochemically treated cylindrical carbon fiber elec- 
trodes display significant changes in the observed elec- 
trochemical characteristics. Most notable is the improved 
electrochemical reversibility of a wide number  of com- 
pounds at these electrodes. Other features, however, such 
as the susceptibility to adsorption, complicate the use of 
these electrodes for voltammetric analysis. The primary 
reason for the change in voltammetric behavior with elec- 
trochemical t reatment appears to be a change in the na- 
ture of the carbon fiber surface due to electrochemical 
oxidation. The results of the investigations reported here 
are consistent with the voltammetric  behavior expected 
at a surface containing many carbon-oxygen function- 
alities. These functionalities appear to be anionic in na- 
ture at pH 7.4 and suggest the presence of carboxyl 
groups. A more detailed account of the characterization of 
the electrochemically treated carbon fiber electrode will 
appear in the literature. 
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Mediated Oxidation at a Polymer- 
Modified Electrode. Sav6ant-Andrieux 

Treatment of the Kinetics 
E. Tracy Turner Jones 

In electrocatalysis at a modified electrode, an immobi- 
lized reversible redox center acts as a fast electron- 
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transfer mediator for a solution species that is oxidized or 
reduced slowly or not at all at the bare electrode. The pri- 
mary aim is to diminish the overpotential required for di- 
rect oxidation or reduction of the substrate. A secondary, 
related aim is to achieve good catalytic efficiency. While 
a monolayer of catalyst can indeed reduce the overpoten- 
tial, the catalytic efficiency will often be poor. If  catalyst 
is instead distributed throughout a polymer film, the cat- 
alytic efficiency can, under the right conditions, increase 
in proportion to the number of equivalent monolayers of 
catalyst present (1). Such ;a polymer-modified electrode 
takes advantage of the three-dimensional distribution of 
catalyst found in homogeneous electrocatalysis. In addi- 
tion, the arrangement facilitates separation of product 
and catalyst and conserves the often expensive catalyst 
while providing for its high local concentration (2). 

In a series of papers published in 1982 (3-5) Andrieux 
and co-workers presented a kinetic model for the follow- 
ing system 

P ~ Q + l e  

Q + A  k ~ - P + B  
k2 

where P and Q make up a mediator redox couple immo- 
bilized in a polymer film, and A and B are the reduced 
and oxidized forms of the substrate. Mediated oxidation 
is given here; transposition to reduction is straightfor- 
ward. The model, which was developed for stationary 
voltammetric techniques such as rotating disk electrode 
voltammetry, encompasses four factors that determine 
the magnitude of the mediated current: diffusion of sub- 
strate from the bulk solution to the film-solution inter, 
face, further diffusion of substrate through the film to- 
ward the electrode surface, e l ec t ron  "diffusion" within 
the film (the sum of the electron propagation processes 
by mediator self-exchange or physical diffusion), and the 
rate of the electron cross-exchange reaction between me- 
diator and substrate. 

Four redox situations of practical interest were identi- 
fied and treated under three different case designations: 
A, B, C (5). In case A, the equilibrium constant for the 
cross-exchange reaction (K = k~/kr may take any value, 
and the A ~ B electrode reaction is irreversible. Where K 
is greater than or equal to unity, case A has catalytic pos- 
sibilities. Case B has limited utility. While not catalytic it- 
self, case C is useful for modeling catalytic systems. The 
cross-exchange reaction equilibrium constant in case C is 
greater than or equal to unity, and the A ~- B electrode re- 
action is fast enough that it occurs at more negative po- 
tentials than does oxidation of P. When K is large, two 
distinct plateau currents may be obtained at a polymer- 
modified rotating disk electrode. The separation of direct 
oxidation of substrate from mediated oxidation of sub- 
strate facilitates diagnosis of the parameters that limit the 
currents. 

The kinetic behavior of each case above is thoroughly 
defined by a set of differential equations derived from 
Fick's laws of linear diffusion and by a set of boundary 
conditions. Simple closed-form equations defining a few 
types of characteristic limiting behavior are used in the 
analysis of experimental  data. Andrieux and Sav~ant (5) 
have presented these closed-form equations in terms of K 
and four component  currents: iA, is, iE, ik. Each current is 
related to one of the four rate-limiting factors described 
above. The component  current iA is simply the limiting 
current that would be observed at the bare electrode 
rotating in the substrate solution. It  is a measure of the 
maximum deliverance of substrate by diffusion to the 
film-solution interface of the modified electrode. The 
magnitude of is depends upon the diffusion coefficient of 
substrate in the film. The diffusion-like transport of elec- 
trons among the mediating centers of the film deter- 
mines iE. And ik is the largest current that could be deliv- 

ered by the cross-exchange reaction. These currents are 
described in more detail elsewhere (4). 

The closed-form equations for case C in the limit of 
large K are given in Fig. 1. The type of limiting behavior 
for each pair of plateau current expressions is given by an 
ESR designation. In these limiting situations, one or two 
of the rate-limiting factors predominate  over the others. 
The ESR designation is a general guide to the nature of 
the limiting processes; the first two letters point to the 
electron (E) and substrate (S) diffusion processes within 
the film, and R indicates the influence of the cross- 
exchange reaction rate. A cycle of concentration profiles 
taken for a potential at which P is oxidized at the mass- 
transfer-limited rate is a useful tool for understanding the 
transitions among limiting behaviors (Fig. 2). 

The strategy for analyzing a given polymer-mediator- 
substrate system involves evaluating iA, is, and iE, and 
constructing Koutecky-Levich plots [i -1 vs. (rotation 
rate) -'2] from the sum of the oxidation plateau currents. 
Much of the experimental validation of the theory to date 
has been provided by Anson's group in association with 
Say,ant  (6, 7). 

We have investigated the use of poly(styrene sulfonate) 
(PSS) as a matrix for the mediated oxidation of ferrocene- 
1,1'-disulfonate [Fe(CpS)2"-] in CH3CN by electrostatically 
bound tris(2,2'-bipyridine)osmium(III) [Os(bpy)33~], a case 
C system. 

Experimental  
Poly(styrene sulfonate, sodium salt) (Polysciences, In- 

corporated, Mw = 6 x 106) was purified through dialysis 
and filtration. A !.00% (w/v) PSS,  0.038% (w/v) Zonyl 
FSN (du Pont) spin coating solution was prepared in 3:2 
methanol:water. The FSN, a fluorosurfactant, made it 
possible to spin coat films of uniform thickness on 
Teflon-shrouded glassy carbon electrodes. The osmium 
salt, Os(bpy)3C104)2, was synthesized according to a 
method outlined by Burstall et al. (8). The solution used 
to load films had the following composition: 0.50 mM 
Os(bpy)~ 2+, 10 mM dicyclohexyl-18-crown-6 (Aldrich), 
0.020M tetra-n-butylammonium tetrafluoroborate 
(TBABF4), and 4.0% (v/v) water in distilled-in-glass 
acetonitrile (Burdick and Jackson). The crown ether was 
included to force dissociation of the sodium sulfonate 
moieties (9). The volume of water added was judged to 
promote swelling of the polymer film without causing its 
dissolution. Both components were important  for achiev- 
ing rapid exchange of Os(bpy)3 ~ into the PSS films. An- 
other loading solution as prepared in the same manner 
but for the substitution of Ru(bpy)~ 2§ for Os(bpy)3~% The 
perchlorate salt of the ruthenium complex was prepared 
as described by Glass and Faulkner (10). The acid form of 
Fe(CpS)22- was synthesized according to a method by 
Knox and Pauson (11) and then titrated with an aqueous 
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Fig. !. Closed-form equations for case C in the limit of large K 
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solution of tetra-n-butylammonium hydroxide (Aldrich). 
Tetra-n-butylammonium ferrocene-l , l ' -disulfonate was 
recovered in a rotary evaporator and recrystallized twice 
from ethanol/diethylether. The electrolyte, TBABF4, was 
part of a batch for which the preparation has been de- 
scribed (9). 

An AFMSR Rotator System fitted with a glassy carbon 
rotating disk electrode (RDE) (Pine Instrument Com- 
pany) was used in conjunction with a Z-80 micropro- 
cessor based cybernetic-potentiostat (12) to obtain all 
electrochemical data. Two Teflon-shrouded (12 mm od) 6 
mm diam glassy carbon disks were polished with 0.25/~m 
grit diamond compound then 0.05/~m grit alumina slurry 
(Buehler Limited). In order to improve the adsorption of 
PSS films on the glassy carbon, the polished electrodes 
were treated with 25% C1SO3H in CH2C12 (v/v) for several 
minutes. Apparently, sulfonation of aromatic rings in the 
glassy carbon structure made the electrode surfaces more 
polar. Spin coating was accomplished by locking the 
RDE's onto a shaft driven by a controlled speed motor 
(Electro-craft Corporation). A special cell was built for the 
rotation experiments (Fig. 3). The design minimizes con- 
vective turbulence and uncompensated resistance. I t  fea- 
tures a removable plat inum auxiliary electrode separated 
from the spherical working electrode chamber by a glass 
flit. The Ag/Ag § reference electrode (0.01M, CH3CN) is se- 
questered in an adjustable side arm that draws into a 
Luggin capillary. 

Results and Discussion 
Spin coating at 4000 rpm consistently produced films 

that gave an even blue interference color. Loading was ac- 
complished in approximately 12 re_in by cycling freshly 

C o l l a r  R D E  

100 mL ~ Reference 
Round-bottom 
Flask 

/Lug?in ~'~ 

#7 Nylon 
Glass Bushing 
Thread 

Coarse ~" 

GlaSSFrit ~ ! ThreadTeflonGlass ~ #15 

Auxiliary Bushing 
Fig, 3. Diagram of the electrochemical cell built for rotation experi- 

ments. 

spin-coated electrodes between -0.2 and +0.8V in the 0.5 
ram Os(bpy)3 ~ solution (Fig. 4). A dry-loaded film gave a 
yellow interference color. 

Once a film was loaded, the electrode surface was 
rinsed with CH3CN and the electrode was transferred to a 
solution of 0.020M TBABF4 and 0.50% (v/v) H~O in 
CH3CN. The electrode was cycled in this solution (Fig. 5) 
until the Os(bpy)~2§ ~§ sites within the film reached stable 
configurations. This process, which took approximately 
30 min, was marked by a 200 mV negative shift of  the 
formal redox potential of the PSS-Os(bpy)32+t3~ couple. 
Similar behavior was observed by Majda and Faulkner 
for the PSS-Ru(bpy)32~3§ system (9). The Os(l~py)32~3§ sites 
had converted from "weakly bound" configurations, in 
which the individual osmium center may have interacted 
with two sulfonate groups, to "strongly bound" con- 
figurations, in which each osmium center may have in- 
teracted with three sulfonate groups. The formation of 
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Fig. 4, Growth of voltommetric signal from Os(bpy)32.13§ exchanging 

into o PSS film. Initial and final potentials were -0.2V. 
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V = 10 mV s-' 
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0.75 0.6 0.4 0.2 0.0  - 0,2 

E / V  vs Ag /Ag  + 

Fig. 5. Conversion of redox polymer film of Fig. 4 to a dehydrated 
strongly-bound state. Initial and final potentials were - 0 . 2 V .  

t t I t I I I I i I I 
0,8 0,6 0,4 0.2 0.0 - 0.2 

E / V  vs Ag/Ag*  

Fig. 6. Current-potential curves for oxidation of 0.10 mM 
Fe(CpS)2 2-  at o rotating glassy carbon electrode coated with PSS- 
Os(bpy)3 2§ Order in which rotation rates were selected is given at 
right. Scan rate = 5 mV-s -~. 

t ight  s trongly b o u n d  centers and the  loss of  film fluidity 
tha t  accompanies  dehydra t ion  could  c o m b i n e  to produce  
e lec t ro inact ive  domains  of  med ia to r  sites. This film 
lockup,  as welt  as leaching,  could  accoun t  for the  smaller  
peak  ampl i tudes  of the  dehydra ted  fi lm (Fig. 5). 

In  order  to obtain  an  effect ive loading va lue  for a dehy- 
dra ted  Os(bpy)32~s3+-exchanged film, the  e lect rode was 
poised  at -0 .2V for 5 min  prior  to a s ingle  cycle be tween  
-0 .2  and +0.775V. The  area u n d e r  the  ox ida t ion  peak  was 
in tegra ted  to de te rmine  the  effect ive  loading  va lue  in mi- 
c rocoulombs .  An  average of  370 -+ 16 ~C was calculated 
for the  ten films tha t  form the  basis of  this  study. Ideally,  
once  the  loading va lue  for a film was measured ,  a series 
of  exper iments  wou ld  have  been  c o n d u c t e d  to de te rmine  
is, is, and the  media ted  subs t ra te  ox ida t ion  current.  In  
practice,  the  loaded  films were  no t  robus t  enough  to sur- 
v ive  such a reg imen.  So the  work  done  with  each film 
was l imited,  and every  effort was m a d e  to genera te  repro- 
duc ib le  film systems.  

One  of  the  mos t  appeal ing features  o f  t h e  kinet ic  mode l  
deve loped  by A n d r i e u x  and co-workers  is that  knowledge  
of  the  in situ film th ickness  is no t  r equ i red  for 
de te rmin ing  i~. I n  addi t ion to a f i lm's  loading va lue  in 
coulombs ,  all that  is necessary is the  A n s o n  s lope f rom a 
ch ronocou lomet r i c  expe r imen t  

(slope) 2 
iE 

4 loading  va lue  

In  genera], potent ia l  steps were  m a d e  f rom -0.1 to 
+0.85V for pulse  widths  ranging f rom 100 to 1000 ms. The 
c o m p o n e n t  current  iE was de t e rmined  to be  250 _+ 20 ~A. 
Given  the  h igh  local  concent ra t ion  of  t he  o s m i u m  cam- 

p lex  in the  films (es t imated  to be  0.3-0.5M) relative to the  
concentra t ion  of  suppor t ing  electrolyte,  migra t ion  effect 
were  probably  present .  

Three  subs t ra te  so lu t ions  were  used  in the  mediat ion 
exper iments :  0.10, 0.25, and 0.40 mM Fe(CpS)2 ~- in 0.50% 
(v/v} H20, 0.020M TBABF4 acetoni t r i le  solutions.  Rotation 
rates ranged f rom 100 to 1225 rpm. At t empt s  to use higher  
concentra t ions  or ro ta t ion  rates failed, apparent ly  be- 
cause of  t h e  acce le ra ted  foul ing that  accompanied  the  in- 
creased substrata  flux. Three  loaded films were  run  at 
each substrate concent ra t ion .  Two of the  nine trials were  
eventual ly  d i scoun ted  because  the  film loading values 
were  too low. Ro ta t ion  rates were  se lec ted  in a different 
order  wi th  each trial so that  in t rud ing  effects could be 
identif ied wi thou t  pu t t ing  the  short- l ived films through 
repeat  runs. The  suspec ted  fouling process  had no dis- 
cernible  impac t  u p o n  the  magn i tude  of  the  combined  pla- 
teau current  (il + i2) as long  as there  was not  a total film 
failure. The  foul ing  did, however ;  affect  the  shape and lo- 
cat ion of t he  s u p e r i m p o s e d  Os(bpy)~ z~ oxidat ion  peak. In  
a successful  trial s h o w n  in Fig. 6, the  shr inking peak flat- 
t ened  and shif ted to m o r e  posi t ive potent ials  as the film 
became  fouled,  ref lec t ing the  increas ing difficulty wi th  
which  the  med ia to r  s i tes  were  oxidized.  

The  Kou tecky-Lev ich  plots for il + i2 are l inear and in- 
te rcept  the  origin (Fig. 7). The  s lopes are inversely propor-  
t ional  to subs t ra te  concentra t ion.  I t  is no t  clear f rom any 
of  the v o l t a m m o g r a m s  whe the r  the  shoulder  that  pre- 
cedes each med ia to r  p e a k  is an artifact  or is actually the  
first plateau cur ren t  and  a measure  of  is. In  any event,  an- 
o ther  means  of  m e a s u r i n g  is was chosen.  

The  formal  r e d o x  potent ia l  of the  po lymer-bound  
Ru(bpy)3 ~m~ couple  is approx imate ly  +0.85V, wel l  
r emoved  f rom the  onse t  o f  Fe(CpS)22- oxidation.  For  is 
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Fig. 7. Koutecky-Levich plots of (i~ + i~) -~ vs. (rpm) -z~ for the 
PSS-Os(bpy)~ ~+~§ film in Fe(CpS)~ ~- solutions. 
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Fig. 8. Current potential curves for direct oxidation of Fe(CpS)2 ~- 
at a rotating glassy carbon electrode coated with PSS-Ru(bpy)3 2~13§ 
Scan rate = S mV-s -1. 

determinat ions,  then,  the  r u t h e n i u m  complex  is a natural  
choice as a sur rogate  for the  closely related o smium 
bypyridine complex .  F resh ly  spin-coated electrodes were  
loaded with  the  r u t h e n i u m  complex  to the  level of the  os- 
mium c o m p l e x  and then  dehydra ted  using the s tandard  
procedure. Care was taken  to avoid  oxidat ion  of water  in 
the films. Vo l t ammet r i c  data  were  obta ined for three  
substrate concen t ra t ions  (Fig. 8). Table I contains the  is 
component  cur rents  de t e rmined  f rom the intercepts  of  
the Kou tecky -Lev ich  plots  of  t he  p la teau  currents.  The  is 
values are rough ly  propor t ional  to substrate  concentra-  
tion, as expec ted .  T h e y  are also ve ry  small,  less than 1/zA, 
indicating s low subst ra te  diffusion th rough  the film. 

The  Lev ich  cons tan t  for oxida t ion  of Fe(CpS)2 ~- at a 
bare e lec t rode  had  been  de te rmined  in earlier experi-  
ments that  e m p l o y e d  a wide  range  of  substrate  concentra-  
tions and ro ta t ion  rates. Table  I I  gives the  i^ values calcu- 
lated f rom the  Lev ich  cons tan t  for the  rotat ion rates and 
substrate concen t ra t ions  u l t imate ly  used  in the media t ion  
exper iments .  

All the  e v i d e n c e  poin ts  to SR character is t ic  l imit ing be- 
havior  (see Fig. 1 and  2). There  are  two current  plateaus,  
and the  iElis ratio is ve ry  large so the  R, R + E, ER,  E R  + 
S, S, and S + E character is t ic  behaviors  are ruled out. The  
iz componen t  cur ren t  is also larger  than the  iA values;  the  
E character is t ic  behav io r  is out. Koutecky-Lev ich  plots of  
i~ + is are l inear,  wh ich  nar rows  the  field to R + S and  
SR. And  finally, the  cross-exchange react ion be tween  
Os(bpy)33§ and Fe(CpS)2 *- is l ike ly  to be  very  fast so that  
idis will be  large.  The  SR  character is t ic  l imit ing behav ior  
becomes  the  bes t  candidate .  

In  the  SR  si tuat ion,  a rapid cross-exchange react ion and 
slow substra te  di f fus ion th rough  the film unite to con- 
fine the  subs t ra te  wi th in  the  film to a thin react ion layer  

Table i. Dependence of is on Fe(CpS)~ ~- concentration 

CA* (mM) is (~A) 

0.10 0.10 
0.25 0.42 
0.40 0.76 

Table II. Calculation of iA values from Levich constant 

iA~2CA * = 6.2 
CA* (mY/) iA (~A) 
(f/min -j) 100 225 400 625 900 1225 

0.10 6.2 9.3 12 16 19 22 
0.25 16 23 31 39 46 54 
0.40 25 37 50 62 74 87 

co I 
i 
I �9 

n 

Fig. 9. Cross section of PSS-Os(bpy)3 2+3+ film in Fe(CpS)~ ~- solution 
illustrating proposed concentration profiles of mediator and substrate. 

adjacent  to the  f i lm-solution interface.  The  media to r  con- 
centra t ion profile is general ly  flat and at the  m a x i m u m  
value.  We bel ieve that  our  sys tem represen t s  an ex t reme  
of the  SR  case. The  zero in tercept  of  the  Koutecky-  
Lev ich  plots of  Fig. 7 means  that  t he  modi f ied  e lect rode 
was able to oxidize the  ent ire  Lev ich  flux. Therefore,  the  
concen t ra t ion  of the  substrate  in the  so lu t ion  was drawn 
d o w n  to zero at the  f i lm-solution interface.  Subs t ra te  did 
no t  pene t ra te  the  film; the  c ross -exchange  react ion 
occur red  at the  interface.  A n d  since iz can be  no more  
than  three  t imes  as large as iA, t he  med ia to r  concent ra t ion  
profile would  have  s loped down  toward  the  film solu- 
t ion interface  to some  degree.  These  features  are shown 
in Fig. 9. 

Work is unde rway  to explore  the  ex ten t  to which  the  
parameters  that  govern  the  k inet ics  of  the  polymer-  
media tor -subs t ra te  sys tem can be  tuned.  The  goal is to 
use  the  media to r  more  efficiently. Tha t  is, the  ent ire  vol- 
u m e  of  the  film should  be invo lved  in the  cross-exchange  
reaction.  Toward  tha t  end,  the  water  con ten t  of  the  sub- 
strate solut ions will  be  increased to fur ther  swel l  the  film 
and the  media tor  concent ra t ion  wi th in  the  film will be  
lowered.  
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Analysis of Square Wave Voltammetric 
Results at a Tin Oxide Semiconductor 

Microelectrode 
Neal T. Sieszynski 

Microelectrodes have been used by biochemists and 
neurophysiologists for several decades to study cell bio- 
chemistry and nerve cell communications (1, 2). Although 
usually used in potentiometry, in a small number of cases 
these microelectrodes have been used as voltammetric 
sensors (usually in the amperometric mode) to identify 
electroactive species such as neurotransmitters (3, 4). 
Only recently have electrochemists recognized the poten- 
tial of microelectrodes for classical electrochemical prob- 
lems. Wightman has published a useful review of micro- 
electrode applications in analytical chemistry as well as 
biochemistry (5). 

The major attraction of microelectrodes for the analyt- 
ical chemist is the improved signal-to-noise ratio, which 
arises from the increase in current density associated 
with nonplanar diffusion. When overall small dimensions 
are not required, the use of arrays of microelectrodes can 
be advantageous. Microelectrode arrays offer higher, 
more easily measurable currents while retaining the de- 
sirable features of the individual microelectrodes in the 
array. Although arrays have been constructed manually 
(22, 23), certain types of microelectrode arrays may be 
constructed using semiconductor fabrication technology 
(6, 7, 24-26) if  appropriate materials for the electrode and 
insulating layer are successfully identified. 

In conjunction with the National Research and Re- 
source Facility for Submicron Structure at Cornell Uni- 
versity, we have constructed a number  of microelectrode 
arrays from SnO2, a commonly used semiconductor in the 
electronics industry, with the goal of testing the recently 
developed theory of square wave vol tammetry at micro- 
electrodes for reversible processes (8). Electrodes con- 
structed of SnO2 have been examined by a number  of 
experimenters (9-18). Initial work in the area focused on 
the use of these electrodes in spectroelectrochemistry 
(10-12). The area of optically transparent electrodes has 
been reviewed by Kuwana and Winograd (19), and a sum- 
mary of the uses of SnO., for this purpose is given there. A 
paper by Osa and Kuwana (12) reviews the use of tin ox- 
ide and other optically transparent electrodes in non- 
aqueous solutions. 

A number  of other studies examined the problem of 
electron transfer kinetics on these electrodes. Kuwana's 
review notes that the reversibility of ferrocyanide at these 
electrodes depends on pH and chloride ion concentration. 
In a paper with Strojek (11), Kuwana shows cyclic vol- 
tammograms which indicate that the maximum reversi- 
bility for ferrocyanide on tin oxide electrodes is seen at 
pH = 1.5, although from their figure it appears that even 
at this pH the electron transfer is only quasi reversible. 
Laitinen and co-workers (13) have also noted an effect of 
chloride ion, which appears to be specifically adsorbed. 
The peak shape for a cyclic voltammogram indicates ei- 

ther a charging process or an exhaustive surface electrol. 
ysis. Experiments showed that an electrode removed 
from a chloride containing electrolyte and placed in a 
chloride-free environment retained adsorbed chloride for 
several hours. Access to cathode potentials was found to 
be limited by reduction of tin oxide to metallic tin. Fur- 
ther studies by this group on the surface properties of 
these electrodes have included the study of bromide (15) 
and iodide (16). 

Armstrong and co-workers (18) have conducted exten- 
sive surface studies of SnO~ and IntO3 semiconductor 
electrodes using ESCA and Auger spectroscopy. Al- 
though a comparison of surface properties with capaci- 
tance behavior and accessible potential range was made, 
no information was provided which would shed light on 
either the strong adsorption of halides or variations in 
electrode kinetics. 

Albertson and co-workers (17) have determined the 
electron-transfer rate constant for the reduction of ferro- 
cyanide at SnO2 using both electrochemical and spectro- 
photometric means. Unfortunately, the experimental con- 
ditions were such that the electron-transfer rate was 
determined under conditions which other workers had al- 
ready noted as yielding quasi-reversible behavior (pH 7). 
The electron-transfer rates determined by the two meth- 
ods agreed closely, with an average of 4.3 (_+0.2) • 10 -4 
cm/s. No measurements  were made at lower pH values, 
where the couple is known to exhibit  more reversible be- 
havior. 

Laitinen's group has used almost exclusively electrodes 
constructed in their own lab. They have examined the 
electrical and electrochemical properties of SnO2 films 
with varying amounts of antimony as a dopant (14). Their 
studies showed the sensitivity of the electrode kinetics to 
semiconductor composition, in particular the dopant 
level. In the same study, they measured electron-transfer 
rates at the best of these electrodes for a number of com- 
pounds. They found that for compounds with quasi-re- 
versible electron-transfer rates electron transfer rates are 
uniformly faster at Pt  electrodes. Reversible behavior was 
seen under certain conditions for Fe(o-phen)32§ and 
Fe(CN)64-. Work has also been done on modifying the 
electrode surface with submonolayers of adsorbed Pt (20). 
This modified electrode surface showed greater activity 
for the reduction of oxygen than a bulk Pt  electrode. 

In order to test the square wave at microelectrode 
theory, it is necessary to identify a species which is re- 
versible on the commercial  SnO~ material, Nesla Glass, 
which was used to construct the electrode. F o r  conven- 
ience, cyclic vol tammetry was used to initially screen 
compounds, using the peak-to-peak separation criteria of 
Nicholson and Shain (21). Species examined included fer- 
rocyanide, ferrous oxalate, Ru(bpy) 2§ in aqueous media, 
and Ru(bpy) 2+ and ferrocene in acetonitrile. All were 
found to exhibit quasi-reversible behavior under the con- 
ditions used, at scan rates as slow as 100 mV/s. These re- 
sults indicate that commercially available SnO2 may be an 
unreliable material for applications in which reversible 
electron-transfer behavior is necessary. It is apparent 
from the results reported by Laitinen and co-workers (14), 
however, that carefully fabricated semiconductor sur- 
faces, or electrode surfaces which have been modified 
with adsorbed Pt  (20), are capable of yielding the desired 
behavior. 

The most reversible of the species tested, ferrocyanide, 
was used for square wave experiments which compared 
experimental behavior with that predicted by theory. Fig- 
ure 1 shows the comparison of the experimental  results 
and the theoretical fit, as calculated using simplex opti- 
mization techniques, for an array of 100 disks each 30 ~m 
in radius. The effect of the slow electron transfer can be 
seen in the quality of the fit, especially at higher overpo- 
tentials. Despite this problem, the calculated fit yields a 
radius of 28 ~m, in good agreement  with the radius of 30 
~m measured using a microscope. 

In conclusion, it can be said that the recently developed 
theory of square wave vol tammetry at microelectrodes is 
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Fig. 1. Square wave voltammogram of 0.5 mM }errocyanide on a 
SnO~ microelectrode array (100 disks of radius 30 p.m). Square wave 
frequency: 10 Hz. SO mV step amplitude. 

capable of describing the experimental behavior seen at 
these arrays, even in the absence of a completely revers- 
ible electron transfer. 
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Chlorine-Caustic Soda 
Production and capacity.--Domestic.--Major U.S. 

chlor-a lkal i  p r o d u c e r s  are  l i s ted  in  Tab le  I (1). T h e  m a j o r  
e n d - u s e  m a r k e t s  for  ch lo r ine  a n d  caus t ic  are  s u m m a r i z e d  
in  Tab le  II  (2). 

As T a b l e  I I I  shows,  t he  p r o d u c t i o n  of  ch lo r ine  a n d  
caus t i c  r e b o u n d e d  f r o m  1983 levels .  T he  average  oper-  
a t ing  ra te  for 1983 was  68.7% of  capac i ty ;  in  1984, i t  was  
75.6% of  capaci ty .  (3-9). 

R e t u r n s  o n  caus t i c  soda  a n d  c h l o r i n e  genera l ly  in-  
c r eased  t h r o u g h o u t  t he  yea r  as t he  gene ra l  e c o n o m y  re- 
covered .  P r i ce s  for  caus t ic  soda  r a n g e  f rom $195 to 
$265/ton, 50% caus t ic ,  l oca t ion  d e p e n d e n t .  Ch lo r ine  t a b s  
h a v e  g o n e  f r o m  $150 to $170/ton levels  to $195-200/ton 
(56-61). 

O c c i d e n t a l  a n d  P P G  h a v e  t a k e n  a n  op t imis t i c  v i ew  of  
t he  fu tu re ,  as e v i d e n c e d  b y  the i r  m o d e r n i z a t i o n  p lans .  Oc- 
c iden ta l  is i n s t a l l i ng  _a $30 mill ion,  400 ton ]day  chlor ine ,  
440 ton]day  caus t i c  soda  planet a t  i ts  Taft,  Louis iana ,  facil- 
ity. T h e  n e w  p l a n t  will  b e  E l t ech ' s  m e m b r a n e  cell  tech-  
nology.  This  is r e p o r t e d l y  t he  l a rges t  p l a n t  in  t h e  U.S. 
T h e  n e w  p l a n t  is e x p e c t e d  to b e  on  s t r e a m  in  ear ly 1986. 
P P G  is r ep l ac ing  i ts  g r a p h i t e  e l ec t rode  t e c h n o l o g y  a t  i ts  
Na t r i um,  West  Virginia ,  p l a n t  w i th  m o n o p o r e  d i a p h r a g m  
e q u i p m e n t .  T h e  t r e n d  is to m a k e  t he  p l a n t  m o r e  e n e r g y  
efficient.  The  n e w  e q u i p m e n t ,  a t  a cos t  o f  $105-$110 mil- 
l ion,  is e x p e c t e d  to b e  o n  l ine  t he  first  q u a r t e r  of  1985 
(10). 

B y  April ,  O c c i d e n t a l  Chemica l  b o o s t e d  i ts  chlor-a lkal i  
capac i ty  a t  Taft ,  Louis iana ,  to m o r e  t h a n  1000 ton]day.  
This  was  t h e  r e su l t  o f  s t a r t ing  u p  a 230 ton ]day  chlor-  
a lkal i  p l a n t  id l ed  m o r e  t h a n  a yea r  ago a t  t h e  faci l i ty  
(11, 12). 

SRI  I n t e r n a t i o n a l  ha s  r e l eased  a r e p o r t  w h i c h  i nd i ca t e s  
t h e  p r o b l e m  of  exces s  chlor-a lkal i  p r o d u c t i o n  is l ike ly  to 
con t inue .  Year  to yea r  f luc tua t ions  in  d e m a n d  h a v e  b e e n  
2% grea te r  s ince  1975, as c o m p a r e d  w i t h  t he  p e r i o d  f r o m  
1965 to 1974. Ove r capac i t y  genera l ly  ex i s t s  a r o u n d  t h e  
wor ld ,  so t h e  i n d u s t r y  c a n n o t  e x p e c t  m u c h  he lp  f r o m  ex-  
por ts .  Wes t e rn  E u r o p e  r an  a t  75% in  1982, a n d  J a p a n  a t  
76% in  1982. G r o w t h  is p r e d i c t e d  a t  2%/yr in  1982. G r o w t h  
is p r e d i c t e d  at  2% in  W e s t e r n  Europe ,  a n d  1.1% in  J a p a n .  
N e w  chlor -a lka l i  capac i ty  is c o m i n g  o n  s t r e a m  in  t h e  Mid- 
d le  E a s t  a n d  As ia  (13). 

P e n n w a l t  C o r p o r a t i o n  a n n o u n c e d  p l ans  to conve r t  t h e  
Tacoma ,  W a s h i n g t o n ,  250 ton]day  p l a n t  to t he  ICI  F M  21 
m e m b r a n e  t echno logy ,  w h i c h  will  b e  t h e  l a rges t  s u c h  fa- 
ci l i ty in  N o r t h  Amer ica .  This  wil l  b e  t h e  s e c o n d  faci l i ty to 
e m p l o y  coa ted  ca thodes .  S ta r t -up  of  t h e  p l a n t  is e x p e c t e d  
in  t he  s e c o n d  h a l f  of  1985 (14, 15). 

ICI ' s  F M  21 t e c h n o l o g y  is sa id  to b e  e n e r g y  eff ic ient  
d u e  to coa t ed  a n o d e s  a n d  ca thodes  a n d  t he  u s e  of  D u  
P o n t ' s  Na f ion  m e m b r a n e .  The  t e c h n o l o g y  was  p r o v e n  in  
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t h r e e  E u r o p e a n  p l a n t s  a n d  s ix  o t h e r  ins ta l l a t ions  will  be  
c o m m i s s i o n e d  in 1984 (15-18). 

P P G  I n d u s t r i e s  has  r ece ived  a n  a w a r d  f rom Resea rch  
a n d D e v e l o p m e n t  magaz ine  (IR-100 award)  for i ts  "Bizec"  
m e m b r a n e  chlor-a lka l i  e l ec t ro lyzer  t echno logy .  The  cell 
t e c h n o l o g y  r e d u c e s  e n e r g y  b y  m o r e  t h a n  25% as com- 
p a r e d  to d i a p h r a g m  cell  t e chno logy .  A demons t r a t i on -  
scale  p l an t  is ope ra t i ng  a t  t h e  L a k e  Charles ,  Louis iana,  
complex .  This  is P P G ' s  f irst  cel l  t e c h n o l o g y  to use  
p e r m i o n i c  m e m b r a n e  t e c h n o l o g y  (19, 20). 

In  a b id  for f u r t h e r  in tegra t ion ,  Occ iden ta l  Chemica l  
Corpo ra t i on  will  r e o p e n  t h e  500 mi l l i on  lb  e thy l ene  facil- 
i ty  at  L a k e  Charles ,  Lou is iana ,  f o r m e r l y  o w n e d  b y  Cities 
Service .  This  m o v e  wil l  f u r t h e r  i n t e g r a t e  t he  c o m p a n y ' s  
ch lo r ine  a n d  na tu r a l  gas l i qu id s  (21). 

E l t ech  S y s t e m s  Corpora t ion ,  O c c i d e n t a l  Chemica l  Cor- 
po ra t i on  and  its subs id ia ry ,  A n o d e  P r o d u c t s  Incorpora-  
ted,  h a v e  se t t l ed  p e n d i n g  l i t iga t ion  re l a t ed  to E l tech ' s  
pa t en t s  for  chlor-alkal i  d i a p h r a g m  cells  (22). 

J a p a n . - - K a s h i m a  Ch lo r ine  a n d  Alka l i  C o m p a n y  ha s  con- 
v e r t e d  f rom m e r c u r y  cell  chloroalkal i  t e c h n o l o g y  to ion- 
e x c h a n g e  m e m b r a n e  t e c h n o l o g y  a t  i ts  K a s h l m a  works.  
M e r c u r y  cells  m u s t  be  r ep l aced  in  J a p a n  b y  J u n e  of  1986 
(23). 

Th ree  J a p a n e s e  c o m p a n i e s - - A s a h i  Chemica l ,  Asah i  
Glass,  a n d  T o k u g a m a  S o d a - - a r e  pe r fec t ing  the  ion- 
e x c h a n g e  m e m b r a n e  p r o c e s s e s  (24). 

Table I. Major U.S. chlor-alkali producers 
(thousands of tons) 

1984 
Caustic 

Producer Chlorine soda 

Dow Chemical 
PPG Industries 
Diamond Shamrock 
Olin 
Occidental a 
Vulcan Materials 
du Pont  
LCP Chemicals and Plastics 
Georgia Gulf 
BF Goodrich 
Stauffer Chemical 
Pennwalt 
FMC 
Others 

3,360 3,690 
1,363 1,499 
1,234 1,356 

806 889 
750 828 
575 635 
517 485 
505 462 
438 482 
414 457 
367 404 
299 378 
290 318 

1,072 904 

Total 11,992 12,787 

a An additional 300,000 tons back on stream in 1986 (1). 

Table II (2). Chlorine-caustic soda 1984 markets 

Per- Per- 
Chlorine cent Caustic soda cent 

PVC 20 Organic chemicals 38 
Pulp and paper 14 Pulp and paper 20 
Chlorinated ethanes 14 Inorganic chemicals 11 
Chlorinated methanes 12 Soaps and detergents 5 
Inorganics 12 Textiles 5 
Propylene oxide 8 Petroleum 5 
Other organics 7 Alumina 4 
Water treatment 4 Miscellaneous 12 
Miscellaneous 9 
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Table XVII (106). O.S. aluminum ingot capacity 

Company/Location 

R E P O R T  OF THE E L E C T R O L Y T I C  I N D U S T R I E S  

Jan. 1, 1984 
Annual Operating 
capacity rate 

(short tons) (short tons) 

Alumax, Incorporated 
Ferndale, WA (Intalco) 280,000 277,000 
Frederick, MD (Eastalco) 176,000 153,000 
Mr. Holly, SC 200,000 186,000 

Total 656,000 616,000 
Aluminum Company of America 

Alcoa, TN 220,000 192,500 
Anderson County, TX 16,000 0 
Badin, NC 127,000 95,300 
Massena, NY 226,000 226,000 
Rockdale, TX 342,000 304,500 
Vancouver, WA 121,000 96,800 
Warrick, IN 298,000 275,400 
Wenatchee, WA 226,000 226,000 

Total 1,576,000 1,416,500 

ARCO Aluminum Company 
Columbia Falls, MT 180,000 180,000 
Sebree, KY 180,000 180,000 

Total 360,000 360,000 

Consolidated Aluminum Corporation 
New Johnsonville, TN 144,000 18,000 

Kaiser Aluminum and 
Chemical Corporation 

C]halmette, LA 260,000 0 
Mead, WA 220,000 110,000 
Ravenswood, WV 163,000 122,250 
Tacoma, WA 81,000 81,000 

Total 724,000 313,250 

Martin Marietta Aluminum 
The Dalles, OR 90,000 0 
Goldendale, WA 185,000 185,000 

Total 275,000 185,000 

National-Southwire 
Aluminum Company 

Hawesville, KY 190,000 190,000 

Noranda Aluminum Company 
New Madrid, MO 230,000 230,000 

Ormet Corporation 
(Revere-Consolidated) 

Hannibal, OH 270,000 270,000 

Revere Copper and 
Brass Incorporated 

Scottsboro, AL 117,000 0 

Reynolds Metals Company 
Arkadelphia, AR 68,000 68,000 
Jones Mill, AR 125,000 50,000 
Lake Charles, LA 36,000 0 
Listerhill, AL 202,000 88,000 
Longview, WA 210,000 210,000 
Massena, NY 126,000 126,000 
Troutdale, OR 130,000 80,000 

Total 897,000 622,000 
Total UIS. 5,439,000 4,220,750 

Percent operating 77.6 

consumers other than the a luminum producers. Since 
1979, prices for producing a pound of a luminum have 
gone from $0.024 to $0.18 (108). 

The Tennessee Valley Authority service area has in- 
creased rates from 24.8 mill in 1979 to 37 mill this year. 
Several producers in the TVA area have closed or mark- 
edly reduced capacity. The TVA area has become the 
"swing" area for primary aluminum production. These 
energy policies will likely send primary aluminum pro- 
duction off shore and to areas with incentive energy poli- 
cies for smelters (108). 

Alcoa announced that it will phase out some of its high 
cost domestic capacity and will be buying more primary 
alumihum ingot on the open market  (109, 110). 

The Bonneville Power Administration made an agree- 
ment  with six Northwest a luminum producer plants. 
Eleven Direct Service Industries (DSI's) have agreed to 
buy 2,640 MW of BPA power at 22.7 mill/kWh. BPA dis- 
closed that over a 6 month period the agency will gain 
$1.48 billion in total revenues (111). 
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Alcoa and Reynolds adjusted their output with respect 
to BPA's incentive power (112-114). 

Kaiser announced that two additional potlines will be 
closed on September  9 at its Mead, Washington, facility. 
The domestic a luminum smelting rate will drop a full per- 
centage point with the closing (115-118). 

Reynolds Metals Company shutdown its 23,000 ton/year 
potline at Jones Mill, Arkansas primary smelter. Alcoa an- 
nounced that it will restart its 25,000 ton/year potline at 
Alcoa, Tennessee, as the Tennessee Valley Authority de- 
cided to provide additional "limited interruptible power." 
Alcoa shutdown a 34,000 ton/year potline at Rockdale, 
Texas, a net shutdown of 9,000 ton/year. Martin Marietta 
Aluminum, Incorporated, announced it would close its 
82,000 ton/yr smelter at The Dalles, Oregon, if no buyers 
were found by December  1. Martin Marietta has decided 
to divest of all a luminum operations (119-121). 

Alcan reached agreement with Arco to acquire Arco's 
interest and a primary aluminum smelter in Sebree, 
Kentucky, and rolling mills in Indiana and Kentucky and 
Arco's alumina interests in Ireland (122-125). 

Reynolds Metals Company announced it will temporar- 
ily idle its 25,000 ton/yr production lines at its Troutdale, 
Oregon, facility (126-127). 

Vertical integration in the a luminum industry seems to 
have paid off, with companies integrating smelting of pri- 
mary aluminum capacity with sources of alumina and 
bauxite (128, 129). 

Martin Marietta, in its withdrawal from the world alu- 
minum production arena, will sell four of its six operating 
facilities to Comalco Limited, of Melbourne, Australia 
(130-134). 

Alcoa reportedly scrapped plans for a 200,000 metric 
ton/yr smelter in Manitoba, Canada (135, 136). 

Reynolds Metals announced that it revised its primary 
aluminum capacity downward from 1,150,000 to 1,036,000 
ton as a result of the permanent  closure of its San Patrico, 
Texas, a luminum reduction plant near Corpus Christi, 
Texas (137). 

Aluminum consumption is projected to reach new 
record for the second consecutive year. Total a luminum 
consumption is projected to exceed 16 billion lb for the 
first time (138). 

Alumax, Incorporated, announced a 40,000 ton cutback 
as the aluminum market weakened. The Intalco plant at 
Ferndale, Washington, was cut 3,000 tons, and further re- 
ductions were likely when the six month Bonneville 
Power Administration's power rate reductions expire 
(139). 

Aluminum took one step closer to becoming a com- 
modity as trading in futures contracts began on the New 
York Commodity Exchange. Fears that volatility of pri- 
mary aluminum prices would increase seem to have been 
mollified, and North American producers have been 
more supportive of COMEX than originally expected 
(105). 

Canada.--Canadian aluminum capacity is tabulated in 
Table XVIII. 

Table XVIII (106). Canadian aluminum ingot capacity 

Company/Location 

Jan. 1, 1984 
Annual Operating 
capacity rate 

(short tons) (short tons) 

Alcan Aluminum Limited 
Arvida, Quebec 426,000 411,200 
Beauharnois, Quebec 51,800 51,800 
Grand Bale, Quebec 188,500 188,500 
Isle Maligne, Quebec 80,500 80,500 
Kitimat, British Columbia 295,400 295,400 
Shawinigan Falls, Quebec 92,600 92,600 

Total 1,185,000 1,120,000 
Canadian Reynolds Metals Company 

Bale Comeau, Quebec 175,000 175,000 
Total Canadian 1,360,000 1,295,000 
Percent operating 95.2 
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Alcan  Smel te r s  and Chemica l  Limited,  the  main 
opera t ing  uni t  of  Alcan,  will  begin cons t ruc t ion  of an $85 
mil l ion anode  baking  facility at its Arv ida  works  in 
Jonquie re ,  Quebec.  The facility will have  an annual  ca- 
paci ty of 92,000 met r ic  tons  and will  replace  an older  
plant  at the site (140). 

Alcan and ICI have  filed suit  against  the state of 
California 's  uni tary  tax  law. Alcan and ICI con tend  that  
they  should be t axed  only on their  U.S. earnings,  and not 
on thei r  wor ldwide  earnings.  Both  Alcan  and ICI  have  in- 
terests  in California (141). 

Alcan A l u m i n u m  Limi ted  a n n o u n c e d  that  it was with-  
drawing its b e n c h m a r k  pr ice  for a luminum,  the s tandard  
which  had been  in effect for more  than  20 years. Alumi-  
n u m  is now t raded  on the  L o n d o n  Metals Exchange  
(LME) and was the reason ci ted for the  wi thdrawal  (142). 

Alcan will  bu i ld  a $770 mil l ion smel te r  in the Laterr iere  
region near  Chicout imi ,  Quebec.  The  first phase  of  the  
smelter will have a capacity of 80,000 metric torgyr and a 
final production capacity of 250,000 metric torgyr by the 
end of 1991. Once completed, this smelter will replace the 
works at Alcan's Arvida complex (143-149). 

Pechiney Corporation, Alumax, and Societe Generale 
de Financement will construct a new smelter at Beean- 
cour, Quebec. Aluminerie de Becancour, Incorporated, 
(ABI) will be responsible for the construction and opera- 
tion. The ABI will use Pechiney Aluminum's smelting 
technology (150-159). 

AIcan, citing poor market conditions and uncertain ex- 
ports, postponed its plans to construct two primary alu- 
minum smelters and a hydroelectric generating facility in 
British Columbia (160-164). 

Alcan reduced its output of aluminum ingot by 37,500 
metric tons at its Arvida, Quebec, smelter (165). 

Japan.--Japan's aluminum supply and demand and 
imports are summarized in Tables XIX and XX. 

The Ministry of International Trade and Industry 
(MITI) is restructuring the Japanese aluminum smelting 
and semifabricating industry. The plan will reduce pri- 
mary aluminum capacity to 300,000 ton from the present 
710,000 ton, although current production is only 350,000 
ton. Predicted primary aluminum demand will increase 
about 3%/yr to 2.1 million metric ton/yr by 1988, com- 
pared to 1.8 million metric ton/yr now. The difference will 
be made up of imports, primarily from Japanese invested 
smelters overseas (167-169). 

Kobe Steel Limited, will supply two Japanese alumi- 
num smelters with I00,000 ton of alumina/yr for four 
years. The alumina will be supplied from the Worsley alu- 
mina project in Western Australia. Nippon Light Metal 
Company, Limited will receive 20,000 ton and Sumitomo 
Aluminum Smelting Company, Limited will receive 
80,000 ton; all to be processed into primary aluminum for 
Kobe (170, 171). 

New Zealand.--The proposed  A r a m o a n a  a l u m i n u m  
smel ter  is still unde r  cons idera t ion  despi te  earlier indica- 
t ions that the consortium (Pechiney, CSR Limited, and 
Fletcher Challenge) had abandoned the project because 
of increased power costs. New Zealand's energy minister 
says the government wishes to expand aluminum 
smelting on the South Island, but that to do so would in- 
volve major changes in current power planning including 

Table XIX (166). Japan's primary aluminum 
supply and demand 
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Table XX (166). Imports of primary aluminum and 
alloy to Japan (metric tons) 

1984 1 9 8 3  Percentage 
Country (first half) (first half) change 

1984 
(metric tons) 

Demand 1,889 
Supply from overseas projects 600 
From long-term contracts 457 
From others (domestic production and 835 

spot imports) 
Total 1,892 
Stocks 607 

Canada 40,502 50,213 - 19.3 
U.S. 87,947 145,524 -39.6 
Australia 79,452 46,292 +71.6 
New Zealand 66,122 77,903 - 15.1 
U.S.S.R. 3,674 6,373 -42.4 
South Africa 5,600 11,187 -41.0 
Norway 42 2,013 -97.9 
France -- -- -- 
Britain - -  - -  - -  
Federal Republic - -  501 - -  

of Germany 
Austria 227 1,347 -83.2 

Total 284,566 341,353 - 16.6 

speeding  up  s o m e  hyd ropower  projects  to mee t  the  1988 
"first po t l ine"  for A r a m o a n a  (172). 

Australia.---A conf i rmed  site for the  m u c h  delayed alumi-  
n u m  smel ter  in Western  Austral ia  was announced  in De- 
cember .  The  site, at Kemer ton ,  60 miles  south of  Perth,  
was the  one or iginal ly  chosen.  The  consor t ium project ,  
compr i sed  of  Sou th  Korean  Kukj i - ICC Group  (50%), the  
U.S. Reyno lds  Group  (25%), and the  Austra l ian  Girffiths 
Group  (25%) is expec ted  to m a k e  a d e v e l o p m e n t  an- 
n o u n c e m e n t  dur ing  the first quar ter  of  1985 (173, 174). 

Alcan Austra l ia  L imi ted  announced  that  it is post- 
pon ing  a new third pot l ine  at its Kurr i  Kurr i  a l u m i n u m  
smel te r  in N e w  Sou th  Wales because  of  low prices for pri- 
mary  a l u m i n u m  ingot  (175, 176). 

Alcoa of  Austra l ia  L imi ted ' s  Wagerup a lumina  refining 
started up in April.  The 500,000 met r ic  ton/yr facility is 
near  Pe r th  and was comple t ed  in J u n e  1982, bu t  was 
mothba l l ed  due  to low world  a lumina  d e m a n d  (177, 178). 

Austral ia  is emerg ing  as a s ignif icant  wor ld  p roducer  
of p r imary  a l u m i n u m  in contras t  to its t radi t ional  role as a 
suppl ier  of  baux i t e  and alumina.  Austra l ia  has abundan t  
coal resources  to supply  large quant i t ies  of compet i t ive ly  
pr iced electr ici ty.  Worldwide  decl ine  in capaci ty  was 
t raceable  to the  oil price rise in the  1970's. By the  end  of  
1986, the  total  annual  ra ted capaci ty  of  all Austra l ian  
smel ters  will  exceed  1 mil l ion met r ic  tons. The  Por t land  
smelter,  be ing bui l t  by  Alcoa  of  Austral ia  L imi ted  will  
cost  $1.15 bi l l ion and p roduce  300,000 metr ic  torgyr by 
N o v e m b e r  1986, all to be  expor ted  (179-183). 

The T o m a g o  a l u m i n u m  smel te r  near  Newcas t l e  has 
been  operat ing the  first two 115,000 met r ic  ton/yr  pot- 
l ines at full  capacity.  The  plant  is scheduled  to reach full 
capaci ty  of  230,000 met r ic  ton/yr  in S e p t e m b e r  1984. The  
plant  uses  180,000 A m p e r e  t echno logy  deve loped  by 
Pech iney  A l u m i n u m  (184-186). 

Europe.--The European  a l u m i n u m  indus t ry  predicts  mar- 
ginal g rowth  for a luminum,  only in the t ranspor ta t ion  
sector.  The  Nor th  A m e r i c a n  marke t  is pro jec t ing  growth  
in the  t ransporta t ion,  bui ld ing  and const ruct ion,  and foil 
and beverage  can markets  (187). 

England.--The Commodi t i e s  Research  Uni t  in L o n d o n  
pub l i shed  a s tudy  indicat ing the  impor tance  of  the  six 
major  p roducers  will  decl ine and that  there  will  be a 
s t reng then ing  t rend  toward  f ree-market  pricing. Cheap 
energy  will  con t inue  to be the major  inf luencing factor in 
p lant  locat ion select ion (188, 189). 

Dees ide  A l u m i n u m  Limi ted  is opera t ing  a secondary  
a l u m i n u m  plant  in Wrexham,  Nor th  Wales, which  will  toll  
conver t  scrap ingot  into high qual i ty  ex t rus ion  ingot. I t  is 
said to be  the  only plant  of  this type  in the  world  (190). 

Italy.--Elfim, the  I tal ian state ho ld ing  group,  has an- 
nounced  plans  to shut  down  two a l u m i n u m  plants in the  
nex t  two years. Cit ing losses of  $105 mil l ion in 1980, and 
$189 mi l l ion  in 1983, Elf im has asked  for $342 mil l ion in 
aid over  the  n e x t  two years f rom the  I tal ian g o v e r n m e n t  
(191). 
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Egypt.--Egypt is to export  110,000 tons of primary metal 
in :[984. The Aluminum Company of Egypt expanded its 
capacity from 133,000 tons per year to 166,000 tons per 
year with Soviet aid (243). 

Greece.--The Hellenic Industrial Development  Bank 
(ETVA) has selected Kaiser Engineers and Constructors 
of ,Oakland, California, as technical consultants for the 
planning phase of a 600,000 metric ton/yr alumina refinery 
to be built in Greece with Russian technology and equip- 
ment. Construction is scheduled to begin in 1985 at an es- 
t imated cost of $450 million. The U.S.S.R. would pur- 
chase 380,000 metric ton/yr of sandy alumina for 10 years; 
Bulgaria may buy another 200,000 metric ton/yr, but no 
agreement has been signed yet (192, 193). 

Hungary.--Alumina production was 425,000 ton, while 
bauxite was 1.47 million metric ton, a 1.7 and 3.1% in- 
crease, respectively (194, 195). 

Norway.~Ardal Og Sunndal Verk (ASV), Norway's 
largest a luminum producer, may be taken over by Norsk 
Hydro AS, currently the third largest Norwegian pro- 
ducer, by year's end (196). 

A 50,000 metric ton capacity expansion is being studied 
by Norsk Hydro for its Karmoey a luminum smelter (197). 

Brazil.--Hanna Mining Company plans to sell its minor- 
ity interest in Alcoa Aluminco SA to Alcoa for $55 mil- 
lion, if Alcoa negotiates an investment  by Grupo Camargo 
Correa, Brazil's largest construction company. Alcoa and 
Hanna are joint  owners of Alcoa Aluminco, which oper- 
ates a bauxite mine, an alumina refinery, and a 90,000 
metric torgyr smelter in Southern Brazil (198). 

Construction has been completed on 40% of the first 
80,000 metric ton/yr potline at Albras, Brazil, the 360,000 
metric ton/yr. Japanese-Brazilian a luminum project. Be- 
cause work was suspended on the 800,000 metric ton/yr 
Alunorte project, Albras will have to buy alumina from 
outside sources. The second half of the Albras' phase-one 
project is due for start-up in June  1986 (199). 

The Companhia Vale do Rio Doce (CVRD) has discov- 
ered another bauxite deposit in the northern state of 
Maranhao. The new reserves are estimated at 50 million 
metric tons, with a mineral content of 66.6%. 90% of the 
world's bauxite reserves with this mineral content are in 
Brazil (200). 

The $1.4 billion Alumar alumina-aluminum project was 
scheduled to start up in February. Alcoa and Shell are 
partners. Eventually the smelter will produce 300,000 
to~/yr of primary aluminum and 500,000 metric ton/yr of 
alumina (201-203). 

Venezuela.--Venezuela's Aluminio del Caroni SA (Alcasa) 
expects to earn an estimated $29 million profit in 1984 
due to abundant  hydroelectricity and extensive alumina 
supplies from the 1 million ton/yr Interalumina plant 
(204). 

Jamaica.--Bauxite shipments for the first nine months 
of 1984 amounted to 7,084,999 metric tons, including 
3,952,725 tons of crude bauxite and 3,132,274 tons of 
refined bauxite (alumina). The totals included a GSA 
shipment of 879,316 tons of bauxite. The final bauxite 
shipment of Reynolds Metals Company of 1,031,699 tons 
was also included. Reynolds closed its Jamaican bauxite 
operations this year. The alumina exports declined 
mainly because of lack of electric power and labor 
disputes (205-207). 

The Jamaican and Columbian governments  have en- 
tered into an agreement  to build an aluminum smelter in 
Columbia which will provide another outlet for Jamaican 
bauxite. The smelter will use abundant  Columbian coal. 
No private or foreign investors are involved (208-210). 

Indonesia.--The Aschar a luminum smelter in Indonesia 
has been completed bringing the rated capacity to 225,000 
metric ton/yr of primary aluminum. The smelter is the 
largest in Asia and the largest source of supply for Japan 
(211). 

Taiwan.--A collapse of negotiations between Taiwan 
Aluminum Corporation and Aluminum Company of 
America will cancel a Taiwanese smelter project. The $50 
million project was canceled because the Taiwanese gov- 
ernment could not meet Alcoa's terms, for what Alcoa felt 
was necessary to meet  minimum profitability and invest- 
ment  requirements  (212). 

Advancements  in Technology.--The aluminum industry 
could be threatened in the aerospace market by compos- 
ites. Sikorsky Aircraft's all composite-airframe helicopter, 
which made its maiden flight in August, will be turned 
over to the Army for further testing and evaluation in 
early 1985. The helicopter is made primarily from graph- 
ite and du Pont 's  Kevlar with small amounts of fiberglass 
(213). However, since aerospace and aircraft industries ac- 
count for only about 6% of the total a luminum consump- 
tion, the impact  will not be that great (214). Aircraft build- 
ing is expected to increase in 1985 by 25% in the private 
sector and about 10% in the military (215). 

Ford Motor Company announced that it expects 90-95% 
of the radiators it uses to be made of aluminum, rather 
than copper and brass, by 1988. About 20% of Ford's radi- 
ators are presently made of a luminum (216). 

Engineers expect  the superplastic forming of a luminum 
to make rapid inroads into the production of aircraft parts 
in the U.S. in the next 3-4 years (217). 

Bethlehem Steel Corporation introduced a primarily 
aluminum coal hopper car prototype. The prototype will 
be tested by Southern Companies Services, Incorporated 
(218). 

Trail King Industries, using a new line of bottom dump 
trailers, has realized a payload saving which will lead to 
increased use of a luminum in the future. A weight sav- 
ings of 43% is realized by using aluminum to replace steel 
(219). 

Carbochlorination for a luminum recovery from Italian 
leucitites has been studied. Much research work appears 
necessary for industrial use of chlorination in extractive 
polymetallic oxide material such as aluminous ores (220). 

Alcoa announced that it is selling its ring-furnace tech- 
nology for producing prebaked carbon anodes. Furnaces 
using this technology have been operating for up to 15 yr 
at the company's  smelters in Rockdale, Texas, and 
Warrick, Indiana (221). 

Alcoa entered into an agreement with DWA Composites 
to acquire special metal matrix technology for the devel- 
opment of high strength metal matrix composites using 
wrought a luminum powder technology aluminum alloys 
(222). 

Toth Aluminum has recently opened an $8.5 million 
plant in Vacherie, Louisiana, for producing aluminum, 
silicon, and t i tanium chlorides from kaolin clay (223, 224). 

Aluminum-li thium alloys, in development  for some 
years, will shortly become a commercial  reality, as plans 
are announced for production by three of the world's ma- 
jor a luminum producers. Alcan, Alcoa, and Pechiney all 
announced plans to produce the alloy. Alcoa will market 
under the trade name Alithalite, Alcan will market Li ta l ,  
and Reynolds Metals Company, which is still doing sub- 
stantial research to develop its own line, will market un- 
der the tradenames Reyalite and Reyalith (225-235). Lith- 
ium decreases the density of aluminum-li thium alloys by 
3% for every 1% lithium. Alcoa shows 10% more stiffness 
of the alloy for weight in these alloys (236). 

Novamet Aluminum, a unit of Inco U.S. Incorporated, 
is taking orders for a luminum lithium billet. Novamet is 
the first company in the U.S. to market  the new alloy 
commercially (237). 

Comalco has developed a new aluminum alloy that can 
withstand 200~ The key to the unique properties of the 
alloy seems to be small amounts of strontium and silicon 
(238). 

An aluminum alloy which decomposes in water was 
marketed by TAFA, a firm in Bow, New Hampshire (239, 
240). 
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EnvironmentaL--Primary aluminum was excluded from 
Superfund taxing, although aluminum compounds, cop- 
per, and zinc were not (241). 

Potlinings containing carbon, metal salts, and cyanide 
compounds are disposal problems to the aluminum in- 
dustry. Alternatives for waste disposal are being devel- 
oped by the Aluminum Association, the EPA, and the 
Bonneville Power Administration. One method uses 
controlled temperatures of 1500~ which burns carbon 
and destroys cyanide, but only partially destroys the 
fluorides by the addition of l imestone to produce cal- 
cium fluoride. The second method, pyrosulfolysis, was 
developed by Martin Marietta Aluminum, Incorporated, 
and uses direct injection of steam and sulfur dioxide into 
the combustor which combines with the salts to form sul- 
fates, releasing the fluoride for recycle to the smelter 
(242). 

Beryllium.--Production and price.--Beryllium produc- 
tion and consumption statistics for 1984 are given in 
Tables XXI and XXII (244). 

The sole producer of metallic beryllium in the western 
world is Brush Wellman, Incorporated (245). Beryllium 
hydroxide concentrate is produced in Delta, Utah, from 
both local bertrandite ore and imported beryl ore. 

Brush Wellman attributed record second quarter sales 
and earnings to continuing strong demand for beryllium 
products in the electronics industry (246). Sales of beryl- 
lium and specialty materials increased over 43% to $68.3 
million during the quarter. Chairman Henry Piper noted 
that the sales upsurge which began in the third quarter of 
1983 continued through the first half of 1984 and showed 
no signs of slackening. 

In June, Brush Wellman announced a $57 million ex- 
pansion of beryllium copper strip capacity at Elmore, 
Ohio, and Reading, Pennsylvania (247, 248). The invest- 
ment  will roughly double the company's strip capacity by 
late 1985, alleviating recent long production lead times. 
Cabot Corporation's Wrought Products Division invested 
$16 million in wide strip rolling mill equipment,  which 
went into operation in June in Elkhart, Indiana. 

The General Services Administration awarded a 
$13,467,000 contract to Brush Wellman for delivery of 
60,000 pounds of beryllium metal (249). The beryllium 
will be delivered to GSA during the 12 months of calen- 
dar year 1985. The purchase is the second in a series un- 

Table XXI. U.S. beryllium production and consumption 

1982 1983 1984 

Mine production W a W W 
Imports for consumption (ton) 115 97 70 
Apparent consumption (ton) 150 279 330 
Price ($) 

Domestic metal, per pound 194 206 213 
Imported ore, per s.t.u. 121 126 90 

(20 lb) BeO 

a Withheld to avoid disclosing proprietary data. 

Table XXII. World mine production of beryllium 

Mine production (tons) 
1984 

Country 1983 (est.) 

United States W a W 
Brazil 35 35 
Republic of South Africa 1 1 
Rwanda 3 3 
Other market economy countries 5 5 
China NA NA 
Other centrally planned economies 84 85 

World total 128 129 

aWithheld to avoid disclosing proprietary data. 

der an agreement that provides for future deliveries at 
prices to be negotiated. 

In July, beryllium oxide powder sold for $25.50/lb, 
while beryllium containing alloys were selling for $130- 
$140/lb beryllium content (250). The alloy price rose 
slightly, to $140-$144/lb by the close of the year (251). Be- 
ryllium 5 in. rod listed for $241.39 in May (252). At the end 
of the year, 5 in. beryllium rod was listed at $313/lb, deliv- 
ered (253). 

There are few notable sources of beryllium minerals. 
The U.S. Bureau of Mines assesses total world reserves of 
beryl and bertrandite at about 419,000 tons of contained 
beryllium (254). 

Significant beryllium was found during drilling at 
Highwood Resources Limited's Thor Lake property, in 
the Canadian Northwest Territories (255). Two bulk 
samples assayed 0.93 and 1.6% of BeO. A later report (251) 
claimed that 2.33% BeO had been assayed. Plans exist for 
a feasibility study at the find. 

Bearcat Explorations Limited and Colt Exploration 
Limited have acquired mineral claims to a beryllium 
prospect near Kimberley, British Columbia (256). A sur- 
face exploration program indicated that the prospect con- 
tained 500,000 tons of ore averaging 0.1% beryllium oxide. 
The prospect could be developed by open-pit mining. 
Evaluation work was scheduled to start in the spring of 
1984. 

Highwood Resources is optimistic about the beryllium 
prospect it has been exploring near Thor Lake in the 
Northwest Territories (257). Total reserves have been esti- 
mated at 1.61 million tons of ore with an average grade of 
0.75% BeO. Development  of a commercial  operation will 
require three years of work if results of feasibility studies 
are positive. 

Demand and market . - -Beryl l ium oxide has excellent 
properties as a heat conductive, dielectric material (258). 
It is used in sintered form as a heat sink. Its primary uses 
are in high technology industries such as electronics, 
aerospace, and national defense (259). Applications have 
been made in optical components for large spaceborne 
telescopes in the space shuttle navigation system, and in 
stereophonic cartridge stylus cantilevers (254). 

Brush Wellman, Incorporated, has developed a new al- 
loy for the electrical and electronics industries (245). The 
new alloy, Brush Alloy 174, contains 0.15-0.50% beryllium 
and will cost only about half as much as Brush Wellman's 
beryllium copper, which contains up to 2% beryllium. It 
has about four times the electrical conductivity of phos- 
phor bronzes, with comparable yield strength, and will be 
sold primarily to manufacturers of connectors, relays, and 
switches. 

The future of beryllium in the electronics industry ap- 
pears secure (247). Beryllium copper strip now accounts 
for 12-15% of the alloy strip market. Double digit growth 
in use is expected to continue through the decade. 
Imports are not a major concern; the sole Japanese beryl- 
lium copper producer is mainly concerned with internal 
consumption. 

Chromium.--U.S.  Chromium production and consump- 
tion statistics are given in Table XXIII  (260). World mine 
production and reserve base on chromite are given in 
Table XXIV (261). 

Chromium ore was imported (1980-1983) as chromium 
contained in chromite and ferrochrome as follows: from 
Republic of South Africa, 55%; from Zimbabwe, 8%; from 
U.S.S.R., 7%; from Philippines, 6%; and from other 
sources, 24% (260). 

World resources total about 36 billion tons of shipping- 
grade chromite, sufficient to meet conceivable demand 
for centuries (261). 

Major South African ferrochrome producers operated at 
capacity for most of the year without building invento- 
ries, while U.S. production of 50-55% charge chrome was 
reduced to one company, Macalloy, which is in Chapter 
11 bankruptcy. Ferrochrome imports into the U.S. totaled 
332,537 tons according to the Bureau of Mines. South Af- 
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Table XXIII. U.S. chromium production and consumption 
(data in thousand short tons contained chromium) 

1984 
1983 (est.) 

Production: chromite - -  - -  
Imports for consumption 231 389 
Exports 13 9 
Consumption: 

Reported 301 390 
Apparent (total demand) 329 466 

Consumer stock at year's end 175 151 

Table XXIV. World chromite mine production and reserve base 
(data in thousand short tons of contained chromium) 

Mine production 
Country 1983 1984 Reserve base 

United States - -  - -  - -  
Brazil 310 350 10,000 
Finland 375 400 32,000 
India 400 450 66,000 
Philippines 365 400 32,000 
Republic of 2,460 2,500 6,300,000 

South Africa 
Turkey 440 450 80,000 
Zimbabwe 475 500 830,000 
Other market economies 351 400 25,000 
Albania 990 1,000 25,000 
U.S.S.R. 2,700 2,700 142,000 
Other centrally 55 60 4,000 

planned economies 

World total (rounded) 8,921 9,210 7,540,000 

r i can  p r o d u c e r s  a c c o u n t e d  for 205,579 t ons  of  t he  i m p o r t  
f igure (262, 263). 

A n e w  s ta in less  steel,  Type  409, a 12% c h r o m e  c o n t e n t  
s teel  for  p r i m a r y  use  in a u t o m o b i l e  ca ta ly t ic  conve r t e r s  
a n d  t u b u l a r  m a n i f o l d s  cou ld  a m o u n t  to 150,000 ton/yr  of  
s t a in less  s t e e l - - a b o u t  10% of  to ta l  s ta in less  p r o d u c t i o n  
(264). 

N A S A  l i c e n s e d  its i r o n - c h r o m i u m  b a t t e r y  t e c h n o l o g y  to 
Sohio .  Soh io  e s t i m a t e d  t h a t  15 lb of  e a c h  m e t a l  wil l  be  re- 
q u i r e d  pe r  k i l owa t t  h o u r  of  p o w e r  genera ted .  Soh io  is 
i n v e s t i g a t i n g  t h e  t e c h n o l o g y  for  l a rge  ba t t e r i e s  (265). 

A n e w  c o p p e r - c h r o m e  alloy was  m a r k e t e d  by  Ba t t e l l e  
M e m o r i a l  I n s t i t u t e ' s  C o l u m b u s  Labora to r i e s .  By  u s i n g  
rap id  so l id i f ica t ion  or sol id  s ta te  m i c r o b l e n d i n g  n o r m a l l y  
i m m i s c i b l e  ma te r i a l s  c an  b e  c o m b i n e d .  The  copper -  
c h r o m e  al loy is no t  a sol id  so lu t ion ,  b u t  a m i c r o c o m p o s i t e  
ma te r i a l  w i th  e x c e l l e n t  e lec t r ica l  c o n d u c t i v i t y  (266). 

F e r r o c h r o m e  re f in ing  u s i n g  p l a s m a  t e c h n o l o g y  was  an- 
n o u n c e d  b y  S K F  Steel ,  Bofors ,  S w e d e n  (267). 

A m e m b r a n e  s y s t e m  to r e m o v e  c h r o m i u m  f rom 
w a s t e w a t e r  was  a n n o u n c e d  b y  B e t h l e h e m  Steel ,  C o n s e p  
M e m b r a n e s ,  a n d  B e n d  R e s e a r c h  (268). 

T u r k e y  a n n o u n c e d  a n e w  c h r o m e  c h e m i c a l s  complex .  
Af te r  e x p o r t i n g  c h r o m i t e  for  136 years ,  t h e y  will p r o d u c e  
22,000 torgyr  s o d i u m  d i c h r o m a t e ,  8,500 ton /y r  of  s o d i u m  
sulfate,  a n d  3,200 torgyr  of  c h r o m i u m  sulfate.  T u r k e y  
p lans  to e x p o r t  75% of  t he  p r o d u c t i o n  (269). A m e r i c a n  
C h r o m e  an  C h e m i c a l  a n n o u n c e d  a c h r o m i c  acid p l a n t  in  
Corpus  Chris t i ,  Texas  (270). T he  p l a n t  u se s  p r o p r i e t a r y  
t e c h n o l o g y  (271). F e r r o c h r o m e  capac i ty  wil l  be  d o u b l e d  at  
O u t o k u m p u  Oy's  Torn io  w o r k s  to 120,000 met r i c  ton]yr  
u s i n g  p r o c e s s  l u m p  c o n c e n t r a t e  f rom O u t o k u m p u ' s  K e m i  
m i n e  (272). 

The  G S A  a w a r d e d  a n  u p g r a d i n g  c o n t r a c t  to Macal loy 
Corpo ra t i on  for  c o n v e r t i n g  141,601 t ons  of c h r o m i t e  in to  
h i g h  c a r b o n  f e r r o c h r o m e  d u r i n g  1985. Macal loy con-  
t r a c t e d  to c o n v e r t  121,753 tons  of  c h r o m e  ore d u r i n g  1984 
(273). Meanwhi l e ,  t he  F E M A  (Federa l  E m e r g e n c y  Man-  
a g e m e n t  Agency )  a n d  G S A  e v a l u a t e d  t he  f e r r o c h r o m e  
and. c h r o m i u m  m e t a l  s tockp i le  for Na t iona l  Defense .  High  
pu r i t y  c h r o m e  (99.5%) was  r e c o m m e n d e d  to be  p u r c h a s e d  
(274). The  G S A  i s sued  a t e n d e r  for  1,000 t ons  of  electro-  
ly t ic  c h r o m e  m e t a l  for  s tockp i le  w h i c h  n o w  con t a in s  3763 

tons  w i t h  a goal  of  20,000 tons.  The  G S A  a p p a r e n t l y  de- 
s i g n e d  i ts  spec i f ica t ions  a r o u n d  E l k e m  Metal ' s  
specif icat ions ,  t he  ma jo r  U.S. p r o d u c e r  of  c h r o m e  me ta l  
(275). 

The  B u r e a u  of  Mines  r epo r t ed  t h a t  c h e m i c a l  usage  of  
c h r o m i u m  f r o m  J a n u a r y  to O c t o b e r  was  351,649 tons.  
C o n s u m p t i o n  for  all of  1983 was  188,580 t ons  (276). Pro-  
d u c t i o n  a n d  c o n s u m p t i o n  in the  U.S. are  t a b u l a t e d  in  
Tab le  XXII I .  Tab le  X X I V  shows  wor ld  p r o d u c t i o n  a n d  
rese rves  of  c h r o m i u m .  

A C h r o m i u m  Assoc i a t i on  was  f o r m e d  for  i n t e r e s t ed  
miners ,  al loy p roduce r s ,  c o n s u m e r s ,  a n d  t r ade r s  (278). 
C h r o m i u m  m i n e  a n d  p l a n t  e x p a n s i o n s  are  s u m m a r i z e d  in 
Tab le  XXV.  

C o p p e r . ~ P r o d u c t i o n . - - C o p p e r  p r o d u c t i o n  a n d  con-  
s u m p t i o n  s ta t i s t ics  for 1984 are g i v e n  in  Tab les  X X V I  a n d  
X X V I I  (279). 

D o m e s t i e . - - E a r l y  in  the  year,  s k i d d i n g  c o p p e r  pr ices  led 
to p r o d u c t i o n  c u t b a c k s  at  U.S. m i n e s  (280). K e n n e c o t t  an-  
n o u n c e d  a 13% p r o d u c t i o n  cu t  a t  i ts  U t a h  C o p p e r  Divi- 
s ion p l a n t  in  B i n g h a m  C a n y o n  on  J a n u a r y  18. Also af- 
fec ted  were  t h e  d iv i s ion ' s  200,000 s h o r t  ton /y r  sme l t e r  and  
refinery.  At  A m o c o  Minera l s '  Cyprus  B a g d a d  m i n e  in 
Ar izona ,  w i t h  a capac i ty  of  81,000 s h o r t  ton/yr ,  p r o d u c t i o n  
was r e d u c e d  by  25% on J a n u a r y  16. All  m i n i n g  a n d  mill- 
ing  act ivi t ies  were  la te r  ha l t ed  (281). A m o c o ' s  Cyprus  
P i m a  mine ,  w i t h  a capac i ty  of 52,000 s h o r t  ton/yr,  was  
m o t h b a l l e d  on  J a n u a r y  1. 

F a c e d  w i th  c o n t i n u i n g  d e p r e s s e d  c o p p e r  prices,  
K e n n e c o t t  no t i f i ed  u n i o n s  r e p r e s e n t i n g  its c o p p e r  work-  
ers  t h a t  it w i s h e d  to r e o p e n  all l abor  a g r e e m e n t s  as soon  
as poss ib le  (282). A K e n n e c o t t  s p o k e s m a n  sa id  t h a t  t he  
a g r e e m e n t s  r e a c h e d  in  1983 were  b a s e d  on  expec t a t i ons  
t h a t  t he  U.S. e c o n o m i c  u p t u r n  w o u l d  also benef i t  t h e  
c o p p e r  indus t ry .  

The  U n i t e d  Stee l  Workers  of Amer ica ,  t he  c o p p e r  in- 
dus t ry ' s  p r i n c i p a l  l abor  organiza t ion ,  t u r n e d  d o w n  an  in- 
d u s t r y  appea l  for l abo r  con t r ac t  c o n c e s s i o n s  (283). The  

Table XXV (277). Chromium mine and plant expansions 

Capacity 
Company (metric ton/yr) Product Start-up 

Outokumpu Oy 60 M FeCr 1986 
Hellenic Ferroalloys 400 Ore 1985 
Swedechrome 78 M FeCr 1986 
Government (Malagasy Rep.) 60 M FeCr - -  
Indian Metals and 50 M Chg. Cr 1985 

Ferroalloys 
Etibank 106 M Chg. Cr 1985 
Donskoy (U.S.S.R.) 1.2 MM Ore - -  
Acoje Mines 500 Ore - -  
Benguet/CMI 400 M Conc. 1985 

Table XXVI. U.S. copper production and consumption 
(thousand metric tons copper content) 

1984 
1983 (est.) 

Production 
Mine 1,038 1,050 
Refinery, primary 1,182 1,220 
Refinery, secondary 401 310 
From scrap, all sources 455 450 

Imports for consumption 
Ores and concentrates 91 9 
Refined 460 440 
All imports 654 540 

Exports 
Ores and concentrates 50 53 
Refined 81 87 
All exports 239 286 

Consumption 
Refined, reported 1,767 2,110 
Apparent, total 2,020 2,100 

Refined stocks, year's end 672 590 
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Table XXVII. World copper mine production and reserve base 
(thousand metric tons copper content) 

Mine production 
1984 

Country 1983 (est.) Reserve base  

United States 1,038 1,050 90,000 
Australia 256 250 16,000 
Canada 625 625 32,000 
Chile 1,257 1,250 97,000 
Peru 322 370 32,000 
Philippines 273 250 18,000 
Zalre 535 525 30,000 
Zambia 543 540 34,000 
Other market economy 1,228 1,300 101,000 

countries 
Poland 380 380 15,000 
U.S.S.R. (est.) 1,000 1,000 36,000 
Other centrally planned 587 580 9,000 

economies 

World total 8,044 8,120 510,000 

appeal  was made  by Kennecot t ,  Insp i ra t ion  Consolidated,  
and two divis ions  of  N e w m o n t  Mining. A union  spokes- 
man  said that  the  un ion  bel ieves that  indus t ry  guarantees,  
especial ly  in the  area of  job  security, wou ld  be needed  be- 
fore any concess ions  could  be made. 

Asarco Incorpora ted  will  close one  of  its three  smel t ing  
facilities wi th in  a year  because  they  cannot  mee t  environ- 
menta l  regulat ions  (284). The closing of  the  Tacoma,  
Washington,  p lant  will  cost  $38 mill ion.  Dur ing 1983, the 
plant  accounted  for about  30% of Asarco ' s  213,400 ton  out- 
put  of  blister  copper.  The closing was to be scheduled  de- 
pend ing  on ex tens ion  of a federal  pol lu t ion  var iance  ef- 
fect ive unti l  the  end of  1984. 

Asarco also a n n o u n c e d  that  it wou ld  suspend  open-pi t  
min ing  opera t ions  at its Si lver  Bel l  copper  mine on Au- 
gust  15 (285). A leaching  opera t ion  was to con t inue  pro- 
duc ing  copper at about one quarter of the mine's normal 
21,000 ton/yr rate. Asarco was to reconsider opening the 
mine at the end of the year. The Silver Bell mine had 
been closed earlier in 1981, and was reopened in Septem- 
ber 1983. An Asarco executive said that Silver Bell was 
"one of those mines ... hanging on a thread between con- 
tinued operations and shutdown at the prices we have 
seen so far in 1984" (286). 

Accord ing  to the  p res iden t  of  Asarco,  Richard  Osborne,  
the  p resen t  p l ight  of  the  domest ic  copper  indus t ry  has re- 
sul ted in the  loss of 18,000 jobs  by copper  workers ,  as wel l  
as shu tdown  or cur ta i lment  of  40% of U.S. copper  produc-  
t ion capaci ty  (287). Osborne  c la imed that,  if  compet i t ive  
pressure  could  be  eased, some  U.S. operat ions  could  be  
r eopened  and upgraded  (286). 

Phelps Dodge closed its 40,000 torgyr mine and concen- 
trator at Ajo indefinitely in mid-August (289). Previously, 
the facility had been operating at full capacity. The Ajo 
smelter will continue to operate, handling material from 
PD's other mines at Morenci, Arizona, and Tyrone, New 
Mexico. 

Copper refining operations at Copper Range Compa- 
ny's White Pine, Michigan, complex were halted until the 
price of copper improved or until the facility could be 
sold (290). The decision to halt operations was based in 
part on an inability to reduce costs further. 

Asarco, Incorporated announced suspension of opera- 
tions at its Haywood, Arizona, copper smelter for 8-11 
weeks beginning November 26 (291). The shutdown was 
scheduled to allow rebricking of the flash smelting fur- 
nace due to recent premature failures in the year-old facil- 
ity. The furnace has been building to its full capacity of 
175,000 short tons, and had supplied about one-third of 
Asarco's domestic copper output. 

Material swapping within the copper industry has in- 
creased, as producers and merchants attempt to cut 
freight and inventory costs to the lowest levels possible 
(292). Most swapping takes place at the cathode level, 
where brands are indistinguishable, a factor important to 
some brand-conscious producers. 

Import relief for domestic producers.--Eleven U.S. copper  
producers ,  r epresen t ing  85% of the  domest ic  industry,  
asked the  In te rna t iona l  Trade Commis s ion  for impor t  re- 
lief, in the  fo rm of a quota  l imi t ing foreign impor ts  to 
350,000 tons  in each  of the  nex t  five years (293, 294). The  
domest ic  industry,  in return,  p ledged  to cont inue  mod-  
ernizat ion p rograms  to insure  its e conomic  viability. The  
Janua ry  pet i t ion,  filed by  p roducers  inc lud ing  Asarco,  
Anaconda, and Phelps Dodge, asserted that total imports 
of refined and blister copper increased 140% since 1979, 
and about 54% between 1982 and 1983, resulting in the 
loss of 18,000 jobs (295, 296). 

However, opinion was divided on the merits of tempo- 
rary protection for the copper producers. Representative 
S. Boehlert, whose district includes copper manufactur- 
ing companies, claimed that such relief would harm the 
employment of nearly 200,000 people in downstream cop- 
per manufacturing. Pr<)tectionist sentiments were criti- 
cized by domestic as well as foreign sources (297). During 
a Copper Roundtable at the National Association of 
Recycling Industries, it was claimed that American brass 
mills would be hurt unless protection was extended to 
semifabricated and finished goods manufacturers as well 
as to primary producers. 

A joint lobbying effort in Washington was launched by 
the Copper and Brass Fabricators Council and the Na- 
tional Electrical Manufacturers' Association, against quo- 
tas or tariffs on copper imports (298). NEMA claimed that 
an import quota of 415,000 ton/yr would reduce employ- 
ment by domestic fabricators by 5,712 jobs, while creating 
a temporary gain of only 2,594 jobs in mining, smelting, 
and refining. A $0.05 tariff would cost 2,117 jobs in the 
fabricating industry, according to NEMA. 

At an International Trade Commission hearing in May, 
foreign copper producers testified that the domestic cop- 
per industry's troubles are due to technologies that have 
decreased their copper needs by substitution and minia- 
turization (295). According to a spokesman from Peru's 
Minpeco mining company, U.S. copper consumption fell 
15% relative to other market economies between 1974 and 
1983. The foreign producers also faulted U.S. producers 
for a nonaggressive marketing approach. U.S. producers 
and legislators testified that Chilean imports of refined 
and blister copper are the most serious problems, having 
increased 240% since 1979 and accounting for about 55% 
of 1983 imports. 

Citing a need to address "the issue of fair competition," 
Representative J. F. McNulty, Jr. urged a national copper 
policy (299). McNulty criticized multilateral development 
banks for assisting less developed nations in increasing 
copper production when the worldwide copper surplus 
was estimated at 750,000 tons. In February, McNulty and 
23 other legislators urged Treasury Secretary Donald Re- 
gan to register U.S. opposition to a $70 million loan appli- 
cation from Zambia to the World Bank. McNulty also con- 
tinued efforts to pass an environmental equalization tariff 
to account for the estimated $0.i0-$0.15/ib that domestic 
producers spend to comply with environmental laws 
(3OO). 

Import protection for the copper industry would cost 
consumers $602 million, according to the Federal Trade 
Commission (301). The FTC also told the International 
Trade Commission that adjustments or tariffs would be 
more cost~effective methods of relief for the copper in- 
dustry than import quotas. 

Exxon Minerals Company joined the National Electri- 
cal Manufacturers Association in opposition to the peti- 
tion (302). Foreign opposition was nearly universal, with 
Canadian, Australian, Mexican, Chilean, and Zambian 
producers, and the Philippine government, all against the 
U.S. producers' petition. Responding to the U.S. produc- 
ers' import quota request, a spokesman for the 
Intergovernmental Council of Copper Exporting Coun- 
tries (CIPEC) claimed that such a move would damage all 
copper producers by depressing international copper 
markets (303). 
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The International Trade Commission noted, in a formal 
report sent to the White House in July, that declining do- 
mestic ore grades were a major factor affecting U.S. mar- 
ket supplies of copper (304). Ore grades have declined 
from 2% in the 1920's to about 0.65% and projections sug- 
gest 0.45% ore in 2000. Because U.S. copper ore is 35% 
less rich, on average, than in foreign countries, milling 
costs are 55% above the foreign average. The commission 
did note, however, that productivity increases could off- 
set higher wages and lower ore quality enough to hold do- 
mestic mining cost increases in line with those in foreign 
countries. 

The report also cited outdated smelting facilities as a 
problem troubling the domestic industry. Each major 
copper producer was asked what specific steps it would 
take to become more competit ive if import  relief was 
granted. Asarco outlined plans to invest in mining and 
milling operations, including technological improve- 
ments. Magma Copper, Phelps Dodge, Duval, and Inspi- 
ration Consolidated Copper also revealed investment  
plans predicated on import relief. 

On June  14, the ITC voted unanimously that the domes- 
tic copper industry had suffered substantial injury from 
imports of refined and blister copper from nations such 
as Chile, Zambia, and Zaire (305-). ITC Chairman Alfred 
Eckes stated that " the issues are clearly defined and the 
evidence is compelling." In addition to the overall quota 
of about 350,000 ton/yr, the domestic producers requested 
a 114,000 metric ton/yr quota for Chile, less than half of 
the 282,000 tons imported in 1983 (306). A 97,000 metric 
ton/yr limit was recommended for Canada. 

However, while recognizing the damage caused by 
imports, the ITC was split over how to apply remedies 
(307, 308). While two commissioners recommended that 
the President impose a 425,000 short ton/yr quota, two 
others recommended boosting the import duty by 
$0.05/lb. One commissioner said that neither would be 
sufficient to solve the industry's problem (309). Sup- 
porting the latter view, Interior Secretary William Clark 
called for negotiating orderly marketing agreements with 
foreign producers (310, 311). According to Clark, only a re- 
covery of world copper prices could bring relief, as do- 
mestic producers must  now sell at a loss. 

In September,  the President rejected proposals to 
impose either import  quotas or tariffs on foreign copper 
(312, 313). U.S. Trade Representative William Brock 
stated that "the argument against quotas and tarriffs was 
abundantly clear, in that they would have raised the cost 
to our fabricators, placing at risk four jobs for every one 
saved." 

Canada.--In Canada, a government  report painted a 
bleak picture for the future of the copper industry (314). 
The industry was called more vulnerable than at any time 
in history. Among the disadvantages of the Canadian in- 
dustry, the report noted high labor, materials, and han- 
dling costs. Also cited was the use of more modern tech- 
nology at many foreign smelters. William Rompkey, 
Minister of Mines, also pointed out marketing and 
financial difficulties (315). The study estimated that 
plant modernization and pollution abatement  measures 
over the short term would require about C$1.1 billion. 

Harold Fargey, president of the Mining Association of 
Canada, cited government- imposed costs which erode the 
ability of Canada's mining industry to compete (316). Be- 
cause 80% of Canada's mineral output  is exported, the in- 
dustry must  be able to compete  worldwide or lose much 
of the $13 bi]lion/yr in export  income and put many of 
Canada's 650,000 mining jobs in jeopardy. 

According to M. N. Anderson, chairman of Cominco, 
Canada is losing its position as a great mineral producer 
because of high costs (317). While Canadian copper pro- 
duction costs are about $0.90/lb, the figure for Peru and 
Chile is about $0.50/lb. While Alfred Powis, chairman of 
Noranda Mines, cited the role of third world govern- 
ments, a member  of the Canadian parliament laid some of 
the blame on the Canadian government.  Michael Wilson 

cited regulatory and tax measures enacted in the 1970's 
when international competit ion was becoming severe. 

The Quebec government  reported that it will order 
Noranda to reduce SO2 emissions from its Rouyn smelter 
by 40% (318). The smelter was claimed to be responsible 
for about one-half of total Quebec SO2 emissions. Quebec 
indicated willingness to help Noranda pay the estimated 
$100 million cleanup cost. Noranda's Horne copper 
smelter would have to cut SO~ emissions by 50%, while a 
65% cut would be required at the Gaspe smelter (319). 

The Quebec government granted Falconbridge Copper 
Corporation C$25 million to encourage development of 
the Ansil copper deposit near Noranda, Quebec (320). The 
company had suspended work on the project because of 
low copper prices. The latest phase of development is ex- 
pected to be completed by early 1987. 

Expecting a stronger copper market, Sherritt Gordon 
Mines authorized continued operations and development 
at its Ruttan mine in Manitoba (321). The May decision 
was a reversal of earlier plans to terminate operations at 
Ruttan by June 15. 

Noranda Mines announced that it would lay off up to 
400 workers at its Horne smelter and its Montreal 
refinery (322). The layoffs were needed because of the 
continuing copper market slump. 

Kidd Creek Mines announced that it would spend C$54 
million to increase the annual capacity of its copper oper- 
ation from the current level of 59,000 to 90,000 metric tons 
by 1988 (323). The expansion is expected to reduce the 
unit cost of copper production. 

Brenda Mines of Peachland, British Columbia, indefin- 
itely suspended operations at its copper mine on Decem- 
ber 14 (324). Reopening was said to require copper prices 
of $0.75-$0.80/ib. The mine can produce up to 30 million 
pounds of copper/yr. 

Foreign.---In February, Chile's Codelco declined to curtail 
copper output (326). Copper exports account for 36 per- 
cent of the dollar value of all Chilean exports. Severe mid- 
year storms, which battered Chile with 140 mph winds 
and avalanches, forced Cedelco to close its E1 Teniente 
Division (319). The storm damaged water, energy, and ore 
transport systems at the 350,000 metric ton/yr facility. 
Also closed was the 100,000 metric ton/yr Andina 
Division. 

At Codelco's Chuquicamata Mine in Chile, the world's 
largest open-pit copper mine, ore grades were reported to 
be declining from the present 1.68%, with 1% copper ex- 
pected by the end of the century (325). A similar level was 
predicted for E1 Teniente, the second largest mine, with 
the 1% level maintainable for 100 years. To counter 
declining ore grades, Codelco has installed an electrowin- 
ning and leaching plant to recover copper from tailings, at 
a cost of $0.42/lb. Overall, Chilean production costs were 
pegged at $0.501/lb by Hans Feddersen, of Codelco's E1 
Teniente Division. Included was a $0.05/lb increase due to 
earlier pollution abatement measures. 

A three-year plan issued by Chile's Economic Ministry 
anticipated a 4% annual increase in copper production 
and a $2.5 billion investment  in the nation's mining indus- 
try (326). The plan calls for copper output to rise from 
1,257,000 tons in 1983 to 1,410,000 tons in 1986. Export 
earnings in 1986 would total $28.5 million at an average 
copper price of $0.70/lb. 

Because of a critical shortage of foreign exchange for 
machinery and parts, Zambia Consolidated Copper Mines 
experienced operational difficulties (327). World and Af- 
rican Bank loans of $120 million were expected to be 
used, in part, to rehabilitate the mines and boost copper 
output by up to 50,000 metric ton/yr. 

Pasar, the Philippine copper concern, lifted force 
majeure and began supplying customers with 50% of their 
contracted tonnage on August 1 (328). Following an 
accident-related shutdown on May 13, its smelter was 
back at full capacity. The $122 million smelter is 34.3% 
owned by the state-controlled National Development 
Company. 
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Peru ' s  copper  p roduc t ion  will  rise by 60,000 metr ic  
torgyr to 400,000 met r ic  ton/yr in 1985, wi th  the opening  of  
new mines  at Tintaya (32'9). Peru  expor ted  292,000 of the  
322,000 ton of copper  it p roduced  in 1983. 

P r i ce . - -Desp i t e  increased  d e m a n d  early in the  year, 
copper  prices fell (330). The  price decline,  as m u c h  as 
$0.05/lb in only a few days, was b l amed  on technical  fac- 
tors t r iggered  by the  Commodi t i e s  Exchange ,  as well  as 
falling precious  meta l  prices. Insp i ra t ion  Consol idated 
Copper  C o m p a n y  of Phoen ix  lowered  its pr ice  for copper  
ca thode  to $0.64/lb on Janua ry  9 (331). This was the  lowest  
domes t ic  pr ice  quo te  since October  1982. 

Citing increased  compet i t ion  in the  marketplace ,  both 
Inco and Noranda,  announced  on Janau ry  1, r educed  pre- 
m iums  over  the  Commodi t i e s  E x c h a n g e  copper  price 
(332). A wider  range of purchas ing  opt ions  was also 
int roduced.  

In the  second quarter ,  a hea l thy  d e m a n d  resul ted in a 
drop in copper  s tockpi les  (333). This was par t icular ly  t rue  
of the  L o n d o n  Metal  Exchange ,  where  s tocks dec l ined  
f rom 436,000 met r ic  tons  at the end of 1983 to 252,000 met- 
ric tons by mid-May. A short- l ived rally pushed  U.S. pro- 
ducer  prices to $0.70-$0.705/lb (334). However ,  copper  
prices slid in a marke t  governed  by financial factors 
(333). Rising in te res t  rates in the second quarter ,  coupled 
wi th  a s t rong dollar, were  cited as the  Comex  price 
d ropped  f rom over  $0.70/lb at the  beg inn ing  of  Apri l  to 
$0.623/lb by mid-May. 

Despi te  the  d o w n t u r n  in copper  prices, Morton Schul tz  
of  Harold Sacks and Company  pred ic ted  that  copper  
prices wou ld  m o v e  h igher  as long as overal l  bus iness  con- 
t inued  to improve  (335). Good  first quar ter  earnings and 
a m o v e  away f rom a s i tuat ion of copper  oversupply  were  
ci ted as pos i t ive  factors. 

In little more  than  three  weeks  in July,  the low end of 
the domest ic  p roduce r  copper  price sagged three  t imes  to 
new 26 m o n t h  lows (336). Kenneco t t  d ropped  its price by 
$0.03 to $0.62/lb. At  the same time, C o m e x  prices rose by 
more  than half  a cent, to $0.5815/lb. and then  to $0.5955/lb. 
Meanwhile ,  Merril l  Lynch  analyst, David  Moison,  charac- 
ter ized the  supp ly -demand  balance as good, pr imar i ly  due 
to p roduc t ion  losses in Chile, Peru,  Brazil,  and a m o n g  do- 
mes t ic  p roducers  such as Kennecot t ,  which  pared  pro- 
duc t ion  at its Utah  divis ion by two-thi rds  on Ju ly  1. 

Codelco pu rchased  30,000 metr ic  tons  of  copper  on the 
L o n d o n  Metal  e x c h a n g e  in Ju ly  (319). The  purchase  was 
made  partly to compensa t e  for s torm-rela ted p roduc t ion  
losses, but  also because  Codelco cons idered  the  price of 
around $0.60/lb to be unreal is t ic  (337). Codelco ' s  marke t  
actions, according  to a company  spokesman ,  were  short  
t e rm and not  a imed  at suppor t ing  prices over  a long pe- 
riod. As prices r ecovered  somewhat ,  Codelco hal ted cop- 
per  purchases  on the  L o n d o n  Metal  E x c h a n g e  in Augus t  
(338). Company  sources,  however ,  a cknowledged  that  
Codelco will  per iodica l ly  enter  the  marke t  in the  future to 
act as a buffer  w h e n  prices fall, or to add m o m e n t u m  
w h e n  prices rise. A second factor in C.odelco's m o v e  was 
s lackened Far  East  demand,  mak ing  it unnecessa ry  to 
buy copper  off  the  LME to supply  Eu ropean  cus tomers  as 
copper  p roduc t ion  was diver ted  to Japan .  

D e m a n d . - - A  shor tage  of  h igher  grade copper  cathode de- 
ve loped  early in the  year  (339), as Chi lean ref ined copper  
was d iver ted  f rom the  U.S. East  Coast  to Japan,  where  
copper  p roducers  earl ier  cut  ou tpu t  by 10-15%. Supply  
p rob lems  were  also repor ted  in the  Eu ropean  market .  

Early in the  year,  c o m m o d i t y  specialists  were  bull ish on 
copper  futures  despi te  the depressed markets  (340). The  
bui ld ing  industry,  which  accounts  for 30 percen t  of  U.S. 
consumpt ion ,  expe r i enced  a 15% j u m p  in hous ing  starts 
as the year began.  Futures  traders were  hop ing  for a re- 
peat  of  1982, w h e n  copper  prices l eaped  by more  than  
$0.25/lb on the  spot  market .  

Dur ing the  first half, copper  d e m a n d  inproved  and in- 
ventor ies  dec l ined  (341). I t  was es t imated  that  total 
nonsocial is t  wor ld  inventor ies  wou ld  shr ink by 100,000- 
200,000 short  tons  in 1984, fo l lowed by a larger reduct ion  

of about  400,000 short  tons in 1985. Par t  of  the  inven to ry  
draw down  was a t t r ibuted  to d e m a n d  from Euorpean  fab- 
r icators  who  had cut  s tocks to ve ry  low levels. 

An Engl i sh  s tudy pred ic ted  tha t  wor ld  copper  con- 
sumpt ion  wou ld  grow at 1.5%/yr t h roughou t  the 1980's, 
resul t ing in a 1985 usage equa l ing  or  exceed ing  the  previ- 
ous 10 mil l ion met r ic  ton  record  of  1979 (342). The relative 
impor tance  of copper  as a pure  meta l  was seen to decline, 
owing  to s lackening  use  in c o m m u n i c a t i o n s  wire, while  
use of copper  eng ineer ing  alloys was expec ted  to grow. 
Despi te  the  overal l  growth of copper  demand,  it was 
p red ic ted  that  fur ther  Nor th  Amer i can  mine  closings 
wou ld  occur  as p roduc t ion  b e c a m e  more  concen t ra ted  in 
mines  under  g o v e r n m e n t  control.  The  repor t  also pre- 
dic ted that  copper  prices wou ld  cont inue  to be subject  to 
w ide  fluctuations.  

A Bri t ish repor t  p red ic ted  that  there  would  be no sub- 
stantial  shor t - te rm copper  d e m a n d  increase  in Europe  
(343). Impor t s  of ref ined coppe r  by the  Uni ted  Kingdom,  
according  to official impor t  statistics, were  lower  in 1983 
than  at any o ther  t ime  in the  pos twar  period. 

The  Sena te  app roved  an a m e n d m e n t  to increase  na- 
t ional  defense  s tockpi le  funds by $250 mil l ion in fiscal 
1985, with indicat ions  that  a s ignif icant  por t ion  wou ld  be 
used  to purchase  copper  (344). The  copper  inven tory  goal 
is 1 mil l ion short  tons, whi le  only 29,048 short  tons are 
now stockpiled.  In  addi t ion  to taking advantage  of  favora- 
ble copper  prices,  the measure  was seen as a way  of aid- 
ing the  ail ing domes t ic  copper  industry.  

M a r k e t s . - - T h e  In te rna t iona l  Copper  Research  and Devel-  
o p m e n t  Associa t ion  (INCRA) p roposed  strategies for de- 
fending  cur ren t  copper  marke ts  and deve lop ing  new ap- 
pl icat ions at its annual  mee t ing  in J u n e  (345). The focus 
will  be on three  areas: improv ing  copper-brass  radiators,  
def ining agr icul tural  benefi ts  of  copper  as a micronutr i -  
en t  in p lant  growth,  and p romot ing  copper-n ickel  sheath- 
ing of  off-shore oil rigs and ship hulls. 

Two copper  execu t ives  called for increased  research 
and p romot iona l  efforts to expand  copper  marke ts  (346). 
A l though  certain copper  markets ,  such  as power  trans- 
miss ion  lines and au tomobi le  radiators,  are de te rmined  
by large compan ies  according  to long- te rm economic  
analyses,  o ther  uses such  as p l u m b i n g  and heat ing can be  
increased.  

L i t h i u m . - - D o m e s t i c  l i th ium produc t ion  and consump-  
t ion are g iven  in Table  XXVII I  (347). World mine  produc-  
t ion and reserve  'base statistics are g iven  in Table  X X I X  
(348). 

L i th ium chemica l  and meta l  consumpt ion  increased  by 
11% to the  equ iva len t  of 60 mil l ion pounds  of l i th ium car- 
bona te  in the  wes te rn  wor ld  (349). 

Foote  Mineral  and the  G o v e r n m e n t  of  Chile began a 
jo in t  ven tu re  (Sociedad de Litho) p roduc t ion  facility, 
rated at 14 MM lb/yr, in the  Salar  de  Atacama  Basin. The 
l i th ium con ten t  of the  salt b r ine  ranges f rom 1400 to 1500 
ppm. The large m a g n e s i u m  ratio ex t ended  Foote ' s  re- 
search to the  bet ter  part  of  a decade.  The  project  re- 
por ted ly  cost  $48 MM (350,352, 355). 

The  indica ted  reserves  in the  A tacama  Basin represen t  
40% of t he  wor ld ' s  l i th ium supply  (350). 

Table XXVIII. U.S. production and consumption (short tons) 

1984 
1983 (est.) 

Production a a 
Imports for consumption 35 40 
Exports 2600 2900 
Consumption: 

Apparent a 
Estimated (assumes 15% lithium loss 2200 2600 

during conversion) 
Producer stocks, year's end a a 

a Withheld to avoid disclosing company proprietary data (347). 
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Table XXIX. World mine production and reserve base 
(short tons) 

Mine production 
Country 1983 1984 Reserve base 

United States a a 450,000 
Argentina (est.) 5 5 NA 
Australia (est.) 75 100 350,000 
Bolivia - -  - -  6,000,000 
Brazil 60 60 NA 
Canada - -  - -  400,000 
Chile - -  560 1,500,000 
Namibia 20 20 NA 
Portugal 10 10 NA 
Zaire - -  - -  350,000 
Zimbabwe 150 150 30,000 
China 350 350 NA 

(order of magnitude est.) 
U.S.S.R. 1,400 1,400 NA 

(order of magnitude) 

World total 2,100 2,700 9,100,000 
(,excluding U.S.) 

a Withheld to avoid disclosing company proprietary data. 
Identified lithium resources total 8.06 million tons (348). 

The  Bo l iv i an  g o v e r n m e n t  s igned  a n  a g r e e m e n t  wi th  t he  
U n i t e d  Na t i ons  to car ry  ou t  a g e o t h e r m a l  feas ib i l i ty  s t u d y  
for e v e n t u a l  r e c o v e r y  of  t he  l i t h i u m  sal ts  of  t he  Salar  de  
U y u n i  (356, 357). 

Amax ,  Corfo, a n d  M o l i b d e n o  b e g a n  a d e v e l o p m e n t  pro- 
g r a m  for  a m i n e  p l a n t  r a t ed  at  12 M M  lb/yr  of l i t h i u m  car- 
bona te .  E s t i m a t e d  costs  are $210 MM; t a rge t ed  p roduc -  
t ion  is 1988 (358). 

A majo r i ty  of  t h e  l i t h i u m  c a r b o n a t e  f rom Chi le  will go 
to t h e  a l u m i n u m  i n d u s t r y  (355). 

The  l i t h i u m  i n d u s t r y  ove rcapac i ty  will  be  la rgely  de- 
p e n d e n t  u p o n  t he  a l u m i n u m  indus t ry .  A 10-12% inc rease  
in d e m a n d  is p ro jec ted .  T he  2-3% l i t h i u m  c o n t e n t  for alu- 
m i n u m  alloys c o n t i n u e s  to c rea te  i n t e r e s t  in  the  a i rcraf t  
i ndus t ry .  L i t h i u m  dec reases  t he  dens i t y  of A1-Li al loys b y  
3% for eve ry  1% Li  c o n t e n t  (351). T h e  alloy a n d  l i t h i u m  
ba t t e r i e s  wil l  be  t he  m a j o r  g r o w t h  areas  (352-354). 

Severa l  c o m p a n i e s  are w o r k i n g  o n  l i t h i u m  me ta l  
sul f ide  ba t t e r i e s  for  e lectr ic  veh ic les  a m o n g  o t h e r  appli-  
ca t ions .  Th i s  b a t t e r y  s y s t e m  is also p r o m i s i n g  for  u t i l i ty  
load  l eve l ing  (359). 

A t  year ' s  end,  l i t h i u m  c a r b o n a t e  was  p r i ced  at  $1.54/lb 
a n d  l i t h i u m  h y d r o x i d e  was  $1.93/lb. T he  l i t h i u m  me ta l  
p r ice  was  a b o u t  $22.70/lb (347). 

The  E P A  not i f ied  t he  D e p a r t m e n t  of  Defense  t h a t  
l i t h i u m - s u l f u r  d iox i de  ba t t e r i e s  e x h i b i t  a cha rac t e r i s t i c  of  
" rad ioac t iv i ty"  a n d  are  t h u s  s u b j e c t e d  to Resou rce  Con- 
s e rva t i on  a n d  R e c o v e r y  Ac t  ru les  w h e n  t h e y  are dis- 
c a r d e d  (360). 

M a g n e s i u m . - - M a g n e s i u m  c o n t i n u e d  t he  r e b o u n d  be- 
g u n  in  1983. Ear ly  in  t he  year,  p r ices  we re  h iked ,  a n d  pro- 
j e c t i o n s  for  g r o w t h  in n e w  a n d  ex i s t i ng  m a r k e t s  were  
good.  

P r o d u c t i o n  and  p r i e e . - - W e s t e r n  wor ld  m a g n e s i u m  pro- 
d u c t i o n  to ta l ed  173,000 me t r i c  tons  in  1975, a n d  i n c r e a s e d  
each  yea r  to a p e a k  of 236,000 tons  in  1980 (362). D u r i n g  
t he  recess ion ,  p r o d u c t i o n  p l u n g e d  to 156,000 t ons  in  1982 
be fo re  r e b o u n d i n g  s ha r p l y  in 1983 a n d  1984. P r o d u c t i o n  
a n d  c o n s u m p t i o n  f igures are  g iven  in Tab les  X X X  a n d  
X X X I  (362). 

M a g n e s i u m  pr i ce  h ikes  were  p o s t e d  by  m a j o r  p roduc-  
ers  at  t h e  b e g i n n i n g  o f  t he  yea r  (363). D ow  Chemica l  Com-  
p a n y  i n c r e a s e d  t h e  ba se  pr ice  for 99.3% Mg ingo t s  a n d  
g r i n d i n g  s lab  b y  $0.05, to $1A3/lb. Die-cas t  al loys AZ91B 
a n d  A Z 9 1 X D  were  of fered  at  $1.28/lb. T he  pr ice  i nc rease  
for  ingo t  a n d  g r i n d i n g  s lab  fo l lowed a s imi la r  pr ice  in- 
c rease  p o s t e d  by  A m a x ,  Inco rpo ra t ed .  

Dow a n d  A m a x  i n c r e a s e d  t h e i r  p r ices  for d ie  cas t ing  
m a g n e s i u m  in ear ly  Apr i l  (364). Dow ' s  p r i ce  for  A Z 9 1 X D  
was  $1.30, wh i l e  t h e  A m a x  pr ice  for  A Z g l H P  was  $1.26/lb. 

Table XXX. U.S. magnesium production and consumption 

1983 1984 (est.) 
(thousands of short tons) 

Production 
Primary 115 130 
Secondary 46 45 

Imports for consumption 6 7 

Exports 47 50 

Consumption 
Primary, reported 82 90 
Apparent 117 100 

Consumer stocks, year's end 28 40 

Table XXXI. World magnesium production 

1983 1984 (est.) 
Country (thousands of short tons) 

United States 115 130 
Canada 9 9 
France 10 10 
Italy 8 9 
Japan 7 7 
Norway 39 40 
Yugoslavia 4 4 
China 8 8 
U.S.S.R. 91 91 

World total 291 308 

The  lower  A m a x  q u o t e  was  v i e w e d  as pa r t  of a p lan  to be  
t he  l ead ing  s u p p l i e r  to the  De t ro i t  ma rke t .  

I n c r e a s e d  m a g n e s i u m  e a r n i n g s  we re  a m a j o r  fac tor  in  
t he  r e t u r n  of  A m a x  to p rof i t ab i l i ty  in  t he  first quar te r ,  
a f te r  e igh t  c o n s e c u t i v e  q u a r t e r l y  losses  (365, 366). Due  to 
b o t h  h i g h e r  m a r g i n s  a n d  s h i p m e n t s ,  t h e  m a g n e s i u m  busi-  
ness  was  in t he  b l a c k  af te r  losses  in 1983. 

U n d e r  a r e s t r u c t u r i n g  of i ts  me ta l s  g roups ,  A m a x  an- 
n o u n c e d  t h a t  m a g n e s i u m  p r o d u c t i o n  at  Sal t  Lake  City, 
Utah ,  w o u l d  b e c o m e  pa r t  of  t h e  n e w  spec ia l ty  p r o d u c t  
u n i t  (367, 368). I n t e g r a t i n g  m a n a g e m e n t  a n d  r e d u c i n g  
a d m i n i s t r a t i v e  costs  were  e x p e c t e d  to p r o d u c e  cos t  sav- 
ings  in  a c o n t i n u i n g  aus t e r i t y  p rog ram.  

A c c o r d i n g  to a Dow s p o k e s m a n ,  t he  c o m p a n y  was  
s t u d y i n g  an  i nc r ea se  in  ope ra t i ng  ra te  at  its F reepor t ,  
Texas ,  p l a n t  (363). In  t he  t h i r d  q u a r t e r  of 1983, t h e  p l a n t  
o u t p u t  h a d  b e e n  ra i sed  f rom a b o u t  50% to a b o u t  70% of  
capaci ty .  

Dow C h e m i c a l  a n n o u n c e d  t h a t  a new,  h i g h  pur i ty ,  
co r ros ion - r e s i s t an t  m a g n e s i u m  s a n d  cas t ing  al loy h a d  
b e e n  d e v e l o p e d  at  i ts  Freepor t ,  Texas ,  faci l i ty  (369). The  
n e w  alloy, d e s i g n a t e d  AZ91C/HP,  is i n t e n d e d  for use  in  
mi l i t a ry  a i rcraf t  e x p o s e d  to h igh ly  co r ros ive  sal t  wa te r  en- 
v i r o n m e n t s .  The  n e w  alloy c o n t a i n s  r e d u c e d  levels  of 
i ron,  n ickel ,  a n d  c o p p e r  c o n t a m i n a n t s ,  m a k i n g  t he  alloy 
less su scep t i b l e  to cor ros ion .  The  n e w  al loy was ini t ial ly 
m a r k e t e d  at  $1.43/lb, t he  s a m e  p r i ce  as t he  s t a n d a r d  
AZ91C alloy it  rep laced .  

D e m a n d  a n d  M a r k e t s . - - O v e r a l l  m a g n e s i u m  use  is ex- 
p e c t e d  to i n c r e a s e  5-7% in 1985 (362), as t he  i n d u s t r y  re- 
b o u n d s  f rom the  recess ion .  As  t he  l igh tes t  s t ruc tu ra l  
meta l ,  a n d  w i t h  i ts co r ros ion  r e s i s t a n c e  p roper t i e s ,  mag-  
n e s i u m  is b e i n g  u s e d  i nc r ea s ing ly  in t he  h a n d  tool  a n d  
mi l i t a ry  marke t .  Grea t e r  use  of  m a g n e s i u m  s a n d  cas t ings  
is e x p e c t e d  in t he  ae rospace  i ndus t ry ,  espec ia l ly  for heli-  
cop te r  par ts .  I t  is also b e i n g  u s e d  to desu l fu r ize  i ron  dur-  
ing  s teel  p r o d u c t i o n ,  a n d  to p r o d u c e  t i t a n i u m  a n d  zir- 
con ium.  

The  ou t look  for  m a g n e s i u m  die ca s t ings  is b r i g h t e r  
t h a n  i t  h a s  b e e n  for s o m e  t i m e  (370). N e w  app l i ca t i ons  are 
e x p a n d i n g  o p p o r t u n i t i e s  for  m a g n e s i u m  in key  areas  
such  as t he  a u t o m o t i v e  a n d  e l ec t ron i c s  indus t r i e s ,  h i g h  
pu r i t y  alloys, a n d  i m p r o v e d  die ca s t ing  t echno logy .  The  
m a g n e s i u m  die ca s t ing  m a r k e t  m a y  h a v e  i n c r e a s e d  as 
m u c h  as 75% over  1983 levels.  Whi le  m a g n e s i u m ' s  l igh t  
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w e i g h t  ha s  a lways  b e e n  recognized ,  i ts  o the r  p roper t i es ,  
s u c h  as h igh  s t r e n g t h  and  s t i f fness ,  exce l l en t  h e a t  dissi- 
a t ion,  a n d  i m p r o v e d  cor ros ion  res i s tance ,  are n o w  b e i n g  
u s e d  to advan tage .  

These  p rope r t i e s  a n d  o thers ,  p lus  t he  n e e d  to b o o s t  fuel  
e c o n o m y  by  b u i l d i n g  l i g h t w e i g h t  vehic les ,  have  im- 
p r o v e d  t he  p r o s p e c t s  for m a g n e s i u m  use  in  n e w  car  de- 
signs. A survey of producers and die casters indicated 
that magnesium continued to penetrate the automotive 
markets held by aluminum (362). Projected growth from 
1984 to 1985 was as much as I0-15% in the automotive 
market. According to a Dow spokesman,' growth will re- 
sult not only from an increase in the number of vehicles 
built, but also because of increased usage per unit. With 
one-third of the weight of aluminum, and comparable 
strength and fracture resistance, magnesium is a serious 
contender to reduce auto body weight and fuel comsump- 
tion. Magnesium is about twice the price of secondary 
aluminum ingot. However, magnesium parts are often 
easier and more economical to produce than aluminum 
parts. 

There is now about 1 ib of Mg used per domestic auto 
produced, and as much as a tenfold increase may occur 
by 1990. Ford's Ranger and Bronco II trucks have magne- 
sium brake and clutch pedal support brackets and clutch 
housings. The clutch housings are directly exposed to 
road splash, but do not require special protective coat- 
ings. At a weight of 6 Ib, the housings have met Ford's 
weight reduction goal without increased cost. The clutch 
and brake pedal support was traditionally made from 
stamped steel, and more recently, from lighter aluminum 
die castings. The magnesium bracket, with a 20% thinner 
wall, weighs less than 1.5 Ib, vs. 3 Ib for the aluminum 
bracket. Ford is also planning to use magnesium clutch 
housings in new compact-sized Aerostar vans (370). 

General Motors has used magnesium in several new ap- 
plications, including headlamp assemblies and grill cov- 
ers on the Pontiac Fiero. In the headlamp assembly, with 
very thin walls, magnesium outperformed aluminum in 
wind pressure tests for distortion and cracking. The grill 
cover, directly above the engine, requires dimensional 
stability, heat dissipation, and surface finish properties. 
Magnesium engine valve covers may be used on the Cal- 
listo, a new luxury car planned for introduction by 
Cadillac in the 1987 model year (371). In addition to light 
weight and rigidity, magnesium offers good sound damp- 
ing characteristics in the valve covers. GM is also consid- 
ering new applications for magnesium in engines, trans- 
missions, and interiors. Chevrolet has produced a 3 Ib 
magnesium bracket that may be used on two million cars 
(362). 

Amax Specialty Metals held three seminars in the 
Detroit area to spur automotive use (371). Major U.S. 
automakers and their suppliers of cast magnesium com- 
ponents were invited. 

Die casters predict a 15-25% increase in magnesium use 
for computer parts (362). Valuable properties for com- 
puter applications are lightness, sound deadening, and 
tolerances which can be closer than when aluminum is 
used. The magnesium die casting process is about 40-50% 
fas te r  t h a n  a l u m i n u m  die cast ing.  

A po r t ab l e  c o m p u t e r  by  Gr id  S y s t e m s  Incorpora ted ,  
uses  several  Mg die cas t ings  (362). O t h e r  c o m p u t e r  m a n u -  
f ac tu re r s  use  m a g n e s i u m  in i n t e rna l  pa r t s  s u c h  as hea t  
s i nks  a n d  d i sk  d r ive  a c t u a t o r  a rms .  

M a n g a n e s e . - - D o m e s t i c  m a n g a n e s e  p r o d u c t i o n  a n d  
c o n s u m p t i o n  s ta t i s t i cs  are g iven  in Tab le  X X X I I  (372). 
World  p r o d u c t i o n  a n d  reserve  base  da ta  are g iven  in 
Tab le  X X X I I I  (373). 

The  U.S.S.R. a n d  R e p u b l i c  of S o u t h  Afr ica  a c c o u n t  for  
more  t h a n  80% of t he  wor ld ' s  iden t i f i ed  m a n g a n e s e  re- 
sources  (373). 

On a 1983 base,  U.S. d e m a n d  for  m a n g a n e s e  is e x p e c t e d  
to fo l low r aw  s teel  p r o d u c t i o n  t r e n d s  a n d  inc rease  at  an  
ave rage  a n n u a l  r a t e  of a b o u t  3% t h r o u g h  1990. I t  is esti- 
m a t e d  t h a t  1985 U.S. m i n e  p r o d u c t i o n  will  be  zero, b a s e d  

Table XXXII. U.S. manganese production and consumption 

1983 1984 (est.) 
(thousands of 

short tons) 

Production None None 
Imports for consumption 

Manganese ore (35-54% Mn) 368 410 
Ferromanganese (74-95% Mn) 342 500 

Government stockpile excesses (shipments) 
Manganese ore 74 55 

Exports 
Manganese ore 19 140 
Ferromanganese 8 6 

Reported consumption 
Manganese ore 531 510 
Ferromanganese 446 510 

Apparent consumption 
Manganese 668 740 

Producer-consumer stocks (year's end) 
Manganese ore 617 550 
Ferromanganese 195 150 

No manganese ore containing 35% or more manganese was do- 
mestically produced in 1984 (372). 

Table XXXIII. World mine production and reserve base 
(thousand short tons) 

Country 1983 1984 (est.) Reserve base 

United States - -  - -  - -  
Australia 1,491 1,800 540,000 
Brazil 2,300 2,300 180,000 
Gabon 2,047 2,300 440,000 
India 1,455 1,400 120,000 
Republic of 3,181 2,700 8,500,000 

South Africa 
Other market economies 860 860 73,000 
China 1,760 1,800 110,000 
U.S.S.R. 11,500 11 ,600  2,500,000 
Other centrally 145 140 25,000 

planned economies 

World total (rounded) 24,700 24,900 12,000,000 

on  35% m a n g a n e s e  c o n t e n t  ore, a n d  U.S. a p p a r e n t  con-  
s u m p t i o n  of m a n g a n e s e  will  be  750,000 tons ,  c o n t e n t  ba- 
sis (373). 

T e n n e s s e e  E a s t m a n  C o m p a n y  a n n o u n c e d  t h a t  in 1986 
it  wil l  e n d  a p roces s  w h i c h  r equ i r e s  m a n g a n e s e  ore  for 
the  p r o d u c t i o n  of h y d r o q u i n o n e ,  owing  to cost  a n d  
efficiency. This  c h a n g e  cou ld  r e d u c e  U.S. capac i ty  con- 
s ide rab ly  for t he  p r o d u c t i o n  of  m a n g a n e s e  sulfate,  a by- 
p r o d u c t  of  T e n n e s s e e  E a s t m a n ' s  p rocess .  M a n g a n e s e  sul- 
fate is an  i m p o r t a n t  i n t e r m e d i a t e  in o the r  m a n g a n e s e  
chemica l s ,  s y n t h e t i c  m a n g a n e s e  d ioxide ,  fert i l izers,  a n d  
a n i m a l  feed (375-378). Meanwhi l e ,  S e d e m a ,  SA inc reased  
its capac i ty  b e c a u s e  of  u n c e r t a i n t y  of  m a n g a n e s e  su l fa te  
supp l i e s  (379). 

The  ITC t e r m i n a t e d  its c o u n t e r v a i l i n g  d u t y  inves t iga-  
t ion  of  fe r roa l loys  f rom Spain .  The  Fe r roa l loys  Associa-  
t ion  no t i f ied  t h e  ITC t h a t  it w i s h e d  to cance l  i ts  coun te r -  
va i l ing  d u t y  i m p o s i t i o n  r e q u e s t  (380). 

The  G S A  a n n o u n c e d  t h a t  E l k e m  Meta l s  was  a w a r d e d  a 
$17.8 M M  c o n t r a c t  for  u p g r a d i n g  80,000 tons  o f  manga -  
ne se  ore  in to  h i g h  c a r b o n  f e r r o m a n g a n e s e  d u r i n g  1985. 
E l k e m  will  do t h e  c o n v e r s i o n  at  t he  Marie t ta ,  Ohio,  facil- 
i ty (381-383). 

D u r i n g  t he  year,  an  o v e r s u p p l y  s i t ua t ion  cu t  pr ices  a n d  
t o n n a g e s  of t he  S o u t h  Afr ican  p r o d u c e r s ,  w i th  G a b o n  be- 
ing  t he  one  c o u n t r y  w h i c h  ra i sed  p r o d u c t i o n  at its 
M o a n d a  opera t ion ,  e x p o r t i n g  to t he  U.S.S.R.,  J apan ,  
Norway,  a n d  t he  U.S. G h a n a  will  m a k e  fu r t he r  inves t -  
m e n t  in  its m a n g a n e s e  m i n e  at  Nsuta .  The  U.S. Fu l le r  
C o m p a n y  c o n s t r u c t e d  a ca lc in ing  k i l n  to  p roces s  fine 
m a n g a n e s e  c a r b o n a t e  to m a n g a n e s e  ox ide  at  Nsuta .  The  
$25 M M  p l a n t  has  ye t  to pe r fo rm,  b u t  is e x p e c t e d  to b e  in 
full  p r o d u c t i o n  in  1986 (384,385). 
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A N o r w e g i a n  fer roal loy  p roduce r ,  E l k e m  AS, will  in- 
c rease  p r o d u c t i o n  of m e d i u m  c a r b o n  f e r r o m a n g a n e s e  by  
40,000 me t r i c  ton /y r  to 115,000 me t r i c  ton]yr  (386). 

B r o k e n  Hill  P rop r i e t a ry ,  L imi ted ,  a n n o u n c e d  a 3 yr ca- 
pac i ty  e x p a n s i o n  in  i ts m a n g a n e s e  al loy ope ra t ions  at  Bel l  
Bay,  Tasman ia ,  f r om 135,000 to 190,000 me t r i c  ton /yr  pri- 
mar i ly  for  t he  e x p o r t  m a r k e t  (387,388). 

The  t a k e o v e r  of  U n i o n  Carb ide ' s  s i l i con  a n d  m a n g a n e s e  
o p e r a t i o n s  in  Q u e b e c  by  E l k e m  Meta l s  was  c o m p l e t e d  
(389, 390). 

Large-sca le  field t e s t s  to r e m o v e  m a n g a n e s e  a n d  s i lver  
f rom ore we re  successfu l .  Haber ,  I n c o r p o r a t e d ,  a n d  Hous-  
t on  M i n i n g  a n d  Resou rce s  h a v e  c o m p l e t e d  tes t s  of 
H a b e r ' s  a lpha  p ro ce s s  to ex t r ac t  s i lver  a n d  m a n g a n e s e  
economica l ly .  The  p roces s  recovers  95% of  t h e  m a n g a -  
ne se  a n d  v i r tua l ly  all of t he  s i lver  (392). 

The  E x c l u s i v e  E c o n o m i c  Z o n e  (EEZ)  off U.S. a n d  Ter- 
r i tor ia l  coas ts  c o n t a i n  e x t e n s i v e  depos i t s  of  f e r r omanga -  
nese,  says  t he  U.S. Geolog ica l  Survey .  M a n g a n e s e  nod-  
u les  are  m o s t  p r o m i s i n g  off  t he  H a w a i i a n  a n d  Pacif ic  
I s l and  Ter r i to r i es  EEZ.  R e c e n t  f ind ings  show h i g h  con-  
c e n t r a t i o n s  of  coba l t  in  a f e r r o m a n g a n e s e  c rus t  (395). 

I m p o r t s  of  m a n g a n e s e  d i ox i de  in  1984 s u r p a s s e d  all of 
1983 in t he  first  n i n e  m o n t h s  (380). 

Foo te  Mine ra l  a n n o u n c e d  t h a t  i t  is s p e n d i n g  $17.4 MM 
to c o n v e r t  pa r t  of  i ts  e lec t ro ly t ic  m a n g a n e s e  m e t a l  p l a n t  
to e lec t ro ly t ic  m a n g a n e s e  d ioxide .  Elec t ro ly t ic  m a n g a -  
n e s e  d iox ide  capac i ty  is s l a ted  for  10,200 ton /y r  on  s t r e a m  
by  la te  1985 (380,391,393,394) .  

Aus t ra l i a ' s  B H P  L i m i t e d  i n t e n d s  to c ap t u r e  a signifi- 
c an t  sl ice of  t h e  n a t u r a l  m a n g a n e s e  d i ox i de  m a r k e t  for  
dry-cel l  ba t t e r i e s  u s i n g  t he  Groo te  E y l a n d t  depos i t s  in  t he  
N o r t h e r n  Terr i tory .  N a t u r a l  m a n g a n e s e  d iox ide  sells for  
$200-$240/metric ton ,  c o m p a r e d  to $70/metr ic  t on  for met -  
a l lurgica l  g r ade  ore. S h e l f  life a n d  l eakage  tes ts  t ake  6-12 
m o n t h s  before  r e su l t s  are  k n o w n  (388, 395). 

C o m p a n h i a  Vale  do Rio Doce  (CVRD), the  Braz i l i an  
m a n g a n e s e  ore  p r o d u c e r ,  is n o w  m a k i n g  10,000 ton /yr  of 
e lec t rolyt ic  m a n g a n e s e  d ioxide ,  4,000 t ons  of w h i c h  we re  
c o n s u m e d  by  Braz i l i an  ba t t e r y  m ake r s .  CVRD is sup-  
p ly ing  the  U.S., J a p a n ,  G e r m a n y ,  F rance ,  Norway,  and  
D e n m a r k  w i t h  t e s t  quan t i t i e s  of  i ts  e lec t ro ly t ic  m a n g a -  
n e s e  d iox ide  (397). 

New m i n i n g  i n v e s t m e n t s  in  m a n g a n e s e  and  f e r roman-  
g a n e s e  are l i s ted  in  Tab le  X X X I V .  

N i c k e L - - D o m e s t i c  p r i m a r y  n i cke l  c o n s u m p t i o n  in- 
c r eased  17% ove r  1983 (see Tab le  X X X V )  (398). 

The  low p o i n t  of 1982 remains ,  w i t h  1984 be ing  t he  sec- 
o n d  c o n s e c u t i v e  yea r  of  i nc rease  in p r i m a r y  n icke l  con-  
s u m p t i o n .  On  t he  1983 base ,  n i cke l  d e m a n d  is e x p e c t e d  to 
i nc r ea se  at  2.5% pe r  year  t h r o u g h  1990 (398). 

1984 m i n e  p r o d u c t i o n  i n c r e a s e d  over  1983, b e c a u s e  t he  
sole U.S. n icke l  m i n e  at  Riddle ,  Oregon,  was  r e o p e n e d  
th i s  pa s t  year. P r i n c i p a l  i m p e d i m e n t s  to d o m e s t i c  m i n i n g  
a n d  p r o d u c t i o n  w e r e  low-grade  ore, p o o r  m a r k e t  condi-  
t ions ,  a n d  e n e r g y  costs  (398). 

Iden t i f i ed  wor ld  r e sources  in  depos i t s  a v e r a g i n g  1% 
n icke l  or g rea t e r  c o n t a i n  143 mi l l ion  t ons  of nickel .  E igh ty  
p e r c e n t  of  t h e  n i c k e l  is in la ter i tes  a n d  20% is in  sul f ide  
depos i t s  (398). 

Wor ld  p r o d u c t i o n  a n d  rese rves  of  n i cke l  are t a b u l a t e d  
in Tab le  X X X V I .  

Nicke l  c o n s u m p t i o n  by  n o n c o m m u n i s t  n a t i o n s  is 
s h o w n  in T a b l e  X X X V I I .  

ELECTROLYTIC INDUSTRIES 

Table XXXV. U.S. production and consumption 
(short tons) 

2 6 7 C  

1983 1984 (est.) 

Production 
Mine - -  7,500 
Plant - -  8,000 
Refined matte 33,400 34,000 
Secondary 51,000 50,000 

Imports 152,333 200,000 
Exports 23,359 29,000 

Consumption 
Reported (no secondary) 127,845 150,000 
Apparent (includes secondary) 204,000 225,000 

Consumer stocks, year's end 20,448 26,000 
Producer stocks, year's end 36,000 34~000 

Table XXXVI. World mine production and reserve base 
(short tons) 

Mine production 
Country 1983 1984 (est.) Reserve base 

United States - -  7,500 2,800,000 
Australia 99,200 110,000 5,300,000 
Botswana 19,300 20,000 500,000 
Canada 134,300 148,000 14,800,000 
Indonesia 51,400 52,000 5,800,000 
New Caledonia 69,400 45,000 17,000,000 
Philippines 20,900 10,000 5,100,000 
South Africa 22,600 23,000 2,900,000 
Other market economy 80,972 85,000 19,900,000 

countries 
Cuba 41,470 42,000 25,000,000 
U.S.S.R. 187,000 190,000 8,100,000 
Other centrally planned 33,100 35,000 4,000,000 

economies 

World total (rounded0 759,342 768,000 111,000,000 

Table XXXVll. 1984 World (noncommunist) nickel consumption 

Consumption 
(million lb) 

United States 330 
Europe 451 
Japan 344 
Other 115 

Total 1,240 

Canada ,  as t he  Wes t e rn  b loc ' s  l a rges t  p r o d u c e r  of 
n ickel ,  m u s t  i m p r o v e  p roduc t i v i t y  a n d  at  t he  s a m e  t i m e  
r e d u c e  SO.2 e m i s s i o n s  b y  50% to 2.3 mi l l ion  me t r i c  torgyr  
(401). 

F a l c o n b r i d g e  L imi t ed ,  Toronto ,  is nego t i a t i ng  wi th  
B C L  Limi ted ,  B o t s w a n a ,  a n d  A m a x  to acqu i r e  B C L ' s  
n icke l  c o p p e r  ore, c u r r e n t l y  r e se rved  for A m a x  in a 15 yr 
contrac t ,  set  to exp i r e  in  1989 (402). 

For  Inco  L i m i t e d  the  on ly  road  to p rof i t ab i l i ty  appea r s  
to b e  cost  cu t t i ng  moves ,  a l t h o u g h  t he  m a r k e t  cou ld  
speed  t he  recovery .  I nco  is p r e d i c t i n g  m a r k e t  s tab i l i ty  at  
a b o u t  1.25 b i l l ion  lb for n e x t  year.  I n c o  is t ry ing  to jo in  
the  r a n k s  of p r o d u c e r s  w i th  $2ilb or be low p r o d u c t i o n  
costs  (403-405). 

The  Nickel  D e v e l o p m e n t  Ins t i tu te ,  an  i n t e r n a t i o n a l  or- 
gan iza t ion  to deve lop  n e w  m a r k e t s  for n icke l  a n d  to pro- 

Table XXXIV (374). New manganese/ferromanganese mining investment 

Company Location Type Start Capacity 

CVRD Carajas, Brazil Ore 1986 825M 
Mineracao Maraba, Brazil Mn 1986 400M 
Mineroperu Berenguela, Peru Ore - -  3M 
Sinai Manganese Sinai, Egypt FeMn - -  - -  
Somitam Tambao, Upper Volta Ore - -  500M 
Broken Hill Pty. Limited Bell Bay, Australia Mn alloy - -  135M-190M 
Government Nsuta, Ghana Mn - -  300M-450M 
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Table XXXVIII (399). New mine/plant expansions--nickel 

July 1985 

Company Location Capacity Type Start 

Falconbridge Sudbury, Ont., Canada 700 M ton]yr Ni ore 1987 
Falconbridge Sudbury, Ont., Canada 275 M ton/yr Ore Late 1980's 
Inco Thompson, Manit., Canada 3.5 M ton/yr Ore 1986 
California Nickel Corporation Gasquet Mtn., CA 4 M ton/day Ore 1987 
Government Punta Gorda, Cuba 66 M lb/yr Ni 1985 
Outokumpu Oy Enonkoski, Finland 400 M metric ton/yr Ni-Cu 1988 
Lkab Raana Field, Norway 600 M metric ton/yr Ore - -  
Western Platinum Rustenberg, South Africa 4 MM lb/yr Ni 1986 
Arabian Shield Developers Wadi Qatan, Saudi Arabia 32 M metric ton/yr Fe-Ni 1990 
Inco, Talwan Kaoh Slung, Taiwan 7 M metric ton/yr Ni conc. - -  
Government Pomalla, Suawesi, 75 M ton/yr Fe-Ni 1985 

Indonesia 
Nord Resources/Mim Ramu River, Papua, 55 MM lb/yr Ni - -  

New Guinea 
New Zealand Nickel Smelters South Island, New Zealand 40 M metric ton/yr Fe-Ni 1987 

m o t e  n icke l  c o n t a i n i n g  p roduc t s ,  was  fo rmed .  The  inst i -  
t u t e  was  f o r m e d  b e c a u s e  of  t h e  s ign i f i can t  d rop  in t he  
g r o w t h  of  n icke l  c o n s u m p t i o n  (406). 

World  n icke l  m i n e  p r o d u c t i o n  inc reases  are s h o w n  in 
Table  X X X V I I I .  

The  F a l c o n b r i d g e  n icke l  c o p p e r  mine ,  s c h e d u l e d  to 
close in  1989, wil l  be  c losed  b y  its o w n e r  af ter  55 years  of  
opera t ion .  A r o c k b u r s t  in  J u n e  t h a t  k i l led  four  m i n e r s  
a n d  r eg i s t e r ed  3.9 on  t he  R i ch t e r  scale  f inal ized t he  deci-  
sion. R o c k b u r s t s  are no t  u n k n o w n  in t he  S u d b u r y  n icke l  
depos i t s ,  b u t  n o t h i n g  of  th i s  i n t e n s i t y  ha s  ever  b e e n  re- 
co rded  (407). 

Inco,  L i m i t e d  will  u se  a d redge  to t ake  t h e  o v e r b u r d e n  
off i ts  c r o w n  pi l lar  u n d e r g r o u n d  T h o m p s o n  m i n e  as a 
first s tep  in d e v e l o p i n g  a n e w  m i n e  in t he  T h o m p s o n  
n icke l  be l t  of  n o r t h e r n  Mani toba .  Only  two of  t he  or ig inal  
T h o m p s o n  m i n e s  are n o w  opera t ing ,  t he  P i p e  a n d  t h e  
T h o m p s o n .  B i rch t r ee ,  Soab  Nor th ,  Soab  Sou th ,  a n d  P i p e  
1 h a v e  t e m p o r a r i l y  s u s p e n d e d  o p e r a t i o n s  (408). 

I n c o  a n n o u n c e d  t h a t  a r ecen t l y  c o m p l e t e d  $10 mi l l ion  
i m p r o v e m e n t  p r o g r a m  will  a l low it  to p r o d u c e  25 t on  in- 
go t  u s i n g  ESR,  e lec t ros lag  r e m e l t i n g  t echno logy .  The  in- 
gots  wil l  b e  43 in. d iam,  some  30% la rger  t h a n  p r e v i o u s  ca- 
pac i ty  sizes. I n c o  also ins ta l l ed  a 15 ton  v a c u u m  i n d u c t i o n  
m e l t i n g  furnace .  I nco  is r e s p o n d i n g  to w h a t  it feels will  
be  i n c r e a s e d  d e m a n d  for t he  oil a n d  gas  i n d u s t r y ' s  p rob-  
l ems  of  dr i l l ing  d e e p e r  to f ind re se rves  (40.7). 

H a n n a  M i n i n g  C o m p a n y  r e o p e n e d  its Riddle ,  Oregon,  
faci l i ty a f t e r  a n  18 m o n t h  c losure .  T h e  c o m p a n y  is n o t  
sure  h o w  long  t h e  m i n e  and  p l an t  will  r e m a i n  open.  The  
B o n n e v i l l e  P o w e r  A d m i n i s t r a t i o n  m a d e  an  a g r e e m e n t  
w i th  H a n n a  to u se  r e d u c e d  cos t  of f -peak power ,  12h/day 
d u r i n g  t he  week ,  15h on  Sa tu rday ,  a n d  24h on  S u n d a y  
(410, 411). 

The  D e p a r t m e n t  of  Defense  is o p p o s i n g  an  a m e n d m e n t  
to a p e n d i n g  mi l i t a ry  au tho r i za t i on  bi l l  w h i c h  w o u l d  re- 
qu i re  the  P e n t a g o n  to cer t i fy  t h a t  "a l l "  spec ia l ty  me ta l s  
p u r c h a s e d  c o n t a i n  no  R u s s i a n  or C u b a n  n icke l  (412,413). 

Nicke l  s ta in less  is f ind ing  inc rea s ing  u s e  in t he  chemi-  
cal p r o c e s s i n g  i n d u s t r y  d u e  to its co r ros ion  res i s tance .  
A m m o n i a  p lan t s  ove r seas  also a p p e a r  to be  big  c o n s u m -  
ers  (414). 

The  t h r e a t  of  au to  i n d u s t r y  s t r ikes  h e l p e d  keep  d e m a n d  
a n d  pr ices  d e p r e s s e d  for nickel .  The  s t r e n g t h  of t he  dol lar  
also h e l p e d  k e e p  pr ices  d e p r e s s e d  (415). 

Nicke l  supp l i e s  in  t he  Wes t e r n  Wor ld  are  e x p e c t e d  to b e  
in l ine  w i t h  i n c r e a s e  in d e m a n d ,  s ince  t he  U.S.S.R. is no  
longer  a t t e m p t i n g  to i nc r ea se  i ts m a r k e t  sha re  (416). 

R a z n o i m p o r t  w a n t s  to  i nc r ea se  i ts  expo r t s  to  J a p a n  a n d  
r e d u c e  i ts  sales to  J a p a n  t h r o u g h  i n t e r n a t i o n a l  t raders .  I n  
1983, J a p a n e s e  t r ade r s  p u r c h a s e d  5000 t ons  f rom Razno-  
impor t ,  t he  e q u i v a l e n t  of  20% of to ta l  J a p a n e s e  i m p o r t s  
(417). 

The  C u b a n  g o v e r n m e n t  a n n o u n c e d  t h a t  it p l ans  to raise  
n icke l  p r o d u c t i o n  f rom 40,000 ton /y r  to 100,000 ton /yr  
w i t h i n  10 years .  The  n e w  P u n t a  G o r d a  30,000 torgyr  
n icke l  p l a n t  will  s t a r t  up  la te  n e x t  yea r  and  t he  Cam- 
ar iocas  p lan t ,  n o w  b e i n g  buil t ,  wil l  i nc r ea se  the  to ta l  to 
100,000 ton /yr  in  t he  mid-1990's  (418). 

D e m a n d  for n i cke l  has  s t r e n g t h e n e d  m a i n l y  as a resu l t  
of an  e c o n o m i c  u p t u r n ,  espec ia l ly  d u e  to the  s teel  indus -  
try. The  U.S e m b a r g o  on  C u b a n  n icke l  ha s  also a ided  the  
d e m a n d  cycle (419). 

D u r i n g  1984, p r ices  were  at  $2.08/lb in  mid-March ,  a n d  
by  year ' s  end,  t he  pr ices  we re  in t he  $2.10-$2.20 range.  
T h e  yea r  was  la rgely  flat, w i t h  t h e  L o n d o n  Meta ls  Ex-  
c h a n g e  u n l o a d i n g  m e t a l  a n d  p r o d u c e r s  m i n i m i z i n g  in- 
v e n t o r i e s  (420, 421). 

Ope ra t i on  r e s u m e d  a t  M a r i n d u q u e  Min ing  and  Indus -  
tr ial  Co rpo ra t i on ' s  N o n o c  I s l and  n i cke l  refinery,  b u t  no t  
at  n o r m a l  p r o d u c t i o n  levels.  Lack  of  w o r k i n g  capi ta l  a n d  
supp l i e s  h a v e  b e e n  c i ted as the  ma jo r  cons t r a in t s  (422). 

A t y p h o o n  inf l ic ted  h e a v y  d a m a g e  on  t he  Sur igao  
n icke l  refinery.  O p e r a t i o n s  were  s u s p e n d e d  for at  leas t  
one  m o n t h .  The  re f inery  was ac tua l ly  d o w n  for two 
m o n t h s  for t y p h o o n  re l a t ed  d a m a g e  (423, 424). 

The  re f inery  a n d  t he  M a r i n d u q u e  n icke l  m i n e s  are  
o w n e d  b y  two P h i l i p p i n e s  b a n k s ,  w h i c h  f o r m e d  t he  
N o n o c  M i n i n g  a n d  I n d u s t r i a l  Corpora t ion .  M a r i n d u q u e ' s  
n i cke l  m i n e  ha s  a n  e s t i m a t e d  dai ly  o u t p u t  of  10,000 dry  
tons  of ore /day (424). 

O u t o k u m p u  Oy will u n d e r t a k e  i m m e d i a t e  d e v e l o p m e n t  
of a n e w  n icke l  m i n e  at  E n o n k o s k i  in  e a s t e rn  F in land .  
P r o v e n  r e se rves  to ta l  3.8 mi l l ion  t ons  g r a d i n g  1.2% n icke l  
and  0.3% copper .  F i r s t  yea r  p lans  are for 400,000 me t r i c  
ton /yr  of ore (425). 

Cabot Corporation announced the development of two 
new nickel alloys designated C-214 and C-22. C-214 is un- 
dergoing testing for replacement of ceramic materials in 
kilns. C-22 will be used for high temperature applications 
involving acids and offering corrosion resistance over 
that of previous nickel chromium alloys (426). 

Marko Materials, Incorporated, entered a partnership to 
produce and market amorphous powder alloys based on 
nickel, iron, copper, and cobalt. The "Markomet" alloys 
will be used for electronics, carbide tools, and specialty 
machine tools (427). 

Peugeot, the French automaker, announced develop- 
ment of a prototype electric vehicle. The car is powered 
by twelve 6V batteries of nickel-iron, which drive a 17.5 
kW motor. It has a range of 124 miles, with a top speed of 
62 mph. The batteries are reportedly good for 125,000 
miles and 1500 recharge cycles (427). 

MINPRO in Sweden has now successfully completed a 
nickel segregation process using calcium chloride and 
coke as additions to the calcining process. The process is 
k e p t  b e l o w  950~ c o m p a r e d  to ove r  1600~ for  s m e l t i n g  
(428). 

Ni-Cal D e v e l o p m e n t s ,  V a n c o u v e r ,  e s t a b l i s h e d  Ni-Cal 
T e c h n o l o g y  to m a r k e t  its p r o p r i e t a r y  Acid  L e a c h  P roces s  
to of f shore  c u s t o m e r s .  The  t e c h n o l o g y  is p r e s e n t l y  u s e d  
at  t he  G a s q u e t  M o u n t a i n ,  California,  n i cke l -coba l t  mine .  
The  Ni-Cal P r o c e s s  is b a s e d  on  t he  c o m m e r c i a l  p re s su re  
acid l each  p roce s s  d e v e l o p e d  b y  F r e e p o r t  Minera l s  (429, 
43O). 

S K F  E n g i n e e r i n g  has  b e g u n  t he  first c o m m e r c i a l  use  
of p l a s m a  t e c h n o l o g y  for  p r o d u c t i o n  of n i cke l  a n d  o the r  
me ta l s  for  the  dus t s  of s teel  smel te rs .  The  p l an t  at  Sala, 
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Sweden ,  is e x p e c t e d  to process  70,000 met r ic  tons  per  
year  of  meta l  (431). 

Ni-Cal Techno logy  L imi ted  a n n o u n c e d  that  it rece ived  
a let ter  of in te res t  f rom Mar induque  Mining and Indus-  
trial C o m p a n y  for a retrofit  of  the  Sur igao nickel  refin- 
ery wi th  Ni-Cal 's  p ressure  leach technology.  This wou ld  
be  the first commerc i a l  appl ica t ion  of Ni-Cal 's technol-  
ogy and is expec t ed  to significantly r educe  energy cost at 
the Ph i l ipp ine  ref inery (432, 433). 

A hydrometa l lu rg ica l  h igh  p ressure  sulfuric acid leach 
process  for t rea t ing a var ie ty  of oxid ized  n ickel  bear ing  
ores is ready  for commerc i a l  appl icat ion.  COFREMMI,  a 
jo in t  ven tu re  be tween  France ' s  B R G M  and A m a x  (Green- 
wich, Connect icut )  have  been  tes t ing  the process  at 
Golden,  Colorado. The  process  shows wide  uti l i ty and 
high nickel and cobalt recoveries combined with low en- 
ergy and operating costs (434). 

Sodium.--There are three domestic producers of so- 
dium. Their estimated production capacities are given in 
Table XXXIX (435, 436). Because of the high demand for 
antiknock agents for gasoline, which require sodium for 
their manufacture, U.S. production has been 70-85% of 
world production for many years. Estimated foreign pro- 
duction capacity is also given in Table XXXIX (435). Do- 
mestic sodium production figures are summarized in 
Table XL (437). 

The major use for metallic sodium is in the manufac- 
ture of tetra ethyl lead and other organometallic com- 
pounds. Because gasoline additives are being phased out 
in the U.S., sodium consumption for that market has de- 
clined steadily from a high of over 120,000 ton/yr in the 
late 1960's and early 1970's to less than 80,000 torgyr in 
1980 (435). 

Sodium is also used in manufacturing refractory metals 
by sodium reduction of their halides. It is used as a 
reducing agent in dye, herbicide, and pharmaceutical 
manufacture. Some polymerization processes require so- 
dium catalyst. Other uses include hydrocarbon desulfuri- 
zation and heat-transfer in the primary and secondary 
loops of liquid metal fast breeder reactors (435). 

Titanium.- -Product ion and prices .--Production and 
c o n s u m p t i o n  statist ics for t i t an ium are g iven in Tables 
XLI  and X L I I  (438). 

After  several  years  of  increased  wor ldwide  p roduc t ion  
capacity,  1984 was m a r k e d  by some  impor t an t  changes  
among  major  firms in the industry.  At  a t ime w h e n  tita- 
n i u m  prices were  low and p roduc t ion  capaci ty  was wel l  
in excess  of demand ,  the  two largest  domes t ic  t i t an ium 
producers  were  for sale (439). The  owners  of both RMI 
and the  T ime t  d ivis ion of  T i t an ium Metals  Corpora t ion  of 
Amer i ca  e i ther  publ ic ly  announced  or in t imated  their  
wi l l ingness  to sell. T i t an ium buyers  expressed  con- 
f idence that  the  compan ies  wou ld  con t inue  opera t ing  
and that  p roduc t  focus wou ld  not  be changed.  

Timer,  the  largest  in tegra ted  domes t i c  p roducer  of tita- 
n ium,  was sold to a group of inves tors  inc lud ing  its top 
m a n a g e m e n t  (440). The  fo rmer  owners ,  Al legheny  Inter-  
nat ional  and  NL Industr ies ,  each  re ta ined  a 5% share. 
T ime t  has  the  capaci ty  to p roduce  about  30 mil l ion lb of 

Table XXXIX. U.S. and foreign sodium production capacity (435) 

Capacity 
Country Company (1000 tons/yr) 

United States du Pont 63 (57) a 
Ethyl Corporation 63 (45) a 
RMI, Incorporated 30 (37) a 

Federal Republic Degussa 9 
of' Germany 

United Kingdom ICI 15 
Associated Octel 18 

France Ugine Kuhlmann 9 
Japan Nippon Soda 8 

Toyo Soda 13 
U.S.S.R. 9 

aFrom Ref. (399). 

Table XL. Domestic sodium production, 1984 

Production 
Month (short tons) 

January 7,607 
February 7,347 
March 7,923 
April 7,666 
May 7,647 
June 7,635 
July 7,476 
August 7,236 
September 7,721 
October 7,736 
November 8,086 
December 7,676 

Total 91,756 

Table XLI. U.S. titanium production and consumption 

1983 1984 (est.) 
(short ton) (short ton) 

Production 13,966 23,000 
Imports for consumption, sponge 1,199 2,800 
Exports, mainly scrap 7,830 7,300 
Sponge consumption, reported 16,072 24,000 
Industry sponge stocks, year's end 3,136 3,500 

Table XI.II. World titanium sponge production and capacity 

Production Capacity 

1983 1984 (est.) 1984 
Country (short ton) (short ton) (short ton) 

United States 13,966 23,000 33,500 
Japan 11,600 18,000 37,500 
United Kingdom 2,000 3,000 5,500 
China 2,000 2,000 3,000 
U.S.S.R. 45,000 46,000 52,000 

World total (rounded) 74,000 92,000 131,500 

sponge  and 34 mil l ion lb of  ingot  pe r  year  at its 
Henderson ,  Nevada ,  plant. 

The  jo int  ven tu r e  be tween  K o b e  Steel  and RMI Com- 
pany, which  called for Kobe  to conver t  semif in ished tita- 
n i u m  products  suppl ied  by RMI into mil l  products ,  failed 
to reach  expec t ed  levels  of sh ipmen t s  (441). Weak mar- 
kets and high t ranspor ta t ion  costs have  h inde red  prog- 
ress in the  Februa ry  1983 agreement .  RMI 's  strategy, in- 
c luding the  deal  wi th  Kobe,  is to increase sales in 
industr ia l  and commerc i a l  markets  as the  growth  in aero- 
space d e m a n d  slows. At  present ,  commerc i a l  and indus-  
trial marke ts  account  for about  20% of RMI sales. Accord-  
ing to RMI pres ident ,  F reder ick  Gieg, the  plan is to 
increase this to about  50% by 1990. 

S o m e  compan ie s  a n n o u n c e d  plans to e x p a n d  produc-  
t ion or explore  n e w  process ing  routes.  Wyman-Gordon  
Company  cons t ruc ted  a $13.5 mil l ion t i t an ium mel t ing  fa- 
cility in Millbury,  Massachuset ts  (442). The  facility, sched- 
uled to b e c o m e  fully operat ional  at the  end of  1984, will  
mel t  t i t an ium ingot  unde r  c o m p u t e r  control  to improve  
process  repeatabil i ty.  Also p lanned  is a $13 mil l ion open- 
die forging facil i ty at Grafton,  Massachuset ts ,  to be used  
mainly  for conver t ing  t i t an ium ingots  to forging billets. 

Tiline, Incorpora ted ,  began  c o m m e r c i a l  p roduc t ion  on 
a new t i t an ium inves tmen t  cast ing facility (443). The 
Albany,  Oregon,  firm will  use a computer -cont ro l led ,  
$250,000 furnace  to pene t ra te  the  marke t  for prec is ion  
medica l  and aerospace  parts. Tiline ant icipates  $1 mil l ion 
in addi t ional  sales in the  first year  of  the  facil i ty 's  opera- 
tion. 

Albany  Ti tan ium,  Incorpora ted ,  is us ing a $4 mil l ion 
grant  f rom the  Defense  D e p a r t m e n t  to bui ld  two pi lot  
plants  (444). The  plants  will  use  a newly  pa ten ted  process  
to p roduce  t i t an ium sponge  and p o w d e r  f rom domes t i c  il- 
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menite. According to Fred Mullins of Wright Patterson's 
Aeronautical/Materials Laboratories, the process could 
"revitalize the industry." The Air Force will receive 10,000 
Ib of sponge and 2,000 Ib of powder for analysis and eval- 
uation. Pilot plant production startup was scheduled to 
begin between October and February. A production facil- 
ity with an annual production capacity of 10 million ]b of 
sponge or powder was planned for 1985. The Albany Tita- 
nium process is not expected to have a significant effect 
on the plentiful supply of ilmenite, or on its low price, 
currently $40-$45/ton. 

Howmet, one of the largest nonintegrated producers of 
ti tanium ingot, announced that it was seeking to develop 
a position in ti tanium sponge production (445). The com- 
pany did not plan to install in-house facilities, but was ex- 
pected to seek equity in an existing producer or a long- 
term supply contract. 

As nonintegrated melters sought sources of sponge, 
marketing executives at Oremet and RMI said they would 
be able to supply independent  melters who had been 
buying Japanese material (446). Oremet announced that it 
was only operating at about 60% of its 9 million lb capac- 
ity to meet its mill product needs (447). Oremet expressed 
willingness to sell sponge to nonintegrated producers, 
with the ability to add 3 million lb production in six 
months. RMI, with a 9,500 short ton/yr estimated capac- 
ity, was soliciting sponge customers. The announcement 
came as nonintegrated melters claimed they had no alter- 
native to Japanese sponge, with RMI and Timet both 
operating at or near 100% capacity. 

Frankel Metal Company, a newly created, employee- 
owned firm, announced that it will specialize in recycling 
t i tanium scrap and doing toll processing in high tempera- 
ture alloys (448). 

Titanium producers also moved to improve distribution 
networks and to form joint ventures that would improve 
their production and marketing positions. As a response 
to maturing of industrial t i tanium products, ALS Metal 
Company announced that it would expand distribution of 
sheet, strip, plate, and welded tubing products through 
Metal Goods, Incorporated service centers (448). ALS fol- 
lowed a similar move by RMI Company, who will distrib- 
ute t i tanium products through A. M. Castle and Com- 
pany. Oremet, following the trend of domestic producers 
to establish national distribution networks, announced 
that five companies had been lined up as distributors of 
its t i tanium products (450). The service centers will sell 
Oremet t i tanium bar and billet to small customers. This 
movement  is a departure from the earlier policies of inte- 
grated t i tanium producers involving captive warehouses 
and direct sales. The most likely distributor customers 
will be chemical processors, including the chlor-alkali 
industry. 

Martin Marietta Corporation and Nippon Kokkan KK 
signed an agreement to establish a joint venture for pro- 
duction and worldwide marketing of t i tanium and alumi- 
num fabricated products (451). Sixty percent of the ven- 
ture will be held by Martin Marietta. Dynamet, Incorpor- 
ated, of Washington, Pennsylvania, and Sumitomo Metal 
Industries have signed an agreement under which 
Sumitomo will help market Dynamet 's  t i tanium mill 
products in Japan (452). The two companies will work to- 
gether to develop new materials and processes. Dynamet 
converts t i tanium billet into finished products at its 
Washington, Pennsylvania, and Clearwater, Florida, 
plants, which have a total estimated annual capacity of 7 
million lb per year. 

Foreign producers continue to press for greater market 
share, and to seek new markets for their products in the 
U.S. Billiton BV entered the ti tanium business by 
acquiring a 62.5 percent interest in Deeside Titanium, 
Limited in Deeside, Wales (453). British Aerospace will 
substantially increase commercial  production of a 
superplastic and diffusion bonding ti tanium alloy in the 
next three years, under a $10.3 million development  pro- 
gram (454, 455). The material may eventually account for 
8-10% of the average aircraft's structural weight. 

Some of Japan's  major commercial pure Ti producers 
have begun gearing up to produce Ti alloys (456). Long- 
term targets are the aerospace industries in Japan, the 
U.S., and Europe. Japan's  alloy output is small, 
amounting to 130-200 metric tons in 1983, or only 2-3% of 
Japanese titanium mill products. Overseas markets are 
viewed as difficult to capture, with U.S. and European 
tariffs on Ti imports at 16.5 and 7%, respectively. A 
Sumitomo Metal Industries spokesman claimed that new 
Ti alloy products would be used in both aerospace and 
automotive applications. 

The Chinese government  has given high priority to de- 
veloping ti tanium refining and processing technology 
(457). China, rich in ilmenite, rutile, and other rare earth 
minerals, is building an integrated metals industry 
around them. Estimated titanium sponge production ca- 
pacity has grown from 1,000-2,000 ton/yr in 1980 to a cur- 
rent level of 3000 ton/yr. China's main export market is 
the United States. However, China's major interest in de- 
veloping its t i tanium resources is to provide material for 
domestic consumption (458). 

Demand.--Defense-related consumption of Ti sponge 
in 1984 was estimated at 7,933 tons (459). This is roughly 
the same as 1982 consumption, and 1,000 tons more than 
in 1983. Demand will increase at about 1,000 ton/yr 
through 1986, and will then level off through 1988. 

Most of the defense demand arises from aircraft pro- 
duction. In each of the five years covered by the Penta- 
gon prediction, more than 60% of all defense-related de- 
mand is accounted for by airframe parts. Aircraft engines 
and engine parts account for an additional 30%. Engine- 
related Ti use is spread among all aircraft programs, 
while airframe needs are limited to high performance 
bombers and fighters. 

Production of the B-1B bomber, begun this year by 
Rockwell International, plays a major role in the growth 
of Ti sponge demand by the military. The first bomber 
was funded in fiscal 1982, followed by seven in 1983 and 
ten in 1984. Thirty-four have been requested by the Pen- 
tagon for 1985. 

Titanium industry executives view the military demand 
as the most stable of their markets. Douglas Blair, Ore- 
met's vice president of marketing, stated, "if it wasn't  for 
the defense business, the ti tanium industry would be in a 
sad state of affairs." In nonmilitary areas, major program 
changes in the past have hurt the t i tanium industry. A 
prime example is the SST program, where expected de- 
mand never materialized. 

An increase in ti tanium buying was expected toward 
the end of the year, as commercial airframe makers began 
work on orders received in the spring (460). Sustained de- 
mand into 1985 was expected as engine builders begin to 
produce new engines which are exiting the development 
stage. According to a Wyman Gordon Company spokes- 
man, projected shipments of U.S. mill products were ex- 
pected to reach 50 million lb in 1985, up from the esti- 
mated 43 million lb in 1984 (461). In the low year of 1983, 
only 32 million lb were shipped. It was predicted that tita- 
nium sponge would be in ample supply through 1988, 
leading to price stability. Peak demand of titanium 
sponge in the 1985-1988 period was expected to be about 
58 million tb/yr. Positive factors in the turnaround are in- 
creases in the industrial and commercial aircraft markets. 

At a Metal Bulletin conference, t i tanium industry exec- 
utives expressed optimism for the future, while stressing 
that growth depends heavily on Washington (462). In- 
creased orders arising from military aircraft and govern- 
ment antipollution efforts were seen as the key to slow 
but steady growth for the rest of the decade. Frank Ca- 
puto, president of Oremet, estimated industry production 
at 43.7 million lb in 1984, with shipments of 40.8 million 
lb. The difference between shipment and production 
figures comes from customer inventories built up several 
years ago when reports of shortages led to panic buying. 
Caputo predicted that t i tanium consumption will reach 
50 million lb/yr by 1990, with major increases coming 
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from new industrial applications and less from the 
aerospace industry. 

After the worst sales year since 1979, Western European 
producers of semifinished ti tanium mill products pre- 
dicted some increased demand as inventories were 
replenished, but noted that real consumption had not im- 
proved (463). Production remained depressed as low price 
products from the U.S. and Japan were imported. It was 
estimated that Western Europe's demand for semifin- 
ished ti tanium would be a maximum of 5,000 metric tons 
in 1984. About half of the demand was being met by U.S. 
and Japanese producers. A number  of factors were cited 
as preventing an increase in real demand over the next  
few years. The civil aircraft industry is very slow. Airbus 
Industrie, a European consortium, will use between 5 and 
10 tons of t i tanium for each passenger aircraft it builds. 
However, production rates are now running at about 30 
plane/yr, well below original expectations of 50-100 
plane/yr. Military aircraft construction is also low, and re- 
cent cutbacks in capital spending have reduced demand 
in nonaerospace applications. 

Japan's  two leading ti tanium sponge producers re- 
ported significantly higher sales in the six months ended 
September  30, 1984, compared to the same period in 1983 
(464). Spurred by the general economic recovery, Osaka 
Titanium reported a 59.8% jump in t i tanium sales. Tita- 
nium accounted for 75% of Toho Titanium's total sales, 
compared to 69% a year earlier. 

A critical review and evaluation of future prospects for 
the worldwide t i tanium industry was announced by Gor- 
ham International (465). The study will forecast t i tanium 
demand, industry capacities, and price levels for the next 
ten years, as well as provide information on new technol- 
ogies and competi t ive materials. 

Markets . - -The Titanium Development  Association, 
formed in 1983, is looking for ways to smooth the cyclical 
nature of the t i tanium business (466). The titanium indus- 
try has followed trends in the aerospace industry, which 
accounts for about 90% of Ti consumption. The associa- 
tion, open to North American producers only, lists new 
market development  as its number  one priority. Several 
industries have been identified in which t i tanium could 
make significant inroads including pulp and paper, 
chemicals, power generation, and oil production. Associa- 
tion officials say they must convince potential users that 
the metal is cost effective and that adequate supplies ex- 
ist, so that new users will not be squeezed short during 
aerospace industry upswings. The Titanium Industries 
Association had some 50 members  registered by May and 
25-30 more were expected by the end of the year. 

In the mature pulp and paper industry, which is 
operating at 90-95% capacity, t i tanium usage jumped  
about 6% in 1984 (467). A growth rate of about 2.5% is ex- 
pected through this decade. The chemical industry usage 
of ti tanium is expected to grow about 5%. The advent of 
membrane cell chlor-alkali technology, which reduces ti- 
tanium requirements,  may slow growth somewhat. The 
nuclear industry is stagnant, but  t i tanium usage could in- 
crease by 2.5%. Other markets include the agricultural 
chemicals industry, electrowinning of metals, air condi- 
tioning systems, flue gas desulfurization units, and deep 
oil and gas well applications. 

Titanium has lost markets to substitutes because of 
user fears of another ti tanium shortage similar to the one 
in the late 1970's. In some cases, substitutions were made 
even though t i tanium was preferred on the basis of its 
properties. Expanded t i tanium melting capacity will help 
t i tanium to reach its potential as a structural metal. Cur- 
rent worldwide sponge capacity appears to be adequate 
to handle anticipated market growth through the end of 
the decade (468). However, new alloys and composite ma- 
terials continue to be developed as t i tanium replacements 
for the aerospace industry (469). Advanced nonmetallic 
composites consisting of high strength fibers in an epoxy 
base offer modulus or stiffness usually superior to metals. 
Yields are also high, and investments in tooling and dies 
are lower. Composites also make inroads on aluminum in 

flat surfaces on aircraft. Here, a luminum replacement of- 
ten increases the demand for ti tanium fasteners. 

Within the commercial  aircraft industry, the amount of 
ti tanium used in airliners may continue to increase, de- 
spite the threat of new material substitutes (460). Alu- 
minum-li thium alloys and composites were both viewed 
as more of a threat to a luminum than to titanium. Accord- 
ing to a Boeing official, "with each succeeding genera- 
tion of aircraft, there will be a greater percentage of tita- 
nium used. The curve started with the 707 and has been 
moving up since the 1950's." 

In aircraft engines, some substitutions for ti tanium are 
being made in the latter stages of compression, where 
temperatures reach 1050~ However, this will not lead to 
an overall drop in ti tanium usage. Pratt and Whitney engi- 
neers, for example, anticipate that their jet  engines will 
continue to contain 20-25% by weight. 

In recent years, t i tanium has gained market  share in the 
electric utility condenser market. The t i tanium condenser 
tube business, however, has been hurt by the decline in 
nuclear power plant construction. 

If testing confirms, as RMI Company officials suspect, 
that t i tanium is technically superior to steel in automotive 
valve trains, Ti valve trains may be introduced in the near 
future (470). Bruce Bannon of RMI estimated that the new 
market would require more than 1 million pounds of tita- 
nium/yr. RMI has strengthened its research and develop- 
ment group to find new applications for titanium. In the 
future, use of t i tanium in small structural components 
and in other motor segments may be considered. 

Dumping aet ions.--In October 1983, the General Ser- 
vices Administrat ion purchased 4,500 tons of titanium 
sponge for the national defense stockpile. All but 1,000 
tons of the purchase went to producers from Japan and 
the United Kingd(~m. The purchase provoked dumping 
complaints from domestic producers. As a result, the 
Department of Commerce issued a preliminary finding 
that the foreign sponge was bought at prices ranging from 
16 to 94% below fair value (471-472). 

Lobbying was intense before the final decision was 
rendered (467). The chairman of the Senate Armed Ser- 
vices Committee took the position that critical and stra- 
tegic materials were exempt  from antidumping and 
countervailing duties. Nonintegrated producers main- 
tained that integrated producers pushed the dumping 
charge to gain a competit ive edge in the sale of ingot and 
mill products by driving up raw materials costs. There 
was widespread concern over a possible price squeeze 
(473). RMI Company, the primary dumping petitioner, 
claimed that "exemption from duties does not mean ex- 
emption from unfair trade practice." 

In its final decision, the Commerce Department found 
high dumping margins, but also ruled to exclude the 1983 
purchases from any requirements to post bonds or duties 
(474). Both domestic producers and sponge importers 
claimed a measure of victory in the decision (475). 

Subsequent  to the Commerce ruling, the International 
Trade Commission held injury hearings. RMI maintained 
that, although operating at a 100% rate, it suffered from a 
low return on investment  because of artificially low pric- 
ing (474). According to RMI president, Frederick Gieg, ad- 
ditional profits were needed to invest in capital equip- 
ment  and remain technologically competit ive (473,476). 

Confirming the Commerce Department  preliminary 
findings, the ITC ruled in October that Japanese sponge 
imports had caused material injury to domestic produc- 
ers, clearing the way for assessment of dumping duties 
(477). British imports, however, were not found to have 
been injurious. Following the ITC decision, t i tanium 
prices rose as a major U.S. melter relying on Japanese 
sponge hiked prices (478). The move by Teledyne Allvac 
was expected to be followed by other major producers. 

A formal investigation into alleged dumping of titanium 
mill products from the U.S. and Japan was opened by the 
European Economic Community (479). According to EEC 
estimates, U.S. and Japanese imports climbed from 48 to 
61% of the market  in the last two years, resulting in a 35% 
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drop in European capacity utilization. The investigation 
concerned titanium plate, sheet, strip, bars, and rods, but 
tubing was excepted. Sponge prices climbed from about 
$3.50/lb in 1983 to over $4/lb (480), while there was no cor- 
responding price rise in mill products in the European 
market. U.S. producers named in the complaint included 
RMI, Timet, Oremet, Teledyne Allvac, Martin Marietta, 
and NF&M. In November,  a team of EEC investigators 
was scheduled to travel to Japan on a fact finding inves- 
tigation, followed by a similar investigation in the U.S. 
(481). 

Zine.--Zinc was among the major gainers in the non- 
ferrous metal industry as the general business recovery 
begun in 1983 continued (482). The upturn in the automo- 
tive industry was a large factor in the strength of zinc 
markets. 

Product ion  and prices .--The 1984 production and con- 
sumption statistics for zinc are given in Tables XLIII  and 
XLIV (483). 

St. Joe Minerals Corporation, of Clayton, Missouri, ac- 
quired the National Zinc Company from its parent com- 
pany in mid-August (464,465). Under the agreement, St. 
Joe paid approximately $16.5 million for Nationa]'s fixed 
assets, and also bought National's inventories and ac- 
counts receivable. The total purchase price exceeded $30 
million. Prior to the acquisition, St. Joe 's  production ca- 
pacity was about 100,000 ton/yr at its Monaca, Pennsyl- 
vania, electrothermic zinc smelter. National operated a 
55,000 ton/yr electrolytic zinc refinery in Bartlesville, 
Oklahoma. The combined production capacity of 155,000 
ton/yr results in the largest U.S. zinc producing company. 
Other major domestic producers include Asarco (107,000 
ton/yr capacity), Amax (80,000 ton/yr), Jersey Miniere 
Zinc (90,000 torgyr), and Huron Valley Steel (35,000 
torYyr). The purchase of National, which can produce 
High Grade and Special High Grade material, broadens 
St. Joe's  product  line, which was primarily prime western 
and continuous galvanizing grades, as well as zinc oxide 
and dust. It was announced that all future St. Joe list 
prices would reflect zinc products available from both 
the Monaca and Bartlesville plants (486). In a related de- 
velopment, St. Joe announced that some of its excess zinc 
concentrates will be refined at the Bartlesville facility 
(464). Previously, the concentrates, which could not be 
treated at the Monaca refinery, were sold on the open 
market and to Amax under a long-term contract. 

Sherritt Gordon Mines decided to continue operations 
at its Ruttan mine, which has a current output of about 30 
million Ib of zinc/yr (487). 

North Broken Hill Holdings of Australia gained major- 
ity control of EZ Industries (488). EZ has 210,000 ton/yr of 
zinc smelting capacity, and has treated nearly all of North 
Broken Hill's zinc concentrates for almost 25 years. 

Gulf and Western sold its 60% interest in Jersey Miniere 
to its Belgian partner, Union Zinc (489). The acquired 
company owns a 90,000 ton/yr zinc refinery in 
Clarksville, Tennessee, as well as mines in Elmwood and 
Gordonsville, Tennessee. In July, Union Zinc announced 

Table XLIII. U.S. zinc production and consumption 
(thousand metric tons) 

1983 1984 (est.) 

Production 
Mine 275 265 
Primary slab zinc 236 260 
Secondary redistilied slab 69 70 

Imports for consumption 
Ore and concentrates 63 55 
Slab 618 630 

Exports 
Zinc metal, including scrap 21 35 
Ore and concentrates 60 30 

Consumption 
Reported, slab zinc 806 890 
Apparent, all forms 1,005 1,030 

Table XLIV. World zinc mine production and reserve base 
(thousand metric ton} 

Mine production 
Country 1983 1984 (est.) Reserve base 

United States 275 265 53,000 
Australia 695 645 39,000 
Canada 1,070 1,185 56,000 
Mexico 257 280 8,000 
Peru 553 565 12,000 
Other market economy 1,934 1,950 90,000 

countries 
Centrally planned economies 1,462 1,460 32,000 

World total 6,246 6,350 290,000 

a production cutback of 25% of its 90,000 ton/yr capacity 
(490). 

Kidd Creek mines will spend C$6 million to increase 
the size of its zinc plant, raising annual capacity by 7,000 
metric tons to 127,000 tons by 1986 (491). The expansions 
will primarily concern upgrading the cellhouse. 

Reacting to an oversupply of zinc near year's end, Com- 
inco and its 63% owned Vestgron Mines subsidiary an- 
nounced one month suspensions of certain zinc opera- 
tions (492,493). Cominco suspended operations at its 
Polaris mine, which produces about 16,000 metric tons of 
zinc per month. Vestgron shut down its Black Angel zinc- 
lead concentrator, which produces about 10,000 tons of 
zinc concentrates per month. 

LTV Steel Company and Sumitomo Metal Industries 
announced a partnership to build a 500,000 ton/yr electro- 
galvanizing line in Cleveland (494). The jointly managed 
operation is 60% owned by LTV and 40% by Sumitomo. 
The $125 million electrogalvanizing line, scheduled to 
start up in 1986, will handle widths up to 72 in. Also under 
discussion was the possibility of Sumitomo providing 
electrogalvanizing technology to LTV (495). Domestic 
producers also announced four other electrogalvanizing 
lines. These include a 400,000 ton/yr line at Great Lakes 
Steel, a 600,000 torgyr line owned jointly by U.S. Steel and 
Rouge Steel, a 400,000 ton/yr line at Armco (494, 496), and 
a 400,000 ton/yr line jointly owned by Inland Steel, Beth- 
lehem Steel, and Pre-Finished Metals. The latter compa- 
nies announced that the line would cost $40 million (497). 
Product  will be available in 1986, in t ime for the manufac- 
ture of 1987 cars. 

Outokumpu Metals (U.S.A.), Incorporated, announced 
that it would begin marketing zinc for Outokumpu Oy, 
Finland, in January 1985 (498). The company was formed 
in 1982 to market  Outokumpu Oy's products in the U.S. 
As a result, a 15 year sales agreement between Outo- 
kumpu Oy and Afrimet Indussa was ended, eliminating 
about 35,000 tons of zinc from Afrimet 's sales. Afrimet, 
however, had gained nearly 85,000 tons from its agree- 
ment to become the sole sales agent for Union Zinc, In- 
corporated, of Clarkesville, Tennessee. 

A plan to cut Zn production capacity by up to 200,000 
metric tons was dropped by the European Economic 
Community (499). In 1982, EEC producers had proposed 
the capacity reduction as a result of slack demand and ex- 
cess capacity. 

Exxon's  Crandon project in Wisconsin is the largest do- 
mestic zinc prospect under active investigation, accord- 
ing to a Metals Economics Group publication (500). A pro- 
duction decision was expected during 1984. 

Aberfoyle Limited said that zinc and lead reserves at its 
Hellyer prospect in northwest Tasmania could total ten 
million metric tons (501). The prospect was said to have a 
substantial impact  on the company's  future. 

An American Mining Congress spokesman told the In- 
ternal Revenue Service in a hearing that Congress should 
decide to exempt  zinc, as well as copper and lead, from 
the Superfund tax to prevent further serious adverse eco- 
nomic impacts (502). The Washington Conference for 
Zinc, a group of zinc industry executives, at tempted to 
eliminate the $14.94/ton cleanup tax in pending Super- 
fund legislation (503). 



Vol. 132,No. 7 R E P O R T  O F  T H E  E L E C T R O L Y T I C  I N D U S T R I E S  273C 

The Lead and Zinc Producers Committee withdrew its 
petition for the imposition of countervailing duties on 
Spanish zinc imports (504). The petition, originally filed 
in 1976, had declined in importance as Spanish zinc im- 
ports dropped to 20,643 tons in 1983, representing only 
about 3% of total imports. Much of the approximately 
650,000 ton/yr of imported zinc currently is supplied by 
Canada, Europe, and Asia, according to an industry con- 
sultant. 

As worldwide supplies of all zinc grades tightened and 
LME prices firmed, domestic producer prices of zinc 
reached an all-time high at the beginning of 1984 (505). 
Three producers, St. Joe, Asarco, and National Zinc all 
raised their prices for High Grade Zn by $0.02, to $0.51/lb. 
The price move was quickly followed by EZ America, for 
slab, zinc produced by Electrolytic Zinc Company of 
Australasia, and by Noranda (506), as well as other pro- 
ducers (507). 

The price of zinc dust also jumped  by $0.02/lb to 
$0.64/lb (506), in a move by Gulf Metals and its Southern 
Zinc affiliate. Pointing to the strength of Zn on the LME, 
industry executives agreed that the price increase was 
overdue. About  two-thirds of zinc dust production is used 
for anti-corrosion coatings, principally in the auto indus- 
try. 

Zinc price declines in the spring were not due to con- 
sumption, which remained steady, but to production and 
stock increases (508). According to the International Lead 
and Zinc Study Group, world production rose from 
402,.000 tons in April to 417,000 tons in May, a 4.8% in- 
crease over May, 1983 production. World consumption 
was 393,000 tons in April, while producer stocks of re- 
fined zinc increased by 23,000 tons, to 407,000 tons in 
May. 

Benchmark High Grade zinc prices plunged to their 
lowest levels in ten months in August, as Amax and Com- 
inco decreased their prices to $0.48/lb (509). Price drops 
were attributed to weak markets resulting from slow- 
downs in hot dip galvanizing and electrogalvanizing. The 
move was followed by similar cut backs by European pro- 
ducers (510). 

To modernize zinc contracts, the London Metal Ex- 
change board and committee voted in July to initiate 
trading in High Grade Zinc contracts (511). This reflects 
the fact that High Grade zinc currently accounts for about 
80% of total world zinc production. The existing standard 
contract for GOB zinc is to be phased out in November  
1985. LME participants expressed concern that High 
Grade stocks would build sufficiently to support trading. 
At mid year, only 3,700 tons of the LME's 60,125 metric 
tons of zinc stock were High Grade zinc. 

Demand. - -The  zinc market was predicted to remain 
fairly strong, with an average price of $0.46 in 1984 and 
$0.48 in 1985 (512). 

As total world metal consumption increased by an esti- 
mated 5% between the last quarter of 1983 and the first 
quarter of 1984, a prospect of "supp]y line bottlenecks" 
was seen for zinc (513, 514). Zinc stocks were predicted to 
fall to six-weeks consumption, with prices averaging at 
least $0.10/lb higher than a year earlier. 

During July, domestic zinc buyers were purchasing 
zinc on a "hand-to-mouth" basis and drawing on invento- 
ries, banking on further decreases in zinc prices (515). 
Many in the industry agreed that the domestic price had 
risen too quickly to the $0.53 level, and expected prices to 
fall to $0.47 or $0.48/lb by summer 's  end, bringing pro- 
ducer prices in line with prevailing merchant  prices. A re- 
turn to the $0.53 peak price was not expected for the re- 
mainder of the year. 

Despite a favorable long-term outlook, short-term zinc 
fortunes were seen as "iffy" pending the outcome of labor 
negotiations in the auto industry and the bids offered by 
zinc suppliers in Bureau of Mint Tenders (516). Although 
actual zinc consumption had not slowed during the sum- 
mer, demand decreased as consumers worked off in- 
ventories. 

The Bureau of the Mint solicited bids for purchases of 
Special High Grade zinc (517). The offer was for 27 mil- 
lion pounds of zinc, with 18 million pounds for delivery in 
October and November,  followed by an option for 9 mil- 
lion pounds in December. The zinc was to be delivered to 
Ball Corporation's Zinc Products Division at a rate of 
2,250,000 lb/week, beginning the week of October 8 (518). 

A 4-5% boost in copper-plated zinc coins was predicted 
by the U.S. Treasury Department (519). A total of 150 mil- 
lion lb of zinc has been used for the coins since the U.S. 
Mint began striking the coin in 1981. 

Domest ic  consumption for zinc die casting, in the first 
upward year-to-year move since 1979, reached 296,863 
tons in 1983 (520). Greatest gains in both tonnage and 
market share were registered in the automotive industry, 
which accounted for 34% of the overall zinc die casting 
market. 

A Zinc Institute survey showed that the U.S. Big Four 
car makers used 11.9% more one-sided galvanized steel in 
1984 than in 1983, as the average use per car rose to 66 lb 
(521). Two-sided galvanized growth was even greater, ris- 
ing from 121 to 136 lb. 

Chinese zinc imports jumped 112% between 1982 and 
1983, according to Chinese customs figures (522). Expan- 
sion in crucial areas requiring intensive metal consump- 
tion was expected to keep 1984 demand high. 

Markets . - -A push for passenger cars with ten year ser- 
vice without rusting through will significantly increase 
the use of galvanized steel by 1988 (523). Chrysler antic- 
ipates that its 1988 cars will employ galvanized steel in al- 
most all of the exterior, exposed body panels. An 850 lb 
car body will contain about 300 lb of electrogalvanized 
steel and about 500 lb of hot-dipped galvanized and galva- 
nized steels. A Chrysler spokesman estimated that the 
steel industry must  increase its galvanized capacity by 
1.5-2 million torgyr by 1987, with most of the expansion in 
electrogalvanizing. The high quality electrogalvanized 
surface finish is important in exposed body panels. 

After-fabrication hot-dip galvanizers anticipated in- 
creased business arising from increased highway, bridge, 
and transit construction and repair (524). As much as one- 
third of the galvanizers said that they would invest in new 
equipment  if business improves, with capital investments 
as high as $550,000/plant. In 1983, about 3 million tons of 
steel were hot-dip galvanized, with sales of $750 million. 
About 180,000 tons of zinc were consumed. 

Strong growth for Galvalume T M  aluminum-zinc alloy 
sheet led to projections that the product could grow to 
40% of the 40 million ton global market  for coated sheet 
by the end of the century (525). Bethlehem Steel, which 
developed Galvalume 12 years ago, said facilities already 
licensed are scheduled to grow to 3 million tons capacity 
in 1986, up from the present 2 million tons capacity. 
Galvalume, which contains about 44% zinc, does not com- 
pete directly with electrogalvanizing, and is not expected 
to be used in visible automobile parts because of the sur- 
face quality limitations. Strongest growth to date has 
been in construction and metal building markets, with 
about 40% of sheet sales going into roofing and sidewall 
applications. 

Increased business was expected for hot-dip galvani- 
zers, leading to possible investment  in expansion and 
modernization projects (524). Highway, bridge, and transit 
system construction and repair expenditures were ex- 
pected to benefit from the new $0.05 Federal Gasoline 
Tax. 

The Electric Utility Industry 
In 1984, the electric utility industry continued to re- 

bound from the trough year of 1982, as shown in Table 
XLV (526, 527). The 2095.2 billion kWh generated in 1984 
represented an increase of 8.4% over 1982, and a 3% in- 
crease over the peak year of 1981. Nuclear, coal, and gas 
fueled plants all registered increases; only oil powered 
plants showed a decline, continuing a trend begun in 
1978, when oil powered plants produced 364.2 billion kWh 
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Table XLV. Electricity generated, by type of fuel (billion kWh) 

Year Nuclear Coal Off Gas Total (Hydro) 

1980 251.1 1162.0 245.6 346.2 2010.4 - -  
1981 272.7 1203.2 2 0 6 . 1  345.8 2034.1 - -  
1982 282.8 1192.0 1 4 6 . 8  3 0 5 . 3  1932.0 309.2 
1983 293.7 1259.4 1 4 4 . 5  2 7 4 . 1  1978.2 332.1 
1984 327.6 1341.7 1 1 9 . 8  297.4 2095.2 - -  

Table XLVI. Fossil fuel consumption, by type 

Coal Oil Gas 
Year (millions of tons) (millions of bbl) (millions of fP) 

1974 391.2 539.1 3443.4 
1975 405.9 506.6 3157.7 
1976 448.3 556.5 3080.9 
1977 477.0 624.2 3191.2 
1978 481.6 635.8 3188.4 
1979 527.1 523.3 3490.4 
1980 569.5 420.2 3681.6 
1981 596.8 351.1 3640.2 
1982 593.7 249.8 3225.5 
1983 625.2 245.5 2910.8 
1984 664.4 204.5 3111.0 

(527). T h e s e  t r e n d s  are also s h o w n  in  Table  X L V I  
(526, 527) w h i c h  s h o w s  the  i n d u s t r y ' s  fossil  fuel  c o n s u m p -  
t ion.  

U.S. e lec t r ica l  g e n e r a t i n g  capac i ty  i n c r e a s e d  b y  m o r e  
t h a n  15,000 MW in  1984, to a to ta l  of  673,689.9 MW, as 
s h o w n  in T a b l e  X L V I I  (526, 527). M u c h  of  t he  i nc r ea se  
was  a c c o u n t e d  for  b y  s t e a m  p lan t s ,  wh i l e  s ign i f i can t  
ga ins  we re  also m a d e  by  nuc l ea r  p l a n t s  a n d  hydro-  
p o w e r e d  p lan ts .  Capi ta l  s p e n d i n g  b y  t he  i n d u s t r y  was  
on ly  a b o u t  93.5% of the  1983 level,  as s h o w n  in Tab le  
X L V I I I  (526, 527). The  d rop  was  s h a r e d  p r o p o r t i o n a t e l y  
by  i n v e s t o r - o w n e d  ut i l i t ies  a n d  o the r  sys tems .  While  ex- 
p e n d i t u r e s  on  g e n e r a t i o n  e q u i p m e n t  dec l i ned  marked ly ,  
t he  i n d u s t r y  i n c r e a s e d  out lays  for  b o t h  t r a n s m i s s i o n  a n d  
d i s t r i b u t i o n  sys t ems .  

Electric Utility Industry Forecast (528).--The Sep t em-  
be r  1984 i ssue  of  Electrical World p r e s e n t e d  its forty-fif th 
a n n u a l  e lec t r ic  u t i l i ty  forecast .  T he  U.S. e c o n o m y ' s  up-  
su rge  d u r i n g  t he  la t te r  ha l f  of  1983, a n d  its c o n t i n u e d  
s t rong  s h o w i n g  in t h e  first h a l f  of 1984, c a u s e d  shor t -  
t e r m  p ro j ec t i ons  to be  r ev i sed  u p w a r d  f rom t h o s e  m a d e  a 
year  earl ier .  In  genera l ,  h o w e v e r  l o n g - t e r m  pro jec t ions  
va r i ed  only  s l igh t ly  f rom those  m a d e  las t  yea r  (529, 530). 

I m p o r t a n t  p o i n t s  f rom t he  Electrical World fo recas t  are  
s u m m a r i z e d  below.  

Industrial u s a g e . - - T h e  s h a r p e s t  g r o w t h  in  e lec t r ica l  us- 
age d u r i n g  t h e  1983-1984 e c o n o m i c  r ecove ry  was  regis- 
t e red  in the  i n d u s t r i a l  sector .  Desp i t e  t he  g radua l  t rans i -  
t i on  of  t he  U.S. e c o n o m y  t o w a r d  t he  serv ice  sector ,  a 

g rowing  a n d  v i ta l  i n d u s t r i a l  sec tor  is expec ted .  A l t h o u g h  
the  i ndus t r i a l  m ix  will  change ,  t he  fo recas t  a s s u m e s  t h a t  
i ndus t r i a l  sales wil l  c o n t i n u e  to a c c o u n t  for 35-40% of to- 
tal  e lec t r ica l  u t i l i ty  sales,  as s h o w n  in Tab le  XLIX.  Indus -  
t r ia l  u sage  was  e s t i m a t e d  to be  838.1 b i l l ion  kWh in 1984, 
up  4.6% f rom the  801.1 b i l l ion  k W h  u s e d  in  1983. Total  
U.S. u sage  was  e s t i m a t e d  at  2,259.8 b i l l ion  kWh in 1984, 
up  4.2% f rom the  1983 va lue  of  2,163.4 b i l l ion  kWh. In  
2000, i n d u s t r i a l  a n d  to ta l  e lec t r ic i ty  u s a g e  were  forecas t  as 
1,320.1 b i l l ion  a n d  3,451.6 b i l l ion  kWh,  respec t ive ly .  A n  in- 
dus t r i a l  usage  b r e a k d o w n  is give in Tab le  L. 

Fue l  s u b s t i t u t i o n  is e x p e c t e d  to p lay  a n  i m p o r t a n t  pa r t  
in  t he  g r o w t h  of  i ndus t r i a l  e lec t r ic  usage ,  as e lec t r ic i ty  is 
s u b s t i t u t e d  for  d i r ec t  u se  of  fossil  fuels.  In  r e c e n t  years,  
t he  c o u n t r y ' s  bas ic  i n d u s t r i e s  h a v e  b e g u n  to m a k e  s u c h  a 
shift.  

A n u m b e r  of  fac tors  h a v e  c a u s e d  a s h a r p  d rop  to be  
m a d e  in u r a n i u m - e n r i c h m e n t  services ,  c o m p a r e d  to las t  
year ' s  forecast .  The  u n s e t t l e d  s ta te  of  t he  e n r i c h m e n t  
marke t ,  a s l o w d o w n  in nuc l ea r  p l a n t  cons t ruc t i on ,  a n d  
m a r k e t  loss to fo re ign  sources  all c o n t r i b u t e d  to lower  ex- 
pec t a t i ons  e x t e n d i n g  t h r o u g h  the  e n d  of  the  century .  

The  fo recas t  i n c l u d e d  a pes s imi s t i c  v iew for l o n g - t e r m  
g r o w t h  p r o s p e c t s  of  the  d o m e s t i c  a l u m i n u m  i n d u s t r y  as 
s h o w n  in Tab le  L. However ,  some  p l a n t  capac i ty  addi-  
t ions  in  the  la te  1990's we re  a s s u m e d .  The  ac tua l  e lec t r ic  
p o w e r  c o n s u m p t i o n  fo recas t  for the  a l u m i n u m  i n d u s t r y  
in  t he  long  t e r m  was  no  d i f fe ren t  f rom las t  year ' s  forecast .  

Recent ly ,  i n d u s t r i a l  custo~ners  h a v e  t a k e n  s teps  to gen-  
e ra te  s o m e  of t h e i r  o w n  electr ici ty,  for  i n -house  use  or re- 
sale to e lec t r ic  ut i l i t ies.  However ,  t he  forecas t  a s s u m e s  
t h a t  t he  e lectr ic  ut i l i t ies,  a n d  t h o s e  c u s t o m e r s  t h a t  h a v e  
h i s to r ica l ly  g e n e r a t e d  e lect r ic  power ,  wil l  c o n t i n u e  to 
h a v e  favorab le  e lec t r ic  p r o d u c t i o n  economics .  

Residential U s a g e . - - T h i s  year ' s  r e s iden t i a l  e lec t r ic  
sales forecas t  was  c h a n g e d  only  s l ight ly  c o m p a r e d  to las t  
year ' s  forecast .  A d o w n w a r d  rev i s ion  of  2 mi l l ion  in t he  
n u m b e r  of c u s t o m e r s  an t i c i pa t ed  in  2000 r e d u c e d  t he  resi- 
den t i a l  sales fo recas t  for t h a t  yea r  by  20 b i l l ion  kWh. In  
the  n e a r  te rm,  t h o s e  fac tors  w h i c h  wil l  h a v e  t he  b igges t  
i n f luence  on  r e s iden t i a l  e lec t r ic i ty  use  are wea the r -  
re la ted  sales a n d  t he  h i g h e r  t h a n  e x p e c t e d  n u m b e r  of 
h o u s i n g  starts .  

H i g h e r  e n e r g y  eff ic iency of  e lec t r ic  a p p l i a n c e s  ha s  be- 
c o m e  i nc r ea s ing ly  i m p o r t a n t  in r e c e n t  years.  H o w e v e r  
th i s  has  r e s u l t e d  in on ly  m i n o r  a d j u s t m e n t s  to t he  fore- 
cas t  over  the  n e x t  five years .  I t  is e x p e c t e d  t h a t  c o n s u m -  
ers  will  t ry  to con t ro l  t he i r  u t i l i t y  bil ls  w i t h o u t  se r ious  dis- 
r u p t i o n  to t h e i r  l i festyles.  The  n a t i o n a l  " P o w e r  of  Cho ice"  
m a r k e t i n g  p r o g r a m  car r ied  ou t  b y  i n v e s t o r - o w n e d  utili- 
t ies  will  also c o n t r i b u t e  to d e m a n d .  

In  t he  e lectr ic  h e a t  h o u s i n g  marke t ,  i t  is p ro j ec t ed  t h a t  
the  h e a t  p u m p  will  c o m e  to d o m i n a t e .  Elect r ic  hea t i ng  
c o n t i n u e s  to be  t he  p re fe r r ed  m e t h o d  in  n e w  cons t ruc -  
t ion.  C o n t i n u i n g  a p a t t e r n  in  e x i s t e n c e  for  m o r e  t h a n  a 

Table XLVII. U.S. installed generation capacity by plant type (MW) 

Year Total Hydro Steam Nuclear Gas turbine Combustion 

1982 650,105.0 78,128.3 452,011.3 63,042.0 51,972.3 5131.1 
1983 658,172.6 78,967.6 455,507.7 67,073.4 51,627.9 4996.0 
1984 673,687.9 80,589.6 464,742.6 71,720.0 51,794.8 4840.9 

Table XLVIII. Total U.S. electric power system capital expenditures 
(millions of dollars) 

Generation Transmission Distribution Miscellaneous Total 

Total Investor Total Investor Total Investor Total Investor Total Investor 
Year industry owned industry owned industry owned industry owned industry owned 

1980 25,688 17,875 3,200 2,279 5,307 4,365 1,650 1,297 35,925 25,816 
1981 25,823 19,217 3,168 2,326 4,950 4,169 1,882 1,543 35,823 27,254 
1982 29,836 22,287 3,497 2,595 5,228 4,432 1,654 1,347 40,216 31,161 
1983 29,922 23,741 3,200 2,463 5,381 4,698 1,600 1,332 40,103 32,234 
1984 (est.) 24,500 19,800 3,700 2,200 6,700 5,900 2,500 2,200 37,500 30,100 
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Table XLIX. Electric utility sales forecast 

Resident ial  Change  Industr ia l  Change  Commerc ia l  Change  Other  Change  Total Change  
Year (billion kWh) (%) (billion kWh) (%) (billion kWh) (%) (billion kWh) (%) (billion kWh) (%) 

1973 554.2 8.4 687.2 7.5 396.9 9.7 64.9 -0.1 1,703.2 8.0 
1974 555.0 0.1 689.4 0.3 392.7 -1.1 63.7 -1 .9  1,700.8 -0.1 
1975 586.1 5.6 661.6 -4.0 418.1 6.5 67.2 5.6 1,733.0 1.9 
1976 613.1 4.6 725.2 9.6 440.6 5.4 70.8 5.2 1,849.6 6.7 
1977 652.3 6.4 757.2 4.4 469.2 6.5 72.1 1.8 1,950.8 5.5 
1978 679.2 4.1 782.1 3.3 480.7 2.5 75.8 5.2 2,017.8 3.4 
1979 696.0 2.5 817.6 4.5 494.7 2.9 76.1 0.4 2,084.4 3.3 
1980 734.4 5.5 793.8 -2.9  524.1 5.9 73.7 -3 .0  2,126.1 2.0 
1981 730.5 - 1.7 r 819.6 3.3 521.7 -0.5 78.9 6.9 2,150.7 1.2 
1982 731.8 r 0.2 769.3 r -6.1 r 516.3 r -1 .0  r 79.7 ~ 1.0 r 2,097.1" -2 .5  r 
1983 751.4 2.7 801.1 4.1 533.0 3.2 77.8 - 2.4 2,163.4 3.1 

Forecast  
1984 779.7 3.8 838.1 4.6 556.1 4.3 80.9 4.0 2,254.8 4.2 
1985 792.2 1.6 861.7 2.8 575.5 3.5 82.6 2.1 2,312.0 2.5 
1986 812.7 2.6 887.1 2.9 594.5 3.3 84.3 2.0 2,378.6 2.9 
1987 836.2 2.9 918.4 3.5 613.5 3.2 85.9 1.9 2,454.0 3.2 
1988 863.3 3.2 952.3 3.7 631.9 3.0 87.5 1.9 2,535.0 3.3 
1989 890.3 3.1 990.8 4.0 650.9 3.0 89.2 1.9 2,621.2 3.4 
1990 916.9 3.0 1,028.1 3.8 669.8 2.9 90.9 1.9 2,705.7 3.2 
1995 1,038.2 2.3 1,166.7 2.2 763.0 2.5 99.8 1.9 3,067.7 2.3 
2000 1,161.5 2.1 1,320.1 2.4 860.0 2.4 110.0 2.0 3,451.6 2.3 

r Revised data. 

d e c a d e ,  e l e c t r i c  h e a t i n g  w a s  i n s t a l l e d  i n  m o r e  t h a n  50% o f  
n e w  h o u s i n g  u n i t s  c o m p l e t e d  l a s t  yea r .  I t  is  p r o j e c t e d  t h a t  
g a s  d e r e g u l a t i o n  a n d  t h e  r e s u l t i n g  p r i c e  r i s e  wi l l  i m p r o v e  
t h e  f u t u r e  m a r k e t  s h a r e  fo r  e l ec t r i c  h e a t .  

A p e s s i m i s t i c  v i e w  w a s  t a k e  o f  t h e  g r o w t h  o f  t h e  e lec-  
t r i c  v e h i c l e  i n d u s t r y .  T h e  E V  p r o j e c t i o n  w a s  d r o p p e d  to  
a b o u t  o n e - h a l f  o f  l a s t  y e a r ' s  level .  T h e  f o r e c a s t  w a s  b a s e d  
o n  t h e  p r e m i s e  t h a t  t h e  E V  m a r k e t  h a d  p a s s e d  a " w i n d o w  
o f  o p p o r t u n i t y "  w i t h o u t  m a k i n g  s u b s t a n t i a l  g a i n s ,  a n d  
t h a t  s i m i l a r  o p p o r t u n i t i e s  w o u l d  n o t  a r i s e  for  t h e  r e m a i n -  
d e r  o f  t h e  c e n t u r y .  F e w e r  t h a n  100,000 e l ec t r i c  v e h i c l e s ,  
u s i n g  l e s s  t h a n  500 m i l l i o n  k W h  o f  e l e c t r i c i t y ,  w e r e  p ro -  
j e c t e d  to  b e  i n  s e r v i c e  a t  t h e  e n d  o f  t h e  c e n t u r y .  

A b r e a k d o w n  o f  r e s i d e n t i a l  u s e  s t a t i s t i c s  i s  g i v e n  i n  
T a b l e  LI .  O v e r a l l ,  a s  T a b l e  L I  s h o w s ,  r e s i d e n t i a l  e l ec t r i c -  
i ty  c o n s u m p t i o n  w a s  e x p e c t e d  to  b e  779.7 b i l l i o n  k W h  in  
1984, a 3.8% i n c r e a s e  o v e r  1983. B y  t h e  e n d  o f  t h e  c e n t u r y ,  
t h e  f o r e c a s t  w a s  a n  a n n u a l  r e s i d e n t i a l  c o n s u m p t i o n  o f  
1161.5 b i l l i on  kWh~ a 49% i n c r e a s e  o v e r  t h e  1984 level .  

Commercial u s a g e . - - C o m m e r c i a l  e l e c t r i c i t y  u s a g e  in  
1984 w a s  e s t i m a t e d  a t  556.1 b i l l i on  k W h ,  a 4.3% i n c r e a s e  

o v e r  t h e  533.0 b i l l i o n  k W h  c o n s u m e d  in  1983. A s  s h o w n  in  
T a b l e  X L I X ,  c o m m e r c i a l  u s e  o f  e l e c t r i c i t y  w a s  p r e d i c t e d  
to  r i s e  to  860.0 b i l l i o n  k W h  b y  2000, fo r  a t o t a l  g r o w t h  o f  
n e a r l y  55% o v e r  p r e s e n t  c o n s u m p t i o n .  N o  b a s i c  c h a n g e s  
i n  t h e  c o m m e r c i a l  m a r k e t  w e r e  e v i d e n t  s i n c e  t h e  1983 
p r o j e c t i o n  w a s  m a d e .  C o n s e r v a t i o n  a n d  e n e r g y  m a n a g e -  
m e n t  w e r e  v i e w e d  a s  s i g n i f i c a n t  f a c t o r s  in  r e d u c i n g  e n -  
e r g y  u s e .  H o w e v e r  i n c r e a s e d  u s e  o f  c o m m u n i c a t i o n s  a n d  
d a t a  p r o c e s s i n g  e q u i p m e n t ,  a s  w e l l  a s  o t h e r  d e v e l o p -  
m e n t s  c o n t r i b u t i n g  to  g r e a t e r  of f ice  u s e ,  w e r e  e x p e c t e d  
to  p r o d u c e  a n  o v e r a l l  i n c r e a s e  in  c o m m e r c i a l  e l e c t r i c i t y  
u s e .  

Generating capaeity.---A c o m p o u n d  a v e r a g e  g r o w t h  in  
e l e c t r i c a l  g e n e r a t i n g  c a p a c i t y  o f  a b o u t  3% h a s  b e e n  fore-  
c a s t e d  t h r o u g h  t h e  e n d  o f  t h i s  d e c a d e ,  w i t h  g r o w t h  g r a d u -  
a l ly  t a p e r i n g  o f f  t h r o u g h  t h e  1990's ,  a s  s h o w n  in  T a b l e  
LI I .  T o t a l  e l e c t r i c i t y  o u t p u t  ( T a b l e  L I I I )  wi l l  c l i m b  f r o m  
2457.7 b i l l i on  k W h  in  1984 to 3727.7 b i l l i o n  k W h  in  2000, 
a n  o v e r a l l  i n c r e a s e  o f  n e a r l y  52%. T h e  f o r e c a s t  i s  p r e d i -  
c a t e d  o n  t h e  a s s u m p t i o n  t h a t  s m o k e s t a c k  i n d u s t r i e s  a r e  
n o t  d y i n g ,  b u t  a r e  m a k i n g  a t r a n s i t i o n  to  m o r e  e f f i c i e n t  

Table L. Industrial uses of electricity 

Year Manufac tur ing  

Billions of kWh 

Pr imary  
a l u m i n u m  
product ion DOE 

Industr ial  P r imary  
Generat ion Utility product ion a l u m i n u m  

Total by industr ial  industr ia l  index  product ion 
industrial  plants sales (1967 = 100 ) ( thousand tons) 

1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
198]. 
1982 
1983 

1984 
1985 
1986 
1987 
1988 
1989 
1990 
1995 
2000 

668.1 
660.8 
635.8 
692.5 
723.8 
740.4 
767.9 
746.6 
775.9 
742.3 r 
766.3 

747.2 
771.5 
798.0 
826.9 
858.5 
889.3 
919.3 

1,073.0 
1,225.2 

81.5 33.4 783.0 95.8 687.2 129.7 r 4,529 
88.2 35.4 784.4 95.0 689.4 129.3 4,903 
68.5 36.6 740.9 79.3 661.6 117.8 3,879 
73.2 41.8 807.6 82.4 725.2 130.4 r 4,251 
76.0 41.0 r 840.7 83.5 757.2 138.1 r 4,539 
79.8 34.3 854.4 72.3 782.1 146.1 4,804 
82.4 32.7 883.0 65.3 817.6 152.5 5,023 
82.8 24.8 r 854.2 60.4" 793.8 147.0 5,130 
77.2 22.6 875.7 56.0 e 819.6 150.9 r 4,948 
54.9 22.8 r 819.9 r 50.6 e 769.3 r 138.6 3,609 
55.4 24.0 845.7 44.6 ~ 801.1 147.6 3,696 

Forecas t  
65.3 25.6 882.0 43.9 838.1 164.6 4,410 
67.2 23.0 905.9 44.1 861.7 169.9 4,600 
70.1 19.0 931.7 44.6 887.1 176.1 4,800 
72.5 19.1 963.7 45.3 918.4 183.9 5,000 
72.5 21.3 998.2 45.9 952.3 192.7 5,000 
72.0 29.4 1,037.6 46.8 990.8 200.4 5,000 
72.0 36.8 1,075.9 47.8 1,028.1 207.1 5,000 
74.2 19.5 1,220.5 53.8 1,166.7 240.0 5,300 
75.9 19.5 1,382.6 62.1 1,320.6 278.0 5,500 

e Estimated.  
Revised data. 
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Table LI. Residential average annual use, sales, and revenue (1984 dollars) 

July 1985 

Year 

Midyear Housing 
cus tomers  starts, private 
(million) ( thousand) 

Use per Average Residential  Heating Residential  
cus tomer  Revenue/kWh annua l  bill sales sales a revenue 

(kWh) (cents) (dollars) (billion kWh) (billion kWh) (million dollars) 

1973 68.6 2,044 
1974 70.2 1,332 
1975 71.7 1,160 
1976 73.3 t,535 
1977 75.0 1,962 
1978 76.8 2,001 
1979 78.7 1,717 
1980 81.4 1,300 
1981 83.0 1,096 
1982 83.8 r 1,056 
1983 85.1 1,704 

1984 86.6 1,700 
1985 88.2 1,600 
1986 88.8 1,700 
1987 91.3 1,700 
1988 92.8 1,600 
1989 94.4 1,400 
1990 96.0 1,300 
1995 102.4 1,300 
2000 108.8 1,300 

8,079 5.04 407.63 554.2 97.2 27,963 
7,907 5.51 435.41 555.0 100.2 30,560 
8,176 5.72 467.35 586.1 103.1 33,507 
8,360 5.84 488.28 613.1 115.7 35,810 
8,693 6.05 526.38 652.3 126.0 39,501 
8,849 6.00 531.31 679.2 132.8 40,780 
8,843 6.07 536.42 696.0 143.1 42,221 
9,025 6.43 579.85 734.4 140.4 47,187 
8,825 6.71 592.51 730.5 155.1 49,042 
8,733 r 6.96 607.33 731.8' 157.5 50,895 
8,826 7.09 625.06 751.4 164.9 53,219 

Forecast  
9,000 7.40 666.36 779.7 172.4 57,731 
8,978 7.73 693.98 792.2 179.7 61,239 
9,051 8.05 729.01 812.7 187.7 65,457 
9,160 8.38 767.30 836.2 195.7 70,043 
9,299 8.67 806.21 863.3 203.5 74,849 
9,427 8.96 844.27 890.3 210.4 79,735 
9,547 9.22 880.67 916.9 216.5 84,580 

10,140 10.23 1,037.75 1,038.2 242.4 106,252 
10,671 10.61 1,131.97 1,161.5 263.2 123,209 

a Includes  residential  space heating. 
Revised data. 

p r o d u c t i o n  f r o m  a s h r u n k e n  l a b o r  fo rce ,  a r i s i n g  f r o m  in-  
c r e a s e d  e n e r g y  i n t e n s i t y .  

I n  t h e  n e x t  s e v e r a l  y e a r s ,  a n u m b e r  o f  v e r y  c o s t l y  n u -  
c l ea r  a n d  f o s s i l  f u e l  p l a n t s  wi l l  c o m e  i n t o  s e rv i ce .  I n  s o m e  
c a s e s ,  a s  w i t h  L I L C O ' s  S h o r e h a m  n u c l e a r  p l a n t ,  t h i s  
r a i s e s  t h e  p o s s i b i l i t y  o f  50% e l ec t r i c  r a t e  i n c r e a s e s .  T h e  
f o r e c a s t ,  h o w e v e r  a s s u m e s  t h a t  r a t e  h i k e s  o f  t h i s  m a g n i -  
t u d e  wi l l  n o t  b e  p e r m i t t e d  in  t h e  s h o r t  t e r m .  R a t h e r ,  
r e g u l a t o r y  a g e n c i e s  wi l l  p h a s e  in  c o s t  i n c r e a s e s  g r a d u a l l y  
to  c u s h i o n  t h e i r  i m p a c t .  T h i s  s h o u l d  k e e p  e l e c t r i c i t y  c o s t s  
c o m p e t i t i v e  w i t h  t h o s e  o f  o t h e r  e n e r g y  f o r m s .  

O n e  o f  t h e  m o s t  o b v i o u s  t r e n d s  in  T a b l e  L I I I  is  t h a t  t h e  
c a p a c i t y  m a r g i n  in  t h e  u t i l i t y  i n d u s t r y  wil l  s h r i n k .  T h e  ca-  
p a c i t y  m a r g i n  is  d e f i n e d  as  t h e  e x c e s s  o f  a v a i l a b l e  c a p a c -  

i ty  o v e r  p e a k  d e m a n d .  I n  2000, t h e  14.7% p r e d i c t e d  m a r -  
g i n  wi l l  b e  s l i g h t l y  m o r e  t h a n  h a l f  o f  w h a t  i t  is  t o d a y .  

T h o s e  w h o  r u n  u t i l i t i e s  n o w  fee l  t h a t  i m p r o v e d  f i n an -  
c ia l  h e a l t h  wi l l  r e s u l t  f r o m  l e a v i n g  t h e  p h a s e  o f  m a j o r  c ap -  
i t a l  p r o j e c t s ,  n o w  t h a t  d e m a n d  for  n e w  u n i t s  is d e c l i n i n g .  
I n  a d d i t i o n ,  r e g u l a t o r s  h a v e  b e g u n  to  d e m a n d  c o n c l u s i v e  
d e m o n s t r a t i o n s  t h a t  s u c h  p r o j e c t s  a r e  n e c e s s a r y .  A n o t h e r  
f a c t o r  i n f l u e n c i n g  f u t u r e  c o n s t r u c t i o n  is  t h e  c o n c e p t ,  cur -  
r e n t l y  g a i n i n g  m o m e n t u m ,  t h a t  e x i s t i n g  p l a n t s  c a n  b e  
u p r a t e d  fo r  m u c h  l e s s  t h a n  t h e  c o s t  o f  n e w  c o n s t r u c t i o n .  
A c c o r d i n g  to  o n e  s t u d y ,  r a i s i n g  t h e  a v a i l a b i l i t y  o f  all  cur-  
r e n t  p l a n t s  to  t h e  l eve l  o f  t h e  b e s t  u n i t s  w o u l d  a d d  as  
m u c h  as  12-15% to p e a k  c a p a b i l i t y ,  a t  a c o s t  o f  a b o u t  
$200/kW. A s  a r e s u l t  o f  t h e s e  f ac to r s ,  n e w  p l a n t  a d d i t i o n s  

Table LII. Generating capacity additions (MW). (Based on date of commercial operation) 

Combus t ion  
Year Hydro Fossil s team ~ Nuclear s team turbines,  I.C. Upgrade  b OtheV Total 

1974 1,807 18,874 9,196 6,236 - -  - -  36,113 
1975 2,369 21,726 7,281 3,523 - -  - -  34,900 
1976 535 11,908 4,457 2,600 - -  - -  19,500 
1977 1,923 16,506 6,530 1,647 - -  - -  26,609 
1978 5,106 14,454 2,162 2,214 - -  - -  23,935 
1979 3,832 10,999 1,874 370 - -  - -  17,075 
1980 1,335 14,214 2,887 446 - -  - -  18,882 
1981 540 6,506 4,286 624 - -  - -  11,955 
1982 2,089 9,125 3,126 600 - -  - -  14,940 
1983 644 5,256 4,210 0 - -  - -  10,289 

Forecast  
1984 800 5,685 5,680 78 0 210 12,451 
1985 186 9,345 15,804 0 0 955 26,290 
1986 335 2,129 10,760 0 0 565 13,789 
1987 1,980 6,865 10,566 216 0 265 19,893 
1988 456 2,613 0 6 200 110 3,385 
1989 1,079 2,534 3,606 732 750 290 8,991 
1990 220 1,825 1,240 50 1,350 597 5,282 
1991 695 1,050 2,232 107 1,500 560 6,144 
1992 100 2,900 0 396 1,800 330 5,526 
1993 - -  7,000 0 108 2,100 210 9A19 
1994 - -  7,993 0 50 2,100 117 10,260 
1995 - -  18,824 0 50 1,300 118 20,291 
1996 - -  15,304 0 0 1,300 160 19,764 
1997 - -  18,226 0 50 1,300 125 19,701 
1998 - -  16,769 0 136 800 160 17,864 
1999 - -  21,496 0 187 800 160 22,643 
2000 - -  24,700 0 188 800 160 25,849 

a Inc ludes  geothermal  capacity. 
b Effective gain in capability due  to p lant  availability and  
c Includes  wind,  solar, biomass,  cogeneration, etc. 

life extension programs.  
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Table LIII. Total sales, output, peak load, capability, and margin 
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Year 
Total sales 

(billion kWh) 

Capability 
Total output at peak Gross peak Capacity margin 
(billion kWh) (million kW) margin (%) (%) 

Peak growth 
(%) 

1973 1,703.2 1,875.6 416.8 20.8 
1974 1,700.8 1,879.0 444.4 27.2 
1975 1,733.0 1,929.8 479.3 34.4 
1976 1,849.6 2,051.0 498.8 34.5 
1977 1,950.8 2,145.6 517.1 31.0 
1978 2,017.8 2,232.3 545.7 34.0 
1979 2,084.4 2,273.7 557.5 36.3 
1980 2,126.1 2,314.9 570.2 30.7 
1981 2,150.7 2,336.8 595.0 35.8 
1982 2,097.1 r 2,282.4 593.0 39.9 

Forecast 
1984 2,254.8 2,457.7 624.6 35.7 
I985 2,312.0 2,520.1 650.9 34.8 
1986 2,378.6 2,587.9 664.7 34.8 
1987 2,454.0 2,670.0 684.6 31.4 
1988 2,535.0 2,755.5 687.9 29.2 
1989 2,621.2 2,849.2 696.9 26.4 
1990 2,705.7 2,935.7 702.2 23.9 
1995 3,067.7 3,313.1 756.8 18.2 
2000 3,451.6 3,727.7 854.1 17.2 

E 

m 

7.7 
1.3 
2.1 
4.0 
6.5 
3.3 
0.3 
4.8 
0.5 

-3.5 

27.0 2.0 
26.3 5.1 
25.8 2.8 
25.8 3.0 
23.9 3.0 
22.6 3.0 
20.9 3.0 
15.4 2.8 
14.7 2.6 

~ Revised data. 

in  t he  years  fo l lowing  t h o s e  a l ready  u n d e r  c o n s t r u c t i o n  
will  dec l ine .  Ava i l ab i l i ty  i m p r o v e m e n t  a n d  l i f e -ex tens ion  
p r o g r a m s  wil l  b e c o m e  m o r e  i m p o r t a n t  in  t h e  1990's. 

The  n e t  m i x  of g e n e r a t i n g  capac i ty  b y  fuel  t ype  will  no t  
c h a n g e  d ras t i ca l ly  in  th i s  cen tury .  N u c l e a r  s t e a m  capac-  
ity, w h i c h  ha s  g r o w n  s ign i f ican t ly  in  t h e  las t  t en  years ,  
wil l  r e a c h  a m a x i m u m  in t he  ear ly  1990's as un i t s  u n d e r  
c o n s t r u c t i o n  are  b r o u g h t  o n  s t ream.  Therea f te r ,  t h e i r  per-  
c en t age  c o n t r i b u t i o n  will  dec l ine ,  w i t h  t he  s lack  b e i n g  
t a k e n  u p  b y  foss i l - fueled  s t e a m  genera to r s ,  w h i c h  wil l  
c o n t r i b u t e  a b o u t  70% of  to t a l  capac i ty  in  2000. C o m b u s -  
t ion  t u r b i n e  a n d  i n t e r n a l  c o m b u s t i o n  p l a n t s  wil l  c o n t i n u e  
to s u p p l y  less  t h a n  10% of capaci ty .  H y d r o p o w e r  p l a n t s  
will  dec l ine  s l igh t ly  in  t he  overa l l  mix .  These  overa l l  
t r e n d s  are re f lec ted  in t he  g e n e r a t i n g  capac i ty  a d d i t i o n s  
s h o w n  in Tab le  LII.  

Nuc l ea r  p o w e r  c o n t i n u e s  to c o m m a n d  grea t  a t t en t ion ,  
desp i t e  i n d i c a t i o n s  t h a t  c o n s t r u c t i o n  is wan ing .  A l t h o u g h  
n e w  types  of r eac to r s  m a y  b e  p r o p o s e d  in  the  fu ture ,  it is 
e x p e c t e d  t h a t  t he  n e x t  wave  of  n u c l e a r  r eac to r s  wil l  b e  
t h o s e  n o w  a b a n d o n e d  in a d v a n c e d  s tages  of c o n s t r u c t i o n .  
T h e  u n i t s  wil l  p r o b a b l y  h a v e  to b e  r e l i censed  a n d  
modif ied .  I n  any  case,  t h e r e  will be  l i t t le  effect  on  capi ta l  
s p e n d i n g  un t i l  l a te  in  t he  cen tury .  

Capital spending.--As a r e su l t  of  p r e s e n t  p l a n t  
u p g r a d i n g ,  cap i ta l  b u d g e t  ou t lays  wil l  be  r e d u c e d  in  t he  
la te  1980's a n d  ear ly  1990's. T he  cos t  of  o u t p u t  i nc r ea se s  
f rom ex i s t i ng  p lan t s ,  on  t he  o r d e r  of  $200/kW, is cons ider -  
ab ly  c h e a p e r  t h a n  t h a t  of  n e w  p l a n t  c o n s t r u c t i o n ,  w h i c h  
is in  t he  $800-$1,200/kW r a n g e  for coal-f i red un i t s .  S o m e  
capac i ty  i n c r e a s e  f r o m  u n c o n v e n t i o n a l  t e c h n o l o g i e s  s u c h  
as wind ,  solar,  b iomass ,  a n d  c o g e n e r a t i o n  wil l  also r e d u c e  
cap i ta l  ou t lays  for  c o n v e n t i o n a l  capaci ty .  M u c h  of  th i s  ca- 
pac i ty  will  b e  bu i l t  b y  nonu t i l i t y  c o m p a n i e s  w h i c h  sell en-  
e rgy  to ut i l i t ies .  A s  a resul t ,  t h e  e n e r g y  b o u g h t  is ab- 
s o r b e d  as an  o p e r a t i n g  cost,  a n d  l i t t le  is a d d e d  to capi ta l  
budge t s .  A s u m m a r y  of  fo recas t ed  cap i ta l  e x p e n d i t u r e s  is 
g iven  in  Tab le  LIV.  

Distribution and transmission.--The f u t u r e  for  d i s t r ibu -  
t ion  e x p e n d i t u r e s  a p p e a r s  s t rong.  E x p e n d i t u r e s  for  1984 
a n d  1985, s h o w n  in Tab le  LIV, are t h e  h i g h e s t  s ince  1976, 
in  c o n s t a n t  dol lars .  A r e c e n t  u p s u r g e  in h o u s i n g  s tar ts  
a n d  t h e  genera l  s t r e n g t h  of  t h e  e c o n o m y  c o n t r i b u t e  to t he  
genera l  o p t i m i s m s .  

T r a n s m i s s i o n  budge t s ,  r ough l y  t i ed  to s p e n d i n g  on  
g e n e r a t i n g  capac i ty ,  wil l  no t  fare as well.  E n v i r o n m e n t a l  
oppos i t i on  to h i g h  vo l t age  t r a n s m i s s i o n  l ines  also ha s  a 
d e p r e s s i n g  ef fec t  o n  p r o p o s e d  n e w  lines.  In  t he  mid-  
1990's, t r a n s m i s s i o n  s p e n d i n g  wil l  i n c r e a s e  as  g e n e r a t i n g  
capac i ty  does.  I t  is expec t ed ,  too, t h a t  t r a n s m i s s i o n  net -  

works  will  be  s t r e n g t h e n e d  at  t h a t  t ime,  b e c a u s e  of  t he  
low rese rve  p o w e r  leve ls  w h i c h  wil l  ex i s t  on  m a n y  
sys tems .  

N u c l e a r . - - T h e  yea r  b e g a n  on  a sou r  n o t e  for  the  n u c l e a r  
i ndus t ry ,  as t he  D e p a r t m e n t  of  E n e r g y ' s  E n e r g y  In fo rma-  
t ion  A d m i n i s t r a t i o n  re leased  a r e p o r t  s h o w i n g  t h a t  final 
c o n s t r u c t i o n  cos ts  for 77% of  t h e  N a t i o n ' s  ope ra t ing  nu-  
clear  p l an t s  we re  at  leas t  d o u b l e  t he  or ig ina l  e s t ima te s  
(531). Fo r  23% of  t h e  p lan ts ,  t he  final cos t  was  m o r e  t h a n  
four  t i m e s  t he  p r e c o n s t r u c t i o n  es t imate .  The  EIA, an  in- 
d e p e n d e n t  a g e n c y  w i t h i n  DOE,  a t t r i b u t e d  t he  cos t  over-  
r u n s  to inf la t ion,  soa r ing  in t e r e s t  ra tes  a n d  c o n s t r u c t i o n  
costs,  a n d  long  b u i l d i n g  delays.  I n  1971, the  e s t ima ted  
c o n s t r u c t i o n  t i m e  for  a n u c l e a r  p l a n t  was  four  years.  
However ,  t he  ave rage  c o n s t r u c t i o n  t i m e  ha s  n o w  bal- 
l o o n e d  to 14 years .  

T h e  repor t ,  c o m i n g  a m i d  a wave  of  n u c l e a r  p l a n t  can- 
cel la t ions ,  cas t  d o u b t  on  t he  fate of  48 reac to r s  n o w  u n d e r  
c o n s t r u c t i o n  a r o u n d  t he  count ry .  Ci t ing  qua l i ty -con t ro l  
fai lures,  t he  NRC r e fu sed  to g r a n t  a n  o p e r a t i n g  p e r m i t  for 

Table LIV. Annual capital expenditures 
(millions of 1984 dollars) 

Genera- Trans- Misce]- 
Year tion mission Distribution Ianeous Total 

1974 24,339 4,770 8,909 1,994 40,012 
1975 22,597 4,225 7,228 1,742 35,792 
1976  28,059 4,973 7,682 L831 42,545 
1977 39,478 4,957 7,221 1,577 44,233 
1978 32,868 4,098 6,509 1,822 45,297 
1979 34,141 4,644 7,315 1,830 47,930 
1980  32,250 4,110 6,625 2,031 45,016 
1981 34,415 3,525 7,528 1,822 47,290 
1982 35,321 3,866 7,002 1,829 48,018 
1983  32,813 3,762 7,357 2,059 45,991 

Forecast 
1984 27,600 4,200 7,580 1,772 41,152 
1985 24,300 3,800 7,600 1,606 37,306 
1986 17.500 2,900 7,400 1,251 29,051 
1987 12,600 2,200 7,800 1,017 23,617 
1988 8,500 1,800 8,100 828 19,228 
1989 8,000 1,800 8,250 812 18,862 
1990 9,200 2,000 8,400 877 20,377 
1991 21,000 2,900 8,300 1,449 33,649 
1992 20,000 3,000 8,400 1,412 32,813 
1993 26,000 3,900 8,500 1,728 40,128 
1994 34,000 5,300 8,600 2,155 50,055 
1995 38,000 6,000 8,750 2,373 55,123 
1996 40,000 6,000 9,300 2,488 57,788 
1997 44,000 6,400 9,530 2,696 62,626 
1998 44,000 6,400 9,720 2,705 62,825 
1999 46,000 6,500 10,100 2;817 65,417 
2000 46,000 6,500 10,200 2,821 65,521 
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Commonwealth Edison's nearly completed, $3.35 billion 
twin-reactor Byron Plant in Illinois (532,533). The deci- 
sion marked the first time in the history of the nuclear in- 
dustry that the government  flatly rejected an atomic 
power license. 

Public Service Company of Indiana, bowing to pressure 
from state officials, abandoned efforts to complete its 
twin-reactor Marble Hill plant after spending $2.5 billion. 
At the time of cancellation, the first unit was 59% com- 
pleted and the second unit was 37% completed. Previ- 
ously, the industry had scrapped no plants more than 27% 
finished. The Marble Hill decisions brought the total 
number of reactor cancellations to 100 since 1974. 

The cost estimate of the troubled Nine Mile Point 2 nu- 
clear power plant in New York State was raised to $5.1 
billion by major partner Niagara Mohawk Power Corpora- 
tion (533). The new estimate was $900 million higher than 
a projection made 14 months earlier. A consortium of util- 
ities financing the plant has begun a study to determine 
whether further funding is warranted. The bad news fol- 
lowed on the heels of a Nuclear Regulatory Commission's 
reporting poor management  and inadequate quality con- 
trol (534), and the pullout of the Long Island Lighting 
Company, an 18% partner (535). LILCO's departure halted 
its $180 million annual payment toward the project (536). 
The New York Public Service Commission put a $5.4 bil- 
lion cap on expenditures, ruling that the utilties involved 
in the project will have to carry 100% of all spending in 
excess of that amount  (537). 

Fifteen years after construction was begun, the first re- 
actor at Pacific Gas and Electric's Diablo Canyon site 
was started up (538). The $4.9 billion power plant was 
originally scheduled for completion in 1976, at a cost of 
about $400 million. Elsewhere, work was halted on the 
Seabrook reactor in New Hampshire (539). However, 
Seabrook's project manager projected that the plant 
would be completed on schedule, with the first reactor 
operational by 1986. The estimated cost was revised down 
to $6.9 billion from an earlier $9 billion (540). The original 
cost estimate in 1968 was $850 million. 

Because of the uncertainty about completing and li- 
censing the project, three utilities announced that the 
Zimmer nuclear power plant near Cincinnati would be 
converted to coal (541). The plant, about 97% finished, 
had been under construction since 1972. While the origi- 
nal cost estimate was $240 million, the utilities had al- 
ready spent $1.6 billion, and the final cost was estimated 
in September 1983 at $2.8-$3.5 billion. In 1982, a licensing 
board had conditionally rejected an operating permit for 
the Zimmer plant, citing inadequate evacuation contin- 
gency plans. 

According to an EPRI official, preserving and up- 
grading nuclear plants to extend their life expectancy is 
under consideration as an option to plant retirement and 
new p lan t  construction (542). Retirement of old plants 
carries an ever-increasing decommissioning cost, and the 
high cost of capital makes new construction expensive. 

A Senate-House panel agreed on a tax break to help 
utilities shut down worn-out nuclear power plants (543). 
The provisions, worth an estimated $250 million to the in- 
dustry through 1987, would allow utilities to avoid taxes 
on money earmarked for plant decommissioning. 

A report by the U.S. Office of Technology Assessment 
says that, without major reforms, commercial atomic 
power is unlikely to grow in this century (544). As a result 
of uncertainties in electric demand growth, very high cap- 
ital costs, operating problems, increased regulatory re- 
quirements, and growing public opposition, nuclear 
power plants currently involve too many financial risks. 
According to OTA, only one-third of the public supports 
nuclear plant construction, while more than half are op- 
posed. However, worldwide, the Uranium Institute proj- 
ects that installed nuclear capacity will increase from 115 
GW in 1980 to 315 GW in 1995. The projection includes 
only operating and committed nuclear generating capac- 
ity, with no new orders. 

In New York State, the Court of Appeals upheld a Pub- 
lic Service Commission decision that four utilities could 
recover about $80 million invested in a nuclear power 
plant project which the state first approved and later or- 
dered scrapped (545). The PSC found that Rochester Gas 
and Electric, Niagara Mohawk, Orange and Rockland, 
and Central Hudson Gas and Electric had acted prudently 
and were entitled to recover costs from their customers. 

A world record for continuous operation was estab- 
lished by the 582 MW Connecticut Yankee plant, which 
reached 401 days operation without a halt on July 16 
(546). The previous world record of 400 days was set by 
Tokyo Electric's Fukushima units in 1983. The previous 
U.S. record of 392 days was held by Maine Yankee. 

On behalf of nuclear utilities, Kidder-Peabody will form 
a group called For Responsible Energy Action (547). The 
organization will lobby for federal aid to utilities 
struggling with nuclear construction projects. 

A joint effort between Israel's Tel Aviv and Ben Gurion 
Universities is developing thorium-powered light water 
reactors (548). Thorium is three to four times more plenti- 
ful than uranium. The new reactor design should be com- 
plete in two years and may be used to produce power 
within a decade. The reactor uses small quantities of ura- 
nium and produces no plutonium by-product. 

Uranium oxide prices dropped from about $24/Ib in the 
fall of 1983 to $17.50/ib in March, approaching the recent 
low of $17/ib in late 1982 (549). The drop was not expected 
by speculators who predicted the price would remain in 
the $20-$25/Ib range because most of the bad news about 
nuclear plants was known and utilities had reduced 
stocks. 

Conventional  fossi l  fuels.--Coal 's future in the utility 
industry appears secure, as nuclear power plant costs and 
public acceptance problems have become prohibitive, 
and economic recovery has restored a growth of electrical 
demand (550). The American Coal Investment  Company 
president, Zachariah Allen, claimed that coal generation 
was "the most secure and cost-effective option available 
to meet  this increasing demand." However, indecision on 
coal purchasing strategies among utilities has led to a mix 
of long-term coal contracts and spot purchasing. 

U.S. demand for bituminous and lignite coal ]n 1984 
was estimated at 740 million tons, up 3.7% from 1983. 
Electric utilities, which consume about 75% of U.S. coal 
output, were expected to use about 560 million tons, up 
7.2 million tons from 1983 (551). A National Coal Associa- 
tion forecast showed that electric utilities will continue to 
be the major market for coal, and will also be the highest 
growth sector (552). With moderate economic growth, it is 
forecasted that utilities will consume 811 million tons, or 
82% of domestic consumption, in 1995 (553). 

Mobil Coal Producing, Incorporated, signed a 25 yr con- 
tract, valued at $100 million, to provide 1-2 million ton/yr 
of coal to Grand River Dam Authority (554). The coal will 
be shipped to GRDA's 520 MW number  2 generating sta- 
tion near Choutea, Oklahoma. 

A Virginia legislative committee approved a $1 billion 
proposal to build a coal slurry pipeline across the state 
(555). The 450 mile pipeline will connect Western Virginia 
coal fields with Tidewater electric plants. 

EPRI selected New York State E&G's Somerset Station 
for an $11 million, advanced high sulfur test center (556). 
A ten-year research program will be carried out to im- 
prove SO2 removal when burning high sulfur eastern coal. 
Tests at the center will range up to pilot-plant scale. 

DOE and EPRI  have agreed to spend about $4 million 
in 1985 and 1986 to test coal cleaning techniques 
(557, 558). New methods to reduce the level of sulfur and 
other impurities before the coal is burned in utility boil- 
ers will be evaluated. The work will be done at EPRI 's  
$15 million testing site at Pennsylvania Electric's Homer 
City, Pennsylvania, plant. 

The Environmental  Protection Agency signed an agree- 
ment with Babcock and Wilcox to help fund a test dem- 
onstration of B&W's limestone injection technology in a 
multistage burner (559). The test will be conducted in a 
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100 MW burner at Ohio Edison's Edgewater generating 
station. 

After eight years of research, TRW planned to conduct 
4000h of tests of its atmospheric coal combustion in a 50 
million Btu/h unit (560). In small tests, the combustor re- 
moved 80~90% of solid coal particulates as well as high 
percentages of nitrogen and sulfur oxides. 

In the Department  of Energy's FY-1985 budget, coal- 
related research and development  was scheduled for 
more than $327 million in funding (561). Projects within 
the office of fossil energy account for almost $253 million 
of t]he total. A total of $750 million was earmarked for a 
clean coal technology program, designed to fill the gap 
between small- and large-scale research, with intermedi- 
ate size facilities using advanced clean coal concepts. 

Electrophoresis is being tested at Indiana University to 
help remove organic sulfur and pyrite from Indiana coals 
(562). Coal will be inserted into a conductive fluid to see 
if sulfur-rich particles can be collected at one electrode 
and coal at the other, by manipulating the chemistry of 
the particle surfaces and the suspension medium. 

Synthetic  fuels . - -The U.S. synthetic fuels effort lost 
much support in 1984. Criticism of existing programs,  as 
well as an easing in the fuel-supply picture, combined to 
cloud the future of synfuels development.  

Energy Secretary Donald Hodel called on Congress to 
reach a consensus on the direction of the federal synfuels 
program, and supported proposed bills which would 
slash SFC spending by $9 billion (563). According to 
Hodel, "developing a commercial synthetic fuels industry 
at the pace envisioned by the Energy Security Act of 1980 
would require enormous direct budget  outlays that would 
not be offset by economic benefits." The spending cuts, 
proposed by the President and sponsored by Representa- 
tive Silvio Conte of Massachusetts, proposed cutting SFC 
spending to $5.1 billion (564). 

A statement by the President, which accompanied the 
billy noted that the energy outlook had improved drama- 
tically since the Synthetic Fuels Corporation was estab- 
lished in 1980 with a budget of $19 billion (565). Crude oil 
prices have dropped by 25%, oil imports are down by 33%, 
and the Strategic Petroleum Reserve contains nearly 400 
million barrels of oil. 

A spending freeze on the Nation's synfuels program 
was urged by a bipartisan group of 12 House and Senate 
members  (560). The group, calling the program "highly 
questionable and very costly," asked the President to 
hold $14.8 billion that the Synthetic Fuels Corporation 
had at its disposal, until Congress can review and approve 
the company's long-term strategies. 

The General Accounting Office, claiming that the SFC 
will fall far short of production goals, said that it will be 
relatively ineffective in encouraging private investment, 
improving the Nation's balance of payments, and provid- 
ing greater energy security (567). 

Similar criticism came from the Office of Technology 
and Assessment, which found that, as a result of long lead 
times required to construct coal and oil shale conversion 
projects, synfuels would not help in the first five years 
of a prolonged oil supply disruption (568). 

SFC Chairman Edward Noble pursued congressional 
support. According to Noble, in testimony before the 
House Science and Technology subcommittee,  U.S. tax: 
payers will make $6 billion from SFC projects if oil prices 
increase at higher than inflationary rates and the projects 
come onstream efficiently (569). 

The House Appropriations Committee narrowly voted 
down the administration's synfuels spending cuts, as well 
as a compromise $5 billion spending cut (570). However, 
the House later voted to allow further amendments  which 
would rescind up to $10 billion from the Energy Security 
Reserve (571). Intense lobbying resulted in an amend- 
ment  which would rescind $5 billion (572), leaving SFC 
with a budget  of $8.25 billion. In December,  the Synfuels 
Corporation was put back into business as appointments 
were made to its board of directors, which had lacked a 
quorum for seven months (573). 
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Eighteen proposals for financial assistance were re- 
ceived by the Synthetic Fuels Corporation under its 
fourth solicitation in June (574). Seven proposals were for 
coal gasification, three were for indirect liquefaction, 
four for tar sands, and four for oil shale. Only six of the 
proposals were for new projects. 

Coal Gasifieation.--The $300 million Cool Water Coal 
Gasification Project  at Daggett, California, began pro- 
ducing electricity from synthetic gas in May (575). Ac- 
cording to Southern California Edison, the unit ran for 
five hours at from 10 to 32 MW using 100% synthetic gas. 
The project combines two existing technologies for the 
first t ime--Texaco 's  coal gasification process and 
General Electric's combined-cycle power plant technol- 
o g y - t o  produce an integrated coal gasification com- 
bined-cycle plant (576). The 100 MW project is a 
commercial-size module which will be used to provide a 
technological and economic basis for 500 MW or larger fa- 
cilities. If  successful, a new breed of power plants without 
the pollution problems of coal may be in commercial op- 
eration by the 1990's. An EPRI  study found that such 
plants have the potential to be as much as 10% more 
efficient than conventional coal-fired steam plants with 
competitive capital costs (577). Both NOx and SO~ emis- 
sions could be substantially reduced. Power will be pro- 
duced from 1,000 ton/day of coal, the equivalent of 4,000 
bbl/day of oil, and will serve 50,000 customers of  South- 
ern California Edison (576). 

Allis Chalmers planned to modify its KILnGAS coal 
gasification plant by adding cogeneration equipment,  at 
a cost of $30 million, depending on Synfuels Corporation 
aid (578). The existing plant can deliver 409 BttYh of gas 
from 600 ton/day of high sulfur coal. With cogeneration, 
89% of the input coal energy will be converted into 
product gas energy. 

Site development  and construction was set to begin in 
November  at Dow Chemical Company's coal gasification 
plant near Plaquemine, Louisiana (579). Start-up of the 
$139 million project is expected in 1987. The plant will 
process 2,900 ton/day of Texas lignite into 30 million Btu 
of gas. 

DOE awarded a $33.7 million development  contract, to 
be cost-shared with KRW Energy Systems, to conduct 
technical, economic, and environmental  risk assessments 
of commercial  introduction of advanced coal gasification 
technology (580). The projec t  will focus on linking the 
gasifier to an advanced hot gas cleanup system. The goal 
is to develop a system for cleaning impurities from coal 
gas without the energy robbing necessity of cooling the 
gases. 

Encouraged by a feasibility study that the government  
could save about $1.4 million per launch in the first year 
of operation, NASA is considering building a coal 
gasification plant at Kennedy Space Center to provide 
fuel and electricty for the space shuttle program (581). 
The proposed facility would cost about $151 million, and 
would process 635 tons of coal/day. 

Coal l iquids and slurr ies . - -Northern States Power 
Company awarded a $20 million contract to Foster 
Wheeler Energy Corporation to design and build a 
fluidized bed combustion retrofit (582). The unit, to be 
completed in 1986, will be the largest FBC boiler in the 
world. At a cost of about $50 million, Northern States 
Power will install an atmospheric fluldized bed boiler in 
its coal fired 85 MW plant at Burnsville, Minnesota (583). 
SO2 and NOx emissions will be reduced, and electrical 
output will increase to 125 MW. Start-up is scheduled for 
1986. 

Occidental Petroleum Corporation and Combustion En- 
gineering will jointly conduct research and development  
on coal slurry fuels (584). 

Shale oil  and tar sands.--A continuing world oil sur- 
plus reshaped once-ambitious U.S. oil shale production 
plans (585). However, a number  of projects remained ac- 
tive. Geokinetics '  shale oil project in northeast Utah has 
produced more than 90,000 bbl of oil since 1976, and the 
latest two retorts are producing 250-300 bbl/day. Ameri- 
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can S y n c r u d e  and Stone  and Webster  Engineer ing  an- 
nounced  fo rmat ion  of  the  Indiana  Shale  Oil Projec t  (586). 
The  project  will  p roduce  2,011 bbYday of shale oil. 

Chevron  Oil Shale  and Conoco Shale  announced  that  a 
$130 mil l ion min ing  and oil shale re tor t ing opera t ion  
would  begin p roduc ing  oil early in the  spr ing (587). The 
Utah plant  will  p roduce  about  200 bbl /day of  oil f rom 318 
tons of Colorado shale us ing Chevron ' s  s taged turbulent -  
bed re tor t ing  process.  

Reassess ing  its t imetab le  for oil shale deve lopment ,  
Sohio  Shale  Oil Company  a n n o u n c e d  that  it had  with- 
d rawn f rom the  Paraho-Ute  oil shale par tnersh ip  (588). At  
issue was the in teres t  of o ther  par tners  in deve lop ing  
technology  for l icens ing ra ther  than  commerc ia l  
product ion.  

Alber ta  Oil Sands  Techno logy  and Research  Author i ty  
bel ieves new t echno logy  can un lock  about  95% of an esti- 
mated  1 tr i l l ion bbl  of tar sands oil reserves  in Alber ta  
(589). A O S T R A  plans to begin  cons t ruc t ion  of a $100 mil- 
l ion project  n e x t  year  to begin p roduc t ion  in 1987. By 
1990, p roduc t ion  should  reach  5000 bbl/day. 

Fuel ce l l s . - -The  House  Appropr ia t ions  Commi t t ee  ap- 
p roved  a large boos t  in spending  on fuel  cells (590). Fuel  
cell spend ing  of  $39.9 mil l ion was approved,  a $26.2 mil- 
l ion increase  over  the  adminis t ra t ion  request .  Of  the  total, 
$27.8 mil l ion was ea rmarked  for phosphor ic  acid cells, 
and mol ten  carbonate  t echnology  was awarded  a $9 mil- 
l ion budget .  The  c o m m i t t e e  app roved  $3.1 mil l ion for 
solid oxide  fuel  cell  Work. It  also r e c o m m e n d e d  develop-  
merit  of  an in tegra ted  gas i f ied/phosphor ic  acid fuel  cell 
sys tem of at least  7 MW output.  Concern  was expressed  
that  "o ther  countr ies  will  manufac tu re  fuel cells . . . for 
our commerc i a l  marke ts  before  such  cells are manufac-  
tured  in the Uni t ed  States."  

Wes t inghouse  Electr ic  Corporat ion rece ived  a contract  
f rom Sou the rn  California Edison  to begin  des igning a 7.5 
MW pro to type  fuel cell plant  for use in the  ut i l i ty 's  trans- 
miss ion  and dis t r ibut ion  sys tem (591). The  sys tem will  in- 
c lude air-cooled, phosphor ic  acid cells and an advanced  
s team me thane  re forming  process  to conver t  natural  gas 
to hydrogen  for use  in the  cells. The p ro to type  plant  is ex- 
pec ted  to c o m e  on s t ream no earl ier  than 1988. 

A Consumers  P o w e r  Company  40 kW fuel cell plant  in 
Jackson ,  Michigan,  has opera ted  for more  than 1,500h. 
The fuel  cell ran so smooth ly  that  a scheduled  shu tdown  
for rout ine  ma in t enance  after 2,000h of  opera t ion  was can- 
celed. The projec t  is part  of  the  Onsi te  Fue l  Cell Energy  
Sys t em being deve loped  by the  Gas Research  Insti tute,  
DOE, and a group of  gas and electr ic  utilities. A b o u t  30 
utili t ies plan to conduc t  s imilar  expe r imen t s  across the  
country.  

The Electr ic  P o w e r  Research  Ins t i tu te  (EPRI)  an- 
nounced  that  it would  not  run  the  Consol ida ted  Edison  
fuel cell demons t r a t ion  plant  wi thou t  comple te ly  refur- 
b ishing the s tacks (593, 594). Acco rd ing  to an E P R I  
official, the  job  could  requi re  an addi t ional  i nves tmen t  of  
$20 mill ion. The  p resen t  stacks are too old and pose too 
m u c h  of  a hazard to cont inue.  They were  buil t  before 
Uni ted  Technologies  Corporat ion had solved the  p rob lem 
of e lec t ro lyte  and water  leakage.  Con Ed and UTC have  
pe t i t ioned  Congress  for a $15 mil l ion supp l emen t  to 
DOE's  budge t  to refurbish the  plant, which  wou ld  keep 
the $80 mi l l ion  project  alive. 

Meanwhile ,  a s imilar  demons t r a t i on  plant  in Japan,  
us ing newer  technology,  has been  runn ing  since April ,  
1983. Tokyo Electr ic  Power  Company ' s  4.5 MW fuel cell 
plant  has opera ted  for more  than  196h. 

Magnetohydrodynamics.--In a let ter  to Congress,  DOE 
reques ted  an addi t ional  $12 mil l ion for its magne tohydro-  
dynamics  p rog ram (595). The addi t ional  funds wou ld  be 
used  for a mul t iyear  proof-of-concept  p rogram which  
wou ld  lead to design,  construct ion,  and opera t ion  of an 
integrated,  coal-fired MHD retrofit. 

A $33 mil l ion budge t  for fiscal year  1985 was approved  
by the House  Appropr ia t ions  Commi t t ee  (596). This rep- 
resen ted  a 10% increase  over  FY 1984. The bulk of  the  
funding  wou ld  g o  toward  prepar ing  a util i ty-scale MHD 

retrofit  and tes t ing topping  and bo t toming  systems. The 
c o m m i t t e e  also cal led for significant cost  shar ing by the  
pr ivate  sector.  

Solar e n e r g y . - - A l a b a m a  P o w e r  and Chronar  Corpora- 
t ion formed a jo in t  ven tu re  to bui ld  a photovol ta ic  manu-  
factur ing plant  in Alabama  (597). P e n d i n g  s tockholders '  
approval  of  the  venture ,  Chronar  wou ld  supply  technol-  
ogy and would  buy  plant  ou tpu t  for the  first four  years. 

Solarex  Corporat ion,  a divis ion of  S tandard  Oil Com- 
pany of Indiana,  is cons t ruc t ing  a second  photovol ta ic  
genera t ing  stat ion in Adelanto,  California (598). The  sta- 
t ion is expec t ed  to p rov ide  2 MW of power,  about  25% 
more  than Atlant ic  Richfield 's  Hesper ia  plant. The 
Solarex  plant  will  use  semicrys ta l l ine  cells wi th  up to 18% 
efficiency. 

The Solar  Energy  Research  Ins t i tu te  (SERI) es t imates  
that  a lmos t  300 MW of windfa rm capaci ty  has been in- 
stalled in the  U.S. as of  D e c e m b e r  1983 (599). A b o u t  295 
MW of this total  is in California. S E R I  es t imated  the  ulti- 
mate  p lanned  U.S. w indfa rm capaci ty  at 687 MW, with  
683 MW in California. The S E R I  figures do not  inc lude  
p ro to type  units  or those  on g o v e r n m e n t  test  sites. 

California 's  lead in w i n d p o w e r  is par t ia l ly  due  to the 
state 's Publ ic  Ut i l i ty  Commiss ion ,  wh ich  has ordered  in- 
ves tor  owned  util i t ies to buy power  f rom qualif ied small  
p roducers  and cogenerators .  Specia l  tax  t r ea tmen t  is also 
provided.  

There  are cur rent ly  more  than  50 w ind fa rm deve lopers  
in the U.S. S o m e  windfa rms  are be ing  deve loped  by 
w i n d p o w e r  e q u i p m e n t  manufac tu re r s  such as Boeing,  
U.S. Wind Power ,  Incorpora ted ,  and Hami l ton  Standard.  

S tandard  Oil Company  and Energy  Convers ion  Devices  
plan to bui ld  two  facilities to begin  p roduc t ion  of  photo- 
vol ta ic  cells unde r  thei r  Sovonics  Solar  Sys tems  partner-  
ship (600). The two facilities, costing $6 mill ion,  were  ex- 
pec ted  to be opera t ional  in October.  The  cells, made  from 
sil icon alloy depos i t ed  on stainless steel, will  be made  by 
the propr ie tary  Ovonic  roll-to-roll mass  p roduc t ion  
process.  

G e o t h e r m a l . - - T h e  nor the rn  California geysers  area is 
the mos t  act ive area in the  wor ld  for geo the rmal  electric- 
i ty p roduc t ion  (601). Twen ty  units  are n o w  in operation,  
p rov id ing  a total  genera t ing  capaci ty  of  1,379 MW, or 
enough  to m e e t  the  needs  of  1.3 mil l ion people.  This is 
roughly  the capaci ty  of  one large nuc lea r  plant. 

Electric vehic les . - -The Lead Indus t r ies  Associa t ion  
noted  that  the  electric car is mak ing  progress,  despi te  a 
lack of  pene t ra t ion  into the  marke t  place (602). The  En- 
ergy D e p a r t m e n t  has con t inued  to fund  electric car re- 
search, and uti l i ty companies  are work ing  to p romote  
electric vehicles.  Hope  Au tomob i l  Indus t r i  of  D e n m a r k  
p lanned  to begin  mass p roduc ing  the  Whisper,  a small  
electric car, by the  end of  1984. The car will  be marke ted  
in the  U.S. 

Peugeo t  unve i l ed  an electric dr ive  vers ion  of  its Model  
205 super  mini  (603). The car was deve loped  using the  
same body a n d  inter ior  conf igura t ions  of the  conven-  
t ional  gasol ine  or diesel  powered  Model  205. The  proto- 
type  conta ins  12 nickel- i ron batteries wi th  a life of  200,000 
k m  and a range of  up to 140 km. The batteries,  deve loped  
with  SAFT,  p roduce  twice  as m u c h  power  as lead-acid 
bat ter ies  having  the same size and weight .  

Sinclair  Vehicle  Projec t  and H o o v e r  were  repor ted ly  
negot ia t ing to bui ld  an electr ic  car (604). The new car was 
p lanned  to be unve i led  by early 1985. A novel  feature is 
the min imized  weight ,  ach ieved  by bui ld ing  a bat tery as 
the car frame. Repor tedly ,  the  car can reach  speeds  of  30 
m p h  and will  cost  less than $3,000. 

Environmental  i s sues . - -Desp i t e  p ressure  f rom envi- 
ronmenta l  groups,  no clear consensus  emerged  on wha t  
actions should  be taken to reduce  acid rain and CO2 emis- 
sions. Indeed ,  d i sag reemen t  r ema ined  over  both the 
causes and the  ser iousness  of the  problem.  

The degree  of concern  over  the  acid rain p rob l em varies 
cons iderably  (606). Despi te  the  threa t  of  damage  to for- 
ests, the  Amer ican  Pape r  Ins t i tu te  and the  Nat ional  For- 
est P roduc t s  Associa t ion  be l ieve  the  s i tuat ion is not  criti- 
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cal, concluding that "at the present time, there is no . . . 
need to reduce acidic depos i t i on . . ,  to protect the timber- 
lands of North America." Similar conclusions resulted 
from studies by EPA and the National Acid Precipitation 
Assessment Plan. 

A U.S. Geological Survey review of published reports 
on acid rain research found that the acidity of precipita- 
tion in the Northeast, where the acid rain problem is most 
acute, has changed little in recent years (606). The review 
found that acidification increased primarily before the 
mid-1950's and has been roughly stable since the 
mid-1960's. 

EPA Administrator, William Rucke]shaus told the Sen- 
ate Committee on Environment  and Public Works that 
the country was not yet ready to adopt an acid rain con- 
trol program (606). Ruckelshaus said that "before 
launching the country on an expensive and potentially di- 
visive control program, we feel we need more scientific 
information." However, Ruckelshaus did say that EPA 
was taking preliminary steps to prepare for a possible na- 
tional acid rain control program (607). EPA will work with 
states to strengthen data bases and reduce implementa- 
tion time of a control program, when required. 

Following the theme for more acid rain research, the 
President announced, in the State of the Union message, 
a commitment  to double acid rain research funding to 
$55.5 million in 1985 (606). As part of the expanded effort, 
EPA will launch a 12 month, $6.5 million study of water 
chemistry in up to 3,000 lakes. 

William Karis of Consolidation Coal Company told the 
Senate Environment  and Public Works committee that 
the costs of major acid rain control legislation have been 
underestimated by billions of dollars (608). He noted that 
more than 100,000 jobs could be lost in high sulfur coal 
producing areas, and that the potential impact on the coal 
industry could be up to $10 billion. 

Testifying before the Senate .Committee on Environ- 
mental and Public Works, the chairman of the National 
Association of Manufacturers electricity task force 
claimed that proposed acid rain legislation could cost the 
utility industry up to $40 billion by 1995, result in major 
job losses, and still not solve the acid rain problem (609). 
The NAM endorsed EPA Director William Ruckelshaus'  
proposal to increase acid rain research funding, and 
called for a closer look at the effect of electricity rate in- 
creases on industries which are heavy electricity users. 

According to John Wootten, research director for 
Peabody Coal's parent firm, legislative proposals calling 
for 50% cuts in SO2 emissions from midwestern utilities 
will actually reduce their contributions to acid deposits 
by only 10% (610). The finding resulted from a computer 
simulation of atmospheric chemistry processes, and re- 
futes opinions in a report of the National Academy of Sci- 
ence. Further, according to Wooten, one current bill 
would cost electricity users more than $100 billion. 

However, the use of air-quality models has been chal- 
lenged by Ralph Perhac, director EPRI 's  Environmental  
Assessment Department  (605). According to Perhac, who 
cites a similar conclusion by the National Academy of 
Sciences," present air quality models have an uncertainty 
factor that is too large to be useful for designing control 
strategies." 

By a 24 to 10 vote, the National Governors Association 
called for a 5 million ton/yr cut in SO~ emissions in the 31 
states east of the Mississippi River (611). Under the plan, 
the reduction would be phased in during a six year 
period. 

An EPA report showed that total U.S. SO~ emissions 
were actually reduced by 26% between 1973 and 1982 
(612). During the same period, utilities SO2 emissions 
dropped by nearly 15%, while coal use rose almost 53%. 
The reductions were attributed to use of lower sulfur coal 
and compliance with new regulations. 

Electric utility spending on pollution control topped all 
other industries in 1984 (613). A total of $2.8 billion in ex- 
penditures was planned, down 22% from 1983's record 
$3.6 billion. In 1985, pollution control spending of $2.1 bil- 

lion is planned. Air pollution control will account for 
nearly $1.3 billion in 1984, while water pollution control 
equipment  and solid waste control will consume $700 mil- 
lion and $314 million, respectively. Since 1967, the electric 
utilities have spent about $33 billion on pollution control, 
including planned 1985 outlays. 

During the period 1975-1982, U.S. air became signifi- 
cantly cleaner (614). According to Joseph Cannon of EPA, 
the improvement  figures included 33% for SO2, 31% for 
carbon monoxide, and 15% for particulate matter. 

The Tennessee Valley Authority staff recommended ap- 
proval of a $35 million contract to Combustion Engineer- 
ing, Incorporated, for development  of boiler technology 
regarded as a potential solution for acid rain and other 
power-generation problems (615). The boiler uses 
fluidized-bed combustion of coal with l imestone injec- 
tion to help remove sulfur during combustion. Currently, 
more-expensive scrubbers are used to remove sulfur from 
smoke. The boiler also operates at lower temperatures 
than conventional boilers, so that nitrous oxide emissions 
are reduced. 

In September,  a similar contract was awarded to 
Pyropower Corporation of San Diego by the Colorado- 
Ute Electric Association. The project is also being sup- 
ported by EPRI and the coal industry. A 30 year old coal 
unit  is being converted to fluidized bed combustion by 
Northern States Power Company, in Minneapolis, in a 
project with Foster-Wheeler. 

Representatives John Serberling and Dennis Eckart of 
Ohio announced a bill that would at tempt to fashion a po- 
litical consensus on acid rain (614). The bill calls for a 10 
million ton annual reduction of SO~ emissions by no later 
than 1996. Also, there would be Federal controls on the 50 
largest electrical power plant emitters. A trust fund for 
emission controls would be financed by an indexed 1.5 
mill/kWh fee of electricity from nonnuclear power plants 
and nondomestic  sou~rces. 

New York State lawmakers approved a bill which, if 
signed by the governor, would make the state the first in 
the nation to take anti-acid rain measures at the state 
level (616). The bill, contingent on the absence of a Fed- 
eral enactment, would reduce New York's emissions by 
12%, or 100,000 ton/yr, by 1988, and by an additional 18% 
in the early 1990's. 

The "Acid Rain Panel Report," a study sponsored by 
the White House, was criticized by both proponents and 
foes of increased acid rain control measures (617). The re- 
port was written by a panel of  U.S. and Canadian scien- 
tists and engineers. Both the Edison Electric Institute and 
the EPA charged that the panel exceeded its mandate by 
commenting, speculating, and drawing conclusions. Con- 
cluding that the Federal government 's  acid rain research 
program has been a disappointment,  the report called for 
measures to reduce SO2 and NO~ emissions. The report 
also recommended that funding should be increased and 
that future research should be shifted to nonfederal labo- 
ratories. Creative, innovative, and potentially low cost ap- 
proaches to acid rain control were given a high priority. 

Canada doubled its commitment  to reducing the acid 
rain problem, pledging to reduce sulfur dioxide emissions 
by 50%, instead of the earlier-announced 25%, by 1994 
(618). Individual provinces will decide how best to imple- 
ment controls in their regions. Companies most affected 
will be Inco, whose Sudbury plant is the largest SO2 
emitter in North America, Noranda Mines; and Ontario 
Hydro, Ontario's electric utility. 

A strong diplomatic protest was delivered by the Cana- 
dian government  to the State Depar tment  against U.S. 
failure to seek air pollution measures (619). Canada's am- 
bassador stated that the intent was to convince Washing- 
ton that acid rain was the most important  issue between 
the two countries, threatening to raise "high level con- 
cerns" among Canadians. 

A recent book, "The Secret Alliance," provoked consid- 
erable reaction by accusing Canadian officials of lob- 
bying for U.S. acid rain legislation to allow Canada to in- 
crease electricity exports (620). The U.S. and Canada have 
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exchanged electricity since 1901, although the amount  ex- 
changed was small. In 1968, the U.S. was a net exporter of 
electricity to Canada. However, the exchange balance 
shifted heavily in the 1970's, as U.S. imports of Canadian 
electricity burgeoned. Between 1976 and 1982, net  U.S. 
imports rose by 240% from 9,214 to 31,371 GWH. 

REFERENCES 
1. Chemical Week, p. 8, Mar. 13, 1985. 
2. Ibid., p. 8, Mar. 13, 1985. 
3. Pamphlet  no. 10, Chlorine Institute, Inc.; Personal 

communication. 
4. Chemical and Engineering News, p. 18, Apr. 2, 1984. 
5. Chemical Week, p. 34, Jan. 23, 1985. 
6. Ibid., p. 85, Dec. 12, 1984. 
7. Ibid., p. 36, Oct. 3, 1984. 
8. Ibid., p. 28, Oct. 17, 1984. 
9. Ibid., p. 40, Nov. 21, 1984. 

10. Chemical Marketing Report, p. 3, June  4, 1984. 
11. Journal of Commerce, p. 22B, Apr. 17, 1984. 
12. Chemical Marketing Reporter, p. 7, Apr. 23, 1984. 
13. Ibid., p. 5, Aug. 27, 1984. 
14. Ibid., p. 45, July 30, 1984. 
15. Chemical Engineering, p. 27, Sept. 3, 1984. 
16. Chemical Week, p. 46, Sept. 5, 1984. 
17. Chemistry and Industry, p. 397, June 4, 1984. 
18. Ibid., p. 315, May 7, 1984. 
19. Modern Paint and Coatings, p. 68, Nov. 1984. 
20. Chemical Marketing Reporter, p. 7, Oct. 1, 1984. 
21. Ibid., p. 3, Oct. 8, 1984. 
22. Chemical Engineering, p. 36, June 25, 1984. 
23. Japan Economics Journal, p. 16, July 17, 1984. 
24. Japan Chemical Week, p. 4, May 24, 1984. 
25. Ibid., p. 5, Mar. 29, 1984. 
26. Chemical Engineering, p. 25, Apr. 30, 1984. 
27. Chemical Business, p. 23, Sept. 1984. 
28. Chemical Marketing Reporter, p. 3, Apr. 2, 1984. 
29. Journal of Commerce, p. 22B, June 20, 1984. 
30. Ibid., p. 22B, Apr. 2, 1984. 
31. Japan Chemical Week, p. 8, Jan. 24, 1985. 
32. Asian Wall St. Journal, p. 13, Aug. 21, 1984. 
33. Industrial Mineralogy, p. 11, Dec. 1984. 
34. Chemistry and Industry, p. 315, May 7, 1984. 
35. Chemistry Week, p. 20, Feb. 22, 1984. 
36. Chemistry and Industry, p. 50, Jan. 16, 1984. 
37. Chemical Marketing Reporter, p. 7, June  11, 1984. 
38. Journal of Commerce, p. 22B, June 27, 1984. 
39. Japan Chemical Week, p. 3, Aug. 16, 1984. 
40. Chemical Weekly, p. 40, July 24, 1984. 
41. Chemical Marketing Reporter, p. 5, Sept. 3, 1984. 
42. Japan Economic Journal, p. 16, Dec. 18, 1984. 
43. Chemical Week, p. 20, Oct. 31, 1984. 
44. Ibid., p. 29, Nov. 14, 1984. 
45. Chemical Engineering, p. 46, Oct. 29, 1984. 
46. Japan Chemical Week, p. 2, May 24, 1984. 
47. Chemical Marketing Reporter, p. 5, Apr. 30, 1984. 
48. Chemical Engineering, p. 19, May 14, 1984. 
49. Industrial Mineralogy, p. 70, Aug. 1984. 
50. Chemical Week, p. 18, Nov. 14, 1984. 
51. Chemical Business, p. 38, Feb. 1984. 
52. Chemical Marketing Reporter, p. 5, Jan. 16, 1984. 
53. Chemical and Engineering News, p. 20, Jan. 16, 1984. 
54. Ibid., p. 14, May 28, 1984. 
55. Chemical Marketing Reporter, p. 54, May 28, 1984. 
56. Ibid., p. 5, Feb. 27, 1984. 
57. Ibid., p. 7, May 28, 1984. 
58. Chemical Week, p. 65, Dec, 12, 1984. 
59. Ibid., p. 59, Jan. 30, 1985. 
60. Chemical Marketing Reporter, p. 36, Dec. 3, 1984. 
61. Chemical Week, p. 24, May 30, 1984. 
62. Ibid., p. 14, Aug. 15, 1984. 
63. Chemical Marketing Reporter, p. 3, Aug. 6, 1984. 
64. Ibid., "Chemical Profile," May 21, 1984. 
65. Ibid., p. 5, May 21, 1984. 
66. Ibid., p. 45, Oct. 22, 1984. 
67. Ibid., p. 23, Oct. 29, 1984. 
68. "Mineral Commodity Summaries," Soda Ash, p. 142, 

U.S. Bureau of Mines, Washington.DC (1985). 
69. "Mineral Commodity Summaries," Soda Ash, p. 143, 

U.S. Bureau of Mines, Washington, DC (1985). 
70. Chemical and Engineering News, p. 21, Apr. 2, 1984. 
71. Chemical Marketing Reporter, p. 3, Aug. 20, 1984. 
72. Engineering and Mining Journal, p. 25, Jan. 1985. 
73. Chemical Marketing Reporter, p. 31, July 16, 1984. 
74. Ibid., p. 31, June  25, 1984. 

75. Ibid., p. 27, Feb. 6, 1984. 
76. Ibid., p. 27, Mar. 5, 1984. 
77. Engineering and Mining Journal, p. 114, Mar. 1985. 
78. Chemical Marketing Reporter, p. 70, June 18, 1984. 
79. Ibid., p. 39, Jan. 2, 1984. 
80. Ibid., p. 3, Dec. 24, 1984. 
81. Chemical Week, p. 61 Jan. 2-9, 1985. 
82. Chemical Marketing Reporter, p. 2, Dec. 3, 1984. 
83. Ibid., p. 5, June  4, 1984. 
84. Chemical Week, p. 18, Feb. 15, 1984. 
85. Chemical Marketing Reporter, p. 3, June  18, 1984. 
86. Ibid., p. 61, Jan. 7, 1985. 
87. Ibid., p. 4, Apr. 23, 1984. 
88. Chemical Engineering, p. 22, May 14, 1984. 
89. Mining Journal, Dec. 21, 1984. 
90. American Metal Market, p. 1, Dec. 11, 1984. 
91. Energy and Mineral Resources, Feb. 20, 1984. 
92. Metals Week, Feb. 27, 1984. 
93. Mining Engineering, p. 420, May 1984. 
94. Energy and Mineral Resources, Mar. 5, 1984. 
95. "Mineral Commodity Summaries," p. 6, U.S. Bureau 

of Mines, Washington, DC (1985). 
96. "Mineral Commodity Summaries," p. 7, U.S. Bureau 

of Mines, Washington, DC (1985). 
97. "Mineral Commodity Summaries," p. 7, U.S. Bureau 

of Mines, Washington, DC (1985). 
98. Chemical Engineering, p. 42, Feb. 18, 1985. 
99. American Metal Market, p. 4, Oct. l l ,  ]984. 

100. Chemical Week, p. 18, Jan. 16, 1985. 
101. Business Week, p. 35, Aug. 27, 1984. 
102. Ibid., p. 78, July 23, 1984. 
103. American Metal Market, p. 8, Jan. 15, 1984. 
104. Engineering and Mining Journal, p. 26, Jan. 1985. 
105. Ibid., p. 23, Jan. 1984. 
106. American Metal Market, p. 6, Dec. 7, 1984. 
107. Ibid., p. 2, Oct. 10, 1984. 
108. Ibid., p. 1, Dec. 19, 1984. 
109. Ibid., p. 1, Nov. 15, 1984. 
110. Ibid., p. 5, Nov. 30, 1984. 
111. Ibid., p. 4, Sept. 5, 1984. 
112. Ibid., p. 1, Aug. 30, 1984. 
113. Ibid., p. 2, Oct. 30, 1984. 
114. Engineering and Mining Journal, p. 23, Dec. 1984. 
115. American Metal Market, p. 6, Aug. 28, 1984. 
116. Engineering and Mining Journal, p. 33, Sept. 1984. 
117. Ibid., p. 25, July 1984. 
118. Chemical Marketing Reporter, p. 7, Aug. 27, 1984. 
119. "Mineral Industry Surveys," p. 1, U.S. Bureau of 

Mines, Washington, DC (1984). 
120. Chemical Marketing Reporter, p. 4, Nov. 5, 1984. 
121. Ibid., p. 4, Sept. 3, 1984. 
122. Chemical Engineering, p. 48, Aug. 20, 1984. 
123. Journal of Metals, p. 10, Mar. 1984. 
124. Engineering and Mineral Journal, p. 35, Nov. 1984. 
125. Ibid., p. 67, Feb. 1984. 
126. Chemical Marketing Reporter, p. 5, July 30, 1984. 
127. Journal of Metals, p. 12, Sept. 1984. 
128. Ibid., p. 47, Sept. 1984. 
129. Mining Journal, p. 89, Feb. 8, 1984. 
130. American Metal Market, p. 1, Oct. 17, 1984. 
131. Chemical Week, p. 43, Oct. 24, 1984. 
132. Business Week, p. 43, Oct. 29, 1984. 
133. Mining Journal, p. 282, Oct. 19, 1984. 
134. Chemical Marketing Reporter, p. 7, Oct. 22, 1984. 
135. Ibid., p. 7, Dec. 31, 1984. 
136. Ibid., p. 5, Apr. 30, 1984. 
137. Ibid., p. 48, Feb. 20, 1984. 
138. Ibid., p. 4, Dec. 31, 1984. 
139. American Metal Market, p. 2, Sept. 21, 1984. 
140. Ibid., p. 2, Oct. 13, 1984. 
141. Ibid., p. 3, Dec. 4, 1984. 
142. Ibid., p. 2, Oct. 30, 1984. 
143. Ibid., p. 2, Sept. 26, 1984. 
144. Ibid., p. 2, June  13, 1984. 
145. Journal of Metals, p. 12, Sept. 1984. 
146. Chemical Engineering, p. 34, May 14, 1984. 
147. Ibid., p. 10, Apr. 16, 1984. 
148. Engineering and Mining Journal, p. 125, Nov. 1984. 
149. Chemical Marketing Reporter, p. 17, Apr. 23, 1984. 
150. American Metal Market, p. 6, Oct. 23, 1984. 
151. Chemical Engineering, p. 37, Oct. 29, 1984. 
152. Engineering and Mining Journal, p. 19, Nov. 1984. 
153. Ibid., p. 29, Apr. 1984. 
154. Ibid., p. 21, Apr. 1984. 
155. Ibid., p. 134, Mar. 1984. 
156. Chemical Marketing Reporter, p. 31, Nov. 5, 1984. 



Voto 132, No. 7 REPORT OF THE ELECTROLYTIC INDUSTRIES 283C 

157. Ibid., p. 5, Oct. 1, 1984. 
158. Ibid., p. 7, Mar. 14, 1984. 
159. Ibid., p. 9, Feb.  27, 1984. 
160. American Metal Market, p. 1, Oct. 30, 1984. 
161. Engineering and Mining Journal, p. 77, Dec. 1984. 
162. Ibid., p. 15, Jan.  1984. 
163. Chemical Week, p. 30, Nov. 7, 1984. 
164. Chemical Marketing Reporter, p. 7, Jan. 23, 1984. 
165. Ibi,d., p. 7, Oct. 29, 1984. 
166. American Metal Market, p. 16A, Nov. 13, 1984. 
167. Ibid., p. 1, Dec. 14, 1984. 
168. Ibid., p. 1, Dec. 12, 1984. 
169. Ibid., p. 1, Dec. 11, 1984. 
170. Ibid., p. 12, Aug. 28, 1984. 
171. Engineering and Mining Journal, p. 114, J u n e  1984. 
172. Ibid., p. 81, Jan.  1984. 
173. Ibid., p. 88, Oct. 1984. 
174. Ibid., p. 72, Jan.  1984. 
175. Chemical Engineering, p. 37, Oct. 29, 1984. 
176. Chemical Marketing Reporter, p. 4, Oct. 8, 1984. 
177. Journal of Metals, p. 12, J u n e  1984. 
178. Chemical Marketing Reporter, p. 43, Feb.  27, 1984. 
179. Mining Journal, p. 186, Sept. 14, 1984. 
180. Journal of Metals, p. 10, Dec. 1984. 
181. American Metal Market, p. 2, Aug. 1, 1984. 
182. Engineering and Mining Journal, p. 25, Sept. 1984. 
183. Chemical Marketing Reporter, p. 4, Aug. 6, 1984. 
184. Engineering and Mining Journal, p. 23, Apr. 1984. 
185. Ibid., p. 71, Feb. 1984. 
186. Chemical Marketing Reporter, p. 4, Mar. 12, 1984. 
187. American Metal Marketing, p. 6, Nov. 9, 1984. 
188. Journal of Metals, p. 11, Nov. 1984. 
189. American Metal Market, p. 4, Ju ly  25, 1984. 
190. Ibid., p. 2, Nov. 29, 1984. 
191. Ibid., p. 4, Dec. 13, 1984. 
192. Engineering and Mining Journal, p.23, Jan. 1985. 
193. Ibid., p. 13, Aug. 1984. 
194. American Metal Market, p. 20, Aug. 28, 1984. 
195. Engineering and Mining Journal, p. ]12, Apr. 1984. 
196. American Metal Market, p. 6, Ju ly  13, 1984. 
t97: Engineering and Mining Journal, p. 140, Mar. 1984. 
198. Ibid., p. 135, Mar. 1984. 
199. Ibid., p. 103, Aug. 1984. 
200. American Metal Market, p. 6, Nov. 7, 1984. 
201. Ibid., p. 1, Jan.  11, 1984. 
202. Engineering and Mining Journal, p. 17, Sept. 1984. 
203. Chemical Marketing Reporter, p. 5, Aug. 20, 1984. 
204. American Metal Market, p. 3, Jan.  12, 1984. 
205. Ibid., p. 6, Oct. 23, 1984. 
206. Journal of Metals, p. 12, J u n e  1984. 
207. Chemical Marketing Reporter, p. 7, Mar. 5, 1984. 
208. American Metal Market, p. 1, Sept. 18, 1984. 
209. Ibid., p. 5, Oct. 11, 1984. 
210. Ibid., p. 1, Oct. 11, 1984. 
211. Ibid., p. 6, Nov. 9, 1984. 
212. Ibid., p. 5, Oct. 16, 1984. 
213. Ibid., p. 28, Sept. 3, 1984. 
214. Ibid., p. 1, Oct. 16, 1984. 
215. Ibid., p. 7, Aug. 13, 1984. 
216. Ibid., p. 1, Ju ly  30, 1984. 
217. Ibid., p. 20, Nov. 26, 1984. 
218. Ibid., p. 18, Dec. 3, 1984. 
219. Ibid., p. 5, Dec. 6, 1984. 
220. Journal of Metals, p. 74, Jan. 1984. 
221. Ibid., p. 10, Mar. 1984. 
222~ Ibid., p. 8, Mar. 1984. 
223~ Chemical Engineering, p. 149, June .  25, 1984. 
224. Chemical Marketing Reporter, p. 4, Feb.  6, 1984. 
225. American Metal Market, p. 1, Oct. 17, 1984. 
226. Ibid., p. 27, Sept. 10, 1984. 
227. Ibid., p. 10, Sept. 6, 1984. 
228. Ibid., p. 12, Ju ly  30, 1984. 
229. Ibid., p. 104, Nov. 13, 1984. 
230. Journal of Metals, p. 25, Jan. 1984. 
231. Ibid., p. 9, Ju ly  1984. 
232. Ibid., p. 10, Nov. 1984. 
233. Chemical Week, p. 66, Sept. 19, 1984. 
234. Mining Journal, p. 186, Sept. 14, 1984. 
235. Chemical Marketing Reporter, p. 4, Sept. 10, 1984. 
236. Welding Design and Fabrication, p. 53, Mar. 1985. 
237. American Metal Market, p. 1, Dec. 4, 1984. 
238. Chemical Week, p. 33, Jan.  16, 1985. 
239. Chemical and Engineering News, p. 28, Mar. 5, 1984. 
240. Chemical Marketing Reporter, p. 23, Jan.  2, 1984. 
241. American Metal Market, p. 19, Aug. 13, 1984. 
242. Chemical Engineering, p. 33, Apr. 2, 1984. 

243. Mining Journal, p. 2i3, Mar. 30, 1984. 
244. "Mining Commodi ty  Summar ies , "  p. 18-19, U.S. Bu- 

reau of Mines, Washington,  DC (1985). 
245. American Metal Market, p. 6, Sept. 21, 1984. 
246. Ibid., p. 5, Ju ly  25, 1984. 
247. Ibid., p. 5A, Sept. 24, 1984. 
248. Mining Engineering, p. 1269, Sept. 1984. 
249. American Metal Market, p. 2, Oct. 24, 1984. 
250. Ibid,  p. 8, Ju ly  24, 1984. 
251. Ibid., p. 7, Jan.  8, 1985. 
252. Engineering and Mining Journal, p. 27, May 1984. 
253. Ibid., p. 11, Jan. 1985. 
254. Mining Magazine, p. 166, Sept.  1984. 
255. Ibid., Feb.  1984. 
256. Ibid., p. 198, Mar. 1984. 
257. Industrial Minerals, p. 17, Sept. 1984. 
258. Adhesive Age, p. 19, J u n e  1984. 
259. American Metal Market, p. 6, Sept. 21, 1984. 
260. "Mineral  Commodi ty  Summar ies , "  Chromium,  p. 2, 

U.S. Bureau  of Mines, Washington,  DC (1985). 
261. "Mineral  Commodi ty  Summar ies , "  Chromium,  p. 33, 

U.S. Bureau  of Mines, Washington,  DC (1985). 
262. American Metal Market, p. 8, Dec. 14, 1984. 
263. Mining Journal, p. 3, Jan.  6, 1984. 
264. American Metal Market, p. 12, Dec. 14, 1984. 
265. Ibid., p. 17, Aug. 20, 1984. 
266. Ibid., p. 19, Nov. 19, 1984. 
267. Chemical Engineering, p. 19, J u n e  25, 1984. 
268. Chemical Week, p. 69, Jan.  30, 1985. 
269. Ibid., p. 20, Oct. 31, 1984. 
270. Chemical Marketing Reporter, p. 25, Jan.  30, 1984. 
271. Ibid., p. 31, Apr. 16, 1984. 
272. Engineering and Mining Journal, p. 70, Feb. 1984. 
273. American Metal Market, p. 1, Nov. 7, 1984. 
274. Ibid., p. 7, Aug. 17, 1984. 
275. Ibid., p. 1, Aug. 9, 1984. 
276. Journal of Commerce, Jan.  16, 1984. 
277. Engineering and Mining Journal, p. 31, Jan. 1985. 
278. Mining Journal, p. 321, May 11, 1984. 
279. "Mineral  Commodi ty  S u m m a r i e s , "  1985, pp. 40-41, 

U.S. Bureau  of Mines, Washington,  DC (1985). 
280. Engineering and Mining Journal, Feb.  1984. 
281. Mining Engineering, p. 234, Mar. 1984. 
282. Reuter  News Service, May 18, 1984. 
283. American Metal Market, p. 2, Ju ly  17, 1984. 
284. Wall Street Journal, J u n e  28, 1984. 
285. New York Times, Aug. 2, 1984 
286. American Metal Market, p. 2, Aug. 3, 1984. 
287. New York Times, J u n e  11, 1984. 
288. Wall Street Journal, J u n e  11, 1984. 
289. American Metal Market, p. 2, Aug. 7, 1984. 
290. Ibid., p. 2, Sept.  11, 1984. 
291. Ibid., p. 25, Nov. 12, 1984. 
292. Ibid., p. 9, Ju ly  17, 1984. 
293. Ibid., May 16, 1984 
294. New York Times, Ju ly  27, 1984. 
295. Energy and 1~neral Resources, May 21, 1984. 
296. Engineering and Mining Journal, Mar. 1984. 
297. Iron Age, Feb.  20, 1984. 
298. American Metal Market, p. 1, Aug. 2, 1984. 
299. American Mining Congress Journal, Feb.  8, 1984. 
300. Energy and Mineral Resources, Mar. 19, 1984. 
301. American Metal Market, May 15, 1984. 
302. Metals Week, May, 14, 1984. 
303. Reuter  News Service, Apr. 9, 1984. 
304. American Metal Market, p. 5, Ju ly  31, 1984. 
305. Ibid., p. 1, J u n e  15, 1984. 
306. Ibid., J u n e  22, 1984. 
307. Journal of Commerce, J u n e  28, 1984. 
308. Energy and Mineral Resources, Ju ly  2, 1984. 
309. American Metal Market, Ju ly  31, 1984. 
310. Ibid., p. 16, Aug. 17, 1984. 
311. Metals Week, Afig. 20, 1984. 
312. Wall Street Journal, Sept. 7, 1984. 
313. American Metal Market, p. 1, Sept. 10, 1984. 
314. Ibid., May 22, 1984. 
315. Ibid., May 14, 1984. 
316. CIM Bulletin, p. 48, Feb.  1984. 
317. Reuter  News Service, Mar. 14, 1984. 
318. Ibid., Mar. 21, 1984. 
319. Metals Week, Ju ly  16, 1984. 
320. American Metal Market, May 17, 1984. 
321. Reuter  News Service, May 18, 1984. 
322. Ibid., J u n e  1, 1984. 
323. American Metal Market, p. 1, Ju ly  19, 1984. 
324. Ibid., p. 2, Oct. 23, 1984. 



2 8 4 C  J. Electrochem. Soc.: R E V I E W S  A N D  N E W S  July  1985 

325. Ibid., Feb.  22, 1984. 
326. Ibid., p. 4, Aug. 2, 1984. 
327. Metals Week, Feb.  27, 1984, 
328. American Metal Market, p. 16, Ju ly  25, 1984. 
329. Ibid., p. 4, Ju ly  26, 1984. 
330. Ibid., Jan.  10, ]984. 
331. Ibid., Jan.  11, ]984. 
332. Ibid., Jan.  6, 1984. 
333. Ibid., May 16, 1984. 
334. Ibid., Mar. 6, 1984. 
335. Ibid., May 21, 1984. 
336. Ibid., p. 1, Ju ly  31, 1984. 
337. Reuter  News Service, Ju ly  16, 1984. 
338. American Metal Market, p. 2, Aug. 24, 1984. 
339. Metals Week, Mar. 19, 1984. 
340. Fortune, Apr. 2, 1984. 
341. Journal of Commerce, Apr. 25, 1984. 
342. American Metal Market, Mar. 21, 1984. 
343. Ibid., p. 9, Ju ly  24, 1984. 
344. Ibid., p. 1, Ju ly  26, 1984: 
345. Engineering and Mining Journal, p. 17, Ju ly  1984. 
346. Metal Bulletin, Apr. 13, 1984. 
347. "Mineral  Commodi ty  Summar ies , "  Li th ium,  p. 90, 

U.S. Bureau  of Mines, Washington,  DC (1985). 
348. "Mineral  Commodi ty  Summar ies , "  Li th ium,  p. 90, 

U.S. Bureau  of Mines, Washington,  DC (1985). 
Engineering and Mining Journal, Mar. 1985. 
Mining Journal, p. 372, Nov. 30, 1984. 
Welding Design and Fabrication, p. 53, Mar. 1985. 
Chemical Week, p. 15, Ju ly  18, 1984. 
Ibid., p. 12, Nov. 28, 1984. 
New Scientist, p. 34, Mar. 29, 1984. 
Chemical Marketing Reporter, p. 3, Ju ly  9, 1984. 
Mining Journal, p. 435, Dec. 21, 1984. 
Ibid., p. 295, Oct. 26, 1984. 
Engineering and Mining Journal, p. 36, Jan. 1985. 
Chemical Week, p. 98, Nov. 28, 1984. 
The Federal  Register, Mar. 1984. 
American Metal Market, p. 20, Jan.  7, 1985. 
"Mineral  Commodi ty  Summar ies , "  pp. 92-93, U.S. Bu- 
reau of Mines, Washington,  DC (1985). 

363. "Mineral  Commodi ty  Summar ies , "  p. 21, U.S. Bureau 
of Mines, Washington,  DC (1985). 

364. Engineering and Mining Journal, p. 29, Apr. 1984. 
365. American Metal Market, Apr. 25, 1984. 
366. Metal Bulletin, Apr. 27, 1984. 
367. Wall Street Journal, J u n e  25, 1984. 
368. Mining Journal, Aug. 10, 1984. 
369. American Metal Market, p. 5, Dec. 5, 1984. 
370. Ibid., p. 12, Sept. 18, 1984. 
371. Ibid., p. 18, Nov. 5, 1984. 
372. "Mineral  Commodi ty  Summar ies , "  Manganese,  p. 96, 

U.S. Bureau  of Mines, Washington,  DC (1985). 
373. "Mineral  Commodi ty  Summar ies , "  Manganese,  p. 97, 

U.S. Bureau  of Mines, Washington,  DC (1985). 
374. Engineering and Mining Journal, p. 25, Jan. 1985. 
375. Mineral Industry Surveys, p. 1, U.S. Bureau  of Mines 

(June  1984). 
376. Chemical Marketing Reporter, p. 58, Apr. 23, 1984. 
377. Ibid., p. 5, Sept. 24, 1984. 
378. Ibid., p. 30, Dec. 10, 1984. 
379. Ibid., p. 3, Jan.  7, 1985. 
380. Mineral Industry Surveys, p. 1, U.S. Bureau  of Mines 

(Oct. 1984). 
381. Ibid., p. 1, U.S. Bureau  of Mines  (Nov. 1984). 
382. Mining Journal, p. 363, Nov. 23, 1984. 
383. American Metal Market, p. 1, Nov. 13, 1984. 
384. Mining Journal, p. 433, J u n e  29, 1984. 
385. Ibid., p. 371, Nov. 30, 1984. 
386. American Metal Market,p. 2, Ju ly  24, 1984. 
387. Engineering and Mining Journal, p. 72, Jan. 1985. 
388. Ibid., p. 57, Jan.  1984. 
389. Chemical Marketing Reporter, p. 9, Aug. 6, 1984. 
390. Chemical Engineering, p. 33, Sept. 3, 1984. 
391. Chemical Week, p. 9, Oct. 31, 1984. 
392. Chemical and Engineering News, p. 24, Sept. 17, 1984. 
393. Chemical Marketing Reporter, p. 4, J u n e  4, 1984. 
394. Ibid., p. 3, Oct. 29, 1984. 
395. Chemical Week, p. 63, Aug. 22, 1984. 
396. Journal of Metals, p. 10, Dec. 1984. 
397. American Metal Market, "Manganese ,"  p. 5A, Dec. 11, 

1984. 
398. "Mineral  Commodi ty  Summar ies , "  p. 106, U.S. Bu- 

reau of Mines,  Washington,  DC (1985). 
399. Engineering and Mining Journal, p. 67, Mar. 1985. 
400. Ibid., p. 32, Jan.  1985. 

349. 
350. 
351. 
352. 
353. 
354. 
355. 
356. 
357. 
358. 
359. 
360. 
361. 
362. 

401. Ibid., p. 23, Ju ly  1984. 
402. American Metal Market, p. 1, Dec. 14, 1984. 
403. Engineering and Mining Journal, p. 18, Jan. 
404. American Metal Market, p. 9, Dec. 11, 1984. 
405. Ibid., p. 5, Dec. 13, 1984. 
406. Journal of Metals, p. 11, Aug. 1984. 
407. Engineering and Mining Journal, p. 106, Aug. 1984. 
408. Ibid., p. 42, Feb.  1984. 
409. American Metal Market, p. 3, Oct. 3, 1984. 
410. Mining Engineering, p. 426, May 1984. 
411. Metal Bulletin, p. 3, May 1984. 
412. American Metal Market, p. 1, Aug. 15, 1984. 
413. Ibid., p. 17, Aug. 20, 1984. 
414. Ibid., p. 9A, Nov. 28, 1984. 
415. Ibid., p. 7, Sept. 7, 1984. 
416. Mining Journal, p. 353, Nov. 23, 1984. 
417. Ibid., p. 435, Dec. 21, 1984. 
418. Ibid., p. 330, Nov. 5, 1984. 
419. Ibid., p. 241, Apr. 13, 1984. 
420. Engineering and Mining Journal, p. 67, Mar. 1985. 
421. American Metal Market, p. 6, Ju ly  19, 1984. 
422. Engineering and Mining Journal, p. 103, Aug. 1984. 
423. American Metal Market, p. 7, Nov. 27, 1984. 
424. Ibid., p. 7, Sept. 18, 1984. 
425. Engineering and Mining Journal, p. 21, Ju ly  1984. 
426. Journal of Metals, p. 58, Sept. 1984. 
427. Mineral Industry Surveys, Nickel, U.S. Bureau  of 

Mines (Nov. 1984). 
428. Journal of Metals, p. 42, Sept. 1984. 
429. Mining Journal, p. 289, Oct. 26, 1984. 
430. Chemical Engineering, p. 18, Feb.  20, 1984. 
431. American Metal Market, p. 23, Oct. 15, 1984. 
432. Ibid., p. 1, Oct. 23, 1984. 
433. Engineering and Mining Journal, p. 74, Dec. 1984. 
434. Chemical Week, p. 69, Jan.  30, 1985. 
435. "Ki rk-Othmer  Encyclopedia  of Chemical  Technol-  

ogy," Vol. 21, 3rd ed., pp. 181-200, John  Wiley and  
Sons,  New York (1983). 

436. R. D. Varj ian and  D. E. Hall, This Journal, 131, 374C 
(1984). 

437. "Current Industrial Reports--Inorganic Chemicals," 
U.S. Department of Commerce, Washington, DC 
(Jan.-Dec. 1984). 

438. "Mineral Commodity Summaries," pp. 166-167, U.S. 
Bureau of Mines, Washington, DC (1985). 

439. American Metal Market, p. 10A. J u n e  15, 1984. 
440. Ibid., Jan. 3, 1985. 
441. Ibid., p. 1, Ju ly  26, 1984. 
442. Ibid., p. 23A, J u n e  15, 1984. 
443. Ibid., p. 15, Aug. 20, 1984. 
444. Ibid., p. 1, Aug. 31, 1984. 
445. Ibid., p. 6, Sept. 19, 1984. 
446. Ibid., p. 1, Dec. 13, 1984. 
447. Ibid., p. 2, Nov. 8, 1984. 
448. Ibid., p. 9, Aug. 10, 1984. 
449. Ibid., p. 1, Aug. 1, 1984. 
450. Ibid., p. 2, Dec. 21, 1984. 
451. Ibid., p. 1, Aug. 20, 1984. 
452. Ibid., p. 1, Dec. 20, 1984. 
453. Ibid., J u n e  11, 1984. 
454. Ibid., p. 1, Nov. 16, 1984. 
455. Ibid., p. 19, Nov. 19, 1984. 
456. Ibid., p. 14A, J u n e  15, 1984. 
457. Ibid., p. 16A, J u n e  15, 1984. 
458. Ibid., p. 1, Oct. 16, 1984. 
459. Ibid., p. 4A, J u n e  15, 1984. 
460. Ibid., p. 6A, J u n e  15, 1984. 
461. Ibid., p. 7, Oct. 19, 1984. 
462. Ibid., Apr. 5, 1984. 
463. Ibid., p. 12A, J u n e  15, 1984. 
464. Ibid., p. 8, Dec. 18, 1984. 
465. High Tech Materials Alert, p. 8, Sept. 1984. 
466. American Metal Market, p. 20A, J u n e  15, 1984. 
467. Ibid., p. 6, Nov. 21, 1984. 
468. Ibid., p. 19A, J u n e  15, 1984. 
469. Ibid., p. 17A, J u n e  15, 1984. 
470. Ibid., p. 21, Aug. 6, 1984. 
471. Ibid., p. 1, Aug. 22, 1984. 
472. Engineering and Mining Journal, p. 33, J u n e  1984. 
473. American Metal Market, p. 1, Oct. 11, 1984. 
474. Ibid., p. 1, Sept. 27, 1984. 
475. Ibid., p. 1, Sept. 28, 1984. 
476. Ibid., p. 31, Nov. 15, 1984. 
477. Ibid., p. 1, Oct. 30, 1984. 
478. Ibid., p. 5, Nov. 5, 1984. 
479. Ibid., p. 1, Sept. 11, 1984. 



VoI. 132, No. 7 REPORT OF THE ELECTROLYTIC INDUSTRIES 285C 

480. Ibid., p. 1, Sept. 20, 1984. 
481. Ibid., p. 7, Nov. 2, 1984. 
482. Iron Age, May. 21, 1984. 
483. "Mineral Commodity Summaries," pp. 176-177, U.S. 

Bureau of Mines, Washington, DC (1985). 
484. American Metal Market, p. 1, Aug. 16, 1984. 
485. American Mining Congress Journal, p. 13, Aug. 29, 

1984. 
486. American Metal Market, p. 17, Aug. 27, 1984. 
487. Ibid., p. 3, Dec. 4, 1984. 
488. Ibid., p. 1, Aug. 10, 1984. 
489. American Mining Congress Journal, p. 13, May 23, 

1984. 
490. American Metal Market, p. 1, Sept. 7, 1984. 
491. Ibid., p. 1, July 19, 1984. 
492. Ibid., p. 2, Nov. 9, 1984. 
493. Ibid., p. 2, Nov. 15, 1984. 
494. Ibid., p. 1, Jan. 9, 1985. 
495. Ibid., p. 1, Nov. 19, 1984. 
496. Ibid., p. 2, Oct. 3, 1984. 
497. Ibid., p. 1, Sept. 25, 1984. 
498. Ibid., p. 2, Sept. 12, 1984. 
499. Ibid., Jan. 11, 1984. 
500. Mining and Engineering Journal, p. 13, Jan. 1984. 
501. American Metal Market, p. 6, Aug. 1, 1984. 
502. Mining Engineering, p. 322, Aug. 1984. 
503. American Metal Market, p. 1, Aug. 10, 1984. 
504. Ibid., p. 8, Aug. 24, 1984. 
505. Ibid., Jan. 9, 1984. 
506~ Ibid., Jan. 10, 1984. 
507~ Ibid., Jan. 11, 1984. 
508. Ibid., p. 17, July 17, 1984. 
509. Ibid., p. 1, Aug. 8, 1984. 
510. Ibid., p. 25, Sept. 10, 1984. 
511. Ibid., p. 1, July 25, 1984. 
512. Financial Times, May 15, 1984. 
513. Journal of Commerce, June 1, 1984. 
514. Iron Age, Apr. 2, 1984. 
515. American Metal Market, p. 1, July 20, 1984. 
516. Ibid., p. 1, Sept. 7, 1984. 
517~ Ibid., p. 2, Aug. 24, 1984. 
518. Ibid., p. 2, Aug. 3, 1984. 
519. Mining Engineering, Mar. 1984. 
520 American Metal Market, p. 1, Nov. 20, 1984. 
52L Ibid., p. 10, Dec. 21, 1984. 
522.. Reuters News Service, May 22, 1984. 
523.. American Metal Market, p. 14, Dec. 21, 1984. 
524.. Ibid., Jan. 9, 1984. 
525.. Ibid., p. 3, Sept. 11, 1984. 
526~ Electrical World, "1984 Annual  Statistical Report," 

(Apr. 1984); data through 1983. 
527. It. Cavanaugh, Electrical World Editorial Staff, Per- 

sonal communication; Electrical World, 1984 data to 
appear in future issues. 

528. Electrical World, pp. 49-56, Sept. 1984. 
529. R. D. Varjian and D. E. Hall, This Journal, 131, 374C 

(1984). 
530. Electrical World, pp. 55~62, Sept. 1983. 
531. Associated Press, Jan. 18, 1984. 
532. Ibid., Jan. 14, 1984. 
533. Ibid., Mar. 31, 1984. 
534. Ibid., Feb. 15, 1984. 
535. Ibid., Feb. 14, 1984. 
536. Ibid., Feb. 11~ 1984. 
537. Electrical World, p. 16, June 1984. 
538. Associated Press, Apr. 29, 1984. 
539. Ibid., Apr. 19, 1984. 
540. Electrical World, p. 15, Apr. 1984. 
541. Associated Press, Jan. 22, 1984. 
542. Electrical World, p. 9, July 1984. 
543. Associated Press, June 9, 1984. 
544. Mining Engineering, p. 321, Apr. 1984. 
545. Associated Press, Jan. 13, 1984. 
546. Electrical World, p. 9, Aug. 1984. 
547.. Ibid., p. 8, Oct. 1984. 

548. Chemical Week, p. 33, Mar. 28, 1984. 
549. Ibid., p. 42, Mar. 28, 1984. 
550. Coal Mining and Processing, p. 19, Mar. 1984. 
55]. Mining Engineering, p. 13, Apr. 1984. 
552. Coal Mining, 21, (4), 16 (1984). 
553. Electrical World, p. 13, Apr. 1984. 
554. Coal Mining, p. 13, Apr. 1984. 
555. Ibid., p. 13, Feb. 1984. 
556. Electrical World, p. 14, Aug. 1984. 
557. Coal Mining, p. 10, Oct. 1984. 
558. American Mining COngress Journal, p. 12, Nov. 28, 

1984. 
559. Coal Technology Report, p. 1, Oct. 15, 1984. 
560. Ibid., p. 1, Oct. 29, 1984. 
56]. Ibid., p. 1, Dec. 10, 1984. 
562. Ibid., p. 2, Sept. 17, 1984. 
563. Synfuels Week, p. 1, June  11, 1984. 
564. Ibid., p. 2, June 11, 1984. 
565. Ibid., p. 3, June  1], 1984. 
566. Associated Press, Feb. 15, 1984. 
567. Synfuels Week, p. 3, Aug. 27, 1984. 
568. Ibid., p. 2, Sept. 10, 1984. 
569. Ibid., p. 4, June  11, 1984. 
570. Ibid., p. 1, July 2, 1984. 
571. Ibid., p. 1, July 30, 1984. 
572. Ibid., p. 1, Aug. 6, 1984. 
573. Ibid., p. 1, Dec. 13, 1984. 
574. Ibid.,p. 3, July 16, 1984. 
575. Electrical World, p. 16, June 1984. 
576. Mining Magazine, p. 427, May 1984. 
577. Synfuels Week, p. 3, June  4, 1984. 
578. Ibid., p. 1, July 23, 1984. 
579. Ibid., p. 1, Nov. 5, 1984. 
580. American Mining Congress Journal, p. 11, Nov. 28, 

1984. 
581. Mining Engineering, Apr. 1984. 
582. Coal Technology Report, p. 1, Aug. 20, 1984. 
583. Electrical World, p. 16, June 1984. 
584. Coal Mining and Processing, p. 13, Mar. 1984. 
585. Engineering and Mining Journal, p. 23, Apr. 1984. 
586. Synfuels Week, p. 2, July 23, 1984. 
587. Mining Engineering, p. 124, Feb. 1984. 
588. Ibid., p. 327, Apr. 1984. 
589. Ibid., p. 122, Feb. 1984. 
590. Coal Technology Report, p. 2, July 23, 1984. 
591. Ibid., p. 3, Aug. 6, 1984. 
592. Ibid., p. 4, Sept. 3, 1984. 
593. Ibid., p. 1, Aug. 6, 1984. 
594. Electrical World, p. 8, Sept. 1984. 
595. Coal Technology Report, June  25, 1984. 
596. Ibid., p. 3, July 23, 1984. 
597. Electrical World, p. 16, May 1984. 
598. Ibid., p. 13, Apr. 1984. 
599. Ibid., p. 20, Apr. 1984. 
600. Associated Press, Jan. 9, 1984. 
601. Mining Magazine, p. 560, Dec. 1984. 
602. American Metal Market, p. 34, Sept. 3, 1984. 
603. Financial Times, July 26, 1984. 
604. Wall Street Journal, Feb. 28, 1984. 
605. American Mining Congress Journal, p. 2,May23, 1984. 
606. Ibid., Feb. 8, 1984. 
607. Coal Mining, Apr. 1984. 
608. American Mining Congress Journal, Mar. 7, 1984. 
609. Mining Engineering, p. 322, Apr. 1984. 
610. Journal of Commerce, July 2, 1984. 
611. Electrical World, p. 91, Apr. 1984. 
612. Ibid., p. 13, May 1984. 
613. Ibid., p. 27, July 1984. 
614. American Mining Congress Journal, p. 5, May 23,1984. 
615. Wall Street Journal, Oct. 30, 1984. 
616. Journal of Commerce, July 2, 1984. 
617. Electrical World, p. 17, Oct. 1984. 
618. Wall Street Journal, Mar. 8, 1984. 
619. New York Times, Feb. 23, 1984. 
620. Electrical World, p. 25, Oct. 1984. 



JOURNAL OF 

REVIEWS 

T H E  

A N D  N E W S , ,  

E L E C T R O C H E M I C A L  S O C I E T Y  

~ [  DECEMBER 

1985 

Reports on the Energy Research Summer Fellowship Awards 

The following students were awarded Energy Research Summer  Fellowships for the summer  of 1985. Each Award 
carried with it a grant of $2000. 

Mr. Mark R. Deakin, of Indiana University, Bloomington, Indiana. 
Mr. Phelps B. Johnson, of the University of Wisconsin, Madison, Wisconsin. 
Ms. Debbie A. LaHurd, of the University of Akron, Akron, Ohio. 
Ms. Susan E. Morris, of the University of Illinois, Urbana, Illinois. 
Mr. David P. Wilkinson, of the University of Ottawa, Ottawa, Ontaria, Canada. 

The Energy Research Summer  Fellowship Awards are made "without  regard to sex, citizenship, race, or financial 
need. They are made to graduate students pursuing work between the degrees of B.S. and Ph.D., in a college or univer- 
sity in the United States or Canada." The recipients'  projects are in fields relating to energy research or of interest to 
The Electrochemical Society. The Awards are sponsored by the U.S. Department of Energy and are made by the Sum- 
mer Fellowship Committee of The Electrochemical Society. 

Mark R. Deakin was born in Painesville, Ohio, and he 
received B.S. degrees in Geology and in Chemistry from 
Florida State University, Tallahassee, Florida, in 1977 and 
1982, respectively. He is currently working toward 
receiving his Ph.D. degree in analytical chemistry at 
Indiana University. 

Deakin's research background includes work on elec- 
tron transfer at microelectrodes, electrochemical kinetics 
at carbon electrodes, surface-enhanced Raman spectros- 
copy, and the e lec t rochemis t ry  of ligated metallopor- 
phyrins. He has published his work in Analytical Chemis- 
try, Journal of Electroanalytical Chemistry, Inorganic 
Chemistry, and other leading journals. 

Mr. Deakin's report appears below. 

Quasi-Reversible Electron 
Transfer at Microcylinder 

Electrodes 
Over the last few years, the availability of very thin con- 

ductive fibers, wires, and films (thicknesses on the mi- 
cron and submicron scale) along with improvements  in 
amplifiers necessary for low current measurement,  has 
lead to the development  of ultramicroelectrodes (1). 
These electrodes have been employed in such diverse 
areas as neurochemistry (2-4), liquid chromatography (5), 
and stripping vol tammetry (6). 

The small size of these structures separates them in sev- 
eral respects from conventional electrodes. Microdisk 
electrodes, for example, are characterized by extremely 

small currents. The result is a very small RC time con- 
stant for the electrochemical cell and the near elimination 
of uncompensated voltage drop between the reference 
and working electrodes (7, 8). Another difference relates 
to diffusion to these small structures. During a conven- 
tional electrochemical experiment  in a stagnant solution, 
the diffusion layer thickness is expected to exceed the 
width of the electrode. Nonlinear diffusion profiles result 
(9, 10). Since this leads to higher current densities than 
observed at conventional planar electrodes, the opportu- 
nity exists for near-steady-state measurements of electro- 
chemical kinetics without forced solution convection. In- 
deed, several authors have explored this possibility at 
microdisk electrodes (11-13). However, only the case of re- 
versible electron transfer has been treated at micro- 
cylinder electrodes (14). 

Experimental 
All compounds were reagent grade and used as re- 

ceived. Tetraethylammonium perchlorate (TEAP) was ob- 
tained from GFS Chemicals (Columbus, Ohio). Solutions 
were prepared from doubly distilled water and degassed 
with ultrahigh purity nitrogen before use. A platinum 
button electrode (Bioanalytical Systems, Purdue, 
Indiana) with an area of 0.0258 cm ~ was employed as a 
conventional planar electrode. A platinum wire electrode 
[construction described in Ref. (10)] with a radius of 5/~m 
and a length of 510 ~m was employed as a microcylinder 
electrode. Cyclic vol tammetry was performed with a 
Princeton Applied Research Model 174A potentiostat. A 
three-electrode cell with a platinum auxiliary and SSCE 
reference was used. All potentials are reported vs. SSCE. 

Digital simulations of cyclic voltammograms at cylin- 
ders were performed on an IBM PC equipped with a 8087 
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nu mer i c  coprocessor .  The  a lgor i thm employed  is mos t  
fully d iscussed  in Ref. (15). 

Theory  
The diffusion equa t ion  for a cyl inder  of  radius  ro, 

ignor ing  the ends of  the  cyl inder ,  is 

OCA = D [  0"2C* 1 0 C A ]  
, , , + - -  [1] 
ot or'-' r or J 

A s s u m i n g  the  react ion A + e -  --+ B and the  equal i ty  of  the 
di f fus ion coefficients  for A and B, the  bounda ry  eondi-  
t ions are 

t = 0, r -> ro : CA = C ~ [2] 

t > 0, r---> oo : CA --> C ~ [3] 

t > O, r = ro : i = nFAD(OCA/ar)~o [4] 

where  

i = n F A [ k  ~ exp(a~)]{CArO - CBro exp(-~:)} [5] 

= [ ( - n F ) / ( R T ) ] ( E  - E o) [6] 

The use of  d imens ion less  var iables  simplif ies the  solu- 
t ion of  Eq. [1] considerably .  As is shown e l sewhere  (15), 
the  diffusion equa t ion  can  be r educed  to the  fo l lowing 
form wi th  the  p roper  se lect ion of  var iables  

8a a2a 
= [exp(-f ly)]  [7] 

Or Oy 'z 

where  the  d imens ion less  var iables  are def ined as 

a = C,  IC .  ~ [8] 

= ( n F u t ) / ( R T )  [9] 8 

y = [(nFvro'2)l(DRT)] 'r2 ln(rtro)  [10] 6 

r = i [ (DRT)/ (nFv)]~/2 f (nFACA~ [11] 

A = k~  ~/'~ [12] ~p~ 4 

fl = 2[(DRT)/(nFvro'2)] ~/2 [13] 2 

Where B is a d imens ion less  cyl indrical  factor  wh ich  is a 
func t ion  of  both  the  e lec t rode  radius and t ime. Thus,  the  o 
new bounda ry  condi t ions  are 

r = 0 ,  y > 0 : a =  1 [14] 

r > 0, y--* ~ : a--* 1 [15] 

~ > O , y = O : [ O - ~ y ] o  

= A[exp(a~)]{1 - (1 - ao)[1 + exp(-~)]} [16] 

For  large va lues  of  ~, it is possible  to solve Eq. [7], for 
cyclic vo l t ammet ry ,  in the  Laplace  plane. For  the  elec- 
t rochemica l ly  revers ib le  case, the  solut ion is g iven  by 
Aoki  et  a l .  (14). For  the  more  general  case, wi th  quasi- 
revers ib le  or  i r revers ib le  charge  transfer,  the  fo l lowing so- 
lu t ion  by Amato re  et a l .  (15) is appl icable  

i 1 
. = (i + exp( -~)  + ~ e x p ( - ~ ) } - '  [17] 
~lim J 

A* = 2A In fl [18] (A cr~ 2) 
fl - 1.1(B/ln B) 

where  ium is g iven  in Ref. (10). 
As fl decreases  toward  zero, the p rob lem reduces  to the  

case of  l inear  diffusion. The  region in te rmedia te  be tween  
l inear  diffusion and the solut ion of Amatore  is best  re- 
so lved by digital  s imulat ion.  For  this reason, a finite dif- 
fe rence  approach  was appl ied  to Eq.  [7]. 

Results 
A finite dif ference m e t h o d  wi th  an exponent ia l ly  ex- 

pand ing  grid, as desc r ibed  in Eq. [10], was employed .  
Hopsco tch ,  an a lgor i thm descr ibed  by Gour lay  (16) and 
p rev ious ly  e m p l o y e d  by S h o u p  and Szabo (17), was used  

to decrease  m e m o r y  r equ i r emen t s  and to lower  computa -  
t ion t ime. This m e t h o d  is fully expl ic i t  and uncondi t ion-  
ally stable. The quan t i ty  Ar/(Ay) 2 m a y  increase b e y o n d  the 
conven t iona l  l imi t  of  0.5 and take any value. This  combi-  
na t ion  of  an exponen t i a l  grid and a H o p s c o t c h  a lgor i thm 
a l lowed the  calcula t ion of  v o l t a m m o g r a m s  on a micro- 
c o m p u t e r  (IBM PC), wi th  less than  0.01% error,  in less 
than  10 min.  The cur ren t  was calculated f rom the  concen-  
t ra t ion profile at the  e lec t rode  surface us ing a three-point  
app rox ima t ion  of  Oa/oy 

r = {(-3/2)a0 + 2al - a212}(hy) -~ [19] 

The  val id i ty  of  the s imula t ion  was tes ted bo th  by compar-  
ison of  revers ib le  s imula t ions  wi th  the  resul t  of  Aoki  (14) 
and by compar i son  of  quas i - revers ib le  s imula t ions  wi th  
the  l imi t ing  case desc r ibed  in Eq. [17]-[18]. Less  than 
0.01% error  was found wi th  a Ar value  of 0.005. 

The  s imula t ion  shows that,  as fl approaches  infinity, 
the  cyclic v o l t a m m o g r a m  tends  to the  s igmoidal  shape 
desc r ibed  in Eq. [17]. Thus,  a quasi -s teady state is 
ach ieved  at e lect rodes  of  small  radius  and at long times. 
U n d e r  these  condit ions,  a m e a s u r e m e n t  of  the peak  po- 
tent ia l  is difficult, especia l ly  if  the backg round  current  
varies  wi th  potential .  Thus,  the  t radi t ional  m e a s u r e m e n t  
of  AE,eak is not  a rel iable  indica t ion  of  the  rate of  e lec t ron 
transfer.  A bet ter  pa rame te r  is the  shift  of  the half-peak 
potential ,  Ep/2, away f rom E ~ The var ia t ion of  the  d imen-  
sionless half-peak potent ial ,  ~,j~, wi th  the  d imens ion less  
k inet ic  parameter ,  A*, is shown in Fig. 1. At small  radii  cyl- 

x 

I , I r , I I I 

-2 -I o I 2 

lag . ~  

Fig. 1. Variation of the dimensionless half-peak potential with the ki- 
netic parameter, A* .  Values taken from simulated voltammograms with 
fl > 100 (solid line) and fl = 10 (broken line). The circles represent 
points taken from experimental voltammograms in Fig. 2. 

d 

I I I 

+0.3 0.0 -0.3 

E (V vs E ~ 

Fi 9. 2. Experimental voltammograms obtained at a platinum 
microcylinder with a radius of 5/~m. Scan speeds of 0.01 V-s-~ (a, b) and 
0.10 V-s -~ (c, d). Supporting electrolytes: 0.1M TEAP (a, c) and 1.0M 
NaCI (b, d). Current density bar equals 2 • 10 -4 A-cm -2. 
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Table 1. Comparison of the apparent rates of heterogeneous electron 
transfer determined by cyclic voltammetry at a planar electrode and 

quasi-steady-state voltammetry at a microcylinder electrode 

Supporting E ~ k~ ~Ocy l 
electrolyte (V vs. SSCE) (cm-s -~) (cm-s-') 

1.0M NaC1 0.224 ~5 • 10 -~ 
0.1M TEAP 0.118 3.0 • 10 -3 3.6 • 10 -3 

Measurement not possible; see text. 

inders and at long times (fl > 100), the curve coincides 
with the theory presented in Eq. [17]. When fl takes an in- 
termediate value there is some deviation from theory, but 
the overall trend is preserved. 

Experimental  voltammograms recorded at a plat inum 
microcylinder with a radius of 5/~m are shown in Fig. 2. 
The oxidation of Fe(CN)64- is depicted at two scan rates 
and with two different supporting electrolytes. The rate 
constant for this oxidation is known to depend on the 
type and concentration of the supporting electrolyte em- 
ployed (18). 

At planar electrodes, conventional voltammetric curves 
are observed. From measurements of the peak potentials, 
the values for the formal potential and the apparent rate 
constant shown in Table I are obtained. At microcylinder 
electrodes, peak potential measurements become un- 
reliable as the system tends toward polarographic behav- 
ior. Therefore, for the microcylinder, the half-peak poten- 
tial and the curve in Fig. 1 were used to obtain values for 
the apparent rate constant. The results are shown in Fig. 1 
and Table I. 

It is apparent from Fig. 1 that the lack of variation in ~:,~2 
at larger values of A* limits the quasi-steady-state measure- 
ment  of k ~ to relatively slow rates of electron transfer. 
Quantitation of the rate for ferrocyanide oxidation in 1.0M 
NaC1 is not possible with a 5 /~m electrode using the 
quasi-steady-state method. Theoretically, this rate could 
be measured with a thinner  electrode. Construction of a 
cylinder electrode with a 1 ~m radius may be possible, 
but that is probably the experimental limit. Cylinders of 
smaller radius will not support themselves in solution. 

Assuming that an electrode with a radius of I/~m could 
be constructed, and taking a lower limit of 0.02 V-s-1 for 
the scan speed, a diffusion coefficient of 1 x 10 -~ gives 
an upper limit on fl of 72. Thus, if a 0.01V shift in Epj2 is 
sufficient for a rate measurement,  then the maximum 
rate that can be quantified is about 3.5 • 10 -2 cm-s -~. Un- 
fortunately, this analysis shows that the quasi-steady 
state at cylinders is only useful for measuring rates which 
are already easily obtained at conventional planar elec- 
trodes. For the quasi-steady-state method to become use- 
ful, the radius of the effective cylinder must  be 
significantly reduced. This is possible with construction 
of thin line electrodes (19). Thin films of metals have al- 
ready been used for this purpose. Using this technique, 
the effective radius of the electrode can be decreased by 
at least two orders of magnitude (19). This should allow 
quasi-steady-state measurement  of significantly faster 
rates. The theory for diffusion to these microline struc- 
tures is a more complex problem than the microcylinder 
discussed above. However, simulation of the prob]em is 
possible and is now under  study. 
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Stabilization and 
Photoluminescent 

Characterization of n-GaP/n- 
GaAso.4Po.6 Strained-Layer 

Superlattice Electrodes 
The variety of electronic materials amenable to photo- 

electrochemical characterization is increasing owing to 
developments in semiconductor growth and device tech- 
nology. Strained-layer superlattices (SLS's) are a class of 
materials of potential interest to photoelectrochemists (1, 
2). Created by the deposition of alternating thin (40-300]~) 
layers of two lattice-mismatched semiconductors, SLS's 
afford the opportunity to study carrier quantization ef- 
fects, produced by variations in the conduction and val- 
ence band offsets (3),  and the influence of the 
terminating (surface) layer composition on electrodes 
with identical bulk properties. 

In  this report, we discuss the stabilization against 
photoanodic corrosion, photoelectrochemical cell (PEC) 
properties, and photoluminescence (PL) of mGaP/n- 
GaAs0.4P0.~ SLS electrodes. In particular, we demonstrate 
that thin (0.37-0.75 /~m) SLS structures can be stabilized 
in PEC's employing aqueous ditelluride electrolyte to 
yield monochromatic optical-to-electrical energy conver- 
sion efficiencies of a few percent. Also, field-induced PL 
quenching studies on the SLS electrodes are in approxi. 
mate accord with a dead-layer model (4) previously ap- 
plied to homogeneous and isotype heterojunction elec- 
trodes (5, 6). Some of these results are detailed in a recent 
publication (2). 

The SLS's were grown at Sandia National Laboratories 
by the metalorganic chemical vapor deposition technique 
(7-9). Prior to the deposition of the SLS layers, a 1,2/~m 
thick (1.5 ~m for SLS-957) graded buffer layer, termi- 
nating in a composition of GaAs0..,P0.s, was grown on a 
GaP substrate. This was followed by alternating layers of 
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G a P  a n d  GaAs~P~_x, t e r m i n a t i n g  in  t h e  a l loy layer.  F o u r  
s a m p l e s  were  s tud ied ,  one  w i t h  x = 0.39 a n d  fifty 150~ 
t h i c k  layers  (SLS-957), a n o t h e r  w i t h  x = 0.43 a n d  th i r ty  
125~ t h i c k  layers  (SLS-471), a t h i r d  w i t h  x = 0.41 and  
th i r ty  200~ th ick  layers (SLS-472), and  the  four th  wi th  x = 
0.39 a n d  th i r ty  140A t h i c k  layers  (SLS-473). S a m p l e s  we re  
n o m i n a l l y  u n d o p e d  a n d  were  no t  e t c h e d  p r io r  to use.  Tel- 
lu r ide  e lect rolyte ,  s y n t h e s i z e d  as d e s c r i b e d  p rev ious ly ,  
h a d  a c o m p o s i t i o n  of  7.5M KOH/0.2M (Te ~- + Te2'-'-) (10). 
P o t e n t i o s t a t i c  e x p e r i m e n t s  were  c o n d u c t e d  w i t h  a 
s t a n d a r d  th ree -e l ec t rode  se tup ,  a n d  s a m p l e s  were  
m o u n t e d  as p r ev ious ly  d e s c r i b e d  ( l l ) .  The  i n s t r u m e n t a -  
t ion  a n d  t e c h n i q u e s  u s e d  in  P E C  a n d  P L  q u e n c h i n g  ex- 
p e r i m e n t s  h a v e  also b e e n  d e s c r i b e d  (2, 12). 

A 5.5h s tab i l i ty  e x p e r i m e n t  was  c o n d u c t e d  o n  SLS-472 
at  - 1 . 0 V  vs.  SCE w i t h  458 n m  exc i ta t ion .  T he  ~0.8C 
p a s s e d  t h r o u g h  t he  ~0.06 c m  ~, 0.6 ~ m  t h i c k  i l l u m i n a t e d  
area  was  severa l  t i m e s  t he  a m o u n t  r e q u i r e d  for  to ta l  S L S  
d e c o m p o s i t i o n ,  a s s u m i n g  a p h o t o a n o d i c  d e c o m p o s i t i o n  
s t o i c h i o m e t r y  of  s ix mo le s  of  ho les  p e r  m o l e  of  crystal .  
A d e q u a t e  s tab i l i ty  was  i n d i c a t e d  b y  a m o d e s t  7% dec l ine  
in t he  in i t ia l  c u r r e n t  d e n s i t y  of  0.7 m A / c m  2, a n d  the  
u n c h a n g e d  P L  q u e n c h i n g  b e h a v i o r  of  t he  S L S  (vide in- 
f ra) .  A n  u p p e r  l imi t  to p h o t o c u r r e n t  d e n s i t y  was  no t  
f i rmly e s t ab l i shed ,  a l t h o u g h  ~ 5  m A l c m  ~ r e s u l t e d  in t he  
d e c o m p o s i t i o n  of SLS-473, as e v i d e n c e d  b y  loss  of  t he  
S L S  P L  a n d  v i s ib l e  d a m a g e  to the  i l l u m i n a t e d  p o r t i o n  of  
the  e lec t rode .  

The  b o t t o m  p a n e l  of  Fig. 1 s h o w s  a cu r r en t - vo l t age  (i-V) 
cu rve  for  SLS-957, o b t a i n e d  w i t h  488 n m  exc i ta t ion .  S u c h  
i -V c u r v e s  i nd i ca t e  t h a t  S L S - b a s e d  e l ec t rodes  h a v e  fair ly 
m o d e s t  opt ica l - to-e lec t r ica l  e n e r g y  c o n v e r s i o n  efficien- 
t ies .  A s u m m a r y  of  i -V r e su l t s  o n  SLS-471 a n d  SLS-472 is 
g iven  in Tab le  I. S a m p l e - t o - s a m p l e  v a r i a t i o n s  i n  maxi -  
m u m  e n e r g y  c o n v e r s i o n  ef f ic iency w i t h  473 n m  exci ta-  
t ion  r a n g e d  f rom 2 to 4%. T he  s h a r p  dec l ine  in  p h o t o c u r -  
r e n t  q u a n t u m  ef f ic iency  a n d  m a x i m u m  e n e r g y  
c o n v e r s i o n  eff ic iency w i t h  i n c r e a s i n g  opt ica l  p e n e t r a t i o n  
d e p t h  is a t t r i b u t e d  to t he  p r e s e n c e  of  ho l e  ba r r i e r s  in  the  
v a l e n c e  b a n d  p e r p e n d i c u l a r  to t he  sur face  of the  SLS,  
l im i t i ng  the  c o n t r i b u t i o n  of  excess  car r ie rs  g e n e r a t e d  in  
t h e  n e u t r a l  r eg ion  to t he  p h o t o c u r r e n t .  Sma l l  ho le  diffu- 
s ion l e n g t h s  (~0.1 /zm) h a v e  b e e n  r e p o r t e d  for  GaP/  
GaAs0.~P0.s S L S ' s  (13). 

A p h o t o a c t i o n  s p e c t r u m  is s h o w n  in Fig. 2 for  SLS-957 
in  t e l lu r ide  e lectrolyte .  P h o t o a c t i o n  s pec t r a  we re  s t ud i ed  
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Fig. 1. Photocurrent (bottom panel) and PL intensity (top panel) for the 
SLS-957 electrode as a function of potential in a PEC employing 7 . 5 M  
KOH/O.2M (Te~ '2- + Te 2 - )  electrolyte; PL intensity was monitored at 
610  nm for two consecutive cycles, averaged, and smoothed. The elec- 
trode ( ~ 0 .  lO-cm ~ illuminated area) was excited with 488  nm light from 
a beam-expanded Ar ~ laser. Both curves were swept simultaneously at 5 
mV/s. The electrolyte redox potential, - 1 . 1 8 V  vs. SCE, defines the 
short-circuit potential. 

Table I. Optical-to-electrical energy conversion by GaAs~,4Po.JGaP SLS 
photoelectrodes in (di) telluride electrolyte ~ 

Excitation (bx at 2~ma x 
SLS (nm) h 1/a (A) ~ C d ~max f~e VJ (070) g 

471 457.9 1000 0.30 0.23 0.44 0.41 3.2 
472.7 1400 0.22 0.15 0.43 0.43 2.3 
488.0 1800 0.18 0.12 0.42 0.44 1.9 
501.7 2400 0.17 0.11 0.43 0.41 1.7 
514.5 3700 0.12 0.09 0.43 0.42 1.4 

472 457.9 1000 0.28 0.17 0.37 0.37 2.2 
472.7 1400 0.18 0.13 0.39 0.37 1.6 
488.0 1800 0.15 0.10 0.39 0.36 1.3 
501.7 2400 0.13 0.08 0.39 0.38 1.2 
514.5 3700 0.09 0.06 0.39 0.38 0.9 

aThe results for 457.9, 472.7, and 501.7 nm were published in Ref. 
(2). Experiments were run under N.~ in stirred solutions of composi- 
tion 7.5M KOH/0.20-0.23M Te (Te ~- + Te2'-'-); redox potential were 
-1.21 and -1.23V vs. SCE for the SLS-471 and SLS-472 experi- 
ments, respectively. 

bExcitation was performed with a beam-expanded Ar + laser. Inci- 
dent powers ranged from 3-10 mW/cm 2, adjusted to produce roughly 
constant open-circuit voltage. 

cApproximate measure of optical penetration depth, based on 
absorptivities in Ref. (14). 

aShort-circuit photocurrent quantum efficiency. 
eFill factors for i-V curves. 
fOutput voltage at Vma~. 
"(Maximum electrical power out divided by input optical power) 

• 100. This, along with fill factor and ~b~ at Vma• was calculated on 
the inner, cathodic-going portion of the i-V curve. 

in  b o t h  se len ide  a n d  t e l lu r ide  e lectrolyte ,  a n d  we re  f o u n d  
to be  i n sens i t i ve  to t he  d i f f e ren t  r e d o x  p o t e n t i a l s  of  t he  
so lu t ions .  S p e c t r a  e x h i b i t  a po t en t i a l  d e p e n d e n c e ,  w i th  
the  re la t ive  r e s p o n s e  to n e a r - b a n d g a p  e x c i t a t i o n  en- 
h a n c e d  b y  b i a s ing  t he  e l ec t rode  f u r t h e r  in to  dep le t ion .  
The  p h o t o c u r r e n t  onse t  a t  - 6 2 0  n m  is s l ight ly  po t en t i a l  
d e p e n d e n t ,  b u t  c o r r e s p o n d s  ~-: .proximately to the  
b a n d g a p  of  t h e  SLS,  2.04 eV f rom u n c o r r e c t e d  295 K PL.  

A s t u d y  of  the  w e a k  295 K P L  of t h e s e  S L S  e l ec t rodes  
has  s h o w n  tha t ,  a t  low reso lu t ion ,  on ly  t h e  P L  in tens i ty ,  
a n d  no t  t he  spec t ra l  d i s t r i bu t i on ,  is p e r t u r b e d  b y  app l i ed  
potent ia l .  The  top  p a n e l  of  Fig. 1 shows  t he  P L  q u e n c h i n g  
b e h a v i o r  of  SLS-957 exc i t ed  w i t h  488 n m  light.  The  ob- 
s e r v e d  P L  q u e n c h i n g  of  S L S  e lec t rodes  is in  r o u g h  ac- 
co rd  w i t h  the  dead- layer  model .  The  q u a n t i t a t i v e  fo rm of  
th i s  m o d e l  is g iven  by  Eq.  [1], w h e r e  D is the  c h a n g e  in  
dead- l aye r  t h i c k n e s s  over  the  e x p e r i m e n t a l  vo l tage  
t h i c k n e s s  

D = (-1/~) ln(PL/PLo,.) [1] 

w h e r e  ~ is the  a b s o r p t i v i t y  of  the  S L S  for  t he  e x c i t a t i o n  

1 0 0 "  ' ' ' ' ' ' ' ' 
o 
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O 

z 

. (  

O. 
I ~ I D I ~ I ~' I i I 

400 450 500 550 600 650 

W A V E L E N G T H ,  n m  

Fig. 2. Relative photocurrent quantum efficiency for SLS-957 in teQu- 
ride e lectrolyte  at - 1 . O V  v s .  SCE. The exci tat ion was  chopped,  and 
lock-in techniques used to monitor the photocurrent. The spectrum is 
corrected for the wavelength  dependence  of the lamp/monochromotor 
excitation source and is uncorrected for sample reflectivity. 
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wavelength'  and PL and PLoc are the in-circuit and open- 
circuit PL intensities, respectively. Consistent D values 
were obtained for SLS-472 at -1.0V vs. SCE: 260, 290, and 
2804, corresponding to 413,458, and 473 nm excitation, re- 
spectively. Luminescence from an unassigned deep level 
(uncorrected ~ma• - 780 nm) did not exhibit  quenching. 

In summary, n-GaP/n-GaAs0.4Po.6 SLS electrodes have 
been stabilized in aqueous telluride electrolyte. Energy 
conversion efficiencies of these electrodes are modest, 
because, in part, of small hole diffusion lengths perpen- 
dicular to the SLS layers. Studies of SLS structure and 
surface composition influences (i.e., GaP or alloy 
terminating layer) upon cell photovoltage and conversion 
efficiency are currently in progress. 
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eV to correspond to our observed PL peak at 1.99 eV. This 
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An a value of 1.8 • 10 ~ at 413 nm was estimated by extrapolating 
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figure. 

REFERENCES 
1. A. J. Nozik, B. R. Thacker, and J. M. Olson, Nature, 316, 

51 (1985). 
2. P. B. Johnson, A. B. Ellis, R. M. Biefeld, and D. S. 

Ginley, Appl. Phys. Lett, 47, 877 (1985). 
3. G. C. Osbourn, J. Vac. Sci. TechnoI., 21, 469 (1982). 
4. R. E. Hollingsworth and J. R. Sites, J. Appl. Phys., 53, 

5357 (1982), and references therein. 
5. W. S. Hobson and A. B. Ellis, ibid., 54, 5956 (1983). 
6. W. S. Hobson, P. B. Johnson, A. B. Ellis, and R. M. 

Biefeld, .AppI. Phys. Lett., 45, 150 (1984). 
7. R. M. Biefeld, G. C. Osbourn, P. L. Gourley, and I. J. 

Fritz, J. Electron. Mater., 12, 903 (1983). 
8. R. M. Biefeld, J. Cryst. Growth, 56, 382 (1982). 
9. P.L.  Gourley and R. M. Biefeld, J. Vac. Sci. Technol., 21, 

473 (1982). 
10. W. S. Hobson and A. B. Ellis, Appl. Phys. Lett., 41, 891 

(1982). 
11. B. R. Karas and A. B. Ellis, J. Am. Chem. Soc., 102, 968 

(1980). 
12. H. H. Streckert, J. Tong, M. K. Carpenter, and A. B. 

Ellis, This Journal, 129, 772 (1982). 
13. P. L. Gourley, R. M. Biefeld, T. E. Zipperian, and J. J. 

Wizcer, Appl. Phys. Lett., 44, 983 (1984). 
14. P. L. Gourley, R. M. Biefeld, G. C. Osbourn, and I. J. 

Fritz, in "GaAs and Related Compounds," G. E. 
Stillman, Editor, p. 249, Institute of Physics, London 
(1983). 

Debbie A. LaHurd was born in Wheeling, West Virginia. 
The University of Akron granted her a B.S. degree in 
1981. She obtained an M.S. degree from the University of 
Akron in 1984, and is currently working toward a Ph.D. 
degree there. 

LaHurd has been a NASA Fellow and is interested in 
energy storage devices, electrochemical engineering, 
transport processes, and applied mathematics. 

Ms. LaHurd's report follows. 

Simplified Models for Use in 
Electrochemical Reactor 

Scale-Up and System Studies 
Electrochemical reactor design is, at best, an empirical 

art owing to the large number  of design parameters and 
their complex interactions. The scale-up from laboratory 
designs could be expedited by the use of an appropriate 
mathematical  model. Such models use assumptions to 
simplify the phenomena into a workable set of equations 
which can predict the relative importance of the kinetics, 
mass transfer, and ohmic contributions. Numerous math- 
ematical models are available in the literature (1-4), but 
many of these are cumbersome and expensive to use be- 
cause their specific nature requires the use of time con- 
suming complex numerical procedures to obtain a solu- 
tion. The goal of this research is to develop a simplified 
model which may be applied to a large number  of electro- 
chemical reactors to predict their performance. The 
verification of this model  begins by comparing its predic- 
tions with more rigorous model predictions. 

Flow electrochemical reactors often utilize two or more 
redox couples, and some include a membrane separator. 
The following represents an example of redox reactions 
occurring at the electrodes of an electrochemical reactor 

A § ......... A § + e (anode) [1] 

B ~+ + e ......... B + (cathode) [2] 

C + + e ......... C (cathode) [3] 

A general model must be able to incorporate side reac- 
tions which occur at an electrode surface. Reaction [3] of 
the above example can be considered to be a side reaction 
occurring at the cathode. Many systems require mem- 
branes to separate the species by discouraging a chemical 
discharge reaction. Additionally, many flow electrochem- 
ical reactors use high surface area porous electrodes to re- 
duce kinetic and mass-transfer limitations. The porous 
electrodes can generate up to half of the total cell pres- 
sure drop (5), thus reducing the electrical efficiency. ~klr- 
thermore, porous electrodes are often nonuniform, which 
causes uneven flow distribution in multiple cell stacks. 
This modeling effort is uniquely suited to evaluate differ- 
ent types of uniform turbulence promoters which in- 
crease mass transfer while effecting a small hydraulic 
pressure drop. For the purposes of comparison, the model 
is evaluated by applying it to the iron-chrome energy stor- 
age system developed by the NASA-Lewis Research Cen- 
ter (6). 

The VOLBAL model has been developed for a single 
cell and is a one-dimensional simulation easily modified 
for different flow characteristics (i.e., planar electrode 
flow or porous electrode flow) by way of the mass- 
transfer coefficient. The model can be verified experi- 
mentally for different flow configurations and different 
cell sizes or by comparison with a more rigorous model. 
The purpose of this paper is to present the results of 
comparing VOLBAL with a more rigorous two-dimen- 
sional model developed by White and others at Texas 
A&M University (1, 7). The White model was developed 
for channel flow and has been modified for membrane 
separation of the half-cells (7). Their model also accounts 
for the effects of migration and multiple reactions. 

Model Development 
The VOLBAL model.--The VOLBAL model is based 

upon the overall local voltage balance across a single cell. 
The mathematical  model is simplified by allowing the 
concentration and current density to vary in only one di- 
rection. This model takes into account mass-transfer ef- 
fects by introducing a correlation for the mass-transfer 
coefficient such as the Leveque approximation (8). The 
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assumpt ions  used  in the  d e v e l o p m e n t  of the  V O L B A L  
mode l  are: (i) i so the rmal  condi t ions  exist;  (ii) there  exists  
one-d imens iona l  var ia t ion in concent ra t ion  and current  
densi ty;  (iii) gas genera t ion  effects are ignored;  (iv) phys- 
ical and t ransport  proper t ies  are constant ;  (v) there  is a 
wel l -developed laminar  flow; (vi) a mass- t ransfer  coeffic- 
ient  was used  to predic t  the  mass- t ransfer  effects  of pla- 
nar  e lectrodes;  (vii) no he te rogeneous  or h o m o g e n e o u s  
chemica l  react ions  occur;  (viii) steady-state condi t ions  
exist;  and (ix) for each  half-cell, the  reference e lec t rode  
reac t ion  is the  same reac t ion  as the main  react ion at the  
e lec t rode  and the  reference  e lec t rode  concent ra t ions  are 
the same as the reference concentra t ions .  

The  overall  cell potent ia l  is the  difference b e t w e e n  the  
anode  potent ia l  and the ca thode  potential .  A schemat ic  of  
the cell  is shown in Fig. 1. Imaginary  reference  e lec t rodes  
are p laced  across the  cell in order  to d iv ide  the  overall  cell 
potent ia l  into c o m p o n e n t s  due  to concen t ra t ion  gradi- 
ents, react ion k ine t i cs ,  and contr ibut ions  due  to resist- 
ances  associa ted with  e lect rolytes  in the  cell cavi t ies  and 
the membrane .  The di f ference in potent ia l  due  to concen-  
t rat ion gradients  and ohmic  res is tances  can be expressed  
in t e rms  of  the  concen t ra t ion  overpotent ia l  

RT Ci bulk 

where  v~ is the  concen t ra t ion  overpotent ial ,  hem is the 
ohmic  potent ia l  drop, and A4~ is the  potent ia l  d i f ference 
be tween  two reference  electrodes.  The  concent ra t ions  
C~,~,,~ and C~,~ are the  bu lk  and surface concent ra t ions  of 
species  i, respect ively.  Subs t i tu t ing  these  express ions  
into the  overal l  cell vol tage balance,  the  fo l lowing func- 
t ion of  bu lk  and surface concent ra t ions  is ob ta ined  

2RT [CF____b.lk Ccv3  , b.lk~ ] 
U : r - r + ~ in �9 C~+3.bu,k Cc~+<b.,k 

+ - ~ l n [  CF~'<~Cc~+2's ] +A~bm 
Cre+2,sCcr§ 

RT [ Ccr+2 ref CFee3,ref I + (~6 _ ~c 
-1- Vf ..... 1 + ~ in Cc~§ Cre+2.~of 

The above  equat ion ,  in d imens ion less  form, forms the  ba- 
sis of  the V O L B A L  model .  Ful l  But le r -Volmer  kinet ic  ex- 
press ions  are used to eva lua te  the  potent ia l  cont r ibut ions  
(q~ - r and (r - ~,). The  species concent ra t ions  are de- 
t e rmined  us ing mater ia l  ba lances  and react ion s to ichiom- 
etry. The  solut ion t echn ique  requi res  the  a s sumpt ion  of  
an initial current -dens i ty  d is t r ibut ion  to calculate  the  
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Fig. 1. Schematic of reactor used in the development of the VOL- 
BAL model. 

bulk  and surface concent ra t ions  along the  electrode.  The  
calcula ted concent ra t ions  are used  to es t imate  a new 
current -dens i ty  distr ibution.  I terat ions  con t inue  unt i l  the  
new current  d is t r ibut ion  agrees  wi th  the  previous  values  
to wi th in  three dec imal  places. 

Rigorous model . - -The  more  r igorous mode l  formula ted  
by White is based upon  a s teady-state  mater ial  ba lance  for 
each  species [See R e f  (1) for a full deve lopment ]  

V .  N i = 0  

The mode l  also assumes  a small  aspect  ratio (ratio of  the 
cell  gap be tween  the  e lec t rodes  to the  cell length). The  re- 
sul t ing sys tem of partial  differential  equat ions  can be 
solved for the  values  of  the  concent ra t ion  of  species and 
the  potential .  The solut ion t e c h n i q u e  involves  us ing  New- 
man ' s  t e chn ique  (BAND) (8) in the normal  di rect ion (y) 
and employ ing  an impl ic i t  finite difference t echn ique  in 
the  d i rec t ion  parallel  to the  e lec t rode  length.  This m e t h o d  
yields a two-d imens iona l  field of  concent ra t ion  and po- 
tential.  The  mode l  incorpora tes  a m e m b r a n e  separator  
t h rough  the  use of the MacMull in  number ,  wh ich  is the 
ratio of  the  m e m b r a n e  res is tance to the  res is tance of an 
equal  area of electrolyte.  Pe rhaps  the  mos t  impor t an t  dif- 
f e rence  be tween  the White mode l  and the  V O L B A L  
mode l  is that  the former  considers  wel l -developed lami- 
nar  f low and cannot  account  for o ther  types  of mass 
transfer,  such as en t rance  effects and use of tu rbu lence  
promoters .  

Bo th  models  incorpora ted  the hydrogen  side react ion 
into the  But le r -Volmer  kinet ic  express ion  for the  cathode.  
The  genera l  k inet ic  express ion  as g iven  by White et al. (9) 
can  be  wr i t ten  as 

[ a a F  [ - a c F  oxo ] } 
n s.~ = V - r  Uj.o 

The final form of the  kinet ic  express ion  for the  side reac- 
t ion becomes  

where  

a a F  
iH+=io{exP[R T ((~c -- ~6 -- Vj.ref) ] 

- exp  [ acF 

Uj'ref = UJ~ %F v Sij In - URE ~ 

+ naEF2i Si.R~ in 

This  is the  same form for the  hydrogen  react ion as was 
used  by Tra inham and N e w m a n  (10). 

Parameter  va lues . - -The  predic t ions  of  the  two mathe-  
mat ical  models  were  c o m p a r e d  by apply ing  them to the 
N A S A  redox  cell. Dur ing  charge,  in the  posi t ive  half-cell, 
ferrous ion is oxidized to ferric ion. In the nega t ive  half- 
cell, ch romic  ion is r educed  to ch romous  ion wi th  some 
inefficiencies due  to p ro ton  reduct ion.  The va lues  of  the 
paramete rs  used in calcula t ions  wi th  bo th  mode ls  are 
shown  in Table  I. A m e m b r a n e  res is tance of 0.6 f~-em ~ is 
equ iva len t  to a MaeMull in  n u m b e r  of  3. The  s imula t ions  
appear  to incorpora te  di f ferent  va lues  for the  open-ci rcui t  
potent ia ls  of  the e lec t rode  wi th  respect  to the  reference  
electrode,  Uj.r~f. The  White mode l  assumes  a c o m m o n  ref- 
e rence  e lec t rode  in bo th  half-cells: the  hyd rogen  refer- 
enee  electrode.  V O L B A L  assumes  that  the re ference  elec- 
t rode  in each half-cell is based on the  same react ion as the  
main  react ion occurr ing  at the electrode.  This  was done  
to s impli fy  the overal l  cell vol tage  express ion.  The  va lues  
of  U~.r~f for V O L B A L  are zero for react ions [1] and [2], 
whi le  the  hydrogen  side react ion va lue  is g iven  wi th  re- 
spect  to a ch rome  re fe rence  electrode.  The  exchange  cur-  
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Table I. Parameter values 
Reaction kinetics ~ 

io,r~ VOLBAL b White 
Reaction a~ ~ (A-cm -~) Ui.~EV) Uj.~KV) 

[1] 

[2] 

[3] 

Species 

0.5 0.5 5.0 • 10 -~ 0(0) 0.627 
(0.72) 

0.65 0.35 7.5 • 10 -:~ 0(0) -0.272 
(-0.33) 

0.5 0.5 5.0 x 10 -s 0.272(0.348) 0(0) 

Properties 

z Di (em-s-') C~r,, x 10 :~ (mol-em -3) 

F e  4:r 

Fe' :~ 
Cr~ 

+2 6 x 10 -s 0.95 (0.5) 

+3 6 x i0 -" 0.05 (0.5) 
+2 6 x 10 -~ 0.05 (0.5) 

0 . 0 8  

0 . 0 7  

0 , 0 6  

0 . 0 5  

0 , 0 4  

0 , 0 3  

0 . 0 2  

0 .01  

O 

- -0 .01  

- - 0 . 0 2  

- 0 ~ 0 3  

- 0 . 0 4  

- 0 . 0 5  

- 0 . 0 6  

- 0 . 0 7  

-o.oB 
-o.09 

0 . 2  

- -  White Model 

- -  - -  VOLBAI.  Model 

] r I I I 

0 . 4  0 . 6  O,B 

Dimensionless L e n g t h ,  X / L  

Cr':' 
H § 
C1- 

+3 6 x 10 -" 0.95 (0.5) 
+ 9.31 • 10 -'~ 1.0 (1.0) 
- 2.03 • 10 -~ 6.0 (6.0) 

Electrolyte resistivity = 2.0 fl-cm 
Membrane resistivity = 0.6 fLcm 2 (ca. Nm,~ = 3.0) 

Cell voltage = 1.3V 

Geometry 

Length = 5-31 cm Width = 4-31 cm 
d = 0.1 cm V~v~ = 1.6 - 3.0 cm/s 

~ .  ~., and i,,.r~ are from Ref. (11). 
h Terms in parentheses are at 50% state of charge. 

r e n t  dens i t i e s  are c o n s i d e r e d  va l id  for so lu t ions  con- 
t a i n i n g  0.45M c h r o m e  spec ies  a n d  0.55M i ron  spec ies  at  
25~ (11). 

Results and Discussion 

T h e  p r e d i c t i o n s  of  t he  Whi te  a n d  V O L B A L  m o d e l s  are 
c o m p a r e d .  In  t he se  s tudies ,  t he  V O L B A L  m o d e l  r e q u i r e d  
a b o u t  n i n e  to t en  t i m e s  less  cpu  t i m e  ( IBM 3033U Opera t -  
ing  Sys t em)  t h a n  t he  m o r e  r igorous  t w o - d i m e n s i o n a l  
m o d e l  for  t h r e e  s ign i f ican t  d igi t  accuracy .  T h e  t i m e  sav- 
ings  m a k e  t he  s impl i f ied  m o d e l  m o r e  a t t r ac t ive  for  incor-  
p o r a t i o n  in to  mu l t i ce l lu l a r  s t acks  and  for  op t i m iza t i on  
s tud ies .  

The  m o d e l s  h a v e  b e e n  c o m p a r e d  for t h e i r  p r e d i c t i o n s  
of  p e r f o r m a n c e  af te r  cell scale-up,  specif ical ly  v a r y i n g  
t h e  l e n g t h  of  t he  e lec t rode .  T he  effects  of  e lec t ro ly te  ve- 
loc i ty  as wel l  as t he  p r e d i c t i o n s  at  d i f f e ren t  s ta tes  of 
c h a r g e  were  also c o m p a r e d .  

In  t h e  c o m p a r i s o n  of  t he  V O L B A L  m o d e l  a n d  t he  rigor-  
ous  Whi te  model ,  t he  fo l lowing  q u a n t i t i e s  a n d  the i r  
m e t h o d  of  ca l cu la t ion  s h o u l d  b e  clarified. T he  c u r r e n t  
d e n s i t y  ca l cu la t ions  are  b a s e d  u p o n  B u t l e r - V o l m e r  k ine t -  
ics, w h i c h  a l lows t he  c u r r e n t  dens i t i e s  p r e d i c t e d  b y  each  
m o d e l  to b e  c o m p a r e d .  T he  b u l k  c o n c e n t r a t i o n  p r e d i c t e d  
by  t he  Whi te  m o d e l  is a " m i x i n g  c u p "  c o n c e n t r a t i o n  in  
t h a t  t he  p r e d i c t e d  c o n c e n t r a t i o n s  across  t he  cell  are 
w e i g h e d  by  t he  ve loc i ty  a n d  are  i n t e g r a t e d  to g e n e r a t e  the  
a v e r a g e  b u l k  concen t r a t i on .  Th i s  ef fec t  is s imi la r  to  t he  
b u l k  c o n c e n t r a t i o n  a c h i e v e d  b y  co l lec t ing  the  e lec t ro ly te  
f lowing  f rom a cell a n d  t h e n  m i x i n g  it  well. T he  VOL- 
B A L  m o d e l  a s s u m e s  two  d i s t i nc t  r eg ions  ac ross  t he  gap:  
t he  b u l k  so lu t ion  a n d  d i f fus ion  layers  w h e r e  t he  concen -  
t r a t i o n  va r i a t i on  occurs .  S i n c e  t he  d i f fus ion  layers  are  as- 
s u m e d  to be  ve ry  th in ,  t he  b u l k  c o n c e n t r a t i o n s  of  the  
Whi te  m o d e l  s h o u l d  b e  c o m p a r a b l e  to t he  b u l k  concen t r a -  
t ions  ca l cu la t ed  by  t he  V O L B A L  model .  T he  sur face  con-  
c e n t r a t i o n s  p r e d i c t e d  b y  V O L B A L  d e p e n d  o n  t h e  va lue  
of  t he  m a s s - t r a n s f e r  coeff ic ient ,  w h e r e a s  t h e  Whi te  m o d e l  
so lu t i on  t e c h n i q u e  y ie lds  c o n c e n t r a t i o n s  across  t he  cell, 
i n c l u d i n g  the  sur face  c o n c e n t r a t i o n .  T he  r e a c t a n t  spec ies  
c o n s i d e r e d  in t he  i n t e r p r e t a t i o n  of  t h e  r e s u l t s  is t he  fer- 
r ous  ion. The  c o n v e r g e n c e  p e r  pa s s  (CPP)  of  t he  fe r rous  
spec ies  is a m e a s u r e  of  t he  a m o u n t  of  th i s  r e a c t a n t  con-  
s u m e d  d u r i n g  one  pa s s  t h r o u g h  the  cell. T h r o u g h  Fara-  
day ' s  law, i t  is p r o p o r t i o n a l  to t he  to ta l  c u r r e n t  de l ive red  
to t h e  cell. The  C P P  is o b t a i n e d  b y  s u b t r a c t i n g  t he  di- 

Fig. 2. Calculated anodic and cathodic (main reaction only) cur- 
rent densities at 50% state of charge and L = 31 cm. 

m e n s i o n l e s s  b u l k  c o n c e n t r a t i o n  at  t h e  cell  ou t l e t  f r om the  
d i m e n s i o n l e s s  feed c o n c e n t r a t i o n .  

F i g u r e  2 s h o w s  t he  p r e d i c t e d  c u r r e n t  d e n s i t y  d i s t r ibu-  
t i on  a long  t he  l e n g t h  of  t he  e lec t rode .  In  th i s  c o m p a r i s o n ,  
t he  e l ec t rode  l e n g t h  was  31 cm a n d  the  so lu t ion  ve loc i ty  
was  3.0 cm/s.  The  e lec t ro ly te  c o m p o s i t i o n  c o r r e s p o n d s  to 
a 50% s ta te  of  charge.  We f o u n d  t h a t  b e t t e r  a g r e e m e n t  in  
p r e d i c t i o n s  of  c u r r e n t  dens i t y  b e t w e e n  t he  two m o d e l s  
o c c u r s  w i t h  l a rger  sys t ems .  In  th i s  i n s t ance ,  t he  Whi te  
m o d e l  p r e d i c t s  a 23% la rger  ave r age  c u r r e n t  d e n s i t y  com- 
p a r e d  to t h e  V O L B A L  model .  The  C P P  for t he  V O L B A L  
m o d e l  was  3.2%, a n d  t he  Whi te  m o d e l  ca l cu la t ed  a va lue  
of  4.2%. This  ref lects  t he  d i f f e rences  in  the  p r e d i c t e d  to- 
tal  c h a r g i n g  c u r r e n t  b e t w e e n  t h e  two models .  

In  o rde r  to ad jus t  t he  V O L B A L  m o d e l  to  p r ed i c t  t he  
s a m e  ave rage  c u r r e n t  d e n s i t y  as t he  Whi te  mode l ,  t he  
m a s s - t r a n s f e r  coeff ic ient  was  m u l t i p l i e d  b y  a fac tor  of 
1.4. The  i nc r ea sed  m a s s - t r a n s f e r  coeff ic ient  p r ed i c t s  a 
c u r r e n t  dens i t y  d i s t r i b u t i o n  iden t i ca l  to the  Whi te  model .  
The  b u l k  c o n c e n t r a t i o n s  a long  the  e l ec t rode  p r e d i c t e d  
u n d e r  t he  t h r ee  m o d e l i n g  c o n d i t i o n s  are c o m p a r e d  in Fig. 
3. The  b u l k  c o n c e n t r a t i o n  d i s t r i b u t i o n s  s i m u l a t e d  by  t he  
V O L B A L  m o d e l  w i t h  a mod i f i ed  m a s s - t r a n s f e r  coeffic- 
i en t  c lose ly  a p p r o a c h e s  t h e  Whi te  m o d e l  p red ic t ions .  In  
th i s  case,  t he  C P P  of the  V O L B A L  is 4.1%. 

The  c o u l o m b i c  ef f ic iency p r e d i c t e d  b y  the  m a t h e m a t -  
ical m o d e l s  ref lects  t he  o c c u r r e n c e  of  t he  h y d r o g e n  s ide  
reac t ion .  U n d e r  t he  c o n d i t i o n s  r e p o r t e d  above ,  t he  VOL- 
B A L  m o d e l  ca l cu la t ed  a 99.16% c o u l o m b i c  efficiency,  
wh i l e  the  Whi te  m o d e l  p r e d i c t e d  a c o u l o m b i c  eff ic iency 
of  99.2%. The  ca l cu la t ions  u s i n g  t he  V O L B A L  m o d e l  w i t h  
the  a d j u s t e d  m a s s - t r a n s f e r  coeff ic ient  p r e d i c t  a coul- 
o m b i c  eff ic iency of 99.4%. The  eff ic iency i n c r e a s e d  be- 
cause  of  t he  la rger  m a s s - t r a n s f e r  coefficient ,  w h i c h  repre-  
s en t s  an  inc rease  in  t he  t r a n s p o r t  of  t he  c h r o m i c  r e a c t a n t  
to t he  surface.  The  la rger  su r face  c o n c e n t r a t i o n  of  c h r o m e  
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Fig. 3. Simulated bulk concentrat ion profiles of iron species  at 
50% state of charge and L = -31 cm. 
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Fig. 4. Anodic current density predictions for 50% state of charge 
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Fig. 6. Anodic current density predicted for 5% state of charge, L 
= 31 cm and average velocity 1.6 cm/s. 

reactant produces a larger overall current density, while 
the side reaction contribution remains the same. 

A cell with an electrode length of 5 cm at 50% state of 
charge (still with 3.0 crrgs average electrolyte velocity) 
was simulated next. Figure 4 shows the predicted current 
density distributions along the length of the electrode. 
The model predictions for average current density differ 
by 28% for the small cell. This was expected, since larger 
gradients will occur in shorter cells. The coulombic effic- 
iencies are identical for both models, at 99.5%. Although 
the current densities are generally larger for smaller cells, 
the shorter electrodes mean less area available for reac- 
tion and thus a decrease in CPP. The VOLBAL model  
calculates a CPP value of 0.79%, while the White model 
prediction is 1.13%. 

Lowering the flow rate to 1.6 cm/s while keeping the 
other conditions constant results in an increase in CPP 
because more reactant can be consumed at the electrode 
surface before leaving the cell. The CPP value calculated 
by the VOLBAL model  is 1.3% and by the White model is 
1.8%. A lower flow rate also results in a small decrease in 
coulombic efficiency, 99.4%. Figure 5 shows the bulk 
concentration distributions simulated by the two models 
under these conditions. 

In general, the more rigorous model predictions of cur- 
rent density are larger than those predicted by the VOL- 
BAL model. The rigorous model  accounts for effects of 
migration while VOLBAL does not, but migration in 
redox systems generally would cause an effect of only 
10% or less (8). In comparing the calculations of the two 
models, the surface concentrations of the reacting species 
predicted by the rigorous model are less than those pre- 
dicted by the VOLBAL model. However, the surface 
overpotential values calculated by the rigorous model  are 
greater than those of the VOLBAL model. In the Butler- 
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Fig. 5. Model predictions of bulk solution concentration for iron 
species at 5% state of charge, L = 5 crn and overage velocity 1.6 
c m / s .  

Volmer expression, the two effects tend to cancel, al- 
lowing for moderate agreement between the two models 
in predicting current density and bulk concentration dis- 
tributions. An increase in mass-transfer coefficient in the 
VOLBAL model causes an increase in surface concentra- 
tion and surface overpotential, thus resulting in a calcu- 
lated increase in the current density. 

The predictions of the models were compared for the 
5% state of charge condition. In this case, the larger cell 
with 31 cm electrodes having a velocity of 1.6 cm/s was 
considered. The model predictions of current density dis- 
tributions are shown in Fig. 6. For the 50% state of charge, 
the surface overpotential dominated. At 5% state of 
charge, the concentration overpotential is dominant. The 
differences in calculated surface concentrations between 
the two models cause this great disparity. There appears 
to be a significant boundary-layer effect under these con- 
ditions which we cannot explain at this time. Better 
agreement could probably be achieved if the position de- 
perzdency of the local mass-transfer coefficient was fur- 
ther investigated. 

Conclusions 

The predictions of cell performance using the simpli- 
fied VOLBAL model and a more rigorous model were 
compared. The VOLBAL model uses about nine to ten 
times less cpu time than the rigorous model  on an IBM 
3033U operating system. Comparisons show that the rig- 
orous model generally predicts a higher current density. 
The model predictions are in closer agreement for large 
cells. Agreement between model  predictions at extreme 
conditions (i.e., 5% state of charge) is poor, which can be 
attributed to disagreement between the calculated sur- 
face concentrations. Both models need rigorous testing 
against experimental  observations. 
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LIST OF SYMBOLS 

bulk concentration of species i (moYcm :~) 
reference concentration of  species i (moYcm :~) 
concentration of species i in reference electrode 
solution (mol/cm 3) 
local surface concentration of species i (moYcm:') 
the distance between the electrode and the mem- 
brane separator (cm) 
diffusion coefficient of species i (cm'2/s) 
Faraday's constant (96,487 C/mo]) 
current density (A/cm 2) 
exchange current density (A/cm z) 
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io.~ef exchange current density at reference concentra- 
tions (A/cm ~) 

Km mass transfer coefficient (cm]s) 
L electrode length (cm) 
nj number  of electrons transferred in reaction j 
R universal gas constant (8.3143 J/mot-K) 
s~ stoichiometric coefficient of species i in reaction 

j. 
T absolute temperature (K) 
U overall cell potential (V) 
Uj.o theoretical open-circuit potential  for reaction j at 

the surface concentrations of species i which par- 
ticipate in reaction j (V) 

Uj.~f theoretical open-circuit potential evaluated 'at 
reference concentrations (V) 

U e standard electrode potential of reaction j (V) 
V~,v~ average velocity (cm/s) 
z charge number  of species 

Greek Symbols 

~ anodic transfer coefficient 
~ cathodic transfer coefficient 
0o solution potential adjacent to the electrode surface 

(v) 
0i reference electrodes; i = 1, 6. 
0~ anode potential (V) 
0c cathode potential (V) 
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02 Diffusion as a Probe of 
Fluidity in Polymer Films 

transfer, 6 is the intersite charge transfer distance, and k 
is the charge transfer rate constant. 

Difficulty in evaluation of these processes from the 
electrochemical response of the catalyst within the film 
using the Dahms-Ruff expression is twofold; both prob- 
lems stem ultimately from the use of the catalyst as a 
probe which is inextricably involved with both transport 
processes and structure of the film. First, the catalyst is 
present in very high local concentration (catalyst loadings 
of 10-9-10 -8 mol-cm -2 in films of a few hundred ang- 
stroms thickness are common), often rivaling the electro- 
lyte concentration in solution and certainly that within 
the film. Unavoidable convolution of diffusion and migra- 
tion contributions to catalyst charge and mass transport 
result, ensuring that purely diffusional behavior in the 
film will not be observed. Perhaps more important is the 
problem created by the inclusion of the catalyst as an in- 
tegral structural component  of the film: stimuli (large 
amplitude potential steps, for example) which result in 
observable electrochemical responses should be reasona- 
bly expected to simultaneously affect film structure. The 
result will be t ime-dependent changes in film physical 
characteristics such as viscosity or film thickness, both 
of which will affect apparent diffusional behavior within 
the film. 

A kinetic model for the processes occurring in or at 
catalyst-loaded films on electrodes has been developed 
by Andrieux et al. (3-5). Catalyst (or mediator) couple in 
film and oxidized and reduced forms of substrate are 
represented below 

P + e - m Q  

kl 
Q + A  ~ P + B  

k2 
In the model, which was developed for steady-state tech- 
niques such as rotating disk voltammetry, the catalytic 
current may be studied via the use of closed-form equa- 
tions which represent the catalytic current in terms of 
characteristic currents which are related to kinetic and 
mass transport limiting behaviors. Where K (= kl/k2) is al- 
lowed to take any value, four cases have been identified; 
the present study utilizes a system of catatyst/substrate 
which corresponds to the true catalytic situation (Fig. 1). 
The component currents in which we are interested are iA 
and is. It is the substrate mass transport as a function of 
film control by the catalyst, and not the mass or charge 
transport of the catalyst, with which we are concerned 

iA = nFAC*oDo/6 = 0.62nFAC*oDoCol/2v-1/6 

i~.s = nFAkf  KC*,,Ds/r 

Polymer films on electrodes provide a convenient  nar- 
rowly defined spatial region in which redox centers may 
be immobilized for eleetrocatalysis or sensing of electro- 
chemically inaccessible analytes. One of the considera- 
tions in the use of films is that three-dimensional disper- 
sion within a polymer increases the amount  of catalyst, 
by comparison with monolayer coverage of the electrode, 
increasing catalytic efficiency (or increasing signal, in the 
case of a sensor). Within the film, availability of substrate 
for reaction with the catalyst depends on both the ability 
of the substrate to partition into the film and to freely dif- 
fuse to catalyst centers. Most studies of charge and mass 
transport in films have focused on the electrochemical 
response of the catalyst, relying on its adherence to sim- 
ple diffusion laws which were formulated for systems re- 
sembling dilute solutions. Enhancement  of mass trans- 
port by charge transfer reactions is commonly evaluated 
using the Dahms-Ruff equation (1, 2) 

D~ff = Dm + De~ =Dm + (~r14) 6~kC * 

where De. is the observed diffusion coefficient, Dm is the 
diffusion coefficient observed in the absence of charge 

/ 
A"-B 

f I I 
E o (Pl Q) 

E ~ (AIB) 

A - - ~ B  

Fig. 1. Relationship of reversible catalyst couple and irreversibJe sub- 
strate couple an potential scale. 
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where n is the number  of electrons transferred, A is the 
electrode area, C*o is the bulk concentration of substrate 
in solution, Do is the solution diffusion coefficient of sub- 
strate, m is the electrode rotation rate, v is the kinematic 
viscosity of the supporting electrolyte solution, K is the 
partition coefficient of the substrate between the film 
and solution, D~ is the diffusion coefficient of the sub- 
strate in the film, and ~ is the film thickness. Standard 
electrochemical units are used. 

Transient experiments are performed by applying a 
large amplitude potential step (-> 1.0V) to the loaded film 
in the presence and absence of substrate in the solution. 
Substrate diffusion information is extracted by subtrac- 
tion of curves generated in the absence of substrate from 
those generated in substrate-saturated films. Differential 
charge is plotted against t ime (AQ vs. t or AQ vs. t "'2) in or- 
der to determine the functional t ime dependence of sub- 
strate transport in the film. 

We are investigating the physical nature of poly 
(4-vinylpyridine) (PVP) films loaded at pH 3 with ferricy- 
anide (catalyst) in an ion exchange process. Molecular o x -  
ygen (substrate) has been chosen as a structurally inde- 
pendent  probe of mass transport in films, having the 
advantages of electroactivity, neutral charge, and nearly 
universal solubility. Very small k~ allows simple study of 
O~ without complication of catalytic currents. Films are 
applied to a rotating disk electrode, allowing comparison 
of steady-state (hydrodynamic) and transient behavior. 

All reagents except PVP were reagent grade and were 
used as received. Loading and ferricyanide-free sup- 
porting electrolyte solutions had the following composi- 
tion: 0.065M potassium nitrate, 0.035M potassium 
biphthalate, and 0.015M nitric acid in ultrapure water 
(Continental Millipore Water Systems). Poly(4-vinylpyri- 
dine) (Mw = 300,000) received as a sample (Reilly Tar and 
Chemical Company, Indianapolis, Indiana) was cross- 
l inked using 1,4-dibromobutane in methanol solution, to 
the extent  that 2% of pyridine moieties are involved in 
cross-links. PVP solution (5% w/v) was dispensed as a 
drop to completely cover the surface of a static glassy car- 
bon electrode (0.28 cm 2) which was then accelerated to 
4500 rpm under a methanol-saturated atmosphere to spin 
coat a thin uniform film. Films were dried 20 rain at 80~ 
in air to complete solvent evaporation and cross-linking. 
Initially, the dry film has an interference color of blue or 
deep purple; after loading in 0.1 mM ferricyanide at pH 3 
to 2 • 10 -8 mol-cm-'-', the dry film is yellow or yellow- 
green in color. 

Potentiostatie control was maintained using a Z-80 
microprocessor-controlled cybernetic potentiostat (6) 
modified for performance of chronocoulometry on a time 
scale up to 12.5s. All experiments were performed in a 
specially built hydrodynamic vol tammetry cell (7) with Pt 
wire counter and Ag/AgC1 reference electrodes. A varia- 
ble speed rotator and controller were used to set rotation 
speed (Pine Instrument Company). 

A film of PVP spin coated at 4500 rpm from a dilute 
MeOH solution of lightly cross-linked PVP loads to a 
quasi-steady state from 0.1 mM ferricyanide in around 5 
rain, cycling at 50 mV/s, in an ion exchange-like process 
(Fig. 2) (8). The electrode is transferred to O2-saturate d 
electrolyte solution after shaking away excess loading so- 
lution. In Fig. 3, the small peak separation (hE ,  = 39 mV) 
and narrow symmetrical peaks of the ferricyanide redox 
process at +0.25V are indicative of a surface response. 
The irreversible wave for O~ reduction observed at E~/~ of 
-0.7V is well separated from the ferricyanide response, 
and is at the same potential where it is observed on the 
bare GC electrode. 

For longer time experiments (r = 2000 ms) at varying ro- 
tation rates, the limiting penetration current i~.s can be 
evaluated. The slopes of linear AQ vs. t plots are the limit- 
ing currents observed at the given rotation rates. When 
these currents are plotted in the Koutecky-Levich format 
( i - '  vs. (~-,r2) the intercept reflects the rotation- 
independent  substrate penetration current, iK.s. For the 
films studied, this current was found to be 1.2 • 10-:'A. 

E I U O L T ~  

+0.650 +0.5  -0.:3.50 

'r 

Fig. 2. Cyclic voltammetric scans of loading PVP film in 0.1 mM ferri- 
cyanide (pH 3 buffered supporting electrolyte). Scan rate = SO mV/s. 
Solution stirred by nitrogen bubbler. 
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E (UOLT)  

Fig. 3. Cyclic voltammetric scan of a ferricyanide-loaded film in 
O2-saturated ferricyanide p H 3 buffered electrolyte solution. Scan rate 
= 75 mV/s. Rotation rate = 500 rpm. Electrode area = 0.28 cm ~. 

The corresponding current measured (using iA -1 vs .  ~-"~) 
for the bare GC electrode is ix (ix arises because the oxy- 
gen reduction is completely irreversible: the rate constant 
kf is also included in ix.s), ix was found to be 8.3 • 10-:~A. 
If the expressions for iK.s and ix are ratioed, the resulting 
relation is derived 

KDs/~ = 0.145 

ix = nFAk~C*o 

Using reasonable hypothetical values for KD~ and (b, (KD~ 
= 5 • 10 -~ cm2-s -~, ~b = 3000~), an estimate o f  KDJ~  of 0.17 
was reached. These values agree fairly closely, indicating 
that the method is returning results which agree with the 
expected behavior. 

For diffusion within the film, short t ime transients 
(r < 30 ms) were observed; such short times were neces- 
sary to ensure that the initial oxidation state of the film 
was fundamentally preserved on the experimental  t ime 
scale (in the case of the initially oxidized film). Differen- 
tial charge-time plots for O2 diffusion in an initially oxi- 
dized and reduced film (Fig. 4 and 5) show that the diffu- 
sion behavior is markedly different depending on the 
initial state of the film. Slopes of plots are shown in 
Table I. A t '/'-' dependence for the oxidized film is similar 
to the diffusion seen in solution at the bare GC electrode. 
The ability of the electrode to draw down the concentra- 
tion of O2 at a rate faster than it can be diffusively replen- 
ished is seen. By contrast, in the initially reduced film a 
linear charge-time response indicates that the surface 
concentration of 02 (at the GC) is not drawn down, indi- 
cating that the environment  of the reduced film is less 
viscous than in the oxidized form. If it is assumed that the 
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TI  M E I / 2  (m sec w2) 
Fig. 4. Transient (AQ vs. t lr2) plot generated at a rotating disk elec- 

trade for an initially oxidized film in 02-saturated solution. Rotation 
rate = 1000 rpm. 

oxygen concentration in the film is the same in both 
states of the film, the diffusion coefficient of oxygen in 
the reduced film appears greater, allowing diffusive re- 
placement  of oxygen faster than it can be replaced. That 
this phenomenon is occurring within the film, and not 
homogenizing the oxygen concentration to the film 
boundary on the t ime scale of the experiment,  is evi- 
denced by the insensitivity of these transients to elec- 
trode rotation rate. 

A possible explanation for the apparent lower viscosity 
of the reduced film, where the loading is the same as in 
the oxidized form, lies in the relative amounts of charge 
incorporated by both. The negative charge associated 
with the reduced form, ferrocyanide, is 25% greater than 
that for the oxidized, ferricyanide. This requires uptake 
by the film of compensating positive charge: K § or H § 
possibly solvated. For a film which is cross-linked, the 
polymer structure is limited in its capacity to accommo- 
date excess volume, while it is also under the structural 
control imposed by the incorporated catalyst. Since cy- 
cling the electrode potential over the ferricyanide reduc- 
tion potential drastically speeds the exchange process, it 
is likely that the film resists the uptake of electrolyte spe- 
cies, excepting those with large formation constants for 
complexation within the film (protons and ferricyanide). 
The excess charge density and volume due to reduction 
and compensating charges may account for a polymer 
structure so "stretched" that it acts rigid and porous, al- 
lowing very rapid diffusion of O,~. Indeed, these films 
have been observed to change interference color upon ox- 
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Fig. 5. Transient (AQ vs. t )  plot generated at a rotating disk electrode 

for an initially reduced film in O2-saturated solution. Rotation rate = 
1000 rpm. 

Table I. Summary of slope values from differential charge-time plots 

Initial potential (V) Linearity Slope a 

-0.100 t 5.3 (+ 1.1) • 10 -4 C-s -'~ 
+0.500 t 1~ 1.6 (+ 0.65) • 10 -4 C-s -~2 

aAverage of results for three films; Fo = 2 • 10 -s mol-cm -~. 

idation or reduction, indicating a change in film thick- 
ness. Alternatively, it could be supposed that a rearrange- 
ment  of the film to allow increased association of 
protonated pyridine groups with the ferrocyanide, 
expelling excess negative charge as anions, would occur. 
This would also change the film thickness by thinning 
and tightening the film, but since it should lead to an ap- 
parent increase in viscosity this mechanism does not 
seem to correlate with the results. In addition, if the film 
does not contain a large excess of counterions to begin 
with, then compensating charge must be drawn from so- 
lution rather than expelled from the film. 

Continuing work in this project is directed toward de- 
termination of the diffusion coefficient of O., in PVP 
films by a spectroscopic technique utilizing fluor- 
escence quenching of an immobilized fluorophore in the 
film. The results of the electrochemical and spectro- 
scopic experiments will be compared to prove the valid- 
ity of these methods for study of physical characteristics 
of polymer films on electrodes. 
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Comparison of "True" Kinetic 
Parameters for H2 Evolution 

from Various Proton Donors in 
Water, Acetonitrile, and 
N,N- Dimethylformamide 

The electrochemical hydrogen evolution reaction 
(HER) has often been regarded as a useful model for the 



480C J O U R N A L  OF  T H E  E L E C T R O C H E M I C A L  S O C I E T Y  D e c e m b e r  1 9 8 5  

kinetic study of simple and other complex multistep elec- 
trode reactions. The mechanism of the activation process 
in such a coupled atom/electron-transfer process is not 
yet well understood, despite many papers on HER kinet- 
ics published in earlier years. 

Study of the temperature and potential dependence of 
the HER from different proton sources in different sol- 
vent media allows the determination of the individual 
enthalpic and entropic components  of the free energy of 
activation. These quantities for the activation process of 
proton transfer and neutralization at Hg should lead to a 
substantially improved understanding of the nature of ac- 
tivation in the e lementary  act of complex electron and 
atom transfer. The HER can be studied at a Hg electrode 
without the complication of a potential-dependent cover- 
age of the electrode by adsorbed H such as arises at Pt or 
Ni. 

Several investigators (1, 2) have studied the HER at Hg 
from methanolic HC1, but aside from these contributions 
very little work has been conducted in nonaqueous me- 
dia. Conway and Tessier (3) have made a comparative 
study of the kinetics of the HER at Hg from the 
unhydrated H30 + ion in pure CF3SO3-H30 ~ and the hy- 
drated H ~ aq ion in 1M aqueous CF3SO3H. Significantly 
different "apparent" activation parameters (constant 
overpotential) are found for the HER from different me- 
dia. Krishtalik and co-workers (4-7) have examined the 
question of medium and bond stretching activation ef- 
fects in proton discharge. They emphasized the proton 
discharge theory of Dogonadze e t  a l .  (8), the most devel- 
oped of the continuum solvent reorganization models. In 
this approach, emphasis is placed on the role of the solu- 
tion medium in bringing the proton donor into a state 
from which proton tunneling to a state of equal energy 
can occur. The observation of equal "apparent" activation 
energies for CH3CNH § and H30 § in acetonitrile solution at 
Hg (5) and the significantly different "apparent" activa- 
tion energies for H30 § in water and acetonitrile was taken 
to indicate that the activation energy is completely deter- 
mined by reorganization of the solvent. However, Khan 
(9) has pointed out that, according to the bond stretching 
and activation models, one would expect  a different free 
energy of activation on the basis of force constants alone, 
since the stretching frequencies of CH3CNH ~ and H2OH ~ 
bonds are different. Also, on the basis of a continuum sol- 
vent reorganization model, different free energies of acti- 
vation should be expected because of the unequal radii of 
the H30 ~ (0.14 nm) and CH3CNH 4 (0.25 nm) ions. All of the 
above studies involved a comparison of "apparent" acti- 
vation parameters in which the reference electrode metal- 
solution potential difference, ~M.s R is reversible to the pro- 
ton source and varies with temperature and solution 
environment. Under these conditions, a quantitatively 
meaningful comparison of the proton donor discharge ki- 
netics is difficult. 

In view of the criticized but promising line of investiga- 
tion of the above investigators, "true" activation parame- 
ters were investigated for proton donors in the aprotic 
solvents, acetonitrile (AN) and N,N-dimethylformamide 
(DMF) and in the protic solvent water. "True"  activation 
parameters correspond to the condition of constant elec- 
trode potential (or field) rather than constant 
overpotential, that is, measurements are made with re- 
spect to a reference electrode potential ~bM_s ~ invariant 
with temperature and solution composition at the work- 
ing electrode. It is a well-known problem (10) that only 
"apparent" activation parameters are accessible from ex- 
perimental  electrode-kinetic measurements,  but this 
problem can be circumvented by reasonable extra- 
thermodynamic assumptions. Temkin (10) first treated 
the problem of the relation between the "apparent"  and 
"true" heats of activation, but a more direct analysis was 
given by Conway (11). 

The reference electrode potential can be maintained 
constant with varying temperature by conducting polari- 
zation measurements with a reference electrode at the 
same but varied temperature of the working electrode 

(isothermal measurement) and then correcting the poten- 
tial scale used with a separately measured nonisothermal 
reference cell potential under conditions, as used in the 
work reported here, where the thermal junction potential 
is minimized. This approach was adopted by Weaver and 
co-workers (12) in their studies of complex ion redox re- 
actions. The reference electrode potential can be fixed 
for different proton donors and solvents by using appro- 
priate reference electrode cells and correcting polariza- 
tion data to a common potential scale. For all reference 
cell corrections, the extrathermodynamic assumption is 
made that the unknown irreversible liquid-junction po- 
tential can be made negligible compared to the difference 
of the metal-solution potential difference at the two single 
electrode interfaces. "True"  kinetic parameters are then 
obtained from the relation between In iv and T- '  at a 
fixed electrode potential following previously employed 
procedures (13) in the analysis of kinetics from Arrhenius 
plots. 

Experimental 
Steady-state polarization measurements were made po- 

tentiostatically over a range of temperatures for the HER 
at l iquid Hg, from 0.1M aq HC1, 0.1M aq C~HsNH3C1, 0.1M 
aq (C~Hs)3NHC1, 0.1M CF~SO3H in DMF, 0.1M 
(C2Hs)3NHCF3SO3 in DMF, 0.1M (C2Hs)3NHCF~SO3 in 
CH3CN, and 0.1M CF3SO3-H30 * in CH3CN. No supporting 
electrolyte was used, as all the acids and salts are strongly 
dissociated in the respective solvents employed at the 
concentrations used (14, 15). The Ag/AgC1 reference elec- 
trode was used in the aqueous systems, and the 0.01M 
AgC1OJAg reference electrode was used in the aprotic 
solvents. These reference electrodes were referred to the 
reference half-cell H J H  ~ 0.1M HC1 (H20)]KC1 sat. (H~O)I so 
that all the potential scales could be adjusted to one 
fixed reference electrode potential. 

Pure liquid Hg (Aldrich Gold Label, 99.99999%) was 
contained in a silanized Pyrex glass cup giving an elec- 
trode area of c a .  0.393 cm ~. The glass cup was resilanized 
regularly to prevent solvent creep, and the Hg was re- 
placed regularly to minimize any accumulation of impuri- 
ties at the Hg surface. 

Triply distilled water and Burdick and Jackson 
spectroscopically pure DMF and AN (0.008% and 0.006% 
H20 by Karl Fischer titration, respectively) were used di- 
rectly. High purity CF~SO3H (3M Company) was prepared 
by double distillation (16), and the monohydrate, 
CF:~SO~-H30 ~, was prepared'  and purified as described 
previously (3). For the CF3SO:3H in DMF system, a small 
amount  (~0.01M) of the anhydride (CF3SO2)~O was added 
to react with any residual H~O as a "getter" to attain 
"ultra-dry" conditions. The salt (C~H.~)~NHCF3SO3 was 
prepared by adding CF3SO~H slowly to a large excess of 
(C2Hs)3N at 233 K. The salt was recrystallized several 
times from diethyl ether and then vacuum dried at room 
temperature for several days. For the aqueous systems, 
high purity Aristar HC1 was used directly and the Fluka 
salts (C2Hs)~NHC1 and (C~H~)NH~C1 were recrystallized 
twice from methanol and vacuum dried at 333 K for sev- 
eral days. The melting points of the salts were used as cri- 
teria of purity. 

Results 
Table I shows the "true" activation energies and fre~ 

quency factors for the different proton donors in their re- 
spective solvents. The "true" entropies of activation AS"* 

(proportional to In [A], where A is the frequency factor) 
have also been included. These entropies were derived 
from the intercepts, in A, of the electrochemical 
Arrhenius plots at constant metal-solution potential dif- 
ference according to the relation 

AS"* = R{ln A - l n ( z F a c ( 1  - t~)KT/h} [1] 

where c is the bulk concentration in moles per cubic cen- 
t imeter and 0 is the coverage by H assumed <<1 for Hg so 
that (1 - 0) ~ 1. 

In the context of a particular rate theory, the magnitude 
and sign of the entropy of activation are determined by 
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Table I. "True" kinetic parameters for the HER from different proton donors in H20, DMF, and AN 
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io (A-cm-=') 
Proton donor AH* (kJ-mol-D AS* (J-K-'-mol -~) log [A] (298 K) pKd 

H~O~(H=,O) 91.2 -202 3.9 9.1 x l0 -13 -3 
C~H~NH~(H~O) 101.3 +15 14.9 4.9 x 10 -~s 10.81 
(C2H~)3NH*(H~O) 181.5 -203 3.4 1.1 x 10 -~7 11.01 
DMFH~(DMF) 71.8 -163 5.6 9.3 x 10 -s -1.5 
(C.~H~):~NH*(DMF) 95.5 -180 4.7 8.5 x 10 -1. 9.25 
H,O'(AN) 68.3 -206 3.3 2.4 x 10 -9 --  
(C~H.~):~NH*(AN) 116.7 -128 7.4 9.0 • 10 -~4 18.46 

the choice of standard state for reactant and activated 
complex as well as by chemically significant factors such 
as structural or electrostrictive changes. Useful conclu- 
sions can be drawn from the relative ordering of fre- 
quency factors and entropies of activation, but caution 
has to be exercised in rationalizing or interpreting the 
sign and magnitude of entropies of activation. The rates 
of  proton discharge at 298 K for the different systems are 
all compared at the same metal-solution potential of the 
hydrogen electrode in 0.1M aqueous HC1. The rates are re- 
lated to the standard chemical free energy by 

i = B exp[-hGo*/RT] [2] 

where B is a combination of constants. Double-layer ef- 
fects at Hg for the systems studied here are expected to 
be similar except  for specific adsorption of  the atkyl am- 
monium ions. 

It is evident from a comparison of the kinetic parame- 
ters that there are appreciable differences for the same 
proton donor in different solvent media and for different 
proton donors in the same solvent. The similar size and 
bond length where the charge is centered of the proton 
donors implies a similar electrostatic interaction with the 
same medium, but the significant activation energy dif- 
ferences indicate that the nature of the ruptured bond 
and specific solvational and solvent-structure aspects are 
important in addition to the influence of the medium. An 
electrochemical Br~nsted relation (17) between the rates 
of proton discharge and the state of solvation of the pro- 
ton donor is indicated. From the results obtained, it is 
found that specific s well as general medium effects have 
to be included in any interpretation of electrode reaction 
rates involving cathodic H2 evolution and, probably, in 
other electrode processes. 

The results described briefly above, together with 
other work related to the HER, will be presented in detail 
in a forthcoming publication. 
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